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ТЕХНИКАЛЫҚ ФИЗИКА  
ТЕХНИЧЕСКАЯ ФИЗИКА  
TECHNICAL PHYSICS 

DOI 10.31489/2021Ph3/6-16 
UDC 620.179.18 

A.A. Bespalko, D.D. Dann*, M.V. Petrov, E.K. Pomishin 

National Research Tomsk Polytechnic University, Russia, 
(*E-mail: dddann@tpu.ru) 

Acoustic-electrical testing of defects  
in the cement-sand and cement-glass model samples 

A complex method of acoustic-electrical testing of defects in dielectric samples made from cement-sand and 
cement-glass mixtures is discussed. The paper reports the results of studies of changes in the parameters of 
electromagnetic responses and their spectra under pulsed deterministic acoustic excitation of model samples 
with defects in the form of solid-state inclusions. The results of mathematical calculations of the time varia-
tion in the stress-strain state induced in a defective dielectric model sample by deterministic acoustic pulse 
are presented. The relationship is shown between the parameters of the acoustic excitation and the electro-
magnetic response to the impact in a magnetic field. The study revealed that the specific electrical resistance 
of the cement-sand and cement-glass mixtures differs significantly. Excitation of electrical double layers by 
acoustic pulses causes an electromagnetic signal, parameters of which depend on the parameters of the acous-
tic impact and acoustic and electrical properties of the material. As a result, a reduced specific electrical re-
sistance of the mixture increases its conductivity. The numerical calculation of the propagation of the deter-
ministic acoustic pulse showed that its parameters change when it passes through a defect with acoustic im-
pedance different from that of the mixture used. 

Keywords: non-destructive testing, dielectrics, acoustic impact, electromagnetic radiation, magnetic field, 
modeling. 

 

Introduction 

At present the increasing number of products is manufactured from solid dielectric materials and 
composites. These products are used in various conditions, including extreme ones. Insulators, structural 
dielectrics, concrete structures and other practically used dielectrics require regular non-destructive testing 
to be environmentally friendly. Early detection of defects in dielectric products is crucial to maintaining 
their mechanical and electric strength. The defects in solid materials and products are detected using well-
proven non-destructive testing methods: ultrasonic, acoustic pulse and acoustic emission; electrical and 
electromagnetic; magnetic; X-ray and other methods [1–10]. This variety of non-destructive methods is 
not always efficient for testing of dielectric materials and structures. This is due to close values of the 
acoustic impedance of the media of the product and the defect during ultrasonic sounding and during 
acoustic emission testing of the fracture development; lack of magnetic properties in the majority of com-
posites, including dielectric materials; high X-ray permeability in organic and some inorganic dielectrics, 
and dangerous effect of radiation on the operator’s health. Therefore, complex destructive testing methods 
should be employed based on well-proven algorithms and newly developed ones. Mechanoelectric or 
acoustic-electrical [11–19] conversions in solid-state structures can be successfully used to develop such 
complex testing techniques. The acoustic-electrical test uses contact acoustic sounding of the test object 
and contactless recording of the electromagnetic response to this impact with further amplitude-frequency 
analysis of the electromagnetic signal. External acoustic deterministic pulses or acoustic pulses arising in 
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the material during fracture development induced by mechanical load can be used as a source of vibrations 
[11, 12]. As a result of this action, charges or electrical double layers at the interfaces of media, inclusions 
or blocks, on crack sides or on other structural defects of the dielectric materials emit electromagnetic sig-
nals. 

A mathematical and physical rationale for testing dielectric heterogeneous materials by electromagnetic 
signal parameters is reported in [20]. It is shown that mechanical vibrations induced by a normalized single 
impact cause a displacement current. Experimental studies [21, 22] also indicate that the passage of acoustic 
waves causes EMS generation, which is associated with vibrations of electrical double layers. In this case, 
EMS amplitude-frequency parameters depend on the characteristics of acoustic pulses and the charge state of 
the defects in the form of inclusions. 

Thus, under an external deterministic acoustic impact, defects in the form of solid inclusions or voids 
can be successfully tested with regard to the parameters of electromagnetic responses to this perturbation. 
The paper discusses the applicability of the acoustic-electric method of non-destructive testing for defective 
model composite dielectric materials made from cement-sand (CSM) and cement-glass (CGM) mixtures. 
Solid materials with acoustic impedance different from the impedance of the used CSM and CGM compo-
sites were used as defects. 

Methods of conducting experiments 

For experimental studies of the acoustic-electrical conversion samples were made from a cement-sand 
and cement-glass mixture with a size of (50×50×95)×10–9 m3 with artificial solid parallelepiped inclusions of 
different size (Fig. 1). The samples were fabricated in accordance with [22]. The moisture content of the 
samples did not exceed 1.5 % of the sample weight, the sand grain size was (2.5–8.0)×10–4 m, and the size 
of glass fractions varied in the range of (1.5–2.5)×10–4 m. For EMS measurements, the side sample surface 
of (50×95)×10–6 m2 was laid out into 15 sites. The width of the EMS measurement sites depended on the size 
of the capacitive sensor lobe of the electromagnetic receiver. 

A point impact with a ball weighing 8.59×10–4 kg was applied to the center of the sample end face with 
the area of (50×50)×10–6 m2. The materials used as inclusions to simulate defects, are presented in Table 1. 
The materials were chosen to have their acoustic impedance and electrical resistivity greater or less than z 
and ρ of CSM or CGM. 

 

 

Figure 1. A model sample made from the cement-sand or cement-glass mixture with a solid  
rectangular inclusion with a magnetic field of strength H applied to the mixture material–defect contact 

Four sizes of the rectangular defects used were (1.0×1.0×1.5)×10–6 m3, (1.5×1.5×2.0)×10–6m3, 
(2.0×2.0×3.0)×10–6m3, and (2.5×2.5×3.8)×10–6m3. The axes of the defects were coaxial with the sample axes. 
The largest faces of the defects were parallel to the larger surfaces of the model samples. The sand/glass–
cement ratio was two parts to one part by weight, and the water-cement ratio was 0.7. Before pouring the 
solution, the inclusions were fixed in the mold in the desired position using an elastic dielectric thread. After 
solidification, the samples were stored at (20–22) оС for 28 days. The position of the inclusion in the sample 
was monitored by digital radiography using the PerkinElmer XRD 0822 detector [23]. Changes in the elec-
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trical resistance R of the samples
immittance meter [24]. 

Acoustic 

No. Defect material 

1 Cement-sand mixture (CSM) 
2 Cement-glass mixture (CGM) 
2 Plexiglas (PMMA) 
3 Fluoroplastic (PTFE) 
4 Ebonite 
5 Glass, flint 
6 Magnetite Ore (75 %) 
7 Duralumin, D16T 
8 Brass, L59 
9 Carbon steel 
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and electrical parameters of the materials used 

Specific gravity 
of the material 
ρv, kg/m3 

Longitudinal 
sound speed 

сl, m/s 

Acoustic im
ance 

z·106, kg/s
1900 2765 5.25 
1973 3240 6.39 
1200 2700 3.24 
2200 1340 2.95 
1150 2400 2.76 
2500 4560 11.4 
4150 5870 24.34
2700 6400 17.28
8500 4600 39.10
7800 5890 45.94

error was 0.05 %. The specific electrical resistan

,
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L
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[26] or from the Tektronix 2024B oscilloscope to the computer for further amplitude-frequency analysis us-
ing the developed and standard programs. 

 

 

Figure 3. Block diagram of the stand for acoustic excitation  
of electromagnetic signals in the test model samples 

In the dynamic acoustic pulse excitation system, a spring device was used to accelerate the ball. The ball 
hit a hardened steel plate 2.5×10–3 m thick with an acoustic impedance z and hardness close to zb of the ball, 
which was in acoustic contact with the sample. The velocities of the flight and rebound of the ball were deter-
mined using two optical pairs that included a light emitting diode LED and a photodiode PD installed at a dis-
tance of 5×10–2 m from each other. The impact excited an acoustic signal of certain amplitude and time pa-
rameters in the plate. From the plate, the acoustic pulse passed through a layer of mineral oil into the test sam-
ple. Mineral oil was also used to provide the acoustic contact of the sample with a piezoelectric receiver of the 
acoustic signals transmitted through the sample. The primary acoustic pulse excited by the ball was close to a 
bell-shaped one, and its base duration was 50×10–6 seconds. Analog signals from the measuring system of the 
ball flight were fed to the measuring eight-channel NI BNC-2120 module. After that, the EMS was transmitted 
to the computer. The battery pack provided 6V voltage across the LED and PD of the measuring system. The 

ball velocity at the moment of impact 2
iV  and that of the rebound from the target 2

bV were calculated with re-

gard to the time of the ball flight and the distance between the optoelectronic pairs. The obtained values of the 
velocity and the ball mass (m), as well as the approximation of elastic collision of the ball with the grounded 
metal plate were used to calculate the acoustic impact energy transmitted to the sample as 

  (2) 

where Еexc is the energy induced in the sample upon ball impact. The energy losses of the acoustic pulse in 
the plate were not considered. The spring compression was changed to induce the acoustic impact energy in 
the test sample within (8–30)×10–3 J. The longitudinal speed of sound was measured with a piezoelectric 
emitter using the same stand (Fig. 3). 

EDS operating in the range from 1 to 100 kHz was used as a receiver of electromagnetic signals. At the 
output of the capacitive sensor, the signal could be amplified 10 or 100 fold. The EDS input sensitivity was 
5×10–4 V. The size of the receiving plates of the sensor was (0.5×3.0)×10–4 m2. During the experiments, the 
distance from the surface of the test samples to the nearest plate of the electromagnetic sensor was set within 
(1–2)×10–3 m. The electromagnetic sensor for measuring electromagnetic signals along the entire sample 
length was enabled to move along its central axis sequentially over the measurement sites from 0–1 to 14–15 
and backwards. The initially set distance between the receiving plate of the electromagnetic sensor and the 
sample surface was maintained stable during EMS measurements using the optical stage dials and the control 
plate of a given thickness. A special program was used to normalize EMS to the perturbation created by the 
ball impact, and the fast Fourier transform (FFT) program was used to perform its spectral analysis. 

 2 2 ,
2exc i b

m
E V V 
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Theoretical and experimental research 

Numerical and experimental modeling was carried out for testing CSM and CGM model samples, in-
cluding those with rectangular defects. Initially, numerical modeling was performed using the concept of 
continuum mechanics for elastic wave propagation in a dielectric sample under excitation by deterministic 
acoustic pulses. The computational algorithm for determining the parameters of the stress-strain state (SSS) 
of the model sample is based on the relations of the mechanics of the deformed body. In the general case, a 
system of equations was used, describing the behavior of a deformable solid in space and includes well-
known equations, continuities, and relations between the components of the total strain rate tensor. In addi-
tion, the calculations employed the constitutive relations that specify the relationship between the compo-
nents of the stress and strain tensors: 

  (3) 

 ,  (4) 

where  is spatial coordinates; ij  is stress tensor components; is total strain tensor components. 

The numerical implementation was carried out according to a noncentral difference scheme of the se-
cond order of accuracy with respect to the space and time steps [27]. The accuracy of the numerical results 
was assessed by the internal convergence of the results when changing the parameters of the finite-difference 
grid and time integration steps [28]. The boundary conditions were set in accordance with the laboratory ex-
periments. In calculations, the excitation corresponded to the experiment acoustic pulse in shape, amplitude, 
and duration. The calculations were performed for the sample (5.0×5.0×9.5)×10–6 m3 in size with real elastic 
properties. For calculations, the following values of CGM  properties were set: density  
of (1.9–2.3)×103 kg/m3; modulus of elasticity of 4×1010 N/m2; Poisson’s ratio of 0.2; longitudinal wave ve-
locity of 3.2×103 m/s. The calculation was performed for the impact onto the center of the sample end face. 
An elastic calculation model was used. The numerical simulation results were visualized using a special 
graphics package. 

Figure 4 presents the results of modeling the perturbation propagation over the simulated region. The 
results were visualized as isosurfaces. At time 5×10–6 s (Fig. 4a), perturbation propagates over the homoge-
neous region in the form of a hemisphere, which corresponds to the general concepts of the mechanics of 
acoustic wave propagation. For clarity, the interaction between the wave front and a carbon steel insert with 
sizes of (2.5×2.5×3.8)×10–6 m3 was considered. Figure 4b shows how the leading edge of the wave meets a 
harder insert and bends it at lateral sides. At the next propagation stage, the wave front moves faster along a 
more elastic insert, Figure 4c. 

 

 

Figure 4. Propagation of elastic perturbation in the model in time:  
a) 5×10–6 s; b) 10×10–6 s; c) 12×10–6 s. 

Thus, the inserts with elastic properties different from those of the base material change the of the wave 
process pattern. Changes in the elasticity modulus and material density produce the greatest effect. For ex-
ample, the ratio of the elasticity moduli of carbon steel and the base material differs more than 10 fold. The 
smaller the difference in elasticity moduli, the less sensitive the wave process to inhomogeneities. The sums 
of rates were calculated for carbon steel, fluoroplastic, magnetite ore, and glass (flint) defects of various siz-
es. Figure 5 presents the example of the calculated changes in the integral characteristics of the sums of dis-
placement rates in layers of CSM (Fig. 5, a, b, c) and CGM (Fig. 5, d, e, f) that are close to 75 % magnetite 

( ),ij ijf 

ij
ij

ij

x

x




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А.А. Беспалько, Д.Д. Данн, М.В. Петров, Е.К. Помишин 

Цемент-құм жəне цемент-шыны модельдік үлгілерінің  
ақауын акустикалық-электрлік тестілеу 

Цемент-құм жəне цемент-шыны қоспаларының диэлектрлік үлгілерінің ақауларын акустикалық-
электрлік тестілеудің кешенді əдісі талқыланған. Мақалада қатты күйдегі қосылыстар түріндегі 
ақаулары бар модельдік үлгілердің импульсті детерминирленген акустикалық қозуы кезінде 
электромагниттік дабылдардың параметрлері мен олардың спектрлерінің өзгеруін зерттеу нəтижелері 
қарастырылды. Детерминирленген акустикалық импульспен қозған кезде ақаулы диэлектрлік 
модельдік үлгінің кернеулі-деформацияланған күйінің уақыттық өзгеруінің математикалық 
есептеулерінің нəтижелері келтірілген. Сынақ объектісінің акустикалық қозу параметрлері мен магнит 
өрісіндегі осындай əсерге электромагниттік дабыл арасындағы байланыс көрсетілген. Зерттеу бары-
сында цемент-құм жəне цемент-шыны қоспаларының электрлік кедергісі айтарлықтай ерекшеленетіні 
анықталды. Қос электр қабаттарының акустикалық импульстарының қозуы электромагниттік 
дабылдың шығарылуына əкеледі, оның параметрлері акустикалық əсер ету параметрлерімен, сондай-
ақ материалдың акустикалық жəне электрлік қасиеттерімен анықталады. Нəтижесінде, егер қоспаның 
меншікті кедергісі азайтылса, онда оның өткізгіштігі артады, детерминирленген акустикалық 
импульстің таралуын сандық есептеу пайдаланылған үлгінің қоспасының кедергісінен өзгеше 
акустикалық кедергісі бар ақаудан өткен кезде оның параметрлерінің өзгеруін көрсетті. 

Кілт сөздер: беріктік бақылау, диэлектриктер, акустикалық əсер, электромагниттік эмиссия, магнит 
өрісі, модельдеу. 
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Акустико-электрическое тестирование дефектности цементно-песчаных  
и цементно-стекольных модельных образцов 

Обсужден комплексный метод акустико-электрического тестирования дефектности диэлектрических 
образцов из цементно-песчаной и цементно-стекольной смесей. Рассмотрены результаты исследова-
ний изменения параметров электромагнитных откликов и их спектров при импульсном детерминиро-
ванном акустическом возбуждении модельных образцов с дефектами в виде твердотельных включе-
ний. Представлены результаты математических расчетов изменения во времени напряженно-
деформированного состояния дефектного диэлектрического модельного образца при его возбуждении 
детерминированным акустическим импульсом. Показана связь параметров акустического возбужде-
ния объекта тестирования и электромагнитного отклика на такое воздействие в магнитном поле. В 
процессе исследований установлено, что удельные электрическое сопротивление цементно-песчаной 
и цементно-стекольной смесей существенно отличается. Возбуждение акустическими импульсами 
двойных электрических слоев приводит к излучению электромагнитного сигнала, параметры которого 
определяются параметрами акустического воздействия, а также акустическими и электрическими 
свойствами материала. В результате, если уменьшить удельное сопротивление смеси, то увеличится 
ее проводимость. Численный расчет распространения детерминированного акустического импульса 
показал изменение его параметров при прохождении через дефект с отличающимся акустическим им-
педансом от импеданса используемой смеси образца. 

Ключевые слова: неразрушающий контроль, диэлектрики, акустическое воздействие, электромагнит-
ная эмиссия, магнитное поле, моделирование. 
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Investigation of the influence of the mode of heat treatment of the initial  
powder on the efficiency of sintering zirconium ceramics by dilatometry 

Using methods of synchronous thermal and X-ray structural analyzes applied to zirconium dioxide powders 
partially stabilized with yttrium obtained by chemical coprecipitation the processes of dehydration of these 
powders during annealing in air have been investigated. Using the dilatometry method the regularities of 
compaction of powder compacts have been investigated with thermal sintering. It was found that the resulting 
powders mainly consist of the tetragonal modification zirconium dioxide and are nano-sized. The average 
particle size was 25 nm. The resulting powders are characterized by a high degree of agglomeration. It is 
shown that an increase in the thermal annealing temperature from 500 to 700 ºС leads to partial baking of in-
dividual particles inside the agglomerate, and causes the formation of hard agglomerates, the presence of 
which complicates the processes of compaction and subsequent sintering. The presence of such agglomerates 
prevents the production of ceramics with high mechanical characteristics: density and porosity. Thermal an-
nealing temperature increase leads to a decrease in the density of the sintered ceramic and a decrease in its 
hardness. 

Keywords: zirconium dioxide, dilatometry, co-precipitation, chlorides, microscopy, agglomeration. 

 

Introduction 

Ceramic materials based on partially yttrium-stabilized zirconium dioxide are increasingly used in vari-
ous fields of science and technology. High hardness allows the use of zirconium ceramics for the production 
of cutting and abrasive tools; high melting point and low thermal conductivity are used in thermal insulation 
and refractory materials. Zirconium ceramics are used for the production of adsorption-semiconductor gas 
sensors [1, 2], thin-film coatings [3, 4], ion-exchange materials, and chemical reaction catalysts [5–7]. 

All stages of the technological cycle are important to obtain high-quality ceramics [8]. At the stage of 
synthesis of initial powders the features of their structure are formed, such as grain size, interface surface and 
their state, porosity and other defects [9–14]. Therefore, method of obtaining initial powder play an im-
portant role in obtaining ceramics with high values of mechanical properties [15–21]. 

Currently, a large number of methods for obtaining nanosized zirconium dioxide powders exists  
[22–25]. Many of these methods allow to obtain very high quality powders, but are of little use in condi-
tions of mass production. Among them, the so-called methods of soft chemistry which lead to the for-
mation of a crystalline or semi-crystalline structure without high-temperature treatment, stand out [26], for 
example, the coprecipitation method [27]. It is applicable in mass production environment, and at the same 
time has a low cost of the finished product. The main disadvantage of this method is a high degree of ag-
glomeration [28]. 

The purpose of this work is to study of the effect of agglomeration of zirconium dioxide powders, par-
tially stabilized with yttrium, obtained by coprecipitation on the kinetics of the sintering process of powder 
compacts. 

The method of the experiment 

For the production of ceramic material based on partially stabilized zirconium dioxide composition 
(ZrO2 + 3 mol.% Y2O3) a chemical method of co-precipitation of zirconium and yttrium hydroxides from an 
aqueous solution of zirconium and yttrium salts is used: zirconium oxide-dichloride YCl3х6Н2О and yttrium 
chloride 6-water YCl3x6H2O by adding a 25 % aqueous solution of ammonia to pH 9.5. The hydroxide mix-
ture is washed, dried at a temperature of 90 °C for 12 hours and then annealed at a temperature of no more 
than 700 °C. Annealing time is 1 hour. BET analysis of the obtained powders was carried out on the device 
“Sorbtometer-M” (Catakon, Russia). Studies were carried out for the initial powders obtained by sol-gel 
technology without annealing (type P1) and for P1 powders subjected to annealing in air at temperatures of 
500 °C (type P2) and 700 °C (type P3) at a heating rate of 20 °C per minute isothermal exposure for 60 
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minutes. Press samples were made by uniaxial static pressing on a hydraulic press PGR-10 (Lab Tools, Rus-
sia). The pressing pressure was varied in the range of 70–960 MPa. The ceramics were sintered in a dilatom-
eter furnace DIL 402 C (NETZSCH, Germany) in an air atmosphere. The air purge rate was 20 mm/min. 
Electron microscopy was performed on a JEM-2100 scanning electron microscope (Japan). X-ray diffraction 
analysis was performed on an ARL'xtra diffractometer (ThermoFisher Scientific, Switzerland) with a semi-
conductor Si (Li) Peltier detector using monochromatized СuKα-radiation. The diffractograms were meas-
ured in the angle range 2θ = (90–120)° at a speed of 0.02 ° c-1. The phase analysis was performed using the 
PDF-4+ powder database of the International Centre for Diffraction Data (ICDD). The diffractograms were 
processed by the full-profile Ritveld method using the Powder Cell 2.4 software package. The density and 
porosity of the ceramic samples were determined by hydrostatic weighing in distilled water on a Shimadzu 
AUW-220 D (Shimadzu Corporation, Japan) scale with a special prefix. The microhardness was measured 
using a Zwick (Germany) ZHV1M microhardness meter. The thermal analysis of the powders was per-
formed on a synchronous thermal analysis device STA-449 combined with a mass spectrometer QMS 403 D 
(NETZSCH, Germany). 

Experimental results and discussion 

Microstructure research. The results of electron microscopy of P1-P3 powders are shown in Figure 1. 
From the analysis of the presented results it can be seen that the P1 powder consists of agglomerates of small 
primary particles. The small size of the primary particles leads to a significant increase in the surface energy 
of the powder system. In combination with the close location of individual particles under the action of Van 
Der Waals forces, the formation of multiparticle clusters of individual particles — agglomerates, the shape 
and size of which vary very widely [29]. 

 

 
a b c 

Figure 1. Electron microscopy of powders (a, b, c are P1, P2, P3 respectively) 

In the P2 and P3 powders (Fig. 1b, Figure 1c) separate crystalline particles the size of which increases 
as the annealing temperature increases are isolated. At the same time, agglomerates of individual particles 
are also observed in the structure of the powder. Thus, the previously established inheritance of the structure 
of the initial amorphous xerogels of hydrated zirconium dioxide by nanocrystalline zirconium dioxide is con-
firmed [30]. At the same time, the heat treatment temperature is sufficient for the initial stage of sintering, 
which leads to the acquisition of strength by the aggregates and the consolidation of the structure [29]. 

The diffractograms of the studied powders are shown in Figure 2. As follows from the results obtained, 
the P1 powder is X-ray amorphous, while the P2 and P3 powders have a crystal structure characteristic of the 
tetragonal modification of zirconium dioxide. With an increase in the annealing temperature, the peaks nar-
row, which indicates an increase in the size of the crystallites. 
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Figure 2. Diffractograms of the studied powders 

The results of the thermal analysis of the P1 powder are shown in Figure 3. 
 

