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Influence of Detonation Spray Parameters on the Formation of Mechanical and
Tribological Properties of Gradient Coatings based on Alumina

Using the detonation method, the shaft was filled with a gas mixture of C,H,/O, from 53 to 68 % and an alu-
mina-based gradient coating was obtained on the surface of the substrate. The microstructure of the coatings
was studied by scanning electron microscopic analysis. By increasing the proportion of
a-Al,O; phase towards the surface layer of the coating by 10-15 %, a coating layer with increased strength
and wear resistance was received. By X-ray structural study, changes in the a-Al,O3 lattice were studied by
reducing the amount of gas filling in the barrel and the firing time from 1 s to 0.25 s. By reducing the amount
of gas in the shaft from 68 to 53 % and the firing time from 1 s to 0.25 s, a compatible gradient coating with
improved mechanical properties was obtained, the maximum value of microhardness of the gradient coating
was 23.73 GPa. The tribological properties of the coatings were studied and showed that the value of the
coefficient of friction of the gradient coating is about 50 % lower than that of other coatings, i.e. wear-
resistant.

Keywords: aluminum oxide, detonation spraying, gradient coating, phase, microstructure, friction coefficient,
tribology, microhardness.

Introduction

The service life of metal parts can be significantly extended by coating them with special performance
characteristics. Taking advantage of this situation, it is possible to make floor coatings from high-quality and
inexpensive materials, as only a coating will improve the critical role of the part. Various engineering
materials often suffer from mechanical loads, thermal or aggressive environments every day. Coating
technologies are being developed, but the physical and mechanical properties are improved, i.e. the
production of low-porosity, wear-resistant, adhesive-coated coatings is one of the unresolved issues.
Everyone gets different coatings on their own, and most scientists are studying the properties of multi-layer
or gradient coatings using several powders. Artechnology has its own advantages and disadvantages. Most
surface coating technologies cannot spray several powders at once, i.e., to obtain a multi-layer or gradient
coating. One of the most rapidly developing roofing technologies in recent years is the method of thermal
spraying. Through this technology, it is possible to obtain high-quality, durable coatings [1-5].

Thermal spraying method includes detonation spraying (DS) and high-speed gas-flame spraying
(HVOF), which allows getting a coating with excellent adhesive strength, low porosity, density and wear-
resistance [6, 7]. Obtained by general thermal methods, alumina-based coatings consist mainly of the vy
phase; y phase has lower properties than a phase, has a low level of wear resistance and strength. The
formation of a large number of y phases is a common problem in all coatings obtained by air plasma, plasma,

6 BecTHuk KaparaHguHckoro yHnsepcuteTta



Influence of Detonation Spray...

and gas-thermal spraying. In most cases, the raw powder consists only of a-Al,O3, the presence of a-Al,O3
after detonation spraying is due to the rapid crystallization of the molten volume of y-Al,O; because of
insoluble or semi-soluble particles in the powder [8-10]. However, there are few studies on gradient coatings
of aluminum oxide obtained by detonation spraying, which require further study. Therefore, we aim to obtain
a gradient coating by changing the detonation parameters, studying the structural and phase state of
aluminum oxide and changes in mechanical and tribological properties.

Experimental

Detonation coatings were obtained in the computerized complex of new generation detonation spraying
CCDS2000 (Computer Controlled Detonation Spraying) [11, 12]. Figure 1 illustrates a general view and
scheme of the detonation injection process. The shaft is filled with gases through a high-precision gas
distribution system and controlled by a computer. The process begins by filling the shaft with carrier gas.
Then a certain part of the explosive mixture is transferred in such a way that a layered gas medium is formed,
consisting of a charge of explosive and carrier gas. Using a stream of carrier gas, it is poured into the
explosion zone (using a computer-controlled feeder) and forms a cloud (fog). The mat is placed at a certain
distance from the shaft. The computer beeps to start an explosion. This is done through an electric spark. The
duration of explosive combustion of a charge is about 1 ms. A detonation wave is generated in the explosive
mixture, which turns into a shock wave in the carrier gas. Detonation products (heated to 3500-4500 K) and
carrier gas (heated to 1000-1500 k with shock waves) move at a speed higher than sound. The reaction time
of gases with scattered particles is 2-5 ms. The velocity of the particles can reach 8001200 ms™ [13-15].
The method of detonation spraying was used to obtain Al,Os coating. The size of the aluminum powder for
spraying was 34+6 um. The injection shaft was placed on a detonation unit “CCDS-2000" with a diameter of
20 mm and a length of 800 mm. Stainless steel 12Ch18N10T was chosen as the lining material. The chemi-
cal composition of steel corresponds to GOST 498679 [16].

Dosing Vessel
Spark

@)

Nitrogen Gas Phug 0

Acetylene Gas \ I
Propane Gas — |> O E—————F
Oxygen Gas { _\ |/ —T E_
Nitrogen Gas ' 2§

Figure 1. Schematic diagram of the computerized detonation complex CCDS200

The size of the substrate was 70x50x3 mm, the roughness of the initial surface was 0.080 um. The
surface of the substrate was sandblasted and chemically cleaned for 5-7 minutes. Sand with a grain size of
about 40-60 microns was used to increase the average roughness of the dried substrate to 4.5 microns. In the
production of a gradient coating based on alumina, the filling of the shaft with gas was between 53 %68 %.
The chemical composition of the substrate is shown in our previous study [17].

We obtained an Al,Os coating for different volumes of barrel filling using a mixture of acetylene-
oxygen as the fuel gas. As the proportion of explosive mixture increases (from 53 % to 68 % of the volume
of the shaft), the temperature inside the shaft increases. In addition, changing the oxygen/fuel ratio from O, /
C,H, = 1.1 to O,/C,H, = 1.856 for low particle velocities can lead to an increase in temperature for the
volume of explosive mixture. We chose O,/C,H, = 1.856 as the optimal ratio, which ensures complete
melting of the powder material during injection. Table 1 shows the used process parameters.

Table 1
Technological parameters of Al,O5 coating
No. 0,/C,H, Barrel Filling Volume,% Spray Distance, mm Number of Shots
1 1.856 68, 63, 58, 53 250 20

Cepus «dunsukay. Ne 1(105)/2022
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We determined the phase composition of the sprayed coatings via the X-ray diffraction technique (XRD)
applying an X’Pert PRO (Philips Corporation, Amsterdam, the Netherlands) diffractometer with Cu-Ka radia-
tion (A = 1.541 A) at a voltage of 40 kV and a current of 30 mA. The diffractograms were decoded using the
HighScore program. The measurements were carried out between 2°-90° with 0.02 step size and 0.5 s/step
counting time. The surface roughness of the coatings was estimated according to GOST 2789-73 (ASTM
D7127-05) using the Ra parameter by profilometer model 130 (JSC Plant PROTON, Moscow, Russia) [18].
We studied the mechanical properties of the coatings (microhardness) using a PMT-3M (LOMO, Saint Peters-
burg, Russia) microhardness tester. Microhardness was measured according to GOST 9450-76 (ASTM E384—
11) [19] with a maximum load value equal to 3 N and a dwell time of 10 s. Tribological performances were
evaluated in dry sliding tests performed on a high-temperature TRB3 (Anton Paar Srl, Peseux, Switzerland)
using the standard ball-on-disc technique according to the ASTM G 133-95 and ASTM G99 standards [20,
21]. The sliding pair consisted of a stationary ball with a diameter of 6 mm and hardness 62+2 HRC, made of
steel 100Cr6, pressed against a rotating disc made of steel 12Ch18N10T respectively uncoated and spray-
coated with 160-200 um thick Al,0; coating. The contact load amounted to 10 N and the rubbing speed to 0.2
m/s. The cycle time was 60 minutes. The tribological performance of the coatings was characterized by wear
intensity and friction coefficient. To obtain results, we conducted the test on three samples from each variant.
We used scanning electron microscopy (SEM) with backscattered electrons (BSE) at an accelerated voltage
scanning electron microscope JSM-6390LV (Jeol, Tokyo, Japan) to study the cross-sectional morphology of
the sample.

Results and Discussion

Figure 2 presents the microstructure of the cross-section for a gradient coating before and after anneal-
ing. The thickness of the coatings was 160-200 um. The coating has a porous structure. The average pore
size is 8-10 um. Each sample was shot 5 times in each reduction, reducing the amount of gas in the barrel
from 68 % to 63-58-53 %. The total number of shots was 20 times. A gradient coating was obtained by
detonation spraying, reducing the volume of filling the shaft (gas) with gas (C,H,/O,) from 68 % to 53 %.
The roughness of the gradient coating is Ra = 0.269 um. Based on the results of the study, it was shown that
the change in the coating’s roughness surface depends on the degree of gas filling of the shaft, as well as the
proportion of a-Al,O3 and y-Al,O5 phases in the coating.

Figure 3 shows the results of linear analysis of the lateral surface of the alumina-based gradient coating
based on 68 %, 63 %, 58 %, 53 % of the shaft after gasification. Prior to the study of the coating, the surface
of the coating was coated with carbon in a universal vacuum post, because it is difficult to see the surface
morphology, as the aluminum oxide powder forms a ceramic when coated, so it was coated with a special
carbon. Considering our study [17], the following gradient coating layer was obtained. On the surface of the
substrate, we applied the first layer every 1 s with 68 % filling, and the second 5 layers every 0.75 seconds
with 63 % filling, the third 5 layers every 0.5 seconds with 58 % filling and the fourth 5 layers every 0.25
seconds with the last 53 % filling.

Figure 2. Microstructure of the cross-section of a gradient coating based on Al203:
68 % (1), 63 % (2), 58 % (3), and 53 % (4)
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Figure 3a demonstrates that, in the area where the substrate is on the left side, the element Fe has more
and less Ni and Cr elements. Towards the surface, one can see that the atoms of Al and O gradually increase,
as shown in the right part of Figure 3a. The same process is noted in the distribution of the cardiogram
elements shown in Figure 3b.
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Figure 3. REM image taken from the cross-section of a gradient coating comprising aluminum oxide and the result of
cardiogram analysis linear distribution of elements depending on
the depth of the cross-section of the gradient coating Al,Os (a); elemental distribution cardiogram (b)

Figure 4 shows the phase composition of the Al,Os coating obtained using the given parameters. After
detonation injection, alumina consisted of a-Al,O3 hexagonal (ICDD / JCPDS Ne 96-230-0376) and y-Al,O3
cubic lattice (ICDD / JCPDS Ne 96-154-1583). Researchers [22, 23] state that Al,Os-based powder is
capable of several modifications under the influence of high temperatures. Also, under the influence of heat,
the composition of the Al,Os coating changes into a, v, 8, 6 and different phases, in which the formation of a
and y phases predominates. These phases depend on the source material and the melting and cooling
temperatures. Figure 4 comparatively shows the results of X-ray phase analysis of the shaft at 58 % gas
filling and gradient coating. When the shaft is filled with gas up to 58 %, one can see that the proportion of
the y-Al,O; phase in the alumina coating formed by the detonation explosion increases, while the proportion
of the a-Al,O; phase decreases (Figure 4a). We obtained the following gradient coating by regulating the
phase change of the composition of aluminum oxide. First, by filling the shaft with 68 % gas on the surface
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of the substrate, we laid a layer with a larger share of the y-Al,O3; phase. We continued to reduce the size of
the y-Al,O; phase by slightly filling the next layer (ply) by 63 %, slightly increasing the proportion of the a-
Al,O; phase, filling the shaft by 58 % and continuing to reduce the y-Al,O3 phase in the coating. We
increased the proportion of a-Al,O3 phase in the coating by filling the shaft by 53 % to obtain the next layer,
then continued the process. Our goal is to obtain a gradient coating with a single powder (aluminum oxide)
using a single dispenser, based on which a coating layer with improved mechanical and tribological
properties, the y-Al,O3 phase in the coating increases the plasticity and elasticity of the coating [19, 24].

oAl 05
% cfy-Al a0
Al 204
- w-Al303
, cr Al 205

Al 0

i . i
10 20 30 40 50 60 70 80 90
28, degree (Cu Ka)

Figure 4. X-ray phase diffractogram of alumina coating obtained by
filling the shaft with gas 58 % (a); 68 %, 63 %, 58 %, 53 % (b)

Figure 5 demonstrates a time graph of the coefficients of friction of the gradient coating relative to the
substrate (Figure 5a) and the results of the study on the lost volume (Figure 5b). In [17], we stated that the
coefficients of friction of coatings obtained during gas filling to 53-68 % were studied separately and p =
0.52-0.59. The coefficient of friction of the pavement material was u = 0.6-0.8, the value of the coefficient
of friction of the gradient coating was p = 0.027-0.33, i.e., the value of the coefficient of friction of the
gradient coating, the wear resistance increased by 50 % compared to the pavement material. The value of the
wear volume was 0.085 mm3 for the floor material, and 0.0165 mm3 for the gradient coating, i.e., it is
5 times less worn. The proposed gradient coating gives these steel products high physical, mechanical, and
operational properties. In our opinion, the increase in hardness and wear resistance can be attributed to the
increase in the proportion of a-Al,O3 phase in the coating. The a-Al,O3 phase has several features, including
low density, relatively high melting point, excellent corrosion and wear resistance, high temperature
resistance [24]. As can be seen, the wear resistance of the gradient coating was obtained by increasing the
proportion of y-Al,O3 phase in the substrate’s vicinity and by increasing the amount of a-Al,O3 phase in the
vicinity by reducing the degree of shaft filling from 68 to 53 % towards the surface layer. X-ray phase
analysis explained this by an increase in the intensity of the diffractogram lines of the a-Al,O3 phase (Figure
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Figure 5. Results of tribological testing of Al,O5 coatings according to the scheme
“ball-disk™ a) change in the coefficient of friction; b) volumetric wear

In [17], the microhardness of the alumina coating obtained by filling the shaft with gas to 53-68 % was
shown in between 16.31-20.56 GPa, the highest value of microhardness was observed at 53 % filling. The
maximum value of the microhardness of the gradient coating obtained by changing the firing time with the
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degree of gas filling was 23.73 GPa, i.e. the value of the microhardness increased by about 15 % compared
to the filling of 53-68 %. It was found that the microhardness increases when the barrel is filled with gas by
53 % and the firing delay is 0.25 s. In addition, the abrasion wear resistance of the gradient coating was
compared with that of the substrate and standard steel 45, the abrasion resistance coefficient was 1 for
standard material steel 45, 0.968 for substrate material, and 6.921 for Al,Os-based gradient coating. It was
proved that the value of the coefficient of abrasive wear of the gradient coating obtained by us is 6—7 times
higher than that of standard and lining material, i.e., wear-resistant.

Depending on the amount of gas filling of the shaft, the alumina-based coatings and gradient coatings
were kept in a muffle furnace at 600 °C for 100 hours. Every 10 hours we turned off the oven, cooled it with
the oven, took it out and measured its mass and microhardness, thus plotting the time dependence of the heat
resistance coefficient as shown in Figure 6. The coefficients of wear resistance gradually decrease after 50
hours, when filling the shaft by 58, 63, 68 %, the gradient coating has little change compared to others. From
this, one can see that the quality of the gradient coating obtained by the method developed by us is good,
based on the characteristics of the mechanical, tribological, and structural-phase properties of the gradient
coating studied above. We consider that the reason for this is the gradual decrease in the proportion of the y-
Al,O3 phase to the surface with a decrease in the delay time with the amount of gas filling the shaft, and the
formation of a closely spaced gradient coating under the influence of an increase in the a-Al,O3 phase.

1

Gradient coating

0.99995

0.9909

0.99985

0.9998

0.99975

0.9997

Coefficient of heat resistance, (C)

10 20 30 40 50 60 70 20 90 100
t, hours

Figure 6. Graph of time dependence of Al203 gradient heat-resistance coefficient

Conclusions

1. A harmonious mode of obtaining a strong and dense coating layer was determined by reducing the
percentage of gas filling of the detonation shaft from 68 to 53 % and regulating the formation of a-Al203
and y-Al203 lattices of alumina-based coatings.

2. The microhardness of the alumina coating showed that the maximum value of the microhardness of
the gradient coating obtained by reducing the amount of gas in the shaft from 68 to 53 % and the firing time
from 1 s to 0.25 s was 23.73 GPa. The reason is the effect of increasing the volume fraction of the a-Al203
phase towards the surface.

3. In atribological study of a gradient coating consisting of alumina obtained by the method developed
by us, the value of the coefficient of friction was about 50 % less than that of the floor coating and other
conventional coatings. The coefficient of abrasion wear resistance was 6—7 times higher than that of the
lining material and steel 45, which indicates that the obtained gradient coating has a high wear resistance.

4. The value of the heat resistance coefficient of the gradient coating obtained by reducing the
percentage of gas filling of the shaft from 68 to 53 % is uniform compared to other non-gradient coatings.
that is, the a phase has higher physical and mechanical properties than the y phase, i.e., it has a positive
effect on temperature resistance.
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Influence of Detonation Spray...

H. Kanraii, b.K. Paxagunos, M. IlamkoBckwuii, A. Habnonguna

JleToHAUMSJIBIK TO3aHAay NapaMeTpJepiH e3repTe OThIPbIII,
AJTIOMUHMIA OKCH/Ii HeTi3iHaeri rpaueHTTi KAOBIH/bI ATy KOHE
OHbIH MEXaHMKAJIBIK, TPUO0JIOTHSIIBIK KaCHeTTepiHe dcepiH 3epTTey

JleToHAUMSIBIK OMIiCTi KOJIAHBIN, OKNaHAbl (CTBOAB) 53-TeH 68 %-ra neiiin C,H,/O, ras kocmaceiMeH
TONTHIPA OTBIPBIN, TOCEHIMTIH (MOUIOXKKA) O€TiHe aTIOMUHHMKA OKCHAl HETi3iHAeri TpagueHTTi XaObIH
aNbIHABL. AJIBIHFaH KaOBIHOAPIBIH MMKPOKYPBUIBIMBI PAcTPIIBIK 3JIEKTPOHABI MHKPOCKONMSUIBIK Tanaay
keMmeriMeH 3eprtrenai. JKaObIHHBIH OeTki kabatka kapait o-Al,O; dazanbiy ynecin 10-15 %-ra apTThipy
apKBUIBI OEpiIKTiri, TO3yFa TYPaKTBUIBIFBI JKOFAapbUIaraH >kaObIH KaOaThl ajbIHIBL. PeHTreHKYpBUIBIMIIBIK
3epTTey apKbUIBI, OKIAH/ABI I'a3Fa TOJTHIPY MeJIIepi MEH aTy Ke3iHAeri Kifipy yakeIThiH lc-tan 0.25 c-ka
azaiity kesinzeri a-Al,O3 TopnapbiHblH e3repici 3eprrenai. OKnaHIaFsl ra3apiH MeJiepin 68-1ex 53 %-ra
JKOHE aTy Ke3iHJeri Kiaipy yaksIThH 1 c-TaH 0.25 c-Ka a3aiiTy apKblIbl MEXaHUKANBIK KaCHETi KaKCapThUIFaH
yitneciMai rpaaueHTTi KaOblH KaOaThl ajbIHABI, aJbIHFAH T'PaJUCHTT] >KaOBIHHBIH MHKPOKATTBUIBIKTHIH €H
skorapel MoHi 23.73 I'lla-mgpl kepcerTi. AJbIHFaH >XaOBIHAAPABIH TPUOOJOTHSUIBIK KAaCHETi 3epTTei,
rpaJueHTT] )kaObIHHBIH YiiKernic ko3 bHIHeHTIHIH MoHI Oacka jkabbIHIapMEH CalbICTHIPHIN KaparaHaa 50 %-
Jlail TOMeH, SIFHU TO3yFa Oepik eKeHIH KOpCeTTi.

Kinm ce30ep: amoOMHHUI OKCHJ, JETOHANMSIBIK TO3aHAAy, TPAJMEHTTI KaOblH, (aza, MUKPOKYPBUIBIM,
y#iKkenic ko3¢ GuIHeHTi, TpHOOIOTUsl, MUKPOKATTHUIBIK,.

H. Kanraii, b.K. Paxagunos, M. ITamxkoBckuii, A. Habunonauna

Ho.ﬂyqune IrPAaAHCHTHOI'0O MOKPLITHA HA OCHOBC OKCHIA AJTIOMUHHUA IIYTEM
H3MECHCHHUSA MAPpaMETPOB A€TOHAIIMOHHOIO HANNBIJICHUA U U3YYCHHE €0 BIUAHUA HA
MEXaHHYIECCKHE U TpHﬁOJIOFI/I‘IeCKI/Ie CBOMCTBA

JleTOHAIMOHHBIM METOIOM CTBOJI OBLI 3aM0JIHEH Ta30Boit cMechio CoH,/O; ot 53 10 68 %, 1 Ha TOBEPXHOCTH
MOJUIOKKM OBUIO TONYYEHO TPaJMCHTHOE IOKPHITHE HA OCHOBE OKCHIA ATIOMUHHA. MHUKPOCTPYKTypa
MOJYYEHHBIX IOKPHITUI OBUTa MCCIEIOBaHA C MOMOIIBIO PACTPOBOTO 3JIEKTPOHHO-MUKPOCKOIIYECKOTO
aHanmm3a. 3a cder yBenudeHus nomu ¢assl a-Al,O3 M0 OTHONIEHHIO K MOBEPXHOCTHOMY CJIOKO TIOKPBITHS HA
10-15% Obu1 TONMy4eH CJIOH IMOKPHITUS C MOBBILCHHOH IPOYHOCTBIO M HM3HOCOCTOMKOCTBIO. [lyTem
PEHTTEHOCTPYKTYPHOTO MCCIEN0BaHks ObUIM M3ydeHbl n3MeHeHus pemerku o-Al,O; 3a cuer yMmeHblIeHHs
KOJIMYECTBA rasa, 3aroJIHSIOIET0 CTBOJ, M BPEMEHH 3aJiep>KKu cTpenbObl ot 1 10 0,25 ¢. U3-3a cokpanienus
KOJIMYECTBa Ta3a B cTBOJE ¢ 68 10 53 % u BpeMeHu 3amepkku cTpenbObl oT 1 ¢ 10 0,25 ¢ ObUIO MOJyYeHO
COBMECTUMOE TPAJUCHTHOC TMOKPBHITHE C YIYYIICHHBIMH MEXaHHMYCCKUMH CBOMCTBAMH, MaKCHMAaJbHOEC
3HaYCHHE MHUKPOTBEPIOCTH IMOIYYEHHOTO T'PaJHeHTHOTO MOKpBITHA coctaBmio 23,73 ['Tla. brum n3ydeHb
TPHOOJIOTHYECKHE CBOWCTBA IMOJNYYEHHBIX MOKPBHITHH W 3HadeHHE KOI(PHUIMEHTAa TPEHHS TPATUCHTHOTO
MOKpBITHA TprMepHO Ha 50 % HIDKE, TO €CTh OHM IOKAa3bIBAIH MPOYHOCTh K M3HOCY, N0 CPAaBHEHHIO C
PYTUMH TOKPBITHSIMH.

Knrouesvle cnoea: OKCUI aJIOMHUHUS, JETOHAI[MOHHOE HAIbUICHHE, TPAaJMeHTHOE IOKpbITHE, (a3a,
MHKPOCTPYKTYpa, KO3 HULUESHT TpeHuUsi, TPHOOIOT s, MUKPOTBEPOCTb.
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Intellectual system for automated determination of the quality
of natural stones surfaces processing

This automation of determination of the quality of natural stone surfaces processing is a relevant problem. It
provides an intellectual system for automated determination of the quality of processing surfaces of natural
stones (ISADQSS), which allows rapid assessment of the quality of stone surfaces, including roughness, with
high accuracy and quick action in automatic mode and real time. The measurement result is independent of
the humidity and cleanliness of the outer surface. The root mean square error of the proposed ISADQSS does
not exceed 5%, the time to determine the value of the roughness is not over 2 s. ISADQSS is based on the
principles of synergetic integration of various technical automation devices with different properties — artifi-
cial neural networks (ANN) (in the case of their implementation in the form of neuroprocessors), as well as
the so-called registrar of main drive currents (RMDC), which is used as a sensor sensitive to changes in the
rubbing force of the stone-cutting tool depending on changes in the roughness value of the machined surface.
The proposed ISADQSS is an innovative and promising development that combines such advantages as high
accuracy and speed, versatility and ease of use.

Keywords: artificial neural networks, roughness, quality, automation, accuracy, speed, measurement.

Introduction

Formulation of the problem. Measuring the roughness of treated surfaces, in particular natural stones,
with high accuracy and speed in automatic mode without stopping the technological process, is a paramount
and specific task to ensure the quality of stone production. The ever-increasing requirements of international
standards for product quality determine the extreme importance and urgency of this task. Its successful solu-
tion contributes to the stability of technological processes, the required product quality and the competitive-
ness of modern enterprises in general.

The peculiarity of the technological process of grinding the surface of natural stone is the sequential
treatment of its surface with an abrasive tool with different grain size, which gradually decreases with each
subsequent operation when the final result is a polished flat surface. A sign of completion of each stage of
processing is to obtain a certain microprofile evenly over the entire surface of the stone. Here, in the case of
failure to achieve at any of the stages of processing the same roughness over the entire plane of the treated
surface in subsequent operations, there are defects that cannot be eliminated. As a result, the quality of the
finished product is lost, which obviously leads to economic losses in enterprises. Undoubtedly, it is im-
portant to measure the quality of surface treatment of stones, in particular the amount of roughness at each
stage of processing. However, the problem is that high humidity, dust and dirt, which are an integral part of
the technological operations of stone surface treatment, limit the application of traditional measuring devices
directly in the production conditions of modern stone processing enterprises.

As a rule, at stone processing enterprises the determination of the roughness of natural stone surfaces is
performed with the use of specialized laboratory equipment — gloss meters and profilometers [1, 2].The lat-
ter, according to scientists and manufacturers [1, 2] have a relatively low accuracy in determining the rough-
ness, involve a number of time-consuming and long-term operations that significantly slow down technolog-
ical processes. In particular, when using gloss meters, the accuracy of measurement is affected by the level
of luminous flux of the lamp, the color of natural stone, contamination and the level of humidity of the treat-
ed surface and the test sample. Therefore, it is impossible to use gloss meters directly in production condi-
tions. Assessment of the quality of stone surface treatment with the use of glitters requires a long-term stop
of technological processes for cleaning and drying of the studied surfaces. The preparatory stage of meas-
urement, which consists in removing grinding head from the working area and turning off the machine for
the time of measuring (1-2 min), while the further washing of stone sludge residues from the treated stone
surface, depending on the plate size, an average of 3 -5 minutes, and the subsequent cleaning of the surface
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from residual water and drying can take up to 2-3 hours, depending on the level of humidity in the produc-
tion environment. Taking into account results of the research [16], the linear speed of stone quality assess-
ment with an optical profilometer is 20 mm/sec at a measurement distance without rearranging measuring
instrument (travel range) 100 mm. In terms of a unit of standard stone facing product, the minimum dimen-
sions of which is 300x300 mm (modular tile), the measurement time per line is 15 seconds, and in terms of
tool relocation and coating the entire area of the slab is 75 sec. Accordingly, the preparatory stage is the
longest in time comparing to direct measurement and data processing. The duration of the measurement is
comparable to the duration of processing the obtained data.

Similar requirements for dryness and cleanliness of the investigated surface are put forward in the case of
mechanical profilometers. It should be emphasized the inadmissibility of the use of profilometers due to low
accuracy of measurements, due to the accumulation and increase in the error due to the registration of micro-
irregularities formed at the contact of grains of minerals in rocks and due to vibration of grinding equipment.

Given the above, the need to improve the accuracy and speed of assessing the quality of surface treat-
ment of natural stones in an automated mode without stopping the technological processes at stone pro-
cessing enterprises is not in doubt.

One of the current ways to improve the accuracy and speed of assessing the quality of surface pro-
cessing of natural stones in an automated mode without stopping technological processes at stone processing
enterprises is the application and synergistic integration of the proposed ISADQSS new approaches, methods
and techniques for obtaining and processing measurement information, including artificial neural networks
and functional converter [3].

Despite the accumulated experience in the development and successful use of ANN for information
processing in conditions of high environmental dynamics, including production, environment, their high ac-
curacy and speed [4-8] advantages and efficiency of their application in the proposed ISADQ-OSS for rapid
assessment of the quality of stone surfaces, in particular roughness, with high accuracy and speed, automated
mode and real-time mode, directly during the execution of technological processes and without stopping the
technological equipment, there is no doubt.

The analysis of researches and publications has shown that application of the traditional specialized
laboratory equipment, particularly gloss meters and profilometers for an estimation of quality of processing
of surfaces of natural stones, in particular roughness, directly in production conditions is impossible. Thus, in
[1, 2,9, 10], the principles of operation of these tools are described and the experience of application in stone
processing industries, in particular in granite surface treatment, is given. The authors [9, 10] indicate the pos-
sibility of using gloss meters and profilometers only in laboratory conditions of measurements. The above
information allows us to draw unequivocal conclusions about the low accuracy of measurements and speed
of gloss meters and profilometers, as well as indicates the obvious limitations of their application in dynamic
and continuous production processes.

The literature [11] describes the experience of using laser profilometers or scanners, which have a rela-
tively high measurement accuracy, but their use is due to the need for the absence of dirt, sludge, and water
on the surface, which is impossible in industrial conditions.

There is a method of determining the surface roughness, based on the degree of polarization of the
beam reflected from the studied surface [12]. The authors indicate that the method is devoid of such disad-
vantages as reduced accuracy due to high humidity and contamination of the test surface, but its accuracy
depends on the homogeneity of the test material. Therefore, it is used only in determining the roughness of
metals, ceramics, and other homogeneous materials and can not be used to determine the roughness of stone
surfaces.

The work [13] provides an application of the combined method for determination of surface roughness
that combines the existing contact and non-contact methods with informational methods of processing the
topographic image of the surveyed surface. The essence of the method lies in the use of mathematical meth-
ods of processing data of interference of the broken surface. The results of this research allow us to conclude
that further mathematical processing increases the accuracy of shortness measurements. However, this meth-
od is not beyond the scope of laboratory research because of its sensitivity to the dryness of the stone surfac-
es. Also, during wet grinding of stones it becomes impossible to use the method of wavelet rendering of the
obtained data described in the work [14]. In spite of the efficiency and prospects of this method of infor-
mation processing, the factor of non-uniform texture and color of stones remains, and in combination with
the wet and sludge clogging of the examined surface makes it impossible to use it in the production condi-
tions of stone-processing enterprises.
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Selection of unresolved parts of the problem. Thus, it can be argued that despite the significant scien-
tific and practical achievements, the problem of defining the roughness value with high accuracy, speed, in
automated mode and real-time mode when evaluating the quality of natural stone surfaces at stone pro-
cessing enterprises without stopping the production process, has not yet been completely solved.

This study aims is to propose an intellectual system for automated determination of the quality of pro-
cessing of surfaces of natural stones (ISADQSS) with increased accuracy and speed.

Description of the proposed intellectual system for automated
determination of the quality of stone surfaces

The intellectual system for automated determination of the quality of stone surfaces (ISADQSS) was
developed on the basis of the latest achievements of science and technology in the spheres of artificial neural
networks, informatics, automation, and microcircuitry engineering. It is based on the principles of synergetic
integration and capacity by using new methods (artificial neural network) of information processing and
technical devices (artificial neural network and functional transformer). At the same time, the principles of
modularity and the concept of uninfection have been observed in the construction of the tested ISADQSS,
including the ANN and the functional transformer. This means using unified nodes and elements in its com-
position, including asynchronous motor, control mechanism, which are serially produced by the industry.
This allows for interoperability and unification, which is a prerequisite for increased operating hours, im-
proved modernization, etc.

ISADQSS combines the advantages of high accuracy and speed, a wide range of natural materials that
can be studied, ease of use, and versatility, possibility of automated measuring and processing of the measur-
ing information in real time without interruption in the technological operations on the technological equip-
ment. In this case, the use of the ISADQSS does not require special preparation of the investigated surfaces,
their preliminary cleaning and drying.

Figure 1 shows the block diagram of the ISADQSS, which includes the electronic and electromechani-
cal subsystems. Electromechanical subsystem consists of ultrasonic sensors S1 and S2 for distance meas-
urement, sensor S3 of current, PPM — processor power module, A — main actuator with grinding head, MC —
microcontroller, functional transformer (not shown in Figure 1). Integral subsystem contains ANN — artificial
neural network, implemented in the form of a specialized software add-on, and integrated into the operating
system of the portable computer (PC), Wi-fi module for data transmission over a distance, PC — portable
computer for displaying data and displaying them in smartphones that support Android.

PC

DK ™ In6-12V

Figure 1. Structure diagram of the ISADQSS: S1, S2 — distance sensors, S3 — current sensor,
PPM — processor power module, A — main actuator with grinding head DG, MC — microcontroller,
Wi-fi module for distance data transmission, ANN — artificial neural network,

PC — portable computer for displaying data and displaying them in smartphones that support Android
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Ultrasonic distance sensors S1, S2 are used to determine the coordinates of the movement of the work-
ing shaft of the main engine and mounted directly on the machining grinding head DG drive cutting tool and
form two mutually perpendicular axes of the flat coordinate system along which DG moves. When grinding
or polishing the surface of natural stone, the roughness of the treated surface changes (Figure 2), which cor-
relates with the amount of current consumed on the shaft of the main actuator A. This current is consumed
by the drive of the main movement of the stone processing machine during processing of a stone surface.
When the tool of the stone processing machine processes a certain area of the stone, the drive of the main
movement consumes current. The magnitude of the oscillation amplitude and the instantaneous value of the
current depend on the load on the drive shaft of the main motion.

i B IS N D I A

- J M -

SN —

Figure 2. Change of the consumed current on a shaft of the main executive mechanism
of A at various stages of processing of a granite stone by the grinding tool: a - rough grinding (peeling),
b - medium grinding, ¢ - fine grinding, d - finishing grinding (polishing), d - polishing

The load is caused by mechanical resistance from the surface of the stone, which is a function of rough-
ness (Figure 2). Continuous measurement of the current consumption allows to monitor changes in rough-
ness in real time. Continuous measurement of instantaneous current values is performed by the current sen-
sor S3 and is transmitted to the implemented microcontroller, Arduino Nano V3.0 based on the Atmega328P
microcontroller.

Figure 3 presents a block diagram of the electromechanical subsystem ISADQSS. The functional con-

verter (FC), implemented using classical control methods, forms the task ofvoltage amplitudeUgUm, based
on the task signalU ..

The voltage U o at zero frequency (boost”) provides a constant amount of magnetizing current and in-

creases the overload capacity at low frequencies. Its value is chosen at the level of 6+25 % of the nominal
value [15]. The actuator is considered as an inertial link with a single gear ratio.

A

f———

U3f# Ula '
U, asynchronous

Fe FC ' Actuator
Usim Usp electric motor ©

| I— L L

Figure 3. Block diagram of the electromechanical subsystem ISADQSS
Voltage U, applied to the input of the FC is determined by the expression (1):

U3Um:Ué+kaU3f’ (1)
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where
k. — coefficient of the FC, which is determined by the expression (2);
U,, —tasksignal.
k f U mn U 0
k f o
. 2)

where kf , kUm— frequency and voltage transfer coefficients of the converter;

kfc =

U, fH— rated voltage and frequency of motor supply;

U o — Vvoltage at zero frequency (“boost"), U, = kU mn \where k=(0,060,25)

Figure 4 illustrates block diagram of the FC. Figure 5 represents the structural scheme of the FC, and its
mathematical model is based on the equations of a three-phase symmetric system of voltages and transfor-
mations and is described by expressions (3) - (8).

UO/kUm
U3f
» K
Figure 4. Block diagram of FC ISADQSS
U3f‘ kf f - 27| ® R . $3_‘_>U1a
> Toprl > 5 »  Ua=U,sind 2
Ug=U,sin(6-27/3)
V3 | U
U, U Y
Um | Kum - o Uc=U,sin(0+27/3) /2
Tuzp‘l‘l

Figure 5. Block diagram of FC ISADQSS

U,=U_siné.

3)
U, =U,sin(6-27/3).
4)
U, =U,, sin(@+27z/3). (5)
0= 2;rj fdt.
0 (6)
Ula :&JA/Z (7)
U, =+/3(Ug ~U.)/2. ®)

where U ,, U, U_ are voltages of the respective phases of the motor stator; & — electric angle; U,,, U, —
projections of the stator voltage vector on the axis a-bof the fixed stator coordinate system.
The inertia of the transducer is approximated by aperiodic links by expressions (9), (10) in which Tﬂl,

T, are small uncompensated time constants.
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kf
f= .
T p+l °
P ¥ ©)
Um :Tme‘f‘l 3Um*
“2 (10)

The data received from the current sensor S3 is filtered from interference and converted into digital
form. Then the difference between the maximum and minimum instantaneous values of the current in the
same area of the stone is determined.

During the research, an electric motor with data [1] was used: P, =11kW; o, =314rad/s;
U,, =220V; f,, =50 Hz; 0o, =0,88; cos¢=0,9; s, =0,03; X, =4,2rel.unit; R/ =0,04 rel.unit;

x, =0,061relunit.; R} =0,025 relunit; x) =0,12 rel.unit; J, =0,023kg - m’.
With  the following parameters of the block diagram of the induction motor
lom =21,04 A; R =0,418; R} =0,261Q; x, =0,638Q; x, =1,25Q; X, =43,910;

Moo =41,04 Nm; L, =0,1398 H; L, =0,1419H; L, =0,1438 H, and the following parameters of the

structural diagram of the o' Vo =3L1V 5 k=5 HZV | Ky, =3LIV/V: k, =093V,

Graphs of transients in the conditions of stabilization of the speed of the drive motor of the main motion
were obtained in the Simulink environment and are presented in Figure 6.

The study was conducted for 10 s. A random signal source with a normal Random Number distribution
is used to simulate the moment of resistance on the shaft. The speed ®1 and the moment M1 correspond to
the mode of operation of the machine during medium grinding, ®2, M2 - respectively, fine grinding of gran-
ite stone. The range of load deviations ranged from 41.42% to 70.68% relative to the nominal in the mode of
medium grinding. At the penultimate stage of workpiece processing, the value of the torque of the drive mo-
tor was between the marks of 19.49% - 53.65%.

L) T T

w W1, rad/s (x1,5) |
W2, rad/s
& " T — . y TP WP e N [ Y
EY | ¥ L L W Ll | [\ v v Lkt & " W LAl b it | Ll ol
| M1, Hm (x5)

4 MWJMM
“ M2, Hm (x2)

o =

Figure 6. Graphs of transients in the conditions of stabilization of frequency
of rotation of the driving engine of the main movement

Graphs of changes in the value of the output power of the main motor for the two modes of operation of
the machine are shown in Figure 7.
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| P1, W (x3) 1

g P2, W 7

Figure 7. Graphs of change of size of output power of the electric motor
of the main movement for two operating modes of the machine

The obtained voltage values are fed to the input of the ANN, which determines the quality of surface
treatment of the stone. Figure 8 presents the principle of transmission of the measured roughness data when
assessing the quality of stone surface treatment at the ANN input for its processing and subsequent provision
of information about the quality and stage of stone surface treatment [3].

Determination of
processing quality
in ANN

The result: quality of
—> processing, stage of
S processing

Measurement of
instantaneous
current values

4
v
Analog-to-digital
conversion
¥

Signal filtering

Figure 8. Block diagram of ensuring the determination of the quality
of surface treatment of the stone ANN as a part of ISADQSS [3]

ANN can be implemented in one of two ways - a reprogrammed neuroprocessor or a neuroimulator,
with a customizable structure of neurons according to one of the known models. At this stage of develop-
ment, the ANN is implemented as a neuroimulator, which is integrated as a specialized software application
to the operating system of the PC ISADQSS. The structure of the developed ANN is built on the principles
of construction of a multilayer perceptron. ANN is trained by the method of "teaching with a teacher” ac-
cording to the algorithm of "reverse propagation of error". The basic unit of information processing in ANN,
including ANN as a structural element of ISADQSS is a neuron that produces the output OUT, forming the
sum of the products of the weights w of the inputs x. The mathematical model of the neuron is represented by
an expression given in [7].

Overall, the rapid assessment of the quality of surface treatment of natural stones proposed by
ISADQSS is described by a rather complex mathematical model. Therefore, in general case, the problem of
assessing the quality of surface treatment of natural stones, on the example of granite, can be represented as
follows.

Based on the data of multiple measurements of the value of instantaneous values and the amplitude of
the current consumption at different stages of grinding, the achieved quality is automatically determined dur-
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ing the processing of the stone surface in real time. Figure 9 shows an example of the results of measuring
the instantaneous values of current consumption by the drive of the main movement of the grinder at differ-
ent quality of processing at the respective stages of grinding.

