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BCTYIIMTEJIBHOE CJIOBO

B nactosimem coopHuke npenactasnensl goknanasl VI MexnynapoaHoii koHpepenunn «HaHomaTtepuaisl n
texHonorun», VIII MexayHaponHol KoOHQeEpeHIMH 10 MaTepuajoBeAeHui0o W V  MexayHapoaHon
KoH(pepeHnrn 1o (GyHKIIMOHAIBHEIM MaTepraiam (24—28 aBrycra 2019 roga, r. Yian-Y o — 03. baiikan).

B cOopHMK BKIIIOYEHBI JOKJAIbl POCCHMCKUX M 3apYOEKHBIX YUEHBIX W3 HM3BECTHBIX HAYYHBIX LEHTPOB.
Hayunas nporpamma xoH¢epeHIMH BKJItO4Yajga B ceOsl BOIPOCH (POPMHUPOBAHUS, BBIABICHUS MEXaHHU3MOB
00pa3oBaHMsl U XapaKTepU3alMK Pa3IMYHbIX HAHOPAa3MEPHBIX OOBEKTOB C HMCIOJIb30BAHUEM DJICKTPOHHBIX
MyYKOB, Ja3epHOTr0 OOIyUeHHS, 30JIb-TeIb METOZOM, B IJIa3Me 3JIEKTPHUECKOTro pa3psija B raze. B moxmagax
IIPUBOJATCS HCCIEAOBAHMUSA CTPYKTYpHI, CBOMCTB HAHOYACTUL, HAHOTPYOOK, APYIMX HaHOOOBEKTOB,
CO3/IaHHBIX TIEPEUYNCICHHBIMU METOIaMHU.

B pesynbprare Monudukanyn HaHOOOBEKTaMH BEIIECTB M MaTEPHAJIOB MPOUCXOIUT U3MEHEHHE UX CBOICTB,
(U3UKO-XMMHUYECKUX XapaKTEPUCTHUK: MEXaHWYECKHUX, MArHUTHBIX, MEKTPOPU3NUECKUX, KaTATUTUICCKUX,
ONTHYECKUX, BA3KOCTU. Jlpyroe BajKHOE HampaBiCHHE W3y4YeHHsS HAHOPa3MEPHBIX OOBEKTOB, TaKXKe
nMeronieecs B AOKIaJax — 3TO MX HCIOJIB30BaHUE B PA3NIMYHBIX COCAMHEHWAX, MaTepHalaX, TaKUX Kak
CTaJlu, )KUJKNE KPUCTAJIbl, MOTOPHBIE Macia, MUKPOKAIUJUIAPHBIE PEaKTOPbI, TOITUBHBIX SYEHKAX C LETbI0
MoIubHUKaLKK, yIy4YIIEHUs UX CBOHCTB, HapaMeTPOB.

HccnenoBanust B 00aCcTH HAHOMATEPHAIOB SBJSIIOTCS MEXIUCUUIUIMHAPHON HAYKOW, B IEPBYIO OYepe.b,
omuparouiericss Ha (uU3MYecKWe W XUMHYECKHe MeToAbl. [lo3TOMy 3aKOHOMEPHBIMH CTaHOBSITCS
MpenbsBICHAbIE B COOpPHHKE pPabOThl B o0OnmacTh (PU3MKKM W XUMHH KOHJICHCHPOBAHHOTO COCTOSHUS,
ONMCHIBAIOIIME  [OBEJCHUE  CTEKJIIOOOpa3HBIX  CHCTEM,  JKHJAKAX  MarepuaioB,  IPUMEHEHHs
PEHTTEHOCTPYKTYPHBIX METOOB.

MatemaTHdeckoe W KOMIIBIOTEPHOE MOJEIUPOBAHUE MAaTEepHANIOB, INPEACTABICHHOE B JAOKIAAax, -
3G PEKTHBHBIE METOJIbl U3YYCHHUS CIOXKHBIX CHCTEM, KAaKUMH SIBISIOTCS HaHOOOBEKTHI, COCTOAIIHE M3
OTPaHHYEHHOT0, MOJBEPrarouierocsi MAallMHHOMY CYETy KOJIMYECTBA aTOMOB M MOJIEKYJ, YTO JaeT
BO3MOXXHOCTh HE€ TOJBKO MOJETHPOBATH BO3MOXKHBIE YCTOHYMBBIE CTPYKTYpPbI, HO M 3aBHUCALINE OT HX
pa3MepoB, GUINUECKUX MTAPAMETPOB — TEMIIEPATYPHI, IABICHUS U IPYTHX, CBOWCTBA.

C. I1. bapoaxanoe, n-p pu3.-MaT. HayK, npod.
A. B. Homoes, n-p Gpu3s.-Mat. HayK, JIOIL.
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Abstract

CoBpemeHHas AIEKTPOHUKA OCHOBaHa Ha MOJTYTPOBOTHUKOBBIX
HAHOCTPYKTypax  IpPAKTUUYECKM BO  BCEX €€  OCHOBHBIX  YACTAX, OT
MUKPOIIPOIIECCOPHBIX CXEM M DJJIEMEHTOB TaMSTU JI0 BBICOKOYACTOTHBIX U
CBETOU3IYYAIOIINX YCTPOUCTB, JaT4YUKOB U (DOTOIIEKTPUUYECKUX DIJIEMEHTOB.
[ToneBoit Tpansucrop Mmerami-okcua-nomynposogauk (MOSFET) ¢ npenensHoi
MaJIOW JJIMHOW 3aTBOPAa B HECKOJIBKO JECATKOB HAHOMETPOB M MEHEE SIBIACTCS
OCHOBOM MHUKPOMPOILIECCOPOB U AJICKTPOHHBIX YUIIOB IMaMSTH.

[IpyHIMTIMATBLHO HOBBIC (DU3UYSCKHE OCOOCHHOCTH IOJYIPOBOJHHKOBBIX
HaHOCTPYKTYpP CBSI3aHbl C KBAHTOBBIMU 3P (DEeKTaMH, TAKUMHU KaK TYHHEJIHPOBAHUE
HOCUTENEH 3apsijia, KOHTPOIUPYEMOE M3MEHEHUE CTPYKTYPhl SHEPreTUUYECKUX 30H,
KBAaHTOBAHHME DHEPreTUUYECKUX CIEKTPOB HOCHUTENIECH 3apsijia M CIIUHOBBIC SIBJICHHUS.
Cyrmieprio3uiuss KBaHTOBBIX COCTOSHUM U OOpa3oBaHWE 3allyTaHHBIX COCTOSHHI
(OTOHOB OTKPBHIBAIOT HOBBIE BO3MOXXHOCTH ISl PEalM3allii KBAaHTOBBIX OWTOB,
pa3pabOTKM HAHOPA3MEPHBIX CHUCTEM ISl KBAHTOBOM KpUNTOTpauu M KBAHTOBBIX
BBIUMCIICHUH.

JI1st M3rOTOBIICHUS HAHOCTPYKTYpP OBUTH MCIOJIb30BaHBI TMEPEIOBHIE METOJIbI
BBIPAILIMBAHMS, TAKUE KAK MOJEKYJISIPHO-JIydyeBass M XUMHKO-JTy4deBasl SMUTAKCHS,

OCAKIACHUEC aTOMHOI'O CJIOS, a TAKIKC OIITHYCCKAsA, 3JICKTPOHHO-JIy4YCBasA W 30HI0BaAsA
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HaHonuTorpadus. OmpeneneHue XapaKTEPUCTUK HAHOCTPYKTYpP BBINOJHIETCA C
HCIIOJIb30BAaHUEM JIMarHOCTHYECKUX HHCTPYMEHTOB BBICOKOT'O Pa3pellieHMs], BKIIOYast
AJIEKTPOHHYIO ~ MHMKPOCKOIIMIO  BBICOKOTO  Pa3pelleHHs, OTPAXKaILyld U
CKaHHPYIOUIYIO 3JIEKTPOHHYI0 MHUKPOCKOIIHIO, a TAKXKE CKAaHUPYIOU[YI0 TYHHEJIbHYIO
U aTOMHO-CHUJIOBYIO MHUKpOCKONHIO. KBaHTOBBIE CBOWCTBAa MOJIyNPOBOJIHUKOBBIX
HaHOCTPYKTYP OBLJIM OLIEHEHBI U3 TOUHBIX AIEKTPUUECKUX U ONITUYECKUX U3MEPEHUN.

CoBpeMEHHbIE KOHIICTIIMK PA3IMYHBIX MOJYNPOBOJHUKOBBIX TPUOOPOB B
AJIEKTPOHUKE U (POTOHUKE, BKIIIOUasi OTHOPOTOHHBIE U3ITy4aTeNH, FJIEMEHThI TaMsITH,
(OTONPUEMHUKHN U BBICOKOUYBCTBHUTEIbHBIE OMOCEHCOPHI, pa3padaThIBAIOTC OYEHb
MHTEHCUBHO. OOCYXIal0Tcid MEPCHEKTUBBl HAHOCTPYKTYPUPOBAHHBIX MATEpPUAJIOB
JUIA CO3/laHUsl HOBOTO IIOKOJIEHUS YHHMBEPCAJbHOW MaMITH M HEHpoMOp(HBIX
BBIYMCIIUTENbHBIX 3JIEMEHTOB.

[locnenHre NOCTHKEHHsI B PAa3BUTHHU ITOJYIPOBOJHUKOBBIX HAHOTEXHOJIOTHM
(MOJNEeKyIApHO-Ty4YeBasi U XUMHKO-Ty4YeBasi SMUTAKCHsI, U3TOTOBJICHUE TOHKOTO CJ0s
KPEMHHI-HA-U30J5TOPE, AJIEKTPOHHO-Iy4YeBass W 30HJOBas HaHoiuTorpadus) B
COUYETaHHM C METOJaMH JTMAarHOCTUKM aTOMHOTO paspenieHus (IpocBeuMBaromias u
OTpaXkarollasi AJIEKTPOHHAas MHKPOCKOIHS BBICOKOTO pPa3pelleHHs, CKaHUPYIOLas
TYHHEJIbHAsi MUKPOCKOMMSI ) OTKPHIBAE€T HOBbIE BO3MOXKHOCTH JJII MCCIEAOBAHUS U
MOJIEJIMPOBAHUS OJTHORJIEKTPOHHBIX " OJTHO(OTOHHBIX SBJICHUU B
MOJIyITPOBOJJHUKOBBIX MHUKpPO- M HAHOCTPYKTYypaX, a TakKXKe [JIsi H3TOTOBJICHHS
3JIEMEHTOB HOBOI'O IMOKOJIEHUS U1 MUKPO-, HAHO- U ONITOAJIEKTPOHUKH.

JlonoaHUTENbHBIE BO3MOXKHOCTH CBSI3aHbl C KOHTPOJIUPYEMBIM H3MEHEHUEM
CTPYKTYPBl SHEPreTHUYECKMX 30H (30HHAsI WH)KEHEpHUs), HOBBIMU KBAHTOBBIMU U
CIOMHOBBIMU  SIBJICHMSIMM  JUIsl  cO3/aHusl  (DOTONMPHUEMHHUKOB, OJHO(OTOHHBIX
u3Nlyyarened, BBICOKOUYBCTBUTENIbHBIX  JTATYMKOB, DJIEMEHTOB MaMsITH U
panno(OTOHUKH, KBAHTOBBIX YCTPOUCTB.

Jlannast paboTa NoCBsIEHa KPATKOMY OIKUCAHUIO COBPEMEHHBIX JOCTHKEHHUN B
00JacTU UCCIENOBaHUSI U MOJEIUPOBAHUS OJHOIJIEKTPOHHBIX U OJHO(POTOHHBIX
ABJICHUM B IMOJYNPOBOJHHUKOBBIX HAaHOCTPYKTYypax, a TAKK€ B CO3JaHUU AJIEMEHTOB

HOBOTI'O ITOKOJICHHA AJIsI MUKPO-, HAHO-, OIITO3JICKTPOHUKHW U KBAHTOBLIX HpI/I60pOB.



Keywords: mnosynpoBONHMKOBBIE HAHOCTPYKTYPBI, MHKpPO-, HaHO- U
BBICOKOYACTOTHAS AJIEKTPOHHUKA, (POTOHHKA, OJHO(POTOHHBIE M3ITydaTeNu, JIEMEHTHI

IHaMsATH, JaTYUKH1, KBAHTOBBIC HpI/I60pBI.
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MOJIEJIUPOBAHME JIEKTPOHHON CTPYKTYPhI
N COBPEMEHHBIE MAT'HUTHBIE MATEPUAJIbI

© H. Iorb6agpax
dusnueckuii paxynpret, [llkona uckyccTB u Hayk, HarmonansHelid yHuBepcuTeT MOHTOJIHH,
Vnaan6aatap 14201, Monronus

AHHOTanUA

CogpemeHnnbvie  MemoOovl  meopemudeckou  usuxu meepooco meid, 8 OCHOBHOM
cmankugarowuecs ¢ NpooNeMol 6 BbIYUCTUMENbHOM dcCheKme, HNO3601AI0M  PAcCUUmuléams
ceolicmea Mamepuanog ¢ UCHOIb308AHUEM Memoo0s, KOmopvle He 3a8Ucam om 6800d
IKCnepumMeHmanvbHol ungopmayuu. Taxue memoowl, 0CHOBAHHbIE HA KBAHMOBOU MeXaHuKe, 00bIYHO
obo3Hauaromcs Kaxk nepsonpunyunvl uiu ab initio cumynayuu. Moodenuposanue us nepevix
NPUHYUNOG cocmoum u3 08yx yacmeil: paciemvl Ab initio noanot snepeuu 0OCHO8HO20 COCMOAHUSL U
pacuemsl  ab  initio mepmoouHamuxku. Omu  meopemuueckue  OOCMUINCEHUS  NO360AI0OM
paccmampusams pacyemol dIeKMpOHHOU CIMPYKMYpbl U CE8A3AHHbIE C HUMU Opy2ue pacyemsl KaK
OONOJHUMENbHI UHCIMPYMEHM K 9KCNepUMeHmy, KOMopblil Ha CAMOM Oejle NOTHOCMbIO He3a8UCUM
Om SKCNEPUMEHMANbHBIX OAHHBIX.

CnunmpoHuka (4mo o3Hauaem « CRUH-MPAHCROPMHASA JJIEKMPOHUKAY) BOZHUKILA U3 OMKPLIMUL
8 obnacmu CHNUH-3A8UCUMBIX SGNEHULl NEePeHOCa JIeKMPOHO8 8 MEepOOMENbHbIX YCMPOUCMEAX.
Yempoiicmea cnunmponuku cnedyioweco nokonenus: 000u8aromcs 3HA4UMeNbHO20 YMeEHbULEeHUs
pasmepos YCmpoucma, c8epxoblcmpoll CKOpOCMU YMeHUs U 3anucy U 3HAYUMENbHO CHUNCEHHO20
9Hep2onompebaeHus, Ymo npeonoazaem npeeocxoonvle Mamepuanbl CRUHMPOHUKU, 00aadarouue
KaK 6blCOKOU CnuHosou noaapuzayueti (SP), max u umocekyueti ¢ @vicokum cnurnom (SI)
aghpexmunocms 00HOBPEMEHHO.

Mbwi pacckasvieaem 0 co8pemMeHHbIX pa3pabomKax MoOeIupo8aHus 3JeKMpOHHOU CIMPYKMYpbl U

COBPEMEHHBIX MASHUMHBIX MAMEPUANAX C NPUMEHEHUEeM CNUHMPOHUKU, MAKUX KaK pasdasieHHvie
MazHumHvle nOJYNPo8OOHUKY, cniasel I eliciepa u wnuneibgeppum.

ELECTRONIC STRUCTURE SIMULATIONS
AND ADVANCED ENERGY MAGNETIC MATERIALS

N. Tsogbadrakh
Department of Physics, National University of Mongolia, Ulaanbaatar, 14201, Mongolia

Abstract

Current methods in theoretical solid state physics, mainly facing a problem under the
computational aspect, allow one to calculate the properties of materials by using techniques, which
do not rely on input from experimental information. Such methods, based on the quantum
mechanics, are commonly denoted as first - principles or ab initio simulations. The first-principles
simulation consists of two parts: Ab initio Ground state Total Energy calculations and Ab initio
Thermodynamics calculations. These theoretical advances make it possible, to consider the
electronic structure calculations and related other calculations, as a complementary tool to the
experiment, which is in fact, completely independent from experimental inputs.

Spintronics (meaning “spin transport electronics”) emerged from discoveries in the spin-
dependent electron transport phenomena in solid-state devices. The next - generation spintronics
devices make progress towards significant down scaling of the dimensions of devices, ultrafast read
and write speed, and greatly reduced power consumption, which expects excellent spintronics
materials possessing both high spin polarization (SP) and high spin injection (SI) efficiency
simultaneously.

We talk the modern developments of electronic structure simulation and advanced energy
magnetic materials with the applications of spintronics, such as diluted magnetic semiconductors,
heusler alloys and spinel ferrite etc.



COMPOSITE NANOPARTICLES: APPLICATIONS, SYNTHESIS,
CREATION MECHANIZM, PROPERTIES
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Abstract

The article presents data on the use of composite nanoparticles in nanophotonics, biomedicine. The
mechanisms of the formation of composite nanoparticles created by the one-step gas-phase synthesis method
based on three approaches are considered: 1) energy, 2) thermodynamic using phase diagrams and 3)
molecular dynamics. Plasmon surface resonance of unoxidized Cu @ SiO; nanoparticles was detected,
electrophysical properties of Janus-like nanoparticles were determined.
Keywords: composite nanoparticles, phase diagram, laser ablation, electron accelerator, diode Schottky

Introduction

Composite metal and dielectric / semiconductor nanoparticles are promising as the elemental base of
nanophotonics due to the combination of unique properties of both plasmon resonance metal particles and
polariton resonant dielectric / semiconductor particles with a high refractive index (high index). In dielectric
nanophotonics, the property of high-index dielectric / semiconductor nanoparticles is used to interact
intensively with the magnetic component of an electromagnetic wave in the visible spectral region. The
spectral position of the corresponding magnetic M-resonance can be varied by changing the radius of the
spherical nanoparticle, which allows it to be changed in a wide spectral range, in contrast to plasmon
nanoparticles, in which the magnetic response can be obtained only in complex nanostructures and is limited
by the IR region for high Joule losses in the optical range. Composite nanoantennas, which combine high-
index nanoparticles with plasmon elements, exhibit both electrical and magnetic resonances, suitable for
various advanced applications as basic elements for ultrafast optical switching and nonlinear optics [1].

Silicon is used in dielectric nanophotonics, due to its high refractive index, about 3 in the visible spectral
region, as well as biocompatibility and biodegradability. A high refractive index creates a local amplification
of the electric field near the nanoparticles on nanoantennas created on silicon, a substance with a high
refractive index, in the so-called high-index dielectric materials. Recently, photochemical synthesis of Si
nanoparticles coated with Au and Ag was carried out, along with pure Au and Ag nanoparticles using IR
nanosecond laser treatment of a bulk silicon wafer in aqueous solutions of hydrochloric acid (HAuCl4) and
silver nitrate (AgNO3) [2]. Silver is used because of their outstanding plasmonic properties, which, in
combination with high-index dielectric nanoparticles of Si, are important as potential building blocks for
nonlinear nanophotonics and spectroscopy.

The resonance properties of nanoparticles depend on their shape and structure. The magnitude of the
Schottky electric potential at the interface between particles is also determined by the metal / semiconductor
interface. Therefore, the synthesis of composite nanoparticles and the mechanisms of formation are
especially relevant at the present time. Composite nanoparticles are used in catalysis, to protect particles
from oxidation, and biomedical applications. For example, the antimicrobial effect of Cu / Zn bimetallic
nanoparticles is a combination of factors such as a change in the permeability of the bacterial membrane due
to zinc ions and the oxidation process caused by copper ions; Fe-Ag particles form a galvanic pair, which
contributes to the dissolution of nanoparticles, the formation of ions and enhanced antitumor properties [3].
Under the action of an electron beam, we obtained the following metal / semiconductor composite
nanoparticles with a dielectric silicon part: core shell Cu @ SiO2, Ag @ Si, Janus-like TaSi2 / Si [4-6].
Below, we consider the proposed mechanisms for the formation of composite nanoparticles created by a one-

8
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stage gas-phase synthesis method based on three approaches: 1) energy, 2) thermodynamic using phase
diagrams, and 3) molecular dynamics.

The mechanism for creating composite core / shell nanoparticles based on the principle of minimum
surface energy.

It is known that redistribution occurs at the interface between two liquid media — particles with a lower
surface energy diffuse to the interface. In other words, the addition of a small amount of a substance with
low surface energy leads to a significant decrease in the surface energy of a two-component liquid, in
contrast to its small change as a result of the addition of a small amount of liquid with a large value of
surface energy. This is due to the fact that a substance with a small value of surface energy reduces the
surface energy of a two-component liquid as a result of segregation to its surface.

b

85:>8;

Wi=GsS:1+GeS:
W2=GsS52+GeuS:
W:<W:

Fig. 1. a - Dependence of the surface energy of a two-component substance on the content of components;
b - surface energy of the core-shell particle.

These substances tend to concentrate in the surface layer, reducing the surface tension of the
bicomponent substance. The qualitative behavior of changes in surface tension depending on the relative
content for two-component liquids is shown in Fig. 1b. The surface energy of the composite core-shell
particle W1 with the surface energies G1 of the substance with the surface area of the sphere S1 and the
surface energy G2 with area S2 is W = G1S1 + G282. In the case when G1> G2 and S1> S2, the surface
energy W1 is less than W2. Figure 2 shows a Cu@Si nanoparticle and calculates the surface energies of the
particle. The condition W1 <W2 creates conditions for the segregation of silicon to the surface of the particle
with the formation of a copper core.

Thermodynamic description.

In [4-6], a thermodynamic analysis of the formation of composite nanoparticles was proposed. The
formation of nanoparticles follows the following phase transformations:

TaSi2/Si. In accordance with the Ta-Si state diagram (Fig. 2) and element content data, the following
sequence of phase transformations can be realized, leading to the formation of Jan-like TaSi2 / Si
nanoparticles:

In the first case, it is pre-eutectic, at first a rather large amount crystallizes from the liquid phase - 57%
by weight. TaSi, (primary crystallization), and the remaining amount of the liquid phase (43% by weight)
undergoes eutectic (isothermal) decomposition of L E (TaSi2 + Si). The calculation was made according to
the rule of segments. The content of structural components in the eutectic is 7% TaSi,» and 93% Si.
Structurally, as is known, a eutectic is a tightly bound mechanical mixture of the TaSi, and Si phases. The
weight content of the components in the eutectic is 99% Si and 1% Ta (in accordance with the Ta-Si phase
diagram). It should be noted that during crystallization of the eutectic, it is energetically disadvantageous for
the system to form a separate structural leaving E (TaSi, + Si) in the particle, therefore crystallizing TaSi, in
the eutectic E (TaSi, + Si) completes the previously released primary TaSi», forming the actual Janus
particle, not dividing into separate structural components of TaSi2 and eutectic E (TaSi, + Si). - in the second
case, the stoichiometric composition of the components is eutectic. Cooling and crystallization of a drop of
eutectic composition, with a content of components of 99% Si and 1% Ta, occurs only by the eutectic
mechanism LE (TaSi, + Si), i.e., decomposition into two structural components of E(7% TaSi2 + 93%) Si).
During crystallization of the eutectic, silicon and tantalum in a liquid droplet diffuse towards each other and
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concentrates on opposite parts of the particle, forming the final result of Si and TaSi». Further, the particles
are cooled from 1400°C to room temperature and without undergoing any changes. In the third case, the
crystallization mechanism is hypereutectic, a large amount of primary silicon crystallizes in the droplet, and
the remaining amount of the liquid phase of the eutectic composition undergoes isothermal, eutectic
decomposition of L E (TaSi2 + Si), moreover, silicon released in the eutectic E (TaSi, + Si), completes
previously separated primary silicon crystals. There is very little structural component like tantalum
disilicide in such nanoparticles, which contain primary silicon crystals and a eutectic containing only 1%
TaSi2 remaining Si, therefore, in such a TaSi2 nanoparticle, it can be invisible in TEM photographs and is
observed as a silicon particle.

Ag/Si. During the cooling and formation of the composite nanoparticles consisting of Si and Ag, the
primary crystallisation of either silicon or silver takes place, depending on the stoichiometric composition of
the nanodroplet formed. When the silicon content in the nanodroplet is higher than 11 at.%, nanoparticles
with separate primary crystals of Si can be observed. In the case where the Ag content is higher than 89 at.%,
the nanodroplet contains silver as the primary phase component. At a temperature of 835 °C, the residual of
the liquid phase of the eutectic composition undergoes decomposition into a mechanical mixture of
components: 89 at.% of Ag and 11 at.% of Si. The structure of this mixture with hypoeutectic composition
contains primary crystals of silicon, a crystallising liquid melt and a eutectic system E(Si + Ag). The eutectic
composition contains only E(Si + Ag). The proeutectic composition contains primary crystals of Ag and E(Si

+ Ag).
1500
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Fig. 2. Phase diagrams of TaSi»/Si — on the left, composite nanoparticles, on the right - Ag/Si.

Molecular dynamics simulation.

Modeling of the process of formation of composite nanoclusters [7] is consistent with experiments on
the production of core-shell nanoparticles. The time estimate based on the results of molecular dynamics
modeling required for phase separation does not exceed 1 us, and the diffusion rate increases significantly
with increasing temperature. In the electron beam method used in this work, evaporation by a relativistic
electron beam followed by condensation of vapors in an inert gas stream, high temperatures are reached,
therefore, the diffusion rate is high enough for phase separation and there will be enough time for the process
of separation and formation of a core-shell particle. The creation of a Cu@Si core-shell nanoparticle from a
liquid fcc phase of randomly distributed silicon and copper atoms in a lattice with a 10% silicon content
occurs at a cooling rate of 1 K / ps. The formation of Janus-like nanoparticles in the initial configuration in
the form of two liquid contacting nanoclusters with a high silicon content of 50% occurs at high cooling rates
compared to core-shell nanoparticles. Cu@Si forms a Jan-like nanocluster with a decrease in the cooling
rate. The structure and internal structure of the Cu @ Si composite cluster depend on the type of initial
objects, the concentration of silicon in the alloy, and the crystallization rate.

The plasmon resonance of Cu@SiO, nanoparticles was detected (Fig. 3). The dipole moments of Ag /
Si, TaSi2 / Si nanoparticles are determined. The effect of composite nanoparticles on the relaxation time of
nematic liquid crystals was revealed [8]. The electrophysical characteristics of the composite TaSi2 / Si
nanoparticle (nanosize Schottky diode) were determined [9].

10



-
0,6 13" |
205
& 1
1807 |
g 0.4 2
=
g
= 03 )
z 107 F
£ 02
0 |
0 200 400 600 800 1000 1200 . | . , ¥ AT-Shmbaas ,
JLmiHA BOJIHBL, HM o 1 2 3 L ‘l, I

Fig. 3. a - optical absorption spectrum of the core / shell nanoparticles Cu @ SiO2 (1), micron powders
of copper (2) and b - I-V curve.
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AHHOTAUA
Ipunumas 80 6HUMAHUE AKMYATbHOCHb U3VUEHUS OKCUOHBIX MAMEPUANO8 (CIEKO, KePAMUKU, NOKPbIMULL)
npu evicokux memnepamypax oo 3000 K, nposeden 0030p pe3yiomamos, HOLYYEHHbIX MemOoOOM
8bICOKOMEMNEPANYPHOU MACC-CREKMPOMempul 0151 OOPAMHbBIX, CUTUKAMHBIX, YUPKOHAMHBIX U 2APHAMHbIX
cucmem. Paccmompenvlt  ocobennocmu  npoyeccos ucnapenus YKA3aMHbIX — CUCMEM:  Accoyuayus,
Juccoyuayus U NOIUMEPUZAYUSL  MONEKVAApHbIX  popm  napa. Obcyxcoaiomess mepmMoouHamudecKue
CBOUCMBA U3YUEHHBIX CUCMEM U MOOeIbHble NOO0X00bl O UX ONUCAHUA, 8 HACMHOCMU, 0000WeHHas
peulemoynas meopus AcCoOYUUPOSAHHbIX PACEopos.
Knwouesvie cnosa: oxcuoHuvie cucmemvl U MAmepuaivl, GblCOKOMEMNEPAMYPHAs MACC-CREKMPOMempus,
MoOenuposaniue.

OXIDE SYSTEMS AND MATERIALS AT HIGH TEMPERATURES:
EXPERIMENT AND MODELING

V.A. Vorozhtcov !, V.L. Stolyarova !

! Institute of Chemistry, Saint Petersburg State University, Universitetskaya nab. 7/9, Saint Petersburg
199034, Russia, e-mail: v.stolyarova@spbu.ru

Abstract

With regard to the urgency of oxide materials (glasses, ceramics, coatings) at high temperatures up to 3000
K review on the results obtained by high temperature mass spectrometric method for borate, silicate,
zirconate and hafnate systems was carried out. Features of vaporization processes of the systems mentioned
such as association, dissociation and polymerization of vapor species were considered. Thermodynamic
properties of the systems under study and model approaches for their description in particular the
generalized lattice theory of associated solutions were discussed.

Keywords: oxide systems and materials, high temperature mass spectrometry, modeling.

VYcnemnas pa3paboTka W TNPUMEHEHHWE HEOPTraHWMYECKUX OKCHIHBIX MAaTepUaNOB TPH BBICOKHX
TeMmIeparypax TNpeabsSBISIIOT oOcoOble TpeOoBaHMs K HHQopManmuM O TMporeccax HCIapeHus |
TEPMOJMHAMHYECKUX CBOHCTBaX OKCHIHBIX CHCTEM KaK OCHOBBI TAKMX MaTepUAJIOB KaK CTEKJIA, KEpaMHuKa ,
MOKPBITUS, HAIeNMMX IIHPOKOE TPUMEHEHHE B SACPHOH SHEPreTHUKEe, METAIypruH, aBHa- u
PaKeTOCTPOEHUH, TIPU pEIIeHWH BaXHBIX JKOJOTMYECKMX 3a7ad.  HeomHokpaTHO TOKa3aHO, WpHU
BO3/ICHICTBUM BBICOKMX TEMIIEpPATyp HAONIONAeTCsl M3MEHEHHe (PM3MKO-XMMUYECKUX CBOWCTB OKCHIHBIX
MaTepHaJIOB U3-3a U3MEHEHMSI XUMHUUECKOro Wi (a30oBOro cocraBa BCIEICTBHE H30MPATENBHOIO UCTIAPEHUS
KOMIIOHEHTOB. (CHCTEMaTH4YecKOe H3yYeHHE IPOLECCOB HCMApEHHs U TEPMOAMHAMUYECKMX CBOWCTB
OKCH/IHBIX CHCTEM M MaTEpHaloB METOIOM BBICOKOTEMIIEPATYPHOM MacC-CIIEKTPOMETPHH OBUIO HAa4yaTo B
KOHIIE CEMHIECATHIX TOAOB [0 MHHUIMATHBE W moja pykoBoactBoM M.M. Illlymena [1]. CnemxyeT OTMETHTS,
4YTO B psiAy padOoT, BBIOJHEHHBIX B IOCIETHHE TOAbl YKa3aHHBIM METOAOM, OKCHIHBIE CHCTEMBI, IO-
MIpEeKHEMY MPEICTABIAIOT HANOONBIINI HHTEPEC MPY MPOBEACHNH SKCTIEPUMEHTAIBHBIX NCCIIEIOBAHUH [2].

OCHOBBI M€TO/1a BBICOKOTEMIIEPATYPHOW MacC-CIIEKTPOMETPUH ISl N3YYEHHUS MPOIIECCOB MCIIAPEHUS U
TEPMOJIMHAMUYECKHX CBOMCTB OKCHIHBIX CUCTEM U MAaTEpUAIOB PACCMOTPEHBI, B YACTHOCTH, B MOHOTpaduu
[3]. 3aKOHOMEPHOCTH HCIAPEHUS ¥ OCOOCHHOCTH TEPMOJAMHAMUYECKOTO OIMCaHMS OOPATHBIX, CHITMKATHBIX
Y IIUPKOHATHBIX CHUCTEM, Hal/IEHHBIE METOJAOM BBICOKOTEMIIEPATypHOH MacC-CIIEKTPOMETPHUH, 0O00IIIEHHI B
o03opax [2-8], omyOnMKOBaHHBIX B mocienHue roAsl. OIHAKO TMOMYyYCHHBIE HENABHO BIIEPBEIC
SKCICPUMEHTANLHBIE JTAaHHBIE O COCTaBE Mapa U TEPMOIMHAMHYECKMX CBOWCTBAX CHIIMKATHBIX CHCTEM,
CoJlepKallluX OKCHJ BHCMyTa, C OJHOW CTOPOHBI, W CHCTEM, COIEpPXKAIIUX OKCHABI PEAKO3EMEITbHBIX
3JIEMEHTOB, IUPKOHMS U radHus (momMumo [9]), ¢ Ipyroi, MpeacTaBIIONIMEe 3HAYMTEIbHBIA HHTEPEC, paHee
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CHUCTEMAaTHYEeCKM HE paccMaTpUBaMCh. VIMEHHO IO 3TOM NpUYMHE B HACcTOsAIIeH paboTe OTAaHO
MIPEANOYTEeHNE UMEHHO YKa3aHHBIM O0BbEKTaM HCCIIeI0BAHUS.

BucmyrocunukaTHble CHCTEMBl MPUBJICKAIOT BHHMAHHE B CBSI3M C BO3MOXHOCTBIO CO3IaHUS
ONITHYECKUX YCTPOMCTB AJIsl XpaHEHHS JaHHBIX, (POTOPE3UCTOPOB, CHUHTHILIATOPOB [10], a Takxke Oiarogapst
00HapyXEHHOMY B HHX SIBICHHIO MH(PaKpacHON JIOMHHECLICHLIMN Ba)XHOMY Ul AajbHEHIIell pa3paboTku
BOJIOKOHHBIX CBETOBOJOB M BOJOKOHHBIX JaszepoB [11,12]. BrI3pIBaeTr wuHTEpec CHOCOOHOCTH
BUCMYTOCHJIMKATHBIX CTEKOJ MOTIOMATh HOHU3HUPYIOIIEE U3ITyUYeHHEe, COXpaHss MPO3PavyHOCTh B BUIUMOMN
obmactu cmektpa [13], a Takke pacCMOTpPEHHE ATHUX CTEKOJ Kak 0e30IIacHOrO aHajora OKCHAa CBHHIIA B
Pa3IMIHBIX DJIEMEHTAX JICKTPOHHBIX CXEM W B MUKPO3JIEKTPOHHKE [14].

B HacTosiee Bpemsl KepamMHMKa Ha OCHOBE OKCHIA LMPKOHHUS U PEIKO3EMENbHBIX 31eMeHTOoB (P33)
AKTHUBHO TPUMEHSETCS ISl OJIYYCHHUs] MaTepUallOB BBICIICH OTHEYNOPHOCTH, TAKHX KakK TepMOOapbepHbIC
TOKPBITHS ¥ (OPMBI JUIA JTUTHS JeTanei ra3oTypOMHHBIX nBurareneit [15, 16]. BakHBIM HOCTOMHCTBOM
paccMaTpuBaeMbIX CHCTEM SBJISICTCS HU3Kas JIETY4YECTh HX KOMIIOHEHTOB MpH Temnepatypax 1o 2200 K, uto
MO3BOJISIET HK30€KaTh HM3MEHEHUH (U3MKO-XUMHUECKHUX CBOMCTB BBICOKOTEMIIEPATYPHBIX MaTepHalioB
BCJIEACTBHE OTCYTCTBHS M30MPATENLHOIO HCIAPEHUS] KOMIIOHEHTOB B IIMKJIAaX HarpeBa-OXJIAXKICHHMS.
UzBectHO, uTO BBeAenne P30 k kepamuke, cojepxaiieil OKCHI IMUPKOHUS, MPUBOIAUT K (POPMHUPOBAHUIO
MeTacTabMIBHBIX TBEPABIX PACTBOPOB, OOCCHECUMBAIOIINX OTCYTCTBHE (PA30BBIX MpEBpalllcHHHd B
paccMaTrpuBaeMbIX CUCTEMax B IMIMPOKOM HHTepBasie Temmeparyp ao 1273 K [17, 18]. Ilpu 6omnee BBICOKUX
TEMIIepaTypax METacTaOWJbHBIM TBEPABI pacTBOp mpereprneBaeT (a3oBbId mepexon ¢ 00pa3oBaHHEM
TeTEPOreHHON CHUCTEMBI M3 JBYX CTaOMIILHBIX TBEPABIX PAacCTBOPOB, CICACTBHEM UYETO CTAHOBHUTCS MOTEPS
SKCILTyaTaIllMOHHBIX CBOMCTB BhICOKOTEeMIIepaTypHoro Marepuana [17, 19]. [Ipeanonaraercs, 4To yacTudHas
win nonHas 3amena ZrO; va HfO, momxHa crmocoO6CcTBOBaTh YBEIMUYSHHUIO WHTEPBaia pabodnx TeMIeparyp
KepaMUKH BBICIICH OTHEYHNOPHOCTH H3-3a 00Jiee BBICOKMX TemmepaTyp ¢a3oBbix nepexonoB HfO, wu
yMeHbIIeHUsI 00bEMHBIX 3 GeKToB Takux mepexoaos [9, 20]. CnemoBarenbHo, 1e1eco00pa3HO H3yUYeHUE
MIPOIIECCOB UCTapeHus KepaMuku, cofepxameit HfO, umu cmeck ZrO; u HO».

OtrmerM Hambosiee BakKHbIE OCOOCHHOCTH IIPOLIECCOB HCIAPEHUS WHAWBUAYAIbHBIX OKCHIIOB
paccMaTpuBacMbIX OMHAPHBIX ¥ MHOTOKOMIIOHEHTHBIX OKCHUIHBIX CHCTEM. M3ydeHue mpoleccoB UCTIapeHuUs
uHaAuBUAYyansHoro BiO; mpoBommnock HeomHokpatHo [21-24]. B paGorax [21-23] mokaszaHo, 4TO TpHU
temneparypax 950-1200 K ocnoBHbiMH ¢opmamu mapa Han BixO;, ucnmapsrommmcs W3 IUIATHHOBOR
a¢dy3uonnoit kamepsl, spisores O,, Bi, BiO, Biy, Bix0,, Bi0;, Biz04, BisOs ¢ mnpeobiaganuem
aTOMApHOTO BHCMYyTa W MOJIEKyJsipHOro kuciopona. OnmsimMa u Bonbek [24] mpumnumn K BBIBOAY, YTO
HavanbHasi cragus ucnapenuss BirOs xapakrepusyercss M30MpaTeNbHBIM HCIIAPEHUEM KHCIOpoAa a0
JOCTIKEHHSI COCTaBa KOHAEHCHPOBAHHOH (a3bl, OTBEHAIOIEro MoyisipHoMy cootHouieHuto O/Bi, paBHOMY
1.23, u ucnapstomemMycsi B JaibHEHIIEM KOHTPYIHTHO. YcTaHOBIEHO [25-26], uto B mape Hax SiO: B
temreparypHoM uHTtepBaie 1610-2038 K ocHOBHBIMU MosekymsapHbIMH (opmamu siisrorest O, Oz, SiO u
SiO, ¢ mpeobmamanmem SiO Ham SiO,. Hcnapenwe WHIWBUAYaIbHBIX OKCHUAOB HHUPKOHHWS u P30
paccMoTpeHo B [26, 27]. TlokazaHo, 4TO MHAMBHIYanbHbIH ZrO; MepexoauT B Ta30ByI0 Ga3zy B OCHOBHOM C
nuccorareit 1o ZrO u O, HO Tpu STOM HAOMIOJAeTCs MapaUIeTbHBIM MpoIecc HcmapeHus 6e3
mucconnanuu. [lapumansuoe masienue napa (p;) ZrO» Hag ZrO cocraBmser He O6onee 50 % oT pzo npu
temmeparypax 2500-2715 K [26, 27]. Ilepexom B ra3zoByio a3y okcumoB P30 xapakTepu3yroTcs
MIPEUMYIIIECTBEHHO AVCCOIMATHBHBIM UCIIAPEHUEM Ha COOTBETCTBYIONINI MOHOOKCH/T M Kucaopox [26, 27].

Oxcunpl P3D B 3HAaUMTENbHOH CTENEHW PAa3IMYalOTCs MO JIETYYECTH, OJHAKO Aaxe Uil HambOoiee
JeTy4YuX W3 HHUX Iepexo] B rasoByro ¢a3y HaOmomaercs TOJIBKO Hpu TemmepaTypax Oosee 2000 K.
Ucnapenne naauBuayansHoro HfO, mporekaer anamornyHo ucnapenuio ZrQO», HO MOJEKYyIsSpHbIE (HOPMBI
napa HfO, no remneparyp 3000 K He naiinens! [21, 28-32].

Ob6cyxkneHue pe3ylbTaTOB HCCICAOBAHUNA IPOLIECCOB HCHAPEHHS M TEPMOJMHAMUYECKUX CBOWCTB
cucreM BixSr:Ca,CuszOy, Bir03-Sn0», K>0-Bi:03-Ti0,, Bi,03-Fe;O3 mposeneno B 063ope [5]. Paccmotpum
nocjeHre paboThl, OMyOJIMKOBAaHHBIE B 3TOM HANpaBJICHHMH NpW m3ydeHun cucteM Bi03-SiO, [33, 34],
Bi,03-P20s [35] u Bi203-P205-Si0; [35]. Buepssie ycranosieHo [33, 34], uro npu temneparypax 950-1050
K B mape Ham cucremorr Bi03-SiO, HaOm0malOTCs TOJBKO aTOMapHBIH BHCMYT M KHUCIOpoa. B
temreparypaom uuTepsajie 1050-1200 K B mape Hax obpasiamu cuctembl Bi;03-Si0, 00HapyKeHbI TaKkkKe
MoneKkyJsipHble ¢opmbl Biz, BiO n BisO4, mpu 3TOM mpomcxoamio ObICTpoe M30MpaTeNnbHOE HCHapeHue
Bi,O; u oboramenue xoHmeHcUpoBaHHOH (a3el Si0,. [lepexon B razoByro ¢asy SiO» B Bume SiO u O
HaOmofaycs npu temrneparypax Boime 1800 K mocie moimHOro McnapeHus OKCHaa BUCMYyTa. AKTHUBHOCTH
Bi;0O3 B cucreme Bi,03-Si0; npu temmepatype 1000 K onpenenenst MmeromoM auddhepeHImaIbHON Mace-
CHEKTpOMETpHH [34], UTO MO3BOJIMIIO ONpeAeIuTh 3Hepruo [ nooca cmemenns 4G 1 H30BITOYHYIO SHEPTHIO
I'n66ca AG” B paccmarpuBaemoii cucteme. IomyueHHbIe 3HAUCHNS TEPMONHAMUYECKUX CBOHCTB B CHCTEME
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Bi,03-Si0; ObuM COMOCTaBICHBI C pe3yibTaTaMH MOACIHPOBAHUS B paMKax OOOOMICHHOW pelIeTOYHON
Teopun acconmupoBaHHBIX pacTBOpoB (OPTAP) [36], uTo mamo BO3MOKHOCTb PAacCMOTPETH CBSI3b MEXITY
TEPMOJINHAMUYECKAMHU CBOMCTBAMH BHCMYTOCWJIMKATHBIX CTEKON M WX cTpyKTypoil [35]. Ilpu m3yuyenumn
BBICOKOTEMIIEpaTypHOro mosefneHus cucteMbl Bir03-P20s-Si0,, Bkimovas cucremy BixOs3-P.Os, mokazaHo,
YTO OCHOBHBIC TCHACHIMH €€ HWCIApeHUs aHaIOTHYHBI cucteMe Bix03-Si0, [33-35]. Opnako mpu
temrieparypax 1500-1700 K B mape Ham oOpa3mamu yKa3aHHON TPEXKOMIIOHEHTHOW CHCTEMBI OBLIH
uaentuguuupoBanbl Takke PO um PO.. Meromom nuddepeHIManbHOl Macc-CHEKTPOMETPUH  ObLTH
OTIpe/IeTIeHbl aKTUBHOCTH OKCHIa BUCMyTa B cucteMe Bir03-P,0s-Si0, mpu temmeparype 950 K, a 3nadenus
aktuBHOcTelr P>Os m SiO,, a Taxke m30bITouHOM dHeprun  ['mbb6ca Obutm mo metomy Jlapkena [37].
Bemuuunsl 4G npu Temnepatypax 950 K u 1273 K cBUIeTeNbCTBOBAIN O 3HAYUTENBHBIX OTPHIATEIbHBIX
OTKJIOHEHHAX OT HJealbHOro noseaeHus B cucteme BirO3-P,0s5-Si0,. IIponnmroctprpoBaHa BO3MOKHOCTb
npumenenns metona Komepa [38] mnst pacuéra Bemmunn AG® cTek1006pa3ylomux paciiaBoB U CTEKOI B
cucreMe Bix03-P20s-SiO, mpu temneparypax 950 K u 1273 K [35]. Kak cienyer u3 mpoBea&HHOTO
paccMoTpeHus, o0pasupl cucteM, cogepxkamux BiOs, P,Os u SiO,, xapakrepuszyroTcs H30HUpaTeNnbHBIM
ncnapeaneM BixOs;, mpudéM OCHOBHBIE MOJEKYJSIpHBIE (OPMBI COOTBETCTBYIOT COCTaBy Tapa Hal
VHAWBUIYATEHBIMA OKCHIAMH, COCTABIISIONIUME KaK OWHApHEIE, TaK ¥ TPEXKOMITOHEHTHYIO CUCTEMBI.

OcHOBHEBIE PE3YIbTAThl U3YYCHUA IIPOLCCCOB HUCIHAPCHUA U TCPMOIMHAMHUYCCKUX CBOMCTB CHCTEM Ha
OCHOBe OKkcuaoB P33, nupkoHus U ragHUS METOOM BBICOKOTEMIIEPATYPHOI Macc-crieKTpoMeTpun [31-42]
MpUBeIeHBI B Tabmutie 1.

Tabnuma 1. Pe3ynbrarhl M3ydeHHsl MPOIECCOB MCIAPCHUS U TEPMOJUHAMHYCCKUX CBOWMCTB CHCTEM,

CoAcpiKaliux OKCHBI Fa@HHH u PEAKO3EMEIIbHBIX 3JICMCHTOB, BBIIIOJTHEHHBIX METOAOM
BBICOKOTEMIIEpaTypHOI Macc-crieKTpomeTpuu [28-32, 39-47].
Temnepary- Cocras napa (B mopsake [Tosyuennsie
Cucrema A K YMEHBIICHUS TEPMOIMHAMUYIECKHE Jlurepatypa
pa, MapuraIbHBIX JaBICHUHN) CBOMCTBa
2843 YO, HfO, O pi’ [28]
2843 YO, HfO, O a, i, AGTT, AGETT [29]
Y>03-HfO,
2735 YO, O, HfO, HfO, pi [30]
2109-2267 YO, O pi, AVH [31]
Sc203-HfO, 2600 ScO, O, HfO pi [32]
Nd»0;-HfO» 2096-2331 NdO, O pi, AVHi, ai, Api, AG, AG* [39]
Gd,03-HfO, 2154-2610 GdoO, O, HfO pi, AVHi, ai, Api, AG, AGE [39]
2190-2447 LaO, O pi» AVHj, ai, Api, AG, AG® [40]
La203—Hf02
2337 LaO, O pi» ai, AG, AG® [41]
2690-2850 Zr0, O, YO, HfO, ZrO, pi [42]
YzO3-ZI‘Oz-Hf02
2700-2925 Zr0, O, YO, HfO pi, ai, Api, AG, AGF [43]
Gd>03-Y>0;-HfO; 2500 GdO, O,YO pi» @i, AG, AGF [44, 46, 47]
La;03-Y203-HfO; 2337 LaO, O, YO pi, @i, AG, AG* [45, 46]

e * pi — 3TO NapUMaIbHOE JaBJIEHHE MOJIEKYJISPHON (OPMBI Iapa; ~ @; — 3TO aKTUBHOCTH KOMIIOHEHTA; — J;

— K05(Q(HUIMEHT aKTUBHOCTH KOMIIOHEHTa; ~ AG — sHeprus ['m60ca cMenIeHus;
A,H; — mapumanbHas MOJISIPHAs SHTAIBIINS UCIIAPEHHS] KOMIIOHEHTA.

sHeprus [ nb6ca;

skt ok

sokokok ok

AGE — u3bbITouHAN

Ha ocnoBe OPTAP [36] paccMoTpeHa KOppensiuu TEPMOAMHAMUYECKHX CBOWCTB M CTPYKTYpHI B
cucremax (Gd,03-Y»20;3-HfO, [46, 47] u LaxO3-Y,03-HfO, [46]. IIpoBereHO COIMOCTaBIEHUE JJaHHBIX

ONTHMU3AIMN TI0 YKa3aHHOM MOJENu C pe3yJbTaTaMH,

Kuctepa [48].

MIOTYdeHHBIMA Ha OCHOBE Tonxona Pemmmxa-

Astops!l npu3HatenbHel PODU 3a moanepkky AaHHOro HcciaenoBaHUs corigacHo npoekrtaM NeNe 16-03-
00940 u 19-03-00721, a taxxe CII6I'Y 3a rpant CONF2019 2, PURE 1D38629438.
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AHAJIOTH NPUPOJAHBIX TUTAHOCHJIMKATHBIX ME3OINIOPUCTBIX
MHUHEPAJIOB KAK IIEPCIHHEKTUBHbBIX ®YHKIIMOHAJIBHbBIX
MATEPHUAJIOB. CUHTE3 U IPUMEHEHHUE

© A.N. Hukoaaes, JI.I'. I'epacumoBa, M.B. MacJjosa, E.C. lllyknna
OUILL KHIL PAH, 184209, Poccus, r. Anatutsl, yi. @epcmana, 14. e-mail:
nikol ai@chemy .kolasc.net.ru
AHHOTaALUA:

H3yueno  gpazoobpasosanue 6 cucmeme Nax0-TiO>-SiO»-H>SO4+-H20 6  ycnosusx —eé
2UOPOMEPMATLHOU 0OPAOOMKU, YMO ABULOCH OCHOBOU OJisl PA3PAOOMKU MEXHON02UU HOBLIX U008
UOHOOOMenHUK08 co cmpykmypou munepana usantoxum — Nay(TiO)4(SiO4)34-6H>0. I[lokaszano,
umo uzbvimounoe koauwecmeoNa u Si no omwuowenuro x Ti, u wenrounas cpeoa pH oo 12,
obecneyusaiom «nepecviujeruey CUCmemvl HO CMPYKMYypooOpazyiouum KOMHOHEHMAamM U
pezyiupyiom CKOpoCcmb  00pa308anusi MUmMAaHOCUIUKAMHO20 NPEKypcopa, CMAabuiusupys eeo
cmpykmypy, gazoeviii cocmas u mopgonozcuro yacmuy. Ceoeobpaszue 83aumocssizu mempad0pos
SiO4 u okmas’dpos TiOs 6 usanoxume cnocobocmeyrom opmMuposanuio Kauaios, 20e Haxooamcs
noosudicnvle kamuonvl Na' u monexynot 600vl. Dmom ¢pakm € couemanuu ¢ pazeumotl
ME3anopucmocmoli.  NOBEPXHOCMbIO  YACMUY — UBAHIOKUMA  NO3BOJAEm  UCNOAb308aAMb
CUHMemu4ecKull UBAHIOKUM KaK 3¢heKmusHvlil Kamuouum.

KarueBble cioBa: copOenm, Kapkachas cmpykmypa, MUHepanl Usaniokum, @azoobpaszosanue,
Me3anopucmas n08epxXHOCb.

SYNTHETIC ANALOGUES OF NATURAL TITANOSILICATEMESOPOROUS
MINERALS AS PROMISING FUNCTIONAL MATERIALS. SYNTHESIS AND
APPLICATION

A.lL Nikolaev, L.G. Gerasimova, M.V. Maslova, E.S. Shchukina
FRC KSC RAS, 184209, Russia, Apatity, 14 Fersman Street. e-mail: nikol ai@chemy.kolasc.net.ru

Abstract:

Phase formation upon hydrothermal crystallization in the Na>O-TiO>-SiO>-H>SO4+-H>0 system
has been studied in depth. The obtained results provided the basis for the development of
technology for new types of ion-exchangers with the structure of the mineral ivanukite -
Nay(TiO)4(Si04)-3.4-6 H>0. It was shown that an excessive amount of Na and Si with respect to Ti
(mol) and an alkaline medium up to pH 12 affect the rate of the ivanukite crystallization. The
optimal conditions producing the pure ivanukite phase with designed structure, chemical
composition and morphology have been found. The framework composes corner-sharing SiOy4
tetrahedra and TiOs octahedra linked through bridging oxygen atoms and provide pore system with
channels containing H>O molecules and exchangeable Na* cations. The synthetic ivanukite with
wide-pore microporous framework is considered to be perspective cation-exchanger.

Key words: ivanukite, framework, phase formation, ion-exhanger, porosity

NHTepec k NpUpOAHBIMU CHUHTETHYECKHM IEIOYHBIM TUTaHOCHIMKaTaMm (Ti-Si)
OOyCIIOBJIEH WX YHUBEpCAJbHBIMH CBOMCTBaMHU. Tak, Ti-Si mMpeBOCXOIAT IIMPOKO

HCIIOJIBb3YCMBIC IJIA COp6HI/II/I OECOJHUTHI HE TOJIBKO II0 0oJice BHICOKHM COp6HI/IOHHBIM
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XapakTepUCTHKaM, HO H TIO0 TEPMUYECKOM CTAOMJIBHOCTH U CEJIEKTUBHOCTH.
Onpenenenue ycioBuil (HOpMHpOBaHHS TaKUX MHHEPATIOB B MPUPOJE MO3BOJISET
no100paTh KOMIIOHEHTHI W MapaMeTphbl ISl HAMPaBJICHHOTO CMHTE3a UX aHaJIOTrOB C
ME3aMopUCThIX YacTUll. THUTAHOCHIMKATOB HCIOJB3YIOTCA [UIsI MMMOOMIM3ALNN
PAAMOAKTUBHBIX HM30TONOB M3 BOJHBIX PACTBOPOB, OUYMCTKM BOJ OT I[BETHBIX
TSDKEJIBIX METAJUIOB, Pa3JeICeHHE Ta30BbIX CMeced, KaK COpOEHTBhI-HOCUTEIU IS
Meauiabl. CuHTEe3 MUHEpaTonono0Hbx Ti-Si pa3paboTaH CpaBHUTEIHHO HEAABHO
[1], HO 3a pyOexoM yxe MHOTHE pa3pabdOTKH peann3oBaHbl, Hanpumep Ti-Si mapku
ETS-4 [2, 3], IONSIVIE-911 co ctpykrypon munepana cutuHakut [4]. B yprurax
MecropoxaeHuss Koamsa (Konbckuil moiyocTpoB) oOHapykeHbl HOBbIE BUABI T1-Si
MUHEPAJIOB - UBAaHIOKUTHI |5, 6].

OnucaHve TEXHOJIOTMM WBAaHIOKATa M €€ (PU3UKO-XMMHUYECKOE OOOCHOBaHUE
ABJIIETCS TPEIMETOM HACTOSILEro COOOLIEeHUS.ABTOpPBEl pa3padoTald TEXHOJIOTUIO
MBaHIOKWTA, KOTOpas MO MHOTHM IapamMeTpaMm MPEBOCXOIUT U3BECTHBIE CIOCOOBI,
MOCKOJIbKY OCHOBaHa Ha MCIIOJIb30BAHUU JIOCTYIHOIO TUTAHCOJEPKAIIETO ChIPbS U
COBPEMEHHBIX TEXHOJIOIMUECKUX IPHUEMOB, O0ECIEUMBAIOIINX BBICOKUE (DU3HKO-
TEXHUYECKUE CBOMCTBA KOHEYHOTO MPOAYKTA.

JIyisi ipoBeeHHsI AKCIIEPUMEHTOB HCIOIB30BAIM THUTAHOBYIO COJIb - aMMOHHUU
tutanwicynbdar — (NH4),TiO(S04)2H,O — CTA, xoTopyto mosydayid U3 TUTaHUTA,
BBIJICJICHHOTO M3 OTXOJI0B 00OramieHus XMOMHCKUX anaTuTo-He(eInHOBbIX pya [7].
Hcrounnk KpeMHHUS - pacTBOP JKHUIKOTO CTEKiIa KOHIeHTpammu, mac.% Si0,-31.5;
Na,0-10, mmotrocts — 1.43 r/mv®. Tlokaszarens pH mpu cunrese, pasubii 11.5
perynupoBaiin ao6aBkoi mienoun NaOH. PactBop CTA (koHuUeHTpaiusi, MOJb/J:
TiO, - 1, H,SO4 — 1.1-1.5) u menouHble peareHThl CMENIMBAIA B 33JaHHOM
KOJIMYECTBE M BBIAEPKUBAIA cMechb B TedeHue 2 4. [lomydeHHBIM mnpu 3TOM
resie00pa3HbIi IPEKypCcop, MOMEIIATN B aBTOKJIaB U BhiAepkuBayu ero npu 200°C B
TeueHue 72 4. Pa3oBbli COCTaB, MOJYYEHHBIX MPU TUAPOTEPMAIBHOM CHHTE3E
0CaJIKOB, YCTaHABJIMBAJIHU C ToMoIIbIo qudpakTomerpa Shimadzu XRD-6000.

Cyns no dopmyne Nas(TiO)4(S104)36H,O, MonpbHOE OTHOIIEHHWE B MBAHIOKUTE

Si/Ti u Na/Ti paBHo 0.7 u 1.0. IlpoBemeHue cuHTE3a CO CTEXHMOMETPUUECCKUM
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pacxoJioM KOMIIOHEHTOB HE€ IMO3BOJIAET IMOJYyYUTh WBAHIOKUT. [[ns ompeneneHus
ONTUMAJIbHBIX YCIIOBUM CHHTE3a, TapaHTUPYIOIIMX O00pa3oBaHUE WBAHIOKUTA,
npoBeieHbl uccnenoBanus B cucreme Na,O-Ti0,-H,S04-S10,-H,O ¢ u3menenunem
MOJIBHOTO pacxofa Na u Si 10 OTHOIICHUIO K Ti, ONMPEeACNISIONX COJIEBYI0 MacCy
CUCTeMBl U OO0ECIEUMBAIOIINX €€ «IPECHIIEHHE» KaK OCHOBHOTO YCIIOBHUS
HE0OX0oauMOro it (OpMHUPOBaHUA KpUCTaIMYeckor (a3bl. DUKCUPOBAHHBIMU
ObLTH — copeprkanue Ti, Boasl u pH.

ITo pesynbpTaTaM nu3ydeHus ¢ha3zoo00pa3oBaHUs B CHCTEME MTOCTPOCHA 3aBUCUMOCTD
B KOOpAMHATaX COCTaB CHCTEMBI - CBOMCTBO TBepnod ¢aswl [8]. IlomyueHHoe
KPUCTAJUIU3AIMOHHOE T0JIE COCTOUT U3 ACBATH 30H (puc 1). Hamu oTMeueHo, 4To B
30H¢ VI, orpaHMueHHOW HW3MEHEHHMEM MOJIbHBIX KOHIleHTpauui Si um Na mo
oTHomeHuto k Ti coorBeTcTBeHHO 3.9-5.5 u 3.5-4.8 dopmupyercs tBepaas ¢asa B
BHJIE ABYX CTPYKTYPHBIX PA3HOBUIHOCTEN UBAHIOKUTA - C TPUTOHAJIBHOM CTPYKTYpOM
kpuctaiyioB  (T)-Nay(Ti0)4(S104)3]-6H,O u ¢ kyOmdeckorr ctpykryport (C) -
NazH(Ti0)4(S104)3-4H,0. B 30ne Il kpucrammmsyercs MoHO(Ma3HBIH OCaJ0K CO
cTpykryporr 30puta - NaglisS1;034(0,0H)s'11H,O. B apyrux 30Hax cHCTEMBI
bopMUPYIOTCS MOJUKOMIIOHEHTHBIE OCaJIKH, COJIEpKAIUE B PA3TUYHOM KOJUYECTBE

TUTAaHOCHJIUKATHBIE (a3bl - HATHCUT, CATHHAKUT, 30PUT, UBAHIOKHUT, a Takxke 110,

/ v

Vi

daHaTa3 U KBapII.

Na/Ti, Mol
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‘N‘h‘\h‘m
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Pucynok 1. KpucramiszanoHHOe 10JI€ HIeIOYHbIX TUTAHOCUJIMKATHBIX TBEPABIX (pa3 B cUCTeMe

NayO-Ti02-H>S04-S10,-H,0.
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HudpakrorpamMmbl 00pa3iioB B 30He VI, ycloBusi KOTOpPBIX yka3zaHbl B TaoOm. 1,
MPAaKTUYECKH WUAEHTHUYHbl (puc. 2). CTpyKTypHBIE pPA3HOBUIHOCTH HWBAHIOKHUTA
IPOSIBIISIIOTCS HE3HAUUTENBbHBIM cMelleHrneM ocHoBHoro nuka (100) y oOpa3unos co
cMemaHHoW cTpykTypoit 1 m 2. V aTux ke 0o0pasioB WHTEHCHBHOCTh Tmka 211
3HAYUTENIbHO BBIIIE 10 CPABHEHHMIO C 00pa3lioM 3, 4TO CBUAETEIBCTBYET O €r0
MOHO(a3HOM cocTaBe. [lOBEpXHOCTHBIE CBOICTBA ONpEAENsUIM MO aJCcopOLMH-

necop6muu azota (meron bOT) na mpubdope TriStar 3020 (tabm. 1).
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Pucynok 2. Jludppakrorpamma o6pasios

Tab6aunna 1. [ToBepxHOCTHBIE CBOMCTBA 00Pa310B HBAHIOKUTA.

Ne Pacxon  KOMIIOHEHTOB  IIpu IToBepXHOCTHBIE CBOMCTBA
oOpa3na | CUHTE3€ MBaHIOKUTA B 30HE VI Syn, M?/T Vnop, Drmop,
cM’/r HM
1 4.1Na:T1:5.0S1:160H,O 150.2+1.3 0.75 15.0
WMBaHIOKUT- T+ nuBaHrOKUT-C
2 4.5Na:Ti:4.2 Si:160H,0 137.6£1.0 0.78 16.0
MBaHIOKUT- T+ nBaHIOKUT-C
3 3.9Na:Ti1:5.5S1:160H,0 134.9+1.1 0.81 15.5
UBaHIOKUT-C
Bricokue

NOKA3aTeNy yJAEAbHOM IIOBEPXHOCTH uBaHIokuTa (135-150 M%/Tr) m
nopucrocta (06muit 06seM mop — 0.75-0.81 cM’/r), a Takke HanMUME IOIBUKHBIX
BHEKAPKACHBIX KAaTHMOHOB Na', M MOJEKYJI BOIbI OKa3bIBAIOT ITOJIOKUTEIHHOE
BIUSHUE Ha CKOPOCTh W TIOJHOTY OOMEHHBIX IIPOIIECCOB, MPOTEKAIOIINE B
copOMOHHBIX cucTteMax. OmnpeneneHa copOuuvonHas emkocTh (E) uBaHIOKHTA Yy
o6pasna 2 mo orHomenuro K katnonam Cs', Sr*" u Co**, B Mr-sks/r: Ecs— 2.9; Eg;-

4.5; Eco- 3.2. Tlonyden mateHT Ha nu3o0peTeHue [9].
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Pa3zpaGoTana Merojauka TrpaHyJIUpOBaHMs TUTAaHOCHIMKATHOTO IpeKypcopa 0e3
WCIIOJIb30BAaHUSl  JIOTIOJHUTENBHBIX  PEareHTOB, O0OECleYuBaioniasi  BBICOKYIO
YCTOMYMBOCTh TIpaHysl K JJIUTEIbHOMY JUHAMUYECKOMY BO3ACHCTBHIO IIpHU

COXpaHEHUU UX COPOLIMOHHBIX XapaKTEPUCTHK (puUc. 3).

Pucynoxk 3. Bantokut rpanynupoBanHblii. Pazmep rpanyn — 1-1.3 MM

Pa3pabarbiBatoTcsl  METOAMKM  TOJYYEHHUS JAPYTUX  CTPYKTYpPHBIX  BHJIOB
TUTAHOCUJIMKATOB C UCIIOJIb30BAHUEM CYJIb(ATHBIX TUTAHOBBIX cojieil. B wacTtHOCTH,
MPEJIOKEHA CXEeMa CTYNEHYAaTOro CHHTE3a CIIOUCTOr0 TUTaHocuiaukata AM-4
(Na3NaTi,[S14014]-:2H20) co cTpyKTypoil CXOXKed ¢ MUHEpaJiaMH JUHTHUCUTA U
TYHApPUTA. Y CTAHOBJIEHO, YTO B KUCJIOU cpene AM-4 TpaHchopMHUpYETCs B CIOUCTHIN
TUTAHOCWIHKAT SL3, KOTOPBIN CETEKTUBHO U3BJIEKAET OJHOBAJIEHTHBIE KATUOHBI, YTO
MO3BOJIWJIO MCIIOJIB30BaTh €ro JJisi W3BJICUEHHUS cepedpa M3 TEXHOJIOTMYECKHX
pactBopoB cioxnoro cocrasa u ¥’Cs uz JKPO [10]. Cepebpoconepxkaias hopma
SL3-Ag ob6namaer POTOKATATUTUICCKUMU CBOMCTBAMH.

OtpaboTaHHBI PaMOAKTUBHBIM COPOEHT MOXXHO TEPEBECTH B YCTONYMBYIO
TUTAHATHYIO KEpPaMHUKY, MPEJICTABIAIONIYI0 COOOW TBEPAYIO BBICOKOAKTUBHYIO

bapdopoBHIHYIO Maccy, OJU3KYIO IO COCTaBy K kepamukam Cunpok-tuma [11].
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MEMBPAHHbBIE MATEPHUAJIbI
JJIAA AIBTEPHATUBHOU DQHEPI'ETUKH

© Spocaasues A.B.!13

1. Uncmumym obweii u neopeanuuecxou xumuu um. H.C. Kypnakosa PAH
2. Hucmumym npoonem xumuuecxou ¢uzuxu PAH

3. Buvicuias wxona 3JKOHOMUKU

Honoobmennvie membpanbl wWuUpoko 60cmpedo6anvbl 8 COBPEMEHHOU  albMePHAMUEHOU
9HepeemuKe, 6KIIOUAs mMaKue YCMpoucmed, KaK MONIUGHble 31eMeHMbl, Memall-UOHHbLe
AKKYMYJAMOPSI, YCMAHOBKU 00pamuozo snekmpoouanusza. Kax npasuno, ux ponv 3axioyaemcs 6
CeNeKMUBHOM UOHHOM NePeHOce UOHO8 ONPeOeleHHO20 3apsadd U NpedomepaujeHuIo nepeHoca
9/1eKMPOHOS8, NPOMUBONOJIONCHO 3APANCEHHBIX UOHO8 UNU MONEKYI MNAUea (6000poo, Memanon u
np.). B coomeemcmeuu ¢ smum ux 0CHOSHbIMU CEOUCMEAMU AGNAIOMCS UOHHAS NPOBOOUMOCb U
cenekmusHocms  npoyeccos neperoca. Ilpuuem smu  ceoticmea, Kax Npasuio, AGIAONCA
aAHMA2oOHUCMAaMU — YeM 6bllle NPOBOOUMOCMb, MeM HUdNCe CeleKMUBHOCMb U HA0O0pom.
Vayuwums ceépolicmea memopan MOMCHO C UCNONb308AHUEM PA3UYHBL NOOXO008, CPeOU KOMOPbIX
MOJCHO ~ 8bI0ENUMb  MOOUDUKAYUIO UX NOBEPXHOCMU UMU 00beMd, NONYyHeHUue NPUBUMbIX
(nceg0020Mo2eHHbIX) MEMOPAH.

Knrwoueswie cnosa: uonoobmennvie memopansl, ubpuoHvle Memopansl, npusumole Memopanol,

MO@MQbuKal{uﬂ, HaHodacmuyvl, UOHHOAA npoeodwwocmb, CelleKmuBHoCcmys, monjiueHvle 3J1€eMEHN1bL.

