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B J1aHHOI1 CTaThe TPEICTaBIIEHbl SKCIIEPUMEHTATBHBIE JAHHBIE TI0 M3MEPEHMIO SJIEKTPOHHOM TEMIIEPATyphl M KOHIIEH-
TpaluM MIa3Mbl B PaIMaIbHOM HAIIPABIEHUH HA IIA3MEHHO-TTyYKOBOH yCTaHOBKe. [lapaMeTphl IIIa3Mbl OMPEIENSIINCH
C TIOMOIIBIO ABTOMATU3UPOBAHHOM JIMATHOCTHYECKOHW CHCTEMBI HA OCHOBE 3JIEKTPUYECKOTO 30HJA JUIS JBYX pabodnx
rasoB — BOJIOPOJ U Tesinii. Onpeieienbl 3aBUCHMOCTH 3JIEKTPOHHOM TEMIIEPATYPBI M KOHLEHTPAIIMH TJIa3MbI OT U3MEHE-
HUS MOLIHOCTH 3JIEKTPOHHOTO My4Ka M JaBjieHus pabouero rasa. IlokazaHo, 4To Mpy yBEJIMIEHUH MOLIHOCTH 3JIEKTPOH-
HOTO Iy4Ka 3JIEKTPOHHAs TEMIIEPATYpa B PaJMalbHOM HANPaBJIEeHHU HE U3MEHSETCA I 000MX paboUnX CPEJl, & MaKCH-
MaJIbHasi KOHLIEHTPAIHs TU1a3Mbl Ha YCTAHOBKE 3apPErMCTPHPOBAHA IIPH HAMOOIBIIEM JABIECHUH ra3a OJNMKe K HEHTPY
nydka u coctasmna 5-10'% M mis Bomopoma u 5-10'7 M3 st renmms.

Knrouesoie cnosa: ouacnocmuxa njaasmol, napamempbvpl Nid3mbvl, 60J1bMAMNEPHAS XapaKkmepucmuxa, 3J1eKmpOoHHAs

memnepamypa, KOHYeHmpayus niazmol, 000poo, cenuil.

BBEJIEHUE

B pa6ore [1] mpuBeneH 0630p cTarmOHAPHBIX JTHHEH-
HBIX CHMYJIITOPOB IUIa3MBbl, HCIIOJIB3YEMBIX UISI HCCIIE-
JIOBaHMS B3aUMO/IEHCTBYSI MJIa3Mbl C TOBEPXHOCTBIO pa-
6oueil kamepbl IPUMEHHUTENIFHO K TEPMOSAICPHBIM yCTa-
HOBKAaM M MOJEIMPOBAHMSA MX NPUCTEHOYHOH IUIA3MBI.
Temneparypa ¥ IUIOTHOCTH IUIa3Mbl KOTOPBIX OJIHM3KH
TemrepaType u ruiotHoctH masmbl SOL (scrape off
layer) [2, 3]. B ¢unuane MAD PI'TI HALL PK pa3pabora-
Ha IUTa3MEHHO-ITy4YKOBasl yCTaHOBKa ISl OJJIEPIKKH CO-
3MaHusl W 9KCIUTyaTanuu KasaxcraHckoro marepuaio-
Beaueckoro Tokamaka (KTM). YcranoBka npegHasHaye-
Ha JUIs MCIBITAaHUH 00pa3loB MajbIX pa3MepoB, H3yde-
HUSI IX CBOWCTB ¥ TIOBEJICHUS IIOBEPXHOCTH IIPH B3aUMO-
JeHcTBUM ¢ 1azMoil. Ilpu B3aMMOIEHCTBUM IUIa3MBbl C
MIOBEPXHOCTBIO 00Pa3yrOTCs Takue MoBpexaatomue da-
KTOpBI, KaK paclblJICHHE aTOMOB [TI0OBEPXHOCTH MaTepHa-
J1a ¥ 3pO3usi, BHEIPEHUE B IOBEPXHOCTh HHOPOAHBIX Ha-
CTHI| WM HaIlbUIeHHE, MOAU(HKaLus peibeda MmoBepx-
HOCTH, OnrcTepoodpazoBanue. [loaToMy, pu U3y4eHUu
9THX IPOLIECCOB, KOTOPhIE OKa3bIBAIOT HENOCPEICTBEH-
HOE BIIMSIHUE Ha MaTepHaJbl, BOSHUKAET HEOOXOAUMOCTb
B ONpeJIeNICHUN TapaMeTpOB IIa3Mbl B paIiajIbHOM Ha-
MIPaBJICHUH Ha TJIa3MEHHO-ITyYKOBOI yCTaHOBKE.

