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I''TABHOMY PEJAKTOPY ) KYPHAJIA
MNOYETHOMY JUPEKTOPY JOHEIIKOI'O
POU3NKO-TEXHUYECKOI'O HHCTUTYTA um. A.A. T'AJIKMHA

BUKTOPY HUKOJIAEBUYY BAPIOXHUHY - 70 JIET

29 mapra 2022 roga ucnoiaHuiaock 70 JieT U3BECTHOMY y4EHOMY B 00acTu Gu-
3UKH METAJUIOB, (pU3MUECKOro MaTepHagoBeeHHs], HAHOQU3UKNA 1 HAHOTEXHOJIO-
ruii, uieny-koppecnonaenty HAH Ykpaunsl, 1okTopy (pU3HKO-MaTeMaTHYECKHX
HayK, Ipodeccopy, 3acTy’KEHHOMY JIESITENI0 HAYKU U TeXHUKH YKPauHbI, MOYETHO-
My nupekTopy locymapcTBeHHOro yupexaeHus «JloHenkuid (pU3MKO-TEXHUYECKUN
MHCTUTYT UM. A.A. ['asikuHay, TJIaBHOMY penakTopy kypHaia «Du3uka M TEXHHKa
BBICOKMX JAaBieHui» Bukropy Hukomaesuuy Baproxuny.

bonee 40 ner HayuHas nearenbHocTh B.H. Baproxuna cBs3aHa ¢ n3ydeHHEM
MIOBEICHNS MAaTEpUaJIOB IIPH BBICOKMX JABJICHUAX U XapaKTEPHU3YeTCsl OpraHud-
HBIM COYETaHHEM (YHIAMEHTAIBHOCTH PelIaeMbIX 3a/1a4 C MPAKTHUECKO peau-
3alMed MOJIy4EeHHBIX Pe3ynbTaToB. MM MccienoBaHbl TUCCUNIaTUBHBIC SIBICHUS B
HaIPsSKEHHO-HEOAHOPOAHBIX KPUCTAIUIAX, Pa3BUTa TEOPHSI UX IJIACTUYHOCTH, OII-
peneneHsl MeXaHu3Mbl AeopMalii U pa3pyleHus] QyHKIMOHAIBHBIX MaTepua-
JIOB Pa3JIMYHON MPUPOJIBI.

[Tox pyxoBoacteom B.H. Baproxuna B JJon®TH npoBoasTcs GpyHaaMeHTab-
HbIE HCCIICZIOBAaHUS yCIOBUH (POPMUPOBAHUS HAHOCTPYKTYPHOT'O COCTOSIHUSI Ma-
TEpUAIOB U UX CBOMCTB, H3ydeHHE (PU3UKU METAaCTaOMIBHBIX COCTOSHUHN U (a3o-
BBIX IIEPEXOJ0B B HAHOKPUCTAUNIMYECKUX Marepuanax. lIpu sTom 3HauMTenpHOE
BHUMAaHHE YIEJSETCS CO3JaHUI0 HAayyHOW O0a3pl Uil OyAyIIuX TEXHOJIOTHH.
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B.H. BaproxuHbIM pa3BUT HOBBIM MOAXOMA K (hOPMHUPOBAHHIO HAHOCTPYKTYPHOTO
COCTOSIHUSL (DYHKIIMOHAJIHBIX MaTepHaJioB C UCIOJB30BAHMEM BBICOKHX JaBJe-
HUM, KOTOPBIA MPHUBJIEK BHUMAaHUE MHUPOBOTO HAYYHOTO COOOIIECTBA, MOTYYMI
MOJJIEPKKY B BHJI€ KOHTPAKTOB C TAKUMHU M3BECTHBIMH OpraHH3alusiMu, Kak Los
Alamos National Laboratory, General Electric, Boeing (CIIIA) u ap. WUtorom
3TOH AEATENbHOCTH cTano (OPMUPOBAHHE B MHCTUTYTE HOBOM HAY4HOM IIIKOJIBI
«HaHodu3uka ¥ HAHOTEXHOJOTUW», CHELMATU3UPYIOLIEHCS Ha HCCIeTOBaHUIX
¢bu3nyecKux CBONMCTB HAHOMATEPHUAJIOB U Pa3pabOTKEe HOBBIX TEXHOJIOTHH UX MO-
Jy4YEHUsI Ha OCHOBE HIMPOKOTO HUCIIOIb30BAHMS BHICOKOI'O JaBICHUS U UHTEHCHUB-
HBIX TUIACTUYECKHUX AepopMaliuii.

B.H. Baproxun — aBrop 20 moHorpaduii 1 yueOHbIX mocoowuii, 6onee 350 Ha-
YUHBIX paboT, 45 MaTeHTOB Ha U300PETEHUS, 3HAYNTEIbHAS YaCTh KOTOPHIX UMEET
MPUKIIAIHYIO HAIIPaBICHHOCTb.

Buktop HuxonaeBuu Bcerjga yzaensn 00jbllloe BHUMaHHE MOATOTOBKE Hayd-
HBIX KaJpoB. M3 yucna ero yueHUKOB BBILUIM 4 JOKTOpa U 8§ KaHAMJIATOB HAYK.
Jonroe Bpemsi oH ObUI IpeacenareieM AUCCEPTAMOHHOTO COBETa IO 3alluTe
JOKTOPCKUX W KaHJAUJATCKUX AuccepTanuii. bomee 12 et oH Bo3rmaBis kadenpy
«Teopernyeckast pu3rKa 1 HAHOTEXHOJOTUI» HA (PU3UKO-TEXHHUUECKOM (haKyIib-
TeTe JJOHeKOoro HalMOHAILHOTO YHUBEPCHUTETA.

HesrenpHOCTh BukTOpa HukonaeBn4a BHICOKO OIlEHEHA HAYYHOM OOIIECTBEHHO-
CTbIO — €My MPUCBOEHO 3BaHKE 3aCITY>KEHHOTO JISTENsl HAYKH U TEXHUKU Y KpauHBbI.
3a BhIIAIOIIMECS] HAyYHbIE Pa0OTHI B 00JIACTH COBPEMEHHOTO (PU3MUECKOro MaTepura-
JIOBE/ICHUSI €My B pa3Hbl€ TOfibl ObUIM MPUCYXIEHBI AKaJeMUYECKUE IPEMUH UMEHU
I'.B. Kyparomosa u U.H. ®pannesuua. Hayunyro nesarenpHocts B.H. Baproxuna
B o0siacTé (PU3NYECKOr0 METAIIOBEACHUS] BBICOKO OLCHWIN POCCUHCKHE YUE€HbIE,
HarpaguB ero [lou€rHoit mepanpio uMenu akanemuka ['.B. Kyparomosa. Heomno-
KpaTHO OH OBUT OTMEUEH MOYETHBIMU TPAMOTaMH | OJIaroIapHOCThI0 MUHHUCTEPCTBA
oOpa3oBanus u Hayku Jlonernkoi Hapomnoit PeciyGmmkwu.

Bosrnasus uHCTUTYT B BO3pacte 45 net, B.H. Baptoxun cymen npeononersb
OBICTPO HapacTaBIME KPU3HUCHBIC TCHICHIIMU, COXPAHUTh HAYYHBIE KaJpbl, BOC-
CTaHOBUTH U YKPENHTh JyX TBOpYECTBA M co3ujaaHus. Bee aTo obecneuniio pas-
BuTHe U ctaHoBieHue JJoHDTU kak kpymHEWIIero npeacTaBuTeNsl aKaaeMuiec-
KO HayKU B J/IOHEIIKOM pETHOHE.

B HenpocToii nepuoa HoBelmei uctopun Jondacca B.H. Baproxun 6marona-
PS aKTUBHOM KM3HEHHOMN MO3UILIMK YCIEIIHO CIIPABUIICS C PSAIAOM CIIOKHBIX Opra-
HU3ALMOHHBIX M KaJIPOBBIX BOMPOCOB, YTO OOECIEUWIO COXPAHEHHE M yKperlie-
HUE JINJEPCKUX MO3UIMI MHCTUTYTA B PECIYOJMKAHCKOM HAyYHOM COOOIIECTBE.
Hoctmxxennss Bukropa HukonaeBnya Kak TaJlaHTIMBOIO aJMUHUCTPATOpPA HE OC-
TaJINCh HE3aMEUCHHBIMU — OH OBLT HA3HAYEH Ha JIOJDKHOCTH 3aMecTuTens MuHu-
ctpa oOpa3zoBanus u Hayku JloHenkoit Hapoauoit PecriyOnuku. 3a roas! gesTennb-
HOCTHU Ha 3TOM IIOCTY OH yCIIeJl BHECTU HEMaJIbIil BKJIaJ B pa3BUTHE HAYYHOT'O IO-
TeHana Jlonbacca U MHTETPAIMIO TOHEIIKMX YYEHBIX B HAYYHOE MPOCTPAHCTBO
Poccuiickoit dexneparnumu.



BepHyBLINCE B CTEHBI POJHOTO MHCTUTYTA, Bukrop Hukomnaesud cram nouér-
HbIM upektopoM JJoH®TU u npogomkmt hopMupoBaTh MEPCIEKTUBHBIC HAIpa-
BJICHMS M aKTYaJIbHYIO TEMAaTHKy HAayYHBIX MCCIIEJOBAHUM MHCTUTYTA, PEICTAB-
JATh €ro HayyHble MHTEPEChl Ha MEXIYHAPOAHOM U PECHyOIMKaHCKOM YpPOBHSX,
o0ecrieunBaTh NPEEeMCTBEHHOCTh B PAa3BUTHH HAYYHBIX IIIKOJ HHCTUTYTA.

KOGunsapa oTnmyaer aHaIUTUYECKUHA yM, IIMPOTa KPyro3opa, oOLIeHHE C HUM
JIaeT MUILY JJI HOBBIX TBOPUYECKUX UAcH. Henp3st He OTMETUTH €ro MHTEIIUTeHT-
HOCTh U obasHue. Bukropy HukomnaeBnuy mpucyIy nmpocToTa oOmeHus u 100po-
JKEJIATEIIbHOE OTHOIIEHUE K KOJIJIEraM, CO MHOTMMHU POCCUMCKUMH Y4EHBIMU €TO,
OMHUMO TTPO(ECCHOHATIBHBIX, CBA3BIBAIOT U YHCTO APYKECKUE OTHOIICHUS.

Cepoeuno nosopaensem Buxkmopa Huxonaesuua ¢ 70-nemuem co ousn posxrcoenust!
Kenaem emy kpenkoco 300po8bs u Heuccakaemou 0600pocmu, YOOBIemeopeHUs.
0Mm 0OCMUSHYIMO20 U YCNEXO8 8 HOBLIX CMENbIX NIAHAX U HAYUHAHUSIX.
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C.B. BacmnbeB1‘2, T.B. LI,BeTKOB1, E.A. CBVIpVI[J,OBa1'2, B.M. TKaquKo1,

AN. ﬂVIMaHOBCKVIl7l1, B.H. CaﬂI'IVIH1, B.W. T|<at+1

BJIMAHNE MHTEHCMBHQVI MITACTUYECKOW OESOPMALIAMA
HA NMAPAMETPblI TOHKOU CTPYKTYPbI
N MMKPOTBEPOOCTb AJTIOMNHNA

1 o .
[oHeuknin PU3NKO-TEXHUYECKMI MHCTUTYT UM. A.A. [anknHa

2
[oHb6acckasa HauMoHanbHasa akagemus CTpounTenbCTBa N apXUTEKTYyphbl, T. MakeeBka

CrtaTtbsa noctynuna B pegakuuio 25 Hosibpsa 2021 ropa

IIpedcmasnena memoouxa nOIHONPOPUILHOO AHANUZA PEHMSEHOBCKUX OUPDPAKYUOHHBIX
JUHUL U NPUBEOeHbl Pe3yrIbmamyl IKCHEPUMEHMANbHBIX UCCLe008AHULL GIUAHUSL NAACTHU-
yeckoll depopmayuu Ha pasmepsvl 00AACMell KO2EPEHMHO20 PACCESHUS U YPOBEHb MUKPO-
HANPsICEHUll NAKemos Poibe YUCmMOo20 ANOMUHUSL, KOHCOTUOUPOBAHHBIX MEMOOOM KpY-
yenuss noo evicokum oaeneruem (KBJ]). Ycmanosnena ceésa36 medncoy usmeHeHUAMU
CMPYKMYPHLIX NAPAMEMPOS U MUKPOMEEPOOCMU KOHCOAUOUPOBAHHBIX 00PA3Y08 U OOHA-
pyoicen aghgpexm pazynpounenus, 00YCi08IeH b eCMeCmBeHHbIM CHAPEHUEM.

KiroueBble cjioBa: afoMUHUEBAS (I)OJ'ILFa, KPY4Y€HHUC 1104 BBICOKMM OaBJICHHUEM, KOHCO-
JMaanus, obmactu KOI€pCHTHOI'O pacCesIHrd, MUKPOHAIIPIKCHNU A, MUKPOTBECPAOCTH

BBeaenue

[TnacTudeckas mnedopmarms, IpeacTaBisoNIas co00i HeoOpaTuMble H3MEHE-
HUS (POpPMBI M pa3sMEepOB TBEPHABIX TEJ, OKA3bIBAET CYIIECTBEHHOE BIIMSHHE HA
CTPYKTYPY M Ha BECh KOMIUIEKC CTPYKTYPHO-3aBUCAILIUX CBOMCTB METAJJIOB U
CIUTaBOB, TTIaBHBIM 00pa3oM MeXaHWYeCcKUX. braromapsi 3ToMy pa3inyHbIe METO-
16l ehopMaIrmOHHOW 00paOOTKM TOJYYWIIM ITHUPOKOE PACIPOCTPAHCHUE B TEX-
HOJIOTUYECKHUX TPoIeccax CO3/aHUsl KOHCTPYKIMOHHBIX MarepuanioB. CTpemiie-
HUE K TOBBIIMICHUIO d()PEKTUBHOCTH ePOPMAIMOHHBIX BO3JCHCTBUN MPUBEIIO K
CO3aHMIO TPYIBI METOJOB MHTEHCHUBHOU Tuactuueckoi nedopmaruu (UI1N),
OTIIMYHUTENbHAsT 0COOCHHOCTh KOTOPBIX COCTOMT B TOM, 4TO (opMa M pa3sMepsl
00pa3ioB, MOABEPrHYTHIX OonbuM (10 ~ 10) cTeneHsM aedopMaIuu, OCTaloTCs
Heu3MeHHbIMH [1,2].

[lepBuunas nens pa3zpadorku meronos UITJ] 3axmoyanack B U3MEIbYECHUH 3€-
PEHHOM CTPYKTYpbl METAJIJIOB M CIUIAaBOB, MPUBOJASIIEM K POCTY MPOYHOCTHBIX
xapaktepucTuk [1-3]. OmHako oka3anock, 4To B e(hOPMHUPOBAHHBIX 00paslax
HaHOMAacIITaOHOW CTPYKTYpPOW COXpaHSUICS BHICOKUN YPOBEHb IUIACTHYHOCTH [4],
0OYCJIOBIICHHBI W3MEHEHHWEM MeEXaHW3Ma IUIacTU4YecKon aedopmanmu. Jlaib-
HEHIIMe MCCIeOBaHMs MPOJIEMOHCTPUPOBATIN TAaKKe BBICOKYIO 3(()EKTHBHOCTH

© C.B. Bacunees, T.B. LiBeTkos, E.A. Ceupugosa, B.M. TkaueHko,
A.N. NNumaHosckuin, B.H. CasanuH, B.. Tkau, 2022
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meroaoB UIIJ (mo cpaBHEHUIO ¢ TPaTUIIMOHHBIMH METOJAaMH TOPOIIKOBON Me-
TAJUTyprUH) TPH TMOJTYYCHHH OOBEMHBIX OOpPAa3IOB MYyTeM KOHCOJUIAINH JIHC-
nepcHbIX Marepuanos [5]. Kpome storo, ¢a3oBble npeBpalieHus B psijie MeTaiu-
YECKUX CIUIaBOB, CTUMYJIMPOBAaHHbIE NHTEHCUBHBIMU CIBUTOBBIMH JAe(opMarius-
MU, MO3BOJIUIIU MOJYYUTh CTPYKTYPHBIE COCTOSIHUSI C MOBBIIICHHBIMH YPOBHSIMU
MIPOYHOCTHBIX CBOMCTB [6] M 1a)K€ CHHTE3UPOBATh CIUIABBI U3 YMCTHIX METAJLIOB [7].

CrnenyeT OTMETHUTb, YTO, HECMOTPSI Ha OOJBIIOE YUCIIO HCCIEAOBAaHUN Mare-
puainoB, oopadoranubeix Metogamu MII/I, MHOTHE 3aKOHOMEPHOCTH CTPYKTYPHBIX
W3MEHEHUH U UX BIIMSHHUE HA MEXaHUYECKHE CBOKMCTBA U3Y4YE€HBI HEIOCTATOYHO. B
YaCTHOCTH, CTPYKTYpBI, Moau¢uimpoBanubie B npouecce UIT/, moryr obnanars
KaK MOHKEHHBIM (YaCTUYHO 3aKpHUCTAIIM30BaHHBIE aMopdHbIe a3kl [6]), Tak u
MOBBIIICHHBIM YPOBHEM CBOOOJHOW SHEPruu (CHIBHO TMEPECHIIICHHBIE TBEPbIC
pactBopsI [8,9]) MO cpaBHEHUIO C HCXOAHBIMHA CTPYKTYPHBIMU COCTOSTHUSIMHU.

Haunbosee BaXXHBIM ¢ MIPaKTHUECKOW TOUKHU 3peHHs pezyabTatom UILJ] sBiser-
Csl BO3pacTaHHe YpOBHS MPOYHOCTHBIX XapaKTEPUCTHK (Ipenesa MPOYHOCTU U
TBepaocTH). Ho ecnu mpupona ympodHeHUss HaHO(A3HBIX KOMITO3UTOB, 0Opa-
sytomuxcs B nporecce MIIJ] meTammnyueckux CTEKOJ, CBsA3aHa C OOOTrameHueM
JETUPYIOMIUMHU JIEMEHTAMH OCTaTOYHON amMOphHOW MaTpHIbl U ¢ Oe3AHCIIOKa-
LUOHHOM CTPYKTYypOoi HaHOKpUCTaLIoB [10], To AJIsl yCTaHOBIECHUSI MEXaHU3MOB
VIIPOYHEHUS KPUCTAIUTMUECKUX MATEepPHAIOB HEOOXOIMMBI TOTIOJHUTEIbHBIC UC-
cienoBanus. Kak nmpaBuiio, B KauecTBE OCHOBHOI'O MEXaHW3Ma YIPOYHEHUS pac-
CMaTpUBAETCS U3MENbYCHUE 3€PEHHON CTPYKTYPhI U COOTBETCTBEHHO YBEJIMUYECHUE
IJIOMIAAN MEK3EPEHHBIX TPaHUIl, KOTOpbIe, coriiacHo Mojenu Xosa—Ilerya [11],
CIyXaT MPEMSATCTBUSAMU ISl JBUXKEHUS quciokanui. OIHAKO Hapsay C YMEHb-
meHueM pazmepoB 3epeH UITJL mpuBOaUT K MOBBILICHUIO UIOTHOCTH JUCIOKALIMIA
Y YPOBHS MUKPOHAIPSKEHUM KPUCTAIIIMYECKON PELIETKH [§], UTO TaKkKe BIMSIET
Ha MEXaHUYECKHE CBOMCTBA.

W3 psima paspaboraHHBIX K HacrosimeMy Bpemenu meronoB UIIJl (paBHOKa-
HAJIbHOE YIJIOBOE MPECCOBAHME, aKKYMYJIUPYHOLIasi NPOKaTKa, MHOrOOCeBasi KOBKa,
KBJ) [1,2] naubonee 3¢heKTUBHBIM BHIOM O00pabOTKH JIsl JOCTHKECHUS TIepe-
YUCJICHHBIX 3(P(HEKTOB SABIACTCA KPYUCHHE IO/ BHICOKUM JIaBJICHHEM — nedopma-
st o0pas3ia MeXIy MOJBIKHON M HEMOABIKHOW IJIOCKUMHU HAKOBAJbHAMU [7].
JlonoaHUTENBHBIM TOCTOMHCTBOM 3TOTO METO/1a SIBJIAETCS BO3MOYKHOCTh CUHTE3a
CJIOUCTBIX KOMITO3UTHBIX (THOPHUIHBIX) MaTEPHATIOB C YIYUYIIEHHBIM KOMIUIEKCOM
MeXaHU4eCKHX CBOMCTB [12,13].

IIpoBeneHHbIe HEAABHO AKCIIEpUMEHTHI [ 14] mokazamu, yto meroa KB/ mo3ommn
KOHCOJIMIMPOBATH OBICTPOOXIIAXKICHHBIE JIEHTHI criiaBa Algs | Cry sMOy 4Tig 47193V 3,
IPU 3TOM MHUKPOTBEPAOCTh KOHCOIMIUPOBAHHBIX 00pasuoB (2.1 GPa) oka3zanach
3aMETHO BBIIIE TBEPAOCTH MCXOJTHBIX ObIcTpooxyaxaeHHbIX JieHT (1.5 GPa).
Kpome TOoro, cTpykTypHbIE UCCIEIOBAHMS MPOAEMOHCTPUPOBAIM, YTO B 3€pHAX
TBEpJOro pactBopa Ha ocHoBe Al medopmanust B 1 060pOT NPUBOAUT K YMEHB-
IICHUIO pa3MEPOB 00JACTEHl KOTEPEHTHOro paccestHus oT 66 £ 5 go 50 = 2 nm,
YBEJIUYEHUIO HACBIIIEHHOCTH PACTBOPA U K TPEXKPATHOMY YBEJIUYEHUIO MHUKPO-
HanpsHKeHUH (0T 1.2:10° 10 3.7-10 7). OxHako KOMILIEKCHBIN XapakTep CTPyK-
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TYpHBIX W3MEHEHUH, BKIIIOUYAIOIIUX (a30BbIe MPEBpaLICHHs, HE TO3BOJSET yCTa-
HOBUTH UX BKJIAJbl B yIIPOUYHEHUE.

s aHanusa BIAUSHUS CTPYKTYPHBIX H3MEHEHHi, 00yCIIOBIEHHBIX Aedopma-
[Mei, Ha MeXaHMYECKHe CBOWCTBA 0Opa3IlOB, MOJyYEHHBIX KOHCONUIALNEH Me-
tonoMm KB/ makera (oasr urcToro (MMImeBoro) altOMUHUS, B HACTOSIIEH paboTe
ObUIM TIPOBEJEHBI PEHTICHOTpapHUUECKUE UCCIEAOBAaHUS UX CTPYKTYpPBl M H3Me-
peHUst MUKPOTBEPAOCTH. 71l MOBBIIIEHUSI TOYHOCTH OINPEAETCHUS CTPYKTYPHBIX
napameTpoB (pa3MepoB 00JacTell KOTepPEHTHOTO pacCesHUs U MHKpOHAaIpshKe-
HUN) (U3HYECKUE YIIUPEHHUS MU(PPAKIIMOHHBIX JIMHUA YCTaHABIMBAIM ITyTEM
HOJHONPO(MILHON MOTOHKH.

1. MeToanka 3KCIepUMEHTAJIbHBIX UCCIEI0BAHUI

DKCIEPUMEHTHI MPOBOAWIN Ha oOpasiax nuieBor ¢osbru yuctoro Al Toi-
mmHON 8 pm. KoHcomuparuio 12-CIOWHBIX MAaKETOB U3 ATIOMUHHUEBBIX (OIBT
OCYIIECTBIISUTM METOJOM KPYUYEHHUsI O] MPUIIOKEHHBIM JaBICHUEM 110 HEOTpaHU-
yeHHOU cxeMme B auana3zoHe 1-4 GPa co ckopocTeio 1 rpm Mexay AByMs CTajb-
HBIMHU HaKOBaJIbHAMHU nuameTpoMm 5 mm [1]. Crenens nedopmarum xapakTepu3o-
Bajach YUCIOM MOJHBIX 000poTOoB (1 u 4) HakoBanbHU. TONIIMHA AUCKOB, MOIY-
YeHHBIX KOHcosuaauuei Qoisr, nexana B mpenenax 78-90 um. IlpounoctHbie
CBOICTBA JUCKOB OIIEHUBAJIMU MO 3HAYEHUSIM MUKPOTBEPIOCTU H |, U3MEPEHHOI Ha
mukpoTBepaomepe [IMT-3 mon nHarpyskoi 0.196 N. M3mepenuss mpoBOAMIN
BJIOJIb TMAMETPOB TMCKOB OT OJHOTO Kpasi 10 MPOTHBOIIOJIOKHOTO Yepe3 KasKbIe
0.25 mm ¢ nociaeayroIUM YCPEIHEHUEM PE3YIIbTATOB.

CtpykTypy 00paslioB M3ydalud PEHTTEHOTpaUUeCKH C HCIOJIIb30BAHHEM aB-
ToMatu3upoBanHoro nudpakromerpa JJPOH-3M B ¢unbTpoBaHHOM KOOAJIBTO-
BOM u3nydyeHuu. CbeMKy TupakTorpaMM OCYILIECTBIISUIM B JUCKPETHOM PEXHUME
¢ marom 0.1° (s onpenenenus ¢azooro cocrara), a Takxke 0.02 u 0.05° (s
aHanm3a podwist pedaekcos). B kauecTBe 3TanoHa npuMeHsUIH 1e()OpMUPOBaH-
Hyro miactTuHKy uuctoro Al (ABO000) mocne pekpucTauIM3alliOHHOTO OTXKHUTa
(30 min npu 723 K)), o6ecrieunBaroniero MUHUMaIbHYIO IUPUHY PE(IIEKCOB.

2. Meronuka aHajau3a pediexkcon

Jnis aHanu3a SKCIEPUMEHTAIbHO M3MEPEHHBIX Mpoduiel Bcex pediekcoB
stanona Al ((111), (200), (220), (311), (222) u (400)) ucronb30BaIi METOIHKY,
onucaHHylo B pabore [15], 0600meHHy0 A AudPaKIHOHHBIX KapTHH, MOJY-
YEHHBIX B HEMOHOXPOMAaTU3MPOBAHHOM M3JIydeHMH. B cooTBeTcTBHE C 3TOH Me-
TOJUKOM Ha IpPeJBapUTEIIbHOM 3Talleé aHaJIM3a BCe NPOQMIN, NMPUCYTCTBYIOIINE
Ha TUPakIMOHHON KapTuHe, CHATOH B CoKy-U3Ny4yeHHH, KOPPEKTUPOBAIM Ha
BEIIMYMHY YIJIOBOro MHOXHTEN K(0), yUUTHIBAIOMIETO MOJISIPU3AIUIO PACCEsH-
HBIX PEHTTCHOBCKUX Jy4el U TE€OMETPUIO ChbEMKHU:

1+ cos?(20)

K(0)=
4sin® 0cos O

(rme O — yros paccesiHus), a 3aT€M MTPOU3BOWIN BIYUTaHUE (DOHA.

10



®du3uKka M TEXHHKA BLICOKHX AaBjaenuii 2022, tom 32, Ne 1

[onmyyennsiii Takum obpaszom npodmib peduexca R(0) nmpeacrasisier coboi
CYINEPIIO3ULUIO IBYX KOMIIOHEHT PacCesiHUA OT CIEKTPaIbHBIX JTUHUN K1 1 K.
[IpoBeneHHbBIE CpaBHUTEIbHBIE pacyeThl MOKa3ald, YTO M3 JBYX aIllPOKCUMH-
pytorux ¢ynknuid (Gauss, Lorentz) [16] nmpodunu nudpakiimoHHBIX MaKCHUMY-
moB 3tanona Al ((111), (200), (220), (311), (222) u (400)) Hanbosee ageKBATHO
anmpokcuMupyroTes Gpynkiuen ['aycca. B Takom ciydae kaxaas U3 KOMIOHEHT
npoduis B mKaje 20 onuchBaeTCs BHIPAKEHUEM

(2020
G(G—Ohkl;A,B)z hid exp| — ( 3 ) , (D
p
rie
| G(O—Gc)de =A4;
"k yraoBoe nosioxkeHue peduiexca ¢ uaaexcamu (hkl); A™ _ ero WHTETpaJIbHas

MHTEHCUBHOCTb; [} — HHTerpajbHas mupuHa yHkuuu [aycca. YrimoBoe monosxe-
HHe pedriekca TUHUM K,) CBA3aHO C TOJOXKEeHHEeM pediiekca TMHUU Ky Clieayto-
IIMM COOTHOILEHUEM:
hkl . kKaz : hkl
Ok . =arcsin sin(0g ) |. )
a2 Iy ol
K,

al

IIpuHMMast COOTHOLIEHUE MHTETPAIBHBIX aMILIUTY X JIUHUNA K1 U K> paBHBIM
2:1 [15], nony4yaeM anmmpOKCUMHpPYIOUIYI0 (QyHKIUIO peduexcoB 3tanoHa Al B
BHJIE

A
Rst=G(e—e‘,§i,}l;A,B§§jl)+G(e—e‘1§i,}2;5,ﬁ?§;j. 3)

JU7isl OBBIILIEHUS] TOYHOCTH aHaJN3a YIJIOBBIE MOJIOXKEHUS Pe(ICKCOB KOPPEKTH-
pOBaJIA MOMPABKOU

A20 = cos0, rad, 4)
YUUTHIBAIOIEH CMeIlleHHe MIOCKOCTH oOpasia As OT OCH TOHHOMETpa C paany-
coMm R. IlpoBeneHHBIE pacdeThl, pe3yabTaThl KOTOPBIX CYMMHUPOBAHBI B Tabm. 1,
MO3BOJIUJIM OLEHUTh 3HAYEHUS IIUPHUHBI AU(PPAKIMOHHBIX JIMHUK 3TaloHa (AJIs
KOHKPETHBIX YCJIOBHI CHEMKH), HEOOXOIUMBIE AJISi OMpEIeNeHUs (PU3UIECKOTO
yimmpeHust peyiekcoB Ha TudpakTorpaMMax o0OpasIoB.

KoppektaocTs BbIOOpa anmpokcumupyromeid Gpyakuuu [aycca monrsepixkia-
ercst 3HaueHrueM noctostHHou permetku Al (0.40510 nm), 6M3KUM K CTIpaBOYHO-
My (0.40496 nm) [21], a Tak)Ke XOPOILIKUM COTJIACUEM PACUETHBIX U SKCIEPUMEH-
TaJbHO U3MEPEHHBIX TTpodruteit mudpakimonusix aunauid (111) u (400), nexanux
COOTBETCTBEHHO Ha JIEBOM U MPAaBOM KpasiX yrjioBOro auamnasoHa (puc. 1).

11
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Intensity, arb.units
Intensity, arb.units

445 45.0 455 123 124 125

20, deg 20, deg
a o

Puc. 1. DxcriepuMeHTaNbHBIE (TOYKN) U pacueTHbIC (JTMHUN) TPO(rIn AU PaKITHOHHBIX
muani (111) (a) u (400) (6) sramona Al

Tabauma 1
IMapameTpsl 1udpaKuMOHHON KAPTUHBI 3TajI0Ha Al,
annpoxkcuMupoBaHHble pyHkumeii I'aycca
- Ohl By Bat | ABur10° | Bur | ABer. 107
deg rad
(111) 22.5159 +3107" 0.00434 +2 0.00393 +2
(200) 26.2395 +4 10" 0.00395 +2 0.00379 +4
(220) 38.6803 +8 10" 0.00455 +3 0.00460 +6
(311) 47.113 +110° 0.00470 +3 0.00471 +5
(222) 49.928 +110° 0.00476 +3 0.00469 +5
(400) 62.056 +210° 0.00552 +5 0.00561 +8

OmnucanHas cxema aHanu3a ObUIa UCTIOJIB30BAaHA ISl OLICHKH 3HAUYCHHUHN pa3Me-
pOB o0JacTeil KOrepeHTHOTO PACCeSIHUS U MUKPOHANPSKEHUH B (DOJIBIax YUCTOTrO
Al, xoncomumupoBanHbix MeTogoM KBJI. [lockonbKy CTpyKTypHBIE M3MEHEHHS,
BHOCHMBIE JeopManueii, pa3auyHbiM 00pa3oM BIHSIOT HAa IIUPUHY TUBpPAKIU-
OHHBIX JTUHUH [15], X oreHkKa OblLIa IPOBEICHA B TIPEAMOI0KEHHIH, YTO TayCCOB-
ckasi (¢opma mpoduis Kaxaoro peduiekca mpeacTaBiseT coboil cBepTKy npodu-
aeid, GopMupyeMBIX MHUKPOHANPSDKEHUSIMH g M AUCIIEPCHBIMU pa3Mepamu 0J10-

KOB M03aukH Pp. B TakoM cinyyae uHTerpanpHas mupuHa pediexca K, obpasia
npejacrasisiercs B Buae [15]:

B2 =(8%") + (%) + (Bt

1/2
B = aetg,,, (27 = 2 6)

V21 ’

al _ 7\'0(1
b <D>cos 0q1
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rae Bins — MHCTPYMEHTAIBHOE ymupeHue pediekca, 0, — yriioBoe MOJ0KEeHHE
pednexca ans auHun Ky, <82>1/2 — CPeAHEKBaJpaTUYHOE MUKPOHAIIPSHKEHUE,
(D) — cpennwmii pa3Mep KOTEPEHTHO paccemBaromiero 01oka. B kauecTBe MHCTPY-
MEHTAJILHOTO YIIUpeHHs Pi,s Opanu 3HAYeHHs] UHTETPAILHON IIMPUHBI COOTBET-
CTBYIOIIUX pedIIeKcoB dTasioHa (Tad. 1).

st ompeneneHuss MHTETPaIbHONW IIUPUHBI pedIeKCOB, CBSI3aHHBIX CO CIICK-
TpalbHOUM NUHUEH u3nydeHus K», UCMOIb30BalU BBIPAKEHUE, aHATIOTUYHOE (5),

B KOTOpOM yroi nudpakiuu 0, 3a1aBanm corjaacHo BeIpakeHuto (2). Takum 00-
pa3zoM, MOATOHOYHBIMU MapaMeTpaMu AJii OJHOro peduiekca, SBISIOLIETOCcs Cy-
MEePHo3UIUeH OTPAKEHUN CIEKTPAIbHBIX JIMHUW O] U O, OBUIM: MHTErpajbHas
MHTEHCUBHOCTD CIIEKTPAJIbHOMN JIMHHUM O], €€ YIIIOBOE MOJI0KEeHue, pa3mep OJo0ka,
MHUKpOHAINpPsKEHUE U KOppeKTupoBka 2As/R, koTopas Oblia €IUHON Ui BCex
pedekcos.

AHanu3 CTPYKTYphl AIFOMHUHHEBOW (DOJILIH B UCXOAHOM U J1e(hOPMUPOBAHHBIX
(KOHCOJMIUPOBAHHBIX ) COCTOSHUAX MpoBoAM 1o Junusm (111), (200), (222) u
(400), mpencTaBaSIONIMM COO0I OTpaXKEHHsI Pa3IMUHBIX HOPSIKOB OT KPUCTAILIO-
rpadudeckux rockoctei {100} u {111}. AHanu3 oCyIIeCTBISIN ABYMS CIIOCO-
6amu. B mepBoM mnpenmnonaraiy, YT0 MUKPOHAIPSDKEHHUSI M30TPOIHBI M pa3Mephbl
KOT€pEHTHO PACCEUBAIOIIEro OJI0OKA MO COOTBETCTBYIOIIUM HAMpaBICHUSIM OIH-
HaKoBBI. B 3TOM ciy4yae B MOATOHKE MCIOJIb30BAIHM BCE YETHIPE BBILICTIPUBE/ICH-
HbI€ JIMHUU U 1] MOATOHOYHBIX MapaMETPOB: YEThIPE WHTETPANbHBIX aMILIUTY/IbI,
YeThIpe MOJIOKEHUS pedIeKcoB M 001IHe Ui BceX pedaeKkcoB 3HaYCHUS MHUKPO-
HaIpsDKEeHUs, pazMepa 0JI0Ka U KOPPEKTUPOBOUHOTO mapamerpa 2As/R. Bo BTopom
crocobe HCIONIb30BAIN TOJNBKO J1Ba pediekca oT KpaTHbIX miockoctei {111} u
{222} mu6o {200} u {400}, a Takke 6 TOATOHOYHBIX MAPAMETPOB: IBE UHTEIPaATIb-
HBIX aMIUTUTY/IbI, 1BA MOJ0KEHUS pedIeKCoB, MUKpOHAIPsDKEHUE, pa3mep OJ0Ka.

3. [IapaMeTpbI TOHKOMH CTPYKTYPbI 00Pa310B B HCXOHOM U
Ae()OPMHPOBAHHOM COCTOSTHUSAX

[Toable AU paKIIMOHHBIE KAPTUHBI UCCIICIOBAHHBIX B paboTe 00pa3IoB B HC-
XOJTHOM M J1e()OPMHPOBAHHOM COCTOSIHMSAX NMpHBeneHbl Ha puc. 2. Kak BugHO U3
MPUBEICHHBIX JaHHbBIX, HeOombIIoe (< 0.5%) cymMmapHOEe KOJUYECTBO MpHUMecen
(Fe, Si, Cu, Mg, Zn, Ca), npucyrctByrommx cormacHo [OCT 4784-97 B ¢onbrax
MUIIEBOrO AJIFOMHUHMS, HE BIUSET HAa OJHO(A3HBINA XapakTep CTPYKTyphl. OgHaKO
Ha JUQpaKTorpaMMe aJlOMUHHEBOH (OJBIH B MCXOAHOM COCTOSIHUM OOpaIiaeT
Ha ceOsi BHUMaHHWE aHOMAJIPHO BBICOKAasi MHTEHCUBHOCTD pediekca (311) mox yr-
noM 95° (mpakTHYECKU COBMAAAIOINIAs ¢ MHTEHCUBHOCTHIO tiHuA (111)), uto yka-
3bIBAa€T Ha Hajmuuue TeKCTyphl. CieayeT OTMETUTh, 4TO (OPMHUpPOBAHUE aHAJIO-
THYHOU TEKCTYpbI HaOIr0AaIu aBTOphl paboTh! [18] B 0Opa3iiax HU3KOIETHPOBaH-
HOTO CIIJIaBa Ha OCHOBE Al, MpOKaTaHHBIX C BBICOKUMHU CTENEHIMH JiehopMaluu.

Ananu3 nudpakuroHHON KapTUHBI (Gosibru Al B HCXOJHOM COCTOSIHUM TOKa-
3a71 (Tabm. 2), uTo nocTosHHas pemerkyu (4.0510 = 0.006 A) npakTudecku copma-
JlaeT C TOCTOSIHHOM PELIeTKH ATajoHa. JTO, O-BUAMMOMY, CBSI3aHO C KOMIICHCH
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Puc. 2. dudpaxrorpammel Qoneru Al B
HCXOJTHOM COCTOSHUHU (HIDKHSA) W TIOCTIE
nedopmaiu B 4 000poTa 1Mo JaBICHUEM
4 GPa (BepxHsis)

Intensity, arb.units
%-— (200)
L (220)
311)
t(-222)
(400)

e —

|

40 60 8 100 120
20, deg

PYIOIIMM BIIMSHUEM HMEIOIIUXCSl MpUMeceil Ha KPUCTAUIMUECKYIO PEIIETKY.
[omHompoduIbHbIM aHamU3, MPOBEICHHBIM MO YeThIpeM pediexcam, Mmokasal,
YTO B HMCXOJHOM COCTOSHUU (HOJIbra UMEET OTHOCHUTEIBHO KPYMHOOJIOYHYIO
cTpykTypy ((D) =123 £ 16 nm) ¢ 10CTaTOYHO BHICOKUM (<82>1/2 =(0.82£0.1) 1073)
CPEIHMM YPOBHEM MHKpOHanpspkeHui. [lpumedaTensHo, 4TO aHanu3, BHIIOJIHEH-
HBIH 110 pednexcam (111) u (222), nan 6nuskue 3HaveHus (D) u <82>1/2, B TO Bpe-
Ms Kak oTpaskeHus oT 1iockocter {100} marot Oosee BBICOKME 3HAYCHHUS pa3Me-
pPOB 00JIaCTH KOT€PEHTHOT'O PACCEsTHUSI U MUKpOHANpsbkeHui (tadi. 2). Mukpo-
TBepAOCTh (osbru cocrapisiia 0.286 + 0.03 GPa, 4ro 3aMeTHO BBIIIE CIIPABOY-
HbIX 3HaueHui (0.19-0.23 GPa) mis uucroro Al [17] u, BepositHee Bcero, o0y-
CJIOBJICHO J€(PEKTHOCTHIO CTPYKTYPHI.

Ananu3 audpaxTorpaMM KOHCOJIMIMPOBAHHBIX MakeToB (onbr Al mokaszan,
yTo oOpabotka KB/[ ycTpaHseT TeKCTypy MCXOIHOM JEHTHI (pUC. 2) U HEMOHO-
TOHHO BIIUSIET Ha pa3Mephl 00J1aCTH KOTEPEHTHOTO pacCcesHUsl U MUKPOHAIpsiKe-
HUS B 3aBUCUMOCTH OT TapaMeTpoB mporiecca aedopmanuu (puc. 3, tadm. 2). B
o0pa3sue, nmoxsepruyrom aedopmarmu B 1 obopot nox nasienuem 2 GPa, pazme-
pBI OJIOKOB MO3aMKH YMEHBIIAIOTCS MPUMEPHO B 2 pa3a M0 CPABHEHUIO C MCXOJ-
HBIM COCTOSIHUEM M CHH)KAeTCsl YPOBEHb MMKPOHAIPSDKEHUHM (IIMpPHHA JIMHUN
(222) u (400) B mpenenax MOTPEUTHOCTH HE MPEBBINIACT MUPUHY JIMHUHN dTaJIOHa,
YTO COOTBETCTBYET YPOBHIO <82>1/2 HIDKE 5-1075). Hampotus, B 00pasie ¢ Takou
XKe cTemneHblo nedopmanuu, HO Tipu Oonee BeicokoM (4 GPa) maBnenun Omoku
MO3aWKH U3MENBYAIOTCS HE CTOJb cymiecTBeHHO (107 nm), HO ypOoBEeHb MHUKPOHA-
NPsOKCHUH XOTSI U BO3PACTaeT MO CPaBHEHUIO ¢ 00pasnoMm, Ae(hopMUPOBAHHBIM
npu 2 GPa, HO ocTaercs Goyiee HU3KHUM IO CPAaBHEHHUIO C OOpa3IOM HCXOIHOU
nentsl (Tab. 2). [To Bcelt BUIMMOCTH, CTPYKTYPHBIE IIEPECTPOMKHU Mo 6oJiee BbI-
COKHM JIaBJICHUEM TPOTEKAIOT C MEHbILIEH CKOPOCTHIO, UTO U SIBISIETCA MPUYUHON
HEMOHOTOHHOTO U3MEHEHHUS CTPYKTYPHBIX MapaMeTpoB 00pasIoB, MOIBEPTHYTHIX
0JIHOO0OpPOTHOM Aedopmanuy NMpU pa3iuyHbIX naBieHusX. [locnenyromee yBe-
auueHue crernenu aedopmaruu 10 4 o6opotoB npu 4 GPa nmpuBoaUT K M3MeENb-
YEHHUIO CTPYKTYpHI (58 nm) U 3aMETHOMY POCTY MUKPOHAINPSIKEHUH 110 13107
(Tabm. 2), uTto 3aMeTHO 1o pa3mbiThio ipodwtst munauu (400) (puc. 3,0).
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Intensity, arb.units

Intensity, arb.units

123

124

125

44.5 45.0 45.5
20, deg 26, deg
a o

Puc. 3. Judpaxrorpammel gunuii (111) (a) u (400) (6) doasru Al B HCXOAHOM COCTOSI-
HUY (®) U TUCKOB, KOHCOMUANPOBAHHEIX Mo naBieHueM 4 GPa, mocne nedopmanmm B 1
00opoT (0), 4 obopoTa (m) u 4 obopoTa nocie crapeHus (0)

TaOmma 2

CTpyKTypHBIE IapaMeTPbl U MUKPOTBEPAOCTH 00Pa3L0B ATIOMHUHHUEBOI
($os1brM B HCXOAHOM, 1e()OPMUPOBAHHOM M COCTAPEHHOM COCTOSIHUSIX

CocrosiHue
nehopMHUpOBaHHOE,
Peduexcrr ([TapameTpsl HCXOMTHOE AichopmmpoBanHoe COCTapeHHOe
! %6811))?’ ! Z6§£ZT’ 4 o6opora, 4 GPa
0 A 4.0510 + 4.0504 + 4.0506 + 4.0507 = 0.0004
(111) ’ 0.0006 +0.0009 + 0.0004 4.0509 £ 0.0004
(200) 58+3
(222) (D), nm 123+ 16 69 + 1 107 £ 4 566+ 1.3
(400) 0172 -3 5 4| (a3x0.1)107°
(&%) (0.82£0.1)-10 <5-10 (2.6 £0.8)-10 (0.74 £ 0.08)-10°
61+3
(111) (D), nm 125+ 19 75.5+1 161 £13 605+ 1.7
(222) 2012 1073 10 | (3x0.0)-107
(&) (0.77£0.1)-10 <5-10 (4.8+£0.5)-10 (0.80 £ 0.08)10°
43+£2
(200) (D), nm 136 £98 62+ 1 90+3 487+ 15
(400) 0172 103 105 105 <5107
(&) (1.2+0.3)-10 <5-10 <5-10 <510°
0.865+0.06] 0.802+0.07 1.2+0.1
H, GPa 0.2860.03 1 68+ 0.06 | 0.589+0.05 0.983 = 0.07

Ilpumeuanue. B BBIICNEHHBIX s4YelKaxX NMPHUBEACHBI CTPYKTYPHbIE MapaMeTpbl U MUKpPO-
TBEPJOCTh UCKOB I0C/IE€ KOHCOJNUAALMM (BEpXHUE 3HAYCHMS) M IOCJIE XPaHEHUs IpU
KOMHATHOH TemIeparype B TeueHue 12 mecsines (HIKHUE 3HAUCHHS).

15



®du3uKa ¥ TEXHHKA BLICOKHX AaBjaenuii 2022, tom 32, Ne 1

HecMmotpst Ha TO, 9YTO OTHOCHTENbHBIC UHTCHCHUBHOCTH JIMHUN Ha AUQPPAKTO-
rpaMmax 0OpasIoB, MOJTYyYEHHBIX KOHcoiumarumei ¢onbr Al, OIU3KKM K ATaJIOH-
HBIM, CTPYKTYpPHBIC TNapaMeTphl, OMPEIEICHHBIE IO MAPHBIM OTPAKECHHUSIM OT
miockoctert {100} u {111}, Heckombko pa3nuuHbl (Tabiu. 2). B wactHOCTH, U pa3-
Mepbl OJJOKOB MO3auKH, ¥ YPOBEHb MHUKPOHAIPSDKCHUN B TUIOCKOCTSIX KyOa He-
CKOJIbKO HHUX€, YeM B IUIOTHOYNAKOBAaHHBIX JHAarOHAJIbHBIX IJIOCKOCTAX, B TO
BpeMs KaK B CTPYKTYPE UCXOJIHBIX JICHT COOTHOIIIEHUE Mexay (D) u <82>1/2 B OTUX
TUTOCKOCTSIX 00paTHOE.

OOcyX/IeHHbIE BbIIIE BEITUYHHBI CTPYKTYPHBIX MapaMeTpOB U MUKPOTBEPIIO-
CTH, KOTOpPBIE TIPEJICTABICHBI B Ta0N. 2 (BepXHHUE 3HAYCHUS B BBIICIICHHBIX SUYCH-
Kax), ObUIM M3MEpeHBl B TeueHue nepBbix 10 AHEN mocie mpoiecca KOHCOMUIa-
uu. [ToBTOpHBIE H3MEpEHUs MUKPOTBEPIOCTH 3TUX e 00pa3I0B, BHIOJIHEHHBIE
yepe3 12 mecsieB BbLACPKKU NP KOMHATHOM TeMmmepaType (€CTEeCTBEHHOE CTa-
penue), namu Oosee Huskue (Ha 18-25%) Bennuunbl H, (HMKHAE 3HAYEHUS B BbI-
JeJCHHBIX suelikax). HeoOXoauMo OTMETHTh, YTO YMEHBIIIEHUE TBEPIOCTH 00-
pasnoB, nmoaseprayteix KBJI, B mporecce BbIACPKKH HAOIIOAETCSI BO MHOTHX
MeTallJlaX ¥ CIUIaBaX W SBJSETCS Pe3yabTaTOM Pa3UYHBIX CTPYKTYPHBIX U3MEHE-
HUH, BKJIIOYas mporecchl pekpuctausanuu [20]. Pertrenorpaduueckue uccie-
JIOBAaHUS COCTApEHHBIX 00pasnoB (oibr Al, MOABEPrHYTHIX MaKCHMaJbHOU CTe-
neHu aedopmanuy, mokasail, YTO B MPOLIECCE BBIIECPKKHU MPAKTUYECKU HE MPO-
UCXOJHUT YKPYIMTHEHHE CTPYKTYPHBIX JIEMEHTOB. B TO ke camoe BpeMsi pa3MBITHE
peduekca (400) ymenbpinaercs (puc. 3,0), 4TO COOTBETCTBYET CHUKCHHIO YPOBHS
mukpoHamnpspkeHuid ot 1.3-10 ~ o 0.74-10 ~, Benu4nHa KOTOPOTO MPAKTHYCCKU
COBIIAJAET CO 3HAYCHUEM <82>1/2 UCXOJHOTO MaTtepuana (Tabin. 2). AHaIOTUYHBIN
XapakTep CTPYKTYPHBIX WU3MEHEHUH (CHMKCHHE MHUKPOHAIPSDKCHUMN), TPUBOIS-
X K YMEHBIIIECHUIO TBEPIOCTH AUCKOB Ni, nehopmupoBanHHbsix Merogom KB/, B
mpoliecce Bo3BpaTa HabJroanu aBTopsl padboThl [21].

BriBoabl

VYcraHoBneHo, yTO MPOGUIN PEHTTEHOBCKUX JMHUN 3TaJIOHHOTO oOpasia Al
XOpOIIO anmpoKCUMUPYIOTCs pyHKuuen ['aycca, koTopas Obla HCIIONTH30BaHA
JUISL OTIpe/ieJIeHHs] 3HAaUeHUN 00J1acTell KOTepeHTHOTO pacCesHus U MUKpPOHAINpsi-
KEHUH 10 pe3ybTaTaM NOJHONPO(MILHOTO aHadu3a AudpakTorpaMm oOpasIioB,
MOJYYCHHBIX KOHCOJIMJIAIIMEN TAaKeTOB W3 12 CJI0EB MHINEBON aTOMUHUEBOMN
domnbru.

O6HapyxeHo, uTto ¢osbru Al B HICXOTHOM COCTOSTHUU CHUIILHO TEKCTYpHUPOBa-
HBl M XapaKTEPHU3YIOTCS OTHOCHTEIHHO BBICOKUM YPOBHEM MHUKPOHAMPSKCHHIA.
Hedbopmarus merogom KBJ[ mpuBOauT K CYIIECTBEHHOMY CHMXKCHHIO TEKCTYPBI
U YMEHBIIIEHUIO pa3MepoB 00JACTH KOTEPEHTHOTO paccesHus. [Ipu sTom Hamnbo-
jiee 3aMETHOE BJIMSIHHE Ha CTPYKTYpPY OKa3bIBaeT HE NMPUIIOKEHHOE JaBJICHHE, a
CTEeNeHb ehopMaIInu.

OO6ycnoBnenHsle nedopmanreld CTPYKTYpHbIE W3MEHEHUs BBI3BIBAIOT 3HAYM-
TenbHOE yBenmueHue MukpotrBeppoctu ¢onsr Al (ot 0.286 mo 1.2 GPa), mpu
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TOM OCHOBHOH BKJaJ B yIMPOYHEHHWE BHOCUT YMEHBIIECHHE pa3MEpOB OOJIACTH
KOTepeHTHOro paccessHus (0T 125 mo 58 nm).

YCTaHOBIIEHO, YTO E€CTECTBEHHOE CTapeHue (BbLAECpKKA Ie(hOPMUPOBAHHBIX
ATIOMUHHMEBBIX 00pa3IloB B TeUeHUE 12 MecsIeB mpu KOMHATHOW TeMIepaTrype)
IIPUBOAUT K JBYKPAaTHOMY CHM)KCHHUIO YPOBHS MHUKPOHAIPSDKCHUM U yMEHBIIIE-
HUIO MUKpPOTBEpAOCTH Ha 18-26%.

1. R.Z Valiev, R.K. Islamgaliev, I.V. Alexandrov, Prog. Mater. Sci. 45, 103 (2000).

2. Y. Estrin, A. Vinogradov, Acta Mater. 61, 782 (2013).

3. A.P. Zhilyaev, G.V. Nurislamova, B.-K. Kim, M.D. Baro, J.A. Szpunar, T.G. Langdon,
Acta Mater. 51, 753 (2003).

4. R.Z Valiev, LV. Alexandrov, Y.T. Zhu, T.C. Lowe, J. Mater. Res. 17, 5 (2002).

5. A.V. Korznikov, L.M. Safarov, D.V. Laptionok, R.Z. Valiev, Acta Metall. Mater. 39,
3193 (1991).

6. W.J. Botta Filho, J.B. Fogagnolo, C.A.D. Rorigues, C.S. Kiminami, C. Bolfarini,
A.R. Yavari, Mater. Sci. Eng. A375-377, 936 (2004).

7. P. Bazarnik, A. Bartkowska, B. Romelczyk-Baishya, B. Adamczyk-Cieslak, J. Dai,
M. Lewandowska, T.G. Langdon, J. Alloys Compd. 846, 156380 (2020).

8. O.N. Senkov, F.H. Froes, V.V. Stolyarov, R.Z. Valiev, J. Liu, Scr. Mater. 38, 843 (1998).

9. LG. Brodova, D.V. Bashlykov, A.B. Manukhin, V.V. Stolyarov, E.P. Soshnikova, Scr.
Mater. 44, 1761 (2001).

10. A.S. Kim, Mater. Sci. Eng. A304-306, 327 (2001).

11. E.O. Hall, Proc. Phys. Soc. B64, 747 (1951); N.J. Petch, J. Iron Steel Inst. 174, 25 (1953).

12. T. Mo, Z. Chen, Z. Zhou, J. Liu, W. He, Q. Liu, Mater. Sci. Eng. A800, 140313 (2021).

13. S.V. Vasiliev, A.l. Limanovskii, V.M. Tkachenko, T.V. Tsvetkov, K.A. Svyrydova,
V.V. Burkhovetskii, V.N. Sayapin, S.V. Terekhov, V.1 Tkatch, Mater. Today Commun.
24, 101080 (2020).

14. E.A. Ceupuoosa, B.B. Bypxoseykuii, T.B. [{eemros, B.U. [lapghenuii, B.M. Trauenxo,
C.B. Bacunves, B.1. Txau, Tpynst Konasckoro Haygnoro nearpa PAH. Xumust n ma-
tepuanoBenenue 11, Boim. 4, 156 (2020).