A
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Figure 9. The result of measuring the instantaneous values of current consumption by the drive
of the main motion at different quality of granite surface treatment at the appropriate stages of grinding:
A is scatter of instantaneous values of a stum at rough grinding (peeling), A,is scatter of instantaneous current
values at average grinding,Asis scatter of instantaneous values of a stum at thin grinding,A4is scatter of instantaneous
values of current at finishing grinding (ravines), Asis scatter of instantaneous current values during polishing

Based on the set of results of measuring the values of instantaneous values of current consumption,
which were obtained by field experiment at an existing stone processing plant in the Zhytomyr region
(Ukraine) was formed a database of examples for training ANN proposed ISADQSS covering many variants

of scattersA; |i=1; | instantaneous values of current at different quality values at the respective stages of
grinding. The set of scatter of instantaneous values of current consumption forms the input vector

X ={x,|n=1; N },supplied to the ANN inputs. The result is a vector of digital signal Y formed at the out-
puts of the ANN, which reflects the stage of processing the surface of the stone and the achieved quality:
Y={yn|m=1 M}, wherey, is the output signal of the ANN, which corresponds to the implementation of
the m-th stage of grinding and the achieved quality; M is the number of grinding stages that can be deter-
mined. The maximum value of y,, at the m-th corresponding output of the ANN corresponds to the imple-
mentation of the corresponding stage of grinding and achieving a given quality. The signal from the ANN is
transmitted to a PC, where automated information processing with the presentation of results in a user-
friendly formis carried out.

Schematic model of ANN is shown in Figure 10. ANN is organized as a multilayer perceptron with a 3-
layer structure, the number of neurons in each layer is determined by the conditions of the task. In particular,
it is taken into account that the determination of the achieved quality during the processing of the stone sur-
face in real time is carried out by ANN based on the results of continuous measurement of instantaneous val-
ues of current consumption, continuously supplied to its input.
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Figure 10. Schematic model of ANN of the offered ISADQSS for the automated express
assessment of quality of processing of surfaces of natural stones according to a grinding stage

The number of output neurons at the output of the ANN is determined by the structure of the output
vector Y. The decision on the quality achieved at the appropriate stage of grinding is made by the interpreter
of the answer "winner gets everything", so the number of output signals corresponds to the number of re-
sponse options which gaves the maximum signal at the output.

The hidden neurons that form the hidden layer of the ANN intermediate processing of information in
such a way that the output layer of neurons is fed to linearly separated sets. The dimension of the hidden lay-
er is determined empirically by the learning results of ANN. The value of the mean square error E, which
should not exceed 0.05, is accepted as an evaluative functional of ANN training.

Computer modeling of the work of ISADQSS, in particular the developed ANN, was carried out. The
obtained results indicate high speed and accuracy of work.

Thus, the time of quality assessment and determination of the stage of stone surface treatment does not
exceed 2 s., which corresponds to the real time mode, and the value of the root mean square error of training
and operation of ANN does not exceed the specified value - £ < 0,05.

Conclusions

1. The description and results of experimental researches of intellectual system for automated determi-
nation of the quality of processing of surfaces of natural stones (ISADQSS) is innovative development in the
field of instrument making and is intended for stone processing for express estimation of quality of pro-
cessing of surfaces of stones, in particular roughness, with high accuracy in real-time and automatic mode in
production conditions directly when performing technological operations of grinding and polishing.

2. According to the results of experimental studies of ISADQSS work, it was found that the value of the
root-mean-square error does not exceed 0.05, and the speed does not exceed 2 s, which corresponds to the
real-time mode. The measurement results do not depend on the condition of the outer surface of the stone or
its humidity.
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3. The proposed system has high productivity due to the use of ANN, which performs simultaneous
processing of many digital data by parallel information processing, as well as a functional converter that cap-
tures the dependence of voltage on roughness in real time.
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Ta0uru TactapabiH 0eTTEPiH 6HAeY CANAChIH
ABTOMATTAHABIPBLIFAH AHBIKTAYAbIH HHTEJJIEKTYAJIIbI JKyiieci

Makana e3ekTi Mocenere — TaOWUFM TacTapIblH OCTIH OHJIEY CalachlH aHBIKTAyAbIH aBTOMATTaHIBIPY
JIeHTeiliH, ToNIiri MEeH JKbUIIaMABIFBIH apTThIpYFa apHanFad. Tabury TacTapbIH OeTKi KabaThlH OHJeY cara-
CBhIH aHBIKTAyAbIH aBTOMATTaHABIPHUIFAH HMHTEJUIEKTyaasl kyieci yceinburran (TBCAMIK). Byn sprypii
CHITATTaFbl OETTEpAl TEricTey KAHE JKBUITBHIPATy YIIiH Tac OHACY OHEpKACciOiHAe KOoJlaHyFa apHaJFaH acmar
)Kacay cayachlHarel MHHOBauwsuiblK o3ipneme. TBCAMIXK tac GeriH eHAey camachlH JKOFapbl JQIIIKICH
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JKOHE JKBUIIAM/BIKIICH aBTOMATThl PEXHMJE JKOHE HAKThl YaKbIT PEXHUMIHIE TIKeJIeH, Tericrey »oHe
JKBUITBIPATy HPOLECIHAE OPBIHAAYFa MYMKIHAIK Oepelli )KoHe TeXHOJIOTHUIBIK JKa0JbIKTHl TOKTATYy bl KOXKET
erneiini. byn xarnmaiina enmey HoTwkeci eHIeNreH OCTTiH BUIFAJIBUIBIFEl MEH Ta3aJbIFbIHA OailTaHBICTHI
emec. ¥Ycompurran TBCAMX okpuITelp enmierimrep MeH TPOGHIOMETpIIEp CHSKTBI  JTOCTYpJIL
MaMaHIaHBIPbUIFaH 3epTXaHAIBIK Kypauapra Oanama OO TaObUIa b, OJap/pl MaiaanaHy Kell eHOeKTi
KaXeT eTell )koHe KpIMOaTKa Tyceni. backanapiaan aifblpMaIsuibFsl, YCHBUIEI oThIpFaH TBCAWXK yiken
IONIKKe He (opTamia KBaApaTTHIK KaTelik 5%-—IaH acraipl) )KoHe Te3 dpeKeT eTeai (Kemip—OyIbIpIbIKTHI
aHBIKTay YakpIThl 2 c-TaH acmaiigsl). TBCAMXK opTypni aBTOMaTTaHABIPY KypalgapblH TeTepOreHIl
KacueTTepi 6ap CHHEepreTHKAaNbIK HHTErpalusiay KaFuJaTTapblHa COMKeC KYPBUIFaH — jKacaH/Ibl HEHPOHIBIK
xkeninep OKHX), connaii-ak, eHueneTin 6eTTiH Keaip—Oyaslp MeJIIEpiHiH e3repyiHe OaiIaHBICTHI TaC OHILY
KYPAJIBIHBIH YHKeJiC KYLIIHIH e3repyiHe Ce3IMTal CEHCOp peTiHAe KOJAAHBUIATHIH HETI3r1 KO3FalbIC
sxkererinig Tok Tipkeymrici (HKXKTT). ¥Ycememmran TBCAMIK Oy sxkorapel Jonmik IeH KBULIAMIBIK,
OMOEeOaNTEUTBIK KOHE Maiiiaany KEHUIIIT CHSKTHI apTHIKIIBUIBIKTAP B! OipiKTIpETiH HHHOBAIHSIIBIK JKOHE
HEePCHEeKTUBAIBI aMy OOJIBI TaObIIA/bL.

Kinm cesdep: xacaHIbl HEHPOHIBIK JKeNinep, Keaip—Oyablp, cama, aBTOMaTTaHIBIPY, AJINIK, KBUIIaMIbIK,
eJIey.

N.IO. Yepenanckas, A. FO. Cazonos, C.B. Kanbuyk, O.®. Cokonosckuii, O.C. CuBaepa

HNuTe/iekTyalIbHAsl cHCTEMa ABTOMATH3HPOBAHHOIO ONIpe/iesIeHUsI
KavyecTBa 00padOTKH MOBEPXHOCTel MPUPOAHBIX KAMHeil

CraThsl IOCBSIIIEHA aKTyaJ bHON MPpOoOIeMe — MOBBIICHNIO YPOBHS aBTOMATH3aIMH, TOYHOCTH M OBICTPOEH-
CTBUSI OIIPE/IENICHNsI KadecTBa 00pabOTKH MOBEPXHOCTEH MPUPOJHBIX KaMHeH. [IpennoskeHa HHTEIIeKTyanb-
Has CHCT€Ma aBTOMAaTH3HPOBAHHOTO OINPEAENICHUS KauecTBa 0OpabOTKU MOBEPXHOCTEH MPUPOJHBIX KaMHEH
(MUCAKIIK). OTo MHHOBaIMOHHAsA pa3padoTKa B 00JacTH MPUOOPOCTPOCHHUS, MIpEeaHA3HAUCHA AT IPUMEHe-
HHS Ha KaMHe0oOpaOaThIBAIONINX MPOU3BOJCTBAX MPH MITM(OBAHUY M MONUPOBAHUHU MOBEPXHOCTEH pa3nmd-
Ho#t ipuposl. UCAKIIK 1mo3BoJisieT BBINOJIHATH SKCIIPECC-OLEHKY KauecTBa 00pabOTKH MOBEPXHOCTEH KaM-
Hell ¢ BBICOKOH TOYHOCTBIO M OBICTPOJICHCTBHEM B aBTOMAaTHIECKOM PEXUME U PEKUME PEabHOIO BpeMEHH
HETIOCPE/ICTBEHHO, BO BPEMs BBIIIOJIHEHHS TEXHOJIOTHYECKHUX OlNepanuii NUM(pOBaHUS U IOJUPOBAHUS, U HE
TpeOyeT OCTaHOBKHM TEXHOJIOTHYecKoro obopynoBaHus. [Ipum 3TOM pe3ynbTaT M3MEpeHUs HE 3aBUCHUT OT
BJIIXHOCTH U YHCTOTH 0OpabareiBaemoii moBepxHocTH. [Ipemtoxkennas UCAKIIK sBrnsiercs anbTepHaTHBOM
TPaAUIMOHHBIM CIEIHANTN3NPOBAHHBIM JIAOOPATOPHBIM CPEACTBAaM, HampHuMep, OneckomeTpaM U mpoduio-
MeTpaM, IPUMEHEHNE KOTOPBIX ABISACTCS TPYJOEMKHUM M JOPOTOCTOAMNM. B oTimdume oT HUX, MpeUIOKEH-
Hasg ICAKIIK nmeer GombIIyi0 TOYHOCTH (CpemHsS KBafpaTHUeCKas MOTPEIIHOCTh HE MpeBHIMaeT 5%) u
ObIcTposeiicTBUE (BpeMst ompeencHus mepoxoBatocTu He 6onee 2 ¢.). MCAKIIK moctpoena mo mpuHIuIaM
CHHEPTeTHYeCcKOi MHTEerpaliy pa3sHbIX CPEJICTB aBTOMATH3alMU C HEOJAHOPOIHBIMYU CBOMCTBAMH — HCKYCCT-
BeHHBIX HelpoHHBIX cetell (MHC), a Takke Tak Ha3bIBAEMOro PErMCTpaTopa TOKOB MPUBOJA INIABHOTO JIBH-
xenus (PTIIT/), koTopblil mpuMeHsieTcs B KaYECTBE IaTYMKA YYBCTBUTEIHHOTO K M3MEHEHHIO CHIIBI TPEHUS
KaMHe0oOpa0aThIBaIOIEr0 HHCTPYMEHTA B 3aBHCUMOCTH OT M3MEHEHHS BEJIMYMHBI MIEPOXOBATOCTH 0Opabda-
TeiBaeMoi oBepxHOCTH. [Ipemnoxennas MCAKIIK sBnsercs HHHOBAIIMOHHOW W MEPCHIEKTHBHON pa3padoT-
KOM, KOTOpast 00BbEINHSIET TaKhe MPEeNMYINEecTBa, KaK BBICOKAas TOYHOCTh W OBICTPOAEHCTBHE, YHUBEPCAIIb-
HOCTb M IIPOCTOTA UCTIONB30BAHUS.

Kniouesvie cnosa: MCKyCCTBEHHbIE HEMPOHHBIE CETH, IIIEPOXOBATOCTD, KAYECTBO, aBTOMATH3ALINS, TOYHOCTh, OBICTPO-
JIEMCTBUE, U3MEPEHUS.
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Reconstruction of cosmological models are inspired by
generalization of the Chaplygin gas

This paper considers models arising from the composition of the modified Gauss—Bonnet gravity (the Gauss—
Bonnet invariant) and the general relativity (the Ricci scalar) against the background of a flat, homogeneous,
and isotropic space-time described by the Friedmann—Robertson-Walker metric. Advantages arising from
applying a theory containing higher-order invariants (Gauss—Bonnet invariant) consist in the presence of ad-
ditional degrees of freedom, which makes it possible to study the influence of small-order effects on the dy-
namics of the system under study, which are in search and confirmed by cosmological observational data. We
reconstructed two models with a power-law and exponential dependence on the Gauss—Bonnet invariant,
where the model ansatz is a combination of the inverse Weierstrass elliptic function and the power-law func-
tion describing the Hubble parameter. This facilitates obtaining a quasi-Dieter law of the change of the scale
factor in the initial and late epochs of the Universe. The application of the special function is inspired by gen-
eralization equation of state of the Chaplygin gas type, the Weierstrass gas. The application of the equation of
state with such dependence makes allows obtaining a quasi-periodic universe. The equations of state are
based on the Chaplygin gas are model equations of state and describe well the evolution of both the early and
the modern universe. The obtained two particular models are investigated for the fulfillment of the energy
conditions, which makes it possible to carry out analysis at a late stage of evolution of the universe and using
perturbation theory covering the period of the early universe. For the power-law and exponential models, the
perturbations of the Hubble parameter decrease in a finite time are shown, providing a way out of the infla-
tionary stage of evolution of the universe.

Keywords: Friedmann equations, f(G) gravity, Chaplygin gas, Weierstrass gas, energy conditions, perturba-
tion theory, inflation, accelerated expansion.

Introduction

Cosmological observation data [1-4] testify to the discovery of the phenomenon of accelerated expan-
sion and inform on cosmological parameters in the early epoch of the universe. To correctly understand the
genesis and process of evolution of the universe, it is required to introduce changes in the classical general
relativity by modifying it according to observational cosmology.

There are many possible theoretical descriptions of models responsible for this process. In particular,
dark energy models [5] inspired by the modified gravity f(R) have been proposed. Applying the modified
theory of gravity, such as f(R), gravity created the prerequisites for understanding the evolution of the uni-
verse to explain the accelerated expansion of the universe in recent times. An interesting alternative theory is
the modified Gauss—Bonnet gravity [6], or f(G) gravity. Concrete realistic models of f(G) gravity were
built to explain cosmic acceleration. By taking into account the corrections for the curvature of a higher or-
der, the features of the future finite time are provided. To study the quantum and general theory of gravity, it
is interesting to study the generalization of gravity, such as gravity f(G), where G is the Gauss—Bonnet in-
variant. In [7], inflationary phenomenology coming from a scalar field, with quadratic curvature terms in the
view of GW170817 was investigated. The dynamics of inflationary phenomenology were described and
proved that theories with the Gauss—Bonnet term can be compatible with recent observations. In the work
[8], de Sitter's solution in the framework of the non-minimal coupling of Gauss—Bonnet gravity with a scalar
field was considered and search for the stability of de Sitter solutions, which corresponds to the minimum of
the effective potential was made. In [9], inflationary phenomenology of the Einstein—Gauss—Bonnet theory
corrected for k-inflation was studied and the problem of non-gaussianity under slow and constant roll condi-
tions was considered.

In this paper, R + f(G) gravity model in the framework of flat and homogeneous space-time described
by the Friedmann—Robertson-Walker (FRW) metric is considered. Reconstruction of the resulting model
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with a special form of the Hubble parameter inspired by the generalization of the Chaplygin gas equation of

G
state — the Weierstrass gas, first presented in [10], is carried out with f(G) = G™ u f(G) = Ge’%. The ob-
tained two particular models are investigated for the fulfillment of the energy dominance conditions and

through perturbation theory, thus, embracing evolution in the early and late epochs of the universe.
Experimental

2. Basic of R + f(G) gravity
We consider the following action, which describes General Relativity plus a function of the Gauss-
Bonnet term:

1
S:fd4x,/—g [mR‘Ff(G)], (D
where k2 = 8rGy, Gy being the Newton constant, and the Gauss-Bonnet invariant is defined as usual
G = RZ _ 4Ruva + Rp.V}LO'RuVAG' (2)

By varying the action (1) over g,,,, the following field equations are obtained

1
0= 2k2( RW 4 Z g’“’R) + TH 4 — g‘“’f(G) — 2fGRR*Y + 4fGR#RVp — 2fGRMPITR S 5
— 4 RMPOVR , + Z(V“V”fG)R 29" (V*f)R — 4, V*f6)RYP — 4(V, V" fg )R

+4(V2fRW + 49" (V,V, [ )RP® — 4(V,V, f5)RHPV°, (3)

where we made the notations f; = f'(G) and f;; = f" (G). We shall assume throughout the paper a spatial-
ly-flat FRW universe, whose metric is given by

ds? = —dt? + a?(t)(dx? + dy? + dz?), 4)

In case (4), Einstein—Hilbert action (1) contains the modified Gauss—Bonnet gravity term and GR, we
can rewrite as point-like action is defined by the expression:

fdt\/_( +£—f—<a—24%>>, (5)

: 12 .
where ./—g = a3, R = 6(2H? + H) — the Ricci scalar, G = 24‘2—3‘1 = 24H2H + 24H* — the Gauss—Bonnet

invariant, a = a(t) — the scale factor, and H = %— the Hubble parameter.
From the action (5), Lagrange point takes the form

f s f

L= —3d2a+za3 —76a3 —4f"Gad. (6)
By applying Euler-Lagrange equation to the (5), we get equation of motion
2H + 3H? = L +]; G —4f"G2H? — 4f"GH? — 8f"GH(H? + H). (7
Accordingly, the first Friedmann 2H + 3H? = —p equation, pressure p takes the form
]: - f—G +4f"G2H? + Af"GH? + 8f"GH(H? + H). (8)

On the other hand, the total energy (Hamiltonian) corresponds to Lagrangian

3H? =—]—c+f G —4f"GH®. )
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From the second Friedmann 3H? = p equation, energy density p takes the form

p= —g +%,G —4f"GH?3, (10)

3. Research methods
We can introduce energy condition in pressure p and energy density terms p as [11]

NEC=>p+p=>0 (11)

WEC=>p=0,p+p=0,
SEC=>3p+p=0,p+p=0,
DEC=>p=0,—p<p<p.

To study the stability, we consider the conservation equation energy-matter perfect fluid

p+3H(p+p)=0. (12)
To do that, first, we have presumed a linear perturbation of the Hubble parameter as
H(t) = Hy®)(1+6D), (13)

where H(t) is the perturbed Hubble parameter and §(t) is the perturbation term.
Energy-matter perfect fluid [12]:

- e 4 a4
A =0, (4107 (¢% + A, exp(©)5 92,93) + Ast 7,

where H = Z—f, A4, A,, A; — arbitrary constants, g~ — inverse Weierstrass function, and g2, g3 — invariants.
Figure 1 represents H and H time dependence.

i T i
050 1 5 10

1 1
0.05 0.10

Figure 1. H and H dependence on cosmic time t at A; = 10,4, = 0.95,4; = 0.8.

Results and Discussion

4 Energy condition analysis

4.1 Power-law model

Let us consider particular case of R + f(G) gravity in form f(G) = G™. Take into account equations
(8), (10), (14) and

f(6)=G"f"(G)=nG""1f"(G) =nn—1G"?f"(G) =n(n—-2)(n—1G"?, (15)
pressure p and energy density p in Hubble terms take the form
_G"(1-n)

p=—"p—+ an(n—1)(n—2)G"3GH? 4+ 4n(n — 1)G™" 2GH? 16)
+8n(n—1)G"2GH(H? + H),
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G"(1—n .
p1= —% —4n(n — DG 2GH?, @17)
the graphical dependence of which on the cosmic time t is shown in Figure 2 at n = 4. This choice of n pro-
vides a contribution to the pressure p and the energy density p of all terms in (16) and (17).

a) . ~' L b)

(=]
(]

c) | d)

Figure 2. Dependence on cosmic time t: a) pressure p;; b) energy density p;; ¢) p; + p; ud) 3p; + p;.

Note that, with decreasing n, the values of pressure and energy density decrease, so for n = 3 the form of the
time dependence remains, but the amplitude decreases by a factor of 108.

4.2 Exponential model
G
Let us consider another particular case R + f(G) gravity in form f(G) = f, (1 - Ge?o>. Take into ac-
count equation (8), (10), (14) and

G G
f(G)=—fo<1—€G_°>,f'(G)=L Go o f1(6) =3 fo e f”’(G)—&eGO (18)

0 0

pressure p and energy density p in Hubble terms take the form

Py = — fo(l—eG> fOeGG+4feGGH2+4feGOGH2+8feGOGH(H2+H) (19)
2 Go Ge GE G&
fo G fo fo
1—eGo|—2— GG 4 GGH2 2
P2 =7 e Goe Goe (20)

the graphical dependence of which on the cosmological time ¢ is shown in Figure 3.
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a) b)

Figure 3. Dependence on cosmic time t: a) pressure p,; b) energy density p,; ¢) p, + p, and d) 3p, + p,.

5 Perturbation analysis

5.1 Power-law model

In this section, we are interested in investigating the power law’s stability through perturbation analysis.
Substituting in (12) (8), (10), and (13) taking into account f(G) = G™, at n = 4, we get equation

H(H + H?) (G2 + 12G(H + H?) H? + 36GH(H + H?)) = 0,

which, in the case of a search for a particular solution in terms of the Hubble parameter, transforms into a
differential equation

Ho(t)b(t) + Hob(t) + HZ(t)b%(t) = 0, (21)
where b(t) = 1 + 6;,(t). From equation (18), we obtain a particular solution describing the perturbation
64 (t) in view

1 —
Ho(1+ 8,(0))

where H,, is described by expression (14) and c; is integration constant. Solution (22) is illustrated in Fig-
ure 4.

It should be noted that at ¢; > 1 perturbation &, (t) takes the positive value. Perturbation §,(t) for the
most rapidity tend to be zero at ¢; = 1. Perturbation §,(t) takes the negative value at ¢; < 1.

t+ Cq, (22)
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Figure 4. §,(t) dependence on cosmic time t atn = 4 and ¢; = 1.

5.2 Exponential model
Let us research perturbation in exponential model. Substituting in (12), (8), (10), (13) and f(G) =

G
fo (1 - GeG_o) neglecting terms higher than the first order, we obtain the equation

H = —H? (23)
From equation (23), we obtain a particular solution describing the perturbation &(t) the same as (22).
Conclusions

Here R + f(G) cosmological model was considered in flat, homogeneous, and isotropic Friedmann—
Robertson—Walker space-time. Power-law model and exponential model were chosen as particular cases of
modified Gauss—Bonnet gravity in the f(G) term. We provided energy conditions and made a perturbation
analysis.

In the power-law model, the null energy condition performs, which is depicted in Figure 2a and de-
scribed by p; + p; = 0. Weak energy condition performs and is shown in Figures 2a and 2b. It is described
inequality p; = 0 and p; + p; = 0. Strong energy condition p; + p; = 0 and 3p; + p; = 0 is represented in
Figures 2a and 2d. This condition partially performs because the first inequality performs only. Violation of
this condition provides accelerated expansion. Dominant energy condition p; = 0,—p; < p; < p4 IS shown
in Figures 2b and 2c, and performs. The simultaneous fulfillment of weak and dominant energy conditions
ensures the acceleration mode.

For the exponential model, the null energy condition p, + p, = 0 the same as power-law model. Weak
energy condition p, = 0 and p, + p, = 0 partially performs because the second inequality performs only.
These conditions are shown in Figures 3a and 3b. Strong energy condition p; + p; = 0 and 3p; +p; =0 is
represented in Figures 3a and 3d. Figures 3a and 3c illustrate dominant energy condition p, = 0,—p, <
p2 < p,. It not performs for exponential model. In this model, the energy density has a negative value, which
corresponds to cosmology with a phantom field. This behavior provides a superacceleration mode.

By comparing results of energy condition models, we have |p; + p1| < |p2 + p2| and |3p; + p1| K
|3p2 + p2|. The power-law model f(G) describes the accelerated expansion of the universe at a late stage in
the evolution of the universe and this expansion will be eternal, and the results of the exponential model pre-
dict a transition to the super acceleration regime, that is, the disintegration of the universe in a finite period of
time.

The analysis of the perturbation of the studied models shows that both in the power-law and exponential
models, the perturbations tend to be zero. This ensures a way out of the inflationary stage at an early stage in
the universe’s evolution.
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[LYO. Lpi6a, O.B. Pazuna, H.T. CyiikumOaeBa

YamibIrdH ra3biH KaJNbLIay ApKbLJIbI
KOCMOJIOTHSIIIBIK MOJIeJIbAepli KaluTa Kypy

Maxkanana ®puagman—PobepTcoH—Yokep MeTpUKachIMEH CHMATTAIFAaH JKa3blK, Oip TEKTi JKOHE HM30TPOIITHI
KEHICTIK—yaKBIT ()OHBIHAAFHI KBl CATBICTHIPMAJIBIK TEOPUACHIHBIH (Puuun ckamsaper) sxoHe ['aycc—bonHe
(Taycc-boHHe MHBapHaHTBI) TPAaBUTALMACHIHBIH MOJM(HKALMAIAHFAH TEOPUSICHl KOMIO3HIMSACHIHBIH
HOTWKECiHIe maiiga OonmraH Mogenbaep KapacTelpsurraH. JKoraprel perti ([aycc—boHH wWHBapuaHTBI)
WHBapUaHTTaH TYPaThIH TEOPHSHBI €CENKe ally HOTMXKECiHJAe Maiaa GoNaThIH apTHIKIIBUIBIKTAP, KOCBIMIIA
epKIHJIIK JOpeKeciHiH Maiiia OodyblHa Herizjereli, ojap KOCMOJIOTHSUIBIK OakKblIayJapMeH HaKThUIaHFaH
Kimi perti 3QQexTTepain 3epTTeNeTiH KYHeHiH IMHAMHKAachlHa oCepiH 3epTTeyre MYMKIHIIUIK Oepeni.
ABtopnap ['aycc—BoHH WHBapHaHTBIHA DKCHOHEHIMAIABI JKOHE JIOpEeXKedl Toyelai eKi MOJAeNAIH KaiTa
KYpPacCTHIPBUTYBIH JKY3€Te achlpFaH, MYHJa aH3al] MOedl peTiHae BelepmrpaccaHblH Kepi 3JUTHIICTIK
(hyHKIUACHIHBIH KOMOMHAIISCH MeH Xa00J1 mapaMeTpiH CHUIaTTalThIH JOpEeKeNiK GYHKIHUIACH albHFaH. by
OJIeMHIH 0acTarnKpl koHe KeiiHT1 1oyipiepinaeri Macmrad (hakTOPHIHBIH 63TepyiHiH KBa3HIE3UTEPIIiK 3aHBIH
almyra MYMKiHAIK Oepexmi. ApHaiipl GYHKIUSHBI KojAaHy YalulBITHHIIK Ta3 Typi — Beiiepmrpac ra3siHbIH
KYH TeHJeyiH JKajmbpliayaaH TyblHaarad. OCcbIHIaN Toyemniiri 6ap Kyi TeHIeyiH KONIaHy KBa3UIIEPHOITHI
Onemai anyra MyMKiHAIK 6epesi. YarbIrie ra3slHa Heri3aereH Kyd TeHaeyaepi MoAenbaik KyH TeHaeyaepi
6O0JTBIN TaOBUTAIBI YKOHE epPTe JKOHE Ka3ipri oJIEMHIH JBOJIOIMSACKHIH JKAKChl CHIIATTAW bl AJIBIHFAH €Ki JKEeKe
MOJEIb DHEPIrvusd JOMHUHAHTBIHBIH HIAPTTApPbIH OPbIHAAY YIJ.I]H 3epTreJ111i, 6¥J'l SJ'leMHil-[ 3BOJIIOIIUACBIHBIH KCIII
KEe3CHiH/Ie JKOHE epTe dJIEMHIH Ke3eHIH KaMTHTBIH OY3bLTyJap TEOPHSCHIH KOJNAaHa OTHIPBIN Tajay KacayFa
MYMKIHAIK Oepeni. Jopexkemik jkoHe dKCIMOHEHIUAIABI MOJIeNbAep YIIiH Xa001 mapamMeTpi COHFBI YaKbITTa
ayBITKUIBI, OChUIafiIa Fanam 9BOFOLHSACHIHBIH HHOIAMSIIBIK CATHICHIHAH MIBIFYIbI KAMTAMAChI3 €TE/I.

Kinm co3oep: ®puaman tenneyi, f(G)-rpapurarms, Yamisirud rasel, Beifepiurpace rasel, SHEprUSHBIH
JOMHMHAHTTBUIBIK MIAPTTAPHI, YHBITKY TEOPHSCHI, HHQIISAINS, YAEMeTl KeHEIO0.
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ILIO. Ip16a, O.B. Pasuna, H.T. CyiikumbaeBa

PexkoHCTpyKIIMSA KOCMOJIOTHYECKUX MO/IeJeid,
HHCIIMPUPOBAHHAasA 00001eHneM raza Yamibirmnua

B cTaTthe paccMOTpeHBI MOJIeNH, BO3HHUKAIOIIHE B pe3yJIbTaTe KOMIIO3UINE MOANGHUIMPOBAHHONH TEOPHH Ipa-
BuTauun ['aycca—bonHe (uHBapuanT ['aycca—bonHe) u 00mielt TeOpUn OTHOCUTEIBHOCTH (cKamsap Puuun) Ha
(hoHE MIIOCKOT0, OJHOPOIHOTO U M30TPOIHOTO IPOCTPAHCTBA—BPEMEHH, ONHCHIBAEMOTr0 METpUKOil Ppuama-
Ha—-PoGepTcona—Yoxkepa. [IpenmymiecTBa, BO3HHKAIOLINE B pe3yabTaTe NPUMEHEHUSI TCOPHH, COIEprKalieit
MHBapUaHTHI BBHICIIETO Mopsaka (MHBapuaHT ['aycca—boHHE), 3aKiIOYarOTCs B HATMYMU JOMOTHHTENBHBIX
cTeneHel cBo0O/Ibl, KOTOPBIE MO3BOJIAIOT U3Yy4YaTh BIMSHUE 3()(HEKTOB MAIOTro MOps/iKa Ha JUHAMUKY HCCIIe-
JTyeMOH CHCTEMBbl, HaXOISAIIMXCS B TOMCKE U IMOATBEPXKICHHBIX KOCMOJIOTMYECKMMH HaOIIOAaTeNbHBIMU
JTaHHBIMU. ABTOpaMHU OCYIIECTBIICHA PEKOHCTPYKLUS ABYX MOJEIECH CO CTEIIEHHON U 3KCIIOHEHIUAIBHOH 3a-
BHCHMOCTBIO OT MHBapHaHTa ['aycca—boHHe, r/ie B kadecTBe aH3alla MOJIENH BBICTyNaeT KOMOHHAINA 00pat-
HOHM »mmnradeckolt ynkimn Beftepmrpacca n creneHHON (yHKIWH, onuchIBaromieil mapamerp XaooOima.
3TO MO3BOJAET MOMYYUTH KBA3HICCUTEPOBCKUH 3aKOH M3MEHEHHS] MACIITaOHOTrO ()akTopa B HAYaJIBHYIO M
no3HIoK0 Snoxu Beenennoii. [IpumeHenne crienuanbHOW (GYHKIMH HHCITMPHPOBAHO 000OIIEHHEM ypaBHE-
HUSI COCTOSIHMA Tuna rasza Yamisiruaa — razom Belepmpacca. IlpuMmeHeHre ypaBHEHUsI COCTOSTHUSA ¢ TaKOU
3aBUCHMOCTBIO TTO3BOJISICT MOJTYyYUTh KBa3HIIEPHOANUECKYI0 BeeneHHyto. YpaBHEHHS COCTOSIHUS, OCHOBaH-
Hble Ha raze YamibIruHa, SBISIOTCS MOJCIBHBIMH yPaBHEHHSAMH COCTOSIHHSI M XODPOIIO OMHCHIBAIOT BOJIO-
LHUIO KaK paHHed, Tak U coBpeMeHHOI Bceenennoil. [lonydeHHble 1Be YacTHbIE MOJIEIM MCCIEI0BAaHbl HA BbI-
MOJTHEHUE YCIIOBUH 3HEPTOJOMHHAHTHOCTH, YTO JaeT BO3SMOXHOCTbH IPOBECTH aHAIN3 B MO3JHMI 3Tal 3BO-
mouuu BeeneHHOM n ¢ TOMOILBIO TEOPUM BO3MYILEHUI OXBaThIBalolel nepuoy panHei Beenennoit. [Toka-
3aHO, YTO JJI CTETICHHOH M SKCIIOHCHIMAIFHOH MOJENH BO3MYIICHHs mapaMeTp Xab0ia yMmMeHbIIaeTcs 3a
KOHEYHOE BpeMs, TeM CaMbIM 00ecIeurBast BBIXO/] N3 HHQIIIIMOHHOM CTauK 3BOJIIONNH BeeneHHOM.

Knroueevie cnosa: ypasuenus ®punmana, f(G)-rpasuranus, ra3 Yamisiruna, ras Beliepmtpacca, ycnoBus
3HEProJIOMUHAHTHOCTH, TEOPHS BO3MYIICHUH, HHQIAIHS, YCKOPSHHOE PACIIHPEHHE.
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Pore-scale modelling of fluid flow in porous media using the projection
method for incompressible Navier-Stokes equations in irregular domains

This paper presents the results of numerical simulation of incompressible viscous flow in porous media,
which comprise periodically arranged cylinders. This simulation is based on the numerical solution of the in-
compressible Navier-Stokes equations in irregular domains using the projection method on staggered grids,
where the irregular boundary is represented by its level-set function at the pore-scale level. The main problem
in numerical calculation of fluid flow through porous media occurs when the value of the porosity is close to
1 or is close to the threshold value since it is necessary to take a very fine numerical mesh, which requires ad-
ditional computing power and increases the calculation time. There are exact analytical solutions for simple
types of porous media which consist of periodically arranged cylinders. In this paper, the permeabilities of
these porous media were numerically calculated and compared with the previous works based on the numeri-
cal solution of the Lattice-Boltzmann equation in irregular domains, when the fluid flow obeys Darcy’s law.
The comparison of numerical and theoretical values of porosity shows that this method is sufficiently accu-
rate for porosity values ¢=0.2-0.8.

Keywords: Navier-Stokes equations, numerical simulation, projection method, fibrous porous medium, per-
meability, porosity, grid, irregular boundary, fluid flow, geometry of pore space.

Introduction

Many of the environmental and industrial problems are related to the fluid flow in porous media. There-
fore, understanding the processes that take place inside a porous medium plays a key role in science and
technology.

Rabbani and Babaei [1] used pore network modeling (PNM) with a Lattice Boltzmann Method (LBM)
to benefit from the strengths of both approaches. They calculated permeabilities of all throats using the LBM
and substituted in the pore network model. Solving the LBM for every throat leads to an accurate representa-
tion of flow, but the algorithm is computationally expensive. LBM is used to model the steady-state incom-
pressible fluid flow through different throat images and an Artificial Neural Network (ANN) is trained to
mimic the trend of throat’s permeabilities based on cross—sectional images [1].

The disadvantage of the PNM is that it cannot be applied to an inaccurate geometry. The main limita-
tion of direct methods is the high computational cost [2], which could be a major obstacle in the case of
large-sized and high-resolution volumetric images of porous material. As a solution to this size and time lim-
itation, domain decomposition and parallel computation have been comprehensively hired to increase the
models’ efficiency and scalability. As another solution to deal with computational limitations, machine learn-
ing can be employed to mimic the behavior of complex solid/fluid systems. The main idea is to save the
computational sources by solving a series of typical problems and extend the results to all similar cases.

With the development of high-performance computing and micro-CT technologies which allows to
construct detailed geometrical description of material microstructure, it is possible to use numerical experi-
ments for direct evaluation of material properties. In geophysical applications, such techniques are called
digital rock physics and are meant to accompany and supply conventional laboratory measurements for eval-
uation of transport properties of rock core samples [3].

To distinguish porous media from each other, it is necessary to determine the geometry of pore space,
due to microscopic pore sizes and a large number of pores per unit volume of porous medium. It is a difficult
task. In most cases, statistical methods are used to determine the geometry of pore space [4, 5]. The main
problem of the investigation of porous media properties is the problem of finding a relation between macro-
scopic parameters (e.g., permeability, elastic constants, electric or thermal conductivity) and the pore space
geometry of porous media (the microstructure of porous media). For example, when the fluid flows through
porous media at a low Reynolds number and it obeys Darcy’s law [6]:
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U= SV(p +pgz) (1)

where U is the flow rate, K is the permeability of porous medium,  is the fluid viscosity, p is the pressure in
the porous medium and pgz is the hydrostatic pressure. The main problem in this case is finding a relation
between the permeability and geometrical parameters of porous media. There are only approximate solutions
for simple cases of porous media comprising periodically arranged cylinders [7—11], which we consider in
this paper. Mostly in practice, the Kozeny—Carman relation between the permeability and geometrical pa-
rameters of porous media is used [12, 13]:

¢3
"~ 6s2
where ¢ is the porosity and s is the specific surface area. However, this relation was obtained for simple po-
rous medium which constructed by the parallel capillaries with circular cross-section and this relation does
not consider the microstructure of the porous medium.

This paper presents the results of numerical simulation of incompressible viscous flow in porous media
at the pore-scale level. This simulation is based on the numerical solution of incompressible Navier-Stokes
equations in irregular domains using the projection method on staggered grids, where the irregular boundary
is represented by its level-set function [14—16]. When the fluid flow obeys Darcy’s law, the permeability of
these porous media was numerically calculated and compared with the previous works based on the numeri-
cal solution of the lattice-Boltzmann equation in irregular domains [17], and also the artificial compressibil-
ity relaxation algorithm was applied [18].

Experimental

Definition of the problem. A porous medium of volume V is represented in the form of the domain D
which consists of two sub-domains: domain of voids D, with volume of fraction ¢ and domain of solid phas-
es D; with volume of fraction 1- ¢. The voids are called pores, and these pores form a pore space. Fluids that
occupy these pores can flow if these pores are connected with each other [12, 13]. The minimum value of
volume fraction ¢ at which fluid flows through a porous medium is called a threshold value [19]. A slow
laminar flow through a porous medium is the problem that needs to be solved on a microscopic level. The
microstructure of two-phase porous medium D is described in detail by the characteristic 1(x) function:

1?) ={OforxeD0 @

1 for X € D,
The considering model is based on the numerical solution of Navier-Stokes equations for incompressi-
ble fluid flow through porous medium which is described by the I(¥) (equation (2)):

<aﬁ§tm + @ 6) - Vu, t)) = pg — Vp(X,t) + uV*iu(%,t), % € Dy 3)
V-u(x,t) =0,% € D, (4)

No-slip boundary conditions are applied on the pore-matrix interface 0Dy:
ﬁ(f, t) = O,Q_C) € 6D0 (5)

The cubic porous medium domain D with size a is considered and the periodic boundary conditions are
applied on its faces:

w7 -5) =u(w+5 ) ®)
where x, is the position of center of cubic domain D.
To find the permeability of porous medium, the steady state solution of equations (3, 4) with boundary
conditions (5, 6) is found using the projection method on staggered grids [15]. This solution is averaged over
the porous medium domain:

g =2 E0V, 7)
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Then the Reynolds number (Re = pTUL, where L is the characteristic length) is found below which the fluid

flow in porous medium obeys Darcy’s law for permeability calculation using the equation (1).

Numerical methodology. The solid surface is determined by introducing the level-set function for solid
phase. For example, if the solid phase is a single sphere with diameter d, then its level-set function is as fol-
lows:

2

d
FOoy,2) = (¢ =x)* + = ye)* + (2 = 20)* =

where Xc, Yc, Zc are the coordinates of the center of sphere. After introducing the level-set function for solid
phase the characteristic function I(x) (equation (2)) can be determined:

_(0if F(x,y,z) >0,
160y, 2) = {1 if F(x,y,2) < 1.

