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KOHOEHCALMUANAHFAH KYUOIH ®U3UKACHI
®U3NKA KOHOEHCUPOBAHHOI'O COCTOAHUA
PHYSICS OF THE CONDENSED MATTER

DOI 10.31489/2020Ph2/7-17

UDC 621.793:621.785.532

A.S. Rudenkovl, A.V. Rogachevl, S.M. Zavadskiz, D.A. Golosovz,
P.A. Luchnikov’, G.Yu. Dalskaya’, A.N. Vtoruchina®

! Francisk Skorina Gomel State University, Gomel, Belarus;
’Belarusian State University of Informatics and Radioelectronics, Minsk, Belarus,
SMIREA — Russian T echnological University, Moscow, Russia;
*National Research Tomsk Polytechnic University, Tomsk, Russia
(E-mail: xamdex@gmail.com)

Nitrided Silicon-Carbon Coatings Structure and Properties

The paper considers structural and physicomechanical properties of silicon-carbon coatings deposited from
a gaseous medium in doping with nitrogen ions. The analysis of the coatings by X-ray photoelectron spec-
troscopy shows that nitriding of silicon-carbon coatings promotes the formation of silicon nitride and com-
pounds such as CN; and Si,O,N,. A 1.5-2-fold increase in the content of spz—hybridized carbon and silicon
carbide atoms is found to prevent silicon oxidation. Thermal annealing of the resulting silicon-carbon coat-
ings increases the content of the graphite phase and silicon oxide.It is shown that doping of the working gas
with nitrogen (Ars; ., + Ny30,) leads to the formation of a more finely dispersed structure as compared to that
when using argon only. During thermal annealing in air, the decreased carbon concentration and increased
oxygen concentration can be observed due to silicon and carbon oxidation followed by desorption of carbon
and oxygen compounds. In addition, annealing leads to nitrogen desorption from the coating. Nitriding of sil-
icon-carbon coatings increases the dispersion of their structure, and heat-resistant compounds CN,, Si;N, im-
prove heat resistance and thermal stability of coatings, and increase microhardness and friction coefficient in
friction units.

Keywords: carbon coatings, nitriding, silicon, phase composition, ion beam sputtering, Raman spectroscopy,
XPS, microhardness, friction coefficient.

Introduction

In the general case, the properties of carbon coatings and their dependence on the synthesis parameters
are determined by the polymorphism of the structural configurations of carbon in both crystalline and amor-
phous states [1-5]. Ion nitriding of nanosized carbon-based coatings is an effective technological technique
that allows controlling their phase structure during the deposition process [6, 7]. Silicon alloying is one of the
most effective methods for increasing the heat resistance of carbon coatings [8]. Thus, the study of chemical
interaction processes which occur during the deposition of silicon-carbon coatings by ion-beam sputtering of
a silicon carbide target using a mixture of nitrogen and argon as a working gas and which lead to the for-
mation of solid carbide and nitride phases is a vital task. Solving this problem will allow us to develop effec-
tive technological methods for the formation of coatings that will be characterized by high heat resistance
properties.

The aim of this article is to study the influence of nitriding on the structure and mechanical properties of
silicon-carbon coatings deposited by ion-beam sputtering of a silicon carbide target during the formation
process and subsequent thermal treatment.
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Samples and research methods

Silicon-carbon coatings were formed by ion beam sputtering of a silicon carbide target. The power of
the ion source was 738 W (Lo gischaree=164 MA, Uqt gischaree = 4,5 KV, Lot taree= 174 mA), the coating thickness
was (270£10) nm. Nitrogen was brought in the working gas for coating nitriding. The volume content of ar-
gon was 57 %, and the nitrogen content was about 43 %. The coatings were being annealed in the air at a
temperature of 600 °C and 700 °C for 30 minutes.

Silicon-carbon coatings morphology was studied by atomic force microscopy method (AFM) in the
modes of topography measuring and phase contrast using a Solver Pro device manufactured by NT-MDT
(Moscow, Russia). Sections of 4x4 pm’ in size were scanned. The coatings chemical structure was deter-
mined by X-ray photoelectron spectroscopy (XPS) method. The measurements were carried out using a PHI
Quantera device when the substance was excited with aluminum Ko-radiation with quantum energy of
1486.6 ¢V and a total power of 250 W. The error in determining the concentration of elements was + 1 atom
per cent. The hydrophobic properties of silicon-carbon coatings were determined by measuring the limiting
wetting angle and by calculating the surface energy and its components. The microhardness of silicon-carbon
coatings was measured by Knupp method using a DM-8 microhardness tester (AFFRI, Italy). The indenter
load was 490 mN. Tribotechnical tests were carried out according to the «sphere-plane» scheme under load
of 980 mN, the average indenter movement speed was 0.017 m/s.

Results and Their Discussion

It is given that the size of individual structural features (grains) of silicon-carbon coatings is larger and
the grain which was carried out in the presence of nitrogen and argon in the working gas structure. When the
annealing temperature of nitrided silicon-carbon coatings is increased, the average height of individual struc-
tural features is decreased and their average diameter is slightly decreased as well as the coating dispersion is
increased. Annealing of non-nitrided coatings is also accompanied by a decrease in the average height of
grains (by 4.7 times) but it occurs in combination with an increase in their average diameter and a decrease
in dispersion. Most likely, this is due to graphite clusters merging.

The comparative analysis (Table 1) of non-nitrided and nitrided silicon-carbon coatings elemental struc-
ture showed that when nitrogen is brought into the working gas, the concentration of silicon and carbon is
slightly lower in comparison with non-nitrided coatings. The influence of annealing in the air on the ele-
mental structure of both types of coatings is similar: there is a decrease in carbon concentration and an in-
crease in oxygen concentration; it is due to silicon and carbon oxidation that is followed by desorption of
carbon and oxygen compounds. It was shown that annealing leads to nitrogen desorption, its content de-
creases by 4 times. Apparently, nitrogen remains in a bound state in the form of CN, or Si;N, compounds
after annealing. These compounds are characterized by high heat resistance [9-11].

Table 1
Chemical structure of non-nitrided and nitrided silicon-carbon coatings
. o ) Concentration of elements, at. %
Coating | Temperature, °C Working gas I 3 0 N
B Arig0 9 40.3 25.7 34.0 0.0
Ar57 %+N43% 37.1 23.2 31.5 8.6
. Ari09, 22.3 25.7 52.0 0.0
C+5i 600 Aty Naso 225 23.2 51.3 3.0
Ar57 %+N43% 17.3 23.2 57.4 2.1

In general, the following two-phase carbon peak model is distinguished: phase 1 corresponds to the sp®
matrix, which includes sp’-hybridized carbon atoms, and is determined by the D-peak between 1300 cm™
and 1500 cm™; phase 2 means sp” clusters and is determined by G-peak about 1580 cm™ [9]. The analysis of
the width of these peaks, changes in their position and intensity ratios gives an idea of the degree of carbon-
based coatings ordering, the number and size of clusters with sp® bonds.
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It is well-known [12], that the ratio of the intensities of the D- and G-peaks is in inverse proportion to

. 1 A
the size of the sp” clusters: I_D = L), (1)
G a
where Ip and I; are the intensities of the correspondent peaks; L, is the size of graphite grains (nm);
¢(4) is the proportionality coefficient depending on the wavelength of the exciting radiation (nm).

Table 2
Influence of annealing temperature and working gas structure
on the morphological features of silicon-carbon coatings
. Annealing . Average Rms, Average diameter
Coating temperature, °C Working gas height, nm nm of grains, nm

_ Arloo % 5.0 0.6 44

Ar57 %+N43 % 11.0 04 57
. Arloo% 4.0 1.8 140

+

s 600 Ars75 Ny o, 3.9 0.3 53
700 AI']()()% 3.7 2.3 166

AI'57 %+N43% 2.3 0.5 51

Taking into account the ratio (1), the analysis of Raman spectroscopy results (Table 3) shows that the
size of sp” clusters in nitrided silicon-carbon coatings is larger than in non-nitrided ones. This conclusion is
confirmed by the results of atomic force microscopy (Table 2).

Table 3
Statistical analysis of Raman spectroscopy results
. . D-peak G-peak
Coating Working gas Position, cm™ Width, cm™ Position, cm™ | Width, cm™ I/l
C4Si Aryg9 1408.9 117.0 1487.3 117.9 1.78
Ars70,+Ny3 0, 1427.7 166.9 1513.9 153.2 1.36

The Raman spectra of nitrided silicon-carbon coatings exposed to thermal treatment in the air could not
be reliably analyzed due to the high noise level. It is well-known that the coatings based on nitride or silicon
oxide and containing silicon clusters have luminescent properties [13]. After thermal treatment the carbon
concentration decreases almost by 2 times and the carbon input to the Raman spectrum does not exceed the
silicon input and its components, which leads to an increase in the luminescence influence, causing distortion
of the spectra. This phenomenon indirectly confirms the presence of SiN, compounds in the coating, which
are characterized by stronger luminescent properties than silicon oxide. It is confirmed by Raman spectros-
copy results since the level of distortion in the case of annealing of non-nitrided samples of silicon-carbon
coatings is not so significant. The mathematical processing of the above spectra confirms the presence of D-
and G-peaks. But they can’t be compared with the spectra of non-nitrided silicon-carbon coatings. In addi-
tion, the peak was detected at the level of 2250 cm™. This peak can correspond to the compound of CN, type
or simply be an overton of D- and G- peaks.

The detailed analysis of the results of XPS of silicon-carbon coatings formed by ion-beam sputtering of
silicon carbide was given by us earlier in the article [8].

There are several methods for the Cls peak decomposition of XPS of nitrogen-containing carbon coat-
ings. In [14] the Cls peak is decomposed into four components: Csp” ~ 284.5 eV, Csp—N ~ 286.6 eV, Csp’—
N ~287.3 ¢V and C=0 ~ 290 ¢V. The author of [15] mean C—N and C=N bonds by components with a bind-
ing energy of 285+286 eV and 287 eV, respectively, and they compare 288 eV to B-C;N,4. The authors of
[16] divide the Cls peak into three and correlate the component with a binding energy of 285-286 eV with
sp>-hybridized carbon atoms and C — N, C = N. Due to such an ambiguity in the determination of CNj
bonds and a low nitrogen concentration in the coating the Csp® compound of the Cls peak is combined with
the component related to the C — N, C = N bonds.

C-Si with binding energy ~ 283.6 eV [17] Csp” ~ 284.4 ¢V, Csp’ and CN, ~ 285.5 eV, C-O ~ 286.5 eV
[8] were identified in the Cls peak of nitrided silicon-carbon coatings (Fig. 1).
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In addition to the above specified components of the Si2p peak, nitrided silicon-carbon coatings are
characterized by the presence of a component near 101.7 + 102 eV (Fig. 2), which corresponds to the
Si N bond (SizN,) [18]. The values of Si-N binding energy are close to values of C—Si—O binding energy
(101.7 eV) [19], therefore, these components were combined into one during the decomposition of Si2p
peak.

10000

8000

u.]

<6000

N
[
[
[}

Intensity

2000

%% 283 284 285 286 287
Binding energy [eV]

Figure 1. Cls peak of XPS of nitrided silicon-carbon coatings

In addition, during the decomposition of the Si2p peak the nitrided silicon-carbon coatings are charac-
terized by the occurrence of a component with the binding energy of 102.4+102.8 ¢V corresponding to the O
— Si— N bond [20].

8000
C-Si-0
SN L 0-Si-N
26000 i rd
< .
£ 4000 _
s Si-C ¢ %8P0

099 100 101 102 103 104 105

Binding energy [eV]
Figure 2. Si2p peak of XPS of nitrided silicon-carbon coatings

Making Si-N bonds during the formation of silicon-carbon coatings using a gas mixture of Ars;o, +
Nus o, 18 also confirmed by analysis of the N1s peak. Bond N-Si in the N1s peak is detected near 397+398 eV
[19, 20], bond of nitrogen atoms with sp>- hybridized carbon atoms is determined at the level of 399 eV, and
with sp’-hybridized — near 399.9 eV [21]. Bond Si-O-N is determined close to 400 eV [22], these compo-
nents of N1s peak were combined due to their proximity to N-Csp”. The decomposition of the N1s peak was
made as follows (Fig. 3): N-Si with binding energy 397.6 ¢V, N-Csp’~398.7 eV, N-Csp*+Si-O-N ~399.9 eV.

Thus, the XPS analysis of nitrided silicon-carbon coatings shows that bringing nitrogen into the work-
ing gas structure (Ars; N3 ,) at ion sputtering of the SiC target leads to the formation of silicon nitride and
compounds of CN, and Si,OyN, type. According to the relative input of the integral areas, nitrogen, the com-
ponent of the N1s peak of XPS, is mainly associated with sp’- hybridized carbon atoms.
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Figure 3. N1s peak of XPS of nitrided silicon-carbon coatings after annealing at 600 °C

If silicon-carbon coatings are formed by bringing nitrogen into the working gas structure, the propor-
tions of the integral area of Csp” component of the C1s peak and Si-C component of the Si2p peak is higher,
and Si-O component of the Si2p peak are lower than when the coatings are not nitrided (Fig. 4).
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Figure 4. Influence of annealing temperature and nitrogen presence
in the working gas on the silicon-carbon coatings structure

Thus, bringing nitrogen into the working gas structure (Ars7o, + N43 o,) during the formation of silicon-
carbon coatings by ion sputtering of silicon carbide contributes to an increase in the content of sp’- hybrid-
ized carbon atoms and silicon carbide in addition to the formation of silicon nitride and compounds of the
CNy and Si,OyN, type. It also prevents from silicon oxidation.

High-temperature annealing of both non-nitrided and nitrided silicon-carbon coatings leads to an in-
crease in the content of the graphite phase and silicon oxide. Nitrided silicon-carbon coatings annealing
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causes intense destruction of silicon carbide, while non-nitrided coatings are characterized by a slight in-
crease in the content of silicon carbide after annealing. Apparently the following happens: annealing causes
nitrogen desorption (its content decreases by 4 times (Table 2)), the coating becomes less dense, due to
which the oxidation becomes more intense, silicon carbide is destroyed and there occurs the further interac-
tion of silicon and carbon atoms with oxygen and the subsequent desorption of oxygen and carbon com-
pounds. Non-nitrided coatings are probably denser or contain more free silicon atoms, which interact with
carbon during annealing, by comparison with the nitrided coatings free silicon atoms interact with nitrogen at
the deposition stage.

If the annealing temperature is increased to 700 °C, the proportion of the integral area of N-Si and N-
Csp’ components of the N1s peak of XPS (Fig. 5) is decreased, and at the same time the proportion of inte-
gral area of the component which correlates with N-Csp” and Si-O-N simultaneously is increased.

®©
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[1 N-Si I Si-O-N
1 N-Csp’

HIHD

without 600 °C 700 °C
annealing

oN
S
]

)
i

Part from N1s square [ %]
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Figure 5. Influence of annealing temperature on the content
of N-Si, N-Csp’ and Si-O-N bonds of nitride silicon-carbon coatings

This increase is explained primarily by the annealing of the sp’ — sp” phase transitions (Fig. 4), since
the increase in the proportion of the integral area of Csp> component of the Cls peak is more significant than
the change in the proportion of the integral area of Si-O-N component of the Si2p peak (Fig. 5).

We found that heat treatment of non-nitrided silicon-carbon coatings leads to an increase in their sur-
face energy by almost 1.9 times.

After annealing at a temperature of 600°C, the surface energy of silicon-carbon coatings increases,
mainly due to an increase in its polar component, which is explained by the sp’ — sp” phase transition, as
well as the formation of strongly polar bonds. With a further increase in the annealing temperature to 700°C,
the Si-O-C bonds are destroyed and more stable C-O and Si-O bonds are formed, which leads to a decrease
in the polar component of surface energy.

It was found out if nitrogen is brought into the working gas structure at the silicon-carbon coatings dep-
osition by silicon-carbide ion sputtering, the contact angle decreases, and therefore the surface energy de-
creases (Fig. 6, a, b).

The values of the dispersion component of the surface energy are determined, first of all, by the surface
morphology. The dispersion component of nitrided silicon-carbon coatings is higher than that of non-nitrided
ones (Fig. 6, ¢). This is due to their high dispersion structure. The dispersion component of nitrided silicon-
carbon coatings changes less significantly after annealing than that of non-nitrided ones. It is completely
consistent with the previously obtained results of the analysis of atomic force microscopy data (the surface
morphology parameters of nitrided silicon-carbon coatings are practically unchanged).

The values of the polar component of surface energy (Fig. 6, d) of nitrided silicon-carbon coatings are
lower than that of non-nitrided coatings. It is explained by a lower content of silicon oxide, since bringing
nitrogen into the working gas structure helps to reduce the intensity of oxidizing processes.
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Figure 6. Contact angle (a), total surface energy (b), its dispersion (c) and polar (d) components which
characterize the hydrophobic properties of nitrided and non-nitrided silicon-carbon coatings

The total surface energy after annealing in the air raises due to an increase in the polar component both

as applied to nitrided and non-nitrided coatings. It is caused by the sp’—sp” phase transition, as well as the
formation of strongly polar bonds.

Table 4
Influence of thermal treatment parameters on microhardness Hy of nitrided and non-nitrided silicon-carbon
coatings and coefficient of volume wear of the counterbody j when interacting with such coatings.

Coating T,°C Working gas H,, GPa j x10—"" m’/(N-m)
AT100%, 13.34+0.25 332+17.3
B Ar57 %+N43 % 10.68+0.15 252+15.1
. AT100%, 12.05£0.27 185<16.9
CHSi 600 Atsr o Nas o, 10.8620.17 3024147
AT100%, 11.59+0.22 167+14 3
700 ATs7 0Nz 00 10.36=0.28 426£15.3

Experimental studies of the microhardness Hy of silicon-carbon coatings (Table 4) showed that it is
10.63 £+ 0.2 GPa in nitrided films and 2.7 GPa higher in non-nitrided Hy, i.e. is 12.33 + 0.2 GPa. This fact is
apparently caused by a higher content of sp*-hybridized carbon atoms in the carbon coating. (Fig. 4).

High-temperature annealing of such coatings, unlike non-nitrided ones, does not cause significant
changes in microhardness. It is due to the presence of CN, and Si;N, compounds in the coating structure,
which are characterized by high heat resistance. In addition, according to the Hall-Petch law, a change in
microhardness can be caused by a change in the size of sp” clusters. According to the previously cited data of

atomic force microscopy (Table 1), in the case of nitrided silicon-carbon coatings, the average diameter of
individual structural formations varies slightly.
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Figure 7. Influence of heat treatment on kinetic dependences of friction
coefficient of non-nitrided (a) and nitrided (b) silicon-carbon coatings

In fact, the microhardness, friction, and wear of carbon-based coatings largely depend on the sp® / sp
ratio of hybridized carbon atoms [23-25]. The surface roughness of carbon coatings can also lead to an in-
crease in the friction and wear coefficients during counterbody motion [23]. In addition to surface roughness,
a high degree of chemical and/or adhesive interaction in the slip plane can also adversely affect the coeffi-
cient of friction.

On the one hand, the increase in surface energy recorded by us after annealing should contribute to an
increase in the adhesive component of the friction force. The main source of adhesive interaction in the case
of carbon-based coatings is covalent bonds or free g-bonds of carbon atoms [2]. This type of bond can cause
a very strong adhesive interaction and increase the friction coefficient, especially in the case of non-
hydrogenated carbon coatings containing a high number of sp>-hybridized carbon atoms [26-28].

However, according to the XPS data, the heat treatment of silicon-carbon coatings increases the graph-
ite content, which plays the role of a solid lubricant and helps to reduce the friction coefficient. The high co-
efficient of friction before heat treatment is explained by the presence of solid phases based on silicon car-
bide and uneven surface wear during friction [29].

The abrasive action of silicon carbide also explains the higher coefficient of volumetric wear of the
counterbody when interacting with the surface of silicon-carbon coatings not subjected to heat treatment.

It was found that silicon-carbon coatings nitriding contributes to the thermal stability of the friction co-
efficient (Figure 7, b). However, if the friction coefficient of nitrided silicon-carbon coatings does not change
significantly, then the coefficient of volume wear of the counterbody when interacting with such coatings
raises by increasing annealing temperature. It is explained by the highly dispersed structure of nitrided coat-
ings and the abrasive action of heat-resistant solid interstitial phases based on CN, and Si;N, compounds
present in their composition.

Conclusion

It was shown that bringing nitrogen into the working gas structure (Ars;o, + Nu3o,) leads to the for-
mation of a highly dispersed structure than using only argon. The influence of annealing in the air on the el-
emental structure of nitrided and non-nitrided coatings is similar: there is a decrease in carbon concentration
and an increase in oxygen concentration. It is due to silicon and carbon oxidation which is followed by car-
bon and oxygen compounds desorption. It was shown that annealing leads to nitrogen desorption, its content
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decreases by 4 times. Apparently, after annealing nitrogen remains only in the bound state in the form of CN,
or SizN, compounds, which are characterized by high heat resistance.

The analysis of XPS results shows that in addition to the formation of silicon nitride silicon-carbon
coatings nitriding contributes to the formation of compounds of the CN; and Si,OyN, type and increases the
content of sp>-hybridized carbon atoms by 1.25 times, and silicon carbide by almost 2 times. It also prevents
from silicon oxidation. High-temperature annealing of both non-nitrided and nitrided silicon-carbon coatings
leads to an increase in the content of the graphite phase and silicon oxide. It was shown if the annealing tem-
perature is increased to 700 °C, the proportion of the integral area of N-Si and N-Csp’ components of the N1s
peak of XPS is decreased, and at the same time the proportion of integral area of the component which corre-
lates with N-Csp” and Si-O-N simultaneously is increased. This increase is explained primarily by the an-
nealing of the sp’ — sp® phase transitions, since the increase in the proportion of the integral area of Csp’
component of the Cls peak is more significant than the change in the proportion of the integral area of Si-O-
N component of the Si2p peak.

Silicon-carbon coatings annealing increases the thermal stability of their mechanical properties: the mi-
crohardness and friction coefficient during annealing do not change significantly in contrast to non-nitrided
coatings. It is due to the presence of heat-resistant compounds CN, and SizN, in the coating structure.
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HuTpuari KpeMHHA-KOMIPTEK KaA0ObIHAAPbIHBIH KYPbLIBIMBI 2K9HE KacueTTepi

Makasnana a30T HMOHOApbIMEH JICTHpICYy Ke3iHAe ra3 Topi3fec OpTajaH ajblHFAH KPEMHHH-KOMIPTEKTi
KaOBIHIAP/BIH ~KYPBUIBIMIBIK JKOHE (DM3MKa-MEXaHHMKAIBIK KACHETTEPI KapacThIPbUIFaH. PEHTreHIIK
(OTO2IIEKTPOH/IBI  CHIEKTPOCKOIIHSI KOMEriMeH JKaOblHIap/bl Tajgay KpEeMHHH-KOMIPTEKTi >XKaObIHAAp/bI
HUTPHUTTEY Kpemuuil HuTpuiainin xone CN, xone SiyO,N, CHSKTBI KOCBUIBICTApABIH TY3iTyiHE BIKIam
eTeTIHAIrH KepceTeai. Sp2-rubpuATeHIIpiIreH KOMIpTeK aTOMIApbl MEH KpeMHHI kapOuai Mesuiepiniy 1,5—
2 ece apTybl KPEMHHHIIH TOTBIFybIHA KON OepMeiai. AJIBIHFAaH KPEMHHH-KOMIPTEKTi KaObIHAApIbI
TEPMUSUIBIK JKaFy rpaduT (a3zacel MeH KPEMHHUH OKCHIIHIH KYpaMbIH apTThIpaabl. A30THeH (Arsyo, + Nyz o)
JKYMBIC JKaCAWTBIH I'a3/Ibl JICTHPJICY TEK aprOH/IbI KOJIJaHYMEH CalbICTBIPFAH/Ia YCAK AUCIICPCTi KYPhUIBIMHBIH
maiiga OoNybIHA OKeJeTiHI KOpCeTUIreH. AyaHbl TEPMHSUIBIK JKary Ke3iHJIe KpeMHHH MEH KOMipTeKTiH
TOTBIFybIHAH KOMIPTEri MEH OTTEri KOCHUIBICTApPBIHBIH JeCOPOIMICHIHBIH HOTIXKECIHIE KOMIPTEKTIH TOMEH
KOHIIGHTPALMSCHI KOHE OTTETiHIH jKoFapbuiaybl Oafikanran. COHBIMEH Kartap, OalKpITy jkaObIHHAH a30TTHIH
JnecopOumsaceiHa  oKenemi. KpeMHHH-KOMIPTEKTI KaOBIHAApABl HHUTPJCY OJNAPIABIH  KYPBUIBIMBIHBIH
aucniepeusichi okorapbuiatansl, an CNy, SizNg BICTBIKKA Te3iMII KOCBUIBICTAp >KaObIHAAPBIH JKbLIyFa
TO3IMALIrT MEH JKbUTyFa TO3IMIUTITIH XKaKcapTaabl, COHBIMEH KaTap yiKenic 0enikTepiHaeri MUKpOKATTHUIBIK
HeH yitkenic Ko3()GULIUESHTIH apTThIpaIbl.

Kinm ce30ep: xeMipTeKTi )kaObIHAAP, a30TTaHABIPY, KPEMHHH, (ha3aiblK KypaM, HOH COYJIECiHIH ManIbIpaysbl,
KOMOHMHAIVSIIBIK MIAIIBIPAY CIIEKTPOCKONHACH], XPS, MUKPOKATTBUIBIK, YHKENiC KO3 HUIUEHTI.
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CprRTypa U CBOMCTBA HUTPUIHBIX KPEMHHUEBO-YIJICPOAHbIX HOKpLITI/Iﬁ

B craTbe paccMOTpEHBI CTPYKTYPHBIE U (PU3UKO-MEXaHHYECKHE CBOICTBA KPEMHUIM-YIJIEPOAHBIX IOKPHITHH,
HAHECEHHBIX U3 Ta30BOM Cpefbl MPU JIETHPOBAHUM HOHAMH a30Ta. AHAIU3 MOKPHITUH METOJOM PEHTTEHOB-
CKOHM (POTOIIEKTPOHHOH CHEKTPOCKOIHMH ITOKAa3bIBACT, YTO a30TUPOBAHUE KPEMHHI-YIIICPOJHBIX MTOKPBITHI
CIocoOCTBYeT 00pa30BaHMIO HUTPHAA KPEMHHUS M TakuX coeanuHeHnH, kak CNy u SiyOyN,. YcraHoBIeHO, 9T0
YBEIMYEHHE COJCpIKaHUs Sp2-THOPUAN30BAaHHBIX aTOMOB yIJiepoja U Kapbuna kpemHus B 1,5-2 pasa mpe-
JOTBPAIIAET OKUCICHNE KPEeMHUS. TepMUUEeCcKUil OTXKHT ITOJyIEHHBIX KPEMHHI-YTIICPOHBIX MTOKPBITHI yBe-
JMYMBAET COJepKaHMe rpaduToBOH (as3bl U okcuaa KpeMmHus. [loka3aHo, 4TO JieTMpoBaHUE pabodero rasa
a30TOM (Ars7o, T Nyzo,) TPEBOIUT K 00pa3oBaHuIo Oo0Jee MEIKOAUCICPCHON CTPYKTYPHI IO CPaBHEHHIO C
UCIIOb30BaHUEM TOJIBKO aproHa. Bo BpeMsi TEpMHUECKOrO OTXKHTa Ha BO3AyXe MOXHO HaOIIOJaTh MOHM-
JKEHHYIO KOHLIEHTPAIMIO YrJIepoa U MOBBIILIEHHYI0 KOHIIEHTPAIMIO KUCIOPOAa U3-3a OKUCIEHHUs KPEMHHS U
yTrIepoJia ¢ mocieayromen aecopOrueil coennHennit yriepoaa u kuciaopoga. Kpome Toro, oTxur npuBoaur K
JecopOLMHU a30Ta C MOKPHITUS. A30THPOBAaHUE KPEMHHH-YTIEPOJHBIX MOKPBITUH yBEIUUHBACT JUCIEPCUIO
HX CTPYKTYpBHI, a TepMocToiikue coenuHeHus: CN,, SizN, yIydmaoT TepMOCTORKOCTh OKPBITHI U TIOBBIIIA-
IOT MUKPOTBEPJIOCTD, a TAKKe KO3 HUIUEHT TPSHUS B y3JIaX TPEHHUSI.

Kniouesvie cnosa: Yrii€pOaAHbIC MOKPBITHA, a30TUPOBAHUC, erMHHﬁ, (1)330BI)II>1 COoCTaB, HOHHO-JIYUCBOC pac-
NbUICHUE, CIICKTPOCKOIINUA KOM6I/IHaHI/IOHHOFO paccesaHus, XPS, MUKPOTBEPAOCTD, KO3(1)(1)I/IL[I/ICHT TPCHUA.
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Synthesis and study of photoelectrical properties of planar
ensembles based on TiO, and graphene oxide

In this paper, planar structures of various configurations based on TiO, and graphene oxide are synthesized.
Using SEM, it is shown that graphene oxide forms an insular film both on the surface and under the TiO, lay-
er during deposition. As well as SEM images show that TiO, nanoparticles on the surface of graphene oxide
are distributed as evenly as on the surface of FTO glass. The absorption spectra of synthesized films are a
combination of the absorption curves of the original components. In this case, there is a shift of the absorption
band of the planar structure nanocomposite to the longwave region. It is shown that in planar ensembles, the
photoelectrochemical activity of films is higher only for the first lighting cycle. Research shows that the
amount of graphene oxide affects not only the optical and photoelectrochemical properties, but also the elec-
trical parameters. The latter, in turn, show that the resistance decreases by 1.3 times in the planar structure of
graphene oxide with 30 layers. It was found that in planar structures of nanocomposite materials, the location
of graphene oxide also affects the overall properties of the material. Research shows that the best indicators
of photoinduced current generation are registered for the FTO/GO/TiO; structure. Thus, a nanocomposite ma-
terial in a planar structure based on TiO, and graphene oxide depends on the architecture of the location and
deposited volume of graphene oxide.

Keywords: semiconductors, graphene oxide, TiO,, planar structure, SEM image, photoinduced current, im-
pedance spectra, photocatalysis.

Introduction

Titanium dioxide (TiO,) is one of the most affordable photocatalysts due to its physicochemical proper-
ties. This semiconductor is distinguished by its strong oxidizing ability, non-toxicity, high chemical stability,
photoconversion efficiency and photostability. Currently, it is a very attractive material for photocatalysis,
photovoltaics, and optoelectronics. [1-3].

Graphene and its derivatives are very popular due to their electronic, mechanical, thermal and optical
characteristics [4-6]. Graphene has found application in nanoelectronics, chemical and biochemical sensing,
photocells and in photocatalysis [7-9].

Currently, graphene oxide (GO) is a very promising material for the development of hybrid structures
that can combine the properties of both GO and nanosized particles of metal oxide. Hydrothermal synthesis
is often used to create these structures. The resulting materials have higher photoelectric,
photoelectrochemical, and catalytic properties [10—13] compared to the initial semiconductor.

When used in photocatalytic cells, semiconductor nanoparticles easily form agglomerates in which the
generation and transport of charge carriers to the pick-off electrodes decreases. When using graphene oxide,
Ti0O, nanoparticles are uniformly distributed over the surface of graphene «sheets» and easily form chemical
bonds along the folds of their folds or other defects. The result is a material with improved photocatalytic
and photodetecting parameters [14].

In this paper, we propose a method for preparation of planar nanocomposite material based on films of
graphene oxide and TiO,. It is assumed that the addition of graphene oxide to the TiO, will improve the
photoelectrochemical properties of the semiconductor, which can be used to increase the efficiency of the
photocatalyst based on it.

Experiment

To prepare a material with a planar structure, single-layer graphene oxide (GO, Cheaptubes) and TiO,
(d>21 nm, anatase, 99.7 %, Sigma Aldrich), deionized water (purified using the AquaMax water treatment
system), ethanol (anhydrous) were used. The films were deposited on the surface of glass substrates coated
with a FTO conductive layer (Fluorine doped tin oxide coated glass slide, ~ 7Q / sq, Sigma Aldrich).

Graphene oxide films were prepared by airbrushing from water-isopropanol dispersion. The preparation
of the GO water-isopropanol dispersion was performed as follows: 4 mg of graphene oxide was mixed with
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1.8 ml of isopropanol (CsHgO) and 0.4 ml of deionized water. The resulting mixture was sonicated for
2 hours. For film deposition, a graphic airbrush was used, the nozzle diameter of which was equal to 0.2 mm.
The resulting films were dried at 80 °C in an oven for at least 3 hours to completely remove the solvent.

TiO, semiconductor films were deposited on the surface of FTO substrates by spin-coating method
from ethanol-based paste at a substrate rotation speed of 3000 rpm.

To create a planar structure, 2 types of samples were prepared. In the first type, the GO film was
sprayed directly onto the FTO surface, and a semiconductor film was deposited over it. In the second type,
thin films of graphene oxide were deposited on top of a TiO, film. The thickness of the graphene oxide films
was different — 2 and 30 layers. The prepared samples of the first type (FTO/GO/TiO; structure) with 2 lay-
ers of graphene oxide are denoted as la, and with 30 layers as 1b. Samples of the second type
(FTO/Ti0Oy/GO structure) with 2 layers of graphene oxide marked as 2a and with 30 layers — as 2b. Next,
the obtained films were annealed in an Ar inert atmosphere at 450 °C.

The surface morphology of the obtained composite materials was investigated using a Tescan Mira-3
(Tescan) scanning electron microscope (SEM).

The optical properties of the films were recorded using a Cary-300 spectrophotometer (Agilent). To
measure the optical characteristics of the film, they were deposited on quartz substrates. To study the kinetics
of transport and recombination of charge carriers, the samples were illuminated with a xenon lamp with a
radiation power of 100 mW/cm” (Cell Tester Model#CTAAA, Photo Emission Tech. Inc., USA) in a stand-
ard two electrode cell. Z-500PRO impedance meter (Elins) was used for this purpose. The amplitude of the
applied signal was 25 mV, and the frequency was varied from 1 MHz to 100 MHz. Platinum films deposited
by the electrochemical method from an ethanol solution of H,PtCls onto glass substrates with a conductive
layer of FTO were used as counter electrode. The electrodes were glued together. Meltonix polymer film was
used as a gasket between the working and counter electrode in the cell. Iodolyte was used as the electrolyte.
The area of the illuminated area was equal to 0.16 cm’. In all samples, the electrolyte volume in the cells, as
well as the thickness and area of the films were the same. The measured impedance spectra were analyzed
using the EIS analyzer program. The equivalent electrical circuit of the electrochemical cell used for analysis
was shown in ref. [15].

The transition photocurrent characteristics of the obtained materials were studied by recording the pho-
tocurrent in a standard three electrode photoelectrochemical cell with a quartz window on a P-30J
potentiostat-galvanostat (Elins). Ag/AgCl electrode was used as a reference. The radiation source was served
a diode lamp with a power of 35 mW/cm”. The studied samples were deposited by centrifugation on the sur-
face of substrates with FTO, which were connected to the working electrode. A platinum electrode was con-
nected to the negative potential. The measurements were carried out in an electrolyte of 0.1 M NaOH.

Results and its discussion

During the study of the structural characteristics of the synthesized samples by using of SEM
(Figure 1), it was found that in planar structures, as in samples of pure TiO,, titanium dioxide particles are
aggregated.

Figure 1. SEM image of planar structures

From SEM images of films la and 2a, in which the thickness of the graphene oxide films was equal to
2 layers, it can be seen that GO is deposited in the form of an island film. In the film with 30 layer of GO,
graphene oxide almost completely covers the substrate. At the same time, «folds» and «wrinkles» that are
formed during the deposition of graphene oxide are clearly distinguishable on the surface of TiO.,.
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The data, obtained under study of optical characteristics, are shown in Figure 2. It is known that
the absorption spectrum of TiO, appears in the UV region of the spectrum at about 380 nm. Graphene oxide
also absorbs in the UV range; its absorption spectrum reaches a maximum at 230 nm. In this case, GO films
are almost transparent in the wavelength range from 400 to 800 nm [16, 17].

In the planar structures of GO/TiO, and TiO,/GO the absorption band of the semiconductor broadens to
the visible spectral range up to 510 nm (Figure 2). It is also seen that the nanocomposite actively absorbs
light in the UV region of the spectrum. Previously, it was shown in refs. [12, 18] that the semiconductor band
gap changes in the nanocomposites. This contributes to a wider spectral sensitivity of nanocomposite materi-
als, as well as improving their photoelectrochemical properties.
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Figure 2. Normalized absorption spectra of films of: | — TiO,; 2 — la,3 — 1b,4 —2a,5 —2b

Next, the photoelectric characteristics of TiO, and planar structures were studied, with the help of
which their photocatalytic activity can be estimated. The photoinduced current values was measured for
20 seconds when the light was turned on and off cyclically.

The photocurrent of a TiO, — based film was equal to ~23 pA (Figure 3a). When sample 1b was irradi-
ated, the photocurrent was increased of 1.5 times. Also, a high photocurrent generation for the first switching
cycle was recorded for films 1a, where the film thickness of graphene oxide was 2 layers. Thinner films gen-
erate a little less current. At the same time, for samples where graphene oxide was deposited on top of the
conductive layer, the parameters were lower on 10 %.

Since the efficiency of the photocatalytic splitting of water into molecular oxygen and hydrogen will di-
rectly depend on the number of photoinduced electrons, it can be assumed that when using planar structures
based on TiO, and graphene oxide, hydrogen generation will be higher compared to other similar
nanocomposites.
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Figure 3. Transient characteristics of the photocurrent (a) and impedance spectra
in the Nyquist plot (b) of films: 1 — TiO,; 2 — la, 3 — 1b,4 — 2a, 5 — 2b.
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It should be noted that lower photocurrent generation for thinner graphene oxide films is related to their
structure. As was shown earlier in [19], thin GO films are inhomogeneous, which leads to large values of the
transport resistance of charge carriers. Nevertheless, it can be unequivocally stated that the presence of
graphene oxide in the planar structure leads to an increase in the photocatalytic activity of semiconductor
coatings. It is much more efficient when graphene oxide is located under a TiO, layer.

Further, the electrophysical characteristics of planar structures and nanocomposite material were
studied. The impedance spectra in the Nyquist coordinates based on the films are presented in Figure 3b.
Based on the obtained impedance spectra, the main electric transport properties of the films were calculated.
Parameters, such as R, — charge-transfer resistance related to recombination of electron, R, — electron
transport resistance in TiO,-GO, k.; — effective rate constant for recombination and z,; — effective lifetime
of electrons [20] were obtained.

Figure 3b shows that the diameter of the hodograph of a TiO, film is smaller than that of most other films.
This means that the studied samples have a smaller amount of charge transfer resistance. The addition of
graphene oxide makes it possible results in lower the resistance values R and R,, of semiconductor samples.

Table 1 shows the values of the electrophysical parameters of the TiO, film and planar structures. Using
the EIS — analyzer software package, R; and R,, w are calculated, and k. — is determined by the maxi-
mum of the hodograph arc according to the formula ®,,,» = ks The film thickness was determined using a
TESCAN Mira3 scanning electron microscope.

Table 1
The value of the electrophysical parameters of TiO, films and planar structures
Sample Kegr, S Tefr, MS Ry, Ohm R,, Ohm
TiO, 13.895 72 2194.0 69.3
la 5,1795 193 2327,9 1221,8
1b 3,7276 268 3693,7 11,8
2a 2,6827 373 6274,8 30,8
2b 2,6827 373 5185,2 54,8

In the sample 1a, the charge transfer resistance is R, = 2327.9 Ohms and is the smallest value among
planar structures were obtained. But R,, in this film is equal to 1221.8 Ohms, which means that the resistance
to electronic transport in the film is very large compared to other samples. With an increase in the number of
graphene oxide layers to 30, the charge transfer resistance also increases by 1.6 times. Nevertheless, this
sample characterizes the best electrophysical parameters compared to other planar structures.

When the GO film was deposited onto TiO,surface, the resistance of both charge transfer and electron
transport of such a structure were also increased. In sample 2a, R; = 6274.8 Ohms and in 1.7 times more than
in sample 1b. Also in sample 2b, the value of the charge transfer resistance is R; = 5185.2 Ohms, which is in
1.4 times higher than the value for the more optimal sample 1b. Thus, it was shown that the architecture of a
planar nanocomposite (the location of GO on the surface or under TiO,) affects its electrophysical parame-
ters. At the same time, improved properties show samples where GO films are deposited between TiO, and
FTO. However, when graphene oxide is added to TiO, in planar structures, the electrophysical characteristics
do not decreases with respect to resistance. This is due to the high resistance values of graphene oxide itself.

Conclusion

Samples based on graphene oxide and TiO, were prepared in the form of a planar structure and their
photoelectric and electrophysical characteristics were studied. SEM studies have shown that graphene oxide
forms an island film during deposition, both on the surface and under the TiO2 layer. SEM images clearly
show graphene oxide sheets. Measurements of the optical characteristics of the synthesized material showed
that the absorption spectrum of planar structures corresponds to the spectra of the starting components.
In this case, a slight shift of the absorption band of the nanocomposite to the long-wavelength region was
observed. The transient characteristics of the photocurrents of planar structures show an increase in the
photoinduced current only for the first illumination cycle, and in the future the photocurrent decreases. Stud-
ies of the impedance spectra showed that the addition of graphene oxide in the form of a planar structure
does not contribute to a decrease in the resistance of semiconductor films due to the high resistance value of
graphene oxide itself.
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The results can be used for development of photocatalytic materials for the UV and visible spectral
ranges, as well as relevant in areas requiring photodegradation of organic compounds.
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TiO, :xoHe rpadeH okcUi Heri3iHaeri MIAHAPJIBIK aHCAMOJIbEPAiH
(oTo3JIEKTPIIIK KacueTTepPiH 3epTTey KIHe CHHTEe3Iey

Maxkamnana TiO, >xoHe rpadeH OKCHII HeTi3iHAe apTYpIli KOHGUTYpaIMsUIBI ITAHAPIIB! KYPBUIBIMIAp CHHTE3-
nenaren. COM kemerimer rpaden okcuai To3anmaraHma TiO, KaGaThIHBIH acThIHAA apajablK IUICHKAHBI
ty3eni. Connaii-ak, rpaden oxcuai 6erinne TiO, nHano6emmexrepi FTO mbiHbl Getinae Gipkenki GemiHreH.
CuHTe3enre ieHKaNapAblH CiHIpY CIEKTpliepi GacTankbl KOMIOHEHTTEPAIH CiHIpY KHCBIKTapBIHBIH KOM-
OuHatwschH Oinaipeni. by perre sxocnapiibl KypbUIBIMHBIH HAHOKOMIIO3UT XKYTY JKOJIAFbIHBIH Y3bIH TOJIKBIHIBI
aiiMakka aybICybl OaiikarraH. [maHapIbIK aHCAMOIIBIEPIC TUICHKATAPIBIH (POTOIEKTPOXUMHISIIBIK OCICeHIUTIr
JKAPBIKTAHIBIPYABIH OIpiHIII IWKII YIIIH FaHA XKOFaphl eKEH/Ir KOPCeTUIreH. 3epTTey HOTIKECI KOPCETKeHEH,
rpa)eH OKCHAIHIH CaHBI ONTHKAJIBIK XoHE (OTONICKTPOXUMISIIBIK KacHeTTepre FaHa eMec, COHBIMEH Karap
2JIEKTp TmapamMeTpiiepine ae acep eremi. COHFbUIaphl 63 Keserinae, 30 KadaTThl rpad)eH OKCUIIHIH )KOCTIAPIIBI
KypbUlbIMbIHAA 1,3 ece KenepriHiH asaiifaHblH KepceTTi. HaHOKOMIIO3MTTI MarepHalIaplblH IUIaHAPJIbI
KYpbUIBIMIAApbIHAa rpadeH OKCHIIHIH OpHaNacybl [a MaTepUalibIH JKallbl KAaCHETTEpiHEe ocep eTeTiHi
anpiktanFad. FTO/GO/TiO, KypbUlbIMBlL YIIiH (OTOMHIYLMPIICHTEH TOK TI€HEPALMSACHIHBIH €H JKaKChI
KepceTKimTepi TipkenreHiH kepcerkeH. Ocburaiimia, TiO, jkoHe rpadeH OKCHIl HeTi3iHAeri MIaHapIIbIK
KYPbUIBIMIarbl HAHOKOMIIO3UTTIK MaTepual OpHaJacy apXUTEKTypachlHa KOHE rpadeH OKCHAI KarbUIFaH
KeJleMiHe OailJIaHBICTHI.

Kinm ce30ep: sxapThuiait eTkisrimtep, rpaden okcumi, TiO,, mmaHapielK KypsutelM, COM cyperi,
(hOTOMHIYIUPIIEHTeH TOK, IMIEIAHC CIIEKTPi, (hOTOKATAIHU3.

A. K. Kymabekos, A.E. CagsixoBa, E.B. CenuBepcToBa

CuHre3 u nccienoBanne (pOToITEKTPUUYECKUX CBOMCTB
IUIaHAPHBIX aHcamOJieid Ha ocHoBe TiO, u okcuaa rpadgena

B crarse cuHTE3MpOBaHBI INIAHAPHBIE CTPYKTYPHI pa3iimdHoON KoH(urypammu Ha ocHoBe TiO, M okcuaa rpa-
¢ena. [Tpn momomm COM nokaszaHo, YTO NPH HAITBUICHUH OKCUA rpadeHa GopMUpyeT OCTPOBKOBYIO IUICHKY
KaK Ha MOBEPXHOCTH, TaK U noA cioeM TiO,. A tarke COM-n300pakeHHs MOKA3bIBAIOT, YTO HAHOYACTHUIIBI
TiO, Ha moBepxHOCTH OKcHIa rpadeHa pacnpeneneHsl Tak )Ke PaBHOMEPHO, Kak M Ha nosepxHoctd FTO
crexia. CreKTpbl MOMIOMEHUS CHHTE3UPOBAHHbIX IUICHOK HPEJCTABIAIOT KOMOMHAIMIO KPUBBIX HOTJIOLIC-
HMS MCXO/IHBIX KOMIIOHEHTOB. IIpH 3TOM HabII0AaeTCs CIBUI HOJIOCHI MOIVIOLIEHNS] HAHOKOMIIO3UTA TIaHap-
HOU CTPYKTYpHI B JUITMHHOBOJHOBYIO 001acTh. [lokazaHo, 4TO B IUIaHApHBIX aHCAMOISIX (OTODIEKTPOXUMH-
Yyeckast aKTHBHOCTH IIIGHOK BBIIIE TOJBKO JUIS ITEPBOTO UKIJIA ocBemieHus. [1o pesympraTaM mccienoBaHus
BUJIHO, YTO KOJIMYECTBO OKCHIA rpa)eHa BIMSIET HE TOJIHKO Ha ONTHYECKHE M (DOTOINIEKTPOXHUMHUUECKUE
CBOIfcTBa, HO M Ha DJIEKTPUUECKHE IapaMeTprl. Ilociennue, B CBOIO 04epenb, IIOKa3bIBAIOT, YTO MPOUCXOIUT
yMeHbLICHHEe conpoTHBieHus B 1,3 pa3a B miaHapHoi# cTpykType okcuaa rpadena ¢ 30-m cioem. YcraHoB-
JIEHO, 4TO B IUIAHAPHBIX CTPYKTYPaX HAHOKOMIIO3UTHBIX MAaTepUaOB PACIIOIOKEHHE OKcua rpad)eHa TakKe
BIIMSIET Ha oOLIMe cBoiicTBa MaTepuana. OnpeneneHo, uto s crpyktypbl FTO/GO/TiO, 3apeructprupoBaHbl
HaWIy4llke NOKa3aTesM TeHepauun (GOTOMHIYLIMPOBAHHOIO TOKa. TakuM 00pa3oM, MOXKHO 3aKJIIOUUTh, YTO
HaHOKOMITO3UTHBIN MaTepHall B IUIAHAPHOH CTpyKType Ha ocHoBe TiO, U okcuaa rpadeHa 3aBUCUT OT apXu-
TEKTYpHI PAacIOJIOKEHHS 1 HAHECEHHOT0 00beMa OKCH] rpadeHa.

Kniouesvie crnosa: noaynpoBoaHUKH, oKcHI rpadena, Ti0O,, manapuas ctpykrypa, COM-u3obpaxenue, ¢o-
TOMHAYIIUPOBAHHBINA TOK, UMIICJAHC-CIICKTPBI, (JOTOKATAIIH3.
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Detection of polycyclic aromatic hydrocarbons by surface
enhanced Raman scattering on colloidal silver substrates

The present work reports on the possibility of polycyclic aromatic hydrocarbons (PAHs) detection by surface
enhanced Raman scattering (SERS) on substrates coated with colloidal silver stabilized with
cetyltrimethylammonium bromide (CTAB). It was shown that cetyltrimethylammonium bromide acts not on-
ly as a stabilizer of metal nanoparticles, but also as modifying agent that promotes the concentration of hy-
drophobic PAH molecules near the amplified electromagnetic field of plasmon silver nanoparticles.
Anthracene and pyrene were used as model analytes. To determine the sensitivity of the prepared SERS ac-
tive coating, ethanol solutions of the analyzed substances with concentrations in the range of 2-10* — 107
mol/L were used. The lowest concentrations of solutions for which anthracene and pyrene are found on the
tested substrates were equal to 2.5-10° M and 5-107 M, respectively. These results indicate that substrates are
more sensitive to anthracene than to pyrene. The work also shows that various PAH molecules can be detect-
ed by characteristic peaks in a complex mixture without preliminary separation of the components.

Keywords: surface-enhanced Raman scattering, polycyclic aromatic hydrocarbons, anthracene, pyrene, silver
nanoparticles, cetyltrimethylammonium bromide, SERS sensor, plasmon particles.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are strong environmental pollutants. PAHs are mainly
formed and evolved during oil refining, mineral oil and coal combustion. In addition, PAHs are formed dur-
ing smoking, during high-temperature processing of food products. Most organic pollutants have carcinogen-
ic and mutagenic properties. Although PAHs are released into the environment in relatively small quantities,
they are quite resistant to external influences and can accumulate in soil and water to dangerous concentra-
tions [1-3].

Currently, chromatographic methods, such as liquid chromatography with fluorescence methods and
gas chromatography in combination with mass spectroscopy, are used to detect PAHs [1-4]. Chromatog-
raphy methods have high sensitivity and reproducibility, however, the analysis requires long and complex
sample preparation.

A promising alternative to chromatographic methods for PAHs deterction is surface-enhanced Raman
spectroscopy (SERS). SERS is based on a giant amplification of the electromagnetic field induced by noble
metal nanoparticles as a result of plasmon resonance. An increase in the electromagnetic field at distances up
to several tens of nanometers from nanoparticles significantly increases the changes in the polarization of the
electron cloud and, therefore, the Raman signal [5—7]. The work of [8] demonstrated that the maximum gain
can reach values of 10'°~10"". The maximum signal amplification is facilitated by a combination of long-
range electromagnetic and short-range chemical amplifications [5, 6, 9].

It is well known [9] that SERS active molecules usually exhibit good affinity for metals, which leads to
their approaching to the surface. And most of the currently available developments and commercial SERS
sensors are focused precisely on such analytes. At the same time, there are a number of organic compounds
containing hydrophobic molecules with low affinity for metals that not adsorbed on the active surface of
«traditional» SERS substrates and cannot be determined by this method. PAHs belong to this category of
unconventional analytes.

Recently, researchers have made significant efforts to develop methods to facilitate the use of SERS in
the detection of unconventional analytes. For these purposes, metal nanostructures are modified with sub-
stances that promote the adsorption of hydrophobic molecules near the plasmonic nanoparticles.
Alkylthiols [10, 11], calixarenes [12, 13], and cyclodextrins [14, 15] are quite successfully used as modifiers.

In the present work, the possibility of using silver nanoparticles (Ag NPs) in the complex with
cetyltrimethylammonium bromide (CTAB) for the determination of PAHs by the SERS method was studied.
CTAB is a cationic surfactant that is often used for the controlled synthesis of silver and gold nanoparticles
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as a stabilizing agent [16—18]. At the same time, CTAB was used to modify plasmon nanoparticles to deter-
mine PAHs only in very few studies [19, 20].

A feature of the presented work is the use of a simple, one-step method for producing Ag NPs stabilized
by CTAB as a SERS sensor for detection individual and mixed PAHs.

Experimental

Synthesis of colloidal silver particles. Silver nanoparticles were obtained by the reduction of silver ni-
trate with sodium borohydride. Cetyltrimethylammonium bromide was used to stabilize the nanoparticles.
The preparation of silver nanoparticles was performed according to the technique proposed in [18]. The syn-
thesis was carried out in a 50 ml beaker, with continuous sonication. CTAB (0.22 g) and silver nitrate
(0.085 g) were successively dissolved in 10 ml of deionized water. After 10 minutes of sonication, 2.5 ml of
a freshly prepared sodium borohydride solution (0.04 g) was droped. After the addition of the reducing
agent, the solution was kept in an ultrasonic bath for another 20 minutes.

Preparation of analyte solutions. Anthracene and pyrene were used as model PAHs. Stock solutions of
anthracene and pyrene in ethanol with a concentration of 10 mol/L were prepared. The studied solutions
with PAH concentrations in the range of 2-10*~10~° mol/L were prepared immediately before measurements
by successive dilution of the stock solution.

Preparation of SERS-active substrates. Silica glasses were used as the basis for SERS-active substrates.
15 ul of silver hydrosol was deposited on glass and distributed over the surface with a glass rod. The pre-
pared film was dried at room temperature in air.

Measurements. The absorption spectrum of the synthesized silver hydrosol was measured on a Cary 300
spectrophotometer (Agilent). The sizes of the nanoparticles were determined by dynamic light scattering us-
ing the Zetasizer NanoS (Malvern) system. To measure the absorption spectrum and sizes of Ag NPs, the
initial solution was previously diluted 150 times.

The Raman spectra of the samples were measured on a Confotec MR 520 scanning laser Raman spec-
trometer. A laser with A=532 nm radiation was used to excite Raman spectra. The laser power on the sample
was 2.2 mW, and the spectral accumulation time was 10 s. To measure the Raman spectra, 5 pl of the corre-
sponding PAH solution were dropped onto the surface of the prepared substrates; the drop was dried under
natural conditions. Spectra were recorded on each sample from 7 points; the obtained data were averaged.
For more convenient visualization, the spectra in the presented graphs are spaced relative to each other.

Results and discussion

Silver nanoparticles obtained by the borohydride method in the presence of CTAB form stable
aquasols [18]. The absorption spectrum of the synthesized aquazole in the visible region with a maximum at
417 nm (Figure 1) indicates the formation of plasmon silver nanoparticles [21]. The study of Ag NPs by the
method of dynamic light scattering showed the presence in the solution of particles ranging in size from 1 to
18 nm.
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Figure 1. Absorption spectrum of Ag NPs solution
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CTAB is a cationic surfactant that, on the one hand, plays the role of a stabilizer to prevent aggregation
of silver nanoparticles. On the other hand, the presence of a long hydrocarbon tail contributes to the
solubilization of hydrophobic molecules, as a result of which PAH molecules are concentrated and held near
metal nanoparticles. Thus, the analyte molecules find themselves in the zone of the amplified electromagnet-
ic field of the plasmon particles.

