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KOHOEHCALUMANAHFAH KYNUOIH ®U3UKACDI
OPU3SNKA KOHOEHCUPOBAHHOI'O COCTOAHUA
PHYSICS OF THE CONDENSED MATTER

VK 539.23, 541.1

P.X. Ixanabexona, E.B. Cenusepcrora, H.X. 16paes

Hucmumym monexynsipHou HAHOOMOHUKLL,
Kapazanounckuii 2ocyoapcmeennviii ynueepcumem um. E.A. bBykemosa, Kasaxcman
(E-mail: rumiya_j@mail.ru)

HccnenoBanue Gu3NKo-XUMHYECKHX CBOIICTB MOHOCJI0EB
okcuaa rpadgeHa, 10NMPOBAHHOTO A30TOM

B pabote mpezncraBieHsl pe3ylbTaThl HCCICAOBAHUS [TOBEICHUS TUICHOK NOMUpoBaHHOTO a30ToM (NGO) ok-
cuna rpadena, chopMHUPOBAHHBIX HA TPAaHHIE pasjiesia BoJa—Bo3ayX. IlorydeHs! KpUBbIe 3aBHCHMOCTH IO-
BEPXHOCTHOT'O HATSKEHUS IUIGHOK OT 3aHMMaeMoi ruiomaau. ITokasaHo, 4To MOBEAEHHE MOHOCIOS OKCHIA
rpad)eHa, JIOIMPOBAHHOIO a30TOM, CXOXE C MOBEJCHHEM JICHTMIOPOBCKOIl IUIGHKH OJIHOCIOWHOIO OKCHIA
rpadena. MccnenoBana ctabMIBHOCTS MOHOCIIOEB a30TCOAEPIKAIIEro OKcuza rpadena. M3ydenne crabmib-
HOCTH JICHTMIOPOBCKO# IUIEHKHU I110Ka3aj10, 4To MoHOCI0NH NGO B pa3nuuHbIX (a30BBIX COCTOSHMAX CTaOU-
neH. [Ipy n3MepeHUN KpHUBBIX THCTEPE3NCa CXKATHS U PACIIMPEHHS MOHOCIIOS 0OHAPYKEHO, YTO KOJIIMYECTBO
IUKJIOB CXXATHs IUICHKH MPAaKTHYECKH HE BIMSET Ha IUIOMAAb IUICHKH B JKUIKO-PACTSHYTOM COCTOSHHH.
J1s MOHOCTIOS, HaXOZAIIErocs B JKMAKO-KOHJICHCUPOBAHHOM COCTOSIHMHM, IOBTOPDHOE C)KaTHe BEIeT K
YMEHBIICHHIO TUIOMAaa IIeHKH. Ha oCHOBaHMY MOTy4EHHBIX PE3yJIbTaTOB MOKHO CYIUTH O TOM, YTO JIOIH-
POBaHHBINM a30TOM OKCHJ rpadeHa o0pa3yeT Ha HOBEPXHOCTU BOJBI CTAOMIBHBIA MOHOCJION U MOXKET OBITh
HCTIONIB30BaH VIS ITOYYCHHUS IUICHOK 10 TeXHoIoruu JIenrMiopa-biomkerr.

Kniouesvie crosa: nonmpoBaHHBII a30TOM OKCHJ TpadeHa, Gpa3oBoe COCTOSHHE, MOHOCION, MeTox JIeHrMro-
pa-BromkeTT, TucTepe3nc CxKaTHA U PaCIIMPEHHUS.

B mnocnennee fecsaTiieTie OrpoOMHOM MOMYJSIPHOCTRIO B HAYYHOM MHpE TIONb3yeTcs rpadeH — JByMep-
HBIA YTIICPOTHBIA MaTepHall C aTOMAaMH, PACIIOJIOKECHHBIME B TEKCArOHAILHOM peIieTke. YHUKATbHBIE (hr3mde-
CKHE CBOMCTBa rpadeHa (BbICOKAs TUIONIA]h TTOBEPXHOCTH, MPEBOCXO/HAS IIPOBOAUMOCTh, MEXaHUIECKAsT TIPOY-
HOCTB, IPO3PAYHOCTh B BHJIMMO# 00JIACTH CIIEKTpPA H T.J1.) JICNIAFOT €r0 BeChMa MePCIEKTHBHBIM JIJIsi IPHMEHEHUS
B Pa3JIMYHBIX 00JIACTAX HAYKU M TEXHUKH, TAKUX KaK AJICKTPOHHUKA, SHEPreTHKA, OMOTEXHOJIOTHS | T.11.

Hapsny ¢ camum rpadeHOM OOJBINION MHTEPEC BBI3BIBAIOT €0 MPOM3BOIHKIC: OKCH]I rpadeHa; BoccTa-
HOBJICHHBINA OKCHA TpadeHa; rpad)eH, TOMUpOBaHHEIN a3oToM. Teoperudeckue [1, 2] u IKCIIepUMEHTATBHBIC
[3—5] uccnenoBanus MOKa3bIBAIOT, YTO JICTUPOBAHKE Tpad)eHa OTKPHIBACT HOBBIC BOBMOXKHOCTH IS (PH3UKHU
¥ XMMUH 3TOTO YHUKAIBHOTO MaTepHana.

OdeHp 9acTo ISl MMPAKTHYECKOTO MPUMEHEHHUsS TPeOyeTcs MOTy4eHne OJHOCIOWHBIX WM MHOTOCIOM-
HBIX CTPYKTYp. Takue TpeOoBaHUS MOTYT OBITH 3(P(EKTUBHO pPEAM30BaHBI C MPUMCHEHUEM TECXHOJIOTHH
Jlenrmiopa-brnomxkerr. JlaHHas TeXHOMOTHS IO3BOJIIET KOHTPOJIHPOBATH TOJNIIMHY IUIEHKH M TOJIYYaTh
CTPYKTYpPBI, B KOTOPBIX MOJICKYJIbI YITAKOBAaHKI OTNPEACICHHBIM 00pa3oM. B HacTosImee BpeMsi UMeeTcst psijl
pabot, B koTopeix Meton Jlenrmiopa-brnomker (JIB) Obut Mcmonb30BaH IUIsl MOTyYEHUS OJHOCIOWHBIX TIC-
HOK Ha OCHOBE OKcHIa rpadeHa [6—9] ¥ MOBEpXHOCTHO-aKTUBHBIX MPOU3BOIHBIX OKcHaa rpadena [10].

B mpezacraBiaeHHON paboTe MpUBEICHBI PE3YIbTAaThl UCCICIOBAHNUS (DU3UKO-XUMUYECKUX CBOMCTB MO-
HOCJIOCB OKcua rpadena, nonupoBaHHoro a3oroM (NGQO), Ha rpaHulle pasjeiia BOIa/BO3AyX C LEIbI0 HC-
CJIEIOBAaHHUSA BO3MOXXHOCTH NpuMeHeHus JIb TexHoiornm s MpuroToBieHUS TOHKUX TBEPABIX IJICHOK Ha
TBEPJBIX TOJUIOKKaX. [0 HACTOSAIIEro BpEMEHU HCCIICOBAHNUS TI0 MOTYYCHUIO U U3YYCHUIO CBOWCTB MOHO-
cnoeB NGO He pOBOIUIHNCE.

Jlst IpUTOTOBJNICHMSI TUICHOK Tpad)eHa MCIONB30BaHbI JHUCIIEPCHH OKCHAA rpadeHa, JONUPOBaHHOTO
azotoM (N-doped graphene oxide, Sigma Aldrich, kortieHTpanus 1 mr/min) B Boae. [lockonbky Bojia SBISCT-
sl HEMOXO/ISIIIUM PACTBOPUTENIEM IS paclpeeNICHHsI BeIeCcTBa Ha TIOBEPXHOCTH BOABI, TO B BOJAHBIN pac-
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TBOp OBUT moOamieH mumeTwidopmamun (JAMD) Tak, 4TOOBI COOTHOIIIEHHE pacTBopuTeiae Owpmio 3:1
(IM®:Bona). [IpuroToBneHHbI pacTBOp 00padaThIBanK B YJIbTPa3BYKOBOW BaHHE B TeueHHe 20 MHUHYT.
ITonmy4eHHas qucniepcHasi CUCTEMa SIBIISIETCS yCTOWYMBOM JOCTAaTOYHO AJIUTENBHOE BpeMs (OKOJIO HEJEIH).

Pa3mep yacTun rpadeHa B pacTBOpax ONpenessiii METOIOM AMHAMIYECKOTO PACCEsIHHS CBETA C MOMOIIBIO
aHanmmzatopa Zetasizer nano (Malvern). M3Mepenus pacripeneneHus pa3MepoB YacTHL B AWCTICPCUHU MOKa3aiu,
4T0 GonpIas yacTh yactul] NGO umeer auametp ot 450 no 600 aM (okono 70%). Ocramsabie 30% yvacThi
UMeroT pa3mep okoio 350 M u 825-950 um (puc. 1).

Size Distribution by Number

K110 SR R R R R E LR PR SR LR PR SRR LR SRR SR B :.

e AR R AR, SRS
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1 10 100 1000 10000

Size (d.nm)

Pucynox 1. Pactipenenenue pazmepos yacturi NGO B qucnepcun nocie o0paboTKU yIbTPa3ByKOM

[Ipn mMOBTOpPHBIX M3MEpPEHUSX, MPOBEACHHBIX Yepe3 | yac mocie AWCIepTHpOBaHUs, pa3Mep YacTHIL
yBemmumiics 10 650—660 HM, uyTo cBUACTENLCTBYET 00 arperanmu NGO B pacTBOpe.

Hccnemyembie MoHOCTON (POPMHUPOBAITU Ha TIOBEPXHOCTHU pasjena (a3 BOJAa—BO3IyX METOJIOM pacTeKa-
HUA U3 pactBopa B BarHe Jlenrmiopa-biomkert (KSV NIMA Medium). B kagectBe cy0ha3sl ucmonp3oBaHa
JICMOHU30BaHHAas BOJIa, OUYMIICHHAS ITPH TTOMOIIA CHCTEMBI OUYUCTKHU BOABI AquaMax. Y IenbHOe CONpPOTHB-
JieHre Boapl paBHO 18,2 MQ/cM. [ToBepXHOCTHOE HATsHKEHHE BOZABI coctaBisieT 72,8 MH/M nipu pH = 5,6 u
temmneparype 22 °C.

3aBUCHMOCTh TIOBEPXHOCTHOTO HATSDKCHUS OT Iuiomanu (T — A u3oTepMma), 3aHMMAaeMOU TUICHKOM,
Ha MTOBEPXHOCTH BOIHOH CyO(ha3sl SBIISETCS BaXKHOU XapakTepucTtukoir MmoHocyost [11, 12]. ITo m — A m3o0-
TEPME COCTABJISICTCS MPEICTABICHUE O COCTOSHHH JICHTMIOPOBCKOU TUIGHKH W, COOTBETCTBEHHO, IMOJIOMpa-
I0TCS ONTHMAJbHBIC YCIOBUS (00hEM HAHOCHMOTO PacTBOpA, NABJICHHE MOHOCIOS), HEOOXOIUMBIE JIIS Tie-
peHoca BemecTBa Ha TBEPAYIO MOATOXKKY.

Jlist m3y4YeHHs COCTOSIHUSL MOHOCJIOS Ha TIOBEPXHOCTD BOZIBI OBLITM HAHECEHBI pa3Hble 00BEMBI pacTBOpa
NGO. CkopocTh ABHKEHHUS OapbepoB MPH CKATUH IUICHOK cocTaBiisia 5 Mm/MuH. Ha pucyHke 2 npeacras-
JIEHBI I3MEPEHHBIC U30TEePMBI CxKaTHs MoHOCTI0oeB NGO.

n, MH/M
50 -

40
30

204

T T T T T T T T T
0 50 100 150 200 250

2
IJ1I01I0aab MOHOCIIOA, CM

Pucynox 2. zorepmsr cxxarust MoHocioeB NGO Ha rmoBepxHOCTH cyOdasbl,
c(hopMHpPOBaHHBIE U3 PA3HOTO KOJIMUECTBA HAHECEHHOW JAUCTIEPCUH
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Wzotepmel, momyueHHsble st NGO, o ¢popMe MOBTOPSIFOT U30TEPMBI IS OJTHOCIOWHOTO OKCHIA Tpa-
¢dena (SLGO) [9]. IIpu cxxaTrx MOHOCIION IIMTEIBHOE BpEMs HAXOAUTCSA B razoobpasHoi dase [11] (mpu-
OnusutenbHO 10 2 MH/M), HE3aBUCHMO OT KOJUYECTBAa HaHECEHHOro BeiecTBa. Ilpu AaBieHusX oT 2 10
8 MH/M Habmromaercs sxuakas dasa, or 8 MH/M 1 Bhillie — XUAKO-KOHACHCHpOBaHHas ¢a3a. Kak u B ciryuae
MoHocsioeB SLGO, mis Bcex 00heMOB HaHECCHHBIX pacTBopoB NGO kojuiarca IJICHOK HE HaOII0IaeTCsl.
OtcytcTBHE Komanca s MoHociioss NGO, kKak ¥ IS OZHOCIOWHOTO OKcHa TpadenHa, oObSICHISTCS BO3-
MOXKHOCTBIO «demryek» NGO 00pa3oBbIBaTh CKIAJKM M 3aBOPAYMBATHCS MO KPasM MPH COMPUKOCHOBCHHHU
Ipyr ¢ apyroM. Vcxonast u3 BU3yalbHBIX HaOoeHUH 32 MoHOCH0eM NGO MOXHO cKa3aTh, 4TO 00pa3yro-
miasicsi TUICHKa Ha MOBEPXHOCTH CyO(a3bl «OCTPOBKOBas» W 0OoJiee «KECTKas W JIOMKasD) M0 CPaBHEHHIO
C MOHOCIIOEM OJTHOCIIOWHOTO OKCHa rpadeHa.

[To monmyyeHHBIM T—A M30TEpPMaM MOXKHO CYJUTh O TOM, YTO JIJISl IEPEHOCA MOHOCIIOSI Ha TBEPAYIO IO~
BEPXHOCTh JKENIATENIbHO TOJJICP)KUBATh JIaBJIeHUe He Hibke 8 MH/M u Uid TOJMydeHus KUaKo-
KOHJICHCHPOBAHHOT'O MOHOCIIOS Ha MOBEPXHOCTh BaHHBI JIeHTMIOpa-biiomKkeTT TpebyeTcss HAHOCUTh HE Me-
Hee 0,7 mn nucnepcHoro pactsopa NGO.

CTabWIEHOCTh MOHOCIIOEB, KOTOPAs BEIpakaeT BO3MOXKHOCTh TOICPKaHUsT HEOOXOIUMOM TUIOTHOCTH
TUIGHKH BO BpeMsI TIEPEHOCA, SIBJISIETCS TAK)KE BAKHOW XapaKTEPHCTUKOW JFOOOTO M3 BEUIECTB, MUCIONb3ye-
MbIX B JIb Texnonorum [13—15].

Y cTOWYMBOCTE JIEHTMIOPOBCKUX TIeHOK NGO Ha MOBEpXHOCTH pazzena (a3 BoJa—BO3IyX HCCIIEI0Ba-
JIach METOJIOM CJIEKEHHUS 32 TUIONIAJIbI0 MOHOCHOS B TedeHHe 30 MHHYT TPU TIOCTOSTHHOM ITOBEPXHOCTHOM
napneHud. [10cKONBKY, Kak ObLIO MOKa3aHO BBIIIE, MOHOCIION a30THPOBAHHOTO OKCHJA Tpad)eHa HAXOIATCS
B pa3HBIX (Da30BBIX COCTOSHHUSAX Ha MOBEPXHOCTU CyO(asbl, TO OBLIM BBIOPAHBI CIEAYIONINE 3HAYCHUS I10-
BepXHOCTHOTrO nasjieHus: 5, 10, 20 u 35 mH/m. Tlpu = 5 MH/M MoHOCIION HaXOAUTCS B )KUAKOH (ase, a npu
nasneHusx oT 10 MH/M 1 Bbillie — B JKUIKO-KOHICHCHPOBaHHOH (a3e.

Kpome Toro, BTOpsIM METOJIOM MU3YYCHUS CTAOWILHOCTH JICHTMIOPOBCKUX TUICHOK SIBIISIETCSI METOJT pe-
TUCTpAIH U3MEHEHUS TIOBEPXHOCTHOTO JABJICHUS C TCUCHUEM BPEMECHU.

2 2
4 TIOIIA b MOHOCIIOS, CM IO MOHOCIIOS, CM
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Pucynoxk 3. M3menenus miomaau monocsioss NGO ¢ TedeHreM BpeMeHu
IIPH TIOCTOSTHHOM TIOBEPXHOCTHOM JIaBJICHUN
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Mosnocnon ObutH cpOPMHPOBAHBI M3 yKa3aHHOW BBINIC aucriepcuu. [locie HaHeceHHWs pacTBopa Ha
BOJIHYIO ITOBEPXHOCTH TIepe]l CKATHEM TUICHKH BhIJIepkuBaiu 30 MUHYT ISl UCITAPSHUST PACTBOPUTEINS € TIO-
BEPXHOCTH CyO(a3bl M YCTAaHOBIICHHS TEPMOJMHAMUUYECKOTO PaBHOBECHs Ha TrpaHwmie paszaena. CKopocTh
JIBIOKCHUS 0aphepoB COCTABIsLIA S MM/MUH, HAOIIOICHHUE TPOBOAMIHN B TeueHHe 30 MUHYT.

Ha pucyHke 3 nipejcTaBiieHbl pe3yJibTaThl HAOMIOCHHUS 32 N3MEHEHUEM TUIONIA I MOHOCIIOS C TSUCHH-
€M BpEMEHHU IPH MOCTOSTHHOM TIOBEPXHOCTHOM JaBleHH. Kak BUIHO U3 puUCyHKa, ipu T = 5 MH/M B miepBbIe
JIeCSTh MAHYT SKCIIEPHMEHTA TLIOIIAh MOHOCIOS yMeHbIaeTcs (MpuommsuTensHo Ha 0,4 cM?), nanee mio-
maab Koyeoercs: okoio cpeanero 3HadeHwus. [Tpu 10 MH/M mmomaap MOBEpXHOCTH MOHOCOSI YMEHBIIACTCS
npr6IM3HTensHO Ha 2 cM”. [IpH 9TOM KoIeGaHHs 3HAYCHHMI TOBEPXHOCTHOTO JaBICHHS He peBbimarot 0,04
MH/M (B cpemnem — ne 60see 0,02 mH/m), 0,1 mH/Mm 1 0,2 MH/M ms 3Hauenuii =5, 10, 20 u 35 mH/Mm co-
oTBeTCTBeHHO (puc. 4). [lony4eHHbIC AaHHBIE CBUACTEIHCTBYIOT O BBICOKOW CTaOMIBHOCTH HCCIICAYEMBIX
MoHocoeB [13].

m, MH/M m, MH/M
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PucyHoK 4. VI3MeHeHHs TTOBEPXHOCTHOTO JAaBieHus MoHocaoss NGO
C TEYCHHUEM BPEMCHH TIPU TIOCTOSIHHOM TUTOMIAIN TUICHKH

Takxe cTabmibHOCTE MOHOCHOEeB NGO 0Oblia M3ydeHa C MOMOIIbI0 M3MEPECHHS KPUBBIX THCTEpE3Uca.
Jlst u3MepeHnid Ha TTIOBEpXHOCTh cyO(da3sl OBIII0 HAHECEHO OMHAKOBOE KoiamdecTBo nuctiepcuu NGO, pas-
Hoe 1,2 Mi. Pe3ynmbraThl m3MEepeHHA TTOKa3aHbl Ha pUCyHKE 5. CTpenkamMu yKa3aHbl HaIllPaBJICHUS YBEIHUIC-
HUS1/yMEHBIICHHS TOBEPXHOCTHOTO JABJICHUS MPU TOCTYMATSIILHOM W OOpPaTHOM JBHKCHHU MOJIBUKHOTO
Oapbepa B JICHI'MIOPOBCKOH BaHHE.

Kax BHIHO 13 pHCYHKa, pOCT BCEX KPUBBIX HAYMHAETCS MPH PA3TUYHBIX IDIOMIAIAX MOHOCTOsI. OTHAKO
4acTh KPHBBIX, OMUCHIBAIONINX IUKI JEKOMIIPECCUH MOHOCIOS, COBMAIACT MOYTH I BCEX HCCIICTYyEMbIX
wieHok. Kak BUmHO w3 pucyHka 5, mocie cxarus no 5 MH/M monocnoit NGO umeer 1uiomajs, paBHYIO
55+ 0,5 cm”. TIpu cxatu mierkn NGO 10 6oiee BBICOKOTO 3HAYCHHUS TOBEPXHOCTHOTO JABIICHHS TLIOMAb
MOHOCIIOS IIPAKTHYCCKH OIMHAKOBA 1 paBHa 36 + 1 cM”.

[Tnomane MOHOCIOEB OBLTA OMpe/eNieHa MyTEeM MPOBEACHUS KacaTeIbHOW K COOTBETCTBYIOIIEMY 3Ha-
YEHUIO 7T UCCIeAyeMOi KPUBOIM M €e DKCTPamoIsAIuyd Ha och adciuce. Habmromaemas pa3HuIia B IUTOMIATH
MOHOCJIOEB KpHUBBIX 1 ¥ 2—4 pucyHKa 5 MOXKET ObITh O0BSICHEHA pa3andrueM (a30BbIX COCTOSHHUH IJICHKU.
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Jlasiee OBLIO TPOBENCHO WCCICMIOBAHUE BIMSIHHUS KOJIUYECTBA IUKIIOB CKATHUsS MOHOCIOCB HAa WX CTa-
owisHOCTh. Tak, B padore [16] moka3aHo, 4TO MPH HEOAHOKPATHOM C)KaTHH MOHOCIIOSI MOXHO JOOUTHCS HE-
00XO0IMMOM TUIOTHOCTH YaCTHII B IICHKE, YTO, B CBOIO OYepellb, BIHSIET HA CTPYKTYPHBIC U ONTHYECKUE
CBOIiCTBa rpa)€HOBBIX IJICHOK.

m, MH/M

T T T T T
50 100 150 200

2
TuIom@aab MOHOCIIOA, CM

1 —5MH/™M; 2 — 10 MH/M; 3 — 20 MH/M; 4 — 35 MH/M

Pucynok 5. Kpussie ructepesuca cxxatust MoHocioeB NGO
MIPH PA3ITUYHBIX 3HAYCHHUSAX TOBEPXHOCTHOTO JIABIICHUS

Ha pucynke 6 npencraBineHbl KpUBBIE THCTEpE3Uca ABYKpPAaTHOTO cxaTusi MoHociaoeB NGO g0 3Haue-
HUH MOBEPXHOCTHOTrO naBiacHus: 5 u 35 MH/M. [laHHbIe, IOJyUYCHHBIC MTPH HOCICAYIOIMEM CKATHH JICHI'MIO-
POBCKOI TUIEHKH, COBIAJAIOT C KPUBBIMA 2-TO IIHKJIA.
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Pucynox 6. Kpussle ructepesuca JBykpaTHOro cxkatus MoHocioeB NGO
TIPY TTIOBEPXHOCTHBIX JaBJICHUSX, paBHBIX: (a) — 5 MH/M 1 (06) — 35 MmH/™m

W3 pucynka 6 (a) BUJHO, YTO KOJIMYECTBO IUKIIOB CKATHS MMPAKTUYCCKH HE BIUSACT HA TUIOIIAh MOHO-
CJIOSL B KUAKO-PACTSIHYTOM COCTOSIHWH, & 3HAYUT, U PACCTOSHUE MEXKY YaCTUIIAMU a30THPOBAHHOTO OKCHJIA
rpadeHa octaercsi HeM3MEHHBIM. J[JIsi MOHOCIOS, HaXOA[MIErocss B JKUIKO-KOHIACHCUPOBAHHOM COCTOSIHUU
(puc. 6 (6), MOBTOPHOE CXKAaTHE BEAET K YMCHBIICHHUIO TUIOMIAAN THICHKH. DTO 3HAYUT, 9TO YacTHIl NGO
HaXOJSATCS. B COCTOSTHUM PABHOBECHS C OKpYyKaroled cy0da3oit u qpyr ¢ Apyrom, CienoBaTeIbHO, TUICHKA
CTa0MIIbHA U MOXKET OBITh IMEPEHECEHA Ha TBEPABIC MOUIOKKH.

Takum 00paszoM, uccieqoBanbl GHU3NKO-XUMUIECKHE cBoMcTBa MOHOCTOeB NGO Ha TOBEpXHOCTH pas-
nena a3 Boga—Bo3ayX. M3 U30TepM cxkaThs YCTAaHOBJICHO, YTO B Auana3oHe aaBieHuid oT 0 1o 2 MH/MM Mo-
HOCJIOW HaXOJUTCS PEUMYIIIECTBEHHO B T'a3000pa3HOM cOCTOSHUH. [Ipu manmpHeieM ckaTuu TUICHKH TIPO-
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HCXOJUT CONMKCHUE YACTHIl, 1 MOHOCJIOH MEePEXOAUT B KUAKOE COCTOsIHHE. V3yueHune cTaOUIbHOCTH JICH-
rmropoBckoit miieHkn NGO nokasano, YTo MOHOCIION B pa3IMYHBIX (ha30BBIX COCTOSHUSX CTAOWIICH.

[Ipu u3MepeHNH KPUBBIX THCTEPE3UCa CKATUS MOHOCIOS OOHAPYKEHO, YTO KOJHMYECTBO IUKIIOB CKa-
THUS TUIGHKW MPAKTUYECKU HE BIHSIET HA TUIOIIAAb TUICHKH B YKHJKO-PACTIHYTOM COCTOSIHUH, 3HAYHT, U pac-
CTOSIHUE MEX]y YaCTHIIaMU a30THPOBAHHOTO OKCHJA TpadeHa OCTaeTCs HEM3MEHHBIM. (11 MOHOCIOS, Ha-
XOJISIIIETOCS B JKUIKO-KOHACHCUPOBAHHOM COCTOSIHHH, TIOBTOPHOE CXKATHE BENET K YMECHBIICHHUIO TLIOMIAAN
meHkn. [Ipu arom gactuiel NGO HaXomsTCs B COCTOSIHUM paBHOBecHs ¢ cyOda3oit m apyr ¢ apyrom, 9To
TaKXKe MOJITBEPKIACT CTAOMILHOCTh MCCIIEAYEMBIX MOHOCTOEB. [loyydeHHbIe Pe3ynbTaThl MOTYT OBITh HC-
MOJIL30BaHBI P Pa3pabOTKe TEXHOJIOTHU TOMYUYCHHS TBEPABIX Tpad)eHOBBIX IUICHOK I HYXJ (POTOBOIB-
TauKH, MOJICKYJIIPHOH 3JICKTPOHUKHU M B CEHCOPHKE.

Crmcok aTepaTypsl

1 Li Y.F., Zhou Z., Shen P.W., Chen Z.F. Spin Gapless Semiconductor—Metal—-Half-Metal Properties in Nitrogen-Doped Zig-
zag Graphene Nanoribbons // ACS Nano. — 2009. — Vol. 3. — P. 1952-1958.

2 Boukhvalov D.W., Katsnelson M.I. Chemical Functionalization of Graphene with Defects // Nano Lett. — 2008. — Vol. 8. —
P. 4373-4379.

3 Wang XR., Li XL., Zhang L., Yoon Y., Weber P.K., Wang H.L., Guo J., Dai H.J. N-doping of graphene through
electrothermal reactions with ammonia // Science. — 2009. — Vol. 324. — P. 768-771.

4  Panchakarla L.S., Subrahmanyam K.S., Govindaraj A., Krishnamurthy H.R., Waghmare U.V., Rao C.N.R. Synthesis, Struc-
ture, and Properties of Boron- and Nitrogen-Doped Graphene // Adv.Mater. — 2009. — Vol. 21. — P. 4726-4730.

5 Shao Y., Zhang Sh., Engelhard M.H., Li G., Shao G. et al. Nitrogen-doped graphene and its electrochemical applications //
J. Mater. Chem. — 2010. — Vol. 20. — P. 7491-7496.

6 Zheng Q., Hing Ip W., Lin X., Yousefi N., Yeung K.K. Transparent conductive films consisting of ultralarge graphene sheets
produced by Langmuir-Blodgett assembly // ACS NANO. — 2011. — Vol. 5 (7). — P. 6039—-6051.

7 Sutar D.S., Narayanam P.K., Singh G., Botcha D.V., Talwar S.S., Srinivasa R.S. Spectroscopic studies of large sheets of
graphene oxide and reduced graphene oxide monolayers prepared by Langmuir — Blodgett technique // Thin Solid Films. — 2012. —
Vol. 520. — P. 5991-5996.

8 Cote L.J., Kim F., Huang J X. Langmuir-Blodgett assembly of graphite oxide single layers // J. Am. Chem. Soc. — 2009. —
Vol. 131. —P. 1043-1049.

9 Seliverstova E.V., Ibrayev N.Kh., Dzhanabekova R.Kh. Study of graphene oxide solid films prepared by Langmuir-Blodgett
technology // Nanosystems: Phys. Chem. Math. — 2016. — Ne 7 (1). — P. 65-70.

10 Gao Y., Chen X., Xu H., et al. Highly-efficient fabrication of nanoscrolls from functionalized graphene oxide by Langmuir—
Blodgett method // Carbon. — 2010. — Vol. 48. — P. 4475-4482.

11 Aoamcon A.A. Pusnueckas xuMus mosepxHocrei. — M.: Mup, 1979. — 161 c.

12 Bnunos JI.M. ®usnueckrue CBOWCTBA U MPUMEHEHHE JIHTMIOPOBCKMX MOHO- M MYJBTUMOJICKYISIPHBIX CTPYKTYp // Vcenexu
xumun. — 1983, — T. 52. — Bpm. 8. — C. 1263-1300.

13 Apcnanos B.B. IlomumepHble MOHOCIION M MJeHKH JleHrmropa-brnomkert. BnusiHue XMMUUecKol CTPYKTYphl mosuMmepa U
BHEIIHUX YCJIOBUH Ha ()OPMUPOBAHUE U CBOWCTBA OPraHM30BAHHEIX IUIAHAPHBIX aHcamOuel / Yemexu xummn. — 1994, — T. 63. —
Ne 1. —C.5-7.

14 Apcnanos B.B. Ilonmamepusle MoHocion u ieHkn Jlenrmropa-bnomkert. ITomurnodenst // Yemexu xumuu. — 2000. —
T. 69. — Ne 10. — C. 963-980.

15 Ibrayev N., Kudaibergenov S. Fluorescencing behavior of thin solid films based on polyelectrolyte-surfactant complex and
dye molecules // J. Appl. Polym. Sci. — 2013. — Vol. 129 (1). — P. 289-295.

16 Muponos E.II., Keauesa JL/]., Yepsonobpooos C.I1., I[Inomnuxos I.C., bykpeesa T.B. VccnenoBanue MOBEAEHHUS YaCTHUIL
BOCCTaHOBJICHHO# OKKCH rpad)eHa Ha MOBEPXHOCTHU pa3zeina Boaa/Bo3ayx // BMY. Cepust 3. — 2013. — Ne 6. — C. 7-10.

Cepusa «dusmka». Ne 1(85)/2017 13



P.X. OxaHabekoBa, E.B. CenueepctoBa, H.X. N6paes

P.X. I)xanabexona, E.B. Cenusepcrora, H.X. 16paes

A30T eHri3izires rpageH OKCH/li MOHOKA0ATTAPBIHBIH
(pu3NKA-XUMHAIBIK KaCHeTTePiH 3epTTey

Makanana cy-aya Oeiri mexapacbiHIa a3oT eHrizumren rpaden oxcuni (NGO) kaObIpIIakTapbIH 3epTTeY
HoTwKenepl kepcerinmi. OpbIH anFaH  aymaHJarbl KaOBIpIIAKTApABIH OCTTIK KepuTyiHIH ToyemniIik
KHCBIKTaphl anbiHFaH. NGO MOHOKAaOaTHIHBIH OipkKaOaTThl IpadeH OKCHIl JICHTMIOpP KaObIpIIaKTapbIMEH
yKkcac ekeHi adkpiHmangel. Kypamerama asor Oap rpadeH oKcuai MOHOKAOATTapbIHBIH TYPAaKTHUIBIFBI
3eprrensi. JIeHrMiop KaObIpIIaKTapbIHBIH TYPAKTBUIBIFBIH 3epPTTEY HOTIDKECIHE ap TYpPII (asaiblk Kyinepae
NGO wmoHOKabaThl TYpakThl €KeHi aHBIKTaIAbl. MoOHOKaOaTTapAbl KbICYy JKOHE KCHEHTy THuCTepesuc
KUCBIKTApBbIH ©JIIey HOTIKECIHIE KaOBIPIIAKTHl KbICy LMKIAAP CaHbl CO3BUIBIHKBI CYHBIK KyHzaeri
KaOBIPIIAKTHIH ayAaHbHA acep ermeiirini Oenrimi Gommpl. CyHbIK KOHICHCHPICHTEH KylIe OpHalacKaH
KaOBIpIIAK YIIiH KalTafaH KbICYy KaOBIPLIAKTHIH ayAaHBIHBIH KillipeloiHe oKeJedi. AJIBIHFaH HOTHKEIePAiH
Herizinge NGO cy OeriHme TypakTbl MOHOKabaT KypalThiHBI jxoHe JIeHrMIOp-BIIOKeTT TeXHOJIOTHsCHI
OolibIHIIA KaObIPIIAKTAP b ATy/1a KOJIJAHbLIATBIHBI XKaiJIbl TYKBIPBIM JKacayra OoJiajibl.

Kinm ce30ep: a3ot eHrizinren rpaden okcumi, ¢asaiblk Kyil, MoHoKkabar, Jlenrmiop-biomkeTt amici, Kbicy
JKOHE KEHEHTY rucTepesuci.

R.H. Dzhanabekova, E.V. Seliverstova, N.Kh. Ibrayev

The investigation of the physicochemical properties
of the monolayers oxide doped with nitrogen

The paper presents the results of research of behavior of films of the graphene oxide, doped with nitrogen
(NGO) formed at the interface water-air. The curves of dependence of surface tension of the films on the oc-
cupied area were obtained. It is shown that the behavior of the monolayer of the graphene oxide, doped with
nitrogen, similar to the behavior of Langmuir films of the single-layer graphene oxide. The stability of the
monolayers of the nitrogen-containing graphene oxide was investigated. The study of the stability of the
Langmuir films showed that the NGO monolayer in different phase states is stable. In the measurement of the
hysteresis curves of compression and expansion of the monolayer is found that the number of cycles of com-
pression of the film does not affect the size of the film in the liquid-extended state. For monolayer in the lig-
uid condensed state, repeated compression leads to a decrease in the area of film. Based on the obtained re-
sults, we can conclude that graphene oxide doped with nitrogen forms a stable monolayer on water surface
and can be used to produce films by the Langmuir-Blodgett technology.

Keywords: nitrogen-doped graphene oxide, phase state, a monolayer, a Langmuir-Blodgett method, the hyste-
resis of the compression and expansion.
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Physical processes in Gunn diode and energy balance

In article the physical processes happening in Gunn diode which is under the influence of strength electric
field exceeding threshold value are analyzed. It is shown that because of transition of electrons from the low-
er central power area to the top side valley of a power range of arsenide of gallium carriers of a charge are di-
vided into two groups: the «light» and «heavy» electrons having respectively big and smaller drift mobility.
At the same time there is an electric domain which resistance is more than resistance of other part of Gunn
diode of therefore tension of internal electric field of the diode will exceed electric field strength out of the
domain. With growth of tension of external electric field falling of potential on the domain grows, and out of
the domain decreases. Growth of drift speed of electrons of the electric domain and reduction of drift speed of
electrons out of it is at the same time observed. Formation of the domain comes to the end when drift velocity
electrons in the domain and out of it are compared. Steady state in Gunn diode is established when integral
Lagrangian reaches the minimum value.

Keywords: power range, power valleys, and electron, drift velocity, integral Lagrangian, potential, electric
field strength, electric domain, Gunn diode.

It is known that formation of the domain of the strong field in the environment is connected with the
fluctuations of a spatial charge resulting in not stability. In the carrying-out substance for which of Ohm’s
law is fair fluctuation of a spatial charge fades. This attenuation under the exponential law to a constant
Maxwell time of a relaxation [1]

T, = &/4nc,=¢e/4ngn,n,, (1)

where & — dielectric constant of medium; c,— conductivity; g — electron charge; p,— electron mobili-

ty, n,— electron concentration.

Maxwell relaxation time can be explained as follows. The spatial charge resolves under the influence of
the related field. According to Coulomb's law this interaction in inverse proportion to dielectric permeability
of the environment &. Therefore t, €. On the other hand, the resolution of a charge occurs quicker, than

conductivity of the environment is more G,.

In semiconductors, as is well-known [1, 2], the fluctuations of a spatial charge causing instability do not
resolve. This scientific work is connected with a research of the nature of emergence of fluctuation of a spa-
tial charge which results in not stability on the example of Gunn diode.

In total instability in semiconductors which are in a basis of functioning of the majority of semiconduc-
tor devices, are rather well studied [3, 4]. This instability can consider as manifestation of the self-
organization arising in thermodynamic nonequilibrium system.

Functioning of the diode of Gunn is connected with not stability caused by fluctuations of a spatial
charge in GaAs gallium arsenide — the semiconductor which possesses a specific power range (Fig. 1).
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Figure 1. Structure of energy bands of gallium arsenide of GaAs
in the crystallographic direction [111]

The power chart GaAs [5, 6] constructed in space of quasi pulses in the crystallographic direction [111]
has several minima — several power valleys (Fig. 1). The effective mass of electrons in the central outer val-

ley m; =0,072m, (here m,— electron mass) much less than the effective mass of electrons in outer valley

m, =1,2m,, 1. m, >>m, . Therefore in this semiconductor there can be electrons with various mobility

q(r) _a{7)

M, =—7-"u pu,=—-" — «light» u «heavy» electron. The ratio between concentration of «light» u

m m

1 2
«heavy» electrons changes depending on intensity of external exciting electric field. At the same time full
concentration of electrons of conductivity in the semiconductor remains invariable: n, = n, +n, . It results in

some features of transfer of a charge via the semiconductor which are the cornerstone of the principle of op-
eration of Gunn diode.
Gunn diode represents a sample of gallium arsenide of GaAs or InP indium phosphide of n-type. If to

put electric field to a sample £, which is more than some threshold value then in a sample £, to a sample

nop
there is an area of strong electric field (domain) drifting from the cathode to the anode and disappearing at
the anode. This process periodically repeats. And when forming the domain current decreases, and at disap-
pearance — again increases.
In Gunn diode near areas of the anode and cathode there are always defects (Fig. 2). Local electric field

E strength near defects can exceed threshold tension £ > E, = electric field. Increase in energy of the elec-
trons which appeared in these areas is as a result possible, and they will be able to pass into an overlying side

minimum. A part of the energy received by electrons from an external source will be transformed to thermal
energy, i.e. there is energy dissipation.

£}
—

.

Cathode ——| “node

&

Figure 2. Gunn sample — the uniform semiconductor material GaAs
with two ohmic contacts and high-quality distribution of the field along a sample [2]

The electrons which passed into a side overlying minimum of a power range from the category of
«light» will pass into the category of «heavy». Thus, reduction of number of «easy» electrons will be fol-
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lowed by increase in number of «heavy» electrons, i.e. the coordinated behavior of subsystems of these two
classes of electrons will take place. In the considered system the self-organization process caused by feature
of power structure of the semiconductor will proceed. Speed of drift of «light» electrons to the anode is more
than the speed of drift of «heavy» electrons. As a result in the neighborhood of defect from the cathode be-
cause of a congestion of «heavy» electrons the negatively charged layer is created, and from the anode be-
cause of a lack of electrons there is a layer positively charged the donor impurity. The new structure —
the domain consisting of two layers is created: the negatively charged layer formed from the cathode by sur-
plus of «heavy» electrons, and from the anode — the positively charged layer formed by ions the donor im-

purity (Fig. 3).

] Ea’ﬂm
I. i
L . ;
0 L
Emr; g+ gk b el ks
E;L-— - |
(] - _f x

Figure 3. Distribution of concentration of electrons and electric field strength
in a crystal after formation of the domain [5]

Thus, during process of self-organization in the considered system there are more complex and more
perfect structures.

Resistance of a domain layer determined by the movement of «heavy» electrons exceeds resistance of
other part of Gunn diode determined by the movement of «light» electrons.

The direction of electric field of the domain £

dom

coincides with the direction of the exciting field at-

tached to the semiconductor. Therefore, with a growth of the external field, in process of formation of the
domain the field grows in it, and outside the domain decreases. It leads to increase in drift speed of «heavy»
electrons in the domain and to reduction of drift speed of «light» electrons beyond its limits, i.e. the coordi-
nated course of processes in system is again observed. In some time point the drift speed of the movement of

«heavy» electrons of,,,,, that is speed of the movement of the domain, will appear the equal drift speed of
the movement of «light» electrons v, ,, :

U.ﬂbp = Um()p . (2’)

As aresult of it process of formation of the electric domain will end, and it will begin to move from the

cathode to the anode.
It is obvious that the speed of drift of "easy" electrons will be less than the speed of drift of electrons for

lack of the electric domain v,,, <0, , as electric field strength out of the domain E; less tension of the field
in the absence of the domain E;: E, < E. Therefore after formation of the domain density of current de-
creases up to the value

Jmin =MV .5, €))

The minimum value of density of current through a crystal remains during time of the movement of the
domain through a crystal or during time of its flight from the cathode to the anode

Zan(u = l/ UJ()p 2 (4)
where [— crystal length.
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At achievement of the anode the domain disappears and density of current increases up to value /

of the domain corresponding to absence. After that at the cathode the new domain is formed, and process
repeats (Fig. 4)

i

‘ T |
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Figure 4. Dependence of the current passing through Gunn diode from time: t, — time point corresponding
to the beginning of formation of the domain; t; — time point corresponding to the end of formation of the domain;
t, — time point corresponding to the beginning of disappearance of the domain on the anode; t,— time point
corresponding to total disappearance of the domain on the anode and to origin of the second domain on the cathode [5]

The considered mechanism of operation of the device with intervalley transition of electrons corre-
sponds to a transit time [6, 7]. Electric field in the domain grows in this mode during its formation, and out-
side the domain decreases. For this reason only one domain as transition of electrons in side can come from
the central valley only in the domain where totals electric field strength exceeds threshold value can be
formed.

Transit time of the domain from the cathode to the anode has to exceed time of its formation otherwise
the domain will not manage to be created. Therefore the condition of emergence of the electric domain in
Gunn diode will have an appearance:

=1/v>¢gyep, umm nyl >> g,e0/(quL,). (5)

t}’l
1ponl
Let's consider balance of energy in Gunn's diode in the presence of the electric domain.
Formation of the electric domain leads to the following changes in structure of Gunn diode and his volts
— the ampere characteristic:

— out of the domain there are areas where transfer of a charge is carried out by «light» electrons 7, , drift
with a velocity v, , and area in the domain where the charge is transferred by the «heavy» electrons drift-

ing with a speed v,,,, whichis less, that v , , thatis v, <v

a0p a0p

— resistance of area of the electric domain will exceed resistance of other part of the semiconductor of
the diode of Gunn out of the domain. Therefore power failure on the domain U __ will be more, than volt-

eHym

age drop on other part of the diode U,,, out of the domain: U, >U,

emym ene

— currents proceeding on the domain 7, andoutof /_, it will be various: /7, <[ <1, .

eHym

Let's analyzed balance of energy in Gunn's diode in case of formation of the electric domain.
Let tension be attached to the diode U, . In case of lack of the electric domain in the diode current will

6Hym

proceed /.
The processes happening in Gunn's diode have several temporary characteristics:
— time of a relaxation of «light» electrons 7, = U, ;
q

—average time of drift 7, ~of «light» electrons with a speed v ,,: 7, = l/ V,,, » in the presence of

the electric domain,;
—average time of drift 7, =/ / U,,, Of «light» electrons with a speed v,,,, when the electric domain is

absent.
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Average speed of drift of electrons of v, on the diode for lack of the domain is more than average
speed of drift of v, electrons in the presence of the domain, i.e. the average time of drift of electrons of
7, in lack of the domain is less, than the average time of driftis 7, in presence of domain.

