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HEHbIOTOHOBCKOE TEYEHWUE NONIUMEPHBIX KOMIMO31TOB
B PAMKAX CTPYKTYPHOW MOJIENN

Bekosuwes M. I1,, Kupcanos E. A.

locynapcTBeHHbIE COUNATTbHO-TYMAHUTAPHBIA YHNBEPCUTET
140411, Mockosckas 0611., r. Konomua, yn. 3enéHas, 4. 30, Pocewniickas ®egepauns

AHHOTaLMA

Lens: paccMOTpeTb PEOSIOrNYeCcKoe NoBeeHne pacnnasoB NnoauMepHbIX KOMNO3UTOB C HaMon-
HUTENIEM B BUE HEOPraHUYecKUX TBEPAbIX YacTuL.

lpoyenypa n merogel. TpoBefieHa annpoKCMMaumMs 3KCnepUMeHTaNbHbIX JaHHbIX YPaBHEHU-
AMU CTPYKTYPHOW PEONOTYECKO MOLENN HA OTAENbHbIX MHTEPBAax CKOPOCTY CABUra.
Pe3ynbtarsl. oka3aHa CBA3b KOI(MUMUUEHTOB PEOSIOTMYECKUX YPaBHEHWIA C COCTOSHWUEM
CTPYKTYPbI KOMMNO3UTHOIO MaTepuana.

Teopetnyeckas n/wnm npaKTHyeckas 3Ha4YnMocTb. NPean0oXeHbl YpaBHEHUS, KOTOpPbIe Cro-
COOHbI annpoKCUMMUPOBATh 3KCNEPUMEHTaNbHbIE JaHHble HA OTAE/bHbIX MHTEPBaNax CKOPOCTy
CL1BMra, COOTBETCTBYIOLLMX ONPeaeEHHOMY CTPYKTYPHOMY COCTOSIHWIO pacrnasa nojmMepHoro
Komrosura.

KnioyeBble cnosa: pacnnae nonuMepHOro KOMNo3uTa, CTPYKTYpPHas peonoruyeckass MoAenb,
0606LLEHHOE YpaBHEHWE TEYEHUS, PEOSIOrMYecKNe KpuBbIe.

NON-NEWTONIAN FLOW OF POLYMER COMPOSITES WITHIN THE
FRAMEWORK OF A STRUCTURAL MODEL

M. Vekovishchev, E. Kirsanov.

State University of Humanities and Social Studies
ulitsa Zelenaya30, Kolomna 140411, Moscow region, Russian Federation

Abstract
Aim. We consider the rheological behavior of melts of polymer composites filled with inorganic
solid particles.

© CC BY Bexosumes M. I1., Kupcanos E. A, 2023.
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Methodology. The experimental data are aproximated by the equations of the structural rheo-
logical model on separate intervals of the shear rate.

Results. The relationship between the coefficients of rheological equations and the state of the
structure of the composite material is demonstrated.

Research implications. Equations are proposed that are capable of approximating experimental
data at individual shear rate intervals corresponding to a certain structural state of the polymer
composite melt.

Keywords: melt of polymer composites, structural rheological model, generalized flow equation,
rheological curves.

BBepeHme
PasnyHble HATOTHUTENN UCIIONB3YIOTCS B PACIIaBax IIOIVIMEPOB /IS YIy4dIleHUs
CBOJICTB KOHEYHOTO IPOAYKTA WM IIPOLjecca ero usrotosnenus [1; 2]. B nepsyio ove-
penb [3] 6pU10 M3y4eHO BIMAHME pa3dMepoB, GOPMBI YaCTUL] U X KOHLIEHTPALMM Ha
CABUTOBYIO BsI3KOCTb. VI3BECTHO, YTO JOOaB/IeHe YAaCTHL] B TEKYILYIO XUAKOCTD IIPH-
BOZMT K BO3MYILIEHNIO KaPTUHBI TeYeHVsI U yBenndeHno Bsaskoctu [3]. Hanbonee va-
CTO MCTONB3YIOT ypaBHeHMe [loreptu-Kpurepa, B creaymomieM Buze:

n1/2 =n%)/2 [ 1 JA.

1-k®
B aTom ypaBHeHuu Bsiskoctb 1] cTpeMutbcesi kK 6eckoHedHoCTH, ecmu kP —1. Takum

o6pa30M, T€YE€HNE TO/DKHO ITPEKPATUTDHCA, €C/INT KOHIEHTpalVA JOCTUTHET BE/INYIVHbI

0] . 1/k. O6b14HO, BeTMUNHY Q)M COIOCTABJISAIOT C KOHI[eHTpaLjueil YacTuii, oopa-

3YIOIIMX HEKOTOPYIO YIAKOBKY, IPENATCTBYIOIIYI0 TeYeHU0. YpaBHeHue JlorepTu-
Kpl/[repa (I/I CXOHbI€ C HUM ypaBHeHI/IH) YCIIEHO MCIIO/Ib3YIOTCA /11 OIMICAHUA CYyC-
IIEH3MI1 B HBIOTOHOBCKOII JVICIIEPCHOHHOM Cpefie.

OpHaxo BA3KOCTDb ITONTMMEPHOI pacIyiaBa 3aBUCUT OT CKOPOCTY CABUTA: Be/IMYMHA
N, () ymenburaercs c yBenmuenuem ckopoctu (cBUTOBoe pasxukerne). O6HApy-
JKEHO [3; 4], 4To ¢ yBe/mueHyreM MacCoBOI MM 06 BEMHON KOHI[EHTPALMY HAIIOTTHM-
TeJlA CABUTOBAs BA3SKOCTb BospacTaeT, HO dopma kpusoii Baskoctu logn(logy), s
00111eM, CYI[eCTBEHHO He IBMEHAETCS: YMEHbIIAeTCsl MHTEPBAJI <HBIOTOHOBCKOTO» T10-
BeJleHNA IIPU HU3KUX CKOPOCTAX, YBEIMYMBAETCA VHTEPBAJI CIBUTOBOIO Pa3XVKEHNA
IIpY BBICOKMX CKOPOCTAX C/IBUTA.

B xayecTBe HanoNMHUTENEN OOBIYHO MCIIOIB3YIOT YaCTUIIBI MYMKPOHHBIX Pa3MepoB
VIV HAHOYACTUIIBI, HAIIPYIMep CTEK/ISTHHbIE Cepbl, HeOpraHMYecKye COMN ¥ OKCUMbI
MeTa/UIoB [3; 4]. BpUIO ycTaHOB/IEHO, YTO BA3KOCTb YBEIMYMBAETCSA C yBelINYEHNEM
KOHIEHTpalyi HAIIOJTHUTENA, I'IpI/[LIéM yBEIN4IEHNE Hanubosee 3aMEeTHO IIpy HU3KUX
CKOPOCTAX CABUTA. Ha MHTEpBase BbICOKUX CKOpOCTeﬁ KpuBad TEYEHNA XOPOILIO OIIN-
CbIBA€TCA CTCIICHHBIM 3aKOHOM, T. €. Ha6mo;1aeTcs[ HpHMO}II/IHCIZHbe?I Y4aCTOK B I[BOIZ—
HBIX }IOFap]/I(l)MI/I‘{ECKI/IX KOOpAMHaTax. Ha VHTEpBas€ HU3KUX CKOpOCTeﬁ MHOrga 1mo-
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SABJISIETCS YYaCTOK KPMBOIL, KOTOPBII OMNCBIBaeTCsl ypaBHeHueM KaccoHa, T. e. pu-
CYTCTBYeT IIpefie/IbHOe HaNpsDKeHMe CABUTA. BA3SKOCTh M3MEHseTCs IpU M3MEeHEeHUN
pasMepoB yactuii [5].

Hamu paccMOTpeHO oBeieH e PACIIaBOB IOTMMEPHBIX KOMITO3UTOB IIPY Pa3/INd-
HBIX KOHI[EHTPALMsX TBEPHOIL AUCIePCHOII (ashl ¢ IpUMeHeHVeM YpaBHEHWIT CTPYK-
TYPHOJI peoIoTn4ecKoit Mogenu [6; 7].

AnnpoKcumauma sSKCnepuMeHTa/IbHbIX AaHHbIX U 06Cy)KieHne pe3ynbTaToB

OKCIepyMeHTa/IbHbIe PeOJIOTNYecKye IaHHbIe TOMIMEPHOTO KOMITO3UTA C HAIlOJI-
HuteneM CaCQO; B nmomuatuneHe (CaCQOs;/ PE) us paboter [8] mpencraBieHsl Ha
puc. 1, a. Vicxopubiii paciimaB nomumepa (PE) memoncTpupyer peonormyeckoe mose-
JieHMe CO CABUTOBBIM pasxipkeHneM (shear-thinning) Ha ygacTke cpeHUX cKOpocCTeit
coBura. HabmoaeTcst pexxuM TedeHMsI, CXOIHBIN C Te4eHMeM CPefibl C Ipefie/IbHbIM
HampspkeHneM ciBura (yield stress) Ha yuacTke HM3KMxX ckopocreit. Taxke Habmoma-
eTcs sABJIEHME «CPbIBAa T€UeHNUA» Ha y4acTKe BBICOKMX CKopocTeii capura (puc. 1, 6),
0CcO06EHHO IIPY BBICOKON KOHIIEHTPAIM HaIlOJTHUTEJLA.

[To Mepe yBemMYeHMs MacCOBOJ KOHIIEHTPAL[MY YaCTUI BA3KOCTb IIOTMMEPHOTO
KoMII03uTa yBenmunBaercs (puc. 1). OgHako KpuBbIe BA3KOCTH JOCTATOYHO O/IM3KM
1o ¢opMe, YTO IO3BOJIAET ANNPOKCHMIPOBATDh SKCIIEPYMEHTaIbHbIE JaHHbIE 0000-
méHHbIM ypaBHeHueM TedeHrs (OYT) Ha y4acTke cpelHUX CKOPOCTEI! C/IBUTA.

Y4acTOK CABUTOBOTO Pa3KIDKEHI OMMCBIBAETCS 000OLIEHHBIM ypaBHEHIEM Tede-

HuA (OYT), nomydeHHBIM B paMKaxX CTPYKTYPHON peosIorndecKoit Mogenu [6; 7]:
T2 .
TI/Z =- = N ,-YI/Z +nl/2 ,-YI/Z

HepBoe C/Iara€éMoO€ OTHOCUTCA K IIOTEPAM IHEPIUN BA3KOI'O TEIYEHNA IIpU COBMECT -
HOM [BVDKEHUNH arpe€raToOB YaCcTUIl 11 aCCOMATOB MAaKPOMOJIEKYJI, BTOPO€ OINCbIBAET
IIOTepU IHEPIUM NPpU ABVDKEHUM OTAEIbHBIX YaCTULL M OTAE/IbHBIX MaKPOMOJIEKYIL.
KoadpuipmeHT KOMIIAKTHOCTH ¥, YKa3blBaeT Ha TEHJEHIMIO K 00pa3oBaHMIO 6ecKo-
HEeYHO 0OJIBIIOTO arperara yacTul] (MaKpOMOJIEKY/I) 1 CBA3aH C PBIXIOCTBIO VU KOM-
IIAKTHOCTBIO OT/le/IbHOTO arperata yactul. Koadduiment T. XapaKkTepusyer Cre-
IIEHb arperauuym CUCTEMbl U an06peTaeT CMBIC/T IIPENENbHOTO AVHAMMYECKOTO
HAIIPSDKEHMS CABUTA TOMBKO mpu ycmosun X, —0.

1/2

. . T
3HaveHMe CTPYKTYPHOI BA3KOCTU OIIPENENAeTCA BeIMIMHON €, 3HAUYEHME «HY-
X

. . 2 1/2
JIEBOVI» BA3KOCTU OIIpENENAETCA BEININHON n1/2 0)= C—+T] .
c

AnmpokcuManus ypaBHeHueM (1) mokasaHa CIUIONIHOM JIMHMeN Ha puc. 1. An-

IIpOKCMalyA SKCIIEPMMEHTA/IbHBIX JAHHBIX ITPOBOAUTCA C IOMOILIbI0 MUTHNMM3a N

CyMMBI KBajipaToB pasHocreit CKP= z (T =Tije)* - [l0O9TOMY pe3ymbTaThl aNIIpOK-

&/
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CUMaLuy YA0OHO MPeCTaBUTh B KOPHEBBIX KoopauHatax (puc. 1, 6). Vintepsan am-
IPOKCUMAIMM OTPAaHNYeH BepTUKAIbHBIMYU MMHUAMA. KoapuimenTs! ypaBHeHNUA 1
IpUBeJieHbI B Tao. 1.

Ign,Ilac
6r 3
1000
5 L 20
1 © 800
4
) 600
3 HH3KUC (T:Ie)E?HI/Iﬂ
CKOpOCT 400
2 | choBura %
UHTEpBaJl e 200
1t anmnpoKCUMAaLUU 1
ypaBHEHHEM 1 lgy,c”
0 A B R. B 0
3 2 A 0 1 2 3 4
a o

Puc. 1/ Fig. 1. Peonornyeckne xapakTepucTuky nonmmepHoro kommnosuta CaCO; / PE:

a — 3aBUCHMOCTD C[IBUTOBOJI BI3KOCTM OT CKOPOCTY CABMIA B IBOJHBIX TOTapu(pMuieckux
KOOPIMHATaX IIPU MacCOBBIX KoHIeHTparuax 0% (1); 18,2% (2); 30,4% (3); 6 — 3aBUCHMMOCTD
HaInpsDKeHMsI CABUIa OT CKOPOCTH C/IBUTa B KOpHeBbIX KoopanHartax / Rheological character-
istics of a CaCOs / PE polymer composite: a — dependence of the shear viscosity on the shear

rate in double logarithmic coordinates at mass concentrations of (1) 0%, (2) 18.2% and (3)

30.4%; 6 — dependence of the shear stress on the shear rate in root coordinates

Vicrounuk: [8].

Ha puc. 2, a npencraBneHbl 9KCllepYMeHTa/IbHbIE IAHHBIE M Pe3y/IbTaThl allIPOKCU-
Maluyy B BUjie KPUBBIX T€YEeHNSA B [BOVHBIX JOrapu@MmU4ecKux KOOpAMHATaX. 3a-
MeTHa TeHJ,eHIIVA K IVIACTYHOMY TeUeHUIO C ITpe/ie/IbHbIM HaIlpsKeHMEM COBUTA IPU
HU3KUX CKOPOCTAX. YTOOBI IPOBEPUTH 3TO MPEAIIONIONKEHNE IPE/ICTAaBUM PeojIornde-
CKe JaHHble B KOPHEBBIX KOOpAIMHATaX Ha MHTepBaje HU3KUX CKOPOCTEN COBUTA
(puc. 2, 6). OHM OIMCBIBAIOTCS € XOPOIIEil TOYHOCTBIO MIPSAMBIMM INHVAMI.
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Puc. 2 / Fig. 2. Peonorndeckne xapakTepyucTyky mnoanmeproro kommnosuta CaCOs / PE:
4 — 3aBYCUMOCTD HAIIPSDKEHVSI CIBUTA OT CKOPOCTY CABUTA B JBOJHBIX JIOTapupMIIeCKUX
KOOpPZAMHATAaX P Ha MacCOBBIX KOHI[eHTpauusx 0% (1); 18,2% (2); 30,4% (3); 6 — 3aBucu-
MOCTb HAalPSDKEHVsI CABUTA OT CKOPOCTH CABUTA B KOPHEBBIX KOOPAMHATAX HA MHTepBasie
HM3KMX cKopocTeit casura / Rheological characteristics of CaCOj; / PE polymer composite:

a - dependence of shear stress on shear rate in double logarithmic coordinates at at 0% mass
concentrations 0% (1); 18.2% (2); 30.4% (3); 6 — dependence of shear stress on shear rate in
root coordinates in the range of low shear rates

Vcrounuxk: [8].

Tabnuya 1/ Table 1

Koadpuunents: peonormieckux ypasHenuii (1) u (2), BeiudnHa KOPHs MpefeIbHOIN HY-
JIeBOIT BA3KOCTH, BEIMYMHA KOPHS U3 CTPYKTYPHOII BA3KOCTH, PACCIUTAHHBIE [I/IsI TO/IM-
MepHoro kommnosura CaCO;/ PE/

Coefficients of rheological equations (1) and (2), the value of the root of the limiting zero
viscosity, and the value of the root of the structural viscosity, calculated for the polymer
composite CaCQO; / PE

cpefHIEe CKOPOCTIL, Yp. 1 HHI3KIE CKOPOCTH, Yp. 2
Konnenrtpauusa % 0 18,2 30,4 0 18,2 30,4
T2 TTa'? 190,8 | 214,8 | 315, T2 | 1,48 | 5,05 15,2
Y2, (ITac)"> 2,86 | 6,20 7,25 V21667 | 961 | 1687
X, 2,58 | 1,69 1,36 - - - -
V% 740 | 1270 | 2318 -] - - -
NY2(0), (Mac)”> | 76,9 | 1332 239,0 - - - -

Vcrouynuk: mo AaHHbBIM aBTOPOB.

o
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ITocKombKy «KO3(pPUIMEHT BA3KOCTI» 1Y CYIlIeCTBEHHO 607blie «KoadduimeHTa
arperauum» T? (puc. 2, 6), To He/b3sI UCIONB30BaTh 00bIYHOE ypaBHeHMe KaccoHa,
IpsAMO BBITeKawllee n3 00001EHHOTO ypaBHeHNA TedeHA npu ¥, =0.

