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Abstract. In this article, we investigate the use of laser processing to create effective surface contacts on multi-wall carbon
nanotube (MWCNT)/polyethylene composites. Due to the photothermal conversion effect induced by laser radiation, MWCNTs
can enhance thermal destruction and removal of the polymer from the composite surface. The structure of pristine and lasermodified composites is characterized by Raman spectroscopy, optical and scanning electron microscopy. It was found that
in pristine composites only a small part of MWCNTs is located directly on the surface of the film, which is associated with
the high work of polymer adhesion to the nanotube surface and the surface tension forces of the polymer matrix melt. Scanning electron microscopy (SEM) and Raman scattering demonstrate that in the surface contacts formed under the action of
laser radiation, the polymer matrix is removed from the near-surface layer. The presence of MWCNTs with an unchanged
structure and a small amount of amorphous carbon material was confirmed by Raman spectroscopy. The conductivity of
pristine and modified composites was characterized by a series of current-voltage characteristic measurements with the
through-plane 4-point probe. It was found that laser treatment of the composite surface leads to an increase in the measured
volume conductivity by 1–2 orders of magnitude, depending on the content of MWCNTs. At the same time, the removal of
the near-surface layer of the polymer by laser treatment makes it possible to reduce the contribution of the contact resistance
to the resistance of the composite measured by 2-point probe from 55–77 to 0.18–5.3% for composites with an MWCNT
content of 2.5–4 wt%.
Keywords: nanocomposites, multiwalled carbon nanotube, laser ablation, Raman characterization of composites, currentvoltage characteristic

1. Introduction

introduction of CNTs into composites makes it possible to improve their operational (mechanical and
tribological) properties and increase thermal and
electrical conductivity, thermal stability, etc. The
properties of such composites are largely determined
by the spatial distribution of CNTs in the bulk of the
composite as well as by the nature of the interfaces
between matrix material and nanotube surface. By
varying the conditions for the formation of composites and the characteristics of CNTs, it is possible to
change the properties of the resulting materials over

Due to their unique electrophysical and mechanical
properties, carbon nanotubes (CNTs) are among the
key components for various fields of application [1–
3], in particular, for the development of new structural and functional materials by introducing CNTs
into composites based on polymer, metal and ceramic matrices. There are many excellent monographs
[4–12] providing a detailed description of physical
and chemical properties of the composites modified
with CNTs and other carbon nanostructures. The
*
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polypropylene, thermoplastic polyurethane, etc.) are
not very sensitive to laser radiation [20], which complicates their laser processing. At the same time,
when the additives efficiently absorbing laser radiation are introduced into such polymers, this significantly increases the possibilities of laser modification of polymer composites due to the initiation of
photothermal transformations. Metal and metal oxide
additives were used as the agents initiating photothermal transformations in polymers (see the effect
of introducing Вi, Bi2O3, Sb2O3 [21, 22], ferroferric
oxide (Fe3O4) and zirconium oxide (ZrO2) [23] in
polyurethane). Carbon nanomaterials have also
proven to be effective for local laser treatments of
polymers. In particular, graphene additives have been
used for controllable laser patterning of polymers
[24–26]. The authors of [27] used MWCNT additives
to enhance the laser patterning performance of polypropylene (PP). The three-dimensional network structure formed by CNTs can effectively improve the
photothermal conversion effect of PP/CNT composites. It was demonstrated that the addition of 10 ppm
CNTs endowed PP with a clear black laser patterning
performance. As the content of CNTs was increased
from 10 to 200 ppm, the grayscale of the laser-induced patterns changed from black to white. An
amorphous carbon material constituted the laser-induced pattern, which was confirmed by Raman spectroscopy. This paper proposes a simple and efficient
method for improving the laser patterning performance of polymer materials using CNTs and provides
an effective direction for practical applications of
grayscale-controlled (black and white) laser-induced
patterns.
In this study, a technique for laser processing of
polymeric composites based on PE modified with
MWCNTs was successfully developed in order to
create effective contacts. The creation of reproducible contacts for connecting the conductive composites having polymer matrices is necessary for the
development of various devices based on them (sensors, heating elements, wearable and stretchable
electronics, etc.).

