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About one way of organization Unified system for registration of space rays

Today, at the high-mountain scientific station for the study of the physics of cosmic rays, various, inde-
pendently operating unique experimental installations are used. The ways and methods of combining these in-
stallations into a single system are discussed in the article. A single system includes networks of scintillation
detectors of the "carpet" type for registration of the electron-photon component, ground and underground
monitors for registration of neutron components, calorimeters, Cherenkov detectors, a scintillation spectrome-
ter and a number of other subsystems. The newly created unified system for registering cosmic rays based on
the achievements of modern technology and scientific thought will have a high resolution, with a common
databank with synchronization in time of operation of separate, independently operating experimental instal-
lations. The solution to this problem will help to perform a detailed analysis of the recorded events from a
single position, to carry out complex calculations of the spatial distribution, mass composition, and also the
energy structure of cosmic rays with a high degree of accuracy. Significant scientific results, obtained in re-
cent years at the Horizon-T experimental installation, are provided. The presented preliminary significant data
obtained during the implementation of the project testify to the high information content of the obtained re-
sults.

Keywords: cosmic rays, scintillation detector, neutron monitors, fiber optics, local area network, server, ex-
tensive air showers, unified database.

Introduction

First of all, it should be emphasized that the physics of cosmic rays belongs to fundamental science.
One may ask the question — why does society need fundamental science, which does not bring immediate
benefit to mankind, as is sometimes the case with applied research? It should be noted that applied science
regularly faces problems that it simply cannot solve itself — neither with the help of accumulated practical
experience, nor through the insight of inventors, nor by trial and error. However, they can be solved with the
help of fundamental science. Fundamental science is the basis of new high technologies in the long term,
technologies understood in the broadest sense [1]. If some small improvements in existing technologies can
be made, limiting ourselves to purely applied research, then creating new technologies and with their help
solving new problems that regularly face humanity — it is possible only relying on fundamental science [2].

Cosmic ray physics is the physics of elementary particles, one of its facets, which through the develop-
ment of mathematical formalism is tightly connected with plenty of more "practical" areas of physics, and
natural sciences in general. Cosmic rays (CR) are usually understood as fluxes of charged relativistic parti-
cles, ranging from protons and helium nuclei to the nuclei of heavier elements up to uranium, born and ac-
celerated to high and extremely high (up to 10* eV) energies outside the Earth [3, 4]. In this case, the contri-
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About one way of organization...

bution of the Sun dominates in the flux of particles with energies up to 10° eV, and particles of higher ener-
gies are of galactic (and, possibly, at the highest energies, extragalactic) origin. Naturally, protons and nuclei
do not exhaust the whole variety of radiation coming to the Earth from outer space. The composition of ga-
lactic cosmic rays (GCR) is mainly dominated by protons, the rest of the nuclei account for less than 10% of
all inputs. Protons remain the dominant component, at least up to energies of ~ 1TeV, although the fraction
of nuclei grows with increasing particle energy.

Certainly, not all physical processes explaining the origin of cosmic rays are understood, and not every-
thing is clear with their effect on the space surrounding the Earth, on biological and technological systems.
Every day brings new facts, gives rise to new hypotheses, makes us take a fresh look at seemingly already
known physical phenomena [5]. Over the past decades, science has made great strides in understanding the
space around us, and scientists are trying to explain and link the seemingly incompatible phenomena into a
single chain. The theory of the origin of GCRs, which could be called entirely complete, is currently absent,
especially if we bear in mind the origin of GCRs of ultrahigh energies (>10" eV), although over the past 10-
15 years in understanding the general nature of the processes in which cosmic rays are emerging and acceler-
ating, a significant progress has been made. A completed theory of the origin of GCRs should explain their
main characteristics: the power-law shape of the energy spectrum, the magnitude of the energy density, the
mass (chemical) composition of primary CRs including data on the fluxes of antiprotons, electrons, posi-
trons, gamma quanta, the practical constancy of the GCR intensity in time, and their weak anisotropy [6, 7].

The existence of cosmic rays — a stream of high-energy elementary particles coming to Earth from
outer space — was established in 1912 by the Austrian physicist V.F. Hess [8, 9]. Later, through the works
of subsequent researchers, many new phenomena and patterns were discovered, including the so-called ex-
tensive air showers (EAS), the limiting energy spectrum of cosmic rays, which extends up to energy of 10*
eV. Particular interest to researchers is the energy range 10"°-10' eV, in which a break in the CR energy
spectrum was first discovered, and then a number of interesting phenomena incorporating a rather sharp
change in the chemical composition of primary cosmic radiation, the appearance of a long-range component,
the appearance of delayed particles and showers. The essence of the delay lies in the fact that these particles
or the products of their interaction with the atmosphere reach the earth's surface with some delay relative to
the front of extensive air showers [10].

Experimental installations, available today in the world for CR registration, are mainly focused on solv-
ing individual particular problems. For example, the Yakutsk complex EAS installation, created in the valley
of the Lena River, makes it possible to analyze cosmic radiation in terms of energies exceeding 10" eV, to
assess its impact on the Earth's atmosphere. The AGASA facility located in Japan was launched almost sim-
ultaneously with the facility in Yakutia. The two stations serve similar purposes. Main feature of the
AGASA station is considered to be a huge scale — it covers an area of about 100 square kilometers and is a
complex of 111 surface detectors and 27 muon detectors. The KASCADE-Grande installation in Karlsruhe is
a large ground network of 252 detector stations designed to study extensive air showers. The world's largest
Pierre Auger Observatory is located in Argentina, covers an area of 3,000 square kilometers and consists of
1,600 receivers. Its main purpose is to register EASs generated by ultrahigh-energy particles. Nevertheless,
despite the complexity and the achieved level of CR registration efficiency, none of the above installations is
fully integrated, capable of solving, if not all, then at least the most important sets of tasks and problems fac-
ing researchers in the field of physics and cosmic ray astrophysics.

In this regard, this work describes the results achieved to date by combining separate, independently
operating basic experimental installations and subsystems of the Physico-Technical Institute (PTI) and the
Tien Shan High-Mountain Scientific Station (TSHMSS) into a single integrated system. The structure of this
unique complex includes: a flood section, ground and underground neutron monitors; underground muon
detectors; neutron detectors; an ionization calorimeter with a gamma-block, where for the first time research
is held in the field of cosmic ray astrophysics — gamma astronomy; thrust installation; scintilla-
tion spectrometers; EAS radio emission detectors; Cherenkov light detectors; means of registration and anal-
ysis of the pulse shape of the EAS leading edge; and a number of other subsystems and means [11]. In addi-
tion, the creation of a unified database of experimental results and data extracted by a complex installation
helps to take into account all the nuances that arise when accessing various sources of information and their
subsequent processing.
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Unified integrated system of FTI and TSHVNS

Since the beginning of the sixties of the last century in the vicinity of Almaty city in the mountains of
the Zailiiskii Alatau at an altitude of 3340 m above sea level at the experimental site “Cosmostation” by
the Physico-Technical Institute of the Ministry of Education and Science of the Republic of Kazakhstan
and the Physical Institute named after P.N. Lebedev RAS, joint experiments are being carried out to study
the physics of cosmic rays. During this time, fundamental world-class results have been obtained in the
study of the CR energy spectrum, measurements of the mass composition, and the search for the anisotro-
py of primary cosmic rays in various energy ranges. Significantly, more reliable data on CR can be ob-
tained using complex methods of simultaneous registration of charged particles with scintillators, observa-
tions of Cherenkov light and radio emission. The advantages of these methods are due to the fact
that during the generation of hadron, electron-photon, and muon components, as well as Cherenkov and
radio emissions, the atmosphere plays the role of a giant calorimeter, while fluctuations characteristic of
the charged component of an EAS are substantially smoothed out. The large scatter of experimental data in
the energy range of 10'°~10'° eV, because its study requires installations with an area of at least a square
kilometer at minimum distances between detectors. Due to the low cost of radio emission detectors
in contrast to Cherenkov and scintillation detectors, a greater number of such detectors can be placed on
the same area and at closer distances from each other, which provides a more detailed study of the spatial
and energy structure of EASs. The solution to this problem facilitates to conduct practically round-the-
clock measurements, regardless of weather conditions, with a high degree of accuracy, reliability and in-
formation content.

Experimental installations of the type “Hadron-55”, “Storm installation”, “Horizon-T”, “Ra-
dio emission EAS”, “Thunderstorm”, “MAS2” (installation for recording earthquakes) and others, which
contain a carpet of scintillation detectors, ground and underground neutron monitors, a calorimeter with a
gamma block and neutron detectors, Cherenkov light detectors, remote scintillation detectors, a scintilla-
tion spectrometer, and a number of other subsystems, are combined into the following items, for which a
general network infrastructure scheme has been developed with the ability to connect them to
a single dedicated local network (Fig. 1):

e Point “Dormitory”, the center of the local network is located here: network and server equipment.
Point coordinates: 43.043335N, 76.943078E.

e Point “Boathouse”, the center of the storm water installation. Point coordinates: 43.042556N,
76.944330E.

e Point “Physico-Technical Institute”, center of the “Hadron-55" installation with a calorimeter,
gamma-block and neutron detectors. Point coordinates: 43.044078N, 76.943458E.

e Point “Horizon”, registration center of the “Horizon-T” installation. Point coordinates:
43.047177N, 76.945417E.

e Point “Bunker”, here are the remote detectors of the “Horizon-T” installation with an autonomous
registration system. Point coordinates: 43.049165N, 76.957369E.

e Item “Stone Flower”. Remote detectors of the Gorizont-T installation with an autonomous regis-
tration system. Point coordinates: 43.050650N, 76.946487E.

e Neutron Super Monitor. Point coordinates: 43.042864N, 76.944314E.

e “Dungeon”. Point coordinates: 43.042665N, 76.945063E.

The communication between the subsystems is performed by combining fiber-optic lines into a net-
work, which increased the reliability of communication and the speed of data transmission over the net-
work. The use of a fiber-optic line has increased the resistance of the local network to adverse environ-
mental influences such as precipitation, lightning discharges and static electricity.

Fiber optic lines are built on the basis of Sterlite Aerial Fig-8 Fiber Optic Cable, a self-supporting
eight-fiber single-mode cable. The ends of the cable are wound and terminated in optical distribution
frames, then they are connected to media converters by means of optical patch cords. The FH-MC100 Se-
ries Fiber Optic Media Converter converts 10/100Base-TX connections to 100Base-FX connections and
vice versa. The 10/100Base-TX port has 10/100 Mbps auto-negotiation features. The device sup-
ports single-mode and multi-mode SC connections. This converter allows for fiber-optic connections at a
distance of up to 20 km over two fibers. Media converters are connected to the local network with
10/100Base-TX patch cords.
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Figure 1. Fiber optic lines — the basis of the local area network

To improve performance, the local area network was divided into two segments. The first segment with
the address range 192.168.11.1-192.168.11.254 (class C network 192.168.11.0/24) includes computers of
registration systems, two database servers, a file and Internet server, and a NAS data backup system. The
second segment with addresses 192.168.12.1-192.168.12.254 (class C network 192.168.12.0/24) is intended
for access from the local network to servers, computers of registration systems and the Internet for
all interested users. The network segments are interconnected via the Ubiquiti EdgeRouter ER-X router.
Based on Cisco 1760 and Cisco 2620 routers, gateways are used to access the Internet.

In addition, it was decided to include in the local computer network part of the remote subsystems that
previously worked autonomously, which would be connected to the local computer network via radio chan-
nels. Radio channels for connecting distant points are built on the basis of Ubiquiti AirMAX equip-
ment operating at frequencies of 5.470-5.825 GHz. This band, unlike the 2.4 GHz WiFi band, is less con-
gested and less susceptible to interference. At the central point of the radio network, it is planned to place an
Ubiquiti Rocket M5 access point with an Ubiquiti AirMAX Omni 5G10 omnidirectional antenna connected
to it. Ubiquiti NanoBeam M5-16 radio bridges will be deployed at remote locations.

Installation of the database server and backup system

When modeling a database server combined with an Internet server, the rack server HUAWEI
RH2285V2 is used as a layout. The server includes two Intel Xeon E5-2400 4-core CPUs, 16GB RAM
DDR3, two 1TB hard disks combined into a mirrored disk array RAID 1. The network equipment is repre-
sented by two 10/100/1000 Mbps Ethernet interfaces. The server runs under Scientific Linux operating sys-
tem version 7.8. To work with databases, a free object-relational database management system PostgreSQL
version 11.9 is deployed on the server. NTP daemon version 4 is running on the server, providing synchroni-
zation with world time with an accuracy of no worse than 10 ms (1/100 s) when working via the Internet, and
up to 0.2 ms (1/5000 s) inside local networks.
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Application package

A package of application programs for working from a local network is programs that use
the developed libraries, form queries to databases, transfer the requested records to the program content and
process them in accordance with the specified criteria. The processed data will be presented in text
or graphic form. Using the Linux operating system, programming languages C, C ++, Python, Java, Java
script, programming interfaces and modules have been developed and debugged, allowing to transfer data-
base records into program content.

2. Significant research results at the Horizon-T installation

Horizon-T installation [12] registers the fluxes of charged particles of EAS with energies above 1016
eV and with nanosecond precision. It is designed to study the space-time structure of shower disks. Installa-
tion observation level is at 3340 m above sea level (see Figure 2).

Figure 2. Geometry of the location of registration points of the Horizon-T installation

The space-time characteristics of the fluxes of charged particles of EAS, which were obtained at the
Horizon-T installation, are compared with the space-time characteristics of the fluxes of charged particles of
electron-nuclear showers from protons, which were obtained using the CORSIKA model package [13].

The composition of particles that reached the Earth's surface in electron-nuclear showers from primary
protons with an energy of 2x10'” eV, which were obtained by drawing for the CORSIKA model package,
was considered. Gamma quanta, neutrinos, electrons, positrons and muons dominate in these particles.

In the present experiment, charged particles were considered when the difference between an electron
and a positron is not significant. “Electrons” and “positrons” were considered as “electrons”. In an electron-
nuclear shower with energy 2-10"eV, from the vertical direction to the observation level, on average, about
10%charged particles, in a shower with an energy of 2-10'*¢Von average pass about 10°particles.

Among charged particles that come to the observation level from directions close to the vertical (up to
zenith angles of 30°), the fraction of electrons is close to 99%, the fraction of muons is about 1%.
By increasing zenith angles, the electron flux density decreases, and the muon flux density increases, and in
the EAS from the zenith directions more than 70° the muon flux density exceeds the electron flux.

Conducted drawings of electron-nuclear showers using the CORSIKA model package illustrated the
following:

1. With an increase in the distance to the shower axis, the flux density of charged shower particles at the
observation level decreases rapidly.
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2. Only one storm disk arrives at an altitude of 3340 m above sea level, unaccompanied by delayed par-
ticles. Therefore, when streams of charged particles of a shower pass through the detector, a pulse with only
one maximum is formed.

3. The duration of the pulse in the SC detector from the passage of charged particles of the shower in-
creases rapidly with increasing distance to the axis of the shower.

Below is an analysis of the experimental material obtained at the Horizon-T installation from March 21
to May 12 2018, when over 1137 hours, 15725 events were recorded with an intensity of 13.8 events / hour
and a detection threshold of 2-10'%V.

More than 500 showers were found in this experimental material, in which delayed particles are ob-
served. In showers with energies less than10'’eV, recorded with the Horizon-T installation, any pulses had
only one maximum. All showers with delayed particles have energies above 10'’eV. The recorded intensity
of showers with delayed particles does not contradict the luminosity of the installation.

The term delayed particles implicitly implies that one group of particles crosses the observation level as
a part of the shower disk, while the other group of particles is delayed from the main shower disk. Experi-
mental data obtained at the Horizon-T installation indicate that delayed EAS particles cross the observation
level, forming two, three, or more pulses in the detectors along with the first pulse. An example of three
pulses recorded in a shower with energies above 5-10'7¢V, which came at a zenith angle of 30° from the
southwest direction, is illustrated in Figure 3.
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Note. The delay time of the second pulse from the first pulse is t;, = 318 ns, the third pulse from the second pulse is t;3= 465 ns.

Figure 3. Three pulses recorded in a shower with an energy higher than 5-10"7eV

The first pulse has a duration of 17,=35 ns and is generated by the passage of 316 particles, the second
pulse has a duration of t,= 32 ns and is generated by the passage of 327 particles, the third pulse has a dura-
tion of 1,= 28 ns and is generated by the passage of 363 particles. Obviously, in this shower, the detector was
crossed by particles of three shower disks. A disk that formed the first impulse came earlier than the others,
but it does not follow from this that the disk is the main one. The term “delayed particles” simply means that
the origin of the time scale is associated with the first disk. These three pulses, generated in the detector by
particles of one shower, were considered as a single geometrical object, with three maxima (modes) and
were called a trimodal pulse. The pulses with several peaks recorded in the detector were called multimodal
pulses, respectively, showers in which multimodal pulses were recorded — multimodal showers.

Experimental data on multimodal showers obtained at the Horizon-T installation indicate that particles
in such showers cross the observation level as part of several shower disks, each of which generates its own
pulse in the detector of the facility.

In electron-nuclear showers with energies up to 10"¥eV played out using the CORSIKA package of
models, charged particles at any distance from the shower axis formed only one pulse. The modern physical
concepts of electron-nuclear showers, which are implemented in the CORSIKA package of models, do not
give delayed particles in EASs.
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Figure 4 demonstrates the field of points with coordinates (R, p) for bimodal pulses recorded in the SC
detector at point 9 in 217 showers. The curves are the functions of the spatial distribution p(R) in electron-
nuclear showers, obtained in a raffle applying the CORSIKA package of models.
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Note. The curves are the functions p(R) of the spatial distribution of charged particles
of'six electron-nuclear showers, which were obtained by drawing according to the CORSIKA model.
Red curves — three showers with an energy of 5-10'7eV, green curves — three showers with an energy of 10'® ¢V.

Figure 4. Field of distribution of points with coordinates (R, p) in 217 showers recorded at the Horizon-T installation

The bimodal pulses recorded in point 9 are caused in the SC detector by charged particles, the flux den-
sities of which are much higher than the flux densities of electron-nuclear showers with energies of 10'*eV at
distances of 600 m from the shower axis, obtained using the CORSIKA model package. The distribution of
points (R, p) in Fig. 4 shows that at R > 400 m, the experimental SDF does not change with increasing R.
While the SDF of charged particles in electron-nuclear showers decreases several times.

Figure 4 designates that in electron-nuclear showers with energies of 10'® eVthe flux density of charged
particles at a distance of 400 m from the shower axis is pso=10.0 m>. Taking the flux density of charged
particles in an electron-nuclear shower proportional to the shower energy, it can be estimated that a 10 times
higher flux density pso = 100 m> will appear in electron-nuclear showers at energies of 10"’ eV. According-
ly, the flux density p4o =300 m > can be recorded in electron-nuclear showers at energies of 3-10" eV.

The performed estimates of the luminosity of the Horizon-T installation showed that in 1137 hours it is
capable of registering, on average, 1 electron-nuclear shower with an energy of 10'°¢V and above. Registra-
tion of 108 electron-nuclear showers with energies of 10"°eV and above will require on average more than
one hundred thousand hours. Registration of 27 electron-nuclear showers with energies of 3-10"°eV and
above will require substantially more than one hundred thousand hours. Hence, it follows that bimodal im-
pulses recorded at distances R=(400+750) m cannot be generated by particles of electron-nuclear showers.

Results and Discussion

1. In EAS with energies above 10'’eV, the Horizon-T installation has recorded delayed particles that
form a system of pulses in the detectors. The system of several pulses recorded in the detector is called a
multimodal pulse — a pulse with several modes. EASs, in which multimodal impulses were recorded, are
called multimodal EASs.

2. Analysis of electron-nuclear showers with energies from 10'’eV to 10'®eV, obtained applying the
CORSIKA package of models, showed that delayed particles do not appear in electron-nuclear showers and,
accordingly, only one pulse with one maximum (mode) can be recorded in the detectors. Therefore, it fol-
lows that multimodal EASs are not electron-nuclear showers.
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3. The quantitative characteristics of bimodal impulses were studied. The behavior of these characteris-
tics showed that in showers, which are called “EAS with delayed particles”, a system of several shower disks
comes to the observation level. When the axis of one of these shower disks passes near the detector, a pulse
is formed in the detector, the duration of which is an order of magnitude shorter, and the flux density is an
order of magnitude greater than expected in electron-nuclear showers. This confirms that multimodal EASs
are not electron-nuclear showers.

Conclusions

Combining all experimental installations into a single registration system with a common data bank
makes it possible to perform a detailed analysis of events, complex calculations of the spatial and energy
structure of EASs with a high degree of accuracy and reliability of the obtained results. A network infrastruc-
ture and a central server have been created to organize a single base of the entire system with the connection
of individual experimental installations to a single dedicated local network. The organization of time syn-
chronization of the operation of individual experimental installations with each other is ensured. The soft-
ware support has been developed and debugged, which ensures the normal functioning of the entire infra-
structure and uninterrupted client access to the database of the combined system.
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K.M. Myxames, A.B. CrenanoB, A.X. ApreiHoBa, B.B. XXykos, T.K. Unpucosa

Fapbim coysecin Tipkeyre apHaJsran Oipereii sKyiieHi KypyabIH Oip TacCiji Typajibl

Byrinri xyHi FapsIm coyieciniy GpU3NKachH 3epTTeyre apHaIFaH OMiKTayJIbl FAIIBIMU CTAHIHSIA OPKAHCHICHI
nepbec JKyYMBIC iCTeiTiH, Oalamachl XOK KONTEereH Japa KOHABIPFbUIAp MaljanaHburyna. Makamana
KYpaMmbIH/ia FapbIll COYJECIHIH 3JIEKTPOH-(QOTOH KYpayIIbICHIH TipKeyre apHajifaH CLHHTHIUISUUSIIBIK
JICTEKTOPJIAPMEH KYPBUIFaH «KiJIeM», COYJICHIH HEHTPOHIBIK KypaylIbLIapblH TipKEyre apHajFaH jKepacTbl
JKOHE IKEPYCTI MOHHUTOPIAPHI, KaJOPUMETpIIep, YCPEHKOB COYJIECIHIH TIpKeyiluTepi, CHHHTHUILUSIIBIK
CIIEKTPOMETPJIEP, KEP CUIKIHICIH Kajaraiayra apHaJIFaH KOHABIPFbl MEH KOINTEereH KOCAJIKbl KYPbUIbIMAAPAbI
GipikkeH Oipereil xyiiere aifHaJIIBIPyIbIH AICTEPI MEH TEXHHUKAIBIK LICIIiMi KapacTeipbutrad. Kasipri 3aman
TEXHOJIOTHMSICBIHBIH aJIJbIHFbl KaTapiibl KETiCTIKTepi MEH O3bIK FBUIBIMH MiKipiepre CyHeHy HOTHXKeciHIe
KYpBUIFaH Fapbllll COyJeCiH Tipkeyre apHairaH Oiperei yide memrymi KaOineTi >KOFapbl, apHaubl
JafibIHaFaH OaFbITThl Oarlapiamaniap apKbpUIbl OacKapbUIATBIH OpTaK MarjiyMarTap KOpbl 0ap, Toyelncis
JKYMBIC ICTEHTIH aepOec HSKCIIEpUMEHTANABIK MaHbI3IBl KOHIBIPFBUIAPIBI CHHXPOHIBI TypAe Oackapyra
apHaIIFaH O KYHENiK KypbUIBIMIAPMEH >KaOIbIKTAIFaH KOHIBIPFBIHBI O KHHAKTAall Kypy HPHHLUITEPI
OasHpananbl. MaHBI3bl epeKile >KOHE alpbIKimIa Kypaeni Oyn npoOneMaHblH iC JKY3iHAE OpPBIHIATYBI
HOTI)KECIHE TIPKEIreH Fapblll COyJeCi Typasbl MariyMarTapAbl MEWIHIIE MYKUAT TajlayFa, OJiapIblH
KEHICTIKTe Tapalybl, MacCaJIbIK KYPaMbl JKOHE SHEPreTHKaJbIK KYPbUIBIMBI Typaibl €CeNnTeyJep/i *KOFapbl
JQIIIKIEH OpbIH/AY apKbUIbI aKnapaTTap/bl Oip MO3MUMSLAH CypeTTeyre MyMKIHAIK Tyaipl. «['opu30HT-T»
9KCHEPUMEHTAJIBIBIK KOH/IBIPFBICHIHAH COHFBI JKBULIAPBI aIbIHFAH aJFAIlKbl FHUIBIMU HOTIIKEIEp OepiireH.
XKobanbl opbiHIAy OapbIChIHIA AIbIHFAH AIFALIKbl JACPEKTEP KOJ JKETKCH HOTIIKEICPAIH MariyMaTThIK
KYH/IBUIBIFBIHBIH JKOFaphl EKCHIIITH JTOJICIICH]I.

Kinm ce30ep: rapbll coysenepi, CUMHTHIUIALMS JETEKTOPbI, HEHTPOH MOHHTOPBI, TAIIBIKTHI OITHKA,
JKEePTLTIKTI XKei, cepBep, ayKbIMIbl aTMochepalbIK Hocep, Oipereil MariymarTap KOphbl.

K.M. Mykaies, A.B. Crenanos, A.X. ApreiHoBa, B.B. XKXykos, T.K. Uapucosa

006 ogHOM cnioco0e opraHu3anumn
€IMHOI CHCTEeMBbI PerUCTPAllUN KOCMHUYECKHUX JIy4dei

B Hacrosiiee BpeMsi Ha BBICOKOTOPHOW HAay4YHOW CTaHIMHU JUIS HCCIIeNOBaHUS (PU3UKK KOCMHYECKHUX Jydeil
UCIIONB3YIOTCS Pa3MyYHBIE, HE3aBUCHMO MAEHCTBYIOIIME YHHKANbHbIE AKCIEPHMEHTAIbHBIE YCTAaHOBKU.
B cratee paccMOTpeHBI IyTH U METOJbI OOBETUHEHHUS 3THX YCTAaHOBOK B €MHYIO CUCTEMY, BKIIOUAIOLIYIO B
ce0st ceTH CHUHTHIISILHOHHBIX JE€TEKTOPOB TUIA «KOBEP» AJISI PETUCTPAlUH 3IEKTPOHHO-(GOTOHHONH KOMITO-
HEHTBI, MOHUTOPHI Ha3eMHOT'O U MOA3EMHOr0 0a3MpOBAHUS ISl PETUCTPALMU HEHTPOHHBIX COCTAaBILIONINX,
KaJIOPUMETPBI, YEPEHKOBCKHE AETEKTOPBI, CUUHTWIISILIUOHHBII CHEKTPOMETP U elle psj] nojacucreM. BHOBb
CO3JlaHHAs elUHAasl CUCTEMa PETUCTPALUU KOCMHYECKHX JIydel Ha OCHOBE JOCTHKECHUM COBPEMEHHOMI TEXHO-
JIOTUH ¥ HAYYHOH MBICIH OyzmeT obiiaiaTh BBICOKOH paspelaromell CriocOOHOCTHIO, ¢ 00mMM OaHKOM JaH-
HBIX C o0ecredeHHeM CHHXPOHH3AINH M0 BPEMEHH pabOTHI OTIENBHBIX, HE3aBUCUMO JISUCTBYIOMINX JKCIe-
PHMEHTATIBHBIX YCTaHOBOK. Perienne 3Toi mpo6aeMsl MO3BOJIUT BBIIOJHEHUE AETANbHOTO aHANIN3a PETHCT-
PHPYEMBIX COOBITHH C €IMHOI MO3MIMH, IPOBEJECHUE CI0KHBIX PacyeTOB MIPOCTPAHCTBEHHOTO pachpeserne-
HHS, MAaCCOBOTO COCTaBa, a TAK)KE SHEPTETUUECKOH CTPYKTYPhl KOCMHUYECKUX JTydel ¢ BBICOKOW CTEMEHBIO
ToyHOCTH. IIpHBeieHbl 3HAUNMBIE HAy4YHBIE PE3YNbTATHI, MOIYUYEHHBIE B MOCIEAHHE TOIBl Ha SKCIIEPUMEH-
TanpHOU ycraHoBKe «l'opu3oHT-T». IIpencraBiaeHHbIE IpeABAPUTENIbHBIC 3HAUUMBIC JaHHBIC B IPOEKTE CBU-
JIETENbCTBYIOT O BHICOKOIT MH()OPMATHBHOCTH NOyYEHHBIX PE3yJIbTAaTOB.

Kniouesvie cnosa: KOCMUYCCKHUE JIy4u, CHMHTUJUISIIMOHHBII JACTEKTOP, HeﬁTpOHHLIe MOHHMTOPBI, BOJIOKOHHAas
OIITHKA, JIOKaJIbHas CE€Th, CEPBEP, HINPOKUEC aTMOC(i)epHLIe JIMBHH, €AUHAas ba3za JaHHBIX.
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Impact of Volume and Surface Heat Treatment
on the Structure and Properties of Steel 30HGSA

The work presents the results of a comparative study of volumetric and surface heat treatment impact on the
structural-phase states, hardness, and wear resistance of steel 30HGSA. Surface hardening was conducted by
the electrolyte-plasma method. Bulk quenching of the samples was carried out by heating to a temperature of
900 °C, followed by cooling in water and oil, and some of the samples after quenching were annealed at a
temperature of 510 °C. The structural-phase states of 30HGSA steel samples were studied by metallographic
and X-ray structural analysis. There were carried out the microhardness measurements, tribological tests ac-
cording to the ball-disk scheme, as well as was determined the resistance of the samples to abrasive wear. It
was determined that after electrolytic-plasma hardening, fine-acicular martensite with a small content of ce-
mentite is formed on the basis of metallographic and X-ray structural analyzes, and coarse-acicular martensite
is formed after volume quenching in water and oil. It was determined that the microhardness increased to
400-460 HV after volume quenching, and subsequent annealing leads to a decrease in hardness to 330-360
HV. It was revealed that the electrolyte-plasma surface hardening leads to an increase in microhardness up to
2 times due to the formation of fine-acicular martensite.