CoBpeMeHHbIE METO/IbI TMATHOCTHKH IIJIa3Mbl BEChMa
paszHooOpa3Hbl. Ha ceromsmrHmii JeHP OOMIENOCTYII-
HBIM U HaJIeXHBIM METOZIOM, TTO3BOJISIFOLINN OTIPENIENIATh
OCHOBHBIE XapaKTEPUCTUKN HU3KOTEMIIEPATypPHOH IIa3-
MBI, TAKHE KaK KOHICHTPALHXS IUIa3Mbl U 3JIEKTPOHHAs
TEeMIIepaTypa, SBISETCS TUarHOCTUKA Ha OCHOBE JJIEKT-
pudeckoro 30172 [4].

Kaxk u3BecTHO, 30H] TpelcTaBiIsieT coOOH MeTallu-
YEeCKUI AJIEKTPOJ], MOKPHITHIA M30JIsIHel ¢ HeOObIIOH
OT0JICHHO YacThI0, KOHTAKTHPYIOIIEH C I1a3Moii (coou-
paromiast IOBEPXHOCTH), ¥ KOTOPasi MOXKET UMETh Pasiu-
gHYI0 (HOpMY — HIIIMHAPUIECKYTO, TUIOCKYIO, cheprudec-

kyro. Ha npaktuke, B OCHOBHOM, UCHOAB3YIOT IIWINH]-
pudecKkre 30HIBI, BBUAY MHHHMAIBHOTO BIUSHHS Ha
BO3MYIIEHHUE IUIa3MBI M TPOCTOTO METoAa 00paboOTKH
SKCIIEpUMEHTANBHBIX JaHHBIX. Ha pucynke 1 mpencras-
JIeH CXeMAaTHYHBIA BHJ 30HIOB W HaWOOJee JacTo HC-
MoJIb3yeMasl JNEKTPHYECKasi cXeMa 30HIOBBIX H3Mepe-
HHUM B pa3psijie MOCTOSHHOTO TOKa, KOTOpasl BKJIIOYAET:
U3MEPUTENIBHBIN 30HJ, OMOPHBINA AJIEKTPOA, 3aMbIKaro-
UIMH 30HIOBYIO IIETIb (31€Ch UM CITY>KUT aHOJ Pa3psIHOM
TpyOKH), peryJiMpyeMblii HCTOYHUK CMELIEHHsI HalpsDKe-
HUSI 30Ha ¥ U3MEPUTEIIbHbIE TPUOOPEI — MUKpOaMIiep-
metp (LA) u BoibTMmeTp (V) [4-8].

Teopus, cBA3BIBArOIAS H3MEPEHHIE TOKA C ICKOMBIMA
XapaKTePUCTHKAMH TIa3MBI, OKA3bIBAETCS B OOIIIEM CITy-
yae CIIO)KHOW M HE BCETJa IO3BOJIIET MPOBOIUTH KOP-
PEKTHBIE U3MEPEHHUs MmapaMeTpoB a3Mel. OmHaAKo, Cy-
IIECTBYET IMAa30H MapaMeTPOB IKCIIEPUMEHTA, B KOTO-
pPOM TeOopHsl 30HIOBBIX HM3MEPEHHH OKa3bIBACTCS HE
CJIMIIKOM CJI0KHOM M COAEPIKUT MUHUMANBbHOE KOJIHYe-
CTBO aIPUOPHBIX MPEIION0KEHHUH.