a wide range, thus optimizing the properties of the
produced composites for their practical applications.
One of the application fields of conductive composites modified with CNTs is the creation of various
electronic devices (including heating elements,
wearable and stretchable electronics [10]) and sensors for determining deformation, bolometers, artificial sensory skin, sensors for monitoring the aging
of materials and structures, and for revealing the
presence of nitrogen oxides, carbon monoxide, acetone, ethanol and other gases based on the deformation of the sensitive element or changes in the state
of contacts between nanotubes in thin composite
films during sorption [13–16]. The creation of such
electronic devices requires effective contacts with
the surface of the conductive composite to reliably
measure changes in characteristics of the sensitive
element. To ensure the maximum sensitivity of such
devices, the content of MWCNTs in the composite
should be close to the theoretical percolation threshold, since in this case even a small change in the composite structure will lead to a significant change in
the number of contacts between nanotubes and a
change in the conductivity of the sensitive element.
At the same time, the surface conductivity of composites based on polymers is, as a rule, low due to
their high surface tension and immersion of nanotubes into the near-surface layers. This makes it necessary to increase the conductivity of the surface layers of composites to create effective contacts with
power metal wires (conductors). In addition, due to
the presence of the near-surface layer with an increased resistance in composites, the main contribution to the sensor signal will be determined by a
change in the state of the contact of metal conductor
with the surface of sensitive element (contact with
the surface). In the case of heating elements, wearable and stretchable electronics, the flow of current
through these surface contacts can generate additional heat and destroy the contacts.
In this work, we investigated the formation of surface contacts by treating polymer/MWCNT composites with a laser beam using the example of PE/
MWCNT composites.
Laser processing (mainly laser ablation) has become
a powerful method in the fabrication of microstructures and nanostructures on various polymers [17, 18].
The first report on the laser ablation of polymers was
published by Cozzens and Fox in 1978 [19]. However, it is known that many polymers (polyethylene,

2. Experimental
2.1. MWCNTs
MWCNTs were synthesized by the catalytic pyrolysis of ethylene over a Fe-Co catalyst at 680 °C [28–
30]. Catalyst impurities were removed by boiling
MWCNTs in a solution of hydrochloric acid
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number indicates the mass content of MWCNTs in
the composite.

(15 wt%) for 2 hours. Thereafter, MWCNTs were
washed with distilled water until neutral. The aspect
ratio of MWCNTs determined from scanning electron microscopy images was ~3000.

2.4. Structural characterization
The structures of pristine and laser-modified composite films were characterized using optical transmission and reflection microscopy (Micromed
POLAR 1, Russia) and scanning electron microscopy
(SEM, JSM6460-LV JEOL and SU8230 Hitachi,
Japan). Surface reconstruction of the composites was
performed by photogrammetry using the Meshroom
ALICEVISION software based on a series of 15–20
SEM images obtained by varying the rotation (±40°)
and tilt (0–40°) of the sample relative to the microscope e-beam. Field of view SEM was 0.0012°.

2.2. Synthesis of MWCNT/PE composites
The method of mechanical mixing in a melt was
used to obtain a series of MWCNT/PE samples with
a variable MWCNT content (0.5, 0.75, 1.5, 2.5, 4, 6,
8, 10 wt%) in an LH3750m PE matrix (DaelimPoly).
MWCNT and PE powders were premixed in a knife
mill for 1 min. The resulting mixture was homogenized twice using a Dynisco LME mixer extruder
(U.S.A.) (the distance between shaft and head 200 microns, shaft and head temperatures 120 and 135 °С)
and additionally processed on it seven times with a
distance between the shaft and the head of 50 μm.
Films of composites were obtained by hot pressing
at a temperature of 140 °C and a pressure of 10 MPa
for 5 minutes. The thickness of the films was in the
range of 250–350 μm. The samples were designated
as 0.5M–10M, where the number indicates the mass
content of MWCNTs in the composite.