Bynem ncrionp3oBaTh Apyroe ypaBHeHMe /I PeKIUMa TeYeHN A, B KOTOPOM OIIMChI-
BAIOTCA [IBa OJJHOBPEMEHHO IIPOTEKAIOIIMX IIPOIiecca paspyuIeHys n GOpMIUPOBAHIA
CTPYKTYPBI IIOJ, fieiicTBueM casura [7]. CooTBeTCTBYOIee ypaBHEHME MeeT BUJL

TI/Z :n££2Y1/2 +ﬁcl1/’2 , (2)

npuaéM KoapPUIMEHTbl ypaBHEHNA CBA3aHBI C KOHCTAHTAMU CKOPOCTI POPMUPOBa-

HMS Y pa3pyLIEHNs arperaToB 4acTull (VI MaKpOMOJIEKYII) M KOTIMIECTBOM JBVIKY-
mmxca  dvactunm N B emuHuIEe  0OBéEMa: V2 =mY2+BNk; / (ks + k) ;
T2 = BN (ky ko) / (ks +ky) .

Koadduuuent TY? sBnserca orpuuarenbubiM, ecnu ko >k, , n monoxxurensubim,
ecmu ko <k, . [ToaTomy Ha MHTepBase HUSKMX CKOPOCTEll BO3MOYKHBI TPU BUJIA PEOJIO-
TMYEeCKOTO NOBeieHNs. B IiepBOM crydae BA3KOCTb YBEIMUYMBAETCS C POCTOM CKOPOCTH
caBura (sIBJIeHIe CABUTOBOTO 3aTBepfieBaH ). Bo BTOpoM ciry4ae BASKOCTb yMeHbIIIA-
eTCs1 C POCTOM CKOPOCTY CABMUTA, IPUIEM K03(hGUIMEHT TV’ MeHbIIe VIV CPaBHUM
110 Benm4rHe ¢ Koaduumentom MY . B Tperbem crydae koadduumenT T4 61M30K
K Hymo npu ycnosuu ko =k;, Torga peonormdeckoe noBefeHme MOX0Ke Ha «HBIOTO-
HOBCKOE» Te4eHMe C IPAKTUYEeCKY IIOCTOSHHBIM 3Ha4eHMeM C/IBUTOBOII BA3KOCTH T\,
. Torga MO>XXHO UCIIO/Ib30BaTh YpaBHEHVE HPIOTOHOBCKOTO T€UEHNs B BUJE

T2 zn}\/lz;yl/z ) (3)

Cyzast o Tabs. 1, peXxuMm ¢ OfHOBpeMeHHbIM (OPMUpPOBaHNEM U paspylleHUeM
CTPYKTYPBI IIOf] [Ie/ICTBMEM CABUTA HAO/MIONAETCs KaK B MCXOJHOM pacIliaBe IIOJIN-
Mepa, TaK I B pacIiaBe C HallOJTHUTETIEM.

B pa6ore [9] npuBeneHbl peonornyeckyie JaHHbIE IS BBICOKOMOIEKY/LIPHOTO 110-
JIMMEPHOTO pacIylaBa C HaIlOJIHUTE/IeM B BUfIe CTeK/IHHBIX cdep ¢ pagnycom 15 MKkM
npu Temueparype 150 °C.

OKcIlepyMeHTa/IbHbIE JaHHBIE IIPeICTaB/IeHbl Ha pUC. 3, d. VICXORHBII paciiaB mo-
NMMepa TIOKas3bIBaeT PeOornyeckoe IOBeieHNe CO CABUIOBBIM Pas3XIDKeHUEeM Ha
y4acTKe CpeHUX CKOPOCTeIl CABUTA; YIaCTOK CPbIBA TedeHMsI He HaOIIoaeTcs 3a uc-
K/TIOYEHNEM OJfHOM SKCIEePMMEHTATbHON TOYKM TP MAKCUMATbHON M3MepseMOoil
ckopoctu (puc. 4).

PexxuM TedeHMs, CXORHBIN C Te4eHMeM Cpelbl C Tpefe/IbHbIM HaIlpsDKeHMeM
CABNTA, XOPOILIO BUJIeH Ha YYaCTKe HU3KUX CKOPOCTEIl TOMIBKO IIPU BBICOKOI 00BEM-
Hoit koHueHTpauym ®=0,6 (puc. 3, 6). Ilpu 60mee HU3KUX KOHIIEHTPALVAX IPU HU3-
KX CKOPOCTSIX PeXX1IM HallOMMHAeT HbIOTOHOBCKMII (puc. 3, a).

Tem He MeHee uMeeT CMBICT YTOYHUTDb XapaKTep KPUBBIX TeUeHNs Ha MHTepBaje
HU3KUX CKOPOCTEN], UCIIO/Nb3ys AlIPOKCUMAIVIO ¢ K09(ppuimeHToM neTepMUHaIN
R’ (puc. 5). KoapduumeHTs! ypaBHEHMIT IPUBELEHBI B TAOL. 2.

N
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Puc. 3 / Fig. 3. Peonormyeckine XapakTepUCTUKI IOTMMEPHOTO KOMIIO3)Ta, HAIIOJTHEHHOTO
CTeK/IAHHBIMM chepaMu ¢ papuycoM 15 MM npu temuepatype 150 °C:

a — 3aBUCUMOCTD C/IBUTOBOIT BSI3KOCTH OT CKOPOCTY CABMTA B JBOJHBIX IOrapupMIIecKmx
KooppmHaTax mnpu 06bséMHbIX KoHLeHTpaumsx 0,0 (1); 0,26 (2); 0,35 (3); 0,60 (4); 6 — 3aBucu-
MOCTb HAIPsDKEHVIS CABUTA OT CKOPOCTH CABUTA B KOPHEBBIX KoopanHatax npu O = 0,6 Ha
MHTepBasle HU3KMX ckopocteli caura / Rheological characteristics of a polymer composite
filled with glass spheres with a radius of 15 microns at a temperature of 150° C:

a — dependence of the shear viscosity on the shear rate in double logarithmic coordinates at
volume concentrations of (1) 0.0, (2) 0.26, (3) 0.35, and (4) 0.60; 6 — dependence of the shear
stress on the shear rate in root coordinates at ©=0.6 in the range of low shear rates

Vcrounuxk: [9].

tl.'?}][al’l
2000 >
1500 4
1000 3
500
L1212
Y o.C
0 1
0 20 40 60 80
a 6

Puc. 4 / Fig. 4. 3aBUCMMOCTD HaIIPsKEHUA CABUTA OT CKOPOCTH CBUTA B KOPHEBBIX KOOPAM-
HaTax Ha IT0JIHOM MHTepBaJie M3MepeHMil:
a — ipyt 06bEMHBIX KOHLIEHTpanusax 0,35 (3); 0,60 (4); 6 — mpu 06bEMHBIX KOHIIEHTPALIMAX
0,0 (1); 0,26 (2) / Dependence of the shear stress on the shear rate in root coordinates over the
full measurement interval:

a — at volume concentrations of (3) 0.35 and (4) 0.60; b — at volume concentrations of (1) 0.0
and (2) 0.26

Ucrounuk: [9].

2
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Tabnuuya 2/ Table 2

Kosdunments: peonormuecknx ypasHenuii (1) u (2), 3SHa4eHUA CTPYKTYPHOIT BA3KOCTH

U «HyIeBoi» Baskoctn (cucrema CY) A/isi HOTMMEPHOTO KOMIIO3MTA C HAIIOTHUTEIEM U3
CTeK/ISTHHBIX cep ¢ paguycom 15 mkm npu tremneparype 150 °C / Coefficients of rheologi-
cal equations (1) and (2) and values of structural viscosity and "zero" viscosity (SI system)
for a polymer composite filled with glass spheres with a radius of 15 microns at a tempera-
ture of 150° C

O0béMHas
17i/z ni/z X T]”2 (0) T2 [y V2 12
KOoHIeHTpanus @
0,0 370,5 5,07 6,82 59,4 54,3 0,115 50,4
0,26 493,7 7,45 4,37 120,5 113,0 1,23 93,9
0,35 654,5 7,62 3,83 178,5 170,9 2,63 163,0
0,60 985,0 13,9 2,84 360,5 346,6 24,6 591,1
Vcrounuk: mo JAaHHbIM aBTOpOB.
140 Tl/?.’l—[al/l 140 ¢ Tl/Z’l—[al/2
120 | 120 | 168.56
= 56x%
100 | y = 1632,(31x +2,6267 y =93,872x +1,2327 100 | );:12 =0,9964
R?>=0,998 R2 =0.0999
3 ¥
80 | 80 |
y =96,337x
60 y =50,395x +0,115 60 | R2 =0 9989
R? = 0,9997 '
40 ¢ 40 ¢ y =50,61x
2172 -1/2 R? =0,9997
20 | A 20 ¢ LY o2
0 . . . . s 0 : : s A
0 02 04 0,6 0,8 1 0 02 04 06 08 1
a 6

Puc. 5/ Fig. 5. Kpusrle TedeHns B KOPHEBBIX KOOPAMHATAX IONMMEPHOTO KOMIIO3UTA,
HAIIOTHEHHOTO CTeK/ITHHBIMMU CepaMy, TOTydIeHHble Ha MHTepBaJle HUSKUX CKOPOCTelt
caBura npu o6béMHBIX KoHIeHTpanusax 0,0 (1); 0,26 (2); 0,35 (3):a -
aNIpOKCUMANys II0 YpaBHEeHNIo (2); 6 — alIIpOKCUMAIIS 10 YpaBHEHMIO (3) Kak HbIOTOHOB-
ckoit cpenpt / / Flow curves in root coordinates of a polymer composite filled with glass
spheres, obtained in the range of low shear rates at volume concentrations of (1) 0.0, (2) 0.26,
and (3) 0.35:

a - approximation by equation (2); b — approximation by equation (3) like a Newtonian medium

Vicrounuk: [9].

MOo>XHO BUJIETD, YTO JTy4lllee 3HaYeHMe Koo duiyenta ferepmunanny R* nonyya-
eTCsl IIPY UCIIO0/Ib30BaHNM YpaBHeHNUA (2), OQHAKO IJI ICXOZHOTO IIO/IMMEPHOTO pac-
ITaBa TeYeHVe MOYKHO CUMTATh HbIOTOHOBCKIM.

CpaBHeHIE PeOIOTMYECKOTO MTOBEIeHN IBYX STUX KOMIIO3UTOB IIOKa3bIBaeT 3Ha-
YUTE/IbHOE CXOMCTBO PEOJIOTMUYECKUX XAPAKTEPUCTUK MX CTALVOHAPHOTO TEeYeHUA.

)




ISSN 2072-8387 ‘ BectHuk MockoBckoro rocynapcteHHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka ( 2023/Ne 1

Kak yxe ynmoMuHanoch B CTaThsX APYTMX UcCIefoBaTeneil [3; 4], mpu yBemndeHnn
KOHLIEHTPalluy 9acTHL] HAaIIOJTHUTENA BA3KOCTb KOMIIO31TA YBEIMYMBAETCA. ITOT IKC-
HepUMEHTATbHBIN PAaKT COITIACYeTCs C M3MEHEeHNeM BeINMIIMHbI K03 (UIVIEHTOB peo-
JIOTMYECKUX ypaBHEHUI CTPYKTYpHOI Mopenu. Hampumep, fnsa MHTepBana COBUTO-
BOTO Pas3XIDKeHNs pu yenoBum T >> 1|, MOXXHO IOTYYUTH COOTHOIIEHME:

. 2
N®@,) | T A+ /")
n@) |t A+x/7")
ITopcraHOBKA KO3 PULNEHTOB U3 TaO/I. 1 11 2 IOKa3bIBaeT yBe/INYeHMe BA3KOCTU IO
Mepe YBeTM4YeHNA KOHI[EHTPAL[UY YaCTUL] HAIIOTTHUTEJIA.

B sakmodyeHne orMeTuM, 4TO 000OIMEHHOE ypaBHEHNe TedeHMA VICIIOIb30BaIOCh
JUIs aHa/IM3a KPUBBIX TeYeHVs IONMMEPHOTO KoMIto3uta B pabote [10].

(4)

BbiBOADI

PaccMoTpeHO peonormveckoe MoBefieHNE PacllyIaBOB MONVMEPHBIX KOMIIO3UTOB C
HaIlOJIHUTENIAMU B BUJE HEOPTaHMYECKMX YacTUI, C JCIO/NIb30BaHMEM YpPaBHEHUI
CTPYKTYPHOJ peONIOTMYECKON MOZIe/IN. Y CTaHOBJIEHBI IHTEPBAIBL, ITie MOXKHO IIpUMe-
HATb YPaBHEHU:A, COOTBETCTBYIOLME Pa3INMYHBIM COCTOAHMAM CTPYKTYPBI IIOIMMEpP-
HOro KoMro3nuta. [TokazaHo, 4To U3MeHeH1e KO3 PUIMEHTOB PeOIOTNYeCKUX ypaB-
HEHUI C yBelM4eH)eM KOHLIEHTPALM TBEPON AUCIIEPCHONI (hasbl COITIACYETCs C 9KC-
HepPYMEHTATbHO OOHAPY)KEHHBIM yBe/IMYeHeM BA3KOCTI komnosuta. Koadduiment
KOMITAaKTHOCTM ), YMEHBILAETCS, YTO YKa3bIBaeT Ha CHVDKEHVE BEPOATHOCTH CIIOHTaH-
HOTO paspbIBa YacTull, K0apPuImeHT npenenpbHoi BA3KOCTU M2 1 K09 UIIMEHT ar-
peranyy TY? yBeIMYMBAKIOTCS, YTO COOTBETCTBYET YBENMNYEHNUIO KOHIIEHTPALIMI AVIC-
HepCHO (asbl ¥ YBEMYEHUIO Pa3MepOB arperaTos.

Cmamus nocmynuna 6 pedaxyuto 01.02.2023 2.
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0 KUHETMYECKOM NOAXOME NPYW YYETE HEOQHOPOHOCTEIA
BbICLWIUX NOPANKOB B YPABHEHUN HABBE — CTOKCA

I'nagkos C. 0., 30 AyHr

MockoBCknii aBNAaLMOHHbINA UHCTUTYT (HAUNOHANbHBIN NCCIIEL0BATEIbCKUI YHUBEPCUTET)
125993, r. Mocksa, Bonokonamckoe occee, 4. 4, Poccniickaa ®enepauymns

AHnHoTayna

Llenb: npogeMoHCTPrpOBaTh METOAMKY BbIBOAA YpaBHeHNst HaBbe — CTOKCA € y4ETOM HEOAHO-
POJHOCTEN No60ro nopaaka no oneparopy Jlannaca ¢ NOMOLLbO KUHETUYECKOrO YpaBHEHUS
bonbumana.

Mpoueaypa u meToAbl. MeTo peLieHns 6a3upyeTcs Ha TeOPMI HEPABHOBECHbIX ABIEHUA U OC-
HOBAH Ha NPMHLWME POCTa 3HTPONUN.

PesynbTatbl. [Tocne NpoBeAEHHBLIX BbIMUCNEHUA HaREHbl AONOMHUTENbHbIE HEOAHOPOHbIE
cnaraemble K npaBoil YacTu ypasHeHns Haebe — CToKca no onepatopy Jlannaca.
TeopeTnyeckas U NpakTUYecKas 3HaYMMOCTb. CpOrHO3UPOBaH HOBbIA TN DYHAAMEHTANbHbIX
peLleHnin Ang CTalLMoHapHOro ypaBHeHMs napabonnyeckoro Tuna, MMerLLero CyLecTBeHHoe
NPUKNagHOe 3HaYeHNe NPU peLLieHnn psaaa 3aiad MaTemMaTuHeckon onanku.

KnroyeBble cnoBa: KWHeTNYECKOE ypaBHeHMe bonbumaHna, ypaBHeHue Haebe — CTokca, burap-
MOHUWYECKWIA oneparop

KINETIC APPROACH TAKING INTO ACCOUNT THE HETEROGENEITIES OF
HIGHER ORDERS IN THE NAVIER - STOKES EQUATION

S. Gladkov, Zaw Aung

Moscow Aviation Institute (National Research University)
Volokolamskoe shossse 4, Moscow 125993, Russian Federation

Abstract

Aim. We demonstrate a method for deriving the Navier-Stokes equation taking into account
inhomogeneities of any order according to the Laplace operator using the Boltzmann kinetic
equation

Methodology. The solution method is based on the theory of nonequilibrium phenomena and on
the principle of entropy growth

Results. After the calculations, additional heterogeneous terms are found to the right side of the
Navier-Stokes equation according to the Laplace operator

Research implications. A new type of fundamental solutions for a stationary equation of para-
bolic type is predicted, which has a significant applied value in solving a number of problems of
mathematical physics.