Figure 2 shows the Raman spectrum of crystalline anthracene and the SERS spectra of the substrate
(AgNPs — CTAB) and 2-10* M anthracene solution on the substrate.
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Figure 2. Raman spectrum of crystalline anthracene (1), SERS spectra
of the 2-10™* M anthracene solution on the substrate (2) and the substrate (3)

The SERS spectrum of the substrate is characterized by two main Raman bands at 760 and 1450 cm™ ',
which belong to the CTAB [19, 20]. The obtained Raman spectrum of crystalline anthracene has characteris-
tic bands of medium and high intensity at 397, 756, 1260, 1400, and 1562 cm . In the SERS spectrum of
2:10™* M anthracene solution on the substrate, bands belonging to both anthracene (397, 1260, 1400 and
1562 cm ') and CTAB (760, 1450 cm ') are clearly observed. The Raman band of anthracene at 756 cm '
coincides with the CTAB Raman band at 760 cm ™' and cannot be used for analytical purposes.

The SERS spectrum obtained for 2-10™* M pyrene solution on the substrate is shown in Figure 3. The
Raman spectrum of crystalline pyrene and the SERS spectrum of the substrate are also presented for compar-
ison. The Raman spectrum of crystalline pyrene is characterized by frequency shifts at 406, 594, 1242, 1408,
1597, and 1630 cm™'. In the SERS spectra of the pyrene solution, the bands at 406, 1242, 1408, 1597, and
1630 cm™', which belong to the pyrene, and the bands at 760 and 1450 cm ™', which belong to the substrate,
are most clearly observed.
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Figure 3. Raman spectrum of crystalline pyrene (1), SERS spectra
of the 2-10™* M pyrene solution on the substrate (2) and the substrate (3)
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To determine the minimum concentration of PAHs on the test coating, we measured the SERS spectra
of solutions in the concentration range of 2-10*~107° mol/L. SERS spectra of anthracene and pyrene with
different concentrations are shown in Figures 4 and 5.
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Figure 4. SERS spectra of anthracene solutions with different concentration, mol/L:
1-2:10%2—510°,3—510%4—2510°5—10°

To determine the content of anthracene, an intense Raman scattering band at 1400 cm™ was used. As
can be seen from Figure 4, this band is clearly observed in the SERS spectra of anthracene for solutions of
2:10*-2.5-10"° mol/L. In the SERS spectrum of anthracene with a concentration of 10° mol/L, the charac-
teristic band at 1400 cm™' is practically not detected. Thus, 2.5-10°° mol/L is the lowest concentration of the
solution in which anthracene is found on the tested substrates.

Figure 5 shows the SERS spectra of different concentrations of pyrene. To detect pyrene, several Ra-
man bands can be used as analytical: at 1242, 1408, 1597, and 1630 cm . Tt can be seen from the obtained
spectra that for solutions with concentration of 5-107° mol/L and lower, characteristic peaks of pyrene are
practically not detected. The minimum detectable pyrene concentration in the solution was 510> mol/L.
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Figure 5. SERS spectra of pyrene solutions with different concentration, mol/L:
1-2:10%2—5107,3 —5-10°

The results obtained indicate that the coating based on Ag NPs with CTAB is more sensitive to
anthracene.
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The identification of PAHs was also carried out in a complex system that simultaneously contains
anthracene and pyrene. Figure 6 presents the SERS spectrum obtained for solution containing 10™* mol/L
anthracene and 10 mol/L pyrene.
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Figure 6. SERS spectrum of mixed solution of anthracene and pyrene

The anthracene bands in the figure are indicated by the letter a, and the pyrene bands are indicated by
the letter p. The anthracene bands at 397 and 1400 cm ' overlap with the pyrene bands at 406 and 1408 cm '
and, therefore, cannot be used for identification in this mixture. However, the main peaks of individual PAHs
are well distinguishable. Thus, the tested SERS coating can be used to identify PAHs in complex systems
without prior separation of components.

Conclusion

It was shown that colloidal silver nanoparticles stabilized by CTAB can be used to obtain the SERS ac-
tive substrate. In the resulting system, CTAB acts not only a stabilizer of silver nanoparticles, but also a
modifier that promotes the concentration and holding of PAH molecules near the surface of plasmon parti-
cles. The maximum concentration of solutions in which anthracene and pyrene were detected are equal to
2.5-10°M and 5-10° M, respectively. With further optimization, the prepared substrates can be used as sen-
sors both in determining individual PAHs and in the simultaneous detection of individual components in
complex mixtures.

This work was carried out as part of the research project BR05236691, funded by the Ministry of Edu-
cation and Science of the Republic of Kazakhstan.

References

1 pyros I0.C. Dxonoruueckas ananutudeckas xumust / F0.C. [IpyroB. — M.: Mocksa, 2000. — 432 c.

2 Jpyros 0.C. Merozs! ananu3a 3arpsisHennit Bozgyxa / 10.C. [lpyros, A.B. Bemuxkos, I'.A. IpsikoBa, B.M. TynpunHCcKui. —
M.: Xumus, 1984. — 384 c.

3 Plaza-Bolanos P. Polycyclic aromatic hydrocarbons in food and beverages. Analytical methods and trends / P. Plaza-Bolanos,
A.G. Frenich, J.L.M. Vidal // J. Chromatogr. A. — 2010. — Vol. 1217. — P. 6303-6326.

4 Moret S. Polycyclic aromatic hydrocarbons in edible fats and oils: occurrence and analytical methods. / S. Moret, L.S. Conte
//'J. Chromatogr. A — 2000. — Vol. 882. — P. 245-253.

5 Moskovits M. Surface-enhanced spectroscopy / M. Moskovits // Rev. Mod. Phys. — 1985. — Vol. 57. — P. 783-826.

6 Etchegoin L.R., Principles of Surface-Enhanced Raman Spectroscopy and Related Plasmonic Effects / L.R. Etchegoin. —
Amsterdam: Elsevier Science, 2008. — 633 p.

7 Turanrckoe komMOHHALMOHHOE paccesHue / mox pex. P. Yenra, T. ®ypraka. — M.: Mup, 1984. — 408 c.

28 BecTHuk KaparaHgmHckoro yHusepcurteTa



Detection of polycyclic aromatic...

8 Etchegoin P.G. A perspective on single molecule SERS: current status and future challenges / P.G. Etchegoin, E.C. Le Ru
// Phys. Chem. Chem. Phys. — 2008. — Vol. 10. — P. 6079-6089.

9 TloBepXHOCTHO-yCHIICHHasi pamaHOBckas crekrpockornusi (SERS): anamuTuueckue, 6uodpusznueckue n OHOMEIMIMHCKHE
npmitoxenus / mox pex. C.M. Illlmokepa. — M.: Texuocdepa, 2017. — 328 c.

10 Gu X. SERS detection of polycyclic aromatic hydrocarbons on a bowl-shaped silver cavity substrate / X. Gu, Sh. Tian,
Q. Zhou, J. Adkins, Zh. Gu, X. Li et al. // RSC Adv. — 2013. — Vol. 3. — P. 25989-25996.

11 Jones C.L. Partition layer-modified substrates for reversible surface-enhanced Raman scattering detection of polycyclic aro-
matic hydrocarbons / C.L. Jones, K.C. Bantz, C.L. Haynes // Anal. Bioanal. Chem. — 2009. — Vol. 394. — P. 303-311.

12 Guerrini L. Functionalization of Ag Nanoparticles with Dithiocarbamate Calix [4] arene As an Effective Supramolecular
Host for the Surface-Enhanced Raman Scattering Detection of Polycyclic Aromatic Hydrocarbons / L. Guerrini, J.V. Garcia-Ramos,
C. Domingo, S. Sanchez-Cortes // Langmuir. — 2006. — Vol. 22. — P. 10924-10926.

13 Shi X. Trace analysis of polycyclic aromatic hydrocarbons using calixarene layered gold colloid film as substrates for
surface - enhanced Raman scattering / X. Shi, Y.-H. Kwon, J.Ma, R. Zheng, C. Wang, H.D. Kronfeldt // J. Raman Spectrosc. —
2013. — Vol. 44. —P. 41-46.

14 Xie Y. Sensing of polycyclic aromatic hydrocarbons with cyclodextrin inclusion complexes on silver nanoparticles by sur-
face-enhanced Raman scattering / Y. Xie, X. Wang, X. Han, X. Xue, W. Ji, Z. Qi et al. / Analyst. — 2010. — Vol. 135. — P. 1389—
1394.

15 Xie Y. Selective SERS detection of each polycyclic aromatic hydrocarbon (PAH) in a mixture of five kinds of PAHs.
/Y. Xie, X. Wang, X. Han, W. Song, W. Ruan, J. Liu, B. Zhao, Y. Ozaki // J. Raman Spectrosc. — 2011, Vol. 42. — P. 945-950.

16 boratsipeB B.A. MeToapl cuHTe3a HAHOUYACTHUI] C IUIA3MOHHBIM pe3oHaHcoM: yuel. moc. / B.A. borateipes, JI.A. [IpIMKaH,
H.T'. Xne6uos. — Caparos: CI'Y um. H.I'. Uepusimesckoro, 2009 — 35 c.

17 beryno W.b. Ilomyuenue HaHOCTepkHEH cepeOpa METOZOM KOHTPOJIMPYEMOTO pOCTa Ha SApax KPUCTALIU3ALUU
/ N.b. Berynos, M.1O. Koponesa, E.B. IOproB // Ycnexu B xumun u xuM. texuosnoruu. — 2014. — T. 28, Ne 6. — C. 37-39.

18 BacunbeBa C.}O. CopOnuoHHOE KOHIIEHTPHPOBaHNE TUPEHAa HAHOYACTUIAMU cepedpa U ero JIOMUHECLIEHTHOE OIIpeesieHNe
B BoaubIx pactBopax / C.}O. Bacuibesa, A.1O. Onenun, I'.11. Pomanosckas, 10.A. Kpyrsxos, B.U. ITorounn, A.C. KopoTkoB u ap.
// Kypn. anamur. xum. — 2009. — T. 64, Ne 12. — C. 1244-1250.

19 Jiang M. CTAB micelles assisted rGO—AgNP hybrids for SERS detection of polycyclic aromatic hydrocarbons / M. Jiang,
Zh. Qian, X. Zhou, X. Xin, J. Wu, Ch. Chen et al. // Phys. Chem. Chem. Phys. — 2015. — Vol. 17. — P. 21158-21163.

20 Gao Y. CTAB-triggered Ag aggregates for reproducible SERS analysis of urinary polycyclic aromatic hydrocarbon metabo-
lites / Y. Gao, L. Li, X. Zhang, X. Wang, W. Ji, J. Zhao et al. // Chem. Commun. — 2019. — Vol. 55. —P. 2146-2149.

21 Evanoff D.D. Jr. Synthesis and optical properties of silver nanoparticles and arrays / D.D. Jr. Evanoff, G. Chumanov // Chem.
Phys. Chem. — 2005. — Vol. 6, Ne 7. — P. 1221-1231.

P.X. JIxxanabexora, M.C. Kum, H.X. 6paes

Kosnonarel kymic TeceHimTepinae noJIMUMKIAL X0 HicTi KeMipcyTekTepai
OeTi-KylIelTIIreH KOMOMHALMOH/BIK MIAIIBIPAY J/liciMeH aHBIKTAay

Maxkanana ueruntpumerniammonuii 6pomugiven (LITAB) TypaxkraHgbIppUIFaH, KOJUIOMATBHIK KYMiCIIEH
KanTajFaH TeceHilmTep Oeringe nonuuukingl xom wicti kemipeyrekrepai (ITXK) Oeri-kyrueitrinren
koMOuMHanmoHAbIK  miameipay  (SERS)  omiciMen — aHpIKTay — MYMKIHAIrT  Typanbl — afThUIFaH.
eruaTpiMeTHIaMMOHHI OpOMHUI METaJUl HaHOOOINIIEKTePiH TYpaKTaHIBIPYIIBICHI FaHa eMeC, COHBIMCH
KaTap IUIa3MOHIBIK KYMIC HAaHOOOJIICKTepAiH KYIIEHTIIreH 3JIeKTPOMAarHWTTIK epiciHiy xaHbHAa [IXK
ruapodoOTEl  MOJICKYJIaNapbIHBIH  LIOFBIPJIAHYbIHA BIKIAN CTETiH MOIu(HKAUMIAYIIBl 3aT  POIiH
aTKapaThIHABIFBl KOpPCETUIreH. Mojenb aHaJIuTTepi peTiHJe aHTpaleH MEH IHPEH KOJIAaHBUIFaH.
Jaiibiananran SERS-6encenni KaObIpIIaKTapbIHBIH, CE3IMTANIBIFBIH aHBIKTAY YIIiH TalIaHAThIH 3aTTap/blH
koHIeHTpamuscsl 210 ~10° Monb/T IHAMA30HBIHIAFE CIHMPTTIK epITIHALTEPI KOMIAHBUIFAH. AJNBIHFAH
KaObIpILIaKTapa aHTpPaleH MeH MHUPEeH epITIHAUIepIiH CHrHAl ajfaH €H TOMEHI1 KOHIEHTPALHUsICHI
coiikecinme 2,5-10° M sxome 5-10° M kypaiimsl. Byn HoTikenep KaOBIPIIAKTAPABIH HPECHMEH
CalBICTBIPFaH/Ia aHTpalleHre ce3imMran ekeHiH kepcereni. CoHbIMeH Karap, xymbicta oprtyprai IIXK
MOJIeKyJIaJapblH KypaMmpaac OerikTepl aigsiH-ana OeiMel, Kypaeli Koclajga e3iHe TOH HIBIHAApra ColKec
aHBIKTayFa 0OJIATHIH/BIFbI KOPCETLITCH.

Kinm ce30ep: Geti-kymeiTinreH KOMOMHAIIMOHABIK IIAaNIbIpay, MOJIHMIMKIII XONI HICTI KOMIpCyTeKTep,
aHTpAalleH, MUPEH, KYMic HaHOOOIIeKTepi, HeTHATpuMeTHIaMMoHuit 6pomuni, SERS ceHcopbl, Mm1a3MoHIbIK
HaHOOeIIeKTep.
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P.X. Ixanabexora, M.C. Kum, H.X. UGpaeB

Onpenesenne NOJUIUKINYECKHX APOMATHYECKHUX YIJIEBOA0OPO/I0B
METO/I0M MOBEPXHOCTHO-YCHJIEHHOT0 KOMOUHAIIMOHHOTO
paccesiHUSl HA MOAJI0KKAX KOJLUIOUJIHOIO cepedpa

B craree coolmaercs 0 BO3MOXKHOCTH ONPEIENCHUS HMOJMLHKINYCCKUX apOMAaTHYECKHUX YIIIEBOIOPOIOB
(ITAY) mMeTon0M MMOBEPXHOCTHO-YCUIIEHHOTO KOMOMHAIMOHHOTO paccesHus (SERS) Ha mommoxkax, HOKpbI-
TBHIX KOJUIOUAHBIM cepeOpoM, CTaOMIN3UPOBaHHBIM LeTuaTpuMeTHiIaMMonus 6pomuznoM (LITAB). [TokasaHo,
YTO LETWITPUMETIIAMMOHHS OpOMHI BBIONHSET POJb HE TOJBKO CTa0MINM3aTopa HAHOYACTHI[ METaylIa,
HO ¥ pOJb MOAMGUIMPYIOMETO areHTa, CIIOCOOCTBYIOMIET0 KOHICHTpAmUH THApoGoOHBIX Monekyn [TAY
BOJIM3M YCHJIEHHOTO 3JIEKTPOMAarHUTHOTO IIOJIS IUIA3MOHHBIX HaHOYACTHI] cepebpa. B kauecTBe MOmenbHBIX
AQHAJINTOB OBUIN MCIIOIB30BAaHBI AHTPAICH U MUpeH. 1 onpeeNieHust 9yBCTBUTEIEHOCTH IPUTOTOBICHHOTO
SERS-akTHBHOTO IOKPBITHS MCHOJIb30BAHbI CIIUPTOBBIC PACTBOPHI aHAIU3UPYEMBIX BELIECTB C KOHIEHTpa-
uAMH B auanasone 2-107-107° mons/n. HauMeHbIIie KOHIEHTPAIME PaCTBOPOB, IS KOTOPHIX Ha TMOJY-
YEHHBIX OINOXKKAX OOHAPYKMBAIOTCA aHTPALECH H MHPEH, cOCTaBIOT 2,5-10° M 1 5-10° M cootserct-
BEHHO. DTHU pe3yJIbTaThl YKa3bIBaIOT HA TO, YTO IOJUIOKKH 0OJiee UyBCTBUTEIIBHbI K aHTPALICHY, YeM K IHpe-
Hy. B pabore Taxke nokasaHo, 4TO pa3andHbIe MOJEKYIb! IIAY MoryT OBITH OOHAPY)KEHEI 10 XapaKTEPHBIM
IIIKaM B CJIOXKHOU cMecH 0e3 IpeIBapuTeIIbHOTO pa3/Ie/IeHUst KOMIOHEHTOB.

Kniouesvie cnosa: moBepXHOCTHO-yCHJICHHOE KOMOWHAIIMOHHOE PAcCesTHUE, MONUIMKINYECKHE apoMaTHye-
CKHE YTJIeBOJOPOABI, aHTPALeH, IMHUPEH, HAHOYACTUIBI cepebpa, meTwntpuMeTmwinamMMmonus 6pomun, SERS
CEHCOP, MIA3MOHHBIE JACTHUIIBL.
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Two-Dimensional Ray Mathematical Model of Mechanoelectric Transformations
Method for Location of Macrodefects Identification in Solid Dielectric Structures

Method of mechanoelectric transformations can be applied to determine both horizontal position and the
depth of a defect in solid nonconductor samples. The method is based on phenomenon of electromagnetic
emission in sources of mechanoelectric transformations, such as cracks, voids and impurities of sample struc-
ture. It has been shown that method can be used to evaluate integrated stress-strain state of solid dielectric
materials. The method is also capable of finding defects is the sample volume, but the robust methodology
has to be developed. To develop a methodology of the proper scanning process the experimental setup was
created. This work represents ray model of this setup. The model allows us to research pulse characteristics of
the response signal considering a variety of excitation signal parameters, defect locations and depths.
The model includes dimensions of real sample. Pulse characteristics for response signals of single-period ex-
citation waves with 100 kHz, 300 kHz, and 600 kHz frequencies were obtained. It is shown that increasing
the frequency of excitation increases the accuracy of estimating the depth of macrodefects. Time-response
characteristics of the signal are most informative.

Keywords: mechanoelectric transformations, acoustic control, nondestructive testing, mathematical model,
solid dielectric structures, defectoscopy, response signal, excitation wave.

Introduction

Acoustic methods are widely used to search and control macrodefects in structures. Most of them are
based on pulsed excitation of the test object by the acoustic wave and the following study of response char-
acteristics associated with a macrodefect [1-5].

Numerous acoustic methods of searching defect coordinates have been developed [6-8].

The disadvantage of these methods is the requirement of reliable acoustic contact between the receiver
and the object of control. The response signal may be distorted due to heterogeneity of the surface mechani-
cal properties of the sample, which leads to instability in the transient characteristic of the contact.

However, there are methods, which do not require reliable surface contact, for example, the method of
mechanoelectric transformations (MET). It is found that in solid dielectric under certain conditions like stress
electromagnetic emission appears on the surfaces of cracks and defects [9]. Double electric layers at the inter-
faces of dissimilar materials are sources of MET, as well as natural piezoelectric inclusions (quartz sand in con-
crete, for example). The method of electromagnetic emission can be informative to determine stress-strain state
of materials, but the method is considered passive. Further investigations have shown that it is possible to in-
duce an electromagnetic response by acoustic excitation of the sample [10—13]. Studies indicate that the MET
method is suitable for defectoscopy of solid dielectrics. First, there were investigations on registration of re-
sponse signals for samples made of epoxy resin with addition of sand, which contained lots of quartz [14].
To determine whether results of studies are redundant, statistic methods were utilized, for instance, those based
on Students t-distribution [15]. These methods utilize integrated response characteristics to evaluate bulk and
surface defects [16]. The response signal received from the surface area above defect is distinguishable from
those signals received from areas without defects since correlation drops dramatically in «defected» areas.

During ultrasonic testing, acoustic energy is being transferred to an electric signal in a localized acous-
tic transducer. Unlike that, transducers in MET method are located in the sample itself, so that the response
signal is the superposition of signals from all the MET sources. As a result, a response signal is being re-
ceived right after excitation and clearly carries no information about defects whatsoever. The excitation wave
than reaches the defect and reflects back to the surface, creating the useful response signal that sums up with
the parasitic one. Later on, the wave reflected from further boundaries if the sample also contributed to the
integrated signal.
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It is also possible to utilize the reverberation effect to enhance the MET method. The main advantage of
reverberation is the repeated intersections of the excitation zones of inhomogeneities by acoustic waves, that
is displayed in response parameters. The reverberation makes it possible to accumulate distortions of wave-
fronts [17, 18].

The aim of this work is to evaluate the most suitable parameters of excitation and response signals to
localize the defect.

Methods and materials

A new method of nondestructive testing has been developed in Tomsk Polytechnic University — meth-
od of mechanoelectric transformations (MET). Acoustic impulse of a given form excites dielectric sample.
The excitation wave interferes with MET sources, which partially transfer acoustic energy to weak electro-
magnetic field. The capacitance sensor located close to the surface then transforms electromagnetic signal to
current, which is then registered. Sources of MET include double electric layers at the interfaces of dissimi-
lar materials and natural piezoelectric inclusions (quartz sand in concrete, for example). The main advantage
of MET method over other acoustic methods is that MET method does not require reliable surface contact.
This method can require no physical contact with a sample at all if laser beam is used as an excitation
source [19].

Studies indicate that the MET method is suitable for defectoscopy of solid dielectrics.

During ultrasonic testing, acoustic energy is being transferred to an electric signal in a localized acous-
tic transducer. Unlike that, transducers in MET method are located in the sample itself, so that the response
signal is the superposition of signals from all the MET sources. As a result, a response signal is being re-
ceived right after excitation and clearly carries no information about defects whatsoever. The excitation wave
than reaches the defect and reflects back to the surface, creating the useful response signal that sums up with
the parasitic one. Later on, the wave reflected from further boundaries if the sample also contributed to the
integrated signal.

To describe received electric signal from sample with distant MET sources ray mathematical model was
developed [20].

The full biasing current / over the segment of the detector is determined as following:

0 ¢¢lan[1 (3.1 dH [3-h-H (5 -H
it 1 v I = | v b= R R

s s,

Q — is a bound charge of a single MET source; S, — is a square of a MET source; #) — is a width of a
source H — is a distance between MET source and the receiver.; 7(z) — is the length of the radius vector be-
tween the element of MET source and the element or receiver surface, considering reflections from bounda-
ries of the sample.; ds, — elementary surface of the reciever; ds, — the element of surface area of MET
source. Time indexes for H, 4 and r are left out.

Derivatives with respect to 4 and H are obtained from the equation for longitudal deformation &/ and
its connection to mechanical normal stress o in elastic area.

Since the mechanical stress is not uniform in space, when calculating the deformation between two
points, it is necessary to summarize the instantaneous elementary deformations, within which the mechanical
stress can be considered unchanged. When calculating the strain rate across the width of the probe, the in-
stantaneous mechanical stress can be considered constant due to the small value of h and the expression for
the vertical component of the derivative h with respect to time has the form:

dh cgj(t_‘:‘)'rhz'h

k-0,
dt E*.

where k£ — is the coefficient having a length dimension equal to the distance from the center of the spherical
wave to the region of tension formation c,, which is equal, in a first approximation, to the ratio of the impact
force to the contact area of the spherical surface of the excitation source with the sample;
7 — radius vector from the region of impact formation to a given point, taking into account reflections from

7|

the control object boundaries; 77,,| — the radius vector module from the point of impact to the given point of

the MET source, r,, — is the projection of the specified radius vector on the vertical axis; F(t-r/v) — equa-
tion of the excitation wave; v — is the speed of sound in control object.
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When calculating the expression for the vertical component of the derivative with respect to H, it is
necessary to take into account the heterogeneity of the mechanical stress, therefore, it has the following form

dH k-o, 't g v’ =
= . I Y ‘ dZ
dt E P
where 7, — is the vertical component of 7, 77Z| — is the radius vector module from the point of impact to

the point of the given line connecting the point on the MEP source with the point on the receiver plate. The
vertical component of the induction vector is calculated along this line.

where is the vertical component, is the radius vector module from the point of impact to the point of the
given line connecting the point on the MEP source with the point on the receiver plate. The vertical compo-
nent of the induction vector is calculated along this line.

As can be seen from expression above for the bias current, the response signal consists of two compo-
nents. One component is associated with a change in time of the width of the MET source, (component h);
the other component — with a change in the distance between the surface elements of the MET source and
the signal receiver (component H). From this expression it follows that each of these components can change
its sign at certain angles between the vertical axis and the direction of the radius vector from the MET source
to the receiver surface element. Therefore, the total response signal can be either a result of either arithmetic
summation of the two components, or subtraction. Moreover, depending on the size and position of the sur-
faces of the MET source and the receiver, we can get a common signal as the sum of elementary responses,
where not all components have the same sign.

In general, the described mathematical model shows that with a uniform distribution of the MET
sources over the sample, those sources located near the signal receiver make the greatest contribution to the
electrical response. Nevertheless, under certain conditions of the distribution of MET sources, the electrical
response, which in this case can be called parasitic, begins to form almost without delay at the moment of
excitation of the sample. After the acoustic wave reaches the surface of the defect, the response reflected
from the microdefect of the wave begins to mix with the already existing response. Over time, acoustic
waves reflected from the boundaries of the sample begin to influence the response.

To identify criteria of the defects, which can be found and assessed with MET method the experimental
setup was created [21, 22]. Figure 1 shows the scheme of the setup.

A coordinatograph allows positioning the sending-receipt unit (SRU) above the specific place of the
sample surface. The SRU consists of piezoelectric transducer and differential capacitive probe. The trans-
ducer emits a series of acoustic impulses. The shape and length of each impulse is determined by concerns of
specific experiment and controlled via special software. The measurement input of the probe is located sev-
eral millimeters above the surface of the sample. It receives electric component of electro-magnetic signal,
which consists of both noise and informative signal. The generation and digitizing device (GDD) is based on
multifunction Data acquisition device NI USB-6356. The output of GDD is connected to the high-voltage
amplifier (HA) to amplify the signal before it comes to transducer. Multiple excitations are used to improve
signal/noise ratio. Up to 256 measurements are summed up and averaged.

E|

oc , ADC |6
GDD | SRU
/
HHAI
DAC // N
“sampe )
2 USB Coordinatograph

Figure 1. The experimental setup
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The setup was used to find out what kind of defects can be found with MET method.

The sample is a 100 mm thick concrete block with holes. Three holes have a diameter of 25 mm and
depths 40, 60 and 75 mm.

It turned out that parasitic response signals are significantly affecting the response signal as a whole, so
that it is difficult to choose optimal criteria for defects, which could be localized my MET method. For the
same reason it is impossible to estimate suitable parameters of excitation waves right away.

The aim of this work is to show in a two-dimensional mathematical model that takes into account the
ability to set the dimensions of the surfaces of the acoustic excitation source, macrodefect and the electrical
response receiver, as well as the coordinates of the macrodefect, which excitation and response parameters
are most effective for determining the coordinates of macrodefects in solid dielectrics.

Let us consider the following system: the source of the signal, receiver and defect, all located on plain
surface (Figure 2). Here a depicts the source; b is the receiver; c is the defect.

i Il_rl I
a I:b.

Figure 2. The scheme of experimental setup for studying electromagnetic responses when a sample is excited by an
acoustic pulse of a given shape, where a is acoustic wave emitter; b is response signal receiver; c is the defect

Dashed lines portray rays which contribute to response signal formation. The model considers real di-
mensions of emitter, receiver, defects and their locations.

The length of emitter is 10 mm, receivers is 6 mm.

The source of the signal emits an acoustic excitation wave from each point of the surface of the emitter.

The surface area is defined as a site with a linear size 0/ =0t -V, where v is the speed of sound in a concrete
sample (3200 m / s); ot is the digitization interval.

The rays fall on the surface of the defect and are emitted into the region of the sample located in the
immediate vicinity of the surface of the receiver. In this area, the level of the electromagnetic signal due to
mechanoelectric transformations is the greatest.

The program sums up all the elementary responses from each ray emitted by the surface of the defect,
which, in turn, is a superposition of rays from each point of the source of the acoustic signal.

The distances that each beam travels between the surface of the source and the macrodefect, as well as
the surface of the macrodefect and receiver, were calculated. The response signals from each ray falling into
the same time were summed. Each elementary response signal was calculated based on the sphericity of the
acoustic wave, i.e. acoustic attenuation was taken into account inversely with distance. The delay time of the
arrival of the rays to the receiver was also calculated to form the integral time dependence of the response.
The resulting dependence is the impulse characteristic of the response signal for a given configuration of the
emitter — defect — receiver system.

The program also calculated the impulse response characteristics when the source — receiver system
was shifted relative to the defect, which simulated the scanning system for the sample.

Impulse characteristics were calculated for three depths of macrodefects: 25 mm, 40 mm and 60 mm.
In addition, the impulse response characteristics were calculated upon reflection of the excitation pulse from
the bottom of the sample (100 mm).

Figure 3 shows the impulse response characteristics at a defect depth of (25, 40, 60) mm and with no
defects respectively, under conditions when the sensor system is above the corresponding defect. The abscis-
sa shows the relative distances that the acoustic rays travel.
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Figure 3. Impulse response characteristics at a defect depth when the sensor system is
above the corresponding defect, a) 25 mm; b) 40 mm; c¢) 60 mm; d) without defect

As can be seen from the figures, for the given linear dimensions of the receiver, defect, and emitter, the
range of distances that the rays of the acoustic excitation wave propagate at a defect depth of 25 mm is
6 mm, at a depth of 40 mm — 4 mm, and at a depth of 60 mm — 3 mm. When the excitation signal is re-
flected from the bottom of the sample, the interval of the impulse response is 18 mm. In this case, there is a
strong surge of the signal at the beginning of the impulse response. Figure 4 shows the impulse response
characteristics at a defect depth of (25, 40, and 60) mm and with no defects underneath, respectively, under
conditions when the sensor system is 10 mm shifted relative to the defect.

When the SRU is shifted relative to the defect, the response signal decreases and the impulse response
expands. The range of distances for depths 25, 40 and 60 mm is 12, 8, and 6 mm, respectively.

Figure 5 shows the calculations of the maximum levels of the impulse response as a function of the bias
and bias offset relative to the defect.
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Figure 4. Impulse response characteristics when the sensor system is 10 mm shifted
relative to the corresponding defects: a) 25 mm; b) 40 mm; ¢) 60 mm; d) without defect
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Figure 5. The maxima of the impulse response levels when the SRU is shifted relative
to the corresponding defect depth: a) 25 mm; b) 40 mm; ¢) 60 mm; d) without defect

As can be seen from Figure 5a, the maximum response when the acoustic excitation wave is reflected
from the bottom is in fact independent of the displacement of the emitter and receiver assembly with respect
to the defect. The vertical dashed line corresponds to the position of the SRU over the defect.

Studying the impulse characteristics, it is possible to calculate the responses when a pulse of a given
shape is applied to the sample.

A rectangular radio pulse u(?) was used as an excitation pulse in the model.

On the graphs of impulse responses along the ordinate axis, the intensities are plotted. Therefore, to ob-
tain the response res(?) when an acoustic pulse of a given shape is exposed to a sample, it is necessary to per-
form the convolution operation of its time dependence with the corresponding impulse response

res(t) = Zt:imp(r) -u(t—r1)

where imp (¢) is the impulse response; u« () is the time dependence of the excitation pulse.
To solve the problem of determining the location of a macrodefect, as well as a possible assessment of
its linear dimensions, we consider the responses at various frequencies and durations of the excitation pulse.
The presented responses are shown upon excitation of a sample with a rectangular radio pulse with a
frequency of 100 kHz for a period of 1 period in Figure 6.

Level, rel.

Time, Y5

Figure 6: The responses when a sample was excited by a rectangular radio pulse with a frequency
of 100 kHz for a period of 1 period in the zones of defects with a depth of 25 mm (dots), 40 mm
(dashed line), 60 mm (dashed-dotted line) and the shape of the excitation pulse (solid line).
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As follows from the figure, there is an increase in the duration of the response with a decrease in the
depth of the defect. Figures 6 and 7 show that with increasing frequency, the degree of increase in duration
increases.

As can be seen from all the figures, the waveforms of the responses are distorted to one degree or an-
other with respect to the excitation pulse. It follows from a theory that the response duration is the sum of the
duration of the initial pulse (in our case, the period of the corresponding frequency) and the duration of the
characteristic with which the convolution is carried out. Therefore, the response duration is delayed with re-
spect to the initial pulse [21-23].

The duration of the impulse response in the ray approximation of the propagation of an acoustic wave
depends both on the depth of the defect, on the surface of which the excitation wave is reflected, and on its
linear dimensions, as well as on the sum of the linear dimensions of the excitation source, receiver, and the
gap between them.

Therefore, in general, the difference between the duration of the response and the duration of the excita-
tion pulse is an indicator of the depth of the location of defects [24, 25].

The response signal is generated in a special way when the acoustic excitation wave is reflected from
the bottom of the sample, which is due to the relatively large surface from which the acoustic excitation
wave signal is reflected.

Level, rel.

Time, P15

Figure 7. The responses when a sample was excited by a rectangular radio pulse with a frequency
of 300 kHz for a period of 1 period in the zones of defects with a depth of 25 mm (dots),
40 mm (dashed line), 60 mm (dash-dotted line) and the shape of the excitation pulse (solid line)

Figure 7 and 8 show the given responses for frequencies of 300 kHz and 600 kHz.
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Figure 8. The responses given when a sample was excited by a rectangular radio pulse with
a frequency of 600 kHz for a period of 1 period in the zones of defects with a depth of 25 mm (dots),
40 mm (dashed line), 60 mm (dashed-dotted line) and the shape of the excitation pulse (solid line)

Consider the response behavior in the spectral region. Figure 9 shows fragments of the amplitude-
frequency characteristics (up to the first bend) of responses under the influence of a pulse with a frequency
of 100 kHz for defect depths (25, 40, 60) mm, as well as the frequency response of the excitation pulse.
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As can be seen from the Figure 9, at a frequency of 100 kHz, all frequency response lines almost merge.
At the same time, it is seen that the response frequency response when reflected from the bottom of the sam-

ple has a feature that is probably due to the manifestation of interference due to the superposition of acoustic
waves whose path lengths exceed the coherence interval.
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Figure 9. The amplitude-frequency characteristics of responses when reflected from defects
at defect depths of 25 mm (dashed line), 40 mm (dots), 60 mm (dashed-dotted line), from the bottom
of the sample (thin solid line) and the excitation pulse (thick solid line) at a frequency of 100 kHz

Figures 8 and 9 show the frequency response of the responses and the excitation pulse for the same depths
for the frequencies 300 kHz and 600 kHz.
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Figure 10. The amplitude-frequency characteristics of responses when reflected from defects
at defect depths of 25 mm (dashed line), 40 mm (dots), 60 mm (dashed-dotted line), from the bottom

of the sample (thin solid line) and the excitation pulse (bold solid line) at a frequency of 300 kHz
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Figure 11. The amplitude-frequency characteristics of responses when reflected from defects
at defect depths of 25 mm (dashed line), 40 mm (dots), 60 mm (dashed-dotted line), from the bottom
of the sample (thin solid line) and the excitation pulse (thick solid line) at a frequency of 600 kHz

It follows from Figure 10 that, at a frequency of 300 kHz, the maxima of the frequency response of the
responses relative to the frequency response of the initial excitation naturally shift to the low-frequency re-
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gion with a decrease in the depth of the defect. The nature of the response from the bottom of the sample be-
comes more complex.

And finally, in figure 11, at a frequency of 600 kHz, the manifestation of the displacement of the maxi-
ma of the frequency response increases significantly.

Conclusion

Based on the analysis of responses calculated using the two-dimensional ray model, the following con-
clusions can be drawn:

— the steepness of the impulse response when scanning along a sample with a defect increases with de-
creasing depth of the defect;

— the difference between the response duration and the excitation pulse duration at a given excitation
frequency is an indicator of the depth of the location of defects;

— the degree of expansion of the response increases with increasing frequency of pulsed excitation;

— increasing the frequency of excitation increases the accuracy of estimating the depth of microdefects.

The work has been done with the financial support of the Russian Science Foundation, project
No. 19-19-00178 (TPU - 5.2053.RNF.2019).
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KaTThl qudJjieKTpuKTEepAe MAKpPOAKAayI1ap/AblH OPHBIH Ta0yFa
apHAJIFaH MEeXaHO3JIEeKTPJIK TYpJeHaiprimTep diciHiH eKi
oJIeM/Ii CyJIeJIiKk MATEMAaTHKAJIBIK MO eJi

Katter oTki30€iTiH yITiepiH KeJIeHeH KYHiH Jie, aKkayIbIH TepeHIITH Jie aHbIKTay YIIiH MEeXaHOJICKTPIIK
KaiiTa Kypy oMiCiH Konjganyra 6omaasl. By MexaHOIeKTpIIik KaifTa KYpbULy KO3AepiHAeT] SIeKTPOMarHuTTiK
coylielieHy KyOBUIBICBIHA HETI3ENITeH, MBICANbL, JKapblK KYpPBUIBIMAAPHL, KYBICTap JKOHE ChIHaMa
KYPBUIBIMBIHBIH Kocniaslapbl. KepceTiren omicTi KaTThl JUAIEKTPIIK MaTepHaIgapAblH WHTETPAlHsUIaHFaH
KepHeyJi KydiH Oaramayna konjanyra Oonangsl. CoHpaii-ak, 9ic yJIri KesleMiHJAeri akaynapibl aHbIKTayFa
KabinerTi, 6ipak OHBIH CEHIMII oicTeMeciH Kypy KaxeT. CkaHepiey MPOLECiH IypbIC KYPri3y amicTeMeciH
’Kacay YIIIH 3KCIEPUMEHTTIK KOHIBIPFbI KypacThIpbliraH. JKyMbICcTa OChl KOH/BIPFBIHBIH COYJIENIK MOJei
YCBIHBUIFaH. MoJeNb KO3/BIPY CHTHAIBIHBIH OpTYPJl IapaMeTpiepiH, aKaylap/blH OpHAlacybl MEH
TEpEeHMIrH ecKepe OTHIPHIIL, >Kayall CHIHAJIBIHBIH UMITYJIECTIK CHITaTTaMaJIapbIH 3epTTeyre MyMKIHAIK Oepexni.
Monens HakTh YAriHIH emmemaepin kamtugpl. 100 k', 300 sxone 600 k' sxuinikrepi 6ap Oip Ke3eH i KO3y
TOJIKBIHJAPBIHBIH JKayall CHTHAIAAPbl YLIIH UMIYJIbCTIK CHMaTTaManap ansiradH. Ko3y Kuinmirin aprreipy
apKBUIBI  MaKpoakayJapAblH TEpeHJIIriH Oarajmay [ONIITiH JKOFapbUlaTyFa OOJATBIHBI KOPCETLIreH.
CurHanIbIH YakbITTTBIK CHIIATTaMaJIaphl €H aKIapaTThl OOJIbIN TaObLIabL.

Kinm  ce30ep: MexaHODJIGKTPIIK TYpJeHy, aKyCTHKaIblK Oakpuiay, Oy30aii Oakpuiay, CoyJemik-
MaTEeMaTHKaJbIK MOJENb, KATThl JUAJIEKTPIIK KYpbUIBIMAAp, AC()EKTOCKONHUs, jKayall CHMTHajbl, KO3y
TOJIKBIHBL.

P.A. Jlaac, I1.H. Xopcos, A.Il. CypxuxoB, A.A. becniasibko,
A.C. I'sarasos, J1.2K. Kapabekosa, A.K. Xacenos

JIBymMepHas JiydyeBasi MaTeMaTH4YeCKasi MojleJIb METO/1a
MEXAHO03JIEKTPHYECKUX MPeodpa3oBaHuii JAJ151 MONCKA MeCTOMOI0KEHH S
MakpoaedeKTOB B TBEPAbIX IMIJIeKTPUKAX

Metoa MeXaHOAIIEKTPUUECKUX TPEOOpa30OBaHMl MOXKET OBITh NMPHMEHEH IS ONpPEACICHUS KaK TOPU30H-
TAIBHOTO IMOJIOKCHUS, TaK U TIIYOHHBI Ie()eKTa B TBEPABIX HEMPOBOAAMINX oOpasznax. OH OCHOBaH Ha SBJIC-
HUH DJICKTPOMArHUTHOTO HW3JIy4CHHs B HMCTOYHHMKAX MEXAHOJJICKTPHUYCCKHX IMPeoOpa3oBaHWil, TAKHX Kak
TPEUIMHBL, ITYCTOTHI H IPUMECH CTPYKTYphI 0Opasma. [loka3aHo, 4TO yKka3aHHBIA METO MOXKET OBITh HCIIOJb-
30BaH JIsI OLICHKHU VIHTeraJ'IBHOFO Hal'[pﬂ)KCHHO—}le(bOpMI/IpOBaHHOFO COCTOSHUSA TBep}lbIX lII/ISJ'leKTpI/IquKI/IX
marepuanoB. Kpome Toro, cmocoben oOHapyxuBaTh nedekTsl B 00beMe 00pasia, OAHAKO HEOOXOAUMO pas-
paboTaTh HAAEKHYIO METOHONOTHIO. [y pa3pabOTKKU METONOJIOTUH MPaBUIBHOTO MpoIiecca CKAaHUPOBAHUS
ObuIa Co3/71aHa SKCIICPUMEHTAIbHAS YCTAaHOBKA. DTa paboTa MpeACTaBIsAET JIy4eBYIO MOJICIb 3TOH YCTAaHOBKH.
Mogenb MO3BOJSIET HCCIEIOBATH UMITYJIbCHBIC XapPaKTEPUCTHKHA OTBETHOTO CHTHANA C yYETOM Pa3IHMYHBIX
rapamMeTpoB CHTHaIa BO30YKICHUS, MECTOTIOIOKEHHS Ie(eKTOB U TiyOnHBL. BKirouaet B cedst pa3mepsl pe-
aIpHOTO 0Opasna. [lomy4eHbsl UMITYIIbCHBIC XapaKTEPUCTHKH [T OTBETHBIX CHTHAJIOB OJTHOICPUOIHMYCCKUAX
BoJH BO30OyxneHus ¢ yactotamu 100, 300 u 600 kI'u. [TokazaHo, 4TO yBeTMUCHHE YaCTOTHI BO30OYKICHHS
IIOBBIIIACT TOYHOCTH OLICHKH l"J'Iy6I/IHI)I MaKpO)Ied)eKTOB. BpeMeHHbIe XapaKTepHCTIAKI/I CUTHAJIa ABJIAKOTCS
Hanbosee NH(POPMATUBHBIMU.
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Kniouegvie cnosa: MexaHODIEKTpHYECKHE NPEOOpa3oBaHUs, aKyCTHUECKHH KOHTPOIb, HEpaspy-
IIAIOIINIT KOHTPOJIB, JTydeBasi MaTeMaTHYecKasi MOAENb, Ae()eKTOCKONHSI, BO30YKIafOLIHI CUTHA,
CHUTHAJ OTKJIMKA, TBEPbIC JUINEKTPUIECKHE CTPYKTYPBI.
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Electrophysical characteristics of nanodimensional cobalte-cuprate-manganite
LaNa,CoCuMnOQg and nickelite-cuprate-manganite LaNa,NiCuMnQOjq

The temperature dependences of the electric capacity, dielectric constant and electrical resistance of cobalte-
cuprate-manganite of lanthanum and sodium of LaNa,CoCuMnOg and nickelite-cuprate-manganite of lantha-
num and sodium of LaNa,NiCuMnOg were investigated on the LCR-800 serial device (manufactured by
Taiwan) at the operating frequencies of 1 kHz, 5 kHz, and 10 kHz in interval of 293-483 K through 10 K
continuously in dry air. It was determined that LaNa,CoCuMnOg in interval of 293-483 K shows the semi-
conductor conductivity. A band gap (A E) is 0.54eV. The compound has the high values of the dielectric con-
stant, which are equal 2.17-10° (1 kHz), 2.31-10° (5 kHz), 8.22-10* (10 kHz) at 293 K and 8.49-10% (5 kHz),
7.87-107 (10 kHz) at 483 K. LaNa,NiCuMnOj in interval of 293—483 K demonstrates the semiconductor con-
ductivity (A E = 0.48 eV), at 433—443 K — the metallic conductivity and at 453—-483 K — the semiconductor
conductivity (A E = 2.33 eV).The values of the dielectric constant are 4.97-10° (1 kHz), 9.2-10* (5 kHz),
5.1-10' (10 kHz) at 293 K and 1.02-10° (1 kHz), 1.98-10° (5 kHz) and 9.76-10" (10 kHz) at 483 K. The com-
pounds can be classified as the narrow-band gap semiconductors and they are of interest for the semiconduc-
tor and microcapacitor technologies.

Keywords: electrophysics, cobalte, nickelite, cuprate, manganite, lanthanum, sodium, dielectric constant,
electrical resistance.

Introduction

The compounds, based on the manganites, nickelites, cuprates and cobaltites of the rare-earth elements
doped with oxides of the alkali and alkaline earth metals, have the unique physicochemical properties such as
semiconductor, superconductive, ferroelectric, para-, ferro-, antiferromagnetic and other properties [1-4].

It should be pointed that the compounds based on lanthanum and strontium nickelates have the high
values of the dielectric constant [5]. The Chemical-Metallurgical Institute performs the systematic and tar-
geted studies on the synthesis and investigation of the physicochemical characteristics of manganites, fer-
rites, chromites, cuprates, cobaltites, nickelites of the rare earths doped with oxides of the alkali and alkaline
earth metals with the valuable properties [6—10].

The purpose of this paper is to investigate the electrophysical properties of nanodimensional cobalte-
cuprate-manganite of lanthanum and sodium of LaNa,CoCuMnOg and nickelite-cuprate-manganite of lan-
thanum and sodium of LaNa,NiCuMnOQOyg. The mentioned compounds synthesized with the ceramic technolo-
gy in the interval of 800—1200 °C by the interaction of stoichiometric amounts of La,0;, CoO, NiO, CuO,
Mn,0; and Na,COs. By milling of polycrystalline samples on Retsch MM301 vibration mill (Germany) were
obtained their nanodimensional (nanocluster) particles, which sizes were defined on the atomic-force micro-
scope JSPM-5400 Scanning Probe Microscope «JEOL» (Japan). It was found that both compounds are crys-
tallized in a isometric system in the structure with the following parameters of grid: LaNa,CoCuMnOg
a=14.43£0.02A; 1°=3005.5£0.06 A%; Z=4; V°uioc.con =751.38£0.02 A%; 0000 =3.86; pricx==3.72+0.01 g/cm’,
LaNa,NiCuMnOs — a=14.19+0.02 A, 7°=2859.42+0.06 A°, Z=4, V’ e con =714.8610.01 A°, p,,.,,=3.38;
£ pick =3.29+0.02 g/em’ [11-13].

Results and discussion

The measurements of the electrophysical properties were carried out according to the procedures [14, 15].

The investigation of the electrical characteristics (dielectric constant and electrical resistance) was made
with the measuring of the electric capacity of the samples on the LCR-800 (Taiwan) serial device at the op-
erating frequency of 1 kHz, 5 kHz and 10 kHz continuously in dry air in a thermostatic mode with holding
time at each fixed temperature.
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Some plane-parallel samples were preliminarily made as disks with 10 mm diameter and 5-6 mm
thickness with a binder additive (~1.5 %). The pressing was carried out under a pressure of 20 kg/cm®.
The received disks were fired in a silit furnace at 200 °C for 6 h. Then they were thoroughly double-sided
grinding.

The dielectric constant was determined from the electric capacity of a sample at the known values of
thickness and a surface area of electrodes. The Sawyer-Tower circuit was used to receive correlations be-
tween the electric induction D and electric field E. The visual observation of D (hysteresis loop of E) was
made on the C1-83 oscilloscope with potential divider consisting of resistance of 6 mOhm and 700 kOhm
and a reference capacitor of 0.15 pF. The frequency of generator is 300 Hz.

The samples were placed in the furnace in all temperature studies. Temperature was measured with a
chromel-alumel thermocouple connected to B2—-34 voltmeter (+ 0.1 mV). The rate-of-change of temperature
is ~5 K/min. A value of the dielectric constant at each temperature was defined from formula:

Then they were thoroughly double-sided grinding.

SZFO’ (D

€S

where C, = — a capacity of capacitor without a test substance (aerial).

The band gap (AE) of the test substance was calculated under formula:
__ 2T Ry
043(T,-T,) "R,
where £ — Boltzmann constant equal to 8.6173303-10- eV-K'l, R; — resistance at T, R, — resistance at T,.
The dielectric constant of a standard substance — barium titanate (BaTiO;) was measured at frequen-
cies of 1 kHz, 5 kHz, and 10 kHz to confirm the received data. Values defined in an experiment of the die-
lectric constant at 293 K at frequencies of 1 kHz and 5 kHz are satisfactory with its recommended value of
1400 + 250 [16—-18]. In addition, the observed changes in the electrical conductivity of BaTiOs at 383 K in
all frequencies (1 kHz, 5 kHz, and 10 kHz) are consistent with its transition from the perovskite cubic phase
Pm3m to the tetragonal (polar) ferroelectric phase with space group P4mm [16—18].
It should be pointed that despite the lower values of the dielectric constant of BaTiO; in frequency of
10 kHz and at T equal to 293 K, 303 K, 313 K, all € values of BaTiO; in all three frequencies (1 kHz, 5 kHz
and 10 kHz) at 313-483 K have approximately the same values up to 2150 which testifies that a change in
frequency does not particularly influence on the temperature dependence of the dielectric constant of BaTiO;
at 313-483 K.
Figure 1 and table 1 below demonstrate the results of the electrophysical characteristics of the studied
compounds.

2

Table 1
Dependence of electrical resistance (R) and dielectric constant (g) on temperature
of LaNa,CoCuMnQyg and LaNa,NiCuMnOgat various frequencies
T,K | € | lge ‘ IlgR | € ‘ lge ‘ lgR
1] 2 | 3 | 4 5 | 6 | 7
LaNa,CoCuMnOQOg LaNa,NiCuMnOg
Measurement frequency 1 kHz
293 2171210 6,34 4,28 4971 3,70 5,72
303 1803567 6,24 4,23 5883 3,77 5,67
313 1404926 6,15 4,12 7746 3,89 5,57
323 1576730 6,20 3,96 11857 4,07 5,43
333 2049087 6,31 3,82 17811 4,25 5,29
343 2677028 6,43 3,70 27406 4,44 5,14
353 3203737 6,51 3,62 39710 4,60 5,00
363 4104119 6,61 3,54 54742 4,74 4,87
373 5784119 6,76 3,46 71452 4,85 4,77
383 8776221 6,94 3,38 97729 4,99 4,64
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1 2 3 4 5 6 7
393 13976221 7,15 3,28 131335 5,12 4,52
403 26967304 7,43 3,13 165215 5,22 4,43
413 60578344 7,78 3,01 229605 5,36 4,30
423 242335457 8,38 2,86 339679 5,53 4,16
433 404076433 8,61 2,77 377230 5,58 4,16
443 604526539 8,78 2,67 343902 5,54 4,28
453 742734607 8,87 2,59 435548 5,64 4,23
463 849248408< 8,93< 2,51 608350 5,78 4,12
473 849248408< 8,93< 2,41 762270 5,88 4,04
483 849248408< 8,93< 2,35 1016889 6,01 3,93

Measurement frequencyS kHz
293 230921 5,36 4,26 920 2,96 5,49
303 210887 5,32 4,20 1079 3,03 5,45
313 217248 5,34 4,08 1419 3,15 5,37
323 311142 5,49 3,92 2207 3,34 5,25
333 446505 5,65 3,77 3253 3,51 5,14
343 601911 5,78 3,65 5072 3,71 5,01
353 693461 5,84 3,57 7616 3,88 4,88
363 850701 5,93 3,49 10984 4,04 4,76
373 1139363 6,06 341 14833 4,17 4,66
383 1613673 6,21 3,34 20838 4,32 4,54
393 2401699 6,38 3,25 28602 4,46 4,42
403 4458684 6,65 3,11 36620 4,56 4,33
413 9542251 6,98 2,99 51147 4,71 4,21
423 34073036 7,53 2,85 75204 4,88 4,07
433 55324841 7,74 2,76 79651 4,90 4,09
443 82969851 7,92 2,66 69204 4,84 4,22
453 103753716 8,02 2,58 85219 4,93 4,16
463 123745223 8,09 2,51 118284 5,07 4,07
473 158989384 8,20 2,40 148467 5,17 3,99
483 180696391 8,26 2,34 198510 5,30 3,88
Measurement frequency10 kHz
293 82189 4,92 4,24 51 1,71 5,34
303 80797 4,91 4,17 593 2,77 5,31
313 97036 4,99 4,04 763 2,88 5,24
323 150225 5,18 3,87 1147 3,06 5,14
333 223618 5,35 3,74 1649 3,22 5,03
343 301792 5,48 3,63 2498 3,40 4,92
353 347406 5,54 3,55 3736 3,57 4,80
363 424773 5,63 3,47 5361 3,73 4,70
373 561792 5,75 3,39 7312 3,86 4,60
383 777214 5,89 3,32 10376 4,02 4,49
393 1128577 6,05 3,23 14534 4,16 4,37
403 2073461 6,32 3,09 18904 4,28 4,28
413 4425478 6,65 2,98 26702 4,43 4,16
423 14367728 7,16 2,84 39228 4,59 4,03
433 22727813 7,36 2,75 39566 4,60 4,07
443 34175796 7,53 2,65 33516 4,53 4,19
453 43345223 7,64 2,57 40940 4,61 4,14
463 52411040 7,72 2,50 57187 4,76 4,04
473 68501911 7,84 2,40 72250 4,86 3,96
483 78744798 7,90 2,34 97570 4,99 3,85
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The results of this investigation given in the table 1 and figure 1 show that LaNa,CoCuMnOg has the
semiconductor conductivity in the temperature interval at 293—483 K and measurement frequencies of 1, 5,
and 10 kHz, the band gap is 0.54 eV and it can be fitted to the narrow-band gap semiconductors.

This compound has the high values of the dielectric constant. Thus, LaNa,CoCuMnQOg at 293 K has the
following values of the dielectric capacity (¢): 2.17-10° (1 kHz), 2.31-10° (5 kHz), 8.22-10* (10 kHz) and at
483 K — < 8.49-10° (1 kHz), 1.81-10° (5 kHz) and 7.87-10" (10 kHz).

LaNa,NiCuMnQgs in interval of 293-483 K demonstrates the semiconductor conductivity, at 433—443 K
— the metallic conductivity and at 453—483 K — the semiconductor conductivity. The band gap at 293-433
K is 0.48 eV, and at 443483 K — 2.33 eV, and this compound can be fitted to narrow-band gap semicon-
ductors.

LaNa,NiCuMnOs at 293 K has the following values of the dielectric capacity — 4.97-10° (1 kHz),
9.2:10% (5 kHz), 5.1-10 (10 kHz) and at 483 K — 1.02-10° (1 kHz), 1.98-10° (5 kHz) and 9.76-10* (10 kHz).