2.5. Raman spectra characterization
Raman spectra of the MWCNT/PE composites were
obtained on a LabRAM Horiba (Japan) single-stage
spectrometer with a CCD Symphony detector (Jobin
Yvon) having 2048 horizontal pixels. The laser power
(the 514 nm line of an Ar+ laser) on the sample was
typically less than 0.1 mW. The spectral resolution
was 3.0 cm–1. Single spectra were collected from regions with a cross section of about 1 μm. For each
of the samples, a series of spectra were recorded
along the chosen direction in the interval of up to
20 μm with a step of 1 μm.

2.3. Laser modification of the composite
surface
Laser modification of the surface of the composite
films was carried out using a CNC machine (CNC3040AL2, Russia) having a semiconductor laser
source (GH04C05A9G Sharp) with a wavelength of
455 nm and a continuous power of 5 W. Pulse-width
modulation (PWM) control with a frequency of
25 kHz was used to control the laser power. The duty
cycle of the control pulses was 35%. Figure 1 shows
a photo of the setup and a diagram of sample processing. To prevent overheating of the sample, dry
air (11 l/min) was supplied to the treatment zone
through a nozzle with an inner diameter of 1.5 mm.
The cross-section of the laser beam at the focus was
~50 μm, and the speed of the laser beam movement
over the sample was 7000 mm/min. For uniform processing of the entire surface of the composite, the laser
beam moved parallel to the X axis with a distance
between adjacent tracks ~40 μm (Figure 1b). To
avoid burning through the sample with a decrease in
the speed of the laser beam at the extreme points of
movement along the X axis, the beam was displaced
along the Y coordinate and the direction of the beam
was changed outside the sample boundary. The samples were designated as 0.5ML–10ML, where the

2.6. Current-voltage characteristic
measurements
Investigation of the electrical conductivity of composites with an MWCNT content of 2.5–10 wt% was
carried out by sequential measurement of their current-voltage characteristics (CVC) using a Keysight
B2902A source meter (U.S.A.) with through-plane
4-point [31] and gold-plated (50 nm) electrodes with
a diameter of 20 mm (Figure 1c, 1d). Characterization was performed in the range of applied voltages
0.001–200 V so that the current through the sample
did not exceed 1 mA to prevent heating of the samples. Data on the current and voltage of the source
and the voltage of the probe were observed for each
CVC measurement. The holding at a fixed voltage
before the measurement was 1 s, the measurement
time was 0.25 s, and the number of measurement
points was 10 per decade. The number of successive
measurements was 4, and the pause between them
was 5 min. The CVC of the composites containing
0.5, 0.75 and 1.5 wt% MWCNTs were measured
828
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Figure 1. The experimental setup for laser treatment of composites (a). A diagram of the laser beam movement over the surface of a composite film (b). The gold-plated electrode (c) and a scheme of experimental setup (d) for throughplane 4-point conductivity measurement.

irradiation in the cross section has a Gaussian distribution [17]. These stripes, characterized by varying
degrees of radiation exposure to the composite, are
formed as a result of processing polymer films on a
CNC machine with the carriage movement steps
comparable to the cross section of a laser beam.
A SEM study of the cross-section of pristine composites revealed that MWCNTs are uniformly distributed in the matrix volume (Figure 2d) and form
a net of openwork aggregates produced during the
nanotube synthesis.
SEM images of the surface of initial samples (Figure 2e) demonstrate that only a small part of MWCNT
aggregates are directly located on the surface of the
composite film (white arrows). The rest of the
MWCNT aggregates are located in the near-surface
layer of the composite (up to 10 nm [32]) and covered with a thin layer of polyethylene (black arrows).
According to SEM data, light and dark stripes observed in optical microscopy have different surface
structures (Figure 2f). Here, the dark stripes of optical microscopy look light due to the higher emission
of secondary electrons from carbon nanotubes during SEM examination and vice versa.
Light stripes in optical microscopy (Figure 2g and
2h) correspond to the regions in which the surface

using a Keithley 6487 source meter and a Keithley
8009 fixture (U.S.A.) in the voltage range 0.001–
500 V with exposure at each voltage for 100 s to prevent the influence of absorption currents.