Keywords: Boltzmann Kkinetic equation, Navier—Stokes equation, biharmonic operator

© CC BY I'mapkos C. O., 30 AyHnr, 2023.
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BBepgeHue

CormacHO 00IMM TMPUHUMIIAM KIacCU4YecKoil ruppopmHamuku (cm. [1-12]) mpu
pellleHnM NPUKIANHBIX M YUCTO TEOPETHYECKMX 3a/lad IPMHIUINANIbHOE 3HaYeHNEe
uMeeT puU3NUecKas IOCTAHOBKA KOHKPETHOI 3ajlaul, Ha pellieHue KOTOPOJT HaljeJIeHa
COOTBETCTBYIOLas MeTOAMKa BbluMcnennit. Hanpumep, mpu pelieHUn 3afgadn O BbI-
YJC/IEHNN CUJIBI CONIPOTUBIIEHMS, KOTOpYIo peman CTOKC, HEOOXOAMMBIM yC/IOBMEM
OBbIIO YCIOBUE «3a/IUITAHNA» IIOTOKA XUIKOCTY K TOBEPXHOCTY 11apa. B atom crydae
OCHOBHOI1 0071aCThI0 pelleHNs ObUI IIOTPAHNYHBIN K IIOBEPXHOCTU C/IOV XKUAKOCTH,
I/I1 KOTOPOTO Pealn30Baloch yCIOBME MaJOCTU 4MCIa PelfHOMb/Ca, MO3BONAIOLIEE
CBECTM CTaljIOHAapHOEe HenuHeiHoe ypaBHeHMe Habbe — CTOKca K MMHEHOMY, 9TO
CUJIBHO YIIPOIIA/IO 3ajavy.

B namreit pabore peub 6ymeT uatyu o BeiBoje ypaBHeHMs HaBbe — CTOKca ¢ yuéToM

BBICIINX HEOJHOPOMHOCTEN B €r0 MpaBoll YacTy 1o onepaTopy Jlammaca. 9To OKasbl-
BaeTCsA BO3MOKHBIM CJie/laTb C MOMOIIbI0 KMHETMYEeCKOro ypaBHeHNA bosblMaHa,
MHOTOKPATHO IPYMEHSBIIET0Cs TPV pelleHny IToJ0OHOT0 pofia 3aiad MHOTMIMY aB-

l
Topamu. MajbIM TapaMeTpoM Ipy 9ToM OyzieT cmyxutb uncino Kuyacena K = R e

[ — mnuna cBobogHOTO NIPOGera Monekyn, R— paguyc mapa.

Ba>kHOCTB 3TOTO LIara AUKTYeTCs MpeXk/e BCero BO3MOXXHOCTBIO MICIIONb30BaTh I10-
lydeHHoe 06001éHHOoe ypaBHeHne HaBbe — CTOKCa K HaHOYACTHI[AM, pasMep KOTO-
PBIX IPMHAMIEXUT AManasony 10~ =107 cm ..

Crout TakKe 00paTuTh BHUMAHIE I HA CTIEAYIOINI BeCbMa BaXHBII MOMeHT. [Ipu
peleHNy IIOCTaB/IeHHOM 3a/1au O BBIYMC/IEHN CU/IbI COIPOTHUB/IEHNA B IIOCTAHOBKE
CroKca pedb UAET 0 MaJOM IIPUTPAHNYHOM C/I0€ IIMPUHON O, OTCYUTHIBAEMOM B pa-
[{Ma/IbHOM HAllpaB/IeHNU! OT [OBEPXHOCTH LIapa. VIMEHHO B 3TON o6macTu O 4ucio

. ud .
Peitnonbppca Re = — mpepcraBisieT co60ii MaIyl0 BeJIMYMHY, YTO U IIO3BOJISIET IIpe-
v

HeOpeub HeMMHENHBIM C/laraeMbiM VAV 110 CpaBHEHMIO CO caraeMbIM VAV. ITo
O3HauaeT, 4TO CTalMoHapHoe ypaBHeHMe HaBbe — CTOKCa yIpoOIIaeTcst ¥ IPUBOAUTCS
k Buiy VP =1Av, kotopoe 1 peman Ctokc. Te 5xe paccy)xaeH1st CIIpaBeiINBLL U IpU
pelIeHNy Hallel 3ajadil.

B cuty ManmocTy cKOpocTy HOTOKa V MOXKHO TaKXKe B Ka4ecTBe IPaHIYHOTO yC/IO-
BUsI MCIIO/Ib30BATh YCIOBME «3a/IUIIAHMsA» KAacaTe/IbHOI ¥ HOPMAJIbHOI COCTABIISAIO-

LIMX CKOPOCTH [OTOKA Ha IIOBEPXHOCTH IIAPa, TO €CTh V| = 0, v, s = 0.9turpannu-
HBbI€ YC/IOBUS CUIBHO OT/IMYAIOTCSA OT I'PAaHMYHOTO YC/IOBUSA IPU IOTEHIIATbHOM 00-
TeKaHUH, [Is1 KOTOPOTO CIpaBefiIBO PAaBEHCTBO HY/IO TOTbKO HOPMAaTbHOM KOMIIO-

HEHTBI CKOPOCTH, TO €CTb V| = 0.

D
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B pamkax pelraemoit Hyke 3afauy pojib UTEPALMOHHOTO ITapamMeTpa OyneT urpaTb

l Lo
gycno Kuypcena K = k rie L — nmuHerHBIT pasMep Tela, KOTOPOe 4acTo IPeNCTaB-

. u
nseTcs 4epes ymucno PefHonbaca u uncno Maxa M =—, re ¢, — CKOPOCTb 3BYKa.
Cs

. . ul
HelicTBUTENbHO, €CIY IPEJCTaBUTDb YNCIO PeliHonb/ca B Bufe R = —, To uMeeM:
\Y%

Re=3uL=3£CS 1=3CSM‘ (1)
Ivy ¢ vr K v K

Ecnu ncxoputp n3 GopMaIbHOTO OIIpeseIeHNst CKOpocTy 3ByKa (cM. [1]), a uMeHHO:

oP
Cs = a_ > (2)
PJs
roe pP- JaBJI€HNE, p— IIOTHOCTD, S— 9HTPOIINA, B IIEPEMEHHBIX V,T €€ MO>XHO
3aIIncaTtb Kak

2

T (0P V( dP
¢ = — | ——| = - (3)
pCy\dT ), p\oV ),
B cryvae ncronb3oBaHus ypaBHEHMsI cOCTOstHMs npeanpHoro rasa PV = NT', orciopa
CIefyeT, 4To

¢ = &1 (4)

s 5
Cvm

rme m— Macca MOJIEKYIIbI, CV — M30XOopuveckasd, a Cp - I/I306apI/I‘~I€CKaH TEIIOEMKO-
3T

cru. Tak kak CpenHAA TEIZIOBaA CKOPOCTb MOJIEKY/IbI Vr = ,[— , U3 (1) nmeem
m

K= ﬂ 3Cy

Re\ Cy

B 3amaue, 0 KOTOPOIT MAET peub HIKE, Mbl PACCMATPUBAEM TIOTPAHUYHBII CT0i O,

roe uncino PeitHonbaca manmo Re <1, kak n uncino Maxa M <« 1. 310 03Ha4aer, 4TO
coracHo (5) uncno Kuyzncena Moker ObITh TI00BIM, KaK MaJIbIM, TaK ¥ OOJIBIINM.

3ameTuM Takxe, 4To popmya (5) MoXKeT ObITh OTHECEHA U K KUIKOCTSM, XOTs IIpU

(5)

e€ CTpOroM IOTy4eHMM U OBITIO MCIIONIb30BAaHO YpaBHEHME COCTOSHMA MIEaNbHOTO
rasa. 1o 00bsACHsETCA TeM, 4TO B popMyIie (3) IPUCYTCTBYIOT YaCTHBIE IPOM3BOJIHBIE
OT HeIpepBIBHBIX (YHKIUI, KOTOpble He IMOABEP>KeHbI pPe3KOMy M3MeHeHUIo. Jleri-

oP AP P-P
CTBUTE/IbHO, HAIIPUMeEp, — =~ —— = ———
oT AT T-T,

HOPSAZIKY BeJIMYMHBI IIPUXOAUM K TOI e dpopmyie (5).

P op
~— , AaHAUJIOTNYHO N W .B pe3ynabTaTe 110

[lns otBeta Ha cOpMyIMPOBAHHYIO TPOO/IEMY MbI BOCIIONb3YeMCS METO/IOM KIHe-
TUYECKOTO ypaBHeHus bonbimana [13; 14].

2
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YpaBHeHune HaBbe-CToOKca ¢ GirapMmoHNYecKnm onepaTopom
3anumeM ypaBHeHue bonbumMana B Bupe (cM. [13]):

S v
TV Vf=L(f), (6)

e f = f(t,p,r)— yHKimMA pacnpefenenus, V— CKOPOCTb MOMeKyr, a L( f)— uH-
TErpajl CTOJIKHOBEHMIL.
Bynem uckarb peleHne B Bijie psja

f=fi+fi+fi+.., (7)

rzie
1 _&(p)-pv
fo= A (8)
a HOPMMPOBOYHBIII MHOXKIUTENb
- _ep)
Z=[fdr=[e rdr, (9)
dI'=d’ pdV — ¢asosbiit 06bEM.
OyHK1UA
=il

pZ

S(p) = 2—— KMHETNYECKAA S3HEPTUA YaCTULbL, 17— eé macca.
m

Bexrop V =V(t,r) xapakTepusyer CKOPOCTb IMPOAMHAMUYECKOTO IOTOKA.
3amnuieM IpaByIo YacTh ypaBHEHMS B IPUOIVDKEHNN BpeMeH pelaKcalii, TO eCTh
Kak:

fot h+fit..
L(f)=—"—F———, (10)
Tp
rae T, — BpeMs MeXIy CTOTKHOBECHUAIMM MOJIEKYI.
HOCKO}Ibe IIOJIHAaA C—)HepI‘I/IH IIOTOKA XXUAKOCTN MIMEECT B,

1 mV?
E =Ef[e(p)+?}fdr ,
TO €€ IPOU3BOJHAA II0 BpeMeHU OyzeT
E=Ejs(p)de+EJVVde. (11)

IuccunaruBHas GyHKUMA
Q=TS, (12)
rge S— SHTponuA.
CoracHo [15] sHTponNsi HEpaBHOBECHOTO K/IACCUYECKOTO ra3a MO>KeT OBbITh 3aIiu-
caHa B BUJie

s=—%jf1n(£jdr. (13)

[TopcraBnss onpenenenue (13) B (12), monyyaem

2
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Q'=—§J'flnfdl". (14)
Boruuras (14) us coornomenns (11), Haxogum
%j[a(p)wlnf]fdngjvvfdr=o. (15)

[TosTomy ¢ yuérom (10) nmeem
—I[S )+TIn(fo+ fi+fo + )](f0+fl+fz+...)
P

CormnacHo pabote [16] pekyppeHTHYI0 pOpMYIy /I ONIpefie/IeHN s IIOIPaBKY 1-0TO
HOpAAKa K KBa3VPaBHOBECHOI PYHKIVM pacIpefie/leHNs MOXKHO IIPeJiCTaBUTD B BUJE

m - —
dF+EIVVde=0. (16)

n a "

fi=(-1)"1 {$+V~V} fo. (17)
ITockonbky

- k+1 7\,"

In(1+1) =Y (-1) = (18)
k=1
TO C TOYHOCTBIO 10 1 =2 B popmyre (17) nmeem:

fi==t(fo+v-VA), (19)
f=g(fi+2v-Vis+(v-V) ), (20)

IJie TOYKY O3HAYAIOT YaCTHBIE TPOM3BOJHBIE TI0 BPEMEHN.
Cornacho (8) nmeem

1 Sy g #lp) A NP A
- T e T =f|l1+——]. 21
f Ze Ze ( T =f T @)

ITosTomy

ﬁ=%f((p.V)+v.V(p.v))[1+@]=

2 (22)
- . .V .V
AnamornyHo
QZE{(pV)Z+2v.(p.V)V(p-V)+(vV(p.V)) V-2 (p V) v 5 (p-V):|
fo T T 0x,;0%;
.(23)
W, 3naunr,

&Y
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_| (pV) +2v(pV)V(p-V)+(vW(p-V)) . *(p-V)
"~ foL —p-V=2v-V(p-V)-v, -
f fT T P V-2v (P V) Vivk 8x,~axk
s . *(p-V) \(p-V)

[p V+2v V(p V)+V,-VkW]T
(24)
Torza ypaBaeHue (15) MOXKHO 3aIcaTh Kak
1t/ | - (p-V) (pV)(pV)
EI"T p-V+(v-V(p-V)) —t T +v-V(p-V)+
(pV) +2v-(p-V)V(p-V)+(vV(p-V)) > (p-v
+15 P P P P —p~V—2v~V(p~V)—vivkL—
T 0x;0x

.. 9*(p-V)\(p-V) Moo
—(p~V+2v~V(p~V)+vivk %00 J T dF+EJ.VVfd1"=O.

(25)

BosBoas B KBajjpaT BbIpakeHMe B (QUTYPHBIX CKOOkax (25) M ocTaBiAs TONBKO
KBaJlpaTM4YHbIe II0 MMITYJ/IbCY CIaraeMble, MMeeM

%Ig m:ZV+(p.V)2+(V~V(p~V))z+T§[(P'V)z+4(V'V(p'v))2+[v’vk a;J(c,I;x\:)] ]_

0x,0x 0x;0x¢

_zrp(p.V)[[(p.V)+vivk 92(1;"’)]}4@,(V.V(p.v))(v.v(p.\'z))m;(p.V)v,.vkaz(*"v) }dro.

(26)
che;[H;IH 9TO BbIpAXKEHME 110 HAIIPpABJIEHUAM MMITY/IbCOB MOJIEKYJI, HAXOAUM
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l_[—f —(v- ’EPV)2+ P (divV) + OV | OVioVe |,
Z°' T 15m? oxy ox; 0Ox;
2 14 7. A\,
L 2np dzvV av +8V, Ve |_24p" (V-AV+2V - graddivV ) -
15m2 Bxk ox; ox; 15m?
4
TP divvdivV 9V 9V, BV IV ZT"‘D (V AV +2V. gmddzvV)
15m? ox; 0xy 8xk ox; 15m

+ fggﬂ AV graddivV +(graddivV)’ +

IV, Vi 1PV IV +1(AV)2 p*dpdQ =0,
ox;0x;, Ox;0x, 2 0x;0x; Ox;0x, 4

(27)

rie dQ=dxdydz .
I[Tocrne psija mpeobpasoBaHmil, MCIOIb3YIOIINX TeopeMy ['aycca, momydaem:

r Y 2 .. aes 4
ijﬂv- IV P (5421, 4 1V ) - L (AV 4 2graddivV) +
2 1, 3 150

25,0 ( ok ) 2T Pt 4tp°
—(AV+2gradd1vV) (AV+2graddzvV) AgraddzvV+ AZ
m’ 5m 35m*

p*dpdQ =0.
Honaraﬂ, HaKOHEI, BprameHI/[e B q)MFYpHI)IX c1<061<ax paBHbIM HyHIO, 6YJI€M NMETDH

4
vl 2 (i 421,V + 2V ) - LI (AV +2graddivV ) +
3mT ISmT

2 4
L 20p (AV +2graddivV )+ 250" (AV +2graddivV )+ 45 AgraddzvV+ Loy =0,
15m°T 5m*T 35m°T

(28)
I'me uepTa cBepXy 0O3HayaeT yCpeJHEHNE 10 MMITY/IbCaM MOJIEKYIL.
Cunrast XUAKOCTb HeCKuMaeMoit u monmarasi divV =0, B npeHeOpexeHny BbIC-
VMY IIPOM3BOIHBIMMY IO BpEMEHY, HAXOANM

V =vAV —V21,A?V, (29)
I/l BASKOCTb V ¥ BpeMs «penaxcaumm» T, onpeueneHm KaK
P,

= = e 2de

15m3T 15m3TZ '[ P’ P
(30)

TS pﬁ
vit, =2 = e 2de
* T 35mT 35m5TZO'([ pptetdp,

1€ MHOXKXUTE/Ib

Y
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YR
Zy = [ pre idp. (31)
0
Iobasus B YpaBHEHUE (29) unen ¢ Tpalu€HTOM JlaBlIeHN 1, OKOHYATE/IbHO IMEEM
%—Y+(V-V)V:—E+VAV—V%ZA2V. (32)
p

YpaBHeHMe (32) AB/IAETCA LIENbI0 HACTOALEr0 coobueHns. I1pu pernennn 3agaun
Crokca o BBIYMC/IEHUY CUJIbI COIIPOTUBIIEHNSA B ClTydae HAHOYACTULI, IIOC/IefiHee Clla-
raeMoe B ypaBHeHMU (32) urpaer BaXHYI0 posb. Ero y4ér osBoseT BBIYUCINTD CUITY
COIIPOTUBJIEHNA B BUJie psAfa 110 4ncly KHynceHa 1 IPpUMBOJAUT K BeCbMa CyILIeCTBEH-
HOJI NompaBKe. 3ech HAlO 3aMETUTb, YTO IIPY BBIYMCIEHUN CUJIbI COIPOTUBIIECHN
IO/DKEH OBITh YUTEH 3¢ DeKT «3ammnmanmsi» CKOPOCTY IIOTOKA K IPaHMIIe Iapa, YTO aB-
TOMATUYECKM IIPUBOAUT K PABEHCTBY HY/IIO €€ KacaTe/IbHOI ¥ HOPMaIbHOM COCTABIIA-
IOIIMX, B OT/IMYME OT IOTEHIMATbHOTO II0TOKA, KOIia paBHA HY/II0 TOIBKO HOpMaJlb-
Hasi COCTaB/IsAIas CKopocTu [16].

