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Abstract. The effect of sonication time during the synthesis of multiwalled carbon nanotubes – polymethylmethacrylate
(MWCNT/PMMA) composites by coagulation technique on the MWCNT distribution in the bulk of the composites close
to the percolation threshold was systematically studied by SEM and by measurements on specific resistivity in a wide range
of voltages and external pressure. It was found that the resistivity of composites is irreversibly reduced up to 105 times during
the first 1–3 measurements, while further measurements are characterized by high repeatability. Change of the composite
resistivity during the measurements is discussed assuming that several types of contacts between the nanotubes changing
during the measurement are present. It was found that an increase of the sonication time changed the ratio between ohmic
and non-ohmic contacts. It affected the type of changes in the sample resistivity during the voltage variation in the range of
0–103 V/mm and resulted in a nonuniform dependence of the composite specific resistivity on the sonication time. An
increase of the composite volume during the resistivity measurements was observed at the current densities above
4·10–8 A/cm2. New ohmic contacts were found to form when external pressure was applied due to squeezing of the polymer
matrix from the space between adjacent nanotubes.
Keywords: nanocomposites, multiwalled carbon nanotube, polymethylmethacrylate, contacts between nanotubes, currentvoltage characteristic

1. Introduction
Due to their unique electrophysical properties, carbon nanotubes (CNT) are promising materials for
development of composite and functional materials
with improved operational properties [1–4]. The CNT
introduction in polymer and ceramic matrices can
lead to significant increase of their electrical conductivity, which opens new prospects for practical application of the synthesized composites, e.g. as sensitive elements of cost-efficient deformation probes
[5–7], as light materials with antistatic properties,
for improvement of electromagnetic compatibility in

various devices [8–11] and in many other applications.
The conductivity of composites is known to depend
on the CNT concentration in the composite and
method of the composite preparation [12, 13]. Using
the theory of percolation, it was shown that with a
uniform distribution of long nanotubes that are not
agglomerated and that do not interact with the composite matrix, the percolation threshold is reached
already at the CNT concentration ~ 0.01–0.1 vol%
[14]. A significant deviation of the percolation threshold either to larger or to smaller values indicates
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CNT structuring in the composites (existence of
preferable nanotube orientation, presence of aggregates, surface filling of the matrix structural elements as in ceramic matrices, etc.) or the interaction
of the composite matrix with the CNT surface resulting in partial blocking of contacts between individual nanotubes (as in polymer matrices) [15–17].
Coagulation technique is one of the methods used
for production of composites with MWCNTs. Due
to the fact that in the process of obtaining composites
by the method of coagulation technique, the uniformly mixed polymer and filler are deposited from
the stable suspension ‘filler-polymer-solvent’ by
adding an auxiliary solvent, reducing the stability of
the suspension, the initial state of the filler can be retained. It makes possible to regulate the filler distribution in the polymer matrix [4].
The effect of the ultrasonic treatment parameters on
deagglomeration and dispersion of nanotubes was
studied in detail [18–20]. It was found that it was
possible to provide different ratios between aggregates and dispersed MWCNTs and vary the aspect
ratio of the nanotubes by varying the power and duration of the treatment. The role of the surface functional composition of MWCNT and the used polymer matrix is also important. It was shown that the
presence of functional groups on the MWCNT surface blocks the formation of contacts between the
nanotubes [21]. Their elimination from the MWCNT
surface promotes the formation of contacts between
the nanotubes and increases their conductivity by
as much as 4 orders of magnitude. An increase of
the adhesion energy between the polymer and the
CNT surface also stimulates blocking of contacts
between the nanotubes due to the formation of
films from polymer molecules at places of potential
contacts [22].
Variation of the MWCNT concentration, functional
composition of their surface, ultrasound treatment
parameters and the used polymer matrix may lead to
changes of both the absolute number of contacts between the nanotubes and ratio of different types of
contacts ultimately determining the composite properties.
Investigation of the current-voltage characteristics
(CVC) of MWCNT composites is one of the methods
for evaluation of the composite structure and properties. A deviation of the conductivity from the ohmic
dependence was observed for composites near the
percolation threshold. It was attributed both to the

presence of the Coulomb gap between nanotubes in
the composite [23–25] and to existence of the contact resistivity during the CVC measurement by a
two-contact method [26]. In [27] the observed effect
was attributed to resonance tunneling typical for layered semiconductors.
The purpose of this study was to obtain MWCNT/
PMMA composites with various types of nanotube
agglomerate distribution in the polymer matrix (with
a concentration of nanotubes close to the percolation
threshold). To obtain composites using the co-coagulation method, we varied the ultrasonic treatment
time during the preparation of nanotube powder suspensions and PMMA to affect the size of the nanotube agglomerates. SEM and optical microscopy were
used to characterize the distribution of nanotubes in
the PMMA matrix, and the CVC for characterizing
the resistivity of the composites. Resistivity measurements in the voltage range of 0–103 V/mm show
significant changes in the resistivity of the composite
during measurements. The observed changes in resistivity are discussed under the assumption that
there are several types of contacts between nanotubes that change during measurement. It was found
that an increase in sonication time alters the relation
between ohmic and non-ohmic contacts.

