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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 µm 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, Cu2O 
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 4.0·102 to 2.7·1011 Ω. The Cu-containing 
PAN nanocomposite films are promising for application as low-temperature NO2 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 
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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) (Аldrich 181315) as a conductive polymer matrix, copper chloride 
(II) CuCl2 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 (II) 
in an amount of 0.2 – 10 wt. % in 20 ml DMFA under stirring at 90 ºC. After being cooled 
down to room temperature, the film-forming solution was deposited (centrifuged) on quartz 
substrates and then dried at 90 ºC for 30 minutes. Further, the samples were stored in air for 
24 hours at 22 °С 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 µm – 1.2 µm 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 ºС [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 ºC and 220 °С 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 °С during a 5 – 15-minute period [28]. 

Methods of film analysis. The thickness of the films was measured by the interferential 
microscopy using interferometer MII-4. The films structure was analyzed by X-ray diffraction 
(XRD) technique using DRON-6 with CuKα 1.54051 Å 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 – 500000х; 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 Kα radiation (1486.6 eV). The residual pressure in the spectrometer during the 
experiments was 5∙10–7 Pa. The spectra were processed with the Vision 2 software package 
(Kratos Analytical). The accuracy of the binding energies (Eb) 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 (Eb = 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 cm3 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 = (R0 – Rg)/R0, when R0 > Rg, where R0 is the resistance in air, Rg 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 µm. The Cu-containing 
PAN films were of various thicknesses in the range from 0.04 to 0.6 µm. 
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The phase formation and the surface crystallization were analyzed by the XRD. There 
are CuCl, Cu2O 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]. 

 

 
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. 
2θ 

CuCl Cu2O 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, O1s, 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 C1s peaks at 
285.9 eV and at 286.7 eV, indicating the formation of carbon nitrogen atoms links in 
(−CH2CH(CN)−)n 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 Cu2O. The high-binding energy 
component at 532,3 eV arises from carbon species, combined with oxygen (C=O, C–O–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(I) 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 

С1s 

284.7 

81.1 

−(CH2)– 
285.9 C≡N (–CH2CH(CN)–)n 
286.7 C–N, C=N, (–CH2CH(CN)–)n 
288.2 C=O, O–C–O 

N1s 398.4 11.7 C=N–H 
400.4 –NH–, C–N=C 

O1s 530.9 6.4 СuO, Cu2O 
532.3 C=O, O–C–O 

Cu2p 932.5 0.7 Cu0, Cu1+ (Cu2O) 
934.8 Cu2+ (CuO) 

 

                    (a)                     (b) 

 
                       (c) 

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 (II), 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 ºC, 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 × 5 μm2 for the films changes from 15.4 nm to 1.9 nm, while forming films at 600 ºC 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 4.0·102 to 2.7·1011 Ω 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 (II) 
weight concentration. 

 

 
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 ºC 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 NO2 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 NO2 gas in the 
air flux, then it restores at fresh air. So, the conductivity of the film increases while adsorbing 
the gas-oxidizer, as NO2 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]. 
 

 
Fig. 4. Response time and recovery time of the Cu-containing PAN sensors vs IR-pyrolysis 

temperature (ºC) and weight concentration of a modifying additive (wt. %), at 20 °С, 
c(NO2) = 146 ppm. 

 
The response time and the recovery time of the NO2 sensors using the Cu-containing 

PAN nanocomposite films were defined (Fig. 4). The sensors display a relatively rapid 
response under NO2 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 ºC from 3 wt. % film-forming solution, was used. The working 
temperature of the NO2 sensor with the Cu-containing PAN films sensing layer was 
determined in the temperatures ranging between 20 °С and 50 °С. The response linearly 
decreases with the temperature increase in the specified range, the sensitivity of the sensor 
below 33 ºC was very low (~0.1 r.u.). 

The films sensitivity as a function of relative humidity was measured in stationary 
conditions at 20 ºC. 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 NO2 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 Df 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 1010 Ω/cm to several 
Ω/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]. 
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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 (Df) 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 − Rg)/Ra, (1) 
where Ra is the resistance value of the film in air, Rg is the value of the film resistance in the 
atmosphere of the detected gas (NO2). 

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 µm 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 (Df) 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. 
 

 
(a)  

(b) 
Fig. 1. AFM image of the surface of Co-containing PAN films annealed at 450 °С with the 

concentration of the modifying additive in the film-forming solution:  
(а) ω = 0%; (b) ω = 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 log2(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 Df for most samples showed that Df 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 Df = 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. (2) 

The coefficient of correlation between the values of the gas sensitivity coefficient and 
the AMI of 0.88 indicates a good linear dependence. 

 

 
 

                                 (a)                                   (b) 

 
 

                                 (c)                                 (d) 

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) ω = 0.25 %, (b) ω = 0.5 %, (c) ω = 0.75 %, (d) ω = 1.0 %. 
 

 
Fig. 3. Correlation of gas sensitivity coefficient and AMI in cobalt-containing PAN films. 
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Fisher test (F-test) was applied to the gained equation (2): the determination coefficient 
is R2 = 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 (I), 
images of distribution of a given quantity were obtained (Fig. 4). 

 

  
            (a)                  (b) 

  
            (c)                 (d) 

Fig. 4. AMI distribution over the surface of the cobalt-containing PAN films: 
 (a) I = 1.4 · 10-5 r.u. and (b) I = 1.6 · 10-5 r.u. corresponding to low values of gas sensitivity 
coefficient to nitrogen dioxide; (c) I = 0.2 · 10-5 r.u. and (d) I = 0.3 · 10-5 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. 
 

 
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-Al2O3 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. 
 

 
Fig. 2. Developed CNC assisted MDT system. 

126 Narendra Kumar, Prashant K. Jain, Puneet Tandon, Pulak Mohan Pandey



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. 

 

 
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 

3D printing of flexible parts using EVA material 127



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 
parameters. 

 

 
 

Fig. 4. Used material deposition pattern.  
 

 
Fig. 5. Effect of barrel temperature on flow speed. 

 

 
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. 
 

 
Fig. 7. Effect of barrel temperature on filament diameter before deposition. 

 

 
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. 
 

 
Fig. 9. Effect of screw speed on filament width after deposition. 

 

 
Fig. 10. Effect of barrel temperature on filament width after deposition. 

 

 
Fig. 11. Effect of screw speed on filament thickness after deposition. 

 

 
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-1, as well as dispersion with BK 4 cm⋅GW-1 and the large values of 
coefficients for these media with addition of SWCNTs, respectively 350 cm⋅GW-1 and 
70 cm⋅GW-1. 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 (SWCNTs)  
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 SWCNTs 
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. 
SWCNTs 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 Knorm from the input energy U0 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 α and non-linear β absorption coefficients and the 
threshold intensity Ic, 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: 

( ) ( )
lin

nonlin
norm K

UKUK 0
0 = , (1) 

where the value of the nonlinear weakening coefficient Knonlin is calculated as 

( )
U
UUKnonlin

0
0 = . (2) 

The determination of the sample’s nonlinear optical parameters from the known 
dependence of the transmitted energy U on the incident U0 is described in detail in [18]. The 
value of the linear weakening coefficient Klin 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 SWCNTs, this increasing was inconsiderable in 
comparison with dispersions containing SWCNTs. 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 β was 6 cm⋅GW-1 and 4 cm⋅GW-1, 
respectively, for the dispersions of BSA and BC, however, the same dispersions with 
SWCNTs showed much larger values of the nonlinear absorption coefficient (350 cm⋅GW-1 
for BSA with SWCNTs and 70 cm⋅GW-1 for BC with SWCNTs). It should be noted that the 
linear absorption coefficient α also increased with the addition of SWCNTs, but the increase 
was small and had little effect on the value of the linear weakening coefficient Klin. For 
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dispersions of BSA and BC, it was 1.92 cm-1 and 2.16 cm-1, respectively, and 2.7 cm-1 and 
2.91 cm-1 for the same dispersions with SWCNTs. 

The limiting threshold for BSA and BC dispersions was 0.2 MW/cm2 and 0.3 MW/cm2, 
and for the same dispersions with SWCNTs, it was 1.8 MW/cm2 and 0.9 MW/cm2, 
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 α and nonlinear β absorption coefficients, threshold intensity Ic, and the waist 
radius w0, created by the lens, are determined. 

The graphs show that the addition of SWCNTs 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. 

 

 
Fig. 1. Dependence of the normalized weakening coefficient on the input energy of the beam 

for aqueous 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 SWCNTs, the waist radius was 
equal to 22 μm, and in the same samples with SWCNT was 23 μm. 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 SWCNTs 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 SWCNTs not 
only help create biodegradable forests, but also significantly increase the thermal effect of 
laser radiation.  
 

 
Fig. 2. Dependence of the normalized weakening coefficient on the position of the sample 

relative to the focus of the lens for aqueous 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. %). 
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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 µm. 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 (CNTs) have the unique properties, including the high strength, electrical 
and thermal conductivities. The nanocomposites, containing CNTs, 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 
C values [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 MWCNTs, 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 MWCNTs [8]. 

In type-I collagen, a 2-wt.% single-walled CNT (SWCNT) addition increases the 
conductivity of the material by several orders of magnitude (to  σ ~ (1.2 ‒ 1.6) S/m [9]); in 
carrageenan and chitosan with 0.6 wt.% of SWCNTs,  the σ 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 CNTs in a concentration of higher 
than 20 wt.%, the conductivities σ ≥ 1 kS/m can be obtained at the preferred unidirectional 
CNT orientation. The high conductivities (σ ~ 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 SWCNTs. 

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 
Single-walled carbon nanotubes were formed by arc-driven synthesis and had a diameter  
of ~1.5 nm and a length of ≥ 1 µm [13]. The carboxylated (functionalized) SWCNTs in the 
form of a thick aqueous dispersion (paste) are offered for sale. Some of their parameters are 
given in Table 1.  
 
Table 1. Some parameters of SWCNT. 

It can be seen that the SWCNT 
volume content is high (≥ 95%). It 
should be emphasized that the specific 
surface of individual SWCNTs is 
~1300 m2/g; however, since they are 
highly aggregated, their specific surface 
amounts to (200 ‒ 400) m2/g. Then, the 
average nanotube strands can attain  
5 ‒ 15 nm in diameter and 1 ‒ 10 µm in 
length. 

 
Figure 1 shows electron microscopy images of the layer consisting of only nanotubes. 

One can see different SWCNT strands with a maximum thickness of several tens of nm. 
 
 
 
 

 
 
 
 
 
 
 

Fig. 1. Electron-
microscope images of films from SWCNT, scales: a – 5 µm; b – 1 µm. 

 

Manufactures NPF OOO 
"Uglerod ChG" [13] 

View Powder (purity ≥ 95 %) 
Concentration of 

SWCNT 
2.5  % 

Density, g/cm3 1.7 – 1.9 
Bulk density, kg/m3 0.1 

Specific surface, 
m2/g 

~ 200 − 400 

  
a b 
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The nanomaterial matrix was an acrylic paint (AP) (TU2331-034-05751640-2006) 

added with SWCNTs. The AP/SWCNT suspension was thoroughly mixed in a magnetic 
stirrer for 24 h and dispersed in a Qsonica Q700 ultrasonic disperser for 30 min. Before 
deposition onto substrates, the suspension was processed in an ultrasonic bath for 60 min. 

The suspension contained 50 wt.% of the AP and 50 wt.% of the SWCNT paste and was 
characterized by the high viscosity (up to the glycerine level). The suspension was deposited 
by silk screening onto the substrates made of polyethylene terephthalan (PET, Petri dishes, or 
plates with thicknesses from 0.1 to 0.3 mm), and glass. The samples were disks with a 
diameter of 20 ‒ 30 mm and a thickness of 2 ‒ 50 µm. The typical samples, formed in a Petri 
dish, are shown in Fig. 2. The AP used had blue colour, so the layers prepared from the 
AP/SWCNT suspension acquired a black colour with a slight shade of blue. 

The three sample groups were prepared: AP layers (group I), SWCNT layers (group II), 
and AP/SWCNT layers (group III). Three layers were deposited on the substrates of each 
type; each sample group included six sample layers. 

It is important to estimate the composition of dried AP/SWCNT nanocomposite layers. 
For this purpose, we measured a solvent mass loss in the prepared layers, i.e., masses ml and 
md of the indicated layers on glass and PET substrates in the liquid and dried states, 
respectively. The mass loss with respect to the mass in the liquid state (ml ) was determined as 
mw = (ml – md)/ml. The obtained average values are mw = 52% for group-I samples, 97.1% for 
group-II samples, and 51% for group-III samples. The SWCNT masses in the dried layers 
(100 – 97.1)% = 2.9% (group II), obtained by us, are similar to a nanotube relative mass of 
2.5% in the paste, presented by the manufacturer (Table 1). Using the obtained mw data, we 
found the dried nanocomposite layer composition to be 95 wt.% AP/5 wt.% SWCNTs. 

 
 
 
 
 

 
 
 
 
 
 

Fig. 2. Appearance of AP/SWCNT layers in Petri dishes. 
 

The dependence of resistance R on temperature t was measured in a thermostat in the 
temperature range of t ~ 20 – 200 °C. The temperature growth (drop) rate was controlled in 
the range of (0.5 – 1.0)°C/min. The specified temperature was held with an accuracy of ±1°C. 

The sample resistance was measured by a two- or four-probe method. All the electrical 
measurements were performed in the current source mode. To do this, strip and square 
samples were prepared. The resistivity and conductivity of the samples were determined from 
their geometrical sizes and resistance. 

 
3. Results and discussion 
For all the sample groups, the layer mass loss was controlled after multiple immersions of the 
samples in water with the subsequent drying. The samples were immersed in water and kept 
there for 1, 12, 48, 96, and 192 h. Each time, the samples were taken from water, dried, and 
weighed. The total time of exposure in water was ~350 h. This experiment was carried out for 
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the layers deposited onto glass substrates. After ~1 h of exposure in water, the AP and 
SWCNT layers (group-I and II samples) exfoliated from the substrates, but the mass loss 
experiments were continued. The AP/SWCNT nanocomposite layers remained on the 
substrates throughout the experiment without changing the appearance and reducing the 
degree of adhesion to the glass substrates. The analogous behavior of mass loss in water was 
observed for the layers deposited on PET substrates. 

The total layer mass loss relative to the initial mass after the last immersion and drying 
was 3% for group-I samples and 1.63% for group-III samples, while the layers of the group-II 
samples were completely destructed. Thus, the AP layers are easily destructed and lose their 
mass in water faster than the AP layers with small SWCNT additions (the nanocomposite 
95 wt.% of AP/5 wt.% of SWCNTs). Meanwhile, the adhesion of the AP/SWCNT layers is 
higher than that of the AP layers. 

Figure 3 shows breakage patterns of the AP/SWCNT nanocomposite layer. One can 
clearly see carbon nanotubes uniformly distributed in the bulk of the sample (Fig. 3a) and 
nanotube strands (Fig. 3b). Nanotubes are connected with each other, which can be important 
for the electric current flow in the investigated material. 

The resistance variation with temperature for the group-I samples was not recorded, 
since their resistances were beyond the capability of a measuring device (200 MΩ). This 
value, recalculated to the conductivity with regard to geometrical sizes, was found 
to be ~10-4 S/m. 

 
 

 
 
 
 
 
 
 
 

Fig.3. Electron-microscopic images of the AP/SWCNT layer, scales: a – 1 µm; b – 300 nm. 
 

Figure 4 shows typical temperature dependences of R(t)/R0 for the group-II and III 
samples; R(t) is the resistance variation with temperature and R0 is the sample resistance at the 
beginning of heating. The values and qualitative behaviour of the curves depended on the 
measurement mode (heating or cooling). In particular, for group-II and III samples No. 1 on 
glass substrates, we obtained R0 = 0.81 Ω and R0 = 1016 Ω, respectively, at t = 22 °C 
(Fig. 4a). During heating, different behaviours of the curves are observed: metallic for the 
nanotube layers (group II) and semiconductor for the nanocomposite layers (group III). 
During cooling, the layers of both groups exhibit the semiconductor behaviour. In addition, 
the conductivities σ0 of the samples, calculated from the R0 data and geometrical sizes, were 
found to be strongly different: σ0 ~ 20 kS/m for group-II samples and σ0 ~ 15 S/m for  
group-III samples. 
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Fig. 4. Temperature dependences of the resistance of the layers: (a) sample No.1, the first 

heating, ▲ – AP/SWCNT layers, ■ –  SWCNT; (b) sample 2, the  third heating, annealing, 
cooling, ▲ – AP/SWCNT layers, ■ – SWCNT. 

 
The R(t)/R0 curves of the AP/SWCNT layers contain the maximum at a temperature of  

t ≈ 45°C, which disappears during sample reheating or annealing. The similar maximum for 
the nanocomposite layers, containing MWCNTs, was attributed to structural defects, 
contained in nanotubes [14]. 

Figure 4b shows the R(t)/R0 curves for group-II and III samples No. 2 on glass 
substrates at t = 23 °C and R0 = 0.68 Ω (σ0 ~ 25 kS/m, group II) and R0 = 495 Ω  
(σ0 ~ 40 S/m, group III). The layers were subjected to the second heating/cooling cycle. The 
samples of both these groups were held at t = 140 °C for 6 h, which is shown in the R(t)/R0 
curves by vertical lines. It can be seen that the resistance of the group-II layers increases by a 
factor of more than 3 and the resistance of the group-III layers decreases by ~20% relative to 
the initial R0 values. 

It should be noted that the value of σ0 ~ 40 S/m for the AP/SWCNT nanocomposite 
layers (group III) differs from the value of σ0 ≤ 10-4 S/m of the initial AP material (group I) by 
more than five orders of magnitude. The R(t)/R0 hysteresis upon  numerous heating/cooling 
cycles of the samples from this group is insignificant (Fig. 3b). In particular, the maximum 
hysteresis 2[R(↑) – R(↓)]/[R(↑) + R(↓)] is no higher than 8%. Here, R(↑) and R(↓) are the 
sample resistances with increasing and decreasing temperature, respectively. For both group-
II and III layers, the R(t)/R0 curves after the second and next heating/cooling cycles exhibited 
only the semiconductor-type behaviour similar to that shown in Fig. 4b for the AP/SWCNT 
layer. In this case, the R(t)/R0 hysteresis of the SWCNT layers was significant (≥ 30%). 

