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S.V. Lytovchenko
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The overview presents a historic retrospective and current state of research of structure, properties and application of high-
temperature silicide materials in science and engineering. These materials, particularly construction and functional materials based on
or involving silicide refractory metals, are a most important alternative class of materials which adequately complete with special
alloys, intermetallic metals, and ceramics that are traditionally used at high (above 15000C) temperatures in oxidizing and other ag-
gressive environments. The paper analyzes the data available on constitutional diagrams, particularly on molybdenum-silicon and
tungsten-silicon systems. Also, it shows differences in descriptions of diagrams given by different authors and considers some crys-
tallochemical and physical properties of some high-temperature silicides. The paper reviews areas of application of high-temperature
silicide materials of various types (layered and multiple-phase composites, consolidated powders, film structure, three-dimensional
materials), and presents details of the challenges encountered in the process of creation and application of high-temperature protect-
ing silicide coatings, as well as possible ways to improve their performance. It is noted that lack of unified approach to presentation
and correlation of research results as well as to description of real performance of materials is a substantial problem in creating new
high-temperature silicide materials.

KEY WORDS: high-temperature silicides, silicon, refractory materials, coatings, oxidation

BBICOKOTEMITEPATYPHBIE CUJIUIUABI: CBOMCTBA U IPUMEHEHUE
C.B. JIuToB4eHKO
Xapovroeckuii Hayuonanbusill ynueepcumem umenu B.H. Kapasuna
nrowads Ceob00vl, 4, Xapwvros, 61022, YVrpauna

B 0630pe n3m0keHbI NCTOPUYECKask PETPOCTIEKTHBA U COBPEMEHHOE COCTOSTHUE NCCIEIOBAHUN CTPYKTYpPBI, CBOICTB M IPIMEHEHHUS B
HayKe U TeXHHKE BBICOKOTEMIIEPATYPHBIX CHIINIMIHBIX MaTepHanoB. JJaHHBIE MaTepualbl, B YaCTHOCTH, KOHCTPYKIIMOHHbIE U (QyHK-
IMOHANbHBIE MaTepUalbl Ha OCHOBE WM C MCHOJB30BAaHNEM CHIIIMIHAOB TYTOIUIABKUX METAIJIOB, SIBISTIOTCS BaKHEHIINM allbTepHA-
TUBHBIM KJIACCOM MAaT€pUAJIOB, COCTABIIAIOIIUM JOCTOMHYI0 KOHKYPEHIUIO CIIEUAIbHBIM CIUIaBaM, HHTEPMETA/UINAAaM, KepaMHUKaM,
TPaJNIMOHHO MCHONB3yeMbIM IpH BhIcokuX (cBbime 1500 °C) TemmepaTypax B OKHCIHUTENBHBIX WIN APYTUX arpecCHBHBIX Cpeax.
[IpoaHann3npoBaHbl M3BECTHBIE JAHHBIE IT0 JUAarpaMMaM COCTOSHHS, B YaCTHOCTH, CUCTEM MOJHOIEH — KpeMHHH U BONb(ppaM —
KpeMHHMH. YKa3aHbl pa3jiMyuMs B OMMCAHUAX JUarpaMM Pa3sHbIX aBTOPOB, PACCMOTPEHBI HEKOTOPBIE KPUCTAINIOXUMHUUECKUE U (HH3H-
YeCKHEe CBOWCTBA HEKOTOPBIX BBICOKOTEMIIEPATYpPHBIX CHIMLMIOB. IlepednciieHbl cdepbl HCHOIB30BAaHUS BBHICOKOTEMIIEPATYPHBIX
CHJIMIMHBIX MaTepHaloB Pa3HOro TUIMa (CIOUCTBIX M MHOTrO(a3HbIX KOMIIO3UTOB, KOHCOIHIMPOBAHHBIX MOPOILIKOB, TICHOYHBIX
CTPYKTYp, 00BbEMHBIX MaTepuanoB). bonee moapoOHO M3/I0MKEHBI MPOOIEMBI CO3JaHUSI U HCIIONB30BAHHS BBHICOKOTEMIIEPATYPHBIX
3aIIUTHBIX CHIMIIUJHBIX MOKPBITHH, a TaKKe BO3MOJKHBIE ITyTH TOBBINIEHHUS MX 3KCILUTyaTaIl[MOHHBIX XapakTepucTuk. OTmeuaeTc,
YTO CyIIECTBEHHON MPOOIEMOil IPH CO3AHIH HOBBIX BBICOKOTEMIEPATYPHBIX CHIIHIIUIHBIX MATEPHAIIOB SBIISETCS OTCYTCTBUE €IH-
HOTO MOAXO/A K IPECTaBICHUIO U COMOCTaBICHUIO HAYYHBIX PE3yJbTaTOB, a TAK)KE OIMCAHHIO PEaTbHBIX SKCIUTyaTAIIHOHHBIX Xa-
PaKTepHCTUK MaTepHAJIOB.

KJ/IFOYEBBIE CJIOBA: BriCOKOTEMIIEpATypHBIC CUIINIMIbI, KPEMHUH, TYTOIUIaBKUE METAJLIbL, IOKPBITUS, OKUCIIEHHUE

BUCOKOTEMIIEPATYPHI CUJIINUAU: BTACTUBOCTI TA 3BACTOCYBAHHS
C.B. JIuToB4eHKO
Xapxiecvkuil Hayionanvuuil ynieepcumem imeni B.H. Kapa3zina
matidan Ceoboou, 4, Xapxis, 61022, YVxpaina

B ornszi BUKIanEHO iICTOPUYHY PETPOCHEKTHUBY 1 Cy4acHUH CTaH JOCIIIKECHb CTPYKTYpH, BIACTUBOCTEH Ta 3aCTOCYBaHHS B HayIi i
TEXHIIl BUCOKOTEMIICpATYPHUX CHIIMUIHUX MatepianmiB. Lli maTepiamy, 30kpeMa, KOHCTPYKIiiHI Ta (yHKIIOHaJIbHI MaTepialn Ha
OCHOBI a00 3 BUKOPHUCTAHHSIM CIJIIIMAIB TYTOIUIABKUX METAJB, € HallBXKIMBIIINM albTepHATUBHAM KJIACOM MaTepiaiiB, IO CTaHO-
BJIATH TiJIHY KOHKYPEHIIIIO CIeliaJbHUM CIUIaBiB, IHTEpMeTa ijaM, KepaMikaMm, sIKi TpaJuIifHO BUKOPUCTOBYIOTh IIPH BUCOKUX (I10-
Hax 1500 °C) Temmeparypax B OKHCIIOBAJIbHUX a00 IHIIMX arpecMBHUX cepeqoBHIIax. [IpoaHarizoBaHO BifoMi AaHi Ipo JiarpaMu
CTaHy, 30KpeMa, CHCTEM MOJIIOIeH — KpeMHii 1 Bosb(paM — KpeMHill. Bifg3HaueHi BIIMIHHOCTI ONMCIB JiarpaM pi3HHX aBTOPIB, PO3T-
JISIHYTI AeSIKI KPUCTAJIOXIMiYHI Ta (i3UUHI BIACTUBOCTI AESKUX BHCOKOTEMIIepaTypHUX cuminupis. [lepenideHi cdhepr BUKOPHUCTAHHS
BHCOKOTEMIIEpaTypHUX CHJIILUIHUX MaTepiajiB pi3HOro Tuily (IapyBatux i 6aratoa3HUX KOMIIO3UTIB, KOHCOJIOBAHHX MTOPOLIKIB,
IUTIBKOBUX CTPYKTYp, 00’eMHHX MarepiaiiB). JloknagHinie BUKIaAeHI MpoOIeMH CTBOPEHHS Ta BUKOPUCTAHHS BUCOKOTEMIIEPATYP-
HUX 3aXHCHHUX CHIILUAHUX MOKPHUTTIB, a TAKOX MOJKIMBI IIISIXM MMOKPAIIEHHS iXHIX €KCIUTyaTalliiHUX XapaKTepuCTUK. Big3Haua-
€TBCS, IO CYTTEBOIO MPOOJIEMOIO IPU CTBOPEHHI HOBHX BHCOKOTEMITCPATYPHUX CHIIIUIHUX MATEpialliB € BiACYTHICTD €AMHOTO Mil-
XOJy 10 TIOJIaHHS Ta CIIIBCTaBJICHHS HAYKOBUX PE3yJbTATiB, a TAKOXK OMHCY PEAIbHUX EKCILTyaTalllfHUHNX XapaKTepUCTUK MaTepia-
JTiB.

KJIIOYOBI CJIOBA: BucoKkoTeMIIEpaTypHi CHITILUIM, KPEMHIH, TyroIIaBKi MeTallH, IIOKPUTTS, OKHCIICHHS

© Lytovchenko S.V., 2016
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Baknelune TeEXHOIOrHYECKHUE JOCTHUXKECHUS ITOCICIHUX IleCﬂTl/lﬂeTI/lﬁ 6])1.]'11/1 6bl HCBO3MOXHbI 663 HCIIOJIb30BaHUs
HOBBIX KPHCTaJUIMUECKHX MaTepUalioB ¢ TpeOyeMbIM KOMIUIEKCOM CBOWCTB. OOecneyeHne COOTBETCTBHS MEXKIy CBOM-
CTBaMH MaTepualoB, MPUMEHSIEMBIX B y3JlaX, MEXaHU3MaxX, KOHCTPYKIHSX, U Bce Ooyee CIIOKHBIMU yCIOBHSIMHU UX pa-
OOTBI SIBJISIETCS CETOHS OJHON M3 HauboJee CyIECTBEHHBIX POOIIEM TEXHOIOTHYECKOTO ITporpecca.

Co3aHre HOBBIX MaTE€pPHUAJIOB WIIM OOECIIeUCHNE HEAOCTIKUMBIX paHee IKCIUTYaTaOHHBIX XapaKTEPUCTHK Y U3-
BECTHBIX MaTepHajloB HEBO3MOKHO O€3 3HaHMS W MOHMMAaHUs (yHAAMEHTAIbHBIX MOJOXKEHUH (U3MKN TBEPAOTO TENa,
JISKAIINX B OCHOBE PEaIM3yeMbIX MEXaHN3MOB CTPYKTYpHO-()a30BBIX MpEeBpaIleHNHi 1 3aKOHOMEPHOCTEI 00pa3oBaHMs
CBA3€H B MaTEpHAIOBEAYECKOM LIETIH «COCTaB — CTPYKTYpa — CBOWCTBaY.

CoBpeMeHHBIH yPOBEHb U TEHJICHIIUH JabHEHIIETO Pa3BUTHS MaTEPHAILHOTO MIPOU3BOJICTBA, OCOOEHHO C yUETOM
TOBBIIICHUSI POJIM YKOHOMHUYECKUX (PAKTOPOB, 00YCIABIMBAIOT HEOOXOAMMOCTh Pa3pabOTKH HOBBIX A(PPEKTUBHBIX
TBEPAOTEIBHBIX MaTEPHUANIOB U MOATBEPXKIAIOT MEPCIEKTHBHOCTH (& 3a4acTyi0 - HEOThEMJIEMOCTh) MOAX0Aa, 0a3upy-
IOLIEroCs Ha ONTHMHU3AIMK MaTepualioB U UX Bce Oosiee yriryOsIstoencsl Crienuanu3ayu 1sl KOHKPETHOTO (yHKIIHO-
HaJIbHOTO HAa3HAYECHHUS B TOM WJIM HHOM TEXHOJIOTHYECKOM ITpolecce. Bricka3zaHHOE B ITOJIHON Mepe OTHOCHUTCS U K pa3-
HOOOpPa3HBIM TBEPJOTEIBHBIM MaTeprallaM, MOJTy4aeMbIM KPUCTaJUTU3aneH, peakiMoHHON an(dy3ne, OT)KUTOM KOH-
JICHCATOB WJIM KOHCOJIMIAIIEeN MHTPEIEHTOB.

JlanbHeiimee pa3BUTHE psifia OTPACIICii TPOMBIIIIEHHOCTH, TAKUX KaK METaJUTypTusi, SHEPTeTHKA, CBsI3b, MAIINHO-
CTpOCHHME, MPUOOPOCTPOCHHE, XUMHS, TPOM3BOACTBO OTHEYIOPHBIX M APYTHX KEPAMHUYECKHX MaTE€pPHaIOB, IPEIoa-
raeT pacummpeHue chep MPUMEHEHUs] pa3HOOOPa3HbIX (YHKIMOHAIBHBIX M KOHCTPYKIIMOHHBIX KOMITO3HMIMOHHBIX Ma-
TEpUAaJIOB, MO3BOJIONINX dPPEKTUBHO PENIaTh TEXHUUECKUE U TEXHOJIOTHYECKUE 3aJauH.

B HacrosIee BpeMs BHEAPEHNE MHOTHX COBPEMEHHBIX IIPOrPECCUBHBIX TEXHOJIOTHI TpeOyeT OT MaTepHaIOBEIOB
CO3JJaHUSI HOBBIX M YCOBEPIIEHCTBOBAHHS M3BECTHBIX MAaTEPHAIIOB, KOTOPBIC ObIIM OBl B COCTOSHHM COXPAHSATh MPUEM-
JIEMBIC JKCILUTYyaTallTUOHHBIC XapaKTEPUCTUKU B YCIIOBHUAX IMOCTOAHHO PACTyHIUX Tpe6OBaHHf/’I IIPOU3BOACTBA U DKCTPEC-
MaJIbHOT'O YPOBHS pa3pyliaromux BO3ﬂeﬁCTBHﬁ. BospmmHCcTBO MNPUMEHACMBIX CEroJiHsA METAJNIMYCCKUX U HEMETAJLJIN-
YECKUX MaTepHajoB, B TOM YHCJIE€ M BBICOKOTEMIIEPATYPHBIX, JOJDKHBI OOBEAMHATH B ceOe psifi 0CcoOBIX (H3HKO-
MEXaHMYECKUX U XUMHYECKUX CBOMCTB. DTH CBOWCTBA, C OJHOM CTOPOHBI, JOJDKHBI 00ECIeYnBaTh NMPOTHBOJCHCTBHE
pa3pyLIaonyM BHEIIHUM (QaKkTopaMm, a, C Ipyrod CTOPOHBI, MOTYT UMETh B3aMOHMCKIIIoHaroniee aeicteue. [Tockombky
BO3MOXKHOCTH TPaJUIMOHHBIX MAaTEpHAJIOB 110 YPOBHIO MHOTUX XapaKTEPHCTHK MPAKTHUECKH MCUYEPIIAaHbI, YCHIIUS HC-
clleloBaTeNiell HarpaBiIeHbl Ha TOMCK HETPAAMIMOHHBIX PELICHUH, OJHUM W3 KOTOPBIX SBISETCS NMPUMEHEHHE IIpO-
CTPaHCTBEHHO-HEOJHOPOJHBIX OOBEKTOB, TAKMX KaK KOMIIO3HTHI [1], TNICHOUHBIE CTPYKTYpHI [2], CIOMCTBIE MaTepHa-
761, c(hOPMHUPOBAHHBIE TIOATOXKKAMH C TPEOYEMBIMH KOHCTPYKIIHOHHBIMHU XapaKTEPUCTHKAMH W HAPYXHBIMU (YHKIHO-
HAJIBHBIMU TTOKPBITUAMH PAa3TUIHOTO Ha3HadeHus [3, 4], aucrepcHsie cucTeMbl U ciuiaBsl [5]. IloTeHnnanbHBIE BO3-
MOHOCTH TPOCTPAHCTBEHHO-HEOJHOPOJHBIX MATEPHATIOB MOTYT OBITh PACIIMPEHBI 33 CUET OINPEAEICHHUS ONTUMAIb-
HBIX XapaKTEPUCTHK CTPYKTYPbI U COCTaBa, BBISICHEHHE KOTOPHIX HEBO3MOXKHO 0€3 IMOJIHOTO U3Y4YeHUs ()aKTOPOB U Me-
XaHU3MOB KaK BBI3bIBAIOIHX JIETPAAAHI0 CTPYKTYPbI 00BEKTOB, TAK U CIIOCOOCTBYIOIIUX €€ CTAOUIBHOCTH.

KOHCprKHMOHHbIe u q)yHKIJ,l/IOHaHI)HbIe MaTepuraibl Ha OCHOBC WJIM C UCIOJb30BaAHUECM CUIMIHUA0B TYTOIIJIaBKUX
METAJJIOB SBJISIFOTCS B)KHEHINMM ajlbTEPHATUBHBIM KJIACCOM MaTEpPHalIOB, COCTABIISIONINM JOCTOHHYIO KOHKYPEHIIUIO
CIeLMaJIbHBIM CIUIaBaM, MHTEpPMETAILIHaM, KepaMUKaM, TPaJUIIMOHHO HCIIOIb3YEMbIM NpH BBICOKHX (cBBIme 1500 °C)
TEeMITepaTypax B OKHCIUTEIbHBIX WM JIPYIHX arpeccUBHBIX cpenax [6]. [Ipu n3ydeHnu 3TuX mMaTepHaioB MHOTO BHH-
MaHHMs OBIJIO YAENEeHO MOCTPOCHUIO M M3Y4YEeHUIO (pa30oBBIX AMAarpamMm, TEXHOJOTHSM CHHTE3a KaK ITOPOIIKOBBIX CHIIH-
LIUJI0B, TaK U CHIIMIMIHBIX NOKPHITHH, MEXaHU3MaM, TEPMOJAMHAMUKE ¥ KHHETHKE 00pa3oBaHMs U pocTa ¢as, omnpese-
JICHUIO BBICOKOTEMIIEPATYPHBIX CBOWCTB MATEpHaJIOB, B IEPBYIO OUYEpENb XKapo- U TEPMOCTOMKOCTH, KOPPO3HMOHHON
CTOMKOCTH CHIIMIUIHBIX MaTEPUaIOB U BO3MOKHOCTH €€ YJIyYIICHUS, MPAKTHIECKOMY NPUMEHEHHUIO CHIINIUIOB B Pa3-
JUYHBIX 00JacTAX HAYKH, TEXHUKH U TPOMBIIUIEHHOCTH [7, 8].

K coxanenuto, moTeHIMAIbHBIE BO3MOKHOCTH BEICOKOTEMIIEPATYPHBIX CHIMLUAHBIX MaTEPHUAIIOB, B IEPBYIO OUE-
pelb CTOMKOCTh MPH MPEAEbHO BBICOKMX TEMIIEPATypax, CErO/Hs Pealn30BaHbl JaJIeKO HE B MOJHOM Mepe, 4To 00y-
CJIOBJICHO HEJOCTATOYHOM HM3Y4YEHHOCTHIO (DU3MUECKHX IPOLECCOB, MPOUCXOJIIMX MPH CUHTE3E U HCIOJIb30BaHUU
MaTrepuaioB. B cBs3m ¢ aTHM npo6neMa CO3/1aHN HOBBIX U YCOBCPIICHCTBOBAHUA M3BCCTHBLIX MAaTCpPHUAJIOB Ha OCHOBEC
WK C UCITOJIb30BAHUEM TAKUX CUJIMIIUAOB MO-TIPEKHEMY ABJISACTCA aKTyaﬂbHOﬁ.

TexHnveckas peaau3anysi MPUPOIHOTO MOTEHINANIA CHIIMIUIHBIX MaTepHajIoB MpeIonaraeT yriryOieHHoe n3y-
YeHHE KaK CTPOEHHUsI MHOTO(a3HbIX ¥ MHOTOKOMIIOHEHTHBIX MaTepualioB, TaK U HPOLECCOB, MPOUCXOJSIIINE B HUX B
YCIOBUSIX KOMIUIEKCHOTO BO3JEHCTBHS psija BHEIIHUX pa3pylIAlOUX (DaKTOPOB - TEMIIEPaTypbl, MEXaHHYECKUX
Harpy3oK, KOppO3HH B Pa3IMYHbIX Cpelax, AaBICHUs, OOIydEeHUS U JIp.

Haxoxnenne Hae)XHOH B3aUMOCBSI3H MEXy COCTaBOM M CTPYKTYpOH MaTepHana, ¢ OJHOH CTOPOHBI, U €ro JKC-
IUTyaTallMOHHBIMHA XapaKTEPUCTHKAMH B OMNPENEIICHHBIX YCIOBHAX, C APYTOM CTOPOHBI, NMO3BOJUT PEIIUTH BaXKHBIC
Hay4HbIE W TPHUKJIAJHBIC 33a7a4d, CBA3aHHBIE C CO3JaHWEM CHJIMIUAHBIX MAaTEPUaNIOB C PETYIHUPYEMBIM COCTaBOM U
CTPYKTYpOH, ¢ 000OCHOBaHHBIM BBEIOOPOM TpPeOyeMOro CTPYKTYPHO-(a30BOr0 COCTOSIHHSA MaTepHalia, C €ro ONTHMH3a-
LUeN IS ONIPENETIeHHBIX KOHKPETHBIX 3KCIUTyaTallMOHHBIX YCIOBUH M pa3paOOTKOI palMOHANBbHBIX TEXHOJIOTHYECKUX
NPUEMOB pPean3aly TaKOrO COCTOSIHUSI.

Henp pabotsl — onucanue GU3MKO-XUMUYECKUX XaPAKTEPHUCTHK BBICOKOTEMIEPATYPHBIX CHIMIMIIOB TYTOIUIABKHX
MTaJUIOB (MonO/eHa, Bob(ppama U Ap.), aHaIu3 cdep UX MPUMEHEHHs B HayKe W TEXHUKE, JTOCTIKEHUI B CO3/1aHUN
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KOMITO3UTOB C BBICOKOTEMIIEPATYPHBIMHU 3aIUTHBIMU TOKPHITUSMU U (DYHKIIHOHAIBHBIX BHICOKOTEMIIEPATYPHBIX MaTe-
pHUaoB Ul 31EKTPOHArPEBATEIIbHBIX JJIEMEHTOB.

KPUCTAJJIOXUMHNYECKUE XAPAKTEPUCTUKH BBICOKOTEMIIEPATYPHBIX CHJINIIUI0OB

K BBICOKOTEMIIEPAaTYPHBIM CHIIMIMIAM B MEPBYIO OUYEPEab OTHOCSTCS COCAMHEHUS! KPEMHUS C MEPEXOJHBIMU TY-
TOIUIaBKMMHU METaIaMH. DTH MaTepualibl He OTHOCSTCS K (a3aM BHEAPECHUS, IIOCKOJIBKY CPAaBHUTEIBHO KPYIHBIE aTo-
MBI KPEMHHS HE MOTYT BHEJPATHCS B MEKATOMHBIE TPOMEXYTKH ITPOCTHIX PENIETOK METaIOB. CHIIMINABI B OCHOBHOM
00pa3yroTCsl TP 3aMEIIECHUN METAUIMYECKNX aTOMOB aTOMaMM KPEMHHUS M (OPMHUPOBAHMH CIOXKHBIX KPHUCTAJIHYE-
CKHUX CTPYKTYp B BUAE rpaUTONOJOOHBIX CETOK. /Il CHIMINAOB XapaKTepPHBI CIIOUCTBIE CTPYKTYPBI C TOBOJIBHO PE3-
KUMH Pa3[eleHUsIMUA CIO0CB M3 aTOMOB MeTajla MU aTOMOB KPEMHHUs, 4TO OOJerdaer cIBUroBoe Ae(opMHpOBaHHE U
yXy[IIaeT CONPOTUBIICHNE ITOI3YYeCTH MPH MOBHIMIEHHBIX TemIeparypax [9-10].

BaxxHeHWmMu TOCTOMHCTBAMM TaKMX MaTEpUANIOB SBIISIIOTCS BBICOKHE JKapo- U TEPMOCTOMKOCTh, MpUeMIIEMbIe
MEXaHHYECKHE XapaKTePUCTUKU B IIUPOKOM TEMIIEPATypHOM HHTEpBaje, BO3MOXHOCTb PETYIUPOBAHUS AIIEKTpUUE-
CKHUX CBOMCTB. BrIcOKOTEMIIEpaTypHBIE CHIIMIKIBI B OOJIBIIMHCTBE CBOEM JJOCTATOYHO TBEP/bI U IPOYHBI, UMEIOT TEM-
niepatypsl mwiaBneHus Boire 1500 °C, cpaBHUTEIBHO CTOHKHU MO OTHOIICHHUIO K ICHCTBUIO BOJBI, YCTOWYHBEI B KHACIIBIX
cpenax, pasnaratorcs menoyamMu. Ocob0 BaXKHBIM CBOWCTBOM BBICOKOTEMIIEPATYPHBIX CHIIMIUIOB SIBIISICTCS] YCTOWYH-
BOCTh K OKHCJIEHHIO Ha BO3/yXe IPH BBICOKHX TeMIlepaTypax, 4TO OOBSICHSAETCS MX CIIOCOOHOCTBIO K IACCHBAIMH U
(hopMHUpOBaHUS TIOBEPXHOCTHON OKUCHOH IUICHKH, XapaKTEPUCTUKA KOTOPOH OIPEIENSIOT 3aluTHBIC cBoHCcTBa [11].

IlepBbIe pabOTHI MO MOTYUECHUIO BHICOKOTEMIIEPATYPHBIX CHUIMIMIOB TYTOIIABKUX METAJIOB OTHOCATCS K Hadalry
XX Beka [12], xorga ObUTH CHHTE3UPOBAHBI AUCHIIAINIB MOJIHOACHA, BOMb(paMa, TaHTaNa, a IeJCHANPaBICHHBIC HC-
cnenoBaHus (ha30BBIX AUArpaMM KPEeMHHSI C TYTOIUIaBKUMH MeTajlaMH, HadaTele B cpeanHe XX Beka [13-14], mpo-
noipkaroTcest i B Beke XXI-M [15, 16]. Heob6xoqumMo 0TMETHTh, YTO TIpH OOIIEM CXOJCTBE JAaHHBIX Pa3HBIX HCCIEIO0Ba-
Tenelt Ha MyOJIMKyeMbIX AUarpaMMax Mo-InpeKkHeMy BecbMa MHOTO pa3inunii (puc. 1 - 2).
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Puc. 2. ®azoBas nquarpamma Si— W: a - [18], 6 - yToUHEHHBIH y9acTOK: ITyHKTHPHEIE JIMHUH -
sKcrepuMeHT [18, 19]; crutomHble TMHUYN — pacdyeTHble JaHHbIe [20].
Ha nuarpamMMax npuBoASTCs pa3iuyHble TeMIEpaTyphl IUIABIEHUS KOMIIOHEHTOB U COCTUHEHHM, pa3InyHbIe TO-
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KazaTelld pacTBOPUMOCTHU U Apyrue mokazarenu [11, 17-20]. CkazaHHOE€ OTHOCUTCS HE TOJBKO K MPHUBEJACHHBIM Ha pU-
CYHKax cucremam, Ho u K npyrum (Si— Ti, Si— Ta u np.).

B cucremax KpeMHHUI — TyrolulaBKMil METaJUT IMEETCS PsiJ TPOMEXYTOUHBIX COSTMHEHHH, KOJMUECTBO KOTOPHIX
pasnmuuHo: 1Bay W, Tpm y Mo, Nb, V, ot yetsipex o cemu (y Ta, Ti, Zr, Hf). B OompmmHCTBE cricTeM ecTh HEOOb-
e o0JIACTH OTPaHUYIECHHOTO TBEPAOTO PacTBOpa KpEeMHHS B COOTBeTCTBYIomeM Mmetamie [11]. HouBapuaHTHEIE paB-
HOBECHS MKy MMPOMEKYTOYHBIMA (Da3aMu JaIle BCEero MPEeACTaBICHBI 3BTEKTUKAMH, & HHOTIa — ICPUTEKTUKAaMH (Ha-
mpumep, B cucteme Si — Mo, puc. 1). CunumugHble COSIWHEHUS MOTYT IDIABHTHCS KaK KOHTPYIHTHO (Hampumep,
MoSi,, WSi,, MosSi3;, W;sSi3 ) Tak 1 HEeKOHTpy3HTHO (Hampumep, Mo;Si).

ITo croemy BuIy da3oBas muarpamMma Bosb(paMm — KpeMHHK (puc. 2) 6nm3Ka K JuarpaMme MOJIHOICH — KPEMHHN
(puc. 1), TonpKO B OTJIMYKME OT HEE Ha paBHOBECHOW (ha30BOW auarpaMme BOJIb(PpPaM - KPEMHHA MMEIOTCS BCETO 1Ba
MPOMEXYTOYHBIX COeTUHEHHsI — qucuniuy Bonbdpama WSi, n Hu3mmid cumuuun — ¢aza WsSi;. Takxke Ha quarpamMme
€CTh 00J1aCTh OrPaHMYEHHOTO TBEPJOTr0 PACTBOPa Ha OCHOBE BOJIb()pama 1 IBTEKTHUKH MEXKAY OTICIbHBIMU (hazamu.

HexkoTopble gaHHbIE TIO CTPYKTYpe U cBoiicTBaM cuinnuaoB W u Mo nipencrasiensl B Tabnunax 1 — 6.

Tabmuna 1.
KpucrammoxumMudeckie XapakTepUCTUKH CHITUIIIOB Moo eHa [21]
Coenune- CuHro- [TapameTpsl peneTky, HM ITnoTHOCTB
HUE HUS a c c/a PEHTreHOBCKas, I/cM’

MosSi Ky®0. 0,489 - - 8,968

MosSis Tetp. 0,9642 8,213
o-MoSi, Tetp. 0,3202 0,7852 2,452 6,267
S-MoSi, I'exc. 0,4642 0,6529 1,406 6.26

ABTOpBI [22] 10JararoT, YTO BHICOKOTEMITEPATYPHBIN reKcaroHalbHbIA AucUnna MoiubaeHa (B-MoSi,) seiser-
csl MeTacTaOMIbHON (Da3oil Mo OTHOMmICHHIO K TeTparoHanbHOMY (a-MoSiy). Ilo maHHBIM aBTOpOB [23] 0Opa3oBaHue
BBICOKOTEMIIEPATypHOT0 T'€KCaroHaJIbHOTO AMCHIIMINAA MOJIHOAeHa HE SBIISETCS PE3yJIbTaTOM AJUIOTPOIHYECKOTO TIpe-
BpateHus o-MoSiy, a HHUIMMpYeTCs IPUMECsIMH B Matepuasie. B aucuminuae MonubaeHa cB3b MeXIy aromamu Mo n
Si ropasno cubHee, ueM Mexay aromamu Si U Si (cM. Tabm. 2, 3) [24].

Tabnwma 2
Dueprus pa3pymenus MoSi, (001) mo 1ByM pa3THYHBIM apaM aTOMHBIX IIOCKOCTEH
Paspymenue mo mape aToMOB Mo-|-Si Si-|-Si
Bes3 penakcauuu sueprun (Jhi/m) 7,266 4,733
C penakcanmeii suepruu (Jx/m°) 7,053 4,639
Tab6muma 3
[osepxuoctHas 3ueprust (E) u mnoTHOCT yakoBKH (S)
Ha HEKOTOPBIX MOBEPXHOCTIX MoSi, ¢ Hu3kuMu uHjaeKcamu Muuiepa
CaoiicTBa (110) (001) (100)
E (Jlx/m), 6e3 penakcamun 2,261 2,367 2,779
E (Jlx/M?), ¢ penakcarueit 2,185 2,320 2,657
S (aTom/A%) 0,168 0,097 0,119
Tabmuma 4.
CTpyKTypHbIE THIIbI CHIMLIKI0B BoJib(pama [11]
Cununua Si, macc. % | IIpoctpancrBennas rpynna | CHHTOHUS [lepuon pemeTku, HM
a c
WSi, 26,59 [4/mmm - Dy, Tertp. 0,3211 0,7868
W;Sis 8,40 [4/mem - D', Tertp. 0,9605 0,4964
W;Sis 8,40 P6y/mem - D, Texc. 0,719 0,485

ITo knaccupukanuu, IPeAIOKESHHON aBTOPOM paboThl [25], cunuiuabsl BosibhpaMa ¥ MOJUOACHA (KPOME COCIH-
HeHHUsE M03Si) OTHOCATCS K TPYIIIE CHIIHUIMIOB CO CIOXHBIMH CTPYKTypaMmu. Takue CTPYyKTYpbl 00pa3yroTcs B XOJe
MIPOLIECCOB 3aMEIICHHs] aTOMOB, CONPOBOXKIAIOLIMXCS KOPEHHOM INEPecTPOMKON pemeTkn Merajuia U o0pa3oBaHUEM
CTPYKTYPHBIX 3JIEMEHTOB M3 aTOMOB KpeMHHMs. J[aHHYIO TPYHITy MOXKHO pa3/ielIuTh Ha COCTABIISIONINE, XapaKTepH3yIo-
Iyecst TaKMMH 3jeMeHTaMu [11]: n30IMpoBaHHBIME aTOMaMy KPEMHUS; U30JIMPOBaHHBIMU ITapaMH aTOMOB KPEMHUS;
IUTOTHEHIIIMMU CIIOSIMH M3 aTOMOB KPEMHHSI M METaJlIa; IETTOYKaMHd aTOMOB KPEMHHUS; CIIOSMH U3 aTOMOB KPEMHUS 1
MeTallTa; KapKkacaMH M3 aTOMOB KPEMHHUS; TETPadIpaMH U3 aTOMOB KPEMHUS.

Huzmmii cunmimug Mmonmubdaera MosSi (a Takke HEKOTOPBIE COSIUMHEHUS U3 APYTHX CHCTeM, Harpumep, V3Si) oT-
HOCAT K TPYIIIE CHINIHIOB C METATHYECKIMH CTpyKTypamu [11], koTopsie 00pa3yroTcst IpH 3aMEIIEHHH aTOMOB Me-
TaJjIa aTOMaMy KpeMHHS 0e3 CYIIECTBEHHON MepPeCTPONKN UCXOTHON pemeTKH. [JOmoTHITEbHBIM YCIOBHEM BO3MOX-
HOCTH TaKOT'0 3aMEIICHHUS SBJISICTCS CPABHUTENIbHAS OJIM30CTh AaTOMHBIX PAJNyCOB 3JIEMEHTOB (Ts; / Ive = 0,84+0,85).

HarnsaaeiM moaTBepKICHNEM OTMEUYEHHOTO BBIIIE CYIIECTBEHHOTO PAa3NMYMs MAaHHBIX Pa3HBIX aBTOPOB IO Xa-
PaKTEepUCTHKAM CHIIAITUIOB SIBIAETCS TaOJI. 5, TIe IPEACTBAICHBI CBEACHNS 00 IBTEKTHYECKUX PAaBHOBECHSAX B CHCTEME
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Si— W, B3siTbIe U3 pa3HbIX HCTOYHUKOB.

Tabmumua 5.
OBTeKTHYecKHe paBHOBecHs B cucreme Si — W
VYuactByromme ¢asel | comepxkanue Si, aT. % T, °C Uctounuk
Si - WSi, 0,8 1390 [26]
0,8 1400 + 20 [18]
WSi, - W5Si; 53 2010 [26]
59,3 2010 [15,27]
59,5 1940 + 20 [11]
WsSi; - W 31,5 2180 [26]
36 2370 [18]
32 2085 [27]
21,5 2210 [28]
Tabmnuua 6.
Caoticta cumios mosmoaeHa [11, 29] u Bomsdpama [11, 30]
CaolicTBa MO3Si M05Si3 MOSi2 W5Si3 WSIZ
Conepxanue Si, mac. % 9,18 14,94 36,88 8,39 26,59
Temmeparypa miasienus, °C 2025 2180 2020 2320 2020
Temtora o6pazoBanus -H’og, 102,6 94,6 54,4 193,4 93,8
kJI>x/MOIIB
KTP, a-10°, rpax’ 3,4-6,5 43-6,7 | 825-9.2 - 6,25-9,6
(20-1070 °C)
VY aensHOE CONPOTHBIICHNE, 21,6 46,7 21,6 93 12,5-16,7
p-10° OmM M
Tepmo .1.¢., S-10°, B/rpan -1,0 2,0 -3,0 - 0,2
Moayns FOura -10"2, TTa 30,90+0,98 - 44,14+ 0,49 - 0,22 — 0,229
Moaynb caBura -104, Ila 96138 1029890 137293 - -
Tabmuua 7.
KpucramoXumMmdecKie XapaKTepUCTHKH CHITUITHIOB cUCTeMbI Ti-Si
Coeaunenue IIpoctpancTBenHast Cunronus [TapameTpsbl pelIeTKH, HM Hcrounuk
rpymmna a b c
tsh | Raa-D% | Opropows. |—0i2 | D5 [ uRS |
TiSi Cmmm Opropom0. 1,874 0,7081 0,3596 [11,32]
i 16 0,6544 0,3638 0,4997 [32]
Tisi Pmna - D7 Opropomo. 0,6531 0,3631 0,4897 [11]
TisSia Pbnm — D', Pom6uu. 0,6645 0,6506 1,269 [11]
Tis5Si, P41212 — DY, Tetparos. 8:??2? iﬁ;;‘; Eg}
TisSi; P63/mem — D, I'ekcaron. 8:;32; 8:212; ﬁﬂ
Ti5Si P42/n — C441, TerparoH. 1,039 0,517 [11,32]
Tabnuna 8.
CaoiicTBa cunnuuaoB Tutana [11]
CBolicTBa Ti5Si TisSi3 TiSi TiSi,
Conepxanne Si,% (mmo Macce) 16,35 26,0 36,99 54,00
[II0THOCTh PEHTTEHOBCKAS, KI/M’ - 43200 42100 43900
Temneparypa wiasnenus (pacnaza), °C 1170 2130 1570 1500
Tertora o6paszosanus -Hgg kJ[K/MOIL - 572 - 665 129 - 179 134 - 199
KTP, a-10°, rpax’ (20-1070 °C) - 11,0 8,8 12,5
Conpotusienue, p-10° Om M 55 -206 48 - 63 17-51
Muxpotsepaocts (npu 0,98 H), [Ta 9671 10192 6062 - 8534

[TpumepoM cucTeMbl ¢ OONBIIMM KOJIMYECTBOM IMPOMEXYTOUYHBIX COCIMHEHUH MoxeT ObiTh cuctema Ti-Si, B Ko-
TOpPOW M3BECTHO cymiecTBoBaHUe matu coenuuennid: Ti3Si, TisSis, TisSiy, TiSi, TiSi, [11]. Ipu 3rom, cumummy TisSiy
CYIIECTBYET B POMOMYECKOI M reKcaroHanbHo# dopmax, a TiSi — B aAByx pomOmuecknx Momudukanusx (tabm. 7). Eme
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OJTHUM Ba)XHBIM OTJIMYMEM (TIPUCYLIMM U JPYrHMM MeTajuiaMm 1Va rpynimsl — IMPKOHHUIO U radHUI0) SIBISETCS TO, YTO B
cucreme umerorcst ¢assl (TisSiz, TisSiy) ¢ TeMIepaTypamu MIaBjIeHUs, IPEBHIMAIONIMMHI TEMIIEPATyphl TUIABICHHUS 00-
pa3yIoInX CUCTEMY DJIEMEHTOB.

HexoTopsle ¢pu3nyeckne cBOWCTBA CHIIMILIMIOB TUTAHA IPUBEICHBI B TAOIHLE 8.

[Ipr HOCTaTOYHO NONTOBPEMEHHOM TepMUUeckoi 00paboTke cucTeMbl Ti—Si SKCHEpHMEHTANBHO 3a(HKCHPOBATh
cmnuaayo ¢asy TisSi; He ymaBanock. BeposTHee Bcero 3To CB3aHO CO CKOPOTEYHOCTHIO 0Opa3OBaHUs TOrO CO-
eMHEHMs U ero OBICTpoi TpaHcopmartueii B ¢azy TiSi [31].

HNCIIOJIb30BAHUE BBICOKOTEMITEPATYPHBIX CUJIMIUJIHBIX MATEPHUAJIOB
B PA3JIMMHBIX OTPACJISIX HAYKHU U TEXHUKHA
Ha npotsbxkennn XX Beka HHTEpEC K CUIUIIUAHBIM MaTepuaiaM TO yracaj, TO BHOBb BOSHHKAJI B 3aBUCUMOCTH OT
Pa3BUTHSI HAYYHO-TEXHUYECKOI0 ITporpecca.
[Toka3aTeabHBIM B 3TOM OTHOIICHHUU SIBIISICTCS TUCHTUIIN]] MOJUOJICHA — BRICOKOTEMIICPATYPHBIA CHIHIIUI, KOTO-
poMy OBLIO yIelneHO HauboJblliee BHUMaHue uccienopareneil [34-36]. CxemaTuueckasl HCTOPHS OCHOBHBIX JOCTHIKE-
Hul uccnenoBanus MoSi, B XX Beke puBeicHA HA pHC. 3.

HISTORY OF MOSi2 ONR First High Temperature

Structural Silicide Conference }\
Los Alamos Labs. US . PATENTS (Petrovic)

Los Alamos Labs. IR-100 Award } \
Los Alamos Labs/ ONR MoSi, C ites develop | studies \

1991

DARPA-PRATT & WHITNEY Intermetallics Review Meeting

CARTER (LANL-MIT) Thesis on vapor sotid whiskers in MoSi, }
1989 UMAKOSH! & HIRANO
- (Japan)
Single Crystal MoSi; ,WSi,
Studies

KEY PAPERS ON MoSi
FITZER & REMMELE &erm-ny)
GAC & PETROVIC (USA)

Los Alamos Labs/DOE-ECUT

MoSi, developmental Sludies(Pelrovic)} \\ 1988

FITZER (Germany) High temperature study of MoSi ,

KANTHAL (Sweden) Patent on MoSiy for Commercial
heating element

.\ NOWOTNY (Germany) Mo-Si-C Phase diagram .
W= KIEFFER e al (Austria) Patent on MoSiy heat conductor by P/M methods
BEIDLER & CAMPBELL (USA) Patent on MoSi , composition
HAEGGLUND & REHNQUIST (Sweden) Suggested 50Mo/50Si Alloys for furnace

» heating efements
W, HOENIGSCHMID }

WEDEKIND & PINTSCH

MAXWELL (USA) First
suggested the use of MoSi
23 & structural mater.al

1914

(Germany) Suggested high melting silicides for
use in heat conductor msterial

\__ HOENIGSCHMID (Germany) Protective coating for Ductile metal
Puc. 3. OcHOBHBIE STl U JOCTHIXKCHHSA B UCCIICAOBAaHUN
JIUCHINIUIA MONINOIeHa U MaTepHaIoB Ha ero ocHoBe B XX Beke [36].

B mepBoe Bpems mocne nomydenus (mocae 1907 1.) mucwaummg MoiIuOAeHa pacCMaTpHUBAiICS KaK MaTepuan Ui
3aIIUTHI OT BEICOKOTEMIIEPATYPHOH KOPPO3HUHU IIIACTHYHBIX METAUIOB.

Tonbko o mpomectsun 40 €T ¢ MOMEHTA CHHTE3a JUCHIIUIM/A MOJIHOIeHa IPOU30IIIe] KAaueCTBEHHBINH CKavyoK B
uccienoBanusx: B 1947 r. obu1 momyuen marepuai 50 Bec.% Mo + 50 Bec. % Si [37], a B 1949 r. MakcBesut mokasai
BO3MOXKHOCTh MPUMEHEHUS! AMCHIMIIM/IA MOJIHO/IEHa B KAUeCTBE BEICOKOTEMIIEPATyPHOTO KOHCTPYKIIHOHHOTO MaTepH-
ana [38]. B 1956 r. Ha ocHOBe 3TOr0 MaTepHaia ObLI CO3JIaH MEPBBII MPOMBIIUICHHBIN 3JEKTPUIECKUI HarpeBaTeib-
HbIH anemeHT (¢upma Kanthal, [lIBenms) [39], npumMepHO B TO ke BpeMsl OSBIIINCH IIEPBbIE PA0OTHI IO CHITMIUIAHBIM
komnosutam [40, 41], o U3yYSHHIO U MOCTPOCHUIO (PAa30BBIX muarpamMm crumuaos [13-14, 19, 42, 43]. B 50 — 60-x
rogax XX CTOJIETHS MOSBWJINCH pabOTHI IO BHICOKOTEMIICPATYPHBIM CHIMIIUIHBIM MTOKPBITHSM JUTS 3aIHUTHI TYTOIIIaB-
KHX METaJJIOB OT BRICOKOTEMIIEPATYPHOI ra30Boii KOppo3uu [44-46] v I 3alIUTHI JIOIATOK Ta30TYPOMHHBIX JBUTATE-
neit [47]. HeckoapKo mo3sKe BBIIUTN ITyOIUKAIIH 10 BEICOKOTEMIIEPAaTYPHBIM MPOYHBIM KOMITO3UTaM Ha OCHOBE MoSi,,
[48, 49] B wacTHOCTH ¢ noOaBkamu amoMuHuS [50, 511, okcuna amomuams [52] u kapObuna kpemuans [53].

K HacTosimeMy BpeMeHH CHIIMIUIBI TYTOIUIaBKMX METAJIOB, B YaCTHOCTH, MOJIHOIeHA, BoJIb(pama U 1p., HalLIH
NPUMEHEHHE B Pa3lIMuHbIX chepax HayKH U TEXHUKHU B KayecTBe (pUcC. 4): KOHCTPYKLIHUOHHBIX MAaTepHAaJIOB sl MOJIyye-
HUS M3/ETIMHA CHEeNMaIbHOTO Ha3sHaueHUs [54, 55], MaTpUUHBIX WM apMHUPYIOIUX COCTaBIISIIOIUX KOMIIO3HIIMOHHBIX
MarepuaioB [56, 57], KOHCOMUANPOBAHHBIX MAaTEPUATIOB I U3TOTOBJIEHUS BBICOKOTEMIIEpaTypHBIX u3aemnuii [58, 59],
MaTepHaJIOB OCHOBBI 3aIlIUTHBIX BEICOKOTEMIIEPATYPHBIX HOKPBITHI [60-62], TOHKUX IJIEHOUHBIX U CIOUCTHIX MaTepHa-
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JIOB JJIs DIIEKTPOHUKHU U ipubopocTtpoenus [63-65]. [lo BceM nepedrciaeHHbIM THIIAM CHIIMITUAHBIX MaTepHAIIOB BETYT-
Csl JIOCTAaTOYHO aKTHBHBIE PAOOTHI 10 YIIYUIICHUIO CBOHCTB U YCOBEPILIEHCTBOBAHUIO TEXHOJOTHH. O4epeqHOi BCIulecK
HHTEpeca K CHIIMIMIHBIM MaTtepraiiaM B rocieanue 10 — 20 er Bo MHOTOM CBsI3aH C paclinpeHneM cdep npuMeHeHHs
9THX MaTEpUaNIOB, 4 TAKXKe HOBBIMU TEXHOJIOTMYECKHMHU BO3MOKHOCTSIMH KaK HCCIEI0BATENbCKON anmnapaTypbl, Tak U
YCTaHOBOK II0 CHHTE3Y M MOAM(HUIMPOBAHUIO MaTepranoB. OCOOEHHOCTBIO 3TOTO IEepHoja SBISIOTCS MCCIEIOBaHUS
CBOMCTB CHJIMIIMIHBIX MAaTEpHaJIOB MPH MPEAEITbHO BBICOKMX TeMIepaTypax (IpeAIuIaBIIBHBIX TeMIepaTypax) [66] u
TEHJICHIUS TIEPEX0a OT YHUBEPCAIFHOCTH MaTEPUAlIOB K MX YETKO OYEPUECHHOH CIEUATN3AINH, YTO TPEOyeT TOMoI-
HUTENBHBIX pabOT MO ONTUMH3ALUK TEXHOJOTUH IJIS YIPABIECHHUS CTPYKTYPHO-(a30BBIM COCTOSIHUEM MAaTEpPHAIOB C
LENBI0 MOIY4YEHHsI KOHKPETHOTO CHELU(HUUYECKOr0 CHIMLHUIHOTO MaTepHana Il KOHKPETHBIX 3KCIUTyaTallMOHHBIX
YCJIOBUH.

OCHOBHBIMU BapHaHTaMH HCIIONb30BaHHUs BBICOKOTEMIEPATYPHBIX CHIMLIUAHBIX MaTEPUAIOB B KUCIOPOIOCOIEP-

JKaIUX Cpeax sBIISIOTCS:
® Xapo- U TEPMOCTOWKHE BBICOKOTEMIIEPATYPHBIE CHJIMIUAHBIE TOKPBITUS pPa3IMYHOro (ha3oBOro cocraBa H
CTPYKTYpBI, ITIOJlydaeMble Pa3HOOOpa3HBIMH TEXHOJOTHSMH, Halle BCEro peakiuoHHoW muddysuel, ceromns
HanboIee pacrpocTpaHEeHbl MOKPBITHS, COCTOSIINE B OCHOBHOM M3 JIMCHIMIIM/IA MOJIMOJICHA, B TIOCIIEAHEE BPEMS
AKTHBU3UPYETCSI NCIIOIB30BaHIE MHOTO(A3HBIX M MHOT03JIEMEHTHBIX OKpPBITHIL [67, 68];
® KOMITAKTUPOBAHHbIEC M3/IENHsI Ha ocHOBE MoSi, MM ero cMecH ¢ IpyriMy COSANHEHUSIMHU (AUCHIMIIAIOM BOJIb-
(hpama, kapOmmamu, 60pUIaAMHA U Ip.), TOTydacMble METOAAMH TTOPOIIKOBOH METAJUTyPIHH.

Hcnonp3oBaHNe CHIMINAOB B TEXHOJIOTHH U3TOTOBJICHUS HOIYTIPOBOJHUKOBBIX MPHOOPOB U MHTETPATBHBIX CXEM
ABJISIETCS CPABHUTEIBHO HOBOW c(epod peanm3alii MX yHUKAJIBHBIX CBOWCTB, B JAHHOM CIIydae M 3JIEKTPHUCCKUX.
Hapsimy ¢ HIMpOKHUM MPUMEHEHHEM CHIMLHKIOB Onaropoanbix mMeTamuioB (Pt, Pd), Hukesns, mucunuimaa turtada TiSi,
CHITHIIH/IBI TYTOIUTaBKUX MeTaioB (MoSi,, WSi,) Takke UCIOIB3YIOTCS B TAKUX TEXHOJOTHSIX

[TeHKH TYroIIaBKUX METAJUIOB HEJIOCTATOYHO YCTOWYMBBI K BHICOKOTEMIIEPATYPHOH 00pabOTKe B OKUCIISIOIINX
cpenax, a TakkKe K BO3/ICHCTBUIO XMMUYECKUX PEaKTHBOB, OOBIYHO MPUMEHSEMBIX IPU M3TOTOBICHHH WHTEIPabHBIX
cxeM. CHUIMIAIBI TYTrOIUIAaBKUX METAJUIOB JIMIIEHBI MEPEUUCICHHBIX HEIOCTATKOB U TIO3TOMY OoJiee IMepCHeKTUBHBI B
TEXHOJIOTUY MIPOU3BOJICTBA UHTETPATIBHBIX CXEM.

B nocnennee BpeMs CHUIMIMIBI 3aMEHSIOT TOJIMKPUCTAIIMYECKUI KpeMHUH npu npousBoactBe MOII-cxem, mo-
CKOJIBKY yaenbHoe comnpoTusieHue WSi;, MoSi,, TiSi, Ha mopsmok HIXe aHATOTHYHOW BEIHMYHMHBI ITOJHKpPHCTaIINYe-
CKOTO Si, ¥ CHIIMIUAB MOTYT OKUCIISATHCS IO 00pa30BaHMsI HEMPEPEIBHOTO H30IHpyomero cios SiO,.

MomubaeH u Boiab(paM TPagUIHMOHHO CUUTAIOTCS JOCTATOYHO HEYNOOHBIMH MaTepHalaMH MPU HW3TOTOBJICHUH
mpuOOpoB. DTO OOBACHAETCS OONBIIMM pa3IndreM KOd(PQHUINEHTOB TEPMHUYECKOTO PACIIMPEHHS ITOT0 MeTaula U
KPEMHHS, 4TO IIPUBOJUT K 00Pa30BaHUIO MUKPOTPEIINH WM OTCIauBaHUIO. TeM He MeHee, TUCHINIHUIBI MONMUOICHa U
BOJIb(ppaMa HCIOIIb3yeTcs B pa3paboTKax 3allOMUHAIONINX YCTPONCTB M JIPyrUX dJeMeHToB. Bricora 6apbepa IlloTTku
MEXIy STUMHU METAJIaMU U KPEMHHEM OTHOCUTENbHO Hu3Kas (~ 0,55-0,67 »B) [69], a Hanbonee jerkoriaBKas dBTEK-
THKa COTJACHO PABHOBECHOM IMarpaMMe COCTOSHHUS BCE K€ JIOCTaTOYHO BBICOKOTEMIIEPAaTypHA, UMEHHO IOATOMY
JUCWIIMIINI MOJIOIeHa MTPEACTaBIIsIeT COO0M MHTEPEC B CUIIOBBIX NMPHOOpPaX, IJe HUMEIOT MECTO BHICOKHE TEMIIEPATYPHI.
OTtMedy, 4TO B 3aJa4yl JaHHOTO 0030pa HE BXOAWIIO M3JI0KEHHE M aHAIN3 CBOIMCTB TOHKOIUICHOYHBIX CHIIMIMIOB KaK
00BEKTOB JIEKTPOHHBIX MaTEpHaJOB, U 3TH BOIPOCHI MHOIO HE paccMaTpuBAIUCh. [10 JaHHOMY BOINpPOCY B CIIEHANb-
HOM JIUTEPaType COAEPKUTCSI OYeHb MHOTO HH()OPMALIHH.

BbBICOKOTEMIIEPATYPHBIE CUJIMIIUAHBIE ITOKPBITUSI HA TYTOIIVIABKUX METAJIJIAX

TyrommaBkue MeTauTbl U CIDIABBI Ha X OCHOBE, XapaKTEPHU3YIOMIHNECs BBICOKOH MPOYHOCTHIO U IPYTHMH Ojaro-
MPUSATHBIMU (PU3UKO-MEXaHMYECKUMH M XMMHUYECKHMMHU CBOMCTBAMH B IIMPOKOM HHTEPBAJIe TEMIIEPATyp, TPAIUIIMOHHO
HCTIONB3YIOT B Ka4eCTBE KOHCTPYKIIMOHHBIX MAaTEPUAJIOB B Pa3IMUHBIX 001acTax Hayku U Texauku [70-71]. CoBpemeH-
HOMY Pa3BUTHUIO TEXHOJIOTHI MPUCYIIE TMOCTOSIHHOE Y>KECTOUCHHE YCIOBH JKCIITyaTallid MaTepUaioB, KOTOPbIE MO-
TYT MOJBEPraThCs OJHOBPEMEHHOMY KOMIUICKCHOMY BO3JCHCTBUIO TAKUX Pa3pylIAONUX (aKTOPOB KaK BHICOKAS TEM-
neparypa, 3HaKolepeMEeHHbIE HANpPSOKEHUsl, XMMUYECKU aKTUBHAs WM arpecCUBHas Cpena, JaBiieHue, paiauanus. B
CBSI3U C ATHM MPHUMECHICMEIC B BBICOKOTEMITEPATyPHOU TEXHUKE MaTepPHAIbl JOJDKHBI COOTBETCTBOBAThH BCE OOJIee CTPO-
TUM KpuTepusiM [72, 73].

[oTeHman MPaKTHYECKOTO MCIIONB30BAHMS TYTOIUIABKUX METAJUIOB M CIUIABOB PE3KO COKpamiaeT kopposwus. He-
CMOTpS Ha OOJBIIIOE KOIWYECTBO MCCIICOBAHUH 110 3allIUTE MaTePHaIoB OT KOPpo3uH [74, 75], TEXHOIOTHUESCKHHA TIPO-
Tpecc HyKIaeTcs B HOBBIX METO/IaX 3aIUTHI OT Pa3pyIICHUS B XUMHUECKH aKTHBHBIX Cpelax. JTO SBISETCS CICICTBH-
€M TOBBIIICHNUS TPeOOBaHMH (IKCIUTyaTallMOHHBIX, YKOJOTHYECKHIX, SKOHOMHYECKHIX M JIp.) K CPEIACTBAM M TEXHOJIOTHU-
SAM 3aIIUTHl OT KOPPO3WH, 000CTpeHrneM MpodieM oOecriedeHus] CHIPheM MPH M3TOTOBICHUH MAaTEPHAJOB M IPYTHMHU
(haxTopamu.

OauuM U3 HanboJIee MEPCICKTUBHBIX HAMPAaBICHHH OOPHOBI C KOPPO3UEH SBISCTCS CO3MAHHE CIOMCTHIX KOMITO-
3UIMOHHBIX CTPYKTYp [76], coaepkamux Ha MOBEPXHOCTH MAaTCPHANIOB CICIMATIbHBIC (DYHKIIMOHAIBHBIC MOKPBITHS,
KOTOpBI€ MPOTHBOJCHCTBYIOT pa3pyllIalolIeMy BO3IACHCTBHIO OKPYXArolIe cpeAbl U HE YXYIIIAIOT CYIIECTBEHHBIX
IKCIUTyaTaIMOHHBIX CBOUCTB [60, 77]. [IomBITKH y4ecTh MAaKCUMAIbHO BO3MOXKHOE KOJIMYECTBO CYIIECTBEHHBIX (haKTO-
POB, ONPEACTAIOMINX 3KCILTyaTAllMOHHBIC CBOHCTBA MAaTEPUAIOB C MOKPBITUSMHE, MPHUBEIO K BECOMOMY PACIIHPCHHIO
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KJIACCOB M TUIIOB MOKPBITHH, a TaK)Ke METOJI0B ux GopmupoBanus [61, 78]. OTMeuy, 4TO O TEXHOJIOTHYHOCTH U KO-
HOMHUYHOCTH Ju((y3HOHHBIE MOKPBITHS, HOJydaeMble Pa3IMYHBIMU BapHaHTaMHU XMMHKO-TEPMHUYECKOH 00paboTKu
(XTO), mo-npexHeMy SIBISIIOTCS HanboJiee MprueMIIeMbIM BApHAaHTOM W 3aHUMAIOT Beylue mosuius [21, 79].

s

AMANEET PHE
a-.\flo OECHL ::rmp

5 Si-na-Mo,
e t=1.2 Hn

<*—___ Mo-na-Si,
t=1.2 Hn

Caramic Grain

X

Puc. 4. Chepbl npuMEHEHHUS BHICOKOTEMIIEPATYPHBIX CHIINIINJIOB!
TOHKOTJICHOUHBIE CHCTEMBI JJIS1 PEHTTEHOBCKHUX 3€pKall (a) M 3JEKTPOHHUKH (0); KOHCTPYKIIMOHHbBIE MaTepHabl Ul CIEeNU-
ANbHBIX HM3JeNuil (B) W HarpeBaTeIbHBIX 3JIEMEHTOB (T); KOMITO3MLIMOHHBIE CHJIMLUABI JUIA Harpesarteneil, coctaB (Mo,
W);sSiz+(Mo, W)Si, + SiC (1), cumunmp, yrnpodHEHHBIH YTIepOJHBIMA HAHOTPYOKaMU (€), M3IENUS C TOJCTOCIOWHBIMH
CHJIMITUTHBEIMHI TOKPBITHAMHE — 3JIEKTpOHArpeBaTeNnH (k), COIUIa M KaMephl CrOpaHus (3), apMaTypa ISl Pa3IUBKH IBETHBIX
MeTainos (1) '

! a...€ — WUIIOCTPALIUU U3 OTKPBITBIX UCTOYHUKOB MHTECPHETA, XK...HU — UJUIFOCTPALlUU aBTOpa
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(DyHKI_lI/IOHaJ'le])Ie TOKPBITUA HAa OCHOBC WJIU C UCIIOJIB30BAHUEM CHIMIHUIOB SABJISIFOTCS Ba)KHEHIIIMM KJIACCOM Ma-
TEPHUAJIOB IS 3alIUTHI TYTOIUIABKUX METAJJIOB OT BBICOKOTEMIIEpaTypHOU razoBoi kopposuu [60, 61]. Beicokast orue-
YHOPHOCTB, KAPOCTOMKOCTh M TEPMOCTOWKOCTh CHJIMIIUIOB MO3BOJSIOT UCIIONB30BaTh UX B KA4eCTBE OCHOBHOM WA
HEOTHEMJICMON COCTABHOW YaCTH KOMIIO3HMIHOHHBIX MAaTEpPHANIOB, IKCILTyaTUPYEMBIX B Pa3IMYHBIX BBICOKOTEMIIEPA-
TYpHBIX YCTPOMCTBAX M TEXHOJIOTHYECKUX IIPOIECCaX B OKUCIUTENBHBIX aTMocdepax BIUIOTH Mo Temmeparyp 1600 -
2000 °C [80, 81]. Pa3muuHbIe acmeKTHl 3apOXICHUS M DBONIONUNA KOMIIO3UTOB C CHJIMIUAHBIMHA TOKPBITHAMH, UX
CBOMCTB M U3MEHEHHE MTOCIIEAHUX MIPU ONPEAECIICHHBIX YCIOBUIX MO-TNIPEXKHEMY aKTUBHO UCCIenytoT [82-84].

JKapocToikoCcTh CHIMIMAHBIX TTOKPBITHA B OKACIUATEIBFHBIX CpeaX OOBSICHIETCS UX CIIOCOOHOCTBIO K TTACCHBH-
POBaHHUIO 3a cueT (pOPMUPOBAHHS IMOBEPXHOCTHOW OKMCHOW IUIEHKH. KadecTBO 3TO MJICHKH - €€ CIUIOIIHOCT, IJIOT-
HOCTB, MaNbIi K03(hduruenT anpy3un KUCIopoIa U CIIOCOOHOCTh K CaMO3AJICUHBAHUIO - OMPEHCISIOT 3alllUTHBIC
CBOMCTBa CHITMIIMIHBIX MOKpBITHH [21, 60, 61, 77]. CymecTBeHHOE 3HaUEHHE UMEET TaKkKe CIoco0 HAHECEHHsI TTOKPHI-
THA.

[Monasnstroniee OONBITMHCTBO PabOT MO U3YYCHUIO (DYHKIMOHAJIBHBIX MOKPHITHH Ha OCHOBE BBICOKOTEMIIEPATYP-
HBIX CHJIMIMJIOB TOCBSIIEHBI JHOO TEXHOJIIOIMYECKUM acheKkTaM (OPMHUPOBAHUSI M IKCILTyaTalldd HOKPHITHH, JTHO0
(hyHIaMEHTAILHBIM BOTIPOCaM (TSPMOTMHAMUKE ¥ KHHETHUKE CHIHIIMPOBAHIS).

CpaBHHTEIBHO HEOOJBIIOE YHCIO MyOIMKANKUN OCBEIIACT CBSI3b AKCILUTYaTAIMOHHBIX BO3MOXXHOCTEH H3IENIUN C
MTOKPHITASAMHU H CTPYKTYPHO-(A30BBIX XaPaKTCPUCTUK MOKPBITHH, IPUYEM 3HAUUTEIbHAsI YacTh TaKUX paboT - 310 0o-
Jiee WM MEHEE YCITENIHBIC TIOMBITKA POTHO3UPOBAHUS TTOBEICHUS H3ICIUN PACUCTHBIM ITyTEM.

[To MHOTMM mMOKa3aTeNs M W3 BCEX CHIMIUAOB Hambolee (PQPEKTHBHBIMH 3aIIUTHBIMH CBOWCTBAMH O0JIamacT
mucuinug Monubaena [85]. Tlo maraeM [86] aucnmmnuaHOe TOKPHITHE TOMIMHON 100 MKM 3 PEeKTHBHO 3amumiaeT
METaJlI OT BBICOKOTeMIiepatypHoi koppo3un mpu 1400 °C B Teuenne 20 gacoB. Pa3pymieHue moKpeITHS MPH €ro pac-
TPECKUBAHUH MIPOMCXOIUT B MECTaX BBIXO/A TPEIIWH HAa TOBEPXHOCTH (pHC. 5).

Puc. 5. MuKpoCTpyKTypa TOJICTOCIOWHOTO AUCHINIIAAHOTO TOKPBITUS Ha MOJIMOACHE:
a - o0Imast CTpyKTypa HOKPBITHS; 6 - CKBO3HAas TPELIWHA B MOKpbITHH, Metam P-1.