. 5
20| £
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251
501

L " s . L N 2 N N .
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Figure 1. Dependence of dielectric constant (¢) and electrical resistance (R) of LaNa,CoCuMnOg (a)
and LaNa,NiCuMnOg (b) on temperature at measurement frequency of 10 kHz

Conclusion

The temperature dependences of the dielectric constant and electrical resistance of the new
nanodimensional LaNa,CoCuMnQOs and LaNa,NiCuMnOg were first investigated in the interval of
293483 K. It was found that LaNa,CoCuMnOy is of interest for the semiconductor and microcapacitor
technologies, having the high values of the dielectric constant at all measured frequencies of 1, 5, and
10 kHz.

LaNa,NiCuMnOg4 compound is of interest for the semiconductor technology. Both compounds belong
to narrow-band gap semiconductors.
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II1.b. Kacenona, XX.M. CarsiaTacBa, b.K. Kacenos,
E.E. Kyansimb6ekos, XX.C. bextypranos, A.K. 3eitnuaeHoB

Hanoemmemai LaNa,CoCuMnOgko00a1bT-KynipaT-MaHT aHUTIMEH
LaNa,;NiCuMnOg HUKeJUT-KynpaT-MaHT AaHUTiHIH
3JIEKTPOPU3UKAIBIK CHIIATTAMAIAPbI

10 K apkpuier 293-483 wunrepBanbinga 1 kI'm, 5 k[ sxone 10 xI'm sxuinmikre sxymbic icreiitin LCR-800
(TaiiBanp eHmipiciniy) cepusuibl KOHAbIpFBIchHAa LaNa,CoCuMnOgiantan MeH HaTpuili KoOaabT-Kympar-
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MaHTaHUTI JKOHE LaNa,NiCuMnOgnanTan MeH HaTpHii HHUKEJUT-KYypaT-MaHTaHUTIHIH
ANIEKTPCHIABIMABUIBIKTAPBL,  IHMAJISKTPIIK  OTIMALTIKTEpi,  AJNEKTPKAPCHUIBIKTAPBIHBIH  TeMIepaTypara
ToyenninikTepi y3mikci3 Kyprak ayaga seprrenred. LaNa,CoCuMnOgkochuibichinbie 293-483 K apasbikra
JKapThUIail OTKI3TIIITIK KACHET TaHBITYbl aHbIKTaAbl. ThiiibiM cany aitmak eHi (A E) 0.54 3B ten. Kocbuibic
293 K 2,17-10° (1 xT'm), 2,31-10° (5 k'), 8,22-10* (10 kT') xone 483 K-ne 8,49-10° (5 xI'm), 7,87-10
(10 xI'y) Ten GomaThIH AUANEKTPIIK OTIMAUTIKTIH anbin MaHiHe ne. LaNa,NiCuMnOg4 Kochutbice 293483 K
apanbikta (A E = 0.48 »B) xapreuaiierkisrimrik, 433-443 K-ne — wmeranapik xoHe 453-483 K-ne —
(A E = 2,33 oB) kaiirta XapTbUIAHOTKI3TIMTIK KacueTke ue. JwdnmekTpiik eTimMaurik Menzaepi 293 K-me
4,97-10% (1 k'), 9,2-10% (5 k'), 5,1-10" (10 k') xone 483 K-xe 1,02-10° (1 I'w), 1,98-10° (5 k1) xome
9,76:10* (10 xI'm) Ten. KochuibicTapisl KiHiluke aiiMakThl (KybIC aiiMAKTBI) JKapThUIAHOTKI3rilTepre
KATKbI3yFa OOJlaJbl JKOHE OJIap >KapThUIAHOTKI3rilTep MEH MHUKPOKOHJCHCATOPJIAP TEXHOJOTHACH! YILIH
KBI3BIFYIIBUIBIK TYABIPA/IbI.

Kinm ce30ep: »snextpodusuka, KOOAIbT, HHUKEIHT, KyNpaT, MaHTaHUT, JIAHTaH, HATPUI, IUICKTPIIK
OTIMILIIK, AJIEKTPKAPCHLIBIK.

III.b. Kacenona, )K.M. Caruaraesa, b.K. Kacenos,
E.E. Kyansimbekos, XK.C. bekrypranos, A.K. 3eiiHuaenon

DuieKTpo(pu3nYecKre XapaKTePUCTUKN HAHOPA3MEePHBIX
ko0anbTOo-Kynparo-manranura LaNa,CoCuMnQOg
U HUKeJIuTo-Kynparo-manranuta LaNa,NiCuMnQOy

Ha cepuithom npubope LCR-800 (mpomssoxcrBo TaiiBanp) mpu pabounx wacrorax 1, 5 u 10 kI
B uHTepBaie 293483 K uepes 10 K HenpepbIBHO B CyXOM BO3yX€ UCCICJOBaHbI TEMIIEPATYPHBIC 3aBUCUMO-
CTH 3JIEKTPOEMKOCTH, AUDIECKTPUUECKOH IPOHUIIAEMOCTH, 3IEKTPOCONPOTUBICHUS KOOANIbTO-KyNpaTo-
MmaHranuta naHtaHa u Hatpus LaNa,CoCuMnOg M HHKENIUTO-KyNpaTO-MaHTaHWTAa JaHTAHa M HaTPUs
LaNa,NiCuMnOyg. Ycranosneno, uto LaNa,CoCuMnOg B unTepBaie 293-483 K nposiBisieT noiynpoBoIHH-
KOBBIH Xxapaktep mpoBojguMocTH. [llupuna 3anpemennoii 3ousl (A E) pasna 0,54 3B. Coennnenne oGnanaer
FUTAHTCKHAMH 3HAYCHHSIMH JTUAIEKTPHUYCCKOi POHUIIAEMOCTH, KOTOpbie paBHbl mpy 293 K 2,17-10° (1 kI'w);
2,31-10% (5 xI'm); 8,22-10* (10 xI'ur) 1 npu 483 K 8,49-10° (5 kI'w); 7,87-107 (10 kI'mr). LaNa,NiCuMnOyg B uH-
tepBaie 293-483 K rtaxke npossiser nomynpoBogHukoByio (A E = 0.48 3B), npu 433443 K — merammde-
ckyto u npu 453-483 K — omnste nomynpoBoAHUKOBYIO TpoBoauMocTs (A E = 2,33 5B). 3naueHus anaiek-
TpHUECKO# MpOoHMIaeMOCTH paBHbl mpu 293 K 4,97-10° (1 x['m); 9,2-10% (5 kI'w); 5,1-10" (10 k') u mpu
483 K 1,02-10° (1 kI'w); 1,98-10° (5 k') 1 9,76-10* (10 kI'x). CoeMHEHNS MOKHO OTHECTH K Y3KO30HIOBBIM
MOJIyIIPOBOJHUKAM, KOTOPBIE IPEACTABIAIOT MHTEpPEC AN MOJIyIPOBOJHUKOBOM U MUKPOKOHICHCATOPHOU
TEXHOJIOTHH.

Knioueswie cnosa: >nexkrpodusnka, koOanbT, HUKEIHT, KylIpaT, MAHTaHUT, JTaHTaH, HATPHH, JUIIEKTpHIECcKas
MPOHHULIAEMOCTD, EKTPOCONPOTHUBIICHHUE.
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Tyre-Road friction Coefficient: Estimation Adaptive System

This paper offers an upgraded method for estimating the magnitude of friction between tyres of a motor vehi-
cle and a road surface while investigating road accidents. The above-mentioned method is based on the resul-
tant data of tyre-and-road interworking field tests in case of emergency braking. Such estimation of the mag-
nitude of friction is to be carried out with a focus on the factors affecting the friction processes in the tyre-
and-road contact. The most important factors, which are included in the synthesized adaptive system used for
friction coefficient estimation, have been defined based on the theoretical analysis of the data of deceleration
and braking length of motor vehicles. The study of the existing expert methods used for estimating the level
of tyre-and-road engagement and the effect of such level on the motional parameters of a motor vehicle has
demonstrated the need for upgrading of the existing approaches. Unlike the existing practices, the friction co-
efficient estimation adaptive system offered by the authors hereof is a self-trainable system. Such system re-
duces any simulation uncertainty and the probability of occurrence of Type 1 and Type 2 errors. Such result is
achieved owing to the fact that the system takes into account the upgraded design of the present-day brake
systems and tyres, as well as the speed of motor vehicles and load of their wheels; the system is also efficient
because it makes use of the up-to-date mathematical methods which are able to process raw (initial) data un-
der conditions of stochastic and fuzzy uncertainty. The approach offered hereby has demonstrated its effi-
ciency for motor vehicles belonging to categories M1 and N1 and has proven its potential applicability for
other categories of motor vehicles.

Keywords: friction coefficient, tyre, road surface, deceleration process, estimation adaptive system, road ac-
cident investigation.

Introduction

Braking of motor vehicles (MVs), where the efficiency of braking depends on the tyre-to-surface fric-
tional capacity, is the basic technique to prevent road accidents [1, 2]. The parameter used to assess the effi-
ciency of tyre-and-road engagement is the value of the static friction coefficient (friction coefficient @),
while, when the wheels are being locked, such parameter is the value of the coefficient of sliding friction
(frictional drag coefficient) which is usually lower than the friction coefficient. The non-dimensional value @
for ordinary tyres varies within the range of (0; 1] [3]. The near-zero values ¢ indicate a smooth slippery sur-
face in the tyre-and-road contact, which is characterized by low values of frictional forces (longitudinal, lati-
tudinal and sidewise friction). The higher the value @, the higher frictional forces which are to be overpow-
ered or transferred.

The tyre grip on the road is a result of complex processes running within the tyre-and-road contact area.
It depends on a number of factors (Fig. 1), of which the most significant are the type and condition of the
road surface; the tyre’s design and condition, as well as the operating conditions [4, 5].
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The resultant force applied by the tyre to the road is a vectorial sum of the latitudinal and longitudinal
forces (Fig. 2). It increases in line with the increasing frictional capacity within the tyre-and-road contact
area or in line with the increasing load on the wheel [3, 4].

The value of the coefficient of adhesion (the tyre-road friction coefficient) in the course of analyzing
the road accident (RA) can be determined in one of the three ways [1, 2, 6]:

— basing on the data provided by the motor vehicle’s steering, safety and comfort electronic systems;

— by the way of test and trial;

— using the experimentally determined reference data.

—>< Grip of tyres on road surface ><—

Environment and traffic

— Motor vehicle ] conditions Driver —
Climate and weather .
—C Tyre parameters ) conditions Psychophysical
condition

_C Load level > Motor Vehi'c'le driving
conditions
Level of brake system ) _
structural safety —( Road environment details )

Figure 1. The factors affecting the potential tyre-to-surface grip capacity

Experience and
professional skill

O )

o

Traction

F=m-a
F, - Load on wheel

a — Acceleration
(deceleration)

Grip
margin

Limit of grip

Left turn Right turn

Stable running condition

F, =F-
¢ Fz > sz + F2 . max Pmax
Y Braking force

Figure 2. Forces applied on within tyre in Kamm Circle

The first method is rather new. Its wide application is, however, restricted because determining the traf-
fic parameters on the basis of the data provided by the on-board electronic data recorders (EDR) is only pos-
sible where such systems are installed on board. The percentage of such motor vehicles in the global fleet of
motor vehicles is rather low, yet tending to grow each year [7, 8].
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The Best Practice Manual for Road Accident Reconstruction issued by the European Network of Foren-
sic Science Institutes [2] recommends, while assessing the tyre-and-road engagement, to perform an investi-
gative experiment under the on-scene or similar roads conditions. In doing so, experts experimentally deter-
mine the coefficient of adhesion (the tyre-road friction coefficient) or the braking length, or, else, the rate of
deceleration, for such parameters identify the friction processes occurring in the tyre-and-road contact. How-
ever, application of such method is not always possible for a number of external reasons [1].

In case when such experiment cannot be conducted, the values of the coefficient of adhesion, the rate of
deceleration or the braking length can be determined with the use of using the experimentally determined
reference data [2] or assumed as standard values, as defined by the Traffic Rules and/or a regulatory docu-
ment such as Council Directive 71/320/EEC. The braking efficiency parameters can also be determined by
way of calculations using the formulas widely applicable in the expert practices [1, 9] and found out on the
basis of the driver-vehicle-road-environment (DVRE) mathematical models.

In using the DVRE systemic mathematical models, the level of uncertainty of the rated parameters de-
pends on the accuracy of the input parameters and on the assumed structure of the model which is just an
approximation to the reality. While using the data provided by the EDRs, an uncertainty of the rated parame-
ters can result from errors in the motor vehicle’s running measurements and from an inaccurate result of the
recorded data processing. The accuracy of experimental methods depends both on the test procedure, on the
test equipment and on the quality of the measured data processing [10, 11].

This study is intended to upgrade the existing approaches to estimating the coefficient of adhesion and
the braking efficiency parameters in the course of a road accident investigation while performing a technical
examination of a motor vehicle under the conditions of stochastic and fuzzy uncertainty.

Identification Methods and Structure of Adhesion Coefficient Estimation System

The adaptive system for estimating the coefficient of adhesion has been developed on the basis of the
method for identification of nonlinear objects by fuzzy knowledge bases [Ommoka! McTOUHUK CCHUIKH He
HalifeH.] in Anfis Neuro-Fuzzy Inference System [13] included in the Fuzzy Logic Toolbox for Matlab
computing environment [14]. The system was built up in a two-phase process, where the first phase focuses
on the structural identification and the second one on the parametric identification.

During the structural identification phase, the structure of dependence of the tyre-road friction coeffi-
cient (coefficient of adhesion) on the impact factors (Fig. 3) was built on the basis of the if-then rule. The
parametric identification was performed via selecting such parameters in the knowledge base which would
have provided the maximum approximation between the simulation results and the experimental data.
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Figure 3. Structure of Tyre-Road Friction Coefficient Estimation System
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As shown by Fig. 3, the neuro-fuzzy network of the system consists of five layers. Each node of the
first layer is a term incorporating the Gaussian membership function [14]

,L[uj

“‘j('xi):ez v (1
where p(x;) is a fuzzy set membership function a;; ¢; and 6;; are a maximum coordinate and a concentration
factor — the membership function parameters.

The quantity of the second-layer nodes is equal to the quantity of rules in Sugeno fuzzy knowledge
base [13] (as is clear from Fig.3, for this case the number of the rules amounts to m = 5*3*5*3 = 225).
Each second-layer node is associated with those first-layer nodes which make up antecedents of the respec-
tive rule. The node output is a degree of fulfillment of the rule t,, incorporated by the node which is equal to
the product of the input signals.

All two hundred and twenty five nodes of the third layer determine the relative degree of fulfillment of the
relevant fuzzy rule t,*

T,¥=1,/ Zl: i (2
Jj=lm
The fourth-layer nodes specify the contribution of the fuzzy rules to the network output ¢.
¢, =1, % (b, +b, - jqg+by, N+by, - V+b,, -BS), (3)

where b,, — are the coefficients of the 7-rule consequent function (r=1, 2, ..., 225;¢=0, 1, 2, 3, 4).

The single node of the fifth layer aggregates the contributions of all rules

P=Q+...+¢Q; +...+ 0, 4)

All factors which affect the tyre-road friction coefficient (the coefficient of adhesion) (Fig. 3) are con-
sidered as linguistic variables which are assigned to the respective universal sets and are estimated via the
fuzzy terms. The list of the most significant factors has been established by reviewing the data furnished by
the Bosch experts [3, 15] and based on our own theoretical findings [10, 16, 17].

The recommendations for estimating the tyres-road integral parameter jg are given in Table 1 below.

The rules for the if-then logical statement have been automatically formulated in Anfis neuro-fuzzy edi-
tor in the Matlab computing environment.

Experimental Research into Tyre-Road Engagement in Case of Emergency Braking
and System Parametric Identification

The potential engagement between the automobile’s wheels and the road surface can be estimated based
on the results of the experimental assessment of the rate of steady deceleration j in case of emergency brak-
ing. Basing on the given values j, a motor expert is able to estimate objectively the braking length of the mo-
tor vehicle and its speed at the start of braking. The acquired experimental data relating to the braking dy-
namics of Category M1 and N1 motor vehicles, which were published by the authors hereof in their
paper [17], were used to ensure the process of parametric identification of the neuro-fuzzy system (Fig. 4).

Training sample set Parametric Optimization methods
(input-output identification (error back propagation algorithm
experlmental data) & least-square method)
v

k Optimization of coefficients of rule inference functions forming )

the network output and input data membership function parameters

| Neuro-fuzzy model of object |

Figure 4. Schematic diagram of neuro-fuzzy system parametric identification

In order to create a training sample set and a test sample set for neuro-fuzzy system parametric identifi-
cation, the authors hereof kept writing down the values of the factors influencing the tyre-road friction coef-
ficient (the coefficient of adhesion) (see Fig. 3) and the tyre-road friction coefficient per se. As a result, the
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authors have acquired an experimental database (5670 input-output data pairs), a fragment of which is shown
in Table 2, below. The said database was then used to create a training sample set (3400 input-output data
pairs) and a test sample set (2270 input-output data pairs).

Table 1
Recommended Values for Tyre-Road Integral Parameter jg
Tyre Road Surface Condition
Type of Road Surface Condition Dry Wet & Clean Wet & Dirty
Cement-concrete pavement New? 7,85-8,34 6,38-6,87 3,92-4,41
p Worn-out** 8,83-10,0 491-5,40 1,96-2,45
Asphalt-concrete pavement with rough- | New 7,85-8,34 5,89-6,38 4,41-5,40
ening treatment Worn-out 8,83-10,0 4,41-491 2,45-3,43
Hot asphalt-concrete pavement w/o New 7,85-8,34 4,91-5,89 3,43-3,92
roughening treatment Worn-out 8,83-10,0 3,92-4,41 2,43-2,94
Cold asphalt-concrete pavement New 5,89-6,87 3,92-4.91 2,94-3,43
01¢ asphati-concrete paveme Worn-out 7,36-8,34 2,45-3,43 1,96-2,94
Bitumen-coated crushed-stone and grav- | New 5,89-6,87 4,91-5,89 2,94-3,43
el pavement with roughening treatment | Worn-out 7,36-8,34 3,43-441 1,96-2,94
Bitumen-coated crushed-stone and grav- | New 5,4-5,89 4,41-4,91 2,43-2,94
el pavement w/o roughening treatment Worn-out 6,38-7,36 2,45-3,43 1,96-2.,45
Crushed-stone and eravel surfa New 5,89-6,87 5,40-5,89 2,43-2.94
fushed-stone and gravel surtace Worn-out 7,36-8,34 3,92-4.41 1,96-2,45
New 4,41-491 2,45-3,92 1,96
Surfaced earth road Worn-out 5,4-5,89 1,96-2,94 1,96
L N New 1,47-3,43
00S€ STIOW Worn-out 1,18-2,45
New 2,35-2,75
Grader-rolled snow Wormn-out 1.67-2.06
. New 2,16-2.45
Rolled smooth snow w/o ice crust Wormn-out 1.47-1.77
o New 1,18-1,47
Rolled smooth snow with ice crust Worm-out 118147
Rolled smooth snow with ice crust after | New 1,67-1,86
. 3 2
sanding at the rate of 0.1 m” per 1000 m Worn-out 1.47-1,67
of road
Rolled smooth snow with ice crust after | New 2,45-3,73
: 3 2
sanding at the rate of 0.4 m” per 1000 m Worn-out 1,96-2,94
of road
New
Icy road Wormn-out 0,88-1,47 0-0,78
*New — up to 50% tyre tread wear,
**Worn-out — 50 to 100% tyre tread wear, yet not less than 1.6-mm tyre tread height
Table 2

Experimental Database (fragment)

9,7 0,78 | 3,92 | 6,87 | 5,89 54 834 | 7,85 | 491 9 2,45 | 1,96
150 250 325 325 725 200 650 275 475 375 300 500
20 60 80 80 80 20 100 40 80 130 60 100
BS 1 3 2 2 1 1 3 1 3 3 3 2

¢ |0,8251]0,075| 0,333 | 0,584 | 0,384 | 0,453 | 0,665 | 0,627 | 0,427 | 0,754 | 0,232 | 0,157

<|=zE
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Fig. 5, below, demonstrates the training process of the adaptive neuro-fuzzy system used to identify the
tyre-road friction coefficient (the coefficient of adhesion) on the basis of the input-output data in Matlab
Anfis Editor with the use of the error back propagation algorithm combined with the least-square method.

10 %1072 Training Error — ANFISInfo.  —

# of inputs: 4
# of outputs: 1
# of input mfs:
5353

Error

2 Structure
(1] 10 20 30 40 50 Clear Plot

Epochs

Figure 5. Adaptive neuro-fuzzy system training process

As is clear from Fig. 5, the training process was completed at Epoch 46, and since then the prediction
error did not virtually change. The parameters of the membership functions for the input variables, upon
completion of the training process, are given in Table 3, below.

Table 3
Parameters of Membership Functions for Factors Affecting the Coefficient of Adhesion
Factor Universal set | Estimating terms P.ost—trammg 'rnernbershlp function p;.lrarneters
Maximum coordinate c¢; Concentration factor oj;

Jjql, 0.0590850487694922 1.21303528289064
742, 2.50888607968828 1.29362727632086
Jjq (0-10) Jjq3, 4.9965620984888 1.32563448443905
g4, 7.49073784735645 1.29871407906703
Jq5 9.90873828689305 1.21900000000000

N1, 150.000359668698 153.94025595164
N (150-875) kg N2, 512.500041047082 153.940298272589
N3 874.999647086585 153.940274751047
= 0.0000334931228812 13.8014376704274

r2, 32.5000120855364 13.8015719754217

V (0-130) km/h V3, 64.999862248206 13.8014329230444
va, 97.4998567966736 13.8016196963052

s 130.000045723149 13.8013863343706
BS1, 0.999998025382338 0.424656245081971
BS (1,2,3) BS2, 1.99999606577894 0.424659477853096
BS3 2.99999810282448 0.424665371752738

The parameters of the membership functions (MF) for the output variable are given in Table 4, below.

Table 4
Specifications of Membership Functions for Coefficient of Adhesion (fragment)

I MENumber | 1 | 2 | 3 | 4 | 5 | 6 | 7 1 8 [ 9 [ 10 [ 1t [ 12 ] 13 ] 14 ]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
IMF Parameter |[-0.0255]-0.0218]-0.0496{-0.0092|-0.0276] 0.0014 |-0.0102{-0.0087|-0.0145|-0.0094]-0.0114|-0.0113]-0.0091{-0.0108
IMF Number 15 16 17 18 19 20 21 22 23 24 25 26 27 28
IMF Parameter [-0.0115|-0.0068|-0.0154|-0.0062]-0.0094|-0.0068|-0.0139]-0.0087|-0.0103]-0.0102{-0.0081{-0.0098|-0.0107(-0.0077
IMF Number 29 30 31 32 33 34 35 36 37 38 39 40 41
IMF Parameter [-0.0101]-0.0100{-0.0113{-0.0063]-0.0123|-0.0073|-0.0093|-0.0095|-0.0078|-0.0084|-0.0102|-0.0074|-0.0087| ...
IMF Number 46 47 48 49 50 51 52 53 54 55 56 57 58 59
IMF Parameter |0.2205|0.2031/0.2812]0.2022]0.2251{0.2453|0.1950]0.2182]0.2424]0.1855[0.2194{0.2299[0.1755|0.2179
IMF Number 60 61 62 63 64 65 66 67 68 69 70 71 72
IMF Parameter |[0.2183/0.1879/0.1931]0.2320]0.1808|0.1936]0.2253]0.1732]0.1953]0.2149{0.1643|0.1951 {0.2043

Cepusi «dusukay. Ne 2(98)/2020 55



A.A. Kashkanov, A.P. Rotshtein et al.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
IMF Number 101 102 103 104 105 106 107 108 109 110 111 112 113 114
IMF Parameter |0.4498|0.4709|0.3596 |0.4469|0.4470|0.3880|0.3889 | 0.4816|0.3708 | 0.4004|0.4592|0.3551|0.3999 | 0.4406
IMF Number 115 116 117 118 119 120 121 122 123 124 125 126 127
IMF Parameter |0.3371(0.3997|0.4184|0.3220]0.3994|0.4000|0.3507 | 0.3535|0.4342|0.3247{0.3500 | 0.4026 | 0.3138
IMF Number 217 218 219 220 221 222 223 224 225 Universal set (0 1]
IMF Parameter |0.6367|0.7167|0.7898]0.6047|0.7173|0.7512|0.5728|0.7114|0.7115 Type: constant

A comparison of the prediction error in estimating the value of the tyre-road friction coefficient (the co-
efficient of adhesion) using various methods is given in Table 5, below.

Table 5

Prediction Error in Estimating the Value of Tyre-Road Friction Coefficient Using Various Methods

Parameter Hybrid neuro-fuzzy | Existing fuzzy Linear Nonlinear
model model [16] model model

RMSE 0.0035 0.0089 0.0291 0.0101
Mean relative error 1.79% 3.97% 15.35% 14.76%
Maximum relative error 3.09% 8.12% 62.03% 40.22%
Number of data pairs in training 5670 64 5670 5670
sample and test sample sets

The nonlinear model for predicting the value of the tyre-road friction coefficient (see Table 5 above)
reads as

¢=-0.0316+0.0823- jg+0.00001- N +0.0001-V +0.0272- BS + 0.00001 - jq2 +

+0.00001- N2 —0.00001-¥2 —0.0041- BS? —0.00001- jg-N —0.0001- jg-V + (5)
+0.008- jg - BS +0.00001- N -V ——0.00001- N - BS —0.0001-V - BS.

The linear model for predicting the value of the tyre-road friction coefficient (see Table 5 above) reads as
¢=0.0164+0.0789- jg—0.0001- N —0.0004 -V +0.0392 - BS. (6)

As is clear from Table 5, the offered adaptive neuro-fuzzy system for identification of the value of the
tyre-road friction coefficient is the most accurate one (the mean prediction error being 1.79%, and the maxi-
mum error 3.09%), so it can be recommended for application in performing technical examination of amotor
vehicle in the course of a road accident investigation.

The adaptive neuro-fuzzy system for identification of the value of the tyre-road friction coefficient, de-
veloped by the authors hereof, is a self-trainable system, provided the experimental database (see table 2
above) is being updated and replenished; it can demonstrate, as reference data, the unifactor and multifactor
interrelations of the parameters under study. The quality of the interrelations of the parameters in question
depends on the contents and scope of the experimental base.

Conclusions

1. The development of the on-board electronic steering, safety and comfort systems in motor vehicles,
as well as innovations in the tyre production processes increase the tyre-and-road engagement capacity, thus
entailing the need to upgrade the existing regulations and methods used for estimating the braking properties
of motor vehicles.

2. Any expert findings, when used as evidence, are to be substantiated with true and veracious output
data, as well as by the fitness and adequacy of the methods used to investigate the road accident in question.
The widely-used methods which use the reference data to determine the rated parameters, can often only
roughly estimate the range of probable values for the output variables, basing on the grounds of stochastic
uncertainty, thus impairing the objectivity of the decision to be made in the course of investigation into the
cause of a road accident.

3. The above-said approach allows dealing with the output data which can bear stochastic and/or fuzzy
uncertainty. This decreases the range of probable estimates in the course of simulation and enhances the ob-
jectiveness of the decisions being made. Therefore, the offered adaptive neuro-fuzzy system for estimating
the value of the tyre-road friction coefficient can be recommended as an alternative solution to the existing
road accident investigation practices.
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A.A. Kamkanos, A.I1. Pormreiin, B.JO. Kyuepyk, B.A. Kamkanos

ABTOMOOM/Ib IIMHAJIAPBIHBIH KO0J¥Fa i1iHicy KO3 PpuumeHnTi:
OarasnayabIH OeiliMaesren xkyieci

YKon-kenik OKUFamapbiH Teprey KesiHae KOk Kypajigapbl HIMHAJIAPBIHBIH JKOJFa UTiHICY KOI(hGHUIHEHTIH
GarayayablH JKSTUIIIPUITeH oiicTeMeci YChIHBUFaH. ba3abIK Herisri ofic IIYFBIT TeKey Ke3iHIe aBTOMOOMITh
IIMHAJIAPEIHBIH JKOJIMEH 03apa dpEeKeTTeCyiH IKCIIEPUMEHTTIK 3epTTey HOTIXKelepi 00k Tadbuans!. lninicy
k03 $UIUeHTIH Oaranay IIMHAHBIH XKOJMEH OaillaHBICBIHIAFBI YHKEIIC IpOIecTepiHe eneyll acep eTeTiH
napamerpiep OoibIHIIA >KyprisiireH. Imixicy kod¢d¢umueHtiH OaranmaynbslH CHHTE3JENTeH OeHiMuery
JKyileciHe eHTi3UIreH eH CaIMaKThl IapaMeTpliep KoK KypandapblHbH Oasyiaybl MEH TEXETill YKOJIBIHBIH
KOPCETKILITEPiH TEOPUSUIBIK Tan/ay Heri3iHae aHbIKTanabl. ABTOMOOWIb IIMHANAPBIHBIH XKOJIMEH e3apa ic-
KUMBUI CallachliH )KOHE OHBIH KOJIiK KypaJlapbIHBIH KO3FalIbIC IIapaMeTpIIepine acepin OaranayblH Koina 6ap
capanTamajblK 9iCTepiH 3epTTey KOJJAaHBICTAFbl TOCUIACPAl JKETUIAIpy KaXKeTTiriH KepceTkeH. lmiHicy
k03¢ duLHeHTIH OaranayplH 93ipJCHIeH aIalTUBTI XKyieci, KONJaHbICTaFbIapIaH aibIPMAIIbUIBIFBL, ©31H-
e31 oKpITyra Kabinerri. On Mopmenpaeynin Oenrici3firin asaiiTyra »koHe OipiHIN JoHE eKiHII Typueri
KaTelepliH maiira 0oJly BIKTUMAIIBIFBIH KBICKAPTYFa MYMKIHIIK Oepemi. MyHmail HOTHXKeEre TeXeTill
Kyienepi MeH aBTOMOOWIb LIMHANApbhl KOHCTPYKLMSICBIHBIH JaMybIH, KOJIK KYpalJapblHbIH KO3FaIbIC
JKBUITAMIBIFBIH JKOHE OJapIbIH JOHTEICKTEPiHIH KYKTENyiH, CTOXACTUKAIBIK OHE aHBIK OeNrici3ik
JKarqablHaa 6acTarKpl IepeKkTepli eHaeyre KabieTTi Ka3ipri 3aMaHFbl MaTeMaTHKANIBIK 9iCTep/i KOJIAaHy
ecebiHeH KoJ KeTKisinred. YcpiHbuFaH Tocin M1, N1 canaTrarsl aBTOMOOMIBAED YLIIH ©3iHIH THIMIUTITIH
KOPCETKEH JXOHE KeJIIK KypalJapblHbIH Oacka caHaTTapbl YIUIH OJaH opi 3epTTeyiep KYprisy Kelemerin
pacraraH.
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Kinm cesoep: ininicy ko3((ULHEHTI, aBTOMOOHIb MIMHACHI, YKOJI KaObIHBI, TEXEY Mpoleci, OaranayabH
GeitiMaenreH xyiieci, OoI-KOJIK OKUFalapbIHbIH CapanTaMachl.

A.A. Kamkanos, A.I1. Pormreiin, B.JO. Kyuepyk, B.A. Kamkanos

Koy puuuenr cueniennsi aBTOMOOMJIBHBIX IIIHH € JIOPOTOii:
aJalTHBHAS CHCTEMA OLEHKH

IIpemnoskeHa ycOBEpIICHCTBOBAHHAs METOJMKA OLECHKH KOd(p(UIMEHTa CIEIUICHHS IIMH TPAaHCIOPTHBIX
CPEACTB C JOPOrOH IpH paccieOBaHUU JOPOKHO-TPAHCIOPTHBIX NPOUCIICCTBUN. ba3oBoi 0CHOBOH MeTO-
JIMKN SIBISTIOTCS. PEe3yJIbTAaThl 00pabOTKH SKCIEPUMEHTANBHBIX UCCIEIOBAHIH B3aUMOICHCTBHS aBTOMOOHIIB-
HBIX LIMH C JOPOTOM IIpU 3KCTPEHHOM TOpMOkeHHH. OueHka Ko3()(GHIMEHTa CLEIUICHUS MPOU3BOIUTCS
10 MapaMeTpaM, KOTOpbIe CYLIECTBEHHO BIMAIOT Ha MPOIECCHl TPEHUS B KOHTAKTe MIMHBI ¢ foporoit. Hanbo-
Jiee BECOMbIE MapaMeTphl, BKIIOUYEHHbIE B CHHTE3MPOBAHHYIO aJalITHBHYIO CUCTEMY OLICHKH KoddduienTa
CLIETUICHUSI, ObIIM BBISBICHBI HA OCHOBE TEOPETHYECKOTO aHAIM3a MOKa3aTelel 3aMeUIeHus] 1 TOPMO3HOIO
MyTH TPAHCTIOPTHBIX cpeAcTB. MccnenoBaHne CyniecTBYIONIMX SKCIEPTHBIX METO/I0OB OLIEHKM KauecTBa B3au-
MOJICHCTBHUS aBTOMOOWJIBHBIX IIHUH C JOPOTOH M €ro BIMSHHE Ha IapaMeTphl ABIDKCHUS TPAHCIIOPTHBIX
CpEJICTB MOKa3aIi He0OXOJUMOCTh YCOBEPIIEHCTBOBAHMUS CYIIECTBYIOIINX MOAX0A0B. Pa3paborannas anar-
THBHAsI CHCTEMA OIEHKH K03((GHIMEHTa CUEIICHHS, B OTIMYHE OT CYIIECTBYIOIINX, CIOCOOHA K caMoo0yde-
Huto. OHa NO3BOJISICT YMEHBIIUTD HEONPEICICHHOCTh MOACIUPOBAHUSA U COKPATUTh BEPOATHOCTD MOSIBICHUS
OLIMOOK MEPBOTO U BTOpOro poja. Takoi pe3ynbTaT AOCTUraeTcsi 6arofaps yueTy pa3BUTHUS KOHCTPYKIMU
TOPMO3HBIX CHCTEM U aBTOMOOMIIBHBIX IIUH, CKOPOCTH JBHKEHHS TPAHCIIOPTHBIX CPEACTB U 3aTPY>KEHHOCTH
UX KOJIeC, MPUMEHEHHs] COBPEMEHHBIX MaTEMAaTHYECKUX METO/O0B, CIIOCOOHBIX 00padaThIBaTh HCXOAHBIE JaH-
HbI€ B YCJIOBUAX HAJIM4YMsA CTOXaCTHMYECKOM M HEYETKOW HeompeneneHHOCTH. IIpeioskeHHbIi oaX0 oKa-
3a1 cBoio 3ddexTHBHOCT Tt aBTOMOOMIEH Kareropuit M1, N1 U moarBepami MepcrieKTUBY MPOBEACHUS
JAIbHEUIINX UCCIEJOBAaHUM ATl JPYTUX KaTeropuil TPAHCIOPTHBIX CPELICTB.

Knoueswvie cnosa: KOSq)(i)I/IHI/IeHT CHCIIICHUSA, aBTOMOOMIIbHAS HIKWHA, TOPOXKHOC IMMOKPBLITUE, IPOUECC TOPMO-
JKCHU, aJallITUBHAasA CUCTEMaA OLICHKH, SKCIIEPTHU3a JOPOKHO-TPAHCIIOPTHBIX HpOPICU.IeCTBPIﬁ.
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Mathematical model of capacitance micromechanical
accelerometer in static and dynamic operating modes

Monitoring and early diagnosis systems, on which the protection function of both hydroturbines and auxiliary
power equipment rely, are becoming increasingly relevant. One of the most promising methods of technical
control and diagnostics of hydo units is the analysis of their vibro-acoustic characteristics. But a significant
technical problem that arises in the construction of such systems is the limited use of known sensors of vibra-
tion velocity and vibration displacement due to the fact that the rotary speed of hydro units is usually below
the lower limit of operation of sensors of this type. One of the promising ways to solve this problem is using
capacitive micromechanical accelerometers. However, the existing mathematical models describing this type
of accelerometers have low accuracy, which limits their practical using. The mathematical models of the ca-
pacitive micromechanical accelerometer for static and dynamic modes of operation are developed in this arti-
cle. It was established that this accelerometer has a constant sensitivity, therefore its static characteristic is
linear. It is shown that in the dynamic mode of operation of a capacitive micromechanical accelerometer has a
dynamic error component, the cause of which is its own displacement of the moving part of the sensor, which
is due to the inertial properties of the moving part and elastic properties of stretch marks. The mathematical
dependence of the absolute dynamic error of the capacitive micromechanical accelerometer is obtained, the
removal of which from the measurement results will improve the accuracy of the specified primary measuring
transducer.

Keywords: capacitive micromechanical accelerometer, mathematical model, dynamic mode of operation, stat-
ic mode of operation, dynamic error.

Introduction

As of today, a strong tendency has developed to construct systems for technical inspection and diagnos-
tics of electric power machines based on analysis of their vibroacoustic characteristics. This is due to both a
high informational content of this parameter and with the opportunity to measure the said parameter directly
in electric machine’s operational mode without the need to intervene into its design [1, 2]. However, a signif-
icant technical problem that arises during construction of systems for inspection and diagnostics of low-
speed electric machines (including hydropower units of HPPs and PSPPs) lies in a considerable limitation on
the use of known sensors of vibration velocity and vibration displacement due to the fact that rotary revolu-
tion speed in such machines is normally lower than the lower boundary of operation for sensors of this type
[3]. One of the approaches to solution of this problems lies in the use of accelerometerers. That said, when
analyzing technical characteristics of known vibration accelerometers [4], one of the most promising ones to
be used in systems for technical inspection and diagnostics of low-speed electric machines is a capacitance
micromechanical accelerometer. This can be explained by its low inertial mass (of some 0.1 mcg), high over-
load capability (of some 10,000 g without sensor’s breakdown) and a wide frequency range of operation
(from static acceleration to single units of kilohertz). However, it follows from analytical review of accompa-
nying engineering documentation and scientific-and-technical literature [4, 5] that existing mathematical mod-
els describing this variety of accelerometers are quite approximate. So, development of mathematical model of
this primary measuring transformer is a relevant research-and-application task of considerable practical signifi-
cance.

Setting the task

The sensing element of micromechanical capacitance accelerometer is conventionally presented as a
structural diagram shown in fig. 1. It represents a differential condenser-type structure with an air dielectric.
Condenser’s electrodes are cut from a flat piece of polysilicon some 2 mem thick. This condenser’s stationary
electrodes are represented by simple cantilever bars situated at the height of some 1.3 mcm from crystal’s

60 BecTHuk KaparaHguHckoro yHuBepcuTeTa



Mathematical model of capacitance...

surface in the air on polysilicon anchor columns welded to the crystal at the molecular level. The sensor’s
design comprises more than 50 such sensing elements (elementary cells). Acceleration sensor’s inertial mass
during the sensor’s accelerated movement becomes displaced in relation to the crystal’s other part. Its finger-
like protrusions form condenser’s movable electrode. Both sides of this structure rest against anchor col-
umns. Stretches that hold the inertial mass play the role of a mechanical spring of constant elasticity that re-
stricts mass motion and ensures its return to the initial position. Displacement of movable part in relation to
the stationary one causes change in capacity of each elementary cell of capacitance micromechanical accel-
erometer, which corresponds to the primary measuring transformation of «acceleration into capacity»

type [6].

)
Fixed cover Z %~y sy
=il

]

Movable cover X |

Acceleration

Inertial mass

Figure 1. Structural diagram of capacitance micromechanical accelerometer’s sensing element

The next measuring transformation being implemented during acceleration measurement using capaci-
tance micromechanical accelerometer is transformation of «capacity into voltage» type, which in sensors of
ADXLxxx series by Analog Devices is implemented by devices located immediately in the sensor’s housing,
in their essence being its component part [7, 8].

The aim of the work is to obtain a high-precision mathematical model that would describe the relation-
ship between the input and output signals of the accelerometer in static and dynamic modes. The need for
such the model is due to the using of the measuring transducer, as part of the technical diagnostic system of
ow-speed electric machines (hydro units), in real time of their operation. Therefore, let us describe the high-
lighted measuring transformations in mathematical terms.

Analysis of approaches to problem solution

Under acceleration, inertia force may be determined based on Newton’s second law as follows [9]:
F,=m, a, (1)
where m, — the mass of the elementary cell’s movable part; a — the acceleration of the elementary cell’s
movable part
Inertia force is counterbalanced by the spring’s counter force

Elp:k'X’ (2)

where X — mass displacement in relation to the equilibrium position; k — elasticity coefficient of elemen-
tary cell’s stretches.

Having equated the inertia force and spring’s counter force that is present in static mode of operation
(measurement of uniform acceleration), we will obtain

azixzse.)(, 3)
m

where S, — sensitivity of capacitance micromechanical accelerometer’s elementary cell
It follows from (3) that sensitivity of capacitance micromechanical accelerometer’s elementary cell is a
constant parameter, the value of which depends on sensor’s structural parameters (£ and m,).
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Since displacement of inertial mass takes place in the plane of polysilicon film, the sensor’s sensitivity
axis also lies in this plane and, correspondingly, it is parallel to the plane of printed board, on which the sens-
ing element is situated.

At rest (constant-speed movement), all «fingers» of movable electrode, thanks to stretch’s action, are
located at the same distance from the stationary electrode’s couple of «fingers». At any acceleration, mova-
ble electrodes approach to one of assemblies of stationary electrodes and move away from others. As a re-
sult, relative displacement becomes nonuniform, and capacity between movable electrode and each of mova-
ble electrodes changes in proportion to vibration acceleration. Id est:

AC,=a-X, 4)
where 4C, — the change of capacity of the sensor’s elementary cell.

Since capacitance micromechanical sensor contains n elementary cells being identical by their structure,
located in the same plane, with their capacities connected between each other in parallel, we can write as fol-
lows:

e=a,=4a,=..=aqa,, (5)
where ¢ — the acceleration measured by the sensor (input physical value).

AC=)AC,, (6)
i=1
where A4C — the change in capacity of capacitance micromechanical accelerometer.

m=Ym,, )
i=1

where m — the mass of the movable part of capacitance micromechanical accelerometer.

Such being the case, having assumed the averaged value of elasticity coefficient of stretches of its ele-
mentary cells as the elasticity coefficient of stretches of capacitance micromechanical accelerometer, we will
obtain:

8=£X. )
m

Considering that, according to stated technical characteristics of sensors of ADXLxxx series by Analog
Devices, technical characteristics of which we will use from now on, the time constant of measuring trans-
formers of «capacity into voltage» type is considerably less than the time constant of inertial mass, and the
change in value of output voltage of the sensor (after transformers of «capacity into voltage») is proportion-
ate to the change in capacity of sensing element [7, 8], we will obtain:

U=B-AC=B-y-X=MTma, (10)

where f§ — proportionality coefficient of capacity transformation into increase of the sensor’s output voltage;
vy — proportionality coefficient of transformation of the sensor’s movable part displacement in relation to
stationary one into capacity increase.

Such being the case, the sensor’s sensitivity may be determined as follows:

g_aU _Bym (11)
de k

The sensor’s static characteristics for sensitivity of 0.1 V-sq. s/m, which is typical for sensors of
ADXL320 series by Analog Devices [7] is shown in fig. 2

Expression (10) is the mathematical model of capacitance micromechanical accelerometer in the static
mode of operation. However, since static mode of operation is rather an exclusive than a standard mode in
the systems for technical inspection and diagnostics of low-speed electric machines and this sensor was de-
signed to work in slightly other measuring systems, for which only the normalization of the dynamic compo-
nent of the error was sufficient, in order to solve the task set one should obtain the mathematical model that
would take into account dynamic specificities of operation of accelerometers of this type.

As has been noted above, the change in capacity of capacitance micromechanical accelerometer is line-
arly connected with displacement of the sensor’s movable part. Since the sensor’s movable part is cushioned
on stretches, in case of its destabilization own damped oscillations will arise, overlaying the forced dis-
placement of equilibrium point. Id est:

X)) =X,()+X,0), (12)

62 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Mathematical model of capacitance...

where X(t) — the dependency of general displacement of the sensor’s movable part in relation to the station-
ary one; X,,,(t) — the forced component of general displacement of the sensor’s movable part, which is de-
termined by external influence (sensor’s acceleration); X,(?) — own displacement of the sensor’s movable
part in relation to the stationary one determined by own inertial movement.
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Figure 2. Static characteristics of capacitance micromechanical accelerometer ADXL320

Since forced component of the general displacement of the sensor’s movable part is exclusively deter-
mined by external influence, then in the absence (compensatedness) of gravitation component’s projection
onto the measuring axis, which brings an additive error component into an output signal of capacitance mi-
cromechanical sensor [10], this may be determined as:

X, ()= %e(ﬂ. (13)

In its turn, own component of displacement of the sensor’s movable part is determined by presence of
«elastic pendulum» mechanical system. So, under the action of constant i-agitation this may be described by
expression [11]:

4K, | P X, ()
ar’ m dt
where P — the coefficient of resistance to displacement of the movable part; X,;(z) — displacement of the
sensor’s movable part in relation to equilibrium position from i-agitation.

Then general displacement of the sensor’s movable part in relation to the stationary one under the ac-

tion of constant i-agitation will be described by the following nonuniform differential of second order:
2
dX@0), PAXO) Ky 1y ™ . (15)
dt m dt m k
Since in real-world sensor the inertial resistance coefficient is fairly minor, while stretches have quite a high
stiffness [8], the following inequation will be implemented:

(fj _3k o, (16)

m m

+£.Xm.(t)=0, (14)
m

and solution of (15) in relation to X;(?) will look as follows:

X (1) = e (A cos(w,t) + B, sin(wt)) + X, (17)
where 4; and B; — the integration constant determined by initial conditions; X, — the coordinate of equilib-
rium position under resultant of system of forces; w, — the cyclic frequency of own oscillations of the sen-
sor’s movable part; & — the coefficient of proportionality between cyclic frequency of own oscillations and
coefficient of their damping. That said:
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a)oz\/Ea (18)
m

P

- 19
4 N (19)

Then own general displacement of the sensor’s movable part, based on its temporal implementation
may approximately be found out as follows:

X (1) = iX(t—i-To), (20)

where T, — the system’s discretization interval.

Expression (20) enables us to evaluate the experimental value of instantaneous displacement of the sen-
sor’s movable part, with application of its interpretations for theoretical analysis of metrological characteris-
tics of capacitance micromechanical sensor being quite complicated. Hence, to solve this problem it is advis-
able to use the transient characteristics of own displacement of the sensor’s movable part in relation to the
stationary one /(?) depending on the sensor’s acceleration, which may quite easily be calculated based on its
passport data. Such being the case, general displacement of the movable part may be determined as follows:

X (1) =(0)-h(t)+ jwh(t —7)dr. Q1)

and,

dt

We will obtain a typical transient characteristics of capacitance micromechanical accelerometer for sen-
sor ADXL320 by Analog Devices. It follows from the analysis of its passport data that a typical throughput
capacity of such an accelerometer type does not exceed 2.5 kHz [7]. Hence, the period of mechanical transi-
ent process, with regard to the sampling theorem, may be determined as follows:

t, = ! = ! =0,0002 (¢), (22)
2f ... 2-2500
where f,,,. — the sensor’s throughput capacity.

Considering that actual duration of mechanical transient process is linked to its time constant with the
following relationship:

1 1
r=—t,, =——=40 (mxc), (23)
5 ¢,
we will obtain the value of the real part of characteristic equation root that describes the mechanical transient
process of the accelerometer’s movable part:

10° .

By substituting (18) and (19) into (24), and having performed some mathematical transformations, we
will obtain:

L 25000 (c™. (25)
2m

Considering that the mass of the movable part of capacitance micromechanical accelerometer is some-
what 1.3 meg [6, 12], the coefficient of resistance to the movable part’s displacement will have the value of
somewhat 65-10—" kg/s. That said, while the elasticity coefficient of elementary cell’s stretches has the value

of some 1,300 N/m [12], then
/13-103 )
w, =, ————~31,6-10" (pao/ c). 26
0 1’3.107() (p ) ( )

In order to calculate (17), let us assume independent initial conditions and forced components that cor-
respond to the input signal that varies according to the Heaviside function. Id est, the sensor’s movement
starts at zero speed and zero time moment with the acceleration of 1 m/sq. s, has the direction contrary to
positive displacement of the sensor’s movable part and continues up to final completion of mechanical tran-
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sient process (has an indefinite duration) without changing the direction of movement. Such being the case,
the exciting force to be applied to the sensor’s movable part may be determined according to (1):

F;p:m-a=1,3-1076-1=1,3-1076 (H). (27)
That said, the new equilibrium position of the movable part may be calculated as follows:
F, 1,310°
L L3I0, (28)

"k 1,310

Since initial zero conditions are linked to the sensor’s previous mode of operation (its zero displacement
and speed), then, according to the conditions set forth above, we have:

Xei(o) =0,
v, (0)=0.

Such being the case, the speed of the sensor’s movable part will be described using the following ex-
pression:

Vei (t) =

Having solved the system that includes (17) and (30) taking into account the initial conditions (29), in
relation to integration constants for time moment t=0, we will obtain:

A~-10",
B~-7,91-10"". G

Having substituted the value of forced component of the sensor’s movable part displacement (28) and
integration constants (31 into (17), we will obtain the transient characteristics of capacitance micromechani-
cal sensor ADXL320. Graphic interpretation of this dynamic metrological characteristic is shown in fig. 3.

(29)

% = wye ™ (B, cos(wyt) + 4, sin(w,t)) — Em,e " (A4, cos(m,t) + B, sin(w,t)) (30)

X ®,
nm

0 110" 210% ¢ g
Figure 3. Transient characteristic of capacitance micromechanical accelerometer ADXL320

Taking into account (10), we will obtain the voltage variation function at the sensor’s output:
U@)y=p-r-X(@. (32)
Or having substituted into (32) dependency (9), which is normally used when establishing the equation
of transformation of capacitance micromechanical accelerometer:
p- 7

U(t)= ﬂy P (et)+ A (1)) = ﬁy P o)+ 222 4 1), (33)

where ¢(t) — the acceleration Value being measured; 4,(2) — the dynamlc error that arises as a result of own
displacement of the sensor’s movable part in relation to the stationary one, conditioned by its inertia.
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Expression (21) with due regard to (9) for a random temporal variation of measuring acceleration may
be written as follows:

U(t):&k'm £(0)- h() + j de ()h(t o)z |. (34)

In its nature, dependency (34) is the mathematical model of capacitance micromechanical accelerometer
that describes the dynamic mode of its operation.

Having regard to (33) and (34), we will obtain the expression to evaluate the value of the absolute dy-
namic error of capacitance micromechanical accelerometer:

py-m [de) py-m
e EORIOR ! = he=nydr |- e ()

L-y-m -
T (32)
de(t)

A, =

= £(0)- h(t) + j h(t—7)dr - &(t).

Conclusions

1. Obtained was the mathematical model of capacitance micromechanical accelerometer in the static
mode of operation, which allows establishing the unambiguous connection between the value of acceleration
of the sensor’s housing and the value of its output voltage. It was established that this accelerometer has con-
stant sensitivity, so its static characteristics is linear.

2. Obtained was the mathematical model of capacitance micromechanical accelerometer in the dynamic
mode of operation, which allows establishing the unambiguous connection between the value of acceleration
of the sensor’s housing and the value of its output voltage. It was demonstrated that, in the dynamic mode of
operation, this sensor is characterized by dynamic error conditioned by the movable part’s inertial properties
and elasticity of stretches.

3. Obtained was the mathematical dependency of the absolute dynamic error of capacitance microme-
chanical accelerometer, withdrawal of which from measurement results allows raising the precision of the
said primary measuring transformer.
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B.®. I'pansk, B.B. Kyxapuyk, B.}O. Kyuepyk, C.I1I. Kanpis, [I.0K. Kapabekxosa, A.K. Xacenos

CraTuKaNbIK KIHE JUHHAMHKAJBIK KYMBIC TOPTIiNTePiHAeri ChIiibIMABLIBIK
MHKPOMEXAHUKAJIBIK aKCeJIePOMETPAiH MAaTeMATUKAJIBIK MO/1eJi

Bakpinay sxoHe epTe qUAarHOCTHKaNAy XKyiecl YIKeH ©3eKTiIikke ue 0oiyza, ojapra Cy TypOHHACHI CHSKTHI
KOCAJIKbl KYIUTIK >kaOAbIKTapabl KOpray (yHKUMACH jkaTalpl. ['uapoarperaTtapiibl TEXHHKAIBIK Oakbliay
MEH AMarHOCTUKAJIay/IblH €H MEepPCIeKTUBAIbI 9MiCTepiHiH Oipi onapabIH Jipii — aKyCTHKAJBIK CHIIaTTamMaa-
pbiH Tanpay Oousbll TaObuUIafbl. bipak MyHIail okydenepai Kypy KesiHge maiiga OGonaThlH MaHBI3IbI
TEXHUKAJIBIK MACele, THApoarperarTapiIblH pPOTOPJBIK aifHaly JKHITIC oIeTTe OChl THITI CEHcopliap
JKYMBICBIHBIH TOMCHT1 IIETIHCH a3 OOJFaHIBIKTaH, MIPii >KbUIIAMIBFBI MCH JIPUIIl BIFBICTHIPYABIH OeNriii
CEHCOpJIAphIH KOJIAHYBIH IIEKTEYNiTiri Ooibin TaObuIambl. Bynm Moceneni menryziH IepCHEeKTHBABIK,
JKONIAPBIHBIH ~ Oipi  CHIMBIMIBUIBIK ~MHKPOMEXaHUKAIBIK ~aKcelepoMeTpiepil maimanany. Auaiina,
aKCeJIepPOMETPIIEPIiH OCHI TYPiH CHIIATTAHTBHIH Ka3ipri MaTeMaTHKAIIBIK MOZIENBAEP OJIapABbIH IPAaKTHUKAJBIK
KOJIIAaHBUTYBIH MIEKTEHTIH nomnpiri ae 6ap. XKyMbIcTa cTaTHKAJIbIK KOHE JMHAMUKAIIBIK JKYMBIC TOpTINTepiHe
apHaJIFaH CHIHBIMIBUIBIK MHKPOMEXaHHMKAJIBIK AKCEJICPOMETPIIH MaTeMaTHKAJIBIK MOJENbJAEP] 93ipJeHIeH.
By akcenepoMeTpiH TypaKThl ce3iMTalblFbl 0ap eKeHi aHbIKTaI/bl, COHIBIKTAH OHbBIH CTAaTHUKAJIBIK CHIIAT-
TaMachl ChI3BIKTBHIK 00JIbIN Tabbu1abl. ChIHBIMABLIBIK MUKPOMEXaHHKAIIBIK aKCEIEPOMETPIIH INHAMUKAJIBIK
JKYMBIC PEXKUMIH/IC THHAMUKAIIBIK KYpaylibl KaTesiri 6ap, OHbIH Maiiaa 601y ce6edi JaTYUKTIH JKbUDKBIMAIIBI
OeJIiTiHIH ©3MiriHeH Ta3apThUIYbl, OYJI JKBUDKBIMANBl OOJIKTIH WMHEPHMSUIBIK KAaCHETTEpIMEH JKOHE
CO3BUTYyNMapIblH  CepHiHAi  KacuerrepiMeH  OaimaHbicThl.  CHIMBIMIBUIBIK ~ MHKPOMEXAaHHKAJBIK
aKCeIepOMETPIiH abCONIOTTIK JUHAMUKAJIBIK KAaTETiriHIH MaTeMAaTHKAIBIK TOYSIALTIr aJIBIHIBI, OHBI OJIIICY
HOTIDKECIHEH ally KOpCeTiIreH 0acTanKpl oJIIIey TYPIeHIpTilliHiH IIriH apTTEIpyFa MYMKIHAIK Oepei.