Keywords: hardening, annealing, electrolytic plasma treatment, volume quenching, structure, wear resistance,
martensite.

Introduction

One of the most effective ways to improve the service characteristics of structural steels is
the development of optimal heat-treatment modes. This facilitates to obtain products with certain specified
characteristics that meet operational requirements, and, on the other hand, to predict changes in the proper-
ties of parts and structures during manufacture and operation [1-3]. The high level of physical and mechani-
cal properties of structural steels, widely used in industry, is due to the martensitic structure [1]. They are
subjected to bulk or surface hardening to obtain a martensitic structure in steels. An important place in in-
creasing the durability of a wide class of machine parts is given to the quality of the metal — not of the en-
tire section of the product, but to the structural state and physical and mechanical properties of the surface
layer. It is the surface layer that determines the operational properties of parts — wear resistance, strength,
material resistance to fatigue, contact endurance, corrosion resistance, etc. Surface treatment technologies
with concentrated energy flows are widely used to increase the durability of parts, which have a number of
common features that distinguish them favorably from other heat treatment methods. These technologies in-
clude the following methods of surface hardening: hardening by electric current induced in the surface layers
of the part (HFC or induction hardening); flame hardening of an oxygen-acetylene or gas burner; plasma
hardening; hardening by a laser beam; electric arc hardening; quenching in molten metals, electrolytes or
salts [4-6]. Among them, plasma hardening has a number of advantages over the existing methods of surface
thermal hardening in terms of its technical and economic indicators and the results of comparative analysis.
The main advantage of plasma thermal hardening in comparison with laser is that the area of contact of the
plasma arc with the material being processed is much larger than that of the laser beam; therefore, less time
is spent on processing the surface of the die tooling with this method [3, 6]. One of the promising methods of
plasma surface hardening is electrolytic-plasma hardening [7-10], which is one of the varieties of plasma
hardening. Heating and cooling of the part is carried out in a water-based electrolyte during electrolytic-
plasma hardening. The plasma layer is formed in the gap between the liquid (electrolyte) electrode and the
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surface of the product when voltage is applied [10]. The result of a short stay of steel at quenching tempera-
tures, as well as the occurrence of phase transformations in the temperature range above equilibrium, is an
increase in the mechanical properties of the material in comparison with bulk quenching. However, the
tribological properties of steels treated by electrolytic-plasma hardening have not been sufficiently studied,
and there is little information on comparative studies of the wear resistance of steels treated with volumetric
heat treatment and surface electrolytic-plasma hardening.

In connection with the above, the purpose of this work is to comparatively research the impact of volu-
metric and surface heat treatment on the structural-phase states and physical-mechanical properties of steel
30HGSA.

Experimental

Structural alloy steel 30HGSA was chosen as the object of research. Table 1 illustrates the chemical
composition of the researched steel.

Table 1
Chemical composition of 30HGSA steel, %
Steel C Si Mn Ni S P Cr Cu
30HGSA 0.28-0.34 | 0.9-1.2 0.8-1.1 till 0.3 till 0.025 | till 0.025 | 0.8-1.1 till 0.3

Samples of 30HGSA steel with the size of 15x15 mm were subjected to volumetric and surface heat
treatment. The heat treatment modes are represented in Table 2. Heat treatment was carried out in
an evacuated quartz tube in a laboratory tube furnace. Heat treatment of 30HGSA steel samples was carried
out in the following modes: quenching from 900 °C, holding time at 900 °C was 0.5 h, cooling
was conducted in water and oil, and some of the samples were subjected to annealing at 510 °C with cooling
in water and oil. Surface hardening of 30HGSA steel samples was carried out by the electrolytic-plasma
method on a setup consisting of a 30 kW direct current source, an electrolytic cell, a bath, a pump, a heat
exchanger, and a stainless steel anode [11].

Table 2
Modes of processing 30HGSA steel samples
Volume quenching Annealing Surface hardening
g g | @ g | @
=t =t =t
s | 5 | B | E 1 E |2 | B |2
ample 20 Z = ) E=EIR R 20 B o
designation g7, 23 % £ e % 5°. | & 2 s g
o T o e B o 0 5 S £
=) [=) =) =] o =) =] <} [=]
= T = = T = g=! am °
E : | 8 2 | 3
) @] T @] T
Q0 - - : : : :
EPH - - - - - - 2 sec - water solution
Q1 900 30 water
Q2 900 30 oil
QlAl 900 30 water 510 30 water
Q2A1 900 30 oil 510 30 water
QIA2 900 30 water 510 30 oil
Q2A2- 900 30 oil 510 30 oil

The EPH process was carried out in the following mode: the applied voltage between the anode and the
sample was 320 V, the current density was 25 A/cm’, and the plasma exposure time was 2 sec. In this mode,
the samples were heated to ~ 850-900 °C. Cooling was carried out in a flowing electrolyte after turning the
voltage off. An aqueous solution containing 15% sodium carbonate was used as the electrolyte. Distilled wa-
ter was used to prepare the electrolyte. The schematic view of the installation for plasma electrolytic pro-
cessing is shown in Figure 1.
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1 - processed sample (cathode), 2 - stainless steel anode with holes, 3 - cone-shaped baffle,
4 - working chamber - electrolyte bath, 5 - pan, 6 - pump, 7 - heat exchanger

Figure 1. Schematic view of the installation of plasma electrolytic treatment

The research of the phase composition of 30HGSA steel samples before and after volumetric and sur-
face hardening was carried out on an X'PertPRO X-ray diffractometer in CuKo-radiation in a continuous re-
cording mode in the range of angles from 20 to 85°. Metallographic analysis was performed in a bright field
on an Altami MET 5C microscope at various magnifications. The microhardness of the samples
was measured by the method of indentation of a diamond indenter on a PMT-3M device in accordance with
GOST 9450-76, at a load of 100 g and holding under a load of 10 s. Tribological tests were carried out on a
TRB? tribometer with dry friction according to the “ball-disk” scheme (ASTM G133-95 and ASTM G99)
under the following conditions: wear radius — 3 mm, friction path — 60 m, sample rotation speed — 2 cm/s , a
load of 6 N. SizN, ball with a diameter of 6 mm was used as a counterbody. Figures 2a-b represent a sche-
matic of the experiment and a general view of the TRB® tribometer.

Figure 2. Experiment a schematic (a) and general view of TRB? tribometer (b)

Abrasive wear tests of the samples were carried out on an experimental setup for testing abrasive wear
when rubbing against loose abrasive particles according to the “rotating roller — flat surface” scheme in ac-
cordance with GOST 23.208-79, which coincides with the American standard ASTM C 6568. The surfaces
of the samples were ground and polished for testing abrasion on a rubber disc, they were also cleaned with
acetone, and dried. A cylindrical rubber roller, pressed by a radial surface against a flat surface of a
test specimen with a force of 44 N, rotated at a frequency of 1 s'. The general and schematic view of the de-
vice is shown in Figure 3a-b. The rate of entry of abrasive particles between the rubber wheel and the sam-
ple, that is, into the test zone, was 41-42 g/min. Electrocorundum with a grain size of 200-250 um was used
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as abrasive particles. The wear resistance of the treated test piece was evaluated by comparing its wear with
that of a reference piece (non-treated piece). The wear was measured by the gravimetric method on an ADV-
200 analytical balance with an accuracy of 0.0001 g. The samples were tested for 10 minutes, the total wear
length was 96 m, and then, were blown with compressed air to remove the remaining sand particles on the
samples before weighing. The wear resistance of the test material was assessed by the loss of the mass of the
samples during the test in accordance with GOST 23.20879.

b)
rubbes roller

samphe

Figure 3. Experiment a schematic (a) and general view (b) of the device for testing materials for abrasive wear

Results and Discussions

Figures 4a-h indicate the microstructure of 30HGSA steel before and after volumetric and surface heat
treatment. Metallographic analysis showed that 30HGSA steel in the initial state consists of a ferrite-pearlite
structure. A fine-needle martensitic structure is formed after electrolyte-plasma hardening. Coarse-acicular
martensite is formed after volumetric quenching with cooling in water and oil. No significant changes are
observed in the structure of quenched samples after annealing.

Figure 4. Microstructure of 30HGSA steel samples: Q0-30HGSA (a), EPH-30HGSA (b), Q1-30HGSA (c),
Q2-30HGSA (d), Q1A1-30HGSA (e), Q2A1-30HGSA (f), Q1A2-30HGSA (g), Q2A2-30HGSA (h)

The phase composition of the samples was investigated before and after volumetric and surface heat
treatment. Figures 5a-h indicate X-ray diffraction patterns of 30HGSA steel samples. X-ray structural analy-
sis demonstrated that in the initial state 30HGSA steel consists of the a-phase. After electrolyte-
plasma hardening and volumetric quenching with cooling in oil, the diffractograms of the samples, along
with the a-phase, exhibit a reflection (121) of cementite. Only the lines of the a-phase are present on the dif-
fraction patterns of the samples that have passed quenching with cooling in water and quenching with subse-
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quent annealing. In this case, in all quenched samples, the diffraction patterns show broadening of the inter-
ference lines of the-phase. Broadening of the a-phase interference lines is associated with an increase in the
dislocation density, the formation of martensite and is mainly determined by the tetragonality of martensite
[12-14]. The largest broadening of the a-phase peaks is observed for the Q1-30HGSA sample, which indi-
cates significant internal stresses due to the high cooling rate. In the samples annealed after quenching, such
a large broadening is not observed.
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Figure 5. X-ray diffraction patterns of steel 30HGSA: Q0-30HGSA (a), EPH-30HGSA (b), Q1-30HGSA (¢),
Q2-30HGSA (d), Q1A1-30HGSA (e), Q2A1-30HGSA (f), Q1A2-30HGSA (g), Q2A2-30HGSA (h)

One of the most important properties of the surface layer, which strongly depends on the cooling rate
during quenching, is hardness. Therefore, we have studied the changes in the microhardness of 30HGSA
steel depending on the mode of heat treatment. Figure 6 represents a histogram of the microhardness of
30HGSA steel before and after volumetric and surface heat treatment. It was identified that the microhard-
ness of steel samples increases after volumetric and surface heat treatment. At the same time, the microhard-
ness increased to 400-460 HV, and subsequent annealing led to a decrease in hardness to 330-360 HV after
volume quenching. The decrease in the hardness of quenched samples after annealing is associated with the
removal of the internal stress formed during cooling at a high rate.

The maximum increase in hardness is observed in samples treated by plasma electrolyte hardening. An
increase in hardness up to 2 times during electrolyte-plasma hardening is associated with the formation of
fine-needle martensite. There is no need for annealing due to the small thickness of the hardened layer for
steels that have undergone electrolytic-plasma hardening. Only the surface layer with a thickness of 1-
2 microns is hardened during electrolytic-plasma hardening, and the base remains viscous. In this case,
the hardened layer smoothly passes to the base of the material. Due to the formation of a transition zone — a
heat-affected zone, the formed internal stress on the modified layer does not lead to the destruction of the
steel material and the appearance of cracks in it.
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Figure 6. Microhardness of 30HGSA steel before and after surface and volume hardening

Figure 7 designates the results of tribological tests of 30HGSA steel samples according to the “ball-
disk” scheme [15]. The wear resistance of the samples was characterized by the coefficient of friction and
the volume of wear of the samples. Figure 7a shows the curves of the friction coefficient of the samples be-
fore and after treatment. It can be seen from the figure that the samples that have undergone electrolytic-
plasma surface hardening and volumetric quenching with cooling in oil have a low coefficient of friction in
comparison with the samples that have undergone quenching with cooling in water. In this case, annealing
with cooling in oil of the quenched sample leads to a decrease in the coefficient of friction. Specimens
quenched with cooling in water and annealing with cooling in water have high values of the coefficient of
friction in comparison with the original specimen. Apparently, since steel quenching with cooling in water is
accompanied by the formation of structural stresses in the steel this leads to the formation of microcracks
under the action of dynamic loads.

Figure 7b represents the results of changes in the volume of wear of the samples before and after treat-
ment. The data on the volume of wear of the samples correlates well with the data on the coefficient of fric-
tion of the samples. Samples EPH, Q2 and Q2A2 illustrated low wear volume compared to other samples.
The rest of the treated samples showed a high amount of wear compared to the original sample. The low
wear volume and coefficient of friction of samples EPH, Q2 and Q2A2 demostrated high wear resistance in
dry friction.
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Figure 7. Friction coefficient (a) and wear volume (b) of 30HGSA
steel samples before and after surface and volume quenching

Figure 8 demonstrates the results of an abrasive wear test. All samples, except for samples Q1 and
Q1A2, showed a low value of weight loss compared to the original sample. At the same time, samples EPH,
Q2 and Q2A2 showed high resistance to abrasive wear. The high durability of samples that have undergone
electrolyte-plasma surface hardening is associated with the formation of fine-acicular martensite. An increase
in the complex of operational properties of steel 30HGSA during electrolytic-plasma hardening is carried out
due to saturation of the solid solution with carbon and alloying elements, grain refinement, and an increase in
the density of crystal structure defects.
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Figure 8. Results of abrasive wear resistance tests of 30HGSA steel samples

Conclusions

It was determined that after electrolytic-plasma hardening, fine-acicular martensite with a small content
of cementite is formed on the basis of metallographic and X-ray structural analyses, and coarse-acicular
martensite is formed after volume quenching in water and oil. In this case, cementite is observed in the
diffractogram after quenching with cooling in water. The cementite dissolves after annealing. No significant
changes are observed after annealing in the structure of the samples quenched with cooling in water.

It was analyzed that the microhardness increased to 400-460 HV, and subsequent annealing leads to a
decrease in hardness to 330-360 HV after volume quenching. Moreover, due to the formation of fine-acicular
martensite the electrolyte-plasma surface hardening leads to an increase in microhardness up to 2 times.

The results of tribological tests of 30HGSA steel specimens before and after heat treatment showed that
specimens subjected to electrolytic-plasma surface hardening and volumetric quenching with cooling in oil
have a low coefficient of friction in comparison with specimens quenched with cooling in water. It was also
determined that samples EPH, Q2 and Q2A2 demonstrated a low wear volume compared to the original
sample. Specimens quenched with cooling in water and annealing with cooling in water showed a high
volume of wear compared to the original specimen. Apparently, this is due to the fact that quenching and/or
annealing of steel with cooling in water is accompanied by the formation of structural stresses in the steel,
leading to the formation of microcracks under the action of dynamic loads.

The results of testing samples of steel 30HGSA for resistance to abrasive wear indicated that the
samples, except for Q1 and QlA2, showed a low value of weight loss in comparison with the original
sample. At the same time, samples EPH, Q2 and Q2A2 showed high resistance to abrasive wear.

Thus, the tribological properties of parts made of steel 30HGSA can be increased due to the use of heat
treatment, including quenching from 900 °C with cooling in oil, followed by annealing with cooling in oil.
Also, surface plasma hardening can be used, which includes heating for 2 seconds followed by cooling in a
flowing electrolyte. Electrolytic-plasma surface hardening is a more economical and productive process
compared to bulk heat treatment. Concurrently, after electrolytic-plasma surface hardening, the hardness of
steel 30HGSA increases by 2 times and tribological properties increase. This is primarily due to the
formation of a highly dispersed metastable structure with a higher dislocation density in the surface layer.
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J. baitxkan, XK.b. Carnonauna, JI.I'. XKypepona, I'.Y. EpbonaToBa

30XT'CA 001aTBIHBIH KYPBUIBIMBI MEH KacHeTTepiHe KeJieMIi TepMHUAJIbIK
OH/Iey MeH JJIeKTPOJIUTTI-IIa3MaJBbIK 0eTKi IBIHBIFYAbIH dcepi

Maxkanazna 30XI'CA GonaThlHBIH KYPBUIBIMIBIK-(ha3aiblK KyiaepiHe, KaTTbUIBIFBI MEH TO3YyFa TO3IMALTIrIHE,
KOJIeM/Ii JKoHe OCTTIK TepMUSUIBIK OHICYIIH SCEPiHIH CalbICTHIPMAbl 3ePTTEyY HATIXKENepi Kenripinren. berki
KaTal DJICKTPOJIMTTI-IUIa3MaJbIK SICHCH JKy3ere achlpbUiabl. Yirinepaid kenmemzai kKataiosiH 900°C
TeMIleparypara JeiliH KbI3AbIPY apKbUIbl XKYPri3iireH, colaH KeifiH cy/a xoHe Maiiga, CoHali-aK, KaTaloaaH
KeHinri ymrinepmir Oip OGemiri 510°C TemmepaTypaza CaJIKBIHAATBIIAAbL. MeTamnorpadusublK SKoHE
pentrenaik tanpay oxicrepimen 30XI'CA Oonar yirinepiniH KYpbUIBIMIBIK-(a3ajblK KYHiIepi 3epTTelii.
MHUKpPOKATTBUIBIKTHI OJIIIeY, LIap-IHCK CXeMachl OOWBIHIIA TPUOOIOTHSIIBIK ChIHAKTAP JKYPri3inai, COHIai-
aK, yJariiepZiH abpa3uBTiK TO3yFa Te3IMIUIr aHbIKTaNbl. MeTaiorpadsiblK )KOHE PEHTICHKYPbLUIBIM/IBIK
Tajjaysap HeriziHjae eKTPOIUTTI-IIa3MAaNbIK IIBIHBIFYJaH KeHiH KypaMblH/a a3 EMEHTUT 0ap ycak MHei
MapTeHCHT, all KeJIeM/i UIBIHBIFY/IaH KeHiH cy/a jkoHe Maiiaa Tysinerini 6enrini 6onasl. Kenemnai kataopan
KeitiH MHUKpOKaTThUIBIKTBIH  400-460 HV  geifin xorapbuiaraHbl aHBIKTAN/bl, COJAH KeiliH KyWaipy
KarThUTBIKTHIH 330-360 HV neiiin ToMeHaeyiHe okemnei. DIeKTPOoUTTi-IIa3MalbIK OETKI KaTaro ycak WHell
MapTEeHCUTTIH Naina 60Tys! ece0iHeH MHUKPOKATTBUIBIKTEI 2 €cere IeHiH apTThIPYFa SKEeJICTiHi JOIeNIeHT ¢H.

Kinm co30ep: OepikTeHIipy, KBI3ABIPHIT OOcCaHmaTy, KOJIEMAIK IIBIHBIKTHIPY, AJIEKTPOIHUTTI-ILIa3MalIbIK
OHJIEY, KYPBUIBIM, JKeJIIHYTeTO3IM/IIIK, MAPTEHCHT.

b.K. Paxagunos, P.C. Koxanoga, I1. Kopanesckuii, /. baiixkan,
XK.b. Carnonnuna, JL.I'. Xypeposa, I'.Y. Ep6onarosa

Bausinne 00beMHOI TepMuYecKoi 00padOTKH M 3J1eKTPOJTUTHO-IIA3MEHHOM
TOBEPXHOCTHOM 3aKaJIKN HA CTPYKTYPY M cBoiicTBa craau 30XI'CA

B cTartbe mpesacTaBieHbl pe3yNbTaThl CPABHUTENBLHOTO U3ydEHHs BIMSHHUS 00bEMHON U MOBEPXHOCTHOH Tep-
MHUYECKOH 00pabOTKM Ha CTPYKTYPHO-(pa30BEIE COCTOSHHMS, TBEPIOCTh M M3HOCOCTOMKOCT cTamm 30XTCA.
IToBepxHOCTHAs 3aKaJlka OCYIIECTBISIIACH MIEKTPOIUTHO-IIA3MEHHBIM MeToioM. O0BbeMHast 3aKaiika oopas-
LIOB IIpOBEIeHa HarpeBoM 10 Temreparypsl 900°C ¢ nocneayromuM 0XIaxIeHUEM B BOJIE U B Maclle, a TAKKe

Cepusa «dusmka». Ne 4(104)/2021 23



B.K. Rakhadilov, R.S. Kozhanova et al.

4yacTh 00Pa3LOB MOCTIE 3aKAJIKH IMOABEPTHYTa OTXKUTY Ipu TemmnepaTtype 510°C. beuin u3y4eHsl CTpyKTYpHO-
¢asossie cocrostHust o6pasuos cranu 30XT'CA meromamu MeTamiorpapuyeckoro U peHTreHOCTPYKTYPHOTO
aHanu3a. [IpoBeseHbl U3MEpPEHHEe MUKPOTBEPAOCTH, TPUOOJIOIHUECKHE UCIIBITAHUS 10 CXEME ILIAp—IUCK», a
Taroke ObLIa OINpesieNicHa CTOMKOCTh 00pa3NoB K abpa3uBHOMY M3HaIMBaHUIO. Ha ocHOBe MeTamiorpadude-
CKOTO M PEHTTeHOCTPYKTYpPHOTO aHaln3a OIpEAECNICHO, YTO MOCTE OJIEKTPOIUTHO-INIA3MEHHOHN 3aKalKH
(hopMHupyeTCsT MEIKOUTONBYAThIH MAapTEHCHT ¢ HEOONBIINM COJEep)KaHHeM LEMEHTUTA, a Mocie 00BeMHO
3aKaJIKH B BOJE M B Macie (opMmupyeTcs KpyHMHOMToJbuUaTelii MapTeHcHT. Ilocime oOBbeMHOH 3akanku
MHKpPOTBEpIOCTh yBenuuuBanach 1o 400460 HV, a mocnexyrommii OTXKHUI NPHUBOAWI K YMEHBIICHHIO
tBepaocTu 10 330-360HV. BeisgBieHO, YTO 31EKTPOIUTHO-IITIA3MEHHAs TIOBEPXHOCTHAS 3aKajKa IPUBOIUT K
YBEJIMYEHHIO MUKPOTBEPJOCTH /10 2 pa3 3a cyeT (OPMUPOBAHHS MEIKOUIOJbYaTOr0 MapTEHCHUTA.

Kniouesvie cnosa: ynpounenue, OTXUT, 00beMHas 3aKajka, SJIeKTPOIUTHO-IUIa3MEHHas: 00paboTKa, CTPYKTY-
pa, I3HOCOCTOWKOCTD, MAPTEHCHT.
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Anisotropy of the surface energy of silicides of some metals

An empirical model of a solid surface is proposed in the article. The thickness of the surface layer
is described in terms of one parameter — the atomic volume of an element or its compounds. Surface energy is
also expressed through one parameter — the melting point of a chemical element or crystal. The model
proposes equations that allow calculating the thickness of the surface layer and surface energy for each face
of the crystal. As an example, calculations of these values are made for silicides of some metals with crystal
structures of cubic, hexagonal and rhombic systems. For cubic silicides, the thickness of the surface layer is
3-9 nm, and the number of monolayers is 7-16. Studies of metal deposition on silicon faces have shown that
silicon silicide is formed on the (111) face, which has the highest surface energy. The reaction on the (100)
face occurs only on the oxidized surface. In hexagonal silicides, anisotropy is seen, both in the values of the
thickness of the surface layer and in the values of the surface energy. For example, during the formation of
chromium disilicide on the (111) face in the ¢ direction, it was found that the sizes of the islands become
larger than on the (001) face. The authors designate that the thickness of the surface layer and the specific
surface energy for cubic, hexagonal, and rhombic crystals significantly differ from them. What is the
difference? First, the difference between the atoms of chemical elements from the periodic table and their
compounds depends, first of all, on their electronic structure, which forms this or that interaction potential.
Secondly, the difference between cubic, hexagonal and rhombic crystals lies in their relationship with
Poisson's ratio and Young's modulus, that is, on two material parameters. Third, the thickness of the surface
layer between cubic, hexagonal, and rhombic crystals also differs in only one parameter — the atomic (molar)
volume of the crystal. However, the analysis of all the patterns still needs to be carefully analyzed.

Keywords: metal silicide, surface energy, thickness of the surface layer, solid, chemical element, crystal, sur-
face layer, Poisson's ratio, Young's modulus.

Introduction

Silicides are compounds that are similar to metals. They have a good electrical conductivity, thermal
conductivity and even superconductivity at low temperatures. Silicides in the silicon-metal system do not
have a simple chemical bond in the structure of interstitial phases and do not fulfill the Hagg relation [1].
Due to the significant radius of silicon atoms, its high solubility by transition metals in structures and solid
solutions is observed by the type of substitution. In metals with significant atomic radii, complex silicide
structures are formed with a prevailing covalent bond of silicon atoms. With the transition of metals to
groups VII and VIII, the structures of silicides become simpler. Disilicides of metals such as tantalum, zirco-
nium, vanadium, chromium, niobium silicon form layered structures as curved nets. In the formation of sili-
cides from transition metals, the decisive role is played by covalent bonds, which resonate between the elec-
tronic states of the s and d orbitals. The fact that the d-orbitals are empty leads to a large number of observed
silicide structures.

When silicon forms solid solutions, its atom is transformed into +4 ion due to ionization. Such a solid
solution has orthogonal symmetry and creates body-centered (bcs) structures with many metals from the pe-
riodic table.

Transition metal silicides are relevant today in microelectronics and nanoelectronics because of their
low electrical resistivity and high melting temperature. Contacts for integrated circuits, thin thermal stable
film connections, Schottky diodes and more. All this dictates the relevance of studies of diffusion processes
in metal-silicon systems and the conditions for the formation of metal silicides [2]. Transition metal silicides
have thermal and mechanical strength, which decreases when going from titanium to tungsten.

During the deposition of a metal coating on silicon at its initial stage, silicides of different chemical
composition, different structural composition and intermediate phases can be formed at the interface. It all
depends on the type of metal applied, its characteristics, temperature, and other thermodynamic parameters,
crystallization kinetics, and much more.
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Metal-silicon structures, which are widely used in microelectronics for soft X-ray radiation, contain a
layer thickness in the nanoscale range. Therefore, it is believed that the nanometer thickness of metal sili-
cides will provide the key to understanding many processes.

In this work, based on an empirical model, we present the values of the thickness of the surface layer of
silicides, which can be experimentally determined by the methods of “grazing” X-rays [2], as well as the ani-
sotropy of the surface energy for various faces, which was determined by us for the first time.

The difference in the radii of the metal and silicon atoms leads to a significant difference in their diffu-
sion, which is determined by the activation energy, which, in turn, depends on the specific energy for each
silicon face. This means that in order to understand the processes occurring during the formation of silicides
either due to metal diffusion or due to its crystallization, it is necessary to know the specific surface energy
and its anisotropy for silicides of some metals.

With regard to surface energy, we present several recent works that have been performed theoretically.
In work [3], the surface characteristics of some metals were obtained using the traditional method of electron
density, but using new test functions at the vacuum-metal interface. This method gave good agreement with
the anisotropic behavior of some metals.

In work [4], the anisotropy of the metal in the s-surface layer was estimated by the electronic statistical
method. In this case, considering the dispersion forces on the edges of the metal, the theory of E.M. Lifshitz
calculates the attraction of molecules in the condensed phase and allows to determine the interaction energy
through the constants of a solid.

In [5], a method was proposed for determining a layer thickness on the surface of a crystal that melts at
the melting temperature. In this case, the thickness means the first coordination sphere of atoms, which is
perpendicular to the surface. It facilitates to estimate the anisotropy of the surface energy of metals. In the
same work, a model of the coordination melting of a solid was proposed, which made it possible to relate the
surface energy to the physical properties of the crystal.

Experimental

Five silicides V;Si, FeSi, CoSi, MnSi, Mg,Si, which have a cubic crystal lattice, were selected as objects
of study.

Trivanadium silicide V;Si is produced by condensation of silicon and vanadium vapors in vacuum.
In this case, gray crystals of a cubic system are formed with a superconductivity temperature of about
17.2 K. It can be used in magnetic devices in electrical engineering.

Iron silicide e-FeSi forms yellow cubic crystals. It is part of ferrosilicon, which is used in the
deoxidation of all steels. It is used for alloying structural and transformer steel grades. In [6], the formation
of iron silicide on the silicon (100) and (111) faces was studied, similarly to how it was shown in [2]. It
turned out that if iron is deposited on the (111) face, then it immediately interacts with this face, forming an
e-FeSi silicide of the cubic system. However, on the (100) face, iron first forms a solid solution, which pass-
es into the Fe3Si phase.

Cobalt silicide CoSi is obtained from the solid phase with copper silicide at a temperature of 1500 °C.
These are gray crystals of a cubic system. In [7], the formation of silicides upon the deposition of cobalt was
studied on the silicon faces (100), (110) and (111). When a cobalt film less than 0.7 nm is applied, a cobalt
silicide layer of about 0.17 nm is formed. Upon annealing a nanometer-thick substrate above 300 °C, four
silicide phases arise — nonmagnetic CoSi, Co,Si, CoSi, and ferromagnetic Co;Si.

Manganese silicide MnSi has a gray cubic crystal, the lattice of which does not contain inversion sym-
metry. In other words, its unit cell is not combined with itself by mirror reflection, and at low temperatures
skyrmions are formed, first discovered by German physicists in 2009 [8]. Skyrmions have a nonzero topo-
logical charge (N = 1) and are highly localized (magnetic skyrmions are 50-100 nm in size). In [9], the initial
stage of growth of manganese films on the (100) and (111) silicon faces at room temperature was studied.
When 0.6 nm of manganese is deposited, a 0.1 nm thick monosilicide layer is formed. Upon annealing a sili-
con crystal, on the face of which 2.5 nm manganese was deposited, manganese monosilicide and a Mn-Si
solid solution were formed. The formation of these silicide films took place at temperatures of 200-400 °C.
When manganese silicide is heated above 600 °C, it turns into semiconducting silicide MnSi;.

