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STUDY OF THE PROPERTIES OF CU-CONTAINING

POLYACRYLONITRILE NANOSTRUCTURED GAS-SENSING FILMS
T.V. Semenistaya

Institute of Nanotechnologies, Electronics and Equipment Engineering, Southern Federal University,
2 Shevchenko Str., Taganrog, 347928, Russia

e-mail: semenistayatv@sfedu.ru

Abstract. The Cu-containing polyacrylonitrile (PAN) thin films (0.04 — 0.6 um thicknesses)
were fabricated using IR-pyrolysis in ambient argon in different temperature and time modes.
The films were studied by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
transmission electron microscopy (TEM) and atomic force microscopy (AFM). CuCl, Cu,O
and Cu crystalline inclusions were obtained in the nanocomposite films by XRD. The film
microstructure was analyzed by AFM and TEM: the typical morphology corresponds to
composite film with nanoparticles of 10 nm average size in the polymer matrix. The film
electrical resistance was in the range from 4.0-10% to 2.7-10" Q. The Cu-containing
PAN nanocomposite films are promising for application as low-temperature NO, sensor in
36.5 — 255 ppm concentration range.

Keywords: IR-pyrolized polyacrylonitrile; electroconductive organic polymers; gas-sensing
materials; nanostructured films; AFM; XPS; XRD; TEM.

1. Introduction

Polymeric materials have gained a wide theoretical interest and can be used for very different
purposes and demonstrate unique possibilities [1 — 3]. Recent advances in polymer science
and film preparation have made polymeric material films useful, practical and economical in a
wide range of sensor designs and applications [4 — 12]. PAN is extremely popular and attracts
much attention due to its unique structure. It is capable to change its microstructure under
heating, possesses tolerance to most solvents and commercial availability [13 — 17].
Hydrolyzed PAN membranes widely used as a support for the assembly of a composite
membrane and play an important role in the processes of pervaporation, bioproduct
purification and water treatment [18]. PAN membranes, prepared via thermally induced phase
separation process using dimethylsulfone/glycerol as the mixed diluents, may be suitable for
micro- or ultra-filtration processes in water treatments [19]. The pyrolyzed PAN becomes
conducting conjugative polymer matrix and acts as a buffer to relieve the morphological
change of Sb, and as an inactive component to prevent the further aggregation of Sb during
cycling. Nano Sb and Sn encapsulated pyrolytic PAN composites are used for anode material
in lithium-ion batteries [20, 21].

The recent review by Nataraj et al. [22] describes the chemistry and applications of
PAN-based nanofibers. PAN is the most commonly used polymer for producing carbon
nanofibers, mainly due to its high carbon yield (up to 56%), flexibility of tailoring the
structure of the final carbon nanofiber products due to the formation of a ladder structure via
nitrile polymerization. The chemistry of PAN is of particular interest because of its use as a
precursor in the formation of carbon nanofibers for different applications, including porous

http://dx.doi.org/10.18720/MPM.3722018_1
© 2018, Peter the Great St. Petersburg Polytechnic University
© 2018, Institute of Problems of Mechanical Engineering RAS



110 T.V. Semenistaya

structured carbon nanofibers of high surface area for elecrtronics and energy storage
applications [22]. Therefore, PAN-based nanofibers have been the subject of considerable
interest, PAN nanocomposites, combined with various transition metal compounds, were
found as better choice for gas-sensing material due to their good environmental and chemical
stability, ease of synthesis, inexpensive monomer and their ability to change the structural and
electric properties under thermal treatment. This inspires the idea that PAN films can be
appropriate material for high performance sensors. PAN films can be considered as one of the
most promising material in order to obtain chemo-resistive sensors for environmental
applications.

In this paper, we describe low-cost flexible sensors, used for the detection of nitrogen
dioxide and based on a conducting nanocomposite Cu-containing PAN films, obtained by
IR-pyrolysis in ambient argon. The electrical transport properties of the fabricated films,
deposited on polycor substrates were evaluated from electrical measurements, performed at
different temperatures. Sensing measurements were performed under exposition to calibrated
nitrogen dioxide gas at concentration ranging between 36.5 ppm and 255 ppm with air as the
buffer gas, at different temperatures and under different relative humidity levels.

In the present work, we studied gas-sensing properties of the Cu-containing
PAN nanocomposite films in dependence on a modifying additives concentrations and
technological parameters of the films fabrication that influence the formed polymer structure.

2. Experimental technique

Thermally treated PAN polymer shows a rich evolution of structural and electric properties:
the chains undergo cyclization to form a conjugated-chain chemical structure, resulting in
electrical conductivity. PAN becomes a conjugated conducting polymer by low temperature
pyrolysis [23, 24]. On the other hand, PAN is a very processable polymer, which can be
dissolved in DMF. It is also found that the doping of PAN prior to carbonization can alter the
physicochemical nature of the polymer under the thermal treatment [25]. The thermal
treatment of PAN leads to changes in physical properties, which are of great practical
importance. A perspective application of this thermal treatment of PAN was found, when this
polymer was used as a precursor to produce high quality carbon materials. An early initiation
and sufficient cyclization is an important precondition for obtaining stabilized carbon
materials with uniform microstructure [26].

Fabrication of Cu-containing polyacrylonitrile films. The Cu-containing
polyacrylonitrile films were fabricated by pyrolysis method under the influence of incoherent
IR-radiation under inert atmosphere conditions. The following components were used:
polyacrylonitrile (PAN) (Aldrich 181315) as a conductive polymer matrix, copper chloride
(1) CuCl; as a modifying additive to increase the selectivity and adsorption activity of the
nanocomposite films, dimethylformamide (DMF) as a solvent.

A film forming solution was prepared by dissolving 0.8 g PAN and copper chloride (I1)
in an amount of 0.2 — 10 wt. % in 20 ml DMFA under stirring at 90 °C. After being cooled
down to room temperature, the film-forming solution was deposited (centrifuged) on quartz
substrates and then dried at 90 °C for 30 minutes. Further, the samples were stored in air for
24 hours at 22 °C until full bleaching to extract the solvent.

IR-pyrolysis of the samples was carried out in several steps: the chamber of IR-radiation
in ambient air was used at the first stage for oxidizing thermal stabilization of the
PAN polymer; the IR-annealing device «Foton» was used in ambient argon at the second
stage for PAN carbonization. Halogen lamps KG-220 with high radiation in the area of
0.8 um — 1.2 um were used as the source of radiation. Uniform heating of the samples was
supplied with up and down position of the halogen lamps in the black lead cassette. The
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thermoelectric couple chromium-aluminum inside the black lead cassette was used to control
the intensity of IR-radiation. The temperature measurement accuracy was 0.25 °C [27].

The time-temperature modes of IR-annealing were selected experimentally, since the
intensity and duration of infrared radiation provide an opportunity to control the properties of
the material films by changing the molecular structure of the polymer. The radiation intensity
at the first stage of IR-annealing corresponds to temperatures of 150 °C and 220 °C during a
15-minute period each sequentially, and the intensity of radiation at the second stage of the
IR-annealing corresponds to temperatures of 500 — 800 °C during a 5 — 15-minute period [28].