Takum 0Opa3om, UCXOJIS U3 MPEJCTABICHHOTO BBIIIE
MaTepuala, OInpeeaeHre IapaMeTpoB IIa3Mbl Ha TJ1a3-
MEHHO-ITy4KOBO} yCTaHOBKE C IPUMEHEHUEM 30HI0BOTO
METOJIa SIBIISIETCS 3HAYUMBIM, a pa3paboTaHHAsl HAMH aB-
TOMAaTHU3UPOBaHHAS THATHOCTUYECKAsl CHCTEMa IT03BOJISI-
€T YCOBEpIICHCTBOBATH CYIIECTBYIOIINI MOAXOI K OLICH-
K€ HU3KOTEMIIEpaTypHOH IJ1a3Mbl. B CBA3M ¢ 3TUM, HaMH
MTOCTaBJICHA IIEJh IMPOBECTH SKCIEPUMEHTHI MO OIEHKE
MapaMeTpPOB IIa3MBbI IIPH YCIIOBHSIX:

— B 3aBHCHUMOCTH OT U3MEHEHUS MOILTHOCTH 3JIEKT-
ponHoi myniku (1) npu MOCTOSIHHOM JaBJIEHUH T'a3a;

— B 3aBHCHMOCTH OT M3MEHEHHUS JIaBJieHUs1 paboye-
ro ra3a npu noctosiHHoi Momxoctu J11;

— B 3aBHCHMOCTHU OT PacCTOSIHHS OT LIEHTPa OCH yC-
TAQHOBKM IIPY HEM3MEHHOM JaBICHHUU U MoIHOCTH OIL.
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Pucynox 1. Cxemamuunuii 6uo cghepuuecxozo (a), yurunopuueckozo (6) u niockozo 3onoa (8)
U npoCMenuast SNEKMPUYECKAst CXeMd 30HO0BbIX UsMepeHull (2)

METO/bI UCCJIEJJOBAHUSA U OBOPYJOBAHUE

Memoo rnekmpuuecko20 30n0a

MeToq 3akim0o9aeTcs B U3MEPEHUH TOKa, MPOTEKA0-
LIETr0 4Yepe3 30H, OT PA3HOCTH MOTSHIIUATIOB MEK/Ty 30H-
JIOM ¥ OIOPHBIM 3JIEKTPOAOM, T.C. B CHATHH 30HIOBOM
BosbTaMIIepHoOi xapakrepuctuku (BAX). Mneanmmzupo-
BaHHBIN BU 30H70BOM BAX u anekTpoHHas BeTBb BAX
B IOJTyJIorapupMHIECKOM MaciuTabe IpeAcTaBIeHBl Ha
pucynke 2 [9].

In[/]

6)

Pucynok 2. Hoeanusuposannulii 6uo 3010060t BAX (a)
u snexmponnas éemev BAX (6) 6 nonynocapugpmuueckom
macwmaboe [9]

KauecTBeHHass W KOJWYECTBEHHAS HWHTEPIIPETAIMH
BAX omnucansl B padotax [4-11]. Cormacuo [5-9], BAX
30H/1a COCTOHT M3 TpeX 00JacTeli: 001acTh HOHHOTO TOKA
HachIteHus (4B), mepexogHas obmacts (BC) u o0nacTh
(CF), Te »NeKTPpOHHBIA TOK TpeodaanaeT Hal HOHHBIM.
OO6nacTe HOHHOTO TOKA HACHIIICHUS, FITH HOHHASI BETBB,
XapaKTepu3yeTcss OTPHUIATEIIFHBIM MTOTEHIINAJIOM 30H/a,
MIPH KOTOPOM 3JEKTPOHBI OTTAJIKUBAIOTCS, a IIOJIOXKHU-
TeNbHBIE MOHBI HpuTATHBatoTCs. llepexomHas oOmacTh
XapaKTepU3yeTCs HAIMYMEM IUIABAIOIICTO MOTEHI[HAIa
30H7a (Touka N), MPU KOTOPOM TOKH DJICKTPOHOB M TO-
JIOKUTECJIbHBIX MOHOB CTAHOBATCA COIIOCTaBUMBI U pE-
3yNBTUPYIOMHKN TOK Ha 30HA paBeH 0. OOmacTh AyeKT-
POHHOTO TOKa HACHIIICHUS XapaKTePU3YETCs yiKe MOJI0-
JKUTEIBHBIM MMOTCHIIUAIOM 30H/Ia, TIPU KOTOPOM 3JICKT-
POHBI MIPUTATHBAIOTCS, & MOJIOXKHUTEIBHBIC HOHBI OTTAN-
KHBAOTCS.

