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High responsivity UV detector based on TiO,-rGO nanocomposite material

The influence of reduced graphene oxide and the optoelectronic characterictics of a nanocomposites based on
rGO and TiO, were studied. Surface morphology and Raman spectra of nanocomposite materials indicate the
presence of initial components. It has been illustrated that during hydrothermal synthesis further reduction of
rGO occurs, i.e. the variety of oxygen-containing groups decreases. Studies of current-voltage characteristics
have displayed the availability of rGO in the nanocomposite leads to an increase in the photo induced current
to more than 40 uA. Next, the photoresponsivity of the samples was determined, which is three orders of val-
ue higher than pure titanium dioxide for nano-composite material. And the detectivity also increased 9 times.
This parameter allows you to identify the performance of the device. In this regard, the UV detector based on
nanocomposite has a higher performance. Studies also show a decrease in reaction time to light irradiation.
When irradiated, the nanocomposite material reacts to light three orders of magnitude faster than TiO,.

Keywords: graphene oxide, titanium dioxide, Raman spectra, optoelectronic properties, UV detectors.

Introduction

Photodetectors originated as incident light sensors, which were mainly used to convert the energy of a
falling photon into an electrical signal. Typically, the sensing capacity of incident radiation can be signifi-
cantly assessed by measuring the current or voltage signal generated in the device. Therefore, there is great
interest in developing various photodetectors. So far, many researchers have reported various photodetector
mechanisms included in the ultraviolet, visible and infrared regions. Therefore, it is necessary to develop a
strategic device architecture using various composite materials to improve the perception of incident light.
Therefore, achieving excellent photoresponsibility and photoresponsivity mechanism of a photodetector is
primarily due to photoconductive, photoreflective and photoelectric effects.

Due to their improved physical and chemical properties, nanostructures have become attractive materi-
als in the area of nanoelectronics, energy, optoelectronics, photocatalysis, sensors, drug delivery, biomedi-
cine, lasers, and flexible technologies [1-3]. In particular, photodetector technology is practically applied in
the ultraviolet region for ozone detection, pollution detection, gas sensors and flame detection; in the visible
region for energy, fiber optic communications, video imaging and artificial vision, and infrared (IR) for bio-
medical imaging, defence, space telescopes and meteorology.

Wide bandgap metal oxide materials (ZnO, SnO,, Ga,0O3;, WO; and TiO,) provide outstanding pro-
cessing approaches such as ease of fabrication, scalability, crystal orientation control, uniformity and repro-
ducibility in the UV detector community. Thus, all the above features demonstrate that metal oxide semicon-
ductors can be widely used in high-responsivity UV photodetectors.

6 BecTHuK KaparaHguHckoro yHuBepcuTeTa
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In the last decade, works have been appeared where multicomponent and hybrid materials based on
graphene and TiO, nanoparticles [4-6]. Materials received in these works mostly focus on creating TiO,
nanocrystals with the desired size and morphology, followed by their modification and applying on the sur-
face of graphene sheets. However, these hybrid materials have disadvantages. Their size is too small to be
easily agglomerated. Moreover, during the process of photodecomposition of organic compounds, the effec-
tive surface area of TiO, and graphene of such a hybrid material can considerably decrease.

Titanium dioxide (TiO,) is one of the most researched semiconductors due to its high potential of appli-
cation in photocatalysis, photovoltaic cells and gas sensors. Titanium dioxide, with a bandgap of 3.2 eV, is
responsivity to light with wavelengths below 380 nm. This allows it to be used for the manufacture of
photodetectors for the UV-A range. TiO, with a Schottky barrier have high-speed UV detection, but have
low photoresponsivity. This limits its use in UV detection. At the same time, oxygen vacancies in TiO, can
lead to strong tunneling of carriers, this can increase the dark current. Thus, the properties of TiO, with ex-
cellent structural transformation and non-stoichiometric phase transitions ensure its importance in optoelec-
tronic sensors and imaging systems [7-11].

Recently, graphene based photo-electric devices have drawn the attentions because of its superior opti-
cal and electrical properties [12]. Graphene has an almost flat absorption to the specific optical spectrum, and
has ballistic electronic transport and ultrahigh carrier mobility, which may lower the recombination possibil-
ity of electrons and holes [13, 14]. Those properties make graphene an ideal material for photodetecting de-
vices when combining it with other photoresponsivity responsivity materials.

One of the most important graphene derivatives is graphene oxide, an excellent carbon material with a
high specific surface area, good dispersion and a surface rich in functional groups. Go contains a large num-
ber of oxygen-containing functional groups (hydroxyl, epoxy, carbonyl and carboxyl) on its basal plane and
edges; these groups allow combining GO with other modified nanomaterials and provide ample opportunities
for creating hybrid nanocomposites based on GO [15-17].

In addition, it is believed that the combination of TiO, and graphene oxide GO has synergistic effects
and improves the photodegradation of organic compounds in both gaseous and aqueous media. Meanwhile,
in [18] it was shown that the reduced graphene oxide (rGO) has a higher photocatalytic activity and electrical
conductivity compared to graphene oxide.

In this work, an ultraviolet detector of a nanocomposite material based on rGO and TiO, was obtained.
It is expected that the addition of rGO and TiO, in a complex will improve the optoelectronic characteristics
of the detector, since their use has led to an increase in the effectiveness of photocatalytic properties [19].

Experimental

Preparation of nanocomposite materials was synthesized by the hydrothermal method according to the
methods of work [19, 20]. The preparation were carried out on the basis of rGO (Cheaptubes, USA), TiO,
(Sigma Aldrich), deionized water and ethanol. The concentration of rGO in the resulting nanocomposite ma-
terial is 10%, since studies have shown that at this concentration the materials have highly efficient catalytic
activity [19].

All reagents were analytically pure and used without further purification.

The surface morphology of the resulting composite materials was examined using a JEM-2100F trans-
mission electron microscope with an accelerating voltage of 120 kV. To record Raman spectra, a Confotec
MR520 microscope (Sol Instruments) with laser excitation at a wavelength of 632.8 hm was used. TiO, or
TiO,-rGO nanocomposite films were prepared from a paste obtained by constantly mixing TiO,0f 150 mg
and TiO,-rGO with 1 mL of ethanol for 24 hours.

The finished paste was applied to the surface of the substrates using the “spin-coating” method at a rota-
tion speed of 2000 rpm. After application, the film was annealed in an argon atmosphere for 2 hours at a
temperature of 450 °C.

The photodetector was assembled on glass with a conducting layer of fluorinated tin oxide (FTO, Sigma
Aldrich). Interdigitated tracks were cut on the surface substrates using a laser scriber BLS0503MM
(Bodor) [21].

Measurements of the current-voltage characteristics (CVC) of the prepared samples were carried out us-
ing a potentiostat-galvanostat Elins P-40X (Elins) when the samples were irradiated with light from a xenon
lamp with a power of 35 mW/ cm?.

To study the response time of the samples, we used a setup and a pulsed laser LQ215 (Solar) with a
third harmonic generator with 355 nm and a pulse duration of 7 ns [21].

Cepusa «dusmka». 2024, 29, 1(113) 7
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Results and Discussion

A TEM study of the structure of prepared films showed that when rGO is applied, an island film is
formed (Fig. 1).

Figure 1. TEM images of rGO (a) and TiO,-rGO (b) powders

TEM images (Fig. 1) show rGO sheets and TiO, particles dispersed on a surface of individual rGO
sheets. In this case, a slight agglomeration of TiO, particles is also observed. Figure 1b shows larger flakes
of thin translucent rGO enveloping TiO, particles.

TEM studies demonstrate that reduced graphene oxide sheets are dispersed throughout the synthesized
composites. This can promote the formation of a conductive network between TiO, particles and more effi-
cient injection of photogenerated electrons into graphene sheets, ensuring their further transfer to FTO layer
and recording.

20,0k =

15,0k —

10,0k —

Intensity, a.u.

5.0k —

‘/\/L \
0,0 } !
’ rFrTrTr Tttt rrt
200 400 600 800 1000 1200 1400 1600 1800

Raman shift, cm”

1—TiOy 2 —rGO; 3 —TiO,—rGO
Figure 2. Raman shift of samples

Raman spectra were recorded to identify the materials. According to the Raman spectra, the
nanocomposite material contains TiO, and rGO peaks. Titanium dioxide of the anatase structure has six Ra-
man-active peaks in the vibrational spectrum [19, 22]. The spectrum of reduced graphene oxide contains two
characteristic bands: D- and G-bands (Table 1).

8 BecTHuk KaparaHguHckoro yHnBepcuTeTa
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Table 1
Position and intensity of the RC shift
Sample D, cm™ L, o.c. G,cmt L, o.e. I/l
rGO 1326,83 2708 1582,79 1789 1,51
TiO,-rGO 1321,22 1584 1571,97 1079 1,47

A decrease in the Ip/lg intensity ratio in the nanocomposite material indicates the process of further re-
duction of graphene oxide during synthesis, where the formation of sp® carbon domains and a decrease in the
amount of oxygen-containing groups can occur [23].

The main parameters for determining an ultraviolet detector are current-voltage characteristics (volt-
ampere characteristics), with the help of which light and dark photocurrents are found, as well as
responsivity and detectability. Figure 3 shows the CVC of light and dark photo-induced current for TiO, and
TiO,-rGO. The CVC of the samples were measured at a voltage of +30 V and at —30 V. The dependence of
current on voltage has a nonlinear form. At the same time, even without illumination of the samples, so-
called dark currents are recorded. The values of the generated photocurrent Iy, of the detector, shown in Ta-
ble 2, were assessed from the difference in light and dark values.

Photocurrent, A Photocurrent, pA

2

40

=

10 20 T T
Voltage, V -10

!] I II[) ' JO I

Voltage, V

1
— 2
(=] =1
L I 1 I 1 I 1 I 1 I 1 I 1 I 1 I J

TiO, TiO,-rGO
Figure 3. CVC of samples: blue — light, red — dark

The maximum photocurrent value was recorded in the TiO,-rGO nanocomposite material, which is
46.83 pA (at +30 V), and the current is 29.76 pA at —30 V. It is also clear from Figure 3 that at +8V there is
an intense increase photocurrent compared to dark current. This shows the response of the samples to irradia-
tion. The difference between light and dark current is equal to the background photocurrent. The figure
shows the current-voltage characteristics for pure TiO,, where upon irradiation the photocurrent is only
1.9 pA, and the dark current is only 0.8 pnA. Table 2 shows that the background current at +30V voltage in
TiO,-rGO is 36 times higher than in TiO,. And at —30V this value only increases by almost 2 times.

The photoresponsivity of the detector is determined by the formula:

|ph
R:?, (1)

where P is the incident radiation power.

Table 2 shows, it is clear that the responsivity of TiO,-rGO nanocomposite films has increased by al-
most three orders of magnitude. Next, the specific detection ability of the prepared samples D* was estimat-
ed, which determines the ability of the device to detect weak light signals and can be determined from ex-
pression (1) [24, 25]:

. _RJA

° :\lz'e'ldark , (2)

where R is the responsivity of the films, A is the illuminated area of the sample, e is the electron charge mod-
ulo, lgar is the value of the dark current at +30 V.
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Table 2
Optoelectronic characteristics UV detectors based on TiO, and nanocomposite TiO,-rGO
Sample Ioh, LA+30 V Ioh, LA-30 V R, AIW D*, Jones 7, S T2 S
TiO, 1.10 2,98 31.4-10° 6.03-10" 17-10° 3,3
TiO,-rGO 36.1 4,03 1.03-10° 55,9-10" 7-10° 0,31-10°

According to the calculations that the specific detection ability of TiO, films is 6.03-10" Jones, while in
the presence of rGO D* increased to 55.9-10" Jones. This can be explained by the fact that the responsivity of
pure TiO2 films has a very low value. Table 2 shows the rise and fall times of the samples. The rise time for
TiO,-rGO is three orders of magnitude longer than that for TiO,. Thus, the nanocomposite material reacts
faster to the incident light. However, the decay time in the nanocomposite material also passes faster and is
equal to 0.31 ms.

Thus, the optoelectronic characteristics of a UV detector based on a nanocomposite material are im-
proved by the addition of reduced graphene oxide.

Conclusions

Thus, a nanocomposite material based on rGO and TiO, was obtained using a hydrothermal synthesis
method. The surface morphology of the nanocomposite is shown and the rGO sheets and TiO, nanoparticles
are clearly visible. The Raman spectrum also confirms the presence of initial components in the
nanocomposite material. The intensity ratio shows that further reduction of rGO occurs in the nanocomposite
material. Studies of current-voltage characteristics have shown that in the hanocomposite material the back-
ground photocurrent is 36 pA, and in pure TiO, it is only 1.1 pA. Accordingly, the responsivity of the
nanocomposite UV detector is three orders of magnitude greater and is equal to 1 mA, whereas for TiO, it is
31 pA. The detectability also shows the best results for TiO,-rGO. Studies of the timing characteristics of the
nanocomposite material show rise and fall reaction times of 7 ps and 0.31 ms, respectively.

Thus, the results obtained show that the optoelectronic characteristics of the UV detector of the TiO,-
rGO nanocomposite material are much higher than those of pure TiO,.
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A. Kymabekos, A. Kacanoa, H. Ucnynos, K. Jlocymb6exos,
K. Ocnanoga, T. Jlocanos, A. KypmaHos

TiO,-rGO HaHOKOMTIO3MTI Heri3iHaeri ;koFapbice3iMTaN YJIbTPAKYJITiH 1€TEKTOP

Makanama TutaH auokcuai MeH rGO Heri3iHaeri HaHOKOMITO3UTTIK MAaTCPHAIBIH ONTO3IEKTPOH/IBIK
KacHeTTepiHe KaiTa KypbutFaH rpadeH OKCHAIHIH ocepi 3epTrenreH. HaHOKOMMO3UTTIK MaTepHaIaapIbiH
OetiniH MOPQOIOTUsICH KOHE paMaHIBIK CHEKTpiepi OacTamkbl KOMIOHEHTTEpHAiH OOJIybIH KepceTeni.
Tunporepmanapik cuaTe3 Kesinme rGO omaH opi KaliTa KYpbUIQABL, SFHM OTTEri Oap TONTapAblH CaHBI
A3asATBHIHIBIFBI KepceTinreH. BompT-ammep cumarTaManapblHBIH 3epTTeyi OoiibiHIIa HanokoMmnosutre rGO-
HBIH OO0JIybl (OTOWHAYKIWSUTaHFaH TOKTHIH 40 MKA-IaH KOFapbl MOHTE OKeNeTiHiH kepceTTi. OcbhliaH
HAHOKOMITO3UTTIK MaTepHa YIIiH Ta3a THTAH JHOKCHAIMEH CaJbICTBIPFAH[A YII OHIBIKTAH apTHIK aCaThiH
YJITIEpiH Ce3iMTaNbIFBI aHBIKTANIBL. AJl JeTeKTopay Kabineti ae 9 ece ocTi. By mapamerp KypbUIFBIHBIH
OHIMJIUIITIH aHBIKTayFa MYMKIHIIK Oepenmi. OcbkiFaH OailIaHBICTHI HAHOKOMITO3MT HETi31HAEr! yIbTPaKyIriH
JETeKTOP/BIH OHiMALNIr xorapsl. CoHfaii-ak, 3epTTeysep »KapblK COyJeNeHYIHAe pPeaKlys yaKbITHIHBIH
azaroblH kepcereni. CoyneneHreH Kke3nae HAHOKOMMO3MTTIK Martepuan TiO,-re KaparaHia YII PeTTIK
IIaMajIarsl )KapbIKKA T3 dPEKET eTei. AJIBIHFAH HOTHXKENIEP/Ii OMTOAICKTPOHIBIK JKOHE (HOTOKATATUTHKAIIBIK
KOCBIMIIIANIAPFa apHAJIFaH JKaPhIKKA Ce3IMTal )KaHa KYPbUIFBLIAP/IbI JKacay1a KoJaaHyra 00Iabl.

Kinm ce3dep: rpaden okcuni, Tutan auokcuni, KII criekTpi, ONTOAIEKTPOHABIK KacHETTEPi, YIbTPAKYIITIH
JICTEKTOPBI.
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A. XKymabekos, A. Kacanosa, H. Ucnynos, K. /fTocymbekos,
K. Ocnanosa, T. [locanos, A. Kypmanos

BbICOKO4YBCTBUTEIbHBII Y® 1eTeKTOp HA 0ocHOBe HaHOKoMMo3uTa TiO,—rGO

W3zydeHo BIHMsHIE BOCCTAHOBIEHHOTO OKCHJA rpad)eHa Ha ONTO3NEKTPOHHBIE CBOWCTBA HAHOKOMITO3UTHOTO
MaTepuaia Ha OCHOBe Juokcuaa thurana u rGO. Mopgonorus moBepxHocTH U PaMaH-CHIEKTpbl HAHOKOMIIO-
3UTHBIX MaTepHAJIOB MOKA3bIBAIOT HAIMYNE UCXOAHBIX KOMIOHEHTOB. [T0oka3aHo, 4TO MpU THAPOTEPMATEHOM
CHHTE3¢ NPOUCXOJMT JanbHeiuiee BoccTaHoBieHne GO, TO €CTh yMEHbBLIAETCS KOJIMYECTBO KHCIOPOJ-
cofepXamux Tpymnin. VcciaenoBaHUs BOJNBT-aMIIEPHBIX XapaKTEPHCTHK IoKazamd, uto Hammune GO B
HaHOKOMIIO3UTE MPUBOJIUT K YBEIHYEHHIO ()OTOMHIYINPOBAHHOTO ToKa K 6osiee 40 MxA. Otcrona Obita om-
pelneneHa TyBCTBUTEILHOCTh 00pa3IoB, KOTOpast A5l HAHOKOMITO3UTHOT'O MaTepHalla IIPEeBBICHIA YPOBEHb Ha
TpPH TIOPSIKA TI0 CPABHEHHIO C YHCTHIM JAMOKCHIOM THTaHAa. A JETEKTHPYIOIIas CHOCOOHOCT TaK)Ke YBENH-
ymnack B 9 pa3. JlaHHBIH mapaMeTp MO3BOJSIET BBIIBUTH IMPOU3BOIUTEIBHOCTL YCTpOICTBA. B cBS3U ¢ 3TUM
Y@ nerexTop Ha OCHOBE HAHOKOMIIO3UTa 00namaeT 0ojiee BBICOKOI NMPOM3BOIUTEIBHOCTBIO. Takke mccie-
JIOBaHUS TOKa3bIBAlOT YMEHBIICHNE BPEMEHN PEaKIMU Ha oOmydeHue ceeToM. [Ipu oOirydeHHH HAaHOKOMITO-
3UTHBIA MaTepHal pearupyeT Ha CBET Ha TpH Hopsaka Ovictpee, deM TiO,. I[lomydueHHBIe pe3ynbTaThl MOTYT
OBITH MCIIOIH30BAHEI IIPH Pa3padOTKe HOBBIX CBETOUYBCTBUTENBHBIX YCTPOMCTB IS ONTOAIEKTPOHHBIX U (o-
TOKATAIUTUYECKUX IPUITOKECHUH.

Knioueswvie crosa: okeun rpadeHna, quokcus Tutana, criektp KP, onrosnekrponHbie Xxapakrepuctuku, Y D ne-
TEKTOP.
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Thermal properties of Cu,S binary copper sulfides

Copper chalcogenides have a complex electronic structure due to the interaction of hybridized s- and p-states
of chalcogen forming a valence band with 3d states of copper, which greatly complicates the interpretation of
temperature dependences of kinetic parameters having a nonmonotonic character. Cu,S copper sulfide is an
effective thermoelectric material, so it is interesting to study its kinetic parameters of solid solutions that it
forms with alkali metals. The nonstoichiometry of chalcogenides can be easily controlled electrochemically,
therefore, the task of selecting the optimal composition according to the cationic sublattice is quite feasible.
The paper presents experimental studies of the properties of Cu,S binary copper sulfide. Copper
chalcogenides have a complex electronic structure due to the interaction of hybridized s- and p-states of
chalcogen forming a valence band with 3d states of copper, which greatly complicates the interpretation of
temperature dependences of kinetic parameters having a nonmonotonic character. For the Cu,S sample, rather
low values of the electron thermal EMF coefficient of the sample from 0.05 mV/K to 0.25 mV/K were found,
which are more typical for metals than for semiconductors. The thermal conductivity of the Cu,S sample is
quite low, it rises to 0.3 W/m*K at a phase transition of about 380 K and does not fall below 0.2 W/m*K.
Thus, the nonstoichiometry of chalcogenides can be easily controlled electrochemically, therefore, the task of
selecting the optimal composition according to the cationic sublattice is quite feasible. In addition, to improve
the thermoelectric properties of Cu,S, it can be achieved by alloying alkali metals into a binary copper sulfide
matrix.

Keywords: thermoelectric materials, copper sulfide, crystal structure, conductivity, thermal conductivity,
Seebeck coefficient, superionic conductors.

Introduction

Copper sulfide has proven to be a more efficient material in solar cells [1]. CES with Cu,S-CDs
heterojunction attract attention due to the real possibility of their wide application as ground-based photovol-
taic energy converters; in addition, the study of the properties of the heterojunction is of considerable scien-
tific interest.

One of the first methods for producing a thin Cu,S film in a Cu,S—CDs solar cell consists in dipping a
substrate with a deposited CDs layer with a solution heated to 90 °C containing copper ions, in which 2 g of
NaCl and 6 g of CuCl per 1 liter of H,O (pH ~3...4). As a result of the substitution reaction, a Cu,S film with
a thickness of 30 nm is formed on the surface of CDs. The efficiency of such a solar cell reaches 10 % [1].

Copper selenide has also performed well in the composition of solar cells. Cu, ,Se-n-Si hetero junction
elements with an efficiency of 8.8 % were manufactured on monocrystalline n-Si substrates by Cu,_Se
thermal sputtering [2, 3]. During spraying, a pre-synthesized material is used, which is evaporated either
from the liquid phase or from a red-hot rod. With such a technology for manufacturing solar cells, non-
stoichiometric copper selenide can be used, obtained according to the methods developed in this project.

Modern silicon solar cells have achieved very high efficiency — about 25 %. One of the interesting di-
rections is the use of quantum dots, which makes it possible to obtain layers with different band gap widths
from the same material, for example, silver sulfide. It is in optical devices that nanotechnology products are
used, including in SE.

Experimental part

The technique of synthesis of Cu, S nanodiscs. The following chemicals are used for the synthesis of
nanodiscs: copper (1) chloride (CuCl, 99.995 %), oleylamine (OAm, 70 %), sulfur (S) powder (99.98 %) and
trioctylphosphine oxide (TOPO, technical grade 90 %).
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20-30 nm, the thickness is 3-5 nm.

The synthesis of Cu,S nanoplates is carried out in one stage. The diameter of the resulting discs is about

The required amount of CuCl (0.25-0.5 mmol — depending on the desired nonstoichiometry x) is

mixed with 1 mmol of sulfur powder, 4 g of trioctylphosphinoxide (TOPO) and 10 ml of oleylamine (OAm).
The solution is degassed at room temperature in a nitrogen atmosphere, then heated to 85 °C and maintained
at this temperature for 1 hour. After that, the heating jacket is Cu,S removed and 20-30 ml of ethanol is in-
jected, the temperature decreases to ~ 40 °C. The resulting Cu,S powder is collected by centrifugation at
9000 rpm for 1 min. The collected Cu,S samples are re-dispersed in chloroform. This procedure is repeated
twice to clean the prepared Cu,S. Then the obtained samples are dried at a temperature of 40-50 °C.

at room temperature (Tables 1-3). The identification of X-ray reflexes was carried out.

An X-ray phase analysis of the obtained compacted nanocrystalline and powder samples was performed

Table 1
Results of RFA Cuj gsS
No 20, d, Height | FWHM Size Phase name Chemical
(deg) (ang.) (cps) (deg) (ang.) formula
1 | 24.705(7) | 3.6008(11) | 163(26) | 0.10(2) | 830(172) Unknown
Roxbyite(2,-3,2),chalcocite, high,
2 |26.533(11)| 3.3567(14) | 479(45) |0.121(16)| 706(95) copper(l) sulfide(1,0,0) CuzgSs6, CU,S
Roxbyite(2,-4,0),chalcocite, high,
3 |29.783(11)| 2.9974(11) | 460(44) | 0.15(2) | 566(93) copper(l) sulfide(1,0.1) CuzgSs6, CU,S
4 | 31.209(8) | 2.8636(8) | 763(57) [0.121(10)| 714(59) Roxbyite(1,3,-4) CU,9S16
5 | 34.059(4) | 2.6302(3) | 866(60) | 0.096(8) | 904(76) Roxbyite(5,1,0) CUy9Ss6
6 | 35.392(3) | 2.5341(2) | 1627(83) | 0.071(6) | 1233(97) Roxbyite(0,4,-4) CU,9S16
7 | 36.377(3) | 2.4678(2) | 2243(97) | 0.122(5) | 717(32) Unknown
Roxbyite(3,-2,5),chalcocite, high,
8 |37.920(10)| 2.3708(6) | 940(63) |0.232(10)| 378(17) copper(1) sulfide(1,0,2) CuzgSs6, CU,S
9 | 38.55(5) 2.333(3) 225(31) | 0.71(6) | 123(11) Roxbyite(1,-5,-3) CU,9S16
10 |42.244(12)| 2.1376(6) | 460(44) | 0.19(3) | 478(72) Unknown
11 | 43.296(3) | 2.08806(13) | 389(40) [0.066(10)| 1352(198) Sulfur-111(1,0,-1) S
12 146.309(13)| 1.9590(5) | 294(35) | 0.30(7) | 304(73) Roxbyite(6,2,3) CuUy9Ss6
Roxbyite(0,6,-4),chalcocite, high,
13 | 46.909(9) | 1.9353(4) | 1098(68) [0.257(14)| 352(19) copper(l) sulfide(1,1,0) Cuy9S16, Cu,S
14 | 47.99(3) | 1.8942(13) | 147(25) | 0.17(7) | 522(216) Roxbyite(5,-5,0) Cuy9Ss6
Roxbyite(6,4,0),chalcocite, high,
15 | 48.942(6) | 1.8596(2) | 1424(77) |0.196(12)| 464(28) copper(l) sulfide(1.0,3) Cuy9S16, Cu,S
Chalcocite, high, copper(l)
16 | 54.71(3) | 1.6763(8) | 340(38) | 0.24(3) | 391(50) sulfide(1,1,2) Cu,S
Chalcocite, high, copper(l)
17 | 56.437(9) | 1.6291(2) | 190(28) | 0.17(2) | 570(83) sulfide(2,0.1) Cu,S
18 | 61.32(3) | 1.5107(6) | 346(38) | 0.37(5) | 262(32) Unknown
19 | 73.45(2) | 1.2882(3) | 192(28) | 0.13(4) | 793(252) Unknown
Chalcocite, high, copper(l)
20 | 74.92(9) | 1.2665(13) | 78(18) |0.34(17)| 312(157) sulfide(2,1,0) Cu,S
Name: Roxbyite Name: chalcocite, high, copper(l) sulfide
Chemical Formula: Cu,qSs6 Chemical Formula: Cu,S
Z value: 4 Z value: 2
Space Group: P-1(2) Space Group: P63/mmc(194)
cell 13409013.4051 15,4852 90.022 90.021 Cell: 3.9590 3.9590 6.7840 90.000 90.000 120.000
Volume: 2783.448 Volume: 92.085
Crystal System: Triclinic Crystal System: Hexagonal
Reference: Mumme, W.G., Gable, R.W., Petricek, V. |Reference: Cava, R.J., Reidinger, F., Wuensch, B.J. Solid State
Can. Mineral. 50 (2012) 423. lonics 5 (1981) 501.
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Table 2
Results of RFA Cuy gS
2-theta d Height FWHM Size .
Phase name Chemical formula
(deg) (ang.) (cps) (deg) (ang.)

12.261(11) | 7.213(7) | 199(12) |0.115(17) | 727(109) Unknown Unknown
20.929(5) | 4.2411(10) | 144(10) | 0.06(9) [1445(2251) Roxbyite(3,1,0) CleSis
24.741(9) | 3.5956(13) | 141(10) | 0.15(3) | 563(123) ROXb)g;?]Sizdg’(lli' (g"pper ClizeS16,CUS,
26.55(3) | 3.355(4) | 374(16) | 0.15(2) | 559(79) | Roxbyite(2,-3,2), ?-Cu,S(1,0,0) CleS16,CU,S
27.79(3) | 3.207(4) 80(7) | 0.47(10) | 182(40) Roxbyite(2,-1,4) CleS16
29.798(8) | 2.9959(8) | 274(14) | 0.30(3) | 289(25) | Roxbyite(2,-3,3),-Cu,S(1,0,1) ngjsge’

2

31.217(14) | 2.8629(13) | 482(18) |0.152(16)| 566(60) Roxbyite(1,3,-4) CleS1s
34.09(2) | 2.6279(15) | 568(20) | 0.16(5) | 552(187) Roxbyite(5,1,0) ClsS16

Roxbyite(0,4,-4), Copper Cu,9Sss,

35.435(7) 2.5312(5) | 4395(54) | 0.10(3) | 859(220) Sulfide(1,1.1) cus,

36.366(4) | 2.4685(3) | 2765(43) | 0.094(16) | 932(160) Unknown Unknown
Roxbyite(2,-5,-1), Copper Cu,9Ss6,
36.54(5) 2.457(3) 388(16) | 0.26(4) 330(46) Sulfide(1,2,0) cus,

37.882(13) | 2.3731(8) | 844(24) | 0.22(4) | 399(64) | Roxbyite(3,-2,5),?-Cu,S(1,0,2) ngjgw’

2

38.704(14) | 2.3246(8) 471(18) | 0.27(2) 320(24) Unknown Unknown

42.219(16) | 2.1388(8) 267(13) | 0.30(5) 300(49) Copper Sulfide(2,1,0) CuS,
46.38(2) 1.9562(10) | 275(14) | 0.34(5) 267(43) Roxbyite(6,2,3) CUyeS16
46.910(5) | 1.93527(18) | 848(24) | 0.26(2) | 345(27) | Roxbyite(0,6,-4),?-Cu,S(1,1,0) Cgﬁgw’

2

47.981(7) 1.8946(3) 155(10) | 0.14(3) | 627(116) Roxbyite(5,-5,0) Cu,9Ss6
48.670(6) | 1.8693(2) | 604(20) |0.115(12) | 794(86) Unknown Unknown
48.925(8) | 1.8602(3) |1110(27) [0.213(13) | 428(27) | Roxbyite(6,4,0),7-CuS(1,03) ClsSso

2

54.738(12) | 1.6756(3) | 274(14) | 0.23(4) | 403(63) ?-Cu,S(1,1,2) Cu,S

56.496(17) | 1.6275(4) 110(9) | 0.26(5) | 367(73) ?-Cu,S(2,0,1) Cu,S
61.31(2) 1.5109(5) | 394(16) | 0.28(4) | 349(49) Copper Sulfide(0,2,2) Cus;
65.73(7) | 1.4194(14) 95(8) 0.80(11) | 123(17) Copper Sulfide(3,0,1) CusS,
68.09(4) 1.3759(8) 119(9) 0.30(8) | 335(91) Unknown Unknown
73.40(6) 1.2889(9) | 137(10) | 0.29(7) | 360(86) Copper Sulfide(1,4,1) Cus;
74.996(9) | 1.26541(13) | 956(25) | 0.083(8) | 1264(123) Copper Sulfide(3,2,1) Cus;

Name: Roxbyite

Name: Copper disulfide

Chemical Formula: Cu,gS16

Chemical Formula: CuS,

Z value: 4

Z value: 2

Space Group: P-1(2)

Space Group: Pnnm(58)

Cell: 13.4090 13.4051 15.4852 90.022 90.021 90.020

Cell: 4.6510 5.7930 3.5320 90.000 90.000 90.000

Volume: 2783.448

Volume: 95.164

Crystal System: Triclinic

Crystal System: Orthorhombic

Reference;: Mumme, W.G., Gable, R.W., Petricek, V. Can.
Mineral. 50 (2012) 423.