The R(t) behaviour of σ0 value (in the order of magnitude) for the group-II and III 
samples can be related to the following circumstance. The effect of temperature and heat 
treatment in air leads to the formation of defects and the contact resistance growth at the 
contact points between CNTs. This stimulates the resistance growth and changes the metal-
type conductivity for the semiconductor-type one in the group-II layers (SWCNTs). The heat 
treatment of group-III (AP/SWCNT) layers apparently reduces the average thickness of 
tunnel contacts between nanotubes. In this case, the nanotubes are located inside the 
composite and not exposed to air. Consequently, the contact resistance between them and the 
resistance of the layer decreases. Indeed, the conductivity model of a matrix with randomly 
distributed CNTs explains qualitatively an increase in the matrix conductivity with a decrease 
in the contact resistance between nanotubes. 
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4. Conclusion 
Thus, we experimentally investigated the electrical conductivity of nanocomposite layers with 
a thickness of 2 – 50 µm. The nanocomposite consisted of an acrylic paint matrix, filled with 
single-walled carbon nanotubes. The main results of this study are: 

- the high degree of adhesion of the layers to the glass substrates and low mass loss after 
exposure in water for 350 h; 

- the high conductivity limit (~ 40 S/m) at the low nanotube content  
(95 wt.% AP/5 wt.% SWCNT) in the layers, which is higher than the conductivity of the 
initial acrylic paint material by more than 5 orders of magnitude; 

- a decrease in the layer resistance and change of the temperature dependence of the 
resistance for the semiconductor type upon multiple heating/cooling cycles and heat treatment 
at a temperature of 140 °C; 

- insignificant (≤ 8%) hysteresis of the temperature dependence of the resistance upon 
multiple heating/cooling cycles. 

The electrical conductivity of the material is a decisive parameter in operation of most 
modern systems and sensors. In view of this, the investigated conducting nanocomposite 
layers are promising for applications as functional nanomaterials. They can be used, for 
example, as biomedical electrodes for body electronics and electrocardiography, elastomers 
for general and biomedical purposes (strain gauges, artificial muscle, etc.), and 
electroconductive systems for wireless energy transmission in body implants. 
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Abstract. The magnetomodulation differential weak magnetic-field sensor, based on the  
Bi-2223 high-temperature superconducting ceramics has been investigated. The high  
magnetic-field resolution (~20 pT) and wide measurement range (125 – 140 dB) have been 
obtained. The possibility of using this sensor for noninvasive control of magnetic particles or 
implanted medical electronic devices in biological objects at a distance of up to 30 mm from 
the skin surface is discussed. 
Keywords: high-temperature superconducting ceramic; magnetic-field sensor; magnetic-field 
resolution; noninvasive control; medical implants. 

 
 

1. Introduction 
Weak magnetic fields ( B ≤10 nT) are currently measured using different systems, including 
superconducting quantum interference devices (SQUIDs), combined magnetic field sensors 
(CMFSs), nuclear magnetic resonance laser pump magnetometers, and ferroprobe 
transformers (FTs) [1]. Among these systems, SQUIDs, which have been already 
commercially produced, have the highest sensitivity [2 – 4]. However, they are brittle, 
expensive, and do not detect the absolute value in the measured magnetic field.  

The absolute value of magnetic field can be directly measured using FTs and CMFSs. 
The former, however, have serious drawbacks, specifically, the large measuring error in the 
weak-field range ( B  ≤ 1 nT) and the narrow passband (≤ 1kHz) and dynamic measurement 
range rD ≤ 60 dB [5, 6]. The CMFSs still have been developed and tested [7 – 9], but in future 
their modifications containing nanosized elements can become competitive with SQUIDs  
[2 – 4]. 

A high-temperature superconducting (HTS) ceramic material investigated here consists 
of numerous grains with the Josephson junctions, formed between their boundaries. The 
magnetization curve (dependence of the magnetic flux φ  on external field B ) of such a 
Josephson medium is characterized by the strong nonlinearity, which increases near critical 
temperature cT and was used to design the so-called magnetomodulation sensor (MMS) of 
weak magnetic fields ( B ≤10 nT). In the previous works, the MMSs were designed on the 
base of a Y-123 HTS ceramic material with cT ~ 90 K. At a working temperature of T  ~ 77 K 
(the liquid nitrogen boiling point), the )(Bφ dependence of the Y-123 ceramics is strongly 
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nonlinear; therefore, the sensor, fabricated from this material, is characterized by the high 
magnetic-field sensitivity dBdUS /= , where U is the response signal [10 - 13]. At the same 
time, the Y-123 ceramic-based sensors have certain drawbacks, e.g., the narrow measurement 
range ( B  ≤ 0.3 mT), low magnetic-field resolution Bδ  ≥ 50 pT and magnetic-flux resolution 

δφ  ≥ 10 0φ  ( 0φ = 2.07 × 10–15 Vb is the magnetic flux quantum), and the limited dynamic 
range ( rD  ≤ 110 dB). In addition, such sensors degrade in air under normal storage 
conditions. In contrast to the Y-123 ceramics, the Bi-2223 bismuth HTS ceramic material is 
stable and has cT  ~ 105 – 108 K [14]; therefore, MMSs based on it are expected to have the 
higher performances as compared with the Y-123-based sensor [12,13]. 

In this study, we investigate a weak magnetic-field sensor based on the Bi-2223 HTC 
ceramics with a working temperature of T  ~ 77 K. The minimum size of iron magnetic grains 
that could be detected by the MMS under study is estimated. 

 

 
Fig. 1.  Coils and core MMS: 1 − excitation coil, 2 and 3 − signal coils, connected in series 

and opposite to each other, 4 − cylindrical core of ceramic Bi-2223. The measured B  is 
directed parallel to the z -axis, )(tU  is the registered variable signal. 

 
2. Experimental 
The main MMS element, i.e., a magnetic-field sensitive cylindrical rod, was fabricated from 
the Bi-2223 ceramic powder, which was tableted and annealed in accordance with the  
well-developed ceramic technology [14]. Cylindrical rods with a length of 18 – 20 mm and a 
dimeter of ~ 4 mm were cut from the prepared tablets. Two coils were tightly wound over 
almost the entire sample length (~16 mm); the exciting coil, consisting of two identical back-
to-back sections each, containing 200 turns, was covered by a signal coil, containing  
400 turns. The back-to-back identical halves of the exciting coil ensure operation of the 
investigated MMS in the differential regime, which automatically eliminates the effect of odd 
response harmonics on the signal winding.  A superconducting cylindrical rod (sensor core) 
was positioned vertically along the z -axis; the x and y directions lied in the horizontal plane 
(Fig. 1).  

All the measurements were performed in the geometry with the measured magnetic field 
B


 parallel to the z -axis of the cylindrical rod. Only the z  projections of the background 
Earth’s magnetic field bB  were taken into account, since the other two projections ( x  and y ) 

of this field did not significantly affect the characteristics of the investigated MMS. The MMS 
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was mounted in a nitrogen cryostat so that the distance of the near sensor end to the outer 
cryostat surface was no larger than d ~ 6 – 7 mm.  

The sensor rod had the low critical current density (≤ 10 A/cm2) and cT  ≈ 105 K. The 
measured weak dc magnetic field B


 was induced by the Helmholtz coils. All the 

measurements were performed at T  ~ 77 K (liquid nitrogen temperature).  The directions of 
field B


 and exciting magnetic field acB


were collinear: acBB


. The ac magnetic field was 

sinusoidal: )sin( tBB mac ω= , where Bm is the amplitude, fπω 2=  is the cyclic frequency, f  is 
the frequency, and t  is the time. Sometimes, the field bB  was compensated to a level of ~1µT 
using the Helmholtz coils. The response signal U was detected by a selective nanovoltmeter 
with a selectivity of 40 dB/octave. 

Figure 2 shows signals of the )(tU response of the MMS to the exciting ac magnetic 
field with a frequency of f =10 kHz and an amplitude of mB2 =1000 µT (peak–peak). The 

)( fU  dependences were recorded upon continuous variation in the frequency f .  To exclude 
the sensor nonlinearity unrelated to its superconducting properties, the response was measured 
at room temperature T ≈ 300 K (Fig. 2a). 

It can be seen that in the normal state, all harmonics, except for the first one, are 
missing, which confirms the absence of unexpected nonlinearity of the sensor, which can be 
caused, e.g., by ferromagnetic parts of the sensor. 

 It follows from Figs. 2b and 2c that at bB ≈ 1 µT, the response contains only odd 
harmonics, while at bB ≈ 50 µT, all the harmonics are observed at T = 77 K. Such a behavior 
is typical of HTS ceramic materials and emphasizes their magnetic-field sensitivity. The 
higher harmonic amplitude decreased with increasing f and under voltages of ≤ 0.01 mV, the 
harmonics higher than the seventh order were not observed.  

 
3. Results  
Figure 3 shows a typical dependence of the second-harmonic amplitude 2U  on the applied dc 
magnetic field B .  

It can be seen that the )(2 BU  dependence shifts along the  horizontal axis by bB ~ 50 µT 
(background Earth’s magnetic field) and has the maxima at *B ~ ± 700 µT. The highest 
magnetic-field sensitivity dBdUSU /2=  is attained in weak fields ( B ≈ 0). As the B  value 
increases, US  gradually decreases and at B = *B  approaches the zero value. Thus, using the 
quasi-linear )(2 BU  dependence in weak fields 0 < B < 700 µT, a high-sensitivity MMS can be 
designed on the basis of the Bi-2223 ceramics. It is worth noting that when the background 
Earth’s magnetic field is compensated, i.e., at bB ≤ 1 µT, the US value additionally increases 
by more than 10%. 

In the range of B ≤ 20 µT, the )(2 BU  dependences are linear and the US  value 

increases linearly with f . Indeed, it follows from Fig. 4 that US  increases by a factor of 7.4 
with a sevenfold increase in f .  
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Fig. 2. Response U  (relative units) of the sensor with  f = 10 kHz and mB2 =1000 µT  

(peak–peak) under different conditions: (a) T = 300 К, bB ≈ 1 µT; (b) T = 77 К, bB ≈ 1 µT; 
(c) T = 77 К, bB ≈ 50 µT. 
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4. Discussion 
The dependence of magnetic flux φ  on field B  in a superconducting rod is an odd nonlinear 
function and can be expressed in the first approximation as 

( )5
5

3
310 BkBkBkA −−=φ , (1) 

where A0 is the rod cross-sectional area and k1, k3, and k5
 are the coefficients.  

In Equation (1), it is necessary to take into account all the investigated magnetic fields 
B , acB , and bB  in both halves of the exciting coil.  Then, theφ value is 

( ) ( ) ( )( )[
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where k11, k12, k31, k32 , k51, and  k52 are the coefficients, characterizing the first and second 
coil halves, respectively. In Equation (2), only the z projections of the magnetic fields are 
taken into account, since the other projections are negligible.  

The signal, induced in the receiving coil, consisting of n turns is 

dt
dnU φ

−= . (3) 

According to (1) – (3), the signal response at the second harmonic is 
( ) ( ) ( )[ ] ( ) 2

2
50

3
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2
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where 2u is the unbalance signal and A is the average cross-sectional area of the signal coil.  
In Equation (4), we made the designations: 

121110
5251

50
3231

30 ;
2

;
2

kkkkkkkkk −=∆
+

=
+

= . (5) 

 

Fig. 3. Dependence )(2 BU at f = 10 kHz and 

mB2 = 600 µT (peak-peak). The background 
magnetic field of the Earth is uncompensated. 

Fig. 4. Dependence )(2 BU  at mB2 = 1000 
µT (peak-peak) and various f , kHz 

(bottom-up): 5; 10; 15; 20; 25; 35. The 
background magnetic field of the Earth is 
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The 2u  value tends to zero with a decrease in the difference between two halves of the 
core, i.e., when the quantities 10k∆ , 323130 kkk −=∆ , and 525150 kkk −=∆ turn to zero.  

The thorough analysis of Equation (4) showed that at BBb >> , %15050 ≥∆ kk , and
%13030 ≥∆ kk , and a nanovolmeter selectivity of ~40 dB/octave, the 2u value approaches the 

response at the second harmonic, which leads to a decrease in the magnetic-field sensitivity
US . In the opposite situation, i.e., at bB ≈ 0, the 2u  value is minimum and the US value is 

maximum. This conclusion explains the obtained experimental result, i.e., the US growth after 
compensation of bB .  

According to Fig. 3, we have US ~ 50 V/T at f ≈ 35 kHz and bB ≈ 50 µT. Taking into 
account the minimum detected signal level 001.0~2Uδ µV, we obtain the minimum detected 
field USUB /2δδ ≈  ~ 20 pT. This value is not limited by the internal magnetic noise level  

Bδ ≤ 1 pT of the Bi-2223 HTS ceramic material [15]. Hence, the magnetic-field sensitivity of 
the investigated MMS can be further enhanced.  

The dynamic measurement range at B ≈ 20 µT and Bδ  ~ 20 pT is rD ~125 dB and, in 

the case of Bδ  ~ 1 pT, it is rD ~150 dB. The total measurement range at B ≈ 600 µT and 
Bδ  ~ 50 pT is very wide and attains 140 dB. 

The MMS is a differential sensor, the magnetic-field sensitivity of which can be 
increased in two ways: via increasing theω , 30k , 50k , and mB  values or decreasing the 
external magnetic fields, including industrial noise and background Earth’s magnetic field, 
and the 10k∆ , 30k∆ , and 50k∆  values. For example, according to Equation (4), with an 
increase in the frequency f from 35 to 500 kHz, the )(2 BU and US values grow proportionally; 
therefore, the Bδ  value decreases to Bδ  ~1 pT. In this case, the increase in the reactive 
resistance to a level of 1 Ω cannot significantly affect the MMS characteristics. 

Thus, the magnetomodulation sensor, based on the Bi-2223 HTC ceramic material, 
exhibits a magnetic-field resolution of Bδ ~20 pT, which can be reduced to a level of 1 pT or 
lower.    

Modern medical implants, sensors, and biocompatible materials often contain electronic 
components and conducting or magnetic particles. In particular, the implanted coils are used 
for wireless energy supply to various electrical implants, stimulators, artificial blood 
circulatory systems, etc. [16, 17], or carbon nanotubes and nanomaterials, based on them, 
containing catalytic magnetic particles [18, 19]. Detection of their magnetic fields will open 
the way to the noninvasive control of their operation. 

The estimations made here showed that the investigated MMS with Bδ ~20 pT can 
detect weak magnetic fields of spherical magnetic particles ~100 µT in diameter at a distance 
of 10 mm from the sensor. At Bδ ~1 pT, the same particles can be detected at a distance of   
25 – 30 mm from the near MMS end. In addition, magnetic particles, located under skin at a 
depth of 4 – 20 mm, can be detected ( d ~ 6 – 7 mm). These estimations are apparently valid 
for various implants, located at a depth of up to 20 mm under the skin. 

 
5. Conclusions 
The investigated differential weak magnetic-field magnetomodulation sensor, based on the 
Bi-2223 HTC ceramic material, has a number of parameters typical of ferroprobe 
transformers, including the possibility of measuring the absolute value of the magnetic field, 
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simple design and fabrication, high magnetic-field sensitivity, and an accompanying 
electronic system. The sensor has the benefits of HTS SQUIDs, i.e., the high magnetic-field 
sensitivity and magnetic-field resolution (~ 20 pT) and wide measurement range  
(125 – 140 dB). The design simplicity and stability against degradation are certain advantages 
of the proposed sensor over the HTS SQUIDs.  

These magnetometers can compete with the HTS SQUID magnetometers in, e.g., 
biomedical applications, such as noninvasive control of magnetic particles or various medical 
implants in biological objects. 
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Abstract. Layers of different materials, including nanocomposites, containing carbon 
nanotubes, with the tensoresistive properties are discussed. The investigated layers are 
divided into two groups: without (group I) and with carbon nanotubes (group II). A group-I 
material that is the most suitable for fabrication of a tensoresistor is the elastomer with 
microchannel, filled with a conductive liquid. In group II, these are the (0.2 − 10)-µm-thick 
layers consisting of the carboxymethylcellulose matrix, filled with multiwalled carbon 
nanotubes (~5 wt.%). The investigated layers can be used as alternative tensoresistors for 
medical applications. 
Keywords: carbon nanotubes; carboxymethylcellulose; nanocomposite layer; tensoresistor.  
 
 
1. Introduction 
In medicine, it is often necessary to control limb, joint, chest, thorax, hydrops, tumors etc. 
movements and soft tissue strain, e.g., during post-surgery recovery. This is made using 
various strain gauges. The simplest and most wide-spread strain gauges are based on the 
phenomenon of resistance variation under strain and called tensoresistors. The strain 
sensitivity of these devices is determined as S = δR/ε, where δR = ∆R/R0, R0 is the initial 
resistance, ∆R is the absolute resistance variation under strain, ε = ∆l/l, l is the initial length of 
a sensitive element, and ∆l is the absolute variation in its length. 

Conventional tensoresistors are fabricated from metal or semiconductor materials. 
Meander-shaped tensoresistors formed from a metallic foil have the low temperature 
resistance coefficient (α ≤ 10−5 K−1) and relatively wide strain measurement range (ε = ±5 %), 
but the low strain sensitivity (S ≤ 10). Semiconductor tensoresistors are characterized by the 
high sensitivity (S ~ 100 − 200), very low strain (ε ≤ 0.2%), and high temperature resistance 
coefficient (α ≥ 10−3 K−1) [1]. Note that both the metal and semiconductor tensoresistors have 
insufficient elasticity and strongly restrict movements of a biological object, because their 
moduli of elasticity E exceed the value characteristic of a human skin by several orders of 
magnitude (E ~ (25 − 220) kPa, ε >> 1 %) [2].  

In this work, we briefly describe different layers with the tensoresistive properties 
(hereinafter, tensoresistors) that were designed using original methods and/or materials and 
their potential applications in medicine. The investigated devices are divided into two groups. 
Group I is formed from the tensoresistors that do not contain carbon nanotubes (CNTs) and 
group II, from the tensoresistors, containing CNTs or based on nanocomposites with CNTs. 
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2. Layers – Group I  
A great number of tensoresistors have been developed and fabricated using nanoparticles and 
nanotechnologies. However, the high strain sensitivity (S ≥ 100) is often attained in a very 
narrow strain range (ε ≤ 1 %), which is not suitable for medical applications. Indeed, to 
control movements of human body parts, a strain of ε ≥ 10 % is usually required. In [3], the 
materials, based on ZnO nanowires characterized by S ≈ 1250 and ε ≤ 1 %, were reported. In 
a hybrid material, consisting of ZnO nanowires, fixed on polysterene nano- and microfibers, 
the high ε values (≤ 50 %) and relatively low S values (~100) were established [4]. 
A tensoresistor is encapsulated in a polydimethylsiloxane (PDMS) film and has the high 
moisture resistance. However, the excessively high resistance (≥ 109 Ω) and, consequently, 
high intrinsic noise level of the material significantly restrict the strain measurement 
accuracy. 

The parameters S ~ 10 and ε ~ (20 − 80) % were obtained in a tensoresistor, based on 
the thermoplastic elastomer, containing ~50 mass.% of soot [5]. The proposed sensor, 
however, rapidly loses its strain sensitivity (S ≤ 0.1) at ε ≤ 10 % and can probably be used to 
detect fabric strain. 