Between average times of drift of electrons via the diode at absence in it the electric domain 7, op and

in presence of electric domain 7, and in presence of electric domain:

aop — U«"‘)P — Esue — Usue (6)
E, U,

aop a a

Power I U, arriving from an external source to Gunn diode, after formation of the electric domain
will be distributed as follows:
— a part of power of (] -1 )Ua will be spent for formation of the domain;

eHe

—a part of power of /_ U, will be allocated out of the domain;

— and part of power of [ U

amU aym — Will be allocated in the domain and it will be spent for overcoming
resistance of the environment at the movement of the domain from the cathode to the anode.
If to neglect losses on thermal energy, then according to the law of energy conservation equality will

take place
ul,=1,U0,.+1.U,..+(1,-1)U,, (7

6HYmM "~ 6HYM 6He

where U, =U,-U,, — tension on the domain, /, =eN, / 7, — current via Gunn diode in absence of

electric domain.
Having increased both parts of equality of (7) for the period of 7

apen ®

aop

we will receive balance of energy
in the range of time, corresponding to the average time of a relaxation of the 7, electrons
wy=w, +W,+W

nep gHe poom ? (8)

where W, — energy transferred by a source to Gunn diode during a relaxation 7 W __ — energy, re-

apen ® eHe

ceived by electrons out of the electric domain; W, — energy spent by the domain for overcoming re-

sistance of the environment, that is the energy concluded in the domain; W, —

mations of the domain - potential energy of the domain. Let's find expressions for each component of energy
in (8).
For lack of the electric domain during the free run of 7, between collisions the energy equal will be

energy, spent for for-

reported to Gunn diode

w,=1Urz, . =(—gN/t)U,z

a "’ apen a ,1pez -

—gNU, Laper )
aop
The energy received from an external source during a relaxation by 7 electrons which are out of the

apen

domain will be equal

ngle = IGHEUSHETHPE'Z (10)
U E U E
Considering ratios of (6) and [ =1 —*<=[ —*<,6 U,  =U, 6 -—2<=U -—*% , equality (10) it is pos-
g (6) o v g U, E quality (10) it is p
sible to lead to the following look

E,, _gN_ E, E 7 E’
WGH@ = ISHEUGHET.'I en = 1 UaT'l el — = — 'l el - qNU wy e - W =y * (1 1)

e v ES 2 r, " E > E j ap Ea

This part of energy during dispersion of electrons on a crystal lattice turns into thermal energy. The en-
ergy spent for formation of the domain during a relaxation of 7, , that is the potential energy of electrons

in the domain which is saved up in an interval between collisions with phonons can be presented how
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E E E \7
_1 1_ gHe UT :_ﬂ 1_ gHe UT :—qNU 1_ ng{g pen

aTJpeﬂ — ta a® apen E a® apen

w

poom

:(Iu _]zme)U

E
=W, l_f . (12)

The energy spent by the domain for overcoming resistance of the environment at its movement from the
cathode to the anode is equal

U N u ol _Eue |T
W =1 U.r =7 awe (1] —_UJ T —_1 —one | ] ——¢ge |- =—gNU oue | | _ ene apen (13)
nep ene d * apen a Ua ( a ene ) apen ,Z.a a Ua [ U J pen q ¢ E ( E j ’Z'a

a a a

Having divided both parts of equality (8) into full number of electrons of conductivity in Gunn diode of
particles of N , we will define the energy received by each electron from a source during the average time
of a relaxation 7,

WN = Wene + Wnep + Wp()(m . (14)

In equality (14) composed by w,_ defines the kinetic energy of the chaotic movement of electrons out
of the domain turning into thermal energy. It determines the size of an integral Lagrangian [4—7]

Amin = ml (U.f()p )min = (Weue)min = (WN - Wnep - Wp()OM )min . (15)
According to expressions (11) and (12) with growth strengths of electric field to £ _, attached of Gunn

diode, w,,,,

electric domain will begin to be formed. Due to redistribution of number of «light» and «heavy» electrons
the number of «heavy» electrons will increase and to decrease at the same time number of «light». It will be
followed by reduction of average kinetic energy of «light» electrons. At establishment of steady state of the
diode integral Lagragian (15) will accept the minimum value [8,9]. Thus, the main mechanisms of self-

organization of electrons in Gunn diode under the influence of external electric field of £ > E_  are:

Kpum
— emergence of the «heavy» electrons connected with features of a power range of GaAs;
— increase in number of «heavy» electrons due to reduction of number of «lighty;
— growth of potential energy of «heavy» electrons due to reduction of kinetic energy of the chaotic
movement of «light» electrons;
—reduction of the integral Lagrangian corresponding to electrons of Gunn diode to a minimum.

grow and w__ decreases. In other words, with growth of tension at £ > E_  in Gads the

eHe Kpum
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JI.B. Yupkosa, K.T. Epmaranteros, O.B. CkyOHeBCKui,
K.M. Maxanos, E.T. Apunosa, A. Omup6ex

I'ann ANOABbIHAAT bl (l)I/I3I/IKaJ'lblK npouecTep “kKoHeE IHEPIrust 0aJIaHChBI

[Ilamackl LIEKTIK KEPHEYIEH apThIK CHIPTKbI KEPHEYHIIH ocepiHeH ['aHH NUOIBIHIA JKYPETiH (U3MKAIBIK
yzaepicrep TanmaHFaH. APCEHHJ TalIMil MIANaeTKI3TiMIiHIH TOMEHI1 OPTalbIK YHEPrHs ©JKECiHEH MXOFapbl
OyHipae opHaJlaCKaH 3HEPIrUsl eJIKECIHE KOLIy HOTIXKECIHJAE ICKTPOHAAp KO3FaJFBILITHIKTAPBI dp TYpili —
YJIKeH JKoHe Kimire — OeuniHeringiri kepcerinreH. Keaeprici manaetkisrinitiy 6acka 6esiriHiy keaepricineHn
YJIKEH 3JIeKTp JOMEHI maiia GOoNaThIHABIFBI aWThUIFaH. DICKTP IOMEHIHIEri KepHEeYIiH TOMEH/EYi OHBIH
CBIPTBIHJAFBl OHIpPJCTi KepHEYIiH TOMeHJACYiHeH apThiKk Oosaibl. CHIPTKBl KEpHEY apTKaHAa JOMEHIETi
KEepHEYZIH TeMeHAeyi ocil, OHBIH CBIPTHIHIAFBl OHIpAe KEpHEY a3asfbl, HOTIDKECIHIEe JOMEHJeTi
QNIEKTPOHIAP/BIH bIFY JKBUIIAM/BIFBl apTabl, aj CBIPTKbl OHIPICTi OSJICKTPOHAAPBIH BIFY JKbUILIAMIBIFbI
TeMenzeiini. JloMeHHIH iIIHAEr AMEKTPOHIAP/ABIH OpPTAlla BIFY YXBULAAMIBIFBI CBHIPTKBI JJIEKTPOHAAPABIH
opTalla bIFy XbUIZAM/bIFBIMEH TEHECKECH/IC JIOMEH TOJBIFBIMEH KaJbINTacaabl. ' aHH MOABIHIA OPHBIKKAH
KYH OpHaFaH/ia MHTETrPAJIBIK JarPaHKUaH €H a3 MOH KaObULIAHTHIHABIFbI KOPCETIIreH.

Kinm co30ep: oSHepreTHKanblK CIEKTp, OJHEPreTHUKAJbIK ankalbl, OSJIEKTPOH, ApeiidTi KbUIIaAMABIK,
JarpamkuaH, HHTETPall, AJIeyeT, IEKTP OpiCiHIH KepHEeYIIiri, 3IeKTp JoMeH, [ aHH Tuo/bL.

JL.B. Uupkosa, K.T. Epmaran6etoB, 3.B. CkyOHeBcKkHiA,
K.M. Maxanos, E.T. Apunoa, A. Omup0Oek

dusnyeckue nmpoueccsl B Auojae 'anna u 0asanc sHeprumu

B cratbe paccMoTpeHBI (H3HUecKHe IPOIECCH, MPOUCXOAIe B auose ['aHHa, HaXoAsImeMcest oA AeHCTBHEM
BHEIITHETO JICKTPUYIECKOTO II0JIs, MPEBBIMIAIOIET0 MMOPOroBoe 3HadeHue. [lokazaHo, 4To M3-3a Iepexopa
JJICKTPOHOB M3 HIDKHEH IIEHTPaIbHON SHEPTreTUUECKOM 30HBI B BEPXHIOI OOKOBYIO JJOJIMHY SHEPreTHYECKOTO
CIIEKTPa apCeHH/a TaJulks HOCHUTENH 3apsja JENATCS Ha JBE TPYIIBL: WIETKHE» M «TSKENBIC» ICKTPOHBI,
oOmamarorye OONBIIMMH U MEHBUIMMH MOABWKHOCTAMH. OOpasyercs 3JIeKTPUYECKHH JOMEH, CONPOTUBIIE-
HHME KOTOPOTO NPEBBIIIAET CONPOTHBICHUE OCTalbHOM YacTH auona ['aHHa. B pesynbrare HanpssKeHHOCTH
BHYTPEHHEr0 3JIEKTPUYECKOro HOJIs Anoza OyIeT IPEeBBIIIATh HANPSKEHHOCTh 3JIEKTPHYECKOro IOJIS BHE
nomeHa. C pocTOM HaNpsDKEHHOCTH BHEIHETO TOJIS MafieHue IOTEeHNMa a Ha 00J1acT! IOMeHa PacTeT, a BHE
JoMmeHa ymeHbmaercsi. C pocTOM HanpsHKEHHOCTH BHEITHETO 3JIEKTPHUYECKOro Houst ApelidoBas CKOPOCTh
JJICKTPOHOB JIOMEHA PacTeT, B TO BpeMs Kak Apel(oBas CKOPOCTh JIEKTPOHOB BHE JOMEHA YMEHBIIAETCS.
Korma npeiidosbie ckopocTH >IEKTPOHOB B IOMEHE U BHE €TI0 CPaBHHUBAIOTCS, (OPMHPOBAHHE JAOMEHA 3a-
Bepuraercs. [lokasaHo, 4o B auoje ['aHHA yCTaHABIMBAaeTCs CTALMOHAPHOE COCTOSHME, KOTJA MHTErpalib-
HbI{ JIarpaHXKuaH MPUHIMAaeT MUHUMAJIbHOE 3HAYCHHE.

Kniouesvie cnosa: 3HepreTMUeCKUi CHEKTP, DHEPreTUUECKHE IOJUHBI, 3JIEKTPOH, Ipel(oBas CKOPOCTb,
JIarpaHXuaH, MHTETpal, MOTCHIHAJ, HAPSXKCHHOCTh IEKTPUYECKOTO MO, 3JIEKTPUYECKUN TOMEH, ITUOI
T'anna.
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Comparison of luminescence properties of ZnO nanorods, obtained
by hydrothermal method and pulse electrochemical method

Influence of of the method of synthesis of ZnO rods on their microstructure and spectral-luminescent proper-
ties was studied in the work. Pulsed electrochemical and hydrothermal methods were used. The films with a
similar value of thickness both methods have been obtained. The diameter of the rods obtained by the hydro-
thermal method is much smaller than the diameter of rods obtained by the electrochemical method. It is seen
from microscopic measurements. X-ray diffraction was measured for ZnO films obtained by pulsed electro-
chemical method. Crystalline ZnO films with a wurtzite structure are obtained both by hydrothermal and
pulsed electrochemical methods. The absorption and fluorescence spectra were measured for the samples.
Bandgaps of films are determined from the absorption spectra. Edge luminescence in the ultraviolet region of
the spectrum, having an exciton nature and defect luminescence in the visible spectral region is observed in
the luminescence spectra of films. Analysis of the absorption and luminescence spectra showed that defec-
tiveness ZnO film make by the electrochemical method is significantly higher film defects make by hydro-
thermal method.

Keywords: thin film of ZnO, absorption spectrum, luminescence, hydrothermal synthesis, pulse electrochemi-
cal synthesis, defectiveness.

Introduction

Despite of long and comprehensive investigations, zinc oxide (ZnO) based materials are in scope of in-
terest of many groups of researchers. This interest connected with its unique optical, electrical and acoustical
properties. Distinctive feature is also the number of synthesized nanonstructures on the basis of zinc oxide
[1]. There are many investigations, with proposal to use semiconductor properties of zinc oxide in different
devices of electronic and optoelectronic techniques [2, 3].

The development of synthesis methods is important for its applied use, which allows receiving materials
with specified properties with high economical effectiveness. Methods of precursor precipitation on the wa-
ter basis, mechanochemical methods are low cost and therefore, potentially high effective. At present time
hydrothermal synthesis is intensively developing to produce zinc oxide nanorods [4, 5]. The directed change
of properties and morphology of material is possible by selecting the parameters of hydrothermal synthesis.

In the last decade the impulse electrochemical deposition became an important method of receiving
nanonstructured ZnO arrays thanks to its technological efficiency, possibility of deposition on big surfaces,
cost effective ratio, quality of layer and low temperature of synthesis compared to other methods. As author
mentions [6—10] morphology and thickness of arrays in this method, and also its crystal structure and physi-
cal-chemical properties can be easily controlled by setting the parameters of deposition, like density of flows
and electrode potential, structure and temperature of solution, time of electro-deposition.

Structure, morphology and properties of oxide zinc substantially depend on conditions and technology
of its receipt. For applied use of oxide zinc [10] it is relevant to receive rod structure with rod diameter from
50 to 500 nm. Such a structure will be used as a material for excitons and free charge carriers. Method of
production will substantially influence on optical and electrophysical properties of received ZnO rods.
Therefore in this work investigation of spectral-luminescence properties of ZnO nanorods, received by hy-
drothermal and impulse electrochemical methods was carried.

Methodology of research

Impulse electrochemical method. The production of oxide zinc nanorods arrays was carried by method
of cathode electrochemical deposition in the three electrode electrochemical cell with water electrolyte, that
contains 0,1 M NaNO3 and 0,05M Zn(NO3)2, temperature t = 70°C, without mechanical shaking of the so-
lution. As a substrate the glass wafers were used, covered transparent electrically conductive layers alloyed
fluorine tin oxide (FTO) by Sigma-Aldrich. Graphite rod was counter electrode, reference electrode — satu-
rated silver-chlorine half-cell electrode Ag/AgCl.
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Potentiosat-galvanostat Elins J-30 was used to carry impulse tension. Substrate - cathode was supplied
with square wave potential, where the lower limit for samples was Uoff -0.8 and upper limit Uon was -1.4
(the potentials are relate to Ag/AgCl). Pulse duty cycle factor was 2.5. Pulse frequency f remained constant
and equal to 2 Hz.

Hydrothermal method. Synthesis of ZnO nanorods by hydrothermal method consisted of two stages.
The first stage - drawing of the seed layer and the second stage — the synthesis of nanorods on a substrate
with the seed layer by hydrothermal deposition. The second stage is the deposition of nanorod arrays.

Application of ZnO seed layer. Zinc acetate dihydrate (Zn(CH;COO),-2H,0, Sigma Aldrich) and
monoethanolamine (C,H;NO, Sigma Aldrich) were dissolved sequentially in isopropyl alcohol. The concen-
tration of both zinc and monoethanolamine acetate in prepeared solution was 0,5 M. The solution was ap-
plied to pre-cleaned glass substrate coated with a conductive layer of tin-doped indium oxide (ITO). The cen-
trifuge method (spin-coating) at a substrate speed of rotation of 2000 r/min was repeated 4 times. Next, the
substrate annealed in a muffle furnace at 450 °C for 60 minutes to form a ZnO structure. ZnO nanorod arrays
synthesized on ITO substrates precoated ZnO seed layer from an equimolar aqueous solution of zinc nitrate
(Zn(NOs), Sigma Aldrich) and hexamine (C¢H,N4, Sigma Aldrich) for 10 hours. The initial concentration of
the solution, and the synthesis temperature was 25 mM and 90 °C. Every 2 hours samples were washed in
deionized water and placed in a fresh solution. After completion of the synthesis, ZnO grown arrays were
washed repeatedly with deionized water, dried, and annealed at 400 °C for 1 hour.

The crystal structure of the films was analyzed after measurements on the X-ray diffractometer X-Pert
MPD PRO (PANalytical) and Drone 2. The morphology of the samples was investigated by the scanning
electron microscope with cathode Schottky Mira-3 (Tescan).

Absorption and luminescence spectra of the films are measured to the resulting films. Registration of
the absorption spectra of the films was carried out using a spectrophotometer Agilent Cary 300. The fluores-
cence spectra were measured on a spectrofluorimeter Cary Eclipse.

Results and discussion

Thickness and rod size of the synthesized films was investigated. In the film obtained by the hydro-
thermal method within 10 hours, thickness was 2.9 microns. The appearance of the rods is shown in Figure 1.
The average diameter of the rods was 150 nm. In the case of using a pulse electrochemical method, film
thickness was 2.82 micrometers and was achieved by 2 hours synthesis. The average diameter of the rods
was 660 nm. In the case of hydrothermal method — the size of the synthesized ZnO rods is less than the
electrochemical method. However, the rate of synthesis of the film is higher with use of electrochemical syn-
thesis method.

b) Al

SEM HV: 20.0 kV WD: 10.14 mm MIRA3 TESCAN|

View field: 3.00 ym Det: SE 500 nm
SEM MAG: 92.3 kx  Date(m/dly): 11/07/14 Performance in nanospace

I §
SEM HV: 20.0 kV' 'WD: 14.93 mm

View field: 10.0 ym Det: SE 2pm
SEM MAG: 27.7 kx  Date(m/dly): 05/13/16 Performance in nanospace

Figure 1. SEM-images samples obtained pulse electrochemical (left) and the hydrothermal method (right)
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Investigation of the films synthesized crystalline structure was conducted. The data on the properties of
ZnO films prepared by the hydrothermal method described in our previous work [11]. ZnO film deposited on
conductive coating of ITO (indium tin oxide) in the case of the electrochemical method. Therefore, in the
present diffraction spectra was reflexes associated with indium tin oxide. X-ray diffraction for the sample
coated with ITO to exclude those measured from X-ray diffraction data of ZnO films. Analysis of these
measurements showed the presence of only the reflexes of tin oxide (SnO,). Continued consideration of the
data showed that the peaks is not related to SnO,, belong to the hexagonal wurtzite phase of ZnO, with good
agreement with the standard values of d (JCPDS No. 36-1451) [12].

Other phases, Zn or other oxides besides ZnO phase weren’t recorded on X-ray diffraction data. This
confirms that crystalline films of ZnO obtained by electrochemical deposition method (Table).

Table
Data of x-ray analysis of ZnO films obtained by pulse electrochemical method
26 (degrees) hid Calculatec(i Ay)alues dhkl Values dl:)kflJ(ég ];)g the basis

18,60 100 2,816 2,8179
20,10 002 2,602 2,6049
21,20 101 2,476 2,4786
27,90 102 1,911 1,9128
33,50 110 1,626 1,6269
37,25 103 1,477 1,4784
40,50 112 1,379 1,3799

Absorption and luminescence spectra were measured for the obtained films. The absorption spectra of
the films are shown in Figure 2. The optical density films (D) produced by different methods and measured
at 380 and 800 nm has similar values. The optical density of films differs significantly in the blue-green part
of the spectrum. The size of the band gap (Eg) ZnO is calculated for the obtained films. A smaller value of
E, calculated for ZnO films obtained by an electrochemical method, compared with the published data [13].
This can be explained by the high defectiveness of the films. Indirect evidence of this is the shape of the
absorption curve 2 shown in Figure 2. The technique given in [14] was used for the calculations. The value
of E, was 3.3 eV for the film obtained by the hydrothermal method, and 3.175 eV for the film obtained pulse
electrochemical method.

D

3.5

3.0+

[§8]

0.0

I L] 1 ¥ 1 s 1 b 1
400 500 600 700 800
Wavelenght, nm

Figure 2. Absorption spectra of the nanorods obtained by electrochemical pulse method (1)
and the hydrothermal method (2)

Also luminescence spectra of ZnO films have measured. Comparative analysis of the luminescence
spectra of the nanorods (Figure 3) obtained by the hydrothermal method and electrochemical methods
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carried out. The ratio between values of the maximum amplitude of the luminescence intensity band in the
visible area of light-spectrum (/;,4) and the of the maximum value of edge luminescence amplitude in the
shortwave area of light-spectrum [y has often been compared to determine the crystallinity of the ZnO
nanostructures.

Defectiveness films obtained by pulsed electrochemical method is more than the film obtained by the
hydrothermal method. It follows from the luminescence spectra of ZnO films. Ratio between Iy,,/I;;y was 0.55
for the electrochemical films and 0.13 for hydrothermal films.

I, au

1,0
0.8 1
0,6 -
0,4 4
2
0.2 4
0,0 1
T T T T T T T
350 400 450 500 550 600 650 700

Wavelenght, nm

Figure 3. Luminescence spectra of nanorods obtained pulse electrochemical (a)
and hydrothermal method (b)

Conclusions

Rods of ZnO synthesized by hydrothermal methods and pulse electrochemical synthesis as a result of
the work done. The crystal structure and morphology of ZnO films was investigated. The resulting films
have good crystallinity and all the peaks correspond to the hexagonal lattice ZnO, wurtzite structure. The
absorption and fluorescence spectra were measured for ZnO films. Bandgaps of films are determined from
the absorption spectra. The edge luminescence in the ultraviolet region of the spectrum, which has an exciton
nature and defect luminescence in the visible spectral region are observed in the luminescence spectra of the
produced films.

The value of the maximum intensity of the luminescence band in the visible region to the value of the
peak amplitude of the edge luminescence band (CRL) in the short-wave region were compared. The
comparison showed that the nanorods obtained by the pulsed electrochemical method have a more defective
structure than the rods obtained by the hydrothermal method. These data are confirmed by the analysis of the
absorption spectra and fluorescence spectra. The results of the work show that using different methods of
synthesis it is possible to obtain ZnO films with different geometrical properties and defectiveness.
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I.A. Adanacees, XK.K. AitteivoB, b.P. Unbsicos, H.X. UOpaes

I'uapoTepMaIbIK K9HE HMIYJIbCTI 3JIeKTPOXUMHUSJIBIK J/IiCIIeH AJILIHFAH
ZnO HaHOO3eKIIEHiH JIOMHHECHEHTTIK KACHEeTTePIiH CAJBICTBIPY

Makanaga ZnO HaHOe3eKlleciH cuHTe3Aey oaiciHiH ZnO MHUKPOKYPBUIBIMAAPhl MEH CIEKTPIIK-
JIOMHHECHEHTTIK KacuerTepiHe ocepi 3eprreni. CHHTE3#ey[IH THIPOTEPMUSUIBIK JKOHE HMITYJIBCTIK
ANEKTPOXUMUSUTBIK omicTepi skyprizinmi. Ockl aTanraH CHHTE3/CY SMAICTEpi apKbUIbI XKyKa KAalbIHABIKTAFbI
KaObIpIIakrap aublHABL MHUKPOCKOMUSIIBIK OJIIeYJiep HOTHXECIHIE THIPOTEPMHSUIBIK CHHTE3/CY Oici
apKbUIbl aNbIHFAH HAHOO3CKIUEJCPAiH AUaMeTpliepi, 3JIEeKTPOXUMMUSUIBIK OicTep apKbUIbl ajbIHFaH
HAaHOO3CKUICIEPiHIH [HaMeTpiiepiHe KapaFaH[a, aWTapibIKTall Killli eKeHAIri aHbIKTangpl. VIMIyabcTik
QNIEKTPOXUMHUSIIBIK  OMic apKbuibl anblHFaH ZnO KaObIpIIArbIHBIH PEHTICHAIK AU(PaKUUICH ONIICH.
I'UAPOTEPMUSIIBIK KOHE MMITYJIBCTIK JIEKTPOXUMHUSIIBIK OIICTEp apKbUIbI aIbIHFAH MEKCaroHAIbl TOPFa He
ZnO xpuCcTaIIbIK KaOBIPIIarsl BIOPIUTTIK KYPHIIBIMAA OOJaTHIHEI KOPCETUINI. AJIBIHFAH YITUIEPIiH KYTHUTY
xoHe (uryopecteHus crekrpiepi emmenai. KyTouty crektpin emmey OapbickiHaa ZnO KaObIpLIaFbIHBIH
PYKcaT eTiIMEreH 30HACHIHBIH €Hi aHBIKTaJIbl. AJBIHFAH KaOBIPIIAKTBIH JIOMHHECLCHIMS CIEKTpiHJe
9KCUTOHJIBIK TaOWFaTKa Me LICKTIK JIOMHHECUCHIMS CIEKTPAIH YJIbTPaKyJriH OOJNBICBIHIA, all aKayJibl
JIOMUHECLICHIUSI CHEKTPIIH KepiHeTiH oOnbichiHAa Gaikanapl. JKyTbUly CIEKTpi MEH JIIOMHHECLCHIHsFa
Tajgay jkacay OapbIChIHAQ DJICKTPOXUMHSIBIK Oici apKbuibl anblHFaH ZnO KaOBIPIIAFBIHBIH aKayiapsl,
THAPOTEPMUSIIBIK CHHTE3 apKblIbl anblHFaH ZnO KaObIplIarblHa KaparaH/a, alTapibIKTail )KOFapbl MOHI'E Ue
€KEHJIT1 aHbIKTaJbL.

Kinm ce30ep: xyka KaOblpmak, ZnO, >XYTBUIy CIIEKTpi, JIIOMHHCCLEHIUS, THIPOTEPMAIIbI CHHTE3,
UMITYJIbCTI 3IEKTPOXUMHUSIIBIK CUHTE3, aKayJiap.

H.A. Adanacwes, XK.K. Aiteivos, b.P. Unbscos, H.X. M6paes

CpaBHeHMe JIIOMMHECHEHTHBIX CBOMCTB HaHOCTep kHel ZnO, nmoryyeHHbIX
THAPOTEPMAJIBHBIM M HMITYJIbCHBIM JJIEKTPOXMMHUYECKMM METOIaMH

B pabore m3ydeHO BiMsSHHE METOJIA CHHTE3a CTepkHed ZnO Ha MX MHUKPOCTPYKTYPHBIC U CIEKTPAIbHO-
JIFOMMHECLICHTHBIE CBOMCTBa. MCronb30BaHbl THAPOTEPMANBHBI W HMIYJBCHBIN 3JIEKTPOXUMUYECKHUI
METOABI CHHTe3a. JIaHHBIMH METOJaMH TIOJyYeHBl IUICHKH C OJIM3KAM 3HAYCHHWEM TOJIIMHBL
MUKpPOCKOITMYECKUMU W3MEPEHUSIMHU IOKa3aHO, YTO JAMAMETpP CTEpKHEH, MOJIy4eHHBIX THAPOTepMallbHBIM
METO/IOM, 3HAYUTENbHO MEHBLIE AWAaMeTpa CTEp)KHEH, IOMYyYEHHBIX JJIEKTPOXUMUYECKUM METOJOM.
W3mepena peHTreHoBckas audpaknus IWIeHOK ZnO, MOJXYYEHHBIX HMITYJIBCHBIM BIIEKTPOXUMHYCCKAM
MmeronoM. [lokazaHo, 4TO Kak THAPOTEPMAIbHBIM, TaK U HMITYJIBCHBIM 3JIEKTPOXUMHYECKHM METOAAMHU
MOJIy4€Hbl KpUCTAIMYECKUe IIeHKH ZnO co CTPYKTYpOil BIopLuTa. Bpliir N3MepeHbl CIEKTPhI MOTIOMEHHS
u (ayopecueHu o0pa3noB. M3 CreKTpoB MOTIIONIEHHS ONpe/elicHa MIMPHHA 3alPEIICHHONW 30HBI TUICHOK
ZnO. B cmekTpax JIOMHHECHECHIMHM MOJIYYEHHBIX IUIGHOK HaOIIofaeTcs KpaeBas JIIOMUHECLCHLUS
B yIbTpadHONETOBON OOJIACTH CIEKTPa, MMEIOIIas dKCHTOHHYIO MPHUPOAY, W AeHEKTHAs JTFOMUHECICHIIUS
B BUAMMOI 001aCTH ClieKTpa. AHAJIN3 CIEKTPOB MOTJIOMICHHUS M JIIOMUHECLCHIIMH [T0KAa3all, YTO 1e(pEeKTHOCTh
wieHkd ZnQO, TOJXYYCHHOW OJIICKTPOXUMHYCCKAM METOJIOM, 3HAYHUTEIBHO BBIIMIC JCPEKTHOCTH IUICHKH,
MOJIy4€HHOU THIPOTEPMaIbHBIM METOJIOM CUHTE3a.

Kniouesvie cno6a: TOHKHE TICHKA ZIlO, CIIEKTP IMOIJIOLIEHUS, JJFOMUHECIICHIIYA, FI/IL[pOTepMaJ'ILHLII\;I CHUHTE3,
HMHyJILCHBIﬁ 3JI€KTpOXI/IMPI‘{eCKI/Iﬁ CHUHTE3, IIe(i)eKTHOCTb.
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Crushing and grinding minerals deposits
of the western area Nurkazgan

The paper calculated the total surface energy of the mineral deposits Nurkazgan West, which is equal to:
6= 0,806 J/m> The main contribution to the surface energy of the field West Nurkazgan minerals contribute
quartz (SiO,) and corundum (Al,O;). Designed overall operation of the fragmentation of 1 ton of mineral de-
posits Nurkazgan to a piece of 5 mm, which is A = 3.014 J. This corresponds to a specific energy consump-
tion E = 30.2 kW-h/t. It shows that to increase the efficiency of ore crushing need to increase the defects of
the mineral structure, reduce the temperature and increase the power of crushing. Cooling is best in ore hop-
per using liquid cryogenic plants. It is shown that an abrupt change of work crushing and defects in the min-
eral structure can be achieved with the optimal use of energy in the blast ore production stage or
electroimpulse crushing hopper. It is shown that the minimum value of the grain size is determined by the
surface energy: mind — minc®. This condition determines the efficiency of ore grinding. To increase it is
necessary to decrease the surface energy minerals. It is shown that the most cost-effective mix before the pro-
cess of crushing and grinding the ore Western and Northern regions Nurkazgan field.

Keywords: surface energy, ore, mineral, crushing, grinding, copper, chalcopyrite, structural defects.

Introduction

The process of ore dressing in the technologies of various ores enrichment is aimed at creating condi-
tions that provide the maximum degree of extraction of useful component at the lowest possible resource
consumption. Generally, this process involves grinding the ore to a particle size less than the smaller of the
useful component of grain with subsequent extraction of one or another physical or chemical means.

The most energy-intensive and costly process in the extraction and enrichment of mineral raw materials
is their destruction. For example, in the iron ore beneficiation plants in the Russian share of this process ac-
counts for 70% of all energy consumption (30 kW-h/ton of ore) [1]. Fracture of all technological processes,
and this drilling, blasting, crushing and grinding, milling is the most energy-intensive (26 kW-h/ton of ore)
[1]. In the US, the share of mining crushing and grinding accounted 29.3 billion kilowatt-hours per year [2],
representing 45% of total US electricity consumption mining industry.

In this paper we will use the results of the thermodynamic analysis of the fracture process, following
[3], which shows an extensive bibliography on the issues raised.

The mineral composition of the western portion of the deposit Nurkazgan

Ores West area aresulphide gold-copper. Rock-forming minerals are: (average of the laboratory process
samples) silica 34.5%; feldspar 27.0%; sericite, muscovite 25.0%; chlorite 5.0% and 4.0% calcite. The basic
value of the ore are copper, gold, concomitant are silver, molybdenum, selenium, tellurium, indium, and py-
ritic sulfur, platinum, palladium.

A characteristic feature of mineralization is that the discharge size of chalcopyrite and pyrite vary wide-
ly: from very thin and thin, to small and large inclusions of solid masses. The texture of ore isolations: breed-
ing and sparsely interspersed. Table 1 shows the average contents of fields in Western Nurkazgan minerals.

Table 1
Percentage of deposits of minerals West Nurkazgan
The mineral Percentage, % The mineral Percentage, %
Si0, 63,81 MnO 0,08
TiO, 0,41 MgO 1,20
Al O, 17,34 CaO 2,50
FeO 3,95 K,0 4,20
F6203 1,51 NaZO 0,18
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The calculation of the surface energy of ores and minerals deposits
of the western section of Nurkazgan

The specific surface energy (surface tension) — the main characteristic of processes involving surfaces
or phase boundaries. Surface tension determines the free energy (work) that must be expended to form a unit
of surface area or interface.

Surface phenomena occur in any heterogeneous system consisting of two or more phases. In essence,
the entire material world — is heterogeneous. As a homogeneous system may be considered only in limited
space volumes. Therefore, the role of surface phenomena in natural and technological processes is extremely
high.

The use of surface phenomena in the production of human activity allows to intensify the existing pro-
cesses. Surface phenomena largely determine ways of obtaining and durability of major building and con-
struction materials; the efficiency of extraction and processing of minerals. The presence of surface tension
is due to the fact that the atoms on the surface of the liquid or solid state have a greater potential energy than
the atoms or ions within them, so the surface energy is usually regarded as an excess power per unit area.

When grinding minerals to sizes close to molecular, dispersed work per unit of the newly formed sur-
face (specific surface energy) is between 4 10™* 107 to 2.7 J/em®. The product of A = 6-S is a dispersing op-
eration, where ¢ — surface tension (surface energy) of the mineral, and S — its specific surface area.

Table 1 shows the mineral composition of deposits West Nurkazgan. We calculate according to [3], the
surface energy of these minerals (Table 2).

Table 2 shows that practically all oxides except monoxides iron, manganese, potassium and sodium di-
oxide, have high surface energy.

If we use the equation of Rettinger [3], we get:

A=yAS=0c"-AS,

where y — temporary resistance to compression (N-m/m?), AS — area of newly formed surface (m?).
Equation (1) shows that the quantity ¢ = y. This allows you to compare our calculations with tabulated
values temporary compression resistance (tensile strength) [4].
Table 3 shows the comparison for the known compounds. Table 3 shows that, up to a tenth of the sur-
face energy and ultimate strength are the same minerals. This allows evaluation of these values in the case
where one of them is unknown.

(M

Table 2
Surface energy field West Nurkazgan minerals

The mineral Surface energy (J/m’) The mineral Surface energy (J/m°)
Si0, 0,655 MnO 0,396
TiO, 0,633 MgO 0,359
Al O; 0,715 CaO 0,436
FeO 0,401 K,O 0,131
Fe,0; 0,707 Na,O 0,143
Table 3
Surface energy and strength of some minerals
. Surface energy The
The mineral (J/m®) strength(J/m’)

Si0, 0,655 0,589

TiO, 0,633 0,615

Al O; 0,715 0,680

MgO 0,359 0,396

We now make a calculation of the total surface energy of the mineral deposits West Nurkazgan using its
additive property. Table 1 shows the average contents of fields in Western Nurkazgan minerals.
Given in Table 1 the total surface energy of the West Nurkazgan deposits of minerals will be equal to:
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The main contribution to the surface energy of the field West Nurkazgan minerals contribute quartz
(Si0,) and aluminum oxide (Al,O;).

Efficiency ore crushing

Crushing in the broadest sense is the process of reducing the size of the pieces of ore or grain so their
value at which minerals can be separated from each other by subsequent enrichment process.

At the ore processing plant is supplied in pieces of different sizes, from 200-300 up to 1500 mm, de-
pending on the nature of the ore and mining. These pieces consist of a splice minerals and are not suitable for
enrichment.

The ore in this case should be subject to a preliminary crushing, and the final size of the pieces is de-
termined mainly by the nature of impregnation of mineral grains in ore (large, small or thin impregnation).

Crushing can be carried out in several ways: crushing, abrasion, splintering, stroke and combination
methods listed above. In some cases, they are joined by more side effects of tearing or bending forces.

Crushing — one of the most expensive processes. On concentrators cost of the crushing process is on
average 40% of the ore enrichment and the cost of crushing equipment — about 60% of the cost of factory
equipment. Therefore crushing principle is «do not crush nothing more». Compliance with this principle
provides energy savings, increased plant capacity, reducing the useful mineral loss and decrease wear of
working parts of crushers.

To fulfill the principle of «do not crush nothing more» whole crushing operation is divided into several
steps or techniques; before crushing stage provides each classification in order to separate fines in order not
to subject the pieces of size ready re-crushed, and finally, if applicable, after each cleavage step used en-
richment.

Distinguish: a large crushing — by crushing the ore from 1500 to 100-400 mm; secondary crushing —
from 400-100 to 30-50 mm and fine crushing — from 30-50 to 3—5 mm. Finer division (less than 1 mm)
refers to breakage.

Large, medium and fine crushing is carried out in devices known as crushers (jaw, cone, etc.).

Selection crushing method, and consequently, the crusher type depends on the physical properties of the
material to be crushed, and the size of its initial size and the desired cleavage product. For solids and viscous
materials it is the most efficient crushing crushing, impact and abrasion, while brittle materials it is advisable
to split splintering.

Large and medium crushing is carried out mainly by crushing and splintering and crushing — impact
and abrasion.

According to [5] in the area of mine development West porphyry copper deposits developed Nurkazgan
rocks with hard crystalline bonds, among which are the basic intrusive ore-bearing formation. The on-board
parts of the volcanic rocks occur presented basaltic andesite tuffs composition. According to the physical
properties of the body and breed pit walls vary within a small range. Several different from other indicators
of intrusive breccias, demonstrating a high density (2.80 g/cm’), increased weight (2.84 g/cm’) and higher
water absorption (0.33%). Mechanical properties of intrusive breccias with less. Tensile strength under uni-
axial compression at 35.61 MPa breccias, tuffs at — 42.16, the remaining species is in the range 56,69—57,89 MPa.

When saturated with water, the compressive strength decreases from quartz diorite to 11%, 20%
granodiorite, intrusive breccia at 29%, 26% tuff. As seen from the above figures, the ratio of the strength
properties in the water-saturated state is proportional to their ratio in the dry state. Intrusive breccias and
tuffs of the most affected by water cut.

According to [6], the total amount of materials annually subjected to disintegration of 3-3.5 bln. tons,
and power consumption for these processes is 4.5-5% of the total production in the country. The weight of
crushing and grinding equipment, processing 1 million ton mountain of raw materials per year, an average of
1 ths. tons. Much of the metal (1 to 3 kg per 1 ton of ore and pulverized crushability, depending on its char-
acteristics and fineness) is irretrievably lost as a result of abrasive wear and the corrosion of grinding bodies
and linings of organs working machines. In general, irrecoverable losses of metal in the process of disinte-
gration of the mineral raw materials account for up to 4 million tons per year, or 2% of its total production in
the country.

If we consider that the average density of mineral deposits Nurkazgan p = 2,8 g/cm’, then 1 ton of ore
will occupy the volume V = 0,36 m’. The sphere approximation, its surface area is equal to: S = 0,64 m” and
an average diameter of d = 0,9 mm = 900 mm. Table 4 is computed using equation (2), work crushing
Nurkazgan minerals deposits.
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Table 4
Work for large, medium and fine crushing of mineral deposits Nurkazgan
Coarse crushing, Secondary crushing, Fine crushing,
from 900 to 100 mm from 100 to 30 mm from 30 to 5 mm
Workcrushing, J 1,612 1,241 0,161

Thus, the overall operation of the fragmentation of 1 ton Nurkazgan mineral deposits of up to 5 mm in
size will be 3,014 pieces of J.

The specific energy consumption of mechanical disintegration in stages depending on the strength char-
acteristics of the ore from the literature are as follows, kW-h/t [6]:

coarse crushing 0.3-0.5
medium and fine crushing 0.8-1.2
coarse and fine grinding 18-20
ultrafine grinding 50

In Table 5, calculated using equation (2), the specific energy consumption for crushing minerals
Nurkazgan field.

Table 5
Energy costs for large, medium and fine crushing of mineral deposits Nurkazgan
Coarse crushing, Secondary crushing, Fine crushing,
from 900 to 100 mm from 900 to 30 mm from 900 to 5 mm
Specific energy consumption 0,45 0,80 1,29
kW-h/t

Table 5 shows that the energy consumption for crushing Nurkazgan mineral deposits fall into the gen-
eral classification [6].
We use the formula for the efficiency of ore crushing, obtained in [3]:
kKT A =
=—» —.N, 3
C 3)

where 4 — work (energy) crushing, T — temperature, the G° — Gibbs potential of a bulk sample of the
mineral, N — the average number of elementary media destruction (proportional to the number of defects),
C, — constant.

Chalcopyrite — is the main ore-forming mineral of copper ores of the Western region (84.9% rel.).
Most often, it forms a nest-solid mass accumulation irregular, angular shape often ranging in size from
0.5mmto 2 x 5 x 8 cm in size of individual grains of 0.01-0.5 mm [46].

Often the borders of enlarged grains of chalcopyrite observed subtle and very subtle highlight it some-
times in the form of dispersion haloes, the size of the first microns to 0.01-0.02 mm. Sometimes veinlets of
chalcopyrite inclusions in the rock go into intermittent, size (0,016—0,280 mm).

To happened disclosure of mineral chalcopyrite phase, hence the need to perform work (equation 2, a
piece the size of chalcopyrite — 0.5 mm). A = 3.022 J. This corresponds to a specific energy consumption
E =30.2 kW-h/t. This is a fairly significant energy costs.

CJSC «Mekhanobr Engineering» (Moscow, Russia) at the request of JSC «Kazakhmys Corporation»
tested the impact of off-balance sheet crushing of sulphide ores of Zhezkazgan field in the high-pressure
roller mill LABWAL compared to crushing ore in Zhezkazgan standard roll crusher energy consumption
during grinding of crushed ore. It is shown that at a final grind size of 65% of class -0.074 mm in the specific
consumption of useful energy for grinding the ore after the passage of the high pressure roll crusher
LABWAL was 15.23 kW-h/t, and after crushing in a standard roll crusher - 16.6 kW- h / t. The total con-
sumption of useful energy for crushing and grinding was respectively 18.06 and 22.2 kW-h/t. These obtained
values are close to us. The differences relate to the greater strength of the rocks western section Nurkazgan
deposits compared to off-balance sheet deposits of sulfide ores of Zhezkazgan.

Given that G’ =a + bT + ¢T* = ¢T?, rewrite (3) in the form of:

A —
=C-Z.N, 4
n T “4)

where C — a constant. From equation (4) it follows that to increase the ore crushing efficiency must be in-
creased deficiency of the mineral structure, reduce the temperature and increase the energy division. Figure
is a schematic diagram of ore preparation Nurkazgan field.
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A sharp change in the ore reduction in temperature leads to an increase in the efficiency of its fragmen-
tation — the formula (4). This is due to the uneven expansion of the ore and form a plurality of micro-cracks.
This method has found application and called cryogenic disintegration of refractory ores [7]. Cooling is best
in ore hopper (Fig. 1) using liquid cryogenic plants [8].

The sharp change in operation of crushing and defects in the structure of formula (4) can be achieved
with optimum utilization of the energy of the explosion [9, 10] to ore extraction step or crushing electropulse
[11] in the hopper.

Currently, about 90% of non-ferrous and ferrous metals mined by blasting. Most researchers believe criteri-
on for evaluating how damaging and crushing action of the explosion energy of the total explosive (HE) [12, 13].

For different types of explosives as the primary criterion for evaluation taking energy per unit concen-
tration rechargeable cavity in a product, p A where A — perfect job explosion kl/kg; p — density cartridge
patronize or loading density granular explosives, g/em’ (kg/dm’).

With the explosion of 1 kg of TNT energy is released about 4 « 106 J Above, we calculated the energy
splitting of 1 ton of minerals western section Nurkazgan deposits — 3,022 G. When blasting operations effi-
ciency (efficiency) of the explosion is extremely low: From 1 to 7% by explosions on emissions and 15-25%
in the explosions at crushing of rocks [12, 13]. Therefore, only about 106 J 0,6 1 kg of TNT explosion goes
to ragging. For grinding 1 ton of mineral deposits of the West section Nurkazgan therefore need about 5 mg
or TNT explosives in the same TNT.

e

P—i’- Ore unloading

S

] = Receiving hopper

Concentrates
for metallurgical works

Figure. The scheme for obtaining concentrate Nurkazgan field
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Promising use for crushing minerals western part of the deposit Nurkazgan electro technology [11].
Features of this technology are realized in a disintegrator to electro KLEID [13], which can be manufactured
in a hopper (Fig.).

