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Chapter

Preparation and Characterization
of Electrically Conductive Polymer
Nanocomposites with Different
Carbon Nanoparticles
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José M. Mata-Padilla, Juan G. Martinez-Colunga
and Carlos A. Avila-Orta

Abstract

Carbon nanoparticles possess a combination of high electrical and thermal
transport properties, as well as low density and different morphologies that make
them a good choice to reinforce plastics. Polymer nanocomposites offer great expec-
tations for new and unexpected applications due to the possibility of changing their
electrical/thermal behavior by adding nanoparticles while retaining the flexibility
and processability of plastics. The possibility of electrical and thermal conduction
in a polymer matrix with low amounts of nanoparticles brings opportunity for high
demanding applications such as electrical conductors, heat exchangers, sensors,
and actuators. Polyolefin nanocomposites offer a significant challenge due to their
insulative nature and low affinity for carbon nanoparticles; due to the latter, new
production tendencies are proposed and investigated.

Keywords: carbon nanoparticles, polymer nanocomposites, electrically conductive,
ultrasound-assisted melt extrusion, thermal properties

1. Introduction
1.1 Carbon nanoparticles

From the discovery of cylindrical nanometric structures composed of one or
several layers of carbon atoms similar to graphite by Iijima in 1991 [1], the scientific
community embarked on a fascinating multidisciplinary career in the study, synthe-
sis, characterization, and possible applications of these new carbon nanostructures,
excited by the unusual combination of properties that these nanomaterials possess,
among which the conduction of electricity and heat, low density, high mechanical
resistance and morphology stand out. These nanoparticles have diameters in the range
of 1to 100 nm, lengths of 10 to 1000 nm. They can contain one, two or up to 100 layers
rolled on each other with an equidistant separation of 0.34 A [2-4]. Later, Novoselov
and Geim [5] made an enormous contribution to science with graphene discovery,
whose laminar crystalline structure is composed entirely of carbon atoms with an sp’
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hybridization, with a thickness of only one atom of carbon. Graphene has unusual
properties between a metal and a superconductor and high mechanical, elastic, and
chemical resistance. Therefore, graphene has been studied and proposed for various
applications in electronic, aerospace, automotive, medical, and food industries [6-13].
Due to the ease of modifying its structure by incorporating other chemical ele-
ments, hybridization with functional groups, and decoration with organic molecules,
carbon nanoparticle applications have been expanded enormously, leading to count-
less applications. For example, the miniaturization of electrical circuits composed
of one or more carbon nanotubes, chemical and electromechanical sensors based on
carbon nanotubes, the storage of hydrogen for fuel cells, the increase in charge capac-
ity in batteries based on graphene or graphene nanoplatelets as well as the filtration
capacity at the molecular level using graphene-based membranes, besides the rein-
forcement of polymeric matrices, to name only a few [4, 7, 11, 14, 15].

1.2 Polymeric nanocomposites

Materials science has been searching to generate new materials that possess a
balance of properties, making them ideal for new and unexpected applications. Within
this vast field are composite materials, which have a continuous phase (metallic,
ceramic, or polymeric) and a discontinuous phase (filler or additive), which generally
have high filler or additive contents of up to 70%, such as the case of titanium oxide
(TiO,) or carbon black concentrates in a polyethylene matrix, since both additives are
used as pigments in the plastics industry [16, 17]. With the beginning of nanotechnol-
ogy and the growing supply of different carbon nanoparticles, a new class of materials
has emerged called polymeric nanocomposites whose advantage lies in using a smaller
quantity of particles to modify the behavior of the host matrix or continuous phase.

Electroconductive polymeric nanocomposites were originally based on graphite
derivatives, later carbon nanofibers, carbon nanotubes (mono or multilayer), and
recently on graphene or graphene nanoplatelets, as well as a wide variety of combi-
nations between these and other nanoparticles with different nature and morphol-
ogy [8, 17-20]. In order to improve the electrical properties of these materials,
combinations of carbon nanotubes have been made with graphite, graphene, clays,
copper oxide, titanium oxide, silver nanowires, etc.; in all cases, the aim is to gener-
ate three-dimensional networks interconnected to facilitate the passage of electrons
or phonons, to generate an electro/thermo-conductive material [21, 22].

In addition to providing the ability to conduct heat and electricity since they can
exhibit the Peltier and Seebeck effect, [23, 24] such effects are beneficial in the devel-
opment of thermoelectric materials, polymeric nanocomposites have also exhibited a
noticeable improvement in mechanical properties, a barrier to gases, thermal stability
[6, 9, 25, 26] as well as the ability to modify the electrical properties of the host matrix
to generate materials for capacitors, electromagnetic and/or radiofrequency shields,
have even allowed the development of metamaterials capable of modifying their
refractive index, dielectric constant and/or Seebeck effect [27-29].

1.3 Polymeric nanocomposites preparation methods

There are different methods for preparing polymeric nanocomposites, where
the main objective up to now has been to achieve adequate dispersion and distribu-
tion of carbon nanoparticles that allow modulating the properties of the resulting
material. Because carbon nanoparticles are held tightly together by van der Walls
forces, different ways have been sought to separate them individually to combine
them with a polymer later and obtain a homogeneous polymeric nanocomposite.
The main methods employed to achieve this are briefly described below.
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1.3.1 Mixed in solution

In this method, the polymer is dissolved in a suitable solvent with the aid of
magnetic, mechanical and/or heat stirring to facilitate complete dissolution of the
polymer. The carbon nanoparticles are suspended in the same liquid (solvent) or a
combination of them, and magnetic, mechanical, or ultrasonic stirring is applied to
improve the dispersion of the nanoparticles. Subsequently, both solutions are mixed
and kept under stirring, then the solvents are evaporated with heat or slowly in an
extraction hood (the above will depend on the nature and reactivity of the solvent).
Finally, the resulting material, usually a dark-colored powder, is compacted by
applying pressure and heat to obtain a useful material. At the laboratory level, it is
the most used method for research purposes; however, the large amount of solvents
used makes its scaling at an industrial level unfeasible [30-32].

1.3.2 Polymerization in situ

In this method, one of the monomers or solvents used to obtain the polymer is
mixed with the nanoparticles until a homogeneous dispersion is achieved; subse-
quently, the other reagents, including the corresponding catalysts, are added, and
the polymerization reaction is carried out under the conditions of usual tempera-
ture and pressure. At the end of the reaction, the product obtained is purified, and
the excess solvent is eliminated to recover the polymer formed with the incorpo-
rated nanoparticles. Given the complexity of this method, polyethylene’s polymer-
ization in the presence of carbon nanotubes at the laboratory level and of polyamide
6 with nanoclays at an industrial level has been successfully reported [20, 33, 34].