15. C.C. I'openux, FO.A. Cxaxos, JL.H. Pacmopeyes, Pentrenorpaduieckuii U 371€KTpOH-
Ho-ontudeckui anann3, MUCHUC, Mockga (2002).

16. F. Sanchez-Bajo, A.L. Ortiz, F.L. Cumbrera, Acta Mater. 54, 1 (20006).

17. Csoiicmsea »nementoB. Y. 1. dm3udeckue cpoiictBa: CrnpaBounuk, 1.B. CamcoHoB
(pen.), Metamnyprus, Mocksa (1976).

18. B.A. Muxees, JI.B. JKypagenwv, 13B. BY30B. LIBeTHas metamryprus 3, 56 (2016).

19. A.P. Zhilyaev, K. Oh-ishi, T.G. Langdon, T.R. McNelley, Mater. Sci. Eng. A410—411,
277 (2005).

20. K. Edalati, Y. Hashiguchi, H. Iwaoka, H. Matsunaga, R.Z. Valiev, Z. Horita, Mater.
Sci. Eng. A729, 340 (2018).

21. Z.Q. Yang, Mater. Lett. 60, 3846 (2006).

17



®du3uKa ¥ TEXHHKA BLICOKHX AaBjaenuii 2022, tom 32, Ne 1

S.V. Vasiliev, T.V. Tsvetkov, E.A. Sviridova, V.M. Tkatchenko,
A.L Limanovskii, V.N. Sayapin, V.1. Tkatch

EFFECT OF SEVERE PLASTIC DEFORMATION
ON THE PARAMETERS OF FINE STRUCTURE
AND MICROHARDNESS OF ALUMINUM

A method of full-face analysis of X-ray diffraction lines is presented. The results of ex-
perimental studies of the effect of plastic deformation on the size of coherent scattering
area and the level of microstresses of the stacks of foils of pure aluminum consolidated
by twisting under high pressure (THP) are reported. The relation between the changes if
the structural parameters and microhardness of consolidated samples is established and
the effect of softening is found that is determined by natural ageing.

Keywords: aluminum foil, twisting under high pressure, consolidation, coherent scatter-
ing area, microstresses, microhardness

Fig. 1. Experimental (points) and calculated (lines) profiles of diffraction lines (111) (@)
and (400) (6) of reference Al

Fig. 2. Diffractograms of the Al foil in the initial state (lower) and after deformation by 4
rotation under pressure of 4 GPa (upper)

Fig. 3. Diffractograms of line (111) (a) and (400) (6) for the Al foil in the initial state (@)
and the disks consolidated under pressure of 4 GPa, after deformation by 1 rotation (o), 4
rotations (m) and 4 rotation after ageing (O)
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PACS: 62.50.+p, 62.65.+k, 64.10.+h, 64.70.Kb

E.A. ﬂmnmneHKo1, E.E. Fop6eH|<o2

TEPMOAVMHAMUYECKWVE CBOVCTBA NEMKMX KPUCTAMOB
WHEPTHBIX TA30B C YHETOM TPEXYACTUHYHOI'O
B3SAMMOOENCTBUA B MOAENN JEPOPMUNPYEMbBIX ATOMOB

1 o .
[oHeuknin PU3NKo-TEXHUYECKMI MHCTUTYT UM. A.A. [anknHa

2 . . .
NyraHckuiA rocyaapCTBEHHBI NMeaarormyeckuii yHMBepcuTeT

CraTtbs noctynuna B pegakuuio 23 sHeapsa 2022 roga

Ilpeocmasnenvt ab initio uccnedosanus mepmoOUHAMUYLECKUX CEOUCME IeSKUX KPUCTA-
106 unepmuwix eazos (KUI) Ne u Ar 6 modenu depopmupyemvix amomos. B nomenyuane
OMMANKUBAHUSL HAPAOY C MPEXUACTNIUYHBIM 83AUMOOCUCMEUEM, CEI3AHHBIM C NEPEKPbl-
muem 3IeKMPOHHBIX 000I0UEK amoma, YYumvleaemcs: oepopmayus INeKMPOHHLIX 000~
JI0YeK amomo8 OUNOAbHO20 MUNA 8 NAPHOM U mpexuacmuyHom npubnaudicenusax. C no-
MOWDBIO OUHAMUYECKOU MAMPUYbL HA OCHOBE HEIMRUPUUECKO20 KOPOMKOOEUCMEYIOue20
HOMeHYUaIa OMMAaIKueanus u unmezpuposanusi no 10 mouxam 2naenoeo 3uavenus me-
moda Yaou—Kosna npogedenvi pacuemvi yOenvbHOU MENI0eMKOCHU U MeMnepamypbl
Hebas 6 wupoxom unmepeane oagrenuti u memnepamyp. Iloxkasano, umo 6xnadvl mpex-
YACMUYHBIX CUTL, CS3AHHBIX KAK C NEPEKPLIMUEM INIeKMPOHHBIX 000I0YEK AMOMO8, MaK
u ¢ ux oeghopmayueti, y@eIUUUBAIOM 3HAYEHUE YOCTbHOU MEeNI0eMKOCU KPUCMALIuYec-
xux Ne u Ar dasce npu Hyneeom oaenenuu. Ilonyuennvie memnepamypHvie 3a6UCUMOCTIU
HAXO0AMCSl 8 XOPOWEM CO2LACUU C UMEIOWUMUCS IKCNEPUMEHMATbHBIMU OAHHbIMU U
pacuemamu Opyux a8mopos.

KuiroueBble €JI0Ba: KPUCTAJLIBI MHEPTHBIX T'a30B, TPEXYACTHYHOE B3aMMOJCHCTBUE, JIC-
(hopmartusi SIEKTPOHHBIX 000JI09eK, (POHOHHBIE YaCTOTHI, YAETbHAas TEIUIOEMKOCTh, TEM-
neparypa Jlebasi, BEICOKOE aBIeHE

BBeaenue

Kpucrannsr nneptHbix ra3oB (kpome He) ob6pasytor ['IIK-cTpykTypy ¢ ogHUM
aTOMOM B JIEMEHTapHOM suelike. OHU SIBISIOTCS IPOCTEUIIMMH MOJIEKYISAPHBIMU
KpUCTAJIJIaMH, KOTOpBIE YIEP)KUBAIOTCS CPaBHUTENbHO clabbiMu cuiamu Ban-
nep-Baainbca.

Hecmotpst Ha mpocToTy M, Ka3aioch Obl, HAJAECKHOCTb MPEJCTABICHUN MEX-
atoMHoro noreHuuana, KUI' Hem3MeHHO NpPUBJIEKAIOT NPHUCTAIbHOE BHUMAaHHE
TEOPETHKOB. DTO CBS3aHO, BO-NIEPBBIX, C MOSBICHUEM HOBBIX TEXHOJIOTHH, IO3BO-
JSIIOIIMX B JTAOOPAaTOPHBIX YCIOBUAX J0OMBATHCS BBICOKMX JAaBieHuid [1,2], uto
MIPUBEJIO K MHTCHCUBHOMY MCCJIEIOBAHUIO PA3HOOOpa3HBIX CBOMCTB CxkaThix KUI
B DKCTPEMAJbHBIX YCIOBHUAX, BO-BTOPBIX — C TPYIHOCTBIO INPEICKA3aHUSA HUX
ctpyktypsl: ['IIK- u I'TIY-KOHCTpYyKIIMU NpaKTUYECKH MU303HEPreTUYHHI [3], mo-

© E.A. MNMununexko, E.E. MNp6eHko, 2022
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CKOJIBKY «TOHKHE» 3P (PEKThI, TAKHe KaK MHOTOYAaCTHYHOE B3aMMOJICHCTBHE U Jie-
dbopmarus 3JIEKTPOHHBIX 000JI0YeK, BIHIOT Ha cTadmibHOCTh KUI'.

TeopeTnyeckre UCCaeOBAHUS YPABHEHUH COCTOSIHUM, YSHEPre€TUUYECKUX CIICK-
TpOB ()OHOHOB, TEPMOJUHAMHYECKHUX BEIMYUH, CTPYKTYPHBIX (ha30BBIX MEPEXO-
JIOB, MHIYIIUPOBaHHBIX naBineHueM, B KUI' u npyrux kpucramiax BemayTcs B Ta-
KHUX HaIlpaBJICHUAX, KakK: 1) pacyeTsl U3 NEPBBIX MPUHIIUIIOB, OCHOBAHHBIE Ha TEX
WIM UHBIX MOJCINAX U NpuOmmKkeHusx (cMm. [3—7] u cChUIKU Tam); 2) CHMMETPUIi-
HBII aHAJIM3 Ha OCHOBE TEOPHH Tpynmn (cM., Hamp., [8,9]); 3) sMmnupudeckue MeTo-
IIbI, TAK)KE UCXOMAIINE U3 HEKOTOPBIX MOJIENeH U MPUOIMKEHUN, 3aMMCTBYIOIITHE
napameTpbl U3 dKCIepuMeHTa (CM., Harp., [ 10—14]).

DTO pa3iesnieHue B 3HAYUTEJIbHOW MEpe YCIOBHO. /(7151 MOTydeHUs] YUCIEHHBIX
pe3yJIbTAaTOB UCCIEOBAHUS BTOPOTO HAMPABICHHSI KOMOMHUPYIOTCS C COBpEMEH-
HBIMU MeToJaMu Teopuu ¢yHKIMoHana rmioTHocTu (density functional theory —
DFT), a pacueTHble METOBI ONMUPAIOTCA HA CUMMETpUNHBINA aHanu3. B ab initio
pacuetax Ha ocHoBe DFT mcmnonb3yercs cToiqbko mpuOIMKeHUN (0COOEHHO ISt
00MEHHO-KOPPETSIIMOHHOTO TOTEHIMAla) U MOATOHOYHBIX MapaMeTpoB, UTO,
CTPOT0 TOBOPS, 3TH PACUEThI YK€ MaJIO OTIMYAIOTCS OT IOJYyIMIINPHUUECKHX [6].

B npeapinymux padorax [15,16] Ha 0OCHOBE HEAMIIMPUUECKON BEPCUN KBAHTO-
BO-MEXaHUYECKONW MOJeNH Ne(hOPMUPYEMBIX U TOISIPU3YEMBIX aTOMOB (MOEIb
Tomnmeiro, cM. [17] U cChUIKM TaMm) MOCTPOCHA TUHAMHYECKAss MaTpUIla C YYETOM
TPEXYaCTUYHOTO B3aMMOIECHCTBHSI 32 CUET KaK MEePEKPHITUS FIEKTPOHHBIX 00010~
YeK, TaKk ¥ uX jaedopmanuu. ITo mo3Bomiio paccuutath st KU poHoHHBIE
YacTOThI B HY>)KHBIX TOYKaX 30HbI bpuiumtosHa u, ucnonb3ys meron Yanu—Kosna,
DHEPTrHUI0 HYJEBBIX KOJIEOaHHH B IIUPOKOM MHTEpBaJe JaBICHHIA.

Lenp HacToAmIeH pabOTHl — OCHOBBIBAsICH Ha pe3ynbrarax [15,16], paccuntarp
YACIbHYIO TeIUIOEMKOCTh U TeMriepatypy Jebas kpuctammuyeckux ['TIK-Ne u Ar,
a TaKXKe MCCIeIOBaTh BIUSHUE HA OTH XapaKTEPUCTUKHU TPEXYACTUIHOTO B3aUMO-
NEHCTBUSL B KOPOTKOAEWUCTBYIOIIEM MOTEHLMAje OTTAJKWBAHUA U JedopMariiu
DIIEKTPOHHBIX 000JI0OYEK aTOMOB B MAPHOM M TPEXYACTUYHOM MPUOIIKEHUSX B
IIMPOKOM HHTEpBajie 3HAUCHUU JaBI€HUS U Temrieparypbl. J[is Toro yTtoObl Ko-
JMYECTBEHHO OLEHUTH 3(p(peKTUBHBIE BKIAbl B paboTe OYAYyT MCIOIH30BAHBI Ye-
ThIpe Mozaenu: 1) momens M3, ocHOBaHHAas Ha MAPHOM B3aWMOJICHCTBUU B KOPOT-
KOJIEHCTBYIOILIEM NOTeHIMane oTTankuBanus [18]; 2) M3a — k mapHOoMy B3auMo-
JeHCcTBHUIO Ao00aBisieTcs aedopmalus 3JIEKTPOHHBIX 000JI0YEK aToMa B MapHOM
npuommkenuu [18]; 3) MTy — kK mapHOMY B3aUMOACHCTBHUIO TOOABISIOTCS TPEX-
YAaCTUYHBIC CHJIBI 32 CUET MEPEKPBITHS EKTPOHHBIX oOonouek; 4) MT, — k map-
HOMY B3aUMO/ICHCTBUIO TOOABIISIOTCS TPEXYACTUIHBIE CHJIIBI 32 CUET MEPEKPHITHS
3JICKTPOHHBIX 000JI09eK U eopmalius 3JIeKTPOHHBIX 000JI0YEK aTOMOB JIUTIOJb-
HOT'O THIIA B TAPHOM M TPEXYACTHUYHOM MPUOIINKCHHSIX.

1. TepMoagnHaMHUYeCKHe CBOMCTBA C Y4€TOM TPEX4aCTHYHOIO
B3anuMOJelCTBHSA U 1epopMalMU JIEeKTPOHHBIX 000/104eK

DHeprus CBs3U E o U PeleToYHas TEIJIOEMKOCTh MPU TMOCTOSIHHOM 00beMe
Cy B TApMOHUYECKOM MPUOIMIKEHUH OMUCHIBAIOTCS POpMyTaMu
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N

(2n) 7
-1
m (k) = exp[%j—l ,

B

coh —

[&khe, (k )Bw(k)}, ()

rae N4 — uucino ABoraapo, Q= 24’ — obbem anemeHTapHou sueiiku ans KWL B
I'IK-¢daze (a — mapameTp perieTky, paBHBIN MOJIOBHHE pedpa kyOa), k — 6e3pas-
MEpPHBIN BOJTHOBOW BEKTOD, kg — OcTOsIHHAs bonbiimaHa;

V

(Zn)g SN (m”” (k)J my () (m, () +1) |, @)

rne R — yHuBepcaibHas ra30Basi IOCTOSTHHASL.

[Tpu Hu3kux temneparypax I’ << Op (0p — Temneparypa [ebas npu 7 = 0) Cy
OYCHb Majla M MPOIMOPIUOHAIbHA . [TosTOMy 117151 CpaBHEHHS TEOPUH C JKCIIe-
PHMEHTOM y/100HO pacCYUTHIBATH BETUIHHY

12 4 1/3 R 1/3
o) =| 2| 1|21 . 3)
5 C,

Hetpynno 3ameTuts, uro npu 7' = 0 Habmogaem 6(0) = Op.
st HaxoxaeHus: (POHOHHBIX YacTOT B JII0OOM Touke 30HBI bpuiiiosHa HeoO-
XOJIMMO MOCTPOUTh AMHaMu4ecKyro martpuny [15]. B mogenu Tonneiro momMumo

CMEILEHUI OCTOBOB, OIUCHIBAEMbBIX KOMIIOHEHTAMH JUIIOJIBHOTO MOMEHTA Py, = €lly,
BBEJICHbI BHYTPEHHHUE CTENEeHH cB0OOAbI P, XapakTepusyromue COCTOSHUS DIIEK-
TpOHHBIX 0Oosouek. [loaTomy as onpeneneHus cOOCTBEHHBIX YacTOT MMEIOTCS
JIBE IPYIIIIbI YPAaBHECHUIA:

Mwikpa = Z(Aa[}pﬁ + B(XBPﬁ) > (4)
p
mm?%kPa = Z(B;apﬁ + CO,BPB ) > (5)
p

rae M — macca aToMa; m — HeKoTopast «hUKTUBHAS» Macca MOPsIKa MacChl AJIeK-
TPOHHOM 000JI0UKH, BBEIACHHAs] UCKIIOYMUTEIbHO s ynobctBa pacyeroB. [Ipu
9TOM JIMaroHaIM3aIUs MATPHUIBI 6 X 6 TEXHUYECKH OoJee MpoCcTa, YeM MPOIIe Y-
pa uckiroueHus Bcex P u3 BTopoii rpymnmbel ypaBHeHu# nipu m = 0, Kak TpeOyeT
agnabatudeckoe npuoOmmxkeHue. Takum 00pazoMm, yaoOHO BBECTH HEKOTOPYIO
MaTpuUIly
p p@
D= ; (6)
p? pB

KaKJIbIF 3JIEMEHT KOTOPOW MPEACTABISET CO00M MaTpuiry 3 X 3:
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All(k) AIZ(k) A13(k)

DV=| 4y (k) Ayn(k) Ay(K)|, (7
Ay (k) Ay (k) 455(k)
Bu(k) Ba(k) 85 (K)

DP=| By (k) By(k) By (k)|, (8)
Ba(k) Bu(k) By(k)
Cll(k) CIZ(k) C13(k)

DV=| Gy (k) Cr(k) Cp(k)|. ©)
Gy (k) Cy(k) Cs3(k)

st mostydeHust 4acTOTHI HYKHOM Pa3MEPHOCTU KaXKIbIM DJIEMEHT MaTpPUIIbI
o 2
HE00X0/IMMO YMHOXXUTh Ha pa3MEepHBIH MHOXHTENb 2\ = e /a” (e — 3apsj dJeK-
TpoHa). Torna

82

Auﬁ(k)z—{SaB[(Ho+6H)u(k)+(G0+8G)va(k)+F§( )+ EC, (K)+7,9, (k) ]+

(184 ) (Go +5G) Tops (1) + B ()} (10)
By ()= [ () v, () (181 ) 0] (1)
Cap(K) =530t 00 ()] w2)

rae (k)= 3—§Yicosk L cosks, v (k)= 2—coskay§acosk , Tap (K) =sink, sinkg,

&(k)=3-3cos2k,, Ly (k)=1-cos2k,, 9 (k)=1-cosk,, cosky,y, k=aK=nq.
Y

B dopmymax (10)~(12) 8,p — cumpon Kponexepa; Hy(av2), Gy(av2) — co-
OTBETCTBEHHO IE€pBas U BTOPas IMPOM3BOJHBIE KOPOTKOAECHUCTBYIOLIETO MapHOTO
[IOTEHIMala OTTAJIKUBAHWS I PAaBHOBECHBIX PACCTOSIHUM IEPBBIX cOcelnen; [ =
= Hy(2a), E = Gy(2a) — To e Ui BTOPBIX cocefieil; mapameTpsl 0G, OH u V; onu-
CBIBAIOT TPEXYACTUYHBIE KOPOTKOJEHCTBYIOIIUE CHIIbI, OOYCIOBJIEHHbIE Iepe-
KPBITHEM 3JIEKTPOHHBIX 000s104eK (HeaepOopMHUpPOBAaHHBIX) aToMOB (cM. [17] u
CCBUIKM TaM); B ompenenser B3aumojelictBue Ban-nep-Baansca; £ u g — napa-
METpBI AeGOpPMaLMU SIEKTPOHHBIX 000JI0YEK aTOMOB JAUIOJIBLHOTO TUMA; ¥ qp(K) —
ynxuu K, npoucxonsiye ot BaH-A€p-BaallbCOBBIX CHIT, Pup(K) — KO3 Puumnen-
ThI 3JIEKTPUYECKOTO MOJIS, BBI3BAHHOI'O CUCTEMOM JUIIOJIEH P A - Oe3pazmepHas
HOJISIPU3YEMOCTh aTOMA.

Hedopmarus 37eKTpOHHBIX 000JI04YE€K aTOMOB JMIIONBHOTO THIA B MApHOM U
TPEXYaCTHYHOM HPUOIMKEHUSAX OMUCHIBACTCS IEMEHTAMU MaTPHIIBI p? (mapa-
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MeTphl g 1/ [19]). Takum 0Opa3oM, quaroHaIu3aus TMHAMAYECKOW MaTPUIlsl D
JacT HaM (DOHOHHBIE YacTOTHI B JII00OM Touke 30HbI bpuitosna.

JI1s1 BBIUMCIIEHUS] MHTETPAJIOB 110 30HE bpuiit0sHa MOXKHO UCIOJIb30BaTh METO/
Yagn—Kosna [20]. CymHOCTh 3TOr0 METoAa COCTOUT B 3aMEHE MHTErpasa 1o 30He
BpuutiosHa cymMMoii 3HA4€HUH TMOABIHTETpAIbHONW (DYHKIMH B OCOOBIX TOYKaX
(TOYKax TJIAaBHOTO 3HAYCHMSI ), HAMIEHHBIX TEOPETHUKO-TPYITIOBBIMU MeToamu [21].

B pa6ote [20] aBTOpBI NPEJIOKUIN METOJI TEHEPUPOBAHUS 3TUX TOYEK Ha OC-
HOBE JIBYX TOY€K IJaBHOro 3HadeHus K; u Ky ans onpeneneHust HCKOMON (QyHK-
uu f(K) B kpucramie:

100 =137k + )], Ky =B;i;l} K, =B;i;l] (13)
YroObl NOTYYUTh HEOOXOJUMYIO TOYHOCTh B pacueTax, Hy)KHO 3HaTb 3HA4YEHUs
¢ynkuuu f(k) B Gombiom yncie Touek k.

Touku Kk u k; ucnions3yrorcs B [20] ans reHepupOBaHUs AECITH YCTOMUMBBIX
TOYEK TIJIABHOTO 3HAYCHMs, MO KOTOpbIM cpeaHee f(K) mo 30He ompenensercs ¢
BBICOKOW CTENeHbI0 TOYHOCTU. KoopaMHATBI MU COOTBETCTBYIOLIME Beca Cl; 3TUX
touek 1yt ['TIK-CTpyKTypbl UMEIOT BUJ

(7 31 3 711 3
Ki=|—izigl o= Ky=|—i=io]s apy=——3
1878’8 16 8°8°8 32
o|35.1 .3 _12.33] . =23
718’878 ) P32 TtT|88's) 32
(531 3 511
ks=|—i=i—|, as=—; Kg=|<ioio s O =722 14
5_888} 716 6[888} LRV (14)
333 1 331
Ky=—ioio |, o= Kg=|i=io s ag=——;
7[888} LY 8[888} EY)
311 3 111
Kog=|=i=i=|, ag=—2; Kyp=|2i5i5|s Qo=7%5-
? [888} P73 0 [888} 1073

B pabore [22] ucnonp3zoBanuchk 408 TOYEeK TIaBHOTO 3HAUEHUS IS pacdyera
TEIJIOEMKOCTH M TEIUIOBBIX Kojebanuil pemerku KU npu HyneBOM aBlIecHUH B
kjaccudyeckoit monenu Tonmbiro M1 (mapaMeTpbl TEOpUH OMPEACTSIOTCS IMITU-

PUYECKH U3 MUHUMYMa CPEIHEKBAPATUYHOIO OTKIOHEHUS IS M) k).

2. PelieTouHas TenNJ10eMKOCThH

Ha puc. 1 npeacrasiena temneparypHasi 3aBUCUMOCTb PEIIETOYHOU TEII0EM-
Koctu mpu noctossHHOM o0beme Cy/R s ['LIK-Ne u Ar npu HyJeBOM J1aBJICHUU.
DKCIEepUMEHTaIbHbIE 3aBUCUMOCTH IIPUBECHBI KaK IEPECUNTAHHbIE 110 3HAUECHHU-
M TEIJIOEMKOCTU NPH TOCTOSHHOM jaBieHuu C, [23-26], Tak U U3MEPEHHBIE
HernocpenctBeHHo (Ar) [27]. U3 puc. 1 BugHo, uto 10 7 ~ 10 K nns Ne 1 Ha Bcem
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Tabmuma 1
TemneparypHasi 3aBucumMoctb Cp/R M OTHOCHTeIbHASI NOTPEIIHOCTD Y;
kpucrajsanyeckux Ne u Ar npup =10

T K Cy/R Vi, %
’ Exp | MT, | MT, | M3a | M3 MT, | MT, | M3a M3
Ne
3 ]0.016 [ 0011 [ 0.011 |0.009 | 0.009 | 34.229 | 34.229 | 44.653 | 44.653
4 10041 [ 0.031 | 0.031 | 0.026 | 0.026 | 26.447 | 26.495 | 38.111 | 38.111
5 10.091 | 0.067 [ 0.067 | 0.056 | 0.056 | 26.334 | 26.411 | 38.481 | 38.514
6 |0.162 ] 0.126 [ 0.126 [ 0.105 | 0.105 | 22.595 | 22.694 | 35.307 | 35.375
7 102530208 | 0.207 | 0.175 | 0.175 | 17.785 | 17.908 | 30.784 | 30.875
8 0366 ] 0310 | 0.310 [ 0.264 [ 0.264 | 15.118 | 15.260 | 27.798 | 27.913
9 10490 | 0.429 [ 0.428 [ 0.369 | 0368 | 12.379 | 12.538 | 24.620 | 24.757
10 [ 0.606 | 0.558 | 0.557 | 0.485 | 0.484 | 7.971 | 8.146 [ 19.930 | 20.087
11 [ 0.778 ] 0.692 | 0.691 [ 0.609 | 0.607 | 11.062 | 11.234 [ 21.781 | 21.940
12 10930 | 0.827 | 0.826 [ 0.735 | 0.734 | 11.004 | 11.176 | 20.936 | 21.102
13 [ 1.078 | 0.961 | 0.959 [ 0.861 | 0.860 | 10.861 | 11.030 [ 20.069 | 20.236
14 | 1.208 | 1.089 | 1.087 [ 0.985 ] 0.983 | 9.784 | 9.951 | 18.409 | 18.578
15 | 1.327 | 1.212 | 1.210 [ 1.105 | 1.103 | 8.619 | 8.782 | 16.709 | 16.878
16 | 1432 | 1.328 | 1.326 | 1.219] 1.217 | 7.267 | 7.425 | 14.875 | 15.043
17 [ 1.532 | 1.437 | 1.435 [ 1.328 | 1.325 | 6.204 | 6.357 [ 13.344 | 13.508
18 | 1.628 | 1.539 | 1.536 | 1.430 | 1.427 | 5512 | 5.658 | 12.193 | 12.353
19 | 1.719 | 1.633 | 1.631 | 1.526 | 1.523 | 4.984 | 5.123 [ 11.233 | 11.387
20 [ 1.798 | 1.720 | 1.718 | 1.615 ] 1.612 | 4320 | 4.453 | 10.181 | 10.330
21 | 1.894 | 1.801 | 1.799 | 1.698 | 1.696 | 4.915 | 5.040 | 10.349 | 10.491
22 | 1.984 | 1.876 | 1.873 [ 1.776 | 1.773 | 5.477 | 5.595 [ 10.523 | 10.658
23 [ 2053 ] 1.945 | 1.942 | 1.848 | 1.845 | 5279 | 5391 | 10.010 | 10.139
24 [ 2.083 | 2.008 | 2.006 | 1.914 [ 1.912 | 3.595 | 3.703 | 8.107 | 8.232
11.897 | 12.027 | 20.836 | 20.962
Ar
10 [ 0.396 | 0.404 | 0402 | 0.348 | 0.348 | 2.162 | 1.712 | 12.036 | 12.165
15 10963 | 0.966 | 0.961 | 0.875 [ 0.873 | 0.266 | 0.233 | 9.208 | 9.368
20 | 1.464 | 1.468 | 1.461 | 1.371 | 1.369 | 0262 | 0.168 | 6.350 | 6.496
25 | 1.841 | 1.843 | 1.837 [ 1.755 | 1.753 | 0.100 | 0.243 | 4.677 | 4.798
30 [ 2.106 | 2.112 | 2.106 | 2.036 | 2.034 | 0.276 | 0.003 | 3.308 | 3.406
35 [ 2307 [ 2304 | 2.299 | 2.240 | 2.238 | 0.139 | 0356 | 2.893 | 2.973
40 | 2442 | 2443 | 2.438 | 2.389 [ 2.388 | 0.050 | 0.126 | 2.135 | 2.199
45 2522 | 2.546 | 2.542 | 2.501 | 2.499 | 0.936 | 0.791 | 0.847 | 0.901
50 | 2.588 | 2.624 | 2.620 | 2.585 | 2.584 | 1.362 | 1241 [ 0.114 | 0.160
55 | 2.633 [ 2.683 | 2.681 | 2.651 | 2.650 | 1.926 | 1.822 | 0.683 | 0.644
60 [ 2.652 ] 2730 | 2.728 | 2.702 | 2.701 | 2.959 | 2.870 | 1.893 | 1.859
65 | 2.658 | 2.768 | 2.766 | 2.743 | 2.743 | 4.136 | 4.058 | 3.210 | 3.180
70 | 2.678 | 2.798 | 2.796 | 2.777 | 2.776 | 4.471 | 4.404 | 3.665 | 3.640
75 12704 | 2.823 [ 2.821 | 2.804 | 2.803 | 4.414 | 4354 | 3.708 | 3.685
80 | 2729 [ 2.844 | 2.842 | 2.827 | 2.826 | 4.201 | 4.148 | 3.579 | 3.559
83 2794 [ 2.854 | 2.853 | 2.838 | 2.838 | 2.161 | 2.113 | 1.593 | 1.575
1.864 | 1.790 | 3.744 | 3.788
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IHpumeuanus k maon. I:

1. DxciepuMeHTaNbHBIE TaHHBIC B3ATHI A1 Ne u3 padoThl [26], ans Ar uz [25].
o

Vexp

2. IlorpemHocTs paccuuTaHa 1o Gopmyie y; = -100% .

V.

exp

3. CpenHue 3HaYCHUS Y; TPUBEICHBI MTOTYKUPHBIM MIPUGTOM (TO e B Ta0J. 2 1 3).

T.K
10 20 30 40 50 60 70 80 90 100110 120

3.00

0 5 10 15 20 25 30

Puc. 1. TemneparypHas 3aBUcUMOCTh TerioeMkoctd Cp/R kpuctammueckux Ne u Ar
pu p = 0: —M—, —O0— — HAIIIM pacyeThl B MOJIEIIX cOOTBeTCTBeHHO M T, m M3a; — — pac-
yeT B Kiaccuueckoit monenu Tonmbiro (M1) [22]; —— — u **=** — pacdyeThl Ha OCHOBE CO-
OTBETCTBEHHO noTeHuuana LJ u pacmmupennoro noteniuana ELJ Jlennapa-/xonca [28];

7€ — 9KCIepHMEHTaIbHBIC JaHHbIe, onydennsie o C, mist Ne [24] n ms Ar [25]; A —

t0 ke 1 Ne [26]; % — npsmoe usmepenue st Ar [27]. CTpenkaMu 0OTMEUYEHBI TEMIIE-
patypsl maBneHus 1,0 = 24.6 K nnsa Ne [34] u T,,0 = 83.8 K mns Ar [35]

UHTEpBaJIe TEMIEpaTyphl 11 Ar BCe TEOPETUUYECKHE PAacUeThl OJIM3KU MEX]y CO-
00i1 1 XOPOIIIO COTJIACYIOTCS ¢ AKCIIepUMEHTOM. B cxkarom Ne B oOmactu Temrie-
paryp ot 10 K no temmneparypsl miaBieHus 1,0 HAWIy4dllee COrjacue C dKCIe-
PUMEHTOM JIAI0T pacueTsl B Moaenu M1 (c nmapamerpamu u3 [22]) n HamM pacue-
Tl B Mozient MT),. Takxe OIM3KK K SKCIIEPUMEHTY pacueTsl [28] Ha OCHOBE pac-
MIUPEHHOTO ab initio nByx4yacTudHOro noteHnuana Jleanapa-/xonca (extended
Lennard-Jones potential — ELJ) [29].

Kaxk cnenyer u3 puc. 1, Benmmuuna Cj/R, pacCuMTaHHasl ¢ YYETOM TPEXUaCTHUHBIX
CHJI 3a CYET NEePEKPhITUS NIEKTPOHHBIX 000JIOUEK U ehOpMalK SJIEKTPOHHBIX
000J104€eK aTOMOB JMIIOIBHOTO TUIA B MAPHOM M TPEXYACTUYHOM MPUOIMIKEHHIX
(MT),), npakTU4yecKku HakJIaJbIBaeTcs Ha pacuer B Mojenu M1, mpubmmkas ero K
AKCIIEPUMEHTAIBHBIM 3HAUEHHSM 110 CPaBHEHUIO C pacueTaMu B Mozenu M3a.
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bonee neranbHO paccMOTpUM corjlacMe pe3yJIbTaTOB HALIUX PACUYETOB BEIIH-
yuHbl Cp/R ¢ SKCIIEPUMEHTAIbHBIMU NaHHBIMH [25,26] U MpeacTaBIeHHBIMU B

tabn. 1 mana cxareix Ne u Ar. CpaBHHMBasI MOTPEIIHOCTH (OTHOCUTEIIBHO JKCIIe-
pUMEHTA) MOAEe YMT, X YM3» BUIMM, YTO BKJIQ/Ibl TPEXHACTHYHBIX CHJI 32 CHET

NEPEKPBITHS JIEKTPOHHBIX 000JI0YEK aTOMOB U Ae(OopMaIu 3JIEKTPOHHBIX 000-
JOYEK B MapHOM M TpexdacTHyHoM npubmmxenusx (MT,) yMmeHbInaroT nmorpe-
HOCTb B cpeaHeM Ha ~ 9% B Ne u Ha ~ 2% B Ar. Ciieryer OTMETUTh, UTO B KpHU-
crauimyeckoM Ar pacueTsl B mojaessix MT, u M T myumie cornacyrorces ¢ 3Kcne-
PUMEHTAJIbHBIMU JaHHBIMM Ha UHTepBaje Temmeparyp ot 10 no 45 K. Takum 06-
pa3oM, ydeT TPEXYaCTUYHBIX CHJ B Ar BaKEH Jlake IPU HYJIEBOM JABICHUU U
HU3KOW TemIeparype.

TemmeparypHble 3aBUCUMOCTH yAenbHOU TeroeMkocTu Cj/R, paccunTaHHON
B Mozensix MTy u M3 npu pasnuunbix cxatusx u = AV/Vy (AV = Vy — V(p), tae
Vo — oobem npu p = 0), mokaszaHsl Ha puc. 2. BUIHO, 4TO C pOCTOM C)KaTHs 3HaUe-
Husl Cy yMEHBIIAIOTCSA B COOTBETCTBYIOIIMX TEMIIEPATYPHBIX HHTepBasax. OHU HE
JOCTUTAIOT NPEAEIBbHOrO 3HaueHUsl 3R, a TakyKe U3MEHSETCsl BUJ KPUBOM KakK B OJI-
HOM, Tak W B Ipyroi Mmoaenu. Kpome Toro, ¢ pocToMm CKaTusi TPEX4aCTUYHOE B3au-
MozeHcTBHE U JiehopMalns 3JIEKTPOHHBIX 000JI0YEK aTOMOB HECKOJIBKO IOBBIIIA-
10T 3HaUEHUS TEIUIOEMKOCTH JIaXke B HeJlehOpMUPOBaHHBIX KpHrcTamiax Ne u Ar.

3.0r 3.0
2.5¢ 2.5 -
2.0F 2.0 I
S = =Y
O 1l5F D; 1.5
1.0 i 10k
0.5 _— ) 05
L 88688000 o‘o’”o i
0.0 ! ! 0.0 .
O 80 120 160 120
T, K
a o
Puc. 2. TemneparypHas 3aBUCUMOCTh TerioeMkocTd Cy/R kpuctaummueckux Ne (a) u Ar (6)
MpPH Pa3IUYHBIX CKATHUSAX U: —O—, —E— — HAIIM PAcuUeThl B MOJIENIAX COOTBETCTBEHHO
M3 u MT,

Pacuer ynensHoit Temmoemkoctu Cp/R B monensx MT,, MTy, M3a u M3 B un-
TepBaje temrneparyp ot 25 10 400 K npu pa3nuuHbIX CKATUAX ISl KPUCTAIIMYEC-
kux Ne u Ar OoJiee JeTaiabHO mpejcTaBieH B Ta0a. 2. KoanyecTBeHHBIN aHaIN3
CpeIHero 3HaueHMs yaenbHOH TeroeMkocTu Cp/R (mpu Temmnepatype oT 25 1o
400 K) B uaTrepBane cxarus ot 0 10 0.7 (p =169.6 GPa) nyst Ne u ot 0 10 0.6
(p =97.9 GPa) o Ar mokasai, 4To BKJIaA AepOpMaliu AIEKTPOHHBIX 000JI04YEK
JUIIONIFHOTO THIA B TAPHOM U TPEXUACTUYHOM MPHUOIMKEHUSX YBEINYHUBACTCS OT
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0.03 10 6.6% B Ne u ot 0.08 10 7.7% B Ar, BKJIaJ TPEXYaCTUYHBIX CHJI, CBSI3aHHBIX C
MEPEKPHITUEM IIEKTPOHHBIX 00010uek, — 0T 1 10 3% B Ne u ot 1 10 7.4% B Ar, a
BKJIaJI OOOUX BHJIOB TPEXUACTHUYHBIX CHJI, O0S3aHHBIX KaK MEPEKPBITUIO, TaK U Jie-
dbopMaruu 3EeKTPOHHBIX 000104eK, — OT 1 10 5.7% B Nen ot 1.1 1m0 12.3% B Ar.

Tabmma 2
TemnepatypHas 3aBucumoctb Cy/R B moaeasix MT,, MTy, M3a, M3 u
OTHOCHUTEJIbHbIE BKJIAAbI TPEXYACTUYHOI0 B3anMojaeiicTBus u 3¢ ¢eKkToB
nedopMannu IEKTPOHHLIX 000J1049€K B MAPHOM H TPEXYaCTHYHOM
npudanxeHusix y; (%) npu pasandHbIx creneHax cxkatus 1ias K- Ne n Ar

T,K

Cy/R

MT, \ MT, \ M3a \ M3

u

0 o3 ]07] o |o3]o07] o] 03 ]07] 0 |o03]07

Ne

25

2.068 | 0.548 | 0.001| 2.065 | 0.545| 0.001|1.976 | 0.525 |0.001 |1.974 |0.513 |0.001

30

2.300 | 0.807 | 0.003]| 2.298 | 0.803 | 0.003|2.225 | 0.782 |0.003 | 2.223 |0.763 |0.003

35

2.460 | 1.061 | 0.006 | 2.458 | 1.055| 0.006|2.398 | 1.036 |0.006 | 2.396 |1.011 |0.006

40

2.573 | 1.294]0.011 | 2.571| 1.287| 0.010 | 2.522 | 1.271 |0.010 | 2.520 |1.242 {0.010

45

2.655 | 1.502|0.016 | 2.653 | 1.494| 0.016 | 2.612 | 1.480 |0.016 | 2.611 |1.449 |0.015

50

2.715 | 1.682|0.023 | 2.714 | 1.675| 0.022 | 2.680 | 1.663 |0.023 | 2.679 |1.631 |0.022

55

2.762 |1.8380.032 | 2.761 | 1.830| 0.031 | 2.731| 1.821 |0.032 | 2.730 |1.789 |0.030

60

2.798 [ 1.97210.043 | 2.797 | 1.964| 0.041 | 2.772 | 1.956 |0.044 | 2.771 |1.926 |0.040

70

2.850 | 2.185]0.072 | 2.849| 2.178| 0.069 | 2.830| 2.172 |0.076 | 2.829 |2.144 | 0.066

80

2.884 |2.34210.113 | 2.883 | 2.336| 0.107 | 2.868| 2.332 |0.121 | 2.868 |2.307 | 0.103

90

2.908 |2.460 |0.166 | 2.907 | 2.455| 0.155| 2.895| 2.452 |0.179 | 2.895 |2.431 |0.151

100

2.925 |2.551|0.231 | 2.924| 2.546| 0.214 | 2.915| 2.544 [0.250 | 2.914 |2.525 |0.208

110

2.938 |2.621 |10.307 | 2.937| 2.617| 0.281 | 2.929| 2.615 [0.332 | 2.929 |2.599 |0.274

120

2.947 12.676 |0.391 | 2.947 | 2.673 | 0.356| 2.940| 2.671 |0.422 | 2.940 |2.657 |0.348

130

2.95512.721 {0.483 | 2.955| 2.718| 0.436| 2.949| 2.716 |0.520 | 2.949 |2.704 |0.427

140

2.961 [ 2.75710.579 | 2.961 | 2.754 | 0.520| 2.956|2.753 |0.621 | 2.956 |2.742 |0.510

150

2.966 | 2.786 | 0.678 | 2.966 | 2.784 | 0.606 | 2.962| 2.783 |0.725 | 2.961 |2.773 |0.596

160

2.970 | 2.811 {0.779 | 2.970 | 2.809 | 0.693 | 2.966 | 2.808 |0.828 | 2.966 |2.799 |0.683

200

2.981|2.877 |1.166 | 2.981| 2.875| 1.038 | 2.978| 2.875 |1.222 | 2.978 |2.869 |1.027

300

2.992 12944 |1.882 | 2.991 | 2.944| 1.726| 2.990| 2.943 |1.931 | 2.990 |2.941 |1.717

400

2.995 12.968 |2.282 | 2.995 | 2.968 | 2.150| 2.995| 2.968 |2.318 | 2.995 |2.966 |2.144
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[Iponomxenue Tabdm. 2

T,K

M3a |

M3

03 | 0.6 |

0

| 03 | 06

25

1.843

0.420

0.012

1.837

0.416

0.012

1.755

0.382 {0.010

1.753

0.380

0.010

30

2.112

0.638

0.023

2.106

0.630

0.022

2.036

0.590 {0.019

2.034

0.587

0.019

35

2.304

0.864

0.037

2.299

0.852

0.036

2.240

0.808 [ 0.032

2.238

0.804

0.031

40

2.443

1.081

0.058

2.438

1.066

0.055

2.389

1.023 | 0.049

2.388

1.017

0.048

45

2.546

1.283

0.084

2.542

1.266

0.080

2.501

1.224 10.072

2.499

1.217

0.071

50

2.624

1.466

0.118

2.620

1.447

0.112

2.585

1.407 {0.102

2.584

1.400

0.100

55

2.683

1.629

0.159

2.681

1.609

0.150

2.651

1.572 10.138

2.650

1.565

0.135

60

2.730

1.772

0.208

2.728

1.753

0.195

2.702

1.718 | 0.180

2.701

1.711

0.177

70

2.798

2.008

0.323

2.796

1.989

0.300

2.777

1.960 | 0.283

2.776

1.953

0.276

80

2.844

2.189

0.458

2.842

2.171

0.421

2.827

2.146 | 0.403

2.826

2.140

0.392

90

2.875

2.328

0.605

2.874

2312

0.552

2.862

2.291 | 0.536

2.861

2.285

0.520

100

2.898

2.436

0.758

2.897

2.422

0.689

2.887

2.404 | 0.675

2.887

2.399

0.654

110

2.916

2.521

0.910

2.915

2.509

0.825

2.906

2.493 | 0.816

2.906

2.489

0.790

120

2.929

2.589

1.059

2.928

2.578

0.960

2921

2.565 1 0.955

2921

2.561

0.924

130

2.939

2.644

1.200

2.939

2.634

1.089

2.932

2.623 | 1.090

2.932

2.619

1.054

140

2.948

2.689

1.333

2.947

2.680

1.213

2.942

2.670 | 1.218

2.941

2.667

1.178

150

2.954

2.726

1.457

2.954

2.718

1.330

2.949

2.709 | 1.339

2.949

2.706

1.297

160

2.960

2.757

1.571

2.959

2.750

1.440

2.955

2.742 | 1.452

2.955

2.739

1.408

200

2.974

2.841

1.940

2.974

2.836

1.807

2971

2.831 | 1.827

2971

2.829

1.781

300

2.988

2.928

2.444

2.988

2.925

2.347

2.987

2.923 |2.367

2.987

2.922

2.331

400

2.993

2.959

2.667

2.993

2.958

2.601

2.993

2.956 |2.615

2.993

2.956

2.591
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[Tponomxenne Tadi. 2

Y1 12 Y3
T,K u

0 0.3 07 | o 0.3 07 | o | 03 | 03

Ne

25 [0.139 | 0.525 | 1.835 | 4483 | 6.178 | 7.921 | 4.628 | 4.299 | 13.265
30 [0.107 | 0.571 | 1.974 | 3.290 | 5.141 | 6.667 | 3.400 | 3.176 | 10.320
35 [0.084 | 0.573 | 1.951 | 2.503 | 4.308 | 5.308 | 2.589 | 2394 | 7.547
40 |0.067 | 0.547 | 2.023 | 1.962 | 3.641 | 4.637 | 2.030 | 1.846 | 5.164
45 0.054 | 0.509 | 2.411 | 1.576 | 3.102 | 4.164 | 1.631 | 1.456 | 2.934
50 | 0.045 | 0466 | 2.801 | 1.292 | 2.664 | 3.928 | 1.337 | 1.173 | 0.785
55 10.038 | 0422 | 3275 | 1.077 | 2.306 | 3.769 | 1.115 | 0.962 1.087
60 |0.032 | 0382 | 3.743 | 0.911 | 2.011 | 3.679 | 0.943 | 0.802 | 2.690
70 | 0.024 | 0313 | 4.659 | 0.676 | 1.561 | 3.527 | 0.700 | 0.581 5.071
80 | 0.018 | 0.257 | 5.635 | 0.521 | 1.241 | 3.313 | 0.539 | 0439 | 6514
90 [0.015| 0.213 | 6.729 | 0.413 | 1.008 | 3.052 | 0.428 | 0343 | 7.262
100 | 0.012 | 0.179 | 7.871 | 0.336 | 0.832 | 2.786 | 0.348 | 0276 | 7.554
110 [ 0.010 | 0.152 | 8.979 | 0.278 | 0.698 | 2.526 | 0.288 | 0227 | 7.551
120 | 0.008 | 0.131 | 9.980 | 0.234 | 0.594 | 2.280 | 0.242 | 0.189 | 7.369
130 | 0.007 | 0.113 | 10.828 | 0.200 | 0.510 | 2.061 | 0.207 | 0.161 7.079
140 | 0.006 | 0.099 | 11.494 | 0.172 | 0.443 | 1.862 | 0.179 | 0.138 | 6.736
150 | 0.005 | 0.087 | 11.981 | 0.150 | 0.388 | 1.685 | 0.156 | 0.120 | 6.365
160 | 0.005 | 0.077 | 12.296 | 0.132 | 0.343 | 1.528 | 0.137 | 0.105 5.992
200 | 0.003 | 0.051 | 12.274 | 0.085 | 0.222 | 1.062 | 0.088 | 0.067 | 4.630
300 | 0.001 | 0.023 | 9.023 | 0.038 | 0.100 | 0.511 | 0.039 | 0.030 | 2.521
400 | 0.001 | 0.013 | 6.157 | 0.021 | 0.057 | 0.295 | 0.022 | 0.017 1.531

0.032 | 0272 | 657 | 097 | 7.78 | 3.2 1 0.9 5.7
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OxkoHyanue Ta01. 2

Y1 | v2 | ¥3

T,K u
0 [ 03 ] o6 | o [ 03 [ 06 [ 0o | 03 | 06
Ar

25 0344 | 1.111 | 2912 | 4.784 | 9.316 | 17.383 | 5.012 | 10.082 | 19.748

30 0273 | 1.316 | 3.731 3.530 | 7.358 | 14.958 | 3.706 | 8.245 | 17.951

35 0.217 | 1.413 | 4.404 | 2.697 | 5.900 | 13.977 | 2.836 | 6.837 | 17.393

40 0.176 | 1.423 | 4.877 | 2.120 | 4.813 | 13.369 | 2.232 | 5.743 | 17.063

45 0.144 | 1.379 | 5.215 1.708 | 3.988 | 12.729 | 1.798 | 4.880 | 16.639

50 0.120 | 1.305 | 5.556 1.402 | 3.353 | 11.984 | 1.478 | 4.190 | 16.115

55 0.101 | 1.217 | 5.967 1.171 | 2.853 | 11.166 | 1.234 | 3.629 | 15.577

60 0.087 | 1.125 | 6.459 | 0.992 | 2.455 | 10.331 | 1.046 | 3.168 | 15.086

70 0.065 | 0.949 | 7.586 | 0.737 | 1.869 | 8734 | 0.778 | 2.466 | 14.254

80 0.051 | 0.798 | 8.667 | 0.569 | 1.466 | 7.349 | 0.600 | 1.966 | 13.566

90 0.040 | 0.674 | 9.515 | 0452 | 1.179 | 6.201 | 0.476 | 1.600 | 12.914

100 | 0.033 | 0.572 | 10.064 | 0.367 | 0.968 | 5.264 | 0.387 | 1.325 | 12.249

110 | 0.027 | 0.491 | 10325 | 0.304 | 0.809 | 4.501 | 0.321 | 1.113 | 11.560

120 | 0.023 | 0.424 | 10.347 | 0.256 | 0.685 | 3.878 | 0.270 | 0.947 | 10.860

130 | 0.020 | 0.369 | 10.188 | 0.219 | 0.587 | 3.367 | 0.231 | 0.816 | 10.165

140 | 0.017 | 0.324 | 9.900 | 0.189 | 0.509 | 2.944 | 0.199 | 0.709 | 9.487

150 | 0.015 | 0.286 | 9.530 | 0.165 | 0.445 | 2.594 | 0.174 | 0.622 8.840

160 | 0.013 | 0.255 | 9.110 | 0.145 | 0.393 | 2.300 | 0.153 | 0.550 | 8.227

200 | 0.008 | 0.168 | 7.334 | 0.093 | 0.254 | 1.503 | 0.098 | 0.357 | 6.182

300 | 0.004 | 0.077 | 4.150 | 0.041 | 0.114 | 0.680 | 0.044 | 0.161 3.273

400 | 0.002 | 0.044 | 2.550 | 0.023 | 0.064 | 0.385 | 0.024 | 0.091 1.966

0.08 0.75 7.07 1.05 2.35 7.41 1.1 2.83 12.34

Tlpumeuanus:
_|6 (MTy) - &, (MTy)|
Gy (MTy)
MIapHOM U TPEXYACTUIHOM TPHOTMKCHISIX.
_|6rm3) -, Ty )
Cy(M3)
KPBITHEM 3JIEKTPOHHBIX 000JI0UEK.
_|&(M3a) - Cp(MTy)|
Cy (M3a)
3aHHBIX KaK IICPEKPLITUIO, TAK U Z[C(I)OpMaLII/II/I QJICKTPOHHBIX 060J‘IO‘{eK.

Y1 -100% — Bxyag aeopManuM SNEKTPOHHBIX 00O0JOYEK B

2.9, -100% — BKJaA TPEeX4aCTUYHBIX CHUJI, CBSI3aHHBIX C IEpe-

3.7

-100% — Bkjax 00OMX BHIOB TPEXYACTHUHBIX CHJI, 00s-
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3. Temneparypa Jlebasn

TemmnepaTypHas 3aBUCUMOCTb TeMriepaTyphbl Jlebast 0 B kpuctammmyeckux Ne u
Ar mpu pa3HBIX JABJICHUSIX, KOTOpas paccuuThiBasiack mo Qopmyne (3), npea-
craBineHa Ha puc. 3. ComocraBieHne pacueTHbIX 3HaueHud 0(7) mpu HyJIeBOM
JABICHUHM C PACYETOM IO 3KCIEPUMEHTAIBbHBIM JaHHbIM [25,26] MOKa3bIBacT
NPaBUIBHOCTh OOIIEro X0J1a 3TOW BEIMYMHBI B TEMIIEPATYPHOM MHTEpBaje
oT 3 no 24 K mna Ne, a taxke ot 10 1o 83 K nns Ar. DTO CBUIETENBCTBYET O
TOM, YTO TE€OPHUs NMPABUIBHO NIEPENAET 3HAUEHUS M)k Ha HAYAJIIBHOM y4acTKE KpHU-
BbIX, B IIEPBYIO OUEPEb Ul IONEPEUHBIX (HU3KUX) YaCTOT.