Reference: Kjekshus, A., Rakke, T. Acta Chem.

Scand., Ser. A33(1979)617.
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Table 3
Results of RFA Cu; 75S
2-theta d Height FWHM Size .
Phase name Chemical formula
(deg) (ang.) (cps) (deg) (ang.)
20.931(11) 4.241(2) 117(9) 0.11(5) 772(368) Roxbyite(3,-1,0) CusgSs3
Roxbyite(1,-1,-4),Djurleite, CusgSs,
24.70(2) 3.601(3) 135(10) 0.15(4) 575(150) syn(7.1,1) ClySue
Roxbyite(2,-3,2),Djurleite, CusgSs,
26.55(3) 3.355(3) 313(15) 0.18(3) 486(93) syn(8.0.0) ClniSus
Roxbyite(2,-2,-4),Djurleite, CusgSs,
29.802(8) 2.9955(8) 272(14) 0.34(3) 253(20) syn(4.0,-4) CluiSus
Roxbyite(1,-3,-4),Djurleite, CusgSs,
31.181(7) 2.8661(6) 621(20) | 0.104(13) 829(107) syn(9,1,-1) ClniSus
Roxbyite(5,-1,0),Djurleite, CusgSs,
34.09(2) 2.6278(19) | 461(18) 0.18(2) 474(55) syn(4,5.-2) ClnSie
Roxbyite(5,0,2),Djurleite, CusgSs,
35.39(2) 2.5342(17) | 415(17) 0.20(5) 432(116) syn(2,6.-1) ClnSie
36.399(6) 2.4663(4) | 2192(38) | 0.160(7) 545(24) Djurleite, syn(3,5,3) Cu3;Ss
37.571(11) | 2.3920(7) 374(16) 0.58(5) 152(14) Djurleite, syn(11,1,0) Cu3;Ss
37.928(3) | 2.37030(17) | 653(21) | 0.135(18) 648(88) Roxbyite(1,-2,-6) CusgSs,
Roxbyite(2,-3,-6),Djurleite, CusgSs,
42.24(4) 2.1380(19) | 380(16) 0.34(5) 263(37) syn(9.2.4) CliniSus
43.296(3) | 2.08809(13) | 550(19) | 0.064(11) 1399(248) Copper, syn(1,1,1) Cu
46.403(10) 1.9552(4) 515(19) 0.26(2) 343(27) Djurleite, syn(3,7,-3) Cuz S
Roxbyite(0,0,8),Djurleite, CusgSs,
46.90(2) 1.9356(8) 795(23) 0.26(2) 344(28) syn(5.6.-4) ClnSie
48.630(11) | 1.8708(4) 704(22) | 0.129(15) 705(80) Djurleite, syn(2,8,-2) Cuz;Sis
48.925(15) | 1.8602(5) | 1015(26) 0.24(3) 383(42) Roxbyite(4,-3,-6) CusgSs
54.75(4) 1.6753(13) | 256(13) 0.32(7) 292(65) Roxbyite(8,0,0) CusgSs
56.46(7) 1.6284(18) | 141(10) 0.24(8) 400(129) Roxbyite(2,-4,-8) CusgSs,
61.30(4) 1.5110(9) 280(14) 0.36(7) 265(48) Unknown Unknown
73.39(12) | 1.2891(17) 111(9) 0.72(15) 144(31) Copper, syn(2,2,0) Cu
Name: Roxbyite Name: Djurleite, syn
Chemical Formula: Cu,Si6 Chemical Formula: Cus;Si6
Z value: 4 Z value: 8
Space Group: P-1(2) Space Group: P21/n(14)
Cell: 13.4090 13.4051 15.4852 90.022 90.021 90.020 Cell: 26.8970 15.7450 13.4650 90.000 90.130 90.000
Volume: 2783.448 Volume: 5702.322
Crystal System: Triclinic Crystal System: Monoclinic
Reference: Mumme, W.G., Gable, R.W., Petricek, V. Can. |Reference: Potter, Il, R., Evans, Jr. J. Research U. S.
Mineral. 50 (2012) 423. Geol. Surv.4 (1976) 205.

X-ray phase analysis was performed on a Bruker diffractometer (Germany) using radiation from a
CuKa X-ray tube and a graphite monochromator on a diffracted beam. Diffractograms were recorded in the
range of angles 26 from 20 to 110, with a step of 20 = 0.02. The BrukerAXSDIFFRAC.EVAv software was
used to identify the phases.4.2 and the international database ICDD PDF-2.

Cuy 7S samples at room temperature contain the rhombic phase of anilite with parameters a = 7.8902
and 7.8938 A, b = 7.8408 and 7.8433 A, ¢ = 11.011 and 11.012 A, respectively, and the hexagonal phase of
digenite with the spatial group R-3m (166) and parameters a = 3.94310 A and 3.94437 A, ¢ = 48.43262 A

and 48.43325 A respectively.

The difference in the parameters of the crystal lattice due to changes in the interplane distances of sam-
ples with different sodium content, as well as the broadening of diffraction lines on diffractograms, may be
due to microstresses in the structure, which are associated with the accumulation of dislocations, as well as
the fragmentation of crystallites associated with crystallization processes. The analysis of the angular de-
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pendence of the physical broadening makes it possible to assess the influence of both factors. The William-
son-Hall method was used to assess the impact.

The size of the crystallites was estimated based on the width of the X-ray lines. The crystallite sizes in
all samples range from 30 to 90 nm, which is due to the method of synthesis of sodium and potassium hy-
droxides in the melt.

Phase transitions and thermal effects in the Cu,S sample were studied using the DSC 404 F1 Pegasus
device (NETZSCH, Germany) in an argon atmosphere in the temperature range (300-600) K. The heating
rate was 10 K/min.

To calculate the heat capacity, three different measurements were carried out: baseline, standard (sap-
phire) and the test sample. The following parameters remained identical in all measurements: argon flow,
argon flow rate, initial temperature, heating rate, mass of the crucible and lid, the crucibles on the sensor
were oriented, maintaining their position on the sensor. During the measurement, a program was used that
includes holding the sample at a constant temperature (at least half an hour) in an argon current, after which
heating was carried out at a constant rate of 5 K/min. Measurements of the baseline and standard were car-
ried out in the same mode. The DSC 404 F1 Pegasus allows for a calorimetric experiment with a small sam-
ple quantity, we used sample weights from 40 to 150 mg.

Figure 1 shows the curves of the Cu,S DSC. There is an acute endothermic peak of DSC, the tempera-
ture of which lies within 381.5 K, depending on the composition. Heat capacity peaks are observed at the
same temperatures.

DSC /(uV/mg)

€X0 "
0,30 1 ! Peak: 381.5K

0,25 4
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0,15 1

0,10 1

0,05 1 [Area: 2,552 Vsimg
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0,00 1
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Temnerature /K

Figure 1. DSC curves of the sampleCu,S

The structure of Cu,S copper sulfide ((chalcosine), close to stoichiometric, according to
Abrikosov N.H. [4]) has three modifications: orthorhombic below 105 °C, hexagonal below (420—450) °C
and high-temperature cubic (phase). Figure 2 shows an image taken with a scanning electron microscope
from the surface of Cu,S powder obtained by electrohydrodynamic impact. It can be seen that the particles
have the shape of ribbons and wires ranging in size from fractions of a micron to tens of microns.
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Figure 2. A snapshot of Cu,S powder on a scanning electron microscope

Thermal conductivity measurements were carried out using the flash method on the LFA 467 HT

HyperFlash device (NETZSCH, Germany). Thermal conductivity (K) was found from three measurements:
k(T)=a(T)*p(T)*c,(T),

where T is temperature, k is thermal conductivity, a is thermal conductivity, p is bulk density, c, is specific

heat capacity.

The thermal conductivity a was determined using the LFA 467 HT installation according to the Parker
formula from the analysis of the time dependence of the temperature of the opposite side of the sample after
short-term heating of one side of the sample by a powerful light pulse. The values of the c, heat capacity
were measured on a DSC 404 F1 Pegasus DSC calorimeter (NETZSCH, Germany) in an argon atmosphere.
The density of the sample was found from measurements of weight and volume. Figure 2 shows the tempera-
ture dependences of the thermal conductivity, heat capacity and thermal conductivity of Cu,S.
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Figure 3. Temperature dependence of thermal conductivity Cu,S

The thermal conductivity of the Cu,S sample is quite low, it rises to 0.3 W/m*K at a phase transition of
about 380 K and does not fall below 0.2 W/m*K.
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In the semiconductor under consideration, the concentration of impurity carriers of electrons in the con-
duction band and holes in the valence band is usually much higher than the concentration of uncontrolled
impurities and equilibrium point defects. The concentration of n; native carriers is determined by the temper-
ature and the width of the band gap. In most cases, n; is also significantly less than n;. In this case, the tem-
perature dependence of the electronic conductivity is determined by the temperature dependence of the mo-
bility and has a metallic character [5, 6]. Figure 4 shows the temperature dependence of the electron thermo-
emf coefficient of the Cu,S sample.
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Figure 4. Temperature dependence of the coefficient of electronic thermo-emf of a coarse-grained sample Cu,S

The coefficient of thermal EMF strongly depends on the nonstoichiometry of the sample and is maxi-
mum for a composition close to saturation with copper. The temperature dependence of the electron thermal
emf coefficient of the Cu,S sample has rather low values here from 0.05 mV/K to 0.25 mV/K, which are
more typical for metals than for semiconductors.

Figure 5 shows the temperature dependence of the electron conductivity of coarse-grained Cu,S. It can
be seen from the figure that the semiconductor temperature dependence of about 185 °C changes to a metal-
lic type of dependence.
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Figure 5. Temperature dependence of the conductivity of a large-crystal Cu,S

During annealing, the conductivity of polycrystalline samples usually increases with grain growth, and
a similar dependence is observed here. The reasons for this behavior of kinetic coefficients are changes in the
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specific gravity in the total volume of grain boundary layers, which increase the concentration of defects —
scattering centers for current carriers.

For the Cu,S sample, a phase transition of about 400 K is clearly visible on the temperature dependence
of the conductivity (according to the literature data — 403 K), corresponding peaks are also present on the
temperature dependence of the DSC.

Conclusion

Copper chalcogenides have a complex electronic structure due to the interaction of hybridized s- and
p-states of chalcogen forming a valence band with 3d states of copper [7, 8], which greatly complicates the
interpretation of temperature dependences of Kinetic parameters having a nonmonotonic character.

Cu,S copper sulfide is an effective thermoelectric material, so it is interesting to study its Kinetic
parameters of solid solutions that it forms with alkali metals. The nonstoichiometry of chalcogenides can be
easily controlled electrochemically, therefore, the task of selecting the optimal composition according to the
cationic sublattice is quite feasible. In addition, to improve the thermoelectric properties, it can be achieved
by alloying lithium into a binary copper sulfide matrix, we obtained a high ZT with local maxima that
reaches up to 2 [9]. When doped with sodium, this indicator reached up to 1 [10, 11]. Thus, the work on the
synthesis of copper sulfides of different composition and morphology is in the current trend of searching for
new thermoelectric materials and allows us to hope for practical application of the obtained materials in the
near future.
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I'.J1. Kabnpaxumona, P.A. Anuna, M. Taraii, P. Unsnoc

Cu,S OmHapJbI MBIC CYIb(UIIHIH KBUTYJbIK KacHeTTepi

MpIC XaJbKOTEHUATEPI BANCHTTIK aifMakThl KYpalThIH THOPUATENTEH S- OHE P- XalbKOreH Kyinepinin 3d
MBIC KYWHJIepiMeH e3apa opekeTTecyiHe OaillaHbICThI Kypesi 3JeKTPOHABIK KYPBUIBIMFA He, Oy KacHeTTep
MOHOTOHIBl ~ €MEC  CHUNATTarbl  KUHETHKAJIBIK  [apaMeTpiepAiH  TeMIeparypara  TOYeNAUIriH
UHTeprpeTanmsiayasl KublHAaTagsl. CU,S MbIc CymbuIi THIMII TEpMOIJIEKTPIIK MaTepHan OOoJIbIn
TaObUIA/bl, COHJBIKTAH OHBIH CUITUTL MeETalngapAbl KYpaWThIH KATTBl CPITIHIUICPIHIH KHHETHKAJBIK
nmapaMeTpiepiH 3epTTey eTe KbI3BIKTHL. Maxkamaga Cu,S OuHapisl MBIC Cynb(UAIHIH KacHeTTepiHiH
IKCIIEPHMEHTTIK 3epTTeyiep HaTrKenepi YChHbUFaH. Cu,S yirici YIIiH *KapThUIai eTKIi3rilTepre Kaparania
metangapra ToH 0,05 MB/K-nen 0,25 mMB/K-re nmeifiHri yiTiHIH 3JEKTPOHIBI TEPMO-9KK 6T€ TOMEH MOHAEP1
anplkTanael. CU,S yITiCiHIH KBUTy OTKI3rimriri ete TeMer, on mamamen 380 K ¢azanbik aybicy kesiHge
0,3 Br/m*K-re neiiin ketepineni xone 0,2 Br/M*K-nen temen Tycneiiai. CoHbIMEH KaTap XalbKOTCHUATEPIl
CTEXMOMETPHACHI3 DICKTPXUMHSUIBIK OHal OackapyFa OONajbl, COHIBIKTAH KAaTHOHIBIK KOCAJIKBI TOP
HeTi3iHJe OHTaWnbl Kypamibl TaHmay o0aeH Mymkin. Cownpaii-ak CU,S TepMOIIEKTpPIiK KacHETTepiH
JKaKcapTy YIIIH MbIC CynbOQUIIHIH OWHApIbl MaTpUIAChIHA CUITLNI MeTaiujapAbl JIeTUpiey Ke3iHae KOl
JKEeTKi3yre 0oambl.

Kinm ce30ep: TepMOIJEKTPIK MaTepuaiiap, MbIC Cyab(uai, KPUCTAIIBIK KYPBUIBIM, OTKI3TIIITIK, KBUTY
OTKI3rimTiK, 3eedex K03 GHUIUEHTI, CyepHOHIBI OTKI3TilITEp.

M.M. Ky6enosa, K.A. Kyrepoekos, M. X. banamanos, P.X. Nmemberos,
I'.JI. Kabnpaxumona, P.A. Anuna, M. Taraii, P. nbnoc

TennoBble cBoiicTBa OUHApHOTO cyabduaa meau Cu,S

XalbKOTeHHABl ~MeIu  O0JamaloT  CIOXKHOM — JJIEKTPOHHOH  CTPYKTYpOH W3-3a  B3aUMOACHCTBHS
THOPUIM30BaHHBIX S- U P- COCTOSHHUI XallbKOTeHa, 00pa3yroNnX BaJCHTHYO 30HY, ¢ 30-COCTOSIHUSIMH MU,
YTO CHJIBHO 3aTpPy/AHSIET HHTEPIPETAlHNI0O TEMIIEPAaTypHbIX 3aBHCHMOCTEH KHHETHYECKHX IapaMeTpoB,
UMEIONINX HEMOHOTOHHBIN Xapakrep. Cympdun memu Cu,S sBisercs 3p(eKTHBHBIM TEPMOIIEKTPUISCKAM
MaTepuajIoM, O3TOMY HHTEPECHO MUCCIIEZIOBATh €0 KHHETHYECKHE ITapaMeTphbl TBEPABIX PAaCTBOPOB, KOTOPbIE
OH o0pa3zyeT ¢ MLIENIOYHBIME MeTalaMd. HecTexHoMmeTpuell XalbKOTEHHIOB MOXKHO JIETKO YIPaBIATH
JNEKTPOXUMHYECKH, TI0ITOMY 3a/1a4a Mo00pa ONTHMAJIBHOTO COCTaBa 10 KaTHOHHOI MOJpPEIIeTKE SBISETCS
BIOJIHE OCYILIECTBMMOI. B craThbe mpencraBiieHBl SKCIIEPUMEHTAIBHBIE HCCIIEIOBaHMs CBOWCTB OHHApHOTO
cyiabduna menu Cu,S. Jlis o6pasiia Cu,S 0OHApyKEHBI TOBOJLHO HU3KUE 3HAYCHUS KO GHUIIMEHTA DIICK-
TPOHHOH TepMo-37c obpasua ot 0,05 MB/K no 0,25 MB/K, xapaktepHsie Gosiee Ul METaIOB, YeM JUIsl 10-
JYIPOBOAHUKOB. TerutonpoBoaHOCTh obpa3ua Cu,S sBIsSeTCs TOCTaTOYHO HHM3KOH, OHA MOIHUMAETCS JI0
0,3 Br/M*K npu ¢dazoBom mepexone oxomno 380 K u e omyckaercs mmke 0,2 Br/mM*K. Takum obpazom,
HECTEXMOMETPHEl XaJIbKOTEHHIOB MOJKHO JIETKO YIPABIATh 3JIEKTPOXHMMHYECKH, MOITOMY 3agada nmoabopa
ONTHUMAJIBHOTO COCTaBa MO KAaTHOHHOHM IOJApEIIeTKe sBIsAEeTCS BIOJMHE ocymecTBuMoil. Kpome Toro,
YIAYULICHHS] TEPMOAJIEKTPUUSCKUX CBOHCTB Cu,S MOXKHO JAOCTHYB TIPHU JIETHPOBAHUH LIENOYHBIX METAIIOB B
MaTtpuily GMHapHOTO Cynbduma Memu.

Kniouesvle ciosa: TEPMOIJIEKTPUUECKHE MaTepHabl, CylbGUA MEIH, KPUCTAJUIMYECKas CTPYKTYpa, MPOBO-
JMMOCTb, TEIJIONPOBOAHOCTD, K03 GHeHT 3eebeka, CylepHOHHbIE TPOBOTHUKH.
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Study of changes in the surface structure of tungsten irradiated by helium plasma

One of the important aspects is the interaction of plasma with the surface of a material, especially in the con-
ditions of a fusion facility. The current work presents the preliminary results of the study of tungsten surface
structure modification under helium plasma irradiation. A small-sized linear simulator KAZ-PSI with a plas-
ma-beam setup was designed and assembled, where helium was used as a working gas. The main elements of
the linear plasma simulator are an electron beam gun with a LaB6 cathode, a plasma-beam discharge cham-
ber, an interaction chamber, a target device, and an electromagnetic system consisting of electromagnetic
coils. It was revealed that under irradiation on the surface of the samples there is a relief with defective struc-
ture consisting of chaotically arranged ledges and pits of various shapes with average size (100-600) nm and
pore sizes (0.1-1.5) um with visible areas of flaking and sputtering. It was found that when the negative po-
tential on the target is varied by —-500V/-1000V/-1500V, the formation of dislocation with chaotic and cellu-
lar structure of tungsten with an average grain size of (1-25) um is observed; it was revealed that the total
values of elastic and plastic components of deformation across the tungsten grain differ from each other by
about 2.5 times.

Keywords: tungsten, helium plasma, structure, surface modification, quantitative parameters of fine structure,
plasma generator, surface.

Introduction

As it is known, to the present day, the successful implementation of the International Thermonuclear
Experimental Reactor (ITER) project and new advances in next-generation nuclear fusion reactors such as
ITER and China Fusion Engineering Test Reactor (CFETR), Demonstration Fusion Power Plant (DEMO)
contribute to the development of nuclear energy and fusion and bring them to a new frontier [1-3]. Materials
in fusion devices withstand severe exposure to high-temperature plasma, which promotes the development of
radiation defects and subsequently leads to material damage. Therefore, the problem of improving the prop-
erties and performance characteristics of materials remains one of the important tasks for fusion energy [4].
According to the authors of the review paper [5] in the ITER facility [1], protective materials must withstand
three conditions simultaneously: first, the effects of surface sputtering, blistering, and erosion during the in-
teraction of the particles flying out of the plasma without excessive contamination of the core plasma; se-
cond, due to the rapid release of energy during plasma rupture, a relatively high steady-state surface heat
load of ~10 MW-m™ and a transient heat load of ~20 MW -m™ are released; third, resistance to damage from
neutron radiation with energy 14.1 MeV, embrittlement from hydrogen (H) isotope (deuterium (D) and triti-
um (T))/helium (He) and gas swelling.

Along with other energy sources, nuclear fusion is seen as the most promising alternative to fossil fuels
for a future carbon-free energy system. ITER, currently the largest fusion device under construction, is ex-
pected to provide a high thermal output of ~150 MW [6]. However, the extreme conditions created during
ITER operation pose significant challenges for the plasma facing materials (PFM) in the divertor of the fu-
sion device; e.g., high heat flux deposition and particle bombardment. In the background of nuclear fusion
reactor devices such as ITER and DEMO, tungsten (W) is considered as a potential and one of the most
promising candidate PFM materials for plasma facing components (PFC) due to its high melting point, good
thermal conductivity, low sputtering yield and low hydrogen solubility [7-8].

Helium atoms, which have low solubility in metals, can lead to undesirable changes in material proper-
ties, such as the formation of nanopores and bubbles [9, 12-13], blisters, etc. Experiments to determine the
influence of helium performed in reactor experiments are very challenging due to the requirement for pro-
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longed material irradiation. However, for a quick assessment of the influence of helium (hydrogen, deuteri-
um) on material properties, valuable information is provided by simulation experiments on plasma generator
stands, where atoms of the plasma-forming gas are introduced into the material through bombardment by
helium ions in accelerators. In recent years, a series of experiments have been conducted on such linear
simulation setups (NAGDIS-II, JULE-PSI, PISCES-A, LENTA, etc.), which have allowed important conclu-
sions to be drawn about the nature of defects and the embrittlement and erosion mechanisms.

In the divertor, the tungsten material will face not only extreme heat fluxes but also high fluxes of low-
energy particles such as deuterium, tritium, and helium. In many studies, it has been observed that exposure
to helium plasma can induce the formation of nanobubbles under the tungsten surface [10, 11]. Their for-
mation is due to the diffusion and clustering of helium atoms in the tungsten matrix [12], and the subsequent
size of the nanobubbles increases as the temperature of tungsten increases during exposure [13, 14]. He at-
oms diffuse so rapidly and are deposited into He bubbles, causing embrittlement and curing problems in W.
The rapid accumulation of He atoms also leads to microstructure evolution such as nucleation of He bubbles
and subsequent formation of nano- and microscale “fluff” on the W surface at elevated temperatures, which
significantly reduces the W properties themselves and affects the stability of the core plasma [15]. In the
bulk of plasma facing components, He atoms can be formed by tritium decay and as a product of nuclear re-
actions induced by neutron irradiation. Due to the high defect binding energy, a high concentration of He can
be rapidly achieved in the subsurface of PFC. This can sharply change the surface morphology and affect the
erosion rate and the transfer of hydrogen isotopes into the bulk of PFC [16, 17].

Simulation facilities are very effective tools for testing candidate fusion reactor materials, to fill up the
database on various aspects of plasma-surface interaction. Interest in modeling the interaction of plasma with
fusion reactor material on simulation benches with gas-discharge plasma generators arose in the early eight-
ies of the last century. With the help of ion-beam facilities, basic understanding of the elementary processes
occurring under the action of ions on the surface of a solid body, such as sputtering of the material, capture
and reflection of particles from it, has already been obtained. When the full-scale tokamak-reactor ITER is
launched, where all damaging factors will be fully combined, one should expect the manifestation of new
synergetic phenomena and effects, the study of which can rely to a large extent on the database and physical
models developed in simulation experiments. At present, the Kazakhstan Materials Testing Tokamak with
materials is used to test parameter measurement techniques in plasma interaction studies, and a plasma-beam
facility was developed at the National Nuclear Center of the Republic of Kazakhstan in cooperation with for-
eign scientists to test Tokamak KTM diagnostic equipment. This plasma beam installation PBI-1 is located
in the laboratory “Testing of materials under fusion reactor conditions”. With the use of this unit earlier au-
thors [18-20] carried out works on the study of plasma interaction with stainless steel, tantalum, beryllium,
tungsten and molybdenum samples, where systematized results of the effect of hydrogen and deuterium
plasma on the microstructure, morphology and erosion of the surface of tungsten and molybdenum were ob-
tained [21, 22]. The results showed that the degree of surface erosion increases with increasing target tem-
perature and ion energy. It was found that during irradiation of tungsten and molybdenum with hydrogen
plasma the main relief-forming mechanism is surface sputtering and erosion is characterized by thermal etch-
ing of the surface. After irradiation with hydrogen plasma, small cracks are observed on the samples, and the
size and number of cracks increase with increasing temperature. It is revealed that after irradiation the struc-
ture of tungsten is more fragmented and characterized by a more developed defect substructure. The reason
for the appearance of these structural disorders seems to be mechanical stresses in the tungsten lattice caused by
implanted ions. Based on the obtained results, an in-depth study of the fine structure of plasma-irradiated tung-
sten is proposed, and the relationship between dislocation structure and erosion processes in tungsten is also
established. In this regard, the aim of the present work is to investigate the changes in the fine structure of the
surface of tungsten irradiated with low-temperature helium plasma on a newly developed small-size linear
divertor plasma simulator.

Materials and methods

To test materials for plasma impact, a small-size linear plasma simulator KAZ-PSI was developed and
assembled in PlasmaScience LLP (Republic of Kazakhstan, Ust-Kamenogorsk), which allows simulating the
operation of thermonuclear facilities, in particular Tokamak KTM. The developed linear plasma simulator
KAZ-PSI is universal and allows testing of materials under conditions of complex influence on them both
plasma flow and powerful thermal load created with the help of electron beam.
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The main elements of the plasma unit are an electron beam gun (EBG), a plasma-beam discharge
chamber, a vacuum interaction chamber, a cooling target device, and an electromagnetic system consisting of
electromagnetic coils [8]. The electron beam gun consists of a heated thermoemissive cylindrical cathode
made of LaBs and a holed anode. The cathode is heated by resistive method and a 50 kW DC power supply
is used for heating. The electron beam gun is cooling by compressed air flow.

The operating principle of the KAZ-PSI plasma SLS unit is as follows: the electron gun forms an elec-
tron beam of axially symmetric character, the gun cathode is heated by electron bombardment from the heat-
er filament, which helps to adjust the gun power. The vacuum drop between the gun and the discharge
chamber is realized by autonomous pumping of the gun. The plasma cord is formed in the discharge chamber
by the interaction of the electron beam with the working gas (helium). In the discharge chamber, the elec-
tromagnetic system (a system of coils), which creates a longitudinal magnetic field, focuses the electron and
plasma beams. By changing the value of electric current flowing through the electromagnetic coils, it is pos-
sible to manipulate the value of magnetic field strength in the plasma beam discharge chamber, thus control-
ling the beam diameter. The plasma discharge hits a sample of the material under test, which is placed on a
target device in the interaction chamber. General view (Fig. 1a) and schematic (1b) images of the setup are
shown in Figure 1 a—b, where the main components of the small-size linear simulator (SLS) are indicated:
electron gun, vacuum sensor, electromagnetic coils, Langmuir probe, interaction chamber, target cooling,
negative potential, residual gas analyzer, turbomolecular pump, forevacuum pump, personal computer for
controlling the KAZ-PSI plasma SLS.

Langmuir probe
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Figure 1. General view and schematic representation of KAZ-PSI plasma SLS and its main parts

Experiments in the KAZ-PSI plasma SLS were carried out in plasma-beam discharge regimes according
to the previously worked out technological regimes. The samples were irradiated with helium plasma with
ion energy of 1.5-2.5 keV for 3 hours, with the primary beam power of 250 W, the average value of total ion
current at the target was 200-300 mA and the total ion current saturation had a value in the range of 4-8 mA.
The regimes were varied according to the negative potential on the target: Regime 1 500 V, Regime 2
—1000 V and Regime 3 —1500 V. During irradiation, the pressure in the chamber was ~1.8x10 Torr. Helium
of special purity was used as the working gas.

In the present work, tungsten of 99.95 % purity was chosen as the research materials. Blanks of samples
for research in the form of a cylinder with a diameter of 6.3 mm were made from tungsten rods. Cutting of
samples was performed on a cooled cutting machine model DTQ-5 using a diamond disk with a thickness of
0.3 mm. The specimen is not subjected to thermal stress. After cutting, the specimen cuts were ground to a
depth of 0.5 mm. The specimens were polished before irradiation.

Optical metallography was used to study the structure of the materials under study [7]. For metallo-
graphic analysis we used an optical light microscope “ALTAMI-MET-1M” of the Research Center “Surface
Engineering and Tribology” of Sarsen Amanzholov East-Kazakhstan University and PlasmaScience LLP.
The samples for research were prepared according to the standard technique, including mechanical grinding
and mechanical polishing. Polishing was carried out on a grinding disk covered with felt, pre-washed and
soaked in water for 1-2 hr. Chemical etching in a solution containing 50 % hydrofluoric acid and 50 % nitric
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acid was used to reveal the microstructure of tungsten. To study the fine structure of the surface layer, a
Philips CM30 transmission electron microscope at an accelerating voltage of 125-300 kV with an energy-
dispersive micro (nano) analysis system was used [10]. The studies were carried out by diffraction electron
microscopy of thin foils at an accelerating voltage of 125 kV. The working magnification in the microscope
column was chosen from 10000 to 80000 magnification. Roughness was measured using the Confocal 3D
profilometer Leica DCM8 SR.

Results and discussion

Figure 2 shows the microstructure of the tungsten surface before (Fig. 2a) and after helium plasma irra-
diation (Fig. 2b) at a potential difference of —1000 V. It is possible to observe the surface change as a relief
development with defective structure as a result of inhomogeneous helium saturation of the surface. The re-
sulting relief consists of chaotically arranged ledges and pits of various shapes with an average size of
(100-600) nm, and pores (0.1-1.5) um with visible areas of flaking and sputtering, which is most likely as-
sociated with different erosion coefficients.

Figure 2. Tungsten surface microstructure before and after irradiation

The surface roughness of tungsten samples before and after helium plasma irradiation was evaluated us-
ing a precision tester with a diamond probe. Figure 3 a—b presents the forms and profiles of surface rough-
ness along with the distribution graph of the mean arithmetic deviation of the profile across the tungsten sur-
face before and after (—1000V) helium plasma irradiation. From Figure 3b, it is shown that the roughness of
the surface increases by approximately 2 times after irradiation. The increase in roughness is attributed to the
sputtering of the surface by helium ions, as well as the formation of blisters. According to microstructural
analysis of the tungsten surface after helium plasma irradiation, defects in the form of etching pits are ob-
served, which are confirmed by the results of roughness assessment and the conclusions of the authors
[23, 24]. 1t is worth noting that in this process, the primary role in changing the relief is played by the sput-
tering of the surface by helium ions, achieved by transferring kinetic energy to the surface W atom through a
cascade of successive collisions between W atoms.
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Figure 3. Tungsten surface roughness results before (a) and after (b) helium plasma irradiation

On the transmission electron microscope the fine structure of the surface (10-20 um) of tungsten after
irradiation with helium plasma was analyzed. Thus, Figure 4 shows the electron image of the fine structure
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of tungsten, before and after irradiation with helium plasma. It is evident from the figure that under helium
plasma irradiation a developed relief with dislocation structure is observed as a result of inhomogeneous
etching of the surface, which is markedly different from the structure of the initial state of tungsten (Fig. 4a).
The morphological component of the structure of samples after helium modification as in the initial state is
tungsten, but after irradiation tungsten have defective structure (Fig. 4b).