Pore nodes

T2
o A

Solid nodes Solid surface

N

e e e Eeanee
1

Figure 1. Representation of the staggered grid and solid surface

Porous medium domain D is approximated by generating a uniform, structured mesh that incorporates
nodes of solid phase (or rock phase) D, and pore Dy domains (example of the 2D structured mesh is shown in

Figure 1 as black, solid lines).
The volume of solid phase of a porous medium can be calculated using the level-set function of solid

phase:

B { 0if I(x;,yj,2¢) =0 @®

Vi: =
TN if 1(x, yp ) = 1
where i, j, k are the indexes of the mesh nodes in x, y, z direction, respectively, A and V; j « are the size and

volume of the cells which circumscribed around the mesh nodes, respectively.
The total volume of the solid phase of a porous medium is:

Ny—1 «Ny—1 QN,—1
Vs = Zi=xo jZo k=0 Vi,j,k: ©)

where N,, Ny and N, are the number of the mesh nodes in x, y, z direction, respectively.
The total volume of pores of a porous medium is:

V,=V-V.
The volume fraction of pores (or porosity) of a porous medium is:
_Ww_q_¥%
¢ = v 1 v
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Also, the solid surface (blue line in Figure 1) can be calculated using the level-set function of solid
phase:
(Az lf (Ii+1,j,k =1or Ii,j,k =1 ) and Ii+1,j,k1i,j,k = 0,
Suk = JAZ if (Iijore =1o0rljp=1)andl;j1plije =0, (10)
LAZ if (Iijesr=1o0rljp=1)andl;jps1lijp =0,
0 otherwise.
The total value of the solid surface is (red line in Figure 1):

Ny—1 «Ny—1 GN,—
§=XiZo j:o k=015i,j,k (11)
The specific surface is:
)
S = V.

Calculation of the cross-sectional area and perimeter of a cylinder. The solid surface of a cylinder with
the periodic structure (Figure 2) is determined by introducing the following level-set function:

2

Fy) = (x—x)*+(y—ye)? -5, (12)

where d is the diameter of a cylinder.

Figure 2. Two-dimensional rectangular area (d is the diameter of cylinder)

The area and perimeter of the cross-section of a cylinder are numerically calculated using equations
(8,9, 10, 11, 12). The comparison of numerical values of cross-sectional area and perimeter of a cylinder
with exact values are shown in the Table 1, where a cylinder's diameter is d=0.6 (exact value of the area is

2
S = % = 0.282743 and the perimeter is P = md = 1.884956).
The deviation between the numerical value of area and exact value is:

E.A.= |numerical value — exact value|.

The relative error is:

E.A.
REA=————.
exact value
Table 1
The comparison of the numerical values of cross-sectional area and perimeter
of a cylinder with exact values (cylinder’s diameter is d=0.6)
Number of the S (cross EA REA. P (cros_s-sectional EP REP.
mesh nodes sectional area) perimeter)

16x16 0.269531 0.013212 | 0.046728 2.250000 0.365044 | 0.193662
32x32 0.286133 0.003389 | 0.011988 2.375000 0.490044 | 0.259977
64x64 0.281494 0.001249 | 0.004418 2.437500 0.552544 | 0.293134
128x128 0.283020 0.000277 | 0.000979 2.406250 0.521294 | 0.276555
256x256 0.282486 0.000257 | 0.000910 2.390625 0.505669 | 0.268266
512x512 0.282825 0.000082 | 0.000290 2.398438 0.513482 | 0.272411
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Permeability calculation. There are many theoretical predictions of the permeability of fibrous porous
media with the periodic structure [8-11].

John Happel [8] found the theoretical estimation of the permeability of these media by solving the
Stokes equation for a fluid flow around a cylinder with no-slip boundary conditions at the surface of cylinder
and periodic boundary conditions at the domain boundary. His theoretical prediction of the permeability of a

fibrous porous medium is:
K 1 1\ 1-—¢?
=B Lln(d)-22]
d? 32¢ o) 1+ ¢?

2
where K; is the permeability of fibrous porous media, d is the diameter of cylinders and ¢ = %, where a is

the distance between centers of cylinders (see Figure 2). The main inaccuracy in his calculation is that the
solution was based on solving the Stokes equation in a cylindrical coordinate system, and hence the bounda-
ry of its domain does not coincide with the real boundary.

In the work of Hasimoto [9], the exact solution of the Stokes equation for fluid flow around a cylinder
in the form of infinite series is used to predict the permeability of fibrous porous media. He found the theo-
retical prediction of the permeability of fibrous porous media using only the terms of lowest order of this
series:

Lk, 1

1
K; =ﬁ=32_(p,[ln(?)—1.476+2g0]+0(§0 ),

2

d
where ¢’ = Z?.

Later Sangani and Acrivos (1982) [20] improved the theoretical prediction of permeability of fibrous
porous media using the terms of the highest order of the series presented in the work of Hasimoto [9]:

K 1 1
K} = d_; =320 [m (a) —1.476 + 2¢' — 1.774¢'* + 4.078¢"> ] +0(p").
The value of K; is close to exact value when ¢ is close to 0, so the numerical value of permeability can
be validated by comparing with the value of K; when ¢’ is close to 0. They also presented the numerical
method to calculate the permeability for all values of the porosity in the work [10].
In the work [11], the porous medium is considered as “unit cell” and there is a unidirectional flow with
a parabolic velocity profile. Their theoretical prediction of the permeability of fibrous porous medium is:

oK1 (1-¢)
4 = dz - [ _ _ - .
3¢ <2(<P +2)+4 (1 \/5\/)%1 (p)2> T/aq) + 12arctan <\1/I-—_\/5>
-

The projection method on the staggered grid was applied to solve the incompressible Navier-Stokes
equations and all numerical calculations were performed using PARIS simulator [21]. The results of numeri-
cal calculation of permeability were validated by comparing with theoretical estimations of the permeability
of porous media like porous medium which consist of periodically arranged cylinders [7-11].

Results and Discussion

The fibrous porous medium with a periodic structure is considered in this section. Fibers are located at
the same distance to each other and have the same diameter. Planar flow, that is perpendicular to the axes of
cylinders, is considered. The fluid flows through this porous medium by the gravitational force. The follow-
ing parameters are used: fluid density p=1, fluid viscosity x=1, domain size a=1.

To find the permeability, the steady-state solution of Navier-Stokes equations is averaged over the po-
rous medium domain (equation (7)). The permeability of fibrous porous media is numerically calculated and
compared with existing theoretical estimations. For the case when the value of the porosity is close to 1, the
Brinkman's estimation can be used to obtain exact solution [22].

The relation between flow rate and number of mesh nodes is shown in Table 2.
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Table 2

Relation between the flow rate and number of nodes of the mesh for 2D fluid flow
through the fibrous porous medium when a cylinder's diameter is d=0.6

Number of the mesh nodes

Flow rate

16x16 1.126954E-02
32x32 1.166258E-02
64x64 1.146031E-02
128x128 1.125835E-02

The comparison of numerical and theoretical values of the permeability of fibrous porous medium is

shown in Figure 3 and Table 3.

Table 3

Numerical values of the permeability of fibrous porous medium

d (diameter of the cylinders) | ¢ (porosity) | s (specific surface) | K* = d—K2 (permeability)
0.2 0.968933 0.781250 2.076525
0.3 0.929626 1.218750 0.584678
0.4 0.874207 1.593750 0.207850
0.5 0.804138 2.031250 0.080000
0.6 0.716980 2.406250 0.030931
0.7 0.614929 2.781250 0.010859
0.8 0.496765 3.218750 0.003048
0.9 0.363464 3.593750 0.000543

Figure 3 illustrates the convergence of the flow rate (equation (7)) to the steady state value for 2D fluid
flow through the fibrous porous medium.

10

1 b

0.1

Numerical value of pen‘neai:i\ity
Tamayol (2008) --------
John Happel (1958) --evueee

) Sangani and Acrivos [19@2}
Sangani and Acrivos (numerical) ===
Kozeny-Carman - -

0.01

Kid?

& 000
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1e-05
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Figure 3. Comparison of the numerical and theoretical values of the permeability of fibrous porous medium

When the cylinder's diameter is small, the boundary of the domain which is considered in the work [8]
almost coincide with the real boundary, so in this case the value of K is close to exact value (see Figure 3).

According to Figure 3 the numerical value of the permeability is close to the value of K3 when ¢ is
close to 1. Thus, the error in numerical calculation of the specific surface of the fibrous porous medium has a
weak effect on the numerical value of permeability.

Also, it can be seen that the numerical values of permeability presented in the work [10] are close to the
numerical values of permeability for all values of the porosity where the numerical calculations were per-

formed.
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Conclusions

This paper presents the results of numerical simulation of incompressible viscous flow in porous media
at the pore-scale level. To find the Reynolds number below which the fluid flow obeys Darcy's law, the in-
compressible Navier-Stokes equations are numerically solved using the projection method on staggered
grids. The main reason for choosing this method is the possibility of finding the steady-state solution of
Navier-Stokes equations more quickly than such methods as Lattice-Boltzmann, Smoothed-Particle Hydro-
dynamics, etc. However, this method becomes ineffective when the value of the porosity is small or is close
to 1. The comparison of numerical and theoretical values of permeability shows that this method is suffi-
ciently accurate for porosity values ¢=0.2-0.8.
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K.K. AkameBa, A.A. Kynaiikynos, b.K. Acun6ekos, J1.O. bonbicoek

KeyekTi opTagarpl CYHBIKTBIK aFbIHBIH K€yeK MACHITAOBIHAA MO/eJbAey
TYPAKCHI3 AMaKTaAPAa¥Fbl ChIFbLUIMANTBIH CYHBIKTHIK YIiH HaBbe-CToKC
TeHAeyJIepiHe MPoeKIUAIAY JAICIH KOJIaHy

Makasazaa neproAThl OpHANACTHIPBUIFaH LUINHAPICPICH TYPAThIH KEYEKTi OPTaaFbl TYTKbIP ChIFBUIMAHTHIH
CYHMBIKTBIKTBIH aFbIHBIH CAaHJBIK MOJENBJCYNIH HOTWXKedepi KendripinreH. byn Mozenbiey Iaxmar
TOpPJApBIHIAFbl NPOCKLMSIBIK OMICTI KOJIIaHA OTBIPBIN, TYPAKThl €MeC ayAaHIapAarbl ChIFBUIMAHTHIH
CYHBIKTHIK YIniH HaBbe—CTOKC TeHAEyJepiH CaHIBIK IIEIIyre Heri3JeireH, MyHJa TYpaKThl eMec IIeKapa
MacIITa0THl JIeHrelfe NOeHredl opHaTy (YHKIMSACHIMEH YCHIHBUFaH. KeyekTi opTa apKbUIBI CYHBIKTHIK
aFbIHBIH CAaHJBIK €CeNTeyAeri Heri3ri Mocene KeyeKTUIK MoHI 1 HeMece HIEKTI MOHTe JKaKbIH OOJIFaH Ke3ze
naima Gomaxel. MyHIal skargaiimapia KOCBIMINA €CeNTey KyaThIH KaXXeT eTETiH oTe a3 CaHJIBIK TOPIbI
naiifialaHy Kepek, COHBIMEH Karap, €CeNTey YaKbIThIH apTThIpaabl. IIepHOATHI OpHAIaCTHIPBUIFaH
LWINHAPIEPMEH TYpaThlH KEyeKTi OpTa CHSKTBl KEYeKTi OpTaHbIH KapamailbIM TypJepiHe HaKThI
AQHAIMTUKAIBIK IIenriMaep O6ap. Makana aBropiapbl Oy K€yeKTi OpTaiaplIblH KEYeKTUIIrH CaHIBIK TypIe
€cemnTen, OJapAbl CYWBIKTHIK aFblHBI Jlapch 3aHbIHAa OaFbIHATBIH Ke3le OipKenki emec aiMakTapaarbl
bonpMaH TOp TeHACYiHIH CaHABIK MICMIIMIHE HETI3JeNTreH AJABIHFBI JKYMBICTADMEH CaJbICTBIPFaH.
KeyekTimKTiH caHABIK JKoHE TEOPUSUIBIK MOHAEPIH calbIcThIpy Oy amictiH ¢ = 0,2-0,8 keyekTilik MoHzAepi
YILIH ©Te a1 eKeHiH KopceTei.

Kinm ce30ep: HaBbe-CTOKC TeHIEYNepi, CaHABIK MOJCIBACY, MPOCKIHUS dJiCi, TAIIIBIKTHI KEYCKTi OpTa,
OTKI3TIMITIK, KEYEKTIIIK, TOP, TYPAKCHI3 MIEKapa, CYHBIKTHIK aFbIHBI, KEYEKTEp KEHICTIr1HiH T€OMETPHICHI.

K K. AkameBa, A.A. Kynaiikynos, b.K. Acun6exos, /[.A. bonbsicOek

ITopomacmiTabHOE MOJEIMPOBAHUE TEYEHHS KUAKOCTH B OPUCTHIX
cpeAax ¢ MCI0Jb30BAHHEM NPOEKIIMOHHOI0 METOAA NJIs1 HeCKMMaeMbIX
ypaBHeHuii HaBbe—CTOKCa B HEeperyJsipHbIX 00/1aCTAX

B craThe npeacTaBiIeHbl pe3ybTaThl YUCICHHOTO MOICITUPOBAHUS TCUCHHUS BA3KOW HECKUMAEMOM SKHIK O-
CTH B MOPUCTOH Cpelie, KOTopask COCTOUT U3 MEPHOAUYECKH PACIIONIONKEHHBIX [HINHIPOB. JlaHHOe MOojie-
JMPOBaHKE OCHOBAHO HA YHCJIEHHOM pelieHnd ypaBHenuii HaBre—CToKCa U1 HEC)KMMAEMOMW KHIKOCTH B
HEPETYJSIPHBIX 00JIaCTSAX C UCIOJIL30BAHUEM MTPOEKIIMOHHOIO METO/IA HA IAXMAaTHBIX CETKax, Ie Hepery-
JsipHasi TPaHMIA [PEACTaBlieHa ee QYHKIUENW YCTaHOBKU YPOBHS Ha mopomaciutabHoM yposHe. OCHOBHAs
npo6JsieMa MpU YUCIECHHOM pAcyeTe TEYESHHUs JKUAKOCTH Yepe3 MOPUCTYIO CPely BOZHHKAET, KOTIa 3Hade-
HHE TIOPUCTOCTU OJIM3KO K | WIIM K MOPOrOBOMY 3HAYEHUIO. B Takux ciydasx HEOOXOIMMO HCIIOJIb30BATh
OYEHb MEJIKYIO YHCIICHHYIO CETKY, UTO TPEOYEeT NOMOIHUTEIBHBIX BEIYUCIUTEIBHBIX MOIIIHOCTEM, a8 TAKKe
YBEINYNBAET BpeMs BbiuucieHud. CyIIECTBYIOT TOYHBIE aHAIMTHYECKUE PEIICHHUS IS MPOCTHIX THUIIOB
MOPHUCTBIX CPEJl, TAKUX KaK TMOPHUCTHIE CPEJBI, KOTOPBIE COCTOST W3 MEPHOJUYECKH PACIONONKEHHBIX I[H-
JIMHPOB. ABTOPaMH CTAThU TIOPUCTOCTH YKA3aHHBIX MOPUCTHIX CPE ObUIN YUCIEHHO PACCUMTAHBI U CPaB-
HEHbI C TPEABIAYIIUMH paboTaMu, OCHOBAHHBIMH Ha YHCIEHHOM pPELIEHWH PEIIETOYHOrO YpaBHEHUS
BoJibIiMaHa B HEPETYJSPHBIX 00JIACTSX, KOIJIa TEUEHHE XUIKOCTH Mo quuHsercs 3akony Japcu. CpasHe-
HHE YHUCJIEHHBIX ¥ TEOPETUUYECKUX 3HAUEHHUI TIOPUCTOCTH TIOKA3BIBAET, YTO JAHHBIA METOJ JOCTATOYHO TO-
4eH JUid 3HaYeHui nopucroctu ¢ = 0,2-0,8.

Kniouesvie cnosa: ypaBuenns HaBbe-CToKca, YHCIEHHOE MOJEIHPOBAHHE, IPOSKINOHHBII METO]], BOJIOK-
HHCTas! IIOPUCTAst cpejia, MPOHUI[AEMOCTh, HOPUCTOCTD, CETKA, HEPETyIIsIpHAs TPaHHIA, TeIEHHE )KUAKOCTH,
TEOMETpPHS TIOPOBOTO MPOCTPAHCTBA.
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Scientific foundations of the movement of components of grain
material with an artificially formed distribution of air velocity

The article examines the study of the separation of grain materials in pneumatic channels with an artificially
generated distribution of air velocity in the cross-section channel to determine the rational form and parame-
ters of the material supply and options for grain material separation into fractions. The regularities of the
weevil movement were theoretically investigated and established in the form of mathematical models of the
dynamics of the movement of a solid particle in airflow, which differ from the known ones by taking into ac-
count the action of lateral forces, the concentration of the material, and the use of a power-law and an artifi-
cially formed exponential law of air distribution facilitated to increase the differences (splitting) trajectories
of caryopses by 20 %. The solution of the system of nonlinear differential equations with initial conditions is
performed in the Mathcad software environment in the form of trajectories of the grain in the air flow. It al-
lows calculating their trajectories, which differ in windage coefficients and determine the rational values of
the parameters of pneumo-gravity and pneumo-inertia separators. Using the obtained dependencies for the
development of air separators contributes to determine the initial speed of entry and the direction of entry of
the kernels into the airflow, as well as to determine the trajectories of material movement in the air channels
with the bottom unloading of material.

Keywords: airflow, weevil, Zhukovsky and Magnus forces, trajectory, separation process, pneumatic separator.

Introduction

Solving the problem of dividing multicomponent grain material into separate fractions for a specific
purpose (seeds, marketable grain, fodder) at the stage of primary grain processing will reduce the number
and productivity of machines for secondary and special processing of conditioned grain. A promising direc-
tion for increasing the efficiency of post-harvest processing of grain in grain producers is the use of pneumat-
ic separation machines at the first stage, the functioning of which does not depend on the initial moisture
content of the grain. However, in production conditions, the separation efficiency of grain material ranges
from 30 to 60 %, depending on the processing stage. The conducted research identified recommendations for
the design, selection of parameters, and modes of operation of pneumatic separation channels. Nevertheless,
further improvement of the quality of separation of the components of grain material (CPM) is complicated
by not solving the issues of reducing the negative impact on the efficiency of separation of the irregularities
of the air flow velocity fields along the width of the vertical and the height of the horizontal channels. The
equalization of the velocity field with corrugated lamellar grids (at the inlet or outlet of the channel) ambigu-
ously affects the separation efficiency and requires additional maintenance. Recently, pneumatic separators
with dampers with adjustable opening angle have appeared (generators of a cascade of air jets). Establishing
the optimal velocity profile for vertical and horizontal channels is the essence of the research to improve the
separation efficiency of the CPM, which consists in the need to determine the influence of an artificially cre-
ated velocity profile on the value of the divergence of trajectories and to determine the rational profile of the
air flow velocity field in the channels.

The main conceptual provisions of the pneumatic separation of CPM into fractions during the primary
processing of grain are reflected in [1]. Recent works [2-9] provide the implementation of ways to improve
the efficiency of functioning and the quality of separation in air channels. To improve the separation of mate-
rials in a horizontal channel, authors of the work [2] propose to feed grain through a vertical air channel. In
[3], the material is fed into the vertical channel through a multilevel cascade of guide chutes, which reduces
the interaction between the grains at the entrance to the channel. Kyurchev and Kolodiy [4], for the first time,
determined the separation of the CPM in the lower zone of the vertical pneumatic channel and proved the
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possibility of fractionation in the vertical channel with the lower gathering of the kernels. Kharchenko and
Borshch [5] used a vertical pneumatic channel with a periodically varying cross-sectional area along the
height to increase the efficiency. For the first time, scientists of works [6, 7] identified the efficiency of
changing the flow rate along with the height of an inclined pneumatic duct and adjusting the average air ve-
locity in the duct. However, in the mathematical description of the movement of the weevil, they used a
model with a uniform flow. At the same time, Rogovskii et al. [8] used a model of the movement of a weevil
in a vertical channel with a logarithmic distribution of air velocity and assumed a decrease in the divergence
of trajectories due to the unevenness of the field of air velocities. Stepanenko et al. and Rogovskii et al. [9,
10] investigated the movement of caryopses in vertical and horizontal channels with a change in the air ve-
locity toward its movement and determined an increase in the efficiency of separation of the CPM. Neverthe-
less, they did not consider the effect of additional, so-called lateral (transverse) forces caused by the uneven-
ness of the air flow velocity field. The influence of the action of lateral forces in the vertical and horizontal
pneumatic separation channels is reflected in works [11-13] and the negative influence (reduction of the di-
vergence of trajectories) of the action of lateral forces of the Magnus and Zhukovsky type is shown. Concur-
rently, separate studies carried out by calculating the trajectories of movement with arbitrary forms of de-
scribing the field of velocities of air flows in the channels of pneumatic separators showed the possibility of
improving the quality of separation with a certain configuration of the air velocity diagram. Stepanenko et al.
[13] published some data from these studies.

We formulate a mathematical description of the CPM movement in pneumatic channels with an artifi-
cially generated air velocity distribution in the channel cross-section to improve the quality of separation
(differences in trajectories) of the CPM.

Experimental

Since the design features of technical means for pneumatic separation are not considered, an analytical
method for studying fractionation processes by constructing a mathematical description for calculating the
trajectories of the CPM and their subsequent analysis has been chosen.

Results and Discussion

Studies on the processes of separation of grain in air channels [14, 15] found that the efficiency of sepa-
ration of grain material largely depends on the uniformity of the air flow in the channel. The uniformity
of the flow in the air channels is characterized by the field of the flow velocity, which can be described
by semi-empirical dependences. The power law of distribution is most widely used in the form of the expres-
sion [16]:

1
E

O(X) = Uy, M , (1)

where v.,,, — time-variable air velocity in the center of the channel; b — half the distance between the

walls of the channel; X — distance from the point under consideration to the channel wall; n — coefficient
depending on the Reynolds number Re [n=7-10 at Re=2,3(10°...10°%)].
Or a more accurate logarithmic dependence of A. Altshul [17]:

N
V) o Lx]
v 0,975 +1,35

J2

; 2

where 4 — channel resistance coefficient.
The presence of an air velocity gradient in the channels causes the appearance of lateral forces [18] of

the Zhukovsky type (lifting force F2 ) and Magnus type (Magnus effect — Fwu ). The action of these F:
and Fw are directed normally to the vector of the relative flow velocity u.. In this case, the direction of the
action of the force F 7 is directed towards an increase in the value of the air velocity in the channel section
(i.e., towards the channel axis); the vector of force Fw in the direction of that side of the grain where the
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vector of the air flow velocity \7p(x) coincides with the direction of rotation of the grain (with the angular
velocity @ [19]).
Thus, the force Fz deflects the weevil in the process of its movement to the central part of the channel,

where the air velocity is the greatest. The direction of action of the lateral force Fw depends on the direc-
tion of rotation of the grain: If the grain starts to rotate clockwise when leaving the feeder, then it will deviate
from the centerline to the (right) wall, if the direction of rotation is opposite, the grain will deviate from the
wall (right) to the channel axis. In the absence of an air velocity gradient or grain rotation, the lateral forces

do not act on it; Fm =Fz =0. Therefore, the uniformity of the air flow rate contributes to an increase in
the separation efficiency of the CPM. As the center of pressure of the air flow does not coincide with the
center of gravity, a moment of aerodynamic force acts on the caryopsis and it rotates in the flow during the
movement. The caryopsis differs from the shape of the ball, therefore, when turning, it changes the area of
the honey section, and the resistance force, because of which the components of the reaction of the air flow
appear in the horizontal plane and the trajectory of its movement becomes a spatial curve [20].

With a uniform field of air flow velocities, a further increase in the quality of CPM separation is
achieved by changing the air speed in the channels in the direction of its movement, which is highlighted in
[8, 9].

Since the action and direction of lateral forces to a certain extent depend on the shape of the air velocity
distribution curve and, accordingly, the modulus and vector of the velocity gradient, the magnitude and di-
rection of the action of these forces can be directed to improve the quality of the SCM separation by artifi-
cially forming the required field of air velocities in the channels.

Let us consider the process of movement of the CPM in uneven air flows with predetermined shapes of
the air velocity diagram in the plane of the Cartesian rectangular coordinate system HOU under generally
accepted simplifying assumptions [10-13].

Using the model of the force interaction of the CPM with an uneven air flow, we write the differential
equations of the grain motion in vector form:

dv

mE:§+6+EM(a))+Ez, (3)
do

1-2-M), 4

it 4)

where 6=mg — gravity; ﬁ:—mkvﬁz(t) — aerodynamic drag force; Ezzgﬂpﬁgradv(x)a —

Zhukovsky’s strength; Fw (o) = %;zpr?’a)ﬁ — the strength of Magnus; u =V ,(x) -V - relative speed (flow

3
velocity); | — moment of inertia; m = ”:e Py~ the mass of the weevil; d, =2r — equivalent grain diame-

ter; p, p, —the density of the air and the matter of the weevil, respectively; V — weevil speed,; \7p(x) —

air speed.
Projecting equation (3) on the XOU axis will have a system of differential equations of grain motion in
coordinate form:

m d(;ix = —Rsin £ F 209 c0s f £ F w0 €0S

iy B _ (%)
md—ty:mg—RcosﬂJ_r Fzy)sin B+ Fwusin B
V £V (X V, £V _(x
whereV, :%; vV, :%; Sin,B:XTp(); COS[?:VT”();u=\/(\/X in(X))er(Vy in(X))z :

U —the relative speed of the caryopsis in the stream (the speed of the flow around the caryopsis through the
air);
[ — the angle between the absolute velocity vector and the 0X axis.
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The equations of system (5) are written in a general form in the presence of two air flows Vp(x) , each

of which (horizontal or vertical) can be used separately.
Let us consider the process of movement of the CPM in the horizontal channel of the simplest “win-
nower” separator Figure 1.

X

Figure 1. Scheme of the separator (a) and the force interaction of the weevil with an uneven air flow (b)

Without resorting to the details of the technical possibilities of forming a diagram of air velocities in a
horizontal channel, we will accept the exponential dependence of the change in air velocity along the height
of the channel:

V(y) =V, (6)

It approximately characterizes the distribution of air velocity at the outlet of the centrifugal fan.
The air velocity gradient will have the opposite sign compared to the power-law distribution (1), namely:

gradV(x)=-kV, e, (7

where V, ., — air velocity in the area of the upper wall of the channel.

In this case, the forces Fwm and Fz with a conventionally specified direction of rotation, directed in
the direction of counteraction to motor grains, which should increase the time of its stay in the separation
chamber (channel).

Projection Fw and Fz on the coordinate axis are determined by the following dependencies:

Fzp = —g ;zprskvmxle‘“{vmaxleky - %} (8)
Fu = —%ﬁprsa)(t)[vmaxle‘ky - %} 9)
Fzy) = gnprskvmaxleky[%} (10)
Fuy) = —gnpr%(t){%} (11)

Substituting the values of certain components into equation (5), we get:

42O _ [y O] [y &OT [dyOT
0o )9

L dy() »
_[FZ(x)+FM(x)] dt (12)

m 2 2
[T TF
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d’y@® -, [dy(® @ [y
a9 kv{ dt }\/[V(y) dt } { dt }

_ _ (@ 13
_[FZ(X)"‘FM(X)] [V(y) dt } =

m 2 2
AR

To close the system, we define the dependence @(t) :

@ = 2,37[pr3 ﬂ Vmaxe_ky — m , (14)
dt h—r dt
and write the initial conditions:
t=0; x=0; y=0; w=voc03ao; %=Vosinao; W= . (15)

The solution of the system of equations (12)—(14) under the initial conditions (15) was calculated in the
Mathcad computer environment in the form of the trajectory of the grain with different values of the hover-
ing speed and, accordingly, the mass (Figure 2).

y®, m °
N
IS sl
0.2 > -
. ..
N AN
. ‘N,
0.4 1 -
| . .,
. s
0.6 . e
Y RS
. ",
.
0.8 1 * 2 3 .~
‘\ & ., X(t), m
. ..
1
0 0.04 0.08 0.12 0.16 0.2
a)

X(t), m

1-3, respectively k, =0,139; 0,184; 0,392,

Figure 2. Trajectory of movement of caryopses in a horizontal channel with uniform (a)
and exponential distribution of air velocity along the height of the channel (b)
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Comparing the resulting dependencies Y(X), it can be noted that changing the air velocity diagram in
the channel contributes to increase in the divergence of the trajectories and, accordingly, in the efficiency of
separating the grain material into fractions.

A promising direction for improving the quality of the separation of grain material into fractions in a
horizontal flow is the use of inertial forces when the grain moves against the direction of the air flow. In this
case, the speed of air flow around the caryopsis increases when entering the channel and the resistance force.

An increase in the air velocity in the zone of grain entry into the channel by changing the air velocity

diagram increases both the resistance forces R and strengths Fw, Fz, which will act as “lifting”.
Figure 3 presents the diagram of the pneumo-inertial separator and the force interaction of the weevil
with the air flow.

3 ) R
N =17 o)
v(y) \‘ \\ LY
1 \ \\ <_I [/
| \ \
(VAWAN ey

a
1 — pneumatic channel, 2 — fans, 3 — feed rollers, 4 — collectors of fractions.
Figure 3. Scheme of a pneumo-inertial separator (a) and the force interaction of a weevil with an air flow (b)
Let us assume a linear distribution of the air flow rate along the channel height:

V(Y) =V —by(t) (16)

The system of differential equations for the movement of a grain in a horizontal uneven flow with a
countercurrent feed of material in coordinate form will look like:

dx(t) dy(t) dy(t)
md;)t(gt)—R{ ()/)J:j dt } FZ(X)|: (it LFM(X){ (it }
17)
dy(t) dx(t) dx(t)
» YOI 0] v
%_mg—RTt—Fz(y) q t ~Fug) U :
Where u=\/{v(y)+d);it)} +{d);(tt)} , R=k,mu?.

Force projections F,, ,, and F ,, on the axis of the rectangular coordinate system XOY can be
written as:

— 4 dx

Fzo0=——morp|V_, —by—— |, 18
2(%) 37T,0 [ max — PY dt} (18)

Fue =gﬂ'pl’3a)[vmax —by—%}, (19)
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= 4 dy

Fzi) =——mor’b| =2 |, 20
z(y) 3700 L’J (20)

EM(y) :gﬂpﬁa)[z—ﬂ, (21)

Substituting the value of the acting forces in equation (17), we finally get:

[v(y) dx(t)}

dzx(t): dt .
dt’ ax®) T [dy® T
J{V(y) dt } J{dt} 22)
dy(t)
+ﬁ{vmax_ y_m}(tsz) dt :
Py dt \/[V(y) dx(t)} [dy(t)}
dt dt
dy(t)
a0 g kv[ dt } _
at* ax@® ] [dy®7
\/[V(Y)+ dt } [dt} (23)
dx(t)}
v(y)+
_pﬁ{¥}(b+2w) { dx(t) - dy@® T
J[VW“ dt } %]

To close system (22) — (23), it is necessary to have the dependence @ = @(t). In the presence of the

initial rotation speed of the weevil @, (which is provided by the rollers of the feeding device (Figure 3a),

rotating at different speeds.
The change in the angular velocity of rotation of the caryopsis can be determined from the equa-
tion [13]:

do(t
ot) 15 ) (24)
dt or
where 1 — coefficient of dynamic viscosity of air.
On condition t=0; @=a@,; the change in the speed of rotation in time is determined by the depend-

ence:
,15&

o(t) = me o’ (25)

To solve the system of equations, the initial conditions are formulated:
dx(t dy(t .
t=0; x=0; y=0; %=Vocos%; %=Vosmao; W= ,. (26)

V, — the rate of introduction of grain material into the pneumatic separation channel.

The system of equations (22)—(24) with the initial conditions (26) was solved in the Mathcad computer
environment. The results are presented in the form of the trajectory of movement of individual components
of the grain material in Figure 4.
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Figure 4. Trajectories of caryopses with different values of windage coefficients

The main disadvantages of vertical pneumatic separation channels of traditional rectangular cross-
section, besides significant volumetric unevenness of the air flow rate, stagnant corner zones, are the imper-
fection of the system for feeding grain into the channel (curved pitched boards, multilevel input), which do
not provide: uniform grain distribution, channel; stratification and separation of the grain stream, which in
turn, leads to the jet introduction of the grain material into the air stream.

Multiple collisions of grains incorporate the involvement of small fractions in the traces of movement
of larger components. As a result, some of the main fractions are carried away, while some of the trash impu-
rities end up in the east of the commercial fractions.

Using cylindrical pneumatic channels with an annular cross-section can significantly improve separat-
ing the CPM into fractions. The use of “volumetric” feeders (conical or in the form of surfaces of revolution
with a curvilinear generatrix) provides uniform along the perimeter of the channel, the introduction of grain
(almost a monolayer) into the air flow, and also eliminates stagnant zones in the channel.

At the same time, it should be noted that the unevenness of the air flow velocity field in the annular
channel negatively affects the separation efficiency of the grain material.

Without resorting to the details of the technical implementation of the change in the air flow velocity
diagram in the annular channel, let us consider the movement of weevils in an air flow with an artificially
formed air velocity irregularity. Diagrams of the pneumatic separation channel and the force interaction of
the weevil with the air flow are shown in Figures 5a and 5b, respectively.
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Figure 5. Scheme of a pneumo-gravity separator (a) and the force interaction of a weevil with an air flow (b)

a

The OS axis conventionally divides the air volume of the channel into two parts (along the axis), in
which the average air flow rate is the same.
In the first part, the distribution of air velocity is described by a power law:

X

1
10
U(X) = U * |:_:| (27)
b
and in the second part, the air velocity distribution is described by the exponential law:
v(X)=u,, e’ (28)
On a weevil in an air channel except for gravity G = mg, and aerodynamic resistance

R =k, mu?(t) = kvmblp(x) —v(x)[, lateral (deflecting) forces act Friey ad Fyy-

The equation for the dynamics of the movement of a weevil in a vertical irregular flow in the coordinate
form will be as follows:

2 F F
d th) =—k, B/p (X) —V(x)]2 Cos g + 20 T TM® i
St ' F F (29)
+
d d)tlz(t) =gsina +Kk, B/p (x) —v(x)]2 sing + 20 Mo oo,
m

From the analysis of the interaction of the forces acting on the grain and the equations of motion (29), it
follows that the lateral forces F,, ,, and F, ,, deflect grains of different mass and windage in one direc-

tion throughout the entire time of movement in the channel. Moreover, one can see from the equations that
less mass lateral forces have a greater effect on caryopses with a smaller mass and a less effect on caryopses
of a larger mass, which contributes to the divergence of the trajectories of movement of caryopses of differ-
ent fractions.

The projections of the forces acting on the weevil are determined by analogy with the previous study in
the following form:
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- Within the channel (- b...0):

4 v ] Tdx)
Feon =g 1(£b°*1>£9 { dt } 0
Fmoor = gﬁprga)(t){$}
= 45 Ml xT" dy(t)
Fzyn :gﬂprg‘W{[\/maxl{E} 5 | (31)

szgﬁpﬁwa){[vmm | %

- Within the channel (0...+b):

= 4 wx| dX
Fzppe=—m I’3 V_ e — |,
22 =2 7P Ky Virax 1 [dt}

Fu (x)2 = g ﬂprsa)(t){%}

Ez(y)z = fﬁpr3kvvma>(1ekv>’|:\/max1ekvy - w} (32)
3 dt
— 8 Ly ady(t)
Fumyz = gﬁpr3a)(t)[vmaxlek Y TR
Initial conditions:
t=0; x=-b; y=0; w=voc05ao; w=vosinao; (33)
dt dt
Limiting conditions:
at <0; By Fuooyy = Fzoonn Fugon (34)

>0; . )
at F oo Fneoy = Fzoonzs Fucon2

The solution of equations (28)—(29), taking into account (30)—(31) under the initial conditions (32) and
limiting conditions (33), was obtained in the Mathcad computer environment by means of the trajectories of
the caryopses in a uniform air flow (Fig. 6a) and with an artificially formed velocity field (Fig. 6b).
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Figure 6. Trajectories of caryopsis movement in a uniform air flow
(a) and with an artificially formed velocity field (b)

As can be determined from the obtained graphical dependencies, the value of the divergence of the tra-
jectories can be significantly increased using a rational configuration of the velocity diagram in the channel
cross-section.

A further increase in the efficiency of separating caryopses according to aerodynamic properties can be
achieved by distributing the air flow velocity along the channel height, namely by increasing the air velocity
in the direction of its movement. For example, when the air speed (average by volumetric flow rate) changes
according to a linear law:

V.., =a-by
where a=12, b=18.

The shape of the trajectories and the magnitude of their difference change significantly, i.e., separation
efficiency of CPM.

Figure 6 shows the trajectories of movement of grains of four fractions of grain material at various pa-
rameters of the air velocity diagram in the vertical section of the channel, indicating the real possibility of
separating grain material into fractions in a pneumo-gravity separator.

Let us also consider the process of separating grain material into fractions in an inclined pneumatic sep-
arating channel described in [10, 12, 19-22]. Technologically, with vertical loading, the inclined channel
operates in a counter-current mode and it can be considered as a pneumo-inertial separator (Figure 7),
in which the inclined channel is located at an angle « to the horizon with plane-parallel walls. The air ve-
locity along the channel height is distributed exponentially and is determined by relationship (6).

Using the model of a quasi-horizontal channel [11, 13], when the movement of the weevil is considered
in a rotated « rectangular coordinate system XOV.
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Figure 7. Diagram of an inclined pneumatic separation channel (a) and calculated scheme of action of forces (b)

In this case, we use the system of differential equations (5) in the following form:

m d(:ix =Rsina - [FZ(X) + FM(X)]COSOC —mgsina

(35)
dv, _
mW:mgCOSa—RCOSa—[FZ(y)+FM(y)]Slna
dy dy dx
- 4+ 2 2
where sing = 4L ; cosg = At dt ., _ |:ﬂ+%:| J{ﬂ} ;
u u dt dt dt

Lateral forces are determined from Eqgs. (8) — (11) by replacing in (10) and (11) the sign in front of the
o dx .
derivative pm to the opposite.

Conclusions

1. The regularities of the movement of the caryopsis were theoretically investigated and established in
the form of mathematical models of the dynamics of the movement of a solid caryopsis in air flow, which
differs from the known ones by considering the action of lateral forces, the concentration of the material. The
use of a power-law and artificially formed exponential law of air distribution made it possible to increase the
discrepancy (splitting) trajectories of caryopses by 20 %.

2. The system of nonlinear differential equations with initial conditions was solved in the Mathcad
software environment in the form of trajectories of the weevil in the air flow, which allows calculating their
trajectories that differ in windage coefficients and determine the rational values of pneumo-gravitational and
pneumo-inertial parameters.
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C.II. Crenanenko, b.11. Kotos, A.B. Cnupun, B.1O. Kydepyx

Aya KbULIAM/IBIFIHBIH KACAHIBI TYPJE KAJBINTACKAH TAPAJTYbIMEH aCTBIK
MaTepHaJIbl KOMIIOHEHTTEPIHIH KO3FAJbICHIHBIH FHUIBIMHU Heri3aepi

Makanazia MaTepransl KeTKi3YAiH YTRIMIBI (hopMackl MEH apaMeTpiepiH )KOHE acTHIK MaTepHalbiH (pak-
usTapra 0oy IiH HYCKaJapblH aHBIKTAY YIIIH apHAHBIH KOJJCHeH KUMACHIHIA aya KbUIIaMIbIFbIH KACAH/IBI
Typae Oeily apKbUTBI THEBMATHKAIBIK apHaJapAaFbl acThIK MAaTepHaNIapbIHBIH OeNiHYyiH 3epTTey
KapacThIpbUIFaH. bi3TYMCBHIKTBIH KO3FaIbIC 3aHABUIBIKTAPBl TEOPHSIBIK TYPFBIAAH 3€PTTENiN, KATThI
OeJILIeKTep/iH aya aFbIHBIHIAFbl KO3FAIBICHIHBIH JHHAMUKACHIHBIH MAaTeMaTHKAJIBIK YITLIepi TypiHae
AHBIKTAJIBI, OJIap OYHIpIiK KYIITEPiH OpeKeTiH, MATEPHAIIBIH KOHIICHTPAIMACHIH €CEIKE AaThIHIBIFBIMEH
epeKIIesIeHeTiHI OeNrifi, COHaii—aK, KyaT 3aHbIH JKOHE ayaHbIH TapaslybIHBIH JKacaHbl TYP/e KaJbINTacKaH
SKCIIOHEHIIMAJIIBl 3aHBIH MaiJallaHy JOHHIH TPAaeKTOPHACHIHBIH aibIpMambUIbFeH (Oeminyin) 20% apTThi-
pyFa MyMKiHZIK Oepeni. bacTanks! sxarqaidmapsl 6ap CBI3BIKTH eMec MudQepeHIaIIbIK TeHaeyIep KyieciH
urerry Mathcad GarmaprnaMalislk OpTackiHIa aya aFbIHBIHIAFBl ACTHIK TPACKTOPHSIAPhI TYPIHIE XKy3ere achi-
PBUIAIBI, OJNAPIBIH KEITKEHIUNK KO3 (DUIHEHTTEpIMEH epeKIeIeHEeTiH TPACKTOPUSLIAPBIH €CENTeyre KOHe
[THEBMATHKAIBIK PABUTAIMS )KOHE MHEBMATHKAIBIK WHEPUSIIBIK CEIapaTopiap mapaMeTpiepiHiH YThIMIbI
MOHJIepiH aHbIKTayFa MYMKIHAIK jkacaiapl. Aya cemapaTopiapblH jkacay YIIiH ajbIHFaH TOYeNIiLTiKTep.i
KOJIJaHa OTBIPHII, OACTATKBI Kipic )KbUIIAM/IBIFBIH JKOHE SIPOJIap/IbIH aya aFbIHbIHA Kipy OaFbIThIH ecenTeyre,
COHBIMEH Karap, MaTepHaiibl TeMeH OocaTyMeH aya apHalapblHIarbl MaTepHANIbIH TPacKTOPHUSICHIH
aHBIKTayFa 0oJabl.
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Kinm ce30ep: aya arbiHbl, 0i3TyMchIK, JKyKoBcKkHi koHe MarHyc Kyiitepi, Tpaekropus, 0eiy mporeci,
MHEBMAaTHKAJIBIK CEerapaTop.