For electroimpulse crushing important to know the «resonant frequency» of the mineral, which can be
represented as:

o, =", )
cp
where A — thermal conductivity, ¢ — specific heat, p — density of the medium.
Chalcopyrite — is the main ore-forming mineral of copper ores of the Western region (84.9% rel.).
For him, according to [4]: ¢ = 534.3 J/kg K, p = 4,1 kg/m’, and according to [14]: L = 9 W/m K. Then the
resonance frequency of the chalcopyrite: o,., = 2 Hz. This is an achievable rate for electropulse technologies.

Optimization of grinding ore

The effectiveness of grinding ore determines the profitability of the field development. Thus, these
models are required grinding processes that describe the use of energy devices destructive action (crushers,
mills, disintegrating agents) in the ore, and could be used to solve practical problems of optimization of the
grinding cycle.

This model considers the comminution process in terms of two aspects [15, 16]:

— grindability ore, particularly by applying a certain amount of specific energy;

— characteristics of grinding equipment - the quantity and nature of the type of energy and movement of

ore through the apparatus.

Models grinding process the particles are separated into two classes [16]:

—a model in which it is assumed that the milling equipment is the particle size distribution of the trans-

ducer between nutrition and the final product;

— the model is considered in which each element in the grinding process.

These classes were assigned to the model of the «black box» and «basic model», respectively. The first
class of models is widely used at present. The second class requires huge computational resources, and be-
come economically viable for future use.

The task of the fundamental models generate a detailed link between the physical conditions inside the
machine and the result of the process that takes place in it. A limitation of this type of modeling is a compu-
tational technique. Many scholars have devoted their work to research the issue [17-19]. For example, in
[20] it was proposed to divide the mill in the area: shock, friction / abrasion and impact of small and describe
each zone separately, thus reducing the requirements applicable in the simulation of digital technology.

We emphasize that the grinding is fundamentally different from the crushing presence in its process of
«size effect». Experimental investigation of mechanical properties of nanomaterials have shown that the ten-
sile strength, hardness, many metals (Pd, Cu, Ag, Ni et al.) Is significantly higher than the corresponding
bulk analogues [21, 22]. Increased strength and hardness with decreasing grain size up to a certain critical
size is typical for virtually all crystals. This follows from the Hall-Petch equation that the yield stress de-
pends inversely yr of the average grain size d [22]:

'YT(d):YM +kd_l/27 (6)
vm — where the limit strength of the single crystal, £k — coefficient of some dimension.

In [23] to the yield strength obtained:

v, (d)=vy, +Cod " (7

Equation (7) coincides in shape with the Hall-Petch equation (6). However, the coefficients of propor-
tionality differ in both formulas. In this case, the behavior of the yield strength of small particles is also de-
termined by the size of their surface tension c.

From equation (7) implies that d ~ ¢°. In other words, the minimum value of the grain size is deter-
mined by:

mind — minc’. (8)

Condition (8) defines the efficiency of ore grinding. To increase it is necessary to decrease the surface
energy minerals.

According to [5] for the northern part of the deposit Nurkazgan copper mineralization is mainly chalco-
pyrite, a very small amount presentbornite and covellite. The ore contains pyrite, magnetite, hematite.
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The main components are copper, wherein the content selected by the ore bodies ranges from 0.18 to 1.66%
with an average of 0.46% and the gold content of 0.27 g / m. The samples set group silver — 2.15 g/ t of
molybdenum — 0.0065% selenium — 2.71 g/t, pyrite sulfur — 0.65% of impurities harmful mercury —
0.16 g / m and thallium — 0.54%. The content of tellurium, indium, arsenic and antimony below the detec-
tion threshold of the quantitative analyzes.

The total surface energy of the minerals of the Northern area Nurkazgan field according to our esti-
mates of ¢ = 0,576 J/m’. This is 30% less than the surface energy of the mineral deposits of the West section
Nurkazgan (o = 0,806 J/m’).

Thus, the most cost-effective mix before the process of crushing and grinding the ore Western and
Northern regions Nurkazgan field. The same conclusion on the basis of experimental studies and came to the
authors of [24].

With decreasing particle size of the defects of its structure is reduced due to the disappearance of dislo-
cations sources. In this case, you can use the powerful nanosecond electromagnetic pulses [25], while the
pulse generator is better to install the ball mill in Figure 1

Conclusion

One of the first scientists to investigate in detail the properties of the surfaces of discontinuity between
the various solids, was an outstanding American physicist and mathematician Josiah Willard Gibbs. In his
famous work «On the equilibrium of heterogeneous substances», which later became the foundation of the
modern thermodynamics, Gibbs was first considered as a separate subsystem surface other than the shared its
thermodynamic phase. This surface layer although it has a very small thickness, but is, according to Gibbs, a
definite «phase», that is the state of matter with its inherent energy, entropy and other thermodynamic quan-
tities. This approach allowed Gibbs to create a macroscopic theory of surface phenomena to explain and
quantify adsorption, that is, the ability of surface to absorb molecules from the environment.

In this work we wanted to show the importance of the knowledge of the properties of the surface layer
in a very important technological processes of crushing and grinding of ores and minerals.
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B.C. IloptHos, JI.K. HoBukoBa, C.A. BeokBa, H.B. Pesa,
A.P. baibkanoa, B.M. IOpos, O./]. MayceiMbaeBa

Hypxkasran keH opHbl batbic 0eirinin MuHepaJapbIHbIH
YCAKTAJYbl MEH YHTAKTATYbI

Maxkanana Barsic Hypkasran keH OpHBI MHHEpaJJapbIHBIH OCTTiK 3Heprusicel ecenrenreH, on ¢ = 0,806
Ilx/M? Ten. Batbic HypKasraH KeH OpHbI MEHEPAIIAPEIHEIH GETTiK SHeprusceHa kBapil (Si0,) KoHe KOPYHI
(AL,O;) Gactsr bIkman ereni. HypkasraH keH OpHBI MUHEpaImapbIHBIH 1 T 5 MM ycak Gemikrepre Oeiymiy
JKaJIIBI JKYMBICH ecentenreH, ol A = 3,014 Jx-re teH. byn nakter sHeprust Tyreinyra E = 30,2 xBt-c/T
colikec KeJeli, KeH/i OeIeKTey THIMIUIITIH apTThIPY YIUIiH MHHEpaia KYPbUIBIMBIHBIH aKayJbIFbIH apTThIPY
KaXeT, TeMIlepaTypaHbl TOMEHJETIN, OOJIIeKTey SHEeprusichlH apTThIpy Kepek. Kenai cankemHmaTtyna
KPHOTCHIIK >KaOABIKTap MEH CYHBIKTBIKTapAbsl KOJIIAHAa OTHIPHII, OyHKeple OpbIHAaraH THIMAIPEK.
Beunexrey »yMbIChI MEH MUHEpall KYPbUIBIMBIHBIH aKayJbIFbIHBIH JKbUIIAM ©3repyi SHEPrHsSHbI OHTAHIIbI
nalganaHya KeH oHIipy HeMece OyHKepHeri JIeKTPOUMITYIBCTIK OeJeKTey Ke3eHIHIe >KapbuIblc 00y
KayiliH TYFbI3aTbIHBI KepceTiireH. TyHipurikTiH MUHAMAJIIbl enmieMi OeTTiK SHEprusiMeH aHBbIKTajIabl:
mind — minc®. Byn karmail KeHHIH yCAKTany THIMAUNTH aHBIKTaiabl. OHBI apTHIPY YIIIiH MHHEPAIIBIH
0eTTiK PHEeprusiChIH ToMeHAeTy KaxeT. Hypkasran keH opHBIHBIH batbic skene Contyctik OGemikrepinmeri
KeHaep.i OenIIeKTey )KoHe ycaKray YpAiCTepiHiH aJlAbIHAA OJIap/Ibl apaIacThIPy THIMAI OOJIBIT Kele/i.

Kinm coe30ep: OeTTik 3HepTUsCHl, KEH, MUHEPAINbIK, YCaKTay, YHTAKTay, MBIC, XaJIBKOMHPHUT, KYPHUIBIM
aKayJapsl.
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B.C. IloptHos, JI.K. HoBukoBa, C.A. BeokBa, H.B. Pesa,
A.P. baitxanosa, B.M. IOpoB, A.Jl. MayceimbaeBa

JpobsieHue u n3MeJib4eHHEe MUHEPAJIOB 3aNIa/ITHOT0 Y4aCTKAa
mectopo:xaenns Hypkasran

B pabote paccunrana obmas TOBEPXHOCTHASI SHEPTUs] MUHEPAIOB MECTOpOXKAeHHs 3anmafuelii Hypkasraw,
xotopast paBHa ¢ = 0,806 [Ix/M2. OcHOBHOI BKJIaJ| B TOBEPXHOCTHYIO SHEPTHUI0 MUHEPATIOB MECTOPOXKICHHS
BHocAT kBap1] (SiO2) u xopyHn (Al203). PaccunTtana obmas padora Ha qpobieHue | TOHHBI MHHEPAIOB Me-
cropoxkaenust Hypkasran 10 kycka pasmepoMm 5 MM, kotopas cocrasiseT A = 3,014 JIx. DTo COOTBETCTBYET
ynensHeIM dHepro3arparaM E = 30,2 xkBr-u/t. [lokazano, uto i yBenndeHHs! SpGEKTUBHOCTH APOOICHUS
pyZbl HEOOXOAUMO YBEINYUBATH AE(EKTHOCTh CTPYKTYPhl MUHEpana, SHEPTUI0 APOONEHHS M yMEHBIIATh
Temneparypy. OxiaxkaaTh pypy Jydile BCETO B IPHEMHOM OyHKepE, HCHOb3Ysl KPHOTEHHbIE YCTAaHOBKH U
sxuaKocTu. IToka3aHo, 4To pe3Koro M3MeHeHHs paboThl ApolOneHHs U Ae(eKTHOCTH CTPYKTYPhl MUHEpana
MO>KHO JOCTHYb IIPU ONTUMAIBHOM UCIIOJIb30BAHMM SHEPTUH B3PBIBA HA CTAZIMU JOOBIUH PYABI UIIH 3NIEKTPO-
UMITYJIbCHOTO ApoOneHns: B mpueMHoM OyHkepe. OmnpezeneHo, 4To MUHMMAIbHOE 3HAaU€HHE pa3Mepa 3epHa
ompezeNnaeTcs MOBEPXHOCTHOM sHeprueil min d — min ¢”. D10 ycuoBue onpenenser >peKTHBHOCTh H3-
MenbueHus pyapl. [ ee yBeNMUeHUs HEOOXOANMO YMEHBIICHHE IOBEPXHOCTHOM SHEPrHM MHHEPAJIOB.
OtMmeueHo, 4TO HanboJee SKOHOMUYHO CMEIIUBATH IIEepe T IpolieccaMu IpoOJICHUS 1 N3MENbUCHHS PYABI 3a-
MaJIHOTO U CEBEPHOI0 Y4acTKOB MecTopoxaeHus Hypkasran.

Kniouesvie cnosa: moBepXHOCTHAS SHEPTHs, PyJa, MUHEpAI, IpoONeHne, H3METbUEHUE, ME/lb, XaJIbKOIIUPHUT,
Je(eKTHOCTb CTPYKTYPBI.
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About late asymptote of transient processes
in the magnetic field of the dipole sources

The developed method solutions of the problem of late asymptote of transient processes in the magnetic field,
the dipole sources are Innervate layered medium, underlain by an insulator. The method allows to determine
the asymptotes of the late signals of the formation of a magnetic field as a power time series, which are pre-
sent as a prominent member of a number of proportional ¢ and carrying information about the total longitu-
dinal conductance of the section and a member of a number of proportional # > and contains information
about capacity and conductivities of the layers. The algorithm of asymptotic solution based on the determina-
tion of the transition characteristics of the expanded core in the receiving operating information with one pole
on the real axis of the complex plane and its structure is similar to the operating functions of the model a thin
conductive layer, excited by the raised sources. The result is an asymptotic temporary solution to a temporary
member of a number proportional ¢ ° to the received late asymptote depth equivalent to a conducting plane ht
is the important information of the parameter used in the analysis of experimental pulse field transient for
three-layer sections. Analyzed the functional relationship of late asymptote parameter 4, with a longitudinal
conductivity and thickness of layers. The analysis of the possibility of using late asymptotes to determine the
total power conductive sediments overlying non-conductive base section. Data in the method of formation
field. Theoretical developments are confirmed by the analysis of model.

Keywords: late asymptote, a magnetic field, an insulator, a dual-layer cut, functional factor, geoelectric cut.

In the theory of a method, formation of the field (FF) [1-5] the late asymptote of transition process for a
derivative, vertical components of magnetic induction 6B,/0t in case of the horizontally layered section,
spread by the insulator, known for the first term of staid decomposition of temporary function. It does not
depend on the type of excitation sources and transients, according to [5, 6], is expressed by:

4
Bl Kl & K_H n
Ol 500 S|t o, ,, S\t
where K, :w, K, :Q— ()
2nr r

the coefficients of installs with electric and magnetic dipoles exciting; / — exciting current; 4B — the length
of the electric dipole; ¢ — polar angle of installation «dipole-loop»; O — the area of the magnetic dipole;
r — dressing units; S — total conductivity of the longitudinal section; ¢ — the transition process; Ts = r11S/2
— formation parameter of field (o= 4n-10”H/m).

From the (1), asymptotes are proportional to t* and in informative plan it is depends only from total
longitudinal conductivity of («S asymptote») section. Exact expression of a signal has aspect within asymp-
totic area, containing the second member of staid decomposition is proportional ¢ . It is obvious that in the
informative aspect this member has to depend both on electric properties of layers, and on their capacities.

Sidorov V.A. [7] had offered the original heuristic way of the approximate solution of a direct non-
stationary task in a near zone of incitement source. The main postulates of this way used by Sidorov V.A.,
also used, for development of an algorithm of the return — approximate solution that has received wide pro-
duction. The basis of the offered method is made by two postulates: 1) an each fixed time of transition pro-
cess corresponds a certain depth distribution of an electromagnetic (pulse) wave of H. (influence depth);
2) a transition process in each fixed moment corresponds to the transition process, inspired and located at a
depth 4. (0 < h, < H;). Thin conductor layer that has the longitudinal conductivity of S; corresponding to total
longitudinal conductivity incision to the depth influence H.. Depth of the equivalent thin layer 4, has defined
as deep coordinate «center of gravity» depth dependence electric conductivity layer y(z) in the effect of base
range H;:
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H‘E H’C H’C
ho= [ 2@z [ ] y@dz= [ zv(2)dz [, (). 3)
0 0 0

Eventually, after some period such carrying-out plane plunges, at the same time the parameters H., /.,
S. change. Within the considered approximate way of the solution, the direct assignment established func-
tional connection between time of transition process by t and these parameters:

tzl’l'OS‘r (gHT _h‘rj’ (4)

which is used at the solution of the return chore — a observed signal transformation in dependence of S.(H.) [7].

Inspection of this heuristic approach on the transitional characteristic of two-layer model of incision
demonstrates that the parameter of depth equivalences /. On late times directs to the thickness of a conductor
layer of H (h:|i» = H), but not to H/2, as it would be necessary to expect, proceeding from the considered
heuristic conception and a ratio (3). It is confirmed by Figure 1 in which the temporary dependence of /.(¢),
received by transformation of the valid (not approximate) signal of 0B,/dt, excited electric dipoles in the
two-layer cut [5]. Noted discrepancy is the contradictory moment for concerning the applied approximate
way of the solution and a direct chore in a method of formation of the field in a near zone. Thus, it should be
noted that the analytical late asymptote has temporary dependence of depth of the equivalent carrying-out
h.(¢) plane in the case that the basis of a section is the insulator, which is unknown.

hi/H

I == o = ———

\

2 4 10 20 40 100 200 400 I/t

Figure 1. Time dependence /. option for a two-layer cut: 7 = H’u, / (4p,)

At the same time, /4, represents the main information parameter that determined in the course of the
analysis of impulses of the magnetic field formation. Naturally, it is necessary to know a late asymptote of
given parameter. The solution of this chore has reduced to exact dissolution of a signal, on late a time row.

On late times, the currents induced in layers are evenly distributed and regularities of transition pro-
cesses are close to those in the thin conductor layer, upset by the source, raised over it on height 4. The char-
acter of transition processes, in this case, the asymptotically late times not depend on type of a source of in-
citement and can be presented in the following form [6—10]:

B K s . o _K, o2 ®
o S (ng)”’ o 28 (ng)” ’
where § — longitudinal conductivity of a thin layer, & =2h/r+¢/t; — dimensionless parameter

(tg =rp,S/2 — parameter field formation in a thin conductive layer).

Late stage transition process in a thin layer, up to the second term of the power series we obtain, letting
in (4) t — oo and completing the corresponding limit changes. The result is a functionally identical asymptotic
relations, which, up to the second row of a term proportional to t°, are expressed in the following form:

AN {[f—j _ gﬁ[f_sﬂ J9B g Hf_j - sﬁ(iﬂ | (6)
Ot |y 5 oo t rit 2/ PN t rit
It obviously should be expected that the late asymptote transient, measured on surface of layered media,

under lain by an insulator, will have the same type (6), where instead of 8h/r coefficient in the second sum-
mand there will be some functional coefficient, which is related to power of /; layers and their longitudinal
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conductance S; = h;y; (y; — specific conductivity of layers). The purpose of this article is to obtain the late
asymptote of transient in (6) type.

According to theoretical calculations, transient in the field of derived by time of vertical component of
magnetic induction 0B,/0¢ on the surface of horizontal-layered medium is represented as [1-4]:

a) Impulsion by electric dipole

O0B. I-ABu,Sing 0| ¢
—t=——2 | |\ mW(m,t)J,(mr)dm |, 7
~ g atu (m,)J, (mr) } @)
b) Impulsion by magnetic field
0B, 10w, 0[7
= &H m*W,(m, 1)J,(mr)dm |, ()

where W)(m, t) is sub-integral transient feature, which contains all information about structure of
geoelectrical cut; Jy, J; — Bessel functions of zero and the first kind.

The transient feature W, (m, t) can be determined by the reverse Laplace transform [11] from the rele-
vant operational function of cut Q, (m, p):

c+io
e

pt
O, (m, p)?dp- ©)
In Riemann-Mellin integral, the (9) p = -iw is an operational variable (i = J-1, @ — circular frequency).

On the basis of well-known calculations [3, 4], the operational function Q,(m, p) for horizontal-layered
cut can be written as:

Wl(m,t):%

1

mR (m,p)—n
0,(m, p) =LY (10
mR,(m, p)+n,
where R, (m, p) = cth{n,h, +arcth ﬂcth(nzh2 +ot arcth”N—_lJ — (11)
n, m

the recurrent operating inductive function section reflect a non-conductive base, where N — number of layers in

the geoelectric cut, n; =, [m* + PHyY;» hj— power layers, y;— conductivities of layers (j =1, 2, ..., N-1).

For obtaining the late asymptotes of transients (7) and (8) in type of (6), it is necessary to perform criti-
cal transform of operational function (10). Such transform is lead to mathematical compression of over-
supporting part of cut into thin multilayered conductive unit (without changing interrelation between power
of layers), each layer is featured by longitudinal conductance S; = y;A;:

0,(m,p)=0, (m,p)|h _mR(m,p)—m

0 12
iy, =S,

-0 mR,(m, p) +n,
hy, =S,
Trying to obtain the late stage of transients (5), excited in thin conductive S-layer, which is uplifted on
height h by sources, the proposed concept was used here. This stage was obtained earlier on the basis of di-
rect analysis of specified transients in interval of late time and it is expressed with (6) relation.

Relying on expressions (5), also their integral approximations (7) and (8), Qs operational function for

model of thin layer can be written as:
—2mh

___b-e
Os(m. p) = 2m/(uS)+p’ (13)

By compressing model (setting # — 0) and by limiting linear term of power series expansion at /1, we
will get the critical operational function O :
~ —(1-2mh
Oy(m,p)=—0=2m0P. (14)
2m/ (uS)+p

Apply in operational transform (8) [11] to (13) allows to determine the critical sub-integral transient
feature WS (m,t) as:
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~ 2t
W, (m,t)=—(1-2mh)- exp[—m—].
HoS
Performing calculations according to (7) and (8) (integrals are determined on the basis of mathematical
references [12]), whereas the critical sub-integral transient feature used its critical variant W, (m,t), here we

will obtain the next relatively h critical transient features of time derivatives of magnetic induction:
0B, K 1/t ho At/tg) -1
05, _Kp |t _ph Mt/me)y ol | (15)
o S |[1+(t/7)] P ) ]

%

0B, K, |t/t[2(t/ts)" 3] _238(:/18)4 —24(t/15)" +3

V4

o 28 | [iva/]” o [te@/?]”

It is obvious that the asymptotically late interval of transient features (15, 16) conform to late asymp-
totes (6) acquired previously.

The test sample confirms that the late asymptote (6) of transient features of thin conductive layer (5)
can be obtained through the critical operational feature (13), determined for condition # — 0, and which have
one pole on real axis of complex plane and linear functional presence of geometrical parameter h in it. It
proves the correctness of above-mentioned concept for solving issues about late asymptote of transient fea-
tures in case of horizontal-layered medium, underlain by an insulator.

(16)

Transform (12) of operational function of layered cut Q; into critical operational functionQ1 should be
performed in a such way that the last one should have similar structure to critical operational function of thin
layer QNS (13) — it should have one pole on the real axis of complex plane and linear functional presence of

powers of layers h;. It provides an opportunity for analytical definition of integrals in (6) and (7), consequent-
ly asymptotical analysis of transients.

The performed critical transform of operational function of cut has rather cumbersome nature. It is
based on expansion of numerator and denominator of ratio (10) into series by powers of vector of layer
thickness & = {h,, hy,...,hy.} limiting with number of infinitesimals O(%). It provides linear functional rela-
tionship of numerator and denominator of relative vector of layer power h. Corresponding critical transforms
are performed with use of recurrent bond of inductive operational function (11) on surface of j-layer (R;) with
same operational function on surface of (j + 1)-layer (R, 1):

+n,R. cthnh,
R (m,p)= Cth{nh +arcth[—R ﬂ Pt TH R O (17)

n n,R, . +n, cthnh,

Jj+1
The regularities of series formation are defined during critical transforms.
By dropping the cumbersome critical transforms, which perform (12) algorithm and satisfy the men-
tioned requirements regarding type of critical operational function, we write the obtained calculation results
of this function for horizontal-layered cut, underlain by an insulator, as:

O,(m, p)=—(1-B)- . P , (18)
)

— [l-l—m(A—B):I-I—p

N-1
where S — the total longitudinal conductivity layers: S = Zh .Y;> function coefficients 4 and B — coeffi-
j=1
cients of the order of smallness O (%), which have a functional relationship with the vector of longitudinal
conductivities of layers S = {Si, S,, ..., Sx.1} and a linear functional relationship with the power vector layers

h= {hla hZa-”:hN—l}:

A(h,S) = H+Z[§i§: —E_Eh,}, (19)
.92 £54 -5 555005555 |

Jj=1 j=i
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+2§{§i S'h -5, (h S5 H (20)

m=j+1
N-1 —
where H = Zh ; — the total capacity of the layers overlying the non-conductive base cut, S, = S, /S — rela-
j=l1
tive longitudinal conduction layers.
As an example, coefficients A and B for some geoelectric cuts:
a) for a two-layer cut:

A=h, B=§h; @h
0) for a three layered cut:
1
=(h, +h2)+E(S2h1 -Sh),

B =%{§{Slhl +S,h, —%(hl +h2)}+252h1} : (@)
B)for a four layered cut:
A=H+%|:S3(hl +h)+ S, (= h) =S, (hy +h3):|,
:%{Slhl +8,h, + S;h, —%[SIS2 (M +h)+ S8, (B + 0y )+ 8,8, (hy + h3)]}+ (23)
+%[S2hl Sy (hy+hy)- Slss 2} ,

Applying the reverse Laplace transform (9) to (18) allows to obtain the critical transient feature of sub-
integral function W, (m,¢) as:

2|uS [A(h, S)—B(h, S)]} exp(— %} (24)

It is obvious that late stage of transients in the field of derivative by time of vertical component of mag-
netic induction may be obtained after analysis of analytical relations, received during calculations performed
according to (7) and (8) algorithms [11]. However, unfortunately, integrals in (7) and (8) cannot be defined

for W, (m,t) function. Then, bearing in mind, that the determination of late asymptote is performed through

Wl(m,t) = —[1 —mB(h, S)] : exp{—

compression of sub-surface into layered overburden by tending vector of layer powers to zero (& — 0), there
is a reason to apply power-series expansion to (24) relatively A and B functional coefficients, because they
have order of smallness O(h), and limit this expansion with linear members. As a result, we have:

2 2 [B(h S)— A(h, S)]}exp(— %j 25)

Now integrals in (7) and (8) can be analytlcally defined [12] and the result of calculating the critical
transients can be written as:
a) Impulsion by electric dipole

0B, K,| T (23(/1, S)— A(h, S)j 472 —1 (B(h, S)— A(h, S)j72(472—3) 26)
o N _ 7/2"’5 — o2 |’
o S |(1+77) r (1+72) r (1+7°)
0) Impulsion by magnetic dipole
0B. K, |7(27" —3)_(23(;1, S)— A(h, S))st“‘ _247% 43
o 28| (e )" (17)"

W (m,t)=— {l—mB(h, S)+m

r
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_ 77(87* -407° +15
+5(B(h, S)— A(h, S)J’t (87— 407" +15) , 27)

(1+Z‘_ )11/2

where f = t/tg— normalized transient time (ts = r,S/2 — field formation parameter, S — the total longitu-
dinal conductivity of the layered strata overlying the base nonconductive cut).

The correctness of relations (26, 27) is confirmed with that they can provide a special case, which is a
model of thin conductive layer, excited with uplifted impulsive source. For this purpose, the first layer in the
three-layer model of cut should be converted into non-conductive one, its longitudinal conductance should be
equal to zero(S; = 0), and the second layer should be transformed into thin conductive plane with longitudi-
nal conductance S, = lim(y,h, )|hﬁ0 . Then, according to (22), functional coefficients will be identical

r

(A = B = 2h) and relatively relations (26) and (27) will become the specified relations (15, 16) for
model of thin conductive plane.
Asymptotical analysis of approximate temporary solutions (26) and (27) by time power series expan-

sion with an accuracy of ¢~ leads to result, which does not depend on field’s excitation type, and it can be
expressed as:

4 57]
T _ T
OB, _K,, ’s _8'2A(h,S) 1,5B(h,S) s ’ (28)
ot [t > o r t
* 4 5_
OB’ _k, |[% g, 24(h.8)=1.5B(h,8) (g , 29)
ot |t > ®© t r t

where Kz, Ky — setting the coefficients of electric and magnetic stimulation (Fig. 2).
Comparing (28), (29) and (6), we obtain the asymptotic limit (h;‘ ), which tends to average depth of the

equivalent of a thin conductive layer /. (¢) at ¢t — oo:
B =h(1)|,..=24(h,8)~1,5B(h,S). (30)

This parameter was mentioned in the beginning of article as an important informational parameter,
which is often used at transformation of impulses of near-field transient by Sidorov-Tikshaev method [8§].
Particularly, two-layered cut with critical asymptote of this parameter is a power of conductive layer

t—

(hz‘_’ =H ), it confirms above-mentioned result, obtained by numerical analysis of real transient feature

(Fig. 1).
For three-layered cut the asymptote of h, parameter is:
S, (hS, —h,S -
B = H+1(ia2—221) |1 Ymoy |, (31)
S (1+v)(1+v/n)

where H = h+ h, — the total capacity of the conductive layers (k,, i, — power of the first and second layers);
S =8, + S, — total conductivity of the longitudinal cut: S; = 4/p;, S, = hy/p, — longitudinal conduction lay-
ers (p;, po — resistivities of the layers); u = p./p1; v = hy/h;. As it follows from (31) this asymptote carries
information about the total power cut H adjusted for the effect of the parameters of layers — relationship lon-
gitudinal conductivities S,/S| = v/ and capacity hy/h;=v.

Research depending on the module 4! cut leads to a completely logical result:

— hl + h2 —

oo 4y

At the «resonant» power relationships and longitudinal conductivities of layers, which is expressed in
the form

h. (32)

T

h%%=h+@=H; h

So/S1 =1+ 2hy/hy v p=v/(1 +2v), (33)
Asymptote A¢ has an extreme (maximum), depending on the ratio of capacity layers — module
v = h,/h, cut:
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1 K 1
he max=(h+h)|1l+—— |=H|1+——|. 34
i (h 2){ 4(h1+h2)2} [ 4(1+v)2] 39

As follows from (34), the maximum value of this asymptote is limited: 4, <I,25H.

Figure 2 shows charts of time relations of depth of equivalent conductive layer 4. for two-layered and
three-layered cut types H and 4, which were received due to numerical analysis of theoretically calculated

transient features [5]. Also we cited the theoretically determined late asymptotes 4 , which were calculated

by using (31) formula. As shown in illustrations, everywhere curves 4.(f) in the interval of late times match
their theoretically determined asymptotes (dashed lines).

i 0
”rfﬁ;_ _____ I —— ——T T ho/H I
075 74:‘—“- = = 11605 o106 = == = = -
—==t il ) B T
05| U —
0.35 0.6
T 4 1020 40 100 200 400 /T 20 30 60 100 200 #T
ho/H I hy |
07: 0880 — F ——F —F—& — 1.4
7S w = 1,22] — —=|— = —
s —  ||Oas-ins-= 1,221 = —
0,5 ] 08—
= > 4 /;u 20 40 100 200 400 /T i /
20 a0 60 100 200
w1 W A
oot —F==F-F=F1 " iaeagio=]
07532 = ] e . 1/16-0,01- = LIl == =L —
f—
0,5 | 0.8
/ i
t/ 0.6
2 4 10 20 40 100 200 400 /T 50 100 pre 00 600t

Figure 2. Time relations of parameter 4./H for two-layered cut (a) and three-layered cut of 4 (a) and H (b) types:
1 — cut parameter: hy/h, — py/p; — p3; 2 — curve h/H; 3-asymptotes

Pay special attention to Figure 2, b. The graphics of three-layered cut of H type with identical values of
v = hy/hy = 1/16 modulus and different values of pu = p,/p; = 0,01; 1/18; 0,5 modulus. At p = 1/18 there will
be specified condition of «resonance» relation of pandv modules of cut (u = v/(1 + 2v)), where 4! has a max-

imum. As shown at graphics, time relation /.(f) at p = 1/18 provides the value of asymptote 4! /H = 1,221,
while at p=0,5 asymptote is equal to 4’/ H = 1,046, and at p = 0,01 it will be 4’/ H=1,111. These confirms
the presence of determined extreme peculiarity of asymptote 4.

Figure 3a shows a class of graphics of 4’ parameter dependence, which is expressed in unit power of

over-supporting overburden H, from p = p,/p; modulus of three-layered cut, while Fig. 3b shows the depend-
ence of this parameter in the same relative concept from relation of longitudinal conductance of layers.
A class of graphics were calculated for different values of modulus v = hy/h;: 1/64 < v < 32. In fact, the both
of curve classes are the alignment chart of coherence of %! parameter with power H of over-supporting part
of three-layered cut.

As shown in the illustrations and above-reviewed analysis, asymptotic value of depth of equivalent
conductive plane /! has extreme peculiarity, which becomes apparent well, when the power of intermediate
layer is lower than the power of the first one, and the longitudinal conductance is commensurable. Mean-
while the less the power of intermediate layer is, the more the 2’ parameter exceeds the total power of con-

ductive layers in the S,/S; variation interval. So at 4,/ h; = 1/64 h!> H in the interval of 0,1 < 5,/S, < 10.
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Figure 3. Dependence of 4 /H from geoelectric features of three-layered cuts of / and 4 type:
(on Fig. 3b values of /;/H are marked with dotted lines)

At the same time, it was noted above, the extreme surpassing the total power of conductive layers is
limited: 4 <1,25H. Analysis of calculation results testifies that at 1/2 < h,/h; < 16 and S,/S; > 2 the pa-

T,max

rameter of 4 can be used for determining the total power / of cut formation, which covers nonconductive

basis, providing determination accuracy no less than 10%. At hy/h>1/2 and S,/S) < 0,3 this determination is
linked with the significant inaccuracies. The dramatic decrease of longitudinal conductance of intermediate
layer, in comparing with longitudinal conductance of layer, which covers it (such situation is typical for A
type cuts), leads to distribution of the induced current mainly in the first layer. As a result, the asymptotic
depth of equivalent thin layer in the time interval of field formation will be close to power of the first layer,
which is shown on Fig. 3b (dotted lines on fig. 3b mark power of the first layer).

Conclusion. The performed calculations and their analysis completely confirm the correctness of ob-
tained asymptotic approximation (28, 29) for late stage of transients in magnetic field of dipole sources, ex-
citing layered media, underlain by an insulator. There was defined an analytical link between late stage of
transient and the total longitudinal conductance of cut, moreover its link with the powers and conductance of
separate layers. For the first time, the late asymptote of depth of equivalent conductive plane for layered me-
dia, underlain by an insulator, was determined analytically. The analysis of performed studies testifies about
opportunity to use the late asymptote of transient for determining powers of conductive sediments, which
cover the nonconductive basis of cut.
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H.B. Pega, B.C. [ToptHoB, I'.I". brismosa, ©.J1. MaycsimbaeBa

JAumnoub Ke31epiHiH MATHUT opiciHaeri eTneJi ypaicrepaid KeliHri
acMMITOTACHI TYPaJbl

Jlunone ke3JepiHiH MarHUT epiCiHJeri oTIeNl YpAiCTepAiH KeHiHri acHMIITOTACHl Typajbl TalChlpMallap bl
IISIIy SAICI IIBIFApbUIABL. Bysl omic KyaTThl yakKbpIT Karapbl TYPiHIEri MarHUT OpIiCiHAeri CHUrHanIapbIH

KeHiHri acHMITOTAaChIH aHBIKTAYFa MYMKIiHIiK Oepemi, OHIA NPONOPHMOHAIABI ¢ >KOHE KUMAHBIH

CYMMAaJBIK KOIICHEH OTKI3TilllTiri Typadsl aKmapaT TAaCyIIbI, COHBIMEH KaTap MpPOMNOPIMOHAINIBI ¢
KabaTTap/plH OTKI3TIIUTINI MEH KaJbIHIBIKTAphl Typaibl akmapaT KypalTelH Kartap wyuienepi Oap.
ACHMITOTHKAJBIK IIENIIMICPIiH YChIHBUIFAH aITOPUTMI OTIENI HHTEerpasl 03eriHiH aKIapaTThIK (GYHKIUSICHIH
Iy apKbUIBl aHBIKTATYBIMEH HETi3IeNreH, KeIIeHMl JKa3bIKTBIKTAaFbl HAKTHl OCiHAe Oip ITOJIIOCKA He KOHE
KYPBUIBIMIBIK YKCAac OIEpalMsUIBIK (YHKIMSACHI MOJETl JKYKa OTKI3Tilml KabaTel KO3FalFaH JKOFaphl
Ke3/epiMeH JKy3ere acaiasl. Tele-TeH, yakbITIIa OipKaTap MYIIECI JOIIIKIEH aCHMITOTHKAJBIK YakbITIIA
IIeMIiM TIPOHOPIHOHATIbI HOTHKECIHIE !> OTKI3rilll KA3BIKTHIKTAFSI TEPEHIITi /1, KeHiHTi aCHMIITOTA aJIBIH B!
— aKMapaTThIH MaHBI3ABI MapaMeTpi, 0 KEH OPHBIH HIrepy oJici IKCIEPHMEHTTIK MAJIIMETTEpl Taijay
Ke3iHAe maijganaHsuiabl. TeopwsulbIK Tanjay VIO KabaTThl ydacKelepiH WMITYJIBCTIK —CajlachIHAFbI
KaJIBITACTEIPY YIIIH JaMBITY MOJEINIH pacTambl. bOMIBIK ©TKI3rIMITIK KoHE 3JIeKTp KabaTTapbIMEeH KeWiHTi
acuMnToTa /. mapaMerpiniy (YHKUMOHANABIK OaigaHbichl capananraH. KeWiHri acMMOTOTaHbl Herisri
KHMaHBIH jKa0BbUIATBIH TOK OTKI3OCHUTIH OTKI3TiNI KaOaTTapAblH COMAIbIK KAIBIHIBIFBIH aHBIKTAY YIIiH
KOJIIaHy MYMKIHJITiHe capanrtaMa >acajbl.

Kinm ce30ep: KeWiHri acUMIITOTa, MAarHUT epici, H30IATOp, KOC KabaTThl KuMa, (GYHKIHOHAIIIBIK
K02 GHIHEHT, TCOITEKTPIIIK KHMa.

H.B. Pega, B.C. [loptHoB, I'.I". brsmmosa, A.Jl. MaycsimbaeBa

O no3aHeii acCHMNITOTE NMEePEeXOAHBIX MPOIECCOB
B MArHUTHOM I10JI€ AUIOJbHBIX HCTOYHHKOB

Pa3paboraH crioco6 perieHus 3a1auu 0 MO3JHEH aCUMNTOTE NEPEXOAHBIX MPOIIECCOB B MATHUTHOM IIOJIE, AU~
TONBHBIX MCTOYHHKOB, BO30YXJAIOMIKX CIOUCTBIE CPEJbI, MOJCTHIaeMble H30sTopoM. Crocod Mmo3BossieT
OTIpEeENATh MO3JHUE ACHMITOTH CUTHAJIOB CTAHOBJIEHUS! MArHUTHOTO TIOJISI B BHIE CTEIEHHOTO BPEMEHHOTO
psiia, B KOTOPOM MPHCYTCTBYIOT KaK H3BECTHBIH WIEH psa, TIPOTIOPIHOHATBHEIN ¢ * M Hecymuit HHpopMa-
IIMI0 O CyMMApHOil NPOJI0JILHOI TIPOBOAMMOCTH Paspesa, Tak M ulleH psja IPOHOPIMOHAIBHEIH ¢, cojep-
JKamui THPOPMALUIO O MOIIHOCTSX M IMPOBOJUMOCTSIX CIIOCB. [IpeaIoskeHHBIH adropuT™ aCHMITOTHYECKO-
IO pelICHHs OCHOBAH Ha ONPEAECICHUU IEePEeXOJHON XapaKTepUCTUKU IOABIHTEIPAIbHOIO spa Yepes MOoiry-
YeHHe ONEPaliOHHON MH()OPMATUBHONH (QYHKINH, MMEIOMEH OJUH IOJIIOC Ha JEHCTBUTEIHFHOH OCH KOM-
IUIEKCHOM ITUIOCKOCTH M MO CBOGH CTPYKTYpE aHAJOTHYHOIl OlepanuoHHONW (YHKIHH MOJEIH TOHKOTO MpO-
BOJISILIIETO CNIOSI, BO30YX/aeMOT0 MPHUIMOJHATHIMUA UCTOUYHUKAMU. B pe3ynbTaTre acHMNTOTHYECKOTO BPEMEH-
HOTO PENTeHHs ¢ TOYHOCTBIO 0 HYieHAa BPEMEHHOTO psfa, MPOTOPIMOHANBLHOTO ¢, TIOJydeHa MO3HAS

ACHMIITOTa TJIyOMHBI SKBHBAJICHTHOM MPOBOJSIIEH IIIOCKOCTH /,-BaKHOTO MH(OPMAIIMOHHOTO Mapamerpa,
HCIIOJIb3YEMOI'0 B TPOLIECCE aHAIM3a SKCIEPUMEHTANBHBIX JaHHBIX B METOJE CTaHOBJIEHUs Nois. TeopeTu-
YecKre pa3paboTKU MOATBEPKACHBI aHATM30M MOICIHHBIX UMITYJIECOB CTAHOBIICHUS TIOJIS JUISL TPEXCIIOMHBIX
paspe3oB. [IpoaHanu3upoBaHbl 0COOEHHOCTH ()YHKIIMOHAIBHOMN CBS3H MO3HEH acHMIITOTHI apaMeTpa /i, ¢
MPOAOJEHBIME MTPOBOJMMOCTSIMA U MOIIHOCTSIMH CJIOEB. BBINIONHEH aHANIN3 BO3MOKHOCTH HCIIOJIE30BAHUS
MO3HEeHW aCUMITOTHI IS ONpPEAETIeHUs] CyMMapHOH MOIIHOCTH MPOBOSIINX OTJIOKEHUH, NEPEKPhIBAIOIINX
HEMpoBOJIAIlIee OCHOBAHUE pa3pesa.

Kniouesvie cnosa: mo3pHssl aCUMIITOTa, MarHUTHOE MOJE, M30JIATOP, ABYXCIOWHBIN pa3pes, reosneKkTpude-
CKHH pa3pes.
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IloBpeskaeHue TUOKCHIA TUTAHA BOJIM3H MOBEPXHOCTH
nocJjie 001y4eHusl ObICTPHIMU THAKEJIbIMH HOHAMH

Peaxuus mMarepmana Ha oOirydeHHe OBICTPHIMH TSDKEJIBIMH HOHAMH HMPOCTBIX OKCHIOB, Takux kak TiO,, 3a-
METHO OTJIMYaeTcsi BOJU3M MOBEPXHOCTU KPUCTALIA, YeM B oObeMe. B 3Toi NmpUnoBepXHOCTHOI obOnactu
TOJIIIMHON HECKOJIbKO JICCATKOB HAaHOMETPOB Marepual 00JafaeT 3HaYMTeNbHO 0oJee BBICOKOW YyBCTBHU-
TEIBHOCTBIO K TMOBpexAeHUsM. [IOBBIIICHHAs YyBCTBUTENBHOCTh MaTepuala B 3TOH 00iacTH CBf3aHa
¢ GJIM30CTHIO CBOOOHOM TTOBEPXHOCTH M €200 3aBHUCHUT OT JJIEKTPOHHOTO TopMoXkeHus. [lo kpaiiHeil mepe,
JUISL 3TUX MaTepUajoB MPEAOIIOKEHHE O IIIHHAPUIECKHUX JIATEHTHBIX TPEKax SBISICTCS HEOMHO3HAYHBIM U
OoJIbIIOC BHMMAHHE CIIENyeT YAENIUTh MM IPH OIpeNeleHHN PaInyCcOB TPEKOB KOCBEHHBIMH METOJAMHU.
IIpsimoe HabMrOAEHNE C TOMOIIBIO IPOCBEUNBAIOIIEH IEKTPOHHOH MHKPOCKOIIMU MOXKET TakKe JIETKO HpH-
BECTH K CHIILHOH MEpPEOneHKe PaJNyCOB TPEKOB, KOT[a IPUMEHSIOTCS CTAHIapTHBIE METOABI IIOATOTOBKH 00-
pasna. Mbl IpeanosiaraeM, 4To MOHIKEHHOE BHYTPEHHEE JaBJICHUE B KPUCTAJUIE B OKPECTHOCTH CBOOOIHOM
HOBEPXHOCTH AEHCTBYET KaK CTUMYJIMPYIOIMI (hakTOp I YCHWIICHHs YyBCTBHTENbHOCTH. boiee HH3koe
JIaBJICHUE TPUBOAUT K YBEIMYEHUIO BEPOSTHOCTH (Da30BbIX M3MEHEHMH M3-3a MOBBIICHHBIX TEMIIEPaTyp B
A1pe TPeKa, U yBeJIMYeHHe 00beMa IIPUBOAUT K 00Pa30BaHUIO XHIJIOKOB Ha TIOBEPXHOCTH KPHCTAILIA.

Kniouesvie cnoea: XWIIOKH, TATEHTHBIE TPEKH, OBICTPHIE TSHKENBIC MOHBI, aMOp(U3aIys, 7IeKTPOHHAS MHUK-
POCKONHS, TOTEPH SHEPTUH, PaJHyC TPEKOB, IPOOET HOHA.

