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Preface to ”Carbon Nanotube-Based

Nanocomposites”

Carbon nanotubes (CNTs) have been widely studied for years, due to their outstanding

properties, i.e., high mechanical strength, thermal and electrical conductivity, and resistance to high

temperature. The combination of the abovementioned properties, together with CNTs’ low weight

and high aspect ratio, makes them promising candidates as reinforcements for polymer, metal, or

ceramic composites. In order to achieve the full potential of CNTs, two critical issues have to be

solved: i) the homogeneous dispersion of CNTs in the matrix, ii) the interfacial bonding between

the CNTs and the matrix. The most commonly studied CNTs are doped nanocomposites based on

the polymer matrix. However, recently, there have also been extensive studies on the introduction

of CNTs to the metal or ceramic matrix. The main problem in the application of CNT-based

nanocomposites is most often related to the material properties, filtration and re-agglomeration of

nanofiller, difficult processability, and in many cases, safety regulations. Of particular interest are

recent developments in advanced composites, processes, characterization, and design. The potential

market applications of CNT-based nanocomposites include automotive, aerospace, energy storage,

and fuel cells.

The Special Issue “Carbon Nanotube-based Nanocomposites” (https://www.mdpi.com/

journal/materials/special issues/carb nano nanocompos) addresses advances in materials science,

processing, characterization, technology development, and the application of nanocomposites based

on carbon nanotubes.

Anna Boczkowska

Editor
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61-138 Poznań, Poland; tomasz.sterzynski@put.poznan.pl
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Abstract: The aim of the study is to assess the effect of multi-walled carbon nanotubes (MWCNTs) on
the wear behavior of MWCNT-doped epoxy resin. In this study, a laminating resin system designed
to meet the standards for motor planes was modified with MWCNTs at mass fractions from 0.0 wt.%
to 2.0 wt.%. The properties of the carbon nanotubes were determined in Raman spectroscopy and
HR-TEM. An examination of wear behavior was conducted on a linear abraser with a visual inspection
on an optical microscope and SEM imaging, mass loss measurement, and evaluation of the wear
volume on a profilometer. Moreover, the mechanical properties of MWCNTs/epoxy nanocomposite
were evaluated through a tensile test and Shore D hardness test. The study shows that the best wear
resistance is achieved for the mass percentage between 0.25 wt.% and 0.5 wt.%. For the same range,
the tensile strength reaches the highest values and the hardness the lowest values. Together with
surface imaging and a topography analysis, this allowed describing the wear behavior in the friction
node and the importance of the properties of the epoxy nanocomposite.

Keywords: composites; carbon nanotubes; wear; mechanical properties; epoxy resin

1. Introduction

The observed development of science and technology leads to the use in machines and devices of
such friction nodes in which the increased maximum load and speed of their movement occur. Due to
the need to minimize the wear of tribological pairs [1,2], the possibilities of limiting the effects of
friction are being investigated, which in effect is to contribute to the reduction of energy consumption
and cooperating surfaces of machinery and equipment [3]. This is of vital importance, especially in the
context of sensitive areas of material use, in which safety is taken into account before the economic
criteria, which includes e.g., aviation industry [4,5]. Therefore, material engineering is becoming one
of the key determinants of technological progress [6].

Currently, various modifiers allow achieving a wide range of properties for new materials [7–12].
As an example, studies conducted for aviation over modified polymers are most often carried out
in order to improve material strength or electrical conductivity [13–15]. The improved electrical
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conductivity is desirable due to the lightning strike protection (LPS). In this case, it is important to
determine the filler concentrations to obtain the best results. For instance in case of conductive carbon
black in composites based on low-density polyethylene (LDPE) and poly(ethylene-co-vinyl acetate)
(EVA), the percolation threshold was obtained for values higher than 15 wt.% [16].

The influence of MWCNTs on hardness, impact strength, and thermal conductivity of epoxy
resin composites is widely discussed [10]. Other tests assessing the structural usefulness of a material
include a hardness test [17,18]. Longitudinal and transverse shrinkage as well as plastic and elastic
deformations [19] are also important in the context of materials for aviation [20,21]. Another important
challenge in all technical applications of epoxy resin based composites is the need to produce materials
with strongly reduced flammability [22,23].

Developing nanotechnology allows the use of increasingly sophisticated nanocomposites [24].
The nanofillers used include nanofibers [25,26], graphene flakes [27], and carbon nanotubes [28,29].
When descending to the nanoscale, dispersion of the nanofiller becomes crucial. The problems of
inhomogeneous dispersion of nanofillers, agglomeration of MWCNTs, poor interfacial adhesion, etc.
are widely discussed [30]. The creation of polymer nanocomposites with a homogeneous distribution
of MWCNTs as a nanofiller is a very complex problem as shown in many papers [31–35]. To solve
the dispersion problem, many solutions have been suggested, such as the addition of dispersing
agents, shear mixing [28], and functionalization [29,36,37]. For example, the study on composites
based on polypropylene (PP) presented in [38] suggests that the form of nanofiller dispersion such as
the Masterbatch (MB) dilution is suitable for the dispersion of MWCNTs but at the expense of carbon
nanotube shortening and, as a consequence, an increase in electrical resistivity. The homogeneity
of MWCNT in the composite can be determined by means of the high-resolution scanning electron
microscopy (HRSEM) [39].

The addition of nanoparticles to thermosetting matrix materials assists in strengthening the
surface, which results in enhancing the tribological behavior of polymers. This is especially true for
adhesive wear loading conditions under dry contact [40]. The filler addition greatly enhances the
tribological properties of the epoxy resin, by reducing the friction coefficient and the wear rate [29].
As far as wear tests are concerned, a different test equipment is in use: from normalized ball on disc
tribotesters to an in-house designed and built rubber wheel/dry sand test equipment [41] or original
equipment designed and fabricated by the university [42].

In studying the application of carbon nanotubes to a piston ring and cylinder liner system, it was
found that the friction coefficient decreases with an increase in MWCNTs content. That is a result of
the fact that, under dry friction, the MWCNTs act as a solid lubricant and form a carbon film covering
the contact surfaces [43]. For example, the study on the helical carbon nanotubes (H–CNTs) in the
mass fraction range from 0.0 wt.% to 2.0 wt.%, presented in [44], showed that the friction coefficient,
as well as the wear rate decrease with increasing the nanofiller content. Moreover, fillers can alter the
crosslinking process of the polymeric matrix in comparison with the neat epoxy, in particular reduce
the gel time of the resin [45,46].

Tools, such as TEM, are needed to verify the quality of nanocomposites. High-resolution
transmission electron microscopy (HR-TEM) provides better insights into the physical behavior of
many nanostructured materials [47]. An example of using it for research in which carbon nanotubes
were used is presented in [48]. The image is formed by the interference of the diffracted beams with
the direct beam. This is called phase contrast. HR-TEM images are obtained when the point resolution
of the microscope is sufficiently high and a crystalline sample oriented along a zone axis [49].

Raman spectroscopy is also an important tool in the field of nanotechnology. Raman scattering
is a component of Raman spectroscopic techniques and is used to obtain information about the
structure and properties of molecules. This information comes from their vibrational frequencies.
Raman scattering is a two-photon event. As known, the process focuses on the change in polarizability
of a molecule which take account of its vibrational motion [50,51]. In [52], the authors focus on this
method and describe its essence in detail. Some current applications of Raman spectroscopy are

2



Materials 2020, 13, 2696

observed in the fields of biomedical diagnostics [53,54], archaeological science [55], industrial process
control, environmental science [56], astrobiology, and materials engineering [57].

The investigated MWCNTs mass fraction range can vary depending on the aim of the research.
In order to examine the impact on the electrical conductivity the wider range of 0.0–5.0 wt.% was
applied in [10]. As far as mechanical properties are concerned, lower concentrations were investigated:
0.0–1.0 wt.% in [58], 1.0 wt.% in [59], 0.1–0.9 wt.% in [15], 0.0–0.5 wt.% in [42,60,61] (and also in [62] but
the paper also cites studies for 5.0 wt.%), 0.3 wt.% in [63] (for of carboxyl functionalized MWCNTs),
0.025–0.2 wt.% in [46] and 0.2 wt.% in [37].

In the previous studies on laminating resin system designed to meet the standards for motor
planes, modified with MWCNTs, proved that electrical conductivity of MWCNTs/epoxy nanocomposite
increased with higher MWCNTs mass fraction even for a very simplified manufacturing procedure [64].
The percolation threshold was obtained in the range between 5.0 wt.% and 6.0 wt.%. However,
such high mass fractions are not justified economically and due to the deterioration of mechanical
properties and manufacturing problems (increased resin viscosity), are not recommended for structural
components. Moreover, it is desirable that such parts exhibit good mechanical properties, such as
high tensile strength and high resistance to wear [65,66]. In order to achieve a slight improvement of
electrical properties and simultaneously provide a hope for an improvement of abrasion resistance,
mass fractions from 0.0 wt.% to 2.0 wt.% were chosen.

The aim of the study is to assess the effect of MWCNTs content on the wear behavior of
MWCNT-doped epoxy resin. The novelty of this article is that a linear abrader was used, which
allows the comparison of results with measurements made by other abrasion tests. Secondly, Raman
spectroscopy and TEM imaging were performed, which is not common in abrasive wear testing.
Moreover, carbon nanotubes concentrations of up to 2.0% were used, which is not common in the
studies of mechanical properties of epoxy resin nanocomposites. The presented results can be a
reference point for the research on wear behavior, as well as epoxy resin modification in order to
improve mechanical properties or electrical conductivity.

2. Materials

2.1. Raw Materials

The matrix of the MWCNTs/epoxy nanocomposite was made of the MGS L285 laminating
resin system approved by German Federal Aviation Authority. L285 is intended for use with glass,
carbon and aramid fibers and is characterized by high static and dynamic strength. After heating,
it meets the standards for motor aircraft, gliders and powered sailplanes. The laminating resin
L285 is a mixture of epoxy resin (number average molecular weight ≤ 700), which is a reaction
product of bisphenol-A-(epichlorhydrin) (50 wt.%) and 1,2,3-Propanetriol, glycidyl ethers (50 wt.%).
The specification of L285 is as follows: density (25 ◦C): 1.18–1.23 g/cm3, viscosity: 600–900 mPas/25 ◦C
epoxy equivalent: 165–170, epoxy number: 0.59–0.65.

There are different hardeners dedicated for the L285 resin. For the experiment, H287
hardener was selected as characterized by a long gelling time, which makes it easier to
prepare fiber reinforced composites. H285 hardener is a mono-constituent substance based
on 2,2’-dimethyl-4,4’-methylenebis(cyclohexylamine) with possible impurity in the form of
1,4-bis(butylamino)anthraquinone. The H 287 properties are as follows: density (25 ◦C): 0.93–0.96 g/cm3,
viscosity: 80–100 mPas/25 ◦C amine number: 450–500.

For the nanofiller, industrial grade multi-walled nanotubes of 90 wt.%, 10 nm OD, manufactured
by Bucky USA (Houston, TX, USA), were chosen. The MWCNTs were delivered in the form of powder.
Their properties stated by the manufacturer in the specification were as follows: purity: 90 wt.%, outer
diameter (OD): 10–30 nm, inner diameter (ID): 5–10 nm, length: 10–30 μm, specific surface area (SSA):
>200 m2/g, bulk density: 0.06 g/cm3, true density: ~2.1 g/cm3.
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2.2. Sample Preparation

A pure powder of MWCNTs was used for HR-TEM as well as for reference in Raman spectroscopy.
The MWCNTs/epoxy nanocomposite was prepared by direct nanotube incorporation. The mechanical
mixing and the ultrasound exposure were implemented. The concentrations of carbon nanotubes were
selected so that after the addition of the hardener prepared mass fractions are 0.0, 0.25, 0.5, 0.75, 1.0,
and 2.0 wt.%. After that, the composition of L285 and MWCNTs was mixed with H287 in 100:40 resin
to hardener weight ratio as recommended by the manufacturer.

To achieve this goal, mixing with a mechanical laboratory stirrer was carried out at the speed
of 300 rpm for 10 min. Then, to remove air bubbles, the mixture was placed in a vacuum chamber.
The next step was exposure to working frequency of 40 kHz in the Ultron ultrasonic bath for 10 min.
Then the composite was casted in silicone molds (Figure 1b) and between sheets of PCV films.

 
Figure 1. (a) Geometry of the sample for tensile test where: L3—Total length: 150 mm; L1—Length of
parallel edges narrow zone: 60 mm; R—Radius: 60 mm; B2—Width at ends: 20 mm; B1—Width at
narrow zone: 10 mm; h—Thickness: 4 mm; L0—Reference length: 50 mm; L—Length between clamps:
115 mm. (b) Nanocomposite casted to the silicone forms.

Specimens for tensile testing, hardness testing, and abrasion testing were cast in the molds.
The silicone forms were designed in accordance with the ISO 527-1 standard (Figure 1a). In order
to maintain repeatability in the thickness of the cast samples, the upper surface was processed on a
numerically controlled milling machine. This procedure also allowed the examination of the core
material bypassing the surface layer, which usually has different properties [67]. The composite
compressed between sheets of PVC films allowed obtaining flat samples of the material. They were
prepared for Raman spectroscopy and for bright field observation in the optical microscope.

3. Methods

3.1. High-Resolution Transmission Electron Microscopy (HR-TEM)

In order to prove that properties of carbon nanotubes are at least as good as those provided by the
manufacturer and in order to determine a contaminant and a general composition of the structures,
high-resolution transmission electron microscopy (HR-TEM) was performed. HR-TEM was collected
on a JEOL (Tokyo, Japan) ARM-200F microscope working at 80 kV equipped with an energy dispersive
X-ray (EDX) detector. The samples were prepared by sonicating a solution of MWCNTs powder in
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pure ethanol. The sonicated product was then drop casted on commercially available Lacey Carbon Cu
grids and dried overnight in a vacuum dissector connected to a membrane vacuum pump (<2 mBar).

3.2. Raman Spectroscopy

Raman spectra were obtained using an in Via Ranishaw Raman Microscopy system (Ranishaw,
Old Town, Wotton-under-Edge, UK) with a 633 nm He/Ne laser (0.75 mW laser power, Stage I) and
1800 g/mm grating. The laser light was focused on the sample with a 20×/0.75 microscope objective
(LEICA, Wetzlar, Germany) All Raman spectra were obtained from 450 to 4000 cm−1 using 20 s
acquisition time. All spectra were corrected by using the WiRETM 3.3 software attached to the
instrument. The measurement of peak positions was performed by using Lorentz profile at OriginPro
8.3 software (Northampton, MA, USA).

3.3. Tensile Testing

The uniaxial tensile testing was carried out on a Zwick Roell (Ulm, Germany) Z5.0 testing machine,
operating with the test speed of 2 mm/min and at normal ambient conditions in accordance with ISO
527-1 standard. 10 samples were tested for each mass fraction of MWCNTs. Based on the results,
mean values and standard errors were determined.

3.4. Hardness Tests

Shore D hardness was determined according to ISO 868 standard (Bareiss Shore/IRHD Digi Test II,
FRT GmbH, Bergisch Gladbach, Germany). 10 samples were tested for each mass fraction of MWCNTs.

3.5. Abrasion Tests

The examination of wear behavior was conducted on TABER Linear Abraser Model 5750
(North Tonawanda, NY, USA) (Figure 2).

Figure 2. TABER linear abraser model 5750 during the abrasion test.

The conditions during the abrasion test were as follows: stroke length: 50.8 mm, speed: 60 cycles
per minute, maximum velocity: 159.52 mm/s, total load: 1850 ± 1 g, abradant model: H-18 (vitrified,
medium), abradant diameter: 6.35 mm, maximum number of cycles for one sample: 1000, wear
intervals: 200 cycles. Five samples were tested for each mass fraction of MWCNTs.
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After each 200-cycle interval, mass loss and topography of the sample were measured. The mass
measurements were taken on a precision laboratory weight. The evaluation of the topography was
performed on the MicroProf 100 surface metrology tool (FRT GmbH, Bergisch Gladbach, Germany)
with CWL 600 μm sensor (FRT GmbH, Bergisch Gladbach, Germany). Measuring characteristics
were as follows: measuring range z: 600 μm, resolution (lateral): 2 μm, resolution (vertical): 6 nm.
Each time the same part of the specimen surface area was mapped: 9 mm × 4.5 mm rectangle with a
long side perpendicular to the abrasion direction. 3D data and profiles were analyzed using FRT Mark
III software (FRT GmbH, Bergisch Gladbach, Germany).

3.6. Surface Imaging

Visual inspection was carried out on the Olympus (Tokyo, Japan) BX53M optical microscope
with 5×magnification. Bright field method was applied to thin films of composite in order to check
whether the obtained image had unfavorable microscale agglomerations or if a gradient arrangement
of MWCNTs occurs. The dark field method was applied to casted samples before and during the
abrasion test. The application of this method allowed highlighting surface irregularities occurring on
the sample. The SEM images were collected on Hitachi (Tokyo, Japan) tabletop microscope model
TM3030 plus with accelerating voltage 15 kV and 500×magnification.

4. Results

4.1. HR-TEM

TEM imaging shows MWCNTs outer diameter of 22.3 ± 3.5 nm. The length is variable and difficult
to estimate since the tubes are found in bundles. The van der Waals distance between concentrically
walls is estimated as 0.289 nm, thus an average of 20 layers is present in the MWCNTs. On the other
hand, surface features (marked by yellow arrows), show partial oxidation and damage to the carbon
nanotubes. Finally, metallic particles, residual products from the synthesis process, are present and
embedded in the carbon nanotubes central sections (Figure 3).

 

. 

Figure 3. HR-TEM pictures of carbon nanotubes used for MWCNT/epoxy composite.
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EDX mapping shows relative oxidation of the MWCNTs surfaces and the FeOx structure of
the central particles. In the oxidized carbon nanotubes, oxygen groups are covalently attached to
nanotubes [68]. These are: carboxyl (–COOH), hydroxyl (–OH), epoxy (C–O–C), and carbonyl (C=O).

Traces of nickel and chromium (in the range of 0.5 wt.%) were also detected (Figure 4). The origin
of this contamination is connected with the fabrication method of MWCNTs and the values are typical
for chemical vapor deposition (CVD) [69], and therefore it was considered that they did not affect the
results of other measurements. Large scale collections allowed determining a relative 95 wt.% purity
of the MWCNTs with a small concentration of iron and oxygen.

Figure 4. HR-TEM—EDX results of carbon nanotubes used for MWCNT/epoxy composite.

4.2. Raman Spectroscopy

The Raman spectra of 0.25, 0.5, 0.75, 1.0, and 2.0 wt.% MWCNTs content in epoxy matrix and pure
reference MWCNTs are presented in Figure 5.

 

Figure 5. Raman shift for MWCNTs/epoxy composite samples with 0.25, 0.5, 0.75, 1.0, and 2.0 wt.%
mass fractions of carbon nanotubes and pure MWCNTs for reference.
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The characteristic modes: D (double-resonance mode), G (tangential stretching mode), and 2D
(two phonon process) at ~1338 cm−1, ~1586 cm−1, and ~2665 cm−1 respectively, confirms the presence
of carbon nanotubes in the samples. The D-band is indicative of structural disorder due to disruption
of sp2 C–C bonds, whereas the G-band results come from the tangential vibration of graphitic carbon
atoms. All characteristic modes were observed from 0.75 wt.% MWCNTs mass fraction, for lower
MWCNTs mass percentage the maxima are visible, although in a fuzzy form, signifying a weaker
Raman reflection. Shifting of MWCNTs peak positions was not observed.

4.3. Tensile Testing

Stress–strain curves for all investigated carbon nanotube mass fractions are presented in Figure 6.

 

Figure 6. Stress–strain curves for different MWCNTs mass fractions.

For each concentration of MWCNTs, namely 0.0, 0.25, 0.5, 0.75, 1.0, and 2.0 wt.%, a separate graph
is presented showing stress–strain curves for all tested samples. The shapes of the stress–strain curves,
indicate the brittle fracture of the composites at break, and in this respect all the presented characteristics
are similar. As it may be seen form the graphs, a small addition of carbon nanotubes of only 0.25 wt.%
causes almost a two-fold increase in tensile strength and a similar increase in relative deformation.

The average ultimate tensile strength σu increases for the MWCNTs mass fraction 0.25 wt.%
compared to the neat resin by 69% reaching the value of 45.7 MPa and then decreases for higher mass
percentages (Figure 7a). Initially increasing and then falling σu curve in the concentration range from
0.0 to 0.5 wt.% was also observed in [61] for the polyester matrix samples. Initial growth may be due
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to arresting and delaying the crack growth effect of MWCNTs, as suggested in [63]. There is a 4th
degree polynomial approximation for the eye guiding effect. The interpolated value for 0.1 wt.% is
36% higher than the value for the pure resin, which is only 4% greater than the increase given in [42]
but at the same time twice the increase given in [60] for pristine CNTs. It can be noticed that the curve
has another extreme a between 1.0 and 2.0 wt.% and begins to grow again, although the whiskers
presenting a standard deviation suggest that this rise is of negligible importance.

Figure 7. (a) Ultimate tensile strength and (b) nominal strain at break of the MWCNTs/epoxy composite
for different MWCNTs mass fractions.

The curve approximating the change of the nominal strain at break εm as a function of carbon
nanotubes mass fraction has the same shape as σu (Figure 7b). The maximum average value of 2.65%
was calculated for MWCNTs 0.25 wt.% which is a 126.5% increase over the resin without a filler.
Initially increasing and then falling εm curve in the mass fraction range from 0.0 to 0.5 wt.% was also
observed in [42].

Calculated mean values of Young’s modulus Et with corresponding standard errors are as follows:
2209 ± 56 MPa for 0.0 wt.%, 1876 ± 27 MPa for 0.25 wt.%, 1728 ± 33 MPa for 0.5 wt.%, 1824 ± 24 MPa for
0.75 wt.%, 1760 ± 31 MPa for 1.0 wt.%, and 1804 ± 38 MPa for 2.0 wt.% MWCNTs. All obtained values
are higher than results given in [60], in particular Et of pure resin is 74% higher, probably due to the use
of different Bisphenol-A epoxy resin, namely ED-22. The obtained results mean a significant decrease
for a concentration of 0.0 to 0.5 wt.%, an increase for the range of 0.5 to 0.75 wt.% and insignificant
changes for MWCNTs mass fraction above 0.75 wt.%. Et decrease in the concentration range from 0.0
to 0.5 wt.% was also observed in [61] for the polyester matrix samples. The effect of the multi-walled
carbon nanotubes concentration on the modulus of elasticity is opposite than on the ultimate tensile
strength and the nominal strain at break.

An initial improvement in both mechanical parameters, σu and εm, is probably due to the effect of
an interface between the matrix and the nanofiller. It is also possible that carbon nanotubes transfer
the tensile loads through the specimen. A slight deterioration of those properties with the MWCNTs
fraction higher than 0.5 wt.% may be a result of a greater concentration of the filler agglomerates. It can
be assumed that the change of the toughness is plotted along the similar curve, while the brittleness
B (as defined by Brotsow et al. [70]) behaves like inversed toughness (although it is not a rule [71]).
The observed increase in toughness may indicate individual nanotubes sliding within the bundles (as
noted in [62]). The initial decrease in B (MWCNTs 0.0 wt.% to 0.25 wt.%) could be explained by the
improvement of mechanical properties owing to the presence of the filler.

The increase in B (MWCNTs 0.5 wt.% to 1.0 wt.%) could be explained by the impact of the
nanofiller concentration on the crosslinking of the polymer. The epoxy resin that is not crosslinked
in the whole volume has no tendency to crack. It is probable that the presence of carbon nanotubes

9



Materials 2020, 13, 2696

catalyzes the crosslinking of the polymer. Another decrease in B may result from increased flexibility
of the material due to greater mass fraction of MWCNTs.

4.4. Hardness Test

Shore hardness measurement results have been presented in Figure 8. For a mass fraction of
MWCNTs 0.25 wt.%, an average hardness value of 76.2 was obtained. This is a decrease of 7% compared
to the value for neat resin. As the mass fraction increases, the hardness increases to values above 83,
which is higher than the value for the neat resin, although for 2.0 wt.% it decreases again. It is possible
that increasing the hardness in the MWCNTs content ranging from 0.25 wt.% to 0.75 wt.% has the same
background as σu, as it is discussed on the example of the epoxy-polyamide blend in [72].

Figure 8. Correlation of mass loss and hardness in relation to MWCNTs mass fraction.

4.5. Abrasion Tests

Figure 9 shows the wear behavior of a MWCNTs 0.25 wt.% sample presented as an example.
The diagram shows the mass loss as a function of the number of wear cycles. Each value on the graph
is the difference in sample weight before the first 200-cycle interval and the weight after each interval.
The slope of the graph therefore corresponds to the value of a weight loss per cycle. The course of the
graph is rather linear, which means that the weight losses during subsequent intervals are similar.

Figure 9. Wear process presented on the example of a MWCNTs 0.25 wt.% sample.
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Along with successive intervals of 200 abrasion cycles, the material is gradually penetrated, which
is visible on the profiles (Figure 10). As it may be seen on the profiles, volume losses per cycle interval
are rather constant and proportional to weight loss

Figure 10. Topography and profiles of MWCNTs 0.25 wt.% sample after 200, 600, and 1000 wear cycles.

The diagram presenting the average mass loss after 1000 wear cycles, with average values marked
after intervals of 200 cycles, is very similar to Shore D hardness results (Figure 8). There is a significant
drop to 0.019 g for the mass fractions of MWCNTs 0.25 and 0.5 wt.%. This represents a decrease by
28.8% compared to the neat resin. The obtained result contradicts the result presented in [42] where
38% increase in the weight loss was noted. However, the cited article does not contain a detailed
description of the research method, and because of that, there is no possibility to determine the cause
of the discrepancy. For MWCNTs 0.75 wt.% an increase to the same value as obtained for 0.0 wt.%
was noted and, as in the case of the hardness, a decrease occurred for 2.0 wt.%. The wear rate results
correspond well with a general decrease in the range from 0.0 wt.% to 2.0 wt.% presented in [10],
however, a greater number of investigated MWCNTs mass fraction values revealed the local minimum
between 0.25 wt.% and 0.5 wt.%. The superior value of the specific wear rate at 0.5 wt.% exhibits a good
agreement with O. Jacobs et al. [28], as well as with [72]. The correlation between the wear rate and the
hardness was also observed by Aruniit et al. for the polymer filled with aluminum hydroxide [41].

The increase of friction with hardness in sliding machine element materials was discussed in [73]
suggesting the importance of the adhesive component. It is also possible that the harder (and also
more brittle) the material is, the more effectively it acts as an abrasive element between the material
and the actual abradent after being removed from the nano-composite.

The general improvement in the wear resistance along with nanofiller content may be explained
by the MWCNTs playing the role of spacers preventing a close contact between the abrader and the
composite surface [74]. In such a case, the MWCNTs would be deformed into a graphene-like lamella,
which would decrease the wear loss and the friction coefficient, as shown in [29]. On the contrary, the
increase of the average mass loss (for MWCNTs 0.5 wt.% to 0.75 wt.%) could be a result of increased
hardness and brittleness B.

Thermal conductivity could also be taken into consideration. As it is known, the influence of the
filler on thermal conductivity is very significant [10]. It is possible that a higher thermal conductivity
value results in a lower temperature in a sliding contact and therefore improved wear resistance for
MWCNTs 2.0 wt.%.
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4.6. Surface Imaging

Bright field optical microscopy showed an uneven distribution of MWCNTs and agglomerations in
a microscale (Figure 11). As a consequence of the uneven distribution for smaller mass concentrations
of nanofiller, bright areas are visible where light shines from under the thin sample.

 

Figure 11. Bright field optical microscopy of MWCNTs (a) 0.25, (b) 0.5, (c) 0.75, (d) 0.1, and (e) 0.2 wt.%.

The pictures from the dark field microscopy and SEM confirm a large amount of detached material
in a form of powder on the abrasive surface of the sample (Figure 12).

 

Figure 12. Profilometer topography, optical microscope images and SEM images of MWCNTs 0.25
wt.% sample after 0 and 1000 cycles of abrasive wear.

Before the abrasion test, the characteristic surface obtained due to milling is visible. During the
test, the detached material is spread over the surface of the sample, as a result of which the microscopic
lines of white powder are visible in the photo from the optical microscope. This powder penetrates
surface irregularities. As a result, surface irregularities become less visible in the SEM image compared
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to the situation before the test. The SEM images show that, according to classification of wear presented
in [75], the observed mechanism is mainly adhesive wear.

5. Conclusions

HR-TEM pictures and HR-TEM EDX proved the properties of MWCNTs that occurred to be even
better than those declared by the manufacturer. In the manufacturer’s specification, the declared purity
of coal is 90 wt.%, while the test showed more than 95 wt.%.

Raman spectra, particularly for the highest MWCNT concentration show that carbon nanotubes
were not damaged by sonication during the preparation of samples, and that they are present in the
nanocomposite samples for all the applied mass fractions.