Magnesium silicide Mg,Si is a blue crystal of a cubic system and a semiconductor material with a band
gap of 0.76 eV. It is used as heat-to-electricity converters in silicon technology. In [10], the deposition of
coatings on the (111) face was investigated at a magnesium deposition rate of about 0.06 nm / min. In this
case, three stages of the formation of coatings appeared at the interface. The first stage is the formation of
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clusters of magnesium atoms. In the second stage, magnesium silicide increases. The third stage illustrates
the growth of metallic magnesium.

Five silicides Ti5Sis, NbSi,, TaSi, CrSi, MoSi,, which have a crystal lattice of hexagonal syngony. Ti-
tanium silicide 77557; is a hexagonal structure and has a high melting point, which makes it a heat-resistant
material [11].

Niobium silicide (disilicide) NbSi, forms crystals of a hexagonal system. The metal sublattice has a
hexagonal closest packing, and six octahedral voids are occupied by silicon atoms and their arrangement is
ordered. The structure i1s constructed, so that the niobium atom contains six silicon atoms, which are sur-
rounded by three niobium atoms (NbSi,). The NbSi, structure is located between silicides with silicon chains
and layers of silicon atoms. In [12], the formation of NbSi, disilicide is established during the diffusion of
silicon through the interface during electron beam evaporation to the silicon (111) face in vacuum. The
thickness of the layer depends on the temperature during bombardment of the target with argon ions, which
turned out to be maximum at T = 773 K. The absence of the influence of the energy of argon ions on the dif-
fusion of niobium into flint suggests that radiation does not affect the formation of niobium silicides.

Tantalum silicide (disilicide) 7aSi, forms crystals of a hexagonal system. It has metallic conductivity,
while silicon has no free electrons in the 7aSi; silicide. This leads to the appearance of a polarization dipole
moment. Tantalum silicide has a high melting point (2200 °C), low electrical resistance, high modulus of
elasticity. It is used in Schottky barriers, ohmic contacts of integrated circuits. The interaction of conducting
tantalum disilicide 7aSi, with semiconducting silicon Si leads to the formation of Janus-like nanoparticles
TaSiy/Si [13].

Chromium silicide (disilicide) CrSi, has a hexagonal structure with three chromium atoms in a unit cell
and 6 silicon atoms. Chromium disilicide CrSi, is an indirect-gap semiconductor with a band width of
0.35 eV at points L and M. At point L, there is a gap with a band width of 0.52 ¢V. In [14], chromium films
30 nm thick were deposited on the silicon (111) face by magnetron sputtering in a vacuum setup. The for-
mation of a CrSi, layer at a temperature of about 400 °C, which has a resistivity of about 1.2 mQ x cm and a
Schottky barrier height of about 0.6 V.

Molybdenum silicide (disilicide) MoSi, contains a tetragonal structure. Each unit cell contains 2 molyb-
denum atoms and 4 silicon atoms. Along the z axis, a change of double dense layers of silicon atoms with
layers of molybdenum atoms is observed. In other words, silicon atoms form a structure in the voids of
which molybdenum atoms are located. Molybdenum disilicide MoSi, has two polymorphic modifications —
a-MoSi2 has a tetragonal structure and -MoSi, has a hexagonal structure. The hexagonal structure is a meta-
stable phase, while the tetragonal structure, on the contrary, is a stable phase [15], as evidenced by the fact
that the bond between molybdenum and silicon atoms is much stronger than between Si - Si atoms.

Five silicides ZrSi,, HfSi,, FeSi, Co,Si, Ni,Si, which have a rhombic crystal lattice, were selected as the
third objects of study.

Zirconium silicide (disilicide) ZrSi, forms rhombic crystals. In [16], the zirconium coating on the
(100) face of silicon was investigated when the latter was irradiated with an electron beam with a density of
8-10 J/cm?. Zirconium disilicide ZrSi, with a size of 40-50 nm is formed at the interface.

Hafnium silicide (disilicide) HfSi2 is a substance of the rhombic system. It is obtained by spraying pure
hafnium with a magnetron or laser onto silicon. The quality of silicon silicide HfSi2 is investigated experi-
mentally.

Iron silicide (disilicide) FeSi, is a B-FeSi, crystal of rhombic system. The quality of semiconductor
iron disilicide depends on the material purity and the level of defects present. Electron beam evaporation of
B-FeSi, shows better results than magnetron coating. The band diagram of B-FeSi, illustrates a direct transi-
tion at 0.74 eV at the 4 point, which is in the middle between the /-Z points [17].

Dicobalt silicide Co,Si forms gray rhombic crystals. It was established in [18] that the hydrogen evolu-
tion reaction on the dicobalt Co,Si electrode proceeds according to the Langmuir type.

Dinickel silicide Ni,Si is a white rhombic crystal.

In [19], we showed that the thickness R(1)), of the surface layer of an atomically smooth crystal can be
estimated by the formula:

R(I), =0.24-107 -v(nm), (D
where the molar (atomic) volume of the crystal v = M/p, M is the molar (atomic) mass (g/mol), p is the den-

sity (g/cm’) of the crystal. These values are given in the periodic table and in many reference books.
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For example, for silicon Si, the molar mass is M = 28.086 (g/mol), the density is p = 2.33 (g/cm’), then R(D)),
= 2.9 nm. The experimental value of the silicon layer thickness measured by the method of grazing X-rays is
3.1 nm, which does not differ from our value with the experimental error. With formula (1), R(1),, of all ele-
ments of the periodic system can be calculated. It turned out that this value does not exceed 5-7 nm, that is,
all the elements of the periodic system are nanostructure. As for silicon, its crystal lattice constant is a =
0.54307 nm. This means that on the thickness of silicon R(1);, there are monolayers in the amount of n =
R(l),/a = 6. In other words, silicon is reconstructed on these 6 monolayers, which was discovered experi-
mentally.
According to the empirical model [19] for the surface energy o of the crystal face, we obtained:

o(hkl) =107 -7, -1(hk), ©)

where Tm is the melting point of the crystal, and 1 (kkl) for crystals with body-centered (bcc) and face-

centered (fcc) cubic structures is given by relations (3):

Im3m, Z=2;1,,, =a; 1, —av/2; L, —a/+3,
3)
Fd3m, Z=4;1,,,=a; 1}, —a/2; L =2a/+3.

It is necessary to write equations (1) and (2), taking into account the anisotropy of crystals, the direc-
tions of the crystal faces. Let us write them out finally:

R(D),_, =0.54-10"" -x(a)’,
R(I),_, =0.54-10"" - y(b)’, 4)
R(I),..=0.54-10""-z(c)’.

o, =10"-T_ -R, (I)/R(I)
o, =107-T, -R,(I)/R(I) (5)
o, =10"-T, R (I)/R(D).

Results and Discussion

We will consider the thickness of the surface layer and the surface energy of silicides of the cu-
bic, hexagonal, rhombic systems and compare them. Table 1 demonstrates 5 silicides having a cubic struc-
ture. The thickness of the surface layer for cubic filicides is 3-9 nm, and the number of monolayers is 7-16.
For monosilicides it is equal to 7. These FeSi, CoSi, MnSi crystals have a structure of reduced dimensionality
of the skyrmion type [8], in which the crystal lattice does not contain inversion symmetry (Fig. 1).

Table 2
Thickness of the surface layer and anisotropy of the surface energy of silicides cubic system
Compound (hkl) Syngonia T, K R(D)y, nm Ohil uJ/m2

100 76 2.003

V5Si 110 Cubic 2003 (1.6) 1.431
111 2.289

100 32 1.678

FeSi 110 Cubic 1678 (&) 1.199
111 1.918

100 33 1.600

CoSi 110 Cubic 1600 (&) 1.143
111 1.829

100 34 1.548

MnSi 110 Cubic 1548 (&) 1.106
111 1.769

100 9.5 1.358

Mg,Si 110 Cubic 1358 (1'5) 0.970
111 1.552
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Figure 1. Unit cell of manganese silicide MnSi

Studies of metal deposition (especially FeSi and CoSi) on the silicon face have shown [6-10] that the
formation of silicon silicide occurs on the (111) face with the highest surface energy (Table 1). The reaction
on the (100) face occurs only on the oxidized surface.

Table 2 represents the thickness of the surface layer and the surface energy of the silicides of
the hexagonal system.

In Table 2, the thickness R(I),, is calculated by the formula (2), and the thickness R(1), and R(I),, as well
as oa and oc are calculated by the formula (4) and (5). A noticeable anisotropy is seen both in the values of
the thickness of the surface layer and in the values of the surface energy. For example, during the formation
of chromium disilicide CrSi, on the (111) face in the ¢ direction, it was found that the sizes of the islands
become larger than on the (001) face (Fig. 2) [20].

0 0,5 10 um @ 0 05 10 um ® 0 0,5 1,0 um

Figure 2. AFM surface of CrSi, obtained on the Si (001) face by reactive epitaxy (a) and
solid-phase epitaxy (b) and on the Si (111) face obtained by reactive epitaxy (c) [20]

Table 2
Thickness of the surface layer and anisotropy of the surface
energy of silicides hexagonal system
: P, M’ R(I)My R(I)aa R(I)Ca Ga, G,
Compound Syngonia T, K g/sm’ g/mol nm nm nm J/m’ Jm’
Ti5Si; hexagonal 2407 4.32 322.6 17.9 7.3(14) | 22.2(30)] 0.982 2.985
NbSi, hexagonal 2223 5.66 149.08 6.30 59(12) | 15.4(23)] 2.082 5.434
TaSi, hexagonal 2473 9.1 237.0 6.25 59(2) | 15.2(23)] 2.335 6.014
CrSi, hexagonal 1823 5.0 108.167 5.19 4.7(11) | 14.0(22)] 1.651 4918
MoSi, hexagonal 2293 6.31 152.11 5.79 1.8 (6) | 26.3(33)] 0.714 10.416

This, as in the case of cubic crystals, means that the (111) face of silicon is more reactive than the other
faces.

In Table 3, the thickness R(I)y is calculated by the formula (2), and the thicknesses R(I),, R(I), and
R()., as well as o, 6, and o, are calculated by the formula (4) and (5).
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Table 3
Thickness of the surface layer and anisotropy of the surface energy of silicides rhombic system
o R(I)M: R(I)aﬂ R(I)b7 Gas Gp, G,
Compound | Syngonia | T, K o nm om R(I),, nm Tl e e
ZrSi, rhombic 1973 7.3 2.8(8) 153.3 (108) 2.8 (8) 0.757 | 41.433 | 0.757
HfSi, rhombic 2023 7.1 2.7(7) 166.7 (114) 2.7(7) 0.679 | 47.498 | 0.679
FeSi, rhombic 1483 5.3 52.1(53) 26.6 (34) 33.2(42) | 14.578 | 7.443 9.290
Co,Si rhombic 1868 4.8 11.8 (24) 2.8 (8) 19.3(13) | 4.492 1.090 7.511
Ni,Si rhombic 1591 4.8 19.0 (27) 6.7 (13) 2.8 (8) 6.298 2.221 0.928

Table 3 demonstrates that the ZrSi, and HfSi, crystals behave in a similar way. In the R(I), direction, a
large thickness of the surface layer is observed, leading to the formation of a dendritic structure (Fig. 3).
A large surface energy is also observed on this edge.

Figure 3. SEM images of the area of the dendritic structure (a) and eutectic (b)
on the silicon surface during the formation of ZrSi, [16]

The thickness of the surface layer of iron disilicide FeSi, is approximately the same in all directions.
This leads to spherical symmetry when grinding FeSi, in a planetary mill (Fig. 4).

Figure 4. FeSi, in a planetary mill [21]

Figure 5 indicates an image of a nickel disilicide similar to cobalt disilicide. Image (a) describes a Ni,Si
silicide domain, where faces (b) and (c) represent the silicon silicide lattice as viewed from directions (a) and
(b). It also shows the faces (101) — orange, (010) — blue, (110) — black lines. Silicon atoms Si, designated
A and B at the Ni,Si/Si interface, are shown by black spheres. Images (d) — (e) indicate layers of sili-
con atoms Si at the Ni,Si/Si interface in unstressed and deformed states. The black and white atoms represent
Si atoms in the Ni,Si plane with Si end groups, and the yellow spheres represent the atoms of the Si substrate.

Overall, based on tables 1-3 it was identified that the thickness of the surface layer and specific surface
energy for cubic, hexagonal and rhombic crystals have significant differences. First, the difference between
the atoms of chemical elements from the periodic table and their compounds depends, first of all, on their
electronic structure, which forms one or another interaction potential (such works have just begun to be stud-
ied, for example, work [22]). In this work, a pair potential was constructed, which showed that a hexagonal
structure turns out to be a more favorable structure than a face-centered cubic
one. Second difference between cubic, hexagonal and rhombic crystals is in their relationship with Poisson's
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ratio and Young's modulus, that is, on two material parameters [23-24]. Third, the thickness of the surface
layer between cubic, hexagonal, and rhombic crystals also differs only in one parameter — the atomic (mo-
lar) volume of the crystal [19]. However, the analysis of all patterns still needs to be carefully analyzed.

(a) l (d.e)
Ni,Si
(‘ 3

bending contour

(d) (e)
unstrained B A strained B A

Figure 5. Nickel disilicide Ni,Si [21]

Conclusions

In our proposed empirical model of atomically smooth metals [19] for silicon silicides of cu-
bic, hexagonal, and rhombic systems, the thickness of the surface layer and the surface energy of the crystal
faces are calculated. The average thickness of the studied crystals R(I)y; does not exceed 10 nm, that is, it is a
nanostructure. There is a large spread in the thicknesses in directions a, b, ¢ of hexagonal and rhombic sili-
cides, as well as their surface energy. This spread is associated with a change in the pair interaction poten-
tials between atoms and a change in their Young's modulus.
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B.M. KOposg, B.N. I'onuapenko, B.C. Onemko, K.M. MaxaHoB

Keii0ip meTajsgapabiH CHINIHATEPiHIH 0€TTIK JHEPTUSICHIHBIH AHU30TPONUSIChI

Makanaia KaTTel JeHE OCTiHIH SMIUPUKAIBIK MOJCTI YCHIHBUIFaH. DIEMEHTTIH aTOMIBIK KelieMi Hemece
OHBIH KOCBUIBICTapbl OCTTIK KaOaTThIH KaJbIHIBIFBI Oip IapameTp apKblibl epHekTesreH. COHbIMEH KaTap
XUMUSUIBIK JIEMEHTTIH HEMece KpUCTAJbIH OalKy TeMIepaTypachl OeTTik sHeprusaa 6ip napamerp apKbLIbl
epHeKTenl. Mozensae KpUCTAIABIH op KBIPHI YIIiH OSTTiK KaOaTTHIH KaJIbIHABIFEI MEH O€TTIK YHEprHsSHBI
ecenteyre MyMKiHAIK OepeTiH TeHaeylep YCbHbUIFaH. Mpbican peTiHAe KyOTbl, FeKCOTOHAIBAbI JKOHE
POMOTBIK CHHTOHMSUIBI KPUCTANIBIK KYpbUIbIMFA Me KeHOip MeTanmapiAblH CHIMIMATEP] YILIIH OCHI
mamanap/plH ecenteyiepi jkacangpl. KyOTeIK cumunuarepae OeTTiK KaOaTThIH KalbIHABIFBI 3—9 HM, ain
MOHOKabatTap cauHbl 7-16 kypaiinpl. Kpemuuii OGerTepiHe MeTanabl TYHIOBIPY YPIICIH 3epTTeyiep
KOpCEeTKeHeH, KpeMHUH CIIIMIUAIHIH KaJbINTacybl, OSTTIK PHEPTuscH eH >xorapbl OoxaTeiH (111) Kepma
ty3ineni. (100) KpIpbIHAa peakius TEK TOTBHIKKAH OeTiHae Kypelni. ['ekcaroHanbIpl CHIMIHUATEPAE, OCTTIK
KabaTThIH KaJbIHIBIKTAPBIHBIH I[IaMajlapblHIa [a, COHIai—aK, OCTTIK SHeprus IiaMaiapblHOa jAa eeydi
aHuzoTponus  Oaiikamanapl. Meicansl, XpoMm-gucuiuiuaid  (111)  KbIpplHZA —KaJbIITACTBIPFAHAA, C
GarpIThIHAAFB! apasaapasiy enmemaepi (001) KeipaarpiFa KaparaHaa yiaKeH 00JaaThiHbl OalikanFaH. ABTopiap
Makaiaia KyOTBIK, FeKCOTOHAJIBIBIK XKoHEe pOMOTapi3ai KpUcTaigap YIuiH OeTTiK KabaTThlH KalbIHABIFbI MCH
OeTTiK MEHIIIKTI JHEeprusHbH Oip—OipiHeH eadyip albIPMAaIIBUIBIFEI  0ap EKeHIIriH KOPCETKEH.
Aitpipmaibiiblk  Heme? BipiHImigeH, NepUOATHIK KecTeleri XHMHSUIBIK JJIEMEHTTepIiH aToMaapbIMEeH
OJIapABbIH KOCHIH/BUIAPBIHBIH apacChIHAAFbl afbIPMAIIBUIBIK, CH alIbIMEH OJapAblH 3apa OpEKeTTeCy
MOTCHLHAIIBIH KYPaHThIH JICKTPOHIBIK KYPbUIbIMBbIHA OaiiiiaHbicThl. EKiHIIIEH, KyOTBIK, TeKCOTOHABIBIK,
JKOHE POMOTOPI3/Al KpHCTaNAap apachlHIarbl aiblpMaIlbUIBIK onapiabiH ITyaccoH KoaGh(UIMEHTIMEH XKoHE
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IOHr mMonysiMeHn OailylaHBICTapblHA KATBICTBI, JAEMEK, OJap €Ki MaTepHalAbIK MapameTpjeH. Y LIiHIII/CH,
KyOTBIK, FeKCOTOHAIBABIK jKOHE POMOTapi3ai KpUCTaIAap apachlHAarbl OCTTIK KaOaTThIH KalbIHIBIFBI Ja TEK
6ip mapamMeTpMeH — KPUCTaIAbIH aTOMIBIK (MOJLIPJIBIK) KeJeMiMeH epekuieneHeni. JlereHMeH, OapJbik
3aHBUIBIKTAp bl TANAAY HOTHIXKEIIEP] 3ePTTEY KYMBICTAPhIH Al JIe MYKHUST OPBIHAAY/IBI KAXKET eTe/i.

Kinm ce3dep: Metamn cwiunuai, OCTTIK dHeprus, OCTTiK KaOaTThIH KaJBIHIBIFBI, KATTHI JICHE, XAMUSIIBIK
2JIEMEeHT, KpHcTai, OerTik Kadart, I[Tyaccon koapduuenti, FOHT Moymi.

B.M. IOpog, B.1. I'onuapenko, B.C. Onemko, K.M. MaxanoB

AHH3OTp0HI/lﬂ HOBerHOCTHOﬁ JHEPIrnu CWINIUIAOB HEKOTOPLIX ME€TAJIJI0OB

B cratbe npeanoxena sMoupuyecKas MOJENIb HOBEPXHOCTU TBEPAOTO Tena. ToMIIKHA TOBEPXHOCTHOTO CIIOS
MIOKa3aHa 4Yepe3 OJUH MapaMeTp — aTOMHBIN 00BbEeM 3JIeMEeHTa WK ero coenuHeHui. [loBepxHocTHAs 3HEp-
TSl BBIp@KEHA TAKKe Yepe3 OAMH MapaMeTp — TEeMIeparypy IUIaBICHHS XMMHUYECKOTrO 3JIeMEHTa WM KpH-
cTaymia. B Monenu mpeuioskeHbl ypaBHEHUS, KOTOPbIE MO3BOJIAIOT BBIYMCIUTH TOJIIMHY MTOBEPXHOCTHOTO
CJIOSl M TIOBEPXHOCTHYIO DHEPIHUIO IS KaXJOM IpaHH KpHcTala. B kadecTBe mpumepa CHETaHBl pacdeTsl
9THX BEJIWYUH JUIS CHIMIHMIOB HEKOTOPHIX METAJIOB, MMEIOMINX KPUCTAJUTMIECKYIO CTPYKTYPY KyOUUecKoH,
reKcaroHaJbHOH M POMOMYECKOI CHHTOHMH. Y KyOWYeCKHMX CHIIMIUIOB TOJIIMHA IIOBEPXHOCTHOTO CIIOS CO-
craBysger 3—9 HM, a yuciIo MoHOcI0eB — 7—16. MccnenoBanus HaHECEHUsT MeTalllla Ha T'paHU KPEMHUS [oKa-
3a1y, 4T0 (OPMHUPOBAHHE CHIIULKAA KpeMHHs poucxomut Ha rpanu (111), obnanaromei Hanbonpiiei no-
BEpXHOCTHOM 3Heprueil. Peakuust Ha rpanu (100) HaGmogaeTcs TONBKO Ha OKUCIEHHOM MMOBEPXHOCTH. Y TeK-
CaroHaJIbHBIX CHJIMIMIOB BUIHA 3aMETHasi aHU30TPONMSA, KaK B 3HAUCHMSAX TOJILUH IOBEPXHOCTHOTO CIOS,
TaK M B BEJMYMHAX IMOBEPXHOCTHOH »Hepruu. Hampumep, npu GpopMuUpoBaHUM TUCHIMLUAA XpPOMa Ha TPaHU
(111) B nanpaBeHny ¢ OOHAPYKEHO, YTO pa3Mephl OCTPOBKOB CTAHOBATCS Ooibiie, ueM Ha rpanu (001). As-
TOpaMH MOKa3aHO, YTO TOJIIMHA ITOBEPXHOCTHOTO CJIOSl M yHeNbHAsl TIOBEPXHOCTHASI DHEPTUs Ul KyOmde-
CKHX, TeKCarOHAJILHBIX M POMOMYECKUX KPHUCTAJUIOB CYIIECTBEHHO OT HHUX OTIMYAIOTCS. B ueM 3akimouaercs
paznmmare? Bo-nepBEIX, OTIIMYHE MEXy aTOMaMi XHMHUECKUX 3JIEMEHTOB U3 NEPHOIMIECKON TaOIHIBI M X
COCIMHEHUSIMU 3aBUCHUT, NIPEXKIE BCETO, OT MX JIEKTPOHHOTO CTPOEHHMs, (POPMHUPYIOLMIETO TOT WM HHOU IO-
TEHLIUAJ B3aUMOJIeHCTBHA. BO-BTOPBIX, pa3HULa MEXIY KyOUYECKUMH, FeKCarOHAIbHBIMA U POMOMYECKUMU
KPHCTAJUTaMH COCTOMT B MX CBsi3u ¢ Kodduuuentom Ilyaccona u moaynem KOHra, To €CTh 3aBHCHT OT ABYX
MaTepUAIBHBIX NAapaMeTPOB. B-TpeThuX, TONIIMHA MOBEPXHOCTHOTO CJIOS MEXAYy KyOWYEeCKUMH, I'eKcaro-
HAJIbHBIMU U POMOMYECKHMHU KPUCTAIIIAMU TaKKe OTJIMYAETCS TOJIBKO OJHUM MapaMeTpoM — aTOMHBIM (Mo-
JSIPHBIM) 00beMOM KpHcTauia. OJJHAKO aHAN3 BCEX 3aKOHOMEPHOCTEH HY)KHO TIIATEJILHO MEPETPOBEPUTE.

Kniouesvie croea: cumiuuy MeTauia, IOBEPXHOCTHAS SHEPIUs, TOJILUHA IOBEPXHOCTHOTO CII0s, TBEPJOE Te-
JI0, XUMHYECKHH 3JIeMEHT, KpHCTaJll, HOBEPXHOCTHEIH clIoH, koaddurment [Tyaccona, Mmoxyns FOnra.

References

1 Seibt, M., Khalil, R., Kveder, V., & Schruter W. (2009). Electronic states at dislocations and metal silicide precipitates in
crystalline silicon and their role in solar cell materials. Appl. Phys.A., 96, 235-253.

2 Zubarev, E.NN. (2011). Effect of working gas pressure on the formation of mixed zones in Mo/Si multilayer X-ray mirrors
fabricated by magnetron sputtering. Advances in physical sciences, 181, 5, 491-501.

3 Glushkov, V.L. & Erkovich, O.S. (2017). Kharakteristiki poverkhnosti shchelochnykh metallov s uchetom diskretnosti
kristallicheskoi reshetki i fridelevskikh ostsilliatsii elektronnoi plotnosti [Characteristics of the surface of alkali metals taking into
account the discreteness of the crystal lattice and Friedel oscillations of the electron density]. Vestnik MGTU imeni N.E. Baumana.
Seriia Estestvennye nauki — Bulletin of N.E. Bauman University. Series Natural Sciences, Vol. 73, 4, 75-89 [in Russian].

4 Shebzukhova, 1.G. & Arefieva, L.P. (2020). Anisotropy of surface energy and electron work function IIB of metals.
Physicochemical aspects of studying clusters, nanostructures and nanomaterials, 12, 319.

5 Bokarev, V.P., & Krasnikov, G.Ya. (2016). Anisotropy of physicochemical properties of single-crystal surfaces. Electronic
technology. Series 3. Microelectronics, 4 (164), 25-32.

6 Gomoyunova, M.V, Pronin, LI., Malygin, D.E, Gall, N.R., Vyalikh, D.V., & Molodtsov, S.L. (2006). Formation of ultrathin
layers of iron silicides on the surface of monocrystalline silicon. Surf. Sci., 600, 2449-2457.

7 Tsay, J.S., Fu, T.Y., Lin, M.H., Yang, C.S., & Yao, Y.D. (2006). Microscopic interfacial structures and magnetic properties
of ultrathin Co/Si (111) Co/Si (111) films. Appl. Phys. Lett., 88, P. 102—113.

8 Miihlbauer, S., Binz, B., Jonietz, F., Pfleiderer, C., Rosch, A., & Neubauer, A., et al. (2009). Skyrmion lattice in a chirial
magnet. Science, 323, 915-928.

9 Gomoyunova, M.V., Grebenyuk, G.S., Pronin, LI., Senkovsky, B.V., & Vyalykh, D.V. (2015). Formation of manganese sili-
cides on the Si (111) 7x7 surface. Solid State Physics, 57, 3, 609-618.

10 Galkin, K.N., Dotsenko, S.A. & Galkin, N.G. (2009). Electrical properties of two-dimensional iron layers in ordered phases
Si(111) 7x7 and Si (111) 2x2-fe. Chemical Physics and Mesoscopy, 11, 3, 334-342.

11 Grigorenko, S.G., Grigorenko, G.M. & Zadorozhnyuk, O.M. (2017). Titanium intermetallic compounds. Features, properties,
application (Review). Modern electrometallurgy, 3 (128), 51-63.

Cepus «dunsukay. Ne 4(104)/2021 33



V.M. Yurov, V.l. Goncharenko et al.

12 Afonin, N.N., Logacheva, V.A., Shramchenko, Yu.S., & Khoviv, A.M. (2011). Properties of thin films based on iron oxide
and titanium formed on single-crystal silicon. Journal of Inorganic Chemistry, 56, 5, 821-832.

13 Sotiriou, G.A., Hir, A.M., Lozach, P.Y., Teleki, A., Krumeich, F., & Pratsinis, S.E. (2011). Janus-Like Plasmonic-Magnetic
Nanoparticles. Chem. Mater., 23 (7), 1985-1993.

14 Soloviev, Ya.A., & Pilipenko, V.A. (2020). Vliianie temperatury bystroi termicheskoi obrabotki na elektrofizicheskie
svoistva plenok nikelia na kremnii [Influence of conditions of rapid heat treatment on the electrophysical properties of thin chromium
films on silicon]. Doklady BGUI — Reports of BSUIR, 18(1), 81-88 [in Russian].

15 Jiang, D.E., Emily, A. & Carter, E.A. (2005). Prediction of strong adhesion at the MoSi,/Fe interface. Acta Materialia, 53,
4489-4497.

16 Angles, V.V., Koval, N.N,, Ivanov, Yu.F., Petukhov, Yu.A., Kalin, A.V., & Teresov, A.D. (2013). Synthesis of multicompo-
nent nanocrystalline coatings based on titanium nitride in arc low-pressure discharges. Surface. X-ray, synchrotron and neutron
research, 3, 57-64.

17 Filonov, A.B., Borisenko, V.E., Henrion, W., & Lange, H. (1999). Semiconductor silicides: properties and prospects of ap-
plication. Journal of Luminescence, 80, 479-493.

18 Kichigin, V.I. & Shein, A.B. (2013). Issledovanie mekhanizma katodnykh protsessov na silitsidakh kobalta metodom
elektrokhimicheskoi impedansnoi spektroskopii [Study of the mechanism of cathodic processes on cobalt silicides by the method of
electrochemical impedance spectroscopy]. Vestnik TGU. Khimiia — Bulletin of TSU. Chemistry, Vol. 18, 5, 2209-2215 [in Russian].

19 Yurov, V.M, Guchenko, S.A. & Laurinas, V.C. (2018). Surface layer thickness, surface energy, and atomic volume of an el-
ement. Physical and chemical aspects of studying clusters, nanostructures and nanomaterials, 10, 691-701.

20 Galkin, N.G., Goroshko, D.L., Chusovitin, E.A., & Galkin, K.N. (2013). Silicon-silicide quasi-zero dimensional
heterostructures for silicon based photonics, opto- and thermoelectronics. Physica Status Solidi C., 10, 1670-1683.

21 Alberti, A. & La Magna, A. (2013). Role of the early stages of Ni-Si interaction on the structural properties of the reaction
products. J. Appl. Phys., 114, 121-301.

22 Podolskaya, E.A. & Krivtsov, A.M. (2012). Description of the geometry of crystals with a hexagonal close-packed structure
based on pair interaction potentials. Solid State Physics, 54, 1327-1334.

23 Goldstein, R.V., Gorodtsov, V.A. & Lisovenko, D.S. (2010). Aukseticheskaia mekhanika kristallicheskikh materialov
[Auxetic Mechanics of Crystalline Materials]. Mekhanika tverdogo tela — Mechanics of Solids, 4, 43—54 [in Russian].