C.II. Crenanenko, b.11. Kotos, A.B. Cnupun, B.1O. Kyuepyx

HaquLIe OCHOBBI IBHKEHUH KOMIIOHCHTOB 3€PHOBOI'0 MaTepHaJja
C HCKYCCTBE€HHO C(l)OpMI/IPOBaHHBIM pacnpeaecjcHueM CKOpoCTH BO3AyXxa

B cTaThe paccMOTPEHO HCCIIEA0BaHUE Pa3/ieNieHHs] 36PHOBBIX MAaTEPUAJIOB B ITHEBMaTHYECKUX KaHANaxX C HC-
KYCCTBEHHO CO3JIaHHBIM PAcCIpe/ielICHHeM CKOPOCTH BO3/lyXa B MOIEPEYHOM CCYCHHH KaHala, JUIsl OIpezese-
HUS PaIMOHAIBLHON ()OPMBI M ITapaMeTpoB ITOJauy MaTepHaia M BapHaHTOB pa3/ielIeHUs 3epPHOBOTO MaTepHa-
7a Ha (paknuy. 3aKOHOMEPHOCTH JABW)KEHUS JOJITOHOCHKA OBUTH TEOPETHYECKH HCCIEOBAHbI M YCTAaHOBIIE-
HBI B BUJIE MaTeMaTHIECKHX MOJENEH AMHAMHUKN JBIKEHHS TBEPAOH YaCTHIIHI B BO3AYIIHOM ITOTOKE, KOTO-
pBle OTIMYAIOTCSL OT U3BECTHBIX TEM, YTO YUUTHIBAIOT JeHCTBHE OOKOBBIX CHJI, KOHIIEHTPAIMIO MaTepuaia, a
UCIIOJIb30BaHNE CTENIEHHOTO 3aKOHA M MCKYCCTBEHHO CPOPMHPOBAHHOTO SKCHOHEHIMAJIBHOTO 3aKOHA pactl-
peneneHus BO3yxa MO3BOIMIO YBEIUUUTh pasaudus (pacileniienue) TpaekTopuii 3epHoBok Ha 20 %. Perme-
HHE CHCTEMBI HETMHEHHBIX Tu(depeHInanbHbIX ypaBHEHUH ¢ HAYaIbHBIMU YCIOBUSIMH BBIIOJIHACTCS B IIPO-
rpammHO# cpene MathCad B Buze TpaekTopuii 3epHa B BO3AYIIHOM MOTOKE, MO3BOJIICT PACCUUTATh UX Tpae-
KTOPHH, pa3inyarornecs ko3 puuueHTaMi napyCHOCTH, U ONPEICTUTh PAHOHAIbHBIC 3HAYCHHS [TapaMeT-
POB ITHEBMOTPaBUTALIOHHOTO ¥ THEBMOMHEPIIMOHHOTO CenapaTopoB. VCromnb3yst MoTydeHHbIe 3aBUCHMOCTH
ULl pa3paboOTKK BO3MYIIHBIX CEMapaTopoB, MOXKHO PAcCUUTATh HAYabHYIO CKOPOCTH BXOJA W HalpaBJICHUE
BXOJIa 7ep B BO3IYIIHBIA ITOTOK, a TAK)KE ONPEIEINTh TPACKTOPHIO JABIDKCHUSI MaTepraia B BO3IYIIHBIX Ka-
HaJlaxX ¢ HIDKHEH pa3rpy3koil Marepuaia.

Kuroueguvie cnosa: BO3AyIIHBIA OTOK, JOITOHOCHK, cribl JKyKOBCKOTO 1 Martnyca, TpaekTopus, npolecc pa-
3JIeNIeHNs, THeBMaTHYECKUIl ceraparop.
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Study of aerodynamic parameters of the sail blade

This article studies the aerodynamic characteristics of a triangular sail blade of various parameters. For this
purpose, we made a triangular sail blade with a dynamically changing surface shape. The airflow velocity
varied from 3 to 12 m/s. The dependences of the aerodynamic forces of the sail blade on the flow velocity
were investigated at various angles of the apex of the triangular blade. The experiments were carried out at
different vertices of the angles: 0°%; 30°% 60°% 90°. As a result of the experiment, it was revealed that at the ver-
tex angle y = 90°, the triangular sail blade has optimal aerodynamic parameters. The dependences of the aero-
dynamic coefficients on the dimensionless angle of attack are obtained. It is found that the optimal number of
triangular blades for a wind power plant with sailing blades is 6. It is established that at the angle of attack o
= 0°, the maximum value of the middle section of the wind wheel to the streamlined airflow will introduce a
decrease in the value of the drag coefficient with an increase in attack o. The analysis of the experiment re-
sults on the change in o from the speed of the airflow of the sail blade is carried out. When the blade position
changes, drag changes relatively to the airflow. The wind wheel will change its position relative to the stream
with an increase in the attack angle. With an angular position change, the area of the middle section of the
wind wheel begins to decrease relative to the incoming flow. With a decrease in the middle section of the
wind wheel, the drag force decreases, and the drag coefficient decreases accordingly. Thus, the total result of
pressure changes on the leeward and windward surfaces of the sail can be represented as one resultant aero-
dynamic force directed at an angle to the line perpendicular to the wind direction.

Keywords: sail, wind turbine, flow speed, aerodynamic force, wind tunnel T-1-M, attack angle.

Introduction

The wind potential of the area primarily determines the development of the wind energy industry in Ka-
zakhstan. The wind resource of the Republic of Kazakhstan is rich and has no territorial boundaries. Over
50 % of the country’s territory has wind with speeds of 3—4 m/s, and in some open areas, one can observe
higher wind speeds of 6 m/s and higher.

Foreign and domestic scientists and engineers have developed wind power plants with wind speed lim-
its for starting work. These installations are designed for wind speeds ranging from 5-6 m/s. Based on this,
an urgent issue arises in developing and studying wind power plants and their working power elements for
low speeds of the air oncoming flow.

One of the representatives of wind power plants for low wind speeds is wind power plants with dynam-
ically variable blade surfaces (a sail); the threshold speed for starting the installation is 3 m/s.

Invention [1] aims to increase the windage of the blades and increase the efficiency of using wind ener-
gy. Gandhi et al. [2] investigated the combined operation of solar photovoltaic installations with wind power
installations with sail blades. A distinctive feature is that the sail blades are square-shaped.

Ghosh et al. [3] provided the study of the aerodynamic characteristics of a Cretan-type wind turbine, a
wind turbine with a horizontal sail-type axis. Ignazio et al. [4] presented the pressure tendencies for different
angles of attack of the sail. Finally, He et al. [S] determined the sail model’s performance coefficients and the
sail’s optimal attack angle based on the results of tests in a wind tunnel. Jean-Baptiste [6] gave a detailed
overview of various features of leeward sail flow, including the effect of separation bubbles and vortexes at
the leading edge.

Blades with a dynamically changing surface shape solve the problem of increasing the wind energy uti-
lization factor with an air incoming airflow with minimal values. The explanation for this is that when the air
flows around the oncoming flow, favorable conditions are created, which, in turn, are also close to continu-
ous flow, entailing an increase in the lift coefficient of the blades. For this purpose, the blades have the shape
of a triangular sail. During the conversion of the energy of the airflow by the sailing blades into energy con-
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venient for use, aerodynamic forces appear. The thrust force, which is part of the aerodynamic forces, con-
tributes to the rotational movement of the wind power plant. The change in the value of the aerodynamic
force is influenced by a change in the pressures, namely, a change in dynamic and static pressure when the
blades are blown by the wind [7].

The airflow in front of the sail blade is divided into two parts: leeward and windward. The cross-section
of the wind flow will be smaller than the cross-section of the initial flow from the wind side, and the speed,
respectively, is greater than the actual wind speed. Considering Bernoulli’s Law, the atmospheric pressure on
the leeward side of the sail can be said to be less than atmospheric pressure. Most of all, the speed will in-
crease in the front part of the sail, where there will be an area of slightest pressure, or, in other words, the
most significant vacuum [8].

By similar reasoning, it is easy to establish that on the windward side of the blade, the wind speed will
decrease slightly in the area of the front part of the sail. As a result, the static pressure will increase and be-
come higher than the atmospheric pressure, i.e. there will be additional pressure above the existing atmos-
pheric pressure. Thus, the useful work of the sail will be caused by the fact that pressures that differ in mag-
nitude from atmospheric pressure will form on it. Their action is directed perpendicular to the sail fabric, and
the value changes depending on the difference in the air flow rate at a given point.

The purpose of this work is to study the aerodynamic forces and their coefficients of the blades in the
form of a triangular sail of a wind power plant.

Experimental

The authors of the work conducted laboratory experiments to study the aerodynamic forces of the sail
blade. During which, the optimal linear dimensions of the triangular sail were determined. Tests of a sail
blade with a movable end were carried out in the T-1-M wind tunnel (laboratory of Aerodynamic measure-
ments), where it was fixed in the working part of the pipe. The values of the airflow velocity varied from 3 to
12 m/s.

In the proposed work, a study was carried out for an optimized blade with a dynamically variable shape,
for the subsequent creation of an improved model of a wind turbine with increased efficiency. A distinctive
feature is the use of nylon as a sail material.

Nylon has become one of the first synthetic fabrics in the world to be made from polyamide. In appear-
ance, it is similar to silk — it has the same shine and smooth front surface. The fabric is strong and elastic; it
is difficult to tear it. Nylon is more elastic, so it easily absorbs overloads caused by changes in wind speed
values. Figure 1 illustrates an experimental sail made of nylon.

The main differences between nylon and polyester are:

1. Appearance and tactile sensations. Nylon is smooth to the touch and resembles silk. Polyester has a
rough matte surface with a visible weave pattern.

2. Weight. A large nylon canvas weighs little. Polyester is also light, but it is larger than nylon.

3. Water resistance. The water-repellent properties of polyester are several times lower.
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Figure 1. Experimental sail sample
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According to the theory of aerodynamics, the following indicators influence the drag force and lift:

a) dynamic pressure;

b) area of the sail, m%

¢) angle of installation of the sail relative to the wind direction;

d) linear dimensions of the sail, its profile, the fullness of the belly, etc.;

e) properties of the sail fabric, i.e. its smoothness, rigidity, ductility, density, etc.;

f) angle of inclination of the sail.

Considering the shape of the sail, it should be noted its elongation, which is directly proportional to the
height of the sail H and inversely proportional to the length of the middle chord of its profile | (Figure 2) [9].

For rectangular sails, it is equal to the ratio — . Also, the elongation is determined by dividing the height of

the sail H by its average width for a number of sails, such as guari, triangular, gaff, etc. The average width
can be calculated by dividing the area of the sail S by its height H:

Elongation = % _ H?z (1)
m

The fullness of the sail, i.e. the belly of the sail is directly proportional to the magnitude of the deflec-
tion arrow and inversely proportional to the length of the chord of the sail profile I:

Fullness = % 2

The influence of all these factors can be taken into account with some remarks when determining the
aerodynamic force according to certain formulas. It is established that two identical sails (in shape, cut, fab-
ric, etc.) differ only in area and work with the same angle of attack, in any winds form aerodynamic forces
proportional in magnitude to the dynamic wind pressure and sail area.

Having expressed the factors specified in paragraphs c, d, g, e in terms of the coefficient C, the aerody-
namic force generated by the flow of the sail is found through the following formula:

F =qSC =0,0625V,SC ®3)

Where F is the aerodynamic force in kg, V, is the wind speed in m/s, S is the windage area in m?, C is
the coefficient of aerodynamic force [7].

The characteristic of the aerodynamic qualities of the sail is the polar, which shows how the coefficient
of lift varies depending on the coefficient of drag and angle of attack (Figure 3) [9].
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Figure 2. Puffiness and elongation of the sail Figure 3. Polar of the sail

The coordinate axes show dimensionless coefficients Cy and Cx, so that this graph can be applied to a
sail with any geometric data. The coefficients are calculated by dividing the magnitude of the measured force
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by the dynamic wind pressure g, as well as by the windage area S, respectively, the coefficients will be ob-
tained:

X,YorF
cC.C,or C=—— 4)
qs
With a polar, it is possible to determine the lift and drag force values and their components — the thrust
force. The sail polarity allows selecting the most favorable angle for setting the sails on a given course in
relation to the wind, i.e., the pulling force is at its maximum value.

Results and Discussion

The values of the lifting force obtained for a triangular sail blade with vertices angles y (0% 30°% 60°
90°) at a speed range from 3 to 12 m/s are represented by the dependence shown in Figure 4. Also, under the-
se conditions, the drag forces were determined (Figure 4).
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Figure 4. Graph of dependences of the lift Figure 5. Graph of the dependences of the drag
forcing of the sail blade on the flow velocity at various forces of the sail blades on the flow velocity at different
angles y of the apex of the triangular blade angles y of the apex of the triangular blade

From the obtained dependencies (Figures 4, 5), a proportional dependence of the blades’ lift force and
drag force on the flow velocity is visible. At the lowest wind speeds from 3 to 5 m/s, the appearance of lift-
ing force is observed at values of about 2 N with a vertex angle of y = 90°, which proves the effectiveness of
use for a range of low speeds. In a comparative analysis of the results obtained, it was found that the maxi-
munm lifting force has a sail blade with a vertex angle y = 90°.

Thus, a flexible sail blade with an apex angle y = 90° has optimal aerodynamic characteristics.

The dependence of the change in the drag coefficient on the dimensionless angle of attack § of the wind
is constructed, under the condition when the flow velocity was 5 m/s (Figure 6).
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Figure 6. Dependence of the aerodynamic coefficient (drag) from 8
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One can see from Figure 6, the drag coefficient decreases with increasing B, this phenomenon can be
explained as follows: at the attack angle p = 0°, the Middle area of the sail blade to the streamlined air flow
will be maximum. Accordingly, when the air flows around the sail blade, the resistance force will be maxi-
mum. The sail blade will change position in relation to the stream with an increase in the attack angle. With
an angular position change, the area of the middle cross-section of the blade begins to decrease relative to the
incoming flow. With a decrease in the middle section of the blade, the drag force decreases, and the drag co-
efficient decreases accordingly.

The dependence of the change in the lift coefficient on the dimensionless angle of attack [ of the wind
is constructed, under the condition when the flow velocity was 5 m/s (Figure 7).
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Figure 7. Dependence of the aerodynamic coefficient (lift) from

Figure 7 demonstrates that up to p = 15°, the value of the lift coefficient increases to 1.75, after which a
sharp decline is observed. The reason for this is that up to a certain value of the angle of attack, the fullness
of the belly of the sail is zero, and the sail bends, thereby increasing the pressure.

With a further increase in f, the streamlined area of the sail will decrease, which entails a decrease
in lift.

Figure 8 shows the sail blade polaritites for an airflow velocity of 5 m/s.
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Figure 8. Sail blade polarities

Due to the fact that the ends of the triangular blade are regulated by a flexible attachment, thereby creat-
ing a dynamically changing shape of the blade surface, the drag coefficient of the sail of the authors of the
work is greater than the sails, the ends of which are rigidly fixed.

Figures 9, 10 designate the dependences of the aerodynamic coefficients on n (the number of blades).
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Figure 9. Dependence of the aerodynamic coefficient (lift) from n

From Figure 9, one can notice that the lift coefficient increases with an increase in n from 1 to 6. This
phenomenon is observed, although the flow velocity, angle of attack, and area of the wind wheel do not
change.
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Figure 10. Dependence of the aerodynamic coefficient (drag) on n

Figure 10 represents that when the number of blades reaches 2, there is an intensive increase in the lift
coefficient. When the number of blades is further increased to 8, there is a slight increase. Based on this, a
further increase in the number of blades is not advisable, because the material consumption and the price of
the wind turbine increases.

The task of a sailing wind wheel is to use all available power coming to the swept area. According to
Bernoulli's law, when the flow velocity decreases, the pressure increases. As a result, we have increased
pressure from the windward side of the wind wheel and discharge from the downwind side. It is the
triggering of the energy of this pressure drop that quantifies the operation of the windmill.

From experimental data, it has been established that the optimal number of triangular blades for a wind
power plant with sailing shovels is 6. Compared with winged wind turbines [10] for which the optimal
number of blades is 3, in which the wind turbine has high performance, increasing the number of blades, a
physical phenomenon is observed for them when the wind freely penetrates between the blades to the
opposite side of the wind wheel — equalizing the pressure, resulting in reduced productivity. The error in the
experiment was 4-5 %, which falls within the acceptable range.

Conclusions

We investigated the aerodynamic coefficients of a sail blade and a wind wheel made of nylon materials.
Compared with the results of work [11], where polyester was used as the material of the sail blade, the lifting
force of nylon is 15-20 % higher.

During the study, the following optimal results were obtained:

- The aerodynamic forces of the sail blade depend on the flow velocity at different angles of the top. It
is established that at y = 90° the triangular blade has the maximum values of aerodynamic forces, with a
decrease in the angle to 0° there is a decrease, this is due to an increase in the area of resistance relative to the
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air flow. This phenomenon can be explained by the fact that the drag force is directed against the speed of
movement, its magnitude is proportional to the characteristic area of resistance. At the optimal angle y = 90°
around the triangular blade, the occurrence of air vortices is minimal, thereby leading to the prevention of
disruption of vortices from the ends of the triangular blade.

- With a decrease in the mid-section of the wind wheel, the aerodynamic forces decrease, and their
coefficients decrease accordingly. This is due to the fact that the reverse process of reducing the airflow
velocity and increasing pressure begin behind the midsection of the sail blade. At the same time, increased
pressure is created on the front side of the body, and reduced pressure is created on the backside. The
boundary layer flowing around the sail blade, having passed its midsection, breaks away from the sail and,
under the influence of reduced pressure behind the body, changes the direction of movement, forming a
vortex. This happens both at the upper and lower points of the sail;

- The optimal number of triangular blades for a wind power plant with sailing shovels is 6.
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A XK. Tney6eprenona, H.K. Tanamesa, K.M. Illaiimepaenosa,
JI.JI. Munbkos, A.H. [TrocembaeBa, C.JK. Y30eprenona

Keakenai KaJakIaHbIH a3POIMHAMHUKAJBIK apaMeTpJiepiH 3epTTey

Makanama OpTYpJii — mapaMeTpiiepAeri  YIIOYPBIIITHI  KEJIKCHII  KATAKIIAHBIH  adpOJUHAMHUKAIIBIK
cumarramanapbl 3eprrenred. Ockl MakcaTTa JUHAMHUKAIBIK ©3repeTiH Oeri Gap yHIOYpBIITHI JKEIKESH/I
KaJlaKlia acaiasl. Aya aFrbIHBIHBIH JKBUIIAMIBIFEI 3-TeH 12 M/c-Ka JeiiH e3repai. YIIOYpHINITH Kaiakiia
IIBIHBIHBIH OPTYPJIi OYpPBIITAPEI Ke31H/IE JKENKEH/Ii KaJaKIIaHbIH a’pOJIUHAMHUKAIBIK KYIITEpPiHIH aFbIHHBIH
JKBUTIAMJIBIFBIHA TOYEAUTIrT 3epTTenmi. ToxipuOenep WIBIHIAPIBIH OPTYPJi OypBIITApbIHIA KYPTi3iii:
0%30% 60% 90° IlbmHmsE Oypeimsr y=90° KesiHme YIIGYPHINITH SKENKCHA KaJaKila OHTAilIbl
AdPOMHAMHKAJIBIK MapaMeTpiiepre ue OOJaThIHBl aWKbIHAAMIBL. A3DPOJIUHAMHUKAIBIK KOI(GGHUIMESHTTEPAIH
abybUT OYPBIIBIHBIH OJIILIEMCI3 ToYeNAIIri ajdbHFaH. JJHHaAMHUKAJIBIK e3repeTiH OetT minrini 6ap Kanakmambl
KeJ TYpOMHACH! YIIIH KaJaKIIaHBIH OHTANIIBI caHbl N=6 ekeHxiri anbiKTangsl. 111a0ybuiabH a=0° OYpBILIBI
Ke3iHJIe JKeJIOHFaNaFbIHbIH MUJICIIIK aydaHbIHBIH MAaKCHMAJIbl MOHI aFbUIAaThIH aya aFbIHBIHA O MA0YBLUIBI
apTKaHIa MaHIAMIBIK Keaepri Kodp@HIMeHTI MOHIHIH TeMeH/eyiHe okenendi. JKelnkeHIl KajlaKIIaHBH aya
aFBIHBIHBIH OKBUIIaMJIBIFBIHAH O-HBIH ©3repyi OOHBIHIIA ToKipHOe HOTIKENEepiHEe Talfay >KYpTri3uireH.
KanakmaHbiH OpHBI ©3repreH caiiblH MaHIaHIIbIK KeIepri aya aFbIHBIHA KaThICTHI e3repeni. JKenneHremneri o
MOHIHIH >KOFapbUIaybIMEH aya aFblHbIHA KATBICTHI €3 OpHBIH e3repredi. by »karmaiinma OYpBIIITEIH OPHEL
©3TepreH Kesle KO3FaaThlH aFblHFA KATBICThI JKEJIIOHFAIAFBIHBIH MHUJICTb KMMACHIHBIH a3aiobl OaifKamaibl.
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XKen noHFanarbIHBIH MHJENb KUMAChIHBIH TOMEHJCYIMEH MaHAAMJIBIK Kelepri Kyl TeMeHaei Oacraiinbl,
coliKeciHIlle MaHJAWIBIK Keaepri koadduuuenti ToMeraenai. Ocpliaiina, KeJIKeHHIH BIK JKaFbl )KOHE JKell
JKaK OeTTepiHAeri KbICHIMBIHBIH ©3TePYiHiH JKaNlIbl HOTH)KECIH el OaFbIThIHBIH MEPIECHANKYJIISP CHI3bIFBIHBIH
Kei0ip OyphImTapsiHa OarsITTaNFaH, Oip TEH acep eTETiH a9pOJUHAMHUKAJIBIK KYII YCHHBUTYBl MYMKIH.

Kinm ce30ep: xelKkeH, KeIIHEPreTHKAIBIK KOHBIPFEICH], aFBIHHBIH JKbUIIaMIBIFBI, a9POIHHAMHUKAJIBIK KYII,
T-1-M aspoauHaMUKaIbIK KyOBIPHI, NTIA0YHLT OYPHIIIEL.

A. XK. Tney6eprenosa, H.K. Tanamesa, K.M. IllaiimepeHosa,
JI.JI. Munbkos, A.H. [TrocembaeBa, C.JK. Y306eprenosa

I/IccneszaHne AAPOAUHAMHNIECCKHUX MapaMETpPoOB napycnoﬁ JOoInacTu

B cratbe m3ydeHsl a3poAMHAMUYECKHE XapaKTePUCTHKU TPEYTrOJbHOW MapyCHOH JIONACTH Pa3iIMYHBIX Iapa-
MeTpoB. [l TaHHOI 1enu Oblla N3roTOBJIEHA TPEYrobHAs MapyCHasl JIOMACTh ¢ JUHAMHYECKU U3MEHsIeMOoit
¢dopmoii moBepxuoct. CKOPOCTh BO3AYIIHOTO MTOTOKA BapbUpOBasiack, HaunHast 3 1o 12 m/c. Beuta uccieno-
BaHA 3aBHCHMOCTb a3pOJAMHAMHYECKUX CHUJI TAPYCHOM JOMACTH C pa3sHbIMH yIJIaMU BEPIIHHAMU OT CKOPOCTH
TI0TOKA. DKCIIEPHMEHTHI TIPOBEICHH TIPH pasTnuHbIX yrioax sepmmaax: 0°; 30%; 60% 90°. B pesymprate skc-
IIepUMEHTa BBISBIICHO, YTO NPH yrile Bepimue y=90° TpeyronsHas mapycHas J0IacTh oGIafaeT ONTHMANb-
HBIMHU a9pOJMHAMUYECKUMH ITapaMeTpamH. [1oydeHbl 3aBHCHMOCTH a3pOANHAMHYIECKIX KOd()(OUINEHTOB OT
6e3pazmepHoro yrina ataku. OGHapy»XeHO, 4TO Ul BETPOTYPOUHBI C ITapYCHBIMH JIOMACTSIMH ONTUMAIBEHBIM
YHCIIOM JIOIACTEH sABIIsIeTCA N=6. Y CTaHOBIEHO, YTO HPH yIie aTaku o=0" MakCHMaJlbHOE 3HaYCHHE MHJeIe-
BO IUIOIIA/b BETPOKOJieca 00TEKaeMOMY BO3IYIIHOMY MOTOKY BBEIET COOOI0 K YOBIBAHHMIO 3HaUCHHA KO3(-
(unmeHTa 1060BOTO CONMPOTHUBIICHHS C YBEINUIEeHHEM aTaky o. [IpoBeneH aHanm3 pe3ynbTaToB 3KCIEPHUMEHTA
[0 U3MEHEHHUIO ¢ OT CKOPOCTH BO3AYIIHOTO TOTOKA MapycHOH momacTtd. [Ipy n3MeHeHNH MOJI0XKeHus JIoma-
cTH J000BOE CONPOTUBIICHHE MEHSETCS OTHOCHTENIBHO BO3JYIIHOTO TOTOKA. BeTpokomeco m3MeHseT cBoe
HOJIOXKEHUE OTHOCHUTENIBHO BO3JYIIHOIO IIOTOKA, C YBEJMYEHHEM 3HaueHHs a. [Ipu 3ToM Habmomaercs
YMEHBIIEHHE IUIONMAAN MUIENICBO CEUCHHs BETPOKOJIECA OTHOCHTENBHO K HaberaromeMy IOTOKY IIPH H3Me-
HEHMH YII0BOro nonoxeHus. C yMEHbIICHHEM MHIEIEBO CEYEHUS BETPOKOJIECa CHIIa JIOOOBOIO COMPOTHB-
JICHUs HaYWHAeT y0aBIATHCS, COOTBETCTBEHHO CHIDKACTCSI KOO (HIMEHT JIOO0BOrO CONPOTHBICHHS. TakuMm
00pa3zoM, CyMMapHbIil pe3yabpTaT H3MEHEHUS JaBJICHNI Ha MOJBETPEHHON U HABETPEHHOI MOBEPXHOCTSX IMa-
pyca MO>KHO IPEICTaBUTh B BU/IE€ OJHOM PaBHOAECHCTBYIOIIEH a3pOAMHAMUYECKOM CHIIbI, HAlIPAaBJIEHHON 110/
HEKOTOPBIM YTJIOM K JINHUH, IEPIEHANKYIIPHON K HAIIPaBICHUIO BETPa.

Knrouegvie crosa: napyc, BETpO3HEpPreTHYECcKasi yCTaHOBKA, CKOPOCTh MOTOKA, adpOANHAMUYECKas CHJIa, ad-
poanHamudeckas Tpy6a T-1-M, yrou araku.
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Evaluation of the Nurse-Saul method using maturity sensors
for concrete strength control

The article presents the results of experimental studies on the strength of concrete grade B25 brand M350 by
direct and indirect methods of control. To conduct tests, 17 cylindrical, 15 small, and 2 large cubic specimens
were manufactured. 15 cylindrical specimens by 3 pieces were tested for compression in a hydraulic press on
1, 3,7, 14, and 28 days of curing, and in the remaining two for 28 days the curing temperature was measured
in order to obtain the strength-maturity relationship by the method of Nurse-Saul. The curing temperatures of
the larger specimens were measured similarly, from which the concrete maturity and strength values on days
1, 3,7, 14, and 28 were estimated. On the same days, compression tests were carried out on small specimens
and by the shock pulse method on large specimens. As a result, the strength gain curves were obtained and
calibration dependencies were plotted. The calibration dependencies showed a sufficiently close convergence
of the results of the direct method of control (i.e., compression of small specimens) and the Nurse-Saul meth-
od of maturity, in contrast to those of the shock pulse method. The determination coefficients of these de-
pendencies amounted to 0.9357 and 0.8965, respectively.

Keywords: maturity method, concrete strength, embedded sensors, compression test, curing temperature,
shock-pulse method, calibration dependence.

Introduction

Inspection methods in modern construction increasingly overlap with information technology. Various
methods and tools are used to figure out the compliance of the material with the design requirements [1, 2].
One of the frequently used and tested materials is concrete. There are many ways to determine its strength.
The methods are regulated by various standards that contain a defined procedure for laboratory tests [3]. Dif-
ferent tools and devices can be used to identify the current and limited properties of concrete [4].

Nowadays, indirect methods of non-destructive concrete strength gain control are more popular than lo-
cal destructive methods [5]. These methods give quick results and require minimal costs, with the result be-
ing made by the laboratory, but the curing time of the concrete requires intermediate solutions to complete
the construction in a specified time or sooner than required by the customer [6]. Interim solutions can be
formwork removal, structural loading, test scheduling, etc. The methods are based on parameters occurring
during the concrete curing process, such as temperature, pressure, current conductivity, shock pulse impact,
elastic rebound, plastic deformation, etc. [5].

Many standards of the CIS countries, regulating non-destructive control methods, are based on external
influence. While in foreign countries, they practice such standards to determine the strength of internal pa-
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rameters, which consider the temperature and curing time of concrete [7]. The method of temperature-
strength control is widely used in the USA, Canada, South Africa, and European countries (Table 1).

Table 1
Foreign standards for methods of temperature-strength control of concrete [4]
No. Standard indication Name of the standard Region
1 ASTM C1074 Standard Practice for Estimating Concrete Strength by Maturity Method
2 ASTM C918 Standarq Tgst Method for Measuring Early-Age Compressive Strength
and Projecting Later-Age Strength
3 ACI 318-6.2 Building Code Requirement for Structural Concrete and Commentary USA
4 ACI 228.1R In-place Methods to Estimate Concrete Strength
5 ACI 306R Guide to Cold Weather Concreting
Standard Method of Test for Estimating the Strength of Concrete in
6 AASHTO T 325 Transportation Construction by Maturity Tests
7 CSA A23.1/A23.2 Concrete Materlals_and Methods of Concrete Construction/Test Methods Canada
and Standard Practice for Concrete
8 NCH 170 Hormigon-Requisitos generals (Concrete- General requirements) i?rl:g;
9 EN 206-1:2002 goncrete — Part 1: Specification, performance, production and conformi-
10 BS EN 13670 Execution of concrete structures Europe
11 NEN 5970 Detgrmmatlon of Strength of Fresh Concrete with the Method of
Weighted Maturity
ST-NP SRO SSK-04— | Temperature and strength control of concrete during the construction of .
12 s I Russia
2013 monolithic structures in winter

The study of temperature and strength control dates back to the 1970s by the American National Bureau
of Standards. It was caused by the gradual collapse of a building under construction in Fairfax County, Vir-
ginia, which was not without casualties. According to the final inspection report, the problem was early re-
moval of the formwork. The decision to remove the formwork was made 4 days after the concrete was
poured, which was based on the average temperature readings [9]. Such cases prompted the American Occu-
pational Safety and Health Administration to develop a standard for monitoring the curing rate over the en-
tire 28-day period. Thus, this method has found use in several other countries, considering the specifics of
the construction area and raw materials for concrete.

A good example of a country where the method of temperature-strength control regarding GOST has
been developed is Russia. The standard was developed by the nonprofit partnership “Self-regulated Organi-
zation of the Union of Construction Companies of the Urals and Siberia”, owned by the Urban Building
Code of the Russian Federation [10]. This standard has been in use since 2013. As stated earlier, the specifics
of the territory of construction require increased attention. If we compare countries with predominantly hot
climates, it is only one temperature range that affects the strength gain, while countries with sharply conti-
nental climates also take into account negative temperatures. This point is considered in [11]. The basis for
the creation of the standard [10] was the thermal stress state during curing or heat treatment of concrete. The
standard has only recently been introduced and not all issues have yet been covered.

The maturity method regulated by the American standard is increasingly being used in the CIS coun-
tries as well. The applicability of this approach is already being tested on domestic construction sites
[12, 13]. Thus, the authors of this study have developed a measuring complex for wireless temperature moni-
toring and estimation of the current strength of concrete “BDM-1" [14, 15], which implements the Nurse-
Saul method [16]. An important principle of BDM-1 operation is automation of temperature data acquisition
since the calculation method requires particular measurements, as well as individual calculation of number
and location of maturity sensors, which are reflected in construction feasibility study. To test its performance
and to assess the applicability of the standard [16], many tests were carried out in this work, applying differ-
ent methods.

Based on the aforementioned, this study is aimed at assessing the applicability of the Nurse-Saul ma-
turity method for Kazakhstan construction sites in conjunction with the BDM-1 measuring complex. Thus,
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the object of study is the curing temperature and strength of M350 B25 marketable concrete, produced by
local manufacturers.

Experimental

The test program in this work was developed to study the process of concrete strength gain in the natural
conditions using foreign [16, 17] and domestic standards [18, 19], applying different instrumentation (Table 2).

Table 2
Certified equipment used in the test program
No. Equipment No. of the certlflgate_of type ap- Equipment name
proval of measuring instruments
1 IPS-MG4.03 12148 Strength meter of building materials
2 HP-Testing 9885 Hydraulic press
3 BMD-1 3575 Wireless complex for concrete strength monitoring

Ready-mix concrete of grade B25 and brand M350 was tested (Table 3). Concrete of this grade and
brand was chosen because of its wide use in the construction market [20].

Table 3
Composition of the tested concrete
No. Component name Consumption, kg/m®
1 Portland cement 390
2 Washed sand 810
3 Crushed stone, fraction 5-20 mm 1080
4 Water 140
5 Chemical additive based on polycarboxylate esters HPS-3 2,73

The selected concrete mixture was used throughout the experiment. The data obtained in laboratory
tests can only be used for a given concrete with the same consumable components [17, 21].

17 cylindrical specimens with a diameter and height of 15 cm each were prepared for testing by the
method [16] (Fig. 1), of which 15 were tested in compression with a hydraulic press in the laboratory, by 3
specimens at 1, 3, 7, 14, and 28 days [17]. Sensors [22] were immersed in the remaining 2 specimens to
measure the curing temperature of the concrete in the specimens at a frequency of 0.5 hours up to 28 days.
The purpose of these tests was to derive the “strength-maturity” relationship of the concrete, where maturity
is an index of temperature and time, according to the Nurse-Saul method [16, 23, 24]. This ratio was derived
as a logarithmic function. It was used to calculate the current strength of concrete in a real structure, assum-
ing the same composition was used.

Figure 1. Cylindrical specimens

The temperature-time factor was determined by the following equation [15]:
TTF = ¥(Ta — To)At; 1)

68 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Evaluation of the Nurse-Saul method...

where TTF — the time-temperature factor at age t (degree-days, degree-hours); Az — time interval (days,
hours); T, _average concrete temperature during time interval (°C); T, datum temperature, —10 °C.

To simulate a real structure made of the same concrete composition, two large cubic specimens sized
50x50x50 cm were prepared, in which temperature sensors were also immersed (Fig. 2 (a)). From the tem-
perature history measured at a frequency of 0.5 hours, using the same Eqg. 1, concrete maturity values (TTF)
were calculated. Then, by applying these values to the derived logarithmic function, the strength values of
the concrete in the structure on days 1, 3, 7, 14, and 28 of curing were estimated. On the same days, large
specimens were subjected to non-destructive shock pulse testing [18] using the IPS-MG4 measuring device
(Fig. 2 (b)).

In parallel with the previous tests there were molded 15 small cubic specimens of 10x10x10 cm in Size,
which were tested in compression by destructive method [19] on a hydraulic press, by 3 specimenson 1, 3, 7,
14, and 28 days of curing (Fig. 2 (c)).

Then, using the average strength values obtained by the three different methods, the diagrams of con-
crete strength gain and calibration dependencies were plotted.

Figure 2. Cubic specimens: a — large specimens, b — large specimens shock pulse testing, ¢ — small specimens

Results and Discussion
Figure 3 illustrates the results of testing cylindrical concrete specimens using the maturity method.
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Figure 3. Results of tests of cylindrical concrete specimens: a — temperature mode of curing,
b — concrete strength gain diagram, ¢ — strength-maturity relationship

Using the Nurse-Saul method, the temperature of the two cylindrical specimens was monitored for 28
days. In Fig. 3 (a), one can notice the presence of the highest curing temperature in the first 3 days (21 °C),
then, there is a sharp decline with a slight increase in temperature on the 7" day. Thus, the temperature on the
28th day is about 8 °C. Fig. 3 (b) shows a diagram of the strength gain in the cylinders. The trend increases
sharply in the first 3 days, after showing a gradual rise. From the cylinder curing temperature history using
the equation (1), concrete maturity values at days 1, 3, 7, 14, and 28 were calculated. By plotting these values
against the strength values on the same days of curing, a strength-maturity relationship was plotted (Fig. 3
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(c)). It can be seen from the Figure 3 that the obtained dependence has a fairly high coefficient of determina-
tion equal to 0.9793, which indicates its further applicability in estimating the strength of the real structure
(i.e. large cubic specimens) from the same composition of concrete. The test results of the large specimens
are shown in Figure 4.
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Figure 4. Results of tests of large cubic concrete specimens: a — temperature mode of curing,
b — Nurse-Saul strength gain curve, ¢ — shock-pulse strength gain curve

The curing temperatures (Fig. 4 (a)) of the two large cubes for 28 days provide the average value for the
Nurse-Saul strength gain curve (Fig. 4 (b)). As shown in Fig. 4 (a), compared to the curing regime of the cyl-
inders, the temperature increase on the first day of curing of large specimens are more intense. In the first 2
days, the temperature rose to 32 °C and then decreased smoothly to 8 °C. This can be explained by the mas-
siveness of large specimens compared to small ones. Concrete maturity values on 1, 3, 7, 14, and 28 days
were calculated in a similar manner for large specimens. By applying these values to the strength-maturity
relationship obtained above, the strength values for the same days were estimated, from which the strength
gain diagram was plotted (Fig. 4 (b)). According to the results of tests of large specimens by shock-pulse
method (Fig. 4 (c)), during the first 7 days, the strength of concrete intensively increased, after that, it
smoothly passed to stabilization.

To compare the results of the indirect methods obtained above with the direct ones, a diagram of the
strength gain from the tests of small cubic specimens in compression in a hydraulic press was plotted as
shown in Figure 5.

Strength, MPa
=

10 —e—Compression test

0 7 14 21 28
Age, days

Figure 5. Results of tests of small cubic specimens by compression

The strength gain curve of small cubic specimens has a similar outline to the one obtained by the ma-
turity method. However, the strength value at 28 days is higher. For visual comparison of the results of indi-
rect (maturity method, shock pulse method) and direct (compression of cubic specimens) methods, their
strength gain curves were combined into one diagram and calibration dependencies between these methods
were derived (Fig. (6)).
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Figure 6. Comparative analysis of the results: a — strength gain curves, b — calibration dependencies,
N-S, S-P, and C — Nurse-Saul, Shock pulse methods and Compression test, respectively

According to Fig. 6 (a), on the first day, there is no difference between the strength gains, however:

— ondays 3, 7, and 14, the shock pulse method values are higher than those of the compression tests by
an average of 13.5 %, while on 28 day, they are lower by 8.4 %.

— values from the maturity method beginning from day 3 up to day 28 were lagging the compression
test by an average of 10.7 %.

Figure 6 (b) demonstrates the calibration dependencies between the direct and indirect methods used in
this study. The power functions and their coefficients of determination were derived for each of the depend-
encies. One can notice from Figure 6 that the coefficient of determination of the dependence between the
compression test and the maturity method, equal to 0.9357, is slightly higher than those between the com-
pression test and the shock pulse method, equal to 0.8965. This indicates that the convergence of the first two
methods is greater than that of the second.