Optical microscope pictures showed microscopic agglomerations and TEM pictures showed
carbon nanotube bundles proving the limitations of dispersivity method based on sonication only.

The wear resistance occurred to be in correlation with ultimate tensile strength. This may mean
that the higher the tensile strength, the more difficult it is to tear the material away from the sample
causing the mass loss. Moreover, together with tensile strength, maximal strain may influence the wear
behavior making the material more deformable in the abrasion area, adapting to the rubbing abradant.

On the other hand, the mass loss and hardness occurred to be in correlation one with the other.
For the low mass fraction of MWCNTs (0.25–0.5 wt.%), the mass loss and hardness decreased in
comparison to neat resin, while for the higher weight percentage (0.75–1.0 wt.%) an increase in both
values was noticed. This may indicate that the lower hardness of the material, the more it tends to
form a carbon film covering the contact surfaces and act as a solid lubricant (as presented in [43]).

The study shows that in case of MWCNT-doped epoxy resin within the mass fraction of the
nanofiller below 2.0 wt.%, the best wear resistance is achieved for the mass percentage between 0.25
and 0.5. For this reason, such proportions can be promising for structural elements of machines
(e.g., aircraft).
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the small aircraft composite structure. AIP Conf. Proc. 2017, 1862, 20007. [CrossRef]

22. Oliwa, R.; Oleksy, M.; Oliwa, J.; Wegier, A.; Krauze, S.; Kowalski, M. Fire resistant glass fabric-epoxy
composites with reduced smoke emission. Polimery 2019, 64, 290–293. [CrossRef]
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Abstract: Cement composites prepared with nanoparticles have been widely studied in order to
achieve superior performance structures. The incorporation of carbon nanotubes (CNTs) is an excellent
alternative due to their mechanical, electrical, and thermal properties. However, effective dispersion
is essential to ensure strength gains. In the present work, cement pastes were prepared incorporating
CNTs in proportions up to 0.10% by weight of cement, dispersed on the surface of anhydrous cement
particles in isopropanol suspension and using ultrasonic agitation. Digital image correlation was
employed to obtain basic mechanical parameters of three-point bending tests. The results indicated a
34% gain in compressive strength and 12% in flexural tensile strength gains, respectively, as well as
a 70% gain in fracture energy and 14% in fracture toughness in the presence of 0.05% CNTs were
recorded. These results suggest that CNTs act as crack propagation controllers. Moreover, CNT
presence contributes to pore volume reduction, increases the density of cement pastes, and suggests
that CNTs additionally act as nucleation sites of the cement hydration products. Scanning electron
microscopy images indicate effective dispersion as a result of the methodology adopted, plus strong
bonding between CNTs and the cement hydration product. Therefore, CNTs can be used to obtain
more resistant and durable cement-based composites.

Keywords: carbon nanotubes; dispersion; cement

1. Introduction

Carbon nanotubes (CNTs) have been attracting the attention of the scientific community over the
last few decades due to their extraordinary mechanical, thermal, and electrical properties. The CNTs’
mechanical properties, such as high tensile strength and Young’s modulus, are the principal reasons
for their use as composite materials [1]. In order to achieve effective composite preparation, good
dispersion and homogeneous distribution of CNTs are essential. The hydrophobic behavior causes
CNT agglomerations and the clusters formed by their presence in high amounts can compromise
the mechanical properties [2–4]. In addition, due to this characteristic, the nanostructured cement
composites’ strength presents high variability [2], and consequently, reproducibility and statistical
analysis are important to the validation of results.

Studies on CNTs in cement-based materials have suggested improvements in mechanical properties
of cement pastes [5–11], including reduction of porosity [4,10], reduction of early shrinkage [11],
an increase in the fracture energy [11,12], and an increase in fracture toughness and proposal that the
presence of well-dispersed CNTs in the cement matrix makes it necessary to apply higher stress to cause
cracking and specimen rupture [6]. Moreover, CNTs contributed to a refinement of the mesopores and
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resulted in a denser matrix [13,14]. Cement paste, with up to 0.20% of CNTs dispersed in aqueous
surfactant solution by sonication, indicated that the quantity of macropores (diameter greater than
50 nm) was reduced, while the quantity of pores smaller than 50 nm was increased [15]. Macropores
in hardened cement composites are considered to be detrimental as they cause worse mechanical
properties and lower density of these materials [15]. Mortars prepared with CNTs dispersed in an
aqueous solution with superplasticizers registered a reduction in the quantity of micropores (less than
2 nm) and macropores (greater than 50 nm). It is alleged that this pore refinement on a micro and macro
scale is more relevant to obtain gains in mechanical strength than reducing the total porosity [16].

With the aim to increase the dispersion efficiency of CNTs, nanomaterial can be submitted to
chemical treatments, which is called functionalization. Functionalization occurs through noncovalent
(weak bonds with CNTs) and covalent (strong interactions, usually with significant modifications on
CNT properties) interactions [17]. Functionalization treatments result in good dispersion of CNTs in
aqueous solutions [18], however, researchers suggest that some types of functionalization can damage
the carbon nanotubes structure [19,20].

According to Alsharefa et al. (2017) [21], dispersion through chemical mixtures damaged the
structure of CNTs and studies involving physical dispersion should be intensified. Thereby, an option
of a non-functionalized methodology through non-aqueous suspensions has been adopted for effective
dispersion of CNTs in cement particles [1,22]. Isopropanol, which is a less polar solvent as compared
with water, is capable of promoting superior CNT dispersion on the surface of cement particles.
However, it does not cause any hydration reaction in Portland cement. The dispersion is enhanced by
the employment of ultrasonic frequency agitation and mechanical shaking. Isopropanol is removed
thereafter, followed by the preparation of the cement paste. This process can be considered much
simpler in execution than the use of covalent functionalization. At the same time, the advantages of this
methodology are evidenced by the densification of hydrated calcium silicates (C–S–H) [22], which have
the major responsibility for the final strength of cement-based materials. Furthermore, this dispersion
process provides an indication of a strong connection between CNTs and hydrated cement matrix,
controlling the crack propagation [23]. The dispersion of similar nanomaterial, i.e., multilayer graphene,
in isopropanol results in adequate dispersion, avoiding multilayer graphene agglomeration and
recording improvements in mechanical properties of the composites [24]. The nanocomposite produced
with multilayer graphene shows approximately 100% higher splitting tensile and compressive strengths.

This present article aims to evaluate the effect of adding CNTs on the mechanical properties of
cement. In order to achieve the objectives, predispersions in isopropanol media of CNTs on cement
particles were prepared and used to evaluate the physical and mechanical behavior of cement pastes
incorporating 0%, 0.05%, and 0.10% of CNTs according to cement weight. Using these proportions
and methodology, Rocha and Ludvig (2018) [9] achieved approximately 50% gain in compressive and
splitting tensile strengths at 0.05% of CNTs, suggesting that the optimum range for incorporation of
CNTs based on that methodology is close to this ratio. Hawreen et al. (2018) [3] also confirmed that
amounts of CNTs, up to 0.10%, were more effective for increasing the flexural and compressive strengths.

2. Materials and Methods

The cement pastes were prepared without additives or admixtures, and the CNTs did not undergo
any type of functionalization. At 28 days, the cement pastes were mechanically characterized regarding
their compressive strength, flexural tensile strength, fracture energy, and fracture toughness. Moreover,
their void index and pore distribution were determined, as well as their thermogravimetric analysis
was performed.

2.1. Materials

The materials used in this research were:
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• Multiwalled carbon nanotube (MWCNT) with estimated tube lengths between 5 and 30 μm, 99% of
external diameter between 10 and 50 nm, and purity higher than 93%, produced by CTNano,
Belo Horizonte, Minas Gerais, Brazil;

• Brazilian type CP-V Portland cement because of its low percentage of mineral additions;
• Isopropanol absolute grade;
• Potable water for cement hydration.

2.2. Dispersion Process

Two different formulations with CNTs were carried out to prepare the cement paste, i.e., adding
0.05% and 0.10% by total weight of cement (bwoc).

The CNTs were dispersed in non-aqueous isopropanol solution. The steps for dispersing CNTs in
anhydrous cement particles are described in Figure 1.

Figure 1. The adopted methodology to disperse carbon nanotubes (CNTs) in a suspension of isopropanol.

The scanning electron microscopy images were acquired using a FEG Quanta 200 made by FEI
Company (located at the Center of Microscopy, UFMG, Belo Horizonte, Minas Gerais, Brazil) to
evaluate the CNT dispersion. To ensure the electrical conduction on the samples, a 5 nanometers thick
carbon coating was applied.

The surface area of the anhydrous cements with dispersed CNTs with concentrations of 0%, 0.05%,
and 0.10%, were also determined by nitrogen adsorption using multipoint technique.

2.3. Evaluation of the Mechanical Behavior

The cement pastes were prepared in a mortar blender with 0.33 water/cement ratio. For each
formulation, 4 prismatic specimens with 4 cm height, 4 cm width, and 16 cm length for flexural tensile
test were prepared. The specimens were maintained in lime-saturated water until they reached 28 days,
and then tested. The formulations analyzed are described in Table 1.

Table 1. Cement paste formulations.

Identification Formulation

REF-ISO Cement paste prepared without CNTs
0.05-ISO Cement paste prepared with addition of 0.05% of CNTs
0.10-ISO Cement paste prepared with addition of 0.10% of CNTs
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Prior to the three-point flexural tests, a 1 cm deep notch was made in the middle of the bottom of
the beams. The cut was performed in a special apparatus to ensure alignment. In sequence, the lateral
sides of the test samples were painted with white and black spray to create a stochastic pattern
in each sample to guarantee the digital image correlation (DIC) analysis efficiency. The tests were
conducted on a universal mechanical testing machine equipped with 5 kN load cell at a loading speed
of 0.25 mm/min.

The flexural test was photographed throughout the loading at 250 milliseconds intervals. Using
the sequence of high-resolution and accurate photos, a correlate software recorded the horizontal and
vertical displacements suffered during the test, as well as the applied force. The results obtained were
used to calculate the fracture energy (Gf) and fracture toughness (KIC) of the samples. These two
parameters were calculated according to the formulation indicated by Dally and Riley (1991) [25] and
by Hu et al. (2014) [6] as indicated in the equations below:
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where Gf is the fracture energy of the composite; KIC is the fracture toughness of the composite, W is
the area under the load-displacement curve, m is the mass of the beam between supports, g is the
acceleration due to gravity, δ is the vertical displacement at final failure of the beam, t is the width of
the specimen, h is the height of the specimen, a is the depth of the slot, S is the span of the beam, P is
the peak load, and f(a/h) is the geometry factor [25].

The results of the flexural tensile strength tests were also compared with the results obtained by
Rocha and Ludvig (2018) [9] realized using a splitting tensile strength test.

After the three-point flexural test, one of the remaining halves of the prismatic samples was used
to perform compression tests as an adaptation of ASTM C349-02 [26]. The fragments were placed
between two metal plates with an area of 4 cm × 4 cm, as indicated in Figure 2. The sample was
submitted to continuous loading in the EMIC brand universal equipment located at the CTNano test
laboratory, using a 200 kN load cell and load speed of 0.50 mm/sec. The compressive strength results
were compared with the results obtained by Rocha and Ludvig (2018) [9].

Figure 2. Setup and specimen failure of the compressive strength test.
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It is noteworthy that Rocha and Ludvig (2018) [9] analyzed the mechanical properties based
on compressive and splitting tensile tests on 5 cm diameter and 10 cm height cylindrical samples.
In the present work, the tensile strength was assessed by flexural test in prismatic samples and the
compressive strength was evaluated on the remaining halves of the prismatic samples, as exhibited in
Figure 2. Complementing previous work [9], we performed a microstructural analysis of the cement
paste to justify the results of mechanical strength, likewise, the mechanical properties analysis was
developed according to a different methodology.

2.4. Evaluation of the Physical Parameters

The other half of the prismatic sample was used to determine density in the saturated and dry
conditions, void index, and water absorption as follows:

• The samples were dried at 105 ◦C for 72 h, cooled to room temperature for 30 min, and weighed,
obtaining the dry mass (MS);

• Then, the samples were completely immersed in water and maintained for 72 h;
• After this period, the masses of the submerged saturated sample (Mi) and saturated sample with

dry surface (MSAT) were measured.

These indexes were used for the calculations using the follow [27]:

Water absorption =
MSAT −MS

Ms
× 100 (4)

Void index =
MSAT −MS
MSAT −Mi

× 100 (5)

Density o f dried samples =
MS

MSAT −Mi
(6)

Density o f saturated samples =
MSAT

MSAT −Mi
(7)

Fragments of each paste formulation were subjected to a pore size distribution analysis using
nitrogen condensation technique based on DFT (density functional theory), a quantitative assessment
of the composition by thermogravimetric analysis, and scanning electron microscopy in order to
evaluate the microstructure morphology.

To determine the pore distribution by nitrogen condensation, the cement pastes samples were
degassed for 24 h in a vacuum at 30 ◦C [28]. The analysis was performed using 20 adsorption and
20 desorption points. The pore size distribution was analyzed using the DFT method based on
desorption data.

Whereas, to perform the thermogravimetric analysis, the paste fragments were ground and sieved
and only the particles smaller than 75 micrometers were subjected to analysis. The analysis was
carried out until reaching 1000 ◦C with a heating rate of 10 ◦C/min in a synthetic air environment on a
Shimadzu Corporation DTA-60H thermal analyzer (located at the CTNano, Belo Horizonte, Minas
Gerais, Brazil).

The scanning electron microscopy images were captured using a FEG Quanta 200 FEI equipment
(located at the Center of Microscopy, UFMG, Belo Horizonte, Minas Gerais, Brazil) for the hydrated
cement pastes with concentrations of 0.05% and 0.10%. Five nanometers carbon coating were used to
ensure sample conductivity.

3. Results and Discussions

3.1. Dispersion Process

Figures 3 and 4 show the efficiency of CNT dispersion on cement particles, evaluated by scanning
electron microscopy (using a FEG Quanta 200 made by FEI Company equipment located at the Center
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of Microscopy, UFMG, Belo Horizonte, Minas Gerais, Brazil). The first Figure displays the cement with
0.05% of dispersed CNTs by weight of cement (bwoc), while the second Figure displays the cement
with 0.10% CNTs bwoc.

Figure 3. Scanning electron microscopy images of the anhydrous cement with 0.05% of CNTs.

Figure 4. Scanning electron microscopy images of the anhydrous cement with 0.10% of CNTs with
small agglomeration.

The CNT filaments are well dispersed in the anhydrous cement with 0.05% concentration of CNTs
(see Figure 3). The cement particles with 0.10% of CNTs (Figure 4) also show well-dispersed CNTs on
the surface of the cement particles, but small agglomerations are present. Figures 3 and 4 show that the
effective CNT dispersion limit for this specific methodology is close to 0.05%, since adding 0.10% of
CNTs, small agglomerations are already observed.

The results of the surface area by multipoint nitrogen adsorption technique and the ratio of CNTs
dispersed on the anhydrous cement surface area are presented in Table 2, and as expected, the presence
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of CNTs increased the surface area due to their high specific surface area. Incorporating 0.05% of CNTs,
the surface area increased 4.4%, whereas the incorporation of 0.10% recorded an increase of 17.7% as
compared with the reference (REF-ISO). The CNT/cement surface area rate was recorded to identify
the ideal proportion for CNT filaments to disperse between anhydrous cement particles. According to
Figures 3 and 4, CNTs in both proportions of 0.89 and 1.78, respectively, seem to be well dispersed,
however, 0.10% of CNTs bwoc (1.78 g/m2/g) caused some agglomeration.

Table 2. Surface area obtained by nitrogen adsorption.

Identification
Surface Area

(m2 g−1)
CNTs / Cement Surface Area Rate

(g m−2/g)

Anhydrous Cement 1.687 -
Cement + 0.05% CNT 1.761 0.89
Cement + 0.10% CNT 1.986 1.78

According to the results of Rocha and Ludvig (2018) [9], considering the compressive and tensile
strengths, the best result achieved by the dispersion of CNTs in isopropanol, was close to 0.05% bwoc.
This implied that the optimal CNT ratio dispersible by that methodology was close to 0.89 g of CNTs
per m2·g−1 of anhydrous cement surface area and a superior mechanical performance in cement pastes
prepared with anhydrous cement with 0.05% of CNTs was expected.

3.2. Evaluation of the Mechanical Behavior

The results of compressive strength are presented in Figure 5; it is compared with the results
achieved by Rocha and Ludvig (2018) [9]. These tests were performed on 5 cm diameter and 10 cm
height cylindrical samples (columns on the left side) to determine compressive and splitting tensile
strengths, meanwhile, the columns on the right side demonstrate the results of compressive strength
determined by the half-prism and flexural tensile strength tests (as described in Section 2.3).

Figure 5. Compressive strength test results as compared with previous results.

The cement paste in the presence of 0.05% and 0.10% of CNTs recorded strength gains of 34% and
28%, respectively, values close to those obtained by Rocha and Ludvig (2018) [9] who recorded 45%
and 35%. On the one hand, according to the statistical analysis of variance (ANOVA), the difference
between the compressive strength averages of REF, 0.05-ISO and 0.10-ISO pastes can be considered
as significant. These gains suggest a reinforcement effect of cement pastes in these CNT proportions.
On the other hand, also by ANOVA, the difference between the results for the compressive strength
averages in the present work and the results presented by Rocha and Ludvig (2018) [9] are not identified
as significant.
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The flexural tensile strength results are presented in Figure 6. The compressive strength results are
similar to those obtained by Rocha and Ludvig (2018) [9]. In addition to the similar tendencies observed
earlier, the flexural tensile strength results are almost two times higher than the splitting tensile strength
recorded by the cited authors [9]. The difference can be explained by the fact that flexural tests are
more conservative because of the two-dimensional state of stress and the size effect [29–31].

Figure 6. Tensile strength results as compared with previous results.

Cement pastes incorporating 0.05% and 0.10% of CNTs recorded gains of 12% and 7%, respectively,
whereas Rocha and Ludvig (2018) [9] recorded 49% and 20%. According to ANOVA, the difference
between the averages of tensile by flexural strength is not significant. However, the gains imply a
reinforcement of cement pastes as an effect of the addition of predispersed CNTs.

The mechanical characterization by compressive and tensile tests recorded a more expressive
increase in cement pastes adding 0.05% of CNTs, which suggests efficient dispersion of the nanomaterial
in cement particles by the adopted methodology under this concentration and a possible negative
effect at 0.10% addition due to agglomeration.

The results of the fracture energy tests are presented in Figure 7. Cement pastes incorporating
0.05% and 0.10% of CNTs recorded gains of 70% and 35%, respectively. Although the cement paste
with 0.05% of CNTs recorded a relatively high standard deviation, the lowest result of fracture energy
in the cement paste with carbon nanotubes is still higher than the highest result of the reference paste.
According to the ANOVA test, the difference between the fracture energy averages is not significant.

Figure 7. Fracture energy results.
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The results of the fracture toughness test are presented in Figure 8. Cement pastes incorporating
0.05% and 0.10% of CNTs recorded gains of 14% and 7%, respectively. According to ANOVA, likewise
it is not possible to state that the difference between the averages of fracture toughness is significant,
as pointed out in the case of flexural strength and fractural energy. The results of the load-displacement
curve integration are presented in Table 3 and the load-displacement diagram of the most representative
curve of each cement paste formulation is presented in Figure 9. The results, as presented in the diagram,
were extracted from the three-point flexural tests, which were conducted until failure according to the
adopted methodology (actuator controlled by vertical displacement and deformations recorded by DIC).

Table 3. Results of the load-displacement curve integration.

Sample

REF-ISO 0.05-ISO 0.10-ISO

Area [N.m]
Average

(N·m)
Area (N·m)

Average
(N.m)

Area (N·m)
Average

(N·m)

Specimen 1 0.0174745
0.015821167

0.02981125
0.026502003

0.01956575
0.021834167Specimen 2 0.01526125 0.02421901 0.0252675

Specimen 3 0.01472775 0.02547575 0.02066925

Figure 8. Fracture toughness results.

The fracture energy considering the curve integration area, according to the results obtained by
Equation (1), in which a better performance of 0.05-ISO could be observed. This result is expected
once the formulation in Equation (1), considering the curve integration area of the load-displacement
diagram. The standard deviations of the curve integration areas were 0.0011, 0.0022, and 0.0023 N·m
for REF-ISO, 0.05-ISO, and 0.10-ISO, respectively.

The maximum gains in fracture energy and fracture toughness were obtained in the presence of
0.05% of CNTs, which were in accordance with the results of the compression and tensile tests, and
suggested that, in such proportions, the hydration products adhered well to the nanomaterial and
caused a refinement of the capillary pores [8] and crack control at the submicron level [23]. These results
could be related to the effective dispersion of carbon nanotubes that permitted it to act as a fibrous
reinforcement and allow greater load application and deformations of the samples before the rupture.
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Figure 9. Three-point flexural test load-displacement diagrams.

3.3. Evaluation of the Physical Parameters

The nitrogen adsorption and desorption isotherms and the pore distribution results by DFT
analysis are displayed in Figures 10–12, i.e., isotherm, pores diameter results, and pore volume
results, respectively.

Figure 10. Isotherm curves of cement pastes.

The isotherm curves of these three cement pastes are similar. According to the International
Union of Pure and Applied Chemistry (IUPAC), the classification of the three isotherms presented in
Figure 10 is isotherm type II and hysteresis type H3, which indicate slit shape pores, characteristics of
C–S–H [32].
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Figure 11. Pore size distribution of cement paste obtained by the density functional theory (DFT) method.

Figure 12. Cumulative pore volume of cement pastes obtained by the DFT method.

According to Figure 10, a higher hysteresis in the presence of CNTs is observed; the desorption
curve is more distant from the adsorption for 0.05-ISO and 0.10-ISO, than for the REF-ISO paste.
This behavior is related to the difficulty of desorbing the gas molecules that are condensed in the
smaller pores identified in cement pastes prepared with CNTs, suggesting pore refinement.

The observed type II isotherm is related to the low degree of pore curvature and the structure [33]
corresponding to the characteristics of cement composites.

The pore size distribution graphs obtained by DFT technique were used for the analysis of the
pores in the mesoporous region, with diameters between 2 and 50 nm. The results presented in
Figures 10 and 11 indicate a higher volume of fine pores in the REF-ISO as compared with cement
pastes with CNTs.

According to the results presented in Figure 12, 0.05-ISO and 0.10-ISO have a smaller quantity of
pores, up to 20 nm in diameter as compared with REF-ISO. However, the results presented in Figure 10
suggest pore size reduction of 0.05-ISO and 0.10-ISO, which presented difficulty in desorbing the gas.
A justification for the desorption difficulty, despite the pore reduction, is the reduction of the specific
pores larger than 20 nm in cement pastes with CNTs. These results are in agreement with Xu, Liu and
Li (2015) [15], who argued that the presence of CNTs reduced the quantity of pores with diameters
larger than 50 nm which were considered to be harmful to the mechanical properties of the cement
composites, and increased the quantity of pores smaller than 50 nm. Thereby, the BET results suggest
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that the presence of CNTs leads to a reduction in pores larger than 20 nm in diameter and an increase
in the quantity of pores larger than 20 nm. The reduction of pores that are considered to be harmful
contributes to the improvement of the mechanical properties recorded in this work.

The results shown in Figure 12 indicate that 20% of the total pore volume, up to 40 nm (mesoporous
range), is higher than the following: (i) 19.2 nm in REF-ISO, (ii) 20.1 nm in 0.05-ISO, and (iii) 21.2 nm
in 0.10-ISO. Considering 30% of the total pore volume diameter, the REF-ISO pores are smaller than
5 nm and the 0.05-ISO and 0.10-ISO pores are smaller than approximately 7 nm. These data indicate
similarity in the pore distribution of 0.05-ISO and 0.10-ISO pastes and a difference between REF-ISO
and pastes prepared with CNTs. The presence of CNTs affected the cement pastes nanostructure
resulting in a lower percentage of finer pores, according to Nochaiya and Chaipanich (2010) [14].
As a consequence, cement pastes reinforced with CNTs apparently have a denser matrix, resulting in
superior mechanical properties. An explanation for this result could be the CNTs’ ability to cause
nucleation of the cement hydration products, forming denser structure of the cement paste at the
nanoscopic level.

It is noteworthy that the DFT analysis covered pores up to 40 nm and complementary to the
nanoscale pore distribution, water absorption, void index, and density of the saturated and dry samples
obtained by water absorption technique are presented in Table 4.

Table 4. Water absorption results.

Identification
Water Absorption

(%)
Void Index (%)

Density of Saturated
Samples (g cm−3)

Density of Dried
Samples (g cm−3)

REF-ISO 20.90% 34.03% 1.97 2.47
0.05-ISO 18.48% 31.96% 2.05 2.54
0.10-ISO 19.23% 32.76% 2.03 2.53

Table 4 demonstrates that the reference presented elevated pore volume obtained by water
absorption. Water absorption and void index of the 0.05-ISO and 0.10-ISO pastes exhibit a certain
decrease, meanwhile, the density (both saturated and dry) of these samples increase as compared with
the reference. These results indicate a lower level of porosity of cement pastes with CNT addition.
Furthermore, the water absorption, void index, and density data are consistent with mechanical
behavior, as porosity is inversely related to compressive strength. Complementing these results,
the pore distribution graphs obtained by the DFT technique analyzed the mesopores and recorded
that the REF-ISO presented a higher percentage of finer pores. It can be concluded that CNTs affect
the pore structure of the cement paste at both scales, reducing the porosity of the C-S-H and the
paste. These findings reinforce the hypothesis that CNTs have a nucleating effect on cement hydration
products, contributing to the reduction of small pores in this diameter pores range.

The results of thermogravimetric analysis are exhibited in Table 5 and Figure 13.

Table 5. Mass loss recorded by thermogravimetric analysis.

Mass Loss of Each Cement Paste by Temperature Range

Temperature
Range

Decomposition

REF -ISO 0.05-ISO 0.10-ISO

Mass (mg)
Mass Loss

(%)
Mass (mg)

Mass Loss
(%)

Mass (mg)
Mass Loss

(%)

30 ◦C to 150 ◦C Water pore 0.341 33.83 0.380 37.34 0.400 39.17

150 ◦C to 400 ◦C Water pore and
C–S–H 0.232 22.95 0.242 23,81 0.234 22.92

400 ◦C to 600 ◦C CH 0.192 19.01 0.220 21.60 0.207 20.24
600 ◦C to 1000 ◦C CaCO3 0.244 24.22 0.175 17.25 0.180 17.67

30



Materials 2020, 13, 3164

Figure 13. Results of the thermogravimetric analysis.

The ranges indicated in Table 5 are based on the mass loss peaks observed in the derivative
thermogravimetric curves. The weight losses recorded are due to the following: (i) up to 150 ◦C,
dehydration of water pore; (ii) from 150 ◦C to 400 ◦C, dehydration of different stages of C–S–H;
(iii) from 400 ◦C to 600 ◦C, dehydroxylation of CH; and (iv) between 600 ◦C and 1000 ◦C, decarbonation
of CaCO3 [34–36]. There are different concepts on the temperature range of cement paste hydration
product decomposition and it is especially challenging to establish a boundary between the water
pore and C–S–H decomposition because of the hydrophilic behavior of C-S-H surface [37], therefore,
the separation was based on the onset and offset of the mass loss peaks recorded.

The thermogravimetric analysis resulted in similar curve shapes, indicating the decomposition
of the same hydration products in the three analyzed samples. The total weight loss was 20.3% for
REF-ISO, 19.9% for 0.05-ISO, and 20.4% for 0.10-ISO.

The above results indicate a higher percentage of C−S−H and CH for 0.05-ISO and 0.10-ISO
compositions, respectively, which could be explained by the densification of hydration products due to
the nucleating effect of CNTs. The third temperature range (600 ◦C to 1000 ◦C) corresponds to the calcium
carbonate (CaCO3) decomposition and, in this range, the REF-ISO shows a higher amount of CaCO3 as
compared with 0.05-ISO and 0.10-ISO. This compound is the result of the carbonic acid (H2CO3) reaction,
which is formed in the presence of carbon dioxide (H2CO3) and humidity (H2O) in the cement matrix.
This result is in accordance with the water absorption test results. The higher pore volume in the REF-ISO
would permit higher permeability of CO2, contributing to a more pronounced formation of CaCO3.
The porosity reduction with the addition of CNTs could have occurred because it acts as nucleation sites
for hydration products, resulting in C–S–H densification, as suggested by Makar and Chan (2009) [22]
and displayed in Table 5. The thermogravimetric analysis evidenced that CNTs in the proportion of
0.05% and 0.10% affect the microstructure of cement pastes, once 0.05-ISO and 0.10-ISO presented higher
relative quantity of hydration products (CH and C–S–H) and smaller quantity of CaCO3.

