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PHYSICS OF THE CONDENSED MATTER
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A.S. Kayumova?, S.V. Savilov?, P.A. Zhanbirbayeva!, A.S. Baltabekov?,
M.S. Dzhakupova?l, T.M. Serikov!*

1Karaganda Buketov University, Karaganda, Kazakhstan;
2M.V. Lomonosov Moscow State University, Moscow, Russia
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Effect of TNR/Ag/rGO film area on its photocatalytic activity

This paper presents the results of a study of the effect of the area of nanocomposite films formed by titanium
dioxide nanorods, silver nanoparticles and reduced graphene oxide (TNR/Ag/rGO) on its photocatalytic
activity. The active area of the nanocomposite films was S=1cm?, S=1.5cm?, S=2cm?, S=3cm?. The
photocatalytic activity of the samples was assessed by the value of the generated photocurrent per unit surface
of the film and the photodegradation of the methylene blue dye when the surface was illuminated with a light
source from a xenon lamp (300 W). A film with an area of 1 cm? generated 0.00042 A/cm?. With increasing
film area S=1.5 cm?, S=2cm?, S=3cm?, the photocurrent density was 0.00035 A/cm?, 0.00028 A/cm?,
0.00013 A/cm?, respectively. It was found that in the absence of a nanocomposite film, the degradation of the
dye is negligible. When the TNR/Ag/rGO film was immersed in a dye solution, the degradation of the dye in-
creased and amounted to 32, 59, 70 and 81 % for S=1cm?, S=1.5 cm?, S=2cm?, S=3cm? with an irradiation
duration of 240 minutes. The results obtained suggested that as the active surface area of the films increases,
their photocatalytic activity decreases. The decrease in photocatalytic activity is associated with surface
defects and an increase in film resistance.

Keywords: titanium dioxide nanorods, silver nanoparticles, reduced graphene oxide, film area, photocatalysis.

Introduction

Titanium dioxide (TiOy) is a promising semiconductor material in photocatalysis due to its optical,
structural, electrical characteristics, high chemical stability, low toxicity, low cost and high photocatalytic
activity [1-4]. Among the variety of TiO2 nanostructures, such as nanoparticles, nanostitches, nanotubes and
nanothreads, materials with one-dimensional transport of charge carriers are more promising [5]. One of
these is titanium dioxide nanorod (TNR), obtained by hydrothermal synthesis. By controlling the synthesis
conditions, for example, temperatures, concentrations of chemical reagents and the number of synthesis stag-
es, it is possible to control the geometric characteristics of TNR and films based on them [6]. Along with the
above advantages, films based on TNR have a number of disadvantages, the main of which are low absorp-
tion capacity in the visible range of the electromagnetic wave and the high rate of recombination of electron-
hole pairs [7]. There are many methods and approaches to expand the spectral sensitivity of TNR, for exam-
ple, introducing into the structure semiconductors with a narrower band gap, such as CdS CdSe CuO, etc. [8-
10]. The introduction of nanoparticles of noble metals Au, Ag, Cu is also promising, while the absorption
capacity is enhanced due to hot electrons of the metals and due to surface plasmon resonance [11-13]. To
suppress the rate of recombination of electron-hole pairs, graphene nanostructures are applied to the surface
or into the pores of TiO» nanostructures by electrochemical deposition or airbrush sputtering [14]. Graphene
can serve as both an effective conductor, facilitating efficient charge transfer, and absorb visible light, which

6 BecTHuk KaparaHguHckoro yHnsepcuteTta



Effect of TNR/Ag/rGO film...

increases sensitivity to it. By integrating TiO. with graphene, an improvement in the electronic and
photoelectric behavior of the material is achieved. This method can overcome some of the disadvantages of
one-dimensional TNR structures and create more efficient photocatalysts with reduced recombination and a
wider spectrum of light sensitivity [15, 16].

In our previous works, as well as in a number of other sources, it was shown that the introduction of na-
noparticles of noble metals Ag and reduced graphene oxide (rGO) into the TiO: structure significantly im-
proves its photocatalytic activity [17-21]. When assessing the photocatalytic activity of TNR or
TNR/Ag/rGO films, a film area of the order of 1 cm? was typically used. If the cost of the materials used is
reduced, this technology can potentially be commercialized. In this case, there will be a need to create films
on an industrial scale, which will lead to an increase in its area. However, a literature review showed that the
published works lack information on the effects of film area on its photocatalytic activity, which is the goal
of this work.

Experimental

To obtain TNR/Ag/rGO films with different areas, glass substrates with a conductive FTO layer (8
Ohm/cm?, Sigma-Aldrich) were cut into geometric dimensions, as shown in Figure 1.

//l. TIO2
—a— Ag
. llécml ¢ 16O
7
vk oAl
/. /. lcem
2 cmq F—& & 72(111 ——
4 ® 0 A /

A1 cm
//

Figure 1. Schematic representation of films with different areas.

S=3 cm?

TNR with a rutile phase was obtained by hydrothermal synthesis in a stainless steel autoclave with a
fluoroplastic vessel. To do this, 12 ml of deionized water, 12 ml of hydrochloric acid (36.5 %, Karagan-
dareaktivsbyt), 0.275 ml of C1sH3s04Ti (97 %, Sigma-Aldrich) were poured into a vessel with a volume of
50 ml and mixed in an ultrasonic bath for 3 minutes. Then, the pre-cleaned FTO glass substrates were placed
into a vessel with the conductive side up, sealed tightly and placed in an electronic oven (8.2/1100, SNOL)
for 6 hours at a temperature of 180°C. After cooling, the samples were removed, thoroughly washed with
deionized water and subjected to heat treatment in an oven at a temperature of 500°C for 2 hours. The
introduction of silver (Ag) nanoparticles was carried out by chemical deposition. To 0.2g of
polyvinylpyrrolidone (PVP), 20 ml of H,O and 20 ml of C;HsO, and 2 mmol of NaBH,4 were added. The
substrates were kept in an oven at 70 °C for 2 minutes, washed with deionized water and dried at room
temperature rGO (99 %, Cheaptubes) was deposited onto the surface by electrochemical deposition. The
rGO powder was dispersed in a phosphate solution (0.5 g/L), then treated in an ultrasonic bath for 2 hours.
The deposition of rGO onto the TNR/Ag surface was carried out using a standard three-electrode system.
The working electrode was TNR/Ag, the counter electrode was Pt foil, and the reference electrode was
Ag/AgCI. After 5 minutes of deposition, the films were removed and washed several times with deionized
water.

Cepus «dunsukay. Ne 4(112)/2023 7
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The surface morphology and microstructure of the resulting composite was studied using a Mira 3MLU
scanning electron microscope (SEM) (Tescan). Spectrophotometric measurements were carried out on a
Solar CM 2203 scanning spectrophotometer (Solar) in the wavelength range 190-750 nm. The film resistance
was determined using the impedance spectroscopy method in the frequency range from 1 MHz to 100 MHz.
For this purpose, the working electrode (test samples) and the counter electrode made of Pt (Platisol T/SP,
Solaronix) deposited on FTO were glued together with a polymer film 25 um thick (Melotonix, Solaronix).
The electrolyte used was iodide/triiodide electrolyte (lodolyte Z-150, Solaronix). The photocatalytic activity
of the samples was assessed by measuring the photoinduced current with an illuminated area of 1 cm? in a
standard three-electrode cell using a CS350 potentiostat/galvanostat with a built-in EIS analyzer (Corrtest
Instruments, China). Platinum foil served as the counter electrode, and an AgCl electrode was used as the
reference electrode. The measurements were carried out in a 0.1 M NaOH electrolyte in a specially manufac-
tured photoelectrochemical cell with a quartz window. In addition, the photoactivity of the films was as-
sessed by photodegradation of the methylene blue (MB) dye. Methylene blue dye is used as a model pollu-
tant. A xenon lamp with a power of 300 W/cm? was used as a radiation source in all experiments (Newport,
USA).

Results and discussion

Figure 2 (a, b) shows micrographs of the surface morphology of the TNR film before and after deposi-
tion of Ag and rGO nanoparticles. Figure 2a shows that as a result of hydrothermal synthesis, titanium diox-
ide nanorods are formed on the surface of the FTO substrate, mainly perpendicular to the surface of the sub-
strate. The length of the nanorods is about 2.1 microns, the average diameter of the nanorods is 80-90 nm. As
a result of the chemical reduction of silver nitrate, Ag nanoparticles are formed on the TNR surface. The
deposited Ag nanoparticles are evenly distributed over the entire surface of the samples and envelope the
walls of TNR films, at the same time creating roughness. The average diameter of nanoparticles is 25-30 nm.
Also, on the surface of TNR/Ag films, rGO sheets are visible, which were deposited by electrochemical
method. The figure shows that graphene sheets partially envelop the TNR/Ag surface.

Figure 2. SEM images of the TNR surface before (a) and after (b) deposition of Ag and rGO.

8 BecTHuk KaparaHgmMHCKOro yHusepcureTa
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TNR/Ag/rGO TNR/Ag/rGO 5

S=1cm? S$S=1.5 cm?

TNR/AG/rGO | 5t 5w~ TNR/AG/rGO s vt
S$=2 cm? e .. =0 S=3 cm?
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Figure 3. Surface morphology of samples.

Figure 3 shows micrographs of TNR/Ag/rGO films with different areas. The figure shows that increas-
ing the area of the TNR/Ag/rGO film obtained by hydrothermal synthesis does not lead to significant chang-
es in the structure. The film surface is smooth, without visible surface defects.

The photocatalytic activity of the nanocomposites was assessed by the degradation of methylene
blue (MB) dye. MB is used as a model dye, which is the source of any contaminants. When films placed in
an aqueous solution of this dye are irradiated with light rays, a decrease in the optical density of the dye is
observed, which indicates the gradual degradation of molecules in the solution under the influence of light
rays. For each sample, an aqueous solution of MB dye with a concentration of 10 mol/L was poured into a
container with a different volume, and the optical density of the dye was determined at certain time intervals.
MB volume

S=3.0cm? — 60 ml

S=2.0cm? — 40 ml

S=15cm?— 30ml

S=1.0cm? — 20 ml.

Figure 4a shows an example of dye photodegradation. At the absorption peak of 662 nm, a change in
the absorbance of the MB dye was observed. The photodegradation curve is shown in Figure 4b. As can be
seen from the figure, with long-term irradiation, the degradation of MB without a film is less pronounced. In
the presence of the film formed by TNR/Ag/rGO, significant degradation of the methylene blue dye is
observed (Fig. 4b). In the presence of a film with an area of 3 cm?, the degradation of the dye over a time
period of 240 minutes reached 81 %, and when using a film with an area of 2 cm?, 1.5 cm? and 1 cm?, this
parameter in the specified period of time was only 70, 59, 32 %. The results obtained indicate that in a film
with an area of 3 cm?, the rate of dye degradation increases in relation to films with an area of 2 cm?, 1.5 cm?
and 1 cm?,
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Figure 4. Photocatalytic properties of TNR/Ag/rGO films at different areas.

And also, the photocatalytic activity of the samples was assessed by the response of the photocurrent
when irradiated with artificial sunlight with periodic on-off for 10 s. In the absence of lighting, the
photocurrent is zero, but when the light is turned on, its density instantly increases. From Figure 4c it can be
seen that the maximum value under illumination for a sample with an area of 1 cm? is 0.00042 A/cm?, for a
sample with an area of 1.5 cm? it is 0.00035 A/cm?, for a sample with an area of 2 cm? it is 0.00028 A/cm?
and 0.00013 A/cm? for a sample with an area 3 cm2. All samples show stability over time when recording
photocurrent. From the results of the study, we can see that as the area increases, its photocatalytic activity
also increases. This means that it increases the likelihood of reactions and allows them to interact better with
the catalyst.

Figure 4d shows impedance hodographs as a function of Nyquist coordinates for all samples studied.
Using the central arc of the hodograph, which characterizes the processes occurring in the nanocomposite,
the main electrical transport properties of the film were calculated using methods described in the
literature [22].

The resistance to electron transport in a nanocomposite Ry and the charge transfer resistance Ry will
depend directly on the number of electrons received from the number of free electrons. If we take into ac-
count that the dimensions and thickness of the semiconductor film are identical for all systems, accordingly,
only the deposited layers of graphene oxide will affect the resistance value. The brief calculations performed
are presented in Table.
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Electrical transport properties of films based on nanocomposite materials

Name of samples and Rw, Ohm Rk, Ohm ®max Hz Teff, SEC
measurement error

TNR/Ag/rGO -1cm? 71.4 2345.5 295.9 0.003
Error, % 9.2 2.0 - -
TNR/Ag/rGO-1.5cm? 55.8 2669.9 12.2 0.082
Error, % 0.7 2.6 - -
TNR/Ag/rGO -2cm? 242.2 4733.5 2.6 0.377
Error, % 0.9 3.7 - -
TNR/Ag/rGO -3cm? 43.0 5934.2 1.7 0.573
Error, % 1.6 4.1

Table

The resistance of TNR/Ag/rGO films with an area of 3 cm? is 3 times greater than that of a film with an
area of 1 cm? and is 1902 Ohm and 5733 Ohm. And for films with an area of 1.5 cm? the resistance value
was 2496 Ohm, and 3878 Ohm for a film with an area of 2 cm?. Based on the hodograph, the electron
lifetime Terr Was calculated in films and nanocomposite materials. According to the results obtained, the
effective lifetime of an electron in a sample with an area of 3 cm? is 0.573 seconds. Samples with an area of
2, 1.5 and 1 cm? with a time of 0.377, 0.082 and 0.003 seconds, respectively. It follows that as the area of the
films increases, the effective lifetime of the electron in the sample increases. A long electron lifetime
increases the probability of electron recombination in trap states associated with both structural and surface
structural defects. In addition, as the film area increases, the film resistance also increases, which also
impedes the transport of photogenerated electrons. The table also shows the measurement error values as
percentages. In general, the magnitude of errors is in the confidence interval from 0.5 to 5 %.

Conclusions

Thus, it was found that as the active area of the TNR/Ag/rGO nanocomposite increases, its
photocatalytic activity decreases. It was found that with the same duration of irradiation (240 min) of the dye
in the presence of films, the degree of its degradation is different. In the presence of a film with an area of
S=3cm?, during the above period of time the dye reached 66 % degradation, and with S=1cm? the degree of
dye degradation was 83 %. It should be noted that the volume of dye increased with increasing film area.
Similar results were obtained for the magnitude of the generated photocurrent per unit surface of the sample.

The results obtained led to the conclusion that as the active surface area of the films increases, their
photocatalytic activity decreases. The decrease in photocatalytic activity is associated with an increase in
film resistance, associated with surface defects. Since the charge transfer resistance Ri increased with
increasing area of the nanocomposite.
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A.C. Karomona, C.B. Casuinos, I1.A. KanOupbaeBa, A.C. bantabekos,
M.C. JIxakynosa, T.M. Cepukon

TNR/Ag/rGO kadbIpmakTapbl ayJaHBIHBIH (POTOKATATUKAIBIK
OesiceHainirine acepi

Makanaza TUTaH KOCTOTBHIFBI, KYMiC HAaHO©3EKIIENepi jKOHE KaiTa KallblHA KeNTipiNreH rpadeH OKCHIi
(TNR/Ag/rGO) HaHOKOMMO3UTTIK KaOBIPIIAKTAp ayJaHBIHBIH, OHBIH ()OTOKATATUTHKAIBIK OCICCHIUTITiHE
acepi Typalibl 3epTTEY HOTIDKeNepi KenTipiareH. HaHOKOMIO3UTTIK KaOBIpIIaKTapAblH OCICeH I ayaaHaaphl
S=1cm?, S=1.5 cm?, S=2cM?, S=3cm? Kypaiiabl. Yirinepain poTokaTaluTHKANBIK GeIceHainir kadppmak Oe-
TiHiH OipJiriHeH anblHFaH (OTOTOK Meepi koHe KceHOH maMmblHbIH (300 BT) xapbIk ke3imeH GetTTi a-
PBIKTaHIBIPY Ke3iHe METHJICH KOK OOSFBILTHIH (POTOAErpafaluusachl 6oibHma Garananasl. 1 cM? aymaHmbl
KaOBIpIIaKTHIH (HOTOTOK THIFBI3ABIFEI 0.00042 Alcm? Kypaznel. KaOsIpmakTap ayaaHbIHBIH YIFalobiMeH S=1.5
cM?, S=2¢M?, S=3cM? POTOTOKTHIH THIFBI3ABIFEI colikecinme 0.00035 A/cm?, 0.00028 A/cm?, 0.00013 A/cm?
Kypazabl. HaHOKOMITO3HUTTIK KaObIpIIak OonMaraH Ke3/1e OOSFBIIITHIH JeTPaIalischl IaMatbl eKeHIIr aHbIK-
tanael. TNR/Ag/rGO kaObIpiiaFbiHbIH OOSFBINI epiTiHAICIHEe OaThIPBIIFaH Ke3/eri OOSFBIITHIH Jerpatanus-
cbl S=lcM?, S=1.5 cm?, S=2cm?, S=3cMm? aymaHnapeIHaa coysIeeHy y3akThiFsl 240 MunyT Gonranaa 32, 59,
70 sxone 81 % octi. Hatmxenep kaOblpurakrapaslH ayqaH OeTiHIH ecyiMeH, onapAblH (OTOKATATHTHUKAIBIK
OenceHmimiri TeMeHeHTIHIH KopceTTi. POToKaTaMUTHKAJIBIK OSIICEHALTIKTIH TOMeHIeyl OeTKi akayiaapMeH
JKOHE KaOBbIpIIaKTapAbIH KeIePTriIepiHiH )KOFapbulaybIMeH OaiIaHbICTHI.

Kinm ce30ep: TMTaH KOCTOTHIFBIHBIH HAHOO3EKIIENepi, KyMic HAHOOOMIIEKTEPi, KaiiTa KajlblHa KeNTipiIreH
rpadeH OKCHJIi, KaOBIpIIaK ayaaHbl, poToKaTamms.
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A.C. Karomoa, C.B. Casuiios, I1.A. XXaunbup6aeBa, A.C. bantabekos,
M.C. JIxxakynosa, T.M. CepukoB

Binsinue muiomaan u miaeHkd TNR/AQ/rGO Ha e€ (poTOKATAINTHYECKYI0 AKTHBHOCTD

B cratbe npencTaBieHbl PE3YIbTATH HCCIENOBAHUS BIMSHUS TUIONIAI HAHOKOMITO3UTHBIX TIJIEHOK, 06pa3o-
BAHHBIX HAHOCTEPIKHAMHU JHOKCHA TUTaHa, HAHOYACTHI[AMHU cepeOpa U BOCCTAHOBIEHHOTO OKCHA rpadeHa
(TNR/Ag/rGO), Ha eé (HOTOKATATUTHYECCKYIO aKTHBHOCTh. AKTHBHAS IUIONIAh HAHOKOMIIO3UTHBIX ILIEHOK
cocraBuna S=1 cM?; S=1,5 cM?; S=2 cm?; S=3 cm?. DOTOKATAIMTUYIECKAs AKTHBHOCTL 00Pa3loB OLEHUBAJIACH
0 BeJMYMHE FEHEPHPYEMOT0o (POTOTOKA C EMHHUIIBI TOBEPXHOCTH IUIEHKU U (JOTOJETpaiallii KPACUTENIs Me-
THJICHOBOTO TOJyOOTO MPH OCBEIICHUHU TOBEPXHOCTH HCTOYHHKOM CBETa OT KCeHOHOBOU iammbl (300 BT).
Inenxa muomansto 1 cm? renepuposana 0,00042 A/cm?. C poctom momamy mieHok S=1,5 cm?; S=2 cM?;
S=3 cm? mnotHOCThL oToTOKA coctaBuna 0,00035 A/cm?; 0,00028 A/cm?; 0,00013 A/cM?, COOTBETCTBEHHO.
BBUIO YCTAHOBIIEHO, YTO TIPU OTCYTCTBMM HAHOKOMITO3MTHOM TUIEHKH JErPaJals KPACUTENA HE3HAYNTEIbHA.
Tlpu norpy»xenun B pactBop Kpacurens mieHkrn TNR/AgQ/rGO nmerpaiarus KpacuTenst BO3pOcia H COCTaBHIIA
st S=1 cm?; S=1,5 em?; S=2 cm?; S=3 cMm? 32, 59, 70 u 81 % nipu muurtensHOCTH 00mydenus 240 mun. Tlomy-
YeHble PE3yNbTAaThl MO3BOJIMIIN TPEATIOI0KUTE, YTO ¢ POCTOM AKTUBHOM IUIONIAIX TIOBEPXHOCTH IUIEHOK MX
(oToKaTanuTHIECKass aKTHBHOCTh yMeHblnaeTcsi. CHIbKeHHE (POTOKATaTUTHYECKOH aKTUBHOCTH CBA3aHO C
MOBEPXHOCTHBIMH JIe()eKTaMU U POCTOM CONPOTHUBJIEHHS TIEHOK.

Knroueegvie cro6a: HAaHOCTEPIKHU THOKCHIA THTaHa, HAHOYACTHIIBI cepebpa, BOCCTAHOBICHHBII OKCHI Tpade-
Ha, IUIONIa b [UIEHKH, (JOTOKATAIIHU3.
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Impact of the thickness of phthalocyanine films and its metal complexes
on optical and electrical properties

The paper presents the results of a study of the structural, optical and electrophysical characteristics of
phthalocyanine films and its metal complexes with different thicknesses. Films of phthalocyanine and its
metal complexes were obtained on the conductive surface of the FTO by thermal evaporation in vacuum. It is
shown that the observed broadening of the B and Q bands and the hypsochromic shift of the maxima in the
absorption spectra are associated with the central atom. With a decrease in the thickness of MPc films, there
is a decrease in the value of the half-width of the absorption spectra. The effect of the thickness of phthalocy-
anine films on the efficiency of generation and transport of charge carriers in the FTO/MPc/Al cell was stud-
ied. It is shown that the VAC increases almost 2.5 times compared to a photocell based on a metal-free
phthalocyanine. From the obtained impedance measurement data, it was found that the electrophysical pa-
rameters of phthalocyanines depend on the values of optical density, broadening of absorption bands in the
short-wave and visible spectral regions, which is consistent with the data of the volt-ampere characteristic.

Keywords: phthalocyanine, metal phthalocyanines, solid films, absorption spectra, impedance meter, current-
voltage characteristics.

Introduction

Phthalocyanines are currently widely studied molecular semiconductors, which is due to both applied
and scientific reasons. Phthalocyanines are large aromatic organic compounds constructed from four isoin-
dole units connected by nitrogen atoms. Phthalocyanines are chemically and thermally stable, most of them
are organic p-type semiconductors and have photoconductivity, easily forming ordered thin films [1, 2]. This
determines their use as media for optical recording of information, for the manufacture of light-emitting di-
odes (LEDs), solar cells, gas sensors, high-speed magnetic field sensors [3-5].

In recent years, there has been great interest in phthalocyanines with central atoms of various metals
(metallophthalocyanines — MPCs). Groups of metal phthalocyanines are formed as a result of the introduc-
tion of divalent metal atoms (e.g. Zn, Cu, Co and Ni) into the phthalocyanine ring. The physical and chemi-
cal properties of MPCs are well regulated by optimizing the central metal ions and their structure [6]. Also,
the correct choice of morphology and polymorphism of the MPCs thin film structure can have a significant
impact on its optical and electrical properties [7].

Due to the remarkable electronic and optical properties, MPCs thin films have become a promising ma-
terial for organic electronic devices [8, 9]. For example, in recent years MPCs have been implemented in
perovskite solar cells as hole transfer materials (HTM), achieving in some cases efficiency exceeding
20 % [10-11]. MPCs are also attractive building blocks in molecular donor-acceptor (D-A) systems due to
their ability to efficiently absorb light in the visible region, as well as their ability to act as electron (D) do-
nors during photoexcitation in various D-A systems [12, 13].

Thus, phthalocyanine and its metal complexes have a wide range of potential applications in electron-
ics, energy, chemistry and medicine. Research in this area is ongoing, and it may lead to new and innovative
applications of these materials.

In this work, films of phthalocyanine and its metal complexes with different thicknesses were obtained
by thermal spraying in vacuum. We studied the effect of film thickness on structural, optical and electrical
properties, as well as conducted a detailed analysis of charge transfer processes in phthalocyanine films.
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Materials and Methods

Preparation of a solid substrate

An important step in the process of applying films is cleaning the surface of FTO glass substrates.
Cleaning of the substrate surface from contamination was carried out using lint-free wipes soaked in isopro-
pyl alcohol. After that, the cleaning process was carried out, consisting of three stages. At the first stage, the
holder with glass substrates FTO was placed in a beaker with an ammonia peroxide solution, which consists
of 50 ml of a 3% solution of hydrogen peroxide (H202), 15 ml of a solution of aqueous ammonia (NHs +
NH4OH + H.0) and 135 ml of distilled water. A glass of solution with substrates was heated in a water bath
at a temperature of 90-95° C for 15-20 minutes. Then, the holder with glass FTO substrates was washed with
distilled water, after which it was purged with a stream of compressed nitrogen (N2) and dried in a drying
cabinet. The second stage was the sequential cleaning of the substrate surfaces in an ultrasonic bath, first
with acetone, then with isopropanol for 10-15 minutes with an intermediate purge with a stream of com-
pressed nitrogen in order to completely dry the solvents. The final stage is a 50-60 minutes process of expo-
sure to ultraviolet radiation (with wavelengths of 185 and 254 nm, with an intensity of 20pV / cm?) on the
surface of the substrates, which was carried out at the UV Ozone Cleaner unit manufactured by Ossila.

Production of thin films

The production of films of phthalocyanine and its metal complexes on a solid surface was carried out by
thermal evaporation in a vacuum of 10 Pa. A ceramic crucible was used as an evaporator. Different film
thicknesses were obtained by changing the distance of the holder from the evaporator, which was 80, 100,
120 mm. After that, an Al electrode was sprayed onto the surface of the films at a vacuum of 10 Pa. The
thickness and deposition rate of the metal were measured using a piezoelectric quartz resonator. To obtain
films of phthalocyanine and its metal complexes, reagents of analytical purity (Sigma-Aldrich) were used,
the structural formula is shown in Figure 1.

Phthalocyanine Phthalocyanine metal complex
(H2P¢) (CuPc, CoPc. ZnPc)

Qe T,
by 55

7\
é%\
N N

a)

Figure 1. Structural formulas phthalocyanine (a) and its metal complexes (b)

Analysis methods

The surface topography and thickness of the samples were probed by a MIRA 3 LMU (SEM, Tescan).
The absorption spectra of the samples were measured by an AvaSpec-ULS2048CL-EVO spectrome-
ter (Avantes). A combined deuterium-halogen light source AvaLight-DHc (Avantes) with an optical range of
200-2500 nm was used as a light source. For thermal deposition, the CY-1700x-spc-2 vacuum sputtering
unit (Zhengzhou CY Scientific Instruments Co., Ltd) was used.

The impedance spectra were measured by a P45X potentiostat-galvanostat with an FRA module. Cur-
rent-voltage (C-V) characteristics of solar devices were measured with PVIV-1A |-V Test Station under the
light illumination from Sol3A Class AAA Solar Simulator (Newport).
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Results and Discussion

Structural analysis of the prepared films

Figure 2 shows SEM images of the surface and transverse cleavage of phthalocyanine films and its
metal complexes. As can be seen from the figure, the morphology of the film surface depends on the thick-
ness of the sample deposition. For a film of nonmetal phthalocyanine (H2Pc) and zinc phthalocya-
nine (ZnPc), a continuous fine-grained surface is observed, with a decrease in the thickness of the film, the
surface becomes more homogeneous. Cobalt phthalocyanine (CoPc) and copper phthalocyanine (CuPc) films
have a coarser-grained structure, with a decrease in film thickness, a smooth and fine-grained surface is ob-
served. All MPc films were obtained by vacuum spraying under the same conditions, and as a result, the
thickness of the vacuum-deposited films is approximately the same.

Figure2. SEM images of phthalocyanine films and its metal complexes with different thicknesses.

Optical properties

Figure 3 shows the absorption spectra of vacuum-deposited MPc films. There are two intense bands in
the absorption spectra: in the region of 300-450 nm (B-band), which correspond to the mixed n-n* and n-n
transitions a2u—2eg and b2u—2eg, and the absorption band in the region of 550-700 nm (Q-band), which
corresponds to the m-* transition alu—2eg [14-15]. As can be seen from the figure, the absorption band of
H2Pc, ZnPc and CoPc films in the B-band region has a maximum at a wavelength of A = 340 nm. In the Q-
band, two maxima are also observed at wavelengths A =630 nm and A =690 nm. In turn, for CuPc films, a
hypsochromic shift of absorption maxima A = 227 nm is observed in the B-band region, as well as a shift of
maxima in the Q-range A =485 nm and A = 553 nm. With a decrease in the thickness of MPc films, there is a
decrease in the value of the half-width of the absorption spectra. This is due to the fact that a decrease in the
thickness of the films leads to a decrease in the local environment of the absorption center, through which
energy is absorbed. A decrease in the local environment of the center in the films leads to a greater probabil-
ity of photon scattering and, as a result, to a decrease in the half-width of the absorption spectra. Table 1
shows the characteristics of the absorption spectra of the B and Q ranges of MPc films.
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Figure 3. Absorption spectra of H2Pc(a), ZnPc (b), CoPc (c)and CuPc (d) films with different thicknesses.