Conclusions

In this work, the authors conducted several strength tests of concrete B25 M350 by direct and indirect
methods and measurements of curing temperature with specialized instrumentation and equipment. Accord-
ing to the results of tests and measurements, the diagrams of strength gain and temperature curing for small
(10x10x10 cm) and large specimens (50x50x50 cm) were obtained, strength-maturity relationships, as well
as calibration dependencies between direct and indirect methods, were plotted. The following conclusions
can be drawn from the analysis of the obtained results:

- The final compressive strength of the small specimens at 28 days was higher (34 MPa) than that ob-
tained by the maturity and shock pulse methods on large specimens, although all the specimens were kept at
the same temperature and humidity conditions. This is due to their lower massiveness.

- The shock pulse method, according to the strength gain curve, looks rather idealized and does not im-
press sufficient confidence. There are no drops; strength gain is smooth and stable.

- The strength gain curve obtained by the Nurse-Saul maturity method has a fairly realistic outline.
There are small steps and unstable gains of strength. The strength values from the Nurse-Saul method were
lower than those of the others. In this regard, it can be assumed that it is more reliable and has a potential
margin of safety when controlling the strength by this method.

- Comparison of the direct and indirect methods by plotting the calibration dependencies revealed a
greater convergence of the maturity method with the compression test in comparison with the shock pulse
method; the determination coefficients of the obtained dependencies were 0.9357 and 0.8965, respectively.
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E.b. Ytenos, A. Auuckun, A.C. Tyne6ekosa, C.b. Axaxanos, I11.)K. Xapacos

BeronHbIH 0epiKTIriH 0aKplIay YIIiH KeMeJIIeHy JaTYUKTepiH
Kosiany apkbLibl Nurse-Saul amicin 6aranay

Maxkanaga M350 mapkainbl xkoHe B25 kimactel GETOHHBIH OCpIKTIriH Tikenel joHe jkaHama Oakpuiay
S/licTepiMEH IKCIEPUMEHTTIK 3epTTeyIepaiH HoTIKenepi kenripinreH. ChIHAK XKYprizy yuriH 17 HUIMHIPIIK,
15 mareH KoHe 2 YIKEH TeKIIe YITinep JaWblHIanFaH. OpKaichIChl 3 maHamaH TYpaThlH 15 MUIMHIPIIK
CBIHAMAa THIPABIHMKAJIBIK TPECTe CBHIFBIMOANY VIIH KartatymeiH 1, 3, 7, 14 xoHe 28-mi KyHZAepiHIe
CBIHAIFaH, an KairaH 2-yi Nurse-Saul omici GoifbIHIIa «OEpIKTIK-KEMENICHY» TOYESIIUIITIH ally MaKcaThbIHIa
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KaTaio Temmneparypacsl 28 KyH OOHbl eJIIeHreH. YJIKeH YIriepAiH KaTalo TeMIepaTypachbHbIH yKcac
ToCUIAEpl TipKemnai, OFaH colikec OETOHHBIH KTy JeHrelnepi sxoHe 1, 3, 7, 14 nen 28-mi kyHzaeri OepikTik
MoHJepi ecenTenai. COHbIMEH KaTap, KOPCETUITeH TOYNIKTE IIAFbIH YATUIEPAl ChIFyFa jKOHE YIIKEH YITiIepai
COKKBI-MMITYJIBCTIK OJICIIeH chIHAy OKypri3inmi. HormkeciHnme OepikTik KHCBHIKTapbl aNbIHABI JKOHE
rpaxyupiey ToyelAauTikTepi Kypsuinbl. ['pamympiey Toyenmimikrepi Tikened Oaxpuiay ofici (SIFHM IIarblH
YJTinepai ChIFy) HOTIKeNepiHiH jkoHe Nurse-Saul keMenmeHy omiCiHIH COKKBI-MMITYJIBCTIK 9IiciMeH
CaJbICTHIPFAaH/Ia ©T€ JKAKBIH YKCACTHIFBIH KepcerTi. OCBl ToyenmimiKTepAi aHbIKTay Kod(duimenTtTepi
coiikecinmre 0,9357 xone 0,8965 GOJILII IIBIKTEL.

Kinm cesodep: xemenneny omuici, 6eTOHHBIH OEpIKTIri, KipiKTipiIreH NAaTYUKTEpP, ChIFBIMAAY CHIHAFbI, KaTalo
TEMIIePaTypachl, IMIYJIbCTIK—COKKBI 9/1iCi, TpaJyHupiey TOyeIIiIiri.

E.b. YTenos, A. Aauckun, A.C. Tynebekona, C.b. Axaxanos, I11.)K. XKapacos

Ouenka meroaa Nurse-Saul ¢ npuMeHeHneM TATYMKOB
3peJIOCTH JJIsl KOHTPOJIsSI IPOYHOCTH OeTOHA

B cratee mpezacTaBiieHBl Pe3yNbTaThl AKCIIEPUMEHTANBHBIX HCCIEJOBAHUN MPOYHOCTH OeToHa Kiacca B25
Mapkd M350 mpssMBIM ¥ KOCBEHHBIM METOAAaMH KOHTPOJIAL. ISl MPpOBENCHUS UCTIBITAHHK OBIIIO M3TOTOBJIEHO
17 munmuHgpuYecKux, 15 Manbix u 2 6oipmMX KyOmdeckux oOpasma. 15 mummHapudeckux oOpasmoB mo 3
IITYKH UCTIBITHIBAIICH HA CXKAaTHE B THIPABINYECKOM mpecce Ha 1, 3, 7, 14 u 28-e cyTku TBepAeHHs, a B 2-X
OCTaJbHBIX Ha MPOTSKEHHH 28-M CYTOK M3MEpsUIach TeMIIepaTypa TBEPACHUS C LENbIO MOTyYSHUs 3aBUCH-
MOCTH «IIPOYHOCTb—3PENOCThY 1Mo MeTony Nurse-Saul. AHaIOrH4YHBIM crIOcO60M (UKCHpOBaAIACh TEMIIEpa-
Typa TBepJeHHs OOIBIINX 00pa3IOB, O KOTOPOH BEIYMCICHB! YPOBHH 3PEIOCTH OETOHA U 3HAUYEHHS IIPOYHO-
ctuHa l, 3,7, 14 u 28-e cyrku. Kpome Toro, B ykazaHHbIE CYTKH IPOBOJWINCH HCIIBITAHUS HA CKATHE MaJIbIX
00pas3sIoB U yIapHO-UMITYJIbCHBIM METOJ0M O0JbIINX 00pa3ioB. B pe3ynpraTe ObUIM HOJTydeHB! KPUBBIE Ha-
6opa MPOYHOCTH M HOCTPOEHHI I'PaJyHpPOBOYHBIC 3aBHCHMOCTH. [ pagyHpOBOYHBIC 3aBUCHMOCTH IOKa3aiH
JOCTATOYHO OJIM3KYIO CXOAUMOCTh PE3yJIbTAaTOB IIPSIMOT0 MeToJa KOHTPOJIA (T.€. C)KaTHe MalbIX 00pasloB) 1
Mertoza 3penoctu Nurse-Saul, B CpaBHEHUH C yIapHO-UMITYJIbCHBIM MeTonoM. Koaduuumentsr nerepmuna-
LMK JaHHBIX 3aBrcuMocTeit coctaBuin 0,9357 u 0,8965 cooTBETCTBEHHO.

Kniouesvie cnosa. METON 3penocTH, MPOYHOCTh OETOHA, BCTpaWBaeMbIC TATUYMKH, MCIBITAHHE HA CXKaTHe,
TeMIlepaTypa TBEpACHHUS, yAapHO-UMITYIbCHBINH METOI, TPaJyHpPOBOYHAS 3aBUCUMOCTb.
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Electric pulse method of processing cullet

The article considers the issue of obtaining a recycling resource during the processing cullet, which harms the
environment. During the preparation of raw materials in the household waste recycling stages, the material is
crushed to the right size. This is implemented in mills based on various methods of destruction. In this regard,
analyses of the currently existing types of mechanical mills were carried out and their disadvantages were in-
vestigated. To solve glass recycling problem, this study presents the results of processing cullet by the electric
pulse method. We provide a description of operation principle of the experimental setup and the design of the
working chamber for processing the material under study. In this technology, the processing cullet is carried
out with an increase in the discharge voltage of the storage from 25 kV to 35 kV, the capacitor capacity from
0,25uF to 1 pF, the number of pulse discharges from 100 to 600. By using the electric pulse method particles
cullet with an initial fraction of 2 mm and 5 mm were crushed from 1 mm to 0.1 mm. The dependence of the
output of the final product on the electrical parameters of the installation and the diameter of the obtained
glass powder were received. The results of the grinding raw materials with the formation of pulsed electric
discharges in a liquid medium allowed assessing the degree of grinding of the material. According to the ob-
tained research data, optimal parameters of cullet grinding were established.

Keywords: electrohydraulic effect, coal powder, discharge energy, output of finished products, pulsed
electrical discharges.

Introduction

In any industry, special attention is paid to the efficient use of natural resources in the production of
various building materials. The problem of rational and integrated use of raw materials is closely related to
the level of product development and is currently important for all industrialized countries. The creation and
implementation of waste-free technologies for more complete use in the production of recycling resources
and related products will improve the quality management of raw materials and final products, and reduce
waste losses [1].

The cullet is one of those wastes that in natural conditions do not lose their properties for hundreds of
years. The raw material is suitable for complete secondary processing with no waste. Cullet of various frac-
tions (1-0.1 mm) is used as an additive to Portland cement and polymers. The average content of crushed
glass in the composite material is about 20-50 %. These building materials are highly resistant to weather
and are suitable for use as cladding materials. Another advantage of using recycled glass is that it reduces the
number of landfills, contributing to reduce carbon dioxide emissions, which is an unwanted byproduct of
cement production and the culprit in global warming [1-4].

The stages of processing cullet comprise processes that include crushing and grinding of raw materials.
The grinding of raw materials is carried out depending on the purposes and production features of the subse-
guent use of the material. In these processes, various crushers are used as the main technological installa-
tions, and their intensity largely depends on the quality of products produced at the stages of recycling valu-
able material. The efficiency of the grinding process depends not only on the structure and technical charac-
teristics of devices for obtaining the granulometric composition of glass powder of the required size, but also
on the properties of the starting material and the solutions for obtaining the product.

For fine grinding of solids, the following equipment is most widely used [5]:

— ball mills, the productivity of material processing and energy consumption of which depend on the
speed of rotation of the drum, the weight and size of the grinding bodies and the concentration of the suspen-
sion during wet grinding;

—rod mills, in which the grinding of the material is carried out by crushing, abrasion when rolling the
rods in a rotating drum;
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— cone crushers, based on crushing the material with the approximation of the gaps between the surfac-
es of internal movable and external stationary cones;

—drum mills, in which the material is crushed inside the rotating body under the action of grinding bod-
ies or by self-grinding;

— jet mills, in which the material is crushed by feeding a jet of gas from sonic and supersonic injectors.

The above mills have several disadvantages: bulkiness, heavyweight, noise during operation, more
complex and expensive design, installation complexity, high dust formation, wear of grinding bodies and
contamination by-products of this wear, high energy consumption, and, as a consequence, the high energy
intensity of processes [5-7]. The disadvantages of the methods used in glass recycling necessitate cause the
use of improved technologies. The electrohydraulic effect can be used in the development and creation of
new technologies. The essence of this method is that when carried out inside a volume of liquid in an open or
closed vessel, a specially formed pulsed electric discharge is around the zone of its formation, ultra-high hy-
draulic pressures arise, able to commit useful mechanical work [8]. The electric pulse method finds applica-
tion in the disintegration of diamond-bearing rocks, the processing of solutions for leaching uranium, the
production of finely dispersed waters coal fuel, the disinfection of plant products and liquid raw materials,
the descaling of heat exchangers [9-14].

The purpose of the work is to research the influence of electric discharges on the selective grinding of
glass waste. We used a household cullet. The initial diameter (do) of the material before processing was 2
mm and 5 mm, and the obtained glass powder was d= 0,1-1 mm.

Experimental installation for crushing cullet

The experimental installation consists of a power supply unit providing constant voltage (control panel,
generator, capacitors, spark gap) and a working chamber for grinding material in a liquid medium (Figure 1).
The working chamber is equipped with a metal cylindrical corpus, which contains a mixture of glass frag-
ments and industrial water (Figure 2). In the working environment, electric pulse discharges are formed be-
tween metal electrodes, with the tips of the electrodes arranged in a vertical direction against each other. The
electrode (positive), powered by electric current, is fixed on the cover of the working channel made of
caprolon, and the second electrode (negative) is placed on the grounded bottom of the metal vessel.

Generator Spark gap
L] I
. Working
Control 1 C t
ontrol pane apacitor chamber

Figure 1. Flowchart of an electric pulse installation

(98}

N

Figure 2. Working chamber: 1 — metal cylindrical corpus,
2 — positive electrode, 3 — working chamber cover, 4 — negative electrode
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The installation for the grinding cullet works as follows. After the generator is powered by alternating
current from the control unit, the amplified current from the generator accumulates in the capacitor until a
value is reached that allows punching the air space between the metal hemispherical electrodes in the arrest-
er. Further, the current in the form of a spark discharge formed in the spark gap is fed through a cable to the
positive electrode of the working chamber. In the working chamber, when an electric explosion occurs be-
tween the ends of the positive and negative electrodes in a liquid medium, solid bodies are crushed due to
shock waves and collisions of materials in them.

Methods of conducting experiments and analysis of the obtained results

The weight of the initial cullet was determined using electronic scales and for each experiment, the
mass of the initial material and the volume of liquid was constant (the mass of the cullet was 100 g, the vol-
ume of industrial water — 400 ml). After drying at room temperature, the glass crushed by the electric pulse
method was sieved through special standard sieves to analyze the granulometric composition of the resulting
product. The yield of the required product (K, %) was determined by the ratio of the mass of the obtained
product to the mass of the feedstock and was measured as a percentage.

The work on grinding cullet was carried out depending on the different values of energy and the number
of pulse discharges (Figure 3). Depending on the parameters of the bank, the pulse discharge energy varied.
The discharge voltage of the storage was conversed by changing the gap of the metal electrodes in the spark
gap. It was noted that with an increase in the electrical parameters of the installation, the output of the fin-
ished product increases.
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Figure 3. Dependence of the output of the finished product (powder diameter 0.2 mm)
on the electrical parameters of the electric pulse installation

The following researches were devoted to the analysis of the granulometric composition of the material
with a diameter of the initial fraction of 2 mm and 5 mm after electric pulse treatment (Figure 4). The exper-
iment was carried out with the following parameters: storage discharge voltage is 25-35 kV, capacitance of
the capacitor is 0,75uF, discharge energy is 237-459,4 J, the number of pulse discharges is 600.
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Figure4. Dependence of the output of the finished product
on the diameter of the obtained glass powder

Figure 4 illustrates that as the discharge energy increased, the number of crushed cullet particles in-
creased in the range from 0,1 mm to 0,4 mm. Thus, under the action of an electric pulse shock in a liquid
medium, the granulometric composition of the destruction of glass waste was changed. The conversion of the
parameters of pulse discharges into different values made it possible to increase the thin classes in the
coarseness of the necessary raw materials.

Conclusions

The results of the experiment showed that the electric pulse method can be used for the disintegration of
cullet. Received a powder product with a diameter of 0,1-0,4 mm, used as an additive to Portland cement
and polymers. The fractional composition of the material and the degree of the output of final product were
regulated by the selection of parameters of pulse discharges. The following values are accepted as effective
parameters of pulsed discharges when grinding glass waste: capacitor of the capacity 0,75 pF, storage
discharge voltage 30 kV, discharge energy 337 J.
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HIbIHBI CHIHBIKTAPBIH KAWTA OHACYAIH 3JIEeKTPUMITYJIbCTIK Jici

Makanazia KopIIaraH OpTaFa Tepic ocep eTeTiH oiHeK CBIHBIKTaphIH OHJeY Ke3iHIe KalTanama pecypcTapisl
Iy Macereci KapacThIpbUIFaH. TYPMBICTHIK KaJIABIKTapAbl OHJEY Ke3eHIepiHIe NIMKi3aTThl AaibiHaay
MpOIIECiHAE MaTepual KaKeTTi MeJlepre MAeHiH ycakTamaasl. bynm opTypni omicTepre Heri3aenreH
YHTaKTarblliTapaa icke acyna. OcbFaH OalyIaHBICTBI Ka3ipri yakbITTa KOJJIAHBICTaFbl MeEXaHHKAaJBIK
JIUiIpMEHJEPIiH TypJiepiHe Tanaayiap >KYpTi3ilin, olapAblH KEeMIIUTIKTEepi 3epTTeNai. ATanraH MoceleHi
HIENIy YIIiH FRUIBIMH JKYMBICTA IIBIHBI CHIHBIKTAPBIH 3JEKTPIiK MUMITYJIBCTI OMICTICH OHICYIIH HOTIDKENepi
Oepinren. ToxipuOenik KOHIBIPFBIHBIH JKYMBIC ICT€Yy NPHHIUIN CHUIATTAFaH, 3€pPTTENETIH MaTepHaIbl
OHJEyre apHAIFaH >XYMBIC KaMEepPAachIHBIH KYPBUIBIMBI KENTipiIreH. ATaIMBIII TEXHOJOTHAAA IIBIHBI
CBIHBIKTapBIH OHJEY >KWHAFBIITHIH pa3psn KepHeyiH 25 kB-tan 35 xB—ka neifiH, KOHOEHCATOPIBIH
ceIBIMABLTBIFBIH 0,25 MkD—Tan 1 Mkd—Ka JeifiH, UMIYJILCTIK paspsaaTapabiH canbiH 100-men 600-re aeitin
apTTHIPY apKbUIBI OPBIHIAIIBL. DIEKTPUMITYIBCTIK SHICTIH KOMeriMeH, OacTankbl Gpakiuscsl — 2 KoHe 5
MM OonaThiH IIibIHBI Oemmiektepi 1 mMv—aeH 0,1 MM—re neitin ycakranapl. [laiiblH ©HIMHIH TYCiMiHEH
ANEKTPIIK MapaMeTpiIiK aHBIKTaJ/Ibl KOHE YCAaKTaJFaH IIBIHBI YHTAKTBIH JHaMETpiHe TOYEeNLTIri ajabIHIbL.
Cy#BIK OpTaZa UMITYJIBCTIK 3JEKTP paspsATapblH KalbIITACTHIPY YIIiH IIHKI3aTThl YHTaKTay HOTIDKENepi
MaTepHaNIbl YHTAKTAay JOPEKECiH OaralayFa MYMKIHAIK Oepai. 3epTTey >KYMBICTapbIHAH ajIbIHFaAH
MOJIIMETTEepre COUKEC IIBIHBI CHIHBIKTAPbIH YHTAKTAYIBIH OHTANIIBI TapaMeTpIiIepi OenrineHmi.

Kinm ce30ep: »nektpruapaBIukanblk 3pdekt, kemMip YHTaFbl, pa3psa SHEPTHACH, NaWbIH ©HIMHIH TYCiMi,
HMITYJIBCTIK DJIEKTP pa3psaTaphl.

A K. Xacenos, b.P. Hycyn6ekos, /[.)K. KapaGekosa,
I'.A. bynkauposa, b.Y. [llamry6aii, M.M. bonat6ekoBa

JIEKTPOMMILYJIbCHBIN MeTO/l epepadloTKN CTEKI10005

B crarbe paccMOTpeH BOIIPOC MOJTy4YEeHHsI BTOPUYHOTO pecypca npH nepepaboTke CTeKI000s, OKa3bIBAIOIIN
HEraTHBHOE BO3/ICHCTBHE HAa OKPYXKAIOILYIO cpely. B mpouecce moAroToBKH ChIpbs Ha 3Tanax nepepadoTku
OBITOBBIX OTXOJOB MaTepuaj HW3MeJb4yaeTcsi 0 HYXKHOro pasmepa. laHHBIA Mpolecc OCYIIECTBISIETCS Ha
MEJbHUNAX, OCHOBAaHHBIX HA PA3IMYHBIX METOAAX pa3pylleHHs. B CBs3W ¢ 3THM OBUT IPOBENCH aHAIU3
CYIIECTBYIOIINX B HACTOAIIEC BPEMsS THIOB MEXAaHWYECKHX MEJBHHI] M WCCIENOBAHBI X HENOCTATKH. Jlis
pemreHusi yKka3aHHOI mpoOyieMbl B HaydHOM paboTe IpUBEIEHBI PE3YyNbTaThl 00pabOTKH CTEKIO00s
3NIEKTPOUMITYIILCHBIM MeTO10M. OTHCaH NMPUHIUI PadOThl SKCIICPUMEHTAIHON YCTAaHOBKH, IIPUBEIEHA KOH-
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cTpykuus paboueil kamepsl Uil 00paboTKM HccieayeMoro Marepuana. B naHHoi TexHonoruu nepepaboTka
CTEKJI0005 BBIIOJIHEHA C YBEJIMUCHUEM Pa3psAAHOTO HampspKeHUs HakomuTels oT 25 kB mo 35 kB, emxoctu
koHzeHcatopa oT 0,25 Mx®d no 1 Mx®, yncna uMnysabeHBIX paspsanos oT 100 xo 600. C mOMOIIBIO 31EKTPO-
HMITYJTECHOTO METOJIa YaCTHIBI CTEKII000s ¢ HCXOMHOH (pakiueil — 2 U 5 MM — H3MeIbYaInCh 0T 1 MM
10 0,1 mm. [MomydeHa 3aBHCHMOCTB BEIX0/Ia TOTOBOTO MIPOIYKTA OT SIEKTPHYECKHUX MapaMeTPOB YCTAaHOBKH 1
JraMeTpa M3MENTbYEHHOTO CTEKJTHHOTO IMOpONIKA. Pe3ynpTaTsl M3MenbYeHHs CHIPhS C 00pa3oBaHHEM HM-
MYJIBCHBIX AJIEKTPUYECKHX PA3PsI0B B )KUIKOH cpesie TI03BONIMIIN OLICHUTDH CTEIIEHb N3MENbUEHHST MaTepraa.
Ilo momyueHHBIM JaHHBIM HCCIIEOBATENLCKUX PAOOT YCTAaHOBIECHBI ONTHMAIbHBIE TAPAMETPHI U3METbUCHUS
CTEKII000s1.

Kniouegvie crosa: >neKTporuapaBindeckuii 3 Qexr, yronpHelil MOPOLIOK, SHEPTHs paspsiza, BHIXO T'OTOBOI
HPOJYKIMH, UIMITYJIBCHBIE JJIEKTPUIECKHE Pa3psbL.
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Selection of inoculant additives for modifying nickel alloys

Heat-resistant nickel alloys are widely used in the production of castings for aircraft and industrial gas turbine
engines. Structural factors are the main determinants of the performance properties of cast nickel alloys. The
main disadvantage of castings obtained from these alloys is the coarse-crystalline structure, uneven grain size
and columnar crystals in the cross-section. Therefore, the creation of an optimal alloy structure is an im-
portant condition for obtaining high properties and ensuring the increased operability of cast parts. Obtaining
a fine-grained structure has a beneficial effect on the level of mechanical and operational properties of cast
metal. The most promising way to create such a structure is to introduce a small number of additives into the
melt that cause heterogeneous formation of crystal nuclei, i.e. modification of the melt with dispersed parti-
cles of refractory elements and inocular compounds. To select the type of inocular particles required to initi-
ate crystallization of a particular phase, it is necessary to have a set of data that allows one to form a theoreti-
cal understanding of the principles of such a choice. The paper provides a rationale for the selection of the
type of particles of inoculators capable of causing the process of artificial changes in the structure of cast
metal. For a heat-resistant nickel alloy, the use of refractory particles of ultra-dispersed titanium carbo nitride
powder as inoculators are the most effective. When introduced into the melt 0.025 wt. % of such particles, a
fine-grained structure of the alloy is obtained, and its ductility in comparison with the unmodified one is more
than doubled.

Keywords: high-temperature nickel alloy, melt, modification, crystallization, inoculators, particles, properties,
structure.

Introduction

Heat-resistant nickel alloys of various alloying degrees are widely used in many industries. They are
mainly used in the production of castings of the most critical, highly loaded parts for aircraft and industrial
gas turbines of engines [1, 2].

Heat-resistant cast nickel alloys are complex multi-component hetero phase systems. Structural factors,
along with chemical composition, are the main factors that determine such properties of nickel alloys as duc-
tility, heat resistance, fatigue resistance, and others [3]. The disadvantage of castings obtained from these
alloys is a coarse-crystalline structure, uneven grain size and columnar crystals in the cross-section. There-
fore, the creation of an optimal structure for a given alloy is an important condition for obtaining the required
properties and ensuring increased material performance.

The most versatile tool that has a beneficial effect on the level of mechanical and operational properties
of cast metal is to obtain a fine-grained structure [2, 3]. The greatest effect of dispersion of the primary struc-
ture should be expected when it is formed as fine equiaxed grains. To obtain such a structure, certain condi-
tions must be created. One of these conditions is the creation of the entire volume of the melt of a minimum
temperature gradient, which would be distributed within the range of crystallization of the alloy. In this case,
the nucleation of crystals would occur simultaneously throughout the entire volume of the bath. The most
promising way to create such crystallization centers is to introduce into the melt a small number of additives
that cause heterogeneous formation of crystal nuclei, i.e. modification of the melt with dispersed particles of
refractory elements and inocular compounds. This modification method is a universal way of controlling the
crystal structure of cast metal [4-6].

At the same time, to select the type of inocular particles required to initiate the crystallization of a par-
ticular phase, it is necessary to have a set of data that allows one to form a theoretical understanding of the
principles of such a choice. The available information is extremely contradictory. Thus, J.V. Wood [7]
showed the universality of the action of only two types of particles: TiC and ZrB, in steels crystallizing
through a- and y- lattices. As established by J. Campbell and J.W. Bannister [8], TiC refines grain in steel
with a-grid, and there are no reliable inoculators for phases with a y-grid. G.S. Ershov and V.A. Chernyakov
[9] concluded that only TiN, ZrN, and ZrB, can serve as stable inoculators of steel.
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Ahlroth & Kettunen [10] found that as a result of the introduction of 0.3... 0.4 % of refractory metal
particles (molybdenum, niobium, tungsten) into nickel alloys with a size of 200-400 microns, the metal
structure changed significantly, which led to an increase in the plastic properties of the resulting castings. In
[11], a similar positive effect was obtained when modifying chromium-nickel stainless steel with refractory
metals.

Using the available factual material, it is possible to formulate the basic requirements for inoculating
particles. They must have:

— high thermodynamic stability in the melt;

— the highest possible electrical conductivity compared to the melt;

— possibility to differ less from the melt in terms of density.

In connection with the above, the work posed substantiating the choice of the type of modifier particles
capable of causing the process of artificial changes in the structure and properties of nickel alloy castings.

Experimental

Alloy Kh10N60K10V10Yu5T3M2B, which is the most prominent representative of the family of high-
alloy heat-resistant nickel alloys, widely used for manufacturing parts for aviation equipment [2], was chosen
as the object of research. The casting of the test ingots was carried out by vacuum induction melting,
in ceramic crucibles, on a U117-7 remelting unit. The chemical composition of the cast metal is shown in
Table 1.

Table 1
Alloy composition Kh10N60K10V10Yu5T3M2B by main alloying elements
Composition Content of elements,%

P C Cr Co Al Ti Mo W Nb
Requirements for 0.13-0.19| 80-9.0 | 9.0-10.1 | 51-57 | 2.0-26 | 1.2-1.7 | 9.5-10.1 | 0.8-1.1
Specifications
Investigated alloy 0.18 8.5 9.9 5.6 2.4 1.6 9.8 0.9

The experiments were carried out on cast samples of alloy Kh10N60K10V10Yu5T3M2B with various
additions of refractory particles in amounts used in the practice of modification. For modification, we used
plasma-chemical synthesis powders with a dispersion of about 100 nm. The introduction of particles into the
liquid metal was carried out using briquettes as tablets. They were obtained by mixing powder components
followed by pressing at a pressure of 1015 t/cm? on a PG-476 hydraulic press in a specialized press mold of
the size corresponding to the tablet, ensuring its dissolution in the melt for 20—-40 seconds.

The ingots were cast using the following parameters:

— Operating frequency of the generator — 25650 Hz;

— Residual pressure in the melting chamber — 10-2 mm Hg;

— Heating temperature of the melt — 1700°C;

— Holding time at a given temperature (power 5 kW) — 5 min;

— Temperature of modifier input — 1650°C;

— Holding time at a given temperature — 3 min;

— Cooling of the melt (power 0 kW) — 10 min.

The macrostructure of the alloy was investigated on thin sections after etching in a solution of ferric
chloride and a Marble reagent. A Carl Zeiss Axio Observer Alm optical microscope was used for metallo-
graphic analysis.

Tensile tests were carried out under the requirements of GOST 1497-84.

Results and Discussion

The choice of inoculars was made based on their resistance to dissolution in the melt, and then their
electrical conductivity and density were taken into account.

Analysis of the heterogenizing ability of refractory compounds of the putative modifiers shows that,
from the point of view of resistance to chemical interaction and dissolution in the melt, they do not all meet
the requirements. Thus, borides are not stable in nickel and its alloys because of the high diffusion mobility
of boron and the ability to form low-melting boron nickelides. Oxides are the most stable in terms of re-
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sistance to chemical interaction and dissolution, but they are poorly wetted by nickel alloys and can only be
introduced together with thermodynamically active elements (Ca, Ba, etc.), the use of which is fraught with
great difficulties. Therefore, the greatest preference when choosing modifiers, especially for high-
temperature alloys, is given to inoculators in the form of nitrides, carbides and some oxides that are well wet-
ted by melts [4, 7, 12-14] (Table 2).

Table 2
Contact angles of wetting 0 in the system refractory compound — Ni *

Compound 0 T, °C Environ
TiC 38/62/30 1 500/1 550/1 450 vacuum
ZrC 24/32/30 1 400/1 500/1 550 vacuum
VC ~0/-/17 1 450/-/1 380 vacuum
NbC ~0/-/18 1 450/-/1 380 vacuum
TaC ~0/-/16 1 400/-/1 380 vacuum
HfC -1-/28 -/-/1 450 argon
TiN 70/-/98 1 550/-/1 450 argon

SisN, 90/-/105 1 435/-/1 500 argon

ZrN -/10/72 -/1 500/1 550 argon
TiB, 64/-139 1 480/-/1 550 helium
ZrB, 55/-142 1 500/-/1 500 vacuum
CrB, 40/30/20 1 500/1 460/1 500 vacuum
Al,O3 128/-/- 1 500/-/- vacuum
ZrO 118/-/- 1 500/-/- vacuum
TiO, 120/57/- 1 500/1 480 helium/vacuum
Cr,04 0/56/- 1 400/1 500 argon/vacuum

* Work data are separated with a slash [12], [13], and [14]

The phase diagrams of Ni-C-Me (carbide-forming element) studied by H.J. Goldschmit [15] indicate
that all the most stable carbides (TiC, ZrC, HfC, NbC) exhibit polymorphism in low temperatures and carbon
concentrations region, can be present in the of bcc and hep modifications, and in high temperatures and car-
bon concentrations region, all carbides have an fcc lattice and can serve as crystallization centers.

Polythermal section of the Ni TiC system, investigated by V.N. Eremenko, showed that it is quasi-
binary and has the form of a simple diagram with a eutectic [16]. The maximum solubility of TiC in nickel
occurs at a eutectic temperature of 1280°C and is 6.2 %. The solubility of carbides in liquid nickel alloys
decreases in the order TiC — NbC — ZrC — HfC, but only at moderate temperatures. These carbides, as
well as other interstitial phases, are characterized by a tendency to deviate from the stoichiometric composi-
tion with a deficit in carbon content, which increases the decomposition temperature of carbide systems. The
deviation decreases in the following sequence [15]: TiCg s — ZrCq,g — HfCqs — NbCy 3.

Deviations from stoichiometry play an important role in the kinetics of diffusion, decarburization, dis-
solution and oxidation processes. The vacancies in carbides can be filled with atoms of components, for ex-
ample N and O. Carbonitrides, and especially oxycarbonitrides, are more stable in metal melts. However, it
is known that in cermets of the MeOx-MeN type, with an increase in the proportion of MeO, the electrical
resistance increases, i.e. the proportion of free electrons decreases and the wettability deteriorates. The con-
tact angles 0 of carbides with nickel alloys are low, nitrides are wetted worse, and oxides are poorly wetted
(Table 2). Improvement of the wetting of refractory compounds with liquid metals occurs after a certain time
of their contact due to ion-exchange reactions and mutual diffusion.

Nitrides are more stable than carbides [4, 15, 16]. At the same time, the use of nitrides for modification
can lead to an increase in the nitrogen concentration in the melt and the formation of eutectic nitrides along
the grain boundaries. However, a moderate increase in the nitrogen content (0.003 %) has a modifying effect
on the structure of heat-resistant nickel alloys. With a further increase in its concentration, the plasticity of
alloys in which there are no primary MeC carbides deteriorates, and in those alloys in which they are present,
an increase in the nitrogen content worsens their morphology, which also has a negative effect on the proper-
ties of the metal.
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Usually, when modifying, coarse nitride powders with a particle size of 10-200 um are used in an
amount of 0.1-0.2 % of the melt mass [4]. The dissolution of such a quantity of nitrides causes a significant
increase in the nitrogen concentration in the melt and contributes to the accumulation of nitrides in the circu-
lating charge. The use of ultrafine powders (UDP) by an order of magnitude reduces the amount of added
additive (0.01-0.02 % of the melt mass) and reduces the risk of nitride accumulation [6].

Considering the above and comparing the properties of the main refractory compounds, it is possible to
choose a number of inoculant additives that most fully satisfy the requirements imposed on them
(Table 3).

Table 3
List of compounds that best meet the selection criteria for inoculators
Compound DensitySat , . Specific electrical Literary source
1550 °C, 10-° kg/cm resistance at 1550 °C, yOhm-cm
TiB, 4.43 105 13
ZrB, 5.91 66 13
WC 15.49 31 13
TiC 473 147 13
ZrC 6.44 175 14
NbC 7.29 120 13
HfC 12.3 140 13
TaC 13.89 112 14
TiN 5.33 132 12
ZrN 7.06 126 12
HfN 12.96 122 12
TIiCN 4.9 - 17
VN 6.04 - 13
TaN 14.1 138 14
VC 5.36 - 14

Examining data from Tables 2, 3, we conclude that for the modification of nickel alloys; it is most ra-
tional to use carbides and nitrides of refractory compounds, primarily titanium as inoculants. An even greater
effect can be expected from titanium carbonitride, which has the highest stability in metal melts [17, 18].
Consequently, for the castings of experimental samples, titanium carbides, nitrides, and carbonitrides were
chosen as inoculant particles during modification.

The amount of refractory particles in the modifier, which ensures the optimal structure and properties of
the cast metal, depends on many factors: the chemical state of the alloy, technological parameters of melting
and pouring, etc., as a result of which these parameters can be determined for a specific case only experimen-
tally.

Castings from the alloy under study have extremely low plasticity values. So, the values of the relative
elongation of the cast metal obtained by vacuum induction melting are usually in the range of 3.0-3.7 %,
which in many cases does not meet the production requirements [2].

The study of the influence of the type and amount of the selected particles-inoculators on the elongation
(Table 4) confirmed the validity of the theoretical conclusions.

Table 4

Influence of the type and amount of selected particles on the elongation of the alloy

Inoculator Average value of the relative elongation depending on the number of particles (weight),%
0.01 0.025 0.05 0.075 0.1
TiN 4.6 6.2 4.8 4.6 4.1
TiC 4.4 5.5 4,5 4.2 3.9
TiCN 4.9 7.6 6.1 4.7 4.5
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The use of ultrafine powder of titanium carbonitride as particles — inoculators is the most effective. In-
troducing 0.025 wt.% of such particles into the melt increases the plasticity of the alloy by more than 2 times
compared to unmodified, while the results are much worse when other particles are used.

Metallographic studies show that modification of the alloy Kh10N60K10V10Yu5T3M2B with titanium
carbonitride manifests itself in a significant refinement of the macrograins of the alloy (Figure 1).

a — initial; b — modified

Figure 1. Macrostructure of a microsection of alloy Kh1ON60K10V10Yu5T3M2B with a diameter of 60 mm

The macrostructure of an unmodified nickel alloy ingot is characterized by large columnar grains (Fig-
ure la), up to 30 um in size, in which liquation chemical inhomogeneity and pores are revealed. The modifi-
cation prevented the formation of columnar grains. The structure is dominated by equiaxed grains up to 1.5
mm in size (Figure 1b).

This may be because titanium carbonitride has high stability in nickel alloys and has a density close to
the carbide phase of the alloy.

In the mechanism of structure refinement during this modification, two factors can be distinguished that
contribute to this process: mutual blocking and misorientation of dendrites growing in a non-uniform tem-
perature (concentration) field; intensive separation of dendritic branches from the trunk, associated with a
non-uniform concentration distribution. The first factor is realized at the growth stage, the second — during
the transformation of dendrites when they coexist with the melt in a two-phase state. Introducing a dispersed
solid phase into the melt distorts the local temperature and concentration field, which causes a violation of
the columnar structure.

Introducing ultrafine particles of titanium carbonitride causes the creation of inclusions in the melt with
a concentration and temperature different from the main melt and does not allow the formation of a columnar
structure. Changes in the temperature gradient and the rate of movement of the crystallization front signifi-
cantly affect not only the dendritic structure but also the morphology and topography of the components and
the phase composition of heat-resistant alloys.

Conclusions

When modifying nickel alloys, using carbides and nitrides of refractory compounds, primarily titanium
as inoculants, is the most rational choice. We achieved the best results when ultrafine particles of titanium
carbo nitride were used as inoculators, in an amount of 0.25 wt. % providing a fine-grained structure and a
twofold increase in the ductility of castings.
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E.H. Epemun

Huxenbai KopbITnagaapasl TYpJeHAIpy YIUiH,
OHBIH KYPAMBbIH KaKCAPTATBIH KOCHAJAPAbI TAHAAY

blcTeikka Te3iMIi HHUKENh KOPBITIANAPH YIIAKTAp MEH OHIIPICTIK Ta3 TypOWHAibl KO3FaNTKBIIITapFa
apHaJFaH KYIO OHJIpiCiHAe KeHiHeH KoijaHbuiagsl. KypbUIBIMIABIK (akTopiaap — KyHbBUIFaH HUKeIb
KOPBITIIAJIAPBIHBIH TaiilajlaHy KacHeTTepiH aHbIKTayIIbl OOJBIN caHanmansl. Bysl KopbITHanapiaH ajblHFaH
KyWMaJapJplH HeTi3ri KeMIIUNri — ipi TYHIpIIIKTI KypbUIbIM, TYHipHIikTepAiH OipKeJKi eMecTiri joHe
KnMasa OaraHasbl KpucTanaapAblH 60srysl. COHABIKTaH, KOPBITIIAHBIH OHTAMIIBI KYPBUIBIMBIH XKacay KOFapbl
KacHeTTep/Ii aly jKoHe KyWbUTFaH OeJIIEeKTepIiH camajibl OHIMIUIITIH KaMTaMachl3 €TYAiH MaHbI3/Ibl MapTHI
Ooubin Tabbutanel. KyibutFaH MeTaIbpIH MEXaHUKAIBIK JKOHE TTaiiiaaHy KaCHEeTTepiHiH AeHreiine maiinans
acep eTeTiH eH oMbebarn Kypai — OyJT ycak TYHipIIiKTi KyphUIBIMIBL aty. MyHIai KYpBUIBIMABI KYPYIbIH €H
MEePCIeKTUBANBI KOJNBI — OaJKpIMara a3 MeJIeple KPUCTaUl YHWBITKBICHIHBIH TETepOTeHIl TY3UTyiH
TyOBIPATBIH  KOCTIANAPIBl  €HTi3y, SFHH OalKbIMaHbl Oasgy OAaJKUTHIH JJIEMEHTTEPAiH JIHCIEepCTi
OeJeKTepiMeH JKOHE MHOKYJISPJIBI-KOCBUIBICTApBIMEH TypieHaipy. Hakrel Oip ¢a3zaHbH KpUCTaIaHYBIH
0acTailThIH KOXKETTI MHOKYJIAPIIBI OOJIIEeKTepAiH TYpiH TaHaay YIIiH, OCBIHIal TaHAay NPUHIUIITEP] Typabl
TEOPHUSUTBIK TYCIHIK KaJBIITACTHIPYyFa MYMKIHJIK OepeTiH MaliMeTTep JKHBIHTBIFB 00ybl Kepek. XKymbicta
KYHBUIFAaH METall KYPBUIBIMBIHBIH JKacaHAbl ©3repy MpPOLECiH TyObIpybl MYMKIH HHOKYJISITOpIAp
OeImIeKTepiHIH TYPiH TaHIay Heri3zeMeci KenTipinreH. bIcThIkka Te3IMII HUKETh KOPBITIIACH! YIIIH THTaH
KapOOHUTPUIIIHIH YIBTPAAUCIIEPCT] YHTAFBIHBIH Oasy OaKUTHIH OOJIIEKTePiH HHOKYISATOP PETiHAE KOIJaHy
THIMII eKeHiri kepcetinreH. bamkeiMara eHrisrenne 0,025 canmak, sfHH MyHIald OemmektepmiH % —bl
KOPBITIAHBIH YCaKTYHIpIIIKTI KYPBUIBIMBIH ally apKbUIBI KaMTaMachl3 €TUIedl, al OHBIH HJISMILUTITI
TYpJIeHOET€HMEH CalbICThIPFaH/Ia €Ki €CEJCH acTaM apTajbl.

