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Abstract

A method for dispersing multi-walled carbon nanotubes in a SpeciFix-20 two-component polymer (epoxy resin +
hardener) using joint hydromechanical and ultrasonic agitation was developed. New composite materials with carbon
nanotubes were produced. Studies on structural, optical (Raman spectra) and electrical characteristics, as well as processes
of passage of electromagnetic microwave radiation (26 — 38 GHz) through experimental composite samples were conducted.
It was shown that strong absorption properties of the composite materials are manifested only with substantial weight additives
of the multi-walled carbon nanotubes due to the electrical conductivity of the composites. The “size effect” of the additive type
on the optical characteristics of the obtained composite materials was found. To achieve comparable parameters of microwave
absorption coefficients, fewer amounts of carbon nanotubes with smaller diameter and larger specific surface area should be

introduced into the composites.
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Introduction

The first detailed description of the structure of
hollow carbon fibers was performed in 1991 by
S. Iijima in his work devoted to the synthesis of a new
allotropic carbon modification using the arc method
[1]. This discovery has attracted the attention
of specialists from around the world, and the topic of
studying the unique physical properties of carbon
nanotubes (CNTs) nowadays is one of the most
popular in the scientific world. The discovery and

synthesis of CNTs has stimulated intensive research on
determining the potential for their applications due to
their unique properties such as mechanical and
electrical ones [2, 3]. It is known that CNTs possess an
extremely high mechanical strength (the Young's
modulus of 2 TPa) and elasticity, high thermal
conductivity (2000 W/mK), high electric strength,
ability to pass current of up to 10'°A/cm?, and high
electron mobility. CNTs may act as semiconductors or
metals, depending on their diameter and structural
chirality. These features are of significant scientific
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interest and can be used as a basis for effective
application of nanotubes in various fields of science
and technology.

However, it is difficult to work with single CNTs
due to their small sizes and strong interaction with
electric and magnetic fields. These issues may be
overcome by creating CNTs-based macroscopic
materials. Therefore, the topic of novel composite
materials containing carbon nanomaterials within
a matrix thereof is currently under intensive
development. In recent years, studies have been widely
conducted in this field; they involve various composite
materials and, especially, polymers with the addition
of 1 — 10 wt. % of CNTs [4 — 13]. Even small amounts
of CNTs significantly alter the properties of polymers:
strength, thermal conductivity increases, and electrical
conductivity occurs. Imparting the conductive
properties to polymers (which almost always act as
good electrical insulators) by the addition of CNTs
seems to be highly attractive. It is noteworthy that the
percolation threshold, at which the electrical
conductivity of a polymer composite increases,
is extremely small when adding single-walled CNTs
(SWCNTs) at a level of 0.1 wt. %. At such CNT
concentrations, all other polymer properties remain
unchanged or change insignificantly. These materials
are also promising for using as protective coatings
to shield wunique electronic systems against
electromagnetic radiation (EMR) in the microwave
range [4], including spacecraft systems. Currently,
there is a great interest in the studies on absorption
process and reflection of EMR of polymers with CNTs
in a wide range of wavelengths [5, 14, 15].
Furthermore, there is an opportunity to create
transparent and conductive coatings, electrostatic
protection, electrostatic paints, coatings for shielding
electrical noise and absorption of microwave power.
In several studies, the development of novel carbon
nanostructures-based = multi-functional composites,
including composite radiomaterials, able to
substantially weaken EMR has been reported [16 — 19].
An increase in the level of microwave radiation and the
so-called “‘electromagnetic environmental pollution”
explains the interest in the development of such
materials. Besides, the use of polymers as a matrix for
CNTs will considerably improve the physical and
mechanical properties of shielding materials such as
elasticity and resistance to external influences,
sufficiently maintaining the shielding properties
compared with materials which directly consist of
CNTs [7, 13].

Currently, to create new composite materials with
unique optical, physical and mechanical characteristics
for using in modern production technologies, several

requirements should be considered. On the one hand,
it is necessary to ensure desired properties and
characteristics of composite materials. On the other
hand, in order to quickly modify the properties of
obtained composites to fit desired process parameters
of final products, the technology for manufacturing
such composites should be inexpensive, easily
reproducible, and flexible. At the present time, the
SWCNT production technology is rather expensive.
And the material yield for this technology is not high,
whereas the price of SWCNTs is tens-hundreds
of dollars per gram. Therefore, for mass production of
composite materials containing nanoscale carbon
formations, it seems appropriate to employ
inexpensive materials available in bulk quantity. They
include commercially produced multi-walled carbon
nanotubes (MWCNTs) and  multi-graphene
(polygraphene) materials.

Experimental

In the present research, a SpeciFix-20 optically

transparent non-shrink  two-component polymer
(epoxy resin + hardener) was chosen as initial
polymeric matrix to obtain composite samples.