The graphite layers deposited onto natural rubber substrates exhibit the tensoresistive 
effect with the high parameters: S ~12 − 346 and ε ≤ 246 % [6]. Nevertheless, their δR(ε) 
dependences are strongly nonlinear, especially in the range of ε ≥ 100%. The strong 
nonlinearity of the δR(ε) dependence is caused mainly by the behavior of pure rubber, i.e., by 
the strong nonlinearity of the stress induced during straining the rubber. Hence, the use of 
such layers as tensoresistors is complicated by the difficulty of brining the δR(ε) curves to the 
linear shape with good accuracy. 

In [7], an original tensoresistor consisting of a silicon elastomer with microchannels 
filled with a conductive liquid was developed to control movements of different human body 
parts. The strain (tension) increases the length and decreases the width of a microchannel and, 
thus, leads to the corresponding increase in its resistance. Testing of the tensoresistor showed 
that it has a strain of ε ≤ 300 % and a sensitivity of S ≤ 3 at bending angles of θ < 120°; the 
strain measurement error was ~ 8 %. Obviously, this sensor is inapplicable to detecting 
movements of human body parts, where the angles can be in the range of θ ≥ 120°, e.g., in 
total finger, knee, or elbow flextions.  

 
3. Layers – Group II  
Carbon nanotubes (CNTs) have the unique properties, including high strength, heat and 
electric conductivity, and optical transparency. Nanocomposites with even minor (< 10 %) 
CNT additions acquire special characteristics. Depending on a fabrication technique used and 
nanomaterial composition, the tensoresistive effect in the CNT-based layers is either 
enhanced or suppressed. Indeed, the layers consisting of multiwalled CNTs (MWCNTs) 
added with AgNO3 in a concentration of  2 − 10 g/l, deposited onto PDMS substrates, exhibit 
a stable resistance upon multiple bending in the angle range from −180° to +180° and have 
almost no tensoresistive properties [8].  

Study of the MWCNT films, used as tensoresistors, showed the almost linear 
δR(ε) dependence and absence of the hysteresis under loading and unloading in combination 
with the high stability of a signal, detected for 2-hour testing at ε ≤ 10 [9]. Such a 
tensoresistor, however, appeared highly sensitive to various gases, moisture, and working 
temperature; i.e., it should be protected against environmental factors.  

The tensoresistors in the form of thin films, containing aligned single-walled CNTs 
(SWCNTs) on flexible substrates, exhibit the excellent elasticity (ε ~ 280 %), but the very low 
sensitivity (S ≤ 0.8), high hysteresis, and insufficient strain measurement accuracy [10]. 
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A MWCNT film placed between natural rubber layers showed the higher strain sensitivity  
(S ~ 43) at ε ~ 620 % [6]. However, the δR(ε)  dependence for this film is approximately 
linear only at ε ≤ 100 %. 

A new type of the tensoresistor, based on SWCNTs, encapsulated in the PDMS layers, 
was proposed in [11]. The parameters of S ≤ 6.3 and ε ≤ 10 % and the moisture resistance 
higher than that of the tensoresistor without a protective layer were reported. For the 
MWCNT film-based tensoresistor, the linear δR(ε) portions were observed at ε ≤ 0.1 % and  
S ≤ 0.35 [12]. A similar tensoresistor, based on grapheme, encapsulated between the PDMS 
films, showed the high sensitivity (S ~ 30), but the low (≤ 1 %) ε value [13]. Such a 
tensoresistor can apparently be used for fragile (rigid) objects, but not in medicine, where the 
high strain (ε ≥ 10 %) is needed. 

The parameters suitable for monitoring the strain of human organs were obtained in 
different CNT/PDMS tensoresistor structures [14, 15]. However, these devices demonstrate 
the high nonlinear responses and hysteresis in combination with the insufficient elasticity. For 
these structures, we have E ~ 0.4 − 3.5 MPa [16 − 18], whereas epidermal applications require 
the materials with E ~ 25 − 220 kPa [2]). The modulus of elasticity of PDMS increases after 
adding CNTs; therefore, the discrepancy between elasticity values for human skin and the 
tensoresistor grows. In addition, absorption of water (moisture) by PDMS leads to the 
enhancing rigidity and aging. The material becomes fragile and its E value significantly 
increases over the modulus of elasticity of human skin. Indeed, to exactly detect human skin 
movements, it is necessary to use high-efficiency strain gauges, containing more elastic (soft) 
materials than PDMS. Many drawbacks of the tensoresistor, based on the CNT-containing 
film, encapsulated in the PDMS layers, were eliminated using the modified PDMS (the  
so-called Ecoflex silicone rubber). The CNT/Ecoflex PDMS tensoresistor is characterized by  
ε ~ 500 %, broad δR(ε) linearity portions, and negligible hysteresis (ε < 150 %), as well as 
high stability and repeatability of a detected signal during multiple (~2000) loading/unloading 
cycles [19]. 

Both in the CNT/PDMS and CNT/Ecoflex PDMS structures, PDMS is polymerized by 
heat treatment at a temperature of 70 °C for 2 h. Certainly, this procedure complicates 
fabrication of the devices. 

The thin (< 100 nm) SWCNT-containing films on flexible polyethylene naphthalate 
substrates exhibited the optical transparency and resistance variation with the bending angle 
θ [20]. The bending sensitivity Sθ = δR/δθ was found to be ~0.08 %/deg at θ = ±180°. Here, 
θ is the bending angle and δθ is the θ increment; at θ = 0, there was no film bending.  

The composite nanomaterials, containing CNTs, deserve high attention. For example, 
the films, consisting of polimethyl methacrylate (PMMA) matrix, filled with MWCNTs, 
exhibited  a linear strain of ε ≤ 1% at 0.75 wt.% of MWCNTs [21]. In [22], a 80-µm-thick 
buckypaper was fabricated from thermoplastic polyurethane (TPU) and MWCNTs and the 
value of ε ≈ 180% at a ratio of 80:20 between TPU and CNTs was attained. The tensoresistor, 
however, had a very narrow region of the linear strain dependence of the output signal  
(ε ≤ 1 %) and the low strain sensitivity (S ≤ 2). 

Study of many nanocomposites, included in epoxy polymers and CNTs, showed that 
with an increase in the MWCNT concentration between 1−10 mass.%, the conductivity σ 
increases from 10−2 to 102 S/m and the S value decreases from ~22  to  ~3 [23 − 25].  

The layers, consisting of the carboxymethyl cellulose (CMC) matrix, filled  
with ~5 wt. % of MWCNTs, demonstrate the high conductivity (σ ~ 104 S/m), α ≤ 10-5 K−1, 
and S ~ 10 [26, 27]. Laser techniques and nanotechnologies make it possible to control the 
characteristics of a tensoresistor in wide ranges; in particular, the main parameter, i.e., 
conductivity, can be changed within σ ~ 10−1 − 104 S/m. The degradation testing of the 
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CMC/MWCNT layers showed no significant σ variations upon multiple bending of flexible 
substrates. In particular, upon layer bending by θ = ±180° with a bending radius of 1 mm for 
up to 10 cycles, the conductivity hysteresis was no larger than 20% relative to its initial value. 
The hysteresis decreased with increasing number of measurement cycles and was no larger 
than 8% after 300 cycles. The high strain sensitivity (Sθ ~ 0.80 %/grad) was demonstrated on 
the CMC/MWCNT nanocomposite layers with thicknesses of 0.2 − 10 µm. This is higher than 
the parameter of Sθ ~ 0.08 %/grad reported in [20]. The layers did not exfoliate from 
substrates upon multiple bending, did not crack, and kept their initial exterior. 

Various strain gauges, containing CNTs, were reviewed in [28 − 31]. Their operation is 
based on the measurements of resistance or capacitance of strained layers. In the first case, 
these are tensoresistors and the presented examples can be added with our group-II sensors. In 
the second case, the gauges are capacitive and usually consist of three layers; the flexible 
layer is placed between two MWCNT layers. Despite the acceptable parameters  
(Sθ ~ 0.2 %/grad and ε ≤ 100 %), the repeatability of the characteristics is complicated. 

Above we described some tensoresistors that are promising for medical applications. Of 
special importance is their use as miniature epidermic strain or pressure gauges for controlling 
the recovery after complex surgery and tactile sense recovery. The authors of [32] carried out 
investigations in this direction: they formed miniature skin pressure gauge prototypes using a 
3D printer [32]. However, the direct contact of the strain gauge with the human skin surface is 
allowed only at the high biocompatibility. Certainly, this approach is valid for the above-
mentioned tensoresistors, including those based on CNTs. 

Since CNTs and CNT-based nanocomposites are relatively new materials, the health 
and ecology risks have been thoroughly investigated. Numerous experiments with CNTs 
revealed both positive and negative effects. The positive effects of CNTs are the possibility of 
vector drug delivery to different (including brain) organism parts [33 − 36] and neuron and 
neurite growth assistance [37, 38]. The negative effects are acceleration of the destruction of 
duplex DNA fragments [39] and blood thrombocyte aggregation [40]. 

By now, the following aspects, concerning CNTs, have been established [41 − 45]:  
(i) pure CNTs are more dangerous than functionalized ones; (ii) the CNT toxicity 
significantly weakens in a composite nanomaterial; (iii) the CNT toxicity is lower than the 
toxicity of asbestos particles; (iv) in a biological medium, oxidative fermentation and 
biodegradation of CNTs occur; and (v) citrullination in cells can be indicative of cytotoxicity 
of CNTs at the early diagnostic stages [46]. The bovine serum albumin molecules are 
adsorbed and uniformly cover the SWCNT surface layer by layer; bovine fibrinogen 
molecules behave similarly. Thus, the modified SWCNTs appear almost nontoxical [47 − 49]. 

 
4. Conclusions 
The overwhelming majority of diagnostic and therapeutic devices and systems require various 
sensors, including strain gauges. In particular, they are used to control the recovery after 
surgical operations or test thigmesthesia. In this work, we discussed some types of the layers 
with the tensoresistive properties and possibility of designing original medical tensoresistors 
on their base. The analyzed materials were divided into two groups: without CNTs (group I) 
and with them (group II).   

- The group-I device, the most promising for medical applications, is an original 
tensoresistor, which represents a silicone elastomer, containing microchannels, filled with a 
conductive liquid [7]. Such a tensoresistor detects small bendings (θ < 120°) of human body 
parts with an error of 8%.  

- The group-II tensoresistors, which are based on thin films, containing aligned 
SWCNTs on flexible substrates, exhibit the excellent elasticity (ε ~ 280 %), but very low 
strain sensitivity (S ≤ 0.8), high hysteresis, and low strain measurement accuracy [10]. The 
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MWCNT film, placed between the natural rubber layers, demonstrated the highest strain 
sensitivity (S ~ 43) at  ε ~ 620 % [6]. However, their δR(ε) dependences are approximately 
linear only at ε ≤ 100 %.  

- In many cases, the CNT films were encapsulated between flexible PDMS layers. The 
tensoresistors of this type exhibit the highest parameters, including the maximum strain of  
ε ~ 500 % and the approximately linear dependence of the relative resistance variation on ε in 
the range of ε < 150%, as well as the stability and repeatability of the detected signal upon 
multiple loading/unloading cycles (~ 2000) [19]. 

Nevertheless, the above-mentioned gauges cannot be directly laminated onto a complex 
curvilinear human skin surface to control the skin surface dynamics with high accuracy. This 
limitation is related to the fact that the PDMS polymerization requires heat treatment at 
temperature of 70 °C for 2 h. 

- In epoxy nanocomposites, the high strain sensitivity (~22) is implemented at the low 
MWCNT concentration (~1 wt.%) [23 − 25]. 

- The layers based on a nanocomposite, consisting of CMC and MWCNTs, showed the 
quite acceptable parameters, i.e., the high electrical conductivity (10−1 − 10-4 S/m) and 
bending sensitivity of ~ 0.80 %/grad.  

In most cases, the region of tensoresistor linearity should be broadened, which is a 
complex problem. To do this, it is necessary to take into account not only the substrate 
elasticity, but also transparency of tunnel contacts at the points of nanotube adjustment in the 
CNT-containing layers [50]. In some cases, the above-described tensoresistors have the 
characteristics suitable for applications in medicine. However, their safety at the lamination 
onto the human skin has still been investigated and the results of these investigations are of 
crucial importance [32]. In addition, it should be taken into account that the tensoresistors 
need to be protected from moisture, temperature, gases, and other effects during their 
operation.  

Thus, the results obtained yield a promising outlook of fabrication of the tensoresistors 
containing carbon nanotubes or nanocomposites based on them.  
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Abstract. Piezoelectric based energy harvesting has become a popular research interest for 
last few years. This is due to the increasing demand for low-powered portable and wearable 
electronic devices such as health monitoring sensors. This paper presents  two polyvinylidene 
fluoride (PVDF) based energy harvesters, which can be embedded in shoes to generate 
electric energy while human walking. One of the harvesters is specially designed as a 
sandwich structure, placed under the ball of foot, while the other one has curved or  
oval-shaped structure, placed under the heel of foot. Both harvesters are developed and 
deployed appropriately in the sole to couple maximum mechanical stress to the piezo-material 
and achieve high power output. The system was analysed, using mathematical modelling and 
results are verified by performing experiments in the lab. It has been observed experimentally 
that sandwich structured harvester produces 4.9 µW across a capacitor of 10 µF while 
walking at a speed of two step/second (2 Hz). However, for the same capacitor, the  
curve-shaped harvester produces up to 5.625 µW power. Integrated output power of both 
energy harvesters was 9.625 µW. 
Keywords: piezoelectric; energy harvesting; PVDF; walking motion; smart materials. 
 
 
1. Introduction 
Energy harvesting technique has been an area of immense interest in research area of 
Harvesting energy from the energy sources such as heat, light, vibration and motion is an 
agreeable approach for acquiring the clean and sustainable energy. Energy harvested from 
vibrations and oscillations for instance low frequency vibration is the best method of energy 
harvesting [1]. The research motivation of this work is due to need of reduction in power 
requirement of low power consuming electronic devices, such as wearable and bio MEMS 
devices. A certain amount of electric current or voltage can be retrieved on application of 
mechanical strain on piezoelectric materials. Mechanical strain can be produced from different 
sources such as human body movements, seismic vibrations, machine bed vibrations and 
acoustic sound generally available everyday [2]. Two energy harvester designs using 
polyviyldine fluoride (PVDF) have been discussed in this work. One of the sandwiched 
structures is placed under the ball of the foot. Other one is curved shaped structure and placed 
under the heel of the foot. Modelling and experiments have been performed for both energy 
harvesters. Also, comparison of two polyvinylidene fluoride (PVDF) based energy harvesters 
have been done, which can be embedded in shoes to generate electric energy while human 
walking. In 2005 Sodano and Inman et al. [5] identified piezoelectric material as a tool for 
energy generation. They experimented the abilities of a circuit comprising a rectifier and a 
storage capacitor, when a steel ball impacted a plate bonded with PZT. In 2006 Sodano and 
Inman et al. [6] studied and developed a piezoelectric system to harvest the energy while 
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human walking and power a 12-bit RFID at 310 MHz. They developed a PZT bimorph. The 
peak output power from that PZT bimorph in d31 bending mode under heal was 8.3 mW and 
from PVDF stave under toes was 1.3 mW.  

Overview of Energy Harvesting System. The piezoelectric energy harvesting shoe 
system is able to harvest the energy from two points of contact during walking, which 
is shown in Fig. 1. The first point is the ‘Contact Phase’, which will obtain at the time 
of heel strikes during foot landing. At this point, energy is harvested by energy 
harvesting shoe system through compression of the piezoelectric material. The second 
point is the ‘Propulsive Phase’, which will obtain when the ball of the foot bends after 
landing the tip of the shoe to propel the person forward. The system consists of placing 
two piezoelectric (PVDF) energy harvesters at those two appropriate points for 
harvesting the maximum output energy. 
 
 

 

 

 

 

 
                                        Fig. 1. Foot phase description while walking. 
 
2. Design of sandwich type piezoelectric energy harvester 
The main structure of this piezoelectric energy harvester is a sandwich type structure, where a 
multilayer Polyvinylidenefluoride (PVDF) film stack is sandwiched between two wavy 
surfaces [13]. One of these surfaces is a movable upper plate and other one is a fixed lower 
plate as shown in Fig. 2. Double PVDF film stack is fixed on the lower plate, and these PVDF 
Films are connected in series to obtain maximum output voltage. 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Solid work model of energy harvester. 

 
Working mechanism of energy harvester. The energy harvester works, when the 

upper movable plate of the piezoelectric energy harvester is subject to a compressive force, 
produced by human foot. The upper plate of energy harvester moves down and the PVDF film 
is stretched along the longitudinal (1-axis) simultaneously that is shown in Fig. 3. Due to 
stretching the PVDF film in longitudinal direction, strain is developed inside the film. This 
strain leads to a piezoelectric field inside every PVDF layer. The strain, developed in the 
PVDF film, drives the free electrons inside the each PVDF film. The external circuit is used 
to accumulate charge on the upper and lower surfaces of piezoelectric PVDF film, which has 
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the electrode. Then it induces the piezo potential in three-axis surfaces (electrodes) of every 
PVDF layer. When the foot force is released, then the upper movable plate moves up and the 
PVDF films relax and get original shape, therefore the piezopotential diminishes, and also 
releases the accumulated electrons on the surface of PVDF films. When human walks the 
dynamic force is produced by foot. This force acts on the upper plate that drives the electrons 
inside the piezoelectric layer surface and induces an alternating current (AC) output. 
 

 
Fig. 3. Working mechanism of harvester. 

 
The specially designed harvester’s wavy surfaces are able to produce the large 

longitudinal deformation in the PVDF films and it reduces the thickness of piezoelectric 
energy harvester, which improves the energy harvesting performance and this harvester 
makes it possible to embed the harvester into a shoe. 

 
Table 1. Design parameters of sandwiched type energy harvester. 

Parameter name Value Description 
L 70 mm Harvester length or PVDF layer length 
W 20 mm Harvester width or PVDF layer width 
T 28 µm PVDF layer thickness 

A1 = wt 0.56 mm2 Cross-section area of one PVDF layer 
A3 = wl 1400 mm2 Three-axis surface area of one PVDF layer 

N 2 Number of PVDF layers 
l 11 mm Chord length of arc-shaped groove 

2θ 36° Intersection angle of an arc-shaped groove 
n = INT(l/L) 5 Number of arc-shaped groove 

 
According to the elastic limit of the PVDF film, the design parameters of energy 

harvester have been developed (see Table 1). When movable upper plate moves down to the 
lowest position, both the tension of multilayer PVDF film F1 and the resistive force F2 against 
the upper plate, produced by (PVDF) film, reach maximum. 