Table 1
Characteristics of the absorption spectra of the B and Q ranges.
Film, thickness B-band Q-band
Amax, NM_| D (optical density) | FWHM, nm |  Amax, N'm_ | D (optical density) | FWHM, nm
H2Pc -64nm 1=333 D=0.68 110 A1=627 D;=0.55 138
1,=694 D,=0.41
H2Pc -51nm =336 D=0.67 108 11=628 D:=0.53 114
4,=692 D»=0.39
H2Pc -44nm 1=340 D=0.65 98 A1=632 D;=0.51 96
1,=694 D,=0.37
ZnPc -57nm A=339 D=0.17 94 11=636 D1=0.12 141
1,=688 D,=0.13
ZnPc -42nm =339 D=0.16 83 11=638 D;=0.11 130
1,=685 D,=0.12
ZnPc -34nm =344 D=0.13 80 11=638 D;=0.09 117
1,=688 D,=0.11
CoPc -73nm A1=325 D;=0.97 99 A1=630 D;=0.68 148
1,=348 D,=0.88 1,=682 D,=0.72
CoPc -46nm A1=320 D;=0.90 91 A1=623 D;=0.62 126
1,=341 D,=0.85 1,=678 D,=0.69
CoPc -38nm A1=323 D;=0.87 89 =627 D;=0.59 108
/122345 D2=0.82 /122680 D2=0.64
CuPc -76nm A=227 D=0.69 110 21=485 D;=0.79 156
22=553 D,=0.52
CuPc -48nm A=227 D=0.62 96 1=482 D;=0.71 128
22=558 D,=0.48
CuPc -31nm A=227 D=0.58 83 21=476 D;=0.67 102
J2=544 D,=0.39
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Along the edge of the absorption spectra, the width of the optical band gap B and Q of the MPc films
was estimated (Fig. 4a, b). The estimation of the width of the optical band gap of MPc films was carried out
by the TaucPlot method. As can be seen from Figure 4a, the width of the band gap in the B-band was for
H2Pc films: Up=3.10, ZnPc: Up=2.94, CoPc: Up=2.99, CuPc: Up=3.25. The width of the optical band gap in
the Y-band showed values for H2Pc films: Up=1.62, ZnPc: Up=1.66, CoPc: Up=1.62, CuPc: Up=1.65
(Fig. 4b).
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Figure 4. The width of the optical band gap B (a) and Q(b) ranges of phthalocyanine films and its metal complexes

Photoelectrical characterizations

Photovoltaic cell samples consisting of a glass substrate, a transparent conductive layer of polycrystal-
line FTO (anode), a photoactive MPc layer and an aluminum electrode were prepared for photovoltaic meas-
urements (Fig. 5a). Figure 5b shows a diagram of MPc energy levels. It can be seen from the diagram of en-
ergy levels that the values of the band gap width and the position of the energy levels of HOMO and LUMO
phthalocyanines differ slightly. The width of the forbidden zone varies in the range from 1.6 to 1.9 eV. The
shift of the energy levels of HOMO and LUMO in phthalocyanines depends on the central metal atom.

a) b)

Phihalocyanine
FT0

Glass

Figure 5. Photovoltaic cell structure (a) and diagram energy levels (b)

Figure 6 shows MPc current-voltage characteristics with different thicknesses. As can be seen from the
figure, the current-voltage characteristics are nonlinear. The photosensitive cell based on H2Pc has the low-
est values of electrical characteristics. The efficiency of charge carrier generation in a solid H2Pc film is low
due to the weak broadening of the absorption bands in the B- and Q-bands (Fig. 3a). This is indicated by the
low value of the short-circuit current density Jsc = 3.7 mA/cm?2. The maximum no-load voltage Vo = 0.48 V
has been achieved for films with a thickness of 51 nm. The ZnPc-based photocell has improved characteris-
tics, such as the short-circuit current density Jsc =12.3 mA/cm? and the maximum value of the no-load volt-
age Voc = 0.90 V. These values were obtained for films with a thickness of 34 nm. For CoPc films, the cur-
rent density value Jsc = 9.2 mA/cm? and the maximum voltage Vo = 1.26 V were obtained for films with a
thickness of 73 nm. The current-voltage characteristics of CuPc-based cells showed a value of Js
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=8.2 mA/cm?, while the maximum voltage value at a film thickness of 48 nm is Vo= 0.90 V. This fact is due
to an increase in the optical density and a broadening of the absorption bands in the short-wave and visible
spectral regions. The analysis of the current-voltage characteristics in the figures shows that the values of
Jmax @nd Jsc cells based on phthalocyanine with a central metal atom increase by almost 2.5 times, compared
to a photocell based on nonmetal phthalocyanine, while the dependence of Js. on the thickness of films in all
MPCs does not change. However, there is a dependence of V. on the thickness of MPc films (Table 2).
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Figure 6. Current-voltage characteristics of H2Pc(a), ZnPc (b), CoPc (C)and CuPc (d) with different thicknesses

Table 2
Photovoltaic characteristics of phthalocyanine and its metal complexes

Film, thickness Voe(V) Jse(MA/cm?) Vimax (V) Jmax(MA/cm?) FF
H2Pc -64 nm 0.39 3.7 0.20 1.3 0.15
H2Pc -51 nm 0.48 3.7 0.23 15 0.19
H2Pc -44 nm 0.45 3.7 0.21 1.4 0.19
ZnPc -57 nm 0.78 12.3 0.32 4.6 0.15
ZnPc -42 nm 0.83 12.3 0.33 4.7 0.16
ZnPc -34 nm 0.90 12.3 0.34 4.8 0.14
CoPc -73nm 1.26 9.2 0.44 3.1 0.11
CoPc -46 nm 1.11 9.2 0.42 3.2 0.13
CoPc -38 nm 0.94 9.2 0.41 3.4 0.16
CuPc -76 nm 0.69 8.2 0.30 3.2 0.16
CuPc -48 nm 0.90 8.2 0.33 2.9 0.13
CuPc -31nm 0.62 8.2 0.29 2.8 0.14

Figure 7 shows the impedance spectra of cells of the FTO/MPc/AI structure with different thickness of
the MPc layer. As can be seen from the figure, the cell based on H2Pc has the highest values of electrophysi-
cal characteristics. The resistance of the H2Pc film with a layer thickness of 64 nm is 5697.8 ohms, the re-
combination resistance is 1.57-105 ohms. When the layer thickness decreases to 51 nm, a decrease in the
resistance value is observed, and at a thickness of 44 nm, the film has minimal electrophysical characteristics
for this type of phthalocyanine, Rw =4389.3 ohms, R=1.39-105 ohms. The conditional mobility of charge
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carriers increases with a decrease in the thickness of H2Pc. The data of the impedance spectra are consistent
with the data of the current-voltage characteristics and the characteristics of the optical absorption spectrum.
For CoPc films, a device with a layer thickness of 46 nm has optimal characteristics. Rrec = 1.34-106 ohms,
Rw = 368.6 ohms. For a 76 nm thick CuPc film, the resistance parameters are equal to Rrc = 0.42 -105 ohms
and Ry = 4012.7 ohms. However, the ZnPc-based device has the best characteristics. For a ZnPc film with a
thickness of 34 nm, the minimum resistance value Ry = 173.4 ohms has been achieved, at this thickness the
recombination resistance is 1.37-106 ohms, the effective lifetime of charge carriers is 81 ms and is the high-
est among all the studied samples, Des is 34.2 10® cm? /s%, and the conditional mobility of charge carriers it
is maximum and equal to 1.4-10°%cm?V1,st. The dynamics of changes in electrophysical parameters is
caused by changes in the values of optical density, broadening of absorption bands in the short-wave and
visible spectral regions and is consistent with the data of the current-voltage characteristics (Table 3).
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Figure 7. Impedance hodographs in Nyquist coordinates for sprayed films H2Pc (a), ZnPc (b), CoPc (c¢) and CuPc (d)
with different thicknesses
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Table 3

Charge transfer parameters of phthalocyanine films and its metal complexes with different layer thicknesses

Film, thickness Det, Ketr, Teff, Rrec, Rw, 1,
(sm2-sh (sh (ms) (ohm) (ohm) (cm?V1 s

H,Pc -64 nm 28.7-10° 25.5 39 1.57-10° 5697.8 0.1-10°%
H2Pc -51 nm 20.9-10° 26.4 37 1.46-10° 4789.7 0.9-10°
H2Pc -44 nm 17.2-10° 28.1 35 1.39-10° 4389.3 0.7-10°
ZnPc -57 nm 23.8-107 15.5 64 1.5-108 316.3 1.3-10°
ZnPc -42 nm 17.5-107 14.2 70 1.42-10° 203.2 1.1-10°
ZnPc -34 nm 34.210°8 12.3 81 1.37-10° 173.4 1.4-10°
CoPc -73nm 29.7-107 15.3 65 1.38-10° 378.1 0.2-10°
CoPc -46 nm 10.5-107 13.7 72 1.34-10° 368.6 0.8-10°
CoPc -38 nm 79-106 13.3 75 1.52-10° 370.1 0.5-10°
CuPc -76 nm 15.510°% 25.7 38 0.42-10° 4012.7 0.2-10°
CuPc -48 nm 21.1-10° 175 57 2.11-10° 4025.7 0.1-10°
CuPc -37 nm 2.5-10° 4.3 23 1.73-10° 4063.7 0.6-10°
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Conclusions

As a result of vacuum spraying under the same conditions, MPc films were obtained, the SEM image of
the transverse cleavage of the films showed that the thickness of the vacuum-deposited films is approximate-
ly the same. The measured absorption spectra showed that the maximum of the B-band for H2Pc, ZnPc and
CoPc films is located at a wavelength of A = 340 nm. In the Q-band, two maxima are observed at wave-
lengths A = 630 nm and A = 690 nm. For CuPc films, a hypsochromic shift of absorption maxima A = 227 nm
is observed in the B-band region, as well as a shift of maxima in the Q-range A=485 nm and A = 553 nm.
Based on the results obtained, it was found that the value of the half-width of the absorption spectra decreas-
es with a decrease in the thickness of MPc films. Along the edge of the absorption spectra, the width of the
optical band gap of the B and Q ranges of MPc films is determined. The photovoltaic properties of
FTO/MPc/AI cells with different MPc thicknesses were measured. The measured of the current-voltage
shows that the values of Jmax and Jsc cells with metal phthalocyanine increase almost 2.5 times compared to
the H2Pc-based photocell, while the dependence of Jsc on the thickness of films in all MPCs does not
change, however, there is a dependence of Vo on the thickness of MPc films. The ZnPc-based photocell is
characterized by improved characteristics of the short-circuit current density Js. = 12.3 mA/cm? and the max-
imum no-load voltage Vo = 0.90 V, which are obtained for films with a thickness of 34 nm. The measure-
ment of the impedance spectra of the cells confirms that the effective lifetime of the charge carriers for the
ZnPc film was 81 ms and is the highest indicator among all the samples studied. The dynamics of the elec-
trophysical parameters for all MPc films is due to changes in the optical density values, broadening of the
absorption bands in the short-wave and visible spectral regions and is consistent with the data of the current-
voltage characteristic.
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A K. AiimyxanoB, A.T. MaxabaeBa, A.K. 3eitHuieHOB

dTajIoNMAHUH MEeH OHbIH MeTaJ/J1 KellleHAepi KadbIpImaKTapbl KAJbIHABIF bIHBIH
OHBbIH ONTUKAJIBIK KJHeE JIEeKTPJIIK KacueTTepiHe dcepi

Makanazna apTypili KaIBIHIBIKTAaFbl (PTATONMAHIH JKOHE OHBIH METaUl KelleHepi KaObIKIIanapbIHbIH KYPbI-
JBIMIIBIK, ONTHKAJBIK JXKOHE SJICKTP(U3MKAJIbIK CHUIIATTaAMATIApBIHBIH 3€pPTTEY HOTHXKENepl YChIHbUIFaH. Ba-
KyyMJia TepMUSUTBIK Oyinany apKbutsl oTKisrim FTO Gerinae ¢pTanonuaniH )KoHE OHBIH METaJlI KeIICHCPiHIH
KaOBIKIIACH! aJbIHIBL B sxoHe Q omakrapreiHaa OaiiKamaTblH KEHEIO KOHE KYTBUTYy CHEKTPiHIH MaKCUMYM-
JAapbIHBIH TMIOXPOMIIBIK BIFBICYBI OPTAJIBIK aTOMMEH OailIaHBICTBI €KeHi kepceriireH. MPc KaObIKIIagapbl-
HBIH KaJIBIHIBIFBI a3aiiFaH CalblH JKYTBUTY CIIEKTpiHIiH jkapThl eHi asasusl. FTO/MPc/Al ysmersiana ¢raso-
[IMaHWH KaOBIKIIaTapbIHBIH KaJIBIHBIFEI 3apsil TachIMaJlayIIbulap TeHepanysIChIHBIH JKOHE TaChIMaIaHybI-
HBIH THIMALUTIriHE acepi 3epTTengi. MeTancs3 (TanonnanuH Heri3iHgeri GpoToameMeHTHeH CabICTRIpFaHIa
TOK KepHEYiHIH CHIaTTaMachl IamMaMeH 2,5 ece ©CeTiHi KopCceTUIreH. AJIBIHFAaH UMIIEIaHC HATHXKeIepiHeH
¢dranounaHUHACPIIH MEKTPYUHKAIBIK TapaMeTpIiepi, ONTHUKAJIBIK THIFBI3IBIK MOHAEPI MEH CIIEKTPIIH KbIC-
Ka TOJIKBIHIBI JKOHE KOPIHETIH aiMaKTapbIHOAFBl JKYTBUIY JXOJAKTAapbIHBIH KCHEIOiHe OailIaHBICTHI eKeHi
AHBIKTAJIBL, OYJT BOJIBT-aMIEPIIiK CHITaTTaMachlHA TaJay AEPEKTECPIMEH COMKeC Kelei.

Kinm ce3oep: pronaumanuH, Metangap GTOTalUaHNHI, KATTH KaOBIKIIATAP, )KYTHUTY CIIEKTPIIEpi, UMIICIaH-
CMETp, BOJIBT-aMIIEPIIiK CHIIaTTamManap.

C.K. Taxubaes, M.K. beiicembekoB, K.C. PoxkoBa, A.M. XKakanosa, A.K. AiimyxaHoB,
A.T. Maxa0aeBa, A.K. 3eiinnaeHos

BausiHue TOMIIMHBI IVIEHOK (PTAJTONMUAHUHA M €r0 MeTAJJIOKOMILIEKCOB Ha
ONTHYECKHE U JJIEKTPUUYECKHe CBOMCTBA

B crartbe mpeacTaBIeHbI Pe3yabTaThl HCCIEIO0BAHMS CTPYKTYPHBIX, ONTHIECKHX M DIEKTPODHU3MIECKHX Xa-
PaKTepUCTHK TUICHOK (TANONHAHNHA U eT0 MeTaIOKOMIUIEKCOB Pa3iHIHON ToMIHHEL Ha mpoBosmeit mo-
BepxHOCTH FTO MeTOOM TepMHYECKOTO MCIIAPEHHsI B BaKyyMe OBUIM MONYYCHBI IUICHKH (TalOlHaHuHa U
ero MeratoKoMIuiekcoB. IlokasaHo, 4To HabIIOfaeMoOe YIIMpEHHe HoJ0¢ B u Q M T'MICOXPOMHBINA CIOBHT
MaKCHMyMOB CIIEKTpa MOTJIONICHHS CBA3aHBI C IEHTpaIbHbIM aTOMOM. C yMEHBUICHHEM TOJIIUHBI [UICHOK
MPc¢ NpOHCXOAUT CHUKCHHE 3HAYCHHS MOJYIIMPUHBI CIEKTPa MOTJIONMICHH. V3y4eHO BIHMSHHE TOJIINHBI
IWICHOK (ranoianiHa Ha 3(GQEKTHBHOCTh TeHEepalMd ¥ TPAHCIOpPTAa HOCHTENCH 3apsaa B siYeike
FTO/MPc/AL. Tlokazano, uto BAX yBenuuuBaercst moutd B 2,5 pa3a Mo CpaBHEHHIO ¢ (JOTOIIEMEHTOM Ha
OCHOBe 0e3MEeTaIOBOrO (GranoimannHa. 13 MoTyIeHHbIX JaHHBIX H3MEPEHHsT HMIIEIaHCa YCTAHOBIICHO, ITO
3IIEKTPOGU3MIECKHIE TTAPAMETPHI (PTATONNAHHHOB 3aBHCST OT 3HAYEHMI ONTHYECKON IUIOTHOCTH, YIIHPEHHUS
TIOJIOC TIOTJIOMICHHS B KOPOTKOBOJIHOBOW M BUAMMOM OGJIACTH CIIEKTPa, UTO COTIIACYETCS C JAHHBIMH aHAIN3a
BOJIBT-aMITCPHOM XapaKTePHCTHKH.

Knouegvie cnosa: dranonnanut, GTaloNHaHUHBI METAIUIOB, TBEP/bIC [UICHKHU, CIICKTPbI MOTJIOICHHMS, HMITe-
JTAaHCMETP, BOJIbT-aMIIEPHbIE XapaKTEPUCTUKH.
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Simulation of the influence of parameters of disturbing vibration accelerations on the
operation of a new two-channel transformer gravimeter

A new two-channel transformer gravimeter of an automated aviation gravimetric system was considered, the
accuracy of which is higher than gravimeters known today. Its design was described. The influence of the pa-
rameters of disturbing vibrational accelerations on the operation of a new two-channel transformer gravimeter
was simulated. The influence of frequencies and amplitudes of perturbing accelerations for the most unfavor-
able resonant cases on the operation of a two-channel transformer gravimeter was studied using a computer.
After all, today there are no scientific, theoretical and practical works devoted to researching the possibility
and expediency of using a two-channel transformer gravimeter as an AGS gravimeter. The transformer gra-
vimeter contains a sensitive element consisting of a magnetic circuit, a movable armature, a primary excita-
tion winding and a secondary output winding having two identical sections. Two sections of the secondary
winding are connected in series-opposite, and the movable armature is connected to the motor, which, with a
certain period, lowers the armature down and lifts it up along the magnetic circuit, and the motor is controlled
by a switching device connected to the control voltage source, and the output signal from the secondary out-
put winding is fed to the input of the output signal calculator, where an output signal is generated that is pro-
portional to twice the value of the gravitational acceleration. A transformer gravimeter is a means of measur-
ing the vertical component of the gravitational acceleration vector from an aircraft and can be used in the
field of geodesy, geophysics, in particular, in the formation of reference gravimetric grids in hard-to-reach ar-
eas of the globe, as well as in aircraft and rocket building. The transformer gravimeter is part of the aviation
gravimetric system placed on the aircraft.

Keywords: two-channel transformer gravimeter, disturbing action, resonant modes, damping, gravitational
acceleration.

Introduction

Today, the use of an aviation gravimetric system (AGS) for mineral exploration (geology, geophysics,
geodesy), for the correction of inertial navigation systems (aircraft and rocket science), for locating moving
objects in the waters of the seas and oceans (military area), etc. Gravimetric measurements are made on the
surface of the Earth, on submarines, on surface vessels and on aircraft. Airborne measurements make it pos-
sible to obtain information on gravitational acceleration (GA) in hard-to-reach areas of the globe with a
speed and efficiency much higher than ground-based measurements.

Ground-based gravimetric systems do not allow determining GA in hard-to-reach regions of the Earth;
they are carried out extremely slowly. Traditional airborne gravimetry is characterized by somewhat outdat-
ed technology and an insufficient level of accuracy. Aviation gravimetry has undeniable advantages over
land and sea gravimetry. This is both greater speed, and the ability to carry out measurements in hard-to-
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reach areas of the Earth, higher productivity, and a fairly high measurement accuracy. It is possible to signif-
icantly improve the accuracy by using an aviation gravimetric system [1], the sensitive element of which is a
new two-channel transformer gravimeter, the advantages of which over the known gravimeters are high ac-
curacy, powerful output signal, linearity of the characteristic over a large range, etc.

Review of scientific literature on the research topic. The analysis of the literature has shown that a great
contribution to the theory and practice of measuring transducers, which are the basis for the operation of gra-
vimeters, is associated with the names of L. Bergman, G. Tiersten, A.A. Andreeva, V.V. Malova,
N.A. Shulgi, V.V. Lavrinenko, S.I. Pugacheva, O.P. Kramarova, A.E. Kolesnikova, P.A. Gribovsky and oth-
ers [1-10].

To date, there are several types of gravimeters for aviation gravimetric systems, which have both ad-
vantages and disadvantages. In [4], the elastic element and the moving mass are made in the form of an ele-
ment made of a sapphire single crystal. The invention [5] improves accuracy by reducing zero drift, increas-
ing the range of linearity, and improving the filtering of inertial noise. In the gravimeter [6], the sensitive
element for determining the BC is made of silicon or glass. This provides the sensitive element with excep-
tional reliability, high accuracy and stability of readings with respect to time and temperature.

Leading technical universities in the USA, Japan, Germany and other countries of the world are devel-
oping new models of AGS gravimeters and improving their accuracy [11-14]. However, almost all known
gravimeters simultaneously measure the useful signal GA and the noise signal of vertical acceleration [1, 9,
15], which is 103 times greater than the useful signal GA [1, 9]. They need long-term periodic calibration,
tuning, filtering of the output signal [16], which greatly complicates the work. The existing latest develop-
ments relate to marine [17, 18] and land [19] measurement methods that are not used in aviation gravimetry.

In the last 20 years, mainly quartz heavily damped gravimeters, string gravimeters, and gyroscopic gra-
vimeters have been used as aviation gravimeters [20-27]. A single-channel capacitive gravimeter (CG) is
also known. It is the main sensitive element of automated AGS [28]. However, the single-channel CG does
not provide for the elimination of errors caused by the influence of vertical acceleration, as well as instru-
mental errors.

It is known [29] that the capacitive method of mass displacement measurement provides high accuracy
only when measured by its compensation method, in which the gap is kept constant. Provides an accuracy of
2 mGal, which is not sufficient for GA measurements.

In the invention [30], the elastic element and the moving mass are made in the form of an element made
of a sapphire single crystal. This element has the shape of a polyhedral prism with two through side holes.
However, the sensitivity of the gravimeter is limited mainly by aging processes and depends on the change in
the elastic properties of the spring in the gravimeter with temperature.

The gravimeter [31] consists of a quartz sensitive system damped by a liquid. The invention improves
accuracy by reducing zero drift and increasing the range of linearity. The disadvantages of this gravimeter is
the complexity of the design, the lack of full compensation of the main interference — vertical inertial accel-
eration; the presence of a filter complicates the design and reduces its reliability.

According to analysts from Gartner, microelectromechanical systems make it possible to increase the
sensitivity and accuracy of converters (sensors) at the crystal level at minimal cost. Capacitive, piezoelectric,
tensoresistive, thermoresistive, Hall effect, photoelectric converters are mainly used. Capacitive MEMC ac-
celerometers manufactured by AnalogDevices, Bosch, Delphi, Denso, Freescale, Kionix, SiliconDesigns, ST
Microelectronics, VTI Technologies are leaders in the modern market [12]. However, the accuracy of their
work and the stability of the characteristics are not high enough. They are unstable, depend on the influence
of external electromagnetic fields, which are large on the aircraft.

Having studied and analyzed the literature and Internet data [20-31], we can conclude that the known
gravimeters have the following main disadvantages: non-linearity of the initial characteristic; low measure-
ment accuracy (2-8mGal); the need to use complex procedures for filtering the output signal of the AGS gra-
vimeter using special filters; the presence of instrumental errors and errors from the action of vertical accel-
eration; low speed of information processing (processing of the results of gravimetric measurements is car-
ried out on Earth for months) and others.

The proposed transformer gravimeter (TG) [7] has undeniable advantages over known gravim-
eters: it measures acceleration in both positive and negative directions. The TG can measure static
accelerations and vibrations with high accuracy. The main part of the gravimeter is a symmetrical
sensitive element (SE), which has two sensitive transformer converters [1]. This reduces tempera-
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ture dependence, sensitivity to cross-accelerations and increases linearity. The influence of vertical
acceleration is eliminated, as well as instrumental errors and errors from non-identical parameters of
the two channels are eliminated. An increase in the power of the output signal of the TG is provided
by feeding the output signals of two transformer converters to the adder, where the useful output
signal GA is doubled.

Statement of the research problem. Today, there are no scientific-theoretical and practical works devot-
ed to research of the possibility and expediency of using a two-channel transformer gravimeter as an AGS
gravimeter, the advantages of which over known gravimeters are greater accuracy (due to the elimination of
the effect of vertical acceleration, instrumental and other errors) and sensitivity, small weight and size char-
acteristics , simplicity of design, and others [7]. Therefore, it is expedient to study the parameters and charac-
teristics of this type of gravimeter.

The object of study of this article: the process of measuring the acceleration of gravity.

Subject of the article: two-channel transformer gravimeter.

The purpose of this article is to model and study the influence of the parameters of disturbing vibration-
al accelerations on the operation of a new two-channel transformer gravimeter (two-channel TG) of an auto-
mated aviation gravimetric system using a computer.

Obijectives of the article: to present data on the design and principle of operation of a new two-channel
transformer gravimeter; to investigate the stability of two-channel TG; to simulate the effect of disturbing
vibrational accelerations on the operation of the two-channel TG; develop software and use it to investigate

the influence of frequencies @, amplitudes W, , W, of disturbing vibrational accelerations and damping

coefficient for the most unfavorable resonant cases: @ = @y, ® = 2w, 2w = @, ; where o, is the natural
frequency of the two-channel TG; analyze the obtained simulation results.

Research methods and materials

Next, we present the main materials and research methods in accordance with the goals and objectives.

1. Stability studies of a system with a two-channel TG

When carrying out measurements, a transient process always occurs, in which the output signal of the
measuring instrument changes significantly with time. This is explained by the inertial properties of the
measuring instrument, which cause the appearance of a dynamic error [1, 8]. The system under study is non-
linear, like most systems in nature and technology. In [1, 9], the characteristic equation of the two-channel
TG system was obtained:

D(p)=T?p?+2-&-T-p+(1+Krere ) =100 p° +14p + (1+40). (1)

With a stable two-channel TG system, under any real impact on it, the controlled value during the tran-
sient will not deviate from the set value indefinitely. There are many stability criteria, both analytical and
graphical. The best known are the Nyquist and Hurwitz criteria. Let us define the stability of the system with

two-channel TG according to these criteria. In accordance with the Hurwitz stability criterion, in order for
the automatic control system to be stable, it is necessary and sufficient that all Hurwitz determinants have the

same signs with the sign of the leading coefficient of the characteristic equation a,, that is, when a,_, > 0
they are positive [8].
Thus, a necessary and sufficient stability condition for a second-order system, which is equation (1), is

the positivity of the coefficients of the characteristic equation. In our two-channel TG system, we observe the
following:

ay=T% =100 >0,
a,=2-£-T=14>0

)
a,=1+K=40>0.
Thus, according to the Hurwitz stability criterion, the two-channel TG system (2) is stable.
Transfer function two-channel TG over the HA channel for the output voltage [8]:
K
W — TG ' 3
re(P) T,p?+T,p+1 )
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where K. — static transmission factor two-channel TG, T, and T, — time constants of the object of

the second order.
To study two-channel TG for stability, according to the Nyquist criterion, we use the two-channel TG
transfer function (3):
40

Wrere (P)=1 00,2 114 pat (4)
We substitute p=j® into equation (4) and obtain the two-channel TG frequency transfer function:
40 _ 40(1-1000° +14 j)
~1000°+14 jo+1  (1-1000%)? + j(—14w)?
where X (w), Y (w) — real and imaginary parts of the two-channel TG transmission frequency func-

tion, respectively.
We select from equation (5) the real and imaginary parts and find the point of intersection of the ampli-
tude-phase characteristic (APC) real axis X (w):

W(jow) = = X(w)+ jY (o), (5)

40(1-100 »?).

M= 100 w?) 2+ j(—14w)?
B 4014w _ ©)
v (w)_(l—loo @2)%+ j(-14w)?’
X (0) = 40.

Based on the calculated data (6), we construct the APC (Fig. 1) in the MatLab software environment
(Nyquist hodograph).

In order for the two-channel TG system to be stable, it is necessary and sufficient that the Nyquist hod-
ograph does not cover the point with coordinates (-1, j0). As we see from Figure 1, the point is not covered,
therefore, the two-channel TG system is stable.

Nyquist Diagram

40 : -

20 b § .

Imaginary Axis
o
T

1 1

-30 -20 -10 0 10 20 30 40 50 60 70

Real Axis
Figure 1. Amplitude-phase characteristic of two-channel TG
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2. Design and principle of operation of the transformer gravimeter

The transformer gravimeter belongs to the means of measuring the vertical component of the HA vector
on board the aircraft and can be used in the field of geodesy, geophysics, in particular, in the formation of
reference gravimetric grids of hard-to-reach areas of the Earth, as well as in the aerospace area.

The closest analogue of two-channel TG is a solenoid-type transformer converter [1, 4] (Fig. 2).