DOHeprusi SBISETCA OJHUM W3 CTapeWiuMx U, TMOXaldyd, HamOoJjiee BaKHBIM
MIPOJIYKTOM, MPOU3BOJAMMBIM UEJIOBEUECTBOM. be3 Hee HEBO3MOXKHO HU OJIHO JAPYroe
MIPOU3BOJICTBO, BIIPOUEM KaK M CaMO CYIIECTBOBAHUE YEJIOBEKAa BO MHOTHX YTOJKax
Haled miaHeThl. J[muTensHoe BpeMsi OCHOBHBIM SHEPIrOHOCHUTENIEM SIBJISIUCH JIPOBA.
Onuako HaumHadg ¢ 1900 roma B Ka)KAbIil HOBEIM BEK YEJIOBEUECTBO BXOAWJIO C HOBBEIM
sTHeproHocureneM. [[poBa cmeHwsn yrosb, yroinb — HedTh. llepexom k HOBOMY
SHEPrOHOCUTENI0 TpuBOAWA K TmoBbiieHU0 KIIJ[ sHeprocucteM u MO3BOJISII
HCIIOJIh30BaTh HOBBIE 0oJiee 3(PEeKTHBHBIE M SKOHOMUYECKH BBITOIHBIE TEXHOJIOTHH.
[IpyueM eciau 1poBa U yroJib TOCHOACTBOBAIN Oe3pasnenbHo, To B 2000 roay HedTh
3anuMaina gub 40% peiHKa sHepreTuku. COoriiacHO MPOrHO3aM YXKe€ B TEUEHHUE ITOT0
cTosieThss HeTh TAKKE MOTEPSET CBOE TOCIOCTBYIOIIEE MOJOXKEHUE, a € HA CMEHY
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MpUIJIET aJbTepHATUBHAS dHepreTuka. B mepByio odepenb oHa OyneT OCHOBBIBATHCS
Ha BO30OHOBJISIEMBIX MCTOYHHMKAX (SHEPTHUS COJHIA, BETpa, MpuiauBoB). [Ipu sToM
[JIaBEHCTBYIOIIYIO pojib OyAyT UIpaTh COJHEUHbIE OaTapeu, BeTporeHepaTtopsl [1].
OpHako STH MCTOYHUKH SHEPrUU HE MOTYT paboraTh OecrpepbiBHO. [Ipruem
MaKCUMYM MOTPEOJICHUs] YHEPTUU MPUXOJUTCS UMEHHO Ha TO BpPEeMsl CYTOK U roja,
korna A(Q¢GEeKTUBHOCTh COJHEYHBIX OaTapeid MuHUMAanbHa. [loaToMy s
obecrieueHrss ~ MOAHOTO  A((PEKTUBHOrO  MHKIA  HEOOXOAMMBI  CHCTEMBI
aKKyMYyJIMPOBaHUSY SHEPruM, CPeeaud KOTOPBIX TIJIABEHCTBYIOUIYIO pOJb OYyAyT
UrpaTh METAJUI-MOHHBIE AKKYMYJISITOPBI M TOIUIMBHBIE 3yeMeHTHI [2]. Kpome Toro
TOIUIMBHBIE 23yieMeHThl (TD) W caMu MOTyT paccMaTpuBaThCsi B KadecTBE
BO300HOBJISIEMOIO0 MCTOYHHMKA YHEPIHM, €CIU TOIUIMBOM B HUX SIBJISIETCS METaHOJ
WM BOJOpPOA, NPOU3BOAMMBIE M3 Ouomacchl. DPPEKTUBHOCTb pPabOThl ATUX
YCTBOMCTB OIIPENEIACTCA UCIOJIB3YEMBIMH B HMX MaTepHAIaM{, BAaXXKHEHIIMMH U3
KOTOPBIX SIBJISIFOTCS 3JIEKTPOIUTHI (MEMOpaHBbI).

B cBs13u ¢ pa3nuyHbIMM MPUHIUIIAMU JIEUCTBUS, K MEMOpaHaM, UCHOJIb3yEMbIM B
Pa3IMYHBIX XUMHUYECKMX UCTOYHUKAX TOKA, BKJIKOYAsl TOIJIMBHBIE DJIEMEHTBI, PEIOKC
OaTapeu, yCTpOWCTBA OOpATHOTO 3IEKTPOAMAIN3A, JIUTUU-MOHHBIE AKKYyMYJISITOPBI
[KHUTa]| TPEenbABISIIOTCS pa3iuuHble TpeOoBaHus. HecMoTps Ha 3TO, cpelu HHUX
MO’KHO BBLICJIUTh HEKOTOPYIO OOIIHOCTh. [ JITaBHBIM YCJIOBHEM SIBJISIETCS HaJTU4ME
BBICOKOM HMOHHOW MNPOBOAMMOCTH (NP HHU3KOM DIIEKTPOHHON) M CEJIEKTUBHOCTHU
nporeccoB nepenoca [3]. s pa3HbIX YCTPOIMCTB CENEKTUBHOCTh MOYKET OTHOCUTHCS
K TMEepEeHOCYy KOMOHOB, MOJIEKYJ Tra3a, HO MEXaHW3M HuX TpaHCHopTa OOBIYHO
noctatoyHo  Onuzok. Ilenmbro  gaHHOW — MyOJWKaIMU  SIBJISIETCS  OMMCAHUIO
TPAHCIIOPTHBIX CBOMCTB PA3JIMYHBIX HOHOOOMEHHBIX MeMOpaH, MePCHEKTUBHBIX JIs
UCIOJIb30BAaHUSI B XUMUYECKUX MUCTOYHHKAX TOKA M ONMKHCAHHE HEKOTOPBIX MOIXOOB,
HCIIOJIB3YEMBIX ISl UX YJyYIIEHUS.

B ob6mem cmydae crpoeHHe HMOHOOOMEHHBIX MEMOpaH OOBIYHO OMHCHIBACTCS
IMIMPOKO HW3BECTHOM Mojenpio ['upke, NpemsiokeHHOW s mnepdTOpUpOBAHHBIX
MarepuasioB  [4]. brmarogapss nOpoTEKaHUIO  MPOLECCOB  CaMOOPTraHU3ALMU

rupodoOHbIe MOTUMEPHBIE MU 00pa3yoT MATPUILy MEMOpPaHbI, a TUAPOPUILHBIE
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(GYHKIIMOHATBHBIE TPYIIHI, MOTJIONIAsI BOAY M3 OKPYXKAIOMIEH cpenbl, (OPMHUPYIOT
CUCTeMY MOp MU KaHaloB. [Ipy 3TOM CTEHKHM MOp KaTHOHOOOMEHHBIX MEMOpaH
YCTUIJIAIOTCS (PUKCUPOBAHHBIMU MOHaMHU (Hampumep,—S0s’), 00pa3zoBaBIIMMUCA TIPU
TUcconyany (PyHKITMOHAIBHBIX TPYII, & BHYTPU MOP HAXOJIUTCS BOIHBIA PacTBOD,
coAepKalllui  TOJIOKUTEILHO  3apsDKEHHBIE  NMPOTMBOMOHBI.  PasMep  mop
nepdropupoBanHbix MeMOpaH Nafion Npu MakCHUMalIbHOM CTENEHM THJpaTaluu
nocturaet 4-5 HM. Ilpm sTOoM OoJbIas dYacTh NPOTHBOMOHOB OKAa3bIBACTCS
JIOKaIM30BaHHOM B JleGaeBCKOM C10€ TONIIUHON OKO0JIO 1 HM, pacroyioxKEHHOM BO3JIE
CTEHOK Tmop wmeMOpaH. VMEHHO mepeHOC B HTOM CJIO€ OMNPEAENISeT HOHHYIO
MPOBOAUMOCTh, MeMOpaH. UeM BhIllie cojiepkaHue (YHKIMOHAIBHBIX TPYIM, TEM
BBIIIE KOHIIEHTpAIMsl HOCUTEIEH M NpOBOAUMOCTh MeMmOpaH. OcraBmiuiics o0beM
MOp 3alOJHAETCA BJICKTPOHEUTPATbHBIM PAcTBOPOM, COCTaB KOTOPOTrO OJIM30K K
COCTaBy OKpY)Kalomiero wmemMOpaHy pactBopa. Hebombimas mo cpaBHEHHIO C
IPOTUBOMOHAMH, KOHIIEHTpAalMsi KOWOHOB WJIM MOJIEKYJ Ta30B ONPEAENSeT HX
MepeHoc yepe3 MeMOpaHy 1 MOHMKEHHUE €€ CEIEKTUBHOCTH [3].

[ToBbIIeHHE Biarocojep>kaHus MeMOpaH MPUBOAUT K POCTYy pasmepa mop M
COCMHSIONINX X KaHAJIOB, pa3Mep KOTOPBIX JIUMUTHUPYET MOHHYIO MPOBOJUMOCTb.
OIHOBPEMEHHO C AITHUM TOBBIMIAETCS U OOBEM DIIEKTPOHEHUTPAIBHOTO PacCTBOPA,
JIOKaJIM30BaHHOTO B IeHTpe mop. [lomarator, 4To coctaB 3TOro pactBopa OJU30K K
pacTBOpy, KOHTaKTUPYIOLIEeMy ¢ MeMOpaHo# [5]. B ciiyuae MmeMOpaH, UCIIOIB3YEeMbIX
B TOIUIMBHBIX 3JIEMEHTaX, KOHTAKTUPYIOIIUX C HACBHIIICHHBIM BOJSHBIM MapoM, B
IIEHTPEe MOp J0JDKHA HAXOJUTHCS MPAKTUYECKH YUCTas BOJA, YTO IS MeMOpaH C
BBICOKMM BJIaroCOJIepKaHUeM MOJATBEPKIaeTCs 3amep3anueM Bojbl BOm3u 0°C [6].
B cCB3M ¢ OTUM TIOBBINIEHHE WOHHOW MPOBOJMMOCTH MeMOpaH JOJKHO
CONPOBOXKJIAThCSI ~ TMOHM)KEHUEM WX  CEJIIGKTUBHOCTH, YTO  IOJTBEPKIACTCS
CTaTUCTUYECKUMHU JaHHBIMH JUISI PA3IMYHBIX MEMOpaH, HAaHECEHHBIMU Ha OOIIYIO
auarpaMMy, aHaJIOTHYHYI0 nuarpamme PoOcona aiis razopasaenenus [7].

Kak npaBuio, roMoreHHble MEMOpPaHbl UMEIOT 3HAUYUTEIIBHOE MPEUMYIIECTBO T10
CPaBHEHHUIO C T€TEPOre€HHBIMU, MOCKOJIbKY MOCJIEAHUE OOBIYHO MOIYYaIOT MPOKATKOM

HJIM IIPECCOBAHUEM HOHHTA U HJ'IaCTI/I(bI/IKaTOpa. B cBsi3u ¢ >TUM KOHTaKT MCXKIY HX
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YacTULIaMU SIBJIIETCS. HEONTHUMAJbHBIM W TakKhe MEMOpaHbl XapaKTepU3yITCs
OMMOIIaTBHBIM pacmpeencHrueM mop mo pasmepam [8]. Ilpu sTom Hamuuue mop
Gospimoro pasmepa (mopsaka 10° HM) ompemenser NOHMKEHHE CEIEKTHMBHOCTH
MPOLIECCOB TepeHoca. BecbMma NEpCHEKTUBHBIM MPEACTABISETCS HCIOIb30BAHHE
NPUBUTHIX MEMOpaH, TMOJYYECHHBIX MPUBUBOYHOM MOJMMEpU3alMed CTHpOJiIa B
aKTUBUPOBAHHBIX paauanueil unu Y D-o0mydeHueM mIOTHBIX MOJUMEPHBIX IIIEHKaX
c mocneayomuM cyinbpupoBanuem. [lo coctaBy Takue MeMOpaHbl MPAKTHYECKU
UJCHTUYHBl TETEPOr€HHbIM, HO OTCYTCTBUE BTOPHUYHON IOPUCTOCTU JE€laeT HX
ropaszo 0osiee CeJIeKTUBHBIMU [9].

[lokazana BblcOKasg 3(P(EKTUBHOCTh TaKMX MEMOpaH B IIpolieccax TIeHepaluu
SHEPrUM C MHCIOJIB30BAaHMEM 0OpaTHOro siekTpoauanusa [9]. Pa3BuBaercs u
aNbTePHATUBHBIA METOJl, B KOTOPOM aKTHUBAaIlUs MEMOpaH OCYIIECTBISIETCS HX
MEXaHUYECKUM pacTshkeHUueM. V3MEHeHHeM CTeNneHW NMPUBHUBKU U CIIMBKU MOKHO
BapbUPOBaTh MOHOOOMEHHOW €MKOCTBIO U BJIarocoJiepKaHueM IMPUBHUTHIX MEMOpaH,
9TO B WTOTe TMO3BOJSET TMOJydaTh MEMOpaHbl C pa3IUYHBIMH CBONCTBaMH,

OIITUMHU3HUPYIO UX HOHHYIO IIPOBOAUMOCTD U CCIICKTUBHOCTD.

g D80 £ AX , Puc.l.  3aBUCHMOCTH  IOTEIHO-
*0.96.4 5 = ;%KEK * X5 METPUUECKUX YUCET IIEPEHOCa HOHOB
{ B o % 9 natpus (0,5 M/0,1 M NaCl) ot ux
0’92'_ N WOHHOW mpoBOAMMOCTH B Na'-
084 ©° & * B dopme (0,5 M NaCl) mns psma
0,84 MOHOOOMEHHBIX MeMOpaH, BKJIrOYas
o . TOMOT€HHbIE, TeTepOTeHHbIE, IICEB-
0,80+ JIOTOMOTCHHBIE W TPHBUTBIE  TIO
0,764 O TleTeporeHHble X J@HHBIM [9].
1 O [omMoreHHble
0,729 A TMcesno-romoreHHble X
1 %
0,68 MpuBKTbIE

0,000 0,006 0,010 0,015 0,020 0,025 0,030
GzZ,CM/CM

K coxanennto, BEIOOP KOMMEPUECKH JTOCTYIMHBIX MEMOpPAH HE CTOJIb BHICOK U HE
BCErJa MO3BOJISIET ONTUMU3UPOBATh MapaMETpbl HCTOYHUKOB TOKA. B 3TOoM ciryyae
UCIIOB3YIOT METOJBI, CBsI3aHHBIE C MoAuUKalUel MeMOpaHHBIX MaTepHUasIOB.
OpuuM u3 Hambolee AaKTHUBHO pa3BUBAIOIIMXCS MMOAXOJOB CTaJl0 CO3/IaHUE
ruOpuHeIX MeMmOpaH. Pa0oThl B 3TOM HampaBlIEHUHU pa3BUBAIOTCS KakK JUIs

COBEPILIEHCTBOBAHMS HOHOOOMEHHBIX MEMOPAH, TaK U JUIsl ra3opasieauTenbHbix [10].

26



[Ipu wmomudukanuu HOHOOOMEHHBIX MeMOpaH BHHUMaHUE HCCIenoBaTeNleH
OOBIYHO MPHUBIIEKAET BO3MOYKHOCTH IIOBBIIIEHUS HMX MPOTOHHOW NPOBOAMUMOCTH,
KOTOpOE€ OOBIYHO peau3yeTcsl JIMIb JJIS HU3KOM KOHIIEHTpauuu jomanrta. s
OOBACHEHHSI 3TOrO SBJICHHS MPEAJIOKEHA MOJENIb «OTPAHUYECHHOW 3JIACTUYHOCTU
CTEHOK MOp MeMOpaH», B pamMKax KOTOpOW BHEJpEHHE JOIMaHTa B MOPhl MeMOpaH
OPUBOOUT K HUX PACUIMPEHUIO OJHOBPEMEHHO C pACIIMPEHHUEM KAaHAJIOB,
JUMUTHPYIOIIHUX TPOBOAUMOCTh MeMOpad [11]. Brarocogepxanue meMOpaH JT0KHO
OCTaBaThCSl MOYTH HEU3MEHHBIM WJIM MOYKET HECKOJBKO YBEIMYUTHCA 34 CUET
JOTIOJTHUTENBHOU COpOLMU BOJBI HA MOBEPXHOCTU TMAPOQUIBHBIX JOMAHTOB. 3a CUET
YBEJIMYECHHUS] CYMMapHOro pa3Mepa Imop pacTeT U pa3Mep COCIUHSAIOMIMX X KaHAJOB.
B pesynbrare Habmo1aeTcsl yCKOpEHUE MEepeHoca MPOTOHOB Yepe3 y3KUe KaHajbl U
MIPOBOJIMMOCTH MeMOpaH B 1einoM. [lpu yBenuyeHuu copepaHus JONAHTa BHIIIE
2 00. % OCMOTHYECKOIO JABJICHUS CTAHOBUTCS HEIOCTATOYHBIM JJIsl MPEOI0JICHUS
yOpyrux cui jnedopmainuyd Marepuania, Mo3TOMY BJIArocojepkaHue MeMOpaH U UX
MPOBOJIMMOCTH MOHMKarTCs [11].

BaxxHpIM MpeuMyIIecTBOM THOPUIHBIX MEMOpaH SBISETCS BO3MOXKHOCTH
MOJJICPXKAHUSI BBICOKOW TMPOTOHHOW NPOBOAUMOCTH TMPU HHU3KOM BIIAXKHOCTH
OKpYy>Xarollled cpefpl, KOorja MNpOBOJUMOCTh OOBIYHBIX MEMOpaH CHHMXKAeTCs Ha
HECKOJIbKO TOPSJIKOB 3a CYET JETUIpATAIlMi U TOHIKEHUS 00bemMa Top U KaHAJIOB.
[ToBbIIEHUST TPOBOAUMOCTH MPU MOHUKEHHON BIAXKHOCTU yAAETCS JTOOUTHCS MPU
BHEJIPEHUN B MEMOpaHBI IOMIAHTOB C MOBEPXHOCTHIO, OTIUYAIOIICICS BRIPAXKEHHBIMU
KHUCJIIOTHBIMHM CBOMCTBaMU, HAIPUMEP F€TEPOIOIMKUCIOT UM UX KUCIBIX COoJei. DTo
OCOOEHHO BaXKHO JIJISi IPUMEHEHUSI B TOIUIMBHBIX 3JIEMEHTAX, MOILIHOCTh KOTOPBIX
MPU HU3KOW BIAXHOCTU YIACTCS TMOBBICUTH 3a CUET HCIOJIb30BaHHUS MEMOpaH,
cogepxkamux ¢ochar IUPKOHUS WX COJU TETEPONOIUKHUCIOT. [IpuunHOiA
MOBBIINICHUS] TMPOBOAMMOCTH MEMOpaH TIpM HU3KOW  BIIAKHOCTH  SIBIISIETCS
MIPEAOTBPALIEHUE YPE3MEPHOr0O CYKEHHUS MOpP MPHU IMOHMKEHHOM BIIAXXHOCTH U, KaK
CJIEACTBUE, MOBBIIIEHUE pa3Mepa KaHAJIOB, COSAUHAOIMX Mopel. KpoMe Toro, nmpu
HU3KOM BIJIAKHOCTH MOBEPXHOCTh JOMAHTAa MOYKET NPUHUMAaTh aKTUBHOE y4acTHE B

Imponeccax nepeHoca.
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C ToukM 3peHHs TPUMEHEHHS B TOIUIMBHBIX DJEMEHTaX KpaiHEe Ba)KHBIM
aCTMeKTOM SIBJISICTCS] MOHIKEHHWE B THOPUAHBIX MeMOpaHax NEepeHoca MeTaHoja U
MOJICKYJ Ta3za 3a c4eT coOcTtBeHHOM muddy3um depe3 meMOpaHy (KpocoBepa).
[Iporeccel ux mepeHoca, Kak OTMEUYEHO BBIIIE, OCYIIECTBIIIOTCS B TIEPBYIO OYepeb
M0 «3JIEKTPOHEHUTPATLHOMY» BOJHOMY PacTBOPY, JOKAJIM30BAHHOMY B IIEHTpPE IOP
mMemMOpan. DopMHUpoOBaHWE HAHOYACTHI] B MOpaxX NPUBOAWT B IMEPBYIO OYEpenb K
BBITECHEHUIO «DJICKTPOHEUTPAIILHOTO» pacTBOpa U3 IEHTpa IMOp MEMOpaHBI.
HanpoTtus, npoBogumMocTb MeMOpaH OIpenessieTcsl MepeHOCOM IMPOTUBOMOHOB B
1e0aeBCKOM CIJI0O€ BJOJb CTEHOK IMOp. BcememcTBue STOro mepeHoC KOMOHOB H
HEUTPaTbHBIX MOJIEKYJ B THOPUAHBIX MEMOpaHax OCIOXKHSIETCS, B TO BpeMs KaK MX
MOHHAas IPOBOANMOCTB Yallle cJ1a00 M3MEHSAETCS WM MOBBIILIACTCS.

Becbma mepcrieKTUBHBIM HAIMPaBICHUEM MOYKHO CUYHTATh CO3JaHHE THOPUIHBIX
MeMOpaH NpH BHEAPEHUH HAHOYACTUIl ¢ MOJU(GUIMPOBAHHOW MOBEPXHOCTHIO. B
HEPBYIO OYEpelb HHTEPEC IMPEJICTaBIsAET MPUAAHUE UM KHUCJIOTHBIX CBOMWCTB.
Mewmb6pansr Haduon, comepskariye HaHOYACTHIBI OKCHIA KPEMHHUS C TPUBUTHIMU
cynbdorpyrmnamMu wiv gparMeHTaMu CylIb(HOHOBBIX KHCIOT MPOSIBUIH TOBBIIIEHHYIO
OPOTOHHYIO  MPOBOAMMOCTb W HHU3KYH  TPOHHUIIAEMOCTh TI0  METaHOI.
CylI11eCTBEHHOTO CHW)KEHHS NMPOHUIIAEMOCTH 10 METaHOJYy YAAJIOCh AOOUTHCS MpHU
nonvpoBanud  MeMOpan ~ Haduon  okcumamMu — MeTalioB,  KpPEeMHHUS |
dochopHoBOIBGpamMoBoOil KucaoTOl. Moaudukanus memOpaH CyJb()pUPOBAHHBIMU
[[EOJIUTAaMH TO03BOJIMJIA CHU3HUTHh MPOHUIAEMOCTh [0 METaHOJy MpH COXpPaHEHUU
IPOTOHHOM MPOBOJUMOCTH U CYIIECTBEHHOM TOBBIIIICHHH MOIIHOCTH METaHOJbHBIX
TOIUTUBHBIX dyieMeHTOB. Co3/laHue AOMOJHUTENBHOTO JABOWHOTO JIIEKTPHUYECKOTO
CIOS Y TOBEPXHOCTH HAHOYACTUI[ C KHUCIOTHBIMA CBOMCTBAMHU TMPUBOAUT K
JIOTIOJTHUTETPHOMY BBITECHCHHIO KOWOHOB W MAaJIOMOJIAPHBIX MOJIEKYT H3 TOp
MeMOpaHbl U K TOBBIIIEHUIO CEJIEKTHUBHOCTU MepeHoca. IlepeuncrieHHble NaHHBbIE
MOKA3bIBAIOT BO3MOXKHOCTh UIMPOKOTO MPAKTUYECKOTO0 MPUMEHEHHUS T'HOPHIHBIX
MeMOpaH 11  KOHCTPYMPOBAHUS  TOIUIMBHBIX  JJIEMEHTOB U IPOIIECCOB

ra3opasziCJICHUs.
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Hanbonee momynasipHbIMU 3JEKTPOIUTAMU JJISI METAII-MOHHBIX aKKyMYJISTOPOB
SBJISIFOTCSL  PacTBOPBI COJIEH IIEJTOYHBIX METAUIOB B PA3IMYHBIX aAMPOTOHHBIX
pactBoputensax. OJIHAKO WX HCIOIb30BAHUE COIPSIKEHO C PAIOM HEIOCTATKOB,
BKJIIOYAss PE3KOE TMOHWKEHHE CBOMCTB aKKyMyJISITOpa TpPU  MOHUKEHHBIX
TeMIlepaTypax, CIOKHOCTh OOecredeHus: 0e30MacHOCTH paboThl U (HOPMHUPOBAHUE
HU3KOMPOBOJSIIETO CJI0sI Ha MOBEPXHOCTH aHoja [12]. B ¢Bsi3u ¢ »TUM B mocienHue
roJibl BHUMaHWE UCCIIEIOBATENIe BCe OOJIbIlIEe MPUBJICKAET UCIOJIb30BAHUE TBEPIBIX
U B IIEPBYIO OUYEPEb MOTUMEPHBIX ANEKTPOIUTOB [13]. C 3TOM TOUKHM 3peHUsI BECbMa
MEPCIIEKTUBHBIM MOXET ObITh UCIOJIh30BaHUE NOHOOOMEHHBIX MEMOpaH B JIUTUEBOU
WM HATpUeBOM (opMe, HAMOJHEHHBIX BMECTO BOJBI TEMH K€ alPOTOHHBIMHU
pactBoputensamu |14, 15].

Pabota BeinonHeHa npu punancoBoi nogaepxxkke PH®, npoekt 17-79-30054.
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OU3INKA KOHAEHCHUPOBAHHOI'O COCTOAHUA

YK 669.26°27°28:621.762.2.242
MATHUETEPMHUYECKHUE HAHOPA3ZMEPHBIE ITIOPOLIKH

METAJIJIOB HOAI'PYIIIIBI XPOMA

© B. H. Koaocos, B. M. OpaoB, M. H. Mupomanienko, T. FO. IIpoxoposa
WHCTUTYT XUMUHU U TEXHOJIOTUU PEIKUX DJIEMEHTOB U MUHEPATIBLHOTO ChIPbS UM.
N.B. TananaeBa — o6ocobmenHoe noapasaenenne OUIL KHI[ PAH, 184209, Poccus, r. Anatursl,
MypMmanckas o611., MKp. AKazieMropoiok, 26a. e- mail: tantal@chemy.kolasc.net.ru
AHHOTaNUsA
s nonyuenuss HaHOpa3mMepHuIX NOPOUIKO8 MEMANI08 U CHIAABO8 NOOSPYNNbL XPOMA UCHONb308AH
CnOCob B0CCMAHOBIEHUsSL OBOUHBIX OKCUOHBIX COCOUHEHUUl IMUX Memailos napamu Machus 8
VCI0BUAX HU3KO20 CMAMUYECKO20 paspediceHus U OuHamuieckozo eaxyyma. Ilpusedenvi
pe3yibmamsl o NOJYYEHUIO U UCCIe008AHUI0 NOPOUKO8 80NIbpama, Monuboena, xpoma, cmecu W-
Cr u cnnaséa Mo-W. ITosepxnocms nopouikoé naxooumcs Ha yposue 14-41 m’-2"!. Cpeonuii pazmep
KPUCMANIUMO8, OYEHEHHbI NO GeluduHe 001acmell KO2epeHMHO20 PACCesHUS PEeHM2EeHOBCKO20
usnydenusi, cocmasensiem 8-40 Hm.
Kntouesvle cnoea: napvi macnus, macHuemepmuieckoe 60CCMAHOBIEHUe, OKCUO, ONbOPAM,

MONMUOOEH, XPOM, NOPOULOK, YOelbHAsL NOBEPXHOCb.

MAGNESIUM THERMAL NANO-SIZED POWDERS
OF THE CHROMIUM SUBGROUP METALS
V. N. Kolosov, V. M. Orlov, M. N. Miroshnichenko, T. Yu. Prokhorova

Tananaev Institute of Chemistry - Subdivision of the Federal Research Centre Kola Science
Centre of the Russian Academy of Sciences, Akademgorodok 26a, Apatity, Murmansk reg.
184209, Russia, e-mail: tantal@chemy.kolasc.net.ru

Abstract

A method for magnesium vapor reduction of the double oxides of chromium subgroup metals at
low statical underpressure and dynamical vacuum is used. The results of research of the production
and investigation of tungsten, molybdenum, chromium, W-Cr mix and Mo-W alloy powders are
presented. The specific surface area of the resulting powders is at 14-41m?-g!. The average

crystalline grain size estimated from the value of the range of coherent X-ray scattering is 8-40 nm.
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OgauM  u3  crmocoOOB  TOJMYYEHHMsS]  TYTOIUIAaBKMX ~ METAUIOB  SIBIISIETCSA
METAJUIOTEPMUYECKOE  BOCCTAHOBJIIEHHME OKCHAHBIX COEOUHEHMI. Bcnencreue
BBICOKOM TeMIlepaTypbl IUIABJICHUS MPOJYKTOM BOCCTAHOBJICHHS OKCHIHBIX
COCIMHEHM OOBIYHO  SBISIETCS  METAJUIMYECKUH  TMOPOMIOK.  3HAYUTENIbHOE
YBEIMYCHUE YACIbHOW IMOBEPXHOCTH TIOPOIIKA MOXKET OBITh JOCTHUTHYTO
BOCCTAHOBJICHUEM JIBOMHBIX OKCHIOB METAUIOB mnapamu wmarHus [1, 2]. Oto
00yCJIOBJIEHO T€M, YTO BOCCTAHOBJIEHHUE MPOUCXOJUT B 00BEME YACTHUIIBI U MPOIYKT
BOCCTAaHOBJIEHUSI TMpEJCTaBsieT co00l ueperoBaHue mnpocioek MgO u yacTul
metaia [3]. Hanuume B coctaBe npekypcopa okcuna MgO unu CaO yBenuuuBaer
KOJIMYECTBO MPOCIOeK. Bo3pacTaeT 4uciio mop M COOTBETCTBEHHO YBEIMYHBACTCA
yAenbHasl MOBEPXHOCTh MOPOIIKOB. B TO ke BpeMs, MpU BOCCTAHOBJICHUHU TapamMu
MarHusi psja OKCHUJHBIX COEIWHEHUUW METAJJIOB MOATPYIIBI XpoMa OOHapyKEHO
pasziereHue MNpPOAYKTOB peakluii ¢ o00pa30BaHMEM IUIOTHBIX CJIOEB MPOAYKTa
peakuuu MgO BHe peakiimoHHOW 30HHI [4, 5]. [IpuueMm macca MgO, Haxoasierocs
BHE 30HBI, PEAKIMU YBEJIUYHMBAETCS C IMOBBIIIEHHEM OCTATOYHOIO JABJICHUS B
peaktope. YnmaneHne MgO U3 CTPyKTypbl 4YacTHLl TNPUBOJUT K CHUKECHHIO
MOPUCTOCTH TMOPOIIKA METAUIa U, COOTBETCTBEHHO, K YMEHBIICHUIO BEJIUYUHBI €T0
yaenbHON moBepXHOCTH [4]. K CHM)KEHHIO TOBEPXHOCTH IMOPOLIKOB 3a CYET
KOAryJsiiid 4YacTUI[ BOCCTAHOBJIICHHOTO MeETajllla TPUBOJUT TakKe BBICOKAs
TeMIeparypa mnpoiecca.

lenp Hacrosmiedt paboThl — UCCIAEAOBAHHWE BO3MOXXHOCTH  MOJY4YCHUS
HaHOPA3MEPHBIX MOPOIIKOB METAJVIOB MHOATPYHIBI XpOoMa BOCCTAHOBIEHHUEM HUX
JIBOMHBIX OKCUJHBIX COCIUHEHUI MapamMu MarHus Mpy NOHUKEHHON TeMIlepaType U
JTaBJICHUH.

B kaudectBe npekypcopoB ucnoiab3oBanu nopomkun MgMoOs, CaMoOs, MgWOy,
MgCr204, CaW0,35Cr 0,6504, MgWo,3MOo,704 J51 CaWo,3MOo,704, KOTOPBIC
CHHTE3UPOBAJIM IO METOAMKAaM, ONMHUCAHHBIM B [2, 5, 6]. AnmapaTypa, METOJIMKa

IMOJIYYCHUA W HCCICAOBAHUA IMOPOMIKOB aHAJIOTUYHBI HMCIIOJIb30BAHHBIM PAHCC [2]
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EmMkocts ¢ Marnuem (“M95”) ycraHaBnuBaJiMi Ha JIHO PEAKIMOHHOIO CTaKaHa.
HaBecku mpekypcopoB 3arpyxaid B METAUIMYECKUE KOHTEUHEPHI, KOTOPHIE
pasMeniany HaJa €MKOCThIO ¢ MarHueM. Haja KoHTeliHepaMu pacmoJiarajics JKpaH.
PeaknMOHHBIN CTaKaH 3aKpBIBAJIA KPBIILIKOW, B [IEHTPE KOTOPOU MMEETCA OTBEPCTHUE
IU1s yexyia Tepmonapbl. CTakaH yCTaHABIMBAJIA B PETOPTY U3 HEPIKABEIOUIEH CTalH,
KOTOPYIO TE€pMETU3MPOBaIM, BaKkyymupoBainu a0 aaieHus 5—10 Ila, 3anonHsmm
aproHOM, HarpeBaju 10 TpeOyeMoW TeMIlepaTyphl U BHOBb BaKyyMHUPOBaJH, 3aT€M
WJIM 3aMOJIHSUIA 10 OCTaTOYHOTO JIaBJICHUSI aproHa, He mnpeBblmaromiero S5 klla, nam
BEJIU MPOLIECC IPU HEMIPEPHIBHOM BaKyyMUPOBAHUM peakTopa (0CTaTOUHOE JIaBJICHUE
10 ITa). BoccTtanoBnenue ocyiiecTBisIu mpu temieparype 600—750°C.

J1J1st IepevrCIIeHHBIX BBIIIE MPEKYPCOPOB ObLTH paccunuTaHbl dHepruu ['nuooca AG
peakiuii BOCCTAHOBJICHMSI MarHueM. B BbIOpaHHOM HHTEpBajie TeMIIepaTyphbl
pacuernble 3HaueHus AG Haxomsarcs B uHTepBane -(530-900) x/[x-Monb!, uro
NOATBEPKAAET BBICOKYIO BEPOSATHOCTh BOCCTAHOBIICHHMSI HUCCIEAYEMBIX JBOMHBIX
OKCHUJIHBIX COCIUHEHHUMN.

IIpy BOCCTAaHOBJIEHMM BCEX pPACCMATPUBAEMBIX COCIUHEHUN B  pEXKUME
JTUHAMHYECKOI0 BaKyyMa pa3JieJIieHUs IPOyKTOB HE MPOUCXOauT. B ciiyyae Hamnuus
OCTAaTOYHOTO JaBJEHUS aproHa B peakrope Impu BoccTaHoBieHUH CaMoOs,
CaW3Moy 704, MgM00Os u MgWO, HaGmaromaercs nosienune cinos MgO 6emnoro
I[BETa Ha IMOBEPXHOCTU PEAKIIMOHHOM MAacChl M CTEHKaxX THWIJS BBIIIE YPOBHS
3arpy3kud. B 3aBUCHMMOCTM OT COCTaBa COEOUHEHHUSI pa3[ACIICHUE OKCUIHOH U
MeTajuimdecko ¢a3 HauumHaeTrcss B uHTepBaiie napieHuit 1-5 klla. Ilocne
BOCCTaHOBJICHUS 1107 ciioeM MgO, pacmnoioKeHHbIM Ha MOBEPXHOCTH PEAKIIMOHHOM
MacChl, HAXOIUTCS TTOPOIIOK COOTBETCTBYIOIIET0 MeTauia (MonubeHa, criaBa Mo-
W  wm Bombbpama), coxaepxkamuii CaO wuwimm MgO B  COOTHOIICHUSX,
COOTBETCTBYIOIIMX COJEPAKAHUIO ITUX OKCHUIAOB B HMCXOJHBIX COCIUHECHUSX.
Paznenenune mnpomaykToB ¢ oOpa3zoBanueM cioeB MgO BHE pPEakIMOHHOW 30HBI
HAOJIIOIATIOCH JIaXKe MPU TeMIEpaType HIKE TeMIEepaTyphl IUIaBieHus] Maraus. B To
xe BpeMsi, npu BoccTaHoBieHUU MgCr0O4, CaWi35Cr 96504 1 MgW(3Mo0p 704 B

IMPUBCACHHBIX BLIIIC YCIIOBUAX pasdCICHHA ITPOJYKTOB peaKHI/Iﬁ HEC IMPONUCXOOUT.
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Biusinue ycnoBuil BOCCTAHOBIIEHHMSI U COCTaBa MPEKypcopa Ha XapaKTEPUCTHUKHU
MTOPOIITKOB MPEACTABICHO B Ta0OiuIle. M3 maHHBIX TaOMHIBI BUIHO, YTO TIPOBEICHUC
npoliecca B yKa3aHHBIX YCIOBHUSAX MO3BOJISIET MOJHOCTHIO BOCCTAHOBUTH BHIOpAHHBIC
coenuHeHns. B pesynbrare OBUIM TOMYyYEHBI TOPOIIKH BOJh(paMa, MOJIUOICHA,
XpoMa, CMeCH BoJib(pama ¢ XpoMoM U ciiaBa Mo-W ¢ yaenbHON MOBEpXHOCThIO Ha
ypoBHe 14-41 M>T!, 4T0 3HAYMTENBHO NPEBBILAECT TAKOBYIO JUIS IIOPOIIKOB,
MOJTYYECHHBIX W3 TE€X JKE€ MPEKypcopoB IMpu Oojee BBICOKMX JIaBJICHUSX U
temriepatypax [2, 4]. 3HaueHus NOJHOW IIUPUHBI JU(PPAKIIMOHHBIX JMHUN Ha
nosioBuHe BBICOTHI £ (110) mocie OTMBIBKHA MOPOIIKOB cCHUXkaroTcs. [lo-Bunumomy,
ATO OOYCJIOBJICHO YJaJ€HHUEM B pe3yJbTaTe€ OTMBIBKM MEJIKMX YacTHI[ MeTalla.
Kpugsie aacopOiiyuu nosy4eHHBIX MOPOIIKOB BCEX METAJNIOB COOTBETCTBYIOT IV Ty
no knaccudukamuu [UPAC.

Tabnuua — 3aBUCHMOCTh XapaKTEPUCTHK MOPOIIKOB METAJUIOB OT YCIOBHM

BOCCTAHOBJICHHUA OKCHUAHBIX COGI[I/IHGHI/Iﬁ

YcnoBus .
XapakTepucTUKH peakiimoHHoi Maccel (PM) u
BOCCTaHOBJICHH
noporika nocyie oTMbiBkU (OI1)
[Ipekypcop A

;f, P, t, | mare- PDOA £(110), S]Z;;)T_,I doxkp,

C |klla| u | puan rpam. | M-I | HM

PM Mo, MgO 0,856 - -

MeMoO 6401 0.5 13 OIl1 Mo 0,812 | 24,8 | 24

EYI0L4 00| 3 | 4 |PM Mo, MgO 0421 | - | -
OIl Mo 0,315 | 14,7 | 40

PM | Mo, MgO, CaO | 0,892 - -

CaMoO 6301 0.01) 4 OIl Mo 0,591 | 25,2 | 23

! 200! 1 | 4 .PM_| Mo,MgO, CaO | 0.491 - -

OIl Mo 0,421 | 179 | 33

PM W, MgO, 2,360 - -

MeWO 640 1 0.011 5 OIl \\% 2,240 | 410 | 8

gWH 0l s | 3 LPM W, MgO, 0,634 | - | -
OIl Y 0,523 | 18,7 | 16

PM Mo-W, MgO, 0,693 - -

MegWosMoos04 | 750 15 1 5 o Mo-W 0,439 | 203 | 19

Mo-W, MgO,

CaW0,3M00,704 750 5 5 PM CaO 05436 ) )
OIl Mo-W 0,331 | 16,3 | 27

MgCr,0,4 700 | 1 4 | PM Cr, MgO 0,472 - -
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OIl Cr 0,391 | 24,0 | 18

PM | Cr, W, MgO -

CaW(),35CI‘ 0,6504 750 5 5

OIl Cr, W - 330 | -

[Ipumeuanue: PDOA — penrreHodaszoBeiii anamus, £ (110) — momHas mUpUHA
TU(GPAKIMOHHON JIMHUM Ha IMOJIOBUHE BBICOTHI, SpoT — YZEJIbHAs MMOBEPXHOCTh MOPOILIKA,
dokp — cpemHudl pasMep KpPUCTAUIUTOB, PACCUMTAHHBIM 1O BenWYUHE oOJIacTen
KOT€PEHTHOTO PaCCEesSHUSI.

BrbiBoabI

UccnenoBaHo BOCCTAHOBJIGHME TapaMU MAarHusi OKCUJHBIX  COCJAMHEHUU
METAJJIOB MOJATPYIIBl XpoMa B YCIOBHUSIX JMHAMHUYECKOTO BaKyymMa W HH3KOTO
cratudeckoro paspexenusi (0,01-5 klla) B untepBasie Temneparypst 600750 °C.
ITomygensl nopomiku W, Mo, Cr, cmecu W u Cr u ciuiaa Mo-W ¢ OBEpXHOCTBIO
14,7-41 m?1'. PasMep KpPHCTAUIUTOB, OLEHEHHLIA DPEHTTEHOBCKMM METOIOM,
cocTasisieT 8-40 HM.

VYCTaHOBIIEH HW>KHUM MHTEPBAJI OCTATOYHBIX AaBieHuWd aproHa 1-5 klla, mpwu
KOTOpPOM HAUYMHAETCS pa3/eleHUE METAIUIMYECKOM U OKCHUIHOU (a3 B MpoayKTax
peakimii ¢ 00pa3oBaHUeM TUIOTHBIX c10eB MgO BHE peaKIIMOHHON 30HBI.

Paboma ewvinonnena npu yacmuunotl ¢punarcosotl noodepaicke PODU, npoexm

18-03-00248.
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We explore the crystal structure and magnetic properties of quaternary materials deriving from
the hexagonal Fe P, an iron binary known to present a particularly large magnetocrystalline
anisotropy potentially interesting for permanent magnets, but with unfortunately a Curie
temperature far too low for applications. Using simultaneous metal and metalloid substitutions in
Fe»,Co.P1xBx and Fez,Co,P1.4Siy quaternaries, we found it is possible to increase the Curie
temperature up to at least 640 K while maintaining a ¢ axis uniaxial magnetocrystalline anisotropy,
leading to an appreciable magnetic anisotropy at room temperature. In Fe>..Co.P1.xBx, though boron
is appropriate to increase the Curie temperature, its amount is limited as it also favors the formation
of secondary phases. Contrary to what could be anticipated from the phase diagrams of Fe».,Co,P or
Fe,P1.,Siy ternaries, simultaneous Co for Fe and Si for P substitutions in Fe;,Co.P1.ySiy are found to
significantly expand the range of stability of the FeP-type crystal structure. X-ray diffraction
patterns on powders oriented in magnetic field indicate a ¢ axis uniaxial anisotropy, in line with
magnetic measurements performed along different orientations. Appropriate heat-treatments and
slight metal deficiency are found suitable to limit the formation of unwanted secondary phase with
3:1 metal:metalloid ratio. As a result, single-phase Fei.9s5..Co.P14Siy materials are prepared and
exhibit an appreciable magnetic anisotropy with Ki up to approximately 0.93 MJm™ at room
temperature. Owing to the broad range of applications that permanent magnetic materials mostly
based on Fe and widely available metalloids and non-metal could have, demonstrating that, in
contrast to ternaries, quaternaries deriving from Fe:P offer a possibility to reach high Tc while
maintaining a significant magnetic anisotropy is an important step.
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Fig. 1. Illustration of the magnetic anisotropy in (Fe,Co)2(P,Si) at 50 K.
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AHHOTAUA
Onekmponnvie U MacHUmMHble CE0UCMEA 2UOpUoa NAINAOUsl UCCIe008aHbl C Ucnonvzosanuem CnuH-
NONAPUIOBAHHBIX PACUETNO8 6 pPAMKAX NePeblX HNPUHYUNOS meopuu QYHKYUoHara niomuocmu. H3yuas
MAZHUMHbBlE MOMEHMbL U JNIeKMPOHHbIE CHPYKMYPb OMOENbHbIX AMOMO8 8000p00d, Oud@yHoupyowux 8
2paHeyeHmpuUpoOsaHnyIo Kyouueckylo cmpykmypy nepexoonozo memanna Pd, mei obuapyscunu, umo
Pe3yIbmamol  MACHUMHBIX ~ MOMEHMO8  MOYHO  OOUHAKOBbL 6 O08YX NPAMbBIX  OKMAIOPUHECKUX
UHMEPCMUYUATILHBIX YUACMKAX-0KMAIOPULECKUX UHMEPCMUYUATIbHBIX Nymax Ouggysuu, m. e. MacHumHble
MOMEHMbL AGNAIOMCI CAMbIMU OOTLUUMU 8 OKMAIOPULECKOM UHINEPCIMUYUATLHOM YUACmKe, d MACHUMHbIE
MOMEHMbL ABNAIOMCA CAMbIMU HUSKUMU 8 NONONCEHUAX ce0noeoti mouxu. Ilocne uzyuenus niomuocmu
COCMOSIHULL HEKOMOPLIX 0CODLIX MOUEK, OblI0 0OHAPYHCEHO, UMO NIAOMHOCMb COCMOAHUL BOIU3U YPOBHS
Depmu 6 ocnogHom obdycnoenena 4d snexmponamu Pd u usmenenuem MAazHUmMHbIX MOMEHMOE ¢ 00bEMOM
AYelKy 8 eOUHUYHOU sHelike nepexodno2o memaiia Pd ¢ oonum amomom 6ooopooa.
Knioueswie cnoga: snexkmponnvie c60licmea, MASHUMHbIL MOMEHM, Meopus QYHKYUOHANA NIOMHOCMU,
00veMHOe pacuuperue, 8000po0, Ouy3us, nepevie NPUHYUNDL.

FIRST-PRINCIPLES STUDY ON MAGNETIC PROPERTIES OF
HYDROGEN DIFFUSION IN PALLADIUM

Nasantogtokh Sarantuya ', Xin Cui', Batsaikhan Tankhilsaikhan?, Zhi-Ping Wang!
I"School of Physical Science and Technology, Inner Mongolia University, Hohhot 010021, China
>Railway Institute, Peace Avenue-44, P.O. Box-210535, Ulaanbaatar, Mongolia
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Abstract

The electronic and magnetic properties of palladium hydrogen are investigated using first principles spin-
polarized density functional theory. By studying the magnetic moments and electronic structures of
individual hydrogen atoms diffusing in face-centered cubic structure of transition metal Pd, we found that the
results of magnetic moments are exactly the same in the two direct octahedral interstitial site-octahedral
interstitial site diffusion paths-i.e. the magnetic moments are the largest in the octahedral interstitial site, and
the magnetic moments are the lowest in saddle point positions. We also studied on the density of states of
some special points, with the result that the density of states near the Fermi level is mainly contributed by 4d
electrons of Pd and the change of magnetic moments with the cell volume in unit cell of transition metal Pd
with one hydrogen atom.

Keywords: electronic properties, magnetic moment, Density functional theory, volume expansion,
hydrogen, diffusion, first-principles.

1. Introduction
Transition metals form a class of technological materials that are used in accordance with their
magnetic properties. Electronic and magnetic properties of metal-hydrogen system have been
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attracted an interest of many scientists and it has been one of the subjects of intense experimental
and theoretical research for many years. Particularly, the palladium-hydrogen system is the most
extensively studied one among the metal-hydrogen systems.l'! In the experiments, hydrogen
diffusion and electromigration in PdHo.1, Pd77Ag23Ho.1 and PdsoAgsoHo.1 alloys were measured by
means of resistivity method'?* while hydrogen diffusion in o-phase Pd and PdsiPtio—H systems was
studied by electrochemical method™!, it was found that the concentration of hydrogen in the metal
matrix was gradually increased by control of the electrode potential. The neutron-diffraction
studies*! have shown that in the H atoms B-phase PdH, the hydrogen atom is located at the
octahedral position of the face-center Pd lattice. When hydrogen goes into fcc palladium, it
occupies the octahedral gap position and slightly expanded metal lattice.l’! D. Tomanek et al.t’!
have theoretically calculated the interaction of hydrogen with the Pd(001) and Pd(110) surfaces and
with bulk palladium. In the case of H in bulk Pd , they study the equilibrium geometry, electronic
structure, and discuss the bonding characteristics of Pd-H. Forces on the host-metal atoms
surrounding a hydrogen atom at different interstitial positions in palladium and niobium are
calculated by the local-density approximation with a mixed-basis pseudopotential supercell
approach.’l Based on ab initio total energy calculations, the structural, energy, electronic and
magnetic properties of PdHx and RhH alloy are investigated.*!% In the previous work,"'! we have
studied the diffuse pattern and the activation energy of hydrogen atom occupying different positions
in the palladium crystal lattice.

In this paper, we investigate the magnetic behavior and structural stability of Palladium hydride
based on first- principles calculation. individual hydrogen atoms diffusing in face-centered cubic
structure of transition metal. The structural, electronic, and magnetic properties are reviewed by
analyzing the computed electronic structure and magnetic moments.

2. Computational method

The scientific and technological development has made computational techniques to be a
powerful tool for the accurate prediction of the structural, electronic and magnetic properties. First
principle calculations allow an accurate evaluation of the total energy of a system as a function of
the atomic position. The particular implementation of DFT!!?! used here combines a plane -wave
basis set with the pseudo-potential method, as embodied in the Cambridge Serial Total Energy
Program (CASTEP) of Material Studio.!"* The optimized equilibrium lattice constants in stable Fm-
3m configuration were found to be 3.94338A, 3.99416A, 3.99416A, and 4.01949A for Pd,
PdH(1/2,0,0), PdH(1/2,1/2,1/2) and PdH(1/4,1/4,1/4), respectively. The correct cut-off energy and
the k-point for the system can be found by carrying out a series of geometry optimizations of the
crystal structure with increasing cut-off energy. To ensure high accuracy, plane wave cut- off
energy of 280 eV and 8x8x8 grid of Monkhorst-Pack!'¥l points have been employed to ensure well
convergence. The exchange and correlation energy is treated within the spin-polarized generalized
gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE).!">! The on-site charges and
magnetic moments were evaluated via Mulliken population analysis.!¢!

3. Results and discussions

We had calculated the magnetic moment for individual hydrogen atoms diffusing in fcc structure
of transition metal Pd, to estimate the magnetic moment variation of whole system with diffusion
along the pathway. Magnetic moments differences to original O site along diffusion path are given
for both the first direct pathways from original O site (1/2,0,0) to edge O site (0,1/2,0), and the
second one from original O site (1/2,0,0) to body-centered O site(1/2,1/2.1/2), as shown in Figl(a,
b). The third path is an indirect O-T-O pathway, the magnetic moment variation with diffusion
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distance along this pathway is calculated, shown in Fig.1(c). From the figure we found that of
magnetic moments are exactly the same in the two direct octahedral interstitial site-octahedral
interstitial site (O-O) diffusion paths-i.e. the magnetic moments are the largest in the octahedral
interstitial site, and the magnetic moments are the lowest in saddle point positions. The same
conclusion was drawn about the study of indirect diffusion path for magnetic moments, with the
exception that there are two saddle points, distributing symmetrically between in the octahedral
interstitial sites and tetrahedral interstitial sites, with the magnetic moments in tetrahedral interstitial
sites being the local maximum points. Magnetic moments are decided by the distance between
hydrogen and palladium atom:s.
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Fig. 1. Magnetic moments for individual hydrogen atoms diffusion in Pd along the tree pathways:
(a) the first direct pathway from original O site (1/2,0,0) to edge O site (0,1/2,0),
(b) the second direct pathway from original O site (1/2,0,0) to body-centered O site (1/2,1/2,1/2),
(c) the third path from original O site (1/2, 0,0) to edge O site (0,1/2,0) via a T site (1/4,1/4,1/4)

The total density of states and atomic projected density of state some special points are presented
in Fig.2. There is a split between spin-up and spin-down in the total DOS, which induces magnetic
ordering in these structures. We calculation that the DOS near the Fermi level is mainly contributed
by 4d electrons of Pd, and there exists distinctive density of states distribution with the energy
ranging from -10.0eV to -8.0eV, contributed by 1s electrons of H. The density of states values are
the largest in the saddle points and tetrahedron interstitial sites in the O-T-O path, which is the same
with our result of O-T-O diffusion path being the optimal path.
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Fig.2.Total and partial DOS for individual hydrogen atoms at the different site of interstitials diffusion
along the special points diffusion path in Pd. The zero energy corresponds to the Fermi level (denoted by the
vertical dash dotted lines).
The magnetic moments of palladium and different positions of hydrogen atom in palladium crystal
structures as functions of the cell volume are shown in Fig.3 for analyzing the volume effect of the
magnetic properties of the systems.
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Fig.3. Total Mulliken magnetic moments per atom as a function of cell volume for (a) Pd, (b) H in original O
Site (1/2,0,0)0f Pd, (c) H in body-centered O site(1/2,1/2,1/2) of Pd and (d) H
in tetrahedral T site (1/4,1/4,1/4) of the Pd.
The optimized lattice constants, magnetic moment and cell volume of Pd and H containing Pd
crystal are presented in Tablel, together with the corresponding experimental and previously
calculated values for comparison.['*2!] The calculation gives the magnetic moment of 0.5048 y, for
Pd atom in the fcc Pd structure.

Table 1. Calculated equilibrium lattice constants (a), magnetic moment(M)and cell volume
(Vo) for Pd and H in different interstitial sites.

e 3
Vo(A ) a(A) M (uy)
This Other This This Other
work | work Exp. work Other work | Exp. work work
Pd 57.072
61.32 | 57.62° | 58.84 | 3.9434 | 3.86°,3.95¢ | 3.89 0.5048 0.14¢
61.64¢
H locate O(1/2,0,0) 68.94 3.99 4.114,4.15¢ 1.27
H locate O(0, 1/2,0) 637 63.72 3.99 1.27
H locate O (1/2,1/2,1/2) 63.72 3.99 1.27
H locate O (1/4,1/4,1/4) 64.94 4.02 1.18

“Ref.[17]; "Ref.[18]; “Ref.[19]; “Ref.[20]; “Ref.[10]

Through the analysis of Mulliken population analysis to get the number of electrons occupying
orbit. Results show that, there is a “magneto-volume effect” when the hydrogen atom is in
octahedral interstitial sites of transition metal Pd-i.e. there exists the rule of magneto-volume effect
from “low magnetic moment - low cell volume” to “high magnetic moment - large cell volume”
with the change of the cell volume. The magnetic moments have not obviously changed with the
cell volume when the hydrogen atom is in tetrahedral interstitial sites of transition metal Pd, which
displays the same result with that in transition metal Pd. At the same time, magnetic moments are
lower with lower nearest neighbor Pd-H distances, and magnetic moments are larger with larger
nearest neighbor Pd-H distances.

4. Conclusions

In summary, the electronic and magnetic properties of hydrogen containing palladium crystal
were computed through the PW method. The equilibrium lattice constants were optimized and the
predicted results are in agreement with the available experimental values. We found the magnetic
moment for different positions of hydrogen atom located at the octahedral and tetrahedral interstices
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in palladium crystal lattice. The magnetic property depends on the volume and it is showning a
strong magneto - volume effect.
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Transition-metal sulfides are an important class of Earth materials with a
fascinating diversity of structure types [1] that exhibit a host of technologically
relevant electronic, magnetic, and catalytic properties. Because of the prominent role
of sulfides as a source of nonferrous metals, the oxidation state of metals in these
compounds has been extensively used in order to rationalize their fundamental crystal
properties, the processes of mineral formation and breakdown, mineral processing,
and their participation in environmental contamination associated with mining
activities. However, it is surprising to find that, after numerous studies, there is still
some debate on the assignation of oxidation states in a common mineral of prominent
economic relevance such as chalcopyrite (CuFeS,) with a very high Neel temperature
(Tn =823 K) , which represents the bulk of the world supplies of copper [2, 3].

Ternary chalcogenide compounds have recently attracted great attention due to
their important physical and chemical properties and promising potential applications
in solar power engineering and spintronics. The chalcopyrites compounds such as
CuAlS,, CulnSe,, CuGaSe,, CulnS, and CuFeS, are typical representatives of the
ternary chalcogenide family. They are semiconductors with a very broad band gap
distribution from 3.5 to 0.6 eV. The CuFeS; has the three phases, such as a - CuFeS;
tetragonal with @ = 5.25 and ¢ = 10.32 A; B - CuFeS, is cubic with @ = 10.06 A, and y
- CuFeS; is tetragonal with ¢ = 10.58 and ¢ = 5.37 A. The a-phase is
antiferromagnetic, the B-phase is ferromagnetic and the y-phase is non-magnetic

behavior [4].
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In this study, we will consider the electronic structure, magnetism and
magnetocrystalline anisotropy of a - CuFeS, compound. Our calculations are based
on the plane wave self - consistent field (PWscf) method using the generalized
gradient approximation (GGA) by Perdew, Burke and Enzerhof (PBE) within the
framework of spin polarized density functional theory (DFT), as implemented in the
QUANTUM ESPRESSO package.
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CaCO3; NANOPOWDER PRODUCTION BY COPRECIPITATION OF
AEROSOLS OF PRECURSOR SOLUTIONS OF Na;COs; AND CaCl;
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Abstract. In this work a 0.05 mmol water solutions of NaCO3 and CaCl, were evaporated from
two separate ultrasonic air humidifiers. Two streams of aerosols containing water droplets (mean
size of 3 um) were let to meet in a reaction chamber (which was 17 m long plastic tube with 10 cm
inside diameter). In the reaction chamber, collisions between two types of droplets containing
Na;COs3 and CaCl; results in grow and then precipitation of sub um size particles of CaCO3z. XRD
analyses of collected CaCO3; powder shows mostly calcite particles with minor portion of vaterite

particles.
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AHHOTAUA
CmpykmypHule u OunHamuueckue ceoticmea cucmemvl ZrCuAdl npu memnepamypax T=[250; 3000]K
PaccmMampugaromes 8 pamKax MOAeKyIAPHO-OUHAMUYECKUX paciemos. M3 memnepamypHuix 3aucumocmeri
napamempos nopsaoKa OnpedeneHa Kpumuueckas memnepamypa cmexnosanusi cucmemvl. Knacmepnwiii
ananu3z KOH@USYPAYUOHHBIX OAHHBIX MOOEIUPOBAHUS BbIAGNAEN HANUYUe 6 AMOPPHbIX MEemAalIuiecKux
Cnaasax Keasu-uxkoca’lopanvhvix kiacmepos. C  yenvio UCCIe008AHUA MEXAHUBMOE HOPMUPOBAHU
AMOMAapHbIX KOJIEKMUBHBIX 6030VICOeHUll 6 cucmeme Obllu paccuumansbl CHeKmpbl NPOOOJbHO0 U
nonepeyHo20 NOMoKo8 05l WUPOKOU 001acmu 3HAYeHUll BOHOBLIX Yucel. YcmanosneHo, 4mo cnekmpul
NPOOONILHO20 NOMOKA MO2YM 60CHPOU3E00UMbBCS TUHEUHOU KOMOUHAYUel mpex 2aycco8vlx QYHKYUl, 6 mo
8pemMs KaKk mounoe Onucamue CHNeKmpos NonepeynHoco NOMOKA 6 Ciyiae dAMOPQHO2O0 MemailudecKo2o
CNIA6a 803MOJICHO UL NPU YYeme He MeHee Yemblpex cOOmEemCcmeyouux 6K1aoo08.
Knioueevie cnoea: amopguvie memaniuueckue Cniagvl, KOMIEKMUBHbIE B030YHCOEHUs, KBaA3U-

uKOCdSOpaﬂbele Kracmepa.

STRUCTURAL FEATURES AND MICROSCOPIC DYNAMICS OF ZrCuAl
BULK METALLIC GLASS
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e-mail: khrm@mail.ru
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Baryshnikov str., 53, Izhevsk 426068, Russia,
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Abstract
The structural and dynamic properties of the ZrCuAl system are subjected to a molecular dynamics
simulation in the temperature range T=[250; 3000] K. The temperature dependences of the order parameters
are used to determine the glass transition temperature in the system. Cluster analysis of configuration

simulation data, reveals the existence of quasi-icosahedral clusters in amorphous metallic alloys. The current
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spectra are calculated in a wide wave-number range in order to study the mechanisms of formation of atomic
collective excitations in the system. It was found that a linear combination of three Gaussian functions is
sufficient to reproduce the longitudinal current spectra, whereas at least four Gaussian contributions are
necessary to exactly describe the transverse current spectra of the amorphous metallic alloy.

Keywords: amorphous metal alloys, collective excitations, quasi-icosahedral clusters.

Beenenne. AmopdHBIE MeETaNIMUECKHE CIUIaBBl TPEACTABISIIOT CcOOOM HOBEHIIMH  Kiacc
CTPYKTYPHBIX H (YHKIHOHAIBHBIX MAaTEPUANOB C SKCTPAOPIAUHAPHBIMH CBOMCTBAMH, OTJIWYHBIMHU OT
CBOWCTB WX KPHUCTAUNTMYECKUX aHAJOroB. Tak, amMop¢HBIE METAIUIMYECKHE CIUIaBbl OOJAJalOT BBICOKOM
MIPOYHOCTBI0 U YNPYIOCTBbIO, @ TaKXKe XOpOLIeH IUIACTUYHOCTBIO IPHU CUIBHBIX Ae(opMarMoOHHBIX
BO3ACHCTBUAX. B 11e710M, AaHHBIN Kiacc MaTepuanoB XapakTepU3yeTcs OOLIMPHBIM HaOOPOM YHUKAIbHBIX
(U3UKO-XMMHUUECKUX M MEXaHHUYECKHX CBOMCTB, YTO NPHUBJIEKAET 3HAYMTENIBHBIA HMHTEPEC KaK C TOUKU
3peHus (PyHIaMEHTaIbHBIX UCCIIECAOBAHNH, TaK U TEXHOJIOTMUYECKUX NpuiiokeHuid. Kak mpasumo, amopdHsle
METAJUINYECKUE CIUIABBI HPEACTaBIAIOT COOO0M MHOIOKOMIIOHEHTHBIE CHCTEMbI, OONafarolIie BBICOKON
CTeKJI000pa3yomeil  CIOoCOOHOCThIO, HEymopsaodeHHass ¢a3a KOTOPBIX MOXeT OBITh  IOJydeHa
OXJIQKJICHUEM PAaBHOBECHOTO pacILiaBa CO CKOPOCThIO oxnaxaenus y=[10% 107] K/c. Dmmupuueckue
MIPaBUIa, TO3BOJISIOIIME ONPEIENATh PACIUIaBbl, CHOCOOHBIE (HOPMHUPOBATH OOBEMHBIE METAUIMYECKHE
CTeKJa, BIepBble ObuUIM copMmyiupoBaHel B pabore [1]. B mpyroii pabore [2] ObUIO TOKa3aHO, YTO
OuHapHble paciyiaBel cemelictBa Cu-Zr XapakTepu3yrTcs HauOojiee BBICOKOH CTEKI000pa3yromei
CIOCOOHOCTBIO 110 CPAaBHEHHUIO C JPYT'MMHU OMHApHBIMH METAIMYECKHMMHU cucTeMamu. Kpome 3Toro, ObuIo
YCTAaHOBJIEHO, YTO CTEKJIO00pa3yromas CiocoOHOCTh OMHApPHBIX pactiaBoB Cu-Zr 3aMeTHO ynaydmiaeTcs 3a
cueT 100aBIeHNs] HE3HAYNUTENIFHOTO KOJTMYECTBA aTOMOB aimfoMuHUs (00braHO MeHee 10 at. %) mpu ToM, 9To
KoHueHTpanu Al B 5-7 ar. % CyIIeCTBEHHO YBEJIMYMBAIOT TUIACTUYHOCTH aMOP(HOTO0 METaJUIMYeCKOTO
crmaBa  Cu-Zr [1]. Caenyer oTMeTHTh, YTO B HacTosimiee Bpems cucteMbl Cu-Zr-Al cocTaBisIFOT OCHOBY
MHOTHX 00BEMHBIX METAITMYECKHX CTEKOJ, JIEMOHCTPUPYIOIINX HHTEPECHbBIE (PH3MYECKIe U MEXaHUIeCKUe
cBoiictra [1,2].

Hetanu wMoneaupoBanuMsi. B HacTosmieir paboTe BBIONIHEHO MOJAEIMPOBAHNE aTOMAapHOM
OUHAMUKU cucTeMbl Zry7CussAl; B IMPOKO# TemmnepaTypHOH OOJIACTH € LENbI0 U3y4YeHUS M3MEHEHUH B
CTPYKType W AMHAMHKE aTOMOB IpH aMOpQU3alMK TPEXKOMIOHEHTHOTO METAJUIMYECKOTO pacIuiaBa.
Uccnenyemass cucrema coctostiia u3 N=32000 aromoB, pacmojoXeHHBIX B KyOWYeckoil sueiike c
NEPUOJUYECKUMH TPaHUYHBIMH  YCJIOBUSIMH. B3amMoneiicTBue MeEXIy aTOMaMH OCYLIECTBISJIOCH
MOCPEACTBOM TOTEHI[MANIA «IorpykeHHoro aroMa» (EAM-norennmana) [3]. IlepeoxmaxaeHHbIN pacIuiaB U
amopduslii craB Zrs7CussAl; mpuroraBiauBainck ObICTPHIM OXJIaXIEHHEM PAaBHOBECHOTO paciuiaBa (TpH
temmneparype T=3000 K) co ckopoctsio oxnaxaenus y=10'? K/c.