24 Yurov, V.M., Guchenko, S.A., Laurinas, V.Ch., & Zavatskaya, O.N. (2019). Structural phase transition in surface layer of
metals. Bulletin of the Karagandy University — Physics, 1 (93), 50-60.

34 BecTHuk KaparaHauHckoro yHvusepcuTeTa



DOI 10.31489/2021PH4/35-45

UDC: 677.017

V.G. Zdorenkol, V.Yu. Kucherukz, S.V. Barilkol*, S.N. Lisovets®

!National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”;
*Vinnytsia National Technical University;
V.1 Vernadsky Taurida National University
("E-mail: poodta@bigmir.net )

Non-contact Ultrasound Method of Thread Tension Determination
for Light Industry Machinery

It has been established that with the help of a pulsed ultrasonic signal of complex shape, it is possible to de-
termine the tension of a filament with a high linear density in a special waveguide with a rectangular cross-
section. It has been proved that the amplitude ratios of ultrasonic waves that interact with different tex-
tile filaments are influenced by their linear density, the angle between the passage direction of part of the
waves enveloping the fibers in the middle and the surface of these fibers, as well as the angle between the di-
rection of wave propagation enveloping the thread itself from the outside, and the surface of the whole mate-
rial. It should be noted that the corresponding bypass angles of the ultrasonic waves of the textile depend on
the material porosity, frequency of the ultrasonic waves, and their power. To enable non-contact control of
the change in the tension of the thread branch, it is advisable to use a pulsed ultrasonic signal with
two different peaks of the waves, amplitudes, which are adjusted to the linear density of the thread and its
conditional radius. Additionally, the use of this method will provide operational technological control in the
production of textile fabrics.

Keywords: thread tension, amplitude ratios, ultrasound waves, waveguide, a linear density of thread, basis
weight, textile fabrics.

Introduction

One of the most important tasks for light industry enterprises is to improve the quality of textile
products and their competitiveness. Nowadays, the quality of various textile fabrics depends on the main
technological parameters, the provision of which facilitates to obtain its proper level.

One of the main parameters is the basis weight of fabrics. Compliance with the appropriate basis weight
of fabrics depends on the thread tension on textile machines on which fabrics are made. Due to the excessive
tension of threads, their breakage on the process of equipment can occur, which leads to the lack of fabrics,
downtime of textile machines, and loss of funds and time to restart them. Nowadays as the thread tension
control systems on various textile machines are mostly only mechanical [1, 2], this allows to determine the
actual value of this parameter in the course of such systems and to make the correct adjustments with the
necessary precision, which can significantly affect the quality of the finished product.

Experimental

There are contact devices for determining the thread tension [3], but they do not allow their installation
without affecting the textile material. This leads to an additional increase in tension when measuring it,
which can make a significant error from the contact pressure of the sensor on the material itself. There are
also optical non-contact devices for determining various parameters of threads [2, 4], but they can have sig-
nificant errors due to the dustiness of the environment in the production environment.

The creation of ultrasound non-contact methods and means for determining the thread tension on
different textile machines will allow operational technological control of this parameter and will provide
feedback to the thread tension control systems, which will be adjusted to the actual value of this parameter.
This will eliminate the shortcomings of the thread tension systems and improve the quality and
competitiveness of the finished fabrics.

Results and Discussion

The movement of threads with a certain tension on the working bodies of knitting machines is the
movement on guides of various shapes. If we consider such interaction of a thread with a cylindrical guide
with the radius of curvature R [5], it is possible to use the amplitude ratios of ultrasound waves [6] that in-
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teract with a thread to determine the tension by changing the diameter of the thread and its density (may vary
by means of reducing the interfibrous porosity of the material). In general, the dependence for determining
the tension of the leading thread branch by amplitude ratios of ultrasound waves reflected from the fibers
of the material to the waves that only fall on it in its interaction with the working bodies of knitting machines
can be represented as follows:

B =P +(R+r*)(e" —1)x

. *
X R+[l— h (R-I—r ) J-r* X

Pr*+Epb, -(R+r*)

4 M
P-(R+r*
X Po_&' R+|1- (R4 ) s rF
2 Pyr*+Eb -(R+r*)
2Z, - ! 5—1
|WT3
r¥=——s ‘
7/ p,-cosv,
2

where P, is the tension of the driven thread branch; P, is the tension of the leading thread branch; R is the
radius of curvature of the cylindrical guide; Z, is the acoustic air resistance; f is the frequency of ultra-

sound vibrations; p, is the bulk density of the tread;

W, | =Fh,, /F,, is the ratios of the pressure amplitude

—w
P, of ultrasound waves passing through the fibers of the thread material to the pressure amplitude P, of
waves that just fall on it taking into account the attenuation; v, is the angle between the direction of the part

of the waves that surround the thread and its surface; »* is the conventional radius of the thread, which is
determined by the non-contact ultrasound sensor; . is the coefficient of friction of the thread; o, is the angle

of circumference of the thread of the guide surface; E, is the modulus of thread elasticity during
compression; b, is the width of trace contact thread on the guide; B, is the coefficient of thread rigidity

when bent.

In such cases, it is necessary to use ultrasound waves that pass through the fibers of the material, as well
as those that bypass the thread itself. To increase sensitivity of the sensors, it is advisable to use waveguides
to determine the thread tension on different knitting machines.

Methods of control of various properties of textile fibers [7-10] do not let carry out operative
technological control of the thread tension. Therefore, an amplitude method based on the developed method
of controlling technological parameters of textile materials can be applied to control this parameter [11, 12].
The new method is characterized by the fact that the change in the amplitude of ultrasound waves in the
waveguide determines the tension of the thread with high linear density on knitting machines.

In practice, it is advisable to use low-power sensors and corresponding waveguides to increase the sen-
sitivity of the ultrasound waves toward the change of the diameter of the thread. Waveguides with a rectan-
gular section are effective.

Fig. 1 represents surfaces depicting the dependence of the amplitude ratios of ultrasound waves |WT3_ |

on the tension of the P, driven and P, leading thread branch for cotton materials, viscose threads, capron

threads, wool.
Fig. 2 illustrates the surfaces that depict the dependence of the amplitude ratios of ultrasound waves

|WT3A on the conventional radius of the thread »* and the parameter cosv, that shows the influence of the

part of the waves which surround the thread and its fibers (if large interfibrous porosity is present). It should
be noted that Figures 1 and 2 show surfaces for different materials (cotton, viscose threads, capron threads,
wool) which depict dependence of amplitudes of the ultrasound waves that surround the thread (since this is
a large part of the ultrasound signal at which the amplitude detector of the thread tension detector captures
voltage that is proportional to the amplitude of the waves transmitted to the sensor).
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1 - cotton;
2 - viscose;
3 - capron;
4 - wool.
Figure 1. Surfaces showing dependence of ratios| W, | =P, /P, ofthe pressure amplitude

B, of ultrasound waves passing through the fibers of the thread material to the pressure amplitude

P,,,, of waves that just fall on material on the tension F, and P, for different threads:

1 — dependence |WT3A | on tension parameters P, and P, for cotton;
2 — dependence |WT3A | on tension parameters P, and P, for viscose threads;

3 — dependence |WT3A | on tension parameters P, and P, for capron threads;

4 — dependence | w,,

on tension parameters P, and P, for wool.
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Figure 2. Surfaces showing dependence of ratios ‘ Wy, | =R, /By, ofthe pressure amplitude 7

of ultrasound waves passing through the fibers of the thread material to the pressure
amplitude g, , of waves that just fall on material on parameters 7 * and cosv, for different threads
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These surfaces will let simplify the obtained formulas for practical implementation of non-contact
means of thread tension control using special waveguides.

In the research course, it has been found out that the amplitude ratios of ultrasonic waves that interact
with different textile filaments are influenced by their linear density 7 and parameter cosv. It should be
noted that the parameter cosv depends on the material porosity, the frequency f of ultrasonic waves and
their power.

To have a contactless control of the tension change of the thread branch, it is advisable to use a pulsed
ultrasonic signal with two different peaks of wave amplitudes (see Fig. 3), which are adjusted to the linear
density T of the thread and its conditional radius » . Measuring the thread tension with the help of two peaks
of wave amplitudes will allow taking into account the part of the ultrasonic signal that passes through the
interfiber pores and the part of the signal that bypasses the thread itself.

If a waveguide is used to determine the tension change of a particular branch of the
thread using sounding of the material with an ultrasonic pulse signal with two different peaks of amplitude,
then the expression for this parameter can be written as follows:
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P’ (using ultrasonic method measurement)— P" (using standard contact method measurement) 100%
100%,

(5)
where i —2, 3, 4..., the number of the voltage amplitude value from the receiving transducer when changing
the thread branch tension as for its previous state; U, — the voltage amplitude which is proportional to the

o=

P’ (using standard contact method measurement)
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smaller peak of the pulsed ultrasonic signal when it propagates in the waveguide without a thread; U, — the

voltage amplitude which is proportional to the smaller peak of the pulsed ultrasonic signal when it propa-
gates in a waveguide with a thread with a change in its tension, different values of which are associated with

the sequence number i; U, — the voltage amplitude which is proportional to the larger peak of the pulsed
ultrasonic signal when it propagates in the waveguide without a thread; U, — the voltage amplitude which is

proportional to the larger peak of the pulsed ultrasonic signal, when it propagates in a waveguide with a
thread with a change in its tension, the different values of which are associated with the sequence number 7 ;

|W1 |— module of complex coefficient of ultrasonic waves transmission which is equal to the voltage ratio
U,/U,; | w, |— module of complex coefficient of ultrasonic waves transmission which is equal to the voltage

ratio U, /U, ; v, — the angle between the direction of the waves enveloping the thread fibers in its middle,
and the surface of these fibers; v, — the angle between the direction of the part of the waves that envelop the

thread from its outer side, and the surface of the whole material; v,” — the angle between the direction of the

part of the waves that envelop the thread from its outer side, and the surface of the whole material when
changing the fibers tension; » — conventional radius of the controlled thread in case of the absence of ten-
sion; n — the number of the ultrasonic wave passes of the cross section of the waveguide with the thread
which is necessary for the oscillations to enter the receiving transducer; K,— the ratio of the

air volume between the thread fibers; K,— initial coefficient of interfiber porosity of the thread material; 7 —

linear thread density; P— initial thread tension; P’ — the current tension of the thread being determined; P,
— the pressure amplitude in the wave of the smaller peak of the pulse signal that passes through the wave-
guide without a thread; P, — the pressure amplitude in the wave of the smaller peak of the pulse signal that
passes through the waveguide with the thread when changing its tension; P, — the pressure amplitude in

the wave of the larger peak of the pulse signal that passes through the waveguide without a thread.

By means of the received aspect (3), it is possible to define in practice a change of current thread ten-
sion with a big linear density on the technological equipment if necessary. It is also possible to further inves-
tigate the change in the interfiber porosity of different threads during their tension.

Some results obtained in theoretical and experimental studies are represented in Table 1.

Table 1
Experimental data of non-contact method

Experimental data

445 mg/m
1.50 mm

40 kHz
0.00335
2.8

19.6 cN
3
- 2 3

Determining
using contact = 0 19.6 cN

- 1.50 mm 1.47 mm
- 0.00335 0.00334
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Voltage
oscillograms

s
2 ]

- ‘ e = o 4
Voltage ampli- U1*= 305 mV U2*= 170 mV U3*= 165 mV
tude U, =420 mV U, =315 mV U; =340 mV

1 0.557 0.541

1 0.750 0.810
Determining
using non- = 0 20.364 cN
contact method:

- 0 3.9%

4 5 6
Determining
using contact 49.0 cN 68.6 cN 98.0 cN

1.02 mm 0.99 mm 0.95 mm

0.00282 0.00222 0.00183

Voltage
oscillograms

Voltage ampli- U, =90 mV Us =85 mV Ug=80mV
tude U, =340 mV Us =365 mV Ug =380 mV

- 0295 0219 0262
Determining

using non- 47.904 cN 68.333 cN 98.544 ¢cN
contact method:

2.2 % -0.39 % 0.56 %

40 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Non-contact Ultrasound Method...

These results show that it is possible to create an accurate non-contact method for determining the
thread tension with a high linear density.

The part of the ultrasound signal, which passes directly through the structure of the thread itself, can al-
so be used to determine the change of interfibrous porosity of the threads. The effect of determining the
change of interfibrous porosity in the thread tension process has also been considered in this article and has
been experimentally recorded by using ultrasound impulse signals of a complex shape, as shown in Table 1.
and Fig. 3.

Non-contact determination of the thread tension using a waveguide, with all oscillograms of pulsed ul-
trasonic signals are represented in Fig. 3. The correspondence of each oscillogram of pulse signals to the cur-
rent value of the thread tension in the waveguide is noticed. It is clear that the first peak of the amplitude of
the ultrasonic signal decreases, and the second peak of the amplitude increases. The combination
of measuring information about the amplitude informative parameters of the two peaks of ultrasonic waves
makes it possible to consider the part of the oscillations that bypasses the controlled material and to reduce
the error of tension measurement.

365 mV

5

S80mV

,
s
Use

Nothread  P=0 P=196cN P=490cN P=68,6cN P=98,0cN
a b

Figure 3. Non-contact determination of thread tension in a waveguide:

a — transmission of an impulse ultrasound signal through a thread in a waveguide without repetition;
b — appearance of an impulse ultrasound signal of a complex shape with two peaks of amplitudes which determine
tension and change of interfibrous porosity of the thread after passing through and repetition of waves in a waveguide

The increase of the second peak amplitude of an ultrasound signal of a complex shape indicates in-
crease in the magnitude of tension and decrease of a nominal diameter of the thread in accordance with the
surfaces illustrated in Fig. 2, and the decrease of the first peak amplitude of an ultrasound signal shows de-
crease of interfibrous porosity of the thread with increasing its tension and deformation.

Figure 4 graphically demonstrates the theoretical dependencies and experimental data, which were also
given in Table 1. From the obtained data parameters, one can see that in the area of the curve when the
thread tension is in the range from 20 cN to 50 cN, its diameter and interfiber porosity decrease significantly.
At the beginning of the thread tension process, when the interfiber porosity is significant, some of the waves
pass through the pores between the fibers, so the higher peak of the amplitude is further increased. At a ten-
sion of 50 cN, the higher peak of the amplitude increases due to the part of the waves enveloping the thread
with a reduced diameter from the outside of its surface. The other part of the oscillations, which initially fur-
ther increased the amplitude of this peak, now passing through the reduced pores between the fibers of the
material from the middle, reduces the resulting amplitude. Therefore, Figure 4 represents that the amplitude
of this peak during the action of the thread tension in this range of its values (20 cN — 50 c¢N) remains the
same.

Studies have shown that with the help of impulse ultrasound signals it is possible to determine not only
the tension of threads with high linear density but also the degree of twist of complex threads by changing
their interfibrous porosity, which, in turn, can be controlled by changing the amplitudes of ultrasonic waves.
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Figure 4. Dependencies of amplitude parameters on the thread tension in the waveguide:

a — dependencies of amplitude parameters | W, | , | w, | waves on the thread tension P’ ;

b — dependencies of the amplitude voltages parameters U, U, l* on the thread tension P~
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The amplitude ratios of ultrasonic waves that interact with the thread material, make it possible to create
contactless control systems of the thread tension for the production of textile fabrics.

Conclusions

In the course of the research, it was found out that impulse ultrasound signals can be used to determine
the thread tension of different raw material composition. A pulsed ultrasonic signal of complex shape al-
lowed to determine the tension of a filament with a high linear density in a special waveguide with a rectan-
gular cross-section. To enable non-contact control of the change in the tension of the thread branch, the use
of a pulsed ultrasonic signal with two different peaks of the wave amplitudes were adjusted to the linear den-
sity of the thread and its conditional radius. It was possible to see from the general comparison of pulse sig-
nals correspondence of each of their oscillogram to current value of a tension of a thread in a waveguide.
During the non-contact determination of thread tension in a waveguide the first peak of the amplitude of the
ultrasonic signal decreased, and the second peak of the amplitude increased. The combination of measuring
information about the amplitude informative parameters of the two peaks of ultrasonic waves implemented
to consider the part of the oscillations that bypasses the controlled material and to reduce the error of tension
measurement. An increase in the amplitude of the second peak of the ultrasonic signal of complex shape
showed an increase in tension and a decrease in the conditional diameter of the thread, and a decrease in the
amplitude of the first peak of the ultrasonic signal demonstrated a decrease in interfiber porosity with in-
creasing tension and deformation. From the obtained data on the amplitude parameters of ultrasonic waves,
in the area of the curve graph, when the tension of the filament was in the range from 20 cN to 50 cN,
its diameter and interfiber porosity significantly decreased. At the beginning of the thread tension process,
when the interfiber porosity was significant, the part of the waves passed through the pores between the fi-
bers, so the higher peak of the amplitude was further increased. At a tension of 50 cN, the higher peak of
the amplitude increased due to the part of the waves enveloping the thread. The other part of the oscillations,
which initially further increased the amplitude of this peak, then passed through the reduced pores between
the fibers of the material from the middle, reduced its resulting amplitude. Therefore, the amplitude of this
peak during the action of tension on the thread in this range of its values (20 cN — 50 ¢cN) remained the same.
Conducted research will facilitate to use non-contact ultrasound methods and means for the operating control
of the thread tension in the process of production of various textile fabrics. In the future, it will improve the
quality by maintaining within the regulated limits of basis weight of the fabrics with the required accuracy,
as well as the competitiveness of domestic products in textile industry.
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7KeHin1 oHepKICIN MAIIMHAIAPHI YUIIH KINTIH KepuUIyiH
AHBIKTANTHIH 0AMJIAHBICCHI3 YIbTPAABIOBICTBIK JIiC

Kypzeni mimiagl uMImysascTi ynbTpaabIOBICTHIK JaOBUIIBI KOJIJaHa OTHIPHI, TIKOYPHIITE KMMAckl 6ap ap-
Hailbl TOJNKBIH OTKI3TiLITE JKOFAPbI ChI3BIKTBIK THIFBI3ABIFEI Oap JKIMNTiH KepilyiH aHbIKTayFa OOJAThIH/IBIFbI
aHBIKTAJIBL. OPTYpJi TOKbIMA IKIITEpIMEH ©3apa OpPEeKEeTTECETiH YIbTPaIbIOBICTBIK TOIKBIHIAPIbIH
aMIUIMTYIAJIbIK KaThIHACBIHA OJIAP/bIH ChI3BIKTBIK THIFBI3IBIFbI, XKill TAJIILIBIKTAPHIH OHBIH OPTAChIH/A aifHAII-
JBIPAThIH TOJNKBIHAAP/BIH Oip OOiriHiH eTy OaFbIThl MEH OCHI TAJLIBIKTApAbIH OeTi apachlHIArbl OyphIll,
COH/Iali-aK >KINTIH CHIPTKBI )KaFbIHAH alfHAJaThIH TOJKBIHAAPIBIH Oip OeiriHiH Tapary OarbIThl MEH OYKiI
MaTepHaJIbH OeTi apachIHAAFbl OYPHIIITHIH dcep eTeTiHAIr qonenaenai. TokpiMa OyibIMIapbiHa yIbTPambl-
OBICTBIK TOJKBIHIAPBIHBIH COHKeC ©Ty OypBIITaphl MaTepHa(bIH KEyeKTUIriHe, YIbTPagbIOBICTHIK
TOJIKBIHAAPIBIH KHULTIT1HE JKOHE OJIapJIbIH KyaThIHa OalIaHBICTHI eKEHIH aTall OTKEeH XKOH. YIIBTPaJbIObICTHIK
TOJIKBIHAAPBIH aMIUTUTY/JAJIbIK KaTHIHACKIHBIH XKINTIH KepllyiHe ajbIHFaH TOYeIALTIKTepiHiH rpaduri sxoHe
onapasl TOKIpUOETiK MasiMeTTepMeH canbIcThpy Oepinren. JKim TapMarblHBIH KepillyiHiH e3repyiH Gaiina-
HBICCHI3 0ACKapy MYMKIHJUTI YIIIH JKINTIH CBI3BIKTBIK THIFBI3/IBIFBIHA )KOHE OHBIH MIAPTTHI PaNYChIHA COHKeC
KEJIeTIH €Ki TYpJIi TOJNKBIHIBIK aMIUINTYAAchl 6ap MMIYJIBCTI yIbTPaAbIOBICTHIK AAa0bLIIbI KOJJAHFAH JKOH.
CoHbIMEH Kartap, 9MIiCTi KOJJIaHy TOKbIMA MaTanap/bl OHAIpY Ke3iHJe KeAesl TeXHOJIOTUSIIbIK OaKbliayibl
KaMTaMachl3 €TeTiHI KopceTunai. ATanraH OalJIaHBICCHI3 YIbTPAABIOBICTHIK 9/IC TOKY MallMHAIapbIHA XKill-
TepAiH KepuTyiH perTey >KYHeciH jKeTinipyre, COHIal-aK OHIIpiC Ke3iHIe oJIapAbIH Y3UITCHIH aHBIKTayFa
KeMeKkTeceli. By e3 keseriHae TEXHONOTHSIIBIK >KaOABIKTAapABIH TOKTAall KATybIH KbICKApTaibl, JaHbIH
OHIMHIH carachlH >KaKcapTaJIbl XKoHE OHBIH HAPBIKTAFb! 09CEeKereKablIeTTIIIrH KaMTaMachI3 eTel.

Kinm co30ep: x)inTiH TapThUTybl, aMILTUTYAATBIK KOIQ(UIHEHTTED, YIBTPAIIOBICTHIK TOIKBIHIAP, TOIKBIH
OTKI3riLI, KINTIH CHI3BIKTHIK THIFBI3/IBIFBI, OCTIHIH THIFBI3ABIFEI, TOKPIMA MaTaap.

B.I'. 3nopenko, B.IO. Kyuepyk, C.B. bapsuiko, C.H. JIucoserg

becKOHTAKTHBIN YJbBTPAa3BYKOBOM METO ONpeaeIeHUs] HATSAKEHU S
HHUTOK JJIS MAILIMH JIeITKOH MPOMBIIIIICHHOCTH

VYCTaHOBIIEHO, YTO C IMOMOILBIO UMITYJILCHOTO YJIBTPa3BYKOBOTO CUTHAJIA CIOXHOI (POPMBI MOKHO Ompee-
JSITh HATSDKEHHE HUTH € OOJIBIION TMHEHHON MIIOTHOCTHIO B CIEIMATbHOM BOJHOBO/IE C MPSIMOYTOJIBHBIM Ce-
yeHneM. Jloka3aHo, YTO Ha aMILUTUTYJHbIE COOTHOLIEHHS yIbTPa3BYKOBBIX BOJH, KOTOPBIE B3aHMOJIEHCTBYIOT
C Pa3IMYHBIMA TEKCTHJIBHBIMHU HHUTSIMH, BIUSAIOT UX JHHEHHAs INIOTHOCTB, YTOJI MEX/y HaIpaBiIeHHEM IIpo-
XOXKIEHHS YaCTH BOJIH, OTMOAIOIINX BOJIOKHA HUTH B €€ CEpelMHe, U MOBEPXHOCTBIO 3THX BOJIOKOH, a TaKXkKe
YTOJI MEXK/y HaIPaBIEHHEM PacHpOCTPAHEHUS YaCTH BOJIH, OTHOAIOINX HUTh C BHEIIHEH €e CTOPOHEL, U I10-
BEPXHOCTBIO Bcero marepuana. Ciieqyer OTMETHUTh, YTO COOTBETCTBYIOIIUE YIJIBI 00X0Ja YIBTPa3BYKOBBIX
BOJIH TEKCTUJIS 3aBUCSIT OT IIOPUCTOCTU MaTepuala, 4acTOThl YIbTPa3BYKOBBIX BOJH M UX MoIHocTH. [Ipuse-
JieHbl rpa)MKU TOJYYEHHBIX 3aBUCUMOCTEH aMIUIMTYJHBIX COOTHOIICHUH YJIbTPa3BYKOBBIX BOJIH OT HATsKe-
HHS HUTH U UX CPaBHEHHE C SKCIEPHMEHTAIbHBIMH JaHHBIMU. J[71 BO3MOXHOCTH OECKOHTAKTHOTO KOHTPOJISt
U3MEHEHHs HATSXKEHHsS BETBU HHUTH II€I€COO0pa3HO NPHUMEHSTh UMITYJIbCHBIA yIbTPa3ByKOBOH CHUTHAN C
JIBYMsSI Pa3IMYHBIMU IIMKAMU aMILTHTY] BOJIH, KOTOPBIE HACTPAUBAIOTCS O JIMHEIHYIO INIOTHOCTD HUTH U €€
yCIOBHEIN paguyc. [lokazaHo, 4TO MCIOJIB30BAHUE TOTO METOJA MO3BOJIUT O0OECIICUUTh OINEPATHBHBIA TeX-
HOJIOTHYECKUH KOHTPOJIb B TIPOIIECCe MPOU3BO/CTBA TEKCTWIBHBIX MOJOTEH. JJaHHbIH O€CKOHTAKTHBIA YIIBT-
Pa3ByKOBOH METOJ MOMOXKET YIYYIINTh CUCTEMY PETYIMpPOBAHMS HATSDKCHUS HUTEH Ha TPHKOTAXKHBIX Ma-
MIMHAX, a TAKXKEe OMPENENATh UX OOPBIBHOCTH B NPOIIECCE NMPOM3BOACTBA. JTO, B CBOIO OYEPEdb, YMEHBIINUT
MPOCTO TEXHOIOrNYECKOTro 000PyJ0OBaHUs, MOBBICUT KA4Y€CTBO TOTOBOM MPOAYKLUH U 0OECTIEUUT €€ KOHKY-
PEHTOCIIOCOOHOCTh Ha PBIHKE.

Kniouesvie crnosa: HaTsHKEHUE HUTHU, aMIUIMUTYAHBIC COOTHOLICHUS, YJIBTPA3BYKOBBIC BOJIHBI, BOJTHOBOJ, JIU-
HEWHas MIIOTHOCTh HHUTH, IOBEPXHOCTHASA IINIOTHOCTDH, TEKCTUJILHBIC ITOJIOTHA.
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Theoretical study of the Ni—C system in the pressure range of 0-100 GPa

This work is devoted to the search for stable compounds and structures in the Ni—C system in the pressure
range of 0—100 GPa. Based on the density functional theory, a search for stable compounds and structures in
the Ni—C system was carried out using modern algorithms for predicting crystal structures. As a result, one
stable intermediate compound Ni;C with the structure of cementite, previously synthesized at 184 GPa, was
revealed. NizC nickel carbide is dynamically stable, which is confirmed by the absence of imaginary modes
in the phonon spectra. According to the results obtained, Ni;C is formed by the reaction of 3Ni + C < Ni;C
above 23 GPa and is stable up to at least 100 GPa. Spin-polarized calculations showed that the Ni;C has no
magnetic moment in the entire pressure range. For carbon-rich compounds, performed calculations on the
crystal structure prediction did not reveal any phase that would be energetically favorable relative to a
mixture of pure nickel and carbon. Also, it was shown that the most energetically favorable modification of
metastable carbide Ni,Cs is orthorhombic Ni,C;-Pbca.

Keywords: density functional theory, crystal structure prediction, USPEX, AIRSS, high pressure, phase sta-
bility, phonon spectra, nickel carbide.

Introduction

The Ni—C system at high pressure is of interest both from the point of view of Earth sciences and mate-
rials science. Nickel carbides are of active interest as catalysts in the chemical deposition of a gas mixture
(CVD) to produce high-quality graphene [1]. In addition, nanoparticles of metal carbides, particularly nickel,
in the carbon matrix make up nanocomposite thin films, which have a wide profile of application in metal-
lurgy [2]. On the other hand, nickel is the second most common element in the Earth's core after iron [3].
According to cosmochemical data, the core contains 5 wt.% Ni [4]. However, seismic observations show that
the core density is significantly lower than that of pure Fe and Fe—Ni alloy under P-T core conditions [5],
which suggests the presence of a light element in the core. The question “what exactly are these elements,
and what is their number?” remains the subject of active discussions today. Recent estimates of the composi-
tion of the inner core indicate a carbon content of up to 2.0 wt.% [4], which makes it a potential candidate for
the role of a light element in the Earth's core. Therefore, to study the composition and structure of the Earth's
core, it is important to investigate the Fe—Ni—C system at high pressures. To study the ternary Fe-Ni-C sys-
tem, first, the binary Fe-C and Ni—C systems should be investigated. In the last decade, the Fe—C system has
been actively studied at high pressure both theoretically and experimentally [6-9]. To date, there is only one
experimental work [10] on the Ni—C system at high pressure and there is no theoretical study on this system.
Thus, it is considerable to carry out theoretical study on the Ni—C system.

There are no stable binary Ni-C compounds at atmospheric pressure. In a recent work [10], it was
shown that at high pressure (~184 GPa), a stable compound of Ni;C with the structure of cementite (Fe;C) is
formed. To date, this is the only known stable compound in the Ni—C system.

This work is devoted to the search for stable compounds and structures in the Ni-C system in the pres-
sure range of 0—100 GPa.

Experimental

Calculations implemented by authors on licensed USPEX and AIRSS software allow calculating the
electronic structure of periodic systems with the use of the density functional theory.