Kinm co30ep: bICTHIKKA TO3IMJIi HUKEIb KOPBITIIACKI, OaKbIMa, TYPICHAIPY, KpUCTANIaHy, HHOKYIISITOpIIap,
GeutiexTep, KACHETTePi, KYPBUIBIMBIL.
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E.H. Epemun

Bbi0op nHOKYIMPYIOIIUX 100aBOK 11 MOAU(UIIMPOBAHUS HUKeEIEBbIX CILIABOB

YKaponpouHsle HUKeNEeBEIE CIUIABEI HAXOAAT IIMPOKOE IIPUMEHEHHE B IIPOU3BOJICTBE OTIIMBOK JAeTaieil aBua-
IIMOHHBIX W HPOMBIIUICHHBIX Ta30BEIX TypOHWH nBurarteneid. CTpyKTypHbIe (aKTOpPHI SBISIFOTCS ONPEAENsIo-
MM SKCIUTyaTallMOHHEIE CBOWCTBA JIMTHIX HUKENEBHIX CIUIaBOB. OCHOBHBIM HEIOCTATKOM OTIMBOK, ITOTY-
YEHHBIX M3 STHX CIUIABOB, SIBISIIOTCS TI'PYOOKPHCTAUIMYECKOE CTPOCHHE, PAa3HO3EPHHCTOCTh M HAIMYHE
CTOJIOUATHIX KPUCTAIOB MO cedeHuo. [1oaToMy co3maHne oNTUMAaNIbHOM CTPYKTYpPHI CIUIaBa ABISIETCS BaXK-
HBIM YCJIOBHEM IIOJIyYEHHUSI BHICOKUX CBOMCTB M 00€CIEYECHHUS MOBHILICHHOW pab0TOCTIOCOOHOCTH JIUTHIX Je-
taneil. Hanbonee yHHBEpcanbHBIM CPEACTBOM, OKa3bIBAIOLIMM OJIAarONPHATHOE BIUSHHE HAa YPOBEHb MeXa-
HUYECKHUX U SKCIUTyaTallHOHHBIX CBOWCTB JIUTOT'O METaJlIa, SBJIAETCS MOIydYeHHE MEIKO3EPHUCTON CTPYKTY-
prl. HanGoree mepcrieKTUBHEIN ITyTh CO3MaHMs TAKOH CTPYKTYPHI — 3TO BBOJ B paciulaB HEOOJIBIIOTO KOJIH-
4yecTBa 100AaBOK, BBI3BIBAIOIINX T€TEPOTeHHOE 00pa3oBaHue 3apobIliel KPHCTAIUIOB, T.€. MOAU(MHUINPOBAHHE
paciuiaBa AUCIICPCHBIME YaCTUIIAMH TYTOIUIABKUX 3JIEMEHTOB M COEIMHEHMI-MHOKYIApOB. [t BEIOOpa THIa
YacTHI] WHOKYJSIPOB, TPeOYyeMBIX IJIsI WHHUIMMPOBAHWS KPHUCTAIIM3AIMU KOHKpEeTHOH (a3sl, HeoOXommmMo
UMETh Ha0Op aHHBIX, MO3BOJIIIOUIMX CHOPMHUPOBATH TEOPETUUECKHE MPEACTABICHHUA O MPHHLUIIAX TaKOTO
BbIOOpa. B paboTe mpuBeneHO 00OCHOBaHME BBHIOOpA THUIIA YACTUI] MHOKYISTOPOB, CIIOCOOHBIX BBI3BIBATH
MPOIIECC HCKYCCTBEHHOTO M3MEHEHUS CTPYKTYpBI IUTOr0 MeTauia. [loka3zaHo, 4To IS )KapOIpOYHOTO HUKE-
JIeBOTO cIulaBa Hambonee >PQPEKTUBHO HCIOIH30BAHHE B KAueCTBE HHOKYIIATOPOB TYTOILIABKHX YacCTHI
YIIBTPAJUCIIEPCHOTO MOpOIIKa KapOoHuTpuaa Tutana. [1pu BBeneHnu B pacmiaB 0,025 Bec. % TakuxX 4acTHIL
obecrieunBaeTCs MOJTyYCHUE MEJIKO3EPHUCTON CTPYKTYpHI CILIaBa, a €ro INIACTHYHOCTbD, 110 CPAaBHEHHUIO C He-
MOAN(HUIVPOBAHHBIM, YBEJIHIUBAETCs OoJiee UeM B [jBa pasa.

Kniouegvie cnosa: xapolpoyHblii HUKEIEBBIH CIUIaB, paciuias, MOAN(GUIUPOBAHNE, KPUCTAUIN3ALMS, HHOKY-
JISITOPBI, YaCTHIIBI, CBOMCTBA, CTPYKTYpA.
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Preparation of bio-ceramic composite coatings on Ti6Al4V
titanium alloy by gas-detonation spraying

The paper presents study of a new approach to manufacturing carrier implants with a combination of
bioactivity, biocompatibility, and mechanical properties, composite powders of hydroxyapatite and titanium
with a mass content of 50:50 % when sprayed by gas detonation spraying. Experimental studies of the surface
morphology and cross-section microstructure, phase composition and mechanical properties of HATi compo-
site coatings are obtained. The experimental results showed that the cross-section microstructures of HATI
composite coatings are typical plate structures comprising curved strips formed by well-deformed and oxi-
dized Ti plates and limited deformed HA plates. Composite coatings’ morphology and phase states were stud-
ied using scanning electron microscopy and X-ray diffractometry. It was found that the deprived coatings
mainly consist of the phases HA, Ti and TiO. The elemental composition study results designated that the
atomic ratio of calcium and phosphorus in the obtained coatings is Ca/P ~ 1.64, which is close to the value of
the initial powder — Ca/P ~ 1.67. This indicates a limited change in the chemical composition during the
coating formation.

Keywords: gas-detonation spraying, HATi composition coating, microstructure and phase composition, me-
chanical properties.

Introduction

In modern medicine, progress is closely linked with new drugs and treatment methods and the devel-
opment of materials designed to interact with biological systems. Such materials, called biomaterials, are
used mainly in restorative medicine, where they replace the tissues of a living organism as implants [1]. The
modern direction in the development of implantable biomaterials is modifying their surfaces by obtaining
coatings [2]. These coatings ensure the functioning implants in the environment of a living organism and
promote integration with its tissues [3]. One of the most important materials widely used for this purpose is
hydroxyapatite (HA) — Cayo(PO4)s(OH), [4]. Besides improving biocompatibility, hydroxyapatite shows
high bioactivity and contributes to the intensification of osseointegration [4]. Hydroxyapatite owes such
properties to its chemical and biological similarity to bones, contributing to new bone tissue [5]. Metals coat-
ed with hydroxyapatite are usually used to manufacture implants since they combine the biological proper-
ties of hydroxyapatite and the mechanical properties of metals [6]. However, the hydroxyapatite coating suf-
fers from poor mechanical properties, such as low viscosity, fretting fatigue and resistance to abrasive wear
due to the internal fragility of hydroxyapatite [7]. To coordinate the bioactivity, biocompatibility, and me-
chanical properties of the biomedical implant carrier, research is continuing on substrate materials [3-6],
coating materials, and manufacturing technologies [1, 2]. For coating materials, amplification phases or ions
are usually entered into hydroxyapatite to form composites based on hydroxyapatite [2—-5]. Alloying of cati-
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ons (Na*, K*, Mg**, Mn*", Sr**, Ba®*, Cu®*, Zn*, Fe?*) and anions (HCO’", HPO,*", CI” and F") is considered
as an effective approach to changing the bioactivity of hydroxyapatite [4]. On the contrary, the addition of a
second reinforced phase has been confirmed as an appropriate way to improve and optimize the mechanical
properties of the hydroxyapatite coating [1, 2, 4]. Metals, Ti [2, 5, 6], Al [7], Co [8] and Zn [9], ceramics,
including TiO, [3, 10], SiO; [11], Y,0s [12], ZrO, [13], Al,O5 [14], and other materials are commonly used
as the second amplified phases. Many studies [2-14] have investigated changes in the microstructure, com-
positional, morphological, or surface properties of such coatings and their effect on bioactivity, mechanical
strength, and adhesion strength. Titanium (Ti) is a traditional biometal, which is a widely used reinforced
phase for HA. When Ti particles are added to HA, the mechanical properties of composite coatings signifi-
cantly improve compared to the HA coating [2, 5, 6]. The homogeneous distribution of Ti particles can
strengthen the brittle HA matrix due to the mechanism of dispersion hardening [15]. Besides, Ti particles
added to HA improve the melting degree and spatter plastic deformation and reduce the size of the spatter
crystals of HA [16], which is favourable for the formation of the coating with a dense microstructure and
better adhesive strength. The addition of Ti particles to HA can also reduce the mismatch of thermal
expansion coefficients between HA-Ti coatings and metal substrates, which leads to a decrease in thermal
stress inside the coatings, which favourably affects the improvement of the coating/substrate surface
adhesion [17].

Given the high importance of biocompatible coatings, the selection of appropriate coating technology is
therefore an important consideration. The most common coating methods include thermal spraying,
immersion, dynamic mixing, sol-gel, pulsed laser deposition, and others [17-23]. Among other spraying
methods, gas thermal spraying methods are widely used to obtain various biocompatible coatings. These
methods include conventional plasma spraying (PS), high-velocity oxygen fuel spraying (HVOF) and cold
spraying [16, 17, 21-23]. For most methods, low or intermediate adhesive strength of the coating and low
crystallinity of the resulting coatings are some of the important factors limiting their application. It is
necessary to develop new methods or approaches to improve the properties of coatings.

Among the coating methods by thermal spraying, gas detonation spraying (GDS) technology has been
used to obtain biocompatible coatings, such as HA coatings, for orthopedic applications [17, 21, 24, 25].
Gledhill et al. conducted a comparative study of HA-based coatings obtained using air plasma spraying
(APS) and GDS technologies [26]. This study demonstrated that APS coatings have higher crystallinity and
lower residual stress compared to GDS coatings, which can lead to a slow dissolution rate in vitro and in vi-
vo. The authors suggested that APS coatings are preferable to further clinical use. At the same time, Gledhill
et al. studied the fatigue behavior of HA coatings obtained using the APS and GDS methods in Ringer’s so-
lution. It was shown that the APS coatings completely peeled off from the substrates after 1 million cycles in
Ringer's solution, while the GDS coatings turned out to be stable even after 10 million cycles [27]. In addi-
tion, the results of another study showed that HA-based coatings obtained by the APS method exhibit low
crystallinity and the appearance of a significant content of additional phases in the coatings. Such phase
transformation may be the result of an extremely high temperature in the plasma atomizer of the APS ap-
proach [28]. It is important to emphasize that in the HVOF and PS methods, continuous flame or plasma
spraying is used for coating [21-23]. This can lead to undesirable overheating or melting of particles and a
significant increase in substrate temperature, which is the main limitation of these methods. The GDS meth-
od uses a pulsed operating mode [29, 30]. This makes it possible to minimize the aforementioned negative
consequences. On the other hand, the particle velocity in the GDS method is much higher compared to the
HVOF and PS methods [21], which has a positive effect on important parameters of coatings, such as adhe-
sion strength. The results of early studies devoted to the evaluation of HA coatings obtained on Ti-based
substrates were not very encouraging, mainly due to the low crystallinity [26] and high porosity of the coat-
ings. However, recent results of Popova et al. demonstrated that uniform coatings with a regular thickness
can be obtained by the GDS method using HA powders with a particle size between 50-300 um [31]. In ad-
dition, the Ca/P ratio equal to =1.67 can be achieved by optimizing the parameters of the GDS process [32].
To achieve the required quality of the GDS coatings, a very careful selection of the technological regime and
the automation of technological equipment are required to exclude the human factor [33, 34]. Gryshkov et al.
used the GDS method to design the endoprostheses for various applications, as well as to obtain HA coatings
on pure magnesium with a low melting point of 650 °C, to develop biodegradable magnesium-based im-
plants with bioactive coatings for temporary bone fixation. Thus, the results of [33-35, 36] show that the
GDS process is effective for modifying the surface of implants.

The purpose of this work is to get composite coatings based on HATI applying gas detonation spraying.
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Experimental

HATI composite coatings with a thickness of about 60 microns were applied to the Ti6Al4V substrate
using the CCDS2000 gas detonation complex (CCDS-2000, developed by Siberian Protective Coating Tech-
nologies LLC, Novosibirsk, Russia), the working principle is described in [37]. The general view and deto-
nation spraying process schematic diagram are shown in Figure 1. The gun barrel is filled with gases using a
high-precision gas distribution system controlled by a computer. The process begins with filling the barrel
with carrier gas. After that, a particular explosive mixture is fed so that a layered gas medium consisting of
an explosive charge and a carrier gas is formed. With the help of a carrier gas flow, the powder is injected
into the barrel (using a computer-controlled feeder) and forms a cloud. After a part of the powder is injected,
the computer signals initiate detonation. This is implemented with the help of an electric spark. The duration
of the explosive combustion charge is about 1 ms. A detonation wave is formed in the explosive mixture,
passing into a shockwave in the carrier gas. Detonation products (heated to 3500-4500 K) and carrier gas
(heated by a shock wave to 1000-1500 K) move at supersonic speed. The interaction time of gases with
sprayed particles is 2-5 ms [38]. By characterizing the phase composition of the resulting coatings HA, ap-
plied at various spraying parameters, it is possible to determine suitable spraying conditions in the GDS. Our
previous studies have shown [21] that by controlling the modes of detonation spraying (the filling percentage
of the barrel with an explosive gas mixture, the spraying distance), the temperature and the coating rate can
be varied, respectively, this significantly affected the melting and decomposition of HA. Preliminary studies
of the microstructure, phase composition and chemical structure of GDS HA coatings applied under various
spraying modes and optimal spraying conditions for applying HATI composite coatings without thermally
decomposed HA phase were carried out were determined (Table 1).

Table 1

Spraying conditions

Parameters Values
Fuel/oxidizer ratio 1,856
Barrel filling volume, % 30
Spraying distance, mm 100
Shot number 10

Dosing Vessel
Spark

Nitrogen Gas
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Figure 1. Schematic diagram of the CCDS2000 detonation complex
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Ti6AI4V titanium alloy was used as the substrate material. The sample used to observe the microstruc-
ture was a rectangular size of 30 mm x 20mm x 3 mm. The composition of the Ti6AI4V titanium alloy is
shown in Table 2. The samples were sanded (using SiC paper with a grain size of 100 to 2000). Before
coating, the substrates were sandblasted with a grain size of 250-300 microns of aluminum oxide and treated
with an ultrasonic bath.

Table 2
Chemical composition of Ti6Al4V alloy (weight percent).
Ti Al \ Fe C 6] N H
88,5-92,5 5,5-6,5 3,545 <0,25 <0,08 <0,13 <0,05 <0,012
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Angular hydroxyapatite (HA) powder (99.95 %, produced by Sigma-Aldrich, Steinheim, Germany)
with a diameter of 5-25 microns and spherical titanium powder (CL42TI) (made by Concept Laser,
Germany) with a diameter of 15-45 microns were used as feedstock. HATI composite powders were
obtained by mechanically mixing HA powder with Ti powder for 0.5 x using a PULVERISETTE 23
planetary ball mill. The mass ratio HA to Ti for composite powders HA-Ti was 50:50.

The sample’s phase composition was studied by X-ray structural analysis on X'PertPro diffractometer
using CuKa -radiation A=2,2897 A0Q. The survey was carried out in the following mode: voltage across the
tube U =40 kV; tube current I = 30 mA. The decoding of diffractograms was carried out using the HighScore
program. The coating’s surface roughness was estimated by the parameter Ra using profilometers of model
130. The obtained coating’s mechanical properties (Young's modulus, nano hardness) were studied using the
NanoScan-4D Compact nanohardometer. Nano-indentation of coatings was carried out by the Oliver and
Farr method using a Berkovich indenter at a load of 100 mN (ASTM E2546-07). The surface morphology
and sample cross-section were studied by scanning electron microscopy (SEM) using backscattered electrons
(BSE) on a TESCAN MIRA scanning electron microscope at accelerated voltages.

Results and Discussion

According to the results of scanning electron microscopy, the surface morphology of the composite
coating comprises a layered-porous structure with a pronounced relief, which is typical of detonation
coatings. In the resulting coatings, pores are observed that form when the coating particles melt. According
to the analysis results of the coatings elemental composition, other elements besides the basic powder com-
position were not identified. One of the main parameters in determining bioactivity is the Ca/P ratio. The
elemental analysis allows comparing the elements' concentrations that make up the coating and calculating
the Ca/P ratio. The study results of the elemental composition showed that the atomic ratio of calcium and
phosphorus in the sprayed coating is Ca/P ~ 1.64, which is close to the value of the initial powder — Ca/P ~
1.67 indicates a limited change in the chemical composition during the coating formation. Figure 2 shows the
SEM image and the elemental analysis of the composite coating surface.

Figure 2. SEM image and EDS analysis of the HATi composite coating surface.

Plenty of scientists notes [32—37] that the coatings phase composition significantly affects the growth of
bone tissue during the osseointegration of implants. The phase compositions of HATi composite powders are
shown in Figure 3a. The peaks appearing at about 35°, 38°, and 40° in the Ti diffractogram (Fig. 3a) were
identified as Ti crystal planes corresponding to (100), (002), and (101) [24]. Peaks appearing at approximate-
ly 26°, 32°, and 33° in the diffractogram (indicated by HA in Figure 3a) were identified as crystal planes of
HA corresponding to (020), (211) and (030) [11, 38]. The characteristic sharp peaks of HA and Ti demon-
strate good crystallinity of the phases of HA and Ti. In the HATi composite coatings, there was a phase of
HA, Ti and TiO. However, there was no calcium oxide (CaO), tricalcium phosphate (a or B TCP) or tetra
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calcium phosphate (TTCP), which are usually present in other thermal-coated HA coatings [3, 14, 23]. This
confirms good phase transplantation during the formation of the HA coating by the GDS method. Compared
with the corresponding composite powder, the intensity of the HA phase peaks in the coating of the HATI
decreased somewhat, and some new phases formed by Ti oxidation appeared. However, the positions of the
characteristic peaks of the HA phase were slightly changed. The decrease in Ti content is due to its strong
oxidation during the coating formation, which was confirmed by significant titanium oxides.
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Figure 3. Diffractogram of composite powder and coating HATI.

The microstructure study of the composite coating cross-section showed a layered structure with a
thickness of 60 microns (figure 4). According to the microstructure results of the coating cross-section, no
visible cracks were found at the coating/substrate interface, which indicates good surface contact. A thor-
ough microstructure study showed that most of the small grey stripes have a dense structure. The grey areas
are a non-compact structure with some irregularly shaped micropores. These paid shallow grey stripes were
formed due to compaction caused by the impact of falling HA particles that occurred in a dense area on the
upper and lower surfaces of HA splashes. In addition, there was also a porous layer on the coating’s upper
surface. This may result from limited deformation of the HA spray due to little melting in the process GDS
[21] and minor compaction of the coating surface layer caused by the impact of falling particles [27]. This
porous structure on the top surface of coatings helps improve biological properties.

MIRA3 TESCAN MIRA3 TESCAN

Performance in nanospace

Performance in nanospace

Figure 4. Microstructures of the HATi composite coating cross-section.

The EDS analysis showed that the white curved bands mainly consist of Ti and O, with a small content
of Ca, P. The grey areas and shallow grey stripes are mainly Ca, P, O with some quantity Ti. In combination
with the phase composition, it is recognized that the white curved stripes are mainly composed of TiO. Grey
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areas and small grey stripes are mainly composed of HA. A thorough microstructure study showed that the
white curved stripes shape differed from the initial Ti particles microstructure shape, demonstrating that dur-
ing the HATI coating formation, significant plastic deformation and some oxidation of Ti spots occurred.
There were few pores or cracks at the interface between the white curved stripes and the grey matrix, indicat-
ing suitable contact interfaces between the HA and TiO spots. Figure 5 shows the EDS analysis of the cross-
section of the HATi composite coating.

+Spectrum 5

+Spez:trum 2

i
+Spocn um 1 Spectrum 6

Spectrum 4

+
Spectrum 3
P i +Spe(trum 7

+Spec(rum 8

25um "

Figure 5. Cross-sectional microstructure and EDS analysis of the HATi composite coating.

Figure 6 illustrates the results of EDS analysis along the lines of the cross-section. The EDS analysis on
the line showed that the HATI coverage comprises Ca, P, O, C and Ti. The SEM photos were taken in BSE
mode, so areas with high brightness may indicate a high Ti content. Combined with the X-ray results, the
bright white areas in the composite coating of the HATi are mainly composed of Ti, and the white regions
are primarily formed of TiO. The above experimental results demonstrate that HATi coatings are dense mi-
crostructures with layered properties and compact interfaces with the Ti6AI4V substrate. During the HATI
composite coating formation, strongly deformed and oxidized Ti spots led to the appearance of white curved
stripes consisting of TiO and a certain amount of Ti. Limited deformation of HA spots formed a grey matrix
and light grey stripes. During detonation spraying, Ti and TiO phases evolved from separate and white
curved bands into interconnected and aggregated ones, forming improved frameworks in HATi composite
coatings.

Distance, pm

Figure 6. EDS analysis along the cross-sectional line of the HATi composite coating
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Table 3 represents the measurement results of composite coatings’ roughness. The coating surface has
an inhomogeneous structure with pores, and typical layered wavelike arrangements of structural components
are also observed. The surface roughness of composite coatings was measured using a model 130
profilometer on a 7 mm length segment on the sample surface. From the data obtained, it is established that
the roughness of composite coatings by parameter has a value of Ra = 6.58.

Table 3

Measurement results of composite coatings roughness

Ra(um) | Ry (um) | Re(um) | Rg(um) | Rpc(pm) | Re(um) | Ry (um)
HATI 6,58 443 46,6 8,42 19,9 20,3 27,6

To study the effect of Ti particles on the mechanical properties of coatings, the hardness and modulus
of elasticity of composite coatings HATi were determined (Figure 7). The hardness and modulus of elasticity
of composite coatings HATi were determined by nano-indentation using a triangular Berkovich pyramid.
The nano-indentation curves analysis was carried out by the Oliver—Farr method. Figure 7 shows distribution
graphs of hardness and modulus of elasticity over the coating depth. The average hardness and modulus of
elasticity of HATi composite coatings were 7.11 = 0.16 GPa and 90.37 = 0.29 GPa, respectively. Thus, it can
be argued that the formation of solid phases, TiO and Ti, can significantly improve the hardness and modulus
of elasticity of coatings based on HATI. The microhardness of TiO and Ti is 9.3 GPa [17] and 4.4 GPa, re-
spectively [38]. The interconnected textures of TiO and Ti in HATi composite coatings can increase the
modulus of elasticity. The addition of Ti can increase deformable effects and enhance the impact effect of
falling particles during impact, which helps to improve the phase ratio between the coating and the substrate.
On the other hand, the formation of interconnected solid phases TiO by oxidation of Ti can enhance the in-
terfacial connection of thin composite coatings HATI. The synergistic effect of these factors has significantly
improved mechanical properties, including microhardness and modulus of elasticity.
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Figure 7. The hardness distribution graph and the modulus of elasticity over the depth of coatings..
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Conclusions

The method of gas-detonation spraying makes it possible to successfully produce HATi composite coat-
ings using mechanically mixed HATi powders without decomposition of the HA phase. HATi composite
coatings with gas detonation spraying are a lamellar microstructure with a compact coating-substrate inter-
face. The Ca/P ratio in composite coatings was comparable to the ratio of the initial powder. Composite coat-
ings of HATI with gas detonation spraying showed significantly improved hardness, modulus of elasticity.
The increased compactness explains these mechanical properties improvements and textures formed by well-
deformed and oxidized Ti spots in HATI coatings obtained by gas-detonation spraying. According to the
analysis of the results, the HATi based composite coatings obtained by gas detonation spraying demonstrate
potential use as load-bearing implants in the biomaterial.
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J.P. baitxan, b.K. Paxanunos, JI.I'. XKypeposa, K. Tepedex

I'a3-neToHAUSUIBIK TO3aHAaTy dxicimen Ti6Al4V TuTan KopbITHachbIiHIA
OMOKepaMMKAJIBIK KOMIIO3UTTIK KA0BIHAAPABI A1y

JKympicta OMOOeNCEHAUTIK, OHOCOMKECTIK JKOHE MEXaHHKAIBIK KACHETTepi YHIeCKeH KoeTepriml
MMIUIAaHTaHTTap/bl JKOHE Ta3/bl-IeTOHAIMSIIBIK TO3aHAATy 9IICIMEH TO3aHJATy Ke3iHJe MacCalblK Kypambl
50:50 % GonaThIH THAPOKCHANIATUT MIEH TUTAH KOMITO3UTTI YHTAKTapbIH JaibIHAAY/IbIH )KaHa TICUTIH 3epTTey
ycoiHbUTFaH. KeneHeH KUMaHBIH OeTKi MOpPQONOTHICHl MEH MHKPOKYPBUIBIMBIHBIH, ['aTi KOMMO3WTTIK
KaOBbIHAAPBIHBIH (ha3ajblK KypaMbl MEH MEXaHHUKAJIBIK KACHETTEPiHIH IKCIIEPHMEHTTIK 3epTTey HATIKeIepi
IBIHIBL. ODKCHEPUMEHTTEpAIH HOTIKeNepi KepceTkeHAeH, Ti KOMITO3HTTIK KaOBIHIApBIHBIH KOJJICHEH
KUMaCBhIHBIH MHKPOKYPBUIBIMIAPhl JKakchl JedopManysiaHFaH KOHE TOTHIKKAH Ti TakrajgapblHaH JKOHE
mekteyni nedopmarpsianFad ['A TakTanapbliHaH KypallFaH KUCBIK XKOJAKTap/aH TYPaThlH THITIK TaKTaiiia
KYPBUIBIMIAPbl KaMTH/ABL. PacTpibIK 3JEKTPOHABI MHKPOCKOIHS JKOHE PEHTICHIIK Ju(PaKTOMETpHs
ozicTepiMEeH KOMIIO3UTTIK jKaObIHAapablH Mopdoiorusickl MeH (asajblK Kyilepi 3epTreini, oFaH colkec
anpiaFaH okabbigap Herizinen A, Ti kone TiO da3anapbiHan Typajbl. DJIEMEHT KypaMblH 3€pTTey
HOTHIKEJIEPl aliblHFaH >KaObIHIapJarsl Kadbluii MeH (ocdopapiH aToMIaslK KaTblHAchl ca/P~1,64 ekeHi
aHbIKTaNbl, Oyn1 6actankel yHTak — Ca/P 1,67 MoHiHe »aKbIH, OyJ1 03 Ke3eriHze *KaObIHIbI KaJIbIITaCTHIPy
Ke3iH/Ie XUMISIIBIK KYPaMHBIH IMIEKTEYIIi 03repyiH KopceTe/i.

Kinm ces30ep: Ta3-metoHanusuTbIK To3aHmaTy, ['ATi KOMIO3WTTIK kaObIHIAp, MHKPOKYPBUIBIMIAD >KOHE
(hazabIK Kypambl, MEXaHHKAJIBIK KaCHETTEPi.
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IonyyeHue OHOKepaAMHUYECKHX KOMIIO3UTHBIX MOKPBHITHII HA TUTAHOBOM
cmiiaBe Ti6Al4V MeTOa0M ra3o-I1eTOHAIITHOHHOI0 HANBLJICHUS

B paGote npencraBieHs! HCCIIET0BaHHUS HOBOTO ITOX0/1a H3TOTOBJICHHS HECYIIMX UMIUIAHTATOB C COYETaHH-
eM OMOaKTUBHOCTH, OMOCOBMECTMMOCTH M MEXaHMYECKUX CBOWCTB, KOMIIO3UTHBIX IOPOLIKOB THIpPOKCHAIa-
THTa U TUTaHa C MaccoBbIM coepxanueM 50:50 % npu HambUICHMH METOOM Ta30-JCTOHAIMOHHOTO Hallbl-
neHus. ITodydeHbl pe3ysbTaThl SKCIEPUMEHTAIbHBIX HCCIENOBAHUN MOPGOIOrUH TOBEPXHOCTH U MHKpO-
CTPYKTYpBI HOIIEPEYHOTO CeueHHs, (a30BOr0 COCTaBA M MEXaHHYECKUX CBOWCTB KOMIIO3UTHBIX ITOKPBITHI
T'ATi. Pe3ynbraTsl S5KCHEPUMEHTOB IIOKa3bIBAIOT, YTO MHUKPOCTPYKTYpPBI MOIEPEYHOTO CEUCHUS KOMIIO3HT-
HbIX OKpbITHI [ATI mpencTaBisoT co00i THITMYHBIC IIIACTHHYATBIC CTPYKTYPBI, COCTOSIINE M3 H30THYTHIX
HOJIOC, 00pa30BaHHBIX XOPOLIO AeOPMHUPOBAHHBIMUA M OKHCICHHBIMH IUIACTHHAMH Ti M OTPaHUYCHHBIMU
nedopmupoBaHHeIME TuTacTHHaMK ['A. MeTonamu pacTpoBOi 3JIEKTPOHHON MUKPOCKOIIMH U PEHTTeHOBCKON
IudpakToMeTpun ObUIH HcciieoBaHbl Mopdoorus u (a3oBble COCTOSIHUS KOMIIO3MTHBIX IMOKPBITHH, CO-
[JIACHO KOTOPBIM YCTAaHOBJIEHO, YTO MOJIyYCHHBIEC MOKPBITUS B OCHOBHOM coctost u3 da3z ['A, Ti u TiO.
Pe3ynbTaThl HCCIIEOBAHMS IEMEHTHOTO COCTaBa MOKa3alli, YTO aTOMHOE COOTHOIIEHHE Kablus U Gochopa
B TOJYYCHHBIX MOKPHITUsIX cocrasiser Ca/P~1,64, uro GIM3KO K 3HAYEHHIO MCXOAHOrO Topomka — Ca/P
1,67, 4T0, B CBOIO OYepe/ib, YKa3blBaeT Ha OrPAaHUYCHHOE U3MEHEHNE XMMHMYECKOTO COCTaBa BO Bpems ¢op-
MHPOBAHUSI HOKPBITHS.

Kniouesvie crosa: razo-neronanonnoe HanbuieHue, ['ATi KOMIO3UTHBIC MOKPBITHSI, MUKPOCTPYKTYPHI U (a-
30BBII COCTaB, MEXaHUYECKHUE CBOMCTBA.
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Research of regimes of applying coats by the method
of plasma electrolytic oxidation on Ti-6Al-4V

In this work, ceramic coatings were formed on Ti6AI4V titanium alloy using a technique of plasma electro-
Iytic oxidation. Plasma electrolytic oxidation was carried out in electrolytes with different chemical composi-
tions and the effect of the electrolyte on the macro-and microstructure, pore size, phase composition and wear
resistance of coatings was estimated. Three types of electrolytes based on sodium compounds were used, in-
cluding phosphate, hydroxide, and silicate. The composition of the electrolyte affects the intensity and size of
microcharges and the volume of gas release of various electrolytes. The plasma electrolytic oxidation pro-
cesses were carried out at a fixed voltage (270 V) for 5 minutes. The results showed that the coating was
mainly composed of rutile- and anatase TiO,, but a homogeneous structure with lower porosity and a large
number of crystalline anatase phases was obtained in the coating prepared in the silicate-based electrolyte.
The diffractogram electrolytes did not reveal the peaks of the crystalline phases associated with the PO,*—
and SiO4%~ anions. This means that these anions included only oxygen in the coatings. The morphology and
phase composition of the samples were studied using a scanning electron microscope and an X-ray
diffractometer, respectively. Wear resistance was evaluated by the “ball-disc” method on the TRB?
tribometer. The wear resistance of various coatings formed on Ti6Al4V titanium alloys showed completely
different wear resistance. The lowest coefficient of friction (un = 0.3) was demonstrated by the coating ob-
tained based on phosphate. This may be due to a large number of crystal phases of rutile. The sample
prepared in a hydroxide-based electrolyte showed a high wear coefficient (u=0.52). This effect can be
obtained by eliminating surface defects (microcracks and micropores).

Keywords: plasma electrolytic oxidation, anatase, rutile, structure, phase.

Introduction

The manufacture of modern implants for traumatology and dentistry requires careful research and selec-
tion of the product material and surface treatment. Titanium alloys are the most widely used in surgery be-
cause of their bioinertness and corrosion resistance [1]. The disadvantage of using alloys, for example, Ti-
6Al-4V is the content of harmful alloying components, and the use of pure titanium is hampered by insuffi-
cient strength. The solution to the problem of reducing the harmful alloying components of the metal can be
found in introducing modern technology of nano-structuring into production [2]. Various methods of surface
treatment have improved osseointegration and biocompatibility of titanium and titanium alloys [3], among
which plasma electrolytic oxidation (PEO) has significant advantages. PEO — an ecologically pure and
high-manufacturing process that makes it possible to obtain coatings with good adhesion, developed porosity
for integrating osteoblast cells [4].

Recently, the PEO process has attracted considerable interest as an economically efficient, ecologically
pure, and highly efficient technology for the deposition of porous and well-adhesive ceramic pellicles on Ti
surfaces [5].

The features of PEO coatings lead to a process similar to anodizing of alternating current. In both
processes, the metal substrate and counter electrode are conductively coupled to a power source and
immersed in an aqueous electrolyte. However, in PEO, an alternating current is supplied under conditions of
a higher voltage than during anodizing, which leads to the development of different surface morphologies
[6].

The resulting porous oxide layer contains species obtained from the substrate and electrolytes [7].
Moreover, this porous oxide pellicle consists of an inner dense layer and an outer porous one [8]. The prop-
erties of formed PEO coatings depend on several factors, including processing time, electrical parameters,
electrolyte composition, and substrate. One of these parameters, which have a great influence on the proper-
ties of PEO coatings, is the chemical composition of the electrolyte, which can be changed by changing the
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concentration of the components or adding various additives. By adding various additives to the electrolyte
(calcium hydroxide Ca (OH),, sodium phosphate NazPO,4, sodium hydroxide (NaOH), sodium phosphate
silicate (Na,SiOs), sodium tetraborate (Na,B40-), and sodium fluoride (NaF) can be obtained on coatings
based on hydroxyapatite and calcium phosphates [7-9].

The addition of nano— and microparticles in electrolytes can have a significant effect on the phase com-
position, microstructure, thickness and, consequently, on the corrosion properties of PEO coatings on titani-
um and its alloys. In most cases, particles can participate in PEO coatings by applying electrophoretic force
and mechanical stirring. These two reinforcements transfer the negatively charged particles suspended in the
electrolyte onto the oppositely charged conductive substrate. The particles are then incorporated into the
PEO coating. Particles, entering, filling and sealing micropores, reduce the porosity of PEO coatings and
modify the microstructure. This improved microstructure reduces the penetration of destructive ions from the
coating into the substrate. It leads to an increase in the corrosion resistance of PEO coatings.

Changing the chemical composition of the electrolyte, oxidation time and electrical parameters (density,
mode and frequency of current) in PEO contributes to obtaining films of biocompatible oxide — anatase
(TiOy) and to develop the surface relief in order to have a beneficial effect on the osseointegration of the
implant surface in the recipient’s body.

Experimental

As a substrate material for processing, we chose square-shaped samples of Ti6AI4V titanium alloy with
a size of 20 mm x 20 mm x 3 mm. Table 1 illustrates the composition of the Ti6AI4V titanium alloy.
The samples were ground and polished (using SiC paper with grain sizes from 100 to 2000 and using GOI
paste (abrasive ability 0.3—-0.1 um)), washed with distilled water, and then dried before the PEO. For the
deposition of coatings, PEO baths with different compositions were used (Table 2). In addition, 4 g of KOH
(potassium hydroxide) was added to all baths to increase the conductivity of the electrolyte. The Ti6Al4V
sample acted as an anode and a stainless steel container was used as a cathode. The PEO processes were
performed using a constant voltage (270 V) for 5 minutes. The power source was a powerful rectifier, giving
the maximum output value of 360V/100A as direct current. Using the cooling system, the temperature of the
electrolyte during the experiments was cooled below 40°C. The samples were washed with distilled water
and dried in a flow of cold air after each treatment. A schematic representation of the PEO installation is
shown in Figure 1.

Table 1
Chemical composition of Ti6Al4V alloy (weight percent)
Ti Al \% Fe C 0 N H
88.5-92.5 55-6.5 3.5-45 <0.25 <0.08 <0.13 <0.05 <0.012

DC Power Supply

o

Electrolyte —
Stainless Steel

Container (Cathode)

Ti6AI4V Sample ﬁ

(Anode)

O Water Output

Water Input eeep(] ), 2 [ Y
1 \ \_\b’/ g /

Figure 1. Schematic representation of the installation for PEO processing.
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Electrolyte composition for the PEO processes.

Table 2

Electrolyte code Electrolyte composition Currzr}f:;jneznsny
H 20 g L' NaOH 26 Alcm®
P 20 g L™ NasPO, 34 Alem®
S 20 g L! Na,SiO; 28 Alcm®

The phase composition of the samples was studied by X-ray diffractometer X’PertPro (Philips Cor-
poration, Netherlands) using CuKa radiation. Data processing and quantitative analysis were performed
using PowderCell 2.4. The surface morphology was studied by scanning electron microscopy on a
TESCAN MIRA scanning electron microscope with an electron-probe attachment for local microanaly-
sis.

Results and Discussion

The chemical composition of the electrolyte significantly affects the acceleration of metal pas-
sivation and dielectric breakdown and, consequently, the formation of a thin insulating film [10]. There-
fore, different electrolytes of different compounds (phosphate, silicate and hydroxide) were chosen here.
In fact, a spark, known as a combustion phenomenon and an exothermic reaction containing an oxidi z-
ing agent, occurs as a result of absorption of a sufficient amount of oxygen. A micro-arc discharge leads
to the eruption of molten substances from the discharge channels and the subsequent formation of
micropores in the form of craters on the coating surface [11] (Figure 2).

MIRAS TESCAN]  SEM HV: 3.0 kv WD: 11.94 mm

View field: 91.4 ym Det: SE 20 ym
SEM MAG: 3.03 kx

it 3

SEM HV: 3.0 kV. WD: 11.80 mm
View field: 89.7 ym Det: SE
SEM MAG: 3.09 kx

MIRA3 TESCAN]  SEM HV: 3.0kV WD: 11.78 mm Ll
nanospac:

View field: 2.1 ym [
SEM MAG: 3.01 kx

Figure 2. Surface morphology of PEO coatings of various electrolytes
(@ H, (b)P,(c) S

The spark voltages due to the nature of the electrolytes (electrolyte composition) were different for
each electrolyte (Table 2). The composition of the electrolyte affects the intensity and size of micro-
charges and the volume of gas evolution of various electrolytes. On the surface of the sample prepared
in electrolyte (H), there are several dark black spots, which can be caused by the large size and high
intensity of the generated sparks at the points of low dielectric strength on the coating surface during the
process.

The surface morphology of various coatings formed on Ti6AI4V titanium alloys is shown in Fig-
ures 2, 3. The coatings made with different electrolytes exhibited completely different microstructures.
All coatings, due to the formation of micropores as a result of discharges accompanied by an avalanche
of electrons at the interface between the electrolyte and the oxide layer, showed a typical structure of
PEO, which contained micropores in the form of craters. When molten oxides leave the discharge chan-
nels and meet the surrounding electrolyte, they quickly solidify, and pores are formed on the coating
surface [11]. On the other hand, a large amount of gas is formed on the discharge channels, which is
then released into the electrolyte. At the early stage of the PEO process, the intensity of sparks and the
amount of gas generated in the exhaust channels are much higher. Due to the gas ejection, molten oxides
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are thrown out of the outlet channels, they cannot fill the outlet channels, and, accordingly, a large num-
ber of micropores are formed. Due to a decrease in the intensity of sparks, the volume of gases formed
in the discharge channels decreases to some extent [12].

