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This paper presents results of the experimental studies of the properties of silica-based nanocomposites with filler
in the form of carbon nanotubes by dielectric relaxation and positron annihilation spectroscopy. Based on these
results, techniques for diagnosis and control of the investigated materials were proposed.
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1. Introduction

Active research of composite materials, which include nanostructures such as carbon
nanotubes (CNTs) as filler, is being conducted globally. Due to the large surface area of CNT, as
well as significant differences in the physical properties between nanoobjects and macroscopic
material, the properties of nanocomposites are not additive characteristics of each phase and
can be radically different from those of each component’s [1]. The data on the study of the
electrical and other properties of nanocomposites with CNT is provided in these reviews [2,3]. A
particularly urgent task is to study the strongly nonlinear dependence of the composite properties
on the filler concentration, which is necessary for the selection of the optimum functional
properties for the materials (strength, thermal, dielectric and other characteristics). Data on the
influence of impurities on the dielectric properties of CNTs of different composites at microwave
frequencies, associated with the search for promising materials for “stealth”-technologies, have
been presented in the literature [4]. This paper [5,6] investigates the microwave characteristics
of nanocomposite materials via controlled modification of the CNTs. We were also interested
how the positrons will annihilate in materials reinforced with CNTs.

2. The electrical properties of nanocomposite

Our composite is based on SiO,. It is reinforced with multi-walled CNTs at different
concentrations — 0 %, 0.05 %, 0.1 %, 0.5 % (by weight of silica + water), with an aspect ratio
of 10 — 10? (see Fig. 1), obtained by CVD-method.

Silicon was obtained from silicate glue. The chemical reaction is shown below.

NaySiO3 + 2HCl — 2NaCl + H,Si03,  HySi0O3 — Hy0 1 +-SiOs.
Electrical characteristics of the samples were studied by dielectric relaxation spectroscopy,

according to which, the sample is placed between the plates of the capacitor (area of S = 16 cm?
and the distance between the plates d = 3.3 mm). The sample was then exposed to an alternating
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F1G. 1. SEM images of CNTs

electric field with a frequency varying from 25 Hz — 1 MHz. The measured values were:
electrical capacitance C', the quality factor (), and the resistance R. The electrical properties of
the composites in electric fields were measured using an immittance meter E7-20.

The microwave properties of the composite are described by the frequency of electrical
field f dependence of the complex permittivity and conductivity:

C(f)—Cy)d d (C C
cmemiet, ()= U0 - S (GH-2) W
o ()= 2" () e, @

where the real and imaginary parts characterize the dielectric polarization and losses in the
composite respectively; C, Cy — capacitance of the cell with the composite and empty cell
respectively and @, )y — quality factor of the filled and empty cells.

According to the table, it can be argued, that there is an optimum concentration at
which maximum absorption and scattering of electromagnetic waves at low frequencies occurs.
It is known that a change in the CNTs concentration leads to a nonlinear modification of the
nanomaterial’s functional properties. This dependence is noted for the mechanical properties
in [7]. The dependence of the silicon dioxide powder’s electrical properties (1), (2) on the
concentration of CNTs at different frequencies is shown in Table 1.

TABLE 1. The dependence of electrical properties upon different frequencies

Composition, CNT, n % | REF, 0| 0.01 | 0.05 | 0.1 | 0.5
e, 10 594 |53.6(3263|41.9]| 8.8

f =50 Hz e’ 10% 283 [31.5)| 2331|723 8
o, 1073 Sm/m | 7.87 |0.88|64.81 [2.01]|0.22

g, 104 095 |184 | 228 |13.3| 2.3

f =500 Hz e’ 10% 23.8 13 | 243 | 123 24
0,103 Sm/m| 866 | 3.6 | 71.2 | 3.4 | 0.7
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Based on the data (see Table 1) it can be concluded that there is a sharp increase in the
absorption properties of the sample at a concentration ~ 0.05 % at lower frequencies. There
is also strongly marked maximum in dispersion of electromagnetic waves for all concentrations
over a range of ~ 10 kHz. The behavior of ¢’ is associated with a decrease in the electromagnetic
field change rate in comparison to the typical recharge time (relaxation time) of effective
capacitor consisting of adjacent conductive particles. At higher frequencies, the capacitor does
not have time to recharge, and the dielectric permittivity value tends to approach the same
composite permittivity value with zero concentration of CNTs.