Kinm co30ep. CBIABIMABUIBIK MHKPOMEXAHHKAJIBIK aKCEIEPOMETP, MATEMaTHKAIBIK MOJCIb, AHHAMUKAIBIK
JKYMBIC TOPTiOi, CTATHKAIBIK )KYMBIC TOPTi0i, AMHAMHKAIIBIK KaTEIiK.

B.®. I'pansk, B.B. Kyxapuyk, B.}O. Kyuepyk, C.I1I. Kanpis, [1.0K. Kapabekosa, A.K. Xacenos

MaremaTuueckasi MOJeJIb EMKOCTHOIO MHKPOMEXAHHYECCKOI'0
aKceJaepomMeTpa B CTATHIECKOM U TMHAMUYIECCKOM pPEKUMaXxX paﬁoTLl

Bce Gonblryro akTyanabHOCTh MPUOOPETAIOT CUCTEMBI KOHTPOJIS M PAHHErO AMarHOCTUPOBAHMUS, Ha KOTOPBIE
nojaraercst QyHKIHMS 3alIUThl KaK THAPOTYpOUH, TaK ¥ BCIIOMOTATEIbHOTO CHIIOBOTO 000pynoBaHus. OgHUM
U3 Haubosee MEePCHEeKTUBHBIX METOJOB TEXHHUECKOTO KOHTPONS M JUArHOCTHKU THAPOArpPETaToB SBISETCS
aHaNM3 WX BHOPO- M aKyCTHYECKHX XapakTepuCTHK. Ho CyliecTBeHHOH TeXHHYECKOH NpoOieMoil, BO3HH-
KaloIeH PY MMOCTPOCHNUH TaKUX CHUCTEM, SIBISIETCS OTPAaHUYEHHOCTH NPUMEHEHHSI H3BECTHBIX CEHCOPOB BHO-
POCKOPOCTH M BUOPOCMEIIEHUS, BCICACTBUE TOTO, YTO POTOPHASI YaCTOTA BPAIEHUS THAPOArperaroB OObId-
HO HIDKE HIDKHETO mpejena paboThl CEHCOPOB AaHHOrO THma. OIXHUM U3 NEePCHEKTHBHBIX ITyTeH pelIeHHs
3TOH MpoOneMbl ABIAETCS UCIONb30BAHHE €MKOCTHBIX MUKPOMEXaHHYECKHX aKcerepoMmeTpoB. OxHako cy-
IIECTBYIOIHE MAaTEMAaTH4ECKHe MOJEH, OMHMCHIBAIOIINE ITOT BUJ AKCENIEPOMETPOB, UMEIOT HU3KYIO TOU-
HOCTb, YTO OTPaHMYMBAET UX MPAKTUUECKOE UCIIOIb30BaHUe. B paboTe pa3paboTaHbl MaTeMaTHYECKUE MOJIe-
JI1 éMKOCTHOTO MHKPOMEXaHUYECKOTO aKCeIepOMETpa A CTaTHUECKOTO U JMHAMHUYECKOTO PEXKUMOB pado-
THI. YCTaHOBJIEHO, YTO JTAHHBIH aKCEeJIEPOMETP MMEET MOCTOSIHHYIO UyBCTBHTEIBHOCTD, II03TOMY €I0 CTaTH-
Yyeckasl XapaKTepPUCTHKa SBIISETCs TMHEeHHOH. [lokazaHo, 4To B TMHAMHYECKOM peXHMe PaboThl eMKOCTHON
MHKPOMEXaHHYECKUH aKCeIepoMeTp MMeeT JUHAMUYECKYI0 COCTABIIAIONIYIO0 HMOTPEIIHOCTH, MPUINHOH BO3-
HUKHOBEHHSI KOTOPOH SIBJISICTCSI COOCTBEHHOE INepeMelleHNe OABIKHOM 9acTh JaTYHKa, YTO OOYCIIOBICHO
WHEPLUOHHBIMHU CBOMCTBAMM IOJABMKHOW 4acTH M YNPYIrMMM CBOMCTBaMHM pacTsikek. IlomydeHa maremaru-
YyecKasl 3aBUCHMOCTb aOCOMIOTHOH JUHAMUUYECKOH MOTPENTHOCTH EMKOCTHOTO MUKPOMEXaHHUECKOTO aKcele-
poMeTpa, U3bSATHE KOTOPOH U3 PE3yNbTaTOB M3MEPEHHS TO3BOJUT MOBBICUTh TOYHOCTh YKA3aHHOTO MEPBHY-
HOT'O U3MEPUTENBHOTO MpeoOpa3oBaTes.

Kniouesvie cnosa: eMKOCTHBIN MI/IKpOMexaHI/I‘IeCKHﬁ AKCCJIEPOMETP, MaTEMaTU4YeCKasd MOACIb, ANHAMUYC-
CKHIA peKUM pa60TbI, CTaTUYECKUAN PEXKUM paGOTLI, JAMHaAMHUYCCKas MOTrpelIHOCTb.
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Effect of electrolyte-plasma surface hardening on structure wheel steel 2

This paper examines the influence of electrolyte-plasma surface hardening on the structure and microhardness
of wheel steel mark 2. In the work electrolyte-plasma surface hardening was carried out in an electrolyte
made from an aqueous solution 10 % carbamide (NH,),CO 20 % sodium carbonate Na,COs. The processing
time was 2 seconds, Tmax = 850-900 °C; U= 320V; [=40A. According to the results of the scanning trans-
mission electron microscopy, the electrolyte-plasma surface hardening caused a change in the morphological
constituents of mark 2 steel. In the initial state, the matrix of steel is a a-phase, the morphological compo-
nents of which are fragmented ferrite, unfragmented ferrite and pearlite. After electrolytic-plasma surface
hardening, a batch, high-temperature plate and low-temperature plate martensit is formed on the surface of
the sample. Investigations have been carried out on microhardness determination on cross-section of wheel
steel samples after quenching in aqueous solution of electrolyte. It is found that after electrolytic-plasma sur-
face hardening, the microhardening values of this hardened surface layer increased ~ 3 times compared to the
steel matrix, and the thickness of the hardened layer is 1000—1500 microns.

Keywords: electrolytic-plasma surface hardening, wheel steel, transmission electron microscopy, fine
structure, microhardness, morphology, martensite.

Introduction

It is known, that the development of new materials with hardened surface and layers in machinery and
metallurgy can promote better performance characteristics of the structure, higher reliability as well as pro-
vide energy and resource saving [1-2]. The effective method of surface hardening of iron-carbon steels is the
treatment of electrolytic plasma, when due to high-speed heating and cooling in the thermal influence zone,
the structure changes as a result of phase transitions that provide the necessary operational characteristics of
the working surface of the parts [3—4]. An important feature of plasma hardening is the possibility of its ef-
fective application for additional hardening of the surface of parts that have passed conventional volumetric
thermal treatment.

The problem of service life and economical use of railway products is closely related to the strength and
tribological properties of products made of wheel steels [5—6]. To improve the already existing properties of
wheel steels, it is necessary to carefully and comprehensively analyze the influence of surface hardening on
the steel structure, since it is by changing the structural components that it is possible to achieve the
necessary mechanical characteristics of the working surfaces of the parts.

In view of this fact, given research is focused on studying phase composition, fine structure and me-
chanical properties of wheel steel 2 before electrolyte plasma surface hardening and after that one.

Material and methods of research

Wheel steel mark 2 applied in fabricating railway wheel-sets tires has been chosen as study object.
According to GOST 398-96 the condition of heat treatment of mark 2 wheel steel in initial condition: In its
initial state steel mark 2 represents material exposed to hardening from 890°C for 2—2.5hours with cooling in
warm water (30-60°C) followed by tempering at 580°C for 2.5-3 hours.

Some steel samples were cut out of the wheel tire as parallelepiped in size 15x15x10 mm’. The sample
was free from deformation and thermal effect under slow cutting speed and low load. According to GOST
398-96, chemical composition of steel (in %) is C-0.57-0.65; Mn-0.50-0.90; Si-0.22-0.45; V — not ex-
ceeded 0.10; S — not exceeded 0.030 and P- not exceeded 0.035 respectively.

Given experimental research was realized by joint efforts of specialists in National Research Laboratory
for collective use, S. Amanzholov East Kazakhstan State University (EKSU), Center of Advanced Develop-
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ment «VERITAS», D. Serikbayev East Kazakhstan State Technical University (EKSTU) and Research la-
boratories of Tomsk State University of Architecture and Building (RF).

The fine structure was studied qualitatively and quantitatively by transmission electron diffraction mi-
croscopy (TEM) technique on thin foils in EM-125 electron microscope at an accelerating voltage of 125 kV.
Working magnification was equal to 25.000 times in the microscope column. The morphology of the surface
structure was studied on the raster electron microscope JSM-6390LV, equipped with the energy-dispersive
analysis prefix INCA Energy Penta FET X3. The microhardness of steel samples was measured in PMT-3M
machine in accordance with GOST 9450-76, with loads on the indenter of 100g and holding time for
10 seconds.

Electrolyte-plasma surface hardening of the steel was carried out in the cathode mode in electrolyte-
plasma treatment machine [7], scheme (fig.1a) and processing (fig.1b) shown in Figure 1.

1- in-process part; 2 — conic stainless steel electrolytic cell;
3— bottom plate; 4—pump; 5— heat exchanger; 6— bath filled with electrolyte

Figure 1. Process of processing of an electrolyte plasma sample (a) and functional diagram (b) of the machine

High-current rectifier with output power of 360V/60A as DC was used as a power source. The samples
were processed by rapid heating for 2 seconds followed by cooling in a flowing electrolyte. The process was
realized under the following parameters: electrolyte composition (%, mass): 10 % urea (NH ,),CO + 20 %
sodium carbonate Na,COs+70 % water, processing lasted for 2 seconds, T..x = 850-900 °C; U= 320V;
I=40A.

Results and its discussion

The results of experimental studies on structural-phase state of steel mark 2 showed that in its initial
state the steel matrix represents o.-phase — solid solution of carbon and alloying elements in a-Fe with BCC
matrix.

Lamellar pearlite and ferrite are morphological components of o- phase. Lamellar perlite, almost ideal,
i.e. it is a conglomerate of alternating parallel plates ferrite and cementite [8]. Ferrite (a-phase) in the pearlit
has a volumetric-centered cubic (BCC) crystal lattice.

Mutual parallelism of the lamellas [9] means that, firstly, different lamellas of the same phase within
the colony have the same orientation and, secondly, mutual orientation of two phases (their orientation ratio)
provides best coupling of two crystal lattices along the habit surface of the lamellas. It is established [10] that
Bagaryatsky orientation relationship is observed between ferrite and cementite in nearly every pearlite colo-
ny, which is not related to the carbon content in the steel. It should be noted that steel alloying doesn’t have
an effect on crystallographic characteristics within the pearlite [10].

The volume ratio of lamellar pearlite is 35 % along the material (table 1).

It should be noted that the planning method was used to determine the volume fraction, which is re-
duced to the measurement of the total area of sections of this structural component on a certain area of the
foil.

The conclusion of the working formula of this method is based on the principle of Cavalieri-Aker-
Glagolev [11; 50]. It postulates the relationship between the Area (Ps) and Volume (Py) shares:

P, =P, (N
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This is one of the fundamental relationships of stereology postulated by S.A. Saltykov [11; 51]. The
working formula of the planning method has the following form:

S h @

Where S and V are the area and volume occupied by the corresponding structural component in the
sample element representing the L-rib cube.

Ferrite in the initial state of the mark 2 steel is present in the form of non-segmented and fragmented
ferrites. The volume share of non-segmented ferrite is ~10 %. The volume of fragmented ferrite is 55 %. The
surface hardening carried out resulted in the formation of packet-plate martensite. The volume share of pacts
of martensite is 60 %, plate low-temperature martensite is 10 %, plate high-temperature martensite is 30 %.

It is also known that martensite transformation almost always does not take place completely [8—10].
This leads to the presence in the material of a certain amount of residual austenite (y phase). The crystal lat-
tices of residual austenite and the a-phase, regardless of the type and location of residual austenite, are al-
ways interconnected by the Kurdyumov — Sachs orientation relation [11; 67].

The volume fraction of residual austenite (y-phase) in lath martensite is 6.5 %.

Studies have shown that in mark 2 steel after surface hardening inside all crystals of martensitis there
are particles of cement. Crystalline grates of cement and a-phase are connected among themselves by the
orientation ratio of Bagaryatskiy [11;20]. The volume fraction of cementite in lath martensite is 0.27 %, in
low—temperature lamellar martensite is 0.95 % and in high-temperature lamellar martensite is 2 %. (table 1).
The volume fraction of cement (dg.c) was calculated using the formula [12]:

S:

VFe C
5Fe3C = t-ljz > 3
Where Vp, . — is the average volume of one particle of cement, t — is the thickness of the foil,

r — is the average distance between particles.

Figure 2 shows an electron-microscopic image of the fine structure of mark 2 steel before and after
electrolytic-plasma surface hardening. Mark 2 steel is ferrite-pearlite steel, as evidenced by the microscopic
image of this steel in the delivery states (Fig.2a) where P—pearlite is marked in the image, FF — fragmented
ferrite. The white arrow marks a chain of small fragments on the border of grains «pearlit — ferrite». In the
microscopic image, after plasma surface hardening (Fig.2b), the structure of the wheel steel consists of pack-
et-plate martensite. Figure 2b shows L—packet martensit, Figure 2¢ shows LL-lamellar low-temperature
martensit, HL—lamellar high-temperature martensit. On the boundaries of martensitic crystals — interlayer of
residual austenite (y).

Figure 2. Electron microscopic image of fine structure of steel 2
before (a) and after (b, c) electrolyte-plasma surface hardening

Studies have shown that surface hardening of steel 2 subjected to electrolyte-plasma surface hardening
in an electrolyte plasma, structural changes were detected.

Figure 3 (a-c) shows the microstructure of the steel cross section after treatment in an electrolyte con-
taining an aqueous solution of 10 % carbamide (NH;) ,CO and 20 % sodium carbonate Na,CO; with a
treatment time of 2 seconds at a temperature of 860 °C.

As can be seen from Figure 3, the electrolyte-plasma surface hardening led to a change in the micro-
structure of the cross section, where the zoning of structures typical of electrolyte-plasma treatment is visi-
ble. The cross-sectional structure consists of 3 zones: 1 zone — a zone of surface hardening with a thickness
of 1000-1500 pum, 2 zone — a zone of thermal influence, 3 zone — a matrix.
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a) a hardened layer; b) a transition layer; ¢) non-hardened layer; d) general view

Figure 3. Pictures of the microstructure along the cross section
of steel mark 2 after electrolyte-plasma surface hardening

Table 1
Phase composition of steel mark 2 before and after electrolyte-plasma surface hardening
before EPSH after EPSH
Ferrite Martensite
- | B
Q = _
. Phase = ‘qa) 5 Lamellar Lamellar The PTOPOT™ | o mentite M.BCG .
Composition Parameters | & 5} g % 1 hioh tion of y-Fe in LM. % carbides in
Sl E| 2|3 ow- 1gh- in LM, % 70 LM, %
S & temperature | temperature
& =]
=)
Volume fraction (Py), % 35| 55 10 | 60 10 30 6,5 2 2.7
Totally in the material, % 100 100 7.2 0.86 0.8

*Note: Data were obtained according to the calculations by formulas [1-3] from electron microscopic images.

As is known, one of the most important properties of the surface layer, which significantly affects the
strength characteristics, is microhardness, the value of which in the initial state (matrix) of steel mark 2 is ~
140 HV. In this work, we studied the changes in the microhardness of a specimen of steel mark 2 over a
cross section after electrolytic plasma surface hardening. According to the results obtained, the average mi-
crohardness in the surface hardening zone is ~ 420 HV, in the heat-affected zone it is ~ 260 HV and, accord-
ingly, in the steel mark 2 matrix, the microhardness remains unchanged.

600

[£50HV

Microhardness, HV
g 3

§

1000 2000 3000 4000 5000 6000 7000

Distance from the surface, pm

Figure 4. Distribution of microhardness over the cross section
of steel mark 2 after electrolyte-plasma surface hardening
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Conclusion

In conclusion, the analysis of study results of phase composition, fine structure and mechanical proper-
ties of wheel steel mark 2 before and after electrolyte-plasma surface hardening has shown:

— In its initial state, matrix of steel mark 2 represents 1) a-phase the volume ratio of unfragmented fer-
rite is ~10 % and 55 % of fragmented one respectively, 2) pearlite with a volume of ~ 35 %;

— It was revealed that the morphological components of the structure of steel mark 2 after EPSH at
Tmax = 850-900 °C and the exposure time of 2 s are: martensite in the form of packet martensite with a vol-
ume fraction of 60 %, lamellar low-temperature and lamellar high-temperature martensites with volume frac-
tions of ~ 10 % and ~ 30 %, respectively;

— It was determined that electrolyte-plasma surface hardening leads to a change and hardening of the
surface layer of mark 2 steel, the thickness of the hardened layer is ~ 1000—-1500 um, and the microhardness
increases by ~ 3 times.

The work was supported as part of scientific-research grant of the Ministry of Education and science of
the Republic of Kazakhstan (BR 05236748).
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DIEeKTPOJUTTI-IIA3MAJIBIK 0eTTiK HBIHBIKTHIPYAbIH
2 MapkaJbl J6HrejJeK 00JaTThIH KYPbLIbIMbIHA dCepi

Makaina 3JIeKTpOJINTTIi-IIIa3MaNIBIK OSTTIK MIBIHBIKTHIPYABIH 2 MapKalbl JOHTelek 00aT YArUIepiHiH KyMbIC
OeTiHiH KypBUIBIMBI MEH MUKPOKATTHUIBIFBIHA 9CEPiH 3epTTeyre apHaiuFaH. JKYMBIC 3JIeKTPOIUTTIi-IIIa3MaIbIK
6errik meHgay 10 % xapbammn (NH,),CO + 20 % natpuii kap6oHaThIHEIH Na,CO; cynsl epiTiHaiciHeH
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JKacalfaH 3JIEKTPOJIUTTE JKY3ere achIpblUIFaH. OHIEYy YakbIThl 2 ceK, Ty = 850-900 °C; U= 320V; [=40A
Gonnpl. JKapblk OepeTiH 3/IeKTPOHABIK MHUKPOCKOIMSHBIH HOTIKENIEPIHE COMKEC 3JIEKTPONIUTTI-IIa3MaIIbIK
OeTTik MIbIHAAY 2 MapKanbl O0JaTTHIH MOP(OJIOTHSUIBIK KypayIIbUIapbIHBIH ©3repyiHe allblll KeJIreHiH
kepcereni. bacrankpl jxarnaibiHIa 00MAaTTBIH MOP(GOJIOTHSUIBIK KypayLibUIapsl (parMeHTTeNreH (eppHur,
(bparmenTTenMereH (GEeppuUT JKOHE MEPIUTTCH Kypajblll, al Marpuua o-(aszagaH Typajbl. DNEKTPOJUTTI-
TIa3MablK OCTTIK MIBIHBIKTHIPYJaH KeiliH yiriHig OeTinae makeTTi (peikaibl, TakTaiiina Topizaec), XKorapsl
TeMIIepaTypaibl KaTIapibl KOHE TOMEH TEMIepaTypaibl KaTIapibl MapTEHCHT Ty3iieli. DJIeKTPOJIUTTIH
CyJBI epITIHAICIHAC MIBIHBIKTHIPbUIFAHHAH KeiiH JAeHrenek 0onar yiriiepiHiH KesJeHeH KHMachl OOibIHIIA
MHKDPOKATTBUIBIKTBI aHBIKTayFa 3epTTEYJIep XKYPTi3iIreH. DIeKTPOIUTTI-IIa3MaNIbIK OCTTIK LIBIHBIKTHIPYAaH
KeifiH ochbl OeTTiK KabaTThlH MUKPOKATTHUIBIFBIHBIH MOHI OOJaTThIH MaTPULACHIMEH CaJbICTHIPFaHIa ~ 3 ece
©CKEHIH, aJl IIBIHBIKTRIPbUIFaH KabaTThIH KabIHABIFEL 1000—1500 MKM KypaiThIHBIH KOPCETKEH.

Kinm c93c)ep.' Z-)IIGKTpOJII/ITTi-HIIaSMaJILIK 0eTTiK IIBIHBIKTBIPY, AOHI'CICK 60J'IaT, TPAaHCMUCCHUSIIBIK
DJIEKTPOHABIK MUKPOCKOITUS, )KYKa KYPBUIbIM, MUKPOKATTBUIBIK, MOp(i)OIIOFI/ISI, MapTEHCUT.

b.K. Paxagunos, E.E. Ta6buesa, I'.K. Ya3eipxanosa, JI.I'. XKypeposa, H.A. [Torosa

Binsinue 3J1eKTPOJTUTHO-IIJIA3MEHHOM MMOBEPXHOCTHOM
3aKAJIKM HA CTPYKTYPY KOJECHOM CTAJIN MapKH 2

CraThsl MMOCBSIICHA MCCIICIOBAHUIO BIMSIHUS SJIEKTPOIUTHO-TIA3MEHHON IIOBEPXHOCTHOM 3aKaJIKU Ha CTPYK-
Typy ¥ MHKPOTBEPAOCTb pabouell MOBEPXHOCTH OOpa3loB KOJECHOW CTalmM Mapku 2. DJIEKTPOJIUTHO-
TUIa3MEHHYIO TIOBEPXHOCTHYIO 3aKaJIKy OCYIIECTBIISUIN B JJIEKTPOJIUTE U3 BOJHOTO pacTBopa 10-MporeHTHOro
kapbamuaa (NH,),CO + 20-nponentHoro kapbonata Hatpus Na,COs;. Bpemst 00paboTku cocTaBisiio 2 cek,
Tax = 850-900 °C; U=320V; [=40A. CornacHo pe3ysibTaTaM IpOCBEYUBAIOLICH IEKTPOHHONH MUKPOCKOIIUHI
JJIEKTPOJIUTHO-IDIA3MEHHAsl TIOBEPXHOCTHAS 3aKaJIka MPUBETa K N3MEHEHUIO MOP(OJIOTNIECKUX COCTaBIISIO-
IIMX CTAIM MapKH 2. B MCXOTHOM COCTOSHMM MaTpHIla CTIU NPEACTaBiIIeT co0oil a-¢pasy, Mopdororude-
CKMMH COCTaBILIIOLIMMH KOTOPOH SIBJISIIOTCS ()parMEHTHPOBAHHEIN (heppuT, HepparMeHTHPOBaHHBIH (GeppuT
u niepnut. [locie 3MeKTpOoMTHO-IUIA3MEHHOM TTOBEPXHOCTHON 3aKalKy Ha MOBEPXHOCTH oOpasua ¢opmupy-
€TCsl NAKETHBIM, BBICOKOTEMIIEPATYPHBIN IUIACTUHYATBHIA U HU3KOTEMIIEPATYPHbIH TIACTUHYATBIA MAapPTEHCHT.
IIpoBeneHbl HcCeNOBaHKS HA OIMpeAeNeHHe MUKPOTBEPJOCTH 110 MOMEPEIHOMY CEUEHHIO 00pa3LoB KoJec-
HOH CTanu moclie 3aKalKkd B BOIHOM PAacTBOpPE JIIEKTPOJIUTA. YCTAHOBIEHO, YTO IOCHIE 3JIEKTPOIUTHO-
TIa3MEHHON TOBEPXHOCTHOM 3aKalKu 3HAaUe€HHE MHKPOTBEPIOCTH JAHHOTO 3aKaJIEHHOTO MOBEPXHOCTHOTO
CJIOSI TIOBBICHIJIOCH B ~ 3 pa3a IO CPaBHEHHUIO C MATpPHUIEH CTaiM, a TOJNIIMHA 3aKAJIEHHOTO CIOS COCTaBMIIA
1000-1500 mxMm.

Kniouesvie cnosa: QJICKTPOJUTHO-IUIa3MCHHAs IMOBEPXHOCTHAsA 3aKajlka, KOJIECHas CTallb, IPOCBECYMBAIONIas
DJICKTPOHHAsA MUKPOCKOIIUA, TOHKas CTPYKTYpa, MUKPOTBEPAOCTD, MOpq)OJIOI‘I/ISI, MapTEHCHUT.
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Research of annealing influence on the hardness
of detonation coatings from zirconium dioxide

The article studied the effect of annealing on the structure and properties of zirconium dioxide coatings ob-
tained by detonation spraying. Detonation spraying was realized on a computerized detonation spraying com-
plex of the new generation CCDS2000. Thermal annealing of coated samples was performed at temperatures
0f 900 °C, 1000 °C, and 1100 °C. It was determined that the microhardness of zirconium dioxide coatings in-
creases by 10-25 % depending on the annealing temperature after annealing. The results of nanoindentation
showed that the nanohardness of the coatings after annealing at 1000 °C increases by 50 %. It was determined
that after annealing at 1000 °C, the elastic modulus of the coatings increases, which indicates a decrease in
plasticity and an increase in the strength of the coatings.. X-ray diffraction analysis showed that the phase
composition of coatings before and after annealing consists of t-ZrO,. After annealing occurs there is an in-
crease in the degree of t-ZrO, tetragonality. Electron microscopic analysis showed that an increase in the
number and size of micro-continuity in the form of thin layers after annealing. Determined that increase the
hardness of zirconium dioxide after annealing at 900-1100 °C is associated with a higher degree of
tetragonality t-ZrO, phase.

Keywords: zirconium dioxide, coating, detonation spraying, hardness, annealing, microstructure, phase,
indentation.

Introduction

High-speed spraying methods can significantly expand the capabilities of traditional thermal spraying
coatings used to protect parts from wear and corrosion [1—4]. Gas-thermal high-speed methods for producing
coatings include methods of detonation [5], high velocity air-gas plasma (HVAGP) [6] and high velocity oil
flame (HVOF) spraying [7]. Among them, the most promising is detonation spraying. Detonation spraying is
one of the methods of thermal spraying of coatings, which is carried out using a special detonation gun filled
with explosive gas mixture. A powdery spray material is used to form a coating. In the process of detonation,
the particles of the powder are accelerated to high speeds (up to 1000 m/s), their melting and deposition on
the sprayed surface [8].

The detonation method is promising for obtaining heat-resistant and heat-protective coatings on the
blades of gas turbine engines due to the low porosity of the coatings and the saving of the chemical composi-
tion of the initial powder in the coatings, as well as the high adhesion strength of the coatings. Zirconium
dioxide coatings are often used as upper thermal barrier layers of heat-protective coatings [9, 10]. There is
very little work devoted to the study of zirconium dioxide obtained by detonation coatings. At the same time,
detonation coatings allows one to obtain a set of properties necessary for heat-protective coatings: high adhe-
sion of the coating, thickness up to 300 um, significant porosity, as well as the ability to adjust the structure
and properties of the coating by selecting processing parameters. Therefore, the study of structural transfor-
mations in detonation coatings of zirconium dioxide during heat treatments is of great interest. This work is
devoted to studying the impact of thermal annealing on the structure and hardness of zirconium dioxide coat-
ings.

Materials and methods of research

Detonation coatings were obtained on a computerized complex of new generation detonation spraying
CCDS2000 (Computer Controlled Detonation Spraying), [11-14]. A general view and a schematic diagram
of the detonation spraying process are presented in figure 1. The channel inside the gun barrel is filled with

gases using a high-precision gas distribution system, which is controlled by a computer. The process begins
with filling the channel with carrier gas. After that, a certain portion of the explosive mixture is supplied in
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such a way that a layered gas medium is formed, consisting of an explosive charge and a carrier gas. Using a
carrier gas stream, the powder is injected into the barrel (using a computer-controlled feeder) and forms a
cloud. The substrate is placed at a certain distance from the exit from the trunk. After part of the powder is
injected, the computer gives a signal to initiate detonation. This is realized using an electric spark. The dura-
tion of explosive combustion of a charge is about 1 ms. a detonation wave is formed in the explosive mix-
ture, which in the carrier gas transforms into a shock wave. Detonation products (heated to 3500—4500 K)
and carrier gas (heated by a shock wave to 1000—1500 k) move at a supersonic speed. The interaction time of
gases with the sprayed particles is 2—5 ms. Particle velocities can reach 800 m s-1 [15—18].

b)
Dosing Vessel
Spark

Nitrogen Gas Ths 'o:o
Acetylene Gas
Propane Gas | |> 1 ———— ) .E
Oxygen Gas { [/ e T El

Nitrogen Gas I Barrel EE

Figure 1. Computerized detonation complex CCDS200 (a) and its circuit diagram (b)

Sainless steel 12Cr18Nil0T was chosen as a substrate. The samples were sandblasted before coating. A
powder of zirconium dioxide stabilized with yttrium oxide was used to obtain coatings. The particle size of
the powder was up to 25-30 um. Thermal annealing of the coated samples was carried out in a laboratory
tube resistance furnace SUOL-0.4.4/12-M2-U4.2 in a vacuum of 10— Pa at temperatures of 900 °C, 1000 °C,
and 1100 °C during 1 h. The temperature was measured and controlled by a VRT-2 precision
thermoregulator using two thermocouples of the CCI 1378 type. The microstructure of the coatings was stud-
ied by metallographic analysis using a Neophot-21 microscope and scanning electron microscopy using
JSM-6390LV and PhenomProX scanning electron microscopes. The microhardness of the samples was
measured by the indentation method of a diamond indenter on a PMT-3 device in accordance with GOST
9450-76, at a load of 200 g and exposure under a load of 10 s. The phase composition of the samples was
studied by X-ray diffraction analysis on an X’PertPro diffractometer using CuKa radiation. The measure-
ment of hardness and elastic modulus was determined by the indentation method on a «NanoScan — 4D
compact» nanohardness meter in accordance with GOST R 8.748-2011 and ISO 14577 indentation with a
load of 0.1 N.

Research results and Discussion

The figure 2 presents the microstructure of the coatings before and after annealing. The thickness of the
coatings was 360—370 um. The coating has a porous structure. The average pore size is 5 pm.

100
m ‘ 100 yun

Figure 2. Microstructure of coatings from zirconium dioxide before (a)
and after annealing at 900 °C (b), 1000 °C (c) and 1100 °C (d)

Figure 3 shows SEM-images of coatings and the results of X-ray microanalysis. The coating has a clas-
sic structure characteristic of gas thermal spraying methods. The coating is characterized by the presence of
high density and uniformity as well as the presence of individual pores. Two groups of pores can be distin-
guished: rounded micro-discontinuities several micrometers in size and micro-discontinuities in the form of
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thin interlayers, the size of which is several tens of micrometers in length and 0.3—1.0 ym in thickness. Thin
layers are formed as a result of the spreading of molten particles of the sprayed metal over the surface. The
results of X-ray microspectral analysis show that the formed coating is characterized by a more uniform dis-
tribution of all the chemical elements that make up the composition.

Figure 3. SEM-image of the surface (a), cross-section (b) of coatings
of zirconium dioxide and the results of micro X-ray spectral analysis (c)

Figure 4 shows the dependences of the microhardness variation along the depth of the experiment sam-
ple before and after annealing at different temperatures. The maximum increase in microhardness is observed
in samples after annealing at 1000 °C. The maximum depth of the hardened layer for all coatings is 400 um,

i.e. corresponds to the thickness of the coating.
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Figure 4. Microhardness of coatings from zirconium dioxide

The region of thermal influence and the diffusion zone are not observed according to metallographic
analysis and microhardness. This is due to the fact that during detonation sputtering the substrate heats up to
only 200-300 °C, that the surface of the substrate does not undergo structural and phase transformations, and
also during annealing the diffusion processes do not occur between the zirconium dioxide coating and the

iron-based substrate at the indicated temperatures.

We also studied the nanohardness of coatings by the nanoindentation method. Figure 5 presents the
comparative nanoindentation curves for coatings before and after annealing. It is seen that the penetration
depth of the nanoindenter into the coatings is 10 % less than the initial coating after annealing.
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Figure 5. Nanoindentation curves of coatings from zirconium dioxide before (a) and after annealing under 900 °C (b)

The modules of elasticity and nanohardness of the coatings were determined on the results of
nanoindentation (table 1). The results showed that the nanosolidity increases in comparison with the sample
before and after annealing. In this case, the highest value of the nanohardness of 15.8 GPa is observed after
annealing at 1000 °C. It can be seen that after annealing at 1000 °C, the elastic modulus of the coatings in-
creases, which indicates a decrease in plasticity and an increase in the strength of the coatings.

Table 1
Results of nanoindentation

Coatings Hanohardness, GPa Young's modulus, GPa
ZrO, initial 9,9 176
ZrQ, after annealing at 900°C 11,6 178
ZrO, after annealing at 1000°C 15,8 245
ZrO, after annealing at 1100°C 12,8 174

We can note a clear discrepancy (1.5 times) in the quantitative values of the results with good qualita-
tive agreement by comparing the results of determining the hardness of the material at different loads on the
indenter (microhardometry (figure 4) and nanosolidometry (table 1)). This can be explained by the fact that
during nanocontact interaction, due to the small (tens of nanometers) dimensions of the indent, the degree of
imperfection of the material under the indent is significantly reduced, which helps to bring the behavior of
real material closer to ideal [19].

Figure 6 shows the diffraction patterns of the coatings before and after annealing. The results of x-ray
structural analysis of coatings showed that the coating in the initial and after annealing consists of the t-ZrO,
phase. The diffractogram of samples after annealing differs from the diffractogram before annealing in that
instead of single lines (211) and (222), the t-ZrO, phase gives double lines. Also, after annealing the pairs of
closely spaced each other lines (002) — (110) and (004) — (103), the t-ZrO, phases are moved wider apart.
All this is related an increase in the tetragonality of the t-ZrO, phase. So as known [20] that the distance be-
tween paired lines depends on the c/a ratio. The larger it is, i.e., the greater the degree of tetragonality, the
paired lines are further apart each other. In turn, the degree of tetragonality depends linearly on the oxygen
content of zirconium dioxide. In our case, an increase in the degree of tetragonality after annealing due to an
increase in the oxygen content is quite possible, since the annealing of the samples was carried out in a low
vacuum.

Based on x-ray diffraction analysis, it can be claimed that the increase in the hardness of zirconium di-
oxide after annealing is associated with an increase in the tetrogonality of the t-ZrO, phase. Since the greater
the degrees of tetragonality of the tetragonal phase, the higher the strength of the material [21].
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Figure 6. X-ray diffraction patterns of coatings from zirconium dioxide before (a)
and after annealing at 900 °C (b), 1000 °C (c) and 1100 °C (d)

It can be seen on figure 7 that thermal extraction at 1000 °C based on structural influence is not provid-
ed. However, an increase in the number and size of micro continuities in the form of thin layers is observed.
This helps to reduce internal stresses associated with operation. The formation of micro continuities in the
form of thin interlayers is the reason for the strong discrepancy in the data on the microhardness and

nanosolidness of the coating.
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Figure 7. SEM-images of coatings from zirconium dioxide after annealing at 1000 °C
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Conclusions

1. The coatings of zirconium dioxide with a thickness of 360-370 um were obtained by the detonation
method. It was determined that the coatings have pores and the average pore size is 5 um by metallographic
analysis method.

2. Electronic microscopic analysis showed that the resulting coatings are characterized by the presence
of high density and uniformity, as well as the presence of individual pores. Two groups of pores have been
identified: round micro-discontinuities several micrometers in size and micro-discontinuities in the form of
thin interlayers, the size of which is several tens of micrometers in length and 0.3—1.0 um in thickness. There
is an increase in the number and size of micro-continuity in the form of thin layers after annealing.

3. X-ray diffraction analysis showed that the phase composition of coatings before and after annealing
consists of t-ZrO,. After annealing, there is an increase in the degree of t-ZrO, tetragonality.

4. Tt was determined that the microhardness of zirconium dioxide coatings increases by 10-25 % de-
pending on the annealing temperature after annealing. The results of nanoindentation showed that the
nanohardness of the coatings after annealing at 1000 °C increases on 50 % and reached to 15.8 GPa.

5. Determined that increase the hardness of zirconium dioxide after annealing at 900—1100 °C is asso-
ciated with a higher degree of tetragonality t-ZrO, phase.

This research is funded by the Science Committee of the Ministry of Education and Science of the Re-
public of Kazakhstan (Grant No. BR05236748).
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b.K. Paxamgunos, JI.H. Kokimkanos, H. Kanraii, I1. KoBanesckuii, P.C. KoxkaHoBa

Hupxounii nuokcuai Herizinae 1eTOHAUMSIIBIK
JKAOBIHIAPABIH KATTbUIBIFbIHA KYHIIPYIiH 3CepiH 3epTTey

Makanaga HAETOHAIMSUIBIK TO3AaHAATy OJICIMEH aJBIHFAH MBIPBII JWUOKCHIl HETi3iHAe JKacanraH
JKaOBIHAAPIBIH KYPBUIBIMEI MEH KacHeTTepiHe KYHIIpymiH acepi 3epTrenreH. J[eToHauusuIbIK TO3aH aHABIPY
CCDS2000 »axa OybIHIbI JeTOHAVSIIBIK TO3aHIAaHABIPY KOMITBIOTEPIICHI€H KEIICHIH/IE JKY3€eTe achIphUIFaH.
Kanramacer Gap ynrinepai tepmusiiblk Kyitmipy 900°C, 1000°C sxone 1100°C TtemmepartypanapbsiHaa
KYpri3iireH. MBbIpbIll JUOKCHAIHEH JKacalfaH »MKaObIHAAPIbIH MUKPOKATTHUIBIFbI KYHAIPreHHEH KeHiH
KYHipy TeMneparypacbina OainanbicTsl 10-25 Y%-Fa apraTbiHbl aHbIKTa1bl. HaHOMHIEHTIpICY HOTIKENEP],
1000°C ke3inzme KyimipyneH KeHiHri sxaObIHAApABIH HAaHOKATTBUIBIFBI 50 %-Fa apTaThIHBIH KOPCETKEH.
1000°C xe3inge KyHmipreHHeH KeHiH >kaOBIHIApABIH CEpHIMIUIIK MOXYJI YIFasasl, Oy >kaOBIHIapIbIH
HUITIIITITIHIH a3ai0bl MEH OEpIKTITiHIH apTybl aHBIKTAIFaH. MBIPHIIT JHOKCUIIHEH KYHIipyre ACHiHTI jkoHE
OJaH KEHiHrl »aObIH >KOFaphl THIFBI3ABIKICH JKOHE OIPTEKTLNriMeH, KeyeKTi OOJybIMeH CHIIaTTalFaH.
PeHTreHKYpBUIBIMABIK, Talfay HOTWOKENepi, KyiimipreHre IeHiH >koHe OJaH KeHiH >KaObIHHBIH (a3aybik
Kypamsbl t-ZrO,-IeH TYpaThIHBIH KepceTkeH. KyHmipreHHeH keifiH TerparoHanpaik t-ZrO, neHreiiHiy ecyi
GaiikanraH. DICKTPOHIbI-MHKPOCKONMSUIBIK TalJay HOTHKeNlepi KyimipreHHeH KeiliH jkyka Kabarrtap
TYpiHZErT MUKPOTAJIIBIKTBIH MOJILIEPI MCH CaHbI YiIFaiiFaHblH KepceTTi. Mpipbim anokcuainig 900-1100°C
Ke3iH/[e KyHIipreHHeH KeiliH KaTThUIBIFBIHBIH KOFapbutaysbl t-Z10,-(ha3achlHbIH TETPOrOHANBAIK I3PEKECIHIH
JKOFapbUIaybIMEH OalIaHbICThI €KeHI aHbIKTAJIFaH.

Kinm ce30epi: MBIPBIII TUOKCHUI, >Ka0bIH, JCTOHAIMSIIBIK TO3aHIATY, KATThUIBIK, KYHIIPY, MUKPOKYPBLIBIM,
(haza, naEHTHPICY.

b.K. Paxamgunos, JI.H. KakumxanoB, H. Kanraii, I1. KoBanesckuii, P.C. Koxanora

HccaenoBanue BJOMSIHUS OTKHATA HA TBEPAOCTH
ACTOHAIIMOHHBIX HOKprTHﬁ U3 TUOKCHIAA HUPKOHUS

B cTathe n3ydeHo BIMSHHE OT)KUTa Ha CTPYKTYPY M CBOMCTBA MOKPBITHI U3 AUOKCHIA LIUPKOHHS, MOTyUYEH-
HBIX ~ METOJOM  JETOHAI[MOHHOTO  HambUIeHHs.  JIeTOHAIMOHHOE  HAMbUIEHHE  OCYILECTBISIN
Ha KOMIBIOTEPU3UPOBAHHOM KOMILUIEKCE I€TOHAMOHHOro HambuieHus: HoBoro nokosienus CCDS 2000. Tepmu-
YECKUH OTXKHUT 00pa3LOB ¢ MOKPHITUEM MPOBOIWIM mpu Temieparypax 900, 1000 u 1100°C. Onpexneneno, uyto
rnocjie OTKUIa MUKPOTBEPAOCTh IOKPBITUM M3 JUOKCHIA LMPKOHUS yBeiauuuBaerca Ha 10-25%
B 3aBUCHMOCTH OT TEMIIEpaTypsl OTXKHra. Pe3yibTaTel HAHOMHICHTHPOBAHUS TT0Ka3aId, YTO HAHOTBEPHOCTh
nokpeiTHii nocne orxkura npu 1000°C nossimaerca Ha 50 %. Onpeneneno, uro nocne omxura mpu 1000°C
MOZYJb YIPYTOCTH HMOKPBHITUH yBEIMYMBACTCS, YTO yKa3bIBAcT HAa YMEHBIICHHE IUIACTHIHOCTH U MOBBIMICHHE
TIPOYHOCTH NOKPHITHH. [ToKpEITHE M3 THOKCHIa IUPKOHHS 10 M MIOCIIe OTXKHUTa XapaKTepU3yeTcsl HATMIHEM BBI-
COKOH INIOTHOCTH ¥ OJHOPOJHOCTH TIOP. DIIEKTPOHHO-MUKPOCKOITMYECKUH aHaIM3 MTOKAa3all, 9TO HOCIE OTXKH-
ra MPOMCXOJHUT yBEINUEHNE KOJIMYECTBA U Pa3MEPOB MUKPOCIUIOMIHOCTU B BUJE TOHKHX Mpocioek. Pentre-
HOCTPYKTYPHBII aHAIU3 TOKa3al, 4To (a30Bblil COCTaB MOKPBHITHH 10 M MOCIE OTXKHUra cocTouT u3 t-ZrO,.
ITocne orxura HabIIOgAETCS YBENNUEHNE CTENEHN TeTparoHaabHOCTH t-ZrO,. OnpesneneHo, 4To MOBBIIEHUE
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TBEPIOCTH AMOKCHAA LUPKOHUS nocie omkura npu 900—1100°C cBs3aHO ¢ yBEIHUEHHEM CTEIIEHU TETparo-
HaJbHOCTH t-ZrO,-hassl.

Kniouesvie cnosa: nNOKCU] IUPKOHUS, MOKPHITHE, JETOHALIMOHHOE HAMBUICHUE, TBEPAOCTh, OTHKHI, MHKPO-
CTPYKTYypa, a3a, HHICHTHPOBAHHE.
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Structure and phase composition of high-speed steels

This work is devoted to the study of the structure and phase composition of high-speed steels R6MS5, R9 and
R18. High service properties of high-speed steel tools are achieved by heat treatment. Therefore, the sample

blanks for the study were cut from cutting tools from R6EMS, R9 and R18steels, which were subjected to
the usual standard heat treatment for these steels. Installed that the structure of high-speed steels R6MS,
R9 and R18 in the initial state, i.e. after standard heat treatment, consists of martensite and special carbides.
The carbide particles are evenly distributed in the matrix and are close to the correct spherical shape. Thus in
the structure of steels R6MS and R9 are carbides of type MyC, MC, and in the structure of steel R18 only car-
bides of the type M6C. EBSD analysis showed that M¢C carbides are most optimally combined with the
Fe;W;C cubic phase, and the MS type carbide corresponds to the VC phase. Electron microscopic analysis
showed that in addition to MyC and MC carbides, high-speed steel contains small amounts of «cementite»
type M;C carbides.

Keywords: high-speed steel, structure, phase composition, carbide, heat treatment, cementite, martensite,
tungsten.

Introduction

High cutting properties of high-speed steels are achieved by special alloying and complex heat treat-
ment, providing a certain phase composition [1]. In addition, with cutting speed increases, the requirements
for the heat resistance of steel increase [2]. The heat resistance of high-speed steels is due to alloying with
their carbide-forming elements: tungsten, vanadium, molybdenum and chromium [3]. These elements, in
certain temperature and time conditions, form in the steel particles of the carbide phase, which are the
strengthening phase of the material [4,5]. A high heat resistance tool made of high-speed steels acquires after
quenching and repeated tempering [6]. Tempering after quenching within the temperatures set for cutting
tools leads to a decrease in the carbon content of martensite and the formation of ultramicroscopic carbides
[7,8]. These carbides play an important role in the mechanical properties of steel, including in hardness, wear
resistance, and heat resistance [9, 10]. Technological characteristics of high-speed steels are directly deter-
mined by the features of its microstructure. Therefore, research of the phase composition and fine structure
of steel is a important objective. The main research methods previously used [11-13] were optical microsco-
py at small magnifications (up to 500 fold) and x-ray diffraction analysis. Quite often the main way to reve-
lation and diagnostics the carbide phase was chemical dissolution and subsequent investigation of the sedi-
ment by x-ray diffraction analysis.

In this regard, the purpose of this work is to study and compare the structure and phase composition of
high-speed steels R6MS, R9 and R18 using modern methods for studying the structure of metals and alloys.

Materials and methods of research

In accordance with the set tasks, tool high-speed steels R6MS, R9 and R18 were selected as the research
material. The use of high-speed steels for cutting tools can increase the cutting speed several times, and the
tool resistance-ten times [14]. The main distinguishing feature of high-speed steels is their high heat re-
sistance or hardness (600—700°C) in the presence of high hardness (63—70 HRC) and tool wear resistance.
The unique properties of high-speed steels are achieved by special alloying and complex heat treatment,
providing a certain phase composition [14]. Table 1 shows the chemical composition of high-speed steels
R6MS, R9 and R18.

The choice of research materials is also justified by the fact that high-speed steels R6MS5, R9, R18 are
the most common in Metalworking, typical high-speed steels of moderate heat resistance [14].
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Table 1
Chemical composition of high-speed steels R6MS, R9 and R18 (GOST 19265-73)
Steel . )
C Mn Si Cr W A\ Co Mo Ni Cu S P
grade
RO 0.85- | before | before | 3.80- | 8.50— | 2.30- | before | before | before i before | before
095 | 050 | 0.50 | 4.40 9.50 270 | 0.50 | 1.00 | 0.40 0.03 | 0.03
R6MS5 0.82- | 0,20- | 0,20- | 3.80- | 5.50- | 1.70— | before | 4.80— | before | before | before | before
0.9 0.50 | 0.50 | 4.40 6.50 2.10 | 0.50 | 530 | 0.60 | 0.25 | 0.025 | 0.03
RIS 0.73- | 0,20- | 0,20- | 3.80- | 17.00- | 1.00- | before | before | before | before | before | before
0.83 | 0.50 | 0.50 | 4.40 18.50 140 | 0.50 | 1.00 | 0.60 | 0.25 | 0.03 | 0.03

High service properties of high-speed steel tools are achieved by heat treatment. Therefore, sample
blanks with dimensions of 10x20x20 mm® for research were cut from cutting tools (disk cutter) made of
R6MS, R9, and R18 steels subjected to the usual heat treatment for these steels [15] (Table 2).

Table 2
Modes of pre-heat treatment of high-speed steels
Types of heat treatment
Steel grade Hardening = Tempering
R9 with 1240 °Cin 0il | 560 °C (triple: the duration of each tempering is 1 h, cooling in the air)
R6MS5 with 1230 °Cin 0il | 560 °C (triple: the duration of each tempering is 1 h, cooling in the air)
R18 with 1270 °Cin oil | 560 °C (triple: the duration of each tempering is 1 h, cooling in the air)

Optical metallography was used to reveals the structure of the materials under study. An optical light
microscope «ALTAMI-MET-1M» was used for metallographic analysis. For etching, a 4 % alcohol solution
of nitric acid was used. X-ray diffraction studies samples of steel were performed using known methods of x-
ray diffraction analysis using the D8 ADVANCE diffractometer. Diffractograms were taken using CuK,-
radiation (A=2,2897 A®) at a voltage of kV. Decrypting of diffractograms was carried out manually using
standard techniques and the PDF-4 database, and the quantitative analysis was performed using the Powder
Cell program. The morphology and elemental composition of the samples were studied a raster electron mi-
croscope JSM-6390LV. Studies of the phase composition of carbide phases and their sizes were performed
EBSD analysis (diffraction analysis of backscattered electrons) on a system with electronic and focused ion
beams Quanta 200 3D. Before the study, the samples were sanded and polished. For revealing the boundaries
of the grains and particles of the carbide phases, chemical etching of the grinds in a 4 % alcohol solution of
nitric acid was used (the etching time is 5—7 s). The structure and phase composition of R6MS5 steel samples
were investigated by the method transmission electron microscopy on thin foils with the help an EM-125
electron microscope at an accelerating voltage of 125 kV. Working magnification in the column of the mi-
croscope was chosen to be from 25000 to 50000 times To conduct research from the surface of the sample
the sample was cut into plates (foil) with a thickness of 0.2-0.3 mm using electric spark cutting samples.
The resulting foil was first thinned chemically in an electrolyte of 90 % hydrofluoric acid and 10 %
perhydrol, and then electrolytically in a supersaturated solution of orthophosphoric acid with chromium an-
hydride at room temperature, an operating voltage of 20 V and a current density of 2—4 A/cm”. The phase
type was determined using images confirmed by microdiffraction patterns and dark-field images obtained in
the reflexes of the corresponding phases.

Research results and Discussion

Figure 1 shows the microstructures of R6MS5, R9 and R18 steels in their initial state, i.e. after standard
heat treatment. The figure shows that the microstructures of R6MS5, R9 and R18 steels are very similar to
each other and consist of martensite tempering and special carbides (Figure 1).
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Figure 1. Microstructure of R6MS5 (a), R9 (b) and R18 (c) steels

Figure 2 shows the SEM images of the surface of the steel R6MS5, R9 and R18. The structure steel con-
sists of martensite and carbides. The carbide particles are evenly distributed in the matrix and are close to the
correct spherical shape. Two types of carbides are observed in the structure of high-speed steels R6MS5 and
R9: light and gray carbides (Figure 2 a, b, d). And only bright carbides are present in the structure
of R18 steel (Figure 2c). Figure 2g shows the microstructure of R6MS5 steel obtained using a semiconductor
detector with backscattered electrons, giving surface pictures with chemical contrast with high spatial resolu-
tion. Grey carbides are clearly visible from this image. Thus, it can be established that after standard heat
treatment, two types of carbides are present in the structure of R6MS and R9 steels: very bright colors of
carbides (bright carbides) are containing elements above the atomic number and gray carbides containing
elements below the atomic number, and only bright carbides are present in the structure of R18 steel.
The volume fraction of each fraction was evaluated. The sizes of carbide particles in the studied steels are
also determined. The results of quantitative parameters of the steel structure are shown in Table 3.

Figure 2. Microstructure of the surface of high-speed steels R6MS5 (a, d), R9 (b), R18 (¢)

Table 3
Quantitative parameters of structure of steel R6MS5, R9 and R18
No | Sample Carbides Volume fraction Average particle size

bright carbides 10.4+0.6 % 2.1 ym

I | R6MS dark carbides 2.3+0.4 % 0.8 um
> I Ro bright carbides 3.1+£0.6 % 1.6 pm
dark carbides 1.740.4 % 1.8 um

3 | RIS bright carbides 13.4+0.6 % 1.9 um
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To identify the composition of carbides and their distribution, a map of the distribution of alloying ele-
ments in the steel structure was obtained. The General distribution of alloying elements in the structure of
R6MS, R9, and R18 steels is shown in Figures 3, 4, and 5, respectively. The drawings show that the bright
spherical carbides are enriched with tungsten and molybdenum, while the gray ones are enriched with vana-
dium. The obtained maps of the distribution of alloying elements confirmed that there present two types
of carbides in the structure of R6MS5 and R9 steels — bright and dark and only bright ones in the structure
of R18 steel. The absence of gray carbides that are enriched with vanadium in the structure of R18 steel may
be due to the fact that the content of vanadium in the composition of R18 steel is low compared to R6MS5 and
R9 steels. In addition, Figure 5 shows that the main mass of vanadium is located in bright carbides in the
structure of R18 steel. It should be borne in mind that V, W, Mo, and Cr are carbide-forming elements.
In other words, carbides of these metals have high binding energy and stability [15,16]. This is why most of
the alloying elements are found in carbides, rather than in solid solution.

Wial Mo La1

Figure 3. Surface microstructure and map distribution of R6MS steel alloying elements

gray carhides

WiLat

Figure 4. Surface microstructure and distribution map distribution of R9 steel alloying elements

86 BecTHuk KaparaHguHckoro yHuBepcuteTa



Structure and phase composition of high-speed steels

tright carbides

Fe Kat Wiat

Figure 5. Surface microstructure and map distribution of R18 steel alloying elements

To determine the elemental composition of the particles of the released carbides and matrix (marten-
site), a microprobe analysis was performed (Figure 6). Table 4 shows the content of alloying elements in
carbides and matrix for R6MS, R9 and R18 steels. Tungsten, molybdenum, vanadium, and chromium form
special carbides in steel: M¢C based on tungsten and molybdenum, MC based on vanadium, and M»;C¢ based
on chromium. The results of mapping and microprobe analysis show that MgC and MC carbides are present
in the structure of R6MS steel after standard heat treatment, and M,;Cg carbides are absent, which is in good
agreement with the literature data [16—18]. However, in some papers [19,20], it is stated that after standard
heat treatment, only M¢C-type carbide particles are present in the structure of R6MS5 steel. Apparently, this is
due to the small volume fraction of MC-type carbide particles and the similarity of these particles to the ma-
trix, which does not allow them to be detected. In addition, the methods used in these studies have limitations
when detecting carbide particles with a small concentration. Therefore, in this work, along with X-ray phase
analysis, special methods of raster electron microscopy are used.