2. Experimental
2.1. Synthesis of MWCNT-PMMA composites
MWCNTs with the mean diameter of 9.8 nm were
produced using the CVD method by ethylene decomposition with bimetallic Fe-Co/Al2O3 catalyst
at 670 °C [28, 29]. This catalyst with the active component Fe2Co has been shown to produce MWCNTs
of low defectiveness [30] and with low content of
inorganic impurities. Subsequent refluxing of nanotubes with 15% HCl (followed by washing with distilled water until neutral pH and subsequent drying
in air) allows decreasing the content of catalyst
traces to 0.2–0.3 wt%.
MWCNT/PMMA composites were prepared by the
coagulation technique [31]. MWCNTs were added to
PMMA (molecular weight 120 000, Sigma–Aldrich)
solution in N,N-dimethylformamide and ultrasonicated (total suspension volume 150 ml, 22 kHz, 320 W,
USPA-0.4/22-OM, U-sonic, Russia) for different
times in a temperature-controlled reactor (20 °C). To
determine the percolation threshold of composites
we varied the MWVNT content (1, 1.5, 2, 2.5, 5 and
8 wt%), while the sonication time of each sample was
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fixed (30 min). To determine the effect of sonication
time, composites with a fixed MWCNT content of
1.5 wt% and variable sonication time (ts) of 3, 5, 7.5,
10, 20, 30 and 45 minutes were prepared.
The produced suspensions were immediately introduced in an excess of water (~1.5 l, 60 °C). Then the
coagulated composites were filtered, washed with
distilled water to remove the solvent residues and successively dried in air and under vacuum (10–1 torr =
1.33 mbar) at 90 °C. Thin films of PMMA composites were obtained using the hot press method at
180 °C (5 min and 2 MPa). The thickness of the produced films was in range of 0.51–0.63 mm. The
samples were marked as С3, С5, С7.5, С10, С20,
С30 and С45 according to ultrasonic treatment time.

2.2. Investigation of distribution of MWCNTs
by length
To characterize the influence of ultrasonic treatment
time on the length distribution of the MWCNTs, the
suspension of nanotubes (30 mg) in ethanol with
15 mg of Triton X-100 (Sigma-Aldrich) was sonicated under the same conditions as the composites
(total suspension volume 150 ml, 22 kHz, 320 W,
20 °C). During the sonication of the suspension the
samples of 100 μl were taken at 3, 5, 10, 20, 30 and
45 minutes. The samples were diluted with ethanol
in a ratio of 1:70. The resulting suspensions with a
low content of MWCNTs were sprayed on aluminum foil and quickly dried at 140 °C to prevent
secondary agglomeration of the nanotubes. The length
distribution of MWCNTs for each sample was calculated on the base of 400–500 measurements of individual nanotubes in SEM images.
2.3. Structural characterization
The structure of MWCNT/polymer composites was
characterized by optical microscopy (BioMed 5,
Russia) and scanning electron microscopy (SEM,
JSM6460LV Jeol, Japan). For characterization with
optical microscopy, the samples were melted and
spread over a slide of the optical microscope. For
SEM characterization the composites were broken
in liquid nitrogen, and the fracture surfaces were subsequently covered with a 5–10 nm gold layer.
2.4. Resistivity and current-voltage
characteristic measurements
Picoamperemeter/voltage source Keithley 6487
(U.S.A.) with resistivity test fixture Keithley 8009

(U.S.A.) was used for measuring current-voltage
characteristics in range of applied voltage 0–500 V.
The electrode application force in the test cell was
1–1.5 N/cm2. For each voltage point the current measurement was performed after 60 s delay at fixed voltage. Average current was calculated from 50 measurements. If the measured current or applied voltage
exceeded 1.5 mA (65 μA/cm2) or 500 V, respectively, the measurement was stopped and performed
again for 3 cycles after 60 s delay at 0 V to remove
a residual charge.