PesyabTaTsl M BbIBOABI. Ha puc. 1 (;1eBast KooHKa) U1 psiia TEMIEpaTyp CUCTEMBI TIPEACTaBICHBI
JBYMEpHBIE paclpelesieHHs aTOMOB Ha TUIOCKOCTH BpalllaTeNbHBIX HHBAPHAHTOB BTOPOTO poaa qs—(qs [4].
Bumnao, uto B kuakoi ¢asze (mpu BBICOKHMX Temrmeparypax T=>2000 K) aTombl pa3yrmopsmiodeHbl; MpH

MMOHIKEHUH TEMIIEpaTyphl CHauaja HaOmomaercs ooOpaszoBanue I[TIY-kmactepor (hcp-like) Ha ocHoBe
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aTOMOB IMPKOHHS M AQTIOMUHHS, NMPU JAJbHEHIEM TMOHMKEHHH TEMIIEpaTyphl 00pa3yeTcsi MCKaXKeHHas
ukocayipuueckas (asza (ico-like) ¢ aTomMaMu IUPKOHUS W aJIOMUHHS B OCHOBAaHHHM HKOCA3IPUYCCKUX
KimacTepoB. [IpuMedarenbHO, UYTO aTOMbI MEOH pasymopsIOueHBl MPH  BCEX pacCMaTPHBACMBIX
temmneparypax. OTMETHM, YTO MOJO0OHOE CTPYKTYPHOE TIOBEICHUE MPH OXJIAKICHUU paciiiaBa HaOI0IaeTCst

U TIPH OTCYTCTBUH AJIFOMUHUS — JJIs1 JBOIHOM cucTteMbl Cu—Zr.
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Puc. 1. Brusicnuii opuenmayuonnwlii nopsoox 6 cucmeme Zrs7CussAl; npu pasnoix memnepamypax. (Jlesas
xonouka): Illpedcmaegneno pacnpedeneHue amomo8 YUPKOHUS (CUHUE CUMBONbL), Medu (3enenvie) u
anioMuHUus  (Kpacuvle) Ha NIOCKOCMU  6PAWATNENbHBIX — UHBAPUAHINOG  (4-(s, BGLIYUCIEHHBIX  OJiA
Quxcuposanrozo yucia baudxcaviwux cocedetl Z=12 ons kasxcoou yacmuywl. Tlonodxicenusi npsamoyeoaibHUKos
ico, hep u fcc coomeemcmeyiom udeanrvHvlM Kpucmaiiam ¢ ukocasopuuecxou, IT1Y- u T'I[K-
cummempusimu.(llpasas eepxusasn kononxa): @yukyuu pacnpedenernus P(qs) u P(ws) 015t cmekonvhotl ghazvl
npu T=250 K. BuoHno, umo uxoca’zopuieckue Kiacmepvl QOpMUpyiomcs moibKo HA OCHOBe YUPKOHUS U
amoMuHus, a medb ocmaemcs 6 Heynopsoowenwnou ¢pase. (Ilpasas nudicnas xonouka): Pesynrbmam
KAACMEPHO20 AHANU3A NPUMEHUMENTbHO K OAHHbLIM MOOEIUPOBAHUS AMOMAPHOU OUHAMUKU AMOPOHO20
cnnasa npu memnepamype T=250 K. Ilpedcmasnenvl amomsl, 6xodsauwjue 8 KEAZUUKOCAIOPUUECKYIO
cmpykmypy. Kpacuvie wapsl obosnauaom amomul Zr (49 am.%), 3enenvie — amomvr Cu (43 am. %), cunue

— amomwl Al (8 am.%).
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B npaBoii BepxHel KOJOHKEe puc. | TOKa3aHBI pacmupeiesicHus aToMOB P(gs) u P(ws) 1O 3HAUYCHUSAM HX
BpalaTeIbHbIX HHBAPUAHTOB (e(i) M Ws(1) IPH PA3NUUHBIX TEMIIEpaTypax. XOpOIO BUJHO, YTO MOHMKCHUE
TeMIepaTypsl NPUBOIUT K TOSBICHUIO B cUcTeMe YacTul ¢ (¢>0.6 m we<—0.15, uTo XapakTepHo AJs
MKOCA3IpHUECKOro THIIAa CHUMMETpUH. [ uaeampHOro HKoca’dapa (eicv~0.66 U Weico=—0.17, Tak uTO
HaOJI0aeMble MKOCAdAPHI SBISIOTCS CHIBHO MCKaXCHHBIMHU (TEM HE MEHEe, COXPAHSIOINUMH S-Ty4eBYIO
CTpYKTYypy). Cnenyet oOpaTUTh BHUMaHHE Ha TO, YTO B CIIydYasX NEPEOXJIKICHHOTO PaciuiaBa ¥ aMOpQHOTo
CIJlaBa MPHUCYTCTBYIOT aTOMapHbIE TPYMIbI ¢ WKOCAdAPHUECKOH CHMMETpPHEW, B TO BpeMs Kak B Cilydyae
PaBHOBECHOTO pacIulaBa TaKWX JIOKAJIBHBIX YHOPSAOYEHHBIX Tpynnm He oOHapyxeHo. llpu sTom
BO3HHKAIOIIUE YIOPSIOUYCHHbIE aTOMapHbIE IPYMIIBI, KaK MPaBHJIO, MPEACTaBIAIOT cOOOW He3aBepIIeHHBIE
MKOCa3Apbl U Majble (parMeHThl HKOCA3pOB, PABHOMEPHO paclpenesieHHbIe 10 Bcel cucteme. B mpasoit
HIWKHEH KOJOHKE puc. | mpeacraBieHbl aToMmbl, (Qopmupyomue amophHbd cmaB ZrsCusAl, mpu
temrieparype T=250 K u BXonsmmue B CTPYKTYpHbIE OOpa3oBaHHS C BBIPAKEHHOW HWKOCAIPUUECKON
cummetpueil. [lokazanHas Ha pUCYHKE B KauecTBe IpUMepa CTpYKTypa obpasoBana 1894 atomamu, rae moms

atomMoB Zr, Cu u Al coctaBuia cooTBeTcTBEHHO 49, 43, 8 aT. %.
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Puc. 2. Cnexmpuvl npooonvHoco (1e8as KOIOHKA) U NOnepeuHozo (npasas KOAOHKA) NOMOKO08 O
pasnosecrozo pacnnasa (T=3000 K), nepeoxnaxcoennoco pacniaséa (T=1000 K) u amopghnozo
Mmemannuueckozo cniaéa ZryCugpAl; (T=250 K) npu k=1.30 A™: mouxu — pezynomamor modenuposanus
AMOMApHOU OUHAMUKY, CHIOUWIHbE JUHUU — De3YbIMambvl NOO2OHKU C JUHEUHOU KOMOUHAyuell 2ayccosbix
yHKYUIL, WmMpuxoevie — UHOUBUOYATIbHbLE BKAAObI.

Ha puc. 2 npencrasiieHsl MOMy4YeHHBIE YaCTOTHBIE CIIEKTPHI MPOAOIBLHOTO M MOMEPEYHOT0 MOTOKOB
IUIsl paBHOBecHOrO pacmiaBa mpu Temmeparype T=3000 K, mepeoxmnaxnennoro pacmiasa (T=1000 K) u

amop¢Horo merammndeckoro cruiaBa Zra7CussAl; (T = 250 K) npu 3HaueHun BoaHOBOTO umcia k=km/2
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~1.30A"!, cooTBeTCTByIOIIEM TIpaHMIE IIEPBOIl MCEBIO30HBI BpHmmodHa [Km — IONOXKEHHE TTIaBHOTO
MakCUMyMa B CTaTM4eckoM CTpykrypHoM ¢aktope S(k)], B cpaBHeHHUM ¢ pe3ylbTaTaMd MOATOHOYHOM
npoleaypsl ¢ JUHEHHOHW KomOuHanueil rayccoBbix (yHknmid. Kak BuUmHO W3 puc. 2, ¢ TOHIKEHHEM
TemIeparypsl GOPMBI CIIEKTPOB YCIOKHAKOTCS, HOSBISIOTCS 0COOEHHOCTH Ha BHICOKHMX 4acToTax ®>50mc .
Tak, 1uis ydera Bcex HaOMOJaeMbIX 0COOCHHOCTEH CIIEKTPOB MPOJOIBHOTO MOTOKA KaK JIJIsl PABHOBECHOTO U
MEPeoXNKICHHOTO PACIUIaBOB, TaKk M s aMOp(HOrO CIUlaBa JIOCTATOYHBIM SBISICTCS JIMHEHHAs
KOMOWHAIMSI TPEX IayCCOBBIX BKJIAIO0B, B TO BpeMs KakK JJsl OMUCAHUS CIEKTPOB IMOMEPEYHOrO TMOTOKA B
cllyyae MepeoxJIaXIeHHOTO pacijiaBa U aMop(HOTro criaBa He00X0AUMO, KAK MUHUMYM, YETBIPE TayCCOBBIX
¢ynkunu. COOTBETCTBYIOIIUE MUKW B CIEKTPAIBHBIX TNIOTHOCTSAX BPEMEHHBIX KOPPENSIHOHHBIX (QYHKIWH
MIPOAOJIBHOTO U IONEPEYHOTO0 IOTOKOB YKa3bIBAIOT Ha HAJIMYHE PACIPOCTPAHSIOIIMXCS KOJJIEKTHBHBIX
BO30YXACHHUN TIPOIOIBHOM 1 TIOTIepedHOM Tosipr3anuil B cucteMe Zr47CussAls.

Pabora momnepxana Poccuiickum Hayunpim @onpom (mpoekt 19-12-00022). BrramcnurensHast

4acTh paloThl, CBA3aHHAs C MOJEIUPOBAHUEM MOJEKYJSIPHOM AMHAMHKH, BBIIOJIHEHA NPU (UHAHCOBOU

noanepxkke rpanta POOU (Nel18-02-00407-a).

Jlutepartypa

1. A. Inoue, "Stabilization of metallic supercooled liquid and bulk amorphous alloys", Acta Mater. 48(1),
279-306 (2000).

2. W.F. Wu, Y. Li, "Bulk metallic glass formation near intermetallic composition through liquid
quenching", Appl. Phys. Lett. 95, 011906(1)-011906(3) (2009).

3. Y.Q. Cheng, E. Ma, and H. W. Sheng, "Atomic Level Structure in Multicomponent Bulk Metallic
Glass", Phys. Rev. Lett. 102, 245501(1)-245501(4) (2009).

4. P.J. Steinhardt, D.R. Nelson, M. Ronchetti, Bond-orientational order in liquids and glasses, Phys. Rev.
B 28(2), 784-805 (1983).

49
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Abstract
In this study, silver nanoparticles (AgNPs) were synthesized using an extract of Rhodiola rosea L

root and silver nitrate. The plant-mediated green synthesis has the advantages such as no use of toxic
chemicals and pathogens, low cost, simple procedure and high yield. The properties of biologically
synthesized AgNPs characterized by visual examination, UV-vis spectroscopy, Fourier Transform Infrared
Spectroscopy (FTIR), Photon Cross-Correlation Spectroscopy (PCCS) and X-Ray diffraction (XRD). The
surface plasmon resonance peak in the absorption spectrum of AgNPs observed at 436 nm and it showed
that the formation of AgNPs. The XRD pattern also confirmed the presence of AgNPs crystallites. Average
particle size has been determined as 77 nm by PCCS. Afterward, the synthesized AgNPs tested for their
antibacterial activity against Escherichia coli and Bacillus subtilis.

Keywords: Rhodiola Rosea L root extract, silver nanoparticles, plant-mediated synthesis,
characterization, antibacterial activity.

1. Introduction

In recent years, researchers have been focusing on the method of biological synthesis in order to
have silver nanoparticles (AgNPs), especially plant-mediated synthesis because of its advantages such as no
use of toxic chemicals and pathogens, low cost, simple procedure and high yield [1, 2]. In this method, plants
applied for the reduction and stabilization of the AgNPs based on the plant phytochemicals. In this study, we
interested in the phytochemical effect of a plant which is called Rhodiola rosea L and Golden Root as it's
Botanical and English names, respectively. Because, the Rhodiola rosea L is a relatively rare and high-value
medicinal plant and it has been traditionally used for improving physical and mental performance and
fighting stress in healthy population for centuries [3].

Here we reported the green synthesis of AgNPs using Rhodiola rosea L root extract. The optical
properties, structures and the morphologies of AgNPs were characterized by using ultraviolet-visible UV-vis
spectroscopy, Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and Photon Cross-
Correlation Spectroscopy (PCCS). Afterward, the synthesized AgNPs were tested for their antibacterial
activity against Escherichia coli and Bacillus subtilis.

2. Materials and Methodology
2.1 Plant. We used the Rhodiola rosea L roots which were prepared from Uvurkhangai province, Mongolia
in July of 2018. Photographs of the shoots and the roots of the Rhodiola rosea L were shown in Fig. 1a and
Fig 1b, respectively.

Figurel. The photographs of a) the shoots of Rhodiola Rosea L, and
b) the roots of Rhodiola rosea L

2.2 Synthesis of AgNPs. The silver nitrate (AgNO3) purchased from Merck & Co., Inc, Germany. 20 g root
powders were added to 200 ml distilled water and concentrated in a rotary vacuum evaporator at 60 “C for 5
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hr. Then plant extract was filtered through the filter paper and stored at 7 °C for further use. 10 ml of root
extract were added to 90 ml of ImM silver nitrate solution and the reaction left to take place at ambient
condition for 3.5 hr. Once the reaction mixture had reached to a dark brown color, then centrifugation
technique was used to separate the nanoparticles from the residues. After that, the suspension was
centrifuged twice at 10000 rpm for 10 min. The purified pellets were re-suspended in distilled water and
sonicated for 5 min. The final product of silver nanoparticles was kept inside the oven at a temperature of
105 °C for 12 hr prior to characterization of property.

2.3 Characterization of AgNPs property. Ultraviolet spectral analysis was performed at a wavelength of
300-700 nm using on a Shimadzu UV-2550 spectrophotometer, Japan. Deionized water was used for
background correction in UV-visible absorption spectra. The characterization of functional groups on the
surfaces of AgNPs was performed by FTIR (Prestige-21, Japan), at wavenumber of 500-4000 cm™ range
with resolution of 4 ¢cm™ in KBr pellets. XRD analysis was carried out on an X-Ray Diffractometer
(Shimadzu, XRD-7000 Maximo, Japan). The high-resolution XRD pattern was operated at 3 KW with Cu
(k=1.5418 A") target using a scintillation counter at 40 kV and 30 mA. The crystallite size of the
nanoparticles was calculated from the width of XRD peaks using the Scherer’s equation. Size of crystallite:
D = KA/fcos6 (1). Particle size distribution of the suspensions was measured by a PCCS using a Nanophox
particle size analyzer (Sympatec, Germany).

3. Result and discussion
3.1 Visual examination. The Rhodiola rosea L root extract had a dark brown color and appeared pale yellow
and turbid after adding silver nitrate solution at the beginning of the synthesis. After the solution was kept in
daylight, the intensity of the color gradually increased from pale yellow to dark brown at the end of the
experiment, which has done within 3.5 hours. The appearance of dark brown color of silver nanoparticles
indicates the formation of AgNPs in the suspension [4]. This was further confirmed by UV-vis spectroscopic
analysis.

Figure 2. Color changof solution during the reactin of AgNPs synthesis.

3.2 UV-visible spectroscopy. Optical properties of metal nanoparticles, which are sensitive to concentration,
size, shape and agglomeration state, make UV-vis spectroscopy a valuable tool for identifying these
materials. A narrow peak located at 436 nm observed at the end of the reaction (Figure 3a). The appearance
of the brownish color was due to the excitation of the Surface Plasmon Resonance, typical of AgNPs having
Amax Values in the visible range of 400-500 nm [5].

3.3 FTIR analysis. FTIR spectroscopy measurements are carried out to identify the biomolecules that bound
on the silver surface and local molecular environment of capping agent on nanoparticles. The FTIR spectrum
of AgNPs exhibited several intense peaks located about 662, 1635, 2129, 3254 and 3352 c¢cm. The
absorption peak observed at 662.07 cm™ was C-Br stretching of halo compounds. The peak at 1635.65 cm’!
assigned to C=C stretching of the cyclic alkene. The weak absorption band at 2129.91 ¢m™ was C=C
stretching of alkyne. The strong and broad absorption bands at 3254.42 cm™ and 3352.31 are assigned to O-
H stretch of alcohol (Figure 3b). It can be clearly seen that O-H, C=C and C=C functional groups as
reducing agents for the formation of AgNPs are the main constitutional components present in the flavonoid,
phenols and alcohols of plant extract [6].

3.4 PCCS analysis. According to a PCCS results, the average particle size of the AgNPs was 77.71 nm
(Figure 3c). The surface area of synthesized AgNPs determined as Sy=48.88m?/cm?®.
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3.5 XRD analysis. The crystalline nature of AgNPs was confirmed from XRD analysis. The XRD peaks at 2
theta of 38.15°%, 44.64°, 64.41°, 77.52°, and 81.71° can be attributed to the (111), (200), (220), (311), and
(222), planes of the face-centered cubic (fcc) geometry of Ag nanocrystals (JCPDS NO 01-087-0597)
respectively (Figure 3d). The crystallite size of the synthesized AgNPs is around 26 nm.
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Figure 3. a) UV-vis spectra of AgNPs measured at different time interval, b) FTIR spectrum of
AgNPs, c) Average particle size distribution of AgNPs via Nanophox with PCCS, d) X-Ray powder
diffraction spectrum of AgNPs.

Figure 4. Zone of inhibition of silver nanoparticles against a) B.subtilis, b) E.Coli bacteria.

3.6 Antibacterial test. Antibacterial activity of biologically synthesized AgNPs was determined by agar well
diffusion method against gram positive B.subtilis and gram negative E.Coli bacteria. The cultures were
grown separately overnight in 100 ml nutrient broth and incubated in shaker at 37 °C. Then, 100 pl of each
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actively grown cultures with cell count of approximately 10° cfu/ml was spread over the nutrient agar plates,
in which five wells (8mm) were punched for the addition of AgNPs solution and control. Here we used 10
pg/ml Amoxicillin as control. The AgNPs solutions (250, 500, 750, 1000 pg/ml) were placed in their
respective wells and the plates were incubated for 24 hr at 37 °C and the antibacterial effectiveness was
evaluated on the basis of the zones of inhibition around the wells.

The results showed that there is no zone of inhibition observed against gram-positive and gram-negative
bacteria except control.

4. Conclusion

In this study, we used a simple and eco-friendly method for the synthesis of AgNPs from the
Rhodiola rosea L aqueous root extract. The plant phytochemicals like flavonoid, phenol, and alcohol present
in the extract of the root have reduced silver ions into AgNPs and additionally stabilized the AgNPs. The
synthesized AgNPs were characterized by UV-vis, FTIR, XRD to identify their size and shapes. The average
particle size was 77 nm. The AgNPs were cubic with the sizes around of 66-100 nm showed no antibacterial
activities against gram-positive and negative bacteria.
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AHHOTANUA

Paspaboman  akycmosnexmpuueckuii.  Memoo  UCCAeO08AHUSL  OUDIEKMPUHECKUX — CBOUCME
HCUOKOCMU 8 2paHU4HOM caoe. HMccnedoeana 4acmomuas 3a8UCUMOCHb  OUIEKMPUYECKOU
NPOHUYAEeMOCmU a0COpOUPOBAHHOU 800bl 8 duanaszone yacmom om 20 0o 400 MIy.

KuroueBble ciioBa: aocopoyuonnsiil cioi; adcopouposanuas 600a, OUIIEKMPUUECKAS
NPOHUYAEMOCTD,; NONAPHASL HCUOKOCb, NOBEPXHOCHIHbIE AKYCMUYECKUE BOIHbL, OUINEKMPUYECKas]
penakcayus,; aKkycmodieKmpuyecKuil Memoo.

DIELECTRIC PROPERTIES OF ADSORBED WATER IN
NANOSTRUCTURAL CONDITION
I.G. Simakov, Ch.Zh. Gulgenov, S.B. Bazarova
Institute of Physical Materials Science, Siberian Branch of the Russian Academy of
Sciences, 670047, Russia, Ulan-Ude, Sakhyanovoy st. 6, e-mail:baz say@mail.ru

Abstract

An acoustoelectric method was developed to study the dielectric properties of a fluid in the
boundary layer. The frequency dependence of the dielectric constant of adsorbed water in the
frequency range from 20 to 400 MHz is investigated.

Keywords: adsorption layer; adsorbed water; the dielectric constant; polar liquid; surface
acoustic waves; dielectric relaxation, acoustoelectric method.

[Ipu KoHTaKTe TBEPAON M KUAKOW (ha3bl MO BO3ACHCTBUEM MOBEPXHOCTHBIX CHJI
(GopMupyeTcss HaHOCTPYKTYpUpPOBaHHBIM ci0ll Bonbl. CTpyKTypa KHAKOCTU B
aZICOPOIIMOHHOM CJIO€, COOTBETCTBEHHO, €€ (hU3MUECKHME CBOMCTBA, TaKUE Kak
IUIJIEKTPUYECKass IPOHULAEMOCTb, BSI3KOCTb, IUIOTHOCTb, CXXHUMAaeMOCTb W JIp.
OTJIMYAIOTCA OT CTPYKTYPbI U CBOMCTB KUAKOCTH B 00BbeMHOM (aze [1].

HecMmoTpss Ha  MHOXeECTBO  palOT,  TMOCBSIIIEHHBIX  JIUBJIEKTPUUYECKUM
MCCJIEIOBAHUSM BOJIbl, HET IIyOOKOI0 MOHUMAaHUSI IPUPOJIbI MOJIIPU3ALUN MOJIEKYJI
BOJIbI B pazinuHbIX (pazax [2]. MI3ydyeHue npoiiecca moJisipu3aliii U CBSI3aHHBIX C HEH
IURJIEKTPUYECKUX CBOMCTB BOJBI B TPAHUYHOM COCTOSIHMM (B TOHKHX CJOSIX BOJIU3U
MOBEPXHOCTU TBEPABIX TEJI) YCIOKHEHO HEOOXOAMMOCTBIO YYeTa BIIMSHHUS

Mex(da3HbIX TPAHULI.
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HUccnegoBanusi 4aCTOTHOW 3aBHUCUMOCTH JIMAJIEKTPUYECKHX CBOMCTB BOJBI B
rpaHnYHON (aze TMO3BOJIAIOT TOJydaTh HeoOXoaumyr wuHbopmaruioo 00 e
MOJIEKYJISIDHOM CTPYKTYpE, MEKMOJIEKYJSIPHBIX B3aUMOJCHUCTBUSX, IUHAMHKE U
MEXaHU3MaxX MOJICKYJISIPHBIX ITPOIIECCOB.

JIns ucciaeaoBaHUsA JUAJIEKTPUYECKUX XAPAKTEPUCTUK TPAHUYHOM KUAKOCTU
IPUMEHSIOTCS IOBEPXHOCTHBIE akycTuueckue BosiHbl (ITAB).

Hucnepcus IIAB 1pu B3aMMOJEHWCTBHM C TOHKHUM CJIOEM  JKHAKOCTH,
a7cOpOMPOBAHHON Ha MOBEPXHOCTU MbE30AIEKTPUKA, ONMUCHIBaeTCA ypaBHeHUEM (1).
OtHocutenbHoe u3MeHeHue ckopoctu AV/V ITAB mnponopiuoHaJIbHO TOJIIUHE
xKuakoro cios. KodapduiueHT nponopruuoHAIBHOCTH —aJAUTUBHO YUYUTHIBAIOT

MEXaHHYECKYIO U JIEKTPUUYECKYIO IPUPOTY BO3MYILECHUS YCIOBUN PACTIPOCTPAHEHHUS

TIAB [3]:

AV _[p,V e,8  |h
e R e e (1)

vV | pV, (e, +1)? A
rac pf H Py — INIOTHOCTH JXHAKOCTH M INIOTHOCTH TBCPAOIro TCJia, Sp, Sf —
OTHOCHUTCJIIbHBIC AUDJICKTPUYICCKHUC IMPOHHUIACMOCTH, COOTBECTCTBCHHO,

bE30JNIEKTPHKA €, = (&, & — &,,°) > 1 xkuakoctu, 0 = arccos (V;/Vs)— yron, mox
KOTOPBIM 3BYKOBBIC BOJIHBI PAcCIpPOCTPAHSAIOTCS B CJIOE JKHIKOCTH, V; — CKOPOCTh

3ByKa B JKHJKOCTH, V;— CKOPOCTh TOBEPXHOCTHOM BOJHBI, K — KO3(PuImeHt
DNEKTPOMEXAaHMYECKOH CBs3u. Jlns BonH paneeBckoro tuna K- =2(V, -V, )/V,

(3mecy ckopocth I[IAB B ciywae «MerammmsupoBaHHOW» V, U «cBOOOMHOIY V)
noBepxHocTH). Kak crnenyer w3 nucnepcuoHHoro ypaBHeHus (1), u3MeHeHue
ckopoctu [IAB 3aBUCHT OT aKyCTHYECKMX W JUIEKTPUUYECKHX XAPAKTEPUCTUK
CJIOMCTOU CUCTEMBI.

Ucxons u3 ypaBuenus (1) neicTBUTENbHAS YaCTh KOMIUJICKCHOM AUAJICKTPUYECKON
IIPOHULAEMOCTH KUAKOCTHU B clloe & = €' + je" cBA3aHa C U3MEHEHUEM aKyCTUYECKUX

napameTpoB [TAB cienyromum BeipaxkeHuem [3]:

2(8p+1)2 AV Py > <32
g = _ L N1-v?v2 |, )
K%, 7/

ho 2mp,
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Takum 00pazoM, IUAIEKTPUYECKHE CBOMCTBA aJCOPOMPOBAHHON BOJBI MOXKHO
ONpPENICNIUTh, PETUCTPUPYSI M3MeHeHne napamMeTpoB [IAB, 00ycioBieHHOE BIUSHUEM
a7ICOPOIIMOHHOTO CIIOS.

Kak wu3BecTHO, BO BIaXXHOW Tra30BOW CpeAE HAa IOBEPXHOCTH TBEPAOrO TeJa
oOpazyeTcsi TOHKUH coil agcopOupoBaHHON Bo/bL. TonmuHa aacopOIIMOHHOTO CIOs
3aBUCUT OT JaBJICHHUS TMapa B 30HE aJCOPOIMM W COCTOSIHUS ajcopOupyrolen
moBepxHocTH. Heobxommmoe naBieHWe Tmapa B 30HE aaCcoOpOIMA  MOXKHO
PEryJIupoBaTh, BAPHUPYS Pa3HOCTh TEMIEPATYP MApOOOpa3yIoIIeH KUAKOCTH (BOJIbI)

U ajcopOupyroliei moBepxHoctu [3].

) |

80 -
YZ-LiNbO;
20 °C
60
I 3

40 /
20 /
0

0.4 0.5 0.6 0,7 0.8 0.9 plp,

Puc. 1. 3aBucUMOCTb 1€HCTBUTENBHON YaCTH KOMIUIEKCHOM JM3IEKTPUYECKON MPOHULIAEMOCTH
azicopOMpOBaHHOM BOJIBI OT aBlieHUs Mapa Ha yactorax: 43,2 MI'n (1), 388,8 Ml (2).

3aBUCUMOCTh JUAJIEKTPUUYECKON MPOHUIIAEMOCTH aJICOPOMPOBAHHON BOJBI OT
OTHOCUTEJILHOTO JAaBJICHUS Tapa (COOTBETCTBEHHO, TOJIIUHBI aJICOPOIIMOHHOTO CII0ST)
nokaszaHa Ha puc. 1 6. Kpusas / coorBerctByet uactote f=43,2 MI'n, a kpuBas 2 —
388,8 MI'u. XapakTep 3aBUCMMOCTH YKa3bIBA€T Ha HAJUYUE PEIAKCALMOHHOTO
mporecca €O BpeMeHeM penmakcamuu T~ 1078 c¢. BmwkaldmuM 1o BpeMeHH
pENaKCalMOHHBIM TIporieccoM (co BpeMeHeM penakcanuu nopsaka 10710 ¢) B
00BEMHOM BOJIC SIBISIETCS AMAJIEKTpUUecKas penakcarus [ledas [3].

C poctoMm yactotsl [TAB 061acTh penakcalluOHHOTO U3BMEHEHUS AUDIIEKTPUYECKON

MPOHUIIAEMOCTH aJCOPOMPOBAHHON BOJBI CMEIIAETCs B 00JacTh 0oJjiee BBICOKHX
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3HAQYEHUM JABJIEHUA Iapa. XapakTep KpPUBOM OCTAETCS MPAKTUYECKH HEU3MEHHBIM.
[TockonbKy 3aBUCUMOCTb TOJIIMHBI aJCOPOLMOHHOTO CJIOS OT JaBJICHHS MHapa
p/ps CTETIEHHAasi, CJeI0BAaTeIbHO, OJIMHAKOBOMY HW3MEHEHUIO JHUAJIEKTPUUYECKOMN
MPOHUIIAEMOCTH Tpu Oojiee BHICOKOM YacTOTE€ COOTBETCTBYET Oousbliasi 001acThb
W3MEHEHUsI TOJIIIUHBI aJICOPOIIMOHHOTO cJos [3].

B u3ydennom nuamazone yactot (20 —400 MI'11) skcnepuMeHTallbHO OOHapyKeHa
00JIacCTh ~ pPENaKCAIlMOHHOTO  W3MEHEHHUSI  JTUAJICKTPUUECKUX  XAPAKTEPUCTUK
azcopOMpOBaHHON BOJBI, 00yCIOBICHHas JebaeBckoil penakcarueit [3]. Ha puc. 2.
MpEeJICTaB/ICHa YacCTOTHAsl 3aBUCHUMOCTh JUAJIEKTPUUYECKON MPOHUIIAEMOCTH BOJABI B
TpEX COCTOSIHUAX: B TBepAou ¢aze (Jien), B )KUJIKOW (aze U IPaHUYHOM COCTOSIHUH.
Kpussie /, 2, 3 nucnepcuu AUIIEKTPUUECKON MPOHUIIAEMOCTH COOTBETCTBEHHO JIbJIa,
a7cOpOUpPOBAaHHOM BOABI W JKUJIKOM BOJBI TOCTPOCHBI C HCIOJIb30BAHUEM
JIEUCTBUTENHHON YacTu ypaBHeHUs JlebOas:

g'(m)—g, = lgs_%
+ o1
r€ € — CTaTHMYecKas AMDIICKTPUYECKAs] MPOHUIIAEMOCTb;, €, — BBICOKOYACTOTHAs
TURJIEKTpUYECKask MPOHULIAEMOCTD; ( — KPYyroBas 4acToTa, T — BpeMs pelaKCaluu.

DKCIepUMEHTAIbHBIC JAaHHBIE JTUBJIEKTPUYECKOM MPOHUIIAEMOCTHU

a7IcOpOMPOBAHHOM BOJIBI HAa Pa3HBIX YacTOTax (MapKepbl Ha pHC. 2) ObUTH MOJTYYECHBI

C MCIOJIb30BaHUEM YpaBHEHHUS (2).

N N
. U [ K

| N

10° 10° 107 10° 10" ®. pazm/c

Puc. 2. YacToTHas 3aBUCUMOCTb IUIIEKTPUYECKON IPOHUIIAEMOCTH BOJbI B TBEPIOH, JKUIKON U
rpaHUYHOM (hazax
I — nen npu remneparype 0 °C, 2 —ancopbuposannas soza (20 °C, p/p =0,7), 3 —soza (20 °C)
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CyliecTBEHHOE YBEIMUYEHUE BPEMEHU JIUAJICKTPUUECKOM pelakcaluu, CKopee
BCEro, OOYCIIOBJICHO W3MEHEHHEM CTPYKTYPbl aJCcOpOMpPOBAaHHOW BOBI, O]
BO3JICCTBUEM TIOJII CHJI aJICOPOMPYIONICH TOBEPXHOCTH IMHhE303JIEKTPUUSCKOM
nouioxkku. Kak ciaegyer u3 pabotsl [3] yacTOTHAsl 3aBUCUMOCTh JUAJIEKTPUUECKUX
XapaKTePUCTHUK aJICOPOMPOBAHHOMN BOJIBI XOPOIIIO coryiacyercs ¢ ypaBHeHueM Jlebast.
ABTOpBI TIPEAIONaraloT, 4TO CTPYKTYpUPYIOIEEe BO3JICUCTBUE aJICOPOUPYIOIICH
MMOBEPXHOCTH YCHUJIMBACTCS C YMCHBIICHUEM TOJIIUHBI aICOPOIMOHHOTO CIIOS H
TeMIEpPaTyphl KUAKOCTU. [I0 MX MHEHUIO, YMEHBIIEHUE TEMIEPATypPhl U TOJIIMHbI
a7COpOLIMOHHOTO  CJIOSL TPUBOJUT K BO3PACTaHUIO BS3KOCTH U BPEMEHHU
TUDIIEKTPUYECKON pelaKkcaluu aicopOupOBaHHOMN BOIBI.

N3mepenrst OTHOCUTEIBHOIO U3MEHEHHUSI CKOPOCTH TOBEPXHOCTHBIX AKYCTUYECKUX
BOJIH Ha pa3HbIX 4YacTOTaxX IIO3BOJIIIOT ONPENEIUTH AUCIIEPCUIO OUDIIEKTPUYECKUX
XapaKTEepUCTUK W BpeMs  JUDJIEKTpUYecKonm  penakcaumu 1.  IIpomecc
JURJIEKTPUYECKON pellakcallii B aJCOPOMPOBAHHOM BOJIE, KaK U B Ciiydae 00bEeMHOMU
BOJIbI, MOKET OBITh OXapaKTEepU30BaH B paMKax Teopun [edas.
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AHHOTaNUA

B 0annoti cmamoee ucciedyromes 3asucumocmu MoOyis CO8U2080U YNpYy20cmu U Kodghguyuenma
OUHAMUYECKOU 8A3KOCMU CYCNEeH3Ull OM 8eIUUUHbI COBUL0B80U Dehopmayul CyCneH3uti HaHo4acmuy
8  NnoauMepHou  oicuokocmu. B kauecmee  OoucnepcuomHou  cpeovl  UCHONb308AHA
NOAUIMUACUNIOKCAH08as dcuokocmsb mapku 119C-2, meepooti oucnepcHoti ¢hazvt — HaAHOUYACMUYbI
ouokcuda Kpemuusi u @yniiepenvl. B pabome ucnonv308an axycmuueckuil pe30HAHCHbIL Memoo
onpeoeieHuss KOMNIEKCHO20 MO0V CO8U2ad HCUOKOCMel C HNpUMEHeHUeM Nbe30K8aApyeao2o
pesonamopa. Hccredosanusi nokaszanu HeNUHeUHoe NoseoeHue GA3KOYNpyeux napamempos
00pa3yo8 cycnen3ull 8 3a8UCUMOCIU OM COB8UL08020 HANPAICEHUSL.

Knrouegvie cnosa: wnanonopowiku, cycneHsus, MOOyIb cO8ued, 613Kocmy, Oegopmayusl,
HanpsiceHue cosuea, pe3oHaAHCHbILL Memoo.

NONLINEAR VISCOELASTIC PROPERTIES OF NANOSUSPENSIONS

T. S.Dembelova, B.B.Badmaev, D.N.Makarova, Ye.D.Vershinina

Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia,
e-mail: tu_dembel@mail.ru

Abstract

This paper studies the dependence of the shear elasticity modulus and the coefficient of dynamic
viscosity of the suspensions on the magnitude of the shear strain of nanoparticle suspensions in a
polymer liquid. As the dispersion medium, polyethylsiloxane liquid PES-2 was used, the solid
dispersed phase - silica nanoparticles and fullerenes. We used the acoustic resonance method for
determining the complex shear modulus of liquids using a piezoquartz resonator. Studies have
shown non-linear behavior of viscoelastic parameters of suspension samples depending on shear
stress.

Keywords: nanopowders, suspension, shear modulus, viscosity, deformation, shear stress,
resonance method.

B pabote wuccienoBaHbl BS3KOYNpPYrue CBOWCTBA CYCHEH3UH HAHOYACTHUIL
AKyCTHYECKMM PE30HAHCHBIM METOJOM C IPUMEHEHHUEM  IIbE30KBApLEBOIrO
pe3oHaropa. KosionaHble CyCNEH3MM TIOJYYEHBl YJIbTPAa3BYKOBBIM METOJIOM.
AKYCTUYECKHI pE30HAHCHBIA METOJ M3MEPEHHsI CABUIOBOM YNPYTOCTH KUAKOCTEH
OCHOBaH Ha NMPUMEHEHUM NbE30KBapIleBOro Kpucramia. ['panb, koseOromascs Ha
OCHOBHOM PE30HAHCHOM YacTOTe B COOCTBEHHOW IIJIOCKOCTH, CONMPHUKACAETCS Ha

OHOM KOHLE C MPOCIOMKONW HWCCIENYEMOU CYCIIEH3WHM, HAKpPBITOM TBEPAOU
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Haknaakoi. Ilpu »oTomM mpocrnoiika uUcCHBITBIBaeT Aedopmanuio casura. B
JKCIIEPUMEHTaxX MPUMEHSIICA MbE30KBapLEeBbld Kpucramn X-18,5° cpesa, ToimuHa
KUAKON TIPOCIONKA HAMHOTO MEHBINE JJIMHBI CHBUTOBOM BOJMHBI H<<A. Ilo
U3MECHEHUIO aKyCTMYECKMX I1apaMeTpPOB CHCTEMBl IIbE30KBapll — IPOCIOMKA
KHUJIKOCTU — HakIaJKa (pPEe30HAHCHOW 4YacTOThl M IIMPUHBI PE30HAHCHOM KPHUBOIN)
ONPENEIIAIOTCA KOMIUIEKCHBIA MOYJIb CIBUTA U TAHT'€HC yIila MEXaHUYECKUX MOTEPh

tg 0 uccinemyemoit xuakoctu [1,2]:

4n’Mf, A *H nOAST
Gro MO TH g G _A (1)
S G A
rae G*=G'+iG" — KOMIUIGKCHBIM MOJYJb CJBHUTA JKUAKOCTH; Af*=Af"+iAf" -

KOMIUJIEKCHBIN CIBUT PE30HAHCHOM 4acTOThl; M — Macca Mbe30KBapia; S — Mmiomaib
OCHOBaHUSI HAKJIAJIKH; f, — PE30HAHCHAs YacTOoTa Mbe30KBapia; H — ToimuHa
MPOCJIONKM KUAKOCTU. Pe3oHaHCHas 4dacTtora nbe3okBapia 73.2 kl'm, macca 6.24 1,
TJIOIATh OCHOBAHMS HAKIAAKH cocTaBisuia 0.2 cM2.

MHHMMBI  COBUI PE30HAHCHOM YacTOThl PAaBEH MW3MEHEHHIO 3aTyXaHUs
. n_ Ao .
KoJiebaTeNbHOM cuCcTeMbl Af == rae Ao, — U3MEHEHHUE MIUPUHBI PE30HAHCHOU

KpUBOM MbE30KBapua. 3Has W3MEHEHHE pE30HAHCHOM YacTOTbl W IIUPHUHBI
PE30HAHCHON KPUBOM, MOYKHO OIPEAEIIUTh KOMIUIEKCHBIM MOJYJIb CABUTA )KUIKOCTH.

N3 teopun HeNMHEHOW KoJieOAaTENbHOW CHCTEMBbl WM3BECTHO, YTO €€ CBOMCTBA
ONPEAEISAIOTCS Yepe3 MapaMeTpbl PE30HAHCHBIX KPUBBIX. B cilyyae HEeIMHENMHOCTH
CIBUTOBOM YMIPYTOCTH >KUAKOCTEH PE30HAHCHAash KpUBas KOJICOATEIBHOM CHCTEMBI
NbE30KBapIl — MPOCIIOWKA KUIKOCTU — HakiIaaka Oynaer naeopMupoBaThCs TpHU
VBEJIMYCHUN aMIUTMTYABl KOJieOaHUs THhE30KBapila, W CBOWCTBA KOJIEOATEIHHOM
CUCTeMBl OyAyT OMNpENeNAThCS 4Yepe3 IMapamMeTpbl PE30HAHCHBIX  KPHUBBIX.
Omnpenenenre aMILTUTY Il KOJIeOaHUs TThe30KBapIla MOKHO OCYIIECTBUTh, UCTIONB3YS
METOJ/I, OCHOBaHHBINM Ha mpuHIune uareppepomerpa Padbpu-Ilepo, riae B kadecTne
OJIHOTO H3 3€pKaJl MCIIOJNb3YETCA ONTUYECKH IIOJUPOBAHHAs TOPLEBAsI CTOPOHA
nbe3okBapia [3]. [lomydeHHas 3aBUCHMOCTh aMIUTHTYBI KOJIeOaHUsSI TThe30KBapma A

OT CHUMA€MOI'0 C HCTO HAIIPsIXKCHUA ITO3BOJIACT U3MEPATh aMINIMTYAY C J0CTAaTOYHO
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BBICOKOW TOYHOCTHIO. OtHomenue A/H MOXET CIyXUTb MEpPOH YIJIOBOMH
nepopmarun. Ha puc.l mokazano m3aMeHeHue (GpoOpmbl pe30HAHCHBIX KPUBBIX TpHU
YBEJIIMYEHUN 3HAUYECHUN BBIHYXKAAIOMIEH CHJIbL, KOJEOMIOMIEH NbhEe30KBapL, IS
MPOCJIOWKHU TeKCaJieKaHa, UCCIIeI0BAaHHOUN B paboTe [4] aKyCTUYECKUM PE30HAHCHBIM
metogoM. KpuBas 1, cHATas npu ManblX aMIUIMTYyAaxX KoJieOaHWs, CAMMETpUYHA U
COOTBETCTBYET 00J1aCTH JIMHENHON ynpyrocTy. [lo Mepe yBennueHus: BbIHYXAaro1en
CWJIbl PE30HAHCHAsI KpHUBasi CTAHOBHUTCS Bce 0oJjiee KPYTOM CO CTOPOHBI HHU3KHX
4acTOT M Jlajiee MPOsBIISIET HEYCTOMYMBOCTh. CpeaHss TMHUSA PE30HAHCHOM KPUBOH 3

(dhakTUYECKH U300pakaeT 3aBUCUMOCTb CIBUTOBOM YIIPYTOCTH OT yriia AedopMaluu.

AlApe
1b

. I

50 100 150 200 Af, Ty

Puc. 1. Pe3oHaHCHBIC KPUBBIC MTPH PA3TUIHBIX BETUYHHAX BBIHYKIAIOMICH CHIIBI C
MaKCHMaNbHOI aMIuTyo# xonedanus: 1 — 10 A; 2 — 100 A; 3 —300 A [4].

Ha puc.2 noka3aHbl 3aBUCUMOCTH JE€UCTBUTEIIBHOIO WU MHHUMOI'O KOMIIOHEHTOB
MOJYJSl CABUTA, pacCUMTaHHBIX 1Mo (opmyne (1), or yrma caBura st oOpasioB
CYCIIEH3MI NTHOKCHIA KPEMHUSI ¢ pazMepoM HaHodacTul] 100 HM ¢ KOHUEHTpaluen
1.25 mac.% u dymiepeHoB ¢ koHueHntparued 1.5 mac.% B MOTMMEPHON >KHIKOCTU
[19C-2. CycrneH3uu nojay4yeHbl yiabTpa3BYKOBBIM MeTo/oM. s ynoOcTBa aHanmu3a

pe3yNbTAThl MPEICTABIEHbl B 3aBUCUMOCTH OT BenuuuHbI (A/H)!"?

. IIpn mansIx yriax
nepopMaiil KOMIIOHEHThl KOMIUIEKCHOTO MOJAYJS CIBHUra IOCTOSHHBI, Jajiee C
yBeIM4YeHUEM yraa casura G’ yMmeHbliaercd, a G” OpOXOIWUT 4Yepe3 MaKCUMYM.
AHanoruuHple KpHBBIE MOJydyeHbl B paboTax [3,5]. MOXHO MNpennoyioKuUTh, YTO
AKHUJIKOCTh 00JIaZJa€T PAaBHOBECHOW HAJIMOJIEKYJSIPHOM CTPYKTYpOMl M IpH MallbIX

yriax CABHUrOBOM aedopmaruu oOHapy HBaeTcsi 00JacTh JMHEWHON YHPYTOCTH.
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[Ipy HEKOTOPOM KPUTHYECKOM HANPSIKEHWU CABUTa Py paBHOBECHAs CTPYKTypa
HAaYMHAET pa3pylIaTbCsi W MPOHUCXOJAUT H3MEHEHUE €€ BSI3KOYNPYIMX CBOWCTB.
KputnueckoMy HanpsiKEHUIO CIIBUT'Aa COOTBETCTBYET OINPEAECICHHBIN KPUTHUYECKHIA
YTOJI CABUTA (P, KOTOPBIM MOKHO ONIPEAEINUTH IO TAaHHBIM pHUC.2.

G*104 Ma G*104, Na

2,5 4
*e

2 &
1,5 4
Ly e T

0,5 A

O T T T T 0,2 T T T T
0 0,1 02 03 04 (AH)"2 0 0.2 0,4 06 (AIH)"2

a) 0)

Puc. 2. DxkcniepuMeHTaNIbHBIE 3aBUCUMOCTH AercTBUTENbHOr0 G (1) u MHUMoOro G” (2) momyns
C/IBHTA OT 0OPAaTHOM TOJIIMHBI TPOCIOWKH CYyCIIEH3UU
a) Si02/I19C-2, 1.25 mac.%; b) Ceo/IIDC-2, 1.5 mac.%.

B obnactu nuueriHot ynpyroctu G’ u tgd juisi MccieIOBaHHBIX CYCIIEH3UM UMEIOT
sgauenns G'=25-100 Ila wm tg0=035 wu G =1210* TIla, tgd=0.55
cooTBeTcTBeHHO. Ha puc.3 mpexncraBneHsl rpaduku AMHAMUYECKOH BSI3KOCTH, B
3aBUCUMOCTH OT yIJla CABUTOBOM JAepopMalud Uis 3TUX CyCHEH3Wi. 3HauyeHHs

BSI3KOCTEH PACCUUTAHBI 110 PEOJIOTMUECKOU Moienu MakcBeluia.

N Mac Nw Mac

0,2 1

0,1 A
* 0,04 4

O T T 0\02 T T T T
0 0,2 0.4  (AIH)"2 0 0.2 0,4 0,6 (AIH)2

a) 0)
Puc.3. 3aBucumoctu 3 PeKTUBHOI BSI3KOCTH OT OT YIJla CIBUTOBOM Jedopmanuu
a) S102/I12C-2, 1.25 mace.%; 6) Coo/I12C-2, 1.5 macc.%..
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[Ipu yrnax, MEHbIIUX (O, CYCIIEH3UN XapaAKTEPU3YIOTCS TOCTOSTHHOM MOBBIIIEHHON

BA3KOCTBIO,

Opu JaJIbHEWIIEM YBEJIWYEHUH YIJla MPOUCXOJUT pa3pylleHue

HpOCTpaHCTBeHHOﬁ CTPYKTYPbI U BA3BKOCTb CHUKACTCA 10 HaUMEHBIIICH BEIUYHHEI.

Ha pHC4 IIOKa3aHa 3aBUCHUMOCTDb HAIIPSKCHUA CABUI'A B HpOCJ’IOﬁKC CYCIICH3HUU OT

BCJINYHHEI C,Z[BI/IFOBOﬁ Ile(bOpMaHI/II/I, ITYHKTHPOM IIOKAa3aHO IIPOAOJIKCHHUC JIMHEHHOU

3aBUCUMOCTHU HAIIPsDKCHHUA CIABUTA. Ha PUCYHKC HarjsiiHO BHUJHA HEJIMHEHHOCTD

CABUTOBOW YINPYTrOCTH OOpa3lOB C YBeJIWYEHUEM yriia AedopMaivu, IpuueM s

CYCIICH3MN AWOKCHAAa KPCMHUA, HMeIOIHGﬁ 0oJjlee HM3KOE 3HAUYCHHE TaHTCHCA yria

MCXaHUYCCKUX IIOTCPb, HEJIMHEHHOCTD IIPOABIIACTCA ApUC.

. -3
p—— P-102, MNa /
” /
// 4
| / 4 4 s
2 y /
v /7
R /
/
s s P,=0.45.10°Na y
1 e =0. | i P,=1.04-10°Ma
/ ‘b
/)
0 : : : :
0 0,05 0,1 0,15 02  amM 0 ' ' '
0 0,2 04 0,6 AH
a) 0)

Puc.4. 3aBucumoctu 3peKTUBHOI BI3KOCTH OT OT yIiia CABUTOBOM Aedopmaruu
a) S10,/I12C-2, 1.25 macc.%; 6) Coo/IIDC-2, 1.5 macc.%.

Takum  oOpazom,

CIBUI PE30HAHCHOW YaCTOThI

KOJICOATEIbHOU CHUCTEMBI

IIBC30KBapII — HpOCHOﬁKa CYCIICH3HNU — HaKJIaAKa 3aBUCUT OT aMIUJIMTYbI C,HBHFOBOﬁ

nedopmaliii, 4YTO CBHUJIETEIBCTBYET O HEJIMHEHHOCTH BS3KOYIPYTUX CBOMCTB

HCCIIEyEMBIX CYCIIEH3HUM.

Pabota yactuuno nogaepxana rpantom PODU Ne 18-48-030020 p_a.

Jlureparypa

1. baamaes b. b., JlemGenosa T. C., JamnunoB b. b. Bszkoynpyrue cBoiicTBa moinMMepHBIX
xunkocteit — M3n-so BHIL CO PAH, 2013. — 190 c.
2. B. Badmaev, T. Dembelova, B. Damdinov, D. Makarova, O. Budaev, Influence of surface
wettability on the accuracy of measurement of fluid shear modulus // Colloids and Surfaces A:
Physicochem.Eng.Aspects 383, 90-94 (2011).

63



3. bagmaes b. b., Jlem6enosa T. C., Makaposa /[. H., I'ynrenoB Y. XK. CaBurosast ynpyrocts u
MIPOYHOCTH CTPYKTYPHI KUAKOCTU HA MPUMEPE TUATUICHIIIUKONS // KypHan TeXHUYECKOM (hU3UKH.
87(1), 18-21 (2017).

4. bazapon VY. b., [epsarun b. B., 3annanosa K. T., Jlamaxanosa X. /[. HenuHeiinbsie cBoiicTBa
CIBUTOBOH ynpyroctu xxuakocteit // Kypuan ¢pusnueckoit xumun 55(11), 2812-2816 (1981).

5. bagmaes b. b., Makapora JI. H., CanguroB JI. C., JamaunoB b. b., Jlemb6enosa T. C.
HuskouacToTHass BsS3KOyHpyras pelakcamusi B OJKUAKOCTSX // M3BecTuss BBICHIMX Y4€OHBIX
3aBeaeHui. ®usuka 57(6), 34-39 (2014).

64



JEKTPO®U3INYECKUE CBOMCTBA KOMIIO3UTHBIX MATEPHUAJIOB
HA OCHOBE META/VIMYECKUX ®OTOHHbIX KPUCTAJIJIOB
B OITUYECKOM JJUATTAZOHE YACTOT

© A. 1O. Berayxckui
Huctutyt pusnueckoro marepuanosenenuss CO PAH, 670047, Poccus,
r. Ynau-Ym, yin. CaxbgHOBOH, 6. e-mail: vay@ipms.bscnet.ru

AHHOTANUA

Paccmompenvr  memoowt  onpedenenus 3(hekmusHol  OudIEKMpuueckKol NpoHUYaemocmu
()eyMeprlx d)OWIOHHbl)C Kpucmaiiiog, COCMoOAWUX U3 memaiiudecKux T/,H/UZMHOPOG Kpy2co602c0
ceyerHusl, 6 qubpaKpaCHoﬁ yacmu onmuyecko2o ouanaszona. Iloxaszano xopouiee coeciaacue
pesyibmanios, NOJIYYEHHbIX C UCNONb306AHUEM pPA3TUYHBLX MeMmoOuK. O6cy9fcdeHbl B03MOINHCHbLIE
obnacmu NpAaAKmu4ecKoco NnpuUMeHeHUs KOMno3umoe Ha OCHOoBe MemallludecKux quI’}’IOHHbl.X
Kpucmaiinios.

KuroueBble ciioBa: quI’I’IOHHble Kpucmaiibl, duaﬂekmputtecmzﬂ nporuyaemocms, HnojiHoe
GHYMPEHHeE OompdadiCerHue, KoJuiumamopbul.

THE ELECTROPHYSICAL PROPERTIES OF COMPOSITE MATERIALS
BASED ON METALLIC PHOTONIC CRYSTALS IN THE OPTICAL
FREQUENCY RANGE

A.Yu.Vetluzhsky
Institute of Physical Materials Science, Siberian Branch of the Russian Academy
of Sciences, Sakhyanovoy str., 6, Ulan-Ude 670047, Russia,
e-mail: vay@ipms.bscnet.ru

Abstract

Methods for determining the effective permittivity of two-dimensional photonic crystals
consisting of metallic cylinders of circular cross section in the infrared part of the optical range are
considered. A good agreement of the results obtained using various techniques was shown. Possible
areas of practical application of composites based on metallic photonic crystals are discussed.

Keywords: photonic crystals, permittivity, total internal reflection, collimators.

JBymepubie ¢otonHbie Kpuctauibl (DPK), cocrosmme u3 MeETaNIMYECKHUX
HAJIAHAPUYECKUX 3JIEMEHTOB, BBI3BIBAIOT B MOCJIECIHUE TOJbI MOBBIIIEHHBIA UHTEPEC
uccieaoBareyell B pa3IMuHbIX 00JIACTAX 3HAHUN. DTO CBSA3aHO C HAJIMUMEM Y TaKUX
OK yHUKaJIBHBIX JIEKTPOAMHAMUYECKUX CBOMCTB. Bo-mepBbix, MeTamummyeckue OK
00J1aJaf0T HU3KOYACTOTHOW TOJIHOM 3ampelieHHOW 30HOW, YTO HEBO3MOXKHO IS
OUDJICKTPUYECKUX  CTPYKTYp. DBoO-BTOpBIX, HMX MOXKHO paccMaTpuBaTh, Kak
CBOEOOpa3HbIe TJIa3MONOI00HBIE CPEIbl, AUICKTPUUECKAs TPOHUIIAEMOCTh KOTOPBIX

MOJKET OBIThH BbIpaX€Ha B BUAC!

s(@)=¢,,(1- o) o),
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rac gcp_ AUDJICKTPHUUICCKasA MPOHHUIACMOCTD MEX3JIEMEHTHOM Cpeanbl, a)p—

MOpPOTroBasi 4acTOTa, HHMXKE KOTOPOM TAKOW KPUCTAII MOJHOCTBIO IOJIABISET
pacIpoOCTpaHEHUE JIEKTPOMArHUTHOTO U3JIyYEHHUS B IUNIOCKOCTH, NEPHECHIUKYIISIPHON
OCSIM TIPOBOJIHMKOB, a BBIIIIE — CTAHOBUTCS «IIPO3payHbIM» 17151 Hero [1]. B-TpeThux,
B JIMANa30HE 4YacTOT IMEPBOM pa3pelieHHOW 30HbI Takne PK mposBistoT CBONCTBA
CIUIOLIHBIX, CWJIBHO JUCHEPTUPYIOMIMX Cpea, O00JaJaloluX CBEPXHU3KUMU
3HaYeHUSIMHU S(P(HEKTUBHON AMAICKTPUUECKON MPOHUIIAEMOCTH, 3HAYEHHUS KOTOPOU
BapeupytoTcs oT 0 10 1. B Hacrosimeit pabote MpUBOASTCS pe3yIbTaThl W3YUYEHUS
3TuX cBOMCTB @K B ONTHYECKOM JTHMANIa30HE YaCTOT.

Puc. 1 neMoHcTpupyeT cHekTp mnpomyckanuss meramindeckoro PK wu3z 169
AJIEMEHTOB, MPEJICTABISIOMIUX COOON UIUHIPHI KPYTOBOT'O CEUEHUS C PAJIUYCOM a =
0.5 mxm. [lepuos pacnonoXeHus: 2JIEMEHTOB, 00pa3yoMKUX KBAAPATHYIO PElIeTKy, d
= 10 MxM. PaccmaTpuBaiicst ciaydail E - mojisipu3allid Majarolieil MIOCKOW BOJIHBI
(BekTop E opuveHTHpPOBaH MapajuieibHO HWJIUHApPaM). PacdeT BBIMOJIHSIICS METOAOM

CaMOCOIJIACOBAaHHBIX YpaBHEHUH [2].

b, 1b
[en]

[\
=

HOpMHpOBaHHaH HHTCHCHBHOCT!
B
[l

s O 0 000
g O O 0 Q O Tom
fi HAOMIOOCHHA -
& F=>00000="
. g @ OO 00
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I = O 00O0CO0
80 F . . ‘ ! | ]
5 10 15 20 25 30

Yacrora, TT'11

Puc. 1. Cnextp npomnyckanus @K B HU3K0YacTOTHOM YacTu MH(paKpacHOro AUAINA30HA,
OTpe/ieNIeHHBIN B MPeHEOPEKEHUH TEIIOBBIMU MOTEPSIMU U3TYUEHHSI B 3JIEMEHTaX.

[IpencraBieHHblE JaHHBIE JAEMOHCTPUPYIOT HAJIWYME B PACCMAaTPUBAEMOM
Jana3oHe JIByX Pa3pelICHHBIX U JABYX 3alPEIICHHBIX ISl pACHIPOCTPAHECHHS BOJH B
@K 9acTOTHBIX 30H.

Hns  onpenenenus anekTpodusmdeckux xapaktepuctuk @OK B mepBom

paspCIicHHOM JHAIla30HC MOKHO BOCIIOJIB30BATHCA pPA3JIMYHBIMHA MCTO/laMHU. B
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YaCTHOCTH, PACCMOTPETH IIPOLIECCHI MPEJIOMIICHHSI BOJIH IIPU NAJEHUHA HA TPAHUILLY
OK. Tak, Ha puc. 2 wu300pax)eHbl PE3YNbTATHl YHCIEHHOIO MOAECIUPOBAHUS
IPOCTPAHCTBEHHOM KAPTHHBI paclpelneiceHus Moy npu nafgeHuu Ha rpanuny OK

IO/ Pa3HBIMHU YTJIAMH.

Puc. 2. Kaptunsl pacnpenenenus noss Ha yactote 12 TT'u npu nagenunn Ha rpanuny K nox
yrinamu 35° (a) u 41° (6). [lyakTrpoM 0003HaUEHBI TOBEPXHOCTH BOJHOBBIX ()POHTOB BOJIH.

N3 puc. (a) cnexyer, 4To AUAINIEKTPUUYECKAsT MTPOHUIIAEMOCTh TaKOW MPOBOJOYHOM
cpeAbl MEHbBIIE NPOHHUIIAEMOCTH OKPYXKAlOLIETO €ro BO3Ayxa, T.€. B Cpele
pacrpoCTPaHsIOTCS OBICTPhIE IO OTHOUIEHHUIO K OKPYXKAIIIEMy MPOCTPAHCTBY
BOJIHBL. OO0 3TOM CBUJIETEIBCTBYET MPEBBIINICHHUE yTiia MaJeHUs yrioM MPEIOMIICHUS
(~ 66°) BOJIHBI, a TaK)K€ XapaKTep MPOCTPAHCTBEHHOTO PACTPECICHUS MyYHOCTEH
MOJIsi, BO3HUKAIOIIMX BCIEACTBUE OTpa)K€HUsl OT TrpaHull CTpykTyphl BHe DK u
BHYTpH Hero. [1o1o06HbIe KapTUHBI B3aUMOACHCTBUS TOJISl C TPAHUIICH MPOBOJIOYHON
cpennl HabmoaaroTest Ha yactote 12 I'T'p ayist Bcex yriioB majeHus B Auaria3oHe OT
BechbMa Manbix 710 41° (puc. 2 0). 34ech MoBeAeHUE MPOIISIAIIETO B Cpeay MOJs
MEHSETCS, OHO TPHOOPETAeT 3aTyXarolluil M0 Mepe MOTPYKEHUS BIIIyOb CpEIbI
XapakTep, JOKAIU3ysACh BOJIM3U TpaHUIlbl KpucTaiia. TakuM o0pa3oM, UMEET MECTO
SIBJIEHUE TIOJIHOTO BHYTPEHHETO OTPAKEHHS BOJIH MPHU MAJCHUH HA TPAHUILY CPEIbI C
MEHBIIIUM TIOKa3aTeJeM TMPEJOMIICHUS, COIMpOBOXIawIeecs (HOPMUPOBAHUEM
PacCpOCTPAHAIOMIMXCS BIOJb 3TOW TPaHULbl, TaK HA3bIBAEMbIX, MOBEPXHOCTHBIX
BOJH. VIX XapakTepHBIMUA OCOOSHHOCTSIMU SIBIIICTCS SKCIIOHCHIIMAIbHOE YMECHBIIICHHE
aMIUTUTY/Ibl BOJIHBI NP YJAJI€HUU OT MOBEPXHOCTU pasjiesia cpel U manas (azoBas

CKOpPOCTh IO CPaBHCHHUIO CO CKOPOCTBIO PACHPOCTPAHCHHUS BOJH B OKPYKAOIICM
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MIPOCTPAHCTBE. AHAIM3 YIJOB, NPU KOTOPBIX BO3HUKAET IIOJIHOE BHYTPEHHEE
OTPAKEHUE HA PA3JIUYHBIX YACTOTaX, a TAKKE IPOLIECCOB IPEIOMIICHUS BOJHBI Ha
rpaHULE Cpel Ha YyIJaX, MEHBIIMX KPUTUYECKUX, NO3BOJSIOT, B MPHUHIIUIIE,
onpeaAenuTh d3PPEKTUBHYIO AUIICKTPUUECKYIO TPOHUIIAEMOCTb TPOBOJIOYHON CPEIBI,
HO TOJIBKO IPU OTCYTCTBHUH MOTJIOIICHUS B 3JIEMEHTAX.

Ha wyacrotax Buaummoro jauana3oHa METOAMKA onpeaesieHus 3PQGeKTUBHBIX
[IApaMETPOB IPOBOJOYHOM CpEIbl JOJDKHA YYUTBIBATH HE TOJIBKO XapakTep
IIPOCTPAHCTBEHHOTO PACIIPEICIICHUS MOJIsl, HO U €r0 aMIUIUTYIHbIE XapaKTEPUCTUKHU.
DTOro MOXHO JOCTHYb IPSMBIM COIOCTABJIECHUEM PE3YJIbTATOB YHUCIECHHOTO
MOJEIUPOBAHUS MTPOLIECCOB OTPAKEHUS U MPOXOKICHHS BOJIH NP B3aUMOJCHCTBUU
C TpaHHUIlAMHU CIUIOIIHOTO AudJieKTpuka W Mmetammyeckoro ®OK, sddextuHbie
ANEKTPO(PHU3NYECKHE CBOWCTBA KOTOPOTO OyJIeM OIKCHIBaTh B JAHHOM Cllydae
KOMILJIEKCHOM BEJIMYMHON TOKaszaTens mnpenomiieHus. JnemeHTsl DK Oynem
MoJiaraTh COCTOSIIMMU W3 cepedpa, sl OMUCAHUS JTUAJICKTPUUECKUX CBOWCTB

KOTOPOT'0 BOCIOJIb3yEMCS AUCTIEPCUOHHON MOJIeNbio [pynd:

2 2
' a)p " a)py
flo)=1-—2— o)=—2
o +y > + oy
rne &'(w) mu &"(w) - HOelCTBUTENbHas W MHHMas YacTH JHUDJICKTPUUYCCKOM

MPOHHUIACMOCTH, @,- IUIa3MCHHas 4acToTa, ) - (PaKTOp 3aTyXaHUs, PABHBIC I

cepedpa coorBercTBeHHO 2175 T’ u 4.35 Tl [3].

Puc. 3. IlpoctpancTBEHHBIE paclIpeIeTICHUS OISl IPU NaJE€HUN ITOCKOW BOJIHBI
Ha TpaHUIIbl IPOBOJIOYHOM Cpefibl (BBEPXY) U OJTHOPOAHOIO AUBJIEKTPUKA (BHU3Y).
HanpasneHnue npuxona BoJIHBI — CJI€BA HANIPABO.

ab

-0.5

-1

68



Ha puc. 3 mnpeacraBieH NpuMeEp TaKOro CONOCTABJICHMS, BBIIOJHEHHBIA Ha
gactore 400 TI'm u AEMOHCTPUPYIOIIMI XOpOILIEE COrJacue pPe3yJIbTaTOB
MOJICITUPOBAHUS MOJIA B MPUCYTCTBUU JAUCKpeTHOH (d = 0.2 MM, a = 0.02 MKM) H
OJIHOPOJHOM CTPYKTYp ¢ nokaszatesem npenomienus n = 0.617 +170.018.

[Tpu npakTHyeckoM MpuMeHeHnH MeTaunueckux @K MoryT ObITh MCIIOIB30BaHbI
UX HEOOBbIUHbIE 3JIEKTPO(PU3NYECKUE XapaKTEpUCTUKU. B dyacTHOCTH, Takue
CTPYKTYpbl NEPCHEKTUBHBI JUJISl CO3JAaHHS KOJUIMMATOPOB WIIM, IPYTHMH CJIOBaMH,
YCTPOMCTB, TPaHC(POPMUPYIOUINX PACXOASIIUNCA MyYOK Jy4yell B MapaljiesIbHBIM.
[lockonbKy TMOKa3aTeNb NPEIOMJIEHUS MeTaMmarepuaia MEHbIIE €IWHULBI, IpH
pa3MEIIEHUH MCTOYHMKA W3JIy4eHHUs BHYTPU TaKOM Cpelbl BOJHBI Ha €€ TPAHUILIC
JOJKHBI MPEIOMIISITBCS TAKUM 00pa3oM, UTO yroJi najeHus OyaeT IpeBblIaTh yroi
npenomienus. Ha puc. 4 npencraBieHbl  pe3yNbTaTbl  BBIYMCIUTENBHOIO
DKCIIEPUMEHTAa,  JAEMOHCTPUPYIOIIETO  BO3MOXXHOCTh  TakOro  HCIIOJIb30BAHMS

Mmetaunaeckux OK.

2
x10

a) 6)

Puc. 4. (a) — koHIIENTYanpHas cxeMa, (0) — KapTHHA IPOCTPAHCTBEHHOTO pacpeIeeHUs
MHTEHCUBHOCTHU M3JIY4€HHS Ha 4acToTaxX. VICTOUYHUK U31ydeHUs: — B LIEHTPE.
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VAYUYIIEHUE SJIEKTPOXUMHUYECKHUX CBOMCTB I'PA®EHA
JIETHUPOBAHHOI'O ITOJIMAHAJINHOM

© b. bymaa*, J. Vanra, I'. Casxuacypan, Il. Anranmor

WucTutyT Qusuku u TexHonoruu MOHIOIBCKOM aKaJeMusl HayK,
IIpocnext Mupa — 54b. Ynan - barap 13330, Monroms
*JIeKTpoHHAs ToUTa: bumaab@mas.ac.mn

Annomauusn

B omoii pabome, mwl uccreooganu cmpykmypy u onexkmpoxumuyeckue xapaxkmepusayuu GO
aeauposanno2o noaumepa noauanuauna (PANI/GO) c¢ nomowwio penmeenosckou ougpaxyuu (XRD) u
yukauyecxkot  gonvmamnepomempuu  (CV).  Obpazyvt  Pani /GO  npuecomogienvl  medc@hazuou
noaumepuzayueti. Oxcuo epagena dobasnanu 6 Pani ¢ maccogvim coomuouenuem mpani.meo = 100: 1; 100:
3, 100: 6, u mvl noayyuau wecms 06pasyos nopouika, komopule Hassaiu PaniNF/GO-1; PaniNF/GO-3 u
PaniNF/GO-6. B smom uccnedoganuu Mbl CUHME3UPOBAIU OKCUO 2pagheHa YCo8epuleHCmB808aHHbIM
Mmemodom Xammepa uz nopowka epaguma.

Knrwouesvie cnosa: I'pagen oxcud; noruaHunuHo8ast HAHOBOLOKHA, Memoo0 Xammepa, noIuMepu3ayusl.

EVOLUTION OF ELECROCHEMICAL PROPERTIES
OF GRAPHENE DOPED PANI

B. Bumaa*, E. Uyanga, G. Sevjidsuren, P.Altantsog
Institute of Physics and Technology, Mongolian Academy of Sciences,
Peace Avenue — 54b, Ulaanbaatar 13330, Mongolia
*E-mail: bumaab@mas.ac.mn

Abstract

In this work, we studied the structure and electrochemical characterizations of GO doped polymer
polyaniline (Pani/GO) support material by X-ray diffraction (XRD), and cyclic voltammetry (CV). Pani/GO
powder samples were carried out by the interfacial polymerization method. Graphene oxide was added to
Pani with mass ratios of man:mco=100:1; 100:3; 100:6 and we have obtained four powder samples that
named PaniNF/GO-1; PaniNF/GO-3 and PaniNF/GO-6. In this research, we synthesized graphene oxide by
an improved Hummers method from commercial graphite powder.

Keywords: Graphene oxide, polyaniline nanofibers, support material, hummers method, polymerization

Conductive polymer polyaniline (Pani) is one of the considerable being studied support materials for fuel
cell catalysts at today date. Because it has good chemical stability, low electrical resistance, good redox
properties, easy to synthesize and low cost material. In addition, PANI has the advantage to be electron and
proton conductive at the same time, and can be used as an alternative support material [1, 2]. But PANI has
two disadvantages which relatively low electrical conductivity (107! - 10> S/cm), specific surface area (34
m?/g) [3]. These properties are very important specifications of catalyst materials.

Present work, graphene oxide (GO) was used to enhance electrical conductivity and catalytic properties of
Polyaniline nanofiber (PaniNF). Graphene is a two-dimensional monolayer of sp2- hybridized carbon atoms
that exhibits high electron mobility (15000cm?/Vs, it's 1000 times more than copper), high mechanical
strength (>1060GPa), high thermal conductivity (~3000W/mK) and high specific surface area (2600m?/g)
[4]. In this research, we synthesized graphene oxide by an improved Hummers method from commercial
graphite powder. The morphology of samples was observed using HITACHI SU8010 scanning electron
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microscopy (SEM). The SEM images of the synthesized GO nanosheets are shown in Figure 1. It can be
seen that transparent rippled silk-like waves indicating single layer structured GO nanosheets.

e

e 1 1 1 1
SUB010 5.0k 5 7mm x350 LM(L) 6/19/201919:38 © ' 100um

Fig.1 Synthesized graphene oxide paper-like film and SEM image

The electrochemical characterizations of PaniNF and PaniNF/GO samples were performed with a rotating
disc electrode (RDE) setup using an Ag/AgCl reference electrode, and platinum wire counter electrode. The
working electrode was prepared as follows. A mixture containing 20mg of synthesized powders, 20ul of
nafion solution (5wt%) and 4ml of ethanol was ultrasonically blended in a glass vial for 30 min. 40ul of this
ink was dropped on the surface of a glassy carbon RDE (0.07cm?) using an automatic pipet and dried at 80°C
for 10 min to obtain a thin layer. The cyclic voltammetry (CV) tests were performed in 1M H,SOj4 electrolyte
solution using Epsilon Eclipse potentiostat (Basi). All electrochemical measurements were performed at
room temperature. X-ray diffraction (XRD) analysis performed on Shimadzu XRD-7000 diffractometer
using monochromized CuKa (A=1.5418 A) radiation at room temperature.

