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Assessment of Thermal and Electrical Conductivity Enhancements
in PC-PBT Blends Reinforced with Hybrid MWCNT-GNP
Nanofillers

PC-PBT Karisimlarinin Hibrit CDKNT-GNP Nanodolgularla Takviyesi
Sonucunda Isisal ve Elektriksel Iletkenlik lyilestirmelerinin
Degerlendirilmesi
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Graphical Abstract
The graphical abstract explains the variation of thermal stability agd uctivity in polycarbonate-
poly(butylene terephthalate) (PC-PBT) blends with the addition of M‘?ﬂ G nofillers.
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Aim

It was aimed to examine the efféct MW-GNP addition on thermal and electrical properties of polycarbonate-
poly(butylene terephthala@ \

Design & Methodology

The study was carrie o

perimental studies based on DSC, TGA and Electrical conductivity.

Originality

The originality 0 ﬁes in its detailed analysis of the effects of MWCNT-GNP addition on polycarbonate-
poly(butyléne tﬂep late) (PC-PBT) blends.

Findings

The findings ?(study suggest that incorporating MWCNT-GNP into polycarbonate-poly(butylene terephthalate)
(PC-PBT) blends marginally enhances their thermal stability and substantially improves their electrical conductivity
at elevated filler ratios.

Conclusion

The conclusion of the study indicates that adding MWCNT-GNP to polycarbonate-poly(butylene terephthalate) (PC-
PBT) blends results in a modest increase in thermal stability and a considerable improvement in electrical
conductivity at all filler ratios up to the optimum value of 5 wt. %. This suggests that hybrid MWCNT-GNP nanofillers
can enhance the electrical and thermal properties of PC-PBT nanocomposites, making them more suitable for
advanced engineering applications.
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The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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ABSTRACT

This study aims to examine the improvement of thermal properties and electrical conductivity
reinforcement with hybrid MWCNT-GNP nanofillers via melt-mixing. Differential 3¢&h
thermogravimetric analysis (TGA) showed that the incorporation of nanofillers increased th
other hand, a marginal decline in thermal stability was observed in the case of higher filler
the phase transitions within the polymer matrix. A conductive network was achieved wit
and a notable reduction of 7 % was observed which was attributed to agglomeration effects.
of optimizing nanofiller concentration to achieve superior thermal and electrical per i
Keywords: Polymer-matrix composites (PMCs), nanomaterials, therma

PC-PBT Karisimlarinin Hagr KNT-GNP
Nanodolgularla Takvy cunda Isisal ve

d
Elektriksel Iletk n@l estirmelerinin
Deg@ filmesi

WCNJ-GNP weight fraction,
wi0s reveal the importance
brid nanocomposites.

, electrical conductivity.

oz
Bu ¢alismada eriyik-karistirma yontgsfih KNT-GNP hibrit nanodolgu ile katkilanmis PC-PBT karisimlarinin termal
ozellikleri ve elektriksel iletkenlijd®ri i elerin incelenmesi amaglanmistir. Diferansiyel tarama kalorimetresi (DSC) ve
termogravimetrik analiz (TGA) 1 najo“katki ilavesinin karigim kristalliklerini arttirdigini gostermistir. Bunun yaninda,
yiiksek katki oranlarinda nu alKararliliginda 6nemli bir diisiis gdzlemlenmis olup bu durum polimer matriks igindeki

ranina sahip numunede iletken bir ag elde edilmis olup, %7'lik agirlik¢a katki oraninda
elektriksel iletkenlikte dii is ve bu durum topaklagsma (aglomerasyon) etkisine baglanmstir. Elde edilen deneysel

sonuglar hibrit n:

optimizasyonun, ini maktadir.