2.5. Resistivity measurements under high
pressure
To measure the effect of the electrode pressure on
the composite resistivity, a sample was placed between stainless steel electrodes (5.31 cm2) covered
with a gold layer (~50 nm). The electrodes were
fixed in the clamps of a tensile-testing machine
(Boreskov Institute of Catalysis, Russia) through insulating insets to eliminate their movement or shift.
The sample was loaded with 420 N/min rate, the
voltage between the electrodes was set, and the current through the sample was measured using Keithley 6487. Measurements were performed without
movement of the sample. The dependence of resistance on pressure was measured at the second and
subsequent loading of the sample; the applied voltage was increased sequentially. The pause between
the measurements was 3 min. The installation described above was used to determine the effect of
the current passing through the sample on the pressure of the sample on the measurement electrodes.
Pressure about 100 N/cm2 was applied to the sample, and relative location of the mobile and stationary parts of the tensile-testing machine was determined. The sample was kept in such state for 1 h.
The dependence of the electrode application force
on time was registered directly before the measurement and for 20 min after the measurement for baseline correction. During the measurement the voltage
between the electrodes was set using Keithley 6487.
It was also used to measure the current passing
through the sample. The average current was determined using moving mean filter by 300 points (at
1 reading per second rate). The force was registered
with resolution of 0.01 N. The holding time at fixed
voltage was 300 s.
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3. Results and discussion
3.1. Effect of ultrasonic treatment time on the
length of MWCNTs and size of their
aggregates in the composites
The change in the MWCNT length distribution as a
function of the sonication time was examined using
the SEM method. The obtained MWCNT mass distribution over the length and the change in average
length of the MCNT as a function of ultrasonic treatment time are shown in Figure 1.
It was found that in the range of ts 3–20 min, the average MWCNT length is 1.6 μm, and the mass distribution of nanotubes by the length remains almost
unchanged when using the ultrasonic processing mode

Figure 1. The dependence of the mass distribution of
MWCNTs by length in suspension from the sonication time. Inset presents the effect of sonication
time on the mean length of MWCNTs.

(150 ml, 22 kHz, 320 W, 20 °C). The increase in ts
to 30–45 min leads to a decrease in the average
MWCNT length to 1.0–1.2 μm and practically to
complete destruction of nanotubes more than 3–
4 μm in length.
The structure of the synthesized composites was
studied by optical and scanning electron microscopy.
Typical images obtained for composites with different ultrasonic treatment times are shown in Figure 2.
Variation of the average size of observed MWCNT
aggregates as a function of the ultrasonic treatment
time was determined using optical microscopy. The
perimeter of the aggregates was measured in optical
images, and their average diameter was calculated.
It was found that the average size of the aggregates
steadily decreased during the ultrasonic treatment
(from 60 µm for C3 to 5 µm for C45), whereas the
coloration intensity and uniformity of the composite
polymer matrix increased. Analysis of the SEM images of the composite fracture surfaces showed that
molecules of the polymer matrix penetrated into the
bulk of the initial MWCNT aggregates by no more
than 0.5–1 µm. This observation made it possible to
use the data on the quantitative size distribution of
the aggregates for calculation of the aggregate weightsize distribution (Figure 3). The density of the aggregates was assumed to be equal to the MWCNT
packing density 0.26 g/cm3. The volume of the
MWCNT aggregates was calculated assuming that
they have spherical shape.

Figure 2. Typical images of the composite films (C3–C45 samples) obtained by optical microscopy (top row) and SEM images of composite fracture surfaces (middle and bottom rows; bottom row presents the same objects with higher
magnification).
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SEM also showed that the size of the aggregates decreased whereas their number and the number of individual nanotubes observed on the composite fracture surfaces increased when ts grew in the range of
3–10 min. When ts was increased to 20–45 min the
MWCNT aggregates practically disappeared from
the surface of the breaks, and the uniformity of the
MWCNT distribution on break surface improved.
The observed change of the break structure observed
as more frequent location of steps with growing ultrasonic treatment time is another indicative of more
uniform MWCNT distribution in the bulk of the
PMMA matrix (Figure 2).

Figure 3. Changes of the weight-size distribution of MWCNT
aggregates in the composites depending on the ultrasonic treatment time (according to the optical
microscopy data). Inset – changes of the aggregate
average size (Dm) and ratio of the mass of aggregates to the mass of aggregates observed in sample
C3 versus the sonication time.

A wide weight-size distribution of agglomerates was
observed for ultrasonic treatment with ts = 3–10 min.
When ts was increased to 10–45 min, the size distribution became narrower indicating that large aggregates were destroyed. The mass of observed aggregates calculated from the weight-size distribution
and normalized relative to sample C3 (Figure 3, Insert) made it possible to estimate the degree of
MWCNT dispersion during the ultrasonic treatment.
At ts = 3–5 min the total mass of aggregates did not
change much. When ts was increased to 10–45 min,
this ratio ∑mi/∑miC3 sharply decreased suggesting
that the aggregates were destroyed, while individual
nanotubes or their very small aggregates (<2–3 µm,
invisible with optical microscope) were distributed in
the composite matrix. Thus, with ultrasonic processing for up to 10 minutes, a large mass fraction of
MWCNTs is concentrated in aggregates, and the content of individual nanotubes and their small aggregates in the composite matrix does not grow significantly. With increasing sonication time in the range
of 10–45 minutes, grinding of large aggregates and
redistribution of nanotubes in the composite is observed due to their dispersion in the polymer matrix
in the form of single nanotubes and small aggregates,
which is accompanied by increase in the color intensity of the polymer matrix between the aggregates.