Figure 2. Transformer converter [1, 4]

The common essential features of a transformer converter (TC) and a transformer gravimeter (TG) is
that they contain a sensitive element, which consists of a magnetic circuit 1, a movable armature 2, a primary
excitation winding 3 and a secondary output winding 4, which has two identical sections.

However, unlike TG, TC has a number of disadvantages. Two sections of the secondary winding 4 W,
in TC connected in series-accordingly (beginning-end of one section, beginning-end of another section). That
is, the output winding 4 W, is solid (Fig. 2). Under the action of acceleration of the force of gravity g, ,

which acts along the sensitivity axis of the transformer converter O, , the force of gravity arises G =mg, .
Excitation winding 3 W, is connected to voltage U, and forms an electromagnetic flux of excitation @; .

According to the law of electromagnetic induction, this flux induces EMF E, in winding 4 W, . Under the
action of the acceleration of gravity, the anchor 2 moves down in the middle of the magnetic conductor 1 and
causes a change in the electromagnetic flux @;. Then the electromotive force £, in winding 4 W, will

change in proportion to the acceleration of gravity g,: £, = mg,. The output electrical signal U, will be

proportional to g,: U, = mg,. Under the action of an external electromagnetic flux of an obstacle (signifi-
cant extraneous electromagnetic fluxes occur on moving objects: aircraft, surface and submarines), the EMF
E,, of the obstacle will be induced in the output winding 4 W, : £, =mg, + E, . Accordingly, the output

signal will be U, =mg, +U_ . Instrumental errors from the influence of changes in temperature, humidity,
pressure, moment of dry frlctlon forces, etc. are significant for TC and are not compensated in any way. Ver-
tical acceleration h, when installing TC on aircraft, will act along the axis of sensitivity of the converter,
then: £, = mg, +mh . The value of the vertical acceleration h is 10° times greater than the value of g,

that is, the value of the error significantly exceeds the useful signal.

Thus, a significant drawback of the TC is its low accuracy in measuring gravitational acceleration.

3. New two-channel transformer gravimeter

The new transformer gravimeter is based on the task of increasing the accuracy of measuring gravita-
tional acceleration. Transformer gravimeter contains a sensitive element, which consists of a magnetic cir-
cuit 1, a movable armature 2, a primary excitation winding 3 and a secondary output winding 4, which has
two identical sections. To improve the accuracy of measuring the gravitational acceleration, two sections of
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the secondary winding 4 are connected in series-opposite, the movable armature 2 is connected to the mo-
tor 5, which, with a certain period, sequentially lowers the armature 2 down and raises it up along the mag-
netic circuit 1, and the motor 5 is controlled by the switching device 6, which connected to the source 7 of
the control voltage, and the output signal from the secondary output winding 4 is fed to the input of the de-
vice 8 for calculating the output signal, where an output signal is generated that is proportional to the double
value of the gravitational acceleration (Fig. 3).

An increase in the accuracy of measuring gravitational acceleration in a new two-channel transformer
gravimeter is provided as follows. Under the action of an external electromagnetic flow of an obstacle, this

flow will induce two EMF obstacles in two sections W, , which are included in series-opposite £, and

—E',,; . In total, these errors are compensated. That is, such a counter connection of the sections provides

compensation for errors from the influence of external electromagnetic flows, which can be significant when
installing the gravimeter on a moving object. The action of instrumental errors from the influence of changes
in temperature, humidity, pressure, moment of dry friction forces, etc. will be compensated in a similar way

due to the counter connection of two sections W,. Thus, the proposed transformer gravimeter provides a

significant increase in the accuracy of measuring gravitational acceleration. The essence of the operation of a
two-channel transformer gravimeter (two-channel TG) is explained by the diagram in Figure 3.

The sensitive element of the TG, as in the case of a transformer converter, consists of a magnetic cir-
cuit 1, a moving armature 2, a primary excitation winding 3 and a secondary output winding 4, which has
two identical sections. Two sections of the secondary winding 4 are connected in series-opposite. The mov-
ing armature 2 is connected to the motor 5, which every second successively lowers the armature 2 down and
up the magnetic circuit 1. The motor 5 is controlled by the switching device 6, which is connected to the
source 7 of the control voltage. The output signal from the secondary output winding 4 is fed to the input of
the device 8 for calculating the output signal, the output of which is a signal that is proportional to the double
value of the gravitational acceleration and does not include errors from the influence of the vertical accelera-
tion of the aircraft, residual instrumental errors, residual errors from the projections of horizontal cross accel-
erations and errors caused by the influence of external electromagnetic flows.

The new transformer gravimeter works as follows (Fig. 3).

Control voltage
SOUrce

t 6O
Switch

5 Exit 1 Exit 2 3

Engine - 1 - Enging |

[ ] 3 [ L |

- T, -

(5

/
8 '

Device for
calcwlarion

ot signal

Y
'

Figure 3. Block diagram of the new two-channel TG [7]
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Under the influence of gravitational acceleration g, , which acts along the sensitivity axis of the gra-
vimeter O, , there is a gravity force G =mg,. The excitation winding W, is connected to the voltage
source 7 U and creates an electromagnetic excitation flux @, . According to the law of electromagnetic in-

duction, this flux induces two EMFs E, and — E', in two sections of the winding W, . Under the influence
of gravity, the anchor 2 moves down in the middle of the magnetic conductor 1 and causes a change in the
electromagnetic flux @, and, respectively, E, and — E',. At the point of electromagnetic symmetry TG we

will also receive E, :|—E'2| and the output signal U,=0. When the anchor 2 is moved relative to the point

of symmetry down (Fig. 3) or up (Fig. 3, circled with dashed lines) £, # |—E'2|, the output signal of the

gravimeter will be proportional U, = ‘Ez - E'z‘ =mg, . In the new two-channel TG, a switch device (SD) 6

was additionally introduced, which is powered by a control voltage source 7, which, at regular intervals of
1s, switches the supply of the vertical movement of the armature 2 down (Fig. 3) and up (Fig. 3, circled by a
dotted line) through motor 5.

When a downward motion pulse is supplied from switch device 6 to armature 2, the output signal f, of
the sensitive element is fed to the output signal calculation device 8. After 1 s., an upward movement pulse is
applied to armature 2 and the output signal calculation device 8 receives a signal f, . In the device for calcu-
lating the output signal 8, the final output signal is formed:

f=f+f,=g, +h+Ai+Aw+g, —h—Ai—Aw=2g,, where f,;=g, +h+Ai+Aw — output signal

when armature 2 moves down; f,=0, —h-Ai-Aw — output signal when armature 2 moves up; h — vertical

acceleration of the aircraft; Al — residual instrumental errors; AW — residual errors from the influence of
projections of horizontal cross accelerations on the sensitivity axis of the invention.
That is, in the device 8 for calculating the output signal TG, an output signal equal to the doubled value

is formed 29, . Unlike the transformer converter, the output signal of TG does not have measurement errors

caused by the influence of vertical acceleration h residual instrumental errors Al and residual errors from
the influence of horizontal cross accelerations Aw. Thus, it is shown that two-channel TG has a higher accu-
racy compared to known gravimeters.

4. Development of software for simulation of two-channel TG operation under the action of external
perturbing accelerations

If we divide the two-channel TG equation of motion by m, we get:

X+ 2- EapX + o) x =24, (7)
where & — damping factor; @, — natural frequency of a two-channel TG.

Considering that in a real two-channel TG design there will be residual instrumental errors due to tem-
perature effects, changes in medium pressure or other factors, as well as residual errors from the influence of
vertical acceleration, which can lead to a non-linearity of the equation of motion of our two-channel TG , we
rewrite equation (7) in the form [1, 9]:

. . - 2 .
mi + [ 2n—Lsin( wt+£) ]+ wyx = N'sin at, (8)
where L:mWa, N = mw, — vibration parameters; W, , W, — vibration acceleration amplitudes.

We consider in (8) that M (t)=2n—Lsin(@t+¢), and D(t) = a)g , then:
X+xM (1)+D(t) x=0, 9)
where M (t) and D(t) — T-periodic functions.

Equation (9) without changing the characteristic indicators can be reduced to a similar one, where
M (t) = const.
Let be
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jlvl (t,)dt, =Pt + M, (1),

where ¥=2n; M (tl):}(lvl (tl)—qf)dtzﬁcos(wug).
0 w

(10)

After all mathematical transformations (10), the two-channel TG motion equation can be written as:

Vo
where Vj=—.
Wh

X'+ 2Ewy X"+ (w¢ +V,W, sin ot)Xx’ = 0,005w, sin at,

(11)

Thus, an equation (11) of the Mathieu-Hill type was obtained, taking into account residual errors from

the influence of instrumental errors and h , which is convenient for computer simulation [1, 9, 10].

The software for modeling the operation of the two-channel TG under the action of external disturb-
ances was developed taking into account (11) in the C# software environment. C# is an object-oriented pro-
gramming language developed by Anders Galesberg, Scot Wiltamuth and Peter Golde under the auspices of
Microsoft Research (at Microsoft).

The software product consists of one working window (Fig. 6), in which the parameters for modeling
are set and its results are displayed in the form of Table 1 and graphs (Fig. 4-7).

In Table 1 we will give all the parameters that appear in the calculations and program interfaces.

List of used parameters

Table 1

Ne Conventions Name

1 2 3

1 ¢ Damping factor two-channel TG

2 w Oscillation frequency

3 Wo Natural frequency of two-channel TG

4 Wa The amplitude of the perturbing action along the Oz axis
5 Wi The amplitude of the perturbing action along the Oy axis
6 to Start time

7 tmax Limit of integration (end time)

8 dt Integration step

9 m Mass of the sensing element of the two-channel TG

. Mo swonanns A5 - °EN
wo el wh w 1 Ofparynatw

1 1 Max " - 1y

¥ i p [+
1 4
, .
x > g, [ 1
g T R R W EF S W |

Figure 4. Interface of the computer program for simulating the operation of two-channel TG under the action
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of external perturbing accelerations
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After entering the data in the appropriate fields of the program, for the calculation (or recalculation),
you must click on the “Calculate” button — the graphs will change. To get the numerical values of extremes,
you need to click on the button “Table of extremes”. The program window will expand (Fig. 5.) and the re-
quired table will appear on the right side, as well as a schematic representation of the two-channel TG.

Figure 5. Extended interface of the computer program for modeling the operation of two-channel TG under the action of

external perturbing accelerations

5. Results and discussion of computer simulation studies of the influence of unfavorable resonant modes
model

Thus,

the

equation

of

motion

. - \
X + 2Ea,X + (@] + VW, sin et)x = 0,005w, sin at, V=2

that

we

will

Wh
The parameters of the studied most unfavorable resonant modes are presented in the form of Table 2
Table 2
Parameters of the studied resonance processes
Ne o, ¢ ! W, Wh €
/e 0,15 0,45 0,75 1
1 1 1 0,110000 0,0661010 0,0496894
2 3 3 0,329914 0,1981360 0,1487170
3 ®,=0,1 3 10 Resonance 0,329782 0,1979630 0,1485420
1,099710 0,6604540 0,4957240
4 10 3
5 3 15 0,329687 0,1978360 0,1484160
1,349570 0,9906820 0,7435860
6 15 3
7 1 1 0,130020 0,110905 0,0941927 0,0793500
8 3 3 0,389417 0,332314 0,2819150 0,2373970
9 | ®,/2=0,05 3 10 0,387163 0,339915 0,2796080 0,2352390
10 10 3 1,298060 1,140430 0,9397170 0,7913230
11 3 15 0,386474 0,338340 0,2779130 0,2338590
12 15 3 1,947090 1,710650 1,4095000 1,1869800
13 1 1 0,110504 0,109731 0,1004580 0,0932015
14 | ©,/3=0,03 3 3 0,331016 0,328430 0,3005490 0,2783220
15 10 0,329287 0,325772 0,2976650 0,2743310
16 10 3 1,103390 1,094770 1,0018300 0,9277410
17 3 15 0,328061 0,323891 0,2956390 0,2725110
18 15 3 1,65508 1,642150 1,5027400 1,3916100
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19 1 1 0,0273533 |  0,0235304 |  0,0200020
No Continuation of Table 2
20 3 3 resonance 0,0822427 0,0707352 0,0601209
21 3 10 Beats 0,0828793 0,0712361 0,0605205
0,2741720 0,2357840 0,2004030
22 | 20,=02 10 3
23 3 15 0,0833300 0,0715904 0,6080320
0,4112140 0,3536760 0,3006050
24 15 3
25 1 1 0,0120460 0,0105930 0,0097958
26 3 3 0,0362657 0,0316432 0,0294926
27 3 10 0,0367120 0,0320451 0,0298588
No 0,1208850 0,1054780 0,0983086
08 3@0 _ 0,3 10 3 resonance
29 3 15 0,0370285 0,0323305 0,0301188
30 15 3 0,1813280 0,1582160 0,1474630

Let us represent the obtained graphs of the results of simulation of resonant modes in the form of Fig. 6-7.

iy

— =) 12 =045 E=0.7% — | ——— v =048 R .o laf

a b
Figure 6. Plot of two-channel TG output signal for different values of the damping factor é’ at

W, =W, =1m/s’ and a)=a)0=0,18_1 (@and & at W, =W, =3m/s? and a):a)ozo,ls_1 (b)

b ke X

——T L 4% .7 . in] — 1% o0 44 =T "\ |

. . . . 2
Figure 7. Two-channel TG output plot for different damping ratios ¢ at W, =W, = 3m/s” and

©=0y/5=0055" @and { at W, =W, =3m/s” and 0 =2, =025
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Analyzing the obtained graphs of two-channel TG operation simulation in the most dangerous resonant
modes, presented on Figures 6-7, we can draw the following conclusions:
1) The most dangerous, from the point of view of the possibility of resonance, is only the case of equali-

ty of the frequency of the perturbing action @ to the frequency of natural oscillations of the device @,
since resonance is possible with low damping {'=0,15. For other frequency ratios @ and @, (20 = @y,

3w = w,), resonance does not occur even with low damping and different ratios of the amplitudes of dis-

turbing accelerations (w, =1, 3,10,15 and W, =1, 3,10,15 m/sz).

With a frequency ratio = 2w, , @ = 3w, and low damping, two-channel TG performs complex os-
cillations (beats) — the result of the addition of natural oscillations with a frequency of @, and forced oscil-
lations with a frequency of @ . With an increase in the relative damping coefficient 5 at @ = w,, the reso-

nance is already eliminated at £=0,45, and at = 2w, , @ = 3w, the beats turn into steady oscillations,
which are carried out with a perturbation frequency w .

Recommended values of relative damping coefficient £=0,45..0,75 for o =0, , © =20, ,
o = 3w, and & =0,15...0,30 for 20 = w,, 3w = w,.

2) The conclusion was confirmed that horizontal cross accelerations do not affect the operation of the
TG, the amplitudes of the two-channel TG oscillations are directly proportional to the perturbing acceleration
along the sensitivity axis.

3) Digital simulation of the influence of disturbing acceleration parameters on the two-channel TG

AGS, as well as the instrument's own parameters, confirms the main advantage of two-channel TG over
known gravimeters — its higher accuracy (rms error is 0.01 mGal).

Conclusions: formulation of conclusions based on the results obtained; comparison of the obtained re-
sults with existing results on the topic; evaluation of scientific novelty and practical value of the obtained
results.

Formulation of conclusions based on the results obtained:

- a study of the stability of the new two-channel TG, in accordance with the Nyquist and Hurwitz crite-
ria, showed that DTG is stable;

- as a result of the simulation of the most dangerous resonant modes, graphs of the change in the output
signal x(t) of a two-channel transformer gravimeter for different values of the perturbation frequency ® and
different values of the amplitudes of disturbing vibrational accelerations wa, wb and different values of the
damping coefficient in the most dangerous resonant modes were obtained. It has been established that only

the case of the main resonance @ = @, is the most dangerous. Resonance may occur with a small damping

factor. It is shown that as the damping coefficient increases to 0.705, the resonance disappears. For other fre-
guency ratios, resonance does not occur even with a small damping factor;

- digital simulation of the influence of vibrational acceleration parameters on the DTG, as well as its
own parameters, confirms the main advantage of the DTG over the known gravimeters — its higher accura-

cy.

Comparison of the obtained results with existing results on this topic:
the results obtained are not contained in previously published materials.

Evaluation of the scientific novelty of the results obtained:

in this article, the following new results were obtained: for the first time, modeling was carried out and
the corresponding graphs of the most dangerous resonant modes of a new two-channel transformer gravime-
ter were obtained. It is shown that resonance is possible only in the case when the frequency of perturbing
vibrational accelerations is equal to the frequency of natural vibrations of the device. It is shown that the res-
onance is eliminated by increasing the damping coefficient to 0.705. In other cases, resonance does not oc-
cur.
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Assessment of the practical value of the results obtained:

the practical value of the results obtained in this article lies in the fact that the expediency of the practi-
cal use of a new two-channel transformer gravimeter is substantiated, since it has greater accuracy compared
to known gravimeters, is stable, has a simple design and a powerful doubled output signal for its operation,
does not affect horizontal cross accelerations with any ratio of their frequency and the natural frequency of a
two-channel transformer gravimeter.
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E.H. besBecenbna, F0.B. Kupnuyk, M.C. I'puneBuuy, T.A. Tonouko

7Kana eki kaHaaAbI TPaHCPOPMeEpP rPABUMETPIHIH KYMbICHIHIAFbI
O0yY3bLIFaH AIpiJ yaeyi mapaMeTpJiepiHiH dCepiH Moaeabaey

Makanasa aBTOMaTTaHIBIPBUIFAH aBUAIMSIIBIK I'PaBUMETPHSIBIK JKYHEHIH jKaHa €Ki apHaibl TpaHchopMa-
TOPJIBIK TPABUMETPi KapacTHIPBUIFaH, OHBIH TAJIIri OYTiHri KyHi Genrini rpaBuMeTpiepieH skorapbl. OHBIH
IU3aifHbl cunaTtTairad. JKaHa eki apHaibl TpaHC()OPMATOPIBIK TPABUMETP/IH >KYMBICHIHA OY3BUIATHIH Aipia
YZAeyi mapaMeTpIiepiHiH acepi MonenpaeHai. Exi apHamsl TpaHC(HOPMATOPIIBIK IPaBUMETPIIH KYMBICHIHA aca
KOJIAChI3 PE30HAHCTHIK JKaFJaiiiap YIIiH KUUTIKTep MEH KO3IBIPFBII YACYIepAiH aMIUTHTYJaJlapbIHBIH dcepi
OEM kemeriMeH 3epTrenai. OUTKeHi OYTiHTI KYHi €Ki apHaibl TpaHC(HOPMATOPIBIK TPAaBUMETPIIi aBHALIUS-
JBIK TPaBUMETPHUSUIBIK JKYHEHIH IpaBUMETpi peTiHAe KOJIaHy MYMKIHIIr MeH apHaibl MakcaTTa 3epTTeyre
apHaJFaH FBUIBIMH, TEOPHSJIBIK XKOHE MPAKTHKAIBIK JKYMBICTAp KOK. TpaHchopMaTopbH rpaBUMETpi Mar-
HUT Ti30€riHeH, KbUDKBIMAIIBI apMaTypaaH, 0acTamksl KO3IbIPY OpaMbIHAH JKOHE €Ki Oip/eil ceKIuschl Oap
KaiTaama IIBIFBIC OpaMbIHAH TYPATHIH CE3iMTall AJIEMEHTTI KaMTH/bL. EXiHIN peTTik opaMHBIH €Ki CeKIHs-
cBl Oip-OipiHe Kapama-Kapchl JKaJFaHFaH, all KO3FaIMalbl SIKOPh KO3FANTKBIIIKA KOCBUIABL, OJ1 Oenrimi Oip
Mep3iMe SKOPBIi TOMEH TyCipelli )kKoHe MarHUTTIK KOHTYp OOMBIMEH KOFaphl KOTEpiie i, al KO3FaaTKbIIITHI
Oackapy KepHEYiHIH Ke3iHe KOCBUIFaH KOMMYTAIMSIIBIK KYPBUIFEI OacKapabl, ajl eKiHII PeTTiK IIBIFBIC Opa-
MachIHaH MIBIFAaTBIH CUTHAI IIBIFBIC CUTHABIHBIH KaJbKYJIATOPBIHBIH KipiciHe Oepijieqli, OHJa IIBIFBIC CUTHA-
TBI TTaiiia OoJIa/Ibl, O TPAaBUTALMSIIBIK YICYAIH €Ki ecelIeHreH MOHIHe MpOomopIuoHaasl. TpaHchopmaTop-
JIBIK TPaBUMETP YIIIy ammapaThiHbIH OOPTHIHAH TPaBUTALMSIIBIK Y€y BEKTOPBIHBIH TiK KypamIac eJuey Ky-
pajiapbIHa JKaTaJIbl )KoHE OHBI Ieoie3us], reo(M3HKa calacklHia, aTal aiTKaHaa, JKep mapbIHbIH XKeTyi KUbIH
aylaHIapbIHA TIPEKTIK IPaBUMETPHSUIBIK JKEJIiHI KAIBIITACTHIPY Ke3iHJle, COH/Ial-aK YIaKTap MeH 3bIMBIpaH
Kacayna Koijianyra 6omanpl. TpaHchopMaTOpIIBIK IpaBUMETp YINy ammaparbiHia OpHAIaCKaH aBHAIMSIIBIK
TPaBUMETPHUSUIIBIK KYHEHIH KYpaMbIHa Kipei.

Kinm coe30ep: exi apHaibl TpaHC(HOPMATOPIBIK IPABUMETP, KO3ABIPYIIBI OPEKET, PE30HAHCTHIK PEXUMIED,
0oceHeTy, TPAaBUTAIMSUTBIK YACY.

E.H. be3secunbhas, 10.B. Kupuuyk, M.C. I'punesny, T.A. Tonouko

MopenupoBaHnue BIUSIHUS IapaMeTPOB BO3MYIIAIOIIMX BUOPALIMOHHBIX YCKOPEHUi
Ha padoTy HOBOI'O IBYXKAaHAJIbHOI0 TPaHCGOPMATOPHOI0 FPaBUMETPA

PaccMOTpeH HOBBIH JIByXKaHAJbHBIH TpaHC(OPMATOPHBIH TPaBUMETP aBTOMATH3MPOBAHHOW aBHALIMOHHOW
TPaBUMETPUYECKOH CHCTEMBI, TOYHOCTH KOTOPOTO BHIIIE M3BECTHBIX CErofHsS IpaBUMeTpoB. OmmcaHa ero
KoHCTpyKnus. [IpoBeseHo MoaenpoBaHye BIUSHHS ITAPaMETPOB BO3MYIIAIONIIX BUOPATHOHHBIX YCKOPEHHI
Ha paboTy HOBOTO JABYXKaHAJIBHOTO TPAHC(HOPMATOPHOTO rpaBuMeTpa. MccaenosaHo ¢ momomsio DBM Biu-
STHUE 9acTOT ¥ aMIUIUTYJ BO3MYIIAIOIINX YCKOPEHHH Il Hanbosee HeOIaronpuaTHEIX PE30HAHCHBIX CITyda-
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€B Ha paboTy JBYXKaHaJIbHOTO TPaHC(HOPMATOPHOrO TpaBUMeTpa. Bexb cerogHs OTCYTCTBYIOT HAy4YHO-
TEOpeTH4ECcKHe U MPaKTUUECKUe pabOoTHI, MOCBSIIIEHHbIE HCCIIEJOBAaHUSM BO3MOXKHOCTH U LIeJIECO00Pa3HOCTH
UCIIONB30BaHNs B KauecTBe TpaBuMeTrpa AI'C nByXkaHanbHOTO TpaHC(hOpPMAaTOpHOro rpaBuMeTpa. TpaHc-
(hOopMaTOPHEIN TPAaBUMETP COAEPKUT UYBCTBHTEIBHBIN 3JIEMEHT, COCTOSIINHA M3 MarHUTOIIPOBOAA, MOIBIK-
HOTO SIKOPSI, IIEPBUYHON 0OMOTKH BO30Y)KAEHHS U BTOPUYHOH BBEIXOIHOI OOMOTKH, UMEIOIIEH IBE OJIMHAKO-
BBIC CEKIWH. J[Be CeKnmM BTOPWUYHOII OOMOTKH COEIWHEHBI IOCIENOBATEIFHO-BCTPEUHO, A ITOJBHIKHBII
SIKOPb COCJMHEH C JBUraTeneM, KOTOPBII C OIpE/eIeHHbIM MEPUOJOM OITyCKAeT SKOPb BHU3 U IOJHUMAET
BBEPX 110 MarHUTONPOBOJIY, MPHUUYEM ABUTATENEM YNpPaBISET YCTPOHCTBO MEPEKITIOUEHHUS, MOAKIIOUEHHOE K
UCTOYHUKY HANpPSDKEHHUs YIPaBIEHUs, a BBIXOIHON CHUTHAT CO BTOPHYHON BBIXOAHOI OOMOTKHM MOZAeTcsl Ha
BXOJ[ yCTPOMCTBA BBIUMCIECHHS BHIXOAHOTO CUTHAIIA, I/Ie TEHEPUPYETCs BBIXOAHOH CHTHAI, IPOHOPIHOHAb-
HBIH yIBOEHHOMY 3HAUEHHUIO T'PABUTAIMOHHOTO yCKOpeHHs. TpaHC(HOPMAaTOpHBIN IpaBUMETP OTHOCHTICS K
CpeICcTBaM M3MEpEeHHs] BEPTUKAIBHONW COCTaBILIONIEH BEKTOpA TPaBHTALMIOHHOTO YCKOPEHHMSI ¢ OOpTa JeTa-
TEJILHOTO alapara 1 MOXKEeT HUCITOJIb30BaThCs B 00JIACTH Te0ie3nH, Te0()U3NKH, B YACTHOCTH, IpH (HOPMHUPO-
BaHUU ONOPHBIX I'PaBUMETPUUECKUX CETOK TPYAHOMOCTYIHBIX PalOHOB 3€MHOrO Iapa, a TAaKKe B aBHa- U
pakeTocTpoeHHH. TpaHC(OpMATOPHBIA TpaBUMETP BXOJHUT B COCTaB aBHAIIMOHHOW IPaBHMETPUYECKOH CH-
CTEMBI, pa3MEIIEHHON Ha JIETAaTeILHOM almapare.

Kniouegvie cnosa: nByxkaHaNbHBIH TpaHC(HOPMATOPHBIH IPaBUMETP, BOMYIIAIOLIEE BO3ICHCTBHE, PE30HAHC-
HBIE PE&KUMBI, IeMI(pHUPOBAHHE, TPABUTAI[IOHHOE YCKOPEHHE.
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Numerical modelling of multi-component mass transfer regimes
in four-component gas systems

For argon and carbon dioxide, which are part of the tetra-component gas mixture He + Ar + CO2 — N2 and
are the heaviest compared to other components, graphs of the behavior of the concentration of these compo-
nents at different points of the diffusion channel and time intervals are presented. To simulate convective
flows in the four-component mixture under consideration, the Flow Simulation computer package included in
the SolidWorks engineering design system was used. The equations are solved by the finite volume method
using the standard k — ¢ turbulence model and with initial and boundary conditions. Indicated, that obtained
distributions change nonlinearly both in time and along the length of the diffusion channel. In this case, there
is a change in the diffusion process to a convective one, which is due to the nonlinearity in the distribution of
the components concentration, which is connected with the imbalance of mechanical equilibrium. It was
found that the most significant change in the behavior of the concentrations of heavy-weight components oc-
curs within 120 s. This time interval coincides with the appearance of two contrasting areas on the graphs,
namely, the formation of a developed convective flow. An enhancement in the time of the numerical experi-
ment showed that the concentration of the component with the maximal molar mass remains practically un-
changed. This behavior of the concentration of heavy-weight components is characteristic of the effect when
the mixture is enriched in the heavy-weight component. An analysis of the streamlines on the plots of concen-
tration distributions showed that vortices of various scales interacting with each other and leading to a pulsat-
ing mixing regime are formed along the length of the channel. It has been established that the presence of
large-scale vortices determines the preferential migration of the components with the maximal molar mass.

Keywords: gas mixtures, diffusion, instability, convection, concentration distribution, anomalous component
separation, numerical modeling, finite volume method.

Introduction

Multicomponent diffusion in gas systems differs from ordinary binary diffusion occurring under iso-
thermal conditions in that new phenomena arise in multicomponent mixtures due to the mutual influence of
the components on each other and confirmed by experimental studies and from the analysis of the Stefan-
Maxwell equations [1]. There are the following phenomena (special mixing modes), such as a reverse diffu-
sion, osmotic diffusion and diffusion barrier [2], as well as the onset of the mechanical equilibrium instabil-
ity of the mixture, which is caused by the distinction in the interdiffusion coefficients of the miscible compo-
nents [3, 4]. An essential nonlinearity along the channel length of the distributions of the concentrations of
heavy components can lead to the appearance of convective instability under isothermal conditions, which
follows from the results of numerical studies [5]. As a further matter, if some conditions are formed in the
system, then nonmonotonicity with both a minimum and a maximum is also possible in the mixture density
distribution, which can cause gravitational convection that is not observed during diffusion at a constant
temperature [6].