450 143 GPa 500
4001 \.\. ././- 0.5 450 L 32.7 GPa
350 L o 400
L /. B
300 5.1 GPa /-/- 203 330
Mo e e 02 M 300
o 2501 . -V <
 oap K 250
200 19GPa =
[ I 200
0.65 GP
150 e 150
10.16 GPa_=
100F _ ®u 100
50 L ) L L L L I 50 I I L I I 1 I 1 I
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80 90100
T,K T.K
a o

Puc. 3. TemnieparypHas 3aBHCUMOCTh TeMriepatypsl Jlebas 0 kpucrammnaeckux Ne (a) n

Ar (0) IpH pasNMYHBIX CKATHSIX 1 —M— — HAIl pacder B Momenu MT,; ¥ — sKcrepuMeH-

TanpHbIC MaHHble 1 Ne [26] u Ar [25]; ---- % ----, — — pac4deTsl B Mojaend M1 cooTBeT-
ctBeHHO 110 10 [36] 1 408 [22] Toukam B cxeme Yagn—Kosna

B tabn. 3 npencraBieHpl 3HAYCHHUS OTHOCUTEIHHON MOTPEIIHOCTH Y M TEMIIe-
parypel Jlebas O(7) mpu HyneBOM JaBJICHUHU, paccUMTaHHONW B mojensix MT,,
MTy, M3a, M3 u 1o 3kcriepuMeHTalbHbIM JaHHbIM. Kak BUIUM, OTHOCUTENIbHAS
MOTPEIIHOCTh HAIIMX pacyeToB B MoAessix M3a u M3 no cpaBHEHUIO € SKCHEPH-
MEHTaJIbHBIMU JaHHBIMU JUIs Ne npu Hu3Kux temreparypax I'< 5 K nocraroyno
Benuka (22% npu 3 K) u ymeHbIIaeTcs C MOBBIILIEHUEM TEMIEPATypbl. YUeT
TPEXYACTHUYHBIX CHJI 33 CUET MEPEKPHITHS dJEKTPOHHBIX 000JI04eK U nehopMaIuu
JMIEKTPOHHBIX 000JIOYEK aTOMOB JUIIOJIBHOTO TUIA B MApHOM U TPEXYaCTHUYHOM
npubmmkenusx (MT,) ymydmaer coryacue ¢ 3KCIEPUMEHTOM U JaeT HaWuMEHb-
uryto norpemHocTs (15% npu 3 K, cpennee 3naueHue YM™T, = 4.5%). Pe3ynbraThl

pacyeta BenuauHbI 0(7) 17151 KpUCTAITUTMYECKOTO AT C yUYE€TOM TPEXUYACTHIHBIX CHII
u aedopmaruu MeKTPOHHBIX 00010uek aroma (MT,) o4eHb XOPOIIIO COTIacyrOTCS
C DKCIIEPUMEHTAIbHBIMU TAHHBIMH, CPEIHAS MOTPEIIHOCTh MeHbIIEe 1%.
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Tabmuma 3
TemmnepaTypHasi 3aBUCHMOCTH Temnepatypsl Jledas O u oTHOCHTEeILHAS
MOTPEeIHOCTD ¥; KpUCTAIMYecKkHX Ne u Ar npu p =0

T K G,K Yi,%
’ Exp | MT, | MT, | M3a | M3 | MT, | MT, | M3a | M3
Ne
3 73.165 | 84.131 | 84.142 | 89.124 | 89.104 | 14.988 | 15.003 | 21.813 | 21.785
4 71.176 | 78.851 | 78.871 | 83.517 | 83.519 | 10.783 | 10.811 | 17.338 | 17.341
5 68.468 | 75.810 | 75.836 | 80.502 | 80.518 | 10.723 | 10.761 | 17.576 | 17.600
6 67.752 | 73.790 | 73.821 | 78.338 | 78.364 | 8912 | 8.958 | 15.625 | 15.663
7 68.219 | 72.821 | 72.857 | 77.121 | 77.155 | 6.745 | 6.798 | 13.049 | 13.098
8 68.920 | 72.791 | 72.832 | 76.824 | 76.865 | 5.616 | 5.676 | 11.468 | 11.527
9 70.349 | 73.517 | 73.562 | 77.299 | 77.346 | 4.503 | 4.567 | 9.879 9.946
10 72.790 | 74.834 | 74.881 | 78.388 | 78.439 | 2.808 | 2.873 | 7.691 7.761
11 73.673 | 76.609 | 76.658 | 79.959 | 80.014 | 3.986 | 4.052 | 8.533 8.607
12 75.742 | 78.743 | 78.794 | 81.911 | 81.968 | 3.962 | 4.029 | 8.145 8.220
13 78.113 | 81.165 | 81.216 | 84.169 | 84.227 | 3.907 | 3.973 | 7.753 7.827
14 80.990 | 83.818 | 83.870 | 86.673 | 86.733 | 3.492 | 3.556 | 7.017 7.091
15 84.097 | 86.662 | 86.714 | 89.382 | 89.442 | 3.050 | 3.112 | 6.284 6.355
16 87.438 | 89.664 | 89.715 | 92.260 | 92.321 | 2.546 | 2.605 | 5.515 5.585
17 90.840 | 92.800 | 92.850 | 95.282 | 95.342 | 2.158 | 2.213 | 4.890 4.957
18 94.250 | 96.048 | 96.098 | 98.425 | 98.485 | 1.908 | 1.961 | 4.430 4.493
19 97.714 | 99.394 | 99.442 | 101.674 | 101.733 | 1.719 | 1.768 | 4.052 4.113
20 | 101.321 | 102.823 | 102.871 | 105.013 | 105.071 | 1.483 | 1.530 | 3.644 3.701
21 | 104.554 | 106.325 | 106.372 | 108.432 | 108.489 | 1.694 | 1.739 | 3.709 3.763
22 | 107.848 | 109.892 | 109.937 | 111.920 | 111.976 | 1.896 | 1.937 | 3.776 3.828
23 | 111.481 | 113.514 | 113.559 | 115.470 | 115.525 | 1.824 | 1.864 | 3.579 3.628
24 | 115.765 | 117.187 | 117.230 | 119.074 | 119.128 | 1.228 | 1.265 | 2.858 2.905
4.542 | 4.593 | 8.574 8.627
Ar
10 83.911 | 83.314 | 83.437 | 87.575 | 87.618 | 0.711 | 0.564 | 4.367 4.418
15 93.561 | 93.479 | 93.634 | 96.623 | 96.680 | 0.088 | 0.078 | 3.272 3.333
20 | 108.513 | 108.419 | 108.574 | 110.912 | 110.970 | 0.087 | 0.056 | 2.211 2.264
25 | 125.650 | 125.608 | 125.752 | 127.673 | 127.727 | 0.034 | 0.081 1.610 1.653
30 | 144.181 | 144.049 | 144.179 | 145.807 | 145.856 | 0.092 | 0.001 1.128 1.162
35 | 163.180 | 163.256 | 163.374 | 164.785 | 164.830 | 0.046 | 0.119 | 0.983 1.011
40 | 182.997 | 182.966 | 183.073 | 184.318 | 184.359 | 0.017 | 0.042 | 0.722 0.744
45 | 203.655 | 203.024 | 203.121 | 204.233 | 204.271 | 0.310 | 0.262 | 0.284 0.302
50 | 224.339 | 223.329 | 223.419 | 224.424 | 224.458 | 0.450 | 0.410 | 0.038 0.053
55 | 245.375 | 243.819 | 243.902 | 244.819 | 244.850 | 0.634 | 0.600 | 0.226 0.214
60 | 267.032 | 264.450 | 264.526 | 265.368 | 265.398 | 0.967 | 0.939 | 0.623 0.612
65 | 289.067 | 285.189 | 285.260 | 286.039 | 286.066 | 1.342 | 1.317 | 1.047 1.038
70 | 310.509 | 306.014 | 306.080 | 306.805 | 306.830 | 1.447 | 1.426 | 1.193 1.185
75 | 331.649 | 326.908 | 326.971 | 327.648 | 327.672 | 1.429 | 1.410 | 1.206 1.199
80 | 352.664 | 347.860 | 347.918 | 348.554 | 348.577 | 1.362 | 1.346 | 1.165 1.159
83 | 363.031 | 360.454 | 360.510 | 361.123 | 361.145 | 0.710 | 0.695 | 0.526 0.520
0.608 | 0.584 | 1.288 1.304
Ipumeuanus:

1. DkcriepuMeHTANBHBIC JaHHBIC B3ATHI U1l Ne u3 paboTsl [26], mist Ar — u3 [25].

2. IlorpemHocTs paccunTana 1o gopmyie y; =
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Bonbmas morpenHocTs paccuntanHbix Hamu 3HaueHuid O(7) mis Ne o cpas-
HEHHUIO ¢ 3KcnepuMeHToM Tipu Temriepatype 7' < 5 K oObsicHsAeTCS HEI0CTaTo4-
HbIM yuciioM Touek Yaagu—Kosna [20] (cM., Hamp., KpUBKIE - * ----, — Ha pHC. 3,a).
[Tpu Temnepatrype 7 > 10 K — 3To HemocTaTku, CBsI3aHHBIE C MIPUOTMKCHUSIMH MO-
nenert MT,, MT(y, M3a u M3. Kpome Toro, Heo0X01uMo MpUHAMATh BO BHUMaHUE,
YTO B HEOHE KBAHTOBBIC d(PPEKThl CPABHUTEIBHO BEIUKH, U Mojenb [ebas (3),
XOPOIIO OMHUCHIBAIOLIAs CBOMCTBA B KIIACCHYECKUX KPUCTAJUIaX, HEIOCTaTOYHA.

900

800
700 |
600

M L
£ 500 -
® F
400 |-
300 -

200 -

100 -

0

6 8 10 12 14 16 18 20 22 24
Vv, A’/at
Puc. 4. 3aBucumocth Temmeparypbl Jlebas 0 oT o0bema V s kpuctanyeckoro Ne:

—m—, —O— — HAIlld PacyeThl B MOJEIIX COOTBETCTBEHHO MT, m M3; % — dKCIEpHMEHT

[30]; ———- — mpoBemeHHAs HAMH JKCTPAMOJAIUSA K IKCICPUMEHTAIHPHOMY 3HAYCHHIO
Op =75 K nipu Vo = 22.234 A’/at

Ha puc. 4 npencrapiieHa paccudTaHHas HaMH ISl CKATOro Ne 3aBUCHUMOCTh
temriepatypbl [{ebas oT oobema no cxatust u = 0.6 (p = 44.67 GPa) B momenu
MT; u no cxarust u = 0.5 (p = 14.3 GPa) B mogenu M3. Kak BuIHO, y4eT Tpex-
YaCTUYHOTO B3aUMOJCHCTBUSA U J1e(hOpMALUU FIEKTPOHHBIX 000JI0YEK AUIOJIBHO-
ro THMA B MAPHOM U TPEXYACTUUYHOM MPHUOIMKEHUAX YIYyYILIAIOT COTJIache C JKC-
nepuMmeHToM [30]. K coxalieHuto, 1l KpUCTALINYECKOTO AT 3aBUCHUMOCTH JKC-
NepUMEHTAJIBHBIX JaHHBIX TeMIepaTypsl Jlebas or o0bemMa HaM He U3BECTHBI.

3aKao4YeHue

B nacrosimiee Bpemsi moka Majo 3KCHEPUMEHTAIBHBIX U TEOPETHUYECKUX pe-
3yapTaroB no auHamuke pemetkn KD npu Beicokux naBneHusx. Hesmmnupuye-
ckue pacuersl Cy/R ipu p = 0.5, 1 u 4 GPa npoBogunucek B pamkax DFT B mipu-
OMKEHUH JTIOKATbHOM TIOTHOCTH (cM. [31,32] 1 CChUTKH Tam) TOJIBKO I Xe.

B pabote [28] mpencraBieHbl SMOUpPUYECKHE pacyeThl (POHOHHOTO CIEKTpa
npu HysneBoM pAaBieHuu i Ne, Ar u Kr ¢ ucrnonb3oBaHneM Tak Ha3bIBAEMOI'O
pacupeHHoro noreHnuana Jlemnapn-Jxonca, mosyueHHoro B pabore [29].
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B crartbe [33] npuBeaeHbl aHATUTUYECKUE BBIPAYKEHUS ISl SHEPTUU HYJIEBBIX KO-
nebaHui, BKJIaJa aHTAPMOHUYHOCTH B SHEPIHIO CBS3M M MapameTpa [ proHaiizena
B Mozenu DiiHienHa A Beero psaa KHUI'. ABTOpsl 0TMeUaroT, YTO B HACTOSIIEE
BpEMsI OCTAE€TCS MHOT'O HEPEUICHHBIX BOIPOCOB, AJIsi OTBETA Ha KOTOPbIE HEOOXO-
JTUMO HAWTH TMPUOIKEHHYIO aHATMTHYECKYI0 (DOPMYITY JUIsl AMHAMHYECKON MaT-
punbl moteHmana ELJ, Bkirovaroniyro GOHOHHYIO AUCTIEPCHIO U TPEXYaCTUUHBIN
MOTEHIMAT U IPUMEHUMYIO IPU BHICOKOM JIABJIICHUH.

B nacrosimell pabore Ha OCHOBE MOJYYEHHBIX (DOHOHHBIX YACTOT Uil KpH-
CTAJNIMYECKUX HEOHA W aproHa [15,16] kak nox 1aBieHUEM, TaKk U MPHU €ro0 OTCYT-
CTBHM PACCUUTAHbl TEMIIEpaTypHbIE 3aBUCUMOCTH PEIIETOYHON TEIJIOEMKOCTH U
Temneparypbl Jlebas, a Takke HCCIEI0BAaHO BIMSHHE HAa HHUX TPEXYaCTUYHOIO
B3aUMO/ICHCTBHUS B KOPOTKOACHCTBYIOIIEM MOTEHIMAJIe OTTAIKUBAHUS U 1edopma-
IIUH JIEKTPOHHBIX 000JI04YEK aTOMOB B [TAPHOM U TPEXUACTUYHOM MPUOIMIKECHHUSX.

N3 cpaBHeHus pe3ynbTaToB pacueToB B monensix MT, u M3a (puc. 1, 3) Bua-
HO, YTO BKJIQJl TPEXUYACTHUHBIX CHJI, O0YCIOBIEHHBIX MEPEKPHITHEM U Aedopma-
[UEN AIIEKTPOHHBIX 000JI0YEK, MPUBOJIUT K YIYUIICHUIO COTJIaCUs C SKCIIEPUMEH-
TaJTbHBIMU JaHHBIMH. BKIIaJ TpeXyaCTHUHBIX CHI M JehOpMaIUU dJICKTPOHHBIX
000JI0YEK TUTOIHLHOTO TUMA B MAPHOM M TPEXYACTUYHOM MPUOIIKEHUSX B Ne u
Ar 3aMeTeH Ja)ke IPpU HYJIEBOM JIaBJICHUH, IPUYEM B TOM TEMIIEPATypPHOM HUHTEp-
Bajie, B koTropoMm C ellle He npuHsia 3HaueHue 2.99R.

Kak cnenyer u3 Tabia. 1, oTHOCUTENbHBIE MOTPEUTHOCTH MOJIYYEHHBIX HAMU pe-
3yJIbTaTOB yJIEIbHONW TEIUIOEMKOCTH M 3KCIEPUMEHTAIBbHBIX JaHHBIX YMEHbIIa-
I0TCSl C YBEJIMUEHUEM TEMIIEPATYPHI IPU HYJIEBOM JaBieHUH. CpaBHEHUE CPETHUX
3HAYEHUU MOTPEIIHOCTEN PACUETHBIX MOJIENICH U SKCIIEPUMEHTA MTOKA3bIBAET, YTO
BKJIaJ] Aepopmany B TapHOM MPUOIMKEHUN YMeHbIIaeT norpemHocts Ha 0.13%
st Ne u Ha 0.04% mist Ar (Ym3a, YM3), YUET TPEXUACTUYHOTO B3aUMOJICHCTBHSI,
CBSI3aHHOTO C TIEPEKPBITHEM JJIEKTPOHHBIX oOonouek, — Ha 0.13% s Ne u Ha
0.07% nna Ar (yMT2 »YMT, )» @ BKIIaJ TPEXYACTHUHBIX CHII 33 CUCT KaK MEPEKPBI-

THsL, Tak U gepopmaumn — Ha 9% ams Ne u 2% st Ar (Y, > Ymza )-

s Hac KpaifHe BaXHO CPaBHUTH PE3YNbTAaThl PACUETOB Ha BCEX JTamax B
Kiaccuueckor mozaenu Tosmbiro (Moxens M1) [22] u HedMIupUUeCKUX (MOACIH
M3, M3a, MTy u MT),) Bepcusix. biu3ocTs pe3ynbTaToB pacuyeToOB B MOJEIAX
MTy u MT, sHeprum HyneBbIX KojeOanuii [15,16], ynenpHON TEIIOEMKOCTH
Ci(T) u temnepatrypsl Jlebast CBUIETENBCTBYET, YTO BKJIAJl TPEXUACTUUHBIX CHII,
00sI13aHHBIX TIEPEKPBITUIO U JePopMaIiiy JEKTPOHHBIX 000JIOYEK aTOMa, BaXKEH
st nerkux KUI'. Kpome 3Toro, MOKHO clienath BBIBOJ, YTO BKJIAJ HEYYTECHHBIX
HaMH KBaHTOBBIX U Apyrux 3¢ ¢dektoB npu p = 0 B HEIMINUPUUECKON BEpCUU He-
3HauMTeleH (cM. puc. 1, 3).

TakuMm oOpa3om, MOTy4YEeHHBIE HAMU PE3YJbTAThl pacueTa yJIelbHON TeIIoeM-
koctu 1 TeMnepatypsl [ebas s I'LIK-Ne u Ar ¢ yueTom TpeX4aCTUYHBIX CHI U
nedopMaluu AJIEKTPOHHBIX 000J0YEK aTOMOB AUIOJILHOTO THIIA B MAapHOM U
TPEXYaCTUYHOM MPUOIIIKEHUSIX XOPOIIO COTIACYIOTCS C SKCIIEPUMEHTOM U OJH3-
KU K pe3ylibTaTaM pacyera B KJJacCH4eCcKor Mosienu TombIro.
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E.A. Pilipenko, le.le. Gorbenko

THERMODYNAMIC PROPERTIES OF LIGHT RARE-GAS CRYSTALS
WITH RESPECT TO THE THREE-BODY INTERACTION
IN THE MODEL OF DEFORMABLE ATOMS

The thermodynamic properties of light rare-gas crystals Ne and Ar are studied ab initio in
the deformable atom model. In the repulsion potential, in parallel to the three-body inter-
action related to the overlap of electron shells of an atom, the deformation of electron
shells of dipole-type atoms is taken into account in the pair and three-body approxima-
tions. The specific heat capacity and the Debye temperature are calculated over wide
range of pressures and temperatures with using a dynamic matrix on the base of
nonempiric short-range repulsion potential and the integration over ten main-value points
of the Chadi—Kohen method. The contributions of three-body forces related to both
overlap and deformation of the electron shells of atoms are shown to increase the specific
heat capacity of Ne and Ar crystals even at a zero pressure. The calculated temperature
dependences agree well with the available experimental data and the calculations of other
researchers.

Keywords: rare-gas crystals, three-body interaction, deformation of electron shells,
phonon frequencies, specific heat capacity, Debye temperature, high pressure

Fig. 1. Temperature dependence of heat capacity Cy/R of crystal Ne and Aratp = 0: —m—,
—0O— — our calculations in models MT, and M3a; — — calculation in classical model by
Tolpygo (M1) [22]; ———and --=- — calculations based on potential LJ and extended po-

tential by Lennard-Johnes ELJ [28]; % — experimental data for C, in Ne [24] and Ar

[25]; A — the same for Ne [26]; % — direct measurement for Ar [27]. Arrows mark the
melting temperature 7,0 = 24.6 K for Ne [34] and 7},,0 = 83.8 K for Ar [35]

Fig. 2. Temperature dependence of heat capacity Cy/R of crystal Ne (a) and Ar (6) at var-
ied compression u: —0—, —m— — our calculations in models M3 and MT,

Fig. 3. Temperature dependence of Debye temperature 0 of crystal Ne (a) and Ar () at
varied compression u: —m— — our calculation in model MT»; % — experimental data for Ne

[26] and Ar [25]; ---- % ----, — — calculation in model M1 by 10 [36] and 408 [22] points
of Chadi—Kohen scheme, respectively

Fig. 4. Dependence of Debye temperature 6 on volume V for crystal Ne: —m—, —o— — our
calculations in models MT; and M3; % — experiment [30]; -——— — extrapolation to the
experimental value Op = 75 K at Vo = 22.234 A/at
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PACS: 05.70.Ln, 64.70.Kb

1N.C. Metnos"?, M.M. Fopaeit?, A.T. MeTpeHko?

METATNACTUHECKAA OEGOPMALINA CTIIABOB B PAMKAX HE-
PABHOBECHOW 3BOJMIOLINOHHOW TEPMOOMHAMUWKA

1 . .
[oHeLKnIn PU3NKO-TEXHNUYECKMIN UHCTUTYT uM. A.A. ankuHa

2 o o
[loHeLKnIn HauMoHanbHbIN YHUBEpPCUTET

Cratbg noctynuna B pegakuuto 9 Hosbpsa 2021 roga

1100x00 nepasnosecholl 3800yUOHHOU Mmepmoounamuxku (HIT) obobwen ons muozo-
KOMNOHEHMHBIX CHAAB08 U MAPMEHCUMHBIX NPespauerutl npu 06pabomke ux memooamu
meeanracmuyeckou oegpopmayuu (MIIJ]). B wacmuom ciyuae ucciedyemcs coeMecmuas
KUHemuKa CImpyKmypHuix 0e@exmos u niomHOCmy pacmeopaemo2o KOMNOHEHMA 6 08YX-
KOMNOHEHMHbIX CNIABax. /lannvle pacyemvl NOKA3bIBAIOM HAIUYUE HEKOMOPO2O YHUBED-
CANbHO20 CMAYUOHAPHO2O COCMOSHUSL, K KOMOPOMY CMPEMSAMCs CNId8bl 8 npoyecce ux
o0bpabomku.

KiroueBblie ci10Ba: HepaBHOBECHAS! DBOJIOIMOHHAS TEPMOJMHAMHKA, (a30BbIe MEPEXOIbI,
IBOJIIOIHS CTPYKTYPHBIX JeeKTOB, MeraruiacTuyeckas aehopmars

BBeaenue

HepaBHoBecHasi 3BOIOIMOHHAS TEPMOJIMHAMUKA OMUCHIBAET JedekTooOpaszo-
BaHME B Iporeccax o0padoTku meronamu MIIJ] MeTaminoB ¢ noimkpucTamingec-
kor ctpykrypor [1-3]. Ilpm sTomM mpeamomaraercsi, 4to (a30BO€ COCTOSHUE
MeTalljla HE W3MEHSETCS WM HM3MEHSETCS HE3HAYUTENbHO. B OoNbIIMHCTBE
MPAKTUYECKH WHTEPECHBIX CIIy4aeB ATO YCIOBHUE BBIMOJHAETCS, OJHAKO B IO-
cienHee Bpems Bce yainie oopaborke MIIJ] cranu moaBeprarh CIiaBbl, CKIOHHBIE
K CTPYKTYpHBIM (ha30BbIM TpeBpamieHusiM [4—6]. Ilpudem BBI3BIBAIOT HHTEPEC
nuddy3noHHbIe (a30BbIC MPEBPAIEHUS CIOXHBIX CIUIAaBOB, 0OajaHC MPOLIEC-COB
pPacTBOpPEHUS JIETUPYIOUIETO KOMIIOHEHTa U 00pa3oBaHUS M3 HEro K€ HaHo-
KPUCTAJTUTOB [7], a Taxke 0e3auddy3noHHbBIE MapTEHCUTHBIE (ha30BbIE MPEBpa-
menus [8—10].

B nanbonee nmpoctom Bapuante nuddy3noHHbie (a3oBbIe MEPEX0Ibl H3YIar0T-
Csl DKCIIEPUMEHTAJIbHO Ha JIByXKOMIIOHEHTHBIX CHCTEMaX Ha OCHOBE MEJH, JIETH-
poBaHHBIX KoOanmbTOM [11], cepebpom umu omoBoMm [12]. da3oBbie nUarpaMMbl
ATUX CIUTABOB XOpOIIO u3y4deHbl. OcoObIid HHTEpEC MpeAcTaBiIseT oOpadoTKa Ta-
Kux criaBoB merogamu MIIJI, B 4acTHOCTH MpuU TMIIACTUYECKOW aedopmarum
kpyuennem (ITIAKP) [11,12]. Ha mpumepe crutaBoB CuCo u CuAg sKCeprUMEHTHI
MOKA3bIBAIOT, YTO U3 JIFOOOH TOYKHM (Pa30BBIX qUArpamm IMPH JOCTATOYHOM YHUCIIEC
000pOTOB (B aCHMIITOTE) MaTepHasl BCErAa MPHUXOAUT K HEKOTOPOMY €IMHOMY

© N.C. Metnos, M.M. lNopaen, A.Il. MeTpeHko, 2022
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YHUBEPCAJIbHOMY CTal[MOHAPHOMY COCTOsIHMIO. [IprueM ecnu HadanpHas IUIOT-
HOCTh (KOHIEHTpAIMs) PACTBOPEHHOTO aTOMa HU)KE CTALlMOHAPHOT'O 3HAYEHUS, TO
OHa moBkImaercs B mpouecce MITJI, u, Ha000pOT, ecIM KOHIICHTPAITUS BHIIIE CTa-
[IMOHAPHOI'0 3HAYEHUS, TO OHA TOHMKAETCH.

s TeopeTryeckoro peueHus: npodiaemMbl HEOOXOIMMO PACCMOTPETh JBE 3a-
Jlauu: B paMKax Teopuu (Da30BBIX NEPEXO/0B ONUCATh PABHOBECHYIO (Pa30BYIO
quarpammy, KOTopasi IOCTHraeTcsl B pe3yibTaTre OT)KUra oOpasios, a MOTOM, UC-
MOJIb3Ysl 3TU PABHOBECHBIE COCTOSIHMSI B Kau€CTBE HAaYaJIbHBIX JAHHBIX, PACCUU-
TaTh 3BOJIIOLUIO COCTOSIHUS cucTeMbl B mporecce MIIJI. Hekotopas npeaapu-
TeNbHAS TOMBITKA PEHICHUS ITUX JIBYX 4YacTed mpoOsieMbl ObLIa MPEANpHUHSTA B
pabotax aBTopoB [13,14], B KOTOpPBIX MPEANOIarajioch, YTO UMEETCS HEKOTOPBII
napametp nopsinka (I111), oTBevaromHii 3a MEXIIIIOCKOCTHOE pacCTOSHUE B CILIABE.
Ha paBHOBecHOW nuHuU (ha30BOM auarpaMMmbl CHUCTEMa HCHBITHIBACT (ha30BBIN
IEpPEXo/l MEPBOTO poJa, MOCJIE YEro OHA HAYMHAET HACBIATHCS PACTBOPEHHBIM
KOMITOHEHTOM (Ag, Sn u 1p.), KOTOPBIA 10 3TOTO MOMEHTa COCPEAOTaYHBAJICS
KOMITAKTHO B YaCTUIIAX BHYTPU MEITHON MATPHIIBI.

BTtopoit 0co0eHHOCTHIO MOJIENHU ABIISETCS TO, UTO JJISl ONUCAHUS 3aKPYyUYUBAHUS
crulaa B nponecce IIJIKP umcnonbs3yroTcss ImpOCTpaHCTBEHHbBIE HWHBApUAHTHI
JIndpmmna, yMHOKEHHbIE Ha MOJYJIb BHEUIHETO KPYTALIEr0 MEXaHHMYEeCKOro Mo-
MeHTa. [[puMEeHUMOCTh ATUX MHBAapUAHTOB OIPAHUYMBACTCS MaTepuaiaMu, B KO-
TOPBIX OTCYTCTBYET LIEHTP UHBEPCUH, U BeCbMa Mpo0IeMaThuyHa B OOIIEM cyyae.
MOo>HO, OHAKO, MPEANOJI0KHUTh, YTO U B OOIIEM Clyyae BHEIIHUN MeXaHHYe-
CKHMIl MOMEHT HapyllaeT LEHTPAJIbHYI0 CUMMETPHUIO Marepuana, O3TOMY B CBSI3-
K€ MPOU3BEICHUS MOIYJISI MEXaHUYECKOT0 MOMEHTAa Ha nHBapuaHT Jludmmia sta
ujesl KaKeTCs BIOJHE KOPPEKTHOU. B TO ke Bpems peanbHO IS ydeTa IPOCTPaH-
CTBEHHOW HEOJHOPOIHOCTH UCTOIb3yeTcs Gyphe-IipeodpazoBaHue, KOTOPOE CBO-
JUT 3a/1a4y K OJHOPOJHOMY BapuaHTy, HO B 3TOM CJIydae 3a cueT mojadopa mapa-
METPOB MOJIeIH UHBApUAHTHI JIn(Iniia MOKHO BOOOIIE HCKITIOUUTb.

B Hacrosimielt ctaThe OrpaHUYMMCS PEIIeHHEeM TOJIBKO BTOPOM 4acTH MmpoobJie-
Mbl B pamkax HOT, a yrouneHue mojenu A MEepBOM YacTH OTIOXKUM Ha Ooiee
MO3/IHEE BPEMSI.

Oo01ee pemenne mpoodJemMbl

Junamuky nedekToB MOXHO pa3[eluTh Ha JIB€ CTaauu: l) reHepanuio u
QHHUTWJISIUIO BCEX BUIOB CTPYKTYPHBIX JA€(EKTOB, BKIIOYAas U TOYEYHBIE, B
nporecce MITJ] u 2) termnoByto penakcanuio nedexkroB g0 u nocne MITJ. Ha
BTOpPOIl CTaJuu IOJHOCTBIO K PaBHOBECHOMY COCTOSIHUIO PEJIAKCUPYIOT TOJIBKO
TOYeYHBIE NeEKTHI, a Ipyrue, 6oee MOIIHbIE AePEKThI (HAIPUMEp, JUCIOKAIIUU
U TPaHUIBI 3€PEH), PEIaKCUPYIOT JIMILb HE3HAYUTENIbHO, COKpaIlasi CBOIO JJIUHY
(KpUBHM3HY) WM IJIOLAAb A0 HEKOTOPOr0 MUHHUMAaJbHOTO pa3mepa. Ho mpu sTom
oOmiasi TOMOJOTHYEcKas CeTKa OCTaeTCsi HEM3MEHHOH, U OHa MOXET ObITh B
NpPUHIUIE 1000, JOCTHKUMOHN NP TaHHOM criocobe 00padoTKH.

B 3ToM nutane ocHoBHast uzaest ycosepieHcTBoBaHHOro Merona HOT 3akmroua-
€TCsl B TOM, UTO JUIS y4eTa BO3MOXHBIX MapTEHCUTHBIX ()a30BbIX MEPEXOA0B IpU
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MII/] Hy»)HO BO BHYTpeHHIOW dHepruro Beectu IIII. [ storo sydmre crapro-
BaTh W3 BBIPAKEHHUS CBOOOJTHOMN SHEPrHHM W uepe3 mpeooOpazoBanue U = F + TS
[IEPEUTH K BHYTPEHHEW HJHEPruM, a Jajiee JIEHUCTBOBATh II0 CTAHIAPTHOM CXEMeE
HOT, B xotopoii I1I1 Oyaer 3BOIIOIMOHUPOBATH, KaK U MNIOTHOCTH AedekToB. s
1 y3nOHHBIX (Pa30BBIX MEPEXOJOB HYKHO YUHUTHIBATh TAKXKe HEOIHOPOIHOCTH
3aa4u 1o BceM BuaaM AedektoB u 1o [111 (B Bumae ABM>KEHUS JOMEHHBIX TPAHUII).

[InoTHOCTH BHYTpEHHEW 3Hepruu u B AaHHoH napaaurme HOT mns ogHopon-
HOM 3a1aun moMumMo kinaccuaeckux st MITJ] nedexToB (rpanull 3epeH U TUCIIO-
Kaluil) BKIIOYaeT B ceOs ToueuHble 1e()eKThl, HAPUMEP BAKAHCUU M MEKY3ellb-
HbI€ aTOMBI, & TAK)K€ KOMIIOHEHTHI CIUIaBa, COEJUHEHHUs WIA pacTBopa. B Takoi
NIOCTAHOBKE IUIOTHOCTh BHYTPEHHEW >HEpruu, oOycioBieHHas Ae(PeKTHOH moju-
CUCTEMOH, Oy/IeT UMETh BUJ

I D T
”d(hP:hD’hg):L’O""l_PzD (‘Pozhz—a@uhz +§<P21h1 —5 Puh j"‘”inta (D

=P.D.g
r7ie /; — IJIOTHOCTH CTPYKTYPHBIX 1€(hEeKTOB, TOUCUHBIX JedekToB (/ = P), nucio-
kanuii ([ = D) u rpanutt 3epeH (I = g); ¢y — dHEpreTuyeckue Kod3PHUIMEHTHI TEOo-
pun. Ilocnennee ciaraeMoe uj, ONUCHIBAECT B3aUMOJCHCTBUS JIMHEHHBIE U HEJU-
HelfHbIe MeXy nedeKTaMu pa3iIMYHbIX TUIIOB, a TAKXKE B3aUMOJICHCTBUE C KOM-
MOHEHTAaMH CIUIaBa.

[Ipennonaraem, uto B ciaydae 0e3auddy3MOHHBIX MapTEeHCUTHBIX IEPEX0/10B
KOMITIOHEHTHBIN cocTaB B npoueccax MIIJ] He MeHseTCsl, HO MOYKET U3MEHUTHCA
CTPYKTYpHasi OpraHu3alus CIUIaBa WU COCAMHEHUs. DTO MOXKHO YYECTh BBEJE-
HUeM u3BecTHbIX nHBapuaHToB [II1 B Beipaxkenue BHyTpeHHeH 3Hepruu (1). s
ONPENIETICHHOCTH PacCMOTPUM cIuiaB ['eliciepa, XOTs onmuchiBaeMasi 3/1€Cb METO-
JUKa MPUTo/HA JUIsl JIFOOOTO CIJIaBa, UCIBITHIBAIOIIET0 MapTEHCUTHBIN (ha30BbIi
nepexon. CTpyKTypHasi 4acTh IJIOTHOCTH CBOOOJHOW SHEPTUM IS HETO YKE B
HEKOTOPOM YIIPOILIEHHOM BapuaHTEe UMEET BUJ

rotgolded)epa(d e ielded) @

IZIe ey U e3 — COOTBETCTBEHHO CIIBUTOBAasi M JMJIATAHCHOHHAS COCTAaBIISIONINE
nedopmaruu (Bropuunsie [111), koTopsie CBsI3aHbI C TEH30pOM JehOpMaIliu:

eZZ(exx—eW)/x/E, e3=(2ezz—exx—eyy)/\/g. (3)

Ecnu He y4uThIBaTHh MHOTOBAPHMAHTHOCTH MApTEHCHUTHOH (a3bl, TO B CBOOOJ-
HO¥ 2Hepruu (2) MoXXKeM MPUHSATH e; = 0:

Js = 1o +%ae32 +%be§ +ice§‘ +Ge; . )

Cornacuo Jlanmay temriepaTypHasi 3aBUCHMOCTh OCYIIECTBIISICTCS 4Yepe3 KO-
s urment npu Bropoit crenenu I1I1 B Bune ag = ag (T — Tyy), TAC ag — HEKOTOpast
HOBasl TIOCTOsIHHAS, Ty — KPUTHYECKas TeMIlepaTypa MapTEHCHUTHOTO Tepexo/a.
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Koapdpuument kpurndeckum oO6pa3oM 3aBUCHT OT TEMIIEPATyphl — MEHSET 3HAK
IpU TIepexoJie TemMreparypsl uepe3 Touky 7. Hpyrue ko3dduuneHTs! Takxe 3a-
BHUCST OT TEMIIEPATyphl, HO HE KpUTHYECKUM 00pa3om. Kpome Toro, Bce koahdu-
IIUEHTHI CBOOOJHON SHEPTUU B MPHUHIIMIIE 3aBUCAT U OT BHEIIHUX HANPSKCHUH.
[TockonbKy TepMOAMHAMUYECKUNA TTOTEHITHANT (2) COAEPKUT KYOMYECKUN WICH 110
crpykrypraomy 111, mapTeHCUTHBIH (ha30BBII Iepexo OyAeT MepBOro poaa.

[110THOCTB CTPYKTYPHOM 3HTpONHH Sop, cBsA3aHHYIo ¢ [T (order parameter —
OP), MOHO HalTH U3 BBIPAXKEHUS

Sop =

———=———\& te5 | ———=e3(e5 —3e e, +e
or  20r\? ) 3or\7 77 2

Ecnu orpaHnunThCS TUHEHHON 3aBUCHUMOCTBIO KO3(IHUIIUEHTOB b U ¢ OT TeM-
neparypsl

1_ laa(z 2) 1 0b (2 2) 186‘(2 2)2. (5)

b:b0+b1T, C:C0+CIT, (6)

TO BhIpaKeHUE (5) 3amuIIeM CIeayOIIM 00pa3oM:

Sop :%ao (e% +832)+%b183 (332 —3e§)+%cl (e% +€32)2, (7)

T.€. B IBHOM BUJIE CTPYKTYpHas 4aCTh SHTPOIHMHU OT TEMIIEPATYPHI HE 3aBUCHT.

NHTEpEeCcHO OTMETUTD, YTO 3aBUCUMOCTh CTPYKTYpHOi1 sHTponuu ot [1I1 nmeer
TOYHO TaKOM K€ XapakTep, YTo U CBOOOHAst 3HEprus (2), HO ¢ ApyrumMu Ko3ddu-
nueHTaMu. OCHOBBIBAsICh HA 3TOM, CTPYKTYPHYIO SHTPOIHUIO MOXKHO Pa30OUTh Ha
CYMMY CJIaraéMblX, IPONIOPLHUOHAIBHBIX HHBapraHTaMm [111

L=e;+ei, 12263(832_365) 3
U UX CTEIIeHEH
Sop =~ agl b I, + 2 12 )
op =5 Al T30 T Al -
Wnu, BBoas 0003HAUEHUS
1 1
s, =—agly, s,==bl,, 10
=5l 5 3b12 (10)
BMecTO (9) momydaem
Sop =81 + 53 +As12, (11)

rae

A= (12)

G

al
371ech §| — 4acTh CTPYKTYPHOH SHTPONMH, BHYyTPEHHUM UCTOYHUKOM KOTOPOH $B-
JsIeTCs OTepsl YIMOPSAA0YSHHOCTH B JOpMe MHBapHaHTa /] Ipu mepexoje B boiee
CUMMETPUYHYIO (pa3y, a CTOKOM — TIOSIBJICHUE YIOPSATOYCHHOCTH TIPH TIEPEXOIC B
Oosee HU3KOCUMMETpHUHYIO (a3y. COOTBETCTBEHHO Sy — YacTh CTPYKTYPHOU 2H-
TpOHI/II/I, BHyTpeHHI/IM NCTOYHUKOM KOTOpOﬁ SIBJIACTCA HOTepH yHOpSII[O‘-IeHHOCTI/I
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B (¢hopme nuBapuanta [, Ilepsrie aBa ciaraembix B (11) ecTb pa3iokeHHE CTPYK-
TYpPHOW SHTPONUH IO €€ HCTOYHHKAM, CBS3aHHBIM C U3MEHEHHEM CHMMETPHUH
KpUCTaJIJIa B IMHEHMHOM MPHUOIMKEHNH, a MTOCIIEHEe cllaraeMoe — TO ke, HO C U3-
MEHEHHEM CUMMETPHH B KBAAPATUIHOM IPUOTIKEHUH.

Ecnu TemmnepatypHO#l 3aBUCUMOCTBIO KOA(DOUIIMEHTOB b B ¢ MOXXHO MpPEeHEO-
peub, TO BbIpakeHHeE (5) ynpoIaercs:

1
Sop =—Ea0(e§+e32). (13)

OHTpONHS Sop UTPAET Poib KOH(UTYpamoHHOM sHTporuu ams T1I1.
Yacth MIIOTHOCTH BHYTpeHHEH sHepruu, oOycinosnenHas [1I1, qis ciyqas (7)
OyZeT UMeTh BU]T

1 1 1 2
Uop :f+TSOP :fo —anTM (e% +e§)+§b]e3 (632 —3822)+ch (e% +e§) . (14)

CrnenoBaTenbHO, 3Ta YaCThb BHYTPEHHEN YHEPTUU B SIBHOM BHJI€ OT TEMIEPATYpPbI
HE 3aBHCHT.

BuyTpeHHssT SHeprus B LelIOM OyIeT BKJIIOYATh B ce0si CyMMY BHYTPEHHUX
SHEPruil NePEeKTHBIX MOACUCTEM M CTPYKTYPHOW YacTH, a TAaKKe SHEPTHH BCEX
B3aNMMOICUCTBHH:

u(hpahDahgan’e’j):ud (hPahDahg)+”OP (€2.€3)+ ting » (15)

I7ie OCTeIHUM YIIeH Uiy OTBEYAET 3a B3aUMOjeicTBue B (popMe Mpou3BeIeHUN
HE3aBHCHMBIX apIyMEHTOB BHYTPEHHEH DHEPrHM, B TOM YHCIE 3a B3aUMOJECHCT-
BUE MEX1y cO00M U CO CTPYKTYPHBIMHU Ae(eKTaMu.

K cranmapTtHOW cucTeme 3BOMIOIMMOHHBIX ypaBHeHH HOT 1mis cTpyKTypHBIX
nedeKToB

Oh

a_tp =P ((POP —@1php +Qpphp +Qgphy +Pop_phop ) +/ps (16)
Ohyp,
P YD ((POD —@iphp +@pphp +@ophy + op_phop ) +/ps (17)

oh

2 3
8_tg =Yg ((POg ~Prghy + @20/ —O3ghg +@ophp + Pophp +(P0P—gh0f’)+fg (18)

HE0OXOAMMO T0OABUTH IBOTIOIIMOHHBIC yYpaBHeHUs yis 111

Shop.

ot =Yop ((Poop —®iop/1op + @ p_ophp + Pp_ophp + Pg_ophy ) +/fp. (19)

3/1ech U BBIIIE TIOJIAraeTCsl, YTO JJII KOHKPETHOU Mojenw (4) hop = e3.

TakuM oOpa3om, MoiydyeHa CHCTeMa HEMPOTHBOPEUYHMBBIX (POPMYT M COOTHO-
IICHHU, B KOTOPBIX MPE/IIOJIaraeTcsi OMMCaHue BO3MOXKHBIX (Da30BBIX MEPEX0I0B
MapTEeHCUTHOTO W/Win (G Py3MOHHOTO TUIIA B TIpoliecce 0OpabOTKH CIIIaBOB Me-
togamu MITJI.
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Hecraumonapuas 3agaya

Ucnions3ys ypaBuenus (16)—(19), MOKHO paccuuTaTh COBMECTHYIO SBOJIOIHIO
cTpykrypHbIX aedexros u I1I1. Baxknoli ¢pyHIaMeHTaNbHON 0COOEHHOCTBIO 3TOM
OBOJIIOIUK SIBJISIETCS. HAJIMYME HEKOTOPOrO YHHBEPCAJIBHOTO CTAIlHOHAPHOTO
COCTOSIHUS, K KOTOPOMY CTPEMHUTCS CUCTeMa B mpoliecce 3Boironuu. Hanpumep,
€CITM HavaJlbHas TUIOTHOCTb JIETHPYIONIETO KOMIIOHEHTA B CIIaBE HIDKE €€ CTallu-
OHAPHOTO 3HAYEHUS, TO TUIOTHOCTH ATOT0 KOMIIOHEHTAa BO3PACTACT, €CIIM HAYallb-
Has TJIOTHOCTH BhINIE, TO magaet (puc. 1). Takas 3aKkOHOMEPHOCTH HAOJIOIAIACh
Ha 3kcniepuMenTe ais craBa Cu—Co (cm. puc. 1 B padore [11]).

8_
2 [\
o 6+
=
e
5 4
- 2
g

2_

0 005 010 015 020 025 030 035
1, s

Puc. 1. OBonrouus MmIOTHOCTH aTOMOB JIETUPYIOIIEr0 KOMIOHEHTa B npouecce MIT/;
1 — HavagpHOE 3HAYCHHE BHIIIC CTAIIMOHAPHOTO, 2 — HYJIEBOE HAYaIbHOE 3HAUCHHE

CrnenyeTr OTMETUTD, UTO KpuBast / Ha puc. | Npu JaHHOM COOTHOLIEHHUH Iapa-
METPOB MOJENIM BHauaje OIyCKaeTCs HU)KE CTAllMOHAPHOTO 3HAYEHUS U TOJIBKO
IIOTOM BHOBB IIOJJHUMAETCSI K CTALIMOHAPHOMY 3HAUYEHHUI0. DTO CBA3aHO C TEM, YTO
IpHU BBICOKOM cKopocTu nud@dy3un pacTBOPSEMOTO KOMIIOHEHTA €ro MIOTHOCTb
yCIeBaeT MOACTPOUTHCS MOJ TEKYIIHE 3HAUYEHUs IUIOTHOCTEN APYTUX CTPYKTYp-
HBIX Je(EeKTOB (IMCIOKAIMKA W TPaHUIl 3€PEH), KOTOPhIE Ha HAYaJIbHOM CTaIuU
MIT/] Huzkue. I1o Mepe MOBBIIICHUS IUIOTHOCTH CTPYKTYPHBIX J€(EKTOB PaCTET U
npeien CTallMOHAPHOTO COCTOSIHUS Ui PacTBOPsieMOro KOMIOHEHTa. B ciydae
HU3KOH ckopoctu auddy3un pacTBOpseMOro KOMIIOHEHTa KpuBas [ IUIaBHO
OTyCKaeTCs K CTallMOHApHOMY 3Ha4eHHIo (cM. puc. 1 B padote [15]).

OpnHako 3KCIEpUMEHTAaTOpPaM B CHIIy OTPAaHUYEHHOCTH TEXHUYECKMX BO3MOXK-
HOCTEW TPYAHO MPOBECTH Cpa3y BECh CHEKTP M3MEPEHUI, BKIIOYas U U3MEPEHUs
IUIOTHOCTEW CTPYKTYPHBIX Ae(ekToB. TeopeTuuecku 3T0 caenaTh HECI0KHO, U Ha
puc. 2 mpuBeJeHbl pe3yNbTaThl TaKUX pacueToB. [lapameTpbl Moaenu A COMO-
CTaBIICHHSI C paHee NMPOBEJCHHBIMH pacuyeTaMy ObLIM BHIOPAHBI COBMAAIOIIUMHE C
TaKOBBIMHM JIsl YUCTOrO Marepuaia [2]. Bo3MOXKHOCTh pacTBOPEHUS JIETUPYIOIIETO
KOMIIOHEHTa IIPUBOJUT K BPEMEHHOH 3aJ€pKKE IBOJIOLUN I'PAHUL] 3€PEH U JHC-
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JIOKAIHi. ITO MOXHO OOBSICHUTH T€M, YTO padOTa BHEITHUX CHJI «OTBETBIISICTCS
Ha pPAcTBOpPEHHUE JIETHUPYIOIIETO KOMIIOHEHTa, B pe3yjbTaTe 4Yero oOpa3oBaHUE
CTPYKTYPHBIX AC(PEKTOB 3aMEIISETCSI.

OTMeTHM, YTO MOXO0KEE SBJIICHUE pACCMaTPUBAIOCh B paboTe [16], B KOTOpOii B
npornecce MIIJ] B crimaBe FesAl HaOmroganoch yMEHBIICHHE JalbHErO TMOPsIKa
Ha HAaYaJIbHOW CTaJuM /10 HYJs, a MOTOM BO3pacTaHuE A0 CTAllMOHAPHOrO 3Have-
Hus. [loxoxke, 4TO 3TU SBJICHUS aHAJOTUYHBI U UMEIOT OJIMHAKOBYIO IPHUPO.Y,
CBSI3aHHYIO C BBICOKOH CKOPOCTHIO AU (Py3ur KOMIIOHEHTOB CILIABA.

I[I/Ial"paMMLI COCTOSTHMIH ABYXKOMIIOHCHTHBIX CIIJIABOB

Bropoii BayxHBIIF MOMEHT Teopun U PY3MOHHBIX (PA30BBIX MEPEXOAOB CBA3AH
C TIOCTPOCHUEM TEMIIEpPaTypHBIX (Pa30BBIX JUArpamMM JABYXKOMIIOHEHTHBIX CILjia-
BOB B orcyrctBue U npu Hanmuuu MIIJI. /I gocTukeHHs paBHOBECHOIO CO-
CTOSIHUSI TIPH 3aJIaHHOM TeMIepaType CIUIaB MOJIBEPTraeTcs JIUTEIbHOMY OTKUTY
[12]. B pe3ynbrare B HEM (OPMHUPYETCs PABHOBECHOE pACIpEICICHHUE PAaCTBO-
PEHHBIX aTOMOB, M TeMIepaTypHasl 3aBUCHUMOCTb KPHUBOW paBHOBECHS UMEET He-
KOTOPBIi HEMOHOTOHHBIN XapakTep (cMm. puc. 1 B [12]). Paccuutath 3Ty KpuUBYIO
MOXHO B paMKax Kiaccuueckor Teopuu nud¢y3noHHBIX (Pa30BBIX MEPEXOIOB,
cornacoBaHHoM ¢ HOT. Tak kak JaHHBIN BOIIPOC B HACTOSILIEH CTaTbe MBI HE 3a-
TparuBaeM, yMECTHO IOCTPOHUTH YIPOIICHHbIE KAaYE€CTBEHHbIE TUArpaMMBbl JUIs
MOTI0OHBIX CITJIABOB.

ITockonbky g mpouecca MITJL BaskHO TOJIBKO HAYaJIbHOE 3HAYEHUE TUIOTHOCTH
PACTBOPEHHOI'O KOMITIOHEHTA, MOYKEM PAaBHOMEPHYIO TEMIIEPATYPHYIO LIKally 3ame-
HUTh PAaBHOMEpPHOM IIKAJIOM IUIOTHOCTH ATOrO0 KOMIIOHEHTa (BEpPTUKAIbHAs OCb),
TeMIeparypHasi IIKajla COIJIacHO 3KCIIEpUMEHTAILHOIN (ha30BOil 1uarpaMmMe B JaH-
HOM citydae OyzeT HepaBHOMepHOM (puc. 3). ['opu3oHTaIbHAS OCh Ha 3TOM PUCYHKE
OyzeT oTpakaTh M3MEHEHUE IUIOTHOCTH PACTBOPEHHOTO KOMITOHEHTA B IIpoliecce

20
12 1
o p—
=

515}
O
= 2
<10}
<~

Q 3
=

. 5h

%3}
<~

0 005 010 015 020 025 030 035
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Puc. 2. DBomironus mIoTHOCTEW rpaHul] 3epeH (/), aucnokanwii (2) u JIETUPYIOMIET0 KOM-
noreHTa (3) B poriecce MITJI. LIITpuxoBbIe IMHUM OTHOCSATCS K CITyJar0 YHCTOW MaTPHIIBI
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MITA. Ilo stoit mpuumHe npsmas (), COOTBETCTBYIOIIAs HAYaJIbHBIM 3HAUYEHUSIM
IJIOTHOCTH PACTBOPEHHOT'O KOMIIOHEHTA, Ha Tpaduke OyaeT uATH 1o yriaom 45°.

Kak Bunum, B mpouecce 06paboTku craBoB Merogamu MITJ{ mpu noctaTouHo
BBICOKOM YPOBHE IUIaCTUYECKON Je(OpMaLlMU BCE CIUIABbI BHIXOAAT HA HEKOTOPOE
YHHMBEPCAJIbHOE COCTOSIHUE HE3aBUCHMO OT TOT'0, C KAKOI'0 Ha4aJIbHOT'O COCTOSIHUS
craptoBasia oopadotka MIIJI (mpsimeie 2 Ha puc. 3,a u 6). Eciiu crenens aedop-
Maly HEJIOCTaTOYHO BBICOKAs, TO CUCTEMA HE JOXOJUT JO YHHBEPCAIBHOIO CO-
CTOSIHUSL ¥ TIPUXOJUT B HEKOTOPOE MPOMEKYTOUHOE COCTOSHUE (IUTPUXOBAst JIU-
Hus [ Ha puc. 3,a).

8 8t 21—
H

50 59 ,
54 S N
Q& 3 _—

2 =21 —

2 I _
O - L e O I I I

h; , arb. units h, , arb. units
a 4]

012345672809 012345672809
L

Puc. 3. YnpomenHas ¢a3oBas quarpamma JIETHPYIOIIETO KOMIIOHEHTA /i B IpoIiecce
MIIJ npu Hanmuwu (a) U OTCYTCTBUM (6) HapallMBaHUS TUIOTHOCTH CTPYKTYPHBIX Jc-
(heKTOB ¢ POCTOM TemIieparypbl OoTKura: () — paBHOMEPHBIN POCT HaYaNbHOM MIIOTHOCTH
JICTUPYIOLIETO KOMIIOHEHTA, /| — POCT €ro IJIOTHOCTHU MPH HEBBICOKOM YpOBHE Aedopma-
1y B iporiecce MIN/I, 2 — 1o ke B acUMITOTE (CTAIIMOHAPHOE COCTOSHIE)

B 10 ke BpeMs u3 puc. | BUAHO, 4TO CHCTEMa MOXKET B IPUHIUIIE UMETh HE
OJIHO, a, 10 KpallHel Mepe, IBa YHUBEPCAIbHBIX CTAllMOHAPHBIX COCTOSIHUA. DTO
CBUJIETEJIBCTBYET O TOM, YTO COCTOSIHUE CUCTEMBI B II€JIOM 3aBHCHUT HE TOJBKO OT
pacTBOPSEMOr0 KOMIIOHEHTa, HO U OT CTPYKTYPHBIX Je(PEeKTOB. A XOpOIIO H3-
BECTHO, YTO TaKH€ CTPYKTYpHbIE AE€(PEKThI, KaK I'PaHHUIBI 3€pPEH, MOTYT HUMETh
JIByXxMoJ0Bo€ pacnpezaenenue [17,18], 4to cBsizaHO ¢ BO3MOXXHOCTbIO HAJIMYUS B
HEPAaBHOBECHOM TEPMOJMHAMUYECKOM IMOTEHIMAlEe ABYX MakcuMyMmoB [3,19].
[TepBblif MakCUMyM B 00J1aCTH KPYITHOTO pa3Mepa 3epeH CBsI3aH COOCTBEHHO C MX
rPaHULAMU, a BTOPOM — C HaJIU4YMEM TPOWHBIX CTBHIKOB WM JUCKIMHAUMi. [Ipu
3TOM JuckiauHanuu B HOT yunTeIBaroTCsl HE KaK OTIENIBHBIN CaMOCTOSITENbHBIN
nedexkr, a yepes «IepeHOPMHUPOBKY» dHEepruu rpanuil 3epeH [3]. Korna B nmporecce
«OT’KUT'a» IUNIOTHOCTh CTPYKTYPHBIX J€(PEKTOB MOBBIIAIACH C POCTOM Ha4yaJIbHON
IUIOTHOCTH PacTBOPSIEMOI0 KOMIOHEHTA (Kak ObLIO JOMYIIEHO B KOMIIBIOTEPHOM
9KCHEPUMEHTE), MOSIBIIATIACH BO3MOXHOCTh IIOMACTh B 00a CTALlMOHAPHBIX CO-
CTOSIHMSI HUKE U BBIILIE TOUYKHM NepecedyeHus npsambix 0 u 2 Ha puc. 3,a. Ecin xe
IUIOTHOCTb CTPYKTYPHBIX e(EKTOB MPHU BCEX «OTKHUrax» Obljla OJUHAKOBOM, TO
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CHCTEMa BBIXOJMJIA HA OJTHO U TO € CTAllMOHAPHOE COCTOSIHUE MPH BCEX HaYajlb-
HBIX 3HAUEHHSX [JIOTHOCTH PacTBOPSIEMOr0 KOMIIOHEHTa (pHC. 3,0).

Jns nonydeHust OONbIIEH CXOXKECTU C SKCHEPUMEHTATIbHBIMU PE3yJIbTaTaMU
pabotsl [12] BBeZeM B KauecTBE HAYAIBHOTO PACHPEAEICHUS TUIOTHOCTH PacTBO-
PSIEMOr0 aToMa 3KCIIEPUMEHTAIbHYIO KPUBYIO, @ BBIXOJ Ha CTallMOHAPHOE COCTOS-
Hue npoMoaenupyeM u3 ypasHenud HOT (puc. 4). Teopus nis pacdera paBHOBEC-
HOUW KpUBOW OTXKUTA, cornacoBanHoi ¢ HOT, HaxomuTes erie B cTaauu pa3paboTKH.

900
800 |
700 |

£ 600 N

500

400 -

300 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
0 1 2 3 4 5 6 7 8 9

h; , arb. units

Puc. 4. ®azoBas muarpaMMa JETHPYIONIETo KOMIIOHEeHTa /Ay, B mporiecce MITJI: 0 — skc-
MEepUMCHTAIbHAST KPUBAsi OTXKUTA CIIaBa, / — CTAlMOHAPHOE COCTOSIHUE. 371eCh BEpPTH-
KaJibHAas IIKaja, MPe/ICTaBICHHAs Ha PHC. 3, BRIPAXKCHA B TEPMUHAX TEMIICPaTyPhl

CnenyeT OTMETHUTDH €II€ OJIMH Ba)KHBIM acleKT B PACCMOTPEHHUH JBYXKOMIIO-
HEHTHBIX CIUTaBOB. COIIaCHO AKCIEPUMEHTaIbHBIM (Pa30BBIM Iuarpammam (cMm.,
Hamp., puc. l,a B padote [12]) kpuBass paBHOBECHsI SIBISETCS TPAHUIIEH MEKITY
dazoit ynucTol Meau ¢ pacTBOpeHHBIM B Hell cepedpom (Cu) u dasoii, B KoTopoi
MPUCYTCTBYIOT 3€pHA MEJIU C PacTBOPEHHBIM cepedpoM U 3epHa cepedpa c pac-
TBOpeHHOU B HUX Menbto (Cu + Ag). [Ipu aToMm ecnu ob1mee conepkanue cepedpa
B MCXOJHOM 00Opaslie KOJIMYECTBEHHO PaBHO €ro 3HAYEHUIO Ha KPUBOM paBHOBE-
cusl TIpH 33JJaHHOW TEMIIEpaType, TO MPHU JATbHEHUIIIEM MOBBIIICHUN TEMIIEPATYyPhI
MBI HEMpepbIBHO nonagaem u3 ¢assl (Cu + Ag) B a3y (Cu), B KOTOpO# 3epHa ce-
pedpa OTCYTCTBYIOT. ITO MOKHO paccMaTpUBaTh Kak aHajor (pa3oBOro mepexoja
BTOPOTO poJa.