1 Beeoenue

Habmronenne Mophosioruu TaTeHTHRIX TPEKOB OBICTPHIX Tspkenblx noHOB (BTU) ocymectBisieTcs mpu
MMOMOIIM Pa3HOOOPa3HBIX METOJOB, CPEON KOTOPBIX MOKHO BBIAETHUTH MPOCBEYHUBAIONIYIO SJIEKTPOHHYIO
MHUKPOCKOITHIO, pe3ephopaoBCKOe 00paTHOE paccessHUEe B peKUME KaHAITUPOBaHHs, MECCOAYIPOBCKYIO CIIEK-
TPOCKOIIUIO JIEKTPOHOB KOHBEPCHH, WIH MAJIOYIJIOBOE paccesHUE PEHTIEHOBCKUX Jyded. EauHCTBEHHBIM
METO/IOM, TO3BOJIIOLINM HETIOCPEICTBEHHO MPSIMOE HaONIO/IEHHE JIATEHTHBIX TPEKOB, SBJSIETCS MPOCBEYH-
Baromas AneKTpoHHas Mukpockonus (II9M), B To BpeMs Kak BCe OCTalbHbIE METOABI CUUTAIOTCS KOCBEH-
HBIMH ¥ OCHOBaHBI Ha TPEIIOJIOKEHHH O TOM, YTO JIATCHTHBIC TPEKH HEMPEPHIBHBI M 110 CBOSH MPUPOJE
UMEIOT LWIMHAPUYECKYIO (opMy. DTO TPEANOOKEHHE B 3HAYUTEIBHOM CTENEHUW OBLIO IMOITBEPKIACHO
MHOTOUYHCIICHHBIMHA HAONIOIEHUSIMH JTATEHTHBIX TPEKOB C UCIIOIF30BaHUEM IIPOCBEUNBAIOIIEH AIIEKTPOHHOM
MuKpockorui. OHAKO MOCKONBKY JIJIS MpoBeaeHus Ha0moaeHuit [I9M HeoOxoauMo, YTOOkI ITy4YOK dJIeK-
TPOHOB OB cIOcOOEH HACKBO3b MPOXOJUTH Yepe3 o0pasel, TOJIIMHA HCCIEAYEMbIX MaTepraaoB 0OBIYHO
cocranisieT ~100 HM WK MeHbIe. ITO TpeOOBaHKE MPUBOAUT K JIBYyM BO3MOXKHBIM cUTyanusM: 1) obmyda-
10TCs1 00BEMHBIE 00pA3IIbI U 3aTEM YTOHSIOTCS JIJIS IPOBEICHUS SJIEKTPOHHON MUKPOCKOIINY; 2) 00Iy9aroTcst
MpeIBapUTEIbHO YTOHEHHBIE 00pa3ipl. Mopdoiaorus TpeKoB, MOIyueHHas: 7Sl STHX JBYX PEKUMOB, Mpell-
MoJIaraeTcsl HACHTUYHON, IOATOMY MPU cOOpe NaHHBIX C LIENbIO BBISICHEHUS OOIIMX TEHAEHIMH B 00pa3oBa-
HuU noBpexaeHui BT He BbLAENIAETCS HUKAKUX Pa3Iuduid MEXAY JAHHBIMU, [OJIYYEHHBIMU B PE3yJIbTaTe
SKCHEPUMEHTOB C Pa3IMYHON MOATrOTOBKOW 00pa3noB. JIOBOJBHO YacTo HE COOOIIAETCS TOYHO, HA KaKOH
rIIyOMHE OT OOJy4YEeHHOH TTOBEPXHOCTH OBUIM MOJIyYeHbI AaHHBIE i1l 00pa3uoB [IOM B mianapHoi reomeT-
pHH.

OnHMM M3 TaKUX IIPUMEPOB MOXKET OBITh paboTa [1], rae npeacTaBicHbl H300pakeHUs JJaTCHTHBIX Tpe-
KOB OBICTPBIX TsDKENBIX HOHOB B Ti0,, momydeHHbIE METOAOM NMPOCBEUMBAIOIICH 3JIEKTPOHHOW MUKPOCKO-
MUK BBICOKOTO pa3pellieHus B TUIaHAPHON reoMeTpur. JlaHHBIE STOH paboThl CBUAETEILCTBYIOT O TOM, UTO
MO CBOEH MPHUPOJIC TPEKH SIBISIOTCS aMOP(QHBIMHE, & UX JIMAMETP B MpeJieaXx HeCKOJIbKUX HAHOMETPOB 3aBH-
CHT OT IVTOTHOCTH HOHH3AIIHOHHEIX IOTEPh YHEPruu S, (B uHTepBaie 13,54-27,9 xoB-uM'). OgHako B 9Toit
paboTe MBI MPOAEMOHCTPUPYEM, UTO JIUIIL HECKOIBKO AECATKOB HAHOMETPOB HIXKE O0Iy4YEeHHOH IMOBEPXHO-
ctu TiO, sBIsIOTCS aMOPGhHBIME JaKe TPH 3HaueHMsIX S, Bbiure 40,1 kaB-uM' 115 HonoB Bi ¢ sHeprueii 1
IB. Xots aBrophl paboTsl [1] HE cOOOmMAIOT 00 3TOM B SIBHOM BHJIE, MOXKHO JOTaIaThCsl M3 IKCIIEPUMECH-
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TaJHHOTO OMHCAHUS, YTO OHH OEpyT Ha MPOOY TOIBKO 00JacTh TOMIMHON ~100 HM BOJIM3H MTOBEPXHOCTH,
4TO M OOBSCHSET HAOMOAeHUEe aMOP(MHBIX TPEKOB. DTOT (DaKT CTABHT IOJI COMHEHHE OOIIYIO CIpaBeIH-
BOCTb MPEIONIOKEHHUS O HATHYNH MWIHHAPHYEcKoro Tpeka B TiO, U aHaIOrmYHBIX MaTepuanax, 0cOOEHHO
MMPUMEHUMO K KOCBEHHBIM METO/aM, TJe IMpoda OepeTcss OTHOCUTEILHO HETITyOOKO OT TIOBEPXHOCTH 00pa3-
1a, TAKUX Kak pe3epdopaoBcKoe 0OpaTHOE paccesiHue B peKuMe KaHaimupoBaHus. s moHMMaHHS Mexa-
HU3Ma TepeHoca 3Heprun Mexay bTU u ausnexTpudecKuMu KpHCTaiiaMi, TOMHMO TapaMeTpoB JIATEHT-
HBIX TPEKOB, BXHYIO POJIb TAKXKE WTPAET XapaKTePUCTHUKA XWUIUIOKOB Ha moBepxHocTH. llepBoe [IOM Ha-
OJIro/IeHIe XUILTOKOB OBLTO TpoBeieHo Ha kpuctamiax CeO, B pabote [2]. Jlo 3T0i# pabOThl XMIUTOKH Ha TIO-
BEPXHOCTH XapaKTEePHU30BAJUCH TMPEUMYIIECTBEHHO C HCIOJIh30BAHHEM ATOMHO-CHJIOBOM MHKPOCKOIHU
(ACM) [3—7]. DTOT MeTOI UMEET HEAOCTATKH 110 cpaBHeHMIO ¢ [I9M u3-3a apre)akToB, BEI3BAHHBIX (HH3H-
YECKUM Pa3MepOM KOHYMKA 30H]Ia U OTCYTCTBHEM BO3MOXKHOCTH pa3inyaTh KPUCTAIUIMYECKUE U aMOpP(hHBIC
XHJUTOKH. B 3T0#1 paboTe MBI HCOIb3yeM HHOMW TIOJIX0/] IT0 CPaBHEHUIO ¢ paboTol [2] st moaroroku [1OM
o0pasnoB Juis HabmozaeHus: XmuiokoB. ChokycupoBanHbil noHHbI mydok (CHUII), Ha KOTOpOM OCHOBaH
HaIll METOJI, UMEET MPEUMYIIECTBO B TOM, YTO OH COBMECTHM KaK C MAaCCHUBHBIMHU, TaK W MPEBAPUTEIHHO
YTOHEHHBIMHU 00pa3lamMu, XoTs aMmop(HOE YIIIepoAHOe MOKPHITHE, ueroik3yemoe B Metoge CUIL, Bo Bpems
[13M HabmoeHuit B HEKOTOPOH CTENEHN YMEHbBIAET KOHTPACT PEIIETKH.

2 Dxcnepumenm

Mownokpuctamisl TiO, (pytun) ¢ opuenranueir (110) Obumn npuoOperenst y kommnanun MTI
Corporation (CILIA). OGpasipl o6nydanuch HoHamMHu Xe ¢ sHeprueit 167 MaB (2x10" nown/cm® — 1x10"
won/cM’) 1 HoHamu Bi ¢ sueprusimu 700 MaB (1x10'° nor/em?®), 1 I'sB (1x10' mon/em?) u 2,4 THB (2x10°
Hon/cM’) Ha yekopurersix U1-100 u Y400 B JISIP, OUSIU B [ly6He (Poccus) u mukiorpone JI1[-60 B Acrane
(Kazaxcran). BenmnurHa MOHH3AIMOHHBIX MOTEPh YHEPTUN TPU JAAHHBIX YCIOBUSAX OONyUYEHHS pacCUUTHIBA-
nmack mpu nomout koma SRIM 2008 [8]. OGmydeHne BO BCeX CIIydasx MPOBOIMIOCH MPH KOMHATHOM
Temneparype. B skcnepuMeHTax MCIONB30BaCh KaK MAacCHBHBIC, TAK W MPEIBApUTENFHO YTOHEHHBIE 00-
pasupl. IlogroroBka IIOM o0O0pasmoB ocymiecTBisiach JHOO IMyTeM MEXAaHHMYECKOW —IMOJUPOBKH,
C MOCIIEAYIONIe HOHHOM MOIMPOBKON IMydKoM Ar, JIHOO MpH MOMOIIM MeTo/a ChOKYCHPOBAHHOTO HOHHOTO
my4yKa. MexaHu4ecKy yTOHEHHbIE 00pa3ibl NOJIUPOBAIKCEH A0 2 MKM, C MOCIEAYIOIEeH MOTUPOBKOM MyYKOM
noHoB Ar Ha yctanoBke Gatan PIPS c sHeprueii myuka Ha ¢unansHoM 3Tane 500 3B u yriom nagenus 4°amns
TOTO, YTOOBI CHHU3UTH NMOBPEXKICHUS, BbI3BaHHbIE MOHAMH. C(HOKYCHPOBAaHHBIM MOHHBIM ITyYKOM JIaMeln
M3roTaBIUBAINCH, Hcronb3ys FEI HeliosNanolab 650, ¢ ¢unansHol momupoBkoii nonamu 500 3B Ga. Jlns
TOTO YTOOBI 3AIIUTHTH XUJUTOKH Ha MMOBEPXHOCTH U YaCTH TpeKa BOJIM3H 0OJydEHHON MOBEPXHOCTH, 10 TOTO
KaK OCakJaTh OCHOBHOW 3aIUTHBIA YTIIEPOIHBIN CJIOW MmydkoM HOHOB (Ga, OBLI OCakKIeH HadajbHBIN 3a-
IIATHBIA CJIOW aMOp(HOro yriepojaa HpH IOMOIIM 3JIEKTPOHHOTO ITydka C YCKOPSIOIINM HampshKeHHEM
1 kB. HavanbHbli yriaepoaHslil cioi, o MeHblIed mepe, umen Tommunay ~100 HM, 9to Oosee yeM B 1Ba
pa3a mpeBhIIacT MaKCUMaIbHBIN poder noHoB 30 keVGa B amopdHOM yriiepoae. DTOT CIOH yCIenTHO 3a-
IIMIIACT TIOBEPXHOCTh OT MOBPEXICHUH HoHaMHu (Ga, KOTOpbIe B IPOTHBHOM CIIydae YHHUTOXKWIN OBl Mell-
KHe €Ty Ha MOBEPXHOCTH. B GonbimmHcTBe ciydaeB npu u3rotosieHnn [1OM obpasnos metonoM (oxy-
CHUPOBAaHHOI'O MOHHOT'O ITy4YKa MCIIOJIB3YETCS 3aIlIUTHBIA cinoil Pt, oqHaKo yriepon MMeeT MperMyIecTBO B
TOM IUTaHE, YTO OH MMEEeT MEHBIIYIO INIOTHOCTH (YJIydIIaeT 3JeKTPOHHBIH HpocBeT) M aMopdHyo (Gopmy
(cHIKaeT HeXXeNlaTeNbHbINH MU(PAKIMOHHBIA KOHTPACT y MOBEPXHOCTH 00pa3iia), YT0 B IMPOTHBHOM Ciydae
ObUTO OBl TOMEXOU MPH HAOJIOAEHUH KOHTpAcTa pemeTku B Xuiuiokax. [I9M/CIIOM ananu3 ocymiecTBisi-
csl pu noMomy 3ekTporHoro mMukpockona JEOL ARM 200F, paboratoiero npu Hanpsbkenuu 200 kB.
Cucrema 0buta ocHarieHa criektpoMerpoMm Gatan GIF Quantum EELS, ncnonb3yembIM pu OIIEHKE TOJIIIH-
HbI 00pa3ua. OOpasibl, U3rOTOBIEHHBIE TP TOMOIIH TOJIMPOBKU HOHAMHU AT, OBUTH YTOHEHBI 10 00Ty4eHUs
OBICTPBIMH TSDKENBIMA HOHAMH IS TOTO, YTOOBI M3YYUTh MOP(OJIOTHIO TPEKa B 3aBUCHMOCTH OT TOJIIHHEI
obpasna. B atux ob6pasmax [19M namenu B mpooJbHOM CEYCHUHU M3BJICKAIHCH C IIOMOIIBIO0 C(HOKYCHpPOBaH-
HOT'0 MOHHOT'O ITy4YKa yXe [0cjIe 00IyueHHUs.

3. Pe3ynomamul
3.1 Ilpedsapumenvro ymoueHuvie 06pasyvl

Ha pucynke 1(a) mokazana [19M mukpodoTtorpadust B CBETIOM T0JIE B IUTAHAPHONW T€OMETPHU ISl OT-
Bepctusi B kpuctamie TiO,, KOTOpslid ObUT YTOHEH NI0 3JIEKTPOHHOH mpo3padHoctd (mpu momomu PIPS)
110 00y4YeHHsT OBICTPBIMH TSKEIIBIMA MOHAMU. 37eCh OTJICNbHEIC JTATEHTHBIC TPEeKHU OT HMOHOB 167 MaB Xe
MPEICTaBJICHBI B BHJIE SIPKUX TISITEH OKOJIO TPaHMIIBI OTBEPCTHSI U TEMHBIX TSTEH Ha OOJIBIIIEM PaCCTOSIHUU
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MoBpexaeHne anokcuaa TUTaHa. ..

OT OTBEPCTHUS B HIDKHEM JIEBOM yriry n3o0pakenus. Ha pucynke 1(b) npeacrasinen caumok [19M Bricokoro
pa3pemeHusl OJJHOTO M3 CBETJIBIX IATEH, SICHO AEMOHCTPUPYS aMopdHOe SAPO TpeKa. XapaKTEpHbIE YepThI
TpeKa Ha JaHHOM CHHMKE JIOBOJILHO ITOXO0KH Ha T€, YTO OBLIM MPEACTaBICHbBI B padoTe [1], ¥ COOTBETCTBYIOT
BCEM TpeKaM B TOHKOH 001acTH BOKpYT rpaHuLbl oTBepctusi. Ha pucynke 1(c) nzobpaxena [1OM mukpodo-
Torpadus TpEeKa M3 HIDKHETO JICBOTO yIiia pucyHKa 1(a), rae oOpasel] 3HA4YUTEIbHO TOJIIE U B KOHTPACTe
CBETJIOTO TIOJISI TEMHBIE YYaCTKH COOTBETCTBYIOT KpUCTAILTHUECKUM obacTsiM. M3 pucynka 1(c) sicHo BUIHO,
YTO COXpaHSAETCS 3HAYMTENIbHAs KPUCTAUIMYHOCTH B OCHOBAaHMU TpeKa (B IMPOEKIHH CKBO3b 00Opasel),
a TaKKe HaOJII0JaeTcsl BRICOKHI YPOBEHb HaNpshKeHUs. PrucyHoK 1(c) BOCIIPOM3BOINUT BCe U3 HAOIOJaeMBbIX
TPEKOB B OoJiee TOJICTON 0bnacTh obpasia. SICHO BUIHO, UTO CYIIECTBYET HEKOTOPBIH Mepexo]] OT aMOphHO-
IO K KPHCTAUTMIECKOMY COCTOSTHHIO JIATEHTHOTO TPEKa, B 3aBUCUMOCTH OT TOJIIUHBI 00JTydaeMoro odpasiia.
OnHako cpegHuil quaMeTp TpeKa OKa3bIBaeTCsl HEU3MEHHBIM okoJio 8 HM Aiig 167 MsB Xe, He3aBUCHMO OT
aMopHOM/KPUCTAIIIMYECKOM (POPMBI TpeKa.

Pucynoxk 1. (a) — mukpodororpadus [I9M B cBETIIOM TOJIE I OTBEPCTHUS B MPESIBAPUTEIIEHO YTOHCHHOM KPHCTAILIC
Ti0, mocne obmyuenus 167 MaB Xe no 2#10'" non/cm>. JlaTeHTHEIE TPEKH UMEIOT BUJ CBETIBIX TSTCH BOIM3U
OTBEPCTHS U TEMHBIX IIATEH B 0oJiee oTmaneHHbIX 00nacTsax. (b) — CHuMok [T3M BBICOKOTO pa3pemeHus: 0 JHOTO
U3 CBETJIBIX JIATEHTHBIX TPEKOB. (¢) — CHUMOK [IOM BBICOKOTO pa3pelicHUs OJJHOTO W3 TEMHBIX JTATCHTHBIX TPECKOB

Ha pucynke 2(a) nokazana mukpodoTorpadus B CBETIOM MOJIE TOTO ke 00pa3sia, 4YTo 1 Ha pUCyHKe 1 ¢
aMOp(HBIMU TPEKaM¥ B BEPXHEM JICBOM YTy U KPUCTAUIMISCKUMHE TPEKAMU B IMTPOTHUBOIIOJIOKHOM HIKHEM
mpaBoM yriy. Ha pucynke 2(b) mokasaHa kaprta TOJIIHMHBI, 3HEpreTuuecku ¢unbrpyemoinn [I9M, koropas
JIEMOHCTPHUPYET HaM, YTO MEPEXOJ] OT CBETIBIX KPYTIBIX aMOP(HBIX TPEKOB K TEMHBIM KPUCTAJUIMYCCKUM
MPOMCXOJNT, KOTJa TONIIMHA 00pa3ua npeBbimaet npuonu3nteasHo oT 180 no 230 aM. UtoOs oTkanudpo-
BaTh KapTy TOJIIIMHBI, HCIIOJB3YSI METOJ, IIPUBEACHHBIN paHee B padote [9], Oblia paccunTaHa HEyIpyras
nmHa cBoOotHoTOo Tpodera 200 k3B amektponoB B TiO,, moaras MUpuHY 3aNpelIeHHON 30HbI I PyTHIIA
3,3 3B [10], uTo Ha BBIXOJ¢ JaeT 3HaUeHHe 192 HM.

0.5 . .
N - S

Pucynoxk 2. (a) — IIOM cHUMOK pa3nHYHBIX 00JacTell TOro ke obpasiia, 4YTo U Ha pUCyHKe 1.
(b) — xapra TONMIMHEI OTGUIBTPOBAHHOTO N0 YHEPrusAM [IOM CHIMOK yJacTka, TOKa3aHHOTO Ha (a)

Muxkporpamma [I9M B KOJIBIIEBOM TEMHOM II0JIE TI0]T BRBICOKAM YTJIOM Ha PUCYHKE 3 YETKO IMTOKa3bIBACT
HU3KYIO IIOTHOCTh KOHHYECKHUX CTPYKTYP, TPOCTUPAIOIIUXCS OT TOBEPXHOCTH 00pasiia 10 MPHOIN3UTEIEHO
80 HM BHYTpPb (yKa3aHO IITPUXOBAHHBIMH JIMHUSMHU) B 00JI€€ TOJCTHIX oOnacTsax obOpa3mna. B Oonee ToHKMX
MecTax 00paslia BOZHUKAIOT Y9acTKH 0oJiee HU3KOH TUIOTHOCTH, HEMPEPHIBHO MPOXOISAIINE CKBO3b 00pa3etl.
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[loHmwKkeHHas TUIOTHOCTh 3TUX CTPYKTYp MOATBEpXKIAeTcs Ooyiee Cl1ab0d WHTCHCHBHOCTBIO CHTHAJIA
TIPH JIEKTPOHHON MHUKPOCKONHUU B TEMHOM ToJie. OGIacTH C MEHbIIEeH MIOTHOCTHI0 UMEIOT PUKPEIUICHHBIE
K HAM XWJIJIOKM Ha IMMOBEPXHOCTH — KaK Ha TIOBEPXHOCTH BX0JIa, TAK U Ha MOBEPXHOCTH BBIXOJIAa HOHA U3 00-
pasua. [lockonbky TunmuHBIA oOpasen [IOM umeer tommuay meHee 100 HM, JETKO MOHSTH, MMOYEMY Ha-
OmtojieHus, CJeTIaHHbIe Ha MPEIBApUTENFHO YTOHEHHBIX 00pasiax, MPUBOJAT K BBIBOLY 00 aMOp(dHBIX Jia-
TEHTHBIX Tpekax. Takke 3TO OTHOCHTCS U K 00pa3iiaM, yTOHEHHBIM Iocyie O0IyUeHHs, Te o0pa3el] yToHs-
€TCsl OT HeOOIYyYeHHO!N CTOPOHBI B HAIPABICHUN K OOITyIEHHOM MOBEPXHOCTH.

Typical TEM foil

Pucynox 3. [I3M Mukporpamma, IeMOHCTPHUPYIOIIasi HEMPEPhIBHBIC TPEKH HU3KOH IUIOTHOCTH B 00JIee TOHKHX
ydJacTkax o0Opasia, KOTOpbIE CTAHOBSATCS NPEPHIBUCTHIMU B LICHTPAIBHON YacTH 00pa3nia ¢ pOCTOM TOJIIIUHEI

3.2 Obpas3zywi, ymoreHHvle nocie 00ayYeHuUs

Panee yxe nemonctpupoBaiiocs B padote [11], uro IIDM B cBeTsioM 1OJIe B CEYEHUH BIOJIb TPACKTO-
pun noHoB st TiO,, oGiyueHHoro nonamu 700 MaB Bi, moka3piBaeT HU3KYIO MIIOTHOCTh KOHUYECKUX 00b-
€KTOB, [TOXOXHX Ha Te, YTO Ha PUCYHKE 3. DTH KOHUYECKHUE OOBEKTHI TAKXKE MPUCOEANHEHBI K TIOBEPXHOCT-
HBIM XHWJUIOKaM M MPOCTHPAIOTCS BHYTPh KpucTauia A0 riayounsl 70-80 M. Ilocie 3Toli riyOMHBI TpeKu
CTAQHOBSITCS NPEPHIBUCTBIMH, a TEMHBIN AN(PPAKIIMOHHBII KOHTPACT TOBOPUT O TOM, YTO 3TH 00JACTH COCTO-
AT U3 HAIPSHKEHHOTO KPHCTAJUIMYECKOro MaTepuana. PachokycupoBanabie MukpodoTorpagun Takxke rmoxa-
3BIBAIOT, YTO CAMH KOHUYECKUE CTPYKTYPHI COCTOST U3 HeOonmpmmx 1-2 HM wyactuuek. Ha pucynke 4(a) mo-
Ka3aH cHUMOK [IOM B cBeTnioM mone obnactu BOIM3U noBepxHocTH KpucTamuia Ti0O,, o6aydeHHoro nox yr-
oM 45° ronamu 700 M»B Bi, 1o dumroerca 10" mon/cm’.

Konnueckue cTpyKTyphl XOpOIIO BUIHBI B MPUMIOBEPXHOCTHOM 00JACTH, MPU 3TOM OHH 3HAYUTEIHHO
JUIMHHEE, YeM NPy HOpMalibHOM 00aydeHur. OIHaKO MPOEKUHUsI Ha HOPMAJIbHYIO TITyOMHY POHUKHOBEHUS
OT TIOBEPXHOCTH CHOBa cocTasisieT 70—80 HM, yKa3bIBas Ha TO, 4YTO 00pa30BaHUE ITUX OOBEKTOB, BEPOSATHO,
CBSI3aHO C HAJMYHMEM PAIOM CBOOOIHOI MOBepXHOCTH. CHUMOK TaKKe MOKa3bIBAET, YTO XMJUIOKH PacIiojio-
KEHBI BJIOJIb IyTH MOHOB, TIOJICPKUBAs UICIO O TOM, YTO XHJUIOKK 00pa3yloTcsl B pe3yJbTaTe BBIXOAa MaTe-
pHana Ha MOBEPXHOCTb U3 KOHHYECKOTO Y4acTKa, KOTOPBIM IIOC/IE 3TOr0 MMEET NOHM)KEHHYIO IJIOTHOCTb.
[13M mukpodotorpadust Ha pucyHke 4(b) Moka3pIBaeT, YTO XUUTOKH HMEIOT KPHCTAIUTHYECKYIO CTPYKTYPY
W 3MUTAKCUANBHO CBS3aHBI C MCXOOHBIM KpucTamioM. Ha pucynke 4(c) nzoOpaxkeHa yBeJIWYEHHasl 4acTh
oobema TiO, ¢ pucynka 4(b), co cxeMaTH4ecKuM HaJIOKEHUEM CTPYKTYpPbI pyTHIIa BAOJIb HAOII01aeMOM OCH
30HbI [-110] ¢ KpacHBIMH TOYKaMH, 0003HAYAOIIUMH KOJIOHKUA Ti, © CHHUMH TOYKaMH, 0003HAYaIOIIMMU
kooHKH O. SIcHO, 4TO U3MEHEHHE CBETIBIX U TEMHBIX aTOMHBIX KOJOHOK B CHTHaJle MUKPOCKOITUH B TEM-
HOM moe riepenaeT koyoHku Ti u Ti + O cootBercTBeHHO. [Ipodumm naTeHCHBHOCTH Ha prucyHKe 4(d) 1 (€)
ObUIH 3amicaHbl B 00beMe M B 00JIaCTH XWIIJIOKOB COOTBETCTBEHHO, M 00a COZEpXKAT 3TOT PUCYHOK H3Me-
HSIOIIETOCS] KOHTPACTA, KOTOPBIH MOKA3bIBAET, YTO KPUCTAUINYECKAs CTPYKTYpa o0pasiia COAEepKUTCS BHYT-
PH XWIJIOKA. 3aHMKEHHBIN KOHTPACT B XWJUIOKE CBSA3aH C OTHOCHUTEIHLHO TOHKUM aMOP(HBIM CIIOEM YIJepo-
712, KOTOPBIN 3aKJIF0YaeT B ce0sl XMIUIOKU M3-3a MTOArOTOBKH 00pa3ia (OKyCHPOBAaHHBIM HOHHBIM ITy4KOM, HO
BCE K€ €CTh BOSMOXXHOCTb Pa3IMYNUTh 3aHIKECHHbIE IIMKH MEXAy KoloHkamu uuctoro Ti. Ha pucynke 5(a)
nokazana Mukpodotorpadus [I9M B cBeTsioM none yyactka BOIM3M rpaHuipl kpuctamwia Ti0,, 00mydeHHo-
ro 167 MasB Xe no 10" non/cm’. Obpaser U3BIEKANCS U3 MACCHBHOTO OOIYYEHHOTO KPUCTALIA METOIOM
(hOKYCHMpPOBAHHOTO MOHHOTO TTy4Ka, PACIIOIOKHB KPHCTAILT Ha OOKOBOM CTOpPOHE TaK, YTOOBI OOIydeHHast
MOBEPXHOCTH ObLIA B TNIOCKOCTH U300pasKEeHUSL.

Jlamenu n3BNeKanuch U3 TIyOMHBI HOpsiaka 1,5 MKM OT 0OJy4eHHON NMOBEPXHOCTH B IIOCKOCTH, Ia-
paiuiensHOM 00srydeHHOl moBepxHOCTH. IlepBoHavanpHas TpaHuNa KpUCTaJla H300paXkeHa CieBa HalpaBo
BJIOJIb M300pa)KeHUsI ¢ HEOONMBIIUM KOJIMIECTBOM aMOp(HOTO Yriiepo/ia, KOTOPhId ObLT OCaXKIeH mepe]] 00-
paboTkoil (HOKYCHpOBaHHBIM MOHHBIM ITy4KOM BBepxy. OOnacTb BONMM3M Kpasl KpHCTaJUIa JIEMOHCTPUPYET
CBETJIBI KOHTPACT HAa MOHHBIX TPEKax, U AUAMETP TPEKOB YMEHBIIAETCS] C PACCTOSHUEM OT TPaHUIBI KpU-
craia B riry0b Matepuania. Ha rirybune okono 70—80 HM mepexo]] KOHTpacTa JIATEHTHBIX TPEKOB CO CBETIIOTO
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Ha TEMHBIH yKa3bIBaeT Ha CMEHY aMOP(HOTO MaTepraa Ha KPUCTAUIMIECKUN ¢ HEKOTOPBIM HalpsDKEHHEM.
Cuumoxk [1OM BbIcokoro paspemnienns Ha pucyHke 5(b) ObIT CHST Ha YYaCTKe, BBIJEIICHHOM Ha PUCYHKE 5(a).

Pucynok 4. II9M muxpodororpadus B mpoaoapHOM cedeHnH Tpeka B Ti0,, obmyaerrnom 700 MaB Bi, mox yriom
45 rpanycos (a), u mukpodoTorpadus [I9M oqHOro 13 XWIIIOKOB Ha MOBEPXHOCTH (b) B YBEIHUYCHHOM BHJIC MACCHB-
HOH yactH obpasua (c). [Ipoexmms pyruna [-110], HanoxxeHHast Ha U300pakeHue, B To Bpems kak (d) u (e) — npoduu
MHTEHCUBHOCTH, IIOJIy4eHHBIC U3 001acTeif MaCCHBHOrO 00pa3lia ¥ XHIUIOKAa COOTBETCTBEHHO

Pucynok 5. (a) — caumok I[1OM B mnanapHo# reomerpuu kpucrayuia TiO,, o6aydeHHOoro HoHamu 167 MaB Xe.
Jlamens u3BNIEKaNack U3 IIOCKOCTH NapallIeIbHO O0IydeHHOH IIOCKOCTH C TIIyOHHBI 1,5 MKM OT TOBEPXHOCTH.
(b) — I[IOM CcHHUMOK BBICOKOTO pa3penIeHns yIacTKa, BEIACICHHOTO HA PUCYHKE (), IeMOHCTPHP YOI
amMopdHyI0 (GOpMyY JTATCHTHBIX TPEKOB OKOJIO IPaHHIIBI KPUCTAIIIA

AmopdHas CTpyKTypa HOHHOTO TpeKa SIBHO BHAHA Ha 3TOM CHHMKE. TpeKH, UMerolue TeMHBIH KOH-
TpacT, CHOBA OKa3aJlCh KPUCTAUTUUECKUMH, HO CHIILHOHAIIPSKEHHBIMHU, Kak Ha puUcyHKe 1(c). DTo Habmo-
JICHUE CHOBa MOATBEPKIAET, YTO KpUCTaIH4YecKas/amopdHas ¢popma JIATEHTHBIX TPEKOB OIpeenseTcs: Ha-
JUYUEeM MOOIHM30CTH CBOOOAHOM MOBEpXHOCTH. IIOCKONBKY MIOTHOCTH MOHM3ALMOHHBIX MOTEPh SHEPTUU
nu3Mensiercst ot 24,3 ka3B/aM y nmoBepxnoctu 10 23,2 k3B/HM Ha riryOuHe 1,5 MKM OT moBepxHOCTH H 21, 5
k3B/HM Ha ryOrHE 3 MKM, MBI TaK)Ke MOYKEM 3aKIIIOUHTh, YTO aMOp(hHAas/KPUCTAIUINYECKasi CTPYKTypa He
3aBHCUT CHJIBHO OT S, BO3MOKHO, KDOME HEKOTOPOTO MEHBIIEro IOPOroBOTr0O 3HA4YEHHs Il 00pa3oBaHUs
TpekoB. B melcTBUTENBHOCTH, MPEABIAYIINE PEe3YIbTaThl [3] yKe yKa3bIBald, YTO MOPOT MOHWU3ALMOHHBIX
MOTEeph PHEPTUU I MOBpPEXKACHUS, HaOmonaemoro npu nomomu [1OM, B TiO, Haxomutcs B obmactu 7,3
k3B/HM. Ha pucynkax 6(a-e) mokazanel [I9M CHUMKH B CBETJIOM TIOJI€ B CEUYEHHH BJIOJIb TPEKa BOJIU3M TO-
BepxHocTH TiO,, obmyuennoro 1 I'3B Bi (nmoBepxuocts Bxoza), 700 MsB Bi (nmoBepxuocts Bxoza), 700
M5B Bi (moBepxHOCTH BBIXOa U3 00pa3ia TommuHoi 14 mxMm), u 167 MaB Xe (moBepXHOCTH BX0J1a) COOT-
BETCTBEHHO. JTH M300paKEHHSI COOTBETCTBYIOT IUIOTHOCTSM HMOHHU3AIIMOHHBIX NoTeph 3Hepruu 40,1, 39,2,
34,7, 29,9 u 24,3 x3B/HM COOTBETCTBEHHO.

b

Pucynox 6. Ot (a) o (€) — KoHH4Yeckue Tpeku BOIM3M nmoBepxHoctu Ti0,, 06IydIeHHOTr0 OBICTPBIMU TSKEIBIMA
HWOHaMU TpH 3HaYeHUAX S, 40,1, 39,2, 34,7, 29,9, u 24,3 k3B/HM COOTBETCTBEHHO
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Bo Bcex cmyuasix obmias cTpyKTypa KOHHYECKOH OOJIACTH OCTAeTCS HEM3MEHHOW B TOM CMBICIE, YTO
BCE KOHYCHI IEMOHCTPHUPYIOT KOHTpacT DpeHens HU3KO! TUIOTHOCTH, YKA3bIBAIOIINN, YTO CTPYKTYPBI COCTO-
ST U3 HEOONBIINX TUaMeTpoM 1—2 HM 30H HU3KOH MJIOTHOCTU. TOUYHAs MPUPOIa ITUX 30H HU3KOM TUIOTHOCTH
U OKpPY’KaIOIIEro MaTepuaia He OmpenesieHa U BO3MOXKHO, YTO OOJIACTH MEXK/y HU3KOIUIOTHBIMU y4acTKaMHU
UMEIOT KPUCTALTHYECKYIO CTPYKTYpy. OHAKO B CHITY TOTO, YTO TOJIIIMHA 00pa3iia CpaBHUMA C pazMepoM
CTPYKTYP, HEBO3MOXKHO HANPSMYIO U300pa3uTh TPAHUIY MEXIY dTUMH 30HAMH, U MPOCKIHS JOMUHHPYET
BKJIQ/IOM OTHOCHTEJIFHO BBICOKOTO 00BbEMa 30H HU3KOM IUIOTHOCTH, KOTOpBIe aMop(dHBL. Bece KOoHyCH mpu-
COEMHEHBI Ha MIOBEPXHOCTH K XWJUIOKaM cheprudeckoit popmel ¢ quamerpom okoio 10 + 1 am. Kaxkapiit ko-
HYC IIPOHUKAET B ITy0b KpucTasua o 70—80 HM, 4To, KayKeTcsl, He 3aBHCHT OT S,.

Ha pucynke 7(a) npencraner cauMok [I3M B cBetsioMm mosie B mpogosibHoM cedenuu st Al,Os, 00-
mygenHoro 700 MaB Bi, u Ha pucynke 7(b) npeacrasnena nogobnas mukpodororpadus ans YSZ, obmy-
YeHHOTo MoHaMHu Bi ¢ aHeprueii 2,4 ['9B. DT MaTepranbl IEMOHCTPUPYIOT TIOXO0XKYIO KOHHUYECKYIO CTPYK-
Typy Tpeka, kak u Ti0,. B cnyuae Al,Os3, moxoxe, 4TO COCTABIISIFOIINE KOHYC OOJIACTU ¢ HU3KOW TUIOT-
HOCTBIO MUMEIOT OOJBIIUI pazMep U BO3MOXKHO MMEIOT MHOTOTPAaHHBIA xapaktep. DPQeKTsl, u3ydaeMble B
pabote [12], B YSZ nocne o6myuenus 940 M»B Pb nMmeroT noxoxue KOHUYECKUE CTPYKTYPBI CPEAr Tpe/l-
CTaBJICHHBIX JIAHHBIX, OJIHAKO aBTOPBI paOOTHI HE YACISIOT 0cO00r0 BHUMAHHS 3TOMY BOTIPOCY.

Pucynox 7. I[I9M CHEMOK B CBETIIOM II0JIE B TEOMETPHH MPOJOIBHOTO cedeHus Tpeka B Al,O3, 00ryueHHOM
700 M5B Bi (a) u YSZ, o6myuennom 2,4 I'3B Bi (b)

[I5M mukpodororpaduu B cBeTsioM nose u3 padotsl [2] ans ciaydas CeO,, obmyuennoro 200 MsB Au,
TaKXKe JIEMOHCTPUPYIOT MPU3HAKH KOHUYHOCTH BOJIHM3H MOBEpXHOCTH. VX 00pa3iibl ObUTH YTOHEHBI 10 00ITy-
4YeHus. B cBs3u ¢ 3TUM MOXHO pa3inn4uTh (HOpMY ABOHHOTO KOHYCA AJISl HOHHBIX TPEKOB, MPUKPEIUIEHHBIX K
cepuuecKuM XMJUIOKaM Ha BEPXHEHW M HWKHEH MOBEPXHOCTAX o0pasua. Ota ¢opMa OCOOCHHO pa3indrMma
JUISL TPEKOB, PacIioOKEHHBIX HAa PACCTOSHUM OT Kpast oOpasia, rie IieHka oosee ToHkas. [loxoxe, 4To KO-
HUYecKas opMa Tpeka BOJIHM3HM IOBEPXHOCTH MOXKET ObITh OOIIMM SIBJICHUEM JUIS 3TUX OKCHJIOB U HE SIBJIS-
eTca JUIb 4yacTHeIM cimydaeM anst TiO,. Paszymeercs, B cinyuae CeO, 3TO SIBISIETCS MPEATNOJIOKECHHEM.
JI0JKHBI MCCIIeIOBAaThCS TOINBKO MacCHBHBIE 00pa3Ilbl AJIsl TOTO, YTOOBI MOATBEPAUTH HATTMYME KOHUIECKUX
CTPYKTYp BOIU3U MOBepXHOCTH. OJTHAKO HE MOX0XKeE, YTO OoJiee ClokKHbIe cucTeMsl, Takue kak Gd,Ti,O,[13]
u Gd,Zr,0,[14], uMeIOT Takue CTPYKTYPbl OKOJIO MOBEPXHOCTU TOCHE OOMYYEeHHUsS! OBICTPHIMU TSKEIIBIMU
HMOHAMM, ¥ TPEKH B 3TUX KPUCTAIIAX BBITJSIIAT LMIMHAPHYECKUMH.

Astopsl B pabote [13] uccienoBanu Mopdonoruto HoHHBIX TpekoB Gd,Ti,07, 0O6Iy4eHHOTO HOHAMHU
120 M»B U mo Bcell 1MHe Tpeka, UCHOIb3ys METobl, BKIto4as [IOM Beicokoro paspemenus. OHu 3aMe-
TUJIM YETHIPE Pa3IMuMMBIX OOJIACTH BIOJb JUIMHBI TPEKa, OTBEUYAIOIIUE PA3IMYHBIM PEXUMaM MOTEPh dHEP-
ruu. B pamkax Hamero mcciemoBaHUs MHTEpECHA repBasi 001acTh cpasy 1oJ 0OIy4eHHONW MOBEPXHOCTHIO,
r7ie MOHU3AI[MOHHBIE IOTEPH SHEPTUH HAMHOTO OOJIbIIe YIPYTUX MOTEph SHEPruu. B 3T0i 061acTi aBTOpPEI
CO00IIAIOT 0 HMIMHAPHUECKIX aMOP(HBIX JTATEHTHBIX TPEKaX, XOTs JaHHbIE HA UX H300paKEHUSIX HE BKIIIO-
YarT B ce0sl XHJUIOKH Ha MOBEPXHOCTH, IPUBOJS K HEKOTOPO HEONPeneIeHHOCTH TOYHON TTyOHHBI OT 00-
JIyY€HHOH IOBEPXHOCTH.

4 Bv1600b1

M-EI npOoAEMOHCTPUPOBAIM CYIIECTBOBAHUE YETKO OTIIMYAOIIECHCS MUKPOCTPYKTYPHI JIATEHTHBIX Tpe-
KOB, BBI3BaHHBIX OBICTPHIMH TSIKEIBIMH MOHAMH B TIPUTNIOBEpXHOCTHOW 0oOnactu TiO,. Hackonbko HaM u3-
BECTHO, MEPBBIM YIIOMHUHAHUEM O TAKHX 3HAYUMBIX OTIMUYHUSIX B MOP(OJIOTHU TPEKOB OKOJIO IMOBEPXHOCTH
cuutaeTcs pabora [11], u B maHHON paboTe MBI COOOMIMIN O pe3ylbTaTax Oojee JAeTATLHOTO H3ydeHUS
sBIIeHHS. BeposSTHBIM 00BsICHEHHEM MTPUITOBEPXHOCTHON aMOphU3aIM MOXKET ObITh TIOHIKEHHOE BHYTPEH-
Hee JIaBJIeHUe B KpUCTaJlle BOIHM3M cBOOOIHON noBepxHOCTH. [Tocie mpoxokaeHus: ObICTPOTO TSHKEIOTO HO-
Ha KpUCTAJUIMYECKas PEIICTKAa HAarpeBaeTcsl 1O BHICOKOM TeMIlepaTyphl BAOJb LIEHTpa TPEKa U3-3a SHEPTUU,
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MepesIaHHON OBICTPBIM TSHKETBIM HOHOM. OJTHAKO TeMIepaTyphl TUIABJICHUS ¥ UCTIApEHUS OyIyT 3HAYUTEIb-
HO BBIIIIE BHYTPU KpHCTAJUIA IO MPHYHHE 0OJiee BBICOKOTO JaBIICHUSI BOKPYT TPEKa, MOCKOJIBKY HArpeThiid
MaTepHual HauMHAET PacIIUpsAThCS. DTO BHYTPEHHEE JaBJeHUE OyNeT Craaarh JO MUHAMYyMa BOJU3U CBO-
0OHOW TOBEPXHOCTH M OBICTPO BO3PACTATh B 3aBUCUMOCTH OT MITyOMHBI. BONMM3M MOBEPXHOCTH, TJC JaB-
JIEHWE JIOCTATOYHO Majlo, MOKET BO3HUKATh (PaKTHYECKOE IIaBICHHE B TPEKE, MPHUBOS K BBHIAABIMBAHUIO
MaTepHala Ha TIOBEpPXHOCTb, IJie OH OyJleT 00pa3oBhIBaTh XWIIIOK. [10CKONBKY YacTh MaTepuana Obuia yaa-
JICHa U3 TpeKa, JAaBicHue OyeT YMEHBIIATHCS AAJbIIe BHYTPH MPUIIOBEPXHOCTHOTO 00BEMA.