Bapuanramy noBBIIIEHHS KOPPO3HOHHON CTOWKOCTH TaKOT'O IMMOKPBITHS MOT'YT OBITh:

® yHTEHCH(UKALUSI CaMO3aJICUMBAHNS OKCHIHOM TUICHKH NP co3/laHuu IByXdasHoi cuctemsl (MoSi, + nerkormias-
Kasi okcuzHast (asa); erkoruiaBkas (asa Mpyu HarpeBaHUU IEPEXOANT B BSI3KO-TEKydee COCTOSIHUE U 3aJI€UNBaET Jie-
(heKTHI; TOIXOIAIINE JISTHPYIOMIHE JIIEMEHTHI — MapraHen u 6op [87];

e BBezICHHE 100aBOK, MOBBIMIAONINX TACTHIHOCTH MOKPBITHS U CHIDKAIOIIMX 33 CUET 3TOTO ero pacTpeckuBanue [88];
nerupoBaHue ciaos MoSi, 0I0OBOM, aFOMHHHEM, XpOMOM, THTAaHOM, TepMaHueM, OepriumiueM u xene3oMm [89, 90];
noBEIIIIeHHe skapocToiikocty pu 1300 - 1450 © C gocTturaercs 3a c4eT MPOHUKHOBEHUS JIETUPYIOIINX 3JIEMEHTOB B
COCTaB OKCH/IHOM IIJICHKH, CHIXKEHHUE BCIICACTBHE 3TOTO €€ BSI3KOCTH U MOBBIIICHNE TEKYUIECTH;

e coznaHue OapbepHBIX (PAa30BBIX CIIOEB JJIsI TOPMOXKEHUS! NTU(PQPY3UOHHBIX MPOIECCOB MPH BBICOKOTEMIIEPATypPHOIt
akcrutyaraiuu [91]; rpanuiist a3 ciryxaT JOMOTHUTEIBHBIM MPEISITCTBUEM TIpU TU(GGY3UH B KOMIIO3UTHON CHUCTE-
Me; MOCKOJIbKY MOJy4eHHEe MaKCUMaJIbHO TUIOTHO YIAKOBAaHHBIX CTPYKTYP C HauOOJbIIEH CBS3bI0O MEXTYy aTOMaMHU
SIBJISIETCSI €Ille OJHUM II0JIOKHUTENILHBIM (aKTOpOM, JierMpoBaHKe KapOunamu u 6opuzamu IV m Va rpymnm Moxer
obecrieunTh HE0OXO0UMBIH P deKT;

® CO3JaHWE TOKPHITUS U3 MHOTOKOMITOHEHTHBIX (a3, 4TO MPUBOJUT K MOHIPKEHNIO XMMHYECKOTO MOTEHINANA; XOPO-
UK pe3ysIbTaT JaeT ABYXCTaauiHOe GopocwmnupoBanne MonnbaeHa [91], npuBozsiiee k 00pa3oBaHUIO TPOHHON
(azer Mo(Si, B), xotopas pe3ko TopMo3uT qudPy3nto KPeMHHUS B METALTHYECKYIO OCHOBY [92].

ITepcrieKTHBHBIM MOAXOZOM B COBEPIICHCTBOBAaHWH 3AIUTHBIX BBICOKOTEMIEPATYPHBIX HMOKPHITHI SIBISIETCS CO-
3[1aHIE€ MHOTOCJIOHHON KOMITO3UTHOH CTPYKTYpHI (prcC. 6) ¢ onpeAeneHHoN QpyHKImen kaxaoro cimos [93]. Tak, Hampu-
Mep, BHEIIHHIA CJIOM OyJeT y4acTBOBaTh B 00Pa30BaHMU OKCHIHOM IJICHKH, 00ECIICUHNBAIOIICH )KapOCTONKOCTh, Oaphb-
€pHBIN ci0it OyAeT mpensTcTBOBaTh AU (GY3MOHHOMY PAaCTBOPEHHUIO BHEIIHETO CIIOS, a BHYTPEHHUI clioll OyJer cro-
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COOCTBOBaTh peJaKCaldy HANpPsDKEHUH B MOKPHITUM NPU W3MEHEHHSX TeMIlepaTypbl U 00ECHEeYMBaTh COTJIACOBAHUE
KTP oTaenpHBIX COCTABISIONIMX MOKPBITHS U OCHOBBI [94].

Heo0x0auM0 OTMETHTB, YTO, K COXKAJICHHIO, BCE TIEPEUHCIICHHBIE BO3MO)KHOCTH CBSI3aHBI C BBEJICHUEM B CHCTEMY
JIOTIOJTHUTEIBHBIX XUMHUECKHUX 3JIEMEHTOB, OHU JEHCTBEHHBI TOJBKO B obsactu temmepatyp ao 1650 — 1700 °C, npu
9TOM CHM)KAeTCs MaKCHMaJIbHas TEMIIepaTypa SKCIUTyaTallll MOKPHITHS W BO3HMKAIOT MHbIE ITOOOYHBIE HEraTHBHBIC
3¢ eKThI (HanpuMep, I3MEHEHHE COCTaBa 00Pa3yIOMIMXCs JIETyUHX COSAMHEHNUH).

HecMmoTps Ha ycrexu B MCCIEIOBAaHMUAX M pa3pabOTKE HOBBIX MaTEPHANIOB, IPOOJIEMBI UX NPUMEHEHHS 000CTpsI-
JOTCSI BCJIEACTBHE MOCTOSIHHOTO TIOBBIIIEHHS TPeOOBaHUH K HUM M 00BEMOB HCIIONIBb30BAHMS. | JIaBHAsI CIIOXKHOCTH 3a-
KIIFOUaeTCs] B HAIMYNU MHOTHX KaK HE3aBHCHMBIX, TaK M B3aHMMOCBS3aHHBIX (DaKTOPOB, 00YCIOBIMBAIOIINX OCOOEHHO-
CTH CTPYKTYpPbI MaTEPHAIOB U MOKPBITUI HA HUX, &, CIE0BATEIBHO, CYIIECTBEHHO BIUSIONINX HA UX MOBEIECHHUE B 3KC-
ILUTyaTallMOHHBIX YCIIOBHUSX.

Puc. 6. MHOrocnoitHoe (KOMIUIEKCHOE) CHIIMLIUIHOE TOKPBITHE Ha MOJIUOCHE:
a — MHKPOCTPYKTYpa; & — MOp(OJIOTrHs MOBEPXHOCTH MomnepeyHoro numda, Quanta 200.

JAuddy3nonnoe cnaunupoBanne u3 NOPOIIKOBBIX HACHIIIAIOLINX CPe/

JuddysnonHoe cunnimpoBaHue sSBISETCS OAHUM M3 BUJIOB XUMHKO-TepMIUYeckoi oopaborku (XTO). Jrot Tep-
MHUH OOBEIMHSET COBOKYHMHOCTH TEXHOJOTHYECKHX MPOLIECCOB, 00eCHeYnBaIomnX IUPQPY3HOHHOE HACBIIICHHE I10-
BEPXHOCTH MaTepHajia TpeOyeMBbIMH JIEMEHTaM{ M NPHUBOIINX K M3MEHEHHIO XHMHUYECKOTO COCTaBa, CTPYKTYpPhI U
CBOMCTB ITOBEPXHOCTH 0€3 m3MeHeHHs (Da30BOTO COCTOSHHS M CBOWCTB BHYTPEHHMX 30H MarepHuaia, Mpu 3ToM Jud-
(GYHIUPYOIINI 27IEMEHT MOKET HaXOAUTHCS B Ta30BOM, KUIKOH, TBEPHAOH Wil mapoBoi ¢azax [95].

OcHoBoii nporiecca XTO sBisteTcst peakipionHast 1u¢Qy3ust. Pa3mimdHbeie aceKThl 3TOT0 TOCTATOYHO CIIOKHOTO
rporiecca yke UccienoBansl [62, 96-97] wim mpoo/bKaroT U3ydaThes U B mociieqHee Bpems [98-101]. IIpu paccmoTtpe-
HHUH PEaKIMOHHOU Auddy3un B OCHOBHOM CUHUTAIOT, YTO UMEHHO o0beMHast Iuddy3us onpenenseT CKopocTs Iporiec-
ca, a XUMUYECKUE PEaKiluy, B Pe3ysibTaTe KOTOPbIX 00pa3yroTcsi HOBBIE (pa3bl, OCYIECTBISIETCS OCTATOYHO OBICTPO U
HE OKa3bIBAIOT CYIIECTBEHHOTO BIMSHUS Ha KWHETUKY pocTa Aud(Hy3HOHHOTO CIIosI.

Cpenu (hakTopoB, KOTOPBIE aBTOPHI U3BECTHBIX UCCIIEIOBAHHUHN MBITAINCH YUUTHIBATH P OMUCAHUH PEAKIIMOHHON
TP PY3Un, MOKHO BBIJICITUTE:

TBepAoQa3HbIe U ra3oda3Hble XHMHYECKUE PEaKIIUH;

a/1IcopOIMI0 aKTHBHOTO 3JIEMEHTA ITApOra30BOi Cpe/bl Ha TIOBEPXHOCTH HACBIIICHHS;

1 dy3uro KOMIIOHEHTOB CKBO3b CJION 00pa30BaBIIMXCS COSANHEHNUH;

YOPYTHi MEXaHH3M 3JIEMEHTAPHBIX aKTOB AN dy3nu;

BIIMSIHUE CTPYKTYPHI Ha a3000pa3oBaHus;

JIBIDKEHNE (Pa30BBIX TPaHMIL;

KHHETHYECKHE OCOOCHHOCTH U MpoYee.
[Tpu xuMuKo-TepMuueckoil 00paboTke B pesynbrate An((Y3MOHHOIO HACHIIICHUS METAJUIaMH U HEeMeTalaMu
TIOBEPXHOCTHBIX CJIOEB PAa3IMYHBIX KOHCTPYKIIMOHHBIX, B TOM YHCJIE TYTOIUIaBKHX, METAIJIOB U CIUIaBOB (DOPMUPYIOTCS
TIOKPBITHSI, COCTOSIIME JUO0 M3 XMMHYECKHX COEJIMHEHWH HACBHINIAIOMINX DJIEMEHTOB 00pabaThiBaeMOro MaTtepHala,
00 U3 TBEPHABIX pacTBOpoB. brarogaps 3ToMy XHMHKO-TEPMHUYECKUIA METOJ MMO3BOJISET MOIyYaTh Pa3In4HbIE MO CO-
CTaBy, a, CJICOBATEIbHO, U 110 (PU3UKO-XUMHIECKUM CBOMCTBAM, IIOKPHITHS, 00ECIEYNBAIOIINE JOCTHKEHHE BHICOKUX
SKCIITyaTal[HOHHBIX XapaKTEPUCTHK B arpecCHBHBIX Cpelax B LIMPOKOM JAMAIa30HE TEeMIepaTyp NpH Pa3IMYHBIX
BHEITHUX MEXaHHMUYECKHX Harpys3kax. MeTol Taxke MO3BOJLSIET YNPAaBIATh PACIpeliefiecHneM KOMIOHEHTOB MOKPBITHS
TI0 TOJIIINHE, YIPABIATH CTPYKTYpOH U] (y3HOHHBIX CIOEB.

Jnst hopMupOBaHUs BBICOKOKAYECTBEHHBIX CHUIMIMIAHBIX TMOKPHITHH Ha METaNIax NMPHHIHUIHAIBLHOE 3HAYCHHUCE
HUMEET BBIACHEHHE TEMIIEpaTypHOTrO MHTEpBala Hadanga o0Opa30BaHMS CIIIMIHMIOB, MOCIEAOBATEIFHOCTH 3apOXKICHUS



14
EEJP Vol.3 No.32016 S.V. Lytovchenko

(a3, MexaHU3Ma U KHHETHKH X (POPMHUPOBAHHSI.

Crenyer OTMETHTb, YTO NPH CHIIMLIMPOBAHUK MOJMOIeHa U BoJb(paMa pa3IMIHbBIMU METOJaMH B IIporiecce Tud-
(y3MOHHOTO HACHIIIEHHST BO3MOKHO 00pa3oBaHue psiia CHIMIUIHBIX (a3 (cM. puc. 1, 2). Kakas wmun kakue ¢asbl oOpa-
3YIOTCSI IIPH OCYLIECTBICHUH TOW MJIM MHOM TEXHOJIOTHH, 3aBUCUT OT KOHKPETHBIX YCJIOBUM HACBIIIEHUS.

INonasnsroniee OONBIIMHCTBO M3BECTHBIX PadOT IO ITOPOUIKOBOMY CHUIMIIIMPOBAHHUIO TYTOIUIABKMX METAJIIOB, B
YaCTHOCTH MOJMOJICHA U BOJIb(pama, MOCBSIIEHBl H3YYEHHIO TOJIBKO BBICHIMX CHIMIUIHBIX (a3 — aucumuunaos [102,
103], a Takke MHOTORJIEMEHTHBIX (ha3 Ha ux ocHOBe [104]. 3HaUNTENBFHO peke pacCMaTPUBAIOTCS HU3IINE CHIMIIUIFI,
IIPU 3TOM — B OCHOBHOM KaK KOMIIOHEHTHI KOMIIO3UTOB, MOIy4aeMbIX Au(¢y3neil mpu KOHTaKTe TBEpAbIX (a3 mim
KOHJICHCATOB, OCAKICHHBIX IUIa3MEHHBIMH METOAaMH, a Takxke TuiaBieHueM [105, 106]. Jlaxke mocienHue W3BECTHBIE
pabotsl [65, 107], paccmaTpuBas MHOTO(a3HyI0 CHCTEMY MOJHOAEH — KPEMHHUI, TPAKTHYECKH TOJIBKO YITOMHUHAIOT O
HaJIMYUH HU3IIUX CHIMLIUAHBIX (a3, HO He pacCMaTpUBAIOT CBSI3AHHBIX C TUM OCOOEHHOCTEH CTPYKTYpHI U IIOBEIICHUS
TaKUX MaTepHaJIoB.

CrangapTHas TexXHOJOTUS TU(QYy3HOHHOTO CHIMIMPOBAHUS 3aKIFOYACTCSl B BHICOKOTEMIIEPATYPHOM OTXHIE 00-
pabaTbIBaeMbIX H3JIENUH, TOTPY>KEHHBIX B MIOPOLIKOBYIO CMECh, CO/IEPKAIIYIO B CBOEM COCTaBE JIEMEHTAPHBIH KpeM-
HUH WM COEAMHEHUS KpeMHUs (Hanpumep, GpeppocHinunii, kapou kpeMuust u 1p.) [21]. Haubonee pacnpocrpanen-
HBIMH BapHaHTaMH PETM3alMU JaHHOTO METOJa SIBIISIOTCS OTHOCHTENHHO MEIJICHHBIM BaKyyMHBIN Oe3aKTHBAIOH-
HBII OT)KUT Y BO3IYIIHBIH OTXKHI C HCIOJIb30BAHUEM aKTHBATOPOB (BEIIECTB, 00Pa3yIONINX JIETKOJIETYIHE COCMHEHHS
kpemHust). [Ipy aKTHBMPOBaHHOM CHIIMIIMPOBAHHUH PEaIU3yeTcs YCKOPEHHas! JOCTaBKa KPEMHHS B PEAKLMOHHYIO 30HY,
4TO U ycKopsieT audy3noHHOE HACHIIIIEHHE.

Kunernka mporecca (puc. 7) [21], goctatouHo moapobHO ommcaHHas B nureparype [43, 44, 108 — 110], kpome
TeMIIepaTypbl OT)KUra M COCTaBa HACHIILAIOIIEH Cpe/bl 3aBUCHUT OT JPYIHX TEXHOJIOTHYECKUX (aKTOPOB (CTPYKTYPHOTO
COCTOSIHHS TIOJVIOKKH, YCIIOBHI OTXKHUTA, IPHMEceil, mpeaBapuTeIbHON 00pabOTKH MaTepHalioB U T.I1.).
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Puc. 7. KuneTtnka BakyyMHOTO (@) U aKTHBHPOBAaHHOTO (0) CHIIMIMPOBAHMS MOJIMOIEHA IIPH Pa3HBIX TeMreparypax, °C: 1 —900, 2 —
1000, 3 — 1150, 4 — 1250, 5 — 1350.

CHHIuIpl TYTOIUTABKUX METaNIOB HAYMHAIOT ()OPMHUPOBATHCS B MHTEpBasie Temiepatyp 250 — 750 °C, mpu 3ToM
KOHKpETHAs TeMIIepaTypa 3aBUCUT OT MHOTHX (pakTopoB. IIpu O4YEeHh TOHKHX CIOSX CHAyYaJla BBIOJIHICTCS JTHHCHHBIN
3aKOH pOCTa TUCHITUIMTHON TICHKU, KOTOPBIH 3aTeM CMEHSCTCS MapadoInIecKoil BpEMEHHO 3aBHCUMOCTBIO [2]. DTOT
(haKT MOXKHO OOBSICHUTH TEM, YTO PACTBOPCHHBIC B KPEMHHH M CIIOCOOHBIE K OU(PQPY3UU MO MEKIOY3ITHIM aTOMBI Me-
TaJlJla OYCHb CHIIFHO OCNIAOJSIOT KOBAJIICHTHAS CBSI3b MEXKy aTOMaMU KPEMHUSI, CJICICTBHEM YEro sSBISETCS 00pa3oBa-
HHE METAUTMYECKON CBS3M BMECTO KOBaJeHTHOW. [Ipu STOM TriaBHON KOMITOHEHTOH Au((y3uH MOXKET CTaTh METAIT.
Mexanu3msbl (ha3000pa30BaHUs TAaKXKe BIUSIOT HA MOCIEIOBATEIBHOCTD 3aPOXKACHUS CHIMIMIOB, TIPU 3TOM OHHU pa3-
JUYHBI UISI PAa3HBIX arperaTHBIX COCTOSHUI M YCIOBHHA KOHTAaKTa PEarupyroUINX 3JIeMEHTOB. B OTAENpHBIX ciydasx
nepBoit popmupyetcs He (asza ¢ HanOOIBIIEH TEIT0TOH 00pa3oBaHus, a pa3a ¢ HanboJee MPOCcToil cTpyKTypoii [60].

BakHeinmMu BorpocamMy Ipu pacCMOTPeHUU TU(PPYy3UOHHBIX TTOKPHITHH SBISIOTCS MeXaHu3M Auddy3un 1 00b-
€MHbIE U3MEHEHHUs! B TIpoLiecce MPOTEKaHUs peakMoHHOM nuddy3un u o6pa3oBaHusi HOBBIX XMMHUUECKHX COCIHUHEHHH.
Mexanusm GopmupoBanus 11 (Hy3HOHHOTO CII0sI TECHEUIINM 00pa30oM CBsI3aH C ero KauecTBOM, KOTOPOE, B CBOIO OUe-
penb, ONpenenseTCs CTCNCHbI0 BOSHUKHOBCHUS TOYCYHON KOPPO3UH B TPOIIECCE IKCIUTyaTAI[UH JICTANCH C 3alUTHBIM
cnoem. Ecnu mokpeiTie dopmupyercs B pesynbrare nud(Gy3ur BHEITHEH KOMIIOHCHTBI, TO MOBEPXHOCTHBIN pelbed)
MTOKPBITHS MOBTOPSIET peiibed) IMOI0KKHU C MPUCYIIUMHU €My BCSKOTO POJia HEOJTHOPOTHOCTSIMH U Je(eKTaMu, 4TO sB-
JISETCS ONHOW U3 TPUYHH TOSBICHUSA KOppo3uu. B ciaydae 00pa3oBaHusI MOKPHITHS IPY MPEUMYIIIECTBEHHOHN M Qy3un
BHYTPCHHEH KOMIIOHEHTHI (T.€. MaTepHalia IOIJI0KKH) IPOUCXOANT MPOLECC €r0 TOMOTCHH3ANN, MUKPO- U MaKpoJe-
(heKTHI MM MICUE3AI0T, MITH PABHOMEPHO PaCIIPENEIAIOTCS, M BEPOSTHOCTh BOSHUKHOBCHHS TOYCYHON KOPPO3UH B IIPO-
Iecce MOCIEeMYIOMEe IKCIUTyaTalliil CYIIECTBEHHO yYMEHbIIaeTcs. Yalne BCero pealm3yercs CMEIIaHHBIA MeXaHU3M
HaHeceHUs MM Hy3NOHHOTO MOKPHITUS (BCTpeuHas TUQQY3Hs FIMEMEHTOB HOKPBHITHS M JIEMEHTOB MOJUIOKKH). B Ta-
KOM Clly4dae TeMIepaTypHbI HHTEpBaI (OPMHUPOBAHHS JKEJIATEINBHO BHIOMPATh TAKUM, 4TOOBI peBanipoBana nuddy-
3Wst BHYTPCHHEH KOMITOHEHTHI. K COKaleHuIo, 3TO AaJCKO HE BCETIa JOCTHKUMO.

CBoiicTBa MOKPBITHS 3aBHCAT OT ero ()a3oBOro cOcTaBa M CTPYKTypbl. Ha mpakTuke npu co3nanuu nud@y3uoH-
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HBIX IOKPBITHH CKOPOCTh MX (POpMHUpPOBaHUs ompezeiserT (a3oBblii cocTaB. B OONBIIMHCTBE Clly4aeB TPaJULUOHHO
CTPEMSTCS K MaKCHMaJIbHOM CKOPOCTH HACBIIIEHHS W K CTPYKType, ONpelesieMoll MaKCMMajbHOW KOHIEHTpaluei
JIETHPYIOIIEr0 KOMIIOHEHTa. [Ipy CHIMIMPOBAaHMN TYTOIIABKHX METAJUIOB OOJBIINE CKOPOCTH HACHIIICHHS 00YCIIOB-
JICHBI TEM, YTO HOKPHITHE COCTOMT B OCHOBHOM U3 BBICHIMX CHIMIMIHBIX (a3, T.e. a3, Hanbojee O0raTelx KpEMHHUEM.
[TockonbKy yzaenabpHbIe 0OBEMHBIC OTHOLIEHUS ATHX (a3 W MCXOJHOTO MeTaila CYIIECTBEHHO Pa3iNyaroTcsi, TO B MpPO-
I[ecce HACHIMCHUS B CJIOE TTIOKPHITHS BO3HUKAIOT 3HAUUTEIbHBIC HANPSDKEHMS, IIPH PENTAKCAlUA KOTOPBIX B ITOKPBHITHN
BO3HHMKAIOT MHKPO- ¥ MaKpOTPELIMHBI, TIOPEI U Apyrue AedekTsl. B mporecce skcIuryaTannyl MOKPHITHS KOJTHIECTBO
neeKTOB BO3pacTaeT, OHU OOBEANHAIOTCS B OOJNbIIe 00pa30BaHs, YTO MPUBOANUT K OBICTPOMY pa3pyIICHUIO MOKPHI-
ThIX n3zenuid. [1o3ToMy 4Ype3BbIUAHO BaKHO OPraHM30BaTh TEXHOJIOTMYECKUI NPOIECC HAHECEHWS MOKPBITUS Tak,
YTOOBI 00ECIEUNTh MTOCTENIEHHOE CHIKEHUE HANPSKEHUH 10 TONIIMHE MOKPBITHS.

Kak n3BecTHO, Ui€alIbHBIM ITOKPHITHEM C TOYKH 3PEHUs] PABHOMEPHOT'O PaCIpeIeNIeHNs] HaNPSHKEHUH, TPOYHOCTH
CIIETUICHHS] M, CJIEJOBATEIbHO, BHICOKOH TEPMOCTOMKOCTH siBisieTcsl quddy3HOHHBINA CII0H, TpencTaBisiomuil co0oi
HETpEepHIBHBIA PsiJi TBEPABIX pacTBOpoB. Takoil cioii, Harmpumep, oOpa3yercsi B MecTe KOHTaKTa MOJIMOJCHA U BOJIb-
¢pama npu BeicokoTemneparypHoM (okosio 2000 °C) omxure B Bakyyme. OTO k€ HaOJIOAaeTCss NP XpOMHPOBaHUHU
MoJuOieHa, Bob(dpama u Apyrux merauioB. OHAKO Cy4aeB peaju3aliy oJHO(a3HBIX CI0EB C HENPEPHIBHO M3Me-
HSIIOIIEHCSl KOHIIEHTPALMEH JIETHPYIOIIeH KOMIIOHEHTHI OT TPeJIeNIbHOTO 3HaueHus (Ha BepXHeH rpaHuIie) 10 Hyws (Ha
HIDKHEW TpaHHIEe) CYIIECTBYET CPaBHUTEILHO HEMHOTO.

Crnenyer 106aBHUTh, YTO Pa3pabOTaHHBIE TEXHOJIOTHHU MO3BOJIIOT B JOCTATOYHO HIMPOKHUX IIPEAEIax BapbHPOBaTh
JIEMEHTHBIA U (a30BBIil COCTAB MOKPBITHH, & TAK)KE COOTHOLICHUE OTACIBHBIX CHIMIUIAHBIX (Da3 B MOKpbITHH. Takxke
BEChbMa Pa3NIUYHBIMH MOTYT OBITH MOP(OJIOTHIECKHE XAPAKTEPUCTUKU MTOBEPXHOCTEH MOKPBITHH, CHOPMUPOBAHHBIX
Pa3HBIMH METOAUKAMHU (CM., Harpumep, puc. 11 B [21]).

B 0CHOBHOM >KapoCTOIiKHe TOKPBITHS MPEICTABISIOT COO0H MHOTrO(a3Hble CHCTEMBbI, COCTOSIINE U3 MOCIeI0Ba-
TEJIFHO PACIIOJIOKECHHBIX CJI0EB XUMHYECKUX COCAMHEHUI M OrpaHUuEHHBIX TBEPJBIX PAacTBOPOB. B aTnX ciydasx mpo-
LIeCC HaHECEHHMsI 3al[UTHOTO MTOKPBITHS CIEIyeT BECTH TaKUM 00pa3oM, 4TOOBI OOIIYI0 CTPYKTYPY MOKPBITHS XOTS OBl
IIPUMEPHO CBECTH K CTPYKTYpE MOKPBITHSI, COCTOSIIEr0 U3 HEMPEPBIBHOTO psifia TBEPIBIX pacTBopos [111].

CoOTHOIIIEHNE TONIIMH BCeX (pa3 MOKPHITHS JOJDKHO OBITh BEIOPAHO TaKHM, YTOOBI CTPYKTYpa MOKPBITHS MaKCH-
MaJIbHO MPHOJIMKAIACH K CTPYKTYpPE CJIOSl C HEMPEPBIBHBIM PSIOM TBEPIBIX PAacTBOPOB. Takoe MOKPHITHE MTPUHIMIIH-
IFHO OTJIMYAETCSI OT MOJTYyYaeMbIX Ha MPAaKTUKE W HPEICTABISIONMX co00HM (PakTHUECKH OJHO(A3HBIE CION BBICIINX
COeIMHEHUH, I MoiuOneHa - 3To cioid MoSi,. EcrecTBeHHO, YTO BCE CBOMCTBA M MOBEJCHUE TAKOTO ITOKPHITHS B
MIPOIIECcCe IKCILTyaTaluy OyIyT OTIAMYATHCS B JIy4YIIYI0 CTOPOHY B OTJIMYME OT TPAJUIMOHHBIX MOKPBHITHH. Bo MHOrHX
Clly4asix TPOIECC HAHECEHMS IOKPBITUSI MOKHO HAYWHATh HE 00s3aTeNbHO ¢ Hu3MIeH (asbl, OH MOXXET OBITh Hayar
HEKOH IIPOMeXyTOYHOH (pa3bl B 3aBUCHMOCTH OT 3KCIUTYaTAl[MOHHBIX TPEeOOBAaHMUI, IPEABIBIAEMBIX K OKPBITHIO.

AHaJIM3 npolecca OKUCIEHUs JTUCUIMIHIA MOJTUOIeHa

OTnryHask KOPPO3HOHHAsI CTOMKOCTh AMCHIUINAA MoinbOaeHa npu Beicokux (6onee 1500 °C) temmeparypax siB-
JIICTCS CJICACTBUEM €r0 OKUCIICHHS U (POPMHUPOBAHMS HAa MOBEPXHOCTH 3aIUTHOTO CJIOS, COCTOSIIEIO B OCHOBHOM U3
nrokcuna kpemuus: SiO; [112] u npensrcTByrOMero NPOHMKHOBEHUIO KHUCIOPOAA K MTOBEPXHOCTH MeTaia. CBolicTBa
9TOTO 3aLUTHOIO CJIOS - CIIOIIHOCTD, TONIIWHA, XUMHUUECKUN COCTaB, CTPYKTYpa, aAre3us, ra30npoHUIIaeMOCThb U JP.
— W ONPEICIAIOT B KOHEYHOM CYETE KAPOCTOMKOCTh U TEMIIEPATyPOYCTONYHBOCTD JAUCHIIMINIA MOJIMOICHA B pa3jIHy-
HBIX 3KCIDTYaTallMOHHBIX YCIOBUSIX.

OxkuciieHne TUCHINIHAIA MOTUOIeHa ucciemayercs Oomee momyBeka [112-114], MHOTHE aceKTHI 3TOTO Iporiecca
JIOCTaTOYHO TTOAPOOHO OCBEUICHBI, 0COOCHHO B OTHOIICHWH YHCTOTO KOMITAKTHPOBAaHHOTO Aucuiuimaa [115] u menko-
muctiepcHoro mopomka [116]. Hecmotpst Ha 310, MEQOpMAII 0 MEXaHU3MaX W KHHETHKE OKHUCICHUS AUCHIIAINIA MO-
nnbaeHa HeIOCTaTOYHA M PAa3WYHa y PAa3HBIX aBTOPOB. DTH PACXOKICHHS Yalle BCEro OOYCIOBIECHBI U3yUCHHEM CH-
JUIHIO0B, TIOXYYEHHBIX PA3IMYHBIMA METOAWKAMH, B PA3TUYHBIX YCIOBHSIX M XapaKTCPUIYIOIIUXCS BCIEACTBUE 3TOTO
Pa3IMIHBIM CTPYKTYPHO-(Pa30BbIM COCTOSIHUEM.

BONBIIMHCTBO aBTOPOB MPHUIACPKUBAIOTCS MHEHHS, YTO MPH OKHCICHHU TUCHIHIMIOB PEANU3YIOTCS JIMOO IMpe-
UMYIIECTBEHHOE H30MpaTenbHOE (CEICKTUBHOE) OKHCICHHE KPEMHUs, JTUOO OJHOBPEMEHHOE OKHCJICHUE MeTalia U

KpEeMHUSI.
BeposTHbIe peakiuy OKUCICHNUS CHIIUIMIOB BBITIAAAT Tak [117]:

2x-MeSi, + (8x + 1)-0, = 2Me, O + 4x-Si0O, €

yMeSi, + (2y - 1)-0, = Me,Si + (2y — 1) -SiO, 2)

B03MOXXHOCTB OCYILIECTBICHHSI PEAKIMU ONPEACISIETCS PAJOM 3aBUCSIIUX OT TEMIIEpaTypbl (pakTopoB, U3 KOTO-
PBIX OOBIYHO BBIIEISIOT KOG PHUIUEeHTH! quddy3un Kucioposa B OKCHIHOM CJIO€ U KPEMHHS B JUCHINLNAC, CTCIICHN
CPOZACTBa MeTaJllla U KPEMHHS K KHCIIOPOLY, CKOPOCTh HCIIApEHHs], YIPYroCcTh Mapa U JIETy4ecTh COSAUHEHUA. B Ko-
HEYHOM CYeTe, HMEHHO 3TH (aKTOPBI SBISIOTCS ONPENCISIOIMMHI ISl PEalli3allid COOTBETCTBYIOIICTO MEXaHWU3Ma
OKHUCIICHUS TUCHITULIUIOB.
[Tpumenenne dpopmyn (1) 1 (2) k omvcaHnuio peakIri OKUCICHUS TUCHINIHAA MOTUOIeHA IPUBOIUT K M3BECT-
HbIM [77] BeipakeHwmsiM (3) u (4):
2 MoSi, + 7 O, =2 MoO; + 4 SiO, 3)
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5 MOSiz +7 Oz = MO5Si3 +7 SIOZ (4)

[TockonbKy CPOJICTBO KPEMHUS K KUCJIOPOAY 3HAYUTENLHO BBIIIE, YUEM aHAJIOTMYHAsI XapaKTepUCTHUKa MOJIMOIeHa,
IIPY OKHCJIEHUH JUCWIMIHIA MOJIMOJICHA BeposTHEe HAOIIONATh CEIEKTHBHOE OKHMCIEHUE KPEMHHUSI ¢ 00pa3oBaHHEM
€ro JUOKCH[a, OJJHAKO 3TOT ClIydail peajlu3yeTcs TOJIBKO IIPU JIOCTaTOYHO BBICOKHMX TeMmreparypax. IIpuunHamu yka-
3aHHOM HEOJHO3HAYHOCTH CXEMbI OKHCIHUTEIBHOTO Ipoliecca SBISIOTCA pa3iNdHbIe CKOPOCTH ITUPQY3UH KPEMHUS B
JTUCIIINIAAE MOJMOEHA U KACIOPOAA B OKCHIHOHN IUICHKE, a TAKXKE passIndHasi CKOPOCTh UCTIAPEHHS M JICTy4eCTh OK-
cupa monubaeHa MoO; ipu pa3HBIX TeMIepaTypax.

B mucunmmmuae monmubaeHa ckopocTh AH((Y3uN KpeMHHS HIDKE CKOpocTH MG (y3uu KHCIOpoAa B AMOKCHIIE
kpemuHusA [117], 9T0 MemaeT BO3MOXKHBIM B 3TOW CHCTEME OJTHOBPEMEHHOE 00pa30BaHUE OKCHIOB METaJIa U KPEMHHUSL.

3amerHOoe okucieHue MoSi, HauMHAETCS Ha €ro MoBepXHOCTH mpu Temmeparype okoso 300 °C, a mpu 400 —
450 °C pucnnuimn MonnMOeHa He TIOBEPXHOCTH YK€ HE OOHApPYKHBAETCs, IOBEPXHOCTh TOJIHOCTBIO MOKPBIBAETCS OK-
CHIHOH myieHKol. B obnacti oTHOCHTENBHO HU3KUX TemIeparyp (1o kpaiineit mepe g0 500 — 550 °C) B HauaybHOM
CTaJluM B PE3yJIbTaTe OKUCIICHUs 1O peakuuu (3) GopMupyeTcs 3amuTHas IUICHKA JHOKCHaa kpeMuus SiO; U OKCHI
Monubena MoQOj;, Ipy 3TOM yBeJIHMYEHUE JUIMTEIBHOCTH MPOLIECCa OKUCIICHUS IPUBOIUT K JIMHEHHOMY pOCTY IpHBeca
00pa3ioB. O0pa30BaHMIO TPEXOKUCH MOJIHMO/IEHa MOXKET MPEAIIecTBOBAaTh ()OPMUPOBAHUE TaK HA3bIBAEMBIX IIEPEXO/I-
HBIX Qa3 Maraenn (Mo,01;, MogOy; 1 M0yOy) [118], coxpaHsomux 0THOCUTENBHYIO cTabmibHOCTE 10 700-800 °C. C
YYETOM 3TOTO MOYKHO pa3/IeITh HAYaJIbHYIO CTA/IMI0 OKUCIICHHS HAa TPU CaMOCTOSTENBHBIX MOCIEA0BATEIBHBIX MPO-
necca:

a) oOpazoBaHHE Ha TMOBEPXHOCTH TUCIIIUIHIA MoiubOaeHa aMmopdHOU MaTpuilsl Si0,, apMUPOBaHHON HAHOPa3Mep-
HBIMH BKIIFOUCHHSMH KPHCTAJUTMUECKHUX JacTHI okcuia Mo4Oqy;

0) mpeBpamenue gacturl ¢pazsl Mo,O;; B HaHOpa3MepHBIE YacTHIBI okcuaa MogO, Tipu JanmpHeHme nuddys3un
KHCIJIOPOAA;

B) okucinenue MogO,6 10 06pa3oBaHus ycrounBoro okcuma MoO; [119], ckopocTh OKHCICHHS Ha JaHHOM 3Tare
OIpeieNsieTCs B OCHOBHOM CKOPOCTHIO Mcnapenus: MoO;.

Hepexou OT HECCJIICKTUBHOT'O OKHUCJICHUA JUCUIIUIIMAA K BBICOKOTEMICPATYPHOMY CCJICKTUBHOMY OKHUCICHUIO
KpeMHUs Ut popMHupoBaHHs 3aMTHOTO ciosi SiO, o nanHeM [120] HaunHaercs mexay 500 u 550 °C u npongomka-
ercst 1o JaHHbIM [121] BrutoTs 1o Temnepartypsl cyoiaumannu MoO; (1155 °C).

HecenexTiBHOE OKHCIICHHE, CONMPOBOXKIAIONIEECS CHaYala yBeJInUYeHHeM KoimdectBa MoO; B OKCHIHOM CIIoe, a
3aTeM YMEHBIICHHEM €ro COJACPXKaHUsS BCJICACTBHE WHTEHCH()MKAIWU WCIAPEHHs, MPUBOJUT K POCTY BHYTPEHHHX
HaNpsDKeHUH W BO3HHUKHOBEHHUIO B CHJIMIIU/E TPELIMH, JOXOISIIINX 10 METAUTMIECKOH OCHOBBI M NPUBOAAIINX K Pa3-
PYIICHHIO IOKPHITHS.

HuskoremnepaTypHbIM TIpolieccaM IIPH OKHCJICHHM AWCHINIONAA MONMOICHA yJENseTCs MHOTO BHHMAaHHSA B
MEPBYIO OYEPEb BCIEICTBUE TOTO, YTO MPHU €T0 XOpOIIel CTOMKOCTH K OKUCICHUIO IIPH BBICOKHX TEMIIEpaTypax AUCH-
JIUIH MOJTUOICHA OBICTPO Pa3pymIacTCs B HEKOTOPOM MPOMEKYTOYHOM HH3KOTEMIIepaTypHOM auamnasone (okoio 400
— 600 °C). B marepuane HaOMOaCTCS TaK Ha3bIBAEMOE SIBJICHHUE «UyMbI» («pest phenomenony, 0 aHAJIOTHU CO CXO-
HBIM 10 MEXaHHM3MYy IIPOTEKaHHMs SBJICHHEM OJIOBSIHHOW 4yMbI — «tin pest»): MoSi, JIerko OKHCISIFOTCS Ha BO3JyXe U
Yyepe3 HECKOJIBKO YacoB TpeBpaiaercs B mopourok [122]. Tlokazarenem npeapacoiokeHHOCTH K Pa3pyIISHUI0 MOXKET
OBITH 3epHOTrPaHMYHOE YIPOYHEHHUE, BBI3BAHHOE JIOKAJIILHOM KOHIEHTpAIMEell KUCIOpo/ia WM a30Ta MpPU HarpeBaHWU
COEIMIHEHUI Ha BO3IyXe€.

Hanmume cnabo ucnapsromerocsi OKCHaa MOJIMOIEHa SBISETCS HEOOXOJUMBIM YCIOBHUEM JUTS pa3pyLIeHUs CHITH-
IIU/1a IO MEXaHU3MY «IyMbI», KOT/Ia HEIOCTATOYHOCTh HU3KOTEMIIEPAaTypHOTO MEXaHN3Ma OKUCIICHHS ITPUBOJUT K 00-
pa3oBaHMIO c11ab0 CBSI3aHHOTO C IMOBEPXHOCTHIO TIOPOIIKA, a HE CIUIOMIHON 3aluTHOH uteHKH [22]. PeanbHas xommo-
3WIMOHHAS W CTPYKTYypHas Ie()EeKTHOCTh CHIIMIMIHBIX MaTepHaloB (HAJIWIHE NPHMECEH, Mop, TPEUINH) BIHUSIOT Ha
KWHETUKY OKHCIICHHUS TAaKUM 00pa3oM, YTO MHTEPBAJ BO3ZMOXHOTO MPOSIBICHUS «IyMbD) MOXET paciupsTecs 1o 200 —
1000 °C.

[Tpu Temneparypax menbine 750 °C ucnapenue MoQO; enie nocratodno ciaboe, 1 pocT TBepabix (a3 MoO; u
Si0, IPOUCXOIUT IO MapadbOTUISCKOMY 3aKOHY.

[MTockonbKy NaBieHUe Tapa TPEXOKUCH MOJIHO/IeHa OBICTPO pacTeT ¢ TeMrepaTypoi (puc. 8), MoBbILICHHE TEMITe-
paTypbl OKHCIEHHUS PE3KO YBEIUYMBAET CKOpOCTh ucnapeHust MoO; u3 okcuaHoro ciost. I[To omenkam aBtopoB [117]
JIaBJICHUE MapoB OKCHJa MoJHO/ieHa, HeoOxonumoe [yt (POPMUPOBAHUS MPH OKHCIEHHH B TIPOMEKYTOYHOH o0nacTu
TEMIIEpaTyp OKJIMHBI U3 YHCTOTrO AMOKcHAa kpeMmHus, cocrasisier 10 Ila n mocturaercs npu temreparype okoio 850
°C.

IMocne popmupoBanms mreHkn SiO, Ha Beell moBepXHOCTH OKcua MonubaeHa MoO; mepectaeT OBITh OCHOBHBIM
MIPOILYKTOM OKHCIICHUS TUCWINIHAA MOINOIeHa, HAaOM0qaeTCs CEIEKTUBHOE OKHMCIEHHE KPEMHHS, CKOPOCTHOOIIPEE-
JISTFOTIAM TIPOIIECCOM CTaHOBHTCS Au((y3us, U mpoliece nmpoTekaet mo peakiun (4). Auddysus kucnopona gepes ciioi
Si0, sBrseTcst (HaKTOPOM, OTPENENIONINM JKapOCTOHKOCTh CHIMIUAHOTO MOKPBITHS IMOCe 00pa3oBaHMS CILIOLTHOM
3aIIUTHOM OKCHAHOM IIeHKH. [lOBpeXIeHWs 3TOW IJICHKH JUKBUIAMPYIOTCA IMyTeM OOpa30BaHHS HOBBIX HOPIHN
KpeMHe3eMa IpH yJIeTyYHBaHUU HOBBIX nopiuii MoOs.
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93001100 900 200 200 °C Cunuuuanas dasza MosSis, hpopmupyromascs 1o
ypaBHeHHIO (4) mox wieHkoi Si0,, oOHapyKUBACTCS

5 — BO MHOTHX CJIy4asX, OCOOCHHO TPU OKUCICHUH ITO-
pomkoBoro aumcwimnuaa [121-124]. OGpaszoBanue
[N S S S MosSi; TepMOIUHAMUYECKHA BBITOJTHO, OCOOCHHO TpH

I CJIOW CME€CH OKCHUJIOB

MaJIbIX MAapOHUAJIBHBIX AABJICHUAX KHCIOPOJd, KPpOMCE

Log(pMeO(g)/Pa)

=in TOTO, BCJIEACTBHE Ooliee BBICOKOTO IOTEHIHAIA

L OKHUCIICHUsT KpeMHHUs ais (popMmupoBaHus oxHO(Das3-

HOTO CJIOSi JUOKCHZAA KPEMHHUS IPEeNIOYTHTEIbHBIM

11k Oyner nu(Qy3UOHHBIA mpolecc U3 00eAHECHHOMN

KpeMHHeM cuiniuIHoi ¢asbl [123]. Cka3anHoe noa-

_15L TBEPXKJAIOT (AKThl OOHAPYXKEHUS O] OKCHIHBIM
0,5 1,0

1,5 2,0 clI0eM HeKoToporo koymdectBa (a3l MosSi [125
1000/T(°C) P ¢ S [129]

WK Jake YUCTOro mMojubnaeHa [126], XoTs 3TO CBs-
Puc. 8. JlaBnenne napoB pa3IMYHBIX OKCHAOB MeTasuioB [117].

3aHO C KOHKPETHBIMH TEXHOJIOTHYECKHMH OCOOEHHO-
CTSIMH TTOJTy9EHHSI UCCIIEAyeMOro CHIIMIUAHOTO MaTepHaa.

OxcuaHas mieHka cocraBa SiO, HaXOAWTCS Yalle BCETO B aMOP(PHO-KPHCTAIUTMYECKOM COCTOSTHHN M KPOME YXKe
ynoMsiHyTOM amopdHO# Matpunsl [98, 127] MoxeT comepikaTh HEKOTOpOe KOMUIeCTBO TpuaumuTa [128] mmm kpucro-
Oamura [124], mpryeM mpeBpamieHHe «TPUIUMUT-KPUCTOOATUT» MPOUCXOIUT B TEMIIEPaTypPHOM HHTEpBae OKOJIO
1300 °C u yckopsieT oOpa3oBanue quokcuaa kpemuus [128].

CTpyKTypHOE COCTOSIHUE U crenu(HKa TEXHOIOTUH MOMYIECHUs JTUCHIHIHIA MOJIMO/ICHA OKa3bIBAIOT CYILECTBEH-
HOC BJIMIAHUC HAa KUHCTUKY W MEXAHU3M €ro OKUCJICHUA, IIPU 3TOM MEXKIY KOMITAKTHUPOBAHHBLIM (I/IJ'[I/I l'lOpOH_IKOBBIM)
JUCHIUIUAIOM ¥ JUCHIHIUIHBIM CJIoeM (TIOKPBITHEM) Ha MOJHOACHE HAOJI0A0TCs CyIIeCTBEHHbIC pa3inuns. OKuc-
JICHWE CUWJIMIMJHOTO MOKPBITHS NPU HU3KHUX U CPEIHHUX TEMIIEpaTypax, a TakKe B HayallbHBIM MEpHOJ MPOTEKaeT Mo
OITMCAaHHOI BEIIIE CXEME.

ITpn BBICOKHMX TeMIlepaTypax OKHCICHHE NUCWIMIMIA NEepBOHAYaJbHO HE MPUBOIMT K (POPMHUPOBAHHUIO CKOJIb-
00 3aMETHOM MPOCIONKKM HU3LIETO CHIINIM/A, IIOCKOJIBKY KpeMHHI Ha 00pa3oBaHWE JMOKCHIA TIOCTYNAET U3 JHCH-
ynuaHoi ¢assl. ConeprkaHne KpeMHHUS B JUCHITMIAAHOM MTOKPBITHH 3aBUCHT OT crioco0a M ycioBuii ero (opMupoBa-
HUSI, TIO3TOMY, HaIlpUMep, B ciydae TU(Qy3HOHHBIX CHINIUIHBIX TOKPHITHH AUCHININA HE MpeTepreBacT (pa3oBoro
N3MEHEHHS, OH TepsieT KPEMHHH B MpEJIeNiax CBOSH 00JIaCTH TOMOTEHHOCTH, KOTOPAsi MOXKET CYIIECTBEHHO N3MEHSTHCS B
3aBHCHMOCTH OT CTEIIEHH PaBHOBECHOCTH Iporiecca a3zoBoro m3meHernus [129-131].

ITockonbKy ckopocTh Auddy3un KpeMHHUS CKBO3b IUICHKY AMOKCHIA K IOBEPXHOCTH OYSHb Maia, rmocie hopMu-
POBaHUs CILIOIIHON TOHKOW TuieHKH Si0, HauMHAETCsA BeChbMa MEIJICHHBIN mpoliecc ee pocta (yroumienus). Tak, mpu
1700 - 1800 °C 3a HECKOJIBKO JCCATKOB - COTCH 4acOoB (POPMHUPYETCS CJIOH OKCcHIa TOMIHMHOW He 6ojee 10 — 30 MxkMm
[60].

Kak yxe ykasblBanoch, 0OJJHUM U3 (haKTOPOB pa3pyLICHHs CHIIMIMIHBIX HOKPHITUH Ha MOJHOAEHE IPU OTHOCH-
TENIFHO HU3KUX Temreparypax (Huwke 1550 °C) snsercs kpuctammzauus amopdaoil mnenkn SiO, B Mectax BbIX0za
MHUKpPOTPEILIMH Ha MOBEPXHOCThb. DTOT INPOIECC CBS3aH ¢ 00pa3oBaHHMEM B IIyOOKHX TpEHIMHAX OKHCIIAa MOJHO/EHA.
JlernpoBanue amMop(HOI IUICHKN IBYOKHCH KPEMHHS yKa3aHHBIM OKHCIIOM BBI3BIBAET €€ YCKOPEHHYIO KpHCTaJlIM3a-
IIUIO U TTOTEPIO 3AIIUTHBIX CBONCTB.

ITpn Temneparypax 1550 — 1800 °C 3amuTHas mienka SiO, 3armoaHseT TPEeHHbl B CHIINIUIHBIX CIIOSX, YBEINYHU-
Basi UX KAPOCTOMKOCTh. YPOBEHb KaPOCTOMKOCTH CHIIMIMIOB MOJIMOJICHA OMpEAEIeTcs CKOPOCThIO (popMHUpOBaHMS
9TOH MJIEHKH, KOTOPasi, KaK y)K€ YKa3bIBaJIOCh, OIIPEAEIACTCS HAIMYMEM JJOCTaTOYHOrO Al oOpa3oBanus SiO, Kommde-
CTBa KPEMHHSI.

B obnactu Temmeparyp, npepsimatoniux 1850 — 1900 °C cymiecTBeHHBIM MOXKET CTaTh MPOIIECC UCTIAPEHUS KPeM-
HUS C TTOBEPXHOCTH B BHIE MOHOOKHCH kKpemHHus SiO. Takoe mcmapeHue cHmXaeT 3(Q(EKTHBHOCTD 3aIIUTHOTO JEH-
CTBHS IUICHKH AUOKcHAa KpeMHHs SiO; B CBSI3M ¢ YCKOPEHHBIM €€ yTOHEHHEM, MOBBIIIEHNEM Ae(DEKTHOCTH U IPOHUIIA-
€MOCTH.

CyMMI/IpyH H3JI0KCHHOC, HCOGXO}II/IMO OTMETUTH, YTO, B KOHECYHOM CUECTE, Kapo- U TepMOCTOﬁKOCTL B OKHUCJIH-
TCIBbHBIX aTMOC(bean I/ISI[CHI/Iﬁ us3 MOJ'II/I6Z[CH8. C CWIMOUIHBIMUA IMOKPBITUAMU ONPCACTIACTCA CBOMCTBaAMH TIMOBEPXHOCT-
HOM NPOCIONKY JUOKCUIA KpeMHMs. Perynupys aare3uro 3TOd IPOCIIONKHU, €€ COCTaB, CTPYKTYpY, IPOHULIAEMOCTb U
JpyTHe XapaKTePUCTHKH MOYKHO YIPABJIATh BHICOKOTEMITEPATYPHBIMH CBOHCTBAMH U3/EIHH.

NPUMEHEHUME BBICOKOTEMIIEPATYPHbBIX @ YHKIIMOHAJIbBHBIX MATEPHUAJIOB
VIS CO3JAHUSA QJIEKTPUYECKUX HAT'PEBATEJIBHBIX QJIEMEHTOB
BricokoTemnepaTypHasi 00paboTKa SIBISETCS OXHHM M3 BAKHEHIIHMX STAllOB TEXHOJOIMYECKOTO BO3ICHCTBHS Ha
pa3IHYHBIe KOHCTPYKIMOHHBIE M (PYHKIHOHAIBHBIE MAaTepUaIbl IUIs NPUIaHUsS UM HEOOXOAUMBIX CBOMCTB. [IpuMepamu
TaKOTO BO3JIEHCTBUS SABILIIOTCS Pa3sHOOOpPA3HBIE BHUIBI TEPMOOOPAOOTKH METAJUIOB M CIUIaBOB (OTXKUTH, 3aKalka, HOP-
MaJn3alus U JIp.), pa3IHdHbIe MPOIEcChl 00padOTKN KepaMHKH (CIIeKaHHUe, CYIIKa, 00KNT), MHOKECTBO TEXHOJIOTHYC-
CKHX IIPOLIECCOB OT IIABKU, KOBKH M TOPSAYEH IITAMIIOBKH IO OT)KUTA IUICHOYHBIX CTPYKTYP, BBITSTHBAHUS CTEKJIOBO-
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JIOKHA U BBIPAIlMBaHUsI MOHOKPHCTAUIOB. [10OBBILIEHNE HAIE)KHOCTH M CTA0MIBHOCTH DKCIUTYaTallHOHHBIX XapaKTepH-
CTHK BBICOKOTEMIIEPATYPHBIX YCTPOWCTB SIBISCTCS KJIIOYOM K PEIICHUIO LEJNOro Psiha TEXHOJOTMYECKHX MpoOeM B
SHEPreTHKE, METAJUTypPTrUH, MAIIMHOCTPOCHUH, XMMHUUECKOH TIPOMBIIIIIEHHOCTH, TIPOU3BOJICTBE CTPOUTEIBHBIX MaTepH-
QJIOB U IPYTHX OTpacieu.

Ha mpoTspkeHuH MOCHEIHUX ACCATWICTHH B MUpPE HAOJIOMACTCs YCTOMYMBAs TEHACHIHWS K TOBBIMICHUIO JIOJH
ANEKTPHUYECKUX Tedeii B o0meM o0beMe HarpeBaTelbHBIX yeTpoicTB [132]. Ilo cpaBHEHUIO C TOIUTMBHBIMH IICKTPUYC-
CKHE TI€YH NMPAKTHUECKH BCEr[a SKOHOMUYHEE U HAJIS)KHEE B AKCIUTyaTallnd, 00ECIEINBAIOT SKOIOTHIECKH ¥ XUMUIE-
CKH YHCTOE NPOU3BOJCTBO, MPOCTYIO PETYIUPOBKY TEPMHUIECKOTO BO3JIEHCTBHA Ha oOpabaTsiBacMble 00BEKTHI. K co-
KAJICHUIO, CETOJHSA HET MPUEMIIEMOTO MaTepuaia, KOTOPBI MOT Obl Ha/Ie)KHO SKCIIITyaTHPOBATHCS B TEMIIEPATypPHOM
uaTepBane ot 100 1o 2000 — 2500 °C B pa3nTUYHBIX YCIOBHUSX, U IS KAXKIOTO KOHKPETHOTO Habopa 3KCILTyaTallMOHHBIX
TpeOOBaHUIT IPUXOAUTHCS HOAOKUPATh HArPEBATENIBHBIC JIEMEHTHI C ONTUMAIBHBIMU [T0KA3aTESIMU.

BeicokoTemneparypHblie (hyHKIMOHAJIbHbIE MaTepUalIbl HA METAIIMYECKOW U HEMETAIUTMYECKOW OCHOBE SIBIISTIOTCS
BOXHEHWIIMM KJIACCOM MaTrepualioB, OOECIEUMBAIONIMX BO3MOXKHOCTh CO3JaHUSI DIIEKTPHYECKUX HArpeBaTeNIbHBIX
YCTPOMCTB IJIsl DKCIUTyaTallid B Pa3jIMYHBIX CpellaxX, B TOM YHCIIE OKHCIMTENBHBIX. J[JIsi cTaOMIBHON SKCILTyaTalun
neyei CONpPOTHUBIICHHSI MaTepHajbl JUlsl dJIEKTpOHArpeBarTeieil JomKHbI 001a1aTh 0COOBIMU CBOWCTBAMH, CPEAN KOTO-
PBIX 3aJaHHBIH YPOBEHB JIJICKTPOIPOBOAHOCTH, HU3KHH TEMITEpaTypHBIH KO3 (QHUIIMEHT CONPOTHBIICHNUS, CTa0MIBHOCTh
CTPYKTYPHO-()a30BOTO COCTOSHUS B XOJI€ SKCIUTyaTallly, XMMHUUECKash CTOMKOCTH 110 OTHOIICHHIO K OKPY>KaroleH cpe-
ne u ap. Eme Gonee sxecTkre TpeOOBaHUS NPEIBSIBISIOTCS K MaTepHaiaM, KOTOPbIE MCIIOIb3YIOTCS MPH MAaKCHMAJIEHO
BBICOKHX TEMIIEpaTypax B OKHCIMTEIBHOM (B TOM YHCIIE BO3LYILIHOW) Cpeie.

B snexTporepmudecknx yctaHOBKax ¢ paboueit temmeparyporr mo 1300 — 1400 °C mis u3roToBIeHUS OOBIYHO
MIPUMEHSIOT HarpeBaTeNIbHBIE 3JIEMEHTHI M3 CIUIABOB C BBICOKMM YIEIBHBIM JIEKTPHYECKHM CONpOTHBIEeHHEM [133],
Hanboiee PacHpOCTPAaHEHHBIMU M3 KOTOPBIX SIBIISIOTCS HUKEIbXPOMOBBIE (HHXPOM) M KEIE€30XPOMOATIOMUHHUEBBIC
(pexpanp) crmaBel. B ykazaHHOM TeMIepaTypHOM HMHTEpBaje 3TH CIUIaBbl MPAKTUYECKH HE UMEIOT KOHKYPEHTOB, HX
9KCIIITyaTallHOHHbIE CBOMCTBA PETyJIHPYIOT JISTUPOBAHHEM, HallpUMEp, BBEACHHEM MHKPOIO0aBOK PEIKO3EMENBHBIX
(P3M) u menounozemensHbIX (IL[3M) MeTamos, CyniecTBEeHHO HOBBIIIAOIINX KAPOCTOUKOCTD CIUIABOB.

B okucnurensHbIX cpefax U Ha Bo3ayxe 10 1500 °C B kauecTBe DJIEKTPOHATPEBATEIBHBIX 2JIEMEHTOB MOXKET pa-
00TaTh IIATHHA, OJJHAKO B MIMPOKKX MACIITa0aXx SKOHOMHUYECKH 3TO PEIKO OMPaBAAHO.

Jnist paboThI B OKMCIMTENBHBIX Cpefax MpH 0oJiee BHICOKMX TeMIlepaTypax HCIOJIb3YIOT HarpeBaTeId U3 ClieueH-
HBIX MaTepHajJoB Ha OCHOBE DJIEKTPOIPOBOIAHBIX TYTOIUIABKHX COEJAWHEHUH, 00IaJaloMUX BBICOKOH CTOWKOCTBIO MPO-
THB OKHCIJICHHS. DTH MaTepHuajibl (KapOua KpEeMHUS, TUCHIMLHI MOJIHOAEHA, JTHUOKCHJ LIMPKOHHS H JIp.) JOIYCKAIOT
0oJiee BEICOKHE BaTTHBIE HATPY3KH.

Kapounkpemunessie Harpearenu (KOH), mmpoko npuMensiemsie B anekrporedax 10 1450-1500 °C, comepxar
SiC me Menee 97%, UMEIOT OTKPHITYIO HOPHCTOCTD 110 24 - 28%, IoTHOCTH: 3,0 — 3,1 T/em’, KoddDUIHEHT H3TydeHns
~0,80, ipounocts ~15 x 10° H/m” [134-135].

ITo cpaBHEHHIO ¢ HarpeBaTeIsIMHU U3 CIUIaBoB conpotusieHns KOH xapakrepusyrorcst 6osiee BBICOKUMH paboueit
TEMITEpaTypOld W YAETbHBIM 3JIEKTPUYECKHM compoTusieHneM. K ocHoBHBIM HenmoctatkamM KOH oTHocsaTCs: HM3Kas
MEXaHWYIECKasi IPOYHOCTh, YBEIUUCHNE CONPOTUBICHUS IPH 3KCIUTyaTalliy, HECTAOUIBHOCTD 3HAYEHUH CKOPOCTH CTa-
peHns u cpoka ciayxObl. L{uKIIuecKuil pexkuM CHIDKAeT CPOK CITy>KOBI HarpeBatesiel B 2 - 3 pa3a 1o CpaBHEHHIO C He-
TPEPHIBHBIM PEKUMOM.

PexoMeHryeMble 3HaYeHHsI YENbHON oBepxHOCTHOW MotHOCcTH KOH mipu paboTe B BO3AYIIHON cpelie IS TeM-
neparypsbl [IOBEpXHOCTH aKTUBHOI yacty Harpearens 1450 °C He noypkubl npesbimath 5 Br/em (TOCT 16139-76).

Pa3paboTka TeXHOJIOrMH MPOU3BOJCTBA IUIaBieHoro xpomura yanrana (LaCrOs), nerupoBaHHOTO OKCHIIAMU IIie-
JIOYHO3EMEJIFHBIX 2JIEMEHTOB, TI03BOJIMIIA OCBOUTH NPOMBIIUIEHHBIN BBITycK HarpeBateneid DXC (pieKTpoHarpeBareb
XPOMUTIIAHTaHOBBIA CIIUPAIBHBIN), IPEAHA3HAYCHHBIX JUIS pabOTHl B OKHCINUTEIBHOW aTMocdepe ¢ TeMIeparypol pa-
6ouero npoctpanctBa 1600 - 1700 °C, a B HeKoTOpHIX ciaydasx g0 1800 °C [136].

Oco0eHHOCTHIO MaTepHraia SBISETCS 3HAUUTEIbHOE CHIDKCHNE 3JIEKTPUIECKOTO CONPOTUBIICHHS C TEMIIEPATYPOil.
[pu mogpeme Temmepatypsl ¢ 20 go 1800 °C ymenpHOE 3IEKTPOCOIIPOTHBIICHIE CHIDKASTCA IPUMEPHO B 15 pas.

JIist MaKCUMaJIBHOTO MPOJUICHHS CIIy’KOBI HarpeBaTeled He0OXOAUMO 00ECHEYNTh 10 BO3MOKHOCTH HU3KYIO TIO-
BEPXHOCTHYIO MOIITHOCTB B TIpoIiecce uX IKcIuryaTanuu [137].

s paboThl B OKHCIUTENRHON aTMOcdepe Tpu Temmeparype Boime 1800 °C mpuMeHSIOTCS HarpeBaTeH U3 THOK-
cuna upkonus [138]. Ilpu Harpese 1o BeICOKHX TemmepaTyp ZrO, mpeTepreBaeT CIIOKHBIEC MOTUMOpP(HEIE peBpale-
HUSI, CONPOBOXIAIONINECS OOBEMHBIMH HM3MEHECHUSIMH MaTepHasa, 4TO MOKET NMPHUBECTH K Pa3pyIICHUIO W3CIIHH.
Hawnbonee ycTOHYMBBIMU B IITMPOKOM AHWANAa30HE TEMIIEPATyp SABISIOTCS TBEpAbIE paCTBOPHI (KyOudeckue - Tumna (hiro-
oput) ZrO, co CTPYKTYPHBIMH CTaOMIIN3aTOpPaMH, daie Bcero ucnoin3yercs CaO, pexe MgO u Y,0s.

W3-3a HU3KOMH IIEKTPOIPOBOJAHOCTH U BBICOKHUX 3HAUYE€HHI KOHTAKTHBIX CONMPOTHBICHUH HEOOXOAMM CTapTOBBIN
IIPeABapPUTENBHBIH pa3orpeB HarpeBatens (MUHHUMaNbHBIA — 10 670 °C, ontumanbHblii - 1200 °C Ha HarpeBatene u
700-800 °C na TokomonBonax). Harpesarenn n3 cTaOMIM3MPOBAHHOTO JHOKCHIA LHMPKOHMS OO0NamaloT HEBBICOKOH
TEPMOCTOHKOCTBIO, B CBSI3U C UEM HE PEKOMEHAYIOTCSl MX Pa30rpeB U OXJIaXKIEHUE CO CKOpPOCThIo Oonee 4-5 °C/MuH.

[NopormkoBslit aucumunua MoimbdaeHa MoSi, TpUMEHsIeTCst ISl U3TOTOBIICHUS JIEKTPOHATPEBATEbHBIX JJIEMEH-
ToB ¢ 1953 1. [38, 58]. [IpOMBINIICHHO BBITYCKAEMBIH TUCHIIUIIN] MOJTHOICHA UMEET IIOTHOCTH 6300 KF/M3, TeMmnepa-
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Typy twiaBienus okoso 2020 °C (B 3aBUCUMOCTH OT MPUMeCei ). DIEeKTpOHATPeBaTE M JOCTATOUHO HAJIC)KHO paboTaroT B
Bo3aymHo#t atMocdepe a0 1750 °C. Y monenu Kanthal Super 1900/HT npenenbhast Temnepatypa cocraiser 1850 °C
[58].

ITo cpaBuennto ¢ KOH narpeBatenu Ha ocHoBe nHcmmnuaa MoaubaeHa (turn CM) umeror 6oiiee BEICOKYIO pabo-
YyI0 TeMIlepaTypy aKTUBHOH dacTu Harpesareneil (1650 — 1750 °C), cocoOHBI k Oosee OBICTpOMY pa3orpeBy, HMEIOT
CTaOMIIBHOE HIICKTPOCONPOTHBIICHHE B TEUEHUE BCETO CpOKa cIy>XObl. OCOOBIM OTIMYMEM HarpeBaTelei sBIseTCs CHo-
COOHOCTB BBIIEPKHUBATH OOJIBIIYIO YHEPTEeTHUECKYIO Harpy3Ky IPH BBICOKUX TEMIIEpaTypax.

OCHOBHBIE HEOCTAaTKH Harpesarenieil Ha ocHoBe MoSi, - HH3Kas MeXxaHH4YecKasi MPOYHOCTh, HU3Kask TEPMOCTOM-
KOCTbh, HU3KO€ Ha4aJbHOE JIEKTPOCONPOTHUBIICHNUE, BEICOKAs HadalbHasl IIacTUIHOCTE B mHTepBajie 1400-1650 °C. dus
MIPEOJONIEHHSI yKa3aHHBIX HEJOCTATKOB Yallle BCErO NMPHUMEHSIOT BBEJCHHE B COCTAB JIOMOJHHUTEIBHBIX XUMHUIECKUX
coeMHEHUH (KapOuI0B, HUTPUAOB, OKCHIOB, IPYTUX CHIIMITUIOB) U CO3JJaHNE KOMITO3UTHEIX CTPYKTYp [52, 53].