The search for stable crystal structures in the Ni—C system was carried out using evolutionary algo-
rithms and the random sampling method implemented in the USPEX and AIRSS software packages at pres-
sures of 0, 25, 50, and 100 GPa. The search was conducted using the variable composition method and the
USPEX code, while the structures were generated by the AIRSS code for fixed compositions, namely the
carbon-enriched part of the Ni—C system.
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The number of structures of the initial generation in the calculations by the USPEX method was equal
to 50. After their optimization, 60% of the structures with the lowest enthalpy were selected, which were
used to generate a new generation in the following percentage ratio: by heredity — 35%, by atomic mutations
— 20%, by permutation of lattice parameters — 10% and 35% of all structures of the new generation were
generated randomly. In the case of calculations of AIRSS methods, 2000-3200 structures were randomly
generated and optimized, from which the most energetically favorable structures were selected. In all calcu-
lations, optimization was performed within the framework of density functional theory (DFT), using the con-
jugate gradient algorithm. The optimization parameters were as follows: the cutting energy of the plane wave
basis was 450 eV, the Monkhorst-Pack k-point grid [11] with a point density equal to 0.5 A-1, the electronic
blur was according to the Methfessel-Paxton scheme [12], the parameter 6 = 0.05 eV. Calculations of the
ground state energies of the most promising of the predicted structures were conducted within the framework
of the density functional theory (DFT) by the pseudo potentials method, in the VASP 5.3 software package
[13, 14] with higher accuracy: the cut-off energy is 600 eV, the density of k—points is 0.2 A", the parameter
o = 0.1 eV. The exchange-correlation interaction was taken into account in the approximation of
the generalized gradient according to the Purdue-Burke-Ernzerhof (PBE) scheme [15].

To calculate the phonon spectra, the lattice dynamics method was used in the framework of the quasi-
harmonic approximation in the PHONOPY software package [16].

Results and Discussion

Using modern methods of structure prediction, the only energetically advantageous compound Ni;C
was found, as well as a number of metastable structures NiC, NiC,, and NiC; (Fig. 1). Ni;C stabilizes in the
cementite structure (Pnma) above 23 GPa relative to the reaction 3Ni + C < Ni;C (Figure 2a). The most fa-
vorable among the predicted structures of the remaining compounds turned out to be energetical-
ly unfavorable relative to a mixture of pure nickel and carbon in the entire studied pressure range (0—100
GPa), with AH reaching values of 0.4 eV/f.u. for NiC, NiC,, and NiC; (Figure 1). In the Fe—C system, in ad-
dition to Fe;C, Fe;C; is also thermodynamically stable. Fe,C; iron carbide has two stable modifications:
Fe,C;—Pbca and Fe,C;—P63mc. Similarly, Ni;Cs nickel carbide was also considered in the form of two modi-
fications. The structural models Ni;Cs—Pbca and Ni,C;—P63mc were constructed by replacing all iron atoms
with nickel atoms in the structures Fe;Cs—Pbca and Fe,C;—P63mc [17]. The calculation of the ground state
energy of the obtained structures showed that Ni;C;—Pbca is an energetically more favorable structure than
Ni;C3—P63mc by ~0.42 eV/f. u., however, it is energetically less favorable relative to the mechanical mixture
of 7/3Ni;C + 2/3C in the entire pressure range considered (Fig. 2b).
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Figure 1. Thermodynamic convex hulls at various pressures and temperatures of 0 K
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Figure 2. The dependence of the enthalpy on the pressure of Ni;C—Prma with respect
to the decomposition reaction to the association of 3Ni + C (a) and the dependence of the enthalpy
on the pressure for modifications of Ni;C; with the application of possible decomposition reactions (b)

Spin-polarized calculations showed the absence of a magnetic moment in the entire studied pressure
range. According to the calculations of the phonon dispersion curves, Ni;C at 25 GPa is characterized by the
presence of only real modes, which indicates the dynamic stability of this phase (Fig. 3).
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Figure 3. Ni;C-Pnma phonon spectrum at 25 GPa

Also, for comparison with the experimental data [10], the equation of state in the range of 0—-200 GPa
was calculated. It can be seen from Figure 4 and Table 1 that our results are in good agreement with the ex-
periment.
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Figure 4. Pressure-volume dependence for Ni;C—Pnma

48 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Theoretical study of the Ni—C...

Table 1
Calculated parameters V, and K, in comparison with experimental data [10]
Vo (A%) K, (TTIa)
Experiment 147,7(8) 157(10)
This work 149,88 168
Conclusions

Within the scope of this study, a search for stable structures in the Ni—C system was carried out. It was
shown that the Ni—C system in the pressure range of 0—100 GPa is characterized by one intermediate com-
pound NiC. This nickel carbide is stabilized relative to the mechanical mixture of Ni and C above 23 GPa.
The dynamic stability of Ni;C is confirmed by the absence of imaginary frequencies in the phonon spectrum.
Also, for comparison with experimental data, the Ni;C equation of state was calculated in the pressure range
of 0-200 GPa. The obtained result is in good agreement with the experiment.
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A.Y. A6yoBa, T.M. NUnepOaes, ®.Y. Abyona, I'.A. Kanraraii

0-100 I'lTa kpicbiM auana3oHbIHAAFBI Ni—C KyilleciH TeOPpUSIIBIK 3epTTey

Maxkamna 0-100 I'TTa xpiceiM auama3zonsiHga Ni—C sxyHeciHneri TypaKThl KOCBUIBICTap MEH KYPBUIBIMIAPIIBI
i3neyre apHanraH. THIFBI3IBIKTHIH (YHKIMOHAIIB! TCOPUACHIHBIH Herizinge Ni—C sxyieciHIe KpHUCTaIIbIK
KYpBUIBIMIApABI OOJDKAYABIH 3aMaHayd alrOpUTMAEpIH MaijanaHa OTBIPHIN, TYPAKThl KOCBUIBICTAp MEH
KypsutbiMaap i3pecripingi. Hormkecinge OyperH 184 I'Tla cuHTe3nenreH LEMEHTUT KYPBUIBIMBIMEH Oip
typaktsl Ni;C apanbik Oaiiiganbic Tabbu1abl. Ni;C HHKeNb KapOUAi TMHAMUAKAIBIK TYPAKThl, OYJ1 (DOHOHIBIK
CIIEKTpJIep/ie KUSUIIBIK MOJIACHIHBIH OOJIMaybIMeH pacTanaabl. AnblHFaH HoTikeepre caiikec, Ni;C 3Ni + C
> Ni;C 23 I'Tla-nan jxorapsl peakiust HOTHXKeciHae maiina Gomansl xaHe keMm nerenae 100 I'Tla-ra neiiin
TYpaKThl 00aa/bl. AffHanpIpy nosipusauusceiMer ecenteyiep NizC-ne KbICBIMHBIH OapIiblK Auana3oHbIH/a
MarHUTTIK MOMEHT JKOK eKeHiH KkepcerTi. Kemiprekke 6Gaif KOCBUIBICTap YIIIH KPHCTAIIBIK KYPBUIBIMIBI
Ooipkay OOHBIHINA ecenTeyiep Ta3a HHUKENb MEH KOMIPTeri KOCIAChIMEH CajbICTHIPFaHa YHEPreTHKAIBIK
JKarblHAaH KoJIaiel OomateiH Oipme-0ip daszanbl aHbpikTaraH koK. Conpaii-ak, Ni;C; MeracTaOmibIi
KapOMITIH eH YHePreTHKANIBIK THIMIII MOIU(UKAIHIACH opTopoMOnsuIBIK Ni;Cs-Pbca exenniri kepcerinres.

Kinm coe30ep: THIFBI3ABIKTHIH (pYHKLIHOHAIIBI TEOPHUSCHL, KPUCTAIIBI KYpbutbiMIbl 6omkay, USPEX, AIRSS,
JKOFapbl KbIChIM, (a3alIblK TYPaKTbUIbIK, POHOHIBIK CIIEKTpIIEp, HUKEIb KapOui.

A.Y. AbyoBa, T.M. NUnepOaes, ®.Y. Abyosa, I'.A. Kanraraii

Teoperuueckoe ucciaenosanue cucrembl Ni—C B nuanazone gasuaenunii 0-100 I'lla

CraThsl OCBSIIIEHA MTOUCKY CTaOMIBHBIX COSIUHEHUI n cTpyKTyp B cucteme Ni—C B Iuana3oHe maBiICHUIT
0-100 I'Tla. Ha ocHoBe Teopun (yHKIMOHAA MFIOTHOCTH OBUT MPOBEACH MOMCK CTAOMIIBHBIX COSIUHEHU
cTpykTyp B cucreMe Ni—C ¢ MCIOJIb30BaHHEM COBPEMEHHBIX JITOPUTMOB IPOrHO3HUPOBAHUS KPUCTAJLIMYE-
CKHX CTPYKTYp. B pesynbprate O6bU10 00Hapy)keHO OAHO cTabmibHOE mpoMexyTouHoe coeautneHne NizC co
CTPYKTYpOH LIEMEHTHTA, paHee cuHTe3upoBanHoe npu 184 I'Tla. KapOun nukens Ni;C aunamudecku cradbu-
JIeH, 4TO IOATBEPKAACTCS OTCYTCTBHEM BOOOpa)kaeMbIX MOJI B (DOHOHHBIX crekTpax. CorllacHO MOJIy4eHHBIM
naaubM, NizC obpasyercs B pesynbrare peakuuu 3Ni + C <> NizC Bemme 23 I'Tla n cTabuiien no MeHbIIei
mepe 10 100 ['Tla. PacdeTsl co cTUHOBOH molisipu3anueii mokasanu, 4to Ni;C He UMeeT MarHUTHOTO MOMEHTA
BO BCEM JIMaIa30HE JaBJIeHUH. {11 coeMHeHn i, 60TaThIX yriIepooM, IPOBEACHHBIE PacUeThl 110 MIPOTHO3H-
POBAHUIO KPUCTANIMIECKOH CTPYKTYPHI HE BBISBIIIM HU OXHOH (pa3bl, KoTopasi Oblia Ol SHEpreTHIecKu Oia-
TONPHATHOM 10 CPABHEHHUIO CO CMECHIO YHCTOTO HUKENS U yriaeposa. Taike ObUIO MOKa3aHO, YTO Hauboiee
JHEPreTHYECKH BBIFOAHOW Momudukanueln meractabunbHoro kapbuaa Ni;C; sBiseTcs opTOpoMOMYecKHit
Ni7C3-P bca.

Knioueswie cnosa: teopust GyHKIHNOHATA TIIOTHOCTH, MPEACKa3aHUE KpUCTAILINUECcKoi cTpykTyphl, USPEX,
AIRSS, Bricokoe naBiieHne, (pazoBas CTaOMIBHOCTE, (OHOHHBIC CIIEKTPHI, KapOHl HUKEIIS.
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Study of polyamorphic transformations in the cryomatrix
of nitrogen in cryovacuum condensates of water

One of the important tasks of modern physics of condensed matter is to establish an unambiguous connection
between the conditions of formation and the properties of the resulting solid phase. Its solution will contribute
to major breakthroughs in the creation of materials with desired properties. As any scientific and technologi-
cal problem, this approach is associated with the need to address a wide range of fundamental issues. The ba-
sis for success in this direction is the implementation of a complex not only with model tests, when the inves-
tigated substance is important from a practical point of view, but in itself has interesting physical properties;
such objects can be fully attributed to chemical properties. Hydrogen-bonded substances, in which, in addi-
tion to van der Waals forces, interactions due to the presence of an intermolecular hydrogen bond play an im-
portant role. The obtained method of cryomatrix isolation facilitates assuming that in the process
of cryocondensation of pure components of water and ethanol at an intermediate stage in the adsorbed layer,
there is a process of formation of clusters with a short-range order similar to the liquid state of water or etha-
nol.

Keywords: crystallization, mixes, glass transition dynamics, crystal cell.

Introduction

The structure of water crystals is often determined by the presence of hydrogen bonds. This is due to the
fact that the water molecule is a symmetric proton donor and acceptor. This distinguishes the water molecule
from isoelectronic homologues such as NH; and HF. The NH; molecule has three protons and one pair, and
the HF molecule has one proton and three single pairs. Thus, only in the system of H,O molecules, hydrogen
bonds (H-bonds) completely determine the geometry of H,O crystals and the properties of condensed water.
This is determined by the strong orientation of the H-bond, which means that if a hydrogen atom is between
two oxygen atoms, then the spatial organization of such a system cannot be arbitrary. The formation of one
hydrogen bond leads to a decrease in the activation barrier for the formation of the next H-bond, and so on.
Since this cooperative property of hydrogen bonds is due to the interaction of two with hydrogen, one mole-
cule is acidic and the other is alkaline. In this regard, it seems necessary to pay more attention to the structure
of the water molecule [1, 2].

The structure of the water molecule. H,O molecule consists of two hydrogen atoms and one oxy-
gen atom. When studying the optical spectra of water, it was found that in the absence of motion (without
oscillations and rotations), hydrogen and oxygen ions should be located on the vertices of a right triangle
with an angle of 104.5°. The nuclei of a water molecule are surrounded by an electron cloud with a radius of
0.138 nm, consisting of positive electrons that are unevenly distributed within the sphere. Two of them are in
the first orbit, in the immediate vicinity of the oxygen nucleus and do not play a significant role in the for-
mation of the bond between oxygen and hydrogen, the remaining eight electrons are paired in four eccentric
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orbits in the tetrahedral direction from the oxygen nucleus. The charge of the eight electrons completely
compensates for the charge of the oxygen nucleus, but the electrons rotating in two orbitals without protons
form two negative centers, that is, the single electrons form two arms from the oxygen nucleus to the vertices
of the imaginary tetrahedron, the H,O molecule. The interval between H™ and O° ions in the unexcited state

is0.96 A . Due to this structure, the water molecule is a dipole, because the density of electrons in the region
of O* — ions is much higher than in the region of H" ions. One can imagine two small bulging water mole-
cules in the region of the protons, as illustrated in Figure 1.

Nonbonding
electron pairs

Bonding electron
b) pairs

Figure 1. Geometric diagram of the monomer H,O (a), plane model (b)

Dynamics of water molecules. As in a rigid structure, the nuclei of molecules in a crystal lattice are in
a state of continuous oscillation at 0 K. An important feature of these oscillations is that they can be charac-
terized by a limited number of fundamental oscillations, called normal modes. This is an oscillation in which
all the nuclei oscillate at the same frequency and in the same phase. The water molecule has three normal
modes Vv, V,, V3. Any possible vibration of this molecule can be described as a superposition of these three
modes.

The oscillations that move the H-nuclei in the direction of the OH bond are called the OH bond oscilla-
tions as shown in Figure 2. These oscillations occur at frequencies v; and v;. The oscillations in which the
H nuclei move in a direction almost perpendicular to the O-H bonds (v, mode), are called the defor-
mation vibrations of the H-O—H bonds or the bending oscillations of the H-O—H bonds. In fact, in the v;
mode, the H-O—H bond has a small amount of bending, while in the v, mode, a small amount of O—H elon-
gation corresponds. v; is called asymmetric tensile vibration or asymmetric tensile vibration or asymmetric
tensile vibration, and is different from v; symmetric tensile vibration. These frequencies are derived from
Raman and infrared spectra [3].

The transition of the water molecule from the basic state of oscillation, described by the mode v, to the
excitation corresponds to the infrared absorption band 1595 cm™. During this transition v, describing the
mode v, quantum number varies from 0 to 1, and v, and v; describe the modes, v, and v; are zero quantum
numbers. Similarly, the transition of a water molecule from the basic state of oscillation to the state in which
only the first normal mode is moving (the state in which the quantum numbers v, =1, v, =0, and v;=0) corre-
sponds to an absorption band of 3657 cm™. The third normal mode corresponds to an absorption band with a
maximum frequency of 3756 cm™. The given parameters correspond to an empty water molecule. During the
transition to the condensed state, there are changes in the parameters of intermolecular interactions, as well
as a significant expansion of the absorption bands of fundamental frequencies as a result of the formation of
hydrogen bonds and their transition to lower vibration frequencies. This leads, in particular, to the superposi-
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tion of the elongated vibration ranges, so that in the condensed states these frequencies are not separated, but
are appeared as a single absorption band [4-5].

// ~ H
V \

70N v

Hi )H

Figure 2. Normal oscillation modes of water molecules

Experimental

When studying the structural and phase transformations in the cryovacuum-condensate in the techno-
logical process, it is important to have information about the growth rate, refractive index and reflective
characteristics of the cryocondensate-substrate system with a wide frequency range from 4200 to 400 cm™.
To carry out this type of research, the existing experimental equipment was used in the Laboratory of
Cryophysics and Cryotechnology of the Faculty of Physics and Technology. In addition, the need for low-
temperature measurements and the study of cryocondensation films in the thickness range of 25-30 pm has
led to an increase in requirements for both the functional capabilities of a number of important units and its
technological parameters. These requirements relate to the maximum vacuum in the operating chamber of
the unit, as well as the need to measure in the average IR range (400 cm™) [6-7].

1 — vacuum chamber; 2 — vacuum pump Turbo-V 301; 3 — slide vacuum cover CFF—100;
4 — pressure sensor FRG-700; 5 — Gifford-McMahon refrigerator; 6 — substrate; 7 — laser interferometer;
8 — Optical channel of IR spectrometer; 9 — IR spectrometer; 10 — Leakage system

Figure 3. Schematic of the experimental unit
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Figure 3 shows the schematic diagram of a universal vacuum cryogenic spectrophotometer in which a
water cryocondensate is obtained in a vacuum chamber. The main installation unit is a cylindrical vacuum
chamber with a diameter and height of 450 mm (1). The evacuation of the vacuum chamber was carried out
by a turbo-molecular pump (2) Turbo-V 301 connected to the chamber of the CFF-100 sliding gate valve (3).
The SH-110 dry circulation pump (not shown) is used as a forevacuum pump). The final vacuum in the
chamber reached a value of not less than P=10-" Topp (P=10-° Pa). The pressure in the chamber
was measured with a wide-range pressure sensor with FRG-700 controller.

In the center of the chamber is the Gifford-McMahon microcryogenic system (5), on the upper flange of
which is mounted a mirror substrate (6), which serves as a surface for ethanol condensation. The substrate is
made of copper, its working surface is covered with silver. The diameter of the substrate is d=60 mm. The
minimum condensation temperature is T=16K. The temperature was measured with a DT 670-1.4 silicon
sensor and a M335/20s temperature controller. Thickness and condensation rate are measured with a two-
beam laser interferometer based on P25a-SS-0-100 — photomultiplier tubes (7). The absorption spectra
were measured in the frequency range 400 cm™'+4200 cm™. Through ADC, the signals of the photomultiplier
are sent to the computer and controlled by the PowerGraph program [8].

L 4

1 — vacuum chamber housing; 2 — the base of the vacuum chamber; 3 — McMahon micro-refrigerator;
4 — optical windows; 5 — light guides; 6 — protective plates KBr; 7 — substrate; 8§ — cryopump;
9 — damper; 10 — magnetic drive; 11 — optical window KBr;

Figure 4. Schematic of the vacuum chamber of the spectrophotometer

Figure 4 designates the cross-section of the vacuum chamber of the spectrophotometer. The base of the
chamber is a massive plate (2) with a diameter of 450 mm and a thickness of 35 mm. It is equipped with a
chamber housing (1) with welded connecting pipes. The camera body is covered by a lid, the presence of
which allows to adjust and install the camera. The microcryogenic machine (3) is located at the bottom of the
chamber. At the top and body of the cover, there are windows (4) for the introduction of laser interferometer
radiation, for measuring the growth rate and controlling the thickness of the sample, as well as for the intro-
duction of globe radiation in the IR range. All vacuum seals of metal prefabricated parts are sealed with cop-
per seals, and salt optics are sealed with Indian seals.

Particularly in Figure 4, by using a magnetic drive (10), it is possible to install and remove a KBr (6)
plate on the substrate, the purpose of which is to overlap the work surface (7) with uncontrolled pre-
condensation processes and protect it from secondary processes during heating. The distance between the
back and the protective panel is 5 mm. Furthermore, additional copper plates (8) are placed on the low-
temperature flange of the micro-refrigerator, which acts as a cryocondensation pump. The protective housing
(12) has holes that can be overlapped with the magnetic drive (10) of the cylindrical valve (9) for suction of
the cryopump. This increases the basic vacuum level in the chamber. In addition, combining the substrate
with a protective film, its overlap with a protective plate creates a closed volume near the substrate, the pres-
sure of which is much lower than the external pressure in the vacuum chamber [9].

The matrix gas treatment system includes additional units of the injection system, the scheme of which
is illustrated in Figure 5 [10].
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1 — test gas “1”, 2 — test gas “2”, 3 — valves, 4 — baratrons, 5, 6, 7, 8 — taps.

Figure 5. Schematic of the cryodensor vapor extraction system

The temperature of the substrate is measured in thermocouples (Au+0.07 % Fe) — Cu, with an accura-
cy of at least 0.5 degrees in the lower temperature range; IR spectrometer frequency range 400 cm™+4200
cm” (ICS-29); film thickness — 30 microns (two-beam laser interferometer) [11—13].

As an example, interferons obtained during growth in the substrate at a temperature of ethanol conden-
sate in the substance T = 16 K and a gas phase pressure P=8x10—* Pa (Figure 6).
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Figure 6. Typical interferograms of condensate film growth

Data registration was performed automatically every 0.5 seconds. The main sources of measurement er-
ror are the error in determining the time (interference period) and the angle of incidence. During the align-
ment of the installation, the angle of incidence of the interferometer was set with an error not exceeding
0.5 %. The error in determining the growth time of the film does not exceed 4.5 % [14—15].
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Figure 7. Reflection spectra of water in a nitrogen matrix
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In the Fig. 7 the spectra of reflections of the samples in the temperature range of the matrix 16-24 K are
given. These are presented in the frequency range of deformation oscillations of water (left drawing), hydro-
gen-bound states (central drawing) and quasi-free valence symmetric and asymmetric oscillations (right
drawing). Similar data are provided in Fig. 8 for the temperature range 2632 K.

As can be seen from the presented data, the reflection spectra have features specific to matrix-isolated
states of water. In the frequency range of deformation curves (left pattern) there are two strips of absorption
with a maximum of v = 1584 cm — 1 and v = 1604 cm — 1. The first band refers to the deformation oscilla-
tions of H,O monomers in solid nitrogen. The band with a maximum of v = 1604 cm — 1 can be related to
the amount of water polymers in the matrix. In this case, of course, with the increase in temperature of the
substrate, the monotonous decrease in the amplitude of the oscillations of the monomers is accompanied by
the growth rate of absorption of the polymer.
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Figure 8. Reflection spectra of water in a nitrogen matrix
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The matrix temperature range (Figure 8) is from 26 K to 32 K in the frequency ranges of bending vibra-
tions (left figure), hydrogen-bonded states (central figure), and quasi-free stretching symmetric and asym-
metric vibrations (right figure).
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The central fragments of Fig. 7 and 8 represent the frequency range of hydrogen-bonded O—H bonds.
The spectra given in this range and their agreement with these allow to make assumptions about the availa-
bility of polyaggregates of different scales. Thus, the minimum at a frequency of 3234 cm — 1 corresponds
to the square meters, the absorption at a frequency of 3330 cm — 1 corresponds to the polymer, and the peak
at a frequency of 3526 cm — 1 can relate to the dimers [16]. We do not plan to analyze in detail the cluster
composition of the model in this work. It is important to note that the increase in the temperature of the ma-
trix at low temperatures leads to the transformation of spectra in this frequency range.

reflectivity. conv. units

. Deformation
5 _| Deformation 24 K

o4 b
1200 1600 2000 2400 2300 3200 3600 4000 1200 1600 2000 2400 2800 3200 23600 4000

frequency, cm™

Figure 9. Reflection spectra of an isotopic mixture of water (3 %)
in a nitrogen cryomatrix at different substrate temperatures

Figure 9 demonstrates data in the frequency range of bending and stretching vibrations of the O-H and
O-D bonds. As can be seen from the figure, the vibrational spectra contain features characteristic of matrix-
isolated systems, in which aggregates of water and heavy water of various sizes are present. A gradual in-
crease in the temperature of the sample leads to a transformation of the spectrum, but the degree of these
transformations is different for different types of vibrations of molecules of the isotopic mixture of water.

Conclusions

In accordance with our data, it can be argued that the temperature of the transition from glassy amor-
phous ice to the state of a superviscous liquid is Tg = 137 K &+ 2 degrees. A further increase in temperature
leads to a stepwise transformation in the layer. This may be associated with competing crystallization pro-
cesses through the growth of cubic and hexagonal nuclei, as well as direct crystallization
of liquid superviscous water formed at Tg and existing together with the crystalline phase up to temperatures
of about 200 K.

Our studies revealed the anomalous behavior of the samples at temperatures preceding sublimation.
This is the abrupt behavior of the heating curve, which is accompanied by an extremum pressure in the
chamber. In our opinion, these experimental data confirm the point of view expressed in the works [17]. The
point is that a multicomponent system consisting of amorphous and crystalline components at a fixed tem-
perature should have different equilibrium pressures of the gas phase corresponding to the partial activation
energies of sublimation. Because if the activation energy of the amorphous form of ice is greater than the
corresponding values for crystalline modifications, this will lead to the fact that at high temperatures amor-
phous water will evaporate at an earlier stage, and then recondense on crystalline components into a crystal-
line form.
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HonauamopdTel 63repicrepai cyablH KPUOBAKYMIbl KOHIEHCATTAPbIHAAFbI
HHUTPOTreH/li KpUOMATPUIIAJIAPBIH 3ePTTEy

Konnencarnusinanras 3aTTHIH Ka3ipri 3aMaHFbl (PU3UKACHIHBIH MAaHBI3IbI MiHJETTEpiHIH 0ipi — TY3UIy mapTra-
pBI MEH HOTIDKECIHJE Maiija OoyFaH KaTThl (a3aHbIH KacHeTTepi apacklHma OipMoHAI OaifaHBIC OpHATY.
OHBIH mIemiMi KaXeTTi KacueTTepi 0ap MaTrepHaIgapsl xKacaylarsl YIKEeH XKeTicTikTepre bIKman ereni. Kes
KENreH FBUIBIMU-TEXHHUKAJbIK MOCeJeNiep CHAKTBL, OyJl Tocll Je KeH ayKbIMIbl CYpakTapibl LIelry
KKETTUTiriMeH OaiinmanpicThl. Bys1 GarbITTarbl TAaOBICTBIH HETi3i KEUIGHIi TEK MOJENBAIK ChIHAKTAPMEH
JKy3ere acbIpy OoJbIn TaObLIaAbl, erep 3ePTTENETiH 3aT MPAKTHKAIBIK TYPFBIIaH MaHbI3AbI Oouica, Oipak e3i
KBI3BIKTBl (DM3MKAJbIK Kacuerrepre ue Oosca; MyHIail OOBEKTIIEpAI XUMHUSIBIK KacHETTepre TOJBIK
xKaTkpl3yra Oomanel. Cyreri OaiimaHbICKaH —3arTap, onapAa BaH-Iep-Baanbsc  kymrepinen Oacka,
MOJIEKyJIaapaJIbIK CyTeri OailIaHBICHIHEIH 00JIybIHa GalIaHBICTHI ©3apa SPEKETTECY MaHBI3bI POJI aTKapasbl.
ANbIHFaH KPHOMATPHKCTI OKIIAayJay omici amcopOrusiiaHFaH KabOaTTarbl apaiblK CaTBIIAaFbl Cy MEH
STAaHOJIBIH Ta3a KOMIIOHEHTTEPIH KPUOKOHACHCAMsUIAY TIPOIIECiH/e CYHBIK KYITre yKcac KbICKA THana30H bl
KJIacTepJiep Ty3ily mporeci xypeni qereH 6omkam xKacauapl.

Kinm co30ep: xpucranuany, Kocnauap, 9HHEKTiH aybICy JMHAMUKAChI, KPHCTAJUI KAaCyLIAChl, KDHOKOHICHCALIUS.
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HccaenoBanue nmoauaMop@HbIX NpeBpaLlIcHUN B KpUOMaTpHIle
a30Ta B KPHOBAKYYMHBIX KOHICHCATAX BO/bI

OpHa 13 BaKHBIX 33]a4 COBPEMEHHOH (DM3MKH KOHIEHCUPOBAHHOTO COCTOSTHUSI — YCTAHOBUTH OJHO3HAUHYIO
CBsI3b MKy YCJIOBHSIMH OOpa30BaHUs M CBOWCTBaMH oOpasyromieiicsi TBepaoii ¢asbl. Ero perienne Oymer
CMocoOCTBOBATh KPYIMHOMY NPOPBIBY B CO3[aHHU MaTepUasoB ¢ 3afaHHBIMH cBoiicTBamu. Kak u mobast Ha-
YYHO-TEXHUYECKask Npo0OiIeMa, TaKoH MOAXO0/ CBS3aH ¢ HEOOXOAMMOCTBIO PELICHUS IMPOKOro Kpyra (yHuaa-
MEHTaNbHBIX Mpo6sieM. OCHOBOH ycmexa B 3TOM HaNpaBIEHHUH SIBIISIETCS BBINOJHEHNE KOMIIEKCA HE TOJIBKO
MOJICJIbHBIX UCIIBITAaHUM, KOIJa UCCIECIYyEeMOEe BELUIECTBO BaKHO C IIPAKTUYECKON TOYKU 3PEHHs, HO caMo IO
cebe MMeeT HHTepecHble (u3uIecKre cBoicTBa. K TakuM 00beKTaM B IOJIHOH Mepe MOXKHO OTHECTH XHUMU-
yecKHe CBOUCTBA. BeecTBa ¢ BOLOpOIHBIMU CBA3AMH, B KOTOPBIX, IOMUMO cuil Ban-nep-Baanbca, BaxHyto
pOJIb UTPAIOT B3aMMOAEHCTBHS, 00YCIOBICHHBIE HAIMYHEM MEXMOJIEKYISIpHOH BomopoxHoi cBsi3u. Ilory-
YCHHBI METOJ KPHOMETPUYECKOr0 BBLACICHUS ACIAeT MPEIONIOKEHUE, YTO B IIPOLECCE KPHOKOHCHCALUU
YHCTBIX KOMIIOHEHTOB BOJIBI M 3TAHOJA HAa MPOMEXYTOYHON CTaAUH B MpoLecce aJCcopOLUN MPOUCXOIUT 00-
pa3oBaHHe KJIACTEPOB, COCYIECTBYIONINX APYT C APYTOM.