3. Results and discussion
3.1. Structure of pristine and laser-modified
composites
The film structure of pristine and laser-modified
composites was investigated using optical microscopy and SEM (Figure 2). It was found by transmission optical microscopy (OM) that MWCNTs are
uniformly distributed in the bulk of the composites
and only a few aggregates up to 5 μm in size are observed (Figure 2a). At the same time, reflectance OM
allows observing on the surface of pristine 6M composite films many dark inclusions, which are the individual aggregates of MWCNTs that protrude onto
the composite surface and occupy about 5% of the
surface (Figure 2b).
For laser-modified composites, light and dark stripes
with a width of about 20 μm are observed on the surface; the distance between them is ~40 μm, which
corresponds to the processing step (Figure 2c). The
observed alternation of light and dark stripes is explained by the fact that the power of the laser beam
829
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Figure 2. Characterization of the composites structure by optical microscopy (OM) and SEM. (a) Transmission OM image
of 2.5M composite; (b) and (c) reflectance OM images of pristine (6M) and laser-modified (6ML) composites, respectively (white arrows point to MWCNTs aggregates on the surface of pristine composite); (d) SEM image of
cross section of the pristine 6M composite; (e) SEM image of the pristine 6M composite surface (white arrows indicate aggregates directly located on the surface of the composite film, black arrows – aggregates covered with a
thin PE layer; (f) SEM image of the laser-modified 6ML composite, the reflectance OM image of which (see part 3
of this Figure) demonstrates light and dark stripes with a width of about 20 μm; (g, h) SEM images of light stripes
in the 6ML composite observed with reflectance OM; (i) SEM image of dark stripes observed with reflectance
OM; (j) and (k) 3D reconstructions based on the sets of SEM surface images of pristine (j) and laser-modified (k)
composites, respectively.

characterized by low polymer content and is almost
completely covered with openwork nanotube formations. Such a difference in the structure of the composite surface after laser treatment is associated with

of the composite is significantly enriched with nanotubes and their aggregates in comparison with the
pristine composites. The surface corresponding to
the dark stripes in optical microscopy (Figure 2i) is
830
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a more intense effect of laser radiation, and the content of MWCNTs in such areas is higher than on the
rest of the composite surface.

the distribution of laser radiation power having a
maximum in the center of the beam and makes it
possible to trace differences in the effect exerted by
laser radiation of different power on the polymer surface in one experiment.
Three-dimensional surface reconstruction of the
composites, which was made using 15–20 SEM images taken from different angles, showed that in the
initial composite (Figure 2j) there are no individual
nanotubes on the surface, and only MWCNT aggregates are observed; they protrude above the surface
by 50–100 nm and are partially covered with a thin
polyethylene layer. The surface of the dark stripe of
the laser-modified composite (Figure 2k) has a more
inhomogeneous 3D structure formed by MWCNT aggregates and openwork formations of individual nanotubes protruding up to 1 μm above the surface.
Thus, using optical microscopy and SEM, it was
found that the employed method of composite production ensures the destruction of big MWCNT aggregates. So the composites are characterized by a
relatively uniform distribution of nanotubes. In a
hot-pressed composite film, only a small part of the
MWCNT aggregates are located directly on the surface of the composite film, while the rest of the aggregates are covered with a thin layer of polyethylene. Laser treatment removes the surface layer of the
composite matrix. On the surface of the laser-modified composite, areas with an increased content of
MWCNTs can be distinguished. This corresponds to