Table 4
Content of alloying elements in the structural constituent of high-speed steels
structural constituent Content of elements, % (mass.)
v | cr | Fe | Mo | W
R6MS5
Bright carbides 342 3.31 30.85 26.05 36.37
Dark carbides 26.47 4.45 30.82 16.62 21.64
Martensite 1.33 4.62 84.50 4.25 5.30
R9
Bright carbides 3.15 3.52 28.83 3.1 61.4
Dark carbides 28.64 4.55 40.99 - 25.82
Martensite 3.11 4.95 80.78 - 11.16
R18
Bright carbides 3.50 3.80 34.77 2.7 55.23
Martensite 1.07 4.64 84.39 - 9.90
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The assumed configuration of M6C carbide is between the formulas Fe;(W, Mo);C — Fey(W, Mo),C [21].
In other words, along with tungsten and molybdenum atoms, M6C carbide can located to 2/3 of the total
number of metal atoms. Besides it, chromium and vanadium atoms can be dissolved, which replace iron at-
oms. Based on the results of the microprobe analysis, it can be assumed that the gray carbide particles are
MC carbides based on vanadium.

Figure 6 shows diffractograms of R6MS5, R9, and R18 steels. X-ray diffraction analysis showed that in
the initial state, i.e., after heat treatment, the structure of R6MS5 and RO steels present the a-phase and M¢C,
MC carbides, and only M4C carbides in the structure of R18 steel. The results of X-ray diffraction analysis
are shown in Table 5. Thus, X-ray diffraction analysis confirmed that the main carbides in the studied steel
are M¢C and MC carbides. It was determined that M4C type carbides that have a complex HCC crystal lattice
and a spatial group Fd3m correspond to the composition of Fe;W;C, and MS type carbides that have a cubic
crystal lattice and a spatial group Fm3m correspond to the composition of VC. It should be borne in mind
that the M¢C type carbide can have the form of both Fe;W;C and FesMosC. As you know, one of the
advantages of x-ray diffraction analysis (XRD) is that the peak position and lattice parameters can be
determined fairly accurately. Nevertheless, in this case, when studying individual carbides, it is advisable to
apply EBSD analysis. Therefore, to confirm the results of X-ray diffraction analysis was studied the crystal
structure of M6C and MS carbides by EBSD analysis with help a reflected electron detector on a scanning
microscope (system) with electronic and focused ion beams.
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Figure 6. Diffractograms of high-speed steels in the initial state (after heat treatment)
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Table 5
Results of x-ray diffraction analysis
Sample The detected phase | Vol.frac.phases % | Lattice parameters, nm | The Sizes RCS, nm
a-Fe 81 0.28680 23.30 (all ref.)
R9, initial M,C 11.8 1.10543 26.14 (100)
MC 7.2 0.41566 25.01 (100)
a-Fe 75.2 0.28781 19.20 (all ref.)
R6MS, initial M,C 13.7 1,10867 38.77 (all ref))
MC 11,1 0.41663 18.72 (100)
L a-Fe 72.2 0.28720 50.36 (all ref.)
R18, initial M,C 27.8 1.10429 39.43 (100)

Figure 7 shows the results of EBSD analysis of the R6MS5 steel surface. EBSD analysis showed that
tungsten-rich MC carbides are most optimally combined with the cubic phase of Fe;W;C, and MC-type car-
bides correspond to the VC phase. However, it is worth noting that in this case, Fe;W;C may also mean that
other carbide-forming elements are present in the form of M4C carbides.

Figure 7. Results of EBSD analysis of R6MS5 steel

Electron microscopic analysis showed that except in addition to MgC and MC carbides, are present in
steel in small amounts of carbides «cementite» type M;C (Figure 8). Note the highest solubility in the ce-
mentite crystal lattice have that manganese and chromium atoms, slight solubility of the atoms of vanadium,
molybdenum and tungsten. These particles are formed during quenching in the process of «self-leave» of
steel due to the heat preserved in the material.

*(110)a’
o(334)re
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o(110) ' — phae
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Figure 8. TEM image of P6MS steel: a, c- brightfield image; b, d -induced microdiffraction pattern scheme

Thus, we characterized the structures and carbide phases of high-speed steels R6MS5, R9 and R18 in the
initial state, i.e. after standard heat treatment. The research of structural-phase states before a certain treat-
ment is necessary in terms of revelation patterns of changes in the structure and its influence on properties.
Since the physical and mechanical properties of high-speed steel in large measure by the structure and state
of the carbide phases and their shape, size, and distribution in volume.

Conclusions

It was found that the structure of high-speed steels R6MS, R9 and R18 in the initial state, i.e. after
standard heat treatment, consists of the o' — phase and special carbides. At that the structure of R6MS5 and
R9 steels contains McC and MC carbides, while in the structure of R18 steel contains only M¢C carbides
type. Using method X-ray diffraction analysis and EBSD analysis, it was found that MqC-type carbides
which have a complex HCC crystal lattice and a spatial group Fd3m correspond to the composition of
Fe;W;C, and MC-type carbides that have a cubic crystal lattice and a spatial group Fm3m correspond to the
composition of VC.

This research is funded by the Science Committee of the Ministry of Education and Science of the Re-
public of Kazakhstan (Grant No. BR05236748).
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b.K. Paxangunos, B. Buene6a, M.K. Keuteiiikanos, A.b. Kenecoexkos, M. Mayner

Kbui1amkeceTiH 00JaTTapAbIH KYPbUIBIMbI MeH (pa3ajibIK KypaMbl

Maxkama P6MS, P9 xone P18 xpurgaMkeceTiH OomaTTapAblH KYPHUIBIMEL MeH (Da3aliblK KYpaMbIH 3epTTeyTe
apHayFraH. JKpUimaMKecKimn OoJaTTaH jKacanFaH KYpaJJbIH JKOFapbl KBI3METTIK KacHETTEpiHEe TEePMUSIIBIK
OHJIEy apKBUIBI KOJI skeTKizinemi. COHIBIKTaH 3epTTeyre apHalFaH YiTri pademHaamanapel POMS, P9 sxone
P18 GomarrapslHaH KacaldFaH KeCKIill KypajjapAaH, OCBHl OojlaTTap YIIH CTaHAAPTTHE TEPMOOHAEYTe
yurbiparad. bacrankel kyiingeri POMS5S, P9 sxone P18 »xpuinamkecerin OonaTTapiblH KYPBUIBIMBL, SIFHA
CTaHIApPTThl TEPMOOHICYICH KeWiH MapTeHCHT MeH apHaibl kapOuarepiaeH Typazasl. Kapbuarepaiy
GemexTepi MaTpuiana Gipkeski OeiHreH sxoHe aypsic cdepansik popmara sxaksiH. by perte POMS sxone
P9 GonarrapsiabiH KypsutbiMbiEaa MgC, MC tunTi kapouarep, ain P18 6onatsiHbiH KypbuibiMbiHAa TeK MC
tunti kapounrep 6ap. KIIDJ[ (EBSD)-rannay MC xapbunrepi Fe;W;C kyOThIK (ha3achiIMeH €H OHTalIIbl
y#necerinin kepcetkeH, ax MC tunti kapbun VC ¢a3aceiHa colikec Kelemdi. OIEKTPOHMIBIK-
MHUKPOCKOIISIIBIK Taay Te3 Kecietin Oonartarbkl MgC xone MC kapbunrepiner 6acka M;C «IIeMEHTHTTI»
THUIITI KapOUATEPAIH a3 Meumepae 6ap eKeHi aHBIKTaIFaH.

Kinm ce30ep: xpuinamkeceTiH Gonart, KypbUibiM, (a3aiblk Kypam, KapOul, TepMUSUIBIK OHICY, LIEMEHTHT,
MapTeHCHUT, BOJIb(ppaM.

b.K. Paxangunos, B. Buene6a, M.K. Keuteiiikanos, A.b. Kenecoexos, M. Mayiner

Crpykrypa u ¢a3oBblii COCTAB OBICTPOPEKYIIUX CTAJIEH

CraThsl TIOCBSIIEHA HCCISOBAHUIO CTPYKTYPHI M (pa3oBoro cocrasa ObIcTpopexymux craned POMS, P9 u
P18. Bricokue ciry>xeOHBIE CBOWCTBA MHCTPYMEHTA U3 OBICTPOPEXKYIIEH CTann JOCTUTAIOTCS TEPMHIECKON 00-
pabotkoii. ITosToMy 3aroToBKM 00pa3IOB Ul HCCIEAOBAHMUS BBIPE3AM U3 PEXYIIUX WHCTPYMEHTOB M3 CTaleh
P6MS, P9 u P18, noaBeprayThIX 0OBIYHOI IS 3TUX CTajleld CTaHIapTHOU TepMooOpaboTKe. Y CTaHOBIEHO, YTO
CTpPYKTypa ObIcTpopexxymux craneir POMS, P9 u P18 B ncxoaHom cocTosiHuM, T.€. IOCHIE CTAaHAAPTHON TEPMO-
00pabOTKH, COCTOUT U3 MapTEHCUTA U CHELHATbHBIX KapOuaoB. YacTuilsl KapOUaI0B paBHOMEPHO pacmperere-
HBI B MaTpHIle ¥ OJU3KK K NpaBMIIbHO chepraeckoit dpopme. [Ipu aTom B crpykrype craneit POMS u P9 npu-
cyrcTByIoT Kapounsl Tia MgC, MC, a B ctpykrype cramu P18 — Tonmsko kapounst tina MeC. JIOPD (EBSD)-
aHaIM3 1MoKaszaj, 9To kapouas! MqC Hanbonee oNTUMaIIBHO COUeTaroTCs ¢ Kyondeckoit ¢azoit FesW5C, a xap-
6unam trma MC cootserctByeT ¢aza VC. DeKTpOHHO-MHUKPOCKOITIYECKHI aHaIN3 MOKa3all, 9To, KpoMe Kap-
6unoB MC 1 MC, B GbIcTpOpeKyIIEli CTaIN IIPUCYTCTBYIOT B HEOOJBIINX KOJIMIECTBAX KapOUIBI «I[EMEHTHUT-
Horo» tuma M;C.

Kniouesvie crosa: GbicTpopexylas CTalb, CTPYKTYpa, (a3oBblid cocTaB, KapOuj, TepMuueckas oOpaboTKa,
LIEMEHTHT, MAPTEHCHUT, BOJIb(ppaM.
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The development of baking technology for bulk materials
based on the use of alternative electric furnace

The article based on the experimental data and it describes the development of a rational design of an oscilla-
tory system for controlled vibrational feeding of bulk materials during their heat treatment in furnaces with a
vibratory base plate, which, together with the moving trolley on elastic connections, is the basis to transfer
bulk material in the thermal field of an electric heating system with set processing time. To create non-
symmetric oscillations and to obtain unidirectional material motion at the horizontal furnace position, the
conical springs are used. They should provide a gently inclined resonant peak, which can significantly reduce
the sensitivity of the oscillating system to fluctuations of the natural frequency and excitation frequency,
stiffness, friction and other factors under high temperatures and instability of the electrical network. However,
the total elastic characteristic of the oscillatory system which is obtained as a result of the experiments con-
sists of conical and cylindrical springs and shows a weakly expressed nonlinearity. Therefore, to achieve a
transport effect it will require the installation of the entire furnace unit at an angle to the horizon. According
to the available experimental data, a linear model of the oscillatory system was utilized.

Keywords: an electric furnace for bulk materials burning, vibrating base plate, oscillating system, nonlinear
elastic characteristic, amplitude-frequency characteristic, sensitivity of the oscillating system to external fac-
tors.

Introduction

Vermiculite and materials based on it are widely used, so its processing technology is given wide atten-
tion [1-4].

The concept of electric furnaces with a vibrating base plate [5—10] appeared as an alternative to modu-
lar-trigger furnaces for puffing-up vermiculite concentrates [11]. In a number of works, for example, in [12]
there are studies of the heat transfer processes of radiant energy to the processed bulk medium and other en-
ergy aspects. These studies showed that the energy efficiency of new furnaces is much greater than the mod-
ular-trigger electrical units: the energy density of vermiculite baking has decreased from 170...175 to 75...82
mJ/m’. Besides the heating system, which transfers heat of radiant energy to the treated medium, the new
furnace contains an oscillating system — the oscillating system is a vibrating base plate, which is designed to
control the time of transportation of bulk materials in the hot compartment of baking furnace due to the vi-
bration transport effect.

The purpose of the research is to create a rational design of an oscillatory system and to work out the
modes of vibro-displacement of bulk materials as well as figure out the required time for their heat treatment
on the base of experiments with a vibrating base plate of a prototype of an electric furnace of a new design.
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Experimental

The research was carried out on a full-scale physical model (single-phase prototype) (Figure 1).

For a better understanding the design of a furnace with a vibrating base plate shown in Fig. 2 let us con-
sider its construction diagram. Dosing chamber for bulk material 2 is fixed on the frame 1. From the dosing
chamber the bulk material is transferred through the tray 3 to the base plate surface 4, which thermally insu-
lated underneath by heat-resistant felt 5.

Figure 1. Furnace prototype with a vibrating base plate: 1 is the drum doser; 2 is the doser drive;
3 is the trigger tray; 4 is the thermal lid; 5 is the heating system; 6 is the frame

There are fasteners 7 on the thermal lid 6 to hold the heating elements 8 which located above the base
plate with a gap providing free movement of the bulk medium along its surface. The base plate is fixed on
the moving trolley 9 equipped with bearings 10 which are mounted in the guides. The track is spring-loaded
on the left by cylindrical springs 11, on the right — by conical springs 12.

5w s %\/@\ . s,
. 8 \
% ="

L | 11 10 9 12 ||

Figure 2. Constructive diagram of furnace prototype (shown in the horizontal position):
1 is the frame; 2 is the dosing chamber for bulk material; 3 is the tray; 4 is the base plate surface;
5 is the heat-resistant felt; 6 is the thermal lid; 7 is the fastener; 8 is the heating element;
9 is the moving trolley; 10 is the bearing; 11 is the cylindrical spring; 12 is the conical spring

The drive engine is equipped with the eccentric bearing fit 13, and therefore impacts on the plunger 14
by its shaft and through the spring 15 excites the vibrations of the moving trolley 9 with the base plate 4, due
to which a vibrating-transport effect arises and the heat-treated material is poured through the tray 16.

From the point of view of the total springs elasticity, the oscillatory system is not symmetrical.
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The conical springs 12 (Figure 2) were used with the purpose to obtain a nonlinear static characteristic
of the oscillatory system and mounted on the side which the bulk material should move [13—17]. In addition,
in a non-symmetrical system, the resonance peak on the amplitude-frequency characteristic (AFC) slightly
declines to the left, which makes it possible to reduce the sensitivity of the oscillating system to frequency
fluctuations, rigidity, friction, etc. in high-temperature conditions and non-stability of the electric network.

Another factor that determines the process of vibrational transportation of bulk product is the dynamic
surface tilt which in this case is provided by the tilt of the furnace frame [17-20].

Results and Discussion

Figure 3 shows a diagram of the oscillating system, which contains four cylindrical springs of stiffness ¢,
one coil spring of stiffness ¢, and four conical springs with variable stiffness ¢;.

Figure 3. The diagram of oscillatory system

To evaluate the degree of nonlinearity of the oscillatory system as a whole (moving trolley 9, Figure 2),
the following experiment was carried out. Using the lever tensioner and a dynamometer F2—13780, the track
shifted toward the slope (Figure 3).

The ratio of the lever arms (meter) was:

— 1n the first case — 1.825/0.18=10.14;

— at the opposite movement — 1.665/0.305=5.46;
so in the first case the dynamometer was multiplied by 10.14, in the second — by 5.46.

The results of measurements are given in Table 1.

Table 1
The results of static loading system
Shift toward the slope Shift away from the slope
Compressive force F, [N] Moving x, [10—" m] Compressive force F, [N] Moving x, [10—> m]

0 0 0 0
507.3 2.0 211.1 0.5
1054.7 4.0 481.2 2.0
1521.4 6.0 7785.6 3.1
2028.4 7.9 982.0 4.1
2535.9 9.4 — —

In Figure 4, the experimental points are plotted according to the data of Table 1. The thicker graph re-
flects the degree of nonlinearity of the oscillatory system, the thin one — linear interpretation of the static
elastic characteristic [21-23].

It is obvious that the oscillatory system is characterized by a very weak nonlinearity: firstly because of
influence of the cylindrical springs with constant rigidity; secondly, the displacement x must be too large, to
effect the variable rigidity of the conical springs. Therefore, we can consider the total rigidity of the system
as a linear interpretation of the elastic characteristic (Figure 4), especially taking into account the result
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which were obtained during the dynamic tests — the amplitude of the oscillations in the resonance does not
exceed 10 mm.

F, H

— Nonlinear interpretation /
of elastic characteristics

2000 [

— Linear interpretation
1500 [~ of elastic characteristic

1000 V
500 A

S40 -2.0 0 20 40 60 80 x10-m

- 500

- 1000 7

Figure 4. Static chart of the oscillating system

Table 2 shows the results of one of the conical springs loading.

Table 2
Conical spring
Compressive force F, [N] Absolute deformation x, [10— m]
0 0

41.69 1.45

137.34 4.75

196.2 6.35
290.38 9.05

340.4 9.85

393.38 11.95

427.70 13.45

691.79 17.55

767.14 19.55

Using the data of Table 2, let us determine the average rigidity value ¢, (N/m):
1£F1 F, F, F, F, F, F, F ng 1( 41.69  137.34
+2 242 TS

9 9
196.2 290.38 340.4 393.38 427.7 681.79  767.14
+ + + + + + + =32944,
0.00635 0.00905 0.00985 0.01195 0.01345 0.01755 0.01955)

where F; — the compression force of the spring (H), x; — its corresponding absolute deformation (m).
Similarly, we determine the rigidity of springs ¢, and ¢, (tabular data are not given):
K F F, F F F F F K
01 NWs B E R K K E K |
ONx, x, x5 x4 x5 x5 X X X
13041 41.69 6131 91.23 100,55 136.85 147.15 1923 195.7
+ + + + + + + + =15030;

910.0015  0.0034  0.0046 0.006 0.0074 0.0093  0.01  0.0116 0.0134

¢ == = + +
0.00145 0.00475

XX, Xy X, Xg X X, Xy X,
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I(F, F, F, F, F, F, F F F
¢ :_(_1+_2+_3+_4+_5+_6+_7+_8+_9j:
Nx x x x x x X X X

1[52.97 13695 1958 216.8 290,38 3409 392.6 399.76 44194
=— + + + + + + + +

©910.002  0.0031 0.0042 0.0059 0.0066 0.0081 0.0097 0.0104 0.0111

In accordance with the diagram of oscillatory system (Fig. 3), its total rigidity will be equal (N/m):

c=4citde 1 tc,=4-32944+4-15030+39846=231742.

To calculate the natural frequency of the moving trolley with the base plate, it was weighed on an elec-
tronic scale PP 1001 VO / 3A0R with an upper measurement limit of 150 kgf. As a result, the total mass (m)
was equal — 76.4 kg.

For a given set of springs, the natural frequency of the oscillating system was equal, rad/s:

, =\/E=55.1,
m

Conclusion

jz 39876.

which corresponds to 8.77 Hz.

In addition to the electric heating system, which is used to create powerful temperature radiation and to
transfer it to the processed bulk medium, a prototype of an electric furnace of a new design was added to the
operation. The new furnace also contains an oscillating system in the form of a spring-loaded base plate de-
signed to control the heat treatment process time of the material in the furnace due to the generated vibrating
transport effect. The vibratory base plate on the moving trolley is a simple vibrating dispenser that provides
the flow and time-controlled movement of bulk materials in the thermal field of the furnace.

We conducted the experiments where the total elastic characteristics of a set of conical and cylindrical
springs were aimed to be worked out. The experiments proved that the oscillatory system exhibit a weak
nonlinearity, which does not allow transporting bulk material at the horizontal position of the plate. And this
requires the installation of a vibration base plate with a slope toward the material being moved in order to
achieve a stationary transport process of the bulk material. Therefore, for further research, a linear model of
the oscillating system was used for the process of working out the special parameters such as an analytical
dependence for calculating the natural frequency of a spring-loaded base plate and the range of resonant os-
cillations. The parameters were worked out.

However, studies have not yet been completed, since the linear system has some drawbacks related to
its high sensitivity to possible fluctuations of the natural frequency and excitation frequency, fluctuations of
spring stiffness and friction forces and other factors in high temperature conditions and instability of the
electrical network.
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A. Hmwxeropopaos, A. I'aBpunun, b. Moiizec, K. KyBunnon

Bbanamaisl 3jiekTpnemTi naiigajgany Herizinae cycbIMaJbl
MaTepuaIapabl KYHAipy TeXHOJOTHACHIH J3ipJiey

Makanaza SKCIEpUMEHTaNIbl MOJIMETTep Heri3iHae MAipiaai Tipek IUMTacel Oap memTepie oJiapbl
TEPMOOH/IEY Ke3iH/e CyChIMalbl MaTepHaIgapra peTTelTiH Aipiaai Oepy yuriH TepOenmeni xKyHeHiH YThIMIbI
KYPBUIBIMBIH 33ipJiey CHIATTAJFaH, 0J ceprimai OaillaHbICTaparsl JKbUDKBIMANbl apbaMen 0ipre cychiMaibl
MaTepualIIapAbsl OepiareH oISy yaKbITHIMEH JJIEKTP KbI3ABIPY JKYHECiHIH XKbBULy opiciHe TachManaay YIIiH
Heri3 Ooibin TadbuTanel. CHMMETPUSIIBI eMec TepOermicTepai jkacay JKoHEe IEINTiH KeJIAEHEH JXaFxaiblHia
MarepuaigbiH Oip OGarbITTaFbl KO3FAIBICHIH ally YVIIH KOHYCTBIK cepimmenep KoigaHburrad. Omap
PE30HAHCTHIK MIBIHHBIH KUFAIITAYBIH KaMTaMackl3 eTyi Tuic, Oy TepOeric KyHeciHiH XKoFapsl TeMIeparypa
MEH DJIEKTp MKEJICIHIH TYPaKChI3IBIFBI KE31H/E 03 )KUUTITIHIH TepOeTiciHe KoHe KO3y XKULIIriHe, KATTHUIBIKKA,
yiikenicke »xoHe Oacka fAa (akTopiaapra Ce3IMTaJIbIFBIH aifTapiblKTail TOMEHIETyre MYMKIHAIK Oepeni.
Anaiia, SKCHEpHUMEHTTED HOTIDKECIHIE albIHFaH TepOenic >KYHECiHIH Kalmbl CepIiMIi CHIIaTTamMachl
KOHYCTBIK JKOHE LMJIMHAPIIK CepilmeNnepAeH Typajbl jKOHE 9JICi3 KOPIHOGHTIH CBHI3BIKTBIKTHI KOPCETE.
CoHABIKTaH KOJIKTIK 9cepre KTy YIIiH FOpPU30HTKA OYpHIIIIEH OapibIK Iell arperaTtblH OPHATY KaXeT.
Toxipubenik nepekTep OOUBIHIIA TepOeltic )KYHUECiHIH ChI3BIKTHIK MOAETI KOJIaHBLIFaH.

Kinm coe30ep: cycplMansl MaTepuainiapAbl KYHIipyre apHaJFaH dJIEKTp I, MIipiiAi TipeK IUTHTackEl,
TepOenMeni Kyife, CBI3BIKCHI3-CEpHIMJI CHIATTaMa, aMIUINTYIadbIK-KHAUIIK CHIIATTaMachl, TepOeamMei
JKYHEHIH CBHIPTKEI (hakTopIIapra ce3iMTalIbIFbL.
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A. Hmwxeropoaos, A. I'aBpunun, b. Moiizec, K. KyBunnon

Pa3paboTka TeXHOJI0ruH 00KUra ChINMYYNX MATEPUAJIOB HA OCHOBE
HCMOJIb30BAHUS ATbTEPHATUBHOM 3JIEKTPOINeYHn

B crarbe Ha OCHOBE 9KCIIEPMMEHTATIBHBIX JAHHBIX OIMCAHA Pa3pabOTKa PalHOHATBHON KOHCTPYKINH KoJleOaTeb-
HOM CHCTeMBI JUTsSl PETYIUPYEMOH BUOPALIMOHHOM MOJauH ChITYYHX MaTepHasoB MpU UX TepMooOpaboTKe B Medax
C BHOPAILMOHHON ONOPHON IIMTOM, KOTOpask BMECTE C MOJABIDKHOM TEJIEKKOHM Ha YIIPYTHUX CBA3SX SABILSIETCS OCHO-
BOM /ISt IIepeHoca CHIITYyYHX MaTepHaoB B TETUIOBOM IIOJIE 3IEKTPOHArPEBATENIBHOM CUCTEMBI C 3a[aHHBIM BpeMe-
HeM 00paboTku. [yt co3aHns] HECUMMETPUYHBIX KOJIe0aHNH 1 IOy deHHs OJHOHATIPABICHHOTO ABIKEHHUS MaTe-
pHata B TOPU30HTAIHHOM IIOJIOKEHIH TIEUH HCIIONB3YIOTCS KOHMIecKue NPy XuHbL. OHM TODKHBI 00ecIeunBaTh
TIOJIOTHI HAKJIOH PE30HAHCHOTO ITMKA, YTO IO3BOJIICT 3HAYUTCIIHHO CHU3UTH UYBCTBHTEIBHOCTH KOJICOATETHHON
CHCTEMBI K KOJIEOAHHSIM COOCTBEHHOI YaCTOTHI X 9AaCTOTHI BO30Y KIEHHMS, )KECTKOCTH, TPEHUIO U JIPYTUM (haKTopam
TIPH BBICOKHX TEMIIEpaTypax M HECTAOMIIBHOCTH JJeKTpudeckoi cetd. OnHako ofIas ympyras XapaKTepHCTHKa
Ko0J1e0aTeNbHOM CUCTEMBI, TIOTy9IeHHas B Pe3y/IbTaTe SKCIIEPHIMEHTOB, COCTOUT U3 KOHIMYECKHUX M IMIHHIPAIECKIAX
NPYXKHUH U JEMOHCTPUPYET CI1a00 BBIPAKEHHYIO HENMHEHHOCTH. [103TOMY JUISI DOCTIKEHHUS TPAHCIIOPTHOTO (-
(exra notpedyercst yCTaHOBKa BCErO MEYHOTO arperara Hoj YIiIoM K rOpH30HTY. ITo nMerommMes SKCIiepuMeH-
TaJTbHBIM JIAHHBIM, ObLIIa HCIIOJIb30BAHA JIMHEWHAS MOZIENb KOJIe0aTENbHOH CHCTEMBI.

Kniouesvie cnoga: >nexkTpuueckas eub Uil 00XKHra ChIITydnX MaTepHaloB, BUOPHPYIOLIas OMOpPHas IUIHTa,
KosiebaTeNbHasl CUCTEMa, HENMHEHHO-yIpyras XapaKTepHCTHKA, aMIUIUTYIHO-4acTOTHAs XapaKTepUCTHKA,
YyBCTBUTEJIFHOCTh KOJIEOATEILHOM CHCTEMBI K BHEITHUM (pakTopam.
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Numerical modeling of thermomechanical processes in heat-resistant alloys

This article presents a numerical simulation of thermomechanical processes in heat-resistant alloys.
The authors develop the law of temperature distribution along the length of the physical body, which is
considered as a rod of alloy EI-617. The authors also investigated the dependence of the magnitude of the
elongation of the rod from a given temperature. To do this, the rod is conditionally divided into several
elements, and then the study is carried out in one area. To determine the temperature dependence, the
temperature distribution field is approximated by a full polynomial of the second degree, and approximation
spline functions are introduced. Using a temperature gradient for one element, the functional expression
characterizing the total thermal energy is written, first for the (n-1) element, then for the last n-th element.

n
The total thermal energy is expressed by the formula J = X.J; . By minimizing the total thermal energy, we
i=1
obtain a system of algebraic equations for determining the nodal values of temperatures. Applying the
obtained values, the elongation of the element due to thermal expansion is calculated. The relationship

between the temperature 7, elongation Al , «tensile» force R, and «tensile stress» o. is shown in the

work. It is shown that with increasing temperature, the above values proportionally increase.

Keywords: thermal expansion, modulus of elasticity, rod, elongation, thermal stress state, sampling.

Introduction

Intensive development of modern technological processes in the field of metal science creates favorable
conditions for the production of more advanced heat-resistant alloys with high resistance to plastic defor-
mation and destruction under the influence of high temperatures.

This article presents the experimental temperature dependences of the coefficient of thermal expansion
and the elastic modulus of the alloy EI-617, which are determined experimentally. Taking into account the
experimental dependence of the modulus of elasticity and the coefficient of thermal expansion of the alloy
material on temperature, the problem of determining the field of temperature distribution, elongation, and
thermal stress state of a rod of limited length made of EI-617 alloy is considered.

The coefficient of thermal expansion a[%j of this alloy is strictly dependent on temperature. In [1, 2]

values are given at various temperatures. Studying experimental materials received the corresponding func-
tional dependence

1) for 200C<T<100°C, a:o,om.msXT+9’65,106(01CJ

2) for 100C<T<200°C, a:o,om.lo6XT+10,6,106(01CJ
3) for 2000C<T<300°C, a=0,015-106xT+1o,2-1o6(03

o

4) for 300C<T<400C, o =0,023-10"° xT+7,8-10_6(%j

o

5) for 400C<T<500C, & =0,013-10"° xT+11,6-10_6(%j
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6) for S00°C<T<600°C, a=0,02-10‘6xT+8,3-1o-6[%j

7) for 600C<T<700C, o =0,017-10"° XT+10’1.10-6(%j

8) for 700 C<T<800°C, & =0,012-10"° ><T+13’6.10‘6[%)
Experimental

Let’s consider a horizontal cylinder-shaped body (hereinafter referred to as the rod) of limited length
and made of heat-resistant alloy EI-617.

The thermal conductivity of the rod material is denoted by Kxx( j The coefficient of thermal

mc -

expansion of the rod material is denoted by a = a(T (x){%j The length of the rod is denoted by L(cm),

and the cross-sectional area is denoted by F (sz) . We consider the left end of the body (rod) under consid-
eration to be rigidly pinched, and the free end to the right. An axial tensile force P (kG) is applied at the free

end. We will direct the axis Ox from left to right. It coincides with the axis of the rod. Throughout the length
of the rod, the area of the lateral surface, as well as through the cross-sectional area of the right end of the

) , and the am-

rod, is exchanged with the environment. In this case, the heat transfer coefficient is h( C
mc -

bient temperature is 7, ( C ) At the left pinched end of the rod, a constant temperature 7(x =0) =7, is set
[3,4]. The calculation scheme of the problem under consideration is given in Figure 1.

h, T

at

T(x=0)=T,

Figure 1. The calculation scheme of the problem.

The purpose of this article is to determine the law of the temperature distribution along the length of the
rod under study, as well as the dependence of the rod elongation on the value of the given temperature
T (x=0)=T,. Here it is necessary to take into account the experimental dependence of the coefficient of

thermal expansion of the material of the rod on temperature. To do this, we first discretize the test rod into n-
L . . o

elements of the same length /== (cm). For example, consider one discrete element. Within each local ele-
n

ment, the temperature distribution field is approximated by a second-order full polynomial, i.e.
T(x):ax2+bx+c,OSxSI, a, b, ¢ — const. (1)

If within one local element accept that

T,=T(x=0) szT[xzéJ; T,=T(x=1) )

then within this element we can rewrite (1) in the following form
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T(x):(Dt(x)];-i_(Dj(x)Tj +(ok(x)'Tk’ OSXSZ, (3)
where ¢, (x), ?; (x) and ¢, (x) are approximate spline functions which are called form functions for a quad-

ratic discrete element with three nodes. They have the following form:

1* = 3Ix + 2x* 4lx — 4x* 2x% —Ix
(pl-(x)=—l2 ; j(x)z—l2 : 0, (x)= s 0l @)
Within one element, the temperature gradient is determined as follows:
A op.\x

a_T=a¢1(x)T;+ (D/( )T+a¢k(x)Tka OS}CSZ (5)

ox ox ox ox

For (n-1) elements we can write an expression of the functional that characterizes its total thermal energy:
K. (oT 2
J. = dv + -7 )dS 6

, I - [ ax) j ) (©)

where i=1+ (n - 1); V. is the volume of the i-th discrete element;.S... is the area of the lateral surface of

i > MUSi
the i-th element.

Now we can write an expression of a similar functional for the last #-th discrete element:

J, j ( jdmj’z’( ~T, PdS+ I%(T—Tm)zdS (7
1Si Sx:L
where S(x = L) is the cross-sectional area of the right end of the investigated body through which heat ex-

change also takes place with the environment. Then for the investigated body as a whole, the expression of
the functional that characterizes its total thermal energy has the following form:

J= Z”:J,. ®)
i=1

Now, minimizing J by the nodal temperature values, we obtain a resolving system of linear algebraic
equations:

§—£=0’i:2+(2n+1) )

Here i changes from 2, because it is considered that 7, = T'(x = 0)is given.

Results and Discussion

Using the Gauss method, solving system (9) determines the nodal temperature values. According to
them, for each local discrete element, the following integral is calculated, the essence of which is the
extension of the element due to thermal expansion:

Al = H(P, a+(pj )a +(pk ak][(pl +¢/()T+(pk T]dx 0<x<l! (10)
Then the total elongation of the test body is determined by the following formula:
A=Al (11)

It should be noted that for different values of the given temperature 7, =T (x = 0) , the corresponding value of
Al is obtained.

For the purposes of a numerical study of dependencies of Al =Al(T(x =0)=T;), we take the following
for initial data:

K, =720 /(cm C); h=10W /lem® = C} T, =40C; T(x=0)=T, =(100=800) C;

L =30cm; n=300; Z=£=0,lcm; r=1lcm; F=m" =, P=2m=2r.
n

The corresponding field of temperature distribution along the length of the rod with such initial data is shown
in Figure 2.
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Figure 2. Dependence of 7=T7(x) on T}
Table 1
Dependence between 7; and A/, R, o
Equivalent «tensile» force | Equivalent Aly(cm) at , Al
Ne| T, ( C) Al (cm)| R(kG) at which such an | «tensile stress» o= const = Elop%;tlon k= E
elongation would result | © (kG/ sz) =10,1-10"° (1 I C ) e (times)
1{ 100 | 0,014 2930,66 933,33 0,0133 0,047 1,052
2| 200 | 0,0165 3454 1100 0,0152 0,055 1,085
31 300 | 0,0193 4040,1 1286,66 0,0171 0,064 1,129
41 400 |0,02247 4703,72 1498 0,0190 0,075 1,183
51 500 | 0,0259 54322 1730 0,0209 0,086 1,239
6| 600 | 0,0297 6217,2 1980 0,0228 0,1 1,303
71 700 |0,03388 7092,2 2258,66 0,0247 0,113 1,372
8| 800 | 0,038 7954,66 2533,33 0,0267 0,127 1,423

Figure 2 shows the temperature distribution field along the length of the rod at different values of 7},
and Table 1 shows the values of A/, at different values of 7,, i.e. dependence between 7,and A/,,R,c.
Figure 2 shows that the temperature distribution field along the length of the rod will be a smooth curve.
A graphic relationship between the values of the temperature source(Tl) and the corresponding elongation
(Al,) of the rod from thermal expansion is shown in Figure 3.

When 7; =100(C°C), starting with x = 15,5(cm),i.e. at the site 15,5<x< 30(cm) there is a constant
temperature, the value of which is equal to = 40( °C ) . In this case, due to thermal expansion, the body (rod)

is extended by A/, = 0,014(cm) . For comparison, it can be noted that this extension is equivalent to the ex-
tension of the rod, if it is stretched by force R=2930,66(kG). Naturally, on the basis of Hooke's law in this
case a tensile stress of magnitude 6=933,33(kG/cm’) would arise in the cross section of the rod.

When 7, =200(°C), i.e. with an increase in the set temperature by a factor of two, a 40(°C) tempera-

ture field is observed in the area 19,2Sx£30(cm). In this case, the elongation of the body (rod) is
Al =0,0165(cm) and will be 17.657 % greater than in the case 7] =100(°C). This magnitude of elongation
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is equivalent to elongation of the rod under tensile load R=3454(kG). In this case, tensile stress would be
6 =1100kG/ cm’).

When 7; =300(°C), i.e. when to increase the value of the point temperature by three times the value
Al = 0,0193(cm) , which exceeds by 37.857 % than in the case 7, =100("C). It should also be noted that in

this case, at the site 21,1<x < 30(cm) of the body (rod), a constant temperature is observed close to the am-
bient temperature of the body (rod). In this case, the value A/, is equivalent to stretching the considered rod
with force R=4040,1(kG). In this case, the tensile stress arising in the cross sections would be
6=1286,66(kG/cm’). 1t should be noted that for ordinary steels this voltage already exceeds the propor-
tional limit.

scale x1003/2

The rod extension

T T T T T T T T
100 200 300 400 500 B0 700 B0

Temperature

Figure 3 — Graphic relationship between 7|, and A/,

When 7; =400(°C), i.e. Now increasing the value 7, four times, we have that Al, =0,02247 (cm) This
is equivalent to the elongation of the rod when it is stretched by a force whose magnitude is R=4703,72(kG).
In this case, a tensile stress of magnitude o =1498(kG/cm®) would arise in the cross sections of the rod.
Naturally for ordinary steels, this stress is considered destructive.

When 7, =500(°C), value Al, =0,02595(cm). This is 85 % more than the same value Al, at
7, =100("C). It should be noted here that in order to obtain an elongation of the rod in size
Al =0,02595 (cm) when it is stretched, it would be necessary to stretch with force R=5432,2(kG). At the
same time, tensile stress o =1730(kG/cm?) would appear in the cross sections of the rod, which is large for
ordinary steel structures.

With 7, =600(° C), the value Al, =0,0297(cm) and it will be 112.14 % more than A/, at T; =100(° C)
. Equivalent tensile force would be equal to R=6217,2(kG) and the corresponding tensile stress would be
equal to o =1980(kG/cm*) . Comparing the results obtained, it is interesting to note that when the tempera-

ture value 7, increases from 7; =100(°C) to 7, =600(°C), the values of Al,,R,o increase equally by
112.14 %.
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Kpi3yra Te3iMIi KYliMaHbIH KbIIYMEXaHHKAIbIK
NPOLEeCTEPiH CAaHABIK MOJeJIbey

Makanaza KbI3yFa Te3iMIi KyHMaHbBIH JKbLIyMEXaHHKAJBIK MPOLECTePiH CaHABIK MOJCIb/CY KETipiireH.
OU-617 kyiimMacelHaH jKacalfaH CHIPHIKTHI HETi3re ajia OTHIPHII, aBTOpiap (GpU3UKaJIbIK ASHEHIH y3biHa OOMbI
XKUYy Tapally 3aHJbUIbIFBI KapaCThIPbUIFaH. BepiireH >KbUlyFa CHIPBIKTBIH y3apy IIaMAachIHBIH TOYEJIiiri
3epTTedreH. byl yIiH ChIpBIK mapTThl TypAe OipHere sneMeHnTTepre OeriHesi, COHBIH Oip Oeirine 3eprrey
xKyprizinres. Kby Tapany epiciHiH KbUIyFa TOYEIIUIriH aHBIKTay YIIiH eKiHIII PEeTTi TOJBIK IOJIMHOMMEH
anIpOKCHUMAIHS JKacaiiMbI3 XKoHE alNPOKCUMAIMSIIBIK CIUTaiH QyHKIMS eHrizeMi3. AnapiMeH (n-1) aneMenT,
COCBIH COHFBI 7 DJIEMEHT YIIiH TOJIBIK JKBUTY SHEPTHSCHIH OPHEKTEHTIH, JKbUTYy TPAIUCHTIHIH KoMeTriMeH Oip

. . n
DJIEMEHT YLIIH (1)yHKIII/IOHaJ'I OpHET1 JKa3blIaJbl. Toibik KBULy DHEPIrusiChl J=3%J; q)OpMyIIaCI)IMeH
i=1

epHekreneni. TONBIK KbUTy SHEPrHSACHIH MUHUMH3ALMAIAY apKbUIBl TYHIiHII HYKTEEri KbUIyJbIH MOHIH
aHBIKTAY YIIIH anreOpajbIk TeHJeyJep jKYHeciH amaMbl3. AJIBIHFAaH MOHAEDP AapKbUIbI, JKbUIY YJIFAIObIH
ecebiHeH aneMeHTTIH y3apysl ecenteneni. XKymeicra T xbuty, Aly y3apy, R(xI) «co3puly» Kyuwi, o©

«CO3BLTY» KEpHEYiHIH e3apa Toyenaimiri kenripinreH. JKbutynslH ecy eceOiHEH aTanraH LIaMaaap.blH
MPOIIOPLHOHANIBI OCETIHAIrT KOPCETINreH.

Kinm ces3dep: *bulyaaH yiiFao, CEpIiMIUIIK MOIYJ, CBIPBIK, CBIPHIKTBIH Y3apybl, KbUIYKEpHEYIIK KYHi,
IIHCKPETTEY.

b. Kenxerymnos, f. Kynran, [I.b. Anmubues, A.Ill. KaxukernoBa

YucieHHOEe MOIeJTHPOBAHHE TEPMOMEXaAHUYECKUX
MPOIECCOB B KAPONMPOYHBIX CILIABAX

B crarse npuBeneHo YMCIEHHOE MOJEIHPOBAHUE TEPMUUECKUX MIPOIIECCOB B JKAPONPOUHBIX CIUIaBaX. ABTO-
paMu pa3paboTaH 3aKOH PaclpeelIeHHs] TEMIIEPaTypsl 110 JUTHHE (U3MYECKOTO Tella, B KadeCcTBEe KOTOPOro
paccMaTpHBalOT cTepKeHb U3 cruiaBa DM-617. Kpome Toro, uccienoBana 3aBUCHUMOCTb BETMYHMHBI yIUTHHE-
HMS CTEPIKHS OT 3aJaHHOM TeMmnepaTypbl. [ 3TOro cTep)eHb YCIOBHO IMOJCJIECH Ha HECKOJIBKO 3JIEMEHTOB,
a 3aTeM MCCJIelOBaHHE IIPOBOIMUTCS HAa OJHOM y4acTke. Jlyis onpeneneHus TeMrnepaTypHoi 3aBUCHMOCTH TO-
JIe paclpe/ieNieHHs TeMIIepaTyp aninpoOKCUMUPYETCS OJIHBIM IIOJIMHOMOM BTOPOH CTENEHH, a TAKKe BBOIATCS
anIpoKCUMAIMOHHbIE cIuTaiH-QyHKIMY. C ITOMOIIBIO IpafieHTa TeMIIePaTypPhl U OJHOTO JJIEMEHTA 3alld-
CBIBAaeTCsl BEIpaXKEHHE (hYHKIMOHANA, XapaKTepU3yIOIee MOJTHYIO TEIIOBYIO SHEPTHI0, CHavana mist (n-1)-ro

.

3NIEMEHTA, 3aTeM AJIA TMOcIeqHero n-ro 3nemeHTa. [lonHas TemnoBas 3Heprust BelpaxkeHa GopMynoi J=3 J;.
i=1

MUHUMHU3HPYS TIOJHYIO TEIUIOBYIO SHEPTHIO, ITOJIyYaeM CHUCTEMY alreOpanvecKHX YpaBHEHHUI Ui ompene-

JICHUS Y3JIOBBIX 3HaueHWU Temneparyp. IIpumeHss mosydeHHbIe 3HAYCHUS, BBIYUCISICTCS yAIMHEHHE dJIe-
MEHTa 3a CUeT TEIUIOBOTrO paciiupeHus. B paboTe mpuBeneHa 3aBUCHMOCTb MEXKAY TeMmeparypoi 7, yanu-

HenueM Alr , «pactsrupatonieit» cuioit R(k[') U «pacTsAruBaiOIiUM HanpspkeHuem» o. IlokasaHo, 4To ¢
MOBBIILICHUEM TEMIIEPATyphl IPONOPLUOHAIBHO YBEINYUBAIOTCA U HA3BaHHbIC BEJIMYKHBL.

Knrouegvie cnosa: TemioBoe pacmupeHue, MoayJb YHpyroctu, CTEpKEHb, YIIIMHCHUC, TEPMOHAIIPIAKEHHOC
COCTOSIHUE, TUCKPETU3ALINA.
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Gas mixture composition control in fine organic synthesis

Fine organic synthesis includes a large number of stages. All its stages require determining the small quanti-
ties of impurities for initial and intermediate synthesis products. Fine organic synthesis is a complex process
requiring automation. To automate the synthesis products’ control device it is necessary to use the modern
physico-chemical methods, which perform continuous measurements with high speed. This paper describes
the hardware implementation of a device, based on infrared absorption analysis method. The absorption
methods of substance composition analysis are based on the absorption of sounding radiation by the analysed
component. The strength of the probing radiation passing through the mixture changes slightly at the small
concentrations of the analysed component. Therefore, there is a problem of measuring small changes of a
large signal. The absorption method of substance composition analysis can be used for analysis the composi-
tion of mixtures of gaseous organic substances. It enables to scan the optical frequency of the probe radiation
by changing the angle of the interference filter. The proposed equipment allows determining the concentra-
tion of substances by overlapping their absorption spectra of infrared radiation.

Keywords: organic synthesis, analyzed gas, analysis of gas mixtures composition, infrared radiation (IR),
spectrum of IR absorption coefficient, solid-state narrow-band interference optical filter, pyroelectric radia-
tion receiver.

Introduction

Organic synthesis is a process of producing more complex organic substances from less complex organ-
ic or inorganic substances. People use the organic synthesis products extensively. Such products include:
clothing, shoes, machine parts, toys, medicines, paints, dishes, etc.

There is basic and fine organic synthesis. Fine organic synthesis is the result of small-tonnage produc-
tion of complex organic substances. Fine organic synthesis is based on a wide variety of chemical reactions,
which are carried out by sophisticated equipment. Intermediate and by-products are formed at each stage of
production. To improve the quality of complex production it is necessary to use the automatic control sys-
tems for production processes [1, 2].

Intermediate products of fine organic synthesis require fast and accurate control of their composition.
These products may be solid, liquid or gaseous. The methods of analysis of solid and liquid composition en-
able the sampling of analyzed substance. These methods are well-studied and varied [3]. The methods of fast
continuous analysis of gas mixtures composition are less diverse; therefore this work is devoted to their im-
provement.
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Samples and Research Method

There are a lot of methods conducting the analysis of gas mixtures composition. Most of them have a
high sensitivity to the non-measured components of the analyzed mixture, that is, they have a low selectivity
of the measurement results. These methods include acoustic, 1onization, diffusion, electrochemical methods
as well as methods based on the thermal or ionization effects of the chemical reaction and changing the
thermal conductivity of the analyzed mixture. These methods are effective in analyzing the mixture composi-
tion for more than two gases.

Fine organic synthesis often requires determining the composition of gas mixture, containing a large
number of components. To solve this problem such methods as chromatography, mass spectroscopy and op-
tical ones are used.

Chromatographic method of analysis of gas mixtures composition is based on separation the analyzed
mixture’s components due to effect of sorption. The separation of the gas mixture sample into components is
carried out periodically in the chromatographic column. The disadvantages of this method include a low
speed (it does not exceed two minutes), the necessity to use a carrier gas cylinder and to select a sorbent for
each type of analyzed component.

Mass spectroscopy is based on separation of charged particles (usually ions) with different specific
charges by magnetic field. This method uses pre-ionization of analyzed gas mixture. Complex, large and ex-
pensive equipment, including a vacuum pump must be used to apply this method.

Optical methods are based on the different abilities of the mixture components to interact with electro-
magnetic radiation of ultraviolet, visible and infrared (IR) wavelengths. Most gases do not interact with the
visible wavelength range. Ultraviolet radiation mainly interacts with the atoms of gas molecules and it is
used to determine the atomic composition of the analyzed mixture. To determine the molecular composition
of gas mixtures, the most informative and universal methods are based on the interaction of the mixture
components with infrared radiation.

There are several methods, which use the interaction of infrared radiation with gas molecules. They in-
clude the following:

1. Refractometric method based on the measurement of the refractive index of radiation. The measure-
ment results of this method are characterized by low selectivity.

2. Methods based on laser scattering. They are mainly used for remote monitoring of atmospheric com-
position.

3. Methods based on the measurement of optical density, which are called absorption methods.

Each gas has its individual graph (spectrum) of IR absorption coefficient dependence from wave-
length [4]. Therefore, absorption methods enable to determine selectively the quantity of components in the
gas mixture. In the authors' view, absorption methods based on the measurement of IR absorption by a con-
trolled component are quite universal and suitable for automation of thin organic synthesis.

The IR absorption method uses the characteristics of IR absorption spectra for different gases. The con-
centration of the controlled component of gas mixture is determined by the level of emission reduction that
has passed through the analyzed mixture. Transmission the radiation with thickness / and frequency v by gas
mixture is complied with the law of Buger-Lambert:

1,09 =12~ exp[-K ()] n
I,(v)

Io(v) — the intensity of radiation before it passes the layer of the analyzed mixture; /(v) — the intensity
of radiation after it passes the layer of the analyzed mixture; K(v) — gas mixture absorption coefficient for
radiation with frequency v.

If the analyzed gas mixture contains L components, then according to Bayer's law, the absorption coef-
ficient is described as:

K@w)=3" CK,©) @)

K(v) — radiation absorption coefficient for j component of the gas mixture; C; — the concentration of
the j component of the gas mixture.

The expressions (1) and (2) allow calculating the concentration of the j components, if the following
conditions are met:
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1. The selected probe radiation frequency (v;) provides the ratio:

K.
max
1<i<L,i#j K,-

Ideally, this condition means that only one j component of gas mixture absorbs the radiation at a fre-
quency v;.

2. The radiation absorption coefficient by the j component of gas mixture K{(v;) at the frequency v; is
known.

3. The frequency v; of radiation transmission by analyzed gas mixture is measured.

To measure the radiation transmission 7t (v;) by the gas mixture it is necessary to use the source of the
probe radiation, the cuvette of the analyzed gas mixture’s sample and the radiation receiver. The required
frequency v; of the probe radiation can be provided by the source of radiation with required frequency; by the
radiation receiver, which is sensitive to radiation of a certain wavelength; by an additional spectral element,
which enable to isolate the radiation of the required frequency.

The functions of infrared radiation transmission 77 (v;) can be described as a set of radiation absorption
lines. The radiation absorption line for j gas with the center at the frequency v; is characterized by the intensi-
ty of the absorption line S;; of the j gas at the spectral interval i, the width J; under normal conditions, the
distance d; to the next line. The spectrum of radiation absorption by gas in the IR area of the spectrum con-
sists of a set of closely located absorption lines. This set of lines is called a radiation absorption band.

The functions of radiation transmission by gases can be calculated by using the radiation absorption of
specific frequency of each line of the spectrum. It is also possible to calculate the absorption function using
the formulas of spectra models, or find it experimentally. The method of spectrum models is the most versa-
tile; it has acceptable complexity of gas concentrations’ calculations. This method includes the modeling of
gas spectra with a set of absorption lines, suggesting a certain law of their location, intensity and width.

If the intensity of the absorption lines are described by exponential statistical law of distribution, and
the distance between the lines and their width are described by uniform law of distribution, the IR absorption
function for the mixture of L gases is calculated by the expression [5]:

LS .P
— JUJ
z; 4

Jt

T, =exp 3)

P; — the concentration of the j gas in partial pressure units; g;; — the relative effectiveness of the opti-
cal collisions of j and £ gas molecules; it characterizes the broadening of the absorption lines.

The expression (3) shows that the parameters of the absorption lines of infrared radiation depend on the
composition of the gas mixture. In addition, the center of the absorption line v;, its intensity S;, and width J;
depend on the temperature and pressure of the gas mixture. In measurements, if the frequency range is much
more than the distance between the lines, the parameters of the radiation absorption band are more stable [5].
The allocation of such a frequency range can be provided by solid-state narrow-band interference optical
filters [6].

It is difficult to calculate the concentrations P; by using a well-known values of Tr; in expression (3),
because there is no effective mathematical methods enable to solve such systems of nonlinear equations and
the obtained results may vary. Therefore, this expression must be simplified.

The research [5] shows that if the thickness of analyzed gas mixture is decreased and the components
concentration P; is small, the dependence of the absorption function on the components concentration can be

described by linear absorption law:
T.=1-] S ;b 4
LY 7 0

The functional diagram of the simplest device for measuring the concentration P; of analyzed gas mix-
ture is given in Fig. 1.
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W
W
W

Figure 1. The functional diagram of the simplest device for measuring the gas concentration

In this illustration, the blocks have the following functions:

1 — broadband infrared source;

2 — solid-state narrow-band interference optical filter;

3 — cuvette with analyzed gas mixture;

4 — IR-to-electrical converter;

5 — electronic circuit for signal processing and displaying measurement results

The simplest scheme has a number of significant disadvantages. Firstly, non-measured gases in the ana-
lyzed mixture influence the component’s concentration measurement only if they do not absorb IR radiation
in the transparency range of the narrow-band interference optical filter. However, this condition is not always
possible. Secondly, minimum concentration P; of the analyzed component forms the maximum output volt-
age of the IR emitter to the electrical signal. For linear law of radiation absorption, described by expres-
sion (4), this means the necessity to measure small changes of a high signal.

If the source of broadband infrared radiation is made as a spiral, which is placed in the focus of parabol-
ic mirror, then the thermal balance equation of the scheme (Fig. 1) for the emitter’s spiral is:

Do =it G+ Deon + Graa ®)
g« — the energy, supplied to radiation source; ¢, — the energy, which creates infrared radiation; ¢, — the
energy, which heats the device body by thermal conductivity in air; ¢’ — thermal conductivity through the
current-carrying contacts; ¢.., — convective heat exchange.

The analysis of expression (5) shows that the power of probe radiation depends on the details of the
scheme (Fig. 1) significantly.

The ambient temperature increase, the power of IR radiation also increases. The step value is approxi-
mately (0.3 — 0.4) * 10— watt*Kelvin™; it is 31 % in the range from -20 °C to +30 °C. The degree of devia-
tion from linear dependence is up to 4.6 %. For these measurement errors, the linear absorption law de-
scribed by expression (4) cannot be applied. The measurement of small concentrations of analyzed compo-
nents is not achievable.

To reduce the dependence of the infrared radiation power on the ambient temperature by the minimum
threshold of the determined concentration, the scheme (Fig. 1) is complemented by additional (reference)
channel. This reference channel contains a cuvette. It is filled with a reference gas mixture, which includes
the identical analyzed gas mixture, but without analyzed component. The analytical signal is the difference in
the IR flow that passed through the main and additional cuvettes. These cuvettes are filled with analyzed and
reference gas mixtures. To calculate the difference of IR flows, it is necessary to put them one after another
to the converter of IR signal to electrical signal. The order of IR flow is provided by a mechanical modulator.

A typical scheme of gas mixture component concentration measurement with a mechanical modulator
of probe radiation, main and additional reference measuring channels is shown on Fig. 2.

ﬂ_; &
_ 2

(]
i

(1 — source of radiation; 2 — parabolic radiation flow detector; 3 and 4 — solid-state nar-
row-band interference optical filters; 5 — mechanical modulator; 6 — working cuvette;
7 — reference cuvette; 8 — focusing system; 9 — converter of IR signal into electrical signal).

Figure 2. Differential symmetric scheme of the device, which implements
the absorption spectral method for measuring the gases concentration
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In this scheme, the pyroelectric radiation receiver is used as converter of IR signal into electrical sig-
nal [7]. This type of converter, for example, the IRA-E410S1, is characterized by high sensitivity and a wide
(from 2 to 20 microns) wavelength range of perceived IR radiation. The receiver only responds to changes in
IR radiation, therefore it is necessary to use the probe radiation modulator. The electrical signal from the re-
ceiver output is AC signal. This allows applying the simultaneous detection for signal processing to further
reduce measurement errors.