Kniouesvie cnosa: KpucTtajummsanus, CMeCH, AMHAMHUKa CTEKJIOBAHHUA, KPUCTAIIINYCCKASA quﬁKa, npounecc
KPHUOKOHACHCAIINH.
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Theoretical aspects of Photoacoustic Signal Generation with Solid Crystals

Today, non-destructive analysis techniques play an important role in industrial applications and scientific, as
well as technological research. Photoacoustic method is one of such non-destructive methods in which
generation of acoustic waves takes place due to the absorption of the modulated incident radiation.
Photoacoustic signal is a base for photoacoustic research. The generation of the photoacoustic signal is
related to the nature of the cell used for investigation. Though a variety of explainations about signal
generation in photoacoustic interaction are reported by many researchers, many aspects are yet to be studied
in detail. While investigating a solid crystal in photoacoustics, factors as mode of operation, scheme of
excitation, the shape of the cell, and pressure fluctuations in the cell are considered for analysing
photoacoustic signal generation. Also, design and performance optimization of the photoacoustic cell play
paramount role in determining efficiency of related signal generation. In this paper, theoretical aspects of
photoacoustic signal generation for solid crystals are presented. While obtaining the expression for pressure
fluctuations with solid crystal, cylindrical configuration of photoacoustic cell is preferred to get a better sig-
nal-to—noise ratio. Along with the analysis of other factors, pressure fluctuations generated by the enclosed
gas in photoacoustic cell is mathematically determined.

Keywords: photoacoustic signal, solid crystal, energy transfer, light-matter interaction, non-radiative de-
excitation, photoacoustic cell, photoacoustic transducers.

Introduction

A.G. Bell discovered photoacoustic effect in 1880 by using solar radiation, a chopper and an earphone
as an acoustic sensor [1]. The generation of acoustic waves due to light absorption in the target material is
called as photoacoustic effect [2, 3]. After the invention of laser, photoacoustic research changed drastically.
When a laser beam is passed through a solid crystal placed in a closed cell, absorption of laser energy in the
molecules of the crystal leads to the generation of photoacoustic signal [4, 5].

Several researchers studied various aspects of photoacoustic signal in the last three decades. Across two
media interfaces, studies on heat transfer and effect of solid — gas thermal contact resistance on
photoacoustic signal generation were amply discussed [6]. The pulse shape of the photoacoustic signal in the
form of cylindrical ultrasonic pressure waves generated by the irradiation of laser in a weakly absorbing liq-
uid was described [7]. In pulsed photoacoustic spectroscopy, signals have been studied to describe origin of
the complex transients [8]. Attenuation and deformation of the photoacoustic signal due to thermoelastic and
viscose losses were also studied [9]. The study of nano-scale temperature rises on photoacoustic sig-
nal generation based on thermal nonlinearity of optical absorbers gave a new dimension to this field
[10]. Photoacoustic signal amplitude and its relationship with concentration of the gas enclosed in the cell
were experimentally studied as well. The researchers also studied the stability of photoacoustic sig-
nals generated while studying trace gas components [11]. Recently theoretical aspects of transient tempera-
ture on cubic crystal surface during photoacoustic signal generation has been described [12]. Along with the
other research, mathematical aspects of displacement fields of a cuboid crystal in photoacoustic sig-
nal generation in a cell are discussed [13].

Processess in Photoacoustic Signal Generation

The creation of thermal energy within the sample is caused by non-radiative de-excitation processes
that ordinarily occur in the photoacoustic cell [14]. After modulating the incident radiation, the creation of
thermal energy within the sample will be periodic and will result in a thermal or pressure wave having the
same frequency as that of modulation. The thermal wave or pressure wave transfers energy to the sample
boundary, which results in a periodic temperature shift [15]. The creation of an acoustic wave in the adjacent
surrounding gas to the crystal is caused by a periodic variation in the temperature at the sample's surface and
this wave propagates through the volume of the gas to the detector where a signal is produced [16]. When
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this detector or microphone signal is plotted as a function of wavelength, it represents a spectrum that is pro-
portional to the crystal's absorption spectrum.

Factors involved in photoacoustic signal generation

The important factors involved in photoacoustic signal generation with a solid crystal are
1) Operation mode;

2) Method of Excitation;

3) Structure of the cell;

4) Pressure fluctuations in the cell.

Operation Mode

The confined air around the crystal in a closed photoacoustic cell will vibrate according to the modula-
tion frequency of the source of the incident radiation. When the mode of operation is resonant, one of the
resonant frequencies of the signal in the cavity will be the modulation frequency of the incident source. The
pressure fluctuations in the cell will generate an acoustic wave whose amplitude will be amplified at the fre-
quency of modulation of the incident radiation. The signal's amplification will be proportional to the quality
factor Q. The relationship between the signal's resonant frequency and its bandwidth is represented by the
quality factor. To amplify just the modulating frequency of the produced signal inside the cell, a significant
gap between neighboring resonance frequencies, as well as a high—quality factor should be maintained [17].
The amplification of all remaining resonant frequencies will be inversely proportional to
the difference between the square of modulating frequency and the square of produced signal's resonant fre-
quency. If the photoacoustic cell is operating in resonant mode, then implemented modulation frequencies
are relatively high — about 3 kHz. The goal of this selection is to reduce noise that is correlated with the re-
ciprocal of the frequency.

External acoustic noise, noise due to amplification, and intrinsic noise of the detector are all associated
with each other. For higher frequencies, the cavity length is shorter. Therefore,
an intermediate value between a longer absorption length and a shorter cavity length should be preferred
while choosing the resonant frequency. Mostly, smaller cavity lengths are recommended in order to have a
compact cell with a faster response time [18].

Method of Excitation

The photoacoustic effect is based on sample heating caused by optical absorption, as previously stated.
Periodic heating and cooling of the sample are required to generate pressure fluctuations in order to create
acoustic waves that can be monitored by pressure-sensitive transducers.

Modulated Excitation

Radiation sources whose intensity changes periodically in the shape of a square or sine wave, resulting
in a 50 percent duty cycle, are used in modulated excitation systems. This can be achieved by, for example,
mechanically chopping light source. To overcome the barrier of the 50 percent duty cycle, option to vary the
phase of the emitted radiation rather than the amplitude is preferred. The determination of UV or IR absorp-
tion spectra of opaque solid crystals is done using chopped or modulated lamps or IR sources from commer-
cial spectrometers [19].

The most popular sources for photoacoustic analysis are modulated continuous—wave lasers. The
photoacoustic cell is a crucial part of the photoacoustic effect. This fact can be used to improve signal quality
via acoustic resonance. Therefore, acoustic resonance curves must be taken into account while designing
photoacoustic cells.

Pulsed Excitation

Laser pulses with durations in the nanosecond range are commonly used for excitation in pulsed
photoacoustic spectroscopy. Since the repetition rates are only a few Hz, the outcome is a short period of
illumination followed by a considerably longer period of darkness, resulting in a low duty cycle. This causes
the sample medium to expand rapidly and adiabatically, resulting in a short shock pulse. In such cases, data
analysis is done in the time domain. Hence, oscilloscopes, boxcar systems, and fast A to D converters are
used to record the signal. The frequency — domain transformation of the signal pulse produces a wide spec-
trum of acoustic frequencies up to the ultrasonic range [20]. In this way, laser beams modulated in the form
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of short laser pulses generate broadband acoustic sources and a sine wave of a laser excites a single acoustic
frequency.

Structure of the cell

The internal cavity of a resonant photoacoustic cell is fabricated to the appropriate size to match the
acoustic wavelength of the photoacoustic signal [21]. Figure 1 shows a schematic representation of a cylin-
drical photoacoustic cell for a solid crystal. By attaching additional buffers to the central section of the cell,
having different cross-sections, its structure can be modified. The addition of buffers helps to avoid noise
caused by the cell's coupling with other measuring equipment.

Signal Detector

L 1
» 1 » »
Laser ~ || ~ ~
Window Solid Crystal Window

Figure 1. A schematic diagram of cylindrical photoacoustic cell for a solid crystal

A one-dimensional photoacoustic cell is a resonator with short dimensions that is oriented perpendicu-
larly to the propagating acoustic signal. Standing acoustic waves produced by exciting sound signals
are amplified when propagating sound waves are reflected back into the cell if the phase difference between
the waves is 2m or, in its multiple. The phase difference is dependent upon the reflections of waves at the
ends of the cell, as well as the acoustic path length. A pressure antinode will be formed at the closed end of
the cell. The cell material has a higher acoustic impedance than that of air is the reason for this phenomenon
[22].

Because of the matching nature with the symmetry of the laser beam, the cylindrical form of the
photoacoustic cell is the most common for a small size acoustic sensor or a microphone, the measured signal
is proportional to the amplitude of pressure fluctuations at its position. By placing the sensor at the node of
the generated amplified wave, unwanted sound signals, generated in resonance from the external sources, can
be reduced. For a cylindrical photoacoustic cell, desired value of the O factor value can be set up to 900.

Pressure fluctuations in the cell

Let p be the pressure fluctuation in the gas, T be its temperature, and V be its volume surrounding the
crystal in a closed photoacoustic cell. The change in pressure in the surrounding gas is given by

dp = ()vdr+ (L) Tav. (1)

It has been assumed that (a) conduction of heat from the enclosed gas in the cell to the gas outside the
cell is negligibly small, (b) the sample dilation has negligible impact on the model of mechanical piston, (¢)
heat energy distribution in the solid sample has uniform nature along its plane, (d) during laser absorption,
only thermoelastic bending is considered. This situation is schematically represented in Figure 2.
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Photoacoustic Cell

Pressure, b
Volume,V
|— Temperature, T
Window L/ of enclosed gas
Laser Source @H Crystal \ [
Backing material . Gas
Figure 2 : A crystal kept in a Photoacoustic Cell
For ideal gas, at constant volume,
-t
aT T’
At constant temperature,
(@)= b .
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Here, p is assumed to be uniform in the cell. According to the condition of structural design,
<% @)
So, the pressure fluctuation in the cell becomes
=bgr-»
dp= T dT v dv. &)

If o is internal stress, p is density of the material of the crystal, u be the displacement field in the crystal and
2%u

72 be the second derivative of displacement field in the crystal, then

do 9%u
G)=r ©
According to the Landau and Lifshitz [23],
2
o=—KB(AT) 5+ 2p Gr =2 21 + Ku 7
where K is isothermal compressibility having value
10V
== Vo ®)
at constant temperature and f is thermal expansion coefficient of the material of the crystal, whose value is
= %Z_‘TI’ at constant pressure p. )
Substituting this value in equation (6),
62 62 62 2 62
W3z + o +am) U+ (K+5)vvu-p 25 =KB@AD). (10)

If 4s is change in the surface area of the crystal surface due to the thermal expansion, and if 46 is tem-
perature fluctuations in the same surface, then the pressure fluctuations in the enclosed gas in the cell are
given by

dp=2d1 -2 As+E 0. (11)
Conclusions

An exact equation for pressure fluctuations in the enclosed gas around the solid crystal kept in a cylin-
drical-shaped photoacoustic cell is exactly determined. This expression allows the calculation of various pa-
rameters of photoacoustic signal related to solid crystal in the designed photoacoustic cell. The signal de-
pendence in terms of operation mode, method of excitation, and structure of the cell is theoretical-
ly presented. This theoretical approach constitutes an important step towards the determination of various
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aspects of photoacoustic signal generation for solid crystals. This work will be useful in photoacoustic re-
search to explore more scientific and industrial applications in various fields in the future.
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A.IL. Capope, O.X. Maxamxan

KatTbl kKpucTaaabl GoToaKyCTHKAJIBIK Aa0bLIIAPABI
reHepanusiayIbIH TEOPUSJIBbIK acneKTiiepi

byrinri tanma OepikTik Oakbliay oicTepi OHEPKACINTIK KOJJaHyla, COHBIMEH Karap, FhUIBIMH JKaHa
TEXHOJIOTHSUIBIK 3epTTeYJIepae MaHbI3Abl pei atkapaasl. PoToaKyCTHKAJIBIK 9ic — Oy OepikTik Oakpuiay
omicrepiHiH O0ipi, OHAA aKyCTHKAJbIK TOJKBIHAAPABIH Maiiga OONybl MOIYJISIMSUIAHFAHHAH TYCKEH
CoyJeNleHy i CiHIpy apKbpUIbI kKypeni. PoToakyCTHKaNBIK Ma0bUT (OTOAKYCTHKAJIBIK 3epTTEYJICPAIH Herisi
Oosbin TaObuTanEL. DOTOAKYCTHKAIBIK MAOBUIIBIH Taiga OONybIH 3epTTey KOJJAHBUIATHIH YSIIBIKTHIH
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TaburateiMeH OaiinanbicThl. KentereH 3eprreyininep (GoToakyCcTHKANBIK ©3apa dpeKeTTecy KesiHae nadbul
reHepaLsICBIHBIH SPTYPIIi TYCiHaipMenepi Typaiibl ecen 6epce e, Gipkarap acmekTinepi aiii erKke-Terxkeii
3epTrenamMereH. POTOAKyCTHKAIAFbl KATThl KPUCTAIIBI 3ePTTey KesiHne GoToaKycTHKabIK 1a0bULIbIH naiaa
G0JIybIH TaIay YIIiH )KYMBIC PEXKHUMI, KO3Y CXEMachl, YAIIBIK MilIiHi )KOHE YSIIBIKTAFbl KBICBIMHBIH aybITKYbI
cHAKTHI (pakTopiap eckepineni. CoOHbIMEH KaTap, ()OTOAKYCTHUKAJBIK YSAIIBIKTEIH KYPBUIBIMBI MEH OHIMIUIITiH
OHTAINIAHJBIPY THUICTI MAOBUIABIH THIMIUICIH aHBIKTay/la MaHBI3IBI Peil aTKapaasl. Makaia aBTOpIapbl
KaTThl KpUCTAJapFa apHaJraH (hOTOAKYCTHKANIBIK NaObUIIABIH Maiifa GOJYbIHBIH TCOPUSUIBIK acIEKTiIepiH
ycbiHFad. KaTTbl KpucTanabl KbIChIM (h1akTyanusiapsl YIiH ©pHEKTI aFaH Ke3Je, 1a0bll/Ily apakaTbIHACHIH
JKaKcapTy YIIiH (OTOAKYCTHKAJIBIK JKaCYLIaHbIH LMIMHIAPIIK KYPbUIBIMBIHA apTBHIKIIBUIBIK Oepineni. backa
(akropnapzsl TannayMeH Karap, (POTOAKYCTHKANIBIK YSIIBIKTaFbl I'a3 IIBIFAPATBHIH KbICBIMHBIH aYBITKYBI
MaTEeMAaTHKaJIbIK TYP/C aHBIKTAJIaJIbl.

Kinm coe30ep: (oToakyCTHKAIbIK HaObLI, KaTThl KPUCTAJUI, SHEPTHSHBI Oepy, XapblK IIeH 3aTTHIH e3apa
opeKeTTecyi,  coyleleHOeTeH  KO3yIbl  Omipy, (OTOAKyCTHKANBIK  YSIIBIK,  (OTOAKYyCTHKAJBIK
TYpJICHAIpTiITEep.

A.IL. Capope, O.X. Maxamxan

TCOPCTI/I‘IGCKI/IC ACIIEKThI reHepanuu (l)OTOﬂKYCTI/I‘IeCKI/IX
CUTHAJIOB ¢ TBEPABIMH KPUCTAJVIAMHA

CerosiHss METOBI HEPa3pyIIAMOLICro aHallM3a HIPAOT BAXKHYIO POJIb B MPOMBIIUICHHOM IPUMCHCHHH, B
HAyYHBIX, & TAKXKE TEXHOJIOIMYECKUX HCCIeA0BaHUAX. DOTOAKYCTHYECKUH METOJ SIBISICTCS OZHHM H3 TaKHX
Hepa3pyIIAIIUX METOJIOB, IPU KOTOPOM IeHEepaLys aKyCTHYECKUX BOJIH IPOUCXOIUT 3a CYET HOTJIOICHUS
MOJYJMPOBAHHOIO  TaJAMOIIero u3iaydeHus. (DOTOAKYCTHYECKMI CHUTHal —SBISCTCS OCHOBOH IS
(boToakycTHueckuX UccnenoBaHuil. ['eHepaiys (HOTOAKYCTHYECKOTO CHTHAja CBS3aHA C NPHPOJIOH sueiiky,
HCTIONB3YEeMON [UIsl MCCIIeNOBaHMs. XOTS MHOIHME HCCICHOBATENM COOOIIAIOT O Pa3iMYHBIX OOBSICHEHHSX
TEHepalii CHIHAJOB NPH (OTOAKYCTHIECKOM B3aHMOJCHCTBHH, HEKOTOPBIC ACMEKTHl €IIe IPEICTOHMT
IETANbHO HM3y4nTh. [IpH HMCCIEIOBAaHMM TBEPOOTO KpHCTAIa B (POTOAKYCTHKE ULl aHANM3a I€HepaIiu
(HOTOAKyCTHIECKOr0 CHI'HANA YYUTHIBAIOTCS Takne (AKTOphl, KaKk PeXHM pabGoOThI, cxema BO30YXKICHUS,
dopma sueliku W KoneOaHWs [aBieHHs B sdeiike. Kpome TOro, ONTHMH3AlUs KOHCTPYKLMH U
MPOU3BOUTEILHOCTH (HOTOAKYCTHUYECKOH SUYCHKH MIPaeT BaKHYIO pOJIb B ompeneieHuu 3((eKTHBHOCTH
reHepaluy COOTBETCTBYIOIIETO CHTHaja. ABTOpaMH CTaThbH IIPEJICTAaBICHBI TCOPETHYCCKUE AaCIICKThI
reHepanuy (hOTOAKYCTHYECKOTO CUTHana Ul TBEPABIX KPHCTAUIOB. IIpH MOJMYYCHHH BBIPQKCHHS IS
GbaykTyanuii maBI€HMS C TBEPObIM KPUCTAUIOM MPEANOYTHTENbHA [LIMIHHAPHYIECKas KOHGHUIypaLus
(boTOaKyCTHIECKOM SYEHKH, YTOOBI MOMYYHTh JIydIllee COOTHOIUCHHE «CHrHAN/mym». Hapsay ¢ aHanmsom
Ipyrux GakTopoB, MaTEMAaTHUECKH ONPEACISIIOTCS KOJIeOaHus! TaBICHMs, CO3AaBaeMble 3aKIFOYCHHBIM [a30M
B OTOAKyCTHYECKON sTUCHKE.

Kniouesvie cnosa: q)OTOaKyCTI/I‘{eCKI/Iﬁ CUTHAaJI, TBepZ[LIﬁ Kpucrajui, rnepejaada SHEPIruu, B3aUMOJICIICTBHE
CB€ra MW BCLICCTBA, 6e3bI3IIy‘{aTeIII)HOG OTKJIIOYCHHUC BO36y)KZ[eHI/I$I, q)OToaKyCTI/I‘IeCKaSI ;meﬁKa,
q)OTO&KyCTI/I‘IeCKI/Ie HpeO6pa30BaTeIII/I.
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Thermal Unit with Controlled Distribution of Flow Speeds
of Processed Raw Materials in Zones of Electrified Modules

The article reviews the possibility of thermal treatment of vermiculite concentrates in thermal units of the
modular-launch type after the defects of the units appeared during operation were fixed. It was observed that
the temperatures of the electric heaters and the refractory surface of the firing modules distribute unevenly
horizontally: the temperatures decreased significantly from center to periphery. This feature showed a tech-
nical solution — the division of the total flow of the expanded vermiculite into local and controlled
flows between the thermal zones of the furnace modules taking into account their temperatures. The required
time for particles movement in each thermal zone was determined, as well as average local speeds of their
movement in the indicated zones were by comparing the thermal capacities of local vermiculate flows. The
calculations of local flow rates were carried out and the total productivity of the modernized furnace was de-
termined. The productivity of modernized furnace is 24% higher than the prototype furnace. It is shown that
with an increase in productivity but equal to electricity consumption, the specific energy consumption
of firing processes decreases by the same 24%. It makes the furnace more perfect and competitive.

Keywords: electric modular—launch furnace, firing module, non-uniform temperature distribution, tempera-
ture zones, accelerating tray, heaters, heat power, average local speeds, local productivity, total productivity.

Introduction

The research in the field of technologies for the production and use of expanded vermiculite has been
conducted since the 30s years of the last century. This indicates the relevance of this issue and the im-
portance of the product [1-11]. Electric furnaces for vermiculite firing, which will be reviewed in the article
[12], were developed in the early 2000s as an alternative to fired furnaces operating on hydrocarbon fuel [9].

The expanded particles’ streams in such furnace units have been uncontrollable till the present time and
their flow was determined by the action of the gravity forces of the particles. This is their obvious disad-
vantage.

Even in the very first modular-launch furnaces (2003-2005), it was noticed and experimentally con-
firmed that the temperatures of suspended heating elements and refractory surfaces of firing modules were
distributed non-uniformly.

Temperature measurements in different areas showed that in the central zones of the modules, the tem-
peratures of the refractory bases are significantly higher than in the side zones. During the heat treatment of
vermiculite at the furnace exit in the central zone, the end product was completely expanded, but overheated
and partially burnt, and in the edge zones it remained under-expanded. This feature illustrated a technical
solution — to separate the flow of expanded vermiculite into local flows in thermal zones, taking into account
their temperatures, and to develop a system for controlling local flows.
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The purpose of the research is to increase the efficiency of the thermal unit by means of the rational dis-
tribution of local flows of heat-treated raw materials along the width of the firing modules without the in-
creasing of its electrical power.

Experimental

Consideration of the furnace design and operation.

Vermiculite concentrate is supplied to the furnace by a dispenser equipped with a hopper 1, a drive 2, a
drum 3, and an inclined tray 4 by length /,. The raw material through the inclined tray 4 is poured onto the
accelerating tray 5 of the upper module 6. Then the raw material goes to the firing space under the cover 7,
where the electric heater 8 is fixed. It is held by the hooks 9 and the fixing heads 10 (Figure 1). Then ver-
miculite is poured onto the second accelerating tray 11 of the middle module 12 and then onto the tray 13 of
the lower module 14. The finished product comes out from the tray 13 of the lower module 14. The firing
space 15 of each module is formed by a refractory surface 16 made of refractory bricks, by the lower part of
the cover 7 and by side walls (not shown in Figure 1).

! |

11

12

a b c

Figure 1. Modular launch furnace:
a — modular launch furnace; b — firing module; ¢ — accelerating tray

There are the accelerating trays (Figure 1, 2) in the upper part of each module. They consist of a base
plate 17, a stop 18 with side walls 19 and a set of hinged plates 20—22. The inclination angles of hinged
plates a,, a3, and o4 can be adjusted using screws 23.

The dispenser drum is made with longitudinal grooves 24-26, step-variable in depth (Figure 2). In this
case, the greatest depth is at the grooves 24 located above the central plate 22 of the accelerating tray. There
are adjacent grooves 25 above the plates 21. They have a shallower depth. The further from the center the
grooves are located, the shallower their depth:

14> 6> 60> 1.
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The number of plates of the accelerating tray and the number of grooves may be different, depending on
the width of the refractory surface of module B and the temperature distribution on the electric heaters.
Moreover, the length of the grooves on the drum by, by, b;, and b4 and the width of the plates of the accelerat-
ing tray can also be different.

Vermiculite concentrate particles falling on plate 22 in Zone 4 (Figure 2) acquire the maximum initial
velocity vy, due to the larger angle of its inclination ay4. In this regard, their average local velocity in this
zone will be greater than in the side zones 1, where the plates have a zero inclination angle. If the speed of
particles is maximum here, then the time of their movement is minimal, and the local productivity is propor-
tional to the speed and is maximum in comparison with other zones. In Zone 4 the electric heaters are hottest.

26 25 24

t1J

] ‘ 21
20 22 1

x e o o o & o & s s o o c‘ e e o e 8 e o & o o o s o
\ \ \ \
637...691 728...743 746...746 728...743 637...691

707...720 the temperature 707...720
‘ ‘ ‘ of the rods, C° ‘ ‘ ‘

Zone 1 Zone 3 3ona 4 Zone 3 Zone 1
Zone 2 Zone 4 Zone 2 ‘
B

Figure 2. Dispenser drum, accelerating tray and electric heater rods with indication of temperature zones

In Zone 3, the temperature of the electric heaters is lower, therefore, the concentrate particles falling on
plates 21 (Figure 2) should receive a lower initial velocity vy;,. It is due to their smaller tilt angle o;. The lo-
cal productivity in these zones is proportional to the average local speed of the particles, and the particles
motion time is slightly longer than in the central zone. The same applies to Zone 2 and 1: the average local
particle speeds from the central to the side zones should become less and less, as the temperatures of the
heaters decrease from the center to the periphery.

Adjusting screws 23 (Figure 1) allow to change the initial and the average local speeds when one size
group of vermiculite concentrate change into another, since larger expanded grains move at higher speeds
than small ones (proofed by the tests).

Due to the accelerating trays such distribution of average local speeds over the temperature zones is
created, that in each zone vermiculite will consume the necessary amount of thermal energy during the corre-
sponding time and, at the same time, the whole will be fully expanded. If this distribution is carried out cor-
rectly, the productivity of the furnace will increase with constant energy consumption.

The initial velocities Vo1, Voze Vos, and vos determine the average particles local speeds in
the corresponding zones and depend on the inclination of the accelerating plates. However, they also depend
on the speed of particles falling onto these plates. Figure 3 demonstrates the change in the vectors of the ini-
tial speeds at different angles of inclination. There is a vector v¢ denoting the falling speed in each triangle of
speeds. If the falling speed for the places of junction of modules 6 and 12 and modules 12 and 14 (Figure 1)
is determined by their length /, then it is necessary that the speed vy at the place of junction of the tray 5 and
the upper module 6 is the same.
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The joint operation of the dispenser and the upper module of the furnace, which provides the balance of
the supplied concentrate and the furnace productivity, will be discussed below. Let us consider the issue of
the correct distribution of local speeds over the module zones.

Local speeds distribution

The interaction between the thermal energy absorbed by vermiculite, leading to its structural change,
the loss of hydrated water and a multiple decrease in density, and radiant energy falling on the vermiculite
grains from the surfaces of the electric heater rods was discussed in the research [13].

X

Figure 3. Speeds triangles on the plates of the accelerating tray at different values of the inclination angle of its plates

Let us use the obtained dependence for the heat power flux 0 absorbed by the expanded material (W):
0=0.667-0.-6-T"-s-e-(1+p-¢,,)(2: ¢, +0,,), (1)

where o — is the capacity of vermiculite absorbability (0.768); o — Stefan-Boltzmann constant, 5.67, W/m* K;
T is the surface temperature of the heater rods, K; s is the area of all surfaces of the heater rods in three fur-
nace modules, m*; € — the nichrome blackness degree (0.96); p is the nichrome reflectivity (0.04); ¢;»— is the
angular coefficient of heat fluxes from one rod to another, @, is the angular coefficient for rods located on
both sides symmetrically relative to the vermiculite grain; @,, — is the angular coefficient for rods located on
both sides with relative to the vermiculite grain which is in contact with one of the rods [13].

The above formula (1) does not take into account the effect of reflected radiant fluxes from the refracto-
ry base of the module and its cover. The same Ref. [13] states that it was proofed by the tests that the thermal
power of the reflected fluxes is 10...12% of the heating power of furnace systems.

The absorbed thermal power 0 provides complete expanding of the material and it is unchanged for any
thermal zone of the module. Therefore, we can write the equality valid for the i-th number of zones (J):

E=0,1t=0,=051=04,1=0:1, ()

where E is the energy of vermiculite heat absorption, sufficient for full expanding, J; #; is the average local
time of vermiculite flow movement in Zone 1 (Figure 2), equals to the time of firing in the furnace, adopted
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as an analogue [14-16]; t,, 3, 44, and ¢; are the average local times of vermiculite flow movement in other
thermal zones, s.

To find the value of the vermiculite time of movement in the zones, it is not required to determine the
energy £. We use the ratios, in this case for four zones, based on formula (2):

t _el'tl ¢ _el'tl t _el'tl
0,0 0, 0,1,
bl 4 4 by

€)

The average values of rods of electric heaters heating temperatures by zones (Figure 2):

e in Zone 4 — 1030 °K;

e inZone 3 -1019 °K;

e in Zone 2 — 986 °K;

e in Zone 1 — 940 °K.

Since in formula (1) only temperature changes for each zone, then the relations (3) will take the
form (s):

T T T
L=—t, t.="t, t,=-1t, 4
2 Tz4 1> 3 T34 10 ‘4 7:14 1 )

where Ty, T3, T3 and Tj are the average temperatures of the heater rods in the corresponding zones.

Taking the time #; = 0.91 s and the average speed v, = 1.05 m /s with a module length of 0.95 m for the
adopted analogue — a prototype furnace [15], from relations (4) we obtain the time of vermiculite movement
in thermal zones (Figure 2) (s):

H= 0.82‘t1, 3= O.75't1, 4= O72t1

It follows from the found relationships that the time of vermiculite particles movement through
Zones 2, 3, and 4 in the furnace modules should decrease by 17.9%, 24.9%, and 27.8%, respectively, in
comparison with the first zone.

The average time of vermiculite being in a prototype furnace (furnace time constant) is 2.74 s [16].
The indicated values ¢, = 0.91 s and v, = 1.05 m / s correspond to Zone 1 of the considered furnace (Fig-
ure 2), and for Zones 2, 3, and 4 the average time of local flows should be:

t,=0.747 s, t; = 0.683 s, 1, = 0.657 s.
The //; ratio determines the corresponding average local flow rates of vermiculite in thermal zones:
Vi = 1.27 m/s, vz = 1.39 m/s u vy = 1.45 m/s.