1.3.3 Melt mixing

This method is the most widely used at the laboratory level to obtain polymeric
nanocomposites; it consists of passing the polymer and nanoparticles through a
twin-screw extruder, whereby applying heat, the polymer melts and is transported
by the screws that in turn impart shear forces to mix the components, in the differ-
ent mixing zones that the extruder has. The mixture leaves the extruder, is cooled,
and cut to obtain a polymeric nanocomposite. Due to its simplicity, this process can
be easily scaled to an industrial level, in addition to the fact that it does not generate
waste and does not use solvents [35].

1.3.4 Ultrasound-assisted melt mixing

Given the low affinity of polyolefins and in general of polymers for carbon
nanoparticles, modifications have been made to the conventional melt mixing
method by applying ultrasound waves in some specific sections of the extruder.

It has been reported that this method can significantly improve the dispersion of
nanoparticles of different nature and geometry, even with high nanoparticle content
[36]. Different variants have evolved; the main difference being the mode of genera-
tion and application of ultrasound waves; conventionally fixed frequency ultrasound
waves are generated, which are applied constantly or intermittently [37]. In another
embodiment, the ultrasound waves are applied constantly, gaining a dynamic
frequency sweep in a given interval [35, 38, 39].

There are other methods used for the production of polymeric nanocomposites,
mainly at the laboratory level. Nevertheless, the choice of method will broadly
define the level of dispersion and distribution of the nanoparticles within the
polymeric matrix, and therefore the properties of the resulting material.
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2. Methodology

In Table 1, the most outstanding reports in electro/thermo-conductive polymer
nanocomposites of the last five years are presented to have a broader outlook on
the subject. By their nature, polyolefins are good electrical insulators exhibiting

System 6 (S/cm) Weight k (W/mK) Method of Ref
(%) preparation

PS/SSWCNT® 1.25x10° 75 0.30 Ball milling [40]

PVC/CNT 2.3x107" 61 0.06 Drop casting [41]

PP/MWCNT" 1x107° 8 = Melt mixing [38]

PP/MWCNT? 1x1077

PP/MWCNT® 1x107*

PP/MWCNT! 1x1073

PS-LDPE/MWCNT 2.9x1073 1.5 — Melt mixing [42]

PVC/CNT 24x107 25 — Solution [24]

HDPE/CNTS 2x107* 15 0.60 Melt mixing [43]

HDPE/CNT" 5.8x10° 0.06

PP/MWCNT"* 1x10°° 8 — Melt mixing [39]

PP/MWCNT? 1x107*

PP/MWCNT® 1x1073

PP/MWCNT! 1x1072

PVC/SG-CNT 3.35x10° 66 0.18 Drop casting [24]

LDPE/MWCNT 2.38x1072 5 — Solution [44]

LDPE/MWCNT 2x1072 20 0.67 Melt mixing [45]

LDPE/GNP 1x107° 0.58

PP/CNT* 1.6x10° 2 — Melt mixing [46]

PP/CNT' 9.56x107!

PP/CNT™ 1.21x107!

PP/CNT" 1x10°3

PP/CNT° 1.05x107?

mLLDPE/MWCNT 2.8x10™* 10 — Melt mixing [47]

LDPE/G 1.0x10° 3 — Melt mixing [48]

LDPE/SWCNT 8.3x107°

PP/SWCNT 1.21x107! 2 0.28 Melt mixing [49]

PP/B-SWCNTP 3.58x107?

PP/N-MWCNT" 4x1072 5 0.28 Melt mixing [28]

“SSWCNT small-bundle-diameter-single-walled CNTs.
PP MFI = 34 g/10 min.

‘Melt extruded without ultrasound.

“Melt extruded with ultrasound fixed frequency.
‘Melt extruded with ultrasound variable frequency.
IMelt extruded previously dispersed in gas phase.
$Solid.

"Foam.

‘PP MFI = 1200 g/10 min.

ISG-CNT supergrowth-CNT.

*CNT, NC700.

'CNT, CNS-PEG.

"CNT, Tuball.

"CNT, N-MWCNT A1, Nitrogen doped.

°CNT, N-MWCNT IFW, Nitrogen doped.

PBoron doped SWCNT.

Table 1.
Electric/thermal parameters of the most relevant polymer nanocomposites with carbon nanoparticles.
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electrical conductivity in the order of 107> to 107" S/cm. As can be seen, differ-
ent techniques have been used for the preparation of polymeric nanocomposites,
achieving fascinating results. It can also be seen that the most popular prepara-
tion method is melt mixing, which, as mentioned above, is a versatile and easily
scalable method. Another variant that can be observed is that depending on the
polymeric matrix; the result will change; even more important is the concentration
of nanoparticles used. Another aspect that should be highlighted is the modifica-
tion or doping of the carbon nanoparticles, which slightly increases this property.
Finally, as is known, polyolefins are thermal insulators, and their thermal conduc-
tivity ranges between 0.1 to 0.4 W/mK. Thermal conductivity has also shown sharp
increases, as shown in Aghelinejad and Leung’s reports and Paszkiewicz et al. [45,
50], where the matrix used was polyethylene.

3. Case of study

The motivation of present work was to perform a screening of several carbon
nanoparticles to obtain polymeric nanocomposites with a better balance on proper-
ties such as electro/thermal conduction, mechanical and thermal stability. For this
purpose, different carbon nanoparticles were selected. Their main differences lie
in morphology (laminar versus fibrillar), structure (flat versus rolled layers), and
functionalization (modified versus un-modified surface, i.e., CNT). Besides, the
use of different polyolefins such as polyethylene and polypropylene, which bear
significant differences in structure. On the one hand, polyethylene possesses a main
chain almost free of pendant groups; meanwhile, polypropylene’s main chain con-
tains one methylene group each three carbon atoms. The best candidate is expected
to be used to manufacture prototypes of thermistors (temperature sensors based on
a change in electrical resistivity).