Mathematical modelling. Mathematical modelling of the harvester includes the 
equations for tension force F1: 
F1 = NA1σ1, (1) 
where σ1 = ε1Y is the normal stress and for normal strain ε1: 







 −= 1

sin1 θ
θε . (2) 

Equation (2) shows the dependence of the strain, generated in the harvester design, on 
the semi-intersection angle, θ [13], which is present in Fig. 4. 
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Since the elastic limit of PVDF is 2%, maximum permissible limit of θ is equal to 
19.71°. Keeping a safety margin of 1.2 in the strain developed, for further analysis of θ, we 
adopted this limit as 18°. For simplicity of description, the frictions between the PVDF film 
and the wavy surfaces are ignored for calculating the resistive force.   
 

 
Fig. 4. Strain variation vs the semi-intersection angle of arc-shaped groove. 

 
Resistive force F2 is defined as: 

F2 = n⋅2F1 sinθ = (l/L)⋅2NA1σ1sinθ ; (3) 
F2 = 2Nwn(l/L)(θ − sinθ)Y. (4) 

The constraint conditions for the design are presented as: 

eεθ
θε ≤






 −= 1

sin1 ; (5) 

F2 = 2Nwn(l/L)(θ − sinθ)Y ≤ foot force, (6) 
where εe is the elastic limit of the PVDF film, the value ranges of the above design parameters 
can be determined, based on the requirements of a specific design. 

Energy extraction circuit. Power extraction circuit consists of two piezoelectric 
sources (MB10S), connected in series; rectifier with four Schottky diodes, used in high 
switching application; 1.2 MΩ resister and a 10 µF capacitor (see Fig. 5).  
 

D1 D2

D1 D3

V+

V-

PVDF 1

PVDF 2

C Load R Load

 
 

Fig. 5. Energy extraction circuit 
 

Fabricated model of energy harvester. The fabricated model (see Figs. 6 and 7) 
consists of two rubber plates and two layers of PVDF films, glued with epoxy adhesive and 
sandwiched between two rubber plates therefore this harvester could be embedded under the 
foot force of shoe. The PVDF films have the electrodes and connection of PVDF films can be 
parallel and in series.  
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Fig. 9. Capacitor charging voltage.  

 
 

Fig. 6. Sandwiched structure.                               Fig. 7. Experimental setup. 

Experimental results. In this experimental setup, a person of 60 kg weight wears the 
shoe/sandal and then walks at the speed of 2 steps per second (2 Hz). 
 

 

 

 
 
 
 
 

 
 

Figure 8 shows the voltage across the 10µF storage capacitor. The capacitor will be 
fully charge after 15 steps and it induces approximately 2.5V DC output voltage (see Fig. 9).  
 
3. Design and working mechanism of curved shaped piezoelectric energy harvester 
When the piezoelectric energy harvesting device is pressed by external force in the middle, 
the PVDF and substrate are subjected to compressive and tensile stresses, respectively, 
therefore generating electric potential. In this harvester, the stress is produced in longitudinal 
direction and the electric field is generated in lateral direction. This curved piezoelectric 
generator consists of two separate curved piezoelectric generators, connected back-to-back, 
where each generator comprises a curved PI substrate and two polyvinylidene fluoride 
(PVDF) films [23]. The steel curved substrate is used to support the curved PI substrate and 
provide the appropriate flexibility during the human walking. The harvester consists of piezo 
1 and piezo 2 which are made of PVDF and the electrodes of the both PVDF films are 
attached on both sides of the curved PI substrate, used in curved piezoelectric generator. Here, 
the curved piezoelectric energy harvester with top and bottom electrodes uses the d31 mode. 
This harvester can also use for other piezoelectric applications. The direction of the applied 
stress/strain is perpendicular to the induced electric field in this mode. Therefore, the induced 
voltage of the curve shaped piezoelectric generator can be calculated by using Equation (1). 

Figures 10 and 11 shows the structure and working mechanism of the curved 
piezoelectric generator, where different stages of loading are shown: (a) initial state; (b, c) 
charge distribution during pressing; (d, e) charge distribution during force release;  
(f) three-dimensional schematic view of the curved piezoelectric harvester and wire 
connection of strained piezoelectric generator using high switching full wave rectifier. 

Fig. 8. Rectified voltage. 
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      Fig.10. Model of curved structure.    Fig.11. Work mechanism of curved energy harvester. 
 

The curved shaped PI substrate structure of the curved piezoelectric power generator 
has two important roles. First, it effectively acts as a passive layer, when is subjected to the 
vertical force of the human. Since the PVDF film is very thin, it is unable to get the 
appropriate neutral plane of structure of piezoelectric generator and it also has a low Young's 
modulus. Therefore, PI substrate and steel substrate of the piezoelectric energy harvester 
should be appropriate thick to shift the neutral plane of the structure out of the piezoelectric 
PVDF film layer. On contrary, if the thickness of the piezoelectric PVDF film layer is very 
thick then the structure of energy harvester becomes more rigid, and subsequently it requires 
more force to generate the electric power. Secondly, the PI substrate also acts as an active 
layer that recovers the deformed piezoelectric PVDF film layer back into its original shape, 
like a leaf spring in a commercial automobile.  

This harvester design also allows that the piezoelectric PVDF film is subjected to only 
tensile or compressive stress during the complete testing (pressing and releasing of human 
foot force). Because of this reason, the curved piezoelectric energy generator enhances the 
output power. This is because the proper thickness of the substrate layer makes the neutral 
plane shift from PVDF to its inside.  

Mathematical modeling of curved piezoelectric harvester. When the piezoelectric 
energy harvesting device is pressed by external force in the middle of the device, the PVDF 
and substrate are subjected to compressive and tensile stresses, respectively, and voltage in 31 
mode is defined as [23]  

tgV xx 3131 σ= ,      T
r

dg
εε
31

31 = , (7) 

where, t is the piezoelectric PVDF film thickness, g31 is the piezoelectric voltage coefficient, 
d31 is the module of piezoelectric material and εr is the relative permittivity of PVDF.  

The electric charge, induced on the surface of PVDF film by d31 mode is given as  

∫=
A

E dASCdQ 11131 , (8) 

where A is the electrode area and EC11  is the stiffness matrix of component. The charge, 
produced in piezoelectric generator, is a function of strain, induced in the generator. For an 
impact type piezoelectric energy generator, the quasi-static analysis gives better result. 
Therefore, charge equation of curved piezoelectric generator is given as 

∫ ∂
∂







 ++

=
l

E dx
x
wtttCbdQ

0
2

2
21

1131 3
, (9) 

where b is the width of energy harvesting device and w is the z-components of displacement 
vector at a point on the neutral surface. 

Table 2 presents design parameters of curved piezoelectric energy harvester. 
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Table 2. Design Parameters of curved piezoelectric energy harvester. 
Parameter Description Value 

t PVDF film thickness 28 µm 
t1 Thickness of PI substrate layer 0.25 mm 
t2 Thickness of steel plate 0.15 mm 
w Displacement 10 mm 
b Width of harvester device 22 mm 
L Length of harvester device 72 mm 

 
Fabricated model of energy harvester. Figure 12 shows a curved piezoelectric energy 

harvester, which is placed under the heel in the shoe/saddle. This harvester has two PVDF 
films, connected in series. The electrodes of the piezoelectric films are connected to power 
extraction circuit. Readings shows in the digital storage oscilloscope (Fig. 13). 

 

                  
     Fig. 12. Experimental model.                                      Fig. 13. Experimental setup. 

Experimental results. In experiment, the harvester is appropriately placed in the 
shoe/sandal and the setup is worn on foot of a person with weight of 60 kgF. The person is 
then walks with the speed of approximately 2 steps/s. 
 

 
 
 
 
 
 
 
 
 

 
 

Fig. 14. Rectified voltage.                     Fig. 15. Capacitor charging voltage. 
 

Figure 14 shows the voltage across the 10 µF storage capacitor. The capacitor will be 
fully charge after 15 steps and it induces 3V DC output voltage (see Fig. 15).  

 
4. Combination of both energy harvesters 
While walking, the heel part of foot lands with much higher impact force. So in order to 
absorb this force effectively, the oval-shaped harvester was deployed as its structure can 
withstand wide range of deflection (see Fig. 16). Hence, the rapid deflection in the  
piezo-material resulted in high peaks of output voltage as apparent in Fig. 17. On the contrary, 
the forefoot is a flexible part, which experiences gradual load while walking. This makes it 
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suitable for low deflection applications. Moreover, the sandwich type harvester had been 
precisely designed to produce higher strain in PVDF film with low deflection in its structure. 
Therefore, it was placed under the forefoot for energy harvesting. 
 

 
Fig. 16. Combination of both energy harvesters. 

 

 
Fig. 17. Integrated Rectified voltage of combined energy harvester. 

 
Firstly, the heel of foot makes contacts with ground and foot force gradually increases 

on the curved shaped structure. As steps progresses, the active force acting on this harvester 
decreases and shifts to the sandwiched type harvester placed under the fore-foot. This causes 
decay in voltage across the former harvester and increase in voltage across the latter. 

 
5. Conclusions 
The energy harvester, which is placed under the ball of foot, the rectified output voltage is 
obtained as 21 V and voltage across the 10 µF capacitor is obtained as 2.5 V. The output 
voltage across the capacitor is used to calculate the energy generation and generated output 
power is 3.9 µW. The energy harvester, which is placed under the heel of the foot, the 
rectified output voltage is obtained as 30 V. Output voltage across the 10 µF capacitor is 
obtained as 3 V and generated output power was 5.625 µW. The integrated average voltage 
output of the design is equal to 6.5 V. Subsequently, the average power output obtained was 
9.625 µW. 
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Abstract. A finite-element simulation of a two-cantilever piezoelectric generator (PEG) is 
considered. The generator had a bimorph arrangement of piezoelements. Finite element 
modeling was performed in ANSYS software. The PEG considered is part of an energy 
generation system, designed to convert mechanical energy from the environment into an 
electrical energy, with subsequent accumulation. The results of the modal analysis of the first 
10 modes of oscillations are present. Harmonic analysis is performed, when damping is taken 
into account. With the given scheme of electrical connection of PEG elements and various 
active loads, the results of the output voltage and power for the first four modes are obtained. 
Keywords: double-cantilever piezoelectric generator (PEG); finite-element simulation; 
ANSYS; modal analysis; harmonic analysis; output characteristics. 
 
 
1. Introduction  
In recent years, research has been actively performed on the development of piezoelectric 
converters of mechanical energy into electrical energy. This type of transducers was called 
piezoelectric generators (PEGs). The basic information on PEGs, as well as the problems 
arising at the development stages of energy harvesting devices, were given in review papers 
[1 – 4], as well as in the fundamental monograph [5]. 

Depending on the field of application, PEGs of various types have been created, in 
which a direct piezoelectric effect is used when excitation in the sensitive element is mainly 
longitudinal (d33) [6 – 9] or bending (d31) [10 – 14] oscillations. 

The problem of estimating the energy efficiency of a cantilever type PEG was 
previously considered in [3, 5, 11, 12, 14]. It has been shown that the output power of PEG 
depends not only on the electrical characteristics of the piezoceramic materials (PKMs) of 
PEG sensitive elements, but also on the measurement technique of their output characteristics 
as well as on the parameters of the electrical circuit [20]. 

One of the ways to increase the energy efficiency of PEG is to expand the bandwidth of 
operating frequencies. Usually, a Cantilever type PEG works only on the first mode of 
oscillation, because the output electrical characteristics of the subsequent modes are small and 
not of interest for energy harvesting. This, in turn, indicates a narrow band of operating 
frequencies of PEG cantilever type. In addition, in real working environments, there are often 
oscillations of arbitrary shape, which are the result of applying oscillations with different 
frequencies, rather than purely harmonic with one frequency, which are usually used in 
experiments. Nevertheless, attempts are made to expand the band of PGE operating 
frequencies of the cantilever type by modifying the classical design and introducing various 
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engineering solutions into it. This, in turn, not only affects the operating frequencies, but also 
affects the output electrical characteristics of the generator. 

In [15], the authors proposed a so-called embedded cantilever in order to widen the 
bandwidth of the cantilever type PEG with attached mass. This device had two degrees of 
freedom, as well as two operating modes of oscillations. The constructive solution consists in 
using a cantilever, which includes one main cantilever beam and an internal built-in cantilever 
beam, each of which has piezoelectric transducers. The power, received by the authors, was 
1.5 mW for the main beam and 0.8 mW for the internal (enclosed) beam. 

In [16], a PEG with multi-cantilever piezoceramic elements was developed, operating at 
low frequencies. The device consisted of six piezoelectric consoles of different lengths with 
different masses at their free ends. Researchers have shown experimentally that it can operate 
at several low resonance frequencies. The maximum power, obtained by this generator was 
2.5 μW, and can be increased by increasing the number of consoles. 

In [17], the researchers developed a cruciform piezoelectric generator and investigated 
its output characteristics. The generator consisted of a thin centrally symmetric cross-shaped 
elastic substrate and four rectangular piezoceramic elements that were attached to the upper 
surface of the four blades of the substrate. The exciting force from the oscillation source was 
applied to the center of the substrate. For the substrate, four types of materials were used: 
aluminum, copper, brass and stainless steel SUS304. Of all materials, PEG on a SUS304 steel 
substrate showed the highest values of output voltage (4.42 V) and current (7.83 μA). 

There are several ways of modeling PEG: mathematical model with lumped  
parameters [8, 14], mathematical model with distributed parameters [7, 9, 14] and finite 
element model [6,10,18,19]. In this paper, the finite element method will be used, since it is 
the most convenient for modeling and analysis of structural solutions.  

The above brief analysis of known works has shown that the problem of creating an 
energy efficient construction of cantilever PEG in a whole is not yet solved, although it is 
quite relevant. 
 
2. Formulation of problem 
We analyze the output characteristics of a two-cantilever piezoelectric energy generator 
having a bimorph structure symmetrically, arranged with respect to the y-axis, to perform a 
modal and harmonic analysis. 
 
3. Finite element modelling of PEG 

Continuous models of composite elastic, electroelastic and electroacoustic medium. 
Piezoelectric energy harvesting device is a composite elastic and electroelastic solid, which 
makes small relative oscillations in the moving coordinate system. Rectilinear vertical motion 
of the system is given by the law )(ty  or, in case of the external force excitation, by )(tF  or 
pressure )(tσ , according to which the device’s base is moving. In these conditions, the initial 
boundary value problem of linear electrodynamics theory is quite adequate mathematical 
model, which describes the functioning of such device [21]. 

In the present paper, we use the linear theory of elasticity and electrodynamics, based 
on the dissipation of energy, which is realized in the ANSYS software [22], as well as the 
equations of motion of liquids and gases in the acoustic approximation [23]. 

For piezoelectric medium, we have: 

,-i i ij j iu u fρ αρ σ+ =  ; , 0i iD = , (1) 
( )ij ijkl kl kl ijk kc e Eσ e βe= + − ; ( )i d i ikl kl d kl ik kD D e э Eς e ς e+ = + +  , (2) 

, ,( ) / 2kl k l l ku ue = + ; ,k kE ϕ= − , (3) 
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where ρ  is the density of the material; iu  are the components of the vector-function of 
displacement; ijσ  are the components of the stress tensor; if  are the components of the vector 
of the density of mass forces; iD  are the components of the electric induction; ijklc  are the 
components of the fourth rank tensor of the elastic moduli; ijkle  are the components of the 
third rank tensor of piezoelectric coefficients; ije  are the components of strain tensor; iE  are 
the components of the electric field; ϕ  is the electric potential; ijэ  are the components of the 
second rank tensor of the dielectric constants; dςβα ,,  are non-negative damping coefficients 
(in ANSYS 0=dς ). 

Modeling. The full-scale finite-element PEG model has a two-cantilever structure in the 
form of a bimorph, symmetrically arranged with respect to the y-axis (Fig. 1a). Thin 
symmetrical piezoelements are polarized in thickness. The gluing of piezoelements to the 
substrate is not taken into account. The geometric dimensions of the PEG are shown in 
Fig. 1a: the substrate has dimensions l × b × h = 120 × 9.8 × 1 mm3, the piezoelectric 
elements consist of two identical piezoelectric plates, polarized in thickness with dimensions  
lp × bp × hp = 54 × 6 × 0.5 mm3. The center of the attached mass is fixed at a distance lm from 
the clamp of the cantilever. The range of sizes lm can vary from 65 to 110 mm. In the 
calculation it was assumed lm = 65 mm. The electrical circuit of the PEG connection with the 
active load is shown in Fig. 1b. The value of the attached mass can vary from 3 to 25 grams. 
In the calculation, M = 3 g was adopted. The material of piezoceramic elements is PCR-7M. 
The main properties of the PEG structure are also given in Tables 1 – 3 [11]. The generator 
base was lx × hz × by = 10 × 20 × 20 mm3. 
 

   
                               (a)                                                                   (b)  
  

Fig. 1. Electric scheme of compound PEG under active load. 
 
Table 1. Characteristics of the dimensions of PEG elements. 

Element Parameter 
Piezoelement lp, mm bp, mm hp, mm   

 54 6 0.5   
Substrate l, mm b, mm h, mm a, mm  

 120 9.8 1 2  
Proof mass M, gr am, mm hm, mm bm, mm lm, mm 

 3 – 25 7 6 29.8 65 – 110 
 
Table 2. The elastic moduli CE

pq (1010 Pa), piezoelectric coefficients еkl (C/m2) and relative 
permittivity εξ

kk/ε0 (at room temperature). 
CE

11 CE
12 CE

13 CE
33 CE

44 e31 e33 e15 εξ11/ε0 εξ33/ε0 
12.5 8.4 8.1 12.1 2.36 −9.0 28.3 17.9 1430 1350 
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Table 3. Mechanical properties of the structural materials. 
No. Element of PEG Material ρ, kg/m3 E×1010 (Pa) ν 

1a, 1b Substrate fiberglass 1600 0.6 0.25 
2a, 2b Proof mass plastic 2645 0.3 0.33 
3a, 3b Piezoelements PCR-7M 7280 – 0.33 

4 Base   steel 7700 21 0.33 
 
The model scheme of the PEG structure is shown in Fig. 2a. Positions 1a, 1b show a 

substrate made of fiberglass; 2a, 2b are the attached masses; 3a, 3b is the piezoelectric 
element; 4 is the base of the generator. 

 

 
                                     (a)                                                     (b) 

 
Fig 2. (a) Two-axis PEG model with the location of proof mass at lm = 65 mm; (b) scheme of 

applying the load to the PEG base.  
 
4. Results of calculations 
With the help of the developed FE models in ANSYS software, based on the exact 
formulation of the problem (1) − (3), modal and harmonic analyses were performed. 