Anahtar K -matrisli kompozitler (PMK), nanomalzemeler, termal 6zellikler, DSC, TGA, elektriksel
iletkenli

1. INTRODU ON the production of polymer nanocomposites. The most

widely employed fabrication methods include; i)
intercalation method, where the filler size is gradually
reduced to the nanoscale, ensuring the distribution of
nano-platelet fillers within the polymer matrix, ii) in situ

Improvement of thermal and electrical properties of
polymer-matrix composites (PMCs) with nanofillers has
attracted considerable attention [1, 2] owing to their
potential applications across diverse industries. Polymer- o A
matrix composite materials have become a widely polymerlgatlon -me-zthod, .where the d'St.”bUt'On of
utilized group of materials for achieving desired nanoparticles within a liquid monomer is achieved

: through the polymerization reaction, and iii)
properties such as toughness [3], hardness [4], . . .
mechanical strength [5] and electrical/thermal mechanical/melt method, where the intercalation of the

conductivity [6, 7] in structural or functional components po'y'_“e'f V.V'Fh nanoplatel_ets IS aCh'?Ved using - the
used in high-value industries such as aerospace, solution-mixing technique in an appropriate solvent. The

automotive, defense, biomedical, electronics, and energy polymer is dissolved in_one solvent anq the nanopl_atelets
[8]. Chemical or mechanical processes are employed in in another. These solutions are then mixed, allowing the

*Sorumlu Yazar (Corresponding Author)
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polymer chains in the solution to intercalate between the
nanoplatelet layers and replace the solvent [9-14]. The
same process can also be carried out without using a
solvent through melt compounding or melt intercalation
methods. In this method, a high molecular weight
polymer is melted at elevated temperatures, and the filler
is then incorporated into the polymer matrix under high-
temperature shear forces. Therefore, this method does not
require the use of chemicals or solvents [15].
Thermodynamic and Kkinetic factors necessitate the
modification of the filler material to exfoliate within the
matrix under shear conditions in this method [16]. The
melt intercalation (or melt compounding) method is a
popular  technique  for  producing  polymer
nanocomposites due to its ease of processing, cost
efficiency, versatility, eco-friendly characteristics, and
compatibility with traditional polymer processing
technologies [17]. Poly(butylene terephthalate) (PBT) is
a semi-crystalline polymer produced through the
polycondensation of 1,4-butanediol and dimethyl
terephthalate. In this structure, terephthalate provides
strong intermolecular bonds, while butane ensures the
molecular chain mobility and flexibility necessary for the
crystalline structure [18]. PBT possesses a high melting
temperature (Tm=225°C) due to the molecular rigidity
provided by p-phenylene groups and exhibits excellent
chemical resistance to aliphatic hydrocarbons, gasolinag
detergents, oils, and alcohols. However, its prima
disadvantage is low fracture toughness, resulting in pod
impact resistance. To improve the low impact resi
of PBT, polycarbonate (PC) is used. PC is comgfosed

molecular rigidity, thus providing sdp
properties and excellent impact resis
structure and high glass
(Tg=145°C) endow it wit

otive industry for
jng superior chemical,
against harsh conditions

the research area of nanocomposites as reinforcing
materials [21]. CNTs are nano-sized reinforcing
materials used in various types of composites. Their
superior physical properties such as extremely high
aspect ratio and resulting superior mechanical, electrical
and thermal properties [22], have put these materials in
the focus of composite materials research in recent
decades.

CNTs offer a kind of nano-sized reinforcement that is
lightweight, has a hollow core, and has immense aspect
ratio. Both theoretical and experimental studies showed
that CNTs have exceptionally high mechanical properties

such as strength, stiffness and flexibility, as well as
electrical and thermal conductivity [23-25].

CNTs are classified as single walled (SWCNT) and
multiwalled carbon nanotubes (MWCNT) based on the
number of the rolled-up graphene layers constituting the
structure [26, 27]. MWCNTSs are composed of multiple
number of rolled up concentric graphene layers with 0.34
nm spacing between the layers with diameter range of 10
to 200 nm and length of up to hundreds of micrometers
[26,28]. They have been fabricated mostly by two
chemical vapor deposition (CVD) methods, namely,
injection CVD and floating catalyst CVD methods [29,
30].