3.1 Materials and methods

In the following section, the preparation of polymeric nanocomposites in
high-density polyethylene (PE) and polypropylene (PP) and their combination
with four types of carbon nanoparticles (CNP) are presented and discussed. In all
cases, a content of 20% wt/wt of each nanoparticle was used. The characteriza-
tion results by thermogravimetric analysis, mechanical properties in tension and
bending, electrical resistivity, and dielectric constant as a function of frequency
and thermal conductivity are also presented. The resins used to obtain the
polymeric nanocomposites were the following: high-density polyethylene (PE)
Alathon H4620 with MFI of 20 g/10 min and density of 0.940 g/cm’ provided
by LyondellBasell (TX, USA), also polypropylene (PP) Formolene 4111 T with
MFT of 35 g/10 min and density of 0.9 g/cm’ provided by Formosa Plastics,
(Tamaulipas, Mexico). The carbon nanoparticles used and their main characteris-
tics are listed in Table 2.

The materials’ processing was carried out in a Thermo Scientific model PRISM
24MC twin-screw extruder; the diameter of the screws is 24 mm with a length/diam-
eter ratio of 40:1. According to the formulation, a controlled feeder for powders and
another for the resin were used, which were previously calibrated to dose the required
amount. The addition of the nanoparticles and the resin was carried out simultane-
ously in the extruder. A screw rotational speed of 100 rpm was used, a flat temperature
profile of 180 and 200°C for the nanocomposites with PE and PP, respectively. Under
these conditions, a production speed of 3.2-3.5 Kg/h was obtained. To improve the
nanoparticle’s agglomerates’ dispersion and distribution, a device specially designed
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Material Density SSA Average Average Purity Supplier

( g/cm3) (mZ/g) length (p) diameter (nm) (%)
CNT! 21 200 20 20 90 CheapTubes, Inc
MCNT? 21 110 20 20 90 CheapTubes, Inc
GNP? 21 600 2 — 97 CheapTubes, Inc
CB* 21 240 — 15 95 Cabot Corp.

'SSA, Specific surface area.

'CNT industrial grade.

’MCNT, Industrial grade modified CNT with -COOH contain 1.2% of COOH groups.
’GNP, industrial grade graphene nanoplatelets.

*Carbon Black, Vulcan XC72 grade.

Table 2.
Characteristics and properties of the different carbon nanoparticles.

to irradiate the extruded material with ultrasound waves was coupled at the extruder
exit. The device consists of a chamber with controlled temperature; inside, there is
a12.5 mm diameter titanium catenoid sonotrode (Branson Corp.) connected to a
homemade ultrasound wave generator, which can generate ultrasonic waves in the
range of 10 to 50 kHz, with a 750 W power [35, 38]. Finally, the material was passed
through a water bath and cutter. Subsequently, each material was compression-molded
to obtaina 15X 15 X 0.2 cm plate, and a PHI press was used, a pressure of 20 Tn, with
temperatures of 180 and 200°C for the nanocomposites with PE and PP, respectively.
Specimens were cut for the characterization of the polymeric nanocomposites.

The characterization of the polymeric nanocomposites was carried out using the
following analytical techniques. The thermogravimetric analysis (TGA) was carried
out using a thermogravimetric analyzer from TA Instruments model Q500, using
a sample of approximately 8 mg, a temperature range of 25-600°C, with a heating
rate of 10°C/min and an inert atmosphere with nitrogen gas with a flow of 50 ml/
min. The mechanical properties were evaluated in a universal testing machine,
Instron model 1000, for tension tests in accordance with the ASTM D638 standard,
using V-type specimens and a stretched speed of 50 mm/min and a load cell of 10
kN. The flexion tests were carried out according to the ASTM D790 standard using
12 X 1.25 X 0.2 cm specimens in 3-point bending mode; in both cases, five measure-
ments were made, and the average value was reported. The electrical properties of
resistance and capacitance were measured with an LCR analyzer in samples of 1 X
1X 0.2 cm, both faces of the specimen were covered with silver paint, and a copper
wire was placed as an electrode. The measurement was carried out at room tem-
perature using a frequency range from 20 Hz to 2 kHz in increments of one decade;
5 measurements were made, and the average value was reported. The thermal
diffusivity determination was carried out in a TA Instruments thermal diffusivity
analyzer Discovery Xenon Laser Flash model (DXF-200). The analyzed specimen
had circular geometry with 12.5 x 2 mm dimensions; both faces were coated with
carbon paint and one of them with silver paint to ensure good contact with the
temperature sensors; the measurement was carried out in triplicate at 25°C.

3.2 Thermal stability

The study of the thermal stability in electrically conductive materials is of great
importance because when an electric current circulates through them, they can
undergo heating and alter their behavior or ability to conduct electricity. On the
other hand, this analysis makes it possible to determine the thermal stability of the
materials and the amount of mass that they can lose due to the effect of temperature
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in a controlled atmosphere. It should be mentioned that if the atmosphere is air,
thermo-oxidative degradation will occur. In Figure 1, the corresponding thermo-
grams to the nanocomposites based on PE and PP are presented. While in Table 3,
the specific data for the mass loss of Tse, and Tsgo, are shown.

It can be observed that PE exhibits a loss of mass from 330°C, while polymeric
nanocomposites exhibit this loss at a temperature around 411°C, regardless of the
type of nanoparticle used. It is important to note that the nanocomposite containing
CB exhibits the highest thermal stability. For PP, degradation begins at a tempera-
ture of 370°C, while for polymeric nanocomposites occurs around 420°C, regardless
of the type of nanoparticle used. In this case, nanocomposites based on CNT and
MCNT exhibit the highest thermal stability of all.

Various reports in the literature suggest that carbon nanoparticles provide
greater thermal stability or heat resistance to polymers in general due to a mecha-
nism based on the formation of a carbonaceous layer and a tortuous path similar to
a labyrinth on the surface of the material that prevents the release of combustion
gases [19, 26]. This analysis is of great importance for flame retardancy applications
in aeronautics, automotive, and textile industries and to determine the safety tem-
perature that the material can support before molten and inflamed by the passage
of an electrical current.

3.3 Mechanical properties

The mechanical properties of polymeric nanocomposites are of great interest
because, as mentioned above, the addition of carbon nanoparticles can improve
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Figure 1.

Thermal stability by TGA of polymeric nanocomposites with 20% wt/wt of different CNB (A) PE base, and
(B) PP base.

Material Polyethylene Polypropylene
Tso Ts00 Tsop Ts00
Polymer 337.50 415.67 37349 43759
CNT 411.28 44781 420.09 451.99
MCNT 41768 45217 423.69 453.15
GNP 416.88 446.27 402.26 445.07
CB 430.27 451.89 41947 449.98
Table 3.