OCOOEHHOCTBIO 30HAOBOTO METOA SIBIISETCS TO, 9YTO
9TH XapPaKTePUCTUKH OMPENEISIOTCS JOKAIbHO WU TPHU
MIPOBEACHNH CEPHH SKCIIEPUMEHTOB C IIOMOIIBIO TTO/IBU-
JKHOTO 30HJa OYJIET MOJIy4eHO NMPOCTPAHCTBEHHOE pac-
npeJieNieHre apaMeTpoB IUa3Mbl (TeMreparypa dJIeKT-
poHOB T, ¥ KOHIICHTPALUS TUIA3MBI 7).

Juis Beraucnenus 7, ucnonbiyercs ygactok CD (pu-
CYHOK 2a), TI€ MOKHO IPeHeOpedbh HOHHOHM COCTaBIISIO-
el ToKa, Tak Kak BKJIaJ MOHOB HeBenuk. [Ipu npencra-
BJICHUM DJIEKTPOHHOTO TOKa B MOJIYJOrapu()MHYECKOM
Macuitabe B 3aBUCHMOCTH OT HalpsDKeHHs (PUCYHOK 20)
TeMIIepaTypa JIEKTPOHOB OIpeessieTcs Mo hopmyJie:

1 1
T, =gmm = — 1
e diinlgz) tgv (D

ITocne HaxoxnaeHust T MOXKHO PaCCUUTATH KOHIIEHT-
pauuIo IIa3Msl 7.

Jlnst BBIYMCIEHUS KOHIEHTPAIMU IUIA3MBl IIMPOKO
MIPUMEHSIOT (hopMyTy boMa 11 HOHHOTO TOKA HACHIIIIe-

Hud (1;) [7-9]:
I; = 0,4en,S fzn"f_e. ©)

T7e e — 3apsijl dJIEKTPOHA, 79 — KOHIEHTpAalUs 1a3Mbl,
S— momame 30HAA, k — mMOCTOossHHas bonbiiMaHa
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(k= 1,38-107% JIw/K); M;— macca noHna, T, — Temnepa-
Typa BJIEKTPOHOB.

Opnako, corsacHo [8], TOK 31eKTpoHOB (/) Tpu mo-
TEHI[MaJe 30H1a, paBHOM MOTeHIHaNy miasMel (Uy) (pu-
CYHOK 20), IO3BOJISIET OTPEICTUTH KOHIICHTPALINIO TIIa3-
MBI 110 opmyiie:

Mo = ::;5 !

)

rae I, —3IeKTPOHHBIN TOK, KOTOPBIA Ompeaesnsercs 1o
BAX B TOYKe, COOTBETCTBYIOIIEH HAHIEHHOMY IOTEH-
LHualy miasmsl; V, —CKOPOCTb 3JIEKTpPOHA, OINpejese-
Mas o popmyiie (4):

2eT,
Vo= [ @

TZie M, — Macca JIEKTPOHA.

IKcnepumenmansnasn yacmo

O1eHKy JIOKaJbHBIX MTapaMeTPOB ITa3Mbl B PEKUME
peaIbHOr0 BpeMEHH ¢ IPHIMEHEHHEeM pa3padoTaHHOH Ha-
MU aBTOMATU3UPOBAHHON IHArHOCTHYECKOW CHCTEMBI
MIPOBOMIIM Ha IyYKOBO-IIa3MeHHOH ycTanoBke (III1Y)
[10-12].

OO01ast cxemMa yCTaHOBKM IIPHUBE/IEHA HA PUCYHKE 3.