As another type of carbon-based na
and its derivatives such as
(GNPs) have also received hu
properties with CNTs arﬂﬂ
and cost efficiency [32].

onstrate enhanced electrical
| properties due to their
extremel
conductk

n of two or more of the mentioned
o 3 further improve the various
istics of the produced composites with a
effect [36]. Li et al. (2019) proposed
ular engineered hybrid nanofillers for fabrication
: ermoplastic polyurethane nanocomposites having
superior mechanical properties by using one-dimensional
CNT and two-dimensional graphene (G) as the
constituents of the hybrid nanofiller. Reportedly,
addition of only 1 wt % G-CNT hybrid filler provided 1.9
and 2.9-fold improvement in the tensile strength and
toughness of the composite, respectively [37]. Yazik et
al. (2023) studied the effect of hybrid MWCNT and
montmorillonite (MMT) nanoclay content on shape
memory epoxy nanocomposites’ mechanical properties.
They reported that, the hybrid filler consisting of 3 wt%
MMT and 1 wt% MWCNT produced a synergistic effect
in terms of tensile and flexural reinforcement [38]. In
another report, Raimondo et al. (2022) concluded that,
their hybrid MWCNT - graphene nanosheet (GNSs)
reinforced  nanocomposites  outcompeted  their
counterparts with single nanofiller in terms of electrical
properties [39].
This study aims to examine the effect of MWCNT-GNP
nanofiller addition on thermal and electrical conductivity
properties of PC-PBT blends. The blend ratio of 1:1 wt.
for blend constituents, and hybrid filler ratio of 1:1 wt.
for MWCNT/GNP nanofillers were determined based on
related literature works and preliminary examinations.
Afterwards PC-PBT/MWCNT-GNP nanocomposites
were produced with hybrid nanofiller weigh fractions of
0, 0.5, 1, 3,5 and 7 %. The crystallinity and thermal
stability of the nanocomposites were assessed using
differential  scanning  calorimetry (DSC) and



thermogravimetric analysis (TGA). Additionally, the
effect of different nanofiller concentrations on electrical
conductivity was evaluated. The findings of this study
will offer insights into the optimal nanofiller
concentration necessary to achieve superior performance
in hybrid nanocomposite systems, thereby enhancing
their application in high-performance materials.

2. MATERIAL and METHOD

Polycarbonate (LG-Chem grade) and poly(butylene
terephthalate) (Pimadure grade: HS40N) were purchased
from Aydin Plastic Co. Ltd. in granule form. GNPs (size:
3 nm, @: 1.5 pm, purity > 99.9%, specific surface area:
800 m2/g) and MWCNTSs (purity > 96% and outside
diameter < 8 nm) were procured from Nanografi
Nanotechnology (Turkey). Neat PC-PBT blend and
hybrid PC-PBT/GNP-MWCNT nanocomposite samples
were fabricated via melt-compounding with a small-scale
melt mixer (KOKBIR, Turkey) (melt temperature:
260°C, crew speed: 30 rpm). PC / PBT and GNP/
MWCNT weight ratios were kept as 1:1. Hybrid
nanofillers were added into the blends with the following
weight ratios: 0.5, 1, 3, 5and 7 wt.%. The non-filled and
filled samples were labelled as PC-PBT (for the neat
blend); and GC-05, GC-1, GC-3, GC5 and GC-7 for
reinforcement ratios of 0.5, 1, 3, 5 and 7 wt.%
respectively. After melt mixing, the semi-finish®
product was processed via shredding, single scre

extrusion, granulation and the final products

compression molding (250°C melt temperatu
MPa pressure). Digital microscopy (Nikon-S
P400R-Japan) was carried out to obser
state of the nanofillers via transmissi
through the produced samples.