B [1] npuBOASTCS pacCUMTAHHBIC TEMITEPATYPHI PEIIECTKH BHYTPH TPeKa JIs pyTHia, 00ydeHHOTO pas-
JUYHBIMH MOHAMH C S, MEHSIOIUMCS B auanazone 6,33-27,9 kaB/HM, neMOHCTpUpys, 4TO 1Jisi S, BBIIIIE
21,46 x3B/HM Temmeparypa B IIEHTpe TpeKa MOXKET JoCTHraTh To4kH ruiaBienus Ti0, (3200 K). Munu-
MaJIbHOE 3HAUCHHE DIICKTPOHHBIX MOTEPh YHEPIUH, MOJYYCHHOE B MCCICIOBAHUM, COCTaBHIO 24,3 kaB/HM.
C yderoM 3TOr0, a TakKe MOHMKXEHHOTO BHYTPEHHETO JIABJICHUS OKOJO MOBEPXHOCTH KPHUCTAIIA, MOXKHO
MPEIONIOKUTh, YTO HAOIIOMaeMasi CTPYKTypa KOHUYECKOTO TPeKa MOXKET OBITh Pe3yJIbTATOM JIOKAILHOTO
OBICTPOITPOTEKAIOIIECTO KUIeHHsI Matepuana. Eie riyoke B MaTepuane BHICOKOE JaBICHUE MPEAOTBPAIaeT
CYIIIECTBEHHOE PACIIMPEHUE U Pa3yHopsI0oUYCHUE aToMOB. M3-3a 3TOro CTPyKTypa BHYTPH TpeKa CYIIEeCT-
BEHHO HE MeHseTcs. B 9ToM ciydae JoKanbHble KPUCTAIMYECKIE HCKaXECHHUS, BO3MOXKHO, 3aKalsStoTCs, 00-
pasys HaOJIroJaeMbIe TIONIS HAMPSDKCHUN BIOJBL IEHTpa Tpeka. [Toxoxkue HaOMoAeHUS CACTaHbl JAJIs1 OPUCH-
TaIMid BIOJb Kpash KPUCTAIUIA, MEPIEHINKYIIPHOTO HANPABICHUIO HOHHOTO My4yka. BOim3u ¢cBo0O0IHOM MMo-
BEPXHOCTH BHYTPEHHEE JaBJICHHE MOHMKEHO B CBSI3U C BOBMOXKHOCTHIO TIOBEPXHOCTH CBOOOIHO PACIIMPSITh-
cs. B aToM npumnoBepXHOCTHOM 00BbEME CEepIIEBUHA TPEKa MOXKET PacHIupsIThest Ooliee cBOOOHO, U (a3o-
BBII Mepexoj] B MaTepuaie 60jee BEpOATeH. DTO OOBACHICT HAOIIOIAEMYIO TCHICHIIUIO MOHUKEHHOTO Ji1a-
MeTpa aMOp(HOTo TpeKa B 3aBUCHMOCTH OT PACCTOSIHUSI /IO TPAHUIIBI KPHCTAIUIA.

Kak oGcyxnanock panee B pabote [2], hopMma U CTPYKTypa XHIIOKOB Ha TTOBEPXHOCTH — 3TO BasKHAs
uHpOpPMAITUS IS TOHUMAHUS MEXaHU3Ma Mepefiaddl SHEPTUU OT OBICTPBIX TSHKETIBIX WOHOB KPHCTAIIIAM,
MOCKOJIBKY XapaKkTep XU/UTOKOB TECHO CBSI3aH ¢ MEXaHW3MOM OOpPa30BaHUs KaK CaMHX XHMJUIOKOB, TaK W Jia-
TEHTHBIX TPEKOB. DIMUTAKCUAIBHBIA KPUCTAIUTHUECKUIA XapaKTep XMIIOKOB YKa3bIBaeT HA TO, UYTO CKOPOCTh
OCTBIBAHHSI JIOCTATOYHO MaJia, YTOOBI MPOUCXOIIIA PEKPUCTALIN3ANUA. [I0CKOIBKY XHUIIJIOKH SMTUTAKCHAITb-
HBIC, CKOPEE BCEr0, OHU PEKPUCTALIM3YIOTCS CO CTOPOHBI MOBEPXHOCTH KPUCTAIa, & HE CO CTOPOHBI Ba-
KyyMa. DTO, BEpOsiTHEE BCETO, TaK, MOCKOJIbKY KPUCTAUTMYECKas MOBEPXHOCTh OYJIET OTBOAMTH TEIUIO Ha-
MHOTO ObicTpee, YeM BakyyM. CyIecTByeT HEKOTOpasi HEONPEISIEHHOCTh B TOM, KaK XWJIJIOKA MOTYT peK-
PHUCTAIITM30BATLCS HA MPEAMOJIOKUTEIBHO aMOP@HBIX Tpekax. OIHAKO OTBET MOXKET ObITh HaiiiecH B Ha-
OIoaeMoOM pa3Mepe XUIUIOKOB, KOTOPBI HEMHOTO OOJbIIe, YeM JUaMeTp aMOPQHBIX JaTEHTHBIX TPEKOB
MOJT HUMH. DTO MOTJIO OBl TIO3BOJIUTH PACTIABIEHHOMY MaTepHaly peKpUCTALIN30BaThCs Ha IMA0IOHE, IMpe-
JOCTABIIICMOM KPUCTALIMYCCKHM MaTEPUAIOM, OKPYXKAIOIIMM CEpIIeBUHY Tpeka. [[ToTHOCTh MaTepuana
BHYTPH TpeKa CJIMIIKOM Maja i (GOpPMHUPOBAHUS MOJHOCTHIO KPUCTAIUTHUECKONW CTPYKTYPBI, TOCKOJIBKY
HEKOTOpasi 4acTh MaTepualia BhIIIIA Ha TOBEPXHOCTh. JTa 00JIACTH COJEPKHUT BBICOKYIO KOHIICHTPAITUIO Ma-
JIEHBKHUX KapMAIllKOB ¢ HU3KOU IUIOTHOCTHIO, 00pa30BaHHBIX M3-3a M3BJICUEHHOr0 Marepuaia. Kak yxe ObiIo
YIOMSIHYTO paHee, TOUHBIH XapakTep 3THX YY4aCTKOB He W3BeCTeH, HO [IDM uccrnenoBaHus Mpeanosararor,
YTO OHH B OCHOBHOM aMOp(HBIE, KOTJ]a HaOII0IAI0TCS B MPOEKIIUH, XOTS OTHOCHTEIBHO HEOOJbIIHNE 00be-
MBI KPUCTATHYECKUX YIaCTKOB ObLIH OBl He3aMeTHBI. TOT (akT, YTO XMILIOKH, 00pa30BaHHBIE B pe3ybTaTe
MaJCHUS] HOHOB MO YoM 45°, OpUEHTUPOBAHBI BJIOJb HAMIPABJICHUS TPACKTOPHU MOHOB, TAK)KE TOBOPHUT B
MOJIB3Y WU O TOM, YTO XUJUTOKH 00Pa3yIOTCs U3 BEIIECTRA, BBIICIIICTO Ha MOBEPXHOCTh U3 MPUITOBEPXHO-
CTHOM 00JIaCTH MOHHOTO TpeKa.
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B.A. CkypatoB, M.M. Caitpymun, [."M. Apanbaesa, XK.I'. O’Konnenn, A./l. Ban Byypen

KbL11aM aybIp HOHAAPMEH COYyJIeHAIpreHHeH KelliH TUTaH
AUOKCHUJ OeTiHIH 3aKbIMIAHYbI

TiO, cusKTBI, KapamaibiM OKCHATEPl JKbUIAAM ayblp HOHIApMEH CAyJeJeHAIpY Ke3iHAe MaTephajgapblH
peakIMsIChl KoJeMiHe KaparaHna KpHUCTaul OeTKi MaHbIHAA efdyip aifbipmaibuibikrap Oiminmi. Ocel GeTki
aliMarblHa KaJbIHABIFEl OIpHEIle OHJaraH HAaHOMETp OOJaThIH Marepuan OyJliHyre oyieKaiifia KOrapsl
ce3iMTaa exeHiH kopceTTi. Ce3iMTaIabIFEI )KOFaphl MaTepHan Oyl alfMaKTarsl epKiH OCTiHIH JKaKbIH MaHbIHA
0ailTaHBICTBI XKOHE OJI AJICKTPOHBIK TEKEyre dJICi3 Tayeni bonansl. Kem nereHne, ocsl MaTepuaniap yIiiH,
IIMHAPIL JIATeHTTI TpekTep OoipkaMbl OoibIHINA, Oipheil koHe Ha3apAbl JKaHaMa oIicTep apKbUIBI
TPEeKTEepIiH pagnychl aHbIKTaXysl tumic. Tikemed IIOM apkputel Oakpulay, coHmaii-ak —yirinepmi
(ceiHaManapapl) AaiiblHAayda CTAHAAPTTHI SJiCTepi KONJAaHy apKbUIbI KYIITI TPEKTep paAnychiH Oaramay
oHaii Gonanel. Bi3 epkin OeTiHiH MaHBIHIA KPHCTAN/A ilIKi KBICBIMBIHBIH TOMEH/CYIHEH Ce3iMTalIbIFbIH
apTTHIPY YIIiH BIHTAJAHABIPYLIBl (aKTOPIAPIBIH SCepiH YChIHAMBI3. TOMEHI1 KBICHIM TPEK SIIPOCHIHIA
TeMIlepaTypaHbIH JKOFapiaybiHa OainaHbICThl (a3ajblK e3repicTepli apThIpyFa BIKTHMal >KOHE KOJIeMiHiH
WIFAIOBl KPUCTAII OETiH/Ee XMIUTOKTAPIBIH Iaiia O0IybIHA OKeTIe].

Kinm ce30ep: XUmIokrap, TaTeHTT] TPEKTep, KbULAAM aybIp HOH, aMOp(hHU3anus, EKTPOH/IBI MUKPOCKOIIHS,
SHEPreTHKANBIK MIBFBIHAAP, TPEKTEP pagiyChl, HOHAAPABIH XYpici.

V.A. Skuratov, M.M. Saifulin, G.M. Aralbayeva, J.H. O’Connell, A.J. van Vuuren

Near-surface titanium dioxide damage after irradiation with swift heavy ions

The material response to SHI irradiation of simple oxides such as TiO2 is markedly different in the near sur-
face volume than in the bulk. In this subsurface region, several tens of nanometers in thickness, the material
exhibits a much higher sensitivity to damage creation. The enhanced sensitivity of the material in this region
is related to the proximity of a free surface and not strongly dependent on electronic stopping power. At least
for these materials, the assumption of cylindrical latent tracks is dubious and great care should be taken when
inferring track radii from indirect techniques. Direct observation by TEM can also easily lead to grossly over
estimated track radii when most standard specimen preparation techniques are employed. We suggest reduced
internal pressure in the crystal in the vicinity of a free surface as the enabling factor for this enhanced sensi-
tivity. Lower pressure leads to increased probability of a phase change due to elevated temperatures in the
track core and volume expansion leads to the formation of hillock on the surface of the crystal.

Keywords: Hilloki, latent tracks, fast heavy ions, amorphization, electron microscopy,ionization energy loss-
es, tracks range, mileage ions.
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Kby ®PUSUKACDHI XXSHE TEOPUATIK XKblJTY TEXHUKACHDI
TENNOPU3UKA U TEOPETUYHECKAA TEMJNTOTEXHUKA
THERMOPHYSICS AND THEORETICAL THERMOENGINEERING
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Teopeanecmle OCHOBBI paﬁoTbI H3MepI/lTeJ16ﬁ TEIIOBOI'O IMIOTOKAa
AJIA THATrHOCTUKH TEXHOJIOTHICCKHUX IMPOoIeCcCcoB

AKTyaJpHBIC 33/1a90 Pa3BUTHS KPYIHBIX TCXHUYSCKHX CHCTEM, KAaKOBBIMHU SIBISIIOTCS TEIIOBBIC CETH COBpE-
MEHHBIX TOPOJIOB, CBS3aHbI C HEOOXOAUMOCTBIO MOBBIICHUS 3)(YEKTUBHOCTH HX PAaOOTHI MMyTeM CO3IAHUS
BHEPEHHUsI HOBBIX METO/OB U 3aluThl. Pa3paboTka U co3maHne NpubOPOB TEIIOBOTO MOTOKA TO3BOJLIT YBe-
JMYUTE CPOK CIYKOBI TPYOOIIPOBOJOB M CHU3HUTH IOTEPH IPHU IOCTaBKe TeIUia norpeburenmo. Paspaborana
MaTeMaTHIecKas MOACIb IS ONPEICICHNs] TEMIIEPATYPBl M SJHEPIeTHIECKHX XapaKTePHCTHK TEPMOIICKTPH-
decKHX mpeoOpasoBaTeneil. B maHHOM ciydae MBI paccMaTpuBaeM MPeoOpa3soBaHMs TEIUIOBON SHEPrUH
B 9JICKTPUUYECKYIO, TAK KaK JaHHbIE Ppeodpa3oBaTeny HMEIOT GOJBIIO CIIPOC BO MHOTUX OTPACISIX HAYKH U
TeXHHUKH. PacCMOTpeHHe CII0KHOI MOJENH MHOTOCIOWHOTO 1yBCTBUTEILHOTO JIEMEHTA IIPUGOpa MOXKHO 3a-
MEHHUTb PAacCMOTPEHHeM GoJiee MPOCTOH MOAETIN OJHOPOAHOTO YYBCTBHTEIBHOTO JIEMEHTa COOTBETCTBYIO-
mei ¢hopmel. JJaHHOE YHPOLIEHHE MO3BOJSIET MOMTYIHTh paboure HOpMyIBI Il ONPEACTCHHs dHEepreTHIe-
CKUX MapaMeTPOB M3TyUCHHUs U3 PACCMOTPEHHUsI TEMIIEPATYPHOTO MO 4yBCTBUTEIBHOTO dJIEMeHTa. B cTaThe
HOJydYeHBbl PELICHHS] YyPAaBHEHHH TEIUIONPOBOAHOCTH HPH PA3NUYHBIX IapaMeTpax HarpeBa W NPOBEACH
aHaJIN3 BO3HUKAIOIICH MOrPELIHOCTH W3MEPEHHUs SHEPreTHIECKUX IapaMeTpoB M3ITyYeHHs, 00yCIOBICHHON
HEIKBHBAJICHTHOCTBIO TEIUIOBBIX MOTepb. [lomydeHHble JaHHbBIC JICIIH B OCHOBY pa3paboTaHHBIX MPHOOPOB
IUTS. U3MEPEHIsI SJHEPTETHISCKHX TapaMeTPOB TEXHOIOIMYECKOTO MPoLecca.

Kniouesvie cnosa: M3MepuTeNnsb TEMIOBOIO MOTOKA, TEPMOINEKTPUUECKHH MpeoOpa3oBaTellb, AUAarHOCTUKA,
TeMIIEpaTypHOE T0JIe, TEMIOBBIE CETH.

TenmoBble METONBI HEPA3PYLIAIOIIETO KOHTPOJIS MOMYYMIN ITUPOKOE PACIIPOCTPAHEHHE TPUMEHUTEIh-
HO K Pa3JU4HOr0 POJa 3allUTHBIM MOKPBITUSIM, JJISI aHAJIW3a COCTOSIHUS TEIUIOBOM M30JIALUU TOJ3EMHBIX
TpyOOIIPOBOOB, HEPTETA30BOK MPOMBIIILICHHOCTH, B CTPOUTEILCTBE U T.II.

Hapyuienue TennoBoi U30UKMKA MPUBOAUT K U3MEHEHHUIO TEMIIEPaTypbl HA MMOBEPXHOCTH 3aIUTHOTO
MOKPBITHSL. BBIBOJI 0 COCTOSIHUU TEILJIOBOM M30JIALIMA MOXHO C/IEJIaTh Ha OCHOBAaHUM JAaHHBIX O TOBEPXHOCT-
HOW TeMIIepaType U30JISAIUHA U TEMIIEPaTYPHOM I10JI€ BHYTPH HcceayeMoro oobekTa [1].

Cpenu pas3auYHbBIX MPUMEHEHHUH TaTYMKOB TEIJIOBOI'O IMOTOKAa 0CO00€ MECTO 3aHMMAaeT KOHTPOJIb CO-
CTOSTHUH TETUIOBOM HM30JIAIUN TPYOOIPOBOJIOB C TEIDIOHOCHTEISIMU. TaKoi KOHTPOIb MOXKET MPOBOMTHLCS
C TIOMOIIIBIO U3MEPUTENICH TEIJIOBBIX MOTEPh, COJICPIKAIINX EPBUYHBIN TEPMOIJICKTPUUICCKHUI peoOpa3oBa-
TeJIh TEMJIOBOTO TMOTOKA, TEIUIONPHUEMHUK ¥ 3JICKTPOHHBIH OJIOK TMpeoOpa3oBaHWs W3MEPEHHS CHTHAIA.
OCHOBHBIM HEJIOCTATKOM ITHUX YCTPOWCTB SIBJIAETCS 3aBUCUMOCTh UX MMOKA3aHUM OT CIIy4alHBIX U3MEHEHUH
MapamMeTpOB OKPY>KaroILEH Cpebl.

Jliis perieHus: pacCMOTPEHHBIX 3a7]a4 HaMH pa3pab0TaHbl HECKOJIBKO MOMU(UKAIIUN TaTYMKOB TEILIO-
BOT'O TIOTOKA, MIOKa3aHUsI KOTOPBIX HE 3aBUCAT OT U3MEHEHUS COCTOSIHUS OKpYXarotei cpenpl [2, 3]. O0mmm
AJIEMEHTOM JTHX MPUOOPOB SIBISICTCS OaTapeHHBIA TEPMOAJICKTPHUSCKUHN JTaTUNK CIICIUATBHON KOHCTPYK-
IIUY, BBIMOJHSIOMUN POJIb TEPMOIJICKTPHUECKOTO TIpeodpa3oBaTelsi TEIUIOBOTO MOTOKA. TepMo3neKTpude-
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CKUH aTYMK BBITIONHEH B ()OpME OrpaHUYEHHOTO IMIIMHAPA, OJHO OCHOBAHHE KOTOPOTO IPEICTaBISIET pa-
00YyI0 TTOBEPXHOCTh, BTOPOE OCHOBAHHME WMEET TEIIOBOM KOHTAKT C TEJIOM, UMEIOIIUM TEMIIEPaTypy OK-
py>Karorieit cpenpl. BctpoeHHbIe HarpeBaTeau MO3BOJSIOT CO3/1aBaTh TETUIOBOW MOTOK Yepe3 TEPMOIIEKTPH-
YEeCKHUI aT4YMK B HANIPABICHUSX, IEPIEHANKYISIPHBIX €70 OCHOBaHUAM [3].

B m3mepurene TEmIOBOTO MOTOKA «aKTUBHBIE» CIAM TEPMOIJICKTPHUECKOTO MpeoOpa3oBaTeiss HMEIOT
TEIUIOBOM KOHTAKT C MPUEMHOM MJIACTHHOM, a «IIaCCUBHBIE» CIIall — C HarpeBaTeNIbHBIM 3JIEMEHTOM, TEMIIe-
paTypa KOTOPOTO KOHTPOJIHUPYETCS TePMO3aBUCHUMBIM 3yieMeHTOM (puc.). Takas KOHCTPYKIMS TO3BOJSET
COBMECTUTH (D)YHKIIMH JIBYX TEPMOMETPUIECKUX OJIOKOB B OHOM. [Ipu moaroToBke npudopa mpreMHas Iia-
CTHHA MPUBOJIUTCS B TETUIOBON KOHTAKT C UCCIEAYEMBIM OOBEKTOM B O0JIACTH OTCYTCTBUS JEPEKTOB TEILIO-
BOH m3omsImu. Uepe3 HarpeBaTeNbHBIN JIEMEHT MPOITyCKACTCS AIEKTPUUECKUN TOK TAKOW BEITHMYWHBI, YTO-
OBl CUTHAJ Ha BBIXOJE TEPMORJIEKTPUUECKOTO TpeoOdpa3oBareis ObUT MOCTOSHEH. JTO O3HAYaeT, YTo C T0-
MOIIIEI0 HATPEBATEIILHOTO 3JIEMEHTa Yepe3 TEPMOIICKTPUIESCKII Mpeodpa3oBaTellb TETIOBOTO MOTOKA CO3-
JIae€TCsl PENEPHBIN TEIJIOBOM MOTOK, PaBHBIN 10 BEIMYMHE U IPOTUBOMOJIOKHBIN 10 HAMPABICHUIO TEIMIOBO-
My MOTOKY OT HCCIIelyeMOro 00heKTa B 00JIACTH JIePEKTOB TEIIOBOH m3oisanuu. [Ipu rccnenoBannu ¢ BO3-
MOKHBIMH Jie(heKTaMH M30JISAIUN TOK HarpeBaTeIbHOTO dJIEMEHTa HE Perylupyercs. ITO MPUBOJUT K H3Me-
HEHUIO CHTHaJla Ha BBIXOJIE TEPMOIJIEKTPUUECKOTO Mpeodpa3zoBaTens TeImIoBoro noroka. [lo Bennunnae uz-
MEHEHHS 3TOTO CHTHAJIa MOYKHO CYIUTH O CTENIeHH Je()eKTa TETIOBOM n3omsuu [4—7].

2 2
rg v
ANANA ] L 5
.
4 ~_ ~_0
5 7

| — mpuemHas mnacTuHa; 2 — 3JIEMEHT; 3 — HarpeBaTENIbHBIH JICMEHT;
4 — TepMO3aBUCHUMBIH; 5 — KOpITyc IpHOOpa; 6 — TEPMOIIEKTPHYECKUI XOJIOANIBLHHK;
TEPMOAIEKTPHUIECKHI TPe00pa30BaTeb TEMIIOBOTO IIOTOKA; 7 — paanaTop

PI/IcyHOK. CxemMaTH4eCcKoe I/I306pa)K€HI/Ie HU3MEPUTCIIA TCIJIOBOT'O ITOTOKA

B kadecTBe MOieNN UyBCTBUTEIBHOTO IEMEHTa PACCMOTPHUM OJTHOPOIHBIA OTPAaHNYEHHBIN LIMIHHIDP.
[lycts ¢yHkums g(¢,7) onuchiBaeT 3aBUCMMOCTD IUIOTHOCTH TEIJIOBOTO IMTOTOKA, OOYCIIOBIEHHOTO TO-

IJIOLEHHBIM U3J1y4eHHEM, 1AM Ha OJTHO U3 OCHOBAaHUN LIMIMHIpA!
q(r,0)=mE(r,2), )
rae E(r,t) — obmydeHHocTs. OyHkuusa g, (7,z,f) ONUCHIBAET 3aBUCUMOCTh MOLIHOCTU BHYTPEHHUX UCTOY-

HuKOB (BT/M’) OT pammyca 7, BBICOTH z  BpeMeHH f. Co BCeil MOBEPXHOCTH IMJIMH/PA MPOUCXOIHT Tell-
71000MeH 110 3aKoHy HbI0TOHA O cpe1oii mepeMeHHOM TemiiepaTypsl 1, (r,z,l).

VYpaBHeHHE TEIUIONPOBOAHOCTH U KPAEBbIC YCIOBHS B 3TOM Clydae IS MWIMHIpa paanyca R u Bbico-
Tl { OymyT UMETh BUIT

2
laT(r,z,t)zl 0 r@T(r,z,t)+6 T(r,z,t)+qu(r,z,t) )

> ; 2
a ot ror or 0z A
I(r,z,0)= f(r,z), (3)
x% =0, [T(R,2,6) - T.(R,2,0)]; 4)
/s
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WD g 11,0, -T.r.0.0): )

z
ZIEED o 1,00 -1 (.00, (6)

Oz

rae Tc*(r,f ,t) — DKBHBAJICHTHAas TEMIIEpATypa CPebl, paBHAs
It =T (r 00+ L0 )
14

Olp,0ly, 0, — KOIPPUIMEHTHI TEIUI00OMEHA CO CPeoi Ui GOKOBOW MOBEPXHOCTH M OCHOBAHHMH LIMIMHIPA

cz=0u z=/{ COOTBETCTBEHHO.
Jns perenus kpaeBoii 3ana4n (2)—(6) BOCIOIb3yeMCsl METOJJOM HHTETPaIIbHOTO Mpeodpa3zoBaHus XaH-
KeJs 10 IEPEMEHHON 7!

R
T(un,z,t) = er(un %jf(r, z,t)dr, ®)
0
rae J, (1,7 / R) — ¢ynxuus beccens nepBoro poga HyJI1eBOro Hopsiika, [, — KOPHH YPaBHEHHS
Jo(W) _ o ©)
Ji(W)  Biy

B KOTOPOM Bi, =0 ,R/\.
3aTeM NPUMEHUM KOHEYHOE MHTETPAIbHOE IPe0Opa3oBaHue OOIIEro BU/ia MO MePEeMEHHOH Z:

{
U(un,bk,t)=J.T(u,1,z,t)K(£K,z)dz, (10)
0

rne K(b,,z) — aapo npeodpazoBanus. [lomoxnm

K(bg.z)=cos-K -4 Bl 'K (11)
1 » 1
rae Biy =a,l/ A
HetpynHo noka3ats, 4To K03 GHUIUEHT b, TOIKEH YAOBIETBOPATH YPABHEHUIO
b; — Bi,Bi,

by = :
8% by (Bi, + Bi,)

(12)

B KOTOpoM Bi, =a.,{/ A.

Dopmynel oOpateHns i KOHEUHBIX MHTErpajibHbIX mpeoOpazoBanuii (8) u (10) UMEOT cooTBETCT-
BEHHO BH]

T(n)= 3 Ll ) KO2) (13)
= J.K (by2)dz

w,J,(w,r7/R
T(r,z,t)= ZT M, 25t ) 77— o . 2) .
5 (%+mMm»
Cogeprrast mepexoj] OT n300paxeHus: K opuruHainy no ¢opmynam (13) u (14), moxydum uckomoe Jyist
BBIpa)KEHHUS

(14)
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T(rz0= s ZZ /R)K Eb’“z)

1 K1 (B +1, )J02 H,)

x{exp - (“” J EIf(r,z)JO[Hn%Jx

xK(bK,z)drdz+%‘([exp —a(l;"z +b€—2J(t—r) x

x[apK(bK,E)Ij[TC UJ"C)*‘MJJI”—F

0 a’/,

(15)

R 0
+a K (b, 0) [ T.(r,0,001J, [p.n %} dr+ [ (o RT, (1, ) %
0 0

R
><TC(R,z,r)+IrJ1 (pn %Jqu (r,z,T)dr)K(bK,z)dz]dr},
0

rac

)
%:14{1—?’02 )% (2sin’ b, +Bzo)f’g. (16)
K K

[Monyuennoe pemrenue (15) omuckIBaeT pacipeaeieHne TeMIepaTypbl B OPraHM4ecKOM CIUIOIIHOM ITH-
JUHAPE P KpaeBbIxX ycnoBuax (3)—(6).

Takum 00pa3oM, IpeIaraeMblii MOIX071 TIO3BOJIMII B JIAHHOM paboTe paccMOTPETh TEMIIEPaTypHOE TO-
Jie 4YyBCTBUTEIHLHOTO DJIEMEHTA ONMMCAHHOTO MpHOOpa MPH Pa3IHuYHBIX CAydasx HarpeBa. JlaHHbBIN mpubop
MOXeT OBITh HCIOJIB30BaH B OJIOKE JTATYMKOB aBTOMATU3MPOBAHHOW CHCTEMBI KCIICPUMEHTAIBHBIX HCCIIe-
JOBaHWI KOHKPETHOTO IpoLecca.
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TexXHOJOrusIbIK NMPOoLecTePAi TeKCEPY YIIiH KbLTY aFbIHbI OJIIIerimTepi

’KYMBICHIHBIH TE€OPHUSJIBIK Heri3aepi

Kasipri xe3neri KanamapIbIH KbUTy JKeJIici OONBIN TaObUIATHIH YJIKCH TEXHUKAIBIK JKYHEIepaiH JTaMybIHBIH
©3eKTi Macesesnepi jkaHa SAICTep MEH KOpFay KYpy JKOHE JKy3ere achlpy apKbLIbl OJapIblH KbI3METiHIH
TUIMAUTCIH apTThIpy KaKeTTimiriMeHn OaiinanpicThl. JKbUTy aFbIHBI KYPBUIFBUIAPBIH jKoOanay XoHE Kypy
KYOBIpIapAblH KbI3MET MEp3iMiH apTThIPyFa JKOHE TYTHIHYIIBUIAPFA JKBUTY XKETKi3y Ke3iHJe LIbIFbIHAAP/IBI
azaifiTyra MyMKiHIOIK Oepexmi. TepMOANMeKTpii TYpJiCHIIPrilUTiH JHEPreTUKANBIK CHIIATTAMACHIH JKOHE
TeMIIepaTypaHbl aHBIKTAY YIIiH MaTeMaTHUKAJBIK YIITi xKacanabl. KapacThIpbUIbII OTHIPFaH TYPJICHAIprimITep
FBUIBIM MCH TEXHHKAaHBIH KOITEreH cajalapblHIa CYpaHbICKa He OOJFaHIBIKTaH, XKbUTy SHEPTHSCHIHBIH
JNIEKTPIIKKE TYPJICHYI KapacTHIPBUIABI. ACHANTHIH KONKAa0aTTHl ce3iMTall 2JIEMEHTIHIH KypAaell MojeliHe
colikec (opMmanarsl OIPTEKTi ce3iMTall JEMEHTTIH KapamalbIM YATIiCiHe auMacTeIpyra Oomangsl. MyHmait
AIMacCTHIPY Ce3IMTAaJ AJIEMEHTTIH TEeMIICPaTypalIblK OPICIHCH COYJIENCHYAIH YHEPTreTHKANBIK MapaMeTpiepai
aHBIKTAy YIIIH KaXKETTi XKYMBICTHIK (POpPMYJIaHbI allyFa MYMKIHIIK Oepeni. Makanana KeI3AbIPYABIH p TYpJi
JKaFIainapeiHia ce3iMTal dJIEMEHTTIH TeMIepaTypaiblK OpiCiH CHUIATTAHThIH KBUTYOTKI3TIIITIK TeHACYIHIH
mremivi agpiHAbl. OJ MOmiMETTep TEeXHOJOTHSUIBIK MPOLECTEPAiH dHEPreTHKAIbIK MapaMeTpiiepiH eiley
YLIIH ko0aaHFaH acnanTapra Heri3aesnii.

Kinm  coe30ep: KblUly arblHBIHBIH  OJIIEYINI, TEPMOAIEKTPIIK TYPJIEHIIPTrill, JUarHOCTHKAjay,
TeMIIepaTypabIK epic, KBLUTY JKeliepi.

L.P. Kurytnik, B.R. Nussupbekov, D.Zh. Karabekova, A.K. Khassenov

Theoretical bases of work of heat flow meters
for diagnostics of technological processes

The urgent tasks of developing large-scale technical systems, such as the heat networks of modern cities, are
related to the need to improve the efficiency of their work by creating and implementing new methods and
protection. The development and creation of heat flow devices will increase the service life of pipelines and
reduce losses when delivering heat to the consumer. A mathematical model for determining the temperature
and energy characteristics of thermoelectric converters is developed. In this case, we consider the conversion
of thermal energy into electrical energy, since these converters are in great demand in many branches of sci-
ence and technology. Consideration of a complex model of a multilayer instrument sensitive element can be
replaced by considering a simpler model of a homogeneous sensitive element of the corresponding shape.
This simplification makes it possible to obtain working formulas for determining the energy parameters of ra-
diation from consideration of the temperature field of the sensitive element. In the paper, solutions are ob-
tained for the heat conduction equation for various heating parameters and an analysis is made of the resulting
error in measuring the energy parameters of radiation due to the nonequivalence of thermal losses. The ob-
tained data formed the basis for the developed instruments for measuring the energy parameters of the tech-
nological process.

Keywords: heat flow meter, thermoelectric transducer, diagnostics, temperature field, heat networks.
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BuodTanoa1b1 a1y yAepiciH KapKbIHAATYFa apHAJIFAH TeXHOJIOT Ul

Maxkanaza OWO3TaHONABI ally YHCPICIH KapKbIHIATyFa apHAIFaH JKaHa TEXHOJOTHS  YCBIHBLIIBI.
DNIeKTPOUMITYJIBCTI  TEXHOJIOTHsST apKbUIbl arpofakbUiap MEH OHBIH KAJIBIKTAphIH alIbITY Ke3iH[e
MaKCHMaJIJIbl MOJIILEep e KAXKETTI OHIM aJbIHATHIHBI JOJENACHII. BUOATaHOI OHIipyAe KYHbI )KaFbIHAH TOMCH,
KaIIBIKCHI3 OHIIPICTIH op TYpii TEXHOJOTHSUIBIK CXeMalaphl jKacalbll, eHpipicke eHrizimyme. CyHbIK
OpTaJarbl ANEKTPIIIK COKKbI CalJapblHaH Maiaa 00JaTblH (HH3UKAJIBIK YAEPICTEPAiH JKaH-KaKThUIBIFl MEH
KypIesnisirine 0aiiaHbpICThl HAKTHI SKCIIEPUMEHTTIK HOTHOKeNiep OonMaca, Yirijiey KUbIHFa COFaJbl. 3epTTey
JKYMBICTaphl KOHE TEopHs JKy3iHIae Kermdaszanbl opTaga COKKbl TOJKBIHIAPHI dcepiHeH maiima GosiaThiH
(bu3nKaNbIK KYOBIIBICTAP TOJBIK 3ePTTEIMEreH. 3epTTey JKYMBICTAPhl TYPJIi CBIHAK OpTalapblHIa XKYPri3iui.
XKyMmbIcTap ANEKTPOMMITYNIBCTI TEXHOJNOTHSHBIH pa3psa  sHeprusicklHbiH (W) op Typni MoHAEpiHZE,
koHaeHcaTop 6arapescrHbIH (C) 0,25+0,1 Mx® apanbiFbIHAA, JKYMBICTHIK Pa3psaapaiblK KAmbIKTHK (1)5 Mm
KOHe paspsi ummysbsctap canbl 100+250 ke3iHae OpbIHAANIBL. 3ePTTEY KYMBICTAphl Ke3iHAe KOHIBIPFBIHBIH
HETI3Ti THIMAI IapaMeTpiepi aHBIKTAIABL. ATaIMbIII TEXHOJIOTHSHBIH, JOCTYPII 9JicTepre KaparaHia, yaKbIT
JKarbIHAH THIMIUTIT] KOPCEeTLII.

Kinm ce3dep: 6G103TaHOI, 3IEKTPOUMITYJIBCTI TEXHOJIOTUSI, UMITYJIbCTBI Pa3psATap CaHbl, JKYMBICTBIK KEpHEY,
pa3paaapanblk KallbIKThIK.

byrinri TaHna MyHall OarachiHBIH ©Cyi, OHBIH KOPJIAPBIHBIH a3al0bl, JKOJIOTHSUIBIK KaFIaiIbIH
HalapiayblHa OaiIaHBICTBI YKOJOTHSJIBIK Ta3a, dpi THIMII KaiiTa KajmblHa KeleTiH Oalamaibl KyaT Ke3iH
kKacay MmoceneciH anra Taprtagbl. COHBIH Oipi MyHall KOPBIHBIH OPHBIH TOJBIKTBIPATHIH OHOOTHIHIAP
OHIIPICIH JaMBITYFa aca Kell KeHiJ OeiHye.

Buonorusiblk MaccaiaH allbIHATBIH JKaHapMaiabiH OipHere Typi Oap — Ouoras (MeTaH), OHOIU3ENb
KoHe OM03TaHON (PKAChLI >KaHApPMaii), TICIITIK KaTThl OMOOTHIH. ATalFaHIap/IbIH ilIiHAe OMOATaHON 63iHiH
OHJIPIIETIH MHKi3aT KO31HIH KONTIriH ecenKe alnFaH/a eH >KOraprbl KopceTKilke ue oomazp [1, 2].

BrosTaHon — TONBIFBIMEH BUIFAJICHI3IAHIBIPHUFAH Ta3a 3T criiupTi. On OCH3WH KYpaMbIHAaFbl OKTaH
CaHBIH KOTEpe/li, 63 peTiHae MyHIai KOCIackl 0ap OThIH KOpILaraH opTara jac Kaaabikrapasl 40—80 maibi3
a3 meFapajael. beH3WHII YHEMI TaijaaHnyra MYMKIHIIK OepeTiH Kocra MYHall XUMHs OHJIpiciHme e
KEHIHEH KOJJaHbUTybl MYMKiH [3]. OHBIH 3TaHONJaH albIPMAlIbUILIFBI Ke3 KENreH aybLImapyanibuIbIK
JIAKBUIIAPBIHBIH KAIIBIKTApbIHAH OHJlen anybiHaa. EniMizne arpojakpuigap eHiMi KeNTiriHe OaiiaHBICTHI
UrepiiMeil KaTKaH KaJIbIKTapIblH caHbl a3 emec. COHIBIKTAH €ric KaIIbIKTapblH KaiiTa eHJeYy apKbUIbI
OMO3TaHONIBI aly MaHbBI3BI ©T€ 30D, 9pi THiIMIi. Atamn aitaTelH Ooncak, OMo3TaHONAB OMIal, apma, XKyrepi,
KaHT KbI3BUIIIACH, KAHT KaMBICHI, KAPTOII, KYPIlll koHe 0acka Jia aybUIapyallbUIblK JaKbUIIapbIHAH KOHE
KOJIJAHBICKA JKapaMChl3 KalJBIKTApJaH, aran aWTKaHja, Kypill ankaOblHaH KaifaH caOaHHaH, aFarll
OHJIIPICIHIH KaJJBIFbl aFall >KaHKaJapbIHAH YKOHE TYPMBICTHIK KaIIBIKTapIaH eHjen amyra Oomansl. Ockl
arpoJaKpuIIap MEH OHBIH KaJJILIKTApbIHAH OHJCIIN ajJblHFaH OMOATAHOIIBI KaliTa eHjIen OMOOTHIH anajpbl.
Buosranonapl eHey apKbUIbl allbIHFaH OMOOTHIH, MYHAH ©HIMI apKbUIbl OHJCIIN AIbIHFAH XaHap-)Karap
Mmaifra (OSH3WH, JIHM3€ib) KaparaHAa, CalbICTHIpMalbl TypAe Oarachl MEH KypaMblHa OaiJIaHBICTHI
HKOHOMHUKAJIBIK JKaFbIHAH J1a, YKOJIOTHSIIBIK JKaFAaiiia 1a oTe THIMII OOJIBII Kee .

brosranonnpl anmyna KemTereH xoOanmap op TYpii cebenrtepre OaimaHBICTBI WHIYCTPUAIIBI TYpPJC
OHJIIpICTE KOJJaHBICKA We OoJMail »KaTelp, an Oi3MiH MaKCaThIMbI3 — OCBI aJbIHFAaH OHIMII MYHal
CHHTE31HEH aJbIHFaH OHIM/II aJIMAaCTBIPHII, OHIIPICKe XKaHap-KaFap Mail, CYHbIK OTBIH KOPBI PETIHIE YCBHIHY.

JKorapeia aWThUIFaH Macelesepre OaimaHbicThl akageMuK E.A. BbeketoB areiHmarbl Kaparauibl
MEMIICKETTIK YHHUBEPCUTETI (U3UKA-TEXHUKAIBIK (DaKylbTeTiHIH «JNEKTPOUMITYIBCTIK TEXHOJIOTHSIIAp
3epTTey» 3epTXaHaChIHIA 3epTTeynep Kypri3inai. KemicTiH KanaplKTapblHAH KQKETTi Ta3a OHIMIl aly YIIiH
YCBIHBUIBINT OTBIPFAH TEXHOJOTHSHBIH HOTIIKENIEPI JOCTYPIi TEXHOJOTHSIIAPMEH CalBICTBIPBULABL. OHIIpic
OpBIH/IAPBIHJIA AIBITY TPOIECIH KAPKBIHAATY YIIH op TYpJi Kocmamap (AmIBITKBINI, KaHT T.0.) KOJJIaHy
ceOeOiHeH albIHATBIH OHIMHIH alry Mep3imi a3 OosiFaHbIMEH, OHBIH KYPaMbl €0yip e3repicKe YIIbIpaibl.
Con cebenTi Kocmachl3 Ta3a ©HIM aly MakcaTbIHIA €Ki Typii ofic KapacTeIpblUiabl (1-cyp.): a) moctypmi
aIIBITY JiCi; 9) DIIEKTPOUMITYJIHCTI TEXHOJIOTHSI KOMETIMEH allIbITy dIiCi.
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bizning xarmaiiza OMO3TAHONABI ATy YIIH 5 KT XKeMiC KaJIBIKTaphl alblHABL JoCTypiti ambITy oficiH
KapacTeIpaThlH OOJICaK, €H aJJbIMEH, J>KeMIC KaIJIBIKTApbIH CYHBIK Maccara alHaIABIpy YIIIH O
MEXaHUKAIIBIK, KOJIMEH YCaKTalIbl. AJILIHFaH CYHBIK MaccaHbl alllbITy YIIIH YIIKEH KoJeMi TeMip BIIbICKa
KYHBIT, TSH KOJIEMIE 5 J1 CYMEH TONTBHIPHUIIBI (BIIBICTBIH aybI3bl AIIBIK KAABIPBIIIb). AIBITEUTY TPOIECi
KYHJIe KaJlaFaJIaHbIll OTHIPBULNGLL JlocTypini omicTe TONBIK amry mep3imi — mamameH 26-28 kyH. Oman
KeWiHTi ambITy mporeci O0oceHnei Oactaranbl Oaikanasl. Ocbl 2628 KYHAEp apaibIFbIHAA TOJBIK alry
Mep3iMi JIeTT TailbIMIaIbL.

a)

TOJIBIK ALLTY MEP3IMI - 25-30 KYH TOJIBIK ALITY MEP3IMI - 10-15 KYH

a) J9CTYPJIl AIIBITY 9JIICI; 9) AIEKTPOUMITYIILCTI TEXHOJIOT Sl KOMETIMEH allbITy dici
1 — oH 31eKTpo.; 2 — Tepic ITEKTPO.

1-cyper. brnoataHoIb! alyFa apHaJIFaH alllbITy dicTepi

Keneci ambITy mpomeci  9JEKTPOMMITYJIBCTI  TEXHOJIOTHSIHBIH ~ KOMEriMEH  JKy3ere  acThl.
DJEKTPOUMITYJILCTI TEXHOJIOTHSI KeJleci/iel Heri3ri OenikTep/ieH Kypapl: 0ackapy MyJbTi, TeHEpaTOp MEH
pa3pagapablK KallbIKTHIKTAH KoHE KOHISHCATOP MEH KOPFaHbIC XKyieci.

DNEeKTPOUMITYJILCTIK KOHIBIPFBIHBIH HETi3r1 MaKCaThl 3JIEKTP SHEPrUsChIH MEXaHUKAIIBIK JSHEPrUsiFa
aifHanABIpy G0N TaObUIa bl KOHIBIPFBIHBIH KYMBIC ICT€Y NMPUHIMII CYHBIKTA KOFapbl BOJBTTHI pa3psa
Ke3iHAe mTaiifa OoNaThlH COKKBl TOJIKBIHBIH KOJJaHyFa HeETi3[enreH. Paspsaraymisl MeH TIeHepaTop
KOHJIBIPFBIHBIH HETi3r1 TyHiHAepiHiH 6ipi 6ombin caHanmansl. OHBIH )KYMBICHI KipicTeri aiHbIMaIIbl KEpPHEY 1
LIBIFBICTAFbl TYPAKTHI KEPHEYTe TYpJACHIIpyre Heriznenrex [4—7].

KOHIBIPFBIHBIH THIMII TIApaMeTpiiepiH aHbIKTAy YIINIH HMIYJIbCTI pa3psaTap CaHbIHA JKOHE paspsijl
SHEPTUACHIHA TAYENl 3epTTeyiep Kyprizinai. UMImynbcThl pa3psiaTap caHblHa TOYeJAl 3epTTeyiep KesiHue
KOHJICHCATOP CHIMBIMABLIBIFBI TypakThl MoHiHAE (C =0,25MKk®d), paspspapaiblk KalIbIKTBIKTBIH MOHI
TYpakThl [=5MM, JKYMbBICTHIK KepHey U =16xBt Oongel. An paspsyi  MMITYJIbCTApPBIHBIH — CaHbBI
n=100+250 apanbiFblHIA ©3r€PTLIIN OTHIPBUIIBL

Byn skarmalima na OpKaMChICBl 5 KI MEXaHHKAJBIK JKOJMEH YCAaKTaThbIFaH JKEMIC KaJlJbIKTapbIHAH
TYpaTbiH 4 YIKEH KOJeMJli TaFaMJbIK TEMIp BIABICTAPFa KYWBUIBII, TEH KOIEMJIE 5 1 CyMEH TONTHIPBIIIBL.
Temip keJieMi BIABICTAPFA OH DJICKTPOJ OPHATHULABL. By skarmaiina Tepic AJIEKTPOATHIH KbI3METIH TEMip
BIIBICTAPABIH KaObIpramapel atkapabl. ColKeciHIe op bIIBICKA THICTI HUMIYJIBCTIK paspsji CaHaapbl
(100, 150, 200, 250) kyHine 3 Me3rinae OepiIi OTHIPHLIIBL.