 

Figure 3. TG, DTG, and DSC curves for P1 powder 

When the powder P1 is heated, its dehydration occurs, accompanied by the absorption of heat. The DSC 
curve shows two endothermic peaks caused by the removal of water present in the test substance in different 
states. The first and more pronounced peak (96.5 °C) is associated with the removal of physically adsorbed 
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[31], and the second (190.4 °C) is due to the removal of chemically bound water. Both peaks of the DSC 
curve are accompanied by a significant decrease in the sample mass (extremes at 93.8 and 201.2 °C on the 
DTG curve). The total weight reduction when heated to a temperature of 600 °C was 16.6 %. At a tempera-
ture of 448.2 °C, a sharp exothermic peak is observed on the DSC curve. This thermal effect is not accompa-
nied by a noticeable change in the mass of the sample, which allows it to be associated with the crystalliza-
tion process of partially stabilized zirconium dioxide. This conclusion is confirmed by the previously pre-
sented results of the XRD. 

From the consideration of Figure 4 it follows that that the nature of the compaction depends on the type 
of powder (P1, P2, P3). For a sample obtained from powder P1 already at the initial stage of heating there is 
a noticeable shrinkage of the sample, accompanied by a peak at temperature approximately equal to the crys-
tallization temperature of the tetragonal phase of zirconium dioxide, obtained from the results of thermal 
analysis. Also, at the final stage of the process, there is an expansion of the sample, apparently a conse-
quence of the transition part of the tetragonal phase into monoclinic. For samples obtained from powders P2 
and P3 there are practically no differences in the nature of the shrinkage process. 

 

 

Figure 4. Dilatometric curves of powder compacts P1,  
P2 and P3 (curves 1–3, respectively), 4 is thermal annealing mode. 

Table 1 presents the results determining the density of compacts ρpr, density of ceramics sintered from 
them ρhydrost, porosity Θ and microhardness Hy for different types of samples. 

T a b l e  1  

Physical properties of compacts and sintered ceramics 

Sample type ρpr, g/cm3 ρhydrost, g/cm3 Θ, %. Hv, GPa 
Р1 2,44 4,98 16,0 9,1 
Р2 2,53 5,21 10,8 9,4 
Р3 2,62 5,18 12,3 8,2 

 
Table 1 shows that when using powders P2 and P3 the characteristics of the sintered ceramics are sig-

nificantly higher than when using P1 powder. Highest density and lowest density of sintered ceramics is 
achieved by using P2 powder. 

Conclusion 

Thermal analysis methods were used to study the processes occurring when the powder P1 is heated in 
an air atmosphere, obtained by coprecipitation from chloride starting components. The processes of compac-
tion and sintering of powder compacts, made from initial powders P1 and after their annealing at tempera-
tures of 500 and 700 °C (powders P2 and P3, respectively). At the same time, the following was established. 

The heating of the P1 powder was accompanied by dehydration, the main part of which ends at a tem-
perature of about 2000С. Total mass yield when heated to 600 °C is 16.6 %. P3 powders obtained by anneal-
ing the initial P1 powder at a temperature of 7000С are characterized by a nanoscale crystal structure. The 
average crystallite size according to the results of XRD and microscopy was 25 nm. 
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The highest density of ceramics obtained when sintering a sample of powder P2, which is most likely 
due to a lower density of agglomerates than in P3 powder. 
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С. Шевелев, Е. Шевелева, О. Старый 

Бастапқы ұнтақты термиялық өңдеу режимінің циркония керамикасын 
дилатометрия əдісімен біріктіру тиімділігіне əсерін зерттеу 

Химиялық тұндыру əдісімен алынған иттриймен жартылай тұрақтандырылған циркония ұнтақтарына 
қатысты синхронды термиялық жəне рентгендік құрылымдық талдау əдістерін қолдана отырып, ауада 
өңдеу кезінде осы ұнтақтардың дегидратация процестері зерттелді. Дилатометрия əдісін қолдана оты-
рып, термиялық күйдіру кезінде ұнтақты компактілердің тығыздау заңдылықтары тексерілген. 
Алынған ұнтақтар негізінен цирконийдің тетрагональді модификациясынан тұрады жəне 
наноөлшемдері бар екендігі анықталды. Бөлшектердің орташа мөлшері — 25 нм. Бұл ретте алынған 
ұнтақтар агломерацияның жоғары дəрежесімен сипатталады. Термиялық күйдіру температурасының 
500-ден 700 ºС-қа дейін жоғарылауы агломерат ішіндегі жеке бөлшектердің ішінара пісірілуіне əкеліп 
соғатындығы көрсетілген жəне қатаң агломераттардың пайда болуына əкеледі, олардың болуы 
ықшамдау жəне кейінгі синтездеу процестерін қиындатады. Мұндай агломераттардың пайда болуы 
тығыздығы мен кеуектілігі жоғары механикалық сипаттамалары бар керамиканы алуға кедергі 
келтіреді. Термиялық күйдіру температурасының жоғарылауы күйдірілген керамиканың 
тығыздығының төмендеуіне жəне оның қаттылығының төмендеуіне əкеледі. 

Кілт сөздер: цирконий диоксиді, дилатометрия, тұнба түзу, хлоридтер, микроскопия, агломерация. 

С. Шевелев, Е. Шевелева, О. Старый 

Исследование влияния режима термической обработки исходного порошка на 
эффективность спекания циркониевой керамики методом дилатометрии 

С использованием методов синхронного термического и рентгеноструктурного анализа применитель-
но к порошкам диоксида циркония, частично стабилизированного иттрием, полученных методом хи-
мического соосаждения, исследованы процессы дегидратации этих порошков при отжиге на воздухе. 
При помощи метода дилатометрии изучены закономерности уплотнения порошковых компактов при 
термическом спекании. Установлено, что полученные порошки состоят преимущественно из тетраго-
нальной модификации диоксида циркония и имеют наноразмеры. Средний размер частиц – 25 нм. 
При этом полученные порошки характеризуются высокой степенью агломерации. Показано, что уве-
личение температуры термического отжига с 500 до 700 ºС приводит к частичному припеканию от-
дельных частиц внутри агломерата, и вызывает формирование жестких агломератов, наличие которых 
затрудняет процессы компактирования и последующего спекания. Наличие подобных агломератов 
препятствует получению керамики с высокими механическими характеристиками: плотностью и по-
ристостью. Повышение температуры термического отжига приводит к снижению плотности спечен-
ной керамики и снижению ее твердости. 

Ключевые слова: диоксид циркония, дилатометрия, соосажение, хлориды, микроскопия, агломерация. 
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The repulsive force between the drop and the electrode is described similarly (Fig. 2b): 

0

/ 2 / 2
( ) exprw i

i i

L z d
F R F n

d

  
   

 

  
, (4)

where n


is normal vector to the electrode surface directed inward of the emulsion, iz  is axis coordinate of 
the drop center Z. 

A mathematical model of the dynamics of an emulsion system in an electric field, taking into account 
the considered forces, can be written by the following equation [5]: 

2

2
1 1

( , ) ( , ) ( , ) ( ) ( )
n n

e r e h rwi
ij ij ij ij ij ij ij ij ij i i i i

j j
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 (5)

where iR


 is the radius vector of the center of the i, th drop, 31

6
m d   is the drop weight, ( )h

i iF R
 

 is the 

force of hydrodynamic resistance, according to the Hadamard-Rybchinsky formula. 
1

( , )
n

e
ij ij ij

j

F R


  


 is the 

force of the electrical interaction between the i-th drop and the electrodes. 
The solution of the ordinary differential equation (5) with closing relations (2)-(4) and a given initial 

distribution of drops will allow us to determine the dynamics of each drop in the emulsion and, thus, to simu-
late the dynamics of the emulsion as a whole under the action of an electric field. 

Computer model of the dynamics of two drops 

To build a computer model and carry out numerical modeling of the dynamics of emulsion drops in an 
electric field, we first write expressions for the forces entering the equations of the mathematical model in 
the two-dimensional case, using the global Cartesian coordinate system. 

The strength of the electrical interaction between the i-th and j-th drops e
ijF


 depends on distance ijR  be-

tween drops and angle ij  between the vector of the electric field strength and the vector connecting the cen-

ters of the drops. Suppose that all emulsion droplets are in the plane (y, z), the coordinates of the center of the 
i-th drop in the global Cartesian coordinate system we denote ( , )i iy z . Then we can write that: 
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Vector e
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

 in the local polar coordinate system associated with the i-th drop, it is decomposed in the 

vectors of the local basis re

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Because the relationship between the reference vectors of the local and global coordinate systems are 
given by sin cosr y ze e e   

  
, cos siny ze e e    
  

, then the projections of the vector e
ijF


 on the axis 

of the global cartesian coordinate system (y, z) will be written in the following form: 
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The components of the vector of the repulsive force and the force of hydrodynamic resistance are writ-
ten in a similar way in the global Cartesian coordinate system: 
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Thus, we finally write the second-order differential equation (5) describing the dynamics of drops in an 
electric field in the form of a system of first-order differential equations (6): 
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 (6) 

The initial conditions are the coordinates of the initial position of the drops in space and their initial ve-
locities (in all the results below, it is assumed that the drops at the initial moment of time are at rest). 

For numerical simulation, consider water droplets in oil. Basic parameters for numerical simulation are 
given in the Table 1. 

T a b l e  1  

Basic parameters for numerical simulation 

Parameter Symbol Unit of Measurement Value 
Drop diameter d m 10–3 
Electric field strength 

0E  V/m 106 

Parameter characterizing the repelling force of drops  – 102 
Environment 

Relative dielectric constant 
c  – 7.3 

Dynamic viscosity 
c  Pа·s 10–1 

Drops 
Relative dielectric constant 

d  – 23.6 

Dynamic viscosity 
d  Pа·s 10–3 

 
We begin numerical modeling by considering a system consisting of two drops in view of the possibil-

ity of carrying out a relatively simple qualitative analysis. 

Results 

Figure 3 shows the time dependences of the coordinates of the centers of drops of the same diameter for 
the cases when the centers of the drops at the initial moment of time are located on one of the coordinate ax-
es symmetrically about the origin. The droplet diameters are the same, and the initial distance between them 
is 1 cm, i.e., ten times the diameter of the droplets. Curves of different colors correspond to different drops. 
If at the initial moment of time the centers of the drops are located on the y-axis (i.e., the vector connecting 
the centers of the drops is perpendicular to the z-axis and accordingly to the vector of the electric field 
strength), then the drops begin to move along the y-axis in opposite directions (Fig. 3 a). 
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а) b) 

a) the initial position of the drops on the y-axis    b) the initial position of the drops on the z axis 

Figure 3. Dependence of the coordinates of the centers of drops of the same diameter on time 

A similar result was described in [5]: the existence of a critical value of the electric field strength was 
experimentally established, above which oppositely charged droplets began to repel. It can be seen from the 
Figure 3a that in two hours the distance between the drops increased by 1.5 times. At large times, the dis-
tance between drops will continue to increase slightly, and then the drops will stop at a certain distance de-
termined by the force of hydrodynamic resistance. 

A qualitatively different behavior of drops is observed in the case when the centers of the drops are lo-
cated along the vector of the electric field strength (Fig. 3 b). In this case, the motion of the drops has an os-
cillatory character: first, the drops come closer to each other until the repulsive force becomes greater than 
the force of electrical interaction, after which the drops change the direction of movement to the opposite. 
Then the strength of the electrical interaction increases, the drops approach again, etc. After some time, the 
position of the drops stabilizes, and they are located in the direction of the electric field strength vector in 
close proximity to each other (the final positions of the drops are schematically shown in Figure 3 and on all 
the following red and blue circles). 

Figure 4 shows the time dependences of the coordinates of the centers of drops of different diameters 
for the cases when the centers of drops at the initial moment of time are located on one of the coordinate axes 
symmetrically about the origin. The diameter of the red drop is five times the diameter of the blue drop. The 
initial distance between the centers of the droplets is still 1 cm. 

 

 
а) b) 

a) the initial position of the drops on the y-axis; b) the initial position of drops on the z axis 

Figure 4. Dependence of the coordinates of the centers of drops of different diameters on time 
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In principle, the nature of the droplet motion remains the same as for droplets of the same radius: drop-
lets located perpendicular to the electric field strength vector are repelled, and droplets located along the 
strength vector are attracted, making oscillations. A drop with a smaller diameter (blue in Figure 4) is more 
affected. Figure 4 b shows that the small drop moves 6 mm, while the large drop moves a little more than 1 
mm. An important parameter that determines the nature of the interaction between drops is the dimensionless 
parameter  , characterizing the repulsive force between the drops (see formula (4)). This parameter depends 
on the physical properties of the drop material and the environment, as well as on the properties of the enve-
lope surrounding the drop. Specific parameter value   should be determined from appropriate experiments. 
Figure 5 shows the dependences of the coordinates of the centers of drops of the same diameter for different 
values of the parameter .  

For small values of the parameter   the value of the repulsive force is too small and non-physical in-
terpenetration of drops into each other is observed (Fig. 5 a). The interpenetration of drops stops when the 
parameter is   close to 100 (Fig. 5 b). A further increase in the parameter leads to a slight increase in the 
amplitude of oscillations, which does not affect the steady state of the drops (Fig. 5 c). Therefore, in further 
calculations the value of the parameter will be used 100  . 

 

 

а) b) 

 

c) 

а) 1  ; b) 100  ; c) 1000   

Figure 5. Dependence of the coordinates of the centers of drops of the same diameter on time 

Consider the situation where the vector is connecting the centers of drops at an angle   to the vector of 
the electric field strength. Figures 6 and 7 show the dependences of the coordinates of the centers of droplets 
of the same diameter on time and the trajectory of the droplets at angles 45o    and 45o    accordingly. 
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As expected, the movement patterns in Figures 6 and 7 turned out to be symmetrical, therefore we will 
only analyze in detail the results in Figure 6. In contrast to the previous results, Figure 6 a shows four curves. 
Curves of different colors correspond to different droplets, the solid curve shows the change in the y coordi-
nate, and the dashed curve shows the change in the z coordinate. It can be seen that under the action of an 
external electric field the droplets are subjected to a rotational moment and move to a stationary position 
along a curved trajectory (Fig. 6 b) simultaneously experiencing damped oscillations. In a stationary posi-
tion, the drops are located on the z axis (i.e., in the direction of the electric field strength vector) symmetri-
cally relative to the origin. 

 

а) b) 

а) time dependence of the coordinates of the centers of drops; b) droplet trajectories 

Figure 6. Dynamics of drops of the same diameter at an angle 45o    

 
а) b) 

а) time dependence of the coordinates of the centers of drops; b) droplet trajectories 

Figure 7. Dynamics of drops of the same diameter at an angle 45o    

As shown earlier (see Figure 3 a), if the angle   between the vector of the electric field strength and 
the vector connecting the centers of the drops is equal, then at the selected value of the strength the drops 
move in opposite directions. For it angle values is   close, but smaller, drops also begin to move in opposite 
directions, however, the radial component of the electric interaction force increases, the trajectory is curved, 
the direction of movement of the drops changes to and the drops begin to approach (Fig. 7, a, b). If the angle 
  is less than 45º, then the opposite motion of drops is not observed (Fig. 8). 
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а) b)  c)  

а) 78,7o  ; b) 63,4o  ; c) 11,7o   

Figure 8. Trajectories of droplets at different angles   

The magnitude of the electric field strength has a significant effect on the time to reach a steady state 
(Fig. 9). If with strength 62 10  V/m drops come to a stationary position in about two hours (Fig. 9, c), then 
with a four times lower intensity B/m, this takes more than ten hours (Fig. 9, a). 

 

  
а) b) c) 

а) 6
0 0,5 10E    В/m; b) 6

0 1 10E    В/м; c) 6
0 2 10E    В/m 

Figure 9. Dependence of the coordinates of the centers of drops  
of the same diameter on time at different strengths of the electric field 

When simulating a system of three or more drops, all of the above regularities are observed, however, 
the dynamics of interaction is much more complex. 

Conclusion 

The mathematical model has been constructed and an algorithm has been developed for the numerical 
solution of the problem of the motion of two or more drops in an electric field, and a computer program has 
been created that implements this algorithm. The behavior of several drops in an electric field is studied for 
different physical parameters of the material of the drops and the environment, as well as for different initial 
distributions of drops and the strength of the electric field. It is shown that emulsion droplets distributed in 
space, which are initially at rest, begin to move under the action of an electric field, and after a certain time 
(relaxation time) a new stationary droplet structure is formed. It was found that the relaxation time depends 
on the electric field strength, the size of the drops and on their initial distribution. The resulting structures, 
depending on the parameters of the medium and the field, are either threadlike formations of drops oriented 
in the direction of the electric field, or separate chains of drops. In addition, the type of the structures formed 
also depends on the type of the selected dependence, which expresses the repulsive force between the drops. 
The obtained numerical results are in qualitative agreement with the known experimental data. 
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Н.Ж. Джайчибеков, Б.С. Шалабаева, В.Н. Киреев 

Электр өрісінің əсерінен бір сұйықтың зарядталған  
тамшыларының басқа сұйықтағы динамикасын моделдеу 

Мақала  əртүрлі физикалық өрістердің (электромагниттік күштердің) əсерінен бір тұтқыр сұйықтың 
тамшылар тобының басқа сұйықтағы қозғалысының ерекшеліктерін зерттеуге арналған. Бір тұтқыр 
сығылмайтын сұйықтан тұратын жəне де онымен араласпайтын, екінші тұтқыр сығылмайтын 
сұйықтың көлемінде таралған, сфералық тамшылардың эмульсиясы қарастырылған. Екі сұйық 
диэлектрик болып саналады. Электр өрісінің əсерінен екі тамшының динамикасын қарастырғанда, а 
радиусы бар шар тəрізді тамшылар кернеулігі ܧሬԦ болатын электр өрісіне орналастырылады жəне 
электр өрісінің əсерінен тамшылардың бір-біріне қалай əсер ететіні зерттелген. Осы есептің сандық 
шешімін табу үшін математикалық модель құрылып, компьютерлік программа жасалды. Электр 
өрісіндегі бірнеше тамшылардың қозғалысы тамшылардың материалы мен қоршаған ортаның əртүрлі 
физикалық параметрлеріне, сонымен қатар тамшылардың əртүрлі бастапқы үлестірімдері мен электр 
өрісінің кернеулігіне байланысты зерттелді. Электр өрісінің əсерінен кеңістікте таралған эмульсия 
тамшылары қозғала бастайтындығы жəне белгілі бір уақыттан (релаксация уақытынан) кейін 
тамшылардың жаңа стационарлық құрылымы пайда болатыны бірінші рет көрсетілген. Релаксация 
уақыты электр өрісінің кернеулігіне, тамшылардың мөлшеріне жəне олардың алғашқы таралуына 

байланысты екендігі анықталды. Түрі тамшылар арасындағы 
r

iF


 итергіш күшіне тəуелді болып 
келетін, пайда болған құрылымдар, сол орта мен өрістің параметрлеріне байланысты немесе электр 
өрісі бағытымен бағытталған жіп тəріздес тамшылардың түзілімдері немесе тамшылардың бөлек 
тізбектері болып келеді. 

Кілт сөздер: тамшылардың динамикасы, электромагниттік өріс, диcперсті жүйе, математикалық 
модель, компьютерлік модель, есептеу аймағы, эмульсия жүйесінің динамикасы. 
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Моделирование динамики заряженных капель одной жидкости  
в другой под действием электрического поля 

Статья посвящена исследованию особенностей поведения группы капель одной вязкой жидкости в 
другой под действием различных физических полей (электромагнитных сил). Рассмотрен состав 
эмульсии, состоящей из сферических капель одной вязкой несжимаемой жидкости, распределенных в 
объеме другой вязкой несжимаемой жидкости, несмешивающейся с первой. Обе жидкости считаются 
диэлектрическими. При рассмотрении динамики двух капель под действием электрического поля кап-
ли в форме шара с радиусом а будут помещены в электрическое поле c напряженностью ܧሬԦ, и исследо-
вана реакция друг на друга под действием электрического поля. Построена математическая модель, и 
разработана компьютерная программа для численного решения данной задачи. Изучено поведение не-
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скольких капель в электрическом поле при различных физических параметрах материала капель и ок-
ружающей среды, а также при различных начальных распределениях капель и напряженности элек-
трического поля. Впервые показано, что распределенные в пространстве эмульсионные капли под 
действием электрического поля начинают движение и через определенное время (время релаксации) 
образуется новая стационарная структура капель. Установлено, что время релаксации зависит от на-
пряженности электрического поля, размеров капель и от их начального распределения. Образующиеся 

структуры, вид которых зависит от силы отталкивания между каплями ,r
iF


 в зависимости от пара-

метров среды и поля, представляют собой либо нитевидные образования из капель, ориентированные 
по направлению электрического поля, либо отдельные цепочки капель. 

Ключевые слова: динамика капель, электромагнитное поле, дисперсная система, математическая мо-
дель, компьютерная модель, расчетная область, динамика эмульсионной системы. 
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Determination of the reduced electric field in surface  
dielectric barrier discharge plasmas 

In this paper the experimental determination of the reduced electric field (E/n) in plasma of dielectric copla-
nar surface barrier discharge (DCSBD) at atmospheric pressure was demonstrated. The plasma characteristics 
and the experimental setup properties were described, and the optical emission spectrum of the plasma was 
also measured. The results of optical emission spectroscopy showed the presence of nitrogen molecular bands 
in the emission spectrum of DCSBD. In particular, the second positive and the first negative systems, as well 
as low intensity OH and NO lines were identified. The main transport properties of electrons, such as mobili-
ty, mean average energy, and diffusion coefficients were calculated using the BOLSIG+ open source soft-
ware. The dependence of the ratio of intensities of the nitrogen spectral lines on the reduced electric field, the 
dependence of the E/n on plasma power, and the dependence of the electron energy distribution function 
(EEDF) on E/n were obtained. An algorithm in the form of a block diagram for determining the reduced elec-
tric field by the BOLSIG + program and experimentally measured spectral line intensities are presented. The 
utilized method are quite simple, accessible and versatile. 

Keywords: plasma, dielectric barrier discharge, spectroscopy, reduced electric field, lines intensity, nitrogen 
spectrum, Boltzmann equation. 

 

Introduction 

Dielectric barrier discharge (DBD) is a discharge ignited between electrodes, one or both of which are 
covered with a dielectric [1, 2]. The DBD can generate high-density atmospheric pressure plasma jets using 
an air flow as a source gas [3]. At the same time, the generation of DBD does not require large vacuum in-
stallations, which favorably distinguishes its operation in comparison with other types of discharges [4]. An-
other distinctive feature of the dielectric barrier discharge is the ability to generate low-temperature, “cold” 
plasma at atmospheric pressure, which is a key point in the processing of crops, biological samples, and var-
ious polymeric and heat sensitive materials. Also, atmospheric pressure plasma (APP), obtained on the basis 
of a dielectric barrier discharge, is widely used in plasma medicine, water disinfection, nanotechnology and 
thin film coating [5, 6]. 

There are two types of dielectric barrier discharge: volume dielectric barrier discharge and surface die-
lectric barrier discharge. A bulk DBD consists of two parallel electrodes covered with a dielectric layer, or 
two electrodes located on a dielectric plate. Plasma is generated in the volume of the gap between the elec-
trodes. The configuration of the surface dielectric barrier discharge is as follows: one electrode is located on 
the surface of the dielectric plate, the other electrode is embedded on the other side of this plate and the dis-
charge is ignited directly on the surface of the dielectric [7]. There is also a surface coplanar dielectric barrier 
discharge, which occupies an intermediate position between volume and surface discharges. The difference 
between this discharge is that both electrodes are built in into the dielectric, and the discharge is ignited on 
the surface of the dielectric. 

The wide range of applications of atmospheric pressure plasmas requires a detailed study of the optical 
properties. The electric field plays a key role in the motion and spatial distribution of charged particles in 
low-temperature plasmas. The advantage of optical diagnostic methods is that they are non-contact and do 
not affect the object under the test. Methods based on optical radiation or absorption are characterized by 
relatively simple measurement equipments. 

Several spectroscopic methods can be used to determine the values of the electric field. One of the opti-
cal methods is Thomson scattering. However, in such case the scattered laser signal is very weak and several 
orders of magnitude lower than the incident laser beam, and therefore requires an accurate and expensive 
installation to evaluate it. Also, there are special requirements for the laser: the laser power must be high 
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enough to obtain an intense scattered signal, and at the same time laser radiation should not introduce pertur-
bations on the diagnosed plasma itself [8]. 