[puHnmn paboThl YCTaHOBKM OCHOBAaH Ha CIIOCOOE
MOHU3AlNH Tra3a O0ECCTOIKHOBUTEILHBIM B3aUMOJIEHCT-
BHEM DJIEKTPOHHBIM ITYYKOM, ITO3BOJIAIOIIMI MOJIy4aTh
CTaI[IOHAPHYI0 HU3KOTEMIIEpaTypHYIO IUIa3My B OO0JIb-
1oM 00beMe Ha3bIBaeMOil ITyYKOBO-TIIIA3MEHHBIM pa3psi-
noMm (IIIIP) B marauTHOM T0oNe. Bo3nukuoBeHme [1I1P,
MIPEXJE BCETO, MPOMCXOANT BCIEACTBHE PA3BUTHUS ITyd-
KOBOH HEYCTOMUYNBOCTH B PE3YJILTATE YEr0, IPOUCXOAUT
BO30YXKI€HHE ANEKTPOHHBIM ITy9KOM KOJIeOaHU 1 BOJTH
B ma3me. [lognepxxanue I1I1P B MarHuTHOM moJie 00y-
CJIOBJICHO MOHM3aIMel ra3a «IU1a3MEHHBIMH» DJIEKTPO-
HaMH, YCKOPEHHBIMH B I10JI€ BEICOKOYACTOTHBIX KoJieOa-
HUH, BO30YXIa€MBIX 3JIEKTPOHHBIM ITyYKOM B IUIA3Me
[13].

Jnsi OLEHKH JIOKaIbHBIX I1apaMeTpoB IUIa3Mbl Ha
[ITY npumeHsiach aBTOMaTH3MPOBaHHAs CUCTEMaA JIU-
ArHOCTHMKH IUIa3MBl, B COCTaB KOTOPOH BXOZST IOJBHK-
HBbI UuiIMHApUYecKuid 30HI JleHrmropa, nukoamrmep-
metp Keithley 6487 ¢ cobcTBeHHOH 31€KTpHUecKo pas-
BEPTKOHN HampsoKeHHs B quamazoHe =505 B i mporpaMm-
HOe obecriedeHre ¢ pa3pa0OTaHHBIM aJTOPUTMOM IS
aBTOMATHUYECKOTO pacdeTa MapaMeTpoB IUIa3MBbl.

W3meputenbHblii BONb()PAMOBBIN AJIEKTPOA 30H/IA C
IIOMIAABI0 cobMparomel moepxHocTu 4,908 Mm? uMeeT
ey 3 MM 1 auamerp 0,5 MM. B kagectBe omopHOTo
AJIEKTPO/IA CITY)KUT CTEHKA BaKyyMHOH KaMephbl.

JlBmxeHue 30HIa oOecneyrBaeTCs ITHEBMOLMIMH-
JIPOM C PeryJIMpyeMOoii CKOPOCTBIO XOa ITOPIIHS Ha pac-
ctosiHue ot 0 MM 10 25 MM ot nenrpa ocu II1P. s yn-
paBJIeHUs! THEBMOLMJIMHIIPOM HCIIOJIB3YETCs MSTHIIO3H-
LIMOHHBIH TPEXXO/OBOI BIIEKTPOITHEBMOpACIIPEAEIIH-
TeJb C IEKTPOMATHUTHBIM yIpaBieHueMm (24 B, mocro-
SIHHBIH TOK). CHTHaJI Al yNpaBICHUS MOJ0KEHHEM
JIEKTPOJIa OAAETCS C aHAIOTOBOTO MOJYJISI BEIBO/IA MH-
¢dbopmanronno-uzmepurensHoil cucremsl (MUC) TIITY.
Jnst perrcTpalyy MoJ0XKEHHUs 30H/1a UCTIONIb3YETCsT AaT-
4yuK Ha 6a3e peocTara ¢ oOuKM conpoTuBieHueM 1 kOm,
CHTHaJ C KOTOPOTO IMOJAeTCsi Ha MOIYJb aHaJIOrOBOTO
BBoga MWC IIITY.