Cokkbl OepinreH xarnaiiia skpUTy OOJIHII, UMIYJIBCTAp 9CEPIHEH MEXaHUKANBIK JKOJIMEH YCaKTallMai
KaJIFaH KaJIbIKTapbl OJaH dpi YCakKTar, COHBIMEH KaTrap CYHBIK MacCaHbl MaKCHUMAJIbl Typae OeliHyiHe
ocepin turizeni. Cebebi AIEKTPOMMITYIILCTI COKKBIIAD Ke3iHJe OMOMAacCaHblH OIpKaNBINTHI apajacyblHa
BIKIIAJIBIH TUT13e/li. 3epTTey JKYPrizy HOTHXKECiHZe TOMNBIK anry mep3imi 14—16 kynae Oaiikannel. Onan opi
anry mporeci O0oceHaereHi OalKalbI, KOIipIIiKTeHyl TOKTaIIbl. ATalIMBIII TEXHOJOTHSIA KOJIAaHBLUIFaH
SNICKTPOATAp TaFaMJBIK JaT OacmalWThlH OoNlaTTaH JKACaFaH/ABIKTaH, OWOMACCAHBI JlaCTaMaWIbl.
KopbIThIHIbITaN Kelle, €Ki 9JICTI CaNbICThIpa OTHIPBII, AlBITY Mep3iMi elIKaHmald KOCMachl3 KypaMbiH
©3repTHei AJIEKTPOUMITYIBCTI OMICTI KOJJAHY apKbUIbl AIIBITy MPOLECIiHIH KapKBIHABI XYPYiH KeMiHIe
2 ecere apTThIPY TACITIH YCHIHBIN OTHIPMBI3.

Exi omic apkpuibl ajblHFaH OWoMaccalapblH KYpaMbIH TeKcepy VIIiH allblHFaH Ouomaccanapiibl
2-CypeTTe KeNTIpireH d/1ic apKbUTbl OHETI, Ta3a OM0ITaHOI OO aTbIH/IbL.
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CVYBITKbILI

- —

2-cypet. bruostanonas! 66 ary KOHABIPFBICH

Hoctypni omic apkbulbl anbliHFaH OwomaccanaH 0,5 1 keiemzae Ta3a OMOATAHON OOJIHIN ANBIHIBI.
Op TYpJIi pa3psAThl UMIYJIBC COKKbUIAPHI O€py apKbLIbl alllbITHUIFAH OMOMaccaiapAaH ajJblHFaH OMO3TaHOI
MeJIIIEpi OJIIeHIM, 3-CypeTTe KeATipisii.
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3-cypeT. OHIM MeJIIEPiHIH UMITYJIBCTIK pa3psiATap CaHbIHA Ty

Korapeiga KenTipinreH HOTHXeNEpAl CANBICThIPa KeJle, THIMII MapaMeTp PETiHIe HUMITYJbCTIK pasps
canbid 200 nem angpik. Cebebi nmmynbeTik paspsarap cansl 100 xone 150 kesinaeri anblHFaH OMO3TaHOM
KeneMi, paspsaarap canbl, 200-re KaparaHza, aTapibIKTail TOMEH KepceTkimTepre ue 6onnel. Erep paspsan
canbid 200 sxoHe 250 nen anathiH O0JIcaK, HOTHXKENEPl KYBIK mamMaMeH Oipneit. OnaH opi UMITYIIBCTI pa3psiy
CaHbBIH KOOCUTY KaXKEeTI JKOK JeTl IISIiJIJIi.

5 Kr XeMmicC KaJAbIKTapblHaH ACTYPJIi OMICIeH alibITy apKbpUibl 27 KyHzae kenemi 0,5 1 GuostaHon
aJbIHCa, pa3psa uMITysbetap canbl 200 OonraH ke3nmeri Omomaccaman 15 kyH iminmge 0,65 1 TeH OoapL.

Opi Kapail 3epTTey >KYMBICTaphl pa3psiJl SHEPTHACBIHBIH THIMJII MapaMeTpIIepPiH aHBIKTayFa apHAIIbI.
Konnencarop OarapesichlHblH ChIMBIMIBUIBIFEI C =0,25+1 Mk® apansireiHna Oonmel. bynm skarmaiina
paspagapalblK KAIIBIKTBIKTBIH MOHI TYpPakThl / =5MM, >KYMBICTHIK KepHey U =16kBt Oonapl. Al paspsan
UMIYNbCTapeIHbIH caHbl 72 =200 Kypagsl. KoHaeHcaTOp CHIMBIMIBUIBIFBIH ©3TepPTY apKbUIbl 3HEPTHUSHBI
TypieHaipaik. Manimerrep 1-kectese KopceTiiareH.
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l-xecTe

KOHI[CHC&TO]) ChIBIMABLIBIFBIHA TQyCJIZ[i paspsan
OHEPTUACBIHBIH AYKbBIMbI

Konnencarop Suepras, JIx
CBIMBIMIBLIBIFBI, MKD
0,25 32
0,4 51,2
0,65 83,2
0,8 102,4
1 128

By xarnaiifa a opKalchIChl 5 KT MEXaHHUKAJIBIK YKOJIMEH YCAKTAJIFaH XKEeMiC KAIbIKTapbIHAH TYPAThIH
5 YJIKEH KeJeMJli TaFaMJIbIK TEMIp bIIBICKA KYWBUIBII, TEH KOJIEMJIE 5 1 CyMeH TONTHIPhUIILL. TeMip KemeM/i
BIIBICTA OH DJIEKTPOJl OpHATBUIABI. bBysl skarmaiiia Tepic SJEKTPOATHIH KbI3METIH TEMIp BLIBICTAPIBIH
KaObIpraapsl aTKapabsl. ColKeCiHIIe op BIABICKA aHBIKTAIFAH THIMII MMITYJIBCTIK paspsa canbl 200-1eH
KyHiHe 3 wMesringe Oepiminm OTBIpbULABL. bipak op blAbICTaFRl OMOMAaccaHbl alIbITyFa op Typii
CHIMBIMIIBUTBIKTAFbI KOHCHCATOP OaTapesuiapbl KOJJAHBUIABL. 3epTTey HOTHKENepl 4-CypeTTe KeNTipijireH.

K, n
1

08 0,83 0,85

0,8
0,6
0,4

0,2

0
32 51.2 832 102,4 128

4-cypet. OHIM MeIIIEpiHiH SHEPTUsIFa TOYEJIIIIT

Kenripinren HoTwxenepni canbICTBIPY pas3psal SHEPrusiChIHBIH THIMIOI MoHI pertinae 83,2 Jx
(koHIeHCAaTOp CHIHBIMIBLIBIFEL 0,65 Mxk® OonraH >xarmaiiga) anslHAbl. CeOeOi omaH opi SHEPTHUSHBI
KOOCUTKEeH caliblH OHIM MOJIIepi MIaMaMeH OipJei MoHre ue O0Ibl. DHEPTUsHbBI OJIaH dpi apTTHIPY THIMCI3
0OJIBII TaOBLIA b

Hormxkecinae nocTypii ofIic apKbUIbl alIbIHFAH Ta3a OModTaHon keneMi 0,5 i1, ciiupTTiH yaeci 58 %o-1bl
Kypanel. Keneci perreri anpiHFaH OMO3TaHONIBIH KYpaMbIHAAFbl CHHMPTTIK KOPCETKIlN TeMeHAeH Oepmi.
KanneikrapaeiH kesiemi mamameH | 11 Medmepinae Ooiabl. AJl BIIEKTPOUMITYIBCTI TEXHOJOTHS apKbLIBI
alIBITEUTIFaH OMoMaccajaH albIHFaH Taza 6uodtanon kenemi 0,8 1 Kypaca, CIUPTTIK YJIECi KYBIK aMaMeH
Oipaeit 6onapt (5-cyp.). Kanapikrapasie kenemi mamamen 1,3 11 Kypajibl.
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a)

a) IOCTYPJIi SJICIICH alIbITy apKBUIBI aJTbIHFAH OMO3TAHOIT;
9) 3JEKTPOUMIYIIBCTI TEXHOJIOTHA KOMETIMEH aIIbITHUIBII aJIbIHFaH OMOATAHOI

5-cypet. buoataHONIAPABIH CIIUPTTIK KOPCETKIIITEPI

Exi ammbITy omicTepi apKbUIbl alibIHFAH OHOATAHOIAAPABl akaneMuk E.A. BeKeTOB aThIHAAFbI
Kaparanasl MeMJIEKeTTIK YHUBEPCUTETIHIH XuMus (aKyIbTeTiHIH 3epTxaHaceiaa «Agilent 7890 A» razapl
xpomatorpadsl apKbUIBI KYpaMIapblHa 3epTTey KYMBICTAPbI KYPTi3UIIi.

3epTTey KYMBICTAPBIHBIH HOTYKENIEP] TEXHUKAIBIK TYPFBIA TAJaHbIN, OHIMHIH KYpaMbIH/a Keaeciae
KOCBUIBICTAp/IbIH Oap eKeHi aHBIKTaNAbI (2-KecTe).

2-KecTe

Buo3TaHoJ KypaMbIHa KipeTiH Kocnajap MeJIlepiH calbICThIPY

Kypamst Hoacrypai axic, % OUT, %

Ot 3¢upi, 06H301 KBIIIKBUIBI 2,56 2,59
n-JleKaH KBIIIKBIIbI 12,42 12,23
Ot 3¢upi, OKTaH KBIIIKBLUIBI 7,55 7.8

Otun 2¢up, AeKaH KbIIIKBLIBI 24.99 23.78

OJICKaMETHJI, IHKJIONICHTACHIIOK-

'gl 7 1,78 1,86
Otwn 3¢ upi, HOHAHO KBIIIKBUTBIHBIH 15,66 15,78

-5-MeTuii

Exi HOTIKEHI CasbICThIpa Keje, OHO3TAHOIIBI aly MPOIECIH JJICKTPOUMITYIbCTIK TEXHOIOTHUS
KOMeTiMeH KapKbIH/IATKaH/Ia OHBIH KYPaMbI )KYbBIK IIaMaMeH OipJieii KopceTKIITep KOPCeTTi.

AnFam per OMO3TaHONIBI aly/la alllbITy IMPOIECIHE DIIEKTPOUMITYIbCTI TEXHOJOTHS KOJJIAHBUIBIIL,
OHBIH THiMIUTIT aHBIKTANABL. COKKbl OepulreH jKarmaiifia >KpUTy OeJliHIN, WMIYJIbCTap oCEPiHEH
MEXaHHMKAJIbIK JKOJMEH YyCaKTaJIMal KaJlfaH KaJAbIKTap[bl OJAH opi ycakrTal, COHBIMEH KaTap CYHBIK
MaccaHbl MaKCHUMaJbl TypJe OejiHyiHe ocepiH THUTI3reHiH OalKajblK. ATaJMBIII TEXHOJOTHSIA
KOJNJIAHBUTFAH O3JICKTPOATAD TaFaMJbIK Jar OacmalTelH OOJIATTaH JKAcaJIFaH[BIKTaH, OHOMAacCaHbI
JacTaMaipl. AIIBITY MEP3iMiH CIIKAaHAal KOCHAChl3 KYPaMbIH ©3repTredl 3IeKTPOUMITYJILCTI OiCTi
KOJI]aHa OTBIPBIII, AIlBITy MPOIECIHIH KApKBIHABI JXKYPYiH KeMiHae 2 ecere apTThipaibl. bonamiakra
ANIEKTPOHUMITYJILCTI TEXHOJIOTHS OMOTAHOI OHIPiCiH/IE KEHIHEH KOJIIaHBIC TaOyhl MYMKIH.
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B.P. Hycyn6exos, A.K. Xacenos, M. Ctoes, [I.2K. KapabekoBa, A.JK. belicenbek

TexHoJiorus JJIA HHTeHCl/I(l)I/lKaHI/II/I mpouecca moJaIy4eHust 0ModTaHOJIa

B craree mpencTaBiieHbl HOBBIE TEXHOJOTHM Ui MHTEHCH(HKanuu mporecca 6uosranona. C moMompo
3NEKTPOUMITYJILCHOX TEXHOJOTHM MOXKHO TONydaTh MaKCHMalbHOE KOJIHMYECTBO LEJNEBOTO IMPOAYKTa M3
arpornpoayKTOB MX OTXOJOB, IPH 3TOM YCHIMBas Ipolecc 6poxeHus. B 1ensax cHmkxeHHs cebecTOMMOCTH
HPOM3BOJCTBAa OHO3TaHONMA pPa3padaThIBAIOTC M BHEAPAIOTCS PA3JIMYHBIC TEXHOJOTMYECKHE CXEMBI
0€30TXOHOTO MHPOU3BOACTBA. MHOrooOpa3ue M OYEHb CIOXKHBIA XapakTep (HU3NUECKHX IPOIECCOB,
TIPOTEKAIOMINX MPH IEKTPHIECKOM B3PHIBE B XKUAKOCTH, TPYIHO MOJIAIOTCS MOJETHPOBAHHUIO B OTCYTCTBHE
JOCTOBEPHBIX JKCIHEPHMEHTAJBHBIX pPE3yabTaToB. Kak OSKCHEPHMEHTANTBHO, TaK M TEOPETHIECKH Majo
n3y4eHsl (PU3UUECKHE SIBICHUS, 3aHUMAIOLIIE BECOMOE MECTO B IIPOLECCaX B3aUMOJCHCTBUS yIapHBIX BOJH,
obpasyronuecss B MHoroasHbIx cpeiax. IIpoBeeHbI ONBITHI C Pa3iIUyYHOIl HccienyemMoit cpenoit. OnbIThl
Ha 3JIEKTPOMMITYJIBCHON yCTaHOBKE MPOBOAMIMCH MPU PA3HBIX 3HAYEHHAX 3Hepruu paspsaga (W) eMkocTH
KoHzaeHcaTopHoit 6atapen (C), paBHoit 0,25+0,1 Mk®D, MEKIISKTPOJHOTO IPOMEKYTKA HA KOMMYTAL[HOHHOM
yerpoiictBe (1), cocTaBisomeM 5 MM, U 4acTOThI CIEAOBAaHUS MMITYJbCOB, BAPbHPOBAHHBIX B JIMAIla30HE
100+250 »nexTpuyeckux HUMIYJIbCOB. B Xome wuccienmoBaHusi ONpeAeieHbl ONTHMAJbHBIE MapaMeTpbl
ycTpoiicTBa. DP(HEeKTHBHOCTS ATOW TEXHOJIOTHH C TOYKH 3PEHMS TPAJUIHOHHBIX METOJOB ONTHMAlIbHA IO
BPEMEHIL.

Knrouegvie cnosa: 61/IO3TaHOJ'I, DJICKTPOUMITYJIbCHAsA TEXHOJIOTUS, KOJMYECTBO HMMITYJIBCHBIX pPa3pAanaoB,
paGoqee HaMpsKEHUEC, Me)K3HeKTpOZ[HLII71 MIPOMEIKYTOK.

B.R. Nussupbekov, A.K. Khassenov, M. Stoev, D.Zh. Karabekova, A.Zh. Beysenbek

The technology for the intensification of the process of bioethanol production

This article presents new technologies for intensifying the bioethanol process. With the help of electropulse
technology, it is possible to obtain the maximum amount of a target product from agroproducts and its waste,
thereby enhancing the fermentation process. In order to reduce the cost of production of bioethanol, various
technological schemes of non-waste production are developed and implemented. The variety and very com-
plex nature of the physical processes taking place during an electric explosion in a liquid are difficult to mod-
el in the absence of reliable experimental results. Both physically and theoretically little studied physical phe-
nomena that occupy a significant place in the processes of interaction of shock waves produced in multiphase
media. Experiments were carried out with different media. Experiments on the electric pulse system were car-
ried out for different values of the discharge energy (W) of the capacitor bank (C) capacitance equal to 0.25 +
0.1 pF, the interelectrode gap on the switching device (1) is 5 mm and the pulse repetition rates varied in the
range 100 + 250 Electrical impulses. During the study, the optimal parameters of the device were determined.
The effectiveness of this technology in terms of traditional methods is optimal in time.

Keywords: bioethanol, electropulse technology, number of pulsed discharges, working voltage, interelectrode
gap.
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KbL1yasMacThIPpFBIIITAPAbI KAJINBIHA KEJTIPYIiH KAHA TEXHOJIOTUSICHI

MakaJa >KbUTyaJIMacThIPFBILITAP/IBl KaKTap/laH Ta3ajayAblH jKaHa dICiHE apHAbl. DICKTPIUIPABINKAIIBIK
TEXHOJIOTHSI — JKBUTyaJIMAaCTBIPFBILI KYObIpIIap/blH OeTTepinje maiiga OojFaH KakTapbl )KOKOJBIH THIMII
onicrepiHiH Oipi. KOHABIPFBIHBIH JKYMBIC ICTE€Y HPHHIMIN CYWBIKTaFbl JKOFapbl BOJBTTI pa3psa Ke3iHIe
KQJIBINTACAThIH JNEKTPTUAPABIUKAIBIK 3()(GEKT Oen aTanaTblH COKKbI TOJKBIHBI (QQeKTiciH maiinananyra
Herizaenred. JKYMbICTa YCBIHBUIBII OTBIPFAaH OMICICH JKbUIyaJIMACTBIPFBIIITHI OHACYIIH Hapamerpiepi
kenripingi. Kypaen minmaal KyObIpasl Ta3alayablH dmicTeMeci OasHAaIbl. AJIBIHFAH HOTHXKENEP FRUIBIMHU
KOJIIaHbLIAIbl JKOHE MPAKTHKAIIBIK TYPFBIIAH KBI3BIFYIIBUIBIK TYIbIPaIbl. DICKTPTUIPABINKAIBIK KOHIBIPFBI
MeTaJuT KYOBIp OTKI3TimTep il imKi OeTTepiH (KbUTyaJMacTHIPFBINI KYOBIpIapsl, Ka3aHIBIKTap, Ooinepiep,
KOHJEHCATOpIap, MAaTrUCTPaIAbIK KYOBIp OTKI3TiITepAiH JKekelereH Oeiikrepi >koHe T.0.) KaTThl
TEXHOJIOTHSUIBIK KaJIABIKTApaH Ta3anayFa KoJJaHblUIaabl. KoHABIPFBIHBI apHaiibl MOAN(UKALMAIAN OTHIPHII,
MeTaabl KYPhUIBIMIAP/bl KATThl METAJLI €MeC KaTrapiiapaH Ta3apTy MaKcaThHAa (KYHMalbIK KOCTIaJIap IbIH
KaJIIBIKTapBIHBIH O6JIIIeKkTepineH), Kapi3 KyObIpiaapblH Ta3zanayjaa maiinananyra Gonmagsl. COHBIMEH Karap
KOHZABIPFBl DHEPIreTHUKAIIBIK, TaFaMIbIK, METAUTYPIMsUIBIK, XUMHSUIBIK JKOHE OHAipicTiH Oacka na
cajayiapblH/ia KOJJaHbIC Tabybl MYMKiH. DJIEKTPrUAPOUMITYIILCTBI TEXHOJIOTUSIHBIH TEXHOJIOTHSIIBIK YAepic
aBTOMATTaH/BIPYFa OHall GelimMaene/i )oHe OFaH KbI3MET KOpCeTy YILIH apHaiibl MaMaHIap KaKeT eMmec.

Kinm ces3dep.: »nMeKTprupaBiIMKaNBIK TEXHOJOTHUS, XBUIYaJMAaCTHIPFBINTAPIBI Ta3zalay, JIEKTPOAAPaIIBIK
KAIIBIKTHIK, IMITYJIECTAp KepHEYi, KAKTHI KO0 MiCi.

OHuipicTiH op TYpJl calachlHIA SHEPTUSHBl TYTHIHYIBIH ©CyiHe OalIaHbICTHl KOJJAHBUIATHIH
JKBITyaJIMacy anmapaTTapblHbIH SHEPrusi ChIMBIMIBUIBIFEI apTyaa. Ocbl ceOenTi Kas3ipri FhUIBIM MEH
TEXHUKAHBIH ©3CKTI MACENeCi SHEPreTHKa, SIFHW, OTBIH KOPBIH YHEMI MaljadaHyasl KaMTaMachl3 €TETiH
XKbUTyMaccaanMacy KOHABIPFBUIAPEI MEH XKaHa dJIiCTepiH Taby oHe JKacarl IIbIFapy OOJbIN TaObLIa kL.

Xumusi, MyHall JKOHEe Ta3 OHEpPKOCINTEPiHIH TEXHOJOTHUSUIBIK  KOHJBIPFBUIAPBIHIA — CaIlallbl
JKBITYTACBIMAIIAFBIII  PETiHAC  TEXHUKAIBIK Cy  KonmaHepuiaabl. Kem  »karmalja  KbUTyMEH
KaMTaMachI3IaHIbIPAThIH KYHeNep/ie HEeTi3iHEH ©3€H JKOHE JKep aCThIHAAFbl CyJlap KOJAaHbUIabl. TaOuru
cylapia JUCHepCTiK Kocmanap, oHai eputiH Ty3map: NaCl, Na,SO, MgSO,, Ttemip TOTBHIFBIHBIH
ouxap6onatel Fe(HCOs),, corpmen Oipre kemip Keimksuiel H,CO5 ke3mecei [1].

CynplH KypaMbIHAAFbl YCaK TYHIpIIIKTI Oenmexkrep, op TYpil Ty3dap KocHalapbiHbIH 0oy
caliapblHaH, KbUTyalIMacThIPFBIITAP/A KakTap naiina 6omansl. Kakrap op Typii XUMUSIIBIK 3J€MEHTTEPIiH
KOCTIachl TYpiHZE TeMreparypara OainaHbicThl Ty3uiemi [2, 3]. KakTapabl :OmOAbIH KaTapblHA XUMUSITBIK
JKOHE MEXaHHMKAIIBIK OMIiCTEpIi JKaTKbi3yFa Oomnambl. OChl  OiCTepAiH INIIHAE COHFBI Ke3/Ie KEH
KOJIJAaHBUTATBIHBI 3JIEKTPOTUPABIUKAIBIK 3P deKT ocepiHe Heri3eNnTreH KOHABIPFRIMEH Ta3aay 9/1ici OOoJbI
OTBIP.

DNEKTPOTHIPABIUKAIBIK 9/IiC TaFaMJIBIK OHAIPICTe JOHII NaKbUIIap MEH CYWBIK OHIMACPHAl eHIeye,
METaJUTypIusl CallaChlH/Ia KEHJEp/i YHTaKTay/la >KOHE JKbUTyanMacy OeTTepiH KaKTapJaH Ta3apTy KoHe
OJIapIbIH JKBITYOEPTIIITITH KAPKBIHAATY YIIiH KeH KelemJle KoIaHbuIbin Keneai [4—8]. CyHbIKTaFbl 21eKTp
paspsaabl Ke3iHAe TY3UIETIH KYOBUTBICTBIH KypJeii KeHIeHISPIHEH TEXHOJOTHAAA DJCKTP SHEPTHSCHIHBIH
COKKBLTBI TOJKBIH SHEPTHSACHIHA AybICYbI OalKamabl. YPIICTIH epEeKIIeTiri — OJ JJIEKTP DHEPTUSACHIHBIH
MeXaHUKAIBIK SHEPTUSACHIHA aybICYbIH/A. TOCUIIIH MOHI alllbIK HeMece JKaObIK BIABICTAFbl CYHBIKTHIH iITKI
KeJIeMiHe apHaibl YHbIMIACKAH UMITYJIbCTI SJCKTPIIIK pa3ps OCpreHHEH OChl aliMaKTa op TYpili (PH3UKAIIBIK
YKOHE XUMUSUTHIK KYOBUTBIC Ty IBIPATHIH TTAlIabl MEXaHUKABIK KYMBIC TIaiiia Oomasst [9—11].

E.A. bexkeroB atbiHmarel Kaparanmel MemiiekeTTik yHuBepcuteTiHiH mpodeccop XK.C. Akpuibaes
aTBIHIAFbl  MHXCHEPIK  KbUTyQHU3WKachkl KaeapachlHbIH THIAPOJWHAMUKA KOHE  IKbUIyaIMacy
3epTXaHACBIHA KbUTyaIMaCTBIPFBIIITAP/IBI Ta3ajlay XKOHE XKbUTYy Oepy KaCHETTEpiH KaJbIHA KENTIpy YIIiH
ANIEKTPOTUAPABIMKANBIK KOHJIBIPFBIZIA TOHKIpUOENIK 3epTTeyliep Kypriziami. bynm Toxipubere mewinri
KYMBICTapAia OChbl KOHJBIPFBI apKbUIBI TEK KaHa Ka3blK JKbUIYAIMACTHIPFHIN KYOBIPIAPBIHBIH IIKi
OerTepinze naiiga OoJFaH KakTap TazajlaHFaH OosaTbiH. FhUlbIMU sKyMbICTa KypAedi mimmHgl KyOblpiaapabl
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Tazajay TEXHOJOTHSCH KYPAaCTBHIPBUIBII JKacalbl. DICKTPOTUAPABIHKAIBIK TEXHOJIOTUSHBIH KYMBIC iCTey
NPUHLAI CYHBIK OpTara >KOFapbl BOJIBTTHI paspsi OepinreH Ke3zne maiina OOJaThIH COKKBI TOJKBIHBIH
KOJIJAaHYFa HEeT13/1eTreH.

JKbutyanMacThIPFBIITAP/ABl KaKTap/aH ©HJCYre apHajfaH KYpPbUIBIMIBIK 3EpTXaHAIbIK KOHIBIPFBI
KeJleci HEri3ri JJIEMEHTTEpJICH NaibIHaIFaH: Oackapy MyJIbTiHEH, KOPFaHBIC KYHenl KOHJEHCATOPBIHAH,
KOMMYTATOPJIBI UMITYJIBCTI TOK T€HEPATOPhIHAH TYPAThIH (YHKIIMOHABI OJIOK TYypiHje xacanraH (1-cyp.).

Temenae 1-cyperteri y3ik ChI3BIKTap — KYOBIp IIIIHAETI OpHAIacKaH KaKTapHbl Ta3auay Ke3iHiHIeri
AIIEKTPOATHIH €H MaKcuMall >keTkeH Oemiri. Kypaeni mimiHAi KbUTyadMacTBIPFBIII KYOBIPABIH eKiHIII
OeJliriH Ta3ajmay YIIIH ODICKTPOATHl KYOBIPABIH IIBIFBICBIHAH €HTi3¢ OTBIPBIN, KYOBIPJBIH KipiciHEeH
TazanaHFaH OeliriHe JIEHIHT1 apalibIKTa Ta3aiay )KYMBICTaphI XKYPri3iuii.

| | -
I ™~ (A

1 — Gackapy mynbTi; 2 — KOPFaHbIC )KYHeci MEH SHepTrHsl )KUHAFBIIIL; 3 — pa3psITayIbl
JKOHE MMITYJIBCTI TOK T€HEPaTopsl; 4 — KYpAei MIiHAl KbUTyalIMacThIPFBILI; 5 — KYMBIC JICKTPOIBI

1-cyper. Kypzeni minisazi »KpuTyaIMacThIPFRIIITAPABI Ta3allay Ke3iHeri cyi10acs

FoutbiMu xyMBIC KypAeni MiIIiHAI KBUTyaJMacTBIPFBIIITHIH IIIiHE Cy TONTBIPBIN, pa3paaapaiblk
KAIIBIKTHIFBIH 10 MM-Te KOWBII, )yMbIC KepHeyi 20-25 kB ke3iHae OpbIHIAIIBI. DJIEKTPOTHAPABINKAIBIK
TEXHOJIOTHSIHBIH KOMETIMEH Ta3ajlaHFaH KbUTyalIMacTBIPFBIITAP 2-CypeTTe OepinreH.

=

ey

a — TOXIpHUOeIiK 3epTTeyepre JeHiHT1 KbUTyaIMaCTBIPFBII KYObIp; 6 — Ta3aJaHraH Kypaeli
I H JKBLUTYaIMACTBIPFBINI KYOBIP.IBIH OacTanKel OeIiri

2-cypet. ToxxipuOeneH KeHiHT1 TazamaHFaH KypAesi MIIiHAl KBUTyaIMacThIPFIN KyOsIp

Kypneni dopmansr kyObIpabiH imki 6eTiHAe (2 cyp. a) KakTap KaJdbIHABIFBl dp TYPJi OpHAIACKAHBIH
OaiikaiimbI3. Makanana KyOblp opMachl Kypaeni OONFaHABIKTaH, KaKTapAbl Ta3zajay VIIH KyObIp ilriHeH
OTKI3UICTIH AJIEKTPOATHI 9P TYpJIi OaFbITTa KO3FaITa OTBIPHII, Ta3aliay >KYMBICTAPBIH XKYPri3y KaKeT OOJJIbL.
Temenne 3-cyperre Toxipube KesiHae Kypaemi (OopMambl KbLTyaIMaCTBIPFRIMITHIH IMIIHE 3JICKTPOJTHI
OpHANIACTHIPY CYI0ACHI KENTIPIIIL.
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[

3-cyper. Toxipube ke3iHae Kypaemi (opMalbl KbBUTyalIMacTBIPFBIIITHIH
iITiHIE IEKTPOATHIH OpHANIACy CyI0achl

JKorapeinarel 3-cypeTTe CyMEH TONTBIPBUIFaH Kypaem ¢opmaibl KYObIp (1), 3meKkTpox (2), COKKbI
TOJIKBIHJIAPBIHBIH CyJla Tapaiysl (3), KYObIp (4) Oerinne opHanackan Kakrtap. OcelHAal Kypaeni ¢hopmaibl
KYObIpiapiarbl KakTappl Ta3ajay YIIiH KyOBIpABIH KUBIH OYpPBUIBICTBI OJiKTepiHe apHaibl 3JIEKTPOATHI
OarpITTall OTBIPBIN Ta3ajay >JKYMBICTApbl JKacalbl. OIEKTPOA apaKAIIBIKTHIFBIH JKOHE OHEPrus
JKUHAFBIIITAFbl KEPHEY IaMAaChlH Pa3psiIThIH SHEPTUsChIHA TOYeN i 0ackapy apKbLIbl KYOBIPIBIH CBHIPTKBI
OeTTepiH KaKTaplaH Ta3alay AIPEKECiHIH op TYPil MOHIEPiHEe KOKETKI3Ii.

JKpuTyanMacTBIPFBIITAP/ABI OHICY JKYMBICTAphl Ke3iHAe KYObIp OOMBIHIAFbl OpPHANACKaH KaKTap/bIH
KYpaMbIH/Ia 9p TYpJii Ty37ap OOJIFaHIbIKTaH, OChI KYOBIP/BIH 1IIKI KaOBIPFACKIHBIH KeHOip O6IKTepiHiH Te3
Ta3alaHaTBIHIBIFBI Oaiikamabl (4-cyp.). YakpIT oTyiHe )KoHe Maijanany Mep3iMiHe OalIaHbICThl KYOBIPIBIH
ITiHAE op TYPIi OMBIKTAp KOMTeMN nakaa OOIFaHbl OailKai bl

3T1UPHM

4-cypet. KyOb1p O0ifpIHIa KOTDKBUIIBIK KAKTAp CalapblHAaH IMaiiaa OoiFaH OMBIKTap

Toxipubenik 3eprreysiep O0apbIChIHAA KBUTyaIMaCTBIPFBIITAPABI KAJIbIHA KENATIPY Ke31HIETi KaKThIH
YKOWBLTYBIHBIH OHJIETY YaKbIThIHA TOYEIIUIITT aHBIKTAIIEI (5-Cyp.). OHJiey ®KYMBICTaphl Ke3iHze apOip 5 MUH
YaKbIT apasbIFbIHAH KeWiH KYOBIPABIH iMIKi OETiHEH OOJiHreH KAKTBIH MacCachl 3JEKTPOHIBIK Tapa3bIHBIH
KOMETIMEH OJIIIEH/T].
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5-cyper. DIeKTPOruAPaBIMKAIBIK KOHIBIPFBIHBIH KOMETIMEH Ta3ajJaHraH Kypaeii
MIIHI KYOBIPIAFbl KAKTAPABIH YaKbITKA TOYEIIi KOUBLITYBI

Kypaeni mimriaai >KeimyaamacThIpFbil KipiciHeH (1) 3meKTponTsl Kibepe OTBHIPBIN Ta3alaraH Ke3zaeri
KOHE KYpJeNi MNNH/I KbUTyaJIMaCTBIPFBINI IIBIFBICBIHAH (2) 3JEKTPOATHI KiOepe OTHIPHIN, Ta3allaFaH
Ke3Jleri albIlHFaH HOTIDKENep S-CyperTe KenTipiareH. ToyelIilikTeH YakbpITThl HEFYPIIBIM Kebipek
apTTHIPATBIH OOJICAK, COFYPIIBIM KAKTBIH KOHBUTYBI TE3HBI OaHKaJIbI.

Kypaeni minmisazi *KeuTyaaMacTBIPFBIITAPABI TAa3auay 9JIiCi 3epTTeNill, Ta3alay Ke3iH/e KONJaHbUIaThIH
AJIEKTPOJT JKYHeCl koHe pa3psaAapaiblK KaIlBIKTBIKTaFbl SHEPIHSHBIH MOHI aHBIKTAJAbL. ToxipuOe Ke3iHue
aJTBIHFAH HOTHDKEJIEP KEJICIIEKTE JKbLTyaIMAaCTBIPFBIII KYObIpIIap/bl Ta3ajiay Ke3iHae KOChIMINA 3epTTeyIep/Ii
Tanarn ermnei, 6ipaeH KyObIpiaapAbl OHJIeY KYMBICTAPBIH XKYPri3yre MyMKiHIIK Oepeni.
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b.P.Hycyn6ekos, A.K. Xacenos, [I.)K. Kapabekona,
M. Croes, A.)K. beiicenbek, b.1. Kazankar

HoBasi Texnoorust AJIsA BOCCTAHOBJICHHUSA TEeNnJ1000MEeHHHKOB

CraThsl TOCBSIICHA HOBOMY METOLY OYHUCTKH TCIUIOOOMEHHHKOB. DJIEKTPOTHMAPABIMYECKAs TEXHOJOTHS
SBISIETCS OOHMM K3 HambOonee J(G(EKTHBHBIX METOZOB OYHCTKM OTIOXKCHHH Ha IOBEPXHOCTH
TeMmI000MeHHBIX TpyO. [IpuHIMI paboThl YCTAaHOBKM OCHOBAaH Ha MCHOJB30BaHUH 3()(eKTa yaapHOU BOJIHBI,
BO3HHKAIOLICH TPU BBICOKOBOJBTHOM pa3psiiic B JKMAKOCTH, IOJIYYMBILErO Ha3BaHHE AIICKTPOTHAPABIMYC-
ckoro 3 ¢dekra. B pabote npe/sioKeHbl mapaMeTpbl METOa OYUCTKH TEINIOOOMEHHHKOB. PaccMOTpeHsI cro-
COOBI OUHCTKHU TPYO CIOXHOM (opMmbl. [TosrydeHHBIE pe3yabTaThl IPEICTABISIOT HHTEPEC KaK C HAYYHOM, TaK
U C IPAaKTHYECKOW TOYKU 3PCHHs. DJICKTPOTHIPABINYECKAs YCTAHOBKA IpEAHa3HAYCHA JUIl OYHUCTKH BHYT-
PEHHHX TMOJIOCTEH METAINIHYECKUX TPYOONPOBOAOB (IIy4KOB TPYO TEmIOOOMEHHHKOB, KOTIOB, OOMIEpOB,
KOHJIGHCATOPOB, OTACNIBHBIX YYaCTKOB MAarHCTPAIbHBIX TPYOOIPOBOMOB H T.I.) OT TBEPIABIX TEXHOJIOTHYE-
CKUX OTIOXeHHit. IIpi COOTBETCTBYIOMICH MOAN(HUKALMN YCTAHOBKA MOXET HCIIONB30BATHCS ISl OYHCTKH
META/UIMYECKUX KOHCTPYKIMH OT TBEPIObIX HEMETANIMYECKHX OTIOXKCHHH (JHTHIX OeTaneil OT OCTaTKOB
(hOpPMOBOYHOI CMeCH), OUUCTKHU TPYO KaHaIn3aluy, GUIBTPOB Ha BOJ03a00pax.

Kniouesvie cnosa: QJICKTPOTUAPABINYECKAA TEXHOJIOIUA, OYUCTKA TCHHOOGMCHHHKOB, Me)K3IIeKTpOIIHBIﬁ
IPOMEIKYTOK, HAIPAKCHUC UMITYJILCOB, METOJ OYUCTKU HAKUIIH.

B.R. Nussupbekov, A.K. Khassenov, D.Zh. Karabekova,
M. Stoev, A.Zh. Beysenbek, B.1. Kazankap

New technology for the recovery of heat exchangers

The article is devoted to a new method for cleaning heat exchangers. Electrohydraulic technology, is one of
the most effective methods of cleaning deposits on the surface of heat-exchange pipes. The principle of the
installation is based on the use of the shock wave effect, which occurs when a high-voltage discharge in a
liquid is called electro-hydraulic effect. The parameters of the method for cleaning heat exchangers are
proposed. Methods for cleaning pipes of complex shape are considered. The results obtained are of interest,
both from a scientific and a practical point of view. The electrohydraulic unit is designed for cleaning internal
cavities of metal pipelines (bundles of heat exchanger tubes, boilers, boilers, condensers, separate sections of
main pipelines, etc.) from solid process deposits. With the appropriate modification of the plant can be used
for cleaning metal structures from solid non-metallic deposits (cast parts from the residual molding mixture),
cleaning sewage pipes, filters at water intakes.

Keywords: electrohydraulic technology, cleaning of heat exchangers, interelectrode gap, pulse voltage, de-
scaling method.
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ACNANTAP MEH 3KCNEPUMEHT TEXHUKACDI
NMPUBOPbLI U TEXHUKA SKCNMEPUMEHTA
INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

VJIK 53.089.4:004.383.3

H.A. Hcmynos', A XK. XKyma6ekos', A.B. A6xpaxmanos’, M. Hyproxmuna'
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00 n3mMepeHuu TeMIepaTypbl TEPMUCTOPOM
¢ MOMOIIbI0 MHKPOKOHTPOJLJIEPOB Arduino

CraThs IOCBAIIEHA HCIIOJIF30BAaHUI0 MUKPOKOHTpoiutepoB Arduino B cpexe LabVIEW. Omucanst: Texnoo-
rHs MOArOTOBKH  oTaaaku cpeabl ArduinolDE u meron moaximouenust Arduino k LabVIEW; oumbku u ux
UCHpaBlIeHHe Npu noakimoueHnd. [Tokasana nmporpamma paGoThl ¢ OMMCAHUEM JIMIEBOIT ITaHENU U MPHHIIHU-
MHUaNbHOM CXeMbl ycTpoiicTBa. Hammcana nmporpamMma HaXxoxIeHUsI KO PUIMEHTOB Uil TEpMUCTOPOB. Pea-
JIM30BaTh 3Ty IIHPOTHO-UMITYJICHYIO MOIYJISLUIO MOXKHO KaK IPOrPaMMHBIM, TaK U allapaTHBIM CIIOCOOOM.
IlepBblif 13 HUX HaM He TOIXOINT, TAK KAaK OH 3axXBaThIBA€T BCE PECYpChl MHKPOKOHTpOIIEpa, a HaM
eme Hy>KHO OPTaHH30BaTh OMPOC AaTduka. [103ToMy MBI BEIOpaNiM ammapaTHEIH CHOCO0, MCHONB3YIOMIUHA
BHYTPEHHHE PECypCHl KOMITbIoTepa. [lIst ero peanusanuy ncroib3yercs omnepatop WriteAnalog(), KoTopsrit
MOXET BBIITOJHATHCSA B (DOHOBOM pexnMe. B coBpeMeHHOM Mupe Bce Oojiee MUPOKOe MIPUMEHEHHEe PHo0-
peraeT BHEAPEHUE HOBOIl TEXHUKH, KaK B IIPOMBIIIICHHOM XO35CTBE, TaK U B OBITOBBIX HYXIax. s yimyd-
IICHHS KaKOH-TH00 TeXHUKH pa3padaThIBalOTC METOABI 3 (EKTHBHOTO UCHIOJIb30BAHUS SHEPTHH.

Kniouesvie crosa: MUKpOKOHTpOILIEpHL, cpena Arduino, Tepmuctopsl, mporpamma LabVIEW, Atmega 328,
M, 6nok-cxema Arduino u LabVIEW.

Bseoenue

B cBsa3u ¢ OypHBIM pa3BUTHEM MHKPOIJICKTPOHUKHM BBIYUCIUTEIBHAS MOIIHOCTh COBPEMEHHBIX
MUKpPOKOHTPOJJIEPOB ~ 3HAUWTENBHO  YBEIWYMBAETCS, YTO TNPUBOJUT K  YICHICBICHHIO  CaMUX
MHUKPOKOHTPOJIJIEPOB M, COOTBETCTBEHHO, MO3BOJISIET MCIOJIB30BAThH MPEIOCTABISIEMbIE UMH BO3MOXKHOCTH
B TAKMX CXEeMax, TJe paHee HX HCIOJIb30BaHWEe OBLJIO 3KOHOMHYECKH HelenecooOpasHbiM. Ha poiHKe
UMEETCsl OTPOMHBIN BBIOOp MporpamMMupyemsbix Jsorndeckux koHTposepoB (ILJIK), kak oT m3BecTHBIX
npousBoautreiei (Siemens, Advantech u ap.), Tak U OT OypHO Pa3BUBAIOILUXCS «HOBBIX» MPOU3BOJUTENEH,
Yy KOTOPBIX, KaK MpaBUIo, — «a3zuarckue» KopHu. [locnenHue, kak mpaBujio, B CBOMX CaMbIX AOCTYIHBIX
[UIK wucnone3yror ummel or ¢upM Atmel u Texas Instruments, c¢ apxurextypoii AVR wu PIC
COOTBETCTBeHHO. HecMOTpst Ha U3BECTHBIC JOCTOMHCTBA (HA/ICKHOCTh, YA0OHOE MPOTpaMMHOE 00ecTiedeHue
(ITO) mns padotsr ¢ IIJIK u oOyueHus: mepcoHana, TEXHHYECKas MOANCPXKKA IOJIb30BATENEel B pEKUME
ounaita u T1.1.), [IJIK oT mpousBoguTeneit mepBoro smieIoHa UMEIOT OJWH CYIECTBEHHBIN HEIOCTaTOK —
BBICOKYIO IIEHY, YTO OCOOCHHO aKTyallbHOM JJisl HeOONBINX MPEIIPUSITHI U OOJBIIMHCTBA BY30B. [loaTomy
TJIaBHOW sBIsieTcsl 3a1ada BbliOOpa ambTepHaTuBbl goporuMm [IJIK moctaTouHo MpOCTBIX yIpaBisieMbIX
KOHTpoOJiepoB. B KkadecTBe Takoil  aJbTepHATHBBI  MpeNIaraloTCs  OTHOCHUTEIBHO  HEIOPOTHE
MHUKPOKOHTpoiepbl Atmel/AVR, 1 B yaCTHOCTH BhIUMCIHTENbHAS 1aTdopma Arduino [1].

MUKpPOKOHTpOJUIEP — 3TO CIElHaIbHAs MUKPOCXEMa, MpeJHa3HauCHHAs I YIPaBICHUS Pa3IHIHbI-
MH 3JIEKTPOHHBIMH YCTPOIHCTBaMH, cCOYeTaromas B cebe MpoLeccop, BCTPOCHHYIO MaMATh M Nepudepuro.
Crnenyer pa3nuyarb MHUKPOKOHTpOJUIEp W MHKpormpoieccop. [locneqnuii He MMeeT BCTPOCHHOM MamsTH U
TpeOyeT mjs 3alycka JAOMOJHUTEIbHbIE MUKPOCXeMbl. MUKPOKOHTPOJUIEp MpEACTaBiseT co00i 3aKOHYEH-
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HBIA KOMIIBIOTEp B MuHHUaTIOpe. [loctostHHas mamste (ROM) BeInoHSIET QYHKIMIO BUHYECTEPA, TIEpe3ar-
ceiBaemas namsth (Flash) mpezacrasnser coboil onepaTuBHYIO MaMsATh KOMITBIOTEPA, MPOIECCOP YCTYIaeT
COBpPEMEHHBIM IPOIleccopaM JUIsi KOMITBIOTEPA B CKOPOCTH M MAacIITAOHOCTH, HO CIIOCOOCH Ha BBHITIOJHEHUE
JIFOOBIX BBIYMCITUTENBHBIX 3a1a4. [lepudepus mo3BONSIET MUKPOKOHTPOJUIEPY B3aUMOJICHCTBOBATH C MOJIB30-
BaTeNieM: IPUHAMATH OT HET0 KOMaH/Ibl, BEIBOJUTh PE3yJbTAaThl U B3aUMOJICHCTBOBATH C JIFOOBIMHU DIIEKTPOH-
HBIMH yCTPOWCTBAMH, K KOTOPHIM OH MOJAKITIOUEH [2].