3.2. Conductivity of the composites
Preliminary studies of the percolation threshold of
composites with different MWCNT contents were
carried out to provide the maximum sensitivity of the
current-voltage characteristics (CVC) of the composites to changes in their structure (Figure 4). The calculation of the conductivity of composites was carried out according to the third measurement of the
CVC at Е =1 V/mm. It was found that the conductivity of composites increases significantly in the
range of MWCNTs concentration 1–2.5 wt% (0.64–
1.6 vol%). Approximation of the experimental data
using the function σ ~ (P – Pc)t showed that the critical concentration (percolation threshold) Pc =
1.492 wt% (0.932 vol%) and t = 1.54 (Figure 4, Insert). Thus, further studies of the effect of sonication
time on the properties of the composites were carried

Figure 4. Conductivity of composites versus mass and volume concentration of MWCNTs (data corresponding to the third measurement of CVC at E =
1 V/mm). Insert shows the fit of the conductivity
data using function σ ~ (P – Pc)t with logarithmic
coordinates.
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out at a content of MWCNTs in the composite of
1.5 wt%.
Current-voltage characteristics (CVC) of the composites obtained during successive cyclic measurements of the passing current as a function of applied
voltage are shown in Figure 5. The appearance of the
initial curve of the current dependence on voltage
most significantly differs from the ones obtained in
subsequent experiments. At low applied field (E <
3 V/mm), the current determined during the first
measurement was lower by 1.5–5 orders of magnitude than the ones obtained in the subsequent measurements. For each sample it is possible to determine
Ecr, where the I(E) dependence deviates from the
ohmic one. In the field strength range 0 – Ecr the dependence I ~ En, where n = 0.98–1.1 was observed.
Further increase of the applied voltage led to faster
current growth than it would be observed if the Ohm
law was followed. This result suggested that additional current pathways appear.
A significant current increase with the voltage growth
during the first I(E) measurement at E > 10 V/mm
was found to be typical for all the composites. At
E > 100 V/mm the power n in I ~ En dependence
was equal to 2.38, 3.64 and 3.93 for samples C20,
C30 and C45, respectively. During subsequent
measurements the ohmic conductivity at low voltage
substantially increased and the current growth at
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Figure 5. Curves of three successive CVC measurements for
samples C20, C30 and C45.