The scanning electron microscopy images of cement pastes with CNTs are shown in Figure 14.
Figure 14a,b shows hydrated cement paste with 0.05% of CNTs bwoc and Figure 14c shows hydrated
cement paste with 0.10% of CNTs bwoc.
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Figure 14. (a,b) Scanning electron microscopy images of hydrated cement pastes with 0.05% of CNTs
(0.05-ISO); (c) Scanning electron microscopy images of hydrated cement pastes with 0.10% of CNTs
(0.10-ISO).

In the images of cement paste fragments with 0.05% of CNTs (Figure 14a,b), it is difficult to identify
CNTs. This fact could indicate that the CNTs were well dispersed and well incorporated in the cement
hydration products. The hydration products could have hidden well-dispersed CNTs. The small
filaments highlighted in Figure 14a can be identified as fragmented CNTs, evidencing good interaction
with cement hydration products. Figure 14b displays a well-adhered CNT filament surrounded by
hydration products, confirming that this nanomaterial acts as a nucleation site for cement hydration.
In the 0.10-ISO paste, Figure 14c, CNTs are easier to visualize, which could indicate lower interaction
with hydration products and worse dispersion as compared with 0.05-ISO.

In the proportion of 0.05% of CNTs, the maximum strength gain was recorded and the scanning
electron microscopy images indicated better CNT dispersion. Otherwise, in the proportion of 0.10% of
CNTs, although the strength gains recorded were compared to REF-ISO, there were indications that
the effective dispersion limit was exceeded, resulting in agglomerations that possibly acted as strength
concentration and contributed to lower strength as compared with 0.05-ISO.
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4. Conclusions

The use of MWCNTs dispersed in non-aqueous isopropanol media on the surface of anhydrous
cement particles was discovered to be an effective way for cement paste nanocomposite preparation.
Nanostructured cement pastes in the proportions of 0.05% and 0.10% of CNTs in relation to the cement
weight revealed higher compressive strength, flexural tensile strength, fracture energy, and fracture
toughness. The gains obtained could evidence that CNTs act as nucleation of cement hydration
products and fibrous reinforcement in cement-based material by this dispersion process.

The cement pastes with CNTs presented denser structure according to the water absorption test
results, suggesting general pore refinement. The porosimetry analysis of nitrogen condensation in the
mesoporous range indicated a lower quantity of finer pores (below 10 nm) in the presence of CNTs.
These results are related to the CNTs’ behavior as nucleation sites, supported by scanning electron
microscopy images, where it is observed that the CNTs’ filaments are surrounded and adhered to
hydration products. Moreover, the thermogravimetric analysis also indicated that, in the presence of
CNTs, the quantity of C-S-H and CH in the hydrated cement pastes was higher, corroborating with
the statement that CNTs can additionally perform as nucleation sites of cement hydration products,
resulting in a denser matrix with pore refinement. Additionally, the higher amount of carbonated
material of REF paste indicates a reduction of permeability as an effect of CNT addition.

The comparison of the different concentrations demonstrated that the best result was achieved
in the presence of 0.05% of CNTs. By the described methodology, the effective dispersion limit was
reached in this proportion and in the ratio close to 0.89 g of CNTs per m2 g−1 of anhydrous cement
surface. The scanning electron microscopy images suggested that the amount of 0.10% of CNTs
permitted the formation of small agglomerations that possibly contributed to lower strength regarding
the paste with 0.05% CNT content.
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Abstract: The influence of carbon multi-walled nanotubes (MWCNTs) and halloysite nanotubes
(HNTs) on the physical, thermal, mechanical, and electrical properties of EVA (ethylene vinyl acetate)
copolymer was investigated. EVA-based nanocomposites containing MWCNTs or HNTs, as well as
hybrid nanocomposites containing both nanofillers were prepared by melt blending. Scanning
electron microcopy (SEM) images revealed the presence of good dispersion of both kinds of nanotubes
throughout the EVA matrix. The incorporation of nanotubes into the EVA copolymer matrix did not
significantly affect the crystallization behavior of the polymer. The tensile strength of EVA-based
nanocomposites increased along with the increasing CNTs (carbon nanotubes) content (increased up
to approximately 40% at the loading of 8 wt.%). In turn, HNTs increased to a great extent the strain
at break. Mechanical cyclic tensile tests demonstrated that nanocomposites with hybrid reinforcement
exhibit interesting strengthening behavior. The synergistic effect of hybrid nanofillers on the modulus
at 100% and 200% elongation was visible. Moreover, along with the increase of MWCNTs content
in EVA/CNTs nanocomposites, an enhancement in electrical conductivity was observed.

Keywords: EVA elastomers; halloysite nanotubes (HNTs); carbon nanotubes (CNTs); nanocomposites;
thermal properties; mechanical properties; electrical conductivity

1. Introduction

In recent years, polymer nanocomposites containing various nanofillers such as graphite
nanoplatelets and carbon nanotubes as well as montmorillonite nanoclays have attracted enormous
interest in academic and industrial fields. the unique properties of the polymer nanocomposites,
such as flame retardancy, improved thermal stability, increased mechanical properties, and gas barrier
properties, depend not only on the properties of nanofillers and polymer matrix but also on the interfacial
contact and interactions between the nanofiller and the polymer matrix.

Among the vast range of nanofillers, one of the most promising are carbon nanotubes (CNTs).
They were discovered in 1991 by Sumio Iijima [1]. CNTs can be broadly categorized as single-walled
carbon nanotubes (SWCNTs), with a typical diameter between 1 and 2 nm, and multi-walled carbon
nanotubes (MWCNTs), with an outer diameter between 3 and 30 nm or more, depending on the number
of graphitic layers forming their structure [2]. They exhibit excellent mechanical (elastic modulus:

Materials 2020, 13, 3809; doi:10.3390/ma13173809 www.mdpi.com/journal/materials37



Materials 2020, 13, 3809

1–1.7 TPa), thermal (thermal conductivity higher than 3000 W·m−1·K−1), and electrical (electrical
conductivity: 105 S·m−1–107·S·m−1) properties [3]. Moreover, CNTs possess low mass density, and large
aspect ratio (length to diameter ≈ 1000) [4]. Despite their numerous advantages, carbon nanotubes
also suffer from a few drawbacks. Because of the nanometric dimensions, CNTs have a strong tendency
to aggregate. Moreover, carbon nanotubes are relatively expensive. Despite this, CNTs have gained
a great deal of research interest, for over 20 years, especially as a reinforcing nanofillers in polymer
nanocomposites [5]. In particular, great attention has been focused on multiwalled carbon nanotubes
(MWCNTs) as fillers in polymer materials, such as epoxy resins [6–8], polyethylene (PE) [9,10],
polypropylene (PP) [11–13], polyurethanes (PU) [14,15], etc.

Another type of nanotubular structures is naturally occurring halloysite nanotubes (HNTs).
They were reported for the first time in 1826 by Berthier [16]. HNTs are abundantly available
nanoparticles formed by rolled kaolin sheets with chemical composition Al2Si2O5(OH)4·2H2O
(the hydrated form with one layer of water in the interlayer spaces: HNTs-10 Å). In a dry climate,
they can also occur in an anhydrous form (with an interlayer spacing of 7Å) with the formula
Al2Si2O5(OH)4 [17]. HNTs are 1:1 phyllosilicates that have a hollow tubular morphology which
results from the wrapping of silicate sheets, consisting of one tetrahedral and one octahedral sheet,
that are connected through hydrogen bonding and weak Van der Waals interactions [18]. HNTs
were found to occur in soils all over the world, but the most important deposits are located in
the United States, New Zealand, and Poland [19]. the pure material is white, however, as a result of
impurities from ferric ions, it may be slightly red [20]. Typically, the HNTs lengths range between
300 and 1500 nm, while their inner diameters are 15–100 nm, and outer diameter 40–120 nm [21,22].
HNTs are low-cost, and eco-friendly materials that can be more easily dispersed in a polymer matrix
than carbon nanotubes [19]. Compared to other layered silicates, they are characterized by relatively
low hydroxyl content on their outer surfaces. It is related to the fact that most of the aluminols are
located inside the tubes. In the outer surface of the HNTs are located mainly siloxane groups [16,23].
Moreover, HNTs have quite a high aspect ratio (10–50), high resistance to heat and chemical substances,
and due to the empty lumen structures, relatively low density (2.14–2.59 g/cm3) [19]. The surface
of HNTs is negatively charged (at pH > ~2), whereas the inner surface is charged positively [16].
Because of the fact that HNTs are naturally occurring and much cheaper, yet morphologically similar to
multiwalled carbon nanotubes, the HNTs could be an alternative for more expensive CNTs for selected
applications. A lot of research has been carried out on the nanocomposites based on HNTs with various
polymer such as PE [24,25], PP [23,26,27], PA [22] epoxy resin [28,29]. They can provide a significant
improvement in the thermal stability, fire resistance, and mechanical properties of composites.

A range of novel materials can be obtained by the simultaneous introduction of two types of
nanofillers to the polymer matrix. Hybrid materials combine the properties of both fillers, and may
also exhibit additional properties, because of the synergistic effects [30–34]. Recent research on
the manufacturing of hybrid thermoplastic composites focuses on hybrid reinforcement in order
to achieve better or tailored mechanical performance [35–39]. In the case of nano-reinforcements,
this usually pertains to obtaining some distinctive physical properties e.g., electrical conductivity,
thermal resistance, or barrier properties.

Ethylene vinyl acetate (EVA) is an important copolymer, widely used in various applications such
as wire and cable insulations, shoe soles, noncorrosive layers, and component packaging. EVA has
good flexibility, low cost, and good barrier properties. On the other hand, EVA has low tensile strength,
thermal stability, and high flammability. All these disadvantages can be overcome by adding nanofillers
to the polymer matrix. There are relatively fewer works describing the effect of HNTs’ content on
the mechanical and thermal properties of EVA. Suvendu Padhi et al. reported that HNTs could improve
the mechanical properties and thermal stability of EVA [18]. Moreover, the addition of HNTs to EVA
could enhance water resistance and oxygen permeability [40]. Various CNTs containing EVA-based
nanocomposites had also been reported [41–45]. The mass production of high quality CNTs at lower
cost and their exceptional electrical, thermal, and mechanical properties, make it one of the most
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attractive nanofillers. The addition of carbon nanotubes to the EVA matrix can improve mechanical,
thermal, and electrical characteristics.

In this work, we manufactured and compared nanocomposites based on EVA copolymer containing
MWCNTs, HNTs, and the mixture of both of them (hybrid system) in mass ratio 1:1. The morphology,
thermal, mechanical, and electrical properties of the manufactured nanocomposites were characterized.

2. Materials and Methods

2.1. Materials

Ethylene vinyl acetate copolymer (EVA Elvax 40L-03, DuPont DuPont Company, Wilmington,
DE, USA) containing 40 wt.% of vinyl acetate was applied as a matrix in the obtained nanocomposites.
According to producer data, it has a density of 0.967 g/cm3 and a melt flow rate of 3 g/10 min
(at 190 ◦C and 2.16 kg). Halloysite nanotubes (HNTs) with a diameter of 30–70 nm, length of 1–3 μm,
density of 2.53 g/cm3, the pore size of 1.26–1.34 mL/g pore volume, and surface area of 64 m2/g were
obtained from Sigma-Aldrich. Multi-walled carbon nanotubes (MWCNTs, Nanocyl®® NC7000TM)
were purchased from Nanocyl SA (Sambreville, Belgium). The nanotubes had an average diameter of
9.5 nm and a length of 1.5 μm, and the specific surface area of 250–300 m2/g, the density of 1.75 g/cm3,
volume resistivity of 10−4 Ω·cm, according to the supplier’s specification.

2.2. Composite Manufacturing

2.2.1. Compounding

The nanocomposites based on EVA containing MWCNTs, HNTs, or the hybrid system
of MWCNTs/HNTs (1:1) were prepared by melt blending using a counter-rotating, tight intermeshing
twin-screw extruder: Leistritz Laborextruder LSM30 (L/D = 23, D = 34 mm). The nanofillers and EVA
granulate were fed separately using two gravimetric feeders into their feed section. The compounding
was carried out at temperatures ranging from 50 to 115 ◦C from the feed section to the nozzle and at 40 rpm.
The extruded strands of compounds were then cooled in a water tank and subsequently pelletized.
Three series of nanocomposites with different content of nanofillers were prepared: nanocomposites
containing MWCNTs with filler content of 2, 4, 6, and 8 wt.%, nanocomposites containing HNTs with
filler content of 2, 4, 6, and 8 wt.%, and hybrid nanocomposites containing both MWCNTs and HNTs
(at mass ratio 1:1) with the total fillers’ content of 4 and 6 wt.%. EVA compounds with MWCNTs,
so as with the mixture of MWCNTs with HNTs, were manufactured in one-step compounding.
The compounds with HNTs in turn were manufactured in two-step compounding due to hindrance
in the feeding of small portions of HNT nanoclay, which has high bulk density. For this purpose,
the masterbatch of EVA/HNT 68/32 wt.% was manufactured and was subsequently diluted with
EVA to the set filing ratios in the second compounding process. The set and obtained filling ratios
of manufactured EVA compounds, as well as their corresponding volumetric filling ratios are presented
in Table 1.

2.2.2. Injection Molding

Nanocomposites were dried before injection molding at 43 ◦C for ~12 h in a POL-EKO SLW115
oven (POL-EKO-APARATURA sp.j., Wodzislaw Slaski, Poland) with forced convection. The standard
test specimens were injection molded using an ARBURG ALLROUNDER (ARBURG GmbH + Co. KG,
Lossburg, Germany) 270 S 350–100 (clamping force 350 kN, screw diameter 25 mm, L/D = 20). Type A
(dogbone) specimens for tensile testing were manufactured in accordance with EN ISO 294, while
samples of dimensions 60 × 60 × 2 mm were manufactured for electrical conductivity measurements.
The barrel temperatures were set to 100–150 ◦C from the first zone to the nozzle. Mold temperature was
kept ~30 ◦C. In order to bring the processing of samples closer to conditions of extrusion, a relatively
slow constant injection volume flow of 10 ccm/s was used during injection molding, which resulted in
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actual injection pressures presented in Table 1. Injection time was ~3.7 s, while the holding pressure
was set to rise from 400 to 1000 bars for 15 s For EVA/HNT compounds the holding pressure was
reduced to 800 bars. Backpressure by dosing was set to 30 bars. Cooling time was 30 s The whole
injection molding cycle amounted to around minute. In turn, MWCNT’s increased the melt viscosity,
which was reflected by up to 50% higher injection molding pressures for the highest 8 wt.% filling ratio.

Table 1. Compositions and the injection pressure of ethylene vinyl acetate (EVA)-based nanocomposites.

Material
Set Filler
Content
(wt.%)

Filler Real
Content
(wt.%)

MWCNTs
Volumetric

Content
(vol.%)

HNTs
Volumetric

Content
(vol.%)

Injection
Pressure-Type
A Samples

(bars)

Injection
Pressure-Conductivity

Samples (bars)

EVA - - - - 800 640
EVA/2 wt.% CNT 2 2.16 1.18 - 820 660
EVA/4 wt.% CNT 4 3.93 2.16 - 910 710
EVA/6 wt.% CNT 6 5.8 3.22 - 1040 910
EVA/8 wt.% CNT 8 7.94 4.45 - 1170 970
EVA/2 wt.% HNT 2 2.01 - 0.78 690 560
EVA/4 wt.% HNT 4 4.02 - 1.57 680 550
EVA/6 wt.% HNT 6 6.03 - 2.38 710 590
EVA/8 wt.% HNT 8 8.03 - 3.20 730 600

EVA/4 wt.%
CNT + HNT (1:1) 4 3.97 1.09 0.78 810 660

EVA/6 wt.%
CNT + HNT (1:1) 6 6.05 1.68 1.20 900 710

2.3. Measurements

The morphology of the nanocomposites was analyzed using a scanning electron microscope
(FE-SEM, Hitachi SU-70, Naka, Japan). Before SEM analysis, the samples were cryofractured in liquid
nitrogen and then coated with a thin film of palladium-gold alloy, using thermal evaporation PVD
(physical vapor deposition) method to provide electric conductivity.

Transmission electron microscopy (TEM) was performed on a 2100 F Jeol microscope. Prior to
the analysis, the samples were cooled down in liquid nitrogen and cut into thin-layered pieces.

The X-ray Diffraction (XRD) analysis of the EVA-based nanocomposites was conducted with
the use of a Panalytical X’Pert diffractometer (Malvern Panalytical, Malvern, UK) operating at 40 V
and 40 mA with CuKα radiation (λ = 0.154 nm). The samples were scanned from 2θ = 4◦ to 70◦ with a
step of 0.02◦.

The Fourier Transform Infrared Spectroscopy (FTIR) spectra of the EVA-based nanocomposites
were recorded on a Tensor-27 spectrophotometer (Brucker, Ettlingen, Germany), in the range of
400–4000 cm−1. Measurements were carried out using the attenuated total reflectance (ATR) technique.

Differential scanning calorimetry (DSC) measurements of the obtained nanocomposites were
conducted on a Mettler Toledo DSC1 instrument (Mettler Toledo GmbH, Greifensee, Switzerland).
The samples were heated up/cooled down under nitrogen flow with a heating rate of 10 ◦C/min in
the temperature range −75 ◦C to 175 ◦C. The crystallinity degree (Xc) of the investigated materials was
calculated using the following equation:

Xc = ΔHm/ΔHo
m(1−ϕn) (1)

where: ΔHo
m (= 293 J/g) is the enthalpy change of melting for a fully crystalline PE [46], ϕn is a weight

content of nanofiller, and ΔHm is derived from melting peak area on DSC thermogram.
Thermal and thermo-oxidative stability of prepared nanocomposites was determined by

thermogravimetric analysis (TGA 92-16, Setaram, Caluire-et-Cuire, France). Samples were heated in
nitrogen and oxidizing atmosphere (N2:O2 = 80:20 vol.%) from temperature range 20 ◦C to 700 ◦C.

Density (dR) was measured at 22 ◦C, using hydrostatic scales (Radwag WPE 600C, Radom,
Poland), calibrated using working standards of known density. For each sample, five measurements
were conducted, and then the results were averaged to obtain a mean value. Theoretical densities of
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the obtained materials were calculated using the rule of mixture, taking into account the real density of
EVA, filler densities according to the producer data, and their volume fractions.

The melt flow rate (MFR) was measured on a melt indexer (CEAST, Pianezza TO, Italy) at
a temperature of 190 ◦C and under 2.19 kg load, according to ISO 1133 specification.

Hardness was measured using the Shore D apparatus (Zwick GmbH, Ulm, Germany) after 15 s
of loading, according to a standard ISO 868. Ten measurements were conducted and then the results
were averaged to obtain a mean value.

The tensile properties of the prepared nanocomposites were measured using Autograph AG-X plus
universal testing machine (Shimadzu, Duisburg, Germany) equipped with a 1 kN Shimadzu load cell,
a non-contact optical extensometer, and the TRAPEZIUM X computer software (version 1.00 provided
by Shimadzu, Duisburg, Germany). Tests were performed at room temperature, with a strain rate of
250 mm/min to break. Tensile strength and elongation at break of the nanocomposites were determined.
The reported values are the average values of ten measurements. Cyclic tensile measurements were
performed using the same equipment, with a testing speed of 100 mm/min. The samples were
stretched until the specified strain value was reached and then the tensile force was released to the zero.
This procedure was repeated, with increasing deformation value, until the sample broke. The following
strains were established for our test: 5%, 15%, 25% 50% 100%, 200%, and 400%.

The electrical conductivity of the obtained nanocomposites was evaluated by measurements
of resistivity using Electrometer 6517A (Keithley Instruments, Inc., Germering, Germany) device
together with a set of Keithley 8009. The measurements were performed accordingly to the standard
PN-88/E-04405.

3. Results and Discussion

3.1. Dispersion State Investigation

The quality of the dispersion of filler in a matrix is a crucial factor that determines the final
properties of composite material. The nanofillers dispersion was examined through scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The representative micrographs
of the nanocomposites containing 4 and 6 wt.% of nanofillers are shown in Figure 1. MWCNTs
distribution appears to be rather homogenous in the entire polymer matrix, and no large agglomerates
were observed (Figure 1a,b). However, from the comparison of EVA/CNTs and EVA/HNTs images,
it is clear, that HNTs are more evenly distributed. CNTs tend to bundle together because of the
van der Waals interaction between the individual nanotubes. In contrast to carbon nanotubes, HNTs
have relatively low tube–tube interactions. It is related to the hydroxyl groups that are located on
the HNTs surfaces. Moreover, the tubular morphologies with a relatively high aspect ratio limit the
possibility of creating large-area contact between tubes [19]. Consequently, a very uniform dispersion
of HNTs in the EVA matrix was obtained (Figure 1c,d). The SEM images of hybrid nanocomposites
are presented in Figure 1e,f. Both nanofillers are well distributed within the polymer matrix. On the
cryo-fractured surface of nanocomposites, the nanotubes pulled from the EVA copolymer matrix can
be observed.

To confirm the state of dispersion of nanotubes in the matrix, TEM analysis for nanocomposite
with the highest content of the MWCNTs and MWCNT/HNT hybrid system was also carried out.
Figure 2 presents the TEM images of nanocomposites containing MWCNTs. Figure 3 and Figure S1
(Supplementary Materials) represent the TEM images of EVA/6 wt.% CNT+HNT hybrid nanocomposite
at different magnification. In Figure 3a, it can be seen that the dispersed halloysite nanotubes are
relatively short. Probably, some of HNTs broke during compounding. Moreover, in contrast to the SEM
observation, on TEM images a few agglomerates of nanotubes can be seen. At the higher magnification
on TEM images (Figure 2 and Figure S2), it can be seen that the individual and entangled agglomerates
of CNTs were embedded in the EVA matrix.
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(a) 4 wt.% CNT (b) 6 wt.% CNT 

(c) 4 wt.% HNT (d) 6 wt.% HNT 

(e) 4 wt.% CNT + HNT (f) 6 wt.% CNT + HNT 

Figure 1. SEM images of EVA/multi-walled carbon nanotubes (MWCNT) (a,b), EVA/halloysite
nanotubes (HNT) (c,d), and EVA/MWCNT + HNT (e,f) nanocomposites.

3.2. XRD Analysis

The XRD patterns of the pure HNTs, MWCNTs powder, and EVA nanocomposites with their
different loading are shown in Figure 4. The pristine HNTs shows a characteristic reflection peaks
at diffraction angles (2θ) of 11.71, 19.99, 24.88, 26.63, 35.1 35.92, 38.31, and 62.40◦ corresponding
to the d-spacings of 0.755 nm (001), 0.443 nm (020), 0.357 nm (110), 0.334 nm (113), 0.256 nm, (131),
0.234 nm (131)), 0.234 nm (133), and 0.148 nm (332), respectively [47]. The diffraction peaks at around
2θ = 12◦ and 2θ = 25◦ are attributed to the dehydrated form of HNTs, whereas the visible distinct
peak at around 2θ = 63◦ indicates that the halloysite is a dioctahedral mineral [18,40]. For neat
EVA, only a broad scattering reflection is found. It is located at around 2θ = 20.4◦ and indicates
mainly an amorphous structure of the neat EVA matrix because of the low crystallinity of neat EVA
(Table 2). It can be seen, that for EVA/HNTs nanocomposites, the HNTs characteristic peaks at 2θ of 12◦
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and 25◦ are visible (Figure 4a) and thus, with the increase in the addition of HNTs, the intensity of
these peaks increases. The position of diffraction peaks of EVA-based nanocomposites remained
unchanged with different HNTs content. Figure 4b shows the XRD patterns of CNT, EVA/CNT,
and hybrid nanocomposites. The characteristic peaks assigned to MWCNTs are seen at 2θ of 25.5◦
(d = 0.348 nm) and 42.7◦ (d = 0.211 nm), and they correspond respectively to the graphite indices
of (002), which is related to d-spacing between graphene sheets, and (100), which is associated to
the in-plane graphitic structure [48,49]. These characteristic peaks for MWCNTs were not present in
XDR patterns for EVA/CNTs nanocomposites, because of the overlapping diffraction signals of CNTs
and EVA and their low intensity (low MWCNTs concentration) in EVA matrix. The XRD patterns
of EVA hybrid nanocomposites show a characteristic peak of HNTs at 2θ = 12.2◦. The other diffraction
peaks overlap with the peaks of EVA copolymer.

  
(a) (b) 

  
(c) (d) 

Figure 2. TEM images of EVA/6 wt.% CNT (a,b), EVA/8 wt.% CNT (c,d) nanocomposites at different
magnification. Scale bars: 50 nm (a,b), 200 nm (c), 100 nm (d).
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(a) (b) 

  
(c) (d) 

Figure 3. TEM images of EVA/6 wt.% CNT +HNT hybrid nanocomposite at different magnification.
Scale bars: 0.2 μm (a), 100 nm (b), 20 nm (c), 10 nm (d).

  

Figure 4. X-ray diffraction patterns of EVA/HNTs (a), EVA/MWCNTs, and MWCNT/HNT hybrid
(b) nanocomposites.
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Table 2. Phase transition temperatures, enthalpies of melting, and degree of crystallinity
of EVA-based nanocomposites.

Material Tg
◦C Tm

◦C Hm J/g Tc
◦C Xc%

EVA −20 50 5.79 26 1.98
EVA/2 wt.% CNT −18 51 5.88 24 2.00
EVA/4 wt.% CNT −17 51 5.29 23 1.81
EVA/6 wt.% CNT −16 50 5.39 23 1.84
EVA/8 wt.% CNT −14 50 5.06 22 1.73
EVA/2 wt.% HNT −18 51 5.78 26 1.97
EVA/4 wt.% HNT −18 51 5.35 26 1.83
EVA/6 wt.% HNT −18 51 5.32 26 1.82
EVA/8 wt.% HNT −17 51 4.60 26 1.57

EVA/4 wt.% CNT +HNT −17 52 5.37 23 1.83
EVA/6 wt.% CNT +HNT −17 51 5.61 23 1.92

Tg—glass transition temperature; Tm—melting temperature; ΔHm—enthalpy of melting; Tc—crystallization
temperature; Xc—degree of crystallinity.

3.3. Thermal Properties of the EVA Nanocomposites

The DSC thermograms for EVA/CNT nanocomposites recorded during first (dashed line) and second
heating, as well as cooling, as plotted in Figure 5a,b, respectively. Similarly, the DSC thermograms
for the series of materials containing HNTs are presented in Figure 5c,d. Besides, in Figure 5e,f,
the DSC thermograms were plotted for the samples containing 4 wt.% (Figure 5e) and 6 wt.% (Figure 5f)
(in total) of CNT, HNT, and the mixture of both (CNT + HNT) at a mass ratio of 1:1. Likewise,
the DSC parameters are summarized in Table 2. For the series of EVA-based nanocomposites
containing CNTs, one observed that along with an increase of the CNTs’ concentration, the value
of the glass transition temperature (Tg) of EVA also increases. The melting temperatures (Tm)
of nanocomposites in comparison to the neat EVA copolymer were comparable to one another, while
a slight decrease in the crystallization temperature (Tc) was observed. EVA copolymer containing
40% by mass of VA has a low crystallinity of around 2%. The addition of MWCNTs and HNTs did
not significantly affect the degree of crystallinity of nanocomposites, their degree of crystallinity
is around 1.6–2.0%. Generally, CNTs have been proved to be good nucleating agents for polymer
crystallization [50,51]. It has been reported that at low loading of CNTs in some semicrystalline
polymers in the molten state they can induce crystallization at higher temperatures through decreasing
the nucleation activation energy and increasing the nucleation density, leading to the acceleration
of crystallization and the decrease of spherulites diameters simultaneously [52,53]. It was also found
that the CNTs in some polymer systems can generate anti-nucleation effects, and super-nucleation
effects on polymer matrices [54,55]. No effect of CNTs on the nucleation of polymer crystals has
also been reported in some cases [56,57]. More recently, LDPE/CNTs nanocomposites have been
prepared in our research group [58]. Our results show that crystallization behavior of PE in LDPE/CNT
nanocomposites was not influenced by the presence of CNTs. However, herein in EVA nanocomposites,
rather antinucleating behavior of CNTs was observed. As can be seen in Table 2, the crystallization
temperature (Tc) of EVA nanocomposites decreases with the increase of CNTs content. Similar as in
LDPE/CNTs nanocomposites, it can be a result of a low value of surface energy and a poor wettability
of CNTs. This means that it can be difficult for them to induce aggregation of polymer chains on their
surfaces [58]. In turn, the increase in Tg results from the fact that CNTs may prevent the mobility
of the copolymer chains, leading to an increase in Tg [50]. For the series of EVA-based nanocomposites
containing HNTs, similarly as in the case of the CNTs, the values of Tm and Tc for nanocomposites
are comparable to the value observed for neat EVA copolymer. However, along with an increase in
the concentration of HNTs, the value of Tg increased. In some polymer systems, halloysite nanotubes
act as nucleating agents accelerating crystallization rate [26]. The introduction of HNTs into EVA
copolymer did not influence Tc and the degree of nanocomposites crystallinity in comparison to the neat
EVA copolymer. Therefore, one can deduce that HNTs rather frustrates chain ordering and mobility,
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than the crystallinity behavior itself [40]. In turn, for two hybrid nanocomposites containing 4 wt.%
and 6 wt.% of CNTs and HNTs, the observations on the phase transition temperatures are comparable
to the ones observed for EVA/CNTs and EVA/HNTs nanocomposites, i.e., comparable values of Tm,
slightly lower values of Tc and Xc, and increase in Tg. These values appear to be the result of the impact
of both types of nanoparticles, without the apparent effect of any of the used ones.