B cnydae, ecniu HauanbHOE conepkanue cepedpa Oosblie, 4eM Ha KPUBOW paB-
HOBECHsI JJIsl 33/IaHHOI B Ipollecce OT)KUTra TeMIepaTyphl, TO MPH AalbHEHIIeM
MOBBILICHUH TeMIepaTypbl Mbl OyJIeM IBUTAThCS BJOJb 3TOW KPUBOU 10 TEX MOp,
MOKa HE MCUE3HYT (pacTBOpSTCS) BCe 3epHA cepedpa, U TONBKO MOTOM CMOXKEM
nomacth B a3y (Cu). s Toro 4rodbl MonacTs B CTAIMOHAPHOE COCTOSIHHE, He-
00xoarMo, 4TOOBI HaYaIbHOE 001IIee coaepkanne cepedpa B oOpasiie ObLIO 3aBe-
JIOMO O0JIbIIIE €r0 KOJIMYECTBA B CTALlMOHAPHOM COCTOSIHUU.
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[TockobKy CTalMOHAPHOE COCTOSIHHE OTPEACISIeTCS KOHKYPEHIIHMEH MEXIy
npolieccaMy pacTBOPEHUs U BhIMaJIeHHs cepedpa B 0CaJ0K (MJIM BO3BPALICHUS €T0
B 3€pHA), CaMO 3HAYCHUE CTAI[MOHAPHON TUIOTHOCTU (MM KOHIIGHTpAIUH) cepedpa
He Oy/IeT 3aBHCETh OT BEJIMYHMHBI €T0 OOIIEro HAa4aJbHOTO COACPKAHHUS B 00pasiie
MIPU YCJIOBUH, YTO 3Ta BEIMYMHA OOJIBIIIE HEKOTOPOTO MUHUMAIILHOTO 3HAYCHHUSI.

3akja04YeHue

B pamkax o606menust Mmeroga HOT st crtaBoB, YUHUTBHIBAIOIIETO BO3MOX-
HOCTb CTPYKTYPHBIX MapT€HCUTHBIX U IU(PPY3MOHHBIX (a30BBIX MEPEXOJO0B, MO-
Jy4yeHa CUCTeMa KMHETUYECKUX YPaBHEHUH JUIsl ONMCAHMS 3BOJIIOLUH INIOTHOCTEMN
OCHOBHBIX CTPYKTYpHBIX AedekToB u [IIl B ycrnmoBHSX CHIIBHOW TUIaCTUYECKON
negopmanuu. B xo/1e KOMIBIOTEPHBIX KCIIEPUMEHTOB ObUIO YCTAaHOBJIEHO, YTO B
TaKUX YCJIOBHSIX CHCTEMA BCEI/IA CTPEMUTCA K OJTHOMY WJIA IBYM YHUBEPCAIbHBIM
CTAllMOHAPHBIM COCTOSTHUSIM.

B cBere cka3aHHOrO SICHO, YTO MOCKOJIBKY CUCTEMA BCEr/la CTPEMUTCS K OJTHO-
My M TOMY K€ CTallHOHApPHOMY COCTOSIHHUIO M3 JIIOOOT0 HAYalbHOTO COCTOSIHUS,
CTaHOBUTCS OECCMBICICHHBIM MOJIXO0Jl, OCHOBAaHHBI Ha KOMOMHAIIMK Pa3IUYHbBIX
BUJIOB IUTACTHUECKOM nedopmannu. MmMeer 3HaueHUE TOJNBKO BU IJIACTUYECKOM
nedopmaruy Ha 3aBepiiaroniei craauu oopadbotku. [IpeamecTByromme ee BUIbI
00eCreynBaroT JHUIIb HAYaIbHbIE YCIOBUS JIJIsl 3TOU CTaIuH.
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L.S. Metlov, M.M. Gordey, A.G. Petrenko

MEGAPLASTIC DEFORMATION
OF ALLOYS IN THE FRAMEWORKS
OF NON-EQUILIBRIUM EVOLUTION THERMODYNAMICS

The approach of non-equilibrium evolution thermodynamics (NET) is generalized for
multi-component alloys and martensitic transformations in the course of processing by
the methods of megaplastic deformation (MPD). In a special case, joint kinetics of
structural defects and the density of the soluble component in binary alloys is studied.
The calculations demonstrate the presence of an universal stationary state to be achieved
by alloys in the course of processing.

Keywords: non-equilibrium evolution thermodynamics, phase transitions, evolution of
structural defects, megaplastic deformation

Fig. 1. Evolution of density of the atoms of the alloying component in the course of
MPD: I — initial value above the stationary one, 2 — zero initial value

Fig. 2. Evolution of densities of grain boundaries (/), dislocations (2) and alloying com-
ponent (3) in the course of MPD. Dashed lines are related to the case of pure matrix

Fig. 3. Simplified phase diagram of the alloying component /%; in the course of MPD un-
der present (a) and absent (6) increase in the density of structural defects at the annealing
temperature rising: 0 — uniform increase in the initial density of the alloying component,
1 — increase in the density under low deformation level in the course of MPD, 2 — the
same in asymptotic (stationary) state

Fig. 4. Phase diagram of the alloying component /; in the course of MPD: 0 — experi-
mental curve of anneal of the alloy, / — stationary state. Here the vertical scale presented
in Fig. 3 is expressed in units of temperature
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VJIK 539.893:539.374
B.H. Bonos

aBONoUnNA reOMETPUN KAMEP BbICOKOI'O OABJIEHNA
N3 CTAIN P6M5 MNP CUHTESE CBEPXTBEPbIX MATEPUAINOB

OOO0 lMeTtepbyprcknit abpasusHbli 3aBo «Unbuu», CaHkT-MNMeTepbypr, Poccua

CrtaTtbs noctynuna B pegakuunio 19 sHeapsa 2022 roga

Tokazana 26om0yusa ceomempuieckux pasmepos kamep gvicoxoeo dasnenus (KB) usz
cmanu POM5 npu cunmese ceepxmeepovix Mamepuanos 6 npoMbIULIEHHbIX YCL10BUSX.
Cmabunvnas paboma annapamos @vicokoco oasienusi (AB/]) muna «uewesuya c ayn-
KOUy» HaOmodaemcs npu ceomempuyeckux napamempax KBJ], omgeuaiowux npunyuny
«3010moeo cevenusy. Ilonyuennvie dannvie nO360AIOM ONMUMUSUPOBATHD 2EOMEMPUIO
ABJ] smoeco muna u nogvicums ux pabomocnocooHoCms npu IKCHILYAmayuu.

KiroueBnble ciioBa: KaMe€pa BbBICOKOI'O AaBJICHHA, allllapaT BbICOKOTI'O OaBJICHHA, BCTaBKa-
MaTpulida, HaOpsOHKCHHA, CMCIICHHUC, PA3PYUICHHUC, CBCPXTBCPABIC MATCpHAIIbI, Ky61/1qe—
CKUH HUTPUI 6opa, CHHTCTHYCCKHI aJiMa3, «30JI0TOC CCUCHUC»

BBenenune

JIJ1s1 TpOMBIIIIIEHHOTO TPOU3BOJICTBA CBEPXTBEP/BIX MATEPHAIIOB (IIOPOIIKOB
kyonmdeckoro mutrpuaa 6opa (KHB), cuaternueckoro anmasza (AC), KOMITO3HIIH-
OHHBIX MarepuanoB B Buae noiukpucraumueckux miactun KHB (PCBN)) B
00O «lIerepOyprckuii abpaszuBHbIi 3aBoj «Mmbua» («ITA3W») mpumenseTcs npec-
coBoe obopyaoBanue ycrmeM 25 MN npousBocTBa Psizanckoro 3aBona TKITO. Ha
JAHHBIX Tpeccax Juisd 3TuX 1eneit a¢dexktuBHO ucnonb3yores AB/] tTuna «ueue-
BHUIIA C JIYHKO», COCTOSIIIINE U3 JIBYX OJUHAKOBBIX Onok-Matpuil. [locnennue oc-
HamieHsl KB/ (BcTaBKaMu-MaTpuiiaMu) u3 ObICTpOpexyIei craaun Mapku POMS,
00pa3yomumMu pabounii 00beM MOJOCTH BBICOKOTO JaBieHus 44—50 cm’.

Ammaparbl 3TOTO THIA OTIWYAOTCS HU3KOM CTOMMOCTBIO, OTHOCHTEIHHOU
IPOCTOTOM KOHCTPYKLUMH U BBICOKOW IPOU3BOAMTENBHOCTBIO. (OCHAcTka co
ctanbHbiME ABJI THna «4edeBua ¢ JIyHkoi» Hanbosee d3pekTuBHA TPU KOPOT-
KHUX BBIJIEpKKax (10 20 min cuHTe3a 6€3 MOMOTHUTEILHOTO OXJIKICHHS) B TIPO-
neccax cunresa nopowkos KHB, AC u cnekanust PCBN. Ilpu npousBoacTse mo-
poumikoB KHB B cuctreme Mg—B—N u cnexkannu PCBN st annmapatsl ycneurHo
KOHKYPUPYIOT JJaXKe ¢ TAKUMHU TiepcrieKTHBHBIMUA AB/I, Kak MHOTOITyaHCOHHBIE.

OnbIT 3KCIUTyaTallMy CTAJIBHBIX U TBepAOCIIaBHbIX ABJl naHHOrO THMa noka-
3BIBAET, YTO MX PabOTOCIOCOOHOCTh MOXKHO CYILECTBEHHO IMOBBICUTH NP Tpa-
MOTHOW 3KcIuryatanuu. [[jis 3Toro HeoOX0IMMO 3HAaTh OCOOEHHOCTH HMX (YHK-

© B.H. Bornos, 2022



®du3uKa M TEXHHKA BLICOKHX AaBjaenuii 2022, tom 32, Ne 1

LIMOHUPOBAHUS IPU CBEPXBBICOKOM JIaBJIEHUH, KOT/1a BO3HUKAIOLIUE HANPSKEHUS
MOTYT B HECKOJIBKO pa3 MPEBBIILIATH MPEAes MPOYHOCTH MATE€pUaloB MpPHU HOP-
MaJIbHBIX YCTIOBHSIX, a TEMIIEpaTypa B 00JIACTH KOHTaKTa C HarpeBaTelieM B 3aBH-
CHMOCTH OT KOHCTPYKIIMH MOkeT nocturarb 800—1000°C [1].

Pacuetsl Mmexannueckux cBorctB MarepuanioB AB/] [2,3], TepMo- u MmexaHuye-
CKH HAIIPSKEHHOTO COCTOSIHUM KOHTEWHEpa M €ro 3JIeMEeHTOB [4—8], HampsbKeH-
Horo coctosHusi ABJ] [3,9—14] cBUAETEIBCTBYIOT O BBICOKOH HEOJHOPOJAHOCTH
HanpsHKeHUM, AT BO3MOKHOCTh BBISIBUTH ydyacTku KBJl, Haxoasuuecs B Kpu-
TUYECKOM COCTOSIHHH. DTH PAacueThl MO3BOJISIOT MOA00paTh Marepuainst ans KB]]
n ABJl, HayaibHOE COOTHOLIEHHE TC€OMETPUYECKUX Pa3MEPOB UX JETAICH ISt
reHepaluy U MOAJIEPKaHNs B HUX BBICOKOIO JABJICHHUS, JOCTATOYHOIO Ul YCTOM-
YUBOT'O CUHTE3a CBEPXTBEP/IbIX MATEPUANIOB, a TAKKE HAUTH TEXHUUYECKUE PEIICHUS
JUIS CHIDKEHHSI KpUTHUECKUX HANPsHKEHUH B 00JIACTH UX KOHIIEHTPALIUU.

B pa6orax [3,15] moka3zaHo, 4TO ¢ yBenudeHHeM padbouero oorema ABJ] Tumna
«4eueBula ¢ JIYHKOW» 3(PPEKTUBHOCTh CTaIbHBIX BcTaBOK-maTpul, KB/ moBbI-
[Ia€TCs IO CPABHEHUIO C TBEPAOCIUIABHBIMU. JTO CBSI3aHO C MEHBILIEH YyBCTBH-
TEIbHOCTBIO CcTajeil K nedeKkTaM CTPYKTYpPbl BBUAY UX OOJbIIEH MIACTUYHOCTH.
Bonee Ttoro, mmactuueckue nedopManuu B Hadale Mpolecca JKCIUTyaTaluu
CTabHBIX BcTaBOK-MaTpull KB/l GiaronpusTHO CKa3bIBalOTCS HA TIepepacipeie-
JICHUM HANPSOKEHW M0 BCEMY MX CEYEHHUIO [3], U MPU 3TOM MPOUCXOIUT yNpOoU-
HEHUE HanboJiee HArpyKEHHBIX YYaCTKOB BCIIEACTBHE HAKIIEMA.

Pacuetsl HanpsixkeHHOTO cocTosinus ABJl mocie MHOrOKpaTHOro NmpoBEICHUS
LUKJIOB CUHTE3a CBEPXTBEPBIX MATEPHUATIOB CYLIECTBEHHO YCIIOXKHSIOTCS BBUIY
WU3MEHEHUSI MOJyJIEH MMPOYHOCTH, AJIEKTPO- U TEIJIONMPOBOAHOCTU BCEX DJIEMEHTOB
ABJI u KB/, a Tak)xe BcieIcTBHUE BRICOKOH (M pacTyIIeH Mo Mepe dKCIUTyaTaIum )
HEOJHOPOJHOCTH MO cBoiicTBaM MarepuanioB KB/l u neraneir ABJI. MectHbie
(da3oBbIe TIEPEXObl M1 XMMHUECKHUE PEaKIUU B IIUXTE M B MaTepHaliax KOHTEHe-
pa, auddys3us BOIOpPOa U YIIIEBOAOPOJOB U3 PEAKIIMOHHON s[UeHKHU BO BCTaBKH-
MaTpuIlbl U apyrue matepuansl KBJ] eme Gosbie 3aTpyaHsIOT pacyeThl.

[To mMepe skcmtyatanuu B pe3yabTaTe IIACTHUECKON nedopManuu reoMeTpus
BcTaBok-mMaTpunl KBJI, ocobeHHO B 007acTH 3amuparoniux 3ayCeHIIeB, CYIIECT-
BEHHO M3MEHSETCS, YTO BEJET HE TOIBKO K CHUKEHHUIO T€HEPUPYEMOTIO JIaBJICHHUS,
HO U K M3MEHEHMIO paclpelesieHus HanpsbkeHuil mo Bcemy ABJI. B urtore sto
MOKET BBI3BIBATh POCT KPUTHUYECKUX HANPsDKEHUH B OTIEIbHBIX oOnactsax KBJI
(u AB/] B 11€710M) M UX TIPEKIECBPEMEHHOE pa3pylIeHHUE.

B nanHO#l paboTe M3y4eHO U3MEHEHHE T'€OMETPUYECKUX Pa3MEpPOB BCTABOK-
Marpull KB/l n3 cranm mapku P6MS npu cunteze KHb u AC B npOMBIIIIIEHHBIX
YCIIOBHSIX. DKCHEPUMEHTAIBHO HAWJEHBbl COOTHOLIEHUS N€OMETPUYECKUX Iapa-
MetpoB KB/I, mpu KOTOpPBIX BO3HMKAIOT KPUTHUYECKHE HAMPSKEHUS, BEIYIIHE K
Pa3pyLICHUIO BCTABOK-MAaTpPHI], a TAKXKE COOTHOILIECHHS T€OMETPUYECKUX Mapa-
METpPOB, MPU KOTOPHIX Habmromaercs crabuibHas skcruryatanus ABJI. Dta un-
dbopMarusi MOKET TIOMOYb B COBEPIICHCTBOBAHUHM KOHCTPYKIIMH allapaToB JaH-
HOTO THUIIA.
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JKCNepUMEHTAJIbHAA YaCTh

Omneparuu npon3BojicTBa (u3rotopiienne ABJl (610k-MaTpuir), H3roTOBICHUE
U CHapsHKCHHE KOHTEHHEpPOB, (DOPMHUPYIOIIUX PEAKIHOHHYIO SYEHKY B MOJIOCTH
KBJI, cuHTE3 CBEpXTBEPABIX MaTEPHAIIOB) OCYIIECTBISIM COTJACHO paboueid
nokymenTanuu, aeicteyromieit Ha OO0 «I1A3W» [16]. Ilpu uzrorosnennun ABJ]
YUUTBHIBAJIA ONBIT UX JKCIUTyaTanuu B HCTUTYyTE cBepXTBEpAbIx MaTepuaaoB AH
YCCP, onucanHsiii B ToM 4ymciie B pabdorax [1,3,12].

CuHTE3 CBEpXTBEpPIbIX MarepuanoB npoBoauiu B ABJl Tuma «yedeBuma c
JYHKON», KOTOPBIE MPEICTABISAIOT COO0H OJIOK-MaTpPHUIIBI CO BCTaBKaMHU-MaTpHUIIa-
Mu (3 cramu P6MS5S TtBepmocteio 62—64 HRC xonctpyknnu UCM AH YCCP),
3aMpeccOBaHHBIMU B OJIOK U3 3 KoJjel, u3roToBieHHbIX u3 cramu 35XIT'CA [16].
@®parMeHT CXeMbl CONPSKEHUS IBYX OJOK-MaTpHIL 10 UX HArpy>KEeHUs MoKa3aH Ha
puc. 1.
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Puc. 1. ®parment compspkenus Omok-matpuny ABJl (1o cMmbikanus): / — BCTaBKa-
MatpwuIia u3 cranu POMS, 2 — mogaepuBaroniee 0annaxxHoe koybio u3 ctamm 35XI'CA;
D — nuametp KB/l o rpe6Hio BctaBku, Hy — paboyast Beicota KBJI (BricoTa KOHTElHEpa
mmocJIe mporecca cuaresa: Hy = H + 2h + h,, e h, — TommuHa 3ayceHna (He mokaszan)), H
— rayouna nyaka KBJI, & — cMmerieHne rpeOHS BCTaBKM OTHOCHTEIBHO OaHIa)KHOTO
KOJIbIIA

Puc. 2. Cxema xoHTeliHepa B cOope Al CHHTE3a CBEpXTBepAbIX Martepuaios: a — KHbB,
6 — AC; I — peaknroHHas MUXTa, 2 — KOHTEHHEp U3 U3BECTHAKA Ha cBa3yromieM JIBC-1,
3 — m3onupyromue maioel, 4 — HarpeBaTenb u3 rpadura (cuate3 KHB) u Toxomoason
(cunte3 AC), 5 — mydTa u3 iactukara [1BX. Jlanublii KoHTeiiHEp B cOOpe yKiIaapIBaeTCs
B KaMmepy, 00pa3yeMyro MEeKIy IByMs OJIOK-MaTpHUIiaMu (cM. puc. 1)
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B paGore ucnonp3oBanu cOOPKH PEaKIMOHHON AYEHKH ¢ pabOYMM PEeaKLUOH-
HBIM 00BeMOM OKOJIO 20 cm3: C UEHTpaJbHbIM HarpeBoMm — aisi cunre3a KHb
(puc. 2,a) u psimbIM HarpeBoM — i cuHTe3a AC (puc. 2,0). Konrteitnep 2 usro-
TaBIUBAIH U3 ApobieHoro m3BecTHska KapauaeBo-Uepkecckoro MECTOpPOKICHHS
CO CBSI3YIOIIMM Ha OCHOBE J1aka OakenuToBoro mMapku JIBC-1.

Cunre3 KHB ocymecTBnsiim 3 rekcaroHalbHOTO HUTpUAa Oopa B MPUCYT-
CTBHM MHUIMATOPOB (OOPHIIOB, HUTPUAOB, OOPOHUTPHUIOB MArHUS, JIUTHUS, Kallb-
s win Oapusi) ¢ gob6asneHueM moaudukaropoB B ABJ] mpu cBepXBBICOKOM
naBnenun 4248 kbar u temneparype 1300-1500°C. AC cuHTe3upoBanu U3 rpa-
¢uTa B MPUCYTCTBUU MHHUIIMATOPOB (CILJIABOB >Kejie3a, HUKENs, MapraHia u Ko-
OanpTa) ¢ moOaBIeHHEM MOAM(pUKATOpOB B 3THX ke ABJI ¢ HeKoTOphIMU HM3MEHe-
HUSMHU B KOHCTpYKIMH Tipu Temrieparype 1250-1450°C u cBepXBBICOKOM JTaBICHUH
48-52 kbar, T.e. M0 MaBJICHUIO B OTHOCUTEIHHO 00JIE€ KECTKHX YCIOBUSAX, YeM
st KHB. Bpemst cunTe3a MopomkoB CBEpXTBEPbIX MAaTEPHAIOB 10 00EUM TeX-
HOJIOTHSIM COCTAaBIISLIO 5—6 min.

[Tocne narpyxenuss AB/I, cocrosieit u3 2 Giok-marpuil, 10 pabodero aaBie-
HUS B TOJIOCTH, 0Opa3zyeMoi Mexay 2 BCTaBKaMH-MaTpHUIlaMH, (HOpMHUpYyeTCs
KB]l ¢ oobemom 44-50 cm™. B TeueHue Bcero mnepuoaa IKCILTyaTaluH OJIOK-
MaTpHI] MOCJIEe KaXX0ro Mpoliecca CHHTE3a ¢ MOMOIIBIO JICKATbHOW JIMHENKH, 11y-
na ¥ MITAaHTCHIUPKYIS B 4 TOYKAaX Ha KaXKIOW BCTAaBKE-MATPHIIC MPOBOJIWINA W3-
Mepenue pasmepon: quamerpa KB/l D, BeicOThI KOHTEMHEpa Hy, TITyOWHBI TYHKH
KB/ H u cmemenus rpedus 4 (cMm. puc. 1) ¢ Tounoctrsio +0.05 mm. 3a aktyais-
HOE 3HaUYeHHue pazmepa Opanu cpenHeapupmeTnyeckoe 4 3aMepoB.

Pa3z6poc nanHbIx Mexny pazHsiMu ABJl ObLT CyIIeCTBEHHO CHUXKEH Oyarogapsi
OoJpIoMy KoJimuecTByY 3aMepoB: npu cuHte3e KHbB orcnexeno 37 Giok-matpwir,
npu cuate3e AC — 30 OIoK-MaTpHIl U3 5 pa3IMYHBIX MAPTUA BCTaBOK-MATPUIL U3
ctanmu P6MS. Takum o6pa3om, KaK0oe 3HaueHUe, Jaroliee OAHy TOUKY Ha MpUBe-
JNEHHBIX HUKE IUarpaMMax, Mojay4eHo apupMeTHYecKuM ycpeaHeHueM 1o 37 He-
3aBUCHMBIX 3HaueHui nipu cuHTe3e KHb u 1o 30 3nauenuii — npu cunrese AC.
Paz6poc mannbix Mexay ABJ 3 pa3sHbIX mapTHii BCTABOK-MAaTPUIl HE OTINYAIICS
OT CpeJIHUX 3HAYCHUU IO BCEeU BHIOOPKE.

[lo mMepe BeneHMs MPOLIECCOB CUHTE3a C KAXKABIM LIMKJIOM IPOUCXOAMIIO U3Me-
HeHue Bcex pazmepoB KBJI. Jlnst onieHKH CKOPOCTH UX M3MEHEHHUS Ha KaXJIOM dTa-
ne ObUIM PacCYMTAaHBl OTHOCUTENILHBIC H3MEHEHUs auameTpa dD, BEICOTHI KOHTEH-
Hepa dHy, oobema KB/ 1 coOTHOIIEHHSI 3THX MMapaMeTPOB B 3aBUCUMOCTH OT YHC-
7a UKIOB cuHTe3a ¢ maroM +(10-25)% ot npenbiayiiero 3HadeHus. AKTyallbHbIE
3HAUEHUs MTAPAMETPOB U YKCIIA IIUKIJIOB CUHTE3a MOTyYald YCPEIHEHUEM 3HAaUYEeHU N
B nuarna3zone +(5-12)% (nmampumep, s cpeaHero 3HadeHus: 70 LUKIOB CHHTE3a
YCPEIHSIM BCE MapaMeTphl, MOoMaJatoliye B 1Mana3oH 65—75 MuKios, 1.e. £7%).

PesyabTaThl paboThl 1 HX 00CyKACHHE

B pa6ore [12] orcnexena sBomonust KB/ 1o 30 mukioB cuHTE3a U OTMEYEHO,
4yTO 3aBUCUMOCTH Aehopmanm KB]l oT 4ncia nUKIOB TOAUYMHSAETCS JToTrapupMu-
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yeckoMmy 3akoHy. 13 puc. 3—8 Hacrosieit paboThl ciaenyer, 4To 3aBUCUMOCTb J1e-
(opManMu BCTaBOK-MATPUIl OT YHCJIa LUKJIOB CHHTE3a CBEPXTBEPAbIX MaTepua-
JIOB MM€EET HEJIUHEHHBIN, CI0XKHBINA XapakTep, MPOXOAsl Yepe3 IKCTPEMYMBI. DTa
3aBUCUMOCTb MOJYMHSETCS JOrapu(PpMHUUECKOMY 3aKOHY TOJIBKO IO MOMEHTa, KO-
I71a yBeIMYeHUE AUaMeTpoB BcTaBoK-MaTpull KB/l cmeHsieTcs ux cxaTuem — 110
54 u 170 umuknoB npu cunate3e coorBerctBeHHO AC 1 KHbB (T.e. Tonpko Ha mep-
BOIl TpPETH BCEro CpoKa JKCILIyaTanuu). I'eomerpuyeckue pa3Mepbl BCTABOK-
MaTpul] IpeTepreBatoT OYEHb ObICTPOE U3MEHEHUE B IEPBbIE 5—9 LIUKIIOB 3a CUeT
IUIacTHUecKo aedopmanuu Metauia. OcCOOEHHO OBICTPO H3MEHSETCS BBICOTA
KB/ (puc. 4,a) n yBennuuBaetcsi ee 00beM npu cuaTe3e AC (puc. 4,8). CkopocThb
MU3MEHEHHUsI T€OMETPUYECKUX pa3MepoB cHibkaercs npu cuHTese AC mocie 50
IUKII0B, a pu cuHte3e KHbB — mocne 130 nukinos.
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Puc. 3. OtHocurensHoe n3menenne nuamerpa KB/l D npu cunrese KHbB (¢) u AC (A) B
3aBUCHMOCTH OT YHMCJIa IIUKJIOB CHHTE3a (@); 6 — TO ke B JIoTapu()hMUUECKUX KOOPAUHATAX
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Puc. 4. smenenne reomerpuueckux pasmepo KB/l npu cunreze KHbB (o) u AC (A) B
3aBHCHMOCTH OT YHCJIa LIUKJIOB CHUHTE3a: @ — OTHOCUTEIbHOE M3MeHEeHHe BHICOTHI KB/
Hy; 6 — ornomenue nuametpa KBJI D k BeicoTe KOHTEHHEpa Hy; 6 — OTHOCUTEBEHOE U3-
MeHenne oorema KB
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Puc. 5. CooTHOIICHNE OTHOCUTEIBHBIX M3MCHCHUMN AnaMeTpa D u BBICOTHI KOHTefIHGpa

Hy nipu cunrese KHB (©) u AC (A) (4nciio HIMKIOB YKa3aHO PSIOM C MApPKEPOM)

Puc. 6. DBononys reoMETpUUYECKUX pPa3MEpPOB BCTaBOK-MaTpull U3 cTanu PO6MS mpu

cunareze KHbB (©) u AC (A), a tarke nipu cuaTe3e KHbB nocne cunareza AC (o). ITokaza-
HO COOTHOIIEHHE CYMMAapHOTO cMelleHus rpeOHeit matpun 24 u napamerpa D/H B 3aBH-
CHUMOCTH OT KOJMYECTBA LMKIIOB. PaMKoOl BBIAEIEHBI 3HAUEHUS IIUKIOB CUHTE3a, TIPU KO-
TOPBIX HaOJIr0aeTCs NOBbIIIEHHOE KoanuecTBo AB/I, Beimenmux u3 cTpos

Ha puc. 8 npuBeneHa 3aBUCUMOCTb CKOPOCTH OOIIETO CMEIIECHHUS 3auparoie-
ro rpe0Hsl BCTaBKU-MAaTPHIIBI (dD2 + dh2)0'5 OT 4YKclia IUKJIOB CHHTE3a, KOTOpas
MOKA3bIBAET, YTO HA OIpPEIEJCHHBIX 3Tanax dKCIUTyaTalliy paclIMpeHue BCTaBKU
cMmeHseTes ee cxkarueM: Ha cuaTe3e AC — ¢ 50-ro mo 95-i nmki;, Ha cuaTe3e KHbB
— ¢ 20-ro mo 35-# u co 170-ro mo 400-i mukibl. CTaOMIH3AIUS TEOMETPHUIECKUX
pa3mepoB Hactynaer Ha cuHTese AC u KHbB coorBerctBenno mocie 70 u 210
uukinoB. AB/, ucnone3yembie Ha cunte3e AC, nmocne 110-160 nukinoB u3-3a yBe-
nnaenus oobema KBJI mpu coxpaneHuu cBoei paboTOCTIOCOOHOCTH MPEKPAIaroT
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TeHepUPOBAThH JaBIIEHUE, IOCTATOYHOE ISl BRICOKOW CTETEHU MPEBpAIICHUS Tpa-
¢duTa B ayiMa3. DTU anmaparhl MEPeAarOTCs U JanbHeHIe 3¢hHEeKTUBHON dKC-
yatanuu Ha cuHTe3e KHB mnu cnexkanum PCBN (cM. IITpUXOBYIO JIMHUIO Ha
puc. 6). B Tabnuue npuBeneHbl XapaKTepHblE U3MEHEHHS T€OMETPUU BCTaBOK-
MaTpUIl HA Pa3HBIX dTanax WX SKCILTyaTallid B YCIOBHSX MPOMBIIUICHHOTO CHH-
T€3a CBEPXTBEPAbIX MaTEPHUAJIOB.

Kax BunHo u3 puc. 9, Ha 3aBucumocTsx Beixoga ABJl u3 cTpos oT cpenHero
yucna nukiaoB cuare3a AC u KHb ormewatores mo 3 makcumyma:

— s AC nocne 27-30 (mpuuuHa — paauanbHble TpeuluHsbl), 47—-50 (TaHreHIu-
anpHbIe TpenuHbl) U 100—110 mukIoB (3p0o3us qHA JIYHKH);

— st KHbB nocnie 47-50 (tanrenuuansubie Tpewunbl), 120—-130 (paguanbHbie
TpemuHbl) U 270-300 nuKIIOB (3pO3Ust AHA JIYHKH).
5
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Puc. 7. W3menenue otHomeHus dD/dH B 3aBucuMocTy OT yncna nukioB cuate3a KHbB (©)

u AC (A) B norapuMUIECKUX KOOPAWHATAX

Puc. 8. 3aBUCHMOCTBH CKOPOCTH OOINEro CMENICHHUS 3allUpaloNIero TIpeOHs BCTaBKH-

MaTpPUIIBI (dD2 + dh2)0'5/u1/11<n ot uncia 1ukioB cunre3a KHB (¢) u AC (A) B norapud-
MHUYECKUX KOOPIHHATAX
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Puc. 9. Brixon ABJI 13 cTposi B 3aBUCUMOCTU OT CPEAHETO 3HAUCHUS ITUKIIOB CHHTE3a
KHB (¢) u AC (2)

Tabauua

XapakTepHble H3MEHEHHS TeOMeTPHH BCTABOK-MaTpuL u3 ctaan P6MS

Cunte3z KHbB Cunres AC
KomnuectBo . KonunuecTBo .
XapaxkTep U3MEHEHUHA XapakTep u3MeHEHU
IIUKJIOB IIUKJIOB
0-18 Pocr D, H, yromanue rpeOHs A 0-7 Poct D, H, drictpoe yronanue
rpebHs A
2040 Cxatue D ¢ mogbeMoM rpe0Hs 9-27 Poct D, H 3a caer yronanms
rpeOHs A
40-50 [Ipocenanue konbua, poct D 27-30 Brixo w3 cTpost — pajuanyHpie
TPEIUHBI
47-50 Bbixoa u3 cTpos — TaHTeHIIU- 2847 Mennennsii poct D, H,
aJbHBIC TPEIITHHEI OBICTpOE M3MEHEHUE /1
50-100 Poct D, H 3a cuet h 47-50 BrIxo2 13 CTPOs — TaHreHIH-
QJIBHBIC TPEIUHBI
Topmoxxenue pocra D, poct H, Poct H, cixarie D,
100-130 MOIbEM TPEOHS — IMPOCETaHNE 50-95
crabmm3anus rpeoHs
KOJIbIIA
120-130 Boixon us CTI; OSH;EIaHHaHLHHe CHiTHE ¢ dKCIUTyaTaiy — POCT
Tpeit 100-110 H n3-3a 5po3un 1Ha TyHKH,
Poct H, cxxarue D, yronanue
130-200 poct D
rpedHs
270-300 Brixou3 c1pos —5posus OxoHYaHNE MOHUTOPHHTA.
ALLED AL HaBnenue miusg cuaTeza AC
Poct H, cxxatue D, 110-160 )
200420 HegocTaTo4yHO: iepeHoc AB/] Ha
craOminzanust rpedHs
cunte3 KHb u cnekanune PCBN
500 OKOHYaHWE MOHUTOPHHTA
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ABJIl tTuna «4eudeBuIla ¢ JYHKON» CO BCTaBKaMU-MaTpuuamu u3 craiu P6MS
COXPaHSIIOT pPabOTOCIOCOOHOCTh JAa)Ke MOCIE MHOKECTBA B3PBIBHBIX IKCTPY3UM
Onarogaps 0COOCHHOCTH €€ KOHCTPYKILUHU: BCTaBKU-MaTpPUIIBI UMEIOT BCECTOPOH-
HIOIO TOJJIEPKKY — CO CTOPOHBI ONOPHBIX IUIUT, OaHAaKHBIX KoJjel, padoudero
KOHTEWHEpa M 3amuparoniux 3ayceHiieB. Jpyroi mone3noi 0coOEHHOCThIO TAKUX
ABJ] sBisieTcss HEUYBCTBUTEIBHOCTh K HATUYHMIO OCEBBIX TPEIIMH BO BCTaBKaX-
MaTpHUIaX — OHU MPOAOIDKAIOT CTa0MIBHO paboTaTh, HECMOTPsl Ha 0Opa3oBaHUE
MOTOOHBIX TPEIIUH.

Ha ¢ororpadusx puc. 10,6,e, Toe mokaszaHa BHYTPEHHSS 4acTh BCTaBOK-
MaTpUIl TTOCIIe UX IKCIUTyaTallii M pacKalblBaHUs, BUIHBI MHOKECTBEHHBIC OCE-
BbIC TPEIIMHBI, WAYIIHE BEPTUKAIBLHO OT 001acTi TokonoaBoao B KB/l k obpat-
HOM MOBEPXHOCTH BCTABOK, COMPHUKACAIONICICS C OMOPHBIMU IUIMTAMU. DTH Tpe-
IIMHBI CYIIECTBYIOT BHYTPU BCTAaBOK-MAaTpHUIl B TEUYEHHE JJIUTEIHHOIO BPEMEHU
pabotsl ABJI — nx oOpazoBanue pukcupyetcs yxe mociae S0-90 nmukiIoB cuHTE3A.
Hanuuue Takux TpeluH CBUAECTEIBCTBYET O TOM, YTO B OTAEIBHBIX BEPTHKAJb-
HBIX TUIOCKOCTSIX 3TOM 00JIaCTH BCTaBOK BEIMYMHA PACTATHUBAIOLINX HAMPSHKEHUM
MPEBBIIIAECT CKUMAIOIINE U MpeJiesl MPOYHOCTH CTAIM B JIaHHBIX ycioBusX. Pas-
BUTHE TOJOOHBIX TPEUIMH MOXET OBITh YCKOPEHO ITyTeM IPEUMYIECTBEHHOM
muddy3un Booposia B 001acTU paCTATUBAOIIMX HampsbkeHui [17] u ruapupo-
BaHMs cTayiu 3TuXx oOmactei. Ilocnenyromiee 3auepHeHne yxe 00pa30BaBLIMXCS
TPEIIMH BBI3BAHO OTJIOKEHUEM B HUX MPOJYKTOB PA3NIOKCHHS OPraHUYECKHUX CO-
eMHECHUI, BXOJSIINX B COCTAB CBS3YIOIIEr0 MaTepuasa KOHTeHHepa.

B 30He KOHTaKTa MeTajia BCTABOK-MATPHI] C HArpeBaTesieM (TOKOMOIBOOM)
peakuuoHHou siuerku yepe3 100—170 HukIIOB CUHTE3a B PE3ybTaTe PEKPHUCTAII-
JU3alli METajlla BCIIEAICTBHE BO3IEHCTBHS BBICOKOM Temriepatypsl (800—1000°C)
[1] 1 B3auMOACHCTBHUS CTad BCTABOK-MAaTPHI] C YIJIepoaoM (OT HarpeBaTess) 1
BOJIOPOJIOM (BBIAEISIONIMMCS U3 PEAKIIMOHHOM 30HBI) HAYMHAET 3aMETHO MPOSB-
JSATHCS 3PO3Ms: METaUl B 30HE KOHTAKTa C HarpeBaTelIeM BBIKPAIIMBAETCS, YTO
MPUBOANT K yBennueHUto Tyouns! (BeicoThl) KBJI. 30Ha 3po3uu cTaam BCTaBOK-
MaTpHUII SBJSIETCS MECTOM 3apPOXKACHUS M Pa3BUTUS OCeBBIX TpemuH. Oosem KB/]
BOCCTAHABIIMBAET OMEPATOP MYTEM MOJICHINKHU TOPOIIKOB METAIITMYECKOTO XpoMa,
HUKEJIA, )KeJle3a U MeTaJNIn4ecKoil poibru Takum o6pazom, 4ToOb! chopMUpOBaTH
JYHKY UCXOIHOU T€OMETPUHU U TIOJACPKATh €€ TOCTOSTHHBIN 00BeM.

«OmacHBIMIY 711 BCTABOK-MATPHI] OKA3bIBAIOTCS TOPU3OHTAIBHBIE TPEIUHBI
(puc. 10,a—2), KOTOpBIE TMOSIBUIMCH BCICACTBUE H3THOAIOIINX/PACTATHBAOIINX
HaIpsHKEHUH Ha YpPOBHE JIHA JIYHKU M HIDKE ero (cM. [1] u cXxembl HampsoKeHUH,
npuBeJeHHBIE B pabote [3]), a Takke BHEIIHUE PaJHalIbHBIC TPEIIMHBI, 00pa30-
BaBIIMECS OT BO3ACUCTBUSA PACTATMBAIOIIMX HANpPSDKEHUH U TMPOHMKAIOIIME
BHYTpb KB/I (puc. 10,6). Pa3pymenue BCTaBOK TPOUCXOAUT UMEHHO B MOMEHTHI
OBICTPOrO POCTa ITUX HAMPSIKEHH, YTO MPOSBISAETCS B IKCTPEMAJILHOM CMelle-
HUU IpeOHS BCTaBKU. Yncia MUKIOB CHHTE3a, OTBEYAIOIINE 3TUM MOMEHTaM, BbI-
JIeJIeHbI paMKO Ha puc. 6, 7, 9. Beixoa u3 ctpos 6omnbinei uactu ABJl Habmona-
eTcs MPH MOJIOKUTENIbHOM 3HaueHuu otHowmeHust dD/dH (puc. 7), T.e. mpu paBHO-
HaTPaBIEHHBIX U3MEHEHUSIX TUAMETPA U TITYOUHBI JIYHKH.
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Puc. 10. XapakrepHsie n1eeKTsl BCTABOK-MATPHL U3 cTanu POMS, BeIeqmnx u3 cTpos
nocne mpumepHo 30 (a), 100 (6), 300 (6) u 500 (2) unknos cuateza KHB

Ha puc. 6 Bumno, uto a0 crabunmsanuu reometpun KBJ[ HampaBieHue mae-
(dhopmarinu 3anuparomux rpeOHell y BCTaBOK-MaTpull u3MeHsercs 3—5 pas. B pa-
6ote [14] mokazaHO, YTO IUKIMYECKOE M3MEHCHHME HaIpaBjicHUs aeopMaruu
MOJIFOTABIIUBAET CTPYKTYpPY MaTepuaja K MOocienyrome nepopmamnuu u oka3bl-
BA€T IOJIOKUTEIBHOE BIUSHUE HA €ro MeXxaHudeckue cBorctea. ABJ/I, BcTaBku-
MaTPHUIIBl KOTOPBIX YCIICITHO MPOILIH Yyepe3 3TU AedopMaIuu, 1ajiee J1eMOHCTPH-
PYIOT BBICOKYIO CTOMKOCTb. B pe3ymbrare mutactudeckoi naedopmaruu rpeOHs
BCTaBKH-MaTPHIIBI AUAMETP JIYHKH D MOKeT yBenuuuThes 10 5%. Takas BeicoKast
CTENEHb HU3KOTEMIEPATYpHOU IUIacTUYeCKor Aedopmanmu s ctaimu PO6MS
BO3MOXKHA Oyiarojiapsi pocTy €€ IMIACTUYHOCTH TPU BBICOKOM THJIPOCTATUYECKOM
nasneHuu [18] u nedopmMarimoHHOTO YIPOYHEHHUS B MPOIIECCE HAKOIUICHHUS TJIac-
Tudeckoi nedopmaiuu [19].

[Ipu cunteze AC BcrenacTBue OoJblel BETWYWHBI TaBICHUS] HAKOTUICHUE Ha-
NPsDKEHUH BO BCTaBKaX-MaTpHUIlAX U UX IUTacTU4ecKas nedopMaius IPOUCXOISIT
B 2—4 paza Owictpee, uem npu cuHTe3e KHB. TlosTomy Ha mpousBojacTBax, rie
napauiensHo Benytces nporecchl cuHTe3a AC u KHb mwnu cniekanust PCBN, nene-
coobpa3zno Ha cunteze AC ucrnonb3oBarh cranbHbie KB/ 10 50% ux pabouero
pecypeca (o 50—70 uMkioB) U mepeHanpaBiATh X nanee Ha cuHTe3 KHb wnm
cnekanue PCBN.
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HecmoTpst Ha BBICOKYIO TPYAOEMKOCTh, IPOBEICHUE MOHUTOPUHTA CMEIIEHUN
HanOosiee HarpykeHHbIX MecT B KB/l B mporiecce ux skcrutyaTaliiu MOXKeET I10-
MOYb IIPU MOMCKAX ONTUMAJIbHBIX COOTHOIIEHHHM pa3MepoB BCTABOK-MaTpHUII, MO-
3BOJIIFOIIMX CHU3WUTh B HUX PACTATMBAIOLIME HAPSHKEHUS U CYIIECTBEHHO MOBBI-
cuthb croiikocTh ABJI. PaGounii pecypc AB/] co cTaqbHBIMU M TBEPAOCIIIAaBHBIMHU
BCTaBKaMU THIA «4E€UEBHIIA C JIYHKON» MOXHO CYIIECTBEHHO YBEJIWYUTH MyTEM
noadopa onTuMaabHOTO cooTHommeHus auamerpa KB D u rimy6unbl nyHku H B
pa3Hble IEPUOJIbI KCIUTyaTalluK STUX allaparoB.

B pa6ore [20] ansa pacuera reometpun KB/ Ob11 mpuMeHEH MPUHIAIT «30J10-
TOTO ceuyeHus». B pe3ynbTare OblIa MOBBIIMIEHA OJHOPOIHOCTH MO CBOMCTBAM
CIIEKAEMBIX IOJUKPUCTAIUIOB 33 CUET CHM)KEHHUS Pa3HMIIbI JABICHHUM B LIEHTPE
nosiocti KB/l u Ha ee nepudepun.

s moBbimeHus: padorocnocobnoctu AB/l TpeGyeTcst He TOIbKO MOAOUpPaTh
COOTHOIIICHUSI HaYyaJIbHOW BEIMYHMHBI quaMmeTpa U rryounsl KB/I, ontuMansHyto
TOJIIIMHY 3ayCEeHI]a U BEJIUYMHY yrja HAKJIOHA BCTABKU-MATPHUIBI B €ro 30HE,
F€OMETPUUYECKHE Pa3Mepbl U MacCy KOHTEHHEpa, HO U KOPPEKTHPOBATh UX B MPO-
1ecce PKCIUTyaTaluy anmapara. J{ias JaHHOW BCTaBKU-MATPUIbl HayalbHasl BEJIH-
ynHa oTHoIIeHuss D/H coctaBsiia 5.236, 9T0o TakKe OTBEYANIO MPHUHIIHITY «30JI0-
toro cedyeHusi». Ho mocne 3—9 muKIOB BeleHUS MPOILECCOB CUHTE3a 3HAUYCHHE
D/H camxanocs 1o 5.0-5.04, a ¢ reomerpueii KB/l HaunHanu npoucxoauTs Obl-
cTpble u3MeHeHus1, katacTpoduueckue mist yactu ABJI. Crabunuzamus HacTyma-
na, koraa BenuunHa D/H ycTaHaBIHMBallach HECKOJIBKO HIDKe 3HadeHus 4.854 (T.e.
3-1.618) unu cootBeTcTByMONIEro oTHOIIEHUsT quamerpa KB/l k BricOTe KOHTEIH-
Hepa D/Hy = 2.236.

BriBoabI

Taxkum o0Opaszom, /Ui JaHHOTO TUMA cTanbHBIX ABJl HadanbHOE COOTHOIIEHUE
JMaMeTpa BCTABOK-MAaTPUI[ U UX BBICOTHI JOJKHO BEIOMPATHCS TaKUM, YTOOBI I1O-
cie ux npupadbotku B TeueHue 30-50 MUKIOB BEIMYMHA OTHOIICHUS JUaMETpa
KB/l x BeicoTe koHTeiiHepa D/Hy okaspiBasiach ~ 2.236. [Ipu 3THX 3HaueHHIX
pacTAruBaroIye HalpsKEHUs. BO BCTaBKaX-MaTPULAX YPABHOBEIIMBAIOTCS CHKH-
MaroIMMH, YTO MO3BOJISICT U30€KaTh pa3BUTHS B HUX KPUTUUYECKHX HAPSIKCHUH,
BBI3BIBAIOIINX pa3pyIICHUE.

JlaHHy10 METOAMKY OLIeHKH paboTocrnocobnoctn ABJI Tuma «deyeBuna c JyH-
KOI» CO CTalbHBIMM BCTaBKaMHU-MaTpPULAMHU M HaXOXJCHUs YCIOBUH MX cCTa-
OunpHON paboThHI Yepe3 MpoBeIeHNEe MOHUTOPHHIA CMEUICHUH Hambosee Harpy-
KEHHBIX MECT MOYKHO NMPUMEHATh Takxke A1 ABJl ¢ TBepaoCIIaBHBIMU BCTaBKa-
MU U Ui Ipyrux ux TunoB. COOTHOIIEHHS TeoMeTpUuyYecKux napamerpoB ABJ]
PEKOMEHAYETCsl BBIOUPATh, COO0AAsE IPUHIUI «30JI0TOTO CEYEHUS».
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V.N. Volov

EVOLUTION OF THE GEOMETRY OF HIGH-PRESSURE
CHAMBERS MADE OF P6M5 STEEL IN THE SYNTHESIS
OF SUPERHARD MATERIALS

The evolution of the geometric dimensions of high-pressure chambers (HPC) made of
P6MS steel in the synthesis of superhard materials in industrial conditions is shown. Sta-
ble operation of high-pressure apparatus (HPA) of the «lentil with a hole» type is ob-
served with the geometric parameters of the HPC corresponding to one of the ratios of the
«golden ratio». The data obtained make it possible to optimize the geometry of this type
of HPA and to increase their performance ability during operation.

Keywords: high-pressure chamber, high-pressure apparatus, matrix inserts, mechanical
stresses, displacement, destruction, superhard materials, cubic boron nitride, synthetic
diamond, «golden ratio»

Fig. 1. A fragment of the coupling of the HPA block matrices (before closing): / — insert-
matrix made of POMS steel, 2 — supporting bandage ring made of 35XI'CA steel; D is the
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diameter of the HPC along the insert ridge, Hy is the working height of the HPC (the
height of the container after the synthesis process: Hy = H + 2h + h,, where h; is the
thickness of the burr (not shown)), H is the depth of the HPC hole, # is the offset of the
insert ridge relative to the bandage ring

Fig. 2. Diagram of the container assembly for the synthesis of superhard materials: a —
CBN, 6 — SD; I — reaction charge, 2 — limestone container on the binder LBS-1, 3 — insu-
lating washers, 4 — graphite heater (synthesis of CBN) and current supply (synthesis of
SD), 5 — PVC plastic coupling. This container is assembled into a chamber formed be-
tween two block matrices (see Fig. 1).

Fig. 3. The relative change of the diameter D of the HPC during the synthesis of CBN (©)
and SD (A) with respect to the number of synthesis cycles (a); 6 — the same in logarith-
mic coordinates

Fig. 4. The change of geometric dimensions of the HPC in the synthesis of CBN (o) and

SD () with respect to the synthesis cycles: a — relative change in the Hy of the height of
the HPC; 6 — the ratio D of the diameter of the HPC to the height of the Hy container; 6 —
relative change in the volume of the HPC

Fig. 5. The ratio of relative changes in the diameter D and the height Hy of the container
in the synthesis of CBN (¢) and AC (A) (the number of cycles is indicated next to the
marker)

Fig. 6. Evolution of geometric dimensions of inserts-matrices made of steel P6MS5 in the

synthesis of CBN (¢) and SD (A) as well as in the synthesis of CBN after the synthesis of
AS (o). The ratio of the total displacement of the ridges of the 24 matrix inserts and the
parameter D/H with respect to the number of cycles shown next to the marker. An in-
creased number of HPAs that have failed is observed at the values of the number of cy-
cles highlighted by the frame

Fig. 7. The change in the dD/dH ratio with respect to the number of synthesis cycles CBN

(©) and SD (A) in logarithmic coordinates

Fig. 8. Dependence of the rate of the total displacement of the locking ridge of the insert-

matrix (dD2 + dhz)o's/cycle on the number of synthesis cycles CBN (¢) and SD (A) in
logarithmic coordinates

Fig. 9. HPA failure at different stages with respect to the average value of synthesis cy-
cles CBN (¢) and SD (A)

Fig. 10. Characteristic defects of inserts-matrices made of steel P6MS5, which failed dur-
ing the synthesis of CBN after approximately 30 (@), 100 (6), 300 () and 500 (¢) synthe-
sis cycles
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PACS: 02.10.De, 02.40.Hw, 03.65.Ca, 03.30.+p
C.B. Tepexos

HY>XHO J1IN UCTMOJIb3OBATb KBATEPHNOHbI B ®UN3NKE?

[oHeuknin PUsNKo-TEXHUYECKNA MHCTUTYT M. A A. ankuHa

Crartbs noctynuna B pegakuuio 25 anpensi 2021 roga

TIpodemoncmpuposaro nocmpoerue aHaIumu4ecKkoeo0 nPOOOIICEHUsE BOTHOBOU YHKYUU C
YembIpbMsL APSYMEHMAMU 8 O0ObLIYHOM NPOCMPAHCMEEHHO-BPEMEHHOM KOHMUHYYME 8
2UNEPNPOCMPAHCINBO OBOUHLIX KEamepHUuoHos. I[lokazanvl npeumywecmsa npuMeHeHus
meopuu  0B0UHBIX eunepuucer Oisi ORUCAHUS NPUPOOHLIX sAsienull. Beedenvl Hogble
onepamopvl U NOJYYEHbl He MOJbKO KIACCUYECKUe YPABHEeHUSl, HO U COOMHOUEHUs,
Komopbie 0606warom uzeecmtvle Mooenu. Ykazano Ha Heobxooumocms HO8020 NOOX00d K
dopmynuposke u ONUCAHUIO PUIUYECKUX AGTCHULL U NPOYECCO8.

KuroueBblie cjioBa: BOJIHOBas (DYHKIVsI, KBATCPHUOH, YaCTHAs MIPOU3BOHAS, OIIEPaTop,
SHEPTHs, MoJie

BBenenune

Pa3zBuTtre (U3MKO-MAaTEMATUUECKUX IMPEJICTABICHUH O BHYTPEHHEM CTPOCHUH
[Tpupons! ocymiecTasieTcss MyTeM OOOOIIEHUS SKCIEPUMEHTATIBHBIX U TEOpeTHYEC-
KUX JAaHHBIX [ 1-5], KOTOpbIE BUAOU3MEHAIOT OCHOBBI HAy4YHbIX 3HaHUM. [lepuon Ha-
KOIUIEHUs PE3YJIbTAaTOB JUINTCS NOPsIKA MATUIECSTH JIET, a 3aTEM IPOUCXOIUT 3BO-
JIIOLMOHHBIA CKa4OK, IOCIEIHUN M3 KOTOPBIX peanu3oBaics B cepeauHe XX B.
Hecmotps Ha To, 4TO B (yHIAMEHTAIBHBIX KOHLIENIMAX (U3MKU BBISIBICHO J10CTa-
TOYHO MHOTO 3a0yXACHHUI U OIHMOO0K [6,7], 3TO TIOKa HE MPUBETIO K OOHOBJICHHUIO
HEKOTOPBIX €€ pazaenos. [1oaToMy prMeHEHNE HOBBIX MATEMATUYECKUX KOHCTPYK-
Ui B (PU3UKE SABISETCS aKTyaJ IbHON MPO0IeMOi COBpPEMEHHOTO €CTECTBO3HAHUSI.

B Hacrosimiee BpeMs Ui MEpeCcTPOMKH (PU3MYECKOro 3JaHUs M ONMCAHUS 3aKO-
HOB [Ipupospl MpUBIEKaOTCS HOBBIE YHCIOBBIE CHCTEMBI (TUIIEPUYHCIIA: KOMIUIEKC-
Hble, JyaJIbHbIC U JIBOMHBIC KBAaTEPHUOHBI, OKTaBbl), anreOpsl (JIu, Kmuddopna u
Jp.) ¥ TEOMETPHUYECKUE TIOCTPOCHUS (HEeBKIIMIOBA, (ppaKkTaibHasi, (PUHCIEpPOBA reo-
MeTpun). B 3TOl CBSA3M BO3HHKAET HEOOXOAUMOCTh PAa3BUTUS U MPUIIOKEHUS Ma-
TEMaTUYECKMX COOTHOLIEHUH, YCTAHOBJIEHHBIX B PA3JIMYHBIX CUCTEMaX MCUUCIICHHS,
K ONMCAHUIO U3BECTHBIX (PAaKTOB M MOIYYCHHUIO HOBBIX PE3YJIbTATOB.