Figure 4. Electron microscopic images of the fine structure of the tungsten surface before (a)
and after helium plasma irradiation (b)

When varying the negative potential on the target at -500V/-1000V/-1500V, the formation of disloca-
tion with chaotic (Fig. 5 b) and cellular structure (Fig. 5 a, ¢) of tungsten with average grain size (1-25) um
is observed. Figure 5 shows micrographs of fine structure of tungsten surface samples irradiated by helium
plasma at different target potentials (a) -500 V, (b) —1000 V, (c) —1500 V. According to the analysis of mi-
crophotographs of irradiated samples, it is established that in tungsten material there are intrinsic stress
fields (o) due to deformation of grains, which are localized on the grain body (Fig. 5 d), grain boundaries and
joints (Fig. 5 e), ledges on intergrain boundaries (Fig. 5 f).

S pm

Figure 5. Micrographs of fine structure of tungsten samples irradiated by helium plasma at different target potentials

Also on electron-microscopic images Fig. 5 d—f it is possible to see how the internal stress fields lead to
the appearance of bending extrinsic contours (denoted by the letter K) by which it is possible to determine
the nature of deformation of local areas of the tungsten sample. From the available theoretical literature, it is
known that the deformation is distinguished locally into elastic and plastic, mixed, as well as three types of
deformation of the crystal lattice — bending, torsion and mixed type (). According to the method described
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in [25-27], the extinction contours can be determined by the mutual orientation of the vector of the acting
reflection and the extinction line, and the value of internal stresses by the elastic and plastic components of
deformation. The tensor quantities were applied to the calculation as follows.

The internal bending-torsion stresses of the crystal lattice are determined as follows:

G = O11-plast O12-elasy
011 = O11-plast O11-elas) (1)
012 = O12-plast O12-elas,

Where 611.pias, G11-elas N0 G12.pias, O12-elas are tensors of internal bending and torsion stresses respectively [27].

Plastic and elastic components of internal stress amplitude in bending and torsion:

O11-plas— U (b Xll—plas)llza Cit-elas = M T Y11-¢las;

G12-plas— K (b X12-,plas)1/21 G12-elas = M T Y12-elas, (2)
where p is the elasticity modulus, b is the Burgers vector, t is the foil thickness, x:, and y;, are the compo-
nents of the curvature-torsion amplitude tensor of the crystal lattice [27].

Thus, according to calculations, the values of stress ¢ belong in the range of 0-850 MPa and
1100-1980 MPa and they are localized over a larger area inside the tungsten grain. Thus, the average value
of internal stress across the grain was calculated and was equal to 1560 MPa, with the tungsten strength limit
of 500-1400 MPa according to the reference book. Also the components of the tensor of internal stresses of
the elastic component of deformation were calculated, they are on average on the grain are equal to: bending
stress o1, = 620 MPa and torsion o1, = 1470 MPa of the crystal lattice; the average values of the components
of the tensor of internal stresses of the plastic component of deformation on the grain are equal to: bending
stress ¢;; = 350 MPa and torsion o, = 480 MPa of the crystal lattice. The total values of the components of
elastic and plastic strains across the grain differ from each other by approximately 2.5 times.

Figure 6 shows electron microscopic images of the fine structure of tungsten in the initial state (a —
light-field image, b — microdiffraction pattern, ¢ — its indexed scheme) and after irradiation (d — light-
field image, e — microdiffraction pattern, f — indexed scheme) where there are embedding reflections in the
form of carbide. According to microdiffraction studies, grain boundary etching is observed, the internal
structure of tungsten and carbide grains are clearly expressed. Grain boundaries are clearly revealed, inside
the grains there is already well enough expressed modified substructure and defective microstructure.

Figure 6. Electron microscopic images of the fine structure of tungsten and their microdiffraction patterns

Thus, modification of tungsten with helium leads to defectively that apparently approaches the defec-
tively of matrix grain boundaries. The possibility of formation of such substructure of grains at helium plas-
ma irradiation is provided by the increased energy state of the surface and subsurface layers exposed
throughout the irradiation and neutral atoms of low-temperature plasma. Tungsten carbide particles, which
were apparently a residual product inside the chamber, can be located in different morphological components
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of the matrix. In fact, carbide can localize at matrix grain boundaries and in the grain body, as in (Fig. 5 d).
According to the studies, carbide was not bound to the boundaries but is a product of matrix delamination in
o-WC or B-WC. These localizations are mostly related to crystal structure defects [28].

Conclusions

Thus, summarizing the above results we can draw the following main conclusions of this paper:

—the simulation stand of the small-size linear plasma simulator KAZ-PSI with a plasma-beam unit
opens the possibility to test and justify the choice of candidate fusion reactor materials under different oper-
ating conditions, as well as significantly expands the available results on various aspects of plasma-surface
interaction and helps to reliably harmonize computational models and work out diagnostic methodologies
under sufficiently well-programmed conditions;

— conducted preliminary experiments to investigate changes in the structure of tungsten under helium
plasma irradiation, showed that after irradiation on the surface is formed relief with defective structure, con-
sisting of chaotically located ledges and pits of various shapes with an average size of (100-600) nm, and
pores with sizes (0.1-1.5) um with visible areas of flaking and sputtering;

— it is found that by varying the negative potential on the target by —-500 V/-1000 V/-1500 V, the for-
mation of dislocation with chaotic and cellular structure of tungsten with an average grain size of (1-25) um
was observed;

— determined that the values of internal stress o lie in the range 0-850 MPa and 1100-1980 MPa;

— it is revealed that the total values of elastic and plastic components of deformations across the tung-
sten grain differ from each other approximately 2.5 times;

— it is found that modification of tungsten with helium leads to defectively, which is apparently close to
the defectively of the grain boundaries of the matrix, not leading to the destruction of the material.
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JLT. Cymob6aeBa, b.K. Paxanunos, E. HalimankymapyJisl,
M.b. basnaunosa, H. Mykranosa, H.E. bepaumypartos

TemeHTeMIIepaTypaJibl reJIdil IJIa3MAaCbIMEH CIyJIe/IeHIeH
BOJIb()paM OeTiHiH KYpPbLILIMBIHBIH 63TepPYiH 3epTTey

TepMosIIPONBIK KOHABIPFBI JKaFAaiibIHIAFbl €H MAaHbBI3/Ibl aCMeKTUIepAiH Oipi Mia3MaHbIH MaTepUasIbIH
OeriMeH opekerTecyl. Makanajga Teuii IIa3MackIMEeH CoyleNeHy Ke3iHjeri Boab(pam OeTiHiH KypBUIBIMBIH
O3repTy/l 3epTTeyNIiH alIbIH-ajla HOTIDKENepl KenrTipinreH. ['enmit skyMbIC ras3bl peTiHze NaigaTaHbUIFaH
IUIa3MaJIbIK-CAyJIeTiK KOHABIPFBICHI 0ap IarblH KeseMai chiBBIKTHK Kas-IICH cumynstops! o3ipieHsai skoHe
KypacThIpbuLibl. CBHI3BIKTBIK IUIa3MalblK MMHTATOPABIH HEri3ri aneMeHTTepi LaBg KaToaThI 31€KTpOHABI
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CoyJIeNiK 3eHOIpeK, IUla3MallblK COYJIETiK pa3ps] Kamepachl, e3apa OpEKeTTeCY KaMepachl, HBICAHAJIBIK
KYPBUIFbl JKOHE 3JIEKTPOMATHUTTIK KaTyLIKalaplaH TYPaThiH 3JEKTPOMArHUTTIK kyie. CoyieneHy KesiHne
yarinepain 6eringe optama menmepi (100-600) aM xone keyek emmuemaepi (0,1-1,5) MkM, KaOBIPIIBIKTaHY
MEH TO3aHIAHYAbIH KOpiHeTiH jkepiepi Oap, op Typil MiiHAEri perci3 OpHAlacKaH JIeHecTep MeH
IIYHKBIPJIApJaH TYPATHIH aKayilbl KYpBUIGIMBEI Oap penbed maiima OonaThHEI aHBIKTANIIBL. HplcaHara Tepic
noternuan -500B/-1000B/-1500B e3repren ke3xe opramra TyHipnrik Menmiepi (1-25) MxM GonaTelH perci3
JKOHE YSIIBIKTHL BOJBb(PaM KYPBUIBIMBI Oap IUCIOKAIMIapAbIH Taiina Oomysl Oalikanmamgsl; Boibdpam
TYHipiuiri 6oiibiHIIa qedopMaIMsSIHBIH CePiMII JKOHE TUIACTHKABIK KOMIOHEHTTEPIiHIH JKUBIHTHIK MOHIEPi
Oip-OipiHeH m1aMaMmeH 2,5 ece epeKIeNeHeTiH aHBIKTaabl.

Kinm ce30ep: Bonbbpam, renuii mia3Macel, KYpbUIBIMBL, OSTTiH MOTU(DUKAIMACKL, )KYKA KYPHUIBIMHBIH CAH/IBIK
mapaMeTpiepi, mia3MajbIK reHepaTop, OerTi.

JL.T". Cymro6aeBa, b.K. Paxangunos, E. Haiimankymapysisi,
M.b. basuaurosa, H. Mykranosa, H.E. bepaimypaTos

HcciaenoBanue nu3MeHEHUs1 CTPYKTYPbI IOBEPXHOCTH BOJIb(ppama,
00JIy4eHHOT'0 HU3KOTEMIIePaTyPHOIl reJIMeBOM IJ1a3MOM

OnHMM M3 BaXKHBIX aCIEKTOB SBIAETCS B3aMMOMACHCTBHE ILIA3MbI C TIOBEPXHOCTBIO MaTepHala, 0OCOOEHHO B
YCJIOBHSIX TEPMOSIICPHOH YCTaHOBKH. B cTaThbe IpecTaBieHb! IpeIBapUTEIbHBIC Pe3yIIbTaThl HCCIIEIOBAHUS
MOAN(HKAIMY CTPYKTYPHI IIOBEPXHOCTH BoJb()pama 1mpu o0IydeHHH TelleBol 1a3Mol. beut pazpaboran u
CMOHTHPOBaH MajiorabaputHslil uHeiHb cumyisitop KA3-IICH ¢ mna3MeHHO-IIy9KOBOH YCTaHOBKOM, e
B KayecTBe pabodero rasa UCIoiab30oBaics renuid. OCHOBHBIMH 3JIEMEHTaMH JIMHEHHOTO IIa3MEHHOTO MHUTa-
TOpa SIBISTFOTCSI 3JEKTPOHHO-ITyYKOBasl MyMIKa ¢ KatogoM u3 LaB6, kamepa maa3MeHHO-IIy4KOBOTO pa3psiia,
KaMmepa B3aHMOAEHCTBHSA, MUIICHHOE YCTPOMCTBO M 3JIEKTPOMAarHUTHAsI CHCTEMa, COCTOSINAsT U3 AIIEKTpOMar-
HUTHBIX Karyniek. OOHapyXeHo, YTo MpH OOIy4eHHH Ha MOBEPXHOCTH 00pas3noB oOpasyeTcs peibed c me-
(heKTHOI CTPYKTYpPOii, COCTOAIIEH M3 XaOTUYHO PACIOJIOKEHHBIX BBICTYIOB M SMOK Pa3IMYHON (OPMEBI CO
cpenanM pasmepoMm (100-600) am u pazmepamu nop (0,1-1,5) MKM ¢ BUAUMBIMU y4acTKaMH IIETYIICHUS 1
HaIlbUICHHS. Y CTaHOBJICHO, YTO TPH HM3MEHEHHWH OTPHLATENHHOTO IOTeHIHMata Ha mumeHn Ha —500 B/-
1000 B/~1500 B nabromaercst 06pa3oBaHue AUCIOKANNI ¢ XaOTUYECKOM M STUEHUCTOM CTPYKTYpOii Bosibdpa-
Ma CO cpelHUM pa3mepoM 3epHa (1-25) MKM; BBIABIEHO, YTO CyMMapHbIe 3HAUYEHUS YNPYrol U IIacTU4e-
CKO¥ COCTaBIIIONINX Ae(hOPMAIKH O 3epHY BOIb(pamMa OTIMIAIOTCS APYT OT Apyra IpUMEpHO B 2,5 pasa.

Kniouesvie cnosa: BonbGpam, TenueBas 1iasMa, CTpyKTypa, MOAU(UKAINS MTOBEPXHOCTH, KOJIMIECTBEHHBIE
HapaMeTphl TOHKOH CTPYKTYpBHI, TNIa3MEHHBII TeHepaTop, IIOBEPXHOCTb.
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Activation of fluoranhydrite with various chemical additives
for the production of gypsum fiberboards

Preliminary studies of fluoranhydrite as a binder showed that on its own it almost does not harden, interven-
tion in the technological process of basic production is almost impossible, so in order to obtain materials it is
necessary to develop ways of modifying it to initiate the binder properties or use “acidic” fluoranhydrite be-
fore the neutralization stage. In this work the influence of various additives (sodium sulfate and sodium sul-
fite, potassium sulfate, copper sulfate, iron sulfate crystallohydrate, alumina aluminate, sodium carbonate) on
the properties of fluorine hydrite binders produced by neutralization of sour waste from hydrofluoric acid
production with an excess of limestone was studied. In this work to obtain dependences of anhydrite binder
technological properties on the number of introduced additives and determine the optimal composition of the
binder, as well as create mathematical models of the processes under study and their statistical analysis used
mathematical planning of the experiment. As the conducted studies showed the speed of setting of products
based on anhydrite binder and their strength mainly depend on the temperature of water and its amount for
mixing at the optimum dispersity of the binder. The strength of the samples made from the neutralized waste
was found to be in the range of 0.5-1.2 MPa, and the strength of the samples based on the activated anhydrite
binder — in the range of 5.3-10.7 MPa that corresponds to the parameters of the material suitable for the
production of boards.

Keywords: fluorine gypsum, anhydrite, hydrofluoric acid, anhydrite binder, activator.

Introduction

Increase of construction rates is impossible without orientation of building complex to the most effec-
tive low-cost and non-deficit materials, allowing to improve the comfort of housing. One of the ways to
solve this problem is the expansion of production and introduction of new highly effective products and
structures on the basis of gypsum binder which has a number of advantages in comparison with other build-
ing materials — low cost with high consumer properties (hygiene, fire resistance, bio resistance, providing a
favorable climate indoors). In addition, the rapid hardening of gypsum eliminates the need for significant
energy consumption for heat treatment to obtain products for different purposes, which helps to reduce ener-
gy costs for the manufacture of products. To obtain a fluorine hydrite-based binder suitable for the produc-
tion of partition walls, it is necessary to solve the problem of accelerating the time of setting and hardening
of the material. It is known that insoluble anhydrite (All), a component of fluoranhydrite, does not hydrate
and does not harden under normal conditions. For its activation it is necessary to change the coordination of
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Ca’* ions in the crystal lattice of calcium sulfate, which is achieved by the introduction of hardening activa-
tors [1, 2]. As a rule, substances that increase the solubility of All and are centers of crystallization are used
as hardening activators [3].

The primary challenges in producing various construction materials based on fluoroaranhydrite stem
from the sulfuric acid present within it, residing in the grains' pores and adsorbed on the surface. Neutralizing
this acid with alkaline components (such as lime, lime flour, carbide silt, Portland cement, nepheline slime,
etc.) is necessary [4, 5]. To enhance fluoroaranhydrite's activity and its suitability for construction product
manufacturing, it is suggested to employ complex additives and techniques. However, this approach results
in increased complexity and cost in the overall production processes and final products [6].

The purpose of this article is to select the optimal chemical and quantitative composition of activating
additives and to study the effect of composition modification on the strength of anhydrite binder.

Materials and methods of research

The raw material for the production of anhydrite binder is gypsum-containing waste products of hydro-
fluoric acid. An anhydrite binder, also known as anhydrite cement, is a substance produced through the
grinding of naturally occurring or artificially prepared anhydrite (achieved by heating at 600—700 °C) with
activators. The primary source materials for anhydrite binder include natural two-water gypsum and anhy-
drite, with their quality specifications outlined in GOST 4013-82.

Immediately out of the furnace waste is granulated material of gray color, granule size of which is
0.3 mm to 60-70 mm. Physico-chemical characteristics of this waste and the possibility of obtaining binder
material from it have been previously studied, the results of research are described in [2, 7] and [8]. Accord-
ing to the above-mentioned sources, the properties of the waste obtained at different times are close to each
other, which indicate a fairly homogeneous composition of the waste output and the stability of their produc-
tion regime [9]. The chemical composition of the waste is as follows (wt.%): CaO — 28-39; SO; — 38-56;
SiO, — 0.2; Al,0; — 0.5; Fe ,0; — 0.3; Cr,0; — 0.01; TiO, — 0.012; Na — 0.015; K — 0.01; H,SO, —
10-15; CaF, — 3, HF —0.3.

The crystal structure consists of finely dispersed translucent idiomorphic anhydrite crystals 5-10 pm in
size. The average refractive index N = 1.57. HF, fluorite CaF, and iron hydroxides were observed as impuri-
ties. The total anhydrite content is about 95%. The phase composition of the gypsiferous waste was deter-
mined by the X-ray phase method. Acidic waste is identified as CaSO, — calcium sulfate. The neutralized
waste is an anhydride of orthorhombic structure [2, 10-12].

Interference in the main production process to regulate the properties of the by-product is undesirable,
so we studied the properties of the initial fluorine hydride binder obtained by: 1) the method of co-milling
with a neutralizing component in the form of limestone in the enterprise (JSC “Ulba Metallurgical Plant”);
2) in the laboratory of the “Institute of Composite Materials” [13].

When performing this work as activating additives were used: (K,SO,), copper sulfate (CuSQy,), crystal-
line hydrate of iron sulfate (FeSO,-7H,0), alumina aluminate, Na,COs, NaCl. By analysis of literature data
the content of additives was accepted (0.5-3 %) from weight of dry matter with a step of 0.5%. All additives
were introduced with mixing water both separately and in combination of the two components. The additives
used, in addition to activating hardening, also affect the other physical and mechanical properties of the
binder. Mathematical planning of the experiment was used to accelerate the selection of hardening activators.

A fractional three-factor experiment was used to select the modifier additives. Calculations were carried
out on a computer program “STATISTICA”.

Results and discussion

According to the ideas of most modern researchers, the process of hardening of anhydrite binder pro-
ceeds mainly as a result of hydration when dissolving anhydrite in water and subsequent crystallization of
the resulting gypsum. Acceleration of hydration and hardening of anhydrite to technically acceptable terms is
achieved by the introduction of additives — curing activators, formula 1:

mCaSQ, + (salt) nH,O = (salt) mCaSQ, - nH,0O @
which then disintegrates to form two-water gypsum equation 2:
(salt) mCaSO, - nH,0 — (salt) H,0O + CaSQO,4 2H,0 (2)
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Two-water gypsum is released first in a colloidal state and then crystallizes. The period when a signifi-
cant amount of colloidal CaSO,4-2H,0 is formed is accompanied by heat release. During this period, the set-
ting process takes place, and recrystallization processes contribute to the solidification. In the initial hours,
the strength of the anhydrite binder rises, followed by a subsequent decrease in strength. This decline can be
attributed to the disintegration of the unstable complex hydrate during this phase. Subsequently, the strength
undergoes a prolonged increase. As the hardening progresses, there is a gradual augmentation in the quantity
of bound water within the products [14].

According to research conducted by other scholars, there is no formation of intermediate compounds
between sulfates and anhydrite. The accelerating impact of additives is attributed to factors other than the
formation of such compounds. Some researchers posit that the activating influence of lime, caustic dolomite,
and other low-soluble compounds, which share crystallochemical similarities with gypsum, lies in their abil-
ity to act as centers of crystallization. In this view, the particles of additives serve as nuclei for crystalliza-
tion, facilitating the rapid removal of a supersaturated dihydrate solution formed during the hydration of an-
hydrite. This process leads to the equilibrium state with the separation of CaSO,-2H,0 in the sediment,
thereby reducing supersaturation and creating conditions for the dissolution of new portions of anhy-
drite [15].

Additionally, some researchers propose that activators, such as acidic anhydrite hardening agents, en-
hance its solubility and chemical potential in the early stages of hardening [16]. The types of activation uti-
lized are determined based on the chemical composition of the introduced additives.

Despite a significant amount of research on the activation of anhydrite binders (including those from
man-made waste) and the selection of optimal chemical and quantitative composition of activating additives,
this process also requires an individual approach.

Using the statistical package, we analyzed the experimental data for the mixture in terms of strength,
the beginning and the end of setting.

The results of the processing of the experimental data on the strength index are presented below.

In order to identify statistically significant effects a variance analysis of these models was performed,
the results of which are presented in Table 1.

Table 1
Results of the analysis of variance on the strength index
SS df MS SS df MS F p R-Sqr R-Sqr
Linear 235.6788 | 3 78.55961 | 236.8854 | 15 | 15.79236 | 4.974533 | 0.013618 | 0.498723 | 0.398468
Quadratic 127.6587 | 6 21.27646 | 109.2266 | 9 | 12.13629 | 1.753126 | 0.215443 | 0.768864 | 0.537728

Special Cubic 9.2003 4 2.30008 |100.0263 | 5 | 20.00526 | 0.114974 | 0.971532 | 0.788333 | 0.237998
Total Adjusted | 472.5642 | 18 | 26.25357

Table 1 shows that statistically significant effects are observed in the linear model (p-value criterion
less than 0.05). For other models this criterion has a higher value. Therefore, we will further consider the
linear model.

Regression equation will have the following form

Y. =0.67-A +12.35:-B — 1.99-C + 7.39-D. (3)

For the selected model statistics were calculated, the values of which are presented in Table 2.

Table 2
Value of statistics for the selected model
Coeff. Std.Err. t(15) p -95, % +95, %
(A)Varl 0.66734 2.682398 0.248784 0.806902 -5.05006 6.38473
(B)Vvar2 12.34584 2.682398 4.602539 0.000345 6.62845 18.06324
(C)var3 -1.98789 2.682398 -0.741086 0.470085 -7.70528 3.72951
(D)Vard 7.38734 2.682398 2.754004 0.014767 1.66994 13.10473

However, only B and D are significant factors in this model.
The table of variance analysis shows good results for the fitted linear model, which are presented in Ta-
ble 3.
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Table 3
Analysis of variance in the linear model
SS df MS F p
Model 235.6788 3 78.55961 4.974533 0.013618
Total Error 236.8854 15 15.79236
Total Adjusted 472.5642 18 26.25357

Below are the results of processing the experimental data on the beginning of the setting of the mixture.

As a mathematical model the followings were tried: linear, quadratic and special cubic.

In order to identify statistically significant effects, a variance analysis of these models was performed,
the results of which are presented in Table 4.

Table 4
Results of the analysis of variance on the beginning of setting
SS Df MS SS df| MS F p R-Sqr R-Sqr
Linear 671.938 | 3 |223.9792 | 376.6788 |15| 25.11192 | 8.919238 | 0.001239 | 0.640785 | 0.568942
Quadratic 223.116 | 6 | 37.1860 | 153.5625 | 9 | 17.06250 | 2.179401 | 0.141220 | 0.853557 | 0.707114
Special Cubic | 116.034 | 4 | 29.0084 | 37.5290 | 5| 7.50579 | 3.864800 | 0.085301 | 0.964211 | 0.871159
Total Adjusted | 1048.616 | 18 | 58.2565

Table 4 shows that statistically significant effects are observed in the linear model (p-value criterion
less than 0.05). For other models this criterion has a higher value. Therefore, we will further consider the
linear model.

The regression equation will have the following form
Yn,=23.52-A+6.06:B +26.73-C + 6.46-D. 4)
For the selected model statistics were calculated, the values of which are presented in Table 5.

Table 5
Value of statistics for the selected model
Coeff. Std.Err. t(15) p -95, % +95, %
(A)Varl 23.52158 3.382515 6.953874 0.000005 16.31192 30.73124
(B)Vvar2 6.06337 3.382515 1.792564 0.093230 -1.14629 13.27303
(C)var3 26.72606 3.382515 7.901239 0.000001 19.51640 33.93572
(D)Var4 6.45740 3.382515 1.909054 0.075575 -0.75226 13.66706

As follows from Table 5, factors A and C are significant for the selected model (p-value is much less
than 0.05).

The table of variance analysis shows good results for the selected linear model, which are presented in
Table 6.

Table 6
Analysis of variance in the linear model
SS df MS F p
Model 671.938 3 223.9792 8.919238 0.001239
Total Error 376.679 15 25.1119
Total Adjusted 1048.616 18 58.2565

Processing of the results on the indicator of the end of setting.

Below there are the results of dispersion analysis of experimental data at the end of setting of the mix-
ture.

As a mathematical model the following models were tried: linear, quadratic and special cubic. The re-
sults of the analysis of variance on these models are shown in Table 7.
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Table 7
Results of analysis of variance

R-Sqr
SS df MS SS df MS F p R-Sqr adjusted
Linear 328.107 2 | 164.0533 | 820.2934 | 7 | 117.1848 | 1.399954 | 0.308011 | 0.285708 | 0.081624
Quadratic 370.594 | 3 | 123.5314 | 449.6994 | 4 | 112.4248 | 1.098791 | 0.446624 | 0.608412 | 0.118928
Special Cubic 208.983 1 | 208.9826 | 240.7168 | 3 | 80.2389 | 2.604504 | 0.204965 | 0.790389 | 0.371168

Total Adjusted | 1148.400 | 9 | 127.6000

Table 7 shows that statistically significant effects are not observed for any model (p-values for all mod-
els are greater than 0.05). However, this index is the smallest for the special cubic model, which has the
smallest mean square error (MS = 80.2) and the largest Fisher index (F = 2.6).

The quality of this model is estimated by such indicator as the coefficient of determination Rsqr, which
is 0.79 for this model. This indicates a high quality of the model. We can say that 80 % of the observed effect
is explained by the selected factors.

The regression equation will be as follows:

Y regressio = 159.267319210644-A + 26.812866336268-B + 33.44914754712-C —

—51.840010145936-A-B — 78.566741356355-A-C +

+ 6.524344955884-B-C+ 463.76702491378-A-B-C. 5)
Next, the statistics for the selected model were calculated. These values are presented in Table 8.
Table 8
Value of statistics for the selected model
Coeff. Std.Err. 1(3) p -95, % +95, %
(A)Varl 59.2673 8.6593 6.84438 0.006384 31.710 86.825
(B)var2 26.8129 8.6592 3.09644 0.053444 -0.745 54.370
(C)var3 33.4491 8.6592 3.86283 0.030675 5.892 61.007
AB -51.8400 43.5889 -1.18929 0.319876 -190.559 86.879
AC —78.5667 43.5889 -1.80245 0.169264 -217.286 60.153
BC 36.5243 43.5888 0.83793 0.463575 -102.195 175.243
ABC 463.7670 287.3673 1.61385 0.204965 -450.764 1378.298

As it follows from Table 8, factors A and C are the most significant for the chosen model (p-value is
much less than 0.05).
Using the obtained regression equation we calculated parameter values for different points of the plan,
which are shown in Table 9.

Experimental and theoretical parameter values

Observed Predictd Resids
1 57.00000 59.26732 —2.26732
2 25.00000 26.81287 -1.81287
3 35.00000 33.44915 1.55085
4 26.00000 30.08009 —4.08009
5 26.00000 26.71655 -0.71655
6 39.00000 39.26209 -0.26209
7 39.00000 46.58826 —7.58826
8 54.00000 44.66838 9.33162
9 46.00000 38.03215 7.96785
10 37.00000 39.12314 -2.12314

Table 9

The calculated theoretical values were compared with the experimental values and a divergence histo-
gram was plotted in Figure 1.
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Histogram of Raw Residuals
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Figure 1. Histogram of the difference between the theoretical and experimental values

This histogram obeys the normal law of distribution, which is a prerequisite for the construction of re-
gression models.
Figure 2 shows the response surface of the setting time depending on the selected factors.

Fitted Surface; Variable: Var4
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Figure 2. Response surface of the setting time

The contour plot of the studied dependence is shown in Figure 3.
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Fitted Surface; Variable: Var4
DV: Var4; R-sqr=,7904; Adj:,3712
Model: Special Cubic

Var3
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Figure 3. Contour plot of the studied dependence

According to the model obtained, using the contour plot of the studied dependence by varying the per-
centage of components anhydrite binder with the necessary setting time was obtained.

The greatest effect was obtained by using potassium sulfate in an amount of 1.5 %. The results of the
experiment are shown in Figure 4.
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Figure 4. Dependence of setting time on the amount of potassium sulfate and lime quality.

As the studies have shown the rate of setting of products based on anhydrite binder and their strength
mainly depend on the temperature of water and its amount for mixing at the optimum dispersity of the binder.

Experimental data showed that the strength of samples made from neutralized waste is in the range of
0.5-1.2 MPa, and the strength of samples based on activated anhydrite binder is in the range of
5.3-10.7 MPa, which corresponds to the parameters of the material suitable for the production of slabs.
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b.K. Paxagunos, JI.b. bastanoBa, A.b. Kenecbekos, C.A. AbnynuHa,
M.K. Keuieimkanos, M.A. Ilonoiinukos, I'.C. MoanabaeBa

OiibIKTaKTaIapAbl OHAIPY YILIIH JPTYPJIi XUMHSJIBIK KOCHIAJIapMeH
¢propanruapuTri OesiceHaipy

OTOpaHTUAPUTTIH TYTKBIPJIBIK CANachlH aNIbIH-aja 3epTTey/e OHBIH O3MiriHeH KAThIl KaJMaHTBIHJIBIFIH,
HETi3ri eHAIpic MpolleciHe apanacy ic JKY3iHAe MYMKIH eMEeCTIriH KopCeTTi, COHABIKTAaH MaTepuajaapabl ary
YIIIH OHBIH TYTKBIPJBIK KACHETTepPiH KO3ZIBIPBIN, TYPJCHY TOCUIAEpiH jkacay KakeT HeMece
OeiiTapanTaHabIpy CaThICBIHA JEiiH «KBIIIKBUD (TOPAHTMAPHUTTI KOJJAHy Kepek. Byi jkymbicta apTypii
KocTanapbply (HaTpuid cynbarbl MeH Cyiab(UTI, Kannuii cynb(aTbl, MbIC Cyab(aThl, TeMip CyIb()aTHIHBIH
KPUCTAIOTHAPATHI, KaJMil-alFOMUHUI alryaactapbl, HATpUH KapOOHAThI) (TOPAHTUAPUT TYTKBIPJIBIFBIHBIH
3aTTap/blH KaCHETTepiHe acepi 3epTTeii, oap GalKbITKbIII KBIIIKBUIGIH OHAIPY/IE KBIIIKbLT KAJABIKTApbIH
apThIK  OKTacmeH Oeirtapanrtanapipynan  ansiiFaH. COHBIMEH KaTap aHTHAPUT  TYTKBIPJIBIFBIBIH
TEXHOJIOTHSUIBIK KACHETTEpiHEe CHTI3UIreH Koclajap CaHblHAa TOYENIUNMH anyna jKOHe TYTKBIP 3aTThIH
OHTAWJIBl KypaMblH aHBIKTAy/a, COHJal-aK 3epTTEeNeTiH MPOLECTEep/iH MaTeMaTHKAIBIK MOJCIbICPIH KYpy
JKOHE OJIap/blH CTaTHUCTHKAJBIK TalgayblHAa JKCIEPHUMEHTTIH MaTeMaTHKAIBIK JKOCIHapiiaybl KOJAAHBUIIBI.
3epTTeysep KopceTKeH e, aHTMAPUTTIH TYTKBIPIBIFBIHA HETi3[e]reH OHIMACPAIH KaTy KbUILAAM/IBIFbI JKOHE
oJapAbIH OEpIKTIri Heri3iHeH Cy/BIH TeMIepaTypachlHa >KOHE TYTKBIPABIH OHTAlbl AMCHEpCHsAFa alHaIy
Ke3iHzeri OHbIH MeJulepiHe OainaHbICThl. BeffTapanTaHabIpblUIFaH KalAbIKTapIaH JKacalfaH YITiUIepIiH
oepikriri 0,5-1,2 MIla werinze, an GeJCeHIIPIIreH aHTUAPUT TYTKBIPJIBIFBI HET131HAETI YATiiep iy OepikTiri
5,3-10,7 MIla 1eringe eKeHi AaHBIKTAIABL, Oy IDIATANApAbl OHIIpyre JKapamIsl MaTepHaIbIH
napaMeTpIiepiHe colKec KemeTi.