ization and

to 4.0 uV/mW. The
to 280°C at a rate of
SC measurements, tin

ent y@ to 240 °C initially with 10 °C/min
until 210 °C and@hien automatically switched to 1 °C/min
to capture the aCcurate melting point of Tin. The result is
corrected in the software in accordance with the reference
melting point of Tin (231.9 °C). Thermal stabilities were
evaluated with a thermogravimetric analyzer (TGA-
Seiko), heating the samples from 40 °C to 800 °C at a rate
of 10°C/min. Prior to the experiments, TG weight
calibration was performed to ensure acquisition of
precise weight change data and two reference pans within
the calibration weight kit provided by the supplier with
known differential weight were used for this purpose.
During the weight calibration, verification criterion was
set to = 0.10 %. The crystallinity of the PBT constituent

of the nanocomposite samples was evaluated using
Equation 1.

AH,,,—AH
XC — = m cc
AHpx(1-@pc—Priller)

x 100 % 0

where, Xc¢ is % crystallinity, AH,. is the cold crystallinity
enthalpy obtained during differential scanning
calorimetry measurement, AH,, is the fusion enthalpy,
AHY is fully crystalline PBT’s fusion enthalpy (142 J/g),
and @pc and @y, are relative weight fractions of the
PC constituent and the filler, respectivgly, calculated for
the complete sample weight [40, 41].

based on
. ysight brand
in FigNL, utilized for the
e method was employed
average of five

Figure 1. Conductivity Measurement Apparatus

3. RESULTS and DISCUSSION

3.1. DSC and TGA Analysis Results

Fig. 2 shows the DSC heating curves of the neat and the
filled blends, Table 1 shows the corresponding cold
crystallization and melting points of the blends arising
from the PBT constituent; as well as the degrees of
crystallinity calculated for each sample as per Eq.1. In
Fig. 2, the exothermic peaks which are more distinctive
for the filled samples arise from cold crystallization of
the PBT component, and the endothermic peaks relate to
the crystallite fusion of PBT [40]. As indicated in Fig. 2
and Table 1, the neat blend exhibits the lowest
crystallinity rate with 4.78% and the rate of crystallinity
increases with increasing filler fraction. In terms of the
crystallinity rate of the samples, ~50% increase is
observed by 3% filler addition compared to the neat
blend; ~13% increase is observed by GC-3 compared to
GC-5; and ~12% increase is observed by GC-7 compared
to GC-5. Thus, it is evident that, the presence of hybrid
GNP-MWCNT nanofillers led to an increase in the
crystallinity.
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Figur@aﬁ TG curves of the neat blend and the nanocomposites

Table 1. Cold crystallization and melting points; and
degrees of crystallinity of samples

Tee-peT Tm-peT X
Sample o " °
P (°C) °C) (%)
Neat
Blend 203.18 233.73 4.78
GC-3 195.27 230.65 7.19
GC-5 180.186 232.7 8.14
GC-7 186.807 233.07 9.12

Fig. 3a shows the thermogravimetric and Fig. 3b shows
the derivative thermogravimetric curves of the neat
samples and of those produced with 3, 5 and 7% wt. filler
fraction. Since the thermal stability of the nanocomposite
constituents can be deemed as PC>PBT> Carbon-based
fillers, a reduction in the mass loss of PC and PBT
constituents may impede a clear interpretation of thermal
stability, as a reduction in the mass loss is expected with

increasing filler ratio regardless of the other factors. On
the contrary, an increase in the mass loss of a constituent
or the overall sample mass with increasing filler ratio
relates to a reduction in the thermal stability. Thus, it can
be concluded from the mass loss values in Fig.3a that,
GC-3 (with 84.1% mass loss) has a higher thermal
stability than GC-5 (with 85.1% mass loss) when the total
mass loss is considered. A similar behavior is expected
in the case of initial decomposition temperatures (IDT),
the temperatures of maximum rate of mass 10ss (TDmax),
and the temperatures of end of degradation (TDeng)
shown in the derivative thermogravimetric (DTA) curves
in Fig.3b and the corresponding values in Table 2, such
that, these temperatures are expected to be slightly offset
rightward (or increased) with increasing filler ratio when
other factors (such as a positive or negative effect of
hybrid filler on the thermal stability) are ignored.
However, as shown in Table 2, increasing the filler ratio
from 5% wt. to 7% wt. resulted in slight reductions in
IDT-PBT (from 372.8°C to 371.0°C), TDmax-PBT (from
399.0 °C to 398.6 °C), TDend-PBT (from 430.0 °C to