The Stark shifting is also used to measure the electric field of atmospheric pressure plasmas. Stark polari-
zation spectroscopy uses the Stark effect, which affects the emission spectra depending on the local electric 
field. Electric fields cause a splitting of energy levels, and a shift of these levels, depending on the electric field. 
In general, the Stark shift is widely used for dense plasma with electron density above 1016 cm-3, and for these 
plasma conditions, the theoretical data that can be taken for evaluation are well studied. However, this method 
requires a monochromator with very high resolution, which is usually not easily available [9]. 

The method of fluorescence spectroscopy includes exposure of the object under study and collection of 
scattered radiation. Next, a spectrum is generated with different intensities in a given wavelength range. 
The disadvantage of this method is the necessity to use additional CCD (charge-coupled device) cameras, for 
visualization of laser-induced fluorescence, which complicates the measurement process [10]. 

This article demonstrates the determination of the reduced electric field (E/n) of a coplanar surface bar-
rier discharge by measuring optical emission spectroscopy and solving the Boltzmann equation [11]. 
The described method is quite simple, accessible and versatile. 

Experimental setup 

The experiments were carried out on an RPS400 setup. The RPS400 is an atmospheric pressure plasma 
generator which provides an uniform plasma area of approximately 8 cm x 20 cm. The RPS400 system uses 
a diffuse coplanar surface barrier discharge cell to generate plasma at ambient air, which enables the pro-
cessing of plastics, metal, wood and glass based products. A schematic diagram of the DCSBD setup is 
shown in Figure 1 [12]. The conductive electrodes are parallel to each other and embedded in a ceramic die-
lectric. Plasma is formed on the ceramic surface over an area of 80 mm * 200 mm and reaches a height of 
about 0.3 mm. The electrodes are made of silver with width of 1.8 mm, thickness of 0.1 mm, length of 230 
mm and are located at a distance of 1 mm from each other. The thickness of the ceramic layer between the 
electrodes and the plasma is 0.4 mm. The discharge was activated by a sinusoidal high voltage (17 kHz, ap-
proximately 3 kV peak-to-peak) supplied with an HV plasma power supply. The power of the supplied dis-
charge can be manually adjusted from 80 W to 400 W. 

 

 

Figure 1. The schematic diagram of electrodes and optical measurement system of DCSBD 

Method for determining the reduced electric field 

To study the chemical composition and kinetic reactions of the discharge the optical properties of the 
DCSBD were studied. To achieve this goal the SolarSystems optical emission spectrometer was used. The 
spectrometer consists of an optical lens system that records a signal collected in a single unit, an optical fiber 
and the spectrometer itself. Signal registration is performed by a linear Toshiba TDC1304CCD detector. A 
personal computer was used to digitize and process the signal. 

The ratio of the intensities of the spectral lines of nitrogen can be represented in the form of equation 
(1) [13]. The left side of the equation is the ratio of the intensities of the nitrogen lines, is found experimen-
tally through the obtained spectrum, and the right side, in particular the reaction rate constant (k), is found 
numerically through the BOLSIG + program [14]. The rest of the values are constant for certain experi-
mental conditions (Table 1): 
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Results and discussion 

The experiments were carried out in the plasma power range from 200 W to 400 W with a step of 50 W. 
It can be seen from the results of the experiment that with an increase in power the surface of the DCSBD 
discharge cell is gradually filled with multiple microdischarge channels (Fig. 3). Complete filling of the sur-
face is observed at a power of 220 W. At a power of 400 W the surface of the discharge cell is uniformly and 
closely filled with dense plasma. Below discharge cell surface images are shown at 220 W applied power 
(the surface is completely filled with micro-discharges) and at a power of 400 W (maximum power) (Fig. 3). 
 

а) b) 

Figure 3. Images of the surface of the discharge cell at powers of 220 W (a) and 400 W (b) 

Using optical emission spectroscopy, the chemical composition of the DCSBD was determined. Molec-
ular nitrogen bands, namely the second positive (N2 (C-B)) and the first negative (N2 + (B-X)) systems were 
observed in the emission spectrum. In Figure 4 the observed peaks from 300 nm to 470 nm are composed of 
OH (308 nm) radicals, N2 (337 nm and 357 nm) and N2

+ (380 nm, 390 nm, 427 nm and 470 nm). Due to the 
large number of nitrogen molecules in the atmosphere, nitrogen bands are naturally dominant. OH radicals 
are also visible due to the presence of water vapor in the air [16]. The line intensities of other radicals and 
chemically active molecules, such as NO, which are common for air plasma under room conditions, were 
negligibly low due to the low density and effective collisional quenching of the corresponding excited states. 

 

 

Figure 4. DCSBD spectrum different applied powers 

The values ஻ܶሺ391,4	nmሻ and ஼ܶሺ337,1	nmሻ show the sensitivity of the photodetector at the respective 
wavelengths. Information on the sensitivity of the photodetector is indicated in the technical documentation. 
In the technical documentation of our Toshiba TDC1304 optical device the wavelength starts from 400 nm, 
but we are interested in the wavelength from 300 to 400 nm, namely 337.1 nm and 391.4 nm, where the rota-
tional structures of the nitrogen molecule are recorded. To find the sensitivity of the wavelengths of interest 
to us, we extrapolated the graphical data (Fig. 5). As a result, the sensitivity ratio of the photodetector at the-
se wavelengths was Tb/Tc = 1.19. 

To calculate the total intensity of the nitrogen spectral lines, the molecular spectrum was integrated over 
the wavelength taking into account the rotational structure of the molecule. After calculating the total intensi-
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ty of the lines of interest to us, their ratio was calculated for further comparison with the results obtained by 
solving the Boltzmann equation. 

 

 
(а) 

 
(б) 

Figure 5. (a) the sensitivity of the photodetector from 400 to 1200 nm, (b) estimation  
of the sensitivity in the range of 300–400 nm using the extrapolation of the graph 

As mentioned above, the BOLSIG + program was used to solve the Boltzmann equation for electrons. 
The input parameters are the E/n value, the composition of the plasma-forming gas in a percentage, the de-
gree of ionization, the gas temperature, and the overall density of particles. As a result, the solution of the 
equation gives transport properties, including the reaction rate constants k, which was subsequently used to 
numerically calculate the ratio of spectral lines. The rate constants for different values of E/n are shown in 
Table 2. The results of determining the ratios of spectral lines and their dependence on the values of the re-
duced electric field are shown in Figure 6. Figure 6 shows that the dependence in the range from 400 to 600 
Td is linear. This graph can be used as a gradient-level curve and is convenient in that it allows to quickly 
and visually evaluate the reduced electric field, comparing it with the obtained experimental ratios of spectral 
lines. 

T a b l e  2  

Reaction rate constants for different values of reduced electric field 

Reduced electric field 
E/n (Td) 

Reaction rate constants(m3/s)

ଶܰ൫ܥଷП௨, ߴ ൌ 0 → ,ଷП௚ܤ ߴ ൌ 0൯ 
11 eV (λ= 337.1 nm)

ଶܰ
ା൫ܤଶ∑௨

ା, ߴ ൌ 0 → ܺଶ∑௚
ା, ߴ ൌ 0൯ 

18,7 eV(λ= 391,4nm) 
420 0.2032E-14 0.9336E-16 

430 0.2085E-14 0.1014E-15 

480 0.2330E-14 0.1465E-15 

520 0.2503E-14 0.1886E-15 

560 0.2658E-14 0.2658E-14 
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Figure 6. Dependence of the intensity ratio of the spectral  
lines Nଶ

ାሺ391,4ሻ and Nଶሺ337,1ሻ on the reduced electric field (E/n) 

Further, the above procedure was repeated for different E/n. Figure 7 demonstrates the dependence of 
the reduced electric field on the discharge power. It is expected that an increase in power leads to an increase 
in E/n as an increase in power is accompanied by an increase in high-voltage applied to the electrodes of the 
discharge cell. The obtained values of E/n for air plasma in a surface barrier discharge are in agreement with 
the results of other related works [17,18] where the investigated plasma and discharge geometry, conditions 
are quite similar. 

 

 

Figure 7. Dependence of the reduced electric field on the discharge power 

EEDF is important for studying the various properties of the plasma, since it is necessary for characteri-
zation of kinetic processes with the participation of electrons [19]. The EEDF obtained for different values of 
the reduced electric field shows an increase in the energy and also in the number of fast electrons at the tail 
of the distribution (Fig. 8). At the same time, the number of low-energy electrons decreases slightly. The in-
crease in the electron energy can be explained by the fact that the increase in E/n makes an additional contri-
bution to the kinetic energy of the electrons, since the electrons mainly gain the energy due to the electric 
field, accelerating by the Coulomb forces in the gaseous medium. In our case, an increase in E/n means a 
direct increase in the electric field, since the pressure of the plasma-forming gas remains constant at room 
conditions. A slight decrease in the number of low-energy electrons is due to the fact that their energy also 
increases and they contribute to the number of high energy electrons on the tail of the EEDF. 
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Figure 8. The electron energy distribution function at different values of the reduced electric field 

In addition to the EEDF, solving the Boltzmann equation using the BOLSIG + program makes it possi-
ble to determine the transport properties of electrons, such as average energy, mobility, diffusion coefficient, 
and Townsend coefficient, the results of which are shown in Table 3. 

T a b l e  3  

Transport coefficients for different values of the power 

Power 
(W) 

Mean energy 
(eV) 

Mobility*N  
((m*V*s)-1) 

Diffusion coefficient 
((m*s)-1) 

Townsend coefficient α
(m-1) 

200 8.962 0.8318E+24 0.5339E+25 0.4318E-20

250 9.098 0.8264E+24 0.8264E+241 0.4535E-20

300 9.643 0.8067E+24 0.5562E+25 0.5427E-20

350 10.18 0.7888E+24 0.5732E+25 0.6345E-20

400 10.71 0.7722E+24 0.5894E+25 0.7279E-20

 
The quantitative values of these parameters allows to correctly model and calculate various kinetic 

properties of a gas-discharge plasma at atmospheric pressure by different numerical simulation methods. 

Conclusion 

A method for the determination of the reduced electric field (E/n) of diffuse surface dielectric barrier 
discharge plasma by emission spectra was demonstrated. The method is based on the experimental measure-
ment of the intensity ratio of nitrogen spectral lines and the solution of the Boltzmann equation. The experi-
ments were carried out at different applied powers from 200 W to 400 W with a step of 50 W. The depend-
ence of the line intensity ratio on E/n was obtained, and the main transport properties of electrons and EEDF, 
which are necessary for numerical simulation of plasma properties, were calculated. The dependence of E/n 
on the applied discharge power was plotted. The obtained experimental data might be useful for the study of 
kinetic processes of DCSBD plasma. 
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Диэлектрлік беттік тосқауылдық разрядтағы плазманың  
меншікті электр өрісін анықтау 

Мақалада атмосфералық қысымдағы диэлектрлік копланарлық беттік тосқауылдық разрядтағы 
(ДКБТР) меншікті электр өрісін (E/n) эксперименттік түрде анықтау көрсетілген. Плазма мен 
эксперименталдық қондырғының параметрлері сипатталған жəне плазманың оптикалық эмиссиялық 
спектрі алынды. Оптикалық эмиссиялық спектроскопияның нəтижелері ДКБТР сəулелену спектрінде 
молекулалық азот жолақтарының болуын көрсетті, атап айтқанда, екінші оң жəне бірінші теріс 
жүйелері, сонымен қатар интенсивтілігі төмен OH жəне NO спектрлік сызықтар жүйесі. 
Электрондардың негізгі тасымалдық қасиеттері ретінде қозғалғыштық, орташа энергия, диффузия 
коэффициенті BOLSIG+ ашық бағдарламалық жасақтамасын қолдана отырып есептелді. Меншікті 
электр өрісінің азоттың спектрлік сызықтарының интенсивтілігінің арақатынасына тəуелділігі, 
қуаттың жəне электрондар энергиясының таралу функциясының (ЭЭТФ) E/n-ге тəуелділігі 
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анықталды. BOLSIG+ бағдарламасында меншікті электр өрісін анықтау жəне спектрлік сызықтардың 
интенсивтілігін өлшеу алгоритмі блок-схема түрінде көрсетілген. Пайдаланылған əдіс оңайлығымен, 
қолжетімділігімен жəне əмбебаптығымен ерекшеленген. 

Кілт сөздер: плазма, диэлектрлік барьерлік разряд, спектроскопия, меншікті электр өрісі, сызықтар 
интенсивтілігі, азот спектрі, Больцман теңдеуі. 
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Определение приведенного электрического поля в плазме  
диэлектрического поверхностного барьерного разряда 

В статье продемонстрировано экспериментальное определение приведенного электрического поля 
(E/n) диэлектрического копланарного поверхностного барьерного разряда (ДКПБР) при атмосферном 
давлении. Описаны характеристики плазмы и экспериментальной установки, был получен оптический 
эмиссионный спектр плазмы. Результаты оптико-эмиссионной спектроскопии показали наличие в 
спектре излучения ДКПБР молекулярных полос азота, а именно второй положительной и первой от-
рицательной систем, а также линии ОН и NО с низкой интенсивностью. Были рассчитаны основные 
транспортные свойства электронов, такие как подвижность, средняя энергия, коэффициент диффузии, 
с помощью открытого программного пакета BOLSIG+. Были получены зависимости соотношения ин-
тенсивностей спектральных линий азота от приведенного электрического поля от мощности, функции 
распределения энергии электронов (ФРЭЭ) от приведенного электрического поля. Представлен алго-
ритм действий для определения приведенного электрического поля в программе BOLSIG+ и экспери-
ментального измерения интенсивности спектральных линий в виде блок-схемы. Использованный ме-
тод отличался достаточной простотой, доступностью и универсальностью. 

Ключевые слова: плазма, диэлектрический барьерный разряд, спектроскопия, приведенное 
электрическое поле, интенсивность линий, спектр азота, уравнение Больцмана. 
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Processing of industrial waste by plasma-chemical method 

In this paper the results of the processing of magnesium fluoride by plasma-chemical method to obtain 
periclase and a solution of hydrogen fluoride (hydrofluoric acid) were presented. For the industrial implemen-
tation of plasma technologies it is necessary to study the main parameters of plasma processes for obtaining 
reducing gases and processing metal oxides with them, to solve the issues of their hardware design, to in-
crease the service life of plasma torches for their use in continuous metallurgical processes. The purpose of 
this work was to determine the conditions for the plasma-chemical process of processing magnesium fluoride. 
Thermal analysis of magnesium fluoride on a TGA/DSC2 thermogravimetric analyzer was performed. 
Thermogravimetric analysis showed that in the temperature range under consideration the process is endo-
thermic, and at a temperature of ~1280 °C a phase transition of the 1st kind is observed due to the melting of 
magnesium fluoride. The fractional composition of MgF2 and MgO powders was studied using the 
Analysette-22 Nanotech laser diffraction analyzer. The results of the evaluation of the fractional composition 
of powders have a significant difference. At the same time, the convergence of the data obtained using laser 
diffraction and electron microscopy methods was found. 

Keywords: industrial waste processing, plasma chemistry, magnesium fluoride, magnesium oxide, 
thermogravimetric analysis, granulometric composition. 

 

Introduction 

In plasma metallurgy the processing of ores (oxides, etc.) is carried out by their thermal decomposition 
in plasma. A reducing agent (carbon, hydrogen, methane, etc.) or a sharp cooling of the plasma flow that vio-
lates the thermodynamic equilibrium is used to prevent reverse reactions. Plasma metallurgy allows for direct 
reduction of metal from ore, significantly accelerate metallurgical processes, obtain clean materials, and re-
duce fuel consumption (reducing agent) [1, 2]. The disadvantage of plasma metallurgy is the high consump-
tion of electricity used to generate plasma. However, the use of low-temperature plasma makes it possible to 
comprehensively solve the problems of metallurgy and energy and significantly improve the environmental 
situation in industrial areas through the use of gaseous energy fuels and reducing agents used in blast furnace 
smelting and metallurgy processes. In the future the role of plasma chemical technologies will increase and 
will be quite profitable in industrial applications. Having a high reduction potential, plasma gases can pro-
vide elective processing of slurries of the main metallurgical processing processes, containing, in particular, 
non-ferrous and rare metals. Thus, the use of plasma can solve the problems of creating waste-free technolo-
gies and the shortage of raw materials in non-ferrous metallurgy [3, 4]. 

Beryllium is obtained by reducing beryllium fluoride with magnesium according to the technological 
scheme in JSC “Ulba Metallurgical Plant”. In this case, the follaving reaction is carried out: 
BeF2+Mg→MgF2+Be. The requirements for beryllium for use in the nuclear industry in terms of the content 
of impurities are of fundamental importance [5]. Beryllium fluoride BeF2 must be of high purity, since the 
impurities are practically not removed during the reduction process. When conducting a reaction with a stoi-
chiometric component ratio it is not possible to obtain a good separation of the reaction products, so a signif-
icant excess of BeF2 is usually introduced into the charge. Good results are achieved when administered in a 
mixture of magnesium in an amount of only 75 % stoichiometric. Excess BeF2 makes the slag more fusible 
and fluid, dissolves BeO, reduces the equilibrium amount of magnesium in the reaction mixture, and partial-
ly binds MgF2 with magnesium fluoride. To remove slag, magnesium and intermetallic impurities from 
magnesium-thermal beryllium, it is subjected to vacuum melting in induction furnaces in crucibles made of 
beryllium oxide at a rarefaction of 133–267 Pa and a temperature of 1500–550 °C. In this case, free magne-
sium and beryllium fluoride evaporate, and non-volatile impurities MgF2, VeO, Ve2C, etc. in the form of slag 
float to the surface of the melt or settle to the bottom of the crucible. After this operation, the MgF2 is fil-
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М.К. Кылышканов, К.А. Шестаков, Ж.Б. Сагдолдина, Б.К. Рахадилов, А.Б. Кенесбеков 

Өндірістік қалдықтарды плазмохимиялық əдіспен өңдеу 

Мақалада периклаз жəне фторлы сутегі (плавик қышқылы) ерітіндісін алу мақсатында магний 
фторидін плазмохимиялық тəсілмен қайта өңдеу бойынша нəтижелер ұсынылды. Плазмалық 
технологияларды өнеркəсіптік іске асыру үшін қалпына келтіру газдарын алудың жəне олармен 
металл оксидтерін өңдеудің плазмалық процестерінің негізгі параметрлерін зерттеу, оларды 
аппаратуралық ресімдеу, үздіксіз металлургиялық процестерде қолдану үшін плазмотрондардың 
жұмыс ресурсын арттыру мəселелерін шешу қажет. Бұл жұмыстың мақсаты магний фторидін 
өңдеудің плазмохимиялық процесінің шарттарын анықтау. Магний фторидіне термиялық талдау 
TGA/DSC2 термогравиметриялық анализаторында жүргізілді. Термогравиметриялық талдау 
қарастырылып отырған температура диапазонында процесс эндотермиялық жəне ~1280 С 
температурада магний фторидінің еруіне байланысты 1-ші типтегі фазалық ауысу бар екенін көрсетті. 
MgF2 жəне MgO ұнтақтарының фракциялық құрамы Analysette-22 Nanotech лазерлік дифракциялық 
анализаторында зерттелген. Ұнтақтардың фракциялық құрамын бағалау нəтижелері айтарлықтай 
айырмашылыққа ие. Бұл жағдайда лазерлік дифракция жəне электронды микроскопия əдістерін 
қолдану арқылы алынған мəліметтердің ұқсастығы анықталды. 

Кілт сөздер: өнеркəсіптік қалдықтарды қайта өңдеу, плазмохимия, магний фториді, магний оксиді, 
термогравиметриялық талдау, гранулометриялық құрам. 
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Переработка промышленных отходов плазмохимическим способом 

В статье были представлены результаты по переработке фторида магния плазмохимическим способом 
с целью получения периклаза и раствора фтористого водорода (плавиковой кислоты). Для промыш-
ленной реализации плазменных технологий необходимо исследовать основные параметры плазмен-
ных процессов получения восстановительных газов и обработки ими оксидов металлов, решить во-
просы их аппаратурного оформления, повышения ресурса работы плазмотронов для применения их в 
непрерывных металлургических процессах. Целью данной работы являлось определение условия про-
ведения плазмохимического процесса переработки фторида магния. Проведен термический анализ 
фторида магния на термогравиметрическом анализаторе TGA/DSC2, который показал, что в рассмат-
риваемом диапазоне температур процесс является эндотермическим, и при температуре ~1280 ˚С на-
блюдается фазовый переход 1-го рода, обусловленный плавлением фторида магния. Фракционный со-
став порошков MgF2 и MgO исследован на лазерном дифракционном анализаторе Analysette-22 
Nanotech. Результаты оценки фракционного состава порошков имеют существенное различие. При 
этом обнаружена сходимость данных, полученных с использованием методов лазерной дифракции и 
электронной микроскопии. 

Ключевые слова: переработка промышленных отходов, плазмохимия, фторид магния, оксид магния, 
термогравиметрический анализ, гранулометрический состав. 
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Influence of a rough surface on the aerodynamic  
characteristics of a rotating cylinder 

The article considers the influence of the relative roughness of a cylindrical blade on aerodynamic 
characteristics. It is known that the operation basis of blades under consideration is the Magnus effect, which 
is characterized by appearance of a lifting force (Magnus force), when the cylinders rotate in a transverse 
flow. This force is used to rotate the wind wheel, similar to lifting force, but can have a much larger value 
when selecting optimal conditions, both geometric and aerodynamic. The authors conducted a comparative 
analysis of cylinder layout with a relative roughness (0.005 ÷ 0.02). Experimental studies of aerodynamics 
process of rotating cylinders were carried out in the aerodynamic laboratory using the T-1-M wind tunnel at 
an air flow value of 5 to 15 m/s. Graphs of dependences of rotating cylinder's lifting force and drag force on 
the changing air flow velocity and on relative roughness, k/d, are obtained. For further study experimental 
cylinder layout’s aerodynamic parameters, the most optimal is the variant with a relative roughness value of 
0.02, which had high indicators, was selected. In the course of experimental studies, graphs of the dependence 
of the values of lift and drag force on the angles of attack of a single rotating cylinder with a rough surface on 
the speed and angle of attack of the wind flow (0°, 30° and 60°) were obtained. It is established that the 
effective angle of attack is 0°, at which aerodynamic characteristics’s maximum values were obtained.  

Keywords: cylinder, aerodynamics, Magnus effect, wind tunnel, relative roughness, angle of attack, lifting 
force, drag force, air flow. 

 

Introduction 

The cylindrical body is classically an integral element of almost all aerohydrodynamic apparatuses and 
heat exchange devices. In the process of developing a multi-blade wind turbine with power elements in the 
form of rotating cylinders of variable cross-section at the initial stage, it was necessary to study the aerody-
namics of cylinders of constant cross-section [1–3]. In particular, the aerodynamic phenomena and processes 
that are of interest arise when the cylinder flows transversely and the cylinder rotates simultaneously around 
its axis [4–9]. 

The Magnus effect, which was first described in 1853 by the German physicist Heinrich Magnus [10–13], 
occurs when the air flows around the rotating cylinders. The aerodynamics of a cylindrical blade operating 
on the basis of the Magnus effect was studied. The influence of the cylindrical blade shape on the Magnus 
force value is estimated using particle image velocimetry [8]. 

The two-dimensional transverse flow of a rarefied gas flow around a rotating circular cylinder was stud-
ied by means of calculations using the test particle method. A distinctive feature of the work is the identifica-
tion of mechanisms for changing the sign in the values of the lifting force. The influence of the angular ve-
locity of rotation on the pressure distribution in the cylinder is considered [9]. 