3.2. Raman spectroscopy analysis of the
surface structure of pristine and
laser-modified composites
In the Raman spectra of the surface of pristine and
laser-modified composites, characteristic MWCNT
modes (D, G, D′, and 2D) and characteristic vibration modes of polyethylene were observed. A typical
spectrum of the MWCNT/PE composite and a typical decomposition of the spectrum into components
(D ~1350 cm–1, G ~1580 cm–1, 2D ~2700 cm–1 [28]
from MWCNTs and vibration modes ν–CH 2800–
3000 cm–1 from polyethylene) in the Fityk program
using the Voigt function for approximating the band
contours are shown in Figure 3. This decomposition
does not take into account narrow and low-intensity
PE modes (1063 cm–1 – νas (C–C) trans chain,
1130 cm–1 – νs (C–C) trans chain, 1296 cm–1 –
(CH2) trans chain, 1418 cm–1 – δ (CH2) + ω (CH2)
CH2 twist). Decomposition of the spectra makes it
possible to distinguish modes typical of MWCNTs
and polyethylene; in addition, the decomposition
provides the observation of broad characteristic
peaks in the range of 1300–1600 cm–1 with maxima
at ~1450 and ~1520 cm–1, which were attributed to
vibrations of amorphous carbon (as it was considered in [27]). However, in [28], the characteristic

Figure 3. A typical Raman spectrum for one of the points of the pristine composite (red). Green lines represent the decomposition of the spectrum into components (D, G, D′ 2D, ν CH peaks, with the release of a wide peak D3 of amorphous carbon in the region 1200–1700 cm–1).
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with a step of 1 μm and a diameter of the exciting
radiation spot of about 1 μm: in an arbitrary direction
for the pristine composite and along light and dark
stripes for laser-modified samples (Figure 5). At each
point, three scans of 60 s duration were obtained.
Due to the uneven distribution of MWCNTs in the
surface layer of pristine composite, relative intensities of the MWCNT and PE Raman peaks are antisymbatic: high intensity of MWCNT peaks corresponds to low intensity of PE peaks (Figure 4a, 4b)
and on the contrary. It is supported by the facts that
polyethylene is transparent for exciting radiation
(514 nm), while the depth of light penetration into
the nanotubes is limited by their several graphenelike layers [40]. Thus, the change in intensity of the
peaks corresponds to the distribution of MWCNT
aggregates in the bulk of the composite film with a
characteristic aggregate size of ~1–2 μm (Figure 4c).
The analysis of intensities of two phonon (2D) and
D modes is widely used for the characterization of
defectiveness and size of two-dimensional crystalline
blocks in graphenes and MWCNTs [28, 41]. It should
be mentioned that the incorporation of small portions
of MWCNTs into PE matrix (2.5–4 mass% loading)
leads to a decrease in the intensity ratio of 2D and D

peak assigned to amorphous carbon was very wide
(between 1000 and 2000 cm–1) and could probably
correspond to several peaks of amorphous carbon.
So when studying soot, coals and other disordered
carbon materials, at least four bands are usually analyzed. These bands are designated as D1, D2, D3 and
D4, where D1 (here D) refers to graphene layer edges,
A1g symmetry; D2 (here D′) – to surface graphene
layers, E2g symmetry [33, 34]; D3 (D″, A ~1500 cm–1)
– to amorphous carbon [35–37]); and D4
(I ~1200 cm–1, here 1180 cm–1) – to disordered
graphitic lattice (A1g symmetry) [38] and polyenes
[37, 39].
In the decomposition of the spectra of composites in
the range from 2300 to 3300, in addition to two pronounced peaks at 2700 and 2900 cm–1 assigned to
the (2D) overtone and (G + D) combination, respectively, very wide bands were observed at 2400 (2D4),
2940 and 3040 cm–1, which were assigned to the
overtones of amorphous carbon. Narrow peaks at
2849 and 2890 cm–1 were assigned to C–H vibrations of polyethylene C–H.
To reduce the uneven distribution of MWCNTs on
the surface of the composite, the spectra were recorded sequentially at 21 points in the chosen direction

Figure 4. (a) Changes in Raman spectra depending on scan position obtained for the laser-treated composite surface.
(b) Changes in the mode intensity of carbon nanotubes (G, 1588 cm–1) and polyethylene (PE, 2852 cm–1) along a
scanning stripe with a length of 20 μm (the cross-section of the exciting laser beam is 1 μm). (c) A diagram illustrating the penetration of exciting radiation into the surface layer of the composite. Due to the presence of MWCNT
agglomerates, the exciting laser radiation of the spectrometer can penetrate to different depths, which causes significant fluctuations in the intensity ratio of MWCNT and PE peaks in the Raman spectra.
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Figure 5. Optical images of light (a) and dark (b) stripes on the surface of the laser-modified MWCNT/PE composite along
which the successive recording of the Raman spectra was carried out.