Methods of film analysis. The thickness of the films was measured by the interferential
microscopy using interferometer Ml1I-4. The films structure was analyzed by X-ray diffraction
(XRD) technique using DRON-6 with CuKa 1.54051 A radiation. EFTEM (energy-filtered
TEM) microanalysis was done using LEO 912 ABOMEGA transmission electron microscope
fitted with an in-column Omega energy filter, having such characteristic as an operating
accelerating voltage of 100 kV; magnification: 80 - 500000x; image resolution:
0.2 — 0.34 nm. The surface morphology was observed by atomic force microscopy (AFM)
using scanning probe microscope Solver P-47. The X-ray photoelectron spectra were recorded
by means of a Kratos Axis Ultra spectrometer using excitation with monochromatic
Al Ko radiation (1486.6 eV). The residual pressure in the spectrometer during the
experiments was 5-10~ Pa. The spectra were processed with the Vision 2 software package
(Kratos Analytical). The accuracy of the binding energies (E,) determination was ~ 0.1 eV,
and that of the quantitative analysis was 10 rel. %. The binding energy scale was calibrated
against the C1s line of aliphatic carbon (E, = 285.0 eV). The specific resistance measurements
were carried out using a source measure unit VIK-UES 07 by four-point probe method. The
electrical characteristics of the prepared samples were carried out in a setup, equipped with
heating element [29]. Ag contacts were deposited on the film surface using the electro
conductive glue in order to investigate the electrical properties of the samples.

The steady-state gas distribution method was used for testing gas-sensing properties.
A specially made setup, equipped with a quartz chamber, sensor holder, gas and purge lines,
was used to maintain the desired level of detected gas concentration. Sensing characteristics
were examined on base of the measurement of the film resistance. The quartz chamber
volume was around 700 cm® so that the change in gas concentration was immediate and
measurements of the response time and the recovery time of the sensors were accurate. The
response time was defined as the time, required to achieve 90% of the total resistance change,
when the detected gas is introduced into air. The recovery time is the time, required to achieve
90% of the total resistance change, when the detected gas admission is turned off and the air
is reintroduced into the chamber. The gas sensitivity (S) was defined as the following ratio:
S = (Ro — Rg)/Ro, when Ro > Ry, where Ry is the resistance in air, Ry is the resistance in the
atmosphere of the detected gas [30].

3. Results and discussion

PAN has a number of advantageous properties: (i) the solubility in polar solvents (DMFA,
dimethylsulfoxide, dimethylacetatamide) turning into gel that is advantage for copper
particles uniform distribution in the polymer organic matrix; (ii) the ability to form thin films;
(iii) the change of electrophysical properties from dielectric to semiconducting material under
IR-annealing [31].

The thickness of the prepared films was measured by the method of the interferential
microscopy (Fig. 1). The films growth was observed in accordance with the technological
parameters and different weight concentration of a modifying additive in film-forming
solutions. The PAN films thickness was between 0.01—0.03 pm. The Cu-containing
PAN films were of various thicknesses in the range from 0.04 to 0.6 um.
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The phase formation and the surface crystallization were analyzed by the XRD. There
are CuCl, Cu,0 and Cu crystalline inclusions in the composites films (Table 1). The XRD
pattern of the synthesized sample contains peaks that characterize crystalline inclusions in the
samples. This result is in good agreement with the other XRD reports (Table 1) [32 — 34].
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Fig. 1. 3D histogram, showing the films thickness dependence on the weight concentration of
modifying additive and IR-pyrolysis temperature.

Table 1. XRD-data of the Cu-containing PAN films.

20
CuCl Cu,O Cu
Tabular data | Actual data | Tabular data | Actual data Tabular data | Actual data
28.12 28.22 37.01 37.05 43.29 43.36
36.42 36.02 - - - 43.6

The microstructure of the Cu-containing PAN film has been obtained, using
EFTEM [35]. The micrograph clearly indicates copper compounds nanoparticles and their
distribution, which size is 10 nm in average. We consider the polymer matrix stabilizes the
nanoparticles and prevents their aggregation. The diffraction pattern indicates the crystalline
order regardless of the light-sized nanoparticles. These TEM results were verified by XRD
analysis [35].

X-ray photoelectron spectroscopy was used to study the composition and structural
organization of the Cu-containing conducting polymer formed [36 — 39]. XPS survey and
narrow scan data were taken on the film samples [35]. XPS survey spectra, acquired for the
Cu-containing PAN film, are present in [35]. The peaks located at about 933 eV, 531 eV,
400 eV, and 285 eV correspond to the electron states of Cu2p, Ols, N1s and C1s in the
PAN molecule, respectively. PAN, subjected to carbonization under controlled conditions, as
it is known to transform into polymer with conjugated bonds [13, 16, 17, 24]. XPS signal
characteristics of C1s, O1s, N1s confirm the well-known chemical structure of PAN polymer
[35 — 41]. The C1s signal is dominated by a major peak at BE of approximately 284.7 eV.
This peak can be attributed to aliphatic carbon (C — C) of the polymer chain, i.e. the carbon
atoms bonded with carbon and hydrogen atoms [35, 36]. The intensity of the C1ls peaks at
285.9 eV and at 286.7 eV, indicating the formation of carbon nitrogen atoms links in
(-CH2CH(CN)-), and of imino bonds (C=N-) [35, 36, 44], respectively, is roughly equal.
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The N1s core is on level spectrum of the Cu-containing PAN films. The large peak with its
maximum at 398.4 is attributable to the imino-like (=N-) nitrogen atoms [45]. The peak at
400.4 eV can be seen due to carbons, linked to the nitrogen atom. The peak, located at
400.4 eV in the N1s core region corresponds to the binding energy of the nitrogen atoms in
C—N=C bonds [45]. The peak-fit of the O1s core level reveals two binding energy states. The
low-binding energy component at 530.9 eV is from CuO or Cu,0. The high-binding energy
component at 532,3 eV arises from carbon species, combined with oxygen (C=0, C-0-C)
[43, 46].Two components by peak fitting the Cu XPS data were identified. The larger and
narrower low-binding energy component at 932.6 eV is from metallic Cu or Cu(l) species and
the higher binding energy component at 934.8 eV can be assigned to oxidized Cu [42 — 45].
In Table 2, the XPS elemental surface compositions of the Cu-containing PAN films are
presented.

Table 2. Assignments of the main spectral bands, based on their binding energies (BE) and
atomic concentration (AC) of the Cu-containing PAN films.

Element BE (eV) AC (at. %) Assignments

284.7 —(CHy)-
285.9 C=N (=CH,CH(CN)-),

Cls 286.7 811 C-N, C=N, (~CH,CH(CN)-),
288.2 C=0, 0-C-O
398.4 C=N-H

N1s 400.4 117 “NH-, C-N=C
530.9 CuO, Cu,0

Ols 532.3 6.4 C=0, 0-C-0
932.5 cu’, cu'* (Cu,0)

Cuzp 934.8 0.7 Cu® (Cu0)

(©)
Fig. 2. AFM-images of the Cu-containing PAN films: 600-3 (a), 700-3 (b), 800-3 (c).
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In order to observe clearly the microtopographical changes on the nanocomposite film
surfaces, the AFM images of the film surfaces, formed under various time-temperature
IR-annealing modes from film-forming solutions with different weight concentration of
copper chloride (Il), were taken and are shown in Fig. 2. It could be observed that the
Cu-containing PAN films are dense and show a rough surface. When the IR-annealing
temperature was increased to 800 °C, a decrease in surface roughness was observed and the
distribution of crystallite was uniform. High temperature enhances the crystallite size and the
roughness decrease [42].