429.5 °C), TDmax-PC (from 502.9 °C to 497.3 °C) and
TDeng-PC (from 539.2°C to 528.2°C) temperatures.
When combined with the mass loss results derived from
Fig.3a, it can be concluded that there is a slight reduction
in the thermal stability of the samples as the filler weight
fraction is increased gradually from 3% wt. to 5% wt. and
from 5 wt.% to 7% wt., which can be also interpolated
for the intermediate filler ratios of 0.5% wt. and 1% wt.
This finding agrees well with the DSC findings indicating
a transition from a PC-continuous phase to a less
thermally stable PBT continuous phase. Although it
cannot be postulated for the lower filler fractions (0.5%
wt. and 1% wt.) to have improved thermal properties
compared to the neat blend based on the present findings,
it can be nevertheless concluded that, increasing the filler
fraction do not impose serious impairment on the thermal
stability particularly for the lower filler fractions.

3.2. Electrical Conductivity

The peak conductivity is achieved at a 5% concentration,
registering at 3.82 x 10* S/m. However, at a 7 wt. %
concentration, there is a significant reduction in
conductivity, measured at 1.18 x 10 S/m. The observed
reduction in conductivity at a 7% concentration may be
attributed to the saturation of nanofillers or potential
agglomeration, where an excess of nanofillers clusters
together, thereby diminishing the effective conductive

network. With the filler ratio of 1 wt. %, the nanopartic&?

within the blend seem to have achieved sufficient conta
to form a conductive network as indicated by the
increase in the electrical conductivity value (Tab

Although there are reports on a negative correlation
between the percolation threshold and matrix
crystallinity for polymer blends [42], the extent of such
correlation cannot be precisely defined based on the
findings of the current research. Thus, the increase in the
electrical conductivity up to the filler ratio of 5 wt. % is
rather ascribed to the homogeneous dispersion up to this
filler ratio, which finding is also consistent with the
optical images in Fig. 4 indicating increased level of
agglomerations of nano  particles.  Apparent
agglomerations and localizations of black dots are
observed for the filler ratio of 7 wt.% in Fig. 4f, whereas
in the other cases (Figs. 4b-e) a mgre homogeneous
dispersion of nanoparticles is evident.
available on the positive impact of ho
filler dispersion on the electri
nanocomposites [43,44]g

the neat PC/PBT blerx voidN\Qf

Table 2. Onset, maximum and end points of DTG peaks

rostructure of
k localizations

in Fig.3b.
IDT- TDmax‘ TDend' TDmax‘ TDend'
sample| PBT | PBT | PBT | PC | PC

(Y] 0 0 0 0
Neat | o554 | 3027 | 4273 | 5012 | 551.9
Blend
GC-3 | 362.9 | 3955 | 4309 | 499.8 | 5450
GC-5 | 3728 | 399.0 | 4300 | 502.9 | 539.2
GC-7 | 371.0 | 3986 | 4295 | 497.3 | 5282

onfyfms that the black regions in the other micrographs
are representative of the GC nanofiller.

Figure 4. Digital microscope image of a) neat PC/PBT sample; b) GC-0.5, ¢) GC-1, d) GC-3, ) GC-5, f) GC-7 prepared in film
form.
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Fig. 5 shows the variation of electrical conductivity =~ ACKNOWLE
values for varying filler content and it can be clearly  This resaarc orted by the TUBITAK 1002-A

observed that a conductive network is achieved with GC-
1 sample by an increase in the conductivity with ~3
orders of magnitude compared to GC-05 and the
maximum value is reached with GC-5 sample.