3aknioyeHne
1. IlpepmoxeH alrOpUTM BBIYMC/IEHNUSA HEOZHOPOIHBIX MOIPABOK K IIPABOIT YacTu
ypaBHeHus Hasbe — CToKca;
2. TlpuBemeHo 06061ménHOe ypaBHeHre HaBbe — CTOKCa ¢ ydeToM GurapmMoHmde-
CKOTO C/IaraeMoro.

Cmamus nocmynuna 6 pedaxkyuto 19.01.2023 2.
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MOOEMPOBAHMNE 3ANYTAHHbIX KYBUTOB

Espnokumos H. B., Kamanos T. @., BosikoBa 0. A., Xamuc Xaccan M. X.,
Kamanos 10. T.

[ocynapcTBEHHbIN YHUBEPCUTET MPOCBELLEHUS
141014, Mockosckas obnacts, r. Meituwm, yn. Bepel BonowwmHod, 4. 24,
Poccwiickaa ®egepaymns

AxHoTaynsa

Llenb: BbISIBATL CXOACTBO KNACCMYECKMX W KBAHTOBbIX Koppensauui. Cdpopmuposath
KOHLENUMI0 MOJEeSNMPOBAHNA 3anyTaHHbIX COCTOAAHUA KBAHTOBbIX 4acTWL Ha OCHOBE
KI1aCCUYECKMX KOppPensauunii.

Mpoueaypa u wmeToAbl. [IpoaHanM3MpoBaHbl CYLLECTBYIOLIME MOAX0Abl K KBaHTOBbIM
BbIYMCIIEHMAM, B YaCTHOCTM WCMOJSIb30BAHME A1 KBAHTOBbIX BbIYUCIEHWA 3anyTaHHbIX
COCTOSIHWIA KBAHTOBbIX YacTuLl. [TpoBeieHO MOAENIMPOBaHNE 3aMyTaHHbIX COCTOAHMIA HA OCHOBE
Knaccuyeckux koppensaumit. OCHOBHOE COAepXaHue WCCNeaoBaHMs COCTaBNseT aHanua
ANITOPMTMA KI1aCCUYECKUX KOppenauuin.

PesynbTatbl. [poBeEHHbIA aHANN3 NOKa3an NPakTUHeCKy0 peanin3yeMocTb MOAEeIMPOBaHUA
3anyTaHHbIX KBAHTOBbIX COCTOSAHWIA Knaccu4ecknmm koppenauuamu. Mo ntoram uccnefoBaHus
clienaH BbIBOL O BO3MOXHOCTM MOMENIMPOBAHMA 3anyTaHHbIX KBAHTOBbIX COCTOSHUMA
OMUCaHHbIM B paboTe anroputMoM, a TaKKe NpensioKeHa MOZAEesb Ha Pafu03SIeKTPOHHbIX
KOMMOHeHTax. [0 3aKM4YeHU0 aBTOPOB CTaTbW [JaHHAs MOJeNb KYOUTOB MOXET CTaTb
HEJOPOron anbTepHATUBOM CYLLECTBYIOLMM PELUEHUAM MO MOLENUPOBAHMI0 KBAHTOBbIX
BbIYUCNEHUIA.

TeopeTHyeckas W/unu npakTHYeckas 3HAYMMOCTb. CCHOPMYNMPOBAHO MPeAsoXeHue no
MOZJENNPOBAHNIO 3amyTaHHbIX COCTOSIHWIA KBAHTOBbIX 4acTuL, NpW NOMOLLM anropuTma
KNnaccuyeckux Koppenauwii. B anroputme [aHo onucaHwe napameTpoB, OTBEYAKOLIMX 3a
3anyTaHHOCTb W KOppensuuio mMopenei kybutos. lMpeacTtaBneHa nporpammHas Mogenb ¢
BU3YyanbHbIM MHTEP(ENCOM YeTbIPEXYACTMYHOMO 3anyTaHHOr0 COCTOAHMA. Mofenb MOXeT
CNYXXMTb AEMOHCTPaLMei KBAHTOBbIX NPUI0XEHNIA, CBA3AHHLIX C 3aMyTaHHbIMWU COCTOSHUAMU,
TaKUX, KaK TeJIeKOMMYHUKALIMOHHbIA KpUNTOrpacpuyeckuin KBaHTOBbIN NPOTOKOJ1, HEPaBEHCTBO
benna, a Takxke MOXeT ObITb UCMOSb30BAHA AN MOAENUPOBAHNS KBAHTOBbIX BbIMUCIEHWIA,
OCHOBAHHBbIX Ha 3anyTaHHbIX COCTOAHUAX KBAHTOBbIX YaCTHLL.

Kntoyesbie €n0Ba: KBaHTOBblE 4acTMLbl, MOLENIMPOBaHNE KYOUTOB, 3anyTaHHble COCTOSAHMSA,
IMP-Koppensaumn, KBaHTOBbIE BbIYUCEHUS

© CC BY EBgoxumos H. B., Kamanos T. @., Bonkosa O. A., Xamnc Xaccan M. X., Kamanos 0. T., 2023.
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MODELING OF ENTANGLED QUBITS

N. Evdokimov, T. Kamalov, 0. Volkova, M. H. Khamis Hassan, Y. Kamalov

State University of Education
ulitsa Very Voloshinoi 24, Mytishchi 141014, Moscow Region, Russian Federation

Abstract

Aim. The similarity of classical and quantum correlations is revealed. The concept of modeling
entangled states of quantum particles based on classical correlations is presented.
Methodology. The existing approaches to quantum computing are analyzed, in particular, the
use of entangled states of quantum particles for quantum computing. Entangled states are
modeled based on classical correlations. The main content of the study is the analysis of the
algorithm of classical correlations.

Results. The performed analysis demonstrates the practical feasibility of modeling entangled
quantum states by classical correlations. Using the results of the study, a conclusion is made
about the possibility of modeling entangled quantum states by the algorithm described in the
work, and a model based on radio-electronic components is also proposed. It is shown that this
qubit model can become an inexpensive alternative to existing solutions for modeling quantum
computing.

Research implications. A proposal is formulated for modeling entangled states of quantum
particles using the classical correlation algorithm. The algorithm describes the parameters
responsible for the entanglement and correlation of qubit models. A software model with a visual
interface of a four-particle entangled state is presented. The model can serve as a demonstration
of quantum applications related to entangled states, such as telecommunications cryptographic
quantum protocol, Bell's inequality, and can also be used to simulate quantum computing based
on entangled states of quantum particles.

Keywords: quantum particles, qubit modeling, entangled states, EPR correlations, quantum
computing

BBepgeHmne

B paborax [1; 2] mpepraranace upesi JOIOTHEHNUS OMMCAHNS K/TACCUYECKOT MO
HEJIOK/IbHBIMI TIePeMEHHBIMI, KOTOPbIe YTOYHSIOT II0BEfieHNe KYOUTOB B IIO/TyK/Iac-
cr4yecKoM npubmKeHun. [JOIONMHNUTeIbHBIE HeJTOKaIbHble IlepeMeHHbIe MpefCcTaB-
JIAI0T CO00I1 YOBIBAIOLNIL PSifi, M TIO9TOMY MOXKHO YCTaHOBUTD JII0OOYI0 TOYHOCTD MO-
IeMpoBaHNA KyOUTOB B IIOTYKIaCCUIeCKOM IPUO/IVDKEHNN, OCHOBBIBAsACh HA TEXHU-
YeCKMX BO3MOXKHOCTAX K/IACCMYECKOTO KOMITbIOTEpa WI/IM MUKPO3TIEKTPOHHBIX 371e-
MEeHTOB [3].

B HacTOsmee BpeMs OCHOBHBIMM IEPCIEKTVBHBIMY HalPaBIeHNAMY KBAaHTOBBIX
BBIUMCIICHUIT SIBJIIOTCS: KBAaHTOBBIN OTXKMUI (pellleHye ONTMMM3ALIOHHBIX 3afiady B
IIPeZII0NI0KEHNH, YTO KBAHTOBOE TYHHE/IMPOBaHMeE 1aCT BBIUTPBIII B CPAaBHEHNN C pe-
LIeHVeM ONTMMU3ALMOHHBIX 3afay KIACCUYeCKUMU aITOPUTMAaMU OT)KUTA); BBIYMC-
JIeHNA Ha CIela/IbHO OATOTOB/IEHHBIX 3allyTaHHBIX COCTOAHMAX KBAHTOBBIX YaCTHI]
(6ornee yHMBepCaIbHBI IIOAXOM, TaK KaK MO3BOJISAET pealn3oBaThb MIMPOKUIT HA6Op
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KBaHTOBBIX a/ITOPUTMOB U [IOTOMY SIB/ISETCS IPOOOPA3OM YHIMBEPCATBHOTO KOMIIBIO-
Tepa); MpsIMOe MOJeNMpPOBaHMe KBAHTOBBIX BBIUMCIECHMII, Tpebyroliiee SKCIIOHEHIIN-
QJIPHOTO POCTA MPOL[ECCOPHBIX MOIIHOCTEI ¥ MTAMSITI C POCTOM KOIMYECTBA MOJIE/N-
PyeMBbIX KyOUTOB.

I[Ipenmosaraercs, 4YTO CyTh KBAHTOBBIX BBIUVMC/IEHMII CKPBITa B 0COOBIX KOPPeINpPO-
BaHHBIX COCTOSIHMAX KBAHTOBBIX YaCTHII, M3BECTHBIX KaK 3amyTaHHble. Kak nMMeHHO
3allyTaHHble COCTOSIHVS IIO3BOJISIIOT JOCTUYb KBAHTOBOTO IIPEBOCXOJICTBA, HEW3-
BecTHO. [Ipy 9TOM KBaHTOBbIE KOPPEIALMY He SB/IAIOTCS CYLIeCTBEHHO KBAHTOBBIMU
SIBTIEHVSIMI. AHA/IOTMYHBIe KOPPE/ILMI MOXKHO IIOTYYUTD B K/IACCUYECKOI pafinoda-
CTOTHOJT MOJI€/H, T7ie OCHOBOI TaKO KOPPEeSILNIA ABJISIIOTCS COOTHOLIEHUsT MaH/u-
Poy pa gacror u ¢as konebanmit [4].

CornmacHo TeopeMe Bemna pasHuiia Me>Xy KIacCU4eCKMMY U KBAHTOBBIMY KOppe-
JIALMAMY COCTAB/IsIET MaKCUMYM V2 s CIy4as ¢ [BYMs YacTHLAMM. 3a MCK/II0Ye-
HYEM 3TOTO Pa3/In4iisi, B OCTA/IbHOM K/TaCCUYECKI€e I KBAHTOBbIE KOPPETISLIN CXOXKI.

9TO CXOACTBO OTKPHIBAET BO3MOXKHOCTD /ISl HEJOPOTOiT a/IbTEPHATUBBI B MOJIEN -
POBaHNM KBAaHTOBBIX BBIYMC/IEHNIL.

Anroputm mogennpoBaHuA 3anyTaHHbIX KyoutTos

CrryqaiiHomy niporneccy ¢ (t), momy4aeMoMy IIpY IIOMOIIY TeHepaTopa CyYaliHbIX
q1ces, TakoMy, 4To (@(t)) = 0, gobaBum cinyyarnyio ¢asy 6 B guanasone 0 — 2.
Mopenb cry4daifHOI Maphl 3allyTaHHBIX KyOUTOB [5] mpepcrasysier co60il QyHKIINIO
IBYX IepeMEeHHbIX

f(t,612) = sign[sin(e(t) + 6,,2)] (6]
rfie 0, , COOTBETCTBYET YI/Ty OPMEHTAIMN M3MEPUTENbHOM YCTAHOBKY, 3a/JaBaeMOMY
Hab/ofaTeneM. Y KaX/[0ro 13 Hab/moaTesieil CBON CIy4aifHbIil yTO/1 OpPYEeHTALUY, He-
3aBUCHMBIIl I HECOTTTACOBAHHBII C [PYTMM HaOTIOIaTeIeM.

[ mponsBonpHOTrO yria 6:

(ft,0)=0uf(t0+mn)=—f(6) 2
f(t,0 £m)u f(t, 60) - eMOHCTPUPYIOT AHTUKOPPETLALUIO.
f&o)uf(tox g) — IeMOHCTPUPYIOT OTCYTCTBYIE KOPPEALIUN.

f(t, 0 £2m) n f(t,0) — BeMOHCTPUPYIOT KOPPEIALMIO.

Takum 06pazoMm, HoBeeHIe MOfie/Iell KyOUTOB 3aBUCUT OT Pa3HOCTH YITIOB OpYUeH-
TallMM M3MEPUTEIbHBIX YCTAHOBOK y HaOIIOiaTemert:

—  AHTUKOppeIALMNA JiIA Pa3HOCTY YIIOB PaBHOM *7T;
—  OTCYTCTBUE KOPpPeIALNN /I Pa3HOCTH YITIOB *71/2;
— KOppenAuus I pasHOCTY YITIOB paBHOM 27T.

To ecTb HeMOHCTpUpYeTCs MOBefjeHNe AaHAIOTMYHO MTOBEIEeHNIO 3aIlyTaHHOI! ITaphl
Kyburos. IIpouecc ¢ (t) MOXeT OBITH IIPOM3BOIBHOI IIPUPOJBI, B KBAHTOBOM CITydae
OH MO>KeT ObITb, HATIPUMED, C/Ie[ICTBIEM JOOABIEHNS B PACCMOTPEHNE TIPOU3BOIHBIX
BBICILIETO MTOPSIKA JI/IsI Pea/IbHON CUCTEMBI B OT/INYNE OT U/[€aTbHOIL.

B 3T0it MOZIeNV 3aITyTaHHOCTD SIBJIAETCS CIEACTBIEM OOIero CIy4aifHoro mpolecca
@(t), a KOppenAnMsA MPOAB/AETCA B 3aBMCUMOCTH OT C/Ty4alfHOTO 3HaYeHus 6 ,, 3a-
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[aBaeMOro KaXKIbIM 13 Habmomatesneir. O4eBUIHO, YTO B JAHHONM MOJIEN MOYKHO T10-
JY9UTH CKOJIb YTOZHO OOJIBIIIOE KOMMIECTBO 3alTyTaHHBIX MOJe/Iell KyOUTOB C OffMHa-
KOBBIM IporieccoM @ (t).

Ha puc. 1 nokasaHa MOJie/b /i1 4eTHIPEX 3allyTaHHbBIX KYOUTOB, pean30BaHHasl Ha
A3bIKe IporpammupoBanus Python.

X

¢ Modeling ... — O

8
-
EEE ©

Puc. 1/ Fig. 1. ViuTepeiic mporpaMMbl MOJeINPOBAHNUA 3aITyTAHHBIX COCTOAHUI /
Interface of the entangled state modeling program

VIcrounuk: mo JAaHHBIM AaBTOPOB

Bce uernipe kaHana A, B, C, D cBsizaHbl MeX[y cO007 OJHUM CTy4ailHbIM IIPOLiec-
coM @(t). Ynpapnswolye IOM3YHKY UMATUPYIOT PYYKY U3MEPUTETbHOTO Ipubopa u
3a/]al0T IOTIOTHUTE/IbHBIN Yrol HoBopoTa 6 (B mHTep(eiice IpOrpaMMbl OH YKa3aH B
rpagycax). Kanam A urpaer ponb CUTHa/IbHOTO 1 B HEM 3aJJaHO Hava/bHOE CMelljeHe
OTHOCUTE/IPHO OCTa/IbHBIX KaHA/IOB Ha 7. TakKe MO/I3YHOK KaHana A 3a[jaér cMellle-
Hue 6 c OTpMIIATEeNbHBIM 3HAKOM, YTO 3KBUBA/IIEHTHO JTOIOTHUTETHHOMY ITOJIOXKN-
TE/JIbHOMY CMeIlleHVI0 (a3bl OTHOCUTEIBHO HErO B OCTA/IbHBIX TPEX KaHa/max (BTopoe
cnaraemoe). BuyHo, uTo n3Mepenns B kaHanax A u C xoppenupoBanbl, A c Bu A ¢
D - HekoppenuposaHsl, B 1 D — aHTHKOppenpoBaHbI.

9TOT ke AITOPUTM MOXET OBITb pealn30BaH B BUJIE OT/E/IbHBIX Pa3HECEHHBIX B
IPOCTPAaHCTBE PafiN037IeKTPOHHBIX MOJy/Iell, HallpyMep Ha OCHOBE MUKPOKOHTPOJI-
7epoB. bok-cxeMa Takoro ycTpoiicTBa IT0OKa3aHa Ha puc. 2. Kaxaplit Momynb peann-
3yeT OTHE/IbHBIN KaHa/l. B Ka)K[OM MOJy/e eCTb BXOJ, TAaKXKe KaXK/IbIil MOZIy/Ib COJEp-
JKUT YIIPaBIAOIMI 91eMeHT (Py4Ky) Jyis 3ajjaHysi Hab/moaTesieM Ha 9TOM MOJyJie
MOIIOJTHUTE/IBHOTO YIJIOBOro cfiBura. Iloc/e BbINONHEHNUA BBIYMCIEHUA Pe3ynbTaT
orobparkaeTcs UCIIOTHUTEIbHBIM YCTPOIICTBOM. B kauecTBe BXOZHOTO CUTHAIIA, ITOJa-
BaeMOr0 Ha BXOJ] KaXX/J0TO M3 KaHA/IOB, UCIIO/Ib3YeTCA CTy4ailHOe YUCIO OT OT/e/b-
HOTO MOJIy/Isl — TeHepaTopa C/Iy4aifHbIX YMCel.
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Kaunan 1, 6, —0‘

['eHepaTop

» Kanan 2, 6, —».