Figure 5. DSC thermograms for EVA/MWCNT nanocomposites (a,b), EVA/HNT nanocomposites (c,d),
and hybrid nanocomposites (e,f).

Additionally, since the addition of carbon nanofillers, like CNTs, mineral nanotubes like HNTs
or mineral nanoclays like MMT, can improve thermal and thermo-oxidative stability of polymer
matrices, the mass loss and derivative mass loss curves for the series of materials have been presented
in Figures 6 and 7. Moreover, in Table 3, the temperatures corresponding to 5, 10, and 50% mass
loss and the temperatures at a maximum of mass-loss rate for the EVA-based nanocomposites
have been tabulated. It is well-known that the thermal stability of polymer composites plays a
crucial role in determining their processing and applications since it affects the final properties
of the materials such as the upper limit usage temperature and dimensional stability [59]. It is now
well accepted that the improvement in thermal stability of polymer nanocomposites containing CNTs
is due to the following factors: barrier effect, the thermal conductivity of CNTs, physical or chemical
adsorption, radical scavenging action, and polymer-nanotube interaction. For each polymer-CNT
composite, thermal stability may be due to one mechanism or the combined action of several processes,
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which depend on the different components, microstructures, and exterior conditions [59]. Similarly,
also HNTs are found to be a promising additive for improving the thermal stability and flame
retardancy of polyolefins and other polymers [19]. The improvement of thermal stability and flame
retardancy resulted from the barrier properties of HNTs combined with an encapsulation process
of the polymer’s degradation products inside the HNT lumens [60]. What is also important, because
of their structure and chemical character, HNTs can be more easily dispersed into polyolefin matrices
in comparison with other nanofillers, such as montmorillonite (MMT) [16,19,61]. This is a crucial factor
for obtaining nanocomposites with better mechanical properties, higher thermal stability, and reduced
flammability. Of course, there are studies on nanocomposites based on EVA with the addition
of MWCNT [62] to improve the thermal stability, however, so far nobody has studied how a hybrid
system of carbon nanotubes and mineral nanotubes can improve both thermal and thermo-oxidative
stability. Herein we can see that in general, in the oxidizing atmosphere (Figure 6), a three-step
degradation process is observed for all samples, while in an inert atmosphere a two-step degradation
process is observed (Figure 7). The TGA thermograms of the EVA show that the first degradation
process starts at 250 ◦C (Tonset) and is completed at 390 ◦C [63]. This process corresponds to the loss
of acetic acid [64]. The second step corresponds to the degradation of the polyethylene chains
and starts at approximately 410 ◦C and ends at 465 ◦C [65]. While the third stage starts (observed
only in the oxidizing atmosphere) at approximately 480 ◦C and ends at 570 ◦C, in the case of neat
EVA, whereas in the case of all composites, it starts at approximately 580 ◦C and ends at 635 ◦C.
In the case of EVA/HNTs nanocomposites and EVA/CNTs+HNTs hybrid nanocomposites, this third step
corresponds to the decomposition of carbonaceous-silicate char [66,67]. While in the case of EVA/CNT
nanocomposites this third step corresponds to the decomposition of residue formed in the second step
of decomposition. Additionally, in an oxidizing atmosphere, the first two characteristic temperatures
(T5% and T10%) were slightly reduced by the incorporation of HNTs, CNTs, and the mixture of both,
while at the T50% (i.e., at higher temperatures) one can observe the enhancement of thermo-oxidative
stability by the incorporation of nanofillers, of even 20 ◦C for EVA/4 wt.% CNT + HNT. In the case
of the analysis conducted in the inert atmosphere, almost all samples exhibited improvement in thermal
stability. Only in the case of nanocomposites containing 2 and 4 wt.% of HNTs no improvement was
observed. In general, the studies conducted on polymer nanocomposites containing HNTs [27,68,69]
explained such deterioration of thermal stability by the physical adsorption of water on the external
surface of HNTs, contributing to the degradation of polymer matrix [68]. In turn, Bidsorkhi et al. [40]
demonstrated that the improvement in thermal stability is attributed to the homogeneous dispersion
of HNTs, which originated from strong hydrogen bonding between surface functional groups of HNTs
and vinyl acetate groups of EVA. In the case of obtained EVA/HNT nanocomposites, the interaction
between HNTs and EVA were confirmed by FTIR spectroscopy. Figure 8 shows FTIR spectra of the used
neat EVA copolymer for nanocomposite preparation. The characteristic absorption peaks at 1238 cm−1

and 1735 cm−1 are assigned to the C–O and C=O stretching in vinyl acetate, whereas reflections
at 2850 cm−1 and 2918 cm−1 are attributed to the C-H stretching vibration in ethylene. For EVA
nanocomposites with the content of 6 and 8 wt.% of HNTs, the peak corresponding to stretching
vibrations of C=O of EVA shifts to lower wavenumber, from 1735 to 1726 and 1723 cm−1, respectively.
This shift may be attributed to hydrogen bonding interactions between the carbonyl groups (C=O)
of EVA and the hydroxyl groups of HNTs.
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Figure 6. TG and DTG curves of: EVA/MWCNT nanocomposites (a); EVA/HNT nanocomposites (b);
EVA-based nanocomposites at the total nanofillers content of 4 wt.% (c); and EVA-based nanocomposites
at the total nanofillers content of 6 wt.% (d) measured in an oxidizing atmosphere.

Figure 7. TG and DTG curves of: EVA/MWCNTs nanocomposites (a); EVA/HNTs nanocomposites (b);
EVA-based nanocomposites at the total nanofillers content of 4 wt.% (c); and EVA-based nanocomposites
at the total nanofillers content of 6 wt.% (d) measured in an inert atmosphere.
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Table 3. Temperatures corresponding to 5, 10, and 50% mass loss and the temperatures at a maximum
of mass loss rate for the EVA-based nanocomposites obtained in an oxidizing and inert atmosphere.

Sample
Air

T5%, ◦C T10%, ◦C T50%, ◦C TDTG1, ◦C TDTG2, ◦C TDTG3, ◦C
EVA 320 331 441 351 450 535

EVA/2 wt.% CNT 314 328 453 346 488 609
EVA/4 wt.% CNT 314 330 457 348 486 609
EVA/6 wt.% CNT 309 328 459 346 485 609
EVA/8 wt.% CNT 311 330 454 348 483 602
EVA/2wt.% HNT 313 327 449 350 464 526
EVA/4wt.% HNT 310 325 447 346 461 526
EVA/6 wt.% HNT 308 327 450 344 464 525
EVA/8wt.% HNT 311 330 451 350 463 526

EVA/4 wt.% CNT + HNT 315 332 462 351 490 526
EVA/6 wt.% CNT + HNT 310 329 459 351 488 615

Sample
Argon

T5%, ◦C T10%, ◦C T50%, ◦C TDTG1, ◦C TDTG2, ◦C -

EVA 322 336 448 349 470 -
EVA/2 wt.% CNT 330 341 456 350 473 -
EVA/4 wt.% CNT 327 340 462 352 477 -
EVA/6wt.% CNT 327 340 458 349 474 -
EVA/8 wt.% CNT 327 341 463 350 476 -
EVA/2 wt.% HNT 320 334 452 351 471 -
EVA/4 wt.% HNT 320 335 450 350 468 -
EVA/6 wt.% HNT 326 340 456 350 474 -
EVA/8wt.% HNT 325 339 456 351 473 -

EVA/4 wt.% CNT + HNT 324 338 455 351 473 -
EVA/6 wt.% CNT + HNT 333 344 461 351 475 -

  

Figure 8. FTIR spectra for the neat EVA copolymer and EVA-based nanocomposites with HNTs
and hybrid CNT + HNT.

As a result of the uniform dispersion of HNTs, the highest possible value of the surface-to-volume
ratio for the nanofillers is achieved. Therefore, the degraded and/or degrading products of EVA
polymer were entrapped within the tubular rods of HNTs, consequently contributing to a delay in
the polymer decomposition process. Another possible interpretation for the improvement in the thermal
stability of the nanocomposites could be the insulation effect of HNTs. Generally, layered silicates are
thought to be an excellent thermal barrier that can effectively protect the matrix from being exposed
to heat flow and thermal energy [70]. Although the improvement in thermo-oxidative and thermal
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stability of polymer/carbon nanotubes and polymer/layered inorganics-based nanocomposites has been
reported extensively, the mechanism of such effect is still not yet well understood. Especially when
two types of nanofillers, that differ in the properties and structure, are mixed. Herein, both hybrids
exhibited a very decent improvement in thermal stability, even though no synergistic effect of property
improvement was observed in this case. Generally, the most common explanation suggests that
the enhancement in thermal stability derived from the mass and heat transfer barrier caused by
a carbonaceous char (CNT-based composites) and carbonaceous-silicate char (HNTs-based composites)
on the surface of the polymer melt [59,66,67]. Moreover, in the case of HNTs-nanocomposites, recent
studies also suggest that the effect may be associated with a chemical interaction between the polymer
matrix and the outer layer surface during thermal degradation and combustion processes [71].

3.4. Physical Properties of EVA-Based Nanocomposites

Physical properties of EVA-based nanocomposites such as density, hardness, melt flow rate,
and some mechanical properties are submitted in Table 4 and Figures 9–11. The theoretical and real
densities of the nanocomposites were found to increase with nanofillers content because of the higher
density of nanotubes over the neat EVA. One can observe that slight deviations of the measured
values from the theoretical densities, especially when HNTs were used as filler, were visible. However,
the differences are relatively small, and the ratio of experimental density to theoretical density does
not exceed 98%. Therefore, it can be concluded that the desired compositions were obtained.

Table 4. Density, hardness, and melt flow rate of EVA/MWCNTs + HNTs nanocomposites.

Material dt (g/cm3) dR (g/cm3) H (ShD) MFR (g/10 min)

EVA 0.967 0.973 ± 0.001 22.4 ± 1.7 2.99 ± 0.46
EVA/2 wt.% CNT 0.983 0.980 ± 0.001 26.3 ± 1.3 0.99 ± 0.13
EVA/4 wt.% CNT 0.991 0.989 ± 0.001 27.9 ± 1.1 0.22 ± 0.08
EVA/6 wt.% CNT 1.000 0.999 ± 0.001 30.4 ± 1.0 0.12 ± 0.05
EVA/8 wt.% CNT 1.010 1.009 ± 0.002 33.2 ± 1.4 -
EVA/2 wt.% HNT 0.986 0.982 ± 0.001 22.8 ± 1.0 2.74 ± 0.32
EVA/4 wt.% HNT 0.998 0.989 ± 0.004 23 ± 1.2 4.05 ± 0.27
EVA/6 wt.% HNT 1.011 0.997 ± 0.001 23.1 ± 1.0 3.76 ± 0.46
EVA/8 wt.% HNT 1.024 1.008 ± 0.001 24.5 ± 1.0 3.90 ± 0.18

EVA/4 wt.% CNT + HNT 0.995 0.991 ± 0.001 25.6 ± 0.7 1.87 ± 0.14
EVA/6 wt.% CNT + HNT 1.006 1.001 ± 0.001 25.6 ± 1.5 1.22 ± 0.23

dt—theoretical density; dR—density real; H—Shore hardness, scale D; MFR—melt flow rate at 190 ◦C and 2.16 kg.

The hardness test results show an increase in the Shore D hardness values with increasing fillers
content (Table 4). Especially the presence of rigid reinforcement MWCNTs cause a considerable
increase in nanocomposites hardness, which for EVA/CNT nanocomposite at a MWCNTs loading
of 8 wt.% is approximately 48% higher than those of the neat EVA copolymer, while the hardness
of the nanocomposite with 8 wt.% of HNTs is about 9% higher. In turn, as expected, the hybrid
nanocomposites have intermediate hardness values fitting between nanocomposites filled with
MWCNTs and HNTs.

Since MWCNTs are characterized by high Young’s modulus (~1 TPa) and aspect ratio their
introduction in the EVA matrix increases the composite stiffness, which can be observed in Figure 10a,
as a steepening of stress–strain curves. On the other hand, the filling of EVA with HNT’s reduces
the stiffness (Figure 10b). The tensile strength of EVA composites increases with the higher filling ratio
of MWCNTs, but in case of filling with HNTs the strength is diminished and the increase of filling
ratio has little influence on the tensile performance of the composite (Figure 11a). The addition
of MWCNTs reinforces the EVA matrix, while HNT filler gives an adverse effect in terms of composite
stiffness and tensile strength. However, the HNTs increase to a great extent the strain to break
of EVA. The increase of strain at break and a slight decrease of tensile strength is also noticeable at
2 wt.% of MWCNTs filling ratio, but the effect is explained by high stiffness of MWCNTs, therefore

50



Materials 2020, 13, 3809

it diminishes with higher filling ratios of MWCNTs. Taking into account that HNTs are considered
to be fibrous nanoparticles, however with lower aspect ratio and lower stiffness than their carbon
counterpart, they are still much stiffer than the neat EVA copolymer. Therefore, the increase of strain
to break and reduction of strength and stiffness by filling with HNTs may be an effect of HNTs affecting
the supermolecular structure of EVA. This is also relevant to MWCNTs although this effect is covered
up by greater gains in terms of reinforcement at filling ratio > 2 wt.%.

Figure 9. Samples of EVA-based nanocomposites after stretching.

  

  

Figure 10. Stress–strain curves of EVA/MWCNT nanocomposites (a), EVA/HNT nanocomposites (b),
EVA-based nanocomposites at the total nanofillers content of 4 wt.% (c), and EVA-based nanocomposites
at the total nanofillers content of 6 wt.% (d).

51



Materials 2020, 13, 3809

Figure 11. Tensile strength (a) and strain at break (b) of EVA/MWCNTs + HNTs nanocomposites with
respect to nanofillers content.

The polymer crystal phase transformation or polymer chain intercalation leads usually to such effect
and has been recorded for some polymer/nanoparticle systems if the good distribution of nanoparticles
in the polymer chains is provided, which can be obtained only by good compatibility between
the matrix and particles [72,73]. The increase of strain at break was usually obtained by incorporation
of layered silicates in such polymers as polyvinylidene fluoride (PVDF), ethylene propylene diene
rubber (EPDM), and polyurethanes (PU) [72,74–76]. Among them also PU nanocomposites with HNTs
gave an extraordinary coupled increase of strength and strain to break [33]. Also, layered graphene
introduced in-situ in polyester altered the same way the stress-strain behavior [77]. This plasticizing
effect is also apparent by 15% lower injection molding pressures for the EVA/HNT compounds
in comparison to native EVA (Table 1).

The extent degradation of the EVA matrix upon processing may be ruled out as this would
also decrease strains to break of manufactured composites. The addition of HNT’s increases also
the flow of EVA, which was reflected indirectly in the results MFR presented in Table 4 (MFR).
However, it cannot be assessed whether this was caused by EVA/HNTs interaction, degradation of EVA,
or a combination of both factors. The interaction of HNTs and MWCNTs particles with EVA polymer
chains has not been observed in the results of DSC measurements (Table 2), where only minute changes
in the enthalpies of crystal melting and their characteristic temperatures were recorded. Nevertheless,
in the EVA nanocomposites, where significant alternation of the supermolecular structure was proven,
also, changes have not been observed in the DSC measurements [26,65]. It is also important to notice
that MWCNTs and HNTs limited the recoiling of the polymer chains as the samples were not returning
to their initial dimensions as quickly as for the neat EVA (Figure 9).

To investigate the elastic deformability and reversibility of the obtained nanocomposites, cyclic
tensile tests were carried out. Results are presented in Figures 12–14. The contours made by the loops
are consistent with the characteristics obtained under the static tensile tests. The hybrid nanocomposites
are the exception since tensile strength in the case of cyclic tests is greater than the tensile strength
of corresponding nanocomposites with one type of filler (Figure 12). As shown in Figure 13, the value
of modulus at 200% strain during cyclic tests, is the highest for hybrid nanocomposite containing
6 wt.% of CNTs and HNTs (over 5.5 MPa). EVA/4 wt.% CNTs +HNTs also achieves higher modulus
at 200% strain value than the corresponding nanocomposites with CNTs or HNTs. These differences
may result from the orientation of nanotubes along with the tensile direction. After the removal
of the applied force, nanotubes did not return to the original position. Thus, the addition of HNTs
enables the material to reach higher strains by its plasticizing effect, while CNTs align upon cycling
straining and give a higher gain in terms of tensile strength. This reveals an intriguing strengthening
mechanism, which occurs because of synergism of both nanotube fillers and which can be used in
the development of nanocomposites with behavior allowing to maintain higher cyclic strains and loads.
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It can be seen that nanocomposites containing CNTs show higher values of the permanent set than
the neat EVA copolymer (Figure 14). The EVA/8wt.% CNT nanocomposite showed the highest value
of permanent set (PS(200%) of over 85%, which was about two times higher than that of neat EVA
copolymer. As mentioned earlier, CNTs increase the stiffness of the composite, which can contribute
to higher residual strain values. HNTs behave the opposite way. As can be seen in Figure 12b,
EVA/HNTs nanocomposites have slightly better recovery properties, than the neat EVA copolymer.

 

Figure 12. The stress–strain curves under cyclic loading for EVA/MWCNT (a), EVA/HNT (b),
EVA/CNT + HNT (c,d) nanocomposites, and the neat EVA copolymer under. Results corresponding to
5%, 15%, 25%, 50%, 100%, and 200% maximum tensile strains.

Figure 13. Modulus at 100 and 200% of elongation for the neat EVA and EVA-based nanocomposites
after maximum strain attained in the cycle.
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Figure 14. Permanent set values of the neat EVA, and EVA-based nanocomposites after maximum
strain attained in a cycle.

3.5. Electrical Conductivity of EVA Nanocomposites

MWCNTs possess very high intrinsic electrical conductivity. Even their small content can
significantly improve the electrical conductivity of insulating polymers. Figure 15 displays the electrical
properties of EVA-based nanocomposites. It can be seen that the electrical conductivity increased
steadily in EVA/CNTs nanocomposites, as the CNTs concentrations increased. The highest electrical
conductivity value of 5.2 × 10−7 S/m was achieved for nanocomposite with 8 wt.% of CNTs. It is almost
6 orders of magnitude higher than for neat EVA copolymer. Obtained materials did not show
a sharp increase in electrical conductivity along with the increase in MWCNTs content, in contrast
to the results from previous work in which the matrix was low-density polyethylene (LDPE) [78].
In LDPE/MWCNTs nanocomposites the percolation threshold was observed at the loading of 1.5 wt.%
of the same MWCNTs [78]. It is known that relatively uniform dispersion of CNTs can be achieved
in polar polymers such as polyamide, polycarbonate because of the strong interaction between
the polar moiety of the polymer chains and the surface of the CNTs [79]. EVA copolymer is polar
in comparison to the LDPE and its polarity is dependent on the mass content of VA in the copolymer.
Because of the interactions between polar groups of EVA copolymer and nanotubes, the carbon
nanotubes may be more concentrated in VA polar domains. Therefore, in EVA nanocomposites
with the highest concentration (8 wt.%) of nanotubes, regions/agglomerates with a higher content
of entangled of nanotubes are visible (Figure 2).

Because halloysite nanotubes are not conductive fillers, the EVA/HNTs nanocomposites exhibit
lower electrical conductivity than a neat EVA copolymer. As shown in Figure 15, the conductivity
decreased by two orders of magnitude. Moreover, the insulating properties of HNTs cause
no significant improvement in the conductivity of hybrid nanocomposites. Hybrid material at
the concentration of 4 wt.% exhibits an even slightly lower value of conductivity if compared to neat
EVA. This can be explained by the fact that HNTs located between CNTs, impedes the formation
of conductive pathways.
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Figure 15. Electrical conductivity of EVA/CNT, EVA/HNT, and EVA/CNT + HNT nanocomposites.

4. Conclusions

Nanocomposites based on EVA copolymer containing MWCNTs, HNTs, or both types of
nanotubes were prepared by melt blending. One found that relatively good nanotubes distribution
in polymer matrix were obtained. In the case of EVA/CNT nanocomposites at high load (6–8 wt.%),
the MWCNTs form the highly exfoliated network structure in EVA matrix, in which individual
nanotubes and entangled CNTs in agglomerates are present. DSC studies showed that the addition
of nanofillers caused no significant effect on the melting temperature and the degree of crystallinity.
However, glass transition temperature slightly increased. At high temperatures (T50%), nanocomposites
showed better thermo-oxidative stability than the neat EVA copolymer. A slight improvement in thermal
stability was also noted. Moreover, the addition of CNTs has significantly improved the mechanical
properties of EVA copolymer. Nanocomposites were stiffer and their tensile strength increased by
about 40%. In turn, HNTs give an opposite effect in terms of composite stiffness and tensile strength.
They decrease the strength of EVA. However, the strain to break increases by over 70% when HNTs
are added. Furthermore, the cyclic tensile tests demonstrated that nanocomposites with HNTs have
slightly better recovery properties, than pure EVA. Interestingly, in cyclic tensile tests significant
improvement of tensile strength for hybrid nanocomposites was visible. Moreover, the extraordinary
strengthening caused by synergism of the used nanotube fillers did not diminish the strain rates
achieved by the hybrids. Nanocomposites with CNTs were found to be electrically conducting.
For nanocomposites containing 8 wt.% of CNTs, an increase in electrical conductivity for about six
orders of magnitude in comparison to the neat copolymer was observed.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/17/3809/s1.
Figure S1: TEM images of EVA/6 wt.% CNT + HNT nanocomposite at different magnifications. Figure S2: TEM
images of EVA/6 wt.% CNTs nanocomposite at different magnifications.

Author Contributions: A.Z. prepared the literature review, analyzed the results, wrote the original draft
of the manuscript, and performed physical properties measurements; A.S. planned the experiment, supervised
the discussion, and reviewed the manuscript; P.F. prepared the samples, analyzed the mechanical results,
and reviewed the manuscript; A.K. performed the SEM experiments; I.J. participated in TEM analysis
and supervised the discussion of the results; S.P. analyzed the thermal properties of the samples and participated in
editing and revision of the manuscript. All authors have read and agreed to the published version of the manuscript.

55



Materials 2020, 13, 3809

Funding: This research received no external funding.

Acknowledgments: The authors wish to thank Walid Baazis from IPCMS (UMR 7504 CNRS-UDS, Strasbourg)
for the TEM investigations. The authors also would like to express their appreciation to PRACHT GROUP
for the long-term loan of Arburg Allrounder 270 S 350–100 injection molding machine.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
2. Saifuddin, N.; Raziah, A.Z.; Junizah, A.R. Carbon Nanotubes: A Review on Structure and Their Interaction

with Proteins. J. Chem. 2013, 2013, 676815. [CrossRef]
3. Li, Y.; Huang, X.; Zeng, L.; Li, R.; Tian, H.; Fu, X.; Wang, Y.; Zhong, W.-H. A review of the electrical

and mechanical properties of carbon nanofiller-reinforced polymer composites. J. Mater. Sci. 2019, 54,
1036–1076. [CrossRef]

4. Ates, M.; Eker, A.A.; Eker, B. Carbon nanotube-based nanocomposites and their applications. J. Adhes.
Sci. Technol. 2017, 31, 1977–1997. [CrossRef]

5. Mittal, G.; Dhand, V.; Rhee, K.Y.; Park, S.-J.; Lee, W.R. A review on carbon nanotubes and graphene as fillers
in reinforced polymer nanocomposites. J. Ind. Eng. Chem. 2015, 21, 11–25. [CrossRef]

6. Ma, P.C.; Kim, J.-K.; Tang, B.Z. Effects of silane functionalization on the properties of carbon nanotube/epoxy
nanocomposites. Compos. Sci. Technol. 2007, 67, 2965–2972. [CrossRef]

7. Song, Y.S.; Youn, J.R. Influence of dispersion states of carbon nanotubes on physical properties of epoxy
nanocomposites. Carbon N.Y. 2005, 43, 1378–1385. [CrossRef]

8. Ayatollahi, M.R.; Shadlou, S.; Shokrieh, M.M.; Chitsazzadeh, M. Effect of multi-walled carbon nanotube
aspect ratio on mechanical and electrical properties of epoxy-based nanocomposites. Polym. Test. 2011, 30,
548–556. [CrossRef]

9. Gorrasi, G.; Sarno, M.; Di Bartolomeo, A.; Sannino, D.; Ciambelli, P.; Vittoria, V. Incorporation of carbon
nanotubes into polyethylene by high energy ball milling: Morphology and physical properties. J. Polym. Sci.
Part B Polym. Phys. 2007, 45, 597–606. [CrossRef]

10. Mierczynska, A.; Mayne-L’Hermite, M.; Boiteux, G.; Jeszka, J.K. Electrical and mechanical properties of
carbon nanotube/ultrahigh-molecular-weight polyethylene composites prepared by a filler prelocalization
method. J. Appl. Polym. Sci. 2007, 105, 158–168. [CrossRef]

11. Ngabonziza, Y.; Li, J.; Barry, C.F. Electrical conductivity and mechanical properties of multiwalled carbon
nanotube-reinforced polypropylene nanocomposites. Acta. Mech. 2011, 220, 289–298. [CrossRef]

12. Wu, H.-Y.; Jia, L.-C.; Yan, D.-X.; Gao, J.; Zhang, X.-P.; Ren, P.-G.; Li, Z.-M. Simultaneously
improved electromagnetic interference shielding and mechanical performance of segregated carbon
nanotube/polypropylene composite via solid phase molding. Compos. Sci. Technol. 2018, 156, 87–94.
[CrossRef]

13. Verma, P.; Saini, P.; Choudhary, V. Designing of carbon nanotube/polymer composites using melt recirculation
approach: Effect of aspect ratio on mechanical, electrical and EMI shielding response. Mater. Des. 2015, 88,
269–277. [CrossRef]

14. Jiang, F.; Zhang, L.; Jiang, Y.; Lu, Y.; Wang, W. Effect of annealing treatment on the structure and properties
of polyurethane/multiwalled carbon nanotube nanocomposites. J. Appl. Polym. Sci. 2012, 126, 845–852.
[CrossRef]

15. Kwon, J.; Kim, H. Comparison of the properties of waterborne polyurethane/multiwalled carbon nanotube
and acid-treated multiwalled carbon nanotube composites prepared byin situ polymerization. J. Polym. Sci.
Part A Polym. Chem. 2005, 43, 3973–3985. [CrossRef]

16. Liu, M.; Jia, Z.; Jia, D.; Zhou, C. Recent advance in research on halloysite nanotubes-polymer nanocomposite.
Prog. Polym. Sci. 2014, 39, 1498–1525. [CrossRef]

17. Bordeepong, S.; Bhongsuwan, D.; Pungrassami, T.; Bhongsuwan, T. Characterization of halloysite from
Thung Yai District, Nakhon Si Thammarat Province, in Southern Thailand. Songklanakarin J. Sci. Technol.
2011, 33, 599–607.

56



Materials 2020, 13, 3809

18. Padhi, S.; Ganga, P.; Achary, R.; Nayak, N.C. Mechanical and morphological properties of halloysite
nanotubes filled ethylene-vinyl acetate copolymer nanocomposites. Indian J. Chem. Technol. 2017, 24, 184–191.
[CrossRef]

19. Szpilska, K.; Czaja, K.; Kudła, S. Halloysite nanotubes as polyolefin fillers. Polim. Polym. 2015, 60, 359–371.
[CrossRef]

20. Huang, J.; Tang, Z.; Guo, B. Surface Modification of Halloysite. In Functional Polymer Composites with
Nanoclays; Lvov, Y., Guo, B., Fakhrullin, R.F., Eds.; Royal Society of Chemistry: London, UK, 2016; pp. 157–186.
ISBN 978-1-78262-672-5.