more effective interaction (in crystallographic sense)
of PE crystals with the CNT surface. The structure of
MWCNT-PE interfaces (with well crystallized PE
blocks) may influence the intensity of two phonon
Raman scattering (2D mode) and produce a relative
decrease in the I2D/ID ratio for the MWCNT/PE composites with a lower CNT content.
The constancy of the MWCNT I2D/ID ratio (within
an experimental error of 0.55±0.015; for 6 mass%
MWCNT loading) indicates the absence of changes
in carbon nanotubes before and after laser treatment
of the composite. For the composites with a lower
MWCNT loading we observed an increase in the
I2D/ID ratio after laser treatment.
At the same time, the proportion of PE in the light
and dark bands significantly decreases (for 6 mass%
MWCNT loading, by 26 and 78% compared to the
pristine composite). The highest proportion of amorphous carbon was observed in the light stripes, and
the lowest in the dark stripes. Due to the constancy
or increase in the I2D/ID ratio for composites with a
high MWCNT loading or lower loading samples, respectively, corresponding to the absence of changes
in the MWCNT structure, a lower content of amorphous carbon in the dark stripe may indicate a more
intense burnout of highly reactive amorphous carbon
in the dark stripe (in the region of increased laser
beam power).

modes (I2D/ID) (Figure 6), while in composites with
a higher loading of MWCNTs (6 mass%) this ratio
was close to that of pristine nanotubes (0.54±0.03)
[42]. We believe that this phenomenon can be explained in terms of a more effective interaction of
the MWCNT surface with the polymer in composites
having a lower nanotube concentration. As indirect
evidence one can use the data of in situ XRD study
of MWCNT/PE composites [43], which demonstrates
that the crystallization of PE from the melt is initiated and initially proceeds mostly on the nanotube surface. Furthermore, we have observed that the size of
coherent scattering region (CSR), which corresponds
to the mean size of the ordered (crystalline) domains
of PE crystallites, was greater for the composites with
a lower nanotube content. So one may conclude that
the specific interaction of PE crystallite with the nanotube surface could be more effective in the case of
composites with a lower CNT content. It can be explained in terms of a lower viscosity of polymer composites with a lower CNT content, which provides a

3.3. Current-voltage characterization of
composites
The influence of the MWCNT content and laser
treatment on the electrical conductivity of the composites was determined by sequential measurements
of the CVC. Successive measurements of the CVC
of the composites showed that the current density
through the sample increases with each subsequent

Figure 6. Changes in the intensity ratio I2D/ID, amorphous
carbon (D3, 1454 and 1523 cm–1) and polyethylene
at 2852 cm–1 normalized to the G band (1588 cm–1)
in the Raman spectra for the surface of pristine and
laser-modified composites.
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decrease in the resistance of the composite and a decrease in heat release.
It was found that for the pristine composites, Ecr
changes after three successive measurements of the
CVC and does not change further. For the 2.5M composite, Ecr decreases in the range 2.68–1.45 V/mm;
for the 4M composite, Ecr virtually does not change
and remains within 1.14–1.17 V/mm; and for the 6M
composite, Ecr increases in the range of 0.77–
0.98 V/mm. This indicates the predominance of various mechanisms for the formation of additional current-conductive paths depending on the content of
MWCNTs in the composite. For the 2.5M composite, this is the partial breakdown of the polymer matrix, while for composites 4M and 6M, the displacement of the polymer matrix from the contacts
between MWCNTs. The appearance of additional
current-conducting paths leads to an increase in the
conductivity upon successive measurements of the
CVC: for composites 2.5M, 4M and 6M, the current
increases by a factor of 5.8, 2.1 and 1.7, respectively.
Thus, the effect of the appearance of new currentconducting paths decreases with an increase in the
content of MWCNTs in the composite and an increase in the number of pristine ohmic contacts.
At the same time, the CVC measurements of the composites after laser treatment showed that no increase
in the current density was observed for them with
successive CVC measurements. Thus, it can be concluded that the main reason for the increase in the
measured current density in composites at successive
CVC measurements is the formation of current-conducting paths in the near-surface layer of composite
films, in which the content of individual nanotubes
and their agglomerates is somewhat lower than in
the bulk composite according to SEM data. In addition, according to the Raman spectroscopy data, the
surface of the samples after laser treatment is characterized by an increased content of MWCNTs and
amorphous carbon, which provides better electrical
contact than single agglomerates of MWCNTs observed on the surface of the pristine composite. For
laser-modified composites, a reproducible deviation
of the dependence j ~ E from the linear form is also
observed at an applied field of 9.7 V/mm for 2.5ML
and 6.5 V/mm for 4ML, due to the reversible displacement of the polymer matrix from the contacts
between MWCNTs.
Thus, taking into account the contacts between closely
spaced nanotubes separated by a polymer matrix, the