Analysis of the stability of isothermal ternary gas mixtures carried out within the bounds of the Bous-
sinesq approximation [7] showed that the transfer from the diffusion mode to the convection one is possible
in both situations when the mixture density reduces with altitude and when the density gradient has the oppo-
site direction [8]. Nevertheless, the proposed approach has a number of limitations that do not allow one to
describe the onset time of the unstable regime and the evolution of convection currents.

Experimental research on the diffusion of steam mixtures of solutions into an inactive gas [3], as well as
blending in ternary gaseous mixtures at various compounds and pressures [4, 9], showed that convection cur-
rents are observed. These currents cause a synergistic effect, resulting in an essential acceleration of the mix-
ing process of the system’s components. Also in [4, 9], the preferred migration of the component with the
maximal molar mass was found, which is an unusual phenomenon for diffusion processes. Sometimes, the
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pulsating nature of the mixing was also recorded. The results obtained in [3, 4, 9], which showed the possi-
bility of enriching the resulting mixture with a constituent having the maximal molar mass, are also of prac-
tical importance since they can be implemented in combined approaches relating to the growth of the selec-
tive features of a given component [10, 11]. Including those based on the use of membranes [12, 13] and
convective separation mechanisms [14, 15]. At the same time, experimental and numerical studies of com-
bined mass transfer in isothermal four-component systems are episodic. Consequently, it is extremely im-
portant to conduct studies aimed at clarifying the separation mechanisms in gas mixtures consisting of sever-
al components, as well as correctly assessing the parameters that determine the transition from one mixing
mode to another. These issues play a significant role in both applied and fundamental problems related to
mass carry.

The main objective of this paper is to create a numerical model for the analysis of various modes of
multicomponent mass transfer in a tetra-component gaseous mixture He + Ar + CO2 — N.. A feature of this
system is the selected composition, which approximately provides the condition of the zero density gradient
of the mixture. The distributions of concentrations of argon and carbon dioxide over time and along the
length of a vertical flat diffusion channel at elevated pressure under isothermal conditions have been ob-
tained and analyzed.

Mathematical description of the occurrence of convective flows in a quaternary gas mixture

The study of mass transfer in systems consisting of more than two components is possible due to the
use of the Navier-Stokes equation, as well as equations describing the conservation of energy, momentum,
and mass in a given medium. Moreover, when modeling mass transfer in multicomponent gas systems, not
only the equations of state of the fluid components are taken into account, but also empirical relationships
that consider the dependence of the viscosity and thermal conductivity of each component on temperature.
Averaging the effect of turbulence on flow parameters on a small time scale is used in modeling convective
flows in the Navier-Stokes equation. In addition, the introduction of the corresponding time derivatives
makes it possible to take into account large-scale temporal changes averaged over a small time scale of the
components of the gas-dynamic parameters of the flow [16]. The Navier-Stokes equations, which are used to
represent convective flows, have extra variables that describe Reynolds stresses. Additional equations that
describe the transport of turbulence kinetic energy and its dissipation in the framework of the k-¢ turbulence
model are utilized to completely close this system of equations [17]. This set of equations, which takes into
consideration unsteady spatial flow, comprises mass, momentum, and energy conservation equations [16],
can be presented as:

%+aii(pui)=o, i=1,2,3 ()
5(g’tui)+aixj(puiuj_Tij)+§—)‘:=si, j=1,2,3i%] (2)
%WL«%((MEL P)u; + G —7yu; ) =S, ®)
E=U +%, (4)

where p is the fluid density, u;or u; is the flow rate, t is the time, p is the fluid pressure, g; is the diffusion heat
flux, =i is the viscous shear stress tensor (the subscripts mean the summation in three coordinate directions),
E is the total energy of unit mass of current medium, U is the specific internal energy of the medium, S; is the

external mass forces due to the gravitational action S, = S#™" (S =—pg. ) acting on unit mass of the

current medium along the coordinate directions x;, g; is the component of the gravitational acceleration in the
Xi coordinate direction.
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The viscous shear stress tensor for Newtonian fluids is calculated as:

ou; ou; 2 _ou | 2
= —+—L—=5,—L |—-=pkd;, S
fi ‘{axj ox 3 ax,J 37" ©)
where K is the kinetic energy of turbulence, dij is the Kronecker delta function (i =1 ati =j; 0;; = 0 at i #),
W=+ w, u is the dynamic viscosity coefficient, and x is the turbulent viscosity coefficient. When using the
k — & turbulence model, the turbulent viscosity coefficient s is determined through the parameters of the ki-
netic energy of turbulence k and the dissipation rate of this energy &:

C,pk?
=1, wb ! ©)
&
where C, = 009 is the empirical constant defining the turbulent viscosity,
2 20.5 k
f, Z[l—eXp(—0-025Ry )] (1+ R—] is the damping function, R, = plky is the Reynolds number, where y is
T 4

2
the distance from the wall surface, R; = 'Z—g is the turbulent Reynolds number.
|
The following equations make it possible to determine the parameters of the turbulent kinetic energy k
and the dissipation rate of this energy e&:

opk 0 0 1) ok
= —(puk)=— +2 = +s,, 7
P Ry G
ope 0O 0 I, | O¢
i~ (pug)=—|| g+ | = |+S,, 8
. ) axj[[ﬂ. G}axj g ®

X ax,.
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where s, :CmE[ flz-iJR ox. +MCBPB]_C52 f pTv S, =75 ——— pe+ 4P,
i

pB:_iigx_p is the generation of turbulent kinetic energy due to repulsive force,
Og P OX

o o 3%y ) 3w

J
constant determining the degree of impact of the repulsive force on ¢ at p,~0 and C, =0 at P, <0,

. ou; . .
ok :M(%Jr Ui 25 }_Epkcs. o =0.9 is the turbulent Prandtl constant for energy, C, =1 is the

3

0.05 ) ) . :

f=1+ | f, :1—exp(—RT), C,, =1.44 is the empirical constants of the model for the generation
i

term of the equation for ¢, C_, =1.92 is the empirical constants of the model for the dissipation term of the
equation for ¢, 5, =1and &, =1.3 are the Prandtl numbers for the turbulent kinetic energy k and the energy

dissipation rate &.
To simulate the diffusion heat flow, an equation is used that has the following form:

Pr o

c

0 :_(ﬂ+ﬁjcpﬂ, i=123 (©)
oX
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where T is the temperature of the fluid medium, ¢, is the specific heat capacity at constant pressure, Pr is the
Prandtl number, 6. = 0.9 is the Prandtl turbulence number.

To study the diffusion of components in multicomponent gas mixtures, equations are used that describe
the change in the concentration of each component in space:

opC. 0 0 oc | . .
LCI"‘T(,OU'Ci):a((Dij"'D;j)&CIJ! Lj=1,2,...N, (10)

i i i
where Dj, Di‘j is the molecular and turbulent diffusion coefficients, which according to the Fick's law, so that

D,=D-5,

i Di‘j =0 al , where D is the interdiffusion coefficient, & is the turbulent Schmidt number, c; is
(e

N
the concentration of the i-th component of mixture [Zci :1j , N is the number of components in mixture.
i=1
To find a solution to the system of equations (1)-(10), the following boundary conditions are taken into
account, which complement the problem posed and ensure the accuracy of the result obtained:

=0, &
oX;

=0, —

ul, =0, u -0, (11)

i|t

n n

where n and t are the normal and tangent directions in relation to the wall.

To study the processes in a separating diffusion apparatus, the system of equations (1)—(10) is solved
using the finite volume method and a special Flow Simulation package built into the SolidWorks engineering
design system. The formulation of the problem included setting the initial and boundary conditions, which
ensured the accuracy and reliability of the results obtained.

To confirm the effectiveness of the described mathematical model, the results of a numerical simulation
of convective flows in a binary gas mixture at different inclination angles of the diffusion channel are pre-
sented in [18]. The calculation results are in qualitative agreement with the experimental data for isothermal
binary gas mixtures.

The outcomes of the numerical simulations conducted on a quaternary gaseous mixture

Figure 1 shows a model of a representative two-flask apparatus simulated using SolidWorks [19]. This
model for various forms of the diffusion channel can be used to simulate diffusion and convective mass
transfer, as well as various features that arise when gases are mixed. The calculations were carried out for a
flat vertical channel. The considered flat channel had the following characteristics: length L = 0.165 m,
thickness a = 6-10° m, and width b = 30-10° m. A non-dimensional mesh with the following dimensions 8 x
34 x 8 was used in the computations.

Our focus is on studying the mixing process for a system that consists of helium, argon, and carbon di-
oxide that is diffusing into pure nitrogen. During the numerical simulation, the top flask of the diffusion cell
was stocked with a mixture comprising of 0.36 He + 0.33 Ar + 0.31 CO,, whereas the bottom flask was
stocked with pure nitrogen. Before the chemical element, its concentration in mole fractions is indicated. The
pressure and temperature of the experiment were pass = 0.6 MPa and T'= 298.0 K, and the mixing time inter-
val was 0 — 180 s.

For argon in the quasi-stationary mixing mode, at integrated relationship is obtained that describes the
change in its concentration with time. This dependence is shown in Figure 2. In accordance with Figure 2,
the amount of argon diffused for 120 s is maximum. During this time, the amount of transferred argon has
changed by more than 8 times that is not observed during diffusion. Apparently, under these conditions, the
mechanism of the preferential migration of the components with the maximal molar mass is implemented.
Subsequent growth of the mixing time does not lead to a synergistic increase in the transfer intensity, which
allows assuming that the current has a convective type of flow. A similar behavior is observed for carbon
dioxide.
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Figure 1. Pattern of a diffusive unit
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Figure 2. Time-dependence of the amount of argon diffused into nitrogen

Figures 3-7 display how the average concentration of carbon dioxide varies according to the channel al-
titude and how the concentrations are distributed at different times. Calculations have shown that an analo-
gous picture is realized for argon.
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Figure 5. Length-dependence of the amount of carbon dioxide (a) and pattern displaying the behavior of carbon
dioxide (b) for the time moment of 60 s
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Figure 7. Length-dependence (a) of the amount of carbon dioxide (m) and argon (e), and pattern displaying
the behavior of carbon dioxide (b) and argon (c) for the time moment of 180 s

According to Figure 3, at a length of 0.0268 — 0.0357 m of the diffusion channel, there is a region in
which the CO- concentration is 0.051 mole fractions. On the diagram, this concentration corresponds to the
formation of a vortex, which is blurred along the channel length. An increase in time tot = 30 s (Fig. 4) and t
= 60 s (Fig. 5) corresponds to the situation when several regions with a constant content of CO; concentra-
tion are formed in the channel. In this case, the number of vortices formed along the length of the channel
decreases from four to two. At the time t = 120 s (Fig. 6), at a length of the diffusion channel of 0.056 —
0.083 m, the greatest transfer of carbon dioxide concentration is observed, which corresponds to the for-
mation of two competing regions on the diagrams, i.e., developed convective flow. A further increase in time
to t = 180 s (Fig. 7) is characterized by the behavior of the concentrations of heavy components similar to
that shown in Figure 3. However, the difference lies in the fact that the concentrations remain constant at a
greater distance along the length of the diffusion channel. The appearance of a new convective regime is in-
dicated by an increase in vortices along the length of the channel.

The following unique features of convective mass transfer that occur in a quaternary gaseous system
can be discovered through the study of the obtained data:

1 The non-linear distribution of the concentrations of the components with the maximal molar mass in a
guaternary gaseous system indicates the possibility of an instability of the mechanical equilibrium of the sys-
tem, which leads to a transition from the diffusion mode of mixing to the convective one.

2 The appearance of closed streamlines should be taken into account to determine if the mixing mode
has changed. A chaotic formation structure is observed during the initial stages of mixing. Vortices of differ-
ent sizes gradually develop, and their interaction can lead to the appearance of a pulsating mixing mode.

3 The initial stage of mixing results in the preferential migration of components, which is explained by
an increase in the concentration of gases with the maximal molar mass. This process can be due to the pres-
ence of large-scale vortices, which facilitate the forward movement of these components. Their subsequent
disappearance leads to the stabilization of the transfer.
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Conclusions

Numerical modeling of the partial mass transfer of the four-component mixture 0.36 He + 0.33 Ar +
0.31 CO2 — N; at elevated pressure and room temperature showed that the variation in the diffusion coeffi-
cients of the components might cause a shift in the “diffusion — convection” modes in the system. Convec-
tive instability in the mixture arises because the distribution of concentrations of components with higher
molecular weight along the diffusion channel is not linear. The main indicator of the transfer through the
separation boundary of kinetic regimes is the appearance of closed streamlines. In their presence, the diffu-
sion regime loses stability. For the considered mixture under given thermophysical conditions, the time of
stability loss is estimated to be on the order of a second. Priority transmission of the component with the
largest molar mass is feasible with unstable mixing. The emergence of large-scale vortices is connected with
this regime.
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TepT KOMIIOHEHTTI ra3 sKyiesnaepinaeri Koen KOMIIOHEHTTi
Macca TaChIMAJIAAy PeKUM/IEPiH CAHABIK MOAEIbACY

Tept xommoneHTTi He + Ar + CO2 — N2 ra3 KoclachHBIH KypaMbIHa KipeTiH jkoHe 0acka KOMIIOHEHTTEPMEH
CaJTBICTBIPFaHAA €H aybIp OOJBIN TaOBUIATHIH ApTOH jKOHE KOCTOTHIKTHI KOMipKBIIIKBUI Ta3bl YIIiH AU Py3us-
JBIK KaHAABIH OPTYPJIi HYKTENepiHAe XoHE YaKbITIIA apajbIKTapIarbl OCHl KOMIIOHEHTTEP/IIH KOHIEHTpa-
IUSACH TOPTIOiHIH e3repy rpadukrepi OepinreH. KapacTBIpbUIBIT OTBIPFaH TOPT KOMIIOHEHTTI KOCHAIarbl
KOHBEKTUBTI arbIHmapabl monenbiaey yunin SolidWorks umkenepiik sxobanay xyiecine enrizinren Flow

Simulation koMmbroTepITiK MaKeTi MaigaTaHbUIABL. TeHIeyIep CTaHaAapTThI k—¢ TypOYJIEHTTLTIK MOJENiH
KOJIAHBIT, COHAAN-aK 0acTamKbl XKOHE MICKAPaJIbIK MAapTTapabl Oenriicil OTHIPHIN, aKbIPIIBI KeJIeM 9JiCiMeH
HIenriai. AJBIHFaH YIIECTIpyNep YakpIT OoWbIHIIA A3, AU GY3UITBIK KaHAJIBIH Y3bIHIBIFEI OOMBIHIIA J1a ChI-
3BIKTBIK €MeC 03repeTiHi kopceTinreH. KoHIeHTpausIHbl YIeCTipyiH OYJI CBI3BIKTBIK €MeC 9peKeTi MeXaHH-
KaJbIK TETe-TCHIIKTIH TYPAKChI3IbIFBIMEH OaillaHbICTBI, OVJI 63 Ke3eriHie *KyieHiH quddy3usuibk mporec-
TEH KOHBEKTHBTI IPOIECKe aybICybIHa dKeneni. KapacThIpbulbll OTBIPFaH ayblp KOMIIOHEHTTEp YIIIH KOH-
HEHTPAIUSIHBIH €H YJIKeH e3repici 120 c inmiHae Gaiikanaspl, OV dmropanapaa exi 6acekenec aliMaKThIH Mmai-
na OoJybIHA, SFHH JaMbIFaH KOHBEKTUBTI aFblHFa colikec Keneni. CaH/BIK SKCIIEPUMEHT Y3aKThIFBIHBIH O/1aH
Opi YJIFAIOBI €H YJIKEH MOJIEKYJIAJIBIK CaIMarbl 0ap KOMIOHEHTTEPAIH KOHIEHTPALUACHIHBIH [IaMallbl ©3re-
pyiHe okenemi, OyJ KOCIaHBI ayblp KOMIIOHEHTIEH OaifbiTy addekriciHe colikec. KoHmeHTpammsiapIsH
YJIECTipy 3MIOpaIapblHAaFbl TOK ChI3BIKTAPBIH Tajlay, KaHAJIbIH Y3bIHIBIFI OOMbIHIIA Op TYpJi MaciTadTa-
FBI ©3apa 9PEKeTTeCeTiH KYHbIHIAp TY31IiM, MyIbCalusUIBIK apaaacThIpy peKHUMiHe oKeleTiHiH kepceTTi. Ker
AYKBIMJIBI KYHBIHAPABIH OOJIYBI €H YJKEH MOJISKYJANBIK CAIMarbl 0ap KOMIIOHEHTTIH 0achM TachIMania-
HYBIHA OKEJICTiHI aHBIKTAJIIbI.

Kinm ce30ep: a3 xocnanapsl, 1udQys3us, TYpaKChI3IbIK, KOHBEKIUs, KOHIEHTPAIMSHBIH YIIECTIpyi, KOMITO-
HEHTTEPiH KaJBIITaH ThIC 0OIiHYi, CAHABIK MOJIEIBICY, aKbIPIIBI KOJIEM 9JIiCi.

O.B. ®enopenko, B.H. Kocos, C.A. Kpacukos, M. XKaunenu, T. Ceiina3

YuciaeHHoe MOJ€C/IMPOBAHUEC PECKUMOB MHOITOKOMIIOHEHTHOT 0O MacCCoIlepeHoca B
YETBIPEXKOMIMMOHCHTHBIX I'a30BbIX CUCTEMAX

Jlnst aproHa v IByOKHCH YIJIepojia, BXOISIINX B COCTAB YETHIPEXKOMIIOHEHTHOM ra3oBoii cmecu He + Ar +
CO2 — N2 u sBrstomuxcst HanboJee TSHKEIBIMU 10 CPABHEHHUIO C IPYTUMH KOMIIOHEHTaMH, TPUBEICHBI Ipa-
(UK M3MEHEHHMs TOBEACHHSI KOHIIEHTPAIMU STHX KOMIIOHEHTOB B Pa3iIMYHBIX TOYKax IU((dy3MOHHOTO Ka-
Hajla ¥ BPEMEHHBIX WHTepBajiax. J[isg MOIeTUpOBAaHUs KOHBEKTHBHBIX TCUCHHI B paCCMAaTPHUBACMON YCTHI-
PEXKOMITOHEHTHOW CMECH HCIIOJIb30BANICS KOMIbloTepHbI makeT Flow Simulation, Bxoasmuii B cucremy
MHXeHepHoro npoektupoBanus SolidWorks. YpaBHeHUsI penialoTcss METOIOM KOHEUHBIX 0OBEMOB C HCIIOJb-
30BaHUEM CTAaHIAPTHOU K—& Mopenmu TypOyIeHTHOCTH U C 3aJJaHUeM HaYalbHbIX U TPaHUYHBIX ycioBuil. I1o-
KA3aHO, YTO MOJIy9IE€HHbIE PACIIPEICIICHUS] H3MEHSIOTCS HETMHEHHO KaK 110 BPEMEHH, TaK U 10 JutnHe auddy-
3MOHHOTO KaHaia. Takoe HEeMHEHHOE MMOBEACHHUE PACIpee/ICHH KOHICHTPALUIA CBSI3aHO C HEYCTOWYHNBO-
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CTBIO MEXaHHYECKOT'O PABHOBECHS, YTO, B CBOIO OUYEPE/ib, IPUBOJUT K MIEPEXOAY CHCTEMBI OT AU((DYy3HOHHO-
ro Imporecca K KOHBEKTHMBHOMY. YCTAHOBJIEHO, YTO JUIi PacCMAaTPUBAEMBIX TSDKEIBIX KOMIIOHEHTOB
HanOoJbplIee U3MEHEHE KOHLIEHTpauuu Habmoaaercs B TedyeHue 120 ¢, 9To cOOTBETCTBYeT 00pa3oBaHUIO HA
3MMIOpax JBYX KOHKYPHPYIOIIMX oOylacTel, TO €CTh Pa3BUTOMY KOHBEKTHBHOMY TedeHHIO. JlambHeiimee yBe-
JMYEHHE MPOIODKUTENHHOCTH YHCICHHOTO SKCIIEPUMEHTA MPUBOANT K HE3HAYHTEIHHOMY M3MEHCHUIO KOH-
[EHTpa KOMIIOHCHTOB ¢ HaHOOJIBIINM MOJIEKYJISIPHBEIM BECOM, YTO COOTBETCTBYET 3(h(peKTy oOoramieHus
CMECH TSDKEJIBIM KOMIIOHEHTOM. AHajM3 JIMHUH TOKa Ha SIIOpax paclpeleleHuii KOHIEHTpaIui MmoKasal,
YTO IO JUIMHE KaHaa 00pa3yroTcs B3aMMOJICHCTBYIOIINE MEeX Iy co00il BUXPH Pa3INYHBIX MacIITabOB, MpHU-
BOZSIINE K IyJIbCAIHOHHOMY PEXXUMY CMEIICHHs. Y CTaHOBJICHO, YTO HAIMYME KPYHMHOMACIITAOHBIX BUXpEH
00yCIIOBIUBAET IPUOPUTETHBIN NEPEHOC KOMIOHEHTOB ¢ HAUOOJIBIIMM MOJICKYJIAPHBIM BECOM.

Knrouesgvie cnosa: razoBeie cMecH, 1 dy3us, HEYCTOHYMBOCTD, KOHBEKIHUS, PacHpeeIeHe KOHIICHTPAIUH,
AHOMAJIBHOE pa3/ielIeHne KOMIIOHEHTOB, YHCIEHHOE MOICIIMPOBAHUE, METO.I KOHEYHBIX 00BEMOB.
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Development of technology for creating high-voltage p°® — n° junctions based on GaAs

An optimal solution has been found to the problem of obtaining p0-n0 junctions based on lightly doped GaAs
layers with high values of electrical parameters and specified thicknesses of base layers to create ultra-fast
high-voltage pulsed three-electrode switches with a photon injection mechanism of minority charge carriers.
A technology has been developed for the formation of high-voltage, powerful subnano-second photonic injec-
tion switches based on gallium arsenide and its solid solutions. The dependence of the current rise time,
switching voltage and switching stability relative to the control pulse of high-voltage photonic injection
switches in a wide current and frequency mode of their operation, its sensitivity to various external influ-
ences, as well as dependence on the thickness of the p0-layer, on the transmission coefficient, on breakdown
voltage Uprobe Of the high-voltage p®-n® junction. The carried out studies and the obtained results indicate the
prospects of using the developed high-voltage pulsed semiconductor devices in picosecond optoelectronics
for pumping high-power laser and LED structures.

Keywords: Liquid-phase epitaxy (LPE), heterostructures, high-voltage p°-n° transition, Hall effect, back-
ground doping, solution-melt.

Introduction

As is known, to create subnano- and picosecond photon-injection switches based on GaAs and Al-
GaAsheterostructures, the main need is:

1. Determination of the optimal temperature-time regime for the reproducible production of an n*-p°-n°
transistor structure with a high-voltage p®-n° junction, in liquid-phase epitaxy (LPE), formed due to background
doping with specified parameters and the creation of subnano-second powerful switches based on them.

2. Study of the influence of the main technological factors: the temperature of the onset of crystalliza-
tion tn.cr., the thickness of the solution-melt h, the hydrogen flow rate F, the static turn-on voltages Uon, the
control current 1., and the dynamic parameters — current rise time, turn-on delay time relative to the control
impulse, the stability of switching-on-switching structures [1-5].

Conducting research on the creation of high-power high-voltage switching device structures based on
lightly doped gallium arsenide is associated with the need to search for alternative principles for switching
electrical power in the subnano- and picosecond time ranges. Since modern laser, accelerator and location
technology, thermonuclear energy, picosecond spectroscopy of liquids and solids, topography, radio engi-
neering, digital technology and a number of areas of converter technology require the creation of semicon-
ductor switches of this power range, which have the traditional advantages of semiconductor devices: long
service life, reliability, high efficiency and, which is extremely important for a number of applications, re-
sistance to external influences (radiation, temperature) and instant readiness for operation.

Due to the need for location technology, defense, digital technology, two new switching principles have
been developed — using a control plasma layer and using a delayed shock-ionization wave, which made it
possible to increase the power switched by devices in the hanosecond range by almost two to three orders of
magnitude and in the picosecond range by almost four orders of magnitude [6-8].

The speed, the magnitude of the absolute and specific power switched by semiconductor devices largely
depends on the processes of filling the region with electron-hole plasma, which has a high resistance in the
initial state and blocks the applied external voltage. Such a region is the region of the space charge, depleted
by the strong field of the reverse-shifted p-n junction.

Powerful semiconductor devices developed on the basis of silicon, such as pulse sharpeners of diode,
transistor and thyristor types, operating on the principle of switching using a delayed shock-ionization wave,
required the development of new circuitry, a new direction of research using new materials, primarily GaAs
and heterostructures on its basis [9, 10].
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Currently, epitaxial methods for obtaining single-crystal layers are widely used for the manufacture of
various semiconductor devices. Epitaxial growth methods make it possible to combine in time the process of
crystallization of a semiconductor material and the production of a device structure. Gas-transport, molecu-
lar-beam and liquid-phase epitaxy have received the main distribution.

When developing high-voltage diodes, transistors and thyristors, it is necessary to use GaAs with a con-
centration of the main charge carriers of~10%° cm=or less. A fairly common technology for obtaining such a
material is LPE, carried out in a quartz container with forced cooling of a solution-melt of GaAs in Ga [11-
13]. This method, in comparison with other methods for growing epitaxial layers, makes it possible to obtain
efficiently injecting junctions. This is due to the fact that, when GaAs is grown by this method, the internal
guantum yield of radioactive recombination is much higher than when GaAs is grown from stoichiometric
melts [14, 15]. This opens up the possibility of an unconventional approach to the design of high-voltage
devices based on heterostructures. In addition, this method has the following advantages over gas-transport
and molecular epitaxy: simplicity of equipment, higher growth rates, the possibility of reducing the impurity
background, etc. The physicochemical foundations of LPE are well described in a number of mono-
graphs [16-18].

Methods

LPE is an oriented crystallization of single-crystal layers of semiconductor materials from solutions of
these materials. There are several methods of epitaxial growth from a solution-melt: growth from a limited
volume and growth from a semi-limited volume of a solution-melt. The method of growing epitaxial layers
from a limited volume of a solution-melt has received the main distribution.

Under conditions of crystallization from limited volumes of solutions-melts, both a significantly higher
reproducibility of obtaining layers with a given thickness is achieved compared to crystallization from semi-
limited volumes, as well as a higher degree of their planarity. In addition, the growth of layers from a limited
volume of a solution-melt makes it possible to control the crystallization rates and conduct the process under
conditions closer to quasi-equilibrium.

Thanks to the development of technology for obtaining high-voltage p-n junctions based on lightly
doped GaAs, it became possible to create pulsed transistors and thyristors based on GaAs-
AlGaAsheterostructures. Studies have shown the prospect of using photon-injection mechanisms of coupling
between p-n junctions in high-voltage multilayer structures, the possibility of switching high powers by
three-electrode semiconductor devices in the subnano-second range of durations [9].

Therefore, the improvement of the main parameters and characteristics (increasing the operating volt-
age, improving the speed, reproducibility and dependence of the temperature effect, radiation) of switches is
associated with an understanding of the technological processes for the formation of high-voltage p-n struc-
tures, the choice of the optimal geometry and the search for new designs [10, 13].

The analysis of the literature data shows [1, 13, 16-19] that the production of lightly doped GaAs layers
and the formation of high-voltage p-n junctions in the process of growth have not been clarified, the nature of
residual impurities is not entirely clear, the influence of technological factors on the electrical properties has not
been studied, which makes it difficult to create high-voltage switches with subnano- and picosecond speed.

The static and impulse characteristics of such device structures obtained under various technological
conditions have not been studied at all.

The aim of our work is to obtain high-voltage p-n junctions based on lightly doped GaAs layers, to
study the influence of technological factors on their main dynamic parameters and characteristics, to create
powerful photon-injection pulse switches based on them with subnano- and picosecond speed, to elucidate
the possibility of increasing the power of the switched gallium arsenide transistors and thyristors in the sub-
nano-second range.

Experimental

The proposed technologies for obtaining high-voltage p-n junctions based on lightly doped GaAs al-
lowed the creation of pulsed transistors and thyristors based on GaAs-AlGaAsheterostructures. We have op-
timized technologies for obtaining high-voltage p-n junctions based on lightly doped GaAs layers and creat-
ing subnano- and picosecond speed photon-injection switches based on the principle of photon transfer of no
equilibrium charge carriers. The main attention is paid to the features of obtaining device structures, the in-
fluence of technological factors on the static and dynamic parameters of switching structures in the mode of
high currents and voltages.
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Liquid-phase epitaxy is the method of growing epitaxial layers from a limited volume of a solution-melt
to obtain and fabricate device structures. Under conditions of crystallization from limited volumes of solu-
tions-melts, both a significantly higher reproducibility of obtaining layers with a given thickness is achieved
compared to crystallization from semi-limited volumes, as well as a higher degree of their planarity. In addi-
tion, this method makes it possible to control the crystallization rates, conduct the process under conditions
closer to quasi-equilibrium, and obtain “pure” and doped layers of high-quality p-n junctions and multilayer
device structures with specified electrophysical parameters with sufficiently high reproducibility.