3amuTHAs OKCHIHAS IUIEHKA, 00pa3yrolasics Ha MOBEPXHOCTH pabodeil 4acTu HarpeBaTessl IIPH €ro HarpeBe BbI-
ure 1000 °C, ocobenno npu temneparype Boime 1400 °C, 3a cueT BBICOKOM MIIOTHOCTH MPEAOXPAHSIET HATPEBATEND OT
JIAJIbHEUIETO OKUCIICHUS.

Harpearenu He pekomenayetcs: oxnaaxaars Hke 1000 °C, MOCKONbKY P OXJIKJIECHUH O KOMHATHON TeMIie-
patypsl OHH OOHApPY>XKMBAIOT HU3KYIO TEPMOCTOHKOCTh. [1o cpaBHEHHIO cO CPOKOM Ciry:KObl HarpeBaTesei, paborato-
IIMX B HETIPEPBIBHOM pexknMme npH temneparype 1650 °C, cpok ciyxObl HarpeBatesne, pabOTalonMX B HUKINIECKOM
pexxume, mpu oxnaxaeHnu 1o 1000 °C camxaercs B 3 pasa, npu oxnaxaeHuu 1o 20°C - B 100 pas.

OpHUMH U3 HOBBIX BBICOKOTEMIIEPATypHBIX MaTepHaoB Ha OCHOBE CHIIMIIMOB TYyTOIUIAaBKMX METAJUIOB U Kapouaa
kpemuus seisitorcs PEOCUK u PEOCUKOT [139-140].

JlaHHBIC MaTepHalbl OTIINYAET BHICOKUA YPOBEHB KapOIPOYHOCTH M >KapOCTONKOCTH (IOATBEPKICHHBIE paboune
temneparypsl — 10 1650 °C, xots pa3paboruuku ykaspBaroT mpenen 1800 °C [141]).

Marepuainsl HIMEIOT IIPOYHBII KapKac U3 KapOnuaa KpeMHHS U MOTYT OBITh apMHPOBAHBI YTIIEPOIHBIMH BOJIOKHAMHA
i TpadUTHEIMH IIacCTHHKAMH. CBS3KOW M OJTHOBPEMEHHO 3aIUTHBIM MOKPBITHEM B MaTE€pHalle CIYXKHUT COYCTAHHE
CHITHIMIIOB - TBEPABIX pacTBOPOB (Mo, W)sSiz+(Mo,W)Si, u/unu (Mo, W)sSi;C+ (Mo, W)Si,.

AJbTepHATHUBHBIM PEUICHHEM NPOOJIEMBI TOJyYeHUs] BBICOKOTEMIIEPATYPHOI'O Marepualia C BBICOKOW Kapo- U
TEPMOCTOMKOCTBIO MOXKET OBITh MCIIOJIb30BAHUE KOMITO3MLMOHHOTO MaTepHala THIAa «METalll — CHIIMIUAHOE TOKPbI-
the». OCHOBHAs HJesl P pa3paboTKe TaKuX MaTEPHAIOB 3aKJII0YAaETCS B BOCCOSAMHEHUH IJIACTHYECKUX CBOMCTB Me-
Tayuta (MoaubaeHa, Bob(dpama 1 JIp.) ¢ MPEeKPacHbIMH aHTUKOPPO3NOHHBIMH CBOHCTBAMH CHIIMIIUJIOB.

KomrosutHble HarpeBareny ¢ pa3iMyHbIMUA CHJIMIMIHBIMU CIOSMH Ha MOBEPXHOCTH B Kaue€CTBE KOPPO3HOHHO-
CTOMKOTO ITOKPBITHS UMEIOT IpesiesibHyIo padouyto Temmeparypy 1800 — 2000 °C [142], ynoOHBI B 9KCIUTyaTallnH.

Harpesarenn MoryT BBIIOJNHSTHCS B BUAE cTepkHEH, nMeTh U-00pasHyto ¢opmy, cnimpansHyio Gopmy. st mo-
Jy4eHHs MaKCHMAaJIbHBIX CPOKOB Pa0OTHI HEOOXOIMMa ONTUMH3ALMS CTPYKTYpHO-()a30BOTO COCTaBa IOKPBHITHS JUIs
OIpeZIeTIeHHBIX KOHKPETHBIX YCIOBUI SKCIUTyaTaIH.

KitoueBpIM  (hakTOpOM ONTHMATIBHOHN CIIyKOBI HarpeBaTellell SBISETCS MPABIIIBHBIA BBIOOP MOBEPXHOCTHON
Harpy3KH 3JIEMEHTOB, YTO ONPEICISIET HE TOJIBKO TEMIIEPATYPHOE IOJIE 10 CEYEHUIO HAarpeBaTelsl, HO M 3HAYCHUS Tep-
MHYECKHUX HAIPSDKEHUH M TUHAMHYECKHX Harpy30K B HEM. YBEIHUYEHHE BATTHOW HAarpy3Kd CYIIECTBEHHO ITOBBINIAET
9KOHOMHYHOCTb HarpeBaTelsl U IEYHOTO YCTPOICTBA, MPH 3TOM MNPEBBIIIEHHE MaKCHUMAJbHO JOIMYCTUMBIX 3HAUEHHH
YJIeNbHON MOIITHOCTH MPHUBOJUT K TPEKAECBPEMEHHOMY BBIXO/ly HarpeBaTesiel H3 CTpos B pe3yJIbTaTe MEXaHUYECKOTo U
TEPMHYECKOTO Pa3pyIICHHS.

Marepuainbl Ha OCHOBE CHJIMIIMIOB TYTOIUIABKHX METANIOB PaOOTOCIIOCOOHBI B OKHUCIUTEIBHBIX CpeAax A0 TeM-
neparypsl 1800 — 2000 °C u Oosiee B TEYCHHUE JIOJITOTO BPEMEHH, OJTHAKO MOJyYCHHUE U UCTIOJIb30BAaHUE TAKUX MaTepHa-
JIOB COTIPSDKEHO C PSJOM IpoOIieM, OZHOW M3 KOTOPBIX SBISIETCS MX HecTaOMIbHOCTh. OHAKO, JTaKe C yYEeTOM MMEIo-
KXCsl IPOOJIeM, BO MHOTHX CIIydasx NMPUMEHEHHE KOMIIO3WIMOHHBIX HarpeBareledl ¢ CHIMIUIHBIMUA TOKPBITHUSIMA
SIBIISIETCSI OIPaBJAHHBIM WJIM JIA)KE €IMHCTBEHHO BO3MOXKHBIM B CHIIy BECOMBIX NPEHMYIIECTB TaKMX MaTEpHajioB IO
CPaBHEHUIO C TPaJUINOHHBIMH.

3AK/IIOYEHHUE

HecMmoTps Ha ycriexu B MCCIIEAOBAHUSX U pa3pabOTKe HOBBIX BHICOKOTEMIIEPATYPHBIX CHIIMIUIHBIX MaTEpPHUAJIOB,
npoOieMbl WX JKCILUTyaTallul OOOCTPSIFOTCS BCIEACTBHE MOCTOSHHOTO TOBBIIICHHS TPEOOBAaHMH K HHUM, PacCIIMpPEHUS
ctep nprMeHEeHUs] 1 00bEMOB UCIIOIb30BaHMs. [ IaBHAsI CIIOKHOCTh 3aKJIIOYAETCS B HAJMYMKM MHOTHX KaK HE3aBHUCH-
MBIX, TaK ¥ B3aMMOCBSI3aHHBIX ()AKTOPOB, 00YCIIOBIMBAIOIINX OCOOCHHOCTH CTPYKTYpHO-()a30BOr0 COCTOSIHUSI MaTepH-
aJIoB, a, CJIEeIOBATENbHO, CYIIECTBEHHO BIMAIOUINX HAa UX MOBEJEHHE B AKCIUTyaTallMOHHBIX YCIOBUSX. MI3BECTHBIE 3KC-
NIEPUMEHTAJIbHbBIE JAHHBIE M3YYEHUS BBHICOKOTEMIEPATYPHBIX CUIMLUIHBIX MAaTEPUAJIOB Yallle BCErO MOCBAILIEHBI pe-
LIEHUIO JIOKAIBHBIX NPOOJIeM W He MOryT 3(QQEKTUBHO HMCIOJIB30BAaThCS Oe3 Hajajexalled OLEHKH U MepepaboTKH.
AnmanTanysi ¥ ONTUMH3ALMS CYIIECTBYIOIIMX TEXHOJOTHH (OPMHPOBAHMS CHIMLUAHBIX MaTepUalioB U IOKPBITHH
HEOOXOANMBI BCIIEICTBHE CYIIECTBEHHOTO BIMSHUSA KOHKPETHBIX YCIOBHH MX HOIYyYSHHUS MITH UCIIOJIB30BAHUS Ha pabo-
YHe MOKa3aTeIN KOHEYHOTo NMpoayKkTa. OCHOBHOM 3aadeil TaKOW afanTaliy JOKHO OBITh JOCTHKEHHE ONTHMAIBHO-
0 (JUIs K&KI0TO KOHKPETHOTO CITydast) COOTHOIIEHHS MEXK/Ty 3aTpaTaMi Ha 00ecleueHNEe aHTHKOPPO3HOHHBIX CBOICTB
1 3(h(HEKTOM OT YITydIIEHHs IKCILTYaTAallMOHHBIX XapaKTEPUCTHUK MaTepHaa.
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OTcyTCTBHE €IMHOTO MOJAX0/a K MPEICTaBICHUIO U COMOCTABICHNIO SKCIIEPUMEHTAILHBIX HAYYHBIX PE3yJIbTaTOB
1 ONMCAHUIO PEANIbHBIX HKCILTyaTallHOHHBIX TIPONU3BOJICTBEHHBIX XapaKTEPUCTUK MaTEpPUAJIOB HE MO3BOJISET aJIeKBATHO
OLICHMBATh MIPUMEHUMOCTD TE€X WIHM UHBIX HayYHO-TEXHOJIOTHYECKHUX MPUEMOB ISl TpeOyeMOoi KOpPEKTHPOBKU COCTaBa
U CTPYKTYPBI MaTepHajIoB.

Y CcoBepIIEHCTBOBAHHE CYIIECTBYIONINX U CO3AaHHE HOBBIX (DYHKIIMOHAIBHBIX BBICOKOTEMIIEPATYPHBIX CHIINIHI-
HBIX MaTEpPHAIOB HEBO3MOXKHO 0€3 pa3BUTHS (PU3UKO-TEXHOIOTHUECKUX OCHOB IOJyUCHHUS TBEPAOTEIBHBIX 00BEKTOB C
PETYIMPYEMBIM COCTABOM M CTPYKTYPOH, ONTHMH3ALUK METOJ0B (JOpMHUPOBaHMS TBEPABIX TN Pa3IUIHBIMH CIIOCO0a-
MH (peakunoHHOW nngdy3ueid, KpucTauIn3aue, KOHACHCaIeld, KOHCOMUIanrel ), MPUMEHEHISI HOBBIX (PH3MYECKIX
MIOJXO/I0B K IOJy4EHHIO MAaTEPHAJIOB C OCOOBIMU CBOMCTBAMHU.

Perenue nepedncaeHHBIX (PU3MYECKIX M TEXHOJIOTMYECKHUX MPOOJIeM SBISETCS KIIOUOM K CO3MaHMI0 3P PEeKTHUB-
HBIX (PyHKIMOHAJIBHBIX MAaTEepUaiOB HA OCHOBE CHJIMLIMJIOB JUIS BBHICOKOTEMIIEPATYPHBIX NMPUMEHEHHH B AJIEKTPOTEP-
MHH, SHEPTeTHKE, MAIIMHOCTPOSHUH, IPUOOPOCTPOSHNH, BOGHHOH TEXHHUKE, aBUAIIMU, KOCMOCE U IPYTUX OTPAaCIIsX.
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Squaraines represent a class of organic dyes operating in red and near-infrared regions. Due to their unique optical characteristics,
such as high extinction coefficients, reduced background fluorescence and light scattering, photostability, these fluorophores attract
ever-growing attention as prospective bioimaging agents. The present contribution overviews the spectral properties and some
biological applications of the novel squaraine dye SQ-1. This probe was found to possess very high lipid-associating ability
manifesting itself in a sharp increase of its emission. Binding of SQ-1 to the lipid bilayers containing zwitterionic and anionic lipids
was found to be controlled mainly by hydrophobic interactions. Analysis of SQ-1 spectral behavior in the model membrane systems
containing heme proteins revealed the dye sensitivity to the reactive oxygen species. This effect was supposed to originate from the
reaction between lipid radicals and SQ-1 occuring at the squaric moiety or in its vicinity. Resonance energy transfer studies highlight
the applicability of SQ-1 to structural characterization of amyloid fibrils.

KEYWORDS: squarylium dye, membrane, partitioning coefficient, lipid peroxidation, amyloid fibrils

HOBBIN JJTMHHOBOJHOBOMN ®JIYOPECIEHTHBIN 30H] IS BUOMEIUIIMHCKAX UCCJEJIOBAHUAM
B. Tpycosa', I'. Top6enxo’, T. Jleaureoprues’, H. I'axxen’
'Kagpeopa sideproii u meduyuncroti gusuxu, Xapvrosckuii nayuonanshblii ynusepcumem um. B.H. Kapasuna
ni. Ceob00wt 4, Xapwvros, 61022, YVrpauna
’Kaghedpa npurnadnoii opzanuyeckoii xumuu, Ynusepcumem Coduu
1164 Cogus, boneapus

CkBapavHBl TPEACTABIAIOT cOOOW KiacC OpPraHMYEeCKWX Kpacurenei, ()yHKIMOHAIFHO AKTHBHBIX B KpacHOH H OmmkHEi
nHppakpacHoi obmacTsax. braromaps X yHHKaIbHBIM ONTHYECKHM XapaKTEPHCTHKaM, B JaCTHOCTH, BBHICOKOMY KO3(DGHIHECHTY
SKCTHHINH, HH3KOMY ()OHOBOMY CHUTHAly, BBICOKOH ()OTOCTAOMIBHOCTH, 3TH (Iyopodopsl IpPUBIEKAIOT BHUMAaHUE Kak
MIepCTICKTUBHBIE areHTHl ISl BU3yalu3aluu Onomoinekys. B maHHON paboTe oXapaKTepH3OBaHBI CIIEKTpajbHBIE CBOMCTBA M
HEKOTOpBIE acHEeKTHl OMOJIOTMYECKOro MPUMEHEHHs HOBOTO CKBapanHOBOro 3oHzaa SQ-1. BelsBieHo, 4TO NaHHBIA 30HI oOnamaer
BBICOKOM JIMIH-CBSI3BIBAIOIICH CIIOCOOHOCTBIO, YTO BBIPAYKACTCSl B 3HAYMTENLHOM YBEIMYEHHH MHTEHCHBHOCTH ()IyOpECLECHIHN.
OG6HapyskeHo, 4To accoumauus SQ-1 ¢ JUMUAHBIMEA OUCIOSMHM, COCTOSIIMMU U3 IBUTTEPUOHHBIX M aHMOHHBIX JHIHIOB,
KOHTPOJIHUpYeTCcss TUAPO(GOOHBIMU B3aMMOJCHCTBHAMH. AHANM3 CIEKTPaIbHOro moBeneHUss SQ-1 B MOAENBHBIX MEMOPaHHBIX
CHCTEMaxX, COJICPKAaI[MX TeMOBbIe OEIKH, MOKa3aj, YTO 30HJ YyBCTBHTENECH K PEaKTHBHBIM (opMaM Kuciopona. B ocHoe 3toro
sddexTa TeKUT, NPEIIONOKNATENEHO, B3aNMOACHCTBAE PaJUKaIOB JHIHIOB C 30HAOM, YTO COIPOBOXKIAETCS AecTabmIm3armeit
CKBapaWHOBOTO MOCTHKa. ccienoBanne HHIYKTHBHO-PE30HAHCHOTO NIEPEHOCa SHEPTHH BBIIBIIIO MPUHIUITHATIGHYIO BO3MOXKHOCTh
npumeHeHus SQ-1 Ui CTpyKTypHON XapaKTepH3aIliy aMIJIONTHEIX (GUOpHIITL.

KJIIOUEBBIE CJIOBA: ckBapanHOBBIH 30HI, MeMOpaHbI, KO3()(GHIUEHT paclpeleieHus, IEepPeKHCHOe OKHCICHHE JIMITHJIOB,
amMuIIoniHbIe GHUOPUILIBI

HOBU JTOBrOXBUJIbOBHI ®JOYPECIHEHTHUM 30H 151 BUOMEJIUYHUX JOCJT)KEHD
B. Tpycoga', I'. Top6enxo’, T. lenireopries’, H. Iamxen’
'Kagpeopa adepnoi ma meouunoi gizuxu, Xapriecokuii nayionansnuii ynieepcumem im. B.H. Kapasina
M. Ce0600u 4, Xapxis, 61022, Ykpaina
’Kagpeopa npurnaonoi opeaniunoi ximii, Yuisepcumem Cogii
1164 Coghis, Foneapis
CkBapalHU IIPeCTaBISIIOTH COOOI0 KJIac OpraHiyHUX OapBHHKIB, (YHKIIOHAILHO aKTUBHUX Y YEpBOHIH Ta OrkHIN iH(DpauepBoOHii
obuacTsx. 3aBASKY 1X YHIKQIbHUM ONTHYHUM XapaKTepUCTHKAM, 30KpeMa, BUCOKOMY KOe(illi€HTy eKCTHHKIIT, HU3bKOMY (POHOBOMY
CHUTHAILy, BUCOKiH (oTocTabinbHOCTI, i payopodopu mpuBepTaroTh yBary sik MepCHeKTHUBHI areHTH U1l Bi3yasizawil Giomonexkyn. Y
JaHid poOOTI OXapaKTEepPHU30BaHI CIIEKTPANbHI BIACTHUBOCTI Ta €Ki aCHEKTH Ol0JOTIYHOTO BHKOPHCTAHHS HOBOTO CKBapaiHOBOTO
30Hay SQ-1. BusBneHo, mo naHWii 30HI Ma€ BHCOKY JIMiA-acOLIIOIOYY 3[aTHICTH, IO BUPAXAEThCA y 3HAYHOMY 3pPOCTaHHI
iHTeHCcHBHOCTI (uryopecteHii. [Tokazano, mo acomiamis SQ-1 i3 mimigauMu OilrapaMu, 010 MIiCTATH LBITTEPIOHHI Ta aHIOHHI JIITIAH,
KOHTPOJIOETHCS TiApohOoOHNMH B3aEMOMISIMU. AHali3 CIIEKTpaibHOI moBemiHkd SQ-1 y MomenbHHX MeMOpaHHUX CHCTeMax, IO
MICTHJI TeMOBI OLJIKH, IOKa3aB, IO 30H] UyTIMBUH IO peakTHBHUX (HOpPM KHCHIO. B OCHOBI I1bOro eexry JexuTsb, 370TaaHO,
B3a€EMOJIisS pAJUKAIIB JIMIAIB 13 30HIOM, IO CYIPOBOMKYEThCSA JecTalimi3aliero CKBapaiHOBOTO MOCTHKA. JlocmimKeHHs
IHIYKTHBHO-PE30HAHCHOTO IEPEHOCY EHEeprii BUSBWIO MOXJIMBICTh BHKOpHCTaHHS SQ-1 s CTpyKTypHOI XapakTepu3arii
amizoinHux ¢Gidpu.
KJIOUYOBI CJIOBA: ckBapainoBuii GapBHHK, MeMOpaHH, KOe(iLlieHT pO3MOJiny, MepeKiCHe OKUCICHHs JIiMiiB, amiaoixHi
¢bi6prHI
© Trusova V., Gorbenko G., Deligeorgiev T., Gadjev N., 2016
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The past decades have seen a renaissance of fluorescence-based approaches and methodologies reflected in the
expansion of fluorescence application not only in biophysics and biochemistry, but also in medical diagnostics and
treatment, flow cytometry, biotechnology, genetics, etc. [1-4]. The widespread use of fluorescence spectroscopy as a
powerful analytical tool is determined by its high sensitivity, resolution, selectivity, noninvasiveness, relative simplicity
and rapidity of implementation. A good deal of fluorescent reporter molecules with different spectral characteristics and
designed for various purposes are available up to date [5-8]. Among a broad selection of existing fluorophores, one of
the leading places belongs to the bright family of squaraine probes [9-11]. Squaraines represent the 1,3-disubstituted
derivatives of squaric acid with a general donor-m-acceptor-n-donor configuration distinguished by a planar rigid
geometry containing electron-withdrawing central moiety and two electron-donating groups [12]. Such a structure
ensures the advantageous optical and physicochemical properties of squaraine fluorophores, including sharp and intense
absorption in the red visible region (>600 nm), reduced background signal, high extinction coefficients and quantum
yield, photo- and chemical stability, to name only a few. Due to their attractive absorption and fluorescence
characteristics, squaraine probes have proved their versatility in a wide range of applications. Specifically, these
compounds were used as prospective semi- and photoconducting materials in optical recording media, organic solar
cells, xenography, nonlinear optics [13,14]. Furthermore, squaraines were employed as colorimetric sensors for
detection of metal ions, such as Ca*", Mg®", Pd*", Hg*", Ag’, where these mesoionic dyes serve as m-donor ligands
[15,16]. In addition, squaraine dyes are thought to represent the second generation of photosensitizers for photodynamic
therapy [17]. Accordingly, clinical investigations showed that squaraines are nontoxic in dark but exhibit high
photodynamic potential against tumor cells when exposed to light. Finally, squaraines turned out to be extremely
promising in biomedical imaging since they absorb and emit in so-called optical window where the majority of
biomolecules are spectroscopically inactive. Squaraines were recruited as covalent and noncovalent proteins markers
[18], reporter molecules for tracing the membrane-related processes [19,20], or fluorescent probes for two- and
multiphoton fluorescence bioimaging in ex vivo and in vitro studies [21]. The present work is intended to expand the
application of squaraine dyes as biomolecule sensors. Specifically, in this contribution, which represents the
quintessence of our previous studies [22-24], we highlight some interesting features of the novel squaraine fluorophore
SQ-1, concerning its 1) lipid-associating behavior; ii) potential in biosensing area, particularly, in free radical detection;
iii) informativeness in structural characterization of amyloid fibrils.

MATERIALS AND METHODS
Materials

Squaraine dye SQ-1 and its structural analog, the polymethine dye V2, having the same end groups as SQ-1, but
lacking the central squaric moiety, were synthesized at the Faculty of Chemistry, University of Sofia [22]. Egg yolk
phosphatidylcholine (PC), phosphatidylglycerol (PG) and beef heart cardiolipin (CL) were purchased from Avanti Polar
Lipids (Alabaster, AL). Chicken egg white lysozyme was from Sigma (St. Louis, MO, USA). Horse heart cytochrome ¢
(ferric form) was from Fluka (Buchs, Switzerland). Horse blood methemoglobin, thiourea (TM) and butylated
hydroxytoluene (BHT) were purchased from Reanal (Hungary). Iron sulfate (FeSO,4) and ascorbate were from Sigma
Aldrich (Germany). All other chemicals were of analytical grade and used without further purification.

Preparation of lipid vesicles
Unilamellar lipid vesicles composed of neat PC and its mixtures with CL or PG were prepared by the extrusion
method [25]. Appropriate amounts of lipid stock solutions were mixed in ethanol, evaporated to dryness under a gentle
nitrogen stream, and then left under reduced pressure for 1.5 h to remove any residual solvent. The obtained thin lipid
films were hydrated with 1.2 ml of 5 mM NaP, buffer (pH 7.4) at room temperature. Thereafter lipid suspensions were
extruded through a 100 nm pore size polycarbonate filter (Nucleopore, Pleasanton, CA). The phospholipid
concentration was determined according to the procedure of Bartlett [26].

Preparation of lysozyme fibrils
The reaction of lysozyme fibrillization was initiated using the approach developed by Holley and coworkers [27].
Protein solutions (3mg/ml) were prepared by dissolving lysozyme in deionized water with subsequent slow addition of
ethanol to a final concentration 80%. Next, the samples were subjected to constant agitation at ambient temperature.
This resulted in the formation of lysozyme fibrils over a time course of about 30 days. The amyloid nature of fibrillar
aggregates was confirmed in Thioflavin T assay.

Fluorescence measurements
Steady-state fluorescence spectra were recorded with LS-55 spectrofluorimeter equipped with a magnetically
stirred, thermostated cuvette holder (Perkin-Elmer Ltd., Beaconsfield, UK). Fluorescence measurements were
performed at 20°C using 10 mm path-length quartz cuvettes.
The quantum yield of SQ-1 (O, ,) was estimated using Cy5 as a standard ( Qs =0.28 [28]) according to the

relationship:
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where 4,5 and A, , stand for the absorbances of Cy5 and SQ-1, respectively, at the excitation wavelength; S, s and

Sso-

, are the integrated areas of fluorescence spectra of Cy5 and SQ-1, respectively.

Quantum chemical calculations
Quantum chemical calculations were made using Win-Gamess software with the 6-31G(d,p) basis set, in the
framework of density functional theory (DFT) and B3LYP functional. For optimization of SQ-1 ground state geometry
semiempirical AM1 method with added polarization (1) and diffuse (1) functions on heavy atoms, and a polarization
function on hydrogen atoms was used. All calculations were performed in gas phase.

RESULTS AND DISCUSSION
Optical properties of SQ-1 and quantum chemical calculations
SQ-1 is characterized by symmetric zwitterionic structure with central squarate bridge and two butyl tails
connected to the heterocyclic chromophore moieties. Electronic symmetry of this dye results in intense and sharp
absorption spectrum with a dominant maximum at 662 nm and a shoulder around 614 nm (Fig. 1, A). SQ-1 was found
to be nearly non-fluorescent in aqueous media but exhibit intense emission in ethanolic solutions, centered at 683 nm
(Fig. 1, B). Notably, the Stokes shift of SQ-1 is relatively small (ca. 21 nm).
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Fig. 1. SQ-1 absorption (A) and fluorescence (B) spectra
Shown in the inset is the chemical structure of SQ-1

To get further insights into the physicochemical properties of SQ-1 we performed the quantum-chemical
calculations, which yielded the following molecular descriptors: a) descriptors of molecular geometry — C4, CV
(cosmo area (solvent-accessible area) and cosmo volume (molecular volume), respectively), L, W, H (the length,
width and height of the molecule, respectively), ¢ (dihedral angle of the molecule, or the angle of the rotation of
central squarate moiety around the side groups of SQ-1), b) descriptors of electronic structure — » QO(N), > 0(C)
(the sum of the charges on C and N atoms, respectively), £, £,u0 (the energies of the highest occupied and the
lowest unoccupied molecular orbitals, respectively), g, , u, (the dipole moments of the ground and excited states,
respectively), ¢q,, g, (total charge on the donor group (side groups of SQ-1) in the ground and excited states,
respectively), E,, E, (the energies of the ground and excited states), AE, (the energy of vertical transition from the

ground state to the lowest non-relaxed excited state, S, — S/ ), f (the oscillator strength), c) descriptors of
intermolecular interactions — log P (octanol/water partition coefficient), P (polarization of the molecule at electric
field strength of 0 eV). The results of quantum-chemical calculations are given in Table 1.
The most interesting findings can be summarized as follows:
o the difference between E,,,,, and E,,,, (the so-called HOMO/LUMO gap) is ca. 5.1 eV suggesting the high
stability of SQ-1;
e the ground and excited state dipole moments have similar values. This finding correlates with the
experimentally observed small Stokes shift and may underlie the insensitivity of SQ-1 spectral behavior to the
effects of red-edge excitation shift;
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e SQ-1 is characterized by small values of dihedral angle (ca. 12°) and height (2.9 A) implying a high degree of
planarity of the molecule;
e logP for SQ-1 is ~ 6, pointing to a high lipophilicity of the dye. Thus, it might be expected that SQ-1 would

display a strong affinity for lipid membranes. Indeed, as will be shown in the next section, our experimental
results corroborate these theoretical predictions.

Table 1.
Quantum chemical characteristics of SQ-1

CA,Az CV5A3 EHOMO’eV ELUMoneV 10gP ZQ(N) ZQ(C) L,A W,A H,A

605 780 -7.0 -1.9 6.08 -0.38 -5.38 17.0 9.4 2.9
P,A3 u,,D u,,D E,, Hartree| f AE,, cm’! E ,Hartree | ¢, deg. q, q,
87 2.09 2.09 -1885.751 | 1.201 17011 -1885.674 12 0.45 -0.12

SQ-1 binding to lipid membranes

The development of highly specific fluorescent probes for tracing the membrane-related processes still represents
one of the major challenges in the membrane studies. One of the obstacles limiting the applicability of the available
fluorophores lies in the overlap between the spectra of reporter molecules with those of the membrane components,
especially proteins. Another problem stems from the requirement of high probe concentration in order to achieve the
desirable response. However, being employed in a high concentration, the organic dye may affect the physicochemical
properties of the lipid bilayer. In this regard, squaraine dyes seem to be extremely promising since: i) their spectral
responses are not distorted by the background signals (i.e. light scattering, autoabsorption and autofluorescence); and
ii) they have an excellent performance at low concentrations. Several successful membrane-specific squaraine
fluorophores with attractive optical properties have been designed previously. Specifically, K1350, the novel squaraine
derivative has been synthesized and identified as a probe sensitive to the changes in membrane polarity [19]. Next, three
new amphiphilic squaraine dyes have been demonstrated to be suitable for fluorescence imaging of plasma
membranes [29].

In the present study, we made an attempt to broaden the molecular library of existing membrane probes,
representatives of squaraines, by evaluation the lipid-associating potential of SQ-1. To this end, the dye fluorescence
spectra were recorded in liposome suspensions at varying lipid concentrations. As shown in Fig. 2, the SQ-1
partitioning into lipid bilayer is followed by a substantial enhancement of the dye fluorescence.

Importantly, the membrane-bound SQ-1 is featured
25- Lipid concentration, mM by one-component fluorescence spectra indicating that

the probe is in a monomeric form. According to our
;‘2 204 estimates, the quantum yield of SQ-1 reaches the value
o2 ~0.6 upon its association with the model lipid
é membranes. The rise in fluorophore emission is generally
2 15y interpreted by the probe transfer to the medium with
§ lower polarity and hindered rotation of the fluorophore.
5 101 According to a classical definition, fluorescence quantum
% yield ¢ is given by:
2 5 k,
= s )
0 where k, and k, are the rates of radiative and non-

670 680 690 700 710 720 . . .
radiative relaxation processes, respectively [1].
Wavelength, nm It is assumed that %, is independent of the probe

environment, while the non-radiative decay processes are
affected by the environmental conditions and the probe
interactions with its surroundings. Therefore, the increase
in fluorescence quantum yield can be attributed to the
decrease in k, . The non-radiative deactivation is connected with the fluorophore rotational mobility, which, in turn,

Fig. 2. Emission spectra of SQ-1 upon its binding to PC/CL
(5 mol%) lipid vesicles. Probe concentration was 1.4 uM.

strongly depends on the nature of the probe surroundings [30]. The restrictions imposed by a lipid environment hinder
the internal motion of SQ-1, decreasing the non-radiative decay rates and giving rise to the increase in the fluorescence
quantum yield. Analysis of the chemical structure of SQ-1 allowed us to assume that zwitterionic in nature
chromophore of this dye resides at the polar/nonpolar interface while butyl tails penetrate the hydrophobic bilayer
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region, being oriented parallel to the lipid acyl chains. In such a manner, the probe is immobilized within the membrane,
which results in the inhibition of its rotation and the burst of fluorescence. Notably, modification of the
physicochemical properties of lipid bilayers by inclusion of 2.5, 5 or 10 mol% of anionic lipid cardiolipin (CL) into
phosphatidylcholine (PC) membranes led to insignificant change in SQ-1 fluorescence intensity (increase up to 10% at
the highest employed lipid-to-dye molar ratio) suggesting that electrostatic interactions are not predominant in the dye-
lipid binding.

To quantify SQ-1 association with liposomes, the dye partition coefficients ( K,, ) have been determined for the
different lipid systems. To this end, the experimental dependencies of SQ-1 fluorescence increase on lipid concentration
were analyzed within the framework of partition model described in detail in [22]. As seen from Table 2, the recovered
partition coefficients are rather high, pointing to a good affinity of SQ-1 for the lipid membranes.

Table 2.
Parameters of SQ-1 partitioning into lipid phase
System Partition coefficient Molar fluorescence, M™" Y
PC 20304325 3.3x10’+510 0.23
CL2.5 939497 7.5x107+643 0.57
CL5 1079+147 6.4x10'+327 1.21
CL10 1468+205 3.7x107+462 0.74

Interestingly, the K,, value estimated for PC membranes exceeds those derived for CL-containing bilayers,

corroborating the idea that SQ-1 partitioning into lipid bilayer is driven by hydrophobic rather than electrostatic
interactions. The obtained results suggest that SQ-1 represents a prospective near-infrared probe for tracing the
processes occurring in biological membranes. The key advantages of this fluorophore include the exceptional brightness
in lipid media, the high partition coefficients, the absence of J- or H-aggregation in a lipid phase. It should be noted at
this point that recent studies of Zhang et al. opened up a new horizon in the studies of squaraine-lipid interactions [31].
Specifically, it was shown that squaraine-functionalized liposomes can serve as stable biocompatible nanoprobes for
photoacoustic tomography and tumor imaging. The confinement of squaraines to the lipid vesicles increases the
performance of these dyes and provides their target-specific delivery. In view of these findings and the results presented
here, one may assume that liposomal forms of SQ-1 may be also used for in vitro visualization of tumors.

SQ-1 as a sensor for lipid peroxidation reactions

At the next stage of exploring the possibilities of using SQ-1 for tracing the processes occurring in biological
media, we evaluated the potential of this probe as a sensor for lipid peroxidation (LPO). Lipid peroxidation is a
degenerative process that affects the unsaturated membrane lipids under the conditions of oxidative stress. This process
involves a chain of free radical reactions initiating the cascade of events that substantially compromise the stability of
biological membranes, eventually resulting in the loss of cell functioning and cell death. A lot of markers have been
developed to detect the lipid free radicals, the majority of which are based on fluorescein, thodamine or phosphine
derivatives [32-34]. However, there is still a need for new tracers with improved characteristics. In the present work we
described the novel fluorimetric assay designed for identification of reactive oxygen species (ROS). Lipid free radicals
were generated in the model protein-lipid systems containing heme-proteins — methemoglobin (metHb) and cytochrome
¢ (cyt ¢), and lipid vesicles composed of zwitterionic lipid phosphatidylcholine (PC) and its mixtures with 5, 10 or 20
mol% of cardiolipin (CL). These proteins are well-known activators of lipid peroxidation through either the iron-
triggered decomposition of lipid hydroperoxides, or Fenton-like reaction, implying the formation of hydroxyl radicals
[35,36].

As shown in Fig. 3, association of metHb and cyt ¢ with the lipid vesicles was followed by a dramatic decrease of
SQ-1 fluorescence. Furthermore, the magnitude of this effect increased with i) the molar fraction of CL, and ii) the time
of protein-lipid interactions. Interestingly, in the absence of liposomes fluorescence intensity of SQ-1 was found to
increase at increasing concentration of proteins. To prove that the observed changes of SQ-1 fluorescence in the lipid
environment are produced by the dye interactions with the protein-induced ROS, analogous kinetic measurements were
conducted with the well-known free radical scavengers, butylated hydroxytoluene (BHT) and thiourea (TU). As
expected, these antioxidants suppressed the effect of metHb and cyt ¢ on SQ-1 fluorescence (Fig. 3). These findings
corroborate the idea that SQ-1 decolorization is provoked by the products of lipid peroxidation. Additional evidence for
this idea comes from the observation that activation of LPO by metal-catalyzed oxidation system FeSO, + ascorbate
(FA) also resulted in the time-dependent decrease in SQ-1 fluorescence intensity.

It is noteworthy in the present context that while interpreting the results described here, one should account for the
ability of transition metals to quench the fluorescence of near-infrared dyes [37]. This effect originates from the
formation of charge-transfer complex between the metal ion and the dye, which acts as a m-donor ligand. The formation
of such a complex perturbs the chromophoric system of the probe, giving rise to the decrease in its fluorescence. To test
this possibility, we evaluated the sensitivity of SQ-1 to lipid free radicals, generated by UV irradiation. It appeared that
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squaraine dye was virtually non-fluorescent in UV-irradiated liposomes while the irradiation of SQ-1 ethanolic solution
was followed by insignificant decrease in the probe emission. These observations suggest that reduction of SQ-1
fluorescence in irradiated membranes stems from the fluorophore interactions with UV-produced ROS. Hence, the
revealed bleaching of SQ-1 in the protein-lipid systems cannot be attributed to direct quenching of the dye fluorescence
by iron ions, and originates from SQ-1 interactions with LPO products.
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Fig.3. Time-dependent decrease in SQ-1 fluorescence
(A) upon the binding of methemoglobin, (B) cytochrome ¢ to PC/CL (10 mol%) liposomes. The concentrations were: lipid —
0.08 mM, SQ-1 —0.1 pM, methemoglobin — 0.5 uM, cytochrome ¢ — 0.6 pM

A question arises what molecular events underlie the decolorization of SQ-1? A vast majority of studies indicate
that ROS may exert: i) direct influence on SQ-1 spectral properties via destruction of the probe structure; ii) indirect
effect through the alterations in physicochemical properties of dye microenvironment brought about by the free radical-
induced perturbations of the membrane structure; or iii) combination of both above cases. Considerable evidence
suggests that direct attack of free radicals on the fluorescing compounds is accompanied by a pronounced decrease in
fluorescence intensity. Several examples include the quenching of dypiridamole fluorescence by peroxyl radicals [38],
suppression of 1,3-diphenylisobenzofuran emission by superoxide anion radical [39], degradation of Alexa dye
fluorescence by oxygen radicals [40], to name only a few. Giuvarch et al. classified the interactions of ROS species
with fluorescent dyes into four main types: i) hydrogen atom abstraction; ii) electrophilic addition on a double bond;
iii) oxidation of a double bond; and iv) electron transfer. Based on the results presented here, it seems impossible to
identify unequivocally what type of interactions prevails in our systems. In an attempt to discover the structural features
of SQ-1 which account for its sensitivity to free radicals, in a separate series of experiments we analyzed the potential of
polymethine dye V2, structural analog of SQ-1 without the central squarate bridge, in detecting the lipid free radicals. It
appeared that generation of ROS in liposomes by FA system resulted in 70%-decrease in SQ-1 fluorescence and only
30%-drop in V2 emission (data not shown). This finding suggests that the interactions between LPO products and SQ-1
occurs at the cyclobutene ring or in its vicinity. Apparently, free radical attack on the dye breaks down the C—C or C=C
bonds adjoining to the central four-membered ring of SQ-1.

Along with this, increasing evidence indicates that lipid peroxidation can provoke profound changes in the
structure and dynamics of lipid bilayer including [41-43]: i) increase in bilayer hydration and dielectric constant of a
membrane core; ii) decrease in the density of acyl chain packing; iii) interdigitation of lipid tails; iv) rise in membrane
viscosity due to cross-linking of free radicals. It cannot be excluded that these processes also contribute to the ROS-
induced quenching of SQ-1 fluorescence. To summarize, the results presented in this section, strongly suggest that SQ-1
represents a prospective fluorescent reagent for detection of the reactive oxygen species, and can be used as a
component of free radical sensing platforms.

SQ-1 as a probe for detection and structural characterization of amyloid fibrils

Excellent performance of SQ-1 in the lipid membrane studies allowed us to pose a question of whether this dye is
suitable for protein characterization? A good deal of existing data show successful utilization of squaraines as covalent
and noncovalent labels. To exemplify, the interaction of these dyes with bovine and human serum albumins was
reported to be followed by: a) increase in fluorescence intensity; b) color change from orange to deep purple; and c) red
shift in absorption spectra [44-46]. Based on these results, it was concluded that squaraines may serve as dual-mode
recognition sensors for serum albumins. Red-shifted absorption, enhanced fluorescence and increased lifetime were also
observed upon squaraine complexation with ovalbumin, and the conclusion has been drawn about the applicability of
the fluorophores as contrast agents for in vitro and in vivo protein imaging [47]. In the current contribution, we assessed
the sensitivity of SQ-1 to a special class of proteinaceous assemblies, amyloid fibrils. These structures represent highly
ordered protein fibrillar aggregates composed of misfolded proteins and sharing a core cross-f-sheet structure [48].
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Accumulation of amyloid fibrils in different tissues is currently regarded as a hallmark of a wide range of debilitating
disorders, including Alzheimer’s, Parkinson’s diseases, type II diabetes, etc [49]. In view of this, timely detection of
fibrillar aggregates is of paramount importance for prevention and inhibition of amyloid growth. A common strategy for
the identification of amyloid fibrils is based on the use of specific fluorescent dye Thioflavin T [50]. However, this
probe suffers from several drawbacks, associated with its sensitivity to the changes in environmental conditions (pH,
ionic strength), the presence of exogenous compounds and the morphology of amyloid fibrils. These considerations
highlight the necessity of the development of novel fluorescent markers for pathogenic protein aggregates. In this
section, we evaluated the ability of SQ-1 to identify the amyloid structures. Specifically, our goal was two-fold: i) to
estimate the parameters of the dye binding to fibrillar protein; and ii) to test the applicability of SQ-1 to structural
characterization of amyloid fibrils. As a model protein we utilized hen egg white lysozyme which is highly prone to
fibrillization in vitro under denaturing conditions.

As seen in Fig. 4, the binding of SQ-1 to
lysozyme fibrils is followed by the increase in
the dye fluorescence intensity with the spectrum

Concentration of fibrillar Lz, pM maximum around 677 nm, being suggestive of
SQ-1 transfer to nonpolar environment. For
quantitative  analysis of the dye-protein
association, the results of direct and inverse
fluorimetric titrations were interpreted within
the framework of Langmuir adsorption model
[24]. Global fitting of the obtained data yielded
the association constant and the number of
binding sites, which were found to be 4.4+1.1
uM™? and 0.25+0.08, respectively. Notably,
Thioflavin T binding constant (ca. 0.04+0.01
uM™, [24]) is two orders of magnitude lower
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Fig.4. Fluorescence spectra of SQ-1 upon its association with lysozyme  An increasing number of reports supports the
amyloid fibrils notion that amyloid specificity of the dyes is

determined by peculiar fluorophore location within the fibril structure [50,51]. It has been proposed that amyloid-
specific dyes, such as Thioflavin T, associate with fibrillar aggregates via insertion into the grooves formed between
every other row of side chains, with the dye long axis being parallel to the fibril axis. This results in a significant
restriction of the dye mobility, and, as a consequence, enhancement of its fluorescence by the orders of magnitude. The
average width of such binding channel is about 6.5-6.9 A [52]. This means that to be accommodated within the groove
with the long axis parallel to fibril axis, the “thickness” of the dye molecule should not exceed the above values. As
shown in Table 1, the “thickness” of SQ-1, defined as the height therein, is 2.9 A, which fits the size of the amyloid
groove. However, the dimensions of the probe are evaluated neglecting the length of its butyl tails. These hydrophobic
chains are likely to hamper the incorporation of the dye molecule into the amyloid channel. Thus, we assumed that the
most probable disposition of SQ-1 on the amyloid fibrils involves surface binding of the dye with its tails anchored in
the fibril groove.

At the next step of the study the Forster resonance energy transfer (FRET) technique was employed to assess the
possibilities of using SQ-1 in structural characterization of amyloid fibrils. Squaraine probes SQ-1 and V2, and
aminobenzanthrone dye ABM were recruited as the components of the two donor-acceptor pairs — ABM-SQ-1 and
SQ-1-V2. In both cases the addition of acceptor brought about the progressive decrease in donor fluorescence and
appearance of the band of acceptor emission. The results of FRET experiments were treated in terms of the stretched
exponential model [53]:

0

o) =jexp[—i—CAVdF(l—d/6)lzjdﬂ, 3)

0
5 d
where A=t/7,, r, is the donor fluorescence lifetime in the absence of acceptor; V, = z2R‘ /F(EJrlj is the

volume of d-dimensional sphere of radius R, d is the dimensionality of fluorophore distribution (fractal dimension);
C,=C,/CV,, C

> Cp 18 the total protein concentration; V. is the volume of lysozyme molecule in a fibrillar state, C,

is the molar concentration of bound acceptor which was calculated from the results of binding studies.
Fig. 5, A represents the set of model parameters {VPF,d } which provides the best approximation of experimental

data assuming that the donors and acceptors are freely rotating (x> = 0.67 ). If this assumption is true, the {VPF,d }
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curves obtained for the two employed donor-acceptor pairs, would have a point of intersection, (7,,,d" ), defining the
volume per lysozyme monomer and fractal dimension of the protein fibrils.
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Fig.5. Dependencies of monomer molecular volume on fractal dimension of lysozyme amyloid fibrils calculated from Eq. (4)
(A) at fixed, (B) varied values of orientation factor

However, as shown in Fig. 5, B the V,,.(d) dependencies do not intersect, suggesting that the assumption about
isotropic value of orientation factor is invalid since the rotation of donors and acceptors is restricted in a fibrillar

environment. To overcome the problem of unknown orientation factor, in the following analysis x° was varied within
the possible limits which embrace all relative orientations of the donor and acceptor dipoles, from perpendicular

(x> =0) to parallel (x> =4). The overlap between the regions which are limited by V,-(d) values, obtained for the

two donor-acceptor pairs, yields the most probable {VPF ,d } sets. It turned out that the volume of lysozyme monomer in

a fibrillar state lies in a range 12-22 nm’, while fractal dimension of fibrillar protein varies from 2.2 to 2.9. Overall, the
results outlined in this section, suggest that SQ-1 may be recommended as effective reporter molecule for spectroscopic
detection and structural characterization of amyloid fibrils.

CONCLUDING REMARKS

Overall, the present contribution was intended to demonstrate the versatility of the novel squaraine probe SQ-1 as
a prospective agent for a wide variety of bioapplications. This dye exhibits negligible fluorescence in aqueous solutions
but shows considerable increase in emission upon conjugation with lipid bilayers, making it an ideal candidate for
monitoring the processes occurring in biological membranes. Furthermore, fluorescence kinetic studies revealed the
extremely high sensitivity of SQ-1 to the reactive oxygen species, opening the new horizons of squaraines’ utilization in
free radical sensing. Finally, SQ-1 showed excellent performance in the identification and structural characterization of
the protein fibrillar aggregates suggesting its potential application in the design of fluorescence-based assays for early
detection of amyloid fibrils and analysis of their microstructure. There is no doubt that potential uses of SQ-1 are not
exhausted by the discussed possibilities and new proofs of squaraine versatility will appear soon. The most exciting
future directions of SQ-1 use in biomedical research seem to involve: i) evaluating the potential of this probe in
photodynamic therapy; ii) designing the reactive form of SQ-1 suitable for covalent protein labeling; iii) synthesis of
SQ-1 derivatives with unique selectivity for different types of lipid free radicals.
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Self-consistent approach for interacting phonons description in lattice, which generalizes Debye model, is proposed. Notion of “self-
consistent” phonons is introduced, speed of which depends on temperature and is determined from non-linear equation. Debye
energy is also a function of temperature in this approach. Thermodynamics of “self-consistent” phonon gas is constructed. It is
shown, that at low temperatures there is a correction propotional to the seventh power of temperature to the cubic law of specific heat
dependence on temperature. This may be one of the reasons why cubic law for specific heat is observed only at rather low
temperatures. At high temperatures the theory predicts linear deviation from Dulong-Petit law, which is observed experimentally.
KEY WORDS: phonon, specific heat, phonon- phonon interaction, Debye energy, quasiparticle

CAMOCOTJIACOBAHHOE ONMUCAHUE B3AUMOJENCTBYIOIINX ®OHOHOB
B KPUCTAJJIMYECKOM PEINETKE
10.M. IoaysxroB'?
! Hayuonanomuiii nayunwiii yenmp “Xapbkoeckuil usuko-mexuueckuii uncmumym”
61108, Axademuueckas, 1, Xapvros, Yxpauna
2Xapwrosckuii nayuonansibii ynusepcumem um. B.H. Kapasuna

n1. Ceoboow, 4, 2. Xapwvkos, 61022, Yrpauna
IIpeaiokeH METOJ CaMOCOITIACOBAHHOIO OIMCaHUs ra3a ()OHOHOB B pelieTke, obobmarouuii Moaens ebas ¢ ydetoM (OHOH-
(oHOHHOTO B3aMMoAeiicTBHs. BBenmeHo npencraBileHHE O «CaMOCOIVIACOBAHHBIX» (OHOHAX, CKOPOCTH KOTOPBIX 3aBUCHT OT
TEeMIepaTyphl U ONPEACNISeTCS B pe3yibTaTe PEIICHNs HeTMHEHHOTo ypaBHeHUs. DHeprus Jlebast B paMKax MpeIoKeHHOT0 MOAX0/1a
TaKKe ABJIeTCs QyHKIMeH Temieparypbl. [locTpoeHa TepMOAMHAMEKA Ta3a «camMOCOriIacoBaHHEIX» (oHoHoB. [Tokazano, uTo mpu
HM3KHMX TeMIlepaTypax K KyOMYecKOMy 3aKOHy B TEMIIEpaTypHOH 3aBHCHMOCTM TEIUIOEMKOCTH HMeeTcs [1o0aBKa,
MIPONOPLUUOHANIBHASA CEIbMOM CTENEHH TEeMIIEPaTyphl. DTO MOXeET ObITh OJHON M3 MPUYMH, IO KOTOPOH KyOHMYeCKHi 3aKOH IS
TEIUIOEMKOCTH HAOJIIOAeTCsl TOJIBKO P JOBOJILHO HU3KUX TemIiepaTypax. IIpu BBICOKHX TeMmIeparypax TEOpHs HpeCcKa3bIBaeT
JUHEHHOE 10 TeMIlepaType OTKIOHEHHE OT 3akoHa Jromonra-I1Tu, HabmogaeMoe SKCepUMEHTAIBHO.
KJIFOYEBBIE CJIOBA: ¢oHOH, Tem10eMKOCTh, (POHOH-(POHOHHOE B3aUMOJICHCTBHE, dHEeprus Jlebas, kBasuyacTuma

CAMOY3TI'OIKEHHI OTUC B3AEMOJIIIOYAX ®OHOHIB
V KPUCTAJITYHINA PEINITIII
10.M. Ioayexros'?
! Hayionansnuii naykosuii yenmp “Xapriecokuii (isuxo-mexuiuuuil incmumym’
61108, syn. Akademiuna, 1, Xapxie, Yrpaina
2Xapl<i6cw<u12 HayionanvHull ynigepcumem im. B.H. Kapaszina
nn. Ceoboou, 4, m Xapxis, 61022, Yrpaina

3anporoHOBaHO METO]] CaMOY3TO/KEHOTO ONHUCY ra3y ()OHOHIB B PEIIiTIHI, SIKMH y3arajabHIOe Mojelb [lebast 3 ypaxyBaHHAM (OHOH-
(oHOHHOT B3aeMoii. YBeAEHO MOHATTS IPO “‘caMOy3ro/keHi” (POHOHHM, IIBH/KICTD SIKMX 3aJI€XKUTh BiJ TEMIEPATYPHU 1 3HAXOIUTHCS
B pe3yNbTaTi pilleHHs HeliHiiHoro piBHsAHHA. Enepris [lebas B 3ampornoHOBaHOMY MiAXOJAI TaKOX € (QYHKIIEIO TeMIepaTypH.
[To6ynoBaHo TepMOANHAMIKY Ta3y ‘“‘caMoy3ro/ukeHux’ (poHOHIB. [lokazaHo, 1110 TPU HU3BKUX TEMIIEpaTypax 40 KyOiYHOrO 3aKOHY B
TeMIepaTypHiil 3aIeXHOCTI TEINIOEMHOCTI IPUCYTHS 100aBKa, PONopLiiiHa cbOMOMY CTyHeHi Temmneparypu. L{e Moxe OyTH onHiero
3 IIPUYMH 110 SKiH KyOIYHMI 3aKOH JUIS TEIUIOEMHOCTI CIIOCTEPIraeThCsl TUIBKM NPU JOCHUTh HU3BKUX TeMmreparypax. IIpn BHCOKHX
TEMIIEpaTypax Teopis MPOPOKye IiHIHE MO TeMmImepaTypi BiaxuwieHHsS Bin 3akoHy [lromonra-Ilti, mo cmocrepiraerbcs
eKCTIepIMEHTAIBHO.
KJIIOYOBI CJIOBA: ¢oHOH, Ten1oeMHICTh, OHOH-(OHOHHA B3aeMOJis, eHeprist [lebas, kBa3iuacTHHKA

>

KBaHTOBas MexaHHKa K ONMHMCAHHIO TEIUNIOEMKOCTH TBEPIBIX TeJ BIEPBBIC ObUTa MpuMeHeHa DiHmmTeiiHoM [1,2]. B
€r0 MOJENM TBEPIOE TEIO pPacCMaTPUBAETCA KaK HA0Op KBAHTOBBIX TapMOHHYECKHX OCIHIUIATOPOB. DHHINTEHHY
yAanock oOBSICHUTH OTKJIOHEHHE B TOBEICHHM TEIIIOEMKOCTH NPH HU3KUX TEMIIepaTypax oT 3akoHa Jlrononra - Ilty,
OJIHAKO TMOJIyYCHHAs] CKOPOCTh YyOBIBAHMS TEIJIOEMKOCTH HMENa OKCIOHCHIMAIBHBIM XapaKTep U CYIIECTBEHHO
OTJIMYaJIach OT CTEIIEHHOTO 3aKOHA yObIBaHMS, HAOII0aeMOro B SKcriepiuMenTe. MHOH MoAXol K KBAaHTOBOMY OIHMCAHHIO
TBeploro Tena Obul mpemnokeH Jebaem [3]. B ero mMonenu TBepmoe Teno paccMaTpHBAeTCs Kak CIUIOIIHAS Cpena,
BO30YyXK/IeHHsT KOTOpOH KBaHTOBaHbI. Jlebaio ynanoch MOJyYUTh NpaBHIbHOE IOBEJCHUE HHU3KOTEMIIEpaTypHOil
TEIUIOEMKOCTH, MPONOPIMOHAIILHOE KyOy TemIiepaTypbl, 1 UM ObLIO BBEIEHHOE B (M3MKY (yHIAMEHTaJIbHOE JUIs
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TEOPUH TBEPIOIO TeJla IOHITUE TeMIepaTyphl (SHepruu win yactotsl) Jlebas. dakTuyecku, Kak ceiyac SCHO, MOJEIN
Onnmreiina n [lebast ONMCHIBAIOT TBEPOE TEJIO C PA3IMYHBIX CTOPOH U JOMOJHSIOT JIpyT Apyra. Mozaens DiHIITeiHa
OITMCHIBAET OHOYACTHYHBIE BO30Y)KICHUS M COXPAHIET CBOE 3HaUEHHE MPU OIMCAHHUH, HAIpUMEp, ONTHYECKUX BETBEH
KosiebaHui, a Mozesns J{ebas naeT KBaHTOBOE OIMCaHKUE KOJUICKTHBHBIX BO30YxIeHHH TBepaoro tena. Teopus [ebas B
CBOEH MPOCTOTE M HATISITHOCTH OKa3allaCh CTONb YAAYHOH, YTO MPUMEHSIIACh M IPOJODKAST MPUMEHSTHCSA TOpas3io
yamie, 4eM, OIMyOJMKOBaHHAS MPHUMEPHO B TOXE BpeMs, Ooliee IeTaibHAas TEOPHS KPHUCTALTHYecKoi pernetkun bopHa-
Kapmana [4-6].

B wmogemun [ebas Bo3OyXKIeHHSI Cpedpl IPEACTAaBISAIOT cO0OW Tra3 HEB3aMMOJACHCTBYIONIMX IIPH JIFOO0OH
TemmnepaType KBa3zudacTul] — (poHOHOB. OJHAKO HETPYAHO YOEOUTHCS, YTO YHCIO (POHOHOB PACTET C yBETHUYECHHEM
TEeMIIepaTypbl M, CJIeIOBAaTEIbHO, CTAaHOBUTCS BCe Ooliee CYIIECTBEHHBIM B3auMOJIiicTBHE MeXAy HUMH. llembio
JaHHOW paboThl siBisieTcss oOoOmieHue Mmogaenu Jlebas ans raza (OHOHOB, B3aUMOJEHCTBHE MEXAY KOTOPBIMH
YUUTHIBaETCS B NPUOIMKEHUH CaMOCOINIaCOBaHHOTO mojsl. Jlims onucaHus aHrapMOHW4YecKHX J(GQEeKToB B
KPHCTAJUIMYECKOHN pelIeTKe MOJIENIb CaMOCOTJIACOBAHHOTO 1TOJIS B Pa3iIMYHBIX BapHaHTaX UCIIOJIb30BaNach B paborax [7-
17], oqHako, aBTOPY HEHU3BECTHO, YTOOBI CaMOCOTJIACOBAHHBIM IOJIXOJ] MCIIONB30BAICS IPH ONHMCAHUM KPHCTALIA, KaK
KBaHTOBAHHOM CIUIOIIHOW cpenbl. YueT (POHOH-(POHOHHOTO B3aWMOAEHCTBUSI NPUBOAMUT K TOMY, YTO CKOPOCTH TaKHX
«CaMOCOTJIaCOBAaHHBIX» (DOHOHOB CTAHOBHUTCS (PYHKIMEH TEMIIEpaTyphl U HE MTPEATOIaracTcs 3aJaHHON, a HaXOJUTCS B
pe3ynbTaTe pEUICHHS HETMHEHHOTO anreOpandecKoro YpaBHEHHUS, KOTOPOE BBIBOAWUTCS W3 YCIOBHS MHHAMYyMa
cBoOomHON »Hepruu. «CamocorimacoBaHHas» »dHeprus Jlebas B JaHHOM TIONXOAE TakXkKe sBISIETCA (QYHKIHEH
Temrieparypbl. HaifneHs! TepMoaiHaMudeckie (DYHKIIMK Ta3a TaKuX (POHOHOB W, B YACTHOCTH, BBIYHCIICHA (DOHOHHAS
TEIUIOEMKOCTh. [IoKa3aHo, YTO TPM HHU3KUX TeMIlepaTrypax K KyOW4ecKoMy 3aKOHY B TEMIIEpaTypHOH 3aBUCHMOCTHU
TEIUIOEMKOCTH HMeeTcs N00aBKa, MPOIOPIHOHATBHAS CEIbMOM CTENeHH TeMIepaTypbl. DTO, MMO-BUINMOMY, MOXET
SIBJISITHCSI OJTHOW M3 NPUYMH, [0 KOTOPOW KyOUUECKHi 3aKOH ISl TEIUIOEMKOCTH HaOII0aeTCsl B IKCIIEPUMEHTE TOJIBKO
IPH JIOBOJIHO HU3KUX TemIleparypax. [Ipu BRICOKHMX TeMIiepaTypax Teopusl pecKa3bIBaeT JIMHEHHOE 110 TeMIiepaTrype
OTKJIOHEHHE TEIUIOEMKOCTH OT 3akoHa Jlrornonra - [Itu, HaOmtomaemoe 3KCIEpHMEHTAbHO. B Mozjeny ckaispHOro
KpHCTAIUIa MpejiaraeMblil Moaxo 1 ObLI pa3BUT aBTOpoM B padote [18]. B mpemmaraemoii paboTe camocoriiacoBaHHAs
MoJienb 00001eHa U aHU30TPOITHOM CPeJIbl C yUeTOM NOJISIPU3aLiH (POHOHOB.

OOPMYJIUPOBKA MOJAEJIN
ITycTs (GOHOHEI B KPHCTA/LIMYECKOI PEIIETKE OMUCHIBAIOTCS INIOTHOCTRIO OrepaTopa I aMuibToHa
2
z,(r
H(r)zz(—p)+U2(r)+U3(r)+U4(r), )
TAC KBaApaTU4HbIC, Ky6I/IquKI/Ie 1 YWICHBI UCTBCPTOTO NOPAAKA 1O TCH30PY ,Z[C(I)OpMaIII/II/I
1
u; =E(V/.ul. +Viu, +ViuaV/.ua) )
UMEIOT BUJ
1 1 1
U, = E/llzihjuaiubj , Uy= gﬂ'aibjckuaiubjuck , Uy = a)“aibjckd/uafub/uck Uy s (3)

T (l‘) - KAHOHUYECCKUU HMIIYJIbC, O - IIJIOTHOCTb. BCHCZ[CTBI/IG CUMMCTpPHUHU TCH30pa /:[eq)opMaum/I ui/. =u/.i MOoAyJin

a
YOPYTOCTH CHMMETPHYHBI OTHOCHUTEIFHO KaK MEPEeCTaHOBOK IMap MHIEKCOB, TaK M MEPECTAHOBOK HWHAECKCOB BHYTpPHU
KaXk1I01 Maphbl, B YaCTHOCTH

j’aibj = ﬂ'}zjai = ﬂf/hm‘ = Z’jhia . 4

Amnajgoruyasie yC10BUA CUMMETPUU BBIIOJIHAKOTCA 1A Moz[ynei/i YIPYTOCTHU TPETHET0 U YETBEPTOI'O MOPAAKOB.
HOCKOJ’IBKY TCH30D He(bOpMaHI/II/I (2) COACPKUT IMOMHUMO JIMHEHHBIX YICHOB, TAKXKC KBAJAPATHYHLIC YJICHBI IO

rpaguceHTaM BEKTOpa ,I[e(i)OpMaI_[I/II/I u(r) , TO € TOYHOCTBIO OO YCTBCPTOr'O IMOpAAKA MO IpaAuCHTaAM, NOTCHUIHUAJIbHBIC

SHepruu (3) MOXkKHO 3anucath B Buje U, = U;z) + Uf) + U£4) , Uy = Uf) +U§4) , e

1 1 1
AV Vo, U ==2,VuVuVu, UY==2

‘E aibj _§ aibj

ckviuavjubvk uxvcux .

ng) —

- E aibj

Va ucviucvbusvju.\' s
)
aibj

1 1
UJE;) = g/la[bjckviuavjubvkuc s U3(4) = Zﬂ’

Takum 06pa3oM, ¢ TOYHOCTBIO JI0 BEIHUHH YeTBEPTOTO MOPSIKA 110 TPaAHEHTaM BeKTopa AeOopMaIuy IOTHOCTE
raMUIbTOHMAHA IPUHAMAET BUJI
2
7, (r)

1 ~ -
H(r) = T-’_Eﬂaiijiuavjub +U,+U,, (6)
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rie
ﬂalij u,VuVu +— ﬂa,bﬂkV,.uanukauC,
| ™)
ﬂ'atijaucvtucv usvjus +— ﬂ’atbjckviuavjubv u V u +— ﬂ’ ibjckdlviuavjubvkucvlud’

k™ 2 4 al
Ilps KBaHTOBOM ommcaHun Bektop nedopmammu u, (r)=u, (r) W KaHoHHYecKHil ummymsc 7, (r) cmeayer
paccMaTpuBaTh Kak OIepaTophl, sl KOTOPBIX CHPABEJIMBLI H3BECTHBIE COOTHOMIEHHS KOMMYTaI[MH
’ ’ . ’
7, (v)u, (r')=u, (r') 7z, (r) ==ih6,,6 (r-r’),
4 4 4 4
u, (r)u, (r')—u, (r)u, (r)=0, 7z, (r)z, (r')-7, (r')7, (r)=0.
Moy ynpyrocTy, BooOIIe TOBOPS, MOTYT SBJISATHCS (yHKIMAMH TEMIIEPATypPbl, HO B IaHHOH paboTe, KaK v B
mozenu JleGast, OyneM OSTHUM NpeHeOperaTh M ydTeM BIOCIEACTBHM TOJNBKO TEMIIEPATYPHYIO 3aBUCHMOCTD

®)

HAOJII0aeMBIX BETMYMH, CBA3aHHYIO ¢ BO30yk1IeHneM (oHOHOB. llonHbli raMuisToHnan H = jH(r)dr eCTh CyMMa

raMHUJIbTOHHAHOB CBOOOJHBIX (I)OHOHOB u uX B3aumonercteus: H = H, + H, , tne

_I{ wijuVub}dr H, = [[0,(x)+T,(x)]dr. ©)

[Mpexxae 4eM NEepexXOAWTh K JIETAIbHOMY IOCTPOSHHIO MOJICIH, BBEIEM OIpENeNieHNs] HEKOTOPhIX (QyHKIMH,
HEOOXOIMMBIX B JanbHeleM. Onpenenum 00001eHHbIe GyHKImY Jebast:

X nd
D,(x)=2 25, (n21) (10)
x"ve —1

@axTnueck 3TH (QYHKIUM BIOCIEACTBHU MOHam00sTCs Tonbko npu n =1,2,3 . CranpapTtHas ¢yHkuus Jlebas B Takux

0003Ha4YeHUsAX eCTb D, (x) [19]. ®ynukuu (10) MoryT OBITH TIPEICTABICHEI B BUC

D,(x)= |:n‘§ n+l)— zj )z ”d} (11)

m=0 y

TaK 4To MpH X >>1 ¢ TOYHOCTHIO J0 IKCIIOHCHIIUATFHO MAJIbIX YICHOB
2
T 4 T
D(x)="—=, D,(x)=—{(3), Di(x)=_=, (12)
6x X 5x

¢(3)=1,202 - n3ota - pyHkuus Pumana. [pu x <<1:

SR R
2(n+1)" 12(n+2) (13)

Kpowme Toro, Hike OyaeT ncrnosib3oBana QyHKIUS

®(x)=1+D, (x),

D, (x)zl—

8 2 8z 9
O(x)=+ox (x<l), O(x)=l+ . (x>>1).