The statistical parameters of the surface morphology were estimated, using the Image
Analysis software. Fig. 2 shows that the Cu-containing PAN samples change the surface
roughness of the films due to fabrication temperature growth. It was noted that the surfaces
became smoother. For example, the root-mean-square (Rq) surface roughness over an area of
5 x 5 um? for the films changes from 15.4 nm to 1.9 nm, while forming films at 600 °C and
700 °C, respectively [47].

Thus, using different time-temperature modes of the two-stage IR-pyrolysis allows
fabricating the Cu-containing PAN films with nanosized particles of copper compounds with
different surface morphology. The study of structure and composition of the fabricated films
makes it possible to explain their electrical and gas-sensing properties.

The thin films with the resistance values in the range from 4.0-10° to 2.7-10™ Q were
fabricated at various IR-annealing temperatures and using various weights of a modifying
additive (Fig. 3). As observed from the Fig. 3, the film conductivity was improved
significantly by the IR-annealing temperature growth and the increase of copper chloride (1)
weight concentration.

500°C m600°C ®m700°C =800°C

N
ol
1

IgR ()

[EY
o1 O
1

0 0.2 1 3 5 10
o (Cu) (wt. %)

Fig. 3. Histogram, showing the dependence of the film resistance on the weight concentration
of a modifying additive and IR-pyrolysis temperature.

According to the results of four-point probe measurements performed on PAN and
Cu-containing PAN films, there is the exponential temperature dependence on the films
resistance points to the semiconducting nature of the film material [29]. The resistance of the
Cu-containing PAN films exponentially decreases with the temperature in the range between
room temperature and 70 °C above that temperature a linear dependence occurs.

The results of the sensing tests of the Cu-containing PAN films revealed their sensitivity
to nitrogen dioxide NO; in the range of concentration between 36.5 — 255 ppm. The films
material behavior is reversible that is the resistance decreases at the adding of NO, gas in the
air flux, then it restores at fresh air. So, the conductivity of the film increases while adsorbing
the gas-oxidizer, as NO, is an acceptor of electrons pointing to p-type semiconductor
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characteristics of film material. In general, the sensitivity of the Cu-containing PAN sensors is
affected by technological parameters as well as by the working temperature. The IR-annealing
temperatures provide a possibility to manage the gas-sensing properties of the Cu-containing
PAN [30].

Response time (min)

Recovery time (min)

500-1 500-3 600-1 600-3 700-1 700-3

Tir (°C) -  (Cu) (Wt. %)

Fig. 4. Response time and recovery time of the Cu-containing PAN sensors vs IR-pyrolysis
temperature (°C) and weight concentration of a modifying additive (wt. %), at 20 °C,
c(NOy) = 146 ppm.

The response time and the recovery time of the NO, sensors using the Cu-containing
PAN nanocomposite films were defined (Fig. 4). The sensors display a relatively rapid
response under NO, exposure and rather high recovery time: it is extended up to several tens
of minutes. The IR-annealing temperatures exert bad influence on the recovery time. To meet
the best sensitivity and the fastest response and recovery time requirements a sample,
fabricated under 500°C from 3 wt. % film-forming solution, was used. The working
temperature of the NO, sensor with the Cu-containing PAN films sensing layer was
determined in the temperatures ranging between 20 °C and 50 °C. The response linearly
decreases with the temperature increase in the specified range, the sensitivity of the sensor
below 33 °C was very low (~0.1 r.u.).

The films sensitivity as a function of relative humidity was measured in stationary
conditions at 20 °C. The relative humidity levels are established inside the measurement
chamber by fluxing dry air mixed with humidity-saturated air at different ratios [48]. The
sensing performances of the films are evaluated by means of electrical measurements,
performed while exposing the samples to different relative humidity levels. It was found that
within the range of humidity values from 43 % to 90 %, there is no essential change of gas
sensitivity.

4. Conclusions

Cu-containing PAN films were fabricated by IR-pyrolysis in ambient argon and their
structural and electrical properties were studied. Gas-sensing measurements were performed
at low temperature in order to assess the sensing properties of the films for no-heated
application. The fabricated films used as a sensing layer for chemo-resistive NO; sensor that
operates at room temperature. The sensor was found to detect nitrogen dioxide gas down to
36.5 ppm with a reversible and reproducible response.
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Abstract. The paper presents the results of studying the surface morphology of
cobalt-containing polyacrylonitrile (PAN) films from the standpoint of the theory of
self-organization and information theory. It is stated that the films surface is a set of fractals.
The correlation dimension D and fractal dimension Dy of the fabricated films were calculated.
Using the C++ software package program, mutual information of cobalt-containing
PAN films surfaces was calculated, resulting in a correlation between the values of gas
sensitivity coefficient and the values of average mutual information of cobalt-containing
PAN films.

Keywords: polyacrylonitrile film; self-organization; correlation analysis; fractal analysis;
average mutual information.

1. Introduction

Since the middle of the last century, it became known that polymer materials with a system of
conjugated bonds exhibit semiconductor properties [1]. It is known that heat-treated PAN is
an organic semiconductor, the value of its resistivity is in the range from 10*° Q/cm to several
Q/cm [2], and is used to create various modern electronic devices, including sensors of
resistive type [3].

Considering the anthropogenic impact on the environment, it is necessary to use gas
sensors with high selective gas sensitivity to obtain accurate information on the quantitative
and qualitative composition of the atmospheric air. Therefore, research in the field of creation
of gas-sensitive materials with high sensitivity and selectivity is a topical issue in
nanoelectronics. In [4] it is found there are self-affinity fractals due to self-organization
processes occurring during the formation of organic material at the stage of heat stabilization
in metal-containing PAN films that are characterized by high values of gas-sensitivity
coefficient.

The surface of the semiconductor films is rough, structure of coatings can be
determined by film fabrication technology [5], by deposition conditions and nature of the
material. The developed surface-relief structure increases real surface area, which can
significantly exceed the topological area. This affects the electrical and other functional
properties of the films, in order to evaluate the effect of morphological characteristics, it is
necessary to study the connection between surface roughness and fractal dimension.

The difficulty in estimation of the roughness and the size of the surface roughness is in
the scale of the measurements, i.e. the scanning step while investigate film surface using
scanning probe microscopy [6]. The fractal approach is invariant with respect to the
measurement scale [7].

http://dx.doi.org/10.18720/MPM.3722018_2
© 2018, Peter the Great St. Petersburg Polytechnic University
© 2018, Institute of Problems of Mechanical Engineering RAS
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There are accurate methods of theoretical research of film formation processes and
features of their surface. Morphological characterization of surfaces of cobalt-containing
PAN films, was explored by the method of atomic force microscopy (AFM). The irregular
shape of thin-film surfaces requires such methods for description as the theory of self-
organization [8].

To determine the self-organization processes in the cobalt-containing PAN films, the
correlation (D) and fractal dimensions (Dy) are calculated. The advantage of the methods of
the theory of self-organization is the analysis of the dynamic processes occurring in the
structure under the temperature-time regimes of their formation.