Natural frequencies were calculated and their own forms of vibrations PEG. Fig. 3 
shows their values and eigen forms of oscillations. The analysis of the first 10 vibration 
modes shows that 1 – 4, 9, 10 modes correspond to bending oscillations of the structure 
relative to the vertical y-axis (the vertical axis is shown in Fig. 3). For modes 1 and 2, it is 
shown that one of the plates is in the region making the maximum oscillation amplitudes, the 
second plate is in the conditional rest region. Mode 3 is antisymmetric with respect to the y-
axis and mode 4 is axisymmetric about the y-axis. Modes 5 and 6 are modes of oscillations in 
the horizontal plane Oxz i.e. in the plane of the substrate and piezo plates of PEG. Mode 5 is 
axisymmetric, but mode 6 is an antisymmetric mode of oscillation. Modes 7 and 8 are the 
torsional modes of oscillations, respectively, of the left and right plates. All modes of 
oscillation are divided into pairs and each of them lies in the frequency range, which differ by 
no more than 0.5%.  

Harmonic analysis of PEG oscillations with an active load for the first four modes of 
oscillations is performed. The damping coefficient was assumed equal to ζ = 0.031 and was 
taken into account by the parameters MP, DMPR, for all 4 types of material properties in 
ANSYS. The active load was varied within R = 5×103 – 106 Ω. The analysis of the results is 
shown in Tables 4 and 5. The dependences of the output voltage and output power of PEG on 
the value of the active load are shown in Figs. 4 and 5, respectively. 
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1 mode; 45.616 Hz 

 

 2 mode; 45.636 Hz  

 
3 mode; 119.09 Hz 

 

 4 mode; 119.1 Hz 

 
5 mode; 226.91 Hz 

 

 6 mode; 227.15 Hz 

 
7 mode; 393.42 Hz 

 

 8 mode; 393.45 Hz 

 
9 mode; 511.19 Hz 

 

 10 mode; 511.25 Hz 

 
Fig 3. First ten modes of eigen forms of PEG with symmetric fixing of load oscillations. 

 
Table 4. Output voltage of the PEG for location of proof mass lm = 65 mm; results are present 
for first four modes of oscillation. 

Mode 
Active load, R, 106 Ω 

0.005 0.01 0.05 0.1 0.25 0.5 1 
Output voltage, U, V 

1 1.66 3.09 8.16 9.48 10.22 10.44 10.54 
2 1.70 3.16 8.46 9.89 10.70 10.93 11.04 
3 0.76 1.25 1.92 1.98 2.00 2.01 2.01 
4 0.76 1.25 1.92 1.98 2.00 2.01 2.01 

 
Table 5. Output power of the PEG when location of the attached mass was lm = 65 mm. The 
results are given for the first four modes of oscillation. 

Mode 
Active load, R, 106 Ω 

0.005 0.01 0.05 0.1 0.25 0.5 1 
Output power, 10-6 W 

1 278.1 481.6 669.2 451.9 210.3 109.6 55.9 
2 289.2 503.0 720.2 491.7 230.3 120.3 61.3 
3 57.7 78.1 37.1 19.7 8.0 4.0 2.0 
4 57.8 78.1 37.1 19.7 8.0 4.0 2.0 
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Fig 4. Dependence of output voltage on the load impedance for first four modes of oscillation. 

 
5. Analysis of results 
Analysis of the output voltage dependence on the value of active load shows that the voltage 
rises to a load value of 100 kΩ. Its value for modes 1 and 2 is 9.48 V and 9.89 V, respectively, 
with R = 100 kΩ. For 3 and 4 vibration modes, it is 1.98 V at R = 10 Ω. With a load of  
R = 106 Ω, the voltage for 1 – 4 modes is 10.54, 11.04, 2.01, and 2.01 V, respectively. 
Analysis of output power values, given in Table 5, shows that for this construction and 
fixation of PEG elements at location of proof mass lm = 65 mm, the peak values of output 
power for 1st and 2nd modes of oscillation are achieved with an active load of R = 50 kΩ and 
are equal to 669 μW and 720 μW, respectively. For 3 and 4 modes, the peak value is attained 
at R = 10 kΩ and equal to approximately 78.1 μW.   
 

   
                                              (a)                          (b) 

Fig 5. Dependence of output power on load impedance for first four modes of oscillation. 
 
6. Conclusions 
By using FE analyses, we is simulated a double-cantilever PEG with proof masses having an 
axisymmetric execution structure. The proof mass was based in the region of the neighboring 
point of attachment of the piezoelement at lm = 65 mm. A modal analysis of the natural 
oscillations of the PEG was also performed and showed need to use first four modes of 
oscillations. They have the bending character of the oscillations with respect to the vertical  
y-axis. For this oscillator model, the resonances were near the circular frequencies  
ω= 45.616 – 45.636 Hz for the 1st and 2nd modes of oscillations and ω = 119.09 – 119.1 Hz 
for the 3rd and 4th modes of oscillations. Taking into account these parameters, a harmonic 
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analysis of PEG oscillations with an active load and taking into account damping for the first 
4 vibration modes is performed. The analysis shows that for 1 and 2 vibration modes, the 
maximum output power is achieved with a load resistance R = 50 kΩ and is 669 μW and 
720 μW.   

A more detailed analysis of the output power of PEG requires calculation with various 
values of proof mass, taking into account other properties of the substrate material and the 
dimensions of the piezoelements. 
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Abstract. The mathematical model of plastic forming dome-like shells is present. The 
forming is performed by pressure from a flat circular plate, clamped along the contour. Point 
force can be applied in the center. The semi-inverse method is used to resolve this physical 
and geometrical nonlinear problem. 
Keywords: large deformations; nonlinear mathematical model; semi-inverse method; forming 
of dome-type shells. 
 
 
1. Introduction 
Mathematical modeling of plastic changes in the shape of shells of rotation is actual for 
improving the technologies of plastic forming dome-like shells having a predetermined 
critical load of buckling under the action of uniformly distributed load from the bulge. The 
manufacturing of such shells is performed by free stretching by the pressure of the flat round 
plates, rigidly clamped on a circular contour. 
 
2. Equations 
The model is based on the equations that allow large displacements and angles of rotation, 
changing of the middle surface metric and compression of the material normal. Power 
approximation of the diagrams of hardening material and physical deformation ratio with a 
logarithmic relative elongation are used [1]. 

It is proposed that relative elongations ek, εk=ek||ζ=0, k=1, 2, 3, is comparable to one; the 
compression of the material normal e3=ε3 is constant in thickness. Kinematic relations are of 
the form [1]: 
e1=(ε1+ζκ1),  κ1=Φo′/αo−d3K1,  ε1=(w′sinΦ+u′cosΦ)/αo+cos(Φ−Φo)−1; 
e2=(ε2+ζκ2),  ε2=u/ro,  κ2=(sinΦo)/ro−d3K2;  K1=Φ′/αo,  K2=(sinΦ)/ro. 
γ=γo/d1, γo=(w′cosΦ−u′sinΦ)/αo−sin(Φ−Φo). 

Here Φo and Φ are the angles of the incline of material normal to the rotation axis before 
and after deformation; κ1 and κ2 are the characteristics of change of the main curvatures; 
δk=1+εk, k=1, 2, 3. For the plate in the initial state, the incline angle of the axis of symmetry 
Φo=0. The angle of the transverse shear γ is supposed small, and below is considered to be 
zero. 

The differential system of equations for a plate, loaded with uniform pressure, has the 
dimensionless form: 

Φcos21 pδξδα/dξTd o
o = , Φ−=Ψ sin/ 212 prNdd oo

o
o

o ddααξ , 

∗+Φ= εdααξ /cos/ 12
o

oo
o

o
o QrMddM , 
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Φ= sin/ 1dαξ oddw , )1cos(/ 1 −Φ= dαξ oddu , 1/ Kdd oαξ =Φ , (1) 

where 
o

o
o VrT = ,  o

o
o Hr=Ψ ,  o

o
o MrM 1= ; 

Φ+Φ= cossin1
ooo QNV ,  Φ−Φ= sincos1

ooo QNH , 

Φ+Φ= cossin1
ooo HVN ,  Φ−Φ= sincos ooo HVQ ; (2) 

.,/)( 2,12211 =++= ∗ jj
ooo

j
o
j MKMKNN dε  (3) 

Here ξ∈[0, 1] is the independent radial Lagrangian coordinate; p is the intensity of 
hydrostatic pressure; ε∗=h∗/R∗ is the thin-wall parameter; oV  and oH  are the internal efforts 
in the direction of the axis of symmetry and radius of the cylindrical coordinate system;  

o
1M  is the bending moment. The coefficient of Lame αo is supposed equal to one. 

Many metals and alloys at large plastic deformation behave as almost incompressible. 
Therefore, the condition δ1δ2δ3=1 is assumed to be satisfied. 

The material properties are characterized by the diagram of loading, which is 
approximated by a power function in the area of hardening: 
σ=Ee , e ≤ 2.0ε ,  σ=Сe η=Es e , e ≥ 2.0e ,  2

221
2

1)3/2( eeeee ++= , 

where e  is the logarithmic deformation intensity of an incompressible material; 
)1ln( jj ee += ; С, η are material constants; 2.02.0 , εσ  are the stress and strain of the conditional 

yield strength, E is the Young's modulus, Es = С 1−ηe  is the secant modulus. 
We use the physical ratio of the Davis – Nadai for an incompressible material, coupling 

stress and the logarithmic strain in the principle axes: 
σ1=(4/3)Λ )5.0( 21 ee + ,  σ2=(4/3)Λ )5.0( 21 ee + . 

Here Λ=E in the areas of elasticity e ≤ 2.0e  and Λ(e )=Eс(e ) in the plastic zones  

2.0e <e < le ; leee /~ = , where, ll e,σ  are the elastic limit stresses and strains. 
Diagram of material properties is transferred to a single plane in the coordinates of the 

dimensionless stress σ~ =σ/σl and the relative actual strains. These relations in dimensionless 
form take the view: 
σ~ =σ/σl,  e~ee l= ,  ,~~~~)~(~ ηηησ eCeeCe ll ==  1~~,/~~

=== ησ lll eCCCC , 

llEEl eeCCeCeeCeEs /1~~,~~~~)~(~ )1()1()1()1( ==== −−−− ηηηη . 
Further, to simplify the notation a tilde (~) is deleted. When constructing two-

dimensional equations, Λ(e )≈Λ(ε ) can be put. This is justified in the considered task of 
strong drawing. Then the formulae of the dependences of forces and moments on strain 
components in dimensionless form has the simpler form: 

)5.0()/( 2111 εεεσ += ∗ BkN o , )5.0()/( 1222 εεεσ += ∗ BkN o , (4) 

( )2111 5.0 KKDkM o +−= σ , ( )1222 5.0 KKDkM o +−= σ , (5) 
where 

jjj dεε ln)1ln( =+= , jjj KK d/= , j=1, 2; kσ=σl/E∗; 

11 /dBB = ,  22 /dBB = ,  DD 2
3
31 dd= ,  DD 1

3
32 dd= , 

ohB )()3/4( εΛ= ,  3)()9/1( ohD εΛ= . 
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3. Method 
Let us consider the stretching by the pressure of a flat circular plate of thickness hp, clamped 
along the contour of radius rp, with ellipsoidal dome (segment) of a given height wa. The 
meridian segment corresponds to an arc of an ellipse with semi-axes ae and be, the 
relationship ke = be/ae, and square of eccentricity ex

2=1−(ke)2. This is true if ae > be (oblate 
ellipsoid). In the case of ae < be (elongated ellipsoid), ke = ae/be. 

Under free stretching of the plate by hydrostatic pressure resulting dome passes through 
the stages of both a flattened and elongated ellipsoids of rotation. Previously, we have 
constructed a solution for only slightly flattened spheroids with the use of the smallness of the 
eccentricity, which was provided by additional force at the pole. It is necessary to develop the 
method for the purposes of the extension of control over the form, identification materials and 
evaluation of limit states.    

Let the ellipsoid be formed by rotating the ellipse around z-axis. Consider two forms of 
the ellipse equation (the axial section of the ellipsoid). One of them is parametric: 

ττψττϕ cos)(,sin)(1 eee bzzar −==== , (6) 
where ez  is the coordinate of the ellipse centre. In this case, polar coordinate r1 is connected 
with the Lagrangian r, counted on the plate, through the radial component of displacement u : 

urr1 += . Since the considered ellipsoids are closed at the top, then 00 =τ . We denote the 
values of the parameter τ on the segment contour by τс. In the transition to dimensionless 
values, we propose: h∗=hp, R∗=rp, E∗=σl. 

We define cτ  through the parameters of the ellipse and the plate. We have on the 
contour of the elliptical segment 0,1 == zrr p . Then from (6) it follows: 

c
e

c
e

e

e

p

kb
a

z
r

ττ tan1tan −=−=
−

, 







=

e

pe
c z

rk
arctanτ .  

The second form is the classical geometry in the axes r1 and z of cylindrical coordinate 
system: 

1/)()/( 222
1 =++ ece bzzar . (7) 

Here the radial coordinate r and r1 change from 0 to rp and dimensionless value rp=1.  
Solving (7) with respect to z, we have: 

2
1

2
1)( rakzrfz eec −−== ,  eee abk /=  (8) 

Under a parametric specification of the surface in the form of (6), its square is 
calculated by the integral: 

τψϕτϕπ ττ

τ

τ

dS
c

22

0

),(),()(2 += ∫ . (9) 

In the case of form (6) after substituting expressions for derivatives of functions 
τψτϕ ττ sin,,cos, ee ba == , integral (9) hass the form: 

ττπ
τ

dFaS
c

e ∫=
0

)(2 , (10) 

where 
22 )sin()cos()(sin)( ττττ ee baF += . 

To define the surface in the form (8), the square is given by the integral: 

1
2

1
0

1 )),((12
1

drrfrS r

rp

+= ∫π . (11) 
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Here, 
1

),( 1 rrf  is the derivative of the function. Explicitly 

)(/),( 2
1

2
11 1

rarkrf eer −= . (12) 
Let us denote: 

2
111 ))((1)(

1r
rfrr +=Π . 

The volume of the shell with variable thickness )( 1rh , having a rotational ellipsoid as 
the middle surface, can be obtained, if the thickness is substituted in the integrals (10), (11): 

τττπ
τ

dFhaV
c

eo )()(2
0
∫= ,  11

0
1 )()(2 drrrhV

pr

o Π= ∫π . (13) 

The assumption about the form of the distribution function of the thickness is important. 
The analysis of experimental data and the performed measurements has shown that for shells 
with small eccentricity, the thickness can be approximated by a quadratic dependence: 

]})(1[1{)( 2
cp xxhxh −−= d . (14) 

However, when choosing an independent argument, different variants are possible here. 
The independent variables are the radii r and r1, the parameter τ, the angle of inclination of 
the normal Φ, the arc length of the curve l. For shells with a small ex the best results are given 
by the dependence on Φ: 

]})(1[1{)( 2
cphh ΦΦ−−=Φ d . (15) 

The listed parameters are related one of others. From (6) it follows: )/arcsin( 1 ear=τ . 
It can be shown that τ and Φ are not identical and are related by the formulae: 









=Φ








Φ= ττ tanarctan,tanarctan

e

e

e

e

a
b

b
a . (16) 

These values can be identified only if ke=be/ae is close to one. 
Along with the angle of inclination of the normal Φ , it is also logical to use the arc 

length of the meridian as an independent coordinate. For lengths of arcs of the curve, we have 
the formula: 

ττττ
τ

drrLdFL
r

∫∫ Π==
1

0
111

0
1 )()(,)()( , (17) 

where 22 )sin()cos()( τττ ee baF += ,  2
11 ))((1)(

1r
rfr +=Π . 

The full length of the meridian arc is  Lc=L(τc)= L(rp). Then, instead of formula (14), 
we can take the following: 

]}))((1[1{)( 2
11 cp LrLhrh −−= d . (18) 

Variant (18) is more convenient for measurements in physical experiments. 
For one-parameter approximation of the type (15), (18) coefficient d can be determined 

directly, based on the condition of incompressibility. The volume of the original plate with 
radius pr and thickness ph  will be p

2
pp hrV π= . Since this is an incompressible material, so 

po VV = . Applying the second of formulae (13), we get: 

pp

r

cp hrdrrrh
p

2
11

0

2
1 )(]})/)((1[1{2 πdπ =ΠΦΦ−−∫ . (19) 

The angle of inclination of the normal Φ is defined here as a function from r1 using the 
formula )/arcsin( 1 ear=τ  and (16).  
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We consider (19) as an equation for determining the ratio d . It follows from: 

1
0

1
2

1
2

1
0

1

1

)(])/)((1[]2/)([ drrrrdrr
r

cp

rp

∫∫ ΠΦΦ−−Π=d . (20) 

If the number of coefficients in the formula for the thickness is more than one (nh > 1), 
then the condition of incompressibility will give the equation of connection between them. 
Then nh−1 coefficients of these coefficients will be independent control parameters for the 
functional constructed below. 

Further, we can construct a functional equation, from which with the help of the 
iterative process, the radial component of displacement is determined. With this aim, the 
condition of incompressibility is applicable to sites of the dome and plate, determined by the 
total Lagrangian coordinate r. We have the equation: 

,2/)]()([ 2
11

)(

0
1

1

rdrrrh
rr

=Π∫  (21) 

where a variable upper limit )()(1 rurrr += , and 1r  under the integral is the variable of 
integration. The independent variable in equation (18) is the Lagrangian coordinate r. Here, 
we will not specify the form of the thickness function. 

In the integral (18), we select the term that can be easily integrated in an explicit form. 
For this, we will add and subtract 1: 

2/)]()(1[)(2/)]()(11[ 2
11

)(

0
1

2
11

)(

0
1

11

rdrrrhrurrdrrrh
rrrr

−Π−−+=−Π+− ∫∫ . (22) 

From here 

rrdrrrhru
rr

−+Π−= ∫ 2/)]()(1[)( 2
11

)(

0
1

1

. (23) 

For Equation (23) a simple iterative process can be organized on the base of the 
principle of contracting maps known in functional analysis [2]. By giving a certain initial 
approximation u0(r) and calculating the right-hand side in (20), using it, we obtain the first 
approximation u1(r). Further, the process is repeated and for (k+1)-th step we have: 

rrdrrrhru
rr

k

k

−+Π−= ∫+ 2/)]()(1[)( 2
11

)(

0
11

1

, (24) 

where )r(ur)r(r kk1 += . As initial approximation, we can take the function: 
)1()(0 rrkru u −= . (25) 

The coefficient ku is determined by the application at the top of the dome of the 
incompressibility condition and proximity to the homogeneous strain state of the middle 
surface: )0()0( 21 εε ≈ . It gives: 

1
1
1

−
−

=
duk . (26) 

The process (24) converges quickly. For accuracy of few tenths of percent, less than 
five iterations are enough. After finishing the calculation process, the components of the 
deformation ε2(τ)=u(τ)/ξ, d2(τ)=1+ε2(τ), d1(τ)=[d2(τ)d3(τ)]−1, ε1(τ)=d1(τ) −1, as well as 
internal forces and moments (2), (3) are determined. 