According to the results of another work, the main parameters of the rotating cylinders influencing the 
efficiency of the propeller are its speed of rotation and elongation, while at low settings it is the relative 
speed of rotation of the cylinder, such parameters are the Reynolds number, relative roughness of the cylin-
der surface and the degree of turbulence [10]. 

Comparative studies on the torque generated by improving the surface roughness of wind turbine blades 
based on the Magnus effect were conducted [14, 15]. The results showed that the torque coefficient generated 
by the sandpaper is 0.079–0.016, which is almost five times the value of the torque coefficient of a cylinder 
with a smooth surface. An additional advantage is that the roughness of the ground surface significantly in-
creases the performance of the wind turbine up to four times based on the torque, compared to smooth surfaces. 



Influence of a rough surface… 

Серия «Физика». № 3(103)/2021 53 

These important data indicates that when using a rough surface it is possible to optimize the aerody-
namic parameters of the cylinders as much as possible. 

The purpose of this work is to analyze the dependence of the aerodynamic parameters of a cylinder with 
a rough surface, as well as to determine the optimal value of the angle of attack of the air flow. 

Experimental part 

The study of the aerodynamic characteristics of the cylinder was carried out on a laboratory stand, 
which allows to measure the lift and drag force at different values of the cylinder rotation speed [13, 16]. 

Special nets and devices installed in the channels of the wind tunnel made it possible to ensure a suffi-
ciently uniform air flow in the working part over the entire cross-section. The flow rate varies in the range 
(5÷15) m/s. 

Figure 1 (a, b) shows a sample of a cylinder with a rough surface, as well as a diagram of an experi-
mental setup for studying the aerodynamics of a rotating cylinder in a flow. To conduct experimental studies 
on the aerodynamics of a rotating cylinder when flowing around the air flow, a model with a rough surface 
was made. The ram air velocity was measured with a Skywatch Atmos cup anemometer. The drag force and 
the lift force of the cylinder were measured using an aerodynamic balance. The angle of attack of the 
cylindrical blades was measured by comparison with rigid control (reference) instruments. 

 

 

a) Sample of a cylinder with a rough surface 

 
b) Scheme 

1 is the study cylinder; 2 is the mounting frame layout with aerodynamics and weights;  
3 is the scales that measure the force of drag; 4, 5 is the scales measuring the lift force; 6 is the rack mounting  

of cylinders; 7 is the motor for rotation of the cylinder; 8, 9 is the confuser and diffuser wind tunnel 

Figure 1. Working part of the T-1-M wind tunnel 

The diameter of the cylinder layout is 0.15 m, the length is 0.3 m. The manufactured cylinder with a 
rough surface is driven by a belt drive powered by an autotransformer of a variable-speed electric motor. The 
cylinder is easy to start, friction is reduced as much as possible due to special lubrication and a high degree 
of grinding of the axis of rotation and the inner surface of the cylinder. 
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The geometric scheme and size of the sample of the cylinder under study with spherical ends is shown 
in Figure 2. 

 
1 — left hemisphere, 2 — right hemisphere, L = 300 mm, D = 150 mm 

Figure 2. Geometric diagram of the sample, a rotating cylinder with spherical ends 

The value of the relative roughness of the cylinder layout varies from 0.005 to 0.02. 
The formula for determining the relative roughness: 

k
k

d
 , 

where k is the average height of the protrusions of the roughness of the cylinder surface, microns; d is the 
diameter of the cylinder, m. The roughness distribution over the cylinder surface is uniform. The surface 
grain density of the rough medium is 100–120 pcs/cm2. 

Results and discussion 

Experimental studies of the aerodynamic parameters of a single rotating cylinder with a rough surface 
under different wind flow regimes and relative roughness values are carried out. 

Figure 3 shows a graph of the dependence of the lifting force of a single rotating cylinder on the air 
flow velocity with relative roughness values of 0.005−0.02. 

 

 

Figure 3. Graph of the dependence of the lifting force of the rotating cylinder  
on the change in the air flow velocity and on k/d: 1) 0.005, 2) 0.01, 3) 0.02. 

As can be seen from Figure 3, with an increase in the value of the relative roughness (surface rough-
ness), the lifting force of the cylinder increases. This is due to the fact that during the rotation of the cylinder 
with an increase in the relative surface roughness the resulting boundary layer expands. 

It is known [17] that the roughness provides a continuous flow around the cylinder, compared to the 
smooth surface of the cylinder. This is due to the stronger “grip” of the boundary layer with a rough surface 
than with a smooth one. The rough surface, most effectively captures the air particles moving around the 
wall area when the cylinder rotates, which in turn creates a rotational air flow, thereby increasing the effi-
ciency of the work. 
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Figure 4 shows a graph of the dependence of the drag force of a rotating cylinder on changes in the 
air flow velocity and relative roughness. Hence, it can be concluded that the roughness also has a signifi-
cant effect on the drag force by forming micro-roughness when flowing around the air flow. In the case of 
a turbulent boundary layer, the effect of roughness becomes stronger and earlier, the greater the relative 
roughness of the surface. The drag force of the rough surface will mainly consist of the resistance of the 
roughness bumps streamlined by the air flow. 

 

 

Figure 4. Graph of the dependence of the drag force of a rotating cylinder  
on the change in the air flow velocity and on k/d: 1) 0.005, 2) 0.01, 3) 0.02 

To further study the aerodynamic parameters of the experimental cylinder layout the most optimal 
variant with a relative roughness value of 0.02 was selected, which had high indicators. 

In the course of research the dependences of the lifting force and drag force of a single rotating cylin-
der with a rough surface on the speed and angle of attack of the wind flow (0°, 30° and 60°) were ob-
tained, and shown in Figure 5 (a, b, c). 

As can be seen from the figure 5 (a, b, c)... the amount of lifting force increases to a certain value of 
the cylinder rotation speed (in our case, u=11 m/s), with a further increase in speed a sharp increase in lift-
ing force is not observed. When conducting a comparative assessment of these dependencies, it was found 
that with the direct transverse direction of the wind air flow (angle of attack of the flow α=0°) the maxi-
mum lifting force of 3.5 N is achieved with a flow speed of 15 m/s, almost 4 times more than with a simi-
lar speed value with an angle of attack α=60°. This is explained by the fact that at small values of the angle 
of attack up to 10° the flow pattern is attached, at angles of attack from 10° to 30° the character of the de-
tached flow is symmetrical vortices, and at average values of the angles of attack 30° to 60° an invariable 
asymmetric vortex pattern occurs, in which transverse forces are formed, pressure on the cylinder is exert-
ed [18]. 

The measurement of the horizontal component of the aerodynamic force generated by the flow 
around the rotating cylinder makes it possible to determine the dependence of the drag force on the speed 
and direction of the air flow. 

As can be seen from the figures, the qualitative nature of the presented dependencies at different an-
gles of attack of the air flow practically repeat each other. 

An increase in the values of the air flow velocity leads to an increase in the drag force of the rotating 
cylinder. As a result of the conducted studies the comparative efficiency of the rotating cylinder with a 
rough surface is shown, at the angle of attack of the air flow α=0°, with the direct transverse direction of 
the wind air flow, the flow velocity of 15 m/s-the maximum value of the drag force of the rotating cylinder 
is equal to 12 N. 
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a) at an angle of attack of 0 degrees 

 

b) at an angle of attack of 30 degrees 

 

c) at an angle of attack of 60 degrees 

Figure 5. The dependence of the lifting force and the drag force of a rotating cylinder  
with a rough surface on the air flow velocity at an angle of attack of the wind flow (0°, 30° and 60°) 
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Conclusions 

This paper presents the results of studies of the aerodynamic characteristics of cylindrical blades of a 
wind power plant. During the execution of the work: 

 a comparative graph of the dependence of the lifting force and drag force on the change in the air flow 
velocity and the relative surface roughness is obtained. Based on the results of these studies, the optimal sur-

face of the cylinder layout with a relative roughness ( k ) of 0.02 was chosen, which gives a stronger adhe-
sion of the boundary layer to the surface than other rough surfaces considered; 

 the dependences of the lifting force and the drag force at the angles of attack of 0, 30, 60 degrees are 
obtained and analyzed. Comparing these dependencies it was found that at a flow rate of 15 m/s, the maxi-
mum value of the drag force and lift force, 12 H and 3.5 N respectively, is achieved, which entails an in-
crease in the efficiency and efficiency of the wind power plant (the angle of attack was 0°). 
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Айналмалы цилиндрдің аэродинамикалық  
сипаттамасына кедір-бұдыр бетінің əсері 

Мақалада цилиндрлік қалақшаның тиісті кедір-бұдырлығының аэродинамикалық сипаттамаларға 
əсері қарастырылған. Қарастырылатын қалақшалардың жұмысының негізі Магнус эффектісі екендігі 
белгілі, ол цилиндрлерді көлденең ағынмен айналдыру кезінде көтеру күшінің (Магнус күшінің) 
пайда болуымен сипатталады. Бұл күш жел доңғалағын айналдыру үшін қолданылады, көтергіш 
күшке ұқсас, бірақ геометриялық сияқты жəне аэродинамикалық оңтайлы жағдайларды таңдаған 
кезде əлдеқайда үлкен мəнге ие болуы мүмкін. Жұмыстың авторлары 0,005-тен 0,02-ге дейін өзгеретін 
салыстырмалы кедір-бұдырлы бетті цилиндрлердің макетіне талдаулар жүргізді. Айналмалы 
цилиндрлердің аэродинамика үдерісін зерттеу бойынша тəжірибелік зерттеулер ауа ағынының мəні  
5-тен 15 м/с кезінде Т-1-М аэродинамикалық құбырын пайдалана отырып, аэродинамикалық 
зертханада жүргізілді. Айналмалы цилиндрдің көтеру күші мен кедергі күшінің ауа ағынының 
жылдамдығының өзгеруінен жəне тиісті кедір-бұдырлығынан тəуелділігінің графигі алынды, k/d. 
Цилиндрдің тəжірибелік макетінің аэродинамикалық көрсеткіштерін одан əрі зерттеу үшін, жоғары 
көрсеткіштерге ие болған, тиісті кедір-бұдырлығының 0.02 мəнімен ең оңтайлы нұсқа таңдалды. 
Тəжірибелік зерттеулер барысында жел ағынының жылдамдығы мен шабуыл бұрышынан  
(0°, 30° жəне 60°) беті кедір-бұдыр бір айналмалы цилиндрдің шабуыл бұрыштарынан көтеру күші 
мен кедергі күші мəндерінің тəуелділік графиктері алынды. Тиімді шабуыл бұрышы 0° екендігі 
анықталды жəне жұмыстың авторлары аэродинамикалық сипаттамалардың максималды мəндерін 
алды. 

Кілт сөздер: цилиндр, аэродинамика, Магнус эффектісі, аэродинамикалық құбыр, тиісті кедір-бұдыр, 
шабуыл бұрышы, көтеру күші, кедергі күші, ауа ағыны. 
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Влияние шероховатой поверхности на аэродинамические  
характеристики вращающегося цилиндра 

В статье рассмотрено влияние относительной шероховатости цилиндрической лопасти на аэродина-
мические характеристики. Известно, что основой работы рассматриваемых лопастей является эффект 
Магнуса, который характеризуется появлением подъемной силы (силы Магнуса) при вращении ци-
линдров в поперечном потоке. Эта сила используется для вращения ветроколеса, аналогично подъем-
ной силе, но может иметь гораздо большую величину при подборе оптимальных условий, как геомет-
рических, так и аэродинамических. Авторы работы провели сравнительный анализ макета цилиндров 
с относительной шероховатостью, которая варьировалась от 0,005 до 0,02. Экспериментальные иссле-
дования по изучению процесса аэродинамики вращающихся цилиндров были проведены в аэродина-
мической лаборатории с использованием аэродинамической трубе Т-1-М при значении воздушного 
потока от 5 до 15 м/с. Получены графики зависимостей подъемной силы и силы лобового сопротивле-
ния вращающегося цилиндра от изменения скорости воздушного потока и от относительной шерохо-
ватости, k/d. Для дальнейшего исследования аэродинамических показателей экспериментального ма-
кета цилиндра был выбран наиболее оптимальный вариант со значением относительной шероховато-
сти 0,02, который имел высокие показатели. В ходе экспериментальных исследований получены гра-
фики зависимостей значений подъемной силы и силы лобового сопротивления от углов атаки одиноч-
ного вращающегося цилиндра с шероховатой поверхностью от скорости и угла атаки потока ветра 
(0°, 30 и 60°). Установлено, что эффективным углом атаки является 0°, при котором авторы работы 
получили максимальные значения аэродинамических характеристик. 

Ключевые слова: цилиндр, аэродинамика, эффект Магнуса, аэродинамическая труба, относительная 
шероховатость, угол атаки, подъемная сила, сила сопротивления, воздушный поток. 
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Prototyping of a concrete maturity sensor with a hermetically  
sealed housing made of two-component plastic 

The construction industry, traditionally considered quite conservative, is now going through a marked 
change. With competition intensifying, companies have begun to gradually adopt various digital technologies 
to reduce construction costs, such as the wireless concrete monitoring sensors, which implement a tempera-
ture-strength monitoring method for concrete. Each device has its technological features, which are taken into 
account in the development of the concepts. Enclosure design is the most important stage of product devel-
opment. An enclosure made in-house has many advantages and disadvantages. The most important part of the 
design of an electronic device enclosure is the preliminary research stage. This article presents features of 
wireless monitoring sensor enclosure design. A data acquisition station (DAS), also referred to in the network 
topology as a “gateway”, will be used to collect data from the wireless monitoring sensor over the selected 
protocol. The server application was created based on HTML, PHP, CSS, JavaScript. Testing of the wireless 
monitoring sensor, SDS, and the server application working together showed full functionality. A study is al-
so given on the determination of concrete strength using the developed sensor according to the ASTM meth-
od and using the IPS MG 4.0 by GOST. 

Keywords: enclosure design, strength, sensor, software, concrete curing temperature, requirement, 
non-destructive testing of concrete, monitoring. 

 

Introduction 

The concrete strength is the main characteristic that establishes the ability of concrete or reinforced 
concrete structure to bear the design loads. Standards specify that there are four steps in the use of the meth-
od of calculating the current strength of concrete by its maturity: establishing the maturity-strength relation-
ship in the laboratory; embedding maturity sensors inside the formwork at the construction site; sensor read-
ing of concrete maturity at the construction site; data analysis [1–3]. The first phase involves the develop-
ment of a housing for a wireless concrete strength monitoring sensor. 

All electronic devices are quite different in their functionality and set of tasks. Despite this, there is a 
common set of rules that can be applied to the design of a product enclosure. Enclosure development consists 
of several stages [4]:  

 Creation of the product concept. At this stage the idea goes through a commercial success analysis. 
Competing products are identified and a technical level map is drawn up. The technical level map is a com-
parative table that identifies the unique combination of product functionality and business model to ensure 
the commercial success of the device being created. Specialists and experts in the required industry prepare a 
technical and commercial proposal and a product concept design describing the functional features and bene-
fits. In parallel, business analysts create a business plan based on the selected business model and expert as-
sessments. As a rule, the result of this stage is a finished product [4];  

 Technical development of the product. At this stage, a conceptual design (PD) is created, terms of ref-
erence (TOR) are developed, specifications are created, and product use cases are analyzed. A device feasi-
bility study is carried out, often culminating in the assembly and testing of a product prototype. The selected 
software, and hardware solutions are evaluated, and the problem areas from the point of view of further tech-
nical implementation, platform performance, and other important characteristics are studied. The result of the 
technical study of the product is a decision on the correctness of the chosen platform and the justification of 
technical solutions;  

 Development of an electronic device, including the specification of the list of components to be used, 
the design of the circuit diagram, and the creation of a list of components. The interface is designed, the 
function tree is built and the control concept is created. Simultaneously with the development of the schemat-
ic diagram, the design of the device enclosure is completed. Based on the sketch, a model and design of the 
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device are developed. The software architecture developed in the previous stage is implemented and the 
software is adapted and finalized. All kinds of tests are developed to check the correctness of both software 
and hardware;  

 At this stage prototypes are created to test their performance and to eliminate possible errors made in 
the previous design stages. Prototypes have the advantage of solving marketing problems. At this stage, 
components are procured, and production is placed on the manufacture and assembly of printed circuit 
boards. After the assembly of the sample PCBs, the operating system and bootloader are ported, drivers, low-
level procedures, and application software are finalized. All product components are assembled and integra-
tion testing is performed. The result of this stage is the production of working prototypes and changes to the 
design documentation based on the results of integration testing;  

 At this stage, the device class and the need for testing are determined. Based on the preliminary re-
sults of the certification, the protocols with the results of the measurements are generated and, if necessary, 
changes are made to the design documentation;  

 Preparation for production and release of a pilot batch. A pilot batch is the starting point for serial 
production and a check on the manufacturability of the device in real production. At this stage, product de-
fects that were not detected on a small number of prototypes are identified and minor adjustments are made 
to the circuit, enclosure design, and printed circuit board;  

 Full support by the developer for an industrial product that is ready for implementation. 
The next step is to verify that the software works and to determine the “strength-maturity” relationship 

obtained in advance by laboratory testing of the concrete composition chosen, according to the ASTM 
C1074 maturity method. 

Features of hull design 

One important feature is the design of the enclosure after the stuffing has been completed [5]. In gen-
eral, plastic parts are produced on special machines — injection moulding machines (IMMs), on which 
moulds corresponding to the parts are installed [6]. Molten plastic is injected under pressure into the mould 
cavity of the mould, after which it is cooled and opened to remove the part [7]. 

The faster and cheaper production of moulds has led to maximum standardization of the elements. As a 
result, mould making is essentially reduced to the creation of mould inserts. A high proportion of the cost of 
the moulds is made up of high-grade steel, which accounts for around 80 % of the cost of the moulds. The 
quality of the steel used in the molds determines the lifetime of the mold [8]. The leading mold maker is 
China. The price of moulds in China varies greatly from manufacturer to manufacturer, although it is several 
times cheaper than in Europe. On the mould production time, Europe is inferior to China. The main problems 
when dealing with Chinese manufacturers are the difficulty of controlling delivery times and quality [9].  

The main material used for enclosures in the electrical industry is plastic. It is widely used because of 
its good appearance, shiny surface, sufficient plasticity, and ability to retain its properties over a wide tem-
perature range. It should be noted that parts with special properties require more careful selection of material. 
In addition to ABS plastic, materials such as polystyrene, polycarbonate, glass-filled polyamide are often 
used [10]. The aforementioned materials are colored by adding a pigment of a certain color. This way any 
color can be obtained, but the coloring technology requires the use of specialized equipment. To avoid such 
problems, super concentrates (plastic granules dyed with excessive amounts of pigment) are used [11]. Plas-
tic injection moulding may seem a simple enough process, and with the emergence of inexpensive Chinese 
and Taiwanese machines it has become even more affordable. However, the efficiency and reliability of such 
production will be very low, no better than casting the body in a polyurethane or silicone mould of your own 
making [8]. Polyurethane and silicone moulds are often used in the production of various products. Not only 
plastic but also plaster and even concrete can be poured into them. A silicone mould can also be made by 
hand. The base ingredient for the mould is a silicone ingredient. It is a set of liquid silicone and catalyst, i.e. 
hardener. The working principle is simple: the 2 components are mixed in certain proportions and the result-
ing mixture is poured over the object to be removed from the mould. 

Development of the Reinforced Concrete PM enclosure 

The development of the enclosure was carried out for a wireless sensor for monitoring reinforced con-
crete structures. Computer-aided design (CAD) software was used for visualization. There are many analogs 
of such programs on the market, the classification is presented in Table 1 [9]. 
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T a b l e  1  

Classification of CAD programs 

№ Program 
The complexity of the 
task to be performed 

User level Not recommended for use 

1 Google SketchUp Simple enclosures Newcomer Projects for series production 
2 Blender All enclosures Beginner and above Projects with complex geometry or surfaces 
3 COMPAS-3D All enclosures Beginner and upper Projects with complex geometry 
4 SolidWorks All enclosures Beginner and upper Projects with a complex surface or design 
5 Inventor All enclosures Specialist - 
6 NX All enclosures Specialist - 
7 CATIA All enclosures Beginner and upper - 

 
After selecting the computer visualization software, the board and the main components of the device 

are modeled in 3D. Around the resulting 3D model the enclosure is built. An important role at the stage of 
construction of the 3D model is played by dimensions of parts, which should be envisaged in 2D. Accuracy 
of measurement excludes possible alterations [12]. To check the dimensional accuracy at an early stage of 
the 2D sketch a ream is made on heavyweight paper (Fig. 1). 

 

 

Figure 1. The reamer from the 2D drawings 

Blender [13] is used to visualize the future model of the sensor housing in 3D. In Blender, the construc-
tion of the enclosure starts around the board from the largest dimensions and gradually progresses to smaller 
ones (Fig. 2) [12]. 

 

 

Figure 2. The 3D model of building a square enclosure around the board 

According to the initial sketch, the activation mechanism and cable entry hole are provided on the top 
of the enclosure, with a rib through which a clamp will be passed to hold the transducer in a stationary posi-
tion. Rubber gaskets (Fig. 3, a) and a gland for the hole through which the cable enters the sensor housing are 
used to seal the housing. The gland consists of the body, gasket, gasket nut, gasket, and fixation nut 
(Fig. 3, b). The gasket and gasket are made of neoprene. The body, packing nut, and retaining nut are made 
of nylon. The gland is installed using a pipe wrench (gas wrench). 
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(a) (b) 

Figure 3. Elements for sealing the enclosure: a) rubber gasket; b) gland for PG7 cable. 

The 3D model in STL format is transferred to the 3D printer software. The software allows the model to 
be automatically or manually positioned in the virtual workspace [14]. All auxiliary elements are then gener-
ated and the amount of consumables, as well as the printing time, is calculated (Fig. 4). 

 

 

Figure 4. 3D printer software for calculating the number of consumables and time to print 

Print auxiliaries are considered to be materials to support the parts as they are positioned over the print-
ing area. Before the printing process begins, the model is automatically divided into horizontal layers and 
the paths of the printhead are calculated. The 3D printing process then starts: a heating head with spinnerets 
(extruder) melts thin plastic filament (fishing line) and layers it according to the data in the mathematical 3D 
model (Fig. 5) [15]. 
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Figure 5. The process of printing on a 3D printer 

Once the product has been printed, auxiliary structures are removed by hand or dissolved using a spe-
cial solution. As a result of the printed model, it is possible to see flaws in the construction and design of the 
enclosure. When attempting to assemble the enclosure, insufficient rigidity of the enclosure walls was de-
tected. Therefore, the next solution is to return to the previous stage and make corrections to the model. You 
can modify the finished model by using improvised materials, for example, using liquid plastic, plasticine, or 
cardboard to increase the thickness of the part or add a new element. The more prototypes produced, the 
more flaws will be identified and the final product will be as well thought out as possible (Fig. 6, a, b). 

 

 
(а) (b) 

Figure 6. Refinement of the printed model: a — refilling the plastic on the edges  
of the upper body, b — increasing the height of the bottom body rim with paper 

When pouring the silicone, the moulds must be able to fit together smoothly. The first part of the mould 
must have holes and the second part must have protrusions. 

The curing time of the plastic after printing is about 20 minutes. During the design and casting process 
the hull underwent no small amount of modification. At the time of the virtual model the edges of the hull 
were enlarged so that the joint between the top and the bottom was tight, and after 3D printing rigidity ribs 
were added (Fig. 7). 
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Figure 9. Experimental studies 

The strength tests of the specimens by the nondestructive control method were performed using a shock-
pulse device IPS MG4 [16–17] (Fig. 10). 

 

 

Figure 10.The strength tests by IPS MG4 

The strength values were then calculated according to the standards [1, 16, 17]. 