In this work, we studied the structure and electrochemical characterizations of GO doped polymer
polyaniline (Pani/GO) support material by X-ray diffraction (XRD), and cyclic voltammetry (CV). Pani/GO
powder samples were carried out by the interfacial polymerization method [5]. Graphene oxide was added to
Pani with mass ratios of mani:mgo=100:1; 100:3; 100:6 and we have obtained four powder samples that
named PaniNF/GO-1; PaniNF/GO-3 and PaniNF/GO-6.

CV curves of samples were obtained within the potential range -0.2 — 1 V at a scanning rate of 100 mV s
!, Pairs of redox peaks of all PaniNF/GO samples are found on the CV curves indicating to the redox
converting procedures of Pani (shown in Fig.2a). Besides, the curve of GO has no redox peak. Notably, the
area and the current densities were increased with GO concentration, indicating a greatly enhanced specific
capacitance. It can be seen that the specific capacitance enhancement is most pronounces in the PaniNF/GO-
6 composite.
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Fig.2 CV curves and XRD patterns of GO doped PaniNF samples.
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XRD analysis was used to examine the structure of the PaniNF and PaniNF/GO composites Fig.2b shows
the XRD patterns of GO doped Pani. Results reveal three peaks located around 10°, 20° and 25° which
corresponding to C(001), Pani(020) and Pani(200), respectively. Therefore, the intensities of GO increased
when the concentration was raised. These results suggest that GO doped Pani had been successfully
synthesized and indicating the intercalation of Pani between GO sheets. The GO peak shift to a higher 20 is
attributed to the possible interaction between Pani and GO that may be influenced by oxygen functional
groups on the GO surface.
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Abstract

Spinel structured LisTisO12 (LTO) is one of the most promising candidate anode material for Li-ion
battery (LIB) known as zero strain material, it has poor intrinsic electronic properties. In order to enhance it,
we have investigated effect of doping on electronic conductivity of LisTisO12 (LTO) cubic spinel phase
structure. The electronic band structures of pristine LTO and doped LTO have been calculated using the first
principles method within the framework of density functional theory (DFT). It is shown that doping can
improve the electronic conduction of LTO. In this study, we will consider the doping effect on electronic
structure of carrier and transition metal doped LTO spinel. Our calculations are based on the projector
augmented wave (PAW) method using the generalized gradient approximation (GGA) within the framework
of DFT.

Keywords: Li-ion battery, spinel structure, DFT, carrier doping.

1. Introduction

One of the most efficient way in the success of electric vehicles (EV) and hybrid electric vehicles (HEV)
is the findings of the next-generation energy storage devices with the high power density, long cycle life and
high safety so as to abate air pollution and climate change, which results from production of fossil fuels
[1,2]. Even though rechargeable lithium-ion batteries (LIBs) have been emerged one of the capable energy
storage, mostly used for portable electric devices, such as cell phones and laptops, the performance of
commercial LIBs still has a void until it’s potential reaches requirements of applications in EV and HEV, in
terms of the next-generation energy storage device [3.,4].

Generally, rechargeable LIBs consist an anode, a cathode, a separator and an electrolyte. During the
discharge process, oxidation occurs, where Li ions are intercalated into cathode through the electrolyte.
Whereas, in the process of charging reverse reaction occurs [5]. Currently, graphite (LiCs) is widely utilized
as an anode material due to its availability, low cost, high electrical, ionic conductivity and relatively high
theoretical capacity (372 mAh/g). Nevertheless, graphite anode has 10% of volume changes during reverse
electrochemical process which may damage solid electrolyte interface (SEI), reduce cyclic life of cell and
capacity loss [6,7]. Hence the most crucial investigations of the anode materials of LIB meet stable and safe
performance of LIB during the load.

Early of the 1990s, the spinel LisTisO12 (LTO), which is one of the crucial member of the solid solution of
Liz:xTis-xO12 (0=x=1), was utilized as an anode material for rechargeable LIB for the first time [8,9]. The

LTO has a face centered cubic structure with space group of Fd-3m where % of lithium ions are occupied at
the tetrahedral sites (8a). Rest of Y4 lithium ions share octahedral (16d) sites with titanium (Li:Ti, 1:5),
whereas oxygen ions are located at the 32e sites. Therefore, LisTisO;2 structure can be denoted as
[Li]sa[ Li1/3T1s/3]16a[ O4]32¢ [10]. During lithiation process (See Eq 1.), additional lithium ions are inserted into
spinel LisTisOi structure, which results phase transition between spinel LisTisO1» into rock salt structured
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Li7TisO2. At the same time, lithium ions that located at the tetrahedral sites (8a) are migrated into octahedral
sites (16¢) [11,12]. Eq 1:

(Li1)za O1se [Lilf-‘anﬁ-‘a]md (0s)32¢ +Li* + € © Qgallizhec [Lilx'rzuﬁ%]m,i (Os)326

The LTO has been interested as an anode material due to its safety and high cyclic life. According to
Colin et al, LTO is known as zero strain material because of negligible volume expansion (less than 1%)
during phase transition between spinel LisTisO1, into rock salt structured Li;TisO12[13]. In addition, the LTO
shows high working potential against lithium metal electrode (~1.55 V vs. Li/Li") which plays a key role to
avoid formation of lithium dentrites. However, it has few disadvantages namely, the low theoretical capacity
(175 mAh/g), relatively high cost of titanium, naturally inferior electronic conductor (<10 S cm™?) [6,14,15].

In order to settle poor electrical performance, the certain methods are used, such as reducing particle size
to nanoscale [16,17] and coating surface or composing with conductive phases like Cu, Ag, C and graphene
[18-21]. Even though mixing or coating the LTO with conductive phases is effective to enhance its electrical
performance, the methods have no contribution on lattice electronic conductivity and diffusivity of lithium
ion for fast charge and discharge performance. Therefore, doping aliovalent cations (Sc**, Ta>", V3*, Nb*",
AP, Mg*) into Li (8a), Ti (16d) sites of crystal structure is the one of the effective way to enhance both
lattice electronic conductivity and lithium diffusion coefficient of the LTO in the same way [4,22-27].

In this study, we performed the electronic structure calculations of carrier and transition metal doped
LisTi5xMxO12 (M=Cr, Mn, Fe and Nb).

2. Computational methods

In this work ab initio calculations are performed based on the PAW self-consistent field (SCF) method
within the framework of DFT [28,29] with the exchange-correlation function of generalized gradient
approximation (GGA) by Perdew, Burke and Ernzerhof (PBE) [30]. The configurations of valence electrons
foratoms are treated to be Li (1s%,2s"), Ti (3s%,3p®,3d? 4s?), O (2s%,2p*), Cr (3d°,4s'), Mn (3d°,4s%), Fe(3d®,4s?)
and Nb (4d*,5s"). The ultra soft pseudo potential is used for expression of the interaction between ion and
valence electrons. The cutoff energy for plane wave is chosen to be 30 Ry and 5 x 5 x 5 Monkhorst-Pack
meshes are used for the summation of charge densities [31]. Total energy of the system was converged with
accuracy 10“eV. The atomic ionic positions are relaxed at the fixed lattice parameters until the residual
forces are less than 0.05 eV/A.

The experimental structural parameters of LisTisO1> proposed by previous work [32] were used in this
work. A huge supercell with 168 atoms is required to show exact stoichiometry of LisTisOi2. Therefore,
dealing with a huge system with 168 atoms is difficult. In the present work, we used approximated structures
of pristine Li111Ti13032 (Li4‘125Ti4_875012) and doped Li1:Ti:oM 103, (Li4‘125Ti4_5Mo_375012)With 56 atoms, in order
to show stoichiometry of LisTisO12 and the metal doping.

For the electron carrier and hole doping calculation, we used the extended Hubbard - based Hamiltonian
including the effective magnetic exchange interaction parameter Jo and the on - site Coulomb interaction is
chosen to be U =8¢V the using the simplified rotational - invariant formulation based on the linear -
response method [33]. The Hubbard parameter, which is used to the perturbation to compute Jo with the
linear - response method, is chosen to be 1 eV [34]. Atomic wave functions used for GGA + U + J, projector
are not orthogonalized.

3. Results and Discussions

According to the Ohzuku ef al., LisTisO12 has a spinel structure same as LiTi>O4 with 8a, 16d, and 32e
sites in which Li, Ti, and O atoms are occupied, respectively, whereas the /6d sites randomly filled with Ti
and Li atoms in the crystal of LisTisOi2, shown in Fig. 1(a) [11]. Metal atoms [M= Cr, Mn, Fe and Nb]
doped into crystal structure of Li i Ti13032 (Li1i1Ti12M032) is shown in Fig. 1(b). There are many possible
combinations on Ti and M atoms, thus it’s difficult to obtain combination with lowest energy. In order to
deal with it certain arrangements are calculated and doped combination with stable configuration is used for
further calculations.
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Figure 1.The crystal structures of (a) pristine Li;1Ti13032 and (b) doped Li;1Ti12M 03, [M= Cr, Mn,
Fe and Nb].

First, we check the carrier electron and hole doping on the pristine LTO. The carrier one and two electron
(hole) doping are not contributed to the electronic structure of pristine LTO. We have observed that the
carrier four electrons (holes) doping are contributing to the electronic structures. As inserted the four electron
doping, the band gap is decreasing up to 3.12 eV. For the four-hole doping, the band gap is increasing up to
3.90 eV (See Figure 2). From these data we can see that band gaps at 8 eV are relatively close to the other
experimental results [35]. We have shown that the lattice parameters are slightly charged on the Table 1, as
inserted the carrier electron and hole doping.

The lattice parameters of pristine and metal doped (M=Cr, Mn, Fe and Nb) LTO calculated as 8.475,
8.488, 8.454, 8.432 and 8.514 A, respectively for structures and good agreements with experimental results
(Table 1). Doping Cr** (0.75 A) and Nb*" (0.69 A) results cell volume expansion. Whereas, cell volume
shrinks when doping Mn*" (0.67 A) and Fe** (0.63 A) ions due to its ionic radius smaller than Ti** (0.68A)
[36-38].

Table 1.The predicted lattice parameters and band gaps of pristine LTO and M — doped LTO (M =
Cr,Mn, Fe and Nb) spinel.

Structure Lattice parameter (A) Band gap (eV)
In this work I Ref.
Carrier doping (DFT +U, U=8eV,J=1¢eV)
Pristine LTO 8.695 8.355 [36] 3.54
Four electron doping 9.016 - 3.12
Four hole doping 8.334 - 3.90
Transition metal (M = Cr, Mn, Fe and Nb) doping (DFT)

Pristine Li;; Ti;3032 8.475 8.355 [36] 2.50
LiyTi12Cr 032 8.488 8.354 [37] 2.40
LiiTi12Mn O3, 8.454 8.325 [38] 2.49
Li; TioFe O3 8.432 - 2.19
Li;1Ti12Nbi O3z 8.514 8.363 [36] 2.22

The results of total and partial DOS of pristine Li;Ti1303, and doped Li;1Ti12M03, (M= Cr, Mn, Nb and
Fe) shown in Fig. 3. Energy of valence bands are set to be zero. Calculated electronic structure of pristine
Li11Ti1303; has band gap energy of 2.50 eV (Table 1) which results from wide gap between empty Ti-3d
states and filled O-2p states. According to the Liu ef a/ Ti-3d and O-2p states have strong interaction when
forms octahedral TiOs in which electrons transferred from Ti-3d into O-2p states and fully filled. Thus, the
band gap of LTO shows some insulating property which means there are no charge carriers [10]. Thus,
doping ions with extra electrons could form charge carrier.
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Figure 2.The total and partial DOS of carrier doped LTO spinel. (a) the pristine LTO, (b) the four
electron doped LTO, (c) the four hole created LTO. Here the green and black vertical lines correspond to the
valence band maximum (VBM) and Fermi level respectively. The blue and red lines correspond to the partial

DOS’s for O-2p and Ti-3d states respectively.

In the case of doping Cr**, Fe*" and Mn*" ions new states indicated at the 1.25, 0.25 and 0.87 eV
consequently band gaps are tightened as 2.40, 2.19 and 2.49 eV due to the 3d states of doped metals,
respectively. The new state indicated above valence band, there is almost no change in the band gap when
doping same charged ion like Mn*" into pristine LTO.
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Figure 3.The total and partial DOS of (a) pristine Li11T113032 (a) and (b — e ) M - doped
Li11Ti1zM03; [M= Cr, Mn, Fe and Nb]. Here the green and black vertical lines correspond to the valence
band maximum (VBM) and Fermi level respectively.

However, there was no new state when doping Nb>* because of the fact that Nb 4d and Ti 3d are similar,
even though Nb has more electrons than Ti. Thus, doping Nb>* forces to reduce gap effectively up to 2.22 eV
compared with 2.50 eV of pristine Li;1Ti1303. Doping metal with less electrons (Nb>") makes electron
deficiency as a result it makes electron hole.
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4. Conclusion

In conclusion, we have investigated the carrier and transition metal doping effects on the electronic
structure in the pristine LTO using the PAW method with the GGA of exchange correlation functional within
the framework of DFT. Our calculations are shown that the carrier electron and transition metal (M = Cr,

Mn, Fe and Nb) doping are influencing to decrease the band gap of electronic structure in LTO and the
degree of oxidation for transition metal (M = Cr, Mn, Fe and Nb) ions is less than that of Ti ion.
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AHHOTaNUA

Bonvgpamam yupkonus ¢ ompuyamenvrvim KO3GOUYUESHMOM MENIO08020 PACULUPEHUS
noyueH Memooom meepoopasznol peaxyuu mexcoy oxcuoamu ZrO> u WO3. Memooom in situ
PEHM2eHOCMPYKMYPHO20 — AHAIU3A  UCCe008aHbl  (hazosvle npespaujeHus B8oabppamama
YUPKOHUsL 8 npoyecce HA2pesd, KOMopble COOMEemMCcmayiom panee onyoIuKO8aAHHbIM OAHHBIM.
Oounako npu memnepamype 450°C na penmeeHocpamme HopMupyromcsi NuKu  OKcuod
80Ib(Opama, Ymo mModcem ceUdemeIbCmMe08ams 0 Hadane npoyecca paznodicerus ZrW>0s.

Knroueswvie cnosa: Borvghpamam yupronus, ompuyamenbHou Ko3phuyuenm meniogoeo
pacuiupenus, meepooghasnas peakyus, ¢azosviii nepexoo.
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DEPENDING ON THE TEMPERATURE.
S.0 Kasparyan'?, V.S Shadrin'~

I- Tomsk State University, 634050, Russia, Tomsk, Lenin Avenue, 36. e-maiin: ks-ftf-isopams@mail.ru
2- Institute of Strength Physics and Materials Science of the Siberian Branch of the Russian Academy of
Sciences, Russia, 634055, Tomsk, pr. Akademicheskiy, 2/4, e-mail: ks-ftf-isopams@mail.ru
Annotation
Zirconium tungstate with a negative coefficient of thermal expansion was obtained by the method of
solid-phase reaction between oxides ZrO2 and WQO3. The phase transformations of zirconium
tungstate during the heating process, which correspond to previously published data, were
investigated by in situ X-ray diffraction. However, at a temperature of 450 ° C, peaks of tungsten
oxide are formed on the radiograph, which may indicate the beginning of the decomposition
process of Zrw208.
Keywords: Zirconium tungstate, negative thermal expansion, solid phase reaction, phase
transformations.

CymiecTByeT Kiacc MaTepUANIOB, CKUMAKOIIMXCA NPHU HArpeBaHHHM, TO €CTh
UMEIOIIUX OTpUUAaTeNbHbIM Ko3ppuuent terioBoro pacmmpenus (KTP). Cxarue
TaKMX MaTepUaOB HEOONbIIOE, AHU30TPOMHOE M MPOSIBISETCS B OYEHb Y3KHUX
TEMIIEpaTypHbIX HMHTEpBajiaX. B cBs3u ¢ 3tuMm Bosbdpamar mupkonus ZrW,Og —
NEePCHEeKTUBHBIA MaTepuall, 6yaroiapsi CBoeMy M30TponHOMY oTpunareasnomy KTP
=-8.610° C''[1] B mmpoxom TemneparyproM auanasone ot -273 go 770°C. [Janusle
XapaKTepUCTHKU MaTepHasa, OyIyT MO3BOJIAT CO3/1aBaTh AIEMEHTHI I TEXHOJIOTHUIA

TaKUX KaK: MCAWMIHWHCKOI'O Ha3HAYCHHA, OJJICKTPOHHMKH, a TaAKKC [JIA CO3AaHUs
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KOMIO3UIIMOHHBIX MaTEPHUAJIOB, KOTOPbIE OYAYT BbIAECPKUBAThH Pa3INUHbIC TIEPETIaIbl
TEMIIEpaTypbl, B MIHPOKOM Juama3oHe. YTo MO3BOJSIET TOBOPUTH O
POJOJDKUTEIBLHOM paboTe U MPOYHOCTH TakuX uzzieauil. OCHOBHBIM TpeOOBaHUEM,
OpenbsSBIsIEMbIM K TakuM  Marepuanam  Oyaer  sABISAThCS  d(PdeKTuBHAs
paboTOCIIOCOOHOCT, B AKCTPEMANIbHBIX  YCIOBUAX, BBICOKAs MPOYHOCTH H
KOHCTPYKIIMOHHAsS JIETKOCTh. JlaHHas 3ajada cTpousiach Ha TOM 4To Obl Ooiee
MoJpOOHO M3YYUTh B3aUMOJACWUCTBHUA BOJb(pamMaTa LUPKOHHUS C METaljJaMH H
KEpaMUKOW TpH H3MEHEHHU TEMIIEpaTypbl, TaKk KaK aHOMAJIBHOE TEIJIOBOE
nosenenne ZrwW,0Og OyaeT BIMATh HA KOHEYHBIE CBOMCTBA KOMIIO3UTOB B OCHOBE
KOTOPBIX JIEXKUT BOJIb(pamaTa LIUPKOHHUS.

enstmu HacTosimed pabOThl ABJISAIOTCS HCcleA0BaHUE (a30BBIX MPEBPALLECHUN U
KpUCTAJUIMYECKOW  peIleTKH  BoJb(ppamara IUPKOHUS  OT  TEMIIEpaTyphl,
CUHTE3UPOBAHHOIO  TBepaoda3zHoil  peakumed  [2]  mMerogoM  In  situ
BBICOKOTEMIIEPATYPHOTO PEHTI€HO(A30BOT0 aHAIN3A.

Jlns uccnenoBanuii pazoBbix mnpeBpaiiennit ZrW,0Og B mpoliecce HarpeBa ObUIH
IOpPOBEJCHBl BBICOKOTEMIIEPATYpHbIE 1n Situ PEHTICHOBCKHUE MCCIEIOBaHUS Ha
nudpakromerpe ¢ usnyuennem CuKa, B Temneparyprom auanaszone 25-660°C uepes
kaxapie 50°C ¢ BBIIEPKKON 15 MUHYT IIe€pen M3MEPEHHEM, B YIIIOBOM HHTEpBae 20
18 — 50 ©. Bpems dKCIo3unmuM coCTaBisio 2 cekyHabl, mar 0.05°. Jlna usyuenus
U3MEHEHMS IapamMeTpa KPHUCTAUIMYECKOM PpEIIETKH MaTepualla PEHTICHOIPAMMBbI
anmpOKCUMUPOBAIIUCH JJOPEHIIUAHOM.

Ha pucynke 1 npencraBieHsl peHTreHOrpaMmbl  00pa3iioB  ZrW,Og B
TemreparypHoM uHTepBane or 25 go 700 °C. U3BecTHO, YTO IpU HATPEBE 10
temmeparypel  200°C  ZrW,0Ogz mnperepmeBaer  (a3oBelii  mepexon  a->P,
COMPOBOXKIAIOIINICS pa30pUEHTAIUEN KECTKUX CTPYKTYPHBIX €IMHMI] - TETPAIIPOB
WO,. ITpu temneparype 200°C na pentrenorpamme obpasua ZrW,Ogucuesaer ik
(310), uro cBugerenbcTBYEeT O (pazoBoMm mnepexonie o-ZrWr0s->B-ZrW,0s. Ilpu
temneparype Bbie 500 °C  wHa penrreHorpamme  (GOPMHUPYIOTCS — IIHKH,
COOTBETCTBYIOIIME TPUKIMHHON Moaudukanuu okcuaa Bodbppama WOs, a

HMHTCHCUBHOCTDL IMMKOB, COOTBCTCTBYIOIIHX BOJIL(I)paMaTy MUPKOHHA CHHXKXACTC, YTO
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MOXET CBHUAETEILCTBOBATH O Hayane mpouecca paznoxeHus ZrwW,0z Ha

COCTaBJHIOIIKUEC OKCHUABI.

e WO, (triclinic)
o ZrwWo0g 94 —
s 93 9.5%10°
z - ;
934%10°
J IE ; 2.18%10° 5
92 _| RS T S .
; 5 . 7I\II|II\I|III\‘\III|I\\I|III\‘\III|
: 1) ] . g 0 100 00 00 40 s00 &0 700
- 26 - - T, C
Pucynok 1-PentrenorpamMsl 06pasios Pucynok 2-3aBHCHMOCTD apameTpa

ZrW>0g B uHTepBaje temneparyp 25-700  kybudeckoit moguduramuu ZrW>0g oT

°c. TEMIEPATYPbI

Ha pucynke 2 nHaOmoganoch M3MEHEHHE 3HAaY€HUs KO3(P(PULMEHTa TEIIOBOTO
pacmpenust ZrW,Og BuaHo, 4To ¢ pocTOM TeMImeparypbl JTaHHYIHO 3aBHCUMOCTb
pa3ienuiii Ha 3 TeMmrnepaTypHbIX MHTEpBasia, KaKIbId U3 KOTOPBIA COOTBETCTBOBAI
pasimuHoMy nokaszatento KTP. IlepBoelii mHTEpBaN npy Temmneparypax ot 25 go 200
OC coorserctByer TemioBoMy cxatuio ZrW,Og ¢ orpunarensasiM KTP -9.34*107,
IIpu Temmeparype okono 200°C npoucxomut (asoBblii mepexogo ->f, u BTOPOii
unrepsan ot 200 go 400 °C coorsercTBYeT TemmoBoMy pacmmpenuo B-ZrW,Os.
KTP B sToM mHTepBane cocrasisier -2.18%10° 1/°C. ®a3o0Bblii mepexox o->f, 1o
JUTEpPaTypHBIM JIaHHBIM, TTPUBOIUT K YMEHBIIEHHUIO abcomtoTHoro 3HadeHus KTP
ZrW;,0g, 0OIHAKO €Tr0 3HAYE€HHUE OCTAETCA OTPUIATEIBHBIM JI0 TEMIIEPATYPHI ~ 400°C
[3]. 3naunTensHoe ysenmuuenue KTP ma tperhem mutepnane ot 400 mo 600°C mo
10.6¥10-5 1/ °C wmoxer OBITh CHEACTBHEM Hadala IPOLECCA Pa3lIOKEHUS

BoJIb()pamaTa IUPKOHMS Ha cocTaBisronme okcuibl ZrO; u WO:s.

BoiBOABI

[Monyuennsni obpazeny ZrW,Og cxumaerca mpu  Temmeparype or 25°C ¢

orpunarensHsiM KTP paBabiM -9.34*10°. McenenoBannslii Ga3zoBelil nmepexon o->
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HaunmHaeTcs ¢ TeMneparypsl pasHoi 200°C. Pacmmpsercs B B daze no 400°C npu
5ToM ocraercss orpunarensHeli KTP  paBmbii -2.18%10°. Hawano mpomecca

Pa3JI0KEeHUs IPOUCXOIUT IIpH Temreparype pasHoi 450°C.
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KPUCTAJNJINYECKOE 3APOJABIINEOBPA30OBAHUE B AMOP®OOBPA3YIOIINX
CUCTEMAX: YHUBEPCAJIbHBIE CKEMJIMHT OBBIE COOTHOIIEHHU S

A. B. Mokmun, b. H. I'anum3ssinoB
Wucruryt pusnku, Kazanckuit henepaibHblil yHUBEPCUTET,
420008, Poccus, r. Kazans, yn. Kpemnesckas, 18
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AHHOTAIINA

Kpucmannusayus nepeoxnancoenHvix cuoxocmel U amMop@HbIX meepoblX mell HAYUHAeMCs, KaK
npasuio, ¢ NPpoyecca KPUCMALIUYECKO20 3apoobliie0dpa308anus (HyKieayu), KOmopbvlli COnPOBONCOAemcs
npoyeccom pocma KpUCmaiiudeckux 3apooviuteti. Knouesoii 0cOOeHHOCIbIO 3Mux NPoyeccos s8isemcs mo,
Ymo 8 cayuae KPUCMALIU3Ayuu OO0AbUI020 KOIUYECEd pPA3IUYHbIX MAMEPUanos (MemaiiudeckKux
pacniasos, pada NOaUMepos u Op.) OHU NPOMEKAIOM HA HAHOMEMPOBLIX NPOCMPAHCMBEHHBIX MACUMADaXx.
Ynpasnenue smumu npoyeccamu oaem 603MOMCHOCHbL 6AUAMb HA PAO (DUUKO-MEXAHUYECKUX CBOUCME
NOy4aemMvblx KpUCMaiiudeckux meepovix mei. B nacmosiwell pabome nNoxka3aHo, umo memnepamypHbvie
3A8UCUMOCIU  CKOPOCHIHBIX — XAPAKMEPUCMUK — KPUCTIALIUYECK020  3apo0bluteobpasoeanuss — 8pems
HYKleayuu, CKOpOCMb pocma 3apoobliielil - BOCHPOU3BOOAMCS  VHUBEPCATbHbIMU — CKEIUHE08bIMU
coomHnouenuamu. Pesyromamosl noomeepocoaromes Kax 3KCHepUMEeHMAlIbHbIMU OAHHbIMU, MAK U OAHHbIMU
MOOeNUPOBAHUL MOAEKYTIAPHOU OUHAMUKU OJisL KPUCTHATLIUYIOWUXCS CUCTHEM PA3TUYHO20 TMUNA.

Knrouesvle cnosa: xpucmannuzayus, KpUCmaiiuieckoe 3apooviuieodpazosanue, cKOpocmsb HyKieayu,

CKopocnib pocma, MOJIEKYIIAPHAA OuHamuxa.

CRYSTAL NUCLEATION IN GLASS-FORMING SYSTEMS:
UNIVERSAL SCALING RELATIONS

A. V. Mokshin, B. N. Galimzyanov
Institute of Physic, Kazan Federal University, Kremlevskaya str., 18, Kazan 420008, Russia,

e-mail: anatolii.mokshin@mail.ru

Abstract

Crystallization of supercooled liquids and amorphous solids starts, as a rule, with the process of crystal
nucleation, which is accompanied by the process of crystal nuclei growth. A key feature of both these
processes is that in the case of the crystallization of large number of different materials (metallic melts,
polymers, etc.) the processes proceed on a nanometer spatial scale. Controlling these processes makes it

possible to drive by some physical and mechanical properties of the resulting crystalline solids. In the present
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work, it is shown that the temperature dependences of the rate characteristics of crystal nucleation — the
nucleation time, the rate of nuclei growth — are reproduced by universal scaling relations. The obtained
results are confirmed by experimental data as well as molecular dynamics simulation data for crystallizing
systems of various types.

Keywords: crystallization, crystal nucleation, nucleation rate, growth rate, molecular dynamics

simulations.

Hanbonee mnomynsipHeIM cLieHapueM NOPOTEKaHUsl Mpolecca KPUCTALIM3AIUN TEePEOXIaXACHHON
KHUJIKOCTH SIBIISIETCS TPOLECC KPUCTALITMYECKOTO 3apojbliieoOpa3oBanus (HyKJICAMH) M HOCIEAYIOMINH
pocT Kpuctamndeckux 3epeH [1]. B 3aBucumocti OT TOT0, KakuM 00pa3oM OBUIO HM3HAYAIBHO JTOCTHTHYTO
MepeoXITaXKICHNE U MPU KAKUX YCIOBHAX NPOMCXOAUT MOCIEAYIOMasi KPUCTAIUTM3ANNS ePEOXIKICHHOM
KHUIKOCTH (WM aMOpP(HOTO TBEPAOTrO Tesa), BOSMOXKHO IMOJIyYeHHE MaTepHana, CTPYKTypa KOTOpOro, a,
CIIeIOBaTeNbHO, U (PU3MKO-MEXaHMYECKHEe CBOWCTBA MOTYT OBITH BeChbMa pa3sHOOOpas3HBL. B cBs3HM ¢ 3TUM
MOHMMaHWE MEXaHW3MOB MHUIMAIMN KPUCTALIM3ALMK Kak ()a30BOro IMepexoia INMpeACTaBIseTCs BeChbMa
HEOOXONMBIM U BaKHBIM.

KiroueBoit  0COOCHHOCTBIO ~ KPHUCTAUIMYECKOTO  3apOABIIICO0pa30oBaHMs  SBISETCS TO, YTO OHO
MPONCXOJNUT, KaK MNpPaBHJIO, HA HAHOMETPOBBIX IMPOCTPAHCTBEHHBIX MacIiTabax; KPUTUYECKHH pasmep
KPHCTAJUTMYECKOTO 3apO/IBbIIIA MIPU OINPEAEICHHBIX YCIOBHUAX MOXKET COCTABIIATH JIUIIb HECKOJIBKO JECSITKOB
yacTull. BenepcTBie 3TOro mmpokre BO3MOKHOCTH B HCCIICAOBAHHUSX B 3TOH 00JacTH OTKPBIBAIOTCS IS
METOZIOB MOJICIMPOBAHUSL MOJIEKYJISIPHOW JTUHAMUKW. Pe3ynbrarhl, MMoNy4aeMble C TOMOIIBIO Kak
KJIACCHYECKOT0, TaK W KBAaHTOBO-MEXaHWYECKOTO MOJEIMPOBAaHUs HE TOJNBKO JONOJHSIOT JaHHBIE
TPaJUIIMOHHBIX KCIIEPUMEHTOB [0 MUKPOCKONUH, MU(PPaKIUH, CIEKTPOCKOIUH U T.1., HO U TO3BOJISIOT
BBISIBUTH COBEPIICHHO HOBBbIE 3aKOHOMEPHOCTH B TIPOLIECCAX KPUCTAITMUECKOTO 3apO/IbIIIe00pa30BaHHS.

OCHOBHOH 1IeTIbI0 HACTOAIICH PabOTHl SBISIICS pacueT TEMIEPATYpHBIX 3aBHCUMOCTEH CKOPOCTHBIX
XapaKTePUCTUK KPHUCTAIIMYECKOTO 3apoIblIe00pa3oBaHus (BpemeHHn KPHUCTAJUTMYECKOTO
3apoJbIIe00pa3oBaHUs U CKOPOCTH pPOCTa KPUCTAIMYECKUX 3apojbllIell) Ha OCHOBE pe3yJIbTaToB
MOJICJIMPOBAHHS MOJIEKYJISIPHOW JIWHAMUKH JUISI TaKMX MOJICNILHBIX CHCTEM Kak OWHapHas JieHHapI-
oKOHCOBeKast skunkocth (bLJ) [2] u amopdoobpasyromas mHorouactuynas cucrema Jpxyryrosa (Dz) [3],
COIOCTAaBJIEHUE C OSKCIEPUMEHTAIFHBIMU JaHHBIMA M BBIABICHHE OOLIMX 3aKOHOMEpHocTed. Jlertanmu
MOJICJIMPOBAHMS MOJIEKYJSIPHOW OUHAMUKHA  MOJENIBHBIX CHCTEM, IpolLeaypa MOJdy4deHus o0pas3uoB
MEPEeOXJIAKICHHON JKUAKOCTH, KJIACTEPHBIH aHajiW3 M METOJAbl pacdeTa XapaKTePUCTHK KPUCTAIH3aLUuU
npeacTaBieHsl B padote [4].

Kpucrammmsaiust TpOUCXOIUT TIPH TEMIIEPATYpax HIDKE TEMIIEPATYPhI IUIABICHUS ly, 3HAYCHUS

KOTOPOH IIsl pa3HBIX CHUCTeM OyIyT SIBIATHCS pasHeIMU. Kpome Toro, pasmep temmeparypHoi o0iacTu

(0, Tyl 3aBucur or mpuknansiBaeMoro k cucreme masnenus. Cremys pabote [4], Oyzmem (uUKCHMpOBaTh

3HAYEHHs TEMITEPATYpPhl B IPUBEICHHOM TEMITEpaTypHOH ImiKae 1:
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S Tg -
- 05 =72 |17 s T, 02 \[T]
B _E Tg & -1 Tg J
Tm TQ
rne TI; - Ttemmeparypa creknoBaHus. OmnpezneneHHas TakuM o00pa3oM TeMmIlepaTypa 3amaeT Juis

MPOU3BOJBHOM CHUCTEMbI TemrepaTypy crekioBanus 1 = 0.5 u temmepaTypy tuiaBieHus Ty = 1. st

nepexoa B 1-IIKaay HEOOXOIMMO 3HATh TEMIIEPATYPhI IUIABJIECHHS U CTEKJIOBAHHS CHCTEMBI.

Ha pucynke 1 mpencrtaBieHbl TeMIepaTypHBIE 3aBUCUMOCTH BPEMEH KPUCTAJUIMUECKONW HYKJICAllUU B
TEMIIEPAaTypHOH ILIKaie T win pasnuuHBIX cucteM. OTMETHM, YTO 37IeCh NMPHUBOJATCS KaK pPe3yJIbTaThl,
MOJTyYEHHBIC U3 MOJICITMPOBAHUS MOJICKYJISPHOU JUHAMUKHA KPUCTAIUTM3AIMA MOJENbHBIX cucteM bLJ u Dz,
TaK WU DKCIEPUMEHTAIIbHbIC JaHHble. [[1s1 BBINIOJIHEHUS CpPAaBHEHUA BCE 3HAYEHUS BPEMEH HYKJIEalMU
MacCIITa0UPYIOTCSI Ha BpeMs HYKJICAIlMM TNPU TeMIIEpaType CTEKIOBaHHS T. 7. Kak HanBIgHO BHIHO W3
pe3yJIbTaTOB, MPEACTABICHHBIX HAa TAHHOM PUCYHKE, BPEMsSI KPUCTAJUIMUECKOM HYKJIEAllMu B MPUBEICHHOU

TEMIIEPATypPHOH IIKaJI€ IOAUYUHSAIOTCS] YHUBEPCAIbHOMY CTEIICHHOMY:

-G

(Hamomumm, uro T = 0.5). 3pece mokasaTenb CTENEHU Y COOTHOCHTCS C TaK Ha3bIBAEMBIM HHIEKCOM
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XPYIIKOCTH CHCTEMBI [2] U ABJISIETCS] QUTHHTOBBIM N1aPAMETPOM.
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Puc. 2. yHI/IBepCQ.J'ILHaH TEMIICPATypHAsA 3aBUCUMOCTL BPCMCHU KpHCTaJ'IJ'IH‘lGCKOﬁ HYyKJICallul B

NEPCOXTIAKACHHBIX KUJIKOCTAX U CTCKOJIbHBIX CUCTECMaAXx.

Ha pucynke 2 mnpencraBineHsl TeMIepaTypHbIE 3aBUCHMOCTH CKOPOCTEM pocTa KpHCTANTMYECKHX

o (=t}
3apOoAbIIICH tJR B KPpHUCTAJUIUIYIOIUXCS TCPCOXJIAKACHHBIX XHUAKOCTIX MW CTCKIIAX. HO AHaJIOTUnu C

MPENBIIYIIAM PUCYHKOM, 3[€Ch pe3yJIbTaThl MOJEIHPOBAHHUA MOJIEKYIAPHOW IUHAMHUKH [UISI JIBYX
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Mol aenbHbIX cucteM bLJ u Dz Takke COMOCTaBJISIOTCS ¢ SKCIIEPUMEHTANIBHBIMY JaHHBIMU. Kak BUIHO U3

pucynka, s TemnepatypHoit obnactu (0, T,] ckopocTn pocta B nmpuBeIeHHON TeMIepaTypHOH HIKase

TAKXKC IIOAYHNHAKOTCA YHHBCpC&HLHOﬁ CTCIICHHOH 3aBUCHUMOCTH BHaA:

v (T (1 )-"‘

@ ~\F 27
vl T 2T

(g)
rae Vg - CKOPOCTb POCTa KPHCTAUIMYECKOTO 3apojbllia B CHCTEME IIPU TEMIIEpaType CTCKIOBaHHS Ig,

TMIOKAa3aTeJIb CTCIICHU X TAKXKC SIBIISICTCS (1)I/ITI/IHFOBBIM napaMeTpoM U COOTHOCUTCA C MHACKCOM XPYIIKOCTHU

[4]. [TpumeuarenbHOH OCOOEHHOCTBHIO 3/IECh SIBJIACTCS HAOIIOAaeMOE PACXOKICHHE 3HAYCHHH CKOPOCTH

pocTta OT o6mieil yHHBEpCaJIbHOI 3aBUCHMOCTH ITIPH TeMIepaTypax (T, 3+ Im], KOTOpBIE COOTBETCTBYIOT

MaJIbIM ¥ YMEPEHHBIM YPOBHSM HEPEOXITaXICHUS. Takoe moBeleHHe OOBSICHIETCS TEM, YTO MPU JAHHBIX
TeMIIepaTypax TePMOJUHAMHYECKHE MOTHBHI (Mex(a3Hasi CBOOOIHAS SHEPrHs, pa3Mep 3epHa/3apojbiia,
Pa3HOCTh XMMHUYECKHUX MOTECHIIMAIIOB) SBIISIIOTCS OIPEISISIOIIMMH XapaKTep CKOPOCTH pocTa Kak (YHKIIMU

TeMIieparypsi [4].
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PucyHok 2. MacmrraGiupoBaHHasi CKOPOCTh POCTA Kak (DYHKIUSI OT PUBEICHHON TeMIIEpaTypsl 1.
[lonmy4enHble pe3yabTaThl Al MOAENBbHBIX Dz 1 bLJ-crcTteM cpaBHUBAIOTCA C pe3yjbTaTaMu
MOJICJIMPOBAHMS 7151 KPUCTALTU3YIOLIMXCSI OTHOKOMIIOHEHTHOH JIeHHapA-IKoHCOBckor (LJ) cuctemsl u

TaHTaJIa, a TAaKKE C OKCIICPUMECHTAJIbHBIMU JaHHBIMHU JJIsI CUJIMKATHBIX CTEKOJI.

B kauectBe BBIBOJa MOXKHO chopMynupoBath clienyromiee. [IpeacraBieHHble B paboTe pe3ylbTaThl
JEMOHCTPHUPYIOT BO3MOXXHOCTH OIMCAHUS TEMIIEPATYPHBIX 3aBHUCHMOCTEH CKOPOCTHBIX XapaKTEPHUCTHUK
KPUCTAJUTMYECKOTO 3apoAbIeo0pa3oBaHusd B KPUCTALIM3YIOMIUXCS CHCTEMax (BpPEMEHH HyKIICallHH,

CKOPOCTH POCTa) 4Yepe3 CKEHIMHTOBBIE COOTHOUICHUS: 3HAUYEHHUS BPEMEH KPHUCTAIMYECKON HyKJeannd U
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CKOpOCTEW pocTa B NPUBEICHHON TeMIIEpaTypHOH IIKale YAOBICTBOPSIIOT YHHBEPCAIBHBIM CTENEHHBIM
3aBUCHMOCTSIM. Pe3ynbTaTbl MOTYT CIYXKUTh OCHOBAaHHMEM IS Pa3BUTHS OOOOIICHHOW Teopuu
KPUCTAJUTH3AIIMH, & TAKXKe JIJIs ONPEACICHISI KPUTEPHUEB, XapaKTepU3yomux aMmopdooOpa3ymoiiue cBOicTBa

CHUCTEM.

Pabora nognepxana PODU (mpoekt Ne 18-02-00407-a).

Jluteparypa

1. Kashchiev D., Nucleation: Basic Theory with Appplications / - Oxford. Butterworth-Heinemann, 2000. —
529 p.

2. Scaling law for crystal nucleation time in glasses / A.V. Mokshin, B.N. Galimzyanov // J. Chem. Phys.
142, 104502 (2015).

3. Formation of a dodecagonal quasicrystalline phase in a simple monatomic liquid / M. Dzugutov // Phys.
Rev. Lett. 70, 2924-2927 (1993).

4. Kinetics of the Crystalline Nuclei Growth in Glassy Systems / A.V. Mokshin, B.N. Galimzyanov //
Physical Chemistry Chemical Physics. 19, 11340-11353 (2017).

87



YIK: 621.382.66.533.924

OcobennocTu (hOpMHPOBAHUA HAHOCTPYKTYPHPOBAHHBIX NMOKPHITHI HA OCHOBE
O0opuI0B BaHAAUA HA IITAMIOBOM cTajim XBI' MOIIHBIMY 3JIEKTPOHHBIMHU
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AHHOTaNUsA

Hccneoosanvl u conocmagnenvt MUKpOCMPYKMYpbl U MUKPOMEEPOOCMb OOPUOHBIX C0EB,
cpopmuposanuvix Ha wmamnogou cmaiu XBI' anekmponHo-yuebim OOpupoganuem 6 8axKyyme.
Coopmuposannvie crou obaaoarom 2emepoceHHOl CMPYKmMypou, coyemaroujeli. meepovle U
nIACmMu4Hble KOMNOHEHMbL, NPUBOOAUUE K YMEHLULEHUIO XPYNKOCMU OOPUOHO2O CIIOSL.

Knrwueevie cnosa: snekmponnsiii nyuox, CBC, mepmoounamuueckoe mooenuposanue, OOpuobsl
8aHAOUs, MUKPOMBEPOOCHb, INIEKMPOHHO-TY4e80e bopuposanue, ¢azoobpazosanue.

FEATURES OF FORMATION NANOSTRUCTURED COATINGS ON THE
BASIS OF VANADIUM BORIDES AT DIE STEEL T31507 POWERFUL
ELECTRON BEAMS IN A VACUUM

A.S. Milonov, D.E. Dasheev, N.N. Smirnyagina

Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia,
e-mail: terwer81(@mail.ru

Abstract

The microstructures and microhardness of boride layers formed on die steel of T31507 by
electron-beam boron reduction in vacuum are investigated and compared. Formed layers have a
heterogeneous structure, combining solid and plastic components, leading to a decrease in
brittleness of the boride layer.

Keywords: electron beam, SHS, thermodynamic modeling, borides of vanadium, microhardness,
electron-beam boriding, phase formation.

BBenenue
JIOJIrOBEYHOCTh MHCTPYMEHTA 3aBUCHT HE TOJIBKO OT CBOWCTB MAaTepHala,
OIpEEIAEMbIX TEXHOJOTUEH H3rOTOBJIECHUS M OOBEMHOIO YIPOYHEHMs, HO U B
3HAYUTENIbHON CTENeHW OT CBOMCTB NOBepXHOCTH. Ee ponb B olecreueHuu

AKCIUTYaTallMOHHBIX CBOMCTB U3/IEJIUM MOCTOSIHHO Bo3pacTaeT [1].
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Huddy3noHHOE HACBILEHHE METAIJIOB U CIIAaBOB OOPOM JIOCTAaTOYHO MOAPOOHO
ONKMCAaHO B HAYYHO-TEXHHYECKOW JHUTEeparype. B 3aBUCMMOCTH OT arperatHoro
COCTOSIHUSI HMCXOAHOrO0 OOpCOJEpPIKAILEro BeIIeCTBa pa3inyaloT ra3odasHbIi,
xuakodasHeli ¥ TBepAoGa3HbIl CrMOcoObl OOpUpoBaHHS. Y KaXIOT0 U3 ITHX
CIIOCOOOB €CTh CBOM JOCTOMHCTBA M HenoctaTku. K uucimy oOmmx HeIoCTaTKOB
CJIelyeT OTHECTH BBICOKHE TEMIIepaTypHO-BPEMEHHBIE MapaMeTpbl 00paboTKH, T. €.
wig  nonydeHus: Iu(@y3MOHHOTO CJOS JOCTATOYHOM TONIIUHBI HEOOXOIUMBI
BBICOKHME TEMIIEpaTypbl OOpPHUpPOBAaHUS U AJUTENbHbIE BbLIEpKKH. OOpa3zyromuecs
npu OopupoBaHuu AP Y3HUOHHBIE CIIOM COCTOSAT M3 OopuaoB »xeneza FeB c
MukpotBepaocteio 20200-21500 MlIla u Fe,B ¢ mukporsepmoctero 14000-15000
MIla. Takas BbICOKasi MHUKPOTBEPAOCTh OOecnedyrBaeT OOPUPOBAHHBIM H3JCIUAM
BBICOKYIO H3HOCOCTOMKOCTh, HO OJJTHOBPEMEHHO IMOBBIIIAET XPYNKOCTh NOKPBITUH [2].

Hcrnonbs3oBaHWE 3JEKTPOHHOIO HarpeBa IO3BOJSET CHU3WTh XPYNKOCTh U
HOBBICUTH IJIACTUYHOCTh. [locCie 3JIEeKTPOHHO-JIy4eBOro OOpHpPOBaHUS ciou Oosee
IJIACTUYHBI, YeM mnocie TepaodazHoro. Kpome Toro, ciou mociie 3JIEKTPOHHO-
Jy4eBOTr0 OOPUPOBAHUS HMMEIOT T€TEPOT€HHYIO CTPYKTYpPY, COUETAIOUIYI0 TBEP.bIE
(xpynikue) u 6oJee mIacCTUYHbIE CTPYKTYpPHBIE cocTaBisonue [3].

B cratbe paccMOTpeHbl 0OCOOCHHOCTH MOBEPXHOCTHOTO YIpouHeHus ctamu XBIT
O BO3JACHCTBHEM MOIIHBIX JJEKTPOHHBIX IIYYKOB, 3a CUYET 3aKJIKU U
dbopmupoBaHuUs CJI0eB Ha OCHOBE O0pu0B BaHaaus (V3;By).

JKCIEPUMEHTAJIbHASA YaCTh

MeToanka pacyeron

[lepBoHavyasibHO, TepMoauHaMuyecku (mporpammubiii  komiiekc TERRA
(uatepdeiicet TERRA u TRIANGLE)) wuccnenoBaHo B3auMOJEHCTBHE OKCHIA
BaHaaus C YriaepoJoM M OOpOM B paBHOBECHBIX YCJIOBUSX TNpPU JABJICHUU B
nuanaszone or 102 go 10* Ila, cMomenMpoBaH B YCIOBUSAX anuadaTHYECKOIO
pacUIMpPEeHHs IPOLECC BBICOKOTEMIIEPATYPHOIO CaMOPaCIIPOCTPAHSIOIIETOCsl CHHTE3a
(CBC) 6opunoB Banaaus [3, 4].

brino nokasano, uto obpazoBanue V;B4 npoxoaut mpu temmneparype 833 K gepes

CTaguro CHHTEC3a Kap61/ma BaHaJaus1 VC. YCTaHOBHeHO, 4qTO TEMIICpAaTypa Hadajla
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oOpazoBanmsi OOpPHAOB  3aBHUCHUT OT JaBieHus B  cucreme. CoriacHo
TepPMOJMHAMUYECKUM pacyeTtaM Oopua V3Bs M0CTaTOYHO TEPMUYECKH YCTONYMB.
ITpu Temmeparypax cBoime 1600 K Habmogaercs nonnsanus mapos ViBy'©.

Jlanee, ObUIO CMOJEIUPOBAHO B3aUMOJACHCTBHE peakimoHHON cMmecu V,03:B:C ¢
MOBEPXHOCThIO yriepoaucTod cramu XBIT jgis  oOpa3oBaHus KOMITO3UTHOTO
MOKPBITUS HA TTyOuHy 5-150 MKM.

Cunmes o6opuoa V:By.

MopenupoBanue obpazoBanus 6opuaa Vi;Bs ¢ yueTroM B3auMoAeicTBUS puMecen
M METAJUIMYECKOM OCHOBBI C PEAaKUMOHHOM CMEChIO IOKa3ajo, 4TO HEeoOXO0IuM
n30bITOK Oopa (puc. 1).

Pacuets! mokasanu, 4To MaKCUMaJIbHBIN BhIX0/ Oopuaa V3B nocturaercs mpu 22

Mac % B (puc. 2).

1 Mac . 30AH 1 [LE-T==I=FE ] B4

Feter — UzB2ic) UzB4rcy” eB WEZ(c)
’. uCes)

01

“ U Ut

01

UBEBZ{c)

0.1

LICced Bic

o
0001 | | 1

n.oo01
0 2 1& it [E1Z 751 1] 100 200 1200 1600 oo T, K

T=0117 I0*, K p=1.0010-% MMa

Puc.1. Beixoa KoHA€HCUPOBAHHBIX (a3 npu Puc. 2. MakcumanbsHbIii BeIxoj 6opuaa ViBa
cunTese 6opuna ViBs Ha cramu XBID (P=10" I1a) npu 22 mac.% B.
(T=1173 K, P=107 ITa).

AHanu3 TEPMOAMHAMUYECKHUX PACUETOB TMO3BOJIMII OMNPEACIUTh ONTHUMAJIbHbBIC
YCIOBUSI B3aUMOJICMCTBUSL peakuroHHOM cMecu V,03:B:C ¢ mOBEpXHOCTHIO
yraepoauctoit mrammnoBoit ctaim XBIT ayis oOpa3oBaHus KOMIO3UTHOTO MOKPBITHS
Ha Tiyouny 5-150 MxMm.

CBC u 31eKmpoHHo-1v4esasn HanjaiaéKka 60pudoe 6aHa0usl.

CuHTe3 OOpHIOB BaHAAWs OCYIICCTBISUTH HAa TIOBEPXHOCTH IIITAMITOBOW CTalld
XBI'.
[Tocne oOpabOTKM AMEKTPOHHBIM My4dKoM cTanu XBI', ¢ HaHECEeHHBIMM Ha HHX

Oopocoepkalux 00Ma30K, Ha MOBEPXHOCTU 00pa3yeTcsi HEOJHOPOIHBIC CIIOH,
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tommuuaon 100-300 mxMm (puc.3). ChopmupoBaHHBIE CIOM HMEIOT YKa3aHHYIO
TOJIIIMHY MPAaKTHYECKH N0 Bcell cBoei jnuHe. Ha puc. 3 BHUOHO, 4TO B cllO€
IPUCYTCTBYIOT YacCTHI[bl, KOTOPBIE PacCHOjaralTcs BHYTPU CJIOsS. DTO MO3BOJIAET
clenaTh BBIBOA O TOM, UYTO OSTH YACTHUIIBl SBISIOTCA OOpHIaMU JIETHPYIOIINX
aJIeMEeHTOB (Bosib(pama, XpoMma, Mapratia u BaHaaus). Cioil mpoyHO yaAepKUBAETCS
Ha METAJULINYECKOU OCHOBE.

14000
12000
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6000
4000
2000

MugkpoTteepaocts, MIIa

0 100200 300 400 500 600 700

Tay6HHA CIT0sT, MKM

Puc. 3. CtpykTypa u MUKpOTBEepAOCTh ciost V3B4 Ha ctamu XBIT

Ha ctamu XBI'

[Tpu u3MepeHnr MUKPOTBEPAOCTH ClOoeB OopuaoB BaHaaus ¢ marom 30-50 mxM
oOHapy>XeHO HepaBHOMEpHOE pacmpenaenenue ee no tonumHe (Puc. 3). Oxnako, BO
BCEX HCCJECAOBAHHBIX oOO0paslax HaOI0aTOCh 3aKOHOMEPHOE pacIpeiesieHue
MHUKPOTBEPAOCTH B 3aBUCHUMOCTH OT TONIIUHBI cJios. OTIENbHBIC OYEHb PEIKHC
BtoueHus umeroT HV=12000 MIla u pacnosararoTcsi B IpUIOBEPXHOCTHBIX 30HAX
ciosi. Con XapakTepHu3ylTCs HauboJsiee CIOKHON HEYHMOPSAOUYEHHOUW CTPYKTYPOM.
YBenuuenne MukpotBep1octi ocHOBEI 10 HV=5000 MIla oObsicHsieTCsl TEM 4TO, OHA
MpoIlIa 3aKaJIKy B pe3yJbTare BO3JCUCTBUSA DSJIEKTPOHHBIM Ny4ykoM. boree
Xa0TUYHOE pachpeliesieHue MHUKPOTBEPIOCTH 10 ToJmMHe Yy Oopunma V3By
OOBSICHSIETCS TEM, UTO JaHHBII Oopua oOpasyercs mpu OoJjiee HU3KOHM TeMIiepaType, u
COOTBETCTBEHHO B CJIO€ HAXOJUTCA OYEHb MHOT'O MPUMECEHN.

HccnegoBanust MO3BOJSIIOT C/AENaTh BBIBOJ OO0 HCIOJNB30BAHUU DJIEKTPOHHO-
Jy4eBOr0 OOpUPOBaHUS JUIA YOPOYHEHHUS PEKYIMIMX HWHCTPYMEHTOB U Jp.,
UCIIBITHIBAIOIIMX pa3orpeB B TMpolecce paboThl 10 BBICOKUX TeMIiepaTyp 0e3

CYHICCTBCHHOI'O CHMXKCHUA SKCINTYyaTallMOHHbBIX CBOMCTB.
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TepMoannamMuyeckoe ucciaeI0BaHHUE JTEKTPOHHO-ITY4€BOr0 OOPUPOBAHUSA
yriepoaucrtoii craiau CT3

. 9. Jamees ', H. H. Cmupusaruna !, A. C. Muionos !
! - UucruryT pusuyeckoro Marepuanosenenus CO PAH, 670047, Poccus,
r. Ynan-¥Ym, yn. CaxesiHOBOI, 0. e-Maiin: dasheevdorzho@gmail.com

AHHOTanUA

B oOanmnoii cmamwve wuccnedyemcs @opmuposarue 0Oopudos diceneza HaA NOBEPXHOCMU
yenepooucmou cmaiu Cm3 nod eosdelicmseuem 31eKkmponno2o nyuka. OCHOBHAs yelb pabomwvl
3aKI0YaAemcs 8 MOOeIUpPOBarHUY cunmesa OOpuoos xceneza us peakyuoHusvix oomazoxk. C nomowpro
npocpammnoco Komnuexkca Terra 6binoiHunu mepmooOuHaMuyecKkoe Mooenuposanue 6 Ouand3oHe
373 — 1873 K ona obwezo Oaenenus 6 cucmeme 6 ouanazone 10°—107 Ila. Onpedenenvi
onmumanvhsle yciogus OJisl CUHMe3d, 8 YACMHOCIU MeMNepamypsbl 00paz08aHus Npu pasiuiHbIX
oasneHusix 8 Kamepe. Ycmauoenena - nocie0o8amenbHOCMb  XUMUYECKUX — NpespaujeHull,
NPOMeKaowux npu curmese O60pud0s, a UMEHHO, «OKCUObl —> Kapouovl — Huzwue 60pudvt —»
gvicuiue 60opudvly. Cmooenuposansvl mepmuyeckue ceolcmea U xapaxkmep ouccoyuayuu 60puoos
Fe:B u FeB 6 3asucumocmu om obwezo oagnenus 6 cucmeme. Mcciedo8anvl NpoYHOCHHbLE
Xapakxmepucmuky cpopmupo8aHusvix OOPUOHBLX COEB.

Knrwouesvie cnosa: snekmponnviii nyyok, peakyuounas oomaska, CBC, mepmoounamuueckoe
MoOenuposarue, bopuodvl dcene3d, MUKPOCMPYKMYpa, MUKPOMeEepooCma.

THERMODYNAMIC STUDY OF ELECTRON-BEAM BORIDING
CARBON STEEL ST3

D. E. Dasheev !, N. N. Smirnyagina !, A. S. Milonov !
'~ Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia,
e-mail: dasheevdorzho@gmail.com

Abstract

This article investigates the formation of iron borides on the surface of carbon steel St3 under
the influence of an electron beam. The main idea of the work is to simulate the synthesis of iron
borides from reaction daubs on carbon steels. Using the Terra program, we performed
thermodynamic modeling in the range 373 - 1873 K for the total system pressure in the range of
10°-107 Pa. Optimum conditions for synthesis, in particular, the formation temperature at various
pressures in the chamber, are determined. A sequence of chemical transformations occurring in the
synthesis of borides has been established, namely, “oxides — carbides — lower borides — higher
borides”. The thermal properties and dissociation character of Fe:B and FeB borides are modeled
as a function of the total pressure in the system. Strength characteristics of the formed boride layers
are investigated.

Keywords: electron beam, reaction daubs, SHS, thermodynamic modeling, iron borides,
microstructure, microhardness.

Beenenue

BOpI/IpOBaHI/IIO MOKHO IIOABEPraTh MPAKTHYCCKH BCC CILJIaBblI HaA OCHOBE JKCJIC3a,
HO TpH D3TOM CIEAyeT Y4YUThIBaTh, YTO XHUMHUYECKHH COCTAaB OOPHUPYIOLIUX
KOMITOHEHTOB CYIIIECTBEHHO BJIMSIET Ha CTpOeHHE W Tiyouny cios [1]. HeGonbiue

,Z[O6aBKI/I 60pa BBI3BIBAIOT 3HAYUTCIBHOC HM3MCIBYCHUC 3CPCH, PC3KOC YIYUIHICHHC
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MIPOKATMBAEMOCTH, TIOBBIIIIEHUE KAPOIPOUYHOCTH B PE3yIbTaTe YIPOYHEHUS TPAHMII
3epeH Oopugamu. ComocTaBieHHE CBOWCTB OOpUIOB CO CBOMCTBAMHM KapOUIOB U
HUTPHUJIOB TIOKA3bIBAET, 4TO OOpHAbI 00yaaioT 0oJiee BBICOKMMHU IOKAa3aTeNsMU
TBEPJIOCTH, CTOMKOCTH MPOTHB OKHCIICHUS TMPH BBICOKHX TEMIEpaTrypax, a TaKxke
HU3HOCOCTOMKOCTH [2].

B Hacrosimee Bpemsi Bce OOJNBIIMI HHTEPEC BbBI3BIBAIOT DJJIEKTPOHHBIE U
IUTa3MEHHBIE METOJBl KaK CpEACTBO MOJIU(MUKAIMU CTPYKTYPHBIX  (Pa3oBBIX
COCTOSIHUA W TIOBEPXHOCTHBIX MPOYHOCTHBIX CBOMCTB METAJUTMYECKUX MaTEPHAIOB
[3-5]. Omnum u3 BapuaHTOB OOpaOOTKM AIEKTPOHHBIM IYYKOM  SIBISETCA
ANIEKTPOHHO-Ty4eBOe  OopupoBaHue. J[ns  3TOW  TEXHOJOTHHM  XapaKTEpPHO
HCITOJIb30BAaHNE TEPMOPEATUPYIOMIMX TOPOIIKOBBIX CMECEH, B KOTOPHIX BO3MO’KHA
peanuzaius caMopacIpoCTpaHsIomEerocss BbicokoTeMrneparypHoro cunreza (CBC)
[6] u mponecc KuAKO(PazHOTO CIEKAHUSI C HUCMOJb30BAHUEM IMPOJYKTOB CHUHTE3A.
DJIEKTPOHHBIN IMYYOK UCTIONb3yeTcs U Ayt nHuuuupoBanust CBC [7,8].

JlanHast paboTa HampaBjeHa Ha OINUCAHUE DJIECKTPOHHO-TYYE€BOrO0 OOpHUpPOBAHUS
KaK MeTOJa YIOPOYHEHHUS  TMOBEPXHOCTH CTaIM U  TEPMOJMHAMHYECKOE
MOJICIUPOBaHUE TMporecca (POpMUPOBAHUS CIOEB OOpUIOB Keje3a B YCIOBHSIX
BaKyyMa.

Onucanue TePMOIUHAMMYECKOTO MOIEJIMPOBAHUSA

un  Fe203(c), Fe3ldic) un  Fa203(c), Fe30d(c)

1
1
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Puc.1. Usorepmuueckue paspess B cucteme FeOs3-B-C npu masnenun 107 ITa
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Tepmoaunamuveckoe moaeaupoBanme B cucrteme Fe-B-C-O, BbmosHEHO ©
ucnoJjib3oBanueM mporpammMuHoro komiiekca TERRA [9]. Ilporpamma TERRA
npenHa3HavYeHa Uil pacuera cocraBa (a3, TEPMOJMHAMUYECKUX M TPAHCHOPTHBIX
CBOMCTB MPOU3BOJIbHBIX CHUCTEM C XMMHUYECKUMHU U (Ha30BbIMU MPEBPALICHUSIMH.
Pacuetrsl mpoBeaeHsl B TemmepaTypHoM uHTepBasie 373 — 1873 K s obiiero
NaBJICHUS B cucTeMe B quanasone 10°—107 Ila.

HccnenoBanu Bo3MoXkHBIE B3aumoaeicTBus ¢ yuactueM Fe, Fe,Os, B,Os3, B, B4C u
C. B pacuerax yuuteBamu okcuabl Fe,0;, FesO4, FeO, B,0;, CO, CO,; xapOums
FesC, BsC wu Oopunel Fe;B, FeB. Omnpenenensl mnonst KpUCTaUTU3ALMH
COCyIIECTBYIONMX (a3, a TaKKe BIUSHHE TEMIIEpaTypbl W JaBJIICHUS Ha WX
noBeneHue (puc. 1). UccnenoBansl dhazoBeie paBHOBecus B cucteMe Fe,O3-B-C.

VYcraHoBieHO, UTO Temmeparypa Hadana oOpaszoBanusi OopupoB Fe.B u FeB
3aBUCUT OT OOlIEro JaBlieHWsT B cucTeMe. Tak, Tpu JaBICHUU 10° Tla
B3aumojericteue Fe,O3; ¢ paznuunbiMu 6opupyromumu koMmrnonentamu (B,0s, B4C,
B) maumnaerca npu Temneparypax 1500-1600 K (Puc.3), a npu masnenuu 102-107

[1a Temniepatypa camxaetcs 10 800 K (Puc.4).
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Puc.4. CocTaB KoHeHcupoBaHHOH (assl B coctaBe FeaB (4Fe:2B:6C:302) npu nasnenuu 107 Ia:
1-C,2-B203,3-Fe, 4 -Fe;04, 5 - Fe:B

JKCIMEPUMEHTAIbHAA YaCTh

B okcnepuMeHTe UCHOJB30BAINCH CTaJbHBIE O0O0pas3lbl B BHUJIE LUIUHIPOB
auaMmeTpoM 15 MM u BbicoTo 7 MM. Ha moBepxHOCTh oOpasiia HaHOCHIUCH
pEeakIMOHHbIE OOMAa3KM pa3IMYHBIX CTEXHOMETpUUecKHX coctaBoB Fe,03:3B:3C,
Fe;03:2B:3C. IIpu BO3CHUCTBUU Ha PEAKIMOHHYIO oOMa3Ky
BBICOKOKOHIIEHTPUPOBAHHBIX MOTOKOB 3Hepruu (20 KoB) unummupyercs mpoiecc
CBC, xoTOpbIli COMPOBOXKAACTCS BBIJCICHUEM OOJBIIOTO Temia. JIEKTPOHHO-
JTy4eByI0 0OpabOTKy MpOBOAWIM B Bakyyme He Bbime 2x107 Ila mpm MommocTn
anekTpoHHoro nmyuyka W= 250-450 Bt B teuenne 1-3 muH [10]. B pe3ynbraTe 3T0M

peakiuu 00pa3yroTCsl TBEPAbIE MPOIYKTHI TOPEHHS, B YaCTHOCTH OOPHJIBI XKelie3a.
I[Ipu nanenuu 107 Ila, Temneparypa o6pa3oBanus GOPUIOB Kejle3a COCTABISET
900 K, yto mo3BojsieT GOpMUPOBATH CIION HE PACIUIABIISAS MOBEPXHOCTh CTaJIU, HO
MpU  BO3ACHCTBUU DJICKTPOHHOTO Iy4YKa M BBIJAEICHUS OOJBIIOTO KOJIMYECTBA
sHepruu npu CBC, oOpasyercsi ToHKU cioit (5-7 MKM) paciiaBa Ha TTOBEPXHOCTH
ctanu. B naHHBIN paciuiaB BHEAPSIIOTCS TBEPJIbIE YACTUIIBI OOPUAOB U PABHOMEPHO
pacnpenesnsoTcs no BceMy 00beMy paciiiaBa.

Pucynok 5. Crpoenue 6opuanoro ciost FeoB + B20;s.

[Tocne mpekpamieHus: BO3AECHCTBUS JIEKTPOHHBIM ITYYKOM HAaUYMHAETCS MPOLIECC
KpUCTAJTM3allMi, B pe3yjibTare KOTOpOoro ¢GopMupyercss ACHIPUTONOI00HAs
CTpyKTypa cios. JleHApUTHl pacTyT BIOJb OTBOJA TEIUIA MEPIEHIUKYISIPHO
TETUIOBBIM MOJISIM (pHC 5).

CpaBHUTENBHBI aHAJIW3 CTPYKTYpbl CJOEB, IOJIYYEHHBIX Pa3IMYHBIMU
cnoco0aMu TOKa3zall, 4TO CTPYKTypa cJiosi, C(POPMHUPOBAHHOTO M3 PEAKIMOHHBIX
obmazok crexuomerpuyeckux coctaBoB Fe,03:3B:3C, Fe,03:2B:3C B oTiauuue or
HachIaImmx ooMa3zok U3 amopdHoro 6opa u kapOua 6opa obsagaet ASHAPUTHOM
CTPYKTYPOH C OKpPYIJIBIMU BKIJIIOUCHHUSIMU. CIIOM MMEIOT YETKYIO TpaHUIly MEXIy
OCHOBOM M CAMHUM CJIOEM.

HccnenoBanne  MHKPOTBEPJOCTH  TMOJMYYEHHBIX CJIOEB  IOKA3bIBAIOT, YTO
HamOONbIIeH TBEPAOCTHIO OTAMYAIOTCS Oopuabl FeB, ux MHKpOTBEpaOCTbH
coctaBisieT B cpeaaem 1200-1500 MIla. MukpotBepaocts 6opumoB Fe,B — 1100-
1300 MIla. OTaenbHbIe YacTUIIBI, PACTIOJIOKEHHBIE Ha MMOBEPXHOCTHU CJIOSI HanboJee
TBEpAbIE, MHKPOTBEPAOCTh KOTOpbIX jnocturaer 3000 MIla. TosmmHa 3TOrO
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MUKpOCH0s cocTaBisieT nopsiaka 10 Mkm (puc 5). MUKpPOTBEPIOCTh U3MEPSUIA TIPH
oMoy Mukporsepaomepa [IMT-3 o merony Bukkepca.
3akirouenune

[IpencraBien metoa GopMupoBaHus OOPUAOB JKejIe3a U3 PEAKIIMOHHBIX 00Ma30K ¢
UCIIOJIb30BAaHUEM AJIEKTPOHHOTO nydyka kak mHMnmaropa CBC. IIpoBenen anamu3
TEIUIOBBIX MIPOLIECCOB M PaCCMOTPEHBI (Pa30BbIE PAaBHOBECHS B PEAKIIMOHHBIX CMECSX,
cogepxkaumx okcup okeneza Fe,O3, Oop um yrmepon. YcraHOBiIEHb HauOolee
ONTUMAaJbHBIC YCIOBUS (POPMUPOBaHUSI OOPUIOB Kelie3a B BaKyyme MpH JaBICHUU
103 IIa. Temmeparypa oOpazoaums (a3 FeB u Fe,B K mpu Takom mnaBieHuu
cHrkaercs 10 800 Taxxe ucciae0BaHbl IPOYHOCTHBIE XapAKTEPUCTHUKY ITOITYYEHHBIX
CIOEB OOpUIOB Keje3a, KOTOpble KOHCTATHUPYIOT YBEIMYEHUE HAa MOPSJIOK
MHKPOTBEPAOCTH, H3HOCOCTOMKOCTH.
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VK 532.135
NCCIIEJOBAHHUE BS3KOCTH CYCHEH3UI JUNOKCUIA KPEMHUSA

. H. Makaposa, T. C. /Ilemb6esi0Ba, b. b. bagmaes, E. /I. Bepuunnuna,

b. b. lamaunoB
Nuctutyt dpusnueckoro marepuanoseacaus CO PAH, 670047, Poccus,
r. Ynan-¥Ym, yn. CaxpsHOBOM, 6, e-Maili: dagzama@mail.ru

AHHOTANUA

B pabome npedcmasnenvt pesynomamuvl uUCCie008aHUs BA3KOCHMHLIX CBOUCME KOJLIOUOHBIX
CYCNeH3Ull HaHOYacmuy OUOKCUOA KPEMHUS 8 NOJUIMUICUTOKCAHOBOU HCUOKOCU AKYCMUYEeCKUM
PE30HAHCHBIM MEeMOOOM Npu wacmome co8ucoevlx koareoanuil 73.2 kl'y. B kauwecmee pezonamopa
UCNONIL3068AH NbE30KBAPYesblll KPUCMALL 6 6ude NpsimMoyeoibHo2o Opycka X—18.5° cpesa.
Konnouonwvie cycnensuu nanowacmuy nonyueHvl yivmpazeyKoebiM MemoooM. IKCNEPUMEHMATbHO
noJy4ensvl 3HAYeHUs: KOMNIEKCHO20 MOOYIsA CO8U2d, MAH2SeHCA Y2ld MeXaHU4eckux nomepo,
ahpexmuenoil 8s3K0OCMU UCCIE008AHHBIX CYCNEH3UL PA3HOU KOHYESHMPAYUU.