high voltages decreased. For C20 and C30 the results of the third measurement were the same as
those of the second one. The third measurement for
C45 gave the same results as the second and third
measurements for C30. Meanwhile, n was in the
range of 1.01–1.07 at low voltages and between 1.22
and 1.48 at high voltages. Ecr decreases from 9.26 to
5.29 V/mm with an increase of the ultrasonic treatment time. The I(E) dependences obtained during
the following measurements practically matched the
results of the second and third measurements.
To explain the observed effects, it is necessary to
take into account specific features of the composite
synthesis by coagulation technique. Contacts between nanotubes are formed during coagulation of
MWCNT and the polymer matrix. If MWCNTs are
in aggregates or directly contact by their external
layers, the contacts between the nanotubes are ballistic. If MWCNTs are predominantly dispersed in
PMMA, most likely, the contacts are formed by nanotubes separated by a film of the polymer molecules.
Such contacts were characterized as tunnel [32–34].
Their resistivity reaches 1010–1011 Ω with potential
barrier 2.5–4 eV (typical for polymers). The distance
between the nanotubes in such contacts is about 1.0–
1.1 nm, which corresponds to 1 polymer molecule
in the gap between the nanotubes. In [35] it was found
that at random nanotube orientation ballistic contacts
give the main contribution to the total conductivity
of the composite whereas that of the tunnel ones was
about 10%. Ballistic and tunnel contacts are also
called ohmic. They determine the composite conductivity at room temperature and low applied voltage.
Introduction of 2–3 chains of the polymer molecules
between nanotubes increases the contact distance to
1.5–1.8 nm and resistance to 1016 Ω. This makes it
possible to neglect the contribution of such contacts
to ohmic conductivity at low applied voltage or pressure. It was shown [36] that for such contacts the following conductivity mechanisms were possible:
space-charge limited current, fluctuation-induced
tunneling [37, 38], Coulomb gap [39–41], Coulomb
blockade [42–44] and others. For such mechanisms
there is a critical value of Ecr correlating with the potential barrier between the contacts. When it is exceeded, non-ohmic dependence of the current on
voltage is observed.
So, contacts between the nanotubes formed during
the composite synthesis can be divided into two
groups: ohmic (ballistic and tunnel) with the distance
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etween the nanotubes 0.34–1.1 nm and non-ohmic
where this distance exceeds 1.1 nm. For a non-ohmic
contact, the possibility of participation in the current
will be determined by external impact (e.g. by electric field or pressure).
As the surface of MWCNTs used in this study is hydrophobic, during coagulation it is energetically more
favorable for the nanotubes to be covered by the hydrophobic PMMA matrix rather than contact with
water. Therefore, the main parameter controlling the
ratio of MWCNT sections covered with the polymer
and nanotubes free from it is the ratio of adhesion
energies of PMMA and water to the surface of the
nanotubes. For example, the adhesion energy of polystyrene (PS) is higher than that of PMMA. As a result, the percolation threshold (measured at low test
voltages) was higher for composites based on PS in
comparison with the ones based on PMMA [22].
This is caused by the fact that the resistivity of ohmic
contacts between individual nanotubes exceeds that
of the nanotubes themselves by a factor of 102–106
[45]. So, the resulting resistivity of the composite is
determined by the resistivity of the contacts. For a
composite with MWCNT concentration close to the
percolation threshold, the total resistivity of the conducting chain (Rtot) consisting of n nanotubes with the
average distance between contacts belonging to one
nanotube (Lm) will be determined by the contact resistances between nanotubes (RCN) connected in series Rtot = (n – 1)RCN. Meanwhile, the MWCNT aggregate can be described as a large number of parallel
resistances Rag = RCN/m, where m is the number of
parallel contacts between nanotubes in the aggregate.
So, substitution of two directly contacting nanotubes
in the conducting chain of the aggregate will lead to
the decrease of its resistance by RCN(1 – 1/m). When
the size of the aggregates grows, this effect will increase. However, when the size of the aggregates decreases below 2Lm introduction of aggregates into
the conducting chain will not affect its resistance.
The effects observed during the CVC measurements
of composites can be explained taking into account
these considerations. During the first measurement
a substantial increase of the current through the sample was observed for C30 and C45 at large E, and
this effect was not observed at subsequent measurements. During the following measurement the I(E)
dependence was reproducible, and sections typical
for ohmic (n = 1–1.2) and non-ohmic (n > 1.2) conductivity can be distinguished. Therefore, an electrical

or thermal breakdown of the polymer layer separating nanotubes occurs during the first measurement
as the local strength of the field between MWCNTs
on nonohmic contacts can exceed 108 V/m due to
small distance between the nanotubes. Electrical
breakdown of the matrix accompanied by the heating of the contact area and causing local decrease of
the polymer viscosity can lead both to squeezing of
the polymer chains from the space between the nanotubes due to the action of the static pressure of the
polymer matrix from colder sections of the composite and to destruction of the polymer chain structure
with the release of gaseous molecules and the formation of conductive carbon fragments. Depending
on the distance between the nanotubes in the initial
non-ohmic contact, both ohmic (ballistic or tunnel)
and non-ohmic contacts with shorter distance between the nanotubes can be formed during the breakdown (due to approaching of the nanotubes under
the pressure or due to partial filling of the contact by
conductive products of the polymer destruction). The
effect of the contact formation is most evident for
composite C45. In this case more uniform MWCNT
dispersion and coverage of their surface by the polymer chains were observed as a result of prolonged
ultrasonic treatment. For example, comparison of the
first three CVC for C20 showed less significant
changes in its conductivity. This result suggests that
fewer non-ohmic contacts capable for transformations a result of a breakdown are present in this sample, i.e. distance between nanotubes in non-ohmic
contacts is longer.
The value n = 1,22–1,48 at E > Ecr indicates that the
deviation from the ohmic conductivity mechanism
is apparently caused by the presence of a potential
barrier in non-ohmic contacts appearing due to ionization of the nanotube-polymer boundaries. The Ecr
value correlates with its height and characterizes effective distance between nanotubes in non-ohmic
contact.