Figure 7. CVC obtained at the 1st (i1) and 4th (i4) sequential
measurements of pristine (M series) and lasermodified (ML series) composites. Dashed lines –
approximation of the CVC by a linear function in
the region of the ohmic dependence j ~ E.

CVC measurement up to the third one, and then virtually does not change.
It was found that the pristine composites containing
2.5M, 4M, and 6M MWCNTs are characterized by
a nonmonotonic increase in the current density (j)
from the applied voltage (E) (Figure 7). In the region
of small applied electric fields (below ~ 1 V/mm),
the current density linearly depends on the electric
field. A further increase in the electric field leads to
a deviation from the linear dependence j ~ E at the
critical voltage Ecr so that j ~ En, where n > 1. Previously, we explained this behavior of composites
by the presence of ohmic and non-ohmic contacts
between individual nanotubes in them [44, 45]. In
ohmic contacts, nanotubes are in direct contact with
each other, whereas in non-ohmic contacts, they are
separated by several polymer chains. With a sufficiently large external electric field, non-ohmic contacts are activated due to partial breakdown of the
polymer matrix or displacement of the matrix from
the contacts between MWCNTs; as a result, additional paths of current flow appear. In the case of partial breakdown of the matrix, Ecr of the composite
decreases due to a decrease in the field required for
reactivation of non-ohmic contacts between nanotubes. Such a mechanism for the formation of additional current-conducting paths is characteristic of
the composites with a low MWCNT content near the
percolation threshold. If the displacement (partially
or completely reversible) of the polymer matrix from
the contacts between nanotubes due to their heating
prevails, Ecr of the composite increases due to a
834
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Figure 8. CVC of the pristine and laser-modified composites according to the 4th sequential measurement (a). Dependence
of the conductivity of pristine and laser-modified composites on the MWCNT content (b). The inset shows the approximation of experimental data using the dependence logσ ~ t·log(p – pc) (pc – the volume content of MWCNTs).

that for both the pristine and the laser-modified composites the dependence of conductivity on the
MWCNT content is percolation, while for the lasermodified ML composites the conductivity is higher
for each MWCNT concentration. To determine the
percolation threshold value in the pristine and lasermodified composites, the experimental data were approximated using the dependence logσ ~ t·log(p – pc)
(where pc – the critical concentration of MWCNTs
[vol%], p – the concentration of MWCNTs [vol%],
σ – the conductivity of composites, and t – the coefficient). It has been found that the use of laser
treatment makes it possible to reduce thus calculated percolation threshold from 1.36 to 1.05 mass%
MWCNT. Also, the invariability of coefficient t in
the range of 6.2–6.3 indicates a large contribution of
the electron tunneling mechanism to the total conductivity of the composites [46] and allows assuming that under the action of laser treatment in the
bulk of the composite no changes occur in the distribution of MWCNTs and the structure of contacts
between them.
Based on the source current and voltage as well as
the probe voltage for the 4th CVC measurement, we
calculated the resistivity of the composites when
measured using the 2-point (R2) and 4-point (R4)
methods. This allowed us to calculate the contribution of the contact resistance to the total resistance
of the composites measured by the 2-point method
as (1 – (R4/R2))·100% (Figure 9a). It can be seen that
the contribution of the contact resistance to the total
measured resistance of pristine composites using the
2-point method ranges from 77% for the 2.5M to