The dependence of the imaginary parts of permittivity and conductivity on the frequency
also shows a clear concentrational nonlinearity. At n = 0.5 %, the transition into a zone of
agglomerate conductivity occurs where there is deterioration in the conductivity of the sample.
With an increase in the electromagnetic field frequency, the conductivity is caused by the bias
current and increases for all samples. This nonlinear dependence suggests a restructuring of a
complex fine powder SiO, + multiwalled CNTs + H5O (free and bound) system. Structures are
formed (agglomerates) at higher concentrations. The samples dielectric properties support this
hypothesis. Their surface areas are less than the total surface area of their components. The
reason for the formation of these structures is the large difference between silicon and CNTs
surface energies.

Next, we sintered silica powder with CNT in an oven at high temperatures. The con-
ductivity of samples was estimated by the resistance measurement of calibration samples with a
cable tester. It is known [1,2], that CNTs themselves could often be quite good conductors.

We determined the concentration dependence of the conductivity o. The results of these
measurements are shown in Table 2.

TABLE 2. The dependence of conductivity upon CNT concentration (%)
in a nanocomposite with a SiO, matrix

n, % REF, 0| 0.05 0.5 113 |5
0, 1073 Sm/m | < 107% | < 107¢ | < 1075 | 10 | 30 | 30

Based on data acquired, a conclusion about percolation character of direct current con-
ductivity in the obtained samples can be made. Up to a concentration of 0.1 %, there was
no direct contact opening the conductivity channel. The conductivity significantly increased at
concentrations above 0.1 % . REF is a ceramic sample without CNT. It’s worth noting that the
percolation threshold is clearly expressed only for direct current conductivity. Previously made
alternating current measurements [2], though pointing at a concentration dependence, had no
percolation character. This is explained by the absence of necessity for direct contact between
CNTs at alternating current conductivity. The tubes are recharging, like the plates of a capacitor
separated by an insulator.

3. Positron Annihilation Spectroscopy studies

Positron annihilation spectroscopy (PAS) is a successive method usually recommended
for the detection of open volumes in materials. In order to verify the PAS potential appli-
cation in further studies of our nanocomposites, measurements of the Doppler Broadening of
Annihilation Line (DB) were performed. A variable-energy positron beam (VEP), available at
the LEPTA facility [8] of the Joint Institute for Nuclear Research in Dubna, was used in this
experiment. This is a small linear accelerator (linac) which uses frozen Ne as the moderator of
positrons emitted from a ?*Na isotope. Then, it allows them to accelerate to the desired energies
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ranging from 50 eV to 30 keV and implant them into the sample in the form of a beam. The
controllability of positron energies makes it possible to implant the particles at a precise depth.
DB measurements, consisting of registration of energetic spectrum of gamma quanta emitted
in annihilation processes were done using HpGe detector with energy resolution of 1.2 keV
at 511 keV. Analysis of obtained spectra results in extracting so called S parameter. This is
defined as the ratio of area under the central part of 511 keV line to the total area below this
line. S parameter represents a quantity related to the amount and size of free volume. More
information about the method is presented e.g. here [9,10].

In Fig. 2, the S parameter dependence on energy for a reference sample without CNTs
(circles) and a sample containing 1 % CNTs (squares) are presented. It should be noted that
differences between these dependencies are easily visible. The S parameter values for the
specimen containing CNTs are much lower. A similar trend was observed by Chen et. al. [11].
In this case, the decreasing S parameter was explained as the presence of additional carbon
nanofiber particles which have no free volume. Further studies in this area are recommended.
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F1G. 2. The dependence of S-parameter of annihilation on positron energy for
ceramic samples with CNTs concentration 1 % — M. REF — sample without CNTs
—o. DALB spectra

4. Conclusions

All the given studies show that a nanocomposites properties are dependent upon the
concentration (mass percentage) of CNTs. Although, during the investigation of the direct
current conductivity, there was a percolation threshold located between 0.5 and 1 %. Other
methods allowed the distinguishing of samples with lower CNTs concentrations.
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