The scheme presented in Fig. 2 has a number of disadvantages. Firstly, the additional reference channel
complicates the scheme of the measurement. Each additional element has changing over time parameters and
is the source of additional error of measurement results. Secondly, the additional reference cuvette 7 cannot
be completely identical to the working cuvette 6 in parameters and external effects. The reference cuvette 7
must be well sealed while the analyzed gas mixture is passed through the working cuvette. Therefore, it is
difficult to achieve the same temperature of these elements of the measurement device. In addition, the walls
and windows of working cuvette are more vulnerable to contamination. All these processes create a differ-
ence in IR flows on the outputs of cuvettes 6 and 7 when they do not have a measured component of the ana-
lyzed mixture. As a result, the minimum detected concentration of the analyzed gas is increased. Thirdly, the
use of a mechanical modulator causes a number of specific interference. For example, interference caused by
the mechanical luff of the modulator parts.

Results and Discussion

This article proposes a measuring scheme without above-mentioned disadvantages. The main idea of
the scheme includes the modulation the optical frequency of probe IR. To implement the absorption spectral
method for gas concentration measurement, the solid-state narrowband interference optical filters are used.
Such filters determine the required spectral interval of the probe radiation. The solid state narrowband inter-
ference optical filters are designed as a set of transparent films, which are placed at a transparent for IR radi-
ation substrate. These films alternate large and small values of refractive parameters [8]. The optical fre-
quency of the emitted radiation depends on the thickness of films placed at the substrate. When the radiation
decrease’s angle on the filter is changed, its spectral characteristics (the dependence of the transmission 7" on
the wavelength 1) also are changed. This dependence is shown on Fig. 3 [8].

0
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Figure 3. The dependence of the filter’s spectral light transmission on the radiation decrease’s angle

The work of the scheme will be discussed by measuring the carbon monoxide concentration in gas mix-
ture. This gas is widely used in organic synthesis.

It is proposed to form a beam of parallel rays of a wide-range IR. This beam of rays is passed through a
narrow-band interference optical filter at an angle that changes according to the sinusoidal law. For example,
using a filter similar to shown on Fig.3 and changing the angle from 0 to 16°, the IR wavelength, which cor-
responds to the maximum filter transmission, will vary from 4.5 to 4.67 pum.
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Fig. 4 shows the dependence of radiation absorption by carbon monoxide on the IR wavelength. The
figure presents that the IR of 4.5 um is weakly absorbed by carbon monoxide. The maximum of IR absorp-
tion corresponds to a wavelength of 4.67 pm.

It is proposed to pass IR flow, modulated by filter on optical frequency, through the analyzed gas mix-
ture. The intensity of the passed radiation through the gas mixture is monitored by the IR receiver. If carbon
monoxide is not present in the analyzed gas mixture, there should be no output signal of the receiver. The
appearance of carbon monoxide in the analyzed gas mixture causes output signal of the receiver. The ampli-
tude of this signal is proportional to low concentrations of carbon monoxide.

The Fig. 5 presents the implementation scheme of the absorption method of gas mixture component’s

concentration measurement by modulating the optical frequency of IR.
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Figure 4. The dependence of radiation absorption by carbon monoxide on the frequency of infrared radiation

Figure 5. Implementation scheme of the absorption method of gas mixture
component’s concentration measurement by modulating the optical frequency of IR

The scheme contains the following elements: a broadband IR source (1), made as a spiral placed in the
focus of a parabolic mirror (2); windows made of fluorite CaF,, which is transparent for IR material (3); cu-
vette (5) with analyzed gas mixture (4); solid-state narrow-band interference optical filter (6) with periodical-
ly changing installation angle; parabolic mirror (7), focusing radiation on the radiation receiver (8).

The used in this scheme pyroelectric radiation receiver IRA-E410S1 [7] is sensitive only to the signal,
which is variable in time. The examination of this receiver shows that it has the highest sensitivity if the IR
flow is changed in time with a frequency of about 7 Hz. Therefore, the mechanical drive for changing the
angle of interference optical filter installation operates at a frequency of 7 Hz.

A study of scheme (Fig. 5) showed that if there is no carbon monoxide in the analyzed mixture (4),
there is an output signal of the receiver (8). This can be explained by the fact that when the radiation de-
crease’s angle to the narrow-band interference optical filter is deviated from 90°, the frequency of passed
infrared radiation is decreased, the coefficient of light transmission of the filter is decreased and the width of
the spectral range of the passed radiation is increased. Therefore, the changing the angle of the filter may
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cause increase as well as decrease the intensity of radiation passed through the IR filter. Modulation radiation
appears. This phenomenon reduces the effectiveness of proposed method significantly.

To reduce the dependence of the intensity of the radiation passing through the IR filter on the installa-
tion angle of this filter, a compensating device is proposed [8—10]. It is a disk connected to the IR filter at an
angle @. This angle is equal to the maximum angle of the IR filter installation and can vary from -¢ to +¢
periodically. The disk of compensating device contains a hole; its diameter is equal to the beam diameter of
the infrared radiation filter. A scheme of connection the compensating device and the IR filter is presented at
Figure 6. The IR filter (1) is placed in the mandrel (2), which makes rotational — oscillating movements at
an angle of ¢. The IR filter is attached by a nut (3). This nut is fitted with a compensating device (4). It is
adjusted by rotating in relation to the IR filter. The adjusted compensation device is attached by a nut (5).
Testing the scheme presented at figure 5, it was possible to reduce the modulation radiation by 16.5 times.
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Figure 6. Connection the compensating device and the IR filter

Further analysis the influence of ambient temperature’s change on output signal of the receiver (8) has
revealed the effect of mirror reflection by the reverse side of the IR filter from the surface of the parabolic
mirror on the surface of the receiver. To reduce this effect, the receiver window is replaced by a band inter-
ference filter that passes the radiation from 4.3 to 5.4 um. These changes are presented in Fig. 7.

The final implementation scheme of the absorption method for gas concentration measurement in gas
mixture by modulating the optical frequency of IR is shown in Fig. 7.
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Figure 7. Functional implementation scheme of the absorption method for gas
concentration measurement in gas mixture by modulating the optical frequency of IR

The proposed scheme has several blocks. The generator (1) generates pulses that are delivered to a bina-
ry counter (2). The binary code from the counter goes to the address inputs of the programmable read-only
memory device (3). This device contains the sinusoidal function codes. These codes are converted to ana-
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logue signal by a digital analogue converter (4), amplified by the amplifier (5) and change the installation
angle of the interference IR filter according to the sinusoidal law by electromechanical drive (6).

The variable component of the analyzed gas mixture passed through the radiation is perceived by the
receiver (7). The output signal from the receiver is amplified by the amplifier (8). Then to determine the am-
plitude of the variable signal accurately, synchronous detection operation is performed. The signal is multi-
plied by a sinusoidal function using a multiplying digital-to-analogue converter (9). The output signal of the
converter is integrated by the integrated amplifier circuit (10) for 8 periods and is stored by the sample and
storage device of the analogue signal (12). The decipher (11) carries out the synchronization of the reset
commands of the integrated amplifier and the signal memory. The output analogue signal of the sampling
and storage device (12) is proportional to the measured concentration of carbon oxide [11-13].

The constant component of the radiation, passed through the analyzed gas mixture, is perceived by the
receiver (13). The compensated thermal elements TK-1 % 1.5 made on antimony-bismuth junctures are used
as a receiver. The output signal of the receiver (13) is amplified by the amplifier (14) and goes to the low-
pass filter (15).

To reduce the influence of cuvette window contamination and radiation intensity /, before passing
through the gas mixture on the measurement results it is necessary to apply a signal division operation from
the sample and storage device output (12) to the low pass filter output (15) [14-16]. The division operation is
performed by analogue-digital converter (16). The results are displayed digitally by an indicator (17).

The dependence of the output signal U on time ¢ at low concentrations C of the measured gas is de-
scribed by the expression:

U(t) = K Tps kfm(¢7(t))5o_5((ﬂ(t))—CIZK(V)TF(w(t))dV = ®

KRITOS [A(l) - CB(Z)]

Kr — IR conversion coefficient of receiver; I, — radiation intensity before passing through gas mixture; Tps
— radiation transmission function by optical system; k — coefficient of signal’s variable component attenua-
tion by compensation device (Figure 6); 7,,. ¢, dps — maximum transmission, angle of installation and half
width of IR filter; K(y) — the spectral characteristic of analyzed gas; t(y) — the spectral characteristic of the
IR filter; y — the optical frequency [17].

The test results of the scheme, implementing the absorption method of carbon monoxide concentration
measurement in the air by modulating the optical frequency of IR radiation, are presented in Table 1.

Table 1
Test results of proposed method
Concentration of carbon oxide, ppm Error
Absorption method, C, Chemical method, Ccy A=100(Ccy — Ca) / Cen, %

187 198 5.5
94 102 7.8

45 56 19.6

12 23 47.8

The table 1 shows that obtained results revealed satisfactory precision of measurement method.
Conclusion

The obtained results showed that the proposed equipment of implementation the absorption method for
gas concentration measurement in gas mixture by modulating the optical frequency of IR reveals satisfactory
precision with recognized chemical measuring methods. At the same time, the proposed equipment provides
faster measurement time, which does not exceed one second. Therefore, the proposed equipment for gas
components control is recommended to use in thin organic synthesis.
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7Kyka opranmkaJjibIK CMHTe3/1e ra3Topisli KOMIOHEHTTEepAiH KYpaMblH 0aKbli1ay

JKyKa opraHuKaJIbIK CHHTE3 KenTereH KeseHaepai kamtuasl. O op ke3eHe 6acTankpl XKOHE apajiblK CHHTE3
OHIMJICPiHIH KOCHAIAPBIHBIH a3 MOIIIEPiH aHBIKTayAbl Tanan eredi. JKyka opraHWMKallbIK CHHTE3 — Oy
ABTOMATTaHABIPYABI K&XKET eTeTiH Kypaeni npouecc. CHHTe3 OHIMAEPIHIH KYpaMbIH 0aKpuIay KYpbUIFBUIAPBIH
ABTOMATTaHABIPY JXOFaphl JKBUIAAMJBIKICH Y3MAIKCI3 OJmeyni >Kypri3yre MYMKIiHIIK OepeTiH 3aMaHayn
(U3UKa-XUMISIIBIK  OICTEpAl KONIAHYABl KakeT eTedi. ['a3Topi3mi OpraHMKANBIK 3aTTapAblH  KypAewi
KOCHAJIAPbIHBIH KYPaMblH HMH(PAKbI3bUI CIHIpYAI Tanpay oiCiH KOJIIAHAThIH TEXHHUKAIBIK JKaOJbIKTHI
anmaparThIK TYp/e CHTi3y YChIHBUIFaH. 3aTTap/bIH KYPaMbIH TallayFa apHaFaH CiHIpy oicTepi 3epTTeieTiH
KOMIOHEHT OOMBIHIIIA 30H[| COYJIECIHIH CiHyiHEe HeTi3feNnreH. 3epTTeNeTiH KOocma apKbUIbl OepiieTiH 30H[
COyJIeCiHIH KyaThl, 3epTTEJETIH KOMIIOHSHTTIH TOMEH KOHIEHTPALMsACHIHIAA a3 MeJUIepae e3repesi.
CoHIbIKTaH YJIKeH CHTHAlJarbl KilIKeHTail e3repicTepai  eniuey KesiHIe Mocele TYbIHAAHIBL
AncopOnMsuUIBIK TaJiay oIicTepiH KypaMbIHAA OpPraHMKAIBIK 3aTTapbl 0ap ra3 KOcHalapbIHBIH KypaMbIH
Tangay YVIIIH KoOJJIaHyFa OoJiafbl. OJICTIH epeKIIeNiri — 30HA COYJCCIHIH ONTHKAIBIK IKHUIITIH
HHTEp(GEPEHIMSIIBIK  GUIBTPIAIH OYpBIIBIH ©3repTy apKbUIBI CKaHepiey. ¥CHIHBUIFAH >KaOABIK ci3re
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UHQPAKBI3bUI COYJIEICHYIH XKYTbUIy CIEKTPJEpiH KabaTTacThbpy apKbUIbl 3aTTapblH KOHLEHTPALHUACHIH
aHBIKTayFa MYMKIHIIK Oeperi.

Kinm ce30ep: opraHMKalbIK CHHTE3, TalIJaHFaH YIri, ra3 KOCHaJapbIHbIH KypaMblH Tajaay, HH(pPaKbI3bUI
coyle, HHPPAKbI3BUT COYIICICHYIIH KYThUTy KO3()(UIIMEHTIHIH CIIEKTpi, KATTHl JCHEN Tap JAHAna30HIaFbl
KEJIepTi ONTHKAJIBIK CY3T1, MUPOIIIEKTPIIIK COYIICICHY AETCKTOPHL.

M.3. I'ycenbuukoB, FO.B. Auumenko, A.C. I'siraszos, A.K. AiimyxaHos

KOHTpOJIb cocraBa Fa3006pa3HbIX KOMIIOHCHTOB
IPpA TOHKOM OPraHu4€CKOM CHHTE3€

ToHKMIT OpraHUYECKUN CHHTE3 COICPKUT Ooubiioe yucio cramuii. OH TpeOyeT Ha KaXIIOW CTaJuu Ompejie-
JICHUS COJICPIKAHMUS MaJIbIX KOJUYECTB MPUMECEH HCXOMHBIX U IIPOMEKYTOYHBIX IIPOIYKTOB CHHTE3a. TOHKUI
OpPTaHUYECKHUU CHHTE3 SIBIISICTCS CIIOKHBIM TEXHOJIOTHYECKHM MPOIIECCOM, TPEOYIOIIMM aBTOMATH3AIH. AB-
TOMATH3aIUsl YCTPOWCTB KOHTPOJIS COCTaBa MPOIYKTOB CHHTE3a PEaTM3yeTCsl MyTeM MPUMEHEHUS COBPEMEH-
HBIX (PU3UKO-XUMHUYECKHX METOJIOB, TIO3BOJISIOIINX POBOJUTH HEIIPEPHIBHBIC M3MEPEHUS C BRICOKUM OBICT-
poneiicTBreM. ABTOpaMH MPEUIOKEHO allapaTypHOe paclpeesieHNe TEXHUUECKUX CPEACTB, PEAIN3YIOLUINX
METO/ MH(PAKPaCHOTO aOCOPOLMOHHOIO aHAIHM3a COCTaBa CIOXKHBIX CMecel ra3o00pa3HbIX OPraHHMYECKUX
BeIecTB. AOCOpOLIMOHHBIE METO/bl aHAIM3a COCTaBa BEIIECTB OCHOBAHBI Ha MOTJIOIIEHHH 30HAUPYIOLIETO
W3JIyYeHHs aHAJIM3UPYEMBIM KOMIIOHEHTOM. MOIIHOCTh 30HAMPYIOIIEr0 W3Iy4eHHs, MPOLICAIIET0 Yepe3
AHATIM3HPYEMYIO CMECh, TIPH MAJIBIX KOHIEHTPALUIX aHAJM3UPYEMOTr0 KOMIIOHCHTA U3MCHSETCS HAa He3HAYH-
TENBHYI0 BeNMYMHY. [109TOMY BO3HHKAaeT 3ajada W3MEPEHHs MallbIX M3MEHEHHH OOJNBIIOro curHama. AJ-
COpOIMOHHBIC METOBI aHAIM3a MOTYT UCIIOJIb30BAThHCS IS aHAJIN3a COCTaBa ra30BhIX CMECEH, colepKanIux
oprannueckue BeniectBa. OCOOCHHOCTBIO METONA SIBJISETCS CKAaHHMPOBAaHHE ONTHYECKOM YacCTOTHI 30HAU-
PYIOLIEr0 H3JTydeHHs IIyTeM U3MEHEHHs Yria ycTaHOBKH HHTepdepeHuuoHHOro ¢unbrpa. [Ipemmoxennas
amnmaparypa HO3BOJISIET ONpeesaTh KOHLIEHTPALUHU BEIIECTB MPU MEPEKPHIBAHUN HX CIEKTPOB MOTJIOLUICHUS
HH(PAKPACHOTO H3ITYUCHUSI.

Kniouegvie crnosa: opraHuuecKuil CHHTE3, aHaIM3UpyeMas 1poba, aHalu3 CocTaBa ra30BBIX cMecel, HH(pa-
KpacHoe HM3IIydeHHe, crekTp Kodddumuenrta normomenns MK n3mydeHus, TBepIOTENbHBIN y3KOIIOJIOCHBIH
HHTEP(EPEHIIMOHHBIH ONTHYECKHI (QMIBTP, THPOINIEKTPHIESCKIH TPUEMHUK U3ITyICHUS.
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Research of resonance vibrations of the system
«Telescopic screw — bulk medium» caused by torsional vibrations

The article outlines the relevance of using the principle of telescopy in the process of creation screw convey-
ors, which nowadays are folded to obtain significant lengths, which makes their designs expensive and struc-
turally unreasonably complicated. It has been shown an experimental equipment, which provides measure-
ment results of the research process in a wide range with high accuracy in an automated control mode with
the necessary data capture. Based on the constructed mathematical model, the dependences of the angular
perturbation velocity on the physicomechanical and geometric parameters of the «telescopic screw — bulk
mediumy» system have been obtained. Because of analytical relations describing the laws of variation of char-
acteristic parameters for its oscillation resonance case have been received. It has been proved that for resonant
oscillations, when there are significant angular velocities of rotation, the natural frequency of the bending os-
cillations is smaller and at the same time the amplitude of the transition through the resonance is smaller. The
results of the amplitude of the transverse oscillations of the system for different values of the angular velocity
of rotation in time during the transition through the internal resonance, which largely depends on the physico-
mechanical and geometric characteristics of the motion of the medium, have been presented.

Keywords: conveyors, mechanical systems, transporting-separating system, dynamic modeling, amplitude,
resonance, telescopic screw, bulk medium, angular velocity of rotation, torsional vibrations.

Introduction

Screw conveyors are widely used in various sectors of the economy as independent mechanisms,
and as part of various mechanical systems. They are often used as elements of agricultural machinery
when harvesting for transshipment of various cargoes in the field. Screw conveyors as part of universal
units for loading seeders, hoppers, reloaders and combine harvesters are usually complex and involve
decomposition-folding using hydraulic or pneumatic equipment, which makes their designs too complicat-
ed and expensive.

Mainly for transportation of such cargoes rigid auger conveyors installed at different angles to the hori-
zon are used, as well as flexible screw conveyors, the determination of the parameters and modes of which
are described in the works [1-4].

In article [5-9] dependence in time of the amplitude and frequency of nonlinear vibrations of the feeder
horizontal working body at its various geometric dimensions, the angular velocity of the working body rota-
tion, the grain mixture mass per unit length, and the speed of its transportation

The works of [10—15] provide research findings on flow patterns of bulk materials depending on con-
structional and kinematic characteristics of screw operating tools, bunker type and solid particles, as well as
frictional forces. Findings of mentioned researches shows on improved characteristics of screw conveyors
during transportation of bulk materials.

Despite the large number of scientific works devoted to the development and study of the peculiarities
of the work of screw conveyors, there is a wide range of unexplored issues related to their structural and
functional characteristics. Therefore, telescopic screw conveyors have been developed to improve the struc-
tures and provide the necessary trajectory of material loading with screw conveyors. These telescopic screw
conveyors will improve productivity on tracks with variable length and direction of overload, as well as per-
forming related technological operations with transported raw materials [16]. According to the experimental
and separate theoretical studies of the dynamics of the working bodies of screw conveyors [17-18], the
movement of the manufacturing medium along the previous one affects the quantitative, and in some cases,
the qualitative characteristics of their oscillations. However, due to the large angular rotational speeds of the
screw in telescopic screw conveyors, asymmetry of the telescopic screw and external perturbations often
cause oscillations in significant dynamic loads on the screw, especially in resonant cases. The study of dy-
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namic loads arising in the auger of the telescopic conveyor will allow you to find the optimal mode
of operation. These modes minimize dynamic loads and increase the service life of these conveyors.

Material and method

In order to study the characteristics of telescopic screw conveyors and based on our patent search and
analysis of scientific literature, we synthesized telescopic screw conveyors [19-21] based on which a stand
was designed and manufactured to study the transportation of bulk cargo (Fig. 1) [22]. To perform a research
the following actions has been done in such order: load the hopper 14 with loose material, which from it en-
ters the casing 3 on the auger 2, by which it is transported to the casing 6 to the auger 5, and then the bulk
material through the discharge pipe 9 falls into the measuring vessel. The rotary movement of the auger
2 obtains through the belt drive 16 from the electrodrive 15, which is controlled from the PC 18 with the fix-
ation of all the necessary data in a tabular or graphical form according to the developed methodology of ex-
perimental research. From the auger 2 rotary motion is transferred to the auger 5 due to the friction that oc-
curs between the walls of the augers, which allows to carry out the process of overloading the bulk material.
In this case, the performance of the telescopic screw conveyor at different casing fill rates and screw speeds
is determined in a semi-automatic mode. The power characteristics can be determined by smooth and sudden
start-up, reversal and simulation of various loads in an automated mode using a frequency converter and a
personal computer.

o ALTIVAR : N

"

b)

Figure 1. Stand for the study of the characteristics of telescopic screw conveyors: a) General view; b) design diagram;
1) fixed axial section of the screw; 2) auger fixed in the axial direction of the screw section; 3) the axially fixed part
of the casing; 4) axially movable screw section; 5) auger movable in the axial direction of the screw section;
6) axially movable part of the casing; 7) guides; 8) fixation of guides; 9) unloading pipe; 10) support for adjusting the
feed height of the material; 11) frame; 12) movable table; 13) scale of overlap of augers; 14) a hopper; 15) electric drive
of the conveyor; 16) belt transfer; 17) drive frequency converter; 18) personal computer

Exploring the characteristics of telescopic screw conveyors established [19], the resonant vibrations
of the system «Telescopic screw is a bulk medium» due to torsional vibrations. The most interesting and
at the same time least studied case of complex vibrations in the screw of the telescopic conveyor is
the case of internal resonance. Despite the limited amplitude of torsional vibrations in cases where the natu-
ral bending and indicated frequencies are close or connected by a rational ratio, the dynamic process
of the «telescopic screw is a bulk medium» system is characterized by an increase in the amplitude of bend-
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ing vibrations. To study them, first of all, we consider the terms of the dependences, taking into account the
torsional vibrations of the telescopic screw.
These expressions are the following:

0%(z,t) ow 09(z,t) *w 09(z,t 0°9(z
2(pi+p,) ét )§+2(p1+p2)1 ét )8t8x2 +2(p+p,)Q ét )u+(p1+p2) ( 790,
Or
09(z,t) ou 0%(z,t) S*u 09(z,t 0*9(z,t
2(p+p,) (gt )5_2(:01"’:02)1 (gt )618 7=2(p+p,)Q2 (gt )W(IOIJ'-IOZ)#L{ @)
Taking into account the law of rotational oscillations of a telescopic screw in the form
9(x,t) = hsin~" zcos 9, 8= (01 +9,), 3)
(v)
where a — is their amplitude, g 2% (S — frequency, 4,- initial phase, /, the running moment of
7))\ 1,

inertia relative to the neutral axis of the elastic body together with the medium, J, 0 - is its equatorial moment

of inertia, G — is the shear modulus.
Then the expressions of the right-hand side of the differential relations that take them into account are
transformed to the form:

2
2a hskazsmSTz{[l I( l j +&jsinl//s sin(@kt+z90)—%cosy/s cos(@kt+190)} 4
)

@, S

)

Let us consider them in more detail for the case where the forms of transverse and torsional oscillations
are close in frequency i.e. @, = ©, . In that case, the additives of the right side of the general relations

% = —aw(sin (kz + wt + @) +sin (kz — ot — p),
(%)
% = aw(cos(kz+ wt +¢)—cos(kz—wt - ¢)).

The effect on the dynamics of the system of torsional oscillations and the motion determines at of the
medium expressions cos” i, and sin?y, replace accordingly for %(1 +cos2y, ) and %(l—cos 2y, ), system
of differential equations

1L
dt 2r0l (p,+p,) %

1
%:a) 2a72a)l /01 +Pz “:f(a o 7’8)(SIH(KZ+W)+SIH(KZ l//))dl//dz

2

If a,z,y,y,d)(cos(kz+y)—cos(kz—y))dydz,
0
(6)

[

V4

After averaging over the linear variable and the external perturbation phase, it transforms to the form:

127
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dt 47m)l

o} O . . O
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0
Relations (1) show that, if the condition is fulfilled 2@ = @, , there will be resonant transverse oscilla-

tions in the system, which are caused by torsional oscillations. To describe them, in the same way as for res-
onant oscillations at the frequency of external periodic perturbation, entering in equation (1) the phase differ-

ence ¢ =20/ =& (4 +8 =2y,), we get:

— [ 2z
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If the function fl U,W,E,---, 5 3 »J | takes into account only the forces of resistance and external
z

periodic perturbation, that is, expressed by the ratio
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Then the correspond to the values respectively of the function
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Then the transverse resonance oscillations caused by the torsional oscillations in the case are described
by differential equations:

s—1
@:Mas+ﬂab1a)m(l—llqz+£—&jcos¢2,
dt (p+p)7 3 o o
_ (10)
%:Za)l—a)m —ﬂaz— z 2#T/z+ia%1 (1—[K12+9—&jsin¢2
dt (,01"‘,02) [ 8a(p +p,) 3 w o

In Figure 2 presents for different values of the angular velocity of rotation the change in the amplitude
time of the transverse oscillations of the system during the transition of the internal resonance.

122 BecTHuk KaparaHgmHckoro yHusepcurteTa



Research of resonance vibrations...

0.08t1
A
0.064 |
5 i
0.041 |”
Il
P
0.021 J \
ERAVA L S ,.} A
1 2 ts 3
b)-———- Q=0s"; Q =20s7"; o Q=40s"
o1r
011 {1
0.08t
il
: : B
< <005} .
0.04% |
L \ \
0.02f ’ JW I v \
AL
0 l 2
ts
¢) ————— =0s7'; ; = d)y————— Q=0s"; Q=2 - Q=Ax"
0.1+
£
<':0.05'
0 t,ls 2
) ———— Q=0s";  O=I0s"; - Q=25 £ ——— Q=0s";, Q=105 - Q=25¢"

Figure 2. Changing the amplitude of the bending vibrations of the screw during the transition through internal resonance
at p, =10kg/m; 1=6-10" kg/m* E =2,06-10"H/m’ V=10 m/s: a) p, =0 kg/m; /=6m; b) p, =10 kg/m;
[=6m;c) p, =20 kg/m; /=6m;d) p, =30 kg/m; /=6 m;e) p, =30 kg/m; /=8 m; f) p, =15 kg/m; /=8 m

Discussion

The results show that both external and internal resonance can be avoided by changing the angular ve-
locity of the auger, and as for the process of transition through the internal resonance, then:

— for higher angular velocities of rotation, the natural frequency of bending oscillations is smaller and
simultaneously the amplitude of the transition is smaller;

— for larger values of the relative amount of motion of the medium, the amplitude of the transition
through the internal resonance takes on a larger value.

Conclusions

Theoretical calculations of the resonance phenomenon have shown that external periodic forces
or torsional vibrations of the telescopic screw itself have caused them. Differential equations of transverse
oscillations of a rotating elastic body have been deduced under the motion condition of a continuous stream
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of homogeneous medium on it with a constant relative linear velocity =10 m/s. Based on the constructed
mathematical model, dependences have been obtained to determine the change in the amplitude of the trans-
verse oscillations of the system during the transition of the internal resonance for different values of the an-
gular velocity of rotation, depending on the physical-mechanical and geometric parameters of the system
«telescopic screw-grain mixturey» and the angular velocity of the screw rotary organ. It is established that for
larger values of angular velocity of rotation of the working body the resonant frequency value is smaller
(at L =6 m = 20-40 s). For working bodies of greater length, the amplitude of the transition through the
resonance is greater (from 10-25 s™ at L =8 m) and increases from 0.0393 to 0.1023 m. However, it has es-
tablished that the external and internal resonances of the system «telescopic screw — loose medium» can be
avoided by changing the angular velocity of the working screw.
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AjliHasMaJibl TepOesicTepMeH Herizaearex
«TeJIECKONMMSJIBIK 0ypamMa-cychbIMAaJIbl OPTa)
’KyleCiHIH pe30HAHCTBIK TepOesicTepiH 3epTTey

Maxkananga OypaHaaibl TachIMANJaFBILITAPABl JKacay Ke3iHAEe TENCCKOIHs KaFuAaThlH MaiilaaHy (b
©3EKTUIri Heri3fenreH, ojap OyriHAe aWTapibIKTail Y3BIHIBIFBIH aly VIIIH KypAeni OpBIHAANaubl, Oy
OJIapAbIH KOHCTPYKUHMSJIapbIH KbIMOAT jKOHE KYPBUIBIMIBIK TYPFbLIAH Kypaenmi ereai. Jlepekrepii KaerTi
TipKkeyMeH GacKapyIblH aBTOMATTaH/IbIPbUIFAH PEKUMIHJIE KOFAPhI JAJIIKIICH KeH ayKbIM/Ia TEXHOIOTHSLIIBIK
MPOIIECTI 3epPTTEY HOTHKEJIEPIH OJIIeyai KaMTaMachl3 CTETiH OSKCHEPUMEHTTIK >KaOIbIK KeITipiireH.
KypbliFran MaTeMaTHKaIBIK MOICIBIIH HETI3IHAC «TCICCKOMMSIIBIK BHHT-CYCBIMAIBI OPTa» KYHECiHIH
(Gu3nKa MEXaHMKAIBIK JKOHE TI'E€OMETPUSUIBIK I[apaMeTpIICpiHeH aybITKy OYpPBIUTHIK SKbUIIAMIBIFbIHBIH
Toyenniniri ansiHabl. OHBIH HETi3iHAE PE30HAHCTHIK JKarAail YIIiH OHBIH TepOeTiCTEepiHiH aHBIKTAiThIH
napamMeTpiiepiHiH e3repy 3aHJapblH CHIATTAWTHIH aHAJIWTHUKAJIBIK KAThIHACTAp ajblHFaH. Pe30HaHCTHIK
TepOernicTep Ke3iHze, alHATYIBIH eloyip OYpHINTHIK XBULNAMIBIFEI OONFaH Ke3ze, Uil TepOenicTepain
MEHIIIKTI JKUUITI a3 xoHe Oip Me3riige pe3oHaHC apKbUIBI OTYy aMIUIMTYIAchl a3 eKeHi aHbIKTayFaH. Imiki
PE30HAHC apKbUIbI OTY Ke3iH/e YaKbIT OOMBIHIIA aifHAITYABIH OYPBILITHIK JKbUIAMABIFBIHBIH SPTYPIi MOHIEPI
YILIiH XKYHeHIH KeJIeHeH TepOeliciHiH aMIINTYNachIHBIH HOTIOKEJIepl OepiireH, ol enayip Iopexene opra
KO3FAJIBICBIHBIH (pU3HKa-MEXaHUKAJIBIK JKOHE T€OMETPHUSIIBIK CHIIaTTaMalIapblHa OaiIaHbICTBI.

Kinm ces30ep: KoHBeliepiep, MEXaHUKAIBIK >KyHenep, Kemik-0eiy jkyieci, AMHAMUKAIBIK MOJICIBICY,
aMIUTUTyjajiap, PEe30HAHC, TEJIECKONMMSUIBIK OypaHfa, CyChIMajbl OpTa, OYPBIMTHIK aifHAIy KbLIIaMIbIFbI,
aifHanManel TepoericTep.

B. I'yas, U. I'eBko, O. JIsmyk, O. I'eBko, M. Cokoin, 1. Hlyct

HccnenoBanne pe30HAHCHBIX KOJe0AHUI CHCTEMBI
«TEJIECKONNYECKH BUHT — ChIIy4asi Cpeaay,
00YCJIOBJIEHHBIX KPYTWIbHBIMHU KOJI€0AHUAMU

B crathe 000CHOBaHAa aKTyaJllbHOCTh HCIOJIb30BAHUS TPHHIMIA TENECKONUH TPHU CO3JAHHM BHUHTOBBIX
TPaHCHOPTEPOB, KOTOPBIE CETOAHS [UIS MOMYUSHUs] 3HAUUTENBHOH JJIMHBI BBIMOIHAIOTCS CIO0XKEHHBIMH, UTO
JenaeT UX KOHCTPYKIMU JOPOTHUMH U KOHCTPYKTHBHO HEONPAaBJAHHO CIOKHBIMH. IIpHBeieHO SKCIIepUMeEH-
TalbHOE 000pYyHOBaHHE, KOTOPOE 0OECIEYNBAET U3MEPEHUE PE3yIbTaTOB UCCIIEN0BAHUS TEXHOIOTHYECKOTO
Iporecca B IIMPOKOM AUAINa30He ¢ BBICOKOH TOYHOCTHIO B aBTOMAaTU3MPOBAHHOM PEKHME YIIPaBIECHUS C He-
obxoaumoii ukcarmeil naHHbIX. Ha 0cHOBEe MOCTPOCHHON MaTeMaTHYeCKOH MOJEIH IOJIydeHBI 3aBHCHMO-
CTH YIJIOBOH CKOPOCTH BO3MYIICHHUS OT (PU3MKO-MEXaHHUECKUX M T€OMETPUYECKHX ITapaMETPOB CHCTEMEI
«TENeCKONMYECKNI BUHT — CBIMydas cpefa». Ha ee 6a3e momydeHbl aHATUTHYECKAE COOTHOLICHHS, OITHCHI-
BAIOIIME 3aKOHBI U3MEHEHUS ONPEAEISIONINX MapaMeTPOB ero KoleOaHui s pe30HaHCHOTO ciydas. YcTa-
HOBJICHO, YTO MPU PE30HAHCHBIX KOJIEOAHHAX, KOT/Ia €CTh 3HAUUTENbHbIE YIIIOBBIE CKOPOCTH BpAILEHHsI, COO-
CTBEHHAs] YaCTOTa U3TMOHBIX KOJEeOaHWH M OJAHOBPEMEHHO aMIUIMTYZA IMepexoja uepe3 PEe30HAHC MEHBIIE.
IIpencraBneHsl pe3ynbTaThl aMIUIUTY (bl OMEPEUHBIX KONEOAaHUN CHCTEMBI [UIS PA3IMYHBIX 3HAYE€HHH yrio-
BOH CKOPOCTH BpAIleHUs] BO BPEMEHH IIPH IIepexo/ie Yepe3 BHYTPEHHHI Pe30HaHC, KOTOPHIH B 3HAYUTEIEHOI
CTEIEHH 3aBHCHUT OT (PU3NKO-MEXaHMIECKUX M T€OMETPHUUECKUX XapaKTEePUCTHK ABHKCHUS CPEMBL.

Kniouesvie cnosa: xOHBEHEpbl, MEXaHUUECKUE CUCTEMBI, TPAHCIIOPTHO-PA3EIIUTEIbHAS CUCTEMA, JUHAMUYC-
CKO€ MOJECIMPOBaHME, aMILIUTY[a, PE30HAHC, TEICCKOIMYECKUN BHUHT, Chlydas Cpeja, yrioBas CKOPOCTb
BpAILEHUs], KPYyTHIIbHBIE KOJeOaHuUs!.
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Crynenrrepre KenTijiai Ol1iM 0epyi sKy3ere acbIipy asicblHA KapaTbLIbICTAHY-
FhUIBIMU MAHAepAi oKbITyAarbl CLIL TociliH Koimany epexuesikTepi

Tinnik moHAepAl OKBITY JKOHE MHIeTel TLTIHAE MAaTeMaTHUKAIbIK JKOHE XapaTbUIBICTAHY-FBUIBIMU IOHAEPAI
OKBITY apKbulbl mindix 6inim 6epy — Kazakcran PecnyOnukacbiHAarel KemnTinmi Oimim  Oepyni
GarqapiaMachlH HPAKTUKAJBIK iCKe achIpyAbIH Herisri Tetiri Ooibin Tabbutagsl. Makanaga E.A. bexeros
aTeiHarel KaparaHabl MEMIIEKETTIK YHUBEPCUTETIHIH (QU3NKa-TEXHUKAIBIK (aKyJIbTeTiHe )KapaTbUIbICTaHY-
FeUlBIMH TIOHIepAl OKpiTyAa CLIL TeXHONMOTHSCHIH JKy3ere acwlpy Taxipubeci yceiHbuiFaH. JKymbicTa
¢usmKa-TexHuKaIBIK GakynsreTinig SB011000-Ousnka 6inim 6epy O6armapiamMackl GOHBIHIIA OKUTHIH 4 Kypc
crynentrepin «Computer methods in Physics» xoHe «Nuclear physics» aTTel MaMaHZIBIK OOMBIHIIA TaHIAY
noHzepiH okpiTyra «Content and language integrated learning» (CLIL) oxmicTemeciHiH acepi 3epTTenreH.
Maxkamaga CLIL TeXHOJIOTHSCHIH KOJTAHYABIH apTHIKIIBUIBIKTaphl MeH KeMimimikrepi 3epaenenren. CLIL
oniciH iCKe achIpyIbIH MBICANbl PETiHAE TalchlpMalap TYpJepi YCHIHbUIFaH. Ilelarorukanslk 3eprrey
GapbichiHIa OakbpUIay[bIH HErisri Kypangapbl MeH ¢dopmanapsl 3eprrenred. CryneHtrepai Oaramay
npouenypacel MeH Oaranay kputepuitnepi yceinburrad. Okpity ypaicinae CLIL omicremecin xonmany Ginim
aNyIIbUIAp/a aFbUILIBIH TiIIH MEHrepyre bIHTACHIH JKOFapbUIaTajibl XKOHE 63 Ke3eriHjae OLliM anmylibuiapasl
opi Kapail OimiM amyra »oHe aimFaH OimiMaepiH Oosamak kociOm camama konpamyra yipereni. CLIL
TEXHOJIOTHACH CTYHEHTTepAiH TeK mIeTel TLTH FaHa emec, Oacka Ja apHailbl MOHAEPIl OKyFa
BIHTANAH/BIPYBIH MaHBI3IBl Kypajabl OOJBIT TaObUIafbl. Makajga COHBIHJA II€HaroTHKANbIK 3epTTeyHiH
KOPBITBIHABICH! MEH HOTIDKEIIEP] KeNTipireH.

Kinm ce3dep: monmik-tinaik uHTerpaunsuianrad okpiTy, CLIL TexHomOruscel, omicHama, KONTunmi OimiM
6epy, LmeTesn T/l KaCiOn-KOMMYHHUKATUBTIK KY3bIPETTLIIK, Oaranay KpuTepHiiiepi.

Kipicne

CLIL (Content Language Integrated Learning) TexHONOTHSICHI HeMece  HOHOIK-TUIIIK
MHTETPALVSUIAHFAH OKBITY, SIFHM ILIETeN TUIIHIE IOHAI OKBITY COHFBI OHXKBUIABIKTAa KApKbIH AJIBII, IIETENT
eNJepiHiH KenTereH Oi1iM Oepy MekemesepiHie KeHiHeH KOIJaHbUTy 1a.

CoHfFBI KbULIAPHI HIETEN TUTIH OKBITYA ASCTYPJIl rpaMMaTHKAaJbIK-ayAapMa dAiC-TOCUTIHIH THIMIUTIT
TeMeHzieTeHi Oalikamupl, cebebi MyH&mail ojmicTeMeHiH OepeTiH HOTHXKeCI KOFAMHBIH —3aMaHayd
KOKETTUTIKTEPIH KaHaraTTaHAbIpMaiael. JKoFapbl MeKTen aijblHIa SKOHOMHKAHBI JaMBITYJIAFbl KIITTIK
JJIEMEHTTEP MEH KO3Fayllbl KyIIi pETiHAe >KOFapbl OUTIKTI MamaHgapApl Jasprnay MiHzaeTi Typ. byrinri
xahannany aoyipinae Oonamak MaMaH YUIiH eMip OOibl €3 OUTiMIH YHeMi >KaHIAHIBIPY KaOiieTiHe ne
Ooybl, COHIAl-aK ©3iHiH KOCciOM OpTachlHIa €3 OLTiMIepiMEH anMacy MYMKIHAIriHe ue 0oy epekiie
e3eKTuTiKKe ue. OChIHBI OoalaKk MaMaHHBIH KOCiOH 1IeTeN TIIIK Ky3bIPETIHCI3 TOIBIKKAH/IBI KY3€ere achbipy
MYMKIH eMec. YHHUBEPCUTETTE TUIMAI KoCciOM-OarbITTalFaH WeTeN TUILIK daspiiay y3a4ikci3 OutiM Oepy yiiH
KaXKETTI KY3bIPETTUTIKTEPl KaJIBIITACTHIPYFa KOMEKTECE]I].
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[leTennmik >koHE OTAHIBIK FHUIBIMUA OACOMETTEpAC MOHIIK-TUIMIK HHTETPAlUsUIAHFAH OKBITYIBIH
MocelieNiepiHe apHajFaH KemrTereH Makaiamap Oap [1-3]. OnapapiH OackiM Oenniri OKy cabakTapbiH
XKocrapiiay oHe YHBIMIACTBIPY/IbIH, OKY MaTepHalIaplbl TaHIAy KoHe OeiiMzey, OUTiM amylIbLiapbiH
OlTiMiH OakpLIAYIBIH OMiCTEMENiK acrekTinepin amanel. Amadiga CLIL TeXHONOTHSACHIHBIH OIiCTEMENIK
KYpayIIbIChIHA XKETKIUTIKCI3 Ha3ap aylapblUIFaH.

ooicmeme

CLIL TexHOJIOTHSCHI OKBITYBIH YII HET13T1 MaKcaThbIHA KOJI )KETKi3yre OarbITTaFaH:

— Ma3MyHbI (content) — OKBITBUIATBIH ITOH OOWBIHINA >KaHa OiMIMII, ICKEPIIKTI JKOHE JafablIapabl
MEHTIepy IpOIIECi;

— Oaitanpic (communication) — OKBUIATBIH IIETEN TUTIHIH KYpaslIapblH )KaH-)KaKThl TaliaIany;

— TaHBIMJIBIK JIAFJbpUIAp (cognition) — OKBUIATHIH MIOHJI KOHE MEHIePUIETIH TiJli )KaKChl TYCIHY YIIiH
O1TiM anymIbUIapAbIH oijay KaOlIeTTIKTepiH JaMbITy. Byl MakcaTka KOJI JKETKi3yre aHATUTHKAJIBIK JKOHE
CBIHHM OiJIayFa OaFbITTaJIFaH TarChpMaiap bIKIAI eTe.

[loHAIK-TINAIK MHTErpauusuiaHFaH OKBITY — Mmeren fausiMbl [[3Bun Mapmmen [4] yCBIHBUIFaH
TepMuH. byn TepmuH 6acka MOHJEP/l OKBITY VIIIH MIETEN TiIiH Kypal peTinae Konmanyasl oinmipeni. CLIL
TEXHOJIOTHSICHI IIETEeN TUTIH/E apHAibl TOHIEP/i OKBITY/IBI KO3/1eH i, COHBIMEH KaTap MYH/a 0acThl Hazap
meTeN TUII MEHTrepyJeH HaKThl MOHMIK OOJbIcTa jkaHa OimiMm amyra aymapeuianel. Sram CLIL ascerama
LIeTeN TUTIH MEHrepy HeTi3ri MakcaT peTiHAe eMec, apHaibl ToH OOMBIHIIA KaHa aKmapar ajly YIIiH OKbITY
xyprizineni. Ocbuiaiiia, eki )KaKThl MaKcaTKa KOJI JKETKI3UIeaI — IOH/II XKOHE KoCIOM-0aFbITTaIFaH IIeTel
TiiH Oip yakpITTa OKBITY. biyliM anymsiiapasi Oip yakeITTa KCiOW yKoHE IIeTeN TUIAIK Ky3bIPeTTUIIKTEpiH
KaJIBIITACTHIPATHIH EPEKIIE TAHBIMABIK OPTa KYPBUTAIbI.

[MoHmIK-TUIAIK WHTETpalMsUIaHFaH Cca0akThl JKOCHapiay KIACCHKANBIK MPAaKTHUKAIBIK —ca0akka
JAWbIHIATYMEH CANBICTRIPFAH/IA dJICKaiIa KOl YaKbITThl KaKeT eTejli, cededi OKBITYIIbIFa opoip cabakka
€Ki JKaKThl MakcaTTapbl KOKWFa Typa Kenedi (TOHIIK Ma3MYHIBI JKOHE TIINIK MaTepUaIbl MEHrepyi
OoiipiHmma). CoHbIMEH Oipre JalblH OKy MaTepUaapBIHBIH KAKETTI MeNIepi MEeH allyaH TYPIIIriHiH
KOKTBIFbIHA OaHJIaHBICTBI OKBITYIIBIFA MaTepHaJiapibl i37leyre JKoHe IeJarorHKajblK OeiiMaeyre Kerm
YaKBIT )KyMcayFa Typa KeJei.

AFBUILIBIH TUTI KONTEreH eypoNaliblK >KOFaphl OKY OpBIHIApbIHAa «0ackiM» T PeTiHAE KeHiHEH
Kosganbuiaabl. OChbiFaH OalIaHBICTBI, MOHIIK-TUIMIK WHTETpaIMsJIaHFaH OKBITY CAJIAChIHIAFbl KOINTEeTreH
eypoTIajblK MaMaH-3epPTTEYIIUIEPIiH OV oficTeMeHi OipHele MOHAEP/i OKBITYABIH Oiperei Tocisi peTiHe
Oemin kepceteni. MHTerpauusimanraH OKBITY cajlachlHAarbl 3eprreymui, mpodeccop ae Koinm CLIL
9MICTEMECIHIH YIII MOJICIIH aXbIpaTasl [4]:

C1 mooeni: Kenringi okbiTy. Byl kxarmaiiia opTypiii IOHIEPAl OKBITY Ke3iHJe d9p KbUIIaphl OipHele
mieTen TUTl KosigaHeUiaasl. MyHJai OKBITY YJATiCI CTYJEHTKE TOJIBIK KypCTHI asKTaraHHaH KeliH OipHerie
Tijze KociOu OLT1iM MEHrepyre MyMKIH/IIK Oepeti.

C2 mooeni: T1oH jxoHe TUII KOCBIMINIA WHTETPaAIMsIaHFaH OKBITY. OKBITYIBIH OYJI MOJIENI — MOHASPI1
Oipirinm OKBITYBI KO3ICH I, Oy JKaFJaiaa sKorapsl peTTi oijiay MpolecTepiH KaMTaMachl3 €Ty MakcaThIHIA
TIAAI KOJJAHy YIOiH OiMiM MEH iCKepIiKTi JambITyFa OacTbl Hazap ayzapbuiaabl. Tinai OKBITY apHailbl
calaJlapMeH YIITAaCThIPBUIBIN, OChUIAlINA OoJaniak MaMaHapabl OKBITY Ke3iHJIe MIeTEeN TUTi OKBITYIIBUIAPEI
TaparnblHaH KOJIAay/bl JKy3ere aceipaipl. [[oHIK-TUIIIK UHTErpalisuIaHFaH OKBITY MPOLIECIHIE CTYICHTTEp
MaMaH/IBIK OOHBIHIIIA OOoJIaIIaKTa )KYMBIC iCTEY YIIiH IETeN TUTIH KOJIAaHa aiajbl.

C3 mooeni: TUIIK KONJayabl KAMTUTBIH TIOHAIK KypcTap. MaMaHJbIKTapbl OKBITY OarmapiaManapbl
TEK KociOM JarapuIap bl JaMbITy TYPFBICBIHAH FaHA €MEC, COHBIMEH Oipre »oHe TULIK JAaFIblIapabl TaMbBITY
TYPFBICBIHAH KYPACTHIpbUIFaH. MyHAall Mozellb OOWBIHIIA TIOHAEP OKBITYIIBUIAPHI 1a, TULAEPAl OKBITY
CaJIaChIHJIaFbl MaMaHAapbl N1a OKBITY >Kyprizemi. TimrTi Tingi Hamap ONETIH CTyIEHTTEp OKY IIpoleci
OaphIChIH/IA KONy ayia anajpl, OyJl Ke3lle OKBITBUIATBHIH TOHL Jie, Tl JIeé MEeHrepyre MYMKIHAIK Oap
6omaznpl. byt Mogens GobIHIIA OpTYPIi TIAIK ACHreli Oap CTYACHTTEp OKH ajajbl.

Cl Mmopmeni TeK HAaKThl MaMaHJAHIBIPBUIFAH JKOFapbl OKY OpBIHIApbIHIA (MBICANIbl, OU3HEC KOHE
Oackapy) icke aceIpbiiasl, an C2 sxxoHe C3 Monenbepi OiniM Oepyze KeH Tapairad OB TaObLUIa IbL.

CLIL dopmaTtsiHaarsl ca0akThl )ocmapiiamac OYpbIH, OKBITY MakKcaTrTapbl MEH MOHHIH Ma3MYHBIH
HAKTHI aHBIKTAY KakeT. bacThl Hazap OifiM anyibiFa ayaapbiiaisl, ajl OKbITY/IBIH MAaKCATTaPhl MEH KYTINETiH
HOTHIKEINIEPIH KaJBIITACTBIPY Ke3iHAE CTYISHTTEPJIH HAKThI, OJIIICHETIH KAKETTUTIKTEpIHEH eCcKepyjaeH
Oacray kepek. JKocmapra OKBITYIBIH KYTIJIETIH HOTWIKENEPIH Kipri3e OTBIPHIN, OKBITYIIBl KYPCTHl HAKTHI
KoHe OIpbIHFall Kepyre, TOINTA JKallbl TYpHAE >KOHE Op CTyAEHTKE Hasap aynapyra, HaKThl aWTKaHa,
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KOWBUTIFaH HOTDKEICPAIH KOJ JKETIMILTITIH, SFHU )KYMBICTBIH THIMJIUTITIH OaKpuiayFa kemekTeceai. CTyaeHT
yIIiH OyJI, eH alIbIMeH, OKyFa JIeTeH caHallbl KO3KapacThl KallbIITACTHIPY, TAHBIMHBIH OCJICEH/I MpOIeciHe
TapTy OHE 63 OUTIMI YIIIiH jKayanKepIIiIiKTi KaObiiay 0ok Tadbmanst [5].

OKBITYyIIBl QNABIHAA KeJeci ecem Typansl: cabaKThIH OapbIChIHAA MIEOEpIiK-CHIHBIOBIH KOPCETil,
KOMMYHHKAIUsl Kypasbl PETiHIE IIeTeNn TUTH KOJJaHyblHa OUTIM anyIibUIapAblH  KbI3bIFYIIBUIBIFBIH
apTTHIPY, KAPBITHUIBICTAHY-FRIIBIMU TIOHJICP MEH IIETEI TUTIHIH MHTETPAIUACHIH MAKCHMAIJIBI TYPJIE THIM/I
yitbimaacteipy. CLIL TeXHONOTHSCHIH KOJAaHY apKbUIbl cabaKThl OKBITYIBIH Ma3MYHBIHA Kapai opTypii
TOCUIMEH KYpacThIpyFa OoJa bl

CLIL TexHOJOTHSICHIH KONJAHYBIMEH OKBITY/bl YHBIMIACTBIPY YIIIIH KEJleCi epeKIIeNiKTepi eCKepreH
KOH:

— OKBITBUIATHIH IIOH OOWBIHINA TarcelpMajiap aHa TuliHzeri Oap OimimaepaeH Oip JeHreiire TeMeH
00IyBI Kepek;

— CLIL oficiH KOJIaHBIIATHIH OKBITYIIBI ©31HIH KOCION OLTIKTUIITIH YHEMI )KOFapbUIATYHI THIC,

— OKy MaTepHalbIHBIH (OpPMachl OKBITHUIATHIH MOHJICPMEH KOPHEKITIK, KON YKETIMJIIIK, KOHTEKCTIK
OaliiaHpIC TPUHIIUTITEPIHE COMKEC OOITYBI KEPEK;

— Oararyay KpUTepHILIepi )KeTUIIpYi THiC.

JKymricta aBTopnap yceinran CLIL amictemeci Herizaepin Kapacteiprad [6]. Mbican peTinae dusznka
OOMBIHINA OKY KYPaJIApPbIH KYPACTHIPFaH KE3[Ie OCBI 9JIICTI JKYy3ere achblpy MYMKIHIIKTepPi MEH KYPBUIBIMBI
KepceTinai. JKapaTbuibicTaHy-MaTeMaTHKa OaFbITBIHIA OKBITY YIIIH OKY Kypaljapbl, YKcac OKYJBIKTap
KYPacThIpy KaXKETTLIIr Typaibl alTBUIIIBL.

CLIL TexHONOTHSACH TEK aFbUIIIBIH TUTIHAE ceiuney nerenpi Oinmipmeiini. CLIL omicreMeciH yakbIT
OoiibIHIIA JKY3€ere achIpy YIIiH YII Herisri moaeni Oap (1-kecte) [7].

l-xecTe
CLIL TexHOJIOTHSICHIH YaKbIT 00iibIHIIIA KYy3ere acbIpy Mojesbaepi
CabakTbIH OapbICHIHIAFBI
VYakpbIT apanbIFbl Ma3myHbI
CLIL makcaTtsl K P ¥
«Kymcak» CLIL AFBUIILIBIH TiTIH/E TeK MOHHIH
Tingik Marepuanabsl KeHeWTy | AnrackiHa Oip per 50 MUHYT | KeHOIp TakpIpBIITaphI
OKBITBIIAIBL.
. AFBUIIIBIH TiTIHIE MOAYIbIC
Monynbpaik OKBITY Cemectpae 30 carar . A HYIBACP
KEIICHI OKBITHIIAIBL.
«Katrs» CLIL —ano -
. [TonniH 90% Aepik aFrbUTIIBEIH
TonbIK YHITY Cemectpae 40 carar

TUTIHAE OKBITBIIAIEL.

CLIL opmicTeMeciMeH OKBITBUIATBIH JKAPATBUIBICTAHY-FBIJIBIMH TIOH OOWBIHINA WHTErpaIfsIaHFaH
cabakTapaa TaiganaHbUIATBIH TPAMMATHKAIBIK MaTepHal JKaJIbl JKOHE KOCIOM IIeTen TilMi KypcTapbiHa
aitapiplkTaii Memiepse coiikec 0omysl kepek. CTylIEHTTEp aFbUIIIBIH TiTiHIH 0a3aliblK IpaMMAaTHKACHIH
MEHrepyiH, SFHU cabakThl JKOHE BIPHIKCHI3 ETICTEPIH HETI3rl YaKbIT TONTApPbIH, ChIH €CiMIl KOHE
YCTeyNepIiH CaBICTBIPY IopeKeepiH, eTICTIKTIH KaJIKbl eMec popManapbiH xKoHe T.0. OlTyi THic.

CoHbIMEH, OYJI TEXHOJIOTHS KAKChl MEPCIICKTHBara We eKeHIH aram eTyre Oojalbl, OipaKk OHBI KEeH
OKBITYIIBUIBIK, TPAKTUKAFa SHTI3y YIIiH KeHOip AOCTYPIIl KOHICTIUSIIAP/IbI )KOHE apHANBI TIOHEp MEH IeTe
TIJIH OKBITYFa KO3KapacThl KaliTa KapacThIpy KaxkeT.