Then the system (1) is integrated. From the first, second, fourth and fifth equations, the 
relations are defined as 

)2/()()( 011 πττ PpJT o += ,  cp
o HrpJJ +−=Ψ )()()( 2221 τττ ; (27) 
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w(ξ)= −wo+J41(ξ),  u(ξ)= J51(ξ), (28) 
where 

ξξξdξτ
τ

dJ ∫ Φ=
0

311 )(cos)](/[)( ;  ξξξdξτ
τ

dJ ∫ Φ=
0

322 )(sin)](/[)( , 

ξξξdτ
τ

dJ ∫ Φ=
0

141 )(sin)()( ,  ξξξdτ
τ

dJ ∫ Φ=
0

151 )(cos)()( ,  ξξτ
τ

dNJ o∫=
0

221 )()( . (29) 

Displacements (25) vanish on the boundary contour. Values P0 and Hс are constants of 
integration. Thus P0 has the meaning concentrated in the top of the force affecting the shape 
of the shell, Hс is the radial force, distributed along the contour. 

From the third equation of the system (1), it is possible to determine the forming 
pressure dome of a given height wo. This can be performed in two ways: differential and 
integral. Since the geometry of the resulting shell is parametrically known, it is possible to 
determine the moments and their derivatives through the shell curvatures and the obtained 
expressions for the relative elongations. This is the first approach, which gives the formula for 
the pressure p : 

const
JJ

JPHrJ
p cp ≈

Φ+Φ

+Φ−Φ+
= ∗

)(sin)()(cos)(
)(/)()(cos)]2/([)(sin])([

2211

1021

ττττ
τdτετπττ

, (30) 

where 

τττττdτdττ ddMMJ oo /)()}(cos)](/)([1){()( 1211 +Φ−= . 
If we integrate the third equation of the system, we get the formula: 
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363433311
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221
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The output of the expression (30) by a constant is controlled by the parameters P0, Hс, 
ex.. In (31), these values are added to the constant Mc, which appears when integrating the 
third equation. A larger number of control parameters make it more advantageous to apply the 
formula (31), especially when forming high lift shells. 

In constructing the solution for thickness, the formula (18) was mainly used. 
A generalized solution was tested by comparison with the more analytical version, built for a 
slightly flattened ellipsoid [1]. 

 
4. Numerical experiments 
Along with the main formula of approximation of the thickness function (variant 1), we also 
considered other variants with additional terms to improve the accuracy of the output of the 
functional (31) to a stationary value. The variants 2 – 8 of the formulae for the thickness are 
present as  
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These variants allow to improve the accuracy of the output functional on the stationary 
value from 1 – 1.5% to 0.25 – 0.5%. As shown by numerical experiments, the fifth variant is 
the most preferable. 

Let us consider the stretching of a flat circular plate of thickness hp, clamped along the 
contour of radius rp, by an ellipsoidal dome (segment) of a given height, wa. When stretching 
is near the pinch circuit, a sharp bend appears, in the area of which the flat, clamped part of 
the plate passes into the dome. As experiments show, this zone is very narrow (about 0.5 of 
the thickness of the plate). Therefore, its size can be neglected and it could be assumed for the 
dome the radius of the reference contour is equal to the radius of the original plate. This area 
is conventionally cut off, and its force influence is replaced by reactions, namely vertical and 
horizontal linear forces and moment. These quantities appear naturally in the integration of 
the equilibrium equations. 

The equations of the model and the calculation process are fulfilled in dimensionless 
form. In particular, in the normalization of displacements and pressure, the following 
formulae are used: 
{u, w}n={u, w}d/R∗,  pn=pd/(E∗ε∗), ε∗=h∗/R∗ . (32) 

Here u, w are the horizontal and vertical movements; h∗, R∗. are typical small and large 
sizes; ε∗ is a thin-wall parameter; indices n and d point the dimensionless and dimensional 
quantities, respectively. As characteristic quantities, h∗ = hp, R∗ = rp, E∗ = E (Young's modulus) 
or σv (tensile strength) were taken. The calculation results can be found both in dimensionless 
and dimensional forms.  

We represent some results of calculations in the dimensional form, for the return to 
which formulae (32) are used. Let us consider a plate with a thickness hp = 0.38 mm and 
radius of the reference circuit rp = 100 mm, Young's modulus E=0.21⋅106 MPa, yield strength 
σ02 = 360 MPa, tensile strength σv=720 MPa, ultimate strain intensity 615.0v =ε , yield strain 
ε02=σ02/E = 0.001714, ε∗ = 0.0038. The diagram of the plastic properties of the material 
corresponds to stainless steel 12Х18Н10Т. Such plates are used for the manufacture of the 
destructible elements of the devices that protect technological equipment and tanks from 
destruction by excess pressure [3]. 

When the pressure is stretched freely with no force, applied at the apex, the shell passes 
through the stages of a segment of a slightly flattened ellipsoid, a spherical dome and an 
elongated ellipsoid. 

The Table 1 shows the matching values of the height of the dome wa, the forming 
pressure pf and the eccentricity ex of the ellipsoidal shell meridian. The nonlinear dependence 
of pf − wa is also represented in Fig. 1 having the form that is observed in physical 
experiments. 
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Table 1. Values of the height of the dome wa, the forming pressure pf and the eccentricity of 
the ellipsoids. 

wa (mm) pf  (MPa) ex 
0.10 67 0.015 
0.15 106 0.007 
0.20 144 0.00 
0.25 181 0.16 
0.30 212 0.20 
0.35 240 0.21 
0.40 259 0.22 
0.45 270 0.23 
0.50 277 0.25 

 

 
Fig. 1. Nonlinear dependence of pressure forming the dome height. 

 
5. Conclusions 
A more general form of the constructed algorithm makes it possible to consider variants for 
ellipsoids with fairly large eccentricities. The solution, where the power series expansion by 
eccentricity is used, follows from the generalized one as a special case. Although for more 
efficient calculations, this technique can be used for small eccentricities, a small amount of 
eccentricity is not assumed in the generalized approach presented here. This makes it possible 
to expand the possibilities of applying this semi-return method in the case of deformations of 
plastic materials close to the limiting ones. 
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Abstract. The paper is devoted to the numerical study and analysis of the characteristics of 
the stress-strain state in layered cylindrical constructions made of transversely isotropic 
materials under pulsed loading with a given spatial-temporal distribution. 
Keywords: layered cylindrical structure; a pulsed impact; the stress-strain state. 
 
 
1. Introduction 
Currently, the widespread use of anisotropic composite materials in the force elements of the 
constructions of different goods increases the importance of the study of the features of their 
stress-strain state, caused by wave processes under local pulsed loading. These loads arises 
both as in exploring the constructions, as in diagnostics of their state by active acoustic 
methods of nondestructive testing. 

The paper [1] presents detailed specific examples of the numerical investigation of the 
stress-strain state in layered cylindrical structures made of transversely isotropic materials, 
subjected to pulse loads arising due to the curvature of the construction surface and physical-
mechanical characteristics of the materials of layers. 

The aim of this work is the numerical study and analysis of the stress-strain state in 
layered cylindrical constructions made of transversely isotropic materials under pulsed 
loading with a given spatial-temporal distribution. 
 
2. Statement of problem: initial data and relationships  
Let us consider the problem of determining the stress-strain state in layered cylindrical 
construction, referred to a cylindrical coordinate system (see Fig. 1). Pressure pulses are 
applied to some j-th regions of outer ( Nrr = ) the surface of the construction. The internal 
surface ( 0rr = ) is free of stresses ("free boundary"), and the interfaces of the layers  
( 1,...,2,1; −== Nnrr n ) rigidly fastened to each other ("hard bonding"). 

The layers made of a transversely isotropic material, the axes of symmetry of these 
layers coincide with the z-axis, and the design is assumed to be sufficiently long that 
corresponds to the radiation conditions at the construction edges. 

The fields of displacements and stresses in each layer of the considered construction are 
described by the equations of motion [2] and should satisfy the boundary conditions. 

We obtain the solution of this problem, based on the generalized method of the 
scalarization of dynamic elastic fields in transversely isotropic media [3]. It allows one to 
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describe the searched fields by using three potential functions vw,,ϕ , corresponding to 
quasi-longitudinal, quasi-transverse and transverse waves and being solutions of the 
Helmholtz equations.  

To find the full distributions of displacements and stresses, it is used spectral method. 
The pulse load ),,( tzp θ  is present by its spectral density, which in the case of independence 
of the spatial-temporal distribution of the impact on the z-coordinate (non-axisymmetric case) 
has the form: 

∫
∞

∞−

= dtetpP tiωθωθ ),(),( , (1) 

where ω  is the circular frequency. 
 

 
 

Fig. 1. Calculation scheme. 
 

For example, under multipulse loading, if the distribution of each of the pressure pulses 
on coordinate θ  has the semi-sine form, and the temporal dependence is given by the Gauss 
function, then the spectral density of this impact is defined as 
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where J  is the number of pressure pulses; jp0 , jτ , jt  are the amplitude, duration, and initial 
time of the action of the j-th pressure pulse, respectively; 

2
035.3











=

j
j τ

β ;  2p
τθj

оja = ; ]/)sin(/)[sin(2 2211 jjjjjmj xxxxa pppppτθ += ; 

5.0
21 −=
p
τθj

j

m
x ;   5.0

22 +=
p
τθj

j

m
x ; jθτ is the duration of the j-th pressure pulse in coordinate 

θ ; jθ∆  is the position of the j-th pressure pulse relatively of 0=θ . 
In non-axisymmetric case, the expressions for the displacements and stresses, which 

presence in the boundary conditions due to the functions ϕ  and ν , have the forms: 
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ijC  are the moduli of elasticity. 

The wave numbers 
( )L
g  and χ  are defined as follows: 

( )
2 2

1 1 2

L

g A A A= − − ; 2 2
11 122 /( )C Cχ ω ρ= − , (4) 

where 2
1 11 44 11 44( ) /(2 )A C C C Cω ρ= + ; )/( 4411

24
2 CCA ρω= ; ρ  is the density. 

The formulae (3) and (4), obtained from the constitutive relations [3, 4], taking into 
account the assumptions on the position of the axes of symmetry of the material layers and the 
limitations on external load. 

The common solution of Helmholtz equations for functions ϕ  and ν  is known: 
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where −+−+
mmmm ννϕϕ ,,,  are the amplitudes of the m-th harmonic of the corresponding types 

of waves, traveling in opposite directions across the layers; )1(
mH  and )2(

mH  are the Hankel 
functions of the 1st and 2nd kind of m-th order. 

When we define the fields at certain point r for each harmonic m  and frequency ω , 
then the following condition is checked: 

rmvl /<<ω , (6) 
where lv  is the speed of quasi-longitudinal waves. 

At violation of the condition (6), the functions ϕ  and ν  are presented in the form of 
solutions of the Laplace equations: 
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This is due to the instability of the solution, caused by the presence of the singularity of 
the Hankel function for small arguments in the low-frequency part of the spectrum and 
considering a large number of spatial harmonics in the description of the pressure pulses, 
localized in small areas on the construction surface, when the Hankel functions of high order 
are used. 

The calculation relationships to determine the fields of displacements and stresses in 
each layer were obtained in matrix form, similarly to those described in [4], with a subsequent 
transition from conjugate space to real space by performing the inverse Fourier transform. 

The absorption of wave energy by the materials of the layers was set by adding to the 

wave numbers 
( )L
g and χ  imaginary components, 

)(
''

L

g  and ''χ  being the absorption coefficients 
of the corresponding types of waves. 
 
3. Results of numerical modeling at multipulse loading with given spatial distribution  
By using the proposed method, we calculated distribution of the radial stresses ),( θσ rrr  
(see Fig. 2) in monolayer cylindrical structure ( 11 =r  m; 1.00 =r  m; 2700=ρ  kg/m3, 

10711 =C GPA; 3.551312 == CC  GPA; 9.2544 =C  GPA; 5.0
)(
'' =

L

g  m-1; 1'' =χ  m-1) at time t , 
corresponding to the maximum amplitude for the given value r . These results were obtained 
on the outer surface of the construction at 1rr =  and at 2.0=r m; upper and lower rows of 
plots in Fig. 2, respectively). Single pulse of pressure corresponds to Fig. 2 a, d and multiple 
pressure pulses with the duration of the 2=τ  µs correspond to Fig. 2 b, c. 
 

 
 

       (a)        (b)         (c)       (d) 
 

Fig. 2. Distributions of radial stresses ),( θσ rrr  in the coordinate θ  in the cylindrical 
construction: (a) 3/1 pτθ = , 01 =∆θ ; (b) 6/21 pττ θθ == , 12/21 pθθ ±=∆=∆ ;  
(c) 12/4321 pττττ θθθθ ==== , 8/43 pθθ ±=∆=∆ ; (d) 12/1 pτθ = , 0=∆θ . 

 
The integration was carried out, using the method of fast Fourier transform at 12=K   

( 40962 =K is the section number of partitioning the integration interval).  
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The distribution of the radial stresses ),( θσ rrr , shown in Fig. 2, were obtained for:  
(a) 3/1 pτθ = , 01 =∆θ ; (b) 6/21 pττ θθ == , 12/21 pθθ ±=∆=∆ ; 
(c) 12/4321 pττττ θθθθ ==== , 8/43 pθθ ±=∆=∆ ; (d) 12/1 pτθ = , 0=∆θ . 

Analysis of the simulation results (see Fig. 2) shows that at simultaneous loading by 
multiple pressure pulses, the pressure pulses with a small length θτ  expand and merge due to 
the diffraction, at the far distance from the place of the pulse application (the external surface 
of the construction). The stress amplitude in this case is close to the load amplitude of a single 
pressure pulse with a large θτ . 

Figure 3 shows the distributions )(θσ rr , obtained at the interface ( 1rr = ) of the layers 
in two-layered cylindrical construction ( 5.02 =r  m; 2.01 =r  m; 1.00 =r  m) at different times 
t . These moments of time correspond to the maximum amplitudes at pulsed loading with 
parameters similar to shown in Fig. 2d (Fig. 3a) and Fig. 2c (Fig. 3b). 
 

 
 

        (a)             (b) 
 

Fig. 3. Distributions of radial stresses )(θσ rr  in the coordinate θ  at the interface between 
layers ( 1rr = ) in two-layer cylindrical construction. 

 
Physical-mechanical characteristics of the material of the inner layer coincided with 

those described above, and for the outer layer they had the following values: 1400=ρ  kg/m3; 

2.1911 =C  GPA; 81312 == CC  GPA; 6.544 =C  GPA; 1
)(
'' =

L

g  m-1; 2'' =χ  m-1. 
Analysis of these distributions shows that due to the interference, the time, 

corresponding to the maximum amplitude at simultaneous loading by multiple pulses of 
pressure, occurs later than at loading by single pulse of pressure. 
 
4. Results of numerical modeling at multipulse loading with given temporal distribution 
We studied the stress-strain state at multipulse loading with a given temporal distribution by 
using the proposed method. The dependences of radial stress )(trrσ  were calculated at the 
interface between layers ( 1rr = ) in two-layer cylindrical construction ( 2

2 102.1 −⋅=r  m; 
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3
1 100.6 −⋅=r  m; 3

0 100.3 −⋅=r  m, the relative thickness of the construction 75.0=α , where 

202 /)( rrr −=α  [5]), at pulse loading (every pressure pulse is present in the form of the Gauss 
function with a duration of 5.0=τ  µs with semi-sine shape on the outer surface ( 2rr = ) of a 
duration pτθ = , 0=∆θ ). 

Physical-mechanical properties of materials of external and internal layers and the 
integration parameters coincide with the described in Section 3. 

Figure 4 shows dependence of radial stress )(trrσ  at the interface between layers ( 1rr =
) in a two-layer cylindrical construction at loading by a single pulse of pressure in the form of 
the Gauss function. The upper part of the plot presents the temporal distribution of pulsed 
load on the outer surface of the construction ( 2rr = ). 
 

 
Fig. 4. Dependence of )(trrσ  at the interface between layers ( 1rr = ) in two-layer cylindrical 

construction at loading by single pulse of pressure in the form of Gauss function.  
 

 
Fig. 5. Dependence )(trrσ  at the interface between layers ( 1rr = ) in two-layer cylindrical 

construction at repeated loading by pulses of pressure in the form of Gauss function. 
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Figure 5 shows the dependence of the radial stress )(trrσ  at the interface between 
layers ( 1rr = ) in two-layer cylindrical construction with repeated impacts of pressure pulses 
in the form of the Gauss function (5 identical pulses of pressure applied to the outer surface of 
the construction at time 01 =t  µs, 2.82 =t  µs, 1.173 =t  µs, 2.214 =t  µs, 2.255 =t  µs). The 
upper part of the plot presents the temporal distribution of pulsed impact on the outer surface 
of the construction ( 2rr = ). 

The pointed temporal distribution of the pressure pulses is given in accordance with the 
recommendations of [5, 6], to achieve the maximum values of radial stresses )(trrσ  at the 
interface between layers ( 1rr = ) in the considered construction at limited number of pressure 
pulses. In this case, the pressure pulses were applied at intervals of time equal to the time 
intervals between maximum values of the radial stresses )(trrσ  of the same sign, obtained on 
dependence for the case of loading by a single pulse (see Fig. 4), but the order of application 
of these pulses must be reversed. 

The analysis of these dependences shows that at a given temporal distribution of pulse 
impact, an increase by 4.3 times in the amplitude of the maximum radial stress takes place on 
the boundary of layers, compared to the maximum radial stress calculated for the case of 
single pulse of pressure. 

The maximum amplitude of the radial stresses at the interface between layers of the 
construction may be increased up to 7.2 times compared to the maximum radial stresses, 
calculated for the case of single pulse of pressure, by using pressure pulses of rectangular 
shape instead of Gauss dependence. 

Figure 6 shows dependence of change of radial stress )(trrσ  with time t  at the interface 
between layers ( 1rr = ) in a two-layer cylindrical structure at loading by pressure pulse of a 
rectangular shape, and Fig. 7 presents a similar dependence with repeated loading by pressure 
pulses of rectangular shape. The upper part of the plots presents the time distribution of 
pulsed load on the outer surface of the structure ( 2rr = ) for each of the calculated cases. 
 

 
Fig. 6. Dependence )(trrσ  at the interface between layers ( 1rr = ) in two-layer cylindrical 

construction at loading by single pulse of pressure with rectangular shape. 
 