IMuxoamnepmerp Keithley 6487 npucnocobmnen mis
cuatust BAX c1a00TOYHBIX YCTPOHCTB 1 MO3BOJISIET T1e-
penaBatb 10 1000 orcueros/cex. MHTerpanuns nukoam-
nepmetpa Keithley 6487 ¢ dpynkuneit passeprku B I1ITY
MIPOBEJCHA C TOMOIIBIO IPOrPAMMHOTO KOMIUIEKCa, KO-
TOpast BKIIOYAeT B ce0s CIeIyIoIne BO3MOKHOCTH:

— yJaJIeHHOE YIPaBJICHUE U PETUCTPALIUS 3HAUCHUH
TOKA U HaNpsDKEHMs ¢ 30Ha JIeHrMiopa;

— 3aJaBaTh 3HAYCHUE HAIPSOKEHHUS Pa3BEPTKH IPU-
0opa B ero paboueM Iuamnasoue;

— 3aIlyCK pa3BEepPTKH OT yKa3aHHOTO 3HA4YeHUs I0-
JIOXKEHHUS IEKTpoJia 30HAa JIeHrmiopa.

1 — aneKTpOHHas NyLLKa; 2 — 3aNeKTpPOMarH1THas cucTema; 3 — rasopaspsHas kamepa;
4 — xamepa B3anMoaeNCTBuUs; 5 — 30HA JleHrmiopa; 6 — NPMeMHbIN KONnexkTop

Pucynox 3. Pacnonooicenue 3onoa Jlenemopa




W3MEPEHUE 3HEK]'POHHOI7I TEMNEPATYPbI U KOHLEEHTPALIUW NJIA3MbI
HA NNA3MEHHO-MYYKOBOW YCTAHOBKE C UCMOJIb30BAHUEM SNEKTPUYECKOIO 30HAA

CTpyKkTypHas cxemMa aBTOMaTU3UPOBAHHON CHCTEMBI
30HJ0BOM AMAarHOCTUKH IIPUBECHA Ha PUCYHKE 4.

1 - 6annoH ¢ asotom (N2); 2 — nHeBMOpacnpeaenuTens; 3 — THEBMOLMAMHAP;
5 — bnok passeptku (Keithley 6487); 6 — naTumk nonoxeHns anekTpoga 3oHaa
Nenrmiopa; 7 — 30HA Jlenrmiopa; 8 — MHOPMALMOHHO-M3MEPUTENbHAs CUC-
Tema; 9 — NepcoHanbHbI KOMMbIOTEP

Pucynok 4. CmpykmypHas cxema asmomamu3upo8aHHol
cucmemuvl 30HO0B8bIX USMEPEHULL

H3MepeHne TOKaIbHBIX TTapaMeTPOB TUIa3MbI TIPOBO-
JUITICH OJFDKE K HEHTPY OCH IIa3MEHHOTO ITyYKa Ha pac-
crostaum 5, 9 u 11 MM ot nenTpansHoii ocu [I1P. Ha pu-
CYHKE 5 II0Ka3aHO pacIoJjioKeHue 3051a JIeHrmiopa B ka-
Mepe B3aUMOJICHCTBHS U TOYKH M3MEPEHUS JIOKAITBHBIX
MapaMeTpPOB IIIa3MBI.

Pucynok 5. Pacnonosicenue 30n0a Jlenemropa 6 kamepe
83aUMOO0eLICMEUs U MOUKU UBMEPEHUs IOKANbHBIX
napamempog niazmul

Bonopoa u renuii MIUPOKO UCTIONB3YIOTCS B UCCIIEN0-
BaHUSAX IO B3aUMOJICHCTBUIO TNIA3MBI C KaHIUAaTHBIMU
MaTepraiiaMi. B OOJBITMHCTBE COBPEMEHHBIX SKCIIEpHU-
MEHTAJIBHBIX TEPMOSIEPHBIX YCTPOHCTB B KA4ECTBE TOII-
JINBA UCIIOJIb3YETCA CMECh JEUTEpusl U TpUTUs. Tak Kak
JIeUTepUil U TPUTHM JOPOrOCTOSLIUE Tra3bl, I03TOMY B
OCHOBHOM HCHOJB3YIOT BOJOPOA C YYE€TOM TOTO, HYTO
nzoronuueckui apdext man. [enuii ucronb3yercs Tak
KaK SBJISIeTCA NMPOIYKTOM TEpMOsIEpHON peakiuu. J{ist
OTIpe/ieIeHUs] apaMeTpoB IUIa3Mbl B paJuabHOM Ha-
MIPaBJIEHUH OBUTH NPOBENIEHBI SKCIEPHUMEHTHI COTJIACHO

YCIIOBHSIM, TIPUBEJCHHBIM B Tabmuile 1. J[nama3on aiek-
TpHUUYECKON pa3BepTKU HaNpsDKEHUS Ha 30H7e JIeHrMiopa
6611 3a1aH oT -300 B o +100 B Bo Beex akcneprMeHTax
c marom 1 B.