The main problem in creating subnano- and picosecond switches based on GaAs is to obtain layers with
a given thickness of the base regions and a low dopant concentration. A study was made of the influence of
technological factors on the properties of epitaxial layers and p°-n° junctions.

To ensure the optimal impurity distribution profile in a quartz container, from a limited volume of an
arsenic melt solution in gallium on n* - GaAs substrates oriented in the [100] plane, p°- and n°- GaAs layers
with specified thicknesses were grown, which are the basic regions of the structure. The position of the p-n
transition, the concentration profile in the p° and n°-layers, the thickness of the p°-region in depending on
the conditions for the formation of an impurity background in the solution-melt were obtained in advance
planned limits. The lifetime of minority charge carriers (NCC) is an important dynamic characteristic of a
semiconductor device. In lightly doped GaAs, the NCC lifetime is determined mainly by the concentration of
deep levels. Its value in lightly doped regions of transistor and thyristor structures was determined by meas-
uring the dissipation time of the charge accumulated in these regions and was 50-500 ns. Such a scatter in
the values of the CC lifetime is due to the concentration and capture cross section of uncontrollably intro-
duced recombination centers. The concentration of carriers in the p0- and n0- regions ranged from 1.0 10%°
cm3to 0.1 - 10™ cm3, the mobility of charge carriers was, un = (5 - 6) - 102 cm? / V-s in the n’layer and pp =
(400 — 450) cm?/V's at 300 K. The charge carrier mobilities were determined by measuring the Halle effect
in the grown epitaxial layers [19].

The thickness of the n°layer, exceeding the dimensions of the space-charge layer at zero mixing of the
p-n junction, was (30-35) um and provided the possibility of effective separation of electron-hole pairs cre-
ated by absorbed radiation. The control of the position of the p-n transition, the estimation of the size of the
space charge region was carried out by a method based on the observation of the electro-optical effect in gal-
lium arsenide during the passage of plane polarized infrared light through the crystal.

For the efficient operation of thyristors and transistors, the thickness of the p°-part should be as small as
possible, therefore, for them manufacturing can only be used n*- p®-n° structures with certain thicknesses p° -
areas that provide high transfer coefficient values. Defined temperature dependence of p°-layer on tempera-
ture the beginning of crystallization (Fig. 1), and coefficients segregation of fine acceptor and donor impuri-
ties the level of concentration and the degree of compensation [19].
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Figure 1. DependenceK of the thickness of the p°-layer on temperature.
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In order to optimize the growth technology and the design of thyristors, the dependences of the transfer
coefficients of structures on the thickness of the low-resistance part of the p°-region and on temperature were
studied (Fig. 2).

It can be seen that the transfer coefficient a of transistor n*- p°- n° structures drops sharply already at a
thickness p°® = 30 um regardless of the temperature on set crystallization. At the same time, the thickness of
the high-resistance parts hi — areas up to hi-120 um do not have a significant impact on the value transmis-
sion coefficients.
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Figure 2. The dependence of the transfer coefficient on the thickness p° — layer.

In the region of low values of o and large thicknesses of p® — layer, there is a connection between o and
production technology. It can be seen that the choice of liquid phase annealing is preferable, which is justi-
fied due to the higher values of the transfer coefficient. This is especially important for technological control
of p°. Figure 3 shows dependence of the transfer coefficient n*-p°-n° structures on temperature. It can be seen
that o decreases with increasing temperature.
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Figure 3. The dependence of the transfer coefficient n*-p®-n®structure on temperature.
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Figure 4. The dependence of Uy high voltage p®-n® transition on temperature

The decrease in o with increasing temperature can be explained by the temperature dependence of the
capture cross section G*, and GB,, which increase in this temperature range by factors of 5 and 20, respec-
tively.

The effect of temperature at the beginning of crystallization and growth technology on the breakdown
voltages (Uria.) of a high-voltage p°-n°® junction was studied in n*-p°-n° structures for the possibility of ob-
taining maximum voltages at the collector junction (Fig. 4). The breakdown voltages increased significantly
when p-n junctions turned out to be displaced from the metallurgical boundary and formed during growth.
From Figure 4 it can be seen that the values of Uyia increase when using a higher temperature, the onset of
crystallization. The growth of Uyia is explained. A decrease in the carrier concentration gradient in the region
of the p-n junction. However, with an increase in the temperature of the onset of crystallization, the transfer
coefficient of the resulting n*-p®-n® structures decreases. In high-voltage p°-n° junctions, the allowable volt-
ages are determined by the impurity concentration gradient in the space charge region (SCR) of the junction
and the thickness of the n® region. Therefore, the carrier concentration gradient and the thickness of the n°
region determine the breakdown voltages of the p—n junction. The use of semiconductor structures based on
A3B?5 is associated with the possibility of a significant increase in performance, which is due to higher mo-
bilities and short lifetimes of minority charge carriers (NCCs). The estimates made by the authors of [19]
show that, due to the significantly shorter lifetime of the NCC in gallium arsenide high-voltage devices, it is
possible to reduce the total duration of the power switching process by at least an order of magnitude com-
pared to silicon ones. The first experimental results also testify to the high potential capabilities of key de-
vices. For example, for gallium arsenide thyristors of a traditional design, which has three p-n junctions (col-
lector and two emitter) interacting with minor charge carriers, the following record parameters were achieved
when switched on through the control circuit: rise time no more than — 10 ns, turn-on delay relative to the
control pulse — 100 ns at an operating voltage of up to 1000 V and a pulsed current of 100 — 120 A.

Conclusions

Thus, the above features of obtaining lightly doped layers and p-n junctions based on them show a real
possibility of creating high-speed pulse transistors and thyristors. Optimization of the technology for obtain-
ing high-voltage p-n junctions based on lightly doped GaAs layers, development of new principles for the
generation and transport of charge carriers in semiconductor structures based on materials with a high pro-
portion of radiative recombination made it possible to obtain high-voltage three-electrode switches with sub-
nano-second turn-on times. The studies carried out and the results achieved indicate broad prospects for the
use of gallium arsenide and its solid solutions in the development of high-speed transistors and thyristors
with a photon-injection coupling mechanism between p-n junctions.
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A.M. Cynranos, A.A. A6aykapumoB, M.3. Kyduau

GaAs nerisinzeri sxorapbl BobTThI p° — N° oTys1€pin
KYPY/AbIH T€XHOJOTHSICHIH IAMBITY

Heri3ri emec 3apsiq TachMaiay IbUIapIbIH (HOTOH/IBI-MHBEKIUSIIBIK MEXaHI3MI Oap aca Te3 ocep eTeTiH KO-
Fapbl BOJBTTHI UMITYJIBCTI YIII 3JEKTPOATHl KOMMYTATOP/BI JKacay VIIiH 3JIeKTPGU3UKAIBIK MapaMeTpIIepain
JKOFapbl MOHJIEP1 JkoHe OepinreH 6a3anblk KabaTTapplH KalbHIBIFE 0ap GaAs 9JIci3 JIerHpiieHreH Kabarra-
pot Herizinae p0-n0 eTynepin anyablH OHTaiIBI wenriMi TabbuLAbL. ["annuit apceHnai XaHe OHBIH KAaTThI epi-
TiHIUIepi Heri3iHAe *KOFapbl BOJBTTHI, KyaTThl CYOHAHOCEKYHATHIK (DOTOHIBI MHBEKLHSIBIK KOCKBIIITAPIBI
KaJIBIITACTHIPy TEXHOJIOTHACHI 93ipJieHi. TOKTBIH 6cy YaKbITBIHBIH, KEPHEY/I KaiiTa KoCy JKoHe KaiTa Kocy-
JIbIH TYPAKTBUIBIFBI OJIAp/bl NalifanaHyia KeH TOK JKOHE XMUTIK PeKHUMIHJET] JKOFaphl BOJLTTH (hOTOHIBI-
HHKEKIHSJIBIK, KOMMYTATOPJIAp/bIH 6ackapy MMITYJIbCiHE TOYEIIIIIri, OHBIH OPTYPJIi CBHIPTKBI dcepIiepre ce-
3IMTaJIABIFEl, COHIAM-aK pO-Ka6aTBIHLIH KaJIBIHJIBIFBIHA, OepuTic KOX(pPHUINEHTIHE, HKOFAPHl BOJBTTHI po-n0
oerynepinne U crlHaMachIHBIH Tecinyl KepHeyre OailaHbICTHl eKeHIr 3eprrenni. JXKyprizireHn 3eprreynep
MEH aJIbIHFaH HOTIKEJIEP KOFaphl KyaTThl JIa3ePIIiK jKOHE JKapBIKANOTHl KYPBUIBIMIAP/IBI aliIay YIIiH MTHKO-
CEKYH/TBIK ONTOYJICKTPOHHUKAAA 33ipPJICHIEH JKOFapbl BOJBTTHI UMITYJBbCTIK KapThUIail ©TKI3Till KYPHUIFbI-
Jap/ibl MaiasaHy neperneKTHBaapbiH KOPCETEi.
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Kinm co30ep: cyiibik pasanbik snutakcuc (LPE), rerepokypsuisiMaap, xorapsl BoIbTTh pO-n° etyiepi, Xoswt
3¢ ¢exTici, GOHABIK JETHPIIEY, ePiTIHAI-0aIKpIMa.

A.M. Cynranos, A.A. A6aykapumos, M.3. Kyduan

Pa3pa0oTKa TeXHOJIOTHH CO3AaAHNUA BLICOKOBOILTHBIX P’—N°-nepexonon
Ha ocHoBe GaAsS

HaiileHoO ONTHMANIBHOE pElIeHue TpobeMb! momyderus p’—NC-mepexoloB Ha OCHOBE CIAabOTErHPOBAHHEIX
cioeB GaAs ¢ BEICOKUMH 3HaYEHUSIMH 3JIEKTPOPH3UIESCKUX NTapaMeTPOB U 3aJaHHBIMH TOJIIIMHAMH 0a30BBIX
CJIOEB JJISL CO3/IaHUS CBEPXOBICTPOICHCTBYIOIINX BEICOKOBOJIBTHBIX MMITYJILCHBIX TPEXIJIEKTPOIHBIX KOMMY-
TaToOpoB C (hOTOHHO-HHXKEKIIMOHHBIM MEXaHW3MOM HEOCHOBHBIX HOcHTeleH 3apsna. Pazpaborana TexHoso-
T (OPMHPOBAHUSI BEICOKOBOJIBTHBIX MOIIHBIX CyOHAHOCEKYHAHBIX (POTOHHO-MHKEKIIMOHHBIX KOMMYTaTO-
POB Ha OCHOBE apCeHH/a Iajiius U €ro TBEPAbIX pacTBOPOB. M3yueHa 3aBUCHMOCTh BPEMEHH HapacTaHUsI TO-
Ka, HalpsDKEHUS MEPEKITIOUEHHS U CTaOMIBHOCTU MEPEKIIIOUEHHs OTHOCUTENBHO UMITYJIbCa YHPABIECHHS BbI-
COKOBOJIBTHBIX (DOTOHHO-MHXKEKIIMOHHBIX KOMMYTAaTOPOB B IMMPOKOM TOKOBOM M YAaCTOTHOM PEXHME HX
SKCIUTyaTalluy, €€ YyBCTBUTEIBHOCTb K PAa3JIMUHBIM BHEIIHUM BO3AEHCTBUAM, a TaKXKe 3aBUCUMOCTH OT TOJ-
mmebl pl-ciiost, oT Ko3(puIMEHTa Mepeaaun, oT HanpsbkeHus npob6os U mpob BBICOKOBOMBTHOrO pP—nl-
nepexoja. IIpoBeneHHbIe HcCne0BaHUS U MOJIYYEHHBIC pe3yIbTaThl YKa3blBAlOT Ha MEPCIEKTUBHOCTH MPHU-
MEHEHUsI pa3pabOTaHHBIX BEICOKOBOJIBTHBIX HMITYJIBCHBIX IIOJIYIIPOBOJHUKOBEIX IPHOOPOB B MHKOCEKYHTHOM
OINITORJIEKTPOHUKE [T HAKAYKH MOIIHBIX JIA3€PHBIX H CBETOAUOIHBIX CTPYKTYP.

Kntouesvie cnosa: xuakodasHas SMUTAKCHS, TETEPOCTPYKTYPHI, BBICOKOBOIBTHBIN p’—nl-mepexon, sddekr
Xoma, pOHOBOE JIETHPOBAHUE, PACTBOP—PACILIaB.
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The glass transition temperature investigation of polymers
by molecular dynamic simulations

In this paper, the process of glass transition is studied, the theory of which is not fully developed. Computer
modeling can be used to understand the theory of this phenomenon. The glass transition temperature is influ-
enced by a large number of polymer parameters: cooling rate, pressure, presence of diluent, structural fea-
tures, etc. We are considering a number of different polymers to test the ability of the pcff+ force field to
determine the glass transition temperature. The effect of tactility, composition, pressure and the presence of a
diluent on the glass transition temperature of polymers will be shown using molecular dynamics (MD) and
pcff+ force-field modeling. The effect of tact was studied using the use of atactic, isotactic and syndiotactic
poly(methyl methacrylate) and atactic, isotactic and syndiotactic polypropylene. The LAMMPS code
integrated into the MedeA computing environment was used to simulate the molecular dynamics of polymers.
The calculation of the glass transition temperature at different cooling rates is closely related to the balanced
initial systems. Due to the inability of current atomistic simulations to achieve the required cooling rates, as in
experiments, the gap was not sharp and quite obvious. The data obtained show that the pcf+ force field
describes tactics quite effectively and gives differences in the glass transition temperature for different types
of tact. For polymers diluted with COz, the glass transition temperature decreases almost linearly, which is in
good agreement with the experiment. As expected, the pressure increases the glass transition temperature.
However, at high pressure, the slope fracture disappears, and the determination of Tg becomes extremely
difficult. The simulated annealing process will be applied to a set of polymers to obtain graphs of the specific
volume versus temperature and determine the glass transition temperature.

Keywords: cooling rate, pressure, glass transition temperature, pcff+, molecular dynamics simulations.

Introduction

The glass transition temperature (Tg) is one of the most important parameters in amorphous polymer
manufacturing [1]. Moreover, this parameter is essential in the selection of materials for various applications.
In general, polymers with T4 below room temperature define elastomers, and polymers with T4 above room
temperature define rigid, structural polymers [2].

Unfortunately, the glass transition phenomenon is not completely understood [3]. There is no theory
which can fully explain observed behavior of polymers [4]. The computer simulations could help to show the
link between the bulk properties and intermolecular forces [5] and bring us closer to understanding this phe-
nomenon.

It is well known that T, is affected by a wide range of polymer parameters. External variables include
cooling rate, pressure, presence of diluent; structural features include molecular weight, composition, crystal-
linity, copolymerization, branching, cross-linking, stiffness, geometric factors etc.

In the present work we investigate a set of different polymers in order to test the ability of pcff+ force-
field for the glass transition temperature determination. The tacticity effect was investigated using atactic,
isotactic and syndiotactic poly(methyl methacrylate) (a-PMMA, i-PMMA and s-PMMA) and atactic, isotac-
tic and syndiotactic polypropylene (a-PP, i-PP and s-PP). The pressure was applied for two polymer sys-
tems: polyvinyl chloride (PVVC) and polystyrene (PS). In order to get the composition effect on T4 polyam-
ide 6 and polyamide 66 (PA6 and PA66), poly(methyl methacrylate), poly(methyl acrylate) and poly(ethyl
methacrylate) (PMMA, PMA and PEMA), poly(p-phenylene ox-ide) and polyethylene terephthalate (PPO
and PET) have been investigated. The last one is the CO; effect on PPO’s glass transition temperature.

Methods and materials

The LAMMPS code [6] integrated into MedeA computational environment [7] was used to simulate
molecular dynamics of polymers. The major advantage of this software is the time spent for the calculation.
At first a single repeat unit was built and relaxed. In order to construct polymer chain and amorphous cell the
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Polymer Builder and Amorphous Materials Builder of MedeA environment respectively were used. Each
polymer chain in this study was possessed by 100 repeat units. The head-tail orientation was used. The
amorphous cell was represented by one polymer chain at 298.2 K. In Figure 1 a single repeat unit, polymer
chain and amorphous cell of PPO as example are presented. For all simulations the pcff+ force-field was
used, which is based on the pcff+ force-field [8]. The pcff+ force-field was constructed to work with wide
range of polymers [5]. Ten randomly built amorphous cells were used to represent the phase space for each
polymer.

The MD simulations were carried out firstly in the NVT ensemble at initial T=298 K and final T=300 K
with a t=1 fs integration time step and in the Berendsen [9] thermostat. A relaxation annealing was carried
out in the following way: the system was firstly heated to high temperature and then slowly cooled down.
This process has been carried out using NPT ensemble with t=1 fs integration time step. Also, the Berendsen
thermostat and barostat were considered to keep the system at prescribed temperatures and pressures. The
non-bonded interactions have been computed using Ewald summation method [10] and nonbond cut-off
equal to 9.5 Angstrom. The simulated dilatometry [11] was used with the heating rate equal to 3 10 K/min,
i.e., the system was firstly heated up by 50 K step with 100 ps duration time; and with the cooling rate equal
to 7.5 102 K/min, i.e., the system was cooled down then by 25 K step with 200 ps duration time. For each
temperature the specific volume i.e., the inverse density, was reported. Then, averaging over all configura-
tions was performed. The linear averaging was applied for beginning and the tail of obtained sequence
(without the central part) and the break of the slope yielded the Tgy. The linear fitting was performed using
analysis of coefficient of determination (lines with minimum coefficient were taken). To compare the results
for various polymers we used the same procedure for T, extraction for all polymers.

Repeat unit Single chain

A f-’
‘ Dp=100

- -
MedeA Polymer Builder MedeA
) Pt Amorphous o ek
materials £y"¥ Amorphous
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S ERT S
Builder l cell

10 cells
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Heatingand | annealing KiedeA minimization
I% coolingin the LAMMPS
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Specific Volume ——»
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Figure 1. Stages of amorphous cell construction and T4 determination used in the present study.

Results and discussion

Tacticity effect

In the present work, three types of PMMA tacticities were considered: isotactic (i-PMMA), atactic (a-
PMMA) and syndiotactic (s-PMMA). Results are presented in Figure 2. The specific volume versus tempera-
ture of PP in atactic, isotactic and syndiotacticities have been calculated as well. Results are presented in the
Figure 2. The glass transition temperatures of all tacticities were obtained close to each other and a little bit
higher than experimental temperatures extracted numbers are listed in Table 1. Pcff+ force-field describes
tacticity quite well. However, Tg values determined for PMMA and PP are higher than the experimental val-
ues by 20-35% and 1-3%, respectively. That can be explained by the fact that LAMMPS program uses clas-
sical principles to simulate molecular dynamics. For some polymers this is important (as for PMMA), but for
some it is not (as for PP).
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Table 1

Experimental [12-14] and calculated using pcff+ force-field glass transition temperatures in Kelvin for atactic (a-
PP), isotactic (i-PP) and syndiotactic (s-PP) polypropylene as well as isotactic, atactic and syndiotactic
poly(methyl methacrylate) (i-PMMA, a-PMMA, s-PMMA).

Calc, K Exp, K
a-PP 275 260-266
i-Pp 280 265-272
i 275 266-268
i-PMMA 527 388
a-PMMA 470 378
s-PMMA 503 323
oo D20 L
e
3 < atdctde e
, " N .

Figure 2. Calculated specific volume vs. temperature of PMMA in different tacticities

Composition effect

The thermal volumetric expansion coefficient indicates how the polymers volume will evolve when fac-
ing a change of temperature. For this study, coefficients were calculated for both glassy and liquid states of
considered polymers using obtained specific volume versus temperature graphs and following formula:

= (L) -1
Vip\ 0T Jp p’
where Vg, is a specific volume at given temperature, is a density of a polymer at a given temperature.

Simulated thermal expansion coefficients are reported versus experimental expansion coefficients for all
considered polymers in Figure 3. Generally, the experimental coefficient of thermal expansion should be
higher. One may notice that for PP there is better agreement than for the rest of the polymers. This can be
explained by the fact that the PP has a simpler structure and, therefore, the calculations for it are more accu-
rate.

Simulated T are reported versus experimental values for all considered polymers in Figure 4. It should be
noted that P\VC and PP have the best accordance with experimental values; PS, PPO and PMA have moder-
ate agreement, and PET, PA6 and PA66 have the worse agreement. P\VC and PP have the simplest and simi-
lar structure. PS and PPO have benzene ring and structure that is more complex. PET and both polyamides,
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have the most complex structure and long repeat units. Talking about polyamides in should be mentioned
that PEMA has the biggest Ty among considered polyacrylates due to the longest sidechain. On the contrary,
PMA has the smallest Tg. The PMMA polymer has the middle Ty The big discrepancy from experimental
value for the PEMA could be due to complex structure in comparison with PMMA and PMA.

Thermal expansion coelficient o
PAG
. .
6 .
s a-FP
3 i-PMMA. -~ ®PEMA ® .
-+ Pce okl
EI. 5
*
: o
z
.. |
B Below T, Above T,
#]
PPMMa  TRO
P&
FVC
T2 3 4 s 6
Experimental, *10-4 K-1

Figure 3. The simulated thermal expansion coefficients for liquid state at 300K versus experimental data from Ref. [15].
The experimental equivalence line is also displayed.
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Figure 4. The simulated glass transition temperature versus experimental data from Ref. [15]. The experimental equiva-
lence (dashed) line is also displayed.

Pressure effect

To investigate the pressure effect on T the calculations for PVC, PPO and PS were performed under 0,
60 and 100 MPa. Specific volume versus temperature graph for PVS is presented in Figure 5. Experimental
values have been taken from [16, 17].

When the pressure goes up it becomes very difficult to determine T, With the high pressure, the curve
corresponding to glassy state and experimental curve in the glassy state become closer. Extracted Ty at each
pressure are presented in the Table 2 and linear relationship between experimental and simulated T4 can be
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identified. It could be assumed, that adding more configurations could improve the representation of curves
and make determination of T4 more accurate.

Calculations under pressure were done for PS and PVC as well. Extracted values are collected in Table 2.
As shown in the table the difference of T4 between 0-60 MPa and 60-100 MPa for both polymers are good
predicted despite the low molecular dynamic duration time during calculations.
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0.9 4 »
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Figure 5. Calculated specific volume vs. temperature for PVC at the indicated pressures. Solid lines are linear fitting.
Experimental data from [17].

Table 2

Experimental [16, 17] and calculated using pcff+ forcefield glass transition temperatures in Kelvin for atactic
PVC, PPO and PS for indiated pressures.

0 MPa | 60 MPa | 100 MPa
PVC Calc. | 345 360 370
Exp. | 347 368 377
PPO Calc. | 525 550 570
Exp. 475 505 525
PS Calc. | 370 395 415
Exp. 420 440 460

Presence of diluent

For most polymers, the carbon dioxide (CO;) can significantly change the mobility of the polymer melt
and cause a reduction of T4 by tens of degrees [18, 19]. In the present study CO, molecules were added into
the Poly (2, 6-dimethyl-1, 4-phenylene oxide) (PPO) in different concentration.

Considering the fact that molecular weight of PPO with degree of polymerization of 100 equal to
1916.7 g/mole, the concentration of CO, was evaluated using formula:

N+M(CO,)
M(PPO) '’

where N is number of CO, molecules in the amorphous cell of polymer, M(CO>) is molecular weight of
CO,, M(PPO) is molecular weight of PPO.

In Figure 6 the glass transition temperature has been plotted versus concentration of carbon dioxide. We
can conclude that the glass transition temperature almost linearly decreases with the amount of carbon diox-
ide. From the qualitative point of view obtained results agree well with experimental data taken from
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Ref. [20], from the qualitative point of view there is upward shift of calculated curve for around 80 K,
which could be understood in terms of fast cooling during MD simulations.

0 MPa | 60 MPa | 100 MPa
Calc.| 345 360 370
PVC
Exp.| 347 368 377
Calc.| 525 550 570
PPO
Exp.| 475 | 505 525
Calc.| 370 395 415
PS
Exp. | 420 440 460
G0
& Calculated
< . .
# 350 4 & Experimental data
= .
E’ 5011 .
£ 500 1
g N *
g .
2 4s0 4
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E A
r_ﬁ; 400 1 A i
150 ; : - . : : . . :
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Concentration, g-gas'g-polvmer

Figure 6. The calculated and experimental [20] glass transition temperature of PPO with CO; at various concentration

Conclusion

The computation of Ty at different cooling rates must be intimately associated with equilibrated initial
systems. The break was not sharp and sufficiently obvious because of inability of present atomistic simula-
tions achieve necessary cooling rates as in the experiments.

According to the data obtained, we can conclude that the pcff+ force-field describes tacticity quite effec-
tively. We see differences in the glass transition temperature for different types of tacticities.

The atomic simulation was also successfully applied for polymers diluted by CO,. In this case, adding
CO, molecules into polymer system decreases the glass transition temperature almost linearly and this be-
havior agrees well with experiment. As was expected we have shown that the pressure increases T4 How-
ever, when the pressure is high the break of the slope vanishes and determination of T4 becomes extremely
difficult.
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MouJiekyJaJabIK-AMHAMUKAJIBIK MOAeJbAEY dXiciMeH
NMoJIUMeEPJIEPAiH bIHBUIAHY TEMIIEPATYPACHIH 3epTTEyY

Makanazia msIHBUIAY TPOIECi 3epTTenTeH, cededi OHBIH TEOPHACH TONBIK JaMmbiMaraH. bepinren kKyOpuibic-
TBIH TEOPHSCHIH TYCiHY YIIIH KOMIBIOTEPIIK MOAeNbAeyAi KonmaHnyra Oonazasl. LIbIHEI TemmepaTypackiHa
MOJMMEPIIEP/IiH KONTEreH mapaMeTpliepi ocep eTei: CalKbIHAATY JKbIIIAMIIBIFBI, KBICHIM, EPITKIIITIH OOIYHI,
KYPBUIBIMIIBIK epeKmierikTepi sxkoHe T.0. bi3 pcff+ Kyat epiciHiH MIBIHBI TeMIepaTypachlH aHBIKTay KaOiaeTiH
TeKcepy YILIiH OipKatap SpTypJi moimmepiepi KapacTeipambi3. [lomuMepriepiH MBIHBIIAHY TeMIepaTypa-
CBIHA TAKTWIBIIIK, KYpaMbl, KbBICBIMBI )KOHE €pPITKIIITIH OOJYBIHBIH dcepi MOJEKYIalblK nuHamuka (MD)
sxone pcff+ force-field epicimin monenpaeynepi apkpuisl kepcerinreH. TaKTHKAIBIK dCepi ATaKTHKAIBIK,
M30TAKTUKAIBIK JKOHE CHHIMOTAKTHKAJBIK ITOIMAI(METHIMETaKpHIAT), COHBIMEH Karap aTaKTHKAIIbIK,
M30TAKTUKAIBIK JKOHE CHHIMOTAKTHKAJBIK TOJMIPOIMICHAI KOJIaHy apKbUIbl 3eprTenai. IlomuMepnepin
MOJIEKYJIaNbIK AUHAMHUKAchIH Mojenbaey yiiiH MedeA ecentey oprackiHa Oipiktipinren LAMMPS koxbr
KOJIJAHBUIABL. OPTYPJIi CaNKBIHIATY JKbULAAM/IBIFBIH/IAF] IIBIHBIHBIH TEMIIEPaTyPachlH ecenTey TeHIEeCTipi-
reH 0acTamKpl JKYHelepMeH THIFbI3 OailIaHBICTBI. AFBIMIAFbl aTOMJIBIK MOJIEIIbICYIEPAiH dKCIEPUMEHTTEp-
Jerinei KaXeTTi CaJKbIHIATY KbUIIAaMIbIFbIHA KOJI JKeTKi3yre Kabinerci3airine OaiaHbICTBI y3iJIic JKeTKi-
JIKTI TYpZE OTKip HeMece alKbIH OonmMajpl. ANbIHFaH nepekTep peff+ Kymn epici TaKTHKaHBI KETKUIIKTI TH-
iMIi CHTIATTaHTHIHBIH KOHE TAKTHKAHBIH OPTYPJIi TYpJepi YIUiH HIBIHBI aybICy TEMIIEpaTypachiHbIH aifblpMa-
IIBLIBIFBIH OepeTiHiH kepceTeni. CO2 CyHBUITBITFaH IOJMMEpPIIEp YIIIH MIBIHBI ayBICY TEMITEpaTypacshl JIepIIiK
CBI3BIKTHI TYpZE TOMEHIEH i, Oy TokiprnOeMeH kakcehl colikec keneni. KyTinrenseil, KbICHIM IIBIHEI aybICY
TeMIepaTypachiH apTThipabl. bipak orapsl KbICHIMIA KOI0ey KHUCalobl )KOWBUIBIM, Tg aHBIKTay ©Te¢ KUBIHFA
coranpl. Temmeparypara Kapchbl HaKThl KOJEMHIH CbhI30ajapblH aiy jKOHE IIBIHBI aybICy TeMIEpaTypachlH
aHBIKTAy YILIiH HOJMMEpIIep KUBIHTHIFbIHA IMUTALMSUIIBIK JKAChITY TPOLECi KONAaHbUIa b