B nanHOI cTaThe U3IararoTcs OCHOBHBIE TIOCBLIBI ABTOPA, U3JI0’KEHHBIE B ITPE3EH-
taru «Mup KBaTepHHOHOB M (husuka [Ipupoas» Ha OTYETHOW HAydyHOU KOHbe-
peanuu JJoH®TU um. A.A. Tankuna 3a 2020 1. Lens paboTel — 1eMOHCTpaIus HO-
BOT'0O MOJIXO0JIa K MOJEJIMPOBAHUMIO NIPUPOJHBIX SIBJICHUN HAa OCHOBE Pa3BUTHS TEO-
pHUM JBOMHBIX KBATEPHUOHOB.

© C.B. Tepexos, 2022
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1. AHasIMTHYeCKOe MPOA0JIKeHHEe BOJIHOBOM (PYHKIMU B THIIEPIPOCTPAHCTBO

Hcnonp30BaHne MaTeMaTUKU TPEOYET OT YYEHOr0 HEYKOCHHUTEIBbHOTO CIeJO-
BAHMS JIOTUKE ITIOCTPOEHUS TOW MJIM UHOW Teopuu. B kadyecTBe mpumepa paccMmoT-
pYM TIpUMEHEHUE TEOPUH (PYHKITMH KOMIUJICKCHON MEPEeMEHHONW B KBAHTOBOW (H-
3uke. [logMHOXKeCTBa KOMIUICKCHBIX, JAYAJIbHBIX M JIBOWHBIX YHCENl 00pa3yroT
MHOKECTBO PELIEHUN KBAJPATHOIO YpPaBHEHUS az +bz+c=0c JIEUCTBUTEIIb-
HbEIMU Kod(dunuenramu a, b u c. Pemenus 3aBUCAT OT 3HaKa JUCKPUMUHAHTA

ypaBHeHuss  y=sign(D) (D= b — 4ac) W  3aNHUCBIBAIOTCA B BHUJC

_-bFy|D|
B 2a

7 , TJIe «IIBET» Yuciia paBeH [8]:

-1, D <0 —xomnaexcuvle wucia,
v" =9 0, D=0 -0dyarvnsie uucia, (1)

+1, D >0 — osotinvle uucna.

KomruiekcHble W JBOMHBIE YMCIIa OMPEACISIFOT B3aUMHO OJIHO3HAYHOE COOT-
BETCTBUE YIOPSAJOUEHHBIX JBOEK (X, V) IIIOCKOCTH EBKIMIA TOUKaM «KOMILIEKC-
HO¥» MJIOCKOCTH, ¥ HA000pOT (mpaBmiio 1):

z=x+yy, |x=(z+2)/2,

_ _ (2)
z=x-y, (y=(z-2)/2.

[Ipumenenne apudMeTHUECKUX NeHCTBUH (CIOKEHUE, BHIYNTAHHE, YMHOXKCHHE,
JIeJIeHNE) MPUBOJIUT K YHUCIIaM U3 TeX e MOJMHOXKECTB, YTO yKa3bIBaeT Ha IpyI-
NOBBIE CBOMCTBaA (MPaBHJIO 2) M, CIEIOBATEIbHO, HA CYIIECTBOBAHUE aIreOphl U
dbyHKIIMOHATREHOTO aHam3a. [IpeoOpazoBanue (2) MO3BOISAET MOTYUYUTh AHAIUTH-
YecKoe NMpOJOoDKeHHEe (QYHKIMH ABYX MEPEMEHHBIX B O0JIACTH KOMIUIEKCHBIX U
JBOMHBIX YHCEN, IPUUEM aneeOpauyeckas 3anucy Qyukyuu no oopme cognaoaem
¢ udom npeobpazosanus (nepsasi cuctema (2), mpaBmio 3)

f(z,2)=ulx,y)+v(x,y). 3)

Kommekcnas pynkius (3) (y2 = —1), 3aBucsmIas OT aprymenTa z , He nudde-
peHIupyemMa, Tak Kak pe3ysbTaT BBIUMCICHUS MPENETIOoB MO MEPEMEHHBIM X U )
OyZIeT 3aBUCETh OT MOPSIKA YCTPEMIICHHS STUX BEIMYUH K MIPEIeTbHBIM 3HAYCHH-
sM. Kpome Toro, uaTerpainsi ot (3) o pa3HbIM TPACKTOPHSAM 3aBUCAT OT BHIOpaH-
HOU KpuBO uHTerprpoBanus. [lostomy nuddepeHunpyemMocTs (aHAIUTUIHOCTB )
dbyakuuum (3) onpenensercs ycnoBusmu Komm—Pumana (ycnousimu JlamamoOepa—
Ditnepa) [9,10]. Bens oneparop JIu

Ve =—+1, (4)
NOJEHCTBYEM UM Ha (3), MpUpaBHAEM pE3YJIBTAT K HYIIO U MOITYYUM COOTHOILEHUS,
3a0arowue Hezasucumocmo (3) om 3epkanvrHoeo apeymenma z , 1.e. f(z,z)= f(2)

(mpaBwo 4):
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_ 0 0 ou Ov ou oOv
Vi f(z,7)= Ee e [u(x,y)HV(x,y)]:a—aﬂ > o 0=

L u v u__ov “
ox Oy Oy ox

Hapymienne xotst Ob1 01HOTO M3 TIpaBui 1—4 paspymiaer JOTUKY MOCTPOCHUS
Teopuu (HYHKIIUN KOMIUIEKCHON NepeMeHHOU. B yacTHOCTH, HEeNb3sl 00bETUHUTH
JIB€ MPOU3BOJIbHbIE QYHKIMU u(Xx,)y) U V(X,y) B KOHCTpYKIuIO (3), 4ero siBHO
HEI0CTaTOYHO, YTOOBI CUUTATH (3) KOMILJICKCHON (PYHKITUEH.

B mopamsitonieM unciie HaydHBIX cTaTeld, MOHOTpaguil ¥ y4eOHMKOB MCIIOJb-
3YIOT KOMNJIEKCHYI0 BOIHOBYIO (QYHKIHIO W(T,?), 3aBUCALIYIO OT paJnyC-BEKTOpa
I MOJIOKEHUSI KBAHTOBOM YaCTHUIIbI B IPOCTPAHCTBE U BpeMeHH ¢ (M., Hamp., [11,
c. 47]). Onnako aBTOPHI He YKa3bIBAIOT CXeMY AHAJIMTHYECKOI0 NMPOI0JLKEHHS
¢yHkuM YeTbipex nepeMeHHbIX (X, ), Z, f) U3 eBKJINJA0BOr0 MPOCTPAHCTBA B I'M-
NepPHpPOCTPAHCTBO. YPaBHEHHE /ISl HAXOXKACHUS 3TON (DYHKIIMU HAa3BaHO B YECTh
O. lpenunrepa, omyonukoBasmero B xxypHaie «Annalen der Physik» (1926 r.)
NepBYIO0 paboOTy MO KBAHTOBOW MEXaHUKE ¢ Ha3BaHueM «KBaHTOBaHME Kak 3aja4ya
0 COOCTBEHHBIX 3HAYCHUIX» (Ha pyccKoM s3bike cM. [12,13]). Llpenunrep ucce-
JOBaJl COOCTBEHHBIE (QYHKIIUU ACHCTBUTEIHLHOTO MIEpEeMEHHOr0 y(r) U COOCTBEH-
HbIC 3HauUeHHUs oreparopa Jlammaca, 9To siBsieTcss 0a30i CTAIMOHAPHON MOCIH
€ro «BOJIHOBOM MEXaHUKH». 3alHUCh HeCcTallMOHapHOTO ypaBHeHus lllpemunrepa
obcyxnanacek uMm B uceMe I'.A. Jlopeniy ot 6 utons 1926 r. [13, c. 309]. OH Ha-
nucain: «HenpusTHO — MPOTUB 3TOro CleAyeT Jlake BO3pa)KaTb — MPUMEHEHHE
KOMIUIEKCHBIX YHUCEI. \y — BCE-TaKu peanbHas QPyHKUus...». Pemenue npobdaemsl
npeoOpa3oBaHus ACUCTBUTENHLHONW (DYHKIIMH YeThIpeX MepeMEHHBIX U3 MPOCTpaH-
cTBa EBKiMIa B KOMIUIEKCHYIO, NyaJlbHYI0 WM JIBOMHYIO (YHKIIMH COOTBET-
CTBYIOIIIETO THUIEPIIPOCTPAHCTBA HEOOXOIUMO HCKATh B TEOPUH KBATEPHUOHOB.

B nmepuomnueckom m3manum «Journal de mathematiques pures et appliquees»
(1840 r.) 6p11a omyOnukoBana ctatest M.O. Ponpureca, nmocBsiieHHasi BpaleHUsIM
TPEXMEPHOTO MPOCTpaHCTBa (CM., Hamp., [14]). B Hel comepkanoch MOYTH MOJTHOE
onucaHue aireOpbl KBATEPHUOHOB, KOTOpbie Ponpurec HasbBal mapameTpamu
TPYIIIbI BpallleHUi, HO OHA OCTaJIaCh HE3AMEUYEHHOM YUEeHBIMU TOI'O BPEMEHH.

IlepBas pabdora «On a new Species of Imaginary Quantities connected with a
theory of Quaternionsy» 1Mo TMIIEPKOMIUIEKCHOMY MCYHCICHHIO OblIa MpecTaBIie-
Ha Y. lamunsronoMm 13 HOs0pst 1843 r. Ha 3acemanuu MpriaHacKoil KOPOJIEBCKOM
akagemuu. Cozgatens Teopun sekrpomarueruama JI.K. Makcsenn nucan: «H3o-
OpeTeHNe MCUMCICHHS] KBAaTEPHHOHOB €CTh IAr BIEpe] K MO3HAHUIO BEIWYHH,
CBSI3aHHBIX C MPOCTPAHCTBOM, CPABHUMOE 110 CBOEMY 3HAUEHHUIO JIUIIb ¢ U300pe-
TeHHOU [[ekapTom cucTteMor KoopauHat. Maen 3Toro ucuuciieHus, OTBICUYEHHBIE
OT €ro JICUCTBUI M CUMBOJIOB, MOTYT OBITh YpPE3BBIYAMHO IMOJIE3HBI BO BCEX 00-
nactax Hayku» [15, c. 39]. IlapamiensHo ¢ Teopuel TMIIEPKOMIUIEKCHBIX YHCEIN
Nammnprona B CIIA Jx. ['m66com Obuta pazpaborana BekTopHas anredpa (ani-
redpa BEKTOPHBIX YacTel JBOWHBIX THIIEPCTPYKTYP).
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2. KBaTtepuuonbl 'aMmiibTOHA 1 BeKTOpPHaA aaredopa 'mo6ca

KBaTepHHOHOM Ha3bIBAIOT YHNOPSAJOUEHHYIO YETBEPKY OelicmeumenbHblX YH-
cen (@, a1, ar, az). [lepBorit wieH ObUT Ha3BaH ['aMUIIBTOHOM CKAIAPOM, @ TPOUKY
OCTaJIbHBIX — 8eKMOpPOoM. BEKTOpPHI — 3TO yHnopsijoueHHbIe HAOOPHI IeHCTBUTEb-
HBIX YHCEJI, KOTOPBIE ONPENETIAIOT NPOSKIMH ay (N = 1, 2, 3) HaNpaBJIeHHOTO OT-
pe3ka Ha KOOPJUHATHBIE OCH C OPTaMH (BEKTOPBI €AUHUYHOMN JIUHBI) i, j U k. [Tpu
CMEHE CHCTEMbl KOOPAMHAT WCTUHHBIA BEKTOP H3MEHSETCS B COOTBETCTBUHU CO
CTPOTO OTpeeIEHHBIMH MPABUIIAMH, COXPAHSIONUMHU BEKTOP U €T0 JUITMHY, HO HE
KOJIMYECTBEHHbIE 3HAYEHUS €ro MpOoeKUUid. DTUM IpaBHJIaM HE YJIOBJIETBOPSET
«BEKTOpHAs» YacTh KBATCPHUOHOB [ aMHUIIbTOHA B CHITy MPAaBHJI NEPEMHOKCHHUS
yucen i, j u k, oOpa3yronmx JIEBOOPUCHTUPOBAHHBIA Oasuc. AnreOpanyeckas
¢dbopMa 3amucu KBaTepHUOHA UMEET BH/]T

q=ag+ai+a,j+ask, (6)

a CKaJISIPHO-BEKTOPHAS —
q=4dy +vya, (7)

rae a = (aj, as, az).

B ¢u3uke BekTOpaMu SBISIIOTCS CKOPOCTh M YCKOPEHHE MaTepUalbHbBIX Tell,
npujiaraeéMbele K 00beKTaM CHIIBI, MOTOKH (DU3NYECKUX BEIIMYUH, HAMPSHKEHHOCTH
BEKTOPHBIX MOJIEH U T.1. BEKTOpHI OMHON pa3MEpHOCTH MOKHO CKJIAJbIBATh WU
BBIUNTATh apuPMETHUECKH (HOCTATOYHO MPOCTO CIOXKUTh WM HAWTH Pa3HOCTH
COOTBETCTBYIOIIUX MPOEKIUH) MU TeOMETpUYECKH (IIpaBMiia TPEYTrOJbHUKA U
napajuiesiorpaMMa). Y MHOKEHHE BEKTOpa Ha YHCIOo (CKaJsp) CBOJUTCS K YMHO-
JKEHUIO Ha JTOT CKaJsip KakIoW mpoeknuu BekTopa. OCHOBHOM MpoOjaeMoil B
TEOpUHU KBATCPHUOHOB OBLIO BRIYUCIICHUE MTPOU3BEACHHUS BEKTOPHBIX YacTeH, MpU
pEIIeHUH KOTOPOH OBLIN BBEJCHBI BE HOBBIEC ONEpALMK: CKAISPHOE U BEKTOPHOE
MIPOU3BEJICHUS HAMPABICHHBIX OTPE3KOB.

B ocHoBe apudmernku kBaTepHHOHOB ['ammibTOHA JIekaT 4 enUHHIBI (OdHA
JNEUCTBUTENIbHASI U TP MHUMBIX, IPOU3BEICHUS KOTOPBIX BBIYUCISAIOT 1O MpPABU-
JaM, yKa3aHHbIM B TaOnuie). J[ias qBOMHBIX KBAaTEpHUOHOB IMPOU3BEIICHUS €IU-
HUI[ BEKTOpHOU anreOpbl ['mbG6ca Takke mpeacraBieHsl B Tabmnwuie. basuc s
BeKTOpoB ['amMuibTOHAa 00pa3yeT JeByI0 YHNOPSAI0UYEHHYIO TPOUKY OpTOB (Bpalie-
HHUE OT i K j ¥ OT j K kK IPOMCXOJUT MO YacOBOW CTpelike), a 0a3uc JUIsi BEKTOPOB
['m60ca — mpaByto (BpaiieHue OT i K j ¥ OT j K k IPOMCXOIUT MPOTHB YacOBOM
cTpenku). B nmanpHeimeM uccieqoBaHuu OyaeM HUCIOIL30BaTh Oe3pa3MepHBIC
BEJINYUHBI.

Tabnuua
ITpousBeneHus 6a3UCHBIX eIMHHIL ANredp
["amMunbpTOHA I'n66ca
€i'¢ I ] k €i'¢ i ] k
i -1 —k Jj i 1 k —
J k -1 i J —k 1 i
k — i -1 k Jj —i 1
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Toukn B TUNEPHIPOCTPAaHCTBE 3aJAIOTCS KBATEPHHMOHAMHU TOJIOXKEHUS, 3alu-
CaHHBIMHU B AIreOpandecKOM BHJIC

q=1+ix+ jy+kz ()

(T, X, ¥, z — NCUCTBUTEIbHBIC BEIWYUHBL; i, j, kK — KOMILJICKCHBIC €IUHUIIBI) WU
CKaJIIPHO-BEKTOPHOU (hopMe

qg=T+Yyr. 9)

3nech T = ct/l, rne ¢ u [ — COOTBETCTBEHHO Mpe/eNbHasi CKOPOCTh (CKOPOCTh CBETa
B BaKyyMe, CKOPOCTh 3ByKa B Cpelle) M XapaKTepHOE 3HAa4YCHUE JJIMHBI (UIHHA
CBOOOTHOIO Mpobera 4acTUIlbl, KOPPEJISALMOHHAS JUIMHA) JUISl paccMaTpUBAeMOil
3amauu, ¢ — BpeMms; r = R(x, y, z)//, B BeiOpaHHO# cucteme otcueta R(x, y, z) — pa-
JIMYC-BEKTOP, ONPEACISIOMUI MOJI0KEHNE TOUYKH C MPOCTPAHCTBEHHBIMU KOOP-
JTMHATAMH X, ) U Z.

[IpousBeneHrne BEKTOPHBIX YacTeil KBATEPHHUOHOB OCYIIECTBISIETCS B COOTBET-
ctBuH ¢ anredpoit Kimuddopaa (cMm., manp., [16]):

2
ey =77 (-6 —y[n xn,]), (10)
i i k
rac rl 'rz = xle +y1y2 +ZIZZ - CKaJISIpHOG, a [1’1 X 1‘2 ] = Xl yl Zl =
X2 Y2 22
= (V122 — y2z)i+(21xy — 25X7)j+ (X1 3 — X, 1)K — BEKTOpHOE NPOMU3BECHHS BEK-

TopoB. KBagpar HopMmBI JBOIHOTrO KBaTepHUOHa (9) (1pu y2 =+1):
2 _
ol =47 =" =" =57 (11)

e 1 = |r|2 — 4 y2 + zz, a BEJIMYMHY § B CIICIIUATBLHOW TEOPHUH OTHOCUTEIHHO-
ctu (CTO) Ha3pIBaIOT BPEMEHUTIOT00OHBIM HHTEPBAJIOM.

[Ipu monenupoBanuu (PU3UYECKOTO SIBICHUS BAXKHO HE TOJBKO YUUTHIBATH
reoMeTpur0 00BbeKTa, HO W BBHIOMPATh MPABWIBHYIO areOpy JUisl ONMHCAHHUS Ha-
omonenus. CornacHo teopeme @.I'. dpobGenunyca (1878 r.) anreOpsl AeicTBU-
TEbHBIX YUCEN, KOMIUIEKCHBIX BEJIIMYMH U THUIEPKOMIUIEKCHBIX CTPYKTYp (KBa-
TEPHHUOHBI, OKTAaBbl) COXPAHIIOT HEU3MEHHBIMU BCe apu(MeTHUEeCKHe JICHCTBUS.
Kpome Toro, anredpsl AeCTBUTENBHBIX U KOMIUIEKCHBIX YHCEN 00Iaal0T TaKXKe
CBOMCTBAMH KOMMYTAaTUBHOCTH M aCCOIIMATHBHOCTH, a TOCIEAYIOIINE aIreOphI
9TH KauyecTBa TEPSIOT: alnredpa KOMIUIEKCHBIX KBATEPHUOHOB — HEKOMMYTAaTHBHA
U acCOIMaTUBHA, anre0pa OKTaB — HEKOMMYTAaTHBHA U HEACCOLMATHUBHA.

[Touckn l'amunbTOHA W €ro mocieAoBaTeliei oOiacTeld MPUMEHEHUS KOM-
MJIEKCHBIX KBAaTEPHUOHOB (1(2 = —1) He yBeH4anuch ycrnexoM. [TombiTka MaxkcBern-
Ja IPUMEHUTh MX ISl TIOCTPOSHUS TEOPUU SIEKTPOMArHeTU3Ma TOXKE MPOBAIH-
nach. [IpuBepxeHIIbl «KBAaTEPHUOHHOIO MPOTPECcCcay ¢ TEUEHWEM BPEMEHU CTaHO-
BIJIMCH Bce OoJiee TOXOKUMHU Ha (PaHATUKOB — UX HAaydyHbIE PabOTHI IPHOOpETATN
Pa3MBITBI U JOTMATHYECKUM XapakTep. ITO MPHUBEIO K TOMY, YTO TEOPUS KOM-
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TUIEKCHBIX KBATEPHUOHOB | aMUIIbTOHA OYEHBb OBICTPO MpEeBpaTHIIach B HAOOp He-
BEPHBIX CYXKICHUW, a MO3TOMY HEYJIHUBUTEIBbHO, YTO K KOHIY XIX B. KOMIJIEKC-
HBbIC KBATEPHUOHBI CTAIH BOCIPHUHUMATHCS €CTECTBOHCIIBITATENISIMU C pa3apaxe-
HueM. Ha3BaB «BekTOpamm» YUCTO MHUMbIE KBATEPHUOHBI, | aMUIIBTOH JOMYCTHII
CEpbe3HBIN MpocUeT. MI3BeCTHO, YTO BEKTOP OTIMYAETCS OT JFOOO0T0 IPYroro yro-
pAIOYEHHOTO HAabopa Yucesl 3aKOHOM MPeoO0pa30BaHUs MPU U3MEHEHUU CHCTEMBbI
orcueta. «Bekropen» ['aMuIIbTOHA, K COXKATIEHUIO, 3TOMY 3aKOHY HE IMOTYNHSITUCH,
MO3TOMY OHH He 200UNUCL HA POab (u3udeckux Haobarooaemvix. MaTeMaTHUeCKH
BEpPHOE OMHMCAHUE KBATCPHUOHOB ['aMHUIbTOHA W WX TPAaBUIbHAS WHTEPIPETAIIHS
npuBeneHbl B pabote Pogpureca (cm., Hamp., [17,18]). Takum oOpa3zom, KOMIUIEKC-
HBbIC KBATEPHUOHBI PUTO/IHBI JIUIIH JJIsl OMHCAHUS JICBOBPAIATEILHBIX JBIKEHUI
TBEP/IBIX TEN U CO3aHUsI «(PaHTACTHUECKUX) MeH3axel B MyIbTQUIbMAaX.

JlyanpHble KBAaTEpPHUOHBI MCTIONB3YIOTCS JJIsi IOCTPOCHUS BHHTOBOTO HCUHC-
nenus [19,20]. [IpumMeHeHne TBOMHBIX KBAaTEPHUOHOB, KaK IMOKa3aHO B paboTax
[16,21-25], mO3BOJISIET HE TOJBKO MOJYYUTh MATEMAaTUYECKUM MYTEM paHee W3-
BECTHbIE (PM3UYECKU 3HAUMMBbIC YpaBHEHUS, MPEIJIOKEHHbIE Ui OMHUCaHUS JKC-
MEPUMEHTAIbHBIX JAHHBIX, HO U YCTAHOBUTH HOBBIC HEU3BECTHBIC pAHEE COOTHO-
HICHHUS.

3. JIBoiiHble KBATEPHUOHBI 1 MEXaHMKA MATEPUAIbHON TOYKHU

B pa6ore [16] uccnenoBana cucrema nuddepeHImanbHbIX YpaBHEHUH TIEPBOTO
NopsiiKa JIJIsi BEKTOPHBIX YacTed KBATEPHUOHOB, OMUCHIBAIOIIUX M3MEHEHHUS CO-
MIPOBOXKIAIOIIETO TPEXI'PaHHUKA MPHU €ro JIBUKEHUH BJOJb €CTECTBEHHO Iapa-
METPU30BAHHOW TPACKTOPUM C YUYE€TOM BO3MOXHOCTH IOBOPOTAa TpPEXTPaHHUKA
BOKpYT BekTopa OuHopmainu. [lokazaHo, 4TO TPUBUAIBHOCTH OJHOM U3 F€OMETPH-
YECKUX XapaKTEPUCTHK (HYJIEBOE 3HAUYCHHUE KPUBU3HBI, KPYUYEHUS WU TIOBOPOTA)
MPOCTPAHCTBEHHOIN KPUBOW MPUBOJUT K OCHMWJUIMPYIOUIEMY XapaKTepy IOBeze-
HUS COOTBETCTBYIONIETO Oa3MCHOTO BEKTOpa MOABMKHOW CHCTEMBI OTcuera. B
9TOW CBSI3M OBUIO YKa3aHO HAa HEOOXOIMMOCTh pa3iNyaTh T€OMETPUUYECKYIO
CTPYKTYpPY TPACKTOPUH IBMXKECHHS U (PU3NUYECKHE CBOMCTBA MaTEepHAILHOM Yac-
tunbl. Hemsmennocths BenwuuHbl (11) mpu moBOpOTE CHUCTEMBI KOOPAMHAT B
I0CKOCTH OtF, TOXKACCTBEHHOM MPSIMOIUHEHHOMY U PABHOMEPHOMY JIBUKEHUIO
CUCTEMBI OTCUETa B €BKJIMJJOBOM IIPOCTPAHCTBE, MMO3BOJISIET MOIYYHUThH peoOpa3o-
Banue Jlopenna u ommcath 3Q(HEKTHl CHENHATFHON TEOPUHM OTHOCUTEILHOCTH
(cm., Hamp., [18]), T.e. mpemraraeMblii MOAXOJ OMHUCHIBAET MOBEICHUE DPEIIATH-
BUCTCKUX YacCTHI] 0€3 MPUBJICUEHUS JOMOTHUTEIBHBIX THIIOTES.

Uccnenyem cBolcTBa KacaTeabHOIO KBATEPHUOHA K = K + YK, TaK KaK OH OII-
peaensieT aBa Ipyrux 0a3UCHBIX KBATEPHUOHA COMPOBOXKIAIOIIETO TPEXTPaHHHUKA
U COMPSKEHHbIE XapaKTEPUCTUKU K KBaTEpHUOHY nosioxkeHus (9) [21]. Oun 3axa-
€TCsl HOPMUPOBAHHBIM 3HaU€HUEM OECKOHEYHO MaJoro M3MEHEHHs KBaTepHUOHA

ITOJIOKCHHU A

dr dr dr
- 2 12
K ” ” +7v Ko +7K, (12)
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IIPUYEM €T0 HOPMa paBHA EIUHHUILIC (”KO +YK||2 = K(z) —|K|2 =1). KacarenpHslii

KBaTEpHUOH K pacrojaraercsi B MpOCTPAHCTBE, KacaTelIbHOM K MUPOBOW JIMHUH,
IPY 3TOM €0 CKaJIIpHasi U BEKTOPHAs YacTH 3a1at0TCsl OpMyIaMu

1

Ko =—F—>
’ \/l—u2

rae u = v/c, u = |u|, v — CKOpPOCTb MOCTYIATEIHHOTO JBMKECHUS MaTepHAILHON
TOYKH.
W3menenus Bpemenu dt u paguyc-BekTopa dr uMeroT Buj

dt=xyds, dr=kds=xyuds. (14)

K =Kou, (13)

Pa3mepHyr0 CKOpPOCTh JBMKEHHS MaTEpUaIbHOW TOYKH B TUIEPIPOCTPAHCTBE
BBIYHCIIUM 110 (hopmyde (¢ yuetom (12) u (13))

g_ c ry v
ds \/1—u2 \/l—u2

a ee KBaTepHHOH PHEPrUU-UMITYJIbCa (B CHUCTEME OTCUeTa, B KOTOPOM YacTuia He-

=cKy(l+yu) =cx, (15)

MOABUYKHA, OHA UMECT MACCy IMOKOA m()) — I1IO BBIPAKCHUTIO

m()c mOV =£+ 'YszOCK:POK’ (16)

+v
\/l—u2 \/l—u2 ¢

2
rae E = mc™ — a"eprus yactuisl, P = mv — ee umnynsc, a P = Ey/c = myc — um-

P:moV:

2 .
MyJbC B COCTOSTHUM TIOKOsI, Ey = moc~ — SHEPrUs YaCTUIIBI B HETIOJBUKHON CHC-
TEeMe OTCYETa,

m=—ml_ (17)

— Macca ABuxyIeics yactuibl. Hopma kBaTteparona (16) numeer Bu

P-4

e e E?
|P|* = PP =P P=c—2—|1>|2=1>02||1< - (18)

1
ITpu ManbIX CKOPOCTAX IBMKEHUS (u << 1, m = m (1 + Euz ) PHEPIUsl YACTHIIBI

2
mgov
E=mc* =~ Ey+—2

= Ey+K, (19)

rae K = m0v2/2 — kuHeTn4deckas sHeprus. Ormerum, uro dopmynst (11), (17)—~(19)
COBMAJIAIOT C COOTBETCTBYIOIIMMH (DOpMyJamMH CHEIHMATBHOW TEOPUU OTHOCH-
TenbHOCTH [26]. Pa3znenuB Beipakenue (16) Ha UMITYJIBC B COCTOSTHUM TIOKOSI Py =
= Ey/c = myc, MOnyuynM KacaTeabHbIi KBATEPHUOH K, KOTOPBIM 3amuiieM B (hu3u-
YECKOM IPEACTaBICHUU:

P E

P
P £ s P (20)
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rae 0e3pa3MepHble BETMUYUHBI JHEPTHH € = Ko U UMITyJIbca p = Kou = gu. [locnen-
HEE PABEHCTBO MOKA3bIBAET, YTO UMITYJILC MATEPUATILHOM TOYKH ONPENEISAET KOH-
BEKTUBHBIN NIOTOK SHEPI'UH.

Cuua F, neiicTByrolIas Ha 4acTUIly B TUIEPIPOCTPAHCTBE:

[ ds cdt\/l—u2 dt\/l—u2 cdzy dzy

snech dty = dvl-— u® — BPeMEHHOM IPOMEKYTOK B ITOKOSIIEHCS CHCTEME OTCUETA.

B xoHcepBaTuBHOUN cucTeMe (OTCYTCTBYET CKajisipHas cwia £y = 0, OTBETCTBEH-
Hasg 3a AUCCUIIAIIUIO SHCPIrUM, T.C. MCXAHUYCCKAsA SHCPIUs COXpaHHeTCH) ,Z[GI\/'ICTByeT
TOJIbKO BEKTOpHas cuia, nodtomy F = yF. Tlpu ManbiX CKOpOCTSAX ABUKEHHUS

(u << 1) macca gactuupl m = my, UMIYJIbC P = myV, a BekTop F npunumaer Bun
dp _ m av _ mgya . Obpamenue cunbl F B
d¢ dt

HYJIb IPUBOJUT K COXPAHEHUIO UMNYIbCA YacTULBI P.

B pab6orte [21] Takke MpoaeMOHCTPUPOBaHA HEOIHO3HAYHOCTH OMPEICICHUS
KBATCPHUOHHOI'O MOMCHTA UMITYJIbCA, CBsA3aHHAaA C Pa3/IMYuCM CKaJIAPHBIX gacTel
JBOMHBIX KBATEPHUOHOB (OHU 337at0T (ha3bl BOJIH, KOTOPbIE PACTIPOCTPAHSIOTCS B
IIPOTUBOINOJIOXKHBIX HarnpasieHUsAX). [Ipu nccnenoBaHuy BpalaTeabHOTO JBUXKE-
HUSl ObUIO YCTAHOBJICHO, YTO MPOMOPIIMOHAILHOCTh KBATEPHUOHOB TOJIOXKEHUS U
BpAIIEHHS HE TOJIBKO OTOOpaKaeT KOPIYCKYISPHO-BOJIHOBOM JTyajl3M YacTHIl, HO
Y YKa3bIBaeT Ha CIUPAbHBIN TUIT JBUKEHHS YACTHUIIBI B IPOCTPAHCTBE CKOPOCTEM.

cunel B Teopur Hertotona [27]: F =

4. [InddepenuupyeMocTh PYHKUMHA IBOMHBIX KBATEPHUOHOB

JUis “3ydeHus: MoBeeHHs] JOCTATOYHO OOJIBIIOro 4Mcia YacTHll, CyMMapHOe
NOBEJICHUE KOTOPBIX MPUBOIUT K BOZHUKHOBEHHUIO CPEIbl B TOM WJIM MHOM arpe-
raTHOM COCTOSIHUH, TpeOyeTCsl pa3BUTHE THIEPKOMIUIEKCHOTO auddepeHInaib-
Horo ucuucnenus [22]. Ilpu BbIBoJe ypaBHEHMI 3BOJIOIMOHHBIX IpeoOpa3oBa-
HUI JOKanbHOH 00JacTH CUCTEMBI BO BPEMEHHU MCIOJB3YIOT YacTHYIO (JIOKaJlb-
HYIO) TIPOU3BOJHYIO 0/0T, a B MIPOCTPAHCTBE — omneparop ['aMunbToHa (OmepaTop

«Habmay):

_0 0,0 k2 (22)
or ox oy oz

Ecmu meHTp Macc 061acTu ABMKETCSI CO CKOPOCTBIO U, TO B TPAHCIIOPTHBIX ypaBHE-
HUSAX IPUMEHSIOT CYOCTaHIIMOHATIBHYIO (MaTepualIbHYIO0) MPOU3BOAHYIO [28,29]:

d = 9 +u-V, (23)
dt or

r7ic BTOpOE CjaraeMoe ¢ MaTeMaTHYeCKOW TOUYKH 3pEHUS OMpEaesisieT MPOU3BO/I-
HYIO 10 HAIPaBJICHUIO CKOPOCTH, a ¢ (PU3HUECKON — SIBIISIETCS KOHBEKTUBHOM CO-
cTaBisitomie ABvkeHus. ClenoBaTeNbHO, YaCTHBIE MPOU3BOJIHBIE OIMUCHIBAIOT
U3MEHEHHUs (DU3MYECKON BEIMYUHBI B OKPECTHOCTH BBIJICICHHON TOYKH, a CYO-

CTaHIIMOHAJIbHAS TTPOU3BOIHAS — B JIIOOOH TOUKE CPEIbI.
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KacatenpHOe MPOCTpaHCTBO MOPOKAAETCS MPUMEHEHUEM TUIIEPKOMIIIIEKCHOTO
4-rpaguenTa (omeparop «reTpay [22]) K KBaTepHUOHHOW (QYHKIUU

0=%+yV, (24)
HOPMa KOTOPOIo
2 — 0? 02
o] =°O=W—V'V=6TQ-A=-D, (25)

rne A— oneparop Jlamnaca, L1 — oneparop anambepa [30]. CyOcTaHIIMOHATBHOM
(MaTepualbHOM) MPOW3BOAHONW HAa3bIBACTCS MPOW3BOJHAS BIOJb O€3pa3MEpHOro
KBaTE€pPHHOHA CKOpocTH 1+yu =V /cx, [22], T.e.

D=(1+yu)[§+ij=i+yi, (26)

371eCh d_9 +u-Vu d =V+u o [u X V] — CyOCTaHIMOHAIBHEIE TIPOU3BOIHbIE
dt ot dr ot

M0 BPEMEHU U MPOCTPAHCTBY COOTBETCTBEHHO. OTMETHUM, YTO CyOCTaHLIMOHATIbHAS
NPOU3BO/IHAS MO0 BPEMEHHU IIMPOKO HCIOJIB3YETCS B TUAPOIAMHAMHKE, a CyOCTaH-
IIMOHAJIbHASL TTPOM3BOIHAS TI0 MPOCTPAHCTBEHHBIM KOOPAMHATAM SIBJISIETCSI HOBBIM
OIepaTopoM B (PU3HUYECKON TEOPHUH.

Ecnu orcyrcrByet 4-rpaguent ¢yHkuuun @ (q,q) = ¢(t,r)+ yA(t,r) (cka-
JSIpHAst ¥ BEKTOpHAsk (PYHKIIMU 3aBUCST OT JICHCTBUTEIBHBIX apIYMEHTOB) B HEKO-
TOPOM JIOKATBHOM 00JIACTH, TO BBHIMIOTHSIIOTCS PaBEHCTBA

a—(P+diVA=O,

00 =0:1 % 27)
—+gradp—rot A =0,
ot

o0ecreunBaroIe HE3aBUCUMOCTh (QYHKIHMU () OT 3€pKaJIbHOTO apryMeHTa ¢ .

CrnenoBatenbHO, ypaBHEeHHs (27) sBIsArOTCs aHaimoroM yciosuii Komm—Pumana

(5), T.e. B Takoil obsacTu KBaTepHHOHHAsE QyHKUUs O OyAeT TUIepaHaIuTHYec-

Ko (rumepperyisipHoit). OTMETHM, YTO BTOpOE ypaBHEHHE CHUCTEMBI (27) oTo-

Opaxaet Teopemy ['enbmromnsna [31, c. 177-178; 32, ¢. 209-220; 33, ¢. 59], ecnu

0003HAYUTD aa—A =X. Hanpumep, mis kBaTepHMOHA 3HepruM-uMmiyiasca (20)
T

ypaBHeHUs (27) IpUHUMAIOT BH]T

@+divp =0,
OP=0: gf (27a)
—p+grad8—rotp =0.

ot

[IepBoe ypaBHeHHE cucTeMbI (27a) ONMUCHIBACT JIOKATBbHBIA 3aKOH COXPaHEHHs MACChl,
a BTOPOE — IMHAMUKY JIOKaJIbHBIX JIBH)KEHUH.
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Takum oOpaszom, puznueckass HHTEPIpPETAIMA CUCTEMbl paBEHCTB (27) COCTOUT
B CJIEIYIOIIEM: €ClIi BEKTOpHas 4acTh KBaTepHHOHA D OMMCHIBAET MOTOK €ro CKaJsp-
HOM cocTapistroie (A = ou =—aV@, o — KUHeTHYeCKuil K03((UILIMEHT), TO IEpBOE
ypaBHEHHE CUCTEMBI (27) ONUCHIBAET JIOKAJIBHBIA 3aKOH COXPAHEHMS BEJIMYUHBI
(kuHeTnueckuit 3akoH). [Ipu 3TOM BTOpOE ypaBHEHHE 33aJa€T IBOJIIOLIMIO TOTOKA BO
BpPEMEHHU (T€UEHHE) U SBJSIETCS AUHAMUYECKHM 3aKOHOM. J[JIsl MOJNEBBIX MepeMeH-
HBIX TIEPBOE ypaBHEHHE cHUCTeMbl (27) ommchiBaeT KanuOpoBky JlopeHma (cm.,
Harp., [33]), a BTopoe — OTCYTCTBUE BHEILIHUX U OINpPEICICHHE BHYTPEHHUX CHUJI.
CrnenoBatenbHO, cuctema (27) oToOpakaeT NyaJUCTHYECKOE €IMHCTBO HEoOpa-
TUMOCTH U 00pPaTUMOCTH IBUKCHUH JIOKAJIHOW 00JIaCTH.

Ucnonp3ys cooTHomeHust Teopuu nodsa [30], Jerko mokaszaTh, YTO CHUCTEMY
ypaBHEeHHMI (27) MOXKHO TpeoOpa3oBaTh K BUILY

Llo(t,r) =0, 28)
[CJA(t,r) + 2rot(rot A(t,r)) = 0,

KOTOPBIH OMpeeseT TUIeprapMOHUYECKyI0 KBATEpHUOHHYIO (QyHKIUIO D.

[IpumeneHne cyOcTaHIIMOHAIBLHOTO orepaTopa (26) K KBaTepHUOHHOH (yHK-
i @ u obpaiieHue 3Toi mpou3BoAHOM B HYNb (D® = 0) nmpuBOIUT K ypaBHECHH-
sIM, TIOJIOOHBIM (27), HO B KOTOPBIX JIOKAJIbHBIE MMPOU3BOIHBIC 3aMEHEHBI Ha Cy0-
CTaHIIMOHAJbHBIC. DTH YPaBHEHUS BBITIOJHSIIOTCS B JIFOOOW TOUYKE JIOKAJIBHOM 00-
JacT. YCJIOBUEM UX BO3SHUKHOBEHHS SBJISICTCS KOMILIAHAPHOCTH BEKTOPOB U, A
rotA, T.e. oOpalieHre B HyJb CMEIIaHHOTO MPOU3BECHHS 3TUX BEKTOPOB.

Pemienune 3amaun Ha OTHICKaHHE COOCTBEHHBIX (DYHKIIMHA M 3HAUEHUH oreparo-
pa «retpa» (24) 0Q =10 nyrem BBemeHus 3ameHbl Q = Fexp(A;T) naer amus
byakuun F cuctemy ypaBHenuit (27). Eciu kBaTrepHUOH F' SABIISETCS TUIIEPTrapMO-
HUYECKOW (DYHKIHEH, TO B JIOKAJIbHON 007acTH BO3HUKAIOT 3aTyxaromme (A < 0)
win Hapactaromue (A > 0) mo amMIuMTyae nepuoandeckue aBmkeHus. [louck
KBATEPHUOHA, YIOBIETBOPSIONIEro ypasHeHnio OQ = A0, MyTeM aHANOTHYHOI
3ameHsl (Q = F exp(A,T) ) Ipu yCIOBHM IEpexoja K YpaBHEHUSIM C OIIEPaTOPOM
Jlanambepa JeMOHCTPUPYET MOSIBICHUE B JIOKAJIBHON 00JIACTH «3apsaoB» U «TO-
KoB» [22]. B pabote [22] Takxke onucaH ClieHApHUii BOZHUKHOBEHUS UepapXUyec-
KUX ABW)KCHUH U TMOJIy4eHO MpaBuiio nuddepeHupoBanus Uid NPOU3BEACHUS
KBaTepHUOHHBIX (YHKIMI. B 9acTHOCTH, JOKanbHAs MPOW3BOAHAS OT MPOU3BE-
JIEHUS IBYX TUTIEPKOMILIEKCHBIX QYyHKIMMA F' 1 G uMeeT BUI

O(FG) = (OF)G + F(0G)+ 0, , (29)

rae Oa — AedeKT KBaTepHUOHHON MPOU3BOJIHON, CBS3aHHBIN C HEACCOIIMATUBHO-
CTbIO, HCKOMMYTATHBHOCTBHIO U onepauneﬁ B3ATHA KOMIIJICKCHOTO COTIPSIPKCHUA OT
runepbyaknuidi. OOpamenue negexkra KBaTEPHHOHHOW TIPOWM3BOJHONW B HYIIb
(Oa = 0) mpuBOIUT K CTAaHAAPTHOMY MpaBUTy TU(GEpEeHITUPOBAHUS TTPON3BEACHNUS

JBYX (DYHKLIHH.
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5. Teopust MakcBeJuia u ABOMHbIE THNePQYHKIIUA

B pab6ore [23] 6pU10 TOKa3aHO CYIIECTBOBAHHUE CUTYAIIMH, IIPH KOTOPO Ha He-
MOJABMKHYIO JIOKAJTBHYIO 00JIaCTh OKa3bIBA€T BO3JICHCTBHE BHEIIHEE T0JIe C Ha-
npsokeHHOCThI0 E=0—vE [24]. Toraa BeINONTHAOTCS COOTHOLLIEHUS BUAA

g—(P+diVA =0,

DO =0 0D =E: a; (30)
—+gradp—rot A = -E.
ot

[lepBoe ypaBuenue cuctemsl (30) 3amaer kaubposxy Jlopenya, a BTopoe — MO3BO-
JIACT BBCCTH MOJIA ABYX THUIIOB: JIOKAJILHO-TPAJUCHTHOC (E)JICKTpI/I‘-IeCKOG)

O0A
E,=———grad 31
1=~ ~grado (31)
1 BUXPEBOE (MarHUTHOE)
E, =rotA, (32)

T.€. 3anucarb BTopoe ypasHenue (30) B une E=E,; +E,.

[Ipumenenue onepauuu nueepreHuuu K ypaBHeHusM (31) u (32) ¢ yuetom
nepBoro ypaBHeHus (30) MpUBOIUT K YpaBHEHUSM

2

divE, :Z—(ZP—A(p = e, (33)
T
divE, =0. (34)

[ToneiicTBOBaB omnepaTtopoM potopa Ha (31), ¢ yuerom onpenenenus (32) momy-
UM
OE,

P (35)

rotE, = -

BbryuciuB 4acTHYI0 MPOU3BOIHYIO 1O BpeMeHHU OT (31) U MPUMEHUB K TIEPBOMY
ypaBHeHHIO cuctemsl (30) onepaTop «Habsiay, HailieM ypaBHEHUE

rotE, = %HHA. (36)
ot
CpaBuenue ypaBHeHuii (31)—(36) ¢ Teopueid 3J1€KTpPOMarHUTHOTO Mmojst Mak-
cBemia B popme XeBucaiina (cM., Hamp., [30, m. 4.12]) moka3bIBaeT, 4TO BEKTOP-
Has pynkius E; onmceiBaeT «anekrpudeckoe» mnoie, a Ey — «varautnoey. [lpu
9TOM BBITIOJTHSIOTCSI PABEHCTBA

Lo = —4mp, (37)
LA = —4nj, (38)

3/1eCh P — CKaJisipHas QYHKIUS IUIOTHOCTH paclpeiesieHus «3apaaa», a j — BeK-
TOopHast (PYHKIMA IIIOTHOCTU «TOKay. [lociie BBeeHUs THIIEPKOMITIIEKCHOM TIIO0T-
HOCTH PACIIPEICIICHUS «3apsiia»
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O=p+vj (39)

cootHouieHus (37) u (38) MOKHO 3anucaTh B KBATEPHUOHHOM BH/JIE
O®=-4rnQ. (40)

Takum oOpa3om, ypaBHeHHs1 MaKcBel/Ia SIBISIIOTCS CIIECTBUEM OTCYTCTBUSA
cyOcTaHIMOHanbHOTO TpajuenTa [21] kBaTepHrOHHOTO oM D(g) MpH AeHCTBUH
Ha JIOKAJIBHYIO 00J1aCTh BHEITHETO OIS cIeMUYecKoro Bua [23] 1 HalOoKeHUs
Ha MOTCHIMANBI KaauOpoBku JlopeHna mpu ee eCTECTBEHHOM BO3HUKHOBEHUU B
TEOpPUU ABOWHBIX KBATEPHUOHOB.

B pabote [23] Takke mokazaHo, 4To kanuoposka Kynona (divA = 0) cooTser-
CTBYET MOJII0O CO CTAllMOHAPHBIM CKAJIAPHBIM MOTEHLIMAJIOM U MPEeoOpa3oBaHUIO
(37) B ypaBaenue Ilyaccona (B equnnmax cuctemsl CI'C) [34, c. 56]. Karubposka
Jlannaca [30, n. 4.11] 3agaercs cootHomenusMu divA = 0 u rotA = 0, npu 3TOM
ypaBHeHue (37) nepexoaut B ypaBHeHue Jlamiaca (Ag = 0). OTo o3Hay4aeT, 4TO B
JIOKaJIbHOM 00JaCTH OTCYTCTBYIOT «3apsiibl» U «MAarHUTHOE» TOJie, a TaKkXKe Ha-
On01aeTcsl CTAllMOHAPHOE CKAJISIPHOE TI0JIE (P, TTOPOXKAAIOIIEE «AJIEKTPHUECKOE)
noJsie. OTMETUM, YTO KBaTEPHUOHHOE MOJI€ HE JOCTUTAET IKCTPEMaIbHOIO 3Haye-
HUS B O0JIACTSX, T/Ie BBHIMONHIECTCS ypaBHeHue Jlarmiaca, M KOHIIGHTPUPYETCS B
Tex Toukax, rme Ag < 0 [33]. OTcyrcTBHE B JIOKaJbHON OOJACTH «3apsIoB»
«TOKOBY» OmHchIBaeTcsi ypaBHeHueM JlanamoOepa (ypaBuenue (40) ¢ HyneBoil mpa-
Boil yactpio). [lepumonmyeckue MpOCTPaHCTBEHHO-BPEMEHHBIE H3MEHEHHS KBa-
TepHUOHHOTO 10 D(g) MOTYT CPOPMHUPOBATH NMEPUOAUYECKHE OOpa30OBAHUS TH-
MOB «KPUCTAILI» WU «CTPYyKTypa ThropuHTa» (cM., Hamp., [35]).

6. Kuneruyeckuii ¥ JTMHAMMYECKMH YPOBHM ONMCAHUS PUPOAHBIX ABJICHUM

Ecnu nnotHoCcTh pacnpeneneHus «3apsaa» (39) onuceiBaeTcsl runepaHagIuTi-
4yecKoi (DYHKIIMEH, TO BBITIOJHSIOTCS yclioBus Buaa (27) [24]:

9P, divij=o0,
00=0: {7 1)
g .
—+gradp—rot j=0.
ot

Ecnu neHTp mMacc JOKambHOM 00JacTH ABMXKETCSI CO CKOPOCTBIO U, HO OCTAIOTCS He-
W3MEHHBIMHU yclioBus (41), To mepBoe ypaBHeHHE (41) MOXKHO mepenucarh B BUIE

dp +divJ = —pdivu, (42)
drt

d 0 .
371€Ch d—:a+u-v — MarepuaiabHas MpOU3BOJHAS MO BpemeHu, J = j — pu —
T

CyOCTaHIIMOHANbHAS TUIOTHOCTh «TOKa», paBHAas PasHOCTH BEKTOPOB HMCTUHHOMN
IJIOTHOCTU «TOKa» j U KOHBEKTUBHOW KOMITIOHEHTHI pu. J[JIsi HEC:KUMAEeMOM Cpebl
(divu = 0) cyOcTaHIMOHAIEHOE YpaBHEHNUE COXPAHEHHUs TUIOTHOCTH pacipesene-
HUSA «3apsaa» (42) mpuHUMAET BUT
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@+divJ =0. (43)
dt

Ecnmu B cpene orcyrcTByeT «TOK» (j = 0), HO IPUCYTCTBYET KOHBEKTUBHOE TIEpe-
MEIICHUE «3apsia», TO CyOCTaHIIMOHAIbHAS TUIOTHOCTD «3aps/ia»

J=—pu. (44)

Cuny, neliCTBYIOUIYIO Ha ABIXKYIIMNCA «3apsii» B KBATEPHUOHHOM IIOJIE BHJIA
(30), onpenenum hopmynoi

F=QE=J-E+y(pE-[JxE]), (45)

r7ie KBaTepHHOH 3apsiia O = p + vJ, ckansgpHast 4acTh KBaTepHHOHa (45) omnpene-
JSIET CKOPOCTh AUCCUMALINN SHEPTUU

% _jE, (46)
dt

a BEKTOpHas — CUI1y, HeﬁCTByIOHIyIO Ha «Gapsaa»:

[Ipu KOMMMHEApPHOCTH IJIOTHOCTHU «TOKa» J BEKTOPY HANPSHKEHHOCTU «JICKTpUYe-
ckoro» nonst Eq (J || E;) u3 mpaBoit yactu paBeHCTBa (47) ncue3aeT BRIYMTAEMOE
[JxE,]. B oTOM cityyae yka3zaHHBIE BEIMUMHBI CBS3aHbI COOTHOLIEHUEM

J=cE,, (48)

I7Ie G — DJIEKTPONPOBOIHOCTH Cpelbl. [ cTallMOHAPHOTO BEKTOPHOTO TOJS A
BeIpakeHne (48) ommchiBaer 3akoH Oma, chopmyaupoBaHHBIA B AuddepeHim-
anpHOM BHE [36, c. 14].

C y4eToM BBEIIEHHBIX OINpPECICHUN U NpH BhIMoaHeHUU (48) paBeHcTBO (47)
3allUIICTCA B BUC

F=pE, +p[u xE, |+pE, —[j xE,]. (49)

ECJ'II/I BBITIOJIHACTCA paBeHCTBO
pE, —[j xE,]=0, (50)

TO cooTHoueHue (49) sBnseTcsS CTAaHAAPTHBIM BBIPAXKEHHEM MJI CHJIbI, JCHCT-
BYIOIIIEH Ha «3apsii» B «JIEKTPUUECKOM» U «MarHUTHOM» TOJISAX, IPUYEM BTOPOE
cnaraemoe B (49) onuceiBaet cuity JlopeHia

F =p[uxE,]. (51)

OTcrona crnemyer, YTo CTaHIApPTHOE BBIpAXKEHUE ISl CHIIBL, ICMCTBYIONICH Ha «3a-
pAI» B «AJIEKTPUYECKOM» U «MAarHUTHOMY» TOJISX, BO3HUKAET TOTAA, KOTJa Ipo-
UCXOJUT KOHBEKTUBHBIA TMEPEHOC «3apsijia», BBIMOJNHACTCS Iu(epeHInaaIbHbII
3akoH Oma u cripaBeiiuBO BeipakeHue (50).

Omnucanue HeoOpaTUMBIX MporeccoB [25] Gasupyercss Ha: 3akoHe AU(Py3un
®duka (cMm., Hamp., [37, ¢. 8]): muddy3uOHHBIN MTOTOK j CBA3aH C TPAJAMCHTOM KOH-
LEHTpaluu BemecTBa Ve = grade cooTHOLIEHHEM
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j=-DVe (52)

(D — xoadpdunment muddysun); 3akoHe TemIonpoBogHocTH Pypbe (M., Hamp.,

dopmyny (1.2.10a) u3 [38, c. 18]), mpu 3TOM MOTOK TeIUIA jr OMKMCHIBACTCS BhIPAXKe-
HUEM
ir =-K7VT (33)

(K7— ko3¢ urment temmneparyponpoBoaHOCTH, VT — rpaaneHT Temnepatypsl 7);
a TaKKe Ha JIPYruX 3aKOHaxX, BUJ KOTOPBIX COOTBETCTBYET MEPBOMY YPaBHEHHUIO
cuctemsl (27).

B nacrosiee Bpemsi o0cyk1aeTcsi aHajdu3 YpaBHEHHM, ONHCHIBAIOIIMX HEOO-
paTHMBbIE MIPOLIECCHl B 00bEKTaX HAHOYPOBHS C YUETOM IPUICTAPHOCTH (TIAMSATH),
HEJIOKAJIbHOCTH M BBICOKOW CKOpPOCTH 3BoJitonuu [39]. Beixoa 3a paMKu Kiiaccu-
yeckux 3akoHOB Duka u Oypbe HAOMIOJACTCS TAaK)KE NMPU PEIICHUN KBAaTEPHUOH-
HOTO YpaBHEHHUS, OIMKCHIBAIOIIETO BO3HUKHOBEHHE Hepapxuu momoous [22,40],
Hanpumep, npu 1uddy3un

0C=¢C, (54)
rae C =c+vyj — KOHUEHTPAaLUMOHHBIN KBAaTEPHUOH, j — Iud(y3nOoHHBIN MOTOK,
€ — ko unuent nogodus. Ypasuenue (54) TOKIESCTBEHHO CUCTEME YpaBHEHUH

% L divi=te,
ot (55)

dj L
—+gradc—rotj=-Ej.
s i=-€j

W3 BTOpOTO ypaBHEHUS CUCTEMBI (55) BUIHO, YTO TPU BHITIOJTHEHUH COOTHOIICHUS
Jj .
9 rotj=0 (56)
ot

cucreMa (55) mepexoauT B CHCTEMY ypaBHEHHMU Mojenn Puka ¢ JIMHEHHBIM 110
KOHILIEHTPAlU UCTOYHUKOM (CTOKOM):

oc ..
—+divj=E&c,
e i=¢

gradc=-Ej, (57)
ﬂ—rotij,
ot

rre oOpaTHas BETUYMHA a_l =D onpexaenser kodpunmeHt mudpdysun. Takum

o0pa3om, nepBblii 3akoH Prka 0ToOpaxkaeT BOZHUKHOBEHHUE UEPAPXUU OO0 IPU
YCIIOBHH, 33]1aBa€MOM ypaBHEHUEM (56).