CAMOCOI'JIACOBAHHOE OITMCAHUE CUCTEMbI
B3AMMO/JIEMCTBYIOIUX ®OHOHOB

PaccmoTpum crcTeMy B3auMOJCHCTBYHOIUX (DOHOHOB B (DOPMYIIMPOBKE MOJICIA CaMOCOTJIACOBAHHOTO IOJIS,
passutoii B [20] mus depmuoHHBIX U B [21,22] mis 6030HHBIX cucTeM. Ha mpuMepe aHTapMOHHYECKOTO OCHMILIATOpPA
peanu3anus JaHHOTO [OJIX0/1a MPOIEMOHCTpUpOBaHa B [23,24].

Pazo0beM MoNHEI TaMITBTOHHAH Ha CYMMY JBYX CJaracMbIX

H=H,+H,, (15)

r7ie IepeHOPMHUPOBAHHBINA TaMUJILTOHUAH, onHCLlBaloumﬁ «CBOOOHBIC» (POHOHBI, UMEET BHU]I

H.[{

}dr+£0, (16)

a KOppeJ’IﬂI_[I/IOHHHﬁ TraMUJIbTOHHUAH
H, j{ Ay = 248,6,, )V u,V u, +U, +U}d &, , (17)

OITKCBIBAET B3auMoeiicTBHEe TakuX (hOHOHOB. CaMOCOTIIaCOBaHHBIN ANMPOKCUMHUPYIONINIT raMuiibToHUaH (16) conepkut
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TONBKO OJIMH 3G (PEKTHBHBIA MOIYJIb YIPYTrOCTH A W ONHCHIBAET (HOHOHHYIO CHCTEMY B H30TPOIHOM MPHUOIMKEHHH,
Korga (OHOHBI C TIPOM3BONBHOM MONApH3alMell HMEIT OJWHAKOBYIO CKopocTh. Kpome Toro, H, BKIIO4aeT

HEOIIEPAaTOpPHOE cjlaraéMoro §&,, Y4Y€T KOTOPOro SABJIAECTCA CYLICCTBEHHBIM. Taxum 06pa30M, C IIOMOLIBIO

MEPEHOPMHUPOBKUA MOJIYJISl YIIPYTOCTH B3aMMOJICHCTBHE MEKAY MCXOAHBIMH (POHOHAMH B H30TPOITHOM MPHOIMKEHUN
YYUTHIBaeTCA B raMmiibToHHaHe (16), a raMuinbToHnaH (17) yIUTBIBa€T OCTATOYHOE B3aWMO/ICHCTBHE, HE BKIIFOUEHHOE B
MO/IeIb CAMOCOTJIACOBAHHOTO MOJIA. Bocmonb3yemcst pa3iokeHHeM MoJIeBbIX onepaTopOB

pha)ka ke
(ko) , U, e (k,a)y, e, 1
7, (r VM\/ ) Zia™s (1) V; 2pwka) e (k. @)y (18)

rie e(Kk,or) - BeKTOPBI MONAPHU3ALNH, JUIs KOTOPBIX [PE/IIONAraloTCsl BBITOTHCHHBIMH yCIIOBHS
e(k,a)e (k,a)=38,,, e (ka)e (ka)=5,, e(-ka)=¢(ka). (19)
B (18) BBeneHsI onepaTopsl ’
Vie =Via =B +0r  Hia = Xia =1(bra =04 ) - (20)
IIpexnonaraercs, 4TO PelIeTKa MPOCTas, Tak 4to & =1,2,3 . Oneparopsl poxaeHus b,, u yHudtoxeHus b, (OHOHOB
HOTYMHAIOTCS OOBIYHBIM YCIIOBHAM KOMMYTALIMH: [bka,lf J 04 Oos |Brarbrw]= [b;a,lf :'

CamocornacoBaHHbIH raMmwibToHHaH (16) B TpencTaBlieHMH OIEpaToOpOB POXKACHUS M YHHYTOXKEHHS (HOTOHOB
TIPUHAMAET BH]

. 3
Hg=hY o(k)b,b,, +Eh2a)(k)+eo. 1)
k,a k

rae w(k)=czk, a ckopocTh (POHOHOB C MPOM3BOILHON MONAPH3ALMCH Cg = \//1/ £ . 3aMeTuM, 9TO B MpPEeHEOPEKEHUH

(hoHOH-(HhOHOHHBIM B3aMMO/ICHCTBIEM TaMiIbTOHNaH (21) mpuBoauT K Teopuu Jlebast.
B manpheiimem ycpennenns OyaeM MpOBOIUTE C TOMOIIBIO CTATHCTHYECKOTO OIlepaTopa

p=expB(F-Hy). (22)

rne S =1/T - obparnas Temueparypa. Y CI0BUE HOPMUPOBKH SpP =1 1aeT BhIpakeHue aist CBOOOAHOI SHEPrun

F=g¢, 32 Za) +3TZln(1—e_'5m(k)) . (23)
k
Benuuuny €, HaxoIuM U3 OOBIYHOIO UL TEOPUU CPEIHETrO IO yCIOBUSL <H > = <H S) [18], Tak uTO
1 ~ ~
80 = J.|:2 (ﬂ’alb/ ﬂ'é‘yé‘ab )<Viuavjub > + <U3 > + <U4 >:|dr ° (24)
3nech
h kk. ~
<Viuavjub>=2’75ab;w Ié) (1+2£). <U3>=0> (25)
<Viuanuthuchud> =
2 (142 )(1+2 (26)
=L2[%j kzk: ( +w(2 )0+ sz )[khk bk, 8,8, + ko oy 8,8, + koo ky Ky, 6,46, ]
(Vae,V u,V,uV )=
1 1+2f, )(1+2f, (27)
== 7[_J ab; ( . ;( ( )k )[3klikljk2kk20 +k1fk1kk2jkzc +kliklck2jk2k J:
<Vlu(Vau(V uSVjuS>
3 (Y (1425, )(1+21,) (28)
= _(Ej ol )k [ 3Kk sk, + ke ey Ky + e K e, |
B (25)-(28)
—[frot) _¢T"
fi=[e"-1] (29)

- hyHKIMS pacnpenesneHus GOHOHOB. M3 3TUX COOTHOIICHUH cieayeT
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£ _3n Lz—k’kfﬂ“""j(f +l)—c22k(f +1J +—h2 1 30
O 2eg|3p5 kUM 2) Ut 2) ] sypid (30)
rae
(£, +12)( £, +1/2)
I= Z {ﬂaia/'bkblkliklijkaI +
kisky klkz (31)

+2/?'aiajck [3klik1jk2kk2c + 2kliklkk2jk20]+3/1aibj [3k1iklak2bk2j + 2k1ik1bk2ak2j }}
IlepeHopMupoOBaHHast BCIENCTBHE B3aMMOJAEHCTBHSA CKOPOCTb (DOHOHOB ¢, HAXOOUTCA U3 YCJIOBUS MUHHMMyMa
cBoGoxHON dHepruu (23) 0F/dcy =0. B pesynbrare NpUXOAMM K HEIHHEHHOMY YDAaBHCHHIO IS OIPEICIICHHS

CKOPOCTU «HOBBIX» (1)0HOHOB

, 2m k[ijlmj( 1} ot 1
cg = J +— |+—— 2
S 3pV ; k S 2) 6pVicg J (32)
rIae
kl) 1
J= +— |Kdk . 33
!(fk 2) &)

Bepxuum npenenom B uHrerpane (33) siBiaserca BoaHoBoe uucio Jebas k,. OHO HaXOOUTCA U3 TOTO YCIOBHUS, YTO

cepa paguyca k, B k— IpocTpaHCTBE AOJDKHA COAEPXKATh KOIMYECTBO TOUEK, PABHOE YUCITY YaCTULl CUCTEMSI [25]
kD

3
V47L; J' Cdk = Vk[;
(27) % o
VYpaBuenue B ¢popme (32) cripaBeITUBO TSI KPUCTAIIIOB IPOU3BOIBHON CHMMETPHH.

B orcytcTBHE B3aMMOACHCTBHS B IpeHEOPEeKEHNH HEMMHEHHBIMU 3P deKxTaMu, (POHOHBI B TaHHOW TEOPUH TaKue
xe, kak B Teopun Jlebas. X ecTecTBEHHO Ha3BaTh «TOJIBIMH» HIH «1e0aeBCKHUMU». DOHOHBI, CKOPOCTh KOTOPBIX
NepEeHOPMHUPOBaHa BCIIECICTBUE B3aUMOJACHCTBUS B cooTBeTcTBHU C (32), Oynem Ha3bIBaTh «CaMOCOTJIACOBAaHHBIMEY.
Haxe B citydyae npeHeOpeKeHUst 3aBUCUMOCTBIO MOy i€l A . OT TeMIeparypsl, 4To IpeAnonaraeTcs B reopuu Jebast,

aiaj

=N, &k, :(67r2N/V)1/3 ) (34)

MEepPEeHOPMHUPOBAaHHAs CKOPOCTb Cg B JaHHOM IIOAXOJE CYIIECTBEHHO 3aBHCHT OT TEMIICPATYphl, IIOCKONBKY
BBIpAXKAETCS Yepe3 UHTErpaibl OT GyHKIMHU pactperneaeHus (29).
MosKHO yOeHTBCS, Y4TO NpH BbINONHeHHH ycinoBuil (24) u (32) cupaBemBo coorHomenue ol/dc; =0, rae

I'= <(H _HS )> - CpeaHEeC OT Pa3HOCTHU MCEKAY TOYHBIM U CaMOCOITTaCOBAHHBIM I'aMWJIbTOHHAHAMU. Taxum 06pa30M,

OKa3bIBAeTCs, YTO Ul BBEIEHHOTO CaMOCOITIACOBAHHOTO KBAJPaTHYHOTO rammiibToHnana (16), mpu ycnoBusax (24) n

(32), Bemuuna I' craHoBHTCS MuHHMAJbHOM. CieoBaTenbHO, HapamMeTp A BBIOMpAEeTCs TaK, 4To raMuiabToHuaH (16)
OKa3bIBACTCS MaKCUMaJbHO OJIM3KHUM TOYHOMY TaMuJIbTOHMaHy (15) M MOTOMYy MakCHMMaJbHO XOpOLIO OITHCHIBACT
(DOHOHHYIO CUCTEMY NIPH AIMPOKCHUMAIINH €€ KBaJpaTUUHBIM TaMUJIbTOHUAHOM.

CAMOCOTI'JIACOBAHHBIE ®OHOHBI B U30TPOITHOM CPEJIE
Paccmorpum ©Oosee neranbHO B3auMMOJEHCTBYIOIIME (OHOHBI B M30TPONHON cpexe. B aroM ciyyae TeH3op
KBaJIPATUIHBIX MOAYJICH YIPYTOCTH MIMEET BHI

//i’aibj = /15ai§bj +:u(ij’ba) . (35)
roe A, 4 - koapumuentsr Jlame. st KpaTKOCTH BBEIEHO 0003HAUCHHE
(4.ab) = 6,6,, + 6,6, (36)

JJIA KOTOPOI'O BBIMMOJIHECHBI YCJIIOBUSA CUMMETPUN:
(ij,ab) = (ji,ba) = (ab,ij) = (ba, ji). (37)
TeH30pbI aHrapMOHUYECKUX MOJYJIEH yIPYrocTH B U30TPONHON yNPYyroi cpesie UMEIOT BUJ

Auje = B,6,,6,6,, +B,[ 8, (jk.cb)+ 6, (ik,ca)+ 5, (ij,ba) |+

i  ck ai

N - , . (38)
+B,[ 8, (ij,bk)+ 6, (ij.bc)+ 8, ( jk,ab)+ 6, (ab, jc)],
ﬂaibjckdl =C0, ij 6,0, +C, ﬂsizbj'ckdl +C, /?'Sb}ckdl + C4/1;;4b}ckdl +C ﬂsfb}ckdl ) (39)
e
ﬂ’(ﬁizly)'ckdl = é:li5bf (lk’ Cd) + §aié'ck (Jl’ db) + 5111'5111 (-]k’ Cb) + (40)

+6,,0,, (il,da)+ 6,6, (ik,ca)+ 6,0, (ij,ba),

i ck
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Aya = 0| 80 (jocl)+ 8, (jkred )+ 6, (Kl.be)+8, (be,kd ) |+
+6,,[ 8, (ki di)+5, (kl,da)+6,, (li,cd)+ 5, (ad,lc) |+

(41)

+0, [ 8, (il ja)+ 8, (il,ba)+ 6, (ij,da)+ 5, (ab,di) |+

+§d1 |:5ac (l.]’ bk)+é‘ak (U’bc) +é‘1c (]k’ ab)+ é‘ik (ab’ jc):"
ﬂé;}ckd] = (il,da)( jk,cb)+(ik,ca)( jl,db)+(ij,ba)(kl,dc), (42)

Ay = (ab,ci) (jl,dk)+(ij,ca)(kl,db)+(ik,ba)( jl,dc)+(ij,ka)(bl,dc)+
+(ab, je)(il,dk)+(ij,bc)(kl,da)+ (ab, jk)(il,dc)+(ij,bk)(cl,da)+ 43)
+(ad,ci)(jk,1b)+( jl,cb)(ik,da)+( jk,db)(il,ca)+(il,ka)(cj,bd).
Benuuuny (31) MOXXHO 3amucaTh B BUJIE
+1/2 +1/2
1= Ui +2U, v )[Vokfkf i (kik,)' | (44)
ki ks kik,
riue

Vy=9A+6u+6B +32B,+32B,+C, +8C, +8C, +18C, +28C;, 43)

V, = 64+2411+4B, +48B, +88B, +8C, +40C, +10C, + 68C:.

C ydJeToM 3THX COOTHOLICHHH, ITOCIE WHTEIPHPOBAHMS IO yriaM B (44), MpUXOAMM K CIEYIOIIEMY YpaBHEHHIO,
OTPEZIENISIONIEMY CKOPOCTH CaMOCOTIIACOBAHHBIX (DVOHOHOB B M30TPOITHOM YIPYTO#i cpene

h 14
ci=cot————| Vy+—2L|J, 46
N 0 2472'2,0203 0 3 ( )
e ycpelHeHHas CKOpocTh (JOHOHOB ¢, Oe3 ydeTa X B3aUMOJEHCTBHA onpeenacHa GopMynon
1 A+4
c =—(2qz+cf)=M, 47)
3 3p

a TpONONbHAS W TOTEpeYHas CKOPOCTH 3BYKAa ONPEIENAIOTCS HM3BECTHBIMH COOTHOIIEHUSMH C, = (A+2u) / o,
¢} = u/ p . Or™eTum, uTo onpesienenue (47) OTIMUAETCS OT ONpeieNieHus cpeHeli ckopoctu ¢, o Jle6ato [19]:
1 32| 2 1
== + (48)
3 p 3/2 3/2 |
Cp M (ﬂ + 2#)

Omnpenenenne (47) mnpencrasnsercs Ooiee €CTECTBEHHBIM, OJHAKO, IIOCKOJBKY CPEAHSS CKOPOCTh BXOAWUT B
ompezenenue dSHepruu Jlebas, Koropas sABIseTCS (EHOMEHOJIIOTHYECKHM MapaMeTpoM TEOpUH, pas3liiuue B
omnpezneneHusx (47), (48) He BnusieT Ha CTPYKTypy Teopun. CrannaprtHas >Heprus Jledas onpenensercs COOTHOEHHEM
0O, =lic,k, [25]. IlockonbKy Teneph IOMUMO CKOPOCTHU TOJIbIX (POHOHOB ¢, BO3HMKAET CKOPOCTh CAMOCOTJIACOBAHHBIX

(OHOHOB ¢, €CTECTBEHHO OMPEIENHUTH «CAMOCOTTIACOBAHHYIO dHepruto Jlebas» 0, = hcgk,, , KOTOpAst, B OTIIMYME OT
cTaHjapTHoil sHepruu Jlebas O, spustercsa (yHKuuel temnepaTypsl. OTMETHM, OJHAKO, YTO XOTS B CBOEH HUCXOJHOM
¢dopmynupoBke osHeprus J[lebas ©, mpeamonaraeTcss He 3aBUCAIICH OT TeMIepaTypbl, HO Ha IIPAaKTHKe
9KCIIEPUMEHTANIBHBIC JIAaHHBIE YacTO MpPEJCTaBISIOT B Buae (yHkumu sHeprun [lebas ot Temmneparypsl [26]. B
paccMaTpUBaEeMOM MOJIXOJIe CaMOCOIyiacoBaHHas odHeprus Jlebas ©, CyIIECTBEHHO 3aBHCHT OT TEMIEPATyphI

BeieAcTBHE (OHOH-(POHOHHOTO B3aMMOJCHCTBHS yXKE B paMKax CaMOil TEOpPHUH H, CIEIOBAaTENbHO, JAHHBINA ITOIXO.X
JydllIe OTPaXkaeT PealbHyI0 CUTYaIui0. XOTs, KOHEYHO, HEOCTaTKN Teopuu Jle0asi, cBI3aHHbBIE ¢ OYCHb yNPOIIECHHBIM
BBIOOPOM CIICKTPAIbHOM IJIOTHOCTH, HE YYHTHIBAIOIIEH AETadM CTPOCHUS PEIICTKH, OCTAIOTCS M B IPENIaraeMoMm
MOJXO/IE.

[Ipencrapinser HHTEpEC pacCUUTATh YUCIO (POHOHOB KakK (PyHKIHIO TeMIIepaTyphl:

9 T (6
N, =35 fi =2 N—D,| -2 |, (49)
r Zk: 2 09, T
C yuerom cBoiicts (12) u (13), HAXOAMM, Y4TO HPH HU3KHX Temmeparypax T << © p HAMeeM KyOUuecKylo 3aBUCHMOCTh
~ 3 ~ ~
Nph/N:18§(3)(T/G)D) , @ npu BBICOKHX T >>O, - nuHeliHy0 Nph/Nz(9/2)(T/®D). Takum oGpasowm,
BCIIEJICTBHE BO3PACTaHUS KOIMYECTBA (JOHOHOB, BKJIAJ B3aUMOJCHCTBUS MEXTY HUMHU C IOBBIMICHHEM TeMIEPaTyphl
JOIKeH GBITh BCe Gonee cymecTBeHHbIM. IIpu T ~©, uYMCIO (JOHOHOB CTAHOBMTCS MOPSIKA YHCIA YACTHIL.

BCJ'ICI[CTBI/IC TOro, 4TO (bOHOHBI INOOYUHAKTCA CTATHCTHUKE boze- DitHmTeliHAa M WX KOJIHMYSCTBO B COCTOSHHH C
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OIPCACIICHHBIM HUMIIYJIBCOM MOXKET OBITE IMPOU3BOJIbHBIM, HE€ HOJIKCH BBLIZbIBATHL YAWBJICHUSA TOT (baKT, YTO YHCIIO
(l)OHOHOB MOXKCT IMPCBOCXOAUTH YHCJIO 4YaCTHUL[ B TBEPAOM TeEJIC. yI[OGHO BBECTH O00O3HAaYEHHE O JJIs1 OTHOIICHHS

IIEPEHOPMHUPOBAHHOH BeleqcTBUE (POHOH-(POHOHHOTO B3aHMOJEHCTBHSA CKOPOCTH 3ByKa ¢, K HCXOJHOH CKOPOCTH
3ByKa C,, WU, YTO TOXKE, OTHOILIEHHUs CaMOCOIIacOBaHHOM 3Heprun Jlebas K cTaHAapTHOM’:

o=c/c,=0,/0,. (50)
s pganpHelero aHanu3a ypaBHeHue (46), ¢ yderoM BBEICHHBIX oOo3HaueHuil (50), ymoOHO 3amucath B
0e3pa3sMepHOM BHUJIC

(az—l)a:Ad{gj, (51)

T
4

k
rae 7=T7/O,, - GespasmepHast temueparypa. B (51) Gbuio yureHo, uro J = ?DQD(EJ, a QyHKIHS @(gj onpezeseHa
T T

B (14). B ypaBuenue (51) BXOIUT eTMHCTBEHHBIN Oe3pa3MepHBIi apaMeTp, COJACPKaIINi XapaKTePUCTUKH CUCTEMbI
(C] 14
A=l Vot s ) (52)
32pMc, 3
M - macca aroma pemietkd. OLEHKH MOKa3bIBAaIOT, YTO JTOT IapaMeTp MOXKET OBbITh MOpSAKa M MEHbBIIE €JHHUIIBL.
[Mockonbky npennonaraercs, uto A >0, To Bcerna o > 1. [lepexon x Treopun [ebast nmpoucxomur npu A=0 u o =1.
IIpu Hy7neBO# TeMnepaType MepeHOPMHUPOBKA CKOPOCTH OIIpEeieTCs ypaBHCHHEM
(07 -1)o, =A. (53)

Ipu HU3KKX Temmepartypax 7/, <<1:

4 4

87 T

0-:00+A15(30'§—1) a,

(54
[Ipu BHICOKHMX TemIreparypax 7/o >>1 ypasHenue (51) cBOAMTCS K OMKBAIPATHOMY YPABHEHHIO

(02—1)02 =§AT, (55)

0'=L 1+ 1+£Ar. (56)
2 V3

31ech MOXHO BBIICIUTH JIBA XapaKTEPHBIX TEMIIEpaTYpHBIX HHTepBaia. [Ipu Hamboyee BEpOSTHOM Clydae Maoi
BEJIMYMHbBI MOCTOSHHOM (hOHOH-(DOHOHHOTO B3aMMOIEHCTBHUS JJaXKe MPU BBICOKHX TEMIIEPATypax BO3MOXKHO BBITIOJHEHHE
yenoust 8A7/3 << 1. Toraa BO3HHKAET JIMHEHHAs 3aBUCHMOCTb:

PEUICHUEC KOTOPOI'0 UMECT BUJ

4
o=1+ gAr . (57)
IIpu 1OCTATOYHO CHILHOM (OHOH-(GOHOHHOM B3auMOJIeHCcTBIH, Korana 8A7/3 >> 1, momyuaem:
8 1/4
o= (EA) . (58)

3aBHCHMOCTH ITapaMeTpa O OT TEMIIEPATyphl IIPU HEKOTOPHIX 3HAUCHMSIX A TIpeICTaBiIeHbI Ha puc. 1.

A=0.03

130

1250 L. A=0.145

120

115
110

105

1'0%.0 02 04 06 08 10 12 14 16 1.8 20 22 24 26 28 30
T
Puc. 1. 3aBucumoctu napamerpa O = ¢, / ¢, =0, / ©,, or 6espasmepHoi Temmepatypsl 7 =1 / 0,

IIpY pa3JIMYHBIX 3HAYCHUAX NapaMeTpa A.
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TEPMOJANHAMMUKA I'A3A CAMOCOI'JTIACOBAHHBIX ®OHOHOB
CBo0OomHas 3Heprus (23) MOXKET OBITh IPEICTABICHA B BHJIC

1-o0° 2
Fo_ol )cp(f}i%cpz(fjﬁon 3n|l-e* —D{fj . (59)
NO, 16 o ) 320 T) 8 T

B mpenebpexennn B3anmopeiictBueM QonoHoB npu A =0 u o =1 BopaxeHue (59), ecTecTBEHHO, NMEPEXOJUT B
cBOOOIHYIO dHEpruto Teopuu Jebas [19]. Durpomnus maeres hopmysioi

S :—N{3ln£l—ej]—4D3 (%ﬂ (60)

OTMeTHM, YTO BBIpXKEHHE JIJIsl SHTPOIIMU MOXKET OBITh IMOJY4YEHO KaK M3 00mel (opMyJbl U SHTPOIHH raza 6030HOB
[19], Tak ¥ ¢ MOMOLIBIO TEPMOINHAMIYECKOr0 CooTHOLIeHNsT S = —(0F /0T )V , TiprdeM 1pu AU hepeHIIMPOBaHIH, B CUITY

yenosust 0F /dcg =0, mapaverp ¢ B (59) muddepeHunposars He crieyer. DHeprus ra3a CaMoCOITIaCOBAHHBIX (POHOHOB
E=F+TS nmeer Bua

1-o?
E =9( )¢(gj+i£2cb2[fj+ga+3m3[g). (61)
NO, 16 o ) 320 ) 8 T
Jlapnenne Haxomutes o hopmyne p =—(dF/dV). :
N_ |9 o) 9 (o7~ (aj N_ 9 (07-1) (aj
=2o,|20+3D,| |- =0 Z||Ir . +~0, ——o| Z|I,. 62
P=y ol 3(1)320— )TV " o ) (62)

B (62) Bxonart nBa mapametpa
0lno®, dlnA
G = — , FA = — .
olnV dlnV
3necs I'; - mapamerp I'pronaiisena u I', - HOBBIH Oe3pa3MepHBIN IapaMeTp, ONUCHIBAIOIIMN BKJIAJ B JaBICHUE

(63)

¢ dexToB GoHOH-DOHOHHOrO B3auMoaeHCcTBUA. IT0CKOIbKY CKOPOCTh 3ByKa €, U MOJYJIH yIIPyTOCTH IIPEAONAraoTcs

HE 3aBHCSIIMMH OT TeMIepaTypbl, TO Koddduiments! (63) Takke HE 3aBUCAT OT TEMIEPaTypbl. YUeT BIMSHUS (DOHOH-
(hOHOHHOTO B3aMMOICHCTBHUS Ha TEIUIOBOE PACIIUPEHHE TBEPBIX TEJ TPeOyeT CrenualbHOI0 PaCCMOTPEHUSI.

TEIVIOEMKOCTb
U3 Beipakenns it suTpornu (60) crexyer dopmyina yist reroemkoctd Cy, =T (9S/T )V :

T o 3 o do
C,=3N|4—D,| — |-——|| ———|. 64
' [ o 3(rj e"/’—l}[r drj (©4)

Bxogsmiyio B (64) Npon3BOAHYIO OT MapaMeTpa O IO TeMIIepaType MOXKHO HaiiTn u3 ypaBHeHus (51), Tak 4ro:
o do_o (1—30'2)

z'drr_2§£3 T(O'j 65)
3

IIpu o =1 ¢dopmyna (64), ectecTBeHHO, 1aeT pe3yabTaTsl Teopun Jebas. Kak usBectHo, B Teopun Jlebast BBINONHSETCS
3aKOH COOTBETCTBEHHBIX COCTOSHHMM, 3aKIIOYAIONIMICA B TOM, 4TO TEIJIOEMKOCTh, a TakkKe [pyrue
TEPMO/IMHAMHUYECKHE BEIMYUHBI, SBIIOTCS QYHKUMAMU Ge3pasmepHoil Temmnepatypsl 7=7/© [19]. Yuer ¢oHOH-

()OHOHHOTO B3aWMOAEHCTBUS TPHBOAUT K HApYIICHHIO 3TOTO 3aKOHA, W KaKAas KOHKpETHas (POHOHHAS CHCTEMa
JIOTIOJTHUTENBHO XapaKTepU3yeTcsl CBOMM Oe3pa3MepHBIM mapameTpoM A . PaccMOTpuM mpenenbHble Ciydan BBICOKHX
1 HU3KHX TeMIIeparyp.

Huskue Temnepartypsl
IIpu T =0 mapamerp O =O0,, NEPEHOPMUPYIOIUNA CKOPOCTh 3ByKa, ompeaenserca u3 ypasHeHus (53). Ilpu

HU3KHX TeMIepaTypax o =0, +0 , npudeM nonaraeM o'/c, << 1. C yuerom popmyx (13), (14), Haxomum

4
, 8t T

0 =A——F——| . (66)
15(30; -1)\ 0,

Torma u3 (64) I TEITOEMKOCTH TIOTyYaeM
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27t (7Y ser’ Y
C, = Nl — | [I-A—F——| — 67)
5 o, 150, (307 -1){ o,

ITo cpaBHenmto c¢ Teopueii [lebas moBeneHNE TETIIOEMKOCTH W3MEHWIIOCH B JBYX OTHOLICHUWSX. Bo-NepBBIX, B CHIy
TOTO, 4TO O, >1, ymeHpImuUICA KO3(QGOHUIMEHT NpHU KyOUUecKoil 3aBUCUMOCTH H, BO-BTOPBIX, HApsoy C KyOHIecKoH

3aBUCHMOCTBIO MOSBHIICS WIEH MPONOPLHMOHATbHbIH 77 .
Yacro snepruro Jlebast onpeaensioT 1o MOBEJACHUIO TEINIOEMKOCTH TPH HU3KUX Temreparypax [27,28], kotopas

coriacHo (67) UMeeT BH
C, 12z T

— | . 68
N 5|6, (68)

3neck O, = 0,0, . Kak Bumum, npy u3MepeHUsIX HU3KOTEeMIIepaTypHOH TEII0eMKOCTH OIPEEesIeTCs CaMOCOIIaCOBaHHAs
sHeprus [ebas O, KOTopas OTIMYaeTCsl OT CaMOCOIIaCOBaHHOMU dHepruu O, = 00, IpHU KOHEUYHBIX TEMIIEpATypax.

IIJ'IH TOT'0 YTOOBI TMOBEACHNE TCIIJIOEMKOCTHU MOAYUHSAIOCH 3aKOHY T3 5 HGO6XOI[I/IMO, YTOOBI BTOpPOE cijiaracMo€ B

(67) ObUTO MHOTO MEHBIIIC IEPBOTO, T.€. BHIMOIHSAIOCH YCIOBHE
4

A 150, (30, -1)

— 69
o, 567° A (&)

4
Ecin A wmano, 10 0, =1 u (T/0,)" <<15/287*A . Tlo H3MepeRHsM OTKIOHEHHS TEMIOEMKOCTH OT KyGHYecKoro

3aKOHa IPU HU3KUX TeMIlepaTypax MOXeT ObITh ompeneneHa Oe3pa3mepHas MOCTOsHHAsE A . 3aMeTUM, YTO B OOBIYHON
teopun Jlebas creneHHas NoONpaBKa K KyOMYecKOMy cjaraeMoMy Jiisi HH3KOTEMIIEpaTypHOH TeII0eMKOCTH
OTCYTCTBYET U MONIPaBKa UMEET IKCIOHEHIIMAIbHBIN XapakTep:

ar* . 3 L
T —;e T (70)

CP =3N

Kak Bumao w3 (69), ¢ ysenmueHweM (OHOH-(POHOHHOTO B3aWMOICHCTBUS TeMIepaTypHas o0JacTh, Tne
CIIPABEIIMB 3aKOH T cyxkaercsa. Tak, mpu A =0,1 3akoH 7’ XOpOIIO BHITIONHACTCS MPH 7t << 0,08, a B cirydae
A=1 - npu 7% << 0,05 . Kak n3BecTHO, YTOObI X0 H3MEHEHHUS TEINIOEMKOCTH OBLI JOCTATOYHO OIHM30K K 3aKOHY 7,
00bI4HO HeoOXOo/MMa 00IacTh Temieparyp Hwke 7 =1/50 [27]. Hanuuue cTeneHHON MONPAaBKM K HU3KOTEMIIEPATyPHOM

TCIITIOEMKOCTH HpOHOleHOHaHBHOﬁ T 7 M 3aBUCUMOCTH TEMIIEPATYPHOI0 HWHTEPBaIA, TAC CIIPAaBCIJIMB 3aKOH ’Z'3 , OT

BEJIMYUHBI IOCTOSHHON (OHOH-(DOHOHHOTO B3aMMOJIEHCTBHUS, BO3MOKHO, OOBACHAIOT IIPMUMHY, 110 KOTOPOH 3aKOH 7
HaOJro1aeTcs Ipy Oosiee HU3KUX TEMIepaTypax, 4eM MOXKHO ObIIO Obl 0KHIATh.

1.0000

.

|
S~

0.9998 |

0.9996 |

AC,/T

0.9994 |-

0.9992

T T 1T
0.9990 L 1M L L 2 L ‘3 L

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
T

Puc. 2. [loBeneHne TEII0EMKOCTH TP HU3KHUX TEMIIEpaTypax.

3nece A=0,145 u A= 50’3/127&'4N . TemnoeMKOCTH: CIUIONIHAsS JWHHMS — 00 Teopun Jlebas; wuTpuxoBas — Juis
CaMOCOIIACOBAHHBIX (DOHOHOB; IITPUXITYHKTHPHAs — I10 MPUONIKeHHOH dopmyrte (67). Xapakreprsie Temmeparypst: 7, = 0,021,

7, = 0,045, 7, = 0,048 (cm. mosicHeHHe B TEKCTE).

TemneparypHble 3aBUCHMOCTH OTHOILICHHMSI TEIUIOEMKOCTH K KyOy Temmeparypbl B Teopuu Jlebas u B JaHHOM
MIOJIX0/I€ TIpeZicTaBiIeHbl Ha puc. 2. Kak BUIHO W3 JaHHOTO PUCYHKA, OTKJIOHEHHE TEINIOEMKOCTH OT KyOHMYeCKOTo 3aKOoHa
JUISL CAaMOCOTJIACOBAHHBIX ()OHOHOB HAUMHAETCSI CYLIECTBEHHO paHblie (mpu 7, = 0,021), yem anst pononos [lebast (mpu
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7, = 0,045). Temnepatypa 7, = 0,048 noka3splBaeT, KOI/ia 3HaUEHHUS, BEIYUCICHHBIE 110 NpUOMIDKEHHOH hopmyine (67)

HAYMHAIOT OTKJIOHATHCS OT PACCUNTAHHBIX 110 TOUYHOH (hopmyde (64). B kauecTBe KpUTepHs OTKIIOHEHHUS ABYX KPUBBIX
/i (2)- £ (2)
LD+ £:(7)

TEIJIOEMKOCTH CTETICHHOM MOIPABKK TIPOTIOPIMOHATBHON T , OATBEp KIano Obl CpaBeTMBOCTb MPEUIaraeMOi MOJIEH.

fi(7) u f,(7) BbiGupanocs yciosue 2 =3-10"°. O6HapyxkeHHe B HU3KOTEMIIEPATYPHBIX H3MEPEHUAX

Boicokne TeMnepaTypsl
PaccMoTpuM ciydaii BRICOKHX TEMIIEpaTyp, TakKuxX 4To 7 >> o . [IpuaumMas Bo BHuManue (14), npuxomum u3 (52)
K YpaBHEHHUIO

0'4—0'2—§A2':0.

(71

3nmech BO3MOXHBEI JBa ciydas. [Ipm Mameix A Hapsgy ¢ yclaoBHeM 7 >>1 MoXKeT OBITh BBIIOJHEHO YCIIOBHE
8A7/3<<1, Tak 4TO Ha TEMIIEPATYPY MMEETCs OrpaHuyeHne O << 7 << 3/8A . Toraa B 95TOM HHTEpPBAJIE TEMIIEPATYD

4
o=1+ EAT 1 UMCCM JIMHEUHOC T10 TEMIICPATYPEC OTKIIOHCHHE OT 3aKOHA I[IOJ'IOHFa - IItn

4
C, z3N[1—§Ar). (72)
Ananoruynas 3asucumocts Buga C, =3N(1-BT) B paMkax COBEpILICHHO MHOIO I0Axona Oblia mosydeHa B [29].

6

a
Cormacuo [29] B=0,63———, rne &,,,0,, - napamerpsl norennuana Jlennapa-/hxonca, a - paccrosHue MEXIy

z€,,0,,

OmDKalIIMMKE COCENIIMH, Zz - YHCIO ONMKadIIuX coceneidl. PaccuutaHHble ¢ MOMOLIbIO ATOM (OpMyIbl BENUYHMHBI
0e3pa3MepHOIi TOCTOSIHHON (POHOH-(DOHOHHOTO B3aMMOICHCTBHS /ISl HEOHA, aprOHA M KPHUIITOHA MPUBEACHBI B TabmuIe 1.
Jlnst Beex anemeHToB z =12 W npeanonaranocs, uro a/o,, =1,1 [29]. Belunciennoe 3HadeHne B cormacyercst ¢
M3BECTHBIMHA 9KCIICPHMEHTAILHBIMU JAHHBIMU JUlsl KpuiroHa [30]. 3aMeTuM, 0OIHAKO, YTO OTHOLICHHE a/0,, NOJDKHO
pactu ¢ Temrieparypoit [29], moatoMy 3HaueHus Iyt B u A B Tabmuiie 1, Ckopee BCero HeCKOJIbKO 3aHMKCHEI.

10 [pu BbIMONHEHMH yenoBui 8A7/3>>1 wm

s LT 7>>3/8A, KoTOpple B  OONACTH  HWKe
08l ’ ] TEMIIePaTypbl IUIABJICHHS MOTYT BBIMOIHATHCS LIS
g TBEPABIX TEJ C JOCTATOYHO CHJIBHBIM (DOHOH-
‘5,'3 ¢oHOHHEIM B3ammozeiicTBueM, u3 (71) cremyer,
w09 5 ] qTO
o ) SA 1/4
1/4
= o=|—| 7 (73)
O oal 1 3
A— a TEIUIOEMKOCTh BEIXOIUT Ha MOCTOSIHHOE
3HAYCHHUE
N A=0.05 | 3
C, ~2.3N 74
---------- A=0.145 Y4 (74)
09l o5 X s 55 s KOTOpOe  COCTaBisieT  3/4  Oor  3HaueHws,
T naBaemoro  3akoHoM  Jlromomra —  Iltm.

3aBUCHMOCTH TEIJIOEMKOCTH OT TEMIIEpaTyphl
IIPU HEKOTOPBIX 3HAYEHHsSIX mapamerpa A

Puc. 3. TemnepaTtypHast 3aBUCHMOCTb TE€INIOEMKOCTH HPH Pa3INIHBIX
3HAYCHUSX NapaMeTpa GOHOH-(OHOHHOTO B3aNMOJICHCTBUS

MOKa3aHkl Ha pucC. 3.

Tabmauna 1
Be3pasmMepHslii mapaMeTp GOHOH-(DOHOHHOTO B3aMMOJICHCTBHS
Ne Ar Kr
£,,K 36 121 173
0,,K 75 92 72
B.K™ 0,0026 0,0008 0,0005
A 0,145 0,05 0,03
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B3AUMOJIEHCTBUE CAMOCOI'JIACOBAHHBIX ®OHOHOB
[MpubnmxenHslit  y4eT (QOHOH-(POHOHHOTO B3aMMOJCHUCTBHS B MOJEIHM CaMOCOIVIACOBAHHOTO OIS C
raMuIbTOHHaHOM (16) mpuBeN K MepeHOPMUPOBKE CKOPOCTH (POHOHOB U MOSIBJICHUIO €€ 3aBHCUMOCTH OT TEMIIEPaTypBbI.
HeyurenHoe B 3TOM NpHOIMKEHUH B3aWMOJIEHCTBHE, KOTOPOE COAEP)KHUTCS B KOPPEISIIOHHOM TramuibToHuane (17),
ONWCHIBACT B3aHMOJIEHCTBIE CaMOCOITIACOBaHHBIX ()OHOHOB. XOTSA B JaHHOW pabore He wucciaexyrorcest 3¢dexTsl,
CBSI3aHHBIE C TAKMM B3aWMOCHCTBHEM, NPHUBEAEM BHJ ramuibToHHaHa (17), 3amMcaHHOTO B TEPMUHAX ONEPAaTOPOB
POXIICHNS M YHUUTOXKEHHS CaMOCOTJIACOBaHHBIX (DOHOHOB:

HC = Hﬂh—ph = HéZ) +Hé3) +Hé4) ’ (75)
rac
(2) h kikj * " N
He™ = 4pc (ﬂaibf _/1501751]/’) ZﬁTea (k’a) ) (k’ ﬁ) |:l//kal)ykﬁ _<l//kal//kﬂ>] 5 (76)
N k,a,
L[ P 1 ks
Hé3) = (ﬂaik-(sbc +_ﬂ’aib'0kj Z L2 A(k +k2 +k3 )ea (kl,a) e, (kz,ﬂ) e. (k3, }/) l//k,al//kqﬂl//ks ,
2\/? 2peg ! 3 k,ak;l;g Vkkyky 1 2 4 77)
" 1 1
24) = m(g ﬂij}d 0,0, + ﬂ’aibjkl ¥ +g/1afbjckd1 jx
s
y Z klikzj'k3kk41A(k1+k2+k3+k4)€a (kl,a)e,, (kz,ﬂ)ec (k3,}/)ed (k4,5)>< (78)
ki .k, k3 ky "klk2k3k4

a,B,y.6
X[Wk,ay/kzﬁl//k3yl//k4ﬁ - <l//k,al//kzﬂl//kzyl//k4§ >:| .

3nech W,, =¥, =b, +b',,, a takxe: A(k)=1 ecorm k=0 n A(k)=0 ecmu k#0. Bxmag GoHOH-)OHOHHOTO

B3aUMO/ICHCTBUSI CaAMOCOTJIACOBaHHBIX ()OHOHOB (75) B TEpPMOJMHAMHKY CHCTEMBI MOXET OBITH YYTEH IO TEOPUH
BO3MYIICHUH C WCIOJNB30BaHUEM JaHarpaMMHON TexHuku [22]. Ha ocHoBe rammibproHHaHa (HOHOH-(GOHOHHOTO
B3anmozeicTBus (75) MoxeT OBITh MOCTPOEHa KHWHETHKA CaMOCOriIacoBaHHBIX (oHOHOB [31,32]. IlpemnosxeHHBINH
TTOJIXO/T MOKET OBITh TakKe NMPUMEHEH Ul (POPMYIHPOBKH CAMOCOTJIACOBAHHONH KMHETHYECKOM TEOPHH KBa3HIACTHIL
TIPOU3BOJIEHON TIPHUPO/IBI, TOJOOHOH Ta30IMHAMHYECKOH TEOpHH, pa3BUTOH B padortax [33,34].

BbIBO/IbI

MeTtox camMOCOTIIaCOBaHHOTO TOJIS MPUMEHEH JUIS ONMHMCAaHUS B3aMMOACHCTBYIOHINX (POHOHOB B TBEPAOM TeIe.
Yuer (GoHOH-POHOHHOTO B3aUMOICHCTBHS B NPUOJMKEHHH CaMOCOTVIACOBAHHOTO TIOJIS MPUBOIUT K IOSBICHHUIO
3aBUCHMOCTH CKOPOCTH TakMX ()OHOHOB OT TeMIepaTypbl. BBeaeHHbIe B ITpeaiaraeMoM oaxoae (POHOHBI, MOTYT OBbITh
HAa3BaHBI «CaMOCOTJIACOBAHHBIMUY» WIJIH «OJICTHIMH», B OTJIUYHEC OT «ToJiibix» (oHOHOB Teopuu Jlebas. Iloctpoena
TEPMOJIMHAMHKA CHUCTEMBI «CaMOCOTJIACOBAHHBIX» (POHOHOB. BrrumciieHa (pOHOHHASI TEMIOEMKOCTh U IOKAa3aHO, YTO
IpH HU3KHX TEMIepaTypax K 3aBHCHMOCTH 1~ HMeeTcs CTeleHHas IMONpaBKa, NMpoHopuuoHaneHas I . Do, mo-
BUUMOMY, TI03BOJIET OOBSICHUTE, TI0YeMy 3aKOH 7" IS TEIIOeMKOCTH HAabBMIoaeTcst TONBKO IPH JI0BONLHO HU3KHX
Temmneparypax. Habmojenne B JKCIEpUMEHTe, Hapsdy ¢ KyOMYecKoi, 3aBHCHMOCTH T B HH3KOTEMIIEPaTypHOIl
TEIUIOEMKOCTH MOJKET OBITh KPHUTEPHEM IIPABIIIBHOCTH TIPEAJIONKECHHOW Teopud. lIpm BBICOKHX TeMIlepaTypax
IpeCcKa3bIBaeTCs OTKIIOHEHHE OT 3akoHa Jrononra-IItu, mponmoprmonansHoe 7, 94TO HaOMIOAAETCS B SKCIIEPUMEHTE.

HOCKOHBKy B llaHHOﬁ pa60Te BBOAUTCA NPEACTABICHUEC O PA3JIMYHBIX TUIIAX KBa3I/IqaCTI/IH-(1)OHOHOB, a UMCHHO,
«ToNBIX» (WK «JIe0aeBCKUX») U «OAETHIX» (MM «CaMOCOTIaCOBaHHBIX»), TO B 3aKJIIOYEHHH ClIeJIaeM o0llee 3aMeyaHne
0 KBa3WMYaCTUYHOM OIMHUCAHWU MHOTOYACTUYHBIX CUCTeM. [Ipe/cTaBieHre 0 KBa3HUACTHIIAX, SBIACTCS MPUOIIKSHHBIM
0 CBOCH CYTH, TIOCKOJIBKY, €CiIH Obl ObLIa BO3MOXXHOCTh TOYHO PEIIATh MHOTOYACTHYHYIO 3a/1a4y, TO HEOOXOAUMOCTh
BO BBEJICHUH MMOHATHS O KBa3WYACTUIAX HE BO3HUKANIO ObI. OTHAKO, TOCKOJIBKY MHOTOYACTHYHAS 33/1a4a 3aBEIOMO TOYHO
penieHa OBITH HE MOXET, TO TPEACTABICHHE O KBA3UYACTHUIIAX, HECOMHEHHO, HOCHT (DyHAaMEHTAIBHEIA XapakTep, XOTs
caMo BBEICHHE KBa3UYACTHI] [T TOM MITH MHOW CHCTEMBI SIBIISIETCS HEOTHO3HAYHBIM. MoXKeT OBITh 3a1aH Bompoc: «Kakue
W3 Pa3MUIHBIM O00pPa3OM OIPENEICHHBIX KBAa3MUYACTHUI SIBITIOTCS Hamboliee «peanbHBIMI»?» OYEeBHIHO, YTO TAKUMHU
HamboJlee «peaJbHBIMI» CIEAYEeT CUUTATh T€ KBa3HMUYACTHUIIBI, KOTOPHIE MAaKCHMAIFHO XOPOIIO OMFCHIBAIOT TAHHYIO
CHCTEMY B MOJIEH HICaJHHOTO T'a3a STHX KBa3H4acTUIl. MoIeb caMOCOTIIACOBAHHOTO TIOJISI CTPOUTCS TAKHM 00pa3oM,
YTO KBAJIPAaTUYHBIA TaMIJIFTOHHAH MOJENH BbIOMpaeTcst Hanbosee OJIM3KUM K TOYHOMY TaMHIJIBTOHHAHY CHUCTEMBI [18,
20-22], u, cnenoBarenbHO, KBAa3UYACTHIIBI, BO3HUKAIOIINE B paMKaxX TaKOH MOJIETH, MAaKCUMAJIBHO XOPOIIO OMUCHIBAIOT
JAaHHYIO CUCTEMY. ﬂ,ﬂf{ zlanLHeﬁmero YIYUIICHUA OIMMCaHus, CJICAYCT YUUTbIBATh BSaHMOHeﬁCTBHe MEXKAY KBa3u4yaCTHUILaMU.
CraenanHoe 3aMe4aHHe MOJHOCTHIO OTHOCHTCSI K «CaMOCOITIaCOBAaHHBIMY» (POHOHAM, C ITOMOLIBIO KOTOPBIX, KaK ObLIO
MI0Ka3aHo, Y/IaeTCsl OIMCHIBATH OoJiee TOHKUE I QEKTHI, 4eM C TOMOLIBI0 (POHOHOB B 1€0aCBCKOM ITPUOIIIKEHUH.
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The paper is the result of investigations the authors of initial stages of hydrogen isotope retention and migration, formation of radia-
tion damages of lattice in the constructive materials irradiated wich H/D" ions. The studies methods were thermal desorption spec-
troscopy (TDS) combined with electron microscopy (TEM and SEM) and electrical resistance measurements. Deuterium retention
was studied as a function of ion fluence, implantation temperature, incident ions energy and pre-implantation by He" ions. Special
attention was given to the investigation of thin films of constructive metals irradiated with D" ions with the range greater than the
film thickness. Also the trapping of deuterium in thin metallic films was investigated at D" ions implantation (the range was compa-
rable with the film thickness). Possible mechanisms are proposed to describe the observed processes.

KEYWORDS: defects; deuterium, hydrogen; retention; implantation; desorption; plasma-facing materials

HAKOIIMYEHHA 130TOIIIB BOAHIO TA JE®EKTIB PELUITKHA B KOHCTPYKIIMHUX MATEPIAJIAX, OITPO-
MIHEHUX IOHAMHM H'/D*
B.B. Bo6xkos, JLII. Tumenko, T.1. [leperon, F0.1. KoBTyHeHKO
Xapxiecvruil HayionanvHuil yHieepcumem imeni B.H. Kapaszina
M. Ce0600u, 4, Xapxis, 61022, Vkpaina

CrarTd € mICyMKOM JIOCIIKEHb aBTOPIB CTATTi MOYATKOBUX €TAaIiB HAKONMYCHHS Ta Mirpamii i30TOIiB BOAHIO, YTBOPEHHS pajia-
HifHUX TIOMIKOKEHb KPUCTATIUHOI PENIITKY B KOHCTPYKIIHHUX MaTepianax, 1o onpomineni ionamu H'/D'. Jlocnimkenns mposo-
JUAITUCS 32 JIOTIOMOTOK0 TePMOACCOPOIiiHOT crieKTpoMeTpii B KoMOiHalii 3 enekTpoHHO0 Mikpockomiero (ITEM i PEM) i Bumipro-
BaHHSM CJICKTPUYHOTO OMOpy. YTpHUMaHHs ACHTEpil0 BUBYAIOCS B 3aJIE)KHOCTI Bill 103M OIPOMIHEHHS, TEMIEpaTypH iMIUIaHTALLI,
eHeprii Majalouux ioHiB i momepemHKOro ompomineHHsi ionamu He'. OcobnuBy yBary NMpHUIiTeHO DOCHTIIKEHHIO TOHKHX MIiBOK
KOHCTPYKIITHIX MeTaiB, 110 onpoMineHi ionamu D' 3 mpo6irom, GinbImuM 3a TOBIMHY IUTBKH (IIPOCTPIM»), a TAKOXK AOCIiIKEH-
HIO TOHKHX METaJeBUX TLTBOK 3 iMIUTAHTOBAaHMMH i0HaMH D' (IpoGir ioHiB GyB MOPiBHAHMIA 3 TOBIIMHOIO TLTiBKH). 3aNPONOHOBAHO
MOJKJIMBI MEXaHi3MH IPOIIECIB, IO CIIOCTEPIratOThCS.

KJIIOYOBI CJIIOBA: nedexry, neiitepiii, BoJeHb, HAKOMUYCHHS, IMIUTAHTaNis, 1eCOPOLis, KOHCTPYKIilHI MaTepiann

HAKOIVIEHHUE N30TOIIOB BOAOPOJA U AE®EKTOB PEHIETKHA B KOHCTPYKIIUOHHBIX MATEPUAJIAX,
OBJYUYEHHBIX HOHAMHU H'/D*
B.B. bo6kos, JL.II. Tumenko, T.U. Ileperon, F0.U. KoBTyHenko
Xapvrosckuii Hayuonabublll ynusepcumem umenu B.H. Kapasuna
ni. Ce0600w1, 4, Xapvros, 61022, Vxkpauna

CTaThs MPE/CTaBIIACT UTOT UCCIICOBAHMIT aBTOPOB CTAaThH HAYaJIbHBIX CTA/HI HAKOIUICHUS M MUTPALMK H30TOIOB BOJOPOAA, 00pa-
30BaHMS PajMAlMOHHBIX MOBPEKACHHH KPUCTA/TMYECKOH PeleTK B KOHCTPYKIMOHHBIX MaTepuanax, oomydeHHbx vonamu H'/D'.
VccnenoBaHus IPOBOIMIMCH METOAAMH TEPMOECOPOIIMOHHON CEKTPOMETPHUH B COUSTAHHUH C JIEKTPOHHON MuKpockormer (IIOM
u POM) u n3mepenueM 3J1eKTpUuecKoro conpoTuBieHus. Hakomienne aeiftepys B MaTepuaiax u3ydajoch B 3aBUCHMOCTH OT JI03bI
06J'[y‘leHl/15[ HOHaMU, TEMIIEPATYPbl MUIICHU IPU UMIUIAHTAlUX, SQHEPTUHU NaJalolIUuX UOHOB U MPEABAPUTEIIbLHOI'O O6J'ly'-leHI/lﬂ HOHa-
mu He'. Oco6oe BHUMaHKE YZIeNICHO MCCIIE0BAHUSAM TOHKHUX IJICHOK KOHCTPYKIIMOHHBIX METAJLIOB, 00JIy4YCHHBIX HOHAMH D¢ po-
Oerom 0oJblIe TONIIMHBI IVICHKH (CIIPOCTPEI»), a TAKKE MCCICAOBAHNIO TOHKUX METAIIMYECKUX IUICHOK C MMIUIAHTHPOBAHHBIMHU
moramu D' (Ipo6er HOHOB COMOCTABMM C TOJIIHHOM TUTeHKH). [IpeiokeHs BOSMOKHBIE MEXaHH3MBI HaBMOIaeMBIX TIPOIIECCOB.
KJIFOYEBBIE CJIOBA: nedektsl, neifrepuii, BOIOPOA, HAKOIUICHHE, UMIUTAHTAIHSA, 1€COPOIHs, KOHCTPYKIIMOHHBIE MaTEPUAIIBI

B coBpeMeHHBIX 3KCIIepUMEHTax Mo TepMosaepHomy D/T cunTe3y, JUIs IOCTPOCHUS W SKCIUTyaTalluy OyTyliero
TSP oueHb BaXKHOH TPOOIEMOI SIBISCTCS B3aUMOJICHCTBIE YICPKHUBaEMO MarHUTHEIM ITOJIEM TOpsTIeil TIa3MBI ¢ KOH-
TaKTHPYIOIIUMI KOHCTPYKIMAMH YCTaHOBKH [1]. 3aXBaT M TepMHYECKOE OCBOOOXKIECHHE M30TOIIOB BOJIOPOAA U3 MaTe-
pHaoB CTEHKU MPU B3aMMOJACHCTBUH TIa3Mbl C MX MOBEPXHOCTHIO SBIISIOTCA BaXXHBIMHU (haKTOpamu paboTocrnocoOHO-
cTH Oyaynux peakTopos. Kpome Toro, n30Tomsl BOAOPOAA, MMIUIAHTHPYEMBIE B MaTepHall CTEHKH, CO3Jai0T IpodiiemMy
HaKOIUIEHUs B HUX TpuTHs. CBelleHHs O MOBEJCHUH UMIUIAHTHPOBAHHBIX H30TONOB BOAOPO/A B SHEPI€THUECKU HArpy-
JKEHHBIX YacTAX TEPMOSICPHBIX YCTPOMCTB HEOOXOAWMBI TAaKXKe IJIS MOHMMAHMS WX PELUKIIMHTA IO BO3ACHCTBHEM
riazmbl. OnHOM M3 BakHBIX 3ajad npoekta MTOP sBnsercs BHIOOP KOHCTPYKIMOHHBIX MaTepUalioB JUIsl 3alllUTHI
YCTPOMCTB, KOHTAKTUPYIOLIMX C TUIa3Moil. B cooTBeTcTBHM ¢ TpeOOBaHUAMHU U KpUTepusiMu oTOopa ycrpoiicts UTOP,
OOJIMIIOBOYHBIE MaTE€pUaJIbl MOTYT OBITh BBIOPaHBI U3 OEPHILINS, YIIEPOA0COIepIKAIINX KOMIIO3UTOB U BoJib(pama [1—
3]. B mocnenHee necaTuieTne MpoLEcChl 3aXBaTa AeHTepHs U 00pa3oBaHMs Ne(EKTOB PEIIETKH, PEIMUCCUN U TEPMO-
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JecopOuuu iedtepus U3 MatepuaioB Ha ocHoBe Be, W u mMarepuanoB Ha ocHOBe rpaduTa HHTEHCHUBHO M3y4aroTcs [2,
4-11]. TepeuncieHHbIe MCCIIENIOBAHUS BBITIOTHEHB! C 00BEKTaMH, 00Ty4eHHBIMH HOHAMH D' MpH BBICOKHX 032X 00-
JIy4€HUs1, 3HAUUTEIBbHO BBILIE 1:10"cm™, korza, Kak U3BeCTHO [5], B 06beMe 00pa3roB 00pa3yroTCs MPEUMYIIECTBCHHO
CKOIUIEHHS] MMIUIAHTUPOBAHHBIX YacTHIl ACHTEpHs B BUJE ITy3bIPHKOB, a Ha MOBEPXHCTH — OiucTepsl. bonbioil nHTe-
pec BBI3BIBAIOT MCCIEIOBAHUS HAYAIBHBIX CTaJUi HaKOIUIEHHUsS] HOHHO-UMIUIAHTUPOBAHHBIX U30TOIOB BOAOPOJA B KpU-
CTANIMYECKOH PEIIeTKE MaTepuaoB ¢ 00pa3oBaHHUEM TBEPJIBIX PACTBOPOB BHEIPEHHS WM 3aMemieHus. Toraa mccie-
JIOBaHHMS JIOJDKHBI OBITH BBITIOJIHEHBI C 00BEKTaMH, O0TyYCHHBIMH TIPH MAJIBIX 103aX OOJIydEHHUS] HOHAMH H30TOIOB BO-
Jaopoja. B nurepaTtype qaHHBIE IO UCCIEI0BAHNIO HAYAJIBHBIX CTAJANN HAKOIUIEHUS 3TUX I'a30B HEMHOTOYHUCIIEHBI.

B Hacrosimed craTbe MpeAcTaBICHBI UTOTOBBIE PE3YNbTAThl 3KCICPUMEHTANBHBIX PAa0OT MO M3YUYEHUIO 3aKOHO-
MEpHOCTEH 00pa30BaHMs U OTXKUTa COOCTBEHHBIX PaJMAlMOHHBIX JE()EKTOB KPUCTAIUIMUECKON pEIIETKH, HCClea0Ba-
HUIO HAKOIUICHHUS U TEPMHUYECKOTO BBIIEICHUS B BaKyyM MOHHO-MMIUIAHTHPOBAHHBIX B PEIIETKY M30TOIOB BOJIOpOJA
(D, H) u3 psina KOHCTpYKIMOHHBIX MaTepuaioB i ycrpoiictB Y TC. UccnenoBanus Beinonnensl B HUIT nadopatopun
nouHbIX nponeccoB @TO XHY umenn B.H. Kapasuna. Vicionb30BaHbI METOABI TEPMOAECOPOIIMOHHON CIIEKTPOMETPHU
(TAC), 21eKTpOHHON MUKPOCKOIINN M U3MEPEHHUS DIIEKTPOCONPOTUBIICHHS, IyBCTBUTEIHFHOTO K TOUEYHBIM PaJNAINOH-
HBIM Jle()eKTaM KPHCTAJUIMYECKON peleTku. MccienoBansl 4ucThie MeTajulbl B MaccMBHOM Buze Be, Zr, Tau W u B
Buze ToHKHX 1mieHok V, Cr, Fe, Ni, Nb; yrneponoconepskamue marepuaisl: rpadgut MIII-8, nerupoBaunnsiii Ti, u yr-
necutamn Y Cb—15U; cnoxHble COeTMHEHMS: MapraHI[OBUCTas ayCTeHUTHas cranb Mapku Cr12Mn20W, crinaB BaHagust
V75Crys; murpunsl TiN u BN; momynpoBoganku GaAs, GaP u Si. Omenenensl 3HadeHNs KO3(QQUIIMEHTOB 3aXBaTa 00-
pasuamu geitepus. VccnenoBana TepMmudeckas aecopOmus D, w3 00pasnoB B BaKyyM HpH MOCTHMIUIAHTAIIMOHHOM
Harpese. [Ipe/icTaBieHbl Pe3ynbTaThl MO BIMSHHUIO 103k 06mydenus F u sueprun E nonos H' u D', temneparyps T
MHUILIECHU TIpH 60MOapANpPOBKE U MPEABAPUTEIBHON MMIIIAHTALUMY T€IHs Ha BEIWYNHY K03(h(HLINCHTa 3aXBaTa JenTe-
pHUS M XapakTep CHEKTPOB €ro TEPMUYECKOH MECOpOIMH W3 MEPEeUHCICHHBIX MaTepHaioB. V3ydeHo H3MEHEHHUE 3JIeK-
TPOCOMPOTUBICHUS TOHKUX METAIMYECKUX MJICHOK, MOJACIUPYIOIINX IPUIIOBEPXHOCTHBII CII0M MacCUBHBIX MaTepHa-
JIOB U SIBJISIIOIINXCSl KOMIIOHEHTAMH HCCJIEJOBAaHHBIX CTAJIM U CILIaBa, B Ipoliecce HOHHOW 60MOapJMpOBKH U30TONAMU
BOJIOPOJia M IIPH MOCIEIYIONEM Harpese.

Llens nccnenoBaHuii — U3y4eHHUE MPOLIECCOB 00Pa30BaHUs U OTXKHUIA PAJANAIMOHHBIX 1e(EKTOB, B3aUMOJICHCTBHS
COOCTBEHHBIX /1e()EKTOB MATPHUIBl ¥ UMIUIAHTUPOBAHHBIX YACTHIl HOHHOTO Iy4Ka; H3y4YeHHe M3MEHEHUH MHUKPOCTPYK-
TYpPBI IPUITOBEPXHOCTHOTO CJIOSI M MOP(OJIOTHH MTOBEPXHOCTH 00pa31oB, 00IyUeHHBIX H30TONaMu Boopoaa. Mccnemo-
BaHMS TPOIECCOB MMIUIAHTAIIMA HOHOB ACHTEpHs B (DYHKIHMOHAIbHBIC BOJb(PAMOBBIE MOKPHITHSA KOMITO3UIMOHHBIX
ctpyktyp B HUII nabopaTtopun mpoomKaroTes.

METOJIUKA SKCIHEPUMEHTAJIbHBIX UCCJEJTOBAHUM
OnucaHne UcciIeJOBaHHBIX 00pa3IoB B HICXOJHOM COCTOSHUH:

e Be — ocax/eHHas B BakyyMe (oJbra BHICOKOW YHCTOTHI C COAEpIKaHUeM NpuMecu kuciopozaa meHee 0,5 at % [11]

tommuuHou 0,2 MM;

Zr — ocakcHHAs B Bakyyme (oibra u3 Zr auctoTsl 99,6% tommmuoi 7,1 — 7,3 MKM;

Ta — donbra uncrorsr 99,8% TommuHoit 0,05 MM;

W — donera wncrorsr 99,9% Tonmmaoit 0,05 MM;

snurakcuaneHeie TwreHku Cr(001), Ni(111), Ni(001), Nb(110), V(110) u momukpucTamummdeckue ieHka Fe ¢ ton-

mHaMu 50 — 200 HM 1 cpeaanM pazmepom 3epeH 100 — 130 HM, TOTyYEHHBIC SJIEKTPOHHO-ITYIEBbIM HCTIAPEHUEM

yrcThIX MeTamuioB (99,99 — 99,6%) u konaeHcanuel nx napoB Ha ckoabl KCl uam cioronsr ¢propdiioronur B Kpuo-
reHHoM Bakyyme He xyxe 10°ITa Bo Bpems Hambiienus. Mcciea0Banich CBOGOIHBIE ICHKH, OTAEICHHBIE OT MO/I-

JIOXKEK;

e rpadur MIII-8 — muiactuHb! TommuHo#i 0,5 MM. DTO BBICOKOIIPOYHBIN, MEIKO3EPHHUCTHIH, MaJIOIOPUCTHIA MaTepua
C TOMOT'€HHOH CTPYKTYpoOH u jiernpoBanHbiil Ti; monydeH, cornacHo [12, 13], u3 HenpokajeHHOro HeTSHOTO KoKca
1 KaMEHHOYTOJIFHOTO TeKa MPECCOBAHUEM C MOCIEAYIONMM OT)KUTOM U IpauTH3aNNECH;

e yraecutamul YCB-15U1 — mnactunsl Tonmuuoi 1 MMm; cornacuo [12, 14, 15], aTo MaTepuan ¢ 0JHOPOJHON MENKO-
3€pHHUCTON CTPYKTYpPOHl ¢ XapaKTepHBIM pa3MepoM 3epeH 50 HM M ICeBIOreKCaroHaNbHOM pemieTkod. Marepuan
KBa3MU30TPOITHBIN, BBICOKOIIPOYHBIH, MOHOJMTHBIN, MOTY4YEH MPU OJHOCTAAMHHOM KaTaJUTHYECKOM IMHPOJIH3E B
npucyrctBun B Ha Harperyro 10 1800 K momtoxky. B cBoeii anemeHnTHON ocHOBE 310 yrirepon ¢ 10—-15% conmepxa-
HEEM B;

® MaprasIOBHCTas aycTeHUTHas ctans Mapku Cr12Mn20W B Buze mracTuH TommuHoH 0,2 MM nmena cocTtas B %:

Fe - 66,41, Mn - 20, Cr - 12, Si-0,33, C- 0,101, Ni—- 0,01, W - 0,95;

e CIIjIaB BaHaaMs B BHJE IacTHH ToamuHou 0,4 MM umen coctaB B %: V — 75, Cr — 24,81, Fe — 0,13,
W -0,027, Y — 0,024, Ni <0,001, Ti <0,005;

e TiN — nmokpsiTHe TOMUMHOI ~10 MKM, MOJTy4YE€HHOE BaKyyMHO-IUIa3MEHHBIM ocaxkiaenueM Ti B arMocdepe azora ¢
JlaBJICHUEM 102 — 6,6 la Ha momnoxxku u3 cramun XI18HIOT. Umeer 'K pemierky v MIOTHOCTh TUCIOKALUN
2:10" em™ [16];

e BN — mnactussl TonmmHol 0,6 MM, ITOJTy4Y€HHbIE METOJIOM ra30(ha3HOr0 OCXKICHUS; 3TO BEICOKOANCIIEPCHBIH I10-
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JIMKPUCTAJUIMYECKUH MaTepHall ¢ aHM30TPOITHOM TeKcaroHaJIbHOM rpadMTOnoI00HOM PEMIeTKON ¢ CHIIBHO aKCHaNb-
HOIT TeKCTYpOii U IIOTHOCTHIO auciokanuit 10 — 10 em™ [17];

¢ GaAs (100) — B Buze mmacTuH ToummHoM 0,4 MM, JISTHPOBaHHBIN Sn, 1 = 5,6-1016 - 1,1-10]7 CM’3;

e GaP (111) — B Buze mIacTHH TOMIUHOM 0,4 MM, eruposanusiii Te, n = (4 —5)-10" cm™;

e Si— mIacTUHBI TOIUHON 0,4 MM.