Kinm co30dep:proprumc, aHruApuT, OATKBITKBIII KBIIIKBUT, aHTHAPHUTTI TYTKBIPJIBIK, aKTHBATOP.
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b.K. Paxangunos, JI.b. bastanosa, A.b. Kenecoekon, C.A. AoaynuHa,
M.K. KeuieiikanoB, M.A. TTogoitaukos, I'.C. MongabaeBa

AKTI/IBaIIl/Iﬂ (l)TOpaHFI/IIIpl/ITa PAa3INIHBIMUA XUMHNYCCKUMHU I[OﬁaBKaMI/l
AJIA MPpOU3BOACTBA nasorpeﬁﬂesmx IJIIT

TpenBaputenbHble HCCaen0BaHUS (TOPAHTUIPHUTA B KAYECTBE BSDKYILETO MOKAa3aJHd, YTO CAMOCTOSTEIHO OH
MPaKTUYECKN He TBEpPAEET, BMENIaTeIbCTBO B TEXHOJIOTHYECKHUH ITPOIIECC OCHOBHOT'O IPOM3BOCTBA IPAKTH-
YEeCKH HEBO3MOXKHO, IIO3TOMY C IEJbI0 TIOJydeHHs] MaTepHaloB HEOOXOIMMO pa3padaThiBaTh CIIOCOOBI MO-
TU(UINPOBAHMS €r0 JUIl HMHUIUHPOBAHUS BSDKYIINX CBOMCTB WIIM HCIIONB30BAaTh «KHCIEIN) (TOPaHTUAPHUT
JI0 CTaJUH HeWTpanu3anuu. B craTee ncciaenoBaHo BIMSHUE Pa3iIMYHBIX 100aBOK (cyibdara u cyiabdura Ha-
Tpus, cynbdara Kamus, cynbdara MeaM, KpucTaoruapara cyibgara jxenesa, aJlOMOKAIUEBBIX KBACLOB,
kapOOHaTa HATPHsA) HA CBOWCTBA (DTOPAHTHIPHUTOBBIX BSDKYIIHMX, IOJYYCHHBIX HEHTpaM3alluell «KUCIOT0»
OTXOZa MPOU3BOJICTBA IIABUKOBOIl KHCIOTHI M30BITKOM M3BECTHAKA. J[JIs MOJIydeHUs 3aBUCUMOCTEl TeXHO-
JIOTHYECKUX CBOWCTB aHTHJPHTOBBIX BSIKYLIMX OT KOJIMYECTBA BBEICHHBIX NOOABOK M ONPEIENCHUS ONTH-
MaJIbHOTO COCTaBa BSDKYILETO, a TAKXKE CO3/IaHUs MAaTeMaTHYECKMX MOJIENEH HCCIeNIyeMbIX MPOLECCOB U UX
CTaTHCTUYECKOTO aHaJIN3a aBTOpaMH NPUMEHEHO MaTeMaTH4YecKoe IIaHNpoBaHue dKcrepumenTa. Kak moka-
3aJIM IPOBEICHHBIE HCCIIEJOBAHNUS, CKOPOCTh CXBATHIBAHUS M3/EIHI Ha OCHOBE aHTUIPUTOBOTO BSDKYILETO U
UX IPOYHOCTh B OCHOBHOM 3aBHCSAT OT TEMIIEPATyphl BOABI M €€ KOJMYECTBA Ul 3aTBEPIACHUS IPH ONTH-
MaJbHON TUCHEePCHOCTH BSDKYLIETO. BEIABIEHO, YTO MPOYHOCTH 0OPA3IOB, N3TOTOBJICHHBIX U3 HEHTpann3o-
BaHHOTO 0TX071a, Haxoautcs B mpexaenax 0,5-1,2 Mlla, a mpodHOCTh 00pa3I0B HA OCHOBE aKTHBHPOBAHHOTO
AQHTUIPUTOBOTO BSOKyIIero — B mpenenax 5,3—10,7 MlIla, 9To coOTBETCTBYeT mapamMeTpaM MaTephana, npu-
TOJTHOTO JUIsl IPOM3BO/ICTBA ILIHT.

Kniouesvie cnosa: GpToprurc, aHTUIPUT, IUIABUKOBAsi KUCIOTA, aHTHAPHTOBOE BSDKYINEE, aKTHBATOP, ONTH-
MaJlbHasl AUCIIEPCHOCTb.
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Research of the vacuum brake booster working process

The creation of a laboratory installation was carried out with an aim to ensure the study of the working proc-
esses and characteristics of vacuum boosters as a part of hydraulic brake drives for vehicles with a gross
weight of up to 3.5 tons for civilian usage, and armored vehicles with a gross weight of up to 8.5 tons desig-
nated for service and combat missions. Theoretical researches in this direction have been previously carried
out by a number of scientists of the Department of “Automobiles” named after prof. Gredeskul A.B. in
Kharkiv National Automobile and Road University, the results of which have been highlighted in a number of
scientific papers. Comparison of the results of theoretical studies with the experimental ones, received on the
laboratory setup and suggested in this paper, according to the experimental method described in the article,
using the created electronic signal processing complex and sensor unit, made it possible to establish a dis-
crepancy between theoretical and experimental studies within 6%. This complex for experimental research
was created for the first time, thus allowing to obtain the results that confirm the theoretical studies of the
vacuum boosters of the brake drive of cars, as well as revealed a number of dependencies between the weight
and overall parameters of the under research unit, along with the number of functional relationships between
the structural components of the vacuum boosters, which enables to significantly optimize its design.

Keywords: vehicles, active safety, brake system, vacuum brake booster, static and dynamic characteristics,
experimental research, technique, equipment.

Introduction

An analysis of the state of traffic safety in the world in general [1] and in Ukraine in particular [2] indi-
cates the need for an urgent solution to the problems of accidents. A significant number of road traffic acci-
dents occur due to insufficient active safety of vehicles, which is significantly determined by the efficiency
of the vehicle braking system [3-5].

The vacuum brake booster is the most common service device for the brake systems of cars and light-
duty vehicles [6, 7], the operation of which is provided both in the sectors of the national economy and in the
automotive equipment of the National Guard of Ukraine. The efficiency and quality of its work largely de-
termine the ergonomic conditions and the effectiveness of the brake control [8, 9] and, ultimately, the active
safety of the car [6, 10]. Recently, the vacuum booster is increasingly not only a device for reducing the
force on the brake pedal, but also an automatic device that corrects the actions of the driver (anti-lock brak-
ing system (ABS) and a motion stabilization system (ESP) [11], an emergency braking system Brake Assist
(BAS) [12], etc.), which simplifies driving (preventive safety systems [13], energy recovery systems in hy-
brid and electric vehicles [14, 15], etc.). Therefore, improving the working process of the vacuum brake
booster is the most important task to improve the active safety of the car.

The relevance of the topic lies in the fact that in order to reduce the accident rate of vehicles in the
process of braking, it is necessary to implement a number of measures in the field of research support to im-
prove brake drives [16—18]. One of these areas is the development of methods for the development of effi-
cient vacuum brake boosters, which are produced in Ukraine. Currently, this is hampered by insufficient
knowledge about their operational processes, as well as the lack of scientifically based generalized criteria
for evaluating effectiveness [19-23].

Research objectives:

— study of working processes in a two-chamber vacuum amplifier;

— determination of static and dynamic characteristics of a two-chamber vacuum amplifier;

— comparison of theoretical and experimental results.
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To achieve the goals set, the following tasks were solved:

— development of experimental research methodology;

— creation of an experimental facility;

— development and preparation of a measuring and recording complex based on a modern element base;

— implementation of a complex of experimental studies provided for by the program;

— processing the results of experiments and performing their analysis.

Object of the research — the working process of the vacuum brake booster.

The subject of the research is the increase in the efficiency of vacuum boosters of the brake drive.

Research methods. Methods of generation, selection and analysis of information were used to determine
the state of the problem and to set the research objectives. In experimental studies of the working processes
of vacuum boosters of the brake drive, the method of full-scale experiment was used.

The scientific novelty of the results obtained is that: for the first time, a structural analysis was carried
out and the relationships between the elements of a vacuum amplifier were determined, which made it possi-
ble, using the proposed criteria, to determine its rational structure; regularities of interaction of structural
elements and their influence on the working process, as well as the efficiency of vacuum boosters of the
brake drive have been clarified.

A number of scientists of the Department of “Automobiles” named after A.L. d.t.s., prof. Gredeskula A.B.,
at Kharkiv National Automobile and Road University, have made a range of researches which are reflected in a
number of scientific papers [8, 24-28]. Comparison of the results of theoretical studies obtained in these works
with the experimental ones obtained on the laboratory setup suggested in this work, according to the experi-
mental method described in the article, using the created electronic signal processing complex and a sensor
unit, made it possible to establish a discrepancy between theoretical and experimental research within 6 %. To
study the working process of the vacuum brake booster, a special installation was developed and created. The
installation contains a system for supplying energy to a vacuum amplifier (vacuum) and an input signal forma-
tion mechanism (compressed air), an amplifier load and a measuring complex.

The energy supply system allows you to create, control and maintain the required level of vacuum in
the vacuum cavities of the amplifier. The input signal generation mechanism provides the necessary level
and nature of the force change on the amplifier pusher. This mechanism is a pneumatic chamber with an ad-
justable throttle at the inlet. To study the static characteristics, the pneumatic chamber is replaced by a lead
screw. The main brake cylinder connected to the brake mechanisms is used as a booster load.

Improving the design, as well as the working processes of the units and apparatus of the hydraulic brake
drive of a car, is based on the results of theoretical and experimental studies. The reliability of theoretical
provisions fully depends on the level of experimental research. Theoretical studies carried out by the authors
in [8, 24-28] required experimental confirmation, as a result of which it became necessary to create a special
installation for studying the working process of a vacuum brake booster.

The developed mathematical model is based on the results of analysis and synthesis of the constituent
elements of the Vacuum brake booster, using a gas dynamic model. Features of the working process are con-
sidered taking into account the gas-dynamic model shown in Figure 1. In accordance with the scheme of
Figure 1. Vacuum brake booster has a body divided by a partition into two chambers. The chambers are di-
vided by pistons into cavities 4, 5, 8 and 9. The cavities 9 and 5 are permanently connected to a vacuum
source.

The connection of cavities 4 and 8 depends on the mode of operation. The air resistance between the
cavities depends on the cross section of the throttles /7,, /I, and /..

The mathematical model of the dynamic state of the pusher has the form

FT+FKH_MT').(.T_kT'(XT_X1)_FA_FB_FTP_FHZO' (]_)

During the movement of the pusher, the force from the FKH valve remains unchanged. The friction
force of the pusher relative to the piston is non-linear

Frpy -Sign(X; — X,) if X, # X,
Fopy = Lo .
Fp, =0if X, = X,.

The relative displacement of the pusher and piston leads to the actuation of the switchgear and the mass
flow of air into the atmospheric cavities has dependence

Ga = fa P, 'pr : (0(0) . (3)

(2)

44 BecTHuK KaparaHguHckoro yHuBepcuTeTa



Research of the vacuum brake ...

A

Gla a
; E}f%

Ya

1

P -z Plu

VZa V]a 6

———— 1+ ”
Fm - FT
Plbz Plb P]b 3
1 | 4
u 10 % 05

Figure 1. Scheme of the gas-dynamic model of a two-chamber Vacuum brake booster

The expenditure function (o) is taken in the following form

1-6°
= a y 4
#©) \/2-k-(aa—lnca) “
and the resistance coefficient of the atmospheric valve
2
€, :0,55+4-[%—0,1j+0,176-[2—aj . (5)

The following assumptions are made in the model: rarefaction in vacuum cavities is constant, and the
temperature regime is also unchanged.

A change in pressure in atmospheric cavities leads to the formation of additional forces on the booster
pistons. Since the pistons in the investigated Vacuum brake booster do not have a rigid connection, when
developing the model, it became necessary to confirm the hypothesis about the movement of the pistons
without separation from each other during the working process.

To theoretically confirm this hypothesis, the equations of the dynamic state of the piston of the first
chamber

M, X, + - X, +R=8- AP+ fr, - (X; =X )+ R +S, - (P, P,,), (6)

replaced by an equation for the reaction of the dynamic component of the force of the second piston. The
condition for the absence of contact break is the value for the reaction between the pistons R>0. This condi-
tion is met by the following relations:

S1'(|:>1a_|:>1b)+ le'(XT _X1)+FHP_(Sy_Sw)'(Po_Ph)'*'Sy'(Po_Plb)_ fl'Xl_Ml'Xlgo’ (7)

Sl'(pla_ plb)+ le'(XT _X1)+ an _(Sy_sm)'(po_ pb)+sy(p0_ plb)_ fl'Xl (8)
M, '

The results of the calculation of expressions (6), (7), (8) using the Simulink application of the
MATLAB environment [29] in the form of a graphical dependence of the reaction between the pistons dur-
ing braking are shown in Figure 2.

The above dependence theoretically confirms the hypothesis of the movement of pistons without sepa-
ration from each other in a two-chamber vacuum booster.

Given the confirmation received, the mathematical model of the two-chamber Vacuum brake booster is
simplified. The model, which takes into account the masses of individual pistons, has been converted to a
single-mass model.

The force on the pistons is formed due to the pressure difference. The value of pressure in atmospheric
cavities varies depending on the mass flow of air, as well as changes in the volume of cavities in accordance
with the equations:

X, <
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dPlaZGLa_Sllpla'Xl.k (9)
dt V,, +S,- X, ’

dp,, :Gza_sz'Pza’Xl.k_ (10)
dt V,, +S,- X,
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Figure 2. Dependence R = f (t)

The connection between the distribution and actuating devices is performed by the tracking device. The
scheme of the most common tracking device is shown in Figure 3.
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Figure 3. Scheme of the studied tracking device: Xt, Xu, Xt — displacement of the pusher, piston and rod,
respectively; St, Sur are the areas of reactive washer 1 interacting with the pusher and rod, respectively

During operation of the Vacuum brake booster, pressure builds up in reaction disc 1. The change in
pressure depends on the relative position of the pusher 3, piston 2 and rod 4 and can be described by the fol-
lowing mathematical expression:

EE:[XH(SM—sTyFstT—Xw-gH]E

: 11
dt Vo (1)
on the other side
e _F 12
dt S,
where IfS — the rate of change of force on the rod according to the dependence IfS =f (XM) :
In this case, the speed of movement of the rod has the form
Xﬁ-@gﬂ—5;)+X;-ST—QE~Yﬂi
- o E (13)

m
Su
The developed mathematical model is implemented in the Simulink application of the MATLAB envi-
ronment. The mathematical model and the method of its implementation make it possible to expand the pos-
sibilities of choosing and optimizing the parameters of promising Vacuum brake boosters.
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Special installation for studying the working process of the vacuum brake booster

This article suggests the development of a modern measuring and recording complex designed for ex-
perimental studies of an automobile hydraulic brake drive with a vacuum booster.

Equipment for research of working processes and characteristics of vacuum amplifiers.

To study the working processes and characteristics of vacuum amplifiers, a laboratory setup was devel-
oped, the block diagram of which is shown in Figure 4.

Vacuum drive

Amplifier Input L
Shaping Object of study, |, Amplifier
Mechanism vacuum amplifier load

Measuring complex

Figure 4. Structure of the laboratory setup

To provide vacuum, a vacuum drive was used, made according to the scheme shown in Figure 5.

[ N
// /"/
1 2 3 4

/ /

5 6

1 — vacuum pump; 2 — choke of variable cross section;
3 — vacuum receiver; 4 — vacuum gauge; 5 — uncoupling valve; 6 — check valve

Figure 5. Diagram of the vacuum drive

As a vacuum pump pos. 1 in Figure 5, a SO 7B reciprocating compressor unit with an air flow rate of at
least 0.5 m3/min is used. To maintain the vacuum level, a variable cross-section throttle 2 was used in the
line between pump 1 and vacuum receiver 3. Receiver 3, with a volume of 20 liters, is designed to smooth
out the rarefaction pulsations and provide a vacuum reserve. To control the vacuum in the system, VP4-UU2
vacuum gauge is installed. Vacuum installation allows to obtain a stable level of vacuum up to 20 kPa abso-
lute pressure.

The load of the investigated vacuum booster is a hydraulic drive, consisting of a main brake cylinder of
the “Tandem” type with an inner diameter of 28 mm. Separate cavities of the master cylinder are connected
by flexible hoses to the working cylinders of two drum brake mechanisms. The main brake cylinder and
brake mechanisms are serial components of the brake system of a UAZ-3151 car in civilian design or KrAZ
Cougar for the needs of the National Guard of Ukraine. Visual control of pressure in the hydraulic drive cir-
cuits is carried out by MP4-UU2 manometers with a pressure range of 0-16 MPa, a division value of
0.2 MPa and an accuracy class of 1.5. To register the pressure in the hydraulic drive, a KRT-7 sensor is in-
stalled. The location of the equipment on the experimental setup is shown in Figure 6.
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1 — vacuum brake booster under research; 2 — force sensors; 3 — the main brake cylinder; 4 — manometer;
5 — brake mechanisms with active and passive brake shoes (2 brake mechanisms); 6 — pressure sensor;
7 — screw device for forming the input signal; 8 — movement sensors; 9 — vacuum sensors

Figure 6. Location of equipment in the laboratory setup

On the input side of the vacuum booster, a bracket of increased rigidity is installed, made in the form of
a straight parallelepiped. The amplifier under study is installed on one of the bases. On the opposite base, the
installation of loading devices of the amplifier is provided. The bases are connected with pins. A force sensor
is installed between the loading device and the pusher of the amplifier. A bracket for mounting displacement
sensors is fixed on parallel studs. The bases of the pusher and piston displacement sensors are mounted on
the bracket, and the movable sensor rods are connected to the booster pusher and piston. A smaller bracket,
similar in design, is located between the vacuum booster outlet and the main brake cylinder of the load.
There are also sensors for force and movement of the amplifier rod. To form the input signal of the amplifier
under study, two variants of devices are provided. The first option is mechanical, screw (pos. 7, Fig. 6). It
allows you to consistently set a stable rigid position of the booster pusher. The thread pitch of the screw
pusher is 1 mm. The second variant of the device for forming the input signal of the amplifier is pneumatic.

The characteristic of the load is the dependence of the force on the piston of the main brake cylinder on
its movement. The load characteristic obtained on the experimental setup is shown in Figure 7.

8000
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7000
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5000 /

4000

F 3000

2000

1000
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0 2 4 X%’IU 12 yw 14

F — force at the entrance of the main brake cylinder; X — movement of the piston of the main brake cylinder

Figure 7. Load characteristic of the vacuum booster
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The general scheme of a pneumatic drive with an input signal conditioning device is shown in Figure 8.

9 b

1 — pressure gauges; 2 — pneumatic chamber type 9; 3 — throttle; 4 — valve for flowing the receiver
into the pneumatic chamber; 5 — valve for setting the pressure in the receiver; 6 — working receiver;
7 — valve for filling receiver 6; 8 — storage tank; 9 — stationary compressor

Figure 8. Scheme of the pneumatic drive of the experimental setup

The composition of the pneumatic actuator Figure 8 includes a stationary compressor 9 with a storage
capacity of 200 I, a working receiver 6 of a laboratory unit with a capacity of 20 I, pressure gauges 1 for con-
trolling the pressure in the pneumatic drive and the working receiver, as well as filling valves 7 and flow 4, 5
of the working receiver 6. Pneumatic chamber 2 is installed coaxial to the pusher of the studied amplifier.
Air is supplied from the working receiver to the pneumatic chamber by a manual push-button valve 4. The
filling rate of the pneumatic chamber is provided by a constant-section throttle 3 installed at the inlet of the
pneumatic chamber.

The placement of the elements of the investigated vacuum amplifier relative to the load and the device
for forming the input signal is shown in Figure 9.

P, B p, v, 1,

2 1 0 /];ﬁ3

1 — vacuum booster under research; 2 — load; 3 — pneumatic chamber;
P,, P,, P; — displacement sensors; 11y, I1,, II; — vacuum sensors; ¥, ¥, — force sensors

Figure 9. Layout of the vacuum amplifier on the experimental setup

Technique of performing research on the experimental facility

When performing research on the experimental setup, the following parameters of the vacuum amplifier
were measured and recorded:

— force on the pusher;

— force on the rod;

— pusher movement;

— piston movement;

—rod movement;

— pressure (vacuum) in the cavities of the amplifier.

The investigated physical processes require the use of high-precision and high-speed measuring instru-
ments. Processing and analysis of the results is most expediently performed using modern digital comput-
ers (PC). Thus, the narrow specialization of the performed research led to the creation of a special measuring
and recording complex.
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Automated system for measuring and recording complex
of working processes of vacuum brake boosters

Structural measuring and recording complex consist of three parts. The first part includes sensors for
measuring the physical quantities of the studied parameters. The second part consists of pre-processing
equipment, recording and issuing information about the parameters under study. The third part of the com-
plex provides the necessary levels of power supply for sensors and equipment for processing and issuing in-
formation.

Taking into account the technical requirements for the implementation of the experiment and the results
of the analysis of the products of the world's leading manufacturers of measuring equipment, the necessary
measuring instruments were determined and purchased.

Strain gauges model LPX manufactured by Precision Transducers Ltd are used for force measurement.
The experimental setup uses LPX sensors with force measurement ranges F = 0-2500 N and 0-10000 N.

With the help of this complex, you can solve the following tasks:

a) determination of the static characteristics of the dual-circuit master brake cylinder, single-chamber
and double-chamber vacuum brake boosters;

b) determination of the dynamic characteristics of the hydraulic drive and the vacuum brake booster;

¢) determination of the static and dynamic parameters of the working process of the vacuum brake
booster.

To solve these problems in the process of research, it is necessary to obtain information on measuring
the forces and displacements of the pusher, the booster rod, the degree of valve opening, the level of rarefac-
tion in the working cavities of the booster, and the fluid pressure in the hydraulic brake drive circuits [8, 24,
27]. Based on the analysis of the designs of hydraulic brake drives of cars [6], the ranges of measured values
were determined:

— force on the pedals: 0...500 N;

— force on the pusher: 0...2500N;

— force on the rod: 0...10000 N;

— movement of the rod and pusher: 0...50 mm;

— rarefaction in the working cavities of the amplifier: 0...0.09 MPa;

— pressure in the hydraulic drive of the brakes: 0...15 MPa.

Analysis of the products of the world's leading manufacturers of measuring equipment [9, 20, 22, 23,
30-32] was carried out taking into account the ratio of functional properties — price. As a result of this anal-
ysis, the following measuring devices were identified:

— for force measurement, LPX model sensors manufactured by Precision Transducers Ltd (New Zea-
land) with force measurement ratings up to 500 N, 2500 N and 10000 N;

— for measuring displacements, precision potentiometric sensors model CLP—13-50 manufactured by
Megatron (Germany);

— for measuring pressure in the cavities of the vacuum booster BOSCH sensors series 0261230004
(Germany);

—to measure pressure in the hydraulic drive, the following sensors: strain gauges of the D, MD and
KRT-7 series and the DM 5001, DM 5007 series.

During the development of the measuring and recording complex, the problem of providing various
levels of power supply to sensors and stabilization, different in type (current and voltage) and the level of
output signals, was solved. In addition, the peculiarity of the studied work processes was taken into ac-
count — the measurement and registration of fast and slow processes [33, 34]. For the rational use of the
amount of memory, automatic measurement of the data recording interval was applied depending on the
speed of the process. As a result, a circuit of a special electronic signal processing unit (SPU) was developed.
Designed by SPU, designed for simultaneous use of 12 channels and has the following functionalities:

— ensuring stable power supply of channels;

— noise filtering and signal stabilization;

— calibration of sensors;

— determination and setting of the initial value of the measured parameter;

— testing and control of serviceability of channels;

—automatic mode of measurement and registration of parameters;

—accumulation, reading of parameters and cleaning of the system.
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The structure of one SPU channel and the algorithm of operation of the electronic unit are presented re-
spectively in Figure 10 and Figure 11.

According to the SPU channel structure shown in Figure 10, first, the sensor signal is amplified, stabi-
lized, and digitized. Digital signals are fixed and accumulated. Each channel has the ability to calibrate the
signal using an external keyboard and display the accumulated information.

Signal processing —
ificati Analog to digital Fixation,
Measured Sensor (araplification, comvetter e
parameter ’ stabilization, ete.). > > . |
[ Lnalogue signal of results
[
A
Issuance of
supply Signal calibration
data

Figure 10. SPU channel structure
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Figure 11. Algorithm of operation of the electronic unit SPU

According to the algorithm (Fig. 11), the SPU works as follows. When the measuring complex is turned
on, the entire SPU periphery is initiated.

After initiation, the sign of connecting an external keyboard is checked. Based on the connection, the
mode of further operation is selected:

— with the connected keyboard the tare mode;

— without keyboard connection — measurement mode.
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In the calibration mode, the system displays information about the calibration with the number of the
sensor and the corresponding channel of the analog-to-digital converter (ADC) on the graphic display.

After starting ADC, the measured value is displayed on the display. The equivalent calibrated value of
the parameter and the command to fix this value by the system are set from the keyboard. Then, the follow-
ing values are fixed similarly until the sign of the end of the calibration process is entered.

After calibration is completed, the measurement mode is set: manual or automatic, and the system pro-
ceeds to control the ADC channels. Then the connection and serviceability of sensors is checked with visual
control of information on the display. After testing the sensors, the system analyses the operating mode:
manual or automatic. Manual mode provides for viewing the measurement result on the display. ADC chan-
nels are triggered by a process start signal. Information is read from them and written to the random access
memory (RAM) of the controller. The measurement results are displayed if necessary.

Measurements in automatic mode are performed similarly to manual ones, but the results are accumu-
lated in blocks in the form of numerical arrays in RAM for further use for processing on an external PC. The
SPU electronic element base is combined on three boards, as shown in the block diagram of Figure 12.
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! 485
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|

|
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usB

Il Electronic block ADC

scaling of sensor signals

control
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Output of informati

‘ external keyboard I Display

Figure 12. Block diagram of the measuring complex

The measuring complex, the block diagram of which is shown in Figure 3 has nine channels with sen-
sors, signal processing unit (SPU) with keyboard, display via PC interface. To study the working process of a
vacuum amplifier, it is necessary to know the change in the level of rarefaction in the cavities, the change in
the forces on the pusher and rod, the coordinates of the movement of the pusher, piston, rod.

The board | of the controller is designed to control the entire measuring complex and has an interface
connection with a PC. The controller is based on the ATMEGA 128-16 AC microprocessor.

For communication with external devices, 1/O and storage of temporary data, a rewritable Flash pro-
gram memory module is used.

The measuring system for communication with PC has three interfaces RS-232, RS-485 and USB. The
RS-232 interface scheme is based on the ADM 202 EAN chip. The RS-485 interface is based on the MAX
487E CPA chip. For USB communication, the FT 245 BM-FTDI chip is used.

The measurement results are displayed on the BG12864A GPLW graphic display.

Board Il ADC contains 12 independent analog-to-digital channels. Each channel is based on AD 7492
AR-5 chips.

The signals from the sensors are pre-processed on the electronic unit I1l. The sensor signal normaliza-
tion and scaling unit contains LM 358 operational amplifiers. The pre-processed signals from the sensors
enter the switch, are processed at the voltage limiter, and then go directly to the ADC. All ADC channels are
launched simultaneously, then each of them is selected using decoders and read into the controller's RAM.

The complex is powered by DC voltage 12V. Power supply of the sensors is from the signal processing
unit with a voltage of 5V.

The non-linearity of the output signals of pressure, vacuum and force +0.2 %. Non-linearity of motion
signals +0.3 % and resolution <0.01 mm.

The overall dimensions of the signal processing unit are 140x120x60 mm. Weight is 0.38 kg.
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To measure the force, LPX Precision Transducers with measurement limits of 2500 N and 10000 N are
used. The combined error of the sensors is 0.1% and the allowable overload is 150 %.

The movement of the pusher, piston and booster rod is measured by CLP-13-50 sensors. These sensors
have a resolution of less than 0.01 mm with a linearity tolerance of up to 0.7-1.3 % at a travel speed not ex-
ceeding 5 m/s. Such accuracy is sufficient to estimate the relative movement of the pusher and piston, rod
and piston.

The installation of force and displacement sensors does not require changes in the design of the vacuum
booster.

The research facility is equipped with three vacuum sensors BOSCH series 0261230004 with absolute
pressure measurement limits from 20 to 100 kPa. When studying the working process of two-chamber vacu-
um amplifiers, rarefaction sensors are connected to both atmospheric cavities and the vacuum cavity. In the
case of a single-chamber amplifier study, only two vacuum sensors are used. Connecting the measuring cavi-
ties of the vacuum sensors to the corresponding cavities requires a change in the design of the amplifier
housing. It is quite simple to do this by making axial holes in the corresponding bolts for fastening the ampli-
fier and the main brake cylinder.

The layout of the sensors on the installation is shown in Figure 9, and a general view of the setup and
sensors is shown in Figure 13.

Figure 13. Automated system for measuring and complex recording of working processes of vacuum brake boosters

Results of experimental researches

Before the experiment, the sensors are calibrated, the elements and parameters are set, which determine
the initial conditions and characteristics of the input action in accordance with the research program. After
starting the control program on the PC, the input signal conditioning device is activated. Registration of
changes in effort, rarefaction, and displacements is automatically recorded in the memory of a personal com-
puter in the form of a matrix with a quantization of 0.1-100 mls. The quantization level is set before the ex-
periment, depending on the speed of the process.

After the experiment, the result is presented on the computer monitor as a graph Fi =f (t), which can be
used to evaluate its quality. An example of an “electronic oscillogram” is shown in Figure 14 a. Processing of
the matrix of experimental data is carried out in the EXCEL software. In this case, it is possible to construct
graphical dependences of the function under study on time or any other process parameter (Figure 14 b).
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a) “electronic oscillogram”; b) dependence of the force at the output of the amplifier on the input force

Figure 14. The results of processing the results of the study
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The name of the data matrix file is assigned automatically and represents the time of the experiment.

To obtain information about the operation of the vacuum amplifier, a dosed force was applied to its in-
put (pusher). The dosing of the force in terms of magnitude and speed was provided by changing the pressure
in the pneumatic chamber 3 (Fig. 9). In the processes of imitation of braking and releasing, the following
were measured: the movement of the pusher, piston and rod; force on the pusher and rod; pressure in vacuum
and atmospheric cavities. As a result of the created processing technique, absolute and relative data on the
parameters of the workflow were obtained.

The study of the dynamics of the working process was carried out with a consistent study of the influ-
ence: liquefaction in a vacuum cavity; force on the pusher; the rate of force application to the pusher.