However, the method of self-organization does not allow one to assess the degree of
ordering of the structure of the polymer material associated with the dynamic processes
occurring during its synthesis. The use of information theory allows evaluating relations
between morphological characteristics of cobalt-containing PAN nanocomposite films and its
sensitive properties. Average mutual information (AMI) value of cobalt-containing
PAN films affords to estimate the relation between technological and AFM-image dataset [9].
It allows one to give a correlation model between the values of gas sensitivity coefficient and
the value of AMI. Fisher test (F-test) was used to examine adequacy of the obtained
numerical model.

The present work aims to identify presence of self-organization processes in the
cobalt-containing PAN films, as well as to find relation between the gas sensitivity of the
films and the surface morphology.

2. Experimental technique

The gas-sensitive material is a nanocomposite film [10], which consists of PAN and a
modifying additive (cobalt concentrations are 0.0 %, 0.25 %, 0.5 %, 0.75 %, 1.0 %).
The gas-sensitive material was deposited on a dielectric substrate. To obtain the cobalt-
containing PAN films, the incoherent IR-radiation method was used.

To determine the gas-sensitive characteristics, silver contacts formed on the surface of
the films. Gas sensitivity of the obtained samples was determined to nitrogen dioxide and
chlorine at a temperature of 22 °C. The measured parameter was the resistance of the sample,
the value of which changes depending on the concentration of the detected gas in the
chamber. The gas sensitivity was evaluated using gas sensitivity coefficient S, which is
calculated as
S =(Ra—Ry)/Ra, Q)
where R, is the resistance value of the film in air, Ry is the value of the film resistance in the
atmosphere of the detected gas (NO,).

The surface morphology was observed by atomic force microscopy (AFM) using
scanning probe microscope Solver P-47. For the investigation of the films, point density of
256 points/1 pum is taken to obtain results, namely a minimum number of points, which are
necessary to characterize the fractal behavior of the surfaces [11].

To study the presence of self-organization processes that occur during the thermal
stabilization of cobalt-containing PAN films, an analysis of the surface morphology of the
samples is made on the base of the AFM image (Fig. 1) and the profile height distribution
functions are constructed (Fig. 2).

Using the Grassberger-Procaccia algorithm [12], the correlation dimension (D) of the
surface of cobalt-containing PAN films was calculated by the Taken method [13]. As a result,
not only a numerical equivalent is obtained that corresponds to the dimension identified for a
particular sample, but also a frozen picture of the dynamics of the film surface formation is
given. Then, in the Gwyddion software package, the fractal dimension of the surface (Ds) was
calculated by four methods: cube counting method, triangulation method, variance method,
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power spectrum method. The relative accuracy is £ 0.15. Close to the arithmetic mean is the
calculation of fractal dimension by triangulation method.

To calculate value of AMI, the algorithm according to [9] was used. Correlation of the
AMI values the gas sensitivity coefficient was determined by regression analysis (Fig. 3).
For this, correlation coefficient (r) was calculated, then the coefficients of the regression
equation were determined by least-squares method. Distributions of AMI value over the
surface of cobalt-containing PAN films are obtained (Fig. 4), calculating the AMI in the
C++ program.

3. Results and discussion
Figure 1 presents AFM images of samples of cobalt-containing PAN films with different
concentrations of the modifying additive.

Fn 50

L
(b)
Fig. 1. AFM image of the surface of Co-containing PAN films annealed at 450 °C with the
concentration of the modifying additive in the film-forming solution:

(2) @ = 0% (b) @ = 0.25%.

Figure 2 shows the convergence of the value of D or the onset of the saturation moment
and the presence of a plateau, which indicates the presence of self-organizing structures in the
films.

Figure 2,a reveals linear section of the dependence of D on log?(r) in the saturation zone
(plateau region) that is a sign of deterministic chaos [14] and proves the presence of the
self-organization process in the cobalt-containing PAN films. It was experimentally
determined the maximum value of the gas sensitivity coefficient of the sample to nitrogen
dioxide (S = 0.88 relative units).

The calculation of fractal dimension D; for most samples showed that Ds values are
within 2 < Df < 3 and in average equal to 2.2. The latter means that the samples have a small
bulk, formed by the planar structures of the thin film. It is possible to assume that the
three-dimensionality of the flat structures is attached to loose areas, formed by the cobalt
metal oxides embedded in PAN matrix. At the same time, it was revealed that Ds = 3 is
characteristic for films with a metal content of 0.25%, which allows us to relate these samples
to a three-dimensional space from the position of the self-organization theory.

In order to find the interrelationships in the disordered structure of the surfaces of
cobalt-containing PAN films from the position of information theory, the calculation of the
AMI of samples surface with different concentrations of the modifying additives was carried
out.
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Correlation model, based on the calculated AMI and experimental values of gas
sensitivity coefficient, was constructed (Fig. 3) and is described by the regression equation:

y(x)=—61313.18x + 1.19.

)

The coefficient of correlation between the values of the gas sensitivity coefficient and
the AMI of 0.88 indicates a good linear dependence.
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Fig. 2. Dependences of the correlation dimension D on the size of the phase space, for the
surfaces of the Co-containing PAN films with the concentration of the modifying additive in
the film-forming solution: (a) @ =0.25 %, (b) @ = 0.5 %, (¢) @ = 0.75 %, (d) @ = 1.0 %.
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Fig. 3. Correlation of gas sensitivity coefficient and AMI in cobalt-containing PAN films.



122 M.M. Avilova, T.V. Semenistaya, N.K. Plugotarenko

Fisher test (F-test) was applied to the gained equation (2): the determination coefficient
is R? = 0.78. In addition, the probability that the obtained model is incorrect corresponds to a
value of 0.005. The latter testifies to the significance of this model and the adequacy of the
obtained results.

In addition to the foregoing, as a result of calculating the AMI of the film surfaces (1),
images of distribution of a given quantity were obtained (Fig. 4).

PRI IO IR R

© (@
Fig. 4. AMI distribution over the surface of the cobalt-containing PAN films:
(@) 1=1.4-10°r.u.and (b) I = 1.6 - 10° r.u. corresponding to low values of gas sensitivity
coefficient to nitrogen dioxide; (c) I =0.2 - 10° r.u. and (d) 1 = 0.3 - 10 r.u., corresponding
to the highest values of gas sensitivity coefficient for nitrogen dioxide.

The results presented in Fig. 4 are consistent with the correlation model shown in Fig. 3.
This allows us to conclude that the higher the AMI value, the lower value of the gas
sensitivity coefficient to nitrogen dioxide. Fig. 4 indicates that films with similar gas
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sensitivity, identical patterns of the distribution of the AMI value are characteristic. Thus, the
gas sensitivity of cobalt-containing PAN films can be estimated by AMI distribution without
preliminary laboratory analysis.

4. Conclusions

Based on the results of the theoretical study, carried out by the methods of self-organization
theory and information theory, it has been confirmed that self-organization processes
participate in the formation of cobalt-containing PAN films.

The results of the fractal analysis of the self-affine random surfaces using AFM show
cobalt-containing PAN films with a metal content of 0.25%, which are characterized by the
greatest values of gas sensitivity to nitrogen dioxide, and are referred to volumetric structures.