OO6pa3upl 00Mydanuch MPH TOJABJICHWH BTOPHYHBIX 3JIEKTPOHOB MOHORHEPTETHYHBIM MacC-CENapHpOBAaHHBIM
My4KOM HOHOB D," ¢ mroTHOCTBIO TOKA TopsIKa 1 MKA-cM™ 0 103 obmyuyeHHs F, Nexammx B MHTEpBaJe 1-10' —
1-10" em™. Dueprus nonoB D," cocrasmsna 40 k3B (20 k3B DY) muGo mabop 10, 20 u 30 k3B (5, 10, 15 k3B D) ans
OCYIIECTBIICHNSI 00JI€€ OAHOPOAHOTO MPOHUIISA paclpeAeiIeH!s UMIUIAHTHPOBAHHBIX YacTHI[ JeHTepus 1o riryoune. B
psAe SKCIIEPUMEHTOB (IIPEUMYIIECTBEHHO IPH UCCIICAOBAHIH TOHKMX IUIEHOK METANIOB) 00pa3Ilsl 00IyJaInch MOHO-
SHEPTETHYHBIMH MacC-CelapHpOBaHHEIMH IMyukaMy HoHoB D' wmm H™ npu sHeprusx B uaTepsane 10 — 40 k3B 10 103
oGmyuenns B auanasone (1-5)-10'°cM™ npu KOMHaTHO# TemmepaType.

IIpeiBapUTEILHO UMILTAHTUPOBAHHBIE B 00pasibl MoHb He ™ nmenu suepruio 30 k3B wiu Habop 5, 10 u 15 k3B,
s Goslee OJHOPOIHOTO PacTpeieieH s YACTHIL Telus Mo ray6uHe. 3Hauenus sHeprun nonos He' u D, moxbupanuch
B Ka&)XKJIOM 3KCIIEpUMEHTE TaKMMH, YTOOBI X MPOEKTHBHBIE MPOOeTH ObUIN 0MHAKOBEIMU. CpelHHEe IPOEKTHBHBIE IIPO-
6eru noros H', D' u He' B 06pasiax McciefoBaHHBIX MATEPHANOB OIEHUBAIMCH MO JaHHBIM pabot [18, 19], n ux
3Ha4eHus Haxoqwuchk B naTepsane 10 — 400 HM. B ciryuae KOMOMHMPOBaHHBIX ITOCIIEIOBATEIBHBIX HMIUIAHTAIIMN IO
cxeme He', D," sHeprum u 103b1 HOHOB ObUIM TAKMMM €, YTO M B OMBITAX C UMILIAHTALMEH HOHOB OjtHOrO THMa. Mc-
ClIeIoBaHHBIE 00pa3Ibl OOTyJaich KaK IPH KOMHATHOM, TaK M MPH 0oJiee BHICOKMX TEMIIEpaTypax MHIICHH B MHTEP-
Base 370 — 670 K.

ITpn M3y4eHHH MPOLECCOB HAKOIJICHUS MOHHO-MMIUIAHTHPOBAHHBIX M30TONOB BOAOPOAA B KOHCTPYKIMOHHBIX
MaTepHasax U BbIIENEHHS UX B BaKyyM, 0Opa30BaHUsS M OTKHUTa COOCTBEHHBIX paJMallMOHHBIX A€()EKTOB KpUCTAIIHYE-
CKOM peIIeTKH MaTepHalioB ¥ UX B3aUMOAEUCTBHS APYT C APYTOM H C U30TOIAaMHU BOAOPOa OBUIM HCIIONB30BAHbI Clle-
JyIole MeTonbl: Tepmoaecopbimontas cnekrpometpus (T/IC), u3mepeHue 3JIeKTpUYECKOT0 COIPOTHBIICHHS U AJIEK-
TPOHHAsI MUKPOCKOIIHSI MHUKPOCTPYKTYPBI ITpunoBepxHoctHoro ciost (II9M) n mopdosnorun nosepxuoctu (POM) 06-
Pas3loB Kak B UICXOJAHOM COCTOSIHUH, TaK U MOCJIE O0Jy4YEHHS U OTXKHTa.

Merozom TJC nsydanu kodppuuueHTsl 3aXBaTa ASHTCPHs 1), M TeIs Ty, 00paslaMu W MOJIy4aid CBEICHIs

00 MX pe3MHCCHH B IIpOIiecce HOHHON OOMOapAMpOBKH MHINEHH; UCCIENOBAIUCH CHEKTPHl TEPMUYECKON IecopOnnu
9THX Ta30B U3 00pa3loB B BakyyM. 3mepenust KodpureHToB 3aXxBaTa NEPEUNCICHHBIX YaCTHI] HPOBOAMWINCH MIPU
MMOMOIIX OBICTPOTO HAarpeBa OONYYEHHBIX 00Pa3IoOB (METOAOM BCITBIIIKH) MPH IOJHOM WX HCHapeHUH. BemnumHa n
paccunThIBaIach Kak OTHOIIEHHWE KOHIEHTpanuu C 3aXBaueHHOTO IIPH MOHHON MMIUIAHTAIMHU Ta3a K 103€ oOmyueHus F
MOHAMH TOTO rasa. 3HAYCHHsI PEIMUCCHH HUMIUIAHTHPOBAHHBIX YaCTUL| OLCHMBAINCH 0 BenuuuHam (1-m, ) win

(1-My,. )- CriexTpbl TepMUUECKOH 1ecOpOIMU U30TOIOB BOJOPOIa U I'eIUs U3ydalu IPU HarpeBe 00Iy4eHHBIX 00pa3LoB

¢ noctosHHO# ckopocthio (0,15 0,5; 1,0; 2,0 K-¢™') B TemmeparyproM maTepBane 290 — 2000 K. Ouu npescTapisin
co0OM 3aBUCHUMOCTH KOJHYECTBA S YacTUI] MMIUTAHTHPOBAHHOTO Ta3a, BBIICIHMBIINXCS TPU JaHHOW TeMIieparype
HarpeBa 7, OT 3HaUEHU 3TOU TemriepaTypsl. Harpes oOydeHHBIX 00pa3noB npooamics Ha Ta eHTe ¢ mpuBapeHHOH K
HEH TepMomnapoi (XpoMens—anioMelnb, Boab(ppaM—BoibdpaM-pennii, matnHa—cnias miatuasl U 10% poxust). A6-
COJIIOTHAs OIMOKa M3MepeHus temneparypsl He npesbimana + 10 K. Mzmepenue Bennaue C 1 S BBIIONHEHH IPH T0-
Mot macc-criekrpomMerpoB MX-7303 u [I1TU-7A, kanubpoBanHbix HaTekaTesneM ['EJIUT-1, u naHHBIX MO CEYCHUIO
MOHUM3AIIMU B MX UCTOYHHWKAX YaCTHI] renus, Bogopona u neitepus [20]. IlapumansHoe naBieHHe BOAOpoOJa Mepes
HauaoM Harpesa coctasisuio 1-10°Ia, a nefitepus u remus — menee 1-107 [Ta. UyBCTBUTEIBHOCTh HCIIOIb30BAHHOTO
METO/1a K OMpe/IeICHHIO KOIMUECTBA BBLIC/MIOUIMXCS B BAKYYM 4aCTHIL ICHTepHs 1 rejus Obina He Xyxke 2:10'2 cm™.

Jlnist n3ydeHnst 3MEHEHUH 3JIEKTPUYECKOT0 CONPOTHBIICHUSI R TOHKMX METAUTMYECKHX IUICHOK B Tpolecce OoM-
0apIMpPOBKH M OTKHIA HCIIOJIB30BATACH YETHIPEX30HOBAsI CXeMa M3MEPEHHUs MaJICHNsl HaNpsDKeHUs Ha oOpasle npu
nomoiy norenunomerpa P-306 ¢ TouHOCTBIO 2- 10 MB; oTHOCHTE/bHAS OMIMOKA HU3MEPEHUs] BETMUMHBI R COCTaBisia
+0,01%.

Wzydenne n3MEHEHNH MUKPOCTPYKTYPHI U (pa30BbIe MPEBPAIICHUS IPUIIOBEPXHOCTHOTO CIIOSI, COAEPIKAIIET0 M-
IUTAHTUPOBAHHBIE YACTHIIEI H30TOIIOB BOAOPOAA, MPOBOAMIOCH HA YTOHEHHBIX MACCHBHBIX MaTepHalaX U Ha 0OIydeH-
HBIX METAJUIMYECKUX TOHKUX IUICHKAaX, MOJCIUPYIOMNX MPUIOBEPXHOCTHBIN CIIOH, MPH MOMOIIN MPOCBEYUBAIOIIETO
AIEKTPOHHOTO MHUKpockona [IOM-Y. N3ydenne namMeHneHnid MOpQoJorui MOBEPXHOCTH 00IyUeHHBIX 00pa3I[oB MPOBO-
JUIIOCH Ha PacTPOBOM 3JIEKTPOHHOM MHKpockone POM-100Y.

PE3YJbTATBI U OBCYXIAEHUE
HccnenoBanne 3aKoHOMEPHOCTEH HAKOIUIEHUS] HOHHO-HMIIJIAHTHPOBAHHBIX M30TOMOB BOA0OPOIa
B KOHCTPYKIMOHHBIX MaTepHaiax
3aKOHOMEPHOCTH HaKOIUICHUS! M30TOINOB BOJOpoJa (MPOTHS M AEHTEpHs) B IMpoliecce MOHHOW OOMOapIupOoBKH
00pa3IoB U3YYAIHCH 110 3aBHCUMOCTSIM KoindecTBa C MMIDIAHTHPOBAHHOTO Ta3a M MPHUPOCTA YAETHHOTO 3IIEKTPOCO-
NpOTHBJIEHHUS Ap OT 03Bl 0ONy4eHHs F HOHAMH HcClieyeMoro raza. Bennunna C n3Mepsuiach 1Mo KOJHMYECTBY AECOp-
OMpOBAaHHOTO Ta3a TpPH OBICTPOM HarpeBe OOIYUEHHBIX 00pa3oB (METOAOM B3PBIBHOTO M ITOJHOTO MX HcmapeHus). Ha
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puc. 1 mokaszaHsl 1030Bbl€ 3aBUCHMOCTH BIUIOTH 10 F=1-10"8cm? xonuuecTsa HMMIUIAHTUPOBAHHOTO JIeHTEpUs CDz B

criaBe BaHaausi V7sCrys (kpuBast 1), MmaprannoBucToii ayctenutHo cranu Cr12Mn20W (kpuBas 2) u Be (kpuBas 3).
3aBucumoctu C, = f(F) B HCCIENOBAHHOM UHTEPBAIE 103 OOIYYIEHHS MOHOTOHHO PAacTyT M CTPEMSATCS K HACHIMICHHIO

MIpH J103aX BBIIIE 1,0~10180M'2.

Cp,, 1 0'7cmi?

2

17 -2
F, 10" cm
Puc. 1. 3aBHCHMOCTH KOHIIGHTPAILMK 3aXBAUEHHBIX YACTHUI] JeiTepus OT 1035l 061ydeHns noHamu D,"
crutaB BaHanus V;5Crys (1), mapranunoBuctas aycreHutHas craib (2) u Be (3); 1,2 — D,": E=4013B, T,=290 K; 3 — D,": E=40keV,

B mporiecce MMIUIaHTaMKM HOHOB M30TONOB BOJIOPOAA YAEIBHOE JIIEKTPOCOIPOTHUBIEHHE 00Pa3LOB TAKKE MOHO-
TOHHO YBEJIMYHUBACTCSA C POCTOM 1036l 00aydeHus. J{ist muenok Fe, Ni, Cr, V u Nb (T.e. MeTaioB, BXOJSIIUX B COCTaB
HCCIIeIOBAaHHBIX CIIaBa BaHAAWsA M MapraHIOBUCTONM ayCTEHHWTHOM CTanu) Ha puUC. 2 ¥ pUC. 3 MOKa3aHbl 3aBUCUMOCTH
OTHOCHTEILHOTO MPHPOCTA YEIBHOTO 3JIEKTPOCONPOTHBIEH s Ap/py OT 1036l 06ydenus F nonamu H' umun D' B mipo-
necce 60MOapAMPOBKY MPH KOMHATHOW Temrieparype [21-24]. BennunHa npupocta Ap/py 3aBHCHT JUIS JaHHOTO 00-
pasia oT TUIa MOHOB M YCIOBHH 00My4eHHs UMH. 3aBucuMocTd Ap/pe=AF) Ha puc. 2 NoIXydeHbI IPU IBYX PEeKHMax
o0JrydeHus: a) Korja mpoOer IpOTOHOB PaBeH TOJIIMHE IUIEHKH M b) KOTZla OH HAaMHOTO TIPEBBIMIAET €€ TONIHHY. B
TOCIIe/IHEM clydae 00JTyueHHbIE IICHKH NPOCTPETUBaINCh HACKBO3h HOHAMU H' 1 MpaKTHYeCKH He coJepKaiu B cebe
HMMIUIAaHTHPOBAHHOTO BOJOPOAa. [IpupocT ynenpHOTO 3IEKTPOCONPOTHBICHUS IIIEHOK, OOMYYEHHBIX B PEXHUME “TIPO-
cTpena” (puc. 2b), I0 CpaBHEHHIO C PEKUMOM UMILTAHTAIWH (pHc. 2a) B 2—3 pa3a MEHbIIE.

Ap/pg Ap/pg

0’04 7 O 02 .
a E)
b 2
0,01
4
5
0 .
0 05 1 F, 10"%cm*

Puc. 2. 3aBUCHMOCTH OTHOCHTEIIBHOTO IPUpOCTa AekTpoconporusienus mieHok Nb, Cr, V, Fe u Ni oT 10361 001y4eHns1 HOHAMU
H' B ycnoBHsX X UMIUIAHTAIUH (a) U «pocTpena» (b) Mpu KOMHATHO# TeMTepaType:
(a) 1 — Nb (130 um), H" (20 x3B); 2 — Cr (100 5M), H (12%3B); 3 — V (100 M), H' (10%3B); 4 — Fe (90 um), H' (15x3B); 5 — Ni
(100 mm), H' (10 %3B); (b) H' (40 %3B): 1 —Nb (60 5™), 2 — Cr (100 5M), 4 — Fe (90 5M), 5 — Ni (80 mMm).

VBenuuenue OJIEKTPOCOIIPOTUBIICHUS TUICHOK, O6Hy‘IeHHBIX B TaKUX YCJIOBHAX, MOXHO CBA3aThb C 06p330BaHI/IeM
[P

TOYCYHBIX PaJAHAIlMOHHBIX Ae(eKkToB MaTpuilsl. [Ipupoct Ap TIeHOK, OOydeHHBIX N0 pexuMy “a” (puc.2a u puc. 3),
00YyCJIOBIIEH HaKOIICHHEM, IOMIMO COOCTBEHHBIX PaJHallMOHHBIX Ne()EKTOB KPUCTAJUTMYECKON PEIlEeTKH, elle U MpH-
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MECHBIX B BUJIE MMIUTAHTHPOBAHHBIX YacTUI GOMGapaupyroniero myuka nonos H' umu D', 3Hauenue BeqMUHHBI MPH-
POCTa AJIEKTPOCONIPOTHUBIIEHHS HCCIIEI0OBaHHBIX TUIEHOK (KkpoMme 1ieHoK Ni u Fe) coxpansiercst mpu temnepatype o0iry-
YEeHUsS] BO BPEMEHH IIOCiie IpeKpalieHnuss 60MOapaupoBKu B oboux pexnmax. CoxpaHeHHe JOCTHIHYTHIX HNPUPOCTOB
JJIEKTPOCONIPOTHBIIEHHSI TUIEHOK CBHUIETEILCTBYET 00 00pa30BaHUM YCTOMUYMBBIX TOUCUHBIX AS(EKTOB MATPHIBL, IPH-
CYTCTBHE KOTOPBIX B COUYCTAHHHM C BBICOKOH MEKIOY3eJbHOI MOABMKHOCTHIO aTOMOB HM30TOIOB Bojpopona B OLIK-
MeTayiax [25, 26] 6IaronpusTCTBYIOT 3aXBaTy MOCICIHUX KPHCTAINIMUECKONW PEIIeTKOW ¢ 00pa3oBaHHEM CTAOMIHHBIX
KOMIUIEKCOB T'a3 — Ie(eKT B 9KCIIEPUMEHTaX ¢ HMIUIAHTALMEeH H30TOIIOB BOAOPO/A.

Ap/py
0,1 -

0,05

Puc. 3. 3aBHCHMOCTH OTHOCHTEILHOTO TIPHPOCTA JMEKTPOCONpoTHBIeHHs meHok Nb, Fe, Ni u Cr ot 10361 06mydenus nonamu H'
(1,2, 3,4) umu D' (1’, 2’,3") ipu KOMHATHO# TeMIiepaType
1, 1" —=Nb (100um), H u D" (20 x3B); 2 — Fe (90 um), H™ (15x3B); 2’ — Fe (1101M), D" (30%3B); 3 — Ni (80 5m), H' (15%3B); 3’ —
Ni (80 um), D' (20 k3B); 4 — Cr (100 am), H' (12 %3B).

OnHON U3 XapaKTEPUCTHK, ONMHUCHIBAIOIUX HAKOIJICHHE MMIUIAHTHPOBAHHBIX M30TONOB BOIOPOJA, SBISETCS KO-
a¢¢unIeHT 3axBaTa 1 3TUX Ta30B MaTepHajaMi. BenmnumHa 1-1 XapakTepu3yeT pedMUCCHI0 OoMOapIupyromnX da-
CTHI] Ta3a B Tporecce oOmydeHust obpasmos. s neirepusi, IMIUIAHTUPOBAHHOTO IPH KOMHATHON TeMIlepaTtype A0
OJHOIT M TO# e 03B PU OAMHAKOBOM Habope SHepruii noHoB D,', Ha puc. 4. MOKa3aHbl 3HAYCHUS BETMYUHEI Np, WA

pasauuHbix MatepuasioB (Be, rpadut MIII-8, Si, cruaB V75Cras, Zr, Ta, W) Haumenbiiiee 3HaueHne KO3 hHUIIMCHTA
3axsaTa JAelitepus HaGmonaercs y Bonbdpama u cocrasiuser 0,06+0,003. Haubonbuee snauenue 1, = 0,60+0,03

noJy4eHo st Si. YaepkuBaHue OONBIIMX KOJIWYECTB MMILUIAHTUPOBAHHOTO Jeifrepus B oOpasuax Si, rpapura MIIT-8
u Zr 1o cpaBHeHHIO ¢ Ta 1 W NpUBOIUT K YMEHBIIEHHIO PEIMUCCHOHHOTO ITIOTOKA 3TOTO Tasa B Ipoliecce ux bomodap-
nupoBKkU HoHamu D,". O6Hapyskeno [27 — 31] BiusHMe Ha 3HAYeHUs KO>(QUIMEHTA 3aXBaTa JeiTepHs TeMIepaTyphl
T, o6pasiia IIpM MMILTAHTAIMH Ta3a, 7103kl OOMy4EeHUs M SHEPrUuu 06ayyaromx HoHoB D, IpensaputenbHoe 06myye-
Hue 06pasioB nonamu He' Taxske BIIMSET HA 3HAYEHUS BEMYUHBI MNp, -

Mp 3aBucumoctu 1, = A(T,) Ans ucciaen0BaHHBIX 00-
) 2

pa3loB MpuUBEAECHBI Ha puc.S. Marepuansl pa3eiceHbl
Ha Tpu Tpynmsl: (cM. Ha puc. 5Sa Zr (1), Be (2), Ta (3),
061 o W (4); Ha puc.5b Be (1), MIIT-8 (2), YCB-15H (2),
. TiN (3), BN (4); na puc. 5Sc caB V;5Crys (1), mapran-
0.4 - LIOBUCTasi ayCTeHUTHas cranb (2)). B xaxmoil m3 HHUX
e HOHBI D, MMITaHTHPYIOTCA B 06Pasibl MPU OJHHAKO-

BBIX JUISl IAHHOM TPYIIBI SHEPTUaX H J03aX O0JIyYeHHs..
02-e Takoe pasjeneHUEe WCKIIOYAaeT BIMSHHC Ha 3HAUCHHUC

] ° ° BCJIINYHHBI T]D1 OTHUX MapaMETPOB MU IMOKA3bIBACT HM3ME-
[ ]

HeHne Kod(h(uUIeHTa 3axBaTa JACHTEpUs ¢ TeMIepaTy-
%00 150 ‘200 m, a.m.u. poit obmydaemoro oOpasma. Kak BuaHO U3 puc. S, mpu
YBEJIMYCHUU TEMIIEpaTypsl MMIUIaHTauu 7, Habmoma-

Be V Cr Zr Ta W N
MPG 8 eTcsi yMeHbleHHe Kod(HIMeHTa 3axBara ACHTEpHsI
Puc. 4. 3nauenus kodddurrenrta 3axpaTa AelTepus LI psaaa IIPEACTaBICHHBIME MaTepuanamu. Jlume B cioydae Be,
KOHCTPYKIMOHHBIX MAaTEPUATIOB: 06myuenHoro nonamu D, ¢ HaGopom snepruii 10, 20,
D,": E=10, 20, 30 k3B, F = 5-10"° em, Ty =290 K. 30k3B 10 10361 510" cm™ (cM. puc. 5a, kpuBas 2), Be-
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JIMYHUHa T]D7 COXpaHACTCA IPU PA3TUYHBIX 3HAYCHUAX To.

b, b, b,

04 a 06 b 03 c

1 1 >'<
\ , 04 02
02 e
3 01
M‘ 3 4 \X 1 2
ol e, X

o 0+—"F=—

AT T T T T T T

2 W X A0 D K 2 3 40 %0 K 20 30 450 50 60 780 T,K

Puc. 5. 3aBucumoctn ko3 dduienTa 3axpara IeHTEepus OT TEMIIEPATypbl 0OIydeHHs psiaa MaTepHaIoB
(a) D,": E=10, 20, 30 k3B, F = 510%cm% 1 —Zr,2 —Be, 3 —Ta, 4 — W; (b) D,": E=401B, F= 2,5107cm? 1 -Be, 2 — rpadut
MPG-8 u yrnecuramn USB-151, 3 — TiN, 4 — BN; (c) D,": E=40x03B, F = 510" em?; 1 — cruias BaHagust V;5Cras, 2 — mMapras-
noBucTtas aycreHuTHas ctayib Cr12Mn20W.

VBesuueHue 10361 00TydeHns HoHaMu D, MPHBOIUT K yMEHBIIEHHIO KOX(HUIMEHTa 3aXBaTa 1| p, AciTepus 06-
pasuamu. Puc. 6, Ha KoTopoM npuBeseHb! 3aBucuMocTd M, = f(F) wmst Be (kpuBast 1), MapraHIOBHCTO# ayCTCHHTHOM

ctamu (kpuBas 2) u crutaBa V;5Crys (kpuBast 3) mpu o0xydeHHH 00pa3oB HOHAMH C OTHOM M TOU K€ dHEeprueH, moka-
3pIBAET YMEHBUICHHE BEIHYMHBI T, TpPHU J03aX 00IydeHuUs 2,510 < F < 1:10"® em™. Jlnst Be mo3sI o0ydeHus: ObUTH

MEHbIIIe YKa3aHHOTO UHTEepBaJIa.
n Koa¢punuenrt 3axsara neiitepust oOpa3laMu 3aBUCHT
Dy oT sHeprum GomOGapaupyommx HoHoB D,’. VYBenmueHnue
SHEPryH MOHOB MPH OJHOW M TOH K€ J03€ OOIydeHHs MpH-
BOJIUT K €ro yBenuueHuto. B rabmuue 1, copmupoBanHoii B
TAaHHOH cTatbe, Uit Be, W u cIutaBa BaHagus mpu 03¢ 00-
nydenns 5-10'° cm” moka3aHbI 3HAYEHUS BETUUMHBI Np, A

na6opa suepruit 10, 20, 30 k3B u sneprun 40 k3B noxoB D,"
(BepXHSII M HIWKHAA CTPOKH COOTBETCTBEHHO). B paccmot-

0 - PEHHEIX MPHMEpax Ul dHEpruu 40 k3B 3nHagyeHns kodpdu-
IIMeHTa 3aXBaTa JIeUTepus OoJbIIe.
0 2 4 6 8 10 . .
__ ITpu obnydyennn monamu D, ¢ HaGopom suepruii 10,
F, 10" cm 20, 30 xoB wacTunpl geiitepust B oOpaslie pacroyiOKeHbI
onHOpoIHO 110 riry6une 1o 100 HM. TTonHsil npober ux (s
Puc. 6. 3aucumocT Koo uienta saxpara jeiirepus o D" B W) no nauneM [18] He Gonee 200 um. ITpu o6ayuenun
710361 00Ty ueHHs HOHaMK D, vonamu D," ¢ sHeprueii 40 k3B wacTubl Aeiitepus pacro-
1 - Be, 2 - wMapradmoBucTas ayCTEHHTHas CTaib

JIOKCHBI MPEUMYIICCTBEHHO HA TIIYOWHE CPETHETO MPOCK-
tuBHOro Tpobera (mis H' 8 W aTo R, > 100 u™), a nomnHbI#
npober nonos D' 1o [18] cocrasnser 250 uM. YBenuueHne
Koa(dunreHTa 3axBaTa aerrepus oopasmaMu B Tabnuie 1| MOKEeT OBITH CBSI3aHO KakK € yBEIHMUEHHEM TTyOHHBI podera
HMOHOB M3-32 YBEJIMYEHHUS WX SHEPTHH, TaK U C XapaKTepOM pacIpeneseHuss HOHOB: OJHOPOJHOE M PACIION0KEHHOE
OmKe K TOBEPXHOCTH MIIM MPHMEPHO T'ayCCOBO M PACIHOIOKEHHOE Janee OT MOBEPXHOCTH. B mepBoM cirydae pesmuc-
CHS1 YACTHIL ACUTCPHUS MOKET OBITh OOJIBIICH, YTO YMEHBIIIACT KOJMUYECTBO 3aXBAYCHHBIX YACTHUI] ACHTCPHSL.
HccrenoBanoch BIUAHHE MPEABAPUTENHLHOTO 06TydeHHs 06pasios nonamu He' Ha kodhdumment 3axpara neiire-
pusi. Pesynbratel 1iist Be, rpadura MIIT-8, Zr, Ta, W, GaP u GaAs npecTaBicHbI B JAaHHOH CTaThH B BUIE TaOIHIIBI 2,
JUIsL 3HAYCHNUI KOOOULMCHTOB 1, [pPH OOIYYCHHUN TOIBKO HOHAMH D, u npu mocnenoparensHoM oOmyuennn He',

Cr12Mn20W, 3 - crmaB BaHamus VosCros: D, E = 40 10B;
Ty, K: 1370, 2,3 —290.

D," (mpeanocieHss 1 NOCHeHsAs KOJOHKH COOTBETCTBEHHO). B Tabnuile 2 yKka3aHbl yCIOBUs OONydEHHUs: TEMIIEpary-
pa o6pastos Ty, sHeprus E u n03a o6ayuenus F kak monamu D,’, Tak u nonamu He'. V3 Ta6muiibl 2 BUIHO, YTO B 06-
pasnax Be, rpadura MII['-8, Zr, Ta, GaAs, npeaBapuTeabHo ob6ayueHHbX noHamu He' u 6e3 mpenobmydenns, kod¢-
¢umnmeHT 3axBara JAelTepus MMeeT OquHaKoBbIe 3HaueHusA. B W u GaP nipu nccreoBaHHBIX Temneparypax 1, 3aMeTHO
BIMSIHHE TIPEIBAPUTEIIFHON UMIUTaHTannu dactul] He Ha 3axBar wactun gerrepus. Koaddurment 3axBaTta nefitepus B
3TOM cityyae B W yBeIHUHBaeTC, a B onynpoBoaHuke GaP ymeHbmaercs.

Just Si, ciinaBa Banamust V45Cr,s, MapranioBuctoit aycrenutHoit crann Cr12Mn20W, uutpunos BN u TiN u3-3a
HaJIOXKEHHsI TEMIIEPATYPHBIX UHTEPBAJIOB BBIACICHHS TelIUs U ACHTEpHs UCCIIEeI0BaTh BIMSHUE NMPEABAPUTEIBHOTO 00-
JIydeHHs MepedrciIeHHbIX MaTepuaioB nonamu He' Ha mocnemyromuii 3axpar aefitepus He ynaercs.

B uccnenopannbix mienkax Cr, Ni u Nb, 06aydeHHBIX TIpH KOMHATHOM TemrepaType uoHamu D, ¢ sHeprueit
20%3B 10 10361 310" cm™, 3HaueHust Ko>bduimenTa 3axpara aeiitepus cocrapmsmm: 0,32+0,02 (Nb), 0,26+0,01 (Cr),
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0,005+0,0002 (Ni) u oxoio unyJs (Fe).

Tabmuna 1
3aBucuMOCTb Kod(uLeHTa 3aXBaTa AeHTepUs 1, 00pasLaMu OT YHEPIUH HOHOB D,
YcnoBus 06ydeHus MNp, » £5%
Marepuan
Tum nona To, K F, 10" em E, k3B
Be D, 370 5 10, 20, 30 0,20
D, 370 5 40 0,40
CmaB V75Crps D, 290 5 10, 20, 30 0,10
D, 290 5 40 0,50
w D, 290 5 10, 20, 30 0,06
D, 290 5 40 0,10
Tab6muma 2
BiusiHME TIPeIBApUTENLHOTO 00Iydenus 06pa3ios nonamu He™ Ha kosduimenT 3axpara neirepus MNp,
[Tapametp VenoBust 06IyueHuss HOHAME Np, » £5%
D," He" D, He', D,"
Marepuan | T, K E, 5B F,10"%m? | T, K E, x5B F,10"%cm™
Be 290 10, 20, 30 5 290 5,10, 15 3 0,20 0,20
370 10, 20, 30 370 5,10, 15 3 0,20 0,20
470 10, 20, 30 470 5,10, 15 3 0,20 0,20
MPG-8 290 10, 20, 30 5 290 5,10, 15 3 0,30 0,30
Zr 370 10, 20, 30 5 370 5,10, 15 3 0,20 0,20
Ta 290 10, 20, 30 5 290 5,10, 15 3 0,10 0,10
370 10, 20, 30 5 370 5,10, 15 3 0,04 0,04
W 290 10, 20, 30 5 290 5,10, 15 3 0,06 0,10
370 10, 20, 30 5 370 5,10, 15 3 0,03 0,08
470 10, 20, 30 5 470 5,10, 15 3 0,01 0,02
GaP 290 40 5 290 30 5 0,76 0,39
GaAs 290 40 5 290 30 5 0,12 0,13

W3 npencraBieHHBIX BBIIE PE3yJIbTaTOB M3y4eHHs KOG HUIMEeHTa 3axXBara JICHTepus MOKa3aHo, YTO ero 3Haue-
Hust M, < 0,6, a Bemamna (1-1;, ) = 0,4. Orctona cienyer, 4to B mpoLecce 00/IydeHIs 00pa3oB HOHAMH D," npowuc-

XOJIUT HE TOJIbKO 3aXBaT B KPHCTAJUIMYECKYIO PEIICTKY YACTHUI[ ISHTEpUsi, HO U CYLIECTBEHHOE O0OpaTHOE BbIICICHHE
rasa B BakyyM. B Ooublieii creneHu mocieaHee nposieisiercss B W, B tienkax Ni u Fe, rae Bennuunna (1-m,, ) mmeer

caMble BBICOKHE 3HAueHHUS. B CBS3M ¢ 3TUM, Kak BHAHO U3 pHUC. 2a, NPUPOCT IEKTPOCONPOTUBICHHUA IUICHOK Ni
(xpuBas 5) u neHok Fe (kpuBas 4), 06;1yueHHbIX HoHaMu H' 1o pesxumy “a” (MMILIaHTaLus), MEHbIIe, ueM Ap/py Tiie-
HOK Nb, Cr 1 V, 0051y4eHHbBIX aHAIOTHYHO (CM. puc. 2a, KpuBble 1, 2 1 3 COOTBETCTBEHHO).

HccenoBanne TepMuyecKoii 1ecopoumny aeiiTepusi U3 KOHCTPYKIHOHHBIX MATEPHATIOB B BAKYYM

[Tpn HarpeBe McCleOBaHHBIX MAaTEPHAIOB C UMIUIAHTUPOBAHHBIM JeHTEepHeM HaOltoaeTcs TEPMUYECKOe BbIJie-
JieHne neitepus u3 o0beMa o0pasloB B BakyyM. 3HauCHHMS TeMIIepaTypHOro uHTepBaia A7 TepMHUYecKoi aecopOrmn
JIEUTepHst 3aBUCAT OT JAHHOTO MaTepuaia Ul BCeX MCCIICA0BaHHBIX 00pa3noB. CreKTphl TepMHUYECKOi necopbunu D,
13 TIEPEUYHCIICHHBIX MaTepHalloB, 3a HCKIIOYeHNEM Be n yriecutania, comepar oanH NMuK. 3HaueHus Benuuud AT n
TemrepaTypsl 7ry, B MakcuMmyMe muka criektpos TJIC nanbl B Tabmune 3, cocTaBieHHOU o pesynbTaram [21-24], [27-
31].

Crextpsl Tepmoaecopounu D, nnst W, Zr, Ta, Be, MapraHioBucTol ayCTeHUTHON CTajH, CIuiaBa BaHAIHs V75Crys,
Si u rpadura MIIT-8 mokaszansr Ha puc. 7 kpusbiMu | 1 17 [27-30]. O6Hapyxeno [27, 30], uTo npu HarpeBe OOIyUECH-
HBIX MOHAMH D,  06pa3loB MMIIIAHTUPOBAHHBINA NeHTepuil BBIAEIAETCS ONHOBPEMEHHO B BHE OAHOTHIIHBIX D, u
cmemanabx HD monekyn. B pabore [32] ans Pd u Nb taxokxe Habmromanm BeIgeneHne Takux MoiieKysl. CIIeKTpHI Tep-
Monecopbiun D, n HD mneHTHYHBI IO XapakTepy, 3HaYeHHs BeIMYUHBI T;, rka Beienenus D, u HD onunakoBsl. Ha
pHC. 7 COMOCTABIICHBI 3TU CHEKTPHI B BUe KpUBHIX 1 U 1’ st Mmosiekynsl D,, kpuBbix 2 u 2’ mist monekynnsl HD B mate-
puanax W (a, kpussie 1 u 2), Zr (a, kpuBbie 1" u 2’), Ta (b, kpuBsie 1 u 2), Be (¢, kpuBbie 1 u 2), MapraHmoBucrast
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aycrenuTHas cranb (d, kpuBbie 1" u 2), crutas Banaausi V15Crys (d, kpubie 1 u 2), Si (e, kpussie 1 u 2) u rpadur MIIT -
8 (f, kpusbie 1 u 2).
Tabnuma 3
3HaveHus TeMneparypHoro nHrepBana A7 ra3oBblICIEHHS, TEMIIEPATYPbl MAKCUMYMa NMUKOB Ty ¥ SHEPTUU aKTUBALIUH
TepMoJiecopon Eq erTepust

Marepran Hapamerp AT, K T K Eg, 9B
Be 500 — 1300 600 950 1,55;2,4
I'padur MPG-8 1000 — 1900 1450 3,88
Vrnecuramn YCB-151 570 — 1700 1000 1200 2,59; 3,10
Si 400 — 1250 1000

CuaB Vo5Cros 800 — 1200 920

Inenka Cr 450 — 1300 540 1,5
ITnenka Ni 290 — 400 350

Crane Cr12Mn20W 350 — 1200 700

Zr 700 — 1200 900 2,4
Inenxa Nb 450 — 1100 630 1,7

Ta 700 — 1300 900 2,2

W 400 — 900 650 1,6

TiN 500 — 1400 800

GaP 1050 — 1500 1350 1,8
GaAs 650 — 1400 1200 0,5

BN 500 — 1900 1400

Jst OLIleHKH KOHIIGHTPALMK BOZOPOAA B MCXOIHBIX HEOTOXOKEHHBIX 00pasiiaX NCCIIEA0BANUCH CIIEKTPHI TepMOae-
copbriin Monekyn H,. Onu npuBenenst Ha puc.7 wis W (a, kpuBas 3), Zr (a, kpusas 3”), Ta(b, kpusas 3), Be (c, kpuBas
3), cnnaBa Banaaus V75Crys (d, kpuBas 3), Si (e, kpusast 3) u rpadura MIIT-8 (f, kpuas 3).

S, 10"%cm™ S, 10%cm™ S, 10%cm™
2
1/ x100
><
1 /
1 ‘ : : . 0
400 800 1200 1600 T,K 400 800 1200 1600 T, K 1200 1600 T,K
S, 10"cm™ S, 10%cm
3 4 f 1;!?“\
/N
2
2 2 3
1 ) x40
0 ‘ 0 —
300 600 900 1200 1500 T, K 400 800 1200 1600 T,K 600 1000 1400 1800 T,K

Puc. 7. Crekrpsl TepmoaecopOuuu mosiekyn D, (1, 17), HD (2, 2%), H, (3, 3") u CDy (4)
u3z W (a, xpussie 1, 2, 3), Zr (a, xpussie 1’, 2’, 3"), Ta (b), Be (¢), cruiaBa Banagus Vi5Crys (d, kpusbie 1, 2, 3), MapraHioBHCTOM
aycrenuTHoit crami Cr12Mn20W (d, xpussie 17, 2°), Si (e) u rpadura MPG-8 (f) B Bakyym: D,": E = 10, 20, 30 3B, F=5-10"C cm™2,
To =290 K; H, — u3 00pa3uoB, 00Iy4eHHBIX AeTepueM; o = 2 K¢

Hnsa yrnecuramna YCb—15U, autpuna tutana, HUTpuaa 6opa, monynpoBogaukoB GaAs u GaP crekTpsl Tepmoze-
copbumnu D, npusenens! Ha puc. 8 kpusbivu 1 u 1’ [29-31].
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Puc. 8. Cnextpsl Tepmonecopbunu Mmonekya D,
u3 yriecutamia USB-151 (a, kpusas 1), murpunos TiN (b, kpusast 1) u BN (b, kpusas 1”), moaynposoanukoB GaAs (c, kpuBast 1) u
GaP (c, kpuBas 1) B Bakyym: D," (a,b): E=40x3B, F=2,5-10" CM_Z,ITO =370K; D, (c): E=40 1B, F=510"%cm?, Ty =290 K,
a=1Kc".
st urenku Cr (kpuBast 1) u muienku Nb (kpuBast 1) 3aucumocta S=f(T) nemoHcTpupyrotes Ha puc. 9 [21, 22].

B Tabmune 4, chopmupoBaHHOW 1m0 padoTam [27,
S’ a.u. 29, 30] u momosHeHHO Si, TPHUBEICHBI 3HAYCHUS U3Me-
1 - PCHHOM KOHLEHTpauuu aecopoupyembix mosekyn Cp, n

Cyp » PACCUNTAHHOH J10NU AeHTepHs B CMEIIAHHBIX MO-
nekynax Cy, /Cp, ©4 1 CyMMapHO! KOHLCHTPALMHK Jeii-
tepust XCp, ; 3HAYCHHs W3MEPCHHOTO Kod(QmuiHeHTa
3axBaTa JICATepus 1, U MOIHOro Kod(uiyenra 3axsa-

Ta T];)Z C YYE€TOM HaJIN4us ueﬁTepI/m B CMCIIAHHBIX MO-

nexkynax HD, a Takke 3HaueHUsT MU3MEPEHHON KOHIICH-
Tpauuu CHz Hu ZCHZ JIECOPOMPOBAHHOTO BOJOPOJA B

400 600 800 1000 1200 T,K

Puc. 9. CnekTpsl TepMoecopOLy JeHTepHs U3 SIUTAKCHATb- TEMIICPATYPHOM HUHTEpBaje IMHMKOB ra3oBblaeicHus D, u
Hbix mwieHok Cr (001) u Nb (110) B Bakyyme HD u Bo BceM HHTEpBaie TeMIepaTyp HarpeBa COOTBET-
1 —Cr (100um), 1I’-Nb (150 am): D*: F=3-10"cm?, E, x3B: 1 cTBeHHO. Taxxke B TaOIHIE IIPUBEICHB 3HAUYCHHS TEILIO-
—25,1-40; Ty=290 K, a =2 K-, ThI pacTBOpeHMs Bogopona Eg uisi JaHHBIX MaTepuanoB
u3 pabotsr [33].
Tabnwma 4
OcHOBHBIE TapaMeTpbl HAKOIUIEHUs AeHTepus, UMILIaHTHpoBaHHOTO pu 7=290 K
Marepuan Be MPG-8 Si V;5Crys | Cr12Mn20W Zr Ta W
ITapametp
Cp, .10 cm™ 1,00 1,50 3,00 0,50 0,50 1,60 0,50 0,30
Cip» 10" cm™ 0,82 0,50 0,60 0,50 0,50 0,51 0,87 0,26
Cep, 10" cn™ 1,90
Cup /Cp, -4 0,21 0,08 0,05 0,25 0,25 0,08 0,44 0,22
2Cp,,10"cm™ 1,21 2,38 3,15 0,62 0,62 1,73 0,72 0,37
Np,, 5% 0,20 0,30 0,60 0,10 0,10 0,32 0,10 0,06
ni)z, +5% 0,24 0,48 0,63 0,12 0,12 0,35 0,14 0,07
Cy, 10" cm™ 10 30 5 50 21 7 1,0
XCy,,10"0cem™ 50 40 100 140 130 20 40
Es, 5B [33] ~0 <0 -0,3 -0,22 -0,4 +0,2

Brienenue nefitepust B Buae Mosiekysl HD MOXHO OOBSICHUTH HPUCYTCTBHEM B 00pasnax ajicopOHpOBaHHOTO U
PacTBOPEHHOr0 BOJIOPO/Ia, KOTOPBIN yIEPKUBAETCS IO BHICOKMX TEMIEPATYp HarpeBa. boNbIIMHCTBO HCCIEI0BAHHBIX B
JAHHOW paboTe METAJUIOB MMEIOT SK30TCPMHUCCKYIO PACTBOPHUMOCTH BOJOPOJA U XapaKTEPU3YIOTCS OTPHIATSIHFHON
TEIUIOTON pacTBopeHus Es. B cmny ONHM3KMX XapaKTEPHCTUK B3aUMOJICHCTBHUS M30TOIOB BOAOPOJAA C MaTepHAllaMH,
OCYILIECTBIIICTCS M30TOMHOE CMEIIMBAHNE MMILIAHTUPOBAHHOTO NEHTEpHs, a TaKKe aJIcCOPOUPOBAHHOTO M PAaCTBOPEH-
HOTO BOJOPOAA, B pe3yJbTaTe Yero TepMuieckas necopomms monekyn D, m HD raOmonaercs B 0IMHAKOBOM TeMITEpa-
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TypHOM HHTepBasie. KOHIIEHTpaIHsl 1eCOpOMPYEMbIX CMEIIaHHBIX MOJIeKyl HD 3aBHCHT OT OTHOCHTENBHOW KOHIICH-
TpalMU HM30TOIMOB BOJOPOJA HA TOBEPXHOCTH W B IPHUIIOBEPXHOCTHOM ciioe. Jloyiss cmemanHbix moyiekysn HD Obuia
HAWOOIBIICH B TaHTAJC, KOTOPBIA UMEET CaMYK HHM3KYI0 OTPUIATEIBHYIO TEIUIOTY PACTBOPECHHUS BOAOpPONA. B BOJb-
(hpame, KOTOPBII UMEET MONOKUTENBHYIO E, paBHyI0 +0,2 3B, U SHIOTEPMHUYECKYIO paCTBOPHUMOCTE BOJOPOA, TAKIKE
HaOII0gaeTCs BBIICICHUE qeUTeprs B BHIE MoKyl HD, mo-BuauMomy, CBsI3aHHOE C aIcOPOMPOBAaHHBIM Ha ITOBEPX-
HOCTH BOJOPOIOM.

[IpoBeneHHBIE UCCTIETOBAHUS ITOKA3AJIH, YTO TIPH MCIIONB3YyEMbIX YCIOBUAX UMIUIAHTAIIMA JEHTEpHs HauOOIBIIHI
MOJIHBIN K03 (DHUIIMEHT ero 3axBaTa T]]'Jz =0,63 u MakcuManbHas KoHUeHTpausa XCp, =3,15-10" cm™ GbuH MOJTyYEHBI

JUIsl KDEMHHSI, TOTIa KaK HaUMEHBILIEe ero Konn4ectso (XC, = 0,37-10" cm?, T]]'DZ =0,07) 3axBaTbIBaeTCS BOJIB(GPaMOM.

[Ipy M3ydeHMH CTIEKTPOB TEPMUYECKOH IecopOLMu Ta3oB M3 00JaydeHHOro uoHamu D,  rpapura MIIT-8 Gbu10
00OHapyXeHO, 4TO, IOMUMO BbIXO/a JeWTepust B Buae Moiekyn D, m HD, uTo ommcaHo Bblle, TaKKEe UMEET MECTO
Hayuue B Ooipmmx KoiaudecTBax Mosiekyn CD4. Crektp Tepmudeckoi necopouun monekyn CDy4 u3 rpadura MIIT-8,
HMMILIaHTHPOBAHHOTO JIeHTepreM, Toka3an Ha puc. 7f kpusoii 4.

YcTaHOBIIEHO BIMSHHE Ha CIICKTP TEPMUYECKON AeCOpOIMU ASHTEpHs U3 JaHHOTO MaTepHasa B BaKyyM TeMIlepa-
Typbl 06pasiia pu 06 TyueHr HoHaMu D, ", 10361 00TydeHHs U SHEPTHH HOHOB, a TAK/Ke MPEIBAPUTENLHON UMILIAHTA-
nuu B Marepuan renus. C yBeInmdeHHEM TeMIlepaTypsl MUIIeHH B uHTepBaiie 290-670 K HabmromaeTcst yMeHbBIIICHHE
WHTEHCHBHOCTH NTHUKOB TEPMHUYECKOH ecopOunu neiTepust ¢ COXpaHEHWEM 3HAYEHHH TEMITepaTypbl MaKCHMyMa ITH-
koB. Ha puc. 10 moka3aHbl CIIEKTPHI TepMOoIecopOIun AeiTepusi, (MMIUIAaHTHPOBAHHOTO TIPH Pa3IMYHBIX TeMIepaTypax
muienn), u3 W (a, kpussie 1, 2, 3), Be (a, kpusbie 1', 2/, 3'), Zr (b, xpussie 1, 2), Ta (b, kpussie 1’, 2°), yriecuramia
VYCB-15U (¢, kpussbie 2, 3, 4), rpadura MIIT-8 (¢, kpuBbie 3’ ,4"), aurpumos TiN (d, kpussie 2, 3, 4) u BN (d, kpusbie
2,3, 4"), mapraumoBuctoii aycrenntroi cramm Cr12Mn20W (e, kpussbie 1, 2, 3) u crunaBa Banaaust V15Crys (€, KpUBBIC
1,3,5).

S, 10%cm™ S, 10%cm™
6 ,
2 a ¢ 3 /%X\/2
%2 2' C '
1 3 \R&f\ 3

1 2 f .

3 3'n/
0 X&Xﬁo—% 0 o Y 0,
400 700 1000 T,K 500 700 900 1100 T,K 400 800 1200 1600 T,K

S, a.u.
1

0,5

500 1000 1500 2000 T,K 300 600 900 1200 T,K

Puc. 10. Criextpsl TepMoaecopOIin AeHTepHs, IMIUIAHTHPOBAHHOTO B W
(a, kpussie 1, 2, 3), Be (a, kpussie 17, 2, 3"), Zr (b, kpussie 1, 2), Ta (b, kpussie 1’, 2"), yraecuramn USB-15I (c, kpussie 2, 3, 4),
rpadutr MPG-8 (c, kpussie 3’, 4'), uurpunst TiN (d, kpussie 2, 3, 4) u BN (d, kpussie 2’, 37, 4”), MapraHioBUCTYIO ayCTEHHTHOM
cranb Cr12Mn20W (e, kpussie 1, 2, 3) u cruias Banaaust V5Cras (e, kpusbie 17, 37, 5”) npu pasnuuHbix Temneparypax, Ty, K: 1, 1'—
290, 2,2"—370, 3,3— 470, 4,4'— 570, 5— 670. o =1 K-c''; D,* (a, b): E= 10, 20, 30 3B, F=5-10"°cm; D," (c, d): E =40x3B, F =
2,510 em?; D, (e): E=4010B, F=510"7 em™.

VBermmuenne 10361 00mydenns B uuTepBane 5-10'°—1-10" cM™ NpUBOAMT K yBETHYCHHIO MHTCHCHBHOCTH MHKA
TepMozaecopOIMy ieiiTepust U TOSBICHHIO IPYTUX MHKOB. B kauecTBe mpuMmepa Ha puc. 11 IpHBEICHBI CIIEKTPHI TEp-
MHUYECKOH JAecopOnuu IeiTeprst U3 MapraHIioBUCTON aycTeHuTHOM ctamu Cr12Mn20W (a, kpussie 1, 2, 3, 4), cruiaBa
BaHaaust V75Crys (b, kpuBsie 1, 2, 3, 4) u Be (c, kpusbie 1, 1”), 7eMOHCTPHUPYIOIIHE POCT HHTEHCUBHOCTH MUKA TEPMO-
necop6ruu D, ¢ Ty, = 700 K (ctans), T, = 900 K (cmmiaB) u T, = 950 K (Be), a Taxke nosienenue B Be Hu3koTemmepa-
TypHOro muKa TepMozecopbuun D, ¢ Ty = 600 K npu no3e obmyuenns 2,5-10' em™. Itor muk TepmogecopOuuu D,
caGo paspemiaercs B CIeKTpe TepmoecopOumn aeiitepus us Be, 061yuennoro npu no3e £<5-10'° em™. Ilpu cpasue-
HUM Ha3BaHHBIX CIIEKTPOB TEPMOJIECOPOLIUH AEHTEpHs U3 NEePEUHCIEHHBIX MaTepHAIOB YCIOBHUS MMIIAHTALUA HOHOB
D, (E u T,) 6611 01MHAKOBBIMH.
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Puc. 11. Cniextpsl TepmoecopOLuy aenTepust
JUISL: IeUTepusi, IMIUIAaHTHPOBAHHOTO B MapraHIIOBUCTYIO aycTeHUTHYI0 ctanb Cr12Mn20W (a), crutaa Banamust Vo5sCr,s (b) u Be (c)
HpY Pa3IMYHEIX 033X 00IydeHHs HoHaMu D,": F, 107em™ 17 -0,5, 1-2,5, 2—-5, 3—7,5, 4—10; E=40%3B, Ty, K: a,b — 290,
c—370;0=1 K¢,

M3MeHeHHe SHepTHH UMILIAHTHPOBAHHBIX HOHOB D, 1pH COXpaHEeHHH TeMIepaTyphl U 035l O0ITyHeHHs HE BIIUs-
€T Ha XapaKTep CICKTpa TePMOACCOPOIUU AeHTEepHs, YTO MoKa3aHo Ha puc. 12 mis Be (kpuBas 1 momydeHa npu E =
40 k2B, a xpuBast 2 — ipu £ = 10, 20, 30 k3B). To e 3amMeyeHo U B CIIEKTpe TepMUIecKoi aecopounu D, u3 W B Baky-
yM, HIpUBEJIeHHOM Ha puc. 13, rae kpuBas 1 cooterctByeT E = 40K0B, a kpusas 2 — E = 10, 20, 30 k5B nonos D,".
O0a criekTpa oJ00HBI M UMEIOT OAWHAKOBYIO TeMneparypy 71, paBHyto 650 K. Bonbmias HHTEHCUBHOCTB NHKa Tep-
MO/IecOpOIIH JIeHTepHs Ha KpUBOH 1 110 CpaBHEHHIO ¢ KPUBOH 2 cBA3aHa ¢ 6ObIeii 1030t 061yuenus W nonamu D, .

S, 10%em” S, 10%en®
44 1 1,2 X\
9 08
2 4
X 04
| -
O O_X_O_,‘é . . X O T T T T T
500 700 200 T.K 400 600 800 1000 1200 T,K
Puc. 12. Cniextpsl TepMoecopOLMy JeHTepusi, MIMIUIAaHTHPO- Puc. 13. Cnextpsl TepMoecopOLuy qedTepusi, UMIUIAaHTHPO-
BaHHOTO B Be BaHHOro B W
sueprus moHoB D, E, k3B: 1 — 40, 2— 10, 20, 30; mo3sl u sHeprus mouoB D, F, 107 cem™ 1— 2,5, 2— 0,5;
F=510"cm?, T)=370 K, a =1 K- E, B: 1- 40, 2 - 10, 20, 30; T5=290 K, a. = | K¢

[IpenBapuTensHas UMIUTAHTAINS Tenus (YCIOBUS OOMy4YeHHS OMHCaHBI B TabiHIe 2) B UCCIIEOBAaHHBIE MaTepHa-
JBI HE U3MEHSET XapaKTep CIEKTpa TepMOJecopOIMH eiTepus, MIMIUIAHTUPOBAHHOTO MOCJIEA0BATENIFHO 33 TEJIUEM.
Ycnosus o6i1yuenns nonamu D, Takske conepxkarcsa B Tabnuie 2. CHeKTpbl TEPMUYECKOH ecopOiui 060UX ra3os U3
Takux MatepuaioB kak Be, W, Zr, Ta, rpapur MIII'-8, nonynpoBoaunku GaAs u GaP cocTosT U3 X0opomio pas/eiieH-
HBIX TIMKOB TepMojecopOIuu neiirepus u renust (cM. 3aBucumoctu S=f(7) Ha puc. 14 g Be(a), W(b), Zr(c), Ta(d),
rpadura MIIT-8 (e), GaP(f, xpusas 1) u GaAs (f, kpuBas 1”), HoIyUeHHbIE IPU Pa3IMYHBIX TemiiepaTypax T, mocieno-
BaTeJILHBIX UMILTAHTAIIAN He+, D2+).

[Tuku TepmonecopOLMK CO 3HAYECHUSIMU TEMIIEpaTypbl B MakcuMmyme 7y, K: 920(Be), 670(W), 900(Zr), 920(Ta),
1450(MIII'-8), 1350(GaP) u 1150(GaAs) OnmUCHIBAIOT TEPMUYECKOE BBIACICHHIE ACHTEPHS U IPUCYTCTBYIOT B CIIEKTPax
TepmosiecopOLuu D, U3 MepedrcIeHHbIX MaTepHAoB, 00IyYeHHBIX TOJLKO HOHaMu D" (cM. puc. 7 ¢, kpusas 1 (Be),
puc. 7a, kpusast 1 (W), puc. 7a, kpusas 1" (Zr), puc. 7b, xpuBas 1 (Ta), puc. 7 f, kpusas 1 (MIII'-8), puc. 8, kpusas 1’
(GaP) u puc. 8, kpupas 1 (GaAs)). 3HaueHUs BeTMUUHbI Ty, TP 06JTyYEHHH TOJIBKO HOHaMH D, 1 [1st TIociie1oBaTeb-
Horo obmydenus He', D,” B mpenenax omm6ku M3MepeHns OJIMHAKOBLL B crekTpax TepMHuYeckoi aecopOrmm 060oux
ra30B, MMIUIAHTHPOBAHHBIX MTOCIIEIOBATEIFHO, IPUBEACHHBIX Ha pUC. 14, MMKK cO 3HAYCHUSMH BeMWIuHbI T, K: 1220
(Be), 1420 u 1620 (W), 1530 (Zr), 1670 (Ta), 1450 (MIII"-8), 850 (GaP) u 600 (GaAs) OMUCHIBAIOT TEPMUYECKOE BHI-
JIETICHUE TeIHs.

Ha puc. 15 npuBenens! crekTpbl TepMozecopbunu reaus u3 Be (a), W (b), Zr (¢), Ta (d), rpadura MIIT-8(e),
GaP(f, kpuBas 1) u GaAs(f, kpuBas 1’) B BakyyM Juis pa3iuYHBIX 3HAYCHHN TeMIepaTypbl obayuenust 7, 00pasios
TOJILKO MOHaMHU He' Tpu Takux ke 3HAUEHUAX SHEPTMH M 103bl HOHOB He', 4To U Npu nocsea0BaTe bHOM 00TyUeHHH
He+, D2+.

Comnocrasnenne puc. 14 u puc. 15 nmoaTBep:kaaeT MUKK BHIJEICHUS TellMs C yKa3aHHBIMH BBIIIE 3HAYCHUSIMU Be-
JTU4YUHBI T}, IMEIOLIMMHU MECTO B CIIEKTPax TEPMUYECKON AecopOIMu 000MX ra30B NP MX MOCIIEI0BATENLHON HOHHON



58
EEJP Vol.3 No.3 2016 V.V. Bobkov, L.P. Tishchenko et al.

umintanTanuu. st rpagura MIIT-8 HesHaunTenbHOE BhlneNieHne Tenus B 10 pa3 MeHbllee, 4eM AeHTepHsi, TTOCKOIbKY
Ny = 0,05, a My, =0,3 mpoucxoauT B TeMIEpaTypHOM HHTEpBale BblieneHus Aeiirepus. [ Si, cruraBa BaHajuus

V75Crs, MapranoBuctoii ayctenutHor cranu Cr12Mn20W, uutpuaa TiN nu3-3a HalIOXEHUS TEMIIEPATYPHBIX WHTEp-
BaJIOB BBIAEIEHUS JIeiTepusi M OONBIIOro KOJMYECTBA TENUS MCCIEAOBAaTh BIMSHHE NPEIBAPUTEIBLHON MMIUIAHTAIIMN
He na n3menenue cnexrpa tepmozecopOun aeitepus He ynaercs. Koad¢uunent 3axsara resusi nepedrcIeHHBIMA
MaTepuanamu uMeeT Oomee Bricokne 3HadeHus 0,9 (Si), 0,8 (crumaB u cranp) u 0,7 (TiN) o cpaBHEHHIO CO 3HAYCHUAMHA
BEIHYUHEI 1|, , paBHbIME 0,6 (Si), 0,1 (crunaB u crane) u 0,07 (TiN) 115 KOMHATHOH TeMIlepaTypbl UMILJIAHTALUE 000-

ux rasos. Hanoxenue TemnepaTypHbIX HHTepBaIoB BeleneHus D, u He umeer MecTo u B HUTpue 60pa, 411 KOTOPOro
K02(()HUIMEHTBI 3aXBaTa Iejius U JeHTepHsl CON3MEPMMBI W UMEIOT 3HadeHus Ty, = 0,02, a M, = 0,06. B nocnexnem

MpUMepe Tak)Ke HE YJIAeTCsl UCCIE0BATh BIUSHUE MPEIBAPUTENLHON UMIUIAHTAIIMY TeIMs Ha TEPMUYECKOE BhIIETICHUE
nenTepus.
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Puc. 14. Biustaue ipeiBapuTensHOM HMITaHTanuy noHos He' Ha xapakTep criekTpa TepMoecopbLuu aeiTepus
JUIsl iefitepust UMILIaHTHpoBanHoro B Be (a), W (b), Zr (c), Ta (d), rpadut MPG-8 (e), nonynposonuuku GaP (f, kpuBast 1) u GaAs
(f, kpuBast 17): Ty, K: 1, 1’290, 2 — 370, 3 —470; o= 1 K-¢'; D," (a, b, ¢, d, €): E=10, 20, 30 3B, F=5-10"cm; D, (f): E=40 3B,
F=5~10116 em?; He (a, b, ¢, d, e): E=5, 10, 15 k3B, F=3-10"%cm; He' (f): E=40 3B, F=3-10"%cm”; 0 =2 K¢ (a, b, ¢, d, e), a =
0,5K-c” ().
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Puc. 15. Crextpsl TepMoecopOnnH renus
JUISL TelTHs, IMIUTaHTHpoBaHHoTO B Be (a), W (b), Zr (c), Ta (d), rpadutr MPG-8 (e), moxynposoxuuku GaP (f, kpusas 1) u GaAs (f,
kpuBas 1) npu pa3mrunbx Temmepatypax: Tp, K: 1, 1’ 290, 2 — 370, 3 — 470; He' (a, b, ¢, d, e): E=5, 10, 15 k3B, F=3-10" cm%;
He' (f): E=40 B, F=3-10"°cm?; 0 =2K-c' (a, b, ¢, d, ), a=0,5 K¢ (f).
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Takum 00pa3oM, MOXKHO OTMETHTb, 4TO TOJILKO B Be, W, Zr, Ta, rpadure MIII'-8, GaP u GaAs cnekTpsl TepMu-
YEeCKOU JecopOIMy UMILIAHTHPOBAHHBIX KOMOMHUPOBAHHO | mociienoBareibio He u D, (He3aBUCHMO OT TeMITEpaTyphl
MMIUTAHTAIINHN) SBISIOTCS CYTEPIIO3UIIHel CIIEKTPOB TepMojiecoporiu He u D,, MMITIaHTHPOBAHHBIX IO OTACTBHOCTH.

HccnenoBanue paainanuoHHbIX e eKToB, 00pa3yl0MIMXCs NPU HOHHON HMILJIAHTALIMY U30TONOB BOI0OPOJa

B nporecce nonHONH 60MOapaApPOBKH 00pa3oB B HUX 00pa3yloTcs paJdalioHHbIe 1e(EeKTHl pa3HOTO THIIA — 3TO
coOCTBEHHBIE NIE(PEKTHI KPUCTALIMUECKOH PEIIETKH MAaTepHalioB M NMPHMECHBIE B BHAE MMIUIAHTHPOBAHHBIX YaCTHUI]
obmygaromiero HOHHOTO y4yka. C [enpi0 UCCIeIOBaHMU WX MPUPOMIBI, B3aUMOICHCTBHAA U OTKUTA: 1) M3ydyanoch Boc-
CTaHOBJICHHE BBI3BAHHOTO OOIyYEHHEM IPHUPOCTA SJIEKTPOCONPOTUBICHHUS 00pa3IoB MPH UX HArpeBe; 2) KOHTPOIHUPO-
BaJIOCh Ta30BBIJICJICHUE MMIUIAHTHPOBAHHBIX YaCTHIl U3 00pa3loB B BaKyyM IIO CIEKTpaM TEpMHUYECKOH aecopOiuu
neiitepust; 3) merogom [1OM Habmonanm geeKTbl CTPYKTYpHI (IUCIOKAINHU, CKOIICHUs 1eeKTOB, TPaHHIIbI 3ePEH), a
Takxke (hazoBble NpeBpalieHus. [lepedrcieHHble METOIbI ObLIM MPUMEHEHB! K 00IydeHHbIM HoHamMu D™ u H™ ToHkuM
mwieakaM Cr, Ni, Fe u Nb. Takue 00beKThI ObUTH yIOOHBI TEM, YTO UCCIICAOBAIICSA OJUH U TOT )K€ WM UICHTUYHBIA 00-
pasert. DTo MO3BOJIMIIO MOIYYUTH OoJiee JeTallbHyI0 HH(POPMAIMIO O IPOUCXOSIINX Mpolieccax 00pa3oBaHus U OTKUTA
panuanoHHbIX Ae(eKTOB, BKIIIOYas IPUPOY Ae(PEKTOB, MEXaHU3MbI UX HAKOIUIEHHS U NpeoOpa3oBaHMs B KPHCTaILIU-
YEeCKOW peIIeTKe, MATPaNNIo YacTHIl T'a3a K MOBEPXHOCTH 00pa3iia 1 MOCIIETYIONIYIO IeCOPOLNIO B BaKyyM.