Kinm ce30ep. calKbIHIATY JKbUIIAMIBIFBI, KBICHIM, IIBIHBI TeMOepartypachl, pcff+, Monekynanblk AuHaMHKa-
JIBIK MOJIETIBIIEY .
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HccnenoBanue TeMnepaTypsbl CTEKJI0BAHUS MOJMMEPOB METOI0M
MOJIEKYJISIPHO-TUHAMHYECKOTr0 MO/IeJTUPOBAHUSA

B craTbe m3ydeH mpomecc CTeKIOBaHUS, TEOPHsT KOTOPOH He pazpaboTaHa mojHOCTHI0. KoMmbroTepHOE MO-
JIeITUPOBAHME MO’KHO HCIIONb30BaTh I TOHMMaHMS TEOPHH JAHHOTO siBieHHsA. Ha Temmeparypy crekioBa-
HMS OKa3bIBACT BIHMSAHUE OOJBIIOE KOJMYECTBO IIAPAMETPOB MOJMMEPOB: CKOPOCTh OXJIAKACHUS, NaBJICHHUE,
HPHUCYTCTBUE Pa30aBUTEINsl, CTPYKTYPHBIE OCOOCHHOCTH ¥ T.A. MBI paccMaTpuBaeM psJl pa3IM4HbIX MOJIUME-
POB I IPOBEPKHU CIIOCOOHOCTH cuitoBoro mois peff+ mo ompenenennio temmeparyps! creknoBaHus. Birus-
HHE TaKTUJIBHOCTH, COCTaBa, JABJICHUS M MPUCYTCTBUS pa3baBUTEIsI HA TEMIIEPATYPY CTEKIOBAHHS MOJIHME-
poB OyZeT Moka3aHO ¢ HOMOIIBI0 MOJCITUPOBAaHUS MONeKy IsspHO#t nuHamuku (MD) u pcff+ force-field. Dd¢-
(eKT TaKTHYHOCTH OBUT H3YYEH C MTOMOIBIO IIPUMEHEHHUSI aTAKTHYECKOT0, H30TAKTHYECKOTO U CHHIHOTAKTH-
YECKOT0 MOJH(METHIMETaKpPHIIaTa) U aTaKTHYECKOT0, H30TAKTHYECKOT0 M CHHIMOTAKTHIECKOTO HOJIUIPOIIH-
neHa. [y MonenMpoBaHUS MOJIEKYISIPHON TMHAMUKH MOJIUMEpOB Hcroib3oBaics kog LAMMPS, unrerpu-
POBaHHBII B BBIYMCIUTENbHYIO cpeny MedeA. Pacuer TemmepaTyphl CTEKIOBAHHUS IPH PA3IMIHBIX CKOPOCTSIX
OXJIXKACHUS TECHO CBSI3aH C YPAaBHOBELICHHBIMI HCXOMHBIMH CHCTeMaMH. M3-3a HeClIOCOOHOCTH HBIHEIITHUX
ATOMHCTHUYECKHX CHMYJSILUHA JOCTHYh HEOOXOAMMBIX CKOPOCTEH OXJIXACHHUS, KaK B HKCIEPUMEHTAX, pas-
PBIB HE OBUT PE3KUM M JOCTATOYHO OYEBHIHBIM. [10TydeHHBIC NaHHBIC IOKA3bIBAIOT, YTO CHIIOBOE Hoiue Pcff+
JOCTATOYHO 3((EKTHBHO OIMCHIBACT TAKTHKY U JAET Pa3sIMyMs B TEMIIEPAType CTCKIOBAHUS IJIsl Pa3HBIX TH-
HOB TakTHYHOCTH. J[ys monumepos, pasbasienHbix CO2, TeMnepaTypa CTEKIOBAHUS CHI)KAETCS IOYTH JIU-
HEWHO, 4TO XOPOILO COTJIacyeTcs C IKCIepuMeHTOM. Kak n 03KuIanoch, 1aBjIeHHE YBEIIMYUBACT TEMIIEPATYPy
crexinoBaHusl. OJTHAKO TPH BHICOKOM JIABJICHHH H3JIOM HaKJIOHA HMCYE3aeT, M OmpeeieHne Tg CTaHOBHTCS
KpaiiHe 3aTpyIHUTENbHBIM. VIMUTHPOBAaHHBIII MpoLiece OTXKUra OyIeT IPUMEHEH K Habopy MOJIUMEpPOB, YTO-
OBI HOJYYUTh rpadUKK 3aBUCHMOCTH YACJIBHOTO 00bEMa OT TEMIIEPATYpPhl H ONPEJICIUTh TEMIIEPATYPY CTEK-
JIOBaHHSL.

Knrouegvie cnosa:. cKOpOCTb OXJaXACHUS, AABICHHE, TeMIlepaTypa crekioBaHus, Pcff+, MonexymspHo-
JTMHAMUYECKOE MOJIETUPOBAHHUE.
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Dynamic response of unsupported and supported cavities in an elastic half-space
under moving normal and torsional loads

This study explores the impact of uniformly moving normal and torsional loads along an infinitely long circu-
lar cylindrical cavity, situated within a half-space (body), on the behavior of the elastic half-space. The cavity
is either unreinforced or reinforced by a thin-walled elastic shell. To describe the motion of the body and the
shell, dynamic equations of elasticity theory in the Lamé potentials and equations of the classical shell theory
are used, respectively. The equations are represented in coordinate systems moving together with the loads
(cylindrical or Cartesian). The method of integral Fourier transform is used to determine the stress-strain
state (SSS) of the half-space. The solution to this problem considers waves reflected from the boundary of the
half-space, which occur during the movement of loads, instead of assuming the body is an elastic space like
similar works. The results of numerical experiments are presented, illustrating the influence of the shell on
the deformed state of the half-space boundary under the action of axisymmetric normal and shear loads,
which are uniformly applied within a certain range and move at a constant speed.

Keywords: elastic half-space, body, cavity, cylindrical shell, moving load, velocity, displacement, stress.

Introduction

Lately, there has been a noticeable increase in studying the dynamic behavior of various engineering
and structural systems due to the diverse types of moving loads they encounter. Such problems arise in the
calculation of aerodromes under the influence of moving aircraft, tunnels, and underground pipelines under
the influence of transport loads (loads that occur during the movement of intratunnel transport and the trans-
portation of solid materials, liquids, and gases through pipelines) and so on. The rapid progress in modern
technology, computational mathematics, and computer technologies has played a crucial role in stimulating
this growing interest.

In the context of the tunnel and underground main pipeline dynamics subjected to transportation loads,
the research typically focuses on model problems addressing the effect of a load on a cylindrical shell (the
surface of the cavity if the tunnel is unsupported) situated within an elastic body. The load uniformly moves
along the inner surface of the shell along its generatrix. In the case of deep placement of these structures, the
body represents an elastic space, while in the case of shallow placement, it is an elastic half-space. Model
problems of the tunnel and deep-buried transportation pipeline dynamics under the influence of transporta-
tion loads have been examined in numerous scientific studies. The number of publications dedicated to this
issue is relatively small in the case of shallow placement of these structures due to the more complex nature
of the problem formulation. Recent years have seen a notable increase in published works that deserve
recognition [1-6]. In these studies, numerical investigations of the SSS of the body were conducted for the
case when a normal moving load of various types acts on the cylindrical shell or the cavity surface. In arti-
cles [7, 8] similar investigations were conducted for the case of a normal axisymmetric load [7] and an ax-
isymmetric torsional load [8] acting on an extremely long thin-walled circular cylindrical shell positioned in
an elastic space. To describe the motion of both the body and the shell, the dynamic equations of elasticity
theory and the equations of the classical theory of shells were used, represented in the moving cylindrical
coordinate system. In [7], when the speed of the load's movement was subsonic, the Fourier transformation
was applied to the moving axial coordinate for solving the problem. Dynamic equations of the theory of elas-
ticity and classical shell theory equations were used to describe the motion of the body and shell, respective-
ly. These equations were presented in a moving cylindrical coordinate system. In article [7], Fourier trans-
formation was used to solve the problem, while in article [8], Fourier or Laplace transformation was applied
with respect to the moving coordinate.
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The present article provides a solution to the problem of the combined action of moving normal and tor-
sional loads on an infinitely long thin-walled circular cylindrical shell or cavity surface in an elastic inertial
half-space. Such action occurs during the rotational movement of cleaning devices in an underground pipe-
line [9], and it can also arise due to the inequality of dynamic loads transmitted to each of the rails laid in a
cylindrical tunnel [10], whether supported by a shell or unsupported. In contrast to [7, 8] and similar works,
the moving loads in this article can have an arbitrary form. Additionally, when solving the problem, the in-
fluence of waves reflected from the boundary of the half-space, which arise during the movement of loads, is
taken into account.

Methods

The study is based on assumptions and equations of elasticity theory. To solve the problem, the method
of integral Fourier transform is used. This allows us to consider moving loads distributed along the shell's
axis according to an arbitrary law and obtain the final expression of the solution without the need for summa-
tion.

Problem formulation and solution

Let's consider a homogeneous and isotropic body in Cartesian x,y,z and cylindrical r,0,z coordinate

systems, which have a common origin occupying a fixed position in space. The body is a linear elastic half-
space (x = h), with its boundary free from loads and parallel to the z-axis. The body contains an elongated
circular cylindrical cavity with a radius of R, the axis of which coincides with the x-axis (Fig. 1). The surface
of the cavity can be rigidly connected to a thin shell with a thickness of ho. Since the shell has a small thick-
ness, we will assume that it contacts the body along its middle surface (Fig. 2). We will use the following
notation for the physicomechanical properties of the body and shell materials. Poisson's ratio: v (for the
body), vo (for the shell); shear modulus: u (for the body), wo (for the shell); density: p (for the body), po (for
the shell).

X X X r
<
= s 0
R
z n y
0 0 0
ct -
Figure 1. Half-space containing a circular cavity
X X X r
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Figure 2. Half-space containing a circular shell
Figures illustrate normal and tangential (torsional) loads moving along the z-axis at a constant speed c,
either on the surface of the cavity (Fig. 1) or the shell (Fig. 2), sharing common points of application and
identical characteristics. The ensuing analysis aims to ascertain the SSS of the body.
To solve the problem, we will use coordinate systems moving together with the load: Cartesian
(x, y,nN=2 —ct) and cylindrical (r,e,n =z —ct). In these coordinate systems, the motion of the body and the

shell will be described by equations (1) and (2), respectively. [1, 2]:
(M? =M ?)grad div u + M ;2V2u = 8°u/on?

p

)

where M| = c/cp , M, =c/c, —Mach numbers; ¢, =/u/p, c, =, /(L +2u)/p —the speeds of propaga-
tion of compression-expansion and shear waves in the body, A = 2uv/(1-2v); V* — Laplace operator, u —
the displacement vector of the elastic body.

{1_ (1_\’0)90(:2}82”% +1_V0 Oy, +1+V° 0ty —Fﬁauor - 1w
2u,

o  2R* 00° 2R ond® R on  2mh, ™
azu _ 2 2 2 _
L+v, Uy, (1=ve)() o a“guiza Uy +i2%:1 Yo(p _q,)
2R 0onoo 2 K, ) on R° 00 R® 00  2u,h,
Vo oy +i2 Oy +h—°2V2V2uOr + (1=vo Jpsc” azugr +u—°2r __1mve (P -qa,),
R on R 00 12 2u, on R 2u,h,
where g; and u,; — the response of the body and the displacements of points on the mid-surface of the

)

shell (when r=R @;= oy, where 6, — the stresses in the points of the body), j=n,6,r; Pe(e,n) and

P (6,1) —the intensity of the torsional and normal load.
Let's express the vector u based on the Lamé potentials @ (j = 1, 2, 3) [11]

u=grade, + rot(cpzen)+ rot rot((psen), ©))
where e, — the unit vector of the axis n.
Using (1) and (3) we obtain:
Vip, =M%, /on?, j=1,2,3. (4)
Here M, =Mp, M, = M3 = M..
Let's represent the components of the SSS of the body using Lamé potentials ;.
The components of vector u (3) in Cartesian (5) and cylindrical (6) moving coordinate systems:
o, =00, 20, Oy
oXx o0y 0Oxom
2
u, =0 00, 00; 6)
oy OX oyonm
LU m? 62([)23 ;
on on
u, :%4_16@2 +62(P3 ,
or r 08 onor
2
y, =100 00, 1070, (6)
roe or ronod
u =%+mf—az(p3 :
n 61’] 61’]2
By applying Hooke's law and considering equations (5) and (6), we can derive the formulas for the
components of the stress tensor in both Cartesian (7) and cylindrical (8) coordinates

u, =
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Applying the Fourier transformation in n to equations (4), we obtain
Vie;—mi&e; =0, j=1,2,3, ©)

where ¢’(r,0,8)= _[(pj(r,e,n)e‘ii”dn, m?=1-M2, m=m,m,=m,=m,, V; — two-dimensional Laplace

operator.

Applying the Fourier transform to (5) — (8) in n, we obtain expressions for the transformants of dis-
placements u,* and stresses Gfm in Cartesian (I,m=X,y,n) and cylindrical (I,m=r,0,1) coordinates, rep-
resented by ¢ .

Let's impose a constraint on the speed of load movement, assuming it is less than the shear wave veloci-

ty in the body, i.e. ¢ < cs. Then Ms < 1 (ms > 0), and the solutions of equations (9) can be represented as fol-
lows

¢, =P + 0. (10)

Here @ = iam n(k r) "L, 0P = jg £,¢) exp( yC+(x—h),/C> +K° )dq K, (kr) — MacDonald func-

tions, k, =m.&; a,, 9,(€,&) — unknown functions and coefficients to be determined, j=1,2,3.
In the Cartesian coordinates, the expressions for the transformants of potentials (10) will take the form:
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¢, = I[Zf Y@, + 9,0 [ede. (12)

j =0

+f )
Here f; = Cka,Q;[%J ,j=12,3.

i

Let's express the functions g, (i C) by the coefficients a, (j=1,2,3). To accomplish this, we will
consider (11) and utilize the boundary conditions when x = h:
G, = cs cs =0.

Extracting coefficients of e and equating them to zero, we derive a system of three algebraic equa-
tions from which we can deduce

9;(&0)=

ZA e Z a,d, (12)

*Il

Here A, :(2pf —62)2 —4p2 [p? —a?[p? —B?

2 2V
Jp— Z—(i‘;; _'1 ) A, =-20(2p2 —B7), A, =26(2p7 ~B7 Np? 7,

2\p? -a
. MZ . A..
Ay Z_m_;Alz’ A, :_m, _—4@; \/p* o \/p*
o A.. 207 —p*f
A31 = —mz—lgz, A32 = B—il, A33 = - 2\/p2 (\/pp B )

a=ME B=ME p>=£+C%, A.=(2p2—P2) —4pi\p?—a?p? -
pZ =& +(2/m2 —1)c2.

As demonstrated in [1], the determinant A*(F,, c;);to for ¢ < cr, where ¢, — the Rayleigh surface wave
velocity in the half-space [11].
When ¢ < cg, the expressions (11), taking into account (12), will have the following form

) =xfj *

oi=] ezfl 30, +e 32 e Y a,0, L. (13)

n=-o 1=1 *

Substituting (13) into the expressions for ul* and Gl*m presented in the Cartesian (I,m=X,y,n) coordi-
nates, we obtain:

©

J‘ -|-<1)|:<1)+-|-(2>|:<2>) s

— J=1

%_J'z I;}Fnj ImJ n(J )ei(yQéﬂ)dC'
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Here
o € @ e AN
_ _ - K A~
Ry =-—2a®, F7=e"""%-Fe">a0,,
2fj n=-o k=1 * n

Tx(ll) = _Tx(12) = _fl’ Tx(21) _Tx22) = _C’ T(l) _T & - fS& ’
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Ty(ll) :Ty(f) — in Ty(;) — _Ty(22) — ifza Ty(;) :Ty(32) — _Iéc ,

TO=T®=jg, TO=T2=0, TY=T? =—im2?,

Sga =Sxd =M, +2(f7 —&'m), ST, =-S5 =2¢f,, S5 =S5 =-21,
Spa =Sy =n, —2(C° +&'m}), S =-S5 =215, S{L =S5 =2EC",
S-S =n 20, SIL=S{ =0, S, = =2me',

Sga =Sy =-21Li, S =80 =—(f/+L")i, S =-S0 =21¢i,

@ 2 _ o _ 2) _ @ (2
Snyl Snyl = —2¢¢, Snyz - _Snyz - _ifz' Snys Sny3 =n.C,

[6Y) 2 _ O _c®@ _ H o _ 2 _
anl _anl _2 fl&" anZ anZ éCI’ anS _anS - n f I

n =00+ mp)é , N, =1+m?)E&.

To represent the transforms of potentials (7) in the cylindrical coordinate system, we will use the rela-
tionship [12]

EXp(lyQ+(x h){/C% +k? ) Z| (kr)em%)[gﬂ/@ +k’ Jehwl

Here 1_(kr) —modified Bessel functions.
Then

n=—o0

) = Z[a K, (k) +1, (K, r)jg (0 D, e“"dgj e

When ¢ < cr, these expressions taking into account (12), will take the form

*

) = Z( K, (k;r)+by 1 (k,r))e™, (14)

N=—0

0o A*

3 o A
where b ZZ JA A= Lo, @ e g

I=1 m=— —o

By substituting (14) into the expressions for ul* and cs,*m represented in the cylindrical (I, m=r, 0, n)
coordinate system, we obtain

= iihﬁm(}(n(kjr))anj +T|j(2)(|n(kjr))bnj]ei(gmno),

n=—w0 j=1
G*m S i(&n+n
o ZZ}[S,&} (K, (k,))a, +S2(1, k)b, e
n=—0 j=
Here:
Tr(ll) = ler:(kJ)' Tr(2 =—-— K (kzr)’ Tr(al) = _é ksKr:(ksr)'

Te(ll)zﬂKn(klr)i, Te(;)=_k2Kr:(k2r)i’ Tes = ‘:K( )
=K, (k,r)i, =0, T4 =-kK,(kr)i

Sr(rli 2[k12 +%_ 7\4,2;& an(klr) 2k K ( ) , rrz = Kn(kzr)— 2k2Kn(k2I’) '

r
2 ’
,—,—3 _ _zé(kz +r_j (k3l’)+ ZE_kaKn(k3r) 1

r
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1 Ygo2 2 )

2 2¢2 '
Seel__z[r L IM3E ]Kn(klr) 2k, Kr(klr) g0 _ 20K, (kr) | 2nk,K; (k,r)

2u r r
g _ ZinK( r) _ 28K (kr)
003 r r !
1+AM ]
sty =22 M e erl st 0 st -z )

s®

rol

=(— 20K, k), Z”kK'(k r)]“ s { (kz Z”ZJKn(kzr)ﬂ"zK_n'(kzr)ji,

2 ro2
r

st :(2na|<rg(k3 r) 2n§k K:( j"
2ngK, (kr 1+m; K, (K,r
Sé:])l __ g rn( 1 ), enz E_.k K’ (kzr)’ 9n3 ( r) ( 3 ),
1 Kn k ’ H.
s =28k K (k)i 8% = r( ), S, = &7k, L+ m? K (k,r )i
K!(kr)= dL((”k(i:; ), T2, S{2 are obtained from T,", s by replacing K (k r) with | (k r).

To determine the unknown coefficients an (j = 1, 2, 3) in the expressions for the transformants of dis-
placements U, and stresses o, , we will use the boundary conditions at r = R:
- for a nonreinforced cavity (Fig. 1)

o, =P (0,8 o, =-R (0,8 o,=0 (15)

where P’ (6,&)= IP (6,m)e™'dn=p,(6)p ZPe'”0 i Ip(n)e'?’”dﬂ i=r.0;

- for cavity reinforcement with a thin shell (Fig. 2)
u =u, (16)

where u;,(0,&)= 'fuo,(e,n)e"‘i"dn, l=n,0,r.

By applying the Fourier transformation to (2) in n and expanding the functions Pj*(e,ci) and u;, (9, i)
(3=06,r,1=m,0,r) into Fourier series in n, we obtain:
812u0nn +V,NEGUg,e — 21V EoUy,, = _Goqnn’
Vzngouom + 8iuom) - 2inu0nr = Go(Pne —Ono )’
2iv0§0u0nn + 2inuOne + 82uOnr = (Pnr - an)'
where &f =ag—gg, & =Pg—&, &=V & =Vi&Mg, & =ER,
=282+, & =ER, Bi=viEl+2n?, yl=y’(g2+n?f+2,
2 2
c W, » h v,R
v,=1-v,,v,=1+v,, M =—, Co=_|—, % = G, =—
1 0r V2 0 ) Cso 0 po X 6R2 0 “Oho

composition P;(e,a) and U, (9,&) in the Fourier series by 0; 0, =(c,),. Whenr=R,j=0,r,1=1,6,r.

, B, and uy,

By solving the last equations with respect to Uy, (I =n, 6, r ) we find:

3§
Uonn =GOjZ:l:8_m(Pnj — Uy )’
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00|O/>

3

G2,

|ﬂ°°

3
Ugno = Goz S ( )
j=1 Yn
Onr ( )
j=1
Here 8, = (g,,8;)" — (8,8,)° — (€,8,)" + 2£,E,&5, 5n1 = (e,8,) —¢€1,8,, =D,
6r]3 = iDz! 691 = Dl’ 892 :(8183)2 —E,.;. 893 = iDs!S = 'D 8 = Ds!

6r3 = (8182)2 —éé, &1 =2n, &2 = 2V0<§0, &3 = Vzionv D1 = ‘:on(4vo —&; v )
Dz :2§0(8§V0 _nzvz)’ D3 :2n(glz _ﬁgvovz) ; Pnl = Rm =0 ) P = Pne ) Pn3 = Pnr v O :qnn 1 On2 =0ng »
qn3 = an '

By substituting the respective expressions into the boundary conditions (15) or (16) and equating the
coefficients of the series with respect to €™, for each value of n=0, +1, + 2,..., we obtain a system of linear
algebraic equations with the determinant A (&,c) =0, from which we find the coefficients an; (j = 1, 2, 3).

Next, by applying the inverse Fourier transform, we compute the displacements u; and stresses ocim
(I, m=r,6,n) in the body. In this case, any numerical method can be used, provided that the determinant
A, (&,c) = Ofor each value of n=0, +1, +2,.... Research on determinants A (&,c) has demonstrated that for
an unsupported cavity (Fig. 1), this requirement can be fulfilled by satisfying the condition ¢ < cr. However,
for a supported cavity (Fig. 2), the speed of load movement must be lower than its critical speeds ¢ <c,)..

n

I

The values of the critical speeds c,,. are determined from the equations A (&,c)=0. As studies of these

equations based on numerical calculations show, the smallest (lowest) critical speed of the load corresponds
to the number n =0 (minc,. =Cg,.) [1].

Results and Discussion
As an example, let's consider the circular cylindrical cavity depicted in Figure 1 with a radius of R = 1m
in a half-space (h = 2R) with the following physical and mechanical properties: v =0,2, p=2,532-10° Pa,
p=25-10° kg/m? (c, =1006,4 m/s, c, =917 m/s). Along its surface, in the direction of the z-axis, an ax-

isymmetric compressive normal load P, and an axisymmetric torsional load Py of equal intensity, P (Pa), are
moving with a constant velocity of ¢ =100 m/s. The loads are uniformly distributed within the interval

M <l,=02R . In this case, P, =1, P,=0 (n=#1+2.., j=o,r ), P, ()=-2Psin(l,)/¢

p; (&)= Psin(&l,)/& . We select the intensities P of the loads in such a way that for each of them, the total
load over the entire length of the loading section 2lo equals the equivalent concentrated radial load with an

intensity of P~ (N/m), i.e. P=P~/2l,. Then p;(&)=-Psin(&l,)/(&l,), pi(e)=P=sin(l,)/(l,)-
In Figure 3, the vertical u; =u,u/P", m (a) and horizontal u; =u u/P°, m (b) (where P° =P~ /m, Pa)

displacements of the points of the boundary of the half-space are shown in the xy coordinate plane. Curves 1
are plotted for the case of an unsupported cavity (Fig. 1), while curves 2 are for the case when this cavity is
reinforced with a thin cast iron (ho = 0,05 m; vo = 0,3, o = 5,77-10'° Pa, po=7,2-10%g/mq) shell (Fig. 2).
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Figure 3. Displacements of points of the boundary of the half-space

From the analysis of the curves, it can be concluded that reinforcing the cavity with a shell leads to a
reduction in the dynamic impact of moving loads on the boundary of the half-space.

Conclusion

The problem of the effect of uniformly moving normal and torsional loads along an elongated long cir-
cular cylindrical cavity, situated in an elastic half-space (body), on this elastic half-space has been solved.
The cavity is either unreinforced or reinforced by a thin-walled elastic shell. Such loading action occurs dur-
ing the rotational movement of cleaning devices in an underground pipeline and can also arise due to uneven
dynamic loads transmitted to each of the rails laid in a cylindrical-shaped tunnel, whether it is supported with
a shell or not. When solving the problem, the velocity of load movement is considered to be subsonic. Speed
restrictions are imposed: in the case of an unsupported cavity, the speed must be lower than the Rayleigh
wave velocity in the half-space, and in the case of a cavity supported by a shell, in addition, the speed must
be lower than the critical speeds of the moving loads. In contrast to a similar problem for an elastic space that
simulates a deep tunnel, this problem is more complicated, since it becomes necessary to take into account
the waves reflected by the boundary of the half-space. In contrast to similar works where the medium is con-
sidered as an elastic space, this problem's solution takes into account the effect of waves reflected from the
boundary of the half-space, which arise during the movement of loads.

Using the obtained solution and results of numerical experiments, the influence of the shell on the de-
formed state of the half-space boundary was studied under the action of uniformly applied axisymmetric
normal and torsional loads moving at a constant speed within a certain range. The results of the study indi-
cate that reinforcing the cavity with a shell leads to a reduction in the dynamic impact of moving loads on the
boundary of the half-space.
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B.H. Ykpaunen, C.P. I'upuuc, K.T. Makammes, B.T. CraneBuu

Cepnimai xkapThlIail KEHICTIKTErl KYLIeHTIIMereH ’KoHe KylIeHTiireH
KYBICKA KO3FAJaTbhIH KAJBINTHI 5KHE OYpaJy :KyKTeMeJIepiHiH dpekeTi

CepmimMzi XapThUTail KeHiCTiKKe (MacCHBKE) OCHI JKapThUIAil KEHICTIKTEe OpHATAaCKaH MIEKCi3 Y3BIH JOHTEICK
OWTHHIPITIK KyBICTHIH KYKa KaOBIPFachIHBIH CEpPIiM/Ii KaOBIFbIHA OCKITIIMETeH HeMece OEKITireH OOMbIMEH
OipKesKi KO3FaJIaThIH KaJIBINTHI )KoHE Oypaiy KyKTeMelnepiHiH acepi 3eprreni. JKapTbuiaii KeHICTIK KYKTep-
IiH acepiHeH 00c KeJJeHeH IeKapachl KybIC OCiHe mapaiuienb Oosansl. JKYKTepaiH KO3Faly >KbIIIaMIbIFbI
JBIOBICKA ISHiHTI JIen KaObUIaHaabl, SSFHU JKapThUlald KEHICTIKTE BIFBICY TOJKBIHIAPBIHBIH Tapajy *KbLIIaM-
JIBIFBIHAH a3 Oosiael. MaccuB TeH KaOBIKTBIH KO3FAIBICHIH CHUIATTAY YIIiH caiikecinnre Jlame moTeHnmanga-
PBIHAAFBl CEPHIMIUTIK TEOPHUSCHIHBIH JHHAMHUKAIBIK TEHACYJepl jKOHEe KaOBIK TEOPHICHIHBIH KIIACCHKAIBIK
TeHeyIepl maimanaHeUIFaH. TeHIEyep >KYKTeMelepMeH Oipre KO3FalaThIH KOOpAMHATTAp KyienepiHme
(UMIMHAPITIK HEMece NEKapTTHIK) YCHIHBUTFaH. JKapThitait KeHiCTIKTIH KepHeyTi—aedopManusianFad KYHiH
(KOK) ambikray yuris uaTerpangsl Oypbe TYpiaeHaipy oici KommaHbuiansl. MaccuB cepmimai KeHICTIK Ty-
piHIE YCHIHBUIATHIH MYHJal JKYMbBICTap/iaH albIpMalIbUIBIFEl, MYH/IA €CEeNTi LISy Ke3iHJe )KYKTeMeNepaiH
KO3FaJIbICHI Ke3iH/le Maiia GoaThiH JKapThlIail KEHICTIK IeKapachbIMEH MIaFbUTBICKAH TOJIKBIHIAP.IBIH MacCH-
BiHe acepi eckepineni. EcenTi menry jkoHe a3ipJeHreH KOMIBIOTEPIIiK OaFiapiamanap Heri3iHae CaHIbIK K-
criepuMeHTTep Kyprizingi. CanablK SKCIepUMEHTTepAiH HOTIKeepi Oenriii Oip apajibikra OipKeski Koima-
HBUTATBIH JKOHE KAaJBINTHI )KoHE Oypaiy sKyKTeMeJIepiHiH OCHMMETPHSIIBIK TYPAKTHI IBIOBICKA ICHIHTI XKOHE
HIEKTEH KeM KO3FalaThIH JKapThUIal KEHICTIK MIEKapachIHBIH JepOopMallisuIaHFaH KyiHiHe KaOBIKTBIH OCepiH
KepceTeTiH Tpadukrep TypiHme OepinreH. Ocbl HOTHXKENEpl TanAaydaH KybICTHl KaOBIKIIEH HBIFAHTY KO3-
FaIMalibl )KYKTEMEJIEp/IiH JKapThUIail KeHICTIK IIeKapachlHa JHHAMHKAIBIK OCEPiHIH TOMEHJEYiHEe OKeINeTiHi
IIbIFaabI.