The results of the numerical simulations clearly illustrate the features of the stress-strain 
state in layered cylindrical structures made of transversely isotropic materials under pulsed 
loading with a given spatial-temporal distribution and agree well with the results, published in 
the known papers, for example in [5, 6]. 
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Fig. 7. Dependence )(trrσ  at the interface between layers ( 1rr = ) in two-layer cylindrical 

construction at repeated loading by pressure pulses of rectangular shape. 
 
5. Conclusion 
The results of calculations allow us to make conclusion on possibility of the application of 
developed method of calculating stress-strain state in layered cylindrical constructions, 
subjected to multiple local dynamic loads with high accuracy and taking into account the 
peculiarities of arising wave processes. 

The above-described results is most appropriate to use at a priori and a posteriori 
analysis of the results of state diagnostics for advanced constructions made of new anisotropic 
layered composite materials, by using acoustic methods of nondestructive testing in 
mechanical engineering, shipbuilding, aircraft construction, etc. 
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Abstract. The finite element modeling of the truss structure in ANSYS software is 
considered. The problem of the identification of defects in the truss rod construction was 
considered on the base of an analysis of the parameters of the vibration modes. A truss rod 
construction with two defects was modeled. The deflection and curvature of the vibration 
modes are analyzed. Defective elements are represented in the form of a change in the 
construction parameter of cross-section, localized in the vicinity of one of the junction nodes 
of the truss and fastening the rod. Modal analysis of the structure is carried out. The 
dependence of the eigen-frequencies and parameters of the vibration modes on the magnitude 
of the defect is considered. The analysis shows that the modal identification signs allow us to 
identify the defective node in the construction.  
Keywords: truss structure; finite element modeling; ANSYS; oscillation forms; identification 
of defects; modal analysis. 
 
 
1. Introduction 
Some theoretical and experimental research approaches, and developed techniques for 
vibration diagnostics of rod structures are present in [1 – 5]. Analysis of this area allows us to 
make conclusions about its sufficient relevance. 

In majority works, simple structural elements of a rod full-body or tube configuration 
with various structural defects are investigated, the most applicable of which is the defect 
model of crack-like configuration. Numerical analytical and experimental methods are used to 
analyze the vibration parameters and solve identification problems [5 – 8]. The most common 
method of identification is the use of resonance methods of free and forced oscillations and in 
part acoustic methods of control. Some modern approaches and algorithms to solve the 
problem of identifying defects, based on vibration diagnostics methods are present in [8 – 13]. 
The authors in these publications represent the solution of diagnostic problems, which is 
based on the use of correlation relationships between the parameters of the frequency 
spectrum of vibrations and the magnitude of damage to construction elements. In these 
studies, simple elements of the rod configuration are investigated. Approaches to the 
evaluation of damage, designs, based on the analysis of natural frequencies are an indirect 
sign of the assessment and cannot be applied to an accurate determination of the amount of 
damage to its elements. 
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A more accurate method for identifying the parameters of defects is the method, based 
on the analysis of natural oscillations, and also the application of evolutionary algorithms 
presented, for example in [14, 15]. This approach allows us to find not only the magnitude, 
but also the exact localization of the defect in single construction element. Examples of 
modeling and analysis of vibrations of truss constructions with damage are present  
in [16 – 18]. 

The aim of the work is the identification of defects in the model of bridge truss 
construction with the rod configuration of its elements, based on the analysis of natural 
frequencies and vibration modes, using the finite element method in finite-element ANSYS 
software. 

 
2. Modeling  
As a research object, a model of a section of a bridge truss structure with rod elements was 
chosen (Fig. 1). The model of the truss structure can have multiple defects, located in certain 
nodes. The model has rigid fixation of displacements in all directions in the support nodes 3 
and 4 of the fixing; moreover, vertical displacements are fixed in the nodes 1 and 2 of the 
model. At simplified modeling in ANSYS software, a rod-type finite element of the Beam188 
type is used as a structural element. The element is constructed on the base of the application 
of the Tymoshenko beam hypothesis. The cross-section of the element is rectangular full-
bodied and have the sizes: a length of rod element is L = 250 mm, a height of cross-section is 
=h 8 mm, a width is =b 4 mm). Defects were modeled as a reduction in the cross-section on 

height and have a width of ld = 1 mm, in the vicinity of the node of one of the rods of the 
lower belt of the construction (Fig. 1). The magnitude of the defect was calculated as the ratio 
of the height of the damaged (residual) cross-section to the original one: td = (h – hd)/h. 

For symmetry in the ZOX plane, the construction had two defects of the same 
configuration on both sides. 

 

(a)    (b)  
      

Fig. 1. Scheme of the model of truss construction (a) and the node with the defect model (b). 
 
3. Model description 
The natural oscillations of the model are considered and compared in two cases: (i) without 
damage at the nodes, and (ii) existence of defects with a size td = 0.875. The first ten  
eigen-frequencies were calculated with the defect value (Table 1). Forms of oscillations of the 
model are constructed, and deflections and curvature of the construction are obtained at the 
first eigen-mode of the oscillations. The analysis of the results shows that for the case with 
two defects in given places, the frequencies of the first 10 modes of oscillation vary within the 
range Δω = − 0.32 to − 1.65%. 
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Figure 2 shows the first 10 forms of the eigen-modes of the vibrations of the defect 
model. Analysis of vibration modes shows that 1 – 6 modes of natural modes of the model 
differ from 7 – 10 modes of oscillations in that all the nodes of the model are displaced.  
For 7 – 10 oscillation modes, the nodes have minimal spatial displacements. 

In the next step, the deformations in the direction of z-axis of the points of the rod truss 
were calculated at the first mode of oscillation in the vicinity of node 5, and the deflections 
and curvature were compared for the two cases of the models of the construction considered. 

 
Table 1. Proper defect frequencies and their relative values. 

Mode, i Natural frequencies ωi (Hz)  Relative frequencies 

 td = 0 td = 0.875 Δωi (%) 
1 11.05 10.9 −1.33 
2 34.67 34.1 −1.65 
3 57.08 56.9 −0.32 
4 57.47 57.1 −0.64 
5 76.12 75.3 −1.07 
6 79.12 78.6 −0.65 
7 161.02 159.4 −1.01 
8 161.95 160.4 −0.96 
9 179.43 177.0 −1.35 
10 188.03 185.6 −1.29 

 
Figures 2 and 3 show the projections on x-axis of the amplitudes of the vibration 

modes and the curvature of the first mode for rods near the node 5. The x-axes of the graphs 
shows the coordinates of the points for the oscillation amplitudes; along y-axes of the graphs, 
the projections of the amplitude values of the waveforms and curvature in the z-direction of 
the construction are presented. 

Analysis shows that near node point, the oscillation amplitude difference in the z-
direction for four rods is minimal, as can be seen from the graphical representation of the 
vibration forms (Fig. 3). At the same time, the analysis of the plots of curvature forms in the 
z-direction (Fig. 4) shows some discrepancy between the plots when their intersection point is 
restored. This sign may be sufficient grounds for detecting a defect in a construction node. 
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      1 mode, ω1 = 10.9 Hz  

     2 mode, ω2 = 34.2 Hz 
 

       3 mode, ω3 = 56.9 Hz 
 

 
      4 mode, ω4 = 57.0 Hz 

 
       5 mode, ω5 =75.3 Hz 

 
         6 mode, ω6 = 78.6 Hz 
 

 
       7 mode, ω7 = 159.3 Hz 

 
       8 mode, ω8 = 160.4 Hz 

 
        9 mode, ω9 = 177.0 Hz 

 
 

 
10 mode, ω10 = 185.6 Hz 

 
Fig. 2. Eigen-forms for 10 modes of vibrations of the truss structure. 
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                                   (a)                                                                      (b) 

Fig. 3. Shapes of the structure in z-direction near the node 5 for two cases of models. 
  

      
 

                                    (a)                                                                         (b) 
Fig. 4. Curvature of vibration mode 1 in z-direction of the rod construction near the node 5 

with two versions of models: (a) without defect; (b) with defects. 
 

 
Conclusions 
The study of vibration in truss rod construction can be applied to the assessment of the 
presence of defects in a construction node. At the beginning investigation of the curvature of 
the oscillation forms of the truss at various vibration modes, nodes with defects can be 
identified. The analysis of the curvature parameters can be applied to the evaluation of the 
damage value in the rod junction assembly. 
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Abstract. It is studied stress relaxation at microstructure modeling, in particular percentage of 
rolling reduction and relaxation time at forming microstructure. For the specimen ingot is 
given a stress in hot-rolling method at temperature of 250 °C. The variable parameter is 1, 2 
and 3% bulk reduction during rolling; loading duration is 0.5 – 3.5 s. Tensile test is used to 
measure the tensile strength. Knowing the initial time of grain formation, we state the initial 
and final moments of precipitate during recrystallization. The microstructure analysis is 
performed by using Scanning Electron Microscopy (SEM). The research results show that in 
the case of 1% bulk reduction during rolling, there is a microstructure recovery in the first 
0.5 s, then recrystallization begins via 1 sec, the beginning of precipitation takes place after 
1.5 s, and grain growth begins after 2.5 s. Corresponding results for 2% bulk reduction during 
rolling: recrystallization begins via 0,5 s, the beginning of precipitation takes place after 1 sec, 
and grain growth begins after 2.5 s. The results for 3% bulk reduction during rolling: the 
beginning of precipitation takes place after 0.5 sec, and grain growth begins after 1.5 s. 
Keywords: microstructure modeling; stress relaxation; Scanning Electron Microscopy 
(SEM). 
 
 
1. Introduction 
The mechanical properties and microstructure formation are strongly influenced by the 
process of precipitation and grain size in final material microstructure, for which control and 
prediction of precipitation and recrystallization are necessary. One of the techniques that is 
cheap and produces accurate predictions is the stress relaxation technique [1]. 

The advantage of this microstructure modeling/prediction process is that cost of final 
good can be calculated [2]. Based on the microstructure modeling, we define: the grain size, 
the precipitate formed, the stress relaxation curve, the precipitation time and the 
crystallization time. 

Composite materials as alternative materials are developed very rapidly. Some their 
advantages include: light, low and stable at high temperatures coefficient of thermal 
expansion (CTE).  

The performed simulation process was able to control and predict changes in 
microstructure during the manufacture and to estimate the mechanical properties of the final 
good. This is very advantageous in planning the process of making the composite  
"Al 6061 - coal ash" due to reducing the cost of the "trial – error" process. 

By using the methods of metallurgical physics, rolling technology, prediction and 
control of microstructure changes can be carried out quickly and precisely. One of the 
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developed microcontrol structure technology is so-called the Structure Property Prediction 
and Control (SPPC) technique, which accelerates production process, reduces manufacturing 
cost and improves quality of good. The developed mathematical modelling the formation 
process of "Al 6061 – coal ash" includes modelling microstructure changes, namely grain 
growth and precipitation process [2]. To estimate of microstructure changes during 
thermomechanical manufacture process, many test methods have been applied. One of these 
method for optimization of thermo-mechanical processes is so-called stress relaxation [3]. 

 
2. Methods 
Figure 1 shows a flowchart of the developed experiment. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Flowchart diagram of experiment. 
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3. Results and Analysis 
The obtained results of tests on bulk reduction, stress relaxation at different stage of hot 
rolling are present in Tables 1 – 3 and Figs. 2 – 5. 
 
Table 1. Tensile test results after hot rolling for 1% bulk reduction and stress relaxation time 
0.5 – 3.5 s. 

Relaxation 
(s) 

 

Diameter 
(mm) 

 
Square (mm2) 
 

Load (kgF) 
 

Tensile Stress 
(kgF/mm2) 

 
0.5 4.9 18.848 163 8.648 
0.7 5.0 19.625 168 8.561 
1.0 4.6 16.611 145 8.701 
1.2 4.9 18.848 135 7.163 
1.5 5.0 19.625 131 6.675 
1.7 5.2 21.226 168 7.915 
2.0 4.8 18.086 167 9.233 
2.2 5.3 22.051 199 9.025 
2.5 4.9 18.848 186 9.868 
2.7 4.6 16.611 148 8.910 
3.0 5.2 21.226 144 6.784 
3.2 4.7 17.341 112 6.459 
3.5 5.0 19.625 114 5.809 

 

 
Fig. 2. Tensile stress vs relaxation time in 1% bulk reduction. 
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Fig. 3. Scheme of Stress Relaxation. 

 
Table 2. Tensile test results after hot rolling for 2% bulk reduction, stress relaxation time  
0.5 – 3.5 s. 

Relaxation time 
(s) 

 

Diameter 
(mm) 

 

Square 
(mm2) 

 

Loads 
(kgF) 

 

Tensile Stress 
(kgF/mm2) 

 
0.5 4.8 18.086 122 6.745 
0.7 4.9 18.848 120 6.367 
1.0 5.1 20.418 112 5.485 
1.2 4.8 18.086 135 7.464 
1,5 5.0 19.625 164 8.357 
1.7 4.7 17.341 175 10.092 
2.0 4.9 18.848 181 9.603 
2.2 5.2 21.226 220 10.364 
2.5 5.2 21.226 237 11.165 
2.7 5.0 19.625 196 9.987 
3.0 4.7 17.341 174 10.034 
3.2 5.1 20.418 160 7.836 
3.5 5.0 19.625 158 8.051 

 

 
 

Fig. 4. Tensile stress vs relaxation time in 2% bulk reduction. 
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Table 3. Tensile test results after hot rolling for 2% bulk reduction, stress relaxation time  
0.5 – 3.5 s. 

Relaxation time 
(s) 

 

Diameter 
(mm) 

 
Square (mm2) 

 

Loads 
(kgF) 

 

Tensile Stress 
(kgF/mm2) 

 
0.5 5.0 19.625 124 6.318 
0.7 4.7 17.341 118 6.805 
1.0 4.8 18.086 130 7.188 
1.2 5.0 19.625 158 8.051 
1.5 5.2 21.226 184 8.668 
1.7 5.0 19.625 165 8.408 
2.0 4.9 18.848 146 7.746 
2.2 4.8 18.086 135 7.464 
2.5 5.0 19.625 136 6.930 
2.7 5.0 19.625 122 6.217 
3.0 5.0 19.625 124 6.318 
3.2 5.2 21.226 119 5.606 
3.5 5.0 19.625 104 5.299 

 

 
Fig. 5. Tensile stress vs relaxation time in 3% bulk reduction. 

 
From the above tensile stress and relaxation data it can be concluded that in the range 

from 0.5 to 1 s, microstructure recovery takes place and recrystallization occurs from 1 to 
1.5 s, and during 1.5 to 2.5 s occurs precipitation, but grain growth takes place from 2.5 to 
3.5 s. The stress relaxation occurs after heating the specimen to a temperature of 250 °C  
(0.4 – 0.5Tm, where Tm is the melting point), then the relaxation process continues during from 
0.5 to 3.5 s in following quenching. 

The improvement of relaxation process could be caused by the hardening due to the 
formation of precipitates into matrix. The strength of the aging hardening alloy is determined 
by the interaction between moving dislocations and precipitates [2]. Barriers to precipitation 
in hardening alloys that block the movement of dislocations may be caused by: (i) strain 
around the precipitation zone and (ii) itself the zone or precipitate or both factors. 

Clearly, that if the zone plays the main role, then the moving dislocations must cut it or 
move around it. Therefore, there are at least three causes of hardening, namely: 
1. coherent hardening due to strain coherency; 
2. chemical hardening, when dislocations cut precipitates; 
3. dispersion hardening, when the dislocations move around or over the precipitates. 
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Figure 6 compares microstructure morphologies of various specimens. 
Effect of bulk reduction during rolling could be estimated at morphology comparisons 

of samples. Fig. 6 presents example of morphology changes at 1% rolling reduction during 
0.5 – 3.5 s. Effect of rolling reduction on recrystallization time can be estimated from the 
results for tensile stresses, presented in Figs. 2, 4 and 5. We can conclude that the percentage 
of rolling reduction, experienced by a material, greatly affects recrystallization time. The 
greater the rolling reduction leads to the acceleration of material recrystallization. 

By knowing the time of recrystallization we can define the spacing between rollers at 
absence of material changes due to the precipitate formation during recrystallization. So we 
can adjust the distance between first and second rollers, taking into account that this distance 
should be overcome by the rollers for time no exceeding 1 s for 1% reduction, 0.5 s for 2% 
reduction, and from 0 to 0.5 s for 3% reduction. 

 
                (a) without relaxation                             (b) 1% reduction for 0.5 s 

         
 
                   (c) 1% reduction for 1.5 s                           (d) 1% reduction for 2 s 

                     
 

(e) 1% reduction for 3.5 s 

                                              
 

Fig. 6. Morphology comparison of samples. 
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4. Conclusion 
1. The higher the bulk reduction by rolling, the faster recrystallization will take place. 
2. From the morphology of microstructure, we can see the precipitate, formed by carbon, 

aluminum, and silicon. 
3. By knowing recrystallization time, we can adjust the distance between rollers and 

determine the optimal value of the bulk reduction. 
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Abstract. Superplasticity is a phenomenon that occurs in a material, which in certain 
conditions, at the strain rate and temperature, can show very high ductility and deformation. 
Superplasticity declares the strain extension between 100 – 1000 %. The purpose of this 
research was to obtain a composite material properties of superplasticity in Al 6061 
reinforced by bottom ash coal. This research used uniaxial tensile test at high temperature. 
The variable parameters of this research are temperatures (500, 550, 600 °C) and tensile speed 
(10-5, 10-6, 10-7 m/s). The result of this research is the defined maximum extension of 200% at 
600 °C, with tensile speed at 10-7 m/sec. 
Keywords: aluminum; bottom ash; metal matrix composite; superplasticity. 
 
 
1. Introduction 
Superplasticity is a phenomenon, where in certain conditions, like a strain speed and 
temperature, the material can shows very high ductility and deformation [1]. Superplasticity 
properties is very important, because they help to calculate force that is needed in forming 
process. Al-bottom ash coal material has been produced [2], but the superplasticity properties 
did not know yet. So, this research is very important to find it.  

Application of superplasticity consists in obtainment of the processing conditions that 
approximate end shape of sample. Additionally, the use of connecting technique of the 
diffusion bonding with forming superplasticity proposes a processing technique that results in 
the formation of structural components. These components, which be integrated as a whole, 
increase rigidity and at the same time approaching the final shape of components, reduce the 
cost of finishing processing [3]. 
 
2. Literature review 

Metal matrix composites (MMCs). Metal matrix composites are combinations of two 
or more materials with one of which is a metal being a matrix. Reinforcements are commonly 
used are oxide ceramics, carbides and nitrides, whose the main function is to support the most 
part of applied load. At the same time, a function of the matrix is to possess the reinforcement 
as a whole and to re-distribute optimally external load to each of reinforcing elements. 