KitoueBble cj10Ba: aKyCTUYECKUN PE30HAHCHBIA METOJ, JKUIKOCTb, d(PPEKTUBHAS BSA3KOCTb,
peoJIorHs, CyCIIeH3usl, TAHT€HC YIJIa MEXaHUYECKUX MOTEPb.

RESEARCH OF VISCOSITY OF SILICA DIOXIDE SUSPENSIONS

D. N. Makarova, T. S. Dembelova, B. B. Badmaeyv, E. D. Vershinina,

B. B. Damdinov
Institute of Physical Materials Science SB RAS, 670047, Russia,
Ulan-Ude, Sakhyanovoy str., 6, e-mail: dagzama@mail.ru

Abstract

The paper presents the results of a study of the viscosity properties of colloidal suspensions of
silica nanoparticles in polyethylsiloxane liquid using an acoustic resonance method at the
frequency of shear oscillations of 73.2 kHz. A piezoelectric crystal of X-18.5° cut is used as a
resonator. Colloidal suspensions of nanoparticles are prepared by ultrasonic method. Values of the
complex shear modulus, mechanical loss tangen and effective viscosity of studied suspensions of
different concentrations are experimentally obtained.

Keywords: the acoustic resonance method, liquid, effective viscosity, rheology, suspension,
tangent of mechanical loss angle.

B paboTte ncnonb30BaH aKyCTUYECKUN PE3OHAHCHBIN METO/I, aJalITUPOBAHHBIN TS
BA3KOYIIPYTHX CBOWCTB KOJUIOMIHBIX CYCIIEH3UM M OMYJIbCHM HaHodacTul. Merton
3aKJIFOYAETCS B CIEAYIOLIEM: IMbE30KBAPLEBBIM KPUCTAII B BUAE HPSIMOYIOJIBHOTO
Opycka ¢ OCHOBHOM pe3oHaHCHOW yacToToi 73.2 kI'I1 coBepiliaeT TaHreHIMAIbHBIC
koneOanus. Haknaaka ¢ TIpOCIOWKOM >KUIKOCTH HAXOAUTCA HAa OJHOM KOHIIE
nbe30KBapua. [Ipu 3ToM B XKUJKOCTH yCTaHABIMBAKOTCS CTOSAYHME CIABUTOBBIE BOJIHBI.
B oskcnepumenTtax mnpumMmeHsieTcs nbe3okBapl X-18.5° cpe3a, y Kotoporo
koa(punuent Ilyaccona Ha pabouelt rpaHu paBeH HYJIIO.
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N3 Teopuum akycTHYECKOro pe3oHaHcHOoro wetona |[1,2] nns  omnpeneneHus
KOMILIEKCHOTO MOAyJs casura G M TaHIeHCa yria MEXaHM4eCKHX MOTeph tg0

CJIEIYIOT BBIPAKCHMUS:

2 ' 2 "
G AEMOAH L ATMA 0
S S
GIV Af”
tgo=L - 2
g0=C =y (2)

rae M — macca nbe30KBaplia; fy— pe3oHaHCcHas yacTora, Af”— NelCTBUTENbHBIN CABUT
4acTOThl, Af” — MHUMBII CABUT YacCTOThI, H — TOJNIIMHA >KUJIKOW MpOCIONKH, S —
IJIOIIA/Ib OCHOBAHUA HAaKJIAIKU. M3 3TUX BBIPAXKEHUU CIEAYET, YTO MPU HAIHUYHUH
CIABUTOBOM YIPYrOCTH CABUTH YacTOT MPONOPLUMOHAIbHBI OOpaTHON BEJIMYMUHE
TOJIIIMHBI )KUJIKOW IPOCIONKH.

B nanHOil pabGoTe wuccneoBaHbl HU3KOYACTOTHBIE BSI3KOYIIPYTHME CBOMCTBA
KOJUIOMJHBIX CYCHEH3UH Juokcujaa kKpemHuss SiO; B MNONMAITHICHIOKCAHOBOM
xuakoctun [19C-2. B paboTe HCHoNb30BaHbl HAHOYACTHIBI JHOKCHIA KpPEMHHUS,
MOJIy4eHHBIE MeToJoM Tra3zodasHoro cuHTe3a [3]. Komnounmnele cycneH3uu
HAHOYACTHUIl TOJYYEHBI C HMCIOJIb30BAHUEM YJIBTPA3BYKOBOTO MpUOOpa SONOsSwiss
mozenu SW 1 H.

Ha puc.] u 2 mnokazaHbel 3aBUCUMOCTH JedcTBUTENbHOTO (1) M MHUMOTrO (2)
CIBUTOB YacTOT OT OOpPAaTHOM TOJIIUHBI KUIAKOW TMPOCIONKU JJiI KOJUIOUIHBIX
cycnensuit S10,/I13C-2 ¢ pasmepom HanodacTuil 50 HM u 100 HM, ¢ KOHIIEHTpaIIUCH
0.5% un 1.25% cooTBETCTBEHHO.

JIMHENHOCTH THX 3aBUCUMOCTEH CBUETENHCTBYET O HAJTMYUH O0BEMHOTO MOTYJIS
CABUTa Yy HCCIeAoBaHHBIX cycneH3ud. Tak nns  cycnensun  SiOy/I19C-2 ¢
koHieHTparnuei 0.5 macc.% u pazmepamu Hanouyactuil S0 HM 1o dopmyiam (1) u (2)
OJIy4YeHbl 3HAUEHMs JEHCTBUTENLHOrO MoAyis casura G'=1.08-10° Ila, Tanrenca

yTrila MeXaHU4eCcKux noteph tgo=0.1.
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Puc.1. 3aBucumocts aeiictButensHoro (1) 1 MHUMOTO(2) CABUTOB YacTOT OT OOpPATHOM TOJIIUMHBI

nipocioiiku uist cycrnen3uu Si02/I19C-2 (0,5%) ¢ pasmepom HaHodacTuil SO HM.
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Puc. 2. 3aBucumocTsb aeiictButenbHOro (1) 1 MHUMOTO (2) CABUTOB YacTOT OT OOpPaTHOW TOJNIITHMHBI

npocioiiku st cycnen3uu Si02/I19C-2 (1.25%) ¢ pazmepom Hanouactui 100 HM.

B tabnuiie 1 naHbl pe3yabTaThl MOJTYYEHHBIX 3HAUYCHUM NEeHCTBUTEILHOTO MOAYJIS
CIBUTra, TAHIEHCA YIJIa MEXAaHUYECKHUX MOTEPh JJIsl CYCIEH3UN AUOKCUIa KPEMHUS B
MOJIUATUIICHIIOKCAHOBOM KkuAKOCTU [19C-2 1151 pa3HbIX KOHLUEHTpALWd ¢ pa3MepamMu
HaHoyactuiy 100 amM. M3 TaGauipl BUIHO, YTO C YBEIWYECHHWEM KOHIICHTPAIIUH

MOJYJIb YIIPYTOCTH CYCIIEH3UH YMEHBIIIACTCS.
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Taomuna 1

Kunkocrtsb t, °C ¢, macc.% G'-10°, I1a tgb Nog» 11a-C

I19C-2 24 - 4.81 0.63 2.32
CycneHsuun 23 0.5 1.08 0.1 2.373
S10,/T123C-2 23 1.0 0.85 0.59 0.422
23 1.25 0.25 0.37 0.167

PoraunonssiM MeTOI0M Ha MOIysbHOM peoMeTrpe Anton Paar MCR 52 n3mepeHna
BSI3KOCTh  MOJIMATWICHIIOKCAHOBOM  kuuakoctw  [IDC-2 ¢ mpuMeHeHueMm
U3MEPUTEIIBHON CUCTEMBI KOHYC — IIOCKOCTBH C 3a3opoMm 0,1 mMm. Hcnons3oBanue
TaKOW CUCTEMBbI O0ECIeYMBaET OAMHAKOBBIE Ae(OopMallii BCEX 3JIEMEHTOB CpE/bl B
npoiiecce u3Mepenuil. Jlnamerp koHyca coctasisia S0 MM, yroi Mexay o0pa3yromiei
KOHyca UM IUIOCKOCTBIO u3MepeHuii — 1°. Peomerp wumMmeer cucremy
TepmocTtabunu3auuu ¢ ToyHocthio fo0 0,01 °C. M3MepeHuss mpoBOAWIKMCH MpH
temneparype 23°C. IlonyueHa nuHEHHas 3aBUCUMOCTH HAIpSKEHUS CIBUTA G OT

CKOpPOCTH CIBMIOBOM jaepopMaunuu J, cooTBeTcTByromas ¢opmyne HproToHa.

Koaddumuent Bszxoctu [13C-2 pasen 1=9,85 mlla-c.

NHTtepecHslit pe3yJbTar JaeT pacuer s pexTuBHON BSI3KOCTH
MOJMATWICUIOKCAHOBOM *)uakoctu [19C-2 npu vactore 73.2 k' mo peonorndeckoit
Mozenu MakcBesuia mo gpopmyie:

_ G'(1+1g”0)

wtg )

na([J

[lonydeHHOe 3HaueHue M,y = 2.32 Ila'c HaMHOrO NIPEBBIIAECT HBIOTOHOBCKYIO
Bsi3kocTh [IDC-2. B pabote [4,5] mokazaHo, 4yTo 3(pPeKkTrBHAS BIZKOCTH OTUMEPHOM
KHUIKOCTH MOKET HWMETh aHOMAaJbHO BBICOKOE 3HAUYCHHWE MPH MalbIX yriax
CABUTOBOM  jgedopmammu,  Korja  KHIKOCTh  COXpaHSET  PaBHOBECHYIO
HAJMOJIEKYJISIPHYIO CTPYKTYpPY, OOYCIOBIECHHYIO 00pa30BaHUEM MEKMOJIEKYIISIPHBIX
cesazed. C yBenmuueHueM Jedopmanuu CIABUra 3Ta pPaBHOBECHAs CTPYKTypa
paspymaercs, U 3¢GQeKTUBHAS BA3KOCTb MaJaeT [0 3HAYCHHUs] HBIOTOHOBCKOM
BSA3KOCTH.
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B nocnennem ctonbue tabnuiel 1 mpuBeneHbl pacueTHble 3HaUeHUs d(HHeKTUBHON
Bsi3kocTH 1o Gopmyite (3) mist 06pasnos cycrner3uit SiOy/I19C-2. MoXHO 3aMETHTh,
yTO npu Manoi koHreHTpauuu 0.5 macc.% paccuutanHas >P¢GeKTHUBHAS BI3KOCTb
cycrien3un paBHa 2.37 Ila'c, 4YTO NPaKTUYECKHM COBMNAJAET CO 3HAYCHUEM
s dexkTuBHON BsI3KOoCcTH 0a30BoM xkuakoctu [19C-2. M3 TaGauiel BUIHO, YTO TIPHU
YBEJIMUEHUH KOHIIGHTpauuu AucnepcHod ¢dasel g0 1.25 wmacc.% mnpoucxoaur
yMeHbIieHue 3(GGEeKTUBHON BSI3KOCTH. BeposTHO, ¢ pPOCTOM KOHIIEHTPAIMH
HAHOYACTHUIl JIMOKCHUJIA KPEMHHS, UMEIIUX chepudeckyto (GopmMy, MpOUCXOIUT
MPOCKAIB3BIBAHUE CIIOEB JKUIKOCTH B MOJI€ CABUTOBBIX Ae(POpMaIlHii.

Takum  oOpa3om,  CYCNIEH3WW  HAHOYACTHI]  JWOKCHAA  KPEMHHUS B
MOJIMATUIICHIIOKCAHOBOM KHJIKOCTH TIPEACTABISIOT COOOM CIOXKHYIO CTPYKTYpHO-
HEOJTHOPOJHYIO BSI3KOYNpyryio cpeay. C yBenTWUeHHEM KOHIICHTpAIlMH HAHOYACTHI
no 1.25 wmacc.% »ddexTuBHas BA3KOCTh CYCHEH3UW MPU YaCTOTE CIBUTOBBIX
kosnebanuit 73.2 kI'11 yMeHbIaeTcs.

PabGoTa BblloNHEHa B pamkax rocygapcrBeHHoro 3aaanus UOM CO PAH wu
yacTUYHO nojaepxana rpantamu POOU, npoextsr Ne 18-48-030020 p_a, Ne 18-02-
00523 a.
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HU3KOYACTOTHBIE CIBUTOBBIE BOJIHBI B CYCITEH3USX
HAHOYACTHIL

b. b. baamaes, T. C. Jlem0esoBa, /I. H. Makaposa, C. A. bajibkuHoB,
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AHHOTaNUA

Ha ynempazeykoeom unmepgepomempe usmepena onuna nuskouacmomuoii (10° I'y) cosuzosoii
80/IHbI 8 KOJIOUOHOU CYCHEH3UU HAHOYACMUY OUOKCUOA KPEMHUS 6 NOJUIMUICULOKCAHOBOU
acuokocmu [19C-2. Onpedenen mawueenc yena mexarudeckux nomeps. Ilo smum napamempam
paccuuman Mooyib CO8U2080U YNPY2OCMU UCCIe008AHHOU KOJIOUOHOU CYCNEH3UU.

Knrouesvle cnosa: nvezoksapy, KoJLIOUOHAS CYCNEH3Us, COBU208AS 8OJIHA, MOOYIb YNPY2OCMU,
MAaH2eNC yena nomepb.

LOW-FREQUENCY SHEAR WAVES IN SUSPENSIONS OF
NANOPARTICLES

B. B. Badmaev, T. S. Dembelova, D. N. Makarova, S. A. Balzhinov,

Ye.D.Vershinina

Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str., 6, Ulan-Ude 670047, Russia, e-mail: Imf@ipms.bscnet.ru

Abstract

A length of the low-frequency (10° Hz) shear wave in a colloidal suspension of silicon dioxide
nanoparticles in polyethylsiloxane liquid PES-2 are measured on an ultrasonic interferometer. A
tangent of the angle of mechanical losses is determined. The shear modulus of the studied colloidal
suspension was calculated using these parameters.

Keywords: piezoquartz, colloidal suspension, shear wave, modulus of elasticity, loss tangent.

Hanocycnensus — gumcnepcHas aAByx(dasHas cucTema, CoOCTosIlas U3
JUCIIEPCUOHHON cpenbl U aucnepcHod ¢aspl. Hanocycnensusi obnagaer ocoObIMu
CTPYKTYPHO-MEXaHUYECKUMHU CBOWCTBAMU, TaKUMH KaK YIPYrocTh, BSI3KOCTb,
MPOYHOCTh W TIACTUYHOCTH, KOTOPHIE MPOSBISIOTCS MPU CABUTOBOU JehOopMariui.
CTpykTypa U peoJIOrTHUYEeCKHE CBOMCTBA HAHOCYCIIEH3UM B OCHOBHOM OMNPEIEISIOTCS
B3aMMOJICUCTBHEM YaCTHUI[ IUCTIEPCHON (Pa3bl ¢ MOJICKYJaMU AUCTIEPCHOW CPENbl H
MEXy COOO0M.

B nmanHOil paboTe aKyCTHYECKUM PE30HAHCHBIM METOJOM C IPUMEHEHUEM
IbE30KBAPLEBOrO PE30HATOPA UCCIIEN0BAH HU3KOYACTOTHBIH (10° ') KOMILIEKCHBIN
MOZYJIb CIBUT'a KOJUIOWJHOM CYCIIEH3UM HAHOYACTUI[ JHOKCHAA KpPEMHUS B

HOJIMITHJICUIIOKCAHOBOM )uakoctu [1DC-2.
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CyTb aKyCTHUECKOTO PE30HAHCHOTO METOJIa

3
m&Z 3aKJII0YAETCA B CleayromeM. [Opu3oHTanbHas
1 X
MOBEPXHOCTh MHE30KBAPIIEBOT0 KpUCcTaiia X-
O 18,5° cpesa B BHIe MPSMOYTOIHBHOTO OpyCKa ¢

3

pa3smepamu 34,9x12x6 Mmm°, maccoil 6,82 T

Puc. 1. IIee3okBapiy ¢ 100aBOYHOMU
KOHTAaKTUPYET C MPOCIOWKON KUJIKOCTH,

CBA3bIO: | — mbe30KBapl, 2 — Mpocioiika
XKUJIKOCTH, 3 — HaKJIaJIKa HAKpBITOM  TBepAOW  Hakmagkoul.  [1-3]
Haxnaaka pacrnosnoxeHa Ha OJHOM KOHLE
nbe30kBapia puc. 1. [Ipu koneOaHusAX mbe30KBapla Ha pe30HaHCHOM yactore 73,2
k'l mpocIIoiiKa JKUIKOCTH UCTIBITHIBAET JUHAMUYECKUE Ae(OpMAaLK CABUTA U B HEU
NOJDKHA YCTAHOBUTHCS CTOsA4Yasl CABUIOBas BOJHA. B 3aBUCMMOCTM OT TOJIIMHBI
KUJKOU MPOCIOUKN TMPOUCXOAUT U3MEHEHUE PE30HAHCHOW YacCTOTHI MbE30KBapLa U
IIMPUHBI  PE30HAHCHOM KpUBOM. BrlpaxkeHne [ KOMIUIEKCHOTO  CHIBUTIa
pe3oHaHcHOM yacToThl Af* nmeet Bun [1-3]:
_Sk*G* 1+cos(2k* H — ¢*)
CArMf,  sinQk*H —g¢*) ()

Af*

rae S — IUIolaab OCHOBAHMS HAaKIagku, k* =P —iot — ero KOMIIJIEKCHOE BOJHOBOE
ynucino, G*=G'+iG'"— KOMIUIEKCHBIA MOJYJIb CIBHUTA XKUAKOCTH, [ — TOJIIMHA
KUJKOU MPOCIOMKHA MEXKy TTbe30KBApIeM M HAKIIAJIKOW, ¢f — KOMIUICKCHBIN CIBUT
¢da3pl, KOTOPBIM MPOUCXOIUT TPH OTPAKECHHUH BSI3KOYIPYTrOMl BOJIHBI OT TPAHUIIBI
KUJKOCTh — HaKkjIaaKa, M — Macca mbe30KBaplia, fo — €ro pe30HaHCHAs 4acToTa.

IIpu paznenenun Af*, yuutsiBas, yto ¢@* = 0, qis geiictButenbHoro Af' u

MHUMOTO Af"' CIBUTOB 4aCTOT MOJYYEHBI CIEAYIONINE BhipakeHus [1-3]:

S  (G'f+G"a)sin2fH +(G'a—G" f)sh2aH

A= ,

v 47* Mf, ch2aH —cos2 pH (2)

A= S (G"B-G'a)sin2fH +(G"a+G' B)sh2aHl 3)
47° MY, ch 2aH — cos 2 BH '
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N3 3TuX BBIpaXXEHUH BUHO, YTO CABUTHM YACTOT JAOT 3aTyXAOIINE OCLUIUIALUY C
YBEJIMYEHUEM TOJIIUHBI KUIAKOW NPOCIOMKHU. [Io MakcuMymy 3aTyXaHus, KOTOPBIA
HaOmrogaeTcsl Ipu MpoTuBodaze MpsMOM M OOpaTHOM BOJIHBI, MOXHO OIpPEIEIUTH
JUTMHY CABUTOBOI BONHEI A. [IepBbiif MakcuMyMm 3aTyxaHus OyaeT HaOIOAaThCs Ipu

TONIIMHE KUJAKOW TMpociaoiiku paBHOW A/2. W3 Belpaxkenus (3) wuCHonb3ys

o’p

COOTHOIIEHHE  (k')* = o MOXHO TOJYYUTh pacueTtHyro Gopmyiay i

I[GﬁCTBI/ITCJ'II)HOFO MOOYJIA CABUI'A B BUJC!:

G'= /lzfo2 cos 0 cos > , 4)

N

rae 0 - yroil MeXaHWYEeCKUX TMOTeph, P - IUIOTHOCTh MCCIEAYEeMOW >KUIKOCTH.
OtHomieHneM pacctosiHug AH Mexay TMepBbIM MHUHUMYMOM W MaKCUMyMOM
JEHCTBUTEIHLHOTO CIIBHTAa YacTOThl K JIJTMHE CIBUTOBOM BOJHBI A OINPEACIISICTCS
3HadeHue tgh. [2, 3, 6]

Takum oOpa3oM IO W3MEPEHHIO [JIMHBI CIBUTOBON BOJHBI B TOJICTOM CIIOE
KUJIKOCTH MOKHO onpeaenuth G’ u tgh.

W3 ananusa BeIpaxkenuii (2) u (3) cnemyer u apyroii crnoco6 omnpenenenus G. B
Cly4dae, €CIIM TOJIIMHA XUJKOW MpOCIOWKM H MHOro MeHbIle IJIWHBI CABUTOBOU
BOJIHBI A, T.e. H << A, Beipaxenus (2) u (3) mpenenbHO yOpOIIAIOTCA W JJiA
nevicrButenbHoro G° u MHuMoro G’ Moayis ynpyroctd, a Takxke s tgh

MOJIy4ar0TCA CIIENYIOIINE pacueTHbIE (DOPMYJIBL:

2 ' 2 "
G— 4" Mf,Af H’ n_4r Mf,Af H, 5)
S S
Gl' Af”
tg0=— =2
g G' Af’ (6)

N3 »tux ¢opMmyna BHIHO, YTO KOMIUICKCHBIM CIBHUT PE30HAHCHON YacTOTHI
POTMOPIUOHAJIEH OOpaTHOM BETWYMHE TOJIIMHBI >KUAKOM mpocioiku. Takum
00pa3oM, B JaHHOM criocobe usMeperus G JOCTaTOYHO U3MEPHUTH TOIILMHY KHIKOM
npocioiiku H meTtonom wHTepepeHInn CBEeTa, a TAKXKE TMOJOKHUTEIbHBINA CIBUT
pe30HaHCHOM YacToThl Af' W MHHUMBIM caBUr Af" MO YyIIUPEHHIO PE30HAHCHOMU

kpuBoi. B pabote [7] aTiiM crmoco6oM ObLT M3MEPEH KOMIUIEKCHBIM MOAYJIh CIIBUTA
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KOJUIOMIHOM  CYyCHEeH3WHM  HaHOYacTUll  Auokcuaa  kpemHus  SiO, B
MOJIMATUIICUIIOKCAaHOBOM  skuakoctu  II1DC-2.  Bputn  mostydeHbl  JTUHEHHBIE
3aBUCUMOCTH CJIBUTOB YacTOT OT OOpAaTHOW TOJIIMHBI KUAKOM mpocioiku. [lo
dopmynam (5) m (6) paccuMTaHBl 3HAYCHHWS] MOMYJS CIABMTAa W TaHTEHCA yTia
MEXaHUYECKUX MoTeph. McciieloBaHbl 3aBUCUMOCTH 3THX MapaMeTPOB OT Pa3MEPOB
HAHOBKJIIOYEHUN U UX KoHIeHTpauuu. Tak, nis 0,5 % mo MaccoBoii oJie CyCIIeH3UH
¢ pasmepamd 50 HM MOJy4YeHBI 3HaYeHHss MoAyis ynpyroctu G’ = 0,17-10° IMa u
TaHTEeHCa yIJia MeXaHu4ecKux morepb tgh = 0,18.

B nanHo# paboTe u3aMepeHsl MOAYIb CABUTOBOM yripyroctu G’ u tgh mst aToit ke
CYCIIEH3UU MO PACIPOCTPAHEHUIO CIABUIOBOW BOJHBI B TOJICTOM CJIO€ KUAKOCTH.
YceroitunBas HanocycneHsus Si0,/I19C-2 nmonydanack ciaeayronumM odbpasom. Ilocie
BHEJIPEHUSI HAHOYACTHUILl JUOKCUJA KPEMHUS B 0a30BYIO KUAKOCTh, 0Opa30BaBIIAsCA
JUCIIEPCHAs CUCTEMA MOABEPTraiach TIATEILHOMY JUCIIEPTUPOBAHUIO BO3EHCTBUEM
yIbTPa3ByKa. IJTO MO3BOJIWIO NPEAENIBHO Pa3pylIUuTh arioMepaTbl HAHOYACTHUIL] H
MOJIYyYUTh WX PaBHOMEPHOE pacrpeseieHue B oObeMe aucriepcHor cpenabl. [lpu
U3MEPEHUN KOMIUIEKCHOTO MOMYJSl CABUIa HAHOCYCIEH3MHM MPH MajbIX TOJIIMHAX
KUAKON Mpocioiiku, korga H << A Hakiaaka ¢ MPOCIOWKOW >KUAKOCTH CBOOOJIHO
pacmoio)keHa Ha OJHOM KOHLE IIbe30KBapua. ToJIMHA >KUAKOW IPOCIOUKH
U3MEHSJIACh MMYTEM BBITECHEHHS KUAKOCTU W3 NOJ HakiIaaku. A npu uamepenuu G’
M0 PacnpoCTPaHEHUIO CABUTOBOM BOJIHBI HAaKJIagka Obla 3aKperuieHa KECTKO U
MEXaHUYECKUMU TPHUCITOCOOJICHUSIMU TepeMeNiaiach 10 BEPTUKAIUA, YeM W
pPETYJIMPOBAJIACH TOJIIMHA >KUIKOM IIPOCIOWKA B IIUPOKUX Mpenesax. Takum
oOpazoM B paboTe peanu3oBaH  YJIbTPAa3BYKOBOM  uHTepdepomeTp A
HHU3KOYACTOTHBIX CIBUTOBBIX BOJIH, IIOJIPOOHO ONMMCAHHBIN B padorax [2, 3, 6].

Ha puc. 2 mnoka3zaHbl HKCIEPUMEHTAJIbHBIE WU TEOPETUYECKHE 3aBUCUMOCTHU
neiicrBurensHoro Af’' uw MHUMOro Af" CIOBUTOB 4YacTOThl B 3aBUCUMOCTU OT
TONIUHBI  KuAakod  mpocnorku  Si0,/I1DC-2.  KpuBas 1 oTHocuTcs K
NEUCTBUTEIBHOMY CIIBUTY 4YacTOThbl, a KpuBass 2 — K MHUMOMYy. Kak BugHO H3
pucCyHKa HaOmromaeTcsa 3aTyxaromas OCHWUIALMA CIBUTOB  4YacToThl. [lo

MaKCUMyMaM 3aTyxaHus (KpuBas 2) MOKHO ONPEEIUTh JIJIMHY CABUTOBOM BOJIHBI B
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JaHHOW HAHOCYCIIeH3MH, U OHa paBHa 55 MkM. Ilo orHomenuto AH/A omnpeneneno
3HAUYCHHWE TaHTeHca yria MexaHumdeckux morepb tgh = 0,18. Ilo dopmyne (4)
paccyMTaHO 3HaYeHHE MOJIYJsA cIABHMra M oH paBeH G' = 0,15:10° ITa. PesynbTaThl
u3mepenust G', TONydeHHBIE ABYMS CHOCOOAMHM aKyCTHUYECKOTO pPE30HAHCHOTO

MCTOAA, BIIOJIHC COINIACYIOTCA MCIKAY cOOOM.

aAf, Iy
10 -

-5 <

Puc.2. 3aBUCMMOCTH TEOPETHYECKUX (CIUIONIHBIC JIMHUH) M SKCIEPUMEHTAIBHBIX (TOUYKH)
CABUTOB YaCTOT OT TOJIIUHBI >KUAKOM mpociouku st SiO/II3C-2: 1 — nedcTBUTENbHBINA, 2 —
MHUMBIH CABUTH YaCTOT.

Takum 00pa3oM aKyCTHYECKHMM PE30HAHCHBIM METOJOM 3KCIEPUMEHTAIIBHO
O0OHapy»XeHO pacnpocTpaHenue HuskodacToTHoM (10° T'm) cABHIOBOM BONHBI B
KojutougHOM cycneHsun  Si0y/I19C-2, mo mnapamerpaM KOTOPBIX pPacCUYUTAHO
3HAYEHHUE MOAYJIS CABUTOBOM YIIPYTOCTH.

PabGoTa BblloNHEHa B pamkax rocygapcrBeHHoro 3aaanus UOM CO PAH wu

4acTUYHO noajziepxana rpantoMm PODU, npoekt Ne 18-48-030020 p_a.
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TEMIIEPATYPHBIA KOD®OUIIMEHT BPEMEHU
3AZJIEPKKH POJIEEBCKHUX BOJIH B CUCTEME
«AJCOPBUPOBAHHASA BOJA — HUOBATA JIMTUS

N.I'. Cumakos, Y. K. I'yarenos, C.b. bazaposa
HNucturyT puszndeckoro matepuanoseneuus CO PAH, 670047, Poccus,
r. Yian-Ym, ya. CaxesHOBOM, 6. e-maiin: chingisbarga@gmail.com

AHHOTaNUA

Paccmompeno usmenenue ckopocmu no8epxXHOCMHbIX AKYCMUYECKUX 80IH 8 CIOUCTOLL cucmeme
«aocopouposanHas 600a — HUobam JaUMUA» NPU BaApUAYUU MeMnepamypsl aocopoupyioujell
NOBEPXHOCMU U BIANCHOCMU 2A3080U cpeovl. Hccrnedosana 3a8ucumocmes memnepamypHo20
K03 Puyuenma epemeHu 3a0epiHCKU aKYCMOIIeKMPOHHO20 YCMPOUCMEA OM CMeneHu GladCHOCU
2a30801i cpeobl.

Knrouesvle cnosa: nogepxnocmuvle axycmuueckue 60JIHbl, MeMNepamypHulil Kodpuyuernm
8peMeHU 3A0ePHCKU, A0COPOYUOHHBIU CIOU.

THE TEMPERATURE COEFFICIENT OF DELAY-TIME OF THE
RAYLEIGH WAVE IN SYSTEM "ADSORBED WATER - LITHIUM
NIOBATE"

I.G. Simakov, Ch.Zh. Gulgenov, S.B. Bazarova,

Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia,
e-mail: chingisbarga@gmail.com

Abstract

Change of velocity of surface acoustic waves in layered system « the adsorbed water — lithium
niobatey is viewed at a variation of temperature of adsorbing surface and humidity of gas medium.
Dependence of a temperature coefficient delay acoustoelectronic devices from a degree of humidity
of gas medium is explored.

Keywords: surface acoustic wave, temperature coefficient delay, adsorption layer.

AKYCTO3JIEKTPOHHBIE YCTPONUCTBA MOJYUUIIN HTUPOKOE NMPAKTUIECKOE MPUMEHEHNE
B COBPEMEHHBIX CcHCTeMax o00paboTku paguocurHagoB. OCHOBHBIM JJIEMEHTOM
OOJIBIIIMHCTBA  aKyCTODJIEKTPOHHBIX  YCTPOMCTB  SBJISICTCS JIMHUSI  3aJICPIKKH,
OpeacTaBiAmomas co0OMl  MbE30AJIEKTPUUYECKYI0  MOJUIOKKY, IO  KOTOPOWU
PacIpOCTPaHSIOTCS MIOBEPXHOCTHBIE aKYCTHUECKHE BOJIHBI pasieeBckoro tuma (ITAB).
Ha nmosmpoBaHHOM MOBEPXHOCTH MbE30IJICKTPUYECKON MOIJIOKKH — 3BYKOIPOBOJA
dopmupyror nBa (wnm 6oree) [IAB-mpeoOpazoBarens [1]. DneKTpOHHBIE CHCTEMBI
00pabOTKM CHUTHAQJIOB, DOJEMEHTAMU KOTOPBIX SIBJISIIOTCS aKyCTOXJEKTPOHHBIC

YCTPOMCTBA, 4acTo paldOTalOT B YCIOBUAX JECTAOMIM3UPYIOIIETO BO3JIEHCTBUS
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OKpY’Kalollled ra3zoBoM cpeapl. Ha mapameTpsl aKyCTORNEKTPOHHBIX YCTPOMCTB
OKa3bIBAIOT BIMSIHUE BIAXKHOCTh U TEMIIEpATypa BHEIIHEN CPEIbI.

[Ton BnMsiHMEM BIIA)KHOM ra30BOM cpebl Ha paboyeil MOBEPXHOCTH 3BYKONPOBOJIA
aKyCTOXJIEKTPOHHOTO YCTPOMCTBA B pe3yJIbTaTe aacopOIiuu 00pa3yeTcss TOHKUI CIon
BoAbl. Hammume >XMIKOro ciosi Ha IIOBEPXHOCTH 3BYKOIIPOBOJA IPUBOJIUT K
U3MEHEHMIO ycloBui pacnpoctpaHeHus IIAB mn, xak cienctsue, K H3MEHEHUIO
MapaMeTpOB CUTHaJa Ha BBIXOJI€ aKYCTOJJIEKTPOHHOI'O YCTPOMCTBA.

TonmuHa acOpOIIMOHHOTO €105 3aBUCUT OT TEMIIEPaTyphl U CTENEHHU BIAXKHOCTH
nmaporazoBor cpenbl. COBMECTHOE BIMSHHME TEMIEPATYPbl U BIAXHOCTU Ta30BOM
Cpelibl BHOCUT U3MEHEHHS B YCIOBHS PACIPOCTPAHEHHS] TOBEPXHOCTHBIX BOJIH. DTO
IPOSBIISIETCSI B U3MEHEHWH 3aTyXaHUs U CKOPOCTH ITOBEPXHOCTHOM BOJIHBI. Kpome
TOrO, W3MEHSIOTCA JIMHEWHbIE pa3Mepbl 3ByKompoBoja. Hacrosias pabota
NOCBSIIEHA MCCIIETOBAHUIO KOMIUIEKCHOIO BIIMSHHUS TEMIEPATYPbl M BIAXKHOCTH
OKpY>KaroIllel ra30Boil cpejibl Ha TEMIEPATypPHbIM KOAPPUIMEHT BPEMEHU 3aACPKKU
PAJIEEBCKUX BOJIH.

N3menenne ckopoctu IIAB u JuHEHHBIX pa3MepoB 3BYKOINPOBOJA B IIEJIOM
BBIPAXKAETC B M3MEHEHMM TAaKOW BaXXHOW XAapaKTEPUCTHUKH, KAaK TEMIIEPATYPHBIN
ko3 duiuent Bpemenu 3anepxku (TK3) =1 '0t/0T, KOTOpBIA MPH OTCYTCTBUM

a7ICOPOLIMOHHOTO CJIOSI BOJIBI UMEET CIICTYIOIIUMA BU/I:

lot 10L 1oV 1 oV
=-—=7"-—"—"—"=a—-——, (1)

10T Lor Vvoer V or
rae T — BpeMs 3anepxkku [TAB, L — nnuna 3BykonpoBona, ¥ — ckopocts 1TAB. TK3
BKJIIOYaeT B ce0s TeMmepaTypHbli  KOA(G(GUIMEHT W3MEHEHUS CKOPOCTH
noBepXHOCTHOW BoJHBI OFV/(V OT) m TemmnepaTypHbIl KO3(QQPHUIMEHT JIHUHEHHOro

pacmupenus o [2].

Ucxons u3 onpenenenuss TK3, nnsg uccnenoBanus ero 3aBUCUMOCTH OT CTENEHU
BJIQKHOCTH Mapora3oBOMl Cpeabl JOCTATOYHO OIPEACNIUTh H3MEHEHHUE BpPEMEHH

3aJCPKKHM aKYCTHYCCKOI'O0 CHrHaJla IIpHM BapHalUiaX TEMIICPATYPbl IMOAJTOXKH —

3BYKOTIPOBO/IA.

110



B pesynbraTe amcopOumu Ha MOBEPXHOCTH TMOMJIOKKH OOpa3yeTcsi TOHKUH CIION
BOJbI, KOTOPBIA OKa3bIBA€T BIMSAHUE HA PACIPOCTPAHEHHUE IOBEPXHOCTHBIX
AKyCTUYECKUX BOJIH. OJTO BIIMSIHUE IPOSIBISAETCS B yMEHbIIEHUM ckopoctu ITAB,
CJIEI0BATEIbHO, B U3MEHEHNN BPEMEHU 3aJIepKKU. TommuHa afcopOLUOHHOrO CIIOs
YBEIIMYMBACTCS C YMEHBIICHHEM TEMIEPATYPbl M IIPU PABEHCTBE TEMIIEPATYP
JUCTWJUIMPOBAHHOW BOJBI U IIOJUIOKKH HAa INOBEPXHOCTH IIOCIICIHEH HAYMHACTCSA
KoHJeHcanusa. OOHOBPEMEHHO C YMEHBIIEHHUEM TEMIEPATypbl YBEJIUYMBACTCS
ckopocts [IAB B marepuane INOMIOKKH, W YMEHBUIAIOTCA JIMHEHHBIE pa3MeEpPbI
3ByKOIIpOBOAa. KOMIUIEKC 3THX B3aMMOCBA3aHHBIX, 3aBHCUMBIX OT TEMIEPATypbl
[1apaMeTPOB IIPUBOAUT K TOMY, YTO XapakTep u3MeHeHus ckopoctu I[IAB n Bpemenn
3a/IEPKKU CYILIECTBEHHO YCIIOKHSCTCH.

Jnst  peructpaumu u3MeHeHus ckopoctd IIAB Obu1  WcHonb30BaH  METOL,
OCHOBaHHBII Ha HMHTEP(EpPEHIIMH YpPaBHOBEUICHHBIX MPOTUBO(A3HBIX CUTHAJIOB!
OpsIMOTO CUTHaJIa mojasaemoro ¢ reHeparopa BU u curnana, mpomenmero ITAB-

JIMHUIO 3aJICPKKH [3].

0 5 10 15 20 25 AT. K
0 (T T T[T T T T [ T T T T[T T T T [ T T T T[T T

——]
[

0 \\
| AI'=T-To \
To=293 K \

A=1=1o \
-2 N

fo=128.325 MI'y \
A/ F1078 | |

Puc. 1. TemneparypHas 3aBUCUMOCTb U3MEHEHHSI YaCTOThI HHTEP(HEPEHIITMOHHOTO MUHUMYMA. [ —
nooxkku YZ-cpesa LiNbO;3 (aacopOLMOHHBIH €10H OTCYTCTBYET), 2 — CIIOMCTON CUCTEMBbI HUOOAT
JUTUA — aIcCOPOMPOBaHHAS BOJA.

TemnepaTypHass 3aBUCMMOCTb HW3MEHEHHS YacTOThl HMHTEP(EpPEeHIIMOHHOTO
MUHUMYMa B cllydae CBOOOJHOHN IOBEPXHOCTH 3BYKOIIPOBOAA HMEET JIMHEHHBIN
xapakrtep (puc.l, xpuBas /). Hanuune ancopOIIMOHHOTO CIIOSI YCIOXKHSIET XapakTep

JAHHOM 3aBHUCUMOCTH (KpHBas 2), MOCKOJIbKY TP OXJIAXJICHUM 3BYKOIIPOBOJIA HA
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W3MECHEHUE BPEMEHU 3aJICPXKKU OKa3bIBAIOT BIIMSHUE JBA KOHKYPUPYIOIIHNX
npouecca. Bo-nepBbiX, BpemMs 3aJEpPKKU YMEHBIIAETCA B PE3YJbTATE TEIIOBOTO
yBenuueHus ckopoct IIAB u cokpamieHus OivHBI 3BYKONpPOBOAA. Bo-BTOpPBIX,
BpeMsl 3aJEPKKU YBEIMYMBACTCS BCJIEACTBUE yMeHbIIEHUs ckopoctu [IAB,
0OYCJIOBJIGHHOTO YBEJIIMYEHUE TOJIIMHBI aJCOPOIMOHHOTO CJOS C TOHMKEHHUEM
TEMIIEPATYPHI MOJI0KKHA — 3BYKOITPOBOJA.

Ha nepBoMm s3Tamne MOHMKEHUS TEMIEPATYPhl MOJJIOXKKUA MPe0o0aaeT BIUSHUE
Ipoliecca YMEHBIIICHUS BPEMEHHU 3aJIepKKU (B pe3yJbTaTe YBETUYEHUS CKOPOCTH)
(kpuBast 2). Ilpu oxJaxAeHUW TMOJJIOXKKHA TOJIIMHA aJCOPOLIMOHHOTO CJIOS
YBEJIIMYMBAETCA, COOTBETCTBEHHO, YMEHbIAeTcsi cKkopocTh [TAB m mpu HekoTopoii
TEeMIlepaType HU3MEHEHHE YacTOThl HHTEP(HEPEHIIMOHHOTO MHHHMYMa JOCTHTaeT
MAaKCUMAJIBHOTO 3HaueHusA. O4YEeBHAHO, 4YTO B O3TOM CIy4ae KOHKYPHUPYIOLIHE
IIpOLECCHl ypaBHOBEUIEHBI. Jlanee, Ha BTOPOM JTalle OXJIAKICHUS ITOJJI0XKKH,
JIEUCTBUE aJICOPOIIMOHHOTO CJIOSl YBEIMYMBAETCA HAa CTOJIBKO, YTO Tpeoldiiaiaroliee
BJIMUSIHUE OKa3bIBA€T IMIPOIIECC YBEIMYECHHUS BPEMEHH 3aJepkKKU (B pe3yJbTare

YMEHBIIICHUSI CKOPOCTH).

K110

Puc. 2. Temneparypnas 3aBucumocts TK3 paneeBckux BoJIH
1 — B Ccyxo0i1 ra30BoOM cpefie; 2 — BO BIAXKHOW ra30BOM CpeJie.
Ha ocHOBe SKCHEpUMEHTANbHBIX JAHHBIX TEMIIEPATYPHOW 3aBHUCUMOCTH
HN3MCHCHHUA 4YaCTOThI I/IHTep(bCpCHIII/IOHHOFO MHUHUMYMa H3 YCJIOBHA PpPaBCHCTBA

—Af'/ f=At/T MOXHO TIpoBecTH OIEHKY u3MeHeHus TK3 poaneeBCKkuX BOIH B
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CJIOUCTON CHCTEMBI aJcopOUpOBaHHAs BOa — HUOOAT JAUTHA. J{J1s1 3TOro JOCTaTOYHO
B3STh MPOU3BOAHYIO IO TeMmIepaType oT (PyHKIHMHU, OMHMCHIBAIOLIEH KpUBYIO 2 (pHC.
1). U3 xapakrtepa sKClepUMEHTaIbHOM KpuBoil 2 (puc. 1) BHAHO, 4TO C POCTOM
temriepatypbl TK3 paneeBCKHMX BOJH YBEJIWYUBAECTCA OT OTPUUATENBHOrO [0
MOJIOKUTEIILHOTO 3HAYEHUS U CTpEMUTCA K 3HaUeHUI0 TK3 paneeBcKuX BOJH B CyXOil
razoBo cpene. Temmeparypa HyneBoro 3HaueHuss TK3 coBmagaer ¢ temreparypoit
MaKCUMyMa KpUBO H3MEHEHUS YaCTOThl MHTEPPEPEHIIMOHHOTO MUHUMYMa.

Hcnonb3yss W3BECTHYIO 3aBUCHUMOCTb OTHOCHUTEIIBHOIO JaBJIEHUSA I1apa OT
TeMmriepatypbl (Hampumep, ypaBHeHue Knaneilpona — Knaysuyca) MOXKHO
paccMOTpeTh, KaK BIMSAET BIAXKHOCTHb razoBo cpeasl Ha TK3 poaneeBckux BOJH B
cioncTton cucreMe. PesynpraTel ananuza mnpeactaBieHsl Ha puc. 2. C pocrom
OTHOCUTENIbHON BIIAXXHOCTH TK3 cuctembl yMEHbIIAETCS OT MOJIOKHUTEIBHOIO 10
OTpULIATENBHOTO 3HAaueHHs. [Ipu OTHOCHMTENBHON BIAaXHOCTU ~ 88 % MpUHHUMAET
HYJIEBOE 3HAaUCHHE (KpUBas 2 puc 2).

Takum oOpa3zoMm, nmokazaHo, yto TK3 panieeBCKUX BOJH 3aBUCUT KakK OT CTENIECHU
BJIQXKHOCTH, TaK M OT TeMIIepaTypbl 3BYKONpoBoja. [Ipu yBennYeHUM BIAXKHOCTH
TK3 usMmeHsieTcst OT MOJOXKUTENBHOTO JI0 OTpHUlIaTeNIbHOrO 3HaueHus. Haubosbiee
U3MEHEHue HaOIofaeTcs MpU 3HAUYEHUSX OTHOCHUTEIBHOW BIAXKHOCTH OJM3KON K
100%. [ectabunusupyloiiee BIWSHUE TEMIEPAaTypbl W BIAKHOCTH OKPY>KaIOIIEH

ra3oBOil cpe/ibl HEOOXOUMO YUUTHIBATh NpHu npoektupoBanuu [IAB-ycTpoiicTs.
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AHHOTAIUA

B pabome npeocmasnena 3asucumocmv MexXaHUYECKOU NPOUYHOCMU 00PA3YOS, UMEIOUIUX
MONON02UI0 MPUHCObL NEPUOOUHECKUX NOBEPXHOCMEN MUHUMAILHOU IHEpeUU Muna NpuMumue
Ilseapya om pazmepa s1emenmaprou  suetiku. OoOpasyvl ObLIU U320MOBNEHbL C  NOMOUBIO
MexXHON02UU CelleKMUBH020 azepHo2o cnekanus Ha 3/] npunmepe EOS Formiga P110. Obpa3zybl
uUMerom 00UHAKOBble pazmepul U OOUHAKOBYIO CMENeHb 3anoJIHeHUs. NPOCMPAHCMEA, 8APLUPYEMCSL
KOJIUYECB0 IIEeMEHMAPHBIX SA4eeK U MOoauuHa cmenok. [nsa nodzomosku 3J] mooenei Ovliu
ucnonvzosan Rhinoceros 6 ¢ niacunom 011 napamempuueckozo mooenuposanus Grasshopper. C
NOMOUWBbIO Memood KOHEeuHbIX jemenmos 6 npozpamme Comsol multiphysics 6viio obHapyiceno
ceueHue, 8 KOMOpom 6 obpazyax c¢ mononocuel npumumusos Illeapya Haxaniusaomcs
HaAUubOIbUWUE HANPANCEHUS. YCemanoeneHo, umo npu yMeHbuleHuu pamepa 1eMeHmapHoul suetiKu
pacmem npounocms obpaszyos. Haiideno mamemamuueckoe coomuowenue, onucvlgaouee pocm
NpPOYHOCMU.

KaroueBsblie ciaoBa: Comosvie cmpyKmypul, mpuicobl nepuooudeckue no8epXHOCmu MUHUMATLHOU
sHepeuu, 3D neuams, Memoo KOHEYHBIX I/IeMEHMO8.

EFFECT OF ELEMENTARY CELL SIZE ON MECHANICAL PROPERTIES
OF SAMPLES WITH «<SCHWARZ PRIMITIVE» TOPOLOGY

Makogon A.L!, Balabanov S.V. Sychev M.M.!?
I_ Institute of Silicate Chemistry, Russian Academy of Sciences (ISC RAS), 199034,
Russia, Saint-Petersburg, Makarova, 2
2 - Saint-Petersburg State Institute of Technology, 190013, Russia, Saint-Petersburg, Moskovskiy
prospect, 26
E-mail: ®- makogon422833@gmail.com, °- sergeybalabanov@yahoo.com , © -
msychov(@yahoo.com

Abstract

In work, the dependence of mechanical durability of the samples with topology of Schwarz
Primitive from a size of elementary cells is presented. Samples were with selection laser sintering
on the EOS Formiga P110 3D printer. Samples have identical sizes and identical fill factor of
space, the number of elementary cells and wall thickness varies. For the preparation of 3D models,
we have used Rhinoceros 6 with a plug-in for parametrical modeling Grasshopper. By means of the
finite-element method in the Comsol multiphysics program the section in which in samples with the
topology of Schwartz primitive the largest tension collects was revealed. It is established that with
the decrease of a size of elementary cells the durability of samples grows. The mathematical ratio
describing the growth of durability was found.
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Tpuxasl nepuonnyeckue noBepxHoct MUHUManbHOU 3Hepruu (TIIIIMD) ompenenstorcs
KaK IOBEPXHOCTHU C HYJEBOW CpeJHEN KPUBU3HON M MHBAPUAHTHBIE OTHOCHUTEJIBHO TPAHCISLUHN B
pelieTke TpeTbero panra [1].
OpnHOM U3 TakuX MOBEpXHOCTEH siBisieTcss npuMuTuB [lIBapna. 3Ty NOBEpXHOCTh MOYXHO OIHCATH
ypaBHeHUEM[2]:

Cos(x)+cos(y)+cos(z)=t (D)

B muddepenunanbHoli reoMeTpUH, HEOTPAHMYEHHOW MOBEPXHOCTHIO SIBJISETCS Ta, BOKPYT
KOTOpO HEBO3MOXXHO omucarth chepy. M3 3TOoro ciemyer, 4TO BCE TPIIKILI MEPUOTUUICCKHE
ITOBEPXHOCTH SABJISIFOTCS HEOTPAHUYEHHBIMMU.

N3 »sroro cmemyer, 4YTro peanbHbIE U3AETUS C TOMOJOTHEH TPHOKIBI TEPUOIMUYECKUX
MIOBEPXHOCTE MUHUMAJIbHOM 3HEPrUM HE MOTYT IPOSBISATH CBOMCTBA IOBEPXHOCTEM B IMOIHOU
Mepe, a TOJIBKO MPUOIMIKATHCS K HUIM B HEKOTOPOI CTEIICHHU.

He cmotps Ha TO, 4YTO TpPHKABI MEPUOJMYECKHE IOBEPXHOCTU H3BECTHBI ¢ 17 Beka,
BO3MO>KHOCTH JUIsl U3TOTOBIICHUS u3aenuii ¢ Tonojoruei TIIIIMD nosBuiIMCh TOJIBKO C pa3BUTHEM
TexHoJsioruit 3/ nmeyaru.

TIIIIMD o6nanal0T psAIOM MHTEPECHBIX CBOMCTB, B YAaCTHOCTH, H3BECTHO, YTO JTH
MOBEPXHOCTU MOTYT MakCHUMaibHO 3(h(EeKTHBHO paccenBaTh pa3iMyYHbIe BUIBI SHEpruu. B pabore
[3] B.A lleBuenko ¢ coaBTOpaMM IIOKa3aHO, 4YTO moBepxHocTh IlIBapma uMEOT OONBIIYIO
MIPOYHOCTh U YHEPrONOJIALICHUE, YEM TPAJAUIIMOHHBIE COTOBBIE CTPYKTYPHI.

C mnoMoupl0 MOJETUPOBAHHUS C HCIOJIB30BAHMEM METO/Ia KOHEUHBIX JJIEMEHTOB [4] B
nporpamMmme Comsol Multiphysics Obl10 0OHapYKEHO OMMACHOE CEUEHUE, B KOTOPOM HAKAIJIMBAIOTCS
Hanbonpme HanpspkeHus. OrmacHoe cedeHre MPOXOANT Yepe3 CepelnHy ssueek 00pa3oB (PUCYHOK

1.

Puc. 1. Pactipenenenue HanmpsiKeHUH B dJIEMEHTApPHOU siueiiKe o0pasiia ¢ TOMOJIOTHEN «ITPUMUTHB
[IBapua»

C momorpio cenekTuBHOro jasepHoro cnekanus Ha 3D mpuntepe EOS Formiga P110 Owuio
M3TOTOBJICHO 4 00pa3ma ¢ Tomojoruei mpumMuTuBOB IlIBapna w3 mommamuma-12. Bce oGpasiibr
umeroT pazmep 60x60x60mm. ITokazarens 3amoHeHHs IPOCTPAHCTBA Yy BCEX 00pa3I0B COCTABIISLI (O
= 0.18. Tlnomaap OMacHBIX cedeHHit cocrtaBmwia 5.1 cm?. OTiauuue 00pasmoB: yMEHBIIIACTCS
rabapuTHBIN pa3Mep dlieMeHTapHOH sueliku (¢ 60 10 15 MM) , UTO IPUBOJIUT K YBEIIMYECHUIO YHCIa
SIYEeEK COCTABIIAIONINX rpaHb oOpasma (¢ 1 1o 4).

Puc.2 Pennepst 06pasnos
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Jns moaroroBku 3] Moxenei ObuIM  HCIoOdb30BaH Rhinoceros 6 ¢  ImaruHoM  Jjist
napamerpuueckoro wmojenupoBanus Grasshopper. OcoOeHHOCTH ~— TMOBEACHUS MOJIUMEPHBIX
MaTEPUAJIOB, MOJBEPTHYTHIX BBIHYKICHHOAIACTUICCKIM JiehOpMaIvsiM, OOBIYHO paCCMATPUBAIOT C
MOMOIIBIO KPUBBIX CxKaThd (1ehopMalMOHHBIX KpUBBIX). [leopmalinoHHbIe KPUBbIE, MOTYyYCHHbIC
npu  (PU3NKO-MEXaHUYECKOM HCIIBITAHMH OOpa3lloB Ha CKaTHe, HMCIOT CBOK cClenupuky,
00yCIIOBJICHHYIO CIIOKHOI reomerpueil oOpasuos(puc. 3). Kpuble UMEIOT SIpKO BBIpaKEHHbBIC
IKCTPEMYMBI (TIMKH), KaXIbIi U3 KOTOPBIX COOTBETCTBYET PAa3pYIICHUIO OJHOTO U3 CIIOCB SUYEEK,
JISKAIUX B IUIOCKOCTH, NEPHEHIUKYJSIpHOM ocu Harpyxenus. B coorBerctBunm ¢ ['OCT
4651-2014 [5], 3a npoyHOCTH 00PA3IOB MPHUHUMAIIN MEPBBIA MUK HA e(OPMAIMOHHON KPUBOH,
KOTOPBI COOTBETCTBYET Mepexoay o0pasiia B 00J1acTh IIACTUYECKON JedopMaIiu.
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Puc. 3- Jlepopmarinonnsie KpuBbie 00pa3iioB
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Puc. 4 — IIpounocTts 00pa3mos

B xone mcmbITaHWi OBUIO YCTAHOBJICHO, YTO C POCTOM YHCIA DJIEMEHTApHBIX SYEEK pacTeT
MEXaHHYEeCKast MPOYHOCTh 00pa3IoB (puc. 4).

Bce 00pasmbl IMEIOT OJIMHAKOBBIE pa3Mepbl U OJMHAKOBBIA MOKA3aTelb CTETICHb 3aIlOJIHEHHS
IIPOCTPAHCTBA, BAPBUPYETCS KOJIMYECTBO JJIEMEHTAPHEIX AYEEK U TOJIIUHA CTEHOK.

BeinBuHyTa THTIOTE3a, YTO HAMOOJBIINE HANPSHKEHUST KOHIEHTPUPYIOTCS Ha Kparo oOpasiia, a
MMEHHO B HE3aMKHYTBIX SYEWKax, KOTOpbIC SIBISAIOTCS cinabbiMu MecTamu oOpasios. [lpu
YBEITMYCHUHU YKCIIa AJIEMEHTApHBIX SYEeK OyIeT HaOMIoAaThCs POCT MPOYHOCTH (0€3 M3MEHEHHUS
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o01Iei mIomaayn onacHoro ceueHust). Takoi a¢d ekt qocTuraeTcs 3a CUeT yBEIMUSHUS KOJIMYECTBA
00BEMHBIX siueeK. [ ommMcaHusi COOTHOUICHUST OOBEMHBIX SIUECK K OOIIEMY KOJIMYECTBY SYCECK
BBIBEJICHO MaTeMaTHYECKOe ypaBHEeHHE (2):

X(n) =

e+, @)
rae
X- COOTHOLIEHUE KOJUYECTBA OOBEMHBIX SAYEEK K 00IeMY KOJIMYECTBY S4EEK
N — KOJIMYECTBO STYEEK B TPaHU 00pasia
JlaHHas 3aBUCHMMOCTb MOXKET OIIMCBIBaTh IPOYHOCTHBIE XapaKTEPUCTUKU OOpPa3LOB, €CIH
JTAHHOE COOTHOIIEHNE YMHOXHTD Ha MMPOYHOCTH 00pa3iia ¢ OJHOM 3JIeMEHTapHON SYEHKOIA.

Torna MBI ITIOJIYYHUM YPaBHCHHUEC BHUA:

in—1)*

?!:

+1) 3)

g=0," (

rae

T3-IIPOYHOCTH 00pa3lia ¢ OJJTHOM 3JI€MEHTApHON SUEHKOM

G — IPOYHOCTH o0pasia

VYCTaHOBIIEHO,  CBSI3b MEXJIY MEXaHHYECKOH IPOYHOCTh M COOTHOLICHHEM IUIOIIAIH
IPaHUYHBIX YYaCTKOB OIIACHBIX CEYEHHH K OObEMHBIM Yy4yacTKaM cedeHHuil. BriBeneHo
MaTeMaTH4ecKoe ypaBHeHHE (3)171s1 HaX0XKIEHHs 3TOr0 COOTHOILIEHHUS.

B pesynbrare nmpoBefeHMs] MCIBITAHUM OOHApy)KE€HA CHJIbHAs YHCIIOBas KOPPENSLMS MEXKIY
MEXaHUYECKOM MPOYHOCTHIO U COOTHOILIEHNEM I'PAaHUUYHBIX YYAaCTKOB K OOBEMHBIM.

[ToxazaHo, YTO MPOYHOCTh 3aBUCUT OT YHCJIA SYEEK 10 COOTHOLIEHUIO:

Koppensiiuss  Mexy NpeICTaBICHHBIM COOTHOIIEHHMEM W pe3yiabTaTaMu  (hU3MKO-
MeXaHMYEeCKUX HcnbITaHui coctasuiia 0.96

VY CTaHOBIIEHO, YTO MPH YBEJINYEHUM YMCIIA JIEMEHTApPHBIX A4YEEK, PH COXPAHEHUM CTEIICHH
3all0JIHEHHS TPOCTPAHCTBA YBEIMYMBAETCA IPOYHOCTH COTOBBIX CTPYKTYp C TOIOJIOTHEH
«apumutuB IIBapray. Mcnons3ys Gopmyny (3) BO3MOXHO IpeJcKa3aTh MPOYHOCTb OOPasIoB C
0O0JIBIIMM KOJIMYECTBOM 3JIEMEHTAapHBIX siueeK. COOTBETCTBEHHO, pellas 3a4ady TOMOJIOIMYecKOn
ONITUMH3ALMM TIPU HCIIOJIB30BAHUM TPWXKABI IEPUOJNYECKUX IIOBEPXHOCTEH MHHUMAaIbHON
SHEPruM, HEOOXOAMMO CTPEMUTHCA K YMEHBIIEHUIO pa3Mepa d3JEeMEHTapHBbIX sueeK, KOoTopas
OJIHAaKO orpaHuyeHa paspemenuem 3D npunTepa.

Hccneoosanue svinonneno 3a cuem 2panma Poccutickoco nayumnoco ¢onoa (npoexm Ne 17-13-
01382).
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DNA STRAND BREAKAGE INDUCED BY ALPHA PARTICLE FROM
BORON NEUTRON CAPTURE REACTION
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Abstract

Tumor cell destruction in boron neutron capture therapy is due to the nuclear reaction between B10
isotope and thermal neutrons (BNC reaction: B10 + n -> Li7 + He4 (alpha) + 2.31 MeV). As a
result of the reaction, lithium ions and alpha particles are high linear energy transfer (LET)
particles which gives a high biological effect. In this study, the biological effect of the alpha
particle was evaluated by a ratio between double strand (DSB) and single strand breakage (SSB) of
DNA as an indicator. Using GEANT4-DNA package, we performed a Monte-Carlo simulation of
alpha particle irradiation to DNA. The initial energy of the alpha particles was found about 1.47
MeV which is well consistent with that of alpha particle due to the BNC reaction. Distances of
object DNA models from the source in water were occurred around 1.5, 5.0 and 7.0 nm, and
DSB/SSB ratios were calculated about 0.17, 0.20 and 0.21 for those positions, respectively. The
DSB/SSB ratio is strongly dependent on the distances: the DSB/SSB ratio increases as distances
increase, which is same with the adsorption dose distribution we calculated. Our results show that

the absorption dose at a distance of 100 nm was about three times higher than that at a distance of
10 nm.
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AHHOTAUA

B oannoii pabome namu Oviiu ucciredosamvl mopghonocudeckuil u nemenmusiii cocmae PM2,5 6
3aepsazHenuy 8030yxa Ynan-Bamopa ¢ nomowpio cxanupyiowei saekmponno muxpockonuu (COM) c
KOMOUHUPOBAHHOU pPEHM2eHOBCKOU  dHepeooucnepcuonuoli  cnekmpomempuu (I4C). Mol usmepunu
Mopghonozuueckue napamempol, ucnonv3ys uzoopaxcenue COM c ysenuuenuem Sk, u npoananuzuposanu 752
omoenvHuIX uacmuy obpasya 25 oweu (3uma-10, nemo-15) PM2.5. Pesyromamul pacnpedeneHusi no
pasmepam noxazanu, ymo ~ 45% cocmasngiom 0o 0,4 mxm, umo aeusiemcs Haubosee 8PeoHol HaACmbvio
meepoblX yacmuy O 300p08bsi 4eno8eKkd. Omu (paKyuoHHvle Hacmuysl,0016WUas YACMb KOMOPBIX
ABIAEMCSL HENPABUTILHOU Popmbl, Yeeauyuauco 00 92% 3umoi. Imo nokaswvieaem, umo saepssuerue PM2.5 6
pesynvmame C2opanus uMeom YIbmpa MeavKuii pasmep u Heonpedenenuyto gopmy. Taxoce npugedervl
Dpe3yIbmamyl ONpedeneHUs 3NeMeHmHO20 COCMAB8A IMUX OMOEIbHbIX Yacmuy.

Karwuessbie cnoBa: PM; s, Mopghonoeus, Snemenmusiii cocmas, Pacnpeoenenue no pasmepam, SEM, EDS
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Abstract

In this work, we have been investigating a morphological and elemental composition of PM s in air
pollution of Ulaanbaatar by Scanning Electron microscopy (SEM) combined X-ray Energy Dispersive
Spectrometry ( EDS). We were measuring the morphological parameters using the 5k magnification picture
of SEM and analyzed the 752 individual particles of the 25 days (winter-10, summer-15) sample of the PM: 5.
The results of the size distribution shown the ~45% have been up to 0.4um which is the most harmful
fraction of particulate matters for human health. These fraction particles increased to 92% in winter which
is most of the irregular shape. It has been shown that ultra fine and irregular PM, s indicates from the
combustion. The results of determining the elemental composition of these individual particles are also
given.
Keywords: PM> s, Morphology and elemental composition, Size distribution, SEM, EDS

1. Introduction

The particulate air pollution is a growing problem in cities with emissions generating activities; these
activitiesare mainly industrial and vehicular widely developed in large cities in different countries.
Particulate also called acrosols air pollution is caused due to very small liquid and solid particles suspended
in the air. They originate from a variety of stationary and mobile sources and may be directly emitted or
formed in the atmosphere by transformation of gaseous emissions.

The use of Scanning Electron Microscope (SEM) has found application in the field of particulate air
pollution for several years; its use has helped the study of particle morphology and single particles chemical
composition. In fact, the simultaneous characterization of both physical-chemical and morphological
parameters of a complex mixture of organic and inorganic particulate matter is one of the major aspects for
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the characterization and identification of emission sources that contribute to particulate concentrations in the
atmosphere [1]. Size and chemical composition of ambient particulates strongly influence on human health,
visibility and ecosystem etc.

Thus it is crucial to investigate the physicochemical characteristics of atmospheric particles and also
to evaluate their potential toxicity. A large number of health-related studies recognized that fine particles
particularly submicron sizes, penetrate deep into lung and exacerbate chronic respiratory and pulmonary
diseases [2, 3]. Such diseases also induce morphological and functional alterations in human pulmonary
epithelial cells [4]. Apart from this, elemental composition of particulate plays an important role in the
chemical characteristics of particulate matters (PM) and provides interesting data, not only for the evaluation
of its impact on human health, ecology and environment but also for the identification of specific emission
sources|[5].

The health effects of particulate emissions depend on the size of the particles. The larger particles
emitted by cars do not find their way into the body as easily as the very fine particles emitted by laser
printers. The smaller the particles, the more frequently adverse health effect on the entire organ system are
observed. Ultrafine particles are classified as highly carcinogenic and are therefore especially harmful.
According to studies, particles averaging 10 micrometers or less in size can adversely affect lung function,
while particles smaller than 2.5 micrometers in size can trigger systemic diseases such as tumors or
cardiovascular problems. The size of the particles is then the characteristic most studied in terms of
classification and health damage. However, if other features such as the elemental composition of the particle
are considered the risk of health damage would probably be higher [6-7]. Specially, Particulate matter with
acrodynamic diameters less than 2.5um (PM,s) has been found to cause health problems. It can trigger or
exacerbate conditions, such as asthma, emphysema, and bronchitis, silicosis and lung cancer [7-10].

In this context, particles found in environment by the analysis of filters collected in area of the near
to Ulaanbaatar city. For Mongolia’s air pollution level, annual mean of PM; s in the capital Ulaanbaatar city
are 6-10 times higher than those considered safe by the WHO air quality guidelines [11]. Air pollution has
become one of the most challenging issues In Mongolia, exacerbated during winter time because of solid fuel
combustion. Especially, the capital city Ulaanbaatar where more than 47% of total population lives in is the
most air pollution affected area in the country. In fact, during winter, Ulaanbaatar’s air pollution is caused by
households and low pressure boilers burning raw coal in Ger district (80%); motor vehicle (10%); coal-fired
power plants (6%); and solid waste and soil degradation (4%)[12, 13, 14]. In addition to be a large source of
ambient air pollution, polluting fuels such as raw coal and biomass use for cooking and heating contribute to
a significant additional burden to the health of the population from household air pollution[15].

As the development of tools for more precise characterization of atmospheric aerosols has been steady,
as is the case for the use of electron microscope as the impact it has had the use of electrons, the study of
particles, has been enormous, since it has allowed to obtain a vast information on the nature, origin and
elemental composition of our object of investigation. Because, the scanning electron microscope has
sufficient specificity for the analysis of small particles and below the range of nanometers. Scanning
microscope combines image of the particle morphology, i.e. shape, size, roughness, etc. as well as
analytical information of the chemical elements that comprise the analysis of single atmospheric particles
by Scanning Electron Microscopy coupled with Energy Dispersive X-ray (SEM-EDS) is a powerful tool of
recognizance emissions in urban places because the SEM may examine particles which are too small to be
studied in the conventional optical microscope and also inform on the nature and origin of the particles
revealed after the morphology, size and elemental composition [16-21].

The aim of this work is identification and characterization (morphology and elemental composition)
of particles present in samples of PM s as part of an air quality study by SEM-EDS in Ulaanbaatar.

2. Sampling and analythical method

Particles found in environment by the analysis of filters collected in atmospheric monitoring station
property of the Nuclear Research Center, NUM in the City of Ulaanbaatar. The map shown in Figure 1
shows these locations. The station is located in the southeastern area of the city.

A PM, ;s particle was collected by GENT sampler, using a sampling flow of 16liter/min. Sampling
was carried during 24 hour for two day in week. The filters used were polycarbonate, for collecting the
aerosols samples polycarbonate nuclepore filters 47mm, 0.4um pore diameters, were used. This type of
filters media gives good results for morphological and dimensional analysis, in particular their pure
composition and their flat surface let them suitable for the SEM analysis. Analyses of PM, s were performed
using Hitachi SU8010 scanning electron microscopy (SEM) with energy dispersive spectrometer (EDS) in
Inner Mongolia Normal University of China.
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Fig. 1 Study area in UB city, geographic location

Specimens were processed by separating the collected particles in the polycarbonate filter which was
placed over a sample holder, and is introduced into the chamber of SEM. The images of the samples were
taken at a magnification of 1k, 2k, 5k, 10k, 20k, 40k, 45k and 60k. Then 5k magnification SEM images
allow to analyses the elemental composition and morphological parameters of particles in the entire particle
size range considered. Spectra of individual particles were obtained after scanning an electron beam with an
accelerating voltage of 15kV for determination of individual elemental chemical composition of the
particles. Will be identified with EDS spectra the main chemical composition that make up the particles in
the study area.