[
Table 3. Electrical conductivity values (RSD: Relative@®

standard deviation)

Samples Conductivity (S/m) RSD

GC-05 2.29 x10°8 9.78 {&
GC-1 1.04 x10° p; 8.85
GC-3 1.67 x10* “NG38 %
GC-5 3.82 x10* %

GC-7 1.18 x10*

[\ 9-26 %
Y

4. CONCLUSIONS

This study investigat
electrical conduchig
through reinfg

ent of thermal and
in PC-PBT blends
hybrid MWCNT-GNP

nanofillers. Biwgs of the study are as follows:
* The r pity derived from DSC analyses
increased ing filler weight fraction which is

likely to have itive influence on the mechanical and
tribological properties of the blend.

» According to the DTA and TGA analysis results,
thermal stability increased with increasing filler fractions
which is attributable to phase transitions within the
polymer matrix.

+ A conductive network was achieved with 1 wt.% nano-
filler ratio and the electrical conductivity peaked at 5 wt.
% nano-filler concentration, beyond which a decline was
observed due to the agglomeration of GC nanoparticles.

* These results underscore the necessity of optimizing
filler concentration to achieve superior thermal and
electrical performance in hybrid nanocomposite systems.

666). The authors gratefully
the ) financial support provided by

author of this article declares that the materials and
pds used in their studies do not require ethical
mittee approval or any legal-specific permission.

CONFLICT OF INTEREST
There is no conflict of interest in this study.

REFERENCES

[1] Maruzhenko, O., Mamunya, Y., Boiteux, G., Pusz, S.,
Szeluga, U., Pruvost, S., “Improving the thermal and
electrical properties of polymer composites by ordered
distribution of carbon micro- and nanofillers”, Int J Heat
Mass Transf., 138: 75-84, (2019).

[2] Chen, J., Gao, X.: “Thermal and electrical anisotropy of
polymer matrix composite materials reinforced with
graphene nanoplatelets and aluminum-based particles”.
Diam Relat Mater., 100: 107571, (2019).

[3] Kiran, M.D., Govindaraju, H.K., Lokesh Yadhav, B.R.,
Kumar, N., “Effect of various parameters on fracture
toughness of polymer composites: A review”. Mater
Today Proc., 92: 1-5, (2023).

[4] Khanam, P.N., AlMaadeed, M.A.A., “Processing and
characterization of polyethylene-based composites”,
Advanced Manufacturing: Polymer & Composites
Science, 1, 63-79, (2015).

[5] Nagaraja, K.C., Rajanna, S., Prakash, G.S., Rajeshkumar,
G., “Mechanical properties of polymer matrix
composites: Effect of hybridization”, Mater Today Proc.
34: 536-538, (2021).



[6] Abbasi, S., Ladani, R.B., Wang, C.H., Mouritz, A.P.,
“Boosting the electrical conductivity of polymer matrix
composites using low resistivity Z-filaments”, Mater
Des. 195: 109014, (2020).

[7] Chen, Q., Yang, K., Feng, Y., Liang, L., Chi, M., Zhang,
Z., Chen, X., “Recent advances in thermal-conductive
insulating polymer composites with various fillers”.
Compos Part A Appl Sci Manuf., 178: 107998, (2024).

[8] Braga, A.R.C., Lemes, A.C., De Rosso, V.V., “Polymer
nanocomposite’s applications in food and bioprocessing
industry”, Elsevier, (2020).

[9] Agboola, O., Popoola, P.A.P., Sadiku, R., Sanni, S.E.,
Babatunde, D.E., Abatan, O.G., Fayomi, S.O., Fasiku, O.
V., “Polymer Nanocomposites for Advanced Automobile
Applications”, Research Anthology on Synthesis,
Characterization, and Applications of Nanomaterials.
96-130, (2021).