21. Liu, M.; Guo, B.; Du, M.; Chen, F.; Jia, D. Halloysite Nanotubes as a Novel β-Nucleating Agent for Isotactic
Polypropylene. Polymer 2009, 50, 3022–3030. [CrossRef]

22. Prashantha, K.; Schmitt, H.; Lacrampe, M.F.; Krawczak, P. Mechanical behaviour and essential work of
fracture of halloysite nanotubes filled polyamide 6 nanocomposites. Compos. Sci. Technol. 2011, 71, 1859–1866.
[CrossRef]

23. Prashantha, K.; Lacrampe, M.F.; Krawczak, P. Processing and characterization of halloysite nanotubes filled
polypropylene nanocomposites based on a masterbatch route: Effect of halloysites treatment on structural
and mechanical properties. Express Polym. Lett. 2011, 5, 295–307. [CrossRef]

24. Pedrazzoli, D.; Pegoretti, A.; Thomann, R.; Kristóf, J.; Karger-Kocsis, J. Toughening linear low-density
polyethylene with halloysite nanotubes. Polym. Compos. 2015, 36, 869–883. [CrossRef]

25. Singh, V.P.; Vimal, K.K.; Kapur, G.S.; Sharma, S.; Choudhary, V. High-density polyethylene/halloysite
nanocomposites: Morphology and rheological behaviour under extensional and shear flow. J. Polym. Res.
2016, 23, 43. [CrossRef]

26. Ning, N.; Yin, Q.; Luo, F.; Zhang, Q.; Du, R.; Fu, Q. Crystallization behavior and mechanical properties of
polypropylene/halloysite composites. Polymer 2007, 48, 7374–7384. [CrossRef]

27. Wang, B.; Huang, H.-X. Effects of halloysite nanotube orientation on crystallization and thermal stability of
polypropylene nanocomposites. Polym. Degrad. Stab. 2013, 98, 1601–1608. [CrossRef]

28. Liu, M.; Guo, B.; Du, M.; Lei, Y.; Jia, D. Natural Inorganic Nanotubes Reinforced Epoxy Resin Nanocomposites.
J. Polym. Res. 2007, 15, 205–212. [CrossRef]

29. Deng, S.; Zhang, J.; Ye, L.; Wu, J. Toughening epoxies with halloysite nanotubes. Polymer 2008, 49, 5119–5127.
[CrossRef]

30. Jen, Y.-M.; Huang, J.-C. Synergistic Effect on the Thermomechanical and Electrical Properties of Epoxy
Composites with the Enhancement of Carbon Nanotubes and Graphene Nano Platelets. Materials 2019, 12,
255. [CrossRef]

31. Silva, M.; Vale, D.; Rocha, J.; Rocha, N.; Santos, R.M. Synergetic effects of carbon nanotube-graphene
nanoplatelet hybrids in carbon fibre reinforced polymer composites. MATEC Web Conf. 2018, 188, 1015.
[CrossRef]

32. Paszkiewicz, S.; Szymczyk, A.; Sui, X.M.; Wagner, H.D.; Linares, A.; Ezquerra, T.A.; Rosłaniec, Z. Synergetic
effect of single-walled carbon nanotubes (SWCNT) and graphene nanoplatelets (GNP) in electrically conductive
PTT-block-PTMO hybrid nanocomposites prepared by in situ polymerization. Compos. Sci. Technol. 2015, 118,
72–77. [CrossRef]

33. Jiang, L.; Zhang, C.; Liu, M.; Yang, Z.; Tjiu, W.W.; Liu, T. Simultaneous reinforcement and toughening of
polyurethane composites with carbon nanotube/halloysite nanotube hybrids. Compos. Sci. Technol. 2014, 91,
98–103. [CrossRef]

34. Shahneel Saharudin, M.; Atif, R.; Hasbi, S.; Naguib Ahmad Nazri, M.; Ubaidah Saidin, N.; Abdullah, Y.
Synergistic effects of halloysite and carbon nanotubes (HNTs + CNTs) on the mechanical properties of epoxy
nanocomposites. AIMS Mater. Sci. 2019, 6, 900–910. [CrossRef]

35. Franciszczak, P.; Bledzki, A.K. Tailoring of dual-interface in high tenacity PP composites—Toughening with
positive hybrid effect. Compos. Part. A Appl. Sci. Manuf. 2016, 83, 185–192. [CrossRef]

36. Franciszczak, P.; Merijs-Meri, R.; Kalnin, š, K.; Błędzki, A.K.; Zicans, J. Short-fibre hybrid polypropylene
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Abstract: Synthesis and characterization of composite shear thickening fluids (STFs) containing
carbon nanofillers are presented. Shear thickening fluids have attracted particular scientific and
technological interest due to their unique ability to abruptly increase viscosity in the case of a sudden
impact. The fluids have been developed as a potential component of products with high energy
absorbing efficiency. This study reports on the rheological behavior, stability, and microstructure of
the STFs modified with the following carbon nanofillers: multi-walled carbon nanotubes, reduced
graphene oxide, graphene oxide, and carbon black. In the current experiment, the basic STF was made
as a suspension of silica particles with a diameter of 500 nm in polypropylene glycol and with a molar
mass of 2000 g/mol. The STF was modified with carbon nanofillers in the following proportions: 0.05,
0.15, and 0.25 vol.%. The addition of the carbon nanofillers modified the rheological behavior and
impact absorption ability; for the STF containing 0.25 vol.% of carbon nanotubes, an increase of force
absorption up to 12% was observed.

Keywords: shear thickening fluids; nanocomposite fluids; multi-walled carbon nanotubes;
carbon fillers

1. Introduction

A fluid is defined as a substance that flows [1]. All fluids that do not comply with this law are
called non-Newtonian, i.e., their viscosity depends on the rate and time of shearing. Some paints or
blood are examples of such fluids [2]. Non-Newtonian fluids are divided into the following two groups:
Rheologically stable which do not change rheological properties during shearing and rheologically
unstable with rheological properties that are a function of shear rate and time.

A shear thickening fluid (STF) is composed of the following two basic components: The continuous
viscous component which is often various types of glycols and the rigid component which is often
silica powder. A suspension of both components brings about a unique effect of shear thickening,
resulting in an abrupt growth of viscosity with increasing shear rate [3–5]. Shear thickening fluids
display a dilation phenomenon which means that, at a sufficiently high shear rate, their properties
change abruptly from that typical of a viscous liquid to the characteristics of an elastic solid [6]. Usually,
the STFs exhibit a viscoelastic behavior. The properties of such fluids can be controlled by their
composition, which allows them to tailor the final viscosity and critical shear rate at which the initial
viscosity abruptly increases [7].

There are several rheological models that, in a more or less precise way, describe the behavior
of a particular rheological system in the conditions of low and high shear rates [7]. Each time,
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an appropriate model is selected to describe a system, it should be accompanied by gathering
information on the composition of the fluid and possible interactions among the components of the
suspension [8].

The basic mechanisms that describe the phenomena occurring in shear thickening fluids,
are primarily based on the frictional forces between the individual solid particles in the suspension [7,9].
According to Reynolds theory, in a basic state, the solid phase particles are softly packed at a low shear
rate. The frictional forces between the particles are small, because the liquid between them acts as
a lubricant. As the shear rate increases, the distance between the particles decreases (see Figure 1).
The slipping ability of the matrix decreases, the friction between the particles increases, as well as
the viscosity of the system. Reynolds explained the phenomenon as dilation, based on the change
of the volume of the system [7,8]. Another theory that attempts to explain the phenomenon of shear
thickening is the order-disorder theory. In agreement with this mechanism, for low shear rates, the
solid particles of the STF move in an orderly manner so that the viscosity of the system is low, reflecting
the lack of friction between the particles. With an increase of the shear rate, the ordered structure is
destroyed, the friction between particles grows, and the viscosity of the system increases. The theory of
clusters formation considers mutual hydrodynamic interactions of solid phase particles and collective
blocking of their movement as a probable mechanism for the viscosity change [10].

Figure 1. Change of the arrangement of particles in shear thickening fluid with an increase of the
shear rate.

The existing mechanisms facilitate, more or less, an understanding of the relationship between the
reinforcement (solid phase particles) and the matrix (liquid phase). It is important to tailor the properties
of the STF for a particular application. Shear thickening fluids in combination with high-performance
woven fabrics, such as para-aramid fabrics (Kevlar and Twaron) or ultra-high molecular weight
polyethylene (Dyneema) have been used for a variety of applications [11–13]. The widest application
area is related to personal protective products such as helmets, protective sport garments, and smart
body armor [14–16].

A variety of modifications have been introduced for the fabrication of composite STFs with
different rheological properties. Ge et al. modified STFs with SiC nanowires [17]. Other studies have
reported a minor addition of graphene and silica microspheres [18–20], in which the level of maximal
viscosities obtained was below 1000 Pa·s. Carbon additives seem to be the best fillers that has improved
the maximal viscosity of STFs and also their stability [21–24]. For example, it has been reported that
the addition of expanded graphite increased the dilatant effect, up to three times, due to the improved
packing of the solid phase [25].

The current study reports on the rheological behavior, stability, and microstructure of the STFs
modified with selected carbon nanofillers, such as multi-walled carbon nanotubes, reduced graphene
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oxide, graphene oxide, and carbon black. The correlations among the properties and structure of the
STFs are presented and discussed.

2. Materials and Methods

For the synthesis of shear thickening fluids, an amorphous silica KE-P50, having spherical particles
with diameters ranging from 500 to 600 nm, from Nippon Shokubai (Osaka, Japan), were mixed,
in appropriate proportions, with polypropylene glycol PPG2000 from Acros Organics (Geel, Belgium),
having a molar mass 2000 g/mol and density of 1 ± 0.01 g/cm3. The content of silica in the basic fluid
was 55 vol.% This proportion was chosen on the basis of our previous research, in which silica content
ranging from 30 to 60 vol.% were tested (see [26]). A 55 vol.% content of silica obtained the maximal
peak of the viscosity and allowed the components to effectively disperse.

The composition of STFs was modified by the addition of the following carbon nanofillers:
multi-walled carbon nanotubes (MWCNT, Nanocyl NC7000, Sambreville, Belgium), carbon black
(CB, The Cary Company, Addison, IL, USA), graphene oxide (GO, Institute of Electronic Materials
Technology, Warsaw, Poland), and reduced graphene oxide (rGO, Institute of Electronic Materials
Technology, Warsaw, Poland). The properties of the carbon materials used are shown in Table 1.
The STFs were modified by minor additions of the nanofillers with the amounts of 0.05, 0.15 and
0.25 vol%. It was impossible to obtain a homogeneous suspension with the higher content of the
nanofillers. In order to disperse the particles in the liquid, the calender EXAKT 80E (Oklahoma City,
OK, USA) was used. The synthesis of composite shear thickening fluids consisted of the following two
major steps:

(1) The mixture of glycol and the carbon nanofiller (in appropriate proportion) was passed through
a calender to form a homogenous suspension (without agglomerates);

(2) The mixture of glycol and the carbon nanofiller was added to amorphous silica and mixed
in appropriate proportion (know-how protected).

Table 1. The properties of carbon nanofillers.

Fillers Density (g/cm3) Carbon Content (%) Parameters (nm) Specific Surface Area (m2/g)

MWCNT 2.08 >90 9.5 (diameter)
1500 (length of a single tube) 300

CB 2.05 >95 11 (particle size) 350
GO 2.03 40 0.9 (distance between surfaces) 211
rGO 2.37 75 0.37 (distance between surfaces) 266

The shape of the carbon nanofillers was characterized using an HITACHI S3500 scanning electron
microscope (SEM) (Krefeld, Germany) in SE mode.

The rheological properties were examined using an ARES rheometer (TA Instruments) (New Castle,
DE, USA), equipped with two parallel plates (ϕ 25 mm) with a 0.3 mm gap between them. The size of
the gap was optimized for all the fluids, based on previous research. All the viscosity measurements
were performed at room temperature.

The STFs with the best rheological properties (highest maximal viscosity) were chosen for the
impact test to study the force absorbing efficiency. The synthesized STFs were used for impregnation
of the three-dimensional (3D) fabric (polyester three-dimensional woven fabric M8180 from Baltex Ltd.
Warsaw, Poland), which was sealed between thin silicon membranes (130 × 30 × 15 mm). The impact
tests were carried out using a drop tower, by dropping an impactor, with energy of 5 J, onto the sample
(the procedure based on British Standard BS 7971–4:2002). The dependence between the force and time
was registered by a force sensor.

The structural stability of the STFs was studied using a Turbiscan Lab analyzer (Formulation,
Toulouse, France) with the light λ = 880 nm (see [27]). Some of the STFs samples were tested in a sealed
cylindrical glass vial to show the changes in the arrangement of particles over time. The measurements
were performed for 370 days at room temperature. The light intensity profiles were achieved with
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a scan step of 40 μm, along with the entire height of the measuring cell. The Turbiscan Lab has two
synchronous detectors for the analysis of liquids (Figure 2). These devices detect the intensity of
transmitted and backscattered light over the entire sample. Only part of the light passes through the
sample, which is registered by sensors located on the walls of the chamber. The measurement was
carried out without any mechanical or external stress, and therefore the true aging of the product
was monitored. The resulting profile was plotted as the backscattered intensity of the light passing
through the fluids versus the height of the dispersion. All the measurements were taken at room
temperature. The peaks from the bottom of the vial and from the top of the unfilled vial were removed
from the graph.

Figure 2. The principle of operation of the Turbiscan device.

3. Results and Discussion

3.1. Microstructure

The carbon additives for the STFs and amorphous silica were subjected to SEM observations using
a HITACHI S3500 scanning electron microscope (SEM) in SE mode (Figures 3 and 4). It can be seen
that all the particles used for testing have different shapes and various tendencies for agglomeration.

  

50μm 

(b) 

50μm 

(a) 

  

50μm 50μm 

(c) (d) 

Figure 3. SEM images of (a) Graphene oxide GO; (b) Reduced graphene oxide (rGO); (c) Multi-walled
carbon nanotubes (MWCNT); (d) Carbon black (CB) particles.
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Figure 4. The shape and size of the MWCNT and spherical fumed silica KE-P50.

The particles of silica that were used for testing had a regular spherical shape with fairly uniform
size distribution and low surface development (Figure 4). They had a slight tendency for agglomeration.
The carbon fillers, in contrast, had a high tendency for agglomeration, forming bundles (especially
MWCNT, Figure 3c). Graphene oxide and reduced graphene oxide exhibited flake shapes. Carbon black
had an irregular shape also with the tendency for agglomeration.

In Figure 5, the distribution of silica and carbon nanofillers in the STFs are shown. The fluids with
the highest carbon fillers content, 0.25 vol.%, were degassed (approx. 0.08 MPa), at 100 ◦C to determine
the distribution of the solid components.

Mixing of fumed silica with carbon nanofillers in a carrier liquid leads to breaking the agglomerates
of the fillers and as a result they are more evenly distributed among the silica particles [23,24,28].
This effect strongly depends on the filler used. The GO and rGO behave similarly, i.e., they are
distributed between the silica particles (Figure 5a,b). Numerous agglomerates are also visible.
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5μm 5μm 

(a) (b) 

(c) (d) 

Figure 5. The arrangement of solid components in the shear thickening fluid (STF) with 55 vol.% of
silica and 0.25 vol.% of (a) GO; (b) rGO; (c) MWCNT; (d) CB particles.
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In Figure 5c, the distribution of silica and MWCNT in the STF is shown. The single tubes can be
seen. Mixing of fumed silica with MWCNT leads to breaking of the agglomerates of the nanotubes and
their even dispersion in the voids between the silica particles. The agglomerates of CB were destroyed
(Figure 5d) and they are not visible in the image. The crushed CB particles could be placed between
the silica spheres.

3.2. Rheological Properties

In Figure 6, the rheological properties of composite STFs with various additives are presented.
When a drastic increase of the viscosity begins, the viscosity and the critical shear rate strongly depend
on the type and content of the carbon nanofiller. Increasing the carbon fillers content moves the critical
shear rate to lower values. It means that the shear thickening effect occurs more easily. The values of
the zero shear viscosity (z-s-v), obtained for the suspensions, except for the STF with 0.25 vol.% of
rGO, are similar (not higher than 70 Pa·s). With an increase of the shear rate, an abrupt increase of
the viscosity is observed. The greatest effect of the dopant on the maximal viscosity is observed for
the MWCNT. The highest values of the viscosity were obtained for 0.15 vol.%, 10,994 Pa·s, and for
0.25 vol.%, 12,213 Pa·s, with a critical shear rate below 2 s−1 for both fluids. The latter value is over five
times higher than the result for the MWCNT-free fluid.

  

  
Figure 6. Viscosity versus shear rate for different volume fractions of carbon fillers. (a) CNT; (b) CB;
(c) GO; (d) rGO), as compared with STF having 55 vol.% of KE-P50 without additives.

The lowest values of maximal viscosity were obtained for the samples with GO and CB (not higher
than maximal viscosity for the pure STF, equal to 2127 Pa·s (Figure 6b,c). The viscosity values are low
and the changes of the viscosity occur at higher shear rates, which can be explained by the fact that
these additives react as a lubricant for the movement of the silica particles. The GO and CB cause
the silica particles to move freely without being blocked. When the shear rate increases, the particles
of CB and GO slightly retard the movement of silica particles, leading to a small thickening effect.
However, this effect is not as strong as in the case of pure STF. Greater values were obtained for rGO
(Figure 6d), however, the highest value of the maximal viscosity is still lower than the result achieved
for the pure STF.

The rheological properties of the STFs depend on the ability of the silica particles to move against
each other. This ability depends on the volume fraction of the solid components and their mechanical
properties. The effect of a minor addition of carbon nanostructures is not fully clear. However,
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from the results presented, we can conclude that the addition of the carbon nanofillers increases the
initial packaging of the solid components, and thus the (z-s-v) viscosity (GO, rGO). In the course of
calendering and mixing, the structure of the carbon nanofillers becomes partially destroyed and located
on the surface of silica particles and voids between them. Depending on its form, the carbon layer can
act as either a lubricant or a friction increasing factor that retards the movement of the silica spheres.
The latter behavior was observed for MWCNT. Apparently the MWCNT, due to their characteristic
nanostructure and high mechanical properties, promote blocking of the silica particles movement.
We assume that mixing the amorphous silica with MWCNT leads to breaking the agglomerates of the
nanotubes. In the consequence of this process, the individual MWCNT can be dispersed in the voids
between the silica particles, leading to increased friction between the particles and improved blocking
of their movement.

3.3. Impact Absorption Ability

The STFs with 55 vol.% of amorphous silica and with the addition of carbon nanotubes were used
for carrying out an absorption ability test. During the tests, none of the samples were destroyed.

Figure 7 presents the values of the absorbed force for STFs sealed in silicone form after one, two,
and three strikes at the same point with the addition of MWCNT. One can see that a higher addition of
MWCNT provides an increase of the absorbed force. The samples containing 0.25 vol% MWCNT show
the highest absorbing properties (78% for the first strike). The lowest value of absorbed force, for the
first strike, was obtained for STF without nanofillers (approximately 66%).

 
Figure 7. The percentage of absorbed force for STFs sealed in silicone forms after one, two, and three
strikes at the same point, with various additions of MWCNT.

The mean value of the stability of the absorbed force after three strikes is satisfactory for all the
samples. The changes after all the strikes (comparison between first and third strikes) are not greater
than 3.5% for pure STF and approximately 0.5% for the sample with 0.25 vol.% of MWCNT. It means
that the composite STFs provide high protection ability and also stability of the properties after three
strikes at the same point. This fact is related to the specific mechanism of the protection, which is due
to the reversible rearrangement of the solid particles within the STF structure.

3.4. Structural Stability

Usually, the published results for the stability studies of the STFs suspensions are based on optical
observations of sedimentation in typical glass vials at room temperature [29]. However, such data are
only comparative and do not allow for an accurate, quantitative comparison of the fluids. In the current
study, the stability was measured using the Turbiscan LAB. The backscattered profiles were obtained
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for three fluids, i.e., one without carbon nanofillers and two with carbon additives. Because the values
obtained for rGO, GO, and CB were similar, for the comparison, only the results for MWCNT and
rGO are presented. The changes of the stability are presented in Figures 8–10. The spectra reflect
the backscattered light flow in relation to the sample height (mm). The time of the measurement is
represented by colors of the lines. Different colors of lines present destabilization of the structure of
the STF. The blue color shows the beginning of the measurements and the red color shows the end of
the measurement.

Figure 8. Backscattering for the STFs having 55 vol.% of KE-P50.

Figure 9. Backscattering for the STFs having 55 vol.% of KE-P50 and 0.25 vol.% of rGO within 370 days.

Figure 10. Backscattering for the STFs having 55 vol.% of KE-P50 and 0.25 vol.% of MWCNT within
370 days.

As shown in Figure 8, changes in the pure STF are visible. It should be mentioned that, after one
year, a slight destabilization occurs through the entire vial. The mean values of backscattering are
approximately 20, which means that the particles change their position slightly and as a result the
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properties of the STF change slightly. The values obtained for both samples with the carbon additives
are shown in Figures 9 and 10. The absolute value of the change does not exceed one. It means that
the changes are insignificant. For the sample with MWCNT, these changes are lower than for rGO.
The changes are not higher than 0.4. It means that the addition of MWCNT provides the best structural
stability of the fluids over time.

4. Conclusions

The composite STFs based on amorphous silica with polypropylene glycol and four types of carbon
nanofillers were fabricated. Multi-walled carbon nanotubes, reduced graphene oxide, graphene oxide,
and carbon black were applied as the carbon nanofillers. The microstructure, rheological properties
and structural stability over time were studied and discussed. It was found that the MWCNT provide
the most significant changes in the rheological properties of the STF, resulting in the highest maximal
viscosity obtained in the rheological tests (almost five times greater than the result for the MWCNT-free
fluid). We assume that, depending on the form of the carbon additive, it can act as either a lubricant or
a friction increasing factor that retards the movement of the silica particles. Apparently the MWCNT,
due to their characteristic nanostructure and high mechanical properties, increase the friction and
promote blocking of the silica particles movement.

The carbon nanofillers lead to an increase of the structural stability of the STFs. The mean values
of backscattering for pure STF are approximately 20 times higher than for STFs with carbon nanofillers,
which means that STFs with carbon additives are more stable than the pure STFs.

The addition of the MWCNT also has a significant influence on the impact force absorbing
efficiency. The silicone structure containing 55 and 0.25 vol.% of fumed silica and MWCNT, respectively,
is able to absorb up to 78% of the impact force. Comparing with the structure with pure STF, this value
is approximately 12% higher after the first strike.

The STFs containing MWCNT have great potential for application in smart protective structures,
such as sport protective garments, liquid body armor, packaging systems and many other applications.
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Abstract: The polymeric adhesive used for the bonding of thermoplastic and thermoset composites
forms an insulating layer which causes a real problem for lightning strike protection. In order
to make that interlayer electrically conductive, we studied a new group of electrically conductive
adhesives based on hot melt copolyamides and multi-walled carbon nanotubes fabricated by the
extrusion method. The purpose of this work was to test four types of hot melts to determine the
effect of their viscosity on the dispersion of 7 wt % multi-walled carbon nanotubes and electrical
conductivity. It was found that the dispersion of multi-walled carbon nanotubes, understood as the
amount of the agglomerates in the copolyamide matrix, is not dependent on the level of the viscosity
of the polymer. However, the electrical conductivity, analyzed by four-probe method and dielectric
spectroscopy, increases when the number of carbon nanotube agglomerates decreases, with the
highest value achieved being 0.67 S/m. The inclusion of 7 wt % multi-walled carbon nanotubes
into each copolyamide improved their thermal stability and changed their melting points by only a
few degrees. The addition of carbon nanotubes makes the adhesive’s surface more hydrophilic or
hydrophobic depending on the type of copolyamide used.

Keywords: carbon nanotubes; hot melt adhesives; electrical conductivity; viscosity; microstructure

1. Introduction

Adhesive bonding is frequently used to join and repair lightweight thermoplastic or thermosetting
matrix composite parts in the automotive and aircraft industry since it eliminates rivets, thus lowering
the stress concentration and total weight of the final parts [1–3]. Nevertheless, the separation of two
bonded composites by an electrically insulating layer formed by the polymeric adhesive is a real
problem in terms of the lightning strike protection of the aircraft or automotive composite structures.
Therefore, the idea is to use electrically conductive adhesives (ECAs) which strongly bond composites
together while at the same time providing an electrical interconnection between them [4]. These
double functions of ECAs are also desired in the electronics industry (interconnection of chips on
printed circuit boards) and in the photovoltaic industry (assembly of the aluminum back surface field
or shingled solar cells) and make them a promising solution for the replacement the traditional Pb–Sn
solder alloys, much heavier than ECAs [5,6].

ECAs consist of a polymer matrix and electrically conductive filler or nanofiller. Depending on the
type of filler and its concentration, ECAs can be divided into isotropic, anisotropic and non-conductive
according to the percolation theory. Isotropic ECAs have a high content of conductive filler that
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exceeds the percolation threshold and they are able to conduct current in all directions (x, y, z), unlike
anisotropic and non-conductive ECAs which are conductive in only one direction [7]. Silver in the form
of flakes [8], powder [9], nanowires [10] or dendrites [11] is the main type of electrically conductive
filler which for a long time has been used in ECAs due to its excellent electrical conductivity and
thermal stability. However, the minimum content of silver necessary to achieve a sufficient level of
electrical conductivity at which a decrease in polymer resistivity is observable, varies from 25 wt %
up to even 80 wt % [12]. A higher amount of filler leads to a significant weight increase, increases
the price of the adhesive and lowers the mechanical properties [13]. Hence, the research focused
on decreasing the silver percentage by partially replacing it with alternative electrically conductive
nanofillers or using these nanofillers alone. Studies frequently focus on such promising materials as
carbon-based nanofillers, e.g., graphene, single-walled carbon nanotubes (SWCNTs), multi-walled
carbon nanotubes (MWCNTs), reduced graphene oxide or carbon nanofibers, known to be highly
conductive and lightweight. The amount of these nanofillers required for electrically conductive
network formation, identified by percolation threshold, is much lower in comparison to the metallic
particles, usually between 1 and 3 wt % [14]. Compared to other types of carbon nanofillers, MWCNTs
are characterized by excellent electrical properties (8 × 10−6 ÷ 20 × 10−6 Ωm), thermal conductivity
(λ = 6600 W/mK at 100 K), a high Young’s modulus (1.7–2.4 TPa) and tensile strength (100 GPa) as well
as low cost (100 EUR/1 kg) [15,16].

The polymers commonly used as the matrix for ECAs are those based on thermosets such as
acrylic, epoxy, urethane, cyanoacrylate or silicone available as one- or two-component liquid systems.
Epoxy resin, the most popular matrix for the adhesive, has been doped with various types of carbon
nanofillers using the three-roll mill technique by Lopes et al. [6]. The greatest decrease in epoxy
resistivity—achieved for SWCNTs, MWCNTs and exfoliated graphite—was higher than that of graphite,
carbon fiber and nanofibers. In other work, epoxy resin was mixed with MWCNTs and the highest
electrical conductivity was 100 S/m, much lower than that obtained at 80 wt % silver [17]. Enhancing the
electrical conductivity of the ECAs containing carbon nanofillers is realized by increasing their content
up to even 50 wt % reported for reduced graphene oxide (r-GO) in epoxy resin applying ultrasonic
technique [18]. The highest achieved volume electrical conductivity was 3.4 × 10−8 S/m, or two orders
of magnitude lower than that determined for the composites containing only 2 wt % of graphene [19].
It is associated with the strong effect of the type of carbon nanofiller on the electrical conductivity,
mainly its aspect ratio, purity, surface area and the presence of functional groups described previously
for many thermosets and thermoplastic polymers [17,20]. Furthermore, it was shown that the viscosity,
crystallinity content, polarity of the polymer as well as the mixing technique and applied conditions
affect the dispersion and distribution of the nanofillers in the polymer matrix. Carbon nanofillers
are synthesized in the form of strongly connected agglomerates which must be destroyed during
processing to a homogenous dispersed state. The remaining agglomerates, and the orientation and
alignment of the dispersed nanofiller are responsible for the level of electrical conductivity achieved in
the polymer composites [21,22].

In order to increase the electrical conductivity, carbon nanofillers can be modified by metallization
with silver, copper, or nickel particles by chemical reactions. Acrylic-based adhesives containing 2 wt %
MWCNT metallized with silver resulted in a volume electrical conductivity of about 2.8 × 10−6 S/m [23],
an insufficient value for application as ECAs. Therefore, considerable effort is being made put to form
hybrid ECAs by mixing micro and nanofillers together due to their confirmed synergic effect caused by
changing the contact resistance inside the electrical network [24]. Marcq and co-workers [25] found
that epoxy adhesives doped with silver and SWCNTs, DWCNTs (double-walled carbon nanotubes)
and MWCNTs do indeed possess higher electrical conductivity than adhesives containing only 25 wt %
silver flakes. Similar improvement of the electrical conductivity was described for epoxy adhesives
mixed with micron silver flakes, nano silver spheres and treated CNTs in comparison to epoxy
resin containing only silver flakes [26]. A synergic effect occurring between fillers with different
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morphologies was also described for acrylate resin mixed with silver-plated graphene, leading to the
greatest electrical conductivity of 4.8 × 102 S/m at 40 wt % content of the hybrid filler [27].