Results and Discussion 

The maturity function by ASTM C 1074 is a mathematical expression that uses the measured tempera-
ture history of the cement mix during the curing period to calculate an index indicating maturity at the end of 
that period. Using the calculated maturity index and the strength to maturity ratio, the strength of the con-
crete is estimated. So the results of concrete strength by ASTM are presented in Figure 11 а, b and by GOST 
in Figure 12. 
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The following conclusions can be made based on the results of the studies: the received data of strength 
by the sensor has a high degree of reliability, as evidenced by results that were received by the national 
standard. A slight difference is observed at the initial stage of concrete curing, on the second day the 
temperature regimes specimens are aligned. 

Also based on the results of the work it has been revealed that the shape of the enclosure plays an im-
portant role in the design of an electronic device. The specifications and operational requirements of the de-
vice have a direct impact on the cost of the product, with the design, testing, and serial production of the en-
closure accounting for a significant part of the cost. Each stage in the development of an enclosure is a criti-
cal moment, and one of these is the construction of the 3D model, where several basic rules must be ob-
served: there must be no collisions and overlapping parts; all parts must assemble and fully match each other; 
use uniform dimensions for enclosure walls and repeating parts; and use symmetry and mirror placement of 
parts. Once the enclosure is ready, testing must be carried out to check the performance with software. 

Conclusions 

The development of new materials, equipment, and quality control techniques makes it possible to ob-
tain products with high strength, durability, and resistance to wear and tear. In addition to high product quali-
ty in the form of building structures, construction companies are also aiming to make a profit. For example, 
by optimizing the removal cycles of the formwork, time can be saved and overhead costs and labor can be 
reduced. Timely detection of the point of maturity of a reinforced concrete structure and the decision to load 
it can generate additional profits by reducing the construction time. There are alternative methods of calcu-
lating and predicting the strength of concrete based on modern technology, such as embedded sensors and 
sensors. The presented embedded wireless sensor for monitoring reinforced concrete structures has no ana-
logs in Kazakhstan. To further verify the performance of the solution, laboratory tests of concrete samples 
were conducted, the results of which will be used as an initial matrix to be loaded into the server application. 
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Е. Утепов, А. Тулебекова, С. Ахажанов, Ш. Жарасов, Д. Базарбаев 

Екікомпонентті пластиктен жасалған герметикалық корпусы  
бар бетонның жетілу сенсорының прототипін жасау 

Дəстүрлі түрде консервативті деп саналатын құрылыс индустриясы қазір айтарлықтай өзгерістерден 
өтуде. Бəсекелестіктің күшеюі жағдайында компаниялар құрылысқа жұмсалатын шығындарды 
төмендету үшін əртүрлі цифрлық технологияларды біртіндеп қолдана бастады, бұл бетонның 
температуралық-беріктік бақылау əдісін іске асыратын темірбетон конструкцияларының (ТБК) 
мониторингтік сымсыз датчигі болып табылады. Əр құрылғының өзіндік технологиялық 
ерекшеліктері бар, олар тұжырымдамаларды əзірлеу кезінде ескеріледі. Корпустың дизайны — өнімді 
дамытудың маңызды кезеңі. Өз өндірісінің корпусы көптеген артықшылықтарға да, кемшіліктерге де 
ие. Электрондық құрылғы корпусын дамытудың маңызды бөлігі — алдын-ала зерттеу кезеңі. 
Мақалада ТБК корпусын дамытудың ерекшеліктері берілген.  

Таңдалған хаттама Бойынша ТБК-дан деректерді жинау үшін желілік топологияда «шлюз» деп 
аталатын деректерді жинау станциясы (ДЖС) қолданылған. Серверлік қосымша HTML, PHP, CSS 
жəне JavaScript негізінде құрылды. ТБК, ДЖС жəне серверлік қосымшаның бірлескен жұмысын 
тетілеу толық функционалдылықты көрсетті. Сондай-ақ, ASTM C1074 стандартына сəйкес таңдалған 
қоспаның «беріктік жетілу» тəуелділігін анықтау бойынша зерттеулер келтірілген, оны пайдаланушы 
сенсордың бағдарламалық жасақтамасына енгізеді. 

Кілт сөздер: корпустың дизайны, беріктігі, сенсоры, бағдарламалық жасақтамасы, талаптары, 
бетонның қатаю температурасы, бетонды бұзбай бақылау, мониторинг. 

Е. Утепов, А. Тулебекова, С. Ахажанов, Ш. Жарасов, Д. Базарбаев 

Разработка прототипа датчика зрелости бетона с герметическим  
корпусом из двухкомпонентного пластика 

Строительная индустрия, традиционно считающаяся достаточно консервативной, сейчас проходит че-
рез заметные изменения. В условиях усиления конкуренции компании начали постепенно применять 
различные цифровые технологии для снижения затрат на строительство. Таким и является беспровод-
ной датчик мониторинга железобетонных конструкций (БДМ), реализующий метод температурно-
прочностного контроля бетона. У каждого устройства свои технологические особенности, что учиты-
вается при разработке концептов.  Дизайн корпуса — важнейший этап разработки изделия. Корпус 
собственного изготовления обладает как многими преимуществами, так и недостатками. Важнейшая 
часть разработки корпуса электронного устройства — этап предварительных исследований. В статье 
представлены особенности разработки корпуса БДМ. Для сбора данных с БДМ по выбранному прото-
колу будет использоваться Станция сбора данных (ССД), именуемая в топологии сети как «шлюз». 
Серверное приложение создавалось на основе HTML, PHP, CSS и JavaScript. Тестирование совмест-
ной работы БДМ, ССД и серверного приложения показало полную функциональность. Кроме того, 
приведены исследования по определению зависимости «прочность – зрелость» выбранного состава 
смеси согласно стандарту ASTM C1074, которые затем пользователь заносит в программное 
обеспечение датчика. 

Ключевые слова: конструкция корпуса, прочность, датчик, программное обеспечение, температура 
твердения бетона, требование, неразрушающий контроль бетона, мониторинг. 
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Research of methods for introducing TiO2 nanoparticles into  
a micron matrix of BeO and TiO2 powders and their effect  

on the rheological properties of a casting slip 

This article presents the research results of methods for introducing nanodispersed TiO2 powders into a mi-
cron matrix of beryllium and titanium oxides. It is shown that the presence of nanoparticles over 5.0 wt.% 
negatively affects the rheological properties of the casting slip and vice versa, the addition of nanoparticles in 
the range of 0.1–2.0 wt.% contributes to reducing the viscosity and increasing the casting ability of the slip-
ping mass. Macrostructural analysis of the sintered billet indicates the complete absence of structural ele-
ments in the form of conglomerates of nanoparticles, or nano- and micro-TiO2 particles. The developed 
method of introducing nanoparticles makes it possible to obtain products with their uniform distribution over 
the entire volume of the workpiece by slip casting under pressure. Further, the authors of the scientific work 
planned to research the effect of nanoparticles on the thermophysical and impedance characteristics of the ob-
tained ceramics. Research into the effect of nanopowders on the electrophysical properties of beryllium ce-
ramics is not known in the scientific world. The most important properties that the BeO+TiO2 ceramics 
should possess is the ability to absorb ultrahigh frequency radiation, while it should heat up a little, i.e., con-
duct heat well. It is necessary to introduce the TiO2 phase into the composition of the BeO ceramics as much 
as possible to obtain a high coefficient. 

Keywords: TiO2 nanoparticles, charge, casting slip, rheological properties, beryllium oxide, ceramics, macro-
structure. 

 

Introduction 

Currently metals and alloys are increasingly being replaced by ceramic materials that have not only heat 
resistance and high strength, but also special electrical properties, for example, the ability to absorb electro-
magnetic radiation, which contributes to their widespread use in electronic engineering [1–2]. 

It is known that when TiO2 microparticles are added to the composition of ceramics based on BeO, its 
dielectric constant and electrical conductivity with appropriate heat treatment in a reducing atmosphere can 
change significantly [3–4]. The main advantages of absorption (BeO + TiO2) ceramics include the absence of 
magnetic properties and decomposing compounds, and the thermodynamic stability of properties in a wide 
temperature range [5]. It has been established that the addition of TiO2 impurities to BeO of at least 30 wt % 
leads to a significant increase in the dielectric constant, and an increase in the degree of TiO2 reduction is 
accompanied by an increase in the dielectric loss tangent [6]. 

Currently the most effective material is the composition BeO+30wt.% TiO2. Improvement of the per-
formance characteristics of such ceramics can be achieved by introducing TiO2 nanoparticles into its compo-
sition, which will contribute to the expansion of the operating frequency range, increasing the stability of 
parameters during operation and the impact of external factors, expansion of the nomenclature in the field of 
special applications [7]. 

Radiation is absorbed by the entire volume of the particle with a decrease in the size of TiO2 particles, 
down to nanoscale values [8]. 

A smaller crystal size leads to a larger specific surface area and, consequently, to an increase in the 
number of active centers, bulk and surface defects available for reactions. Reducing reactions proceed more 
efficiently and changing the electrical and chemical properties. As a result of the quantum size effect, the 
energy structure changes significantly, leading to optical absorption, photoluminescence, optical nonlinearity 
and other properties [9]. 

Thus, the questions of the influence of TiO2 nanoparticles on the mechanisms of billet formation and 
the rheological properties of the casting slip of (BeO+TiO2)-ceramic have not been studied. There is no clear 
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justification for the effect of TiO2 nanoparticles on the phase composition and mechanisms of structure for-
mation, structure of such ceramics during sintering [10]. 

Synthesis and research of nanophase high-temperature ceramics with increased density, thermal con-
ductivity, special structural and electrophysical properties is useful for electronic engineering and instrument 
making in means of radar, navigation and long-distance communications. Interest in composite ceramics 
based on beryllium oxide with introduced impurities is caused by the needs of new areas of radio electronic 
engineering and special instrumentation, the development of modern long-distance communication systems, 
radar and navigation, and broadband systems for special purposes. Beryllium oxide in the process of sinter-
ing composite ceramics gives TiO2 increased density, mechanical strength and thermal conductivity. Differ-
ent ratios of TiO2 components in ceramics and the degree of its reduction make it possible to control the 
amount of ultrahigh frequency absorption by such ceramics. In connection with the above, the development 
of a technology for obtaining a new material based on beryllium oxide modified with TiO2 nanopowders is 
an important task. The aim of this work is to study the methods of introducing nanodispersed TiO2 powders 
into the micron matrix of beryllium and titanium oxides. 

Material and methods of research 

The measurement of the specific surface area was determined on a device for dispersive analysis of the 
PSC series, the principle of operation of which is based on the method of gas permeability of Kozeny and Kar-
man [11]. 

The determination of the bulk density of the researched powders was carried out according to the ap-
proved factory methodology based on the determination of the bulk density of a unit volume of free bulk pow-
der. The bulk density of the powder with this measurement method is determined by the formula: 

ߛ  ൌ
௉మି௉భ
௏

 (1) 

where,  — bulk density of powder, g/сm3; Р2 — powder cylinder weight, g; Р1 — empty cylinder weight, g; 
 — calibrated cylinder volume (25 сm3) [12]. 

The microstructure, granulometric structure, and phase analysis of powders and sintered samples were 
studied by using a scanning electron microscope with a JSM-6390LV, 2007 energy dispersive microanalysis, 
with a resolution in high vacuum up to 3 nm and the possibility of obtaining images in secondary and reflect-
ed electrons. 

X-ray phase analysis of the powders and the obtained samples was carried out by using an X'PertPRO 
X-ray diffractometer of thr PANanalytical firm, 2005. 

The main parameter of the slip mass «casting ability» was determined on a special factory-made instal-
lation PLC-1, which is designed to determine the casting ability of hot thermoplastic slips prepared from ce-
ramic mixes under conditions close to the operation of injection molding machines [13]. 

Determination of viscosity η in the temperature range 55–80 °C was carried out by using a rotational vis-
cometer RV-8. 

The measurement sequence was in accordance with the recommendations of the factory instructions, 
where the viscosity value was calculated by the formula: 

ߟ  ൌ ܭ
௉ା௠ିி

ఠ
  (2) 

where ߟ — experiment of material viscosity, poise; ܲ — the total weight of the load installed on two cups, g; 
݉ — weight of cups with hooks, g; ܨ — friction loss in bearings, g; ߱ — inner cylinder rotation speed, sec-1, 
which is calculated by the formula: 

 ߱ ൌ
ହ

ఛ
  (3) 

where ߬ — time of five revolutions of the inner cylinder; ܭ — device constant, which depends on the dimen-
sions of the working cylinders and the height of the material loading, сm-1·s-2, is calculated by the formula: 

ܭ  ൌ
ோ∙௚

଼గమൣ௥భ
మ∙௥మ

మ∙௛/൫௥మ
మି௥భ

మ൯ା௥భ
య∙௥మ

య/൫௥మ
యି௥భ

య൯൧
  (4) 

where ܴ — the radius of the pulley on which the thread is wound, сm; ݎଵ- radius of the inner cylinder and hem-
isphere, cm; ݎଶ — radius of the outer cylinder, cm;	݄ — immersion height of the inner cylinder into the materi-
al, cm; ݃ — acceleration of gravity 981 cm/s2 [14]. 

The value of apparent density was determined according to [15]. 
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Results and discussions 

It is necessary to carry out complex physicochemical and mechanical studies of the feedstock and sin-
tered products obtained on its basis to predict and correctly interpret the mechanisms of structure formation 
in ceramics based on BeO with the addition of micro- and nanocrystalline TiO2 powders, the formation of a 
structure with specified parametric characteristics and properties. 

The highly sintered beryllium oxide powder used in this work was obtained by grinding sintered ceram-
ic scrap in vibrating mills. The characteristics of the powder meet the requirements of TU 95–143–79, for 
grade «B2» (Table 1). 

T a b l e  1  

The main characteristics of the used powder of beryllium oxide grade «B2» 

Characteristic, № of batch  p 67 
Bulk weight ρо ×103 kg/m3 0.77 
Specific surface area S, сm2/g 11 000 
Moisture % weight 0.08 
Average crystal size, μm 5 

Elemental content  
of impurities,% wt 

boron 1.7·10–5 
silicon 7.3·10–3 
manganese 8.2·10–4 
iron 5.1·10–2 
magnesium 5.2·10–3 
chrom 1.0·10–2 
nickel 1.1·10–2 
aluminum 3.2·10–2 
copper 8.0·10–4 
zinc 7.5·10–3 
calcium 4.2·10–3 
silver 1.1·10–5 
cadmium 1.2·10–5 
lithium 6.7·10–4 
sodium 8.7·10–3 

The amount of impurities,% wt 0.14 
 
The main characteristics of the used micron TiO2 powder of the rutile modification in terms of quality 

and chemical composition, according to the passport data, are given in Table 2. 

T a b l e  2  

Main characteristics of the used micron TiO2 powder, RK grade, rutile modification 

The name of indicators TI requirements, % Analysis results 
Mass fraction of titanium dioxide,%, not less 99 99.5 
Mass fraction of rutile form,%, not less 97 100 
Mass fraction of iron compounds in terms of Fe2O3,%, 
no more 

0.08 0.05 

Mass fraction of phosphorus compounds in terms of 
P2O5,%, no more 

0.03 0.03 

Mass fraction of sulfur compounds in terms of SiO3,%, 
no more 

0.03 0.01 

Mass fraction for silicon compounds in terms of 
SiO2,%, no more 

0.15 0.15 

Mass fraction of «metallic iron»,%, no more 0.02 0.01 
Specific surface, cm2/g, within 3300–4600 4060 
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Micron titanium dioxide powd
№ 0045. Powders with a specific su
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located stainless steel tank on a rigid
which the charge is mixed, and comp
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Figure 5
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Rheological pro
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(5 %) 
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Figure 7. Graph of the dep
of nanoparticles in 
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Conclusions 

1. In this work an effective method is proposed for introducing nanodispersed TiO2 powders into a mi-
cron matrix of beryllium and titanium oxides, in which air bubbles, rising upward according to the Archime-
des law through the entire volume of the charge, allow the movement of flows in the liquid not only horizon-
tally, but also in the vertical direction. 

2. It has been experimentally shown that the addition of nanoparticles from 5 to 30 wt% TiOଶ
୬ୟ୬୭ nega-

tively affects the casting properties of slips (viscosity and casting ability) and, consequently to the quality of 
sintered products in the form of cavities, impurities and excessive porosity. 

3. As a result of research, the effect of the concentration of nanoparticles on the main technological pa-
rameters, such as specific surface area, bulk density, viscosity, casting ability, pressure on the slip during 
billet molding, the optimal concentration of nanopowder of TiO2, — 0.1 — 2.0 wt. % was established, 
providing normal indicators of technological parameters. 
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на: дис. ... канд.ист. наук. техн.: 05.16.06 / Погожев Юрий Сергеевич; Моск. гос. ин-т стали и сплавов. — М., 2006. — 184 с. 
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А.В. Павлов, Е.Е. Айымханов, Ж.Б. Сагдолдина, А.Б. Касымов, Д.Р. Байжан, М.С. Жапарова 

TiO2 нанобөлшектерін BeO жəне TiO2 ұнтақтарының микрондық  
матрицасына енгізу əдістерін жəне олардың құю шликерінің  

реологиялық қасиеттеріне əсерін зерттеу 

Мақалада нанодисперсті титан оксиді TiO2 ұнтақтарын бериллий мен титан оксидтерінің микрон 
матрицасына енгізу əдістерінің зерттеу нəтижелері көрсетілген. 5 %-дан жоғары нанобөлшектердің 
болуы құю шликерінің реологиялық қасиеттеріне теріс əсер етеді жəне керісінше, 0,1–2,0 мас. % 
аралығында нанобөлшектердің қосылуы тұтқырлықты төмендетуге жəне жылжымалы массаның құю 
қабілетін арттыруға ықпал етеді. Агрегатталған дайындаманы макроқұрылымдық талдау 
нанобөлшектердің конгломераттары немесе нано- жəне микро- TiO2 бөлшектері түрінде құрылымдық 
элементтердің толық болмауын көрсетеді. Нанобөлшектерді енгізудің дамыған əдісі өнімді шликерді 
құю арқылы дайындаманың бүкіл көлеміне біркелкі таратуға мүмкіндік береді. Ғылыми жұмыстың 
авторлары болашақта алынған нанобөлшектері бар керамиканың жылу физикалық жəне импеданс 
сипаттамаларына нанобөлшектердің əсерін зерттеуді жоспарлады. Ғылыми əлемде наноұнтақтардың 
бериллий керамикасының электрофизикалық қасиеттеріне əсерін зерттеу туралы белгісіз. Бериллий 
оксиді жəне титан оксидтері қоспасы ВеО+TiO2 керамикасының ең маңызды қасиеттерінің бірі — аса 
жоғарғы жиілікте сəулеленуді сіңіру қабілеті, ол аз қызуы керек, яғни жылуды жақсы өткізеді. 
Жоғары коэффициентті алу үшін ВеО керамика құрамына TiO2 фазасын мүмкіндігінше көп енгізу 
керек. 

Кілт сөздер: TiO2 нанобөлшектері, шихта, құю шликері, реологиялық қасиеттері, берилий оксиді, 
керамика, макроқұрылым. 

 

А.В. Павлов, Е.Е. Айымханов, Ж.Б. Сагдолдина, А.Б. Касымов, Д.Р. Байжан, М.С. Жапарова 

Исследование методов введения наночастиц TiO2  
в микронную матрицу порошков BeO и TiO2 и их влияния  

на реологические свойства литейного шликера 

В статье представлены результаты исследований методов введения нанодисперсных порошков TiO2 
в микронную матрицу оксидов бериллия и титана. Показано, что наличие наночастиц свыше 
5,0 мас. % отрицательно влияет на реологические свойства литейного шликера, и, наоборот, добавле-
ние наночастиц в диапазоне 0,1–2,0 мас. % способствует снижению вязкости и повышению литейной 
способности шликерной массы. Макроструктурный анализ спеченной заготовки свидетельствует о 
полном отсутствии структурных элементов в виде конгломератов наночастиц или частиц нано- и мик-
ро-TiO2. Разработанный способ введения наночастиц позволяет получать изделия с их равномерным 
распределением по всему объему заготовки методом шликерного литья под давлением. В дальнейшем 
авторы научной работы планировали исследовать влияние наночастиц на теплофизические и импе-
дансные характеристики полученной керамики. Об исследованиях влияния нанопорошков на элек-
трофизические свойства бериллиевой керамики в научном мире не известно. Самыми важными свой-
ствами, которыми должна обладать керамика ВеО+TiO2, это способность поглощать СВЧ-излучение, 
при этом она должна мало нагреваться, т.е. хорошо проводить тепло.  Для получения высокого коэф-
фициента необходимо как можно больше вводить в состав керамики ВеО фазу TiO2. 

Ключевые слова: наночастицы TiO2, шихта, шликер, реологические свойства, оксид бериллия, кера-
мика, макроструктура. 
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Statistical evaluation of morphological parameters of porous  
nanostructures on the synthesized indium phosphide surface 

A constructive method for estimating the surface morphology of nanostructured semiconductors, which con-
sists in determining the main statistical characteristics of the aggregate structure of nanoscale objects on their 
synthesized surface is presented. In terms of the indium phosphide semiconductor with a synthesized porous 
layer on its surface, it is shown that the evaluation of the main statistical characteristics allows a deeper un-
derstanding of the kinetics of the pore formation process during typical electrochemical treatment of the crys-
tal. The determination of the main statistical metrologically based characteristics (indicators of the distribu-
tion center, variation, and shape of the distribution) allows us to understand in more detail view the processes 
occurring during electrochemical processing of crystals. In the long run, this will make it possible to create 
nanostructures with predetermined properties, which will become the basis for the industrial production of 
high-quality nanostructured semiconductors. 

Keywords: synthesis, semiconductors, surface morphology, measurement, aggregate structure, statistical 
analysis, indium phosphide, ImageJ. 

 

Introduction 

Currently, nanotechnology is the industry demonstrating the fastest development rates. It is widely used 
to create ultra-fast and super-powerful computers [1, 2], in electronics (lasers, photonics) [3], alternative en-
ergy [4, 5], information technologies (information transmission and storage) [6], environmental monitoring 
(wastewater, air, soil) [7], as well as in a number of other utmost relevant applied aspects of science and 
technology [8, 9]. 

The necessity for this is that nanomaterials are characterized, as a rule, by a much larger proportion of sur-
face atoms, which determine the dominant features of the physical and chemical properties of materials [10]. 
Thus, structuring the surface of semiconductors leads to an increase of their effective area by tenfolds, which 
has an important practical consequence for improving the efficiency of photo-emmissive energy converters [11, 
12]. In addition, quantum-dimensional effects begin to appear at the submicron level [13]. This property is pos-
sessed by quantum dots [14, 15], nanoconductors [16], nanowires [17], porous layers [18], etc. 

In this regard, the synthesis of nanostructures with specified functional characteristics and, first of all, 
controlled sizes of nanoobjects remains as a crucial problem in recent decades. This is emphasized in 
such program documents as «Strategic Research and Innovation Agenda for Nanomedicine, European Tech-
nology Platform on Nanomedicine, 2016–2030» [19], «EU US Roadmap Nanoinformatics, 2017–2030» 
[20], «Continuing to Protect the Nanotechnology Workforce: NIOSH Nanotechnology Research Plan for 
2018–2025» [21]. 

The complexity of solving this problem is due to the fact that two competing mechanisms always oper-
ate during the formation of surface nanostructures: the nanostructures generation with specified properties 
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[22] and the self-organization of nanoobjects [23]. Overcoming this contradiction is possible only with a 
complete, detailed analysis of the statistical characteristics of the synthesized surface morphology, the most 
promising tool for which is the analysis of microscopic images of the surface of nanomaterials using statisti-
cal methods [24]. 

The article presents the results of representative metrologically based studies of the surface morphology 
of a nanostructured semiconductor, namely, the establishment of statistical characteristics of the pore distri-
bution over diameter in a typical process of nanostructure synthesis, which, along with previously obtained 
results of the trend of their dependence on etching time [25], allows creating crystals with a predetermined 
aggregate structure. 