Degradation temperatures at Tsy, Tsou, of polymeric nanocomposites with different carbon nanoparticles.
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Material Polyethylene Polypropylene

Tensile Elongation Flexural Tensile Elongation Flexural

modulus (%) modulus modulus (%) modulus

(MPa) (MPa) (MPa) (MPa)
Polymer 23.68 747 376 33.28 571 289
CNT 4199 1 965 43.05 1 862
MCNT 38.84 1 989 387 1 800
GNP 42.03 1 1052 4213 1 980
CB 40.47 1 951 4422 1 913

Table 4.

Mechanical properties of polymeric nanocomposites with different carbon nanoparticles.

their performance. In Table 4, the properties of the PE and PP-based nanocompos-
ites with the different carbon nanoparticles are listed.

As expected, with the addition of nanoparticles, the different properties were
modified; firstly, the PE exhibits a tensile modulus of 23.68 MPa, while the nano-
composites present a maximum increase of 180%, this increase in resistance to stress
causes the elongation of the material to be markedly reduced, suggesting that the
stiffness of the material has changed from a ductile to a brittle material, in which
plastic deformation has been suppressed. For its part, the flexural modulus corrobo-
rates the above since PE has a value of 376 MPa, and in nanocomposites, this value
has increased to 280%. A similar behavior occurs with PP, exhibiting an increase
of 130% and 330% in the tensile and flexural modulus, respectively. In this sense,
the greatest increase in mechanical properties for polyethylene is obtained with
GNP > CNT > CB > MCNT, while for polypropylene, itis CB > CNT > GNP > MCNT.
In this sense, it is worth mentioning that the surface modification made to the
MCNTs did not improve by itself, the compatibility with the host matrix PE or PP.

In the literature, many reports can be found that mention the improvement
in mechanical properties in polymeric nanocomposites reinforced with carbon
nanoparticles. However, the addition of compatibilizing agents such as maleic anhy-
dride grafted to the resin is required to achieve a substantial increase in the mechan-
ical properties, even with low amounts of carbon nanoparticles [9, 26, 51, 52]. Due
to the lightweight and high modulus obtained by the polymeric nanocomposites
reinforced with carbon nanoparticles, aeronautics and automotive industries would
be benefited from the development of these materials for different components,
which can provide a reduction in weight and lower consumption of fuels.

3.4 Electrical properties

The evaluation of electrical properties was carried out using an LCR as a func-
tion of a frequency interval, as shown in Figure 2. First, the polyethylene-based
system allows observing that the PE resin exhibits the highest electrical resistance
values at low-frequency values; above 10 kHz, the material becomes polarized and
shows a lower electrical resistance, which decreases three orders of magnitude
when reaching 2 MHz. With the addition of GNP, the material exhibits a behavior
similar to that of PE, one order of magnitude lower in terms of electrical resistance.
Meanwhile, the materials that contain MCNT and CNT show a reduction of 7 and
8 orders of magnitude; however, the polarization effect occurs when reaching high
frequencies of 100 kHz. The CB-based system exhibits the least electrical resistance
with nine orders of magnitude reduction concerning PE alone. In addition to not
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Figure 2.

Electrical resistance as a function of frequency, of polymeric nanocomposites with 20% wt/wt of different CNE,
(A) PE base, and (B) PP base.

showing polarization effects as a function of frequency, which suggests that it
behaves as an excellent electrical conductor.

For materials based on PP, the behavior is slightly different PP only presents the
highest values of electrical resistance at low-frequency values; above 10 kHz, the
material is polarized and shows a lower electrical resistance, which decreases three
orders of magnitude when reaching 2 MHz, in the same way as the PE. Surprisingly,
the CB-based system exhibits an electrical resistance that is completely dependent
on the frequency. When it increases, the electrical resistance decreases to four
orders of magnitude concerning the PP, suggesting that the material behaves like a
semiconductor. On the other hand, the materials that contain CNT and MCNT show
areduction of seven and eight orders of magnitude without presenting the polariza-
tion effect in the entire frequency range, which suggests that they behave like a good
electrical conductor. Finally, the compound containing GNP shows the lowest electri-
cal resistance with a reduction of nine orders of magnitude and a linear response
throughout the entire frequency range used. Based on the above, it can be pointed
out that the nature of the polymeric matrix and the type of carbon nanoparticle can
notably modify the electrical behavior of the polymeric nanocomposite [8, 31, 53, 54].

The behavior of the dielectric constant of polymeric nanocomposites is pre-
sented in Figure 3. Analogously to the behavior of electrical resistance, the dielec-
tric constant follows a similar trend with the addition of carbon nanoparticles. The
PE has a value of 3 and a linear behavior in the entire frequency range, while the
nanocomposite with GNP shows an increase of 1 order of magnitude and a linear
behavior as a function of frequency. Materials containing CNT and MCNT show an
increase of three orders of magnitude for PE, with a slight decrease at high frequen-
cies. The material that contains CB exhibits a frequency-dependent behavior since,
at 20 Hz, it shows an increase of four orders of magnitude and then it decreases two
orders of magnitude from a frequency of 1 kHz; this behavior corresponds to that
of a capacitor, capable of storing energy and releasing it suddenly when used in
electrical/electronic circuits.

On the other hand, PP exhibits a dielectric constant of 3 and does not vary as
a function of frequency; the nanocomposite with CB shows an increase of one
order of magnitude with respect to pure PP, while the nanocomposites with CNT
and MCNT show an increase in 3 orders of magnitude and a slight decrease at
high-frequency values. Finally, the nanocomposite with GNP presents the highest
value of dielectric constant, with an increase of up to four orders of magnitude
at a frequency of 20 Hz, and decreases by one order of magnitude for the rest
of the frequencies evaluated. Similar to the behavior of PE nanocomposites,
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Figure 3.
Dielectric constant of polymeric nanocomposites with 20% wt/wt of different CNP, (A) PE base, and (B) PP
base.

PP-based nanocomposites exhibit capacitor-like behavior throughout the evaluated
frequency range.