C/Iy4anHoro

rnpounecca

Kaunan... 6 —"

o(t)

Kauman N, 68y ’_’O

Puc. 2 / Fig. 2. brok-cxeMa pagiosieKTpOHHOTO yCTpolicTBa /
Block diagram of an electronic device

VIcTo9HUK: COCTaBIeHO aBTOpaMun

3aknouyeHune

HPGHHOX(eHHbIﬁ C1'IOC06 MOILEHI/IPOBaHI/IH Ha KJIaCCM49€CKOM KOMIIbIOTEPE SaHYTaH—
HbIX COCTOHHI/If/I Ky6I/ITOB ABIACTCA He)lOpOl"OI?I aJIbTepHaTI/IBOﬁ CYHIGCTBYIOHH/IM pe—
IIEeHNAM I10 MOI[e)'II/[pOBaHI/IIO KBAaHTOBBIX BbI‘II/ICTIGHI/If/I. ﬂaHHaH MO EIb J_IeMOHCTpI/I—
pyeT SaHYTaHHOCTb C UCITIOJIb30BAaHMEM KJIIACCUYECKOTO C)'Iy‘lélf?[HOI‘O Impornecca, 1 Mo-
JXeT 6bITb MCIIO/Ib30OBAaHA /1A MO,E[eJ'II/IpOBaHI/IH KBAHTOBDBIX BbI‘II/IC)IGHI/[f/I, OCHOBAHHDbIX
Ha SaHYTaHHbIX COCTOAHMAX KBAHTOBBIX YAaCTUII. Taloxe MOJE/Ib MOJKET 6bITb peam/[-
30BaHa B BUJIe MOJIy/IbHOTO Paf/i03/IEKTPOHHOTIO YCTPOJCTBA.
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JINTEPATYPA

1. Kamalov T. F. Axiomatization of classical and quantum physics of non-inertial reference
frames // Quantum Computers and Computing. 2011. Vol. 11. No. 1. P. 52-57.

2. Rybakov Y. P., Kamalov T. F. Bell's Theorem and Entangled Solitons // International Jour-
nal of Theoretical Physics. 2016. Vol. 55. P. 4075-4080. DOI: 10.1007/s10773-016-3035-6.

3. A Simulation of a Virtual Qubits on a Classical Computer has Been Developed Recently /
Garcia Zavala Y. M., Martinez Reyes M., Avila Aoki M.// CIENCIA ergo sum. 2011.
Vol. 18. Num. 2. P. 171-178.

4. Bell's inequalities and EPR - Bohm correlations: working classical radiofrequency model /
Evdokimov N. V., Klyshko D. N., Komolov V. P., Yarochkin V. A.// Physics - Uspekhi.
1996. Vol. 39.Iss. 1. P. 83-98. DOI: 10.1070/PU1996v039n01ABEH000129.

5. Kamalov T. F.,, Rybakov Y. P. Probabilistic Simulation of Quantum Computation // Quan-
tum Computers and Computing. 2006. Vol. 6. No. 1. P. 125-136.

REFERENCES
1. Kamalov T. F. Axiomatization of classical and quantum physics of non-inertial reference
frames. In: Quantum Computers and Computing, 2011, vol. 11, no. 1, pp. 52-57.

Y



ISSN 2072-8387 ‘ BectHuk MockoBckoro rocynapcteHHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka ( 2023/Ne 1

2. RybakovY.P., Kamalov T. F. Bell's Theorem and Entangled Solitons. In: International
Journal of Theoretical Physics, 2016, vol. 55, pp. 4075-4080. DOI: 10.1007/s10773-016-
3035-6.

3. Garcia Zavala Y. M., Martinez Reyes M., Avila Aoki M. A Simulation of a Virtual Qubits on
a Classical Computer has Been Developed Recently. In: CIENCIA ergo sum, 2011, vol. 18,
ném. 2, pp. 171-178.

4. Evdokimov N. V., Klyshko D. N., Komolov V. P., Yarochkin V. A. Bell's inequalities and
EPR - Bohm correlations: working classical radiofrequency model. In: Physics — Uspekhi,
1996, vol. 39, iss. 1, pp. 83-98. DOI: 10.1070/PU1996v039n01ABEH000129.

5. Kamalov T. F., Rybakov Y. P. Probabilistic Simulation of Quantum Computation. In:
Quantum Computers and Computing, 2006, vol. 6, no. 1, pp. 125-136.

MHOOPMAIINA Ob ABTOPAX
Kamanos Tumyp Oanosuy — KauguaaT GpUSMKO-MaTeMaTHIeCKMX HayK, JOLEHT Kadenpsl GyH-
JaMeHTa/IbHOI (pU3VKIM U HAHOTeXHOIOT MY ['0CyapCcTBEHHOTO YHMBEPCUTETA IIPOCBELIeHIST;
e-mail: timkamalov@gmail.com;
Bonxosa Onvea Anexceeéna — acimpaHT Kadenpsl GpyHAaMeHTaIbHO! (USUKM 1 HAHOTEXHO-
norun ['ocyfapcTBEHHOTO YHMBEPCUTETA IPOCBEIEHIIS;
e-mail: olka.volkova96@yandex.ru;
Eedoxumos Hukonaii Banepvesuu — acnupanT Kadenpsl GpyHAaMeHTAIbHON PU3UKY M HAHO-
TexHOMOrMy ['0CyAapCTBEHHOTO YHUBEPCUTETA IPOCBELLEHNS;
e-mail: nv.evdokimov@gmail.com;
Xamuc Xaccan XocHu Maxep — acnyipaHT Kadenpbl GyHAAMEHTaNbHON GU3UKM M HAHOTEXHO-
noruyt [0CyAapCcTBEHHOTO YHUBEPCUTETA IIPOCBELEHNS;
e-mail: m.khamis@yandex.ru;
Kamanos FOputi Tumyposuy — actimpant Kadenps! GpyHAaMeHTAIbHOI GU3NKN 1 HAHOTEXHO-
noruyt [0CyAapcTBEHHOTO YHUBEPCUTETA IIPOCBELEHNS;
e-mail: kamalov@gmail.com.

INFORMATION ABOUT THE AUTHORS
Timur F. Kamalov - Cand. Sci. (Phys.-Math.), Assoc. Prof., Department of Fundamental Phys-
ics and Nanotechnology, State University of Education;
e-mail: timkamalov@gmail.com;
Olga A. Volkova - Postgraduate student, Department of Fundamental Physics and Nanotech-
nology, State University of Education;
e-mail: olka.volkova96@yandex.ru;
Nikolay V. Evdokimov - Postgraduate student, Department of Fundamental Physics and Nan-
otechnology, State University of Education;
e-mail: nv.evdokimov@gmail.com;
Khamis Hassan Hosni Maher — Postgraduate student, Department of Fundamental Physics and
Nanotechnology, State University of Education;
e-mail: m.khamis@yandex.ru;
Yuri T. Kamalov - Postgraduate student, Department of Fundamental Physics and Nanotech-
nology, State University of Education;
e-mail: kamalov@gmail.com.

Y



ISSN 2072-8387 ‘ BecTHuk MockoBckoro rocyaapcTtenHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka [ 2023/Ne1

ITPABUIIBHASA CCbUIIKA HA CTATBIO
MopenupoBanne sanyraHHbix Kyouros/ Esgoxmmos H. B., Kamanos T. @., Bonkosa O. A,
Xamuc Xaccan M. X., Kamanos 10. T. // BectHux MOCKOBCKOrO rOCyJapCTBEHHOTO 0067acT-
Horo yHuBepcureta. Cepusa: Ousuka-matemarnka. 2023. Ne 1. C. 27-33,
DOI: 10.18384/2310-7251-2023-1-27-33.

FOR CITATION
Evdokimov N. V., Kamalov T. F., Volkova O. A., Khamis Hassan M. H., Kamalov Y. T. Mod-
eling of entangled qubits. In: Bulletin of the Moscow Region State University. Series: Physics and
Mathematics, 2023, no. 1, pp. 27-33.
DOI: 10.18384/2310-7251-2023-1-27-33.

Y



;

ISSN 2072-8387 ‘ BectHuk MockoBckoro rocyapcteHHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka 2023/Ne 1

YIK: 534-18
DOI: 10.18384/2310-7251-2023-1-34-44

SOUND PROPAGATION IN MAGNETIC FLUIDS
BASED ON MINERAL OILS NEAR THE GLASS TRANSITION
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Abstract

Aim. The paper establishes the dependence of the influence of the concentration of the solid
phase on the acoustic parameters of a magnetic fluid based on transformer oil in a wide tem-
perature range, including the temperature close to the glass transition point of the dispersion
medium.

Methodology. The research is based on methods of physical acoustics and the pulse method of
variable distance under external temperature influence in particular.

Results. The temperature and concentration dependences of the density, velocity and absorption
coefficient of ultrasonic waves are investigated. A comparison is performed with the main the-
oretical models and approaches. In the temperature range near the glass transition point of the
dispersion medium, additional effects are observed that are not described in the literature and
are inconsistent with the currently existing theories of sound propagation in dispersed systems
with a large density difference between the liquid and solid phase.

Research implications. Scientific and practical interest is due to the fact that the study of non-
magnetized ferromagnetic colloids with a high contrast of densities between phases near the
glass transition point of the dispersion medium is relevant, since there is a lack of research in
this temperature range and, moreover, additional effects associated with the displacement of
the phase transition at high concentrations of the solid phase are possible.

Keywaords: acoustic spectroscopy, nanomaterials, ferromagnetic colloids, magnetic fluid, dis-
persed systems.
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AHHOTaUNA

Llensb. Llenbto aaHHo paboTbl ABNSAETCH YCTAHOBMEHWUE 3aBUCUMOCTY BANSHUS KOHLIEHTpALMK
TBEPAON (hasbl HA aKYCTMYECKME NapamMeTpbl MarHUTHO XWUAKOCTU Ha OCHOBE TpaHcgopmMa-
TOPHOro Macrna B LUMPOKOM Auana3oHe Temneparyp, B TOM Yucre BONU3U TOYKM CTEKIOBAHNS
AUCNEPCUOHHOIA cpeabl.

Mpoueaypa n metoAbl. [poBeaéHHbIE B IaHHOW paboTe UCCNeL0BaHMS OCHOBAHbl HA MeTOfAxX
(PM3NYECKO aKYCTUKM, B HACTHOCTU WUMNYNbCHOM METOME MEPEMEHHOr0 PacCTOSHUA npu
BHELUHeM TemnepaTypHOM BO3JENCTBUN.

PesynbTatbl. iccnenoBaHbl TEMNEPaTypHbIe U KOHLEHTPALMOHHbIE 3aBUCMMOCTU NNOTHOCTH,
CKOpOCTU M Ko3(hpuumeHTa NOrNoOLEHNs YNbTpasBykoBbIX (panee — Y3) BonH. MposeaeHo
CPABHEHME C OCHOBHbIMMW TEOPETUYECKMMM MOAENSMM 1 noaxoaamin. B obnactu Temnepartyp
BO3/e TOYKM CTEKSTI0BaHWS AUCNEPCUOHHON cpefibl HABMI0AA0TCA JONONHUTENbHbIE 3 dEKTbI,
HE OMUCAHHbIE B NUTEPATYPHbIX UCTOYHMUKAX U HE COTNACYHOLIMECS C CYLLECTBYIOLLMMU HA aH-
HbllA MOMEHT TEOpUSMU PAcnpoCTpaHeHMs 3ByKa B AMCMEPCHbIX CMCTeMax ¢ 60JIbLLOA pa3Ho-
CTh}0 NAOTHOCTEN MEXY XWOKON 1 TBEpPAO0N (ha3oii.

TeopeTuyeckas 3Ha4UMMOCTb. Hay4HbIi 1 NPAKTUYECKNIA MHTEPEC NPeACTaBNAET UCCNef0BaHMe
HEHaMarHW4eHHbIX DEPPOMArHUTHBIX KONTONIOB C BbICOKUM KOHTPACTOM MNIOTHOCTER MeXay
(hazamu B6/IM3N TOYKM CTEKNTOBAHMA AMCMEPCUOHHON Cpefpbl, TaK Kak B 3TOM 06/1acTh Temne-
paTyp HabnAaeTca HeI0CTaTOYHOCTb UCCNEA0BAHMIA W, K TOMY XK€, BO3MOXXHb! JONONTHUTE b-
Hble 3(PdOeKTbl, CBA3aHHbIE CO CMeLLeHeM (pa30BOro nepexosia Ha BbICOKMX KOHLIEHTPALMAX
TBEPAON hasbl.

Knroyesbie cnoBa: akycTnyeckas CneKTpoCKonus, HaHomatepuansl, oeppomMarHuTHbIe Konno-
UAbl, MarHUTHas XWAKOCTb, AMCNEPCHbIE CUCTEMBI.

bnaropaprocts. PaboTa BbiNofiHeHa npu nogaepxxke MoHga coAeMcTBUA Manomy UHHOBAL-
oHHomy npeanpuHumartenscTey (PACUM) npoekta YMHUK Ne 17639IY/2022.
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Introduction

By now, the behavior of ultrasonic waves in colloids and suspensions of nanoparti-
cles has been studied in sufficient detail at room and high temperatures [1-5]. Non-
magnetized magnetic liquids with nanoscale ferroparticles can be considered as an or-
dinary colloid, since in the absence of external magnetic fields, structural mechanisms
will be absent. This means that their acoustic studies could be compared with those of
a similar concentration range of colloids, for example [6-13].

It is also interesting to study colloids containing rather high volume concentrations
of solid particles in the region of low temperatures close to the glass transition point of
the dispersion medium. This interest is conditioned not only by the insufficiency of
studies of these substances under these conditions, but also by the possibility of con-
sidering the liquid-solid phase transition from the side of acoustic quantities. The low
operating frequency of the studies was chosen due to the possibility of considering the
liquid-glass phase transition on a macroscopic scale, which will allow us to judge the
internal changes in the concentrated colloid during further studies.

Thus, the purpose of this work is to study the concentration series of magnetic fluids
(hereinafter referred to as MFs), based on transformer oil near the glass transition tem-
perature of the dispersion medium at a low operating frequency and analyze the results
obtained.

Materials and methods of research
The object of research, as mentioned above, is a magnetic fluid based on transformer
oil (hereinafter referred to as MFTO), represented by a concentration series [0.2%,
0.5%, 1%, 2%, 5%, and 10% volume concentrations of ferroparticles of magnetite with
an average size of D = 15nm (see Fig. 1)]. Ferroparticles of magnetite are stabilized by
oleic acid, which is a surfactant in this dispersed system.

20 T

- -
o N o
T T T
1 1 1

fraction of particles, %
SN

0 1
10° 10° 102
D, nm

Fig. 1/ Puc. 1. Quantitative distribution of MFTO particle sizes based on the dynamic light
scattering method / KonuuecrBenHoe pacnpepenetne pasmepos dactur MFTO Ha ocHoBe
MeTOfa AMHAMMIECKOTO PACCesTHIS CBeTa

Source: compiled by the authors.
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The principle of measuring acoustic parameters of MFTO (propagation velocity and
absorption coefficient of ultrasonic waves is based on the pulse method of variable dis-
tance, the study was conducted at a frequency f = 3,65MHz, the amplitude of the signal
U =20V, the period between packets t = 150us. The transducers are made of lithium
niobate ferroelectric (LiNbOs) with a two-component coating consisting of chromium,
which has good adhesive properties, and nickel, selected due to weak chemical activity
to prevent interaction with the test sample. The calculated error of the measurement
data does not exceed 1% for speed and 5-7% for the sound absorption coefficient. The
external temperature impact is implemented using a thermostatic chamber with an
accuracy of temperature setting up to 0.1 K, and the MFTO density was studied using
a pycnometer having a nominal volume of 5 ml. To obtain the dependence of the type
p(T), a pycnometer with an MFTO sample was placed into a thermostatic chamber for
a period of 10 min, after which measurements were made on laboratory scales GOS-
METER VL-220M, having a measurement accuracy up to 1077 kg.

4 0% A 2%

O 5% O 10% | O 308K — — 308K|
1400 1 1 1 1 1 1 1 1 I 1 1 1400
a) b)
13000 0 0 o 4 ool l o 1300
d
«_ 1200 F 1 F P - 1200 o
: E
£ 1100 t 1F L7 {1100 2
< O 0 o o o g - /O <
1000 4 F , - 1000
Ad A A A A g
900 g anyl 9 - 900
4 4 @O
800 1 1 Iq 4I qﬁ 1 1 1 1 1 1 800
266 280 294 308 32 0 2 4 6 8 10
T,K 0, %

Fig.2 / Puc.2. a - Temperature dependence of the density p(T) in MFTO, and b - concentra-
tion dependence of p(¢) in MFTO: the straight line is (p)(¢) according to formula (1) / a -
TeMIlepaTypHast 3aBucuMocTb wiotHocty P(T) MFTO, b - KOHLeHTpaljOHHAS 3aBUCUMOCTD

p(¢) MFTO, IPAMAS - Preop () mo dopmyne (1)

Source: compiled by the authors.