3.3. Effect of current on the volume of
composites and effect of external pressure
on their conductivity
During electric conductivity measurements of the
composites using E > 0.33 V/mm, they experienced
heating and thermal expansion registered using a
pressure sensor. Data on changes of the internal pressure in composite C20 (after CVC measurements)
during measurement of its resistivity are presented
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Figure 6. Change of internal pressure in C20 composite (after CVC measurements) depending on the applied voltage during
the resistivity measurement (P0 = 70.7 N/cm2).

in Figure 6. These results motivated us to estimate
change of the composite resistivity at constant applied voltage when the composite was subjected to
external pressure. Data illustrating the effect of pressure (in the range of 0–5 MPa) on the resistivity of
the C20 composite are shown in Figure 7. In both case
the resistivity of the composite (C20) varied within
the same order of magnitude. Taking into account the
elastic modulus values for PMMA (3–3.5 GPa) and
MWCNTs (~1000 GPa) [46], the expected change of
the material properties will be mostly determined by
deformation of the polymer matrix.
An increase of the applied voltage leads to the growth
of pressure on measuring electrodes in the composite. Meanwhile, the pressure change (P – P0) and released power log(P) vary synchronously. So, the pressure increase is likely caused by the growth of the
composite volume due to the energy release. An increase of the pressure on electrodes by 0.01–
0.02 N/cm2 was observed even at E = 0.33 V/mm
(corresponding to the average current density
4·10–8 A/cm2). As the released power in this case
was equal to 1.3·10–10 W/cm3, apparently, there are
zones with high local temperature in the composite
(ohmic contacts), which can account for the local increase of the composite volume. This suggestion is
necessary because the average heating of the composite between the electrodes during the period of
time when the 0.33 V/mm voltage was applied (300 s)
was ~2·10–7 °C, and could not account for the pressure increase. The observed phenomenon is similar to
the one described earlier [47] where the observed increase of the composite dimensions was attributed to
heat release by a nanotube network. A sharp pressure
increase was observed at E = 0.66 V/mm indicating

that the composite volume grew due to the polymer
expansion. At 337 K excitation of β-relaxation in
PMMA was observed [48]. It could explain the observed pressure increase and give an idea of the local
contact overheating magnitude. The ρ(E) dependence has three typical regions. At the first region ρ
does not change, i.e. no change of contacts in the composite occurs. At the second region the resistivity
goes down. Its decrease correlates with a sharp increase of the pressure in the composite, which can
be caused by local overheating and exclusion of the
polymer from tunnel contacts between nanotubes
and their transformation into ballistic contacts. At
the third region log(ρ) and (P – P0) linearly decrease
with log(E) growth. The beginning of this region
corresponds to Ecr determined from CVC measurements at 9.26 V/mm and electrode pressure 1–
1.5 N/cm2 and can be explained by additional current passing through non-ohmic contacts.
The influence of the applied pressure and electric
field on the resistance of the C20 composite was
studied in the pressure range of 0.5–5 MPa and E =
1– 625 V/mm (Figure 7). The sample after preliminary CVC measurements was used for this purpose.
It was found that for all the dependences ρ(P) obtained, we can distinguish two characteristic regions.
In the first section (0.5–1.5 MPa) a significant nonlinear change in resistance from the applied pressure
occurs, while in the second section (1.5–5 MPa) a
linear dependence of log(ρ) on the applied pressure
is observed (Figure 7a). At the same time, the obtained dependences are well reproduced during repeated successive measurements (3 or more times).
The variation of the applied voltage when measuring
the dependence of the resistance of the composite on
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Figure 7. Change of the C20 composite (after CVC measurements) resistivity depending on the applied pressure and voltage.
a) The dependence of resistance on pressure at a fixed applied voltage. The number of the sequential test are indicated
in parentheses. b) The dependence of resistance on applied voltage at different fixed pressures (0.5, 2 and 4 MPa).

pressure showed that in the range of applied voltages
of 1–3.1 V/mm, the obtained dependences are reproduced in the entire pressure range. A further increase
in the applied voltage in the range of 31–625 V/mm
leads to a decrease in the resistance of the composite
in the range of 0.5–1.5 MPa (Figure 7b). Based on
the experimental data obtained, it can be concluded
that in the P 0–1.5 MPa range, the main contribution
to the decrease in resistance is made by the increase
in the number of ballistic contacts due to the reversible displacement of polymer from tunnel contacts under the effect of external pressure on the
composite. At the same time, the application of a
voltage in the range of 1–3.1 V/mm leads to a small
(∆log10(ρ)) ~ 1.5%) decrease in the resistance of the
composite in the pressure range of 0.5–1.5 MPa and
does not affect the conductivity at a pressure greater
than 1.5 MPa (for pressure of 2 MPa ∆log10(ρ)) ~
0,25%) because the applied voltage is lower than a
certain earlier for C20 Ecr = 9.26 V/mm. Increasing
the voltage in the range of 31–625 V/mm leads to a
decrease in resistance over the entire pressure range.
A decrease in resistance change in the P 0.5–1.5 MPa
range can be correlated with partial transformation
of tunnel contacts due to the displacement of polymer from tunnel contacts between nanotubes under
the action of an applied voltage, and a decrease in
resistance in the P 1.5–5 MPa range indicates activation of non-ohmic contacts. Because measurements
are reproduced, it can be concluded that the processes of transformation of tunnel contacts into ballistic
and activation of nonohmic contacts are reversible.
Thus, the following conclusion can be made based
on the CVC measurements and obtained P(E) and