The fabrication of ECAs from thermosets, especially with the hybrid nanofillers, involves many
steps, chemical reactions, hazardous solvents and their curing process requiring the addition of
catalysts or initiators, UV light or heat which make the process complicated and lengthy [28]. Besides,
the incorporation of carbon nanofillers is limited to 3 wt % by an extremely high increase in the
viscosity which makes the manufacturing process difficult and affects the quality of the composites [29].
Therefore, it seems much easier to use thermoplastic non-reactive hot-melt adhesives (HMAs),
solvent-free and environmentally friendly polymeric materials available in a solid state in the form
of pellets, ropes, sticks or blocks. They can be applied to the surface by using a hot gun or in the
form of thin films or fabrics. When HMAs are melted at a temperature above their melting point
(usually in the range of 150–200 ◦C) they become a molten liquid which solidifies at room temperature.
Because HMAs thicken rapidly, they are frequently used in those processes where manufacturing
time is important and solvents are not desired. Moreover, they offer a high mechanical strength to
the substrate without the need for special surface preparation. In addition, commercial HMAs offer a
high range of properties together with fairly low prices, safe storage and operation. In comparison
to the liquid adhesives like epoxy or urethanes which become solidified via curing or crosslinking
reaction, HMAs do not form three-dimensional structures when they solidify and can thus be termed
as non-structural adhesives. Nowadays, they are used in the packaging industry (bottle labeling, tapes,
carton sealing), the automotive industry to bond plastic parts (rear tail gate, bumper, aesthetic skin),
wood-based materials (parquet floor), book binding, temporary attachment (coupons, instructions),
shoe manufacturing (insole bonding, tongue fixing), textile bonding (diapers, napkins) or as wearable
electronic devices and lightweight constructions [2,30,31].

HMAs are complex in composition, therefore they cannot be classified as typical thermoplastic
polymer but rather as blends. In our previous work, we attempted to identify all the components of the
copolyamide-based HMAs using a nuclear magnetic resonance but we could ascertain their structure
only partially [32]. The main component in HMAs is the thermoplastic polymer which solidifies
upon cooling and provides the mechanical strength of the bond. Homopolymers or copolymers such
as polyolefins, ethylene-vinyl acetate copolymers (EVA), polyurethanes, polyamides, copolyamides,
styrene block copolymers (SIS, SEBS) or polyesters are mainly used in HMAs. Low molecular weight
resin or tackifiers control the viscosity of the system, adjust its glass transition temperature and provide
the adhesive properties. Waxes can decrease the viscosity and enhance the crystallization rate resulting
in higher setting speed. Finally, there are also several other specific fillers and modifiers that can be
used for the improvement of thermal stability and shelf life [31,33,34]. The doping of thermoplastic
HMAs with electrically conductive fillers or nanofillers for their application as ECAs is less popular
than for thermosets. Polyurethane-based HMAs containing MWCNTs or graphene were extensively
studied by Santamaria and co-workers [35–39]. Composites were prepared by mixing HMA powder
with up to 6 wt % of MWCNTs or graphene using a small scale twin screw extruder. They reported
that the addition of MWCNTs or graphene did not significantly change properties such as the melting
point, viscosity, crystallization or tackiness which could limit their use as ECAs. The analyzed electrical
conductivity of the adhesives after cooling reached the value of 6 × 10−2 S/m which is higher than
that described in the literature for ECAs based on thermosets. Similar electrical properties (10−2 S/m)
were found for polyolefin HMAs mixed with 5 wt % MWCNT using the same direct melt–mixing
approach [40]. Authors found that the integration of MWCNTs in polyolefin HMAs resulted in the
improved adhesion of the bonded joints, however, the significant increase in melt viscosity made
it impossible to apply adhesives containing more than 3 wt % MWCNT. Cecen et al. examined
silver-coated wollastonite fibers as a conductive filler for the EVA copolymer [41]. The percolation
threshold was found at 8 vol% of the filler, much higher than for the carbon nanofiller, and at 29 vol%
the electrical conductivity reached a value of 1.8 × 105 S/m. Unfortunately, such high content of the
conductive filler significantly decreased the adhesive properties in comparison to pure EVA. In the

73



Materials 2020, 13, 4469

other works, HMA based on EVA was mixed with polypyrrole as a conductive filler which at 30 vol%
resulted in the electrical conductivity of app. 1 × 102 S/m and a 15–20% of improvement of the adhesive
properties [42].

The aim of this study was to characterize the new type of the ECAs based on copolyamide HMAs
and MWCNTs. Since HMAs are complex in their structure, the idea was to test four types of these
copolyamides to analyze the effect of their melt viscosity on the dispersion and distribution of MWCNTs.
Previously, we analyzed the percolation threshold in two types of copolyamide HMAs and found it to
be below 3 wt % [32]. Therefore, in that work, copolyamides were doped with 7 wt % of MWCNTs
using a half-industrial extruder machine allowing to obtain the percolated network. The examination
of their electrical, thermal and adhesive properties allowed for finding the relationship between the
viscosity of pure copolyamides, the state of MWCNT dispersion obtained and the properties of the
final HMAs containing electrically conductive nanofiller.

2. Materials and Methods

For this study, 4 types of thermoplastic copolyamides (coPAs) belonging to the group of HMAs
were provided by EMS Griltech from Switzerland. According to the producer, they consisted of
randomly arranged segments of PA6 and PA66 and differed in their properties as shown in Table 1.
The conductive nanofiller used was MWCNTs with the trade name NC7000 from Nanocyl, Sambreville,
Belgium) synthesized by catalytic carbon vapor deposition process. The average diameter of a MWCNT
is 9.5 nm, length 1.5 μm and with purity >95%. All coPAs were mixed with 7 wt % of MWCNT using
a half industrial line using a twin co-rotating screw industrial extruder by Nanocyl under the same
processing conditions: an extrusion temperature of 200 ◦C and a rotational speed of 200 rpm. The neat
coPAs and their masterbatches were dried in a vacuum oven at 80 ◦C for 12 h before further processing.

Table 1. Properties of thermoplastic copolyamides (coPAs) used in the study.

Designation Trade Name
Melt Viscosity
160 ◦C/2.16 kg

(Pa·s)

Melt Volume Rate
160 ◦C/2.16 kg

Melting Point
(◦C)

coPA1 Griltex® 1330 1200 9 125–135
coPA2 Griltex® 2A 600 18 120–130
coPA3 Griltex® 1858 350 30 110–120
coPA4 Griltex® 1566 150 70 115–125

Rheology measurement was performed on an ARES rheometer (Rheometric Scientific Inc.,
TA Instruments, New Castle, DE, USA) using a parallel plate geometry. The samples with a diameter of
1.5 mm and a thickness of 2 mm were prepared using a HAAKETM Mini Jet Pro Piston Injection Molding
System (ThermoScientific, Karlsruhe, Germany). Firstly, the linear elastic range was determined by
conducting the amplitude sweep test of the materials. From the obtained graph, the amplitude strain
was chosen as the highest value just before the moduli decreasing. Afterwards, the stress-controlled
dynamic oscillatory test of neat coPAs and their masterbatches with MWCNTs was performed at 180 ◦C
with a frequency sweep in the range of 0.1–100 Hz.

The macrodispersion of MWCNTs in the masterbatches was analyzed using a light transition
microscope (Biolar-PL, Polskie Zakłady Optyczne, Warsaw, Poland). Samples for the test in the form of
slides with a thickness of 2–3 μm were cut directly from the masterbatch pellets using an ultramicrotome
(EM UC6, Leica, Vienna, Austria). The macrodispersion of MWCNTs was analyzed from several
micrographs with image software (ImageJ version 1.52a) by the exclusion of those agglomerates with a
diameter lower than 1 μm. Area ratio (AA) understood as the percentage of MWCNT agglomerates
was calculated by dividing the area of all agglomerates by the total area.

Characterization of MWCNT dispersion and arrangement in nanometer scale was analyzed using
a transmission scanning electron microscope (HR STEM S5500, Hitachi, Krefeld, Germany) at the
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voltage of 30 kV. For this, thin slides of 80–90 nm were cut directly from the masterbatch pellets using an
ultramicrotome (EM UC6, Leica, Vienna, Austria). The cutting process was carried out with diamond
knives that are suitable for trimming and sectioning, at a temperature of 100 ◦C and with a cutting
speed of 1 mm/s.

Broadband dielectric spectroscopy of the studied materials was performed at room temperature
using a LCR HP4284A meter (Keysight Technologies, Santa Rosa, CA, USA). The equivalent electrical
circuit was selected as the capacitance and the tangent of losses connected in parallel. From these
quantities, according to the planar capacitor formula, the complex dielectric permittivity * of the
studied materials was calculated. The relation σ = 2πνε0ε

* was used for the determination the electrical
conductivity σ, where ω = 2πν and ν is the frequency of electromagnetic waves. To minimize the
contact resistance silver paste was applied and the amplitude of the electric field was chosen as
1 V. Measurements under such conditions make it possible to reach the best signal to noise ratio
in comparison with measurements at lower voltages and to avoid the nonlinear effects observed at
higher voltages.

The volume DC electrical conductivity of the masterbatches containing MWCNTs was carried
using the Keithley 6221/2182A measuring set (Cleveland, OH, USA), equipped with copper electrodes.
Samples for the test were produced by thermo-pressing the dried pellets into rectangular shapes
with the dimensions of 70 mm × 10 mm and thickness of around 1.5 mm. For each masterbatch,
5 samples were tested within the current range from 1 to 200 nA. To compensate for thermoelectric
effects, measurements were made in the delta mode, using the four-point method.

Thermal stability of the materials expressed by the degradation temperature occurs at 2% (T2%)
and 5% (T5%) weight loss, and by maximum peak (Td) was designated by thermogravimetric analysis
(TGA) using a TGA Q500 (TA Instruments, New Castle, DE, USA). For that 10 ± 0.2 mg samples were
placed in an aluminum crucible and heated from 0 ◦C to 1000 ◦C with a heating rate of 10 ◦C/min.
The atmosphere was nitrogen with a flow rate from 10 to 90 mL/min.

Thermal properties of all materials were examined using a Q1000 Differential Scanning Calorimeter
(TA Instruments, New Castle, DE, USA) by placing the samples with a weight of 8.5 ± 0.2 mg in an
aluminum hermetic pan under a nitrogen atmosphere. The applied program was heat–cool–heat
from −60 ◦C to 250 ◦C with a scan rate 10 ◦C/min and the obtained curves were analyzed using TA
Universal Analysis 2000 software version 4.5A. The glass transition temperature (Tg), melting point
(Tm) and enthalpy of melting (ΔHm) were determined from the heating curves, while the crystallization
temperature (Tc) and the enthalpy of crystallization (ΔHc) were found in the cooling curve. Due to
the lack of data on the enthalpy of melting of 100% crystalline coPAs, the crystallinity content was
not calculated.

Wettability properties (static contact angle (SCA), surface energy (SE)) were measured by a
contact angle measurement system (Data Physics GmbH OCA 15, Filderstadt, Germany). All angles
of each sample were measured at least three times across the sample surface using the sessile drop
method, by dispensing 3 μL (SCA), of deionized water on the sample’s surface. The round samples
for the wettability test were made by a HAAKETM Mini Jet Pro Piston Injection Molding System
(ThermoScientific, Karlsruhe, Germany) with a diameter of 1.5 mm and thickness of 2 mm, the same as
for the rheological test. For both pure coPAs and their masterbatches, the injection parameters were as
follows: barrel temperature—220 ◦C, mold temperature—40 ◦C, injection pressure—600 bar, injection
time—8 s, post pressure—500 bar and post-pressure time—8 s.

3. Results and Discussion

HMAs are characterized by their application temperature which for the selected coPAs is between
160 ◦C and 220 ◦C, therefore the rheological test was performed at 180 ◦C. Unfilled coPAs differ
in viscosity which is the lowest for coPA4, followed by coPA3, coPA2 and the highest for coPA1,
as presented in Figure 1a. All coPAs behave as Newtonian liquids since the frequency applied has
no effect on the complex viscosity [43]. Unlike coPAs, masterbatches which exhibit a strong shear
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thinning behavior causing a decrease in their viscosity have been described for many thermoplastic
polymers filled with CNTs [29]. In comparison to neat coPAs, the viscosity increases by about 4–5
orders of magnitude for the low viscosity coPA3 and coPA4 and about three orders of magnitude for
the more viscous coPA1 and coPA2. The analysis of the storage (G’) and loss (G”) modulus provides
information about the elastic and viscous properties of polymers, respectively [44]. Figure 1b,c show
the sharp growth of G’ and G” as the frequency increases. Because G” is higher than G’, coPAs behave
more like viscous liquid than elastic. The character of both modulus curves changes in the presence of
7 wt % MWCNT in an almost linear manner across the whole frequency range. For the studied coPA
masterbatches the effect of MWCNT addition is visible through an increase of about 5–6 and 3–4 orders
of magnitude for G’ and G”, respectively. The jump in G’ and G” is caused by the interaction between
the polymer macromolecules and CNTs and disturbing the macromolecule chains’ movement. Since
the MWCNTs used do not contain any functional groups which promote the formation of covalent
bonds with the polymer chains, MWCNTs are connected with coPA chains by van der Waals forces [45].
However, this scenario is favored in low viscosity polymers because MWCNTs can enter easily between
the macromolecule chains. The opposite is true in more viscous coPAs, where MWCNT dispersal
is hampered due to the high degree of chain entanglement. Therefore, more hydrogen bonds are
formed between the polymer chains themselves than between the polymer and MWCNTs [46]. Hence,
the differences in the MWCNT dispersion should be expected. Moreover, it seems that the highest
compatibility expressed by the value of G’ and G” occurs for the coPA3 matrix. Rheological analysis
confirms that these types of HMAs are a good polymer matrix for MWCNTs because there is a clear
change in the viscoelastic properties of coPAs, and at high concentration such as 7 wt %, the nanofiller
forms a percolated structure. The obtained values of both moduli (~105 Pa) are the same as those
determined for HMAs based on polyurethane [39].

 

Figure 1. (a) Complex viscosity; (b) loss modulus G” and (c) storage modulus G’ in the frequency
dependence for the neat coPAs and their masterbatches containing 7 wt % multi-walled carbon
nanotube (MWCNT).

In order to fully realize the potential of CNTs, the key step is to disperse the nanofiller uniformly
in the polymer matrix. One of the methods of achieving this is twin screw extrusion where due to high
shear force the pristine MWCNT agglomerates are effectively broken [47]. On the one hand, the less
viscous polymer allows for a better CNT dispersion due to the easy infiltration of the nanofillers,
whereas when the polymer is more viscous, a higher shear force occurs during extrusion, leading
to better CNT dispersion [48]. To analyze the effect of the coPA melt viscosity on the MWCNT
dispersion, four types of coPAs were mixed with 7 wt % MWCNT under the same extrusion conditions.
Table 2 contains the micrographs of the masterbatches where black dots signify MWCNT agglomerates
quantitatively expressed by their area ratio AA (last column). It is seen that there is no linear dependence
between the viscosity of coPAs and the number of MWCNT agglomerates. This is because the fewest
agglomerates were found in coPA3, which has a medium viscosity. Indeed, for coPA1, which is the most

76



Materials 2020, 13, 4469

viscous, the percentage ratio of agglomerates is lower than for coPA2 and coPA3, characterized by lower
viscosity. This is consistent with the theory about the positive effect of the high shear force on the CNT
agglomerate breakage, also confirmed by the lowest diameters (<40 μm) of MWCNT agglomerates
in coPA1 (see column 3, Table 2). Conversely, in coPA3, where AA is the lowest, agglomerates have
higher diameters because the shear force during extrusion is lower than in the case of coPA1. Despite
the significant difference in the melt viscosity, masterbatches of coPA2 and coPA4 have similar AA

and agglomerate diameters. The analysis of the nanofiller macrodispersion for coPA masterbatches
showed that they are uniformly distributed in the polymer matrix. The homogenous distribution
of MWCNTs in each coPA was also confirmed by the images given by a high-resolution microscope
(Figure 2). From the presented micrographs it is shown that MWCNTs were not arranged or oriented
in any specific direction.

Table 2. The comparison of MWCNTs’ macrodispersion in the used coPAs expressed by agglomerates
diameters and the area ratio. MV =melt viscosity in (Pa·s); s = standard deviation.

Masterbatch Type Optical Image Histogram
Area Ratio

(%)

MBcoPA1
MV = 1200

 
 

7.84 ± 1.21

MBcoPA2
MV = 600

 
 

11.8 ± 1.03

MBcoPA3
MV = 350

 

4.18 ± 1.23
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Table 2. Cont.

Masterbatch Type Optical Image Histogram
Area Ratio

(%)

MBcoPA4
MV = 150

 

11.6 ± 1.14

  

  

  

MBcoPA1 MBcoPA1 

MBcoPA2 MBcoPA2 

MBcoPA3 MBcoPA3 

Figure 2. Cont.
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MBcoPA4 MBcoPA4 

Figure 2. HR-STEM images of the microstructure of the copolyamide masterbatches containing
7 wt % MWCNT.

The electrical conductivity of the coPA HMAs is the main property for their final application as
ECAs. It is known that only a uniform dispersion and distribution of nanofillers such as MWCNTs
results in high electrical properties. Figure 3 presents the average values of the volume electrical
conductivity for four types of masterbatches, with the highest recorded for MBcoPA4, followed by
MBcoPa1, MBcoPA4 and the lowest for MBcoPA2. These results were correlated with the calculated
AA and it is clearly shown that electrical conductivity increases when AA decreases. This means that
MBcoPA3 possessed the highest electrical conductivity equal to 0.67 S/m because the percentage ratio
of MWCNT agglomerates was the smallest (4.18%). The values of electrical volume conductivity
achieved for MBcoPA3 are higher than those reported for the other types of ECAs containing carbon
nanofillers but lower than those for ECAs with silver flakes, as listed in Table 3. Despite this, the weight
of the carbon nanofillers used was less than that of the metal fillers, which is highly desired in ECAs.
Assuming the price of coPA to be 10 EUR/1 kg, the price of MWCNTs to be 100 EUR/1 kg and the price
of the silver flakes, 1000 EUR/1 kg, the cost of the filler in coPA adhesive will be 43% for MWCNTs and
almost 99% for silver.

Figure 3. Dependence between the volume electrical conductivity and AA for the studied masterbatches.

MBcoPA1 and MBcoPA3 were about one order of magnitude higher than for polyolefin HMAs
containing 5 wt % of MWCNTs [49] and polyurethane ECAs mixed with 6 wt % of graphene [39].
In Table 3, there is a comparison of the electrical conductivity of the different ECAs.
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Table 3. Electrical conductivity in different types of electrically conductive adhesives (ECAs).

Adhesive Matrix Filler Type
Filler Content

(wt %)
Electrical Conductivity

(S/m)
Ref.

epoxy silver flakes 70 102 [11]
epoxy reduced graphene oxide 50 10−8 [18]
epoxy MWCNT 12 10−1 [17]

ethylene-vinyl acetate graphite nanoplatelets 30 10−5 [50]
polyurethane HMA graphene 6 10−2 [39]

polyolefin HMA MWCNT 5 10−2 [40]
coPA3 HMA MWCNT 7 0.67 this work

The frequency dependence of AC electrical conductivity and dielectric permittivity for pure
coPAs and their masterbatches containing 7 wt % MWCNT is shown in Figure 4a,b. As expected,
pure coPAs have rather low (around 10−8 S/m) electrical conductivity at low frequency and even 10−5

S/m at high frequency. Moreover, no frequency independent (DC) conductivity is observed in the
conductivity spectra of pure coPAs, therefore the AC electrical conductivity is related to some dielectric
relaxation rather than the electrical transport [50]. The dielectric permittivity (ε’) is around 10 at the
whole frequency range and it is much higher than that reported for the typical homopolymers like
PA6 and PA66 [51]. Such discrepancies as well as the slight differences in the dielectric properties
presented for unfilled coPAs may be associated with the HMA complex formulation (resin, tackifier,
wax, etc.) affecting their polarity. The incorporation of 7 wt % MWCNT into coPAs resulted in a
significant increase in the electrical properties and dielectric permittivity observed for each masterbatch.
The electrical conductivity rose by 3 to 6 orders of magnitude depending on the type of coPA, up to
10−2 S/m. At low frequencies, conductivity curves have a plateau that corresponds to the DC electrical
conductivity of the electrically percolated network [14]. Determined at 129 Hz, electrical conductivity
was the lowest for MBcoPA2 (8.02 × 10−6 S/m), followed by MBcoPA4 (7.07 × 10−5 S/m), MBcoPA1
(2.95 × 10−4 S/m) and with the highest for MBcoPA3 (4.87 × 10−3 S/m). These results are consistent with
the macrodispersion of MWCNTs presented in Table 2 and DC electrical conductivity results shown in
Figure 3. Conductivity spectra obey the Almond–West power law:

σ(ω) = σDC + (
ω
ωcr

)
s

(1)

where σDC is the DC conductivity, ωcr is the critical frequency at which the conductivity σ(ω) from
the DC plateau, and s is the parameter. From Figure 4a, it is possible to conclude that the behavior
of critical frequency is correlated with the behavior of the DC conductivity, with no correlation with
behavior of parameter s. A factor which is important for the frequency-dependent conductivity σ(ω) is
the electron transport not only across the whole sample but also inside some conductive clusters, if the
electron flight time τ inside the cluster is smaller than the reciprocal electromagnetic wave frequency
1/2πω. Thus, bigger aggregates are related with smaller critical frequencies, while parameter s is related
with the distribution of aggregates’ size [52] (Figure 4a and Table 2).

The incorporation of MWCNTs led to an increase in the dielectric permittivity, by about two orders
of magnitude for masterbatches based on coPA1, coPA2 and coPA3, and much more (106) for coPA3.
The behavior of dielectric permittivity at low frequencies (for example 129 Hz) is correlated with the
DC conductivity behavior, except in sample MBcoPA2. The dielectric permittivity of this sample is
higher than the dielectric permittivity of samples MBcoPA1 and MbcoPA4. Such mismatch in the
behavior of dielectric permittivity and electrical conductivity was already explained by the difference
in distributions of relaxation times and distributions of agglomerate size [52]. Indeed, the distribution
of agglomerate size is much broader for sample MBcoPA2 than for samples MBcoPA1 and MBcoPA4
(see Table 2). Together with the frequency, the dielectric permittivity decreased as was reported for
thermoplastics [53], elastomers [54] and thermoplastic elastomers [55] containing CNTs.
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Figure 4. Comparison of: (a) the real part of the electrical conductivity; and (b) the real part of the
dielectric permittivity for the neat coPAs and their masterbatches containing 7 wt % MWCNT.

It has been observed previously using the TGA method, that in the presence of CNTs, the flux of
degradation products is hindered and delays the start of the degradation process of the polymer [56].
The influence of the addition of MWCNTs on the coPAs’ thermal stability was examined by TGA
and the results are presented in Table 3. The example TGA curves for coPA and the masterbatch
are presented in Figure 5. It is seen that for all pure coPAs at 2% weight loss, the decomposition
starts below 200 ◦C with the lowest temperature T2% for coPA3. In the presence of 7 wt % MWCNT,
the decomposition temperature (T2%) rises the most for MBcoPA1 and for MBcoPA2 by about 103 ◦C
and 88 ◦C, respectively. Interestingly, for MBcoPA3 and MBcoPA4, the increase is only a few degrees.
For them, higher increase in the decomposition temperatures was determined at 5 wt % weight loss,
about 23 ◦C (MBcoPA3) and 15 ◦C (MBcoPA4). It is worth noting that the decomposition process
in pure coPAs starts at a much lower temperature than that reported for the typical PA6 and PA66
homopolymers which decompose at 350 ◦C [57]. The maximum rates of weight loss for pure coPAs
occurs at 450 ◦C and this temperature raises slightly (6–17 ◦C) in the presence of 7 wt % MWCNT.
It seems that such a high amount of MWCNTs has a smaller effect on the thermal stability of the
polymer than the lower concentration. The PA6 composites mixed with only 0.5 wt % MWCNT caused
the shift of about 70 ◦C in the temperature decomposition [58].

The inclusion of CNTs in the polymer alters the nucleation process, resulting in formation of a
crystalline phase which in turn can affect the electrical properties of the nanocomposites. The DSC
method was used to determine the thermal properties of the materials listed in Table 4 and collected
in Figure 6. On the post-processing, the first heating curves (Figure 6a), two peaks from the glass
transition (Tg) and the melting point (Tm) were detected. For the unfilled coPA1 and coPA3, Tg occurs
at a lower temperature of around 50 ◦C, while for coPA2 and coPA4, at a higher temperature of around
70 ◦C. Because selected coPAs consist of the PA6/PA66 copolyamide, the lower Tg is probably associated
with PA6 segments; in turn, the higher Tg temperature comes from PA66 segments [59]. The addition of
7 wt % MWCNT shifts the Tg peak towards higher values since well dispersed MWCNTs hamper the
mobility of the polymer chains [60]. Melting points for pure coPAs are much lower than for typical PA6
and PA66 homopolymers, between 110 and 130 ◦C, as visible during the first and second heating curves
(Figure 6a,b). Due to the complex formulation of coPAs, the melting peak is broad, especially for coPA3,
meaning that the crystal phases are not homogenous. Moreover, for all coPAs except coPA3, there is
clear evidence for the cold crystallization visible as an exothermic peak and it can be associated with
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the too slow crystallization process. After the addition of 7 wt % MWCNT, the melting peak is shifted
but only by a few degrees (2–6 ◦C) meaning that their application temperature (180 ◦C according to
Materials Safety Data Sheet) will remain unchanged. The nucleating role of MWCNTs is also confirmed
by the cooling curves presented in Figure 6c. Interestingly, pure coPAs do not possess any thermal
processes. However, for 7 wt % MWCNT masterbatches, broad peaks appear at the maximum of
around 85 ◦C for MBcoPA1, MBcoPA1 and MBcoPA3 and with a sharper peak for MBcoPA4 with the
maximum at 92 ◦C. The sharper the peak, the more perfect crystals are formed which come from one
type of polyamide segment [61]. In comparison to typical homopolymers in which the crystallization is
more clear due to their homogenous structure, in HMAs, the crystallization process may be disturbed
by the presence of various components [59–61]. The formation of the new crystal phase can be noticed
by the changes in the enthalpy of melting, ΔHm. There is the same decreasing in the enthalpy of
melting determined at the first and second heating after the incorporation of 7 wt % MWCNT. At the
first heating, the most for the MBcoPA1 was about 31.8 J/g, then for coPA1 about 14.7 J/g and for coPA2
and coPA4, it was 10.4 J/g and 8 J/g, respectively. During the second heating, these differences were
smaller, with only a few J/g except for MBcoPA2 where the ΔHm decreased by about 21.4 J/g.

 

Figure 5. The example TGA curve for the neat coPA2 and its masterbatch containing 7 wt % MWCNT.

Table 4. Summary of the thermal analysis results. “—” means a lack of peak on the curve.

Material
TGA

DSC

First Heating Second Heating Cooling
Tc (◦C)T2% (◦C) T5% (◦C) Td (◦C) Tg (◦C) Tm (◦C) ΔHm (J/g) Tm (◦C) ΔHm (J/g)

coPA1 188 339 455 46.1 130 64.1 128 31.8 —
MBcoPA1 291 379 461 50.1 133 32.3 133 29.0 92.7

coPA2 184 337 455 70.6 121 51.9 124 40.4 —
MBcoPA2 272 376 464 85.5 124 37.2 126 19.0 86.4

coPA3 171 271 443 52.8 111 25.1 110 16.8 —
MBcoPA3 178 294 457 70.5 116 14.7 116 15.3 84.8

coPA4 196 346 447 72.5 120 31.4 121 25.9 —
MBcoPA4 201 361 464 72.7 122 23.4 122 25.8 87.1
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Δ
Δ

Figure 6. (a) First heating curves; (b) second heating curves; and (c) cooling curves for the unfilled
coPAs and their masterbatches containing 7 wt % MWCNT.

In order to see the differences in the adhesion properties of the pure coPAs and their masterbatches
with 7 wt % MWCNT, the analysis of the contact angle and surface energy was performed. According
to the results collected in Table 5, among all the studied coPAs, coPA3 had a significantly higher contact
angle and lower surface energy than the other coPAs. The differences in the wettability of the selected
coPAs were related to their specific compositions; especially the type and content of the tackifier [62].
Because CNTs change the surface properties of the polymers, the wettability of the nanocomposites
will be not the same as of the pure coPAs. As shown in Table 4, the inclusion of 7 wt % MWCNT
resulted in the greatest decrease in the contact angle for MBcoPA2 by about 31◦, followed by a decrease
of 19◦ for MBcoPA3 and the lowest for MBcoPA1 by about 7◦. The calculated surface energy for these
masterbatches increased in the same order as an effect of the modification of the surface by the addition
of MWCNTs. Yang at al. also reported an improvement of the hydrophilicity of the gutta-percha
nanocomposites at 2 wt % MWCNT content [63]. It should be noted that the values of the contact angle
in coPA1 and coPA2 as well as their masterbatches indicate the hydrophilic character of their surfaces,
resulting in good adhesion and wettability. For coPA3, the contact angle was 99◦, which means that
this coPA was more hydrophobic, but in the presence of MWCNTs, the surface became hydrophilic
since the contact angle decreased to 80◦. This was the opposite to coPA4, in which the unfilled polymer
was more hydrophilic but the addition of MWCNTs promoted the hydrophobic surface properties
(contact angle >90◦) associated with the poor adhesion and wettability.