The results of measuring the density of MFTO are shown in Fig. 2. The coincidence
of experimental data with theoretical calculations based on the additivity model (1)
allows us to judge the reliability of the concentrations provided by ¢ and apply other
conclusions from continuum mechanics to the calculations of acoustic parameters [14]
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(p) =10 —@)ps + ¢p,, €Y)

where (p) is the MF density, ¢ is the concentration of the solid phase in MFs, p, is the
density of pure transformer oil, and p, is the density of magnetite.

Experimental results
Based on the calculations of (1) to MFTO, as mentioned above, it is possible to use

other insights from continuum mechanics, in particular the calculation of the coeffi-
cient of adiabatic compressibility (S)

BY =1 —@)B1 + B2,

and, according to the known () and {p), calculate the Laplacian velocity of sound

¢o = (pXBN 2,

and the main amendments to ¢, introduced by Ritov and Isakovich [14; 15]

2
% ay az
Acr = =Tcy*(p) p,C <—— > ,
T2 2wz P1Cp1 P2Cp2

s JE(1+ byE)

Acy = ¢, ’
T D £+ D — at B+ YD)

where C,); and C,, are the specific heat capacities of the liquid and solid phase at p =
const, a; and a, are the coefficients of thermal expansion of the liquid and solid
2

phase, & = %RZ, a=ce (%)2, and b = g(pl;—fpz).

Thus, the final calculation of the values of the propagation velocity of ultrasonic
waves will be presented as

Ctheory = Co T Ac77 + Acy. (2)

The results of calculations (2) are shown in Fig. 3.
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Fig. 3 / Puc. 3. a - Temperature dependence of the sound speed ¢(T) in MFTO, and b - con-
centration dependence ¢(¢) in MFTO: straight lines are C¢peqry (@) according to formula (2),
1 - 308K, 2 - 298K, 3 - 288K, 4 - 278K, 5 - 268K / a - TeMIiepaTypHas 3aBCUMOCTb CKOPO-
cru 3Byka ¢(T) B MFTO, 6 - xoHIjeHTpanmoHHast 3aBucumMoctsb ¢(@) 8 MFTO, mpsimbre —
Creop () TIO opMyTE (2), 1 - 308K, 2 - 298K, 3 - 288K, 4 - 278K, 5 - 268K

Source: compiled by the authors.

Similar ideas are used in the calculations of the absorption coefficient of ultrasonic
waves with the difference that the dispersion in the case of a has a much greater [16]
manifestation. Otherwise, the proper absorption of a;;; is calculated by the formula

4
231%¢

2pcy3’
where 7) is the shear, and ¢ is the bulk viscosity of the carrier fluid. Corrections are also
B

added to its own absorption: thermal
2
B
Tc G, ()()(‘1+02)< -,
P1Copp1 1X2 p1Co1 P2Cyz

RZ 2
where y; and y, are the thermal conductivity of the dlsperswn medium and the solid
phase, respectively, and the viscosity
aé (1 + \/? )

co (1 +\/E)2 +&(1+ b\/E)Z'

and the final expression is represented as

Aing = W

ar =

w

Qtheory = Aint + ay + ar.

(3)

The results of theoretical calculations (3) are presented in Fig. 4.
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Fig. 4 / Puc. 4. a - Temperature dependence of the sound absorption coefﬁc1ent 5 (T), and
b - concentration dependence f_2 (¢): lines are % (@), 1-308K, 2 - 298K, 3 - 288K,

4 - 278K, 5 - 268K / a - TeMnepaTypHast 3aBUCUMOCTb K03 uIMeHTa OIIoLIeHNA 3ByKa
fiz (T), b - KOHIEHTPAIMOHHAS 3aBUCUMOCTb flz (@), mpsambIe - % (¢), 1 - 308K,
2 - 298K, 3 - 288K, 4 - 278K, 5 - 268K

Source: compiled by the authors.

In the case of the speed of sound, Ac;, does not exceed the calculated error through-
out the temperature and concentration range of measurements, and Acy begins to
make a significant contribution, increasing with decreasing temperature, only at
MFTO concentrations ¢ more than 2%. A similar behavior is typical for a¢peqry-

Conclusions

The acoustic values of C¢peory and A¢peory depend on the inertial properties of the
dispersed system in which ultrasonic waves propagate. The viscous and thermal mech-
anisms are taken into account by introducing corrections to the initial values of ¢, and
Xint-

The general type of interactions of sound waves with colloidal systems in the form
of magnetic fluids is determined not only by the carrier medium, but also by the con-
centration of the solid phase in the dispersed system. In the case of small concentra-
tions of magnetic fluid based on transformer oil, the acoustic parameters satisfy the
classical descriptions of energy dissipation due to viscous and thermal waves at the
phase interfaces. However, with an increase in the concentration of the solid phase,
there is a discrepancy between theoretical calculations and experimental data due to
the occurrence of additional absorption factors of ultrasonic waves in this system,
which increase with the approach to the glass transition point of the dispersion me-
dium.
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It is noteworthy that the discrepancy between theoretical data and experimental re-

sults increases not only with an increase in the concentration of the solid phase, but
also with an approach to the glass transition temperature of the dispersion medium.
These effects can be justified by the displacement of the phase transition point of the
MFs with increase in the concentration of the solid phase.

10.

11.

REFERENCES / TUTEPATYPA

. Dukhin A. S., Goetz P. J. Acoustic spectroscopy for concentrated polydisperse colloids with

high density contrast. In: Langmuir, 1996, vol.12, iss.21, pp.4987-4997.
DOI: 10.1021/1a951085y.

Sazan H., Piperno S., Layani M., Magdassi Sh., Shpaisman H. Directed assembly of nano-
particles into continuous microstructures by standing surface acoustic waves. In: Journal of
Colloid and Interface Science, 2019, vol. 536, pp. 701-709. DOI: 10.1016/j.jcis.2018.10.100.
QiuL., ZhuN., FengY., Michaelides E.E., Zyla G., JingD., Zhang X., Norris P. A.,
Markides Ch. N., Mahian O. A review of recent advances in thermophysical properties at
the nanoscale: From solid state to colloids. In: Physics Reports, 2020, vol. 843, pp. 1-81.
DOI: 10.1016/j.physrep.2019.12.001.

Joseph A., Radhakrishnan Nair P., Mathew S. Investigation of Iron Oxide-Based on
Nanofluids and Ionic Liquids by Ultrasonic Sound Velocity Method. In: International Journal of
Thermophysics, 2020, vol. 41, iss. 12, article id. 168. DOI: 10.1007/s10765-020-02748-y.

. Hardonla S., Kudel¢ik J., Rajndk M., Kubovéikova M. Study of structural changes in bio-

compatible fluid by the acoustic spectroscopy. In: Romanian Reports in Physics, 2021,
vol. 73, article no. 603.

Minakov A. V., Pryazhnikov M. I., Damdinov B. B., Nemtsev I. V. Acoustic Spectroscopy
Study of the Bulk Viscosity of Nanosuspensions. In: Acoustical Physics, 2022, vol. 68, no. 2,
pp. 155-161. DOI: 10.1134/51063771022020051.

Kharat P. B., More S. D., Somvanshi S. B., Jadhav K. M. Exploration of thermoacoustics be-
havior of water based nickel ferrite nanofluids by ultrasonic velocity method. In: Journal of
Materials ~ Science:  Materials in  Electronics, 2019, vol. 30, pp.6564-6574.
DOI: 10.1007/s10854-019-00963-4.

Pryazhnikov M. L., Minakov A. V, Rudyak V. Ya., Platonov D. V. Viscosity and acoustic pa-
rameters of suspension based on ethylene glycol with aluminum nanoparticles. In: Journal
of Physics: Conference Series, 2020, vol. 1565: All-Russian scientific conference with inter-
national participation “Thermophysics and Power Engineering in Academic Centers”
(TPEAC-2019, 21-23 October 2019, St. Petersburg, Russian Federation), no. 1, pp. 012095.
DOI: 10.1088/1742-6596/1565/1/012095.

Jameel B., Hornowski T., Bielas R., Jozefczak A. Ultrasound Study of Magnetic and Non-
Magnetic Nanoparticle Agglomeration in High Viscous Media. In: Materials, 2022, vol. 15,
no. 10, pp. 3450. DOI: 10.3390/ma15103450.

Wei Q., Yang Q., Gao W, Luo Z. Influences of media on dispersion behaviors and electro-
kinetic properties of nanoceria particles in concentrated slurries. In: Journal of Nanoparticle
Research, 2020, vol. 22, iss. 7, article id. 182. DOI: 10.1007/s11051-020-04922-7.

Singh S. P., Verma A. K., Jaiswal A. K., Singh D., Yadav R. R. Study of Ultrasonic and Ther-
mal Properties for Heat Transfer Enhancement in Fe,Os; Nanoparticles-Ethylene Glycol
Nanofluids. In: International Journal of Thermophysics, 2021, vol. 42, article number: 60.
DOI: 10.1007/510765-021-02809-w.

X



ISSN 2072-8387 \ BectHuk MockoBckoro rocynapcteHHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka ( 2023/Ne 1

12.

13.

14.

15.

16.

Luo Z., Wei Q., Yang Q., Gao W. Study on the dispersion behaviors of binary micro/nano-
particles in concentrated suspensions by ultrasonic attenuation technology. In: Journal of
Nanoparticle Research, 2022, vol. 24, iss. 9, article id. 182. DOI: 10.1007/s11051-022-05567-4.
Dukhin A. S. Acoustic spectroscopy for particle size measurement of concentrated nano-
dispersions. In: Hodoroaba V.-D., Unger W. E. S, Shard A. G., eds. Characterization of Na-
noparticles. Measurement Processes for Nanoparticles. Amsterdam, Elsevier, 2020, pp. 197-
211. DOI: 10.1016/B978-0-12-814182-3.00013-4.

Isakovich M. A. L. I. Mandel'shtam and the propagation of sound in microscopically inho-
mogeneous media. In: Soviet Physics Uspekhi, 1979, vol.22, iss. 11, pp.928-933.
DOI: 1070/PU1979v022n11ABEH005649.

Rytov S. M., Vladimirskii V. V., Galanin M. D. Sound propagation in dispersed systems. In:
Zhurnal eksperimental'noy i teoreticheskoy fiziki [Journal of Experimental and Theoretical
Physics], 1938, vol. 8, no. 5, pp. 614-626.

AllegraJ. R., Hawley S. A. Attenuation of sound in suspensions and emulsions: Theory and
experiments. In: The Journal of the Acoustical Society of America, 1972, vol. 51, iss. 5B,
pp. 1545-1564. DOI: 10.1121/1.1912999.

JIUTEPATYPA
Dukhin A. S., Goetz P. J. Acoustic spectroscopy for concentrated polydisperse colloids
with high density contrast// Langmuir. 1996. Vol.12. Iss.21. P.4987-4997.
DOI: 10.1021/1a951085y.
Directed assembly of nanoparticles into continuous microstructures by standing surface
acoustic waves / Sazan H., Piperno S., Layani M., Magdassi Sh., Shpaisman H. // Journal
of Colloid and Interface Science. 2019. Vol.536. P.701-709. DOL
10.1016/j.jcis.2018.10.100.
A review of recent advances in thermophysical properties at the nanoscale: From solid
state to colloids / Qiu L., Zhu N., Feng Y., Michaelides E. E., Zyla G., Jing D., Zhang X.,
Norris P. A., Markides Ch. N., Mahian O.// Physics Reports. 2020. Vol. 843. P.1-81.
DOI: 10.1016/j.physrep.2019.12.001.
Joseph A., Radhakrishnan Nair P., MathewS. Investigation of Iron Oxide-Based
Ionanofluids and Ionic Liquids by Ultrasonic Sound Velocity Method // International
Journal of Thermophysics. 2020. Vol. 41. Iss. 12. Article id. 168. DOI: 10.1007/s10765-
020-02748-y.
Study of structural changes in biocompatible fluid by the acoustic spectroscopy / Har-
doiila S., Kudel¢ik J., Rajidk M., Kuboveikova M. // Romanian Reports in Physics. 2021.
Vol. 73. Article no. 603.
Acoustic Spectroscopy Study of the Bulk Viscosity of Nanosuspensions / Minakov A. V.,
Pryazhnikov M. L., Damdinov B. B., Nemtsev I. V. // Acoustical Physics. 2022. Vol. 68.
No. 2. P. 155-161. DOI: 10.1134/51063771022020051.
Exploration of thermoacoustics behavior of water based nickel ferrite nanofluids by ultra-
sonic velocity method / Kharat P. B., More S. D., Somvanshi S. B., Jadhav K. M. // Journal
of Materials Science: Materials in Electronics. 2019. Vol 30. P.6564-6574.
DOI: 10.1007/510854-019-00963-4.
Viscosity and acoustic parameters of suspension based on ethylene glycol with aluminum
nanoparticles / Pryazhnikov M. I., Minakov A. V, Rudyak V. Ya., Platonov D. V. // Jour-
nal of Physics: Conference Series. 2020. Vol. 1565: All-Russian scientific conference with

&



ISSN 2072-8387 ‘ BecTHuk MockoBckoro rocyaapcTtenHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka ( 2023 /N1

international participation “Thermophysics and Power Engineering in Academic Cen-
ters” (TPEAC-2019, 21-23 October 2019, St. Petersburg, Russian Federation). No. 1.
P. 012095. DOI: 10.1088/1742-6596/1565/1/012095.

9. Ultrasound Study of Magnetic and Non-Magnetic Nanoparticle Agglomeration in High
Viscous Media/ Jameel B., Hornowski T., Bielas R., Jozefczak A.// Materials. 2022.
Vol. 15. No. 10. P. 3450. DOI: 10.3390/ma15103450.

10. Influences of media on dispersion behaviors and electrokinetic properties of nanoceria
particles in concentrated slurries / Wei Q., Yang Q., Gao W., Luo Z. // Journal of Nano-
particle Research. 2020. Vol. 22. Iss. 7. Article id. 182. DOI: 10.1007/511051-020-04922-7.

11. Study of Ultrasonic and Thermal Properties for Heat Transfer Enhancement in Fe,O; Na-
noparticles-Ethylene Glycol Nanofluids/ SinghS.P., Verma A.K., Jaiswal A.K,
Singh D., Yadav R. R. // International Journal of Thermophysics. 2021. Vol. 42. Article
number: 60. DOI: 10.1007/s10765-021-02809-w.

12. Study on the dispersion behaviors of binary micro/nanoparticles in concentrated suspen-
sions by ultrasonic attenuation technology / Luo Z., Wei Q., Yang Q., Gao W. // Journal
of Nanoparticle Research. 2022. Vol. 24. Iss. 9. Article id. 182. DOI: 10.1007/s11051-022-
05567-4.

13. Dukhin A. S. Acoustic spectroscopy for particle size measurement of concentrated nano-
dispersions // Characterization of Nanoparticles. Measurement Processes for Nanoparti-
cles/ eds. Hodoroaba V.-D., Unger W. E.S., Shard A. G. Amsterdam: Elsevier, 2020.
P.197-211. DOI: 10.1016/B978-0-12-814182-3.00013-4.

14. Isakovich M. A. L. .I Mandel'shtam and the propagation of sound in microscopically in-
homogeneous media// Soviet Physics Uspekhi. 1979. Vol.22. Iss. 11. P.928-933.
DOI: 1070/PU1979v022n11ABEH005649.

15. Ppitos C. M., Bnagumupckuii B. B., l'anannna M. [I. PacnpocTpanenne 3Byka B fucrepc-
HBIX cucTeMax // JKypHan skcliepyMeHTanbHOI U Teoperwdeckoit ¢pusukm. 1938. T. 8.
Ne 5. C. 614-626.

16. Allegra]. R., Hawley S. A. Attenuation of sound in suspensions and emulsions: Theory
and experiments // The Journal of the Acoustical Society of America. 1972. Vol. 51.
Iss. 5B. P. 1545-1564. DOI: 10.1121/1.1912999.

INFORMATION ABOUT THE AUTHORS
Nikita S. Paraschuk - Master’s Degree Student, Institute of Laser and Plasma Technologies,
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute); Re-
search Assistant, Educational and Scientific Laboratory of Theoretical and Applied Nanotech-
nology, State University of Education; Engineer, Prokhorov General Physics Institute of the
Russian Academy of Sciences;
e-mail: parashchuk.ns@mail.ru;
Alexander D. Kurilov — Laboratory Head, Educational and Scientific Laboratory of Theoretical
and Applied Nanotechnology, State University of Education; Acting Research Assistant,
Prokhorov General Physics Institute of the Russian Academy of Sciences;
e-mail: ad.kurilov@gmail.com;
Georgii T. Chanturiya — Master’s Degree Student, Faculty of Information Technology, Senior
Lecturer, Department of Digital Economy, Moscow University for Industry and Finance “Synergy”;
e-mail: chnt.grg@gmail.com;

X



ISSN 2072-8387 \ BectHuk MockoBckoro rocynapcteHHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka ( 2023/Ne 1

Denis N. Chausov - Dr. Sci. (Phys.-Math.), Assoc. Prof., Leading Researcher, Educational and
Scientific Laboratory of Theoretical and Applied Nanotechnology, State University of Educa-
tion; Acting Laboratory Head, Laboratory of Photonics and Organic Electronics, Prokhorov
General Physics Institute of the Russian Academy of Sciences;

email: d.chausov@yandex.ru, dn.chausov@mgou.ru.