“Taunit”-series MWCNTs produced by
“NanoTechCenter” Ltd (Tambov, Russia) were used
as additives (fillers) to those samples. For comparison
purposes, two types of the MWCNTs were chosen —
“Taunit” and “Taunit-M”; they have different
geometric parameters (nanotube diameter, number
of wall layers, bulk density, and specific surface area)
(Fig. 1), which can affect the dispersion in the
polymeric matrix and the characteristics of
the synthesized composites. Table 1 presents the
dimensional characteristics of the MWCNTs used
herein.

The dispersion of the carbon nanomaterials in the
epoxy resin was performed at an elevated temperature
(65°C) for 2—4h. The process included “quick”
hydromechanical mixing (up to 2000 rpm) of the

Fig. 1. Bright-field TEM images of the MWCNTs:
a — “Taunit”; b — “Taunit-M”
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Table 1
Dimensional characteristics of the MWCNTSs used

MWCNTs
Parameters . .
“Taunit” “Taunit-M”
Outer diameter, nm 20...70 8...15
Inner diameter, nm 5...10 4...8
Length, m >2 >2
Specific surface area, m*/g > 120...130 > 300...320

components and simultaneous exposure of the mixture
to ultrasound at a frequency of 35 kHz. The composite
samples were prepared with different MWOCNT
contents. The maximum content of the MWCNT
additives to the SpeciFix-20 matrix was found to be
16 and 8wt.% for “Taunit” and “Taunit-M”,
respectively. The thickness of the samples formed was
(15 £ 1) mm.

The MWCNT structure was studied by
a transmission electron microscopy (TEM) method.
The results of this study were found to be in good
agreement with data claimed by the g

Ki=1-(Sn)—(Sn). 3

To evaluate the structural uniformity of the
composite materials, optical microscopy combined
with Raman spectroscopy was employed using
a LOTISTII “Nanofinder High End” micro-Raman
spectrometer. The Raman studies were performed in
the backscattering geometry at a room temperature.
A solid-state laser with a wavelength (L) of 473 nm
acted as a radiation source. The laser beam was
focused to a spot with a diameter of about 1 pum.
During  registration, diffraction gratings  with
600 lines/mm (spectral resolution — 0.01 nm) and
a highly sensitive CCD detector cooled down to —
80 °C were used.

Results and Discussion

Figure 2 present the transmission, reflection and
absorption coefficients found for the composite
samples based on the SpeciFix-20 polymer with
different MWCNT contents (1 — 16 wt. % — “Taunit”,
and 1 — 8 wt. % — “Taunit-M”).

1,01 1,0+
manufacturer, thereby indicating good Transmission Reflection Absorption
reproducibility in the “Taunit”-series g/ cocfficient 08l  coefficient vpd  moekhient
MWCNT production. 0

To  determine  the  optical ¢ me ! el 5ié]
characteristics of the composite T4
materials in the microwave range 4‘8.!*’/‘” et 0.4 04
(transmission effects, reflection and ' W " 16
absorption of EMR), a R2-408R scalar - / . -
network analyzer R2-408R, designed ' '
on the basis of a sweep generator, 00 . oo . . 0o
a waveguide measuring transmission 25 30 40 25 30 35 40 25
line, an analyzer unit, and a signal f, GHz /. GHz
processing  system, was used. a) 10, b) 10,
A detailed description of the TSR Reflsstia SBEEHER
installation procedure can be found in 08  coefficient o8 - - ;:oefﬁrfient
Ref. [20]. Measurements were carried
out in the frequency range of e i -
26 — 38 GHz. The composite samples ’
under study were cut in the form of 8 i
a parallelepiped, the dimensions ’
of which were 7.2x3.4x1.5 mm’, - %, Wt
corresponding to the size of ’ y
the waveguide transmission line. - . - . | oo : : 5
The S-parameters of transmission (Sy;) 25 30 40 25 30 35 40 25 30 35 40
and reflection (S;;) were considered as /. GHz /., GHz f, GHz
output data. The transmission (K7), d) e) b))

reflection (Kz) and absorption (K,)
coefficients were calculated as follows:

Fig. 2. Transmission (a, d), reflection (b, €¢) and absorption (c, f) coefficients
of electromagnetic radiation (26...38 GHz) across/by the composite materials

based on the epoxy resin modified with the “Taunit” MWCNTSs

Kr=(Su); (D
K= (Sll)z; (2)

(thickness of all the samples — 1.5 mm):

0 — original epoxy resin; / — 1 wt. %o MWCNTs; 2 — 2 wt. % MWCNTs; 4 — 4 wt. %
MWCNTs; 8 — 8 wt. % MWCNTs; 16 — 16 wt. % MWCNTs
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For the composite samples containing 1 — 8 wt. %
of “Taunit”, a monotonic decrease in the reflection
function and an increase in the transmission function
appear to be specific. At the maximum “Taunit”
concentration (16 wt. %), the transmission function
in the polymer increases in the frequency range up to
34 GHz, and then decreases. For this sample, a sharper
decrease in the reflection function at the frequencies
of 33 — 38 GHz can be observed — down to the values
of less than 10 %. Due to these factors, the absorption
coefficient for the composite material containing
16 wt. % of “Taunit” has a high value. It should be
noted that the absorption coefficient found for this
sample greatly changes its value in the frequency range
under study. It monotonously increases from 20 %
at 26.5 GHz up to 53 % at 37.5 GHz.