BriBoabI

1. B xBaHTOBOI MeXaHUKE U IPYTUX pasjenax (U3MKU 3a4acTYIO UCIOIb3YIOT
KOMILJIEKCHBIEC BOJTHOBBIE (DYHKIIMHU OT ABYX MEPEMEHHBIX /), a TAK)KE OT YeThIpex
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apryMeHToB 4. be3 ykazanus cnoco0a noiaydeHus: QyHKIHMH 4 KaK aHAJIUTHYe-
CKOTO MPOJIOJIKEHHS aHAIOTUYHOW (DYHKIIMH U3 MIPOCTPAHCTBa-BpeMeHN EBkiumaa
u 0e3 ompeieseHNus YCJIOBUM HE3aBUCHUMOCTH 4 OT KOMIUIEKCHO-COMPSKEHHBIX
aprymeHToB (tuma ycioBuii Komm—Pumana) ee wmcmosib30BaHUE HEIOIMyCTHMO.
[TosToMy Bce MaTeMaTHUECKUE pEIICHHs] YpaBHEHHM ¢ 3TOW GyHKUUEH U ux ¢u-
3UYECKHEe UHTEPIIPETAlUN HAyYHO He 00OCHOBAHbI U COMHHUTEIBHBI.

2. Hanwuaue Gombiioro yrcia 3a0iIyXIeHUN U OMIMOOYHBIX CYXKIECHUHN B psizie
pasnenoB (U3MKH BBIIBUTAeT Ha MEPBBIA IUIaH HEOOXOIUMOCTb KPUTHUYECKOTO
aHaJIM3a ATUX PA3elioOB C LENbI0 M30aBICHUS OT HEBEPHBIX YMO3AKIIOUCHUN H
MOCJICTYIONIETO BHECCHHUSI M3MEHEHUH B yUYeOHUKH 1O (DU3UKE BCEX YPOBHEH 00-
pa3oBaHMUsl.

3. O0beauHEeHne KBAaTEPHUOHHOTO MOAX0a ['aMHIIbTOHA U BEKTOPHOH anreo-
pbl ['106ca B anreOpy JBOWHBIX KBATEPHUOHOB MO3BOJISICT MAaTEMaTHUECKU BEPHO
U GU3UYECKHU aIeKBATHO ONMMCHIBATh MPUPOIHBIC SBJICHUS U MPOLIECCHI.

4. B anreOpe 1BOMHBIX KBATEPHHUOHOB IPOCTOTA U €CTECTBEHHOCTh MOJTYYCHHUS
ypaBHEHUM, KOTOpBIE paHee ObLTN MOMyYEHBI IPU ONMHUCAHUN HKCIIEPUMEHTATbHBIX
TAHHBIX, YKa3bIBA€T Ha HEOOXOIMMOCTh MPUMEHEHUS HOBBIX MaTeMaTHYECKUX
MOJIXOJIOB B TEOPETUUECKON (PU3UKE.
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S.V. Terekhov

SHOULD WE USE QUATERNIONS IN PHYSICS?

The construction of an analytical extension of a wave function with four arguments in the
common space-time continuum to the hyperspace of double quaternions is demonstrated.
The advantages of application of the theory of double hypernumbers to description of
natural phenomena are shown. New operators are introduced and not only classical
equations, but also the relations that generalize the known models are obtained. The necessity
of a new approach to formulation and description of physical phenomena and processes is
pointed out.

Keywords: wave function, quaternion, partial derivative, operator, energy, field
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PACS: 02.10.Ud, 02.10.Yn, 02.40.-k
A.B. XpucTos, [.A. YepsuHckun, B.B. LLenect

CBA3b OCHOBHOIO TEPMOOAMHAMUYECKOT O KAJIMBPOBOYHOIO
COOTHOLLEHWA C YPABHEHVEM FPKOHAN3EHA

[oHeLKnIn PU3NKO-TEXHUYECKUI MHCTUTYT uM. A A. NankuHa

CraTtbs noctynuna B pegakuuio 23 gekabps 2021 roga

ITlpusedeno ynoamenmanvroe mepmMoOuUHAMUYECKOe KATUOPOBOYHOE COOMHOULCHUE,
3aNUCAHHOE 8 MEPMUHONIOSUU UCYUCTCHUS HEWHUX Ou@epernyuanvibix gopm (8 eude
pasencmea 2-(hopm u 8 8ude pageHCcmed ux OMHOWEHUS eOunUYe), KOmopoe Ces3bleaen
menJiogovle U Mexanudeckue eauduvl. IIpo0emMoHCmpuposana 803MONCHOCMb UCHOb30-
BAHUsL IMO20 COOMHOWEHUS OJiL YCMAHOBICHUS C8S3e MeXHCOY MEPMOOUHAMULECKUMU
Kodppuyuenmamu, 6 mom uucie coomuouwenus I pronatizena.

Kiw4eBble c10Ba: TepMOANHAMUYICCKHE TTEPEMEHHBIC U KOY(PPHUITMEHTHI, KAITMOPOBOY-
HOE COOTHOIIICHUE, mapamerp [ 'proHaiizeHa, BHemHue auddepeHmansasie GopMbl, Me-
TOI IKOOMAaHOB

BBenenue. B padorax aBropoB [1-10] Opuia mpomemoHcTpupoBaHa 3¢ dex-
TUBHOCTh NPUMEHEHHs BHEIIHUX au(depeHuanbHeix GopM B (GU3MKE HA MPH-
Mepe TepMmoauHamMuku. [Ipomie Bcero 3To mposiBIsSETCS AJIA YETHIPEXMEPHOIO
IPOCTPAHCTBA TEPMOJMHAMUYECKUX IEPEMEHHBIX.

Haunbonee nHarmsamHo 1 3G deKTHBHO paboTa ¢ BHEUTHUMH JU(GEpeHITHATEHBIMA
¢dopmamu MOKeT OBITh PE/ICTAaBIICHA KaK aJIbTEpHATHBA METOTY skoOuaHoB [6—10].

B ¢usuke u MaremaTHKe 4acTO CTaBUTCS 3ajaya Mepexoia OT OJHUX MepeMeH-
HBIX K APYT'MM, TPAIUIIMOHHO pelaeMas py NOMOIIH sikoOuaHoB. B ncuncnenuun
BHemHUX U depeHInanbHbIX (GOpM MEepexoa OT OAHUX TMEPEeMEHHBIX (u, V) K
JOPYTUM (X, y) 3alIUCBIBAETCS KaK

duAdy = JdxAdy . (1)

[Ipennaraem opmanbHO MepenucaTh yka3aHHOE COOTHOIIEHHE B BUAE Ipo0wH,
BeIpakaroniei kodgduuueHt J (ssko0uaH) cieayonmm o0pa3om:

o(u,v) duAdv

J= ==
o(x,y)  drAdy

2)

[To cytn nena, B (2) uCoNb3yeTCsl U TPAIUIIUOHHAS, U albTCPHATUBHAS (B BU-
ne oTHoueHus 2-gpopm) hopma 3anucu sikoOuana. B pazBepHyTOM BHJE BhIpaXke-
HUE (2) MOXET OBITh 3amMMCcaHO KaK KOMOWHAIMS TPOU3BOJHBIX (IKOOMAaH) U Kak
KOMOHWHAINS OTHOIICHHH 2-popm:

© A.B. Xpuctos, [1.A. YepsuHckun, B.B. Wenecrt, 2022
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J_(ﬁ_uj ov) [du (@j _(NluAay.avA&x_auAax.avAay 3)
ox v a ). \oy) \ox y drxAdy dyAdx dyAdx dxAdy
CBs13b, OTpaXkaroasi oOpaTHBIN mepexo 1, OyJaeT UMETh BUT

J-129(y) _ drAdy )

B o(u,v)  duAdv’
O4eBHUIHO, YTO J-J =1,

Hcnonb3oBanne KaJauOpPOBOYHOIO COOTHOILICHMSA [JIsl TOJIYYEeHHs CBS3eH
MEXIY TepMoAMHAMHYECKHUMH Kod(pduuuentamu. Omupasch Ha GHOPMYIBI
(1)—(4), aBTOpHBI [6—9] MPOAEMOHCTPUPOBAIH MPOCTOTY MOJIYUEHHUS COOTHOILICHHHA
MEXy TEPMOJMHAMHUYECKUMH BeludMHaMH. JJii 3TOro yqoO0HO MOJIb30BaThCA
KaTUOPOBOYHBIM COOTHOIIEHUEM (CM. TIpuJI. 1)

dTAdS =dPAdV . (5)
Ero MoxHO nepenucars B BUJEC

a(T,S) dTAdS .
o(P,V) dPAdV

(6)

Cootnomienus (5) u (6) mpeAcTaBISIOT cO00 (HyHIaAMEHTAIBHYIO CBSI3b MEXK-
Iy TepMonrHaMudeckumu BenmmuauHamu (7, S, P, V). OHa oueHb JIeTKO JT0Ka3bIBa-
erca ¢ nomoibio BeipaxkeHus (1). Ilycts B neBoit wactu (1) crour 2-hopma
dTAdS . Torma, ucrions3ys pasnoxenue 1-popm mo BHemHuM guddepeHiuamam
HE3aBUCHMBIX TIEPEMEHHBIX (P, V) 1 BBIMIONHSS BRIYHACICHUS C YIETOM MPABUI UC-
YUCIIeHUs BHEMTHUX auddepeHnnanbupix GopM, OyaeM UMETh TOXKIAECTBO, U3 KO-
TOPOTO JIeTIaeTCs BEIBOJ O PAaBEHCTBE SIKOOMAHA €IUHUIIC.

OueBunHO, 4TO 2-GOpPMBI, coAepKaliuecss B KaIMOPOBOYHOM COOTHOLICHHH,
MOTYT OBITh IOJIy4€HBI TOBTOPHBIM JU(depeHrpoBanuemM 1-Gpopm TepmMoanHa-
MHUYECKHX MMOTEHIIUAJIOB U MTyTEM UX MepeMHOXKeHus (cM. mpuil. 1).

COOTBETCTBEHHO, KATMOPOBOYHOE COOTHOIICHHE MOXKET OBITH MPEACTABICHO
KakK B BUJI€ paBEeHCTBa 2-popM, MoJlyyaeMoro, Hanpumep, u3 1-¢popm TepmouHa-
MUYECKUX IOTCHIIMAIOB TOBTOPHBIM AU(PEpEeHIIMPOBAHUEM WM HETOCPECT-
BEHHO TIepeMHOXKEeHHEM 1-(hopMm TepMoaInHaMUIECKUX BEIUUWH (cM. mpuil. 1), Tak
U B BHJIe oTHouIeHus (popmansHoro) 2-popm (5).

[TponemMoHCTpUpYyEM METOJ| ONEPUPOBAHUS C YCIOBHBIMU E€IUHHUIIAMH. 3a OT-
MPaBHYIO TOYKY BO3bMEM Ipo0b BHJA (2). YCIOBHBIMU €IMHULIAMU Oy/eM Ha3bl-
BaTh (PyHJIaMEHTAIbHYIO NIPOOb, COJAEPKAIIYIOCS B KaJIUOPOBOYHOM COOTHOIIIE-
HuU (5), a Takke Apodu THIa (auAav)/ (&uAav) , TOXKIECTBEHHO PaBHBIE €IMHU-
e (mepeMeHHbIe ¢ U v BeIOUpatoTcst u3 Muoxkectsa (P, V, T, S))

MeTtononorus npeodpa3oBanusi GyHIAMEHTAILHOTO COOTHOILICHUS THNA (5) Ha
HAaYaJIbHOM JTare ToJpa3yMeBaeT 00 pas3iokeHue Buma (3) ¢ Mmociaeayromum
UCTIOJIb30BAaHUEM JPYTHX YCIOBHBIX €IUHUII, JTHOO HEMOCPEACTBEHHOE YMHOXKE-
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HHE paBeHCTBA (5) Ha Ty WIM UHYIO YCIOBHYIO €IMHHILY. MOKHO TaKKe MpHUMe-
HSTh KOMOMHMPOBAHHBIA METOJ, B KOTOPOM Ha OIPEIEICHHOM 3Tale HCIONIb3Y-
ercst paBeHCTBO (3).
[IpeobpasyeM ¢yHIaMEeHTaNbHYIO (KaJTHOPOBOYHYIO) €IMHMILY COTJIACHO Me-
tononoruu (3):
_dTAdS _dTAdV dSAdP dTAdP dSAdV
dPAdV  dPAdV dVAdP dVAdP dPAdV

Teneps pacnuimieM kaxjoe ciaraemoe B (7) B oTaenbHocTH. Tak,

(7)

&TA&V dSAdP 1 dSAdP 1
dPAdY dvAdP (dPAdV)/(dTAdV) dVAdP

1 _dSAdP dTAdP _
T AP,V)I(T,V) AVAdP ATAAP

I dSAdP dTAP _ 1 8(S.P) &(I.P) _

" (0P/0T), dTAdP AVAdP PP, o(T,P) o(V,P)

1 Cp 1 Cp
“PB, T Vo, TVPByap

(8)
[Ipomyckast mpoMeXyTOUYHBIE BBIKJIAIKH, IPUBEAEM BTOpOE ciiaraeMoe B (7) K BUAY
dTAdP dSAdV _ dTAdP dSAAV dTAdV _
dVAdP dPAdV dVAdP dPAdV dTAdV
_dTAdP dSAdV dTAdV 1 G 1 Cy

. 9
T dVAdP dTAdY dPAdV VocP T PBV TVPaPBV ©)
Takum o6pa3om, cormacHo (7)—(9) umeem ypaBHEeHHE
= -G ) (10)
PVTopBy

Heckonpko mHON myTh mpeoOpazoBaHMs YacTeil paBeHCTBA (7) MPUBOIUT K
cemyromuM pesyiabTaTaM. [lepBoe ciaraemoe MOKHO TTpeoOpa3oBaTh K BUILY
dTAdV dSAdP _dTAdV | dSAdP |
dPAdV dVAdP dPAdV  dVAdP
_dTAdV dPAdT dSAdP dPAdT _
dPAdV dPAAT dVAdP dPAdT
_dTAdV dPAdT dSAdP dPAAT _
dPAAT dPAdV dPAAT dVAdP
Vo1 G 1 Cp

— =P - (11)
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[IpumeHsst METOOTIOTHIO YCIOBHBIX €AMHUIL, TT0 aHajoruu ¢ (11) mpeobOpasyem u
BTOpOE ciaraemoe u3 (7):

dTAdP dSAdV _ dTAdP 1. dSAdV 1o

dVAdP dPAdV  dVAdP  dPAdV

_ dTAdP dTAdP dSAdV dTAdP _
dVAdP dTAdP dPAdV dTAdP

_dTAdP dTAdP dSAdV dTAdP _
dTAdP dVAdP dTAdP dPAdV

1 dSAdV dTAdV( 1

Vap dTAdP dTAdV

_VocP

2 ~ ~ ~ ~ 2
_ (1 dSAdV dTAdV [ 1 G Vv G (12)
Vap ) dTAdV dTAAP \Vap) T Ky TVKpob
Takum o6pa3om, Ha ocHoBe (11), (12) u3 (7) momyuum
1:%;%_ (13)
TVKrap

[MpupaBuuBas Beipaxkenus (10) u (13), Oynem UMeTh CIEAYIOUIYIO CBSI3b MEXKITY
TEPMOJAMHAMUYCCKUMHU KO3 PUTIIMeHTaMH:

PPy =Krop. (14)

®opmymna (14) nokaspiBaetcs ropaso jgerde, 4yem (10) u (13) (cm. «3amedanus»).
B 3TOM KOHTEKCTE BBINOJIHEHHE 3TOTO PABEHCTBA CIIYXKUT KOCBEHHBIM JOKa3a-
TenbcTBaM BeipaxkeHui (10) u (13).

BceromMHuM, 4TO OTIIMUME M300apUUeCKOil U M30XOPUYECKON TEIIOEMKOCTEH B
TBEPJAOM TEJI€ CBSI3aHO C aHTapMOHU3MOM [7-9]:

Cp=Cy (1+ygapT). (15)
B stom konTekcre u3 (13) u (15) monyuaem ypaBaenue I proHaiizena:
1=-Sr¥e (16)
VKro.p

3neck yg =V (0P /0U);,, —napamerp I'proHaiizena a1 u30TponHoi cpeasl [1,6-9].
PaccmoTpuM erie oguH BapuaHT MpeoOpa3oBaHUsI COOTBETCTBYIOIIUX ciarae-
MbIX B (7) C HCIIOIB30BAHUEM JIPYTUX YCIOBHBIX €UHUII.
Hpeo6pa3yeM NEPpBOC CliaracMoc.
dTAdV dSAAP _dTAdV N dSAdP .
dPAdV dVAdP dPAdV ~ dVAdP
_dTAdV dTAdS dSAAP dTAdS _
dPAdV dTAdS dVAdP dTAdS
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_dTAdV dTAdS dSAdP dTAdS _
dTAdS dPAdV dTAdS dVAdP

aTA&V dSAdP _dTAdV dVAdS O(P,S) _
~ dTAdS dSAdT T dTAdS dAVAdS A(T,S)

_dTAdV dVAdS [apj B [aTj [an [G_Pj B
T drAds drads \er ) as )y\ar Jg\oT )g

=_L.VQS.pBS=_M_ (17)
CV CV

C npyroii CTOPOHBI, TO K€ cllaraeéMoe MpH y4eTe COOTHOIICHUS (5) MOXKET OBbITh
NPEJICTaBJICHO B BHJIE

dTAdV dSAdP dTAdV dSAdP BS
dPAdV dVAdP  dPAdV dSAAT BV

(18)

Hpyroe HampaBieHue MpeoOpa3oBaHU ITOTO CiIaraeMoro (cM. «3amedaHUus»)
MPUBCACT HAC K CIICAYIOIIHUM 3KBUBAJICHTHBIM COOTHOIICHUAM:

dTAdV dSAAP K ag

e = , (19)
dPAdV dVAdP K, ap

dTAdV dSAAP _ Cp
dPAdV dVAdP TVPBop

(20)

CpaBHuBas mocyie1oBaTeIbHO MEXITy co0oit (17)—~(20), MOXKHO TTOTYyYUTh JOTOJ-
HUTEJIbHBIC COOTHOLICHHUS MEXIY TEepPMOAMHAMUYECKUMHU Kod(dduumeHramu, B
YaCTHOCTH

PrTogBy _ | 21)
Cy

Teneps npeobpazyem BTopoe ciaraemoe B (7).
dTAdP | dSAAV | dTAdP dSAAT dSAdV dSAAT _
dVAdP  dPAdV  dVAdP dSAAT dPAdV dSAAT

_dTAdP dSAAT dSAdV dSAAT _
dSAAT dVAdP dSAAT dPAdV
dPAAT dPAdAT dPAdV

=—= ~ lVas(—l):VaS~ ~ i~ ~ =
dSAdAT dSAAT dPAdV

dPAdT dPAdV _Va
S.(-=-=5 (22)
dPAdY dSAAT Vo, op

= aS

82



®du3uKa M TEXHHKA BLICOKHX AaBjaenuii 2022, tom 32, Ne 1

Cornacao (7) Ha ocHoBaHuH (21) 1 (22) moy4aem CIEIYIONIYIO CBS3b:

as _TVPagBs
Op C,

1= (23)

[Tocnennee paBEeHCTBO MOXXHO YIPOCTHTh, UCIOJIB3YysS cooTHoIlneHue (21), cie-
IyIoImuM 00pa3om:

os Bs (24)
ap Py

Ecnu ywects, uro mapamerp I'proHaii3eHa MOXET OBITh TPEACTaBICH Kak
Y =—1/(Tog) (cm. [6-9], a Takxke npui. 2), To U3 (24) NOITy4UM HETPHBHAIIb-
HBbIM BUJ] COOTHOLIEHHUS ['proHai3eHa:
Ps 1 (25)
By Tygop
B 10 x€ Bpems npaByro 4acTh BbIpaKEHUS (25) MOKHO MPEJCTABUTH KaK
1 _1+T’YGG‘P_ CP/CV _BS

1+ = = =—
Tygop  Tygop (Cp/Cy)-1 By

Torma OyaemM UMeETh
Cp = _Bs ) (26)
Gy Bs—Br

MosxHo mokazathb [9], uro neBas dactb Gopmyssl (26) MOKHO MpeodpazoBaTh K

BUIY
Cp _oag—ap

c, o (27)
Taxum obpazom, u3 (26) cnenyer
ag—ap __Bs (28)
g Bs =By
OueBunHo, u3 (27) u (28) ciaexyer paBeHCTBO
ap Bs __Cp (29)

ag By Gy

Jloka3aTenbcTBO COOTHOIICHHS (29) MeTogamMHu WCUMCICHHUS BHEITHUX audde-
pEeHIUAIBHBIX (JOPM U SKOOMAHOB JaHO B «3aMEUYaHUIX».

[Tockonbky mapamerp ['proHaii3eHa yg MOKET OBITh BBIPOKEH, BO-TICPBBIX, Ue-
pe3 agunabarrdeckuii Ko3PGUIIUEHT «pacIIUpeHus» Os (CM. paHee), a BO-BTOPBIX,
yepe3 n3odapuueckyto termoeMkocts Cp B Buge (15), To u3 (29) aBToMarndecku
cienyet ypaBHeHue [ pronaiizena B popme

__Bp
e = TBsap G0
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Jpyroe HampapieHHe TpaHc(hOpMalUK KaTUOPOBOUHOW E€IUHMIIBI CBSI3aHO C
HEMOCPEACTBEHHBIM MPEOO0pa30BaHUEM JaHHOW JpOOM M MaHUNYISLUAMU C ycC-
JIOBHBIMM eMHMIIaMuU. Hanpumep, ¢ OTHON CTOPOHBI,

dTAdS |

_ dTAdS dVAdAT _ dTAdS dVAdT

T IPALY

T IPAQY AVAAT  dVAdT dPAdV

_ dSAAT dTAdV _ dSAdT | 1

T AVAAT dPAQY  avaAdT

dS AdT dPAdT 1

PV ATV
1 dSAAT dPAdT

"~ dVAdT dPAAT PR,

Ky dSAT | _

" PB, dAPAAT AVAAT

Ky dSAAT dPAdS

 PVB, dPAAT
KT

dS AdT dPAdS

dPAAT dPAdS
KT CP

PVBV

PV, dPAdS dPAAT  VTPB,Bg

C npyroil CTOpOHBI,
dTAdS .

(1)

dTAdS dVAdS dTAdS dVAdS

TAPAdY
1 dVAdS =

dPAQY AVAdS dVAds dpadv
1 dVAdS dVAdT

VOLS “dPAdV
1 dVAdS dVAdT

Vag dPAdV dVAdT

Y Cy

VocS "dVAAT dPAdV VocS T

(32)

()

TVPogB,

KpOMe 9TOro, €CJIM UCIOJb30BATh YCIOBHYIO CAUHULY APYTOro Bud, TO MPUACM

K CJIEeIyIOIIeMY pe3yibTaTy:

_dTAdS _dTAdS . dTAdS dPAdT _
dPAdV  dPAdV  dPAdV dPAdT

_dTAdS dPAdT 1 dTAdS |
dPAAT dPAdV  Vap dTAdP

1 dTAdS dPAdS

1 dTAdS dPAdS

Vap dTAAP dPAQS

_L.L.(_&j_
Vop PBg \ T

Vap dPAdS dTAdP
CP

TVPopBg 33)

[MocnenoBarensHO nipupaBHuUBas pe3ynbrathl (31)—~(33), nerko moixydaem cle-

JTYFOIIE COOTHOIICHHS

KrCpog
PCyBg
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Krop

=1, 35
PPy )
Crotsby _ . (36)
CyopPs

JlomoHUTEIBHBIE COOTHOIIECHUS TIOYYUM, TIPOU3BOIS CPABHUTEIIBHBIC OTIEpAIluU
¢ paBeHctBamu (34)—(36). Jlerko BumeTh, 4TO M3 MPUPABHUBAHUS JIEBBIX YacTEH
(34) u (36) cnenyer (35) (uto 3xBUBaneHTHO (14)). AHamoruyHo, cpaBHUBas (34)
u (35), Oynem umeth ypaBHeHue (36), a cpaBauBas (35) u (36), momyunm (34).

KocBeHHBIM 10Ka3aTeNbCTBOM TMPABWILHOCTH HAIIUX BBIYMCICHHUHA SBISICTCS
npoBepka ypaBHeHUM (34)—(36) Ha OCHOBAaHUHM METOHOJIOTUM SIKOOMAHOB WJIU
2-¢opm. JImst 3TOTO KaXAblii TEPMOJUHAMUYECKUNA KOA((UIIMEHT B JaHHBIX pa-
BEHCTBaX MOYKHO MPEJICTAaBUTh B BUJE MO0 sikoOMaHa, 100 oTHOIIECHUS 2-PopM
(cM. «3amedaHus»).

Hcronb3yem TeXHHUKY YCIOBHBIX €IMHHII HEMOCPEACTBEHHO. B 3TOM citydae

_ dTAdS 1o dTAdS dPAdT _dTAdS dPAdT _
dPAdV ~ dPAdV dPAAT dPAdT dPAdV
_ dTAdS g 1 dTAdS dPAdS _

“dPAAT  Vap Vo, dTAP dPAAS

1 dTAdS dPAdS 1 1 dSAdP _

Vap dPAdS dTAdP Vo, PBs dTAdP
1 1 G GCp

—Le___ S (37)

HetpyaHo BUAEThH, 4TO €ClIM B NPEABIAYIIUX BBIYUCICHUSX MPUMEHUTH JIPYTYIO
YCIIOBHYIO €IMHHUILY, TO IIOJIY4YUM CICAYIOIINUN pe3ybTar:
. dTAdS o ! dTAdS dVAdS _
dPAdV Vap dTAdP dVAdS

1 dT AdS dVAdS 1 1 dVAdS1

VOLP "dVAdS dTAdP VOLP VocS dTAdP

1 1 dVAdS dTAdV
VOLP VaS dTAdP dTAdV

1 1 dVAdS dTAdV _
Vap Vag dTAdV dTAdP
11 G 7 Gy

S S S © R A ¢ (38)
VOLP VOLS T KT TVO(,S(XPKT

OueBuaHO, UYTO, MpUpaBHAB pe3yabTathl (37) u (38), momyunm ypaBuenue (34).
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3ameuanus. Jlokaxxem cootHomenue (14), mpumMeHss MeTO] SIKOOWAHOB, a
Takke BHENIHUE nuddepeHImaibabie GopMBI.
3amnumieM ero B (hopMe sIKOOMaHOB
opP,V)y owpT) oV,P)
T, V) aW.T) a(T.P)

(39)

Teneps nepenuiiieM 3T0 ypaBHEHUE C MPUMEHEHHEM IPO0eii, COCTaBIEHHBIX U3 2-

dbopwm: L o 3
dPAdV  dPAdAT dVAdP

——— === (40)
dTAdV dVAdT dTAdP
[Tonenum neByto yactsb (40) Ha MpaByIo U MOIYYUM
(dPAdV)/(dTAdV) _ 1 @1

[(&PA&T) /(d VA&T)] [(& VAdP)/ (&TA&P)]

Onwupasice Ha (opmanu3m BHEIIHUX AuddepeHInanbHbIX (HopM, JEBYIO 4YacTb
(41) mpeobpazyem K BUTY
dPAdV dVAdAT dTAdP _
dVAdP dTAdV dPAdT
Hcrnonp3yst aHTHKOMMYTAlIMOHHBIE CBOMCTBA 2-(hopM, 3aruiieM
_dPAdV ) dVAdT ) dTAdP
dPAdV )\ dVAdT )| dTAdP

1. (42)

J=(_1>-(—1>-(—1>=—1, 3)

YTO U TpeOOBAJIOCH 10KA3ATh.
PaBeHcTBO

PBs =Ko (44)

MOJKHO JIOKa3aTh TeM ke crocobom, uro u (14). 3ammcas (44) B dhopmanusme
BHEIHUX AuddepeHmaibHbIX 2-GpopM, OyaeM HMETh

dPAdS _ dPAdS dVAdS

dTAdS dVAdS dTAdS
Jlenasi mepecTaHOBKY 3HaAMeHaTelnel B MpaBoil yactu (45), moinydaeM O4eBHIHOE
TOKIECTBO

(45)

dPAdS _dPAdS dVAdS dPAdS .

—— = ———=——"1. 46
dTAdS dTAdS dVAdS dTAdS (46)
C yuetom (44) u3 (34) cnenyer u3BecTHOE cOOTHOIIEeHHE [6—11]:
Co_Ks. )
G Ky

Hokaxem tenepb (47), ucnomib3ys OpoOu, cocTaBieHHbIE U3 2-popM (omupascs,
pa3ymMeeTcsi, Ha IIpaBUjIa ONEPUPOBAHUS C MOCIeIHUMHU). Takoe 10Ka3aTesbCTBO
OyzeT KOCBEeHHBIM MOATBEPKIEHUEM BEPHOCTH PaBEeHCTBA (44).
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[Tepenumem (47) ¢ UCMOIB30BaHUEM OTHOIICHHH 2-hopM:

(dSAdP)/(dTAdP)  (dPAdS)/(dV AdS)
(ASAdV)/(dTAdV) (dPAAT)/(dVAdT)

(48)

YMHOXUM TIpaByIO 4acTh paBeHCTBA (48) Ha BeMUMHY, OOpATHYIO JIEBOK YacTH,
U [IOJIy4YUM BEPHOE PAaBEHCTBO
| dPAdS dVAdT dSAdV dTAdP
dVAdS dPAAT dTAdV dSAdP

(49)

BrimonHuM sneMeHTapHble anredpandeckue AeicTBus. ' pynmnupys COMHOXKUTENN
B IpaBoi yacTu (49) COOTBETCTBYIOIIUM 00pa3oM, UMeeM

1_&PA&S dSAdV dVAdT dTAdP

~dSAAP dVAdS dTAdV dPAAT 0
Hcnonp3ys aHTUKOMMYTAIIMOHHBIE CBOMCTBA 2-(hOpM, TOTydaeM
RSV VAR R
dPAdS dSAdV dVAdT dT'AdP
WIH
I=(=D-=D-(=D-(=D. (52)

Teneps nokaxkem paBeHCTBO (19). 3anumem npasyro yacts (19) B hopme ot-
HOIICHHH 2-hopMm:
_Kg ag _ (dPAdS)/(dVAdS) (dVAdS)/(dTAdS)
Ky op  (dPAAT)/(AVAdT) (dVAdP)/(dTAdP)

(33)

BeigenuM B mpaBoii 4aCTH MOCIIEIHETO PABEHCTBA IPOOH, COACpKAIIUECS B IEBOM
gactu Gopmyisl (19). Torma ¢ yueTom KaaTuOpOBOYHOTO COOTHOIIEHHUS MOCIIEIO0-
BAaTCJIbHO MOJTyYUM

_Kg a5 _dVAAT dSAdP dVAdS dTAdP
K; ap dPAdV dSAAT dVAdS dTAdP

_arnar dsair | s
dPAdV dVAdP

T.€. JIOKa3bIBaeMoe paBeHCTBO (19).
C npyroii CTOpOHBI, JIEBYIO 4acTh GopMyinbl (19) myTemM HemocpeacTBEHHOTO
npeoOpa3oBaHusl MOXKHO IMPUBECTU K COOTHOIIEHUIO (20), a IMEHHO:

dVAdT dSAAP _dVAdT dPAdS _
dPAdV dVAdP dPAdV dTAdS
_ 1 dPAdS dTAdP _ 1 dPAdS dTAdP _
PR, dTAdS dTAdP PB, dTAdP dTAdS
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L[ dsadP) 1 1 G 1
PR, \ dTAdP )Vap PB, T Vop

Hanee nokaxeM ypaBHeHue (29). Mcrnonssys 2-opMsbl, epenuiieM mociues-
Hee B SKBHBAJICHTHOM BHUJIE:

(dVAdS)/(dTAdS) (dPAdY)/(dTAdV) _ (dSAdV)/(dTAdV)

(55)

— — — — — ————. (56

(dVAdP)/(dTAdP) (dPAdS)/(dTAdS)  (dSAdP)/(dTAdP) (56)
[Tonenus neByto yacTh (56) Ha IPABYIO, MOJYYUM PABEHCTBO

(dV'AdS)/(dTAAS) (dPAdV)/(dTAdV) (dSAAP)/(dTAdP) 57)

(dVAdP)/(dTAdP) (dPAdS)/(dTAdS) (dSAdV)/(dTAdV)
B neBoit wactu (57) myTem nepecTaHoBOK 2-(hOpM BBIIEITUM YCIIOBHBIE €AMHUIIBI
dVAdS dTAdP dPAdV dTAdS dSAP dTAdV _
dSAdV dTAdP dVAdP dTAdS dPAdS dTAdV
C yuyeToMm mpaBul aHTUKOMMYTAIIHH MTOCIIETHEE COOTHOIICHNE TIPUHIMAET BHT
=D-1-(=D-1-(=D)-1=-1,

T.€. CTAHOBHUTCSI TOXKIECTBOM.
OTMeTUM CIIEYIONIYIO CBSI3b TEPMOJINHAMHUYECKUX U KAIOPUMETPHUECKUX KO-
s dunmenToB ¢ anrapmorn3zmMom. 13 paseHcTs (15) u (47) cnenyer

HerpynHo 3aMeTHuTh, 4TO U3 TEPMOIMHAMHYECKUX PABEHCTB (Hampumep, u3 (14) u
(44)) cnenyer, 4TO A7 U30TPOIHON Cpelbl, KaK mpaBuiio, op >0, a ag <0. Ec-

JM 3T MAapaMeTphl B 3aBUCUMOCTH OT TEPMOAMHAMUYECKUX CHJI U3MEHSIOTCS HE
MOHOTOHHO, TO HaOJIOJAI0TCsl aHOMaJIbHBIE CBOWCTBA Cpe/bl (HapuUMep, pacilu-
pEHME BOJBI C MaieHueM TemnepaTypsl Huxe —4°C).

BoiBoabl. B pabore mokazaHno, uTo B mpoliecce mpeoOpazoBanus GyHIaMeH-
TaJIBHOTO TEPMOJWHAMHYECKOTO KaTMOPOBOYHOI'O COOTHOILEHUS TOJIy4aeTcs CO-
oTHouieHue ['pronaiizena. [IpogemMoHCcTprpoBaHa 3KBUBAJIEHTHOCTh METOI0JIOTHIA
aKkoOMaHoB W BHemHUX auddepenunanbubix (opm. I[Tokazana s3¢ddexTuBHOCTH
MaHMIYJISIUHI ¢ YCIOBHBIMHU eMHULAMU. Vcronb30BaHne NCUNCIIEHUsT BHEITHUX
g depeHnanbHbIX (HOPM MO3BOJSET TIy0)Ke OCO3HATh BEKTOPHBIM XapakTep
MOJIEBBIX CBSA3EH B (DU3NYECKOM PEaTbHOCTH.

Ipunoxenus

Ilpunoscenue 1. Onpedenenue KanudpPoOBOUHO20 COOMHOUIEHUA MEMOOOM
eéHewHux oughghepenyuanvHvix gropm

[Tpu BeIuMCIIEHUAX OyneM MPUAEP)KUBATHCS IPUHIIUIIOB U METO0JIOTHUH, OTpa-
*KeHHbIX B [1-10].

[IponemoncTpupyem Haubosee MPOCTOM M HATJSIAHBIN CHOCOO OmpeneneHus
KaJTMOPOBOYHOM CBSI3U MEKIY OCHOBHBIMU TEPMOJUHAMUYECKHUMH EPEMEHHBIMU
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tepmuueckoro (7,S) u mexanuueckoro (P,V) tunos. Ucxoaum u3 0-¢popmbl BHYT-
pPEHHEH PHEPTUH, KOTOpas ABIAETCS PyHKIHEH COOCTBEHHBIX NepeMeHHBIX (U =
= U(S,V)). [loneiictByeM Ha Hee OmepaTopoM BHEIIHEro auddepeHunpoBaHus u
nosyyum 1-popmy Buga

oU oU

&U:(—j &S+(—j dv =T7ds - Pdv . (I11.1)
s ), v )

B pasenctBe (I11.1) xoaddunuenTs npu BHemHUX AuddepeHnanax He3aBUCH-
MBIX TiepeMeHHBIX — 3T0 0-popmsl (pyukun) 7 =T(S,V), P=P(S,V).
[Tpoenem noBTopHOEe AuddepeHnupoBanre BHeMHETo Auddepennnana BHy-
TpenHeil sueprun. [Ipu sTom Oyaem yuuTsiBaTh nmoiaHOTY mdaddoBoit hopmel u
HE3aBUCUMOCTh NIEPEMEHHBIX S U V, T.€. BBIOJTHEHUE PABEHCTB &(&U ) =d*U=0

u d25 =d*V =0. Takum obpaszom, u3 (I11.1) Haxogum
0=dTAdS —dPAdV (I11.2)
nim

dTAdS =dPAdV . (I11.3)

MosxHo moka3ath, uto ypaBHeHus (I11.2) u (IT1.3) sKBUBaJICHTHBI PaBEHCTBY C
HUCIIOJIB30BAHUEM yCHOBHOﬁ CAUHUIIbI

dTAdS

iy (I11.4)
dPAdV

KOTOpOE OTpakaeT (paKT paBEHCTBA €JUHMIIE AKOOMAaHA MEepexoia OT OJHUX Iie-
peMeHHbIX K apyrum [1-10].

Ilpunoscenue 2. Onpeoenenue napamempa I pronaiizena
Memoodom eHeuwtnux ougghepenyuanvuvix opm

ITo onpenenenuto, mapametp [ proHaii3eHa U30TPOITHON CUCTEMBI €CTh BETMYMHA

Yo :V(G_Pj _y OBV _y, dPAY (Im2.1)
Vv

oU aU,V)  dUAdV
Bocnonb3yemcst mpaBuiiaMu o0palieHus ¢ yCJIOBHBIMM equHuuamu. [Ipu stom c

2-popmamu Oyaem obOpamaThes Kak ¢ dneMmeHTamu npobeit. [Ipeodpazyem (112.1).
C o11HO¥ CTOPOHBI, UCTIONB3YS (DYHIAMEHTAIBHYIO €IUHUILY, UMEEM

_,dPAdV  dPAdV dTAdS _ v dPAdV dTAdS _
"6 quadr T QUAIY dPAdY T APAY dUAQY
v dTAdS _ dTAdS dTAdV _ . dTAdS dTAdV _
dUAdV dUAdV dTAdV —~ dTAdV dUAdV
_y dTAdS . 1 dTAdS dVAds 1

dTAQY  (QUAQV)/(@TAdV)  dTAdV drAds (U /eT),
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_pdTAdS dvAds 1 v 1 _(_1)<:1SAE~1V:
drads dTAdV C, Cp (@VAdS)/@TAdS) = dTAdV
LA SN NS N ;(%‘J _
C, oV,8)/T,S)  AT.V) Cp (aV/dT)g
v o1 G 1

__r. & _ (112.2)

C npyroit cTOpoHBI, MOKHO HMCIIOJIb30BaTh TOXKJIECTBEHHYIO YCIOBHYIO €IMHHILY.
Tornma, HapuMmep, MoTy4aeM

oy ATV GPAIY GTAGS _ Gpay dTAdS
dUAdV dUAdV dTAdS —~ dTAdS dUAdV
_y .. 9TAdS dPAAT _ dTAdS dPAAT _ dTAdS | dPAAT | _
dUAdY dPAAT  dPAT QUAdY  dPAAT  dUAdV

dTAdS dVAAT dPAAT dVAdT _
dPAAT dVAAT dUAdAV dvAdT
dTAdS dVAdT dPAAT dVAdT _
dVAQT dPAAT dAVAAT dUAAV

dSAAT (V) (-Kp) (=) _
dvadr K, V. Gy

=V(=D=

_ V. dSAT dVAdP _ vV dSAAT dVAdP _
Cy dVAAT dVAdP C, dVAdP dVAdT

o PRy = PVBV. (I12.3)
CV C'V
Ecnu y4ecTs paBeHCTBO

KOTOpPO€ TPUBHAIBHO JIOKa3bIBAETCS C MOMOIIBIO BBIIIEH3IOKEHHONW METO0JI0-
run 2-popm, To u3 (I12.3) Mbr mosrydnm Hanbosiee 4acTo UCIOIBb3yeMYIO B JIUTE-
patype hopmy ypaBHeHus ['proHaii3eHa A1k U30TPOIHBIX CPEI:

V
C'V

Tenepb BBITOTHUM TpPeoOPa30BaHUS C HCIOJIB30BAHUEM APYrod YCIOBHOM
€VHULIBI.

y APAAV | dPAdV dPAAS _ dPAdV dPAdS _
6= quadr  QUAAV dPAdS  dPAdS dUAAV
dPAdV dTAdS dPAAS dVAdS _

dPAdS dTAdS dUAdV dVAdS
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~ V&PA&V dTAdS dPAdS dVAdS _
dPAdS dTAdS dUAdV dVAdS

1 _(_Ksj_ ~ 1 _ Kg 1 B
Py U v (AUAAV)/(dSAV) | PBg O(U.V)/&(S,V)

K 1 Ky

= . = . (I12.6)
PBg (0U/0S), PTBg
N3 paBencts (112.2) u (I12.6) mony4yaem ciienyroiiee ypaBHEHHE:

WHTepecHble COOTHOIICHUSI MOKHO IMOJYYHUTb, MPUPABHAB BBIPAKCHHIO IS Ta-
pametpa I'pronaiizena (I12.5) coorBerctBernHo Beipaxkenus (I112.2) u (I12.6). B pe-
3ynbTaTe OyJaeM UMETh:

IVopasKy _ 4 (112.8)
Cy ’
PVTopBsKy _ 1. (112.9)
Cy K

Takum 006pa3zoM, ¢ TOMOILBIO U3JIOKEHHOTO BBILIE METOJAa MOXKHO HE TOJIBKO
[IOJIyYUTh OIIpejelieHne mnapaMmerpa ['proHaii3eHa, HO W, KaK CIEIACTBUE, HAUTH
HEKOTOpble HETPUBUAIBHBIE COOTHOLIEHHUS MEXAY TEPMOJUHAMUYECKHUMH KO3(-
buIMeHTaMH.

B.B. lllenecm, A.B. Xpucmos, /[.A. Yepsuncxuti, ®TBJ] 27, Ne 4, 5 (2017).
B.B. lllenecm, J[.A. Yepsunckuii, ©TB]I 28, Ne 4, 83 (2018).

B.B. lUlenecm, /[.A. Yepeunckuui, ®TBJ] 29, Ne 1, 5 (2019).

B.B. lllenecm, J[.A. Yepsunckuit, ©TB] 29, Ne 3,47 (2019).

B.B. llenecm, A.B. Xpucmos, ®TB]] 29, Ne 4, 73 (2019).

B.B. lllenecm, JI.A. Yepsunckuit, ©TB] 30, Ne 3, 33 (2020).

B.B. lllenecm, A.B. Xpucmos, /[.A. Yepsuncxuii, ©TB]] 30, Ne 4, 18 (2020).
B.B. llenecm, /[.A. Yepsunckuui, A.B. Xpucmog, ®TB]J] 31, Ne 1, 5 (2021).

. I A. Yepsuncxuii, A.B. Xpucmos, B.B. [llenecm, ®TB]] 31, Ne 2, 12 (2021).
10. JI.A. Yepsunckuii, B.B. lllenecm, ®TB] 31, Ne 4 25 (2021).

11. I. Cmennu, ®a3oBbie Iepexosl M KpUTHUYECKUE siBeHus, Mup, Mocksa (1973).

I R O

A.V. Hristov, D.A. Chervinskii, V.V. Shelest

CONNECTION BETWEEN BASIC CALIBRATION RELATION
AND GRUNEISEN EQUATION

Written using external differential forms fundamental calibration relation, connecting
heat and mechanical quantities, has been shown. Possibility of using such a relation for
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connections between thermodynamical coefficients (including Gruneisen relation) deter-
mining has been demonstrated.

Keywords: thermodynamical variables and coefficients, calibration relation, Gruneisen
parameter, external differential forms, Jacobean method
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PACS: 62.20.F, 91.10.Kg

A.O. HOBI/IKOB1, nN.H. LLleCTonanos1, Mn.cC. ,El,pmnaHz, A.B. LIJa>|<|<o1

WAXTHBIE MCCINEAOBAHUA BE3KIIEEBOIO CIMOCOBA
YCTAHOBKW AHKEPA MO OENCTBNEM
ANHAMUYECKOW HAIPY3KWU

1
UHCTUTYT (bM3UKM rOpHBIX NpoLeccos, r. [JoHeLk

2 o o -
[loHeuKnin HaumMoHanNbHbIN TEXHUYECKUI YHUBEPCUTET

Cratbsa noctynuna B pegakuuio 11 Hosbpsa 2021 ropa

DKcnepumMeHmanbHo nOOMBEPHCOeHa Meopemudecku 0OOCHOBAHHAA paHee B03MOXHC-
HOCMb YCMAHOBKU AHKEPA 8 HANPAGIAIWUL WNYD MeHblUle20 OUAMempa ¢ NOMOWbIO Ou-
HaMu4eckol HazpysKu. Bnepevie memooom npamuIX UCHBIMAHUL NOJYYEHbl IMAUpUYe-
CKUe 3a8UCUMOCTU 8PEMEHU YCMAHOBKY aHKEPA U YCUNUSA €20 U3GLeYeHUs U3 Wnypa om
COOMHOUIeHULl OUAMEMPO8 aHKepa U HANPABIAIWe20 WNypd, MEXaHU4ecKux xapakme-
PUCIUK 20PHOU NOPOObL U 2TYOUHbl 3aKPeneHUsl ankepa. Imo no3eonuno 060CHO8amy
pacuemmvle RApaMempuvl npedazaemo2o 6eckieeso20 cnocoba yCmaHo8Ku aHKepos.

KuroueBble c10Ba: IOPOIHBIA MacCUB, CIIOCOO YCTAHOBKH, aHKep, LIITYp, HArPy3Ka

YronbpHasi IPOMBIIUIEHHOCTh — OJTHA U3 BEIYIIMX OTpacieil HapOIHOIO X035ii-
CTBa, BKHEHIIAs 3aja4ya KOTOPOM B YCIOBHUAX PBIHOYHOM 3KOHOMHMKHU COCTOUT B
HOBBIIIEHUH HMPOU3BOIUTENBHOCTH TPYZAa M CHMKEHHHM CEOECTOMMOCTH MPOAYK-
un. [ToBbicuTh 3¢ (peKTHBHOCTH pabOTHI MIAXT MOKHO 33 CUET COBEPILEHCTBOBA-
HUS CIIOCOOOB KPEIUICHHsI U OAep KaHUs BIPAOOTOK IyTEM NMPUMEHEHUS HOBBIX
VMHHOBAIIMOHHBIX TEXHUYECKUX pelieHuil. [lepcneKTUBHBIM HanpaBIE€HUEM YIIyd-
IIEHUS] COCTOSIHMSI BBIPAOOTOK SIBJISIETCS MCIOJIB30BaHME HECYLIEH CrocoOHOCTH
IPUKOHTYPHOTO MAaccHBa C IOMOIIBIO aHKEPHON KpEIu, MO3BOJIAIOIIENH CHU3UTH
TPYAOEMKOCTh PA0OT MO KPEIUICHUIO, YIy4IIUTh YCIOBUSA TPY/a U MOBBICUTH TEX-
HUKO-9KOHOMHUECKHUE MTOKa3aTeNu TOObIYHU YTJIsl.

B ycnoBusix maxt JloHEKOTO yrojibHOTO OacceiiHa HauOoJbIee pacipocTpa-
HEHUE MOJIYYUIIU CTAJENOIMMEPHBIE AHKEPBI, TEXHOJIOTHUS YCTAHOBKU KOTOPBIX U
napaMeTpbl Kpenu OINpelelsiloTCs B COOTBETCTBUU € JEMCTBYIOIMMH B OTpaciu
HOPMAaTUBHBIMHU JOKyMeHTamH. OgHako A0 50% CTOMMOCTH YCTAaHOBKHM TaKHX
aHKEPOB COCTAaBIISAIOT 3aTpaThl HAa amIlylibl ¢ MOJMMEPHBIMH CMOJAMH, C IOMO-
b0 KOTOPBIX aHKEPHI 3aKPEIUIAIOT B LIITypax.

Ha miaxTtax Begymmx yrienoObIBalOIUX CTpaH HMPUMEHSIOTCS MHOIOYMCIIEH-
HbIe Oe3pacnopHble KOHCTPYKIUH aHkepoB («Crumut-Cet», «Swellex», BUHTOBBIE,
TpyOuaTble B3pbIBOpaclnopHele U Ap.). OnHaKo UX NMpUMEHEeHue Ha maxTax JloH-
Oacca orpaHHuYEHO BBUJLY:

© A.O. Hosukos, U.H. WecTtonanos, N.C. OpunaH, A.B. Waxko, 2022
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— CJIO)KHOCTH KOHCTPYKIIMM aHKEPOB;

— IOTPEOHOCTH B JIOTIOJIHUTEILHOM 000PYAOBAHUU IS UX YCTAHOBKH;

— HEOOXOJMMOCTH TMOBBIIIEHUS YPOBHS KBANU(UKALUU paOOUHX.

B JloHenkoM HalMOHAJIBHOM TEXHMYECKOM YHUBEPCUTETE MPEIJIOKEH U 3ara-
TEHTOBaH CHOCO0 3aKpEeIUICHUs MOPOJHOTO0 MAacCHMBa CTAJIbHBIM aHKEPOM C JHa-
MEeTpOoM, OOJIBIITUM, YeM AuaMeTp Hampasistomero mmypa [1]. B paborax [2,3]
IIPEJICTaBIEHbBl MaTEMAaTUYECKUE MOJENN, YUYUTHIBAIOLINE: T€OMETPUUYECKUE pPa3-
Mepbl 1 MEXaHWYECKHE CBOKCTBA aHKEPA, CKOPOCTh PACIIPOCTPAHEHUS aKyCTHYE-
CKHUX BOJIH, COIPOTHBJICHHE IEPEMELICHUIO AHKEpPAa B OCEBOM HANpaBICHUU U
TpeHHe 110 OOKOBOI MOBEPXHOCTH ILIMypa, MacChl aHKEpa U yAapHOTO YCTPOICTBA,
KOX(P(UIIMEHT TUHAMUYHOCTH. DTH MOJEIHU TIO3BOJISIOT:

— OLIEHUTh YCTOMYMBOCTh aHKEpA IPU €r0 3aKPEINIEHUH B IOPOJHOM MaCCHBE
Ha HAyaJbHOM JTalle YCTAaHOBKM IOJ ACHCTBUEM CTAaTUYECKOW WIM AUHAMHUYE-
CKOM Harpys3Ku;

— OMpEeaeUTh HANPSHKEHUS U AeOopMallii, BO3HUKAIOIINE B aHKEpe U MOpoJax,
BpeMs YCTAaHOBKH aHKepa B MacCUB, TpeOyeMble Ui 3TOr0 CTaTUYECKYI0 U TUHA-
MUYECKYIO Harpy3KH, apaMeTpbl yIapHOI0 YCTPOMCTBA U HArpy3Ky JJIsl IPEOJIO-
JICHUS CUJI TPEHHUSI IPY U3BJIEYEHHUH B MPOLECCe AAIBHEHNIIEN YCTAaHOBKH aHKepa.

B 51Ol CBI3M aKTyalbHOU SABJISIETCS HaydHas 3a7a4a MPOBEICHUs LIAXTHBIX
WCIIBITAaHUH, MTO3BOJSIOIINX MMPOBEPUTH aJ€KBATHOCTH BBINIOJHEHHBIX PAHEE TEO-
PETUYECKUX HCCIEIOBAaHUI MO OIpPEICIICHUIO MapaMeTpoB crocol0a YCTaHOBKHU
AQHKEPOB U Harpy30kK, HEOOXOAUMBIX ISl UX U3BJICUCHUSI.

HartypHble ucnplTaHus IPOBOANUIIN B YCIOBHSIX CEBEPHOIO OTKATOYHOIO XOJ-
Ka BTOPOU ceBepHOU JiaBbl (puc. 1) moa3eMHOro yueOHOro mourona JJoHemkoro
ropHoro texHukyma uMm. E.T. AGakymoBa. BripaboTka 3anokeHa B KOPEHHBIX
MOpOJax U 3aKperieHa TPEX3BEHHOW MOJaTINBOM apouHoil kpenbio u3 CBII-22.
[lar ycranoBku pam kpenu — 1.0 m, mupuHa BeIpaOOTKH B CBETY — 2.8 m, BbI-
cota — 2.3 m (puc. 2).
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Puc. 2. O6mmii Bux 326051 BEIpaOOTKH HA SKCIIEPUMEHTAIEHOM Y4acTKe

BripaboTka mpoBeieHa MO CIEAYIOUIMM TOpOoAaM: BEPXHHM CIIOW — claHen
rnecyanbiii MomHOCThIO 1.0 m, kpemocThio 1o mkane npod. M.M. IlpoTonabsiko-
HOBa f = 4; HIDKHUIA CIION — MecyaHUK MOMIHOCTRIO 1.3 m, kpemnocteio f = 5. B
MOYBE BHIPAOOTKH 3aJIeTaeT CIaHEI] IITMHUCTBIA MOIHOCTRIO 1.2 m, KpenocThio
f= 3. Yron 3aneranus nopoj cocrasisier 10°.

Jlns mpoBeAeHNsI UCTIBITAHUM UCTIONB30BATIM TJIaAKOCTEHHBIE CIUIOLIHBIE aHKEPhI
KpyIJ10ro nomnepevHoro ceueHus ymHou 0.5—1.3 m u tuamerpamu 33, 34.5 u 36 mm.

[myper amuuoi 0.8—1.8 m mox aHkepsl Oypuin Mo 3a0010 M B TIOYBY BBIpa-
60TKU AnekTpuueckuM neppoparopom tuna DWT BH-1500. [lepen nauanom Oy-
pEeHHUs C TTOMOIIBIO MabJIOHA OCYIIECTBISIN pa3MeTKy mmypoB. C 1enbpio obdec-
MEYEHUS] X MOCTOSHHOIO JMaMeTpa M0 JUIMHE CHayalla IImypbl OypUiIH ¢ TOMO-
IIBIO IITAHTU C KOPOHKOU auamerpoM 20 mm, 3aTeM UX paclIUpsIId 10 JUaMeTpa
30 mm. [Ins oGecrneyeHnss COOCHOCTH MPOJOJBHBIX OCEH LIMypa M aHKepa MpU
YCTaHOBKE yCThe Iypa Ha riyonne 70—100 mm pacmmpsim 10 JuaMeTpa yCTaHaB-
nuBaeMoro ankepa. COOTHOIIICHHE JUAMETPOB aHKepa d, W Imypa dj COCTaBIISIIO:
ko =d /dp =1.1-1.2.