Ocnosnas yacmo

Arduino UNO — konTtpomep, noctpoeHnblii Ha ATmega 328. [Inatdopma conepxur 14 undpoBsix
BXOJIOB/BBIXOJIOB, 6 M3 KOTOPBIX MOTYT HCHOJB30BaThCs KaK BBIXOABI HIMPOTHO-UMITYJIHCHOW MOYJISIIIAN
(IIMM), 6 aHamoroBBIX BXOJOB, KBapIeBwlid reHepatop 16 MI'm, paseem USB, cunoBoil pasbem, pazbem
ICSP u xHOTIKY miepe3arpy3ku. Xapakrepuctuka u 01ok-cxema Arduino UNO mpencraBieHs! B Tabmuie 1 u
Ha pucyHke 1. [nsg paGoTel HEOOXOAMMO MOJKIIOYUTH UIATGOPMY K KOMIBIOTEPY TMOCPEACTBOM KaOelst
USB wiu nogate nutanue npu nomoriiu aganrepa AC/DC uinu Gatapen.

B otnnupe ot Bcex npeaplaymux miat, uenoas3oBaBmux FTDI USB MukpokoHTposuiep Ui CBsI3U IO
USB, soBsiii Arduino UNO ucnons3yet mukpokonTposiep ATmega8U2 [3].

Tabnuma 1
Xapaktepuctuku Arduino UNO R3

MUKpPOKOHTpOILIEP ATmega 328
PabGouee HanpshkeHUE 5B
BxozxHoe HanpshkeHHe (peKOMEHIyeMoe) 7-12 B
BxozxHoe HanpsbkeHHe (TIpeaeapHoe) 6-20B
ITocTosTHHBIN TOK Yepe3 BXO/BBIXO] 40 MA
IocrostHHBIN TOK 11s BeIBOAA 3.3 B 50 MA

32 K6 (ATmega 328), npu atom 0.5 K6 ucnonssy-
FOTCS TS 3aTPy3YHKa

Dmdm-namMaTs

EEPROM 512 baiit (ATmega 168) nim 1 K6 (ATmega 328)
o3y 2 K6 (ATmega 328)
AHaJorossle BXOJBI 6

14 (6 U3 KOTOPBIX MOTYT HCIOJIB30BaThCsA KaK BbI-
udpossie Bxompl/Beixoab xosb1 ITIVIM)
TakroBas yacrtora 16 MI'g
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Pucynox 1. [Ipuaunnuansaas cxema ArduinoUno
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Arduino UNO moxeT nmoiy4ars nuTaHue yepes nogkimoueHne USB nnm ot BHeIIHero ucrounuka. Mce-
TOYHUK NMUTaHMS BbIOMpaeTcst aBToMaTH4decku. Buemnee nutanue (He USB) MoxeT momaBaThes depes mpe-
obpazoBarenp Hanpspkerus AC/DC (6510k nuTaHust) Wi akKyMyJsiTOpHOH Oartapeeii. [IpeoOpa3oBareins Ha-
MPSOKEHUS TTOAKITI0UAETCs MOCPEACTBOM pa3zbeMa 2.1 MM ¢ HEHTPaJIbHBIM HOJIOKUTENBHBIM NoIocoM. [Ipo-
BO/Ia OT OaTapeu moaKMmodaroTcs K BeiBogam Gnd u Vin pa3beMa MUTaHUS.

[Inardopma Moxket paboTarh npu BHeIHeM nutanuu ot 6 B 1o 20 B. IIpu HanpsokeHnW MUTaHUS HAXKE
7 B BeIBOA 5V MoxeT BelgaBath MeHee 5 B, mpu aTom miaTdopma MoxkeT paboTtath HecTabmibHO. [Ipu nc-
TOJIb30BAHUM HANpspKeHMs Bbllie 12 B perysnstop HampsyKeHUsI MOJKET MEperpeTbcs U MOBPEIUTH IUIATY.
Pexomennyemsiil nuanason — ot 7 B no 12 B.

Cpena pazpaboTku Arduino COCTOUT M3 BCTPOSHHOI'O TEKCTOBOI'O PEAaKTOpa MPOrpaMMHOI0O Koja, 00-
JIacTU COOOIIEHHH, OKHA BBIBOJA TEKCTa (KOHCOJM), MAaHETH WHCTPYMEHTOB C KHOMKAMH YacTO UCIIOJIb3Yye-
MBIX KOMaHJ M HECKOJNIbKUX MeHIo. [l 3arpy3ku mporpamMm U CBSI3U cpena pa3palOTKU MOIKII0YAeTCs
K anmaparHoi yactu Arduino. [Iporpamma, HanucanHas B cpene Arduino, HaspiBaeTcs ckeTd. CKeTd MHIIeT-
Csl B TEKCTOBOM PEAAKTOPE, MMEIOIEM WHCTPYMEHTHI BBIPE3KU/BCTABKH, TIOMCKa/3aMeHBI TeKcTa. Bo Bpemst
COXpAaHEHHUSI U SKCIOpTa MPOEKTa B 00JACTH COOOIIEHHH TMOSBISIIOTCS MOSCHEHHS, TaKKe MOTYT oToOpa-
JKaThCsl BO3HUKIINE omuOKy. OKHO BhIBOJA TeKCTa (KOHCOJIb) MOKa3bIBaeT cooOIieHus Arduino, BKIOYAr0-
1IMe TOJHBIE OTYEThl 00 omuOKax u Apyryio uHpopmarmio. KHOMKK maHenn MHCTPYMEHTOB TMO3BOJISIOT
MPOBEPUTH U 3aIFcaTh NPOrPaMMy, CO3AaTh, OTKPBITh U COXPAHUTh CKETY, OTKPHITh MOHHUTOPUHTI TOCJIEA0Ba-
TEJIbHOM IIKHBI.

MeHIO COOEep)KUT CIUCOK IOCIIEA0BATENBHBIX YCTPONUCTB Mepeaady JaHHBIX (pealbHBbIX U BUPTYallb-
HBIX) Ha KommbioTepe. Cincok 0OHOBIISIETCSI aBTOMAaTHYECKU KaXKIbIH pa3 MpU OTKPBHITHH MeHIo Tools.

3arpy3uuK MO3BOJISIET 3amucaTh B MUKPOKOHTpoJulep Ha ruatdopme Arduino. /lanHoe neWicTBue He
TpeOyeTcst B TeKyiei padote ¢ Arduino, HO IPUTOIUTCS, €CIIM UMeeTcs HOBbIH ATmega (6e3 3arpy3umka).
[lepen 3anuceio peKOMEHAYETCSl IPOBEPUTH MPAaBUIBHOCTE BBIOOpPA M1aTdopMbl 13 MeHIo. [pu ucnons3osa-
Hun AVRISP HeoO6xomumo BEIOpaTh COOTBETCTBYIOIINIA TpOrpaMMaTopy mopT u3 MeHio SerialPort.

Cpenoii Arduino ucrons3yeTcsl IPUHIUI OJIOKHOTA: CTaHAAPTHOE MECTO JUIS XpaHEHHS MPOorpamm
(ckerueii). Cxketun u3 OI0KHOTA OTKpbIBatoTcs yepe3 MeHto File>Sketchbook mim kHomnkoit Open Ha nanenn
uHcTpyMeHToB. [Ipu mepBoM 3amycke mporpammbl Arduino aBTOMAaTHUECKH CO3JAETCSl AUPEKTOPUS IS
610kHOTa. Pacnionoxenue 6JI0KHOTa MEHsETCS uepe3 Juanorosoe okHo Preferences.

3aknaaku, (Gainbl 1 KOMIWISILUS MO3BOJSIIOT PadOTaTh ¢ HECKOJNBKUMH (ailnamMu cKeTyer (Kaxabli
OTKPBIBAETCS B OTJENBHOH 3aKnajke). Daiinbl Kojja MOTyT ObITh cTaHIapTHRIME Arduino (0e3 paciupeHus),
¢aitnamu C (pacmupenue *.c), gainamu C++ (*.cpp) nnu ronoBasiMu ¢aitnamu (h) [4].

sketch_may13a | Arduine 1.6.2 o S

®aiin Mpaska Jckus UncrpymenTer Momous

led.clear();

}

void loop() {

ds.requestTenperatures () ; CUMTHBASN TEMISPATYRY ©
n= ds.getTempC (sengorl)-ds. getTempC (s
n= ds.getTempC(sensorl); // sHaussm
led.setCursor(0, 0);
led.print{"Sensor 1: ");
led.print(massivin](m]); OTIPABIARI BAMKHOCTS
led.print (™) ;

led.setCursori0, 1);

led.print(”Sensor 2: ")

led.print(ds. getTenpC (sensor2) ) ;// OTODARIAEM TEMIEpaTyDyY
led.print("C");

}

LaTmOB

r2); //BHCTMTHBASN pasHOC
PO JaTTHMEA

n

< T r

Pucynok 2. Cpena pa3pabotku Arduino

Ha nnate ArduinoUNO mMeeTcst mecTh aHAIOTOBBIX BXOJIOB, KOTOPBIC, TI0 CYTH, SIBIISIOTCS KaHAJaMHU
ALII. B oauH u3 Takux KaHAJIOB MOJKIIOYAETCs TepMHUCTOp. Mcmonb3yeTcs: cxema MpocToro AeMuTeNs Ha-
MOPSOKEHUS AJ11 HaXO0KICHUS! COTIPOTUBIICHHUS:

Cepusa «dusmka». Ne 1(85)/2017 75



H.A. Ucnynos, A.XK. >Kymabekos 1 ap.

o

RT

RO Uuam

UO — u3BectHOe HanpsbkeHue, RO — u3BectHoe conpoTuBienue, RT — conmpoTusienue, 3aBucsiiee
oT TeMrieparypsl, UM — u3MepsieMoe HanpsbKeHUe

Pucynok 3. Cxema u3MepeHHUsT TEMIIEPATyphl TEPMUCTOPOM

s pUCYHKa 3, OYCBHUIHO, YTO AJId U3MEPIACMOI'0 HAIIPSIKCHUSA CIIPABEAJINBO COOTHOILICHUC

— UORO
usm >
R, +R,
OTKYyJa COIPOTHUBJICHUEC TCPMUCTOPA BbIPAKACTCA TAK:
U,R
— 070
R, =—CC_R.

Uusm

VYpaBuenne CreitHxapTa—XapTta, CBSI3bIBAIOIIEE COMPOTHBIICHHE U TEMIIEPATypy MOIYIPOBOJHHKOBBIX

TEPMHUCTOPOB, UMeEET BUJA [S]:
%=A+Bln(R)+C(ln(R))3. (1)

3nech A, B u C — KaquOpOBOYHBIE KOHCTAHTHI, TaK Ha3biBaeMble Koddduientsl Creitnxapra-Xapra, T —
TeMmIeparypa B KellbBUHAX. JDTO YpaBHEHHE alIPOKCUMHUPYET KPUBYIO C XOPOIIEH TOYHOCTHIO TIPU TO100-
paHHBIX KO3 dUIMeHTax st KOHKpeTHOro Tepmucropa. Koaduuuments: CreliHxapTa-Xapra MOTYT YKa3bl-
BaThCs B JIOKYMEHTAIH TIPOU3BOIUTENIEM TEPMHUCTOPA, @ MOTYT BMECTO HUX YKa3bIBaThCs TaOIUYHBIC 3HA-
YeHHUsl TEMIIepaTyp M CONPOTHBICHUHN Ui KOHKpETHOro ycrpoiictBa. Koaddumuentsr O6ymyT HaxoauThes
OIBITHBIM ITyTEM.

Heo0xoanmo nmpoBecTy Tpu U3MEPEHHs M TIOITYYUTh, TAKAUM 00pa3oM, TPH YpaBHEHUS, 3alICaTh CONPO-
THUBJICHUE TEPMUCTOPA M U3MEPEHHYIO TEMIIEpaTypy MPU KOTOPOH MPOU3BOAUIOCH U3MEPEHUE.

Pucynox 4. TunoBast 3aBUCIMOCTH COTIPOTHUBIICHHUS TEPMUCTOPA OT TEMIIEPATYPHI

Ha pucynke 4 mpejcraBieHa mporpamma, ¢ MOMOIIBI0 KOTOPOH MOXKHO MOCUUTATh KOIDMUIMESHTH U
npoBepuTh ux. [Iporpamma Obi1a Hanucana 1o Gopmye CreliHxapTa-Xapra Ul HaX0XKICHUS KaTHOpOBOY-
HBIX KO3((PHUIIMESHTOB:

L=In(R) L,=In(R,) L,=In(R,). )

BBogsTCs BEeTUUMHBI, 00paTHBIC TEMIIEpaType:

1

1
Y=—Y=—V=— 3
B (€)
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BBO,I[SITCSI COOTHOIICHMUA

Y, = Y3 = . 4)

I[anee MBI HaXOAUM HCKOMBIC K03(1)(1)I/II_II/ICHTBIZ

C= % x(L+L,+L)" B=y,~Cx(L +LL,+L}), A=Y, ~(B+ LC)L,
3T
rae R; — CONpOTUBIIEHUE TEPMUCTOpPA IIpHU Temueparype 17; R, — CONPOTHUBIIEHHE TEPMUCTOPA NPU TEMIIE-

patype T; R; — CONpOTHBIEHNE TEPMUCTOpA P TeMneparype 7.

{3 Steinhartvi Front Panel * E‘M
File Edit View Project Operate Tools Window Help %
£ LA . L
O@ | 15pt Application Font |« HE;V ” o~ "gv | *| Search Q, ’?‘ 1
-
. Codficent A
0000338195 | [1/0.000338195
B Coefficient B m
LSS ' [£1[0,000517305
€ o Hanpsskenne Ha exoge
16916566 - Ciefflclent C E
1= -1,69165E-6 N L
T Rl Temnepatypa
9 5 9 1000 25,0003
T2 R2 Conpotnenenne Tepancropa
e 710 { £ [1000
T3 R Hanpsskenne T
16 71360 STOR B

Pucynox 5. JluneBast nanesns MporpaMMbl HAX0KACHHUS KO3 QUIMEHTOB

B sueiiky 71 BHOCATCA 3HaUEHUS] HU3KOM TeMIepaTypsl U B Rl — COOTBETCTBYIOLIEE 3TOM TeMIiepary-
pe CONpOTUBIIEHUE TepMUCTOPaA. B sueiiky 72 — 3Ha4YeHus CpeAHEH TeMIlepaTyphbl U, COOTBETCTBEHHO, B 13
— BBICOKOI1 Temmeparypsl. [lociie yero HyHO Ha)kaTh Ha 3aIlyck mporpammbl. CrieBa Ha JIMIIEBOM MaHEeTH
BeIAAYT Ko3pduimentsr (puc. 5). s npoBepkn ko3)PUITMEHTOB TOCTATOYHO BBECTH 3HAYEHUS, KOTOPBIE
BBOJATCS HA pUCYHKE ©.
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Pucynox 6. biiok-cxema BBICUMTBIBAaHHS U ITpoBepKH Ko durmenros CreiHxapra-Xapra
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Cxema nogxirodeHust a1t padotel nmporpammbl Arduino&LabVIEW B makeTHol maTte mpeacTaBieHa
Ha pUCYHKeE 7.

T t
Rxm1 Arduing

Pucynok 7. Cxema moaKITIO9eHUs U pabOTHI TPOTPaMMBI
Arduino&LabVIEW B MakeTHO¥ miate

JluueBas maHesnb mporpaMMbl TIOKazaHa Ha pucyHke 8. Ha 3Toif manenu pasmerieH rpaduk TemiepaTy-
PBI, Ha KOTOPOM OTOOpakaeTcst TeMIieparypa ¢ 2-X TEpMHUCTOPOB B peaJbHOM BpEeMEHH, Ha rpaduke OHH BbI-
JIeNIeHbl pa3In4yHbIMU [BeTaMH. CIipaBa M clieBa OTOOPa)KarOTCsl TEMIIEPaTyphl KOHKPETHBIX ITHHOB MHUKPO-
KOHTPOJIIEpa, UX MOXKHO BBIOMpaTh B mpouecce paboTsl camoii nporpammbel. B mkane (C) n mkane (C)2
MPOU3BOIUTCS BBIOOP €AMHMIIBI N3MEPEHNUS TeMIepaTypbl. B vce Mbl yka3biBaeM HarnpspkeHHE, KOTOpoe Mo-
JlaeM Ha JJaTYHKH.

Fie Edt Viev Frojed Ooeale Toos Wndow Hefp A

LB it
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om T

DA D DD D DN m
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@ Mpegen »

- o
- -
I Cepeguna ‘
e J b |
0 : :
- o “
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|
v J :

*5 0: 0
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PI/IcyHOK 8. .HI/IHGBE[H HNaHCJIb TPOrpaMMbl TEpMOCTATa

Psanom c rpadukoM Temmneparypsl pacroyaraloTcsl HHIUKATOPhl, 0TOOpaKarolue Ipeieibl TeMIepaTy-
PBI, KOTOPBIE 33JIaf0TCsl MPEJIENIaMH, PACTIOIOKEHHBIMU CBEpXy OT rpaduka remmneparypsbl. J{iist Toro 4To0bl
WH/IMKATOPBl padoTanu, TpeOyeTcsl BKIIOUNTh MepeKiovareinb B pexxuM padotel. [lepes ero BKiItoueHHEM
HYXXHO 3aJ1aTh IMHBI MUKPOKOHTpoJuiepa. OHuU OyayT BKIIOYATHCS MPH NPEBBIICHUN BBOJUMBIX 3HAUYCHHH.
[Ipu BritOYEHNH TiepekiIroyaresst Ha rpaduke Temmneparypbsl 0TOOpas3siTcs 3HaYSHHs MPEIECIIOB COOTBETCT-
BYIOIIMMH [[BETAMH IS IIPEJIENIOB.
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st Havana paboThl ¢ JaHHOH MpOrpaMMoil B OJI0K-cxeme HyKHO BbIOpaTs COM-IOpT, KOTOpBIA OBLI CO3-
JIaH BO BpeMs nepBoro moaximodeHus Arduino (3mece COM4). Heo6xomumo BRIOPaTh CKOPOCTh, KOTOPAst JOJIK-
Ha COOTBETCTBOBATh TOW CKOPOCTH, 4TO yKa3aHa B mpomuske (115200 mo ymom4aHuIo), cienars BEIOOp mopTa
Arduino (o ymomanuio USB). [Nocnenaue nBa napamerpa — JWHHAS WHAMATIA3AIWHN, KOTOpas OyIeT UCTIONb-
30BaThCsl BceMH ycTpodictBamu Arduino, W JMHUS OMMOKA — CIEQyeT OCTaBUTh Kak ecTh [6].
[Ipu ucnons3oBanuu mudposoro /O npumensiercs SetModeDigitalPin. 3arem HeoOxonuMo ykas3aTh COOTBET-
CTBYIOIIMH TTOPT MUKPOKOHTpOJUIepa. biok-cxema mporpamMmbl, MIPUHIMITAAIEHAS CXeMa, PaCcCUUTHIBAIOIIAS
Temneparypy no gopmyne Crelinxapra-Xapra (1) ¢ BBIOOPOM €IUHUIIBI U3MEPEHUS, PUHIMITNATIBHAS CXeMa
paboTHI TEpMOCTATa C U3MEHSIOIIMMUCS MpeJieaMu TipeicTaBieHbl Ha Pucynkax 9,10,11 cooTBeTCTBEHHO.

beckoHeuHBI UK OPEACTABIECH B BUJE NETIM. /(151 OCTaHOBKM LIMKJIA €CTh CIIEUUANbHBIA HHIUKATOP.

DigitalPin ucnone3yercst 11 BBIBOJa CBETOAMOOB. BEIOOP BBIBOIOB /AJISl CBETOANOI0OB POU3BOAUTCS
B MAHEJIA TIPOTPaMMBL.

Close ucnonb3yeTcs B Ka4eCTBE 3aKPBITHs COSUHEHHS ¢ IaToil Arduino.

ARG00TESAss1130342 Teuneparypa 1
=5 i

:

“Celius” Defautt <} bad

B m b
ERS . -
s Tpeaen /0 Pin (0)  Cepeanra /0 Pin (0) 2
E =
o B i
Ll

2 ==

T[Fals BT

A
0015545513042

s B>

Wrana (€)2 "Celius’, Defautt 7]

R b |

[F2.02961 1677686

m Y

parypa2 Stop EER.
]

PucyHok 9. Biiok-cxema nmporpamMmbl

A [0,000338195

Tewmneparypal

Ak B T 0

Pacuer conpoTenema TeprncTops > fg T CYET Celsius”, Default ¥/ vsg-]i

10 I Wiana([FTeg— :

. [Conpemnancring]
Vee (5 v) [TELK @ e 1
Conk E— »51] Temnepatypa
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Pucynok 10. [TpuHIumuansHas cxeMa, pacCIYUTHIBAIONIAS TEMIIEpaTypy
o ¢popmyne CreitaxapTta-XapTa (1) ¢ BHIOOPOM €IMHHUIIBI H3MEPECHUS

Mpeaen /O Pin (0)  Cepegnna I/O Pin (0) 2 Hus YO Pin (0] 3

B

WHa

Inepatypa 2 Stop[(TE4 k]
L r o

PI/ICYHOK 11. HpI/IHIII/IHI/IELHLHaH cXema pa6OTLI TEPMOCTATa C UBMCHAIOIMIUMUCS TTPpEACTIaMU
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Baxnouenue

B nanHo#i paboTe omucaHbl TEXHOJIOTHS MOATOTOBKH M oTjianku cpeabl ArduinolDE u Metox moakiiro-
yernss Arduino k LabVIEW. [loka3anbl ¥ McCIpaBicHbl OIIMOKH, BOSHHMKAIOIINE BO BPEMs COXPaHCHHS U
AKCTIOPTa MPOEKTa B 00JIaCTH COOOIICHUIT; MporpaMma padoThl ¢ OMMCAHUEM JIMIIEBOW MaHeTH W IPHHIUITH-
AIBHOI cxeMbl ycTpoiicTBa. Hamucana mporpamma HaxoxaeHUs KO3 (PHUIIMESHTOB ISl TEPMHUCTOPOB.
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H.A. Ucniynos, A. K. XKymabekos, A.b. A6paxmanos, M. Hyproxuna

Arduino MUKpP00aKbLIaybIIITAPHI KOMEriMeH TEPMUCTOP aPKbLIbI
TeMIlepaTypaHbl oJilIey TYypajbl

Makana Arduino wmwukpoOaxsutaybimrapslH LabVIEW  opraceima konpmanyra apHanraH. ArduinolDE
opTachlH OarapiaManayra JalblHAAy jKOHE JNaiblkTay TexHojoruscel MeH Arduinonsl LabVIEW-re kocy
omicTepi jKoHE KOCBUIY Ke3iHAE TYBIHIAMTBIH KAaTETIKTep MEH OJapiAbl TY3ETy OJiCTepi KapacThIPBUIIBL.
KypbUIFbIHBIH MaHBI3bl CyJIOAchl JKoHE OCTTIK IIaHelIb CHUMATTaMAaChIHBIH JKYMBIC —OariapiiaMachl
kepcetinren. Tepmucrop yiuiH kodhduiueHTTepai i3ney Oarmapiamachl jKa3bUIFaH. ByJl KeH UMITYJIbCTHI
MOJYJISIIASHEI OafIapilaMalIblK XKOHE alapaTThIK ofic apKbUIBI XKy3ere acklpyra Oomaxabl. Bipinmrici 6i3min
JKYMBICKA KaXKeT emec, cebedi o1 MUKpoOaKbUIayLIBIHEIH 0apiibIK pecypcrapbi anajpl. CoHbIMEH Katap 0i3
JATYMKTCH CYPaHBIC alTybIMbI3 KaXET. ABTOpJAp allaparThlK SAICTI TaHJAm, SFHH KOMIIBIOTEpiH iLIKi
pecypcrapbiH, naiinananasl. ByHsl sxy3ere aceipy yiuiH WriteAnalog() onepartops! KOiIaHbUIAbL, O (HOHIBIK
TOPTINTE KYMBIC icTelii. 3aMaHayH KaHa TeXHHKa MEH TEeXHOJIOTHsUIap/bl KOJIIaHy YpJici KeHIHeH Tapajiblil
JKaThIp, TEK OHAIPICTe FaHAa eMec, COHBIMEH Oipre TYpMBICTa Ja opblH amyna. Kanmaiima Oip TeXHUKaHBI
JKaKcapTy YIIiH HEPTUSHBI THIMI XKY3eTre achIpy 9AICTepi i3AeIiHiI KaThIp.

Kinm co30ep: Mukpobakputaysiurap, Arduino opracsl, Tepmucrop, LabVIEW 6arnapnamacsl, Atmega 328,
KHUM, Arduino sxone LabVIEW 6Gmok-cysbackr.
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N.A. Ispulov, A.Zh. Zhumabekov, A.B. Abdrakhmanov, M.M. Nurgozhina

About temperature measurement with a thermistor
using Arduino microcontrollers

The article is devoted to use of Arduino microcontrollers in the environment of LabVIEW. Are described:
technology of preparation and debugging of the environment ArduinolDE and method of connection of
Arduino to LabVIEW; errors and their correction in case of connection. The program of work with the de-
scription of a front panel and the schematic diagram of the device is shown. The program of finding of coeffi-
cients for thermistors is written. It is possible to realize it pulse width modulation both a program, and hard-
ware method. The first of them to us doesn't resemble as it captures all resources of the microcontroller, and
we still need to organize inquiry of the sensor. Therefore we selected the hardware method using internal re-
sources of the computer. For its implementation the operator WriteAnalog() which can be executed in the
background is used. In the modern world broad application more and more acquires implementation of new
technique, both in industrial economy, and in domestic needs. Methods of effective use of energy are devel-
oped for improving of any technique.

Keywords: microcontroller, Arduino, thermistors, LabVIEW program, Atmega 328, pulse width modulation,
Arduino and LabVIEW program’s flowchart.
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ANSYS Maxwell 6arnapiaaMmanbIK opTaga CKUIN KO3FAJIbICHIHbIH
HMHUTALUSIBIK MO/IEJIiH JKacay

Makasia 3J1eKTpMarHiTTi KOTeprill KOHIBIPFBI IEMEHTTePiHIH MMHTAMSUIBIK YIITiCIH JKacayFa OaFbITTaFaH.
«CKUTI-TYpaKThl MarHUT—OPAYBII» JJIEKTPMarHUTTI KOTEPTilll KOHABIPFBI JJIEMEHTTEPIiHIH JKYMBIC iCTEy
npuHIUIi yeeHbUFaH. Moznensaey ANSYS Maxwell G6armapmamacsl apKeUIBI Kyprizinai. Mogpemsaeyaiy
MaKcaThl KOHIBIPFBI AJIEMEHTTEPIHIH HETi3ri MAarHUTTIK IapaMeTpiepiH aHbIKTay Ooinxasl: JlopeHm KymriH,
MarHuT OpICiHIH KEepHEYIITiH jkoHe MarHuT MHAYKIMACHH. EcenTenren mapamerpriep OGoHbIHIIA rpaHUKTiK
nuarpamMmaiap OkoHe OipHelle alHbBIMAnbUIapbl Oap TeHIeylep TYpiHIe HHKEHepIiK (yHKIMsIap
TYPFBI3bUIBL

Kinm  ce30ep: »neKTpMarHWTTi KOTEprill KOHABIPFBI, MarHUTTIK JeButamms, ANSYS Maxwell
Oargapinamacsl, JIopeHI, MarHAT ©piciHiH KepHEYIri, MarHUTTI HHIYKIHS.

DIEKTPOMArHUT KOTEPrilll KOHBIPFBICBIHBIH HETI3r1 3JIEMEHTTEPiHIH 63apa dcepaeCy IiH IMHAMUKAIIBIK
MPOIECTEPIH MMHUTALMSUIBIK MOJENBIACYAIH MaKCaThl KON KapaKaTThl Talall eTETiH DKCIePUMEHTTEpPIl
Kyprizoeii-aK *KYHEHIH OHTANIbI )KOHE THIMJII MTapaMeTPIIEPiH €CENTIK )KOJIMEH aHBIKTAay OOJBIN TaObLIa bl
Kazipri 3amaHfbl KOMIIBIOTEPJEP MEH KOJAaHOANIbl OarmapiiaMaiapiblH MYMKIHIIKTEPl «CKHUII—TYPaKThI
MarHUT—Opaysbll» OIpTyTac JUHAMUKANIBIK JKYHEHIH OpraHWKaiblK e3apa OailaHbICKaH Kem (akTopJIbl
JUHAMUKAIBIK KYWIEPIH CHUMATTAy YIIH JKYHENiK TYpAe KapacThIpYbIH TOJBIKTAH JKy3ere achIpyra
MYMKiHIiK Oepeni [1, 2].

3epTreynep OapbIChIHIA CKUIITIH IIaXTa OKIAHBIH/Ia KO3FAIBICHIHBIH YIITiCI yacanubl. bepinren Mojienb
MarHMTTIK JIeBUTAIMS 3P eKTiciHe Herizmenai. by amicTiH MarbIHACKI — CKMIITIH YKOFapbl HEMECE TOMEHT1
JKaFbIHJA TYPAKThl MAarHUTTEP OPHAIACTHIPBUIBIN, IIAXTa OKMAHBIHBIH OOWBIMEH OpAayBIIl OpamaapbiH
OpHANACTHIPY/BI YChIHY. Byn skarnaiina, 1-cyperTe KopceTireHaAeH, TypakThl MArHUTTEpl 0ap CKUI mIaxTa
OKMaHBIHJA OpaybIITAaH OTIMl KO3Famajpl. TYpakThl MAarHHTTEp KaTyIIKaJaH OTKEeH Ke3Jle CKHIl
KBUIIAMJIBIFBIH YIIFAUTBIT, OHBI )KOFaphl Kapail KO3FalTaThIH MarHUT epici nmaiaa 6oasl.

3epTreynep OapbIChIHIA albIHFAaH MOJIMETTEP HATYPIIBIK JKCIEPUMEHTTEPMEH JamnenaeHi. JKymbic
OapeiceiHna ANSYS Maxwell GarmapiamachiHlla UMUTAIMSUIBIK, MOJENh 3epTTenai. MyHIa CKHIT IIaxTa
OKIaHBIHIAFBl OpPAYBINI MEH CKUI OOWBIHIA OpHAIACKaH TYPAKThl MArHUTTIH MAarHUT epiCTEpiHiH e3apa
acepIiecy KYITEePiMEeH KO3FaIIbICKA KEJTipPiJiii.
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l—cypeT. [llaxTa OKIaHBIHAAFbI CKUIT KO3FaJIbICBIHBIH MO,HeJ'Ii

JKylieHiH apTBHIKIIBUIBGIFBI OEpiNreH OMICTIH TOTCHIMAIJIBIK TYPFhIIA jKaHa OomyblHAa. TypakThl
MarHUTTEpIiH OeJICeHINIr YIIiH SHEPrusl KaKeT eMec. 3epTTeyLIuIep TYPaKThl MarHUTTEp JIEBUTALIUS
JKETKUTIKTI KylIke ue Oonmaiiapl aen ecenteiiai. bipak 0y MoceneHi MarHUTTEpAl MAaCCUBKE OpPHAJIACTBIPY
apKBUIBI menryre 60saapl. MyHJIa MarHUTTEP MAacCHB TIEH OpaybIIll apachlHAa Maiiia 00JaThlH MAarHUT epici
©TEe TOMEHT1 KBULIAM/IBIKTAFbI (IIAMaMEH 5 KM/CaF) JIEBUTALMSHBI YCTAll TYPAThIHAAM €Till OPHANIACTHIPBLTY
Kepek. Anaiia TypakThl MarHUTTEPAEH KypalfaH MYHJail MacCHUBTEPHiH KbIMOAT OOJybl OHBIH KEMIILJIri
00J1bI TaOBLIAMR |3, 4].

Bepinren 3eprreymiH MojeniH kacay OapbIcblHIa marepuangapabiH kKacuerrepi ANSYS Maxwell
KiTanmxaHa JepeKTepiHeH ajblHAbl. TypakTtbl MarHuTTiH Matepuansl perinae NdFeB (meoamm-temip-60p)
SJIEMEHTI TaHAall ajblHIBL. Byi skeplie cUpeK Ke3aeceTiH MarHUTTep KiacblHa KipeTiH anemeHT Nd,Fe 4B
WHTEPMETAUTH/IIHEH MTPEeCTey HeMece KYI0 apKbUIBI jkacanaibl. bepiireH kiacc MarHUTTEpiHiH epeKIIeiiri
oJlapJblH MAarHUTTIK KacueTTepiHiH >xorapel (B, H sxone (B-H) max) >xoHe OarachlHBIH ap3aH OOJIybIHIA.
Koppozusira TypakThUIBIFBIHBIH TOMEH OONyblHa OaillaHBICTBI MarHUTTiH OeTi MbIC, HHUKEIb Hemece
MBIpBIIIINEH JKalaTblIaabl. bi3ziH jkargaiiaa MarHUTTep HUKEJIbMEH JKanaTbuiraH. Opaybllll OpaMaapbIHbIH
MaTepuabl peTiHe MBIC KOHE KOCBIMILIA CKUIT TIEH OPAYBIIITBIH 6JIIIeM/Iepl TaHIam aabiHab! [5—7].

DKCHEepUMEHT eJIIeMIepl TOMEHIETI MOJENbAe KYpriziami. UMuUTanmsuIblK MOZACNBAl JKacay YIIiH
0acTaIkbl MAJIIMETTEP KeCTee KOPCETUITEH.

Kecrte
HAMuTanusaabik MoAeJIbAL skacay yUIiH 6acTanKbl MaJIiMeTTep
MoaenbaiH Typi DnemeHTt X, CM y, CM Z, CM d,, cM dy, cm d,, cm teosr ©
Ckun 0 0 -1 0 1,4 1 8
Mmuranusnbsik
MOJIENIb Opaybli 0 1,5 -2,5 0 2,5 2,5 0

3epTTey OaphIChIHIA aHBIKTAIATHIH HETi3Ti MapaMeTpiep peTiHae MarHuT HHAYKIUS (B) BEKTOPBIHBIH
KepceTkimmTepi, Mmaraut epiciniy (H) xepreyniri men Jlopenn (J) kymri ecenrrenyi. Bipinun cunarramanap
MarHuT ©pICiHIH Heri3ri mapameTpiiepiH aHbIKTaiabl. JlopeHn Kyl OpaybllITBIH MIaxTa OKMAaHBIHIA
OpHaJacyblHa cail z oci OoWbIHIIA OarpITTanFaH. J TMapamMeTpiH aHBIKTAyJIblH €CENTey MBICATBI 2,
3-cyperTepie KenTipiJireH.
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J[A_per_m2] Z J[A_per_m2]

1.8241e+285 1.885%e+885
9, 6063e+00Y4 1.0206¢+205
5. 9726e+004 9. 5588e +204
8.3383e+08Y4 8. 9113e+004

7.7841e+00Y4 8. 26386 +084

7.0638e+004 7. 616Ze+20Y4
B.4356e+08Y4 6. 9687e+204
6.3212e+004

5.6736e+204
5.0261e+004
4. 3786e+004
3.7310e +084
3.0835e+004
2. 4360e +004
1.7884%e+204
1.1499e+084
. 9337e+003

5.8013¢+004 f

5.1671e+004

4.5328e+004 il

3.5986e+a04 "HLE RN Py

3.2643e+00Y4 [em] -
2,6391e+004 1§
1.9958e+004 il =
1.3616e+804
7.2731e+803
9, 3064e+0@2

a) 0)
a) CKHI KO3FaJIbICBIHBIH 2,5 CeK.; 0) CKUI KO3FaJbICBIHBIH 4 CEK.
2-cypet. Monenb yurin JIopeHIl KYIIiH ecenTtey HOTHKenepi

JIopeHN KYWIHIH YAKBITTAH Ty eIimri
Maxwell3DDesign1 A

1500 — Cunvelnfo |
] -]
] Setup - Transien|
10,00 —|
500
g ]
= ]
™ 0.00
500 ]
410,00 —
4500 ]
0 100 2bo 300 5.0 6.00 7.60 8o

4bo
Time [s]
3-cyper. Jlopen (J) KYIIiHiH ©3repiciHiH YaKbITTaH TOYEIiIIr

Temenneri 4-cyperrte Mojeldb VIIIH MarHUT ©pici WHIYKIUSCHIHBIH CHITATTAMACHl AHBIKTAJIATHIH
ecenTey Ke3eHI KepCeTUIreH. O3apa ocepliecyliH TONBIK OCWHECIH aly YIIiH CKHIT KO3FaJIbICTHIH 2,5 CeK.
OpHaJacy MOMEHTI MEH CKHITIH IIaxTa OKHAaHBIHBIH OpTa TYCHIHJA, SFHU KO3FAJBICTHIH 4 CEK., OpHaJIacy
MoMeHTI kenripinreH. Coi kaKTarbl TYPIi-TYCTI AMarpaMmaja e3apa dcepiiecy Ke3iHJeTl CHITaTTaMaHblH eH
MUHHMAaJ MOHiHEH (QJICi3 TYCHEH KOPCETLAreH) €H MaKCHMal MoHiHEe (KOO TyCIleH OeNTiJieHreH) AeHiHri
raManap KeJTipiIreH.

Blteslal B[ teslal
2,7257e-001 2,7665e-001

. 2.5624%e-@01 2.6143e-001
2,3991e-001 2.4621e-001
2,2358e-001 2.3099%e-001
2.0725e-001 2.1577e-001

2,0055e-001
1.8533e-001
1.7811e-001
1.5489e-001
1.3967e-001
1. 2445e-001
1.0923e-001
9. 4913e-002
7.8793e-002
6.3573e-002
4. 8353e-002
3.3132e-002

1,9993e-001
1. 7460e-B01

1.5827¢-001
1.419%e-001
1. 2561e-001
1.0928e-001
| 9.2956e-002

7.6627e-802
6.0299¢-002
4.3971e-002
2. 7642e-002
1.1314%e-602

Time =25s il
Speed =0.010000m_per_sec
Position =15.000000mm

a) 0)
a) CKHI KO3FaJIbICBIHBIH 2,5 CeK.; 0) CKUI KO3FaJbICBIHBIH 4 CEK.

4-cypet. Mozens yiriH B MaruuT WHAYKIMACHIH €CeNTey HOTIDKENIepi
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Okcnepument HoTmwxenepi ANSYS Maxwell OarmapnamacklHIa MarHUT OpICIHIH WHAYKIHA
cUnaTTaMajapbIHBIH MaKCHMaJl MOHJIEPIHIH yaKbITTaH TOYEIIUTIK rpaduri Typrbi3suiab (5-cyp.). I'padukTin
ecen OepymiH HAKTBUIBIFBI VIIIH YyakKeIT HHTepBaibl 0,5 cek. Kypaasl. ['padukreri MarHuT OpICIHIH
WHAYKIUSCHIHBIH 9p IIaMachl TYPAaKThl MArHUTTEPICH TYPATHIH MAacCUB TICH KaTYIIKaHBIH MAarHUT ©PiCiHiH
KOCBIHIbI HOTHXKECI OOJbIN TaObuTafbl. Bysl rpaduKTeri MarHuT OPICIHIH MHAYKIMS MOHICPIHIH ©3repiCiH
TYCIHIIpeni.

MArsHuT HHIVKIHACBIHEIH VAKBITTAH TaVeINIimri Maxwell3DDesign1 A
Curve Info

B

Setyp1 : Transient

4.00E-007

3.00E-007

2.00E-007

1.00E-007

0.00E+000

B [Tesla]

-1.00E-007

-2 00E-007

-3.00E-007

=4.00E-007

-5.00E-007

b=d llLlIIlllllIIJIIIIIIIIILIIIllllll!JllllIlJll

1.00 2bo 3bo 5.00 [17) 7.bo 8.00

4.b0
Time [s]
5-cypeT. Maruut B MHIYKIMSHBIH YaKBITTAH TOYEIILIIr

Ocpbl xaFmaiifa yKcac jkar[Jail MarHUT OpICiHIH KEpHEYNIriH mapameTpiiepiH ecenTey OapbIChIHAA
Oaiikanagsl. Temenae 6-cyperte Mognens yumiH H mapamerpi aHBIKTaIaTBIH €cenTey Ke3eHi KeNTipiJireH.
6-cyperTeri Moaelnb 4 cek. ke3eHiHAe kopceTinreH. Coi KaKTarbl TYPIIi-TYCTI AuarpaMMajia MarHUT ©piciHiH
KEPHEYIIIT1 CHITaTTaMAaChIHBIH IIaMachl €H MUHUMAaJI MOHICPIHEH €H JKOFaphl MOHIHE JIeHiH OCiTHEIICHTeH.

HLA_per_meter]

. 1698 +085
0331e+285
9p32e+085
7792e+085
§493e+085
5194e+285
3894e+085
25956 +085
1295e+085
9960 +08Y4
5966 +D84
3973e+004
B979e+004
7985e+084

l 9.0035e+083

HLA_per_meter]

2,2016e+005
2.8884e+005
9593e+005

. 8382e+005S

7171e+005
59608e+085
4748e+005
3537e+085
2326e+8085
1115e+885
9037e+004
. B925e+084
4814%e+004
2702e+004
5.B8590e+084
3. 8478e+004
2. 6386e+084

r

T R e e e ]
I

|

- T R e e N

@

4991e+0@4
1997e+0@Y4

Time =255
Speed =0.010000m_per_sec
Position =151

m

a) 0)
a) CKUIT KO3FAJIBICBIHBIH 2,5 ceK.; 0) CKHIT KO3FaJIbICHIHBIH 4 CEK.
6-cypeT. MozenbIiH MarHUT ©PiCiHiH KePHEYIITIH eCenTey HOTIKeIepi

JKyprizinren skcmepuMeHTTiH HoTwxkenepi OoibiHma ANSYS Maxwell OarmapnamackiHoa MarauT
epici KEpHEYJIriHIH MaKCHMajl CHIaTTaMalapblHbIH YaKbITTaH TOYCIIUNIHIH rpaduri TYPFBI3bUIIBI
(7-cyp.). DKcrepuMEHTTIH yakbpIT uHTepBaibl 0,5 cex. Kypahasl. ['padukre KepceTiireH MarHuT epici
KEPHEYJITiHIH 9p IIamMachl TYPaKThl MAacCHB II€H OPAYBIIITHIH MarHUT ©PiCiHIH KOCBIHABICHI OOJBIN KeJei.
VYaxpITTBIH 9p0ip jKeKe Me3eTiHae OepisireH mIaManapIbslH coOMachl op Typii Oonabl. by rpadukreri MaruuT
OPICIHIH KepHEYIITIHIH MOHIEPiHIH 63TepiCiH TYCIHIIpEri.
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MAruuT opici KepHeVIIIiHiH VAKBITTAR TaVeIIimri Maxwel3DDesignt
038 l

Gurve Info
B L,
025 — /.l‘\\
fi

013 — ‘!