Based on the results of the mathematical model obtained, it has been established that
there is an inverse correlation between the AMI and the gas sensitivity coefficient values of
cobalt-containing PAN films.
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Abstract. In the fused filament fabrication (FFF) process, filament buckling occurs during the
processing of elastomers. Elastomer filament buckles between the rollers and liquefier head
due to flexibility hence make difficult elastomer processing and extrusion through as mall
nozzle. In this paper, ethylene vinyl acetate (EVA), an elastomer has been processed through
the in-house developed CNC assisted material deposition tool (MDT). Instead of the filament,
the developed system processes the material in the pellet form, which overcomes the
limitations of FFF process in elastomer processing. An experimental study has been carried
out to find the suitable set of process parameters setting for part fabrication. The fabricated
parts show the flexibility similar to rubber, which is suitable for various end-use applications.
The present study outcome shows that EVA material has the potential for additive
manufacturing of flexible parts.

Keywords: additive manufacturing; 3D printing; pellet; screw extrusion; flexible;
CNC milling machine; hybrid manufacturing; EVA.

1. Introduction

Additive manufacturing (AM) refers to the process of making three-dimensional objects in
layer-by-layer fashion by using CAD data directly. Many AM processes have emerged over
the time, and many more are in development stage [1]. Fused Deposition Modeling (FDM) or
Fused Filament Fabrication (FFF) is one of the very popular AM processes, in which an
object is made by depositing melted material in a predefined tool path [2]. It builds 3D objects
using a filament of polymeric materials, however, now a day polymer composite filaments are
also available in the market. FFF uses the appropriate size filament material that uncoils from
a spool and enters inside the liquefier head with the help of drive wheels. Thermoplastics such
as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and nylon, etc. are widely
used FFF materials to produce parts for various applications [3 — 5]. Sometimes, the specific
materials are needed for to fulfill the demand of customers. Therefore, the technology should
be more generic and compatible to accept the wide range of materials [6]. However, in FFF,
there are many obstacles in the use of new materials such as specific size and properties
requirement in the filament. For example, the available materials to be used in FFF process
should be sufficiently rigid to withstand the force exerted by the counter-rotating rollers [7].
As the elastomers have less rigidity and low column strength, existing feeding system of
commercial FFF cannot process the filaments made by elastomers. When the rollers push the
elastomer filament into the liquefier of the FDM machine, it buckles due to low column
strength and flexibility. Furthermore, the high melt viscosity of the elastomers requires
substantial force to push the filament into the liquefier head as compared to other polymeric
materials, which cannot be fulfilled due to low column strength as shown in Fig. 1. These two
properties contradict each other. These constraints make commercial FFF systems
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incompatible for processing flexible filaments. Some researchers have done the modifications
in the existing feeding systems of FFF to print flexible parts [2]. Nevertheless, this
modification in the existing FFF feeding system may create the problem in the processing of
other polymeric materials such as ABS and PLA, etc. It is worthwhile to develop a generic
solution for fabricating 3D flexible or rigid parts. Instead of the filament, development of
pellet feeding, based AM process, can provide the solution for this problem.

Rigid filament Flexible filament

Toe/ e

Fig. 1. Buckling issue in flexible filament feeding.

In order to overcome the limitations of FFF process, a pellet based innovative
AM process has been implemented for fabricating flexible parts. A customized screw
extrusion based material deposition tool (MDT) has been developed, which has pellet based
feeding system to process the material. Hence, due to use of pellets, it unlocks the
opportunities for the wide range of rigid as well as flexible polymeric materials. Ethylene
vinyl acetate (EVA) is an elastomeric material and has many applications in the commercial
market. However, the potential of this material has not been explored. Hence, the present
study focuses on the investigation of EVA material for the use in additive manufacturing.
Further, a study has been carried out to find the optimum process parameters. The printed
parts of EVA have been tested for the flexibility.

2. Literature review

In the past decade, various efforts have been made towards the material development for the
FFF process. The researchers focused on the new thermoplastics as well as hybrid polymer
matrix composite materials for the use in FFF process. Masood et al. mixed the iron particles
with the nylon matrix and developed metal-polymer composite material as feedstock for the
FDM process [8]. This feedstock filament was loaded into the feeding system of
FDM machine to fabricate 3D objects. The objects were fabricated successfully without doing
any single modification in the machine components. Another study on the metal-polymer
composite material was carried out by Nikzad et al. [9]. Composite materials of iron/ABS and
copper/ABS were successfully prepared in filament form. Experimental results showed that
significant improvement in the part strength was observed in the parts made of composite
materials. Carneiro et al. explored the possibilities of polypropylene (PP) as a new candidate
material for the FDM [10]. They evaluated the entire process chain from the filament
production to the samples fabrication from the material. Mechanical characterization of the
sample parts was done, and the effect of process parameters on the mechanical properties was
evaluated through experimental work. Further, FDM printed samples results were compared
with the samples, prepared by compression molding process. Boparai et al. investigated the
nylon6-Al-Al,O5 as an alternative filament material for FDM process [11]. In their study, the
filament exhibited good thermal and wear properties but inferior mechanical properties as
compared to the ABS material filament. Also, some researchers explored the nanoparticles
filled polymers in FDM process. The different weight percentage of nanofibers were added in
the ABS polymer matrix by Shofner et al. to reinforce the filament for the FDM process[12].
In order to analyze the results, the composite filament was compared with unfilled
ABS filament. Significant changes in the mechanical properties were seen in the swelling
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behavior of the filament. In another work, Francis and Jain developed the polymer-layered
silicate nanocomposites for the FDM applications [13]. The results showed the significant
improvement in the part strength when compared with other macro-composites produced
parts by other researchers. Lee et al. attempted a work on flexible part fabrication through
ABS material by varying the process parameters. They measured the elastic performance of
the ABS made prototypes with the help of custom-made apparatus [14].

It can be seen from the aforementioned literature that the most of the researchers have
focused on the enhancement of the part strength by adding micro or nanoparticles in the
polymer matrix. Moreover, some of them explored the new materials for this process, but
most of the studies were focused on the rigid thermoplastic materials such as ABS,
polypropylene, nylon, etc. The prime concern of researchers was the strength of the printed
parts. However, very few studies were considered the flexibility aspect of the material. To the
best of author knowledge, none of them considered the elastomers in their study to fabricate
flexible parts.

3. Ethylene vinyl acetate

Ethylene vinyl acetate (EVA) is the copolymer of ethylene and vinyl acetate. It is very
flexible similar to rubber and has many properties such as excellent toughness, transparency,
cracks resistant and easy processability, etc. In general, EVA is frequently used for fabricating
flexible parts in the shoe, biomedical and electrical industries and conventional techniques are
used to process this material. The properties of EVA such as low melting and quick curing
make it more suitable for additive manufacturing of flexible parts. In this study, pellets of
2 — 3 mm size have been used, which was supplied by Ananta Polyrubb Pvt. Ltd.

4. CNC assisted Material Deposition Tool (MDT)

In CNC assisted MDT, proposed in this work, pellets of EVA material are directly used to
fabricate 3D parts. The screw extrusion based principle is used to process the EVA pellets.
The viscous paste of EVA material extrudes at a controlled rate through a nozzle of 0.8 mm
diameter. MDT has various components such as barrel, screw, heater, funnel, band heater, and
temperature controller, etc., as shown in Fig. 2. The MDT is attached to the available
three-axis CNC milling machine at the place of the cutting tool, which makes it capable of
moving in X, y and z directions by G and M codes. The codes are generated through
indigenously developed software in the MATLAB. The material is extruded in the form of the
filament on the built platform, located on the CNC table. During deposition of material,
MDT moves in x and z directions, at the same time, built platform moves in the y-direction.
Once, a layer is completed, the MDT moves in the upward direction equal to the layer
thickness.