Kinm ce30ep: cepmimai xapThliail KEHICTIK, MACCHB, KYybIC, IMIHHAPIIK KaObIK, KO3FAIMaIbl )KYKTEME, JKbLI-
JIAMJIBIK, KO3FaJIbIC, KEPHEY.
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JeiicTBUe IBUKYIIMXCHA HOPMAJbHOW M CKPYUYMBaKOIlell HATPY30K HA
HEMOAKPEIJIEHHYI0 U MOJAKPEIIEHHYIO M0JOCTh B YIIPYTOM IOJIyIIPOCTPAHCTBE

HccnenoBaHo Bo3/eiicTBHE HA YIIPYroe MOMYIPOCTPAHCTBO (MacCHB) HOPMaJbHON M CKpYyYMBAroIIei Harpy-
30K, PaBHOMEPHO IBIDKYIIUXCS BOJIb HEMOAKPEIUICHHON MM MOJKPEIUIEHHON TOHKOCTEHHOH yIpyroit 06o-
JIOYKOH OECKOHEYHO JUIMHHOM KPYroBOHM HMIMHAPHYECKOH IOJIOCTH, HaXOMASAIMICHCS B 3TOM IOJIYIPOCTpaH-
ctBe. CBOOOgHAS OT AeiCTBUS HArpy30K FOPU3OHTAbHAs IPAHUIA MOIYIPOCTPAHCTBA MapalieNbHa OCH MOo-
soctu. CKOpOCTh JBHKEHMSI HArPY30K NIPUHUMAETCS JO3BYKOBOM, TO €CTh MEHBILIE CKOPOCTH PacHpOCTpaHe-
HUS BOJIH CJ[BUTA B IIOJIyIIPOCTPAHCTBE. /ISl ONMCaHMs ABM)KEHNSI MacCUBa U 000JIOYKH HCIIONB3YIOTCS COOT-
BETCTBEHHO JIMHAMUYECKUE YPAaBHEHUS TEOPUH YNIPYrOCTU B NOTeHIMaNax Jlame U ypaBHEHHs KJIaCCUYECKOH
TeopuH 000JI0UeK. Y paBHEHHUS TIPEICTABISIOTCS B IIEPEMEIIAIONINXCsl BMECTE C Harpy3KaMH CHCTeMax Koop-
IUHAT (IWINHIPUYECKOH MM AeKapToBoi). s onpeseneHus HanpsHkKeHHO-Ie()OPMUPOBAHHOTO COCTOSTHUS
HOJTYTIPOCTPAHCTBA UCIIOB3YETCSI METOA MHTErpajbHOTO NpeodpaszoBanns Oypre. B oTimune ot mogqo6HBIX
paboT, T1ie MaccUB MPEACTABIAETCS B BUAE YIPYTOro MPOCTPAHCTBA, 3/1€Ch IPH PEIICHNH 33a1a4l YUUTHIBACT-
sl BO3JIEHCTBHE HA MAaCCHUB OTPa)KEHHBIX IPAHUIIEH MOIYIPOCTPAHCTBA BOJH, BO3HHUKAIOIIUX MPH ABIKCHUH
Harpy3ok. Ha ocHoBe perenust 3agadu u pa3pabOTaHHBIX KOMITBIOTEPHBIX IIPOTPaMM HPOBEICHBI YHCICHHbIC
SKCTIEpUMEHTHI. Pe3ynbTaThl YHCIEHHBIX 3KCIEPUMEHTOB IIPEACTABICHBI B BUAE IPa(UKOB, KOTOPBIE HILTIO-
CTPHUPYIOT BIMSHUE 000J0YKH Ha 1e(hOPMUPOBAHHOE COCTOSHHE TPAaHMIIBI ITOJYIPOCTPAHCTBA MIPH IEHCTBUN
PaBHOMEPHO NPHJIOKEHHBIX B ONPE/EIICHHOM HMHTEpBaje U JBIKYIIUXCA C IOCTOSHHON J03BYKOBOW U JI0-
KPUTUYECKON CKOPOCTBIO OCECUMMETPUUHBIX HOPMAJIbHON U CKpyuuBarollel Harpy3ok. M3 aHanusa 3Tux pe-
3yJIBTATOB CJEIYET, YTO IOAKPEIUICHHE MOJOCTH 000J0YKOH MPHBOIUT K CHW)KCHHIO TUHAMHYECKOTO BO3-
JEeHCTBUSI ABIOXKYIINXCS HATPY30K Ha TPAHUIy TTOIYHPOCTPAHCTBA.

Kniouesvie cnosa: ynpyroe momynpOCTPaHCTBO, MACCUB, IOJIOCTh, HIIMHAPUIECKas 000I0UYKa, MOABIDKHAS
Harpyska, CKOpOCTb, IEPEMEIICHHNS, HAIPSKECHHS.
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Mechanochemical synthesis of AICoCrFeNi powders via high-energy ball milling

AICoCrFeNi powders in equimolar ratios were synthesized by mechanochemical synthesis on a high-energy
ball milling machine (HEBM). The elemental and phase composition of AICoCrFeNi powders before and af-
ter mechanochemical synthesis were investigated by X-ray phase analysis and scanning electron microscopy
with EDS analysis. A preliminary mathematical calculation of the physical parameter responsible for the
phase stability of the solid solution valence electron concentration (VEC) showed that the fusion of this sys-
tem should form the FCC phase. However, the result of XRD analysis showed that during the synthesis a sol-
id solution with FCC and BCC phases was formed. The EDS mapping results of AICoCrFeNi powders after
HEBM showed a homogeneous distribution of elements without macro-segregation. The results presented in
this work indicate the formation of a high-entropy alloy of AICoCrFeNi system in a short time of mechano-
chemical synthesis. Continuous deformation, fracture and cold welding during mechanochemical synthesis
leads to increased diffusion of elements and accounts for the formation of the HEA alloy.

Keywords: high-entropy alloy, mechanochemical synthesis, high-energy ball milling, phase analysis, ele-
mental analysis, particle size distribution.

Introduction

During the last decades, the development of technologies in the field of new materials is moving to-
wards the use of multi-element alloys. This class of metallic compounds is called high-entropy alloys (HEA).
HEA consist of five or more elements in equiatomic ratios, where the composition of each element varies
from 5 to 35 at. % [1]. The main difference of HEA is the formation of stable thermodynamically stable solid
substitution solution mainly with FCC and/or BCC lattice [2]. HEA with a BCC lattice have predominantly
high strength and low plasticity, while materials with a FCC lattice have low strength and high plasticity.
However, this simple combination of solid solution phases is unlikely to provide the desired matching of
strength and ductility without adjusting the phase composition and microstructure. Few literatures mention
the effect of simultaneous biphasic (BCC + FCC) on material properties and sometimes the formation of sol-
id solution with HCP lattice. It has been shown that dual phase HEA consisting of FCC and BCC phases are
considered to be an effective way to balance strength and ductility.

Mechanical alloying is one of the most effective methods to obtain HEA [3, 4]. Varalakshmi S. and co-
authors [5] were the first (2008) to obtain HEA of AICrCuFeTiZn system exhibiting an BCC structure with
crystallite size less than 10 nm using ball milling. Since then, ball milling has become one of the most popu-
lar methods to obtain HEA. However, a long mechanical alloying process (usually more than 60 h) is re-
quired to obtain HEA powder. It should be noted that many of the apparatuses used in mechanochemical
synthesis are designed for milling of matter. HEA synthesis requires apparatuses that generate high energy
stress, i.e., a large amount of energy that the working body transfers to the processed substance in the course
of mechanical processing in the form of creating defects, to which solid-phase reactions are particularly sen-
sitive. The advantage of using a high-energy ball milling machine for HEA synthesis is in its ability to pro-
duce bulk quantities of materials in solid state at room temperature in a short time. In addition, an important
parameter in the mechanical synthesis of HEA is the change in temperature, which can determine the nature
of the final powder product. If the temperature is high, the associated higher elasticity (higher atomic mobili-
ty of atoms) leads to processes leading to reduction (and recrystallization). In such a case, a stable phase is
formed, for example, as an intermetallic phase. On the other hand, if the temperature is low, the recovery of
defects will be less, and an amorphous (or nanocrystalline) phase is formed [6].

The aim of the present work is to investigate the mechanochemical synthesis of AICoCrFeNi powders
in a high-energy ball milling (HEBM) for 2 h under a controlled temperature regime of 23 °C - 33 °C. The
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AICoCrFeNi system is one of the most widely investigated HEBM systems due to its distinctive thermome-
chanical properties such as high compressive strength and hardness [7-11].

Experimental

Al, Co, Cr, Fe and Ni powders with purity of 99.7 % and particle sizes of 20-40 pum in equimolar por-
tions were used as starting materials. Mechanical alloying of the powders was carried out in an Emax high-
energy ball milling machine (Retsch, Germany) with water cooling for 2 hours at a temperature regime of
23 °C - 33 °C. The acceleration of the balls was 1500 rpm. The mass ratio of the balls to the mass of the
loading (powder) was 10:1. The powders were pre-mixed at a ball mill speed of 300 rpm for 15 minutes.

Phase analysis of the synthesized powders was carried out on an X'Per PRO diffractometer, using
CuKo-radiation. The microstructure and elemental composition of the synthesized powders were investigat-
ed on a TESCAN MIRAZ3 scanning electron microscope. The particle size distribution of the powders before
and after mechanical alloying was analyzed using a laser particle size analyzer (Winner 2005 A Laser Parti-
cle Size Analyzer).

Results and Discussion

To predict the formation of solid solutions in the AICoCrFeNi system, we used the basic parameters of
the HEA calculation [6] based on the Hume-Rothery rules, i.e., taking into account the composition-
weighted terms for differences in atomic radii (6r) and average valence electron concentration (VEC), using
data from Table.

The calculation formulas for the parameters are as follows:

§r = 100%+/Y c;(1 — 1;/7)?, (1)
where c¢; — content (at. %) i- th element in the alloy, r; — tomic radius of the i- th element in the alloy,
7 = Y. ¢;1;- average atomic radius of the alloy.
VEC = ¥, ¢; (VEC),, 2)
where (VEC)i is a valence electron concentration.

Table
Properties of the elements under consideration [7]
Elements Atomic number Structure Radius, pm Tm K VEC Pauling EN
Al 13 FCC 143.70 933 13 1.61
Co 27 FCC 125.10 1768 9 1.88
Cr 24 BCC 124.91 2180 6 1.66
Fe 26 BCC 124.12 1811 8 1.83
Ni 28 FCC 124.59 1728 10 1.91

The atomic size difference (6r) for our composition is 5.9 %, which is within the accepted range of
0<0dr=<8,5% [7]. VEC =9.2 enters the range of VEC=8, hence a single FCC phase is predicted [12].

X-ray diffraction patterns of equiatomic AICoCrFeNi powder before and after mechanical alloying are
presented in Figure 1. In the initial state (stirred for 15 minutes), diffraction lines corresponding to the ele-
mental composition of AICoCrFeNi powder are visible. According to X-ray phase analysis after 2 h HEBM,
BCC and FCC phases are formed after 2 h HEBM. The diffraction peak of Al at 26=38.46° disappears. The
dissolution of Co and Ni in each other results in the formation of FCC phase. According to the results of [13-
16] over 10 hours mechanical alloying at 200-300 rpm, the BCC phase prevails in the AICoCrFeNi system.
Also, in [14] it is reported that after 20 hours treatment B2 phase is formed and complete amorphization of
the structure occurs at 84 hours treatment.
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Figure 1. X-ray diffraction patterns of equiatomic AICoCrFeNi powder before and after HEBM

The chemical composition of the powder before and after HEBM was analyzed by EDS map-
ping (Fig. 2). The EDS mapping results of AICoCrFeNi powders after HEBM showed a homogeneous distri-
bution of elements without macrosegregation (Fig. 3). This indicates that the initial powders have completely
reacted with each other, and the BCC and FCC phases were successfully synthesized in the process. Proba-
bly, in the process of mechanical alloying, continuous deformation, fracture and cold-welding lead to in-
creased diffusion of elements, which accounts for the formation of the HEA.

L

Co Kal

Figure 2. Elemental mapping results of AICoCrFeNi powders (a) mixed state; (b) after HEBM for 2 hours.
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Figure 3. Total EDS spectrum mapping of AICoCrFeNi powder after HEBM for a time of 2 hours

Figure 4 shows the results of the particle size distribution of the powders before and after HEBM. The
initial powder size ranges from 13 pm to 36 pm, and after HEBM the powder size varies from 27 um to
49 um. The increase in the average particle size is due to the predominance of the agglomeration process
over the fracture process. The particle size distribution data coincide with the results obtained using electron

microscopy (Fig. 2).
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Figure 4. Particle size distribution of AICoCrFeNi HEA particles (a) mixed state; (b) after HEBM for 2 h.

Conclusion

The elemental, phase and particle size distribution of AICoCrFeNi powders before and after mechano-
chemical synthesis in a high-energy ball mill (HEBM) for 2 h under a controlled temperature regime of
23 °C - 33 °C were investigated. According to the results of XRD analysis, a solid solution with BCC and
FCC structure is formed after mechanochemical synthesis. The formation of intermetallic and oxide com-
pounds was not detected. EDS mapping results of AICoCrFeNi powders after HEBM showed homogeneous
distribution of elements without macro-segregation. The particle size distribution of the powder after HEBM
ranged from 27 pm to 49 pm.

The conducted study is the first step in the development of a method for obtaining HEBM of the AlCo-
CrFeNi system mechanically activated in an Emax high-energy ball milling machine. The results presented
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in this work indicate the possibility of synthesizing AICoCrFeNi HEA in a short time of mechanochemical
synthesis.
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E.E. Kam6apos, A.b. Kenecoekos, XX.b. Carnonauna, /[.b. byiiTkeHoB
Korapsl 3neprusiiibl mapJasl guipmene AlICoCrFeNi yHTakTapbIHBIH

MEXAaHOXMMUAJBIK CHUHTEe3I

OxBumodstpibl KarbiHacTarsl AICoCrFeNi yHTakTapbl )KoFapbl SHEpPreTUKAJIbIK mapibsl auipmentin (KOILT)
KOMETIMEH MEXaHOXMMHSIJIBIK CHHTE3 apKbUIbl CHHTe3enai. PeHTrenmik ¢asaibik Tannay sxone KK ranga-
ybI 0ap CKaHepJIEYII AEKTPOH bl MUKPOCKOIIHS 9/liCTepiMEH MEXaHOXHUMHUSJIBIK CHHTE3Te JeHIHT] JKoHe OJ1aH
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keiiinri AICoCrFeNi yHTaKkTapbIHBIH 3JIEMEHTTIK jKoHe (a3ajblK KypaMbl 3epTTeii. BaneHTTik anekTpoHaap
KoHIeHTpanusiceiHaarsl (BKD) karTel epiTiHaiHiH (a3asblk TYpaKTBUIBIFBIHA Kayarn OepeTiH (U3UKabIK ma-
pameTpre ajIblH-ajda MaTeMaTHKAJIBIK €Ce KYPTi3iual, sFHu Oy sxyie OanxeiTeurrad ke3zne LIKT (I'LHK) da-
3aCBHIHBIH Iaiiia 00Nyl Kepek eKeHIH KepceTTi. Anaiina peHTreH(asanblk Tajnay HOTHKECI CHHTE3 Ke3iHpe
IIKT »xone KI[T dazanapst 6ap karthl epitinai Ty3inreni 6epinren. JXOI/I-nen keitin AICOCrFeNi yHTarbiH
kapTara tyciprenge EDS HoTmkenepi Makpo cerperanysichl3 3JIeMeHTTepIiH OipKelKi TapaaraHbIH KOPCEeTTi.
Byt sxyMmbIcTa YCHIHBUIFAaH HOTHDKEIIEPIe MEXaHOXUMISUIBIK CHHTEe3/iH Kbicka yakbITeiHIa AlCoCrFeNi xo-
Fapbl SHTPONMSAJIBIK KOPBITIIA KYHECIHIH TY3UIreHi aUTbuiFaH. MeXaHOXMMHSAJIBIK CHHTE3 Ke3iHJe Y3MIKCi3
nedopManus, JeCTPyKLHs KOHE CYBIK JIOHEKepIiey dNeMEHTTepAiH AU(GY3HACBIHBIH KOFapblIayblHa JKOHE
JKOK Ttysimyine okeneni.

Kinm cesdep: »oOFapbl SHTPONUSIIBIK KOPBITIA, MEXAaHOXUMHUSIIBIK CHHTE3, KOFAphl SHEPT€THKANBIK IIApJIb]
IUipMeH, (a3aiblK Taaay, SIEMEHTTIK Taliay, FPaHyIOMETPHSIIBIK KypaMbl.

E.E. Kam6apos, A.b. Kenecoekos, XX.b. Carnonauna, /[.b. byiitkeHOB

Mexanoxummnieckuii cuaTe3 mopomkoB AlICoCrFeNi Ha BICOKOIHEPreTHYeCKOM
IAPOBOi MeJIbHUIIE

TTopomku AICOCrFeNi B 3KBUMOJISIPHOM COOTHOIIIEHUH OBUIM CHHTE3UPOBAHbI METOIOM MEXaHOXHMHYECKO-
TO CHHTE32a Ha BBICOKORHEPreTHIecKoi 1mapoBoii MenbHuIe (BOIIIM). MetogaMu peHTreHO(a30BOro aHajm-
32 ¥ CKaHUPYIOUIEH 3NIeKTpOHHOW MuKpockonny ¢ DJIC aHanmm3oM OBUIM HCCIENOBAaHBI AIEMEHTHBIA U (a30-
Bl cocraBel mopomkoB AICoCrFeNi o u mociie MexaHOXMMHYECKOTo cuHTe3a. [IpoBe/ieH MpeaBapuTeb-
HBII MaTeMaTHYECKUI pacdeT pU3ndeckoro mapamerpa, OTBEUAIONIHA 32 (a30BYI0 CTaOMIBHOCTH TBEPIOTO
pacTBOpa KOHIEHTPAIMU BaJICHTHBIX AJICKTPOHOB, KOTOPBIH MOKAa3al, YTO NPH CIUIABICHUU JaHHOW CHCTEMBI
nowkHa oOpasoBartbes ¢aza ['LIK. OmHako pesynsrar peHTreHO(ha30BOTO aHaIH3a CBHIACTEIBCTBYET O TOM,
9TO BO BpeMms CHHTe3a oOpasoBancs TBepablii pactBop ¢ [IIK uw OLK ¢a3amu. Pesynbrarst
EDS xapruposanus nopomukoB AICoCrFeNi mocne BOIIIM nokaszanu 0AHOPOAHOE pacrpesieiicHHe dIeMeH-
TOB 0e3 Makpocerperauny. [IpeacTaBieHHble B JaHHON paboTe pe3yibTraThl CBHICTEILCTBYIOT 00 0Opa3oBa-
HUU BeICOKOPHTponuitHoro cruiaBa cucreMbl AICOCrFeNi 3a kopoTkoe BpeMsi MEXaHOXHMHUUYECKOTO CHHTE3a.
HenpepriBHas nedopmanus, paspylieHre H X0JI01HAs CBapKa IPU MEXaHOXUMHUYECKOM CHHTE3€ MPUBOIAT K
MOBBIIIECHUIO MU QY3UH SIIEMEHTOB B 00yCIOBINBAIOT 00pazoBanue cmiaBa BOC.

Kniouesvie cnoea: BEICOKOIHTPONMHHBIHN CIIIaB, MEXAHOXUMUYECKHH CHHTE3, BHICOKOIHEPIeTHUECKas MIapo-
Basi MEJIbHUIIA, (Pa30BBII U DIIEMEHTHBIH aHAIN3, TPAHYJIOMETPHYECKUIN COCTaB.
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Determination of the effects of the diameters of the throttle holes on the fluid flow
of an inertial hydrodynamic installation

In the article, in order to solve environmental problems associated with heating buildings and structures, the
methods of converting electrical energy into thermal energy and the processes occurring at the same time are
considered. Well-known thermal installations, such as vortex, cavitation, cavitation-vortex, rotary, do not ful-
ly meet the requirements of consumers. In these conditions, the search for effective solutions is an urgent
task. Such solutions include a method of obtaining thermal energy by creating pressure at the throttle open-
ings by inertia forces of a rotating mass of liquid. To determine the flow of liquid through the throttle holes,
an experimental stand was made. With the help of the stand, we determined the flow rate of liquid through
throttle holes with a diameter of 1.5, 2, 3 mm. During the experiment, it was found that the larger the diame-
ter of the throttle opening, the higher the fluid flow. However, it is impossible to excessively increase the di-
ameter of the throttle opening, as this will complicate the creation of pressure at the throttle openings. It is
found that with an increase in the angular velocity of the rotor, the fluid pressure at the throttle openings in-
creases, and the proportion of fluid flow from the preliminary static pressure in the total flow decreases. It is
certain that the preliminary static pressure in the supply line has a significant effect on the flow rate only at
low rotor speeds (@ up to = 76 rad / s), and with increasing angular velocity, its influence decreases and the
coefficient k tends to 1.

Keywords: vortex effect, cavitation, swirling flow, kinetic energy, choke hole, liquid.

Introduction

In hydrodynamic heaters, thermal energy is generated by activation by external sources of internal en-
ergy of the liquid. These include vortex, cavitation-vortex and throttle types of heaters [1].

Vortex liquid heaters are a type of heat exchange devices that use the Zh. Ranka effect to heat or cool
liquids. The wound. The vortex effect, or the Wound effect, manifests itself in a swirling flow of a viscous
compressible fluid and is realized in a very simple device called a vortex tube [2]. When a liquid passes
through a vortex tube, vortices and turbulent flows are created. This contributes to more intensive mixing of
the liquid and more efficient heat exchange between the heated liquid and the environment [3].

One of the main advantages of vortex heaters is the high efficiency of heat transfer, since the vortex
movements and turbulence created inside the device contribute to more intensive mixing of the liquid, which
increases the efficiency of heat transfer.

However, vortex heaters have some disadvantages. Vortex elements may be subject to wear and require
regular maintenance and replacement. In addition, the use of vortex heaters may require higher initial in-
vestments compared to traditional methods of heat generation.
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Devices using vortex technology to generate heat are known. When exposed to water by an external
force field of a mechanical type, for example, created by an electric pump, it is possible to obtain thermal
energy due to:

1) dissipation of the energy of vortex motion due to the irreversible process of dissipation of part of the
mechanical energy of motion due to viscous friction and the transfer of this energy into heat;

2) reversible phase transitions of water from the free state to an ordered, close to the liquid crystal state,
in which the specific heat capacity of water in this phase is two times less than in the free state. Since during
mechanical treatment of water in a reactor of a fixed volume, accompanied by cavitation, part of the water
passes into a liquid crystal state, this exothermic phase transition is accompanied by the release of excess
heat [4].

In the article [5], the methods of heating the hydraulic drive working fluid when operating at low tem-
peratures are considered. The method of increasing the durability of a hydraulic drive operating at low tem-
peratures is preheating the working fluid by throttling. The authors of the work proposed a design of a heat-
ing throttle with automatic regulation of the conditional passage remotely depending on the temperature of
the working fluid in the hydraulic system tank and presented a method for calculating the main parameters of
the proposed throttle. However, the authors of the works do not show the results of the calculation.

The paper [6] presents the results of a hydrodynamic liquid heater. The difference between this installa-
tion and other heaters is that it allows you to significantly simplify the design and increase the efficiency of
the heating process. The main principle of its operation is the direct conversion of mechanical energy into
thermal energy. As a result, the efficiency of the heater is 80%. However, the author of the works did not
show the experimental data of the proposed installation.

It is shown in [7] that on modern supersonic aircraft, due to aerodynamic heating of the skin, the envi-
ronment surrounding the hydraulic system has a temperature that is much higher than the permissible for the
liquids used. Therefore, when creating hydraulic systems of such aircraft, it is impossible to use a convective
heat exchange cycle to maintain a given liquid temperature. In this regard, the authors of the works consid-
ered stationary and non-stationary modes of operation of the hydraulic system, their calculation, determina-
tion of the temperature of the working fluid, methods of maintaining its set temperature. The obtained data
allows us to estimate the surface temperature.

The article [8] presents the results of laboratory studies of hydrodynamic liquid heaters. The calculated
data is shown. However, the proposed shape and diameter of the throttle valves do not allow to increase the
required temperature. This requires an increase in the applied pressure. The maximum heating temperature of
existing heaters is 56 °C.

The vortex technologies used for the autonomous heating system are based on the Rank—Hilsch effect.
In most works, the mechanism of separation of the swirling flow into a cooled core and hot peripheral layers,
as well as the thermogasodynamic parameters of devices implementing the vortex effect, are investigated.
The presence of screw-shaped vortex structures in swirling flows and the significant influence of the preces-
sion of the vortex core on the energy separation process have been experimentally established. According to
the hypothesis of vortex interaction, the energy separation process is the result of the interaction of two vor-
tices moving along the axis towards each other, where the peripheral one rotates according to the law of a
potential vortex, and the axial one according to the law of a quasi-solid body.

It is important to note that energy separation in the vortex interaction hypothesis is a complex and mul-
tifaceted phenomenon that requires detailed study and analysis using numerical models, experiments and
theoretical approaches.

A physical phenomenon like cavitation occurs when the pressure in a certain area of a liquid decreases
to a level at which the liquid begins to evaporate, forming bubbles. Then, when the pressure around the bub-
bles rises again, the kinetic energy of the colliding particles at the moment of closing of the bubbles causes
local hydraulic micro-shocks, accompanied by high pressure and temperature drops in the centers of the
bubbles (according to calculations, temperatures can reach values of 1000-1500 °. With and above and the
local pressure can reach 150-200 MPa.

The work [9] is devoted to the study of the parameters of the installation for heating the coolant using
liquid injection through throttle openings. A scheme of a full-size experimental stand has been developed
and the principles of its operation are described in detail. For visual observation of the state of the liquid at
different angular speeds of rotation of the rotor, a transparent drum model is made. However, the transparent
model is subject to deformations with strong rotation, and it is also difficult to evaluate the data.
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In the case when the closing of bubbles occurs near the walls of the hydraulic system, continuous mi-
cro-impacts can cause mechanical erosion and local damage to surfaces. Due to high temperatures and the
presence of oxygen in the air, active oxidation of surfaces occurs. Oxidative processes are further aggravated
by the fact that dissolved air in a liquid contains almost one and a half times more oxygen than atmospheric
air.

Experimental
To determine the flow of liquid through the throttle holes, an experimental stand was made [10].

Figure 1. Scheme of the experimental stand 1-main unit, 2-hydraulic unit, 3-power supply unit

The stand allows for the study of liquid forcing through throttle holes with a diameter of 1.5, 2, 3 mm,
located at a distance of 0.235 m from the center of rotation of the rotor, with a static height of the liquid col-
umn equal to 1.0 m (9796.462 Pa).

The opening of the valve 13 ensures the beginning of water flow through the supply line 9 to the throttle
openings, as soon as the column of liquid in the accumulator 12 reaches a predetermined level, readings are

taken from the flow meter 11. The liquid flow rate (Q,, ) is fixed for the angular velocities of the rotor vary-

ing in the range 0...314 rad/s.

When the electric motor 4 is switched on, the mass of liquid inside the rotor is rotated. Inertial forces
arise in the rotating mass of the liquid, which create pressure in the radial direction in front of the throttle
openings.

It is known that when the rotor rotates, the liquid in the drum cavity tends to the periphery, thereby
forming a ring of liquid, the cross section of which directly affects the pressure at the throttle openings. Since
the distance from the center of rotation to the throttle holes ( R) remains constant, equal to 0.235 m, the
pressure value is affected only by the change in angular velocity.

Results and Discussion

The flow of liquid through the throttle holes depends on several factors, such as the diameter of the
hole, the pressure of the liquid in front of the hole, the viscosity of the liquid, the length and shape of the
channel in front of the hole, etc.

For an ideal frictionless fluid, the flow rate of the fluid through the throttle orifice can be calculated us-
ing the Torriceli-Chazele equation. However, in practice, due to friction and other losses, the fluid flow rate
may be less than that calculated using the Torriceli-Chazele equation. Therefore, for a more accurate calcula-
tion of fluid flow through the throttle opening, it is necessary to take into account factors related to specific
operating conditions and the design of the system.

The theoretical flow of liquid through the throttle openings is calculated by the expression

Qu =84/2ﬂ, (1)
y

where S - the area of the throttle opening.
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With a constant radius of the rotor drum, having previously assumed the internal cross-section diame-
ters of the liquid ring equal to 0.4, 0.3, and 0.2 m, it is possible to determine the calculated values of the lig-
uid pressure at the throttle openings [10].