[10] Filippi, S., Mameli, E., Marazzato, C., Magagnini, P.,
“Comparison of solution-blending and melt-intercalation
for the preparation of poly(ethylene-co-acrylic
acid)/organoclay nanocomposites”, Eur Polym J., 43:
1645-1659, (2007).

[11] Shen, Z., Simon, G.P., Cheng, Y.B., “Comparison of
solution intercalation and melt intercalation of polymer—
clay nanocomposites”, Polymer (Guildf). 43: 42514260,
(2002).

[12] Albdiry, M., “Effect of melt blending processing on
mechanical properties of polymer nanocomposites: ®
review”. Polymer Bulletin., 81: 5793-5821, (2024). @

[13] Nasir, R., Hasan, M.R., Chowdhury, S., “Synthesis an
Applications of Polymer Nanocomposite Matricas:
Perspective”, Handbook of Polymer and
Nanotechnology, 543-563, (2021).

[14] Fawaz, J., Mittal, V., “Synthesis, of
Nanocomposites: Review of Vari
Synthesis Techniques for Polymer Nano
30, (2014).

[15] Varghese, N., Francis, T.
“Nanocomposites of poii
processing”, Nanoscal

., Nair, A.B.,

[16] Xu, Z., Deng, J., L3 en, Y., Huang, S,
Chen, A., Zhang; dy on the exfoliation
mechanism anoplatelets in  the
polypropyl poplatelets composites under
the elongatid ated by convergent-divergent
chan

[17] Sa , D.K., “Properties and applications
of pol nap@composites”, Clay and Carbon Based

Polymer composites, 1-222, (2017).

[18] Meng, C., Qu, J.P., “Mechanical and thermal properties
of polybutylene terephthalate/ethylene-vinyl acetate
blends using vane extruder”, E-Polymers, 18: 67-73,
(2018).

[19] Polycarbonate - an overview - Prospector Knowledge
Center,
https://www.ulprospector.com/knowledge/11442/pe-
polycarbonate-an-overview/, last accessed 2024/07/15.

[20] Sanchez, E.M.S., “Ageing of PC/PBT blend: Mechanical
properties and recycling possibility”, Polym Test., 26:
378-387, (2007).

[21] Al Sheheri, S.Z., Al-Amshany, Z.M., Al Sulami, Q.A,,
Tashkandi, N.Y., Hussein, M.A., El-Shishtawy, R.M.,

“The preparation of carbon nanofillers and their role on
the performance of variable polymer nanocomposites”,
Des Monomers Polym., 22: 8-53, (2019).

[22] Raffaelle, R.P., “Nanostructured Photovoltaics Materials
Fabrication and Characterization”, Nanostructured
Materials for Solar Energy Conversion, 567-594,
(2006).

[23] Yongli, L., “Nanophase ceramic composites”, Ceramic-
Matrix Composites, Microstructure, Properties and
Applications, 243-259, (2006).

[24] Yenigiin Elif Ozden., “Multi-Scale modelling of interface
in  carbon  nanotube-polymer  nanocomposites”,
Politeknik, (2017).

[25] Tasyiirek, M., Tarakcioglu, N.@Universitesi, S.,
Fakiiltesi, T., Ve, M., Miihendi Bolimii, M.,
Miihendisligi, M., Kat, B ehavior of

Carbon

Journal of

Panda, D., “A review
on carbon nanot erview of synthesis,
properties, i

applid@ti

, V., Jain, N.K., “A review of ligand
engineered carbon nanotubes”,
: 1267-1283, (2014).

., Andersen, O., “Toxicological aspects of
materials used in energy harvesting consumer
lecffonics”, Renewable and Sustainable Energy
eviews, 16: 2102-2110, (2012).

Sehrawat, M., Rani, M., Sharma, S., Bharadwaj, S.,
Falzon, B.G., Singh, B.P., “Floating catalyst chemical
vapour deposition (FCCVD) for direct spinning of CNT
aerogel: A review”, Carbon N Y, 219: 118747, (2024).