The general view of the experimental dynamic characteristics is shown in Figure 15.
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a) displacement X = f (t); b) rarefaction Pb = f (t); c) efforts F = f (t); d) pressure in the load drive RG = f (t);
X, Xm, Xur — displacement of the pusher, piston and rod, respectively; Pb, P1, P2 — change in pressure
in the vacuum cavity and atmospheric cavities; Fr, Fut — force on the pusher and rod, respectively

Figure 15. General view of the obtained experimental dynamic characteristics

As a result of the experiments performed, it turned out that:

— the vacuum level practically does not affect the time of the braking process;

— the pressure equalization time in the vacuum and atmospheric cavities increases with an increase in
the initial rarefaction;

— the braking process reduces the rarefaction in the vacuum cavity by an average of 6 kPa;

— with a decrease in the rate of effort on the pusher from 0.04 s to 0.3 s, the time for changing pressure
in atmospheric cavities decreases by 0.2-0.24 s.

The theoretical position on the joint movement of the pistons without separation from each other is con-
firmed by the ratios of the movement of the pusher and the rod Xt>Xm. The influence of the rate of braking
on the parameters of the working process Vacuum brake booster is shown in Table.

Also previously unknown data on the relative motion of the pusher, piston and rod, depending on the
deformation of the follower element was obtained.

Subsequent experimental studies were carried out with the location of the brake system in full on the
stand with the inclusion of the Vacuum brake booster created by it. The developed measuring and recording
complex were used at the stand. The following parameters were measured: the force on the brake pedal and
its movement; pressure in the hydraulic brake drive and pressure in the vacuum and atmospheric cavities
Vacuum brake booster. The results obtained indicate minor deviations in performance due to the influence of
the braking system. The errors of the static characteristics do not go beyond the recommended limits, and the
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dynamic characteristics confirm the high level of tracking action. The difference between the experimental
and theoretical results when compared does not go beyond 6%. Comparison of the experimental dynamic
and static characteristics of the Vacuum brake booster with the theoretical ones is shown in Figure 16.

Table

The results of the study of the influence of the rate of input action
on the working process of the vacuum amplifier

Process parameters Parameter value

t7; — time of change of force on the pusher | 54 | 5 03 | 0.09 | 0.09 | 0.0 | 0.26 | 0.28 | 0.29 | 0.30 | 0.32
from “0” t0 Frpax, S

t3; — time of pressure change in atmospheric

s . : 0.75|0.64 | 0.75 | 0.76 | 0.68 | 0.35 | 0.20 | 0.48 | 0.30 | 0.46
cavities during braking, s

t;;3 — time of change of force on the rod

oo 0.82 | 0.72 | 0.80 | 1.00 | 0.80 0.48 | 0.40 | 0.52 | 0.50 | 0.46
from “0” t0 Fypman S

At — release delay, s 0.18 | 0.12 | 0.20 | 0.17 | 0.15 | 0.16 | 0.15| 0.12 | 0.18 | 0.09
tus —t31, S 0.07 | 0.08 | 0.05 | 0.24 | 0.12 0.13 | 0.20 | 0.04 | 0.20 | O
Py — initial vacuum level, kPa 28 54 22 32 36 24 32 56 44 67
Frmax — maximum force on the pusher, KN 24 |25 |24 |25 |24 24 |25 |25 (24 |25
F 1iimax — Maximum, force on the rod, kN 72 |54 |76 |69 |64 75 |68 |52 |60 |44
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Figure 16. Comparison of experimental and theoretical characteristics

The developed setup can be used not only to study the characteristics of the working process of vacuum
amplifiers, but also to certify each manufactured amplifier. At the same time, each manufactured unit will
have a serial number, a real characteristic, a release date, etc., which will make it easy to identify the product
and detect fakes.

Conclusions

1. The existing assessment of the efficiency of amplifiers is carried out according to one parameter —
the gain, which is understood as the ratio of the output force to the input force. This approach is logical,
mainly when there is no energy supply from an additional source, that is, the amplifier is considered as an
energy converter. This approach does not allow us to evaluate the efficiency of amplifiers on vehicles with
different masses. The developed set of criteria for evaluating the efficiency of vacuum boosters of the brake
drive made it possible to comprehensively evaluate the effectiveness of vacuum boosters.

2. As criteria for evaluating the effectiveness, it is proposed to use:

— criteria for evaluating the work of a unit of mass and unit of volume, which is the ratio of the work at
the output of the amplifier, respectively, to its mass and building volume;
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— criteria for evaluating the power of a unit of volume and unit of mass, which allow us to evaluate not
only the compactness of the amplifier, but also its speed;

— coefficient of compliance and specific idling of the booster pusher, characterizing the layout volume
of the pedal drive.

3. The use of the proposed set of criteria made it possible to find ways to reduce the volume and mass in
the amplifier design by 30-40% compared to analogues.

4. The created measuring and recording complex is used for bench studies of the characteristics of vac-
uum amplifiers.

5. Work continues to improve it, aimed at using it to obtain output passport data in the production of
brake system units, in particular, vacuum boosters.

6. In the future, with appropriate modifications, the created complex is supposed to be included in the
automation system for managing the work processes of vehicle units.

7. The practical use of the results obtained is aimed at achieving a social effect on improving the work-
ing conditions of drivers and increasing the active safety of cars.
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H. Cxusipos, A. lllanosanos, I1. Yepuenko, A. KopHes,
A. Kamkanos, B. Kamkanos, B. Kyuepyk

BakyymMabIK Texeril KyIIeHTKIIUTIH JKYMBIC IIPOLECiH 3epTTey

3epTxaHalblK KOHABIPFBIHBI JKacay TOJNBIK Maccachl 3,5 TOHHara [JeWiHri a3aMaTTblK MaKCaTTarbl
ABTOMOOMJIBJICPIH THIPABIIMKAJIBIK TEXKETill JKETEKTEePiHIH JKOHE KbI3METTIK-)KaybIHIepIiK MiHAETTepai
OpBIHJayFa apHaJIFaH TOJIBIK Maccachl 8,5 TOHHara JeliHri aBTOOPOHETAHK TEXHHKACBHIHBIH KYpaMbIHIAFbI
BaKyyMJBIK KYIICHTKIIITEPiH J>KYMBIC IPOIECTepi MEH CHIATTaAMANapblH 3epPTTEeyi KamMTaMachl3 €Ty
MaKcaThIHAA KYpPridiami. byran neitiH XapbKoB YITTHIK aBTOMOOWIIB-KONAAphl YHUBEPCHTETIHIH T.F.1.,
npod. A.b. I'pemeckyn arbiHZarsl ABTOMOOWIb KadeqpachlHBIH OipKarap FalbIMAapbl OCHI OaFbITTa
TCOPUSUIBIK 3epTTEYIIep KYPTiZyMeH aiHaNIBICKaH, OJIapAbIH 0ipa3bl FRUIBIMH XXYMBICTapJa KOpiHIC TallKaH.
TeopusIbIK 3epTTeyIepIiH HOTHXKEIEPiH OChI )YMBICTAa YCBIHBUIFAH 3epPTXaHAJIbIK KOH/ABIPFbIJd OPHATBUIFAH
SKCHEPUMEHTTIK  KOHIBIPFBUIAPDMEH, MaKajlaJa CUMATTaJfaH SKCHEPUMEHTTIK oficteMe OolbIHIIA,
CUTHAIJAP/bl OHJCYIH SJIEKTPOH/bI KeLIEHI MEH JaTYUKTEeP OJIOTbIHBIH KOMETiIMEH CAJIBICTBIPY TEOPHSIIBIK
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JKOHE OSKCIICPUMEHTTIK 3epTTeyJepAiH colKecci3miriH 6% IueriHae aHbIKTayFa MYMKIiHAIK Oepni.
OKCIEpUMEHTTIK  3epTTeylepiAi JKyprisyre apHaaFaH Oyl KeIleH ajfall peT JKacalabl KoHE
ABTOMOOMJIBJICPAIH TEXETIl >KeTETiHIH BaKyyMIBIK KYIICHTKIIITEPiHIH TEOPMSUIBIK 3epTTEyJepiH pacTarl
KaHa KoiiMail, COHBIMEH KaTap 3epTTEJICTiH TOPanThIH CalIMaK MeH rabapuTTiK HapaMeTpiepi apachlHIaFbl
Oipkatap ToOyeNIUIIKTEepIl, COHOalH-aK BaKyyMIBIK KYIISHTKIINTEpOIH KYpbUIBIMABIK KOMIIOHEHTTEpi
apachIHAaFel Oipkartap (YHKIHMOHANABIK KAThIHACTAp[bl aHBIKTA[bl, OYJ OHBIH IH3aifHBIH aiTapibIKTail
OHTaWIaHIBIPYFa MYMKIHIIK Oeperi.

Kinm ce3dep: xemik Kypanmapbl, OelceHai KayilCi3miK, Texey Kyieci, BAKYYMABIK TEXEeTill KYLIeHTKill,
CTAaTUKAJIBIK )KOHE TUHAMHUKAIIBIK CHIIaTTaMalap, TOKIpHOeiK 3epTTeyiep, TEXHOIOTUs, KaOabIK.

H. Cxnspos, A. lllanosanos, I1. Yepnenko, A. Kopues,
A. Kamkanos, B. Kamkanos, B. Kydepyk

HccaenoBanue padouero npomecca BAKYyMHOT'0 YCHJIUTEIS TOPMO30B

Coznanune 1abopaTOPHOIl yCTaHOBKH MPOBOAMIIOCH C IIENBIO 00ECIICUSHHs MCCIIeIOBaHMs pabouuX Mpolec-
COB U XapaKTEPHUCTUK BaKyyMHBIX YCUIIUTENEH B COCTaBEe THAPABIMYECKIX TOPMO3HBIX IPUBOJIOB aBTOMOOH-
JIel ¢ TOMHOW Maccoi 70 3,5 T TpaKIaHCKOTO Ha3HAYEHHS U aBTOOPOHETaHKOBOM TEXHUKH C MOJTHOW Maccou
10 8,5 T, mpenHa3HAYeHHOH IS BBIOJTHEHMS CIy:keOHO-00eBbIX 3a1ad. [IpoBeneHneM TeopeTHUecKuX HcC-
CJIeOBaHUII B 3TOM HAIpaBICHUH paHee 3aHUMAJICS psif yIEHBIX Kadeapsl aBTOMOOHIEH UM. A-pa TEXH. Ha-
yK, mpod. A.B. I'peneckyna XapbkoBCKOTO HAaIlMOHAJIBHOT'O aBTOMOOMIIEHO-JOPO’KHOTO YHHUBEPCHTETA, KOTO-
pBle OTPaKEHBI B UX HAay4YHBIX paborax. CpaBHEHHE Pe3yIbTaTOB TEOPETHYECKHUX HCCIEIOBAHUI C AKCIEPH-
MEHTAIBHBIMH, [TOJTYYSHHBIMH Ha MpejiaraeMol B HacTosIIeH paboTe 1abopaToOpHOI yCTaHOBKE 110 JKCIIe-
PHMMEHTAJIbHOH METOAMKE, OTNIMCAHHOI B CTaTbe, C IMOMOIIBIO CO3NAHHOTO HIEKTPOHHOTO KOMILIEKca 00pa-
0OTKM CHTHAJIOB U OJIOKA JAaTYMKOB, ITO3BOJIMJIO YCTAHOBHUTH PACX0XKICHHE TEOPETHUECKUX M KCIIEPUMEH-
TaJbHBIX HCClIeN0BaHU B mpeaenax 6 %. JlaHHBINH KOMIUICKC A MPOBEACHUS 3KCIEPUMEHTANBHBIX HCCIIe-
JOBaHUH CO3/laH BIIEPBBIC U MO3BOIWII MIOTYYUTh PE3YIbTAThI, KOTOPBIE HE TOIBKO MOATBEPIKIMIN TEOPETH-
YeCKHe HCCIIeI0BAaHNS BaKyyMHBIX YCHJIUTENEH TOPMO3HOTO MPUBOJA aBTOMOOMIIEH, HO M BBIIBWIIM PSA 3a-
BHCHUMOCTEH MEX/Iy BECOBBIMH M Ia0apUTHBIMH IapaMeTpaMH HCCIEIYeMOTO y31a, a Takke (pyHKIHOHATb-
HBIE B3aHMOCBSI3M MEXIY CTPYKTYPHBIMH KOMIIOHEHTaMH BaKyyMHBIX YCHJIMTENEH, YTO MO3BOJISET 3HAYM-
TENIBHO ONITHMH3HUPOBATh €r0 KOHCTPYKIIHIO.

Kniouesvle cnoea: TpaHCIOPTHBIE CPEJICTBA, AKTHBHAs 0€30MAaCHOCTh, TOPMO3HAs! CHCTEMa, BaKYYMHBIH yCH-
JUTENh TOPMO30B, CTATHUECKUE W JIMHAMHYECKHE XapaKTepPHCTHKH, SKCIIEPHMEHTAJbHBIC HCCICAOBAHMUS,
TEXHHUKa, 000pyIOBaHHUE.
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Investigation of thermoelectric properties of nanocrystalline copper chalcogenides

Modern research efforts are aimed at developing fuel cells characterized by high efficiency, low cost and en-
vironmental friendliness, which largely depend on the properties of the corresponding catalyst materials —
the most important components of the fuel cell. Catalysts based on metal chalcogenides, predominantly S
based, have activity in accelerating the oxygen reduction reaction comparable to the activity of Pt in H,SO,.
The work uses the technique of compacting powder materials and obtained volumetric samples. Nanodisperse
powder fractions with an average particle size of (50-100) nm were obtained. The values of the thermo-emf
coefficient (about 0.08 mV/K) were obtained for the studied alloy with low defects in the cation sublattice of
the Cu,Sy5Teg s type. It was found that a decrease in grain size leads to a significant decrease in electronic
conductivity for all studied samples. The paper presents the results of a study of the thermoelectric properties
of the Cu,Sy5Teys triple alloy. For the studied composition, a decrease in thermal conductivity by (25-30)%
and a slight increase in the thermal emf coefficient compared with large—crystal samples were obtained. Low
thermal conductivity was found in the range (0.3-1.1) W m™* K* with a conductivity above 1000 ohms-1cm-
1. For the studied sample Cu,SgsTeys — thermoelectric efficiency (ZT = 0.25) at 400 °C, which allows us to
hope for the possibility of improving the characteristics of samples of this composition to acceptable values
for practical thermoelectric devices by selecting the optimal alloying.

Keywords: thermoelectric materials; copper sulfide; crystal structure; conductivity; diffusion; thermal
conductivity; Seebeck coefficient; superionic conductors.

Introduction

The current efforts of researchers are aimed at developing fuel cells characterized by high efficiency,
low cost and environmental compatibility, which largely depend on the properties of the corresponding
catalyst materials (the most important components of the fuel cell) [1]. Currently, the best and most
commonly used catalysts for fuel cells are still noble metal nanocomposites (catalysts (the most important
components of a fuel cell), especially Pt), if we take into account their comparable catalytic characteristics
relative to ORR and much lower cost [1].

Metal chalcogenide-based catalysts, mainly based on Se and S, again attracted considerable attention
after Alonso-Vante and Tributsch [2] found that Ru,Mo,Seg has an activity in accelerating the oxygen
reduction reaction comparable to the activity of Pt in H,SO, [3, 4]. Many metals forming chalcogenides with
S, Se and Te have shown good activity of the oxygen reduction reaction (ORR) [1-4].

Experimental part

The method of synthesis of thermoelectric materials

Due to the high reactivity of tellurium, the synthesis of the required Cu,.Te,S samples took place in
two stages:

1. First, non-stoichiometric compositions of Cu, S were obtained.

2. The second stage of the preparation of Cu,_,Te,S samples consisted in the introduction of tellurium
instead of the copper missing to the stoichiometric composition in such a way that for the metal as a whole.
The binary alloy obtained after homogenization was ground in an agate mortar and placed in quartz am-
poules filled with argon, pieces of lithium were placed inside the ampoules of the powder so that they did not
come into contact with the walls of the ampoule.

The synthesis temperature was reached within three days with a gradual increase in temperature. The
furnace was slowly heated to melt lithium and held for several hours until it dissolved in reagents. The final
stage of the synthesis of the substance took place at a temperature of 450 °C for three days.
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Results and discussion

The results of alloy synthesis Cu,S,Tey.,

Triple Cu,S,Te,, alloys were synthesized. Strong alloying or substitution is in line with the modern
strategy of optimizing the thermoelectric properties of materials [5-8].

Table shows the results of X-ray spectral analysis of the chemical composition of the Cu,SysTegs alloy.
The chemical composition was determined by averaging measurements at three different points on the
surface. The sample was in the form of a fine powder.

The presence of a noticeable amount of oxygen in the sample indicates a significant oxidation of the
surface. Taking into account the formation of an oxide film, the chalcogenide composition on the surface
corresponds to the chemical formula Cuy g;Sq37T€063. The lack of copper in the composition compared to the
charge composition is caused by the action of oxygen. The excess of tellurium and the lack of tellurium
relative to the composition of the charge can be explained by significant evaporation of sulfur during
synthesis, which took place in a loosely closed ampoule in the presence of argon.

Table
Results of X-ray spectral analysis of the chemical composition Cu,SysTeg s
Atom % S Cu Se Fe O Te Sum
Cu; 84S037T€063 9.9 60.1 0 0.94 12.11 16.94 100.00

When replacing tellurium with sulfur in copper telluride, the band gap gradually changes. This leads to
a change in both the equilibrium concentration of charge carriers and the values of the the Seebeck
coefficient.

Figure 1 shows the results of a study of the Seebeck coefficient of the sample Cu,SesTegs. In general,
with increasing temperature, the thermo-EMF coefficient increases, but there are small steps in the
temperature dependence at 540 K, 620 K and 700 K. The o values are significantly higher than in Cu,Te, but
slightly lower than in Cu,Te.

The thermo-EMF coefficient, as is known, directly depends on the position of the Fermi level and on
the scattering factor of charge carriers. In the materials under study, it is possible to determine
electrochemically the relative height of the Fermi electron level directly during the experiment on measuring
thermo-EMF.
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Figure 1. Temperature dependence of the coefficient of electronic thermo-emf
of a coarse-grained sample Cu,Sy5Teg s

Figure 2 shows the temperature dependence of the EMF (E) of the electrochemical cell
Cu/CuBr/Cu,SysTegs/Pt, which essentially shows the movement of the Fermi electron level in the studied
phase Cu,SosTegs relative to the Fermi level of electrons in the copper electrode with increasing temperature.

The break in the dependence E(T) at 620 K is associated with a phase transition in CuBr, since at (600—
620) K it completes the transition to a high-temperature superionic phase. Above 630 K, a linear dependence
E(T) is observed, which makes it possible to determine the entropy of copper atoms in a sample by the slope
of the graph according to the method described in [9].
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Figure 2. Temperature dependence of the EMF of an electrochemical cell Cu/CuBr/Cu,SysTeqs/Pt

Figure 3 shows the dependence of the coefficient of thermal EMF of the alloy Cu,SysTeqs on the EMF
Cu/CuBr/Cu,S,. Figure 3 — Dependence of the thermo-EMF coefficient of coarse-grained 5Teqs/Pt. The
dependence has a break at 130 mV, which corresponds to a temperature of about 680 K (according to
Figure 2). From Figure 1 it can be seen that the temperature dependence of the Seebeck coefficient also has a

break at 680 K.

In general, the investigated triple compounds of the Cu,S,Te, , type show the values of the thermal
EMF coefficient significantly lower than those of pure copper sulfide and lithium-doped copper sulfide.
Electronic conductivity and thermal EMF of Cu,SysTegs.

0,088 :
0,086
0,084
0,082
0,08

o, mV/K

0076 1 *
0,074 1
0,072 1

0078 § ¢

0,07 = RPN 5 B S E—

Figure 3. Dependence of the thermo-EMF coefficient of coarse-grained Cu,SpsTes
from the EMF of an electrochemical cell Cu/ CuBr/Cu,SysTeqs/Pt

Figure 4 shows the temperature dependence of the electron conductivity of coarse-grained Cu,SysTeqs.
In general, the investigated triple compounds of Cu,S,Te,., type show the values of the thermal EMF
coefficient significantly lower than those of pure copper sulfide and lithium-doped copper sulfide.
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Figure 4. Temperature dependence of the electron conductivity of coarse-grained Cu,SysTeq s

The thermal conductivity of Cu,S,Te,.,. Figure 5 shows the thermal conductivity results of three alloys
of the Cu,SysTeys triple system. Low thermal conductivity values were found (from 0.4 to 0.6 W m™* K™).
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Figure 5. Temperature dependence of the thermal conductivity coefficient of a solid solution Cu,SgsTegs

Thermoelectric efficiency of Cu,S,Te,.,

Figure 6 shows the temperature dependence of the thermoelectric efficiency ZT of coarse-grained
Cu,SpsTegs. The observed values of thermoelectric efficiency — 0.25 at 400° C allow us to hope for the pos-
sibility of improving the characteristics of samples of this composition to acceptable values for practical
thermoelectric devices by selecting the optimal alloying.
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Figure 6. Temperature dependence of the thermoelectric efficiency
of a coarse-grained alloy sample Cu,SysTegs
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Conclusion

To optimize the thermoelectric properties of the materials, the substitution of tellurium with nonstoichi-
ometric copper sulfide was used.

The materials obtained are of particular interest for use as a catalyst (the most important components of
a fuel cell).

Nanostructuring was used to reduce the thermal conductivity of materials, which has a positive effect
on the thermoelectric efficiency of the material. For the studied composition, nanostructured samples showed
a decrease in thermal conductivity by (25-30) % and a slight increase in the thermal emf coefficient com-
pared with large-crystal samples. Low thermal conductivity was found in the range (0.3-1.1) W m™ K™ with
a conductivity above 1000 ohms™cm™. However, it was not possible to obtain simultaneously high values of
the Seebeck coefficient for the non-stoichiometric composition studied by us. Since the thermoelectric, elec-
trical and thermal properties of chalcogenides are very sensitive to non-stoichiometry of the composition, it
is possible that higher indicators of thermoelectric efficiency can be achieved by selecting the optimal degree
of non-stoichiometry of the composition [10-12].
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M.M. KybenoBa, K.A. Kyrep6ekos, M.X. banananos, P.X. Nmemo6eToB,
I'.JI. Kabnpaxumona, P.A. Anuna, [I. Bynarosa, M. Taraii, O. EnubaeB

HaHOKpI/lCTaJ'l)ILI MBIC XaJ'IBKOFeHI/II(TepiHiH TepM03J’IeKTpJ’liK KaCl/IeTTepiH 3EpPTTECY

3epTTeyIiiepAiH 3aMaHayn KYII—Kirepi KaTaau3aTopiapAblH THICTI MaTepUaIapbIHbIH KACUETTEpiHe, SFHU
OTBIH 3JIEMEHTIHIH MaHBI3Ibl KOMIIOHEHTTEpiHE OalIaHBICTHI )KOFapbl THIMAUIIKIICH, TOMEH OaraMeH >KoHe
SKOJIOTHSUIBIK Ta3a OOJNYbIMEH CHIATTANAThIH OTBIH BJIEMEHTTEPIH JaMbITyFa OarbITTanraH. Meraml
XaJbKOTCHUITEPiHEe HEeTi3[eNreH, HeTi3iHeH S cunaTblHaars katanuzaTopiap H,SOy,-teri Pt Gencenainiriven
CaJIBICTHIPBUIATHIH OTTETIHIH TOTHIKCHI3JAHY PEaKIMSCHIH XeenaeTy OeraceHairirine ne. JKympicta YHTaKTHI
MaTepHaIIapIsl BIKIIAMAAy OMiCi KOJIAaHBUIFaH JKOHE KeJeMJI Yiriiep anblHFaH. Bemmekrtepnin oprama
mommepi (50 —-100) HM OomaTelH HAHOAWMCIIEPCTI YHTAK (pakmusuiapbl  ajbHABL — TepMO-3KK
koddunrentinin Monaepi (mamamern 0,08 M B/K) Cu,SysT€eys THITI KaTHOHIBIK TOp OOMBIHINA aKayhl a3
3epTTENICTIH KOPBITIA YIIiH anblHFaH. TyHipIIikTep MeIIepiHiH a3arobl OapibIK 3epTTEeTiH YIriiep YUIiH
ANEKTPOH/IBI OTKI3TIIITIKTIH alTapibIKTail TOMEHACYiHe oKeneTiHi anblkTanasl. Makanaga Cu,SysTey s yIITik
KOPBITHACHIHBIH TEPMORJICKTPIIK KACHETTEPiH 3epTTEY HOTIDKENEPi KENTipiireH. 3epTTeireH KypaM YLIiH
JKBUTY OTKI3TITIKTIH 25-30%-Fa ToMeHeyi jKoHe ipi KPUCTAJABl YITIIEPMEH CalBICTBIPFAHAa TEPMO-IKK
ko3 dunuenTiHiH maManel  ecyi  amsiEabl. 1000 Omlem™ -men JKOFapbl OTKI3TIIITIK Ke3iHIe
(0.3-1.1) Br m* K' guamasombinza TeMeH JKbUIy OTKI3TITIK aHBIKTAMABL 3epTTENeTiH yiuri ymiiu
CuySgsTegs— 400 °C Temmeparypana TepMOIEKTPIiK TuiMaimik (ZT=0.25), 6y oHTalibl Jerupieymi
TaHJAy apKbUIBI IPAKTUKAJIBIK TEPMOAIEKTPIIIK KYPHUIFBUIAP YIIIH OCHl KYPaMHBIH YJTUIEPiHIH OHIMIUIrIH
KOJIAMJIBI IaMajiapra JIeiiH )kaKcapTy MYMKIHIITiHE YMITTEHYTe MYMKIHIIK Oeperi.

Kinm ce30ep: TEpMOSNEKTPIIK MaTepHaigap, MbIC CyIb(UAl, KPHUCTANABIK KYpPBUIBIM, OTKI3TiIITIK,
quddy3ust, )KbUTy ©TKI3MITIK, 3eebek K03 UIUEHTI, CyTTepHOHIBI OTKI3TIIITep.

M.M. Ky6enona, K.A. Kyrep6ekoB, M.X. banananos, P.X. Umemberos,
I'.[1. Kabnpaxumona, P.A. Anuna, JI. Bynarosa, M. Taraii, O. Enmubacs

HccnenoBanue TepMoITeKTPHYECKHX CBOICTB
HAHOKPHCTAJIMYECKHX XAJIbKOT€HUI0B MeIH

CoBpeMeHHbIE yCUITHS UCCIIeI0BaTeNel HalpaBIeHs! Ha pa3paboTKy TOIUTMBHBIX 3JIEMEHTOB, XapaKTepU3yIo-
IIXCST BBICOKOH 3((EeKTHBHOCTHIO, HU3KOH CTOMMOCTBIO M 3KOJIOTHYHOCTEIO, KOTOPBIE BO MHOTOM 3aBHCST
OT CBOWCTB COOTBETCTBYIOIIMX MaTEpHAIOB KaTaln3aTOPOB — BAKHEHIIINX KOMIIOHEHTOB TOIUIMBHOTO dJe-
MeHTa. Karanu3aTtopsl Ha OCHOBE XaJIbKOI'€HHIOB METAJIOB, IPEUMYIIECTBEHHO Ha OCHOBE S, 00J1ajatoT aK-
THUBHOCTBIO B YCKOPEHHH DPEaKIW{ BOCCTAHOBICHUs KUCIOPOJa, CPpaBHMMOH ¢ akTUBHOCTBHIO Pt B H,SO,.
B cratbe ucrnonp3oBaHa METOANKA KOMITAKTHPOBAHHS MOPOIIKOBBIX MaTEPHAJIOB U TIOJIy4eHbI 00beMHbIEe 00-
pasiupl. [TomydeHs! ppakiuy HAHOIMCIEPCHOTO MOPOIIKA €O cpeaHuM pasMepom dacturl (50—100) am. 3Ha-
geHnst kod(hdunmenta tepmo-sac (mopaaka 0,08 MB/K) momydens! s uccnenyemMoro cioiaBa ¢ Majiou jae-
(heKTHOCTBIO IO KaTHOHHOW noapemeTke THra CU,SgsT€qs. Y CTaHOBICHO, YTO YMEHBIIEHUE Pa3MEPOB 3epeH
MPUBOAUT K 3HATUTETHHOMY CHIDKEHHIO 3JIEKTPOHHOH MTPOBOIUMOCTH AT BCEX UCCIIELyeMBIX 00pa3IoB. AB-
TOpaMH IIPEJCTaBJICHBl PE3yJIbTaThl HCCIIENOBAHMS TEPMOIJIEKTPUUECKUX CBOWCTB TPOMHOTrO CIIaBa
CuySg5Teg s [t ncciie[oBaHHOTO cocTaBa ObUIO MOTYYEHO CHIKEHUE TEILIoNnpoBogHocTH Ha 25-30 % u He-
Gonblioe Bo3pacTaHue KO3(GGHUIMEHTa TePMO-3/]C 10 CPABHEHHIO C KPYHMHOKPUCTAIIMYECKUMH 00pa3LiaMH.
OOHapy>KeHa HU3Kasl TEIUIONPOBOJHOCTh B AuanazoHe 0,3-1,1 Br MK ipur mpoBommocTy Beime 1000 Om™
Yem™. Jlns wmccmenyemoro obpasia Cu,SosTeys — TepMosnekTprudeckas addexturocts ZT = 0,25 mpu
400 °C, 4T0 MO3BOJAET HA/EATHCS HAa BO3MOYKHOCTD YITyYIIEHHS XapaKTePUCTHKH 00pa3ioB 3TOTO COCTaBa JI0
MPUEMIICMBIX BETHYMH JUIS IPAKTUUECKUX TEPMOIIEKTPHUECKIX YCTPOICTB 3a cUeT 110100pa ONTHMAILHOTO
JIETHPOBAHHSI.

Kniouesvle crosa: TEPMORIEKTPUUECKHE MaTepHabl, CylIbGUA MEIH, KPUCTAJUIMYECKas CTPYKTYpa, MPOBO-
JUMOCTB, T dy3usi, TEIIONPOBOIHOCTh, Ko duimeHT 3eedeka, CyrneproHHbIe TPOBOAHHUKH.
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Electrofriction treatment of plow shares

This paper presents the results of research aimed at developing the technology of plow share hardening by
means of electrofriction hardening. It is shown that in electrofriction hardening of plow shares a structure
with microhardness gradient is formed along the depth of the hardened zone. After electrofriction hardening
the microhardness of plow share increases in 3-3.5 times in comparison with the initial state. The reason for
the gradient character of microhardness distribution along the thickness of the modified layer is the ultra-high
cooling rate, which causes a high temperature gradient near the surface. On the basis of the results of scan-
ning electron microscopy it is established that at electrofriction hardening of steel 40Kh the hardened surface
layer is formed, consisting of two zones: the surface hardened zone with the structure of fine—needle marten-
site and austenite; the zone of thermal influence (transition layer) with martensite-perlite structure, smoothly
passing into the initial ferrite-perlite structure. It is established that the phase composition of steel 40Kh in the
initial state consists of a-Fe phase with BCC lattice, and after electrofriction hardening the hardening phases
of residual austenite (y-Fe) and martensite (o'-Fe) are formed. The obtained data allow us to conclude that
electrofriction treatment is an effective method of plow share hardening from structural steel 40Kh.

Keywords: electrofriction technology, hardening, plow share, microstructure, microhardness.