Table 5. Variation in the contact angle and surface energy for the pure coPAs and their masterbatches.

Material Average Contact Angle (◦) Average Surface Energy (mN/m)

coPA1 85 ± 1.5 34.02 ± 0.005
MBcoPA1 78 ± 0.6 36.61 ± 0.004

coPA2 83 ± 5.0 33.44 ± 0.002
MBcoPA2 52 ± 3.0 52.81 ± 0.004

coPA3 99 ± 4.2 23.72 ± 0.005
MBcoPA3 80 ± 3.5 35.45 ± 0.006

coPA4 88 ± 3.1 30.43 ± 0.003
MBcoPA4 96 ± 0.6 25.92 ± 0.004
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4. Conclusions

The present paper describes a new group of electrically conducive adhesives fabricated by the
melt-blending of thermoplastic hot melt adhesives based on coPAs and 7 wt % MWCNT. The selected
coPAs have low, medium and high viscosity which together with the loss and storage modulus was
increased by about 3–6 orders of magnitude as an effect of the strong interactions occurring between
coPA macromolecules and MWCNTs. It was confirmed that viscosity has no effect the on the dispersion
and distribution of MWCNTs in the polymer matrix. From microscopic images, the area ratio of the
agglomerates calculated by ImageJ was the lowest for coPA3 having MVR = 350 (AA = 4.18%) and
the highest for coPA2 (AA = 11.8%) and coPA4 (AA = 11.6%) having MVR = 600 and 150, respectively.
The correlation of the determined number of agglomerates with the measured electrical conductivity
of the coPAs + 7 wt % MWCNT clearly presented an increase in the electrical conductivity value
when AA decreased. Therefore, the highest DC electrical conductivity was achieved for coPA3 +
7 wt % MWCNT; σ = 0.67 S/m and the lowest for coPA2 + 7 wt % MWCNT σ = 0.0076 S/m. These
results are consistent with the AC electrical conductivity analyzed by dielectric spectroscopy which
also showed an increase in the dielectric permittivity in the presence of MWCNTs. The addition of
7 wt % MWCNT to coPAs shifted the decomposition temperature towards higher values, especially for
coPA1 and coPA2, to about 103 ◦C and 88 ◦C, respectively. However, the thermal stability increased by
only a few degrees since high MWCNT content is not as effective as a low concentration. Similarly,
the melting points of coPAs + 7 wt % MWCNT increased by a few degrees (2–6 ◦C) which, together
with the changes in the enthalpy of melting, indicates the nucleation effect of MWCNTs. The adhesion
properties analyzed by the measurement of the contact angle and the surface energy indicated that
depending on the type of coPA used and its composition, they are more hydrophobic or hydrophilic.
The addition of MWCNTs modifies the surface of the nanocomposites visible by the enhancement
of hydrophobicity or hydrophilicity of the coPAs. Thermoplastic hot melt copolyamides containing
MWCNTs are the example of the ECAs which can be used to join the composite structures together to
provide the conductive interlayer required for lightning strike protection.
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Abstract: This paper investigates the effect of multiwalled carbon nanotubes on the mechanical and
electrical properties of epoxy resins and epoxy composites. The research concerns multiwalled carbon
nanotubes obtained by catalytic chemical vapor deposition, subjected to purification processes and
covalent functionalization by depositing functional groups on their surfaces. The study included
the analysis of the change in DC resistivity, tensile strength, strain, and Young’s modulus with
the addition of carbon nanotubes in the range of 0 to 2.5 wt.%. The effect of agents intended to
increase the affinity of the nanomaterial to the polymer on the aforementioned properties was also
investigated. The addition of functionalized multiwalled carbon nanotubes allowed us to obtain
electrically conductive materials. For all materials, the percolation threshold was obtained with 1%
addition of multiwalled carbon nanotubes, and filling the polymer with a higher content of carbon
nanotubes increased its conductivity. The use of carbon nanotubes as polymer reinforcement allows
higher values of tensile strength and a higher strain percentage to be achieved. In contrast, Young’s
modulus values did not increase significantly, and higher nanofiller percentages resulted in a drastic
decrease in the values of the abovementioned properties.

Keywords: polymer composites; multiwall carbon nanotubes; electrical properties; mechanical
properties; functionalization; epoxy

1. Introduction

Polymer nanocomposites are materials that consist of two or more phases (continuous
and discontinuous) with a distinct interaction surface, of which at least one component has
at least one dimension that is nanometric in scale. In contrast to conventional polymer com-
posites based on micron-scale modifiers, the introduction of nanomaterials into polymers
allows for small filler distances, so that composite properties can be modified to a large
extent even at very low additive contents [1,2]. The nanofillers used can be divided ac-
cording to their chemical properties (inorganic and organic), physical structure (crystalline,
amorphous, and gas inclusions), and particle shape (three-, two- and one-dimensional).
Depending on the type of polymer and nanofiller, polymer nanocomposites have appli-
cations as structural, functional, and coating materials [3]. The key aspect related to the
effective use of nanomaterials in polymeric materials is their homogeneous dispersion in
the matrix while maintaining strong interaction and adhesion between the polymer chain
and nanofiller. The size of the contact surface of the discontinuous phase (filler), as well as
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the nature of the interactions between the continuous and discontinuous phases, plays a
vital role [4,5].

Carbon nanotubes are one-dimensional materials characterized by a high length-to-
diameter ratio that can be as high as 1000. They are made of rolled single sheets of graphite,
referred to as graphene layers, that are a single layer of graphite-structured carbon atoms
forming six-membered rings of carbon atoms with sp2 hybridization [6–8]. Their unique
structure also gives unique properties, e.g., good mechanical and electrical properties, and
taking into account other properties, such as low density, high expansion coefficient, or
large specific surface area, they might be considered interesting reinforcing materials for
composite materials [4,7].

An improvement in the mechanical and electrical properties is obtained when the
length-to-diameter ratio of the filler increases, and when its transverse dimension decreases.
In this case, the specific surface area of the filler increases, and thus, the interaction between
the matrix and its particles increases [3]. Adhesion between the nanofiller and the polymer
can be improved by functionalization of carbon nanotubes [9,10]. In the case of carbon
nanotubes, the most common methods for the surface modification are physicochemical
methods, which include covalent and noncovalent interactions [11].

Grafting of carboxyl groups, fluorinated nanotubes and nanotubes functionalized
with isocyanates, amino groups, or biomolecules is often used to improve interactions and
mechanical properties [6]. A number of review papers presenting the current knowledge
on the mechanical properties of polymers with carbon nanotubes have been written [5,12].
The effect of the addition of carbon nanotubes on the mechanical properties has been
discussed in detail in the work of Coleman et al. [13], who analyzed the influence of the
composite processing method on the strength parameters of the composites obtained, while
the work of Domun et al. [11] focused on the issue of improving the fracture toughness
and strength of epoxy resin using nanomaterials, particularly carbon nanotubes.

Gojny [14] carried out an extensive comparative study that involved the changes in
mechanical properties through the use of single-, double-, and multiwalled carbon nan-
otubes modified with amino groups, and examined the effect of adding carbon nanotubes
to an epoxy resin. The use of double-walled carbon nanotubes with amino groups resulted
in an improvement in tensile strength by 10% and Young’s modulus by 15%. On the other
hand, Spitalsky’s research [15] proved that the method of dispersing 0.5% by weight of
multiwalled carbon nanotubes in a solvent improved the tensile strength by 62% with
an improvement in Young’s modulus by 54%. The effect of increasing the strength of
epoxy composites has also been attempted using oxidized carbon nanotubes. In the work
of Gou et al., a 40% increase in tensile strength and a 10% decrease in Young’s modulus
values were reported using 4 wt.% carbon nanotubes introduced into the matrix using the
stir method [16]. An opposite effect was obtained by Breton [17]—at 6% addition, a 32%
increase in Young’s modulus and a 25% decrease in tensile strength were obtained.

The potential of carbon nanotubes is also often used in studies of the electrical prop-
erties of polymer nanocomposites. Carbon nanotubes, due to their specific structure and
excellent electrical conductivity, make it possible to obtain a significant improvement in
the electrical conductivity of polymers at a very low-weight fraction. A careful analysis
of the literature indicates a large variation in the values of the electrical properties, as
the electrical conductivity and the percolation threshold are highly dependent on many
factors, including the type of polymer, the method of nanocomposite synthesis, the length-
to-diameter ratio of the carbon nanotube, the degree of dispersion, or the functionalization
of the additive [5,18]. Figure 1 presents conductivity ranges of conducting polymers and
also conductive materials.
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Figure 1. Conductivity range of conducting polymers and conductive materials based on [19].

Establishing epoxy composites as the focal point of their study, Sandler et al. presented
an improvement in electrical conductivity with 0.0025% unmodified carbon nanotubes with
a length-to-diameter ratio of 340 added by hot shearing [20]. On the other hand, in the work
of Kovacs [21], the percolation threshold was reached at 0.011% and 0.08% of unmodified
carbon nanotubes using slow and fast shear mixing, respectively, proving that a slower
mixing speed significantly increased the conductivity at the same length-to-diameter ratio
of carbon nanotubes.

On the other hand, carbon nanotube dispersions prepared by sonication and mixing
in epoxy resin resulted in obtaining carbon nanotubes with a low length-to-diameter ratio,
resulting in conductivity thresholds at 5% carbon nanotubes [22]. On the other hand,
chemical functionalization of the carbon nanotube surface with amino groups allows the
percolation characteristics to be maintained; however, a lower conductivity was observed
than that of the chemically untreated carbon nanotubes, obtaining a percolation threshold
of 0.25% [23].

In view of the small amount of available literature regarding the effect of multiwalled
carbon nanotubes modified with amine groups on the electrical and mechanical properties
of thermoset polymers, as well as the many discrepancies in the currently reported results,
we present research on the influence of amino-modified carbon nanotubes on the mentioned
properties. Additionally, this paper presents the effect of nanoadditives obtained by the
developed synthesis method on two pure epoxy resins and resins with additives used in
industry, ensuring improved processing.

In this work, we present the structure, mechanical, and electrical properties of epoxy
composites modified with multiwalled carbon nanotubes. Multiwalled carbon nanotubes
were obtained by catalytic chemical vapor deposition, subjected to purification processes
and covalent functionalization by depositing functional groups on their surfaces. The study
included the analysis of the change in DC resistivity, tensile strength, strain, and Young’s
modulus with the addition of carbon nanotubes in the range of 0 to 2.5 wt.%. The effect
of agents causing an increase in the affinity of the nanomaterial to the polymer on the
abovementioned properties was also investigated.

2. Materials and Methods

2.1. Functionalization of Carbon Nanotubes

Nanocyl NC7000 multiwalled carbon nanotubes were used as the filler for the polymer
matrix. Carbon nanotubes were prepared using the catalytic chemical vapor deposition
(CCVD) method.

The carbon nanotubes were subjected to purification from impurities in the form
of amorphous carbon, soot, and residues of catalysts used in their production process.
Purification was carried out using the wet method with a mixture of oxidizing acids, i.e.,
concentrated nitric acid (V) and concentrated sulfuric acid (VI) in a mass ratio of 3:1. For
this purpose, the multiwalled carbon nanotubes were placed in a round-bottom flask and
filled with a mixture of acids. The entire mixture was subjected to ultrasonic shaking for
60 min to break up the agglomerates. After shaking the mixture using ultrasound, the
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nanotubes were quenched in a round-bottom flask under a reflux condenser for a period of
16 h at the boiling point of the oxidizing acid mixture.

Then, the mixture of multiwalled carbon nanotubes in oxidizing acids was filtered
on filter paper under reduced pressure and rinsed with distilled water to remove residual
acids until the pH value of the filtrate was 6.0. After neutralization of the acid reaction,
the carbon nanotubes located on the filter paper were collected and further dispersed in
isopropyl alcohol, and the mixture was filtered again. In the final stage, the rinsed carbon
nanotubes were dried in a chamber dryer at 50–70 ◦C for 6 h.

The dried multiwalled carbon nanotubes were mixed with ammonia using a high-
efficiency paddle mixer. The entire mixture was then subjected to shaking for 60 min to
break up the agglomerate using ultrasound. After ultrasonic shaking, the mixture was left
for approximately 24 h. Later, the mixture was filtered again through filter paper, and the
collected carbon nanotubes were rinsed several times with demineralized water followed
by isopropyl alcohol or ethanol. The resulting precipitate from the filter was collected and
placed in an oven for approximately 6–8 h at 60 ◦C. The dried precipitate was subjected to
crushing and grinding.

2.2. Preparation of Nanocomposites Based on Epoxy Resins with Carbon Nanotubes

The polymer nanocomposite was obtained using a low viscosity epoxy resin prepared
from a mixture of 2,2-bis[4-(2,3-epoxypropoxy)phenyl]propane and 2,3-epoxypropyl o-tolyl
ether (Epidian 601, CIECH Sarzyna S.A., Nowa Sarzyna, Poland). The second formulation
was based on a mixture obtained from bisphenol AF, epichlorohydrin, and alkyl glycidyl
ether (Epidian 652, CIECH Sarzyna S.A., Nowa Sarzyna, Poland). Both resins, hereafter
designated 601 and 652, respectively, were crosslinked with isophorone diamine with
salicylic acid in benzyl alcohol at a ratio of 1:2 relative to resin 601 (or 652). To obtain better
dispersion, compounds improving wettability based on polyamide salts and (trimethoxysi-
lyl)propylamine dispersed in a mixture of 2-butoxyethanol and methanol were used. The
aforementioned substances were added to mixture 601 or 652 at a described amount of
1.0–3.0 wt.% relative to the total weight of the composite to improve the deaeration of the
mixture. A mixture of polydimethylsiloxanes, cyclosiloxanes, and silica was used as an
antifoaming agent. Composites containing additives to improve processability and the
degree of dispersing the nanoadditive were designated 652* and 601*.

Using a high-speed nonaerating mixer, the previously mentioned substances were
mixed, and multiwalled carbon nanotubes were added at an amount of 0.5 to 2.5 wt.%
relative to the total weight of the composite while continuously mixing. Then, after the
addition of the hardener, the mixture was mixed for approximately 1–2 min. Afterwards,
the mixture was transferred to a vacuum mixer with a helical blade and mixed for another
5 min at maximum speed while thermostating the tank with room temperature water and
a vacuum of 0.1 bar. Once all the components of the composite were thoroughly mixed,
the material was poured into a mold where crosslinking was carried out. Once the gel
point was reached, the molds were transferred to a chamber dryer where crosslinking of
the composite was continued at elevated temperature for 8 h.

2.3. Structural Analysis of Carbon Nanotubes

Structural analyses were conducted using a JEOL scanning electron microscope (SEM)
(model JSM-7800F, JEOL Ltd., Tokyo, Japan). The JEOL JSM-7800F microscope is a high-
resolution scanning electron microscope equipped with four detectors: upper electron
detector (UED), lower electron detector (LED), backscatter electron detector (BED), and
transmission electron detector (TED).

A small amount of the analyzed carbon nanotubes was dispersed in isopropyl alcohol,
then the suspension prepared using this method was spotted onto a so-called grid and left
under clean conditions to dry. After complete drying, the grid was placed in a holder in
the chamber of the microscope. The analysis was performed using the TED detector.
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2.4. Conductivity Measurements

Material samples were prepared by casting in a cylinder mold. After release, the faces
of the samples were ground using fixed sandpaper and a bench drill spindle as a drive.
The samples prepared in this way were covered on both sides (parallel surfaces—cylinder
bases) with conductive varnish based on silver additive (Electon 40AC, manufactured by
Amepox company). To dry and harden the coating, the samples were left at a temperature
of 25 degrees for 24 h. After this time, the quality of the surface conductivity was checked
by applying the leads of the multimeter at the maximum distance from each other to one of
the painted surfaces. The measured values did not exceed 1 Ohm. The prepared samples
were placed in the developed measuring holder. It consisted of flat jaws pressed by a
spring to the samples. The contacting surfaces were covered by a conductor in the form
of copper sheets connected with electrical leads. As a result, a repeatable jaw pressure of
approximately 24.5 N was obtained.

The prepared samples were geometrically measured using a mechanical caliper with
accuracy to 2 decimal places, which gave a basis for the cross-sectional area and length
calculation. A Keysight 34461A Digital Multimeter was used to measure sample resistance.
The instrument’s 1 h warm-up procedure and 4-wire configuration were applied to compen-
sate for interferences and the influence of the series resistance of the measurement circuit.

2.5. Measurements of Mechanical Properties

Determination of the static tensile properties was conducted according to PN-EN ISO
527:1998 Plastics: Determination of tensile properties [24]. According to the requirements
of the standard, the test sample (molding) subjected to the test is flat and has the shape of a
paddle as shown in Figure 2. The dimensions of the sample are assumed to be as follows:
thickness of 4.0 ± 0.2 mm, measured section width of 10 ± 0.2 mm, and total length over
150 mm. Table 1 shows all the dimensions of the sample used in the study, and Figure 3
shows photographs of the prepared molding.

Figure 2. Dimensions of molding.

Table 1. Dimensions of molding for tensile property testing according to the EN-ISO 527-1 standard.

Dimensions of Molding Type B1

L3—total length 150 mm
L1—length of the designated section 40 mm
R—radius 60 mm
L2—distance between parallel sections 106 mm
B2—width at ends 20 mm
B1—width at narrow section 10 mm
H—recommended thickness 4 mm
L0—measured length 50 mm
L—initial distance between handles 115 mm
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Figure 3. Photographs of moldings for tensile property testing.

The tensile property test was carried out using a high precision Shimadzu AG-X Plus
10 kN testing machine equipped with a 10 kN class 1 1/500 load cell with an initial force of
50 N and a crosshead speed of 10 mm/min (Shimadzu Corporation, Tokyo, Japan).

3. Results and Discussion

3.1. Characterizations of Functionalized CNTs

Figure 3 shows images of functionalized multiwalled carbon nanotubes.
Functionalization of multiwalled carbon nanotubes according to the described pro-

cedure allowed the formation of covalent bonds between the functional group and the
sidewalls forming the nanotube cylinder [11]. The use of nanotube purification in mixed
oxidizing acids resulted in many defect sites on the walls of carbon nanotubes. Defects
induced by contact of a strong oxidizing compound with the nanotube are usually stabi-
lized by bonds with carboxyl and/or hydroxyl functional groups, and their presence gives
rise to further chemical reactions, including alkylation or arylation, silanization, thiolation,
esterification, amidation, and grafting of polymers or biomolecules [1,5].

3.2. Measurements of Mechanical Properties

The study includes the analysis of tensile strength, strain, and Young’s modulus. The
lack of results for composites based on 601 resin containing 2.5 wt.% carbon nanotubes
is due to the lack of composite samples. The lack of sample is caused by the significant
increase in dynamic viscosity of resins in the uncrosslinked state, and the inability to pour
the material into a mold. Figures 4–6 show the summary of the results obtained.

   

Figure 4. Transmission electron microscopy images of multiwalled carbon nanotubes with deposited
amino groups: (a) 130,000 times magnification, (b) 190,000 times magnification, and (c) 200,000 times
magnification.
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Figure 5. Chart presenting the relationship between the tensile strength of composites with different contents of multiwalled
carbon nanotubes (MWCNTs).

Figure 6. Chart presenting the relationship between the strain and type of composite with various contents of multiwalled
carbon nanotubes (MWCNTs).

The analysis of the obtained results indicates that the addition of multiwalled carbon
nanotubes in the epoxy composite improves the tensile strength. An increase in tensile
strength was observed in composite 652, and the highest values were observed in the
sample containing 1 wt.% of carbon nanotubes, which improved the parameter by 26%
compared to the reference sample. A higher percentage of filler did not further improve the
results obtained; in contrast, a gradual decrease in strength was observed, while 2.5 wt.%
of nanotubes did not result in a worse result than the unfilled polymer. An improvement
in the properties of polymeric materials can be achieved by filling the material, but after
exceeding a certain limit, deterioration of the analyzed parameters is often observed.
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Concerning composite 652*, one might note that it has a lower tensile strength than
composite 652, and the highest result was obtained when the composite contained 1 wt.%
multiwalled nanotubes. The higher proportion of nanofiller resulted in a deterioration of
strength, obtaining worse results than the reference sample, which may indicate a high
degree of agglomeration of carbon nanotubes.

The use of carbon nanotubes in composite 601 also resulted in the strengthening of
the polymeric matrix, and this trend was observed until reaching the maximum strength at
1.5 wt.% filling of the polymeric matrix. Comparable results were obtained for composite
601*, where the addition of substances improving the wettability of the nanoadditive
surface ensured better strength parameters.

Figure 5 shows the relationship between the strain and the type of composites with
various contents of multiwalled carbon nanotubes (MWCNTs).

The analysis of the above chart shows that, with increasing filler content, the percent-
age strain of the material increases, reaching an extreme value when the characteristic
amount of the additive is used. For composites 652 and 652*, the extremes are reached at
2.0 wt.% and 1.5 wt.% carbon nanotube proportions, respectively, while for composites 601
and 601*, the highest strain values are obtained at the 2 wt.% matrix fill. The use of wetting
agents and antifoaming agents based on silicone compounds influenced the increase in
strain, which was caused by the higher mobility of polymer chains, which is particularly
evident in the results obtained for composites that do not contain nanomaterials. Figure 6
shows the relationship between Young’s modulus and the type of composites with various
contents of multiwalled carbon nanotubes (MWCNTs).

The application of multiwalled carbon nanotubes as polymer fillers in epoxy compos-
ites alters the Young’s modulus. Deterioration was observed in composites 652 and 652*
after the addition of 0.5 wt.% multiwalled nanotubes, although properties similar to, or
slightly better than, those of the reference sample were obtained at higher proportions of
the nanoadditive. The highest Young’s modulus values were obtained for composite 652
containing 1.5 wt.% carbon nanotubes, while for composite 652*, 1 wt.% carbon nanotubes
allowed higher Young’s modulus values to be obtained. Higher contents led to a deterio-
ration of this property. Composites containing modifying additives generally caused the
value of Young’s modulus to decrease.

Concerning epoxy 601, when the material was filled with carbon nanotubes up to
1.0 wt.%, no significant change in Young’s modulus was observed. A higher content of
nanostructures in the composite caused Young’s modulus values to decrease. A comparable
result was observed for epoxy composite 601*, noting that the decrease was observed only
when the composite contained 2% carbon nanotubes.

In the case of composite 601, a 20% increase in tensile strength and a 1.3% increase in
Young’s modulus value were observed with the addition of 0.5 wt.% carbon nanotubes.
To a certain concentration limit, a higher proportion of carbon nanotubes resulted in an
increase in tensile strength with a gradual deterioration of Young’s modulus. Comparable
correlations were observed for composite 601*.

When measuring composite 652, it was established that, due to the use of 1.5%
carbon nanotubes, there was a 26.3% increase in tensile strength and a 1.6% increase
in Young’s modulus value. For composite 652*, a 1.0% addition enabled a 4% improvement
in mechanical properties, with a 4% increase in Young’s modulus value and a 5.6% increase
in tensile strength. Table 2 summarizes the results obtained in the studies described in
relation to those reported in previous literature reports.
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Table 2. Mechanical properties of pure epoxy and CNT/epoxy composites.

CNT Type

CNT
WeightFraction

Young’s Modulus Tensile Strength
Ref.

[%] [GPa] ΔE [%] [MPa] Δσ [%]

652 with no filler 0.0 3.28 - 40.64 -

Present work

MWCNT-NH2

0.5 2.64 −19.5 39.06 −3.9
1.0 3.33 1.6 51.31 26.3
1.5 3.37 2.6 49.24 21.2
2.0 2.99 −8.9 46.73 15.0
2.5 2.89 −11.9 42.67 5.0

652* with no filler 0.0 2.84 - 39.58 -

MWCNT-NH2

0.5 2.70 −4.7 39.12 −1.2
1.0 2.95 4.0 41.79 5.6
1.5 2.65 −6.5 39.61 0.1
2.0 2.55 −10.3 33.74 −14.8
2.5 2.64 −7.0 34.44 −13.0

601 with no filler 0.0 3.80 - 32.96 -

MWCNT-NH2

0.5 3.85 1.3 39.54 20.0
1.0 3.80 −0.1 40.71 23.5
1.5 3.27 −13.8 45.73 38.8
2.0 3.40 −20.8 45.59 38.8
2.5 - - - 38.3

601* with no filler 0.0 3.64 42.07 -

MWCNT-NH2

0.5 3.51 −3.6 44.74 6.3
1.0 3.50 −3.8 50.13 19.1
1.5 3.48 −4.4 52.73 25.3
2.0 - - 51.67 22.8
2.5 - - - -

Epoxy with no filler 0.0 1.48 - 46.46

[25]
MWCNT

0.5 1.68 13.5 50.25 8.2
1.0 1.87 26.4 58.65 26.2
3.0 1.69 14.2 54.48 17.3

Epoxy with no filler 0.0 2.60 - 63.80

[14]
MWCNT

0.1 2.78 6.9 62.97 −1.3
0.3 2.77 6.5 63.17 −1.0
0.5 2.61 0.4 61.52 −3.6

Epoxy with no filler 0.0 2.60 63.80

[14]
MWCNT-NH2

0.1 2.88 10.8 64.67 1.4
0.3 2.81 8.1 63.64 −0.3
0.5 2.82 8.5 64.27 0.7

Epoxy with no filler 0.0 1.21 - 26.00 -

[26]
Untreated CNTs 1.0 1.38 14.0 42.00 61.5

Acid treated CNTs 1.0 1.22 0.8 44.00 69.2
Amine treated CNTs 1.0 1.23 1.7 47.00 80.8
Plasma treated CNTs 1.0 1.61 33.1 58.00 123.1

Epoxy with no filler 0.0 1.18 - 52.00 -

[27]
MWCNT 2.0 1.18 0.0 46.00 −11.5

MWCNT-PVA 2.0 1.35 14.4 55.00 5.8
MWCNT-AEO9 2.0 1.39 17.8 62.00 19.2
MWCNT-AEO7 2.0 1.34 13.6 58.00 11.5
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The obtained results are consistent with the currently available scientific literature
data on the use of carbon nanotubes as reinforcement in epoxy composites [14,25–28]. The
results confirm that the addition of multiwalled carbon nanotubes can improve mechanical
properties, including tensile strength and Young’s modulus, while increasing the plasticity
of the composite under loading [5]. Such dependence is observed up to a certain limit value,
and then a gradual or rapid deterioration of the mentioned parameters is observed [29].
In the present work, a significant improvement in tensile strength and a several percent
improvement in Young’s modulus were obtained. The obtained results are slightly better
than those reported by Gojny et al. [14] with the addition of 0.5 wt.%. MWCNTs (tests
were carried out only with carbon nanotube contents of 0.1%, 0.3%, and 0.5%). In most
of the literature, the addition of carbon nanotubes has a greater effect on the change in
Young’s modulus than the change in tensile strength [11], and parameters obtained through
the use of aminofunctionalized multiwalled carbon nanotubes did not give better results
than those of previously reported pristine multiwall modified carbon nanotubes used as a
reinforcing additive [30].

The increase in tensile strength of polymer composites with 1D nanoadditives results
from the transfer of loads occurring in the material to the reinforcing phase. Considering
carbon nanotubes, this effect is caused by a large surface area and covalent bond formation
between polymer chains. The reinforcement effect can be achieved by arranging polymer
chains along the carbon nanotubes in the axial direction. This method of arranging the filler
may be achieved by the presence of amine groups on the carbon nanotube surface, which
leads to a reduction in the average length of the polymer chain, as well as an improvement
in the cross-linking of polymer chains. As a result, an increase in tensile strength and
longitudinal tensile modulus can be achieved.

The analysis of the obtained results shows that no significant changes in the Young’s
modulus are observed. In the case of the tested composites, the condensation polymeriza-
tion process was carried out until a specific viscosity of resin was achieved. At the same
time, the shortening of the carbon nanotube structure caused by chemical functionalization
reduced the interface between the polymer matrix and the dispersed phase, which resulted
in no improvement or even deterioration of the elastic modulus.

3.3. Results of Direct Current Resistivity Measurements

The resistivity is measured using an indirect method by measuring the vertical resis-
tivity, taking into account the surface area and thickness of the sample. In this study, the
resistivity of cylindrical samples with dimensions of approximately 10 mm in height and
approximately 12 mm in base diameter was measured. The measurements of the resistivity
of the samples were recalculated based on their exact dimensions, thus obtaining the resis-
tivity values, which are summarized in the chart below depending on the mass fraction of
carbon nanotubes in the finished composite. Two measurements were performed for each
sample, and the mean value is presented (Figure 7).
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Figure 7. Chart presenting the relationship between Young’s modulus and the type of composites with various contents of
multiwalled carbon nanotubes (MWCNTs).