—4~.H
Setupi : Transient

N\

0o 150 200 3.00 500

400
Time [s]
7-cypetr. Maruut epici H kepHeyiriHiH yaKbITTaH TOYENIiUTK rpaduri

bipueme aiHpiManbuiapaan  QyHKOMOHANABL ToyennimikTepai adbikray ANETR  Garmapnamacht
KOMETriMEH OacTanKbl SKCICPUMEHT IapameTpiiepi Herizinme JIOpeHIl Kyli, MarHUT ©piCiHiH MarHWUT
WHIYKIHASACHI MEH KEPHEYIIITiHIH CBI3BIKTHI eMeC Keeci TOyeIIITIKTepl abIH/IbL:

J(Re, he, Rear curprs Rear iuscis Niars 1) = (6.62221E-02 x R.2-1.17237E+00xR, +
+5.85667E+00) x (-6.24003E-03xh,*+1.86122E-02xh.+2.69197E+00) x
% (2.73563E+00-3.8596 1 E-02xR g1 cypr) X (2.78227E+00-5.70922E-025 Ry i) X
x (<7.99830E-02xh,q2+2.49417E-01xh+2.95974E+00) x (-2.48646E-02xt> -
-3.20559E-01xt+4.01304E+00)/1.223708E+02;

H (Re, he, Ryar cuprs Ricar imis Dicars £) = (-8.83693E-03x R.42.40522E+01xR +
+1.05605E+01) x (1.84315E+01-5.95177E-02xh.) x (1.83474E+01-6.14728E-02xR a1 cppr) X
x (1.79308E+01-5.74880E-02%R a1 juni) % (1.81042E+01-4.11898E-02xh,,;) %

x (1.88361E+01-1.00375E-01xt)/1.466868E+06;

B (Re, he, Ryt cunprs Rucar s N> £) = (-1.02949E-02xR *+2.35418E-01 xR, +
+ 4.07206E+00)x(4.45300E+00-1.59320E-03xh,)x(4.8 128 7E+00-7.89474E-02xR a1 cupr) X
% (4.63128E+00-4.13494E-02XR gy i) X (hyar/(6.79117E-02+2.45307E-01xhyer)) X
x (2.50443E-02x t*-5.63115E-01xt+5.76167E+00) / 1.734153E+03,

myHaa J — Jlopenn kyumi;  — MarHuT epiciHiH KepHeymiri; B — MarHuTTiK MHAYKUus; R, — ckun
paauychl; i, — CKUI OMIKTIT; Ry copr. — OPAYBIIITHIH CBIPTKBI PAIUYChI; Ry imi — OPAYBIIITBIH iIIKi
PAARYCBI; Ay, — OPAYBIIITHIH OUIKTITi;  — CKUIITIH KO3FaJIbIC YaKBITHL

DOJEeKTpOMarHuT epici mapaMeTpiepiHiH 3JIEKTPOMArHUTTEP HapaMeTpiiepiHiH ©3TrepiCiHiH CHI3BIKTHI
eMec TOYeIIUTIKTEpl JKoHEe apHayibl (QYHKIUSIIAPEI aNbIHBL. JIOpEHIl KYUIiHiH, MArHUT HHIYKIUSCHIHBIH
YKOHE MarHUT epici KEpHEYNIriHIH YaKbITTaH ToyesinikTepi anblkTamibl. ANSYS Maxwell 6arnapimaMabik
opTaja rpaduKTep TYPFBI3BUIBII, UMHTAIUSIIBIK MOJICIH JKACATIbI.

Maxana «llatioanst xazbarapovt onoey mexuorocusaapvly oacvim 6bazvimul 6otvinuia KP BFM
SPAHMMDBIK KAPACLLIAHOLIPY AYKbIMbIHOAebL No 2684/ D3 «DnekmpomacHummix Kemepeil KOHObIPSbICHIH
Jcacay apxulivl may MaccacblH anyobly SHepeUus yHemoey MeXHONOSUACHIH He2i30ey MeH Hcadcayy
MAaKuIpulObl OOUBIHULA, COHBIMEH Kamap «IHepeemuKxa MeH MAauluHa dcacayy oacvim 6a2vimuvl OO0UbIHULA
Ne(686/' D4 «Dnepeus ynemoey xomepeiut KOHOBIPLICHIHbIY KOMWIEKCMIK KOP2Ay JHCIHE AGMOMAMMbL
backapy ocyllecin olcacay» makbipblObl OOUbIHWA OPBIHOANRAH 3epmmeyiep Hamudicenepi Hezizinoe
2HCA3ZBLIOWL.
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Pa3paboTka nMuTanuoHHoi Moaen B nporpammuoi cpeae ANSYS Maxwell

A A. AiikeeBa, K.C. Porosas, A.P. TanckoskanoBa,
A.E. AwoGekosa, I[1.A. Myxrtaposa, A.E. Ocnanos

Cratbst HampaBJieHa Ha pa3pabOTKy MMHUTAIIMOHHOM MOJEIH AJIEMEHTOB CHCTEMBI 3JIEKTPOMAarHUTHOH ITOb-
eMHOH yCTaHOBKH. B paboTe mpeacTaBieH U onmucaH MPUHIUI PaOOTHI AJIICMEHTOB HJIEKTPOMArHUTHOH IT0b-
€MHOH YCTaHOBKM «CKHII-MarHUTHBIA MacCHB—KaTyIIKay. MoJelupoBaHUE IPOBOAMWIOCH B IIPOrpaMMme
ANSYS Maxwell. 3amaueit MonaenMpoBaHUs SBISIETCS OIpENCICHHE OCHOBHBIX MAarHUTHBIX ITapaMeTpOB
3JIEMEHTOB YCTaHOBKU: cuibl JIopeHIa, HampsykeHHOCTH MArHUTHOTO MO M MAarHUTHOM MHIYKIHH.
ITo paccuMTaHHBIM TapaMeTpaM IOCTPOEHbI rpad)MYecKue JuarpaMMbl M COCTAaBJIEHBI LieleBble (QyHKIUM
B BUJIE YPaBHEHMH C HECKOJIKIMH NapaMeTPaMH.

Kniouesvie cnoga: 3neKTpOMarHuTHas MOJbEMHas yCTaHOBKA, MarHUTHas JieBUTaims, nporpaMmma ANSYS
Maxwell, cuna JlopeHiia, HaNPsPKEHHOCT MArHUTHOTO T10JIs, MArHUTHAS MHAYKIIMS.

A.A. Aikeyeva, X.S. Rogovaya, A.R. Tanskozhanova,
A.E. Ayubekova, P.A. Mukhtarova, A.E. Ospanov

Development of imitating model of skip motion in the program
environment ANSYS Maxwell

This work is directed on development of imitating model of electromagnetic lifting installation system ele-
ments. In the work the principle of work of electromagnetic lifting installation elements of the «skip—constant
magnet—coil» is presented and described. Model operation was carried out in the ANSYS Maxwell program.
The task of model operation is determination of the key magnetic parameters of installation elements: the
The Lorentz forces, magnetic intensity and magnetic induction. According to calculated parameters graphic
charts are made and engineering functions in the form of the equations with several variables are constructed.

Keywords: electromagnetic lifting installation, magnetic levitation, ANSYS Maxwell program, Lorentz force,
magnetic intensity, magnetic induction.
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Scientific bases of elementary physics courseon the example
of the part «Conservation laws in mechanics»

The article is devoted to the conservation laws in mechanics. In this paper, an overview of the 3 fundamental
physical laws, which are important in physics is quite huge. Conservation laws hold of all the laws of nature a
special position. It should be noted, however, that they are the basis for the most important calculations in
physics and its technical applications, in some cases, allow to predict the effects and phenomena in the study
of a variety of physical and chemical systems and processes. The conservation laws allow a relatively simple
way, without considering the forces acting on the body and without motion tracking system of bodies, to
solve a number of practical problems.

Keywords: impulse, energy, angular momentum, homogeneous, isotropic, closed system, the increased com-
plexity of the problem.

The conservation laws — the fundamental physical laws, according to which, under certain conditions,
some measurable physical quantities characterizing a closed physical system does not change over time.
The philosophical background to the discovery of these laws were laid more ancient philosophy, and Des-
cartes and M.V. Lomonosov.

Some of the conservation laws are carried out always and under all conditions (for example, the laws of
conservation of energy, momentum, angular momentum, mass, electric charge), or, at least, have never been
observed processes, contrary to these laws.

The value of conservation laws in mechanics and physics huge. In addition, and most importantly, open
to the mechanics of the laws of conservation of momentum and energy in physics play a huge role, far be-
yond the scope of most mechanics. Even in those cases, when the laws of Newtonian mechanics can not be
used (for example, the motion of electrons in the atom), the laws of conservation of mechanical variables do
not lose their value. They apply both to the bodies of normal size, and to the cosmic bodies and elementary
particles.

It is the universality of the conservation laws and their applicability to all the phenomena of nature, and
not only to the mechanical make these laws is very important.

Conservation laws hold among all the laws of nature, a special place. The generality and universality of
the conservation laws determine their great scientific, methodological and philosophical significance [1].

The discovery and synthesis of conservation laws occurred with the development of the whole of physics.

The most important conservation laws are valid for any isolated systems, are:

— the law of conservation of momentum;

— thelaw of energy conservation;

— the law of conservation of angular momentum;

The laws of conservation of energy, momentum and angular momentum are, as it turned out, very deep
origin, associated with the fundamental properties of space and time — homogeneous and isotropic. Namely,
the law of conservation of energy is related to the homogeneity of time, and the laws of conservation of mo-
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mentum and angular momentum — according to homogeneous and isotropic space. The foregoing should be
understood in the sense that these conservation laws can be derived from Newton's second law, when he was
joined by the corresponding symmetry properties of space and time.

Opening the possibility of a different approach to the various mechanical phenomena, laws of conserva-
tion have become very powerful and effective tool for the study, which routinely use physics. This essential
role of conservation laws as a research tool due to a number of reasons.

1. The conservation laws do not depend on the particle trajectories, nor the nature of the active forces.
Therefore, they provide a number of very common and important conclusions about the properties of various
mechanical processes, without going into a detailed examination of their using the equations of motion.
If, for example, it turns out that such a process is contrary to the laws of conservation, we can just assert that
this process is impossible and pointless to try to implement it.

2. The fact that the conservation laws do not depend on the nature of the forces makes them even when
the forces are unknown. In these cases, the conservation laws are unique and irreplaceable research tool.
Thus, for example, is the case in elementary particle physics.

3. Even in those cases where the force is exactly known conservation laws can be of great help in solv-
ing many problems of the motion of particles. While all of these problems can be solved with the help of the
equations of motion (in this respect, from the conservation laws we do not get any additional information),
attracting conservation laws often provides a solution to the most simple and elegant way, saving us from the
cumbersome and tedious calculations. Therefore, when new challenges are usually accepted to adhere to the
following order: first of all, one by one, apply the relevant laws of conservation, and just making sure that
this is not enough, then transferred to a solution with the help of the equations of motion.

Consider the law of conservation of momentum.

Momentum has an interesting and important property, which is only a few physical quantities.
This preservation of the property.

What is it?

The property is maintained - this property is to remain unchanged. It is such a pulse property of bodies.
It refers to the case where two or more bodies interact with each other, but they are not acted upon by exter-
nal forces. Such a group of bodies, or, as they say, body system, called closed: closed system of bodies —
a collection of bodies interacting with each other, but do not interact with other bodies [2].

We explain the concept of a closed system and the preservation of the property of the momentum sim-
ple experiments.

We put on two horizontal rails carts of equal mass m. To one end of which is fixed a ball of plasticine
and each of them are fixed to the ends of the spring buffer (Fig. 1). Suppose first the trolley facing each other
ends, devoid of springs.

We inform both carts same modulo speed toward one another.

ik A
B A

Figure 1. The collision carts without springs

Carts meet, plasticine hold them together, and they will stop. The test results are easy to understand.
Two colliding carts — a system of two interacting bodies. It can be considered a closed system, because the
action of the other bodies — the Earth and supports compensated. Before meeting the pulses of both carts on
the module are equal to each other and in the direction opposite. Therefore, the sum of the pulses of both
carts is equal to zero. During the collision carts interact, that is act on each other with some forces, equal in
modulus and opposite in direction (Newton's third law) [3]. Therefore, the momentum of each of the carts
changed. But the amount of pulses has remained the same, i.e., zero — because the carts stopped. We rotate
the carts so that they face each other spring buffers (Fig. 2).
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By repeating the experience, we see that after the collision carts disperse in opposite directions with
equal in magnitude but opposite in direction velocity. It means, the interaction of the pulses changed again,
but the sum of the pulse is still zero, as they say, it has been preserved.

—p [ —

T M
o e

— .

T il - s -

Figure 2. The collision carts with spring buffers

The masses and the velocities of the bodies may be different. We should not think that the total momen-
tum of a system of bodies is saved only when it is zero.
Let the mass of carts are not the same: the mass of carts is leftm,, right —m,. Let the velocity reported

carts, are different — v, at the left and ¥, right carts. It means, the momentum before the collision left carts
wasm,0,, right — m,0,. In a collision the cart on the left acted some force F, to the right — it is equal in

magnitude but opposite in the direction of the force, that is —F. Time t action of the force F is the same as

the effect of force —F. As a result of the forces of both velocities, carts changed. Let the speed of the left
carts became equal U, right - ¥,. Changed course and carts pulses.

Let us write the equation for each carts.

To the left carts:

Ft =m0 —m{,;
to the right:
~Ft =m,0}, —m,V,.
Add up these equalities term by term
0 =m,0; —m,V, + m,0, —m,V,,0r mV, + m,0, =m,V, + m,V).

In the left-hand side is the sum of the momentum of both carts before the collision, the right - the sum
of the momentum of the same carts after the interaction. The momentum of each carts has changed, the sum
remained unchanged.

If the two do not interact, as in our examples, but many bodies, it is possible by applying to each of
them a formula £t = mG —mb,, to prove that in these cases the sum of the momenta of the closed system of
interacting bodies is unchanged (conserved). This is the law of conservation of momentum.

Geometric sum bodies momenta constituting a closed system remains constant in all the movements and
interactions of the system bodies.

Consider the problem of high complexity, using the law of conservation of momentum.

Gunners shoot so that the kernel got into the enemy camp. At the time of departure the core from a can-
non at him sits Baron Munchausen, and therefore the core falls short of the target. What part of the way
Myunhauzen have to walk to get to the enemy camp? Accept that the Baron has a mass 5 times greater than
the core. Planting Baron considered inelastic collision [4].
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Let us turn to the law of conservation of energy.

If the body system can do the work, then we say that it has energy. Energy characterizes the ability of
the body (or system of bodies) do work.

Making mechanical work, the body or system of bodies moving from one state to another, where their
energy is minimal.

Energy in mechanics — the value determined by the state of the system — the position of body or body
parts and their velocities [5].

The kinetic energy — the energy, which has a moving body.

The kinetic energy of a material point — a value equal to half the product of the mass of the square of
its velocity:

2
mvy

2
Potential energy — the energy of interaction of bodies, due to their relative positioning of body parts.
An amount equal to half the product of k£ body elasticity coefficient of elongation or compression of x
squared, called the potential energy of the elastic deformation of the body:

E =
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kx2
E, =

The law of conservation of mechanical energy:

In an isolated system, where there are conservative forces, the mechanical energy is conserved.

The law of conservation of mechanical energy linked to the homogeneity of time, i.e., invariance of
physical laws on the selection of the starting time. For example, when the free fall of the body in the gravita-
tional field of its speed and distance traveled depend only on the initial velocity and duration of the free fall
of the body and does not depend on when the body began to fall.

In order to introduce the concept of mechanical energy on the basis of Newton's law II, the concept of
work. We proceed to solve highly complex challenges.

A chain of mass m = 0.80 kg and length / = 1.5 m rests on a rough-surfaced table so that one of its ends
hangs over the edge. The chain starts sliding off the table all by itself provided the overhanging part equals
n = 1/3 of the chain length. What will be the total work performed by the friction forces acting on the chain
by the moment it slides completely off the table? [6].

Given: Solution:
Chain
m=0,8 kg
=1,5m

_1
773

Ay, —?

F,, =k-(1-n)mg =nmg

k= L/ friction coefficient
—-n
0A = Lﬂxgdx
l-n ¢
) 0
A= LE‘X_ - _ Ui %(1 )2 2
1-n ¢ 1-n) 2¢
n 2] (1-1n)
mgl
A= —(l—n)nTg

If the body is rotating, it introduced its momentum.

The moment of momentum of the system can be changed only under the action of the total moment of
the external forces. Hence it follows directly follows another important conclusion — the law of conserva-
tion of angular momentum:

The angular momentum of a closed system of particles remains constant, that is it does not change with
time, and this is true for the angular momentum taken with respect to any point of the inertial reference sys-
tem.

Thus, in the inertial reference system the angular momentum of a closed system of particles

L=>"L/(r)=const.
Demonstrate the law of conservation of angular momentum can be with the help of Zhukovsky bench.
Let the man sitting on the bench, which is without friction rotates around a vertical axis, and holding in his
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outstretched hands dumbbells (Fig. 6) is shown in rotation with angular velocity of the w,. If the person will
squeeze the dumbbells to her, the moment of inertia of the system is reduced. Since the moment of the exter-
nal forces is zero, the moment of momentum of the system conserved, and the angular velocity ®, increases.

Similarly, a gymnast during a jump is running out to the torso arms and legs to reduce its moment of inertia
and thereby increase the angular velocity of rotation.

Figure 3. Demonstration of the law of conservation of angular momentum
with the help of Zhukovsky bench

The law of conservation of angular momentum plays such an important role, as the laws of conservation
of energy and momentum. Already in itself it does not allow in many cases a number of significant conclu-
sions about the properties of various processes, it is not going into their detailed consideration.

Of particular interest are the cases where the angular momentum L conserved for open systems in
which, as is known, the momentum p varies with time.

The reasoning that leads to the law of conservation of angular momentum is entirely based on the valid-
ity of Newton's laws. And as is the case in systems that do not obey these laws, such as electromagnetic radi-
ation systems, atoms, nuclei, and others?

Given the huge role played by the law of conservation of angular momentum, in physics the concept of
angular momentum to extend the non-mechanical systems (which are not subject to the laws of Newton) and
postulated the law of conservation of angular momentum for all physical processes.

Such an expanded the law of conservation of angular momentum is no longer a consequence of New-
ton's laws, and is an independent general principle, which is a generalization of experimental facts. Along
with the laws of conservation of energy and momentum conservation law of angular momentum it is one of
the fundamental laws of nature. Consider the problem of increased complexity in the law of conservation of
angular momentum.

The horizontal plane is the thread coil. Coil pull a thread. At what angle o between the force and the
horizontal coil will accelerate in the direction of the thread taut? [7].
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Given: Solution:
Coil of threads

The condition of equilibrium (equation of moments): with respect to the
point O; moment of force /=0, force action line F should pass through

msdic

this point;

r r
COS0 =—; COSO. > —
R R

a <o, — must be

Thus, the present article is devoted to the three integrals of motion, i.e., such physical characteristics
that persist over time in closed or isolated system of bodies. The common property of integrals of motion is
the addition. This means that the characteristic of a system of bodies is equal to the sum of the relevant char-
acteristics of a system of bodies. This fundamental laws that are associated with the properties of space and
time: the homogeneity of space, time, homogeneity, isotropy of space. Using the solution of problems of
conservation laws facilitates this solution in comparison with the use of Newton's Law II. And in those cases
where the closed system, the use of Newton's law Il excluded. Moreover, there are areas of mechanics, for
example, fluid mechanics and gas, in which «work» is the conservation laws, but in an unconventional way.
So the equation of continuity — it is the law of conservation of mass; Bernoulli equation and the formula
Torricelli — the law of conservation of energy.
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T.C. Kosens, JI.®. Unbnna

«Mexammauarm CaKTajly 3aHaapbD»» o0oJtimi MBICAJIBIHA AT bl
AJIEMECHTAPJIbI (l)n3m<a KYPCBIHBIH FBLJIBIMUA Heri:mepi

Makasa MexaHUKaHbIH CaKTajly 3aHblHA apHaJFaH. ABToOpJiap (pU3MKaJa MaHBI3bI 30p KOCHIMIIANAp/Aa Y
GbyHIaMeHTaI bl 3aHIap/bl KapacThIpraH. SIFHH, ofap (U3UKaNaFbl )KOHE TEXHHUKAJIBIK MaHbBI3[(bl HETI3ri
ecenteyiaep Ooubln TabbUIaJbl JKOHE Kell jkariainapia op Typii (GU3MKa-XMMHSUIBIK JKYHenep MeH
YypaicTepai 3epTTey KesiHae acep MeH KyObUIbICTapAbl ajiblH ana OospkayFa MyMKiHZIK Tyanasl. Cakrary
3aHJapbl CAJBICTHIPMAJIbl OHAH Typlie, JCHere ocep eTeTiH KYIITep MEH JKyifeieri AeHeHIH KaJaraiayblH
ecenKe anMail GipHere MpakTHKaIbIK MaHbI3/Ibl €CENTEP/i IbIFapyFa 6omasl.

Kinm co30ep: nMITynbC, SHEPTHSI, UMITYJIbC MOMEHTI, OIPTEKTLIIK, H30TPONTHUIBIK, JKa0bIK XKYiie, dKOFapsl
JISHT eIl ecenrTep.
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T.C. Kosensb, JI.®. nsnna

HayuHble 0CHOBBI 3JIEMEHTAPHOI0 Kypca Gpu3uku
HA NMpUMepe pa3aesia «3aKoHbI COXPAHEHHUSI B MEXaHUKE»

Cratss OCBSIIEHAa 3aKOHAM COXpaHEHHs B MexaHuKe. B pabote mpuseneH 0630p Tpex GpyHIaMEHTaIbHBIX
(GU3NUECKUX 3aKOHOB, 3HAYCHUE KOTOPHIX B (PM3UKE SBIACTCS JOCTATOYHO OTPOMHBIM. 3aKOHBI COXpaHe-
HHS 3aHUMAIOT CPEIM BCEX 3aKOHOB IPHPOJBI 0c000e nosoxenue. CieayeT OTMETHTh U TO, YTO OHH SIB-
JISIIOTCS. OCHOBOI BO)KHEHIINX pacueToB B (PU3MKE M €€ TEXHHYCCKUX MPUIIOKEHUSX, TO3BOJSIOT B psJie
cllydaeB IpeckasbiBaTh 3(QGEKThl U SBICHHUS MPH UCCICIOBAHUU Pa3HOOOPA3HBIX (PU3HMKO-XHMHYECKHX
CHCTEM U IPOLECCOB. 3aKOHBI COXPAHEHHS MO3BOJISIOT CPABHUTEIBHO HPOCTHIM ITyTEM, 0€3 pacCMOTPEHHS
JEWCTBYIOMMX Ha Tela CHJI M 0e3 NPOCIEeKHUBAHUS ABIDKCHUS TET CHCTEMBI, PEHIaTh PS NMPAKTHICCKH
BaKHBIX 3a/ad.

Knouesvie cnosa: UMITYJIBC, SHEPIrUsd, MOMCHT UMITYyJIbCa, OAHOPOAHOCTDb, U30TPOMHOCTD, 3aKpbITass CUC-
TEMa, 3a1a4u TIOBBITIICHHOW CJIO’KHOCTH.
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Application of CLIL teaching methods in the educational
process of physics lessons

Main goal of this article is to help learners more effectively acquire knowledge, skills and abilities for the
development of the lesson structure of teaching in a foreign language. The article discusses proven methods
surroundings of CLIL (subject and language integrated learning). For example, a particular tutorial, the author
demonstrates how the structure and possibility of implementing of this methodology in the preparation of
textbooks on foreign languages. It has been argued the necessity of creating such textbooks, books for
students at the natural — mathematical direction. The article also discusses courses of the British Council for
the teaching of a subject in a foreign language about the positive aspects of both teacher and student.

Keywords: information, methodology, integration, structure of the lesson, English language, foreign language
teaching, CLIL, British Council.

Introduction. Multilingualism as an important direction of development of mankind has been aware for
a long time. At the moment it is impossible to imagine that somewhere else there are countries where people
had only one language. In reality, there are no civilized countries where only one nation. The normal func-
tioning of any multinational state is very significantly the formation of bilingualism and multilingualism.

An important strategic objective of education in Kazakhstan is on the one hand, the preservation of the
best of Kazakhstan educational traditions, on the other, ensuring that graduates of schools of international
qualifications, the development of their linguistic consciousness, based on the master the state, native and
foreign languages.

Kazakhstan pays great attention to the study of the languages of the people of this country. Here The
Kazakh is the native language, and Russian the language of interethnic communication. Under the state pro-
gram of a new generation of textbooks published in the country in six languages: Kazakh, Russian, Uigur,
Uzbek, Turkish and German. Foreign languages are studied in all schools. Considering that training is car-
ried out in the state, the Kazakh, the language of interethnic communication, Russian in schools, colleges and
universities, and all educational institutions provide for the study, except for Russian, still at least one foreign
language then we can say that Kazakhstan has already formed a bilingual situation and the trend of multilin-
gual education [1].

«Kazakhstan is mainly established bilingualism as an essential part of the culture of interethnic com-
munication. The man who owns in addition to his native language of another people able to communicate
with a large number of people to join the material and spiritual wealth produced by native speakers of an-
other nation, closer and deeper to get acquainted with its history, culture» [1].

In his address to the nation in 2009, «New Kazakhstan in new world» the President of the Republic of
Kazakhstan N.A. Nazarbayev noted that in order to ensure the competitiveness of the country and its citizens
proposed phased implementation of the cultural project «Trinity of languages», according to which it is nec-
essary to develop three languages: Kazakh as the state language, Russian as the language of interethnic
communication and English as the language of successful integration into the global economy [1].

We all know that the system of education in society and its state depends very much, almost, is the
Foundation of the future society it is important to note the role of language which is the most important if not
Central place in society and its system of relations. School as an educational institution, its ability to create
and develop conditions for successful foreign language learning. That is why there are new educational tech-
nologies and one such technology is subject and language integrated learning called CLIL [2].

The abbreviation CLIL means Content and Language Integrated Learning - integration of foreign lan-
guage teaching and other disciplines. For the first time the term was coined by David Marsh in 1994. This
type of teaching characterized by learning situations where subjects or parts of subjects taught in a foreign
language, thus pursuing a twofold objective: the study of the subject and the simultaneous mastering of a
foreign language. Marsh continued his studies, and in 2001, the essence of the methods was interpreted in the
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following way: CLIL considers learning a foreign language as a tool for studying other subjects, thus form-
ing the student need in school, which allows him to rethink and develop their skills in communication, in-
cluding in their native language.

This method is considered one of the most successful, as it allows you to combine the study of two or
more items, one of which is a foreign language.

What's different about General English from subject and language integrated learning? General English
involves the study of basic English. The learner’s vocabulary, grammar, form the skills of reading, writing,
listening. While the object-language integrated learning is that the listener is learning English through the
subject and object through language. Language integrated General education program and knowledge of the
language becomes a means of examining the content of the subject, thereby increasing students' motivation
to use language in context when they are interested in the subject. Language learning becomes more purpose-
ful as the language is used for solving specific communicative tasks. In addition, the essential skill is reading
texts in a foreign language. Let’s consider principle of 4 «C» CLIL methodologies: content, communication,
cognition, culture. Like any other technology, this method has its pros and cons. First, by means of this tech-
nology the study of the English language becomes purposeful, because language is used for solving specific
communicative tasks, increases motivation, forming social-cultural competence, and updated vocabulary of
subject terminology. But to achieve these goals by the teacher of a foreign language increased demands. This
study cannot fully replace the study of the subject in their native language but it can complement it signifi-
cantly. Thus, the material for academic subjects must be chosen on the difficulty level slightly below the cur-
rent level of students' knowledge on this subject in their native language. The selection of curriculum materi-
als will depend on the structure of the course, a certain educational institution. Tasks on text processing must
be built with a focus on subject content, involving students in the process of understanding, discussion of the
main ideas of the text and check. The job should show the features of linguistic forms, to develop skill in
their creation, use different types of testing and evaluation, such as self-control and mutual control. Assign-
ments should encourage independent and creative activity of pupils, the communicative tasks for oral and
written communication in a foreign language. Students should be familiar with union strategies for language,
content and communicative difficulties [3].

Results and discussion. The main didactic unit in the CLIL methodology is a special text on the basis of
investigation and study which is achieved the above objectives. The text as a source of information intro-
duces the reader to a specific subject and is the basis of grammatical vocabulary module that provides the
mastering of scientific vocabulary and specific grammatical, structural and stylistic designs. The text is also
the starting point for discussion and extension of linguistic material on a given topic, while contributing to
the formation and intensification of communicative skills of dialogical and monological speech. Thus
method of subject and language integrated learning a foreign language covers the main types of speech activ-
ity, promotes student engagement in learning, develops their linguistic competence and enhances the aca-
demic motivation. Despite the fact that the method of CLIL for several years has been actively used in West-
ern educational institutions in the former Council Union are talking about it relatively recently. As rightly
pointed out by T.G. Lapteva, «using integrated method of teaching foreign languages in a technical Univer-
sity is a means of students' motivation for learning and an instrument of multilingual education. Effective
work with special texts in a foreign language helps to provide the students with necessary linguistic and
communicative competence in a second language and contributes to the continued development of their sci-
entific knowledge and skills» [4]. It should be noted that this method is effective not only in a technical Uni-
versity, but also in any other non-linguistic higher school.

Work in class building, so that child would change the activity during the lesson, and therefore must
consider the text as the basis for action. Each text attached politics by wordlist of specific terminology, vari-
ous tasks, designed by level of difficulty and focused on subject content, its interpretation and subsequent
use in creative unprepared speech, in particular, in the discussion on the topic. For example, when reading
the following text, the students receive and fix a certain amount of knowledge used in physics [5].

Physics is one of the most ancient sciences about nature. The word «physics» takes its origin from the
Greek word «phewsis» meaning nature. The development of other sciences depends in many respects on the
knowledge of physical phenomena. Physics studies various phenomena in nature: mechanical motion, heat,
sound, electricity, magnetism and light. Physics divides itself very naturally into two great branches, experi-
mental physics and theoretical physics. The former is the science of making observations and devising ex-
periments which give us accurate knowledge of the actual behaviour of natural phenomena. On the basis of
experimental facts theoretical physics formulates laws and predicts the behaviour of natural phenomena.
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Every physical law is based on experiments and is devised to correlate and to describe accurately these ex-
periments. The wider the range of experience covered by such a law, the more important it is. Physics is di-
vided into half a dozen or more different fields — mechanics, sound, heat, electricity and magnetism, light,
molecular, atomic and nuclear physics. These different fields are not distinct but merge into each other. In all
cases physics deals with phenomena that can be accurately described in terms of matter and energy. Hence,
the basic concepts in all physical phenomena are the concepts of matter and energy. And it is important to
determine accurately the characteristics of matter and energy, the laws that govern their transformations, and
the fundamental relations that exist between them.

I. Find out the words in the dictionary. Write them down and learn.

Phenomenon, nature, natural, to depend on (upon), knowledge, theory, to devise, accurate, to formulate,
law, to predict, on the basis of, to correlate, distinct, to merge, to deal with, in terms of, matter, hence, con-
cept, to determine, characteristics, to govern, transformation, to exist, to indicate, investigation, to situate, to
surround, to revolve, stable, solid, gas, liquid, plasma

II. Define the part of speech of the following words and translate them into Russian

a) physics — physicist — physical nature — naturalist — natural experiment — experimentalist — experi-
mental theory — theorist — theoretical chemistry — chemist — chemical observation — observer — observational
transformation — transformer — transformable indication — indicator — indicative

b) accurate — accurately mechanical — mechanically natural — naturally actual — actually central — cen-
trally positive — positively negative — negatively

III. Find English equivalents in the text
. various phenomena in nature
. depends in many respects
. physics is divided very natural
. the two large areas
. science to conduct observations
. gives us accurate knowledge
. formulates laws
. using the concepts of matter and energy
. consequently

10. the basic concepts

IV. Translate the following word combinations and noun groups into Russian.

1. Modern physical methods of investigation have shown that the atom consists of a centrally situated
nucleus with a total positive charge surrounded by a number of electrons which revolve about the nucleus. 2.
In a stable atom, the total positive charge of the nucleus is equal to the total negative charge of the electrons
which surround the nucleus.

V. Fill in the missing words. 1. Physics is one of the most ancient about nature. 2. The develop-
ment of other sciences in many respects on the knowledge of physical phenomena. 3. Physics divides
itself very naturally into two great branches: experimental physics and physics. 4. Experimental phys-
ics gives us knowledge of the actual of natural phenomena. 5. On the basis of experimental
facts theoretical physics formulates . 6. Physics deals with phenomena that can be accurately described
in terms of and . 7. It is important to determine accurately the of both matter and energy,
the that their transformations. 8. Every substance can be divided into known as mole-
cules. 9. Modern physical methods of have shown that the atom consists of a centrally situated
surrounded by a number of . 10. In a stable atom, the total positive charge of the nucleus to the
total negative charge of the electrons. 11. Matter can in four states: solid, gas, liquid and plasma [5, 6].

Based on the analysis of this fragment of text: — to accentually a certain subject-language a minimum
of scientific terminology (observation, molecular nature, diffusion, matter, liquids, invisible motion) with the
subsequent fixing by means of various types of jobs; — to identify structural units in scientific text, words
and clichés that are used in scientific style (to measure, distributed throughout, appears) with a view to their
subsequent assignment; — to consolidate students familiar form of this time (The Present Simple); — to fos-
ter the ability to express their point of view, to reasonably argue or debate, thus activating skills monologue
and dialogue speech of students. Work on special texts involves the performance of a variety of written and
oral tasks, while the teacher can select material in accordance with the structure of the discipline and specific
learning objectives. However, the basic approach must be one in essence and based on subject and language
integrated learning. The existing positive experience can serve as a basis for the development of the tradition
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of making books and manuals on the methodology CLIL and to find use in the development of textbooks in
English and Russian as a foreign language [7, 8].

Readers or books to read can be found on a variety of topics ranging from the structure of matter and
ending with space exploration.

For each text there is a dictionary with meanings of difficult words as well as there are prepared tasks
that can be used before, during, and after reading and listening text. Methodology CLIL implies the use of
different charts, graphs, tables, contributing to the development of the ability to structure, analyse and clas-
sify information.

It follows that integrated learning focuses on vocabulary, on the content than on grammar and memori-
zation of rules and from year to year, the recurring themes, it allows students to use a foreign language natu-
rally, considerably increases the motivation to the learning process. Taking into account all factors this
methodology will facilitate the implementation of the following goals and objectives: to develop communi-
cative and linguistic competence of students; to increase the motivation to learn a foreign language; learn to
use a foreign language freely as a means of solving everyday communication. The course is for primary and
secondary school teachers who teach curricular subjects in English. Upon successful completion of this
course participants will better understand and be able to:

e break down their instructions;

o evaluate language challenges in the classroom;

e use model language;

e develop enquiry-based learning;

e increase communication in English;

e Improve assessment methods and feedback.

There CLIL course you can find in link of British Council and consist from 2 modules which includes
next title.

Unit 1 — CLIL aims and rationale: This first unit provides an introduction to CLIL and some of the
ways in which it can be used in the classroom, helping teachers to find a balance between language and con-
tent in CLIL lessons.

Unit 2 — Language across the curriculum: Before we start teaching, there are always a number of
things we have to consider. What is the lesson topic? What tasks do students have to do, and what language
do they need in order to do these tasks and participate fully in the lesson? The focus of this unit is the lan-
guage that students need in order to participate fully and effectively in the lessons.

Unit 3 — Communication skills across the curriculum: In this unit we will concentrate on functional
language, and how we can help our learners by providing them with the necessary language to communi-
cate.

Unit 4 — Cognitive skills across the curriculum: In this unit we are going to look at how we can help
students develop their cognitive skills by looking at the cognitive demands of CLIL materials.

Unit 5 — Learning skills across the curriculum: The focus of this unit is to look at the different learning
skills and strategies that we can help our students develop, so that they can use their knowledge and language
effectively at all levels, and do this more confidently.

Unit 6 — Assessment unit: Principles of CLIL: A good understanding of the principles of CLIL will
help you develop your skills to teach CLIL. This unit includes review, reflection and assessment.

Unit 2.1 — Planning a lesson and a series of lessons: Planning a CLIL lesson is in many ways similar to
planning a non-CLIL lesson. You will need clear aims, a range of good activities, and step-by-step proce-
dures. However, in a CLIL lesson, the balance of language and content and the type of CLIL approach to be
used need to be carefully considered.

Unit 2.2 — Language demands of subject content and accompanying tasks: There is evidence that pre-
teaching key vocabulary before reading or listening to new information helps understanding and retention.
It's also been proven that it's easier for learners to acquire language when it's presented within authentic con-
texts (rather than using abstract sentences to demonstrate grammar). This unit will examine these issues for
CLIL lessons.

Unit 2.3 — Resources, including multi-media and visual organisers: In order to make the most of their
teaching, when teaching in a second language, teachers need to develop a range of ways to present or record
information which can be adapted for use in many contexts. In a CLIL lesson, the use of visual organisers
can help convey language and content in a friendly and meaningful way to students. This unit will look at
how this can be done.
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Unit 2.4 — Integrating technology: The use of information and communications technology is explod-
ing around us. Do you embrace it or try to avoid it? This unit helps teachers become more comfortable with
technology and learn how it can help you enhance your CLIL teaching.

Unit 2.5 — Material selection and adaptation: Authentic materials are often used in classrooms because
they are up to date, relevant and can change the focus of the lesson into something more communicative and
related to everyday life. In this unit you will see how to adapt authentic materials for a CLIL lesson.

Unit 2.6 — Activity types: There are a number of ways that we can exploit the information in our
course book and supplementary materials in CLIL lessons. This unit looks specifically at the tasks and activi-
ties we can use to focus students on content.

Unit 2.7 — Classroom language: In this unit we will be looking at language that teachers use to concept
check, check understanding and other classroom necessities for CLIL teaching.

Unit 2.8 — Scaffolding content and language: This unit looks at 'scaffolding’ techniques that can be
used in the classroom to support students and help them get the most out of the materials.

Unit 2.9 — Developing learning strategies: In this unit, we will look at what a good learner is and some
ways to help students take more responsibility for their own progress.

Unit 2.10 — Consolidating learning and differentiation: Good teachers plan lesson time to give students
opportunities to look back and recall what they have been learning. Effective activities for consolidation can
be varied, enjoyable, and should take different learner levels into account. This unit will look at how to do it.

Unit 2.11 — Introduction to assessment: Many teachers are stuck in a rut in terms of student assess-
ment. What can seem like a simple testing process in the eyes of students (and sometimes their parents too)
is actually quite complex, with many methods, features, and outcomes. This unit looks at some of these areas
in relation to CLIL.

Unit 2.12 — Types of assessment: In the previous unit, we looked mainly at different types of assess-
ment tasks. In this unit, we will focus more on types of assessment.

Unit 2.13 — Support strategies: This unit will introduce techniques that the CLIL teacher can use in or-
der to be a support to their students, and to remove some of the obstacles that can prevent effective testing.

Unit 2.14 — Summary and assessment: In this unit, you will consider how best to help some individual
learners, do a review quiz, and as a final assignment, plan a CLIL lesson.

Develop the skills you need to integrate English and subject content in your lessons and create the most
effective learning environment for your students [6].

We know that many teachers have good knowledge of their subject area but lack the confidence and ex-
perience needed to conduct lessons effectively in English. This course will give you comprehensive training
in CLIL methodology and practical ideas so you can develop your learners’ English and subject knowledge
at the same time.

The experienced British Council teacher trainers will provide the input and individual feedback you
need to develop. The course of British Council is online; you can take a part in professional discussions with
other language teachers and experts at a time that suits you [3]. Application of this technique in practices it
possible to identify its advantages, as well as some problems of its implementation in the educational proc-
ess. One of the main advantages of this method is increase the motivation to learn a foreign language from
the students. Language learning becomes more focused as the language used to address specific communica-
tive tasks. Once in the situation of communication in a foreign language, students are unable to demonstrate
their knowledge in specialized areas such as: construction, education, medicine, culture and art, etc. without
the knowledge of a foreign language. This means that they do not have the opportunity to communicate in a
professional context. Thus, the ability to communicate in a foreign language in a professional context, be-
comes a priority. In addition, students have the opportunity to get to know and understand the culture of the
target language, which leads to the formation of social competence of students. The student passes through a
sufficiently large amount of linguistic material, which is a complete immersion in the natural language envi-
ronment. It should also be noted that the work on a variety of topics allows you to learn the physical terms,
certain language constructs that contribute to the replenishment of the vocabulary learning of subject termi-
nology and prepares it for further study and application of acquired knowledge and skills.
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JK.II. Kypan6aesa, A.C. Kynycos, A.3. beiibutoBa

Binim ypaicinaeri ¢puszuka cadbarpinga CLIL okbITY 91icTeMeciH KOJIaHy

MakanaHbIH Heri3i MakcaThl OUTIM alyImbiIapra KeMeK KepceTy, IOHII IIeTeN TiIepiHAae OKBITY Ke3iHpae
cabaKTHIH KYPBUIBIMBIH Jkacay OOWBIHINA OiniM, OUTIK >KoHE NaFrAbUIapAbl aca THIMIIpeK urepy OOIBIIT
Tabbutanel. ABropiap e3aepi yceiHaTeiH CLIL (MOHIIK-TUIAIK KipiKTIpUIreH OKBITY) 9ficTeMeci Heri3aepiH
KapacTeIpFaH. MsbIcai peTiHne ¢u3nka OOHBIHINA OKYy KYPaITapblH KYpacTBIPFaH Ke3[e OCHI 9MICTi JKy3ere
achlpy MYMKIHIIKTepi MeH KYpbUIBIMBI Oenriii Oip OKyJIBIKTHI KepceTTi. JKapaTbUibicTaHy-MaTeMaTHKa
OaFbITBIHIA OKBITY YILIIH OKY Kypajgapbl, YKcac OKYJIBIKTap KYPacThIpY KaKETTUINrl »Kaiibl aWThUIABL.
CoHBIMEH KaTap MOHI IIEeTeN TUTIHAE OKBITY JKOHiHAe BpUTaHIBIK KeHeC KypcTapbl, OKYIIbLIap MeEH
MyFaJiMZiep YLIiH e KaFbIMJIbI KaKTapbl TypaJibl Co3 KO3Falbl.

Kinm ce3dep: akmapat, amicTepi, Kipiry, cabaKkTbIH KYpPBUIBIMBI, aFbUIIIBIH TiTi, meren TutiH okeiTy, CLIL,
Bpuran xereci.

K. Kypan6aesa, A.C. Kynycos, A.3. beiibutoBa

IIpumenenne meroankm o0yyenuss CLIL B o0pa3oBatenbHOM
npouecce Ha ypokax (pusuku

OCHOBHO# [ENBI0 CTaThbH SBISETCS IMOMOIIL OOydaromumcs Oosiee A(PQPEKTHBHO OBIANETh 3HAHHIMH,
YMEHUSMH W HaBBIKAMH TI0 pa3paboTKe CTPYKTYpPHl YpoKa IpH MPENoJaBaHUH MPEeaMeTa Ha WHOCTPAHHOM
s3pIke. B crathe paccMarpuBaercs 3apekoMmeHaoBaBmias cebs metommka CLIL (mpeameTHO-S3BIKOBOTO
HHTECTPUPOBAHHOTO o0OydeHns). Ha mnpumepe ONpenencHHOro Y4eOHHWKAa aBTOPOM JEMOHCTPUPYIOTCS
CTPYKTypa M BO3MOKHOCTH pealn3alliyl JaHHOH METOIUKH MPU COCTABICHUH Y4eOHBIX MOCOOHI Mo (U3HKeE.
Bricka3bIBaeTcsi MHEHHE O HEOOXOAMMOCTH CO3JaHUsI TOJOOHBIX YU4EOHHMKOB, MOCOOMI I 00yJaromuxcs
10 €CTECTBEHHO-MaTeMaTHYeCKOMY HaIlpaBICHUIO. Takke B CTaThe PacCCMAaTPUBAIOTCS OCHOBHBIE MOJIOKEHUS
KypcoB bpuraHckoro copera 1o mpenojaBaHUIO IpeiIMeTa Ha HHOCTPAHHOM S3BIKE, IMOKAa3aHbl UX MOJ0XKHU-
TEJFHBIC MOMEHTHI KaK JUISl YYUTEIIs, TaK U U1 YICHHUKA.

Kniouesvie cnosea: wHpOpMAIMs, METOMWKA, WHTETpAys, CTPYKTypa YpOKa, AaHTJIHHCKUH S3BIK,
TIpernoiaBaHie HHOCTpaHHOTO s13b1ka, CLIL, Bpuranckwuii coBeT.
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