Methods and materials 

The surface morphology of a nanostructured semiconductor during its synthesis was studied experimen-
tally on the example of a sample of n-type single-crystal indium phosphide (por-InP) with surface orientation 
(111) [26]. Porous surface layers of indium phosphide were obtained by typical electrochemical etching of a 
sample in a hydrochloric acid solution (10H2O+1HCl). The etching time t = 20 min, current density of 
j = 150 mA/cm2. Plates of indium monocrystalline phosphide were polished before etching and cleaned with 
alcohol and vinegar. The pores on the plate were formed in a standard electrolytic cell with platinum at the 
cathode [27]. After this they were dried in air and subjected to short-term drawing in a nitrogen stream to 
stabilize the properties. The morphology of the synthesized nanoobjects was studied using a JEOL-6490 ras-
ter electron microscope with a resolution of up to 3.0 nm, accelerating voltage (0.3–30) kW; magnification 
from x5 to x300,000; types of contrast (secondary and reflected electrons): topographic, compositional, and 
shadow. 

For representativeness of the experiment, 10 crystal plates were examined and 5 observations of the 
morphology of nanoobjects on the surface of each sample were made, the results of which were within the 
limits of confidence intervals of ± 5 % for the measured value Р = 0.95. 

Raster processing of photomicrographs under surface analysis based on selected morphological charac-
teristics was performed using the ImageJ program. Statistical processing of results was performed using the 
Origin Pro program. 

The main tasks of analyzing photomicrographs of the surface of nanostructured samples are: 
- statistical processing of the obtained in the measurement process of objects parameters; 
- determination of the average values of the values obtained; 
– the construction of graphic dependences for visualization of the analysis process. 
A two-dimensional image, obtained using a microscope, in a certain approximation could be considered 

as a matrix, the indexes of which describe the numbers of rows and columns, and the numerical values of 
elements characterize the color intensity. The main parameter that characterizes a digital image is its resolu-
tion (the number of pixels in the original image and the color depth). 

The morphological parameter used for the analysis is the average pore diameter, despite the fact that the 
pores have a cone shape-the diameter of their Don is less than the diameter of the surface section, for sim-
plicity of research, but without losing the generality and correctness of the results obtained, it was considered 
that they have a cylindrical shape in the lumbar section. 

For statistical estimation of the pore distribution by diameter the values of the indicators of the average 
diameter series in ascending order were ranked and sorted. To estimate the distribution series the main statis-
tical indicators of the distribution center are found: the mode, median, and simple arithmetic mean of its val-
ue, as well as indicators of variation in the pore distribution series over the diameter. The change in the varia-
tion of the distribution of the series over the diameter in the aggregate was carried out using absolute and 
relative indicators, which were determined by calculating the asymmetry coefficients, Pearson, and the ac-
cess indicator. 

Results and Discussion 

Figure 1 shows a typical micrography obtained using a microscope of the studied fragment of one of the 
samples. Visual analysis of photomicrograph shows that the synthesized surface of indium phosphide is 
densely covered with pores. The pores shape the tracks. The nature of these tracks are micro-scratches on the 
surface of the plate [28]. They can also be caused by uneven impurity distribution and the crystallographic 
orientation of the semiconductor plate [29]. Along the track line, the pores tend to merge and form long 
channels [30]. Isolated pores are mostly cylindrical in cross-section. Some areas have massive etched pits, 
the appearance of which is most often associated with the release of dislocation to the surface [31, 32]. 
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Indicators of the distribution center. This class of indicators includes: the simple arithmetic mean of 
pores — ( d ); the most common value of the average diameter — the mode ( oM ) and the diameter value that 

falls in the middle of an ordered population — the median ( eM ), which serves as a good characteristic in an 
asymmetric distribution of data, because even in the presence of outliers of data it is more resistant to their 
influence. In symmetric distribution series the values of the mode and median coincide with the average pore 
value [35]: 

 d  = Ме = Мо, (1) 

and in moderately asymmetric ones, they correlate as follows [36]: 

 3( )e od M d M   . (2) 

The indicators of the distribution center obtained from the results of the performed studies are presented 
in Table. 1. 

T a b l e  1  

Indicators of the distribution center of a number of pore diameters 

Indicator Identification Value, µm 
Arithmetic mean of the 

diameter, d  
1

n

ii
d

d
n
   0.0683 

Mode, oM  The most common diameter value is the number of repetitions f  = 86 0.07136 

Median, eM  the value of the diameter that divides the sizes of the pore distribution 
series by diameter into two parts 

0.07136 

 
Thus, you can state that the mode and median of the series coincide, but exceed the average value. Such 

a series is considered conditionally symmetric. 
Variation indicators. This class of indicators is presented in Table 2. Its study is of great practical 

importance and is a necessary component in the variational analysis. This is due to the fact that the av-
erage, being equal in effect, performs its main task with different degrees of accuracy: the smaller the 
differences in individual values of the attribute to be averaged, the more homogeneous is its total value, 
and, consequently, the more accurate and reliable the average value is, and vice versa [37]. Therefore, 
by the degree of variation, we can judge the variation limits in the pore diameter, the homogeneity of the 
total value of diameter values. 

T a b l e  2  

The variation indicators of the pore distribution series by the diameter 

Indicator Identification Formula Value 
 

1 2 3 4 

Invariable indicators of variation 

Variation span, µm 
Difference between maximum and minimum 
pore diameter values max minR d d   0.156407

4 

Mean deviation, µm2 
Arithmetic mean from absolute divergences of 
individual pore diameter values from the overall 
average 

d d f
D

f






 0.0222 

Dispersion, µm2 
The arithmetic mean of the deviation squares of 
each pore diameter value from the arithmetic 
mean value 

 2

2
d d f

f







 0.000821 

Mean square deviation, µm STD 2   0.0286 

Fixed dispersion, µm2 Capable estimate of the variance  2

2

1

id d
s

n







 0.00552 

Estimation of the mean square 
deviation, µm 

The square root of the fixed variance 2s s  0.0743 



Statistical evaluation of morphological… 

Серия «Физика». № 3(103)/2021 87 

1 2 3 4 

Relative indicators of variation 

Coefficient of variation, % 
Measure of the relative spread of total values: 
shows what percentage of the average pore di-
ameter is its average spread d

   41.92 

Relative linear deflection, % 
Characterizes the proportion of the average val-
ue of pore diameters of absolute divergences 
from the average quantity 

d

D
K

d
  32.48 

 
In Table: f — the sum of the frequencies of variation in the series, and n — the number of features. 
Thus, the results of these studies allow us to conclude that since the coefficient of variation is greater 

than 30 %, but less than 70 %, there is a moderate variation in the pore diameters of the synthesized semi-
conductor surface. 

Indicators of the distribution form. One of the main characteristics of the distribution form is its sym-
metry, that is, when the frequencies of any two variants equidistant on both sides of the distribution center 
are equal to each other; in any other case, the distribution is considered unbalanced. The criterion for the de-
gree of symmetry of the distribution is the asymmetry coefficient [38]: 

 
3

3s

M
A

s
 ,  (3) 

where M3 is the central moment of the third order of the pore diameter distribution series, s — mean-square 
deviation. 

The central moments of the pore distribution series by diameter calculated from the results of the meas-
urements performed are shown in Figure 4. 

 

 

Figure 4. Diagram of the central moments distribution to determine  
the significance of the skewness of the pore diameter distribution series 

It is determined that in our case As = 4.254, which indicates that there is a right-sided asymmetry in the 
resulting distribution. 

The significance of the skewness indicator was determined using the mean square error of the skewness 
ratio [39, 40]: 

 
 

  
6 2

1 3As

n
s

n n




 
. (4) 
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In this case it is considered that if 3s AsA s  then the asymmetry is insignificant, its presence is ex-

plained by random circumstances. If 3s AsA s  , then the asymmetry is considered significant and the distri-

bution of the feature in the general population is not symmetric. 

As a result of the analysis of the measurements performed it was found that Ass  = 0.171, i.e.,

4.254 : 0.171 24.93 3s AsA s    , and it can be argued that in the study there is a significant asymmetry of 

distribution: larger pores predominate in this fragment of the porous surface, and pores with dimensions 
smaller than the average diameter are much rarer. This correlates with the previously obtained result [25]: the 
number of pores and their size distribution depends on the time of crystal etching — the longer the pro-
cessing of the crystal, the greater the number of primordial pores will appear on the surface. In general, the 
effect of the synthesis time (t, min) on the size (d, µm) of the pore mass of the corresponding trend equation 
has the following form [25]: 

 d = 0.143 t2 + 4.447 t — 10.779. (5) 

Obtained structural skewness indicators allow us to assess the skewness only in the central part of the 
distribution, that is, in the main mass of sizes, where they do not depend on the boundary values. However, 
despite this, such characteristics are an important element in the analysis of the pore distribution by size, as 
they help to analyze the main mass of the pores, and do not take into account those pores that are unprovable, 
such as germ pores, which are still very small in size, and massive pores, which are classified as etching pits, 
resulting from the digestion of surface defects and dislocations in a typical method of electrochemical syn-
thesis. 

Conclusions 

Experimental studies of the surface morphology of nanostructured semiconductors are carried out on 
the example of a synthesized porous layer on an indium phosphide crystal. Representative metrologically 
capable results were obtained using the most efficient modern software tools for analyzing microscopic im-
ages and statistical methods. 

As a result, the characteristics of one of the main parameters of the aggregate structure of the synthe-
sized porous layer are determined — the pore diameter distribution on semiconductors during their electrical 
etching, namely the median ( eM = 0.07136 µm), mode ( oM = 0.07136 µm) and the arithmetic mean diameter 

( d = 0.0683 µm), on the basis of which it is concluded that the pore diameter distribution series is condition-
ally symmetric. 

This variation was found to be moderate. Structural indicators of skewness allowed us to establish an 
important element of the pore growth mechanism which correlates with previously obtained results [25] — 
the longer the crystal is processed, the greater the number of primordial pores will appear on the surface, the 
greater the pore size spread. 

Thus, the presented methodology can become an effective tool for the characterization of porous 
nanostructures on the crystal surface, and the results obtained are an important link in the structural analysis 
of nanostructured semiconductors. In the future they can ensure the formation of nanostructures with adjust-
able properties and quality levels, which is a solution to a complex technological problem of our time. 
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Н.И. Косач, В.Б. Большаков, И.Т. Богданов, Я.А. Сычикова 

Индий фосфидінің синтезделген бетіндегі кеуекті наноқұрылымдардың 
морфологиялық параметрлерін статистикалық бағалау 

Наноқұрылымды жартылай өткізгіштердің беттік морфологиясын бағалаудың конструктивті əдісі 
ұсынылған, ол олардың синтезделген бетіндегі наноөлшемді объектілердің жиынтық құрылымының 
негізгі статистикалық сипаттамаларын анықтаудан тұрады. Бетінде синтезделген кеуекті қабаты бар 
индий фосфидті жартылай өткізгіштің мысалын пайдаланып, негізгі статистикалық сипаттамаларды 
бағалау кристалды əдеттегі электрохимиялық өңдеу кезінде кеуектерді қалыптастыру процесінің ки-
нетикасын тереңірек түсінуге мүмкіндік беретіндігі көрсетілген. Негізгі статистикалық 
метрологиялық негізделген сипаттамаларды анықтау (таралу орталығының көрсеткіштері, вариациясы 
жəне таралу формасы) кристалдарды электрохимиялық өңдеу кезінде болатын процестерді толығырақ 
түсінуге мүмкіндік береді. Болашақта бұл алдын ала анықталған қасиеттері бар наноқұрылымдарды 
құруға мүмкіндік береді жəне жоғары сапалы наноқұрылымды жартылай өткізгіштердің өнеркəсіптік 
өндірісіне негіз болады. 

Кілт сөздер: синтез, жартылай өткізгіштер, беттік морфология, өлшемдер, агрегаттық құрылым, 
статистикалық талдау, индий фосфиді, ImageJ. 

 

Н.И. Косач, В.Б. Большаков, И.Т. Богданов, Я.А. Сычикова 

Статистическая оценка морфологических показателей пористых  
наноструктур на синтезированной поверхности фосфида индия 

Представлен конструктивный метод оценки морфологии поверхности наноструктурированных полу-
проводников, который заключается в определении основных статистических характеристик агрегат-
ной структуры наноразмерных объектов на их синтезированной поверхности. На примере полупро-
водника фосфида индия с синтезированным пористым слоем на его поверхности показано, что оценка 
основных статистических характеристик позволяет глубже понять кинетику процесса порообразова-
ния при типичной электрохимической обработке кристалла. Определение основных статистических 
метрологически обоснованных характеристик (показателей центра распределения, вариации и формы 
распределения) позволяет более детально понять процессы, происходящие во время электрохимиче-
ской обработки кристаллов. В перспективе это позволит создавать наноструктуры с заранее опреде-
ленными свойствами, станет основой для промышленного изготовления наноструктурированных по-
лупроводников высокого уровня качества. 

Ключевые слова: синтез, полупроводники, морфология поверхности, измерения, агрегатная структура, 
статистический анализ, фосфид индия, ImageJ. 
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Influence of surface structure and morphology of PEDOT:  
PSS on its optical and electrophysical characteristics 

This paper presents the results of a study of the effect of modification of the structure of the PEDOT: PSS 
polymer with hole conductivity on the optical and electrophysical properties of an organic solar cell. It was 
found that the modification of a polymer film with ethyl and isopropyl alcohols leads to a change in the mor-
phology and roughness of the film surface. It has been determined that annealing of films in alcohol vapor 
promotes the formation of more uniform films. It is shown that upon modification of the PEDOT: PSS film in 
alcohol vapor the absorption spectrum shifts the absorption maximum of PEDOT to the short-wavelength re-
gion of the spectrum, the absorption of the aromatic PSS fragment decrease. X-ray phase analysis showed 
that after surface modification with alcohol vapor, the PEDOT and PSS chains change their structure. It is 
shown that the structural features of the surface morphology of PEDOT: PSS affect the electrophysical pa-
rameters of the films, such as the effective extraction rate and the effective time of flight of charge carriers. 
It was found that the modification of the surface of the PEDOT: PSS film leads to an improvement in the 
electrical transport properties of the films. 

Keywords: PEDOT: PSS, Izopropanol, Ethanol, surface morphology, thermal annealing, aromatic fragment 
PSS, optical spectroscopy, impedance spectroscopy. 

 

Introduction 

PEDOT is a relatively new member of the conductive polymer family. It has a fairly high electrochemi-
cal and thermal stability of electrical properties [1]. PEDOT is composed of ethylenedioxythiophene mono-
mers (EDOT). However, EDOT is insoluble in many common solvents and is unstable in the neutral state as 
it rapidly oxidizes in the atmosphere. To improve its properties a polyelectrolyte solution (PSS) is added to 
EDOT, resulting in an aqueous suspension of PEDOT: PSS. Each phenyl ring of PSS monomer has one acid-
ic SO3H (sulfonate) group. Films with different properties can be obtained depending on the content of com-
ponents, doping concentration, and particle size. The work function of the electron is approximately 5.2 eV. 
Due to the PSS content, the pH is between 1.5 and 2.5 at room temperature [2]. 

Morphology has a strong effect on the efficiency of generation and transport of charge carriers in 
PEDOT: PSS. The reason for this effect was the inhomogeneity of the films, which sharply reduces the effi-
ciency of charge transport [3]. Thus, the main reason for the low indicators of transport characteristics is the 
tendency to aggregation and low solubility of active compounds, since crystallization of the components in 
PEDOT: PSS leads to the formation of polycrystalline domains, which are characterized by undesirable grain 
size and suboptimal crystalline ordering [4, 5]. However, the problems associated with the influence of the 
structural feature of PEDOT: PSS on fundamental parameters, such as the efficiency of electron transport of 
charge carriers, are still completely unsolved. 

In this article studies were carried out on the effect of structural changes in the PEDOT: PSS polymer on 
the morphological, optical, and electrophysical parameters of the films. To change the structure, the hole-
conducting polymer PEDOT: PSS was annealed in vapors with a certain concentration of alcohols. The results 
were analyzed by comparing the surface morphology, optical and impedance spectra of PEDOT: PSS films. 

Experimental 

To change the surface morphology PEDOT: PSS was subjected to heat treatment at a certain ratio of 
ethyl and isopropyl alcohol vapors. The structural formulas of the compounds are shown in Figure 1. The 
preparation of the substrates was carried out according to the procedure [6, 7]. We used PEDOT: PSS (1 %, 
Ossila Al4083), Izopropanol, Ethanol (pure 99.9 % Sigma Aldrich). Before starting the experiments, the 
PEDOT: PSS solution was filtered through a 0.45 micron filter. Films PEDOT: PSS were obtained on a silica 
glass surface by centrifugation (on a SPIN150i centrifuge manufactured by Semiconductor Production Sys-
tem) at a rotation speed of 5000 rpm.  
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After treatment with alcohol vapor for 10 minutes the proportion of large particles decreases signifi-
cantly, the film surface becomes smooth, the surface roughness becomes 0.56 nm for ethyl alcohol, and 
0.49 nm for isopropyl alcohol. A further increase in the concentration of alcohols in vapors leads to a 
smoothing of the film surface. Table 1 shows the roughness values of PEDOT: PSS films at different ratios 
of alcohols. 

T a b l e  1  

Surface roughness of PEDOT: PSS films 

Sample Ra, nm 
PEDOT: PSS 0,63 

80 % PEDOT: PSS/20 % ethanol 0,56 
70 % PEDOT: PSS/30 % ethanol 0,53 
50 % PEDOT: PSS/50 % ethanol 0,48 

80 % PEDOT: PSS/20 % isopropanol 0,49 
70 % PEDOT: PSS/30 % isopropanol 0,47 
50 % PEDOT: PSS/50 % isopropanol 0,45 

 
X-ray diffraction patterns (XRD) of PEDOT: PSS thin films modified in ethyl and isopropyl alcohol 

vapors are shown in Figure 3. Two separate peaks observed at 2ϴ at 3.5° and 25.6° in the original PEDOT: 
PSS film correspond to spatial lattices parameters d 25.2 Å and 3.5 Å, calculated according to Bragg's law 
2dsinθ = λ. 

 

 

Figure 3. X-ray diffraction patterns (XRD) of PEDOT: PSS thin films:  
1 — PEDOT: PSS, 2 — 50 % PEDOT: PSS/50 % ethanol, 3 — 50 % PEDOT: PSS/50 % isopropanol 

The diffraction maximum observed at 3.5 °, with a spatial lattice of 25.2 Å, can be attributed to the 
distance between the lamellae (d 100 Å) of the PEDOT and PSS chains. After treatment in vapors of ethyl 
and isopropyl alcohols a slight change in the distance between the lamellae from 25.2 to 23.2 Å is observed 
(Fig. 3). A decrease in the distance between two points in the X-ray diffractogram indicates that the PEDOT 
and PSS chains pass from the benzoid structure to the quinoid structure; therefore, after modification in ethyl 
and isopropyl alcohol vapors, the structure becomes more planar. 

Figure 4 shows the absorption spectra of the standart PEDOT: PSS films and films held for 10 minutes 
in alcohol vapor. The semiconducting polymer film PEDOT: PSS has a maximum at a wavelength of λ1 = 
224 nm with a spectral half-width of 28 nm (Fig. 4). In the absorption spectra of all PEDOT: PSS films, a 
shoulder with a maximum at 260 nm is observed, which is associated with the absorption of the aromatic 
fragment of PSS [8]. The position of the absorption maxima of the films obtained by holding PEDOT: PSS 
in alcohol vapor does not change, the half-width of the spectra increases. Table 2 shows the characteristics of 
the absorption spectra of the PEDOT: PSS films. 
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a) spectra of PEDOT: PSS/ethanol films; b) spectra of PEDOT: PSS/isopropanol films 

Figure 4. Absorption spectra of PEDOT: PSS films 

The absorbance value at the absorption maximum does not undergo significant changes. The treatment 
with alcohol vapor leads to a decrease in the values at the short-wave and long-wave maxima. It is known 
that, due to its hydrophobic properties, the PEDOT polymer does not dissolve in ethyl and isopropyl alco-
hols; in turn, PSS has a high degree of hydrophilic properties [9]. The treatment with alcohol vapor of the 
PEDOT: PSS film leads to a decrease in the absorption spectrum of the aromatic PSS fragment [10]. 

T a b l e  2  

Characteristics of the absorption spectra of PEDOT: PSS films upon annealing in the atmosphere 

Sample 
Adsorption peak 

D1 D2 FWHM, nм 
λ1, nm λ2, nm 

PEDOT: PSS 224 260 0,28 0,03 28 
Ethanol 

80 % PEDOT: PSS/20 % ethanol 224 260 0,27 0,03 29 
70 % PEDOT: PSS/30 % ethanol 224 260 0,26 0,03 29,4 
50 % PEDOT: PSS/50 % ethanol 224 260 0,25 0,02 32 

Isopropanol 
80 % PEDOT: PSS/20 % isopropanol 224 260 0,26 0,03 29 
70 % PEDOT: PSS/30 % isopropanol 224 260 0,24 0,03 31 
50 % PEDOT: PSS/50 % isopropanol 224 260 0,22 0,02 32 
 
The observed changes in the absorption spectra of the films are associated with the structural features of 

PEDOT: PSS. Initially, without preliminary exposure to alcohol vapors, the film has a granular structure, 
with intense absorption of the aromatic PSS fragment in the spectrum. After keeping the film in alcohol va-
por, the graininess of the film decreases, and the optical absorption density of PSS also decreases. Subse-
quent treatment with alcohol vapor leads to a further drop in the absorption of the aromatic fragment in the 
film. Thus, treatment with alcohol vapor leads to a change in the optical absorption spectra associated with 
the structural features of the film, due to a decrease in the amount of the aromatic PSS fragment. 

The analysis of the impedance measurement results was carried out according to the diffusion-
recombination model and for the fitting an equivalent circuit was used, shown in Figure 5 (a) [11]. Figure 5 
(b) shows a diagram of the movement of charge carriers in a PEDOT: PSS film. 
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T a b l e  3  

The value of the electrophysical parameters of the films 

Sample Rh, Ohm Rext, Ohm keff, s
-1 τeff, ms 

Standart PEDOT: PSS 145,9 24532 44,3 22,57 

Annealed film of standart PEDOT: PSS 65,5 11097 56,8 17,61 

50 % PEDOT: PSS/50 % isopropanol 66,2 11161 92,5 10,81 

Annealed film of 50 % PEDOT: PSS/50 % isopropanol 63,7 9010,6 93,5 10,70 

 
It should be noted that the value of Rext determines the efficiency of carrier injection from PEDOT: PSS 

films, and the smaller the value of Rext, the greater the efficiency of accumulation of charge carriers in the 
cell. The quantities keff and τeff characterize the efficiency of carrier extraction from the PEDOT: PSS film 
and the effective time of flight of charge carriers along the PEDOT: PSS. Annealing the film insignificantly 
affects keff and τeff; at the same time, treatment with isopropyl alcohol vapor increases the efficiency of carrier 
extraction from PEDOT: PSS films by a factor of two and decreases the effective time of flight of charge 
carriers. The holes injected into the PEDOT: PSS diffuse to the electrode where they recombine with the 
electrons. The fast transport of the injected holes to the outer electrode is very important, since this reduces 
the likelihood of their reverse recombination. In our case, the fast transport of holes is ensured by changing 
the structure of PEDOT: PSS after treatment with isopropyl alcohol vapor; as a result, the efficiency of 
charge transport at the PEDOT: PSS/electrode interface increases. 