Introduction

Increasing the service life of soil tillage machinery working elements is one of the urgent problems of
modern agricultural engineering. Analysis of the reliability level of tillage machinery shows that about 40%
of the total number of failures is attributed to soil-cutting elements (plow shares, plow bits, bucket teeth of
excavators, etc.) [1]. Operational and technological indicators of plows do not always meet the consumer
properties declared by the manufacturer. According to [2] the average service life of P-702 chisel-shaped
plow shares varies from 5 to 20 ha and the highest intensity of wear of plow shares by weight on sandy soils
with stony inclusions is 260-450 g/ha, and on sandy and sandy loam soils without stony inclusions decreases
to 100-260 g/ha. Thus, there is a serious scientific and technical problem associated with a low level of con-
sumer properties of tillage tools operated under high impact-abrasive loads. The principal solution of the
problem is the use of resource-saving hardening technologies, which will allow to increase the operational
characteristics of critical parts of tillage machines. Therefore, the material science direction of new develop-
ments for parts of agricultural machines is the most important.

At present in Kazakhstan the following methods of increasing wear resistance of working parts of till-
age machines are used: electric arc surfacing with hard-alloy electrodes or sormite and heating with high fre-
guency currents under hardening [3]. One of the methods of hardening and restoration of plow shares, which
has a wide application, is electric arc cladding (cladding reinforcement) [4, 5]. At the enterprises of the Ka-
raganda region, the greatest use in repair production was made of cladding, which provides more than 70%
of the restoration volume [6]. However, the disadvantages of cladding methods are: lack of hardness gradi-
ents, thermal influence, warping of products, reduction of resistance to cracking and destruction.
Mikhalchenko A.M. and his co-authors analyzed the works reflecting the issues of heat treatment during
hardening and hardening restoration with the use of cladding reinforcement. The analysis allowed to estab-
lish that the fact of hardness gain is insignificant, which does not provide a significant increase in the wear
resistance of the plow share, so the authors recommend scientific searches to improve the technology [7].

In Kazakhstan, research is being conducted on the development of technology for hardening of soil till-
age machine parts. A combined method of hardening of the blade of the working organ has been developed.
This method includes electrospark alloying of the hardened surface with a carbide electrode and high-speed
boriding of the hardened layer with subsequent re-treatment with electrospark alloying [8]. The method of
restoration and hardening of worn parts using welding is known, mainly for hardening of lancet tines of cul-
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tivators. To restore the lancet tines, compensating plates (made of steel) of a certain repair size are used,
which are welded to the restored part with a continuous seam using electric arc welding [9]. However, in our
country there are no studies on strengthening of soil tillage machine working elements with the help of
electrofriction technology.

Electrofriction technology is based on the joint fusion of the surfaces of the cast iron electrode and the
blade of the tillage tool by introducing the energy of low-voltage electric arcs and cooling with water [10,
11]. The arcs are generated using safe welding voltage and friction of the electrode surfaces against the tool.
EFT should provide the creation of a hardness gradient of the blade material, increasing resistance to abra-
sive wear and self-sharpening ability.

Bogdanovich P.N. and co-authors used the technology of electrofriction hardening as an experimental
method for processing of cutting drum blades of forage harvesters. The effectiveness of using high-strength
cast iron in the construction of cutting drum blades of forage harvesters is considered. The results of testing
the wear resistance of hardened samples showed that the electrofriction method of hardening, depending on
the regime of testing, increased the wear resistance of samples in 1.1-1.5 times, the thickness of the harden-
ing zone was 400 um [12]. It should be noted that for modern conditions of soil cultivation it is necessary to
ensure the strength of the material of the product 1500-1800 MPa, and impact toughness should correspond
to values not less than 0.8-1.0 MJ/m2 [13]. To reduce the intensity of abrasive wear it is necessary to pro-
vide the maximum possible surface hardness of 60-65 HRC. Such values of strength, impact toughness and
hardness in the manufacture of parts from steels L53 and 65G (replaceable parts of plow bodies) are not pro-
vided by traditional technologies (hardening + tempering) [14].

The purpose of this work is to study the structural-phase state and microhardness of the surface layer of
the plow share made of structural steel 40 Kh after electrofriction hardening.

Materials and experimental methodology

In the present work, plow shares made of structural alloy steel 40Kh are chosen as the material for
electrofriction technology (EFT). The samples for the study were cut out from the plow shares with the size
of 100x30x10 mm and were pre-treated with grinding paper with P100 grit.

Figure 1 shows a schematic diagram of the electrofriction technology setup. The friction of the elec-
trode against the workpiece is accompanied by the formation and breaking of electrical contact between
them. Contact between the product and the electrode is carried out by a sublayer of cooling liquid (water),
which causes heating up to melting of the contacting surfaces. The treated surface of the product is melted,
the melt is alloyed with elements included in the electrode or in the cooling liquid. Periodic breaking of the
electrical contact, when the interelectrode gap increases, creates conditions for rapid cooling of the surface of
the product doped in the melt. The cooling rate reaches 10°~10° °C/s. A cast iron disk was used as an elec-
trode for EFT. The electrode rotation speed is 165 rpm. The electrode is included in the electric circuit by the
anode and isolated from the plant structure. Friction of the modified surface of the product was carried out
against the periphery of the electrode with a force of 5 N. EFT treatment of steel 40 Kh was carried out at a
current strength of 200 A and voltage of 70 V.

a) electrode b)
arc

hardened layer
on the product

i i

a) schematic representation of EFT; b) plow share after electrofriction treatment
Figure 1. EFT hardening of steel products

The microstructure of the investigated samples was studied using Altami MET 5C optical microscope
and TESCAN MIRA3 LMH scanning electron microscope. After electrofriction treatment, mechanical
treatment (grinding and polishing) was carried out for further studies. Chemical treatment (etching) of the
sample surface in 5 % ethyl alcohol based HNO; solution was carried out to study the microstructure of the
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sample on the cross section. X-ray phase analysis of the studied samples was performed on a SHIMADZU
XRD-6000 diffractometer (monochromatic Cua-radiation, wavelength 1.54056 A) with the following imag-
ing parameters: accelerating voltage 45 kV, beam current 30 mA, scanning step 0.02° in the range of angles
30-85°, signal acquisition time 0.5 s. The analysis of phase composition was carried out using PDF4+ data-
bases and POWDER CELL 2.4 full-profile analysis program. The microhardness of the machined surface
was determined on a METOLAB 502 microhardness tester at indenter load P=1N and dwell time at this load
10s.

Experimental results

In the EFH process, steel and cast iron are subjected to high temperature and pressure generated by fric-
tional forces and electric current. High temperatures can cause the transformation of austenite (the resistant
crystalline structure of iron) into more stable phases such as martensite and cementite, but can also promote
the formation of residual austenite. With the reverse polarity created by the arc in the EFH process, the elec-
trode is heated more and the surface of the sample is alloyed with the elements that make up the cast iron
(electrode). The process of heating and frictional forces leads to phase transformations in the surface layer of
the material. These transformations may include recrystallization and martensitic transformation. A charac-
teristic feature of the used EFH technology is the zonality of the formed structures along the thickness of the
modified layer, which can be divided into the following zones: the zone of hardening, thermal influence and
the base of the treated material.

The results of metallographic study of plow share microstructure after EFH showed that the thickness of
the modified layer is ~500 um (Fig. 2d). The structure of the surface layer consists of a hardened layer with
austenite-martensite structure (Fig. 2a) and after the hardened layer there is a transition layer, which under-
goes incomplete hardening, with the structure of martensite and ferrite (Fig. 2b). The base of the product
(initial structure) is a ferrite-perlite structure (Fig. 2c). The hardened layer has the microstructure of needle
martensite and has a smooth transition to the heat affected zone. The plates of greater thickness between the
martensite needles are residual austenite (Fig. 2a). No microcracks are found at the transition boundary to the
original structure. It was noted in [5] that the presence of a small amount of residual austenite in the structure
of the surface and near-surface layers is a positive factor, since austenitic interlayers with increased ductility
along the boundaries of martensitic plates are barriers to the propagation of cracks from the quenched layer
into the base metal.

martensite

20y

fosmaao gy AN
£ hardened layer £ *
Eas N

| e TSR IR AR LAY
-‘! transition layer i
| R

ey g

=

I
3

a — hardened layer; b — transition layer; c — base of the product (untreated layer);
d — general view of the hardened layer (metallographic microscope)

Figure 2. Cross-sectional microstructure of steel 40Kh after EPH
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Figure 3 shows diffractograms of steel 40Kh before and after EPH. The phase composition of steel
40 Kh in the initial state consists of a-Fe phase with BCC lattice (Fig. 3b). After EPH of steel 40Kh, residual
austenite (y-Fe) and martensite (o'-Fe) phases appear. Martensite is formed on the steel surface as a result of
rapid cooling during the EPH process. The results of X-ray phase analysis are consistent with the results of
the study of the microstructure of steel 40Kh after EPH.
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Figure 3. Diffractogram of steel 40Kh before and after electrofriction treatment

It is known that the characteristic properties of steel with martensitic structure are high hardness [15].
Of particular interest is the consideration of hardness distribution curves along the thickness of the modified
steel layer after hardening. The study of microhardness distribution along the depth showed the presence in
them of a harder surface layer and a less hard layer underlying it, the extent of which is ~550 um. Figure 4a
shows that the microhardness in the modification zone decreases smoothly from the surface to the depth of
the sample. In the near-surface layers, the microhardness of steel 40 Kh reaches an average value of
960 HV,, with a smooth transition to the heat affected zone, which has an average microhardness of
813 HV; ;. The microhardness of steel 40Kh in the initial state is 252+16 HVq 1.
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a — distribution of microhardness by thickness of hardened layers; b — microstructure of the modified layer
Figure 4. Microhardness of steel 40Kh after EFH

Thus, the obtained data allow us to conclude that electrofriction treatment is an effective method of
hardening of plow shares made of steel 40Kh. The hardness of the rapidly hardened layer smoothly decreases
from the surface of the modified layer to the boundary with the base. It should be noted that the basis of
known hardening methods is the creation of surface layers with a hardness gradient along the cross-section
of the treated product.
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Conclusion

The influence of electrofriction treatment of structural steel 40Kh on the structure and microhardness of
a plow share made of structural steel 40Kh was investigated. It was found that the structure of the cross—
section of steel 40 Kh after electrofriction hardening was conditionally divided into 3 zones: hardened layer,
heat affected zone and the base of the treated material. The microstructure of the hardened layer of steel
40Kh consisted of needle-like martensitic structure and residual austenite. The heat affected zone of steels
contains martensite and highly dispersed pearlite (trostite). The microstructure of the initial state of steel
40Kh consists of ferrite-perlite structure. It is shown that a gradient structure with a regular changing micro-
hardness of structural components is formed at the depth of the zone. High hardness of steels after
electrofriction treatment is explained by the formation of martensitic structure as a result of ultra-high heat-
ing and cooling rates, which are unattainable by traditional heat treatment methods.
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H.E. bepaumyparos, E.E. Kambapos, M. Mayrer,
C.J. bonaros, KX.b. Carnonauna, /I.P. baiikan

Coka TypeHiH 3/1eKTPPPUKUHSIIBIK OHAEY

Makanaza 37eKTpQPUKIMATBIK KaTalUTy TOCUIIMEH COKa TYPEHIH KaTaWTy TEXHOJIOTHSACHIH d3ipieyre
OaFpITTaNFaH 3epTTey HOTIKenepi Oagnmanrad. Coka TYPEHIH 31eKTpQPHUKUMSIBIK OHACYIe KaTaThUIFaH
allMaKTBIH TEpeHIIri OOMBIHIIA MUKPOKATTBUIBIK TI'PAJMCHTTI KYPBUIBIMIA KaJBIITACAThIHBI KOPCETUIreH.
OneKTpGPUKLHAIBIK KaTaiiTyiaH KeiliH COKaHbIH MUKPOKATTBUIBIFBI OacTarkpl KyHMeH canslcThipranaa 3-3,5
ece apranpl. MoandukanusutanraH KaOaTTBHIH KaJbIHABIFGI OOWBIHIIA MHKPOKATTBUIBIKTHIH TapalybIHBIH
TPaJMCHTTIK CHIATBHIHBIH ce0eOi aca KOFaphl CAJKBIHIATY JKbULIAMIBIFBI OOJNBIN TaOBUIAABI, Oy OeTke
JKaKbIH TEMIIepaTypaHbIH JKOFapbl TPAAHeHTIH Tyablpansl. CKaHepleymli 3JIeKTPOHABIK MHKPOCKOIMSHBIH
HoTiKenepi HeriziHne 40X OonaTbiH ANMeKTPQPUKIMAIBIK KaTaWTy Ke3iHZe eKi alMaKTaH TYpaThIH
KaTalThIIFaH O€TKi KabaT Ty31MeTiHi aHBIKTAJIbI: YCAaK HHE TOPIi3/i MApTEHCUT MEH ayCTEHUT KYPBUIBIMBI 6ap
OeTki KaTalThUIFaH aifMak; OacTamkel (eppUTO-TIEPIUT KYPBUIBIMBIHA TETIC ayBICATHIH MApPTEHCHT-TIEPIUT
KYPBUIBIMBI 0ap TEPMUSUIBIK dcep eTy aifmakrapsl (eTmeni kadar). bactanke! kyitneri 40X 6omaTThIH (a3aibik
kypamel BCC topeiMeH o-F€ ¢a3ackiHaH TYpaThIHBI aHBIKTAIABL, ajl AIEKTPOPHUKIUSIIBIK KaTalTyJaH KeiliH
KaTalTaThiH KaablK aycTeHut (y-Fe) sxone maprencur (o'-Fe€) meren ¢aszanap maiiga Gosausl. AJIBIHFaH
MoniMeTTep OoMBIHIA ANEKTPpOPUKIMUBIK oHIey 40X KyphUIBIMIBIK OOJIATTaH JKacajFaH COKaHBI
KaTaWTyIbIH THIMII 9J1ici OOJBIN TaOBLTA B IETEH KOPBITHIH/IBI XKacayFa MYMKIHIIK Oepeti.

Kinm  coe30ep: aneKTpQpUKIMSIBIK — TEXHONOTHS, OCpIKTeHIipy, COKa TYPEeHi, MHKPOKYPBUIBIM,
MHKPOKATTBLIBIK.

H.E. Bepaumyparos, E.E. Kam6apos, M. Mayrer,
C.J. bonaros, K.b. Carnmonguna, JI.P. baitxan

JduekTpopuKIIHOHHAS 00padoTKa JeMexa IIyra

B cratbe M3nm0KeHBI pe3ysbTaThl MCCIEIOBaHUM, HANPaBICHHbIE Ha Pa3pabOTKy TEXHOJIOTHU YIPOYHEHHS
JeMexa IIyra Croco0oM 3eKTpo(pUKIHOHHOrO yrnpoyHeHus. [TokazaHo, 4yTo B NEKTPOGPUKIMOHHON 00-
paboTKe Jemexa IuIyra 1o riayorHe ynpOYHeHHOW 30HbI (POPMHUPYETCs CTPYKTYpa ¢ TPaJHeHTOM MHKPOTBEp-
nocth. Tlocne 31eKTpopUKIIHOHHOTO YIIPOYHEHHsI MUKPOTBEPOCTD JIeMexa IUTyra yBeluduBaercs B 3—3,5
pasa 1o CpaBHEHHIO C UCXOAHBIM COCTOSTHUEM. [IpHYMHON IpaJMeHTHOTO XapaKkTepa paciupeeneHuss MHKPO-
TBEPJOCTH IO TOJIIMHE MOAU(DUIMPOBAHHOTO CJIOS SBIISIETCS CBEPXBBICOKAs CKOPOCTH OXJIAXK/ICHHSI, BBI3bI-
BAroIlasl BBICOKMI TI'paJMEeHT TeMIepaTyphl BOJN3M MOBepXHOCTH. Ha OCHOBE pe3yibTaToB CKaHUPYIONIEH
ANEKTPOHHON MHKPOCKOIIMU YCTaHOBJICHO, YTO MPH 3JIEKTPOPPUKIMOHHOM yrpouHeHun ctaiu 40X ¢popmu-
pyeTcst yIpOYHEHHBIH HOBEPXHOCTHBIH CJION, COCTOSIIMH U3 IBYX 30H: MOBEPXHOCTHOI! 3aKalleHHON 30HBI CO
CTPYKTYPOH MEJIKOUTOJBYaTOr0 MapTEHCUTA U AyCTEHNUTA; 30HBI TEPMHYECKOT0 BIMSHHUS (IEPEXOIHBIH CII0¥)
C MapTEeHCHUTHO-NEPJIUTHOM CTPYKTYPOH, IIIABHO MEPeXOAsIleil B HCXOHYIO (heppUTO-TIEPIUTHYIO CTPYKTY-
py. YcranoBneHo, uto (a3oBblii coctaB ctamd 40X B UCXOIHOM COCTOSIHUH COCTOHMT U3 (as3el o—Fe ¢ OLIK
PELIETKOM, a Mocie AIEKTPOPPUKIMOHHOTO YIIPOYHEHHUS 00pa3yoTcs ypoUHstomue (as3bl: OCTATOYHBIH ay-
crenut (y—Fe) u maprencur (o’—Fe). [ToxydeHHble JaHHBIE TTO3BOJISIIOT CAENATh BHIBOJ, YTO IJIEKTPODPUKIIH-
OHHasi 00padoTKa sBIsieTcs P PEKTHBHBIM CIOCOOOM YIIPOYHEHHs JeMeXa IUTyra U3 KOHCTPYKIIMOHHOM cTa-
mm 40X.

Kniouesvie cnosa: 3neKTpoGPUKIHOHHAS TEXHOJIOTHs, YIIPOUYHEHHE, JIEMEX IITyra, MUKPOCTPYKTYpa, MHKPO-
TBEPIOCTb.
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Study of the copper structure samples externed to extreme influences

This work is devoted to the study of changes in the crystal structure, chemical and phase composition of cop-
per samples subjected to extreme effects of temperature, pressure and electromagnetic fields. With the help of
X-ray diffraction, as well as microanalysis, it was revealed that the plastic deformation of copper wires in the
car power supply system leads to the formation of a superconducting Cu,O phase. This is the reason for the
rapid ignition of the car, as it leads to a sharp increase in the magnitude of the electric current and temperature
in the plastic deformation zone of copper wires. During explosion welding of copper samples, the Cu,O phase
appears on their surface, which has superconducting properties. This significantly changes the electrophysical
properties of copper samples. In metallurgical processes during the smelting of copper products, there is a
possibility of the appearance of a superconducting Cu,O phase. When modifying a copper melt with harden-
ing additives, the superconducting Cu,O phase makes it possible to obtain fracture-resistant copper products
with high electrical conductivity. Plastic deformation of a copper foil 30 mkm thick by a magnetic field gen-
erated by a current of 180 kA leads to the formation of a texture and rupture of the foil. This has been detect-
ed using X-ray diffraction, as well as optical and scanning electron microscopy.

Keywords: copper samples, ignition zone, plastic deformation, explosion processing, deformation by electro-
magnetic wave flow.

Introduction

In recent years, with the continuous development of science and technology, the number of new high-
power electrical appliances used in people's daily lives is growing. This increases the requirements for the
structure and properties of products in the electrical industry.

The formation of copper oxide particles in copper wiring under extreme impacts in copper wire is de-
scribed in articles [1, 2]. The following works [3—-8] are devoted to the study of the current overload of cop-
per conductors, accompanied by a current pulse and plastic deformation. The possibility of high temperature
superconductivity in a copper conductor, with the formation of Cu,O, is discussed in [9]. In the tech-
nique [10], a diffractometric method for studying copper conductors with melting was first proposed based
on the detection of Cu,O. The same is reported by the authors of [11].

The purpose of our work is to investigate structural and phase changes in various copper samples sub-
jected to extreme effects of high temperatures, mechanical loads and electromagnetic fields, which make it
possible to increase the strength and electrical conductivity of copper products.

To achieve this goal, the process of current overload in the electrical system of cars was investigated.
For this, fragments of copper conductors subjected to current overload [3-8] were studied, which made it
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possible to establish changes in the crystal structure and chemical composition. Similar experiments were
carried out to study the surface of a copper cylinder subjected to an explosion, as well as when copper foil
was compressed by a magnetic field. The magnetic field has a significant effect on metals: it can set the met-
al in motion, cause plastic deformation and heat the metal. When a strong pulsed, field interacts with a metal
conductor the first interesting effects appear in the range of 0.1-1 MOe.

It is necessary to increase the strength of copper products that are exposed to electromagnetic fields.
Near 400 kOe, the diffusion of the magnetic field becomes nonlinear, and the magnetic pressure exceeds the
yield strength of most metals [11].

Since copper has rather low yield strength, it is necessary to increase the strength of copper products by
introducing hardening additives into it during smelting. Known strengthening additives dramatically reduce
the electrical conductivity of copper [12].

Material and methods of research

The sections of the conductors of the electrical system of the car, subjected to current overload and hav-
ing signs of residual plastic deformation, were studied, since, according to [7, 8], it is these signs that indi-
cate an electric arc process, accompanied by a pulsed field, and causing the car to ignite.

For the study, copper conductors seized from the scene of a car fire were used. Fragments of damaged
copper conductors were filled with epoxy resin in a standard holder, which were then ground and polished as
shown in Figure 1.

Figure 1. Fragments of copper conductors subjected to current overload and prepared for research

The holder with conductors was examined in an Xpert PRO X-ray diffractometer (U =40kV,
I =30 mA CuKa) and a scanning electron microscope with a microanalyzer.
Figure 2 shows images of fragments of a sample of a copper cylinder torn apart by TNT.

Figure 2. Fragments of a copper cylinder torn apart by TNT

Figures 3 a, b show fragments of a copper foil sample before and after the magnetic field destruction
test. The micrograph (Fig. 3 a) shows traces of rolling; this confirms the x-ray diffraction image below.
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Figure 3. Fragments of a sample of copper foil before (a) and after (b) the magnetic field destruction test.
The micrograph (a) shows traces of rolling, which confirms the X-ray diffraction picture

Results and discussions

Figure 4 shows a picture taken in a scanning electron microscope from a section of a copper wire sub-
jected to current overload and removed from a burned-out car. It can be seen how cracks appeared in the
plastically deformed section of the copper wire, from which drops of liquid copper were formed. The drop is
shown in a separate Figure 5.

Figure 4. Ball melting on the bends Figure 5. Ball melting of the end
of the deformed conductor [5] of the copper conductor [5]

X-ray fluorescent energy spectra were obtained from such a drop (Fig. 6 and Table 1). The drops con-
tain mainly copper and oxygen (Table 1). The temperature exceeding the boiling point of copper (10830C)
arose in the bending zones, that is, in the zones of mechanical load transferred to these wires during plastic
deformation [5]. Since the flow of mechanical energy per unit time during plastic deformation in a localized
zone was too large, the energy turned into heat. As a result of heating the copper conductor, the insulation
ignited, which was intensified due to the electric arc process that arose due to the formation of a supercon-
ducting Cu,O layer in the surface layer of copper wires with an increase in their temperature.

Figure 6. Image of the areas where X-ray spectral analysis was carried out [5]
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Table 1
Ball Reflow Spectra

0] Al Si Cu Total
12.24 1.45 86.31 100.00
17.24 3.84 78.93 100.00
4.69 3.06 92.24 100.00
9.22 6.15 84.63 100.00
14.32 1.30 0.82 83.56 100.00
9.38 3.16 87.46 100.00
17.24 6.15 0.82 92.24
4.69 1.30 0.82 78.93

X-ray diffraction revealed the presence of a superconducting Cu,O phase in drops that appeared in the
damage zones of copper conductors (Fig. 7a).

The presence of the superconducting phase [13] increases the current, which leads to an instantaneous
increase in temperature, exceeding the melting point of copper (1083 °C). The X-ray diffraction pat-
tern (Fig. 7a) shows the diffraction intensities and angles: 111 Cu, 200 Cu, 220 Cu reflections. We also see a
weak reflection of the Cu,O phase (before 111 Cu). The formation of this phase is associated with the pro-
cess of car ignition.

Relative
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Figure 7 a. X-ray diffraction pattern obtained from samples of copper wire subjected to current overload [9]
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Figure 7 b. X-ray diffraction spectrum obtained from a sample subjected to an explosion with TNT

Figure 7 b shows an X-ray pattern obtained from a copper sample treated with an explosion, and the in-
terpretation data are given in Table 2.
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Diffraction spectrum of a copper sample contain the Cu,O phase

Ne HKL dnA] 20 [°] | [%]
1 011 3.01864 29.569 5.1
2 110 3.00 03
3 111 2.46471 36.424 100
4 111 2.45 100
5 020 2.13450 42.309 353
6 121 1.74281 52.461 1.2
7 022 1.50932 61.367 28.6
8 122 1.42300 65.547 0.0
9 031 1.34998 69.584 0.3
10 131 1.28715 73518 22.1
11 132 1.14094 84.931 0.2
12 200 2.12 31
13 222 1.23235 77.374 48

Table 2

From a comparison of the X-ray image interpretation table [14], presented in Figure 7 a and 7 b and the
tabulated values of copper Cu (Table 3) and copper dioxide Cu,O (Table 3), we see that the same processes
occur in the samples of copper wire from a burnt car and an exploded copper sample. By analyzing the
chemical composition of an exploded copper sample and comparing the chemical composition of copper
wire samples after combustion, we can conclude that in both cases copper dioxide is formed.

Table 3
Diffraction spectrum of Cu,O
d = 2.08603 43.341 2.086 100.0 111 100 2.088 -0.002 3.613
d=1.80617 50.489 1.806 20.4 200 46 1.808 -0.002 3.612
d=1.27697 74.202 1.277 83.3 220 20 1.278 -0.001 3.612
d =1.08980 89.954 1.090 315 311 17 1.090 0.000 3.615
d =1.04357 95.146 1.044 11.9 222 5 1.044 0.000 3.617

The exploded sample was examined using a JEOL 683 scanning electron microscope with a

microanalyzer. A micrograph and an energy dispersive spectrum are shown in Figure 8.

Figure 8. Scanning electron microscopy energy dispersive analysis

Cepusa «dusmka». 2024, 29, 1(113)

77



G.S. Bektasova, K.M. Issina et al.

Table 4
Energy-dispersive spectrum obtained from the surface subjected to an explosion

(0] Al Cu Total
1.51 0.30 98.19 100.00
3.39 0.58 96.03 100.00
12.88 0.63 86.49 100.00
15.20 0.60 84.20 100.00
8.25 0.53 91.23 100.00
6.80 0.15 6.91
15.20 0.63 98.19
151 0.30 84.20

Table 4 shows that the sample subjected to the explosion contains copper, oxygen and a small admix-
ture of aluminum. During explosion welding, the effect of pressure on metal conductors can lead to an in-
crease in the internal energy of the latter to values that significantly exceed the chemical binding energy in
solids. Obviously, at such levels of energy impact, the properties of metals (the behavior of atoms and ions in
the lattice), as well as the transport properties of electrons, can differ significantly from those that occur un-
der normal conditions. The change in the binding energy in solids is the result of solid-state synthesis.

It is known that a feature of solid-phase synthesis is the high values of the diffusion coefficients of at-
oms or ions of the components in the solid phase. Unlike ordinary diffusion, which is determined by the con-
centration gradients of the components, this type of diffusion is called “deformational atomic mixing” or
“ballistic diffusion”. A variety of assumptions have been made regarding the mechanism of this process, but
there is still no consensus on the mechanism of deformation atomic mixing [15]. Thus, the external pressure
gradient leads to the appearance of new phases.

Samples of copper foil subjected to magnetic field pressure as a result of the passage of a high frequen-
cy current were examined for structural changes. The X-ray diffraction interpretation spectrum obtained
from a section of a copper foil sample compressed by an electromagnetic wave (Fig. 3 b).

Using X-ray diffraction had studied of areas the torn sample. It was shown that the lattice parameter of
copper can change both upward and downward. The lattice parameter of copper can vary depending on the
localization of deformation, which clearly exceeded the yield strength of copper. As a result of the impact of
an electromagnetic wave, as a stream of charged particles, the copper foil broke. The dependence of the en-
ergy flux of the current magnetic field on the magnitude of the alternating current is given by the expres-
sion [16]:

_LI?
M2
W = current magnetic field energy; L = inductance; | = current in conductor.

Using X-ray diffraction and optical microscopy (Fig. 3a), it was found that compression of a copper foil
30 mkm thick by a magnetic field created by a current of 180 kA leads to its plastic deformation and the
formation of texture [17].

Thus, studies of changes in the crystal structure, chemical and phase composition of copper samples
subjected to extreme effects of temperature, pressure and electromagnetic fields have shown the possibility
of mechanochemical reactions that change the crystal lattice of the material of copper samples and the ap-
pearance of new phases.

With the help of X-ray diffraction, as well as microanalysis, it was revealed that the plastic deformation
of copper wires in the car power supply system leads to the formation of a superconducting Cu,O phase. This
is the reason for the rapid ignition of the car, as it leads to a sharp increase in the magnitude of the electric
current and temperature in the plastic deformation zone of copper wires. Plastic deformation of a copper foil
30 mkm thick by a magnetic field generated by a current of 180 kA leads to the formation of a texture and
rupture of the foil. This has been detected using X-ray diffraction, as well as optical and scanning electron
microscopy.

During explosion welding of copper samples, the Cu,O phase appears on their surface, which has su-
perconducting properties. This significantly changes the electrophysical properties of copper samples. In
metallurgical processes during the smelting of copper products, there is a possibility of the appearance of a

W
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superconducting Cu,O phase. When modifying a copper melt with hardening additives, the superconducting
Cu,0 phase makes it possible to obtain fracture-resistant copper products with high electrical conductivity.
The electrical resistivity of pure copper is 1.7-102 Ohm*mm?m. When modified, it can increase up to 35 %,
which significantly worsens the properties of electrical copper. Due to the fact that Cu,O is formed in the
reaction mixture during the smelting of copper products, the electrical resistance of the material is signifi-
cantly reduced.

Conclusions

1. During plastic deformation of copper wires located in the power supply system of the car and sub-
jected to current overload, the formation of the superconducting Cu,O phase occurs at a high speed, which
leads to ignition of the insulation and ignition of the car.

2. During explosion welding of copper samples, the Cu,O phase appears on their surface, which has su-
perconducting properties.

3. Using X-ray diffraction and optical microscopy, we found that compression of a copper foil 30 mkm
thick by a magnetic field created by a current of 180 kA leads to its plastic deformation, texture formation
and rupture.