The combination of properties for these new nanocomposite materials results
in various applications that had not been previously conceived. For example,
supercapacitors can be manufactured for systems that require a precise regulation
of the supplied energy and a high energy storage capacity, and that in this way,
the energy necessary to drive an electrical component can be supplied without
the need to overload the electrical network of the circuit, besides not present a
memory effect [25, 31]. Another field of interest for those materials would be
the packaging industry, with the development of antistatic, static dissipative or
semiconductive packages, for the protection of electronic components during their
transportation, even for EMI or RF shielding for aerospace and defense to protect
safety- and mission-critical systems from intentional and unintended electronics
emissions [44]. The growing industry of electronic textile or smart textiles that
develop wearable technology requires integrating textile fibers capable of conduct-
ing electrical signals. There are fabrics in which electrical and electronic elements
such as microcontrollers, sensors, and actuators have been integrated that allow
clothing to react, send information, or interact with the environment [55-57].

3.5 Thermal conductivity

The study of the thermal properties of polymeric nanocomposites intended
for electronics applications is of great importance since, as mentioned above,
the passage of electric current can induce a temperature gradient in electrical
conductors, even in metals. The heat capacity was first determined, as well as the
density and thermal diffusivity to determine the thermal conductivity of polymer
nanocomposites. Values are shown in Table 5.

According to the data reported in Table 5, PE has the highest value of Cp; with
the addition of the different nanoparticles, the Cp of the nanocomposites decreases
significantly, the most notable case being the nanocomposite with CB. Meanwhile,
PP exhibits an even higher Cp than PE, while the addition of the different nanopar-
ticles promotes a decrease in this value, with graphene nanoplatelets being the
material that most reduces this value. The decrease in Cp of the different nanocom-
posites can be associated with the ease they present for heat conduction, making the
material less thermally insulating.

On the other hand, the thermal conductivity presents substantial improvements;
in general, the PE-based nanocomposites exhibit the most significant increase in

10
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Polyethylene Polypropylene
Cp (J/gK) k (W/mK) Cp (J/gK) k (W/mK)
Polymer 1.846 0.24 1917 0.28
CNT 1.671 0.43 1.672 0.32
MCNT 1.643 0.25 1.639 0.34
GNP 1.736 0.31 1.477 0.25
CB 1.495 0.28 1.569 0.30

Table 5.
Heat capacity (Cp, J/g K) and thermal conductivity (x, W/m K) of polymeric nanocomposites with different
carbon nanoparticles.

thermal conductivity 79, 29, 16, and 4% for the nanoparticles in the following order
CNT > GNP > CB > MCNT, suggesting that carbon nanotubes are the most effec-
tive additive to increase the thermal conductivity of the nanocomposite. The trend
is reversed, with increases of 21, 14, 7, and — 11% for MCNT > CNT > CB > GNP
for PP-based nanocomposites. Although the Cp of the nanocomposites follows a
different trend towards thermal conductivity, it should be mentioned that the type
of polymeric matrix, the morphology, distribution, and dispersion of the different
nanoparticles play an important role in heat conduction. This phenomenon is car-
ried out through phonons; therefore, if there are spaces in the material in which the
nanoparticles are too far apart, the phonons’ passage through the material will find
a physical barrier for their passage.

Recent reports suggest that a polymeric nanocomposite’s thermal conductivity
can be affected by different factors, including the processing method, the number
of defects in the carbon nanoparticles, and, finally, their dispersion within the
polymeric matrix [21, 29, 45, 46, 58]. The capability to conduct heat in a polymeric
nanocomposite makes an ideal candidate for different applications such as heat
exchangers, solar water heaters, thermoelectric materials, electrical heaters, to
mention a few [22]. These devices will take advance of the lightweight, mechanical
strength, thermal and dimensional stability of these materials, in which automo-
tive, construction, and green industries are interested.

3.6 Thermistors

The electrical resistivity of polymeric nanocomposites with carbon nanoparti-
cles shows an anomalous increase near the melting point of the matrix; this effect is
known as a positive temperature coefficient (PTC) of resistivity. On the other hand,
the negative temperature coefficient (NTC) is a very sharp decrease in resistivity
when the temperature is above the melting point of semicrystalline polymers. These
kinds of materials have important industrial applications like overcurrent protec-
tors and self-regulating heaters [59, 60].

The polymer nanocomposites obtained were evaluated for their potential use
as a thermistor. For this purpose, a prototype will be constructed; it consists of a
square piece with dimensions 1 X 1 X 0.2 cm; both sides were cover with silver paste
as an electrode and a copper wire. Kapton © tape was used to cover the prototype
and isolate the wires during the heating cycle. A Mettler Toledo FP82 Hot Stage was
used to supply heat in an interval from 40 to 160°C at a heating rate of 5°C/min, the
Hot Stage was connected to a Mettler Toledo FP90 Central Processor, the electrical
resistivity was measured with a Keithley Source Meter model 2400, in a 4-wire
sense mode, to avoid the parasite signal in the circuit.
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Figure 4.
Temperature versus electrical vesistivity of PE base polymeric nanocomposites with 20% wt/wt of
different CNP.

As seen in Figure 4, all the polymer nanocomposites exhibit thermistor behavior,
i.e., an increase of resistivity around 128°C. The intensity of the PTC (the electrical
resistivity ratio at the melting point versus room temperature) depends on the type
of carbon nanoparticle used. The interval of temperature at which this phenomenon
occurs is between 127 and 131°C. In this sense, the intensity of the PTC is in the
following order GNP > CNT > MCNT > CB. This behavior could be associated with
the capability of the polymer chains to break apart the conductive pathway formed
in the polymer nanocomposite, due to the semicrystalline nature of the polymer
matrix and the reduction in viscosity, during the heating. It is worth mentioning
that PE/CB nanocomposite exhibits the lowest PTC intensity, probably due to the
high structure of the CB (CB possess the small average particle size) and could form
new conductive pathways in the molten state as stated by Zeng et al. [61].

4, Conclusions

The polymer nanocomposites with carbon nanoparticles become an electrically
conductive material whit the addition of a certain amount of carbon nanoparticles;
this property is fundamental in electrical and electronic applications. For many
years, carbon black has been chosen as the best candidate for this purpose; with
other carbon nanoparticles such as CNF, CNT, GO, graphene, and their combina-
tion with other materials, significant improvements have been made for electrically
conductive materials.