Anmnaiina, CLIL Tocinin KonmgaHyaa Keneci Mmacenenep oap:

— apHaiibl IOHJIEP OKBITYIIBUIAPBIHBIH TUIIK JABIHIBIFBIHBIH XKETKUTIKCI3IIr;

—xorapel MekTen yuriH CLIL aeMeHTTepiH KONIaHy IbIH TOJBIK dJliCTEMENIK 93ipiIeMeciHiH 00IMayhI;

— tingik emec KOO cTyaeHTTepiHIH 0a3abIK TULMIK JalbIHIBIFBIHBIH 9JICI3IrL;

—IIeTeN TUTIHAETT OKy MaTepUaJapblH KOJJaHYBIMEH OKBITYJAa CTYIEHTTEP BIHTACHIHBIH TOMEH
JIEHTEHI;

— CLIL snemMeHTTepiH MaligananyFa JereH OKbITYLIBUIAPAbIH KbI3bIFyIIBUIBIFBIHBIH TOMEH ACHICHi.

Tleoazoeuxanviy mascipube

Axagemuk E.A. bexeroB artbiHmarel Kaparangpl MeMIIEKETTIK YHHBEPCHUTETIHIE WIETEN TiAepi
MaMaHJapAbl JAaspiayablH OyKim OaFbITTapbhlHAA, COHBIH IMIHAE CTYACHT-(QU3UKTEpre A€ OKBITHUIAJIBI.
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Temenne 5B011000-Ousznka MamaHAbFbl OOWBIHINA IIETEN TUTIHIE >KapaTbUIBICTAHY-FBUIBIMH TOHAEPIL
okbITyna CLIL TeXHOIOTHSICHIH XKY3€ere achlpy TOKiprOeci YCHIHBLUIFaH.

«Computer methods in Physics» sxone «Nuclear physics» Tannay 6oiibama nouaepai okeity @OK-400
/s (11 crynment, xazak Oemnimi) xone ®OP-401 n/s (3 cryneHt, opeic Oemimi) kenrtinai TonTapsiaaa CLIL
o/licTeMeciH KOJIJAHYBIMEH JKYPri3upii. By eki ToH aFpUIIbIH TUTIHAEC OKBITBUIIBI. AFBUIIIBIH Tifi
JUHTBUCTUKANBIK €MeC TIOHJI MEHrepyre apHalFaH Kypall peTiHAe TaiJalaHblIIbl, COHIBIKTAH
konmaneuran CLIL omicTemeci mieren TimfepiH KapamabIM CTaHIAPTTHI OKBITYAaH oeKaina KypIemi.
[lonnmepain TaHmayel Oonamrak MyFamiMaepli Jaspiayla MaHbI3Ibl PeJl aTKapaTblH OediHal ToHIep
OonybIMeH mapTTanrad. by moHAepAi MOHAIK-TUTAIK MHTETPAIUAIAHFAH OKBITY 9/iCTEMECIHIH KOMEeriMeH
OKBITYIBIH HET'13Ti MiHJETTEpi Kelleciiei Oomamb:

— J)KOFaphl JICHIeUIeT] OlIay aFIbIIapbiH 1aMbITY;

— aFBUIIIBIH TIJIIH MEHrepy JACHICHiH apTThIPY.

«Computer methods in Physics» xone «Nuclear physics» moHAepiHIH OKy OaFmapiiamachl asChIHZIA
aFBUIIIIBIH TUTIH/AE TarchlpManap MEH KaTTBHIFYJapIIbIH JKyHecl KypacThpbuiraH. JKaTTeIFynap xyiieci exi
OnmoktaH KypbUiaael. bipiHmi ONOK KpICKa JKayanThl Tajam eTeTiH XarTeirynap ((popMynanapasiH,
KYOBUTBICTapABbIH JKOHE MPOLeCTepAiH OiyiH TEKCEpETiH cypakrap, TEpMUHICP/IH aHBIKTaMalaphl, KOPHEKi
MaTepHaIap/ibl TAIJayFa HETi3/IeNITeH XKATThIFYIap jkoHe T.0.). EKiHII OJIOK TOJBIK jKayarThl TaJlall €TeTiH
cypakrap (ambIK CypakTapiaH KYpBUIATBIH JKAaTTBIFyJap). TamnchlpManapiblH KOIIIUIiri CTyJeHTTEepIiH
olijlay JaFibUIapbIH JAMBITYFa OarbITTaliFaH, ©3 OeTIMEH OpBIHJANATBHIH J>KYMBICTapFa epeKile Hazap
ayJapbiiabl.

CLIL TexHONOTUsACH KOMETriMeH cal0aKThl OpTYPJi TOCIIMEH, SIFHM TaKbIPHI Ma3MYHBIHA Kapai
KypacTeipyra O0onaapl. OKBITYIIBIFa cadaKTapabl Kocnapiayna KOMEKTECeTiH Keneciael carbuiapapl Oetin
KepceTyre 60a bl

TakpIpbil  OOWBIHINIA JIEKCHKAHBI TaHJAIl, TAJIKbUIAyFa KaXETTI aHBIKTAIFaH TI'PaMMATHKAIIBIK
KYpbUIBIMAApABl TaHjay KaxeT. Cabakra KOJIIAHBUIATHIH SPTYPIIl KYMbIC (hopMaliapblH, OKBITY TOCUIAepiH
KoJnany kepek [8-10].

Temenne CLIL TeXHOJIOTHACHI asgChIHIA cabaK YIrici yKoHe KOJJAAaHbUIFaH TallChIpMaliap MbICAJIIaphl
KEJTIpiIreH.

Tanvicy. CryneHTTepre arbUIIIBIH TUTIHAE allbIK CYPaKTap apKbUIbl TaKBIPHIIIKA Kipicre xacay.
CoHnbIMeH Oipre keIl xaya0bl 0ap cypakTap KO0, IIBIH / aKUKAT CYpPaKTap/ibl KOO JKoHE T.0.

Vocabulary. Mpicanbl, TakbIpBINTHIH TEPMUHAEPIH YII TUAIK CO3MIKIEH TaHBICTBIPBIN, KIITTIK
CO3JIEpiHIH CHHOHUM CO3JepiH arbpUILBbIH Tinge Oepyni ycbiHy. KeHiH OKBITYyIIBI TepMuUHIEpTe
TYCiHiKTeMenep Oepyi Tuic.

Question Loop activity. Byn oWbIHIa TON CTYACHTTEpiHE apHaibl KapTouKaiap TapaTbuUIajibl,
KapTOUYKaHBIH Oip OETiHIIE CTYNEHTTIH 0acKa TONTacTaphlHA KOWBUIATHIH CYparbl, al 0acka OCTiHJEe e3rele
CYPaKThIH kayaObl xa3biiajsl. OWBIHHBIH 0acklHAa OIp CTYAEHT 63 CyparblH OKH Oacraiinel. Keitin Oy
CYPAaKThIH JypbIC ayaObIH ©3iHiH KapTOYKACBIHAA TalKaH 0acka TOI CTYJIEHTI KapTOYKaHBI ayJaphblll, e3
CYpaFblH OKHM OacTaiipl, COWTIN OWBIH opi Kapail >kanracangsl. Ocbutaiiiua, OapiblK TON CTYACHTTEpl 3
CYpaKTapbIH OKBIII, KayanTap aHbIKTanaasl. Kerin oibIHAa TI30€K asKTabII, UK CYPaKThl O1piHILI OKBIFaH
CTY/ICHTKE Opanajpl.

«Grab it!». byn OWBIH TONTHIK >KYMBIC VIIIH apHayiFaH. MpIcaibl, OWBIH YLIH 4—5 CTyIeHTTepIcH
KypbutaTblH 4 Kimi tonmrTap Kypbuiaabl. OKBITYIIBI ajjblH-ajia Cca0aKThIH TaKbIPhIObl OOMBIHIIA
aHbIKTaMajapbl Oap 4 MOTIH JXKoHE oJaH Oejiek Oyl MOTIHIAEpIE KE3IeCeTiH TepMHUHIAEPl Ka3bLIFaH
KapTodKanap/bl JalbiHAaiapl. OKBITYIIBl CTYJEHTTEpre KapTodykanap (MbICaibl, opoip Tomka 12 TepMuH)
Tapataapl. Tonrapaan Oip-OipaeH cnukeprieplieH TaHAanaabl. Tonrap Ke3ek-Ke3eKneH oiHaiapl. Crukep
MOTIHAI AaybICTal OKyZIbl Oacraiinpl. byn ke3me TONTHIH CTyIEHTTEpi MOTIHHEH €CTireH TepMUHAEPIl
TapaThlIFaH KapTOUYKAJIApJaH Kapbica T€3 TaybIll, OJiapibl IIan Oepin ycTaiapl. OpOip TOM KeNIoacubIChl
KO KapTouKaJapAbl *KUHAFaH CTYyIEHT OOJIBIN caHasa bl

«True or falsey. OKpITYIIBI CTYICHTTEPre cadaK TaKbIPbIObI OOMBIHIIA TYXKBIPHIMAAMasap *Ka3bUIFaH
KecTe TapaTaibl. (KecTe 2).
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2-KecTe

«True or false» ic-opekerTijik

ANSWER (TRUE /FALSE)
Ne THE STATEMENT o

Crynentrep OepilireH TYXbIpbIMJaMalap/blH IIBIH HEMece JKaJlfaH €KeHiH aHBIKTall, OFaH COUKecTi
Oenri a3y kKepek. OKBITYIIBI CTYJSHTTEP/IH OPBIHJAIFaH TalCHIPMAHBIH JYPBICTHIFBIH TEKCepy YIIiH,
oJlapJiaH JKayamnTap/Abl Cypar, COJ KayanTapJblH JYPBICTBIFBIH JANCIACHTIH ceOen He NN/l aFbUIIIBIH
TiJiHIE Oepyi cypaupbl.

«Reading activityy. MoTiHAl ca0aKTBIH OPTAIBIK SIPOCHl PETiHIE KONJaHyFa OoNaibl. YaKbITTHIH
mekreyni OonmybiHa OaimaHbICTBI Oynl MOTiHHIH Oip Oemiri O6omybsl MyMKiH. OKBITYIIBI HHTEPAaKTHBTIK
TaKTajga HEMece apHailbl KapToyKaiap/Aa J>Xa3bUIFaH Ca0aKThIH TaKbIPBIOBI OOWBIHIIIA MOTIHII Oeperi.
MorTiHHIH imIiHAe Kebip 0oc OpbIHAAp KaaAbIpbUIafbl. MOTIHHIH TOMEHI1 »KaFblHIa OOC OpBIHAApFa
KoHbUIaThiH cesnep Oepineni. TamceipMa OoifbiHIIA cTyaeHTTep Oyn ce3mepii MoTiHaeri 0oc opbIHAApFa
IYPBIC COMKECTEHAIPIN a3y Kepek.

Busyanuzayus xypandapvin xonoamny (betineponuxmepoi kepy). EH amnpiMeH, MyHna OeiTaHbic
JIEKCUKAIBIK OipIikTep/i (ce3nepai) KbUlmaM TYCIHYJI KaMTaMachl3 €Ty YIIiH KOpHEeKi Kypajjiap peTiHle
KOJITAHBUTATBIH HAKThI OOBEKTiNEep jkaTaasl. JKbUIIAMIBIK TIEH OHAWIBUIBIKTAH 0acka, 3aTThl Kepy
MYMKIHJITT OChI YFBIMJIBI €CTE€ CaKTayFa OH dcep eTeJll JKOHE KeJeci caThlia OChl TEPMHHOJIOTHSHBI
naiagaHa OTHIPBII MYMKIH 0OJIaThIH MACENeIeP/Ii KOS IbI.

MynbpTUMeIna KYpaJiaphbl HETi3Ti JISKCUKAaMEH aJlfIbIH ajia TAHBICY YIIiH Ji¢ MaiIalaHbluTybl MYMKIH.

CoHBIMEH KaTap, MYJIbTHMEIUSUIBIK KYpalJapabl IYPHIC TaiganaHa OuTy ONapIblH KOJJaHBUTYBIH
KEHEHTyre JXoHE OJapliblH KOMETiMEH Ke3 KeNTeH CYPaKThl TOINTa TalKbLIayJbl HeMece MiKipTamacThl
yiieIMaacTeIpyFa MYMKIHIOIK Oepemi. Mplcanbl, KbpIcKa Kipicmeni OeHHEpONUKTI KepyleH KediH Oimim
aNyIIbIIapFa TarceipManap/sl oepyre 6onazpl. Tanceipmanap Meicaiaaphl 3-KecTe e KeaTipiireH.

3-kecTe
KbicKa 0eiiHepOoTUKTEepMeH KYMBIC iCTey MbICAJIBI
Makcats! Tanceipma
— ca0aKThIH TaKbIPHIObIHA KBI3BIFYITBUIBIKTEI OSTY; Beiineponukri KopiHi3.
— [I0H 60ﬁblHH.Ia 61J'I1MI[1 aHBIKTay‘ BeﬁHepOJ‘II/IKTe KOPCCTUII'CH 3aTThl HEMECC (1)I/I3I/IKaJ'ILIK
b

KYOBUIBIC (TTPOILIECT) aTaHbI3.
AHBIKTaMaHbl aUTBIHBI3.

— TEPMHUHOJIOTHS XKOHE TIOHIK Ma3MyHbI OOMbIHIIA; | MU a0ybUIbI (TONICH KYMBIC).
OinimMziepiH 6ap / KOFBIH aHBIKTAY; Takrajma CTyAEHTTEpIiH JKayanTapblHAH aJIbIHFaH

— CTYJEHTTep/li MOTIHHEH aKIapar ajyFa faifpiagay | 1Y CHHIKTCP KAPTACKIH KypacTeIpy.

— TiJI OOWBIHINA OLTIMJTI AaHBIKTAY

Meicainbl, cTyJeHTTep ca0aKThIH HETi31 0iibl HeMece TaKbIPBIObI Typajibl OEHHEPOIMK Kepei (MbIcabl,
YouTube xanansiHan). beliHeponuk Ke3iHae CTyAeHTTEp TYCIHOETeH co3AepIi JKa3blll allabl, COHBIHAA OJap
OKBITYIIbIFA CYpakTap KOWBIN, COHJIaH-aKk OeWHEpONMKTEri OKy aklapaThl apKbUIbl OW MiKipJepiH
KOPBITHIH/IbLTANTBI.

«Domino game activityy. CTyIeHTTEp €Ki mapak >KOJaKTapbhlH Oip-OipiMeH Kocanbl. Oplip mapak
JKOJIAFbIH/IA Oip celiyieMHiH Oeiri jka3bliajibl. MarblHaFa e COMIEM I alTy MaKcaThIHIA CTYACHTTEP Mapak
KOJAaKTapbIH 01p-0ipiMeH CoHKeCTEeHIIpIN KOCY Kepek.

Humepaxmuemi euxmopuna. OKpITymIBl OipHeIIe Kayanl HYCKamapbl Oap cypakTaplaH KypajlaTblH
BUKTOPHHA OWBIHIBI YHBIMIACTHIpabl. OpOip CTYACHTTEp TOOBI MYPBIC JKayan TaHAAy VIIH aHBIKTAJIFaH
yakpITKa re Oonaapl. COHIOBIKTAH JKayan Oepy yaKbIThbIHA JKOHE OepreH JyphIC jkayarnTapra OaliaHbICTHI
TomTap yranmapaer xKuHanasr [11].

Kecmenepoi, cynoanapowi, areopummoepoi, (petimoepoi Kypy.
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CrynenrrepAiH HazapelH Oenrimi Oip rpamMmarukanblk QopMara Hemece (YHKIMOHAIIBIK Tiire
KaThICTH (ppazayapra aymapy YIIiH KecTellep MeH cyibanapabl Koijianyra Oonaabl. Onmap akmapaTrThl
BU3yaJIM3alMsUIayFa JKoHe XKyllenenaipyre keMmekreceni. Kecre HaKThl MpIcaapiaH KypbUIybl THIC, SIFHH
CTYICHT COMJIEMHIH KYPBUIBIMBIH TYCiHY >KOHE OHBI KEeWiHHEH OacKa KOHTEKCTe KOJJIaHy YIUiH KaKeTTi
XKanmbuiaynap Oepinyi Tic. 4-KecTejie MbIcall YIIiH bIPBIKCHI3 eTic (Passive Voice) cynida Typinae OepinreH.

4-xecTe
Ocbl IIAKTaFbI BIPBIKCHI3 €Tic
WHAT (to be) ACTION (V3) WHOM/WHAT
diffusion is described b a second order differential equation
the nucleus was surrounded y 7 more orbiting electrons
studies of nuclear spin were carried out Franco Rasetti

Pedrekcus sxoHe cabak KOPHITHIHIBICHIH JKacay.

CemecTp COHBIHAA CTYACHTTEPre TONTHIK KYMBIC PETiHIE *00a TalChIPMAChlH OPBIHAAYIBI YCBIHYFa
Oonanpl. CTyIEHTTEpre HaKThl TAaKbIPHIITap OOMBIHIIA MUHH-K00A JaiibIHIal, KOprayra YChIHbUIANbL. EH
COHFBI cabaKTa CTyJICHTTED 63/IepiHiH MUHI-)K00aIapblHa MTPE3CHTAIINS JKACAKTIBI.

biniM anymbuiapasiH KaHaraTTaHybl. CTyI€HTTep/IiH KaHaFaTTaHyIIbUIBIFBl eMTUXaHJap asKTalFaHHAH
KeWiH CeMecTp COHpIHJAA cayallHaMaHBIH KeMeriMeH OaranmaHibl. byn cayanHama exi Herisri OemiMHeH
TYpaThIH CypakTapiaH Kypsulael. CayamHaMmaHbIH OipiHIni OeliMi aFbUIIIBIH TUTIH MEHIepyi Typaibl Kehoip
aKmapaT aiyra; ajl eKiHmn OeJsliMi CTyJIeHTTEpIiH OKBITY TaKipHOeCIMEH KaHaraTTaHyblH Oaranayra
apHairaH. JKorapblia aTajnFaH €Ki TONTHIH OYKUI CTyAEHTTepl cayaiHamara KaThICTBL. S-KecTele eKiHII
OJIOKKa CHTI31IreH MaHbI3/Ibl CypaKTap OOWBIHINA ATBIHFAH HOTHKEIEP KUHAKTAIFaH.

5-kecrTe
CTyaeHTTepAiH KaHAFATTAHY HOTHKeIepi
Cypakrap
YKeHin Kubin emec Kubin OTe KUbIH
Ci3miH OHBIHBI3INA, AFLUIIIBIH
TiTIHJE KYPTi3iireH cabakrap 19% 76% 5% 0%
KaHaai 00y1ab1?
Kypcrapnpiy Ma3myHBIHA Ka- Ko
YPCTapIIbIH ¥ K Ho, TeXHUKATIBIK Tex N
HaraTTaHachI3 0a? Tek arpUTITIBIH TEXHUKAJIBIK
JKOHE aFbUIIIBIH TEXHUKAJIBIK
Ma3MYHBIMEH | YKOHE aFbUIIIbIH
Ma3MYHBIMEH Ma3MYHBIMEH
Ma3MYHBIMEH
100% 0 % 0 % 0 %
Ci3 arpUILIBIH TUIIHAE OKbLIa- Us Kok Binmeiimin
THIH 6acKa KypcTapbhiHa Oaprhl-
ypetapriia bap 80 % 20 % 0%
HBI3 KeTie Me?

Kecrenen kepinerinmeli, crynentrepaiy CLIL ToxipubeciMeH KaHaraTTaHybl OHTAWUIIBI JIETT CaHayFa
Ooazpl, cebedi omapapiH 95% arFbUIIIBIH TUTIHIETI cabakTapbl «okeHU (19%) Hemece «kubIH emecy (76%)
nen skayarn Oepui. ConbiMeH Oipre crymeHtrepiid 100% cabGakTapablH TEXHUKAIBIK JKOHE AaFbUIIIBIH
Ma3MyHbIMEH KaHararTtanraH. COHbIMEH Katap, 80% arbUIIIBIH TiMIHIACTI 0acka KypcTapblHa KaThICyFa
KBI3BIFYIIBUTBIK TAHBITTHL.

Cmydenmmepoi Oazanay npoyedypacel meH 6Oasanay xpumepuiliepi. ToOMEHIETT KeNTipiUIreHaepaiH
OpPKANCBICH KOPBITHIH/IBI OaFaHbl ayFa YJACCiH KOCAIbI:

1. Cuinvinmazer cmyodenmmepoiy sicymoicoin 6azanay (10%): cTyneHTTEp TUSHAKTBI, KbI3BIFYIIBLUIBIK
Olnaipeni »oHe cabaKThIH OapbIChIHAA OEICEHIUIK TaHBITa[bl. AJ TONTHIK JKyMbICTa ojiap Oipirim, Oip-
OipiHe Koyjjay KepceTei.

2. XKymwvic danmepi (10% ): cTyaeHTTep KYHIEINIKTI TarchlpManapAbl OpbIHAANRABI, Yiie KYMBICTapbIH
TOJIBIK, ASTKTAT, KaIIbLUIAN B, KOPBITBIHIIBI )Kacaibl, CO3/I1H AYPHIC KA3BUTYbIH ECKEPE/Ii.
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3. 3epmxananvix sicymoic (30%). byn O6eniM exi aciekTi OolibrHma OaranmaHanbl: skcriepuMeHT (10 %)
— OpBIHAANYBI, HOTIKE amybl, ecen Oepy (10%) — cryneHtTep opOip 3epTXaHAIBIK KYMBICTHI
OpBIHJIaFaHHAH KeHiH ecem Oepeli, ecen Oepyre 3epTXaHANBIK JKYMBICTBIH MaKCaTbhl, Kypan-KaOIbIKTaphl,
OpBIHAATY TOpTiOl, HOTHKENIEP MEeH OaKpUIayNap, KOPHITHIHIB MEH rpaduKTep Kipeli, aybi3iia Ipe3eHTaus
xacay (10 %) — axnapaTTsl XKHWHAY, TYCIHJIPY, TPAMMAaTHKA, CO3/IIK KOp JKOHE coley.

4. Munusicoba xopzaay. (10%).

5. Tecminey (40%). OpOip cabakTeIH COHBIHZA TeCTiNey >Kyprisiremi. byn xarmaiima Tect
CypakTapblHa FBUIBIMH CO3JIK €Hri3y Kepek. TecTiyiey JieKCHKa-rpaMMaTHKAaJIbIK TeCT OOJBIT TaObLIabl,
OFaH TIOHJIK cayia OOWBIHIIA TEPMUHOJIOTHUS KHUBIHTHIFBI, KOJIJJAHBUIATHIH TPAMMATHKAa MEeH (DYHKITHOHATIBIK
TIJJII TEKCEepyTe apHallFaH TarchlpMaap xoHe T.0. Kipei.

¥YChIHBUIFAH TMOHAIK-TUNOIK WHTETpallMsUIaHFaH OKBITY HOTIDKesepiH Oaramay okyideci CLIL
OKBITYIIBIHBIH KYMBICHIH KEHUIETYlI MYMKiH.

[lemarorukanblk SKCHEPUMEHTTI JKYprizy keneci HoTwxkenepai kepcerti: CLIL TexHOIOTHSCHI
KOMETIMEeH >KapaThUIBICTaHy-FBUIBIMU TIOHIEPAI OKBITY OapbIChiHIA (DU3UKA-TEXHUKAIBIK (aKyIbTEeTTiH 4-
KypC CTYACHTTEPiHiH HIeTeN TNl KoCiON-KOMMYHHKATHUBTIK KY3BIPETTUTITHIH KaJbINTacy NESHIeHiH coiey
ic-opeKeTiHiH OapibIK yII TYpi (ceiyiey, THIHIAILIM XOHE OKYy) OoibiHIIA apTThl. CTyAEHTTEp aFbUIIIBIH
TUTIH/IE TEPMHHOJIOTUSHBI MEHTEpy/le, TalChlpMaIapMeH JKYMBIC iCTey OapbIChIHAA YIIKEH KbI3BIFYIIBLIBIK
TaHBITTHI, ce0e01 OYIT oyap el ToH OOMBIHINA OUTIMACPAl TEPEHIETYTE BIKIAI THUT13]1I1.

bonamiak MyframiMaepaiH IIeTeN TN KOCIOM-KOMMYHWUKATHBTI KY3BIPETTUTIKTI KAIBIITACTHIPY
3aMaHayH IIeTell Tl OuTiM OepyIliH Heri3ri MakcaThl OOJIBINT TaObUTAABl. OWTKEHI ImeTen Tl Kociou-
KOMMYHHKATUBTI KY3BIPETTITIIK MYFaTiMHIH >KaJIbl KY3BIPETTUIITiHIH MaHBI3IBl KYpayLIbICHl OOJBIM, ©3
KE3eKTi OoJaliakTa MoJICHUET-apalibIK KOCiOU e3apa opeKeTTecyre JalbIHIal bl

CLIL TexHONOTHACHI Ke3 KenreH OiTiM Oepy TEXHOJNOTHSCH CHSIKTBI apTHIKIIBUIBIKTAD MEH
KEeMILJTIKTepre ue. bepiireH TexXHONOTWSHBIH OHTAMIBI COTi IIeTeN TUIAI MEHIrepyre BIHTACHIH apTTBIPY
0O0JIBITT TAOBUTABI, OYJI MakcaTThl OaFrbITTANIFAH TYpre alHallajbl, SFHH IIETEN TUIi HAKTHl eCenTep MEH
MIiHIETTEp/Il IIENIy/ie KOJIaHbUIa . bepilireH TeXHOJIOTUSIHBI KOJNJIAaHy HOTIDKECIHJIE CTYICHTTEp KOciOn
KOHTEKCTi/Ie IIeTeN TUTiHIe KOMMYHHUKAIMSIFa KaThICy YIIiH JalbIHIBIKKA Kol Ha3ap ayaapraH. CoHza onap
©3/IepiHiH cajanapbiHaa Kebipek cypaHbICKa ue 0oapl.

bepinren CLIL TeXHONOTHSCHIH €HTi3y Ke3iHJle HAKThl KUBIHABIKTAp TYBIHIAybl MYMKiH. OJapiabiH
Oipeyi — TOHJII OKBITATBIH OKBITYIIBIHBIH MIETENl TiJIH JKETKUIIKTI eMec neHreiine Oumryi. bepinren
MOCEJICHIH IIeIIiMi OKBITYIIBIHBIH IIETeN TIiHIH MyFajiMiMeH Oipirin JaibIHaamyb.

Kopuvimuinosi

Makanana E.A. BexeroB arbianarel Kaparanjasl MEMIIEKETTIK YHUBEPCUTETIHIH (DU3UKA-TEXHUKAIBIK
¢dakynpTeTiHAe KomTinai OimiM Oepy >k00achlH Ky3ere achlpyJarbl HETI3r1 HOTHXKEJep KOpPCEeTUIreH.
Conbiven, Mmakamaza CLIL TexXHONOTHSCHI KOMETIMEH arbUINIBIH TLUTIHAE >KapaTbUIBICTAHY-FBUTBIMH
MIOHZEP/Ii OKBITYIbI YHBIMIACTBIPY epeKienikTepi KapacTolpbuira. CLIL-TeXHONMOTHsICBIHBIH KOJIaHybIMEH
OKBITYBIH OiC-TCIl KETKUTKTI THiMII Oomnbin TaObutanpl. Cebebl OKBITYHIBl OYKIJI OKBITY TaJlalTapbiH
€CKepe OTHIPHIIN, 63 OeTiMeH TIIIK KOHTEHTIH ipikTen, OiniM Oepy mpoueciHiH 0apibIK KaThICYIIbIIAPbIHBIH
WHTerpanysiay jaopexecin anblkraiinel. CLIL TeXHONOTHSACHIH KONJIaHYBIMEH JKYPri3iuieTiH cabakrapia
OKBITYIIBI MEH CTYIEHTTEPiH THIMJi KYMBICHl CTYACHTTE IIETeN TiJAi KOCi0M — KOMMYHHKATHBTI
KY3BIPETTUTIKTIH KaKETTI JEHrediH KaJbINTacTBIPYFa, >KAIIBl FBUIBIMUA OUTIMIEp MEH iCKepIiKTepiHiH
JaMybIHa, OoJIalllaKk MaMaHIapIbl MOJICHUETAPANIBIK 03apa OpeKeTTeCyre AaspiayFra bIKIaJl TUT13e/Ii.
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K.T. Kambaposa, A K. Tycyn6ekoa

Ocobennoctn ucnouan3opanusi CLIL noaxoga B 00yuyeHHH eCTeCTBEHHOHAYYHBIM
AUCHMILIMHAM B PAMKAaX peajJM3aliy NoJHA3bIYHOro 00pa3oBaHus CTYACHTOB

SI3pIkOBOE  00pa3oBaHME Uepe3 M3YYEHHE S3BIKOBBIX JUCHUIUIMH M IIPENOAaBaHHE MaTeMaTHYECKHX
W €CTECTBEHHOHAYYHBIX IWUCIMIUIMH Ha HWHOCTPAHHOM SI3BIKC SIBISIETCS OCHOBHBIM  MEXaHH3MOM
MIPaKTHYIECKOH peann3anuy MoJusI3bMHOro obpasoBanus B PecryOnuke Kasaxcran. B cratbe mpencrasien
omnbiT peamusauuu CLIL TexHosornu B 0OyYeHMHM €CTECTBEHHOHAYYHBIM IHUCLHMILIMHAM Ha (HU3UKO-
TexHnueckoM  (akynpTere  KaparaHguHCKOTo  rocyJapCTBEHHOTO — YHHUBEPCUTETa  HM. aKaJeMHKa
E.A. BykeroBa. HccnenoBano Bnusinne meroqauku «Content and language integrated learning» (CLIL) Ha
o0yueHne CTyIeHTOB 4-ro Kypca (U3HKO-TEXHHUECKOro (akysbTeTa, 00yJaroluxcs o o0pa3oBaTenbHO
nporpamme 5B011000 — «@usuka» npu IpenojaBaHUM AUCHUIUIMH IO BBHIOOPY IO CHEHHATBHOCTU
«Computer methods in Physics» u «Nuclear physics». O0600meHsl HpeuMyIIecTBa U HEAOCTATKH
ucnons3oBanus CLIL texHonoruu. B kagectBe npumepa peanuzanuu CLIL MeToauky NpuBeCHbI TUIIBL 3a-
JaHui. B XoJe menarorndeckoro MCCiIeIoBaHHS M3ydeHBI OCHOBHBIE cpeicTBa M (opMbl KOHTpos. IIpen-
CTaBJICHBl TIPOIleAypa M KPUTEPUH OLECHKH CTYICHTOB. B 3aKiIio4eHMM CTaTbM IOJBEIECHBI UTOTH
MeJarOTHYECKOro uccnenoBanus U pesynbrarsl. [Ipumenenne meronuku CLIL B yyeGHOM mporiecce MoBbI-
IaeT MOTHBAIMIO OOYyJaIOIIUXCSl K OBJIAJCHUIO AHTJIMHCKUM SI3bIKOM M, B CBOIO OYepe/lb, IIOMOraeT o0y-
YaIOIMIUM TIPH JaJbHEHIIEM OBIaA€HUN 3HAHUAMHU U NPHUMEHEHUH MOIy4EeHHBIX 3HaHUU B Oymymiei mpodec-
cuonanbsHo# cdepe. Texuonorust CLIL siBasieTcst BaXKHBIM HHCTPYMEHTOM [UISl CTHMYJIMPOBAHHS CTYICHTOB K
H3y9YEHHIO HE TOJIBKO HHOCTPAHHOTO SI3bIKA, HO U JPYTUX CHENUAIbHBIX AUCIUILIIHH.

Knrouegvie cnosa: OpEeAMETHO-A3BIKOBOC HHTCTPUPOBAHHOC O6y‘{eHI/Ie, TEXHOJIOIUA CLIL, MCTOO0JIOTHA,
TIOJIUA3BIYHOC 06pa3038.HI/Ie, HpO(1)eCCI/IOHaJILHO-KOMMyHI/IKaTI/IBHaSI KOMIICTCHTHOCTDb, KDUTECPUHN OLICHKU.

Zh.T. Kambarova, A.K. Tussupbekova

Features of using CLIL approach in teaching natural scientific disciplines
in the framework of implementation of multilingual education of students

Language education through the study of language disciplines and the teaching of mathematical and natural
scientific disciplines in a foreign language is the main mechanism for the practical implementation of
multilingual education in The Republic of Kazakhstan. This article presents a experience of implementing
CLIL technology in teaching natural scientific disciplines at the faculty of physics and technology of
Karaganda State University named after academician Y.A. Buketov. The influence of the Content and
language integrated learning (CLIL) method on the learning the «Computer methods in Physics» and
«Nuclear physics» courses of choice by specialty by 4th-year students (the 5B011000-Physics educational
program) of the faculty of physics and technology is studied in the work. The article summarizes the
advantages and disadvantages of using CLIL technology. Types of tasks are given as an example of the
implementation of the CLIL method. During the pedagogical study, the basic means and forms of control
were examined.The procedure and criteria for evaluating students are presented. In conclusion of the article,
the results of pedagogical research was summarized. Using of the CLIL methodology in the educational
process increases the motivation of students to studying the English language and, in turn, helps students to

134 BecTHuk KaparaHgmHckoro yHusepcurteTa



CtyneHTTepre kenTingi 6inim 6epyai xysere acbipy...

further master the knowledge and apply the acquired knowledge in the future professional field. CLIL
technology is an important tool to stimulate students to learn not only a foreign language, but also other
special courses.

Keywords: Content and language integrated learning, CLIL technology, methodology, multilingual teaching,
foreign professional and communicative competence, criteria for evaluation.
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IIpyHIUNBI CHHEPIeTHKH B NMOAT0OTOBKE CIELHAJINCTOB
(pu3UKO-TeXHHUYECKOro npoduias

B cratbe paccMOTpeHBI BONIPOCHI UCIIOIb30BAHUSI OCHOBHBIX MPUHIUIIOB CHHEPTE€THKH B MOATOTOBKE CIle-
UANCTOB (PU3UKO-TEXHUUECKOTO MPO(GMIS NPH H3YYEHHH NUCHUILIHMHBI «Du3ndeckast >JIEKTPOHUKAY.
Pabora ocHOBaHa Ha MHOTOJIETHEM OIIBITE IIPEIOJaBaHMS aBTOPAaMM Ha3BaHHOI MUCIUIUIMHBI Ha Kadenpe
pamvoGU3NKH W DIEKTPOHMKH KaparanmmHCKOrO TOCYZapCTBEHHOTO YHUBEPCHUTETa WM. aKaJIeMHKa
E.A. bBykeroBa. [loka3aHo, 4TO CHCTEMa IIOIYIPOBOIHUKOBAS CTPYKTYpa + BHEIIHHI HCTOYHHK JJIEKTPHIe-
CKOI SHEpPTUM» MOXET PAacCMaTPHBATHCS KaK OTKPBITAash HEPAaBHOBECHAs TEPMOAMHAMHUYECKAs CHCTEMa,
B KOTOPOH MOTy4aroT pa3BUTHE KOOIEPATHUBHBIE MPOLECCH CTUXUHHONW caMOOPraHU3aIMU 33 CYET MOCTOSH-
HOTO OOMEHa 3Hepruel M BelecTBOM. IIpoaHan3upoBaHbl GU3MYECKue MPOLEcCh B OUMOIAPHBIX TPaH3U-
CTOpax B aKTUBHOM pE&XHME paboThl. IlyTeM kauecTBEHHOTO TEOPETHUECKOTO aHAIM3a YCTAaHOBIEHO, YTO
B pacCMaTpHBaeMOH CHUCTEME BO3ZHHMKAIOT B3aMMOCOJECHCTBYIOMINE CAMOOPTaHM3YIOIIUECS MPOLECCH], B pe-
3yJIbTaTe KOTOPBIX NMMPOUCXOJHUT CAMOIPOU3BOIBHOE MOHIKEHHE MOTEHIINAIBHOrO Oapbepa B 001acTé IMHUT-
TEpHOTO U TOBHIIMICHHE aHAJOTUYHOTO Oapbepa B 00JACTH KOJUIEKTOPHOTO IEPEX0/0B; HAOIIOaeTCsl caMo-
TIPOM3BOJIbHAS MH)KEKIINS HEOCHOBHBIX HOCHTENEeH 3apsina B 6a3y, B pe3yibTaTe 4ero IPOMCXOJUT CaMOIIpo-
M3BOJIGHOE YBEJMUYEHHE KOHIICHTPAU HEOCHOBHBIX HOCHTENEH 3aps/a B MPUTPAHIIHOM C IEPEXO0JIOM CII0e
6a3p1. CaMOIIPOM3BOJIBHBIN MEpeHOC HocuTeneil 3apsana depe3 0a3sy K KONIEKTOPY BBI3BIBAET CAMOMPOU3-
BOJIbHOE TIOHM)KEHHE COMPOTHBICHUSI KONJIEKTOPHOTO Mepexoja JIO COMPOTHBIEHHS IMPSIMOCMEIIEHHOTO
SMUTTEPHOTO Tepexoaa M T.1. Bce mepeuncieHHble BBINIE MPOLECCH 00YCIOBIMBAIOT CaMOIIPOU3BOIBHOE
nepepacnpezieneHie HanpsHDKeHNsT NICTOUYHHMKA TTUTaHKs, B PE3yNIbTaTe Yero MOITHOCTh Ha BBIXO/E TPAH3UCTO-
pa HauMHAeT MPEBBIIATh MOIIHOCTH HAa €ro BXOJE, T.e. OMIOJSIPHBIA TpaH3UCTOp OyAeT yCHIMBAThH MOII-
HOCTb.

Kniouesvie cnosa: cuHepreTHKa, OTKPHITas CHCTEMa, MOIYIIPOBOAHUKOBASI CTPYKTYpa, OMIOJISIPHBIN TpaH3U-
CTOp, PEXKUMBI PAOOTHI, TCOPETUUECKUIT aHANN3, IPOLIECCH CAMOOPTaHU3aIHH.

OCHOBHBIMH KPUTEPHUSIMU YIEOHOM AESTEIBHOCTH BY30B SIBIISIOTCS KAUECTBEHHAs! TOrOTOBKA CIICIIHANIH-
CTOB, UX BOCTPEOOBAaHHOCTh W KOHKYPEHTOCIIOCOOHOCTh Ha phIHKE Tpyna. CTpeMUTETHHO MEHSIIOIIUICS MHD
CTaBUT Tiepe]] TOCYapCTBOM, OOIIECTBOM M BBICIIICH IIKOJIOW 3a/1auu ee peopMHUpOBaHUS, CO3TaHUsI COBpe-
MEHHOW MHAYCcTpuH oOpasoBanus. [IpobiieMa OATOTOBKM CHEUUAINCTOB CEroJHA TpeOyeT KapAHHAIBHO HO-
BOM HAYYHO-TIEIarOTMYECKO OCHOBBI, UTO OTIPE/IEISIET €€ HEOOXOAMMOCTh M aKTyaIbHOCTb.

PasButHe coBpeMeHHOr0 00pa30BaHMs MOKHO OIMPEAETUTh KaK HEJMHEHHOE, YTO CBS3aHO B TOM YHCJIE
C COLMAILHO-9KOHOMHYECKUMH MPpeo0pa3oBaHUsAMH B cTpaHe. TpeGoBaHus 00IIecTBa K cUCTeME 00pa30BaHUsI
BKJIIOUAIOT B ce0s1 HECKOJIBKO aCMEKTOB, OCHOBHBIMU M3 KOTOPBIX SIBJISIFOTCS] YCUJIEHHE SKOJIOTHUECKOI cocTaB-
JSIFOIIEH 00pa30BaTeNIbHBIX MPOTPaMM, peau3alis TyMaHHTApHOTO KOMIIOHEHTa B €CTECTBEHHOHAYYHOM W
WH)KEHEPHOM 00pa30BaHuM, (OPMHUPOBAHNE COBPEMEHHON €CTECTBEHHOHAYYHOH KapTUHBI MUPA U PSIT IPYTHUX.
Bce nepeuncneHHble acliekThl HAXOAAT CBOE OTPAKEHHE B paMKaxX MEKAMCLUITIMHAPHOTO HAY4YHOTO HalpaBs-
JICHUSI — CUHEPreTUKH, KOTOpoe 0a3upyeTcs Ha pe3yibTarax UCCIeJOBaHUI B 00JIaCTH HEIMHEHHON TMHAMMU-
KH, TEPMOJMHAMHUKHA HEOOPATHMBIX TPOIECCOB, CTATHCTHYSCKOW (U3MKH, (QU3MKH JIA3epPOB, KauyeCTBECHHON
Teopuu uddepeHnInanbHbIX ypaBHeHuH U T.4. [1].

B Teuenue AOBOJIBHO HEMPOJOIKUTEIBHOIO BPEMEHH, MPOILEAIIEr0 ¢ MOMEHTAa CBOEr0 BO3HUKHOBE-
HUS, CHHEpreTHKa, KaK TeOpHsl HEPaBHOBECHBIX IPOIIECCOB, MPEBPAINACTCS BO BCEOOIIYIO0 TEOPUIO Pa3BU-
THS, UMEIOIIYI0 CEPhE3HbIE MHUPOBO33pEHUYECKHE MocnaeAcTBUA. CMBICT M COAEp)KaHUE 3TOM HOBOWM HHTe-
IpaJIbHON HAYKW COCTOHUT B TOM, YTO B OTKPBITBIX CHCTEMaX, 0OMEHUBAIOIINXCS C BHELIHEH CpeNoi SHepru-
eH, BelecTBOM M HMH(OpMAIKEH, BO3ZHUKAIOT MPOIECChl CTUXUHHOM camoopraHu3anuu. OHH MPUBOIAT K
BO3HHKHOBCHHIO M3 (PU3MYECKOTO Xaoca YCTOWYMBBLIX YIIOPSIOYECHHBIX MPOIIECCOB M CTPYKTYpP C HOBBIMHU
CBOWCTBaMHU CHUCTEM. JTO O0ILee onpeaesicHHe CIPaBEJIUBO JUIsl CHCTEM Jt000H mpupozbl. CHHepreTHka
M3y4aeT KOHKPETHBIE MPUHITUITB 1 MEXaHU3MbI CAMOCTPYKTYPHPOBAHHUS €CTECTBEHHBIX M TEXHUYECKUX CHC-
TeM. To eCTh OCHOBHOE BHIMaHHE OHA COCPENOTAYNBAET Ha KOOTIEPATHUBHBIX, KOTEPEHTHBIX M CAMOCOTIIACO-
BaHHBIX NPOIIECCAX, TPOUCXOASIIUX B CI0KHBIX HETMHEHHBIX CHCTEMAX.
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Boo01ie nmoHsiTie cucTeMsl SIBIAETCS Uil CHHEPreTUKU o0beauHstomuM. [Ipu atom, nomumo ¢opmu-
poBaHUs 00IIel CUCTEMHON KOHIICTIIIUM — CaMOOPTaHM3AIllMH, CHHEPTeTHKA YYUTHIBAET KOHKPETHOE, Ha-
npumep, pusrueckoe, coaepKaHue paccMaTpUBaeMBbIX SBJICHUH U mporieccoB [2]. Cpelu MHOXKECTBA OIpe-
JeTICHUH TIOHSTHE «CHCTEMa» MHOTHE HCCIIEAOBATENH BBIACISIOT KaK caMO€ ONTHMAIBHOE OIpelelieHHE,
chopmynupoBannoe [1.K. AnoxuabiM: «CHUcTeMON MOKHO Ha3BaTh TOJBKO TAKOW KOMILIEKC W30MPATEIbHO
BOBJICYCHHBIX KOMITOHEHTOB, Y KOTOPBIX B3aUMOJCHCTBHE W B3aMMOOTHOIICHHE MPUOOPETAIOT XapaKTep
B3aMMOCOJICHCTBUSI KOMIIOHEHTOB Ha MOJTydyeHHe (PUKCHPOBAHHOTO ITOJIE3HOTO pe3yabTaray [2].

B nacrosimee Bpemst o0menpru3HaHHBIMUA (DYHIaMEHTAILHBIMA CBOHCTBAMU CHHEPTETHUYECKUX CHUCTEM
SIBJITIOTCSL 00s13aTeIbHBIA 0OMEH ¢ BHEIIHEH cpeoii (3Heprueii, BemecTBoM, HHpOopManuei) ¥ HelPeMEHHOE
B3aMIMOCO/ICHCTBHE, T.€. KOT€PEHTHOCTh MTOBEICHUS MKy KOMIOHEHTAMH CHCTEMBI.

Ha coBpemenHOM 3Tame pa3BuTHSI 00IIECTBA, B YCIOBUSX YCIOKHEHHUS MPOM3BOJACTBEHHBIX OTHOILIIE-
HUMH, €r0 TEXHUYECKOW ¥ COLMAILHONW MH(PACTPYKTYPBI, PEIIaloNIM OKa3bIBACTCS M3MEHEHHE OTHOIICHUSI
00pa3oBaTeIbHBIX CTPYKTYP K TOATOTOBKE CHEIUAINCTOB B JIF000M 00JIaCTH. DTO CYIIECTBEHHBIM 00pa3oM
3aBHCHUT OT OPraHM3AIMH LETOCTHOrO MEeJaroruiyeckoro mpouecca, KOTOPhId 3aKfo4aeTcs B CO3IaHUH HO-
BBIX OpPTaHHM3AIMOHHBIX TPHEMOB, OOBbECIUHCHUN HAYYHBIX HAIPABIICHUI, NHHOBAIIMOHHON NEATEIBHOCTH,
KOTOPBIE MOYKHO OCYIIECTBUTH TTOCPEJICTBOM BHEJIPSHHUSI CHHEPTETHIECKOTO TI0IX0/1a B 00pa30BaHHH.

Hcnonp30BaHre CHHEPTETUYECKOTO MOAX0Aa O3BOJISET MO-HOBOMY PACKPHITh HAYYHO-TIEIarOrHIeCcKoe
3HaHHE, OPHEHTHUPOBAHHOE Ha MHOTOMEPHOCTh, MHOTOKOMIIOHEHTHOCTh ITO3HABAEMBIX MPOLIECCOB, OOHAPY-
KCHUE B HUX HEPACKPBITHIX MU HEJIOCTATOYHO PACKPBITHIX COCTOSHUM, MPU3HAHUE OOJIBIION POIU CITydaii-
HOCTH B MX pa3BUTHH [3].

Yare Bcero moj CHHEPreTUKON MOHUMAETCsl TEOpUsl caMOOpraHu3alu. B To ske BpeMsi HeoOX0auMo
OTMETHTH, YTO CHHEpreTHKa — OoJiee KOMIUIEKCHAs crcTeMa, Hexeln camoopranu3aius. Tak, . Xaken [1]
OTIpEe/IeTISIET CaMOOPTAaHU3YIOIINECS CUCTEMBl KaK CHCTEMBI, OOpeTarolue MPUCYIIHNE UM CTPYKTYpPhI HIIH
¢yHKuMu 0e3 Kakoro-To BMeIaTeabcTBa M3BHE. CaMOOpraHu3alisi HIMEET MECTO MCKIIFOUUTENBFHO B TAKHX
cucTeMax, KOTopble 00J1aJaloT BBICOKMM YPOBHEM CIOKHOCTH U JOCTATOYHBIM KOJIMYECTBOM 3JIEMEHTOB,
CBSI3M MEX]Iy KOTOPBIMU MMEIOT HE KECTKH, a BEPOITHOCTHBIN Xxapakrep. OTINIUTENbHON 0COOEHHOCTHIO
MPOIIECCOB CaMOOPTaHU3AIINY SIBIIIETCS HEllEICHATIPABIICHHBIH, €CTECTBEHHBIN, CIIOHTAHHBIA XapakTep. JTH
MPOILIECCHI, XOTS U MPOTEKAIOT BO B3aUMOJCHCTBUHM CHUCTEMBI C OKpPY>KAaIOIIEH Cpeloi, OCTaI0TCsS aBTOHOM-
HBIMH, HE 3aBUCSIIMMU OT cpebl. CI0NKHOCTh OTKPBITHIX CUCTEM IPECTABIIAET IUPOKHE BOZMOKHOCTH IS
CYLIECTBOBAaHUS B HUX KOJUIEKTHBHBIX SIBICHHM.

[ToHsITHE OTKPHITHIX (U3NUECKUX CHCTEM IUPOKO MPUMEHSETCS B (DU3UKE MOIYIPOBOIHUKOB U TOJY-
MPOBOJJHUKOBBIX MPHOOPOB, COCTABIISIONINX OCHOBY COBPEMEHHOMN 3JICKTPOHUKH W MHKPOIJIEKTPOHHUKH.

[TonynpoBOTHUKOBBIE KPUCTAILIIBI SIBISIFOTCS CIIOKHBIMH JMHAMUYECKUMH CHCTEMaMH, B KOTOPBIX BO3-
MOKHO BO3HHUKHOBEHHE 3JIEKTPHUYECKHX HEYCTOHUMBOCTEH (CpBIB TOKA, CIIOHTaHHBIC KOJEeOaHWs TOKa WU
HanpsDKEHUS, TEPEKIIIOYCHNE U THCTEPE3UC B BOJIBTAMIIEPHOI XapaKTepucTHKE U T.1.) [4, 5]. bonpmmHCTBO
MOJIOOHBIX HEYCTOMYMBOCTEH MOKHO pacCMaTpUBaTh KaK CaMOOPTaHU3AIMI0, BO3HUKAIOIIYI0 B TEPMOIUHA-
MHYECKON HEPAaBHOBECHOM cucTeMe. Halle BCero 3eKTpUYECKUEe HEyCTOMYMBOCTH OKa3bIBAaIOT HETATHUBHOE
BIIUSHUE HA XapaKTEPUCTHKH TOIYIPOBOJIHUKOBEIX MPHOOPOB, HO B OTACIBHBIX CIIyYasx HCIOIB3YIOTCS
cnenuanbHo. Hampumep, s reneparn CBU-nznyyenus B nuanazone ot 0,1 mo 1000 I'u, mist ycusnenus B
THrareplieBOM JIMana3oHe 4acToT, i€ He MOTYT OBbITh HCIIOJIB30BaHbI OOBIYHBIC TPAH3UCTOPHI [6].

Ha ocHOBEe MHOTOJIETHETO OITBITA MPENO/IaBAHUS TUCIUIUIHHEI «Du3rueckas 3JeKTPOHUKay Ha Kade-
pe paarodu3uKy U IeKTpoHrnkH KaparaHanHCKOT0 TOCy1apCTBEHHOTO YHIBepcuTeTa nMeHn E.A. Bykerosa
aBTOPBI pa3paboTany KOHIICTIUI0 CHHEPTETHYECKOTO PACCMOTPEHHS] OCHOBHBIX (DU3UYECKUX TPOIECCOB,
MTPOTEKAIONIUX B MOIYIPOBOAHUKOBEIX CTPYKTYpax U MPUOOpPax (TaKUX Kak p-ni- MEPEX0/l, TYHHEIbHBIN JH-
on, muoy ['aHHa, TaBUHHO-TIPOJIETHBIN MO, HEKOTOPHIE MHOTOCIIOHHBIE MOIYTIPOBOTHUKOBBIE CTPYKTYPHI),
Y 3JIEKTPUYECKUX HEYCTOMYMBOCTEN B HUX. BO BCeX ATHX CTPYKTypax M yCTPOWCTBaX, Kak OBLJIO MOKAa3aHO
aBropamu [7—10], ©*MEIOT MeCTO MPOIECCHl CaMOOPTaHU3aIuU. TeopeTHIeCcKue U3bICKAaHUS OBLTH TOIKpeTI-
JICHBI MHOTOYHCJICHHBIMH KOHCTAaTHPYIOIMUMU (TIPOBEIEHUE OTIACIBHBIX YIIPAXKHEHUN U 3aaHUN 110 OTAEITh-
HBIM TEMaM JUCIHIUINHBI) U 00yJaromuMH (TPOBEICHUE OT/IENbHBIX 3aHATHI) Me1arornieCKUMHU SKCIIEPH-
MEHTaMH.

[IpencraBieHHas cTaThsl MPOJOIHKAET UK ITyOIUKAINI aBTOPOB, TOCBAIICHHBIX PACCMOTPEHUIO TIPO-
LIECCOB CAaMOOPTIaHU3aLMH B IIOJIYIPOBOIHUKOBBIX CTPYKTYpax u MpuOOpax.

B ocHOBY cTaThu NeTIM pe3yNbTaThl TEOPETHUECKOTO aHaIKN3a MPOIECCOB CaMOOPTaHU3AIIH, TPOUCXO-
JSIIUX B TIOTYIPOBOJIHUKOBBIX PUOOpaxX ¢ ABYMS IIEKTPOHHO-ABIPOYHBIMU TEPEX0aMU Ha TpuMepe Ou-
TIOJISIPHBIX TPAH3UCTOPOB, IMMOJYICHHBIE OJTHUM U3 aBTOPOB IPH BBITOIIHEHUH MarkCTEPCKON auccepTanud. B
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xoje paboThl OBUTM PacCMOTPEHBI  MPOLECCHI OOMEHAa C BHENIHEW Cpefod MW B3aUMOCOACHCTBUS
B OWITOJISIPHOM TPAH3UCTOPE B PEIKUME YCHUIICHHSL.

Kak n3BecTHO, CyIIECTBYET YeThIpe peKUMa PaboOThl OUTIONSPHOTO TPAH3UCTOpPA: aKTUBHBIN, HACHIIIIE-
HUS, OTCEYKH M WHBEPCHBIH. B aKTUBHOM peXHME OHOMUTTCPHBIA TEPeXOj] BKIOYCH B MPSIMOM,
a KOJUICKTOPHBIH Tepexos, — B 0OpaTHOM HampaBlieHMH. B pexuMe HACBIICHUS W OMHUTTEPHBIN,
Y KOJUICKTOPHBIA TIepexo/ibl BKIIOYEHBl B TPSMOM HANpaBlICHHH. B pekuMe OTCEYKH W SMHUTTEPHBIN,
Y KOJIJICKTOPHBIN MEepPeXo/ibl BKIIOYCHBI B OOPaTHOM HAmpaBiIcHUUA. B WHBEPCHOM PEKUME KOJUIEKTOPHBIH
MEePexo]1 BKIIOYCH B IPSIMOM, & SMUTTEPHBIN Mepexo; — B 00paTHOM HANPaBIICHHH.

PaccmoTpuMm  Qu3uueckue mporecchl M y4acTHE HOCHTENeH 3apsiia B CaMOOPTaHU3YIOIIMXCS
nporieccax, MPOUCXOIAIINE B OUITONISIPHOM TPAH3UCTOPE MPH PA3TUIHBIX PEKUMAX PAOOTHL.

Peoicum ycunenus crabvix cuenanos. B pexxume ycuiieHHs UCTOUYHUKA SHEPTHH SMHUTTEPHBIA MEpexon
TPAaH3HUCTOPA BKIFOUEH B MIPSIMOM, & KOJJICKTOPHBIN TIepexo]] — B OOpaTHOM HaIpaBJICHHH.