The study indicates that the addition of multiwalled carbon nanotubes reduces the
resistivity of the material, thus improving its conductivity (Figure 8). For composites not
containing carbon nanotubes, no results were obtained as, due to their dielectric properties,
they were beyond the measurement range of the device. For all the epoxy composites tested,
resistivity results were recorded at a 1 wt.% content of multiwalled carbon nanotubes, with
1.5 percent nanoadditive causing a significant increase in electrical conductivity. The
addition of large amounts of carbon nanotubes to the polymer matrix results in further
improvement in conductivity, reaching a plateau.

 
Figure 8. Chart presenting the relationship between the resistivity and weight fraction of multiwalled carbon nanotubes for
the composites studied.

Comparative studies indicate that additives improving the processing and dispersion
of carbon nanotubes worsened the electrical conductivity in composites based on sample
652. The opposite effect was obtained for composite 601, therefore one might assume that
the selected components for this polymer matrix improved the degree of dispersion of
the carbon additive. The greatest effect was obtained by the additive in composite 601.
The measured resistivity is generally lower in composites based on 601, which may be
related to the higher ability to form crosslinks that allow charge flow. Table 3 summarizes
the results obtained in the studies, described in relation to those reported in previous
literature reports.
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Table 3. Electrical conductivity of the nanocomposites as a function of filler content in weight percent.

CNT Type
Content of CNTs

Processing Method

Electrical
Resistivity

Electrical
Conductivity

Ref.

[%] [Ω·m] [S/m]

652 with no filler 0.0

Vacuum stirred

- -

Present work

MWCNT-NH2

0.5 - -
1.0 4.60 × 103 2.18 × 10−4

1.5 1.70 × 102 5.88 × 10−3

2.0 7.35 × 101 1.36 × 10−2

2.5 9.43 × 100 1.06 × 10−1

652* with no filler 0.0

Vacuum stirred

- -

MWCNT-NH2

0.5 - -
1.0 6.11 × 103 1.64 × 10−4

1.5 3.28 × 102 3.05 × 10−3

2.0 9.23 × 101 1.08 × 10−2

2.5 1.62 × 101 6.18 × 10−2

601 with no filler 0.0

Vacuum stirred

- -

MWCNT-NH2

0.5 - -
1.0 6.78 × 103 1.47 × 10−4

1.5 4.37 × 102 2.29 × 10−3

2.0 1.33 × 102 7.52 × 10−3

2.5 - -

601* with no filler 0.0

Vacuum stirred

- -

MWCNT-NH2

0.5 - -
1.0 1.77 × 103 5.66 × 10−4

1.5 1.63 × 102 6.13 × 10−3

2.0 1.63 × 102 6.13 × 10−3

2.5 8.62 × 100 1.16 × 10−1

MWCNT 1.0 Stirred, heat
sheared (slowly) 2.50 × 100 4.00 × 10−1

[21]MWCNT 1.0 Stirred, heat
sheared (medium) 3.33 × 100 3.00 × 10−1

MWCNT 0.6 Stirred, heat
sheared (fast) 2.50 × 101 4.00 × 10−2

MWCNT 0.3 Calendered, stirred 1.00 × 102 1.00 × 10−2

[31]MWCNT
NH2-functionalized 0.4 Calendered, stirred 2.00 × 103 5.00 × 10−4

MWCNTs 0.5 Calendered, stirred 1.00 × 102 1.00 × 10−2

MWCNT 1.0 Sonicated 5.00 × 100 2.00 × 10−1
[28]

MWCNT 1.0 Stirred 5.00 × 101 2.00 × 10−2

MWCNTs 10.0 Solution mixing 3.33 × 102 3.00 × 10−3 [32]

SDS suspended
MWCNTs 0.5 Bulk mixing 4.00 × 106 2.50 × 10−7 [33]

MWCNTs 2.5 Solution mixing 7.69 × 101 1.30 × 10−2 [34]

MWCNTs 1.4 Solution mixing 2.00 × 100 5.00 × 10−1 [35]

Oxidized MWCNTs 1.0 Solution mixing 1.00 × 102 1.00 × 10−2 [36]

Pristine MWCNTs 1.0 Solution mixing 1.00 × 102 1.00 × 10−2 [37]

MWCNTs 5.0 Calendered, stirred 2.00 × 10−2 5.00 × 101 [38]

MWCNT 1.0 Heat sheared 5.00 × 10−1 2.00 × 100 [20]

MWCNT 0.5 Heat sheared 2.50 × 100 4.00 × 10−1 [39]

MWCNT 3.0 Stirred 2.00 × 10−1 5.00 × 100 [40]

MWCNT 10.0 Stirred 2.00 × 102 5.00 × 10−3 [32]

MWCNT 4.0 Stirred, hot pressed 2.00 × 10−1 5.00 × 100 [41]

MWCNT 2.0 Calendered,
vacuum stirred 3.33 × 101 3.00 × 10−2 [42]
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The obtained results are consistent with the currently available literature data on
the use of carbon nanotubes in epoxy composites [20,21,28,31–37], while for nanotubes
functionalized with amines, slightly worse results than those reported were obtained [23].
The surface functionalization of carbon nanotubes is crucial concerning the electrical con-
ductivity of polymer nanocomposites by facilitating the dispersion of the additive and
the formation of uniformly distributed conductive crosslinks, which ultimately lowers
the percolation threshold. However, it is worth noting that excessive modification in-
troducing many heterogeneous atoms on the surface causes electron flow disturbances,
thus degrading the electrical properties resulting from the addition of carbon nanotubes
alone [1]. The lower values of measured electrical conductivities are probably caused by
chemical treatment with strong oxidizing acids and the use of ultrasound, which shortens
the length of carbon nanostructures through their excessive degradation. Purification
and functionalization based on the use of strongly oxidizing acids, e.g., sulfuric acid or
nitric acid, can cause degradation of the structure and consequently, their shortening and
change in the length-to-diameter ratio. Both of these changes adversely affect the electrical
conductivity obtained [42].

The conclusions drawn are confirmed by the illustrative photos in Figure 4, where the
lengths of the nanotubes are smaller than the dimensions of the structures declared by the
manufacturer before the functionalization process. The reduction of the aspect ratio made
it necessary to use a higher mass fraction of carbon filler to obtain a conductive network
in the polymer matrix with dielectric properties. To obtain the same order of electrical
conductivity values as those obtained with 1 wt.% addition of carbon nanotubes in the
works of [21,28,32], it was necessary to use 2.5 wt.% carbon nanotubes functionalized with
amine groups.

4. Conclusions

This paper presents the effect of multiwalled carbon nanotubes containing amine
groups on their surfaces on the electrical and mechanical properties of epoxy composites.
The addition of carbon nanotubes allowed us to obtain an electrically conductive material,
in which nanotubes form a network for the charge flowing through the material. For all
materials, the percolation threshold was obtained with 1% addition of multiwalled carbon
nanotubes, and filling the polymer with a higher content of carbon nanotubes increased
its conductivity. Carbon nanotube purification in a mixture of oxidizing acids strongly
defected the nanotube structure. This allowed the formation of multiple bonds at the
defect sites, allowing the grafting of functional groups, thereby increasing the compatibility
with the polymer matrix and obtaining a better degree of dispersion. However, the defect
may have contributed to shortening the length of the carbon nanotubes, which resulted in
poorer percolation thresholds with respect to the literature data.

The use of carbon nanotubes as polymer reinforcement allows higher values of tensile
strength and a higher strain percentage to be achieved. In contrast, Young’s modulus
values did not increase significantly, and higher nanofiller percentages resulted in a drastic
decrease in the values of the abovementioned properties.

An increase in tensile strength was achieved when the weight fraction of nanotubes
did not exceed 1.5 wt.% for composite 652* and 2.0 wt.% for composites 652, 601, and
601*. The addition of larger amounts of carbon filler caused the deterioration of properties,
and the achieved effect is characteristic for polymer composites where nanomaterials of
linear and layered structures were added. This is due to the formation of aggregates
and agglomerates of carbon nanotubes, which may result in a significant increase in
viscosity of the uncross-linked resin, and thus hinder dispersion of the additive in the
polymer (macroscopic dispersion) and disentanglement of carbon nanotubes (nanoscopic
dispersion). The compounds proposed can be used to obtain a material with uniformly
dispersed carbon nanotubes.

Due to the difficulty in achieving a high degree of homogenization of carbon nanotubes
in an epoxy matrix, the strength parameters of the composites are often lower than expected.
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Abstract: In this work, silicone/carbon nanotube (CNT) composites were produced using a spread
coating process, followed by morphological investigations and determination of their electrical
properties and heating behaviour through the application of electric potential. Composites containing
varying amounts of CNT (1–7%) were investigated for their thermal behaviour with the use of an
IR camera. Subsequently, thermal behaviour and electrical properties were measured when the
samples were stretched (up to 20%). With the 7% CNT composites, which had a conductivity of
106 S/m, it was possible to achieve a temperature of 155 ◦C at a relatively low voltage of 23 V. For
high CNT contents, when the potential was controlled in such a way as to maintain the temperature
well below 100 ◦C, the temperature remained almost constant at all levels of strain investigated. At
higher potentials yielding temperatures around 100 ◦C and above, stretching had a drastic effect on
temperature. These results are critical for designing composites for dynamic applications requiring a
material whose properties remain stable under strain.

Keywords: CNT composites; silicone: Joule heating; conductive polymer composites; spread coating;
electrical heating

1. Introduction

As many fields of engineering focus on the development of materials that are func-
tional, lightweight, and flexible, conductive polymer composites (CPCs) have attracted
interest, as they possess these essential attributes [1]. CPCs are prepared by incorporating
electrically conductive particles, such as carbon nanotubes (CNTs), graphene, carbon black,
graphite, etc., into an insulating polymer matrix. The polymer matrix can be hard and in-
flexible, such as epoxy and polymethyl methacrylate (PMMA); tough, such as polyurethane
(PU) and polycarbonate; or stretchable, such as silicone, elastomers, and thermoplastic
polyurethane (TPU). CPCs have several applications, such as electromagnetic interference
(EMI) shielding, antistatic, thermoelectric materials, sensors, actuators, etc. [2,3].

In this paper, CNT-reinforced silicone rubber (SR) composites were investigated.
Silicone rubbers are some of the most important materials among inorganic synthetic
functional elastomers. They possess unique properties and advantages, such as chemical
resistance, thermal stability, low toxicity, and above all high elasticity [4,5]. Because of these
properties they are widely used in different sectors, such as for medical devices, implants,
sealants, electronics, lubricants, and membranes [6,7]. In practice, SR cannot be used on
its own because of its low mechanical properties (tensile strength and Young’s modulus)
as well as its low electrical conductivity and thermal stability [8]. Consequently, different
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fillers are incorporated into an SR matrix to improve its mechanical as well as its functional
properties [9,10].

In recent times, carbon allotropes have attracted scientists owing to their ability to im-
prove the thermal stability and electrical conductivity of polymer matrices [11,12]. Among
all electrically conductive carbon allotropes, the most preferred types are multiwalled
CNTs (MWCNTs) because of their low price, accessibility, and extraordinary properties
(such as their high tensile strength) [13], as well as their excellent thermal and electrical
conductivity [14,15]. Several polymer composites filled with CNTs, when investigated in
recent research, exhibited improved thermal and electrical conductivity. The mechanism of
the improvement in properties due to CNTs has been studied [16–18]. Unlike other fillers,
such as carbon black and graphite, even with a relatively low loading of CNTs into the SR
matrix, the mechanical, thermal, or electrical properties of the composites may be signifi-
cantly improved, making CNTs a promising candidate for a filler. The vastly improved
thermal stability of CNT-reinforced plastics has been ascertained in the literature [19,20]. In
studies utilising a large amount of CNT as filler, mechanical properties were improved with
little deterioration in the inherent properties (e.g., elasticity) of the polymer matrix. For
example, CNT/rubber composites show higher thermal stability than that of neat polymer
matrix and retain good mechanical properties with only a slight reduction in elongation at
break [21]. It has also been proven that the final properties of SR–CNT composites depend
not only on their CNT concentration but also on their size (outer diameter, inner diameter,
and length) [22]. Apart from mechanical and electrical properties, the electrical heating
characteristics of SR–CNT composites have also been investigated previously, but only
under static conditions [23–25]. As many applications demand stable performance even
when the material is stretched, the electrical heating behaviour needs to be analysed also
when strained, which has not been reported in earlier works. Hence, the main objective of
this work revolves around a comparison of the heating characteristics of several composites
under strain.

In this study, CNT/silicone rubber nanocomposites with improved heating behaviour
and electrical conductivity were fabricated. In addition to the measurement of static heating
characteristics, the effect of strain on heating behaviour as well as on electrical conductivity
was investigated.

2. Materials and Methods

2.1. Chemicals

Liquid silicone rubber (LSR), Elastosil LR 6250 F from Wacker Chemie AG (Munich,
Germany) with a viscosity of 100 Pa·s, shore A hardness of 36, tensile strength of 5 MPa
and elongation at break of 350%, was used along with a hydrogen-terminated polysiloxane
(Crosslinker W). Multiwalled CNT (MWCNT), NC7000 from NanocylTM from Belgium
(Sambreville), with an average diameter of 9.5 nm, a length of 1.5 μm and carbon purity
of 90%, served as conductive filler. Toluene (99.5% purity) from Roth, and silver powder
(99.5% purity) with a mean particle size of 5μm were also used. All the chemicals were
used as purchased without any further purification.

2.2. Preparation of Silicone/CNT Dispersion

A defined quantity of MWCNT was added to LSR in a container, and the mixture was
stirred with a spatula to ensure that the CNT powders were macroscopically mixed. Then,
the mixture was introduced into a 3-roll mill, EXAKT 120EH-250, as the rolls rotated. The
mixture was sheared through the rolls in 4 discrete passes with decreasing gaps between
the rolls. The roll gaps are presented in Table 1.

After the final pass, the dispersion was collected from the last roll in a container. This
final step played a dominant role in dispersing CNT in the silicone matrix.
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Table 1. Gap between the rolls set in the 3-roll mixing process.

Sequence 1st Gap (μm) 2nd Gap (μm)

1st pass 150 50
2nd pass 40 20
3rd pass 15 10
4th pass 5 5

2.3. Preparation of Composite Films

The as-prepared dispersion was mixed with 1% crosslinker in relation to the weight
of LSR and further diluted with toluene to ensure appropriate viscosity. This step was
performed in a 3-roll mill at a gap of 30 μm. The dispersion was then subjected to degassing
at a low pressure of 0.8 bar for 30 min.

Composite film was made from this degassed dispersion through a spread coating
process. In this process, a polymethyl pentene-coated transfer paper (Schöller, Weißenborn,
Germany) was stretched between two thin rubberised rollers in a frame supported by
springs. The dispersion was applied to the transfer paper in front of the doctor blade and
spread into a thin layer with the help of this blade. The space between the paper and the
blade was adjusted with the help of a feeler gauge. A wet film of a defined thickness was
formed and then dried at 70 ◦C for 2 min in an oven to remove remaining solvent. A second
coating was then made over the first in order to attain a final film of the desired thickness.
It was difficult to attain a film thickness between 150 and 200 μm with only a single coat, as
this hindered the escape of the air/vapour bubble from the wet film during the drying stage
and created a pinhole when the bubble popped during the curing stage. After the second
coat, the film was again dried at 70 ◦C for 2 min to remove the solvent. Subsequently, the
dried film was then cured at 180 ◦C for 6 min. After removing the composite film from the
transfer paper, the thickness was measured. Films with thickness between 150 and 200 μm
were prepared.

2.4. Application of Contacting Electrodes

In order to apply electrical power to the composite film, the film needed to be elec-
trically contacted by means of a highly conductive coating to ensure reduced power loss
at the point of contact. The highly conductive coating was realised using a highly filled
silicone dispersion based on silver microparticles. Silver microparticles were mixed with
silicone in the presence of a coupling agent. A small amount of toluene was added to aid
easy mixing and provide a paste like consistency so that it could be sieve-printed over
the composite films. A template made of Teflon (4 mm × 300 mm) was used for printing.
Approximately 3 g of the paste was spread out over the template by means of a small screen
printing squeegee. Two electrodes were printed on the composite surface at a distance of
5 cm. The printed films were subsequently dried at 100 ◦C for 2 min to remove the solvents
and then cured at 160 ◦C for 4 min.

2.5. Morphological Characterisation

Cross-sections of the samples were made with a sharp razor blade. The cross-sections
were then coated in a very thin layer (3 nm) of gold and observed using a scanning electron
microscope, Quanta 250 FEG (FEI, Dresden, Germany). A secondary electron detector
(SE2) was used for imaging at an operating voltage of 10 kV with a working distance of
approximately 10 mm.

2.6. Electrical Conductivity Measurements

Electrical conductivity was measured with Loresta equipment (Mitsubishi Chemical
Analytech Co., Ltd, Japan) using a 4-point method, where 4 electrodes were placed over
the composite film. A defined current was applied through the outer electrodes, and
voltage drop was measured by the inner electrodes. The conductivity was measured on
a composite film (mentioned in Section 2.3) approximately 30 cm × 30 cm in size, with a
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thickness of between 150 and 200 μm. The conductivity was measured after conditioning
the samples for 24 h at 23 ◦C and 50% relative humidity.

2.7. Heating Behaviour Measurements

The electrically contacted films were cut to a size of 10 cm × 10 cm in which the
contacted area was 5 cm × 10 cm. The sample was supported over a stretchable frame by
clamping it in rubberised rollers so that the sample did not rest over the table, and there
was an air gap in between to avoid conductive heat loss. Electrical power was supplied
through a multimeter, with the help of which voltages between 6 and 60 V were realised in
steps of 6 or 12 V. Simultaneously, the current flowing through the sample was measured
in the multimeter. The temperature distribution over the sample was measured using an IR
camera and IRIS plus software. The mean of the temperature distribution was then used
for further analysis.

2.8. Heating Behaviour Measurements While Stretching

The sample as mentioned in Section 2.7 was also used here. One of the rubberised
rollers could be moved, so that the sample stretched (Figure 1). As it was stretched, the
rubberised rollers could be clamped using a screw. In this manner, the samples were
stretched by 5%, 10%, 15% and 20% of their initial dimension. After stretching, the same
procedure was followed as mentioned in Section 2.6 to measure the heating behaviour
at every stage of stretching. After each stage of stretching, the sample was released and
allowed to relax for at least 2 h.

 

Figure 1. Sample mounted on a stretchable frame.

3. Results and Discussion

3.1. Morphology of Silicone Composites

The morphology of the silicone composites was investigated by SEM observation. In
Figure 2, it can be observed that the CNT aggregates were distributed homogeneously
throughout the samples, irrespective of the CNT concentration. This was analogous to the
observations of Chu et al. [23]. CNTs are purchased in large agglomerates. After 3-roll
milling in the presence of polymer, the agglomerates break down into small aggregates,
which are responsible for the formation of a conductive network. Figure 2 (top) shows
silicone composites with 1% CNT, a relatively low content of CNT as evidenced by the
lower quantity of white spots (CNT) on the cross-section. In the case of composites with 5%
CNT (bottom), the increase in the number of CNT aggregates is clearly visible. Although
the CNT loading was higher, no large agglomerates were observed. This indicated that the
CNTs interacted well with the polymer matrix.
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Figure 2. SEM images of silicone composites with 1% CNT (top) and 5% CNT (bottom).

3.2. Electrical Property of Silicone Composites

The electrical conductivities of the silicone composite films are presented below in
Figure 3.

The blue curve represents the electrical conductivity of the composites that were
supported by substrate, while the orange curve represents the electrical conductivity of
the composites that were delaminated from the substrate. As expected, the electrical con-
ductivity of the composites increased with CNT loading. As the CNTs were added to the
silicone matrix, at a loading of 1%, the CNT aggregates came into contact with each other,
forming a continuous conductive network, allowing electron flow throughout the sample.
It was not possible to measure the electrical conductivity of composites with CNT loading
of 0.1% and 0.5%, as the conductivity was very low, indicating that percolation occurred
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at approximately 1% CNT, which is also seen in other works [24,25]. As the CNT content
was further raised, the conductive network became denser and provided more pathways
for the electrons to flow, thereby leading to an increase in electrical conductivity. It was
also observed that while raising CNT content to 3% led to a substantial increase in electri-
cal conductivity, but when the CNT loading further rose to 5%, the upsurge in electrical
conductivity was not high. Upon further increase to 7%, conductivity increased by only a
marginal increment, yielding a conductivity of 106 S/m. Chu et al. also attained similar
values with silicone/MWCNT composites [26,27]. It was observed that the conductivity
of the composites did not remain the same after delamination. When the composite was
prepared on the substrate, the polymer molecules were in a stressed state. Upon delamina-
tion, the molecules tended to move towards an entropically favourable configuration, a
coiled state. As the polymer coiled, the CNT aggregates were pushed further from each
other, leading to a decrease in the contribution from CNT non-ohmic contacts (nanotubes
in the contact were separated by several polymer chains) in the conductive network. As
there was only a slight decrease in conductivity, it was inferred that there was no decrease
in contribution from ohmic contacts (direct contacts between the nanotubes) [28]. Such a
decrease in conductivity on delamination was observed at all concentrations but was more
evident at very low concentrations (<2%). Composites ideal for heating applications have
a conductivity greater than 10 S/m, limited by considerations concerning safety during
operation [29].

 

Figure 3. Electrical conductivity of silicone/CNT composites in relation to filler content.

Trends observed in electrical conductivity in relation to strain for silicone composites
with varying CNT contents are presented in Figure 4 at four different voltages. It was
initially thought that 1% CNT composite would lose its conductivity rapidly when stretched.
Contrary to the expectations, for 1% CNT composites, no relationship was observed
between conductivity and level of strain. There was no significant loss of density in the
conductive network until stretching reached 20%. A similar phenomenon was observed
for 3% CNT composites, with only a slight variation. Such behaviour could be due to a
greater length of CNT (1.5 μm), while composites with shorter CNTs (0.8 μm) lost their
conductivity even at low strains [30]. In the case of the 5% CNT composite, conductivity
remained almost constant up to a strain of 5% and then began decreasing considerably.
It can be inferred that the conductive network starts disintegrating from a strain of 10%.
A similar phenomenon was observed with the 7% CNT composite, wherein conductivity
remained constant up to a strain of 5%, and then decreased rapidly. The effect of voltage
on the conductivity of composites with lower CNT content was negligible, but at higher
CNT contents it was pronounced, especially at 7% CNT. Generally, at higher voltages,
more charge carriers are created, which should result in higher conductivity. However,
in lower CNT content composites, the number of CNT contacts was very low, acting
as a bottleneck for electron flow. Conversely, for composites with higher CNT contents
there were numerous CNT contacts; hence, the charge carriers were not interrupted and
contributed to the increase in conductivity.
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Figure 4. Effect of strain on the conductivity of silicone composites at different CNT concentrations
at 6 V (left) and 24 V (right).

3.3. Heating Behaviour

The heating behaviour is shown in Figure 5. As electrons flow through the CNT, heat
is developed as a consequence of the Joule effect.

 

Figure 5. Increase in temperature (left) and output power (right) with voltage at different
CNT concentrations.

Composites with a CNT content of between 1% and 7% were investigated. An example
of how the temperature was measured is shown in Figure 6. At 1% loading, the CNTs were
already percolated; hence, the composite experienced joule heating upon the application of
electrical potential. It was observed that at 1% CNT content, the temperature increase was
almost linear with the increase in voltage. The maximum temperature achievable for the
1% CNT composite, which had a conductivity of 3 S/m, was 55 ◦C at 60 V. There was a
marked difference in the heating behaviour for 3% CNT compared to 1% CNT. This was
due to almost an order of increase in conductivity (28 S/m) with respect to the 1% CNT
composite [31]. The 3% CNT composite reached a temperature of 150 ◦C at a relatively
low voltage (45 V). This temperature was approximately four times higher than that for
the 1% composite. It was also able to attain higher temperatures, but to avoid thermal
degradation of the composite, the maximum temperature was limited to below 160 ◦C.
Moreover, in contrast to the linear correspondence of temperature to voltage in the case
of the 1% composite, an exponential increase was observed. In the case of the 5% CNT
composite, the temperature rise was rapid and reached a temperature of 155 ◦C at a lower
voltage of 33 V. In the case of the 7% CNT composite, with an electrical conductivity of
106 S/m, a steep increase in temperature was observed, rising to 155 ◦C at a very low
voltage of 23 V.

 

Figure 6. IR images of silicone/5% CNT composite with 5 cm electrode distance at different potential.
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3.4. Heating Behaviour When Uniaxially Strained

The heating behaviour of silicone composites was investigated when the samples
were strained, as this relationship is relevant in most heating applications. The heating
behaviour of the 1% CNT composite was represented in two formats. The plots on the left
show the variations with voltage and the plots on the right with strain.

For each sample, the composite was stretched to four different strain levels (5%,
10%, 15%, and 20%) in a direction perpendicular to the electrodes. As the sample was
elongated, the connections between CNTs were reduced, and the conductive network
became loose, resulting in a fall-off in conductivity. In Figure 7, it can be observed that
the heating behaviour of the composite up to 24 V was almost constant at all the strain
levels. The same applies to the observations of Figure 4, which states that the conductivity
of the 1% CNT composite remained almost constant at all strain levels up to a potential of
24 V. Above 24 V, heating behaviour when strained up to 10% was almost the same, with
very slight differences at higher voltages. However, heating behaviour at 20% strain was
considerably lower than at other strain levels. While at 10% strain or less, there was little
change in heating behaviour, at 20% strain, there was a considerable difference, which can
be attributed to the fact that the CNTs had moved apart considerably and the number of
contacts were reduced, leading to fewer pathways for electron flow.

 

Figure 7. Increase in temperature with voltage (left) and with strain (right) at different CNT contents.

In comparison to the 1% CNT composite, the temperatures achievable at different
strains were much higher for the 3% CNT composite (Figure 7). This was primarily due to
the denser conductive network being affected by the higher CNT loading, thereby creating
more pathways for electrons to produce Joule heating [32]. As observed for the 1% CNT
composite, heating behaviour remained the same up to 24 V at all strain levels. However,

112



Materials 2021, 14, 4528

at higher potential, though higher temperatures were reached, when the composite was
strained to 10%, the temperature started to deteriorate; at 15% strain, there was further
decrease; and at 20% strain, there was a significant difference.

In comparison to the 3% CNT composite, higher temperatures were achieved at much
lower voltages for the 5% CNT composite at all strain levels (Figure 7). As observed for the
3% CNT composite, heating behaviour remained the same up to 12 V at all strain levels.
However, at 18 V, there was a slight decrease in temperatures at higher strains. At 24 V, the
temperature remained constant up to a strain of 5%; when strained to 10%, the temperature
started to deteriorate; at 15% strain, there was a further decrease; and at 20% strain, there
was a considerable difference. At 36 V, the temperature started to decrease immediately
from a strain of 5% and then decreased extensively at higher levels of strain.

In comparison to the 5% CNT composite, higher temperatures were achieved at
relatively low voltages for the 7% CNT composite at all strain levels (Figure 7). As observed
for the 3% CNT composite, the heating behaviour remained the same up to 12 V at all strain
levels. However, at 18 V the temperature was almost constant up to 10% strain, and then
there was slight decrease in temperature at higher strains. At higher voltages (24 and 30 V)
up to a level of 5% strain, the temperature was constant, and then it gradually decreased.

4. Conclusions

The delicate but efficient mixing method using a 3-roll mill yielded silicone/CNT
composites up to a loading of 7% CNT, with good filler dispersion even at such a high
content. Good dispersion quality was reflected in the electrical conductivity achieved, with
a conductivity of 106 S/m attained at 7% CNT content. Interestingly, composites with
lower filler content (1% and 3%) exhibited conductivity independent of strain level owing
to the lower density of the conductive network. On the contrary, composites with higher
filler content (5% and 7%) displayed strong strain-dependent conductivity, especially at
strain levels above 10%. Such behaviour can be attributed to the loosening of the denser
conductive network. The sharp rise in temperature for composites with higher CNT
content was by virtue of their higher conductivity, whereby a 7% CNT composite was able
to achieve a temperature of 155 ◦C at a lower voltage of 23 V. In the case of composites
containing lower CNT content (1% and 3%), only at very high voltages (from 36 V) did
strain level affect the rise in temperature. Conversely, for composites containing higher
CNT content (5% and 7%), the influence of strain level started at lower voltages (from 18 V).
Such behaviour can again be attributed to the density of the conductive network, in which
at lower filler contents, the change in conductive network structure is lesser than at higher
filler contents. For applications demanding very little temperature change, it is advisable
to select composites with lower CNT content, while for applications that demand lower
input voltage, composites with higher CNT content would be the wiser choice.
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