[30] Alexander, R., Khausal, A., Bahadur, J., Dasgupta, K.,
“Bi-directional catalyst injection in floating catalyst
chemical vapor deposition for enhanced carbon nanotube
fiber yield”, Carbon Trends, 9: 100211, (2022).

[31] YILMAZ, H., ALTIN, Y., BEDELOGLU, A., “Grafen

Takviyeli Epoksi Nanokompozitlerin ~ Ozelliklerinin
Incelenmesi”, Politeknik Dergisi, 24: 1719-1727,
(2021).

[32] Yee, K., Ghayesh, M.H., “A review on the mechanics of
graphene nanoplatelets reinforced structures”, Int J Eng
Sci., 186: 103831, (2023).

[33] Nag, A., Simorangkir, R.B.V.B., Gawade, D.R,
Nuthalapati, S., Buckley, J.L., O’Flynn, B., Altinsoy,
M.E., Mukhopadhyay, S.C., “Graphene-based wearable
temperature sensors: A review”, Mater Des., 221:
110971, (2022).

[34] Bahiraei, M., Heshmatian, S., “Graphene family
nanofluids: A critical review and future research
directions”, Energy Convers Manag., 196: 12221256,
(2019).

[35] Wang, L., Aslani, F., “A review on material design,
performance, and practical application of electrically

conductive cementitious composites”, Constr Build
Mater., 229: 116892, (2019).

[36] Ezika, A.C., Adekoya, G.J., Sadiku, E.R., Ray, S.S,,
Hamam, Y., “Effect of hybrid nanofillers in polymer



blends”, Nanofillers for Binary Polymer Blends, 465—
481, (2024).

[37] Li, L., Xu, L., Ding, W., Lu, H., Zhang, C., Liu, T,
“Molecular-engineered hybrid carbon nanofillers for
thermoplastic polyurethane nanocomposites with high
mechanical strength and toughness”, Compos B Eng.
177: 107381, (2019).

[38] Yazik, M.H.M., Sultan, M.T.H., Mazlan, N., Talib,
A.R.A., Naveen, J., Shah, A.U.M., Safri, S.N.A., “Effect
of hybrid multi-walled carbon nanotube and
montmorillonite nanoclay content on mechanical
properties of shape memory epoxy nanocomposite”,
Journal of Materials Research and Technology, 9:
6085-6100, (2020).

[39] Raimondo, M., Donati, G., Milano, G., Guadagno, L.,
“Hybrid composites based on carbon nanotubes and
graphene nanosheets outperforming their single-
nanofiller counterparts”, FlatChem., 36: 100431, (2022).

[40] Huang, T., Li, J. Le, Yang, J.H., Zhang, N., Wang, Y.,
Zhou, Z.W., “Carbon nanotubes induced microstructure
and property changes of polycarbonate/poly(butylene
terephthalate) blend”, Compos B Eng., 133: 177-184,
(2018).

%
S
&

[41] Tarani, E., Arvanitidis, I., Christofilos, D., Bikiaris, D.N.,
Chrissafis, K., Vourlias, G., “Calculation of the degree of
crystallinity of HDPE/GNPs nanocomposites by using
various experimental techniques: a comparative study”, J
Mater Sci., 58: 1621-1639, (2023).

[42] Li, Y.J., Xu, M., Feng, J.Q., Cao, X.L., Yu, Y.F., Dang,
Z.M., “Effect of the matrix crystallinity on the percolation
threshold and dielectric behavior in percolative
composites”, J Appl Polym Sci., 106: 3359-3365, (2007).

[43] Qureshi, N., Dhand, V., Subhani, S., Kumar, R.S,,
Raghavan, N., Kim, S., Doh, J., “Exploring Conductive
Filler-Embedded Polymer Nanocomposite for Electrical
Percolation via Electromagnetic  Shielding-Based
Additive Manufacturing”, Adv. er. Technol., 9:
2400250, (2024).

[44] Markandan, K., Lai, C.Q.,
applications of palym
manufactured with i i
Compos B Eng., 256;41066