Nozzle &
\-
& @-—Band heater

Fig. 2. Developed CNC assisted MDT system.
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Since MDT is attached to the CNC milling machine, therefore, commercial tool path
planning software of milling cannot work for additive manufacturing of the parts. Due to the
limitations, a program was developed in the MATLAB software, which is capable of reading,
slicing the part geometry in STL file. Further, tool path for each layer can be prepared by
embedding the standard G and M codes of the milling machine. The user can change the
process parameters such as layer thickness, deposition speed, road gap, etc., as per the need.
Some features of the developed program are shown in Fig. 3.

Sliced contours Raster toolpath Criss-cross toolpath With contours

Fig. 3. Slicing contours and different types of the toolpath.

5. EVA behavior under different extrusion process parameters

An experimental study was carried out before flexible part fabrication to see the behavior of
EVA material under different process conditions. Preliminary experiments were conducted to
see the crucial parameters and based on the experimental results, barrel temperature and screw
speed were selected as the input parameters as shown in Table 1, while flow rate and change
in diameter were the output parameters.

Table 1. Selected parameters and their range.

Input Parameter Selected Levels

1 2 3 4 5 6
Barrel Temperature (°C) 100 110 120 130 140 150
Screw Speed (RPM) 50 55 60 65 70 75

Determination of flow rate is necessary to examine because the material deposition
speed can be obtained, which is very essential to fabricate the excellent quality parts. The
diameter of the extrudate is considered due to its importance during the selection of
appropriate road gap and layer thickness during the part fabrication. To study the extrudate
diameter, the study was conducted in two phases. Firstly, the material was extruded vertically
in the space without any deposition on the built platform while in the second phase the
material was deposited onto the platform in a prescribed pattern as shown in Fig. 4. This is
done because of the shape of extrudate changes after the deposition due to its weight. This
change in shape depends on the viscosity of the deposited material. The shape of extruded
remains circular before deposition due to the circular nozzle; it will be elliptical after the
deposition onto the built platform. This cross-sectional change affects the dimensional
accuracy and the part strength.

Obtained results for melt flow speed. The results obtained for melt flow speed for
barrel temperature and screw speed are shown in Figs. 5 and 6, respectively. It can be seen
that melt flow speed of the extrudate increases with the rise in barrel temperature (BT) and
screw speed (RPM) both. This is because the temperature is rising, the considerable changes
in the viscosity are occurring. As the temperature rises, the viscosity decreases, hence
flowability of the extrudate improves. That is why melt flow speed of the material is
increasing with temperature. Moreover, increase in screw speed increases the pressure
gradient. Hence the considerable increment in melt flow speed can be observed. It means that
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if the high value of screw speed and barrel temperature are considered for part fabrication,
then the deposition speed will be high as compared to the other combination of process

e @ O @ g e

Before Deposition After Deposition

.. Print bed
Deposition pattern & P ¢

/

Deposition direction

Fig. 4. Used material deposition pattern.
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Fig. 5. Effect of barrel temperature on flow speed.
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Fig. 6. Effect of screw speed on flow speed.

Obtained results for diameter. The values of filament diameter were recorded at
different locations of filament after and before extrusion. The average diameter of the
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filament was then finalized as the actual diameter of the filament. Mitutoyo digital
micrometer was used to measure the values at different locations.

Before deposition. The nozzle of 0.8 mm diameter is used in the present study, but the
obtained diameter of the EVA extrudate was quite larger as compared to nozzle diameter.
It was due to the considerable amount of swell in the extrudate during the extrusion. The
diameter of the filament was varied in the range of 1.65 to 1.95 mm for barrel temperature
(see Fig. 7) while for the screw speed, it was varied from 1.47 to 1.65 mm as shown in Fig. 8.
The diameter trend line for barrel temperature goes direction upward while the trend line
approximately goes downward for the screw speed. In general, extrudate diameter decreases
with increase in barrel temperature for other polymers but in the current study, the trend line
shows the opposite results with temperature. The reason might be the reduction in melt
elasticity at colder temperatures, which lead to increment in the molecular disentanglement.

»3 50 RPM 55 RPM 60 RPM
g Y 65 RPM =70 RPM 75 RPM
g
% 18 /\—_/\
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Fig. 7. Effect of barrel temperature on filament diameter before deposition.
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Fig. 8. Effect of screw speed on filament diameter before deposition.

After deposition. Elliptical shape filament was obtained after deposition onto the build
platform due to the self-weight of the filament. Therefore, the value was recorded for
maximum and minimum diameter. The maximum value was recorded as the filament width
while the minimum value as filament thickness. The results for filament thickness and width
are shown in Figs. 9 — 12 for screw speed and barrel temperature. It can be seen that filament
width is increasing with the increase in barrel temperature while filament thickness is
decreasing. Flowability of extrudate improves at high temperature due to a reduction in
viscosity due to which extrudate flows and increase the filament width at the cost of filament
thickness.

6. Part fabrication

Based on the experimental results, the optimum process parameters were selected as
deposition speed 938 mm/min, barrel temperature 120 °C, screw speed 60 rpm, bed
temperature 50 °C and layer thickness 1.42-mm. Different types of parts with different
geometries were fabricated using these process parameters as shown in Fig. 13. It can be seen
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that additive manufacturing of EVA is possible with developed CNC assisted MDT system
and can be useful for various end-use applications such as shoe and soft robotics industries.
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Fig. 9. Effect of screw speed on filament width after deposition.
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Fig. 12. Effect of barrel temperature on filament thickness after deposition.
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Fig. 13. Fabricated parts.

To show the part flexibility, a fabricated part was twisted manually as shown in Fig. 14.
The twisting results show that EVA can twist similar to rubber and also can recover its
original shape after removal of the load.

Fig. 14. Flexibility in fabricated parts.

7. Conclusion

The need of 3D flexible parts is very frequent in many industries. However, the fabrication of
flexible parts through well-established FFF faces many issues. In the present work, flexible
parts fabrication has been done using EVA material by developing an in-house CNC assisted
MDT system. An exhaustive experimental study has been performed to determine the
optimum process parameters setting. Screw speed and barrel temperature were considered as
input process parameters while melt flow speed and filament diameter before and after
deposition were considered as the measured responses. Based on experimental results,
optimum process parameters were selected. Different types of 3D flexible parts were
fabricated using the optimum process parameters. Overall, the current study indicates that
flexible parts can be fabricated by developing pellet based AM systems with the ease.
In future, many more materials and their composites can be explored on this type of systems.
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Abstract. The interaction of laser radiation with aqueous dispersion of only bovine serum
albumin (BSA) 25 wt. %, only bovine collagen (BC) 2 wt. %, and 25 wt. % BSA with
single-walled carbon nanotubes (SWCNTs) 0.3 wt. % and 2 wt. % BC with
0.3 wt. % SWCNT was studied. The beam was absorbed mainly by nanotubes, that confirmed
by the small value of the nonlinear absorption coefficients for aqueous dispersed media with
BSA 6 cm-GW™, as well as dispersion with BK4cm-GW™ and the large values of
coefficients for these media with addition of SWCNTSs, respectively 350 cm-GW™ and
70 cm-GW™. Determination of nonlinear optical parameters was obtained by the method of
fixed sample location. Knowledge of the values of these parameters allowed calculating
theoretical curve of Z-scan with open aperture what made possible to compare with the
experimental data.