4. It was found that in copper samples under conditions of extreme energy exposure, a superconducting
Cu,0 phase can form, which affects the electrical properties of copper samples.
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H. Kanraii, A.1. Hengooutkos, A.b. CagubexoB

JKCTpeMasibl dcepJiepre YIIbIParaH MbIC YJTiepiHiH KYPbLIBIMBIH 3epTTEY

Makana TemIiepaTypaHblH, KBICBIMHBIH JKOHE DJICKTPMAarHUTTIK ©PICTEPAiH dKCTPEMAIIbl dCepiHe YITbIpaFraH
MBIC YJTUIEPiHIH KPUCTAIIBIK KYPBUIBIMBIHBIH, XUMUSUIBIK JKOHE (pazaiblK KYpaMbIHBIH ©3TEpyiH 3epTTeyre
apHairaH. PeHTreH coynenepiHiH IUQPaKIMACHIHBIH, COHBIMEH KaTap MHKpOTanjay aHBIKTaFaHIaH,
ABTOMOOWJIB/IIH D3JIEKTPMEH J>KaOJbIKTay >KYHeciHAeri MbIC CHIMAAPBIHBIH IUIACTHKANBIK Ae(hOpManusChl
ackplH oTki3rimr Cu,O a3aceiHBIH maiiga OoiyblHa oKeJeTiHI aWKbIHAAIABL Byn Mblc yirinepinig
IUIACTHKANBIK ~ AedopManusi adMarblHAA OJEKTp TOTBHIHBIH IIaMackl MEH TeMIlepaTypaHblH KypT
JKOFapbhUIayblHA OKEJIN COFATHIHIBIKTaH, AaBTOKONIKTIH JKbUIAaM TYTaHyblHa ceOemkep Ooiaasl. Meic
YIITiIepiH KapbUIBIC JOHEKEepiey Ke3iHae onapAblH OeTiHAae acKbIH oTKi3rimTik kKacueTi 6ap Cu,O dazacs
nmaiifa  Ooxazel. bBym MBIc  yarinepiHiH 9neKTpQU3MKANBIK KACHETTepiH aWTapibIKTail e3repTeni.
Metaanyprisuislk YpaicTepae MbIC ©HIMIEpiH OanKpITy Ke3iHae ackblH oTkisrim Cu,O ¢a3achHBIH maiina
601y MyMKiHJITI 6ap. MbIC GaJIKBIMACHIH KaTalTaThIH KOCIaTapMeH e3repTkeH ke3ne, Cu20 acKbIH OTKI3TiII
(azacel KOFapbl AJEKTP OTKI3TIIITIrE Oap ChIHYFa Te3IMAI MbIC ©HIMIEPIH alyFa MYMKIHIIK Oepeni.
Kanbimerer 30 MkM  MbIc  ¢osbrachkiHblH 180 KA TOrBI ocepiHeH maiijga OOJFaH MAarHUT ©piCiHIH
IUTACTHKAIBIK JeopManusichl (oibra KyphUIBIMBIHEIH TY3UTyiHe XKoHE )KapbhlIyblHa oKeeni. by peHTrenix
Jubpakiys, COHIai-aK ONTHKAIIBIK XKOHE JIEKTPOH/IbI MUKPOCKOIHS KOMETIMEH aHBIKTaJI/Ibl.

Kinm ce30ep: W™bIC yirinepi, TyTaHy alMarbl, IUTACTHKAJBIK JepOpMaIisi, >KapbUIBICIICH OHIEY,
9NIEKTPMATHUTTIK TOJKBIH aFbIHBIHBIH Je(OpMALUsCHI.

I'.C. bekxracoBa, K.M. Ucuna, I'.'T. Umamxanosa, JI.1. Ksermauc,
H. Kanraii, A.1. Hegooutkos, A.b. CannbexoB

HccnenoBanue cTpyKTYpbI MeIHBIX 00pa31oB,
NO/IBEPTHYTHIX IKCTPEMAIbHBIM BO31eiICTBUAM

CraThsl TOCBSIIEHA HCCIISOBAHNIO M3MEHEHHH KPUCTAININIECKOH CTPYKTYpPBI, XUMHIECKOTO 1 (ha30BOTO CO-
CTaBa MEAHBIX 00pA3IOB, MOJBEPTHYTHIX SKCTPEMATbHBIM BO3ACHCTBHUAM TEMIIEPATypHI, HABICHAS U DIEK-
TpoMarHUTHbIX noseil. C moMoIbo qudpakiuyu PeHTTEHOBCKHX Jyduel, a Takke MUKPOaHaIN3a BBISBICHO,
YTO IUIacTUUecKas AeopMarys MeIHbIX IPOBOJOB, HAXOSIIMXCS B CHCTEME JISKTPOIMTAHUS aBTOMOOWMIIS,
IPHUBOJINUT K 00pa3oBaHMIO cBepxmpoBosiei ¢a3br Cu,0. DTo sBIsSETCS NPUYIMHOI OBICTPOrO BO3rOpaHHs
ABTOMOOMJIS, MOCKONIBKY MPUBOJHUT K PE3KOMY BO3PACTAHHUIO BEJIMUMHBI JIEKTPUUECKOTO TOKAa U TeMIepary-
PBI B 30HE IUIACTHUECKOH JedopMariii MEAHBIX TMPoBOJoB. [Ipy cBapke B3pHIBOM MEIHBIX 00pas3loB Ha MX
MOBEpXHOCTH Bo3HUKaeT (aza Cu,0, obramaromas cBepXIpOBOSAIMMEI CBOMCTBAMH. JTO CYIIECTBEHHO U3-
MEHSET 3JIeKTpo(U3NIecKie CBOMCTBA MEJHEIX 00pa3noB. B Meramrypriuueckux mporeccax MpH BBITLIABKE
W3/IeNNH U3 MEJH CYIIECTBYeT BO3MOXKHOCTh HOSIBICHUS cBepxnpoBosmie ¢assr Cu,O. Ilpu Mmoaudpummpo-
BaHUM MEIHOTO paciulaBa yHPOYHSIOIMMH JoOaBKaMu cBepxmpoBosnias ¢aza Cu,O mo3Bonser momydaTsb
CTOMKHE K Pa3pyLICHHIO M3JENsl U3 MEIU C BBICOKOM 3JIeKTponpoBogHocThio. [Tnactudeckas aedopmanus
MeHO# (hosbru ToamuHON 30 MKM MarHUTHBIM TTOJIEM, CO3JaHHBIM TOKOM 180 KA, MpUBOAUT K (GOPMHUPO-
BAHUIO TEKCTYPbI U Pa3pbiBy (Gonabru. 310 00HAPYKEHO C MOMOIIBI0 AU(GPAKINH PEHTTCHOBCKHUX Jy4eil, a
TaroKe ONTHYECKOH U pacTPOBON MEKTPOHHONH MHUKPOCKOIIHH.

Kniouesvie cnosa: Menuble oOpasIbl, 30Ha BO3TOPaHMs, INIAaCTHUecKas aedopmaris, oOpaboTka B3pPHIBOM,
nedopmarys MIOTOKOM 3JI€KTPOMAarHUTHBIX BOJIH.
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Application of non-Euclidean metric in the electric power industry
for reduction of measurement uncertainty

The paper proposes the use of the non-Euclidean metric to reduce the uncertainty that occurs when measuring
voltage for the tasks of ongoing continuous control of electric power consumption in large, branched high-
voltage electric networks. The problem is that for continuous control of electric power consumption, it is nec-
essary to install the active and reactive power measuring equipment in each node of the electric network (at
each substation) and to ensure the transmission of measurement information to dispatching control centers.
For countries with large electric networks, long distances between electric grid nodes and dispatch control
centers, this requires huge capital costs. Therefore, it is advisable to place equipment for measuring electric
power and voltage only in individual nodes of the electrical network, and then calculate the parameters of the
remaining nodes based on Kirchhoff's laws. But at the same time, there is a significant measurement uncer-
tainty, because the complex value of the voltage is usually not measured, only the modulus of the voltage
values is used for the calculation. The use of non-Euclidean metrics provides the reduction of the input data
uncertainty, which are necessary to control the consumption of electric power in each node of the electric
network.

Keywords: non-Euclidean metric, high-voltage electric network, electric power, measurement uncertainty,
measurement information.

Introduction

In order to ensure continuous monitoring of electric power consumption, it is necessary to install
equipment for measuring active and reactive power at each node of the electric network (at each substation)
and to ensure their connection with dispatching control centers. For countries with large electric networks,
large distances between power grid nodes and control centers, this approach requires large capital expendi-
tures, so it makes sense to place measuring equipment only in individual nodes, and then reproduce (identify)
all unknown network mode parameters according to Kirchhoff's laws. Devices for measuring complex power
values in the power grid (its active and reactive components) are simple in principle and relatively cheap,
since the phase shift angle is determined between the current and voltage measured on the same power sup-
ply line. As for devices for measuring complex voltage values on substation buses, the difficulty in this case
is that the phase shift angle must be determined between the voltages of different substations. Such measur-
ing equipment requires significant capital investments, which complicates the implementation of such meas-
uring procedures. In practice, in most cases, it is possible to receive only voltage modulus in network nodes
from telemetric measuring devices. It follows that the input data of the task of reproducing the modes of
electrical networks have significant uncertainty. Therefore, it is important to develop new mathematical
models and methods that allow to reduce the level of measurement results uncertainty [1].

Non-Euclidean geometry is a relatively new and powerful mathematical apparatus, which is currently
used for analysis and calculations in the field of automation and robotics [2—4], in physics [5, 6], medi-
cine [7, 8], information technologies [9-11], the educational process [12], and other fields of science. Re-
cently, non-standard methods of analyzing processes in electric circuits and networks have been actively de-
veloped [13, 14]. Non-Euclidean geometry in the theory of electric circuits is a non-standard method of anal-
ysis, it is used for the analysis of multi-port electric circuits [15, 16], its application in electromechanics [17,
18] is promising, as well as for calculating load modes, determining the parameters of load mode regulators
of power electric circuits [19, 20].
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The purpose of the work is to create the method of using a non-Euclidean metric to reduce the uncer-
tainty of voltage measurement for tasks of controlling electricity consumption in large, branched high-
voltage electrical networks.

Non-Euclidean modulus of the voltage vector

Consider the proposed method of reducing the uncertainty of input measured data, which is associated
with the practical impossibility of measuring the phase shift angle between the voltages of different substa-
tions.

The space of complex electrotechnical parameters can be represented as a two-dimensional linear met-
ric space with the Euclidean metric. The modulus of the voltage vector at any node of the network in this

space has the form:
U=,/U§+U§, 1)

where U, — active component of the voltage vector, U ; — reactive component of the voltage vector.

In order to emphasize the dependence of this value on the selected space metric, let's call it the Euclide-
an modulus of the voltage vector. This modulus in the any network node significantly depends on the net-
work parameters, the voltages of the power sources and the currents in the network coils.

But in such a two-dimensional linear metric space, the metric does not necessarily have to be Euclide-
an — it should only correspond to the axioms of the metric:

p(x,y)=0=x=y, )
p(x.y)=p(y.X), )
p(xz)<p(x.y)+p(y.2), (4)

where p(x, y) — the distance in this space between the points x and y.

Let's try to find the certain generalizing parameter that characterizes the voltage at any network node,
and at the same time depends much less than the Euclidean modulus of the voltage vector on the network
parameters, the voltages of the power sources and the currents in the network coils.

One of the directions of the search for such a generalizing parameter is the use of a metric different
from the Euclidean metric in the space of complex electrotechnical parameters. Quite often, various non-
Euclidean metrics are used to solve different tasks [2-12]. These can be linear non-Euclidean metrics for

which p(X,y) is a linear function, quadratic non-Euclidean metrics for which p(X,y) is a quadratic func-
tion, etc [8]. A detailed comparative analysis of these metrics is the subject of a separate study and is beyond
the scope of this paper. We only note that to achieve our local goal it is quite sufficient to use a linear non-
Euclidean metric for which

p(x,y):Blyl—X1|+|y2—X2|, (5)
where B — the reduction factor, that is a positive real number.

Let's verify what the expression (5) confirms to the axioms of the metric. For the first axiom we can
write:

x=y:p(x,y)=[3|xl—xl|+|x2—x2|=0. (6)
The second axiom has the form:
Blyl_)(1|+|yZ_X2|:B|X1_y1|+|xz_y2|- (7)

The validity of expressions (6) and (7) is obvious. Correspondence of (5) to the third axiom is not so
obvious, so let's prove that

lel_zll"‘lxz_zz |SB|X1_y1|+|X2_y2|+B| y1_21|+| yz_zzl- (8)
If the coordinates of the vectors X, v, z satisfy the condition (x1 2y, = zl)/\(x2 >y, > zz) , then expres-
sion (8) will take the form

B(Xi - 21)+(X2 - Zz)sﬁ()ﬁ - Y1)+(X2 - YZ)+B(Y1 - 21)+(y2 - Zz)- (9)
After carrying out the transformation of expression (9), we get
Bxl _BZ1+X2 —Z4 SBxl _By1+X2 —Y; +By1_le+ Yo =2, (10)
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After reducing the identical terms of expression (10), we have
Px, =Pz, +X, -7, =px, -z, +X, - Z, (11)
which had to be proved.
If the coordinates of the vectors x, y, z satisfy the condition (X, <y, <z,)A(X, <Y, <Z,), expression
(8) will take the form

B(_X1 + 21) + (_Xz + Zz) < B(_X1 + Y1)+ (_Xz + yz)+ B(_yl + 21) + (_yz +2, ) (12)
After opening the parentheses and reducing the identical terms, we get
—BX +Bz, =%, +2, =X +Pz, - X, +7,, (13)

which had to be proved.

In a similar way, the correspondence of expression (5) to the third axiom of the metric is proved for
other ratios of coordinates of vectors x, y, z.

Let's consider how the modulus of the voltage vector in any node of the network will look with the use
of such a metric, and what properties it will have. By analogy with the usual Euclidean modulus of the volt-
age vector, it is possible to write

U=B[U,[+]U,]. (14)

Let's call this value the linear non-Euclidean modulus of the voltage vector. To determine the properties
of this value, consider the equivalent circuit of the electrical network section (Fig.).

Ula_lep [a_j[p (/20—/'(/2,’
—_—>
Node 1 (O () Node 2
R +jX

Figure. Equivalent circuit of the electrical network section

It should be noted that installation of telemetry equipment at individual nodes of the electrical network
and subsequent determination of all unknown regime parameters according to Kirchhoff's laws has a high
cost in networks of 110-35 kV, since these networks contain hundreds of nodes. The number of nodes in
330-750 kV networks is much smaller, and equipping all nodes with telemetry devices is much cheaper [16].

The following notations are used in Figure: U,, — jU;, — complex voltage of the power supply
(U,,,U,, — active and reactive components, respectively); U,, — jU,, — complex voltage of the load node

(U,,,U,, — active and reactive components, respectively); 1, — jl, — complex section current (I

p a’lp _

active and reactive components, respectively); R + jX — complex resistance of the section (note that in

110-35 kV networks this resistance has an active and inductive components).
Let’s denote the linear non-Euclidean modulus of the voltage vectors of the first and second nodes, re-
spectively
Ul =BlUy, [+]U, | (15)
and
U; =BIU, [+]Uy, |- (16)

Let's find how they depend on network parameters and currents. According to Ohm's law, it can be
written

U, — jU,, =U, — jU,, —3(1, = jI,)(R+ jX) =
=U,, —/31,R—3I X - jU,, — jB1,X + j/3I R = (17)
=Uy, =B(1,R+1,X) = j(U,, ++3(1,X = 1,R)).
It follows from (17)
U, =U,, —V3(1,R+1,X), (18)
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U,, =U,, +V3(1,X = I,R). (19)

So
US =B|Uy [+]Uy, |, (20)
U =B|U,, [+]U,, =B IU, —VB(1.R+1,X )+|U,, +43(1.X ~ 1 R)]. (21)

By analogy with the voltage loss in the section (Fig.), which is defined as

AU = U2 +UZ - U2, +UZ,, (22)
let's introduce the concept of linear non-Euclidean voltage loss, which is defined as
AU#=U1#_U§#=B|U1&1|+|U1p|_B|U2a|_|U2p|= (23)

=B1U, [ +1Uy, | -BIU, —VB(1LR+1,X)[=[Uy, +43(1LX = 1,R)].
In expression (23), let's reveal the sign of the absolute value, taking into account the fact that for net-

works of 110-35 kV with an inductive load, U,,,U,,, U,,,U, , | ,, 1 — positive real numbers. In addition,
the ratios are valid for the same conditions

U, >>/3(1,R+1,X), (24)

[.X>1R. (25)

As a result, we get
AU* =BIU,, [+]U,, [-BIU,, —VB(1,R+1,X)|-|U,, +3(1,X - 1R} |=
=BU,, +U,, —BU, +3B1L,R+ /31 X —U,, —/31,X + /31 R = (26)

=V3(BI,R+BI X +1,R-1,X).
It is obvious that depending on the parameters of the network, parameters of the mode and the reduction

factor B, the linear non-Euclidean voltage loss AU* (unlike traditional voltage loss) can be equal to 0, and
also take a positive or negative value.

It is quite clear that in order to solve the problem of reproducing all the unknown parameters of the
network mode, we will be primarily interested in the cases of zero linear non-Euclidean voltage loss, i.e. the

condition U =UJ . Therefore, let's formulate and prove the corresponding theorem, namely:

Theorem.

For networks of 110-35 kV with an inductive load, the linear non-Euclidean voltage loss in the section
R, _1-Ptge
X, PB+tge
inductive resistivity of the section, ¢ — phase shift angle between voltage and current, B — reduction fac-

tor.
Proof.

Let's solve the equation

is 0 if and only if the condition is fulfilled, where R, — resistivity of the section, X, —

AU* =3(BI,R+BI,X +1,R-1,X)=0. (27)
If 1 — current modulus, then I, =Icose and I, =1 sing, in addition, R=R,L, X =X,L, where
L — section length. Taking these ratios into account, equation (27) can be written in the form
V31 (BR,Lcos g +BX,Lsing+ R,Lsine— X,Lcose)=0. (28)
Dividing the left and right sides of equation (28) by \/§ch05¢> , We get
BR, +BX,tgp+Rytgp— X, =R (B+tge)— X, (1-ptge)=0. (29)

It follows from equation (29)

R, (B+199)=X,(1-Btge) (30)
and
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R —

Xy B+tge
which proves the theorem for all cases except those for which 1 =0, or cose =0, which we exclude from
consideration as not occurring in practice.

Condition & = 1_5& can be recorded in other forms. It is obvious that there are identities:
Xy B+tge
Xy B+tgo BX, + Ry Xotgo+R,

Therefore, if one of the conditions (32) is fulfilled for any 110-35 kV section with an inductive load,
the equation U =U] is valid, that is, the linear non-Euclidean modulus of the voltage vector at the begin-
ning of the section is equal to the linear non-Euclidean modulus of the voltage vector at the end of the sec-
tion.

Estimation of the limits of use of the linear non-Euclidean modulus of the voltage vector

Let’s analyze the conditions (32) of the theorem proved above from the point of view of its use to reduce
the uncertainty of measurements. It is obvious that resistivity of the section R, and inductive resistivity of the
section X, are constant and independent quantities. Phase shift angle between voltage and current ¢ although
constantly changing (within narrow limits), it is also an independent quantity. So it is the only quantity that can
be influenced by the researcher to ensure the condition U/ :Uf , Is the reduction factor . Table 1 shows the
values B, which ensure the validity of the theorem depending on the values R,, X, and cos¢. They are
designed for overhead lines for a range of cross-sections from 50 to 240 mm? and cos¢ from 0.85 to 0.99.
As follows from Table 1, in these ranges, § can take values from 0.887 to 2.141. From the above, we state
that by choosing the appropriate value B for each line of a certain section and with a certain value of the

power factor, it is possible to ensure the fulfillment of condition U, =U] .

Table 1
Dependence of the reduction factor B on the values Ry, X, and power factor cos¢

C“’S; fﬁ%"on’ 50 70 95 120 150 185 240

Ro, Ohm/km 0.603 0.428 0.31 0.25 0.199 0.158 0.122

Xo, Ohm/km 0.452 0.441 0.43 0.423 0.417 0.41 0.401
CcOosQ
0.85 0.089 0.251 0.413 0.523 0.642 0.757 0.878
0.86 0.108 0.271 0.435 0.548 0.67 0.788 0.913
0.87 0.128 0.293 0.459 0.574 0.699 0.821 0.95
0.88 0.149 0.315 0.485 0.602 0.73 0.856 0.99
0.89 0.171 0.339 0.511 0.632 0.764 0.894 1.034
0.90 0.195 0.364 0.54 0.664 0.8 0.935 1.081
0.91 0.219 0.391 0.571 0.698 0.839 0.98 1.134
0.92 0.245 0.42 0.604 0.736 0.882 1.03 1.192
0.93 0.273 0.451 0.641 0.777 0.93 1.086 1.258
0.94 0.304 0.486 0.681 0.823 0.984 1.149 1.333
0.95 0.338 0.524 0.727 0.876 1.046 1.223 1.422
0.96 0.376 0.568 0.78 0.938 1.12 1.311 1.529
0.97 0.42 0.62 0.843 1.012 1.21 1.42 1.665
0.98 0.474 0.684 0.924 1.108 1.328 1.566 1.849
0.99 0.549 0.774 1.039 1.248 1.504 1.79 2.141

Let’s consider the cases when conditions (32) are not fulfilled. Inequalities follow from equations (27)

and (32):
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>W:AU#>O, (33)
X, 9o +R,

B< 0 =Rt8Q v g, (34)
Xotgo+R,

Let’s perform the comparative analysis of the relative losses of conventional and non-Euclidean voltage
for one of the widespread cross-sections of 120 mm? at the value of cos=0.92, quite typical for a 110 kV

network. Voltage losses are determined at the current modulus value of 100 A and the section length of
L =30 km. Let’s calculate the non-Euclidean voltage loss for different values of the reduction factor . For

simplification, let's take U, =U,, =115 kV, U, =0. We will calculate the relative losses according to the
formulas

2 2
AU V3IL(R, coso + X, sing) V3IL(X, cosp—R,sing)
A1 - " , (35)
Ul Ul Ul
AU*  BIL(BR, coso +BX,sing+ R, sing— X, cose)
—= p . (36)
Ul Ul
The results of the calculations are shown in Table 2.
Table 2

Conventional and non-Euclidean voltage loss in the section AC-120
at cosg =0.92, 1 =100 A, L =30 km and different reduction factors B

AU, % AU* %
B =0.600 -0.24
B =0.700 -0.06
1.78 B=0.736 0
B =0.800 0.11
B=0.9 0.29

Let's analyze the results given in Tables 1 and 2. It is obvious that even if the researcher inaccurately
predicts coso in the section, and accordingly inaccurately determines the reduction factors 3, then the value

of AU? in this case will be 6-15 times less than the value of AU . This makes it reasonable to use the linear

non-Euclidean modulus of the voltage vector U* when reproducing the modes of electrical networks. To do
this, it is necessary to calculate the network mode at average statistical loads, determine the values of the re-

duction factor B that provide for each section AU* =0, and then determine the value of U* in each node. If
we assume that the values of cose in the sections under current loads remain unchanged, then it can be as-

sumed that the values of U” in each node under current loads will also not change, and after receiving from
the telemetry devices the voltage values in the nodes, it will be possible to calculate the active and reactive
components of node voltage. Since in networks of 110-35 kV, the values of cose fluctuate in a rather narrow
range, the uncertainty of measuring the active and reactive components of the node voltage is quite accepta-
ble for the task of reproducing the modes of electrical networks.

The method of reproducing the modes of electric networks using the linear non-Euclidean modulus of
the voltage vector U* was implemented in the software complex “Analytical system of reproducing electric-
ity consumption”, which was implemented in the divisions of the energy supply company
“Vinnytsiaoblenergo”, the city of Vinnytsia, Ukraine. In the process of operating the developed software
complex, both company specialists and developers continuously assessed the uncertainty of network mode
reproduction.

In the conditions of providing the software complex with telemetric information at 70% of the maxi-
mum level, it was established that due to the use of the non-Euclidean modulus of the voltage vector, the
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standard deviation of the modes integral indicators decreased by almost 50% compared to traditional meth-
ods. This practically proves the expediency of using non-Euclidean metrics in power industry.

Conclusions

To ensure continuous current control of electric power consumption, the optimal solution is to place
sensors of active and reactive power in each node of the electric network and transfer measurement infor-
mation to dispatching control centers, which for large networks requires huge capital costs. Therefore, it is
advisable to install such sensors only in individual nodes, followed by reproducing of all unknown parame-
ters of the network mode based on Kirchhoff's laws.

Measuring complex values of voltage on substation buses requires determining the phase shift angle be-
tween the voltages of different substations, which is an extremely difficult task, requires significant capital
investments, and in most cases leads to the impracticality of such measurements. In order to solve this prob-
lem, it is proposed to receive from telemetry devices only modulus of voltages in the network nodes, which
means that the input data for the task of reproducing the electrical networks modes have the significant un-
certainty. In order to reduce this uncertainty, the expediency of using not the usual quadratic Euclidean met-
ric, but a linear non-Euclidean metric to determine the node voltage modulus has been theoretically proven
and practically confirmed.

Based on the calculations and practical studies, it was established that the uncertainty of reproducing
network mode parameters according to Kirchhoff's laws, in the presence of the necessary telemetry infor-
mation for the “Analytical system of reproducing electricity consumption” software complex, is significantly
smaller when using a linear non-Euclidean modulus of the voltage vector than when using the usual voltage
vector modulus.
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C. Kaupis, B. Kyxapuyk, B. Manesapos, B. Kyuepyk, I1. Kynakos, M. ['pu6os

Ouey KaTeJIiriH a3aiiTy YIIiH 3JIEKTP JHePreTUKAChIHAA eBKJINATIK eMec
KOepceTKilTepai KOJIaHy

Makanaza ipi, TapMaKTaJIFaH >KOFapbl BOJILTTHI AJIEKTP JKEIJIEPIHAE MIEKTP SHEPTHACHH TYTHIHYABI Y3/iKCi3
OakpuIay ecenTepiHe KepHEyIi efiley Ke3iHIe TYBIHAANTBIH OCNTICI3IKTI a3aiiTy YIIiH eBKIUATIK eMec
METpUKaHbl MalJanaHy YCHIHBUIFaH. Macene MbIHaga, 3JIEKTP SHEPTHSsICBIH TYTHIHYABI Y3MIKCi3 OakpLIay
YIIH 3JIEKTp JKeTiCiHiH opOip TopaObiHaa (9pOip KOCANIKBl CTaHIMSANA) OCJICEHMl JKOHE PEaKTHBTI KyaTThl
oIy KypaJJapblH OpHATy >KOHE IHMCIETYEpNiK Oackapy OpTalbIKTapblHA 6©JIIIey aKmapaTblH Oepymdi
KaMTaMachl3 €Ty KakeT. Ipi anekTp skeminepi Oap, SJIEKTp TOpamTapbl MEH TUCIETYEPNIK OpPTAIBIKTAp
apachIHIAFbl YIKCH KAaIIBIKTHIK Oap emnep YIIiH Oy YAKEeH KypJeli MIBIFRHAApAB Tanan eteai. COHOBIKTaH
JNEKTP KyaThl MEH KepHeyIi eJleyre apHajFaH jKaOIBIKTBI TEK DJIEKTp JKENICIHIH JXeke TopanTtapblHa
OpHaJACTBIPFaH JKOH, colaH Keiin Kupxrod 3anmapsl Herizinae KajaraH TOPANTHIH TapaMeTpliepiH ecenTereH
*eH. bipak coHbIMEeH Oipre enmieymiH adTapiblKTail Oenrici3miri 6ap, efTKeHi Kypaeli KepHey MOHi ofeTTe
onmmeHOeHIi JKOHEe ecenTey YINiH TEeK KEpPHEY MOHICpIHIH MOyl KOJIaHbUIaabl. EBKIMATIK emec
KOPCETKIITEp/Ii MaiianaHy dIEKTp JKENICiHIH opOip TOpaObIHIAa 3MEKTP SHEPTHACHIH TYTHIHYABI OakpLIay
YIIiH KaXKETTi Kipic IepeKTepiHiH OeNTici3AiriH TOMeHIEeTYy i KAMTaMachl3 €Te/i.

Kinm ce30ep: eBKIMATIK eMec METPHUKA, KOFAPHI BOJBTTHI AIIEKTP JKENMiCl, HTEKTP KyaThl, eIIey Oenrici3airi,
oJIIIeY aKMapaTsl.

C. Kausis, B.B. Kyxapuyk, B. Maasspos, B. Kyuepyk, [1. Kynakos, M. I'pu0Gos

IIpuMeHeHne HeeBKIMI0BOM METPUKH B 3JIEKTPOIHEPreTHKeE
JJISl YMEHBbIICHUS NOTPEeIIHOCTH U3MEPEeHU

B crarse npeioxkeHo MCHONB30BaTh HEEBKIIMIOBY METPUKY UL YMEHBIICHUS HEOIIPEASIICHHOCTH, KOTOpast
BO3HHKAET MPU U3MEPEHHUHN HAIpPsDKEHHs B 337a4aX HEMPEepbIBHOIO KOHTPOJIS MOTPEOICHHUS dIICKTPOIHEPTHU
B KPYIIHBIX, Pa3BETBJICHHBIX BBHICOKOBOJIBTHBIX 3JEKTpHUUecKuX ceTsax. [Ipobiema 3akimroyaercs B TOM, 4TO
JUISL HEMIPEPBIBHOTO KOHTPOJISI MOTPEOJICHHS AJIEKTPOIHEPTUH HEOOXOIUMO B KaXKJOM Y3JI€ IJIEKTPUIECKOH
ceTd (Ha KaxIOW IOJCTAaHIMU) YCTAaHOBUTH CPEICTBA W3MEPEHMS AKTUBHOM M PEaKTUBHOH MOIIHOCTH U
obecreunTh Iepefady M3MEpPHTENbHON MH(OpMAMy B JUCIETYSPCKHE IEHTPHI ympaBieHus. [t cTpaH ¢
KPYTHBIMHA 3JIEKTPUIECKUMH CETSIMH, OOJIBIIIMH PACCTOSHUSIMI MEXKAY Y3JIaMH 3JIEKTpOCeTel U JucieTdep-
CKMMH IEHTPaMHU 3TO TpeOyeT OTpOMHBIX KalMTaJbHBIX 3arpar. IlosTomy obopymoBaHme ISl M3MEpEHHS
HNIEKTPUIECKOI MOITHOCTH ¥ HANPSDKEHHS [eJieco00pa3Ho pa3MelnaTh TOJIBKO B OTAETBHBIX y3JIax dJIEKTPH-
YeCKOIl ceTH, a 3aTeM PacCUMTHIBAaTh MapaMeTPhbl OCTAJBHBIX y3JI0B Ha OCHOBE 3akoHOB Kupxroda. OnHako B
TO K€ BpPeMs CYIIECTBYET 3HaUMTENIbHAsl HEONPEIeNCHHOCTh U3MEPEHHUS, TIOCKOJIbKY KOMIIJIEKCHOE 3HaUeHHUE
HANpsDKEHUsT 0OBIYHO HE M3MEpseTCs, a JUIsl pacueTa MPUMEHSETCS TOJNBKO MOJYJb 3HAYCHHH HATPSDKCHUSL.
Hcnonb3oBaHne HEEBKINIOBBIX METPUK 00ECHIEUNBAET CHU)KEHNUE HEONPEIEIEHHOCTH BXOIHBIX JAHHBIX, He-
00XOMMBIX JUISl KOHTPOJISI HOTPEOIJICHNUS HIIEKTPOSHEPTUH B KAXKIOM y3JIe DJIEKTPUIECKOH CETH.

Kniouesvie cnosa: HeeBKINI0BA METPUKA, BBICOKOBOJIbTHAS DJICKTPUYECKAs] CETh, IEKTPUUECKAs MOIHOCTD,
HEOIIPEIEIeHHOCTh N3MEPEHNH, U3MEpUTENbHAsT HHPOPMAIIH.
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Experimental study of aerodynamic coefficients of a combined blade

Magnus wind turbines have a number of advantages in the form of electricity generation at low wind values,
ranging from 3-4 m/s. However, at high speeds around the existing blades of wind turbines, there is a phe-
nomenon of separation of vortices, which entails the destruction of the structure, as well as an increase in
drag. Based on this, an urgent issue is the regulation of the flow around cylindrical bodies, along with a de-
crease in drag force. The novelty of the work is the elimination of vortices, as well as their control, by adding
a fixed blade to the cylinder. Authors of the article for this purpose created a mock-up of the cylinder blade
with a fixed blade. A number of experimental studies were carried out to determine the aerodynamic forces
and coefficients depending on the angle of inclination with respect to the incoming flow at U =5 m/s. It was
found that at an angle of inclination of 0° and 180°, the combined blade has a maximum lifting force of 2.7 N
and 2.75 N, respectively. It is determined that at these angles, the drag force is the lowest and is 1.26 N and
1.08 N.