Conclusions 

An analysis of the experiments showed that a change in the structural features of PEDOT: PSS affects 
the generation and transport of charge carriers. It was found that thermal annealing of PEDOT: PSS films in 
isopropyl alcohol vapor leads to a change in the morphology and structure of the film, to an increase in the 
degree of domain homogeneity, and a decrease in roughness. X-ray phase analysis showed that after surface 
modification in ethyl and isopropyl alcohol vapors, the PEDOT and PSS chains pass from the benzoid struc-
ture to the quinoid structure. Upon modification of the PEDOT: PSS surface, a decrease in the absorption of 
the aromatic PSS fragment is observed in the absorption spectrum. It is shown that changes in the structure 
and morphology of the PEDOT: PSS surface affect the electrophysical parameters of the films. It was found 
that the modification of the surface of the PEDOT: PSS film leads to the optimization of the electrical 
transport characteristics of the film. Fast transport of holes is ensured by changing the structure of PEDOT: 
PSS after treatment with isopropyl alcohol vapor, as a result of which the efficiency of charge transport at the 
PEDOT: PSS/electrode interface increases. 
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А.К. Аймуханов, К.С. Рожкова, А.К. Зейниденов, Т.Е. Сейсембекова 

PEDOT: PSS құрылымы мен беттік морфологиясының оның  
оптикалық жəне электрофизикалық сипаттамаларына əсері 

Мақалада кемтіктік өткізгіштігі бар PEDOT: PSS полимерінің құрылымын органикалық күн 
ұяшықтарының оптикалық жəне электрофизикалық қасиеттеріне модификациялаудың əсерін зерттеу 
нəтижелері келтірілген. Полимерлі қабықшаны этил жəне изопропил спирттерімен модификациялау 
қабықша бетінің морфологиясы мен кедір-бұдырлығының өзгеруіне əкелетіні анықталды. Спирттер 
буларындағы пленкаларды күйдіру біртекті пленкалардың түзілуіне ықпал ететіні дəлелденді. PEDOT: 
PSS қабықшасын спирттер буларында модификациялау кезінде, жұтылу спектрінде PEDOT 
максималды жұтылуы спектрдің қысқа толқындық аймағына ауысуы, сондай-ақ PSS хош иісті 
фрагментінің жұтылуының төмендеуі байқалады. Рентгендік фазалық талдау PEDOT жəне PSS 
тізбектерінің спирт буларының бетін өзгерткеннен кейін олардың құрылымын өзгертетінін көрсетті. 
PEDOT: PSS беттік морфологиясының құрылымдық ерекшеліктері, қабықшалардың тиімді шығару 
жылдамдығы жəне заряд тасымалдаушылардың тиімді ұшу уақыты сияқты электрофизикалық 
параметрлеріне əсер етеді. PEDOT: PSS қабықшасының бетін модификациялау қабықшалардың 
электрлік-транспорттық қасиеттерін жақсартуға əкелетіні анықталды. 

Кілт сөздер: PEDOT: PSS, Izopropanol, Ethanol, беттік морфология, термиялық күйдіру, хош иісті PSS 
фрагменті, оптикалық спектроскопия, импеданс спектроскопиясы. 

 

А.К. Аймуханов, К.С. Рожкова, А.К. Зейниденов, Т.Е. Сейсембекова 

Влияние структуры и морфологии поверхности PEDOT:  
PSS на его оптические электрофизические характеристики 

Представлены результаты исследования влияния модификации структуры полимера PEDOT: PSS с 
дырочной проводимостью на оптические и электрофизические свойства органической солнечной 
ячейки. Установлено, что модификация полимерной пленки этиловым и изопропиловым спиртами 
приводит к изменению морфологии и шероховатости поверхности пленки. Доказано, что отжиг пле-
нок в парах спиртов способствует формированию более однородных пленок. Показано, что при моди-
фикации пленки PEDOT: PSS в парах спиртов, в спектре поглощения наблюдается сдвиг максимума 
поглощения PEDOT в коротковолновую область спектра, а также уменьшение поглощения аромати-
ческого фрагмента PSS. Рентгенофазовый анализ показал, что после модификации поверхности пара-
ми спиртов цепи PEDOT и PSS меняют свою структуру. Показано, что структурные особенности 
морфологии поверхности PEDOT: PSS оказывают влияние на электрофизические параметры пленок, 
такие как эффективная скорость извлечения и эффективное время пролета носителей заряда. Установ-
лено, что модификация поверхности пленки PEDOT: PSS приводит к улучшению электротранспорт-
ных свойств пленок. 

Ключевые слова: PEDOT: PSS, Izopropanol, Ethanol, морфология поверхности, термический отжиг, 
ароматический фрагмент PSS, оптическая спектроскопия, импедансная спектроскопия. 
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High entropic coatings FeCrNiTiZrAl and their properties 

In our proposed empirical model the anisotropy of the surface energy and the thickness of the surface layer of 
the high-entropy FeCrNiTiZrAl alloy are calculated. The thickness of the surface layer of this alloy is about 2 
nm, which is an order of magnitude greater than the thickness of the surface layer of complex crystals, but is 
of the same order of magnitude as that of metallic glasses. The hardness and other properties of the high-
entropy alloy are the same as for metallic glasses, but are 2-3 times higher than the hardness of stainless 
steels. The surface energy of the high-entropy FeCrNiTiZrAl alloy is about 2 J/m2, which corresponds to the 
surface energy of magnesium oxide and other crystals with a high melting point. But unlike these crystals, the 
friction coefficients of a high-entropy alloy (~ 0.06) are much lower than that of ordinary steels (~ 0.8). We 
have theoretically shown that the friction coefficient is proportionally dependent on the surface energy and 
inversely proportional to the Gibbs energy, which significantly decreases for a high-entropy alloy, leading to 
low friction. The high hardness and low coefficient of friction of the high-entropy alloy facilitates the deposi-
tion of coatings from them on structural metal products, which contributes to their widespread use. 

Keywords: high-entropy coatings, hardness, friction, wear resistance, nanostructure, microhardness. 

 

Introduction 

In high-entropy alloys, as a result of the effect of intense mixing, the entropy contribution increases, 
which stabilizes the formation of a solid solution with a simple structure [1-3]. Based on Boltzmann's hy-
pothesis on the relationship between entropy and system complexity, the configurational change in entropy 
ΔSconf during the formation of a solid solution of n elements with equiatomic content can be calculated using 
the following formula: 

 ),nln(R)n/1ln(RSconf   (1) 
where R is the universal gas constant, n is the number of mixing elements. 

At n = 5, ΔSconf = 1.61R approaches the value of the melting entropy of most intermetallics (about 2R). 
However, it was later shown that a high entropy of mixing is not a necessary condition for the formation of a 
single-phase solid solution, but the very term for the name of such an alloy continues to remain in use [4-9]. 
There are foreign reviews and some dissertations on high-entropy alloys [10-12], but research in this direc-
tion is only gaining momentum. We also investigated some high-entropy alloys and coatings obtained by 
mechanical alloying and magnetron sputtering of targets [13-15]. 

In our proposed empirical model, not only the anisotropy is calculated, but also the thickness of the sur-
face layer of the high-entropy alloy [16-18]. 

Objects and research methods 

To prepare the FeCrNiTiZrAl target the corresponding equiatomic metal micropowders were used. Fur-
ther, the obtained metal composition was loaded into a mill glass, which was made of tungsten carbide, and 
grinding balls with a diameter of 5-10 mm were also made of tungsten carbide. Having filled the glass of the 
mill with Galosha gasoline, the mill was connected to the rotation connector at a speed of 500 revolu-
tions/minute for 5 hours. Then the metal composition was dried, pressed into a disc 100 mm in diameter and 
5 mm thick, and placed in a thermal furnace in which the required vacuum was maintained. The process it-
self took 3 hours. The FeCrNiTiZrAl target was used in the deposition of coatings (Fig. 1). 
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а) 

 
b) 

Figure 1. Tablets from FeCrNiTiZrAl alloy (a), target with tablets from FeCrNiTiZrAl alloy (b) 

Electron microscopic examination was carried out on a scanning electron microscope (SEM) MIRA 3 
from TESCAN (Fig. 2). 

 

 
а) 

 
b) 

Figure 2. SEM image of the FeCrNiTiZrAl coating in argon 2 μm (a) and 10 μm (b) 

X-ray fluorescence electron spectroscopy (XPS) of FeCrNiTiZrAl coatings for argon is shown in Fig-
ure 3, and the chemical composition is presented in Table 1. 

 

Figure 3. XPS of FeCrNiTiZrAl coatings at two points 

T a b l e  1  

Chemical composition of the target (at.%) 

Alloy Fe Cr Ni Ti Zr Al 
FeCrNiTiZrAl 39,6 19,8 11,8 6,9 8,7 5,5 
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Calculations of the surface energy will be carried out according to the formula derived under the as-
sumption that there are no first-order phase transitions in these substances up to their melting point [16]: 

 ,
mT

hkl
hkl po

l
c dT

M

    
  

      (2) 

where ρ is the density of the crystalline substance, and M is its molecular weight, Tm is the melting point, cp 
is the molar heat capacity, lhkl is the thickness of the first coordination sphere in the [hkl] direction, which for 
crystals with body-centered (bcc) and face-centered (fcc) ) is given by the relations [19, 20]: 

 
.3/a2l;2/al;al;4Z,m3Fd

,3/al;2al;al;2Z,m3Im

111110100

111110100




    (3) 

The parameter R(I) is related to the surface energy σ. In [18] we showed that the following relation is 
fulfilled with an accuracy of 3%: 

 ,10 m
3 T    (4) 

where Tm is the melting point of the solid (K). The ratio is fulfilled for all metals and for other crystalline 
compounds. For T = Tm from [18] we get: 

  9
Ì 1024.0R(I) .  (5) 

Equation (5) shows that the surface layer of thickness R(I) is determined by the molar (atomic) volume 
of the element υ = M/ρ, M is the molar mass (g/mol), ρ is the density (g/cm3), which periodically changes in 
accordance with the table D.I. Mendeleev. For HEAs, the following ratios are valid: 
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   (6) 

where (Tm)i is the melting point of each alloy element (K), (M)i is the molar mass of each alloy element 
(g/mol), ρ is the density of each alloy element (g/cm3), ci is the concentration of each alloy element, n is the 
number of alloy elements. All these calculations are carried out using Table 1. Equation (4) can be rewritten 
as: 

 ),hkl(l10)hkl( m
3   T   (7) 

where l (hkl) for crystals with body-centered (bcc) and face-centered (fcc) cubic structures is given by 
relations (3) at a = 1. 

Experimental results and their discussion 

Let's make calculations according to (5), (6) and (7), taking reference data on Tm, M, ρ [21]. 

T a b l e  2  

Surface layer thickness and surface energy anisotropy FeCrNiTiZrAl 

Alloy (hkl) Structure Tm, K R(I), nm 
σhkl 

mJ/m2 

FeCrNiTiZrAl 
100 

Fd3m 1644 
1,9 1644 

110 1,4 1174 
111 2,2 1934 

 
Our proposed empirical model is schematically shown in Figure 6. It is an ideal atomically smooth sin-

gle crystal without vacancies, dislocations and other defects. 
The de Broglie layer R0 = λdB = ћ/p for metals ranges from 0.01 nm to 0.1 nm. Quantum dimensional 

effects begin in this layer. The main quantum-dimensional structures include structures with a two-
dimensional electron gas — epitaxial films, MIS structures, heterostructures, etc.; structures with one-
dimensional gas — quantum threads or wires; structures with zero-dimensional gas — quantum dots, boxes, 
crystallites [22]. 
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R0 — de Broglie layer; R1 — layer R(I); R2 is the R(II) layer; R∞ — solid sample layer 

Figure 6. Schematic representation of the surface layer [18]. 

In the R(I) layer with pure metal atoms, there is a reconstruction and relaxation associated with the rear-
rangement of the surface [23]. For gold, the lattice constant is equal to a = 0.41 nm and the surface is rear-
ranged at a distance R(I)Au = 1.2/0.41≈3 three atomic monolayers. The size effects in the R(I) layer are de-
termined by the entire collective of atoms in the system (collective processes). Such «semiclassical» size ef-
fects are observed only in nanoparticles and nanostructures [24]. Experimentally, they can be observed in 
very pure single crystals, when the regime of grazing incidence of X-ray radiation is observed and in the case 
of an angle of incidence equal to or obviously smaller than the critical angle with total internal reflection 
[25]. In this case, the refractive wave decays exponentially at sizes on the order of a nanometer. For example, 
this dimension is 3.1 nm for silicon and 1.2 nm for gold. The result of this process is wave motion, which 
propagates along the surface and reflects the thickness of the surface layer [23]. 

The R(II) layer extends approximately to the size R(II) ≈ 9R = R∞, where the bulk phase begins. Di-
mensional properties begin from this size. By nanomaterials it is customary to understand materials, the main 
structural elements of which do not exceed the nanotechnological boundary of ~ 100 nm, at least in one di-
rection [25-27]. 

Table 2 shows that the structure of FeCrNiTiZrAl has a surface layer thickness of about 2 nm on aver-
age, which is 5-6 monolayers and is a nanostructure. 

Considering the case when the alloy is formed from its constituent elements under isobaric conditions, 
the change ΔGmix of mixing from the initial element-by-element state to the state after fusion can be ex-
pressed as: 

 mixmixmix STHG  . (8) 

An equilibrium state is a state with a minimum of free energy. Figure 7a (according to equation 1) 
shows an increase in the entropy of mixing with an increase in the number of elements for equimolar alloys. 
It is seen that the entropy of mixing for the phases of the solid solution increases from a small value for con-
ventional alloys to a large value for high-entropy alloys of the composition [2]. 

Based on the effect of entropy of mixing, it is possible to divide the variety of alloys into three fields, as 
shown in Figure 7b. Low entropy alloys are traditional alloys. High-entropy alloys are alloys with at least 
five basic elements. Medium entropy alloys are alloys with 2–4 basic elements. The high-entropy effect of 
activation of the formation of a disordered solid phase occurs in essence in the field of high-entropy alloys 
and should be present to a lesser extent in medium-entropy alloys. Stabilization of a simple solid solution 
phase is important for the microstructure and properties that can be obtained in these materials [2]. 
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T a b l e  5  

Microhardness μ of high-entropy alloys (HEA), metallic glasses (MS) and stainless steels (NS) 

HEA μ, HV [10] МS μ, HV [30] NS μ, HV [21] 
FeCrNiTiZrAl 
(our alloy) 

585 Fe80B20 1100 316 Stainless steel 189 

CoCrFeNiMn 659 Fe78Mo2B20 1015 17-4 PH Stainless 
steel 

410 

CrNiTiZrCu 890 Fe40Ni40P14B6 640 Stellite 6 (base 
Co-Cr) 

413 

AlTiVFeNiZr 800 Fe78P13C7 760 Hastelloy C (based 
on Ni-Mo-Fe) 

236 

MoTiVFeNiZr 740 Fe78Si10B12 890 18Х2Н4МА 269 
CuTiVFeNiZrCo 630 Ni75Si8B17 860 15ХСНД 335 
MoTiVFeNiZrCo 790 Co75Si15B10 910 20ХГНР 197 

 
Let us now turn to Table 2 and consider the anisotropy of the surface energy of FeCrNiTiZrAl. Table 2 

shows that the maximum surface energy σhkl is achieved in the [111] plane. Metals with a face-centered cu-
bic (fcc) lattice are deformed along close-packed octahedral [111] planes in close-packed <110> directions. 
In cube-shaped lattices along the direction of the edge there are fewer atomic units than the diagonal of the 
cube in the bcc lattices or the diagonal of the fcc face, where there are more atomic units. The same is true 
for the planes that intersect the faces of the bcc and fcc lattices. Since atomic units differ in different crystal-
lographic directions, and hence their density differs, this leads to the fact that the physical and chemical 
properties exhibit anisotropy of these properties in crystalline solids. 

It is rather difficult to experimentally study the energy of the surface of a solid, because the atoms are 
not in a liquid, where they are mobile, but rather strongly linked by intermolecular interactions. They become 
mobile only at a temperature close to the melting point of a solid. At room and lower temperatures, the sur-
face energy of a crystal can be determined only by knowing its crystal structure, that is, only in the case 
when it is possible to do the work of splitting the crystal in one direction or another, if the destruction of the 
solid itself was brittle [31]. This method was developed in 1930 by Obreimov [32] and consisted of splitting 
the crystal along the cleavage plane, which bends and the connected dynamometer measures the force pre-
venting this. The work of this force gives the value of surface energy. Gilman [33] (Table 6) measured the 
surface energy of a number of crystals using this method at the temperature of liquid nitrogen (Т = -196 ºС). 
The error obtained in determining the surface energy by the method of splitting a crystal is from 10 to 20%. 
Comparing tables 6 and 2, we find that magnesium oxide and silicon oxide have similar values of surface 
energy for HEAs if we take into account that these values were obtained in experiments at T = -196 ºС. 

T a b l e  6  

Surface energy of some crystals [33] 

Crystal LiF (100) MgO (100) CaF2 (111) CaCO3  (100) Si (111) Zn (0001) 

s , mJ/m2 340 1200 450 230 1240 105 

 
The anisotropy of the surface energy leads to the fact that the melting temperature of various faces be-

comes different and, with a decrease in the particle size, it changes according to the law [34]: 

 ,
r

)I(R
1T)r(T 0 






   (9) 

where Т0 is the melting point of the bulk sample. 
Table 7 shows the coefficients of friction FeCrNiTiZrAl, measured by us on the installation in Fig-

ure 5b. The average values are ~ 0.06, which noticeably distinguishes them from traditional steels, where the 
steel-steel friction coefficients are ~ 0.8. 
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T a b l e  7  

Coefficients of friction of samples sprayed for 2 hours in argon 

Number of 
measurements 

Coefficients of friction of samples with FeCrNiTiZrAl sputtering 
over copper plate over aluminum plate 

1 0,075 0,044 
2 0,067 0,091 
3 0,092 0,044 
4 0,076 0,059 
5 0,074 0,062 
6 0,072 0,047 
7 0,086 0,054 
8 0,074 0,050 
9 0,092 0,055 
10 0,109 0,050 

Average 0,081 0,055 
 
Within the framework of the thermodynamic approach for the dry friction coefficient, we obtained the 

following formula [34]: 

 ,N
G

S
ÒÑk

0





  (10) 

where σ is the specific surface energy of the material, S is the contact area, T is the temperature, ∆G0 is the 
Gibbs energy, N  is the average number of elementary fracture carriers (proportional to the number of de-
fects), C is a constant. 

But according to the molecular kinetic theory, the friction force F ~ k is equal to: 

   ,LdLF  (11) 

where σ is the surface energy (table 2), L is the length of the traveled path. 
Equation (10) shows that the coefficient of friction is proportional and increases with increasing surface 

energy according to (11), that is, the value of σ from Table 2 should lead to an increase in the coefficient of 
friction. But the opposite picture is observed experimentally, the friction coefficient decreases, which contra-
dicts the molecular kinetic theory but becomes explainable from the point of view of our formula (10), which 
contains the Gibbs formula in the denominators and significantly decreases for a high-entropy alloy accord-
ing to formulas (8) and (1). Since tribological properties play an essential role in technology, high-entropy 
alloys and coatings will take a worthy place among structural materials. 

Let us now turn to Figure 4, where AFM images show the waviness of the surface. We measured the 
microhardness multiple times every 0.5 mm on an electronic microhardness tester HVS-1000A. The results 
are shown in Figure 8. 

 

Figure 8. Autowaves in the FeCrNiTiZrAl coating [35] 
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In both cases, a quasiperiodic structure is observed, i.e., wave process. Figure 8 shows that the wave-

length is about 10-4 m, i.e., the mass transfer rate is ~ 10-4 m/s. Since the rate of mass transfer t/DV  , 
then for the diffusion coefficient we obtain the estimate D ~ 10-8 m2/s. This corresponds to the low diffusion 
regime [36]. 

We considered the problem of crystallization of a deposited coating in the form of a cylinder of finite 
dimensions with a movable interface. The non-stationary equation describing this process in a movable cy-
lindrical coordinate system moving according to the law β(t) has the form [37-39]: 

 
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where α is the coefficient of thermal diffusivity. 
As a result, the solution is obtained in the form: 
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The radial and axial components of the temperature gradient are equal: 
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Both equations containing the Bessel functions I0(2r/R) and I1(2r/R) show the wave character of the 
coating solidification (Fig. 9). 

 

Figure 9. Graphs of Bessel functions (compare with Figure 8) 

The theory of crystallization of a cylinder of finite dimensions developed by us belongs to problems 
with a moving phase interface and is called the Stefan problem [40]. Boundary value problems of this type 
differ significantly from the classical problems of heat conduction or diffusion. This difference is associated 
with the motion of the phase separation according to an arbitrary law, so that the separation of variables by 
classical methods is not feasible. The method of integral Fourier transforms is also not allowed. The motion 
of the phase boundary leads to nonlinearity of the system of equations, which causes the appearance of 
autowaves. 

Industrial testing of high-entropy coating 

At Karaganda CHPP-3, a hammer mill that has high economic indicators is used in systems with direct 
fuel injection and can work under pressure. In these mills the fuel is crushed mainly by the impact of ham-
mers (beats), and partially also abrades between the beaters and the mill body. The main problem in the op-
eration of coal grinding mills is the high abrasive wear of the beaters, the service life of which averages 500 
hours. 

In this work, an attempt is made to increase the service life of the beaters of coal grinding mills by me-
chanically activating them in a tumbling drum, followed by the application of hardening coatings from high-
entropy FeCrNiTiZrAl alloys (Fig.10a). Studies have shown that with the FeCrNiTiZrAl coating the micro-
hardness increases by about 1.6 times; wear resistance increases 7.5 times; the coefficient of friction decreas-
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es almost 10 times, and the resource of the beater increases almost three times, which is economically very 
significant. 

The turbomechanical plant in Karaganda mastered the blades for the T-100/120-130-2 TMZ steam tur-
bine. It is a single-shaft three-cylinder unit with two cogeneration steam extractions (upper and lower) and 
two exhausts. The main cause of erosive wear of the blades of low-pressure stages of steam turbines is cavi-
tation phenomena during the shock-droplet effect of wet steam on certain zones of the blades during the op-
eration of the turbine. Coating was carried out on prepared turbine blades made of steel grade 20X13. The 
vacuum chamber was evacuated to a pressure of 0.003 Pa, then the PINK was switched on, Ar was injected 
to a pressure of 1 Pa, a negative bias potential of 1000 V was applied to the substrate, and the blade surface 
was cleaned and heated for 10 min. Then the argon pressure was lowered to 0.1 Pa, and the magnetron was 
turned on. The displacement on the blades was reduced to 150 V, the magnetron current was kept constant 
3 A. The blades were located in the chamber at a distance of 15 cm, the spraying time was 1 hour. Turbine 
blades with spraying are shown in Figure 10 b. 

 

      
а) b)  

Figure 10. Beater for coal grinding mills coated with FeCrNiTiZrAl (a), turbine blades coated with FeCrNiTiZrAl (b). 

Conclusion 

In our proposed empirical model, the surface anisotropy and the thickness of the surface layer of the 
high-entropy FeCrNiTiZrAl alloy are calculated. X-ray fluorescence electron spectroscopy of FeCrNiTiZrAl 
coatings for argon and chemical composition showed that we have formed a high-entropy alloy, the thick-
ness of the surface layer of which was 2 nm. In our opinion, there is a lot in common between high-entropy 
alloys and metallic glasses. Comparison shows that the microhardness of high-entropy alloys and metallic 
glasses is approximately the same, but 2-3 times higher than that of stainless alloys. This means that the 
mechanisms for the formation of high-entropy alloys are similar to those for the formation of metallic glass-
es. 

Studies have shown that the maximum surface energy σhkl is reached in the [111] plane. Metals with a 
face-centered cubic (fcc) lattice are deformed along close-packed octahedral [111] planes in close-packed 
<110> directions. The anisotropy of the surface energy leads to the fact that the melting point of different 
faces becomes different and with a decrease in the size of the coating, it changes according to the hyperbolic 
law. 