Those images are then elaborated with image analysis software Image-J®, for the dimensional of
morphological analysis. Several morphological parameters were determined for PM> s classification. Count,
area, length, breadth and perimeters measurements were automatically obtained using the software. All
dimensional parameters were measured in calibrated units (microns).

Estimations were also made of equivalent spherical diameter (ESD), a commonly used parameter for
particle sizing using following equation (Eq. 1);

Area

ESD=2

(1)

T

The researchers obtain to used by several geometric icon in arrangement to particle shapes. We
obtained the sphere and flake shapes and remaining is classified as part of the irregular of these. Irregular
shape is no geometrical iconic particles. Thus is obtained three topical shapes.

3. Results and discussion

The average mass concentration of PMa s samples in summer was found to be ~52.96ug/m>, in winter
was found to be ~101.29ug/m®. The observed concentration is 2.2 and 4 times higher than the WHO
standards (25ug/m®) and slightly higher than the MNS4585:2016 (50pg/m?) in summer, 2 times higher in
winter. We obtained 480 SEM images of PM s particles (15 parts for each filter of 25 days samples) where
its size and shape distribution, and elemental concentration of 639 each particles individually was analyzed
by SEM-EDS.

Fig.2 shows that particles size distribution on the four size intervals established, indicated by
percentages of the total analyzed particles. The size distribution results presented in the 2.95% of the
particles identified >1.8um, 4.85% 1-1.8 um, 12.65% 0.8-1 um, 33.9% 0.4-0.8 pm and the remaining 45.3%
less than 0.4pm. It is ~45% have been up to 0.4um which is the most harmful fraction of particulate matters
for human health.
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Fig.2 Particles size distribution on the four size intervals established, indicated by percentages of the total
analyzed particles [%)].

Fig.3 shows that Particles shape distribution on the 3 shape intervals established, indicated by percentages of
the total analyzed particles. For the shape distribution, 55% - sphere of the total counted particles, 41% -
irregular, and 4% -flake. Irregular shapes dominated in winter and sphere shapes dominated in summer,
whereas flake shapes was no seasonal. This results shows that the summer PM pollution is sphere shape from
the soil in summer and winter PM pollution is irregular from the combustion, based on the report of the air
pollution study of Ulaanbaatar [19]. Irregular shape particles 2 times higher than taking into up to 0.4um size

particles increased to 92% in winter. It is indicates from the combustion that PM; s is dominated by ultrafine
size and irregular shape.
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Fig.3 Particles shape distribution on the 3 shape intervals established, indicated by percentages of the total
analyzed particles [%].

We obtained 752 particles of PMa,s particles where its chemical composition of each particle
individually was analyzed by EDS. Fig.4 indicates compositional data of elemental chemical constituents
and counting percentage from PM, s particles which showed the following elements: Na, Mg, S, Al, Si, Cl,
K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Sr and Pb and the predominant elements were Mg, S, Ca, Fe and Al.
Polycarbonate nuclepore filters consist of C and O; therefore those two elements were subtracted from
loaded filters. Elemental analysis result shows the summer particles dominated by Na, Mg, S, Al, Cl, K, Ca,
Ti and Fe. Whereas winter particles dominated by Si, V, Cr, Mn, Ni, Cu and Pb.
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Fig.4 indicates compositional data of elemental constituents and counting percentage in summer 512 and
winter 240 individual PM 5 particles.

4. Conclusion

We have been investigating a morphological and elemental composition of PM, s in air pollution of
Ulaanbaatar by SEM-EDS. The SEM-EDS technique is a valuable tool for the characterization of PM
especially for individual particles. The identification of the morphology and elemental composition of these
particles provides valuable information for the determination of their origin and formation processes. The
results of the size distribution shown the ~45% have been up to 0.4pm which is the most harmful fraction of
particulate matters for human health. For the shape distribution, 55% - sphere of the total counted particles,
41% -irregular, and 4% -flake. Irregular shapes dominated in winter and sphere shapes dominated in
summer, whereas flake shapes was no seasonal. This results shows that the summer PM pollution is sphere
shape from the soil in summer and winter PM pollution is irregular from the combustion, based on the report
of the air pollution study of Ulaanbaatar. These fraction particles increased to 92% in winter which is most of
the irregular shape. It has been shown that ultra fine and irregular PM, s indicates from the combustion. The
results of determining the elemental composition of these individual particles are also given.
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NCCJIEIOBAHUE HAHOYACTULL KPEMHUA U CEPEBPA,
HOJYYEHHBIX ITPU JIASEPHOU ABJISAIIUA B KUJAKOCTH

E. U. I'vipbLioB
HNuctutyT dusnaeckoro marepuanoseaeHuss CO PAH, 670047, Poccus, r. Yiman-Y 13, yi.
CaxpsiHOBOH, 6. e-mail: evivgyr.bsc@mail.ru

AHHOTaNUA

Ilpu nasepmuoii abnayuu kpemuus u cepebpa 8 3manojie UCCIe008AIUCy NOJIYYEHHblEe KOJIOUOHbIE
pacmeopvl HaHouacmuy: pacnpeoenienue 4acmuy no pasmepam ux cmpykmypa u ¢opma. B
9KCNEPUMEHMANbHOU YCMAHOBKE UCHONb3Yemcs ummepouesolit. UMnYIbCHbINU BOJNOKOHHbIL a3ep
YLP (Poccus) ¢ onunou 6onusl usnyyenusn 1064 um, orumenvrocmoiro umnyivca 100 e, a makaice
ABMOMAMUZUPOBAHHASL CUCMeEMA NepeMeujeHusi MUleHu Ha 06aze MOMmOpPU308aHHO20 08YXOCHO20
aunetinoeo mpaucaamopa SMTF  (Jlumea) u CNC USB TB6560 (Kumaii) xoumpoinepa,
NO36ONAIOWASL PABHOMEPHO NPOBOOUMb UCHAPEHUEe MAmepuand ¢ NOBEPXHOCMU MUULEHU, meM
CamMblM NOBbICUMD IhekmusHocms abaayuu npu nPooodHcumersHom obayuenuu. Pazwep wacmuy
uccne0osancs Ha JaaszepHom  awaiusamope pasmepos uacmuy SALD-7500nano (Anownus).
Cmpykmypy u ¢opmy uacmuy uccieoosanu ¢ UCHONb308AHUEM NPOCEEUUBAIOULE20 INEKMPOHHO20
muxpockona JEM-4000EX (Anonus).

Knrwoueswvie cnosa: nanomexnonozuu, Hanouacmuywl, KOJIIOUOHbLI paACMEOp, 1a3epHas aOIAYUsL 6
AHCUOKOCMU, CMPYKMYPA.

RESEARCH OF SILICON AND SILVER NANOPARTICLES OBTAINED BY
LASER ABLATION IN LIQUID

E. L. Gyrylov
Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia. e-mail: evivgyr.bsc@mail.ru

Abstract

During laser ablation of silicon and silver in ethanol, the obtained colloidal solutions of
nanoparticles were studied: the distribution of particle sizes and their structure and shape. The
experimental setup uses an YLP Ytterbium Pulsed Fiber Laser (Russia) with a radiation wavelength
of 1064 nm, a pulse duration of 100 ns, as well as an automated system for moving a target based
on a motorized two-axis linear translator SMTF (Lithuania) and CNC USB TB6560 (China)
controller, which allows evenly carry out the evaporation of the material from the surface of the

target, thereby increasing the efficiency of ablation during prolonged irradiation. Particle size was
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studied on a SALD-7500nano laser particle size analyzer (Japan). The structure and shape of the
particles was investigated using a JEM-4000EX transmission electron microscope (Japan).

Keywords: nanotechnology, nanoparticles, colloidal solution, laser ablation in liquid, structure.

ITon mnmazepHoil abmsiuMeld NOHMMAeTCs METOJ HCIApEHMs] BELIeCTBA C
MTOBEPXHOCTU JIa3epHBIM HUMIYyJbcoM. lIpu nazepHoil aOnsiuuu TBEpABIX TEI B
KHUJIKOCTSAX BBICOKAs IUIOTHOCTh Oy(QEepHOM KHUAKOCTU NPENATCTBYET paslieTy
Ja3epHoro ¢akesna, napo-mia3MeHHOE 00JIaKO BBIPBABLIEECS W3 MUIIEHH, OBICTPO
OCTBIBAE€T C (DOPMUPOBAHMEM YACTHI] MAjOro pa3Mepa, HaHOYACTHIIBI OCTAIOTCS B
o0BeMe KUIKOCTH, 00pa3yst KOJUIOMAHBIN pacTBOP.

NmnynbcHas na3zepHas aOJsIUsl BEIIECTB B JKUAKOCTH NPUMEHMMA Kak i
HeMeTa/uioB [1], Tak W JJisi METauIOB M CIUIaBOB [2]. AOQnsiuusi TBEPABIX TEN B
KUJAKOCTH NO3BOJISIET IOJIy4aTh TFOTOBBIE HAHOCYCHEH3MH M MCKJIIOYAET HaJIU4He
OCTATKOB PEareHTOB B KOHEYHOM MPOAYKTE, YTO TIO3BOJISIET HE MPOBOJIHTH
JOTOJTHUTENBHYIO OYUCTKY B OTJIMYUE OT XUMHUYECKOTO CHUHTE3a HAHOYACTHI] B
KUJKOCTH.

JInsi HAaHOCEKYHIHOTO jazepa OoJblIas 4acTh JIa3epHOM DHEPruM MPUXOIUT K
MUIIIEHU Tociae 00pa3oBaHus mapoBoro cios. [InaBiaeHre MUIIEHH HACTyHaeT Mociie
KpU3Huca KUMEHUs (MOJHOTO MOKPBITHS MOBEPXHOCTH MUILIEHH MAapOBOM IUICHKOM).
Abnauusa Matepuana, ciaeayrouas 3a IIaBIeHUEM, IPOUCXOIUT B aTMoc(epe mapos
KHUJIKOCTU (KOTOpBIE BIIOCIEICTBUM (HOPMHUPYIOT KaBUTALMOHHBIE Iy3bIpH Haj
MOBEPXHOCTHIO MUIIICHH) [3].

B oskcnepuMeHTanbHONM YCTAaHOBKE HCIOJIB3YETCS HUTTEPOMEBBIN HMITYJIbCHBIH
BosIoOKOHHBIN J1azep YLP (Poccust). Jlazep u3nydaeT nmepuoIWyYEcKHE€ UMITYJIBCHI C
JUTMHOW BOJIHBI n3iydeHust 1064 HM, JUTenbHOCTHIO uMnysibca 100 HC, 3HEpruen B
uMmIrysbee 1 M/ 1 MUKOBOM MOIIHOCTBIO B MMITyJibce 10 10 kBT.

B kadecTBe MUIIEHEH WCHOJB30BAINCH OOBEMHBIE IIACTUHBI Ag u S,
IUCIEPCUOHHAsA Cpela — PacTBOpP 3TaHoja. biaropogHele METaibl, B TOM YHUCIE
cepedpo, UMEIOT HEBBICOKYIO XUMUYECKYIO0 aKTHBHOCTb, IIOATOMY B BOJIE, allETOHE U
crupTax bopMupyrorcs YHUCTBIC METaJUINYECKUE YaCTHULBL. Cxema

HKCIIEPUMEHTAIbHON YCTAaHOBKHU OMKcaHa B padote [4].
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Nznydenne mazepa GoKyCHpOBaIOCh COOMparomeil TMH30M Ha oOpasell MUIICHH,
KOTOpBIM MOMENaics Ha JHO €MKOCTH C KHUIKOCThIo. CkaHupoBaHue oOpasla co
ckopocthio 0,3 — 1 mMM/c, OCYHIIECTBISUIOCH TpPH MOMOIIA MOTOPU30BAHHOIO
IByXocHOro jauHeitHoro tpancistopa SMTF (JlutBa) u kontpomiepa CNC USB
TB6560 (Kutait). MHOrokpaTHoe CKaHMpOBaHHE 3aJaHHOW IMOBEPXHOCTH oOpasiia
npou3Boauiock B TeueHne 10 — 30 muH. VMcrons30oBaHuE CUCTEMbI CKAaHUPOBAHUS
MTO3BOJIMJIO PABHOMEPHO MPOBOJIUTh UCHIAPEHHE MaTepHala C MOBEPXHOCTH MUIIECHH,
TE€M CaMbIM MOBBICUTH 3()(PEKTUBHOCTH aOJIALMU TIPHU MPOIOJDKATEILHOM 00JIy4eHUH
U CY3UTh pa3z0dpoc Mo pa3mMepaM MoJydaeMbIX HaHo4YacTHL. KosutomaHeie pacTBOpPHI
WCCIENOBAIMCh HA JIa3€pHOM aHaim3arope pasmepoB yactul, SALD-7500nano
(Snonus). Ilpu miotHOCTH MoIIHOCTH B uMmyiabce 8107 Br/cm? u wacrore
nmnybcoB 40 kIt cpennuii pasmep yactuil B pacTBope coctabisia S0 HM 1 Ag u
14 MkM i arjgoMmeparoB KoaryinupoBaHHBIX wactull Si. [locime oOpabotku
KOJUIOUHOTO pacTBopa Si B yJIbTpa3ByKOBOM BaHHE ¢ yacToTol 40 k['11 1 MOIIHOCTH
30 BT cpennumii pazmep yacTtuil Si B paCTBOPE COCTABISI 35 HM.

[TonyueHHbIE KOJUIOUIHBIE PACTBOPHI UCCIIEIOBAIA METOJAMU MMPOCBEYMBAIOIICH
anekTpoHHor Mukpockonuu (TEM). Ha puc. 1 npuBeneHsl pe3yabTaThl, MOTyYEHHbIE
C MCIOJIb30BAHUEM IPOCBEUMBAIOLIETO 3JEKTPOHHOrOo MuKpockona JEM-4000EX
(Amonust). Ha II9M wuzoOpaxkenusx (puc.l) BumHbl AUGPaKUUOHHBIC JIMHUUA
KPUCTAJUIMYECKON CTPYKTYpbl, JBOWHBIMU CBETIBIMU OTpe3kaMu 0003HaueHbl d,
MEKIIOCKOCTHBIE pPacCTOSHUSL. Hanouactuiis Ag UMEIOT Kak
MOJIMKPUCTAJUTMYECKYIO (pUC. 1a) ¢ MEXIJIOCKOCTHBIMU paccTosiHUAMHU 0,236 HM U
0,205 HM (COOTBETCTBYIOT KyOuueckoil cTtpykrype), 0.227 HM (COOTBETCTBYET
TeKCaroHAJIbHOW CTPYKTYpE), TaK ¥ MOHOKPHUCTAJUIMYECKYIO CTPYKTYpY (puc. 1b) c
MEKIUIOCKOCTHBIM paccTosiHueM 0,48 HM, 4YTO COOTBETCTBYET TI€KCArOHAJIbHOM
mnoTHoynakoBanHo (I'TIY) ctpykrype [5].

Hanowactumpl KpemMHHST B OCHOBHOM  aMop(dHbIe, HO HUMEITCI W
MOHOKPHUCTAIUTMYECKUE CTPYKTYpbI (pUC. 1¢) ¢ MEeXKIIOCKOCTHBIM pacctosinueM 0,19

HM (KyOuueckas aiMa3Hasi CTPYKTypa).
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d=0.236 am

Puc. 1. [IDM wusoOpaxenuss HaHodacTuil: a) — [IOM wu300paxkeHue MOJIMKPUCTATIINYECKOM
HaHovacTuisl Ag, b) — [IOM uzobpaxkeHne MOHOKpUCTAIUIMYECKONH HaHodacTHLbl Ag, ¢) — [IDM

M300paKeHNEe MOHOKPHCTAUIMISCKOW HAHOYACTHUIIHI Si

[To TI5M wu300paskeHHuI0 BUIHO, HATIPUMED, YTO (POPMUPYIOTCS HAHOUYACTHUIBI Ag
okpyrion ¢hopmbl, OIU3K0M K chepudeckoit, pazmepom 24x30 um (puc. la) u 20x22
HM (puc. 1b), a KpucTaJuIM4eCKre HAHOYACTHUIIBI S1 UMEIOT MPOJI0JITrOBaTyI0 HopMy
2x8 uM (puc. 1¢). Pernrrenodasoslii ananu3 HaHouaTuIl Ha qudpakromerpe Hudpeit
(Poccus) moaTBepaui Haau4ue KpUCTAIMYECKoro kpeMHus. Ha puc. 2 mokaszaHsbl
PEHTIeHOrpaMMbl JJIi HaHO4YacTull cepedpa u kpeMHusa. Ha pentreHorpamme (puc.
2@a) MEXKIUIOCKOCTHBIE PACCTOSIHUSI KPUCTAJUIMUYECKON PEIIeTKU ISl HAaHOYACTUI] Ag:
2360 A ,2.047 A, 1.445 A, 1.231 A u (puc. 2b) nna Si: 3.141 A [ 1.922 A, 1.636 A,
1.246 A.
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Puc. 2. PentrenorpamMmsr yactull: a) - 1t Ag; b) - nust Si

Takum 00pa3oM TMOJIy4EHBl KOJUIOUJHBIC PACTBOPhl HAHOYACTUI] KPEMHHUS H
cepedpa okpyriaoit GopMbl, OJIM3KOM K cPeprUIECKO, CO CPETHUM pa3MepoM 35 HM H
50 uM cootBeTcTBeHHO. HaHowyacTuipl cepedpa UMEIOT KaKk MOHOKPUCTANIMYECKYIO,
TaKk U TOJHUKPUCTAJUIMYECKYIO CTPYKTYpPY M CYIIECTBYIOT B JBYX MOJUMOPQPHBIX
CTPYKTypax KyOndeckoi u rekcaroHanbHou. Hapsiny ¢ amopdHbIME HaHOUYACTULIAMU
KpPEMHHUSI TPUCYTCTBYIOT TaKXe MPOJOJroBarble 8 HM MOHOKPHUCTALIAYECKUE

HaHO4YaCTHUIbI KPCMHUAI.
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Paccmampusaiomes  memnepamypnvie  noas 8  O8YXCIOUHLIX — NAACMUHAX — NPU  NEPUOOUHECKUX
memnepamyphvix 8030elcmseusx Ha 0OHOU u3 nosepxnocmeli. Hccnedyemcs nepexo0 K yCmaHo8USUEMYCsl
memnepamypHomy nono. Ilonyueno ycmanoguguieecss acumMnmomuyeckoe nepuoouteckoe memnepamypHoe
noxue.

KuaroueBbie caoBa: Jlgyxciounas niacmuHa, Memoo KOHEYHbIX JNeMEeHmO8, Menio8ol HNOMOK,
nepuoouueckoe memnepamypHoe noae, memMnepamypuvie 8oaubl, psao Pypve, 0606wenHvle PyHKYUU.

PERIODIC TEMPERATURE FIELD IN A COMPOSITE PLATE

Abiduev P.L.*, Darmaev T.G.**, Buldaev A.S.***
* Buryat State Agricultural Academy,
Russia, Ulan-Ude, apl087@yandex.ru
** Buryat State University named after D.Banzarov,
Russia, Ulan-Ude, dtg@bsu.ru
*#* Buryat State University named after D.Banzarov,
Russia, Ulan-Ude, buldaev@mail.ru

The temperature fields in two-layer plates under periodic temperature effects on one of the surfaces are
considered. The transition to a steady-state temperature field is investigated. Received installation stopped
still asymptotic periodic temperature field.

Keywords: Two-layer plate, finite element method, heat flux, periodic temperature field, temperature waves,
Fourier series, generalized functions.

BBenenue

Ha BHyTpeHHEN MOBEPXHOCTH JBYXCIOMHOM IUIACTHHBI 33J1aH NEPUOJNYECKUN TEIJIOBOU MOTOK
c mepuomoM I, B TO BpeMs Kak Apyras HOBEPXHOCTh MOIJIEP)KUBACTCSA IPH IMOCTOSHHOI
temneparype. M3 ¢usznyecknx cooOpakeHMH OYEBHJHO, YTO Yepe3 OMNpeIeNIeHHOE KOJIMYECTBO
LAKJIOB BO3JCWCTBUS TEIUIOBOIO IIOTOKA, TEMIIEPAaTypHOE II0J€ Ha BHYTPEHHEW IOBEPXHOCTH
BBIXOJINT HA YCTAHOBUBILIHICS TEMIIEpAaTypHbIM pexuM. Ha OCHOBE 4YMCIEHHOrO 3KCIEpUMEHTa
MIPOBEACHBI HCCIEA0BAHUS IEPEXOHOTO IIPOLECCa K YCTAHOBUBIIEMYCS TEMIIEPATYPHOMY PEXHUMY.
C mDpakTHYEeCKOM TOYKM 3pEHMs MPEACTABIAECT MHTEPEC OLEHKa BPEMEHHM YCTAHOBJICHMS
[IEPUOAUYECKOr0 TEMIIEPATYPHOTO MOJIA.

Jlaiee 3TO KE YCTAaHOBUBIIEECS NEPUOJUYECKOE TEMIIEPATYPHOE II0JIE IIOJY4EHO YXKe
ACUMIITOTHYECKUM ITyTEM.
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[IpoBogMTCS  CONOCTABJICHHWE IIOJIYYEHHOTO  YCTAHOBHUBIIEIOCS IEPUOJWYECKOrO  IOJIA
TEMIIEPATYpP C PE3yIbTATAMU YUCIEHHOI'O DKCIIEPUMEHTA.

BeiBOA ypaBHeHHH

[TocTanoBKa 3a7a4y BEINIAISAT CIEAYIOIIMM 00pa3oM:

ot o't

—=a,— 0<x<h (1)
ot ox’ ( )

o, g, 0" (h<x<H)

0T ox

IIpHU HAaYaJIbHbIX YCJIOBUAX:

t,(x,0)=0 0<x<h) 2)
t,(x,0)=0 (h<x<H)

n YCJ'IOBI/IFIX Ha BHCHIHHUX HOBCpXHOCT?[XZ

28O0 poy =0, G

e F(t+nT)=0(r), n=0,12...- nepuonnueckuii TerIoBoii MOTOK.

Ha rpanuue pasnena cimoes (x = h) MPEAIIONAracTCsl BBINOJIHEHUE YCIOBHM HJI€ATILHOTO
TEIUIOBOT'O KOHTAKTA:
L o0(h+0.7) ot (h=0,7)
1 - ™
ox ox

3neck BBENEHBI 0003HA4EHUS: [, (x,7), i= 1,2 - mone Temmeparyp cooTBETCTBEHHO B

, 4(h+0,0)=1,(h—0,7) 4

[IEPBOM M BTOPOM CJOSX, 7 —BpeMs, X —NpPOCTPAHCTBEHHAs KOOpAMHATA. /- TOJIIUHA

BHyTpeHHero cmos u  H -rommuna mactumel, 4, 1= L2 - xosddurmentsr

TEMIICPATYPOIIPOBOAHOCTHU CJIOCB, ﬂ,l_ , 1= 1,2 - KOB(i)(I)I/ILII/IeHTH TCILJIOIIPOBOIHOCTHU CJIOCB.

JUis 4HUCIEHHOro cYeTa HCMHOJb30BaHA NPOTrpaMMa, OCHOBAHHAs Ha pealn3allid MeToja
KOHCYHBIX 3JIEMCHTOB. I[J'If[ TCCTUPOBAHUA MPOrpaMMbl 3HAUCHUA TCMIICPATYPbl CPAaBHUBAJINUCH C
TOYHBIM pEILlIEHUEM, OJyYEHHBIM MPU €IMHUYHOM BO3JIEHCTBUU TerioBoro notoka [1]. [Tnactuna
anMPOKCUMHUPYETCS CETKOM, cocTosime u3 ogHoro ciosi 100 miockux u3omapameTpudeckux —4-x
Y3I0BBIX KOHEYHBIX dnemenToB. Ha mepswii cnoii ( 2= H/10) npuxoaurcs 60 >nemMeHTOB.
JlaHHas ceTKa oKa3ajlach CaMOM ONTUMAJIBHOM JUIsI CXOAMMOCTH YHCICHHOTO pelleHus (UUCIeHHOe
pemieHre Ha Oonee rpy0Ooil ceTke (umciao sneMeHTOB MeHblle 100) uMeeT cCyliecTBeHHOE
pacxokaeHue ¢ TOYHBIM perieHneM). OnTUMaIbHBIN IIar Mo BpeMeHH, TaKkKe MOJ0OpaHHBIA IS

ydera GBICTPOMEHSIOIIErocs TemMrepaTypHoro mpomecca cocrapun A7 =5-107 cex. Uncnennsie
pacyeTsl TPOBOIUIIUCH IO MOMEHTA BPEMEHHU, HEOOXOIUMOTO /I YCTAHOBJICHUS TIEPHOTUIECKOTO
TeMrnepaTypHoro nojiga. OHM MMOKa3ajid, 4TO 3TO MOJIE TeMIEpaTyp YCTAHABIMBAETCS IS 33/IaHHBIX
Harpy30K MpakTAYECKH mocie 5-6 MUKIOB BO3AEHCTBUS TEIJIOBOTO MOTOKA.

Pesynbrarhl pacdyera mpeiCTaBiICHBI B BHIE 3aBUCHUMOCTEH OT BPEMEHU TEMIIEPATYpPhI
BHYTpPEHHEH MOBEPXHOCTH OJHOCIONHON (IITpUXoBasi KpuBas 1) U ABYXCIOWHOMN MIACTHHBI (pHUC.
1). IIuku KpUBBIX 32 paCCMOTPEHHBIN MPOMEXYTOK 10 BpeMeHH (100 cek.- 3T0 5 IMKIOB) BBIXOAST
Ha HEKOTOPBIM CTAallMOHAPHBIA YpOBEHb. MakCHUMalbHOE 3HAYEHUE Ui OJHOCIOMHOM NIACTUHBI

0 o o 0
cocrasisieT 430 C, ansa nyxcinoinoit -220  C.
Bripaxkenue 1151 TENMI0BOTO MOTOKA MPUHUMAIIOCH B BUE [2]:
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kT —k
O@)=0(1-0)e" " +0,e
[lepuoanuHoCTh BO3/IEHCTBHS TEIIOBOTO MoToka T=20 cek.
KoHcTaHTBI, HCTIOTB30BAaHHBIC TIPU PacueTax:

2 2
0 =0,=10 " k =445cex™, k, =132,5cex” a, =1,16"—, a, =016
M

CceK CeK
Kan Kanu
A, =096

, A, =0,13 , =012, h=0,4cm, H=4cm.
CM - ceK - 2pao CM - ceK - 2pao
4
t, ey
500 l I |
i
400 1 i T
} “‘ :'1 1'.
’ " i i
300 | ,“ Ty Ty T
I; :‘\ I ‘1 : ‘\,/ 1 : !
1 s ) I ‘\ 1y \\
200 h - X — N
\\ \ \\ 9 2, \\
\ \Y
100 P\ S Sy
\ o=
T, cex
o g
20 q40 60 g0 100
Puc. 1
9T0 XKEC YCTAaHOBUBIIICCCA NEpUOANYICCKOC

TeMIIEpaTypHOE TIOJIE€  Jlajee  MOJy4UM
ACUMIITOTUYECKUM IyTE€M, HE paccMaTpuBas TMEPEXOJHBbIN mpoiiecc. Bocmomb3yeMcss METomoM,
OCHOBAHHBIM Ha MPUMEHEHUH 0000IIeHHBIX QyHKIH [3,4].

VYpasuenus (1) 3anuiem B BUE:

ot _ot|1 (1 1

ot
_ o LI (A I T gl I R A e
ox’ orla, \a, a -(x=h) ( ﬂ()xjx_h =k O

2 1

A LLx>0
s K, =22, 8 (x)=1 "

- ACUMMCETpHUYCCKAaA CAWHHUYHAA (bYHKHI/ISI
, 0, x<0

O_(x) - nenbra-pynkuus Jupaka. Ha BHENIHUX TIOBEPXHOCTSX BHITIOMHEHBI yCiI0BuUs (3).

[Ipn acuMnToTMYECKMM TMOAXOAE MpeArojaraeM, 4YTO MPOIECcC JIOCTaTOYHO yHajieH oOT
HAa4YaJIbHOTO M BJIMSHHE HAuYaJbHBIX YCIOBMM Ha pacHpeleeHHE TeMIIepaTypbl OTCYTCTBYET.
[Iepnoanueckuit TEMIOBOM MOTOK pa3yioxkuM B psg Oypse Ha [O, T

F(r)=0,+> (a,coswr+b sinwz)=0, +> (4, cos(w,z—&) (6)

T
a 1 2
3necs A, =+a’ +b’ , & =arcco b_ , O, =E'|.Q(z')a’f, wW=—w =nw
0

2% 2% :
a, :EJ.Q(T)COSWanZ’, b, :?J'Q(r)sm wwdr, n=123....
0 0

Pemenne 3amaun  (5), (3) Moxer OBITh

MOJIy4eHO, Kak
COOTBETCTBYIOIIMX CIaraemMsiM B (6), T.e.:

CYyHEpIIO3ULMs  PELICHHH,
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t(x,7)=t,(x)+>_¢t,(x,7) (7)
3,[[605 tO (.x) - CTaTH4eCKasd COCTaBJIAOIIasd YCTAHOBHBUICIOCA TEMIICPATYpPHOI'o IIOJIA,

OTIpeNeNIIeTCsl KaK PEHICHUE CTATUYECKOW 3a/1aud TEIUIONPOBOJHOCTH C TPAHUYHBIMH YCIOBUSMHU
(3) u ycnoBueM Ha MOBEPXHOCTH paszjiena ciioeB (4) u uMeeT BU/I;

%(x—h)+/%(h—l-1), npu (0<x < h)

() =1 2 ®
%(x—H), npu (h<x<H)

L2

Temneparypuble BOIHBI [, (X,7) yHOBIETBOPSAIOT ypPaBHEHHIO TEILIONPOBOAHOCTH (5) U

I'paHUYHBIM YCJIOBHAM:

ot (0,7
A, —”( : ):—Ancos(wnr—fn), t (H,7)=0
0x
PeI_HeHI/Ie 3TOI>'I 3aJa4u HaAaXOAUTCA KaK BECIICCTBCHHAs 4aCTb OT Bpra)KeHI/IH:

v,(x,0)=X e )
[Moacrasnss (9) B (5), mosy4aeM CIeAyIOIIYIO 3a1a4y IJIs onpeaeaeHus X . (x) :

2
"X, {l+[i—l}9 (x_h)}xn ~(1-x. %)
ox a a, a, ox

5 (x—h) (10)

1 x=h

¢ rpannunbive yenosusivn: X, (0) =4, X (H)=0 (11)

[Ipy TakoM TpPEJCTABIECHUM MOJIy4aeMOe PELICHUE Ui MapabOMYecKOro ypaBHEHHS MMEET
XapakTep IMOTPAHCIIOs, MO3TOMY BTOpoe rpaHnyHoe ycrmoBue (11) MOXKHO 3aMeHHTH Golee

npocteiv: X, (H) —>0 npu x >0,
Pemas ypasaenue (10) npu rpannysbIx ycnoBusx (11):

X, = AI?Z)) [A)S, (h—x)+q,,e S (x—h)] (12)

rae A(x) =q,,ch(q,,(x —h)) = K, q,,5M(q,,(x = h)),

q,=k,(+i), k, = 2W =12, S.(h—x)=1-S (x—h)
a

J

[ - muumas eauamua. Iloxacraenss (12) B (9) W BbIENsSs BEMIECTBEHHYIO YacTh, ONPENETUM
TeMIlepaTypHbIE BOJIHBL. B miepBoMm cioe:

t,(x,7)= %{(k; — k2" (cos(y,, (x) + 2, (2)) — e (cos(,, (x) — 2, (£))]+

+(k

1n

—k,k,, ) [e™ (cosk,, (x) - z,(7)) — e (cos(k,, (x) + z, ()]} (13)
Bo BTrOopowm cioe:
A"Dﬁ ((k,, +k,k,, e ™" cos(=y,, (x) + k, b+ z,(7)) -

—(k, —k,k, )" cos(—y, (x)+k, h+z (7))} (14)

¢, (x,7)=

Tne D=e"(k, +kk, ) +e”""(k, —kk, ) +20k. k> —k)cosQk, h),

Yin (x)= kln ()C - Zh), Yon (x)= k2n (X - h)? Z, (r)= w,T— fn _%
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YucneHHple pacueTbl IO TONY4EeHHBIM (opMynaM NpeAcTaBIeHbl Ha pUC. 2 B BUE
3aBUCHMOCTEN OT BPEMEHM TEMIIEPATypbl BHYTPEHHEH MOBEPXHOCTH OAHOCIOWHOM (IIyHKTHpHas
uHUA 1) ¥ 1BYXCIOHHOM (ITyHKTHpPHAs JIUHUS 2) IIJIACTUHBI.

371€ech K€ MpeACTaBIEHbl Pe3yIbTaThl YUCIEHHOIO AKCIEPUMEHTA: COOTBETCTBEHHO CILJIOLIHBIE
JuHUM 3 U 4 Uil OJHOCIIONMHOW M JIBYXCIOWHOHM IIaCTMHBI. PaccMOTpEHHBIM IMPOMEXKYTOK IO
Bpemenn cocrasui [0,7']. LITpux-myHKTUPHAS JIHHUSL COOTBETCTBYET W3MEHEHUIO TEMIIEPATYPhI

BHYTpeHHCﬁ IOBCPXHOCTH HBYXCHOﬁHOﬁ IIJIACTUHEI ITPU IIEPBOM BOSI[CI;'ICTBHPl TCIIJIOBOI'O IIOTOKA.

¢, soag
500
\
700 \
7
\
3
300 \\\
X 2
l—"-\ L 4
=3 s
200 ] -____\\\
f'\'\ . —_——
.\‘ ———————
100 ot
" (T o
0 5 10 5 20 il

Puc. 2
Hebonbiioe 3aBbillieHre 3HaYEHUI TeMIiepaTyp, noiaydeHHbIX 1no ¢opmynam (13), (14) moxer
ObITh OOBSICHEHO TE€M, UTO IpPH OMNPEICIICHUU TEMIIEPaTYPHBIX BOJIH TOJIIMHA CTEHOK IJIACTUHBI
MPUHUMAJIACh OECKOHEYHOM.
Henocratkom atux gopmyn (13), (14) sBasercs miaoxas CXOAUMOCTb PSOB, MPEICTABIISIOMINX
pemieHre. DTO CBSI3aHO € IUIOXOHW cXxoauMocThio psaaoB PDypre (6) B pasznokeHUM (YyHKIUU
TemioBoro motoka [(7), uro Moxer ObITH 00BAcHeHO TeM, uTo 5Ta (yHkuus Ha [0,77]

HCIBITBIBAET Pa3phIB IEPBOTO poJia U SIBJISIETCS ObICTPOYObIBAIOLIEH.

3aki0ueHne

Taxum 00pa3oM, npeanoxKeHb! POPMYIIBI ISl OTIPEIeIeHUs] YCTAHOBUBIINXCS TEPUOANIECKUX
I0JIEN TEMIIEPATYp B ABYXCIOMHBIX IIACTUHAX. YUCIIEHHO U3y4YEH NEPEXOAHBIN IIPOLECC.
ITokazaHo, 4TO BBE/IEHUE TEINIOBOM 3alllUThI TO3BOJIAET 3HAUYUTEIIBHO CHU3UTh TEMIIEPATYPY
MTOBEPXHOCTU BO3JEMCTBHSI TEIJIOBOIO OTOKA.

Pa6ora nonnepxana MunucrepctsoM oOpazoBanus u Hayku PO, npoekt 1.5049.2017/bY;
Poccuiickum ¢poHI0M QyHIaMEHTATBHBIX UccIeqoBaHuM, TpoekT 18-41-030005.
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Abstract

In this paper, 65nm NMOS transistor frequency response and its compensation utilizing transistor
characteristics based on physical properties is done. As a smallest unit component for nano integrated
circuit modeling and compensation of nanotransistor characteristics are essential to analyze. To do that,
equivalent model of transistor can be constructed of capacitors, resistors and current source. Admittance
matrix is utilized in order to quantitatively analyze the response of NMOS transistor. Therefore, analysis of a
frequency response for NMOS transistor based on physical properties utilizing transistor I-V and C-V
characteristics is done. In that regard, compensation of frequency response based on physical properties of

65nm NMOS transistor is proposed.

Key words: NMOS transistor, quasi-static model, physical properties of NMOS transistor, frequency

response, frequency compensation.
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Annotation

In this paper physical properties as distribution width (Ox, %) and density (qx, %) of colloidal silica
dispersed system were defined photon cross correlation spectroscopy (PCCS) at average size as
17.06 nm for Dso,% and area of specific surface as 349.96m’/cm® depending on molar (Rn2)
optimal ratio of silica stone mineral to alkali ash powder. By X-ray diffraction analysis was
determined its change of crystal structure to amorphous state. The results of their kinematic
viscosity, liquid density, UV light adsorption inspections show that possibility to produce that
colloidal silica by using the wetting and ultrasonic vibration method for that fusible alloy.

Abstract

In this paper physical properties of kinematic viscosity, liquid density, UV light adsorption, particle
size distribution with photon cross correlation spectroscopy (PCCS) were studied for colloidal
silica sol in various pH valued disperse system by adding the alkali compounds to silica stone
powder. The results show that possibility to get the silica bulk as raw material for liquid glass
production at molar (Rn) optimal ratio was 2 for silica to alkali metal oxide by using the sol
distribution width (Qx, %) and the density of colloidal suspension depending on pH, density and
kinematic viscosity for dissolved solutions’, and their UV light absorptivity.

By X-ray diffraction analysis the crystal structure was defined that a transformation of amorphous
state in pyro chemically prepared colloidal silica particles. By UV-Vis spectrometric analysis the
band gap of electronic transition vibrational fine structure for the absorptivity of R,2 type soluble
silica suspension was observed at widest value of =361 nm. The experimental results on sol size
depending on its distribution width (Qx, %) and density (q., %) for these silicate suspensions were
determined the average size of particles as 17.6 nm and area of specific surface as 349.96m*/cm’ at
Rn2 to declare practical possibility to produce colloidal SiO: particles by using the minerals.
Keywords: colloidal silica, sodium ash, fusion, dispersion system, nanoparticles

1. Introduction
Silicon dioxide (Si02) nanoparticles aqueous dispersion is used in broad range of environmental
friendly performance products as large variety of industries for biomedicine, food and beverages
field. Within this study to produce this dispersed silica particles by the direct fusion of precisely
determined ratios of soda ash (Na2COz3) and natural silica stone in electric muffle furnace at approx.
1100°C and then it isn’t well dispersed typically after wetting [1]-[3].
But for most silica applications especially when being used in coatings to improve scratch
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resistance, the silica particles need to be smaller than 40 nm to fulfill this requirement and that
particle agglomeration hinders each individual silica particle to interact with the surrounding media.
So the stability and agglomeration state of this aqueous dispersion nanofluids are key parameters for
their use[4]{6].

Ultrasonic processing has been used in this experiment to get more effective colloid size, stable and
non-agglomerated dispersion system. The dispersed silica colloid particles were measured by using
photon cross correlation spectrometer. The minimal particle size was reduced to 17.06 nanometers
at Dso, % of the test. The area of specific surface (Syv) for Rm2 as molar optimal ratio of 2 for silica
to sodium oxide weight was obtained 349.9 m2/cm3.

2. Experimental

2.1 Material and method

Dispersed silica nanoparticles were prepared by melting process of mixes by certain ratio of grinded
powder of local silica stone from Tuv province, Sereglen soum which is located at 47°65'03.72"N,
107°25'22.47"E area with utilization license N.21101 and sodium oxide as from sodium ash, CAS
497-19-8, Sigma Aldrich, Na2CO3. The physics chemical properties were designed as shown at
Table 1&2 according to molecule ratio of acid to alkali as silica to sodium oxide weight.

Tablel. Molar mixing designed ratio (Rm) of silica to sodium ash & oxide:

Sample N.  SiO2 Na;COs3 NaxO Rn=S102/Na,O
1 10.1 8.1 3.4 3.0
2 10.1 12.2 5.1 2.0
3 6.0 14.5 6.0 1.0

Dispersed silica sols as yield content, density and formula for nanofluids etc. were prepared under
their molar ratio (Rm) of the weight as shown in Table 2.

Table 2. Physics chemical characterization for obtained dispersed silica materials from Na2SiO3

Rm Yeld (%) Density (kg/l) Formula

3.0-32 25-40 1.26 —1.45 Na20 - xSi02 +H20 (3.0<x<3.2)
20-2.6 35-46 1.38-1.53 Na20 - xSi02 +H20 (2.0<x<2.6)
1.0-1.6 35-55 1.38-1.70 Na20 - x SiO2 +H20 (1.0<x<1.6)

Chemical composition of the silica stone used in the experiment was shown at the Table 3 by
comparing to test results of certified reference material (CRM.N40 testing) and its certified data of
CRM.N40 at certificate. Mineral composition of the silica stone was studied by powder X-Ray
Diffraction Analysis (XRDA) with an equipment as Siemens, Diffractometer D5000 and results
described at Fig.1.

The dispersed colloidal silica was prepared by following steps [7]: as mixing initial components and
fusing them to temperature influence as approx.1000°C and wetting by distilled water to transform
into liquid state.

The cleaning & non-agglomeration and was done by centrifugal and ultrasonic method [8] with an
equipment as 800D Centrifuge at 2000-2500rpm speed and SK — 120DTH Ultrasonic with 900 watt
capacity for 15 min each sample. Value of pH for synthesized sol were defined by laboratory pH-
meter PH5011. Liquid density of colloidal silica was determined by aerometric method as described
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at GOST18481-81 [9] and kinematic viscosity done by viscos meter as described at GOST 10028-
81[10]. Absorbtivity of UV light for the dispersed nanoparticles in distilled water was determined
by s

pectroscopic method using Shimadzu, UV-Vis Recording Spectrophotometer, UV-2401PC, the
size, the value of average suspended sol, and the width of particle size distributions etc were defined
by photon cross correlation spectroscopic (PCCS) method using Shimadzu, STMPA Nanophox as
described at MNS:ISO 13321:2014 standard [11]. This equipment determines the particle size from
few nanometer to value of 10mkm at the initial step of precipitation. Test results were calculated by
using WINDOX 5 program.

3. Results & discussion

The chemical composition of silica stone which was used in this study shown at the Table 3. X-ray
diffraction analysis was performed for both untreated silica stone (Fig.1) and the dispersed silica,
which were treated by different ratio for sodium ash at 1100°C for 1h (Fig.2).

Intensity

1000 o Experimental patterns NUM_X {NUM_X} (num _c.raw)
Calculated pattern (Rp=10.9 %;

9009 [00-083-0538] Si 02 Siicon Oxide (Quartz)

800 4
700 +
600 -
500 4
400 4
300 4

- -

——
—
JR—
—_—t

——pr—

|
' f

10.00 1500 20.00 2500 3000 3500  40.00 45.00  S0.00 5500  60.00 6500  7D.00  75.00  80.00 8500  90.00
Co-Ka (1.790300 A) 2theta

Figure 1. X-ray powder pattern of the silica stone

Table 3. Chemical composition of the silicastone
Sample Si0, ALO; TiO2  Fe CaO MgO Na,O KO MnO P;Os LOI
Silicastone 98.56 0.15 <0.005 1.13 <0.01 <0.01 <0.01 0.03 0.012 <0.005 0.28
CRM.N40test 87.98 6.15 0.057 0.27 0.08 0.16 0.04 4.51 0.008 0.076 0.57
CRM.N40cert 88.20 6.18 0.058 0.261 0.11 0.15 - 4.23 - 0.077 -

Measurement of all these properties provides information about the colloidal state of nanofluids.
Here the most important variable was the solid content. X-ray diffraction intensive peaks at Figl as
corresponding to quartz crystal of silica were disappeared and decreased their reflection intensity at
Fig2 because of that dispersed from the surface of colloidal amorphous silica phase at x-ray pattern
with sodium carbonate phase after drying this low melting alloy at elevated temperature by distilled
water (see Fig2).
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Figure 2. X-ray pattern of colloidal silica sol with of sodium ash

o

By X-ray diffraction analysis at the Fig 2, the strong peak of quartz crystal was disappeared at 20 =
31.8° except the pattern of sodium ash and that confirmed its complete transition to amorphous state
for this pyro chemically prepared colloidal silica particles. Behind it, pH value of the medium can
be used as important factor for the stability of system to control it and as a driving force in electric
chemistry [12]. So value of pH and density (p, g/ml), kinematic viscosity (u), absorbed
spectroscopy investigations for UV light on synthesized each colloidal silica samples was measured
and shown at Table 4 and Figure 3.
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Figure 3. Absorbed UV spectrum of colloidal silica sol

Table 4. Study on molar ratio dependence of pH, density, viscosity and UV s for colloidal nanofluids

R pH p, g/ml u, Ia*c UVaps, HM
1 13.53 1.08 226.62 303

2 12.94 1.09 307.85 361

3 12.3 1.035 576.08 333

The band gap of electronic transition vibrational fine structure for the absorptivity of UV-Vis
spectra at widest value of 1=361 nm area was observed for Rin2 type soluble silica suspension.
These results were shown that dispersions can be used as is, or diluted with suitable (compatible)
solvents as suspensions of nanoparticles in water. These dispersions of nanoparticles in can
sometimes settle upon storage, in which case they can be mixed (shake up) before use and that
colloidal silica as raw material for water glass production as optimal at molar ratio Rm2 for silica to
alkali metal oxide. In addition this dispersed phase cannot dissolve in dispersion medium of water
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therefore negative charges were observed while their aging time and dispersion was controlled

photon cross correlation spectroscopy for achieved by ultrasonic treatment. The experimental

results for particle size of the dispersed silica sol depending on its distribution width (Qx, %) and
density of colloidal suspension (qx, %), and coefficient of regression (1) for linear equation for all
samples shown in Fig4 were described at Table 5 in detail.

Table 5. Average size (Xnm, %), density (gx), area (Qx, %) and coefficient of regression (r?) of particle size
distribution width for nano dispersed colloidal silica

R Dim,% Sv, Slope, —o/X 2 SMD, VMD,
"TTI0 16 50 84 90 99  wem OeXsilxso  EO nm nm
37. 39. 43. 49. 50.
1 51 4361 44,1
8 2 9 2 9 365 137,58 1.12 0.03 0.98 3,6 13
16. 16. 17. 17. 18,
2 18.8 34 17,14 17,1
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Figure 4. Colloidal silica particles’ distribution statistical curve by cumulative percent

The mass median diameter as Dso were for Rn1=43.9nm, R2=17.1nm, Rn3=44.8nm as
shown at Fig.4 & Table 5. Concerning the influence of the solid content, pH and salt concentration
results were declared that minimal average size of colloidal silica the area of specific surface were
as 349.96m?*/cm’® at Rn2. So the molar optimal ratio to produce colloidal SiO> particles was
concluded to 2 when use sodium carbonate to process the natural silica stone minerals.

Conclusion
Colloidal silica was produced by pyro chemical of silica stone as an abundant mineral of

Mongolia with molar different ratios of sodium ash at 1100°C. The synthesis parameters, such as

molar ratio of mixing, fluid density and size of colloid particles were optimized.
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X-ray powder diffraction of colloidal silica was disappeared the crystal peak of quartz peak at 20 =
31.8° and UV-vis. spectrum the band gap vibration of electronic transition was observed at the
widest value of I=361 nm area for Rm2 type soluble silica suspension.

Colloid silica nanoparticles at the optimized parameters of Rm2 were confirmed by PCCS
inspection with the area of specific surface of up to 349.96m?/cm?. The average size of the colloidal
silica particles was 17.6 nm at Ds0,% value and coefficient of regression for linear equation as 0.97
and with 1.04 slope.

These findings seems to be extremely important for the industry to produce colloidal SiO»
particles by using that silica stone and sodium ash minerals in practice at given area.
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Ilpooykmei ceopanua 6 obracmu 0y208020 paspsaoa, makue Kak caxca u 3014, Ovliu
NPOAHATUBUPOBAHBL C UCNOTL30BAHUEM PA3TUYHBIX Memo008 U Memooos auaiuza. Onpedenenvl
Hexomopbie husuieckue ceoUCmMaa Yacmuy Caxcu u 307bl Om Cocueanus yens. (i) dnemeHmubvlll aHamu3
Ha No8epXHOCMU MaKpouacmuy Obll COeNaH Oas CANHCU U 307bl, U ObLIU OnpedesieHbl NleMeHmMbl 8 HUX.
B cnexmpe 30nv1 npeobnadarom nezoprouue snemenmol, 00HAKO OHU pedko cmpedaiomcest 8 cavice. (ii)
Pezynomamor  mopghonocuueckoeo amaruza uwacmuy cascu ¢ ucnoavsosanuem SEM u BET
NOKA3b18A10M, YMO OHU UMEION MEeHOEeHYUI0 UMems DONbULYI0 CBOOOOHYI0 NOBEPXHOCHb U 00bEM NOP.
Pasmep nop 6 yacmuyax casicu u 30161 yMeHbulaemcs ¢ ygeauyeHuem ux ouamempa. dacmuysl 307e1
Onpedensiiomest Kaxk MaoXoUu Nopucmulii mamepuan 8 pesyibmame ucciedosanusi. Kpyenocmv u
OKpY2II0CMb CANCU 8blULe, YeM ) HaCmUY 307bl.

Kntoueevle cnoea: cadxca, 3ona, gopma uacmuy, pacnpeoeieHue HO pazmepam, HOPUCHIbLLL
Mamepuan, MOpGonocUecKas XapaKxmepucmura, aHaIu3 Yacmuy.
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RESULTS OF MORPHOLOGICAL ANALYSIS ON PRODUCTS FROM COAL COMBUSTION
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Products from combustion in arc discharge region such as soot and ash have been analyzed by
using various techniques and analyzing methods. The some physical properties of particulates of soot
and ash from coal combustion are determined. (i) The elemental analysis on particulate surface was
done for soot and ash and elements in them were determined. Noncombustible elements are dominated
in spectrum of ash, however they encounter rarely in soot. (ii) The results from the morphological
analysis on particulates of soot by using SEM and BET show that they tend to have large free surface
and pore volume. The size of pore in soot and ash particulates decreases with their diameter. The ash
particulates are inferred as poor porous material from result of study. The circularity and roundness of
soot is higher than ash particulates.

Keywords: soot, ash, shape of particulates, size distribution, porous material, morphological
characterization, particulate analysis.

Introduction
There are many research results determined the structural features and properties of particulates in soot [1, 2]
and ash [2, 3]. Since soot and ash are products from combustion and they become the main factor for local
and global air pollution, they have been studied in many sides and vast information on their properties have
been taken in last decades [1-5]. The soot particulates are unwanted result from incomplete combustion,
whereas the ash is inevitable consequence of combustion of fuel source. The structure of soot and ash
particulates has been studied past few decades since their potential usage in application [6-8]. These products
are in powder form of dispersed particulates, size of which ranges in nano- and micro level. Nanosized
materials with dispersed structures are expected to find various novel applications. The unique and special
property of nanostructured materials will provide new opportunities for the development of new
technologies. Particulates constituting soot and ash are apparently porous. Porous material can be understood
as a particular composite with discrete phase represented by voids. The main characteristics determining a
porous material are its porosity, which is a ratio between the volume of voids and the total volume, and pore-
size distribution giving frequencies of various sized voids. Porosity can have an influence on the physical
chemical properties of the material. For identifying characteristics, particle size and pore size distribution
measurements are required. This article deals with particle size of ash and soot, bulk residual particulates,
and pore size distributions of soot and ash measurements using image analysis. The objective of this study
is to determine the porosity and morphological features of soot and ash produced from the combustion
in discharging region by using modern analytical techniques such as scanning electron microscope
(SEM) and Porosimeter.
Sampling

Soot is collected on the surface located on the way of smoke from combustion in discharging region in
result of inertial and condensation settlement. The amount of soot settled on collecting surface depends on
distance from burning region. When the collecting surface is close to discharging region, soot on surface is
burned out completely. The soot settled on surface of each section was removed and collected for
investigation. During the combustion, ash falls down and these were collected for analysis.
Instrumentation and technique

The measurements for porosity and surface analysis of samples were carried out using the apparatus
Porosimeter ASAP 2020 V3.01 H (adsorptive porosimetry) at temperature 77K. The surface area was
determined by Brunauer- Emmett-Teller (BET) adsorption isotherm calculation. For plotting the graphs we
were used Mathematica functional software. The interpretation of the isotherm reveals details about average
pore size and shape. Barrett, Joyner, and Halenda (BJH) method was employed for calculating the pore size
distribution.

Scanning electron microscopy with energy-dispersive X-ray analysis (SEM/EDS) is a valuable tool for
analyzing single particulates as well it is a powerful tool to study morphology of samples in the micro-
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and nanofabrication. The images taken on this device provides useful information on the morphology,
elemental composition, porosity and particle density of particulates under investigation and also enables us a
better insight about the particulates. The samples were applied to sample holders with an adhesive carbon
tape and measurement was carried out. The electron beam was operated at 5.0, 10.0, 15.0 kV and images
were gathered at different value of magnification on the working distance 0.56 pum.

The data for morphological analysis and size distributions was taken by using the /magej (FIGI) a public
domain Java image processing program on Windows 10 platform from the SEM images. The target number
can be counted from SEM image in reliable manner as following the procedure in Ref [9]. This procedure
urges to modify the contrast of image. In order to take correct morphological parameters the images have to
be preprocessed before the particle size and the pore-size assessment. In preprocessing, the contrast of the
image must be modified as well playing with color balance and brightness. Image processing is important
because it can improve the appearance of the image. In obtaining clear binary image or thresholding, filtering
may have significant role. The quantitative results of morphological analysis were also calculated by using
Mathematica software. This software enables to easily identify the analytical expressions of distribution
function. We used several images of one sample for morphological analysis.

Results, discussions and conclusions
BET nitrogen sorption
The specific surface area and pore distribution of soot particles are important physical properties for
particulate matter. The specific surface area and pore volume could significantly affect their adsorption
properties and toxicity, vice versa on elemental composition. The results BET analysis can be viewed in
Table 1. Specific surface area of soot are ranged from 192.5 to 260.9 m?/g, but specific surface area of ash
are from 2.12 to 3.158 m%/g.

Table 1. Results of BET analysis
Surface area Ash Soot Pore Volume Ash Soot Pore Size Ash Soot

Single point adsorption total pore
volume of pores less than
821.517 A diameter at P/Po =

Adsorption average
0.0045 10.1192 |pore width (4V/A  [85.57 |24.72

Single point surface
area at P/Po = 2.0817 (195.07

2
0.221228431, m¥/g 0.975856344, ol by BET), A
BJH Adsorption
iff Surface Area, 1) 1537 1192.95  |t-Plot micropore volume, cm*/g  [0.0005 [0.0476 |average pore 576.18 [67.31
& diameter (4V/A), A
Langmuir Surface \I?cflljlrﬁed Z‘;rrl;)(t)lr(:; ggg;l;l:r?\llg 000 BJH Desorption
3.1584 260.09 P 10.0355 0.1071 |average pore 310.89 |60.31

Area, m¥g A and 3000.000 A diameter,
cm?/g

BJH Desorption cumulative
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Plots of the pore area versus particle size are presented in Fig. 1. From this figure it is evident that most of
the pore area resulted from pore diameters between 2 and 70 nm. This indicates that small particulates are
more porous than bigger ones. The pore volumes versus pore diameter are presented in Fig. 2. This tells us
that specific volumes decrease on increasing pore diameter in middle region.
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Particle size and pore size
We have used SEM (Hitachi SU8010) for identifying the size of particulates and pore sizes on them. The

typical SEM raw images of soot and ash from combustion were shown on Fig. 3, 4. The probability
distribution function (PDF) in Feret’s diameter of soot particulates is shown in Fig. 5. The distribution of
diameter for soot is given in Fig. 6. Comparing these graphs, one can conclude that soot particulates are
bigger than that of ash. The probability density of size for either ash or soot particulates is governed by
Frechet distribution function. The diameter of ash particulates in our ash samples doesn’t exceed 5.0 pm.
This says that most of ash particulates range in 0.25-1.3 pum in diameter. The maximum of the distribution

corresponds to 0.45 nm for ash and 3.5 um for soot. The diameter of soot particulate can reach to 35 um.
i3 i gt

s

St . g
Fig 3. Raw SEM image of ash particulates Fig 4. size distribution of soot particulates
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Pore size distributions of ash and soot were shown on Fig. 7, 8. The PDF of pore diameter in soot is
governed by Weibull distribution, whereas that in ash is given by Frechet distribution. The pore diameter in
ash particulate ranges in several nanometers, but it is in order of 0.5 um for soot. This result implies that soot
is more porous than ash.
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Fig. 7 PDF for diameter of pores in ash particulate ~ Fig.8 size distribution of pores in soot particulates

These results are fairly similar to that of BET analysis. The determined most probable value of pore
diameter for ash particulate converges to 10nm and this tells us most of pore volume in ash is done by small
sized particulates. For soot particulates, the most probable value of pore diameter on them exists in range
0.50pm.

Unusual components in soot and ash

One can encounters particulates of unusual shapes in ash samples. The residuals in ash are in various
form of shape as regular or correct geometrical form and irregular or like fractals. We show the images of
residual ash on Fig 9 and EDX spectrum as representation. Some types of residuals are really porous (Fig. 9).
The average pore size on is measured as 10um. The pores on this residual are the result evaporation and
combustion of organic materials and incombustible constituents build up the skeleton.
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Soot contains some amount of spherical particulates. The raw image and the size distribution for this type
of particulates are shown on Fig. 10. The result of EDX analysis (Fig.10c) confirms that it contains inorganic
compounds. The particulates of this component tend to have almost spherical form (Fig.10a). The size of
spherical shaped particulates is in range of 0.12-14um. The size distribution of spherical residual particulates
is shown on Fig. 10b This component may be related to fly ash formed due to combustion in high
temperature discharge region.
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Fig. 10. a) Spherical particulates in ash, b) PDF for size of spherical ash particulates, ¢) EDX spectrum of
spherical particulates.

Shape analysis of particulates

The shape of particulates in samples is different each other. We considered the circularity and the
roundness of particulates as shape descriptors and determined them for soot and ash particulates. The
circularity is determined by area and perimeter of a particulate as the ratio 4mx area/perimeter, whereas the
roundness is defined as 4x area/[major axis]>. The probability density for shape descriptors of samples are
shown on Fig. 11, 12.
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Fig. 11 Probability density of shape descriptors for Fig. 12 Probability density of shape descriptors
ash particulates for soot particulates

From the distributions, the roundness of particulates in soot is more uniform, but this descriptor is poor for
ash particulates. As for circularity, soot particulates are more circular than ash. Also the ash particulates
obtain mainly sharp end form, but soot has more rounded and the sharpness is poor. This result enables us to
identify and distinguish particulates. As well, this result confirms that soot particulates are grown from
primary particle. At the end we notice that there are weak negative correlation between circularity and
diameter of particulates and the value of correlation coefficient is equal to -0.658 for soot and -0.347 for ash
particulate.
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Abstract

Our previous study showed that deposition on cathode obtained by underwater DC arc-discharge process
consists of three mean structural elements of a carbon product, particularly, micro particulates of gigantic
size, long narrow linear parts and almost spherical tiny parts. This study also determined that their number
fraction in unit volume is 5% for the gigantic parts, 36% for the linear parts and 59% for the tiny
particulates, respectively [1]. In this study, we aimed to estimate the weight fraction of crystalline phases in
the carbon product by using the XRD method and CARBON XS program based on Shi model which takes
into account disorder and stacking faults in a graphite structure. The agreement factor indicates that quality
of refining the XRD pattern was achieved sufficient small value. As the study, it was observed that the total
probability of 2H and 3R stacking decreases from 77.69% to 48.98% whereas the probability of random shift
stacking faults increases from 22.31% to 51.02% in the structure of the carbon product as compared to these
parameters belongs to graphite structure. In the XRD pattern, the character of linear and tiny parts in the
deposition is shown up by the effect of strain in sequenced carbon layers, and the gigantic parts exhibit the
characteristic peaks of graphite structure.

Keywords: weight fraction of crystalline phases, underwater DC arc-discharge, cathode deposition, carbon
product, hexagonal 2H stacking, rhombohedral 3R stacking, random shift stacking faults, graphite, graphitic
carbon, Shi model, coherent length.

Introduction

The crystal structure of graphite consists of series of layers of carbon atoms, which form the 2D hexagonal
network of graphene layers. These layers are stacked either in the ABAB sequence for the hexagonal 2H
structure or in the ABCABC sequence for the rhombohedral 3R structure. Normally, highly ordered structure
of graphite has the hexagonal 2H stacking of carbon layers, but even high quality graphite still contains a
non-negligible fraction of the rhombohedral 3R phase. X-ray diffraction is a standard method for
investigating the microscopic structure of graphitic carbon materials. However, conventional Rietveld
refinement cannot reveal the reliable structural information due to a combination of several effects such as
penetration dept of X-ray, fluctuation of interlayer spacing, in-plane lattice constant, random shifts stacking
faults between adjacent carbon layers resulting in anisotropy broadening and asymmetric profile of Bragg’s
peak. The broadened peaks with low intensity belongs to planes e.g. (100/101) and (112) reveals the
characteristic of random shift stacking faults resulting in strain in structure of graphitic carbon [2]. For this
reason, H. Shi et al., (1993) introduced a structural model that incorporates the disordered and stacking faults
of the adjacent carbon layers in order to solve the mentioned effects above. This article addressed to estimate
the weight fraction of crystalline phases in the structure of carbon product obtained in [1] by means of the
XRD method and CARBON XS program based on the Shi model.

The disordered graphite model and CARBON XS
As mentioned in [2], Shi considered a two-layer model to describe the structure of graphitic carbon. In this
model, an ideal and rigid AB stacking sequence forms a primary building block of the structure as illustrated
by Fig-1. Then the blocks are stacked as follows:

1. A random shift between adjacent blocks with probability Pgs for accounting the stacking

faults with a random translational component in basal plane (turbostratic stacking)
2. A registered shift between adjacent blocks with probability Psgfor describing the

ABCABC stacking faults with a fixed translational component (thombohedral 3R stacking)
3. No shift at all between adjacent blocks with probability Pz = 1 — P3g — Pgs for giving

ABAB ordered stacking (hexagonal 2H stacking)
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Fig. 1. Schematic drawing of three stacking sequences of hexagonal carbon planes of characteristic graphite
structure. The dotted squares is illustrated the two-layer units assumed by the model of Shi et al.(1993). The
parameter G is defined as 6 = dygz — {dpaz) and can take positive or negative values. 8, is related to the

probability of random shift stacking faults Pgs [2].

For Prs =0, Psg = 0, Pz = 1, this model produces the ABAB stacking sequence for the hexagonal 2H
structure, whereas when Pgg = 0, Py = 0, P3gg = 1, the ABCABC stacking sequence for the rhombehedral

3R structure is obtained. As already mentioned, the stacking faults result in strain in graphite structure and
thus fluctuations of the interlayer spacing lead to broadening of all (001) peaks. The model assumes a
Gaussian distribution of the lattice parameter along the c-axis around the average interlayer spacing {dggz)

with fluctuation of & = dpgz — (dggz), characterized by the standard deviation of @ = /{(&)?.
1 B2
Pl§)=——=e (— ,.) 1
V2no P\ 207 )

According to [3, 4], the probability of random shift stacking faults Pgg is directly related to &, the

fluctuations of the in-plane lattice constant @, through the Gaussian distribution:

i) o

This expression appears slightly different from the one in [4] because here the di15 is substituted by {a)/2.
Note that because of the presence of the fluctuations in the in-plan lattice constant @, it was used {a@} to make
it consistent with {dggz} in [2]. Besides the average lattice constants {dgpz} along c-axis and (@} in the in-
plane, the model introduces two different characteristic lengths. One of these is L. along the c-axis and
second one is L in the in-plane. The characteristic length quantifies the crystallite volume which X-ray are

diffracted coherently. This assumption is explained by the anisotropy of the graphite structure and thus offers
additional flexibility as compared to the Rietveld method which provides only one average crystallite size.
From L. and {dgga), it can deduce the average number of layers stacking in the coherent regions,

M = L_/{dggz). This structural model introduced above had been incorporated in a refinement program

CARBON XS by Shi and co-workers. In addition to the parameters of the model, CARBON XS also
includes corrections for the X-ray polarization, the Lorentz factor, sample preferred orientation and an
isotropic temperature (Debye-Waller) factor. The influence of the penetration depth of X-ray on botch the
peak position and shape is corrected by the effect found for standard sample powder.

Sample preparation and experiment
For XRD analysis, we ground the cathode deposition obtained in [1] into fine powder using agate pestle, and
then the powder sample was mounted on a glass holder with dimension of 1&mm x 2Zmm. The XRD pattern

of the sample was measured in the range of 15° — 110° with scanning speed of 0.25 deg,/min using X-ray
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tube with Cu anode operating in 30mA and 40kV. The graphite rod was directly ground into fine powder
with agate pestle, and then it was measured in the similar condition of the XRD analysis.

Result and discussion

The XRD patterns of each sample were refined with CARBON XS program according to 2 layer stacking
model of Shi. The XRD patterns were shown in Fig-2(a-d). During the refinement, the agreement factor
indicates the quality of refining the XRD pattern was achieved sufficient small value. It is illustrated by
difference given in Fig-2a, which has been decreased significantly in the range of 30° — 1107,
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Fig. 2. a) The XRD pattern of the graphite rod refined by CARBON XS, b-d) the compared profile of
characteristic peaks of graphite rod and carbon product is illustrated in inset graphics of Fig. 2(b-d), e) the
internal structure of the deposition material on the cathode (the tiny particulates are in brown rectangles,
linear parts are along the red lines, and the gigantic parts are in green ellipses [1])

The change of peak broadening and shape shown by Fig-2(b-d) indicates that the graphite and carbon
product has a difference for their microscopic structure. Table 1 shows the agreement factor, structural
parameters and stacking model considered in the study. The previous study introduced that the internal
structure of the deposition on the cathode is composed of three main parts, particularly (i) almost spherical
tiny particulates in the linear size of 50-100nm, (ii) long narrow linear parts, the length of which reaches
several hundred nanometers and the width measuring less than a dozen nanometers, (iii) gigantic parts, the
size of which ranges from several hundred nanometers to micrometers, as shown in Fig-2e [1]. This study
also determined that their number fraction in unit volume is 5% for the gigantic parts, 36% for the linear
parts and 59% for the tiny particulates, respectively [1]. In the XRD pattern, the character of linear and tiny
parts in the deposition is shown up by the effect of strain in sequenced carbon layers, and the gigantic parts
exhibit the characteristic peaks of graphite structure. Otherwise, The peak belongs to planes e.g. (100), (101)
and (112) given in Fig-2(b-d) is revealed the characteristic of random shift stacking faults of carbon layers
resulting in strain in structure of graphitic carbon, and the peak broadening belongs to planes e.g. (002) as
well as (004) is arisen by only coherent length and strain in the hexagonal stacking of carbon layers.

In this study, it was observed that the total probability of 2H and 3R stacking decreases from 77.69% to
48.98% whereas the probability of random shift stacking faults increases from 22.31% to 51.02% in the
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structure of the carbon product as compared to these parameters belongs to graphite structure. During the
refinement of the XRD pattern, we have taken into account the in-plane lattice constant as the value of
perfect crystalline graphite, 2.461A because the average in-plane constant cannot fluctuate too much due to
strong covalent in-plane bonding [2].