Keywords: Wind turbine, Magnus, combined blade, cylinder, lifting force, drag force, flow velocity, tilt angle.

Introduction

It is well known that the tasks of studying transversely streamlined cylindrical bodies are relevant for
wide industries ranging from thermal power engineering and aerodynamics to cosmonautics. However,
despite all the simplicity of geometric visualization, the flow around a round rotating cylinder is complex,
and largely depends on the flow mode.

The classical aerodynamic problem of the flow around the cylinder modules is the object of the study of
aerohydrogas dynamics. Of these, the study of the flow around a rotating vertical cylinder is of great interest.

Many scientists and researchers in the field of aerodynamics have devoted their work to studying the
flow pattern around the cylinderat high Reynolds numbers [3-5].

In the study [6], the authors experimentally and numerically investigated the flow characteristics around
a rotating circular cylinder, the diameter of which is 20 mm. Parameters such as the time-averaged velocity,
turbulence intensity, drag coefficient and flow structure at the Reynolds number 5900<Re<11800 and the
rotation coefficient 0<0<0.525 were investigated. Using the SST turbulence model, a numerical simulation
of the flow was carried out. The authors found that due to the rotational movement of the cylinder, a change
in profiles is observed the average and fluctuation velocities, and the area of velocity reduction has become
smaller due to arise in the Reynolds number. It is established that symmetry of the flow breaking is observed
with an increase in the rotation coefficient.

The authors of the work [7] investigated the problem of the flow around a round cylinder, with a
constant angular velocity, fixed in a homogeneous flow. An interesting result is that, as the rotation speed
increases, the vortex loss is suppressed. It is also determined that rotation weakens the secondary instability
and rises the critical Reynolds number for the occurrence of this instability.

At high Reynolds numbers starting from 5 10*, with the transverse flow around the cylinders with an
increase in the flow velocity, the separation of vortices is observed, and the formation of a trace behind the
cylinder, the so-called Pocket track. Mechanical vibrations caused by the disruption of vortices can lead to
vibration, acoustic noise and, if the frequency of the separation of vortices coincides with the natural
frequency of the structure, to its destruction.

Based on this, the task of regulating the flow of cylindrical bodies, along with reducing the drag force,
is relevant.
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The purpose of this work is experimental study of aerodynamic coefficients of a combined blade in the
form of a cylinder and a fixed plate, depending on the angle of inclination relative to the incoming flow.

Research objectives:

— creation of a laboratory layout of a combined blade;

— study of the influence of the angle of inclination on the values of aerodynamic forces;

— investigation of the influence of the angle of inclination on the values of the aerodynamic coefficients
of lift and drag force.

The use of the plate as a means of preventing the formation and separation of the boundary layer behind
the rotating cylinder is a novelty of the work. The studied object of research is a combined blade that can be
used as the power element of Magnus wind turbines, with a vertical axis of rotation.

Experimental methodology

The authors of the work created a combined blade in the form of a cylinder with a fixed blade with a
vertical axis of rotation to solve the problem of separation of the boundary layer as well as its prevention.

Aerodynamic experiments were completed in the laboratory “Aerodynamic Measurements” at the sci-
entific center “Alternative Energy” at the E.A. Buketov Karaganda University. The object under study is in-
stalled in the working area of the T-1-M wind tunnel (Fig. 1).

o _—

dm o

.O SHOT ON REDMI 7
Al DUAL CAMERA

Figure 1. Experimental layout of a cylinder with a fixed blade

As can be seen from Figure 1, the experimental layout consists of a cylinder and a fixed blade attached
to disc-shaped bases on both sides, fixed between them. To start the cylinders in rotational motion, an
electric drive is used, fixed on the upper part of the base.

The geometric dimensions of the sample are given in Table below.

Table
Parameters Values
Cylinder diameter 4cm
Cylinder length 9cm
Width of the fixed blade 3cm
Fixed blade length 10.5cm

Figure 2 shows the layout of the fixed blade relative to the flow.

a=0° a=45° a=90°

Figure 2. Location of the stationary blade of the rotating cylinder
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Results and Discussion

When the flow velocity changes from 3 to 15 m/s, the angle of inclination of the fixed blade on the aer-
odynamic forces of the entire blade layout is studied.

In the course of experimental studies, graphs of the dependence of aerodynamic forces and their coeffi-
cients depending on the angle were obtained (Fig. 3-6).

Figure 3 below shows the results of measurements of the drag force depending on the angle of inclina-
tion at a wind speed of 5 m/s.

Fd.H

(5]

0 43 90 135 180
Figure 3. The results of measurements of the drag force from the angle of inclination at a flow rate of 5 m/s

As can be seen from the graph, the minimum value of the drag force of 1.25 N is observed at an angle
of 0 degrees, after which, with an increase in the angle of inclination to 90 degrees, the force value increases
to 2.5 N, which is the maximum value of the drag force.

As can be seen from the graph, the minimum value of the drag force of 1.25 N is observed at an angle
of 0 degrees, after which, with an increase in the angle of inclination to 90 degrees, the force value increases
to 2.5 N, which is the maximum value of the drag force. The reason for this is an increase in the mid-section
of the entire blade in relation to the flow, which subsequently slows down the flow by forming pressure on
the front part. In the future, with an increase in the angle to 180 degrees, there is a monotonous decrease in
the value of the drag force to a minimum of 1.1 N. The explanation for this is the favorable flow around the
blade without obstacles.

Figure 4 below shows the results of measurements of the lifting force values depending on the pitch of
the fixed blade at a speed of 5 m/s.

FLH

Fa

0,5
0 45 %0 135 180

Figure 4. The results of lifting force measurements depending on the angle of inclination at a flow rate of 5 m/s
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As can be seen from Figure 4, the value of the maximum lifting force of 2.7 N is observed at a speed of
0 degrees, after which it decreases linearly with an increase in the angle of inclination to 90 degrees.

According to the Kutta-Joukowski theorem [8] (the lifting force theorem of a body), where the lifting
force is equal to the product of the density and velocity of the liquid, the circulation of the flow velocity and
the length of the blade, which occurs at right angles against the direction of circulation, i.e. with non-
symmetrical flow with an increase in the mid-section of the combined blade relative to the flow, there will be
an increase in lifting force with an increase in the angle of attack to a critical value (90°). As can be seen
from graphs 4 and 5, after 90° there is a sharp decrease in lifting force, due to the occurrence of flow
disruption with an increase in the force of frontal resistance.

The calculated aerodynamic coefficients depending on the angle of inclination at different flow rates are
shown in Figures 5 and 6. The aerodynamic coefficients are calculated using the formulas in the work [9].

0 45 90 135 180
—— U=>m's 8 U=%m's = U=13m's
Figure 5. Change in the drag coefficient a depending on the angle of inclination at different flow rates

From Figure 5, it is established that with an increase in the angle of inclination to 90 degrees, there is an
increase in the drag coefficient to 1.2 at 13 m/s, subsequently, with an increase in the angle to 180, there is a
decrease in the coefficient value of 0.5.

0 45 90 135 180
—+— U=Sm's -8—-U=-9m's ——TU=13m's
Figure 6. Change in the lift coefficient a depending on the angle of inclination at different flow rates

From Figure 6, it is determined with an increase in the angle of inclination from 0 to 90 degrees, there is
a decrease in the coefficient of lift from 1.3 to 0.75 at 13 m/s, subsequently, with an increase in the angle
from 90 to 180, there is an increase in the coefficient value to 1.32. The nature of the changes in the depend-
ency lines presented in Graphs 5 and 6 do not contradict the previous experimental [10] and numerical [11]
results.
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Conclusions

In the course of conducting experimental studies, the authors of the work obtained the following results:

— A model of a combined blade with a diameter of 4 cm and a length of 9 cm of the cylinder, and a
fixed blade with a length of 10.5 cm and a width of 3 cm has been developed and created,;

— The graph of the dependence of the drag force on the angle of inclination of the fixed blade to the
flow is obtained, during which the maximum drag is 2.5 N at an angle of 90 °;

— From the lifting force measurement results, it is determined that the maximum values of 2.7 N and
2.75 N are obtained at tilt angles of 0 ° and 180 °;

— From the calculated results of drag force values, it is determined that at an angle of 90 ° and U =
13 m/s, the maximum value is 1.2;

— It was determined that the maximum values of the lift coefficients 1.32 and 1.3 were obtained at an
angle of 90 ° and U = 13 m/s;

—The drop in the value of the lifting force after increasing the angle of attack from 90 to 180 is a
consequence of the occurrence of the physical phenomenon of disruption of vortices, which is also the reason
for the increase in the drag force;

— It is determined that the angles of inclination of 0 © and 180 ° are favorable angles for the location of a
fixed blade, followed by obtaining maximum lift and minimum drag force.

The experimental results obtained by the authors will be useful in developing a layout of a wind turbine
with a vertical axis of rotation containing combined blades.
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H.K. Tanamesa, A.P. baxteioexosa, H.H. lllyrombacga,
A.H. TrocembaeBa, M.A. bypkos, C.A. HypkeHnos

K¥paMaﬂ1>1 KaJJlaKITaHbIH A3POAUHAMUKAJBIK CUIIaTTaAMaJIapbIH 3€PTTECY

Marnyc 3¢dekriciHe Heri3fenreH el JHEepPreTHUKAIbIK KOHIBIPFBICHI 3-4 M/c—TaH OacTamaThlH IKel
JKBUIJAMIBIFBIHBIH TOMEH MOHAEPIHIE AJIEKTP SHEPTUACHIH OHIIPY TYpiHIAEe OipKaTap apTHIKUIBUIBIKTapFa ue
JKOHE JKeJNIiH OaFbITBIH a3 Tajam eTedi. AJaiiia, JKel SHEepPreTHKAJbIK KOHIBIPFBUIAPBIHAA, SFHU
LWINHAPIEPAIH KOJJAHBICTAaFbl KaJaKTapbIHBIH aiHaNachlHIa YJIKEH >KbULIAMABIKTA KYHBIHIIBUIAPIBIH
y3uTyiHeH Kypaeri (GU3HuKaIbIK KyObUTbIC aiaa 0omasl, OyJ1 KOHIBIPFBRIHEIH KYPBUIBIMBIH Oy3yFa, COHIai-aK
MaHJAWIIBIK KeIepri KYIIiHIH )KOFapbhUIayblHA 9KEJe/l, OChUTaiIa KOHIBIPFBIHBIH THIMIUTITIH TOMEHICTE/II.
Aya arbIHBIHBIH KeJieHeH OaFbIThIHA Kapail araThlH IUIMHApPICp aifHanIMalbl KO3FalbICKa KeNTipinreHnue
MTHHIPIEPIiH OeTiHAe Liecnerni aFbiH maina 6onaasl. OckliaH MIJTHHAPIIK JCHEICP/iH aifHaTybIH PETTeyY,
COHBIMEH KaTap MaHIaWIbIK Keepri KYIIiHiH TOMEH/IeYi )KoHe KoTepy KYLIiHiH )KoFapbuiaysl (Marsayc Kynri)
©3eKTI Mocesne Oonbin caHanmagsl. JKYMBICTBIH FHUIBIMH-3€PTTEY >KaHAJBIFbl — IIIMHAPre OEKIiTiIreH
KaJIaKIIaHbl KOCY apKbUIbI KYHBIH/BLIAP/ABI KO0, COHBIMEH KaTap onapzsl 6ackapy. Ockl MakcaTTa )KyMbIC
aBTOpNapsl KO3FAJIMAMTHIH KajlaKmachkl Oap LWIMHAP TYpiHAEri Kajlak yaricin skacagel. T-1-M
A3POIMHAMUKAIIBIK KYOBIPBIH KOJIJaHa OTHIphI, U=5 M/c-Ta KeTepily aFbIHBIHA KAaTBICTHI KeJIOey OyphIlIKa
TOyeni a’poAMHAMHKANIBIK KYIITep MeH KOd(GQHIMEHTTepli aHbIKTay YINiH OipKaTtap SKCIICPUMEHTTIK
3epTreyiep kyprizinmi. 0° xone 180° kenbey OYphINIBIHAA KYpaMallbl KaIaKIIaHBIH (OCKITIIMCH KaJlaKIIachl
Oap mwmmHAp) colikecinme 2,7 H sxome 2,75 H makcumanmgsl ketepy Kymr Gap eKkeHi aHBIKTauabl. By
OypelmTapaa Kkeaepri Kymri e a3 xone 1,26 H men 1,08 H KypalTbIHBI aifKbIHAATIBL.

Kinm ce30ep: ®en SHepreTHKalblK KOHABIPFBI, Marnyc, Kypamaiabl Kajlakiia, [HJIHHAP, KOTepy Ky,
MaHJAWIIBIK KeIepri KYIIIi, aFbIH XBUIIAMIBIFbL, K6J0ey OyphILIbI.

H.K. Tanamesa, A.P. baxteiOexoBa, H.H. [llyromobaesa,
A.H. TrocembaeBa, M. A. bypkos, C.A. Hypkenos

I/ICCJIElIOBaHI/IH AAPOANHAMHUICCKHUX XAPAKTCPUCTHUK KOMﬁl/IHHpOBaHHOﬁ JJOIMacTu

Berposneprerudeckne ycTaHOBKH Ha OoCHOBE d(dekta Marmyca 00IamgaoT HETbIM PsIOM IPEHMYINECTB B
BHUJIC BBIPAOOTKH 3JIEKTPOIHEPTUH MPH HU3KHX 3HAYCHHSAX BETpax, HauuHas oT 3—4 M/c, u MeHee TpeboBa-
TENBHBI K HAIPaBIeHUIO BeTpa. OMHAKO MpH OONBMINX CKOPOCTSAX BOKPYT CYHIECTBYIONIHUX JIOTIACTEH BETPO-
SHEPreTHYECKUX yYCTAHOBOK-IIMIMHIPOB BO3HHUKAET CIOKHOE (PH3NIECKOE SBICHHE — OTPBIB BUXPEH, KOTO-
poe BiedeT co0OI0 pa3pylIeHne KOHCTPYKIMH CaMOil YCTaHOBKH, a TaKXKe POCT JIOOOBOTO COIPOTHBIICHHS,
CHIKasi TeM caMbIM 3((GEKTUBHOCTD PabOTHl yCTaHOBKH. VIcX0/s M3 3TOr0, akTyalbHBIM BOIPOCOM SIBIISIETCS
perynupoBaHne 0O0TeKaHHs HWIMHIPUYECKUX Tell, Hapsay ¢ YMEHbIIEHHEM CHIIBI IOOOBOTO CONPOTHUBIICHUS
U yBEJIMYEHHEM NOABEMHOH cuibl (cribl Marnyca). HoBusHOM paOoThl sIBISIETCS yCTpaHEHHE BHXpeH, a
Taroke YIpaBIeHHE UMH ITyTeM J00aBICHUS] HEMOABIDKHOI JIONACTH K MMIMHAPY. ABTOPHI pabOTHI AT 3TOI
e CO3aTH MaKeT JIOTIACTH B BHAE IMIMH/PA C HETMOABIDKHON JT0MacThio. [IpoBenn psj SKCepuMeHTalb-
HBIX HCCIIE[0BAaHHI MO OINPEASNICHUIO adPOJHMHAMUYECKHX CHII M KO(Q(UIMEHTOB B 3aBUCUMOCTH OT yTia
HaKJIOHA [0 OTHOUIEHHIO K HaberaromeMy oToky pu U = 5 m/c, HCTIONB3ysl a3pOAHHAMAYECKYIO TpyOy T—
1-M. YcTaHoBneHo, uto mpu yriax HakioHa 0 u 180° koMOMHHpOBaHHAS JIONACTh (IIMJIMHAP C HETOABUKHOM
JIOTIACThIO) 00J1aIaeT MaKCHUMAaJIbHBIM 3HA4€HHEM MOAbeMHOW cuibl 2,7 u 2,75 H COOTBETCTBEHHO.
OmnpezeneHo, 4TO MPU JaHHBIX yrilax CHja JIOOOBOTO CONPOTHBICHHS caMas MUHHMAaJbHas M COCTaBISIET
1,26 u 1,08 H.

Knoueswvie cnosa: BETPOIHEPreTUICCKass yCTaHOBKaA, MarHyc, KOM6I/IHI/Ip0BaHHa${ JIOTIaCTh, HUJIUHAP, MTOAb-
CMHas Cuja, Cujia 11000BOTO COIIPOTUBJICHUA, CKOPOCTH IIOTOKA, YI'OJI HAKJIOHA.
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Edge field of deflectorplates with expanding screens

Deflector plates consist of two parallel conductive plates that create a deflecting electric field. They can be
used to control the flow of charged particles — electrons or ions. The effect of the edge field of deflector
plates leads to a change in the velocity of charged particles in the longitudinal and transverse directions, con-
sequently of which their real trajectories change, deviating from ideal ones, which violates the space-time
resolution of corpuscular optical devices in which they are used. Apart from that, the electric field at the input
to the plates of deflector can vary over time, which must also be taken into account when the deflector diverts
the beam of charged particles. Thus, in many cases, the use of deflector plates with open ends is inappropri-
ate, since uncontrolled scattering fields are formed. In this article, we can consider the field of deflector plates
with expanded screens at the output, so that deflecting beams of charged particles can be used at the output of
deflector plates. Using the methods of the theory of complex variable functions, analytical expressions for the
edge field of deflector plates with grounded screens were obtained. Firstly, by grounding the screens and
shielding the plates from the deflection field, we can localize the edge electric field and reduce the uncon-
trolled scattering fields, and secondly, such a field can be accurately calculated analytically.

Keywords: deflector plates, grounded screens, edge field, boundary problem of electrostatics, electron beam
control.

Introduction

Deflector plates are two parallel plates that create a deflecting electric field. In their effect on charged
particle beams, they are similar to the field of a plate capacitor and used for controlling electron beams in
electron beam lithography [1-3], as well as in various electron beam instruments [4-6], and nowadays they
have become a significant element in the ultrafast electron microscopy UEM [7-10], where they are used for
deflections of the electron beam along the aperture when scanning the sample. All of these apps, a highly
important role is played by the spatial and temporal resolution of the electron beam. It is not possible to
achieve an increase in the resolution of the scanning beam without taking into account the effect of the edge
field of deflection plates on the deflection of the beam of charged particles.

The impact of the edge field leads to a change in the electron velocity in both the transverse and longi-
tudinal directions, hence of which their real trajectory deviates from the ideal one and this leads to a violation
of the space-time resolution of KOS. Moreover, the electric field at the entrance to the deflector plates usual-
ly depends on time. Therefore, it is necessary to calculate the dynamic properties of the electron beam after
its deflection by the deflector.

The influence of edge fields in electromagnetic sectors was first studied in the works [11-13], neverthe-
less, the results obtained in these works are difficult to apply to parallel deflector plates because unlike elec-
tromagnetic sectors the curvature of the electron trajectory in the deflector plates is not a constant value. Be-
sides that, in deflector plates, as already noted, electric fields usually change over time, which also requires
additional research.

Note that using the methods of the theory of functions of a complex variable, approximate mathematical
formulas were obtained for the edge field of a plate and cylindrical capacitor with open ends [14, 15]. At that
moment, it seemed to us that we were the first to consider the edge field of a plate and cylindrical capacitor
in this approximation. But when we got acquainted with the work [16], we found in it a reference to the work
of Maxwell [17], who obtained formulas for a plate capacitor at the end of the 19th century. So, we have pri-
ority only for the approximate description of the cylindrical capacitor field. By the way, in the review work
on beautiful fields [16], 3D graphs of the edge fields of plate and cylindrical capacitors are also given. It
should also be noted that in [14, 15] an original method of integrating the equations of motion is also pro-
posed, in which the electric potential and the force function are used as independent variables, and new
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schemes of energy analyzers are calculated using this method [18]. An approximate account of the impact of
the edge field on electron beams was made in [19, 20], but these studies cannot be considered exhaustive.

Experimental

Consider the case when expanding grounded screens are located at the outlet of the deflector plates.
This case is shown in Figure 1, where the grounded screens form an angle an with the reflex plates in the

plane z=Xx+1Yy . In this figure, deflector plates with potential J_rE are represented by thick lines, screens

with potential V, are thin.

y
A
V
Vo V/2 0 -
—————————— - - -
— A4
d A;
A, 0 X
— A,
—_— e — - - — — — — — — —
Vo ~V/I2 ~"
0

Figure 1. Schematic representation of deflector plates with divergent screens

The mapping of the quadrilateral A A, A, A, with two vertices A and A, at infinity, shown in Fig-
ure 1, to the upper half-plane w=u+iv is carried out by the following conformal Schwarz-Christoffel trans-
formation [21]:

o =yrdw,
oW

Here the following correspondence of the vertices of the quadrilateral to the points of the real axis of
the w-plane is performed: A — —o, A, — -1, A, -0, A, —+1. The boundary value problem in the w-

plane is shown in Figure 2.

C,. 1)

0 -V/I2 1 a V/I2 0

v

—a -1 0 0 u

)

Figure 2. Boundary value problem in the W -plane

Same as in works [22-24], we will consider that the potential of the screens V, =0, and the distance be-

tween the conductive plates is equal d . For the distribution of the potential in the w-plane, we obtain the
following expression:

o(u,v) = v arctgu—+1 —arctg ura +L arctgu—_1 —arctgu_a . 3
21 Vv 2n v v
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The value a >1 depends on the type of transformation (1), that is, on the value of the angle o and on
the length of the deflector plates | .

Results and Discussion

The integral in (1) for rational o is expressed in elementary functions and reduces to the integral of the
binomial differential. So, for o =0 we come to the case considered in [22-24], and for a =1 we get, as in

the case of deflector plates without screens:

d [ I
z=£(e +W+l)+§, 4)
at a=12:
d > w-1| .d.
z=—;{ln(w+\lw —1)— v }+IE, (5)
at a=1/4:

7= %{\/_— 2 [%}——arctgx/_} (6)

Differentiating both parts (1) we find partial derlvatlveS'

dz ox 8y ay (W? —1)°
dw ou 'au av av =C whee ()
Now we find the inverse partial derivatives ou and — ou , as well as Gl and ﬂ:
oX oy’ oX oy
oy oX
B — ®
ox 0xdy_oxoy 'oy 0yox_oxay
ouov oOvaou ouov ouov
oy ox
ﬂ: ou ﬂz ou )
ox  9yox_oxdy 'y 0xdy_dyox
du v au ov ou ov 0ou ov

To find the field of deflector plates with divergent screens, we write down the following expressions for
the derivatives of the potential:
[ 8(p ou G(p ov Jo 6(p ou a(p ov

(10)
ox ou ax oV ox’ oy aou ay ov 8y
To create a picture of the electric field lines the differential equation can be numerically integrated:
o9
ﬂ :%_ (11)
dy 9de¢
ay

Thus, we have built a mathematical model for calculating potentials, as well as for calculating potential
derivatives. It can be used to study the dynamics of charged particle beams in deflector plates with expand-
ing screens.

Conclusion

The work considers the edge field of deflector plates with expanding screens. The complexity of the
problem is due to the fact that it is impossible to explicitly determine the electrostatic potential as a function
of the geometric coordinates of the corpuscular optical system. Therefore, various mathematical techniques
are used to overcome this difficulty. Analytical expressions for the potential, taking into account the type of
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the edge field, are obtained using methods of the theory of functions of a complex variable. The potential
distribution in the upper half-plane is also considered. This made it possible to investigate the nature of the
edge field of deflector plates with expanding screens. It is shown that the use of grounded shields leads to the
localization of the marginal electric field near the edge of the deflector plates. As a result, the use of
grounded screens localizes the edge electric field near the edge of the deflector plates, in an area
characteristic dimensions of which are of the order of the distance between the plates d. Localization of the
edge field also reduces the influence of uncontrolled scattering fields, which increases the accuracy of nu-
merical calculations and their correspondence to the real physical situation.

The results obtained in this work can also be used to describe the edge field of magnets with magnetic
screens.
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KeneiiTisiren sxkpanaapsl 0ap gedieKTOpJIbIK IVIACTUHAJAPABIH HIETKI opici

JlednekTopIIbIK macTHHATIAp — OYJI eKi Mapaiesb OTKI3Till ITaCTHHANIAD, OaP.IbIH KOMETIMEH aybITKHTHIH
3JIeKTp epici skacamagsl. Omap Ko3FayiFaH OeIIIEKTepAiH, SFHU S3JCKTPOHIAPIBIH HEMece HOHAAPIBIH
arblHIapblH  Oackapy YIIiH KoJmaHbuiagbl. Je(IeKkTopiblK IIacCTHHANAPIABIH IIETKi epiciHiH ocepi
3apsATaIFaH OeNIIeKTEepIiH KbUITAMIBIFBIHBIH KOJJICHEH e, OOWIBIK Ta e3repyiHe oKelenl, HOTHKeCiHIe
OJIapABIH HAKThl TPACKTOPUSIAPBI UCANAAH aybITKBIN ©3repeli, Oy onap KOJIaHbUIATHIH KOPITYCKYJIablK-
ONTHKAIBIK KYPBUIFBUIAPIBIH KEHICTIKTIK-yaKBITTBIK ~aXXbIPaTBIMIBUILIFEIH  Oy3anel. COHBIMEH Karap,
nedexTop IUIacTHHANAPBIHBIH KipeGepiciHaeri dMeKTp opici yakbIT eTe Kele e3repyl MyMKiH, COHIBIKTaH
nediekTopMeH 3apsinTanraH OenlIeKkTep LIOFBIHBIH AayBITKBIFAH Ke3iHIe eckepinyi KaxeT. Ocpaiimia,
KOINTEereH JKar[aiylapia ambIK yITapel Oap Ae(IeKTOPIBIK IUIACTHHANAPABI KOJNIAaHy MakcaTThl eMec,
oiiTkeHi Oyn perre OakpUIAaHOAMTHIH ImambIpay epicrepi maiina Oomaapl. Makanaga aedIeKTOPIBIK
IUIACTUHANAPABIH KEHEUTIIreH SKpaHFa IIBIFY Ke3iHAeri epici, sfHH Ae(IeKTOPIBIK IUIacTHHATApAaH
IIBIKKAH 3apsiTaiFaH OeJIIeKTepAiH LIOFBIH KOJJaHyFa OONaTBIHIBIFBI KapacThpbuFaH. KereHai
aliHpIMaJIbl (QYHKIMSUIAD TEOPHSACHIHBIH OMICTEPiH KOJIIAaHA OTBIPBIIN, JKepre TYWBIKTAIFaH SKpaHaapsl 6ap
neIeKTOPIbIK UIACTHHANAPABIH INeTKi oepici VINIH aHaJWTHKANbIK OpHEKTep albIHABL bipiHmmijeH,
JKpaHIap/Ibl JKepre TYHBIKTay JKOHE IUIMTaapIblH aybITKY OpICiH KOpFay apKbUIbl 0i3 IIETKi 2JIEKTp epiciH
JIOKaNM3alMsUIaiiMbI3 JKoHe OakKpUIaHOAWTHIH IIAIIBIpay epicTepiH 0acaMbl3, eKiHINiZEeH, MyHAall epicTi
AHAJIMTHKAJIBIK TYp/E A ecenteyre 0oaibl.

Kinm ce30ep: nedaexTopibIK IIacTHHAIAP, KEPre TYABIKTAIFaH 3KpaHap, METKI opic, 31eKTPCTaTHKaHbIH
HIeKapajbIK ecenTepi, SICKTPOH/BI IIOKIEH 0acKapy.

N.®. Cnusak-JIaBpos, C.Y. [llapunos, A.b. Ceiiten, A.A. TpyOuusix

KpaeBoe moJie 1epieKTOPHBIX IVIACTHH ¢ PACIIHPAIOIIMMUCH IKPAHAMHU

JledekTopHbIe IUIACTHHBI IPEACTABIIOT cO00ii 1Be MapauieTbHbIe POBOASINIE IUTACTHHEI, C MTOMOIIBI0 KO-
TOPBIX CO3/1€TCS OTKIIOHSIONIEECS AIEKTPUUECKOE T0JIe. MICTIONb3yI0TCsl OHM JUIs YIIPABJIEHUs MOTOKaMHU 3apsi-
JKEHHBIX YaCTHIl — 3JIEKTPOHOB MM HOHOB. BrmsiHue KpaeBoro mosis Ae(pIeKTOPHBIX IUIACTHH MPUBOJNUT K M3-
MEHEHHIO CKOPOCTH 3apsDKEHHBIX YaCTHUIl KaK B MONEPEYHOM, TaK M B IIPOJOIBLHOM HalpaBiIeHHUH, B pe3ysbTaTe
Yero W3MEHSIOTCS UX peajbHble TPAaCKTOPUH, OTKJIOHSACH OT MICANbHBIX, YTO HapyllaeT MPOCTPAHCTBEHHO-
BPEMEHHOE pa3pellieHHe KOPIyCKYIIPHO-ONTUYECKUX YCTPOMCTB, B KOTOPBIX OHU HCIONB3YI0TCA. KpoMme Toro,
SIIEKTPHIECKOE I0JIe Ha BXOJE B IUIACTHHEI Je(hIeKTopa MOXKET M3MEHSTHCS BO BPEMEHH, NTOATOMY 3TOT (aKT
HEOOXOJIMIMO YUUTHIBATH PH OTKJIOHEHHH ITydKa 3apsDKeHHBIX JacTHl aedexropom. Takum o0pa3oMm, BO MHO-
THX CHTyalUsX NpUMEHEHHe Ne(IIeKTOPHBIX IUIACTHH C OTKPBHITBIMH TOPLAMH OKa3bIBaeTcsl Helerecoodpas-
HBIM, TaK KaK BO3HHKAIOT HEKOHTPOJHPYEMBbIe TIOJIsl paccessHus. B HacTosIel paboTe Mbl pacCMOTpEIH ToJie
ne(IIeKTOPHBIX [UIACTHH C PACLIMPSIONIMMUCS Ha BBIXOJIE SKpaHaMH, JUIS TOr0 4TOOBI Ha BBIXOAE M3 JIediiek-
TOPHBIX IUTACTUH MOXHO OBIJIO HCIOJIBb30BATh PACXOIALIMIICA My4OK 3apsDKeHHBIX yacTHll. C IMOMOIIBIO METO-
JIOB TeOpHH (DYHKIUH KOMIUICKCHOH MepeMEHHOH MOMyueHbl aHAJNTHUECKHE BBHIPAXKEHUS U1 KPAacBOTrO IOJS
Je(IIeKTOPHBIX TUIACTHH C 3a3€MJICHHBIMH 3KpaHaMH. Bo-TiepBbIX, 3a3eMIIsisl SKpaHbI U SKPaHUPYS OTKIIOHSIO-
niee noJje INIACTHH, Mbl JIOKAJIU3yeM KPaeBoe JIEKTPUIECKOE M0JI€ U MOJABIIIEM HEKOHTPOIMPYEMBIE TI0JIS pac-
CesTHHUSI, @ BO-BTOPBIX, TAKOE IT0JI€ MOXKET OBITh TOYHO PACCUMTAHO AHATUTHIECKH.

Knioueswvie cnosa: IIe(i)J'IeKTOpHI:Ie ITaCTHUHBI, 3a3€MJICHHBIC 3KPaHbl, KPAa€BOC I10JIC, T'paHUYIHAad 3a/ja4a 3JICK-
TPOCTATHUKH, YIIPABJICHUE DJICKTPOHHBIM ITYYKOM.
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