It is necessary to find such values of the initial particles’ speeds on the plates of the accelerating tray, at
which the required average speeds will be achieved. Taking into account that gravity and friction forces act
on each particle, and neglecting the air resistance, we write the differential equation:

2

m =m-g-siny—m-g-f-cosy, (5)

dr*

where v is the inclination angle of the modules (Figure 1); f'is reduced coefficient of sliding—rolling friction,
determined by the tests, f=0.51 [16]; m is the particle mass.
Separating the variables in equation (5), we get (m/s):

v, =g(siny— fcosy)t+v,,, (6)

where v, is the final particle velocity in the zone (the same as the falling velocity vy) corresponding to its time
(t1, 1, t; and t4), vy, is the initial particle velocity on the corresponding plates of the accelerating tray (Figure
3).

Let us determine the final falling velocity for the first zone using the formula (6), taking into account
the fact that vy, = 0 m/s:

ve=9.81-(0.707 — 0.51-0.707)-0.91 + 0 = 3.1.
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Setting the same falling velocity (3.1 m/s) for all other zones, we determine the initial local velocities
using expression (6) (m/s):

Vo, =V, —g(siny — fcosy)t. (7)

Substituting the movement time in the zones (¢, = 0.747 s, t3 = 0.683 s, t, = 0.657 s) into formula (7), we
determine the initial velocities, (m/s):

e in Zone 2 — vy, = 0.56;

e in Zone 3 — vy, = 0.78;

e in Zone 4 — vy, = 0.87.

In accordance with the vector diagrams (Figure 3), we obtain the relations that determine the angles
sines:

sina, =220 =090 _ 618 ing, =Y 078 _ 96 1 iner, = Yo = 987 5.
v 3.1 v, 31 ve 31

The angles themselves at which the required initial speeds and average local speeds of vermiculite
particles in the thermal zones of the furnace modules will be provided equal: a, = 10.5 °, a3 = 15 © and
as=16.5°.

As already noted, when processing other size of groups of vermiculite concentrates, it is necessary to
change the average local rates. For this purpose, the adjusting screws 21 are provided in the accelerating
trays of the modules. By using the adjusting screws, the tilt angles of the plates 18-20 can be
changed (Figure 1). When firing smaller concentrates, the time of vermiculite passage should decrease, and
therefore, it is necessary to increase the angles o, oz and o4 in order to increase the average local speeds in
the corresponding thermal zones.

Figure 4 illustrates a nomogram for determining the inclination angles of the plates of the accelerating
tray at a given local speed.

Vi, , m/s

1.55 //

1.50

1.45
1.35

1.30
//

1.25 /

1.20 4

o

10 12.5 15 17.5 (0

Figure 4. Nomogram for determining the inclination angles of the plates
of the accelerating tray at a given average local speed in the thermal zones of the module

Joint operation of the dispenser and furnace modules

To provide a balance between the vermiculite concentrate amount supplied by the dispenser and the
amount of expanded material passing through the furnace modules, two conditions must be met:

e the rate of concentrate particles falling out from the inclined tray 4 (Figure 1) should provide the
same initial speeds in the thermal zones on the accelerating tray of the upper module, as in the accelerating
trays 11 and 13 of the middle and lower furnace modules;
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e the capacity of the dispenser for concentrate must correspond to the full capacity of the furnace for
expanded material, taking into account the expansion coefficient.

To meet the first condition, it is necessary to find the length value of the inclined tray /;, at which the
rate of the concentrate particles falling out of it will provide the same initial speeds on the accelerating tray
of the upper module as on the accelerating trays 11 and 13 of the middle and lower furnace modules. In this
case, the friction coefficient fy in equation (5) will have a value of 0.68 [15], since flat particles of vermicu-
lite mica slide over steel and there is no rolling, as on refractory surfaces of modules.

From expression (6), which in this case will have the form:

v, = g(siny - f;cosy)t+v,,,

Let us find the time ¢ required for the particles to reach the velocity v = 3.1 m/s at the moment of contact
with the plates of the accelerating tray 5 (Figure 1) at zero initial velocity vo,:

.
f=— = 1.4 m/s. ®)
g(siny — f, cosy)

To find the length of the dispenser tray 4 (Figure 1), we fulfill the second integration of equation (5):
lozég(sin;/—focos;/)tz+vf-t, )

where 7 is the convergence time of particles along the tray, determined by expression (8); v is the inclination
angle of the tray to the horizon, 45 °.

To supply the concentrate by the dispenser to the furnace in accordance with the capacity of the furnace
for expanded material, we will use the formula [17-22]:

where £ is the expanding coefficient depending on the size group of the —vermiculite concentrate and the
natural hydration of the mica (Figure 5).

k, md /t

10.0

TVC |~ L —
KVC
//

Z

6.0
4

4.0

0.5 1.5 2.5 3.5 Dy, mm

Figure 5. The dependence of the expanding coefficient on the nominal concentrate
particle diameter for two fields — Kovdorskoye (KVC) and Tatarskoye (TVC)

Conclusions

Determination of the local capacities and the total furnace productivity.
With the width of the modules B = 95 cm, as in the prototype furnace [15], the productivity of the fur-
nace without accelerating trays 5 (Figure 1) on vermiculite concentrate, for example, grade KBK-4 (4 is the
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conventional average particle diameter), is equal to 0.75 m’/hour. Then the hourly productivity, reduced to
the unit of width, will be equal to, (m*/cm-hour):

= 0—755 = 0.0079.

B
Since the local average speeds in zones No. 2, No. 3, and No. 4 the increase relative to the first zone
will be:
1.27

at ——= 1.21 times or by 21 %;
1.05

at Q: 1.32 times or by 32 %;
1.05

at ﬂ: 1.38 times or by 38 %;
1.05

then the local capacities, taking into account the width of the zones B, =21 cm, B;= 15 ¢cm, B, = 12 cm
and B, = 10 cm (Figure 2) will be equal to, (m’/h):

¢ in the fourth zone: P, = 0.0079-21-1.38 = 0.229;

e in two third of zones: P; =2-0.0079-15-1.32=10.313;

e in two second zones: P, =2:0.0079-12-1.21 = 0.229;

e in two first zones: P; =2:0.0079-10-1.0 = 0.16.

The total furnace productivity will be, (m’/h):

P=0.229+0313+0.229+0.16 = 0.931.

The increased productivity of the modular—launch furnace due to the distribution of the speeds of the
vermiculite flows movement over the thermal zones of the modules is equal to 0.931 m’/h, which is 24%
more than that of the experimental industrial furnace taken as a prototype. Moreover, the energy consump-
tion does not grow and the specific energy consumption of the process increases by the same 24%.
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A. Huxeroponos, A. I'aspunun, b. Moiizec, K. KyBmimnos

DJIeKTPJIeHAIpiIreH Moy Ib/iep aiMaKTapbIH/AA OH/1eJ1eTiH IHKi3aT
arbIHbI KbLJIAAMABIFBIHBIH TAPAJTYbIH PETTEHTIH JKbLJIY arperarbl

IciHreH BEpMHKYJIMTTI OHJIIPY JKoHE MaljalaHy TEeXHOJIOTHSIIAPBI CaJachbIHAAFbI 3ePTTEYJIep ©3€KTi OOJIbIIN
tabbu1abl. KOMIpCyTeKTi OTBIHMEH JKYMBIC ICTEHTIH OTTHI memTepre 6agama peTiHjie BEpMHUKYIHTTI jKaryFa
apHaJFaH dJIeKTp MemTepiH a3ipiey Gencenni xyprizinyae. by nemrepae iciHren OeJeKTepIiH aFbIHIAPHI
0aKplTaHOANTHIH KOHE OeUIIEKTepIiH ayBIpJIBIK KYIIIHIH ocepiMeH aHbIKTananel. Makaiaga naipanany
Ke3iHze maiina OonraH arperaTTapiAblH KEMIIUTIKTEPIH KOWFaHHAH KeHIH MOIYJBAIK-icke KOCY TYpiHAeri
JKBUTy arperarrapblHia BEPMHKYJIUT KOHIICHTPATTAphIH TEPMHUSIIBIK OHJICY MYMKIHIIr KapacThIPbUIFaH.
DJeKTp KBUIBITKBIITAP MEH KYHAIpY MOIYJBACPIiHIH OTKa Te3iMai OeTiHiH TeMmrepaTypachl KeieHEeHIHeH
Gipkeski GemiHOeiiTiHI Galikalabl: TeMIiepaTypa OpTanbIKTaH nepudepusra qeiin alTapiblKTaid ToMeHACH .
Byn epekmienmik TeXHHMKaNbIK IISMIMIOI KOPCETTI — ICIHT€H BEPMHKYJIHUTTIH JKaJMbl aFbIHBIH eI
MOJYJIBJICPIHIH JKbULy alMaKTapbl apachlHOArbl JKEPriIKTi >koHE OaKbUIAHATHIH aFbIHIAPFa OJIAp.bIH
TEMIIEpaTypacklH ecKepe OThIPbIN Oeiy. JKepridikTi BEpMHKYJIUT aFbIHIAPHIHBIH JKbUTY CBHIABIMIIBUIBIFBIH
CaJIBICTBIPY AapKbUIBI Op JKbULy alMarblHIarbl O6JIICKTEpAiH KaKETTI KO3FaJIbIC YaKbIThI, COHIal-aK
KepCeTUIreH aiMaKTapIarbl OJIap IbIH KO3FAIBICHIHBIH OpTalla XKepriliKTi XKeULIaMAbFs! Oenriti. XKeprimikri
IIBIFBIHAAP eceOl JKYPri3iiai kKoHE JKAHFBIPTBUIFAH MEIITIH KaJIbl OHIMAUIIT aHBIKTAIIbL JKaHapThUFaH
HeITIH eHIMILIri Taxipubeni memke kKaparaHga 24 % >xorapbl. OHIMIUIKTIH JKOFapbUIaybIMEH, Oipak
UIEKTP SHEPTHACHIH TYThIHYMEH Oipzel, KyHaipy NporecTepiHiH 3Heprus IIbIFbIHBI 24 %-Fa TOMEHJIereHi
kepcetinai. byn meurri sxeringipeni sxoHe 6acekerekadineTti ereni. Makanazia 3epTTey NpoLeciH CypeTTeiTin
JKOHE OCBI FBUIBIMH )KYMBICTa KOMBUIFAH MaKcaTKa KOJI )KETKi3y/Ii pacTalThIH quarpaMmmaiap KeaTipiireH.

Kinm coe30ep: »nmeKkTp MORYJIbIIK-iCKe KOCY HemNi, KYHIipy MOy, TeMIepaTypaHblH Oipkenki OeiiHOeyi,
TeMIepaTypanblk aiMakTap, YASTKIII Haya, )KbIIBITKBIIITAp, JKbUTY KyaTbl, OPTAIIa XKePriliKTi KbUITaMIBIK,
JKEPTUTIKTI OHIMITIK, Kbl OHIMIILUTIK.

A. Hmwxeropopaos, A. I'aBpunun, b. Moiizec, K. KyBunon

TenuioBoi arperar ¢ peryJMpyeMbIM pacnpeejieHueM CKOpocTeil NoToKa
00padaTbIBaEMOro ChIPbA B 30HAX JIeKTPUPUIMPOBAHHBIX MOLYJIeH

HccnenoBanus B 00J1aCTH TEXHOJIOT U IPOU3BO/ICTBA U MCIOJIB30BAHMS BCITy4EHHOTO BEPMUKYJIUTA SBISIIOT-
Csl aKTyalbHBIMU. AKTHBHO BEIyTCSl Pa3pabOTKU AIICKTPUIECKHUX Iedeil /Ut 00Knra BepMHUKYJIHNTA, KaK alb-
TepHaTHBA IIAMEHHBIM TIe4aM, paboTalolIM Ha YIJIEBOAOPOJHOM TOIUIMBE. B IaHHBIX Medax MOTOKH pac-
MIUPEHHBIX YaCTHIl HEKOHTPONUPYEMbI U ONpPEAENAIOTCSA JeHCTBHEM CHI TSXKECTH uacTHl. B craThe pac-
CMOTpEHa BO3MOKHOCTh TEPMHUYECKON 0OpabOTKM BEPMHKYIHTOBBIX KOHLEHTPAaTOB B TEIUIOBBIX arperarax
MOZYJIBHO-ITyCKOBOT'O THIIA TOCJIE YCTPAaHEHHsI HEJOCTATKOB arperaToB, BOHUKIIMX B MPOLECCE AKCILTyaTa-
1uu. Beino 3amedeHo, 4TO TeMmIepaTypa 3JIeKTpOHarpeBaTeliel M OTHEYNOPHON MOBEPXHOCTU O0KUTOBBIX
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MoayJel pacrnpesesnseTcs HEpaBHOMEPHO MO TOPU3OHTANU: TEMIIEPATyphl 3HAUUTENBHO CHI)KAIOTCSI OT LIEH-
Tpa K nepudepun. 91a 0COOCHHOCTH TOKa3ajaa TEXHUYECKOE PElIeHne — pa3zeieHue o0Iero noToka BCIy-
YEHHOTO BEPMUKYJINTA Ha JIOKAIbHBIE M KOHTPOINPYEMbIe TOTOKH MEX Ty TETJIOBBIMU 30HAMHU MOYJIEH medn
C yueToM HX TeMneparyp. [lyreM cpaBHECHHS TEIIIOEMKOCTEH JIOKAIBHBIX IOTOKOB BEPMUKYJIUTA OIPEAEIISUIN
TpebyeMoe BpeMsl IBIKEHHS YaCTHUIl B KaXJOH TEIUIOBOH 30HE, a TAakKe CPEAHHE JIOKAIBHBIE CKOPOCTH MX
JBIDKEHHS B YKa3aHHBIX 30HaX. [IpoBefeHEI pacdeTs! JIOKAJIbHBIX PacXoJ0B, M OIpeesieHa 00mIast MPOU3BO-
JIUTENBHOCTh MOJIEPHU3UPOBAHHOM reun. [Tpon3BoauTenbHOCTh MOACPHU3UPOBAHHOM 1eun Ha 24 % Bbllle,
yeM y omnbITHOM meun. IlokaszaHo, 4TO HMpH yBeNWUEHUH MPOU3BOJUTEIBHOCTH, HO PABHOM MOTpeOIeHUH
3NIEKTPO3HEPTUH, YAEIBHOE SHEPTONoTpedIeHHe MPOIECCOB 00XKUra yMeHbIIaeTcs Ha Te xe 24 %. 310 nena-
eT neuyb 00Jee COBEPUIEHHOW M KOHKYPEHTOCHOCOOHOH. B craThe mpuBeneHsl AnarpaMMel, HILUTIOCTPUPYIO-
IIKE MPOLECC UCCIEN0BAHNS M MOATBEPKAAIONINE JOCTHXKEHUE II€M, KOTOpas TMOCTaBIeHa B JaHHOH Hayud-
HOH paborTe.

Knoueswvie cnosa: QJICKTpHUYICCKasl MOAYJbHO-IIYCKOBasd M€Yb, 00KUTOBBIIH MOAyJib, HEPABHOMEPHOEC pacmpe-
JACJICHUE TeMIIEPpAaTyphbl, TEMIICPATYPHBIC 30HBI, yCKOpHTeIIbeIﬁ JIOTOK, Harpesareiy, TEIUIOBasgs MOIIHOCTD,
CpE€AHHUEC JIOKAJIBHBIE CKOPOCTH, JIOKaJIbHAsI IPOU3BOAUTEIILHOCTD, 06u1a51 MIPONU3BOAUTECIBHOCTD.
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Using a user—defined function in Ansys Fluent
to implement the energy release profile in model fuel elements
taking into account radiation heating

The paper presents a model of an experimental device tested on the complex of impulse graphite reactor of
the Branch IAE RSE NNC RK, designed to study the possibility of changing the neutron spectrum of the
reactor from thermal to fast. At the stage of preparation for testing, a series of neutron-physical studies
were carried out using the MCNP. The purpose of these studies is to determine the specific energy release
both in the model fuel elements and in non-fuel structural elements of the experimental device during their
radiation heating, taking into account the thermal state of the reactor core. After that, the obtained data are
used as initial conditions for development of user-defined functions and conducting thermophysical calcu-
lations to determine the distribution of the temperature field in the tested device, the ANSYS Fluent soft-
ware package. The method for calculating the specific energy release in non-fuel structural ele-
ments during their radiation heating in the impulse graphite reactor, considering its thermal state, has been
used relatively recently. It requires a special approach to the implementation of the required energy release
profile when carrying out thermophysical calculations in the Ansys software. The paper also illustrates the
advantages of using a custom function in Ansys Fluent to define the profile of the energy release in model
fuel elements and structural elements of an experimental device depending on time and height. In addition,
the results of a thermophysical calculation of the experimental device for determining the distribution and
maximum values of temperature in fuel and non-fuel structural elements are presented.

Keywords: user—defined function, Ansys Fluent, radiation heating, energy release, fuel elements, experi-
mental device, impulse graphite reactor, thermophysical calculations.

Introduction

The object of research is model fuel rods and structural elements of an in-reactor experimental de-
vice [1]. Earlier, in [2], the results of computational studies to substantiate the technology of testing this
experimental device were highlighted.

The aim of the work is to demonstrate the methodology for specifying complicated profiles of ener-
gy release in model fuel rods and structural elements in the Ansys Fluent software.
The tasks of the work are as follows:

— processing and preparation of the results of neutron-physical calculations;

— preparing a user-defined function for profiling the energy release in model fuel elements and struc-

tural elements;

— checking the function and initializing the thermophysical calculation.

Figure 1 shows a model of an experimental device created in the SolidWorks software. The device
includes an ampoule, a test section and a trap. The ampoule consists of a body and a lid. The trap protects
the ampoule from possible mechanical and thermal effects. The main elements of the test section are the
upper and lower fuel rods, which are cooled with nitrogen. The center of the lower fuel rod coincides with
the reactor core center (RCC), and the center of the upper fuel rod is at the level of +800 mm from the
RCC.
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Figure 1. Model of the experimental device: a — general view, b — upper fuel rod, ¢ — lower fuel rod,
1 —ampoule lid, 2 — ampoule body, 3 — ampoule cavity, 4 — test section, 6 — fuel, 7 — nickel indicator, 8 — fuel cladding,
9 — fuel rod cooling tract, 10 — inner shell, 11 — heat shield, 12 — cadmium absorber, 13 — outer shell

Results and Discussion

According to the conditions of the performed neutron—physical calculation, the reactor power is 5.2
MW, the diagram duration is ~ 1000 s, and the integral energy release in the reactor is ~ 5.2 GJ. Taking into
account the limiting test mode and the absence of melting of nuclear fuel in the experiment tasks, obtaining
accurate estimates of the temperature field is a priority goal of the calculations.

As a result of a neutron-physical calculation carried out in the MCNP program, a reactor power change
diagram during the test was obtained, also, the values of the specific power of energy release in the elements
— fuel, fuel cladding, inner and outer shells, heat shield and cadmium absorber when they are heated by ra-
diation [3]. The calculations took into account the reactor core heating and the effect of the delayed power on
the increase in energy release in the fuel and non-fuel structural elements. The markup, considering this ef-
fect, can reach 50 % in structural elements, which can lead to undesirable consequences, such as local over-
heating, especially in structural elements with a low melting point.

Each element of fuel rods is divided into 10 parts by height (numbered from top to bottom) and has its
own specific per-second diagram of the specific power change in accordance with the reactor power diagram
change. For example, Figure 2 illustrates a diagram for nuclear fuel.
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Figure 2. Diagram of the change in the power of energy release in the fuel:
a — upperfuelrod; b — lower fuel rod

The maximum specific power change of energy release in the structural elements of the fuel rods is in-
dicated in Figure 3. The cadmium absorber is strongly exposed to radiation heating, and its specific power
diagram change is shown on the auxiliary axis on the right. These values are in the range from 2.5 till
3.2 W/g.
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Figure 3. The specific power change of energy release in the structural elements:
a — elements of the upper fuel rod; b — elements of the lower fuel rod

To implement such a profile of energy release without using a custom function, it is necessary to divide
the considered elements by height into a predetermined number of parts at the stage of developing a compu-
tational thermophysical model, and also, to take into account the distribution of energy release over time
when performing calculations. This procedure makes thermophysical calculations a laborious process.

The application of a user-defined function in Ansys Fluent software consists in preparing it, using the
C ++ programming language commands and compiling it in Ansys Fluent. Figure 4 shows the general struc-
ture of this function.

In the user-defined function, an array of element coordinates by height is set, dividing into the required
number of parts, arrays of the energy release values of elements for these coordinates, which are read by the
program at certain intervals, set in a separate array according to the reactor power change diagram.

The function also specifies arrays of energy release values in other structural elements of fuel rods —
inner and outer shells, heat shield and cadmium absorber.

Next, in the Ansys Fluent software, one needs to import the mesh model, compile the user-defined func-
tion and specify the boundary conditions. In the elements where it is necessary to set the energy release, we
select the corresponding function from the list (Figure 5). By default, the software allows to set a constant
value for the volumetric energy release.
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DEFINE_SOURCE (eoplive, ¢, t, 43, &qm)
=11
real x[ND ND],Bt,WE,ftime:
inc 1,T len:

real T[1= |
real Wi[j= |
real W2ll= |
real Wifl= |
real W4[]= {0.00L
real Wi[l= (°
real Well= |
zeal Will= {
real WE[]= |
real Wa[]= {0.001
real Wl0[l= {0.0012¢

real Z[}={-0.150, ~0.120, ~0.080, ~0.060, =

array of time points

array of energy release
values

array of height points

ds[eqn] =

T_len=sizeol (T)/sizecl (T["1):

C_CENIROID(x,c,t) ;

Ht = x[7]1;
frime = RP Get Real("flow-time™):
iF ((Ho=Z[0]) k& (3T <=Z[ 1))

-

for{i=1;i<=T_len;iss}
{if (frime<T[1i])
(if{frime>=T[1-11}) [

1

{WT = W10[i-1] * (ftime = T[i-1]) ¢ (T[i] = T[i-1]) * (WLO[i] - WLO[2-1]);)

using a loop to select t.he
required energy release value
from an array

Figure 4. The general structure of function
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After that, one needs to initialize the calculation. Considering the obtained calculation results, we can
judge the final operability of the function. At the stage of performing a function, its operability can also be
checked in a separate external compiler, for example, DevCpp.

As a result of the thermophysical calculation results, the maximum temperature diagram change of the
fuel and structural elements during the experiment was obtained (Figure 6). The maximum temperature of
the elements is observed at ~ 990 s, which corresponds to the moment of reactor “shutdown” according to
the diagram of the experiment. The fuel temperature of the upper fuel element reaches 618 K, the lower one
— 475 K. The dynamics of changes in the maximum value of the element temperature (Figure 6a) after 700 s
from the beginning of the experiment diagram grows due to the heating of the reactor core, leading to an in-
crease in the energy release in the experimental device elements. This property was taken into account when
developing a user-defined function for a more accurate and closer to real conditions calculation, therefore,
the energy release profile depending on time is set correctly. The temperature distribution of the elements
relative to the reactor core center (RCC) at 990 s from the beginning of the experiment diagram
is demonstrated in Figure 7. At this moment, the experimental device elements have different temperatures in
height relative to the RCC, which indicates an uneven distribution of energy release along the height and the
operability of the user-defined function. In the performed calculation, the mass flow rate of
the cooling nitrogen was 2 g / s for each fuel rod.
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Figure 6. The maximum temperature changing of fuel and structural elements: a — upper fuel rod; b — lower fuel rod
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Figure 7. Temperature of fuel and structural elements relative
to the RCC at 990 s from the beginning of the experiment diagram

Conclusions

The paper considers a model of an experimental device designed to study the possibility of changing the
neutron spectrum of the impulse graphite reactor from thermal to fast. To carry out a thermophysical calcula-
tion in the ANSYS Fluent software, closer to real conditions and taking into account the reactor core heating
during the test, a user-defined function was developed. Based on the results of the thermophysical calcula-
tion, a diagram of the maximum temperature values change in the fuel and structural elements of the device
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was obtained. Changes in the maximum temperature of the elements have shown full operability and ap-
plicability of user-defined functions for modeling and setting complex profiles of energy release in model
fuel elements with a distribution by time and height.

The developed user-defined functions will be used in subsequent computational studies to assess the
thermal state of other experimental devices, and can also find their application in other engineering calcula-
tions, for example, in aecrodynamic and electromagnetic [4—6].
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Mopenbaik AKbLTyIBIFAPFBILI 3JIeMEHTTEPiH/Ieri JHeprus MWbIFapblIy KeCKiHiH
iCKe achIpy YIIiH pajuanusiJIbIK KbI3YbIH ecelKe aja oTbIpbin, AnsysFluent
O0arapjamMachIHIArbl NAHAAIAHY Bl QYHKIUACHIH KOJIAHY

Makajia HMIIYJIbCTIK TrpadUTpeakTopAblH HEHTPOHIBIK CIEKTPIH IKBUIYJBIKTaH ILAIIIAHFA ©3TepTy
MYMKIHJIIriH 3eprreyre apHamraH koHe KP ¥5O PMK «AToM SHeprusicsl MHCTHTYTBD (DHIIMAIBIHBIH
HMITyJIbCTIK TpaUTPeakTop KeUIeHIHAE ChIHAJIFAH OSKCIEPUMEHTTIK KYPBUIFBIHBIH MOJET KOpCEeTUIreH.
CeiHayra naiieiaaay Gapeiceiina MCNP Garnmapiamanblk KOJBIH KOJAAHBIN, KONTEreH HEHTPOH-(PU3NKAIIBIK
3epTTeysep MEH ecenTep OTKi3inai. 3epTTeyiepliH MakcaThl KbUTYLIBFAPFBILI 3JIEMEHTTEPAIH SIPOJIBIK
OTBIHJAFBl JKOHE OTBIHCBI3 KOHCTPYKTHBTIK 3JIEMEHTTEPAIH pPaJHalusiIbK KbI3y Ke3iHOe HMITYJIbCTIK
rpadUTPEaKTOPIbIH JKbULYJIBIK KYHIH €CelKe alyMeH MEHIIIKTI 3Heprus LIbFapbUIybIH aHBIKTAY OOJIBIIN
TaObUTaABl. AJIBIHFAH MOJIMETTEp/iH OacTanmkel IIapTTaphl MainalaHymbl (YHKOWSICHIH o3ipiey >KoHe
CBHIHAJIBIN JXKAaTKaH JKCHEPUMEHTTIK KYPHUIFBIHBIH TEMIIepaTypa OpiciH aHbIKTay MakcaTbiMeH AnsysFluent
OarapraMalnblK  JKacaKTaMAachIHIA OTKI3UICTIH JKBITy(QH3MKaNbIK ecentepie KoymaHbutagsl. OTBIHCEHI3
KOHCTPYKTHBTIK JIEMEHTTEPAIH HMITYJIbCTIK IpadUTpeakTophlHIa paJualysUIBIK KbI3y Ke3iHJe KoHe ne
PEaKTOPIbIH KBUTYJBIK KYHiH ecelke anaThlH, MEHIIIKTI YHEPrHs LIBFAPBUIYBIH CaHAy oicTeMeci KeHiHri
yakpITTa KongaHbula Oactanran. Oran  AnsysFluent Oarmapiamanbik kacakTaMachlHOa —©TKI3LIETiH
KBUTY(DH3HUKANIBIK €CeNTepae KePEeKTi SHePrHs LIBIFAPbUTy KECKiHIH iCKe achIpy YIUiH jKEKe TOCLIIeMe KaxKeT.
CoHbIMEH KaTap, Makajaja OKCIHCPUMEHTTIK KYPbUIFBIHBIH MOJENBAIK JKbUIYIIBIFADFBILI  KOHE
KOHCTPYKTHBTIK 2JIEMEHTTEpIiH/Ie yaKBITKA )KOHE OMIKTIKKE Toyeli MCHINIKTI SHEeprHs IIBFaphLTy KeCKiHiH
Ansys Fluent 6argapiamacbiHia KOO YIIH HaliAaaHymibl (yHKIUSIIAPBIH apTHIKIIBUIBIKTapEl KOPCETUITCH.
MynaH 06acka SKCIIEPUMEHTTIK KYPBUIFBIHBIH OTBHIHABI XXKOHE OTHIHCHI3 KOHCTPYKTHBTIK 3JIEMEHTTEpiHIH
TeMIepaTypa yJecTipiMi >KoHEe OHBIH MaKCHMyM MOHIH aHBIKTAy VIIIH OTKI3UITeH IKBUTYy(QHU3NKaJIBIK
ecenTeyAiH HOTHXeNepi KeNTipiireH.