In this work, the preparation and characterization of electrically conductive
polymeric nanocomposites with different carbon nanoparticles was addressed
to screen the type of carbon nanoparticles that allows them to obtain polymeric
nanocomposites with a better balance on properties such as electro/thermal con-
duction, mechanical, and thermal stability. A material with the desired properties
for their application in electronics, such as low electrical resistivity, thermal stabil-
ity, and mechanical strength, besides thermal conductivity, is PE/CB polymeric
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nanocomposite since it exhibits a better balance of properties. This set of properties
makes them candidates for use in various applications. Besides thermistors, they
may be candidates for use in electrical heaters, which are a kind of electrical resistor
used to converts electrical energy into thermal energy, as thermoelectric materials
for their use in the exploitation of renewable energies, in heat exchangers, as EMI
and RFI shielding, and as a wearable textile for smart applications.
Acknowledgements

The authors are grateful for the support of the CIQA technical staff for the
preparation and characterization of materials: Marfa G. Méndez Padilla, Gilberto
F. Hurtado Lépez, Rodrigo Cedillo Garcia, Juan F. Zendejo Rodriguez and Jests G.
Rodriguez Velazquez. The financial support by SENER-CONACyT-CeMIE-SOL
through the 207450-12 project is also appreciated.

Conflict of interest

The authors declare no ‘conflict of interest’.

Author details

Victor J. Cruz—Delgadol*, Janett A. Valdez-Garza®, José M. Mata-Padilla?,
Juan G. Martinez—Colunga1 and Carlos A. Avila-Orta™

1 Centro de Investigacién en Quimica Aplicada, Saltillo, Coahuila, Mexico

2 Consejo Nacional de Ciencia y Tecnologia- Centro de Investigacién en Quimica
Aplicada, Saltillo, Coahuila, Mexico

*Address all correspondence to: victor.cruz@ciqa.edu.mx; carlos.avila@ciqa.edu.mx

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

13



Carbon Nanotubes - Redefining the World of Electronics

References

[1] Iijima S. Helical microtubules of
graphitic carbon. Nature 1991;354:56-8.
DOI:10.1038/354056a0.

[2] lijima S. Carbon nanotubes:

Past, present, and future. Phys. B
Condens. Matter, vol. 323, 2002, p. 1-5.
DOI:/10.1016/S0921-4526(02) 00869-4.

[3] Popov VN. Carbon nanotubes:

Properties and application. Mater
Sci Eng R Reports 2004;43:61-102.
DOI:10.1016/j.mser.2003.10.001.

[4] Sgobba V, Guldi DM. Carbon
nanotubes—electronic/electrochemical
properties and application for
nanoelectronics and photonics. Chem
Soc Rev 2009;38:165-84. DOI:10.1039/
b802652c.

[5] Novoselov KS, Jiang D, Schedin F,
Booth TJ, Khotkevich V V., Morozov
SV, et al. Two-dimensional atomic
crystals. Proc Natl Acad Sci U S A
2005;102:10451-3. DOI:10.1073/
pnas.0502848102.

[6] CuiY, Kundalwal SI, Kumar S. Gas
barrier performance of graphene/
polymer nanocomposites. Carbon
N'Y 2016;98:313-33. DOI:10.1016/j.
carbon.2015.11.018.

[7] Idumah CI, Hassan A. Emerging
trends in graphene carbon based
polymer nanocomposites and
applications. Rev Chem Eng
2016;32:223-64. DOI:10.1515/
revce-2015-0038.

[8] Khanam PN, Ponnamma D,
AL-Madeed MA. Electrical properties
of graphene polymer
nanocomposites. Graphene-

Based Polym. Nanocomposites
Electron., 2015, p. 25-47.
DOI:10.1007/978-3-319-13875-6_2.

[9] Papageorgiou DG,
Kinloch IA, Young R]. Mechanical

14

properties of graphene and graphene-
based nanocomposites. Prog Mater
Sci 2017;90:75-127. DOI:10.1016/j.
pmatsci.2017.07.004.

[10] Potts JR, Dreyer DR, Bielawski CW,
Ruoff RS. Graphene-based polymer
nanocomposites. Polymer (Guildf)
2011;52:5-25. DOI:10.1016/j.
polymer.2010.11.042.

[11] Tan B, Thomas NL. A review of the
water barrier properties of polymer/clay
and polymer/graphene nanocomposites.
J Memb Sci 2016;514:595-612.
DOI:10.1016/j.memsci.2016.05.026.

[12] Zhang X, Samori P. Graphene/
Polymer Nanocomposites for
Supercapacitors. ChemNanoMat
2017;3:362-72. DOI:10.1002/
cnma.201700055.

[13] Zhang D, Zhang K, Wang Y,

Wang Y, Yang Y. Thermoelectric effect
induced electricity in stretchable
graphene-polymer nanocomposites for
ultrasensitive self-powered strain sensor
system. Nano Energy 2019;56:25-32.
DOI:10.1016/j.nanoen.2018.11.026.

[14] Zare Y, Shabani I. Polymer/
metal nanocomposites for biomedical
applications. Mater Sci Eng C
2016;60:195-203. DOI:10.1016/j.
msec.2015.11.023.

[15] VerdejoR, Bernal MM, Romasantal)],
Lopez-Manchado MA. Graphene filled
polymer nanocomposites. ] Mater

Chem 2011;21:3301-10. DOI:10.1039/
c0jm02708a.

[16] Tolinski M. Processing Aids
for Extrusion. Addit. Polyolefins,
20009, p. 181-94. DOI:10.1016/
b978-0-8155-2051-1.00012-1.

[17] Chaudhari S, Shaikh T and,
Pandey P. A Review on Polymer Tio2
Nanocomposites. Int ] Eng Res Appl



Preparation and Characterization of Electrically Conductive Polymer Nanocomposites...

DOI: http://dx.doi.org/10.5772/intechopen.95912

2013;3:1386-91. DOL:www.ijera.com/
pages/v3no5#Paper232

[18] Kuila T, Tripathy T, Hee

Lee J. Polyolefin-based polymer
nanocomposites. Adv. Polym.
Nanocomposites Types Appl., 2012, p.
181-215. DOI:10.1533/9780857096241.2
181.

[19] Sepahvand R, Adeli M,
Astinchap B, Kabiri R. New
nanocomposites containing metal
nanoparticles, carbon nanotube
and polymer. ] Nanoparticle Res
2008;10:1309-18. DOI:10.1007/
s11051-008-9411-2.

[20] Harito C, Bavykin D V.,

Yuliarto B, Dipojono HK, Walsh FC.
Polymer nanocomposites having a high
filler content: Synthesis, structures,
properties, and applications. Nanoscale
2019;11:4653-82. DOI:10.1039/
c9nr00117d.

[21] Gnanaseelan M, Chen Y, LuoJ,
Krause B, Pionteck J, Pétschke P, et al.
Cellulose-carbon nanotube composite
aerogels as novel thermoelectric
materials. Compos Sci Technol
2018;163:133-40. DOI:10.1016/j.
compscitech.2018.04.026.