maximum value of the conductivity of the composites was estimated from the data of the 4th measurement of CVC (Figure 8a). Samples of composites
with a MWCNT content of 0.75 wt% and less had a
current density at the level of the ammeter sensitivity
(~2·10–15 A/cm2); therefore, their CVC are not shown,
and the conductivity is taken to be 2·10–16 S/cm,
which corresponds to the conductivity of pure polyethylene.
One can see that for all the composites the current
density increases with an increase in the content of
MWCNTs at the same electric field. Also, in pristine
composites, due to a decrease in the distance between nanotubes in non-ohmic contacts and a decrease in the electric field required for their activation, a decrease in the critical field Ecr is observed
from 46 V/mm for 1.5M to 0.77 V/mm for 6M. For
composites 8M and 10M, the linear dependence of
the current on the electric field remains in the entire
investigated range, which is associated with the high
content of MWCNTs and many ohmic contacts between them. It was found that laser treatment of the
surface of composites leads to an increase in the current at the same applied electric field and an increase
in Ecr. The increase in current is due to the removal of
the surface layer of composites with a reduced content of MWCNTs. The greatest effect of removing the
surface layer is observed for composites with a low
MWCNT content. For example, for the 1.5M composite, the current increased more than 15 000 times.
Based on the CVC, the concentration dependencies
of the conductivity of pristine and laser-modified
composites were obtained (Figure 8b). One can see
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Figure 9. The contribution of the contact resistance to the total resistance of the composites measured by the 2-point method.
(a) For pristine (2.5M and 4M) and laser-modified (2.5ML and 4ML) composites versus the applied electric field.
(b) For the 2.5M sample modified at different laser duty cycles (at a 1 V/mm electric field). All the data for calculation were obtained during the 4th CVC measurement.

and SEM data, during laser processing of composites, nanotubes provide the effect of photothermal
transformation in the near-surface layer of the composite, thereby ensuring the removal of the polymer
layer with the formation of a small amount of amorphous carbon. At the same time, the structure of
MWCNTs concentrating on the surface of the contacts virtually does not change. The removal of the
near-surface polymer layer reduces the contribution
of the contact resistance to the total resistance of the
composite measured by the 2-probe method by more
than an order of magnitude and makes it possible to
get rid of the nonlinear dependence of the current density on the applied field in the range up to 10 V/mm.
The proposed technique can be used for the development of effective surface contacts in polymer
composites modified with MWCNTs and intended
for various applications.

55% for the 4M composite at an electric field of
1 V/mm. For laser-modified composites, the contribution of the contact resistance to the total measured
resistance decreases to 0.18 and 5.3%, respectively.
The effect of laser duty cycle on the contribution of
contact resistance to total resistance, measured by
the 2-point method, was investigated for the 2.5M
composite (Figure 9b). The laser power was varied
by changing the pulse duty cycle in the range of 23–
37%. It was found that the contribution of the contact
resistance gradually decreases to 35% with an increase in the laser power to 30%, and at a power of
31.5% the contribution of the contact resistance
sharply decreases to 0.5%. A further increase in the
laser power does not significantly affect the contact
resistance. This allows us to conclude that at a laser
power below a certain threshold value, the heat released as a result of photothermal transformation is
insufficient to completely remove the near-surface
layer of the polymer, due to which some contacts
contain a polymer interlayer. Almost a complete removal of the polymer in the near-surface layer of the
2.5M composite occurs at a laser duty cycle of
31.5% or more. Thus, it can be concluded that laser
treatment of the surface of composites allows decreasing by more than an order of magnitude the
contact resistance when connecting metal contacts
to the composites.
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