—
g ‘ "
b3
.

(‘a)-' 7 /-\ S f

W 7 -

Figure 3. Pore distribution of PEO coatings in various electrolytes
(a, a-1) H, (b, b-1) P, (c, c-1) S.

In PEO processes, the characteristics of sparks and the amount of gas release affect the morphology
of the coating surface. Larger sparks result in more and fewer micropores, while smaller sparks create
more and smaller micropores and, consequently, form a more uniform structure. The average size of
micropores and the percentage of porosity of the coatings are shown in Figure 4. According to Figures 3
and 4, it is obvious that due to the large number of small sparks and a small amount of gas evolution, the
electrolyte coating (S) (Figure 3 (c, c-1)) possessed the smallest (with a porosity of 1.22 %), the smallest
(with an average size of 0.48 microns) micropores. In this sample, the micropores are well distributed
over the coating surface and are identical in size. The sample prepared in electrolyte (H) (Figure 3 (a, a-
1)) had some large micropores with inhomogeneous dispersion, as well as large spherical condensation
products formed by the rapid growth of the coating as a result of strong discharges [13]. In addition, the
largest average micropore size (1.49 um) was associated with electrolyte preparation (H). On the surface
of the sample (P), several micropores and many microcracks were observed (Figure 3 (b, b-1)).
Microcracks appear during the coating growth process due to the release of thermal stress and discharge
activity [14]. Thus, the high temperature of the plasma discharges leads to the melting of oxides around
the discharge channels, followed by rapid cooling with the electrolyte. Then, a rapid change in tempera-
ture causes the appearance of microcracks [15]. Although the average size of micropores in the sample
(P) was smaller, and the percentage of porosity was higher compared to the sample (H).
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Figure 4. Average size of micropores and percentage
of porosity of PEO coatings in various electrolytes.

Anatase, rutile, and brookite are the three main polymorphs of titanium oxide (TiO,). In fact, TiO, and
especially anatase are considered biocompatible. In addition, rutile has higher stability, high hardness, and,
therefore, better mechanical properties and higher density than anatase. The temperature is low in the first
stage of the PEO process. Thus, the anatase phase is formed earlier than rutile. With an increase in the ap-
plied voltage and current density, the temperature rises, and anatase is converted to rutile at 1461 °C, which
is a more stable TiO, phase at high temperatures [16]. Diffraction patterns of coatings obtained in various
electrolytes are shown in Figure 5. As can be seen in the figure, all coatings consisted of both rutile and
anatase crystalline phases. The diffractogram of the (H), (P) and (S) electrolytes did not reveal the peaks of
the crystalline phases associated with the PO,* and SiOs* anions. This means that these anions included
only oxygen in the coatings.

a) m(101) (101) oTi
B TiO, (Anatase)
* (110) ‘ * Tio, (Rutile)
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Figure 5. X-ray diffraction patterns of PEO coatings obtained in various electrolytes (a) H, (b) S, (c) P.

Quantitative analyses were performed using PowderCell 2.4. Table 3 shows the data of X-ray phase
analysis.
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Table 3

Results of X-ray phase analysis.

Phase Structure Data Phase Content
Sample Detected Phases in the Powder Cell Database Structure Type WE%
Grid Type Spatial Group '
Ti hexagonal P63/mmc (194) Dey” 32
P TiO, (Anatase) tetragonal 141amd (141) D 15
TiO, (Rutile) tetragonal P42/mnm (136) D 53
Ti hexagonal P63/mmc (194) Depn’ 46
S TiO, (Anatase) tetragonal 141amd (141) D 48
TiO, (Rutile) tetragonal P42/mnm (136) D 6
Ti hexagonal P63/mmc (194) Der’ 56
H TiO, (Anatase) tetragonal 141amd (141) Dy 18
TiO, (Rutile) tetragonal P42/mnm (136) Dy 26

The wear resistance of various coatings formed on Ti6Al4V titanium alloys is demonstrated in Figure 6.
The coatings made by different electrolytes showed completely different wear resistance. The lowest coeffi-
cient of friction (u= 0.3) was indicated by the PEO coating (P). This may be due to many crystal phases of
rutile. The sample prepared in electrolyte (H) represented a high wear coefficient (u=0.52), this effect can be
obtained by eliminating surface defects (micro-cracks and micropores).
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Figure 6. Results of tribological tests of PEO coatings of various electrolytes

Conclusions

The color and appearance, spark voltage and spark characteristics, surface morphology, phase
composition and tribological behavior of coatings varied depending on the type of additive. The structures of
the coatings formed using electrolytes containing Na,SiO; additives were homogeneous and compact, with
well-dispersed micropores. These technical characteristics were also associated with the formation of regu-
lar, uniform sparks during the coating process. The high electrical conductivity of the electrolyte containing
NasPO, led to the formation of a coating containing relatively large micropores, with an irregular shape and
distribution. Due to the release of thermal stresses during growth, this coating had micro-cracks. This coating
has designated excellent wear resistance compared to other coatings. The good wear resistance of this coat-
ing is due to the high content of the rutile phase. The results of the PEO showed that the most homogeneous
structure with lower porosity and numerous crystal phases of anatase were derived in a coating prepared in a
silicate-based electrolyte. This mode is of practical interest from the point of view of obtaining a
biocompatible coating.
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b.K. Paxagunos, JI.P. Baitxan, XK.b. Cargonauna, K. Topebek

Ti-6Al-4V nma3mMaibIK 3JIEKTPOJUTTIK TOTBIFY dIiciMeH
KAOBIHAAPABI )KAFy pe:KUM/AEPiH 3epTTey

Makanazga mia3MansiK 3JIEKTPOJIUTTIK TOThIFY omiciMer Ti-6Al-4V THTaH KOpBITHACHIHAAFHI KEPAMHKAIIBIK
’KaOBbIH/Ap AJBIHFAH/IBIFBI CHIIATTAJIFAH. [1J1a3MaltbIK AJICKTPOIUTTIK TOTBIFY SPTYPJIi XUMUSUIBIK KypaMbl 6ap
ANEKTPONUTTEP/IC KYPTi3iigi )KOHE INEKTPONUTTIH MaKpo— JKOHE MHKPOKYPBUIBIMFA 9CEpiH, KEYEeKTiiK
MeJIIIepiH, (a3anblk KYpaMbIH XKaHE jKaObIHAapIAbIH TO3YFa TO3IMAUTIriH Oaranaasl. HaTpuii KochuibIcTapbIHA
HETI3JIeNTeH 3JIEeKTPONUTTIH YII TYpi KOJJIAaHBUIBI, COHBIH immHAe (ocdar, THAPOKCUA KOHE CHIIHAKAT.
DNEeKTPONUTTIH  KypaMbl ~MHKPO3apsIATapIblH  KApKBIHABUIBIFBI MEH MOJIIepiHe JKoHEe JpTYpIi
ANIEKTPOIUTTEP/IiH Ta3IIbiFapy KejeMmiHe ocep eremi. Ilma3MaiblK 3JIEKTPOIUTTIK TOTBIFY IMPOIECTepi
TipkenreH kepHey kesinae (270 B) 5 muHyT iminae xypriziani. Hotmxkenep skaObIHHBIH HETI3iHEH PYTHIICH
sxone TiO,, aHaTta3achlHaH TYPATHIHABIFBIH KOPCETTI, OipaK a3 KeyeKTiliri jkoHe KO KpUCTaiibl (ha3amapbl
Oap OIpTeKTI KYpbUIBIM CHJIMKAT HETI3iHIEri OJJICKTPOJMTTEC MaibIHOaNFaH “KaOBIHIBIAA AaJBIH/IBL.
DAEKTPONUTTEPAiH AUGPAKTOrpaMMAaCHIH/IA PO,> skeme SiOgF aHUOHJApbIMEH OalIaHBICTBI KPUCTAIIBI
(aszanmapabiH IIBIHAAPEl aHBIKTANFaH JKOK. byn aHmoHmap jkaOblHIAp/AbIH KypaMblHa TEK OTTEri KipreHiH
Oinmipeni. YarinepaiH MopGhoJoruscsl MeH (asaiblk KypaMbl COMKECIHINE CKaHEPICHTIH 3IeKTPOHIBI
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MUKPOCKOIT MIeH PEHTIeHIiK AudpakToMeTp kemerimMen seprrenmi. Tosyra Tesimainik TRB® tpubomerpinme
«map-IucK» dmiciMeH OaraiaHIpl, COHbIMEH Karap, Ti6Al4V TuraH KopbITHanapblHAa TY3LITeH opTypIi
JKaOBIHIAPIbIH TO3YFa TO3IMALTIN MyJaeM Oacka Jopexenepi kepcerTi. YHkemicTiy e Kimr kodddunnenri
(1=0,3) doccdar Herizinne aapHFaH KaOBIHMEH KOPCETIAreH. by pyTHiniH KpucTanaslK (a3agapbIHEIH Kl
OoirysiHa OaitmaHBICTEI OONYBI MYMKiH. ['MApOKCcHA Heri3iHAeri >JIeKTPOIMTTE NaWbIHIAIFaH YTl >KOFaphl
To3y kodddummentine (u=0,52) ne Oonmsl, Oy 3¢dexrini Oerinmeri akaymapasl (MHKpOXKapbIKTap MeH
MHKPOKEYEKTep) KO0 apKbLIBI alyFa O0Ia bl

Kinm ce30ep. nna3mainsIK >JIEKTPOJIUTTIK TOTHIFY, aHATa3a, pyTHI, KYpbUIbIM, (a3a.

b.K. Paxamgunos, JI.P. Baitxan, JXK.b. Carnonauna, K. Topebek

HccaenoBanue pe;xnMOB HAHECEHUsI MOKPBITHI METO0M IJIa3MeHHOT0
JIEKTPOJUTHYECKOr0 OKHcaeHus1 Ha TI-6Al-4V

B crartbe MoJry4eHbl KepaMHYECKHE TOKPHITHS Ha TUTaHOBOM ciuiaBe Ti6Al4V MeTomoM MiIa3MEeHHOTO BJeK-
TPOJIUTHYECKOTO OKUCIEHHA. [ITa3MEHHOE 3MEeKTPONUTHYECKOE OKHCICHHE NPOBOAMIH B JIIEKTPONIUTAX C
Pa3IMIHBIM XMMUYECKAM COCTAaBOM M OLICHUBAJH BIMSHHE 3JIEKTPOINTAa HA MAKPO- U MHKPOCTPYKTYpY, pa3-
Mep 1op, Ha3oBbIi cOCTaB M H3HOCOCTOMKOCTD MOKPBHITHH. VCIIOIB30BaNNCh TPH TUIIA HJIEKTPOIUTA HA OCHO-
BE COCOWHEHWH Harpus, BKmodas ¢ocdar, rugpoxcun u cuaukar. CocTaB 3IEKTpOJHMTa BIHAET Ha
WHTCHCHBHOCTB, pa3Mep MHKpPO3apsiOB M O0BEM Ta3OBBIACICHHS PA3IUYHBIX UIEKTPONUTOB. IIporeccs
IUIa3MEHHOTO 3JIEKTPOJIUTHIECKOTO OKHCIICHHS IPOBOAWINCE NPpH (UKCUpOBAaHHOM HanpspkeHuu (270 B) B
TeyeHHe 5 MUH. Pe3ynbrarhl MoKa3aju, 4TO MOKPHITHE, B OCHOBHOM, COCTOSIO M3 pyTHIIa U aHartasa Ti0,, HO
OJTHOPOJHAs CTPYKTYpa ¢ MEHBIIEH IOPUCTOCTHIO U OOJBIIMM KOJMYECTBOM KpUCTaJuIMYeckux (a3 aHaTtasa
OblIa IONTydeHa B IOKPBITHH, IPUTOTOBIEHHOM B JIEKTPONIUTE Ha OCHOBE cHInKarta. Jludpakrorpamma sjiek-
TPONHTOB He BBIABHIA IIHKOB KPUCTAILIHUECCKHX (ha3, CBs3aHHbIX ¢ anmoHamu PO,Y u SiOs%. 310 o3mauaer,
YTO 3TH aHHOHBI BKIIOYAIH B COCTAaB MOKPBITUH TOJIBKO KHcIopod. Mopdomoruio u (a3oBslil coctaB 00pas-
[[OB M3yJald C MOMOINBIO CKAHUPYIOIIETO JIEKTPOHHOTO MHKPOCKONA M PEHTTEHOBCKOro Iudpakromerpa
COOTBETCTBEHHO. M3HOCOCTOMKOCTb OLEHHBANACH METOAOM «IIap—IHck» Ha TpuGomerpe TRB®, mpurom
H3HOCOCTOMKOCTh Pa3iIHYHBIX IOKPHITHH, CHOPMHUPOBAHHBIX HAa THUTAHOBBIX ciuiaBax Ti6AI4V, mokaszarna
COBEPIICHHO pa3Hyl cTerneHb. HamMmeHblmii kodpdunueHt Tpenus (u=0,3) NPOIESMOHCTPHUPOBAIO
MOKpBITHE, IIOJyYeHHOe Ha ocHoBe Qocdara. DTO, MOXKET OBITH, CBA3aHO C OOJBIIMM KOJIMYECTBOM
KpucTamuueckux (a3 pyrmia. O6paszen, IPUTOTOBICHHBIH B IIEKTPOJINTE HA OCHOBE THIAPOKCHIA, OKa3alcs
¢ BBICOKHM KO3(dunuenrom usnoca (4=0,52), 310T 3Q(HEKT MOKET ObITH IMOJYYECH 33 CYET YCTPAHCHHS
e eKTOB MOBEPXHOCTH (MUKPOTPEIIIMH U MUKPOTIOD).

Kniouesvie cnosa: mna3MeHHOE IEKTPOIUTHIESCKOE OKHCIECHWE, aHaTa3, PyTHI, CTPYKTypa, ¢a3a, AeheKTs
MIOBEPXHOCTH.
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Optical band gap energy values in wurtzite In,Ga; 4N

The narrow bandgap in InN has been known as a notorious example of local density approximation or gener-
alized gradient approximation (LDA or GGA) calculations to give a metallic state. Various density functional
methods are applied to optimize the atomic structures of the systems. These numerical results are used as the
input values for the subsequent GW calculations, which can be applied to estimate the band gap value without
phenomenological parameters. It is found that LDA with GW, or the hybrid functional with self-consistent
GW, approximation provides sufficient theoretical results for both of the investigated compounds of GaN and
InN. Although they are still time-consuming, due to less computational cost the former method is selected as
a trial to compute the electronic structure in the entire range in ternary In,Ga; 4N alloys without any arbitrary
parameters. The present theoretical studies in ternary In,Ga;. N alloy were carried out by LDA with GW,. As
a result, a good agreement between theoretical and experimental results is obtained, and it is also shown that
zone bending could be well-approximated using a quadratic function with a constant, independent of x, pa-
rameter equal to 1.85 eV, which is close to the recent experimental results.

Keywords: In,Ga; 4N alloys, density functional theory, GW, modeling, band structure, bowing parameter,
band gap tuning, ternary alloy.

Introduction

The application of optical and electronic properties in nitride semiconductors with wurtzite structure
has been focused on optical devices such as blue and white light-emitting-diodes [1-3], and electronic devic-
es such as high electron mobility transistors used in the base station of cellular phones. Transistors with high
power and high breakdown-voltage are expected in automobile industries for highly efficient inverters in
vehicles. In these industrial applications to be realized in short time, the precise theoretical study is required
for nitride semiconductors. The fundamental band gap value in InN has been uncertain up to 1980s. In early
experiments in 1972 and 1986, the band gap values of about 1.9 eV and 2.1 eV were reported by measuring
polycrystalline InN which was epitaxially grown with the sputtering technique and non-leak tight molecular
beam epitaxy system (MBE) [4, 5]. Matsuoka predicted that this value is too large from his experiments on
InGaN and single crystalline InN showed much smaller band gap energy value [6]. These values are much
larger than the value of 0.7 eV reported later, which was measured from single crystalline InN [7-10]. These
single crystalline InN samples were prepared by using the Molecular Beam Epitaxy (MBE) and the
metalorganic vapor phase epitaxy (MOVPE) methods. A possible explanation of the results is that
polycrystal is oxidized and mixed crystals of InN and In,O3; which band gap is 2.7 eV. The purity in single
crystalline InN mentioned above is also poor. Its residual carrier concentration of 10'" to 10" cm™ is too high
to accurately determine the band gap energy value because there is the Burstein-Moss effect due to the pres-
ence of residual charge carriers. It is difficult to epitaxially grow InN with high quality because the equilibri-
um vapor pressure of nitrogen between solid and gas phases is exceptionally high, compared with AIN and
GaN [6]. Therefore, it is essential to theoretically determine the absolute band gap energy value in InN. In
the present paper, the values of the band gap energy for the entire range of In,Ga; 4N ternary alloys are calcu-
lated using ab initio calculations without any empirical fitting parameters.

Experimental

The density-functional theory (DFT) within the local density approximation (LDA) or the generalized
gradient approximation (GGA) has been extensively employed to investigate various electronic properties in
post-transition metal (TM) compounds including both oxides and nitrides. DFT is a complete many-body the-
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ory, but it is basically applicable only to the non-degenerated ground state. When DFT is used to estimate the
band gap, the main drawback of DFT is that the band gap value is seriously underestimated in the ranges
over 50 %-70 % for most of the post-TM compounds and reaches the value of 80 % reduction in the case of
ZnO [11].In the case of InN, DFT gives even the negative band gap, i.e., predicts InN to be metallic [12,13,
14]. For gallium nitride, the DFT calculation yields a strongly underestimated band gap value [13, 15]. Basi-
cally this extensional usage of DFT for the band gap estimation is theoretically incorrect since it is a ground
state theory, and higher level of theoretical methods such as GW approximation is requested.

The band gap underestimation in post-TM compounds could be addressed in part by considering the on-
site electron correlation energy U. Such an empirical treatment tries to include the effect of correlations of d-
electrons which increases in the band gap value. However,we note that the DFT+U method violates the neces-
sary condition of the virial theorem (2T+V=0), and tends to give the effect on other physical parameters to
be non-physical. For example, the lattice-constants are reduced and also contribute widening the band gap.
Alternatively, the hybrid functional scheme incorporating the exact exchange term from Hartree-Fock ap-
proximation is used to improve the band gap. However, the fraction of the exact exchange energy again should
be varied among post-TM compounds to fit the band gap and itis only a phenomenological treatment
[11, 12].

Modern methods of the theoretical modeling allow predicting the fundamental band gap value with high
accuracy without any parameter by combining DFT and the quasiparticle (QP) theory with the exchange-
correlation self-energy in GW approximation [16]. Taking into account QP corrections, this band gap prob-
lem can be solved with an accuracy of about 0.1 eV [17]. The first attempt to calculate the electronic proper-
ties of In,Ga;.«N ternary alloys with parameter-free theoretical technique was made in Ref. [18] using the
LDA-1/2 method [19]. This method approximately includes the self-energy of excitations in semiconductors
and gives results close to calculations by the GW method.

The many-body perturbation theory in the GW approach presents a QP theory that overcomes the defi-
ciencies of LDA and GGA and provides a suitable description of the band structure for weakly correlated sol-
ids such as GaN and InN. The GW approximation is formallythe first term in an expansion of the nonlocal and
energy-dependent self-energy in the screened Coulomb interaction [20]. The self-energy operator is de-
scribed as follows:

B € = = 7, e 061 €+ W (r, T )do @

where G is Green’s function, W is screened Coulomb interaction, and § is infinitesimal. The evaluation of
self-energy requires the wave functions and corresponding eigenvalues. If these quantities are fixed to DFT
results, it is usually called as single-shot GoW, calculations. GW, and GW approximations correspond to the
case of iterative updates of the eigenvalues in the computation of G and W, respectively. A full update of the
orbitals can be performed by specifying self-consistent GW calculations. If the orbitals and eigenvalues are
updated in G and W, it is scGW approximation whereas scGW, corresponds to orbitals and eigenvalues up-
date only in G calculations. In addition to the level of self-consistency of calculations, the results also depend
on the initial conditions, i.e., from which method the eigenvalues and orbitals are derived in GW calculations.

Numerous studies using GW method have shown that the numerical results strongly dependon the initial
geometry of the structure as well as on the choice of the starting wave functions [12, 13, 21-30]. Thus, the
use of source structures optimized with the help of various functionals leads to a variation of the resulting
numerical values of the band gap, for example from 3.366 eV (GGA-PBE) to 3.847 eV (LDA) optimized
GaN wurtzite structure [30].

The choice of starting wave function for GW calculations is also crucial. Kang et al. [11] tested various
levels of self-consistency and starting conditions to establish the most proper GW calculation scheme for the
best exact description of the band gap value for post-TM oxides. It was found that the GW, scheme with
GGA+U as the DFT functional turned out to give the best results in every aspect of the band structures. In one
specific case of ZnO, it was proposed a modified scheme where on-site term U on Zn-d orbital was used within
GW, scheme. Higher level of self-consistent scGW and employment of hybrid Heyd-Scuseria-Ernzerhof
(HSEO06) functional [31] to calculate wave functions and eigenvalues as starting conditions for GoW, calcula-
tions were found to overestimate the band gap value. Pure DFT calculations with LDA or GGA functionals pre-
dict metallic state for InN [12, 21]. Kumar et al. [27] used the DFT+U to calculate the starting wave function,
which made it possible to open the optical gap in the electron structure of indium nitride.
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In the present paper, we tested various GW approaches on GaN and InN to compare their validity and
accuracy. One important point is to minimize the computational time required forelectronic structure calcula-
tions, since we should use an extra-ordinally high demand computing resources for the ternary systems of
InxGa1-xNas. With all of these careful theoretical considerations, the optimal computational method was em-
ployed to calculate the accurate valueof the band gap energy for the InxGa1-xN ternary alloy. To investigate
the electronic structure in InGaN alloys, we used 2x2x2 supercells containing 32 atoms. Supercells with
25 %, 50 %, and 75 % concentration of In atoms were considered and should provide a good approximation
for the random alloy [12].

To obtain the initial calculations, all numerical calculations were performed using HSEOQG6, Perdew-
Burke-Ernzerhof (PBE) [32] and local density approximation (LDA) functionals by employing the projector
augmented wave (PAW) method [33] as implemented in the Vienna Abinitio Simulation Package, VASP [34,
35]. The atomic structures of both InN and GaN were modeled by a fully relaxed wurtzite structure of 4 atoms
(C*6v-P63mc: space group number 186) [36, 37]. The In-4d and Ga-3d electrons were treated as valence elec-
trons. The electronic wavefunctions are described using a plane wave basis set with an energy cut-off of 600
eV. I'-point centered k-point meshes of 6x6x6 are used throughout the calculations to obtain well-converged
results for GaN and InN. Since the DFT calculations predict a metallic state for InN,to open the optical gap,
the additional on-site correlation DFT+U in the Dudarev parameterization [37] was taken into account with
the value of U =3.5¢eV.

In Ref. [21], the dependencies of theoretical band gap values were calculated depending on the choice of
cutoff energies and k-space partitions. It was shown that the convergence of the calculated band gap occurs
at the cut-off energy of 600 eV. By selecting a 4x4x4 k-point mesh, the calculated fundamental band gap
values differ from thoseobtained on a 6x6x6 by 1.5 %. For this reason, the present numerical calculations are
performed using the 2x2x2 k-point mesh.

From the theoretical point of view, state-of-the-art calculations within many-body perturbation theory
allow to rigorously obtain band gap energy values. The GW approximation method used to compute self-
energy corrections is a quite well-established and standard technique, giving energy levels generally in good
agreement with experiments, even for complicated systems like reconstructed surfaces and clusters [39]. Due
to high complexity and large computational require ments of ab initio calculations of the self-energy, this
approach has rare been used to study systems with a large number of atoms in a unit cell. In the present study,
were performed the investigation of the In,Ga,.«N alloy to estimate the band gap value in the entire composi-
tion range with GW approximation, predicting its properties without any experimental/fitting parameters.

Previous studies of In,Ga; N compounds showed poor agreement of the DFT band gap values with ex-
perimental data [12, 22, 40—44]. To improve consistency between theory and experiment, hybrid functionals
in DFT have been used as an empirical simulation method. In the case of zinc blende In,Ga;N alloys, the
overestimation of the band gap in the In-rich regionwas found [45]. For AIN, GaN, and InN with wurtzite
structure, the resulting band gap values depend on the mixing ratio of the exact exchange energy functional,
Mixing ratio is required to match the experimental band gaps increases with experimental band gaps [12].

Result and Discussion

To solve the problem of describing the band gap in the ternary alloy system, it is necessary to choose a
suitable theoretical method that would equally accurately describe both compounds of GaN and InN. The
available results in published literatures on InN and GaN GW band gap calculations are summarized in Table
1. It is astonishing to recognize that to date, only one study has been published in the literature which shows
that the optimized effective potential (OEP) calculations predict well both the lattice geometry and the
band gap for both nitrides.

[13] Unfortunately, this method requires enormous computational effort and cannot be appliedto the
study of large model cells as required by the present research on ternary alloys. Base onthis reason, we tested
different approaches as initial stages to GW calculations in the framework of GGA, LDA, and hybrid
functionals.

Besides choosing the initial wave function for calculating GW, which means selecting the appropriate
density functional, the geometric structure of the model cells also largely determines the theoretical values of
the band gap. The lattice constants of In,Ga;xN ternary alloys can be obtained both as a result of theoretical
calculations for lattice optimization and using interpolation formulae if we assume that the lattice parameters
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of the alloys are governedby Vegard’s laws. Another potential source of calculation errors is the inability to
perform structural optimization in a real calculation process using the GW method.

In the present study, in contrast to Ref. [13], where experimental values of lattice constants were used,
we explore various functionals concerning their accuracy in predicting the geometry of the unit cells. The
lattice geometry found in this way is then used for GW calculations with the initial wave functions obtained
with various functionals. The functional that provides the best agreement between the calculated bandgap
values and the experimental ones were used for calculations using a model supercell of In,Ga;.xN (x=0.5)
compound with lattice constants calculated according to Vegard’s law for comparison.

The results of the present numerical results on the lattice parameters in GaN and InN in comparison
with the experimental data are given in Table 2. The data obtained are typical for calculations carried out by
DFT. In the case of InN, the hybrid functional predicts almost exactlattice-constant values, whereas the PBE
functional overestimates, while the LDA functional overestimates the value of the parameter a and underes-
timates c. In the case of GaN, the best values of the lattice-constants are given by the calculation using the
PBE functional, while the HSEO06 and LDA functionals underestimate these parameters. Thus, none of the
selected methods for the optimization of the crystal lattice is preferable in comparison with experimental data
for both considered compounds.

Table 1
Summary of the literature available high-accuracy calculations of
fundamental band gap value for InN and GaN of wurzite structure
Method (based on the WF
Compound Band gap, eV obtaine d(with thismethod) Reference
0.71 GW0+RPA (HSE3) [24]
0.99 scGW (LDA) [25]
0.74 Hybrid approach?
0.66 HSE06 [12]
0.58 LDA with SIC” [22, 23]
0.74 Simplified Gc®
1.50 GW SIC (LDA)
0.82 GW SIC (LDA) [26]
0.8 scGW0 [27]
InN 0.7 (0.8 correction factor was applied) GW+RPA (LDA) [28]
0.638, 0.765; 0.494% GOW0+SOC? (HSE) [30]
0.711 HSE06 [21]
0.694 GOWo (HSEO06)
0.805 scGW0
0.7 OEPx*+GQWOQ(LDA) [13]
0.0 PBE [14]
0.5 HSE06 [14]
0.95 LDA-1/2 [19]
3.5 GW [29]
3.23 HSE06 [12]
3.81 scGW (LDA) 25
3.42 Hybrid approach? [25]
GaN 3.6 (0.8 correction factor was applied) GW+RPA (LDA) [28]
3.659; 3.847; 3.366" GOoW0+SOC? (HSE) [30]
3.24 OEPX"+GOWO(LDA) [13]
3.52 LDA-1/2 [19]

a) Combines 80 % of the GW self-energy with 20 % of the LDA self-energy as it is described in

Ref. [53];  Self-interaction corrections; 9Quasi-particle corrections to DFT within a simplified GW approximation; ¢ Data ob-
tained for geometries optimized using different methods (AMO0S5, LDA, PBE); © Spin-orbit coupling; Yexact-exchange optimized ef-
fectivepotential

Further, all obtained equilibrium lattice geometries were used to calculate the band gap values. For each
structure, three possible wave functions were used as the starting values for the numerical calculations within
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GW approximation. The results are shown in Table 3. From the presented data it can be seen that only two
approaches provide sufficiently good values was an error less than 0.1 eV for both indium and gallium ni-
trides; namely, (case 1) scGW, approach with optimized geometry by HSE06 and starting wave functions by

LDA, and (case 2) GW, calculations with LDA for both geometry optimization and starting wave functions.

Table 2

The equilibrium values of the lattice-constants for InN and GaN at atmospheric pressure calculated by various
methods in comparison with experimental data. Parentheses indicate the relative error of calculations

Compound (er?(’)ré% ) (er?(’)r{&% ) ng:;g,egg cla u Method
3.533 5.693 61.50 1.611 0.375 Exp. [36]
3.530 (-0.08) 5.700 (0.1) 61.52 1.614 0.379 HSEO06
InN 3.578 (1.3) 5.777 (1.5) 64.06 1.614 0.379 PBE
3.503 (0.8) 5.655 (-0.7) 60.09 1.614 0.379 LDA
3.62 5.83 161 PBE[/L'SEOG
3.19 5.28 46.53 1.655 0.375 Exp. [54]
GaN 3.176 (-0.4) 5.173 (-2.0) 45.20 1.628 0.377 HSEO06
3.214 (0.8) 5.235 (0.9) 46.84 1.628 0.377 PBE
3.156 (-1.1) 5.140 (-2.7) 44.34 1.628 0.377 LDA

Thus, two theoretical approaches provide approximately the same values of the perception of both the
lattice geometry and the band gap in both nitrides under study. Moreover, for the calculated values of the cell
parameters, the use of the hybrid functional is somewhat closer to experimental values. On the other hand,
the inclusion of the Hartree-Fock exchange in the hybrid functional raises the computation cost very signifi-
cantly, especially when one uses the plane-wave basis sets [46, 47]. Besides, for the exact prediction of the
width of the band gap, in this case, the scGW, method is used, which includes an additional self-consistency
procedure in comparison with GW,, which also significantly increases computational costs. Thus, based on
consideration of the balance of the ability of prediction and the required computational costs, in the present
study, we employed the LDA for structure optimization and wave functions calculation for GW,. In the latter
case, the LDA+U method was used on indium atoms, as indicated in “Computational method” section.

Table 3

The values of the band gap for nitrides, calculated using various methods. The valuesthat most closely
coincide with the experimental values for both considered compounds are highlighted in bold

Bang gap calculation method
Compound Input geometry | Input wavefunction DFT Gowo GWo scGW0
Band gap, eV
1 2 3 4
HSEO6 0.76 0.71 0.71 0.89
HSEO06 PBE+U 0.09 0.21 0.27 0.50
LDA+U 0.11 0.43 0.51 0.73
HSEO06 0.60 0.49 0.48 0.66
InN PBE PBE+U 0.04 0.07 0.30 0.30
LDA+U 0.03 0.14 0.14 0.40
HSEO06 0.85 2.65 2.59 2.63
LDA PBE+U 0.16 0.29 0.36 0.25
LDA+U 0.26 0.67 0.76 0.94
GaN HSEOS HSEO06 3.30 3.77 3.85 3.97
PBE 1.97 3.13 3.33 3.50
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1 2 3 4

LDA 1.99 3.16 3.38 3.44

HSE06 3.02 3.47 3.67 3.67

PBE PBE 1.73 4.66 5.00 5.26

LDA 3.03 3.47 3.57 3.63

HSEO06 3.46 3.93 4.01 4.14

LDA PBE 2.10 3.29 3.51 3.74

LDA 212 3.33 3.55 3.69

The estimated lattice-constant values for the In,Ga;.«N ternary alloy as a function of x are shown in
Figure 1. The present numerical calculations were carried out for a 2x2x2 supercelland the data presented
was reduced to a single cell. When creating model structures, the atomsin the cases x = 0.25 and = x = 0.5,
the substitution of gallium atoms was carried out in such a way as to distribute the indium atoms uniformly
throughout the cell, while avoiding both the clustering of indium atoms and their ordering. The latter could
lead to the appearance of periodic superstructures. Earlier results show that the clustering of indium InGaN
alloy leads to a greater curvature of the curve of the band gap dependence on x value [51]. The case x = 0.75
is identical to x = 0.25 up to the mutual permutation of indium and gallium atoms. Test calculations on three
different supercells with x = 0.5 showed a weak (< 2 %) dependence of the band gap on the choice of the
atomic configuration. The geometries of all supercells have been optimized. The optimization concerned both
the positions of the ions inside the supercells and the volume of the supercells. In this case, the lattice con-
stants changed so that the volume of the optimized cell corresponded to the system at zero external pressure.
The lattice symmetry was maintained constant.

It can be seen that the cell parameters are linearly dependent on the In content accordingto Vegard’s law.
The resulting atomic structures were used to calculate the band gap using thestart wave functions obtained
using the LDA functional. The obtained data are presented in Figure 2 in comparison with the available exper-
imental data and earlier calculations using hybrid HSEO06 functional [12]. The present theoretical results,
without any parameters are in excellent agreement with the experimental results.

5.6 1
5.4
oL 521 o
o 5.07 —o—a,,&
[<5]
T 487 —o—c, A
E 4.6 ' )
S 44] ¢ Experiment
59
o 4.2-
8 4.0
s 381
S 36
3.4
3.2
30 T T T T

0.0 0.2 0.4 0.6 0.8 1.0
In fraction, x

Figure 1. Calculated lattice parameters of In,Ga;N within LDA in comparison with experimental values [35, 53]

We also investigated the dependence of the theoretical band gap on the starting geometry of the model
cell, implying that the lattice constants depend on the concentration of In and Ga according to Vegard's law.
The obtained band gap for the ternary alloy of the composition InysGaosN, obtained using GW calculations
based on the LDA functional, is 1.36eV. This value is 0.29 eV less than the corresponding value calculated
for a structure whose lattice constants are theoretically obtained.
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Figure 2. Theoretical and experimental values of the fundamental band gap values in Gal-xInxNternary alloy

as a function of the indium molar fraction. Theoretical results are obtained using GWO0 method (this work),
HSEQ6 hybrid functional [12] and LDA-1/2 method [18]. The band gap GW(VL) value was obtained for a model cell
with lattice constants calculated using the Vegard’s law. Experimental values are adopted from Refs. [6, 8-10, 55, 56]

The band gap in In,Ga; 4N as a function of the In content is of key importance for the analysis and de-
sign of efficient electronic devices. Qualitatively, there is an agreement that the band gap in In,Ga; 4N is a
nonlinear function of the alloy composition. Conventionally, alloy band gap values are expressed as

Eg(nxGai—xN) = (1 —x) Eg(GaN) + x EgdnN) - bx(1—x), (2)

where b is the so-called bowing parameter. Since the most important parameter in the semiconductor alloy
system is the band gap and its deviation from linear dependence characterized by the band gap bowing pa-
rameter b, which generally is a function of concentration. The various studies [22, 40, 43, 48-51] have disa-
greed on the magnitude and In concentration dependence of the bowing parameter. Some investigations show
that the bowing cannot accurately be described by a composition-independent bowing parameter [12, 22, 40,
48, 52]. Wu et al. by optical absorption and photoluminescence measurements showed that bandgap versus
composition is well-described by a constant bowing parameter of 1.4 eV [10]. However, McCluskey et al.,
obtained the bowing parameter value of 2.6 eV by carrying out optical absorption spectroscopy measure-
ments [51]. Kazazis et al. measured that the intrinsic band gap value dependency on the In content is ade-
quately expressed, for the entire range, by a bowing parameter value of 1.66+0.08 eV [8]. Fitting of our nu-
merical results gives b=1.85 eV with a maximal absolute error less than 0.04 eV that is a good agreement
with the most recent experiment of Kazazis et al..

The above analysis corresponds to the use of a single parameter bowing calculating would be fitting (2).
Moses et al. demonstrated that the bowing parameter varies with indium concentration. Namely, with an in-
crease in the indium content, its value decreases [12]. Our results confirm this trend, although to a much
lesser extent, and give b equal to 1.92, 1.85, and 1.79 eV for 25, 50, and 75 % of the indium content.

Conclusions

To solve the problem of band gap values in ternary InxGa1-xN alloys theoretically without phenomeno-
logical parameters, various functionals have been preliminarily tested both concerning using them to opti-
mize the geometry of model cells and to calculate the initial wave functions for GW calculations applied to
binary nitrides. For both InN and GaN, the acceptable accuracy is achieved either by GWQ approximation
with LDA or by scGW0 method with hybrid HSEO6 functional, especially the narrow band gap of InN was
successfully reproduced without using the phenomenological parameters. With LDA the optical band gap in
InN is estimated to be negative (metallic). To open it, it is necessary to use the LDA+U method. Since the
former approach requires less computational costs, the present theoretical studies in ternary InxGa1-xN alloy
were carried out by LDA with GWQ. As a result, a good agreement between theoretical and experimental re-
sults was obtained, and it is also shown that zone bending could be well-approximated using a quadratic
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function with a constant, independent of x, parameter equal to 1.85 eV, which is close to the recent experi-
mental results.
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T. Unepbaes, T. Matcuoxka, 1. KaBazoe

In,Ga; «N BypTUMTTEri ONTHKAJBIK 7K0J1aK CAHBLIAYbBIHBIH YHEPTHUsI MIH/IEPi

INN Tap THIABIM canbIHFaH aiiMakK >KepPTiUTIKTI THIFBI3JBIKKA XKAKbIHAAFaHJa HeMece JKalbUIaHFaH IpaJieHT
skakpiHaaranga (LDA nemece GGA) ecenreynep KapThulai ©TKI3TIIUTIH OpHBIHA 3aTTHIH METAIIBIK KYHIH
OomKalThIH Oenrimi Mbican Oonbln TaObUIafgbl. Bynm KyMBICTa 3epTTENETIH JKYHeNepIiH TeOMEeTpHUsCHIH
OHTAMNIAHIBIPY YLIH THIFBI3ABIK (YHKIMOHAJIBIHBIH OPTYPJi OficTepi KOJAAHBULABI XOHE Oy CaHIBIK
HOTIDKeIep (EHOMEHOJIOTHSUIBIK MapaMeTpIiepci3 THIMbIM CalblHFAH aliMaK CHiHiH MOHIH Oaraiay Ke3iHie
6omysl Mymkin GW omiciMeH KeiiHri ecemreynep yImiH Kipic MoHAepi perinme mnaimamaneuigsl. LDA
komOuHanmsicein GW, ecenrteyiepiMmern Hemece rubpuari ¢ynkiponanasl GW, e3ine coiikec KenmeriH
JKyBIKTaybIMeH Taiianany 3eprrenreH GaN sxoHe INN KochUIbIcTaphl YHIH JKETKUTIKTI JOJI TEOPHSUIBIK
HOTWXeNep OepeTiHi aHBIKTaNIbl. MyH/Iall ecenteysep i e KOMIBIOTEP/IiH KoM YaKbIThIH K&KET CTCTiHIHEe
KapaMacTaH, €CCNTey KYHBIHBIH TeMeH OojyblHa OaitmaneicTsl, Oipinm omic InyGa; N  ymTik
KOPBITIIAJIAPBIHIAFEl  OapiblK — JWANa30HJarbl  OJIEKTPOHIBIK  KYPBUIBIMIBI ~ Ke3 KeJIreH perTey
nmapaMeTpiepiHCi3 ecenTey/iH ChlHaK ofici perinme tanmammbl. INyGa; N YIITIK KOPBITIACHIHBIH HAKThI
teopusuiblK 3eprreyiaepi LDA GW, xybikTay KOMOMHANIMSICBIHAA OpPBIHAANABL. HOTHKeCIHIE TeOpHSIIBIK
JKOHE IKCIICPHMEHTTIK HOTHIKEJICp apachlHIa OTe )KaKChl KEIiCiM allbIH/bl, COHBIMEH KaTap THIHBIM CaJbIHFaH
aliMaKTBIH €HiH X (YHKUHUACHI PEeTiHAE My KBAAPAaTTHIK (GYHKUIUSIHBI KOJIAaHA OTBIPHII, X-T€ TOYeJai eMec,
1,85 3B mapamerpiMeH KaKChl JKaKbIHIACTHIPYFa OOJIATBIHABIFBI KOPCETUIreH, OYJI COHFBI SKCIICPUMEHTTIK
HOTIDKETIepre )KaKbIH.

Kinm ce3z0ep: InyGa; N KopbITIanapsl, THIFBI3IBIKTHIH (GYHKIIHOHAIIBIK Teopusichl, GWy Monenbaey, Koak
KYPBUIBIMBI, HLTy TapaMeTpi, )KOJIaK CaHBUIAYBIH OPHATY, YIITIK KOPBITIIA.