Table 1. structural parameters and stacking model considered in the study

Experimental samples
Structural parameters f;ge graphite Carbon product
Stacking model ( 1 layer or 2 layer ) 2 layer 2 layer
a [A], (in plane lattice constant ) 2.4615 2.4615
d002) [A], ( interlayer spacing ) 3.3733 3.4044
L(a) [A], ( coherence length along basal plane ) 232.4560 107.9540
M ( total number of layers ) 91.5957 33.2124
(82)1/2/2 [A], (width of M distribution ) 2 2
DAB (in plane strain ) 0 0
del (inter plane strain ) 0.0244 0.0244
Ill;lr((;(ti):lb)ility of random stacking per layer, Prs/2 ( for both 09231 0.5102
fnr(())(li):;b)ility of 3R stacking per layer, Psr/2 ( for 2 layer 0.0482 0.0052
B [Az], ( Debye Waller's temperature factor ) 1.3708 1.3708
PO ( preferred orientation factor ) 0.3780 0.5357
L(¢) [A], ( coherence length along ¢ axis ) 309.0 113.1
Probability of 2H stacking, ( Pou=1- P3r/2- Prs/2 ) 0.7287 0.4846
1% ( Agreement factor) 10.2840 11.2970

The average interlayer spacing along c-axis was slightly smaller than extreme value belongs to the spacing in
a fully disordered structure, 3.440A. The coherent lengths L, and L., which both were decreased as

compared to the lengths of pure graphite (see table-1). From these results, the study was observed the natural
phenomena that the average interlayer spacing along c-axis and random shift stacking faults increases when
it decreases the coherent lengths as introduced in [2].

Conclusion

In this article, we estimated weight fraction of crystalline phases in the carbon product from its XRD pattern
by using CARBON XS program according to Shi model. As the study, it was observed that the total
probability of 2H and 3R stacking decreases from 77.69% to 48.98% whereas the probability of random shift
stacking faults increases from 22.31% to 51.02% in the structure of the carbon product as compared to these
parameters belongs to graphite structure. From the result of experiment, we can conclude that the character
of linear and tiny parts in the deposition is shown up by the effect of strain in sequenced carbon layers, and
the gigantic parts exhibit the characteristic peaks of graphite structure.
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SOIL RADIOACTIVITY OF BAGANUUR CITY IN MONGOLIA
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Abstract: The radioactive element content was measured in soil samples, which were collected from some
points near river Kherlen close to Baganuur city in Mongolia, using HP-Ge gamma-spectrometer and
ArcGIS10.0 program. In this area it is planning to build Campus of Universities and Research Reactor.
Therefore, this area is an interesting point of Baganuur city in Mongolia. Results of measurements of natural
and man-made radioactive nuclides in soil samples were presented.

Key words: gamma spectrometer, soil, specific radioactivity

1. Introduction

Baganuur city is located as an exclave of 620 km? at the border between the radioactive element
content where it was measured in soil samples that were collected from some points near river Kherlen close
to Baganuur city in Mongolia, using HP-Ge gamma-spectrometer and ArcGIS10.0 program. In this area it is
planning to build Campus of Universities and Research Reactor. This area is very interesting point of
Baganuur city in Mongolia where the results of measurements of natural and man-made radioactive nuclides
in soil samples were presented. Baganuur district was 28419 from 1960 where it began coal exploration in
this area. Later Soviet Union built the largest open pit coal mine in Mongolia. Baganuur city is one of the
largest industrial production locations in Mongolia, and would rank among the country's ten largest cities.
There are efforts under way to separate its administration from the capital to make it an independent city.

We have collected soil samples from 64 points of Baganuur city in Mongolia and determined specific
radioactivity of radionucldes ’’Ra, *Th, K in the samples and radioactive element content and
distribution of them.

2. Methodology

In order to evaluate the inventory of the environmental radiation levels in the Baganuur city, samples of
soils were appropriately collected and analyzed in the laboratory by gamma spectrometry. Surface soil of the
vicinity of the Baganuur city was sampled from 15 x 15 cm square area and 5 cm in depth. Soil sample was
put into the Marinelli-beaker with capacity of 700 mL and measured for 3600 s at gamma spectrometry of
Nuclear Research Center, National University of Mongolia. The samples were measured for 3600 s in a high
resolution gamma-spectrometry system, incorporating an HPGe detector of 20 % relative efficiency and a
computerized multichannel analyzer of 4096 channels.

Gamma measurements were performed with a typical high-resolution gamma spectrometer based on a
shielded High-Purity Germanium (HPGe) detector, coaxial type, with 52cm’ effective volume and energy
resolution of 2.0 keV FWHM for the 1332 keV gamma ray line of Co®. The detector was coupled to the
Multi Channel Analyzer system (MCA) and PC board card S-100 Canberra analyzer. The spectrometer was
calibrated using 1000mL, 700mL Marinell liquid calibration source of Am?**, Cd'”, Co”', Ce'*, Cs"7,
Y® and Co® traceable to international standards and emitting y-rays in the energy range of 59-1836 keV.
Specific activity of Ra?®,7#*2,Kk* and Cs'’’ was calculated based on the most intensity gamma energy
of 609.3 keV ( Bi*'*), 581.3 keV (TI**), 1460 keV and 661.7 keV, respectively. The following formula has
been used to determine the specific activity of radioactive isotope within soil by using the total absorption
peak [2]:

_ N(ED)
k-gy-(E)-k,-m-

(1)
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Where: A4 — specific radioactivity (Bg/kg); N(E;) — area under of total absorption peak ) -rays with the energy

Ei; k —geometry factor of the detector; &, (El) - detector efficiency; k}, - gamma ray emission factor; m —

sample mass (kg); ¢ — measuring time (sec);

External gamma radiation levels around the petroleum exploration field were measured using gamma
survey meters (AT-6130, ATOMTEX Russian Company) and showed results of measurement in tablel.
Absorbed gamma dose rate in the air at 1 m above the ground surface for the uniform distribution of
radionuclides (Ra-226, Th-232 and K-40) were calculated by following formula by using the following
equation[2]:

P,

abs

=0,4274,, +0,662A,, +0.0434, (2)

Where: A, , Ay, Ay — Ra-226, Th-232, K-40 - the specific activity (Bq/kg);
P, - absorbed dose rate (nGy/h)

The effective equivalent dose from gamma-ray of radioactive isotopes was obtained by the equation [1]:
D(uSv) = 0.2xP[ nGy jx0.7 (ﬂj x8760(hourj 3)

our Gy year

3. Measurement results
To determine radiation monitoring in the area, planning to construct Campus of Universities and coal mining
factory in Baganuur, we have collected 64 soil samples, in distance 500 meter from each other. Natural
radioactive elements’ distribution was presented in figure 1.

Fig.1. Distribution of absorbed dose rate in air fro soil radioactive elements (nGy/h)
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Fig.3. Distribution of ***Th isotope speczﬁ adiacvity in soil samples (Bq/kg)

In some points of Baganuur city specific radioactivity of 22Ra in soil samples was 1.8 times higher than
world mean. Average value of specific radioactivity of ?°Ra in soil samples was 24 Bq/kg. Specific
radioactivity of *Th in soil samples of Baganuur city was in the range of world mean. Average value of
specific radioactivity of 2*?Th in soil samples was 23 Bq/kg[3-8].
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Specific radioactivity of “°K in soil samples of Baganuur city was 2.02-3.8 higher than world mean. Average
value of specific radioactivity of *°K in soil samples was 1100 Bg/kg. It depends on soil structure. [3-8].

Conclusion

1. Distribution of radioactive elements content depends on their specific radioactivity.

2. In some points of Baganuur city specific radioactivity of **Ra in soil samples was 1.8 times higher
than world mean. Specific radioactivity of 2**Th in soil samples of Baganuur city was in the range of
world mean.

3. Specific radioactivity of “°K in soil samples of Baganuur city was 2.02-3.8 higher than world mean. It
depends on soil structure.

4. Absorbed dose rate in Baganuur city was 1.3-2.2 times higher than world mean.
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Band structures of two-dimensional magnonic crystals with asymmetric complex
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Two-dimensional magnonic crystals (MCs) with asymmetric complex lattices was proposed in
this paper, and this MCs is composed of two different rod atoms in the unit cell. The symmetry of
the arrangement was broken due to changes in the position of the second atom, so the irreducible
Brillouin zone (BZ) for this MCs with square lattice is no longer the small region (rxm ) and it must
be extended to a larger region.

Figure 1(a) shows the unit cell for the MCs composed of Fe rods of different sizes arranged
squarely in EuO substrate, where the Pn (n =1,2,3,4,5) indicates the position of the second rod.
Figure 1(b) shows the first BZ for the square lattice, where red lines indicate the four triangles
studied. The band structures are numerically calculated using the plane-wave method, and the
results show that the band structure is almost the same in the four triangles only at the position of
P1, and is different in the four triangles at other positions of P2, P3, P4, andP5. This is because it
will be introduce the spatial anisotropy into the unit cell of MCs by changing the position of the
second atom, and the irreducible BZ will be alter. So it is necessary to calculate the band structure
throughout the larger region. Only by investigating a larger region can we get the true band
structure of this kind of MCs. Moreover, by comparing the band structures of the five positions of
P1, P2, P3,P4 andP5, we can find that the higher the asymmetry, the more the band gap will be
opened by filling the second Fe rod.

Y
(b)

Fig. 1. (a) Unit cell for MCs of the square lattice with two rod in it, (b) The first BZ for the square lattice
shown in Fig. 1(a), where red lines indicate the four triangles studied.
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Structure and Magnetic Anisotropy of Fe.P-based Fe-P-SiTernaryCompounds
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In this paper, the Fe,(P1-xSix) compound was prepared by mechanical alloying. The hand-ground
powder were mixed with epoxy and oriented in field for comparison. The X-ray diffractometer and
vibrating sample magnetometer were employed. The structure of the sample and the magnetism of the
sample were measured and analyzed. The experimental results show that the sample crystalizes in Fe,P-
type hexagonal structure with space group of P-62m, as shown in Fig. 1. Temperature dependence of
magnetization measurement shows that the sample behaviors the first order phase transition process of
ferromagnetic paramagnetic (FM - PM). M-B curves show magnetocrystalline anisotropy (see Fig. 2),
which is potentially interesting for permanent magnets.
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Fig. 1 Room temperature XRD pattern of Fig. 2 Magnetization as a function of the magnetic
Fel.95P0.85Si0.15 oriented powder (bottom) and field for oriented Fel.95P0.85Si0.15 sample

free powder (top). measured along or perpendicular to the orientation
field at 300 K. (The c axis is the easy magnetization
direction)
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In this paper, the MnFePGa compound was prepared by arc-melting. The vacuum melting
furnace, X-ray diffractometer and vibrating sample magnetometer were employed. The structure of the
sample and the magnetism of the sample were measured and analyzed. The XRD pattern shows that the

sample crystalizes as a BCC-type structure at room temperature. Magnetic measurement shows that the
Curie temperature of the Mn1.4Feo.6P03Gao.7 is around 325 K, as shown in Fig. 1.
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Fig.1 Temperature dependence of magnetization curves of Mni.4Feo.sPo.3Gao.7 compound.

References
[1] O. Tegus, E. Briick, K.H.J Buschow, F.R. de Boer, Nature, 415, 150 (2002).

[2] S. Ma, B. Wurentuya, X. Wu, Y. Jiang, O. Tegus, P. Guan and B. Narsu, RSC Adv,7,27454(2017).

158



Effects of Annealing Temperature on Structure
and Magnetostrictive Properties of Fe-Ga-Pr Alloy
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Previous investigations proved that the structure of Fe-Ga alloys is very sensitive to heat
treatments. For studying the effects of temperature on the property of Pr-doped Fe-Ga alloy, we
have isothermally annealed the ternary alloys. The as-cast Fes3Gai7Pro4 alloy was prepared by non-
consumable vacuum arc melting furnace under a protective argon atmosphere, and further annealed

FessGai7Pro4 alloy for 5 h at 450°C, 550°C and 750°C, respectively. The crystal structures and

surface morphologies of the alloys were intensively studied by X-ray diffraction (XRD), optical
microscope (OM) and scanning electron microscopy (SEM) combined with energy dispersive
spectroscopy (EDS), respectively. The magnetostriction coefficients of the alloys were measured by
means of the resistance strain method. The results showed that the as-cast FessGai7Pro4 alloy
consist of the A2 phase and a small amount of PrGa; secondary phase. As the temperature increasing,
the second phase in the annealed sample gradually disappears compared with the as-cast alloy. The
isothermal annealing did not improve the magnetostrictive properties of the Fe-Ga-Pr alloy. The
magnetostriction coefficient of the annealed state FessGai7Pro.4 alloys decreased sharply with the
increase of temperature. The minimum magnetostriction coefficient is reduced to almost zero ppm
at 750°C.
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Fig. 1 XRD patterns (a), magnetostrictive coefficient (b) , respectively
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Abstract

The design and technological conditions for the manufacture of photoconductive antennas based on low-
temperature gallium arsenide (LT-GaAs) have been developed. The optimized photoconductive THz antenna
is made based on LT-GaAs with the flag geometry of the contacts and with the interdigitated structure
including metal closing through the dielectric of each second period. LT-GaAs samples were obtained by
molecular beam epitaxy at temperatures of 210TC, 230 T, 240C on Gads substrates (100). Dark and
photocurrent were measured depending on the bias voltage of the LT-GaAs heterostructure at the EP6 probe
station.

Keywords: plasmonic nanostructures self-ordering, THz radiation, molecular beam epitaxy,
heterostructure, photoconductive antenna, low-temperature grown of gallium arsenide, interdigitated

topology.

1. Introduction

The electromagnetic spectrum of THz radiation with wavelengths of approximately 0.1 to several
millimeters is widely used: new devices are being intensively developed to ensure the safety of life, medical
diagnosis, non-destructive technological and operational control due to the advantages of harmless action on
biological objects and a sufficiently high penetration capacity [1-3].

The peculiarities of the photoconductive antenna (PCA) design are small dimensions between the
electrodes-5 um, which leads to the faster screening of the applied electric field using photo-excited carriers
and the provision of a wider THz radiation bandwidth. Besides, this distance between the electrodes allows
the use of lower voltages, providing the necessary electrical field strength. This voltage reduction provides a
higher useful signal-to-noise ratio. The basic principle of PCA operation is the optical pumping method. To
develop a high-performance PCA, it is necessary to design a structure capable of efficiently matching the
phases of the external laser and the surface, which can maximize the efficiency of the conversion of light into
THz radiation. The study aims to minimize laser reflection by forming a plasmon structure on the PCA
surface and minimizing metal electrode losses by forming a diffraction lens on the counter-type antenna
structure.

To solve the problem of efficiency of conversion of the optical signal into terahertz radiation, a new
design based on lush contact electrodes is presented. By reducing the length of the transport path of
photocarriers to the contact electrodes of the device [4-9]. Due to the inclusion of plasmon contact electrodes
in the photoconducting radiators of the large area, most photocarriers are generated near the contact
electrodes. Therefore, most photocarriers move to the contact electrodes within the subpicosecond time
scale. Slightly more contact electrodes adapt to photocurrent propagation velocities significantly exceeding
those of semiconductor substrates, a much stronger time-varying dipole moment is induced in response to
falling optical pumping, and thus a significantly higher efficiency of conversion of the optical signal into a
terahertz one is achieved than that of conventional large-area emitters.

LT-GaAs is one of the most favorable THz semiconductors as it demonstrates ultrafast electron trapping
times (twap< 1 ps) and has a direct optical band gap of 1.42 eV which is suitable for use with common Ti:
Sapphire fs lasers. Moreover, LT-GaAs have high dark resistivity, high carrier mobility, and high thermal
and electrical break-down which are the key parameters for increasing the THz output power and bandwidth
of photoconductive materials. During the last decades, other fast photoconductive semiconductors like
InGaAs, AlGaAs, SI-GaAs, SiC, diamond, and graphene were introduced as an alternative to LT-GaAs, but
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the drawbacks such as high carrier lifetimes, low dark resistivity and carrier mobility, energy bandgap, price,
and fabrication process have not yet let them be a good substitute for photosensitive material in PCA
fabrication industry [10].

2. Photoconductive Antenna

The photoconductive antenna is an optoelectronic key (Auston key) [11] and consists of constructively of
a semiconductor substrate with conductive tracks with shaped protrusions applied on it.

The low-temperature LT-GaAs, which is grown by molecular-beam epitaxy on a low-temperature
substrate and contains arsenic clusters, was chosen as the functional layer of the PCA.

After the structures had grown on all the samples formed the PCA by contact photolithography of

Ni/AuGe/Ni/Au ohmic contacts with a gap width of 200 um with a flange contact geometry by vacuum
evaporation.
LT-GaAs used as a heterostructure, the functional advantages of which are due to the presence of a high
concentration of structural imperfections in the form of deep centers arising during growth and annealing due
to excess arsenic. These clusters create defect levels within the forbidden band Eg and lead to fast
nonradiative relaxation of electron-hole pairs in the time interval <1 ps. In figure 1, the LT-GaAs band
scheme with the image of the physical processes occurring as a result of photoexcitation presented. As a
result of photoexcitation with a 1.55-eV femtosecond laser, free electron-hole pairs created in the gap
between the metal bands of the LT-GaAs-based PFA based on LT-GaAs, with a bandgap of 1.43 eV, which
rapidly move first inside the zones, and then nonradiative relaxation through local levels of arsenic (figure
1). Such a rapid motion of electrons and holes ensures the flow of electric current between the antenna
contacts during the laser pulse and creates a time-varying dipole moment that generates an electric field THz
of the frequency region. It's known that the relaxation time of photoexcited electron-hole pairs decreases
with the depth of local electron energy levels, owing to a reduction in the probability of the interaction of the
conduction electron with phonons. Since the depth of As centers in LT-GaAs depends on the annealing
temperature (figure 1), it is, therefore, possible to vary their depth and, correspondingly, the relaxation time
of photoexcited charge carriers.
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Figure 1. Schematic representation of electronic hole transitions in LT-GaAs, excited by IR-femtosecond
laser, creation of free charge carriers, their relaxation, a position of deep defect As levels as a function of
temperature (T1> T2) in the band scheme.

3. Device Design and Fabrication
Layers of LT-GaAs for PCA grown on GaAs (100) substrates at the Riber 21 T molecular beam epitaxy
(MBE) facility at the NRNU MEPhI. The main stages of the manufacture of PCA crystals. LT-GaAs films
grown by MBE on GaAs (100) substrates [7] at a growth temperature of T, = 230°C and the ratio of arsenic
(As4) and gallium (Ga) fluxes y = Pas/Pga = 19, are shown in figure 2. Samples were annealed in a high-
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vacuum chamber at an annealing temperature (Tann) of 670 C to 720 C. The annealing time is 6 minutes in a
vacuum of 107 Torr without stabilization by an arsenic stream, while a GaAs substrate tightly closes the
front side of the structure.

From Table 1 it follows that a higher annealing temperature leads to a higher output power of the
terahertz response. This is because annealing leads to the formation of As metal clusters in a GaAs matrix
with characteristics sizes from one to tens of nanometers and improves their quality.

SioNq Anti-reflective coating,100 Hm
Ni/AuGe/Ni/Au (PECVD passivation method)
LT-GaAs \
Ohmic contacts, 900 Hm
Substrate GaAs (100)

Ty =230T, y=19 (Pas/Pga)

Figure 2. The main stages of the manufacture of PCA crystals. LT-GaAs films grown by MBE on
GaAs (100) substrates [7] at a growth temperature of Ty = 230°C and the ratio of arsenic (Ass) and gallium
(Ga) fluxes y = Pas/Pga = 19.

Previously, we set the optimal annealing temperature of LT-GaAs - 670-680C, duration - 6 minutes to
obtain an antenna with high power and a narrow band of THz radiation with flagged contact geometry [12].
Applying interdigitated contacts with gaps of less than 5 microns on the material LT-GaAs grown under the
conditions revealed by us will increase the power of the antenna and its sensitivity as a detector, due to the
high intensity of the electric field between the gaps, the manifestation of plasmon effects due to the
peculiarities of the design with nanometer dimensions. A new feature of the proposed design of the antenna
with the opposite pin contacts with closing the metal of each second period - 200 nm gap between two
electrodes of silicon nitride (SisN4), created by electron-beam epitaxy. This design will increase photocurrent
at low bias voltages. This is due to a sharp increase in the electric field near the contact of the metal with the
semiconductor in the formed plasmonic lattice, and therefore, a greater number of photo-excited carriers of
current reach the antenna contacts and will contribute to the generation of THz radiation.

We have established the optimal LT-GaAs annealing temperature - 670-680°C, duration - 6 minutes to
obtain an antenna with high power and a narrow THz radiation band [13]. Our experiments with the antenna
in the detector circuit with a flag contact geometry with a large, 200 um gap showed a weak output signal.
Drawing counter pins with gaps of less than 5 microns on the LT-GaAs material grown under the conditions
we have identified will allow the antenna to increase its power and sensitivity as a detector. Due to the high
electric field strength between the gaps, the manifestation of plasmon effects due to the design features with
nanometer dimensions. This new feature of the proposed antenna design with counter-pin contacts with
metal closing every second period is a gap of silicon nitride (Si3N4) created by the method of electron-beam
epitaxy of 200 nm between two electrodes. This design will increase the photocurrent at a low bias voltage.
This is due to a sharp increase in the electric field near the contact of the metal with the semiconductor in the
plasmon lattice, due to which a larger number of photoexcited current carriers reach the antenna contacts and
will contribute to the generation of THz radiation.

The PCA patterned on a GaAs (100) substrate is defined with thickness and metal layers of
Ni/Ge/Au/Ni/Au (6/15/30/30/700 nm) by spin-coating bilayer photoresist, photolithography, metal thermal
evaporation, and metal lift-off processes, passivation of SizN4, annealing of the structure at a temperature of
6707C, 720 C as illustrated in figure 3(1)—(5).
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Figure 3. The fabrication process for the LT-GaAs PCA device. (1) Spin coating photoresist and
Photolithography. (2) Thermal evaporation and (3) lift-off process. (4) Passivation of Si3N4. (5) Annealing of
the structure at a temperature of 670 C, 720 C.

All nanoantenna arrays are connected and shadow metal stripes are used to prevent the generation of
photocurrents flowing in the opposite direction between the adjacent nanoantenna arrays that would reduce
the total current through the device, see figure 4.

800 fu, 15 e

201 cnoi Au l l a)

LT-GaAs

GaAs

Figure 4. a) Schematic diagram of the interdigitated structure with the second layer of metal of
photoconductive antenna based on antenna arrays. b) A microscopic top view image of interdigitated
structure with metal closing through the dielectric of each second period PCA.

The antennas are deposited on low-temperature-grown GaAs. Shadow metals are used to ensure that all
the generated photocurrent components have the same polarity.

Features of this design are the small size between the electrodes-5 pm, which leads to faster shielding of
the applied electric field using photo-excited carriers and providing a wider THz radiation bandwidth. Also,
this distance between the electrodes allows the use of lower voltages to provide the necessary electrical field
strength. This voltage reduction gives a higher ratio of useful signal to noise. The basic principle of PCA
operation is the optical pumping method. To develop a high-performance PCA, it is necessary to design a
structure capable of efficiently matching the phases of the external laser and the surface, which can
maximize the efficiency of light conversion to THz radiation. The study aims to minimize laser reflection by
forming a plasmon structure on the PCA surface and minimizing metal electrode losses by forming a
diffraction lens on the counter-type antenna structure.

4. Experimental results
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Measurements of dark current depending on the displacement voltage of heterostructure LT-GaAs with
flag type geometry at room temperature (figure 5) were performed. The bias voltage is multipolar and varied
from -50 V to 50 V. Measurement of the dark current as a function of the displacement voltage of the LT-
GaAs heterostructure was carried out at the EP6 probe Cascade Microtech.

I, nA

80 100 120 140
uv

Figure 5. Dependence of dark current on bias voltage of LT-GaAs heterostructure at room temperature for
two antennas: 8U and Zomega. Red lines indicate their approximation and extrapolation to 140 V.

From figure 4 and the data of Table 1, it follows that the dark current of the heterostructures varies
depending on the annealing temperature. Also, there is an asymmetry of the dependence of the dark current
on the zero value of the bias voltage for all antennas except 11U. For PCA 8U, at the maximum THz power
of 5 uW, a positive bias voltage of 50 V, and an annealing temperature of 670 C, the lowest value of the dark
current is 24 nA, which is approximately three times smaller than that of Zomega at the same voltage and
polarity values. From the data given, it can conclude that high power observed at a low value of the dark
current. As follows from the literature data and our experiments with similar PCAs of leading foreign
companies, electro-optical breakdown of the semiconductor structure occurs at low voltages, less than 100 V.
Therefore, one of the ways to increase power is to increase the threshold bias voltage. A low value of the
dark current for the antenna 81 makes it possible to use a higher bias voltage (140V) than the ZOMEGA
(90V), thereby increasing the maximum power generated by the antenna 8U.

In figure 5 c) shows the dependence of the dark current on the positive bias voltage for two antennas: 8U
and Zomega. We carried out an approximation of the dependence of the current on the voltage on the power
function for Zomega and 8U:

1,,, =64,51-63,84-0,92"

1,,, =108,88-108,94-0,99"

, where I in [nA], U in [V]. Extrapolation with the given dependencies from the voltage of 50V to 140V
shows that at a voltage of 90V, the dark current in Zomega (63 nA) exceeds approximately 1.5 times the
current of the antenna 8U (38nA). This difference in dark currents led to the breakdown of the Zomega
antenna at 90V and the operation of the 8U antenna at 140V with the generation of THz radiation of higher
power compared to Zomega.

Measurements of dark current depending on the displacement voltage of heterostructure LT-GaAs with
interdigitated contacts and interdigitated contacts with the closing of every second period by metal at room
temperature were perform in figure 6.
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Figure 6. Dependence of dark current on the bias voltage of heterostructure LT-GaAs at room temperature
with interdigitated contacts (a) and interdigitated contacts with closing of every second period by metal (b).

The results of the PCA dark current measurement are summarized in Table 1 with its other
characteristics: THz response power, dark current, growth and annealing temperature for comparative
analysis. The THz response power was determined for antennas with flagged contact geometry. THz
response power measurements for interdigitated structure and interdigitated structure with metal closing
through the dielectric of each second period were not performed.

Table 1
Ne sample Te— Tamn - t—time of | I —dark I—photocur- | P— THz
growth,C | annealing,’C | annealing, | current, nA rent, nA (bias | response
min (bias voltage] | voltage] 50 V' | power, pW
50V /-50V) | /-50V)

8G 230 600 6 32/-63 980/-720 0,65

8U 230 670 6 24/-55 870/-910 5

8E 230 700 6 62/-160 1800/-1300 4,2

8D 230 720 6 60/-150 1800/-1400 1,4

11G 260 600 6 96/-200 690/-2700 0,65

11U 260 670 6 300/-300 1200/-1730 0,05

430-1,3.4 210 665 6 36,4/-103,2 1,2/-1,1 pA no
measurements
were taken.
)

430-1, 1.1 210 665 6 68,7/-6,4 pA | 38,7/-21,6 -

(interdigitated HA

structure)

430-1,1.4 210 665 6 4,4/-6,5 37,7/-38,6 -

(interdigitated (from-1,5V | (from-1,5V

structure+metal to 1,5V) to 1,5V)

mask)

430-2,3.4 210 680 6 29,3/-74,6 9,9/-9,2 pA -

431-1,3.4 240 665 6 48,3/-81,6 1,3/-0,9 pA -

431-1, 1.1 240 665 6 73,4/-3,4 pA | 67,7/-13 pA

(interdigitated (from 45V (from 45V

structure) to45V) to45V)

431-2,3.4 240 680 6 48,1/-136,3 L,1/-1,1 pA -
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431-2, 1.1 240 680 22,4/-172,4 112,8/-179,1 | -
(interdigitated pA pA

structure)

431-2, 1.1%* 240 680 25,2/-60,1 pA | 125,6/-74,1 -
(interdigitated pA

structure)

431-3,3.4 240 690 116,1/-151,9 | 1,9/-1,6 pA -
358-1,3.4 230 665 42,7/-64,3 1,4/-1 pA -
358-1, 1.1 230 665 0,2/-0,4 pA 8,3/-3,9 nA -
(interdigitated (from 45V (from 45V
structure) to45V) to45V)
358-2,3.4 230 680 16,10/-61,7 0,9/-0,6 pA -
358-2,3.1 230 680 24,9/208,3 0,15/6,7 pA | -
(interdigitated (from-1,5V | (from-1,5V
structure+metal to 1,5V) to 1,5V)

mask)

Zomega - - 70/-53 -5,6/6,5 nA 3,2

Table 1 shows that a higher annealing temperature results in a higher terahertz response output power
(for PCA with flag geometry of contacts 8G - 11U, 358-1, 3.4 — 431-3, 3.4). This is due to the fact that
annealing leads to the formation of metallic As clusters in the GaAs matrix with the characteristic sizes from
units to tens of nanometers and improves their quality, i.e. there are clear boundaries of the crystal, which
give the material the necessary properties for the effective generation of the material (high specific resistance
to 108 Ohm*cm and extremely short, less than 1 ps, lifetime of the charge carriers).

Dark current measurements as a function of the bias voltage of the LT-GaAs heterostructure with
interchangeable contacts and interdependent contacts with the closure of each second period by a metal at
room temperature are shown in Fig. 6 and the data in Table 1. Antennas with counter contacts and a metal
mask (430 - 1, 1.4, 358-2, 3.1) have a low dark current. It can be assumed that these antennas, by analogy
with antenna 8U can lead to high THz response power values. This stronger photocurrent from interdigitated
PCA can be attributed to the tighter light confinement near the plasmonic nanoantenna arrays and the higher
carrier drift velocity offered by the low-defect semiconductor used in the nanocavity-based source.

5. Simulation

Plasmonic photoconductive antennas have great promise [14-15]. In the present work THz antennas with
relatively large distances between electrodes - 200 nm are created. Nanoscale metal or semiconductor
protrusions can be introduced to exhibit plasmon effects between the electrodes. To reveal the influence of
the projection’s parameters on the electric field distribution in the irradiated area of the antenna, as well as
for increasing responsivity and detection sensitivity, THz emission power was performed the simulation of
the photoconductive antenna with the plasmon contacts. A full-wave finite element method solver has been
used to investigate the electrical and optical behavior by combining Maxwell's wave equation with the drift-
diffusion/Poisson equations. In the simulation, the terahertz PCA consists of a GaAs substrate on which two
Au electrodes are deposited with a separation of 10um. The nanopatterns are Au squares having a diagonal
of 500 nm and a period of 600 nm with a height of 40 nm. These nanopatterns are incorporated in the THz
antenna on the GaAs region between the two electrodes. An ultrashort (5 femtoseconds) pulsed laser of
800nm and approximately 50 mW average power is focused on the region between the Au electrodes. A DC
bias of 40V is also applied at the electrodes. A 2D simulation, as well as a 3D simulation, was done to
optimize the resonance conditions for strong excitations plasmon PCA. In both the simulations, the complete
structure consists of three domains viz. air, Au nanopatterns and GaAs substrate. Two module nodes were
used; the first module to launch the light plane wave with propagation constant as that of air and second
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module to absorb the transmitted plane wave with propagation constant as that of the GaAs substrate.
Floquet periodic boundary conditions were used to limit the simulation to a single periodic element. The
local wave vector and the direction of the incident electric field vector are used as input parameters to the
modules and the Floquet periodic conditions.

For the 3D simulation, sweep meshing for the air and substrate domains and free tetrahedral with
extremely fine element size was used. For the 2D simulation, all the domains have meshed with free
triangular mesh with extremely fine element size. MUMPS (Multifrontal Massively Parallel Sparse direct
Solver) direct solver with increased “out-of-core” memory was used to solve both the simulations since
iterative solvers would fail to converge to a solution. This may be because of a large number of degrees of
freedom.

A parametric sweep of the frequency, as well as the height of the nano-patterns, was done. The frequency
parameter sweep emulates the band of frequencies pulsed laser used experimentally. The height sweep of the
nanopatterns gives a fair idea of the optimized height at which the excitation of plasmon PCA is strongest.

The value of the magnitudes of Eyi:s near the rods is the maximum, of approximately 2*106 V/m, and it
drastically decreases with the increase of the distance from the rods of electrodes along the y-axis. Most of
the carriers are generated in the vicinity of the rods, especially near the corners, which is consistent with the
results of [16]. This leads to the following sequence of events for the rectangular rods: More carriers reach
the electrodes in their lifetime, the more current density is generated, and the THz radiation power of the
plasmonic PCA increases.

6. Conclusion

As a result, various photoconductive antennas based on LT-GaAs were tested. The average power and
spectrum of generated THz radiation were measured for PCA with flag geometry of contacts. The MEPhI
PCA produced by the NRNU MEPhI has high characteristics. When pumping the PCA with a femtosecond
laser with an average power of 200 mW, at a voltage of 160 V the photocurrent was obtained with an
amplitude of 14 mA and average power of THz radiation of 5 pW. The low dark current value (24 nA) for
the 81 PCA allows the use of a higher bias voltage (140 V) compared to the ZOMEGA (90 V), thereby
increasing the maximum possible power generated by the 81 antenna.

A photoconductive antenna based on a low-temperature gallium arsenide with an interdigitated structure
with metal closing through a dielectric every second period has been developed and manufactured.

Dependencies of dark current on displacement voltage of heterostructure LT-GaAs at room temperature
of flag type and with counterpole contacts with the closing of every second period by metal are determined.
It is shown that antennas made at high annealing temperature from 670°C to 720°C have low dark current
value.

The computational results confirmed the geometrical features required of the nano-patterns for
improvement efficiency THz emission. PCA plasmon leads to the local enhancement in the electrical field
which increases the generation photocarriers and thereby increasing the THz emission power.
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Chladni Method of Division of Ultradispersible Powders
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Abstract. It is known that nanodispersible powders are the condensed medium which at the same
time have properties of liquid and solid bodies. And properties of such environment strongly depend
on particle size. In this work the acoustic method of division of ultradispersible powders on the
fluctuating plate is considered. The experimental datas by efficiency of division of nanoparticles of
dioxide of silicon are obtained. On the basis of a method of successive approximations of the
equations of Navier-Stokes for a vorticity the equations and boundary conditions for the fluctuating
plates taking into account amplitude to the second order are received. By means of the
Mathematica system analytical decisions are received and plots of vectors fields of speeds for a
plate of the infinite length are constructed.

Keywords: nanoparticles, distribution by the sizes, fractionating, separation, Navier-Stokes equations,
method of successive approximations, vibrating plate, fields of speeds

Introduction

The majority of methods of production of nanopowders give a product with very wide
distribution by the sizes that does relevant division of powders according to particle sizes. In view
of very small mesh size and mass of particles of nanopowders the known methods of division either
are applicable restrictedly, or are not applicable absolutely.

In 1787 the German physicist of Chladni showed that at fluctuation of a plate a bow of a particle
of sand self-organizing symmetric structures form. It was also noticed that more shallow particles of
sand accumulate on a crest of fluctuations of a plate. The physical reasons of particle size
distributions are bound to streams of air or other environment which is over a plate. Recently there
was interest in these streams within creation of minifans in the form of the vibrating plates of the
infinite and finite lengths for microelectronic devices, so, models of gas streams are received in
work [1]. In work [2] the idea of Chladni is applied in nanomechanics to division of nanoparticles
according to the sizes by acoustic waves of different frequencies, however for very high frequencies
and small sizes of a plate that is almost inapplicable.

In this work the possibility of division of nanoparticles on a plate of rather big size and with low
frequencies is shown, and on the basis of a method of successive approximations of [3] equations of
Navier-Stokes for a vorticity the equations and boundary conditions for fluctuating plates taking
into account amplitude to the second order are received. By means of the Mathematica system
analytical decisions are received and the streams of vectors fields of speeds for a plate of the infinite
length proving particle sorting by an acoustic method are constructed.

The experimental part

As in our case practical division of nanopowders according to particle sizes matters, as the
fluctuating plane the beam (kantilever) length of which much more than its width is used. Since one
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end the kantilever is excited by transverse vibrations with his resonant frequency 1,035 kHz. On a
surface of a kantilever nanopowder of dioxide of silicon which was redistributed to nodal lines and
in the form of clouds in crests (Fig. 1) is sprayed.

Fig.1 The fluctuating kantilever with silicon dioxide nanopowder on the surface

In the Fig. 2 distributions by the sizes of the powder which is selected from nodal lines and from
crests, the light scattering received by method are represented. The experiment series of
distributions by the sizes was carried out. The average size of powder was of nodal lines 610 Mk (so
big size is caused by agglomeration of particles), in crests - 32 mk. Division of powder according to
the sizes is obvious.

It is expedient to make calculation of vector fields of gas streams over a surface of this kantilever
in view of the fact that division of powder according to particle size on it is confirmed
experimentally.
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Fig.2 Distribution by the nanopowder sizes from the nodal line (a) and from a crest (b)
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Numerical modelling of gas streams over a plate

We will consider a plate vibrating in the longitudinal direction under the law w(x, t) with an
amplitude 4 <« and harmonic frequency o.

In a two-dimensional flow of viscous incompressible fluid the vector of vorticity has only one
nonzero component:

where flow function y (X, y) is defined as follows:

v=% y_ v
oy ox

Further from Navier-Stokes's equations it is received the equation for a vorticity:

G YA (1)
ot ox oy

where v — kinematic viscosity.

Using a method of successive approximations [3] we decompose flow function:

l/l(‘x’yﬁt) :l//l(‘x’y’t)+l//2(x’yﬁt)+l//3('x’y’l)+"' 5 (2)
where y, =0(4"), i=1,2,..

Substituting Eq.2 in Eq.1 and equating members of an identical order on amplitude to the 2nd order
we receive:

VZ
Ny, =Wy,

ot - 3)
F(xayat)+7% = Vv4l//29

oy, V’y, oy, Vy,

where F(x, y,t) =
= T T &

From sticking conditions on a plate we receive nonlinear boundary conditions at y = w (X, t) (a
vibrating plate):

u=Y _o p-_¥_ow @)
oy ox Ot

Considering smallness of amplitude we decompose Eq.4 in a row Taylor in case of y=0 (a fixed
plate):
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2 2 A3

W et = 22 (,0,0)+ w L (3,0,0) + 22 LY (,0,0)+ O(4")
oy oy oy 2! oy

2 2 3
W oty =Y (x.0.0) + wlY (x,o,t)+K8—‘”2(x,o,t)+0(A4)
ox ox oxoy 2! oxoy

Substituting further in Eq.4 and equating identical members on amplitude we receive:

M (,0,0=0, Y(x,0,=-2,
oy ox ot
5)

2 2
86‘;2 (3,0,) = —w(x,1) aay"? (x,0,1), aaz 2 (x,0,0) = —w(x,1) Zx'g’yl (,0,0).

From conditions of attenuation of fluctuations of fluid on infinity it is in addition received, as
their gradients tend to zero at y —> o0, x — 100 :

v (00,) = 20 (x,00,0) =y (00, 1) = 222 (00, 1) =0,
Oox Oox
o oy (6)
W, (200, y,1) = —L (£o0, y, 1) =, (0, y,t) = —2(£o0, y,1) =0.
ox Ox

From the recurrent system of boundary value problems (Eq.3, Eq.5, Eq.6) received above were
calculated analytically in the Mathematica system by method of variables separation of flow
function Eq.2 stationary currents to the second order of expansion on amplitude.

Vector fields of flow functions of the 1st and 2nd order of expansion on amplitude respectively
are given in Fig. 3-4.
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Fig. 3. Vector field of flow function y,(x,y)
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Fig. 4. Vector field of flow function y, (x, y)

In calculations the following data were used:

w(x,t) = Acos(%x]em, j=+-1,

v=1.45x10"m"* /s, L =6.5cm, A=0.08cm, o =120 rad / s.

Summary

It is experimentally shown that division of nanoparticles according to the sizes into surfaces of
the fluctuating plate is possible, and with a frequency about 1 kHz.

Numerical modelling taking into account decomposition on amplitude to the second order shows
(Fig. 4) that streams over the fluctuating plate have vortex structure with the period equal L/2. The
next whirlwinds rotate in mutually opposite directions with the centers near a plate. Outflow comes
from a plate in the neighborhood of nodal points, and dribble to a plate in the neighborhood of
crests of a standing wave where particles of shallow fraction in the form of round clouds (Fig. 1-2)
accumulate.
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CTpykTrypa u cBoiicTBa KOMIO3UTHBIX NOKPLITHI TiN-Cu, CHHTE3MPOBAHHBIX B
BaKyyMe MeTO/I0M 3JIEKTPOYTOBOI0 MCIIAPEHNsI U MATHETPOHHOI'0 PACTbLICHUSA
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AHHOTanUA

B oannoti pabome uccnedosanvt cmpykmypa u ceoticmea nokpoimuti TiN u TiN—Cu nonyuernwlx
no 2UOPUOHOU MEXHONO2UU BAKYYMHO-0Y208020 UCHAPEHUsT MUMAHOB0U MUWEHU U UOHHO-
NIA3MEHHO20 PACHbIIEHUSI MEOHOU MUULEeHU. DKCnepuMeHmysl NpoeedeHbl 8 HNIA3MOXUMUYUECKOM
peaxmope HOB80U KOHCMPYKYUU C O3MOICHOCIIBIO UHHCEKYUU NAPO8 Meou 6 obaacms cunmesa TiN
uepes pazo0enumenbHyio Ouappazmy ¢ uUsMeHaeMbiM 003UPVIOUUM OTNEEPCINUEM.

KiroueBble cjioBa: 0y2o060u ucnapumenv, NIAHAPHLIL MASHEMPOH, CIOU, CMPYKMypa,

nokpwvimusi, Hanokomnozum, TiN.

STRUCTURE AND PROPERTIES OF COMPOSITE TIN-CU COATINGS,
SYNTHESIZED BY METHOD OF ELECTRIC ARC EVAPORATION AND
MAGNETRON SPUTTERING IN A VACUUM

D.B-D. Tsyrenov, A.P. Semenov, N.N Smirnyagina, I.A. Semenova'

I _ Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia,
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Abstract

In this paper, we studied the structure and properties of TiN and TiN—Cu coatings obtained by a
hybrid technology of vacuum arc evaporating of a titanium target and ion-plasma sputtering of a
copper target. To conduct the experiments a plasma-chemical reactor of new-design with the
possibility of injecting copper vapor into the region of TiN synthesis through a separating
diaphragm with a variable metering aperture was used.

Keywords: arc evaporator, planar magnetron, layers, structure, coatings, nanocomposite, TiN.

H_[I/IPOKOG pacopoCTpaHCHUC I OCAXKACHHUA HUTPHUAHBIX M3HOCOCTOMKHX

HOKpBITI/Iﬁ IMOJIYUYHJIM PCAKTUBHOC MAIHCTPOHHOC PACIBIIICHUEC W BAKYYMHO-AYI'OBOC
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OCaXKJICHUE MO3BOJSIONIME TMOAy4aTh TOHKUE (3-7 MKM) MOKPBITUS ISl 3alIUTHI
paboueli MOBEpXHOCTH MATEPHATIOB OT W3HOCAa. B maHHON paboTe mpeiokeH HOBBIN
noaxon [1] co3gaHusi KOMIIO3UTHBIX 3aIMTHBIX MOKPHITUH Ha ocHoBe TiN mytem
MH)XEKIIMU TapoB Meau B 00iacTh cuHTe3a TiN Ha OCHOBE COMNPSIKEHHS IBYX
ra3opaspsAHbBIX MPOIECCOB, AYTOBOro vcnapeHus Ti U MarHeTpOHHOTO PacHbUICHUS
Cu, B KOHCTPYKIIMM YCTaHOBKH [2]. BBINOJHEHO uCCIEOOBaHUE IO HU3YUYEHUIO
COCTaBa, CTPYKTYPhl U MPOUYHOCTHBIX XapPAKTEPUCTUK, MOJTYUYEHHBIX MPU Pa3IUYHBIX
pexumax HaHecenus cioeB TiN u kommosuta TiN-Cu ¢ yuyeToM KOHCTPYKTUBHBIX
oco0eHHOoCTel ycTaHOBKU. OnTUMalibHO No00paHHbIi cocTaB mokpbITUs (TiN-at.%
Cu) NO3BOJIUT YBETUYUTh CTOMKOCTH TBEPJOCIUIABHOIO PEXKYIIET0 MHCTPYMEHTA B
HECKOJIBKO Pas.

Jlns  mpoBeneHHMs Tpoliecca CUHTe3a (OCaXACHUs) HAHOKPUCTAUIMYECKUX
KOMMO3UTHBIX MOKpbITHI TiN-Cu uHcronb3oBajicss MOAECPHU3UPOBAHHBIN T1a3MO-
XMMHUYECKUNA PEAKTOP, Ha OCHOBE CTaHJAPTHOM BaKyyMHON CEpUMHON YCTAaHOBKHU

BY-1b. O0Oumii Buj mia3Mo-XxuMHUYECKOTO peakTopa MoKa3aH Ha pUCYHKeE 1.

Puc. 1. O6muiit BUJ yCTaHOBKH

[TokpeiTust TIN-Cu ocakianu B mapax MeIu B peKMMe MCIapeHUs TUTaHa B aproH
W a30TCOJEpXKAIlEeH IUIa3Me, IUCCOLMAlMM MOJICKYIIpHOro azora Nr«—2N u
xuMudeckor peakmuu Ti m N. B kauecTBe MOMJIOKEK HCIIOJIB30BAIUCh 0Opa3Iibl,
BBINIOJIHEHHBIE U3 TUIaBieHoro keapua (Si03), pazmepom 15x15 mMm. u TonmuuHOM 2
MM. PentrenodazoBeiii ananu3 (P®A) Bemonnen Ha audpaxtomerpe Phaser 2D

Bruker (Cuy, - u3nyuenue). MUKpOCTPYKTYpPY CJIOEB UCCIEN0BAIU Ha MHKPOCKOIE
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METAM PB-22. MukpoTBepaocTb CHOPMUPOBAHHBIX CIIOEB OMNpPEEISIA  Ha
Mukporsepaomepe [IMT-3.

B Ta6J'II/IIle 1 YKa3aHblI TCXHOJOI'MYCCKUC mapaMcCTpPhbI Imponcecca,

HCIIOJIB30BAaBIIUCCS ITPHU TPOBCACHUN SKCIICPUMCHTOB.

Tabmua 1.

Texnonornueckue mapameTpsl GOPMHUPOBAHUS KOMITO3UTHOTO MOKpbITHA TiN-Cu
(TmoIOKKa — IJIABJICHBIN KBAPIT)

Paccrosiaue
Paccrosinue Tok Tok
Karoxn JaBnenue B Bpewms
No KaTox JIyTOBOTO paspsina
WCTIapuTes- Kamepe, HambLJICHUS,
o0p. | MarmerpoHa- paspsna, | MarHeTpoHa
MOJI0KKa, Topp MUH
MOJIJIOKKA, MM A , A
MM
a 190 230 80 0,9 2x1073 10
b 190 230 80 0,9 4x1073 10
c 190 230 80 1,1 8x1073 10

B xome mpoBeneHHsI SKCTIEPUMEHTOB MEHSICS COCTaB PEaKIMOHHOTO ra3za (aproH,
cCMech a30Tt+aproH), JaBIIEHHE B Kamepe, BpeMs HaHeceHud. B Xxome panee
IPOBEACHHBIX UCCIIEOBAHUN ObUIM ONpEAesieHbl ONTUMAaJIbHbIE 3HAYEHUS TOKA TyTU
YW TOKa paspsiia MarHeTpOHAa W WX 3HAYEHHS HE MEHsUIMCh [3]. YBenuueHue Toka
paspsijia MarHeTpoHa M JaBJICHHS a30Ta, COIVIACHO PEHTreHO(a30BOMY aHaIU3Y,
NO3BOJIMJIO HaOMoAaTh pediaekchl OTpak€HUH Meau, WHTEHCUBHOCTH KOTOPBIX
cocTaBisieT okoio 1-2% (tabn. 1 (c). Mcxoast u3 KOHCTPYKTHBHBIX OCOOEHHOCTEU
OTpeseNieHbl ONTHUMAJIbHbIE PACCTOSHUS KaToJl MCMApUTENs - MOMAJIOKKA M KaTon
MarHeTpoHa — MOJUIOKKa (Tabs. 1) KOTOpble MO3BOJISIOT JOOUTHCS PaBHOMEPHOTO
pacripeielieHus: OCaXJACHHBIX cioeB 1o mnomioxkke [4]. Tommmuua cinoe TiN u
kommo3uTta TiN-Cu coctaBuia oT 2-3 MKM. 0 5-7 MKM. B 3aBUCUMOCTH OT BPEMEHU
OCaXKJICHHUS.

Crpoenne moBepxHocTH TOKphITHM TiIN u TiN-Cu u cpenHue 3HaYeHUS
MUKpPOTBEPJIOCTU TpeacTaBiieHbl B Tabnuie 2. [lokpeiTHe B ciayyae ¢ oOpa3uom c
(pexxum ¢ Tabm. 1) uMeeT AOCTATOYHO OJIHOPOJHYIO CTPYKTYpY, C HEOOJBIIUMHU
BKJIIOYEHHSIMH KanenbHO# (a3bl. B ciiyuae ¢ o6pasnamu, a u b (pexxumsbl a u b tabm.

1), nHabmonaercsi 6ojee HEOJHOPOAHAS CTPYKTypa C BKIIIOUEHUSMH Karellb TUTaHa
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pasmepoM a0 12 MKM B NONEpPEYHOM ceuyeHuu. HM3mMepeHue MUKpPOTBEPAOCTH
MOKa3ajo JOCTAaTOYHO PAaBHOMEPHOE PACIIPENETICHHE €€ MO MOBEPXHOCTH 00pPa3IioB.
3HaueHUsT MUKPOTBEPJIOCTH MOKPHITHI 00pa3oB ObUIA pa3HBIMHU U COCTaBUIIM OT 22

o 27 I'Tla.

Tabmuna 2.
No HK, ®otorpadpuu nosepxHoctu cioeB TiN u TiN-Cu
~ | MIla Ha TuiaBieHoM kBapiie (Si02)
a 22300
b [23665
c |27259

Panee npoBeneHHbIC UcCaeIOBaHUS [2] MTO3BONIIIA TOOUTHCS OONBIIETO COACPIKAHMUS
MeAM B TOKPBITUM U YMEHBIIEHHs pa3MmepoB kpucramumroB TiN go 100 HM.
JloOuTbCs CXOXKMX 3HaYeHUM B JaHHOM pabore He yaanochb. Ckopee BCero, 31O
CBSI3aHO C HEBO3MOKHOCTBIO Ha IAHHOM 3Tale MCCIEA0BaHUN TOUHO KOHTPOJIUPOBAThH
KOJIMYECTBEHHOE COJIEpP)KaHHWE HAIyCKaeMOro aproHa M a3oTa sl JIOCTH)KECHUs

OINTHUMAJIbHOM mponopuun cMECH Ta30B. Hpe;[nonaraeM, qT0 3HaA4YCHUA
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MUKPOTBEPIOCTH JyIsi oOpasia ¢ (Tadi. 2) Bo3pocau Oarogapst TOMY, 4YTO B YCIOBHSIX
sKcIiepuMeHTa, B mporecce peakimu 11 1 N B mapax Cu, Cu BBITECHSETCS Ha
rpanuily Mexay 3epHamu TiN. Menp OJOKUpYeT POCT CTOJIOYATOM CTPYKTYpHI
kpuctauuToB TiN, COCOOCTBYS HAHOCTPYKTYPUPOBAHUIO KOMIIO3UTHBIX MOKPBITHHA
TiN-Cu.

PaGota BeimonHena B pamkax ['ocynapctsennoro 3aganuss ®AHO Poccuu (mpoekt
Ne 0336-2016-0005).
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VK 691.32
TEPMOAUHAMHNYECKOE MOAEJIMPOBAHUME I'MIPATAIIUA
INOPTJIAHAUEMEHTA B IPUCYTCTBHUM YIVIEPOJHbBIX
HAHOMOIUPUKATOPOB

© H.H. Cmupusiruna’, B.O. Ipipenos!, JI.A. Ypxanosa'?, C.A. JIxacapanos’
' MuctutyT dusugeckoro matepuanosenenus CO PAH, 670047, Poccus,
r. Ynan-Ym, yin. CaxpsHOBOH, 6. e-mail: bulatzsk@gmail.com, smirnyagina09@mail.ru
2 - Bocrouno-Cubupckuii rocy1apCTBEHHBI YHUBEPCUTET TEXHOJIOTUH U yripaBieHus, 670013,
Poccus r.Yinan-VY 3, yn. Kintouesckas, 1. 40B, crpoenue 1

AHHOTaNUA

B cmamve paccmampusaromes pe3ynvmamol MOOEIUPOBAHUA 2UOPAMAYUYU NOPMAAHOYEMEHMA 8
NpUCYmcmeuu yenepooHo20 HaHomoougukamopa. B kauecmee yenepoonoco nanomoougpuxamopa
UCNONL3YEMCsl YeNlepOOHblll KOHOEHCAm NONYYEHHbIU NIA3MOXUMUYECKUM MemOoOOM, KOMOpblll
cooepoicum gynnepensvt Ceso, C79 u yenepoousvie HaHompyoKu. YenepooHuvlil KoHOeHcam noay4eH npu
ammocgeprom dasieHuu npu dPO3uU I1eKMpo008 8 BblICOKOUACMOMHOU Nidame 0y208020 pa3psaod.
B 3asucumocmu om napamempos cunmesa nonyuen yeniepoOoHvlil HAHOMOOUDUKAMOP PA3TUYHO2O0
cocmaea Onsi MOOUpuUKaAyuy NOPMIAAHOYEMEHMA ¢ Yeablo VAVYUleHUs @QOUI3UKO-MeXAHUYeCKUX
c80UCME  NONYYeHHo20 — Komnozuma. Hcnonvzoeanue — yenepooHoco — HaHomoguxkamopa 6
MUHUMATbHBIX Konuwecmsax oOobaeku (1072 — 107 macc %) noszeonsem yayuwams ceoticmea
YEeMEHMHO20 KAMHSL nymemM 6IUsHUsL HA KUHEeMUKy euopamayuu u hazosvill cocmas KOHEUHO2O0
KOMNO3Uma.

Kntouesvle cnosa: Hanomexuonocuu,  ¢ynnepenvi,  yenepoouvili  HAHOMOOUpUKAMOop,
NnoOpmMAaHOYeMeHm

THERMODYNAMIC CALCULATIONS OF PORTLAND CEMENT
HYDRATION MODIFIED BY CARBON NANOMODIFIERS

N.N. Smirnyagina', B. O. Tsyrenov!, L.A. Urkhanova'?, S. A. Lkhasaranov?,
!'_ Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia,
e-mail: bulatzsk@gmail.com, smirnyagina09@mail.ru
2 - East Siberia State University of Technology and Management, 40V Klyuchevskaya ul., Ulan-
Ude, Russia, 670013

Abstract

The article discusses results of modeling the hydration of Portland cement by carbon
nanomodifier. As a carbon nanomodifier, carbon condensate obtained by the plasmochemical
method, which contains fullerenes Cso, C70 and carbon nanotubes, is used. Carbon condensate is
obtained at atmospheric pressure with the evaporation of graphite rods in high-frequency arc
discharge plasma. A carbon nanomodifier of different composition is used to modify Portland
cement to improve the physical and mechanical properties of the resulting composite. The use of a
carbon nanomodifer in minimal amounts of the additive (107 - 107 wt %) improves the properties
of the cement stone by influencing hydration kinetics and phase composition of the final composite.

Keywords: nanotechnologies, fullerenes, carbon nanomodifiers, Portland cement

BBenenue
B Buay TOro, 4ro HEMEHTHBIA KOMIIO3UT NPHU TUAPATALUU, SIBISETCSA CIOKHOM,

MHOTOKOMIOHEHTHOM CI/ICTCMOﬁ, AL UCCICAOBAaHUA  HUCIIOJB3YETCA  MOJACTDb
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TEPMOJIMHAMHYECKOTO PaBHOBECHS. J[OCTOMHCTBOM TEPMOIMHAMHUYECKOTO METOJa
SIBJISICTCS] €70 YHUBEPCAIBHBINA XapaKTep, MO3BOJISIIONTUN UCCIEI0BATh MPOU3BOJILHEIC
0 XMMHUYECKOMY COCTaBYy CHCTEMbl Ha OCHOBaHMHU OJIHOM TOJIBKO CIPABOYHOU
uHDopMaIMt O  TEPMOXMMHYECKHX W  TEPMOJAMHAMUYECKUX  CBOMCTBax
WHIVNBUYaJbHBIX BEIIECTB — KOMIIOHEHTOB PAaBHOBECHs. YUHUTHIBAs, YTO BBEJICHUE
YIIAEPOJHBIX HAaHOMATEPHAIOB MPUBOAUT K 3HAUUTEILHOMY 3(DQPeKTy ymydiieHus
OCHOBHBIX CBOWCTB IIEMEHTa W O€TOHA TPEICTABISCT HWHTEPEC WCCIICIOBAHUC
BJIUSIHUS YTJIEPOJIHOTO HaHOMOJIU(UKAaTOpa Ha TUAPATALUIO MOPTIAHLIEMEHTA
METOJI0M TEPMOIMHAMHYECKOTO MOJICITUPOBAHMUS.

IKCIepPUMEHTAIbHAS YaCTh

TepMmogunaMmuyeckoe MOJCIMPOBAHUE THUIApaTAllMM TOPTIAHAIEMEHTa ObLIO
nposeaeHo B nporpaMmHoM komruiekce TEPPA..[3] TIporpamma TEPPA mo3Bonsier
BO BCEX CIlydyasX HaxoAuTh (Pa30BBIi COCTaB MHOTORJIEMEHTHBIX CHCTEM,
aBTOMATUYECKW  BBIMONHAA  mpaBuio (a3 ['ubbca, kak maia  Mojenu
OJTHOKOMITOHEHTHBIX ~ HECMemuBarommxcss  ¢da3, Tak W I MOJACIH
KOHJICHCUPOBAHHBIX PACTBOPOB (MICATBHBIX WM PEryJsipHbIX). McXomHbI cocTaB
CUCTEMBI: TOPTJIAHJLIEMEHT (MUHEpaldbHBIN coctaB, Tabmuma 1), Boma (H,0),
yraepoansii  HaHomoaudukatop (yraepoxn C, dymaepen Cgo, dymrepern Cr).
DOKCneprUMEHTAIbHBIE HCCIEAOBAaHUSl BIMSHUS YTJIEPOJHOTO HaHOMOJU(DHUKATOpa
(YHM), conepxaiero ¢ymiepensl Cq u Cr9, Ha MPOYHOCTHBIE XapaKTEPUCTUKU

OBLIN MTPOBEZICHBI B padore [4,5].

Tabnuna 1. ®a3oBblii cocTaB MOPTIIAHIIIEMEHTA

Munepan Conepxanmne, %
3Ca0-SiO; 65
2Ca0-SiO2 13
3Ca0-Al0O3 6

4Ca0-AL203-Fe203 13
MgO 1,06
SO3 2.57

Pe3yabTaThl U 00CyKIeHHE
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Jis  TepMOAMHAMUYECKOTO MOJCIMPOBAHUSA Ha TMEpPBOM JTamne TpedoBajIoCh
no6aButh B 0azy naHHeix nporpammel TEPPA TepMoanHamMuyeckue aHHBIC
¢bymnepenoB Cep u C79, U TPYIIIBI CUIMKATOB, yYACTBYIOIIUX B MPOIECCE 3aTBOPEHUS
[IEMEHTHOTO KaMHA. Pacmmpenue 0a3pl JaHHBIX W YTOYHEHHE, paHEe BHECEHHBIX
CBOWCTB NPOBEAECHO C MOMOIIBIO CIENHANbHON cepBUCHOW mporpammel INFO. B
pe3ynbTate 0030pa W TMOMCKAa JUTEPATYPHBIX JaHHBIX ObUIM J00aBlEeHB B 0azy
JaHHBIX TepMOJUHAMUYECKUE CBOMCTBa BemecTB: QymiepeHsl (Ceo,Cro), aMTIOMUHATHI
(CaAlQ4, CaAl4O¢), amomocunukatel (CaAl,Si,04), deppar (CaFe,Os), cunukaTs
(CaSi10s, CaySi04, Ca3Si1,07, CazSiOs u np.), amomuHat kKanbius (CazAlyOg),
MoHocyib(hoattoMuHat Kanblus (3Ca0-Al,03-CaS0O4-12H,0) u ap.

TepmoanHaMuueckoe MOJEIUpPOBaHKHE TMpoBeneHo B mnporpamme TEPPA ¢
OOHOBNIEHHOW 0a30i nmaHHBIX. TepMOAMHAMUYECKHE pacCyeThl IMO3BOJWIM TMpU
KOKIOM TeMmmeparype ONpENeIuTbh TEPMOAUHAMUYECKAE CBONCTBA CHUCTEMBI
(paBHOBecHYIO TermmoeMKkocTh Cp, sHTpormmio AS, monHywro sHranmenuio AH) u
MOJIbHBIE COCTaBbl (pa3. PacueTsl mpoBeAeHBI B TeMIIEpaTypHOM HHTEpBaje 298-898

K B ipu gaBnenun 0,1 MIla (Puc.1).
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Puc.1 M3MeHeHre SHTAIBIIUU B PEaKIIMOHHON cMecH IIeMeHT — 25 Macc% Bojbl — 0,01 macc% C

IIo pe3yiabTataM pacd€ToOB B CUCTCMEC «HOEMCHT - BOJA - HaHOMOI[I/I(I)I/IKaTOP»

W3MEHSETCS MOJIHASL DHTAJIBOUSA CUCTEMBI Ipu BBeAeHnn Y HM, B cocTtaB KOTOpPOTO

181



BxomaT ¢ymiepersl Cqo u Cro. Anamuz 3aBucumoctd AH(T) B ompeneneHHBIX
TeMIEpaTypHbIX HHTEpBajaxX BBISIBIII PE3KUE HM3MEHEHUS DJHTAIbIIUU, KOTOPHIE
MOXXHO OTHECTHM K (Pa30BbIM WJIM XHMHUYECKHUM pPABHOBECHBIM IPEBPALICHUSM,
CBS3aHHBIX C OOpa30BaHWEM HOBBIX WM TIPOMEXKYTOYHBIX COCIMHCHUNA B
NPUCYTCTBUM yriiepoaa/dyisepeHoB. M3MeHenne >HTanbnuu npu BBegeHun YHM
CBUJIETEIBCTBYET O OOJIEe TOJTHOM MPOTEKAHUM PEAKIIH.

CremneHnp THApATAIIMN [IEMEHTA MOYKET OBITh ONPECIICHA PA3IMIHBIMU CTIOCOOaMHU
nocpenctBoM usMmepenus: konudectBa Ca(OH), B TecTe; TEIUIOBBIJCICHUS TIPU
TUApaTaluy;  KOJMWYECTBA  HETMAPATHPOBAHHOTO  IIeMEHTa (C  MOMOIIbIO

PEHTTEHOCTPYKTYPHOTO aHAJIN3a), a TAaKK€ KOCBEHHOI'O MO MPOYHOCTHU IEMEHTHOTO

kaMHs.[ 1,2].
0.29
g 024 Qal.._. T
T o [ —
= = e
2E o1 Tl
0,09 """‘""----.-.._._____
0.0 0,02 0,03 0.04 0,03 0,06 0,06 0,07 0,08 0,09 0.10
Copepaanne YHM, sacli
m——— 3Ca0-A1203-CaS04-12H20 -C80.C70.C m— JCa0-ARO3-CaS04-12H20 -C
3CaC-A1203-CaS04-12H20 - C60.CT0 = 3Ca0-AIRO3-Cas04-12H20

Puc.2 Usmenenne Beixoaa daszer 3Ca0-Al,03-CaSO4-12H,0

beimtn  mpoBenmensl  pacyersl  Bbixoga (a3 moptiaanauta Ca(OH), wu
MoHocyibboattoMuHaTa  kKaiaelius  Buaa  3Ca0-Al03;-CaSO4-12H,O  [6] B
3aBucuMoOCcTH OT KoimdyectBa YHM (Puc.2,3). Ilpu yBenuuenun konuuectsa Y HM
BO3pACTaeT BBIXOJ MOPTIAHAMTA, HO YMEHBIIAETCS BBIXOJ MOHOCYJb(OaTOMHUHATA
Kanblusa. [lpu 3TOM ONTHUMaIbHOE KOJWYECTBO COOTBETCTBYET MHUHUMAJIbHOMY
KonudecTBy n00aBku YHM, uTo cornacyercsi ¢ SKCIepUMEHTALHBIMU TaHHBIMU TI0
uccienoBanuio BiausHug YHM Ha npouyHocTh nieMeHTHOro kKamusi [4,5]. Dddekr
nevictBus YHM wuMeeT OKCTpeMalbHBI XapakTep W B HauOONbIIECH Mepe

npossisgercs B konudectse 102-10mac.%.
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Puc.3 Usmenenne Beixoaa daser Ca(OH),

3akjouyeHue

IIpy BBemeHMHM YTIEPOJAHOTO HaHOMOJU(HKATOpa B IIEMEHTHYID MATPHUILY
MPOUCXOJIUT U3MEHEHUE (PA30BOr0 CTPYKTYphI, COCTaBa U (PU3MKO-MEXAHHUYECKUX
CBOMCTB IIEMEHTHOrO KaMHsS. TepMOAMHAMMYECKHE PACUYEThl C MCIOJIb30BAHUEM
MporpaMMHOT0 KoMIuiekca Teppa mokazanu, 4to npu BBeaeHun YHM npoucxoaut
M3MEHEHHE CBOWCTB CHUCTEMBbI U (PA30BOr0 COCTaBa THMAPATHBIX HOBOOOPA30BAHMIA.
KonnuecTBeHHOE M KaUECTBEHHOE M3MEHEHHE COCTaBa TMAPATHBIX HOBOOOPA30BaHMIA

MMpUBOAUT K NSMCHCHUTIO CBOMCTB KOHEUHOI'O KOMIIO3UTA.
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BJIUSAHUE PEXKUMOB MEXAHOTEPMUYECKOM OBPABOTKH HA
CTPYKTYPHO-®A30BOE COCTOAHHUE U MEXAHUYECKHE
CBOMCTBA TUTAHOBOI'O CILJTABA ITIEPEXOJHOI'O KJIACCA BT22.

© WU. II. Mumun, E. B. Haiinenknn, U. B. Patouka, O. H. JIbikoBa,

A.M.ManuiueBa
Wuctutyt ¢pusuku npounoctd u matepuanosenenus CO PAH,
634055, Poccust, r. ToMck, nip-T. AkageMuueckuii, 2/4.
e-maiin: mishinv1@yandex.ru

AHHOTANUA

B pabome nposedeno uccredosanue GUUAHUA PENHCUMO8 PAOUATLHO-COBUSOBOU NPOKAMKU U
nocnedyouje2o Cmapenus Ha Qopmuposanue CmpyKmypvl U MexaHudeckue coucmea mumano8o2o Cniasa
BT22. [loxazano, umo paouanbHO-cO8Uc06as NPOKAMKA HO360IA€m NOLYHUMb 8 VKA3AHHOM CHdge
yabmpamenkozepuucmyto cmpykmypy. Ilpu smom yciosus degpopmayuu cyujecmeeHHbIM 00pa3oM GIUsIOM
Ha opmuposanue cmpykmypro-pazoeozo cocmosinus. Ilocnedyrowee cmapenue no3eoasnem CyujecmeeHHo
NOBbICUMb MeXanudecKue ceolcmea mumanogozo cniaasa BT22 ¢ coxpanenuem y0081emeopumenbHol
NIACMUYHOCIU.

KiroueBble ciioBa: mumanogwlii cnias, pacudaibHO-CO8U208AsL NPOKAMKA, YAbMPAMENKO3EPHUCMAS
CMPYKMYpa, MexaHuueckue cGouUcmad, 00HOPOOHOCHb, OMiCUe, (PA308ble NPedpaueHusl.

INFLUENCE OF THE MECHANOTHERMIC TREATMENT MODES ON
THE STRUCTURAL-PHASE STATE AND MECHANICAL PROPERTIES
OF THE TITANIUM ALLOY OF THE TRANSITION CLASS VT22

I. P. Mishin, E. V. Naydenkin, I. V. Ratochka, O. N. Lykova, A. I Manisheva
Institute of Strength Physics and Materials Science of Siberian Branch Russian Academy of
Sciences, 2/4, pr. Akademicheskii, Tomsk, 634055 Russia
e-mail: mishinvl@yandex.ru

Abstract

The influence of the regimes of radial-shear rolling with subsequent aging on the formation of the
structure and mechanical properties of the near p titanium alloy VT22 was studied. It is shown that radial-
shear rolling allows obtaining an ultrafine structure in the titanium alloy. Wherein, the conditions of
deformation significantly influence on the formation of the structural-phase state. Subsequent aging allows
significantly improve the mechanical properties of titanium alloy VT22 while maintaining satisfactory
plasticity.