[22] Dantas de Oliveira A, Augusto
Gongalves Beatrice C. Polymer
Nanocomposites with Different Types
of Nanofiller. In: Sivasankaran S,
editor. Nanocomposites - Recent Evol.,
London, UK: IntechOpen; 2019, p. 103-
28. DOI:10.5772/intechopen.81329.

[23] Dey A, Panja S, Sikder AK,
Chattopadhyay S. One pot green
synthesis of graphene-iron oxide
nanocomposite (GINC): An efficient
material for enhancement of
thermoelectric performance. RSC
Adv 2015;5:10358-64. DOI:10.1039/
c4ral4655g.

[24] Oshima K, Inoue ], Sadakata S,
Shiraishi Y, Toshima N. Hybrid-Type

15

Organic Thermoelectric Materials
Containing Nanoparticles as a Carrier
Transport Promoter. ] Electron

Mater 2017;46:3207-14. DOI:10.1007/
s11664-016-4888-4.

[25] Malas A, Bharati A, Verkinderen O,
Goderis B, Moldenaers P, Cardinaels R.
Effect of the GO reduction method

on the dielectric properties, electrical
conductivity and crystalline behavior
of PEO/rGO nanocomposites. Polymers
(Basel) 2017;9:613. DOI:10.3390/
polym9110613.

[26] Venkata Ramana G, Padya B, Naresh
Kumar R, Prabhakar KPV, Jain PK.
Mechanical properties of multi-walled
carbon nanotubes reinforced polymer
nanocomposites. Indian ] Eng Mater Sci
2010;17:331-7. DOL: http://hdl.handle.
net/123456789/10508

[27] El-Shamy A gamal. Novel hybrid
nanocomposite based on Poly(vinyl
alcohol)/ carbon quantum dots/
fullerene (PVA/CQDs/C60) for
thermoelectric power applications.
Compos Part B Eng 2019;174:106993.
DOI:10.1016/j.compositesb.2019.106993.

[28] Krause B, Konidakis I,

Arjmand M, Sundararaj U, Fuge R,
Liebscher M, et al. Nitrogen-Doped
Carbon Nanotube / Polypropylene
Composites with Negative Seebeck
Coefficient. ] Compos Sci 2020;4:14.
DOI:10.3390/jcs4010014.

[29] Sun YC, Terakita D, Tseng AC,
Naguib HE. Study on the thermoelectric
properties of PVDE/MWCNT

and PVDF/GNP composite foam.

Smart Mater Struct 2015;24.
DO0I:10.1088/0964-1726/24/8/085034.

[30] Wiemann K, Kaminsky W,

Gojny FH, Schulte K. Synthesis

and properties of syndiotactic
poly(propylene)/carbon nanofiber and
nanotube composites prepared by in
situ polymerization with metallocene/
MAQO catalysts. Macromol Chem



Carbon Nanotubes - Redefining the World of Electronics

Phys 2005;206:1472-8. DOI:10.1002/
macp.200500066.

[31] Xia X, Wang Y, Zhong Z, Weng GJ.
A frequency-dependent theory of
electrical conductivity and dielectric
permittivity for graphene-polymer
nanocomposites. Carbon N'Y
2017;111:221-30. DOI:10.1016/j.
carbon.2016.09.078.

[32] Moniruzzaman M, Winey KI.
Polymer nanocomposites containing
carbon nanotubes. Macromolecules
2006;39:5194-205. DOI:10.1021/
ma060733p.

[33] Usuki A, Kojima Y, Kawasumi M,
Okada A, FukushimaY, Kurauchi T, et
al. Synthesis of nylon 6-clay hybrid. ]
Mater Res 1993;8:1179-84. DOI:10.1557/
JMR.1993.1179.

[34] Okada A, Usuki A. Twenty years
of polymer-clay nanocomposites.

Macromol Mater Eng 2006;291:1449-76.

DOI:10.1002/mame.200600260.

[35] Cabello-Alvarado C,
Reyes-Rodriguez P, Andrade-Guel M,
Cadenas-Pliego G, Pérez-Alvarez M,
Cruz-Delgado V], et al. Melt-mixed
thermoplastic nanocomposite
containing carbon nanotubes and
titanium dioxide for flame retardancy
applications. Polymers (Basel) 2019;11.
DOI:10.3390/polym11071204.

[36] Avila Orta CA, Martinez

Colunga JG, Bueno Baqués D, Raudry
Lépez CE, Cruz Delgado V], Gonzdlez
Morones P, et al. Proceso continuo
asistido por ultrasonido de frecuenciay
amplitud variable, para la preparacién
de nanocompuestos a base de polimeros
y nanoparticulas. Patent MX 3237568,
2014.

[37] Isayev Al, Kumar R,

Lewis TM. Ultrasound assisted twin
screw extrusion of polymer-
nanocomposites containing carbon
nanotubes. Polymer (Guildf)

16

2009;50:250-60. DOI:10.1016/j.
polymer.2008.10.052.

[38] Avila-Orta CA, Quifiones-

Jurado Z V., Waldo-Mendoza MA,
Rivera-Paz EA, Cruz-Delgado V],
Mata-Padilla JM, et al. Ultrasound-
assist extrusion methods for the
fabrication of polymer nanocomposites
based on polypropylene/multi-wall
carbon nanotubes. Materials (Basel)
2015;8:7900-12. DOI:10.3390/
ma8115431.

[39] Pérez-MedinaJC,Waldo-MendozaMA,
Cruz-Delgado V], Quifiones-

Jurado Z V., Gonzdlez-Morones P,

Ziolo RF, et al. Metamaterial behavior
of polymer nanocomposites based on
polypropylene/multi-walled carbon
nanotubes fabricated by means

of ultrasound-assisted extrusion.
Materials (Basel) 2016;9. DOI:10.3390/
ma9110923.

[40] Suemori K, Watanabe Y, Hoshino S.
Carbon nanotube bundles/polystyrene
composites as high-performance flexible
thermoelectric materials. Appl Phys Lett
2015;106. DOI:10.1063/1.4915622.

[41] Dey A, Hadavale S, Khan MAS,
More P, Khanna PK, Sikder AK, et al.
Polymer based graphene/titanium
dioxide nanocomposite (GTNC): an
emerging and efficient thermoelectric
material. ] Chem Soc Dalt Trans
2015;44:19248-55. DOI:10.1039/
C5DT02877A.