According to the expression (1), we determine the theoretical flow rate of the liquid for the diameters of
the throttle orifice 1.5, 2, 3 mm, using the calculated pressures. The results of the theoretical flow rate are
included in Tables 1-3.

Table 1
Theoretical fluid flow through a 1.5 mm diameter choke hole, at different positions of the fluid ring

Angular ve-  |Theoretical fluid flow rate (Q,.1) through the throttle opening, at different radii of the inner ring of fluid

locity of the in the rotor drum (m%/s)

rotor, o _ _ _ _

(rad/s) r1=0,4 (m) r=0,3 (m) r;=0,2 (m) r4=0,0 (m)

0 0,00 0,00 0,00 0,00

42 6,968E-05 9,29E-05 0,000106 0,000116

76 0,00012609 0,000168 0,000193 0,00021

136 0,00022563 0,000301 0,000345 0,000376

215 0,00035669 0,000476 0,000545 0,000594

314 0,00052094 0,000695 0,000796 0,000868
Table 2

Theoretical fluid flow through a 2 mm diameter choke hole, at different positions of the fluid ring

Angular ve-  |Theoretical fluid flow rate (Q,.2) through the throttle opening, at different radii of the inner ring of fluid

locity of the in the rotor drum (m%/s)

rotor, _ _ _ _

(rad/s) r1=0,4 (m) r,=0,3 (m) r;=0,2 (m) r,=0,0 (m)

0 0,00 0,00 0,00 0,00

42 0,00012387 0,000165 0,000189 0,000206

76 0,00022415 0,000299 0,000342 0,000374

136 0,00040111 0,000535 0,000613 0,000669

215 0,0006341 0,000845 0,000969 0,001057

314 0,00092609 0,001235 0,001415 0,001543
Table 3

Theoretical fluid flow through a 3 mm diameter choke hole, at different positions of the fluid ring

Angular ve- | Theoretical fluid flow rate (Q.s3) through the throttle opening, at different radii of the inner ring of fluid
locity of the in the rotor drum (m%/s)

rotor, _ _ _ _

(rad/s) r1=0,4 (m) r,=0,3 (m) r;=0,2 (m) r,=0,0 (m)

0 0,00 0,00 0,00 0,00

42 0,00027871 0,000372 0,000426 0,000465

76 0,00050433 0,000672 0,00077 0,000841

136 0,00090249 0,001203 0,001379 0,001504

215 0,00142673 0,001902 0,002179 0,002378

314 0,0020837 0,002778 0,003183 0,003473

According to Tables 1-3, the larger the diameter of the throttle opening, the higher the theoretical fluid
flow. However, it is impossible to indefinitely increase the diameter of the throttle hole, as this will compli-
cate the creation of pressure at the throttle holes.

Considering that the stand [2] provides a preliminary static fluid P, pressure inside the rotor, expres-

sion (2) will take the form
,2 P+P
QZm =S %, (2)

where P, - preliminary static pressure of the liquid in the supply line.
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According to expression (2), we determine the theoretical flow rate of the liquid for the diameters of the
throttle opening 1.5, 2, 3 mm, taking into account the preliminary static pressure of the liquid P, in the sys-
tem. The results of the total theoretical consumption are shown in Figures 2-4.

0,0010
> 4
0,0008 | A
L ]
> 0,0006 - v~
2 1
- m
g .
"
30,0004 - _—
r e —
e r1=0,4 (m)
—e—r2=0,3 (M)
0,0002 P = " —a—r3=0,2 (M)
i/l - —v— r4=0,0 (M)
0,0000 +— . r T : : T )
0 50 100 150 200 250 300 350
w (rad/s)

Figure 2. Total theoretical fluid flow through a 1.5 mm diameter choke hole, at different positions of the fluid ring
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Figure 3. Total theoretical fluid flow through a 2.0 mm diameter choke hole, at different positions of the fluid ring
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Figure 4. The total theoretical flow of liquid through the throttle hole with a diameter of 3.0 mm, at different positions
of the liquid ring
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According to formula (1), with an increase in the angular velocity of the rotor, the fluid pressure at the
walls of the throttle opening increases, then the proportion of fluid flow from the preliminary static pressure
in the total flow decreases. The relationship between expressions (1) and (2) can be represented as

Qm =k- QZm ) (3)
where: k - the coefficient of distribution of fluid flow from static pressure for different angular veloci-
ties of the rotor.
From expression (3), the coefficient can be defined as the ratio of the theoretical flow rate to the total
theoretical flow rate, and since the flow rates depend on the angular velocity and cross section of the fluid
ring in the rotor drum, these dependence graphs are shown in Figure 5.
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Figure 5. Dependence of the liquid flow distribution coefficient on the static pressure in the total flow rate for different
angular velocities of the rotor

Figure 5 shows that the preliminary static pressure in the supply line has a significant effect on the flow
rate only at low rotor speeds (up to w= 76 rad / s), and with increasing angular velocity, its influence de-
creases and the coefficient k tends to 1. This is due to the fact that with an increase in the angular velocity of
the rotor, the fluid pressure at the throttle openings is several times higher than the static pressure in the sup-
ply line.

It should also be noted that the value of the coefficient of distribution of fluid flow from static pressure
k depends on the angular velocity of the rotor and the inner radius of the fluid ring in the drum, but does not
depend on the diameter of the throttle opening.

It follows from the above that the experimental values obtained at the stand are applicable to a thermal
installation at certain positions of the liquid ring in the rotor drum.

Since during experimental studies [2] the flow meter 11 shows the total main flow rate of the liquid, the
inertial flow rate is determined by the expression

Qi =k Q . (4)
It follows from expression (4) that the inertial flow rate and the flow through the throttle openings of

the thermal installation are identical.
Knowing that the inertial radial velocity can be represented as

k-Q Q
D =—=— y 5
=75 g ()
where S — the area of the throttle opening.

However, in most practical situations, the effect of coriolis forces on the flow of liquid through the
throttle openings of a rotating vessel is insignificant and can be ignored. This is due to the fact that the influ-
ence of coriolis forces on the flow of liquid depends on many factors, such as the speed of rotation of the
vessel, the diameter of the holes and other parameters, which in most cases are not critical for the flow of
liquid.
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Conclusions

To determine the effect of the diameters of the throttle holes on the fluid flow of the inertial hydrody-
namic installation, an experimental stand was made. The results of the experiment showed that the larger the
diameter of the throttle opening, the higher the fluid flow.

Using the calculated pressures, the theoretical flow rate of the liquid for the diameters of the throttle
opening 1.5, 2, 3 mm was determined, as well as the effect of the preliminary static pressure on the total the-
oretical flow rate. The calculated data showed that with an increase in the angular velocity of the rotor, the
fluid pressure at the walls of the throttle opening increases, and the proportion of fluid flow from the prelim-
inary static pressure in the total flow decreases. The obtained dependence showed that the preliminary static
pressure in the supply line has a significant effect on the flow rate only at low rotor speeds (up to w
=76 rad/s), and with increasing angular velocity, its influence decreases and the coefficient k tends to 1
regardless of the diameter of the throttle holes. This is due to the fact that with an increase in the angular ve-
locity of the rotor, the fluid pressure at the throttle openings is several times higher than the static pressure in
the supply line.
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b.P. Hycyn6ekos, M.C. OBuapos, E.3. Omanos, ¥Y.b. Ecoeprenos, M.C. Jlyiicen6aeBa,
A.A. Tumb6exos, M.K. AManxoiioBa

Jlpoccesib cCaHbLIAy IMAMETPJIEPiHiH HHEPUUSJIBIK THIPOIMHAMHKAJIBIK
KOHJABIPFBIHBIH CYHBIKTBIK aFbIHbIHA dCEPiH AaHBIKTAY

Makanana FuMaparTap MeH KYpPbUIBICTap/Ibl JKbUIBITYFa OaiIaHbICTBI JIEKTP SHEPTHACHIH XKbLTY SHEPIUACHI-
Ha aifHaJIBIPYBIH SKOJIOTHSUIBIK MaceJelepiH Ienryre OarbITTaIFaH 9JicTep MEH IpOoIecTep KapacThIPhUI-
raH. Ky#bIHIBI, KaBUTAIMSUTBIK, KaBUTAIMSUIBIK-KYHBIHIBI, aifHaIMAJIbl CHSIKTBI O€NTiIl KBUTYy KOHJBIPFBIIa-
PBI TYTHIHYIIBUIAPBIH TAJANTapBIH TOJBIK KaHaraTTaHAbIpMaiabel. OCHl JKaFmaiiaapaa THIMII MIemimMaepi
i3ey ©3eKTi MiHAeT OOJbIm TaObLIagsl. MyHIal NienrMaepre CYWBIKTHIKTHIH aifHAIMAIBI MacCaChIHBIH
MHEPIHS KYIITEPIMEH JPOCCENBAIK TECIKTepre KbIChIM XKacay apKbUIbl KbUTY SHEPTUSACHIH ally Sfici KaTaibl.
Jlpoccenb caHplIayJIapbl QpKbUIBI CYHBIKTBHIK aFbIHBIH aHBIKTAY YIIIH 3KCIIEPUMEHTTIK cTeH[ xacanapl. CTeH-
ITiH KeMeriMeH 013 auametpi 1.5, 2, 3 MM apoccelns caHblUIaynaphbl apKblIbl CYHBIKTHIK aFbIHBIH aHBIKTa/IbIK.
Toxipube OapbIChIHIA APOCCETb CAaHBUIAYBIHBIH JHaMETPi HEFYPIIBIM YIIKeH 00Jica, CYHBIKTBIK aFbIHBI COFYp-
JIBIM JKOFaphl OONMAThIHABIFEI Oenrini Oonapl. JlereHMeH, Apocceib CaHbUIAYBIHBIH AWAMETPIH IaMagaH ThIC
yrraiityra GoiMaiiipsl, ce6edi Oy qpoccensb caHbUIayJIapbIHIAa KBICHIM JKacayabl KHBIHIATaAbl. PoTOpIbIH
OYPBIITHIK JKBULIAMBIFBIHBIH JKOFapbUIAyBIMEH POCCENb CaHbUIAYIapbIHAAFbl CYHBIKTBIK KBICBIMBI apThIIL,
JKaJIIbl aFbIHHBIH aJbIH-aJla CTATUKAJIBIK KBICHIMBIHAH CYHBIKTHIK aFbIHBIHBIH YJIeCi TOMEHICHTIHI aHBIKTAN-
Ibl. JKeTkizy KemiciHIeri ajgplH-ajla CTATUKAJIBIK KBICHIM POTOPABIH YIIKEH aifHaIbIMBIMEH FaHa emec ( @
=76 pan/c neliiH) arpIHFa alTapIBIKTall 9cep eTETiHI €o3Ci3, all OYPHIITHIK KBUIJAMIBIKTHIH ©CYIMEH OHBIH

acepi azasizpl xKoHE KOAPPUIUESHT k 1-re yMTBUIA/IBL.

Kinm ce30ep: KYWBIHIBI 9cep, KABUTALNS, OYpaJFaH aFblH, KHHCTHKAJIBIK SHEPTHUS, APOCCENb CaHbLIAYbI, CY-
HBIKTBIK.

b.P. Hycyn6exos, M.C. OBuapos, E.3. Omanos, ¥Y.b. Ecoeprenos, M.C. Jlyiicen6aeBa,
A.A. Tumbexos, M.K. AmManxojioBa

Onpez(e.ﬂelme BJUAHHUA THAMETPOB JPOCCEIAbHbIX OTBepCTI/Iﬁ HA NOTOK KUAKOCTH
I/lHeplIHOHHOﬁ FHleOIII/IHaMquCKOﬁ YCTaAaHOBKH

B cratbe A perieHus 3KOJOTMYECKUX MPOOIeM, CBSI3aHHBIX C 000TPEBOM 3/1aHHIA U COOPYKEHHI, pacCCMOT-
PEHBI CIIOCOOBI MPeoOpa3oBaHus AEKTPUUECKON SHEPrHH B TEIUIOBYIO M HPOLECCHI, MPOHCXOJSLINE MPH
3ToM. VI3BECTHBIE TEIUIOBBIE YCTAHOBKH, TaKHe KaK BHXPEBBIC, KaBHTallMOHHBIE, KaBUTAI[IOHHO-BIUXPEBEIE,
POTAIOHHBIE HE B MOJHOM Mepe yJOBIETBOPSIOT TpeOoBaHUAM MOTpeOuTeNnei. B maHHBIX yCIOBHAX MOHCK
3¢ (EeKTHBHBIX PEHICHHH SIBISETCS aKTyalbHOU 3amadueil. K TakuM pemeHusM MOKHO OTHECTH CIoco0 IMoiy-
YEeHUs TEIJIOBOI SHEPTUH ITyTeM CO3AHHS JaBICHHS y JPOCCETbHBIX OTBEPCTHH CHIIAMH MHEPIIMH BpAIaro-
Imeiicss Macchl KHUAKOCTH. I OmpeseNeHust pacxoa KHUIAKOCTH depe3 POCCENbHbIE OTBEPCTHUS OBUT M3rO-
TOBJIEH JKCIIEPHMEHTANbHBINA cTeHA. C MOMONIbI0 CTEHJa HaMH OBbLI OIpE/eNIeH PacXo] JKHJKOCTH uepe3
JpoccenbHbIe OTBEpCTHs AuameTpoM 1,5; 2; 3 MMm. B xone skcnepuMeHTa ObUIO BBISIBICHO, YTO 4eM OOJIbIle
JMaMeTp JIPOCCETBHOrO OTBEPCTHUS, TEM BBIIIE pacXo KUAKOCTH. OHAKO HEJb3sl Ype3MEPHO YBEINYNBATH
JMaMeTp JIPOCCETBHOTO OTBEPCTHSI, TAK KaK ATO OCJIOXKHHUT CO3JaHHE JAaBJICHHS Y IPOCCEIbHBIX OTBEPCTHH.
YCTaHOBIIEHO, YTO C MOBBIIEHHEM YTIIOBOH CKOPOCTH POTOpa PacTeT JAaBIEHHE >KHUIKOCTH y APOCCENbHBIX
OTBEpPCTHH, a JOTA PAcXoja XHUAKOCTH OT NPEABAPUTENHFHOTO CTATHYECKOTO AABICHUS B O0IIEM pacxoie
cHmkaercst. OnpeieneHo, ITo MpeABapUTEIFHOe CTaTHIECKOE AaBICHNE B MOABOJAIICH MarucTpal OKa3bl-
BaeT CYIIECTBEHHOE BIHSHUAE HA PacXof TOJBKO MpH HeOONBIINX 000poTax poTopa (o @ = 76 pan/c), a ¢
POCTOM YTJIOBOM CKOPOCTH €€ BIIHSHHUE yMEHbIaeTcst u koadduument k crpemurces x 1.

Kniouesvie cnosa: BuXpeBoit 3G GeKT, KaBUTANUs, 3aKPyICHHBIH ITOTOK, KWHETHIECKast SHEPTHs, APOCCEITb-
HOE OTBEPCTHUE, KUJIKOCTb.
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Possibility of using inexpensive steel protected by deposited vacuum-arc coatings as a
basis for parts and tools coating technology

The aim of the work was to identify the possibility of using under extreme conditions parts made of inexpen-
sive steel, protected by sequentially deposited films — Cr and then simultaneously TiN + CrN, micron thick-
ness. Steel grade St3 (Fe ~ 97%) was chosen as the basis. In our country, as in many others, this steel is not
only the most common structural material with easy processing and low cost, but also produced in large vol-
umes. The deposition of two consecutive layers of films — Cr and TiN + CrN on steel substrates was carried
out using vacuum-arc technology (Arc-PVD). The measurements were carried out after the process of period-
ic heating of the samples to a temperature of 650°C, followed by rapid cooling, implemented by immersing
the samples in water. The main parameters of the coating were measured — wear resistance, heat resistance,
microhardness. Each thermal effect lasted 20 hours, and the entire heating-cooling process was carried out 5
times. The results obtained in this work can be considered very promising for the protection of inexpensive
steels.

Keywords: vacuum-arc technology, protective coating, wear resistance, heat resistance, microhardness.

Introduction

Starting from the end of the sixties of the last century, cutting tools with protective coatings applied to
them began to appear on the international market. Since then, various methods have been used for applying
coatings for various purposes to machine parts and mechanisms. Among a wide range of technologies for
applying protective coatings, vacuum ion-plasma methods find great attention [1-6]. Their feature is the di-
rect conversion of electrical energy into technological impact, based on structural-phase transformations in
the precipitated condensate.

Currently, work is being intensively carried out to save expensive metals. With their help, cutting tools
are made, as well as parts operating in an air atmosphere at high temperatures. One of the solutions to this
problem can be the vacuum-arc deposition of protective coatings on parts made from more economical al-
loys. In this case, the thickness of the deposited films usually lies in the range of several microns. Such an
insignificant film thickness is quite enough to, for example, significantly improve corrosion resistance, heat
and heat resistance, wear resistance, and also reduce the coefficient of friction of parts. Thus, coatings meet
many parameters of operational and technological requirements.

Materials and experimental details

For the deposition of two layers — Cr and TiN + CrN on steel substrates, the vacuum-arc technolo-
gy (Arc-PVD) was used, which also has another name — cathode ion bombardment (CIB). Using this tech-
nology, a Cr coating was deposited in an argon atmosphere at a pressure of 0.1 Pa. Further, after removing
argon from the chamber and replacing it with nitrogen, also at a pressure of 0.1 Pa, a CrN + TiN film was
deposited simultaneously with two cathodes [7].

The films were deposited in an NNV-6.6-11 vacuum setup, in which chromium and titanium cathodes
were installed. The third was a plasma source with an incandescent cathode, which, at a current of 20 A,
made it possible to clean the substrate surfaces by ion (Ar+) bombardment before coating [5]. During the
deposition of coatings, the temperature of the substrates after ion cleaning was maintained at ~450°C, which
significantly increased adhesion.

It should be noted that the design of the HNV-6.6-11 setup allows one to deposit films on all surfaces of
the substrates, since the substrates in the installation chamber rotate both around their axis and in a circle,
with adjustable speeds of both rotations. This option made it possible to load 12 substrates for carrying out
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the planned experiments. At least such a number of samples was necessary because the process of thermal
action leads to an increase in the mass of the sample, and the measurement of wear resistance leads to a de-
crease. In this regard, one group of 5 samples was used to measure heat resistance, the second, also of
5 samples, was used to measure wear resistance. In addition, because when measuring wear resistance, fric-
tion contact was made at 20 points of the film surface, the sample that passed the wear resistance test was no
longer used.

The substrates were made of St3 steel. They were a disk, 25 mm in diameter and 3 mm thick. Both
planes of the disc were ground on a surface grinder, and since coatings were planned to be applied to all sur-
faces of the substrate, they were polished on a polishing machine. Next, the substrates were washed in an
ultrasonic bath and treated with steam using a steam-jet device, wiped with coarse calico soaked in ethanol,
placed in an oven and kept in it for two hours at a temperature of 150°C.

Results and discussion

In the first series, a TiN + CrN coating was deposited on the substrates without an intermediate Cr lay-
er. The St3 steel substrate showed a low Vickers microhardness (194 HV) measured on an HVS-1000A in-
strument. The adhesion of the deposited TiN + CrN layer also turned out to be low. Probably, this led to the
fact that the film cracked when trying to measure its microhardness. The crack is quite well observed along
the circumference of the indenter, which is shown in Figure 1.

-

Figure 1. Image taken during microhardness measurement (400 magnification).

To exclude the occurrence of such defects in the future, a layer of chromium with a thickness of ~3 um
was deposited, which has a higher microhardness compared to the substrate.

After making sure that the deposited chromium layer does not crack during microhardness measure-
ments, layers of Cr (~3 pm thick) and TiN + CrN (~5 um thick) were successively deposited on 12 sub-
strates.

Figure 2 shows the spectrum taken from the applied coating, which was not subjected to thermal action,
using a MIRA-3 LMU scanning electron microscope.

Next, the microhardness and wear resistance to thermal impact were measured. The results are shown in
Table. To measure the wear resistance parameters, we used a tribometer developed by employees of the Re-
search Center for lon-Plasma Technologies and Modern Instrumentation [5] and a RADWAG AS60/220R2
electronic balance with an accuracy of 0.06 mg.

To determine the effect of thermal action on microhardness and wear resistance, as well as the heat re-
sistance of the coating itself, the samples were placed in a muffle furnace at a temperature of 650°C [8]. The
temperature was maintained in automatic mode with an accuracy of 5°C for 20 hours, then the oven was
turned off and the samples were placed in distilled water at a temperature of 15°C in a twenty-liter thermo-
stat. After rapid cooling, the samples were dried with a stream of warm air and were ready for measurements.
With such a sequence, the procedures were performed in 5 cycles.

All obtained measurement results are shown in Table.
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Figure 2. Spectrum taken from the central part of the sample using a scanning electron microscope before
thermal treatment.

Table

The table shows the dynamics of the weight gain of samples under the influence of temperature, the parameters
of microhardness and the rate of abrasion of coatings

N Microhardness, HV | Wear rate, pg/s| Dynamics of weight gain of samples exposed to a
temperature of 650°C for 20 hours, pg/cm?
Before thermal exposure 830 0.020 0
After 1 cycle 780 0.023 0.287
After 2 cycles 760 0.025 0.205
After 3 cycles 750 0.025 0.163
After 4 cycles 740 0.025 0
After 5 cycles 740 0.025 0

Figure 3 shows the spectrum taken from the coating after passing through all 5 cycles of thermal expo-
sure using a MIRA-3 LMU scanning electron microscope.

B Total map spoctrum 2
T
(o]
Cr

N

Figure 3. Spectrum taken from a coating on a substrate using a scanning electron microscope.

All parameters obtained as a result of thermal exposure are shown in Table.

Before the thermal treatment of the samples, their coating color was light yellow, the wear rate
was 0.020 pg/s, and the microhardness was 830 HV.

After passing through the first cycle of thermal exposure, the color of the coatings changed and became
saturated yellow, the mass of the samples increased by 0.287 pg/cm?, the wear rate increased to 0.023 pg/s,
and the microhardness decreased to 780 HV. The second cycle changed the color to dark yellow, the mass of
the samples increased by another 0.205 pg/cm?, the wear rate increased to 0.025 pg/s, and the microhardness
decreased to 760 HV.
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The impact of the third cycle led to a change in the color of the coating, it turned purple, the weight of
the samples increased by 0.163 ug/cm?, the wear rate did not change, 0.025 ug/s, and the microhardness de-
creased to 750 HV.

Completion of the fourth and last, fifth, cycles did not lead to a change in the color of the coatings, as
well as the wear rate. As for the mass gain, the further dynamics of the mass gain became equal to zero. The
microhardness, which decreased to 740 HV after the fourth cycle, also did not change after the fifth.

Thus, it follows from the obtained data that over the entire studied time interval (100 hours) of keeping
the samples at 650°C, the dependence of the mass increase slows down over time, and after 80 hours be-
comes close to zero. This fact can be explained by the fact that practically one of the components, titanium
nitride, was completely converted into titanium oxides, and chromium nitride at this temperature was little
susceptible to oxidation.

As for the change in the color of the films, it can most likely be assumed that titanium nitride, which
gives a light yellow color, is mainly converted into oxides. Chromium nitride gives a gray color, while
chromium oxides can only be green or black. At the first stage of thermal treatment, mainly TiO appears,
leading to the appearance of yellow and dark yellow color of the samples. The emerging Ti»Oz gives a violet
color, so a dark yellow color appeared.

Conclusions

Thus, using the results obtained in the work, we can draw a number of conclusions:

1) The obtained dynamics of change in the mass of the samples, which became equal to zero already af-
ter the fourth cycle and did not change any more, allows us to speak about the high thermal stability of the
applied coatings at temperatures not exceeding 650°C.

2) The wear resistance of the protective coating is more than 2 orders of magnitude greater than the
wear resistance of St3 steel, and is little affected by changes after thermal exposure.

3) Stabilization of microhardness and wear resistance, which also appeared after the fourth cycle, indi-
cates the possibility of using these coatings at large temperature differences — in the range from heating
650°C to rapid cooling to 15°C.

Consequently, the results obtained correspond in a number of cases to the possibility of using parts
made of St3 steel with sequentially deposited micron layers of Cr and TiN + CrN, and operation is also pos-
sible at high temperatures.
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A.T. bepaibekos, B.U. Jlaypunac, A.B. Jlons, B.B. I'py3un, C.A. I'yuenko, A.C. bantabekos

BaxkyymabI-10Fajibl TEXHOJIOTHSIMEH KANTAJFAH Ka0bIHIAPMEH KOPFAJIFaH ap3aH
00s1aTTHI 0OJIIEKTEP MEeH KYPaJIapAbIH HeTi3i peTiHae nmaiigajany MyMKIHIrI

Heri3 peringe St3 (Fe~97%) mapkanel 6onat Tanaanabl. Atanrad Mapka Oi3MiH >koHe e3re e enaepae 6omar
OHJIeyTe OHall, KYHBI ap3aH, €H KeH TapajiFaH KOHCTPYKLHMSJIBIK MaTepuai OOJIbIN TaObLIaIbI J)KOHE YIIKEH Ko-
nemze mbiFapbuiaasl. Crsxkone TiN + CrN katapiac eki KaObIKIIa KabaTTapsIMEeH 00JIaT TeCeMeNepiH KanTay
BaKyyM/IBIK-JOFAIIBIK TEXHOIOTHS apKbUIBI jKy3ere aceipbuiibl (Arc-PVD). Omem yrinepi 6500C temmepa-
Typara JIeliH Me3TiI-Me3Ti1 KbI3AbIPY MPOIECiHeH KeHiH YAriiepai cyFa 0aThIpy apKbUIBI XKBUIAAM CaIKbIH-
JaTy apKbUIBl XKyprizingi. KanTamanslH To3yra Te3IMAINIK, BICTHIKKA TO3IMIUIIK, MHKPOKATTBUIBIK CHSKTBI
HETi3Ti mapaMerpiepi emenai. Opoip TepMUSUIBIK SKCro3uIms 20 caraTka cO3bUIABI, T GapIIbIK KBI3ABIPY-
CAJIKBIHJATY TIpoIeci 5 per kypri3inmi. By jkyMbIcTa ajbIHFaH HOTWOKENEpAl ap3aH OoylaTTapisl KOpray
YILUiH 6T€ IEePCIEKTHBAJIBI ICTI CaHayFa OOIabl.

Kinm ce30ep: BakyyMABI-IOFAIbIK TEXHOJOTHS, KOPFAHBIII KallTaMa, TO3yFa TO3IMALUTIK, BICTBIKKA TO3IMILIIK,
MHKPOKATTBUIBIK.

A.T. bepaubexos, B.U. Jlaypunac, A.B. lons, B.B. I'py3un, C.A. I'yuenko, A.C. bantabekos

B03MOKHOCTH MCIIOJIB30BAHNS B Ka4eCTBEe OCHOBBI JieTajleil 1 MHHCTPYMEHTOB
HEJ0POroi CTAJIH, 3alMIIEeHHON HAHECEHHbIMU BAKYYMHO-1YTOBOIl TEXHOJIOT el
NMOKPBITUSIMH

B kauectBe ocHOBHI Oblia BeIOpana cranbs Mapku St3 (Fe~97 %). B nameit ctpane, kak ¥ BO MHOTHX JPYTHX,
JaHHasl CTaJb HE TOJBKO SIBISIETCS HanOojee pacrpocTpaHEeHHBIM KOHCTPYKIIMOHHBIM MaTepHalloM, o0Jana-
IOIIMM JIETKOI 00paboTKOM W HU3KOH CTOMMOCTBIO, HO M MPOM3BOAUTCS B Oonbmmx oOvemax. HaneceHme
JIByX TocienoBaTenbHbIX cioeB mieHOK — Cr u TiN + CrN — Ha cTaipHBIe MOJIOXKKH ITPOM3BOIMIOCE C
WCTIOJIb30BaHUEM BaKyyMHO-IYroBod TexHonoruu (Arc-PVD). M3MepeHus mpoBOAMIKCH MOCTE Ipolecca
HEPHOMYECKOT0 HarpeBa 06pa3LoB 10 Temneparypbl 650°C ¢ mocieayomuM GBICTPBIM OXJIaXkICHHEM, Pea-
JIM30BaHHBIM ITyTEM IOTPY)XeHUs1 00pa3oB B BOAy. V3Mepsuiich OCHOBHBIE MapaMeTpbl MOKPBITHSI: U3HOCO-
CTOMKOCTb, XKapOCTOHUKOCTb, MUKPOTBepHOCTh. Kaxnoe Tepmuueckoe BozaelcTBue amuiaoch 20 4, a Bech
MPOLECC «HArPEeB—OXJIAXKICHUEY» MPOBOAWICS 5 pa3. Pe3ynbraThl, KOTOpbIE ObUIM MOJIyYE€HBI B HACTOSILICH
paboTe, MOXHO CUMTATh BeChbMa MEPCIIEKTUBHBIMY IS 3aIIUTHI HEJOPOTHX CTAJICH.

Kniouesvie criosa: BakyyMHO-TyroBasi TEXHOJIOTHS, 3aIIUTHOE TIOKPBITHE, H3HOCOCTOHKOCTD, KapOCTOHKOCTB,
MHKPOTBEP/OCTb.
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