In the composite samples with “Taunit-M”,
a monotonic decrease in the transmission coefficient
with increasing MWCNT concentrations takes place.
Like in the case of the ‘“Taunit” addition, the
transmission monotonically increases with increasing
frequency, and the reflection decreases. For the
composite sample with 8 wt. % of “Taunit-M”, strong
attenuation of the transmission (around 10 %
throughout the frequency range) and a weak frequency
dependence, along with a decrease in the reflection
function, are observed. The absorption coefficients
of the composites increase significantly with increasing
“Taunit-M” concentrations. The maximum
absorption coefficient values were
recorded for the composite containing
8 wt. % of the additive. Like for the
sample with 16 wt. % of “Taunit”, in
this case, the absorption coefficient
changes from 30 % at 26.5 GHz up to
60 % at 37.5 GHz.

Thus, a significant increase in the ]
EMR absorption coefficients in the 0 500 1000
microwave range can be recorded for the
composite materials at the maximum
additive concentrations — up to the
coefficient ~ values of 50-60%
(Figs. 2,b,f). At lower additive
concentrations, a slight change in the
transmission, reflection and absorption
functions of the composites compared
to the original polymer can be observed.
From the analysis of the studies on the
optical properties of the composites

Intensity, arp. units.

Intensity, arb. units.

1500 2000 2500 3000 3500 ;]

(“Taunit-M”), fewer additive amounts (almost twice as
less) are required to achieve comparable absorption
coefficient rates.

To study the morphology and assess the quality
of the MWCNT dispersion in the synthesized
composite materials, Raman spectra were recorded
in combination with optical microscopy from different
areas of the sample sections. For the original SpeciFix-
20 polymer samples, narrow bands typical of the
vibrational modes of the atoms in the epoxy rings were
registered in the Raman spectra (not shown herein).
Sharp peaks at 2930 and 2880 cm ' related to
the aliphatic C—H bonds and at 3073 cm ' assigned
to the C—H aromatic bonds [21] can be observed.
In the region of 600 — 1600 cm ', less intense lines,
related to the breathing modes of the epoxy rings and
the deformation of the covalent bonds of the atoms
(valent C—C vibrations of the aromatic ring,
deformation vibrations of the C-H groups) inside the
rings, can be seen [21-22]. In Fig.3, the Raman
spectra of the composite materials containing large
MWCNTs amounts are presented. In these spectra, one
can see a marked change in the EMR absorption
characteristics. It was found that the MWCNTs-free
areas take place at the sections of the samples
containing even maximum (16 wt. %) amount of the
“Taunit” material, as evidenced by the results in

Intensity, arb. units.

s 500 1000 1500 2000 2500 3000 3500
cm cm’

a) b)

i

Intensity, arb. units.

containing different MWCNT additives 0 500
and given the structural characteristics
of these additives, it can be concluded
that a “size effect” of the additive type
on the composite characteristics takes
place. For the MWCNTs with a smaller
diameter and larger specific surface area

500 2000 0 500 1000 1500 2000
cm cm’

d)

Fig. 3. Raman spectra of the Specifix-20 composite materials with the additions
of MWCNTs — “Taunit” (8 wt. % — (a), 16 wt. % — (b)), and “Taunit-M”
(4 wt. % — (c), 8 wt. % — (D)) — recorded from different sample areas.
The insets show optical images of the area of the corresponding

polymer sample (scale — 50 pm)
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(Figs. 3, a, b). On the optical images, there are light
and dark contrast areas. The spectra taken from the
light areas are completely identical with the above-
described spectra of the pure epoxy composites.
The length of these (light) areas at the sections of the
samples is up to 100 um. In the Raman spectra taken
from the dark areas, bands typical only of MWCNTs
are registered [23 — 27]. These bands are intense ~1350
and 1580 cm . The band around 1580 cm™ corresponds
to the lattice vibrations of the £,, symmetry in planes
of the graphene layers with sp°-hybridized valence
bonds [27]. It may differ in frequency and shape
depending on the structural perfection of materials.
The band at 1350 cm ' is due to the D-band, which
is usually related to small size of ordering areas and
the availability of pronounced boundaries of carbon
crystallites causing a violation of the wave vector
selection rules for Raman scattering. Moreover, this
band is present in spectra of all the carbon materials
and appears to be a characteristic of their degree
of defectiveness [28]. The less intense band around
~2700 cm ™' is associated with two-phonon (second-
order) scattering and designated as G'-band
(or 2D-band) [29].