T. Unepbaes, T. Matcuoxka, 1. KaBazoe

3HayeHNs JHEPIrUU ONTUYECKOIi 3anpenieHHoi 30HbI B Blopuute In,Ga; (N

V3kast 3anpenienHas 30Ha INN npencrasnsier co00H H3BECTHBIH MPUMeEP, KOTa PacyeThl B IPHOIMKEHHH JIO-
KaJIbHOW TUIOTHOCTH WJIM TpuOImKkeHnd 0006meHHoro rpaauenta (LDA wimun GGA) mpeackas3bIBaloT MeTall-
JIMYECKOE COCTOSIHHE BELIECTBa BMECTO IOJIyIIPOBOHUKOBOTO. B HacTosmieil paboTe Jyisi ONTUMH3AIMU Te0-
METPUH MCCIEIYEMBIX CUCTEM MPUMEHEHBI Pa3InyHble METO (bl (DYHKIMOHANA UIOTHOCTH, ¥ 9TH YHCIICHHbIC
Ppe3yJbTaThl HCIOJIb30BaHbl B KAYECTBE BXOAHBIX 3HAYCHHMIT I MOCIEAYIOINX BbIYnCIeHHiT MeTomom GW,
KOTOpBIE MOT'YT OBITh NPH OLICHKE 3HAYCHHs LIMPUHBI 3alPEIIeHHON 30HbI 0e3 (HEeHOMEHOIOrHYEeCKHX mapa-
METPOB. Y CTaHOBIIEHO, 4yTO puMeHeHns1 komOuHam LDA ¢ GW, pacueramu wnu rubpuaHoro GpyHKInoHa-
Ja ¢ camocoryiacoBanHbIM GW, IpuOIMKeHHEM al0T I0CTATOYHBIE TOYHBIE TEOPETHYECKHE PE3yIbTAThI IS
o6oux nccienoBanHbix coennHeHnii GaN u INN. Xots Takue pacdeTsl HO-TIPeKHEMY 3aHUMAIOT OYEHb MHOTO
KOMIBIOTEPHOTO BPEMEHH, M3-32 MEHBIIIEH BEIYHMCIUTENILHON CTOMMOCTH TIEPBBIH METOJ BHIOpAH B KauecTBE
HNpOOHOTO YISl pacueTa JJIEKTPOHHON CTPYKTYpHI BO BCEM JHara3oHe B TpoiHbIX cruiaBax In,Gay N 6e3 ka-
KUX-TTHOO TTOJrOHOYHBIX MapaMeTpoB. HacTosimue Teopernyeckue McciaeqoBanus TpoiHoro cruiasa InGa;
«N Obutn BEIMoHEeHHE B kKomOuHanuu LDA ¢ GW, mpubmmkenneM. B pesynpraTe moiydeHo 04eHb Xopoliee
coryacue MEXIy TEOPETHYCCKHMH M IKCHEPUMEHTAJbHBIMH pPe3yJbTaTaMM, a TaKKe MOKa3aHO, YTO M3rub
IIUPHHBI 3aMPEIIeHHON 30HbI KaK (GYHKIMU X MOXKHO XOPOIIO alMpPOKCHMHUPOBATh C MOMOIIBI0 KBa(paTHy-
HO# (DYHKIMHU C OCTOSIHHBIM, HE 3aBHCSILINM OT X, HapaMeTpoM, paBHbIM 1,85 9B, 4To OIH3KO K MOCIEIHHM
OKCIICPUMEHTAJIBHBIM pE3yJIbTaTaM.

Knwouesvie cnosa: cnnasel IngGaj N, Teopust dyHknpoHana mioTHocTH, monenupoBanue GW,, 30HHas
CTPYKTYypa, mapameTp u3ruba, HacTpolKa 3anpenieHHO’ 30HbI, TPOHHOM CIUIaB.
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The formation of the mixed anions PAsO,
in solid solutions Mg,P,0; _ Mg,As,0-

The article presents structural features at formation of solid solutions of the isostructural Mg,P,0; and
Mg,As,0; connections. In these compounds, complex P,0O;* anions, As,0," , as well as the formation of
complex PAsO-* anions, is not natural. The formation of solid solutions is confirmed by the linear depend-
ence of x-ray debaegram and optical refractive indices, depending on the concentration of P/As. In the article,
phosphates are involved in energy processes in cells. For the first time, the formation of mixed anions in pol-
yphosphates has been proven. The oscillatory spectra of pyro anions have intervals of localization of terminal
and bridging groups of atoms that have no intersection regions. Strip at 662-670 cm™ (between structures
from P: As=0.8:0.2 to 0.1-0.9), located between v,POP frequency in s — Mg,P,0- at 737 cm™ and the fre-
quencies about 550 cm™ characteristic of fluctuations of v,AsOAs in alkaline pyroarsenates, is interpreted as
a strip of fluctuations of v;POAs of the mixed PAsO; ions. In the area, the strip at 925-902 cm is located be-
tween frequencies of fluctuations of v,sPOP and v,;AsOAs. The fluctuations of mastic group P-O found in
ranges of infrared absorption allow establishing knowledge of the adjacent anions (PAsO,)* that it is possible
to confirm with quantum-chemical calculations in the subsequent.

Keywords: pyrophosphate, pyroarsenate, debaegram, empirical, refractometric, valence-force field, linear ap-
proximation.

Introduction

Solid solutions of Mg, (P, As),O,; with molar contents of pyrophosphate and pyroarsenate varying in
10 % were obtained by thermal decomposition of the corresponding mixtures of MgHPO, and MgHASO, at
900°C and characterized by refractometric analysis. The obtained solid solutions are colorless, the refractive
indices change linearly, with a composition from 1.585 for Mg,As,0; to 1.680 for a-Mg,P,0O, (Figure 1).
Debaegrams are characterized by clear reflexes, and the values of interplane distances change smoothly as
the composition changes.

IR spectra of solid solutions (Specord-75 spectrometer, samples with a constant molar concentration for
all compositions obtained by pressing powders with KVG) are shown in Figure 2. The assignment of fre-
guencies in the Mg,P,O; spectrum has already been discussed in the literature [1, 2]. The spectrum of
Mg,As,0; resembles that of isostructuredtorteuitite Sc,Si,O; [3] and the assignment of the frequencies of
valence oscillations of a complex anion can be carried out by analogy with interpretating the latter spectrum
(Table 1).

The structures of Mg,As,0; and a-Mg,P,0; are not identical: if the first is structurally quite similar to
thortveitite [4], the second differs from it by “curved” groups of P,0; (P2,/c, Z=2), but already under 68°C
undergoes an og transformation, and the structure of the type of thortveitite for the s — form may be carried
out by statistical averaging over the configurations of P,O; groups, each of which separately may remain non
— centrosymmetric [5]. Judging by the sharp broadening of the bands characteristic of the cnexrpa-Mg,P,0-
spectrum, it is possible to switch to this type of structure from a-Mg,P,0O; already at 10 % arsenate content in
solid solution (Figure 2).

In the spectra of solid solutions, it is possible to distinguish only three bands that have no analogues in
the spectra of the extreme members of the series: 925-902, 670-662, 625623 cm. The last of the bands is
selected (despite the presence of a band with the same frequency in the spectrum of a-Mg,P,0-, table) based
on the dependence of its intensity on the concentration of the solid solution: this band appears when adding
10 % phosphate to the arsenate, and already with the composition of P: As=0.3:0.7 practically disappears: the
band g-Mg,P,0- with the same frequency appears at P: As=0.5:0.5 and then monotonously increases.

The band at 662-670 cm™ (in the range of compositions from P: As=0.8:0.2 to 0.1-0.9), located be-
tween the vsPOP frequency at Mg,P,0; at 737 cm?and frequencies of the order of 550 cm characteristic of
V;AsOAs oscillations in alkaline pyroarsenates [6], is interpreted as the v;AsOAs oscillation band of mixed
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RAsO- ions. In the area between the vibration frequencies of vsPOP and v;AsOAs, the band at 925-902 cm?
is located, which can be attributed to the antisymmetric oscillation of the ROAs bridge. It should be noted
that the lower value of the frequency vsAs 829 cm™, obtained earlier when calculating the oscillations of the
PAsO; ion [7], can be explained by the excessively small value of the angle ROAs (120°) adopted for the
calculation, and by the rather low force constants of the P-O (As) and As-O (P) bonds.

Table 1
Anion vibration frequencies in the IR spectra of solid solutionsMg,P,0; _Mg,As,0-
. Frequencies of absorption maxima in the IR spectrum (cm™)
Frequency assignment !
at various phosphorus contents
Typeof | \\aveform 1,0 0,9 08 06 04 0.2 01 0,0
anion

I, I V,sPO3 1206 1210 1210 1203 1200 1190 1190 1006
1, 1l V,sPO3 1185 1115 1108 1100 1090 1089 1089 900
1136 1055 1050 1043 1042 1042 1000 879

| V,sASOAS 1101 1005 1003 1003 1002 1000 880 845

| V,sPOP 1080 985 970 975 975 910 845 820

1l V,sPOAS 1040 975 921 916 902 883 623 505
I, i V,sASO3 990 925 732 850 850 845 592 440
970 735 620 727 665 660 505 406

I, 1 V,sASO3 737 620 588 665 590 625 440 405
| V,sPOP 620 588 550 624 508 590 405 403

1] V,sPOAS 600 550 510 590 402 505 402 405

| V,sASOAS 588 510 440 550 400 405 400 400

*1 — P,05; Il — As,O5; 11l — PAsO;.

Thus, the appearance of vibration bands v{POAs and v,POAs of mixed PAsO; ions convincingly
proves their formation in solid solution.

It should be noted that the band at 737-727 cm™ remains in the spectra of solid solutions up to the com-
position P: As=0.5:0.5, indicating the preservation of the curved configuration of pyrophosphate groups. The
presence of this band in the spectra of compositions characterized, apparently, by the structure of the type -
Mg,P,0; allows us to presumably explain the appearance of a band about 625 cm™ in the spectra of solid
solutions with P contents from 10 to 20 % by activating the v;AsOAs oscillation due to a violation of the sta-
tistical centrosymmetry of the Mg,As,O; structure. Thus, we can assume a curved configuration of the As,O-,
groups individually and in pure Mg,As,0;. Similarly, if the oscillation band of vAs-As is correctly identified
in the spectra of solid solutions, then the comparison of its frequency with the frequency of vAs-As indicates
(taking into account the results of calculating the oscillations of the RAsO- ion [8]) rather the curved shape
of the p-O-As bridge in this ion, i.e. the uniformity of the structure of complex anions of any composition in
the considered series of solid solutions.
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Figure 1. Change in light refraction index N of solid solution Mg(P, As),0-
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Figure 2. IR spectra of solid solutions in system Mg,P,0; — Mg,As,0;

Relation P: As: 1-0,0:1,0; 2-0,1:0,9; 3-0,2:0,8; 4-0,3:0,7; 5-0,4:0,6; 6-0,5:0,5; 7-0,6:0,4; 8-0,7:0,3;
9-0,8:0,2; 10-0,9:0,1; 11-1,0:0,0

Oscillations of the crystal lattice and deformation properties of the crystal.

The structure of an ideal crystal with N atoms in a unit cell is described by specifying vectors ay, a,, as
that determine the size and shape of the unit cell, and N vectors r; that specify the coordinates of the atoms in
the cell. Homogeneous deformations are described by changes in the vectors and the increments of the vec-
tors Ar; form a basis convenient for describing the limit oscillations (long-wave) and the internal structural
relaxation of the lattice caused by its homogeneous deformations under external influences.
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For compactness of formula writing, generalized vectors are used. So, it is convenient to combine the
coordinates of atoms in a cell into a 3N-dimensional vector r = (X3, Y1, Z1, ...Z,), and describe small shifts of
sub-lattices with the vector Ar.

In the valence-force field (VFF) model, so-called natural coordinates defined as small increments of va-
lence bond lengths, angle values there between, etc. are selected as a coordinate basis for setting a potential
function and for describing deformation. The whole set of translational — non-equivalent natural coordi-

nates(, , is described by the generalized vector q, =(q,d,,...,qj, )_The dimension of this vector M is

generally chosen to be greater than 3N, allowing the proposed nature of interatomic interactions in the VFF
model and taking into account the symmetry properties of natural coordinates with respect to crystal factor-
group operations.

The calculation of normal coordinates in the VFF model is based on the linear approximation between ¢
and Ar, described using the matrix B:

g =BAr

The potential energy of the lattice in the valence-force field model in natural coordinates is expressed as
a quadratic form:

The elements of the matrix F are force constants-fitting parameters for solving the inverse spectral prob-
lem.

The elements of which determine the relative amplitudes of changes in individual natural coordinates in
different normal oscillations.

From the above definitions, the relationship between the force constants, frequencies, and forms of
normal oscillations follows,

A= QI'FQ,

which is necessary for the analysis of various contributions to the elasticity of normal vibrations.

The elastic constants of the crystal are described by a matrix C (6 x 6), whose elements are defined as
the second derivatives of the energy density for various components of the vector of homogeneous defor-
mations: where Q is the volume of the unit cell.

The expression for elastic constants can be obtained by directly differentiating the expression for energy
if we introduce the concept of the uniform deformation form described in the linear approximation by the Q,
matrix:

q=Quu.

To calculate IR intensities and piezoelectric constants, information is needed about the change in the
polarization of the crystal under various lattice deformations. To do this, depending on the nature of the
structure of the object, different model representations are used (rigid or deformable ions, variable charges
on atoms, a valence-optical scheme, etc.), which describe the dependence of the dipole moment of the cell P
on the deformations Ar and u.

Conclusions

Structural features at formation of solid solutions of the isostructural Mg,P,0; and Mg,As,O,
connections are considered. In these compounds, there are complex P,O,* anions, As,0," , as well as the
formation of complex PAsO;" anions, is not natural.

Infrared absorption spectra depend on the composition of P/As. For removal of IR spectrums of solid
Mg,P,0; solutions — Mg,As,0-; was used the modern Specord-75 spectrophotometer, samples with constant
molar concentration for all structures are received by pressing of powders with KBR. The oscillatory spectra
of pyro anions have intervals of localization of terminal and bridging groups of atoms that have no intersec-
tion regions. Strip at 662-670 cm? (in the range of structures from P: As=0,8:0,2 to 0,1-0,9), located be-
tween v,POP frequency in s — Mg,P,0; at 737 cm™ and the frequencies about 550 cm™ characteristic of
fluctuations of v;AsOAs in alkaline pyroarsenates, is interpreted as a strip of fluctuations of v;POAs of the
mixed PAsO; ions. The strip at 925-902 cm™ is located between frequencies of fluctuations of v,POP and
V,sASOAS. The fluctuations of mastic groups P-O found in ranges of infrared absorption — As allow to es-
tablish reliably education the adjacent anions (PAsO-)*-that it is possible to confirm with quantum-chemical
calculations in the subsequent.
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In the Mg,P,0,-Mg,As,0; system, a continuous series of solid solutions is formed, whose IR spectra
indicate the presence of mixed [RAsO;]*ions, characterized by a nonlinear configuration of P-O-As bridges.
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H.A. Maxenos, 3.P. Cri3ab1k0Ba

Mg,P,0; _Mg,As,0; KaTThl epiTiHaiiepae
PASO; apanac anHnoHIapbIHBIH Nalaa 601ybI

Makanaga MgP,0; xone MgyAS;O; H3OKYPBUIBIMIABIK KOCBUIBICTAPBIHBIH ~KATThl ~ ePITIHIUICPIHIH
Ty3inyiHzeri KypsUIBIMIBIK epeKIIeNikTep KapacThipsurran. OnapsH Kypambinga P,0;* men As,O,* kypreni
annonmap Gap, an PAsO;* amuompmapeHBIH Ty3inyi TaGurm emec. Kartsl epitinginepmin Tysimyi P/As
KOHIICHTPALMSCHIHBIH (YHKIMACH PETiHIE PEHTTeHAIK nebaerpaMMaliap/iblH JKOHE ONTHKAIBIK CHIHY
KOPCETKILITEPiHIH CBHI3BIKTHIK TAYSNAUIrIMEH pacTaiaipl. MakaJdaHblH ©3iHAIK epeKIIeNiri MbIHajga:
¢docdarrapaply  kacymianapIarbl  QHEPreTHKANBIK —IPOIECTepre KaThiCybl. ABTOpiap —ajFall  per
nomudocdarrapna apamac aHWOHAAPABIH TY3UTyiH JgomenaereH. [lupoaHwmoHmapaslH — TepOenmeni
CIIEKTpJICPiH/Ie KUBUIBICY aMaKTapbl KOK aTOMJAPIbIH COHFBI )KOHE KOIIPIIK TONTAPHIHBIH JIOKATU3AIHs
apabIKTapbl Gomamsl. 662670 cM™ xomars! (apasik Kypamst P: As=0,8:0,2-1en 0,1-0,9-Fa seiiin) v,POP B
~Mg,P,0; y 737cm? xkmimik apanerFeiHaa okoHe 550 oMl KHMiNIK periMeH opHamacka, CiITim
nupoapceHartapaarsl ViAsOAs tepbOemictepine ToH, PAsO; apanac woHmapsiHbeiH VsPOAs TepOemicTepiniy
KOJarbl perinae TyciHmipinemi. v, POP xone v,;AsOAs TepOernic KuiikTepi apachlHIarsl ayaanaa 925—
902cM™ skomaFel opHATACKaH. VH(PAKbI3bLT CiHIpY CHEKTpiepiHie aHbIKTamFaH P—O—AS kemipiik
TONTapBIHBIH TepOermicTepi ipremec annonnapasiy (PASO;)* TysinyiH ceHiMmi Typae aHBIKTayFa MyMKiHIIK
Oepeni, OHBI KeHiHHEH KBaHTTHIK XUMUSUIBIK €CETTeyJIePMEH pacTayFa OONaibl.

Kinm ce30ep: mapodocdar, mupoapceHar, nedaerpaMma, SMIUPUKAIBIK, pePpPaKTOMETPHSIBIK, BAICHTTIK-
KYII ©pici, CBI3BIKTHIK JKYBIKTAY.

H.A. Maxenos, 3.P. Cri3anikoBa

OO0pa3oBaHue cMelIaHHBIX aHHOHOB B PASO; B TBepAbIX
pacTrBopax M92P207 _ M92A3207

B cratbe paccMOTpeHBI CTPYKTYpHBIE 0COOCHHOCTH MPHOOPAa30BaHUS TBEPIBIX PACTBOPOB M30CTPYKTYPHBIX
coenurennit Mg,P,0; n Mg,As,0; B HuX CymIecTBYIOT clioxHble aHHOHBI P,07%, As,0,", i obpasopanue
cioXHbIX aHHoHOB PASO;" He siBisieTcs: 3akoHOMepHbIM. OOpa3oBaHKe TBEP/BIX PACTBOPOB MOATBEPKICHO
JIMHEWHOIl 3aBUCHMOCTBIO PEHTTCHOBCKHX JiebaerpaMM U ONTHYECKHX KOI(DHIIMEHTOB MPEIOMIICHUS B 3a-
BHCHMOCTH OT KOHIeHTpauuu P/AS. OpUruHaIBHOCTh CTAThU 3aKJII0YACTCS B TOM, 4TO (pocdaThl yuacTByrOT
B 9HEPreTHYECKHUX Mpolieccax B KJIETKax. ABTOpaMH BIIEPBbIE JOKa3aHO 00pa3oBaHUe CMENIaHHBIX aHHOHOB B
nomudocdarax. KonebarenbHble CIEKTPB TUPOAHHOHOB UMEIOT WHTEPBAJIBI JIOKATU3AIIMN KOHIIEBBIX H MOC-
THUKOBBIX TPYIII aTOMOB, KOTOpPBIE HE MMEIOT obnacrteil mepeceueHus. [lomoca y 662—670cm™ (B mHTEpBaINE
coctaBoB oT P: As=0,8:0,2 mo 0,1-0,9), pacnonoxxeHnas mexny dactotoid VsPOP B —MQ,P,07 y 737cmt
qacToTaMu MopsiaKa 550 cM™, XapakTepHBIMHU JUIS KoleGanuit VZASOAS B MIETOYHBIX THPOAPCEHATAX, C Oe-
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BUIHOCTBIO MHTEPIIPETHUpPYETCsl Kak mosioca kosebanuit VPOAS cmemranupix nonos PASO;. B obnactu Mex-
Iy YacToTaMu KoieGaHmil V,sPOP 1 V,ASOAS pacronoxkena momoca y 925-902 cml. O6HapyxkeHHBIE B
CHEKTpax HHGPAKPACHOTO MOTJIOUICHUS KoJIeOaHUusI MOCTHKOBBIX rpynil P—O—AS mo3BOJISIOT YCTaHOBUTH Ha-
JEXKHO 06pa3OBaHIe CMEKEHHBIX aHHOHOB (PASO;)*, U4T0 MOXHO IIOATBEpAUTH KBAHTOBOXMMHIYECKUMHE Pac-
YeTaMH B TIOCTIEAYIONIEM.

Kniouesvie cnosa: mapodocdar, nmupoapcenar, nebaerpaMma, SMINPUIECKUH, pedpakTOMETpHIECKHUH, Ba-
JICHTHO-CHJIOBOE TIOJIE, JIMHEHHAS PUOIVDKeHUSL.
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The influence of the solution of their amount on the process
of water splitting by the electrolysis method

The article presents the results of an experimental study of the effect of the solution and their concentration
on the process of splitting water by electrolysis under the action of a direct electric current using a Hoffman
device. As solutions, we used sodium hydroxide, sodium phosphoric acid, sodium carbonate, sodium sulfate,
sodium metaborate, sodium phosphoric acid 2 — substituted and potassium hydroxide. The number of salts in
the solution varied from 0.2 mol to 0.8 mol. The study showed that the splitting water at constant current and
voltage is influenced by both the nature of salts and their quantity. So, it was found that with the same amount
of substances in the solution, the process of splitting water occurs faster in a solution containing potassium
hydroxide. When using an aqueous KOH solution in an amount of 0.2 mol, the volume of hydrogen released
was 15 ml, and at 0.8 mol, 19.5 ml. Using an aqueous solution of sodium metaborate with a similar
concentration, the volume of hydrogen released was 2 ml and 4.5 ml, respectively. The obtained results allow
to choose the solution and its amount during the process of photocatalytic splitting of water.

Keywords: water splitting, Hofmann apparatus, electrolysis, hydrogen, salt, solution, reactions,
electrochemical process.

Introduction

Hydrogen is considered the ideal fuel of the future. Hydrogen fuel can be produced from clean and re-
newable energy sources, which will make it environmentally friendly. The sun and wind are the two main
sources of renewable energy, as well as promising sources for the production of renewable hydrogen. Cur-
rently, the production of hydrogen by the above methods is not yet popular due to the high cost. Photovoltaic
electrolysis of water can become more competitive, since the cost of hydrogen produced decreases with the
development of technologies and materials used [1].

The photocatalytic splitting of water was first mentioned by Giacomo Ciamitian in the early 1900s [2].
Later, in 1970, Honda and Fujishima experimentally proved the possibility of splitting water by using a
wide-band semiconductor and solar energy. Since then, revolutionary research by scientists on the
photoelectrochemical decomposition of water has been published [3—-9]. The works are mainly devoted to the
study of the photocatalyst and its modification to improve the ability to split water [10-14]. However, it is
necessary to take into account that even using a highly efficient photocatalyst, the splitting of distilled water
is extremely difficult. Therefore, it becomes necessary to add sources of donor electrons to the purified
water, which can serve as organic compounds methanol, ethanol and lactic acid, which significantly
enhances the interaction of the electron/hole of the semiconductor and the solution used, leading to higher
guantum efficiency [15, 16]. The addition of carbonate salts Na2CO3, HCO2-, C202- to water also
increases the production of hydrogen and oxygen [17]. It can be concluded that the process of photo-splitting
of water is affected not only by the high performance of the photocatalyst but also by the solution where the
splitting of the water molecule into hydrogen and oxygen occurs, which makes this work relevant.

This paper presents the results of a study of the effect of the solution (sodium hydroxide, sodium
phosphoric acid, sodium carbonate, sodium bicarbonate, sodium sulfate, sodium metaborate, sodium
phosphoric acid 2 — substituted and potassium hydroxide) and their amounts on splitting water.

Experimental

To determine the effect of the solution on the water-splitting process, the following were used: sodium
hydroxide (NaOH), sodium phosphoric acid 3 substituted (Na3PO4), sodium carbonate (Na2CO3), sodium
bicarbonate (NaHCO3), sodium sulfate (Na2SO4), sodium metaborate (NaBO2), sodium phosphoric acid 2
substituted (Na2HPO4), potassium hydroxide (KOH). All the salts were dissolved in distilled water in a
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volume of 150 ml. The requirement for all samples was presented in the same way. The amount of the
substance varied from 0.2 mol to 0.8 mol. The amount of hydrogen released at the cathode and oxygen at the
anode was recorded every 5 minutes, with a total duration of 60 minutes.

All experimental work was carried out by electrolysis at constant voltage using the Hoffmann
apparatus. The diagram of the working chamber of the Hoffmann apparatus is shown in Figure 1. The device
consists of three vessels, each with a volume of 50 ml. Three vertical, glass communicating vessels, one of
which is open and designed to inject an aqueous solution. Platinum electrodes are placed in the lower part of
the vertical vessels. The electrodes are connected to the positive and negative poles of the current source.
The electrolysis voltage is 3 V. When a voltage source is connected to the network, the electrolysis process
takes place. The volume of hydrogen and oxygen released is recorded by the volume of the solution
displaced by the gas. A universal power supply PHYWE with direct and alternating current was used as a
voltage source.

\|
|
) H.O
;B - - - - - ~
i | §
Anode Kathode | |
‘m.

Figure 1. Scheme of the Hoffmann apparatus of three vessels

Sodium hydroxide NaOH is a solid substance, that dissolves well in water and emits a large amount of
heat. Solubility in water 108.7 g per 100 ml temperature + 15 °C. KOH potassium hydroxide-solubility in
water 107 g per 100 ml temperature +15 °C. Na2HPO4 sodium hydrophosphate-forms colorless crystals. It is
well soluble in water. Solubility temperature +100 0C. Na2SO4 sodium sulphate g / 100ml at 0 °C -4.5 g, at
20°C —19.2 g, at 32.4 °C — 49.8 g at 100 °C — 42.3 g. Sodium acid Na2CO3 is insoluble in acetone and
carbon disulfide, slightly soluble in ethanol, well soluble in glycerin and water. NaHCO3 has a low solubility
of sodium bicarbonate in carbon dioxide water and increases slightly with increasing temperature: from 6.87
g per 100 g of water at 0 °C to 19.17 g per 100 g of water at 80 °C. Due to its low solubility, the density of
saturated aqueous solutions of sodium bicarbonate differs little from the density of pure water. Sodium
metabolate NaBO2 forms colorless hygroscopic crystals of trigonal syngony, dissolves well in water, easily
forms saturated solutions. Na3PO4 sodium phosphate acid is highly soluble in water — 12.1 g/ 100 ml. To-
gether with water, a crystallohydrate with the general formula Na3PO4 -12H20O is formed.

Results and Discussion

The effects of solutions of sodium hydroxide (NaOH), sodium phosphoric acid 3 substituted (Na3PO4),
sodium carbonate (Na2C0O3), sodium bicarbonate (NaHCO3), sodium sulfate (Na2S04), sodium metaborate
(NaBO2), sodium phosphoric acid 2 substituted (Na2HPO4), potassium hydroxide (KOH) at various
amounts are illustrated in Figure 2.
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Figure 2. The effect of solutions on the process of splitting water by electric riveting.

Figure 2a demonstrates that when using hydroxide groups, carbonate salts and phosphates in the amount
of 0.2 mol, the volume of hydrogen gas released is different. Moreover, when using a solution containing
potassium hydroxide (KOH), the volume of hydrogen released is higher than with the other groups. For
example, the volume of hydrogen released for him was 4.5 ml. The highest value of the released hydrogen
belongs to a solution containing sodium metaborate NaBO2 (v= 0.2 mol) and is 0.2 ml. The remaining
solutions occupy an intermediate value. Figure 2b represents that when the number of salts in the distilled
water increased to 0.4 mol, the volume of hydrogen released increased 1.5 times for potassium hydroxide
(KOH) and sodium hydroxide (NaOH), and when using Na3PO4, Na2CO3, NaHCO3, Na2504, NaBO2,
Na2HPO4 remained practically unchanged and was in the range from 0 to 1 ml. A further increase in the
number of salts in water to 0.6 mol showed (Figure 2c) that when using potassium hydroxide, the volume of
hydrogen released increased by 2 times compared to 0.2 mol, while sodium hydroxide practically remained
unchanged. An increase in the number of salts in the solution to 0.8 mol led to a decrease compared to 0.4
mol, and amounted to 2.8 ml (Figure 2 d). From the data obtained, it can be concluded that the best medium
for splitting hydrogen is a solution containing 0.8 mol of potassium hydroxide, and the worst is sodium
metaborate NaBO2. An increase in the amount of the substance in the water to 1 mol did not lead to an
increase in the volume of hydrogen released.

Figure 3 shows the dependence of the volume of hydrogen released on the duration of electrolysis, with
the amount of potassium hydroxide in the solution varying from 0.2 to 0.8 mol.
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Figure 3. The effect of the amount of potassium hydroxide on the process of splitting water by electric riveting

One can see that during the electrolysis process lasting 60 minutes, the volume of hydrogen released in-
creases with the amount of potassium hydroxide in water from 0.2 mol to 0.8 mol. So, at 0.2 mol, the volume
of gas was 15 ml, and at 0.8 mol, 19.5 ml.

The solutions that we used in the experiment are called colloidal. Colloidal solutions are systems that
comprise a solid dispersed phase distributed in a liquid or solid dispersion medium. Solutions are always
single-phase, which are homogeneous gas, liquid or solid. This means that one of the substances is
distributed in the mass of the other in the form of molecules, atoms, or ions.

Electrolysis of solutions is a complex process because, besides metal ions and acid residue, water
molecules and H" and OH" ions are present in the solution, which can also participate in the redox process
during passaging electric current. To correctly determine the products formed in the electrodes during the
electrolysis of hydrophytic solutions of electrolytes, it is necessary to adhere to the following important rules,
which occur in the cathode and anode.

The passing process at the cathode depends on the position of the metal in the electrochemical series.
Our solutions are part of the active metal activity: K, Ba, Ca, Na in which water is reduced to hydroxide ion
to hydrogen, and only hydrogen is released at the cathode because of the reduction of water molecules.

2H20 +2e= H2 + 2OH-

The strongest reducing agent is oxidized at the anode. During electrolysis of solutions of acid-
containing salts oxygen is released on the anode O,

2H20 — A48 :Oz + 4-HJr

Electrolysis Na,So4.

(-) Cathode «—— 2Na* + SO,”— Anode (+)

Cathode: 2H,0 + 2e" = H,1 + 20H"

Anode: 2H,0 — 4¢ = 0,1 + 4H"

Total: 2H,0 = 2H,1 + 0,71

Conclusion: the electrolysis of this salt is reduced to the decomposition of water; salt is necessary to
increase electrical conductivity, since pure water is a weak electrolyte.

Electrolysis KOH.

Cathode (-) <— K"+ OH — Anode (+)

Potassium cations will not be restored at the cathode since potassium is in the metal voltage range to the left
of aluminum, instead, water molecules will be restored:

Cathode: (-) 2H,0 + 2e = H, +20H"

Anode: (+) 40H — 4e = 2H,0 +0,

Total: 4H20 +40H = 2H2 + 40H + 2H20 + Oz ZHQO = 2H2 + 02

Electrolysis NaOH.
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4NaOH = 4Na + O, + 2H,0

Cathode: 2H,0 + 2e = H, +20H"

Anode: 40H— 4e' =0, + 2H,0

Water molecules are restored at the cathode. The growth of sodium hydroxide is reduced to the electrolysis
of water.

Electrolysis Na,COs,

Water electrolysis occurs:

H, O=H" +OH"

Cathode (K™ ): 2H, O+2e~ =H, +20H"

Anode (A" ): 40H™ —4e” =2H,0+ 0,

Total: 2H, O =2H, +0,

Sodium, as an alkaline metal, is not released at the cathode, and the CO5 2~ ion is also not discharged, as an
acidic residue of an oxygen-containing acid.

Electrolysis NaHCO;

Cathode (-) H,O+2e=H,+20H"

Anode (+) 2H,0-4e=0, +4H"

The equation: NaHCO3+2H,0 = O,+2H,+NaHCO3

In the equations of solution electrolysis NaHCO; there will be water electrolysis reactions, the oxidation of
the bicarbonate ion does not occur.

Electrolysis NasPO,,

Cathode: 2 H" +2e= H,

Anode: 40H — 4e=2H,0 + O,

The equation: NazPO4 +5H,0= 3NaOH +2H, + O, +H3PO,

Hydrogen is released at the cathode and oxygen is released at the anode due to the electrolysis of water.
Sodium cations are not reduced, since the electrode potential is lower than that of hydrogen. An excess of
sodium hydroxide is formed in the near-cathode space. Hydroxide anions (water) are oxidized at the anode,
oxygen is released. Phosphate anions are not oxidized, since their potential is higher. There is an excess of
weak orthophosphoric acid in the near-anodyne space. In general, sodium orthophosphate salt is not subject-
ed to electrolysis in this case.

The process at the cathode depends on the position of the metal in the electrochemical series. Our solu-
tions belong to the range of activity of active metals: K Ba Ca Na, in which water is reduced to the hydroxide
ion to hydrogen, and only hydrogen is released at the cathode due to the reduction of water molecules. It can
be said that the electrolysis of salts is reduced to the decomposition of water, and salt is necessary to increase
electrical conductivity since pure water is a weak electrolyte.

Conclusions

In the presence of substances in various amounts, such as sodium hydroxide, sodium phosphoric acid,
sodium carbonate, sodium sulfate, sodium metaborate, sodium phosphoric acid 2 — substituted and potassi-
um hydroxide, water electrolysis was carried out. At different time intervals, the volume of hydrogen re-
leased was recorded using the Hoffmann apparatus. The study designated that in the presence of potassium
hydroxide, regardless of its amount, the electrolysis process occurs faster, as evidenced by the volume of gas
released. Sodium hydroxide turned out to be less effective, as the remaining substances showed a low ability
to generate hydrogen. In addition, the effect of the amount of substance per unit volume of water on the pro-
cess of electrolysis of water was demonstrated, where the best result was recorded for a solution with an
amount of 0.8 mol. Low efficiency is demonstrated by sodium metaborate NaBO2 at an amount of 0.2 mol.
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A.b. Kyansim6exosa*, T.M. Cepuxos, I1.A. )Kanbup6aena,
A.E. CagpixoBa, I'.T. beiicembaeBa, A.C. banTtabekoB

Cyabl 3JIeKTPOJIN3 ici apKbLIbI bIABIPATY Ke3iH/e
epITIHAIHIH ’K9HEe OHBIH MOJILIEPiHiH dcepi

Makanazna I'opMaH KypbUIFBICBIH KOJIaHA OTBIPBIT, TYPAKTHI SJIEKTP TOTHIHBIH 9CEPIHEH 3JIEKTPOIIHN3 apKbLIbI
CyIblH OeliHy TpoIeciHe epiTIHIIHIH ocepi MEH OHBIH KOHIEHTPAIMSICHIH JKCIIEPUMEHTTIK 3epTTey
HOTWKenepi Kenripinred. Epitinai petinae HaTpuil THAPOKCHi, HochOPKBIIKBULAB HATPHHA, KOMiPKBIIIKBLT
HATpWili, KOMIPKBIIIKBUIABI KBIIIKBUI ~HATPHH, KYKIPTKBIUKBUIABI HATPHH, HaTpUi MeTaboparsl,
(hocHOPKBIIKBUIIBI HATPUI JKOHE 2— alMAaCTBIPbUTFAH Kaluii THAPOKCHII maiimamaneuiabl. Epitinmimeri
Ty3napasiy Menepi 0,2 Mone MeH 0,8 Mok apaybIFbIHAQ 00JIBL. 3epTTey KOPCETKEeH/IeH, TYPaKThl TOK ITeH
KepHey Ke3iHJie CyJIbIH aFry MpOLEeCiHe TY3/ap/IblH TaOUFaTHI 13, ONapAbIH Meepi ne acep ereli. COHbIMEH,
epiTiHaiferi 3aTTapAblH Oipleil MermepiMeH CyIObIH BIIBIpAy IMpoIeci Kanui THAPOKCHAl Oap epiTiHmize
Te3ipek KypeTiHi anbIKTangsl. 0,2 mons memmepingae KOH epitiHmiciH KongaHFaH Ke3/1e OOMiHETiH CYTeKTiH
kermemi 15 mu, am 0,8 momp kesiHme 19,5 mi Gommel. OcbIFaH yKcac KOHICHTpPAIMACHI Oap HATpHH
MeTa0OpaTHIHBIH CYJIBI €PITIHAICIH MaliananFad Ke3ae, O6JTIHIeH CYTEKTiH KeleMi THiciHiie 2 M xkoHe 4,5
MJI KYpazbl. AJBIHFaH MAJIMETTep CyIblH (DOTOKATAIUTHKAIBIK BIABIPAybl KE3iHAE epiTiHAI MEH OHBIH
MeJIIIepPiH TaHAayFa MyMKIHIIK Oepeni.

Kinm ce3dep: cynmbl biibipary, ['oMaH ammapathl, 3JICKTPOJIH3, CYTEri, TY3/ap, €pITiHIi, peakiusiap,
INEKTPOXUMUSITBIK TPOLIECC.

A.b. Kyansimbexosa, T.M. Cepukos, I1.A. KanOup6baena,
A.E. CagrixoBa, I'.T. beiicembaeBa, A.C. banTabekxoB

Biausinue PacTBOpa U €10 KOJUIECCTBA HA IPONECC paClICIJICHUA BOAbI
METOI0M IJICKTPOJIU3Aa

B cratee mpuBemeHBI pe3ynbTaThl SKCIEPUMEHTAIBFHOTO HCCICJOBAHUS BIMSHUS pPacTBOpa M M €ro
KOHIIGHTpAIlMM Ha TMPOIECC pAaCHICINICHUS BOJBI ITyT€M JJIEKTPONM3a II0J]] JASHCTBHEM MOCTOSHHOTO
JNIEKTPUYECKOTO TOKAa C IpPHMEHeHHeM YycTpoictBa [odmana. B kadecTBe pacTBOpOB HamMH ObUIH
MCIIOJIb30BaHbl TUAPOKCHUA HATPUsI, HATPUH (OCHOPHOKHUCIBIN, HATPUIA YIICKUCIBIA, HATPUH YIIIEKHCIIBINH
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KUCJIBIHA, HATPUI CEPHOKUCIBINA, MeTabopaT HaTpus, HATpUH (HOCHOPHOKUCIBIN 2-3aMEIEHHBIH U THAPOKCHUT
kanus. KommgectBo comeit B pactBope BapupoBanock oT 0,2 mo 0,8 momnb. PesynpraTsl mccnemoBaHus
MOKa3aJM, YTO Ha MPOIECC PAIICIUICHUs] BOJBI IPH MOCTOSIHHOM TOKE M HANpsHKEHHs BIUSIET KaK MpUpOIa
colel, Tak M WX KOJIM4YecTBO. Tak, OBUIO YCTAHOBJICHO, YTO IPH OAWHAKOBOM KOJIMYECTBE BEIIECTB B
pacTBOpe, MpoLecC PacIICIUICHNS BOIBI IIPOMCXOUT ObICTpEe B pacTBOPE COAEpKaHUEM THIPOKCHAA KaJIHs.
IIpn ucnons3oBannm BogHoro pacrBopa KOH B xommuectse 0,2 Mok, 00BEM BBIIEISIEMOTO BOAOPOAA CO-
craBma 15 mi, a npu 0,8 mMome — 19,5 mun. Ilpu ucmonb30BaHUM BOAHOTO pacTBopa MeTabopara HaTpHs C
AQHAJIOTMYHOM KOHIEHTpaleld, 00beM BBIICIEHHOTO Bogopona coctaBui 2,0 u 4,5 mi cootBeTcTBeHHO. [lo-
Jy4eHHBIE JaHHBIE TIO3BOJISAIOT CAENaTh BHIOOP pacTBOpa U €ro KOJMYECTBA MPU Ipolecce GoToKaTaIuTHIE-
CKOT'O PACILETIICHUS BOJBI.

Kniouesvie cnosa: pacuieruienne Boasl, annapar ['opMaHa, 31IEKTPONIN3, BOAOPOJ, COJb, PACTBOP, PEaKLys,
IEKTPOXUMUYECKUH IpoLecc.
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