NHOOPMAIINA Ob ABTOPAX
Hapauwyx Hukuma Cepeeesuy — CTYSeHT MarucTparypbl VIHCTUTYTa /1a3epHBIX ¥ IIa3MEHHBIX
TexHonoruii HanmoHanbHOTo 1ccneoBaTeNbCKOro AflepHOro yHuBepcutera « MU OW»; mmap-
IIMiT HAyYHBI COTPYAHUK Y4eOHO-HAyYHOI TabOpaTOpMM TEOPeTHYECKON M MPUKIALHON
HaHOTeXHOJIoruy I'ocyjapcTBEHHOTO YHUBepCUTETa IPOCBEIeHN; MHXKeHep VIHcTuTyTa 06-
mett ¢pusuky umenu A. M. IIpoxoposa Poccuiickort akageMmu Hayk;
e-mail: parashchuk.ns@mail.ru;
Kypunos Anexcandp Jmumpuesuy — 3aBeRyIoImii y4e6HO-Hay4HOI TabopaTopueii TeopeTu-
YeCKOJ M HPUKIAJHON HAaHOTeXHONOrMM ['0CyJapCTBEHHOTO YHUBEPCUTETA IIPOCBEIIEeHIN;
Y. 0. MJIAfILIeTO HayYHOIo COTpyRHUKa VHcTHTyTa 0b1ieit pusuku umenu A. M. ITpoxoposa
Poccwmitckoit akageMun Hayk;
e-mail: ad.kurilov@gmail.com;
Yaumypus I'eopeuii Temyposuy — CTyLeHT MaruCTPaTypsl GpaKynbTeTa MHGOPMALMOHHBIX TeX-
HOJIOTWIA, CTapIIMii IIpenofaBaTe/Ib Kapenpbl uppoBoil 3KOHOMUKY MOCKOBCKOrO (puHaH-
COBO-TIPOMBIIIJIEHHOTO YHUBepcuTeTa « CMHEPIHA»;
e-mail: chnt.grg@gmail.com;
Yaycos Jlenuc Hukonaesuy — foKTop HUSMKO-MaTeMaTHYeCKMX HayK, JOLICHT, TIABHBII Hay4-
HBIII COTPYAHUK y4eOHO-HaYYHOI 1ab0paTOpUM TEOPETUUECKOI ¥ MPUKIaTHOI HAHOTEXHOIO-
run I'ocymapcTBeHHOTO YHUBEPCUTETA MIPOCBEIIEHNS; U. 0. 3aBefyloliero nmaboparopueit ¢o-
TOHMKM ¥ OPTaHMYeCKOIT 3/eKTpoHNKM VHcTuTyTa 061meit dusukm umenu A. M. [Ipoxoposa
Poccuiickoit akafiemun Hayk;
e-mail: d.chausov@yandex.ru, dn.chausov@mgou.ru.

FOR CITATION
Parashchuk N. S., Kurilov A. D., Chanturiya G. T., Chausov D. N. Sound propagation in mag-
netic fluids based on mineral oils near the glass transition temperature of the dispersion me-
dium. In: Bulletin of the Moscow Region State University. Series: Physics and Mathematics, 2023,
no. 1, pp. 34-44.
DOI: 10.18384/2310-7251-2023-1-34-44.

ITPABMIIbHAS CCbUIKA HA CTATBIO

IMapamyx H. C., Kypunos A. [, Hautypus I'. T., Haycos [I. H. Sound propagation in magnetic
fluids based on mineral oils near the glass transition temperature of the dispersion medium
(PacmpocTpaHeHNue 3ByKa B MaTHUTHBIX XXMAKOCTAX Ha OCHOBE MUHEPAJIbHBIX Mace/ BOMM3K
TeMIIepaTyphl ~ CTEK/IOBaHUA  [JUCIEPCUOHHON  cpempl) // BecTHux  MOCKOBCKOTO
roCyAapcTBeHHOro obnacTHoro yHuBepcutera. Cepus: Pusnka-maremaTnka. 2023. Ne 1. C. 34—
44.

DOI: 10.18384/2310-7251-2023-1-34-44.

X



ISSN 2072-8387 ‘ BecTHuk MockoBckoro rocyaapcTtenHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka ( 2023 /N1

YIK: 535.3, 537.86
DOI: 10.18384/2310-7251-2023-1-45-59

MOAOENUPOBAHNE NAPAMETPOB MATEPUAJI0B MJIEHOK
MPO3PAYHbBIX INEKTPONOB C bJIU3KON K HYIIHO
NUIANEKTPU4ECKOU NPOHNLIAEMOCTbH

Conomatnx A. C., benses B. B>, A6gyes A. X?*, 3BepeB H. B, benses A. A,
LlapeBa E. B., Ky3bmux M. K2, Xa4kun B. A?

" Poceuiickuii XaMUKO-TeXHOSI0rYeckuii yHnBepcuTeT umenn [. V. Mexgeneesa
125047, r. MockBa, Muycckas nnotyage, 4. 9, Poccniickas ®enepauyns

2 [ocyRapcTBeHHbIN YHUBEPCUTET NPOCBELLEHNS

141014, MockoBckas obnacts, r. Meituiyn, yn. Bepbi BonowmHoi, 4. 24,
Poccwiickaa ®enepauns

% Poccuiicknii yHUBEPCUTET JPYXObl HApOJ0B

117198, Mocksa, yn. Muknyxo-Maknas, . 6

AHHOTaUNA.

Llenb: nccnenoeatb BAUsHWE NapameTPoB Matepuana npo3payHoro d/1eKTpoaa Ha OCHOBE OK-
cuga metanna (N — nnoTHOCTL 3NIEKTPOHOB, T — CPEeHEee BPEeMS paccesHWUs 3IeKTPOHOB) Ha Be-
NINYNHY HACTOTbI, MPW KOTOPOI AU3NEKTPUYECKAs NPOHMLAEMOCTb MaTepuana & (3ncumoH) cra-
HOBUTCS BNN3KOI K HYIIO (Tak HasbiBaemble ENZ unu H3-matepuanei).

Mpoueaypa u metogpbl. G ncnonb3osaHuem mMoaenu [pyae BbiNOSHEHbI pacHéTbl NnapameTpoB
N, T 1 nasMeHHoil 4acToTbl w, B AManasoHe NapameTpoB MaTepuanos, NPUMEHAEMbIX B 3J1eK-
TPOHMKE, a TAKXe A1 KOMMO3UTHLIX MaTepuanoB ¢ pa3Hol reoMeTpuen BKOYEHWiA. Mpuee-
JeHbl NMapameTpbl MaTepManoB Ha OCHOBE OKCMAA LMHKA U METOLOB MX (DOPMUPOBAHNA, NPW
KOTOPbIX MOXKET Pean3oBaThCA ONUCAHHbIA PEXXIUM BIIN3KON K HYNO AM3NEKTPUYECKON Npo-
HMLAEeMOCTN MaTtepuarna.

PesynbTatbl. [Ing psaga martepuanoB MNEHOK NPO3pPayHbIX 3MEKTPOMOB, MPUMEHSIEMbIX B
YCTPOWCTBAX yNpaBseHns nsnyyennem 6nmxHero VIK-gnanasoHa, uccrefosaHo BnAHMe napa-
meTpoB marepuana (N, t) Ha BeNUYMHY 4acTOTbl, NPU KOTOPON AWNANEKTPUHECKas NpoHMLae-
MOCTb MaTtepuana € (3NCunoH) cTaHoBUTCS 6nn3KoI K Hynto (HI-matepuansi). OnucaHbl Tex-
HOMOrMM MaTepuarnoB, B KOTOPbIX MOXET peann3oBaTbecs HI-pexum.

TeopeTuyeckas u/unu npakTUYECKas 3HAYUMOCTb. ONMCAHHbIN PEXUM peanudyeTca ans psaa
MaTepuanoB NNEHOK NPO3padHbIX 3NEKTPOAOB, NPUMEHAEMbIX B YCTPOCTBAX YNPaBNeHNUs 13-
nyyeHuem 6nmxHero MK-gnanasoHa.

KnroyeBbie cnoBa: nV3nekTpuyeckas NpoOHULAEMOCTb, MeTamarepuan, npo3payHble 3rek-
TPOAbI, OKMCb LUMHKA, VIK 1 TTLI-Anana3oH, KOHLIEHTPaLWs 3N1EKTPOHOB, BPEMS PACCESHUS ANeK-
TpoHOB, ENZ-maTepuansl, ycTponcTaa ynpaBneHus U3ny4eHuem.

bnarogaprocts. lccnefoBaHne YacTUYHO BbIMOJSTHEHO 3a CHET rpaHTa POCCMIACKOr0 Hay4HOro
donpa Ne 22-19-00157.
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MODELING OF MATERIAL PARAMETERS OF TRANSPARENT ELECTRODE
FILMS WITH NEAR-ZERO PERMITTIVITY

A. Solomatin’, V. Belyaev’, A. Abduev *, N. ZvereV’, A. BelyaeV’, E. Tsareva', M. Kuzmir’,
V. Zhachkin’
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2 State University of Education
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* RUDN University
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Abstract.

Aim. We investigate the effect of the material parameters of a transparent metal oxide electrode
(M is the electron density, and t is the average electron scattering time) on the frequency at
which the dielectric constant of the material € (epsilon) becomes close to zero (the so-called
ENZ materials).

Methodology. Using the Drude model, the parameters N, T and the plasma frequency w, are
calculated in the range of parameters of materials used in electronics, as well as for composite
materials with different geometries of inclusions. The parameters of materials based on zinc
oxide and methods of their formation are presented, in which the described regime of the die-
lectric constant of the material close to zero can be realized.

Results. For a number of materials of transparent electrode films used in near-IR radiation con-
trol devices, the influence of material parameters (V and t) on the frequency at which the die-
lectric constant of the material € (epsilon) becomes close to zero (ENZ materials) is studied.
The technologies of materials in which the ENZ mode can be implemented are described.
Research implications. The described mode is implemented for a number of transparent elec-
trode film materials used in near-IR radiation control devices.

Keywaords: permittivity, metamaterial, transparent electrodes, zinc oxide, IR and THz range, elec-
tron concentration, electron scattering time, ENZ materials, optical radiation control devices.
Acknowledgements. The study was partially supported by the Russian Science Foundation
(Grant No. 22-19-00157).

BBepgeHue

B HacTos1ee BpeMsl BeAyTCsl MHTEHCUBHBIE MCC/IEOBAaHNSA U pa3pabOTKy HEKOTO-
PBIX BUIOB MeTaMaTePHaIoB, Y KOTOPBIX IIPY YAaCTOTAX IaJaIoNero U3Ty4eHus, COOT-
BeTcTBYIOIMX VIK-AManasoHy crekTpa, BeljeCTBEHHbIE YaCTU KOMIUIEKCHBIX IV9JIeK-
tpuueckoit mponuiaemoctu (Epsilon) mnn marautHoi mponunijaemoctu (Mu), nian
nokasarens npenomienus (Index) craHoBarcs 6/M3kyuMu K Hy/O (II0-aHITIMIICKY —
Near-Zero, NZ) [1]. B ntureparype ouM cooTBeTCTBeHHO HasbiBawoTcst ENZ, MNZ nin
NZI-marepuanamu. O603HaunM Ux Ha pycckoM ssbike kak HI (Homp-Oncnnon), HM
(Honb-Mro) unu HIIII (Honb-TTokasarens-IIpenomienus) MaTepuatsl.

B mipeficTaBieHHOI CTaTbe PACCMOTPUM HEKOTOPbIe cBolicTBa HI-Marepumanos, Ko-
TOpble 06eCIeYnBaOT YKa3aHHOe CBOIICTBO G/IM30CTY K HY/IIO Be/TMYMHbI BellleCTBEH-
HOJT YaCTY IUIEKTPUYECKOT IIPOHNIIAEMOCTH €&, B O/kHeM VIK-nmanasoHe v HOBbie
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q)YHKHI/IOHaTIbeIC BO3MOJKHOCTU 3TUX MaTE€pUAIOB [/IA IPUMEHEHNA B ONTUYECKOI
TEJIEKOMMYHUKAIUM 1 APYIUX HAIIpaB/I€HUAX.

PesynbTaTbl uccnegoBaHmna

B [2] mokasaHO, 4TO B IUIEHKAX MPO3PAYHOTO SJEKTPOAa OKCUA VHINUSA U Ol0Ba
(ITO) TomuuHOI MOpsAAKA IIMHBL BOMHBI Habmogaercs pexkum HI winm ENZ, xapak-
TePUIYIOLINIICSA BeIMYNMHON AVSTEKTPUYECKOIl IIPOHUIIAEMOCTI MaTepraa € (3Icu-
JI0H), 61M3Ko11 K Hymo. OH IPOAEeMOHCTPUPOBAH OKOJIO AIMHBI BOMHBI 1550 HM, 4TO
II03BOJISIET CO3/IaBaTh yCTPONCTBA, paboTamiue B 0OBIYHOM AMAla3OHe [INH BOH
ONITMYECKNX TeTeKOMMYHMKALNIL, C HOBBIMM (PYHKIVIOHA/IbHBIMM BO3MOXXHOCTSAMI.
ITo Mepe mpuOMVKEHNS AMITEKTPUIECKOI IPOHNI[AEMOCTH K HY/II0 MaTepuas OyaeT
IPOSB/IATh IOBBIIIEHHYI0 ONTWYECKYI0 HETMHEHOCTb [2-6]; 971eKTpOMarHuUTHbIE
BOJIHBI, PACIPOCTPAHSAIONINECS BHYTPM HETo, OYAyT MMeTb YBeIMYEHHYIO JINHY
BOJIHBI 11 (pa30BYI0 CKOPOCTb [2; 7]. DTU CBOJICTBA MOTYT IIPUMEHATHCS B CyOBOTHOBBIX
37eKTPOONTUYECKUX MOAYIATOPAX, MOAYIATOPAaX C MUHTEHCUBHBIM B3aMIMOJEICTBYEM
cBeTa U BellecTBa [8], B I/Iy0OKMX CyOBOTHOBBIX KaHanax ¢ ENZ-HamonHeHneM st
HeTPaANIMOHHOM MapUIPyTU3alNN 31eKTpOMarHuTHeIX (OM) BonH [7; 9-11], B mo-
mromanmux cnosax [12]. Yenosusa ENZ npopeMOHCTpUPOBaHBI BO BCEM 3/IeKTpOMar-
HUTHOM criekTpe [11; 13-17]. Hanpumep, OHM BO3SHMKAIOT BOIM3M ITa3MEHHOM Ya-
CTOTBI CBOOOJJHBIX HOCUTETIEN 3apsJOB B MaTepuate.

Tunmynas gyacrora HI-pexxnma (ENZ) B uanasoHe onTuyecknx TeIeKOMMYHIKa-

it 1550 HM cocTaBiisier wy=2*10" ¢!, B 97011 110/10Ce YacTOT AMa/IEKTPUYECKast TIPO-
HII11aeMOCTD IVIEHKM ONMCBIBAETCA Mofenbio [Ipyse, B KOTOpOI Mafjalollinii CBET B3a-

VIMOJIEVICTBYET CO CBOOOHBIMM HOCUTE/IAMM B MaTepuae, U UX OTK/IUK CTAHOBUTCA
Ne?
— > /1 BTO Xe BpeMsI s(w) = €0 —

PE€30HaHCHBbIM Ha IJIa3MEHHO YacToTe (l.)p = iy
0co0

Ne?
£oEcom* (W2 +iwy)
B cooTBeTcTBUM C 3TOM MO E/IbIO Heﬁ[CTBMTeHbHaH YacCTb JII/IBT[CKTPI/I‘ICCKOI?I ITpOHN-

[18-21].

AaEMOCTU IIE€PECEKAECT HY/Ib Ha 9aCTOTE Wo, KOTOPaA OIIPENENACTCA BbIpa)XKEHNEM (l)g =

2
q°N 1 .
e gz > /i€ q — 9/IEMEHTAPHDII 3aPAL, € — AMIMEKTPUIECKast MPOHNMIIAEMOCTD
0¢€o0

BAKyyMa, €00 — AMAIEKTpUYECKasi IPOHMIIAEMOCTb MaTepuaia Ha BBICOKOI 4acToTe,
m* - addexTrBHAsT Macca 97MeKTPOHA, N — IVIOTHOCTb 9/€KTPOHOB, T=Y ' — cpefHee
BpeMsI pacCesHVISI 9TIEKTPOHOB.

ITocKONbKY 371eMeHTapHBbII 3apsif, 9 deKTuBHAs Macca, BAKYYMHas ¥ BBICOKOYA-
CTOTHAS JYA/IEKTPIIECKasi IPOHMIIAEMOCTH IIPYMEPHO TIOCTOSHHBI, o OIIPEeNseTCs]
IIPEVIMYLIECTBEHHO /IEKTPOHHOI IVIOTHOCTBIO U BpeMeHeM PaccestHIs.