The equation (10) we obtained shows that the friction coefficient is proportional and increases with an 
increase in the surface energy according to (11), that is, the value of σ should lead to an increase in the fric-
tion coefficient. But the opposite picture is observed experimentally, the friction coefficient decreases, which 
contradicts the molecular-kinetic theory but becomes explainable from the point of view of our formula (10), 
which contains the Gibbs formula in the denominators and decreases significantly for the high-entropy one. 
Since tribological properties play an essential role in technology, high-entropy alloys and coatings will take a 
worthy place among structural materials. 

The wear of the Hadfield steel used at CHPP-3 occurs in (500-550) hours of continuous operation. That 
is, after the high-entropy coating of FeCrNiTiZrAl, the resource of the mill increases almost 3 times, which 
is economically very significant. 

The microhardness of our FeCrNiTiZrAl coating is not inferior to high-entropy equiatomic alloys. Such 
wear resistance of the FeCrNiTiZrCu coating means that the structure of the coating is not only high-entropy, 
as evidenced by the chemical composition, but also ordered. The ordering of the coating corresponds, as a 
rule, to dissipative structures. They differ from equilibrium structures in that for their existence they require a 
constant influx of energy from the outside (magnetron deposition of a coating). 
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В.М. Юров, А.Т. Бердібеков, Н.А. Белгібеков, Қ.М. Маханов  

Жоғарыэнтропиялы FeCrNiTiZrAl жабындары жəне олардың қасиеттері 

Авторлар ұсынған эмпирикалық модельде жоғарыэнтропиялы FeCrNiTiZrAl қорытпасының беткі 
энергия анизотропиясы жəне беткі қабаттың қалыңдығы есептелген. Қорытпаның беткі қабатының 
қалыңдығы шамамен 2 нм құрайды, бұл күрделі кристалдардың беткі қабатының қалыңдығынан 
үлкен болса да, дегенмен, реті бойынша металл шыныларымен сəйкес келеді. Жоғарыэнтропиялы 
қорытпаның қаттылығы жəне басқа да қасиеттері металл шынылардікімен бірдей, бірақ тотығуға 
төзімді болаттардың қаттылығынан 2-3 есе жоғары. Жоғарыэнтропиялы FeCrNiTiZrAl қорытпасының 
беттік энергиясы шамамен 2 Дж/м2 құрайды, бұл магний оксиді мен балқу температурасы жоғары 
басқа кристалдардың беткі энергиясына сəйкес келеді. Бірақ бұл кристалдардан айырмашылығы, 
жоғарыэнтропиялы қорытпаның үйкеліс коэффициенттері қарапайым болаттарға қарағанда (~ 0,8) 
əлдеқайда төмен (~ 0,06). Үйкеліс коэффициенті беткі энергияға пропорционал түрде тəуелді екенін 
жəне жоғарыэнтропиялы қорытпа үшін едəуір азайып төменгі үйкеліске əкелетін Гиббс энергиясынан 
тəуелділігі кері пропорционал екенін теориялық тұрғыдан көрсетілген, жоғарыэнтропиялы 
қорытпаның жоғары қаттылығымен үйкеліс коэффициентінің төмендігі оларды металдан жасалған 
конструкциялық бұйымдардың бетіне қалыптастыруға ықпал етіп, осы бұйымдардың қолданысын 
кеңейтуге оң əсерін тигізеді. 

Кілт сөздер: жоғарыэнтропиялық жабындар, қаттылық, үйкеліс, тозуға төзімділік, наноқұрылым, 
микроқаттылық. 

 

В.М. Юров, А.Т. Бердибеков, Н.А. Бельгибеков, К.М. Маханов 

Высокоэнтропийные покрытия FeCrNiTiZrAl и их свойства 

В предложенной авторами эмпирической модели рассчитаны анизотропия поверхностной энергии и 
толщина поверхностного слоя высокоэнтропийного сплава FeCrNiTiZrAl. Толщина слоя поверхности 
этого сплава составляет около 2 нм, которая на порядок превышает толщину поверхностного слоя 
сложных кристаллов, но имеет такой же порядок, как и металлические стекла. Твердость и другие 
свойства высокоэнтропийного сплава одинаковы с металлическими стеклами, но в 2–3 раза превыша-
ют твердость нержавеющих сталей. Поверхностная энергия высокоэнтропийного сплава FeCrNiTiZrAl 
составляет около 2 Дж/м2, что соответствует поверхностной энергии окиси магния и другим кристал-
лам с высокой температурой плавления. Но, в отличие от этих кристаллов, коэффициенты трения у 
высокоэнтропийного сплава значительно ниже (~ 0,06), чем у обычных сталей (~ 0,8). Теоретически 
нами показано, что коэффициент трения пропорционально зависит от поверхностной энергии и об-
ратно пропорционально зависит от энергии Гиббса, которая значительно уменьшается для высокоэн-
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тропийного сплава, приводя к низкому трению. Высокая твердость и низкий коэффициент трения вы-
сокоэнтропийного сплава способствуют нанесению покрытий из них на конструкционные изделия из 
металлов, что способствует их широкому применению. 

Ключевые слова: высокоэнтропийные покрытия, твердость, трение, износостойкость, наноструктура, 
микротвердость. 
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Photocatalytic water splitting of nanocomposite  
materials based on TiO2 and rGO nanorods 

The paper presents the results of a study of films formed by titanium dioxide nanorods and deposited on their 
surface of reduced graphene oxide by electrochemical deposition. Nanostructured films based on TiO2 
nanorods were prepared in a 100 ml stainless steel autoclave with a fluoroplastic insert from a solution con-
taining 35 ml of deionized water (H2O), 35 ml of hydrochloric acid (HCl) (36.5 %, Sigma–Aldrich) and 
0.25 ml of titanium butylate C16H36O4Ti (97 %, Sigma–Aldrich). The addition of reduced graphene oxide to 
the structure of titanium dioxide nanorods increases the specific surface area of nanostructures from 
29.3 m2/g to 63.1 m2/g. Calculations based on the film impedance spectra have shown that the optimal depo-
sition time of reduced graphene oxide on the surface of TiO2 nanorods is 3 minutes, since it has a low recom-
bination coefficient and a long electron lifetime. Studies of the photocatalytic activity of nanomaterials and 
registration of the released hydrogen and oxygen gases have shown that when the films are irradiated for 
5 hours, the amount of hydrogen released varies from 50 to 225 mmol/cm2. 

Keywords: nanorods, graphene oxide, specific surface area, photo-splitting of water. 

 

Introduction 

Hydrogen is practically not found on Earth in its pure form and must be extracted from other com-
pounds using various chemical methods. According to the source [1], 75 million tons of hydrogen are con-
sumed annually in the world. Moreover, three-quarters of it is carried out by steam conversion of methane 
and natural gas, and this consumes about 205 billion m3 of gas. Almost everything else is obtained from coal 
and only 0.1 % (~100 thousand tons) is extracted by splitting water by electrolysis or in 
photoelectrochemical cells and solar thermochemical systems. Sunlight can be used to directly produce hy-
drogen from water using modern photoelectrochemical, thermochemical, and photobiological processes. Di-
rect use of sunlight is the most efficient way to produce hydrogen, as it avoids energy losses. According to 
the European Commission, the main investors in the development of hydrogen energy were the United States 
(~$500 million), Japan (~$300 million) and the EU countries (~$230 million). The leading countries also 
include South Korea (~$100 million) and China (~$60 million). In the future, the main regions for fuel cell 
sales are India, China, and Africa, where the development of the telecommunications market is largely con-
strained by an imperfect power supply system. In the countries of the former USSR, including Kazakhstan, 
investments in the development of hydrogen energy are very small. Therefore, conducting fundamental re-
search that will generate new scientific information can contribute to the development of hydrogen produc-
tion technologies in our country. 

In the process of photodegradation of water, there is a need to create highly efficient photocatalysts that 
can absorb solar radiation and divide the water molecule into hydrogen gas and oxygen. 

For effective photocatalytic splitting of water, photocatalysts are used, the band gap of which should 
cover the oxidation potentials of water, which are +0 and +1.23 V with respect to the normal hydrogen elec-
trode (NHE) at pH= 0. Such photocatalysts include wide-band semiconductors such as ZrO2, ZnO, TiO2, 
WO3 [2, 3], perovskite materials of the composition CaTi0.98Cu0.02O3, Rh/Ta/F: SrTiO3, Cr/Ta/F: SrTiO3, 
etc. [4]. 

Among the listed photocatalysts, titanium dioxide (TiO2) occupies a special place due to its physical, 
optical, electrical and photocatalytic properties. Using various synthetic approaches, it is possible to obtain 
zero-dimensional, one-dimensional and two-dimensional nanostructures of titanium dioxide [5–7]. Its one-
dimensional formations, such as nanorods, have a number of advantages over zero-dimensional and two-
dimensional ones. 3–dimensional electron transport is carried out in films made of TiO2 nanoparticles. 
The features of agglomeration of dioxide nanoparticles during thermal annealing significantly affect the pos-
sibilities of electronic transitions between them. Non-intensive chemical binding leads to a decrease in the 
efficiency of electron transport. In view of this, when using TiO2 nanorods in the process of photocatalytic 
decomposition of water it is possible to expect a preferential transport of electrons along their walls, which 
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will reduce the transfer time from the charge carrier generation centers to the chemical reaction boundary, 
and also, when optimizing the design will allow to achieve a smaller number of surface defects. In addition, 
TiO2 nanorods in controlled synthesis may have a higher specific surface area than spherical nanoparticles. 
However, a significant disadvantage of TiO2 nanorods is its wide band gap (about 3.2 eV), which indicates 
the absorption band only in the ultraviolet region of the electromagnetic wave. Increasing the sensitivity of 
such films in the visible region can be achieved by using hybrid nanostructures, for example, in combination 
with graphene. To date, graphene (a monatomic layer of graphite) nanostructures are promising materials for 
use in photovoltaics, electronics, photocatalytic water splitting and in systems for cleaning from organic pol-
lutants [8–11]. Grapheme is optically transparent, chemically functional, has a high mobility of charge carri-
ers and the value of the specific surface area. The production of graphene nanostructures is well studied and 
it can be easily obtained by the well-known Hammer method [12]. In practice, graphene oxide is often syn-
thesized. But for the transport of electrons through the material, it is necessary to restore the sp2 aromatic 
structure of graphene oxide, which results in reduced graphene oxide. Often, recovery occurs by chemical, 
photochemical, and hydrothermal methods [13–15]. The use of graphene nanostructures in semiconductor 
films made of titanium dioxide nanorods will improve the separation of electron-hole pairs, increase the ab-
sorption capacity of semiconductor films in the visible region of the electromagnetic wave, and lead to an 
increase in the specific surface area of nanostructures as a whole. These factors are expected to significantly 
improve the photocatalytic activity of the films. 

Experimental 

Nanostructured films based on TiO2 nanorods were prepared in a stainless steel autoclave with a 
fluoroplastic insert. A solution containing 15 ml of deionized water, 15 ml of HCl (36.5 %, No. 320331, 
Sigma–Aldrich) and 0.25 ml of titanium butylate C16H36O4Ti (97 %, No. 244112, Sigma–Aldrich) was 
poured into a 50 ml fluoroplast insert. TiO2 nanorods were synthesized on FTO substrates (7 ohms/cm2, No. 
735167, Sigma–Aldrich), previously purified by ultrasound treatment in a mixture of deionized water, ace-
tone and 2-propanol (volume ratio 1 : 1 : 1) for 30 min. The prepared FTO substrates were then placed in the 
autoclave with the conductive side down. The temperature treatment was carried out in a convective furnace 
(8,2/1100, SNOL). The furnace temperature and the synthesis duration are 200 0C in the range from 100 0C 
to 200 0C and from 6 to 24 hours, respectively. The resulting samples were washed with deionized water and 
dried at room temperature. The samples were then calcined at a temperature of 500 0C for 2 hours in air. 

Further, to obtain the NR TiO2/rGO composite material, commercial rGO powder (Reduced Graphen 
Oxide, Cheaptubes Inc.) was delaminated in 0.1 M pH 9.32. phosphate buffer solution (PBS, Na2HPO4, and 
NaH2PO4) and treated in an ultrasonic bath for 90 min to form a brown colloidal RGO dispersion with a con-
centration of 0.5 mg/ml. The deposition was carried out using a three-electrode system (HC TiO2 as the 
working electrode, Pt foil as the counter electrode, and Ag/AgCl electrode as the reference electrode) at the 
ELINS electrochemical plant (R-20XV, Russia). The number of graphene oxide sheets deposited was con-
trolled by a deposition time of 1 to 15 minutes. After precipitation the NR TiO2/rGO composite material was 
washed with ethylene glycol and deionized water and then dried at room temperature. 

Images of the sample surface were obtained using a scanning electron microscope (SEM) (MIRA 3 
LMU, Tescan). The voltage at the accelerating electrode was 20 keV. 

Spectrophotometric measurements were carried out on an automatic scanning spectrophotometer Solar 
CM 2203 (Solar) in the wavelength range of 250–800 nm with a spectral resolution of 0.5 nm. 

The textural characteristics of synthesized samples were calculated on the basis of nitrogen adsorption and 
desorption isotherms at a temperature of 77K obtained at the quantachrome volumetric unit («Sorbi», USA). 
The specific surface area of the samples was estimated by the Brunauer-Emmett–Taylor method (BET). 

A photoelectrochemical cell was used to record the released hydrogen. The cell window is quartz 
(Minihua Store). The opposite electrode is platinum. The solutions were separated using a Nafion filter. 
Nanostructures of titanium dioxide and graphene oxide were used as the working electrode. Both sides of the 
cell were pre-purged with a stream of argon gas. Then, when the sample was irradiated, samples were taken 
and identified on an Agilent gas chromatograph (Lomonosov Moscow State University). 

Based on the obtained impedance spectra for the films the electrophysical parameters of the Z-500PRO 
impedance meter (Elins, Russia) were calculated when irradiated with a xenon lamp with a power of 100 
MW/cm2. The amplitude of the applied signal was up to 25 mV, and the frequency range was from 1 MHz to 
100 MHz. Platinum coatings used as the opposite electrode were deposited from an ethanol solution of 
H2PtCl6 by electrochemical method on glass substrates with a conductive layer of FTO. The electrodes were 



Photocatalytic water splitting… 

Серия «Физика». № 3(103)/2021 117 

glued together. A polymer film Meltonix (Solaronix, Switzerland) with a thickness of 25 microns served as a 
spacer between the working electrode and the removal electrode in the solar cell. 

Results and discussions 

Figure 1 shows the surface morphology of NR TiO2 films. As can be seen from the figure, before the 
deposition of graphene oxide nanolayers, the film consists of titanium dioxide nanorods. The average length 
of the nanorods disoriented with respect to the substrate surface in this case was ~120 nm and the average 
diameter ~ 43 nm (Fig. 1a). 

 

 

A-clean; b-1 min.; c-3 min.; d-5 min.. 

Figure 1. SEM images of the NR TiO2/rGO nanocomposite 

When the deposition time is about 1 minute, graphene oxide sheets are formed on the surface of the NR. 
Graphene oxide is dispersed over the entire surface of the TiO2 NR, which can form a conducting network 
between them. With an increase in the duration of the deposition process to 3 and 5 minutes, the number of 
deposited sheets increases, and with a 5 minute deposition the surface is completely covered with graphene 
oxide flakes. This will allow the TiO2 NR to inject its photogenerated electrons into the graphene oxide 
sheets under the action of light, ensuring their efficient transport to the FTO layer and further registration of 
the photocurrent. 

The study of the specific surface area of nanocomposite materials was carried out by the method of low-
temperature nitrogen adsorption. To do this the nanocomposite material is separated from the substrate. If 
necessary, the process was repeated until sufficient mass was obtained to change its specific surface area. 
The samples were thermotrained at a temperature of 950C for 180 minutes in the «SorbiPrep» pretreatment 
unit with a constant flow of adsorbate gas at a speed of 2 l/min. The measurement was carried out at a liquid 
nitrogen temperature of 77 K. Nitrogen was used as an adsorbate. Table 1 shows the dynamics of measuring 
the specific surface area of nanocomposite materials of the composition NR TiO2/rGO as a function of the 
electrochemical deposition time. 

T a b l e  1  

Specific surface area of nanocomposite materials of the composition NR TiO2/rGO and NT TiO2/rGO 

№ Sample 
Specific surface area 

SBET, m2/g 
Full pore volume 

Vp, cm3/g 
1 rGO 600 0.416 
2 NR TiO2 29,3 0,165 
3 NR TiO2/ rGO_1 min 45,1 0,213 
4 NR TiO2/ rGO_3 min 52,8 0,231 
5 NR TiO2/ rGO_5 min 63,1 0,249 
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From the presented data it can be seen that the addition of TiO2/mgo to the HC structure significantly 
increases the specific surface area of the nanostructures. Thus, for HC films the specific area before the dep-
osition of graphene oxide was 29.3 m2/g, after which it increased to 63.1 m2/g, as well as the volume of the 
adsorbed gas. 

The nitrogen adsorption-desorption isotherms for all samples have the same appearance, except for the 
volume of adsorbed nitrogen. At low relative pressures (P/P0 less than 0.1) an increase in nitrogen adsorption 
is observed on the isotherms, which indicates the presence of micropores. With an increase in the relative 
partial pressure for the samples, the volume of adsorbed nitrogen increases. In accordance with the IUPAC 
nomenclature, the obtained isotherms belong to the type IV isotherms with a hysteresis loop, reflecting the 
process of capillary condensation in mesopores. 

The electric transport properties of nanocomposite materials were studied by the method of impedance 
spectroscopy. From the central arc of the impedance spectra, the effective recombination rate keff, the effec-
tive electron lifetime teff, the electron transport resistance in titanium dioxide films Rw, and the charge 
transfer resistance Rk associated with electron recombination were calculated according to the above meth-
od. Figure 2 shows the hodographs in Nyquist coordinates for the synthesized samples. 

 

 

Figure 2. Impedance spectra of nanocomposite materials 

The electron transport resistance in the nanocomposite Rw and the charge transfer resistance Rk will de-
pend directly on the number of electrons received from the number of free electrons. If we take into account 
that the size and thickness of the semiconductor film are identical for all systems only the deposited layers of 
graphene oxide will affect the resistance value. The brief calculations are presented in Table 2. 

T a b l e  2  

Electric transport properties of films based on nanocomposite materials 

Sample keff, с
–1 τeff, с Rk. Om Rw, Om 

NR TiO2 15 0,06 45 3 
NR TiO2/ rGO_1 min 12 0,08 42 2 
NR TiO2/ rGO_3 min 11 0,09 39 2 
NR TiO2/ rGO_5 min 14 0,07 41 2 

 
The method allows us to calculate the main electric transport properties of nanocomposite films. How-

ever, a number of conclusions can be drawn from the results obtained. From the tabular data it can be seen 
that in the TiO2 / mgo_3 min NR a low recombination coefficient and a long electron lifetime are observed. 
This indirectly indicates that in these cells the recovery of the electrolyte at the electrolyte/catalyst interface 
(graphene oxide) is more efficient than in the others. 

The edge of the absorption spectrum of HC TiO2 appears in the UV region of the spectrum around 
380 nm. RGO also absorbs in the UV zone, the maximum of its absorption spectrum is at 230 nm. At the 
same time, the RGO film is almost transparent in the wavelength range from 400 to 800 nm. SiO2-GO 
nanocomposites also actively absorb light in the UV region of the spectrum. Along with this, there is a 
broadening of the absorption band in the visible range of the spectrum. 
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Figure 3. Absorption spectra of a nanocomposite of the composition NR TiO2/rGO 

Next, the photocatalytic activity of nanomaterials was investigated. The results of the experiments are 
shown in Figure 3. 

 

Figure 4. Photocatalytic cleavage of NR TiO2/rGO water 

From the presented data it can be seen that the addition of TiO2 to the HC structures in various concen-
trations leads to an increase in their photocatalytic activity and water splitting. Moreover, it is necessary to 
determine the optimal concentration of graphene oxide. In this case, the best generation of hydrogen is ob-
served by electrochemical deposition within 3 minutes, compared to other nanocomposite layers. 

Conclusion 

Electrochemically, sheets of reduced graphene oxide were deposited on the surface of the TiO2 NR at a 
deposition time of 1, 3, and 5 minutes. The influence of the preparation conditions of nanostructured materi-
als on their specific surface area, structure, electrophysical, optical and photocatalytic properties is investi-
gated. The addition of TiO2 rGO to the NR structure significantly increases the specific surface area of the 
nanostructures. Thus, for NR films the specific area before the deposition of graphene oxide was 29.3 m2/g, 
after which it increased to 63.1 m2/g, as well as the volume of the adsorbed gas. Low recombination coeffi-
cient and long electron lifetime are observed in films made of HC TiO2 / rGO 3 min. 
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TiO2 жəне rGO негізіндегі нанокомпозитті материалдарда  
фотокатализ арқылы суды ыдырату 

Мақалада титан диоксиді наноөзекшелері жəне оның бетіне электрохимиялық əдісімен тұндырылған 
графен оксидінен қалыптасқан қабыршақтарды зерттеу нəтижелері келтірілген. TiO2 наноөзекшелері 
негізінде жасалған наноқұрылымды қабыршақтар көлемі 100 мл тот баспайтын болаттан жəне 
фторопласттан жасалған автоклав ішінде синтезделеді. Автоклавтың ішіне 35 мл ионсыздандырылған 
су (H2O), 35 мл тұз қышқылы (HCl) (36,5 %, Sigma-Aldrich) жəне 0,25 мл титан бутилатының 
C16H36O4Ti (97 %, Sigma–Aldrich) қосындысы бар сұйықтық дайындалады. Титан диоксиді 
наноөзекшелерінің құрамына графен оксидін қосу, наноқұрылымдардың меншікті бетінің аумағын 
29,3 м2/ г-нан 63,1 м2 / г-ға дейін арттырады. Қабыршақтардың импеданс спектрлерін қолдана отырып, 
жүргізілген есептеулер TiO2 наноөзекшелерінің бетіне графен оксидінің оңтайлы тұндыру уақыты 3 
минутты құрайтындығын көрсетті, себебі оның рекомбинация коэффициенті өзге үлгілерге қарағанда 
төмен жəне электрондардың өмір сүру уақыты жоғары. Наноматериалдардың фотокаталитикалық 
белсенділігі мен сутегі жəне оттегінің бөлінген газдарын тіркелу барысында, қабыршақтарды 5 сағат 
сəулелендіру кезінде бөлінетін сутектің мөлшері 50-ден 225 ммоль / см2-ге дейін өзгеретінін көрсетті. 

Кілт сөздер: наностержень, графен оксиді, беттік аудан, судың фотоыдырауы. 
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Фотокаталитическое расщепление воды нанокомпозитных  
материалов на основе наностержней TiO2 и rGO 

Представлены результаты исследования пленок, образованных наностержнями диоксида титана и 
осажденных на их поверхность восстановленного оксида графена, методом электрохимического оса-
ждения. Наноструктурированные пленки на основе наностержней TiO2 получали в автоклаве из не-
ржавеющей стали с фторопластовой вставкой объемом 100 мл из раствора, содержащего 35 мл деио-
низованной воды (H2O), 35 мл соляной кислоты (HCl) (36,5 %, Sigma–Aldrich) и 0,25 мл бутилата ти-
тана C16H36O4Ti (97 %, Sigma–Aldrich). Добавление в структуру наностержней диоксида титана вос-
становленного оксида графена увеличивает удельную площадь поверхности наноструктур от 29,3 м2/г 
до 63,1 м2/г. Проведенные расчеты по спектрам импеданса пленок показали, что оптимальное время 
осаждения восстановленного оксида графена на поверхность наностержней TiO2 составляет 3 мин, так 
как для него наблюдается низкий коэффициент рекомбинации и длительное время жизни электронов. 
Исследования фотокаталитической активности наноматериалов и регистрация выделяемых газов во-
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дорода и кислорода показали, что при облучении пленок в течение 5 ч количество выделяемого водо-
рода варьируется от 50 до 225 ммоль/см2. 

Ключевые слова: наностержень, оксид графена, удельная поверхность, фоторасщепление воды, 
облучение. 
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