Keywords: nonlinear optics; laser applications; three-dimensional printing; absorption.

1. Introduction

Laser printing of multilayered three-dimensional cellular- and tissue-engineered constructions
with a structured internal scaffold is currently a promising task [1]. It is necessary to use
bio-inks, which are capable of biodegradation, photo-cross-linking and providing sufficient
strength of the formed structure for formation of constructions for bioengineering of human
organs and tissues. Proteins that perform many functions are the most numerous organic
substances in the human body, have high biocompatibility and biodegradability [2, 3] and are
almost transparent in the visible range [4] are well suited for printing cellular and tissue-
engineered constructions in solution of the practical challenges of laser surgery. Water
dispersed media, containing only bovine serum albumin (BSA) 25 wt. %, only bovine
collagen (BC) 2 wt. %, 25 wt. % BSA with single-walled carbon nanotubes (SWCNTSs)
0.3 wt. % and 2 wt. % BC with SWCNTs 0.3 wt. % have desired properties. The printed
samples on the basis of bio-inks with such a composition are able to ensure, during
implantation, the germination of blood vessels through itself during the process of
self-biodegradation [5]. Moreover, there is no hemolysis (the value of the hemolysis level is
less than 0.5%), when blood contacts with such tissue-engineered constructions, which makes
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it possible to use them for the restoration of damaged heart tissues heart and blood vessels.
The tensile strength and hardness of such multilayered three-dimensional constructions in the
presence of a structured scaffold from SWCNT surpasses similar characteristics of porous
human bone tissue [6].

In this paper, the main attention is paid to the investigation of the interaction of pulsed
nanosecond laser radiation. Moreover, the intensity of laser radiation varies greatly so that the
effect of light fluence on the formation of three-dimensional cellular and tissue-engineered
constructions can be studied in detail. It is known that the effect of high-intensity laser
radiation leads to the noticeable manifestation of nonlinear effects, when a certain threshold
intensity is exceeded [7]. As a result, the energy, absorbed by the substance, can sharply
increase, and this increase has a nonlinear character. Therefore, the study of nonlinear optical
characteristics of proposed dispersion media was carried out to determine the optimal
parameters of laser radiation for the formation of three-dimensional cellular and
tissue-engineered structures.

At present, work is being carried out to create new photo-cross-linkable, biodegradable
polymers for increasing the number of materials that are currently available for laser printing
using laser sterolyolography (SLA) technology, which is very limited for choice [8, 9].
Another common method is digital light processing (DLP) [10]. Both of these techniques
make it possible to fabricate tissue-engineered constructions from cell-saturated bio-inks, but
differ in time, which is required for the formation of multilayered three-dimensional
constructions [11]. In turn, the use of visible light instead of UV light reduces the potential
risk of cells” DNA damage [12]. Therefore, in this paper, we studied the effect of laser
radiation with a wavelength of 532 nm on the previously proposed in this paper composition
for bio-ink.

The possibility of tissue-engineered structures formation by methods of laser printing
make easier conducted procedures in laser surgery and simultaneously it improves the quality
of these operations. That is why, it makes promising the development of this direction. This is
achieved through the possibility of making implants of any anatomical shape, based on
bio-inks. Using a laser can reduce the probability of infection due to a lack of the working
surface contact with surgical instruments [13]. However, in comparison with the
non-biological seal, it is necessary to solve a number of problems related to the sensitivity of
cells and the choice of the correct layer design [14].

2. Materials

Aqueous dispersed media of BSA and BC proteins and similar dispersions with SWCNTSs
were investigated in this paper. The BSA and BC proteins were weighed in the form of a
powder on an analytical weighing-machine AND HR-100A. After that, this amount of powder
was mix with distilled water in proportions of 25 wt. % by weight and 2 wt. % by weight,
respectively. The resulting dispersion was stirred on a magnetic stirrer for 30 minutes.
SWCNTSs were also mixed in the necessary concentration with distilled water and placed in
“Sonicators Q700” homogenizer for 40 minutes. The power of the homogenizer was
controlled by the program and was set to 60 — 65 W. The processing time of the dispersion
with nanotubes was 30 minutes, the temperature did not exceed 70 °C. After reaching a
homogeneous state, the dispersions were intermixed. The obtained dispersion of proteins with
SWCNTs was processed by ultrasound for 30 minutes in the "Sapphire™ ultrasonic bath.
Before the experiment, the solution was additionally stirred on a magnetic stirrer for
10 minutes.
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3. Experiments and methods for determining the nonlinear optical parameters of
samples

In the course of the experiments, a nanosecond Nd: YAG laser was used, which generated
radiation with a wavelength of 532 nm. The focal length of the lenses was 10 cm. The
experimental apparatus used was described in detail in [15]. Based on the measured
dependence of the normalized weakening coefficient Knom from the input energy Up by the
method of fixed sample location (direct nonlinear transmission), nonlinear optical
characteristics of the prepared samples of proteins with SWCNTs such as nonlinear
absorption coefficient, limiting threshold and maximum of weakening coefficient were
calculated. In addition, this scheme allows one to make measurements of Z-scan with open
aperture method. This method makes it possible to determine the nonlinear properties of the
materials without changing the energy of the laser beam by varying its width, which leads to
an increase in the light fluence of the beam [16, 17].

Unlike the Z-scan, during the direct nonlinear transmission experiment, the sample was
placed in the focus of the lens and did not move during the study. The use of this method
makes it possible to determine the linear o and non-linear 3 absorption coefficients and the
threshold intensity I, without taking into account the change of the beam radius depending on
the position of the sample in the mathematical model. Thus, there is a decrease in the number
of variable parameters, which have an influence on the results of the experiment. As the
result, it allows simplifying calculations that simultaneously increase accuracy of obtained
results.

Dependence of the normalized weakening coefficient on the input energy of the laser
beam was found by experiments with a fixed sample location:

Knorm(UO) = Knonlin(uo) ’ 1)
Kiin
where the value of the nonlinear weakening coefficient Koniin is calculated as
U
Knonlin(UO)zvo' (2)

The determination of the sample’s nonlinear optical parameters from the known
dependence of the transmitted energy U on the incident Uy is described in detail in [18]. The
value of the linear weakening coefficient Kji, is determined from the experimental data,
obtained by the method of a fixed sample location with a laser radiation intensity not
exceeding the threshold value. Knowing the nonlinear optical parameters of the sample, a
theoretical Z-scan with open aperture curve can be calculated by the method described in [7].
The dependence of the light fluence on the distance from the center of the beam was
determined by a technique that is described in detail in [15].

4. Results

The normalized weakening coefficient was increase with growth of input energy, but in
aqueous dispersion of proteins without SWCNTSs, this increasing was inconsiderable in
comparison with dispersions containing SWCNTSs. Fig. 1 shows experimental data, obtained
by direct nonlinear transmission and theoretical curves.