ρ(P,E) dependences. When measuring the resistance
in a composite, a significant change in its structure
occurs, accompanied by the formation of new ballistic (ohmic and tunnel) contacts due to electrical or
thermal breakdown of non-ohmic contacts between
nanotubes. The number of contacts formed depends
on the method of preparation of the composite and
the conductivity measurement conditions. This can
lead to a decrease in the resistance of the composite
up to 105 times in the measurement process. During
subsequent measurements, the mechanical deformation of the composite occurs, which is reflected in a
change in the external dimensions of the sample,
which is fixed even at an applied voltage of
0.33 V/mm and a current density of 4·10–8 A/cm2.
Mechanical deformation can lead to the formation
of ohmic contacts due to the squeezing of the polymer matrix from the tunnel contacts and a decrease
in the measured resistance of the composites.
So, for correct comparison of the effect of the composite structure on specific resistivity, it is more correct to analyze the data obtained during the third CVC
measurement. They allow one to estimate the conductivity of the composites with the account of adjacent nanotubes separated by several polymer chains,
which are revealed during the first measurement
only at high voltages. Variation of the specific resistivity of composites or determination of its precise
value could be another practical application of the
used method for activation of isolated contacts between MWCNTs. It can be needed for the formation
of composites with regulated transmission/reflection
of electromagnetic irradiation, for development of
sensors with regulated sensitivity, etc.
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3.4. Conductivity of composites after several
CVC measurement cycles
As it was shown above, during the first 1–3 measurements of CVC, a significant change in the resistivity
of the composites may occur due to the formation of
new contacts between MWCNTs. After several cycles of measuring the conductivity of MWCNTPMMA composites (CVC measurements), the I(E)
and ρ(E) dependences were reproduced quite well.
This result indicates that internal stresses in the polymer composites are removed, and they reach a steady
state (in the range of currents passing through the
composites at applied voltage in the range of 0–
103 V/mm). The I(E) and ρ(E) dependences in logarithm coordinates obtained in the third CVC measurement for all composites are shown in Figure 8a
and 8b. Two linear sections log(I)–log(E) can be distinguished for each composite. Approximation with
a function I ~ En gives n = 0.98–1.07 at low E and
1.22–1.52 at high E. Meanwhile Ecr depends nonlinearly on the ultrasonic treatment time (Table 1). As
n ~ 1 at E < Ecr, in this range the conductivity is determined only by ohmic contacts between nanotubes.
At E > Ecr the conductivity of non-ohmic contacts is
activated under electric field. The presented ρ(E) dependences demonstrate that ρ(E) = const for all the
composites at E < ~1 V/mm. So, E = 1 V/mm was
chosen for correct comparison of the sample conductivity.
The obtained dependences of resistivity at E =
1 V/mm and Ecr on the sonication time and delivered
specific ultrasound energy (Js) are presented in Figure 8c. The resistivity of the composites did not

Table 1. Effect of ultrasonic treatment time on the main parameters of the composites determined from the
CVC curves.
n LV

n HV

Ecr
[V/mm]

C3

1.02

1.22

2.52

C5

0.98

1.30

2.21

C7.5

1.01

1.26

3.17

C10

1.02

1.52

9.14

C20

1.01

1.22

9.26

C30

1.07

1.48

5.29

C45

1.03

1.40

5.81

Sample

Here n LV and n HV are the exponent indices of I ~ En function at
low and high E values, respectively.

change much for ts = 3–20 tmin. Meanwhile, a sharp
resistivity growth by 1.5 orders of magnitude was observed at ts in the range of 20–30 min. At ts > 30 min
the resistivity of the composite practically did not
change. The obtained results are in good agreement
with the data on the mean length of MWCNTs and
composite structure obtained by SEM and optical
microscopy and the suggested model explaining the
effect of aggregates on the conductivity of the composites.
Thus, for composites obtained at ts of 3 and 5 min
(Js = 400–800 J/cm3), a slight increase in ohmic conductivity is observed, which is caused by the destruction of a part of small aggregates (5–30 µm) into
separate nanotubes with the mean length of ~1.6 µm
(0.5–7 µm), which provides the uniform distribution
of MWCNTs contained in them in the polymer matrix, which leads to the formation of conductive paths
in the composite volume – the composite begins to

Figure 8. Effect of ultrasonic treatment time on specific resistivity of the composites (3rd cycle). (а) CVC of the composites,
(b) dependence of specific composite resistivity on the applied voltage, (с) dependence of the ultrasonic treatment
time (delivered energy) during synthesis of the composites on specific ohmic resistivity (at E < ~1 V/mm) and Ecr
of the composites.