The advantage of metal matrix composites over metal materials consists as follows [2]: 
1. they are lighter compared to metals (reduced weight by 25 – 30%); 
2. toughness to the torque is better; 
3. hardness and the wear resistance is better; 
4. thermal expansion is lower. 
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Superplasticity. Superplasticity is one of the material properties that can be achieved at 
certain microstructure or specific test conditions. Certain microstructure includes very fine 
grain size and presence of two-phase structure is necessary to maintain a very fine grain size 
during testing. Materials, which show superplasticity behavior in certain conditions, have 
phase boundaries, moving through the stretching material during testing (e.g. at the 
application of thermal cycling). 

There are several factors, influencing the occurrence of material superplasticity, so as 
strain rate and flow stress. 

Strain rate and flow stress. Strain rate is defined as a speed or time required for 
stretching object from an initial length (L0) to a final length, expressed as  

dtd /' εε = . (1) 
The flow stress is the material property, explaining material resistance to its change, 

expressed in the form: 
σ = K(εn). (2) 

Generally, the superplastic material is very sensitive to strain rate and for plastic flow in 
the solid, it is performed the relationship : 

,'mKεσ =  (3) 
where σ is the stress, ε’ is the strain rate and m is the strain rate sensitivity. If m = 1, then the 
flow stress is proportional to strain rate and material behaves as a Newton viscous fluid. 

Therefore, superplastic material has the characteristic features, connected with great 
value of m. For tensile specimen with length L, cross-section area A, and work load P, we can 
obtain:  
ε’ = − (1/A)dA/dt. (4) 

By substituting expression (4) into (3), we obtain:  
dA/dt = (P/K)1/mA[1− (1/m)]. (5) 

Usually, for most of metals and alloys m ≈ 0.1 – 0.2 and the rate of change A is very 
strongly depend on A, but cross-section rate does not depend on A, due to uniformity; then 
specimen geometry has no effect during deformation. The resistance to shrinkage is highly 
depends on m, and increases quickly, if m ≥ 0.5. Let us consider the dependence of flow stress 
on strain:  
σ = K(εn)ε’m. (6) 

In this case, stability of shrinkage depends on factor (1 – n – m)/m, but value of n is 
usually no high. Constitutive material properties in superplasticity conditions can be used to 
determine the flow stress [1]. 

Influence of strain rate on flow properties. Increasing strain rate will improve tensile 
strength. At the same time, influence strain rate on strength will increase with increasing 
temperature. Yield strength and flow stress at low plastic strain are very dependent on the 
strain rate compared with the tensile strength.  

Conventional strain rate is expressed using linear strain as 

00

00 1/)(
L
v

dt
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Ldt
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dt
de
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Generally, dependence between flow stress and strain rate at constant strain and 
temperature are defined as follow: 

T

m

dt
dCσ ,ε
ε






= , (10) 

where m is the strain rate sensitivity. Power m can be obtained from the angular dependence 
log σ − log ε, but simpler way consists in the testing of the rate change. The value m is 

determined by measuring the change of flow stress due to the change of 
dt
dε  at constant 

values of ε and T: 

••

•

•

∆

∆
=











∂

∂
=











∂

∂
=

ε

σ

ε

σ
σ
ε

ε

σ

εε log

log

ln

ln

,, TT

m . (11) 

The strain rate sensitivity of a metal at room temperature is very low (< 0.1), but m 
increases when the temperature rises, especially at above point ½ of the absolute melting 
temperature.  
 
3. Methods 
In the experimental study, we selected the following parameters: 

1. temperature 500 °C, 550 °C, 600 °C.  
2. tensile speed 10-5, 10-6, 10-7 (m/s). 
Test sample. We used Hot Tensile Test Machine Uniaxial “Shimadzu” with test 

standard JIZ NO. 1. 220 TYPE 1A, the shape and dimensions of the test specimen are present 
in Fig. 1. 
 

 
 

Fig. 1. Shape and sizes of specimen. 
 

Testing Procedure. 
1. Measurement of sizes (average diameters) of samples; 
2. marking gauge length, namely distance between two points on the test specimen 

using etcher (cutter) or permanent marker; 
3. replacing the specimen with caution in grip Shimadzu testing machine; 
4. setting the tensile speed as desired; 
5. turn the heater up to the desired temperature and held for some time; 
6. start the machine and getting results in the form of graphic load and length; 
7. measurement of the sizes of final length and cross-section; 
8. marking on the plots of load and length the points of the maximum and fracture;  
9. combining the plots of load and length transform them to stress-strain plot. 
 
Figure 2 presents a flow chart for the experiment. 
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Fig. 2. Flowchart of experiment. 

 
4. Result and Analysis 
Tables 1 – 3 present results of hot tensile tests at temperatures of 500, 550 and 600 °C, and 
speeds of 10-5, 10-6, 10-7 m/s.. 
 
Table 1. Test results at temperature of 500 °C, and speeds of 10-5, 10-6, 10-7 m/s. 

Paramet
er 

Speed Tensile (m/s) 
10-5 10-6 10-7 

A1 A2 A3 B1 B2 B3 C1 C2 C3 
Maximu
m load 
(Pmax), 
kgF 

2035 2033 2036 2040 2039 2041 2047 2044 2046 

Final 
length 
(lƒ), mm 

637 636 638 640 640 641 645 647 650 
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Final 
thicknes
s,  mm 

6.5 6.4 6.5 6.4 6.3 6.2 6.3 6.2 6.3 

Final 
wide, 
mm 

21.25 21.61 21.22 21.48 21.82 22.14 21.65 21.93 21.48 

Final 
area 
(Aƒ), 
mm2 

138.12
5 

128.30
4 137.93 137.47

2 
137.46
6 

137.26
8 

136.39
5 

135.96
6 

135.32
4 

Tensile 
strength 
(σTS), 
kgF/mm² 

5.087 5.082 5.090 5.100 5.097 5.102 5.117 5.110 5.115 

Strain 
(ε), % 

189.54
5 

189.09
1 

190.00
0 

190.90
9 

190.90
9 

191.36
4 

193.18
2 

194.09
1 

195.45
5 

 
Table 2. Test results at temperature of 550 °C, and speeds of 10-5, 10-6, 10-7 m/s. 

Paramet
er 

Speed Tensile  (m/s) 
10-5 10-6 10-7 

A1 A2 A3 B1 B2 B3 C1 C2 C3 
Maximu
m load 
(Pmax), 
kgF 

2040 2038 2041 2045 2044 2046 2052 2049 2051 

Final 
length 
(lƒ), mm 

644 646 645 649 648 650 653 652 655 

Final 
thicknes
s, mm 

5.9 5.8 5.7 5.8 5.6 5.7 5.7 5.6 5.5 

Final 
wide, 
mm 

23.16 23.48 23.93 23.37 24.25 23.75 23.64 24.10 24.42 

Final 
area 
(Aƒ), 
mm2 

136.64
4 

136.18
4 

136.40
1 

135.54
6 

135.80
0 

135.37
5 

134.74
8 

134.96
0 

134.31 

Tensile 
strength 
(σTS), 
kgF/mm² 

5.100 5.095 5.102 5.112 5.110 5.115 5.130 5.122 5.127 

Strain  
(ε), % 

192.72
7 

193.63
6 

193.18
2 

195.00
0 

194.54
5 

195.45
5 

196.81
8 

196.36
4 

197.72
7 
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Table 3. Test results at temperature of 600 °C, and speeds of 10-5, 10-6, 10-7 m/s. 

Paramet
er 

Speed Tensile  (m/s) 
10-5 10-6 10-7 

A1 A2 A3 B1 B2 B3 C1 C2 C3 
Maximu
m load 
(Pmax), 
kgF 

2045 2043 2046 2050 2049 2051 2057 2054 2056 

Final 
length 
(lƒ), mm 

649 651 650 655 653 655 658 657 660 

Final 
thicknes
s, mm 

5.2 5.2 5.1 5.1 5.0 5.0 4.9 4.8 4.7 

Final 
wide, 
mm 

26.07 25.99 26.54 265.34 26.95 26.87 27.29 27.90 28.36 

Final 
area 
(Aƒ), 
mm2 

135.56
4 

135.14
8 

135.35
4 

134.33
4 

134.35
0 

134.75
0 

133.75
1 

133.92
0 

133.29
2 

Tensile 
strength 
(σTS), 
kgF/mm
² 

5.112 5.107 5.115 5.125 5.122 5.127 5.142 5.135 5.140 

Strain  
(ε), % 

195.00
0 

195.90
9 

195.45
5 

197.72
7 

196.81
8 

197.72
7 

199.09
1 

198.63
6 

200.00
0 

 

 
Fig. 3. Influence of temperature and tensile speed on length; 

tensile speed 10-5 m/s (A); 10-6 m/s (B); 10-7 m/s (C). 
 

Temperature influence on length. Temperature greatly affects the properties of 
materials, especially the increase in ductility. Increased elasticity is due to the reduction of 
dislocations as result of the rearrangement of atoms (recrystallization). The effect of 
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temperature can be seen in Fig. 3, where higher temperature corresponds to the obtained 
higher extension. In the temperature range considered, superplasticity has occurred.  

Influence of tensile speed on length. In the case of tensile rate, the slower tensile 
corresponds to the greater extension because the lower tensile rate provides opportunities for 
the material to slip or shear gradually. The influence of the tensile speed can be seen in Fig. 3. 
 
5. Conclusion 

1. The higher temperature leads to the longer length. The slower tensile speed causes the 
longer length. So, we obtained the maximum extension is 200 % at temperature of  
600 °C with tensile speed 10-7.  

2. With maximum extension of 200% in this material, the superplasticity condition has 
been obtained.  
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Abstract. Low cost and light materials nowadays are the requirements for industry, especially 
automotive. An aluminum based metal matrix composite (MMC) with bottom ash 
reinforcement is developed as input and ideas for automotive industry, because of its 
properties are equivalent with metals, however this MMC is lighter, cheaper, and easy to get. 
The objective of the study is creating automotive parts using Al metal matrix with bottom ash 
reinforcement composite. Al-bottom ash composite is formed by HAS method then necessary 
machining added. The tests performed to the composite are tensile test, hardness test, 
corrosion and microstructure. The result shows the number of mechanical properties in 
general, mechanical properties increased about by 30% compared with properties of standard 
propeller found in market. The microstructure images support the other mechanical 
destructive testing that Al-bottom ash composite can be used as an alternative as automotive 
parts. 
Keywords: aluminum-bottom ash; automotive parts; mechanical properties; metal matrix 
composite. 
 
 
1. Introduction 
In recent years, very many projects performed in Indonesian universities directed to the 
manufacture of electric cars. The high electric car project is performed by the college, which 
also conducting research on components, used in the electric car, in order to be able to 
produce their own spare parts and compete with the latest models. Metal matrix composite 
(MMC) is one of the solutions that can be developed, because the MMC demonstrates a 
strong, light-weight and corrosion-resistant properties. This type of composite is a widely 
developed composite matrix of metal, which is aluminum matrix composite (AMC). 
Currently AMCs are used in the automotive industry for pistons, disc brakes, gears etc. [2]. 

The advantages of AMCs include their light weight, they have high hardness, high 
specific modulus and good wear resistance. One of the most important electrical components 
of a car is a disc cradle [1]. The amplifier component must have a higher elastic modulus than 
the matrix component [2]. There must be a strong surface bonding between the amplifier and 
matrix components.    

According to the research that has been done, the selected treatment process includes 
the stages of solution treatment at 540 °C for 4 hours, quenching and aging process. The 
parameters used are temperatures of 100 °C and 200 °C with aging time of 1, 10 and 24 hours; 
then the samples were tested. Resulting conclusions touched of the effect of aging 
temperature from 100 °C to 200 °C on metal matrix composites, which can improve 
mechanical properties especially tensile strength and hardness. While the aging time from 1 
hour to 24 hours may decrease tensile strength even, when hardness increases. 
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2. Methods 
Aluminum matrix composite with ash coal base consists of aluminum (93.5%), ash coal base 
(4%), silica sand (2%) and Mg (0.5%). 

Casting process. Tools of casting process are casting furnace, K-type thermocouple, 
mold of the disc footer, mold of the test specimen. 

The stages of casting: 
1. preparing a cast stove; 
2. heating the furnace to a certain temperature after the aluminum material is inserted into 

the already hot stove; 
3. when aluminum has melted at a temperature of 600 °C (measured by thermocouple), the 

silica sand is mixed to separate the dirt/crust from the aluminum material; 
4. after cleaning the aluminum material from the dirt/crust, the coal ash and Mg ash are 

mixed alternately and stirred; 
5. liquid aluminum is poured into a preheated mold. 

T6 heat treatment process. Tool of T6 heat treatment process are heating furnace with 
brand SELECTA and ability of heating up to 1200 ºC, thermometer, three coolants of 
medium, namely SAE oil 10-40, pure water and brine. 

The steps of the T6 heat treatment process: 
1. solution heat treatment at 540 ºC 
2. quenching media with salt water, pure water, and SAE oil 40 
3. artificial aging process with temperature of 180ºC and time variation from 1.3 to 5 h. 
4. cooling to room temperature. 

Metallographic testing. Metalography testing is first done by cutting the sample in 
accordance with the size of the specimen, then mounting the specimen so easily to hold it. 
The surface of the part tested is then smoothed using abrasive papers from the roughest grid to 
the finest grid, so in the end we can get a shiny specimen. To clean the surface, we polished it 
by using alumina. Prior to testing, etching solutions were used to dissolve grain boundaries on 
the surface of the specimen so that they could be seen using a microscope. Furthermore, 
observation of microstructure was performed by using metallurgical microscope. The 
microscope is set with standard way and has representative parts allowing to process 
necessary data. 

Hardness testing. Tests were performed by using the Rockwell method. First, the 
surfaces of specimens were leveled off. Then the tool for the Rockwell hardness test was 
prepared, in particularly the diamond indentor with angle at tip of 120o. Then it was touched 
onto the specimen surface with force of 150 kgF and held for 30 seconds. After that, the 
hydraulic valve is opened to restore the load to its original position. 

Tensile testing. Specimen was prepared in accordance with JIS Z2201. The specimen 
was gripped by the upper and lower chucks. The button “Start” is used for automatical testing. 
The generated plot “stress – strain” is directly analyzed. 
 
4. Results and analysis 

Hardness testing. Figure 1 shows increasing in hardness value after T6 heat treatment. 
The highest increase in hardness corresponds to artificial aging for one hour in comparison 
with other considered cases. It can be concluded that the one-hour time of the treatment is the 
most optimal artificial aging time to increase material hardness. 
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Fig. 1. Results of hardness tests. 

 
Similar results were obtained for the cooling medium. The cooling medium with pure 

water is the best cooling medium for T6 heat treatment process, proved by its relatively close 
hardness values at each of the time cases, and the hardness value in the case of cooling by 
pure water is higher than for other cooling media. This proves Basuki's theory [4] about pure 
water cooling medium. The highest hardness value (63.34 HRc) was obtained for pure water 
cooling at artificial aging time for one hour.  

Tensile testing. From Fig. 2 it can be concluded that T6 heat treatment has an effect on 
the increasing of strength value. The highest increase of the tensile strength can be seen 
predominantly in the artificial aging for one hour. While at comparison of cooling media, 
cooling by using pure water demonstrates the highest value compared with other cooling 
media. So, the case of cooling with pure water and artificial aging time of one hour is the 
most optimal decision. 
 

 
Fig. 2. Results of tensile tests. 

 
In this tensile strength test, the highest tensile strength value (10.49 kgF/mm2) was 

obtained for water cooling media with at artificial aging time of 1 hour. In a whole, there is 
coincidence of the behavior of mechanical properties: strength and hardness increase 
according to the theory of Dieter [5]. At increasing the strength, the hardness of a material 
also increases, accompanied by the decrease of its ductility. 
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Microstructure testing. Figures 3 – 6 present specimen microstructures for different 
cases of quenching medium and holding time. The calculated number of grains (G) and mean 
diameter of grains (Dm) are obtained by direct measurements in the figures. 

Table 1 presents results for the tested microstructures on the disc cradle with estimation 
of the effect of aging time (1, 3, and 5 hours) and the cooling medium/quenching (brine, pure 
water and SAE 10-40 oil) on number of grains and the mean diameter of the granules on 
aluminum-ash coal base. In particular, we obtained the following results for holding time of 
5 hours: (i) at the water cooling medium, the number of grains G = 5.47 and the mean 
diameter of the granules Dm = 55 μm; (ii) at the brine cooling medium, the number of grains  
G = 5.02 and the mean diameter of the granules Dm = 65 μm, (iii) at the SAE 10-40 hydraulic 
oil cooling medium, the number of grains G = 7.58 and the mean diameter of the granules  
Dm = 27 μm. In the case without T6 heat treatment, the number of grains G = 3.90 and the 
mean diameter of the granules Dm = 90 μm.  
 

 
Fig. 3. Specimen microstructure for water is the quenching medium and holding time – 1 h; 

number of grains, G = 4.85, mean diameter of grains, Dm = 65 µm. 
 

 
Fig. 4. Specimen microstructure for salt water is the quenching medium and holding 

 time – 1h; number of grains, G = 3.37, mean diameter of grains, Dm = 0.105 µm. 
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Fig. 5. Specimen microstructure for SAE Oil is the quenching medium and holding time – 1h; 

number of grains, G = 6.52, mean diameter of grains, Dm = 30 µm. 
 

 
Fig. 6. Specimen microstructure without treatment; number of grains, G = 3.90,  

mean diameter of grains, Dm = 90 µm. 
 
Table 1. Grain size for various cases of quenching medium and holding time. 

Quenching 
medium 

Holding time (hours) 
1  3  5  

Pure Water G = 4.85;  
Dm = 65 µm 

G = 4.95;  
Dm = 65 µm 

G = 5.47;  
Dm =  55 µm 

Salt water G = 3.37;  
Dm =  0.105 µm 

G = 4.25;  
Dm = 75 µm 

G = 5.02; 
Dm = 65 µm 

Oil SAE 10-40 G = 6.52;  
Dm = 30 µm 

G = 6.90;  
Dm =  30 µm 

G = 7.58; 
Dm =  27 µm 

Without 
treatment 

G = 3.90; Dm =  90 µm 

 
5. Conclusion 
In the grain growth in the structure of the disk holder component, there is a process without 
T6 heat treatment, leading to the number of grains G = 3.90 and obtaining the mean diameter 
of Dm = 90 μm. 
Moreover, the following results for holding time of 5 hours were obtained:  
1. at the water cooling medium, the number of grains G = 5.47 and the mean diameter of the 

granules Dm = 55 μm;  
2. at the brine cooling medium, the number of grains G = 5.02 and the mean diameter of the 

granules Dm = 65 μm,  
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3. at the SAE 10-40 hydraulic oil cooling medium, the number of grains G = 7.58 and the 
mean diameter of the granules Dm = 27 μm.  
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