Mopnens (a), sHepreTuueckas auarpamMma (6) OWITOISPHOIO TPAH3HCTOPA M CXEMbl (DHU3MUYCCKUX
MPOIIECCOB, TPOUCXOAIINX B HEM, TTOKa3aHbl HA PUCYHKE 1.
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Pucynox 1. Monens (a), sHeprerudeckas auarpamma (6) OUIOISPHOTO TPaH3UCTOPa
nt — p —n ¥ cXeMbl PU3NYECKUX TMPOIIECCOB, MPOUCXOAIUX B HeM [11]

Ha pucynke 1 nansl cnenytomue obo3nadenus: I, Ig, [, — >MHUTTepHBIN, 0a30BBIH, KOJUIEKTOPHBIA TO-
KW Jns Jngr Jnks Jng — Auddy3uonnsie coctapnsiomme TOKOB; Uy, Uy — UCTOUHUKH THUTAHUS, @,
qU,s, qU,g — BBICOTA OTEHIMAIBLHOTO Oapbepa B paBHOBECHOM COCTOSIHUH, CAMONPOU3B0IbHOE Y MeHblULe-
Hue U ygeauyeHue BbICOThl IIOTEHLMAILHOIO Oapbepa, COOTBETCTBEHHO, 3MUTTEPHOIO U KOJIJIEKTOPHOIO IIe-
PEX0II0B. DNEKTPOHBI 0003HAUEHBI TEMHBIMHU KPYT'aMH, IBIPKH — CBETJIBIMH KPYT'aMHU.

Ecin GunosnsipHbIi TPaH3UCTOP, COCTOSIIMM U3 HOIYIPOBOAHUKOB /- U p-TUIIOB C HOCUTEIISIMU 3apsja
(371eKTpOHaMH U ABIPKaMM) ¥ BHEIIHUX UCTOUYHUKOB Uy 1 Uy, CUMTATh KaK €UHYIO TEPMOIUHAMUYECKYIO
cucTeMy «OUMONAPHBIN TPAH3UCTOP + UCTOYHUKU SHEPTHUN», TO OHA YAOBIETBOPSET BCEM TPEOOBAaHHUAM CH-
HEPreTUYeCcKoil HayKu:

— CUCTEMa COCTOUT U3 MHOTI'MX 3JIEMEHTOB: HOCUTEIH 3apsi/ia B IOJIyNIPOBOIHUKAX, IOJIyIPOBOIHUKY 71~
U p-TUTNIOB, UCTOYHUKH dHEPTUU Uy s, Uynks

— JJIEMEHTHI CHCTEMBI MEXy cO001 0OMEHHMBAIOTCS SHEPTUEH U SIEKTPOHAMH, T.€. CHCTEMa HaXOIUTCS
B HEPAaBHOBECHOM COCTOSIHUY;

— HOCUTENHU 3apsja Ha IyTH CBOOOIHOIO MpoOera camonpousgonbHO y6eauduéaiom CBOX SHEPrHIO 3a
CYET MOIIHOCTH BHEIIHUX UCTOYHHKOB YHEPTUHU U IPU CTOJKHOBEHHH C Ae()EeKTaMH KPUCTAIMUECKON pe-
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IIETKY MOJIHOCTHI0 OTJAIOT SHEPTHI0 KpUCTAILTY. TeMmepaTypa KpucTayia pacteT. HarpeTsiii kpucraimn u3-
OBITOK TEIJIOBOW DHEPTUU CAMONPOU380IbHO omoaem OKpyKaromie cpeae. CiemoBaTebHO, CUCTEMa «OH-
MOJISIPHBINA TPAH3UCTOP + MCTOYHUKHU SHEPTUN» SBJSETCS OTKPBITON, HEPABHOBECHOW TEPMOJAMHAMUYECKOU
CUCTEMOI1.

Paccmotpum (pusmueckne mporecchl U MPOIECCHl CaMOOPTaHU3aIlNH, MTPOUCXOASIINE B OUIOIIPHOM
TPaH3UCTOPE B pekuMe ycuieHus. OYHKIMOHUPOBAHHWE OUMOJSAPHOTO TPAH3UCTOPA B PEXKHUME yCHIICHHA
OCHOBAaHO Ha CAMONPOU36OIbHOM W3MEHEHHHM CONPOTHBICHHA OOPaTHOCMEIEHHOTO KOJUIEKTOPHOTO
p-n-Tiepexofia MU camonpousBoabHOU UHICeKY Uy HEOCHOBHBIX HOCUTENICH 3apsa.

CompoTusiieHrEe 00paTHOCMEIIEHHOTO KOJIEKTOPHOTO p-A-TIepexo/ia OUYCHb BETMKO — HECKOJIBKO Me-
raoM u Oosee. OTMETHM OJTHO BaKHOE 00CTOSTEILCTBO. OOpamuocmewentulil p-n-nepexod (puc. 2, a) oka-
3b16aem COnpomueieHue Mmoabko NHOMOKAM OCHOBHBIX HOCUmMEeell 3apada, HEOCHOBHBIE HOCUTENH 3apsaa
MIPOXOJAT €r0, «KCAMONPOUZBONILHO CKAMbBIBAIOMCSA C TIOTEHIIHAIBHOTO Oapbepay, MPaKTUIEeCKH HE BCTpedas
conpoTuBieHus (puc. 2, 6). CiegoBarensHO, TIPH JOCTATOYHO BHICOKOM YPOBHE MHIKEKITMH MOXKHO 3HAYH-
TEJIHHO YBEIUYUTH TOK B 00PATHOCMEIIIEHHOM p-n-TIEPEX0JIe M TEM CaMBIM CHU3HTH €TI0 COIIPOTHBIICHUE.
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[ ] (h:‘- -

o— » | '\1:;;:+ a5
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Pucynok 2. Cxema HHXEKIIUY DJIEKTPOHOB B p-00J1acTh (@) M Ha dHEpreTHdeckoit muarpamme (6) [11]

[Ipn mpunoXXeHUM MPSIMOTO CMEHICHHA K DSMUTTEPHOMY TIE€PEXOAY IBIPKH  CAMONPOU3BOLLHO
UHOICEKMUPYIOM B N-CIIOH, STIEKTPOHBI CAMONPOU3BOAbHO UHMCEKMupyiom B p-cioil. Tok depe3 SMUTTepHBIN
Mepexo]l AOJDKEH ONpPENEIIThCI CYMMON MOTOKOB, CAMONPOU3BOIbHO UHICEKMUPYEMbIX DIEKTPOHOB M JIbI-
pOK. bumnonspHbIC TPaH3UCTOPHI W3rOTABIMBAOT TaK, YTOOBI KOHIICHTpPAIUS JJICKTPOHOB B OMHUTTEPE
3HAYMTENFHO TIPEBbIMIaNa KOHIIGHTpANHI0 ABIPOK B 0Oa3ze. B 3TOM ciydae MambIM MOTOKOM IBIPOK,
CAMONPOU3ZBOTILHO UHICEKMUpYyembix U3 0a3bl B SMUTTEP, MOXKHO NPeHeOpeyb U CUUTATh, YTO NPHU MPSMOM
CMEUICHUU BECh TOK JMUTTEpPA OMPEIECISICTCS TOJNBKO MOTOKOM CAMONPOU3BOJbHO WHKEKTUPOBAHHBIX
3JIEKTPOHOB:

sl ~Ins = L. (1

C 1enb0 yMEHBIICHHS MTOTEPh HAa PEKOMOMHAIINIO WHXCKTUPOBAHHEIX B 0a3y 3JICKTPOHOB 3MUTTEPHBIH
Y KOJUISKTOPHBIA TMEPEXO0JIbl PACIONaraloT Ha PacCTOSHUU, MEHbIIUM JU(()Yy3MOHHON MITMHBI HOCHTEICH
zapsga: Wy < Ly,.

[Ipu npsiMOM cMeIIEHNH AMUTTEPHOTO MEPEX0Aa TIOTOK CAMONPOUIBONLHO UHICEKIMUPOBAHHLIX B 0azy
AJICKTPOHOB, MPAKTHUYECKU O3 MOTeph Ha peKOMOUHAIMIO (0a3a TOHKAas M KOHIIGHTPALUS ILIPOK Maja), J10-
XOJUT JI0 KOJUIEKTOpA, MOITOMY 5 = Jnk, WU I, = I},. B pe3ynbrate TOK KOJJIEKTOpPA CAMONPOU3BOILHO
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nosviuiaemcsi OT OYEHb MAJIOTO 3HA4YeHUs] oOpaTHOro Toka Iy 10 I, = I,. Ilo 3Toii mpuuuHe TOK B 0Opat-
HOCMEIIIEHHOM KOJUIEKTOPHOM TI€PEXONIE CAMONPOU3BOJIbHO CPABHUBAEMCA C TOKOM B TMPSIMOCMEIIEHHOM
SMUTTEPHOM TIepeXO7e.

YBenunueHue Toka B 0OpaTHOCMEIIEHHOM KOJUIEKTOPHOM IEpeXo/ie MPH HEM3MEHHOM HaIpsbKEHHH HC-
TouyHMKa TUTaHus Uy, GU3MUecKu 03HayaeT, YTO CONPOTHBIICHHE KOJJIEKTOPHOTO MEpexoja Ccamonpous-
B0JIbHO YMEHbUUUIOCL W CTAJI0 CPAaBHHUMBIM C COTIPOTHUBIIEHHEM SMUTTepHOro nepexona. CiemoBareiabHoO, B
pe3yspTaTe MHKEKIIMU HEOCHOBHBIX HOCHUTENEH 3apsiia MPOUCXOANUT CAMONPOU3BOIbHOE UMEHEHUEe COIPO-
TUBJIEHMSI KOJUIEKTOPHOTO MEPEX0/1a.

ConpoTuBiieHHE 00PaTHOCMEUIEHHOTO KOJIJIEKTOPHOTO MEPEX0Ma CAMONPOU3BOIbHO CHUNCAEMCA TIPO-
MIOPIUOHATIBHO CAMONPOU3BOIbHOMY 803PACMAHUI0 TOKA UHXEKIUU. B pe3ynbTare WHKEKIIMHU TOK KOJUIEK-
TOpa MOXKET BO3pacTd Ha 4-5 MOPSIKOB, COMPOTUBIEHUE €r0 MPH 3TOM COOTBETCTBEHHO Ha 4-5 MOpSAAKOB
CAMONPOU3BOILHO CHUBUMCSL.

ComnpoTuBIiieHNE HArPY3KH R}, B IIEMH KOJJIEKTOPa 0OBIYHO HOCHUT TIOCTOSTHHBIM XapaKTep U COCTABIISET
okosi0 1 MOwm. ITocKONBbKY CONMPOTUBIEHHE KOJUIEKTOPA CAMONPOU3BONILHO YMEHbUIAEMC S N CIMAHOBUMCS
3HAYUTENIFHO MEHBIIUM CONPOTUBJICHHUS HArpy3KH, NaJlcHUEeM HaNpsLKEHHUsI Ha KOJJIEKTOPE MOKHO MpeHeo-
pedb W CUMTaTh, YTO BCE HAIPSHKECHHE HUCTOYHWMKA NMUTaHus Uy, OyIeT cocpeloTodeHo Ha Harpyske:
Upnk = IRy

[Tanenune HampsbkeHUs Ha sMuTTepe paBHO: U,g = Uy, = I,R,. ConpoTuBienue Harpysku R, 3Hauu-
TEIbHO IPEBBINIAECT BEIUYMHY CONPOTHBICHUSA R, NMPSMOCMENIEHHOTO AMHUTTEpHOro mnepexona. Ilostomy
MIPH CPaBHUMBIX TOKaX IMUTTEPA U KOJUIEKTOpa OYAET BBIMONHATHCA cooTHOIIeHue Uy, > Ug,. Boinemnse-
Masi Ha Harpy3ke MOMHOCTb Py = Uy, I, @ MOITHOCTB, OTpediisieMas B SMUTTEpHOHN 1emnu, Py, = Upl,.
Tak kak Uy > Ugy, TO By > Pay-

Takum 00pa3oM, OHUIONSAPHBIA TPAH3UCTOP SIBISIETCS YCHIMTENBHBIM MPUOOPOM, TaK KaK yCHIIMBAET
MOIIIHOCTb.

W3 npuBeneHHOro Bhllle aHamU3a paboThl TPAaH3UCTOPa B PEKUME YCUICHUS! MOXKHO CHENIATh CIEAYIO-
LI1E BBIBOJIBI:

Cucrema «OUIOJISPHBIA TPaH3UCTOP + UCTOUHUKH dHEpruu U, u U,,,» SBISETCS OTKPBITOH, HEpaB-
HOBECHOU TEPMOANHAMHUYECKOI CUCTEMOM, YAOBIECTBOPSIONIEH BceM TPeOOBaHUSIM CHHEPTETHKH.

B paccmarpuBaemoli ccTeMe BO3HUKAIOT CIEAYIOIINE CaMOOPTaHU3YIOLIUECS ITPOLIECCHI:

— B 3aBHCHMOCTH OT OCOOCHHOCTEH B3aMMOACHCTBUN NCTOYHUKOB SHEPTUH U OMITOJIIPHOTO TPAH3UCTO-
pa MOTEHLHUANbHBIN Oapbep IMHUTTEPHOTO IEPEXONa CAMONPOU3BOIbHO NOHUNCAEMCs, a TIOTEHIIUAIbHBIN
0apbep KOJUIEKTOPHOTO MEPEX0/Ia CAMONPOUIBOTLHO NOBLIUACTNCSE,

— IpY TIPWJIO’KEHUHU CMEILEHUS B MPSIMOM HANpaBICHUH CAMOIPOM3BOJIEHO BO3HHMKAET MHXKEKIUS He-
OCHOBHBIX HOcHTelNeH 3apsiia B 0a3y, 4TO NPUBOJUT K CAMOIPOW3BOJILHOMY YBEIMYEHHIO KOHLEHTPALUU
HEOCHOBHBIX HOCUTENIEH 3apsiia B IPUTPAHNYHOM IIEPEXOA0M ci0e 0a3bl;

— CaMOITPOU3BOJIBHBIN POCT KOHIIEHTPAIIMM HEOCHOBHBIX HOCHTEJEH 3apsaa B MPUTPAHUYIHOM C Tepe-
X07IOM cJioe 0a3bl MPUBOJUT K CaMOITPOM3BOIBLHOMY TIEPEHOCY HEOCHOBHBIX HOCHTENEH 3apsja 1mo 0ase oT
SMUTTEPA K KOJUIEKTOPY;

— CaMOTIPOM3BOJILHBIN TEPEHOC HOCUTENIEW 3apsga yepe3 0a3y K KOJJIEKTOPY BBI3BIBAET CaMOIIPOU3-
BOJIBHOE TIOHW)KEHHE CONPOTUBJIEHHSA KOJUIEKTOPHOIO MEpPEXOoAa 10 COMPOTHBICHUS MNPSIMOCMELIEHHOIO
SMUTTEPHOTO NIepeXoa;

— CaMONpoOU380IbHOE YMeHbUleHUe COTIPOTUBICHNE KOJIEKTOPHOTO Mepexoia MPUBOAUT CAMONPOU3-
B0/IbHOMY Nepepacnpeodesienuto HaupsHKEeHUsT UCTOYHHUKA TUTaHus Uy, ¥ B pe3ynbTaTe BCE HANPSKEHHUE HC-
ToyHHMKA MUTaHus Uy, OyIeT camonpouzeonbHo cocpeioTOUNBAThCS Ha HArpy3Ke;

—3TO B pe3yibTaTe MPUBOIUT K CAMONPOU3BONbHOMY Hepepacnpedeienuio HaPsHKEHsI HICTOUYHUKA TTH-
tanus, Uy, MOIHOCTh Ha BbIXOnE P, = Uy,xl, CTaHeT Oojbllle MOLIIHOCTH Ha Bxome P, = Uyl
Pypx > Puy, T.€. OUIONISIPHBINA TpaH3UCTOP OYJIET yCUITUBATH MOIITHOCTD.

Takum 00pazoM, B OTYHPOBOAHUKOBON CTPYKTYpPE C ABYMsI AJIEKTPOHHO-ABIPOUYHBIMH MEPEX0JaMH U,
COOTBETCTBEHHO, B OUTIOJISIPHOM TPaH3UCTOPE UMEIOT MECTO B3aMMOCOACHUCTBYIOIINE CAMOOPTaHU3YIOIINECS
MIPOLIECCHI, KOTOPBIE COMPOBOXKIAIOTCS CaMOIPON3BOJILHBIM ME€pepacipeaeeHIeM HaNpPsHKEHUsT ICTOYHNKA
MUTaHMS TPAH3UCTOPA, B PE3YJbTATE YETO MOIIHOCTH Ha BBIXOJE TPAH3MCTOpPAa HAYMHAET MPEBHIIIATH MOIII-
HOCTb Ha €ro BXOJE, T.€. OMIIONISPHBINA TPAaH3UCTOP YCHIMBAET MOIIHOCTh BXOJTHOTO CUT'HAJIA.
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PDu3nka-TeXHUKA MAMAHAbIFbI 00 bIHIIIA MAMaHAAPAbI
AaiibIHAAy/Aa CHHEPreTHKA WIIMIHIH YCTaHBIMIAPBI

Maxkanana «®u3nKaIbIK 2JIEKTPOHHUKa» IMOHIH OKy KesiHae (u3uka-TeXHHKalblK OeifiHaeri MamaHaapibl
Jasprayla CHHEPreTHKaHbIH HEri3ri KarujagapblH KOJJaHy Moceinenepi KapacTblpbuiFaH. JKymblc
E.A. Kaparan/asl MEMJICKETTIK YHHBEPCUTETIHIH pajnodu3mKa )KOHE AJICKTPOHHKA KadeapachlHaa aTallFaH
ToH OOMBIHIIA KeIl JKBUIABIK OiTiM Oepy TaxipubOecine HeriznenreH. «KapTeimail ©TKI3TiITIK KYpBUIBIM +
JJICKTP SHEPTHSACHIHBIH CHIPTKBI KO31» JKYHECIH SHeprus MeH 3aTIeH TYPAKTHl alMacy eCe0iHCH CTHXUSIIBIK
©31H-031 YHBIMIACTHIPYIBIH KOOIICPATUBTIK IIPOIECTEPl JTAMUTHIH AIIBIK TEIe-TCH eMeC TePMOANHAMUKAIBIK
Kylle peTiHme KapacThIpbUTybl MyMKiH. KocepicTi TpaHsucropnapnarbl OelCeHIl MXYMbBIC pPEKHUMIHIET]
¢usnKanblk npouecrep TanpanraH. Canajibl TEOPUSUIBIK Tajljdy apKblibl KapacThIPbUIbII OTBIPFaH XKykHene
e3apa BIKMal eTETiH ©3iH-031 yHbIMAACTBIPY MpolecTepi mnaiaa Oosaxpl, HOTHXKECIHAEC OSMHTTEPIiK
caJachIHIAFbl SJICYMETTIK KEACPTiHIH O3IiriHeH TOMEHCYi JKOHE KOJUICKTODJBIK OTy CalachIHIarbl yKcac
GapTepAiH apTybl OpBIH ajajbl; HEri3ri ece 3apsi TACBIFBILITAPAbIH 0a3ara O3MiriHeH HHKEKIUSICHI
GaiikayiaJpl, COHBIH HOTIKECiHIe 0a3a KabaThIHBIH aybICYbIMEH LICKapa MaMaHIBIFbl 3aps/ TachIFbIITAP/A
HETi3ri eMec 3apsi/i TACHIFBILITAP/IBIH LIOFBIPIAHYBIHBIH ©3/IriHEH apTybl OPBIH aJIajibl. 3apsi/l TACHIFBIITAPIbI
6a3za apKpUIBI KOJUICKTOPFa ©3MIriHEH KOIUipy KOJUIEKTOPIIBIK OTYy KEAEpTiCiHIH TiKeJNeH BIFBICTHIPBUIFaH
SMHTEHTTIK OTY JKoHE T.0. KeJepriciHe AeiiH o3/iriHeH ToMeHAeYiH TyabIpaasl. JXKorapsina aTanraH GapibIK
npolecTep KOpeK Ke3i KepHeyiHiH ©3[iriHeH KaiTa TapaiyblHa ceOeriui OOoJaibl, COHBIH HOTHIKECIHIE
TPaH3UCTOP IUBIFBICBIHIAFEl KyaT OHBIH KipiCIHZEri KyaTTaH achlll TYCEMi, SFHH OMIOJSPIBI TPAH3UCTOP
KyaTThl KYILIEHTE .

Kinm cesdep: cuHepreTHka, allbIK JKYie, MIANaeTKI3Till KYpPbUIbIM, KOCOPICTI TPaH3UCTOP, )KYMBIC KYHi,
©3JIiT1HEeH JKXYPETiH yaepicTep.

L.V. Chirkova, K.T.Yermaganbetov, L. Tezekbaeva

Principles of synergetics in training of specialists physical and technical profile

The article discusses the use of the basic principles of synergetics in the training of physicists in the study of
the discipline «Physical Electronics». The work is based on many years of experience in teaching the
discipline at the Department of Radiophysics and Electronics of Karaganda State University named after
E.A. Buketova. It is shown that the system «semiconductor structure + external source of electrical energy»
can be considered as an open nonequilibrium thermodynamic system in which cooperative processes of
spontaneous self-organization due to the constant exchange of energy and matter develop. The physical pro-
cesses in bipolar transistors in the active mode of operation are analyzed. By means of a qualitative theoreti-

Cepusi «dusukay. Ne 2(98)/2020 141



J1.B. Yupkosa, K.T. Epmaran6eTos, J1. TesekbaeBa

cal analysis, it was established that the system under consideration interacts with self-organizing processes
that result in spontaneous lowering of the potential barrier in the emitter region and an increase in similar bar-
ter in the region of collector junctions; spontaneous injection of minority charge carriers into the base is ob-
served, resulting in a spontaneous increase in the concentration of minority charge carriers in the base layer
adjacent to the transition. Spontaneous transfer of charge carriers through the base to the collector causes a
spontaneous decrease in the collector junction resistance to the resistance of a forward-biased emitter junc-
tion, etc. All of the above processes determine the spontaneous redistribution of the voltage of the power
source, as a result of which the power at the output of the transistor begins to exceed the power at its input,
i.e. A bipolar transistor will amplify the power.

Keywords: synergetics, open system, semiconductor structure, bipolar transistor, operating modes, theoretical
analysis, self-organization processes.
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ME)KIH/ICIII/IHJII/IHapHaH CBA3b (l)I/I3I/lKI/I, CXEMOTCXHUKHU U IIPOrpaMMHUPOBaAHUA

B crarbe mperncraBieHsl pe3yabTaThl pa3paOOTKH 3JIEKTPOHHOTO YCTPOICTBA HA OCHOBE LU(PPOBBIX KOMIIO-
HEHTOB, MPOBEJIECHHON COBMECTHO C YdalMMHCS IIKOT U CTyAeHTamu. Llenpio maHHON paGOTHI SBIAINCH
MPOEKTUPOBAHUE U Pa3paboTKa 3JIEKTPOHHOTO YCTPOHCTBA Ha OCHOBE 32-OWTHBIX MHKPOKOHTPOJUIEPOB Ce-
pur STM32. Iyt mpoeKTHPOBaHHUS M Pa3pabOTKHU AJIEKTPOHHOH YacTH yCTPOHCTBA ObIIa HCIIOIb30BaHA HH-
TerpupoBaHHas cpena pazpaborku Altium Designer. C nmpuMmeHeHHeM s3bIKa BBICOKOTO ypoBHsI C++ pa3pa-
OoTaHa ympaBisiomas rnporpamMa B ormianodnoit cpexe Keil v.5. B kauecTBe eHTpaIbHOTO YIPABIISIONIETO
Hpoleccopa UCroab30BaH MUKpokoHTpoimtep cepun STM32F030K6T6. Pazpaborans! anekTprdeckas cxema
U TleyaTHas Iutata mpubopa. B kauecTBe C€HCOPHOTO 3/e€MEHTa MCIONIb30BaH BBICOKOTYBCTBUTEIBHBIN JaT-
gk raza TGS 2610 mpousBoxactBa ¢upmbr «Figaro» (Snonwms). Jns nepenaun SMS mpuMeHeH MOIyNb
SIMS00A. B nporiecce BBIOTHEHUS PA0OTHI yHalIUECcs CAMOCTOSTENIFHO 3TOTOBUIIN HNIEKTPUUECKHUE TIIATHI
C MCIOJIB30BaHUEM METoJIa 00IyueHHs yIbTpadHoIeTOBOMH 1aMIIoil crennanbHoro ¢portopesucra. [IpakTuye-
CKH BCE KOMITOHCHTHI OBUIM PAacCTaBJICHBI M paclasHbl MIKOJIFHUKAMH caMOCTOsATeIbHO. COBMECTHO CO CTYy-
JIeHTaMH OblIa pa3paboTaHa yHpapisiomas IporpamMMa Juisi MUKpOKOHTpoJuiepa. J{Jisi H3roToBIeHHUs KopITyca
ycrpoiictBa Obuta 3azmeiictBoBana cpema «KOMITACy. Pacmeuatka kopmyca ocymecTBisulack Ha 3D-
npurTepe. [IpoBeneHs! kKanmnOpoBKa Mprdopa 1 ee TeCTOBbIe UCIBITaHM. [1o pe3ynbpraram mpeIBapUTENbHBIX
TECTOBBIX MCMBITAHUII YCTPOICTBAa YCTAHOBIEHO, YTO JATYMK ra3a pearupyeT Ha HaJMuHMe ra3a B TeUECHHE
nepbix 20 ¢ OT BpeMeHH Havyasa yredukd. JIOKHbIX cpabaThiBaHuii yeTpoiicTBa He 3adukcupoBano. [Tokazano
3Ha4eHNE OCHOB (PM3UKH, MHPOPMATUKM U MATEMATHKH B TPOLIECCE MPOEKTUPOBAHUS LU(PPOBBIX YCTPOHCTB
U IprOOPOB.

Kniouesvle crnosa: matyuk rasa, TOMOTHHUTENFHOE 00pa3oBaHue, MUKpOKOHTpoiuiep STM32, mporpaMMmupo-
BaHUe, PUOOP, HIEKTPUIECKas CXeMa, IeyaTHas IJIaTa, MOIYJb epeIaTunKa.

Beeoenue

[Tpu 0OyueHNN MIKOJILHUKOB U yUAIIUXCsl OCHOBaM pa3padOTKH COBPEMEHHBIX AIIEKTPOHHBIX H POOOTO-
TEXHUYECKUX YCTPOWCTB Ba)KHO JaTh 3HAHUS MO TAKHUM HAIMPABICHUAM, KaK PaJHO3JCKTPOHUKA, MEXaHHKA,
U IPOTrPaMMHUPOBaHKE. 3HAKOMCTBO C JAHHBIMU HAMPABJICHUSAMHU B pPaMKax 00Ie00pa30BaTENbHBIX JTUCIIHII-
JIMH, TaKUX KaK QU3KMKa, MaTeMaTHKa ¥ WHHOpMATHKA, yJalrecs HaunHaiT ¢ 6—7 kinaccoB. OHAKO clery-
€T OTMETHUTb, YTO, KaK ObI XOPOIIIO HE OBLIIM YCBOCHBI 3HAHUS, YMCHHS U HABBIKU IO JAHHBIM JUCIUTLTHHAM,
OHH HE MO3BOJIAT YUYAITUMCS CAMOCTOSITSIIBHO U B TIOJHOM MEpe Co3/1aBaTh U(PPOBHIC SIEKTPOHHBIC YCTPO-
CTBa, POOOTOB, MUCATH TOJHOLICHHBIE YIIPABIISIONINE TIPOTPAMMBEI.

Juist Toro, 4To0OBl YMETh CO371aBaTh MU(MPOBBIC 3JIEKTPOHHBIE U POOOTOTEXHUYECKHE YCTPOWCTBA U T~
caTh MPOTPAMMBI, YYaIUMCs HEOOXOIMMBI JOMOJHUTEIbHBIC, YTIYOJCHHBIC MEKIUCIUIUTHHAPHBIC 3HAHUSI
MO TaKUM HAaMNpaBJICHUSM, KaK MPOTrpaMMHUpyeMas MHKpPOIJIEKTpOHHKA [1], poOOTOTEXHUYECKasT TEXHOIO-
rus [2] u T.4. [Iponiecc oOyueHus JT0JKEeH ObITh OPraHU30BaH COOTBETCTBYIOIUM 00pa3oM. B mepByro oue-
pelib, yyanuecs TODKHBI ObITh 3aMHTEPECOBAHBI U YBJICUCHBI HCCH MPOCKTUPOBAHUS U Pa3pabOTKU cOOCT-
BEHHBIX YCTPOUCTB. BO-BTOPBIX, Y HUX JODKHO OBITH JJOCTATOYHO CBOOOJHOTO BPEMEHH JUIS IOMOJTHUTEIb-
HBIX 3aHSATUH TO 3JEKTPOHUKE W MPOrpaMMHpPOBaHUI0. HeManoBakHYIO pOJb WrpaeT HaJMuhue COOTBETCT-
BYIOILIETO 000PY/IOBAHUS U TIPOTPAMMHOI0 00CCIICUCHHSI.

B nporiecce 00y4ueHHsT YIYCHUKH JOIDKHBI HAYYUTHCS OMPEASTITh (DYHKIIMOHANBHBIC 331a4l M TeXHUYE-
CKHE XapaKTEPUCTUKH KaK AJIEKTPOHHBIX, TAK U MEXaHUYECKUX KOMITOHEHTOB. OBJaJeTh HaBBIKAMH pa3pa-
OOTKH DIIEKTPOHHBIX CXEM W TMeYaTHBIX MiaT. HayunThesi pa3pabaThiBaTh anrOpUTMbI M TICEBIIOKOJBI, JUISI
MOCTICTYIOMIET0 BOIUIOICHHS B PEAIbHYIO TPOrpaMMy. YMeETh CaMOCTOSITENBHO pa3padaThiBaTh U MUCATh
MpOrpaMMHBIe OJIOKH Ha OJJHOM U3 SI3bIKOB BLICOKOT'O YPOBHSI.

Kak BuimM, pa3paboTka camMoAENbHBIX MUPPOBBIX U POOOTOTEXHUUYECKUX YCTPOHCTB Tpebyer Oolee
yrIyOJCHHBIX 3HAHWHA M MPAKTHYCCKUX HABBIKOB MO TAKUM JMCIUILIHHAM, KaK (HU3MKa, MAaTeMaTHKA, HH-
¢dopmaruxa.
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Teopernueckue 3HaHUS U3 Kypca QU3UKH U MaTeMaTHKH HEOOXOAUMBI IIPH pacyeTax dJIeKTPOHHBIX y3-
JIOB ¥ OJIOKOB pa3pabaThiBaeMoro ycTpoicTsa. [Ipu pacdere 3JIeKTPOHHBIX KOMIIOHEHTOB MPOSBISIOTCS Ha-
BBIKH ITPAKTUIECKOT0 MPUMEHEHUS PU3HMUECKUX 3aKOHOB U MaTEMATHKH.

Takum 00pazoM, MOKHO OTMETHTBH, YTO OCBOEHHE OCHOB MHKPO3JIEKTPOHHKH W MPOrpaMMHUPOBAHHS
TpeOyeT OT YyUSHUKOB, HapsIy ¢ U3ydyeHneM (QU3UKH, MATEMATUKNA U WHPOPMATUKH, PACCMOTPECHHUS B3aUMO-
CBSI3€H MEXKITy STUMH TUCIUTUTNHAMHU.

B ocHOBe Bcex COBpEMEHHBIX pa3padOTOK JISKUT MUKPOAJIEKTPOHHAS TEXHOJIOTHS, MpEACTaBICHHAs
MPOrpaMMHUPYEMbIMA MUKPOKOHTPOJIJIEPAMH, WK B 00JIE€ CIIOKHBIX yCTPOMCTBAX — MHUKPOIIPOLIECCOPAMHU.
B mikonpHOM 00pa3oBaTeNbHON MPOrpaMMe B OCHOBHOM HKCIOJNIB3YIOT Pa3InYHbIE TOTOBBIE KOHCTPYKTOPHI
Lego [3; 5] u otnagounsie matgopmer Arduino [4].

Ham ombiT paboThl CO MIKOIBHUKAMHU IO3BOJISIET YTBEPXKIATh, YTO OOyueHHE Ha OCHOBE OTIEJIbHBIX
MUKPOKOHTPOJIJIEpOB Oosiee 3)(HEKTUBHO TIO0 CpaBHEHUIO C OOyUeHHEM TP IMOMOIIN KOHCTPYKTOPOB B 00-
nacTd MHGOPMATHKH U DIIEKTPOHUKH. Ha nmpoTskeHnH IBYX JIET aBTOpaMH JIAHHOM CTaThu BezeTcs paborta ¢
YYEHHKaMH CTapIIMX KJIacCOB MO pa3pabOTKe 3JIEKTPOHHBIX YCTPOHCTB Ha OCHOBE MHUKPOKOHTPOJUIEPOB
STM32.

Lenbto naHHO# paOOTHI SBISIFOTCS IPOSKTHPOBAHUE M pa3pabOTKa ANEKTPOHHBIX YCTPOMCTB HA OCHOBE
MPOTPaMMHUPYEMO MUKPOKOHTPOJUIEPHOH TeXHUKH. [ mOCTHXKEHUs TOCTaBICHHOM LeNu ObUIH paccMoT-
PEHBI U PELICHBI CIIEAYIOIINE 3a1a9u:

— BeJIeHHE JIOTIOJIHUTEIBHBIX 3aHATHIH C YUCHHKAMH IO YIITyOJIeHHOMY M3yYESHHIO OCHOB ITOJIYTIPOBO/I-
HUKOBOI MHUKPORJIEKTPOHUKH;

— BeJleHHe JOTIOJIHUTENBHBIX 3aHITHH 10 YrITyOJICHHOMY H3YYEHHIO sS3bIKa MporpaMMupoBanus C++;

— BeJleHHE JOTIOJTHUTENBHBIX 3aHITHH 110 U3YYEHUIO MUKPOKOHTPOJUIEPHON TEXHUKH;

— MPOEKTUPOBAHNE U pa3paboTka KaKk MHHUMYM OJJHOTO 3JIEKTPOHHOT'O YCTPOHCTBA, OCHOBAHHOTO Ha
uudpoBoM HHTEpPeEiice.

B nmononHuTensHOM 00y4yeHHMM MpuHUManM ydactue mKombHUKM 10-11 knmaccos. IlpeaBapurensho
YYEHVKH OBLIH MOJIeNICHBI Ha TPYIIIIHI 110 JiBa denoBeka. Kaxas mapa BeiOpana cebe HamnpaplieHHe, B paMKax
KOTOPOTO ITAHUPOBATIOCH BeJIeHHE Pa3paboToK.

Peszynomamor u ux obcyscoenue

B craTbe mpencraBieHbl pe3ysbTaThl IPOSKTUPOBAHUS U Pa3padOTKU 3JEKTPOHHOTO YCTPOMCTBA, Mpel-
Ha3HAYEHHOTO 7151 OOHAPYKEHUS YTeUKH OBITOBOIO Tasa.

Ha pucynke 1 uzo0paxeHa cTpykTypHas cxema pazpadotanHoro npudopa. [Ipubop cocrout u3 natdu-
Ka rasa; ympasistomero mukpokonrpoiepa STM32F030K6T6 [5; 26]; GSM/GPS-monyns SIM800A (me-
penaTdyrka); CBETOBOTO M 3BYKOBOTO MHIMKATOPOB; MUKPOCXEMBI KOHTPOJIS 3apsina U Li-Pol akkymynsTop-
HOI 6aTtapeiku.

AHTeHHa Jlatuuk raza

g

GSM/GPS- | <— Y npasisowuit — | 3ByKoBoif
MOJYJb — MUKPOKOHTPOJLIEP 3yMMep
Mukpocxema CaeToBas
CaeToBas KOHTPOJISI AHIUKALIAS
HHAWKaAIUA ra3a OATaHUS OUATaHUS

Pucynox 1. CtpykTypHas cxema npudopa

[Ipubop ¢ maTdamkoMm rasza, yHpaBJSTIONIMM MUKpoKoHTposmiepoM n GSM/GPS-momynem cocrasisieT
€IMHYI0 KOHCTPYKIHIO MTPUOOpa Al KOHTPOJIS YTEUKH rasa.

Jarauk raza, ynpapisromuii MUKpokoHTposuiep 1 GSM/GPS-moxyns s SMS-curHanoB pacmonararot-
csl Ha OJTHOM oOIme riare. [Ipyu M3MEHEHNH COCTOSIHUSI JaTYUKa ra3a (HATM4YKMe Taza B OKpY)Karolied cpee)
CHUTHAJI TIepeIaeTCs B YIPABIAIOUINA MUKPOKOHTpOJUIEp. B CBOIO odepep, yIpaBisSiomnii MUKPOKOHTPOIIIIEP
Ha MPOrpaMMHOM YPOBHE aHAJIM3UPYET YPOBEHb CUTHaa Ha BXonax. [Ipu «oOHapyKeHUH» CEHCOPOM HAINYMS
ra3a Ha BHEIITHEM KOPITyce YCTPOWCTBA 3aropaeTcsi CBETOBOM MHAMKATOP (CBETOAMOM) M BKIIOYAETCS 3BYKOBOM
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uHaukarop. 1lo Mepe MoBbIIEHNS] KOHLIEHTPALMU Ta3a 4acToTa 3BYKa BO3PACTAET, IO MOMEHTA MPEBBILLICHUS
3aJ]aHHOTO MTOPOTOBOTO 3HAUCHHUSI KOHIICHTPAIIMH ra3a B MOMENIeHUH. [Ipy MpeBbIIeHHH TTOPOrOBOrO 3HaYe-
HUS Ta3a, KOTOPOE 33/1aeTCsl Ha MPOTPaMMHOM YPOBHE, BBITTOJHSETCS KOJI MPOTPaMMBI, OCYIIECTBIISFOIINHA 10~
CBUIKY ynpasisitomiero curdaia Ha SIM-kapty GSM/GPS-moayns. B cBoro ouepens, GSM/GPS-monyns dop-
MUpYET U oTmpasisier SMS-coobrieHne ¢ 3agaHabM TekcToM. CooOIIeHNne OTHOBPEMEHHO MOXKET OBITh OT-
MPaBJICHO Ha HECKOJIBKO Tele(OHHBIX HOMEPOB. [lepeueHh HOMEPOB MPEIBAPUTEITBHO «3aICHIBACTCS» HETIo-
CPEICTBEHHO B MPOrPaMMy YIPaBICHUSI MUKPOKOHTPOIIIEPOM.

Ympasisitomas mporpaMmma Juiss MUKPOKOHTpoJuiepa pa3padoraHa Ha si3eike C++, ¢ HCMOJIB30BaHUEM
cpenbl pazpabotku Keil v.5. AnroputM paboThl POrpaMMbl H, B IIEJIOM, YCTPOWCTBA peau3yeTcsl B clie-
JYIOIIEM TIOPSIJIKE:

— YIPaBIIOUNA MUKPOKOHTPOJIJIEP C YaCTOTON HEe MeHee 0AHOoro pasa B 0,5 . «ompamimBaeT» cocTosi-
HHUE JIBYX BXOJOB, OJIMH U3 KOTOPBIX CBS3aH C JaTYMKOM ra3a, BTOPOH — C MHKPOCXEMOW KOHTPOJIS 3apsaia
AKKyMYJIITOPHOH OaTapew;

— TIPU U3MEHEHWH COCTOSIHUS BXO/1a, CBSI3aHHOTO C JIATYMKOM Ta3a, MUKPOKOHTPOJIIEP aKTHBHPYET KO
MPOTPaMMBI, KOTOPBIH OTBeUaeT 3a MOochUIKy curaana Ha GSM/GPS-mozayns;

— IPU U3MEHEHHUH COCTOSIHUS BXO0JIa, CBA3aHHOTO ¢ MHUKPOCXEMOM KOHTPOJISI aKKYMYJISITOPHOM 3apsilIKH,
YIPaBISIONINA MUKPOKOHTPOJUIEP aKTUBHPYET KO MPOTPaMMBbl, KOTOPBINA Takke (POPMUPYET IMOCHUIKY CHT-
Hana Ha GSM-Moy b,

Hwke mpencrasieHa 4acTh MpOrpaMMbl, B KOTOPOW OTPayKEHBI OCHOBHBIC YIIPABIISIONIAE KOMAH/IBI JIJIS
BKJIIOYEHUS, 3amycka U akTuBauun GSM-Monyisi, peaJu30BaHHOIO C IPUMEHEHHEM CTPYKTypwl While u
BJIO)KEHHOW CTPYKTYPBI BBIOODA if/else.

void SendSMS (char* text)
{
uart. WriteString («<-AT+CMGS=W»+77009667591\W\r»);
int ch = uart.ReadByte ();
while((ch!=">") && (ch!=-1))
ch = uart.ReadByte ();
if(ch ="

void MainTask ()
{ char str [100];
Enable ();
uart. WriteString («AT\r»);
ReadSrting (str,100);
uart. WriteString (<ATEO\r»);
ReadSrting (str,100);
uart. WriteString (<AT+CMGF=1\r»);
ReadSrting (str,100);
uart. WriteString («<AT+CSCS=WGSMW»\r»);
ReadSrting (str,100);
HAL_ADCEx_Calibration_Start (&hadc);
while (! strstr(str,»+CREG: 0,1»))
SendSMS («POWER ONy);
ReadSrting (str,100);
{ if (! sms_sended)
{ SendSMS («GAS!»);
ReadSrting (str,100);
sms_sended = true; }

}

else

{ if (sms_sended)
{
SendSMS («NO GAS OK»);

ReadSrting (str,100);
sms_sended = false;
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[Ipu BrirOYeHHH MPHOOpa aBTOMATUYECKH OCYILIECTBILSIIOTCS MepBUYHAas akTuBaiws SIM-kapTel, mof-
KITI09eHne Moyt K cucteme GPS 1 0OMeH TaHHBIMH MKy MUKPOKOHTPOJIIIEPOM M MOJTYJIEM TepeiaTIHKa.

OnexTpuyecKas cxema U IUlaTta yCTpOWCTBa CIIPOEKTHPOBaHbI B cpene Altium Designer. Ha pucynke 2
MPEeICTaBICHB CXEMbI TIOAKIIOYEHUS! MUKPOKOHTpOJIepa K BHEIIHEH nepudepuu (a) 1 neyaTHoi miaTsl (0).

(2) (©)

Pucynox 2. CxeMbl NOAKITIOYEHHUS MUKPOKOHTPOJUIEpA K BHEIIHEeH niepudepuu (a) 1 neyaTHoH miathl (0)

Ucnons3oBannsiii Hamu STM32F030K6T6 32-6uTHBIN MUKPOKOHTPOJIIEP OTHOCUTCS K IIEPBOM JTMHEH-
Ke MHUKpOKOHTposuiepoB STM32. Beibop Haubonee ynpoleHHOH BEpCMH MHUKPOKOHTpOJIepa 00YyCIOBIECH
IIPOCTOTOM €ro U3y4eHus U IPOrpaMMHUPOBAHUS YUAILIUMUCH.

B xauectBe cencopa rasa ucrnonb3oban npoaykT ¢pupmel FIGARO ENGINEERING, sto momymnpoBo/i-
HUKOBBIH 1aTYMK HA OCHOBE IJIEHOK OKCHJIA 0JIOBA, CONPOTUBIIEHNE KOTOPBIX B YACTOM BO3/1yX€ OYEHb BBI-
coxko [6].

W3roToBneHne miaTel OCYIIECTBISUIOCH IyTeM OOIydeHHs YJIbTpa(uoIeTOBOH JTaMIoi CrenuaIbHOro
¢doropesucta uepe3 (HOTOHETaTUB CXEMBI, paclieuyaTaHHBIN Ha Jla3epHOM IpuHTepe. TpaBieHue miaaTel mMpo-
HCXOAWIO B pacTBOPE MEPEKUCH BOAOPOAA U INMOHHOM KHCIIOTBI.

ITocne M3roToOBIECHNUS MEYATHOW ILIATHI, TY)KEHHUS U OYMCTKH ITOBEPXHOCTH OblIa mpoBezeHa padoTa 1mo
pacmaiike KOMIOHeHTOB. JlaHHas paboTa ObUIa BHIIOJIHEHa COBMECTHO CO LIKOJIbHUKAaMHU. Bce KOMIOHEHTHI,
3a HCKJIIOUEHHEM MUKPOKOHTPOJUIEpa U MOIYJIsS TIepeJaTyiKa, ObIIM paccTaBlICHbl U pacHasHbl IIKOJIbHUKA-
MH CaMOCTOSITENbHO. [ Maiiku UCHONIB30BaIM MAJIOMOIIHYIO NMAsUIBHYIO CTAHIMIO, OCHAIIEHHYIO (YHKIIH-
eit TepmoBo3ayIHON 00yBKH. Koprirye mist mpubopa Owin paspabotan B cpene «KKOMITAC» u pacrievartan
Ha 3D-npunTepe.

TecToBble UCTIBITAHUS PUOOPa HA KOJIMYECTBO OTKA30B IO CpabaTHIBAHMIO M JIOKHBIX CpabaThIBaHUMA
[IOKa3aJIy M0JIOKUTENbHBIE pe3ybTaThl. TecTUpoBaHHE Ha KOJIMYECTBO OTKA30B IIPOBOJMIIOCH CIIEAYIOILIUM
00pa3oM: Ha PAacCTOSHUU JBYX METPOB OT JaT4MKa, B TEUEHHE ABYX CEKYHI PaclblIsUId ¢ MAIEHBKOro Oai-
JIOHYMKa ra3 (mpomnas). 3aTeM Uil YCKOPEHUS pacIpOCTPpaHeHHUs MTApOB Ta3a B OKPY’KaIOIIeH cpee BKIIoYa-
JI BEHTHJISTOP.

Bo Bcex cmydasx cpabaTbIBajiil CBETOBAas M 3BYKOBas MHAMKAIMU yCTpoicTBa. [lapanienbHo Ha BbI-
OpaHHbII TeneQOHHBII HOMEp MPUXOAUIN coobueHus: «GAS!». TecToBble HCTBITAHNS POBOAMINCE B Te-
yeHHne 2—3 JHEH, Tak KaK IMOCJe KaKJI0ro paciblIeHHs ra3a TpeOOBaloch Ha 1—2 4 MPOBETPHBATh IOMEIIIe-
HHe. B oTcyTcTBHM ra3a Ha TOT ke TeneOHHbIH HOMEp NPUXOIWIM COOOIIeHHs 00 OTCYTCTBHM rasa
«NO GAS OK».
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Ha PUCYHKE 3 OpeaACTaBJICHO CO3AaHHOC COBMCCTHO C yHalllUMUCH YCTPOﬁCTBO.

Pucynox 3. BHemHmii BuI pa3paboTaHHOTO yCTPOWCTBa

JloxHbIX cpabaTeiBanmii TprOOpa He 3adurcupoBaHo. [lpyu mpoBeAeHNN JaHHBIX UCTIBITAHUMA «OIace-
HUsD» OBLUTH CBSI3aHBI HE C CAMHM JIaTYMKOM, a C pa3padoTaHHON mporpamMmoid. CrieZjoBano yOeIuThCsl B TOM,
4TO B CaMO¥ MporpaMme HeT OIMMOOK, KOTOPhIe MMPUBOAMINA OBl K JIOKHOM aKTHBAIMH MPHOOPA U IMOCHUTKAM
COOOIIEHU.

Baxnouenue

B xoje BeimonHeHus paboThl ObUIa pa3paboTaHa cxeMa YCTPOWCTBA, MPeJHa3HAYeHHOTO JJIsi OOHApY-
’KEHHs TapoB OBITOBOTO T'a3a B OKpYJKarollel cpese. B kauecTBe OCHOBHOTO CEHCOPHOTO 3JIEMEHTa HCIHOJb-
30BaH BBICOKOUYBCTBUTENBHBIN AaTuMK TGS-2610. OcymiecTBIeHO NPOEKTUPOBAHUE MEYATHOM IIaThl YCT-
pOICTBa C TPacCUPOBKON MPOBOAHUKOB U PA3BOAKOM 3JIEKTPOHHBIX KOMIIOHEHTOB. J[JI1 IIPOEKTUPOBAHUS
CXEMbI TJIaThl YCTPOWCTBA OBUIM 3aJIeiCTBOBaHBI BO3MOXKHOCTH cpenbl Altium Designer. /s paszpabortku
YIOpaBJISIOUIEH MPOrpaMMbl ObLT HCHIOIB30BaH S3bIK BBICOKOTO ypoBHs C++. OOMeH mnepenaBaeMbIX KOMaH[
MeXy MUKpOKOHTposuiepoM U MoayneM SIM800A ocymecTisiics nocpeactsoM AT-koMaHA.

B kadecTBe KOHEYHOTO MPOAYKTa HAMU OBLI COOpaH MPOTOTHUIl YCTPOWCTBA, OCHAICHHBIA CEHCOPOM
rasa, yrnpasJsiOlIIM MHKPOKOHTPOJUIEPOM, MOIYJIEM Iepeladyl AaHHBIX, 3BYKOBBIM HHAMKATOPOM M aKKY-
MyJSITOpHOU Oarapeel. @yHKIIMOHAJIbHBIE BO3MOKHOCTH YCTPOMCTBA MPOBEPEHBI B X0I€ HMPEABAPUTEIBHBIX
TECTOBBIX UCIBITAHUH. TECTOBBIE UCIBITAHUS YCTPOWCTBA [TOKA3aJIU I1OJIOKUTEIIBHbIE PE3YJIbTaThl: BO BCEX
Cily4yasx BKJIOYajJach 3BYKOBas CHIHAIM3AIMA, U YCTPOMCTBO OCYINECTBISIO MOCBUIKY SMS-cooOrmeHus.
[Ipu 3TOM CcityuaeB JI0KHOTO cpadaThIBaHUs YCTPOWCTBA HE OBLIO 3a(MKCHPOBAHO.

Takxe ciemyer OTMETUTb, YTO y4alllMecs, BBINOJIHAS ITOCTaBICHHBIC 3aa4l, MOMyYmin Oojee riry0o-
KHe 3HaHMA B 001aCTH M(POBOM TEXHUKHU U IIPOTPAMMHUPOBAHUS MUKPOKOHTPOJLIEPOB.
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K.M. Maxanos, JI.B. Hupkona, b.A. KaceimbaeBa, M.C. beiicen6exosa, H.K. Ocer

Duznka, cyJI0aTeXHUKA KHE MPOrpaMMaiay/ibiH MIHAPAIBIK 0alIaHbICHI

Makanmaga MeKTell OKYIIBIIapbl JKOHE CTYICHTTEpPMEH Oipiecilt Ky3ere achIpbUIFaH  IUQPIBIK
KOMITOHEHTTEpre HETIi3eNTeH JIEKTPOHIBIK KYPBUIFBIHBI jKacay HOTIKENepi KeNTipinreH. By sKyMBICTBIH
makcaTsl STM32 cepusiinbl 32-0UTTiK MEKPOKOHTPOJUIED HETi31He 3IeKTPOHIBIK KYPBUIFBIHEI K00anay skoHe
kacay 6oJbIr TabbuIa bl KYpBUIFEIHBIH 2JIEKTPOHBIK O6IiriH sxobanay xeHe a3ipiey ymiH Altium Designer
MHTeTpalysUIaHFaH a3ipiey oprackl Koinanbsuiras. Keil v.5 a3ipney opraceinna, sxorapsl aeHreiii C ++ Tinin
KOJIaHy apKbuibl Oackapy Oarmapimamachl kacanraH. Opranblk  0ackapy HpOLECCOPBI  peTiHe
STM32F030K6T6 cepusibl MHKPOKOHTPOJUIED MalJalaHbUIFAH. OJEKTp Ti30eri jkKoHe KYPBUIFBIHBIH
ANEKTPIIK TakTachl a3ipaenred. Cencopibl anmement peringe Figaro (Kanowws) dupmaceiHga enaipiiarexn
ce3iMTaabFel oTe korapel TGS 2610 ra3z matumri Konpmaneurad. SMS xibepy ymin SIM800A wmomymi
naliganansurad.  JKyMBICTBI  OpbIHAAY OapbICBIHIA CTYAEHTTEp YIBTPAKYJTiH COyJIEMEH apHallbl
(hOTOpPE3UCTTI COyNeNEHIIPY OMICIH KOJJIaHa OTBIPBIN, JJCKTPIIK TaKTalapAel ©3 OeTiHme jxacaraH. Ic
Ky3iHze GapIIbIK KOMIIOHEHTTEp/i OKYIIbUIap ©3Jepi peTTel, JoHeKkepiereH. MuKpoKoHTpoiepai 6ackapy
GargapnaMacel CTyAeHTTEpMeH Oipre o3ipmenreH. KypburFblHbIH KopmychiH kacay yurin «KOMITAC»
opracsl Konzansurran. KoprycteiH €31 3D-npuHTepsie 0achlIblll LIbFapbUFaH. KypbUIFBIHBIH KYMBICTBIK
JIOJIITT PETTeNiN OHBIH CBIHAK TeCTiepi xypriziaren. KypbuiFbIHbL aniblH-aa ChIHAY HOTHKeNepi OOWbIHIIIA,
ra3 JaTyduri arbill KeTy OacranraH coTTeH Oacram anramikel 20 CeKyHA imriHAge ras3ablH OOJyBIH cesir,
colikeciHme xabapiaama >kiOepeTiHi aHBIKTaJIFaH JKOHE ©3 EpKIMEH KOCBUIBII xabapiiaMaHbl Xibepyi
OatikanManel. CaHABIK KYPBUIFBIIAD MEH aclanTapisl skobanay mpomnecinae ¢usmka, MHGOpPMaTHKa XKOHE
MaTeMaTHKa HeTi3IepiHiH MaHbI3IbUIBIFB KOPCETLITeH.

Kinm ce30ep: ra3 natumri, Kocsmia 0inim 6epy, STM32 MukpokoHTpoIutepi, OarrapiiamManay, acrarn, 3JIeKTp
cyibacel, 6acna TaKTackl, TAPATKBILI MOIYII.

K.M. Makhanov, L.V. Chirkova, B.A. Kassymbayeva, M.S. Beissenbekova, N.K. Aset

Interdisciplinary communication of physics, schemes and programming

The article presents the results of the development of an electronic device based on digital components,
carried out jointly with schoolchildren and students. The aim of this work was the design and development of
an electronic device based on 32-bit microcontrollers of the STM32 series. For the design and development of
the electronic part of the device, the integrated development environment Altium Designer was used. Using a
high-level C ++ language, a control program was developed in the Keil v.5 debugging environment. The
microcontroller of the STM32F030K6T6 series was used as the central control processor. The electrical
circuit and the circuit board of the device are developed. A highly sensitive gas sensor TGS 2610,
manufactured by Figaro (Japan), was used as a sensor element. For SMS transmission, the SIM800A module
was used. In the process of doing the work, students independently made electric boards using the method of
irradiation of a special photoresist with a UV lamp. Practically all the components were arranged and
soldered by the students on their own. Together with the students, a control program for the microcontroller
was developed. To manufacture the case of the device, the <KKOMPAS» environment was used. The case was
printed on a 3D — printer. Calibrated the device and its test tests. According to the results of preliminary test
tests of the device, it was found that the gas sensor responds to the presence of gas during the first 20 seconds
from the time the leak started. False positives of the device are not fixed. The importance of the foundations
of physics, computer science and mathematics in the process of designing digital devices and instruments is
shown.

Keywords: gas sensor, additional education, STM32 microcontroller, programming, device, electrical circuit,
printed circuit board, transmitter module.
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