1066

Moseenkov et al. – eXPRESS Polymer Letters Vol.13, No.12 (2019) 1057–1070

conduct a noticeable current. The MWCNT aggregates in this case are included into conducting chains.
It compensates the low conductivity of the nanotubes
in the composite matrix. Ecr does not change much
in this range as structural changes of the composite
are insignificant.
With an increase in ts in the range of 7.5–20 min
(Js = 1–3 kJ/cm3), significant changes in the structure of the forming composites occur: a decrease in
the share of nanotubes in the aggregates and their redistribution in the polymer matrix is observed. At the
same time, the mean length of MWCNTs decreases
in the range of 1.63–1.55 μm, and the mass fraction
of the longest nanotubes (5–7 μm) decreases by a
factor of 2 compared with sample C3. The lowest resistance was observed for the composite obtained at
ts 7.5. The increase in ts, leads to a decrease in the
mean length of MWCNTs about 5% and dispersion
of nanotubes, contributes to the formation of a larger
number of contacts containing polymer molecules.
Indeed, the observed increase in Ecr indicates an increase in the potential barrier during the formation
of conductive paths and an increase in the distance
between the nanotubes in non-ohmic contacts.
For the composites produce using ts equal 30–45 min
(Js = 4.5–7 kJ/cm3), the remnants of large (30–
50 µm) MWCNT aggregates are further destroyed
and the nanotubes are uniformly redistributed in the
bulk of the polymer matrix. At the same time, the average length of the MWCNTs decreases to 1.0–
1.2 μm. This indicates that the decomposition of agglomerates is also accompanied by the destruction
of nanotubes with a length of 3 μm or longer. As a
result, the concentration of dispersed MWCNTs in
the matrix increases more than twice in comparison
with sample C20, and new contacts between nanotubes are formed. However, most of them are nonohmic, as indicated by an increase in ohmic resistance of composites. As the Ecr decrease was
observed for composites C30-C45, the distance between nanotubes in them must be shorter than in
composites C10-C20. On the other hand, the decrease
of the composite ohmic conductivity indicates that
mostly non-ohmic contacts are formed, which is
consistent with a decrease in the mean length of
MWCNTs. Minor Ecr growth in the ts range of
30–45 min can be explained by decrease in the mean
length of MWCNTs in range 1.5–1.0 μm during the
ultrasonic treatment, which is observed by SEM only

at sonication times above 20 min. Alternatively, the
Ecr increase could be caused by an increase of the
polymer layer thickness in non-ohmic contacts as the
ohmic conductivity does not significantly change.

4. Conclusions
In this study we suggested a method for evaluating
the uniformity of the nanotube distribution in the
composite based on sequential measurements of the
СVС characteristics of composites in a wide range
of applied voltages (up to 103 V/mm). In a composite with uniform distribution of nanotubes, large
number of non-ohmic contacts leads to substantial increase of the specific resistivity to 1013–1014 Ω·cm.
This makes it difficult to measure it at low E and impairs reproducibility of the results because partial
transformation of contacts due to the heat release
under electrical current takes place during the measurements already at E = 0.3 V/mm and current density 4·10–8 A/cm2, while in the case of a high applied
voltage, the decrease in resistance can reach 105 due
to the formation of new contacts between nanotubes.
It was suggested to perform controlled activation of
non-ohmic contacts between adjacent nanotubes in
electric field below 1 kV/mm and control reproducibility of the resistivity measurements using CVC.
Using this method, it was found that the critical voltage characterizes the change in mechanism of conductivity, agrees well with the uniform of distribution of MWCNT in the composite, provided that the
mean length of the nanotubes is constant. Ultrasonic
treatment of MWCNT suspension for at least 20 min
(delivered energy Js ~ 3 kJ/cm3) was required to
achieve uniform distribution of nanotubes in
MWCNT-PMMA composites obtained by coagulation technique. The dependence of the ρ(P) varies
from the applied voltage. In the case of E < Ecr ρ(P)
does not depend on the applied voltage. It is assumed
that in the case of pressure acting on the composite
at constant voltage, the change in conductivity is
mainly caused by the reversible displacement of
polymer molecules from the contact area. In the case
of E > Ecr ρ(P) an increase in the applied voltage
leads to the activation of tunnel contacts with simultaneous activation of non-contact contacts and an increase in the internal pressure in the composite. The
suggested method for activation of isolated contacts
between nanotubes can be used for modification of
MWCNT based composites or obtaining required
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specific resistivity in them for production of functional materials or devices on their basis (e.g. pressure sensors or deformation sensors, etc.).
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