3akperieHue aHKEPOB B MOPOJIE OCYIIECTBISUIN C UCTIOIb30BAHUEM OTOOHHOTO
monotka tuna Sturm RH-2519 co crmenyrommmu XapakTEpUCTHKAMU: YacTOTa
ynapoB B Munyty — 1300, sneprust ynapa — 45 J, macca Hacanku — 3.36 kg. [Ipu
YCTaHOBKE aHKEPOB (PMKCHUPOBAIIN BPEMS C IOMOIIbIO CEKYHIOMEpA.

B cooTBeTCTBUM ¢ CYIIECTBYIOIUMU HOPMATUBHBIMU JOKYMEHTaMU [4—6] s
OLICHKH HECyIlel CIIOCOOHOCTH aHKepa HCIOJb3yeTcs Harpyska, HeoOXxoaumas
JUISL TIPEOJIOJICHUS. CHJI TPEHUS IPH €ro U3BJIeYeHUHU u3 nopojsl. [locne mpoBene-
HUS U3MEPEHUN aHKepbl U3BJIEKAIN C MOMOUIbIO YCTPOICTB U MpUOOPOB, Mpe-
CTaBJICHHBIX Ha pUC. 3.

[Ipu mpoBeneHUM HCTBITAHUN TMOJIYYEHBI CIENYIONIME 3HAYEHUS OCHOBHBIX
BIUSIOMUX (PaKTOPOB:
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— ko3 urmentsr Hatsra kg = 1.1, 1.15, 1.2;

— MOJyNH yNPYrOCTH MECYaHWKA, MECYaHOr0 CIaHIA W TJIMHHCTOTO CJIaHIa
E,, GPa: coorBercTBenHo 36, 19, 11;

— Mmonynb ynpyroctu ankepa E, = 200 GPa;

— nnuHa ankepoB [, = 0.5, 1, 1.5 m.

Puc. 3. YcrpoiicTBa u nmpuOOpEI JiJist U3BJICYCHUS aHKEPa U3 TIOYBBL: @ — TUAPABIMYECKUN
npecc-Hacoc ['TIHB-5; 6 — pyunas nebenka TII-1 1 MexaHWUUECKUI JMHAMOMETp; 8 —
YIOPHBIN phluar W BHICOKOHAIIOPHOE THApaBINUecKoe obopymoBanue Gpupmel Holmatro,
BKJIIOUatomiee ruapasnuyeckuid gomkpatr HJ 20 G5 ¢ macnonacocom FTW 1800 BE u
manomerpom OBMI™ 81-160; 2 — ycTpo#cTBO ISt M3BIEUEHUSI aHKEPOB, COCTOAIIEE U3
TAHYIIETO TUApoIInHApa, MacioHacoca FTW 1800 BE u manomeTrpa OBMI™ 81-160

C 1enpio COKpanieHus KOJMYeCTBAa SKCIIEPUMEHTOB UCIIONB30BATI METOAUKY HX
rutanupoBanus [7]. [{ns ynobcTBa aHanmm3a MoJy4YeHHbIE pe3yabTaThl H3MEHEHUS
BpPEMEHU YCTAaHOBKH aHKEPOB 7T M HArpy30K, HEOOXOIUMBIX JUIS TPEOTOJICHUS CHIT
TPEHUs MPU WX HU3BJIeUeHUH, N, (Tabimia) oOpadaThiBaM C MOMOIIBIO MaKeTa
MPUKJIAAHBIX mporpamm «Statistika». Pe3ynpTaThl mpencTaBieHbl B BHIE 3aBU-
cuMocTel yKa3aHHbIX BeuuH T U N OT BIusitonumx (aktopos (puc. 4), Ha OCHO-
BaHUU 00paOOTKU KOTOPBIX MOITYUEHBI CICIYIONINE PETPECCHOHHbIC YPaBHEHHUS:

E
T= f[ko;E—"] = 9845k, +6231%—113.7(k0)2 -

a a

2
—4369.4k0£—686.8[E’) -1020, s,
E E

a a
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T=f|k ;li _3385.1-6279.6k, + 509+ (1)

a a

2
+2848.2(ky )’ —36.4k, clzi_ o.os(éij s,

a a

R*=009.

E,
E

a

E
N, = f(ko; E" ] =737.5-7803.6ky,—9287.3

a

2
+3193.4(ky)* +9157.2k, £, —2977.3[Erj , kN,
Ea Ea
N,=f ko;li =2576.2k0—18.3Zi—1267.3(k0)2+ 2)
d, d,

2
+14.2k, clz’i+ 0.05 (clli} —-1208.7, kN,

a a

R% =0.88.

OO6nacTh MpPUMEHEHUS ATHX YpaBHEHMU OTrpaHMYCHA TNpejaeiaMd M3MEHEHUS

BJIMAIOIIUX BCIWNYHH:
1.1<(d, /dy)<13,

0.054<(E,/E,)<0.178,
15<(1,/d,)<120.

Tabnuma

Pe3ynbTaThl INAXTHBIX HCCIEIOBAHMIA 10 ONPeie/IeHHI0 BpeMEeHH YCTAHOBKH
AHKEPOB B FOPHBIX NMOPOAAaX M HATPY30K, HEOOXOIUMBIX /IIsl IIPEO10JICHUS
CHJI TPeHHUsI IIPH M3BJIeYeHUH aHKEPOB

Tun ropHoit JnuHa aHkepa Ycunue npu
MOPOJIbI ko l,, m Bpewst ycranoskn T, s n3BiieueHun Ny, KN
1.1 0.5 13 53.8
Cranen 773 1.0 38 72.3
TJIMHUCTHIN
1.2 1.5 67 98.4
1.1 0.5 40 70.5
Cranen 77 1.0 78 74.8
MecYaHbIn
1.2 1.5 107 133.5
1.1 0.5 120 79.8
Ilecuanuk 1.15 1.0 159 100.5
1.2 1.5 222 157.5

Ipumeuanue. Ilpu npoBeieHNH SKCIIEPUMEHTOB TuaMeTp mypa d, = 30 mm.
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1
m >250 Var4 Il >240
Vard . <210 W <204
300 I <160 B <164
<110 [ 1<124
250 [ <60 [ <84
X B <10 = <i4‘
v X\ X <.
s S
150 O a
100 80 LAY Ree
LLENRRRRR R
0.20 50
1.22
Var2
0.04 10
a 7]
II

Var4 I >140

B <136
B <llo

B >200

1.22

0.20

Puc. 4. 3aBucumoctn BpeMeHn yctaHoBKH ankepa 7' (I) m Harpy3ku, HEOOXOAUMOM s
MIPEOJIONICHHsT CUITBI TpeHUsl npu ero miBiedenuu, Ny (II) ot BenmumH ko M OTHOIICHHMS
E,/E, (a), a Taxxke OT BeU4uH ko u oTHOUIeHus /,/d, (6). O6o3HaueHus oceit: Varl — ko,
Var2 - E,/E,, Var3 — 1,/d,, Var4 — T (I) u N, (I)

AHanmu3 moJydeHHBIX 3aBUcUMOCTEH (1), (2) MO3BOJMMI YCTAaHOBHUTH CTENEHB
BJIMSIHUSL YITEHHBIX (DAKTOPOB Ha MCCIIeyeMble BeIMUUHbBI. Hanbombiee BIusHUE

okasbiBaeT kod(pdunuent Hatsra ky — ot 50 10 60%, OTHOIICHHE MEXaHHUYECKHUX

XapaKTEePUCTUK TOPHOM MOpobl U MaTtepuaia ankepa E,/E, cocraBiser ot 20 1o
30%. Haumenee BnusomuM (pakTopoM sBISETCS OTHOIICHHWE UIMHBI aHKepa K

ero auametpy /,/d, — menee 20%.
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[IpoBeneHHbIC HCCIEAOBAHUS TTO3BOIWIN OMPEICIUTh PAlMOHATEHYIO 001aCTh
MPUMEHEHHU c1oco0a YCTAHOBKHM aHKEPOB B HANPABISAIOLIUIN IMYp MO JEHCTBU-
eM JuHaMHuueckoi Harpy3ku. Okazanaoch, YTO MPHU 3HAUEHUSX kj, HAXOSAIINXCS B
npenenax 1.18—1.25 (ans rmurucTOrO cianna), 1.1-1.2 (s mecyaHoro ciaHIa)
u 1.1-1.13 (ms mec4yaHuka), Harpy3Ku I TPEOJOJTICHUS CUII TpeHust Ny Ipu U3-
BJICYEHUHU aHKEPOB COCTABILIIOT OT 50 1o 70% OT BeaMYMH HArpy30K A UX yC-
TAHOBKHU B HAIPABIISIOIIUE MITYPHI.

Oxcnepumenmanvho 00Ka3aHo, 4TO NJS 1EJIBHOTO METAJUIMYECKOTO aHKepa
quamMeTpoM Oosee 22 mm, YCTaHaBIMBAEMOTO B TIOPOJHBIM MAacCHUB C MOMOIIBIO
JMHAMUYECKOW Harpy3ku ¢ 3Hepruei ynapa 45 J u yacroror 1300 ymapoB B Mu-
HYTY Ha r1yOuHy He MeHee 0.5 m mpu MPOYHOCTH TOPOJI HA OJHOOCHOE CXKATHE
He meHee 20 MPa u kosdunnente HaTsara He MeHee 1.1, Hecymias cmocoOHOCTh
cocrasiisieT Oonee 50 kN, a Bpemst ycranoBku — 10 200 s.

[TpoBeneHHbIE MIAXTHBIE UCCIIETOBAHUS TO3BOJIUIIN:

— MOJATBEPUTh AaJIEeKBAaTHOCTh pa3pabOTaHHBIX MaTEMaTHYECKUX MOJCIeH,
ONMCHIBAIOLINX YCTOMYMBOCTh AaHKEpPa, YCTAaHABJIMBAEMOIO B HAINpPaBIISIONIMIMA
IIITYP MEHBIIETO AUaMeTpa Mo JeHCTBUEM TMHAMUYECKON HATPY3KU;

— IPOJAEMOHCTPUPOBATh BO3MOXKHOCTh NPUMEHEHHS MPEAT0KEHHOTO HOBOTO
croco0a 3aKperieHus] aHKEPOB B TOPHBIX MMOPOJAX;

— MOJYYUTh 3aBUCUMOCTH, OIMCHIBAIOIINE U3MEHEHHE BPEMEHU YCTAaHOBKH aH-
Kepa B HAIPABISIONIMHI Ty MPU PA3THYHBIX THUIAX MOPOJ C YI€TOM KOIPPUIH-
€HTa HaTAra, OTHOLIEHHUS MOIYJell YIpyrocTd MOpoJbl U MaTepuaja aHkepa, a
Tak)Ke OTHOIICHUS JUIMHBI aHKepa K €ro JUaMeTpy;

— YCTQHOBHUTH 3aBHCHUMOCTH M3MEHEHHUs HAarpy30K, HEOOXOAMMBIX Ha MPeojIo-
JIEHUE CUJI TPEHUS MPU U3BJICUEHUU aHKEpa U3 MACCUBA, MPEJICTABIEHHOIO pa3-
JUYHBIMHU TUIIAMU TIOPOJI, YYUTHIBaIOIIMEe KO3 (DUIIMEHT HATsIra, OTHOLIECHUS MO-
IyJed ympyrocTy MOpPOJbI U MaTepuala aHKepa W OTHOIICHUS JUTMHBI aHKepa K
€ro AUaMeTpy;

— CKOPPEKTUPOBATh 00J1aCTh MPUMEHEHHUS! TPEIIOKEHHOTO CIIOco0a yCTAaHOBKU
AQHKEPOB B FOpPHBIE MOPO/IbI IO 3HAYCHHSIM BPEMEHH UX YCTAaHOBKU B HAIPABIISIO-
[IME IITYPBI U HATPY30K VISl IIPEOJIOJICHUS CHIT TPEHHUSI TIPU MX U3BIICUCHUU.

1. [Ilam. 55763 VYxkpaima, MIIK E21D 20/00. Cmoco6 yCTaHOBKH aHKepa.
M.M. Kacesr, 0O.O. HosikoB, IO.A. Ilerpenko, II.C. [lpiman, [.M. lllecronaios,
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A.O. Novikov, ILN. Shestopalov, P.S. Dripan, Ya.V. Shazhko

MINE RESEARCHES OF A GLUE-FREE METHOD OF INSTALLING AN
ANCHOR UNDER THE IMPACT OF DYNAMIC LOAD

The previously theoretically justified possibility of installing an anchor into a guide cord
of smaller diameter with using a dynamic load has been experimentally confirmed. For
the first time, the regression dependences of the anchor installation time and the force of
its extraction from the hole, taking into account the ratio of the diameters of the anchor
and the pilot hole, the mechanical characteristics of the rock and the depth of the anchor
installation, have been established by direct testing. The study has made it possible to
justify the design parameters of the proposed glue-free method of installing anchors.

Keywords: rock massive, installation method, anchor, hole, load

Fig. 1. Scheme of workings in a training mine
Fig. 2. Working face at the experimental section

Fig. 3. Equipment and devices for extraction of an anchor from the ground: a — hydraulic
press-pump GPNV-5; 6 — hand-operated winch TP-1 and mechanical dynamometer; 6 —
reaction arm and high-pressure hydraulic equipment by Holmatro, including hydraulic
lifting jack HJ 20 G5 with oil pump FTW 1800 BE and manometer OBMG 81-160; & —
device for extraction of anchors composed by a drawing hydrocylinder, oil pump FTW
1800 BE and manometer OBMG 81-160

Fig. 4. Dependence of the time of anchor installation 7 (I) and loading required for doing
work against the friction force in the course of extraction, Ny (II) on the value of 4y and
ratio E,/E, (a), as well as ko and ratio l,/d, (6). Axes marked: Varl — ky, Var2 — E,/E,,
Var3 - 1,/d,, Var4 — T (I) and N; (I)
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E.A. 'pebHeBa

MPOLUEHT M}/TALLVIVI, OBPA3YIOLWLNXCA
nog BO3AENCTBMEM MYTAITEHOB

[oHeLKMIn PU3NKO-TEXHNYECKMI MHCTUTYT uM. A A. NankuHa

CraTtbs noctynuna B pegakuuio 23 gekabps 2021 roga

Mymayuu, svizbiéaioujue paxkosvle 3a001e8anuss, 00VCIO8NIeHbl HACIEOCNEEHHBIMU (DAaK-
mopamu, 8030elcmeuem OKpysicaowel cpedbl U CIYYAUHBIMU OUUOKAMU, KOMOpble No-
assiomes npu Hopmanvhou penauxayuu JJHK cmeonoswix kiemok. Hecaedosan eonpoc,
KAKAsA 4acmb Mymayuil évi3éana oelicmeuem mymazenos. IIpoananuzupoeansl mexamus-
Mbl ROSIGNICHUS. MUULEHHBLX, HEMUUUEHHBIX, MUUEHHBIX 3A0EPHCUBAIOUSUXCS U HEMUULEHHBIX
3A0EPAHCUBAIOUUXCA MYMAYULL 3AMEHbL OCHOBAHULL. AHAnu3 onupaemcs Ha NOIUMEPA3HO-
maymomepmvie mMooenu o0pasoeanus paziuunslx munoe mymayuil. Iloxazano, umo éce
munvt mymayuii evizvigaromcst mymazenamu. Coenan 6b1600, Ymo npouiarmuxa u Je-
YeHue paxkosvix 3a001e8anull 8 0053ameibHOM NOPAOKe O0NHCHBI GKIIOUAMb YOALCHUE U3
OP2AHUZMO8 IMUX MYMA2EHOE.

KuroueBrble ¢JI0Ba: pakoBbIe 3a00JICBaHUS, MUIIICHHBIC MyTallMH, HCMHUIIICHHBIEC MYTaIlVH,
MUIICHHBIE 3aICP>KUBAIOLIUECS MYTallUMd, HEMUIICHHBIC 3aJICP>KUBAIOIINECS MYyTalluu,
npoQHIaKTHKa PAKOBBIX 3a00JICBaHUI

BBenenune

Myranuu (Hacnenyembie omubOku Tekcra JJHK) saBisroTcs TaBHOM TpHYUHOMN
crapenus [1], rereTnueckux [2] u pakoBbIX 3a0oneBannii [3,4]. B omyxomsax o6-
HApYKUBAIOT BBI3BIBAIOIINE MX POCT COMATUYECKHE MyTalnuu (MyTallid B TKa-
Hsx). Takue MyTanuu HaiIeHbl B 66 TeHaX pacnpoCTpaHEHHBIX omyxoJei [5—8].
Oxkomo 95% 3TUX MyTaluii MPEACTABISAIOT COOOW MyTaIlMK 3aMEHBI OJTHOTO OCHO-
BaHMUSI, OCTAJIbHBIC SIBJSIOTCS JAEJNECHMAMU WIA MHCEPLMSAMU OJHOTO WJIA HECKOJIb-
kux ocHoBaHuii [3]. Kierku onyxoseii y aereit u OOJIbHBIX JIEHKEMHUeEH copepkaTt
B cpeaHeM 9.6 ToueuHbIX MyTalui Ha KJIETKY [3]. MenaHOMBI U OIyXOJu JIETKUX
coJiepkat ropas3ao Ooinblie MyTtanuit — okoso 200 Ha kineTKy omyxonu [9]. B ciy-
yae omyxoJiel ¢ nedexramu penapanuu JJHK kietka MoxxeT comepKaTh THICSIH
myTarui [10].

B nacTosiimee Bpemsi oOIIEIPUHATON MOJENbIO, OOBICHSIONMEH 00pa3oBaHUE
3JI0KAYECTBEHHBIX OIYXOJIEH, ABISETCS TEOPUsl coMaTHUeCcKux myranui [11-16].
Omna Oblna moaTBepkaeHa aHanmu3oM reHoma [3,4,12,17,18]. CornacHo snureHe-
TUYECKON TEOPHH HACJICICTBEHHBIC U3MEHEHHUS! B SKCIPECCUU T€HOB CIIOCOOCTBYIOT
KaHIIEPOTeHE3y 3a CYET YBEIWYEHUS XPOMOCOMHOM HectabwimbHOcTH [19]. Tlo
TEOPUH XPOMOCOM KaHUEPOTeH BBI3BIBAET CIy4YallHbIE XPOMOCOMHBIE BapHalluu
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[20,21]. B Teopun cTBONOBBIX KJIETOK MPEATNONATacTCsl, YTO KAHIEPOI€HbI BbI3bI-
BaIOT PaK, W3MEHSS HOpMaJbHBIE CTBOJIOBBIC KieTku [22,23]. HectaOmibHOCTD
reHoMa SIBIIIeTCs (yHIaMEHTAIbHBIM MIPOLECCOM MOYTH BCEX BUIOB PAKOBBIX 3a-
OoseBanmii 4enoBeka [4]. «['mmore3a MyTraTopa» MpeArnoiaracT, 4YTO T'e€HOMHas
HECTaOMJIBHOCTh, MPHUCYTCTBYIOIAS B TPEAPAKOBBIX KIETKaX, IEHCTBYET Kak
JBUKYIIasi CUJIa Pa3BUTHSI ONYXOJIH, IOCTENEHHO MOBBIILIAS YaCTOTY CIIOHTaHHBIX
MmyTtauuii [24-26]. beuta co3nana mozens crpecca pemukauun JJHK, Bei3BaHHOM
OHKOTI'€HOM, M B HACTOSILEE BPEMS IIMPOKO NPU3HAHA B Ka4ECTBE BEAYIIECH IMIIO-
T€3bl O PA3BUTHH CIIOPAAUYECKOTO paka [27-31].

OObIYHO pakoBble 3a00JIEBaHUS BBI3BIBAIOTCA MYyTAlMsIMH, 00YCIOBICHHBIMU
BO3/ICHCTBUEM OKpYXKAlOIIel cpellbl M HacleACTBEHHBIMU (hakTopamu. K mepBbim
OTHOCATCSL yIbTPa(UOJIETOBOE H3IyYeHHE, KypeHHUE, YIOTpeOJieHHe ajKoroJs,
BHPYC NaNWIJIOMbI yesioBeka [32]. I'maBHOM MPUUMHON CIIOHTAaHHOTO MyTareHesa
SIBJISIFOTCSL CBOOOJIHBIE paJUKaibl, OOpa3yloluecs B MpoIeccax MeTadboam3Ma
[33]. Kpome Toro, kK 3TM (hakTOopaM MOKHO OTHECTH TSKEIJIbIE METAJIBI U APYTHE
XUMHYECKHE BEIIECTBA, CIIOCOOHBIE BHI3BIBATH MYTAIIMH U MOBPEXKIATh MOJIEKYITY
JIHK. Takue BemectBa ObuIM OOHApYKEHBI IPU CEPIACUYHO-COCYAUCTBIX U PaKo-
BbIX 3a0oneBanmsax [34]. Uro kacaeTcs HACIEACTBEHHBIX 3a00JICBaHHIA, CUUTACTCS,
410 MU 00ycnoBieHbl 5—10% pakoBeIx onmyxoneit [35,36].

ABTOpHBI paboThl [37] caemany BBIBOM, YTO TOJBKO TPETh PUCKOB BOSHUKHOBE-
HUS paka TKaHeW CBs3aHa C SKOJIOTMYECKUMH (paKTOpaMu UM yHACJIEeI0BaHHBIMU
MPEIPACTIONOKEHHOCTIMU. A B OCHOBHOM 3JI0KaQUE€CTBEHHBIE OIMYyXOJIU 00YyCIIOB-
JIEHBI Cy4YalHBIMU MYTAlUSIMH, BOSHUKAIOIMIMMH B XOJI€ HOPMAJIbHOM peruinKa-
muu [IHK. [Ipyrumu crmoBamu, COTJIACHO MOJIENH pucka paka [37] oOpa3oBaHme
0K0JI0 67% Bcex MyTalMii HE BBI3BAHO BO3JCHCTBHEM KaKUX-THOO MYyTareHoOB.
ABTODBI A€NalOT BBIBOJ, YTO HUKAKUE Mepbl MPOPUIAKTHUKU PAKOBBIX 3a00seBa-
HUW HE MOTYT MOBJIMATH Ha 3Ty 4acTh MyTareHesa.

Onnako uMmeroTcst (PakThl, KOTOPhIE MPOTUBOPEYAT JAHHOW THIOTE3E. DKCIIe-
PUMEHTHI TIOKA3bIBAIOT, YTO MPH COBMECTHOM BO3JICHCTBUU ICOpasieHa U 00Iyde-
Hus monekynsl JIHK ynasrpaduosneroBsiM cBetoM 90% Bcex MyTaluii cOCTaBisi-
I0T HEMMILIEHHBIE 3aJEpKUBAIOIMECS MyTallMM 3aMeHbl ocHoBaHMM [38]. A mo-
JMMepa3HO-TayTOMEpHask MoJielb 00Pa30BaHMsI HEMUILIEHHBIX 3aJ1€P>KUBAIOIIUXCSI
MyTalUi 3aMeHbl OCHOBAHUH [39] CBUIETENBCTBYET, UTO BCE 3TU MYyTAallUU TOSB-
nsitotTcesi HanpoTuB ocHoBanuit JIHK B penkux tayromepHbx (opmax, mpudem
TOJILKO TOTJa, KOTJa MOOJU30CTH OT 3TUX OCHOBAaHUI HAXOIHUTCS MHOTO APYTHX
nospexaeauii [IHK. HMcxons u3 3Toro ObLT clenaH BeIBOA 00 OMIMOOYHOCTH TH-
NOTE3Bl O TOM, 4TO B 67% ciiyyaeB pUCK MOSBIEHUS 3JI0KAYECTBEHHBIX OITyXOJIEeH
00yCIIOBJIEH CITy4yallHBIMU MYTAIMsIMHU, BO3HUKAIOIIUMH B X0J1€¢ HOpMaJIbHOU per-
nukaruu JJHK [37].

CrnenoBarenbHO, B HACTOSIIIEE BPEMS SIBJISIETCS aKTyaJdbHBIM U UMeET OO0JIbILIOe
IIPAKTUYECKOE 3HAUEHUE U3YYEHUE BOIIPOCA O TOM, KaKOW BKJaJ B BEPOSATHOCTH
pHCKa TOSBJICHUS PAKOBBIX 3a00JIEBaHUN BHOCSAT pa3iMyHble (PaKTOPHI, CIIOCOO-
HbI€ UX BbI3BIBATh. 711 TOr0 4TOOBI PEHIUTH 3Ty MPoOIeMy, HYKHO MpOaHATU3HU-
poBaTh MEXaHU3MbI 00pa30BaHMs BCeX TUIIOB MyTaluid. B nepByio ouepens He0O-
XOJIUMO CPaBHUTH CYILECTBYIOIIME B HACTOSILIEE BPEMsI MOJIEIN MyTareHesa.
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1. Mexanu3mbl 00pa3oBaHus MyTaUil

Myrtanuu MOryT ObITh HECKOJIBKUX THUIIOB. MUIIIEHHbIE MyTallMl 00pa3yroTcs
HanpotuB noBpexaeHuii JIHK, koTopsie crnocoOHBI OCTaHABIUBATh CHUHTE3 IIO-
clenHuX (HampuMep, HAmpoTUB (HOTOMPOAYKTOB, TaKUX KaK IHMKJIOOYTaHOBBIC
NUPUMUIUHOBBIE TuMepbl win (6—4) annyktel) [40,41]. K yuciny MUIIEHHBIX OT-
HOCATCSI MyTalliM 3aMEHbl OCHOBaHUMW [42—44], uncepiuu, neneuuu [45-47] n
cnoxHbie MyTanuu [48,49]. Ha Tak Ha3biBaeMbIX HemoBpexAeHHbIX yyacTkax JJHK
MOSBIISAIOTCS HeMuIIeHHbIe MyTanuu [50,51]. K ux yuciny oTHOCATCS HEMUIIIEHHBIE
MyTalMi 3aMEHbl OCHOBaHWM, mHcepuuu u aeneuuu [50-53]. B ciyuae ynbrpa-
(broIeTOBOrO MyTareHe3a Takue MyTaluu o0pa3yroTcs HelaJIeKo OT (JOTOAUMEPOB.

OObIYHO MyTaIMK MOSBISIIOTCS cpa3y Mocie Bo3AeHCcTBUA MyTareHa [54]. My-
Taluu, KOTOpble (HOPMHUPYIOTCS Yepe3 HECKOJIbKO LUKIOB PEIUIMKAIMU TOCTe
BO3JICUCTBUSl MyTareHa, Ha3bIBaloTCs 3aepkuBatrouumucs [55-57]. OHu moryt
MOSIBIISATCSI HAITPOTUB TTOBPEXKICHUM, CTIOCOOHBIX ocTaHaBnuBarh cuHTe3 JITHK, n
Ha Tak Ha3blBaeMbIX HenoBpexaeHHbIX ydactkax JHK [38,55-58]. Cootset-
CTBEHHO MOTYT OOpa30BBIBATHCS MUIIEHHBIC [55—57] M HEMUIIICHHBIC 3aJEPIKH-
Baroluecs mytauu [38].

Bce nepeuncnenHble MyTaluu CriocOOHBI BHOCUTH 3HAYUTEIBHBINA BKJIAA B IO-
SIBJICHUE PAKOBBIX M TEHETUUYECKUX 3a00neBanwmii [58].

Hcropuuecku mepBoii ObLTa peAsioKeHa TayTOMEpHasi MOJICNIb MyTarenesa. B
1953 r. Yorcon u Kpuk pazpaboranu Mojenb CTpyKTYypbl ABoiHOMN crupanu JJTHK
U MIPENTNOJIOKUIIN, YTO IPUUNHOM CIIOHTAHHOTO MyTareHe3a MOXeT ObITh CIIOCO0-
HOocTh ocHOBaHuil JIHK M3MEHATH CBOE TayTOMEPHOE COCTOSIHUE BCIEACTBHE
B3aMMOJICUCTBHUSI C MOJIEKYJIaMU BOJbI [59]. ABTOpPBI MpeAnoiaraiy, 4To Mpolece
00pa3oBaHUsl MyTallUi SIBIISIETCS] YUCTO (PU3UKO-XUMUUECKUM. OHAKO B JATbHEH-
IIEM BBISICHUJIOCH, YTO 3TOT MPOLIECC MPOUCXOUT C MOMOIIbIO psifa (EpMEHTOB.

OO1enpuHATON B HACTOALIEE BpeMsl ABIISETCS MOJIMMepa3Has MOJENb MyTare-
He3a [60—64]. Ona onupaeTcs Ha HMJICI0, YTO MPUYMHONW 0Opa30BaHUS MyTalUil
ABISAIOTCS citydaiiHble ommOku JIHK-monumepas, BcTpanBaronmx HANnpoTHB IO-
BpEeXKJEHUHN (Hampumep, UUKIOOYTaHOBBIX MUPUMHUAMHOBBIX TUMEPOB) HEKOM-
IUIEMEHTApHBIE OCHOBaHMA. Jpyrumu cioBamu, cuuraercs, uto JJHK-nommmepassl
BCTPaMBAIOT HAIIPOTUB MATPUYHBIX OCHOBAaHUM TaKWe KAHOHMYECKHE OCHOBAHWS,
KOTOpBhIE HE MOTYT OOpa30OBLIBATh ¢ MAaTPHUYHBIMH OCHOBAHHUSIMH BOJOPOJIHBIC
CBS3U. A, KaK MbI 3HaeM, IIaBHas mpuurHa coxpaneHus tekcra JJHK — cmoco6-
HOoCcTh ocHoBaHui JIHK 00pa3oBbIBaTh BOAOPOIHBIC CBSI3U: aJICHUH 00pa3yeT MX
TOJIKO C TUMMHOM, @ TYaHUH — TOJIbKO C IIUTO3WUHOM. ITO OCHOBA TOYHOTO CHH-
te3a JIHK, a cnenoBatenbHO, U coOXpaHEHUs BCEH HACIEACTBEHHON MHGOpMAIIT
JT1000T0 JKUBOTO OpraHU3Ma.

Opmnako oOmIenpuHATAas MOJIMMEpPa3Has Mojiesib MyTarenes3a [60—64] u apyrue
Mozenu [65—72] He MOryT OOBSICHUTH OOJNBIIMHCTBO SIBICHUN MyTareHesa [73,74].
[ToaTomy MHOI ObuTH pa3paboOTaHBl U MPEUIOKEHBI MOJIMMEPa3HO-TAyTOMEPHBIE
Mozenu: yiabTpaduosneroBoro myrareHeza [39,73—-109], A-rule [106], panuamnm-
OHHO-MHIYIIMPOBAaHHBIX OaiicteHaep s dexroB [39,82,85,89,91,98,101], pagua-
[IMOHHO-WHIYIIUPOBAaHHOW HecTabuibHOCTH TeHoMa [39,96,101,102], pucka paka
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[39,107], ropsianx u XOJOAHBIX ISITEH yibTpaduoneToBoro myrarenesa [90,109],
a TaKke pa3paboTaH METOJ pacueTa OTHOCHUTENBHBIX BEpOATHOCTEH 00pa3oBaHUs
mytauuid Ha nByHuTeBoi JIHK [109]. Pe3ynbpTaTsl, Noay4eHHBIE IO MUILIEHHOMY
yIbTpauoIETOBOMY MyTareHesy, ObLIM MPOCYMMHPOBaHBI B MOHOTpadum [99].
st 060cHOBaHMS MexaHH3Ma 00pa30BaHMs PEIKUX TayTOMEPHBIX (JOPM OCHOBA-
unii JIHK coBmectHo ¢ K.b. Tonmeiro HamMu BBIIIOJHEHO HECKOJBKO ITUKIOB
KBaHTOBO-MEXaHMYECKHX PACUYETOB, PE3YJbTaThl KOTOPHIX ObUTM 00OOIIEHBI B
moHorpadwuu [105].

B pamkax mnonumepazHO-TayTOMEPHOW MOJENU pagualliOHHO-UHIYLIUPOBaH-
HBIX OaiicTennep >¢p¢exToB ObLIM pa3paboTaHbl MOJEIM MEXaHHU3MOB 00pa3oBa-
HUSI HEMHIIIEHHBIX MyTallMid 3aMeHbl OCHOBaHUM [82,85,89,91,98] nu HeMUIIIEHHBIX
uncepuuit [101]. Ix ucrounuxkom ssisitotcss ocHoBanus JJHK B ompeneneHHbIX
penKuX TayTOMEpHBIX (hopMax, HAXOIAIIUECS MOOIU30CTH OT IHUKIOOYTaHOBBIX
mumepoB [85,89,98]. IToapobHOE paccMOTpeHHEe TOTUMEPa3HO-TAyTOMEPHON MO-
JIeTM paIallMOHHO-MHIyLIMPOBAHHBIX OaiicTeHnep 3¢ (GeKToB MpuBeAEHO B paboTte
[98]. B pamMkax mnoauMepasHO-TAyTOMEPHOM MOJEIN paaHalldOHHO-UHIYIU-
pOBaHHOW HeCcTaOMJIBHOCTH TeHOoMa Obla pa3paboTaHa MOAETh MEXaHHU3Ma o0pa-
30BaHUs MUMIEHHBIX [96,101,102] u HemuieHHbIx [39] 3aaepKUBarOIIMXCs MyTa-
11ii 3amMeHbl ocHoBaHU. Kpome Toro, Obuta mpeiokeHa MoJenb MeXxaHu3ma 00-
pa30BaHUs TOPSYUX U XOJOIHBIX MATEH yabTpaduoneToBoro myrarenesa [90,109].
Bce i pe3ynbraThl 03HaYar0T CMEHY NapaurMbl B MyTareHese [73].

[TonnmepazHo-TayTOMEpHBIE MOAEIN pa3BUBAIOT uae YorcoHa u Kpuka [59]
0 TOM, YTO B OCHOBE M€XaHH3Ma 00pa30BaHMsI MyTalUN JIEKUT CIIOCOOHOCTH OC-
HoBanuil JIHK HaxomuThCs B pa3inMyHBIX TayTOMepHBIX (hopmax. TayromepHble
(dbopMBbI OJTHOI U TOH K€ MOJIEKYJIbl Pa3JIMYaAOTCS TOJBKO TEM, YTO K HUM J100aB-
JeHbl MO0 U3 HUX YAAJICHBI OJUH WM HECKOJIBKO aTOMOB BOJIOpoJia. B akTHBHBIX
nenrpax JHK-nonumepas Oblin SKCEpUMEHTAIbHO OOHAPY)KEHBI HEKaHOHUYEC-
KM€ Tapbl OCHOBAaHMM, OJTHO U3 KOTOPBIX B KaXIOW Mape HaXOAMUTCS B PEIKOM
tayromepHoil ¢opme [110,111]. DTi pe3ynpTaThl ABISAIOTCA MPSIMBIM 3KCIIEPH-
MEHTaJIbHBIM MOJTBEPKACHUEM UIEH, MPEITIOKEHHOW Y0oTCOHOM U Kpukom [59],
Y TIOJIMMEPA3HO-TayTOMEPHBIX Mojenei [39,73—-109].

N3yunM, kakoil BKJIaJl B PUCK BOSHUKHOBEHHS PAKOBBIX 3a00JIEBAHHI BHOCST
paznuuHble (AaKTOPbI, B YACTHOCTH HACJIEACTBEHHOCTh, BHEIIHSIS Cpefia U Cllydai-
HbIe OIIMOKM HOPMAaJbHOM perMKanuu. [Jis 3Toro paccMOTpUM, Kak JTaHHBIE
(dakTopbl BIUAIOT HA 0Opa30BaHME BCEX BHUJIOB MYTalluii, a UMEHHO: MUIICHHBIX,
HEMUIIEHHBIX, MUILIECHHBIX 33JICP’KUBAIOLIUXCS M HEMUIICHHBIX 3aJ1€PKUBAIO-
muxcs. McenenoBanue Oyner onuparbesl Ha MOJIMMEpPa3HO-TayTOMEpPHbIE MOJIENN
MEXaHU3MOB (OPMHPOBAHUS yKa3aHHbIX MyTanuil. [logoOHbI aHanu3 cuHTE3a
JIHK miiekonuTaroniux, cKIoHHOro kK omuokam, u SOS-cunte3a JIHK Gakrepuii,
coJiepKalliX MOJIEKYJIbI TUMHUHA U aJICHUHA B OMPEIENIEHHBIX PEIKUX TayTOMep-
HBIX (popmax, ObUT BHINOJIIHEH MHOIO B padote [107].

2. Ocodennoctu cunte3a IHK, npuBoasimero Kk Myramusam

Kak npasuio, cunre3 JIHK — 3T0 BbIcOKOTOYHBIN niponiecc. Eciin B xoae ero
6e3ommbounas JJHK-nomumepasa (nanpumep, JJHK-nmomumepasa 11l E. coli nmm
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JIHK-nonumepasa € MiaekonuTaromux) Berpedaet nospexaeHue JJHK (nukinooy-
TAHOBBIA MUPUMUIMHOBBIA TUMEP), CUHTE3 OCTaHABIMBAETCS, HAIPOTUB JIUMEpa
o0pasyeTcs pa3phiB, KOTOPBIH MM03Ke MOXET ObITh UCIPABJICH C IMOMOIIBIO pera-
pauuu. Eciim B monekyne JIHK chopmupoBanucy nukaoOyTaHOBBIE MTUPUMUIN-
HOBBIE JUMEPHI, TO MHIAYLUPYETCS CUCTEMa, CKJIOHHas K omubOkam, mimu SOS-
cucrema cunreza JHK. Ilpu srom cunte3 JIHK HaumHaer mpoucxomuth mo-
HOBOMY — OCYILECTBIISIETCS TaK Ha3blBa€Mbli CHHTE3 Yepe3 NOBpexAcHUE. B HeM
y4acTBYIOT crienuanusupoBanabie JJHK-momumepassl, crmocoOHbIE BKIIOYATh OC-
HOBAHUS HANPOTUB IUKIOOYTAHOBBIX MUPUMHUIMHOBBIX aumepoB [112,113]. Ox-
HAKO 3TO MOXET MPUBOAUTH K MYTALIHUSIM.

Ecnu B mporecce peruiMkanny BCTaBICHO OMIMOOYHOE OCHOBAaHUE, OHO OObIU-
HO ypanserca noxd aevctBueM 3' — 5’ sk3onykiieassl [114,115]. Kpome Toro,
MOJKET OBITh aKTUBHPOBAH MEXAHHM3M CKOJB3SIIETO 3aKMMa, KOTOPBIA MpHUKIMa-
et IHK-nmonumepasy Kk Marpuile U NpeaoTBpalIAET YIaJIeHUE «HEMPABUIBHOTO
OCHOBaHUs». B pe3ynbTaTe MOTYT MOSBUTHCS MyTanuu. OHU Bcernia 00pa3yroTes
B Ipolieccax PeIIMKalliy, pernapaniuy Wik TPAHCKPHUIIUK MpPU CUHTE3€, CKIIOH-
HOM K ommOkam, wim SOS-cunteze JIHK [116-119].

3. AHaJIM3 MeXaHHU3MOB 00pa30BaHNsl MUIICHHBIX MyTALM I

MurnienHbie MyTanuu GOpMHUPYIOTCS HAIIPOTUB MOBPEXKIECHUHN, KOTOPbIE MOTYT
ocraHoBuTh cunTe3 JJHK [120,121]. Takue noBpexneHns BCerja BbI3BaHbI MyTa-
TeHaMH: pajuanuei, yinbTpadUONeTOBBIM H3ITydYeHUEM, CBOOOTHBIMU paauKalia-
MU, APYTUMU XUMUYECKMMH BEIIECTBAMM WJIM MHBIMU BHEUIHHUMH BO3ICHCTBUSI-
mu. Hanpumep, o1 BIussHUEM yIbTPaQHOIETOBOTO CBETA MOSBIISIFOTCS IUKIO0Y-
TaHOBBIE MTUPUMHINHOBBIE AUMEpHI (0T 78 o 84%) [122,123]. 3arem B mporec-
cax CHMHTe3a, CKIIOHHOTro K omuokam, uian SOS-cuntesa JJHK nampoTtus 31ux mno-
BpEXKJEHUN 00pa3yroTcsi OMMOOYHbIE OCHOBAHUS, YTO O3HAYAET MOSIBICHUE MHU-
IIEHHBIX MYyTallMil 3aMeHbl OCHOBaHWM [124]. B cimydasix, Korga HampoOTHUB IO-
BpEXKACHUN 00pa3ytoTcs Opelu, MpOUCXOIAT BCTAaBKU M BBINMAJCHUS OJHOTO MIIH
HECKOJBKMX OCHOBaHWM [125,126]. MHow Obumn pa3paboTaHbl MOJMMEPA3HO-
TayTOMEPHBIE MOJENH (POPMHUPOBAHUS CICTYIOMIUX MHUIIEHHBIX MYTallUN: 3aMEHBI
ocHoBanui [74,80,82,98,99], uncepuwmii [91,92,99], neneunii [93,95,99] u cnox-
HBIX uHCcepuuii [94,99].

4. AHAJIM3 MeXaHU3MOB 00pa30BaHNs HEMHUIICHHBIX MyTalUi

B cnydae ynbTpaduoneToBOro MyrareHe3a HEMHUIIICHHBIE MyTaIll 00pa3yroT-
cst mobnmu3octu ot doroaumepo [50,51]. B pamkax momumepasHOW MapaurMbl
CUMTAETCS, YTO TAKHWE MYTAllMU MOSBISIOTCS HAa HEMOBPEKACHHBIX ydacTKax
JHK. Ilpeanonaraercsi, 4T0 OHU (POPMUPYIOTCS HE MOJ JCHCTBUEM MYTareHoB, a
ciydaitHeIM 00pa3zom u3-3a omubok JJHK-nomumepas.

MHoto Oblia paspaboTaHa anbTEpPHATHBHAS, MOJIMMEPA3HO-TAyTOMEPHAsT MO-
JIeNb HEMUIIIEHHOTO yabTpaduoneroBoro myrarenesa [39,82,85,89,91,98,101].
bbi0 mokazaHo, YTO K HEMHILIEHHBIM MyTalusaM npuBoast ocHoBanus JIHK, Ha-
XOJIAUINECsS] B PEIKUX TayTOMEPHBIX (hOopMax, KOTOPbIE PACIONIOKEHbI B HEOOIb-
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mux (3—5 OCHOBaHMI) OKPECTHOCTSX OT IUKIOOYTaHOBBIX MuUMepoB [39,82,85,
89,91,98,101]. DT ocHOBaHUSs COXpAHSIOTCS 3a cueT Toro, uro nens JHK Hanpo-
TUB IMKJIOOYTAHOBBIX TUMEPOB M3THOAETCs, B PE3ybTaTe Yero BOJOPOIHBIC CBSI3U
YIUTMHSAIOTCS WK Jaxke paspeiatotes [98]. [loagpobGHoe onucanue MexaHusma oopa-
30BaHMS HEMUIIICHHBIX MyTaIllUi 3aMEHBI OCHOBAHUH MPEICTaBICHO B padote [98].

Oxkazasioch, 4TO ISl MOSBJICHHSI HEMUIICHHBIX MYTAIllUii HEOOXOAUMO Iaxke
Oompiie moBpexaeHui Mosiekynsl JIHK, yeM mist popmupoBaHusi MUIIIEHHBIX MY-
Tauui. Bo-mepBbIX, OAHO WM HECKOJBKO OCHOBAHUM JOJKHBI U3MEHUTH CBOE
TayTOMEPHOE COCTOSIHUE, BO-BTOPBIX, PSAAOM JIOJDKEH 00pa3oBaThCs LMKIOOyTa-
HOBBIN qumep uiu apyroe nospexaenue JJHK, koropoe uckpusnser Huts JHK
[98]. B manmbHeiimem mpu CHHTE3€, CKJIOHHOM K ommOkam, uiau SOS-cuHTe3e
JIHK HanpoTuB OCHOBaHMIA B PEIKUX TayTOMEPHBIX (POPMAX MOTYT OBITH BCTPOE-
Hbl omnOouHble ocHOBaHUs. Cle10BaTeNbHO, HEMHILIEHHBIE MyTallil MOTYT 00-
Pa30BBIBATHCS TOJIBKO MO/ JEHCTBUEM MYTareHOB.

5. AHaJIM3 MeXaHU3MOB 00pa30BaHNs MUIIECHHBIX
3a/IeP/KUBAKO M XCS My TalHil

MuneHHbIe 3a1epKUBAIOIINAECS MYTAIlUM MOTYT MOSBIISTHCS YE€PE3 HECKOIBKO
LIMKJIOB pEIUIMKAallMM II0CJ€ BO3AECUCTBUS MyTareHa HAlpOTHUB IOBPEKICHUIM,
criocoOHbIX octanaBimuBaTh cuHTe3 JIHK. OHM MoryT OBITh BBI3BaHBI, B YaCTHO-
CTH, yNIbTpaduoJIeTOBBIM CBETOM. B Hacrosiiiee BpeMsi He siceH MexaHu3M (op-
MHUPOBaAHUS 3aJiepKUBatOMUXcs MyTanuit [55]. OObI4HO 1)1 ero 0OBICHEHUS HC-
NOJIB3YETCs MOJMMepa3Hasl mapajurMa MyTareHe3a. MHo# Oblia peiokeHa mo-
JMMepa3HO-TayTOMEpHasi MOJeNIb MeXaHn3Ma 00pa30BaHMsI MUIICHHBIX 3aJIE€PKHU-
BAIOIIMXCS MYTalMii 3aMEHbl OCHOBAHMMU, BBI3BAHHBIX YUC-CUH TTUKIOOYTaHOBBI-
MU MUPUMUIAHOBBIMH AuMepamu [96,101,102].

CTpyKTypHBIIl aHaJIM3 BCTpauBaHUs OCHOBaHUM mokaszan, yro JHK-momaume-
pas3bl HAPOTUB HEKOTOPBIX PEIKUX TayTOMEepHbIX ¢opm ocHoBanuit JJHK moryr
BCTaBJIATh KAHOHWYECKHUE OCHOBAHUS, YTO BBI3BIBAET IOSBICHNE KAaHOHMYECKHUX
nap: TUMMH—aJEHUH WIM LUUTO3MH-TyaHuH. Ho Moryr BcTpauBaThCs U Apyrue
KaHOHMYECKHE OCHOBAHUS, KOTJa MEXAY HUMHU U OCHOBAaHUSIMHU B PEIKUX TayTo-
MepHBIX (popmax oOpasyrorcst Bogopoanbie cBsa3u. Ecnmu cuntes JIHK, comepika-
men yuc-cun MUKIOOYTaHOBBIN JUMEp, KOTOPBIA BKJIIOYAET OCHOBAHUE B TAKOH
penkoii ¢opme, uner ¢ nomoirsio JIHK-momumepas co cpaBHUTENBHO BBICOKOM
TOYHOCTBIO CHUHTE3a, MyTalluu HE MOSBISOTCA. OJHAKO €Cau B JaJbHEWIIEM B
cunresze JJHK Oynyr ygactBoBars JJHK-nommmepassl, obnamaromie HU3KOM Kop-
PEKTOPCKON TOUYHOCTBHIO, MOTYT C(POPMHUPOBATHCS MUIICHHBIE 3a/1€P’KUBAIOIINECS
MyTaluy 3aMeHbl ocHOBaHWU. [Ipmuem oHUM MOryT oOpa3oBaThCsl Yepe3 MHOIO
UKJIOB perukanuu nocie nospexaenus JIHK. Kpome Toro, BbIssCHHIOCH, YTO
Jla)ke KaHOHUYECKHE YUC-CUH LUKIOOyTaHOBbIE MUPUMMIUHOBBIE TUMEPHI CIIO-
COOHBI MPUBOJUTH K MUIICHHBIM 33/I€P>KUBAIOIIMMCS MYTallUsIM 3aMEHbl OCHOBa-
HUHN U BBI3bIBaTh TOJbKO MUIIEHHBIE 3aJI€PKUBAIOLIUECS TPAHCBEPCUU. JTU MY-
TallM¥ MOTYT MOSIBUTHCS TOJIBKO B TOM Cllydae, KOIzia psAoM ¢ TAKUMH IUMEpaMu
MMEETCSl 04€Hb MHOTO Apyrux noBpexaenuit JJTHK.
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MOoHO clenath BBIBOJ, YTO MPUUYMHONW 00pa30BaHUS 3aJCPKUBAIOIIUXCS MY-
Talui 1 HECTaOMJIBHOCTH F'€HOMa SIBJIIETCS OOJBIIOE KOJIMYECTBO MOBPEKICHUMN
JIHK. He Bce 3Tu noBpexaeHus 00s13aTENbHO JOKHBI OBITh MyTareHHbIMU. Eciu
OHM crtocoOHbI ocTaHaBiauBaTh cuHTe3 JJHK, To, 3HaYMT, OHM MOTYT IPUBOIUTH K
CHUHTE3Y uepe3 NnoBpexkaeHue, Boi3biBaTh JJHK-nmonumMepasbl ¢ HU3KOM TOUHOCTBIO
CHUHTE3a U, CIEI0BATEIbHO, BHOCUTH BKJIaJ B MyTarenes [96,101,102].

6. AHaJIM3 MeXaHU3MOB 00Pa30BaHUS HEMHMIIIEHHBIX
3aJep:KUBAKIIUXCHA MyTAlUH

HeMmumiennsle 3aiep)kxuBaromiiecs MyTallud MOTYT MOSIBUTBCS 110CIIE€ HECKOJIb-
KHMX LMKJIOB PEIUIMKALMU MOJ BO3JCHCTBUEM MyTareHa Ha TaK HAa3bIBAEMBIX He-
noBpexaeHHbIX yuactkax JIHK. B HacTosiee BpeMst He siceH MeXaHU3M 00pa3o-
BaHUs 3aJiep>KUBAOIIUXCS MyTauid [55]. OObIUHO TSt €r0 00BSICHEHUS HCIIONb-
3yeTcsl MoJIMMeEpas3Hasi MOJENIb MyTareHesa. B paMkax 3Toil MoJenu cuumrTaercs,
YTO HEMHILEHHBIE 33JIeP)KUBAIONINECS MyTallud (POPMUPYIOTCS HA HEMIOBPEKIACH-
HeIx ydyactkax J{HK, a eanMHCTBEHHON NPUYMHON MX BO3HUKHOBEHMSI SBIISIOTCS
cinyyaiiabie ommoOku JIHK-monumepas. MHbIME cioBamu, Tpearnoaraetrcs, 4to
HEMMUILIEHHBIE 33/1€PXKUBAIOIINECS MyTallMM, KaK ¥ JApPYrue HEMMILEHHBbIE MyTa-
H, GopMuUpyIOTCs 6€3 Bo3AelcTBUS MyTareHoB. B pabdore [39] mHo# Oblia pas-
paboTaHa THOJUMEpPa3HO-TAyTOMEpHAs MOJEIb MEXaHHW3Ma O0pa30BaHUS HEMH-
LIEHHBIX 33JCPKUBAIOLINXCSA MyTallMi 3aMEHbl OCHOBAHMM, KOTOPBIE TOSABIISAIOTCS
npu cunteze JIHK, cknonnom k ommbkam, u SOS-cunTe3e monekynsl JJHK, co-
JeprKallel THMUH U aJICHUH B OIIPe/IeTICHHBIX PEAKUX TaAyTOMEPHBIX (popmax.

K HemumieHHbIM 3a7epKUBAIOIIUMCA MyTalusaM npuBoisaT ocHoBaHus JIHK,
HaXOJALIMECS TOJIBKO B ONPEAEICHHBIX PEIKUX TayTOMEpPHBIX (hopMmax, MpHU KO-
TOPBIX HANpoOTUB 3THX ocHoBaHuil [JHK Moryr BCTpOUTBHCS OCHOBaHUS, BBI3bI-
BaloIIMe o0pa3oBaHMEe KAHOHMYECKHX Map TUMUH—AJCHUH WU LUTO3HMH-TYaHUH.
OpnHako MOTYT BCTPOUTHCS U JPYrM€ KaHOHUYECKHE OCHOBAHMS, KOTOPBIE CIIO-
coOHBI 00pa30BbIBaTh BOJJOPOIHBIE CBSI3U C 3TUMHU PEIKUMH TayTomepamu. Kpome
TOTO, TIOCJICJIHHE 00S3aTEeNIbHO JODKHBI HAXOAUTHCS B Hebombmmx (3—5 ocHOBa-
HUI) OKPECTHOCTSIX OT IMKJIOOYTaHOBBIX ITUMEPOB WJIM JPYTUX IOBPEXKICHUIN
JHK, kotopsie moryt octanasnuBarh cuHte3 JJHK u uckpusisates ee HUTH [39].

Ecnu cunre3 JIHK, copepxaiieil Takue peikue TayTOMEPBI, UAET C TOMOILIBIO
JIHK-nonumepas co cpaBHUTENBHO BBICOKOM TOYHOCTBIO CHUHTE3a, MyTalluu HE
nosiBisitoTcsi. Ho ecnu B ganpreitmem B cuntese JJHK Oymyr yuactBoBats JJHK-
NOJIMMeEpa3bl, 00IaJaroNe HU3KOW KOPPEKTOPCKOW TOYHOCTHIO, MOTYT TOSIBUTHCS
HEMMILEHHBIE 3aJIEPKUBAIOIINECS] MyTallul 3aMeHbl OCHOBaHUU. [Ipuuem oHM Mo-
ryT 00pa3oBaThCs Yepe3 MHOTO ITUKIIOB peIuIMKaIiy mocie nospexacHus JJHK.

[Ipn ompeneneHHBIX YCIOBMSIX Jaxke kaHoHumdeckue ocHoBaHus JIHK moryt
NPUBOANTH K MyTalUsIM. DTO BO3MOYKHO TOI'/Id, KOTJa BO3HUKAET MHOI'O pa3iny-
HbIX noBpexaeHuil JIHK, 4Tro BbI3bIBaeT HE TOJILKO MHAYKIMIO CIELUUATU3UPO-
BanHbIX JIHK-mmonmmmepas, HO 1 paboTy ckomb3smei ckpenku [39]. DTa ckpenka
npwkuMaeT crenuanusupoBanssle JJHK-nonnmepaser k marpuunoit /IHK, uto
IPUBOIUT K (GOPMUPOBAHUIO OOJIBLIETO KOJUYECTBA MyTAIIHA.
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B pa6ore [39] Obu10 TIOKa3aHO, YTO BBIBOJ] ABTOPOB MOJAENHU pHCcKa paka [37] o
TOM, 4TO B 67% ciy4aeB pUCK MOSBIICHUS 3JI0KAYECTBEHHBIX OMyXo0Jjeil 00ycioB-
JIEH CIy4allHBIMU MYTAIUSIMU, BO3HUKAIOLIMMHU B X0/I€ HOPMAJIbHOW pETUTUKAIIIN
JAHK, sBiIsieTcst ormmmoOO0YHBIM.