The addition of nanotubes to the dispersion leads to a sharp growth of the nonlinear
optical effects. The nonlinear absorption coefficient f was 6 cm-GW™ and 4 cm-GW?,
respectively, for the dispersions of BSA and BC, however, the same dispersions with
SWCNTSs showed much larger values of the nonlinear absorption coefficient (350 cm-GW™
for BSA with SWCNTs and 70 cm-GW™ for BC with SWCNTS). It should be noted that the
linear absorption coefficient o also increased with the addition of SWCNTSs, but the increase
was small and had little effect on the value of the linear weakening coefficient Kji,. For
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dispersions of BSA and BC, it was 1.92 cm™ and 2.16 cm™, respectively, and 2.7 cm™ and
2.91 cm™ for the same dispersions with SWCNTs.

The limiting threshold for BSA and BC dispersions was 0.2 MW/cm? and 0.3 MW/cm?,
and for the same dispersions with SWCNTs, it was 1.8 MW/cm? and 0.9 MW/cm?,
respectively.

Knowledge of the values of these parameters allowed calculating theoretical curve of
Z-scan with open aperture what made possible to compare with the experimental data (Fig. 2).
Thus, the calculations, conducted with the help of the threshold model, was in good
agreement with the values of the normalized weakening coefficient obtained experimentally.
It was found that the behavior of the Z-scan with open aperture curve can be predicted, if the
values of linear o and nonlinear B absorption coefficients, threshold intensity Ic, and the waist
radius wo, created by the lens, are determined.

The graphs show that the addition of SWCNTSs to aqueous BSA and BC dispersions
leads to a significant increase in the normalized weakening coefficient, i.e. to a sharp increase
in absorption of laser radiation by the dispersion.
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Fig. 1. Dependence of the normalized weakening coefficient on the input energy of the beam
for agueous solutions: (A) BSA (25 wt. %), (B) BC (2 wt. %), (C) BSA (25 wt. %) with
SWCNT (0.3 wt. %), (D) BC (2 wt. %) with SWCNT (0.3 wt. %).

Figure 3 shows the dependence of the light fluence distribution on the distance from the
center of the beam. In aqueous dispersions of BCs without SWCNTSs, the waist radius was
equal to 22 um, and in the same samples with SWCNT was 23 pm. The calculated curves
show that the greatest amount of energy is absorbed by the central region of the beam and the
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absorption is greatly reduced, by approaching its edges. The light fluence distribution, which
is shown in Fig. 3, is calculated for the position of the sample in the focus of the lens. Thus,
these graphs show the minimum size of the laser spot.

5. Conclusion

The addition of SWCNTSs to the aqueous dispersion of albumin and collagen proteins results
in an insignificant increase in the linear absorption coefficient, which characterizes the
passage of laser radiation at low laser radiation power and a sharp decrease of transmittance at
high degrees. However, as the light fluence increases, a single pulse energy decreases sharply,
which is characterized by a nonlinear absorption coefficient. This suggests that SWCNTSs not
only help create biodegradable forests, but also significantly increase the thermal effect of
laser radiation.
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(C) BSA (25 wt. %) with SWCNT (0.3 wt. %), (D) BC (2 wt. %) with SWCNT (0.3 wt. %).
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Fig. 3. Dependence of the light fluence distribution on the distance from the center of the
beam for dispersions: (A) BC (2 wt. %), (B) BC (2 wt. %) with SWCNT (0.3 wt. %).

The use of nanosecond laser pulses with light fluence above the threshold values makes
it possible to reduce the thermal effect on proteins, since the most radiation is absorbed by
nanotubes during the formation of the scaffold. Thus, laser printing of multilayered
three-dimensional cellular and tissue-engineered constructions with a structured internal
nanocarbon scaffold with molecules of proteins such as albumin and collagen can be made.
Subsequently, these constructions can be used for the implantation in the damaged area of the
cardio-vascular system.
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Abstract. Nanocomposite layers consisting of an acrylic paint and single-walled carbon
nanotubes (~1.5 wt.%) have been investigated. The investigated samples had a disk shape
with a diameter of 20 — 30 mm and a thickness of 2 — 50 um. After exposure in water for
350 h, the layer mass remained almost invariable (a mass loss of < 1.5%) and the layer
samples exhibited high adhesion to glass substrates and a conductivity of ~ 40 S/m. The
layers consisting of the nanotubes and acrylic paint exfoliated from the substrates for ~1 h.
After heat treatment at a temperature of 140 °C, all the layers exhibited a semiconductor-type
temperature dependence of the resistance. The prospects of using these layers in various
medical products, e.g. implants for wireless energy transmission, have been discussed.
Keywords: acrylic paint; carbon nanotubes; nanocomposite layers; electrical conductivity.

1. Introduction

Carbon nanotubes (CNTSs) have the unique properties, including the high strength, electrical
and thermal conductivities. The nanocomposites, containing CNTSs, have the high potential of
application in biomedical systems, since even a minor CNT content (C < 2 wt.%) leads to the
unique properties of these materials.

Of particular interest are biomaterials and biocompatible materials with the low
Cvalues [1]. In a nanomaterial made of plasticized starch and multi-walled CNTs
(MWCNTS), the double tensile strength and Young's modulus values were found [2]. The
similar variation was observed in chitosan [3] and albumin [4 — 6]. Meanwhile, the
nanomaterials were characterized by the minor C values: 2 wt.% in [3], 3 wt.% in [4],
and < 0.1 wt. % in [4 — 6]. A polymer (polyurethane) matrix, filled with MWCNTSs, exhibited
the percolation threshold at C = 0.13 wt.% [7, 8] and a carboxymethylcellulose (CMC)
matrix, the percolation threshold at a level of C = (0.1 — 0.25) wt.% of MWCNTSs [8].

In type-1 collagen, a 2-wt.% single-walled CNT (SWCNT) addition increases the
conductivity of the material by several orders of magnitude (to o~ (1.2 — 1.6) S/m [9]); in
carrageenan and chitosan with 0.6 wt.% of SWCNTSs, the o value increases by six orders of
magnitude and attains 3200 S/m [10].
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In the combinations of various biological materials (hyaluronic acid, chitosan, heparin,
gelatin, spermidine, albumin, carrageenan, CMC, etc.) and CNTSs in a concentration of higher
than 20 wt.%, the conductivities o> 1 kS/m can be obtained at the preferred unidirectional
CNT orientation. The high conductivities (o ~ 50 kS/m) were implemented in the
nanocomposite layers, consisting of a CMC matrix from a biocompatible material and
MWCNT or SWCNT fillers (1 — 5 wt.%) exposed to laser radiation and treated at
temperatures of > 300 °C [8, 11]. The nanocomposites, based on biomaterials and
biocompatible materials, most frequently demonstrated the conductivity values acceptable for
the development of different medical devices (electrodes for electrocardiographs and
electroencephalographs, implants, etc.). However, they are often unstable in water and moist
environment [9 — 11], which strongly limits their application in medicine.

In this work, we investigate the electrical conductivity of nanocomposite layers
consisting of an acrylic paint matrix, filled with SWCNTSs.

In the present work, the electrical conductivity of layers of composite nanomaterials is
investigated in the matrix — acrylic paint and filler — single-walled nanotubes.

2. Samples and experimental methods

S