ITpn ommcanny MOMy4YeHHBIX pe3ynbTaTtoB oTxkura mieHok Cr, Ni, Fe u Nb, comepkamux MMIIaHTHPOBAHHBINA
BoOpox (meiTepwii), menecoodpa3Ho, IMPEeXkIe BCETO, OCTAHOBUTHCS Ha HMCCIICAOBAHMSX CTPYKTYPHBIX U (Da30BBIX W3-
MEHEHHH 00pa3loB mocie OOIydeHHs, a TAKKE HAarpeBa B MCXOJHOM M OOIYyYEHHOM COCTOSIHUH. [IOCKONBKY LENbI0
JITAaHHBIX UCCIEIOBaHMH ABISUIOCH N3ydEHHUE 00Pa30BaHUS M OTXKHTa CTPYKTYPHBIX PaJHallOHHBIX Ne(ekToB B 00pa3-
1ax, 0OJy4eHHBIX HOHAMHU H' u D", cBenenus 06 ob6pasoBanuy HOBEIX (a3 B meHkax Cr, Ni, Fe u Nb HcXomHbIX, 00-
nyueHHbIX noHamMu H' win D' u 0TOXKEHHBIX BILIOTH 110 TemmepaTypbl 1000 K, npuBeicHHbIE B CTaThe HHXKE, MO3BO-
JSUTH BBIICIMTH JUIsl KaXKI0TO MaTepHrajia TeMIepaTypHble HHTepBalibl, rie (azoBble nepexoabl He Habmoaatorcs. To-
I/ia JUIs TIOCTAaBJICHHOM 1€/ MPaBOMOYHO HCIOIb30BaHUE METOA0B U3MepeHus anekrpoconpotusieHus, TAC u [IOM
TIPY KCCIIeIOBaHUH YCTOMUYMBOI K (ha30BBIM IPEBPAIEHUSIM CUCTEMBI IUIEHKA MeTalJla—MMIUIAHTHPOBAHHBII Ira3.

Jnst nccnennoBaHus CTPYKTYpHO-(ha30BbIX n3MeHeHni B mieHkax Cr, Ni, Fe u Nb nocne obyuenus u npu Harpese
KaK UCXOMHBIX, TaK M 00/ TyueHHbIX HoHaMu H™ umu D' miieHok, mociieHie OT)KUIaaiuch Ha MEITHBIX CETOUKAX B BaKy-
YMHOH Kamepe, TJie MPOBOAMIOCE 00mydeHue, npu temneparypax 700, 800, 900 u 1000 K mo 30 mun. beuto obHapy-
KeHo, 9To BIUI0Th 10 1000 K B merkax Cr, Fe u Ni u mo 900 K B murenkax Nb B 00;rydeHHOM B HEOOITy4eHHOM COCTO-
SIHUSIX He HaOmronaeTcs (a30BBIX MPEBPAIICHHUH, SMUTaKCHAIBHASA CTPYKTypa IJICHOK TAaKXKe COXpaHsAeTCA. DIEKTPOHO-
rpaMMBI IJICHOK BO BCEX IIPHUBEICHHBIX IIPUMEPAaxX COBIANAIOT C IEKTPOHOIPAMMAaMH COOTBETCTBYIOIIMX IIJICHOK B
HCXOJHOM COCTOSIHUHM IIPH KOMHAaTHOW TemmepaType. Kpome TOro, 3neKTpOHHO-MHKPOCKOIIMYIECKHE CHUMKH IUICHOK
Cr, Fe, Ni u Nb He 00Hapy>KHBalOT OCTPOBKOB OKHCJIOB M Apyrux (a3 Ha MOBEPXHOCTH IUICHOK. [Ipu Temmeparype
T>1300 K nosiBnstirotcest okuciibl Ha noBepxHocTH mieHok Cr, Ni u Fe u o0beMHble okucibl B mieHkax Nb. U3 usno-
JKCHHBIX BBIIIE PE3yJbTaTOB MCCIENOBaHMH (ha30BBIX IPEBpAILCHUN B IUIEHKAX CIIEAYET, YTO NMPUMEHEHHE Iepeyuunc-
JICHHBIX BBILIE METOJIOB N3yUYEeHHUs] 00pa30BaHus M OTXKHra paJallMOHHbIX J1e(eKTOB B 00pa3lax MpaBOMOYHO B HHTEP-
Baje OT KoMHaTHOU Temneparypsl 10 900 — 1000 K. Kax BuaHO 13 puc. 9, UMEHHO B 3TOM TeMIlepaTypHOM HHTEpBaje
HaOJII01aeTCsl TIOJTHOE BBIJEJICHNE NMILIAaHTHPOBAaHHOTO AedTepus u3 mieHok Cr u Nb B Bakyym. U3 mnenok Ni u Fe
JeWTepuid BBIAEIIETCS BOMM3M KOMHATHOW Temmeparypbl. CieqyeT 3aMeTuTh, YTO IS MCCIEJOBAaHHBIX MAacCHBHBIX
MetauioB W, Zr, Ta, Be 1 MeTaIDTHYECKUX CIDIaBOB (MapraHIOBHCTas aycTeHUTHas ctanb Cr12Mn20W u cruaB Ba-
Hagua Vo5Crys) Ty THKOB TepMHUYIECKOH mecopOrn neirepus u3 oopasnos B BakyyM Menbmie 1000 K (puc. 7a,b,c,d).

DNEeKTPOHHO-MUKpOCKoHdeckne nccienoBanms mwieHok Ni, Cr, Fe u Nb, o0nydeHHBIX pH KOMHATHOH TeMIiepa-
Type nonamu H' 10 10381 5-10' cm?, 0GHApyKHBaIOT 0GPA30BAHME HE3HAYMTEIHHOTO KOTHUCCTBA AMCIOKAIIHOHHBIX
nerens BHeApeHus. [locienyronmii HarpeB oOIy4YeHHBIX IUIEHOK 0 TeMmnepatypsl 600 K nmpuBoaut x omxury Habro-
JAeMBIX CTPYKTYpHBIX HapyueHuil. He 3ameueHo oOpazoBaHHe My3bIPHKOB BOIOpOAa (AEHTEpHs) € pa3pelieHHueM
0,5 HM B IEpeYMCICHHBIX BbIIIE IUIEHKAX, YTOHEHHBIX NonynpoBogHukax GaAs u GaP u MeTaqunindeckux cIulaBax Io-
cie 00Ty4eHus: HOHAMM 3TUX Ia30B U [IPU HArpeBe B TEMIIEPAaTypHOM HHTEpBaJIe BBIJEICHHUS UX B BaKyyM /0 TeMIepa-
typsl T = 1000 K. HccnenoBanust namenennii Mmopdoiiorun mosepxHoctu obpasnoB GaP u GaAs mocie oOnydeHus
voHamMu D, TIpu KOMHATHO# TeMrepaType MoKa3alu He3HAUMTENbHOE YBEIMYEHHe EPOXOBATOCTH MOBEPXHOCTH. T1o-
sABIIeHHE pelbeda, COrTacHO [34], CBA3AHO C CENEKTHBHBIM PACHbUICHHEM MoBepXHocTH coenunennii tuma A''BY mpu
HMOHHOHM 60MOapANpOBKe, KOT/Ia YCKOPEHHO YIAJSIIOTCSl aTOMBI AJIEMEHTOB V TPYIIIBI, @ OCBOOOAMBIINECS aTOMBI 3Jie-
MeHToB [II rpynmsl MUTPHPYIOT IO MOBEPXHOCTH M KOAIECHHUPYIOT. AMOp(H3ay MPUIOBEPXHOCTHOTO CIIOST 00ITy-
4yeHHBIX 00pa3ioB GaP u GaAs He 00HapyKeHO.

Kak Op110 3aMedeHo panee, yAenpHOE 31ekTpoconporusienue p mwieHok Ni, Fe, Cr u Nb B pesynbrate obayuenus
vonamu H' 1 D' npu koMHaTHO# TeMnepaType yBenuuBaeTcs. BocCTaHOBJICHHE BETMUMHBI P HAOJIIOAETCs B IIICHKAX
Ni u Fe [23] npu temnepaType oOixydeHHs depe3 HEKOTOPBI IMPOMEXYTOK BPEMEHH IIOCIe TpeKparieHus: dombapu-
poBku, a B muenkax Cr u Nb [21,22] npu nocnenyroniem Harpese. B mnenkax Ni u Fe, o6myuennsix nonamu H', uepes
1 4 orxuraercs 0,6 u 0,85 (uepes cytku 0,7 u 0,99) ucxonHoro npupocra Ap, , a BeIMUUHA OTHOCUTENILHOTO IIPUPOCTa

OJIEKTPOCOIIPOTUBIICHUS Ap/po TIPUHUMACT NIPUMEPHO TAaKO€ K€ 3HAYCHHEC, YTO U COOTBETCTBYIONIAsA BEIWYWHA IJIA

TJIeHOK, “nipocTpenenHbix”’ nonamu H' (DY) 1o Takoit %e 10361 06IydeHHs U COAEPIKAIIMX MPEUMYIIECTBEHHO YCTOl-
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4HBbIe COOCTBEHHBIE TOUYEUYHBIE pagualioHHbIe nedexTsl Marpulbl (puc. 2b, kpussie 4 (Fe) u 5 (Ni)). OnucanHoe BbI-
e ymeHslenue Ap, (t) cBA3aHo ¢ MUrpanuei Bogopoaa u3 oobema mieHok Ni u Fe BakyyM. OnNbIThI 10 ra30BblIENe-

HUIO, TIPOBOTUMEBIC TP HarpeBe IUIEHOK Ni, COAep KallixX MMIUTAHTHPOBAHHBIA NEHTEpHii, MMOKa3ald OYeHb HU3KYIO
koHmeHTparmio C 3aXBaueHHOro rasa. Ilpu 103e obayuenns F=6-10'"° cm™ snauenne C cocrapmsno 0,03 at.%, a k03¢-
¢unuenT 3axpata neitepus 1, = 0,005. Beiienenne HMIIaHTHPOBAHHOTO JeHTEpUs IOTHOCTLIO OCYIIECTBIAETCS IPU

T<400 K. Bennunna 1, st mwieHok Fe 6amnska k Hyimo. V3 aHanmsa OnMcaHHbIX Pe3ysbTATOB M3MepeHust Kooddu-

I[MEeHTA 3aXBaTa JeWTepus, U3YUCHUS €r0 Ta30BBIACICHHUS U OTKUTa AP CO BpeMEHEM BBIIEPKKHU IOCIIE MPEKPAIIeHUsS]
00JIyueHHUs CIIEIyEeT, YTO UMILIAHTHPOBAHHBIE N30TOIBI BOAOPO/IA IJI0X0 YAEPKUBAIOTCS B KPUCTAIIMYECKON peleTKe
wieHok Ni u Fe, u 605bI10e KONMUYECTBO MX BBIACIACTCS B BAKYYM YXKE B IPOIIECCE HOHHON OOMOapaupoBKU. ITO, MO-
BUAMMOMY, CBSI3aHO C BBICOKOI TU(P(Y3UOHHOH MMOBI>KHOCTHIO YaCTHI H30TOMOB BOJIOPO/A MO MEKAOY3IHAM pelleT-
KH 3TUX METAJUIOB C Mayioil sHeprueii aktuaimu murpanuu E, (E,=0,4 3B B Ni [25]). KpoMe Toro, BO3MOXHO MpOTE-
KaHHe paJualliOHHO-yCKOpeHHOU an(dy3nu ra3za B BUJE TUHAMHYECKUX KOMIIJIEKCOB «COOCTBEHHBIN MEXI0y3eIbHBINH
aToM — atoM Bojaopona» (E,= 0,23B B Ni [35]). OcraBmieecs He3HAYUTEIHHOE KOJMYSCTBO ACUTEPHUS IO OIICHKAM OKO-
7m0 0,03 ar.% B meHKax Ni MOXET yAepXHWBaTbhCs PAAMALMOHHBIMH Je(eKkTaMy BaKaHCHOHHOTO THIA B BOAOPOI-
BaKaHCHOHHBIX KOMIUIEKcax. JTo coriacyercs ¢ paboramu [35, 36], B KOTOPHIX MOKa3aHO, YTO AWUCCOIMAIMNS TaKUX
komrutekcoB B Ni mmeeT mecto nipu 7<410 K. B nanHo# paboTe Taxke HaOIIOIATH B CIIEKTPaX TEPMUIECKOH aecopO-
[IMU BBIJENICHUE OCTABIIETOCS NeTepus u3 mieHoK Ni B BakyyM nipu temmepatypax Hioke 400 K. Kpome toro, B criek-
Tpe CKOPOCTEH BOCCTAHOBIIEHUS 3JIEKTPOCONPOTUBIECHHS IUICHOK Ni, COIepKallliX HUMIUIAHTHPOBAHHBIA BOAOPO, B
naTepBane temreparyp 290 — 400 K umeercs UK OT)KUTA paTHallMOHHBIX Ae()EKTOB, TO-BUAMMOMY, CBSI3aHHBIH C IHC-
colualell BOJOPO/I-BaKaHCHOHHBIX KOMIUIEKCOB. bosee moapoOHO pe3ynbTaThl MCCIEIOBAaHMN ONMUCAHBI B paboTe
[23]. B cBsi3u ¢ ManoCThIO BEMTMUMHBI Ap, HCCIEN0BaTh BOCCTAHOBICHUE P INICHOK Fe mpu oTKUre He MpeCTaBIsIoch

BO3MOKHBIM HM3-3a GONBIIOH ommOku n3Mepenuit. O6myuennsie nonamu H' mnenku Fe npu Harpese mccienoBaiuch
toabko Metogamu TJIC u [TOM, pe3yibraTbl 3KCIIEPUMEHTOB OBIIIM OITUCAHBI BBILLE.

B mienkax Cr u Nb yMmeHbleHHE BBI3BAHHOTO 0OIydeHHeM HMoHamMM H' HpHpocTa 3J1eKTpOCONPOTHBIIEHHS
HaOII0aeTCsl TOJNBKO TPH IMOCTUMIUIAHTAMOHHOM Harpese. Ha puc. 16 kpuBbiMEH 1 m 2 moka3aHO BOCCTAHOBIICHHE
BeMMUMHBI P 06mydeHHbIX MoHamMu H™ mienok Cr u Nb coorBerctBenHo [21, 22, 24]. 3aMeTHOE BOCCTaHOBIEHHE P
Habmomaercs, HaunHas ¢ 7=310 K (Cr) u 330 K (Nb).
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Pric. 16. BoccTaHOBJIEHHE 37IEKTPOCOTPOTHBIEHHS meHoK Cr 1 Nb, o6mydennsx noramu H'

1 dap

Ap
1,2-{1- = Voo -— — H(T):
1, I’= Cr (100 um), H™ : E=12 k3B, F=5-10"%cm%; 2, 2= Nb (150 um), H: E=20 k3B, F=5-10"cm; 0= 0,1 K-¢™".

ITpu Harpese 10 700 K asexkTpoconpoTUBIeHHE ITUX INIEHOK BOCCTaHABIMBAETCs MOJIHOCTRIO. B criekTpax ckopo-
CTeil BOCCTaHOBIICHUSI SIEKTPOCONPOTUBIICHUSI, IPUBEACHHBIX Ha puc. 16 kpuBsiMu 17 (Cr) u 2” (Nb) B BHIC 3aBUCHMO-
creit d(Ap/Ap,)/dT = f(T), pa3pelmatoTca MUKUA ¢ TeMIepaTypaMu B MakcuMmyMax Ip,,K: I— 440 (Cr), 425 (Nb);
11 - 520 (Cr), 480 (Nb); III — 690 (Cr), 640 (Nb). Cornacno [22], B mnenke Cr, 061yuenHoit monamu H' “na mpoctpen”,
B CIICKTPE CKOPOCTEH BOCCTAHOBIICHHUS IEKTPOCOIIPOTUBIICHHS TAK)XKE PA3PEIIAIOTCS MIUKK C TEMIIEpaTypaMH B MaKCH-
mymax T, K: 1—-440, II- 520, III— 700. TemnepaTypsl B MaKCHMyMax IEePEYUCICHHBIX MUKOB B IieHKax Cr u Nb,
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COJICPKAIIMX MMIUTAHTHPOBAHHBIA BOJOPOJ, OJMM3KHU M0 3HaYeHusAM. B mienkax Cr, 00J1ydeHHBIX H' ¢ umnnanTanuei
BOJIOPOZia U ““Ha MPOCTpeN’”’, BEIUYUHBI Ty, COBNAna0T. AHAJIOIMYHBIE TeMIepaTypsl 7, MUKOB B CIIEKTpax CKOpOCTei
BOCCTAHOBJICHUS 3JIEKTPOCOIPOTHBIICHUS MO3BOJISIOT MPEIIIOJIOKHUTh, YTO IIMKH O0YCIIOBJIEHBI OT)KUTOM OJITHAKOBBIX
THUIIOB PaJMAllMOHHBIX AeeKkToB. Hannune Takux e nukoB B ruieHke Cr, 001ydeHHON “Ha mpocTpes” U He copepiKa-
el MMIUTAaHTHPOBAHHBIX YaCTHIl BOAOPO/A, JOITYyCKACT, YTO TaKMMHU Je(eKTaMn MOTYT OBITh COOCTBEHHBIC PaJHAIlH-
OHHbIE Ae(eKThl MaTpuipl. [IMKKM B CrIeKTpax CKOpOCTEH BOCCTaHOBICHHUS dJIEKTpoconpoTusieHus mieHok Cr u Nb
PpAacIIoNoKeHBI, coraacHo o0rIel knaccudukanuu craguii omkura aedekros [37], Ha III — V cragmax. Crenano npen-
MTOJIOKEHHE, 9TO MUK | 0OyCIIOBIIEH OT)KUTOM CIOBOCHHBIX MEXIOy3elbHbIX aToMoB (CMA) MmeTaymuia B TaHTENBHON
KOH(Uryparuy 3a cUeT JalbHel MHUTpaIiM WX K CTOKaM, 4TO coriacyercs ¢ paboroif [38], B KoTopoil 00Cyx)matoTcs
craguu omxura nedexros B OLIK-merannax. [Tuk I xoporio ykiagpiBaeTcs 1Mo TeMrnepaTypam B TPETBIO CTaHI0 OTIKH-
ra nedekToB, mpoTeKawIyo, cornacHo [38], B HHobuu B TeMmepatyproM uutepBaie 370 — 500 K u 00ycioBieHHYIO
OT)KUTOM CJIBOGHHBIX MEXJ0Y3€JbHbIX aTOMOB Nb B raHTeIbHOH KOH(HUIypalUH C DHEPrHed aKTHBALUH MHIPALUU
1,3 3B. Ilo-Buaumomy, nuku 11 u 111 cBs3aHbI ¢ OTXKUTOM JIe()EKTOB BAKAHCHOHHOTO THUIIA. DTO corjiacyercst ¢ paboroi
[39], B KOTOpOIi cTamusl OT)KUTa MOHOBAKaHCHH B HHOOMH MMeeT MakcHMyM mipu temrieparype 7=540 K. lnst nuka 111
IO METOJy IBYX CKOPOCTEH Harpesa [37] ompe/elieHa SHEPTHsl aKTHUBAIUN MHUTPAITUK Te(eKTOB, cocTaBuBInas 1,2 3B u
OJM3Kast K DHEPTHU aKTUBAlMY MUTPALlMM MOHOBaKaHcui B xpome 1,24 — 1,28 3B [40].

Pe3ynbraThl HccnenoBaHus BeIeNeHUs neitepust u3 mieHok Cr u Nb B BakyyM npu HarpeBe, IpHUBE/ICHHBIC BBIIIE
Ha puc. 9 kpusbivu 1 (Cr) u 1" (Nb), 0Ka3bIBafOT, 9TO ACHTEPHUii BEIXOAUT MOIHOCTHIO Ipu Temieparypax T < 900 K.
3HaveHus Temieparyps! T, K MakcuMymoB nukoB Tepmopecop6unu, pasusre 530 (Cr) u 650 (Nb), u remmneparypHbIi
MHTEpBAI TEPMHUYECKOTO BBIJEICHUS Ta3a JeXaT B MHTEpPBaJe OT)KUTA HCCIECAYEMbIX PaJHalliOHHBIX Ae()EKTOB (CM.
puc. 16, kpusbie 1 u 1" s Cr u 2 u 2’ gist Nb). [o-BuanMoMy, BEIXO I€HTEpHs CBSI3aH C MUTPAIIAEH €ro aTOMOB K
MTOBEPXHOCTHU TIOCTIE AMCCOLMAINHA KOMIUIEKCOB paTUaldoOHHEIA nedexkT—uaeltepuii. Habmomaemoe mpu 7 < 800 K
MIOJTHOE BOCCTAHOBJICHHUE HIIEKTpOCONpoTHBIeHHs IieHOK Cr u Nb, copepxalux NMIIaHTHPOBAHHBIA BOAOPO, 00B-
SICHSIETCSI, TEM, YTO, BO-TIEPBBIX, OTXKHUIAIOTCSI COOCTBEHHBIC paJlallMOHHBIC Ae(EKTHl MATPHUIBI M, BO-BTOPHIX, BECh
HMMIUIAaHTHPOBAHHBIN Ta3 BEIXOAUT U3 00pa3nos. IIpennonokenne o ANCCOMAMN KOMIUIEKCOB BOJOPOL—ae(eKT Mo-
TBepKaaercs B pabote [41], rme mokazana aucconmarus komruiekcoB H,V (m<6) B Mo mpu TeMmepaTypax BBIIIE
KOMHATHOM.

Buaumo, B uccienoBanubix mwieHkax Nb u Cr, Ni u Fe npu nMIUIaHTanydy 4acTUilbl BOAOpoaa (IedTepus) 3axBa-
TBIBAIOTCSI 00Pa30BABUIMMHUCS PaJHAIIOHHBIMU BaKaHCHUSIMH, B pe3yJibTaTe 4yero GopMHUpYIOTCs BOIOPOA (AeHTepuil) —
BaKaHCHUOHHbIE KOMIUTEKCHI. [Ipn HarpeBe oHu auccoruupyror. B padorax [33, 35] paccmoTpeHa ancopOIHMOHHAsT MO-
JIeNlb B3aMMOJAEHCTBHSI BOJIOPOJa C BAKAHCUSIMH, B KOTOPOI MO M3BECTHBIM TEPMOJMHAMUYECKUM BEIHMUYMHAM TEIIOTHI
aicopOIMK ¥ PaCTBOPEHHS PACCUUTAHBI SHEPIUH CBS3U M JUCCOLMALMH BOJIOPO/I-BaKaHCHOHHBIX KomiuiekcoB H,, V,, (m
<6, n<4) nna paga merawios (V, Nb, Ta, o—Fe, Mo, W, Ni, Pd, Cu, Al, Au), a Takxe yka3aHbl TEMIIEPATyPhI JUCCO-
nuaimu komiuiekcoB tuna HV. U3 conocrasnenus ¢ padoramu [33, 35] BunHo (cM. Tabmuny 3), yTo 3HAYCHHUS TEMIIC-
parypsl T, MAKCHMYMOB ITHKOB B CIIEKTpax TepMmojaecopoumu aeiirepus u3 mieHok Cr, Ni u Nb B BakyyM BbIlIe 3Haue-
HUH Temneparypsl aucconuanuy komiuiekcoB HV (DV), a momydeHHble 3HaU€HHS SHEPTUH aKTHBAILMH TEPMOJIECOpPO-
mun Ey neiitepust Oomblle 3HAYEHUH 3HEPrHU aucconnanuy kommiekco HV. Ha ocHoBanmm sToro mpeamomiaraercs,
YTO B HCCIIEJIOBaHHBIX IUIEHKAX (popmupyrotcs kommekes! Hy, V, (D, Vy), Toe m, n> 1.

s mcciemoBaHHBIX MacCHBHBIX MeTaimioB Be, Zr, Ta w W ObUIM paccunTaHBl 3HAYCHUS DHEPTHH aKTHBAINN
TepmonecopOiun Ey neifrepus n3 o0pa3moB B BakyyM 1o [42—44], koTopsle oka3amuch paBHBIMH 1,55 u 2,43B (Be),
1,65B (W), 2,23B (Ta) u 2,43B (Zr). Ina yrnepomoconepxkamux matepuanos (rpa¢pur MIII-8 u yrmecuramn YCb-
151) E4 neitrepust cocraBmsum 3,88 3B (MIIT-8) u 2,59 u 3,10 aB (YCb-151). 3nauenus Ey neittepusi, necopOupo-
BaBIIETO U3 HCCIIEIOBAHHBIX MOMyNpoBoaauKoB rpymmsl A"'BY, paccuntanHble npy Harpese 06pasloB ¢ ABYMs CKOPO-
ctamu, paBHsuuch 0,53B (GaAs) u 1,83B (GaP). IlepeunciienHbie 3HaueHUs1 BETUUUH Fy CBEIEHBI B IOCIEIHEH KO-
nouke Tabnuuer 3. [To-eumumomy, B W, Ta, Zr u Be, rne Ei<Fy (Egq — SHEpTrUs akTUBAIMH caMOIu(y3un), TepMUde-
ckast pecopoumst D, o0ycnoBieHa Murpanyeit geirepust K MOBEpXHOCTH 110 BaKaHCHSAM JeHTepHii-BaKaHCHOHHBIX KOM-
wiekcoB tuna DV. 3HaueHus BeIHuuHbI Fyy U TIEPEUUCIICHHBIX METALIOB cocTaBisuid 1o [45] 2,353B (Be), 3,21 3B
(Zr), 4,78 3B (Ta) u 5,243B (W), o [46, 47] 1,6-1,73B (Be), 2,83 3B (Zr), 4,1-4,83B (Ta) n 6,0-6,6 3B (W).

3HaueHNs SHEPIUU aKTHBAIMM TepMojecopOumn aeiirepus n3 momynpoBoaHukoB GaAs n GaP Ttaxke MeHbIe
3HAa4YCHHUH SHeprun aktuBaruu camoanddysun Ey smemerToB P, As u Ga B pocdune ramms u apcernae ramms. Co-
riacHo [48], B GaAs, Ey paBaH 5,6010,325B (Ga) u 10,2+1,23B (As), a Temneparypa Ty, IpH KOTOPOH MPOTEKAET
mporecc camoanddys3un, Haxomures B uHTepBaie 1400-1520 K (Ga) u 1470-1520 K (As). B GaP, no omnenkam [48],
E=45B (Ga) u E~63B (P). [TockonbKy, Kak U B pacCMOTpeHHBIX BbIe Metauiax W, Ta, Zr u Be, Eq<Ey, a Tp,
OJIM3KO K 3HAYeHHSIM Ty, 111 GaAs u GaP Taxke MOKHO TIPEIOIOKNUTh, YTO TIPH TEPMUYECKOM BBIICTICHUH TCHTEPHiA
MUTPHUPYET K IOBEPXHOCTH C y4acTHEM BaKaHCHH.

BBIBO/IbI
HpOBeI[eHLI HCCIICA0BaHUs TPOLIECCOB 06pa30BaHI/Iﬂ " OTXKUT'a paJualluOHHBIX I[e(l)eKTOB B pAAC KOHCTPYKIIMOH-
HbIX MAaT€pHaJIOB, O6J'Iy‘leHHBIX HOHaMH1 M30TOIOB BOAOpOAAa CPCAHUX BHGPFI/II\/‘I. HOKa3aHO, YTO KOrJjla KOHICHTpaIusa
HUMINUTAHTUPOBAHHBIX YaCTHULL 60M6apm/1py}0mero IIy4dkKa B [IPUIOBEPXHOCTHOM CJIOC HEC MPEBBIIIACT 0,2 ar.% u TemiIre-



62

EEJP Vol.3 No.3 2016 V.V. Bobkov, L.P. Tishchenko et al.

parypa mumenu 7o= (0,2 — 0,4) T, (roe T, — TeMIeparypa IiaBJieHHs1), B KPUCTAIIIMYECKON pelIeTke 00pa3oB MOTYT
00pa30BHIBATHCS pa/iMallMOHHbIE Ae(EKThI pa3au4yHoro Tumna: cisoeHHble CMA B raHTensHON KoH(urypaunu; aedex-
Thl BAKAHCOHHOT'O MPOUCXOXKIECHHUS; BOJOPO (AeiTepHil) — BakaHCUOHHBIE KOMILIEKChl. [Ipu nmocneayromem nocrpa-
JMAIIOHHOM HAarpeBe KOMIUIEKCHI UCCOLMHUPYIOT C BBICBOOOXKIEHHUEM YaCTHIl ra3a, KOTOPbIE 3aT€M MHUIPHPYIOT IO
00bpeMy 00pa3noB K ITOBEPXHOCTH U AecOpOUpYIOTCs B BakyyM. /ledekThl BAKAHCHOHHOTO THIIA, TIO-BUIUMOMY, OTXKH-
TaloTCs IPH PEKOMOMHAIMK Ha AWCIOKALMIX M JUCIOKAIMOHHBIX METISIX BHEAPEHHs, Torna Kak casoeHHele CMA B
TaHTEIBHOW KOH(UTypalui MUTPUPYIOT K JAIFHUM CTOKAaM — IPaHHULIAM 3€pEH.
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In this paper, to obtain streams of thermal and epithermal neutrons are used delayed neutrons emitted from the target with a fissile
material. The target preliminarily activated with help of electron beam from linear accelerator with an energy of 20 MeV and a power
of 9 Watts. At the same time to obtain a stream of thermal as well as epithermal neutron density 6 10° n / (cm ? s) The results of ex-
periment are presented where half-decay curves have been measured of emitting delayed neutrons radioactive nuclei produced in the
fission process. It has been shown that the activated target, which contains the fissile material, presents a compact small size source
of delayed neutrons. It can be delivered to the formator where thermal and epithermal neutrons are formed during a certain time peri-
od with help of the moderator, absorber and collimator. Then this target is moved to the activator being replaced with another target.
Thus, pulsed neutron flux is produced. The duration of neutron pulse corresponds to the presence time of the activated target in the
formator, and time interval between pulses is determined by the delivery time of the target from the activator to the formator. Given
that the yield of neutrons from the target is directly proportional to the power of the beam of accelerated electrons, shows that the
beam power of 1.5 - 3 kW, the flux density of thermal and epithermal neutrons can reach the values of (2-3) 10° n/ (cm® s). Such a
neutron beam can be used in nuclear medicine, in particular, in neutron capture therapy of oncologic diseases.

KEY WORDS: nuclear medicine, delayed neutrons, thermal neutrons, linear accelerator, moderator, neutron source.

TEHEPAIMS TEILIOBBIX M SIUTEILIOBBIX HEUTPOHOB HA JIMHEMHOM YCKOPHUTEJIE
JIEKTPOHOB JUISI SIAEPHOM MEJIALIAHBI
B.U. Kacunos, C.II. I'okos, A.H. Jlosons, C.A. Kanenuk, , C.C. Kouetos, A.A. Xomu4, O.A. lllonen
HHI] “Xapvrosckuil pusuxo-mexnuueckutl uncmumym”
yn. Axkademuueckas 1, e. Xapvkos, Yxpauna, 61108

B nanHoit pabote, 1is MONMy4YeHHs MOTOKOB TEIUIOBBIX M SMUTEIUIOBBIX HEHTPOHOB HCHONB3YIOTCS 3aMa3/bIBAIOINE HEUTPOHBI, BBI-
JIETAIONIMe W3 MUIICHH, COJAepKallel AeNsIuicss MaTepuan. MHUIIeHb MpeaBapuTeIbHO aKTHBHPOBAIACH ITyYKOM 3JIEKTPOHOB JIH-
HeitHoro yckopurens ¢ sHeprueit 20 MaB u momHocTsI0 9 BT. IIpH 5TOM MONyYeH MOTOK TEIUIOBBIX M JMUTEIUIOBBIX HEHTPOHOB
mnotHOCTHI0 6107 H/(cM¢) TIpHBOAATCS Pe3yNbTATH SKCIIEPUMEHTA, B KOTOPOM H3MEPEHBI KPHBBIE TOTYPACIIANa PaJHOaKTHBHBIX
simep, 0Opa3oBaBIIMXCS B IPOIEcCe JEeNeHUs M MCIyCKAIOIUX 3ala3/bIBalomue HeHTpoHsl. [loka3zaHo, 4TO akTUBHpOBAaHHAS MH-
LIeHb, CoJleprKalas ACISIINICS MaTeprall sIBJsIeTCS KOMITAKTHBIM MaorabapuTHBIM HCTOYHHKOM 3alla3/IbIBAIOINX HeHTpoHOB. OHa
MOXeT OBITh 10CTaBJIeHa B JOpMUpPOBATENb, T/I€ C MOMOIIBIO 3aMEUINTENS, TIOTJIOTUTEIS U KOJTIMMATOpa MPOUCXOAUT GOpMHpOBa-
HHE HEHTPOHOB TEIUIOBBIX MM SMUTEMJIOBBIX SHEPIUil B TEUCHHE ONPEAEIEHHOTO NMPOMEXYTKAa BPEMEHH, I1OCIE Yero JaHHAas MU-
IIeHb OTMpPABIAETCS B aKTUBATOP, a HA €€ MECTO MPUXOAMT Apyras MuiieHb. TakuM oOpa3oM, oOpa3yeTcsi UMITyJIbCHBIH MOTOK
HEWTPOHOB. [ITUTENTPHOCTh UMITYThCa KOTOPOTO COOTBETCTBYET BPEMEHN HAXOXICHUS aKTHBUPOBAaHHON MHIIEHU B (popMupoBaTee,
a PacCTOsIHME MEXTY MMITyJILCAMH ONPEIENIeTCs] BpeMEHEM TPAHCIIOPTHPOBKY aKTHBUPOBAHHON MHIIIEHH U3 aKTHBAaTopa B (hopmu-
poBatenb. YUHTHIBAs, 9TO BEIXOJ HEHTPOHOB N3 MHIIEHH NPSIMO IIPONOPIHOHATIEH MOIIHOCTH ITydKa YCKOPEHHBIX JIEKTPOHOB, I10-
Ka3aHO 4TO IIPH MOIIHOCTH Iydka 1,5 — 3 kBT, IIOTHOCTh OTOKA TEIUIOBBIX M ANUTEIIOBBIX HEUTPOHOB MOXKET JOCTHraTh 3HA4e-
Huii (2-3) 10° m/(cM?c). Takoii MydoK HeHTPOHOB MOXKET ObITh HCIIONB30BAH B AAEPHOI MEIUIHHE, B YACTHOCTH, B HEHTPOHO3aXBAaT-
HOH Tepanuy IpH JICYCHNH OHKOJIOTHYECKUX 3a00IIeBaHUH.

KJIIOYEBBIE CJIOBA: sinepHas MEIUIIMHA, 3aMa3/IbIBatOIINe HEUTPOHBI, TEIUIOBbIC HEUTPOHBI, IMHEHHBIN yCKOPUTEIb JIEKTPO-
HOB, 3aMeJTUTENb, HCTOUHHK HEHTPOHOB

TEHEPAIIA TEIUVIOBUX TA ENITEILUIOBUX HEMTPOHIB HA JIHIHHOMY NPUCKOPIOBAUYI
EJIEKTPOHIB JIJIS AAEPHOI MEIUITUTHA
B.H. Kacinos, C.II Tokos, A.M. los6us, C.O. Kanenuk, , C.C. Koueros, 0.0. Xomnu, O.0. lllonen
HHI] "Xapxkiscokuii ¢izuxo-mexniunuil incmumym”
eyn. Akademiuna 1, m. Xapxie, Ykpaina, 61108
V naniii po6GOTI, 1151 OTPUMAHHSI IOTOKIB TEIUIOBHX 1 €MITEIJIOBUX HEHTPOHIB BUKOPUCTOBYBAINCH 3alli3HEH] HEHTPOHH, SKi BUIIITA-
JIM 3 MilIeHi, 10 MiCTHIa NOAUIPHUI MaTepian. MillleHb oNepeIHbO aKTUBI3yBajacs MIyYKOM €JIEKTPOHIB JiHIHHOTO MPHCKOPIOBaYa
3 enepriero 20 MeB i motysxkuictio 9 Br. IIpn msoMy 6yB OTpHMAHHI MOTIK TEMIOBHX i MITEINIOBAX HeHTPOHIB minbHicTio 6 107 1/
(cM* ¢) HaBOmATECS pe3y/bTaTH eKCIICPHMEHTY, B AKOMY BEMIpSIHi KPHBI HAMIBpO3Mafy pagiOaKTHBHHX SUIEp, IO YTBOPHUIHCS B
TIporeci NOALTY BHIYCKAIOTh 3ali3HeHi HeWTpoHH. [Toka3aHo, 0 aKTHBOBAaHA MIIlIeHb, III0 MICTUThH MOALTEHUN MaTepial € KOMIIaKT-
HUM MaJIorabapUTHHM JDKEPEIOM 3alli3HeHHX HeWTpoHiB. BoHa Moke OyTH nocraBiieHa B opMyBad, 1€ 3a JOMOMOTOI0 CHOBUIBHIO-
Baya, IOIJIMHAYa i KoniMaropa BinOyBaeThesl GOpMyBaHHS HEHTPOHIB TEIUIOBHX a00 EIITEIIOBHX €HEepriil MpOTSAroM MEBHOTO MPO-
MIDKKY 4acy, MiCJisl 4Oro Lisl MillleHb BiJNIPaBISEThCS B aKTUBATOP, a Ha ii Miclle MPUXOJMTH iHIIA MillleHb. TakuM YMHOM, yTBOPIO-
€ThCS IMITYJIbCHUII MOTiK HeHTpoHIB. TpHUBACTh IMIYJIbCY IHOTO MOTOKY BiJIOBIJa€ 4acy 3HaXOMKCHHsS aKTHBOBAHOI MillICHI B
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(dopMyBauy, a BiICTaHb MiX IMITyJIbCaMU BH3HAYA€THCSI YaCOM TPAHCIOPTYBAHHS aKTUBOBAHOI MillleHi 3 akTHBaTopa B opmysad. 3
OISy Ha Te, 1[0 BUXiJ HEHTPOHIB 3 MillleHi TIPSIMO NPONOPILIHHIIA TTOTY)KHOCTI ITy4YKa MPUCKOPEHHUX EIEKTPOHIB, II0OKa3aHo, IO MPU
moTYKHOCTI mydka 1,5 - 3 kBT, IinbHICT MOTOKY TEIIOBHX i EMITEINIOBHX HEHTPOHIB MOKe ZOCATaTH 3HaueHb (2-3) 10° H / (cM ¢).
Taxuii my4ok HEHTPOHIB MOXe OyTH BHKOPHCTAHHH B SAEPHIN MEOWNUHI, 30KpeMa, B HEUTPOHO3aXBaTHOI Teparmii IpH JIiKyBaHHI
OHKOJIOTTYHHX 3aXBOPIOBAHb.

KJIIOYOBI CJIOBA: sinepHa MeuIiHA, 3aI1i3HUII HEHTPOHH, TEIUIOBI HEHTPOHN, NIHIMHIN IPUCKOPIOBAY €IEKTPOHIB, CIIOBLIb-
HIOBaY, JUKEPEJIO HEUTPOHIB.

B nocnenHee Bpems, B AIE€PHON MEAUIMHE UCIOJB3YIOTCS IIyYKH HEUTPOHOB JJII HEUTPOHO3aXBATHOU TEpaIluu
(H3T) [1], xoTopas siBnsieTcss OTHUM W3 HanOoJiee NEPCIIEKTUBHBIX HANpPAaBJICHUH B PEIICHUU MpoOieMbl H30MpaTeib-
HOTO TOPaKEHHs 3JI0KaYEeCTBEHHBIX HOBOOOpa3oBaHUM. [l 3TOro HEOOXOAMMO HMMETh IYYKH TEIUIOBBIX WIIM SIH-
TEILIOBBIX HEHTPOHOB C IUIOTHOCTBIO T0TOKa (2-3) 10° H/(cM’. ¢), a TaKke JeKkapCTBEHHbIE COEIMHEHHS NAKONIME BO3-
MOXXHOCTB CEJIEKTUBHOH IOCTaBKH C MX MOMOIIBIO B OITyXOJIb JJIEMEHTOB C BHICOKMM CEYEHHEM 3aXBaTa TEIJIOBBIX N
SIUTEILIOBBIX HEHTPOHOB, TakuX Kak ''B u '°'Gd. [Ipyu B3anMOIeiiCTBIH TEIUIOBBIX H MUTEIUIOBEIX HEHTPOHOB C STHMH
3JIEMEHTaMH BO3HHKAET BTOPHYHOE M3TydeHHe. FIMEHHO 3TO M3ITydeHHE OPAXAET OIyXO0JIEBbIEC KICTKH.

Wnes ncnonp3oBanus HelTpoHoB B H3T, ocHOBanHas Ha (yHIAMEHTANBHOM Pa3lWYMX MEXIY HOPMAJIbHBIMH U
PaKoOBBIMH KJIeTKaMH, Obuta npeasiokena emie B 1936 r. Jlouepom JI.JI. [2]. 3BeCTHO, YTO paKkOBbIC KJIETKH UMEIOT TO-
BBIIICHHYIO CKOPOCTh pocTa U AeneHus. [103ToMy JieKkapCTBEHHbIE COSIMHEHHUS, MPEACTaBISIONNEe cO00il KIeTOYHbIE
«CTPOUTEIbHBIEC OJIOKU» MOTJIOMAIOTCS MPEUMYILIECTBEHHO PAaKOBBIMU KileTKaMu. [[puMeHeHne Takux JIeKapCTBEHHBIX
COEMHEHUI OTKPBIBAET BO3MOKHOCTbH CEIEKTUBHON JOCTaBKU C UX IOMOIIBIO B OITyXOJIb 3JIEMEHTOB C BBICOKHM Cede-
HHEM 3aXBaTa TCIUIOBBIX WIIH SIHTEIIOBBIX HEHTPOHOB, TakuX Kak ''B u *’Gd.

Buenpenne H3T g nedeHus 310Ka4ECTBEHHBIX OMYXOJEH MPOMCXOAWIO IO JOBOJBHO CIOXKHOMY IyTH. B
1941r. ObUTO BIIEpBBIC TIOKA3aHO, YTO ONPEJNCICHHOE XUMHUYECKOE COCANHEHNE TO3BOJISIET MOMYYUTh 00Jiee BBICOKYIO
KOHIIEHTPAIHMIO ''B B KJIETKe PAKOBOH OIYXOJIH 110 CPABHEHHIO CO 310poBhIMH KieTkamu. C 1952 mol1962 r. B Bpyk-
XCHBEHCKOW HaIMOHAIBHOW nmabopatopun U MaccadycerckoMm TexHomorndeckoM mHCTUTyTe (CILIA) Kypc nedeHus c
nmomotsio H3T Ha menumuHCKOM peakrope npouumd 44 marmmeHTa [3]. OmgHAKO 3KCIIEPUMEHTH HE Jald 0KHIAeMbIX
MOJIOKUTEIBHBIX PE3YIbTATOB M OBIIM NMPHOCTaHOBICHBI. [IpnunHa, Kak BBLICHHUIIOCH BIOCIIEACTBHH, 3aKJIIOYATIACh B
HU3KON KOHIIEHTpaluyu 00pa B paKOBBIX KIIETKaX.

OkcnepumenTsl o H3T oxkonmormueckux 3aboeBaHU MHTEHCHBHO Ha4yalld MPOBOIUTHCA B SmoHuu ¢ 1967 r. B
OCHOBHOM 1151 3TOr0 Hcrnoibs3oBaiack bBH3T (6op HelTpoHOo3axBaTHas Tepamnus) Ha peaktope HTP (Texnomoruueckuit
UHCTUTYT Mycamm). [lo3xke aHaTOrHUHBIE HCCIEIOBAaHUS OBLIM MPOAOJKEHBI Ha 0oJiee COBPEMEHHBIX PEaKTOpax
KURRI (ynuBepcurer Kuoro) u JRR4 (arentcrBo aromHoit sneprun) [4-7].

C 1994r. Ha peaktopax B BpykxeliBeHe u Maccauycerce BO30OHOBMIIMCH SKCIICPUMEHTHI TI0 JICUCHHUIO TAIlUCHTOB
C OIYXOJSIMH TOJIOBHOTO MO3Ta.

B 1997 r. knuHUYecKue ucnplTanusi Hayanuch B [omnanauu, B 1999 r.- B @unnsaaauu. K ucciaenoBaTenbckum pa-
60TaM 1O 3TOH TeMaTHKe MOJKITIOYMINCE B Aprentune, Urammy, lIBenuu u B apyrux crpanax. [Ipu atom, mpakTude-
CKH, OHKOJIOTHYIECKHE IIEHTPHI IIepenuIn K ucnoip3oBannio B BH3T peakTopoB, cHOCOOHBIX IPON3BOIUTE TEIUIOBBIE U
SIUTEIUIOBBIC HEUTPOHBL. Ha ceromHsmmHanii AeHb Jydiiei ycTaHOBKOH cumtaercs peaktop MITR (Maccauycerc) [8].
OH reHepupyeT Ha BbIXoJe KaHana M-011 II0THOCTH HOTOKA TEMIOBEIX HeiTpoHoB(5,9 10° v/(cM? ¢.), pu 103e GBICT-
pbix HeliTpoHOB U oTtonoB < 20 u (188 + 10) MI'p/MHH COOTBETCTBEHHO.

B Hacrositiee Bpems B Mupe GyHKUMOHHPYIOT 14 uccnenoBarensckux 1eHTpoB no H3T [9], kotopble ncnonb3yor
yale BCero My4yku HeHTpoHoB 0T peakTopoB. Peaktop TAPIRO [10], HoMuHanpHast MOLUTHOCTB KoTOporo 5 kBT, ¢ pe-
ryJaupyeMsIM pa3mepoM nydka. B Kutae nminanupyror co3naBaTh peakTopsl MomHocThi0 Ha 300 kBT, ¢ 1Byms Tepanes-
THUYECKMMH ITyYKaMH HEHTPOHOB — TEIUIOBBIX M MPOMEXYTO4HBIX. B Poccun paszpaboran sckusnbiii poekt 10 kBT pe-
aKTOPHON yCTaHOBKH «Mapcy, peTHa3HaueHHOM JUIsl JIeYeHUs] OHKOJIOTHYECKHX OIMyXouieil. Maible rabaputhbl 1 Macca
<70 T MO3BOJSAET yCTAaHABIUBATh PEAKTOP HA TEPPUTOPUU KINHUKU.

B nocnennee Bpemsi HabIr0JaeTCsl BO3PACTAIOIINI HHTEPEC K CO3JaHUI0 MAJIOra0apUTHBIX, OTHOCHTENILHO HE/NO0-
POTHX YCKOPHTENICH, CIOCOOHBIX HEMOCPEICTBEHHO B OHKOJIOTHUECKHX IIEHTpax T'€HEpUpPOBAaTh HEUTPOHBI JUIS
HEUTPOHHOW W HEHTpOoHO3axBaTHOH Tepanmu. Cpenn Hanbolee MePCIeKTUBHBIX MPOEKTOB B [11] oTMeuaercs: mpoaBu-
xerne npoekta (CaH-MapTuH, ApreHTrHa); coopyxenne yckopurens B Jluapspo (Mranus); Hadano IByX MPOEKTOB B
SAnonnn (Ocaka, Yaueepcurer Knoto); 3amyck yckopurens B HoBocubupcke. B O6nmuCcke (Poccus) Ha kackagHOM
yckopurene KI'-2.5 mnanupyercsa reneparust HelTpoHOB ¢ 3Heprueit 0,7 MaB, uro npuemiemo mia nposenerust H3T
OMyXOJiell TOJOBHOTO Mo3ra. BBemeH B oskcmtyaranuio IUKIOTpoH HM-30 ¢ MIOTHOCTHIO MOTOKA 3MUTEIIOBBIX
ueiitporos 1,2-10° u/(cm® ¢.) (MHCTHTYT peakTOpHBIX HcHbItTanuii Kioto, Slnonust). 1o B 1Ba pasa Goblie, yeM Ha
peakrope KURRI, Ha koTOpoM mpoBeieHO 275 KIMHUYECKUX UCTIBITAHUM.

K coxanenuto, B YKpanHe 10 HAaCTOSILIET0 BPEMEHH TakuxX paboT He MPOBOJMIIOCH B CBSI3U C OTCYTCTBHEM (DU3H-
YECKUX YCTaHOBOK, TeHepHupyromux notku HeuTpoHoB st H3T. B nacrosiee Bpems B XappkoBe B HHI XDTHU 3a-
KaHYMBACTCSl COOpPY>KEHHE HEHTPOHHOTO MCTOYHHWKA HAa MOAKPUTHYECKOW COOpKe ympaBisieMOW IyYKOM JMHEHHOTO
YCKOPHUTETSI 3NIEKTPOHOB. Ha HEM mpexycMOTpeHO co3/aHHe KaHAJIOB TEIUIOBBIX M 3MUTEIUIOBBIX HeiTpoHOB it H3T
Ha psAAY C KaHAIaMU JJIsl IPOBEACHUS SKCIIEPUMEHTOB 1o ¢u3uke [12].
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INOCTAHOBKA 3AJJAYU U ITYTU EE PEHIEHUSL

B Hacrosmee Bpems B mupe it H3T HCmonb3yrOTCs HCTOYHUKY HEUTPOHOB Ha 0a3e SCPHBIX PEakKTOpOB, 00a-
JAIOIIHE MIOTHOCTHIO TOTOKA B aKTHBHOI 30me 10'*-10" HEHTPOHOB / eM’ ¢. K coxanennio, 5T YCTaHOBKHM HE MOTYT
OBITh UCIIOJH30BAHBI HETIOCPEACTBEHHO B KIIMHUKAX M3-3a MX OOJIBIINX rabapuTOB, a KPOME TOTO MECTO MPOBEIACHUS
Jy4eBOW Teparuy Ha KaHaJIaX TETUTOBBIX WM JMMUATETUIOBEIX HEUTPOHOB HE MOXKET OBITH PACHOI0KEHO HA PACCTOSHHU
Ooyiee SM OT aKTHBHOM 30HBI peakTopa. M3BecTHO, YTO YIIIOBOE paclpe/ieeHne HEHTPOHOB B aKTHBHOM 30HE peaKkTopa
H30TPOITHO, IOATOMY TUIOTHOCTH TIOTOKA HEHTPOHOB, BEIXOIIIINX U3 aKTUBHOH 30HBL, OYI€T YMEHBIIATHCS MPOTIOPIIH-
OHAJBHO KBAJIPaTy PacCTOSIHUSA M He OyIeT TOCTUTaTh HeOOXoauMbIX 3HaueHnH st H3T.

OnBIT MpaKTHYECKOW PabOTHI IOKA3all, YTO peakTOpHas (U3NIecKas yCTAaHOBKA JOJDKHA UMETh HE TOJIBKO Tepa-
TEBTUYECKUE YUK C Pa3IMIHBIMHU CIIEKTPATBbHBIMUA U TEOMETPUUECKUMU XaPAKTEPUCTUKAMH, HO U TTyYKH TUATHOCTH-
YyecKue, uccieoBaTeNbckue 1 aHanutudeckue [8]. [ToaToMy ycuiust crieruaaicToB HalpaBiIeHbl Ha CHHKEHHE MOIII-
HOCTH, Macchl U rabapUTOB NCTOUHMKOB HEUTPOHOB C BO3MOXKHOCTBIO MX pa3MELIEHHs HETOCPEICTBEHHO B OHKOJIOT U~
YECKUX LIEHTPaxX U MOJIyYEHHE C UX MOMOIIBI0 MHTEHCUBHBIX ITOTOKOB HEUTPOHOB IIMPOKOTO SHEPTrEeTHUECKOI0 Jrarna-
30Ha.

OnuH 13 croco0OB pelIeHHs 3TUX MMPOOJIeM 3aKIII0YaeTCsl, BOSMOXKHO, B UCIIOJIL30BAHUN YCKOPHUTENEH 3apsyKeH-
HBIX YaCTHII JJI TCHEPalui HEUTPOHOB, B TOM YHCIIC, U JTMHECHHBIX YCKOPUTEICH 3JIEKTPOHOB ¢ MOITHOCTHIO MTydKa 10
20 xBt. Ha ux ocHOBe BO3MOXHO OBIIIO OBI CO3IaTh KOMIIAKTHBIM MCTOYHUK HEHTPOHOB. Takue yCKOPHUTENN IEKTPO-
HOB B YKpaWHe B HACTOSAIIEE BPEMS HCIOIB3YIOTCA U (yHOAMEHTAIBHBIX W MPHUKJIAAHBIX SIEPHBIX HCCICIOBAHUNA B
HHIL X®TH B ropoae XapbKoBe.

B Hacrosiieit pabote, paccMaTpuBaeTcsi BO3MOXKHOCTh ITOJIyYEHUS! TEIJIOBBIX WIIM SIHUTEIUIOBBIX HEHTPOHOB VISt
HENTpPOHO3aXBaTHON Tepamuy MpPH HCIONB30BAaHUM 3ala3/bIBAIONINX HEWTPOHOB, HCIyCKaeMbIX U3 IpPeIBapUTEIHHO
AKTUBHUPOBAHHBIX 3JIEKTPOHHBIM ITyYKOM MHUIICHEH U3 Jensmuxcs MaTepuanoB. [IpeaBapuTenbHble pe3yabTaThl HCCTe-
JIOBaHUII B 9TOM HAIlpaBJICHUU IpeAcTaBieHsl B [13].

CyTb 3TOr0 MeToja 3aKiovaercs B ciuenyromeM. [Ipu B3auMoaeCTBUM MyYKa 3JEKTPOHOB C MULIEHBIO U3 Jie-
JALIETOCcs. MaTepralla, B HeM TeHEPUPYETCs M3IIydeHUE J -KBaHTOB M HEHTPOHOB, BEI3BIBAIONLICE MPOLIECC ACTICHUS TH-

XKETBIX sizep. B pesynbrate meneHus saep, 00pa3oBaBIIMECS OCKOJIKH HCIYCKAalOT 3arasasiBaroniie HelTpoHnsl. [locie
aKTMBAIMY MUIIEHb TPAHCHOPTUPYETCS B YCTPOMCTBO (hOPMUPOBATEIB, TAE 3aMa3/IbIBAIOIINE HEHTPOHBI, HCITyCKaeMbIe
13 Hee, C IOMOIIBIO 3aMETUTEINS 3aMEIIOTCS 10 TEIUIOBBIX MM STHTEIIOBBIX dHepruil. C MOMOIIBI0 OTpa)xaTeneH,
HOTJIOTHTENEH ¥ KOJUIMMATOPOB 3aMeJICHHbIE HEUTPOHBI (POPMHUPYIOTCS B IYUYOK C MapaMeTpaMi HeOOXOIUMBIMHU ISt
UCIIOJIb30BaHUsI TPH 00Ty4eHUH 00BeKTa (PAKOBOM OIYyXOJIH).

HEJb PABOTDI: pa3paboTrka HOBOro Meroja reHepaluy HEWTPOHOB M CO3/1aHHE KOMITAaKTHOTO, Maiorada-
PUTHOTO HEHTPOHHOI'O HCTOYHUKA Ha OCHOBE 3alla3/(bIBAIOLINX HEHTPOHOB.

CXEMA 3KCHEPUMEHTA N OKCIIEPUMEHTAJIBHOI'O OBOPY/JOBAHUA

OkcnepuMeHT npoBoawiics Ha yckoputene JIYD-300 (HHLL XdDTU) na xanane BHIBOA Iy4Ka JIEKTPOHOB C
sueprueit 1o 30 MaB. Cxema sKcriepuMeHTa 1 SKCIEPHUMEHTAIBHOT0 000pyI0BaHuUs MPeICTaBlIeHa Ha puc. 1.

[1y4ok 3/1€eKTpPOHOB U3 JUHEMHOrO yckoputens ¢ 3Heprueid 20 MaB BeIBOAMIICS Ha aKTUBATOP, B KOTOPOM Haxo-
JUJIach MUIIEHb M3 JEIISIIErocs Marepruana. MuIIeHb pa3Menanachk B 00beMe, 3al0IHEHHOM BOoIoH. Bosa ncmosns3o-
BaJIach B KaueCTBE OXJIAKAAIOIIEH >KMAKOCTH M 3aMEMINTEINsT HEWTPOHOB. B MTaHHOM 3KCIIEpUMEHTE HMCIONIb30Balach
muirers *U ¢ 2% oboramieruem >° U, MOHHTOPHHT Ty4uKa TeKTPOHOB OCYIIECTBIISUICA C MOMOIIBIO JaMENTH, YCTa-
HOBJIEHHOH 34 MUIIIEHBIO.

ITpn GomOapANpPOBKE MUIIEHH IEKTPOHHBIM ITyYKOM B Hell TeHEPUPYIOTCS ¥ — KBaHTHI M (POTOHEHTPOHBI, KOTO-

pBI€ CTUMYJIHPYIOT PEAKILUIO JeJICHUS Sep ¢ 00pa30BaHHEM OCKOJIKOB.

-14

Kaxk u3BecTHO, IPOIIECC JCIEHNsT HAYHHACTCS ¢ 00pa30BaHMUsI COCTABHOTO sipa, KoTtopoe uepe3 10 ¢ menutcs Ha
JIBa OCKOJIKA. YacTh dHEPrHHU JIEJIEHHs TEPEXOAUT B SHEPTHUIO BO30YKIAECHHs OCKOJIKOB JIEJICHUS, KOTOPBIE BEAYT cebst
Kak JIFoObIe BO30YyKIEHHBIE sApa — JINO0 MEPEXO/IAT B OCHOBHBIC COCTOSIHUS, U3Iydas ) — KBAHTBI, TUOO - UCITYCKAIOT

HYKJIOHBI ¥ TIPEBPAIIAIOTCSI B HOBBIC SI/[pa, KOTOPBIE MOTYT OKa3aThCs B BO30YKACHHOM COCTOSHUM W MX MOBEACHHE
OyZeT aHAJIOTHYHO TOBEICHHMIO sep 00pa30BaBIIUXCS MPH JEICHUH UCXOAHOTO siapa. Yalie Bcero, Mpy BbUIETE U3 SA-
pa HCIyCKaeMbIM HYKJIOHOM SIBIISIETCS HEMTPOH, a JUI OCKOJIKOB JICJICHHS Apa 3TO elle Oojee BEPOSITHO, TaK KaK OHU
TIeperpy>keHbl HEHTPOHAMH, YTO MPUBOINUT K IMOHMKEHHUIO SHEPTHH CBSI3H MOCIEAHUX. DHEPTHs BO30YXKICHUS OCKOJ-

KOB JICJICHUS, IPUMEPHO, paBHa 20 M»3B, uTo HaMHOT0 OOJIBIIIE YPHEPTUH CBSI3H HEHTPOHOB B OCKOJIKAX IIO3TOMY IIPOHC-

. -17 -14
XOAWT UCITyCKaHHE OJHOTO WM JIBYX HEWTPOHOB Ka)KIBIM M3 OCKOJKOB crycTs 10 ' - 10 " cexyHapl ¢ MOMeHTa 00-

paszoBanus. B pe3ynpTare, mpakTHUECKU Cpa3y, MOCIE JEICHUS COCTABHOTO SiApa OCKOJIKU JIEJIEHHS UCITyCKAIOT /1B UIIH
TPU HEHTPOHA, KOTOPbIE IPUHATO HAa3bIBATH MTHOBEHHBIMH.

B pesymbrare 3 - pacmanos MOTyT 06pa30BBIBATECS S/PA B BO3GYIKIEHHBIX COCTOSHHSX, KOTOPBIE TIEPEXO/IAT B
OCHOBHBIE COCTOSIHMS ITyTEM M3Iy4eHHs ) — KBaHTOB JIM00, KpalfHE peliko, IPEBPAIAIOTCA B IPyTHE s1pa, ITyTEM HC-

IMyCKaHud HeﬁTpOHOB. Takue HeﬁTpOHI:I Ha3bIBAIOTCA 3a1a3JibIBarOIIUMU IpU ACJICHUN 235 U TeninoBeEIMU HeﬁTpOHaMI/I.
06pa30BaBHII/I€CSI sgapa - NpeAICCTBEHHUKU 3ama3/IbIBatOIuX HeﬁTpOHOB pacnopeaCiICHbI IO HICCTU I'pyHIiaM € pa3HbIMU
OTHOCUTCJIIbHBIMU BKJIaZIaMH U IIEPUOAaMU IOJTypacrana.
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Puc. 1. Cxema KkcnieprMEHTa ¥ SKCIIEPHMEHTAIBHOTO 000PYI0BaHUS
1-JTMHEHHBIA YCKOPHUTEIh 3JICKTPOHOB; 2- MUIIICHD U3 JICANICTOCS MaTepraia; 3- rpadUTOBBIN OTpakaTelb; 4- COCY C OXJIax/ia-
IOLLEH JKUAKOCTBIO- 3aMEIIUTEIeM HEHTPOHOB; 5- MOHUTOP IyYKa JIEKTPOHOB; 6- NOJUITUICHOBBINA 3aMeNTUTENIb HEUTPOHOB; 7-
CBUHIIOBBIH QWIBTP; 8- pamuanioHHas 3alluTa CUCTYNKA HEHTPOHOB; 9- cueTyrk HelTpoHoB CHM-11; 10- kaaAMHUEBbIil MOTIOTUTEIH

['pyIIOBEIE MapaMeTphl 3aMa3AbIBAIONINX HEHTPOHOB B Cllydae AeteHHs > U TerIoBbIME HEHTPOHAMH [PEICTaB-
neHsl B Tabnuue 1 [14].

Tabmmma 1.
['pynmel 3ana3asIBalONIMX HEHTPOHOB
I'pynna OTHOCHUTENBHBIN BKIIAJ Iepuon nonypacnana,
a; £ Ag; T, £ AT;

1 0,038 +£ 0,001 53,95 + 0,028

2 0,211 + 0,004 22,34+0,13

3 0,197 +£ 0,004 6,40 + 0,08

4 0,396 + 0,005 2,26 0,03

5 0,132+ 0,004 0,494 £ 0,017

6 0,026 + 0,001 0,179 £ 0,006

Kak BuHO 13 Tabmumps! 1 meprosp! moypacmaja no rpynmnamM MEHSIOTCSI OT COTEH MIUITMCEKYHA 10 54 ceKyH[I.

B paborte [15] Hamu OBLIO OMpeneNieHo cpeaHee BpeMst JKU3HH, paBHOe 10 cek s paJioaKTHBHBIX sAep, UCITYC-
KalOIHX 3aIla3/IbIBAIOIIIe HEHTPOHBI.

Yro Ke KacaeTcsi OTHOCUTENBHBIX BKJIAI0B, U3 TaOIHIBI | BHIHO, YTO OCHOBHOH BKJIaJ B MCITyCKaHHE 3alla3ibl-
BAaIOIINX HEHTPOHOB BHOCAT 2,3,4 U 5 TPYMITEL, YTO CYIIECTBEHHO IIPH BHIOOpE BPEeMEHHN U3MEPEHUS YHCIa 3ara3IblBa-
IOLMX HEUTPOHOB U3J1y4YacMbIX AKTUBUPOBAHHON MUILIEHBIO.

Cpe/Hsist SHEPrHs 3ala3IbIBAIONINX HEHTPOHOB menenns mis - U cocrasmsier 0,45 MaB, KOTOpbie HEOGXOIMMO
3aMCJIATh A0 TCIIJIOBBIX MJIU SIIUTCIIIIOBBIX 3Hepr1/1171. Y1005l MOJIYUYHTh HaH6OHLL[IHﬁ BbIXO 3aMCIJICHHBIX HeﬁTpOHOB

u3 (popMupoBaTenss HAMU SKCICPUMEHTAIBHO MOAOHpATACh ONTHUMAbHAs TOJIIMHA 3aMEIJIMTENs M OHA COCTaBHIIA
4 cMm.
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Kak BHIIHO M3 CXEMbI SKCIIEPUMEHTA, NIPEICTaBICHHOI Ha puc.l, cocy] ¢ BOAOH yCcTaHOBIIEH B rpaMTOBOM IH-
JIUHIpE, KOTOPBIA CIIy’)KUT B KauecTBE OTpaXkaTels 3aMeJICHHBIX HEHTPOHOB. 3aMeAJICHHBIE JO0 TEMJIOBBIX 3HEPrHi
HEHTPOHBI ¢ OMOIIBIO OTPAXKATENIs HANPABIAIOTCA HA MUIIEHb U ¢ 2% oGoramenneM > U, 4To HPUBOIHT K BO3-
Gyxaenmo peakuuu nenenns > U ¢ cedenueM 680 GapH, IpH TOM 00Pa3ylOTCS OCKOJNKH [IEHHS, MCIYCKAIOIIHE
3aIma3/IbIBAIONINE HEHTPOHBL 3amMeTuM, °U B 00pa30BaHMM 3ara3/IbIBAIONIMX HEHTPOHOB MIPAET HE OCHOBHYIO POJb,
MTOCKOJIbKY OH HE JICJTUTCS TEIUIOBBIMH HEHMTPOHAMH, a JEIUTCS TOIBKO OBICTPBHIMH C 3Hepruei Boime | MaB ¢ mome-
PEUYHBIM CEUCHHEM OKOIO | OapH, a Takke Y — KBaHTAMH C CEUYEHNEM peakiuy nopsiaka | moapH. [loatomy ero Bkiax B

06pa3oBaHKe 3ama3/IBIBAIOIINX HEHTPOHOB CYIIECTBEHHO MEHbIIIE TI0 CpaBHEHHI0 ¢ = U .