For the composites containing the “Taunit-M”
additives of up to 8 wt. %, the areas of light contrast
are also present on the optical images of the sections
(Fig. 3, ¢). Nevertheless, the size of these areas
is much less — from hundreds of nm to several pum.
For the composite material with 8 wt. % of the
“Taunit-M” material, a uniform contrast on the photos
of the sections is typical. In this case (Fig. 3, d), at all
the points of recording the Raman spectra, the D-band
and G-band can be clearly seen at the sections, thereby
evidencing good enough quality of the dispersion
of this nanomaterial in the matrix.

Despite the presence of the MWCNTs-free zones
in the samples, one can say that the composites
represent a volumetric grid of areas with high
MWCNT concentrations. As a rule, after having been
produced, MWCNT materials have mixed conductivity
of both metal and semiconductor types. At high
MWCNT concentrations in the composite, even
considering that the nanotubes lie inside the matrix as
bulk clots and do not completely fill up the entire
volume of the material, it can be assumed that the
formation of bulk conducting channels, the interaction
between which through the nano-sized regions of the
dielectric matrix leads to significant conductivity
of the entire composite, takes place. This is confirmed
by the electrophysical studies. The results of
measuring the specific conductivity of the composite
materials on a frequency dielectric spectroscopy setup
[30] are represented in Table 2.

Table 2

Conductivity of the composite materials at room
temperature (frequency of alternating current
measurements — 50 Hz)

Conductivity, S/m

Percentage
of MWCNT MWCNTs
additive, wt. % “Taunit” “Taunit-M”

0 (original 101073 10103

polymer)
1 4.83-107" 2.1-1071°
2 3.19-10" 1.6:107°
4 2.77-10°1° 1.1:107°
8 1.71-10°° 1.17-10”
16 3.7-10°7° —

Increasing the MWCNT concentration in the
composite materials leads to a monotonic increase in
their conductivity. It should be noted that at the same
additive concentrations, the composites with “Taunit-M”
possess higher (almost one order of magnitude)
conductivity than those with “Taunit”. And the
conductivity of the composite containing 16 wt. %
of the “Taunit” material grows by more than 7 orders
of magnitude compared with the original epoxy
polymer. For the composite with 8 wt. % of “Taunit-M”,
the conductivity reaches almost 6 orders of magnitude.

Besides, the effect of strong EMR absorption by
the composites with high MWCNT concentrations
(8 wt. % for “Taunit- M”, and 16 wt. % for “Taunit”)
is in good agreement with the sharp increase in their
conductivity due to the formation of a bulk grid of
conducting channels.

Conclusion

The effective method of dispersing MWCNTs in
an epoxy polymer matrix, allowing for manufacturing
composite materials able to significantly attenuate
EMR in the microwave range, was developed. Optical
studies of the synthesized composites were conducted —
EMR transmission, reflection and absorption
coefficients were determined in the frequency range
of 26...38 GHz. It was found that at the MWCNT
concentration of 16 wt. % in the composite samples,
the EMR absorption coefficient reaches 55 %
at 38 GHz. The similar situation occurred for the
composites samples with the addition of “Taunit-M”.
In this case, the strong absorption effect was recorded
at the additive concentrations of 8 wt.% — the
absorption coefficient increases up to 60% at 38 GHz.
It is established that the geometric dimensions of the
MWCNTs (smaller nanotubes diameter and,
consequently, larger specific surface area) have
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a significant impact on the absorbing characteristics
of the developed composites — to achieve the
absorption effect by the composite samples, fewer
MWCNT amounts are required. Besides, it was found
that in the composite samples with the maximum
“Taunit” concentration, an increase in the absorption
coefficient (down to 55 %) occurs when sharply
decreasing the reflection coefficient (below 8 %).
And in the composites with the “Taunit-M” a drastic
decrease in the EMR transmission coefficient (below
10 %) takes place when increasing the absorption
coefficient up to 60 %. It was shown that at high
MWCNT  concentrations in the epoxy-based
composite, even considering that the nanotubes lie
inside the matrix as clots, the formation of bulk
conducting channels, the interaction between which
through the nano-sized regions of the dielectric matrix
leads to significant conductivity of the entire
composite, takes place. This can explain the strong
EMR absorption effect in the frequency range
of 26 — 38 GHz for the composites with the maximum
concentrations of the MWCNTs (8 wt. % for “Taunit-M”
and 16 wt. % for “Taunit”).
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