Keywords: fitanium alloy, radial shear rolling, ultrafine structure, mechanical properties, homogeneity,
annealing, phase transformations

Pa3BuTHE aBHaKOCMUYECKON 1 aBTOMOOUIIbHOM TEXHUKHU CBSI3aHO C pa3pabOTKON U
BHEJPEHUEM HOBBIX KOHCTPYKIMOHHBIX MaTE€pUAJIOB, OTBEYAIOLIUX COBPEMEHHBIM
TpeOoBaHusiM.  Takue ~ Marepuaibl  JTOJDKHBI  00JaAaTh  MOBBIILICHHBIMU
JKCIUIyaTallMOHHBIMHM, a TakKX€ TEXHOJOIMYECKUMMU CBOMCTBaMH. Becbma
IIEPCIIEKTUBHBIMU C 3TOM TOYKH 3PEHHUSI IPEACTABISIOTCSA TUTAHOBBIE CILJIABBI IICEBJIO
B 1 mepexogHOro Kjacca, KOTOpblE U ceddyac IMIMPOKO MCHOJIb3YHOTCS B YKa3aHHBIX

OoTpacisix MpoMbIIUIEHHOCTH [1-2]. @opmupoBaHuE YyJIbTPaAMEIKO3EPHUCTON
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CTPYKTYpPbl B 3THX CIUIaBaX MO3BOJIUT MOBBICUTh HMX YAEIbHYI0 IPOYHOCTh H
pacmypuTh 00JIaCTh MPUMEHEHHS B KAa4eCTBE KOHCTPYKIMOHHBIX MaTepUAIOB IS
aBHa- U MAIlIMHOCTPOEHHS.

B kauecTtBe mcxogHOro martepuana ObuT BbIOpaH MPOMBIIIJICHHBIA THUTAHOBBIN
ciaB BT22. B kawectBe wmeToma (QopMHpOBaHUS — YIBTPAMEIKO3EPHUCTOM
CTPYKTYpPbl  HCIIOJB30BaJM  PaJAHAIbHO-CABUIOBYIO IPOKATKY, IO3BOJISIOINIYIO
noJiydyaTs 00beMHBIE 00paslibl B BUIE KPYTJIbIX MPYTKOB [3-4]. [IpokaTKy mpoBOIMIH
B uHTepBasie Temriepatyp 850-650 °C. Ilepen mpokaTkoil HCXOAHYHO 3arOTOBKY
Harpesain B ey npu temneparype 850°C B teuenne 30 muH. Ilepen cnenyromen
IPOKATKOM Temrieparypy HarpeBa cHwxkainu Ha 50 °C. Taxke mpomnopuHOHaIbHO
IMaMeTpy NpyTKa YMEHbIIAIW BpeMsi HarpeBa. Ilocie mpokaTku Mpu TeMIiepaType
750 °C cneayromniyro IpoKaTKy MPOBOAWIM MPH PA3JIMYHBIX TemnepaTrypax: | pexum
— 750 °C; II pexum — 700 °C; III pexum — 650 °C. [Tocne kaxaoil MpOKATKU NPYTOK
3aKanuBaiM B Boay. OOmmit Kod(PQPUIUMEHT BBITSHKKH COCTaBWI 3,3, HMCTUHHAS
nedopmanus ~1,2.

B cocrosinum nocraBku crmaB BT22 npencrasnser coboit cmech a-has (58 %) u -
da3 (42 %) [3]. [IpoBeaeHHbIE UCCIAEAOBAHMS CTPYKTYPHI, MMOKA3aJIHd, YTO CPEIHUN
pa3Mep 3€peH HUCXOJHOTO IpYyTKa MPOMBIIUIEHHOTO TUTAaHOBOro cruiaBa BT22 B
nmornepevyHomM cedeHuu coctaBisieT 150 mxm. Buyrpu [-3epen HaOmogarotcs
TOHKOHWTOJILYATHIE BBIAEICHUS O TONMMHON 130 HM, MO TpaHUIaM 3€PEH YaCTULIBI O.-
(da3el mopsika 0,7 MM (puc. 1).

UccnenoBanus o0pas1oB noclie
paanabHO-CABUTOBOM MPOKATKH MOKa3ajH,
YTO MPOUCXOIUT U3MENIbUEHUE Cy03epeHHON
cTpykTypbl.  IlpokaTka  mpuBOOUT K
KOoarymsinuu ©  pactBopenuto a(o')—¢a3

(puc.2). ITlo nmaHHBIM NPOCBEUYUBAIOIICH

AJIEKTPOHHOM MHMKPOCKONUHU B criaBe BT22

Pucynok 1. Ctpykrypa cruiaBa hopmupyercs 3EpHHO-CyO3epeHHast

BT22 B cOCTOSTHMH TTOCTAaBKH. CTPYKTypa co CPEHIM pasMepom
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anemeHToB 0,7 MkMm [3]. IIpu mpokatke mo pexumy | pasnuuuil B CTpyKType IO

CEUYCHHIO TIPYTKA HE HAOII0aeTCsl.

Pucynok 2. Ctpykrypa criaBa BT22 nocne nonepe4Ho-BUHTOBON MPOKaTKH (a, 6 — pexum I; B, T —
pexum III). a, B — ienTpanbpHas o0JgacTh IpyTKa, 0, T — KpaeBas 00J1acTh MpPyTKa.

da30BbIi cOCTaB B 00enX 00JIACTAX MPAKTHYECKH OTWHAKOBBIN: a-daza ~10 %; -
daza ~90 %. Ilpm nmpokatke mo pexkumam Il u Il mosBIsIETCSs HEOAHOPOAHOCTH
CTPYKTYPHO-()a30BOTO COCTOSIHHUSI 1O AWAMETPY TNPYTKA, YBEITUYMBAIOMIAACS C
YMEHBIIICHUEM TeMIEepaTypbl IPOKaTKH (puc.2 B, T).

[To BUAUMOMY, CHIDKEHHME TEMIEPATypbl IPOKATKA TMPUBOJUT K TOMY, UTO
nedopManus JIOKaIu3yeTcsl B TOBEPXHOCTHBIX CJIOSX TOJIIMHONW 3-5 MM, B
pe3ynbTaTe 4Yero MpPOMCXOAUT pa3orpeB 3THX obnacted. UeM HuUke Temmeparypa
MPOKATKH, TeM OoJbllle CKa3bIBaeTcsl pa3orpeB. B pesynbrare B 3THX 00JacCTIX
pacTBOpeHHe W Koaryysiiusa o-¢das3sl mpoTekaeT 0ojiee MHTEHCHBHO (puc. 2 T).
Copepxanne o-¢hasbl Ipu MpokaTtke no pexkumy Il B eHTpasibHO# 06nactu mpyTKa
cocrasisieT 34 %, a B kpaeBoii — 17 %. Ilocne npokarku no pexumy 111 — 24 % u 2

%, COOTBETCTBEHHO.

186



Tem He MeHee, GOpMUPOBAHHE TAKOW CTPYKTYpPHO-()a30BON HEOAHOPOIHOCTH HE
IIPUBOJUT K PaA3JIMUYMI0 MEXAHMYECKUX CBOWMCTB MEXAY LIEHTPAIBHOM U KpAacBOM
o0iacTeio MpyTKa. bosee Toro, MexaHuueckue CBOMCTBAa 0OPa3LOB MPOKATAHHBIX 110
BCEM TpeM pexXUMaM MPAaKTUYECKH He oTiaudatcs (Tad.l). MukpoTBepaocTsb
OJIHOPOJIHA TI0 CEYEHUIO B IIPYTKaX, IPOKATAHHBIX 10 BCEM TPEM PEKMMaM U pPaBHA
~3,240,1 T'lla. IIpenensl TPOYHOCTU Gy U TEKYYECTH Gpp COCTABIAIOT okosio 1000
MIIa u 900 MIla coorBercTBeHHO. Habmromaemoe yBeaudeHHE IIACTUYHOCTH, T10-
BHUJIIMOMY, CBSI3aHO C MEHBILIUM COJIEpKaHUEM YaCTHILL 00JIee MPOUYHOH a-(a3bl.

Crapenre 00OpasloB IPOKATAHHBIX 110 pexxumy 1 mpu temmneparype 550 °C B
TEYEHHUE 5 4acoB MO3BOJIAET IOBBICUTh UX MEXaHMYECKUE CBOWCTBA. Tak, oy U Op
MOBBIIAIOTCS B 1,3 pasa mo CpaBHEHUIO C COCTOSIHMEM IIOCTaBKH M 1,7 paza mo
CPaBHEHMIO C COCTOSIHUEM IIOCJE IIPOKATKA. MUKpOTBEpAOCTH OJHOPOIHA IIO
ceueHuto oobpasma - 4,9 ITla (ta®. 1.). Ilpm 3TOM MNPOMCXOAUT CHHUKEHHE
mIacTUYHOCTU B 4 pasa. Ilocne OTKUIOB MposIBIsETCA BIMAHHUE CHOPMUPOBAHHOU
npokatkoil mo pexumam Il u Il cTpykTypHO-Pa30BOil HEOTHOPOJHOCTH HA
MEXaHUYEeCKHE CBOMCTBA. MUKpPOTBEPAOCTh ULEHTPAIbHOM 00JacTH TNpyTKa
Bo3pactaeT 1o 4,7 I'Tla, kpaesoii no 5,1 I'Tla. ¥V o6pasnos, npokatanHbix mo Il
peXUMY, Ipenenabl MPOYHOCTU M IUIACTUYHOCTH IIOCJIE OTKHUIa LIEHTPAIBHOU M
KpaeBoi obnactu paznuyarorcss Ha 170 MlIla. O0pa3iel nmocsae oTKura Bblpe3aHHbIE
U3 KpaeBoi 00JiacTu MpyTKa MpokaTaHHoro 1o pexkumy I nmpu ucnpITaHuAX XPYIKO
pa3pylIaIucCh B 3aXBaTaXx.

Ta0Omura 1. Mexanuueckue CBOICTBA.

Pexxum npokarku ‘ Hy, I'Tla os, Mlla G602, MIla o, %
CocTosiHHE TOCTaBKH 4.2 1300 1200 7
Pexum 1 3,1 994 920 8
Pexum I + omxur 450 °C, 5 4 4,9 1700 1600 2
HEHTP 3,3 1030 900 9
Peacv 11 — 32 1020 900 10
Pexxum 11 + omxur LEHTP 4,8 1517 1400 5
450°C, 5u Kpaii 5,1 1689 1570 1,5
HEHTP 3,2 990 900 12
Pexcum 111 P 3.0 1000 940 13
Pexxum 111 + omxur LEHTP 4,7 1689 1600 3
450°C, 54 Kpaii 5,1 1180 - -
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HccnenoBanus CTPYKTYphI IOKA3aJlo, UTO B pPE3yJIbTaTe MPOBEACHHOTO CTAPEHHUS B
3epHax W 1Mo rpaHuiaM P-dasbl HaOMIOMAETCS BbIACICHWE BTOpUYHOHN o-(a3bl. B
LEHTPAJIbHBIX O0JACTAX NPYTKOB 0-(a3bl BBLACIAETCS B BHUAE TOHKMX HII. B
KpaeBbIX 00JacTIX MPYTKOB MpokaTaHHBIX 1o pexumam Il u Il Beigenenue o-¢a3zsl
IPOUCXOAUT MPEUMYLIECTBEHHO B BHUJIE MEJIKOIUCIEPCHBIX yacTull (puc. 3 0). Jto,

I[MO-BUAUMOMY, U IIPUBOJUT K HCOAHOPOAHOCTH MCXaAHNYICCKHUX CBOMCTB.

Pucynok 3. Crpykrypa crutaBa BT22 nocie nonepedyHo-BUHTOBOM IPOKAaTKH 1o pexxumy III n
TnocIeayIoero crapenus npu temneparype 550 °C 5 yacos. a — neHTpanpHas 061acTh MPYTKa,
0 — KkpaeBas 006J1aCTh IPyTKa.

Takum 00pa3oMm, MNPOBEJACHHBIE HCCIAEAOBAHUS TIOKa3alld, 4YTO TeMIlepaTypa
MOCJEAHEr0 MPoXoAa paguaibHO-CABUTOBOM MPOKATKU CYIIECTBEHHBIM 00pa3om
BIIUseT Ha (opmMupoBaHHEe CTPYKTypHO-(a3oBoro cocrosiHus crmaBa BT22 mpu
MOCJIETYIONIEM cTapeHuu. B pe3ynbrare ykazaHHON TePMOMEXaHUYECKOM 00paboTKH
B CIUIaB€ MOXET ObITh copMUpOBaHa OJHOPOAHAS YJIbTPAMEIKO3EPHHUCTAS
CTPYKTypa C BBICOKUMU MeXaHH4ecKuMU cBoiictBamu (o0,=1500-1700 Mlla,
602=1400-1600 MIIa, 6=1,5-5 %).

HccnenoBanue BBINOJIHEHO 3a cyeT rpaHTa Poccuiickoro HayuHoro ¢onzaa (mpoekt Nel9-19-

00033).
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Abstract

The nature of the effective modulus of elasticity has been researched, its connection with the elastic
modules and the Poisson’s ratio has been established. It is shown that the Poisson's ratio is the most
important structural-sensitive property of solids, although it varies within small limits.

Keywords: effective modulus of elasticity, Poisson’s ratio, anharmonicity, interatomic bonds stiffness.

BBenenue. B ¢usuke TBeporo tena BaXHYIO poJib UTpaeT teopus ynpyroctu [1]. B mannom
coobmieHuu obcyxaaercs npupoa koddouinuenta [lyaccona [2] — ogHOTO U3 MapaMeTpoB JaHHON
TEOpUM — W BBEJCHHOIO HEJABHO HOBOTO TapaMeTpa, Ha3BaHHOTO J(P(PEKTUBHBIM MOAYJIEM
ynpyrocti [3, 4].

1. Koadpdunuent IlyaccoHa p, KOTOpBIM HHOTAA HA3bIBAIOT KOYPHUIMEHTOM IMOMEPEUHON
nedopmalui, paBeH OTHOIICHUIO TIOTIEPEYHOM nedopmaliuy Tejia K ero MpoJI0IbHOMY yITTHHEHUIO
IIPU OHOOCHOM PACTSKEHUU

(ar/r)
(arjr)”

HpC,Z[CTaBJBICT HHTEPCC TO OGCTOHTCHLCTBO, 4TO B MOCJICAHEC BpCMs HaliJI€HBI HU30TPOITHBIC TCJIa

¢ oTpumnarenbHbpIM ko3¢ dunmentom [lyaccona p < 0. DTo o3HAYaeT MOTMIEPEYHOE PACIIUPEHUE Tela
(Ar >0) ipu OTHOOCHOM PACTSKEHHUH, YTO, BOOOIIE TOBOPS, TPOTUBOPEUYUT 3PABOMY CMBICTY. TeM
HE MEHee 3TO — OMBITHBIN (akT [5, 6]. Hapsny ¢ ykazaHHBIM HEOOBIUHBIM SIBJIEHHEM OOHapy)KeHa

JIpyras «aHoOMajlusi», a HMEHHO OJHO3HA4yHasi CBsA3b |l C mapamerpoMm ['proHaiizena 7p,
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XapaKTepU3YIOIIUM HEJIWHEHHOCTh CHJIBI MEXKAaTOMHOTO B3aWMOJACWCTBUS M aHTAPMOHM3M
koneOanuii pemetku [3, 7]. DT W apyrue BOMPOCHI, Kacarommecs (QU3NIECKOrOo CMEBICIA
koa¢dunmenta [lyaccona, ocraroTcs 10 KOHIA HE PEIICHHBIMH.

OO6cynuM pupoay BEJIIMYMHEI L ¢ pUBIIedeHneM Mojienn bepiauna, PorenOypra u bacepcra [5]
(monenu BPB), koTopast mpuBOIUT K CIEAYIOLIEMY COOTHOIIEHUIO /uid kodddunuenta [lyaccona
_1-4
4+ Q]

H (1)

rie A= (at / an) — OTHOILEHUE TAHICHIUAIBHON dr U HOPMAIbHOM an KECTKOCTEH MEXKATOMHOU

CBSI3HU.

C Touku 3penust moaenu bPb marepuainst ¢ orpunarensasiM kodddunmentom [Tyaccona p < 0
JOJKHBI 00J1a/1aTh BBICOKOM KECTKOCTBIO CBSI3€i Ha M3TU0 M MaJioi )KECTKOCTBIO Ha OCEBOE CHKAaTHe
— pacTsokeHue: a; > an (A >1). OObIYHO Ha MpakTUKe, Kak mpaBuio, | > 0, ubo a, > a; u A < 1.
[loaToMy B OKpyKalolleM Hac MHpPE PEIKO BCTPEHalOTCS MaTepuallbl C OTPULIATEIbHBIM
kodpdunmentom Ilyaccona p < 0. Takum oOpazom, momens BPB mpenckassiBaeT B NMpUHITHIIEC
BO3MOXXHOCTh CYIIIECTBOBAHUSI M30TPOIHBIX TEN C OTpHIAaTeNnbHON BenuuuHou P < 0. B mpenene
IIPH A — 00 MOJTyYaeM HIDKHUIM mpenen = — 1.

ITockonbKy cABHroBas >XKECTKOCTb @; CBf3aHa C CHJIOW TpeHus (C IUCCHUIAIMed SHepruu
ne(pOpMUPOBAHHUSA), MOKHO 0KMJIaTh 3aBUCUMOCTb A OT HEIMHEWHBIX 3(PQPEKTOB, HAIpUMEpP, OT

napamerpa ['proHaiizeHa yp:

v = PVB )
D — s
CV
rie B — kxoddduumeHT 00BEMHOro TEIUIOBOIO pacIIUpeHusi, V' — MOJsApHBIA 00beM, B —
M30TEPMHUECKUI MOIYIIb 00BeMHOTO cxkaTusi, Cy — MOJIIPHAS TETIOEMKOCTb.
B camowm niene, u3 popmynst BPB (1) u ypaBuenus benomecthbix — TecrneBoii [ 8]
3( 1+u
Yp =5 3)
2\2-3u
BBITEKAET OKMJIaeMast OIHO3HAUHAas B3aUMOCBS3b A U YD
1.5-y
A=—7". @)
Vb

[IpumeuaTenbHO, 4TO cooTHoleHue benomecTHsix — TecneBod (3) HaXOAWTCS B COTJIACHU C
ypaBuenueM [ pronaiizena (2) [3, 7].

PaccMoTpuM M3MEHEHUS BEIMYHH L, A M Yp TIPH YBEIIMYCHUH CoepkaHus okuch Hatpust NaO B
HATPUEBOCHIIMKATHBIX cTeknax NayO-SiO; (tabn. 1). Beemenue NaxO B kBapueBoe crekiio SiO:

NPUBOAUT K Pa3phlBy HEKOTOPHIX cBszeld Si-O-Si ¢ mosiBIEeHMEM MOHHOM TIpYNIUPOBKU
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(mogpemerku) Si — O 'Na', aHrapMoHU3M KoJe0aHUM KOTOPOM BBIPAXKEH 3HAUMTENLHO CHUIILHEE,
4eM y KPEeMHEKHCIOpoaHoW ceTku. Uem Oombmie conmepkanue NarO, TeM OoIbllle MOHHBIX
KOMILJIEKCOB B CTPYKTYypeE, TeM OO0JIbIIe aHTapMOHU3M (Yp). POCT yp MpUBOAUT K CHMKEHUIO A (CM.
(4)). B cBoro ouepenpb, cormacHo ypaBHeHUIO (1), cCHmwKeHHe A yBenudyuBaeT Kod3(pQuIIMeHT
ITyaccona [oT u=10.17 mo u=0.25 (Tabxn. 1)].

Tabmuma 1. Koaddumment Ilyaccoma wu mapamerp [pronHaiizena kaprieBoro crekia SiO; u
HaTPUEBOCIIMKATHBIX cTeKosI Na,0-Si0; [13]

Na,O Si10, 0 YD A
0 100 0.17 1.2 0.25
15 85 0.20 1.3 0.15
25 75 0.23 1.4 0.07
35 65 0.25 1.5 0

B amMop¢HBIX oOpraHudeckux TMoimMepax Ha KOX(PQUIMEHT TNonepeyHol aedopmanmu
3aMETHOE BIUSHHE OKAa3bIBAlOT «OOKOBBIE IPHUBECKHW» OCHOBHOM LENM MaKpOMOJeKyisl [9].
MuHMMaNbHBIM 3HAY€HUEM [ 00J1a/1aeT MOJIMATUIEH, Y KOTOPOro «OOKOBON MPHUBECKOI» CITYKUT
JIETKUil aToMa BOAOpoJa. 3aMelleHUe ero 0osee KPYHNHBIMU M TSDKEIbIMU aroMamu (ropa Ipu
Nepexoe OT MOJIHMATHIICHA K MOIUTETPa(QTOPITHIICHY PUBOIUT K CYHIECTBEHHOMY POCTY W. DTO
OOBSICHAETCS] YyCUIIEHUEM aHTapMOHM3Ma KoJjieOaHUH perieTku (Yp), BIEKYIUM 3a cO00M CHHXKEHHe

A. B cBO1O ouepeib, 32 CHUJKEHUEM A CIIE/IyeT POCT L.
OueBHHA 3aBUCHMOCTh OTHOCHTEIBHOHW CIBHUIOBOH JKeCTKOCTH A = (a[ / an) OT IJIOTHOCTH

MOTIEPEYHBbIX CBS3€H 1, ONpenensieMol Kak YMCIIO BaJIGHTHBIX CcBsizel Ha oAuH KatuoH [10]. fcHo,
YTO C POCTOM 7 YyOBbIBa€T aHTapMOHU3M (Yp) U COOTBETCTBEHHO PACTET A, YTO MTPHUBOJHUT K
CHIDKeHHIO Koaddurmenta [Tyaccona .

Takum oOpa3oMm, koddpdunment Ilyaccona p (mapamerp TEOpUH YHPYTrOCTH) 3aKOHOMEPHO
3aBUCUT OT OCOOEHHOCTEM aTOMHO-MOJEKYJSIPHOTO CTPOEHHUS TBEPABIX T 4epe3 BEIUUUHY A,
TECHO CBSI3aHHYIO C aHTAPMOHU3MOM (YD).

2. HpC,Z[CTaBJ'I}ICT OHpC)ICJ'ICHHBIfI HHTCPEC MPOU3BCACHUC INNIOTHOCTU TCJIa P W KBaJpara

. 2
CpeIHEeKBaIPATHIHOI cKopocTH BoiH aedopmanuu vi> [3, 4]: K = PV}, kotopoe Ha3BaHO HaMH

3¢ (HEeKTHBHBIM MOAYJIEM yIOpyroctu [4], TOCKOIBKY oO0namaeT oOmUMHU TpU3HAKAMU,
XapaKTepHBIMH JJIsl YIOPYruxX Mojyiei. Benumunna vi* sBIseTcss HHBAPHAHTOM CyMMBI KBaJIpaTOB

CKOpPOCTEH pacnpocTpaHeHUs MPOAOIbHBIX (V;) U MONEPEUHbIX (Vs) aKyCTUUECKUX BOJH [1, 8]

2 2

, Vi +2v,

Vk -
3

YcranoBuM cBsi3b 3PPEKTUBHOTO MOy yIpyrocTa K ¢ Moaysem casura G u kodhdumueHTom

©)

ITyaccona | 1 mokaxem, uto oTHouieHue G / K sBisercst onHOo3HauyHOU (pyHKIMEH Koddduimenrta
IlyaccoHa, Kak M OTHOIIEHHUS H3BECTHBIX YIPYIHMX MOAYyJIeH, Hampumep, oTHoumeHue G / B.

Pasnenus G = pvs® Ha K = pvj, OTydaeM clieayloniee COOTHOIIEHNE

191



—=—. (6)

C nomomipto ¢popmyisl (5) MpaByro YacTh 3TOTO PaBEHCTBA BBIPA3UM Yepe3 KBAJPaThl MPOJOIBHOM

Y MOTIEPEYHON CKOPOCTEN 3BYyKa

2 2 -1
Yo 3(V—12 + 2j , ()
Vi v

S

B Teopun ynpyroct oTHomeHue (v / Vs©) y M30TPOITHBIX Tel ABseTcsa GpyHKIMeld koddduimenTa

2
V_12:21-_/J ) (8)
A 1-2u

[Toacrasus (8) B BeipakeHue (7), a 3arem (7) — B cooTHo1IeHue (6), MPUXOIUM K 3aKITIOUYEHHUIO, YTO

ITyaccona [1]

OTHOIICHHE MOAYNsA caBura K sddexruBHOMy Moxaymto ymnpyroctu G / K sBusercs (QyHKIuen

Tosibko Koadpunmenta [lyaccona p

K 2

G 3(1-2u
(2-3;4} ®

G/K

U./U A

0.60 -

0.50 A

0.40 -

(/2)(1-2w)/(2-3p)

0.30 +
0.30 0.40 0.50 0.60 0.70

Puc. 1. 3aBucUMOCTb OTHOILIEHUS MOIYJs ciBUra U 3ddexTuBHOro Moaynis ynpyroct (G / K)
ot ¢pynkuuu ko3pdurmenta [lyaccona (3/2)(1-2p)/(2-3w) Ans KpUCTAIUTMYECKUX TBEPBIX TEIL.

1 —In, 2 — ArCl, 3 — NaA Taptpar, 4 — Pd, 5 — Pb(NO3), 6 — Ag, 7—-V, 8§ — Cu, 9 - Bi, 10 -
MgSO4-7H2O, 11 — RbCl, 12 - NH4Cl, 13 - Fe304, 14 — GaAs, 15 — LiF, 16 — Apronur, 17 —
Typmanun, /8 - ZrSi04, 19 — S102, 20 — Be.

Kak Bugno u3 puc. 1 u 2, 3aBucumocts otHomieHus G / K ot pynkuuu korddunuenta [Tyaccona
B 9TOM paBeHcTBe (3/2) (1-2pw)/(2-3) sBasieTcs TMHEHHOM, MPUYEM B COOTBETCTBHH C TIOTYYCHHBIM
BbIpakeHHEM (9) mpsimMasi MPOXOIUT Yepe3 Havyallo KOOPJAMHAT C TAHTEHCOM YTJIa HaKJIOHA, PABHBIM
eAVHUIE, YTO TOATBEPXKIAET CIHPABEIJIMBOCTh 3aBUCUMOCTH (9) 1 paccMaTpHBaEMBbIX

KpucTaymmnieckux (puc. 1) u crexnooOpa3Hbix TBepAbIX Ten (puc. 2). B mpensiagymmx padotax [3,
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4] OBLIO YCTAHOBJIEHO, YTO OTHOIICHHE MOIYJS OOBEMHOro CXaTHs K 3((HEKTUBHOMY MOIYJIIO

yrnpyrocti (B / K) takxke siBisgercs onqHo3HayHOM (yHkumen koaduuuenta Ilyaccona (1+p)/(2-

3w).

G/K

0,63 -

0,61 A

0,59 . (3/2)(1-21)/(2-3)

0,59 0,61 0,63
Puc. 2. 3aBucumocts otHomenus (G / K) ot ¢pynkuuu koadduuuenta Ilyaccona (3/2)(1-2p)/(2-
3W) Ui HATPUEBOATIOMOCWIHMKATHBIX cTekol NaO-AlO3-SiO; mpu pa3auvHbBIX COAEPKAHHIX
OKHCJIOB.

B oTtnuume oT u3BECTHBIX YIIpyrux MOI[y.]'ICI‘/'I OJIHOM U3 XapaKTCPHBIX 0COOEHHOCTEH BBCI[GHHOﬁ
HaMy BEIMYUHBI K = ka2 OKa3bIBACTCA €€ TCCHaAs CBA3b C IIapaMCTpPpOM Fp}OHaﬁ3eHa YD — Mep0171

HETTMHEHHOCTH CHJIBI MEXATOMHOTO B3aUMOJIEHCTBUSI (aHTapMOHM3Ma) [4]

k=212 (10)
2 o

Kpome Ttoro, y crekinoo0Opa3HbIX MaTepualioB OJHOIO THMA, Y KOTOPBIX L = const, MeXIy
3G GeKTUBHBIM MOJyJeM YOpyrocth K ¥ Takod HEJIMHEHHON XapaKTepHUCTUKOM Kak mpeseln
TEKyYeCTH Gy, BBIIIE KOTOPOTro HaONOJaeTcs IUIACTMYHOCTh CTEKOJ, HaOyojaeTcs JIHMHEeHHas
koppemsiius. Ilo gopmynam tuma (10) MOXHO BBIUMCHATH HapaMmeTp ['proHail3eHa Ha OCHOBE
JAHHBIX TOJILKO MEXaHMYECKHMX HCIBITAaHUM, TOr/la Kak M0 M3BECTHOMY ypaBHEHHIO ['proHaiizeHa
(4) BenMuuHA 7Yp PACCUMUTHIBAETCS 10 JAHHBIM TIJIABHBIM 00pa3oM O TemIo(hU3NIeCKUX
xapakrtepuctukax (B, Cy).

Taxum oOpazom, 3hPexTUBHBIA MOAYIIb YIPYTOCTH MOKET 0Ka3aThCs MOJIE3HON BEIMYUHON MTPHU
PacCMOTPEHNHN MEXAHUYECKUX CBOMCTB CTEKOJI C yUETOM aHIapMOHHU3Ma.

3axuouenue. M3 mpuBEIEHHBIX JAaHHBIX BHJHO, 4TO Kod(¢uiment Ilyaccona, HecMoTpsa Ha
M3MEHEHHE €ro 3HaueHUil B HEOOJBIIMX MpeJesnax, OTHOCUTCS K OJHOMY W3 BaKHEMIIMX
CTPYKTYpPHO-YyBCTBUTEJIbHBIX CBOWCTB TBEpPJBIX TEJN. Ha JAHHOM 3Talle MPUXOIUTCS AOMYyCKaTh
OJTHO3HAYHYIO CBSI3b |l C MmapamMeTrpoMm ['proHaiizeHa — Mepol aHrapMOHHM3Ma, 4YTO TpeOyeT B
JambHEMIIeM JEeTaJbHOrO0 OOOCHOBaHMA. ITO OOCTOATENBLCTBO KacaeTcs oOmiei mpobiemMbl

B3aUMOCBSI3U TAPMOHUYECKUX (JIMHEWHBIX ) U AaHTAPMOHMUYECKUX (HEIMHEHHBIX) BenuduH [11].

193



[IpencraBnsier ompeneNeHHBIH HWHTEPEC BBEICHHBIM CPAaBHUTEIBHO HETaBHO A(h(PEKTHBHBIN
MOAYJb ynpyroctu [3, 4], TecHO CBsI3aHHBIN ¢ mapameTpoM ['proHaiizeHa — Mepol aHrapMOHU3MA.
Ero oTHOIIEHWE K MOAYNIO CABHUTa SIBJISCTCS OAHO3HAYHOW (QyHKmen kodddumnmenrta [lyaccona.
OH MOXET OKa3aThCs IOJIE3HBIM IPU aHAJIM3€ MEXaHMYECKUX CBOWCTB TBEPIBIX TEI C Y4ETOM

dHTapMOHHU3MaA.
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TEOPUA CBOBOJHOT'O OB BEMA U MOAEJIb JEJIOKAJIM30BAHHBIX
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AHHOTANUA
Pazeumo npedcmaenenue o mom, umo o0o6pazosanuio ObIpKU 6 AMOPOHLIX BeUecmeax COOMBEmMCmayem
npoyecc OeloKamu3ayuyu amoma — e20 QIYKMYayuoHHoe NpeoeibHoe CMeujeHue U3 JIOKAIbHO2O

PAasHo8ecHo20 noaoxcenus. Monexyaapuo-Kunemuyeckue Npoyeccvl, nNpomexaowue 6 IHCUOKOCHAX U
AMOPEHLIX MEepObIX Menax, 3aeUcsim He Om KIACCUYECKO20 BAHOep8aAdanbco8a C80O00H020 obvema —
«NYCMO20 CMAMU4ecKo20 NPpOCMPaHCmMEa Mexicoy amomamuy, a 2AA6HbIM 00paA3oM om QIyKmyayuoHHo20,
OUHAMUUECKO20 C80DOOHO20 00BbeMA, KOMOPbILL COBNAOAEem C (AYKMYAYUOHHBIM 00bEMOM, 00YCA0BNEHHBIM
denoxauzayueri amomos.

KuaroueBsble ci10Ba: c60000HbIl 00beM, 0elOKANUZAYUS ATNOMA, NOTUMEDbL, CTNEKId

THE THEORY OF FREE VOLUME AND THE MODEL OF
DELOCALIZED ATOMS IN AMORPHOUS POLYMERS AND GLASSES

A. A. Mashanov !, V. V. Mantatov !, D. S. Sanditov !*?
' Department of Physics and Engineering, Buryat State University,
Smolina str., 24a, Ulan-Ude 670000, Russia, e-mail: mashanov(@bsu.ru
% - Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia, e-mail: sanditov@bsu.ru

Abstract

The idea is developed that the formation of a hole in amorphous substances corresponds to the process of
delocalization of the atom — its fluctuation limit displacement from the temporary equilibrium position.
Molecular-kinetic processes in liquids and amorphous solids do not depend on classic vanderwaals free
volume — "the empty static of space between the atoms", and mainly from the fluctuation, dynamic free
volume, which coincides with the fluctuation amount due to the delocalization of the atoms.

Keywords: free volume, delocalization of atom, polymers, glasses

B ¢usuke xunkocteil, aMop(HBIX MOJIUMEPOB U CTEKOJ HIMPOKOE PACIPOCTPAHEHUE MOTYIHIIA
Teopust cBoboaHoro odrema [1-7]. Bmecte ¢ TeM mo mpuponae cBoOomHOro obdbema amMOp(pHBIX
BEIIIECTB BO3HUKAIOT BOMPOCHI, KOTOPBHIE OCTAIOTCS JI0 KOHIIA HEPEIICHHBIMU, OCOOEHHO TpH
MPUMEHEHUH STOTO TIOHATHS K BA3KOMY TE€UEHHIO M K TMEPEXO0]y U3 >KHIKOTO B CTEKI000pa3HOEe
COCTOSIHUE.

B Hacrosmiei paboTe ¢ MpUBJICUCHUEM MOJICIH JIETOKATM30BAHHBIX aTOMOB [8, 9] paccMoTpeHbI
TOHATHSI «JIBIPKa», «CBOOOMHBIA 00BEM» W A0S (PIYKTyallMOHHOTO OOBeMa, 3aMOpOKEHHas B
00JIaCTH CTEKJIOBaHMSL.

Ecnm mpipka B KpucTaie MMeeT YeTKUH (DU3UYECKUN CMBICIT U TPEACTaBIsSET COO0N MmycTOon

y3¢€JI pCHICTKHU, TO B CJIYUAC )KUAKOCTU OHA OCTACTCSA HC COBCEM SICHBIM IMOHATHUCM, KaK OTMCYAJI S

N. ®penkens. [lox apipkoii OH moapasyMeBall «OYE€Hb MaJICHbKHE ATOMHBIE IIOJIOCTH, KOTOPHIE
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OTKPBIBAIOTCS M 3aXJIOMBIBAIOTCS Oyaromaps TeriaoBbiM (aykTyarusim» [1]. CBoOogHBI 00BeM

xuakoctu Vino S.U. @penkento onpeaensercs Kak CyMMapHbIi 00beM JIBIPOK

Vs

-=V,N,, (1)

rac Ny — 4gucio ABIPOK, Vi — 00BeM ABIPKH. I[JISI OTHOCHUTCIIbHOT'O 4YMCJIa ABIPOK HCIIOJB3YCTCA

COOTHOHICHUEC, 3aUMCTBOBAHHOC U3 TCOPHU KpI/ICTaJIHH‘lCCKOfI PEIICTKHU,

N, &, +v,p
D exp| 2TVl ) @)
NPT g

3neck &, — dHEpTUst 00pa30BaHMsI IBIPKH, N — UHUCIIO aTOMOB.

Hamu pa3BuTO mpencTaBlieHHE O TOM, YTO «0Opa30BaHUIO JBIPKH» B JKUIKOCTAX M aMOP(HBIX
BEIIECTBAX COOTBETCTBYET IMPOIIECC JACIOKATM3AIMH aToMa — €ro (UIYKTYal[HOHHOE IMPEIeIbHOES
CMEIICHHE U3 PABHOBECHOTO IMOJIOKEHHS. 37IeCh U JIajiee MO/ «PABHOBECHBIM MOJIOKEHHEM» aToMa
MOJIPa3yMEBAETCsl «BPEMEHHOE PABHOBECHOE ITOJIOKEHHUEY, KOTOPOE PABHOBECHO TOJIBKO JIOKAIBHO.

MertonamMu  cratucTHYeckod (U3MKM OJHUM M3 aBTOPOB MoiyueHa Qopmyna s

OTHOCHUTEIILHOTO YMCIIa JEI0KaTN30BaHHBIX aToMOB [5] (cM. [Ipunoxenue)

N Ag, + pAv
¢ —exp| — e L=e | 3)
N kT
rac A&‘e = p[AVe — OHEprud JACJIOKaJIn3alluu aroMa, paBHas pa60Te CMCIICHUA aToMa u3

PaBHOBECHOT'O TOJIOXKEHHUS, COBEpIIAeMON NPOTHUB BHYTPEHHErO MAABICHHS pi, OO0YCIOBIEHHOTO
CWJIAMA  MEXKAaTOMHOTO TMPUTSDKCHUS, AvVe — OJEMEHTAPHBIA  (QIIYKTyallHOHHBIA  OOBEM,
HEOOXOIUMBIM JJi1 CMellleHusi atoMa (00beM JeioKanu3auuyd aroMa). JlaHHBIA MOAXOJA Ha3BaH
MOJIETIBIO JENOKATM30BAHHBIX aTOMOB [5, 6], OMHUM M3 BaXKHBIX MapaMeTpPOB KOTOPOU sIBISETCS
GbaykTyalMoHHBI 00beM amop¢Horo BemecTBa AV, 00yCIOBIEHHBII TEMIOBHIMH CMELIEHUSMU
aTOMOB,

AV,=N_,Av, . 4)

W3 cpaBaenus cootHomenuit (2) u (3), a takxke (1) u (4), cnexyet, 94To cBOOOIHBIN 00BeM Vr=
Npvy mpuobperaer cMbici (GIyKTyallmoHHOTo oOwvema (4), a 49ucimo JAblpok N, — dmcha
JIeTTOKATM30BaHHBIX aTOMOB N.. DHeprusi o0pa3oBaHWs MABIPKH &, COBIAJAaeT C DHEpruen
NesioKanu3anuu aroma Ace 1 00bEM JIBIPKH Vi, — C 00BEMOM JIeTIOKAIU3aliK aToMa Ave.

Teoputo cBobGogHOrO 00BeMa Mo MDpeHKeNno WHOI/AAa Ha3bIBAIOT Teopueil (GIyKTyallmoOHHOTO
cBoOOHOTO 0OBeMa [2], MOgUepKUBast TeM CaMbIM (IYKTYallMOHHBIH, JUHAMHYECKHUN XapakTep
nporecca 00pa3oBaHus JbIPKHU, UTO 3aJI0KEHO B AKCIIOHEHTE ypaBHEHUS (2).

Kmaccuuecknit  cBoOomHbiii 00beM 1o Ban-nmep-Baanscy VF — mycToe «CTaTHYECKOE»
MPOCTPAHCTBO MEXKAY aTOMaMU — BXOJUT B COCTaB aTOMHBIX KOMILUIEKCOB CTPYKTYpPHI aMOpP(HBIX

cucteM U He sBhsgerca ee JedextoM. Ero Ha3pIBalOT TeOMETpUYECKHM [2], CTpYKTypHO-
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o0ycnoBieHHBIM [3] cBOOOHBIM 00beMOM. 7151 aMmOp(HBIX TTOJMMEPOB U CTEKOJ OH COCTaBIIsACT 25
—35% ot o6wvema cuctemsl (Vr/ V= 0.30), 4TOo HaXOAUTCS U3 JAaHHBIX O KOI()(DUIIMEHTE YITaKOBKU
aToMOB 10 u3BecTHOM Mmeroamke A.M. Kuraiiropoackoro [2, 7]. A monst ¢iIyKTyallMOHHOTO
cB00OHOrO 00BbEMa, onpesiesieHHasl M0 JaHHBIM O BS3KOCTH, paBHa okoio 3% (Vr/ V = 0.03 [2]),
T.€. Ha MOPSAJI0K MEHBIIIE BaH/IepBaaIbCcOBa CBOOOJHOIO 00beMa.

Kak Bugum, 3T 1Ba CBOOOAHBIX 00BbEMa OTIMUYAIOTCS U KaYeCTBEHHO, M KOJMYECTBEHHO. TeM He
MeHee Ul X Ha3BaHUH MCIIONIb3YeTCs, KaK MPaBUIIO, OIMH M TOT K€ TEPMHH «CBOOOIHBIN 00beM»,
YTO MHOTJa IPUBOAMT K IyTaHHULIE.

B kadectBe npumepa Takoi MyTaHULBI WIM KaXyIIErocs MpoTUBOpeuns IpuseneM padory [8],
I7le YTBEPXKAAETCs, YTO HUCCIIEI0BAHUE MACCUBHBIX U JIGHTOYHBIX METAJUIMYECKUX CTEKOJ (cocTaBa
Pd40Cus0P20), oTnmuarommxcst Ha 4eThIpe MOPSIIKA 10 CKOPOCTH 3aKAIKH M UMEIOIIUX MPUMEPHO
B/IBO€ pa3IMYaroIUics CBOOOIHBIH 00BEM, HE BBIIBUIIO CKOJIBKO-HUOYIb 3aMETHOM pa3sHMILbI MX
C/IBUI'OBBIX BSI3KOCTEH, UTO KakK Obl IPOTUBOPEUUT TEOPUHU CBOOOTHOrO oObeMa. 3/1ech aBTOpHI [§]
noJl CBOOOMHBIM OOBEMOM MOJPA3yMEBAIOT CTPYKTYPHO-OOYCIIOBIEHHBIA (T€OMETPHUYCCKHI)
CBOOOHBIN 00bEM, KOTOPBIN (PaKTUUECKH HE OKA3bIBACT BIUSHUS HA BA3KOCTD.

OcHOBHasi NpUYMHA JAHHOTO KaXKYLIErocs MPOTHBOPEUMs 3aKIIOYaeTcs, Ha Hall B3IV, B
cieaytomeM. O4eBHIHO, YTO TMpoOLECC JelOKaau3alMu aroMa («oOpa3oBaHUE JBIPKH») B
JIOKAJIbHBIX 00JIACTAX yKa3aHHBIX BBIIIE KaK MACCHUBHBIX, TaK U JICHTOUYHBIX METALUTUIECKUX CTEKOJ
(C pa3HBIMU I€OMETPUUECKUMU CBOOOIHBIMH O0BEMAMHU) MPOUCXOIUT OJMHAKOBO, IIO3TOMY JOJH
¢bnykTyanmuoHHOro o6bema ((hIyKTyallHOHHOTO CBOOOJAHOrO oO0beMa) M 3HAU€HHs] CIBUTOBBIX
BA3KOCTEH TOJKHBI OBITh OJIM3KU B 000UX CIIydasiX, 4YTO U MOATBEPXKIAET SIKCIIEPUMEHT [8].

Tepmunr «cBOOOTHBIH 00BEM», HAa HAll B3I, CIEAYET COXPAHWUTH Ui TPaTUIMOHHOTO
BaHJIepBaajbCcoOBa CBOOOIHOTO 00beMa. A (PPEHKENEBCKUM «(PIIYKTYallMOHHBIN CBOOOIHBIA 00BEMY
1esnecoobpasHo  MEpEeMMEHOBaTh Ha  «(pIyKTyallMOHHBIH o0beM» 0e3  mpuiaraTeIbHOro
«CcBOOO/IHBIN», MO0 OH OOYCIIOBJIEH JeNOKalu3allMeil aTOMOB M IO CYIIECTBY HE SBISETCS
CBOOOJTHBIM OOBEMOM KaK TaKOBBIM (WIYCTBIM TE€OMETPHUYECKUM TPOCTPAHCTBOM MEXKIY
aToOMaMm»).

OTMmeTuM, YTO B Halledl CcTpaHe Majo MyOJMKalMi MO TEOpHUH CBOOOAHOTO o0beMa, a 3a
pyOexxoM myONUKyeTcss MHOXKECTBO pabotT. Pa3BuTO mpeacraBieHHMe O TOM, YTO HE BECh
(bIyKTyallMOHHBIN CBOOOAHBIH 00bEM MPUHUMAET ydacTHe B KOH(PUIYpallMOHHBIX MEpecTporKax B
aMop(HBIX CHUCTEMax, a JIMIIb ero 4actb. OOCYKIAlOTCs JABa THUIMA JBIPOK: JKUIKO-TIOJOOHBIE U
TBEPAO-NIOJO0HBIE. MOJEKYISIpHO-KMHETHUECKUE TMPOIeCChl B OPraHMYeCKUX amop(HBIX
MOJIUMEpax CBA3aHbI C )KUIKO-TI0T00HBIMU JBIPKAaMH. A TBEPIO-TI0100HBIE IBIPKU HE YYaCTBYIOT B

ATUX KMHETUYECKUX MepecTporKax.
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B HacTosiiee BpeMst Mbl HE MOXKEM JlaTh KOHKPETHBIM OTBET HAa BOIPOC: UMEET JIH KaKoe-Tubo
OTHOIIICHHE JIEIOKAN3aIlMs aToMa K 00pa30BaHMIO PA3HBIX JBIPOK? MOXKEM JHUIIb TPEIIOI0KHUTS,
970 (DIYKTYaIMOHHBIE JBIPKH, OOYCIIOBICHHBIC JCTOKAIM3AINECH aTOMOB, CKOpPEe BCEro, OJIM3KHU K
KHUJKO-TIOIOOHBIM JIBIpKaM, IPUHUMAIOUINM y4acTHE B KUHETUYECKUX MEepecTporKax B aMOp(HBIX
cucremax. DIyKTyallMOHHBII CBOOOIHBI 00BEM, COBMAAAIOIIMNA C (DIYKTYallMOHHBIM OOBEMOM
MOJICIIH JISJIOKAIM30BaHHBIX aTOMOB (M COCTAaBJISIOIIMA B 00JIACTH CTEKJIOBaHHUS OKOJ0 3% OT
o0bEMa CHCTEMBI), TMO-BHAUMOMY, SIBISICTCS YacThiO 0OHIEro (IyKTyallmOHHOTO CBOOOJHOTO
o0BbeMa CTEKOJ U UX PacIUIaBOB.

Takum oOpazom, cBOOOHBIM 00BeM KUAKOCTEH, BBeneHHbIM . M. ®dpenkenem [1] kak
CyMMapHBI 00BEM (IIYKTYyalIMOHHBIX JBIPOK NPHHIUIMUAAIBHO OTIMYAETCS OT KIACCHUYECKOTO
cBoOOIHOTO 0OBema 1o Ban-nmep-Baanbcy (MycTOro «CTaTUCTUYECKOT0» MPOCTPAHCTBA MEXKIY
atoMamu). Cuurtaem, yTo 0OpazoBaHUE (IIYKTYyallUOHHOW IBIPKM B JKUIKOCTSIX U aMOPQHBIX
BelecTBax OOYCIIOBJICHO JAENOKaNIMU3alleil akKTUBHOTO aTOMa — €ro IMpeleibHbIM CMEIICHUEM U3
JIOKQJIBHOTO PAaBHOBECHOTO TIOJIOKEHUsSI B pe3ynbrate (BiuykTyaruu OnvkHEero mopsaka. [lostomy
(bpeHkeneBcKUit  CBOOOMHBIH 00bEM coBHamaeT ¢  (IYyKTYalMOHHBIM OOBEMOM  MOJAETH
JICJIOKAJIM30BaHHBIX aTOMOB [5].

Ipuiaoxenne

BoiBon  ¢opmyast  (3). HeoOxoaumplM — yclioBHEM — JIeNOKadU3allid  aKTUBHOI'O

(BO30YKJIEHHOTO) aToMa — CIY>KUT 00pa3oBaHWE BOJIM3HM HETro 3JEMEHTAPHOTO (DIYKTYaIrlMOHHOTO
o0bema Ave.

Kunetnueckue eauHUIBI aMOP(HBIX BEIIECTB OTIWYAIOTCSA JAPYr OT Jpyra TJIaBHBIM
o0pa3oM BeIMYMHON (QUIYKTyallHOHHOTO oObeMa V, KOTOpbIH 00pa3yeTrcsi B UX OKPECTHOCTH.
Yucno yacTun dn, 06Iagarommx (IyKTYaMOHHEIM 06beMoM oT V 10 V +dV, ommceiBaercs

dbyHkImei [5]

dn= Aexp —% dv = Aexp _(pl.]—:—]{))v av,

rne H = (pip)V — sHTanenus obpasoBanus oobemMa V. CyMMa BHYTPEHHETO p; M BHEIIHETO p

JaBleHUH (pi+p) BHICTYIAET B KAUECTBE KOHCTAHTBI, He 3aBUcsIeH oT V . [Tocne HopMupoBKU

N
[dn=N,
0
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MO3BOJISIONIECH MOTYYUTh COOTBETCTBYIOIIEE BhIpaxkeHue (/N — 4Kciio aTOMOB)

4=t PN
kT

HaxXoauM 4YHUCJIO ACIIOKAJIM30BaHHBIX aTOMOB Ne, Y KOTOpPBIX V 2 AVe,

N = [ ptpIN exp[_ (p, +P)V } o Nexp{_ (p, + p)AVe}
KT kT kT

oTKyna caeayet hopmyna (3)

N, ( Ag, + pAVej
=exp| - —¢——=¢
N kT :
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AHHOTANUA
Cmexknosanue H#cuoKocmu npu OXIAANCOCHUU (pa3MacHeHuu CmeKIa npu Hazpesanuu) 6 obracmu
memnepamyp T = Ty u obpamumas 3amopodicennas degopmayus cmexkioo6pazno2o meepooeo mena npu 20
°C onpeoensiomcs 00HUM U MeM dce MOJEKYIAPHbIM MEXAHUSMOM, d UMEHHO 0el0oKAIU3ayuell amoma — e2o
npeoebHbIM CMeljeHueM U3 JIOKAIbHO2O DPABHOBECHO2O0 NOJLONMCEHUS, KOMOpOe CBA3AHO C JIOKANbHbIM
KOHUSYPAYUOHHBIM USMEHEeHUeM CIMPYKMYpbl (C Qaykmyayueli O1udxicHe20 nopsoKa,).
KnioueBble cil0Ba: cmeknoganue, 0e10KAIU3AYUA AMOMA, 3AMOPOANCEHHAS 0ePOPMAYUsL.

LIQUID-GLASS TRANSITION AND REVERSIBLE FROZEN
DEFORMATION OF GLASSY MATERIALS

S. S. Badmaev !, S. Sh. Sangadiev !, D. S. Sanditov '~

!'- Department of Physics and Engineering, Buryat State University, Smolina str., 24a, Ulan-Ude 670000,
Russia, e-mail: sanditov@bsu.ru
2 - Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
Sakhyanovoy str.,6, Ulan-Ude 670047, Russia,
e-mail: sanditov@bsu.ru

Abstract

The liquid-glass transition by cooling (glass softening by heating) within temperature range of T = Tg
and reversible frozen deformation of a glassy solid at 20 °C is determined by the same molecular
mechanism, namely the atom delocalization — its ultimate displacement from an equilibrium position, which
is related with local configuration changes of structure (with short-range orvder fluctuations).

Keywords: glass transition, atom delocalization, frozen deformation.

B mnactosimem cooOmieHnn ¢ TpPUBICYEHUEM MOJCIH JIETOKATU30BaHHBIX aToMoB [1, 2]
MIPOBOAUTCS CPAaBHEHHE Pa3MATUEHUsl CTEKJIa — Mpoliecca, 0OpaTHOTO CTEKJIOBAHUIO JKUJKOCTH — C
oOpatuMoit 3aMOpoXKeHHOU naedopmanmeld CTEKIOOOpa3HBIX TBEPABIX Tell, YTO TIO3BOJISET
MOJIYYUTh OTpeAeNIEHHYI0 HHPOPMAIIHIO O TPOIECCe MePexoaa KUAKOCTh — CTEKIIO.

1. Ilomaraem, 4TO Mepexoj] >KUIAKOCTb — CTEKJIO OOBICHAETCS 3aMOpaKMBAHUEM Ipoliecca
JIeJIOKaIN3alui aToMa — €ro IPeeIbHOI0 CMEIIEHUS U3 JIOKAJIbHOT'O PAaBHOBECHOTO MOJIOKEHUSI[3].

C 2TOl TOUKM 3peHHs] CTEKJIOBAaHHME HACTYMAaeT TOTAa, KOTJa SHEPrusi TEIUIOBBIX KOJeOaHUit
peumietkn, B pacuere Ha atoM: (i / 2)kT, cTaHOBUTCS paBHOW WM MEHBIIE SHTAIBITHU

Jenokanusanuu aroma AfH,, 4T0 IPUBOAUT K CIIEAYIOIIEMY YCIOBHIO IIEPEX0a )KUIKOCTh — CTEKIIO

;kTg =AH,, (1)
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rae [ — YHCIO CTemeHed CBOOOJbl KUHETHMYECKOM eAMHMIIBI (aToMa, TpYHIbl aTOMOB),
OTBETCTBEHHOM 3a cTekyioBanue, AH. onpejensercs paboToi Mo CMEIICHUIO aTOMa, COBEPIIaeMOin
MPOTUB BHYTPEHHETO IABJICHUS p; U BHEUIHETO p JaBjieHuu [1]

AH:= (pit+ p)Ave= A€+ pAve. (2)
3nech Age = piAve — DHEPTUs JAENOKAIM3AIMUA aToMma, AVe — DJIEMEHTapHbIH (IyKTyalnmOHHBINA
o0beM, HEOOXOAMMBIN MJid JeNOKadu3allid aToMa. B CHIMKAaTHBIX CTeKJaxX, HaIpuMep,
JeNOKau3alisl aToMa CBOJHUTCSA K MPEAETbHOMY CMEIIEHHI0 MOCTUKOBOTO aToOMa KHCIOpOAa B
moctuke Si-O-Si [1, 2].

Kputepuii crexioBanus (1) ¢ yuerom (2) nmpeoOpa3zyercs B paBEHCTBO
I
Ag, = EkTg — pAv,,. 3)

Panee Obu1o ycraHOBIIGHO [3], UTO SHEPrUs JENOKATU3alUU aromMa Ag. OJHO3HAYHO CBSI3aHA C
SMIUPUYECKUM TMapaMmeTpoM ypaBHeHus Enkens [4, 5] nns BA3KOCTH CTEKIOO0pa3yIOLIETro
pacruiaBa D (R —Ta30Bast MOCTOSTHHAS )

Ag.=RD. 4)
Kak u crnenoBamo oxugarb, B COOTBETCTBUM € cooTHomeHusMu (3) u (4) BenmuumHa D,
ompeielIeHHas! U3 IKCIIEPUMEHTATIBHBIX JIAHHBIX O BSI3KOCTH, Y CHJIMKATHBIX M T€PMAHATHBIX CTEKOJI
JTUHEIHO 3aBUCUT OT TEMIEPATyphl CTEKIOBaHUS Ty
D=aT,+b,
YTO TIOATBEPKIAET CIPABEIMBOCTh KpUTEpHUs CTeKjIoBaHUs (1), TpenCTaBIEHHOTO B BHJEC
paBeHcTBa (3).

Pacuer sneprum pgenokanuzanuu aroma no ¢opmyne (4) U3 AAHHBIX 00 SMIHUPUYECKOM

napametrpe D = 2500 K [5] 11 111e104HOCUIIMKATHOTO CTEKIIa

Ag.=RD =21 x/Ix / mospb (%)
HaXOJUTCSI B COMJIACUU C pe3ylbTaTaMH pacueTa MO0 YPaBHEHHIO MOJAENH JIeJIOKATN30BaHHBIX
aTtomos [ 1, 2].

2. [lox neiicTBHEM MEXaHUYECKOTO HANPSKEHUs, MPEBBIIIAIOIIEr0 HEKOTOPBIA MPeAe — Mpeaesn
TEKY4eCTU Oy, y crekos npu 20 °C nabmopaercs Heynpyras aedopMaius, KOTopas COXpaHseTcs
CKOJb yrogHo nonro (3¢dexkT mIacTHYHOCTH crekia) (cm., Hampumep, [6]). Omnaaxo
MPUMEUYaTENIbHO TO OOCTOATEIhCTBO, YTO TMPU HATPEeBaHWM HUXKe U BOmm3M 1, JaHHAA
«acTuueckas» aedopmarius peJakcupyeT MpakTHUecKu 10 ucye3HoBeHHs. ClenoBaTenbHO, OHA
OKa3bIBACTCSI 3aMOPOKEHHON 00paTUMOil 1eopMarinei.

He ocranaBnuBasick Ha pa3IMYHBIX MOMBITKAaX TPAKTOBKHU ATOTO SBJIEHUS, 00paTUM BHUMaHUE Ha

€ro CBS3b CO CTEKJIOBaHHEeM. B camom ACJIC, OKa3bIBACTCA, UTO BHCMGHTapHLIfI aKT SaMOpO)KeHHOfI
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(«mmactugeckoi») neopMani CTEKOJ CBOAWTCSA K JIEJOKamu3aluy atoma. Bo BcskoMm ciydae
TaKO€ IMPEJCTABICHHE HAXOAUTCS B YIOBICTBOPUTEIBHOM COTJACHU C 3KCIIEPHUMEHTAIbHBIMU
JaHHBIMU: pacyeThl B paMKaxX MOJIENIU JEJIOKAJIN30BaHHBIX aTOMOB Ipefesia TeKy4eCTH U SHEpruu
aKTHBaIlMM d3TOH  JedopManuy  COTJacyloTcss C  OKCIEPUMEHTOM. OHEprusi aKTHBAIHH
«IUTACTUYECKOI» nedopManuu CHIMKAaTHBIX crekon Au =~ 20 xJkK / Monmp coBHamaer c¢
MIPUBECHHBIM BBIIIEC 3HAYCHHEM YHEPIUU JENIOKAIN3auH atoMa Au = Ag., a UX Tpees TeKy4eCTH
Gy COBIIAJAET ¢ MUKPOTBEPAOCTHIO IO Bukkepcy oy~ Hy.

«[lmacTH4HOCTE» ~ XPYNKHX  HEOPraHWYEeCKUX  CTEKOJ  yAOOHO  HM3y4aThb  METO/OM
MHUKpPOTBepAOCTH. [Ipy BaaBiIMBaHMM anMa3HOM NUpamMHIKM BuKkepca M APYrHX 3a0CTPEHHBIX
MHJICHTOPOB B criMKaTtHoe cTekio npu 20 °C obpasyercst «IiacTHuecKash» JIyHKa, KOTOpask MOXKET
COXPaHATBHCS CKOJIb yroaHo noiro. Ilpum HarpeBe Hmxke W BOMM3M T, MUKPOOTIIEYaTOK — JIYHKA
ucuesaeT. MUKpOTBEepOCTh Hy MMeeT cMbICH peziesia TEKYUeCTH Gy, BbILIE KOTOPOTo pealn3yercs
«UTacTUYECKas» aeGopManusi.

B pamkax Mojenu [elOKaIM30BaHHBIX aTOMOB MOXXHO BBIBECTH (DOPMYIY, CBS3BIBAIONIYIO
npeies TeKy4eCTH U TeMIIepaTypy CTEKIOBaHUS (TEMIIepaTypy pa3MsIrdeHus CTeKIIa)

_kin(l/fy)

9
Yy AVe g

rae k — nocrosHHas bonblMaHa, fg =(AV,/V)r_y — nons duykryanuoHHoro o0bema,
g

3aMOpOXEeHHasi B 00JacTh CTekiIoBaHUA. DIYKTyallMOHHBIM 00beM OOYCIIOBJIEH TEMJIOBBIMU
CMeEIIeHUIMH aTOMOB: AV, = N.Av,, Tae N, — 4iCI0 OCI0KaJIN30BaHHEIX aTOMOB. Y CTEKOJ OJHOI'O
Kjacca fg = const u Av. = const [1, 2]. [ToaroMmy B COOTBETCTBUU C JaHHOW (POpMyNnoH y HHX

JOJKHA HA0JI01aThCsl JIMHEWHAs: KOPPEISIIHs MEKAY BEIMUNHAMU Gy U Tg, a Takke Mexay Hy u Tg.

oy, MNa} 510
X 7
60 6
49¢5
40 - 4
i 2
20 y
0 1 1 —3»
200 400 T, K

Puc. 1. JIuneiinas koppemnsiuusi MEXIy MPeaesioM TeKY4eCTH G, M TEMIIEpaTypou cTeKinoBaHus 1y aMOp(HBIX
momMepoB. [ — monuteTpadTOpITWiICH, 2 — TOMUATHIICH, 3 — TOJIUIPONWICH, 4 — TOoMuaMun, 5 —
noJuaTUIeHTepedTanaT, 6 — MONMBUHUIXJIOpPHUI, / — TONUKapOoHaT, § — monuapwiarcyibdoH, 9 —

moucynbGhoH, /() — moIuapuIar.
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Puc. 2. Jluneiinas xoppemsiuus Mexny Hy u Ty 1t OECKUCIOPOIHBIX XaIbKOT€HUIHBIX CTEKOJ CHCTEMBI

MBILIBSIK-TEJITYP-aJIFOMUHUNA TIPU Pa3NUYHbIX COAEPKAHUAX KOMIIOHEHTOB [7].

B camom zene, y aMOp(HBIX TOTMMEPOB MEXKIY Gy U T 0OHAPYKUBACTCS TMHEWHAS KOPPEIISAIIHS
(puc. 1). Kax BugHO U3 pucC. 2, MUKPOTBEPAOCTh XaJIbKOT€HUIHBIX CTEKOJ TaKXK€e JIMHEHHO 3aBUCUT
OT TeMIIepaTypbl CTEKJIOBaHUA [7].

Takum oOpa3oM, pa3MsrueHue CTeKJa IpU HarpeBaHUH, Mpouecc oOpaTHBIA CTEKJIOBaHUIO, U
oOpatumasi 3aMOpOKeHHas JeopMaIisl CTEKIIa O JeHCTBUEM MEXaHUYECKOTO HANPSIKCHUS TIPU
20 °C omnpenensTcs OOHUM M TEM K€ MOJIEKYJISIPHBIM MEXaHU3MOM — JACJOKaIU3alUeil aToma —
€ro MpeieiabHbIM CMEIIEHUEM H3 JIOKAJBHOTO PABHOBECHOTO IOJIOKEHMSI, KOTOPOE CBSI3aHO C

JJOKAJIbHBIM KOH(I)I/Il"ypaI_II/IOHHLIM N3MCHCHHUEM CTPYKTYPHI.
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AHHOTAUA

Dopmuposanue 3auwumHot nieHKU U3 y2nepoOHblX HAHOCMPYKMYPUPOBAHHbIX MAMEPUAIo8 (2paghenosbix
CMPYKMYp) HA NOBEPXHOCMU KAMOOd 34 CYem OCANCOeHUsl UOHO8 U AMOMO8 Y21epood u3 ammocgepul
0y206020 paspada npedocmagiienm NPUHYUNUAILHYIO G03MOMCHOCHIL HEOZPAHUYEHHO20 VEeIUUeHUsl CPOKa
CYAHCOB KAMOOA ANEKMPOOY208020 NAAZMOMPOHA.

B oannoii pabome npedcmasiienvl HeCKOILKO 8APUAHMOE NPEONONCEHUL NO MOOEPHUZAYUU KAMOOHOZO
V314 91eKmpo0ye06020 NIASMOMPOHA, 6 YeNaX PAGHOMEPHOU noodayu yenepoocooepicaueco 2azd Ol
CO30AaHUSA U YOEPAHCAHUS 3AUWUMHOL amMocghepbl Kamooa.

KnioueBble c10Ba: 21ekmpo0y20601i ni1a3MOmMpoH, pecypc HenpepuléHoll pabomuvl Kamood, KamooHblll
y3el, epaghenosvie HaHOCMPYKMYpPbi.

ABOUT THE PROTECTIVE CARBON-CONTAINING ATMOSPHERE OF
THE HIGH-RESOURCE NANOSTRUCTURED CATHODE OF THE
PLASMOTRON
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! - Institute of Physical Materials Science, Siberian Branch of the Russian Academy of Sciences,
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Abstract

The formation of a protective film from carbon nanostructured materials (graphene structures) on the
cathode surface due to the ions and carbon atoms deposition from the arc discharge atmosphere provides
the fundamental possibility of an unlimited increase in the life of the cathode of an arc electric plasmatron.

This paper presents several options for modernizing the cathode assembly of an electric arc plasmatron
in order to uniformly supply carbon-containing gas to create and maintain a protective atmosphere of the
cathode.

Keywords: electric arc plasmatron, cathode continuous operation resource, cathode assembly, graphene

nanostructures.

OpHMM U3 MEPCHEKTUBHBIX CIIOCOOOB YBEIMUEHUS pEeCypca HEMpephIBHONW pabOThI
Katona  sBIseTcs  (OPMUPOBAHME  3AIIMTHOM  IUJIEHKM U3  YIVIEPOJHBIX
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HAHOCTPYKTYPUPOBAHHBIX MaTepHaIOB (TpaeHOBBIX CTPYKTYyp) Ha IMOBEPXHOCTU
KaTo/a 3a CUET OCaXJECHHS HMOHOB M aTOMOB YIJepojaa U3 aTMoc(epbl TyroBoro
paspsiza.

dopMupoBaHUE 3alIMTHOW IUICHKM Ha IOBEPXHOCTH KaToja oOecreunBaeTcs
MPEJCTAaBICHYOM KOHCTPYKIMEW IU1a3MOTpoHa B padore [1], KOTOpBIA COAEPKUT
Hapy>KHbII MEAHBIA 3JEKTPoJX (AaHOA) W M30JIMPOBAHHBIA OT HEro, COOCHO
PACMOJIOKEHHBIN C HUM, BHYTPEHHUN MEJIHBIN 3JIEKTPOA-KAaTOIOAEPKATEIb, KaXK bl
M3 KOTOPBIX pa3sMElIeH B CBOCH HMHAYKLIMOHHOM KaTylIKe, C BUXPEBOM Kamepou
nojlauu IIa3Moo0Opasyroimiero raza (Bo3ayxa) MeEXIy dJeKkTpoaamu. B mosoctu
BHYTPEHHETO 3JIEKTPOJA-KaTOIOAEPKATENs,, B €ro JOHHOM 4YacTh 3aKpervieHa
BcTaBka u3 Tpadura (katon). BcraBka BO BHYTPEHHEM KaTOJOJEpikKaTee
pacrnoJiokeHa Tak, YTo o0pa3yeT MOJI0CTh MEXAY AOHHOM YacThblO KaTOJ0AEepHKATEIs
M TOpPLEBOM ITOBEPXHOCTBIO BCTaBKU. [lonocTep coennHEHa € pe3epByapoM,
coJiep KallliuM YTJIeBOAOPOIbI METaHOBOTO psna. [1mazmooOpasyromuii ra3 moaaercs
TAHT€HI[MAIBHO MEXIYy BHYTPEHHUM 3JIEKTPOJAOM-KATOJIOACPKATEIEM U HapyKHBIM
AJIEKTPOIOM (aHOAOM). B 1u1a3MoTpoHe yrieBoJopoabl METAHOBOTO psjia MOJAI0TCS
0 BUHTOBBIM KaHajlaM, BBITIOJIHEHHBIM B BHJE MHOT03aXOJHOW pe3bObl Ha
UIMHAPUYECKON TpadUTOBOM BCTaBKE B MPHUKATONHYIO o0Onactb. B pesynbrare
ATOr0 B TMOJOCTH KaToja o0pasyercs cpela, COCTOsIas MNPEUMYUIECTBEHHO U3
yraepojcoaepxaniero raza. O0Opa3zoBaBlIrecs B Pe3yJbTaTe AUCCOLUMALNUNA MOJEKYI
MPOMaH-O0yTaHOBOW CMECH W HMOHU3ALMH aTOMOB YIJIEpOAA MOJOXHUTEIbHBIE HOHBI
yriiepoga 1oJA JAEUCTBHEM NPUKATO