Kinm cesoep: maiimanmanymsl ¢yHkuusicl, Ansys Fluent, paamanusnblK KpI3y, SHEprus IIBIFAPbUIYHL,
JKBUTYLIBIFAPFBI IEMEHT, SKCIEPUMEHTTIK KYPBUIFBI, MMITYJbCTIK IpadUT peakTOpbl, *KbUTy(DH3MKAIbIK
ecenrey.
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H.A. Cyneitmenos, H.E. Myxamenos, O.M. XKan6omatos

IIpumeHnenune nmojb3oBarTeibckoil ynkuun B Ansys Fluent
AJISL peau3annu nNpoguis JHeProBblIeIeHUs] B MOJIeIbHBIX TBIJIAX
€ YYeTOM PAJAHALMOHHOI0 Pa3orpesa

B crartee mpencraBieHa MOJENb OSKCHEPUMEHTAIBHOTO YCTPOMCTBA, HCIBITAHHOIO HA KOMIUIEKCE
UMITyJIbCHOTO rpaduroBoro peakropa ®ummama MAD PITI HAL PK u npenHa3HaueHHOro AJs M3yd4CHUs!
BO3MO’XHOCTH W3MEHEHHS CIIEKTPa HEUTPOHOB PEaKTOpa U3 TEIJIOBOrO B ObICTphIH. Ha sTame moaroToBku
HCTBITAHUSIM TIPOBEJICH Psl HEUTPOHHO-QU3MUYCCKHX HCCICAOBAHUI ¥ pAcyeTOB C HCIOJIb30BaHHEM
nporpammHoro koga MCNP. Ilensto uccienoBanuil — onpezeseHre yJIeabHOTO SHEProBbIACICHHS KaK B
TOILTMBE MOJICIIBHBIX TBAJIOB, TAK U B HETOILIMBHBIX KOHCTPYKTUBHBIX JIEMEHTAX SKCIEPHUMEHTAIBHOTO YCT-
poiicTBa B mpolecce uX pagraldoHHOI0 pa3orpeBa ¢ y4eToM TEIIOBOIO COCTOSIHUSI aKTUBHOM 30HBI peakTo-
pa. Ilocie yero mosydeHHble JaHHBIE OBIIIM MCIONB30BaHbI B KAUECTBE HAYAIBHBIX YCIOBUH IJIs pa3paboTKu
MOJIb30BATENbCKON (QYHKIMK U MPOBEACHUS TEIUIOQU3MUECKUX PACUETOB IO ONPEENICHUIO PACHpPEACICHHS
TEMIIePaTypHOrO MOJIsI B HCIBITBIBAEMOM YCTpoiicTBe B mporpammHoMm makere Ansys Fluent. Meronuka
pacyera yIENbHOTO SHEPrOBBIACICHHS B HETOIUIMBHBIX KOHCTPYKTHBHBIX 3JIEMEHTaX B MpoLecce HX
paAMalMOHHOTO Pa3orpeBa B pEakTOpe, ¢ YUETOM €ro TEIUIOBOTO COCTOSIHHS, MPUMEHSIETCS OTHOCUTEIIBHO
HelaBHO. DTO TpedyeT 0co0O0ro moaxoja K pealu3aludd HeoOXOAUMOro MpOo(WII SHEPrOBBIICICHHS MPU
MPOBEJICHAN TEIIOQU3NYECKIX pacdeToB B Ansys Fluent. B pabore moka3zaHbl mpenMymiecTBa
MOJTb30BaTeNbCKON QyHKIMH B Ansys Fluent mist 3amanus mpoQuis yAeIbHOTO SHEPTOBBIICICHHS B MOJICITb-
HBIX TB3JIaX M KOHCTPYKTUBHBIX 3JIEMEHTaX HCIBITAHHOTO SKCIEPUMEHTAIBLHOTO YCTPOWCTBA B 3aBUCUMOCTH
OT BpEMEHH M BBICOTHI. KpoMe 3TOro, mpuBe[eHbl pe3yibTaThl MPOBEACHHOTO TEILIO(YU3NUECKOrO pacuera
SKCHEPHUMEHTAJIBHOTO YCTPOWCTBA IO ONPENCNICHUIO PpACHpelesieHuss M MaKCHUMaJbHBIX 3HAYCHUH
TEMIIEPaTyphl B TOIUIMBE U HETOIIMBHBIX KOHCTPYKTHBHBIX 3JIEMEHTAX.

Kniouesvie crosa: nonp3oBarensckas ¢pyHkiusa, Ansys Fluent, paguanoHHslii pa3orpes, SHEproBbIICICHHE,
TBOJI, SKCIEPUMEHTAIBHOE YCTPOHCTBO, MMITYIbCHBIH IPaUTOBEIH PEaKTOP, TEIIO(PU3NIECCKIE PACUETEL.
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Development of the algorithm for calculating the optimal molding
modes of the BeO slurry using various rheological models

This paper presents the results of calculating a mathematical model of the flow and heat transfer of thermo-
plastic beryllium oxide in a round channel of a molding installation. An algorithm for calculating the system
of equations based on the Herschel-Bulkley rheological model has been developed. The finite-difference ana-
logue of the equations system of motion, continuity, and energy is solved numerically using the Crank-
Nicholson difference scheme. The three-parameter equation is used to test the consistency of experimental,
data, and how adequately the physical features of the non-isothermal flow of the slurry convey comparing to
the Shvedov-Bingham model. The calculation results illustrate that the proposed model reflects the most im-
portant features of the thixotropic flow character of the slurry and is in better agreement with the experi-
mental data of viscoplastic fluids. It provides the calculations of speed of viscous-plastic flow of the slurry
based on Shvedov-Bingham and Herschel Bulkley’s two rheological models considering the peculiarities of
coagulation structure formation and flow mechanism with boundary conditions. As a result of calculations,
the fields of velocity, temperature, and density were obtained, which describe the regularities of the flow and
heat transfer of a thermoplastic slurry. The change in the Nusselt criterion along the length of the shaping
cavity is shown, which coincides with the analytical solution of Nusselt under first kind boundary conditions.
The optimal conditions for the process of ceramics molding by hot casting method have been found, allowing
to obtain a hardened product with a homogeneous structure of beryllium ceramics at the outlet.

Keywords: thermoplastic slurry, beryllium oxide, ceramics, rheological model, Herschel Bulkley, thixotropic,
viscous-plastic, non-isothermal.

Introduction

High-density beryllium oxide ceramics are widely used in various fields of new technology due to a
number of valuable properties and above all, unique thermal conductivity. The manufacture of high-tech be-
ryllium ceramics by the slurry (extrusion) molding, similar to MIM (Metal Injection Molding) technology,
includes the same physical processes and methods that reduce the cost of rejected products and significantly
improve the quality of products.

During industrial tests, thermoplastic slurry has been used to obtain ceramic products — a highly vis-
cous suspension with different organic binder contents: 9.5; 10.7 and 11.7% prepared from beryllium oxide
powder (grade H1 specific surface area 1,57 m2/g). The organic binder includes three components: paraffin,
beeswax, oleic acid in a ratio (82; 15 and 3%) [1].

The molding unit tank is filled with thermoplastic molten slurry and the mold is filled under pressure. In
the molding process, there is a difficulty in the deformation behavior of the molding because of the high
thermal conductivity of the dispersion medium. In the temperature range of 40-59 ° C, the volume-phase
characteristics of the slurry mass changes and the volume of the liquid phase increases. An increase in the
volume of the liquid phase and the presence of an additional amount of binder lead to structural defects. Ef-
fective control of the molding process to reduce the content of the liquid phase while maintaining the high
fluidity of the slurry was carried out under the influence of a pressure gradient resulting from ultrasonic (US)
effects.

The present paper examines the viscous-plastic course of the beryllium ceramic molding process based
on experimental data obtained from actual injection molding plants [2]. The reasonable choice and calcula-
tion of the optimal mode of the beryllium ceramic molding process are, from an energy point of view,
a paramount technological task for the production of ceramic products.

Numerical calculations of the mathematical model of the process take into account the thixotropic-
dilatant and complex rheological behavior of the slurry on rheological models, the dependence of thermo-
physical characteristics on temperature, non-isothermal flow, and heat exchange when the aggregate state
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changes. A detailed discussion of the conditions of heat exchange and phase conversion is not our task how-
ever, it was necessary to note the solidification temperature of the slurry.

Calculation of non-isothermal flow based on the rheological model of a power-law fluid

Non-isothermal movement of thermoplastic slurry in molding cavity of molding unit is considered
(Fig. 1). The structure of the molding cavity is made in the form of coaxial pipes. Inner pipe with radius of
r; = 0,045 m forms cavity and circular layer with radii of r, = 0,005and 73 = 0,015 — casing for
circulation of cooling liquid. Liquid slurry with initial temperature of Ty = 75°C flows in and moves into
forming cavity. According to experimental data, the maximum value of the molding speed does not exceed
2 mm/min.

As it moves, the slurry cools and solidifies acquiring a structural shape at the outlet of the pipe [3].

Figure 1. Diagram of industrial ultrasonic (UZ) molding plant

The wall of the molding cavity is cooled by water circulating in the annular casing. The cooling zone is
divided into three parts, in the first compartment the water temperature T,,; = 73°C, in the second Ty, =
59°C, in the third T,,3 = 45°C. The total length of the cavity L = 0,108 m: the length of the hot, warm, and
cold part of the pipe is equal to L; = 0,022 m, L, = 0,045 m, L; = 0,041 m, respectively.

For numerical calculations of non-isothermal flow and heat exchange of thermoplastic slurry, a mathe-
matical model is presented by the following system of equations of motion, continuity and heat exchange [4].

ou ou daprP a d ou
pus v =~ + 5+ 5 (B5) + pg; M
apuw) | 1d(pvr) _ .
oz Tror =0 @)
oT aT 10 oT dp ow)?
pucp£+pvcp;—;$(/1r5)+LkE+B(5) . 3)

The system of equations (1) — (3) is closed by the Herschel-Bulkley rheological equation, in which the
quasi-Newtonian viscosity is determined by the relation [5; 6]:

B =k 2" )

In (1) - (3), z,r — cylindrical coordinates; u, v — speed components; p, p, T, Ty, B, 4, ¢p, Ly, — pressure,
density, temperature, yield strength, quasi-Newtonian viscosity coefficient, thermal conductivity, the slurry
heat capacity and crystallization heat, respectively. Density, coefficients of heat capacity, viscosity and ther-
mal conductivity of the slurry depend on temperature and their dependencies are determined by empirical
formulas obtained on the basis of experimental data [7].

The effect of mechanical energy dissipation is not significant, however, taken into account in the calcu-
lations. The condition of maintaining the mass flow rate of the current medium in the mass-forming cavity
makes it possible to find the pressure drop necessary to control the molding speed:
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2 forl purdr = tripy ug %)

The speed and temperature distribution at the inlet is assumed to be constant along the channel section,
accordingly, all thermo-physical characteristics of the slurry are constant. Boundary conditions are recorded
at channel input:

atz=0: u=uy, v=0, T =Ty (6)
on the walls of the channel in the area of the liquid state of the slurry for speed, adhesion conditions are set:
u oT
atz>0,r=0: 5—5—0,17—0, @)

and in the field of solid plastic state — conditions of non-flowing and sliding:

atz>0,r=mnr, v=0, —£=3(1:0i+(k3—:)n),i=1,2. ®)

dz 71

Heat exchange on the outer wall is determined in accordance with the temperature value in the cooling
contour of the cavity. We denote the temperature of water in hot, warm, cold contours Ty, T,, T3, respectively,
and then we have boundary conditions for the temperature on the outer wall:

at 0<z<l, r=m, —AZ—:=k(T—T1);
at h<z<lp r=r, A =k(T—T,); )
at I, Sz <ly, r=ry, A= k(T —T5).

The heat transfer coefficient k is in the standard manner [8].
The system of equations (1) — (3) is given to dimensionless variables. As a result of transition to dimen-
sionless variables of the Reynolds equation, Bingham, Nusselt, Prandtl and Bio:

o zZ . roo~ u . v L ~ T = T = P
==L, il=—b=—p=LF=2, T=—P=
r &1 Ug Ug Po To To poud’
~ L 2y , TVt air c KT
Ly=—% Re=2"" Bin=2"__ Ny=%1 pr="28 pi =101
cpoTo u ugn s y s

grid points in each coordinate direction Oz and Or designates Az, Ar and are calculated by the formulas:
Az =2z, 1 — 2z, Ar =1j41 —Tj_q, Ary =14 — 15, Ar_ =1, —1j_4q, iy, Ty, = Ar

where Az, Ar vary in the range 0 < A< 1.
The difference analogues of the equations of motion (1) and energy (3) are obtained according to the
Crank-Nicolson scheme. Then the equations of motion can be represented as:

[H(p}‘“u]’-”l) +(1- B)p}lu}‘](u}”l - u]")

+
Az
n+1 n+1 n+1 n+1 _ n,n ul
0(p] ) (] 1)+ =0/ v")(Whs — uty) N
Ti+1 — Tj-1
n+1 n+l _ , n+l n+l _ , n+l
— d_p + 9 BTL+1 uj+1 u] BTL+1 u] u]_l
~ \dz Tiy1/2 —T A e
j+1/2 j—1/2 j+1 j j j—-1
n n n n n+1 n+1
1-6 n Y+1 7Y a W oW Toje1—To- L
Y |Bi+12. . Bt +
Ti+1/2 —Tj-1/2 Ti+1 — 7 T —Tj-1 Ti+1 — Tj-1

The resulting difference equation is nonlinear with respect to the desired quantities, therefore, to find
them, it is necessary to iterate along the nonlinearity or apply the Newton linearization method [9].

n+1 n+1 n ng mgn+1 n+1 n+1 n n+1 n+1 n+1 untl
Hp u;j +(1_9)P1 iUy 9p U; ep] ( Uj_q1

Az 7}'+1 —Tj-1
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n+1 n+1
_ 4 Bii1/2 ( n+1_un+1) Bi~1/2 (un+1 un+1
Tiv1/2 — T} Tigg—1 s Yt T =T J-1
j+1/2 7 =12 U+l T J =

g ok~ ol _ (dp) L A= Opfwuf (1= 0)pfv iy —ully) |

Ti+1 — Tj-1 dz Az Ti+1 — Tj-1
n n+1
1-6 141/2_ (i n)_BJ Y2 (yn n)=_d_P 4
. —r U U 2 — U =) =7\
Tj+1/2 = Vj-1/2 [Tj+1 — 7} T —Tj-1 z

0 +1 To 1
+RHS' + (1 — 6) L2212

Tj+1=Tj-1

Accuracy of calculating the flow strongly depends on the way of calculation B}”l, then it can be written as:

n+1 — n+1 n+1
]+1/2 ]+1 — B; )'
n+1 — n+1 n+1
1 1/2 — ( — B; )
n+1 n+1
6 [BJ+1/2 (un+1_un+1)_ Bj—l/Z un+1_un+1] 6 "
_ _ j+1 J _ j J-1
Tiv1/2 = Tj-1/2 [Tji+1 = 7j i T 247;

( ]n++11 +Bn+1)( n+1 }1+1) ~ (Bjn+1 + Bn+1)(un+1 n+1
Ar}- Ary” '

n+1

After linearizing nonlinear elements in the equation of motion to find ;" the difference analogue of

the equation is reduced to the three—point form:

n+1 n, n+l n, n+l _ on dp\"t!
—afuwly + by — ¢ ult = 6 _(E) .

When calculating internal flows, the pressure gradient, which is an unknown quantity, in the process of
solving it, will be determined by splitting method from condition of preservation of mass flow rate:

f pn+1 n+1 rdr = % (10)
dp\+1
For determining (E) the splitting method is used [9]:
n+l1 _ , n+1 dp n+l . Sn+1 11
uj (p + dz Ji ( )

n+1 Sn+1

Thus, the solution algorithm u**? has the form: 1) from difference analogs ®; the desired var-

J
iables are calculated by the sweep method; 2) by found values ¢} n+l .S "1 definite 1ntegrals are found by the

n+1
Simpson method and the pressure gradient (%) ; 3) calculated u”+1

Similarly, the heat transfer equation is represented in ﬁnlte-dlfference form by the Crank-Nicolson
scheme.

Results and Discussion

Calculation of non-isothermal flow and heat transfer of thermoplastic slurry which based on the
Bulckley-Herschel model gives the following results. The calculations provided for two identical operating
parameters similar to the Bingham model [10]. Figure 2 (b) shows that the velocity profiles have a more
filled form, and decreasing of the velocity on the axis is associated with a high consistency of the slurry
mass. The developed profile of the shear rate increases the cooling effect from the side of the wall and this,
in turn, leads to intensive heat transfer between the slurry and the cooling liquid, hence, to an increase in vis-
cosity. As can be seen from Figure 2 (a), in hot and warm contours with the slurry which located in the cen-
tral region of the pipe occurs heat transfer due to convection. When transition to warm contour z = 23 mm,
large changes of temperature along the channel radius are demonstrated which are related to the temperature
gradient. Further, the temperature distribution in the core of the flow over the cross sections is reduced and
remains almost uniform in the cold contour (Fig. 2, a). Beginning with z = 63 mm, the speed distribution

88 BecTHuk KaparaHgmHckoro yHusepcurteTa



Development of the algorithm for calculating...

becomes more uniform because of the balance between the cooling effect and the internal phenomenon of
convection. The filled profile of the shear rate of the considering model does not always ensure the uniformi-

ty of the structure of the slurry mass, however, with the correct choice of thermal parameters, positive results
can be obtained.
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Figure 2. Temperature (a) and speed distribution (b) along the pipe length:
u = 1 mm/min, 7, = 45 mm, Re =3,52-107*

As the thickness of the round pipe decreases, the temperature of crystallization is reached near the wall
at a distance of z =59 mm, and the crystallization front at a sharp rate covers the entire crosscut layer of the
round channel (Fig. 3). The developed speed profile facilitates rapid heat removal from the inside of the slur-
ry to the wall. At transition to cold contour the slurry is in solid-plastic state and the temperature of the slurry
at all points shall be equal to temperature of cooling liquid of this contour [11]. The solidification begins
with a cold contour, followed by a sharp increase in the density of the thermoplastic slurry. The calculated
data of the speed profile, obtained using the Bulkley-Herschel model, have a more filled form with a constant

core in the central part of the flow (Fig. 3), which is in qualitative agreement with the data of the analytical
solution of the motion of a non-Newtonian fluid in a round channel.
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Figure 3. Temperature (a) and speed distribution (b) along the pipe length:

u = 1 mm/min, r, = 33 mm, Re =1,95-10"*
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Figure 4. Nusselt criterion change along the pipe length

The regularities of the change of temperature and longitudinal speed profiles cause the change in the
Nusselt number (Fig. 4). The presented dependence of the Nu number on Z testifies that in the warm and
cold contours, the change in slurry viscosity with temperature has a stronger effect on heat transfer than in
the hot contour, where the temperature gradient is insignificant. When falling temperature is different,
Nusselt number decreases much faster (warm contour) than in a cold contour, where the rising temperature
head slows down the fall Nu. The problem of heat transfer for a laminar flow of a non-Newtonian fluid, in a
round pipe at a constant wall temperature, was solved to verify the numerical method. The change in the
Nusselt criterion (dimensionless heat transfer coefficient) along the pipe length decreases monotonically in
each contour and tends to a constant value that coincides with the analytical Nusselt solution under first-kind
boundary condition [12].

As can be seen from Figure 5, the calculation data, obtained using the Herschel-Bulkley model, indicate
good agreement with the results of experiments and industrial tests. In the calculated temperature range, the
change in density in the liquid state is (2.355-2.38) g/cm’, in solid plastic — (2.38-2.43) g/sm’.
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Figure 5. Density change of the slurry along the pipe length

The obtained results of calculations of the process of thermoplastic slurry solidification under the spe-
cific conditions of the round pipe of the molding installation make it possible to clearly represent the kinetics
of solidification depending on the molding modes, the structure of the molding mass and the peculiarities of
the configuration of the articles.
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Conclusions

Numerical calculations of non-isothermal flow and heat exchange of thermoplastic slurry based on
Shvedov-Bingham and Herschel-Bulkley two rheological models are compared with experimental data. The
application of the Herschel-Bulkley rheological model describing the non-thermal flow and the gradual tran-
sition from the flowing state after the destruction of the slurry mass structure to the solid state is justified by
the thixotropic-dilatant properties of the slurry. The rheological behavior of the viscoplastic slurry is com-
plex when different flow modes exist at different shear rate intervals depending on the duration of treatment
of the slurry with exposure. Rheological parameters of viscoplastic slurry are determined experimentally in
the studied area, where with existing measurement methods reliable results.

The given results of mathematical model calculations help to find optimal parameters of thermal regime
of the slurry molding in forming cavity to reduce production costs of molding system. The calculated data
show the applicability of the Herschel-Bulkley rheological model in a wider range of molding systems com-
pared to the Shvedov-Bingham model. The optimum conditions of the process of molding of BeO thermo-
plastic slurry were found, which make it possible to obtain a solidified product with a unified structure of
beryllium ceramics at the outlet.

The results of the study, obtained using the Herschel-Bulkley rheological model, lead to the following
conclusion:

— speed profiles have a more filled appearance with a constant core in the central portion of the flow;

— unified speed distribution contributes to unified fields of temperature, density and improvement of

other thermo-physical properties of the slurry;

— speed epures with a constant core in the central part of the stream satisfy the theoretical data.
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3.K. CarrunoBa, T.H. bekenos, b.K. Accun6ekos, I'.11. Pamazanosa, K.M. /roceHoB

OPTYPJIi peosIorusIIbIK MOAeJbAep/li KoJAaHa oTbIpbIn, BeO Tepmomiact
HUIMKePiH KYIOJbIH ONITUMAJIbI IAPTTAPBIH ecenTey aJrOPUTMIH Kacay

Makasnana OepwIIMi TOTHIFBI TEPMOIUIACT IUIMKEPIHIH KYHO KOHABIPFBICHIHBIH [OHICJICK KaHAaJbIHIAFbl
aFbIChl MEH JKbUIyaJIMacybIHbIH MAaTeMaTHKAJIbIK MOJENi eCeOiHIH KOPBITHIH/BICHI KENTIPUIreH. AFBICTHI
cunmatrTalTeiH [ epiuenb—bankin peonorusuiblk MOAENs HETi3iHAeri TeHAeYJep KYHEeCiHIH CaHIBIK LUy
IropuTMi Kypacteipbuirad. Kosrasbic, Y3UTicCi3IiK xKaHe SHEPTUsl TCHCYIIep KYHECIHIH COHFbI-aibIPBIMIBI
aHanorsl Kpank—HuKOJILCOH cxeMmachl apKbUIbl ajblHFAaH. YINNapaMmerplli TEeHIEYAl KOJJaHylarbl Makcar
M30TEPMHUSIIBIK €MEC, aFbICThl KaHIIAJBIKTHI AKCICPUMEHTTIK JEpeKTepre COHKeC aJeKBaTThl CHIATTall
aNaThIHABIFBIH TeKcepy koHe [IIBenoB—buHramM MozeniMeH ajblHFaH €CeNnTey HOTHKENCPIMEH CalbICTHIPY.
Tepiuesnb-bankin MOJENiH KOJIQHYABIH €PEKIIENiri KbUDKY JKbULIAMIBIFBIHBIH KCH WHTEPBAJIBIHIA KUCBIK
CBI3BIKTHI LIIMKEP aFbIChIH CCKEpyHiH Kypueiitiri Oonsin canananpl. [IITMKepAiH THKCOTPOI-IHIATAHTTHI
KacueTiHe COoHKeC yJIbTPaIbIObICThl OHJICYACH KEHIHIT IUIMKEpIiH KYPbUIBIMBI OY3BUIBII, KHUCBIK CBHI3BIKTHI
AKKBILITBIFB! XKBUDKY JKbLIIAM/IbIFBIHBIH YJIKEH MHTEPBaJbIH KaMTUIbL. Ecenrteyiiep HOTHXKECI YCBIHBUIFaH
MOJEINb IUTHKEPAiH THKCOTPONTHI aFbICHIHBIH €H 0acThl epEeKIICTIKTepiH KOPCETETIHIIr KHE IKCICPUMEHT
JEPeKTepiMeH COMKECTIrl IIUIMKED aFbIChl JKbULAAMABIFBI MEH THIFBI3ABIFBIHBIH  ©3repyi  apKbUIbI
canbICThIPbULABL. 1IINUKepAiH TYTKBIP-IUIACTUKANBI aFbICBIHBIH JKbULIAMABIFBIH, HUIMKEPAIH KOAryJIsIHsIbIK
KYPBUIBIM TY3y €PEKILEIIri MEH aFbICThIH LIEKapajblK MapTTapbiH eckepin, [IIBenoB bunram xoue I'epruens—
Bankiam peonorusiiblk Moaenbaepi Heri3iHAe CaHIBIK ecenTeyiepMeH xKyprizinai. Ecenreynep HoTmkecinme
arbIC JKOHE JKbUTyaJIMacy 3aH/BUIBIKTAPBIH CHUIIATTANTBIH JKbULAAMIBIK, TEMIIEpaTypa epicTepiHiH Tapaiysl
JKOHE TBIFBI3IBIKTHIH ©3repyi anbiHbl. Bipinmi TekTi mekapaiblK maprra HyccensT kputepuiiiHin e3repyi
AQHAIMTUKAIBIK LICMIIMIMEH CoHKec KeJeTiH JKbulyalMacy KpUTEpHUifiHiH KaHan OoifbiMeH e3repyi
kepcetinren. Kyto nporieci conpinia GipTeKkTi KYpbUIbIM/BI KEPAMHUKa OHIMIH ally YIIiH HUTHKepaAi popManay
NPOLECIHIH THIM/I HIapTTaphl AaHBIKTAJIFaH.

Kinm co30ep: TepMonnacT nutukepi, OepuiiInid TOTBIFbI, KEpaMHKa, PEOSIOTHIIBIK Mozeb, 11IBenos-bunram,
T'epmrens—bankim, THKCOTPOIUS, TYTKBIP-TUIACTHKAIBI, M30TEPMUSIIBI €MEC.

3.K. CarrunoBa, T.H. bekenos, b.K. Accun6ekos, I'.11. Pamazanosa, K.M. J/{roceHoB

Pa3paboTka ajropurMa pacyera ONTHUMAJBHBIX PEKHUMOB JIUThS TEPMOIIACTHYHOTO
nutikepa BeO ¢ ucnoJib30BaHHeM Pa3jIMUHbIX Pe0JTOTHYECKHX Mojeieit

B cratbe mpexacTaBieHBI pe3ynbTaThl pacyeTa MaTeMaTH4YeCKOH MOJIENM TEUeHUs U TeIIooOMeHa
TEpMOIJIACTUYHOTO OKCHIAa Oepuiius B KPYTJOM KaHale JUTeHHOH ycraHoBku. PaspaboTan amroputm
YHCJICHHOTO pacyeTa CUCTEMBbl YpaBHEHUII Ha OCHOBe peosiormueckoil monenu I'epmens-bankau. Koneuno-
Pa3HOCTHBIN aHAJIOT CUCTEMbI YpaBHEHHI ABW)KEHHUS, HEMPEPHIBHOCTH M SHEPTHHU PEIIAETCs YHCIECHHBIM Me-
TOJIOM C HCIIOJIb30BaHUEM pa3HOCTHOW cxembl Kpanka-Huxonscona. IlpuBeneHHbIe 3KCIIEpHMEHTaTbHBIE
JTaHHbIE TI03BOJIAIOT OLIEHHUTH Je(hOpMaIIMOHHOE MOBeIeHHE (POPMOBOUHOM MACCHI, a TAaKKEe YCTAHOBUTD 3aBH-
CHMOCTb PEOJIOTHYECKHX M TEIUIO(PU3NUSCKUX CBOMCTB TEPMOIUIACTUYHOTO IUTHKEPa OT TEMIIEPaTyphl. YUH-
TBIBass OCOOCHHOCTH KOAry/SIIHOHHOTO CTPYKTYpOOOpa3oBaHHS M MEXaHM3Ma TEUCHHUS C TIPaHUIHBIMU
YCIOBUSIMH, B CTaTbe IPOBOJUIIUCH PACUETHI CKOPOCTEH BI3KOIUIACTHYHOIO TCUEHHMs IIUIMKEpa Ha OCHOBE
IByX peosorndyeckux moxaenei IlIBenosa-bunrama u banknu-I'epiiens. Tpexnapamerpuueckoe ypaBHEHHE
MPUMEHEHO C LEbI0 MPOBEPKU COTTACOBAHHOCTH a€KBATHOCTU 3KCHEPUMEHTATIBHBIM JAHHBIM HEN30TEPMH-
YECKOT0 TEeUEHHMs IITUKEpa MO cpaBHEHHIO ¢ Mojenbio IlIBenoBa-bunrama. [laHHas Mozenb Ui ONMHUCAHMS
PEOJIOrMYECKOT0 MOBEASHNUS IUIUKEPa CBS3aHA CO CIOYKHOCTBIO ydeTa HEIMHEHHOCTH KpPHUBOW TedeHHs B
IIMPOKUX MpeleslaX U3MEHEHUS CKOPOCTU CABUTa. THKCOTPOIHO-IUIIATAHTHOE CBOMCTBO IIJIMKEpa TAKOMY
OTrPaHUYCHHUIO HE YIOBICTBOPSET, M HEIMHEHHOCTh KPHBOH TEUCHUS IOCIEC Ppa3pyLICHUs CTPYKTYpBI
MPOSBIIAETCS B IIUPOKHUX IpeAeaax U3MEHEHHs CKOPOCTH caBura. B Hamem cilydae IpUMEHEHHE MOJIENU
Banxnu-T'epiens 103BOJMIMIIO  afEKBAaTHO OTPAa3UTh PEOJIOIMYECKOE IIOBEACHHE NIIMKEpa, BKIIOUYast
HEJTMHEHHOCTh KPUBOHM TeUeHMs M Bs3kue 3QQeKkTsl cpenpl. B pesynsrare pacdeToB OBLIM MONYYESHBI ITOJSL
CKOPOCTH, TEMIIEPATYphI U INIOTHOCTH, OMHUCHIBAIOIIE 3aKOHOMEPHOCTH TEYEHHS U TEINI00OMEHa TepMOIIa-
cTuyHOro nuimkepa. [lokasano msmeHenue kpurepus Hyccenbra mo anmuue ¢opmooOpasyroiieil MonocTy,
COBIMAJAIOIIEH C aHAIMTUYECKUM pelneHueM HyccenbTa npu rpaHuyHbIX YCJIOBUSX NepBOro poaa. HaineHst
OITUMAJIbHBIE YCJIOBHS IIpoLecca (OPMOBAHUS KEPAMHUKH CIIOCOOOM TOPSYEro JIMThs, KOTOPbIE MO3BOJISAIOT
MIOJIy4YUTh Ha BBIXOJE OTBEPAEBIIEE U3/IEIIUE C OAHOPOJHOHN CTPYKTYypOH.

Kniouesvie cnosa: TepMOIUIACTUYHBIN IITHKEP, OKCHJ OCpHILTHS, KepaMUKa, peoiornieckas mojaens, 1Ise-
noB-bunram, I'epiens-bankiau, THkcoTponus, BI3KO-IUIACTUYHBINA, HEU30TEPMUYECKHA.
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