B HareM sKCiepMMEHTE aKkTHBALlUS MHUILIEHH ITyYKOM 3JIEKTPOHOB IMPOMU3BOMIACH B TedeHue 3 MuHyT. [locne uc-
TEYCHUS BPEMCHU aKTHBAIUU Iy4YO0K OTKJIFOYAJICS, a MUIIICHh aBTOMATUYECKU cOpachiBajach B MPUEMHHK Oyioka (op-
MHUPOBaHUS TEIUIOBBIX U SMUTENIOBBIX HEHTPOHOB.

[Mpuemuuk 010ka GopMHUPOBAHHMS TETUIOBBIX M SIHUTEIIIOBBIX HEHTPOHOB OBLT M3TOTOBJICH U3 MOJIHMATUIICHA B BUJIE
CTaKaHa ¢ KPBIIIKOM TOMILUHON 4 CM, KOTOPBIH ABISETCA 3aMEATUTEIEM.

[MonuaTHNeHOBHIN cTakaH, N300pa’keHHBIN Ha puc.l, OBIT OKPY)KEH CO BCEX CTOPOH IPa)UTOBBIM OTPAKATEIEM C
LIENBI0 YBEIMYCHHUS IOTOKA 3aMEUIEHHBIX HEHTPOHOB IPU BBIBOAE M3 (OPMHUpOBATENS Ha 00ydaeMblii 00beKkT. B Ka-
HaJIe IETeKTHPOBAHUS PETHUCTPAIMS HEHTPOHOB OCYIIECTBILIACH C TOMOIIBI0 cueTdnka HelHTpoHoB CHM-11. Mexmy
CYETYNKOM HEHTPOHOB M 3aMEATMTENIEM YCTAHABJIMBAJICS CBHHIOBBIA (DUIBTp, MPEIHA3HAYCHHBINA U1 YMEHBIICHUS
comnpoBoxaaromero Y- ¢ona. TommuHa ¢(rieTpa moadupanach SKCIEPUMEHTAIFHO M B HAIlEM CIIyyae COCTaBHIIA

2 cM. B pesynbprare 3TOro moToOK ¥ - KBAaHTOB (COMPOBOXAOMUMA GoH) yMeHbIIMICS B 15 pa3, a HOTOK 3aMEATIEHHBIX

HEUTPOHOB yMeHbIIMICS Beero Ha 40%.

[Moce mpoxosxaeH!s CBUHIIOBOTO (GHILTPA, MOTIIOTUTENS, (POPMHUPYIOLIETO CIIEKTPAILHBIN COCTAaB 3aMENICHHBIX
HEHTPOHOB M KOJUTMMATOPA ITy4OK MOXET OBITh HalpaBJIeH Ha 00mydaeMblii 00beKT. [Ipn TOCTHKEHNH TNIOTHOCTH TO-
TOKa HEUTPOHOB (2-3) 10° m/(cM?c) B KauecTBe 061y4aeMOro 00bEKTa MOKET ObITh PAKOBAs OIYXOJlb.

PE3YJIbTATbHI UBMEPEHU U OBCYKJIEHUE

B HacTosieM dKCIepUMEHTE 3aMeIEHHbIE HEHTPOHBI PErNCTPUPOBAINCH C MIOMOIIBIO KaHala AETCKTUPOBAHUS,
KOTOPBIM COCTOSUT M3 CueTuhka MeajacHHbIX HeitponoB CHM-11 u npeaycumutens-popmuposareisi. ChopMupoBaH-
HbIE UMITYJIbChI HEMTPOHOB I10/IaBATMCH HA TIEPEeCUETHOE yCTpoiicTBO Ha 0aze [IDBM, rae nmpousBoamiIach UX 3aluch B
MaccuB JaHHbIX. [lepen Hauanom M3MepeHUil Oblila NMpoW3BeAeHa KAIMOpPOBKA KaHala AETEeKTUPOBAHUS ISl JaHHON
TeOMETPHUM 3KCIEpUMeHTa ¢ nomomibio Pu-Be crannapTHOro MCTOYHMKA ¢ MHTEHCUBHOCTBIO 1,15 10° HEUTPOHOB/C, U
ompeseneHa 3pEeKTHBHOCTh PErUCTpaIiy, KoTopas cocTapuna 1,15 107, Tlocie 5TOro u3mMepsiach cepus pacraHbIX
KPUBBIX PaJIMOAKTUBHBIX SIEP, UCIYCKAIOIIMX 3ala3/bIBaoIIe HEHTPOHBL, KOTOPhIE MIPOXOAMUIN 4EPE3 3aMEIIUTENb.
st Toro, 4TOOB! OTAETNTH 3aMEJICHHBIE HEWTPOHBI OT OBICTPBIX, MOCIE 3aMEJINTEIST yCTaHABINBAIUCH TTOTJIOTUTENH
3 Oopa mimu Kagmust. VizMepeHus KaXIo1 pacragHoi KpUBOI MPOU3BOAMIOCE 3a Bpemst paBHoe 180 c. 3ameTnm, 9To B
HACTOAIIEM IKCIIEPUMEHTE BO BPEMsI IETEKTUPOBAHMS PETHCTPUPOBATIOCH YUCIO OTCUETOB OT HEWTPOHOB, MPOLIEAIINX
yepe3 cuetank CHM-11. [ToaToMy, 9TOOBI IEpEeHTH K peaTbHOMY YHCITy HEHTPOHOB Ipomeamux yepe3 cuetank CHM-
11 Hy’KHO YHCIIO OTCYETOB, 3AIIMCAHHOE B MACCHB JAHHBIX Pa3aeinTh Ha d(dexTHBHOCTS perncrpamun 1,15 107,
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Puc. 2. Paciagnble KpuBble paJHOaKTUBHBIX S7EpP, UCIYCKAIOUIMX 3ala3AbIBaIoLIe HEUTPOHBI, 3aMeVIEHHbIE B IIOJINATUIEHOBOM
3aMEJIUTENE

PesynbraTsl n3MepeHuit pacriaiHbIX KPUBBIX MTPECTAaBICHBI HA pHC.2
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BepxHss kprBas OTHOCUTCA K U3MEPEHMIO YHCIAa OTCYETOB OT HEMTPOHOB IPU OTCYTCTBHUU IOTJIOTUTENS U3 Kaj-
MU M O0pa Ha MyTH ITyYKa HEHTPOHOB OT 3aMEUIMTENS K CUETUHMKY. HIKHSS KpUBask OTHOCUTCS K U3MEPEHUIO YHCIIa
OTCUETOB OT HEWTPOHOB, KOT/Ia MTOTJIOTUTENb U3 KaJMHS U 00pa YCTaHOBJIEH MEXK/Y 3aMEJTUTEIEM U CUCTIHKOM.

Kak BunHO u3 Puc.2 xonuuecTBo 3aperucTpUpOBAHHBIX OTCYETOB OT HEHTPOHOB MOJ KPUBBIMU OUEHb CUJIBHO OT-
Iu4aeTcs. JTO O03HAYACT, YTO KOTAA YCTAaHOBICH IOTJIOTUTENb MEXKAY 3aMEMIUTENIEM M CUETUYHKOM, NTPOMCXOAUT I10-
TJIOIIEHHE KaJIMUEM TEIUIOBBIX HEUTPOHOB ¢ SHeprueld mensine 0,5 3B, 1 60poM 3muTermioBIX ¢ sHeprusiMu ot 0,5 no
10x3B.

TaxkuM 00pa3oM Ha HMXXHUX KPHBBIX MPEACTABICHO YHCIO 3apPETMCTPHPOBAHHBIX HEHTPOHOB C SHEPrHEH BBHIIIE
10 x3B.

Bbruntas 4nuciio 0Tc4eToB OT OBICTPBIX HEHTPOHOB Ha HHMKHEH KPUBOW OT CYMMAapHOI'O YMCiia OTCYETOB OT OBICT-
PBIX ¥ 3aMEAJICHHBIX HEHTPOHOB Ha BEpXHEN KPUBOU, MOIYYHM YUCIIO OTCUETOB OT 3aMEAJIEHHBIX HEHTPOHOB. Pe3yb-
TaThl BBIYUTAHMSI IPECTABICHBI HA puUC.3.
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Puc. 3. Pacniagnas kpuBasi paJioaKTHBHBIX SIEP, UCITYCKAIOUINX 3aMa3IbIBArOIIe HEUTPOHBI, 3aMeUICHHBIC 0 SHEPTUi B JHara-
30He oT 0,53B 1010x3B.

ITocne 06pabOTKM pacnagHO KPHBOM, MPECTaBIEHHON Ha prc.3 ObLIA IOJydeHa 3aBHCHMOCTh OT BPEMEHHU H3-
JIy9eHUsI CpeIHEH MIIOTHOCTH ITOTOKA 3aMeUIEHHBIX HEHTPOHOB, MaJafONINX Ha IPEANONaraeMbli 00BEKT U3 aKTHBUPO-
BaHHOM MHILICHHU, HAXOAIIEHcs B ycTpolcTBe-popmupoBatene. Pe3ynbprarsl 00pabOTKH JaHHBIX MIPEACTABICHBI B BUIE
ructorpaMmel Ha Puc. 4. J{is moctpoeHus TucTorpaMMel Ha Puic.4, BpeMs n3MepeHusi KpUBOil meproaa moiaypaciaaa
179 ¢ (omHa cexynma u3 180 ¢ momnmia Ha TPAaHCIIOPTHUPOBKY 00pa3ma u3 aKTUBHOHN 30HBI B OJIOK-(POPMHUPOBATENH) pa3-
ouBaiock Ha 20 nunTepBanoB. [lepBrie 19 mo 9 ¢, mocnenuuii — 8 c.

Jliist MmaTemaTnueckoil 00paboTKU pacnalHbIX KPUBBIX HCIIOJIB30BANIACH Clieayolias nporenypa: st aToro Bo3b-
MEM CEPHIO paclaJHbIX KPUBBIX, U IIyCTh Z N,.k — cymMMa coObITHH 10/ KpHBO#i pactiazia ¢ Homepom k. Torna cpenusist

i

IUIOTHOCTb IIOTOKA HEHTPOHOB B paccMaTpUBAEMOM MHTEpBaJlle BPEMEHHU COCTaBUT F, = ZN,." / tSM, rae t — IMATENb-
i
HOCTh MHTEpBaIa, S — 3,6 cM” — 3 eKTHBHAS ILIOMAIb JIETEKTOPA, 1] — S(EKTHBHOCT PETHCTPAIIHH.

W3 puc.4 BUAHO, YTO TUIOTHOCTD MOTOKA 3aMEJICHHBIX HEHTPOHOB SKCIIOHEHIMAIBHO CIIa/IaeT B 3aBHCUMOCTH OT
BpPEMEHH HM3JIyYCHHUs] aKTHBUPOBAHHBIM OOpa3lOM 3ama3/bIBalOLIMX HEWTPOHOB B yCTpoiicTBe- Gopmupoatene. Tak,
HarpuMep, IpH BPEMEHH H3JITyYeHUs 3aMeUICHHBIX HEHTPOHOB M3 aKTHBHPOBAHHOTO obOpasma B TeyeHHe 10 cexyHn,
IUIOTHOCTH TIOTOKA 3aMEJICHHBIX HEHTPOHOB B 4 pa3a BBILIE 110 CPABHEHHUIO CO CPEAHEH IIOTHOCTBHIO NMOTOKA 3aMel-
JICHHBIX HEWTPOHOB MpPH BpeMeHH m3nmydeHus oOpasma paBHOM 180 cexynn. IIpenmonoxumM, 9To MBI HMEEM CHCTEMY,
MIOKa3aHHYIO CXeMaTH4YecKH Ha Puc.5, B KOTOpOil HCTIONB3YIOTCS [Be MHIIEHH — OJHA PACIOJIOKEHA B aKTUBATOPE M
aKTHBHPYETCS 3JICKTPOHHBIM MYYKOM, Jpyras aKTUBUPOBAaHHAS MUIICHb HAXOAUTCS B OJIOKE — (POPMHUpOBATENIE U B 3TO
BpeMsi M3JIydaeT 3ala3[bIBalollie HEHTPOHBI B TEUYEHHE OINPEIEIICHHOrO IPOMEXYTKa BpeMeHH. [locie okoHuaHMs
BpPEMEHH HaxXOKACHHsS MHUIIEHH B (opMHpoOBaTese, N3Tydarolei 3amas/pIBarolie HeHTPOHBl U aKTUBALMK MHIICHHU B
aKTHBAaTOpPE OHM MEHSIOTCSI MECTaMH C IIOMOIIBIO0 ITHEBMOIoYTHl (puc. 5). Takas mpouemypa MOXKET ITOBTOPSITHCS
CTOJIBKO pa3 CKOJIbKO He0OXOMMO Ul Habopa TepareBTHYECKOH 1036l Ha 00iydaeMoM o0bekTe. I1pu 3ToM akTHBUpO-
BaHHasl MUIICHB SBJSIETCSI KOMIAKTHBIM MCTOYHHMKOM 3alla3/IbIBalONINX HEHTPOHOB, KOTOPBIH MOXET OBITH IepeMelIeH
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B (hopmupoBarenp Ha paccrosaue 20 — 50 M 3a Bpems nopsiika 1 -2 ¢. M pa3MeriaTbesi B HEIOCPEICTBEHHOM 01130CTH
0T 00JTy4aeMoro 00beKTa.
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Puc. 4. I1moTHOCTH MOTOKA 3aMEVIEHHBIX HEHTPOHOB B 3aBUCHMOCTH OT BPEMEHHU H3ITyUCHUS 3aa3IbIBAIOIINX HEHTPOHOB B YCTPOU-
cTBe-hopmupoBatese (B JorapuGMUIecKoM mMaciTade)

TaxuMm 00pazoMm, omHcaHHasi IPOLELypa MOXKET OBITh NCIIOJIb30BaHa IPH CO3IAHUH, TaK HA3bIBAEMOTO, UMITYJIbC-
HOTO MCTOYHHKA TEIUIOBBIX WJIM SMUTEIUIOBBIX HEHTpOoHOB. [locie mpoxokaeHust HeHTPOHOB Yepe3 (PHIIBTPHI MOTJIOTH-
TENN W KOJUIMMATOP MBI MOTyYaeM IMy4OK C HCOOXOAMMBIMH INapaMeTpaMH IJIsi MPOBEICHNSI OOp HEHTPOH 3axXBaTHON
Teparnuu. TepaneBTiueckas q03a OyAeT OIpenesAThCs KOINUYECTBOM UMITYJIBCOB TETUIOBBIX MM AMUTEIIOBBIX HEUTPO-
HOB.

B Hammx m3MepeHusxX Ha MUIICHb BBIBOJHJIICS ITyYOK JIEKTPOHOB ¢ sHeprueit 20M»sB u cpeqaum Tokom 0,45MKA
YTO COOTBETCTBYET MOIIHOCTH IIy4YKa JJIEKTPOHOB 9x107kBT. IIpu Takoil MOLHOCTHU Iy4Ka JIEKTPOHOB U JAHHOM I'eo-
METPHH H3MEPEHHs 3aperiCTPUPOBAHBI HEHTPOHBI C MIOTHOCTHIO MOTOKa 6x10° H/(CM2 C) C DHEpruen 3amenNeHHBIX
HelTpoHoB B uHTepBaie oT 0,53B no 10x3B. IIpu 3ToM nosst HEWTPOHOB ¢ 3Heprueil Boime 10k3B, koTophIe cunTaroTCsA
¢onom, cocraBuia 5,5%. Kak Obu10 ckazaHO BbIIIE - JUIs KIMHUYECKOro npuMenenust metona H3T HeoOxoaumMel moro-
KM TEIUIOBBIX HEHTPOHOB MIOTHOCTHIO (2-3) 10° H/(cM® ¢.), pHueM HpuMech GBICTPBIX HEHTPOHOB HE JIOIKHA IPEBbI-
math | %. OgHako, B HAIMX M3MEPEHUSIX JUIS 3aaHHOi reoMeTpun 5,5% (oHa COCTaBIAIOT HEHTPOHBI C SHEPTHEH B
untepBasie oT 10x3B nmo 0,5M»3B. 3amanHas reoMeTpusi U3MEPEHUN CUUTAETCS paJuaibHON, MOCKOJIBKY HCTOYHHMK
HEHTPOHOB HAXOAWTCSA B NMPSIMOW BUAMMOCTH JeTeKTopa. [ ymeHbIIeHns 3Toro (oHa, HEOOXOIMMO HCIIOIb30BaTh
KacaTeJIbHyl0 T€OMETPHUIO PACIIOJIOKEHUS] aKTMBUPOBAHHON MHIIEHH B (pOpMHpOBATENE, OTHOCHUTENBHO 3aMEIIUTENS
yepe3 KOTOPBIH MPOXOAAT 3ala3/bIBaloIie HEHTPOHBI B yCTpOiicTBe- (popMupoBaTese, MOJOOHO TOMY, Kak 3TO Clea-
HO B pabote [4] Ha uccinemoBareabckoM peakrope IRT MIFI. B atoMm ciyyae MCTOYHHMK HEHTPOHOB HE HAXOIUTCS B
IpsMON BuAMMOCTH JeTekropa. [locie 3aMeuieHus 3ana3plBaoIliuX HEUTPOHOB, Iy4OK HEUTPOHOB C DHEPTUEH B UH-
teppaie ot 0,53B no 10x3B Tpancnoptupyercs yepes GopMUpPYIOIINI KOJUTMMATOP Ha 00Iy4YaeMblil 00BEKT.

[Tonydennas B Hameld paboTe IUIOTHOCTh MOTOKA SMHUTEIJIOBBIX HEWTPOHOB OT ITydYKa SJIEKTPOHOB C JHEprueu
20M5B u cpenuanm TokoM 0,45MKA B 5x10°pa3 MeHbIIe He06X0AMMOI UTst Hcnob30Banus B H3T. OHAKO M3BECTHO,
YTO IJIOTHOCTh NMOTOKA HEUTPOHOB MPSMO MPOMNOPLUOHANBHA MOIIHOCTU IIy4Ka JIEKTPOHOB, B3aUMOAECHCTBYIOLIETO C
MHUIIEHBI0. J[J1s TOro, 4T00B! MOIYyYHTh HEOOXOIMMYIO IFIOTHOCTh IIOTOKA SIHUTEIIOBBIX HEHTPOHOB, HYXKHO YBEITHYUTh
MOIIHOCTb Iy4YKa IIEKTPOHOB, BHIBEICHHBIX U3 JTHHEHHOTO ycKopuTens B 5x10° pas, T.e. MOIIHOCTB B TIyUKe 2JEKTPO-
HOB, MCIIOB3YEMBIX B HallleM 3KcrepuMente 9x107 kBT Heo6xoaumo yMHOXMTH Ha 5x10° u Torma momyumm 45kBr,
HEOOXOMMBIE JUIsl FEHEPAIIMH Hy KHOM IIOTHOCTH MOTOKA SITHTEIIOBBIX HEHTPOHOB MPH UCIIOIb30BAHHH MUIICHH > U
¢ 2% oboramennem > U. Onuako, ucnons3ys mumenn > U ¢ Gonee Bbicokum 15-20% oGoramieruem > U Mbl cMo-
’KEM YBEJIMUYUTH IUIOTHOCTh MOTOKA AMHUTEIIOBBIX HEUTPOHOB B 7.5-10 pa3 3a cueT yBennyeHus] KOHIIEHTpaluu BUs
MHUIIICHH. Y MCHbIIasi BpeMsl TIPEObIBAaHKS MHUIIICHH, H3JTyJarollei 3ama3abIBarollue HeUTPOHBI B yCTPOICTBE- (OpMHPO-
Baresie oT 180c mo 10-20c. MBI CMOXEM yBEIMYUTH IUIOTHOCTh MTOTOKA MUTEIIOBBIX HEHTPOHOB B 2-3 pa3a 3a cYer
9KCIOHEHIIMATBHOTO POCTa IIIOTHOCTH MOTOKA SMUTEIUIOBBIX HEUTPOHOB B 3aBUCUMOCTH OT BPEMEHM U3ITyUeHUs aKTH-
BUpOBaHHOTO oOpasna. Takum 00pa3oM, MOKHO JOCTHYb YBEIWYEHHS IUIOTHOCTH ITOTOKA SIUTEIUIOBBIX HEHTPOHOB
B15-30 pa3. A 3TO 03HAYaeT, YTO MOIIHOCTb B ITyYKE IEKTPOHOB, BHIBEJECHHOIO U3 JIMHEHHOIO YCKOPUTEINS, MOXKHO
YMEHBIIUTH 110 1,5- 3kBT 1 Takue my4yky MOXKHO peaiu30BaTh Ha JUHEHbIX yckoputeasix HHI XDOTU.
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Puc. 5. IlpunnunuanbHasi cxemMa MHEBMOIIOUTHI

BBbIBO/IbI

[IpennosxeH HOBBIN METO/ T€HEpAIMK TEIUIOBBIX MIIM MUTEIIOBBIX HEHTPOHOB, OCHOBAaHHBIA Ha WMCIMOJIb30BaHUU
3arna3/pIBAIONINX HEHTPOHOB JCICHHUS, 00Pa3yIONIMXCS MPU aKTUBAIIMHM MHIICHH W3 JCIAIICIOCs MaTeprasa 3JICKTPOH-
HBIM ITYYKOM.

[IpoBeneHHbIE SKCIIEPUMEHTAIBHBIE UCCIENOBaHUS 3TOro Meroaa Ha yckopurene JIYD-300 Ha xaHane BbIBoza
IMyYKa YCKOPEHHBIX AJIEKTPOHOB Ha 3Hepruio 10 30 M»hB mokazanu, 9To mocie akTHBAIWH MUIIEHH U3 JEIIIETOCs
MaTepHuala IMyYKOM YCKOPEHHBIX AJIEKTPOHOB OHA CTAHOBHUTCS KOMITAKTHBIM HCTOYHHKOM HEHTPOHOB, KOTOPBIH MOXKHO
TPAHCHIOPTHPOBAThH 3a KOPOTKOe Bpems mopsinka 1-2 c¢. Ha pacctosaue 20 - 50 M B opMupoBarenb 3aMeICHHBIX
HelTpoHoB. [Ipu 3TOM hopMHpoBaTens 3aMeANICHHBIX HEHTPOHOB HAXOAUTCS B HETIOCPEICTBEHHON OJIM30CTHU OT 00ITY-
yaeMoro o0beKTa.

[TokazaHo Taxxe, 4YTO NPUMEHEHHUE TaHHOTO METO/a JUIs TeHEepallMi TEIJIOBBIX U AMHUTEIIOBBIX HEUTPOHOB JaeT
BO3MOKHOCTh CO3/IaBaTh KOMITAKTHBIC UCTOYHUKHA HEHTPOHOB Ha 0a3e TMHEWHBIX yCKOpHTENeH nekTpoHoB. Co3naHue
TaKUX UCTOYHHKOB OTKPHIBACT BO3MOXKHOCTH PAcIoiaraTh HX HETIOCPEACTBEHHO HA TCPPUTOPHH KIWHUK, U TPOBOIHUTH
CEaHCHI 00TYYCHUS OHKOJIIOTHIECKUX OOJBHBIX, a HA CYIIECTBYIOIINX ACUCTBYIONINX YCKOPUTEIAX CO3/1aBaTh KAOWHETHI
JIy4€BOH Tepanuu.
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ELIMINATION OF SINGULARIRIES IN CAUSAL GREEN FUNCTIONS FOR
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Klein-Gordon and Dirac equations are generalized to eliminate divergences in the integrals for Green functions of these equations.
The generalized equations are presented as products of the operators for the Klein-Gordon equation with different masses and
similarly for the operators of the Dirac equation. The homogeneous solutions of derived equations are sums of fields, corresponding
to particles with the same values of the spin, the electric charge, the parities, but with different masses. Such particles are grouped
into the kinds (families, dynasties) with members which are the particle generations. The Green functions of derived equations can be
presented as sums of the products of Green functions for the Klein-Gordon equation (the Dirac equation) and the definite
coefficients. The sums of these coefficients equal zero. The sums of the products of these coefficients and the particle masses to some
powers equal zero too, i.e. for these coefficients some relations exist. In consequence of these relations the singularities in Green
functions can be eliminated. It is shown that causal Green functions of derived equations can be finite in all the space-time. This is

possible if minimal quantities of the generations IV, , and N /- for the bosons and the fermions equal 3 and 6, respectively. An

absence of singularities in the Green functions on light cone is related to an attenuation of particle interactions on short distances. It is
shown explicitly for the generalization of the Yukawa potential.

KEY WORDS: convergence of integrals, differential equations, elimination of singularities, attenuation of interactions on short
distances.

YCYHEHHS CAHT'YJISIPHOCTEM B NIPUYUHHUX ®YHKIISAX I'PIHA Y3ATAJIBHEHUX PIBHSAAHD
KJIEHHA-TOPJIOHA I JIPAKA HA CBITJIOBOMY KOHYCI
1O.B. Kyuim
Vxpaincokuil deporcasruil ynusepcumem 3ani3HUYHO20 MPAHCHOPM
M. Deitepbaxa 7, Xapkis, 61000, Ykpaina
3 MeTOK yCyHEHHs po30OiKHOCTeW B iHTerpamax mnsd ¢yHkmid ['pina ysarampHeHo piBHsHHSA KieitHa-I'opmona ta Jlipaka.
VY3aranbpHEHI PiBHSHHS IPECTaBISIOTE cO00I0 TOOYTKHU omepaTopiB piBHAHHA KieliHa-I'opoHa 3 pisHIME MacaMH 1 aHAJIOTIYHO IS
piBasHHA [lipaka. OnHOpIiAHI PO3B’SI3KHM OIEPXKAHHX PIBHAHB MNPEICTABISIOTE COOOI0 CyMH IIOJIB, BIANOBIMHMX YacTHHKAaM 3
OJTHAKOBUMH 3HA4YEeHHSMH CIIiHY, €JIEKTPUYHOTO 3apsay, MapHOCTEH, ane 3 pi3HUMH MacaMH. Taki YaCTHHKH IPYHYIOTBCS B PO
(ciM’i, muHacrTil) a ixHi 4ieHd € nokominHg. DyHkuii ['piHa oxepkaHUX PIBHSAHD NPENCTABISIOTE COO0I0 CyMH AOOYTKIB (yHKIiH
I'pina piBusuas Kieiina-I'opnona (piBusiHHs [lipaka) i BuzHadeHux koedimieHTiB. CyMu HUX KOE]iLliEHTIB TOPIBHIOIOTH HYIIO.
Cymu n00yTKIB IUX KOe(ili€HTIB Ha MacH YaCTHHOK Yy NESIKHX CTENEHSIX TEX NOPIBHIOIOTH HYJIO, TOOTO Ui LUX KOe(ili€HTiB
ICHYIOTh JIesIKi CIiBBiZHOLICHHS. BHACTIOK WX CHiBBiTHOIIEHb CTa€ MOXIMBHM YCYHEHHS CHHTYJIApHOCTEH y QyHKmisx ['pina.
[okazano, mo mpuunaHI QyHKIIi ['piHa onep)aHUX PIBHAHb MOXYTh OyTH CKIHYEHHMH Yy BChOMY IpocTopi-daci. Lle moximBe,

AKIO MiHIMaIbHi KinbKOCTi IOKOMiHL mas GosomiB IV, » Ta QepmioHin N r JOopiBHIOIOTH 3 Ta 6, BiamosimHO. BincyTtHicTh

CUHTYJSIpHOCTEH y pyHKIisx [piHa Ha CBITIOBOMY KOHYCI IOB’si3aHa i3 TOCIA0JICHHSIM B3a€MOJIIN YaCTHHOK Ha MaJIMX BiJICTaHSX.
Ile moka3aHo sSBHO 11l y3araibHeHHs noTeHuiary FOkasn.

KJIFOUOBI CJIOBA: 30ixHicTh iHTErpaiiB, nudepeHuianbHi PiBHIHHSI, YCYHEHHS CHHTYJSIPHOCTEH, MmocialieHHsT B3aeMoiil Ha
MaJIMX BiICTaHHSIX.

YCTPAHEHME CUHI'YJISIPHOCTEM B IPUUMHHBIX ®YHKIUASIX T'PUHA OBOBIIEHHBIX YPABHEHUIA
KJEHHA-TOPJIOHA U JIMPAKA HA CBETOBOM KOHYCE
10.B. Ky1nm
Ykpaunckuii cocyoapcmeennbviii yrugepcumem jcene3Ho00pOHCHO20 MPAHCNOpma
1. ®eitepbaxa 7, Xappkos, 61000, Ykpauna
C 1enplo0 yCTpaHEHUs pacXoJuMOCTed B mHTerpamax miust Qyskiuii I'puna oGoOmensl ypaBHenust Kneiina-I'opnona u [lupaka.
OO6o0uIeHHbIe ypaBHEHHUS MPEJICTABIIOT OO0 NMPOM3BEIEHUsI ONepaTopoB ypaBHeHus KieliHa-I'opoHa ¢ pa3sHeIMH MaccaMH H
QHANOTHYHO JuIsl ypaBHeHus Jlupaka. OJHOpPOAHBIE pEIICHHs IOJYYSHHBIX YpPAaBHEHUI NpPEACTABIAIOT COOOH CyMMBI IOJIeH,
COOTBETCTBYIOIIMX YacTHLlaM C OAHUMHU W TEMHU K€ 3HAYCHUAMU CIIMHA, DJIEKTPUYCCKOI'0 3apsnja, '-leTHOCTeFI, HO C pasHbIMU
MaccaMu. Takue 4acTHIBI TPYNNUPYIOTCS B poAa (CEMbH, NUHACTHU) a MX WIEHBI SBISAIOTCS MoKoneHusmH. DyHkuuu ['puna
MOJYYECHHBIX YPaBHEHHUH TNPEICTaBIAIOT co00i mpousseneHus pyHkmid ['puHa ypasaenus Kneitna-I'opaona (ypaBaenus Jupaka) u
onpeneNieHHbIX KodpPuuueHToB. CyMMBI 3THX KO3(QQHUIMEHTOB paBHBI HyII0. CyMMBI MPOHW3BENCHUN 3THX KOI((OHUINEHTOB Ha
MacChl YacTHI[ B HEKOTOPBIX CTENEHSX TakKe PaBHBI HYIIO, TO €CTh JUI1 3THX KO3((UIMEHTOB CYIIECTBYIOT HEKOTOpHIE
COOTHOIIECHNUS. BciencTBue STHX COOTHONIEHWH CTaHOBUTCS BO3MOXKHBIM YCTpaHEHHME CHHTYISIpHOCTeH B (yHKImsax [puHa.
[Nokazano, 4rto mpuunHHBIE QYHKIUH [pUHA MOMYYEHHBIX YpaBHEHHII MOTYT OBITh KOHEYHBIMH BO BCEM IIPOCTPAHCTBE-BPEMEHH.

©Kaulish Yu.V,, 2016
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3TO BO3MOXHO, €ClIM MUHUMAJIbHbIE KOIUYECTBA MOKOJCHUH 11 6030HOB Nb 1 (epMHOHOB Nf- paBHbI 3 U 6, COOTBETCTBEHHO.

OrcyTCTBHE CHHTYJISIDHOCTEH B (DyHKIMAX ['pHHA HA CBETOBOM KOHYCE CBSI3aHO C OciablIieHHeM B3aMMOJCHCTBHI YacTHIl HAa MaJIbIX
paccTosHUsIX. DTO MOKa3aHO SBHO It 0000meHns noTeHuana KOkaBeI.

KJIFOYEBBIE CJIOBA: cxomuMocTs MHTETpaioB, auddepeHnnaipHble YpaBHEHHS, YCTPaHEHHE CHHTYISIPHOCTEH, ociabieHne
B3aMMO/ICHCTBHI Ha MaJIbIX PACCTOSHUSX.

Some physical values are expressed in terms of series or improper integrals. Magnitudes of these series and
integrals must not depend on methods used for calculations. It means that series and integrals must be convergent. The
convergence of series and improper integrals in theoretical approaches is one from necessary condition of a validity of
these approaches. An existence of divergent series or integrals corresponds to wrong approaches. It may mean that such
approach must be changed by new approach without divergent series or integrals.

As first example we can remember the problem of the absolutely black body radiation with the divergent integral
in classical physics. This problem has been solved by Planck. He proposed the hypothesis on quanta. From this
hypothesis the quantum physics was began.

The second interesting example is related to the Adler — Bell — Jackiw axial anomaly in the electroweak theory.
The study of the axial Adler — Bell — Jackiw anomaly shows that a contribution of one 1/ 2 - spin particle (a quark or a
lepton) leads to the linear divergence [1]. But taking into account of some sets of the leptons and the quark such as
evV,,u, d (first generation of the particles) or L, V L C, S (second generation) or 7,V , t, b (third

generation) allow to eliminate this divergence. Thus, the convergence of the axial anomaly leads the relation between
the quarks and the leptons.
In relation with this the next questions arise:

1. Which divergent improper integrals are in the field theory?

2. Why do the particle generations exist?

3. How many of the particle generations must exist?

In relation with these questions the divergent integrals for the Green functions of the Klein-Gordon and Dirac
equations are studied in Refs. [2, 3]. To avoid these divergences the generalizations of the Klein-Gordon and the Dirac
equations are proposed in Refs. [2, 3].

PARADOX OF GREEN FUNCTIONS
It is well known that in the static case the exchange by the massless particle gives the Coulomb (Newton)
potential

1
V(V',O):4—m', )]

where 7 is the distance between the point charge and the point of observation.
The exchange by the particle of the 777 mass gives the Yukawa potential

1 e—mr
V(r,m)=———0: @)
4 r
These potentials are the Green functions
| e 3
V(r,m)zG()_é,m)z J d’q, 3)

@) 3 v

where 7 = ‘55 ‘ . Note that we can put 7 = 0 in Egs. (2), (3) for the Coulomb potential. In the relativistic case the

exchange by the boson of the 777 mass can be expressed with means of the Green function for the Klein-Gordon-Fock
equation

1 J- e ""d'q
(27)’

For the 1/ 2 - spin particle the Green function of the Dirac equation has a form

D(x,m)= @)

—-q* +m’
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1
S (x UL ) = 4 _[
(27)

Usually the expressions (1) and (2) are derived from (3) by the calculations of the integrals in the spherical frame.

Note that the integral in (3) is the infinite threefold integral. As it is known the improper (in particular infinite) integral

converges in that case only if the calculations of it give the same finite result by any possible methods. The

convergences of improper one-fold and multiple integrals have some distinctions. In particular, the conditional

convergence does not exist for multiple improper integrals. In Refs [4, 5] it is proved that the double improper integral

converges only if it converges absolutely (i.e., the improper double integral with the module of the integrand

converges). This is valid for any multiple improper integrals also [5]. Thus for the multiple improper integrals the

convergence and the absolute convergence are equivalent [5]. Therefore, multiple improper integral converges then and

only then when this integral converges absolutely. Thus the integral in (3) converges only in case of the convergence of
the integral

—-q* +m’

1 d’
3 J.~2 ! : (6)
(27) "¢ +m’

But this integral diverges. Therefore the integral in (3) diverges. To see this we shall integrate (3) in the cylindrical

-~ . | R
frame. We take X = (0, O,I”) . Then gX = ¢,¥ and d3q = Ed ‘qj_‘ d(Dd% . We shall integrate in the next

order: with respect to the () angle, 67 |» g5, respectively. Thus we derive

. 17 . % 4G

G(X,m)=— e"”d%j — 9y =
87 . 0q,tq+m’
+o0 =

_ 1 iq3rd li 1 _’2+ 2+ 2 -1 2+ 2 _
ey e aqg, tﬁlgl nyg, ~q, +m n\g; +m )= ™

1 -~ 1 e™
=—0(r) lim In|g, |- limIng,sing,r +— - ——

2 ( )Z%‘X’ 1ot rae Y

We see that this integral diverges as the first term is indefinite and the limit in the second term does not exist, but these

divergent terms do not depend on the particle mass 1.

Thus we derive the paradox (paradox of the Green functions.) Similarly the divergences of integrals (4) and (5)
can be shown [3].

From the mathematical point of view the use of the Green functions (1)-(5) is incorrect, but these Green functions
(calculated by some fashion) give fairly good description of different experimental data.

We may assume that the solution of the Green function paradox is possible by two ways: 1) We can conclude that
existing theory is wrong and we must find new theoretical approach based on new mathematical methods; 2) we can try
to modify existing theory.

Generalizations of Klein—Gordon and Dirac equations
In Refs. [2, 3] the second way was investigated by means of proper modification of the Green functions and
corresponding generalization of the Klein-Gordon and Dirac equations. It was proposed:
The generalizations of the Klein-Gordon and Dirac equations must have some simple form;
The existing expressions (such as (1), (2)) can be derived from new generalized Green functions as some
approximation.
To obtain convergent threefold integral instead of (3) the next integral was considered:

eizjfd3q
27y’ J(é“rmlz)(ézJr’7122)---(f?2+m§v)

V(F) ®)

Instead of (4) the integral (the Green function)
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where PN (q2> is the polynomial of the /N degree with respect to q2 ,was proposed. The Green function (9)

corresponds to generalized non-homogeneous Klein-Gordon equation of the 2N degree
2 2 2 —
(|:|+m1 )(D+m2) ........ (D+mN)d)(x)—77(x), (10)

where @ (x) is the field and 77()6 ) is the current (the field source). We consider the case of the polynomial with
real non-negative different roots 71, <m, <m; <....<m, . Note that for the advanced, retarded and causal
Green functions we must write the corresponding imaginary infinitesimal term to each m,? .

The general classical solution @ ol (x ) of the linear equation (10) is the sum of the general solution of the
of non-homogeneous equation.

corresponding homogeneous equation () (x) and partial solution () (x)

free nh
N
CD(x)ﬁee = jd4qkz_;5(q2 — m,f)[cke_iqx + 5,(6””} (11)
®(x),, =[G(x=y)n(y)d'y. (12)

where C, and 5k are the arbitrary constants. Thus b (X ) is the sum of the terms corresponding to particles with

free

the same charge, parity, spin but with different masses. Each term in (11) corresponding to number k is the solution of

the homogeneous Klein — Gordon equation as (D+m,§ )(Ck e + Eke_iqx ) 5(q2 — m,f ) =0. InRef. [3]itis
shown that the case of equal masses in Eq. (10) must be excluded. It was shown that the functions () (x ) free are non-
normalizable if at least two masses are equal. Thus the masses in the generalized Klein Gordon equation must be
different. For the rational fraction in (9) the expansion can be written [2, 3]

1 1 Y
- )

Ak
(@) (a7 +m ) (=" +m3)..(—q" +my) S —q"+m

2 2
(13)
1 . —q* +m’ k+1
A=————= lim LTk g =(=1)"|4,|.
k Pl 2 202 P 2 k k
N\ ) 4Tme Py\g
The Ak coefficients obey the relations:
N
D Am =0, 1=0,1,2,..,N =2 (14)
k=1
N
IN-2 _ N+l
> Am ==, (15)
k=1
Using the equality (13) we can express the Green function (9) of Eq. (10) in terms of the Green functions (4)
N
G(x)=ZAkD(x,mk). (16)
k=1

As the dimension of the time-space is equal to four the integral (9) can be convergent at N = 3. Consequently

for each spinless particle two (or greater) particles with the same charges, isospin, C-and P parity, but different
masses, must exist in addition. We may say that such particles are members of some set (a family or a kind or a

dynasty). In Egs. (11), (13) k is the number of the particle generation. We may assume that the quantity of members in
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kinds for the elementary particle is less than the quantity of member in kinds for the composite particle. Each particle
belongs to some kind and some generation.

For the 1/2 - spin particles the next generalization of the non-homogeneous Dirac equation is proposed in Refs.
[2,3]

(—i§+m1)(—i§+m2) ..... (—i§+mN)‘P(x)=;((x). (17)

The classical solution of the homogeneous equation (17) is given by analogy with (10)
N
o _ 4 2 2 o —igx ~ Lo igx
\P (x)ﬁ’ee_zzjd pé‘(q _mk)[cku k,S(q)e +Ckv k,s(Q)e :|a (18)
s k=l

where ¢ is the bispinor index, § corresponds to spin projection, Mak P (C]) and Vak B (q) are the bispinors, C X

and C & are arbitrary constants. The Green functions (which are 4x 4 -matrixes) for this equation may be written as

~ | (2]+m1)(&+m2)....((21+mN)) 4
S(x)= 4_[ 2 2 2 2 2 2 d'q (19)
(27) (—q +ml)(—q +m2)...(—q +mN)
For the integrand in (19) the equation may be written
o (G+m)  (§+m,) (g+my) _
RN(q)_ 2 2\ 2 2\ 2 2\
(~¢*+m}) (-¢*+m}) (-¢° +m})
1 1
= = = " = — = (20)
(=G +m)(=g+m,)(=G+my) Oy(q)
N A
q+m, 1 —q+m
=) B——, B=—————=1Im B >1.
2P Py @
The relations similar to (14), (15) are valid for the B i coefficients:
N
> Bm, =0,1=0,1,2,....N -2, @1)
k;l
> Bm!" =(-D)"". (22)
The Green functions (19) are given b},]:_1
N A
ZBS x,m, :ZBk(i8+mk)D(x,mk) . (23)
k=1 k=1

The integral (19) can be convergent at /N =5 only. Thus for each the spin - 5 particle four (or greater)
particles with the same charges, P - parity, but with different masses, must exist in addition

Elimination of singularities in Green functions on light cone
1. Consider the generalization of the Yukawa potential

— N —
V(x) = ZAkV(x,mk) =
k=1
Note that the result (24) can be derived by two methods: a) with an use of the theorem on residues; b) with an use

of the expansion of fraction (13), the formula (7), and the relation (14) at / =0 (because first and second terms in the
final expression (7) do not depend on the 72 mass).

24



78
EEJP Vol.3 No.3 2016 Yu.V. Kulish

—_

. . . . . 2 2 .
Each term of the sum in (24) has singularity at 77 = ‘x‘ =0 (i.e. on the light cone, X~ =0 —7"=0). Using

2.2 3.3
_ m_.r m,.r
the expansion €+ =1— m,r+ kz — k6 +... at small 7 and relations (14) for / =0 and 1, we
derive
_ 1 & mr’
V(x) =——> A|m +—= (25)
4o
The continuous I7(x ) is given by
1 N
——ZAkmk, r=0
. 4r =
V( x) = 26)
cont 1 N e—mkr
— D> A4, , r#0
4w r

This V' (x ) has no any singularities, as contrast with the Coulomb and Yukawa potentials. From (25) we see that
cont

on short distances the potential must have the form of harmonic oscillator. The oscillatory potentials are widely used in
the nuclear physics and in the quark models [6, 7]. But in these cases the parameters of the oscillatory potentials are
determined from the experimental data. The interaction force at small 7" is given by

F(%)z—gmd?(%)z%i/@cmz, @7)
k=1

and it has no any singularities. It is interesting to note, that F (O) = (0. Therefore, we may assume that all the
interactions must be relaxed at short distances. It is similar to asymptotic freedom.

Note that if to use for V' (I’ N ) the result (7) derived in the cylindrical frame instead (2) then the contributions

of the diverging terms vanish, as consequence of the relation (14) at [ =0. Thus we derive (22), (23) for V(I’ N )

(2) and (7). This confirms the convergence of the G(x ) -function.

Compare the 7 -dependences of the potentials (1) and (24) for N, =3. Consider the functions
Qv (r)=4xV(r,0)=1/r and @(r)= 47[5(;6) / A,.Forthe f(r)=re(r) itis easy to see that f(r) =1 at
r —> oo We have gotrn, =0, 0 <m, <m,. The A, coefficients in (13) are given by

1 1 1
A =——,4,=- = . (28)
2 20 2,2 PN 2,2 2
maz m m,”(m;" —m,") my"(my” —m,”)
According to (28) for ¢(7) atsmall 7 it may be written
22 2
m,’m 1 r
P(r) =—= -— (29)
m, +m, \ mym, 6
We see that
m,m
p(0)=¢,=—2—->0. (30)
m, +m,
The f'(r) derivative is positive for 7 € [0,0) , as
m m —msHr —nxr
f'(r) :—22 3 > (mye™™ —mye™").
—m

3 2
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Therefore, the f(7)-function increases from 0 to 1 and the ¢(7) function is positive for 7 € [0,o0). Thus, ¢@(7)
function is a ratio of two increasing functions. The ¢(7) function can have got monotonic decrease. But a possibility

of an existence of extrema for the @(7) function at 7 € (0,o0) cannot be excluded. Indeed, the extremum points are
the solutions of the equation

m m — r —myr l — r —msr
fr—f(r)=—F""5(me™ —me ™" )r - l+ﬁ(—m32e " 4 m, e ™ )} =0. (31)
3 M, my —nm,
As this equation are not solved analytically, an existence of extrema for the ¢(7) function cannot be proved at
arbitrary masses 1,,m, . We consider also the functions F (1) = —¢’(r) which are proportional to the forces. In Fig.
1 the @(r) potentials and the F'(r) forces for monotonic decrease ¢@(7) (A) and @(r) with extrema (B) are
presented. Inflection points of graph for the (7)) potentials can be points of extrema for the F'(7) forces. In the case
of the monotonic decreasing ¢@(7) (without of extrema) the F'(7) forces has got one extremum and does not change

the sign at 7€ (0,°0) . But in the case of the () -potential with extrema the corresponding F'(7) force has got a
few extrema and changes the sign.

lc'.u{rf~~

FLrw A r=

F(r)t \1/r?

o r "

B

Fig. 1. The r— dependences of the @(7) potentials and corresponding the F'(7) forces for ¢(7): without
extrema (A) and for @(7) with extrema (B). The ¢(7) potentials and the corresponding F'(7) forces are compared
with the Newton-Coulomb potential ¢,.(#)=1/7 and the Fy.(r)=1/7" force. The points 7;,7,,7, are the
inflection points of the graph for ¢(7) potentials.
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It may be assumed that the potential (24) at m, = 0 is a potential of a classic electric field induced by a g -charge.

Then the energy of such electric field is finite in contrast with an infinite energy for the Coulomb potential. Indeed the
energy of charge for the Coulomb potential is given by an integral

2 o0
W= Ljﬁz(f)d3x 4 (9 (32)
87

2.2) 2>
2re; L r

where E(r) =—

4 3 7 is the strength of the electric field. As this integral diverges at 7 = ( the energy of the field
TLE

is infinite. For the potential (24) the strength of the electric field is proportional to the F'(#) -force, which is continuous

for 7€ [0,00) . For the F'(r) energy of electric field equals
2 42 o
A
= q—;zj r*F(r)’dr (33)
3277gy
The integral (33) converges at ¥ — 0 and at ¥ — oo . Therefore the energy of electric field determined by the
potential (24) is finite.

2. Since the generalized Klein-Gordon equation (10) has degree greater than four their Green functions and their
first partial derivatives can be continuous function of the time - and spatial variables, i.e. these Green functions cannot
have any singularities (more precisely these Green functions can have the removable discontinuity). Note that the Green
functions of the Klein-Gordon equation have singularities on the light cone, such as

5<x2 ), 1/x%, ®<x2 ), ln‘x2
of the Eq. (10). Using the Eq. (16) and the expression for the causal Green function of the Klein-Gordon equation from
the Ref. [8] we can write

G, (x)= ZAD(x m,) ZA[

[8, 9]. Consider the elimination of the singularities in the causal Green function

5()5 ) mk i K (z,)
47[ Z,

z, =mN-x" +i€,

where K,(z,) is the Macdonald function [10, 11]. To derive a behaviour of the Gc (x) -function at low x” we exploit

1. (34

the expansion of the K (z, ) -function [10]. It allows derive:

G.(x) = -

2
n2+%[—%Am4 In(M? ‘xz‘ / 4)— Aln,+ Am, (—izO(x*) - y+%)] +

4
+IXE[% Amg In(M* ‘xz‘ /4)+ Alng+ Am (inO(x*) + 7‘2) +(35)

T Am8ln(M2‘x‘/4) Alng+ Am (—im6(x*) - y+—)]}+0(x)+0(x InM2|?)).

where ¥ =0,5772157 is the Euler-Mascheront constant, M is an arbitrary mass (e.g., M =m, or M =m,,).In

the Eq. (35) products of the A, -coefficients (13) and the 71, -masses are denoted as:
Ny

ZA m,, Aln, = ZA m, ln(—) (36)
According to (14), (15) the numbers in (36) equal: Am,=Am,=0,4m, =1 for N, =3
and Am, = Am, = Am, =0, Am, =—1 for N, =4. From the Eq. (36) it can be seen that the Green function of the
Eq. (10) does not exist on the light cone (i.e. at Xt = 0). It is induced by terms including the x*InM? ‘xz‘ -
x*InM? ‘xz‘ - x®InM? ‘xz‘ - functions. But the left and right limits of these functions exist and equal zero in the

x*=0 -point. Thus, the (_}c (x) -function has got the removable discontinuity in the x’=0 -point. Therefore, the

continuous causal Green functions of the generalized Klein-Gordon equation (10) can be introduced at N, = 3
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Similarly continuous advanced G(x) and the retarded G(x)m Green functions of the equation (10) can be

adv
introduced.

The expression (35) for the GC (x) -function includes the Am,x* In M* ‘xz‘ term. At N, = 3 the limits of the

partial derivatives for this term with respect to x 4 tend to infinity when x> —=0. Therefore, the partial derivatives of

the Green functions of the generalized Klein-Gordon equation (10) cannot be continuous functions on the light cone at
N, = 3. As at N, 24 the Am,-coefficient vanishes. Therefore, at /N, =4 the partial derivatives of the Green

functions for the generalized Klein-Gordon equation (10) can be determined as continuous functions in all the space-
time.

Note that the —q2 +mk2-factors in Egs (4), (5), (9), (13), (16), (19), (20), (23) must be changed by the

—(]2 + mk2 —iE-, —q2 + me +2igq, -, and —q2 + mk2 —2i&q, - factors for the causal, advanced, and retarded
Green functions, respectively.

3. Consider the behavior of the causal Green functions for the generalized Dirac equation (17) near the x*=0-
point. In analogy with (36) we denote the sums including the B, -coefficients as

N, Npy

Bm, = Bm/,Bln, = Bm), ln(%) (37)
k=1 k=1

According to (21), (22) the numbers in (37) equal: Bm, = Bm, = Bm, = Bm, =0,Bm, =1 for N, =5 and
Bmy = Bm, = Bm, = Bm, = Bm, =0,Bm; =—1 for N, = 6 .The causal Green functions S_(x) for the
generalized Dirac equation (17) can be derived from Eq. (23) and Eq. (35) with substitutions Bm,, B In ; instead of
Am,, Aln, Then from (35) we can see that the EL (x) Green function includes partial derivatives of the
Bm4x2 InM? ‘xz‘ with respect to x,. At N, =35 these partial derivatives have got infinite limits in the x*=0-
point. At N ’ > 6 this dangerous term disappear in the partial derivatives for the S (x)c Green function. Therefore,
the degree in the generalized Dirac equation (17) must be N ;26

Near the x> =0 -point at N ’ > 6 the causal Green functions §c (x)is given by
1

E((x) :_8”2

A 2 o)
{—i%Bln4+Bln3+%[(i§Bm6 —~6Bmy)In(M* [x*|/ 4)+

+i%(BIng+ Bm, (im6(x*)+ 7/—%) ~6B1n,+6Bm (=inf(x*) - y+ %] -
(38)

x° 1 2l 2
Sa1c Ly B In(M [?|/ 4)-

5
+B1In,+ Bm, (in0(x*)+ y — 5)] +
. 2 47 8 8 2|2
=BIn,+ By (<i70(x") = y+— DI} +0(r") + 0" In M 7))
From (38) it is seen that all elements of the §c(x)' matrix can be determined as the continuous functions of

coordinates in all the space-time. The elements of the §C (x) -matrix redefined similarly to V (x) (26) exist in
cont

arbitrary point of the space-time. It means also that requirement of the continuity of the elements of the §C (x) -matrix
allow to determine degree of the generalized Dirac equation (17), N 7 2> 6. The continuity of the §C (x) matrix

elements can be considered as a proof of a convergence of the integrals (19) for N / >6.
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Solution of Green function paradox
Consider the topic about the reproduction of the results derived early (such as (1) and (2)) in our approach. It easy

to see from (24) that at relatively large 7 in the sum the term including 772, is important only, i.e. at relatively large 7*
G()_(,: ) approximately is equal to the Yukawa potential with the 77, mass. Simultaneously large 7 corresponds to

small components of the ¢ - momentum. Assume that 772, / m, << 1 for k= 2,3,...,N . Then we can rewrite
approximately the equations (10) and (17) in forms

<|3+ml2 )mjmfv(b(x) =7(x)

(—ié +m, )mz...mN‘P(x) = x(x)

These equations practically coincide with the non-homogeneous Klein-Gordon and Dirac equations for the particles

(39

with the M, mass.

We can reduce the equations (10) and (17) at large distances (i.e. in low — energy approximation) to the non-
homogeneous Klein —Gordon and Dirac equations, respectively, by means of the redefinitions of the interaction
currents. We have seen from (7) that the calculations of the Coulomb and Yukawa potentials (1), (2) by means of the
integral (3) are incorrect. But we have derived these potentials as large-distance limit of the Green function for the
generalization of the Klein — Gordon equation in the static case (10). In consequence of this and approximate validity of
the Klein —Gordon equation at low energies (at large distances) we may assume that the use of the Coulomb and
Yukawa potentials in the low — energy physics is admissible. In particular, the results derived in the solid state physics,
the plasma physics, the statistical physics, the atomic physics, and low — energy nuclear physics are valid.

CONCLUSIONS
It has shown that the integrals for the Green functions of the Klein-Gordon and Dirac equations diverge as they
have got different values at different fashions of the calculations. The partial differential equations of the degree greater
than four must be considered to derive the Green functions with convergent integrals.
The generalizations of the Klein-Gordon and Dirac equations have been proposed. Orders of the proposed partial

differential equations are related to the quantities of the particle generations N, and N E The order of the generalized

Klein-Gordon equation equals 2N, and for the generalized Dirac equation it equals N Iz The causal Green functions

1
of the Klein-Gordon and the Dirac equations are the Feynman propagators for the 0- and E -spin particles. Similarly
the causal Green functions of generalized Klein-Gordon and the Dirac equations are the Feynman propagators for kinds
1
of the 0- and E -spin particles. These functions are important for calculations of reactions amplitudes and they must be

continuous functions. The continuity of the Green functions and their partial derivatives are determined by the orders of
the differential equations. From explicit forms for the generalized Yukawa potential (24), and the generalized Green

functions (35), (38) it is seen that they do not exist on the light cone (x> =0). However, for N,23,N, 26 the

limits of these functions exist in the x° =0 -point. Therefore, the Green functions of the proposed equations can be
defined as continuous ones (as for the generalized Yukawa potential in (26)). It means that the Green functions of

proposed equations can be considered for N, =23, N ’ > 6 as continuous functions and they have no any singularities

in all the time — space. In particular, from Fig. 1 it is seen that the interaction potentials and corresponding forces have
no singularities.

It has been shown that in our approach the interaction forces must be proportional to the distances between
particles at the short distances. We have derived that the interaction potentials must have the oscillatory form at short
distances. It may be assumed that the exchange by all particles from the boson kind leads to the attenuation of
corresponding interaction at short distances. It is similar to asymptotic freedom.

Note that at N, >3, N ;> 6 causal Green functions of proposed equations and some partial derivatives can be

determined as continuous functions. It is of interest to study behavior of the retarded and advanced Green functions of
proposed equations.

For the photon and the gluon two (or greater) massive particles with the quantum numbers of the photon and the
gluon must exist, respectively.
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In spite of necessary existence of heavy photons the results developed in large distance physics (in such as the

solid state physics, the plasma physics, the statistical physics, the atomic physics, the low energy nuclear physics)
practically do not change.

From the consideration of this paper can be concluded that the dimension of the space-time, the orders of the

differential equations for a description of particles interactions, minimal quantities of particles, and the convergences of
the integrals for the Green functions are related.

®
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11.
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A calculation of X-ray diffraction on the dislocation structure of polycrystalline materials with the biaxial anisotropy of the crystal
lattice has been carried out. The task was reduced to definition of the field of lattice distortion in this neighborhood applied to edge
dislocations of the «c» type in condition of anisotropy of elastic modules of a crystal. As a result of general solution of this task, a
parameter of spatial anisotropy of the distortion field was defined from elastic modules and further included into tensors of
transformation of both initial isotropic model of this field and its coordinates. According to this principle a modified mathematical
model of the field of elastic atomic displacements in the neighborhood of an edge dislocation has been built. The final result shows
that this anisotropy entirely reflects onto dislocation specific parameters of distortion that can be obtained by an XRD method for
determination dislocation distributions and density. It is noted that for hcp metals widely used, accounting of this anisotropy would
be reduced to small corrections of parameters.

KEYWORDS: X-ray analysis, diffraction, distortion, dislocations, dislocations density, elastic modules, anisotropy, hcp metals

YPAXYBAHHS AHI3OTPOIIII EJJACTUYHHAX MOJYJIB Y TIY-METAJAX
IPA PEHTTEHIBChKIM JOCJIIKEHHI JUCJOKALIAHOI CTPYKTYPU
J.I'. Manuxin
Hayionanvnuii naykosuil yenmp « XapKiecokuil Qizuxo-mexHiunHuLl iHCImumymy
Yxpaina, 61108, m. Xapkis, yn. Akademiuna, 1

[IpoBeneHO po3paxyHOK PEHTIeHiBCHKOI An(paKii Ha TUCIOKALIHHIN CTPYKTYpi MOJIKPUCTATIYHUX MaTepiaiiB B yMOBaxX IBOOCHOT
aHI30TpOIMii KPUCTATIYHOI pelliTKU. 3aady 3BEJCHO 10 BU3HAYCHHS CTATHCTHYHOTO PO3MOALTY AedopMariil mpyKHO-aHI30TPOIHOT
KPHUCTAIIYHOI PEIIiTKH B OKOJIUII KpallOBUX JHUCIOKAIIN THUITY «C». 32 MOAYJISIMU MPY>KHOCTI IUIIXOM IOIIYKY 3arajbHOrO PillIeHHS
Takoi 3a/1adi BH3HAYEHO IapaMeTp MPOCTOPOBOi aHi30Tpomii moms naedopmalliif, Skuii Oaai BBEAEHO [0 CKIaxy TEH30piB
MEPETBOPEHHS ITOYATKOBOI 130TPOIMHOI MOJENI IBOTO OIS i HOro KOOpIUHAT. 32 TAKHM MPHHIHUIIOM 1MO0YI0BaHO MOIU(IKOBaHY
MaTeMaTHYHy MOJENb MOJII aTOMHHX 3CYBIB KPHCTaNi4HOI PELNTKH B OKOJHMII KpaioBoi auciokamii. OcraTodHuil pesyibrar
BHPAKAETHCS B TOMY, IO Taka aHI30TPOIMIs LIIKOM I HMOBHICTIO BiZOOpaKaeThCS HAa XapaKTEepHUX IapaMeTpax IHUCIOKAI[IHHIX
Mikpoaedopmaii, Mo MOXXYTh BH3HAYaTUCS PEHTT€HIBCHKUM METOJIOM Ta CIYXKUTH IJISI PO3pPaxyHKY PO3HOALTY IHCIOKAIii 1 ix
IiIpHOCTI. Bim3navaetbes, mo as Y -meranis, MAPOKO BUKOPUCTOBYBAHUX B TEXHilli, YPaxyBaHHS TaKol aHi30TPOIIiT 3BOTUTHCS
JI0 HEBEJIMKUX KOPEKI[iH TUCTIOKaLiifHUX mapamMeTpiB.

KJKOUYOBI CJIOBA: peHTreHOCTpYKTYpHHU aHawi3, audpaxiiis, MikpoaehopMalii, JUCIOKALl, MiINbHICTh MUCIOKALii, MOIyTi
npy>kHoCTi, aHizotpomis, ['TIY-meranu

VYET AHU3O0TPOIIMM MOAYJIEA YIIPYTOCTHU I'ITY-METAJLJIOB
IPY PEHTTEHOBCKOM MCCJEJOBAHUU TACTOKAIIMOHHOM CTPYKTYPBI
J.I'. Maabixud
Hayuonanvrorit Hayunviii yenmp «Xapoko6cKkutl (puzuKo-mexHuyeckuil uHCIumynm»
Yrpauna, 61108, 2. Xapvkos, yn. Akademuueckas, 1

IIpoBeneH pacyéT peHTreHOBCKOW AM(paKIUMU Ha AUCIOKAIHMOHHOW CTPYKTYpe MOJHKPHCTAUIMYECKOr0 MaTepHualia B YCIOBHUSIX
JBYOCHOW aHU30TPOIHH KPUCTAJUTMUECKON PeIéTKU. 3a1aua CBeeHa K ONPEIEICHUIO CTATHCTUIECKOTO PACTIPENETICHHS NCKaXKEeHN
YOPYTO-aHU30TPOIHON KPUCTAUINYECKON PEIIETKH B OKPECTHOCTH KPAaeBbIX AUCIOKALUH Tuna «c». Ilo MoaynsiM ynpyrocta myTtém
TIOMCKa OOIIEro pelIeHys TAaKOH 3aa4y OIpeIeIeH mapaMeTp NPOCTPaHCTBEHHOW aHU30TPOIHH ITOJISI UCKAXKEHHH, BBEJICHHBIH fanee
B COCTaB T€H30pOB IIPe0Opa30BaHUS HCXOJHONW H30TPOITHON MOJIEIH TOTO II0JIS X €r0 KOOpAuHAT. [1o TakoMy NMPUHIUITY TOCTPOESHA
MOIM(GUIMPOBAHHAS MaTeMaTHYecKass MOJENb IIOJISI aTOMHBIX CMEIICHUH KPUCTAJUIMYECKOW pEeIETKH B OKPECTHOCTH KpaeBOi
quciokay. OKOHYATEIBHBIN Pe3ysIbTaT BHIPAXKASTCsl B TOM, YTO TaKas aHM30TPOINUS IEIMKOM U IMOJHOCTBIO OTOOpaXkaeTrcs Ha
XapakTEPHbIX NapaMeTpax AUCIOKAMOHHBIX HCKa)KeHHFI, OnpeACIAEMbIX PEHTICHOBCKUM METOOM, 110 KOTOPBIM PAaCCHUTBHIBACTCA
pacmpeneneHue IUCIOKaUi U UX MI0THOCTh. OTMmeuaercs, yto [t ['TIY-meTannos, HpOKO UCIOIb3YEMBIX B TEXHUKE, YUET TaKOH
AQHMU30TPOITNH CBOJUTCS K HEOOIBIIIMM MONIPAaBKaM K JHCIOKAIOHHBIM apaMeTpaMm.
KJIIFOYEBBIE CJIOBA: peHTreHOCTPYKTYpHBIH aHamu3, AU(paknus, UCKaKEHHS KPUCTAJUTMUECKON PEmETKH, TUCIOKAINH,
IUIOTHOCTH JUCIIOKAINN, MOTYJIH yIpyrocTy, anusotponwus, ['TIY -meramis

In previous studies [1-3], a complex of techniques of analysis of the dislocation structure in hcp metals was
described. These developments are directed onto solving of problems of X-ray substructural studies of metals used in
nuclear reactors: zirconium, titanium and hafnium. A distinctive feature of the methodical basis is to use the most direct
approach for calculating the X-ray diffraction on distorted neighborhood of dislocations, especially in relation to the
edge dislocations. It is, first of all, the use of physical and mathematical model of elastic-equilibrium displacement

© Malykhin D.G., 2016
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fields of atoms and, on the basis of it, calculation of the distribution of the normal distortion (g) of crystal lattice within
the neighborhood — it is an universal function f{g):

f(q)=£j (1 2cos’ go)dgo f.[ cosy dy |
‘ Ty g’ +cos’ g 04/2¢° +1—cosy M

wherein g = ¢/g,, and €, = b/nR is a dislocation parameter of distortion €; b is the Burgers vector of the edge dislocation;
R is the radius of its individual neighborhoods in the vicinity of those with the same type and configuration. At the same
time it has been show that, with sufficient accuracy, this distribution directly describes the corresponding intensity of X-
ray difraction i(/) under the identification &€ with coordinates # what is the relative deviation of the diffraction vector
from a site the reciprocal lattice [2].