Takum 06pazoMm, Kak MPOJEMOHCTPUPOBAHO B MOEH MOJMMEpPa3HO-TAyTOMEPHOM
MOJIeJH, HEMUIIIEHHbIE MyTallK (POPMUPYIOTCSI TOJBKO TOTa, KOT/1a UIMEETCS MHOTO
nospexxaennid JIHK, 3HauntensHo Gombine, yem rnmpu 00pa30BaHUU MUIICHHBIX.

3aepKuBaroIIecs MyTalluu 0OBIYHO TOYEUHbIE, OOJIbIIIE TOJOBUHBI U3 KOTO-
PBIX COCTaBJISIOT MYyTallUU 3aMEHbI OCHOBaHMH [38]. DKkcriepuMEHTH! CBUIETENb-
CTBYIOT, YTO IIPM COBMECTHOM BO3JECHCTBUN 8-METOKCH-IICOPAJIEHA U JJIMHHOBOJI-
HOBOTO yJibTpaduoneroBoro csera okoyno 90% MHAYIMPOBAHHBIX MYyTallHMil cTa-
HOBSITCS HEMUIIICHHBIMU 3a/iepkuBarormumucs [38]. Kak MHOIO ObLTO MTOKa3aHO B
pabote [39], Takue MyTanuu MOSBIAIOTCS HanmpoTuB ocHoBanmii JIHK B ompene-
JICHHBIX PEIKUX TayTOMEpHBIX (GopMax. ITH (HOPMBI OCHOBAHHI MOTYT 00pa3o-
BaThCS TOJBKO TMOJ JEHCTBHEM KAaKWX-TO BHENIHMX ()aKTOpOB (Hampumep, BO3-
nevictBuii Ha Mosiekyny JIHK ympTpadguoneroBoro cBera wiim XHUMHYECKHX Be-
niectB). bonee Toro, 3Tu penkue TayroMepsl OyayT YCTOWYUBBI TOJIBKO TOTA, KO-
raa HuTh JIHK HanpoTHB COOTBETCTBYIOIIMX OCHOBaHWM MCKPUBISAETCS TaK, YTO
BOZIOPOJIHBIE CBSI3U MEXIAY OCHOBAHUSMH YAJIMHSIOTCS WU PBYTCH.

CrnenoBarenbHO, A TOrO 4TOOBI 00Pa30BaMCh HEMHILEHHBIE 3aJI€P>KUBaAIO-
mMecss MyTalluy, HE0OXOIUMO HECKOIbKO He3aBHUCHMBIX noBpexaeHuii JIHK, Ta-
KUX Kak: 1) Bo3deiicTBHE BellecTBa, KOTOPOE BBI3OBET CHUIIbHBIE BBIHY)K/ICHHBIC
KoJie0aHUsl OCHOBAHUMU, CBA3AHHBIX BOJOPOAHBIMHU CBS3SIMH, UTO CIIOCOOHO MpH-
BECTU K CMEHE TOJIO)KEHUS OJHOTO WM HECKOJIbKMX aTOMOB BOAOPOJAA
[85,98,99,107]; 2) BO3aeiicTBUE, B pe3yiabTaTe KOTOPOTO MOSBUTCSA JAPYroe Io-
Bpexaenne [IHK u, xak cneacrBue, uckpusnenue nutu JIHK [97,105]; 3) BO3-
HUKHOBEHUE psiioM apyrux nospexaeHuilt JIHK, koTopele npuBenyT Kk HHAYKIMH
CHCTEMBI, CKIIOHHOH K ommOkaMm, mwim SOS-cucremsl [39,102,103]. UapiMu cio-
BaMH, HeoOxoaumo, uTo0bl cuHTe3 JIHK 1men ¢ momoripio crienmaan3npoBaHHbIX
JIHK-nonumepas, xapakTepU3yrOIKUXCcsl HU3KOM TOYHOCTBIO CUHTE3a. Takue mo-
BPEXKJEHUS MOTYT 00pa30BBIBATHCA IO ACHCTBHEM CBOOOIHBIX PaJMKaJOB, IMO-
ABJIAIONIMXCS B Mpolieccax MeTaboian3Ma, Ui XUMUYECKUX BEIIeCTB (Hampumep,
TSDKENIBIX METAaJNIOB), KOTOPhIE ObUIM OOHAPYKEHBI Yy OONBHBIX CEPIIEYHO-COCY-
JTUCTHIMHU M pPAaKOBBIMH 3a00J1€BaHUSIMH [34].

[TogBoas wuTOr, HAa OCHOBaHWUU TEOpPETUUECKUX [39] M 3KCIEPUMEHTATBLHBIX
[38] pe3yapTaTOB MOYKHO CAENaTh CIEAYIOIIEE NPAKTUUECKOE 3aKiItoueHue. Bol-
BO/JI aBTOPOB MOJIEIM PUCKA MOABJIEHUS paka [37] 0 TOM, 4YTO HUKaKHE MEphI MPo-
(UTAKTUKU PAKOBBIX 3a00JICBaHUN HE MOTYT MOBJIUATH HA OOJIBIIIYIO YaCTh MyTa-
reHe3a, sSBISeTCs OmMO0YHbIM. [0 MOeMy MHEHHIO, IJIT PaKOBBIX OOJBHBIX JEJIO
BOBCE HE 0€3HaJIe)KHO, KaK MBITAl0TCA HAC YBEPUTH 3TU aBTOPHI.

7. AHAJIM3 MeXaHU3MOB 00pa30BaHNs KPYNHOMACIITAOHBIX MyTAIMI

KpynHoMacuirabHbIME Ha3bIBAIOTCSI MYTAIlMU, KOTOpPbIE 00pa3yloTCsl B CIIydasx,
KOI'Jla U3MEHEHUS MPOUCXOMAAT Ha YPOBHE XPOMOCOM. ODTH MYTAllMU BKJIHOYAIOT
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yIIBOCHUS TCHOB, BBIMAJCHUS W BCTABKH OOJIBIINX YY4ACTKOB XPOMOCOM, KPYITHO-
MaclITaOHble U JpYrue HapylmeHHUs CTPYKTYpbl XpoMocoM. VICTOUHUKH TaKoro
noBpexaenust Mmosiekyibl JIHK, cBsi3aHHOTO ¢ MOBpexIeHUEM XPOMOCOMBI, KOT1a
MPOUCXOAT pa3pbIBbl B caxapHO-(Poc(aTHBIX OCHOBAaX, HECOMHEHHO, SIBIISIOTCS
MyTareHamu. 371e€Ch JOCTaTOYHO PACCMOTPETh 3aKOH COXPAHEHUS SHEPTHH.

BriBoabI

AHann3 MexaHU3MOB 00pa30BaHUs MUIICHHBIX, HEMUIIICHHBIX, MUIIICHHBIX 3a-
JEP>KUBAIOIIUXCSI M1 HEMHUIIIEHHBIX 3a/I€P)KUBAIOIINXCS MyTallUi MOKa3aJl, YTo BCeE
OHHM TOSIBJISIFOTCS 10| BO3/ICHCTBUEM MYTareHOB. Y CTAaHOBJICHO, UTO Uit (hopmu-
pOBaHUS HEMHUIICHHBIX MYTallMi, HEOOXOIMMO BO3ZHHMKHOBEHHE OOJIBIIETO Yucia
nospexxaennii JIHK, uem mpu oOpa3oBaHUM MUIIEHHBIX MyTallMid. A Ui MOsIBIIe-
HUS 3aJICPKUBAIOIINXCA MYyTaIlMi HEOOXOJIUMO, 4TOOBI CHOPMHPOBAIIOCH OUYEHB
muoro noBpexacauii JIHK. Cnenan BbIBOI, 4yTO BCe MyTamuu 0Opa3yroTCs MO
BO3/eiicTBUEM MyTareHoB. [lokazaHo, 4To MoJenb pucka BOSHUKHOBEHHS paka
[37] ommboYHa U, clieAOBaTENHHO, OIUOOYHBI €€ BBIBOABI O TOM, YTO B 67% city-
4yaeB PUCK IMOSIBICHUS 3JI0KAYECTBEHHBIX OIyXOJIed OOYCIIOBIEH CIy4ailHBIMU
MyTalsIMU, BOSHUKAIOIIUMHU B X07e HopMaiabHOro cuHTe3a JJHK.

[Tockonpky Bce MyTanuu 0Opa3yroTCsl MOJ BO3JECWCTBUEM MYTAareHOB, IS
npoHIAKTUKU U JICUCHHs PaKOBBIX 3a00JeBaHUi TpeOyeTcsl yAamuTh UX MEepBO-
IPUYMHY, & UMEHHO MYyTareHbl, KOTOpbIE MPUBENU K MOSIBJICHUIO omyxomeil. [
3TOTO B MIEPBYIO Oouepe/lb HEOOXOMMO MOHSTh, B KAKOH (opMe U T/Ie HaXOASITCS
MyTareHsbl, a Takke pa3padoTaTh METOJIUKY UX y/aJeHHUS.
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H.A. Grebneva

PERCENTAGE OF MUTATIONS FORMED BY
EXPOSURE UNDER MUTAGENS

Mutations that because cancer are divided into mutations caused by hereditary factors and
those caused by environmental factors and as a result of random errors that occur during
normal replication of stem cell DNA. Investigation is conducted to determine which part
of mutations is due to the action of mutagens. The mechanisms of the formation of tar-
geted, untargeted, targeted delayed and untargeted delayed mutations are analyzed. The
analysis is based on polymerase-tautomeric models for formation of various types of mu-
tations. It was shown that all analyzed types of mutations are caused by mutagens. It is
concluded that the prevention and treatment of cancer must necessarily include the re-
moval of these mutagens from organisms.

Keywords: cancer, targeted mutations, untargeted mutations, targeted delayed mutations,
untargeted delayed mutations, cancer prevention, cancer treatment
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BIIMAHNE TEXHONOI’ MYECKNX ®AKTOPOB U3IrOTOBJIEHUA

N ®USNYECKMX CBONCTB KOHCTPYKLIMOHHbLIX MATEPUANOB
HA OHOPOOHOCTb MAITHUTHOIO MNMOJIA
CKOMIMEHCMPOBAHHBLIX CBEPXMNPOBOOHMKOBbLIX CONEHOMOOB

[oHeLKMIn PU3NKO-TEXHNUYECKUI MHCTUTYT uM. A A. NankuHa

Crtatbs noctynuna B pegakuuio 21 sHeapsa 2022 roga

Hccenedosano enuanue Ha 00HOPOOHOCTb MASHUMHOO NOJISL CKOMHEHCUPOBAHHBIX C8EpX-
npo8ooHUK08bIX coneroudos (CIIC) mexunonocuyeckux Gaxkmopos uzeomosieHuss u Ha-
MASHUYEHHOCHU NPUMEHSAEMbIX KOHCIMPYKYUOHHBIX Mamepuanos. Tlokazano, wmo nemoy-
HOCTb U320MOBNEHUSL KOPPEKMUPYIOWe20 dNeMEeHma CONeHOUOd 8 NONOSUHY Ouamempa
npoBooa NnpusooUm K yxyouteHuio 00HOPOOHOCHU MACHUMHO20 NOJSL HA YpoeHe =~ | 07 Oe,
cmewjeHue 00OHOU ceKyuu omuocumenvho opyeou na 1.0 mm edoas ocu unu paouyca CIIC
— Ha yposHe 5-1 0°u 107 Oe-cm™, osansrocmes o6momxu conenouda eenuunoii 0.2 mm
— Ha ypogre 1.5-1 0° Oe-cm™. Ipumenenue anomunuegoeo cnnaga /[16 unu neporcasero-

weti cmanu mapku 12X18HI0T 0na uzeomoesnenus y31068 coieHoudd He 8ausienm Ha 00OHO-

-7 -1
POOHOCHb MAZHUMHO20 NOA énjomb 0o ~ 10" Oe-cm .

KiroueBnble cjioBa: CBCpXHpOBOIIHHKOBLIfI COJICHON O, OAHOPOAHOCTE MAarHuTHOI'O I10JIA,
HCTOYHOCTb HM3IOTOBJICHUA O6MOTKI/I, CMCIICHHUC CeKLIHﬁ, OBaJIbHOCTH 06MOTKI/I, CHUTHaJI
SIMP

Onnopoanocts MarHuTHOTrO mnojs CIIC, ckoMIEHCUpOBaHHBIX BHYTPEHHUM
WIM HAPYXKHBIM I1a30M, CYIIECTBEHHBIM 00pa3oM 3aBHCHUT OT PAa3IMYHBIX TEXHO-
joruueckux U pusnueckux (akropos. Ee BennynHa Ha HECKOIBKO MOPSAAKOB HU-
’Ke, 4YeM €€ OLIEHKA M0 NMePBOMY HECKOMIIEHCHUPOBAHHOMY YJICHY Pa3IO’KEHUS MO
B CTENeHHOU psa. Takoe OombIoe paznuyuue 00yCIOBIMBACT sl (paKTOpoB: He-
TOYHOCTb, JOIYIIEHHAs! TPU U3TOTOBICHUHA OOMOTKH; €€ AeopMallus Mpu oXJia-
JKJICHUM OT KOMHATHOM 10 TE€JIMEBOM TEMIIEPATypPhl; ACHCTBHE IEKTPOMArHUTHBIX
CWJI TIPH BBOJIC TOKA; HAMAarHUMYEHHOCTh OOMOTKH; BIIUSIHUE MArHUTHBIX CBOWCTB
KOHCTPYKIIMOHHBIX MaTE€PHAIOB U Jp.

W3 mepeuncrneHHBIX (HaKTOPOB Jierde BCEro SKCIEPUMEHTAIBLHO BBIICIHTH H
YCTPAaHUTh BIMSHUE MArHUTHBIX CBOMCTB KOHCTPYKLMOHHBIX MAaTe€pHalioB, T.€.
NEPEeUTH K HCIOJIb30BAHMIO HEMAarHUTHBIX MartepuasioB. OCHOBHBIC (HaKTOPHI,
NENCTBYS COBMECTHO, JAal0T CPAaBHUMBIE BKJIaJbl B HEOJHOPOJHOCTh MarHUTHOTO
nonst CIIC, yto oOycinoBnuBaeT HEOOXOJUMOCTh MOAPOOHOTO PACCMOTPEHMS MX
BIIUSTHUSL.

© H.B. TapsaHuk, [.B. BaptoxuH, [.0. degtok, J1.H. Npokodbesa, 2022
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PaccmoTpuM THUIBI HETOYHOCTH M3TOTOBJICHHUS U OLIEHUM WX BIUSHUE Ha OJI-
HOPOJHOCTh MarHUTHOTO TOJIs cosieHonaa. [Ipexae Bcero cTouT OTMETUTh, 4TO B
pacuerax CIIC ucnonb3yeM npuOIMmKeHne 0OTHOPOAHON TUIOTHOCTH ToKa. IHBIMUI
CJIOBaMH, TMpeArojaraeM, 4To TOK, TEKYIIHH MO0 TUCKPETHOMY MPOBOIHHUKY 00-
MOTKH, paBHOMEPHO pacIipe/ie]ieH 0 BCeMY €€ MOoMepeuHoMy ceueHnro. B padote
[1] mpuBeneHa oreHKa TOYHOCTH STOTO MPUOIMKEHUSI U CJIeJIaH BBIBOJ O TOM, YTO
OHO He HaknazpiBaeT Ha pacueT CIIC Hukakux orpanuueHuil. CyTh poJIEIaHHbIX
OLICHOK 3aKJII0YAeTCs B CPAaBHEHUU MHTErpajia mo 0OMOTKE COJCHOUIA U CYMMBI
M0 €€ BUTKaM IIPH pacyeTe KaK BEIWYHHBI MOJISA, TaK U KOI(PPUIIMEHTOB pa3ioxe-
Hus 1o B pafd. OTHOCUTENbHAs MOTPEIIHOCTh OTIWYHS CyMMBI OT MHTErpania
UMeEEeT TOPSIOK (d/a)z, rae d — quaMeTp MPOBOJHMKA OOMOTKH, @ — €€ pajuyc.
OOBIYHO B COJICHOMIAX BeMWYMHA d/a ~ 1072, MMOATOMY OTHOCHTEJIbHASI TIOTPEIII-
HOCTH BBIYHCIICHHUS CAMOTO TIOJISL M €r0 TPAaIMEHTOB B paMKax MPUOIMKEHUS Of1-
HOPOJHOW INIOTHOCTH TOKA UMEET MOPSAI0K 104.

B coneHoupgax, CKOMIEHCUPOBaHHBIX MOMEPEYHON IIEIbI0, BHYTPEHHUM HIIH
HapYy>KHbIM Ta3oM [2,3], Uit CO3AaHUSI BBICOKOOJIHOPOJHOTO MAarHUTHOTO TOJIS
MO’KHO paccyuTaTh KOMIIEHCAIIMIO OCHOBHBIX WJIECHOB PA3JIOKEHHSI MOJIS B PsiI Ha
YeThIpe MOpsJIKa MO0 CPABHEHUIO C UX 3HAYEHUSMH Y HECKOMIIEHCUPOBAHHBIX CO-
JICHOUJ0B. DTO HAMHOTO BBIIIE, YEM OIIEHKa TOCTHKUMOM OJHOPOIHOCTH IOJIS C
Y4ETOM pa3IMYHBIX THIIOB HETOYHOCTH M3roTOBJIeHUsA. B paborax [1,4] npuene-
Ha OIIEHKa BJIMSHUS JuaMeTpa mpoBoaa Ha ocuuiuisiuuto nois CIIC, koropas on-
peaensercst U3 BbIPAKEHUS

AB/B=(d/a) [(a-1) exp(-2n/d /@)~ exp(-2na/d / ay) | <1027 (1)

npu d/a; = 10_2, o = ap/a; = 2, tae AB — Mepa BO3MOKHOM OCIHMJUTSIIIAA MarHUT-
HOTO ToJisi B pabodeM o0beme, B — BeNMYWHA TIOJS, d] U d) — COOTBETCTBEHHO
BHYTPCHHUH U HAPYKHBIN panychl OOMOTKH.

PaccmoTpuM BiaMsiHHE HETOUYHOCTH M3TOTOBJIEHHS HA OJHOPOJHOCTh MarHMT-
Horo noJisi ckomneHcupoBaHHbIX CIIC. HeTOYHOCTh B r€OMETPUUYECKUX pazMepax
0OMOTKH TaKUX COJIEHOUJOB MOXKHO 3(p(peKTUBHBIM 00pa30M OTHECTH K HETOYHO-
CTU M3TOTOBJICHHUS KOPPEKTUpYIOIIEro aneMenrta [5,6]. IIpu sToM ycimoBue Kom-
neHcauuu n-ujeHa paszioxxenus noist CIIC B psg umeeT Bujg

AFE, = FES"C —FEX9 = ¢, 2)

rae FE,? e y FE,i<3 — K03((OUIIMEHTHI #-TO YJIeHA Pa3NIOKEHHS OIS B P CO-

oTBeTcTBEHHO CIIC M KOppPEKTUPYIOMIETO AJIEMEHTA.

PeannbHO U3rOTOBICHHBIN COJICHOUA B CUJIY TCX WJIM UHBIX ITPUYKUH TCXHOJIOTHU-
YECKOT0 XapakTepa MOXKET HE COOTBETCTBOBATH MO CBOMM I'€OMETPUYECKUM pa3-
MepaM TeM pa3MepaM, KOTOpbIE 3aKJIaJbIBaIOTCS MpH ero pacuere. Ha 3To Heco-
OTBETCTBHE MOXXHO CMOTPETh M MO-IPYrOMYy, a UMEHHO UYTO KOPPEKTHPYIOIIUN
AJIEMEHT HE BIOJIHE COOTBETCTBYET IO CBOMM pa3mepam peanbHomy CIIC. He-
TOYHOCTH U3TOTOBJICHUS COJICHOU A U 3TOTO 3JIEMEHTAa OMPEIEIAIOTCS TUaMETPOM
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NpoBOJHNKA 00OMOTKU. Hemokommencanmo ycinoBus (2) MOXKHO pa3iokUTh B Pl
10 OTKJIOHEHUIO PEAIbHOM F€OMETPUH KOPPEKTUPYIOIIETO IEMEHTA OT 3alaHHOM.
BennunHy 3TOro OTKJIOHEHMS OLICHMBAEM B IIOJIOBUHY AMAMETpa IPOBOIHMKA,
TaK KaK IPU U3FOTOBJICHUH COJICHOMZA COOTBETCTBYIOIINE BUTKH WM CIIOH IIPO-
BOJIHMKA MOXKHO JTMOO JOMOTaTh, €CIIM UX HE XBaTaeT, TMO0 OTMOTATh, €CJIM OHU
muiHpe. [oaTromy quameTp NpoBOJHUKA CIYKUT MEPOM TOYHOCTU U3TOTOBJICHUS
oomotku CIIC.

HerouHoCTh KOMIIEHCALIMM COOTBETCTBYIOLIETO YWICHA Pa3loKeHus nonst AFE,

B psil OLIEHUBAETCS MpHUpAIICHUEM KO3 pHUIMEeHTa FE,i<3 3a CUeT NpUpaALICHUS

€ro apryMeHTOB, KOTOPbIE OLECHUBAIOTCS 110 NMPHPALICHHIO Pa3MEPOB KOPPEKTH-
PYIOLIETO dJIEMEHTa B IIOJIOBUHY JuaMeTrpa nposoja. Hanpumep, s coieHouna,
CKOPPEKTMPOBAaHHOTO BHYTPEHHHMM I1a30M, HETOYHOCTb KOMIIEHCAIMH JII0OOTO
YJIeHa pas3noKeHus nonsd AFE, 3anmuuiercs Kak

AE, = [dE,ﬁ@ /da} Ao+ [dEfg /d[s} AB, 3)

rae d — auameTp mpoBojAa, O M 3 — MpUBEIEHHBIE K BHYTPEHHEMY paauycy Ha-
PY)XHBIH pagnyC U JJTHHA OOMOTKH COOTBETCTBEHHO, Aot = AP = (d/2)/a;.

Hamu pa3spaboraH NBYXCEKIIMOHHBIN COJICHOW, CIYKAlIUi JUIsl MOJY4CHUS
MarHMTHOTO MOJIS ¢ BBICOKOM OTHOpoaHOCTHIO 1i1si AMP-ciektpomerpa Ha 200 MHz.
Pa3mepsl coneHonia MpuBEACHHI B TAOIHIIE.

Tabmuma
I'eomerpnueckne mapamerpsl paspadorannoro CIIC
Homep Pa3meps! cekunn, mm Pa3mepr! Hapy:xHOTO Ma3a, mm
CEKLUHU » " = "
CTIC BHYTPCHHWH | HAPYMHBIA | | BHYTDCHHUH | HApYKHBIE |
JaMeTp IaMeTp JaMeTp JaMeTp
1 80.2 104.6 340.0 103.8 104.6 104.0
2 110.2 144.2 340.0 140.0 144.2 158.0

Ipumeuanue. quametp npoBoguuka 0.38 mm.

CrerneHb HEOIHOPOAHOCTH TOJS ATOrO COJICHOMJA, OLIEHHBAaeMas COTJIacHO
—6 -1 .
ONMCAHHOMY METOJy, COCTaBIeT: €, = 5:-10 ~ Oe:cm = — 3a cyeT HEMOJIHON KOM-

TICHCAIIUK BTOPOTro uiieHa FEy; e4=5- 107 Oe-cm ' —3a cuer 4eTBEpTOro wieHa FEy.

Kax npaBumno, CIIC npeacraBmsier co0oit Habop KoakcHanbHBIX cekiuid. [Ipu
ero cOOpKe BO3MOXKHBI Pa3HOIO Pojia HECOOCHOCTH CEKLIMH, YTO MPUBOJIUT K HC-
KaXEHUIO aKCHAJIbHOM CUMMETpPUM MarHuTHoro mnosns. Kpome toro, xoppekru-
PYIOLIMIA 3JIEMEHT MOXHO paccMaTpUBaTh KaK CEKLUIO, KOTOpas B CHIIY MOIpel-
HOCTH M3IOTOBJICHMSI KapKaca WM HETOYHOCTU MPHU HAMOTKE MOXET OBbITh cMe-
mena otHocutenbHO oc CIIC. OueHku mo100HBIX TUITOB HCKaKEHUH TeOMETPUHI
COJICHOM/Ia BaXKHBI C TOYKHU 3pEHMS KaK TpPeOOBaHMI K TOYHOCTH M3TOTOBIIECHUS,
TaK W ONpPENETICHUs MapaMeTPOB CHCTEMBbl BUTKOB JJISi TOKOBOM KOPPEKLUHU TpU
HaCTPOMKE BBICOKOW OJJTHOPOTHOCTH MAarHUTHOTO MOJIA.
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AOcomoTHas HEOAHOPOJHOCTh MarHUTHOTO 1oJist B paboueii 3oue CIIC B che-
PHUYECKOM CUCTEME KOOpIUHAT 7, 0, ¢ ONHCHIBACTCS B BUIE psiaa

AB =pINa) Y FE," (r/a;)" P"(u)coso, 4)

n=l1

TZie ||y — MarHWTHAs MMOCTOSIHHASA, [ — TOK, N — IUIOTHOCTh BUTKOB OOMOTKH, d| —
y0OHBIN MaciTab JUIMHBI (HanpuMep, BHYTPEHHHUIN paauyc coneHouna), P, (u)
— nonuHOMEI Jlexkanpa, u = cosf.

B ciryuae HECOOCHOCTH JaHHOH CEKIIMU C OCTAIBHBIMH CEKITUSIMH COJICHOUA,
KOTOpasi BbI3BaHa €€ MOBOPOTOM Ha YOI ( ¥ MPUBHOCUT MPHU 3TOM JIOTIOIHUTEIb-
HYIO HEOJIHOPOJHOCTH TOJISI COTUIACHO [S], mepBbie Ba Ko dHUIIMEHTa pa3iioxKe-
HUS TI0JIS B PSAJT MOYKHO TIPEJICTABUTD B BUJIE

(FE) :_%BFEI’
(5)

4
(FE,) == BFE,.

PaccmoTpuM npruMeHeHHe MOJYYeHHBIX BbIpaXEHUH (5) Ui OLEHKH HEOIHO-
POIHOCTH MOJA cojieHouaa. JlomycTuM, 4To AJIsl YKa3aHHOW BBIIIE KOHCTPYKIIUU
CIIC pnuuo#t L = 340 mm HaKJIOH OJHOM CEKIIMUM OTHOCHUTEIBHO OCTAJILHBIX B
panuaibHOM HampaiieHHd A = 2 mm. Torga BO3MOXKHBIN YroJl HaKJIOHA CEKIIUU
¢ =A/L=6 1073 rad. Ecnu aTa cexumsi mmena HavaabHbBINA JTMHEHHBIA TpaHeHT
nonst FE|, KOTOPBIA CO31a€T HEOJAHOPOAHOCTh TOJISI €] = 1041 Oe-cmfl, TO JIO-
TIOJTHATENbHAsT HEOTHOPOJHOCTD OIS, 00YCIIOBJICHHAs IpaJjueHToM nois FE| 3a

CYeT HAKJIOHA CEKI[HH, OymeT (81)' ~2:10°% Oe-em ™. AHAJIOTMYHO, €CIIA CEKIUs
MMeJla HEOJHOPOIHOCTh MOJIA € = 2° 104, KOTOpasi 00yCJIOBJIEHa BTOPHIM WICHOM
FE’, TO NOTOIHUTENIbHAS HEOJHOPOAHOCTH IIOJIS 32 CYET MOBOPOTa CEKIUH Oy-
ner (g7)' = 3-10 ° Oe-cm .

JlonomHUTEIbHAST HEOJHOPOAHOCTh MAarHUTHOTO TIOJISI TIOSIBIISIETCS M TIPH CME-
[ICHUH OJTHOU CEKIIMH OTHOCHTEIHHO OCTaJIbHBIX BIOJH OCH U Painyca COJICHOU-
na. Tak, mpu UCXOAHOW HEOTHOPOTHOCTH MATHUTHOTO TOJISI COJICHOHA €] =
=10* Oe-em ! CMellleHre Ha | mm BIOJIb OCH COJICHOHM/IA MPUBOANT K BO3HHUK-
HOBEHHIO JIOTIOJIHUTEIHHONW HEOMHOPOAHOCTH ToIis (€1)' = FEy(z/a)) = 2&(z/ay) =
=510° Oe-cm_l, a TIpU aHAJOTUYHOM CMEIICHWU B PaauialibHOM HalpaBlICHUU
(1) = 10~ Oe-cm .

Takum ke 00pa3oM MOXHO BBITIOJHHUTH U OICHKY JOTOJIHUTEILHOW HEOIIHO-
POAHOCTH MarHUTHOTO TOJIsI, 00YCIIOBJIEHHOM BTOPHIM WieHoOM FE,, HO oHa OyaeT
BTOPOTO TMOPSAKA MAJIOCTH.

Tenepp paccMOTPUM BIUSHHE HA OAHOPOJHOCTBH TIOJSI OBAILHOCTH OOMOTKH
COJICHOU[IA, T.€. PACCMOTPUM THI HETOYHOCTU M3TOTOBIICHHUS, KOTOPHIH CBOAUTCS
K aedopmanuu 0OMoTKu. Cuntaem, 4To aegopManusi CHMMETPUYHA OTHOCUTEb-
HO JIByX B3aMMHO TEPICHIUKYISIPHBIX MIOCKOCTEH, MPOXOISIIUX Yepe3 OCh CO-
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JeHOWJa, a TaKkKe 4epe3 OONBIIYyI0 M Mallyl0 OCH OBajia OOMOTKH. 3aMEHHM
OBAJIBHOCTH AJUITUITHUYHOCTHIO U MOJIOKUM, YTO TOK 00TEKaeT 1ehOpMUPOBAHHYIO
00MOTKY BIONb ayuunca. Kpome Toro, cumraem, 4To SJIIMIICHI HA pa3HBIX pac-
crostHusX OT ocu CIIC uMmeroT pa3iudHble SKCIeHTpUCUTeThl: € = €y /r, TIe €) —
SKCUEHTpUCHUTET paanyca BHyTpeHHero orBepctusa CIIC, r — paanyc npou3BOb-
HOTO cJ10s1 0OMOTKHU. Toraa 3yuIMNTUYHOCTE OOMOTKH OL[EHUBAETCS KaK (2A/r)1/2,
rae A — pa3HoCTb Hoyocel amunca. Bo3Hukaromuii B pe3ysbrare /UM THYHO-

CTH OOMOTKY KBaJpaTUYHBIN 4iIeH pasiiokenus noiust FE; umeer Bua [6,7]:

5 1 2,3/2 2 p2y32
FE —ieoﬁ{g[l/(l‘FB) _1/(0(' +B) :|_
| ) 2,5/2 2 n24\52
<P [+ =1/ (o +47)° ]}, (6)

I7ie o ¥ 3 — mpuBeJeHHbIE K BHYTPEHHEMY pPaJNyCy COOTBETCTBEHHO Hapy’>KHBII
TUaMeTp U JJUHA TOM 4acTM OOMOTKH COJICHOMJA, KOTOpas MOJBEPrHyTa CUM-
MeTpU4HOU oBasibHOCTU. Eciu A = 0.2 mm — noJioBUHA JuaMeTpa MpoBoja, a; =
=40 mm, o €y = 0.1, a creneHp HEOTHOPOAHOCTH MO, KOTOPYIO MOKET BHO-
CUTh WieH Tumna (6) (pu yCIOBUH, YTO OH COOTBETCTBYET, HAIIPHUMEP, KOPPEKTH-
pyIOIEMy 3JIEMEHTY ¢ TpUBeAeHHBIMU pa3zmepamu o = 1.08 u = 1.2), Oyzer
paBHa 1.5-10 ° Oe-cm .

PaccmoTpeHHble TUIIBI HETOYHOCTH M3TOTOBJICHUS U OLEHKH BEIMYUHBI HEOJ-
HOPOJIHOCTH MarHUTHOTO TOJISI MOKa3bIBalOT, YTO NMPU €CTECTBEHHOW TOYHOCTH
M3TOTOBJICHHSI OOMOTKH COJIeHOHAA (TOPsAKa TraMeTpa MPOBOIHNUKA) Y CKOMIICH-
cupoBaHHbix CIIC cnenyeT oKuaaTh CyIIECTBEHHO MEHbILIEH OAHOPOJAHOCTH TO-
as. [ToaTomy coneHounpi, mpeHa3HAYCHHBIN ISl TOJyYEHUS TOJIST BBICOKOM OJTHO-
POHOCTH, JOJKEH KOMITJIEKTOBATHCSI HAOOPOM JIOMOJHUTENBHBIX CBEPXIPOBOJI-
HUKOBBIX OOMOTOK, PACCUUTAHHBIX Ha KOMIICHCAIIMIO BO3MOXHBIX THUIIOB OCEBBIX
U paJiMaJIbHBIX HEOJHOPOAHOCTEN MarHUTHOTO MMOJisA. BhIMONHEHHbIE BBIIIE OICH-
KU TaK)Ke IMOMOTaloT 3apaHee OLEHUTh HE0OXOUMOE YHCIIO aMIIeP-BUTKOB B 3THX
JOTIOTHUTEITFHBIX OOMOTKAX.

B xoze sxcnepuMeHTanbHBIX UCCIIEOBAHUN ObUIO U3y4YEHO BIHUSHHUE HAa OJTHO-
POAHOCTh MAarHUTHOTO MOJsi ckommneHcupoBaHHBIX CIIC Takux ¢akTopoB, Kak:
HETOYHOCTh M3TOTOBIICHUS OOMOTKH COJICHOM[IA; MATHETHU3M MaTepualia KapKacoB
CEeKIIMA M AJIEMEHTOB KOHCTPYKIMHU KpHocTaTa, B KoTopoMm pacnonaraics CIIC;
MEJIKOJMCIIEPCHbIE MarHUTHbBIE YaCTHUIbI, KOTOPbIE MOTJM IMOMNacTb B pabouyio
30HY COJICHOUJA.

Kax cnenyer u3 tabmunpl, kaxaas cexkuust CIIC comepXutT KOppeKTUPYIOMTU
HapyXHbIN Ma3, B KOTOPOM HMEIOTCS MepexoAbl IPOBOJHUKA OT OAHON KaTyIIKU
nasa K Apyroil. DT mepexobl MOTYT BBIONHITHCS B BUJE MPOBOJHUKA (TIapa-
JIENIBHOTO OCH COJICHOMIA) JJIMHOM, paBHOM JUIMHE TMa3a, Uiau B (opMe crupan,
yII0’)KeHHOH B ma3y. B pa3zpaboTaHHOM HaMu COJIEHOHJIE MMEETCsl [1Ba mepexoia
MPOBOIHHKA B BUJIE CYNEPIO3UIUH MPSIMOIMHEHHOTO MPOBOJHUKA U CIIUPAIIH.
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BnusHue mosis Takoro mMpoOBOJHMKA C TOKOM Ha OJHOPOJHOCTh MarHUTHOTO
MOJIsL COJICHOU A MCCIeA0BaIM sl 000uX ciaydaeB. OTMETUM, YTO UCXOJHAs Of-
HOPOJHOCTBH IOJISI COJIEHOMJA COCTaBIIsia 3-1076 Oe B oOveMe ammyisl 0.5 cm3
(mpu pe3oHaHcHOM yacToTe 200 MHz Takas HEOAHOPOIHOCTH TOJII COOTBETCTBY-
eT mupuHe curdana SIMP na nonyssicote 600 Hz). B nepsoMm ciiydae npsiMoin-
HEWHBIN POBOJHUK pacroJiarajii Ha HEMarHUTHOM KapKace M3 TEKCTOJUTa Jua-
MerpoM 40 mm, KOTOpBI, B CBOIO OYEpEb, YCTAHABIMBAIN CHAPYXKHU JAaTUMKA
SIMP. Ilpu nponyckanuu Toka BenuduHON 10 A yepe3 mpsSMOIUHEHBIN MPOBOI-
HUK He ObUIO 3aMEYEHO BJIMSHMUS MOCIETHEr0 Ha OJTHOPOJAHOCTH MOJS BIUIOTH JI0
YPOBHs 2:10" Oe. OpHako NpU MPOMYCKAaHWU TOKA TAKOW K€ BEJIMYMHBI Uepe3
MPOBOJHMK B BUJE CHHPATH OOHAPYKCHO CYIIECTBEHHOE BIUSHUE HA OJHOPOJ-
HOCTb 1oJs. 1Ipu sTom mmpuHa curnana SIMP Ha nonyBeicOTE yBEIMUYMBAJIACH C
40 mo 600 Hz, a 0THOPOAHOCTH YXYIIIHIACH C 2 107 10 3-10 ° Oe.

3areM C MOMOIIBIO CBEPXIIPOBOJAHUKOBBIX OOMOTOK KOMIIEHCALIUM OCEBBIX U
pamuanbHBIX TpaAUEeHTOB oIS [8] ObLTa IpOU3BEeHA TOKOPPEKIIUS C IENIBIO 10-
BBIIIEHUS] OJTHOPOJHOCTH MOJIs cosieHonaa. 1Ipu oqHOM MOAsSpHOCTH TOKA B CIIH-
pajeBUAHOM IPOBOJHUKE YJaJOCh MOBBICUTH OJHOPOJHOCTD IMOJS O UCXOIHOM
2:10° Oe, ogHako mupHHa curdana Ha ypoBHe 0.1 ero BbICOTHI (TaKk Ha3bIBaEMBbII
«tbenectan») cocraBuia okoso 800 Hz u Obina mpuMepHO BABOE OOJIbIIE UCXO/I-
HOU. B cinydyae nHOM MONSIPHOCTH TOKA B 3TOM IMPOBOJHUKE C TIOMOIIBI0 0OMOTOK
KOMIIEHCAIIMU yJIAJIOCh MOBBICUTh OJHOPOJHOCTD TMOJIS JIUIIb A0 4- 1077 Oe, tipu-
yeM mupuHa curHana AMP na yposhe 0.1 cocraBuia He menee 900 Hz. Takum
obpaszom, Hasmmure B oomMoTke CIIC mepexoaHoro mpoBOAHMKA B BHAE CIUPAIH
YXYIIIaeT OAHOPOJAHOCTh U YCIOKHSAET HACTPOUKY BBHICOKON OJJHOPOJHOCTH Mar-
HUTHOTO TOJIA.

C uenblo M3ydyeHHs] BIUSHHUS HAMarHWYEHHOCTH MaTepHalia KapKacoB CoJie-
HOHMJIa HAa OJHOPOJHOCTh MAarHUTHOIO TOJISI CHAPYX U U COOCHO AaTyuky SAMP yc-
TaHABJIMBAJIM TOJIBIA [MUIMHAP U3 amtoMuHueBoro crasa 16T win HepxkaBero-
mer cranu Mapku 12X18HI10T. Pazmepsl nuinHapa, mm: BHYTPEHHUN TUAMETP
— 30, HapyxHbiii — 40, nmuaa — 90. Kakux-nmubo pe3yiabTaToB BO3JCHCTBUS Ha
mUpHHY U Gpopmy curHana IMP Ha ypoBHE 0JTHOPOJHOCTH OIS 2 10”7 Oe 3ame-
YeHO He OBLIO.

[IpoBeneHo uccneqoBaHUE BIUSHUS MEIKOIUCIIEPCHBIX MAarHUTHBIX BKIIIOYE-
HUM (OMUJIOK, KOTOpbIE MOIVIM MOMNAacTb B OTBEPCTHE COJEHOWIA) Ha OJHOPOI-
HOCTh MarHUTHOTO Nojs. Ha nunkyro nenty manuaoi 80 mm u mmpuHoi 20 mm
HAaHOCWJIM ONWJIKH JKeJie3a, TOCJIe Yero JICHTY HakjeBaau Ha aatdyuk SIMP nma-
mMeTpoM 30 mm BIIOJIb €ero 00pa3yroliei. ITo 00ecreurnBano aCHMMETPHUIO B pac-
MOJIO’KEHWW MAarHUTHBIX OIMMJIOK 10 a3uMyTy. [locie ycTaHOBKM JaTduka B pado-
yyto 30Hy CIIC 0HOPOJHOCT, MAarHUTHOTO MOJISI YXYIIIWIACH IPUMEPHO B Jie-
CATh pa3, OJHAKO C IMOMOUIbIO CBEPXIPOBOJHUKOBBIX OOMOTOK KOMIIEHCAIIUU
rPauEeHTOB MOJISI YAAIOCHh €€ YIYUYIIUTh 0 UCXOAHOTO YPOBHSA 2:107 Oe. [Ipu
9TOM ImupHuHa curHaia Ha ypoBHe 0.1 (Ha ypoBHe mbeaecTana) yBeaudmiach ¢ 80
10 300 Hz, 4T0 COOTBETCTBYET OJTHOPOAHOCTH oIS 1.5° 1076 Oe. Takum o6pa3zom,
HaJIM4Me MEJIKOIUCIIEPCHBIX MAarHUTHBIX YAaCTUIl B OTBEPCTUH COJIEHOU]IA TIPUBO-
JUT K YXYIIUIEHUIO OJTHOPOJIHOCTH TOJISL Ha MOPSI/IOK.
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B nporecce Hactpoiiku Bbicokoit ogHopoaHoctH nons CIIC 6puto oGHApYKEeHO,
YTO HWJIMHIPUYECKAs 4acTh KOXKyXa IeJIMeBOro Kkpuocrara nuamerpom 600 mm, B
KOTOPOM YCTAHOBJIEH COJICHOHJI, IPOSIBJIET CHJIbHBIE MarHUTHbIE CBOICTBa (T0-
CTOSIHHBIN MarHUT MPUTITUBAETCS K KOXKYXy Kpuoctarta). [locie BbiBosa Toka U3
COJICHOMJ]a OCTAaTOYHAasi HAMarHMYE€HHOCTh UWIMHAPUYECKOW YacTH KOXKyXa He
MPOSIBIISICTCS, OJJHAKO MOCTOSHHBIM MAarHUT NPUTATHUBAETCS K HEMY KakK K OObIY-
HOM MarHuTHOW ctanu. [lociie M3roToBiIeHUS HOBOTO KOXyXa KpHocTara U3 He-
MarHuTHOW Hepxkaseromier cranu 12X18H10T Obuta mpoBeneHa MoBTOpHas Ha-
cTpoiika Bbicokoil omHopoaHoctu nojist CIIC, koTtopast mokazasna, 4To Ha ypOBHE
OJHOPOJHOCTH MOJIA 10 Oe BiuMsAHMEM MarHeTH3Ma Marepuaja Koxyxa Kpuo-
cTaTa MOKHO IIpeHEOpEYb.

BriBoabl

1. IIpuBeeHBI OLIGHKH BIUSHUS PAa3IHMYHBIX THUIIOB HETOYHOCTEH, JOIYIICH-
HBIX MIPH U3TOTOBJICHUH OOMOTKH COJICHOHMIA, Ha OJHOPOIHOCTh MAarHUTHOTO TIOJI,
MEpOH KOTOPBIX SIBJISCTCS JUAMETpP MPOBOJHHMKA 0OMOTKH. HeTouyHOCTh M3roTOB-
JICHUsT KOPPEKTUPYIOIIETO JJIEMEHTa B TOJOBUHY AMAMETpPa MPOBOAA AHMAMETPOM
0.38 mm BBI3BIBAET YXy/IICHHE OJHOPOIHOCTH TOJISI Ha ypoBHE ~ 10 Oe-cm .

2. HakJIOH OJTHOM M3 CEKIIUA OTHOCUTEIBHO OCTaJbHBIX Ha 2 mMm MOPUBOIAUT
K TIOSIBJICHUIO JIOTIOJIHUTEIHHOW HEOJHOPOTHOCTH TIOJNS COJCHOWIA Ha YPOBHE
2-10° Oe-cm .

3. IIpuBHOCHMAsT HEOJHOPOIHOCTH MAarHUTHOTO TOJISI, KOTOpasi BO3HUKAET TP
CMEUIEHUU OJHOM M3 CeKUMi oTHOocuTenbHO Jpyroil Ha 1 mm Baoas ocu CIIC,
paBHa 5-10° Oe-cmfl, a MPH TaKOM K€ CMCIIEHHE CEKIIMU BJIOJIb paguyca —
10~ Oe-cm .

4. Cummetpuunas oBasibHOCTh 00MOTKH CIIC BenmmuuHoM 0.2 mm IpUBOAMT K
YXYALIEHUIO OJTHOPOJHOCTH MAarHUTHOTO TIOJISI HA YPOBHE ~ 10° Oe-cm .

5. Hannuue npsAMONMHENHOTO NMpOBOJHMKA ¢ TOKOM 10 A B Hapy)XHOM masy
0OMOTKH COJICHOM/Ia HE BIUAET HAa OJHOPOIHOCTH OISt Ha ypoBHe 10 ° Oe, onHa-
KO CIIUPAJICBUIHBINA MPOBOAHUK C TAKUM K€ TOKOM YXYIIIAeT OAHOPOJTHOCTH TIO-
151 He MeHee yeM B 10 pas.

6. BrinmosHeHne kapkacoB COJICHOMJIOB U3 altoMUHHMEBOro cruiaBa (16T wim
Hepkaseroei cranu Mapku 12X18HI0T ne BausieTr Ha OJHOPOJHOCTH MarHUT-

7 -1
HOTO IOJIsI BIUIOTH 110 ypoBHA 10 ~ Oe-cm .
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N.V. Taryanik, D.V. Varyukhin, D.O. Fedyuk, L.N. Prokof eva

EFFECT OF PRODUCTION TECHNOLOGY FACTORS AND PHYSICAL
PROPERTIES OF CONSTRUCTION MATERIALS

ON UNIFORMITY OF THE MAGNETIC FIELD

OF COMPENSATED SUPERCONDUCTING SOLENOIDS

The effect of production technology factors and magnetization of the used construction
materials on the uniformity of the magnetic field of compensated superconducting sole-
noids (CSS) is studied. It has been shown that inaccuracy of production of the correcting
element of the solenoid sized as a half of the wire thickness results in degradation of the
uniformity of the magnetic field at the level of = 10° Oe, a shift of a section with respect to
another one by 1.0 mm along the axis or the radius of CSS at the level of 5-10° and
10° Oe-cmﬁl, out-of-roundness of the solenoid coil of 0.2 mm at the level of 1.5-10°°
Oe-cm . The use of aluminum alloy D16 or stainless steel 12X18H10T for production of

the solenoid elements does not affect uniformity of the magnetic field up to ~ 107 Oe-em .

Keywords: superconducting solenoid, uniformity of magnetic field, inaccuracy of coil
production, shift of sections, out-of-roundness of the coil, NMR signal
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IIpaBuaa oopmiieHus pyKonuceu 1Jis1 aBTOPOB KypHaia
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHUI»

Pemakums >xypHajia TpOCHT aBTOPOB TPH TOJTOTOBKE CTaTeld PYKOBOJCTBO-
BaTbhCs M3JIOKCHHBIMH HIDKE MpaBmiiaMu. Matepuaisl, opopmieHHbie 6e3 coOIro-
ACHUA TOCIICAHUX, K paCCMOTPCHUIO HC IPUHUMAKOTCA.

B >xypHane myOnuKyroTCsl CTaTbi Ha PYCCKOM, YKPaWHCKOM U aHTJIMICKOM SI3bIKaX.

B penaxiuro HanpaBiIsiFOTCS 2 9K3EMILIsIpa PYKOMUCH (BKJIFOYAsi BCE €€ DJIeMEH-
ThI), HaOpaHHoi mpudTom Tuma Times pazmepom 14 m.1. yepe3 1,5 uHTEpBaNIa HA
OJIHOM cTOopoHe nucTa popmara A4.

ITons: neBoe — HE MeHee 3, BepxHee U HUKHee — 2, npaBoe — 1,5 cm. Bee cTpa-
HUIBI HEOOXOTUMO MMPOHYMEPOBATH.

Pyxomnuce nomkHa ObITH BBIYMTAHA U TOMKMCAaHA aBTOPOM (COABTOPAMH).

HeobxonuMo mpegocraBieHue SIEKTPOHHOM BEPCUU CTaThU HAa ITUPPOBOM HO-
cutese Mu0o mepeaaya 3JIeKTPOHHON TOYTOM 1o aapecy:

E-mail: ftvd donetsk@mail.ru

KoMIIeKTHOCTH PpYKOITUCH

Pykonuce pomkHa cojepxkaTh TEKCT CTaTbH, aHHOTALUM, KJIIOUEBBIE CJIOBA,
CIMCOK JIMTEPATYPHl, MOJPUCYHOUHBIE MMOANUCH, KOMIIJIEKT PUCYHKOB, CBEIECHUS
00 aBTOpax.

1. Texer crarbu. Ha nepBoii cTpaHulle yKa3bIBalOTCS:

— KJIacCU(pUKAIMOHHBIN nHeKC 1o cucteme PACS;

— MHULUAIIBI U ()aMHUITUN aBTOPOB;

— Ha3BaHME CTATbU;

— MOJIHBIM OYTOBBIN a7pec yUpeKIeHUs, B KOTOPOM BBINOJIHEHA padoTa.

Haszeanue cTaThu JOIKHO OBITH KpaTKUM, HO MH(opMaTuBHBIM. Henomyctumo
NpUMEHEHHE B HEM COKpalleHui, kpome cambix odmenpunsaTeix (BTCIL, T'LIK,
SAMP u np.). Ucnons3zyemble aBTopamMu ab0peBUaTypbl HEOOXOIUMO paciudpo-
BaTh MPH [IEPBOM HX YIOMUHAHHH.

Pazmepnocmu dusnueckux BenuunH (B cucreme CH) mo Bceidt pykomucu
O0JIDICHbL ObIMb HA AHSTULICKOM sA3biKe. B NeCATUUHBIX 4MCIax Nepes AeCATbIMU
CJIelyeT CTaBUTh TOUKY.

2. Tabauubl NOKHBI OBITH Hal€4aTaHbl HA OTICNBHBIX CTPAHHMIIAX M UMETh
3arojoBku. O0s3aTeIbHO YKa3aHUE SIUHHI] U3MEPEHUS BEIMUHH.

3. @opMmy.bl crieyeT HabUpaTh B PEJAKTOPE YpaBHEHUH. Bce uHdeKcobl 00nHCHbI
ObIMb HA AHeIULCKOM A3blKe. DKCIIOHEHTY ClIeyeT 0003HadaTh KaK «EXp», a He
KaK «&» B CTEIICHH.

4. Pucynku tpebyeTcs NMpelocTaBUTh B UEPHO-0€JIOM BapHAHTE OTAEIbHBIMHU
daitnamu. PucyHok, moMeniaeMslii Ha BCIO IIUPUHY CTPAHUIIBI, TOJDKEH MUMETh
pa3mep 1o ropusoHTanu 14 cm, Ha 2 cTpaHuuel — 7 cM. Jljig pUCYHKOB B pac-
TpoBeIX (bitmap) ¢opmaTax nomycrumoe paspeuieHue — He meHee 300 dpi. Ilpu
9TOM B (hailne pasmep M300pakeHUsI IO TOPU30HTAIIH, BKIIOYAs MOJIUCH TI0 OCSM,
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JoibkeH ObITh He MeHee 800 muKcenei 171t pucyHKa Ha %2 muipHHbl cTpanunbl 1 1600
MUKCeNel — Ha BCIO WIUPUHY. Bce Haonucu Ha pucynkax 0ondicHvl Oblmb HA aHIULC-
KOM 53bIKe, a UX YUCTO C8E0EHO K MUHUMYM).

5. Aunoranus (He O6ojee 15 CTPOK) JOMKHA CONEPXKATh IEJIb PAOOTHI, METOJT
€€ JIOCTIIKEHUSI, OCHOBHBIC Pe3yJbTaThl. B pelakiuio mpeacTaBliseTcs TeKCT aH-
HOTAIMK (C yKazaHuem aemopos u HA36aHus CMambvi) HA PYCCKOM M aHIJIMIC-
KOM SI3bIKaxX Ha OTJEIBHBIX CTPAHUIIAX.

6. KimroueBnie ciaoBa (He 6onee 10 TepMMHOB) Ha PYCCKOM M aHTJIMHCKOM
A3bIKaxX JOJDKHBI OTpaXkaThb CyTh cTaTbi. He momyckaercs ucnosnb3oBaHue abope-
BUATYP.

7. CIucoK JINTepaTypbl IPUBOIUTCS B KOHIIE CTAThU B MOPSJIKE YIOMHUHAHUS
B TeKcTe. B OubarorpaduueckoM OnMcaHuy YKa3bIBAIOTCS MHUITUAIIBI U (haMUIIUU
BCEX aBTOPOB, a Jlajee:

a) JUld KHUTM — Ha3BaHMsI KHUTH, M3JAaTeIbCTBA M TOpOJa, IO H3AAHUA
(B KpyTbIX CKOOKAX):

A.D. Hoghghe, Duzuka xpuctamwion, [ U3, Mocksa (1929).

0) mns ctaThu B KypHAlle — Ha3BaHHE, TOM, HOMEp JKypHaja, HOMep MepBOi
CTpPaHUIIbI CTAThH, TOJ U3JAHUS (B KPYTIBIX CKOOKaX):

C.A. Qupcmos, KO.H. Iloopezos, HU. /lanunenxo, E.M. bopucoeckas, H.B. Mu-
Haxos, ®TBJI 13, Ne 3, 36 (2003).

8. IloapucyHoYHble MOAMUCH JTOJDKHBI COJEPIKATh TEKCT, OOBSICHSIOMINA pH-
CYHOK; MPEICTaBJISAIOTCS HA PYCCKOM U aHTJIMHCKOM si3bIkax. OnucaHue 3jaeMeH-
TOB PUCYHKA JK€JIaTeIbHO BHIHOCHTh B IMOJAPUCYHOUYHYIO TIOIIHUCH.

9. CBenenusi 06 aBTOpax HEOOXOAUMO MPEICTABUTH HA OTACIHHOM CTPAHUIIE,
/1€ YKa3bIBAIOTCS:

— TIOJTHBIE UMS$1, OTYECTBO U (haMUIIUSI aBTOPOB;

— UX CIIy>)keOHbIE aapeca U TeaehOHBI.

CrnenyeT ykazaTh, C KEM W3 aBTOPOB IMPEANOYTUTENIBHO MOAJIEPKUBATH CBS3b
npu paboTe HaJ CTaThei.

Co80KYNnHOCMb HA38AHUS CMAMbU, AHHOMAYUU, PUCYHKOS U NOOPUCYHOUHBIX
noonucel 00aXCHA 0a8amsv sICHOe Npedcmasierue 0 Cymu pabomai.

Bce nepeuncienHbie TpeOOBaHMS paCIPOCTPAHIIOTCS U Ha OPOPMIICHHE PYKO-
IICH KPAaTKOro cO00IIEeHNsi, 00heM KOTOPOTO HE JTOJHKEH TPEBBIATh 3 C.

Obpawaem enumanue aemopos Ha T0, 4to xkypHan O@TB]] BkitoueH B cuctemy
Poccuiickoro nHekca HayyHOTO IUTUPOBAHHUS.

INonnas Bepcus KypHana pasmenieHa Ha caiire: http://www.donfti.ru/main/ftvd-
journal/
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