Ha puc. 1 mokasaHbl B3auMO3aBUCUMOCTY IapamMeTpoB N — IJIOTHOCTb 3/IEKTPO-
HOB, T — CPeJHee BpeMsl paccesiHus 37IEKTPOHOB Ipy BbinonHeHuy HI-pexxnma. [Jua-
I1a30Hbl M3MEHEHNMs [IaPAMeTPOB /I pacdéra BbIOpPAHbI 110 MMEIOIMMCS B INTEPa-
Type HAHHBIM 110 KOHIIEHTPALMN 9/IEKTPOHOB PA3/IMYHBIX MATEPUA/IOB, IIPUMEHsIe-
MBIX B 97eKTpoHUKe: 5*10'7-3%10" cMm™ B KpeMHMM, TepMaHWUM, apCEHN e TATUINS IPU
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300 K [22], 10*-10* cm” B okucy unpus u onosa (ITO) u okcupie MHKA, TOTIMPOBAH-
Horo amoMuHreM (AZO) [23], — u mo Bpemenu penakcayuu: 170 bc B ZnO u AZO
[24], 10-40 ric BpeMs penakcaliuy 97IeKTPOHOB B CBEpX PeIIETKe Ha OCHOBE apCeHusa
ramus [24; 25]; 0,2 u 3 1ic — BpeMsi pe/laKcalluy 1o IOTHOV BEPOSITHOCTU PAaCcCesTHUS
3/IEKTPOHA M3 COCTOSIHMS C BOTHOBBIM BeKTOPOM K, TeopeTudecku paccumtaHHOe B
[25]; 10-1000 mic B BbiIcOKOOMHOM KpeMHuu npu T ot 65 o 120 K u koHLeHTpanuu
anexTpoHoB oT 10" o 10" cm” [26], ot 6 1o 300 dc mpy paccesHMM Ha Pa3TMIHBIX
npuMecsx B cepebpe, 100 ¢c B MeTamtax [27; 28].

[TonyueHHbIE pe3ynbTAThI CIIPaBeAMMBLI He ToNbKO Ayt ITO-anekrponos, HoO 1 Apy-
I'VIX IIPO3payvHbIX HIpoBOAAIMX IIEHOK ZnO, IGZO n fp.

wo, s, 10"

wo, s, 10"
10 160 ‘ ‘ } ‘ .
9
140
8
120
7
6 100
5 80
4 60
3
40
2
20
1
0 0
05 1
L5 2 55 3 1S, S
N, cm3, 10° 1015 N, cm3, 10% 1016

Puc. 1/ Fig. 1. 3aBucuMocTy 9acTOTHI nepexosia B HI-pexxnm oT mapaMeTpoB MaTepuaa.
CrieBa U151 BpeMeHU T — BpeMsl paccesiHusl 7eKTPOHOB Hopsiika 107'° ¢, cipasa fyis1 BpeMeHn
T — BpeMsi paccesHusI 97IeKTpoHOB nopsiaka 107¢ ¢ / Dependences of the frequency of
transition to the ENZ on the parameters of the material. On the left for time 7 is the electron
scattering time of about 10** s, on the right for time T is the electron scattering time of about
10%¢s

Vicrounuk: mo AAaHHBIM aBTOPOB.

IIpn koHIeHTparusx nopsaka 10" cm™ n Bpemenn paccestuust 107 ¢ gacrora Wo,
npu KoTopoii peanusyercss HO-pexxnm, cocrasysier ot 10 ¢! go 10" ¢ IIpu KoHIjeH-
Tparysix nopsigka 10°' cm” u Bpemenn paccesiHust 107'° ¢ gacrtora (o, Ipu KOTOPOIT
peammsyercss HI-pexxum, ot 10" ¢! mo 1,6%10' ¢'. IIpn yBenmdeHnn 3/1eKTPOHHOIM

X
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KOHIIeHTpalyM, KaK IPaBuIo, IPOMCXOANUT yMEHbIIEHNe BPeMEeH) PACCeSHUsS JIeK-
TPOHOB ¥3-3a YMEHbILIEHNs J/INHBI CBOOOHOTO Ipobera.

YBenuuuBas Wiy yMeHbIIasi KOHLIEHTPALNIO 3JIEKTPOHOB MOXHO TOOUTHCS CABUTA
4acToThl HI-pexxuma B OITUYeCKMIT MM TeparepIioBhIil AMAa3oH.

B [23] mokasaHo, yTo Ha/mrune HI-uamna3ona B Te/IeKOMMYHUKAIIVIOHHOM CIIEKTpPe
(1.3-1.5 MKxM) obecrieunBaeTCsi B OKCUAHBIX MaTepuajax MOTOMY, YTO KOHI[eHTpaIys
HOCHUTeJIel! 3apsiia JocTuraeTcst Ha yposHe 10%°-10%! cM™ n3-3a BBICOKOI O/IU JOHOP-
Hbix aToMoB In’" B ITO miu A" 8 AZO. 910 mponcxoanT us-3a 00pa3oBbIBAHNUS TaM-
MOBCKUX I/Ta3MOHHBIX TOJAPUTOHOB B O/mwkHeM VIK-nuanmaszone s AZO, GZO u
ITO [21]. MO>XHO IIPeAIIONIOKXNTh BapbUPOBaHNE YaCTOTHI Wy ¥ B APYTUX OIMMCAHHBIX
H3-martepuanax: okcup 1HKa, fonupoBanHslit rameM (Ga:ZnO, GZO), okcup Kaj-
mus, gonupoBanHbiit nuHAMeM (In:CdO, ICO), okcup kagmus, TOIUPOBaHHBIN PTO-
pom (F:CdO, FCO) u ppyrux. [Ipu cpaBHeHUM KOoMIIIeKca GU3NIECKIMX CBOJICTB IIPO-
3pavHBIX TOTYIIPOBOAHMKOB ITOKAa3aHO, YTO OKVCH I[HKA 00/1afjaeT HayTy M KOM-
IIJIEKCOM CBOMCTB g HO-nmuanasona [23].

Kpowme Toro, auanextpudeckne cBoiictBa HI-maTepnana u yacTora (Do 3aBUCAT He
TOJIbKO OT KOHI[EHTPaLVJ ¥ BpeMEHN pacCesHMNs 3/IeKTPOHOB, HO M OT CTPYKTYpPBI Ma-
Tepuana. B [29] BbImOMHEHO YMCTIEHHOE MOJIETMPOBaHNE MeTa/UI-ANITEKTPUIECKOTO
MpoBOIOYHOTO Komnosuta B TT1-auamnaszone (puc. 2). B TakoM koMIiosuTe mia3MeH-
Has 4acTOTa ¥ BPeMsl pacCesAHM 97IeKTPOHOB 3aBUCAT OT Pa3MepPOB KaK SAYeVIKU KOM-
MIO3NUTA, TaK ¥ META/UINYECKOTO BK/TIOYEHMS, a TAK)Ke OT UX IIPOBOAVMOCTIL.

Puc. 2 / Fig. 2. TeomeTpna cMOfeMMpOBaHHON METa/IO-IU3IE€KTPUIECKOI CTPYKTYPHI,
COCTOSIIIEN U3 A4eeK C MeHBIM LVIMHAPWIECKUM IIPOBOJHIKOM AnaMerpoM 300 MKM /
Geometry of a simulated metal-dielectric structure consisting of cells with a copper cylindrical
conductor with a diameter of 300 micrometers

Wcrounuk: [29].

[Tpn npubmwkenun B Teopun sddextusHoit cpenst (EMT) kommosuta Ha OCHOBe

MaTepuaia C ,I[I/ISTICKTPI/I‘ICCKOI?I IIPOHNIIAEMOCTBIO &, C META/UVIMIECKMMMN BKIIOUEHN -

2
w
p
AMN (IIPOBOJIOKAMU UCIIEPCUIO MOXXHO pacCumuTarb 110 & =& ————— roe
(mp ) Aucnep P eff =&~ giosmy B
2mc? 4g9d?w}
(l.)3 = W IVIa3MEHHAaAd 4aCToTa 1 ]/ = W , Ime o — HpOBOI[I/IMOCTb MeETa/I/In4de-
d“ In— a

dag
CKIX BKHIO"ICH]/H?I, dq — AaMeTp NpOBOJHMKA, C — CKOPOCTDb CBETA B BaKyyMe.
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[TpuBenéM mpyuMephl peabHBIX CTPYKTYpP Ha OCHOBE OKCHJA LIMHKA, II03BOJLAIOLINX
peann3oBaTh onucbiBaeMblil HO-pexxnM B yka3aHHBIX AMaIa3oHaX YacTOT, M TEXHO-
JIOTYIV VX JOCTVDKEHIA.

Cy1ecTBeHHbIe I3MEHEHsI B KOHIIEHTPAIVY U OABYDKHOCTY HAO/IIONAIOTCA B II0-
JIMKPUCTA/UINYECKNX OKCUAHBIX C10AX ZnO. ITO MOXeT OBITb 00YC/IOBIICHO PALOM
¢akTopoB. X0polIo 13BeCTHO, 4To ZnO 0OHAPYXMBAET BBICOKYIO CKIOHHOCTD K Off-
HOCTOPOHHEMY OTK/IOHeHMIO OT crexroMmeTpui [30]. Tak, zecopbuns kmucmopopa ¢ mno-
BEPXHOCTY MeX3ePEHHBIX TPAHUI] IIPUBOANT K (POPMUPOBAHMIO HA TIOBEPXHOCTH 36-
PEH BBICOKOJI KOHI[EHTPAI[UV TOHOPHBIX IIeHTPOB.

Jlermpoanue cnoés anementamu 111 rpynmsl meprogdeckor cucteMsl (HapuMep,
Al, Ga) mo3BosnseT co3fjaBaTh Ipo3pavHble IPOBOJAIINE CTIOY C YAETbHBIMU COIPO-
TUBNeHUsIMU BIUIOTH 10 10 Om*cm [31]. JlerupoBanue cnoés ZnO mpuBOAUT, Ofi-
HaKO, K CHVDKEHUIO TIO/IBVKHOCTH 9TIEKTPOHOB B CJIOSAX M3-3a pacCesHNsA 97IeKTPOHOB
Ha JOHOPHBIX [jeHTpax [32].

TaxuM 06pasoM, /IS CTPYKTYPBI IETMPOBAHHBIX 1/ VIV HECTEXVOMETPUYHBIX IIPO-
BOJAIINX CTTOEB Ha ocHOBe ZnO XapaKkTepHO (popMupOBaHMe MeK3ePEHHBIX BBIPOXK-
JIIEHHBIX CIO€B.

Cregyer o6patuth 0cob60e BHUMaHNe Ha B3aMMOCBSA3Y YCIOBUI (pOPMUPOBAHNA
CTI0€B, VX CTPYKTYPBbI, ONTUYECKUX U /TeKTPUIECKIX XapaKTepUCTUK. VI3BeCTHO, 4TO
IUISI MarHeTPOHHOTO CUHTe3a C1oéB ZnO XapakTepHO (HOPMUpPOBaHME CTOTOYATHIX
crpykryp. PopMupoBaHme CTONOYATBIX CTPYKTYp, KaK CeAyeT U3 MOJeTMPOBAHNUA
MetonoM MoHTe Kapiio, cBI3aHO ¢ OTHOCUTE/IbHO HEBBICOKVMMU IAIHaMu Ay dysum
aTOMOB, OCaXK/JaeMBIX B ITpoliecce cuHTe3a [33].

[Tytn yBenmueHns AIMHBI MATPALIMM aTOMOB Ha ITOBEPXHOCTH pocTa 1 popmupo-
BaHI OJHOPOJHBIX 6eCCTONMOYATHIX CTPYKTYp ObUIM IOKa3aHbI aBTOpamu B [34]. [Ipu
TeMIlepaTypax, He npebimatomux 500°C, cmon ZnO:Al 6bUIM CHHTE3MPOBAaHBL IIPU
co-pacnputeHny mueHeir AZO u Zn (puc. 3). Co-pacubUieHre IUHKA IPUBOANUT K
($OpMMPOBAHNIO HA IIOBEPXHOCTM POCTA HECTEXMOMETPUYHOI JIeTKOIIABKON (hasbl
ZnOy.. IIpyu aTOM [yIMHA MUTPALINY ATOMOB CYIL[eCTBEHHO BO3PACTAeT U IPEIATCTBYET
POCTY CTONOYATBIX CTPYKTYP.

Y
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Signal A=SE1  Date :15 May 2004
EHT=1450kV WD= 8mm PhotoNo. =892 i 17:36
Filameet Age =

A=SE1  Date:15 May 2004

Signal
EHT=1450kV WD= 9mm  PnotoNo.=891  Time :14:14.05

Filament Ags

Puc. 3 / Fig. 3. ®ororpadun moBepxHocreii (1) 1 momepeyHsIx ckomos (2) cmoés ZnO,
OCQXIEHHBIX TPV MaTHETPOHHOM CO-pacibutennu mutnereit ZnO u Zn (a 300°C, b - 500°C) /
Photographs of (1) surfaces and (2) transverse cleavages of ZnO layers deposited during
magnetron co-sputtering of ZnO and Zn targets (a 300°C, b - 500°C)

Vicrounuk: JaHHbIE ABTOPOB.

B onTuMu3upoBaHHBIX MPO3PAYHBIX 3NIEKTPOfjaX Ha OCHOBe ZnO Be/M4MHBI TIO-
IBVDKHOCTEN MOTYT COCTAB/IATD B cpegHeM 25-35 Om*em [35].

BrIcoKue KOHIIEHTpaIuy CBOOOHBIX HOCUTETIEN B CTOSIX HA OCHOBE OKCHUJIA IIVTHKA
MOTYT OBITb JOCTUTHYTBI B CIOSIX CO CTIOXKHOM CTPYKTYpoit. Tak, B IIOMKpUCTaIIYe-
CKUX C/IOSIX CO CJIOXKHOJ IIPOCTPAaHCTBEHHOI JIOKaIM3aluell JOHOPHBIX [eHTpoB (Al
n Ga) MOTYT HOCTUTAaTbCS BBICOKNME KOHILIEHTPALMM ¥ MOABYDKHOCTY HOCHUTeNel 3a-
psapa [36]. Clno>xHble OKCHIHBIE CTPYKTYPBI C MOJY/IPOBAaHHBIM JIETYIPOBaHMEM JO-
HOpPaMM TaKk>Ke MOTYT OOHapy>K/BaTb BBICOKVE TOABYDKHOCTY HOCUTeel 3apsaaa [37].
OTM CTPYKTYpPhI HA OCHOBE aMOP(HBIX OKCUJHBIX CJIOEB CO3JAI0T MPEIOChIIKY /IS
3aMeHbI Ipo3pauHbIX 37ekTpofoB ITO (In,05-Sn0,). HazBaHHbBIE CTPYKTYphI MOTYT
obecrieYnTh CIeAyONINIT MEXaHN3M TPAHCIIOPTA HOCKUTEIEl: A) 57IeKTPOHDI MH>KEKTH-
PYIOTCS M3 MeTa//IN4eCKUX CI0€B (Hanpumep, Ag) B okcupHble cnon (Hanpumep, ITO,
AZO) 6e3 cyILeCTBEHHOTO PacCesHNA HOCUTeIell Ha TPaHNYHBIX TOTEHIVIaTbHBIX 6a-
pbepax; b) TpaHCIIOPT HOCUTEIelT OCYIeCTBIACTCA B C/IOAX OKCUJIOB C BBICOKOJ IO-
IOBVDKHOCTBIO HOCUTENIEN 3apsa.

Y
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BbiBOoAbI

Hns pAfa MaTepuanos MIEHOK MPO3PavHbIX 37€KTPOMIOB, IPMMEHAEMBIX B YCTPOIi-
cTBax ynpasineHns usnydenueM omoxHero VIK u TI'u-gnanasoHa, nccinefnoBaHo BIy-
siHMe mapaMeTpoB MaTepuana (N — IIIOTHOCTb 37TEKTPOHOB, T — CpefiHee BpeMsi pacce-
SHMS 97IEKTPOHOB) Ha BeIMYVHY YaCTOTBI, IPY KOTOPOIL AVSTeKTpUIecKas IPOHNUIIa-
eMOCTb MaTepuaja & (3MCWIOH) CTAHOBUTCA 0/M3KOM K HY/TO (Tak HasbiBaemble HO
umn ENZ-matepuarner).

Pexxum peanusyercs 3a cuér 006pa3oBaHMA TaAMMOBCKNX IUIa3MOHHBIX IOJIAPUTO-
HoB B OmkHeM VK wnu TT1-guanasoHe [yis TOHKUX IVIEHOK MaTepUanoB Ipo3pad-
HBIX 3JIEKTPOJOB Ha OCHOBE OKIC/IOB METAJITIOB.

[TokasaHo, Kak B MaTepuaiax Ha OCHOBE OKCUAA LIMHKA MOXXET OBITh pealn3oBaH
3TOT PEXXMM 3a CYET COCTaBa U CTPYKTYPBI MaTepHaa, TEXHOTOTUY €T0 M3TOTOB/IEHN .

Cmamuvs nocmynuna 6 pedakyuto 20.01.2023 e.
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