One of the practical features of the development results associated with the versatility of function f{g) for
dislocations of all types and orientations — the differences are reduced onto change of expressions for the distortion
parameters: €, = kb/nR. So, factor k is equal to sin?p for edge dislocations and sinf-cosp for screw ones, where f is the
angle between the main direction of the dislocation line and the diffraction vector (S). This makes it possible to divide
the types of dislocations — “a” and “c” (“c+a”) — in structure of hcp metals during the analysis of a wide number of
experimental lines. In this case, the experimental parameter &, is divided into components &,, and &,. according both to
the types of edge dislocations and to 3-time dimension of the object. As a result, the following orientation relationship
used [4]:

g(a)=¢,,sin> a+e,, +&,,cos’ a, )

wherein o is the angle between the direction of X-ray diffraction and the crystallographic direction [0002]; &,, is the
distortion parameter for the “a”-dislocations of prismatic slip; €., are those for two orthogonal directions of “a”-
dislocations along the basal plane.

If the sample is a plate and X-ray measurements undertaken only from its surface, it remains to consider these two
parameters are equal. As a result, the density of dislocations (of edge type) defined as a combination of its three partial
components p; calculated by three according parameters in formula (2): p; = me,#/b? [3]. Determination &, parameter
associated with another practical feature of the method.

This feature is satisfactory accuracy of X-ray profile models simulated by convolution of distribution f{g) with the
Gaussian function, where the latter of which shows the effect of random strain in dimension of grains (intergranular
strain). Speaking more specifically, by such convolution, as shown, it can be quite accurately modeled the Voigt
function, which widely used for approximation of X-ray lines during phase-structural studies. As a result, the parameter
€ (2) can be determined per the half-width (w¢) of a Voigt function component, which approximate diffraction on
distortion by form of the Cauchy function C(4): g, = 1.7w¢ [1, 3].

The problem is that all methodical calculations actually received only in approach of isotropic elasticity. In
particular, it was shown that under these conditions the parameter ¢, for a fixed edge dislocation direction is not depend
on orientations of the Burgers vector. It remains unclear how the anisotropy of parameters of crystalline medium
elasticity, what is typical for hcp metals and alloys, affects the calculation result. The purpose of this work is to
determine the nature and extent of effect of such anisotropy on the function and parameters of distribution of dislocation
distortion. It is supposed for this to repeat the entire sequence of calculations including this factor.

FORMULATION OF THE TASK

To dislocations, oriented in the direction of the axis “c” of hcp crystal (they can be either edge or screw ones), this
problem does not concern since they accept the maximum symmetry inherent to hcp crystal lattice. Effect of the
anisotropy will thus reduce to dislocations lying in the basal plane. In this case, we consider the edge “c”’-component
dislocations, in particular “c”-type edge dislocation entirely. It differs from -type ones of prismatic slipping by
presence of biaxial anisotropy in orthogonal cross section, i.e. in a prismatic plane of hep lattice.

In the isotropic-continuum approach of determining of displacement field u(r) of atoms, conditions of elastic
equilibrium are reduced to equations divu = |rotu| = 0. This provide for elastic deformations &; = du;/0x; the following
expressions: g; = g; Xg; = 0. In the case of anisotropic elastic parameters one should replace the displacements u(r)
onto stresses o(r): dive = |[rote| = 0 [5]. As a result, it is reduced to the expressions — 6;; = 6;; Zo; = 0, where i, j =1; 3 -
designation, respectively, the coordinates x and y where first one varies along the basal plane of the crystal lattice, and

the second one does along the “c”-axis.
These conditions are specifically expressed in the following form:

“ th)

zanzcu +O—33=(C11‘911+C13533) (C33533+C31‘911) (Cu +C13)511 (C13 +C33)‘933=0’ (3)

0; =0 =0 - C44(513 _531):0 “4)

wherein Cj; are the elastic modules with indices corresponding to the accepted notation; Ci4 is the shear modulus.



86
EEJP Vol.3 No.3 2016 D.G. Malykhin

Thus, it may be noted that in the constancy of mathematical presentation of the conditions of equilibrium, the
elastic parameters anisotropy changes their object in limits of linear transformations. As in the original task, let the
Burgers vector b is directed along the “c”-axis of crystal cell, i.e. along the y (see figure). Then in general, principles of
transformation will be reduced to the following:

— according to the equations (4), the condition for shear strain retains the same as for the case of isotropy — &3, = €13;

— because of the immutability of the Burgers vector, changing along its direction (y or “c”’-axis) by the anisotropy effect
would formally be absent;

— thus, the transformations will only be along the direction x, and the corresponding rate would be defined by the ratio
between g; in the equation (3).

As a result, the recuired field of elastic displacements of atoms — u(r) = u..i + u,j (r =xi + yj) — can be defined
from the solution that obtained in terms of isotropy — uo(#y), — by the following transformations:

ﬁ(f):”x(xay)f"'”y(x:y)j:k”0x(’70)17+u0y(’7;>)j; Ty = Xl +y0f=locf+y], %)

where the anisotropy appears at k # 1.

In this way it is supposed to build a model of the field of atoms displacements in neighborhood of an edge
dislocation (of type “c”) under the elastic anisotropy options. Details of implementation of these options after the
transformations (5) will be seen below.

CALCULATION RESULTS AND THEIR ANALYSIS

According to previous calculations [1, 2], the field of atomic displacements u(ro) = uo,'i + ugy;j in neighborhood of
an edge dislocation was defined through assignment, in the initially adopted coordinates (xy, 1), a function of complex
variable W(z) = (b/2m)[Inz — z/2R,] expressed in this case as follows: W = — ug, + ug,i (z = xo + yoi). Here Ry is the radius
of boundary of the observed neighborhood (xy? + yo? < Ry?), on which the normal distortion along the survey direction is
taken as zero, as dictated by the general principle of constructing the model. Accounting the feature of linear
transformations, as assigned by the expressions (5), it is possible to represent the formula for the displacements of
atoms in this neighborhood in the following form:

b v kxy bk 2o 2\ KxP-y?
u,=u,, =—/|arctan-——-—-|; u =kuy, =——|Inlk"x" +y° )-—————|"
yow 271( kx Rozj 0 47r|: ( y) R; ©)

Along the semiaxis x > 0 as a result of these transformations, a slit with width b is retained, that related to the 2x-
periodicity of the arctangent. According to the formulas (6), a distortion tensor in the plane (x, y) is taken the following

form:
En €y | bk 1 -k’x -y 1 (k*x —y
5@/:[8 g}J:2|:222( ]+2[ ’ (7
o €y mlk’x"+y"\ -y x ) R/ -y -—x
According to the equation (3), the factor £ may be determined from the ratio of the diagonal elements of the matrix (7):
k= Ci+Cy . (8)
Cll + Cl3

The following figure shows schematically the distortion of the crystal lattice in the neighborhood of an edge
dislocation in the isotropy conditions (k = 1) and with the anisotropy coefficient £ = 2.
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Fig. Illustration of distorted neighborhood of an edge dislocation at both isotropic elastic parameters (left part) and anisotropic those
with a factor of k£ = 2 (right part; b — Burgers vector).
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It makes sense to introduce a dimensionless quantities system: s = y/Rg; t = kx/Ro; g = €/€40 (€00 = b/mRy). Then for
€ = g; the formula (7) will acquire the following view:

_Ey 1 1 —1 —g”—k—zt ! -1/ 9
% gy 2017 +5° ' & g 2 L7+s ®

Let us leave out the repetition of the process of calculating the distribution of f{g), referring to the previous results
and limiting by formulas (9). It should be noted that in the first formula, the anisotropy coefficient £ is really absent. In
other words, this formula also relates to a case of isotropy, and the dislocation distortion parameter in this direction, i.e.
along the Burgers vector, remains without changes: g, = gy = b/nR (where the R is the real radius of the neighborhood
border), seeing in this case it would be R = R, = R,.

If direction of the x-axis is oriented along survey, the dislocation parameter &, is dependent on k. Thus, according
to the second equation (9), gy = gyok* = bk/nR, taking account in this case R = R, = Ry/k.

If at last to return to the formula (2), where gy(a) is the dependency has modeled on the basis of experimental data,
the value &,.1, that corresponding to “c”-dislocation lying in the plane of diffraction, may be thus determined with
adjusting of following view:

&9, = (b, /7R, )(k sin’ & + cos’ a), (10)

In the adopted orientation of coordinates, for the second orthogonal component “c”’-dislocation, x-axis lies in the plane
of diffraction. Consequently &,, distortion do not appear, and thus &,., = b./nR..

Table
Elastic modules (GPa) [6] and the anisotropy coefficients & (8) for several HCP metals
Element C| 1 C13 C33 k
Be 292.3 14.0 336.4 1.070
Mg 63.5 21.7 66.5 1.017
Ti 162.4 69.0 180.7 1.039
Zr 143.4 65.3 164.8 1.050
Hf 181.1 66.1 196.9 1.032

The Table presents data on the elastic modules of some metals with hep lattice, and the anisotropy coefficients k&
calculated by the formula (8). According to these and to formula (10), accounting of the elastic modules anisotropy in
this task is reduced to introduction of small adjustments to the formula (2). For the real level of accuracy, these
corrections may be considered negligible, especially if to account a real variety of orientations of the grains in materials.

CONCLUSION

In general terms, a principle of accounting the anisotropy of the elastic moduli in calculation the two-dimensional
elastic-equilibrium field of atomic displacements in distorted microregions of crystals with hcp lattice has been defined.
This principle is reduced to definition of certain anisotropy parameter, which leads to the "biaxial" linear transformation
of the displacement field and its coordinates starting from the options of isotropy.

Modified recalculation of the field of elastic atomic displacements and distribution parameters of crystal lattice
distortion in neighborhood of an edge dislocation has been carried out using the defined anisotropy parameter.

This anisotropy parameter has been determined for several hcp metals used in nuclear technology. The calculation
result shows that accounting the anisotropy in determination both the dislocation distortion parameters of the crystal
lattice and dislocation densities is reduced to small corrections, and in many cases such tasks may be confined by the
option of isotropy.
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There is presented results of mechanical properties testing of different type samples from TVEL tubes from Zr-1%Nb alloy. Held
investigations with samples tension in tube type and modified samples, shape and dimensions of that are similar with such parameters
of ring samples. Held comparison of mechanical properties in longitudinal and transverse directions at standard and modified
samples. Notified significant differences of mechanical properties, mostly, relative lengthening (8%) at testing of modified samples,
and also with testing of ring samples with using deformation at cone insertion, in comparison with deformation in axis direction at 2
supports.

KEY WORDS: mechanical testings, TVEL-tube samples, comparison of mechanical properties in longitudinal and transverse
directions

OCOBJHMBOCTI JOCALIKEHHS MEXAHIYHAX BJACTUBOCTEM OBOJIOHOK TBEJI 31 CILIABY ZR-1%NB Y
MO310B)KHHOMY I IONTEPEYHOMY HAIIPSIMKY
JI.C. Oxuros, B.I. CaBuenko, A.C. Mutpodanos, €.0. Kpaiinok,
C.B. LlIpamyenko, I1.M. B’1oros, I'.Il. Penkina
Hayionanenuii naykosuii yenmp « XapKiecokuil Qizuxo-mexHivHuLl iHCmumymy
Yxpaina, 61108, m. Xapkis, éyn. Akademiuna, 1

[IpuBeneHi pe3ysbTaTH JOCITIIXKEHHS MEXaHIYHHUX BIACTUBOCTEH 3pa3KiB pIi3HOro Ty i3 TBenbHUX TpyO Zr-1%Nb cmasy.
IIpoBeaeHi HOCTi/KEHHSI IPH PO3TATYBaHHI 3pa3KiB-maTpyOKiB i MoaU]iKOBaHHX 3pa3KiB, BUTOTOBJICHHX i3 MaTpyOKiB, ¢opma Ta
po3Mipu poboUoi YACTHHM KOTPHUX aHAJIOTiYHA BiAMOBIAHUM MapaMeTpaM KiTbLEBHX 3pa3kiB. [IpoBeeHO MOPIBHSIHHS MEXaHIYHUX
BJIACTUBOCTEH y IO3MOBKHHOMY Ta IIOTIEPEYHOMY HAIlpsMKaX Ha CTaHAApTHUX 1 Moau(ikoBaHWX 3pa3kax. BiamideHi 3HaYHi
BIIXUIICHHS MEXaHIYHUX BIACTUBOCTEH, OCOOJMBO BIAHOCHOrO mNomoBkeHHs (8%) mpu mociimxeHHi MoAM(IKOBaHMX 3pa3KiB, a
TaKOX TPH JOCIIDKEHH] KUThIIEBUX 3pa3KiB 3 BUKOPHCTaHHAM JedopMarii Ha KOHYCHUX BCTaBKaX IPH 3piBHSIHHI 3 AeopMalli€ro B
0CHOBOMY HAIPSIMKY Ha JIBOX OIIOpax.

KJIIOUYOBI CJIOBA: wMexaHi4HI JOCTIIDKEHHS, 3pa3Kd 13 TBEIBHUX TPYOOK, IOPIBHAHHSA MEXaHIYHHX BIACTHBOCTEH Yy
NI03JJOB)KHBOMY 1 ITOTIEPEYHOMY HaIIPSIMKY

OCOBEHHOCTH UCCJEJIOBAHUS MEXAHUYECKUX CBOMCTB OBOJIOYEK TBJJI U3 ZR-1%NB CILIABA B
MNPOJOJIBHOM U IMONNEPEYHOM HAIIPABJIEHUH
JI.C. OxuroB, B.1. CaBuenko. A.C. Mutpodanos, E.A. Kpaiiniok,
C.B. lIpamuenko, I1.H. Boioros, A.Il. Penxkuna
Hayuonanvhorii Hayunviii yenmp «Xapoko6ckuil (huzuko-mexHuyeckutl UHCIumym»

Yrpauna, 61108, 2. Xapvkos, yr. Akademuueckas, 1
[IpencraBieHbl pe3ysIbTaThl MCCIESJOBAHUS MEXaHHYECKHMX CBOWCTB OOpasIOB pa3iMYHOrO THUIA M3 TBIIBHBIX TPyO m3 Zr-1%Nb
craBa. [IpoBeaeHbI HCTIBITAHUS TIPH PACTsHKEHUH 00pa3LoB B BHJE MaTpyOka M MOJU(UIHUPOBAHHBIX 00pa3I0B, H3rOTOBJICHHBIX H3
narpyOkoB, ¢opmMa u pa3Mepbl paboueil YacTH KOTOPBIX aHAJIOTMYHA COOTBETCTBYIOIIMM IapaMeTpaM KOJBLEBBIX 00pa3IoB.
IIpoBeneHo cpaBHEHHE MEXAHHYECKHX CBOMCTB B IPOJOJPHOM U TIONEPEYHOM HANpPaBI€HWHM Ha CTAHJAPTHBIX U
MOIM(HUIUPOBAHHBIX 00pa3nax. OTMeUeHbI 3HAYUTETBHBIE OTINYNS MEXaHUUECKUX CBOMCTB, OCOOCHHO OTHOCUTENBHOTO Y THHEHUS
(8%) npu wuchBITAHMAX MOAM(MHUUMPOBAHHBIX OOPA3LUOB, a TAKXKe IMPH HCIBITAHUAX KOJBLEBBIX O0pasloB C MPUMEHEHHEM
JedopManyy Ha KOHYCHBIX BCTaBKaxX, [0 CPABHEHUIO ¢ AehopMaInyell B 0CeBOM HAIPABICHUH Ha JBYX OIOpax.
KJIIFOYEBBIE CJIOBA: MexaHWuYecKHe WCIBITaHUS, OOpaslbl M3 TBAIBHBIX TPYOOK, CpaBHCHHE MEXAaHHYCCKUX CBOWCTB B
MIPOJOJEHOM U MONEPETHOM HAIPaBICHUN

Jnst onpeneneHuss MEXaHWYECKHX XapaKTEPUCTHK TPyO B ITONEPEYHOM HANpaBICHUH CYIIECTBYIOT Pa3iIMUYHbIC
METOJIMKH, OJJHAKO JI0 HACTOSIIEr0 BPEMEHH eIUHBIN ITOIXO0/] HIN YHHBEpCAIbHas METOAUKA OTCYTCTBYIOT. M3BeCTHBIC
I'OCTw 6pBmiero CCCP He MONHOCTBIO OTPAaXKAOT TaKyH BaKHYIO XapaKTEPHCTHKY, KaK IUIACTHYHOCTh TPyO B
MIONEPEYHOM HAIpaBJICHHH. DTO NPHBOAUT K TPYJHOCTSIM IPH HCHBITAaHUSAX TPYO M ONpeleneHHHd HX CBOMCTB, B
YaCTHOCTH, IUIACTUYHOCTH KOJIBLIEBBIX 00pa3LloB B MOMEPEeYHOM HampasieHHH. Llenp paGoTel — pa3paboTka MEeTOmOB
KOHTPOJISI MEXaHWYECKHUX CBOWCTB 000JI0UEK TBEJIOB.

OauH w3 HauboJiee PaCIpPOCTPAHEHHBIX CIOCOOOB HCIBITAHUSA KOJBIIEBBIX OOpa3IOB — KCIBITAHHE KOJEI[ Ha
pacTsbkeHHe JIByMsl JKECTKMMHM TIOJTYTUCKOBBIME oropaMu. Ero mpeumyinecTBa — MpOCTOTA, TOYHOCTh OIPEIEIICHUs

© Ozhigov L.S., Savchenko V.I., Mitrofanov A.S.,
Krainyuk Y.A., Shramchenko S.V., Vjugov P.N., Redkina A.P., 2016
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OCHOBHBIX MEXaHHYECKHX XapaKTepHCTHK 6B,60.2,0k MpH pasziuyHBIX Temreparypax u ap. K HegocraTtkam MOXHO
OTHECTH HEPaBHOMEPHOCTb paclpe/ieneHus Ae(opMaluy 110 IEpUMETPY B pe3ysbTaTe €€ 3aTOPMOXKEHHOCTH Ha OIOpax
U JIOTIOJTHUTENIFHOE Ie()OPMUPOBaHIE KOJIBIIEBOTO 00pasiia, BEI3BAHHOE €To TpaHc(opManuer B IIHIC, YTO OCOOEHHO
XapaKTepHO JUIS IUIACTHYHBIX MaTepHaIoB. B cBS3M ¢ 3TUM IPUMEHSIOTCS OIOPHI Pa3IMYHOrO JUaMeTpa, MpuyéM 0e3
JOCTaTOYHOr0 00OCHOBaHHMS BBIOOpa MX pa3MepoB. HekoTopele McciienoBaTeNn 0TMEYAloT, YTO AUAMETpP OHOp BIIHSACT
KaK Ha mporiecc nepOopMHUPOBaHUS KOJBIA, TAK U HAa KOA(PPHUIHUEHT K Tpu ompeneneHnu pacyéTHOM AIHHEI oOpasna 10
10 YPaBHEHHUIO:

loy= (m/2)(Do,— kD3), €]

rae D, — cpexunit quameTp TpyOs1; k — koadunuent, k = 0,85; D; — auameTp onopsl.

IIpu ompeneneHNH MEXaHMYECKHX XapakTepuCTHK Tpyd @ 9,15x7,72 MM u3 nupkoHueBoro cmiaaBa I-110
NPUMEHSUTUCH KOJIbIIEBbIE 00pa3lbl MIMPUHOW 2.8 MM M IOJYAUCKOBBIE OMOpHI auamerpoM D; = 4 mm. Pacu€rnas
uiHa [y Beruucisuiack mo dopmysie (1). 3nauenue xkodddumuenrta k = 0,85 BRIOMpaATIOCH MCXOIS U3 COOTHOIICHHUS
ly=235, 65V Sy, THe Sy — IIom@Aak MOMepPeyHoro ceueHus obpasma. OmHako, Y€TKOro 00OCHOBaHMS IS BRIOOpa Dj; He
MIPHUBEJICHO.

Pacuérnas mmHa 1y kombleBBIX oOpasmoB (@ 9,15x7,72x2,8 mm) u3 mwmpkonueBoro cruiaBa KTI[-110
orpenesach mo Gopmye

1= nd/8, 2

rie d — BHyTPSHHUH TuaMeTp TPyObIL.

3aBucuMmocTs (2) momydYeHa S IUTACTHYHBIX MAaTEepHalioB Ha OCHOBAHWH JAHHBIX TEOPETHYECKHX U
9KCIIEPUMEHTANIBHBIX HCCIEIOBaHMH, BKIIOYAIOIIMX: pEIICHHE B YNPYrod MOCTAHOBKE 3aJadd O paCTSHKEHUH
AQHM30TPOMHOTO KOJbLA JBYMsI JKECTKMMH TMOJYyJMCKaMH; HCCJIEJOBaHHE 3aKOHOMEPHOCTEH pacrpeleseHusl
IUIACTUYECKUX JedopManuii 10 OKPY)KHOCTH KOJIBIIEBOTO 00paslia M Ompe/eleHHe pacyéTHO-IKCIEePHUMEHTAIbHBIM
HyTéM 3aBUCUMOCTHU MEKIY JIMHEWHBIM NEPEMECIICHUEM aKTUBHOI'O 3axBaTa HMCHBITATEIILHON MAIIWHBI U Opr)KHOﬁ
nedopmanmeii kosipleBoro obpasua. 3Hayenue D; = 7,7 MM BbIOMpaeTcsl U3 YCIIOBHSI CONPSDKEHUS BHYTpPEHHEU
TIOBEPXHOCTH KOJIbIa C HAPY>KHOM MOBEPXHOCTBHIO OIMIOPHOT'O IMOJYANCKA IO CKOJNB3SIIeH mocaake. OTo obecrieunBaeT
MHUHAMAJIBHYIO TpaHC(OpPMaIMIO KOJbLEBOro oOpaslia B JIUIMIC Ha HA4YaJbHOW CTaJuM YIPYTOIUIACTHYECKOTO
neopMHUpOBaHKS ¥ YMEHBIICHHE BCIEACTBHE 3TOTO MOTPEIIHOCTEH NP ONpeeTICHUH MEXaHHUECKUX XapaKTePUCTHK
[2].

3apyOe)xHbIe HCCIIEIOBATENH IS OTIPEICNICHNs pacuETHOM JUIMHBI 00pasiia HCIONIB3YIOT BEIPAXKEHHE
ly=nD/5, 3)

rae D — Hapy KHBIM JuaMeTp KOJbLaA.

Beipaxkenne (3) mosydeHO MCXOIs W3 MPEANOJOKEHHs , YTO OCHOBHas jaedopMalis KOJBIEBOro obpasiia
CKOHIICHTPUPOBaHa Ha 1/5 JUIMHBI €ro OKpYy>KHOCTH.

B T0 %€ BpeMs SKCIIepUMEHTAJIbHBIE HCCIIEI0BAHUS [TOKA3aIH ,UTO MPH Ae()OPMUPOBAHUH KOJIBIIEBOTO 00pa3ia u3
LUPKOHUEBOTO CIUIaBa MPOMCXOAUT €ro TpaHchopMalys B DIUIMIC, M IPOIECC paspyLICHUs! JIOKAIU3yeTcsl Ha
MIPSMOJIMHEHHBIX Y4acTKax, K KOTOPBIM MOTYT ObITh mpuMeHeHbl TpeOoBanust [OCT1497-84, cornacHo koTopomy
pacuérHas AyrHA 00pasia OnpenesseTcs 10 COOTHOLICHUIO

ly= 5,655, . 4)

[lpu ompeneneHWH YCIOBHOM pacd€THOH MIMHBI o0Opa3ma /) Mo pasaudHBIM MeToamkam [1-5] moirydeHs
CYIIECTBEHHO OTIIMYAOLINECS PE3YJIbTAaThl AJsI OTHOCUTENBHOTO YAIMHEHHUS J,, HaxoJsmuecs B mpeaenax ot 15,1 mo
39,6 %.

[Tostomy mpu pacuére /, Gomee merecooOpa3HO HCHOIB30BATH ypaBHeHHE, mpexycMmorperHoe ['OCTom [7],
1y=5.65 \/ST) 'Sy, um pykoBojicTBOBaThCs TpedoBanusmu OU 001.[3]

B cBsi3u ¢ pa3paboTkoi B YKpanHe TEXHOJIOIHU MTPOU3BOJICTBA TPYO-000709YEK TBIJIOB M3 IUPKOHUEBHIX CILIABOB
U HEOOXOJMMOCTBIO TMOJYYEHUsI COMIOCTAaBUMBIX PE3yJIbTATOB MCIBITAHMH 10 33/aHHI0 MUHHCTEPCTBA DHEPreTHUKH B
locynapcTBeHHOM TpYyOHOM WHCTUTYTE pa3paboTaHa M corylacoBaHa ¢ HalmoHambHBIM Hay4HBIM IICHTPOM
«XapbKOBCKUH  (M3MKO-TEXHHYECKUI HMHCTUTYT» THepBas pelNaklus OTPacieBOH METOJWKHM  OIpEJeIICHUS
MEXaHWYECKUX CBOMCTB KOJBIIEBBIX 0O0pa3llOB M3 IMPKOHHEBHIX cIutaBoB. st TpyO pasmepom @ 9,15x7,72 mm
MeTojuKa pa3zpadorana Ha ocHoBe OM 001.325-91 [3]u T'OCT [7].

METO/IAKA 1 PE3YJIbTATHI UCCJIETOBAHUI
[Ipu nccnenoBaHUN MEXaHMYECKHX CBOMCTB TOHKOCTEHHBIX TPYOOK st obonouek TBDJI u3 crumaBoB Zr-1%Nb B
MPOJIOJILHOM W TIONEPEYHOM HAMpPABJICHUU OOBIYHO TPHUMEHSIOTCS JIBE pa3IMYHbIe METOJMKH, B YacCTHOCTH, B
IPOJOJIFHOM HAINPaBICHWM HCHBITAaHUA TpoBoaaTcs Ha mnarpybkax mo ['OCT1008-80 [1], a B momepedHOM
HaIlpaBJIEHUH Ha KoJbIeBbIX oopasuax mo JACTY 2528-94 wnu no OM 001.325-91 [2, 3].
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B Teuenue AMUTENBHOTO BPEMEHH 3TU METOJAUKH COBEPIICHCTBOBAINCH U JOMOJIHSUIUCH [4], OHAKO, CYIIECTBYIOT
HEKOTOpbIE YCJIOBHOCTH, KOTOpBIE 3aTPYAHAIOT OJHO3HAYHOE OMpENICJIeHHEe U CpaBHEHHE MEXaHUYECKHX CBOICTB,
0COOCHHO TUTACTHYHOCTH TPYOOK B TIPOJIOIHHOM H MOTIEPSYHOM HAIIPABIICHUU.

IIpu cpaBHEHUHM pe3yNBTATOB HCCICIOBAHUS IUIACTHYHOCTH TPYOOK HEOOXOIUMO YUYUTHIBATH psii (HakTopos,
BIUSIOMINX Ha pe3ynbTat. [Ipu ucmeiTaHn 00pa3oB-naTpyOKOB B IPOJOIEHOM HarpaBieHu# B cooTBercTBuH ¢ [[OCT
[1] pacueTHas mmmHA "=25 mm, a TP HWCIIBITAHUH KOIBIIEBBIX O0PA3IOB B MOMEPEYHOM HAIPABICHUU pacueTHAs
mHa L= 8,0 MM [2, 3]. TTo3TOMy NpH COXpaHEHHH OCTANBHBIX YCIOBHi MCIIBITAHMII OJMHAKOBBIMH I1€1€CO00Pa3sHO
MIPUMEHEHHE MOIUGHUIMPOBAHHBIX 00pa3oB W3 TPYOOK IS TPOMONBHBIX HCIBITAHWNA C OJWHAKOBOH pacdeTHOH
JUTHHOU 1 (hOpMOH ¢ KOJIBIIEBBIMU O0Opa3namu. [ TOCTIKEHHUS 3TOH neiar HeoOX0AUMO sl IPOIOTBHBIX HCIBITAHUN
HCIOJIB30BaTh MOAMMUITMPOBAHHBIE OOpPAa3lbl, U3TOTOBJICHHBIE M3 MAaTPyOKOB TBAJIBHBIX TPyOOK, MPHUBEICHHBIX Ha
puc. 1.

Puc.1 O6pa3us! (BepXHHI — ITOCIIE UCTIBITAHUH, HIPKHUN — J10 UCTIBITAHUH).

B takoMm ciydae ais “IIpomosibHBIX” M “HONEPEYHBIX” UCIIBITAHUI COXPAHSIOTCS OJMHAKOBBIE YCIOBHUS (OPMBI U
pa3zMepoB paboueii uacTH 06pasioB, a uMeHHO — {"=0¢"= 8,0 MM, i mHpHHa pabodeil YacTH 06PA3LOB OMHAKOBA by =
b0l=2,8 MM, B cooTBeTcTBUU ¢ TpeboBauusMu JICTY 2528-94 [2, 3] st KOIBIEBBIX 00pa3IoB.

[Tpumenenne MoaAMGHUIMPOBAHHBIX 00PA3LOB UMEET PsiJi NPEUMYIIECTB NIPU CPAaBHEHUH MEXaHWYECKUX CBOMCTB
TBAJIBHBIX TPYOOK B MPOJOIBHOM U IMONIEPEYHOM HAINPABICHUH, U KPOME TOTO TaKnue 0Opa3Ibl UMEIOT Pabodyro JUIHHY
ONMU3KYyI0 K pacueTHOU JumnHe (), 9T0 0COOEHHO BaYKHO IPH UCTIBITAHUY BIMSAHUS MTOKPHITUH U OOMYYCHHBIX 00pa3IioB.
JlononHUTENEHO HEOOXOOMMO OTMETHTh OCOOEHHOCTHM NPH HCHBITAaHUAX TBIIBHBIX TPYOOK B IIONEPEYHOM
HaIpaBJICHUH Ha KOJBIEBBHIX 00pa3lax, B COOTBETCTBHH C TpeOoBaHmAMH [1-3]. DTH HCHOBITAaHUS TPOBOIITCS
JUTUTENBHOE BPEMSI 1 MHOTOKPATHO IOJIBEPTaIiCh yCOBEPIICHCTBOBAHMUSM, OHAKO IMIaBHAS “yCIOBHOCTB IO CHX IIOp
CYIIIECTBYET M 3aKJIIOYAeTCs B TOM, YTO KOJBIIEBOW 0Opasell — TOJIhKO HadaiabHast ¢opma oOpasiia, a Mpu OJHOOCHOM
pacTshDKEHMH Ha IOJYAMCKOBBIX OMOpax KOJbLO ()OPMOM3MEHSIETCST IO BBITSHYTOH “NeTian” ¢ NPsSMOJUHEHHBIMU
OOKOBBIMHU CETMEHTaMU INUPHUHOM 2,8 MM U JUTUHON ~ 10 MM, U3 KOTOPBIX 8§ MM COCTaBJIIET pacdyeTHas JauHa 1o [1-3],
T.e. (akTh4yecku naedopManus pacTDKEHHEM IPOUCXOAWT Ha BBINPSIMIIEHHBIX OOKOBBIX YYacTKax HMCXOJHOIO
KOJIBIIEBOTO 00pa3ua M OTiaudaercst oT JAedopManuy TBIIbHONW TPyOKHM B TaHT€HIMAIBHOM HAIlpaBIEHHH B Pabodmx
YCIIOBHSX.

C menbio mpubmkeHus: Buaa nedopmManuy K peanbHBIM YCIOBHSM JieopManusi KOJBIIEBOro oOpa3na Hamu
MIPOU3BOIMIIACEH C TIPUMEHEHNEM KOHYCHOH BCTaBKH [5]. B 3T0i paboTe mpoBeneHO cpaBHEHNE HCITBITAHIA KOJIBIIEBBIX
00pa3IoB Ha MOJyIUCKOBBIX OMOpax [6] W ¢ mpUMeHeHHWeM KoHyca. VICTBITaHUs IOKa3aiH, YTO OTHOCHUTEIHHOE
yunuHenne 8s% mpu gedopManuu HAa KOHYCHOM BCTABKE 3HAYMTENHHO MPEBBINAET Y/JIMHEHHE TPU OCEBOM
PaCTsHKEHHH KOJIBIIEBOTO 00paslia Ha MOIYIICKOBEIX oropax (Tadmuma 1).

Tabmnuma 1.
OTHOCHTEIBHOC YIJHHEHHUE TP PA3HBIX METOAUKAX.
Temnepartypa OTHocuTENLHOE YAIHHenne, 8%
MCHBLITAHUI

Pactsikenne  KONbLEBBIX 00pas3ioB Ha | PacTspkeHue KOJBLEBBIX 00pasloB Ha
KOHyCe JIBYX Omopax

20°C 41% 24%

350°C 64% 36-41%

C LEJIBI0 UCKITFOYEHUSA OTMEUYCHHBIX HEAOCTATKOB IIPHU UCIIBITAHUN 06p331_[OB N3 TBOJIbHBIX pr60K B TPOAOJIBHOM
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U TIONEpeYyHOM HalpaBJeHUM B Hacrosuield paboTe NpPOBEAEHBI MCHBITAHHS MOAW(HIMPOBAHHBIX 00pa3LOB U
MaTpyOKOB TP pacTSDKEHHH B TIPOIOJIEHOM HampaBiieHHW. M3 onHOHM TBanbHOM TpyOku u3 Zr-%Nb cruiaBa Obuin
W3TOTOBJICHBI JBa BUAa oOpasnoB — oObruHble marpyoku (mo 'OCT 10006-80) m mMoaudunmpoBaHHBIE 00pa3Lbl,
W3rOTOBJICHHBIE JIEKTPO-MCKPOBBIM CIOCOO0OM. VIcTIbITaHMs ITPOBOAMINCH HAa PacTsHDKEHHE CO CKOPOCThIO 1 MM/MHH Ha
ycranoBke Instron-5581 mpu 20 °C. Pe3ynbrarsl HCIBITAHUIN [IPUBEACHBI B TabIHIE 2.

Tabmmuma 2.
MexaHHUYeCKHe CBOMCTBA ISl pa3IMIHBIX THIIOB 00Pa3IIoB.
Oo0pa3zupl naTpyoku MopudunupoBaHHbie 00pa3ubl
G, = 448 MIla 0, =458 Mlla
Opr = 248 MlIla Opo = 339 MIla
8% = 48% 8% =30%

CpaBHEHHE MEXaHHUYECKHX CBOMCTB MAaTpyOKOB M MOAM(HUIMPOBAHHBIX 00pPA3LOB Uil IPOJOJIBHBIX HUCIBITAHUN
MOKa3bIBAET, YTO Ul MOJU(UINPOBAHHBIX 00Pa3LOB Ipe/el IPOYHOCTU Op U3MEHIETCA HE3HAUUTEIBHO, a Gy, Ha 20%
BblLE, U O Ha 18% HuKe, YyeM 11 marpyOKa.

ITpn cpaBHEHMM MEXaHMYECKMX CBOMCTB TBAIBHBIX TPYOOK B MPOJOJIBHOM M IONEPEYHOM HANpPaBICHUH IO
pe3ysbTaTaM HCHBITaHHs KOJIBIIEBEIX 00pa3loB pacTspkeHneM (Ha 2-X onopax) (tabnuma 1) ¢ pe3ynbraraMy UCTIBITaHUS
MOAM(UIMPOBAHHBIX 00pa3LoB (Tabiuua 2) (G, U Gy2) MOYTH HE U3MEHSIOTCS [6], @ § (JUIs IPOIOIBHOTO PACTKEHHUS)
Ha 6-7% BBIIIIe, YeM IPH PACTSHKEHUH KOJBIEBBIX 00pa3IloB.

Bollee 3HAYHTENBHOE OT/IMUNE IIIACTHYHOCTH (§%) OTMeuaeTCs IpH CPABHEHMH PacTsuKeHHs naTpy6ka 8" = 48%
(Tabmmma 2) u pacTSHKCHHH KOJBIICBOTO O0paslla B OCCBOM HAIPABICHUH Ha 2-X Omopax (IO OOBIYHON METOJWKE),
xoraa 8" = 23...24% (tabmuua 1).

3AKIIOYEHHUE
CpaBHEHHE pe3yJIBTaTOB HCIBITAHUS MEXaHHYECKHX CBOWCTB Ha pa3iM4HBIX 00pasmax M3 TOHKOCTEHHBIX
TBAIBHBIX TPYOOK u3 Zr-1%Nb cmmaBa mokasany, 4TO NpPUMEHEHHE OOpa3lOB, M3TOTOBICHHBIX W3 MAaTpyOKOB C
pasMepamu u (opmoii pabouell YaCcTH aHAIOTUYHBIA C KOJBIEBHIMH O0pa3llaMH IO3BOJISIET MMOJIy4aTh OoJee
KOPpEKTHbIE pe3ysIbTaThl, a TMPUMEHEHHE KOHYCHBIX BCTABOK IPU HCIBITAHHM KOJBIEBBIX OOPa3LoB, MpUOJIMKAET
pe3ynbTaThl (0COOEHHO MIACTUYHOCTU 0%) K CBOMCTBAM TBAJIbHOM TpyOKH B pabOUMX YCIOBHSAX.
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ABOUT THE VALUES OF THE STRAY ENVIRONMENT FIELDS-TO-TOROIDAL-COIL
MAGNETIC FIELD RATIO IN THE URAGAN-2M TORSATRON
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The values of stray environment magnetic fields of the Uragan-2M torsatron have been determined using local magnetic sensors, and
also, the electron beam injection in the additional toroidal magnetic field (16 coils, making up 60% to 76% of the total toroidal field).
In the stationary toroidal magnetic field, the turns of the electron beam have been visualized by scanning the poloidal vacuum
chamber cross-section with a luminescent rod. The measurements have made it possible to determine a decrease in the ratio of stray
environment vertical magnetic fields to toroidal-coil magnetic field down to b,/Br = 1x107 at magnetic fields Br = 0.0225 - 0.15 T,
and also, to estimate the prospect of the ratio decrease to b,/By = 1x10™* as the toroidal magnetic field increases up to Br > 0.45 T.
KEYWORDS: Stellarator, Torsatron, Tokamak, Magnetometer, Electron beam, Particle orbits, Magnetic surfaces, Stray
environment magnetic fields, Environment magnetism, Nonmagnetic stainless steel

PO CHIBBIJHOIIEHHSA BEJIMYWH OTOYYIOUUX ITAPASUTHHUX MTOJIB 10 MATHITHOTI'O ITOJISA
TOPOITHUX KOTYIIOK B TOPCATPOHI YPATAH-2M
I.T. Jlecusikos', A. M. Illanoan’
wemumym gisuxu naazmu, Hayionanshuii naykosuti yenmp “Xapriscoruii (izuxo-mexuivnuii incmumym”,
61108, Xapxis, eyn. Axademiuna, 1, Ypaina
BenuuuHu pPO3CISIHMX Napa3sUTHUX MOJNIB OTOYYIOUOTrO CEpPENOBHUINA TOpcaTpoHa Yparan-2M Oynu BHU3HAa4eHi JIOKaJIbHUMHU
MarHiTHAMH JaTYUKAMH, a TAKOXK 32 JTOIIOMOTOI0 1HXKEKIii eIeKTPOHHOTO MyYKa B JOAATKOBE TOPOiJHE MarHiTHE moJie (B MarHiTHe
noie 16 KOTymIOK, siKi yTBOPIOIOTE Bix 60% mo 76% cymapHoro TopoigHOro moust). Bisyamizamis 00epTiB €I€KTPOHHOTO IydYKa B
CTAI[iOHAPHOMY TOPOITHOMY MarHiTHOMY IIOJIi BUKOHYBAJacsl CKaHyBaHHSM IIOJIOITHOTO MOIEPEYHOro Hepepisy BaKyyMHOI KaMepu
3a JIONOMOTOI0 JIFOMIHECIIEHTHOTO CTPWXKHS. BuMipH pmanmu MOXIMBICTP BU3HAYHTH 3MEHIICHHS CIIBBIJHOIICHHS BEIHINH
OTOYYIOUNX MAPA3HTHHX TOJNIB IO MATHITHOTO TOJS TOPOIMHMX KOTYIIOK J0 BETHUMHH b,/Br ~ 1x107 B MarHiTHHX momsx Br =
0.0225 - 0.15 T, a TaKoX OMIHHTH IePCIIeKTHBY 3MEHIICHHS CITiBBiTHOIIeHHS 10 b,/Br = 1x10™ B Mipy Toro, sIk MarsiTHe mone
30inpIryBaTUMeThCs 10 Br > 0.45 T.
KJIIOYOBI CJIOBA: crenaparop, TOpcaTpoH, TOKaMaK, MarHITOMETp, €IeKTPOHHHUIT ITy4I0K, OpOiTH YaCTHHOK, MarHiTHI IMOBEPXHI,
TIapa3uTHI MarHITHI 1TOJIsI, MAarHETU3M OTOYYIOYOTO CepeIoBHIla, HEeMarHiTHa HepiKaBiloya CcTajb

OB OTHOIIEHUHA BEJTUYUH IMMAPABUTHBIX OKPYKAIOIIHUX MMOJEA K MATHUTHOMY ITOJIIO
TOPOUJAJBHBIX KATYHIEK B TOPCATPOHE YPAT'AH-2M
I.T. JIeCHﬂKOBl, A. H. Ianosan’
" Hnemumym usuxu naasmel, Hayuonansmolii nayunsiii yenmp “Xapokosckuii usuko-mexuuseckuti unemumym ",
61108, Xapvkos, yi. Akademuueckas, 1, Ykpauna

BenmunHbl paccessHHBIX Mapa3UTHBIX TOJICH OKPYIKAIOIIEeH Cpelibl TopcaTpoHa YparaH-2M omnpeieneHbl IOKadIbHBIMA MarHUTHBIMA
JaTYMKaMH, a TaloKe IIPH IOMOIIM HHXXEKIMH JJIEKTPOHHOTO ITydka B JONOJHUTENHHOE TOPOMIAIBHOE MarHWTHOE Ioie (B
MarHuTHoe mone 16 karymiek, co3matromux ot 60% mo 76% CyMMapHOrO TOPOMAAIBHOIO MOJisi). Busyanusamus 000pOTOB
OJICKTPOHHOI'O MNy4YkKa B CTallMOHApHOM TOPOMWJAJIbHOM MArHUTHOM IIOJIE BBIINOJHAIACh CKAaHUPOBAHHUEM IOJIOUAAIBHOI'O
MIOTIEPEYHOr0 CEYEHUsI BAaKyyMHOW KaMepbl IIPH MOMOIIM JIFOMUHECLIEHTHOTO CTepxHA. VI3MepeHus naiu BO3MOXXHOCTh OIPEIETIUTh
YMEHBIIIEHHE OTHOIICHHS BEIHUMH MAPA3HTHBIX OKPY)KAIOUIMX MOJeil K MATHHTHOMY IOJIO TOPOMIANBHBIX KATymieK 10 b,/Br =
1x10™ B MarHUTHBIX mOJAX Br =0.0225 - 0.15 T, a Takxe, OLICHUTh MEPCIEKTUBY YMEHBIICHUS OTHOLICHUS JI0 EZ/BT = 1x10™ o
Mepe TOTro, Kak TOPOUAAIbHOE MarHUTHOE I10JIe yBeanuuBaercs 10 Bt = 0.45 T.
KJ/IFOYEBBIE CJIOBA: cremnaparop, TOPCaTpOH, TOKaMaK, MarHETOMETp, JIEKTPOHHBIA Iy4OK, OPOMTHI YacTHIl, MarHUTHBIE
TTOBEPXHOCTH, TIaPa3UTHBIE MATHUTHBIE TIOJISl, MATHETH3M OKPY XKAaIOIIel cpellbl, HEeMarHUTHAasi Hep KaBeIOIas CTallb

In toroidal nuclear fusion facilities the stray environment magnetic fields may have an appreciable effect on the
quality of magnetic surfaces, e.g., see refs. [1-6]. The value of these fields is determined by many factors such as the
assembling accuracy of the magnetic system and magnetization of coil casings, the load-bearing toroidal framework of
helical windings, the elements of the toroidal vacuum chamber and diagnostics, under-installation structures, the
reinforced concrete floor of the experimental hall, etc.

It is known that the efficiency of the magnetic confinement of plasma is sensitive to relative magnitude of the
magnetic field disturbance b/B, where b is the toroidally averaged magnetic field disturbance, and B is a toroidal
magnetic field, in which the plasma confines. Containing b/B to values low enough would lead to much higher energy
confinement times. For example, the studies of [7] pointed out that the confinement time 7 in a device with b/B is
characterized as 7 ~ (b/B)”. Therefore it is believed that the b/B ratio is one of the qualitative features of the

© Lesnyakov G.G., Shapoval A.N., 2016
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thermonuclear devices. However, it would be to keep in mind that the stochasticity of magnetic field lines which
correlates with b/B is not necessarily catastrophic for the magnetic plasma confinement.

In the present work the values of the stray environment magnetic field in the Uragan-2M torsatron have been
measured. When studying, the motion of a low-energy electron beam injected into the toroidal magnetic fields of values
ranging from Bt = 0.0225 to Br = 0.1536 T (the field on the geometric torus axis) the beam trajectories and deflection
distances along toroidal transits were determined. On the basis of these data the value of the stray environment magnetic
fields-to- toroidal-coil magnetic field ratio (the degree of magnetic disturbance) and its variation were found, and, thus,
the evaluation was provided of the quality of an additional toroidal magnetic field and, in the whole, the quality of
confinement toroidal magnetic field in the URAGAN-2M torsatron.

DESCRIPTION OF THE TORSATRON AND GENERAL FEATURES OF STRAY ENVIROMENT FIELDS
MEASURED WITH A FLUX-GATE METER SENSOR

The Uragan-2M torsatron with an additional toroidal magnetic field (major torus radius R = 1.7 m, minor vacuum
chamber radius a,. = 0.34 m) comprises: a helical winding with / = 2 multipolarity and a number of magnetic field
periods m = 4; 16 coils of the additional toroidal magnetic field; 8 coils of compensating- and 4 coils of correcting
vertical magnetic field. The helical winding is placed on the surface of load-bearing toroidal framework with the minor
radius a,. = 0.395 m. A closed magnetic configuration with the helical winding cannot be made without an additional
toroidal magnetic field. The part of the toroidal magnetic field of 16 coils in the total toroidal field of such torsatron can
vary between 60% and 76% and it depends on the chosen structure of magnetic surface configuration.

The structure of embedded closed magnetic surfaces can be created in a wide range of operating modes [8-11].
Each operating mode is characterized by two parameters. The first parameter is the interrelation between helical toroidal
magnetic field By, and the additional toroidal magnetic field By, K, =By/(By + Br) = 0.28-0.4, where (B, + Br) = By is the
magnetic field on the geometric torus axis. The second parameter is the average vertical magnetic field <B,>/B, on the
geometric torus axis of the compensating/correcting coils that control the magnetic axis position.

The general arrangement of the toroidal device and experimental equipment is schematically represented in Fig. 1.

Fig. 1. Schematic of Uragan-2M — top view.

Experimental equipment of the device includes: 1 are the helical windings; 2, 6 are the coils in the casing and in
section, respectively (16 toroidal field coils are labeled by small numbers); 3 are the current feeds, 4 are the bandage
fastenings at the separation of the vacuum chamber and the helical winding into two moveable halves; 5 are the
detachable joints of helical windings; 7 are the vacuum ports for measuring magnetic surfaces (2007, 2012 and 2014) by
the scanning fluorescent rod mounted between coils Nos. 8-9, the butt-end glass to take the image of magnetic surfaces
in the tangential direction (to the rod) is situated between coils Nos. 6-7; 8 are the 8 coils of compensating- and 4 coils
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of correcting vertical magnetic field, 9 is the location of the electron gun during measurements, 10 is the butt-end glass
window.

The value of stray environment magnetic fields around the installation is quite readily determined through local
measurements using a flux-gate meter sensor placed, for instance, between the toroidal magnetic field coils. Similar
measurements have been carried out in 1994 and 2014 on the minor radius, a.=0.4075 m, nearby the toroidal load-
bearing framework of helical windings, Fig. 2.
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Fig. 2. Changes in the values of stray magnetic field components measured between the coils of the additional toroidal field in the
equatorial plane of the Uragan-2M torsatron in 1994 and 2014.

Results of flux-gate meter sensor measurements

The stray magnetic fields were measured in the equatorial torus plane, Fig. 2: B, is the component parallel to the
major torus axis (perpendicular to the torus plane); B, and By are the tangent and normal components directed to the
outer torus circumference. Here, it should be noted that the average value Bx®? =~ -0.014x10™ T is very small. It turns
out that B ~ Bx®" and the behavior of these components is very similar. So, not to overload Fig. 2, Br®" is not
shown in the figure. The average values of B,""'? = -0.057x10* T and B,"¥ = -0.05x10™ T are close to each other, too.
After years of torsatron operation, the value of B(p(2014) changed insignificantly. During measurements, the B, value
changes its sign when the measurements go clockwise, following the numerical order of the toroidal coils, Fig. 1. At the
beginning of the measurements, B, shows concordance of signs with the geomagnetic field sign. Then B, changes its
sign, as it should be in the case of the torus pass-around by. The geomagnetic field direction is shown by S-N in Fig. 1.
For the time interval between the above-mentioned years the average value of component B, has increased by a factor of
2.4; B, = 1.354x10* T and B,®¥ = 0.57x10™ T. The length of stray magnetic field decay in the radial direction from
the installation up to the geomagnetic field level (Bz(g)(zom) ~0.45x10* T) is ~ 4.5 m.

The geomagnetic field in the experimental hall both before installation assembly and at the present time has the
value ranging from B, = 0.4x10* T to B, = 0.62x10™* T. In the experimental hall under the installation, there is no floor
with a reinforcement bar. The principal reinforcement of the installation is located under the device, in the basement,
much below the level floor of the experimental hall. Therefore, it is considered that the principal reinforcement and the
reinforcement bar floor of the experimental hall practically little affect the stray magnetic fields of the device.

The structure of the toroidal magnetic field coils is according to the project. The accuracy and reliability of their
fastening at the assembly of the device, as well as positive results of their power tests in a high toroidal magnetic field
are well known for the maintenance Team of the Uragan-2M torsatron and for the authors of the given studies.
Therefore, it is difficult for the authors even to surmise the presence of the toroidal coil shape distortion. Besides,
additional preventive maintenance and control of the device give no grounds for that surmise.

So, the average value of the vertical stray magnetic field B,**'¥ ~ 1.354x10™ T is a reference quantity in this study
(at BT = O, B() :O, Bh = 0, <BZ>:0).

It should be noted that all the casings of magnetic system elements and installation components of new devices
around the Uragan-2M torsatron are made of nonmagnetic stainless steel 12Cr18Nil10Ti, which has a low magnetic
susceptibility [12], <3 in relative units. Also, as it has been indicated in paper [12], the magnetic susceptibility of such
stainless-steel products, having the welding seams, can increase with their service life, in general, by an order of
magnitude. In the LHD [13], the experimental result suggests the existence of another field error source in addition to
the terrestrial magnetism, the influence of which increases with Br. One of the candidate of the error field is the
unsaturated ferromagnetic materials near the machine. Furthermore, the unsaturated ferromagnetic materials near the
machine may also contribute to the estimate of the error field, e.g., the magnetic shield for the neutral beam injector
and/or diagnostics, stainless steel deteriorated by welding, etc.
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MEASUREMENT OF STRAY ENVIRONMENT FIELDS USING THE ELECTRON BEAM

The values of stray environment fields of the installation inside the vacuum chamber were also determined using
the electron beam injection into the toroidal magnetic field, Bt (at By = Br, By, = 0, <B,>=0). The magnetic field, Br, is
the field only from 16 coils with an internal radius of their casings a. = 0.54 m. The turns of the e-beam in the stationary
toroidal magnetic field were visualized by scanning the poloidal vacuum chamber cross-section with a luminescent rod.
The luminescent-rod scanning method [11,13-22] is very convenient and comparatively simple for performing the
measurements of this sort. The scanning luminescent rod (pos.7, Fig. 1) was placed between the toroidal field coils Nos.
8-9, where the elliptic magnetic surfaces are vertical. The e-gun moving in the horizontal direction (pos.9, Fig. 1) was
installed in the vacuum chamber between coils Nos. 12 and 13 to inject 40 — 50 eV electrons along the magnetic field
lines. Previously, the authors have used this method to investigate the magnetic surfaces structure in theUragan-2M
torsatron under the total stationary toroidal magnetic field, By = 0.1 T, see e.g. refs. [11,19-22].

Note, that the measurement procedures using the e-beam, but only for the poloidal harmonics of disturbance fields,
have been elaborated at stellarators in [1,2] and applied to several tokamaks [3-6]. By recording the e-beam footprint
coordinates after each turn in any of the poloidal torus cross-section, it is possible to determine the geometric
characteristics of the field under investigation. In refs. [2,3], the vector deflection field for disturbance fields from the
installation structural parts has been first obtained by connecting the initial and end points of each turn of the electron

Ar(Az,4x) b
— = —[1-6]
2mR BT
integrally represents the disturbance level allowing us to determine the toroidally averaged disturbance field b and its
ratio to the toroidal magnetic field, and to estimate its radial change.

beam. The toroidal e-beam drift (vertical and/or horizontal displacement for one toroidal turn)

Results for electron beam measurements

From trajectory recordings shown in Fig. 3, one can see that e-beams make 4 to 11 turns and are cut off by the HF
antenna installed inside the vacuum volume. It is characteristic that the slope angle of radial displacements of turn
footprints @ (radian) = arc tangent(Az/Ax) remains almost unchangeable, 8 = 0.77 rad, as the beam start points are
changing. Using the measured values of Az and Ax for one turn of beam, it was found that b,/Br = 1x10° (b, =
1.345x10™ T) and b,/Br = 1.1x10° (ER = b, = 1.49x10™ T). Since the measurements are performed in the toroidal
magnetic field, it is more convenient to redefine the poloidal component b, in the terms of the toroidal component by.
The unchanging slope angle of radial displacements of turn footprints indicates that the field b, is practically uniform in
the toroidal vacuum chamber volume. In this magnetic field we have no way of extracting spatial harmonics from some
other sources of perturbations, e.g., the induced distortion of magnetic coils shapes by the electromagnetic force, or the
magnetization of devices installed around the Uragan-2M torsatron. The average slope angle of radial displacements of
turn footprints includes the effect of the geomagnetic field. This field can be represented as the stray environment
magnetic fields-to-toroidal-coil magnetic field ratio. At By = 0.1 T we have B,/Br = (4—6)><10'4, but at By = 0.5 T the
ratio is By/Br = (0.8-1 2)x10™. Practically, the contribution of the geomagnetic field is always lower than the total value
of the stray environment magnetic fields.

Figure 4 shows how the magnitudes of Az and Ax are defined. It is essential to note that Fig. 4 also illustrates that
the slope angle 8 of the beam drift footprint radial displacements in the direction along R in the torus equatorial plane
decreases with the toroidal magnetic field increase.

For beam drift trajectories shown in Fig.4 the Br, b,, b,/Br, by, b./By values were determined, see the Table 1.

Table I
The By, b,, b,/Br, bg, b,/By values for beam drift trajectories shown in Fig.4
Beam drift
trajectory B, T b,,[10” T] b,/Br br,[10* T] by/Br
number
2 0.0225 1.23-1.39 (5.47-6.2)x107 0.394-0.43 (1.75-1.93)x107*
not shown 0.0678 1.29-1.43 (1.9-2.11)x10° 0.92-0.95 (1.36-1.42)x10
in the figure
3 0.1355 1.23-1.56 (0.91-1.15)x107 1.32-1.346 (9.8-9.9)x10*
4 0.1536 1.39-1.6 (0.9-1.05)x10° 1.6-2.06 (1.05-1.34)x107

The e-beam drift trajectories (Fig.4) show that the field lines of the resultant magnetic field look like spirals
rotating in the direction of the major radius R increase. The spirals are formed under the action of the magnetic field
vector components lying in the poloidal cross-section of the torus. The particularities of the spirals suggest some
conclusions about the properties of the poloidal components b, and bg. The data show (Table I) that b, weakly grows
with Br increase, and has the values very close to those that were determined with a flux-gate meter sensor. In
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consequence of magnetization, the component by increases more than fourfold with By increase. The b,/By and b,/Br
values show the degree of magnetic disturbance at the toroidal magnetic field Br. The observed constancy of the spiral
slope angle points to constancy of b,/by ratio value. The reduction of spiral trajectories pitch, when By increases, it is
possible well to see on Fig.4 by comparing the trajectories 2 and 3. The correspondence of ratio b,/Br with spiral is
determined in Table I. The ratio b,/Br defines spiral pitch. Principally, spiral pitch can be determined by the number of
e-beam turns along the torus (by the number of spiral turns), which are packed on the length of the minor torus radius.
Parallelism of spiral trajectories points to both the homogeneity of b,, and a sufficiently high quality of the toroidal
magnetic field, including its inverse proportionality to the torus major radius (Bt ~ 1/R). In the case under
consideration, because of a noticeable difference between the radius of the vacuum camera and the internal radius of the
toroidal magnetic field coil casings (a,. = 0.34 m < at. = 0.54 m), we can not, unfortunately, register the e-beam drift
footprints in the vicinity of the toroidal magnetic field coil casings. As By increases and b,/Br decreases, the planes of
spiral trajectories with small slope angles approach the plane surfaces that are parallel to the torus equatorial plane.
With considerable increase in Br, both b, and by will show the magnetization saturation of the surrounding materials. If
b,/Br becomes very small and approaches zero with the finite bg/Br, then, in principle, the spirals can be transformed
into the plane spirals (the plane curves), which become parallel to the torus equatorial plane. The behaviour of such
spirals (as an example of similar studies) is well substantiated by numerical simulations in the papers [23 (see Appendix
A), 24 (see Fig.2¢c)].

AX=2.2 cm

I AZ=0.6 cm

aZ=1.0 cm

AX=1.2 ecm

—_ — R
Fig. 3. The e-beam drift footprints in the toroidal magnetic Fig. 4. The e-beam trajectories at different magnetic fields.
field By=0.1355 T when changing the beam position along
R.

As is seen from the photo the start coordinates of the e-beam originate in the equatorial plane of the torus and
move in the direction from the torus geometric axis (marked by +) inwards. The average slope angle for all e-beam drift
trajectories is 8= 0.77 rad. A smeared image of the e-beam footprints is caused by ~<1% fluctuations of the current in
the field coils. The figure also shows two base points from LEDs (indicated by arrows) with the known distance
between them. The LEDs were mounted in the measurement section on the inner surface of the vacuum chamber, in the
equatorial torus plane on the inner circumference and at the top. The major torus radius is directed from left to right.

The trajectories 1 and 2, marked at Fig.4, were measured at By = 0.0225 T (the beams have different starting points
and are shown here as examples of the trajectories measured at more favorable conditions than for Fig. 3). The
trajectory 2, measured at By = 0.0225 T, and the trajectory 3, measured at Br = 0.1355 T, have one and same starting
point of the e-beams. The trajectory 4 was measured at Br = 0.1536 T. At this field value the starting point of the e-
beam was slightly changed because of some technical troubles that caused current fluctuations of the generator
energizing the field coils.

Theoretically one can assert that the average angle @is equivalent to b,/bg. Using the measured slope angles of the
beam drift trajectories, the function & =f(B1) plotted in Fig. 5 predicts the saturation magnetization field and the
prospect of b,/Br decrease as the toroidal magnetic field increases. As regards field by, a more exact determination of
the disturbance and spiral trajectory pitch specified by magnetization field by, is possible at By ~ 0.45 T.
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Fig. 5. The average slope angle of the electron beam trajectory &versus the toroidal magnetic field By (experimental data are marked
with black points).

In fig. 5 straight line 1 is a linear extrapolation of the data until it intersects the Br abscissa and curve 2 is an
exponential extrapolation of data in the direction of the Br abscissa.

The magnetic surfaces measurements in the Uragan-2M torsatron [9,11,19-22] have shown that the main
resonances of rotational transform angles and magnetic islands with /2w = 2/7, 1/3, 3/8, 2/5, 1/2, 4/9, 4/7, 4/6, 4/5 result
from both the helical winding detachments and the geometry of compensation-field coils. The values of the
disturbances, which cause these resonances, are significant and exceed the disturbances, which can be induced by the
additional toroidal magnetic field and the stray fields. Therefore, in the paper we present both the magnetic surface
structure at the edge and the full magnetic surfaces structure at two modes of the configuration, when there are no
islands of the above-specified resonances. It should be also noted that the Uragan-2M torsatron has a generally
acceptable level of stray environment fields, since at By = 0.1 T high-quality closed magnetic surfaces have been
measured, see Figs. 6 and 7.

Fig. 6. The last closed magnetic surface with an average minor Fig. 7. The structure of the closed magnetic surfaces without
radius ¢ = 0.2 m. magnetic island in the Uragan-2M torsatron

This mode of the magnetic configuration in the Uragan-2M torsatron (Fig.6) has the operating parameter K, =
0.31, and By = 0.1 T (where Br = 0.0691 T and B, = 0.0309 T), (<B,> + b,)/By = 1.85%, i/21(0) = 0.32 and i/2n(a) =
0.415, the shift of the magnetic axis inward from the torus geometric axis (marked by +) is 5.7 cm.

As example, on fig.7 is shown the mode of the magnetic configuration with K, = 0.295, By = 0.1 T (where
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Br=0.0705T and B,=0.0295T), (<B,> + b,)/By~1.8%, the average radius of the last closed magnetic surface
a=0.166 m, i/2n(0) = 0.31 and i/2n(a) = 0.4, displacement of the magnetic axis inward from the geometrical axis of the
torus is 4.7 cm.

CONCLUSIONS

The results of local measurements with the use of a flux-gate meter sensor have shown that over the course of 20
years the average vertical component of stray environment fields has increased by a factor of 2.4, and near the load-
bearing toroidal framework of the helical winding amounts B,”"'¥ = 1.354x10* T. The stray environment field
measurements carried out with an electron beam around the geometric axis of the toroidal vacuum chamber have given
b, to range from 1.23x10* T to 1.6x10™ T. Comparison shows that the stray environment fields measured by the two
methods have very close values.

For the fields with Bt = 0.1-0.15 T the value of the stray environment field-to-toroidal-coil magnetic field ratio in
the Uragan-2M torsatron is b,/Br = 1x107. For the magnetic fields with By between 0.0225 T and 0.1536 T, the increase
of the by component of stray environment fields from 0.4x10™* T up to 1.6+2.06x10* T was observed. This increase
being most probably due to magnetization of welding seams in the coil casings. In spite of the fact that the field by
grows, ratios EZ/BT and EX/BT turn out to be close in values, e.g., at Br = 0.1536 T. According to the measurement data
the ratio b,/Br decreases and, probably, will be reduced, as extrapolation shows, by an order of magnitude to b,/Br =
1x10™, as the toroidal magnetic field increases up to By > 0.45 T.

The measured stray environment field values, which have changed with increase in the operating field, point to a
sufficiently high quality of the coil assembly for an additional toroidal magnetic field, and explain the constancy of the
slope angle of the e-beam drift trajectories.

In addition, the present studies call attention researchers of similar subject, like study of magnetization of the
Uragan-2M elements made from nonmagnetic stainless steel, such as casings of toroidal and compensating field coils,
the load-bearing toroidal framework of helical windings, the toroidal vacuum chamber and diagnostics, over a long
period of their operation in high magnetic fields. Out of the mentioned elements forming the torsatron, we identify only
the coils for an additional magnetic field as a strong source of the magnetic disturbance, since they have larger
(geometrical) dimensions and significant stainless steel mass, long-length weld seams of the casings, and they are
located in immediate proximity to the toroidal vacuum chamber.

It has been shown that with the increase in the toroidal magnetic field By, a steady decrease of b,/Br, bg/By and the
slope angle of e-beam drift trajectories, can serve as evidence of the reduction of the magnetic disturbances in the
device.

Summation the stray uniform vertical field of the magnetization b, and the field of magnetization by to the vertical
magnetic field from 8 compensating coils <B,> does not cause noticeable disturbances of the Uragan-2M torsatron
magnetic configuration.
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HaWMmoTpiOHINMKA MaTeMaTH4YHU anapar. HaBuanbHuii
MOCIOHMK MiCTUTh YHCIICHHI LTFOCTPAIii Ta TaOJHIIi.

Jns cTyneHTiB, acIipaHTiB i BUKJIaa4diB Gpi3sMYHNX
CHemiaTbHOCTEH BUINNX HABYATBHUX 3aKIIa/iB, 00i3HAHUX Y
KBAHTOBIM MEXaHIIl.

© XapkiBchbKHi HalllOHAIBHUH YHIBEPCHTET
imeni B.H. Kapasina, 2016

© Bepexmnoii FO.A., Onumenko I'M., 2016

© Pwxosa FO.M., maker oOknaaunku, 2016
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