[42] Patra R, Suin S, Mandal D,

Khatua BB. Reduction of Percolation
Threshold of Multiwall Carbon
Nanotube (MWCNT) in Polystyrene
(PS)/Low-Density Polyethylene
(LDPE)/MWCNT Nanocomposites: An
Eco-Friendly Approach. Polym Compos
2015;36:1574-83. DOI:10.1002/pc.23065.

[43] Aghelinejad M, Leung SN.
Enhancement of thermoelectric
conversion efficiency of polymer/
carbon nanotube nanocomposites



Preparation and Characterization of Electrically Conductive Polymer Nanocomposites...

DOI: http://dx.doi.org/10.5772/intechopen.95912

through foaming-induced
microstructuring. ] Appl Polym Sci
2017;134:1-10. DOI:10.1002/app.45073.

[44] Gupta TK, Kumar S, Khan AZ,
Varadarajan KM, Cantwell WJ. Self-
sensing performance of MWCNT-low
density polyethylene nanocomposites.
Mater Res Express 2018;5:015703.
DOI:10.1088/2053-1591/aa9%f%%.

[45] Paszkiewicz S, Szymczyk A,
Pawlikowska D, Subocz ], Zenker M,
Masztak R. Electrically and thermally
conductive low density polyethylene-
based nanocomposites reinforced by
MWCNT or hybrid MWCNT/graphene
nanoplatelets with improved thermo-
oxidative stability. Nanomaterials
2018;8:264. DOI:10.3390/nano8040264.

[46] Krause B, Barbier C,

Levente ], Klaus M, P6tschke P. Screening
of Different Carbon Nanotubes in
Melt-Mixed Polymer Composites

with Different Polymer Matrices for
Their Thermoelectrical Properties. |
Compos Sci 2019;3:106. DOI:10.3390/
jcs3040106.

[47] Charitos I, Georgousis G, Kontou E.
Preparation and thermomechanical
characterization of metallocene

linear low-density polyethylene/
carbon nanotube nanocomposites.
Polym Compos 2019;40:E1263-73.
DOI:10.1002/pc.24961.

[48] Sabet M, Soleimani H,
Mohammadian E. Effect of Graphene
and Carbon Nanotube on Low-Density
Polyethylene Nanocomposites. ]

Vinyl Addit Technol 2019;25:35-40.
DOI:10.1002/vnl.21643.

[49] Krause B, Bezugly V, KhavrusV,

Ye L, Cuniberti G, Potschke P. Boron
doping of SWCNTs as a way to enhance
the thermoelectric properties of
melt-mixed polypropylene/SWCNT
composites. Energies 2020;13:394.
DOI:10.3390/en13020394.

17

[50] Aghelinejad M, Leung SN.
Fabrication of open-cell thermoelectric
polymer nanocomposites by template-
assisted multi-walled carbon
nanotubes coating. Compos Part B

Eng 2018;145:100-7. DOI:10.1016/j.
compositesb.2018.03.030.

[51] Ferreira F V., Francisco W,
Menezes BRC, Brito FS, Coutinho AS,
Cividanes LS, et al. Correlation of
surface treatment, dispersion and
mechanical properties of HDPE/
CNT nanocomposites. Appl Surf

Sci 2016;389:921-9. DOI:10.1016/j.
apsusc.2016.07.164.

[52] Wang B, Peng D, Lv R, Na B,

Liu H, Yu Z. Generic melt compounding
strategy using reactive graphene
towards high performance polyethylene/
graphene nanocomposites. Compos Sci
Technol 2019;177:1-9. DOI:10.1016/j.
compscitech.2019.04.013.

[53] Marsden AJ, Papageorgiou DG,
Vallés C, Liscio A, PalermoV,

Bissett MA, et al. Electrical percolation
in graphene-polymer composites.

2D Mater 2018;5:032003.
DOI:10.1088/2053-1583/aac055.

[54] Kuilla T, Bhadra S, Yao D, Kim NH,
Bose S, Lee JH. Recent advances

in graphene based polymer
composites. Prog Polym Sci
2010;35:1350-75. DOI:10.1016/j.
progpolymsci.2010.07.005.

[55] Nayak R, Wang L, Padhye R.
Electronic textiles for military
personnel. In: Dias T, editor. Electron.
Text. Smart Fabr. Wearable Technol.,
vol. 1. 1st ed., Cambridge: Elsevier; 2015,
p. 239-256. https://doi.org/10.1016/
B978-0-08-100201-8.00012-6.

[56] Stegmaier T. Recent advances in
textile manufacturing technology.

In: Shishoo R, editor. Glob. Text.
Cloth. Ind., vol. 1. 1st ed., Cambridge:
Elsevier; 2012, p. 113-130. https://doi.
org/10.1533/9780857095626.113.



Carbon Nanotubes - Redefining the World of Electronics

[57] McKnight M, Agcayazi T, Ghosh T,
Bozkurt A. Fiber-Based Sensors. In:
Kai-Yu Tong R, editor. Wearable
Technol. Med. Heal. Care, vol. 8. 1st
ed., London: Elsevier; 2018,

p- 153-171. https://doi.org/10.1016/
B978-0-12-811810-8.00008-7.

[58] Prabhakar R, Hossain MS,

Zheng W, Athikam PK, ZhangY,

Hsieh YY, et al. Tunneling-Limited
Thermoelectric Transport in Carbon
Nanotube Networks Embedded in
Poly(dimethylsiloxane) Elastomer. ACS
Appl Energy Mater 2019;2:2419-26.
DOI:10.1021/acsaem.9b00227.

[59] Okutani C, Yokota T, Matsukawa R,
Someya T. Suppressing the negative
temperature coefficient effect of
resistance in polymer composites with
positive temperature coefficients of
resistance by coating with parylene.

] Mater Chem C 2020;8:7304-7308.
https://doi.org/10.1039/DOTCO00702A.

[60] Mamunya YP, Muzychenko YV,
Lebedev EV, Boiteux G, Seytre G,
Boullanger C, et al. PTC effect and
structure of polymer composites based
on polyethylene/polyoxymethylene
blend filled with dispersed iron. Polym
Eng Sci 2007;47:34-42. https://doi.
org/10.1002/pen.20658.

[61] Zeng Y, Lu G, Wang H, Du],

Ying Z, Liu C. Positive temperature
coefficient thermistors based on carbon
nanotube/polymer composites. Sci Rep
2014;4:6684. https://doi.org/10.1038/
srep06684.

18