Tabnuya 1. Ycnosus nposedenus sxcnepumenmog na 111V
6 cpede 6000po0oa U 2enust

MNapameTpbIl akcnepUmeHTa 3HayeHune
[lnanasoH MOLLHOCTI SMEKTPOHHOTO nyyka, BT 2-320
[lnameTp aneKTPOHHOrO nyyka, MM ~3
[lnanasoH aaenexns pabouero rasa B pexume MNP, Ma ~0,013-0,13
HanpsikeHHOCTb MarHUTHoro nons Ha ocu MNP, Tn 0,1
Pabouwit ra3 Hz, He

W3mepenne OOMHOYHBIM 30HIOM PaJHAIBHOTO pac-
MIPEAEIEeHNs Ha PACCTOSHUM MEHee 5 MM ObLIO OrpaHu-
YeHO 00IacThIO MEPBUYHOTO 3JIEKTPOHHOIO IMydKa, TIe
MIPOMCXOMII TIEPETPEB 30H/a B PE3YIHTATE TEPMOIMHUC-
CHH C €ro NOBEPXHOCTH.

st onpenenieHnst HAIMYMS IpUMece B pabodmnx ra-
3aX IPOBOJMIICS MacC-CIIEKTPOMETPUUECKUI aHaIM3 B
KaMepe B3aMMOJAEHCTBHS B p&KUME OHJIAWH C perucTpa-
el 3HaueHUH MapUUabHbIX JaBICHUNA MOJIEKYJ B JIU-
ama3oHe aTOMHBIX Macc OT 1 a.e.M. 10 45 a.e.M. ¢ moMo-
LIbIO KBaAPYyNoJbHOro Macc-cnekrpomerpa CIS100 ¢ uc-
MTOJTE30BaHUEM TIporpaMMHOro obecriedeHnss RGA 3.0

PE3VJIbTATBI 1 OBCYK/IEHUE

Macc-CrieKTpOMETpHYECKUil aHaJIM3 MOKasal, 4YTo
IIPY UCII0JIB30BaHUK paboyero rasa — BOJ0pO/, B KaMepe
B3aUMOJEHCTBUS IPeoOIIaialoT MOJIEKYJBl BOAOpOJa
(2a.eM.) co 3HauYeGHHEM TAPIHAIHHOTO JABICHHSA
~3,3-103 I1a. Monekynsr Bomel (18 a.eM.) W a3oTa
(28 a.e.M.) HaxomATCA HA ypoBHE (hOHA. A TIPU HCIIOIB-
30BaHHH I'ejIMs B KauecTBe pabovero rasa, yCTaHOBJICHO,
YTO B KaMepe B3aUMOJEHCTBYS IPEe00IIalatoT MOJIEKYJIbI
renus (4 a.e.M.) CO 3HAUEHHUEM MapIHAILHOTO JaBICHUS
~3,19-107 ITa. Monekynbl Boasl (18 a.e.m.) u asora
(28 a.e.M.) Takke HAXOAATCS HA YPOBHE (OHA.

[Tpn npoBeneHnn SKCHEPUMEHTAIBHBIX PaboT C Io-
MOIIBI0O aBTOMAaTU3UPOBAHHOM CHCTEMBI OBUIN MOJyYe-
HBl cpenHeapu(METUUECKHE 3HAYCHUS TEMIIEPaTyphl
951eKTpoHOB (T¢) M KOHIIEHTPALMH I1J1a3MBI (1) B 3aBHCH-
MOCTH OT MOIITHOCTH JICKTPOHHOT'O ITy4YKa B Cpelie BOJIO-
poza ¥ reJivs IpH JaBJIeHUU pabovero rasa B Kamepe B3a-
mmoneiicteus 0,13 Ila. Ha pucynke 6 mokazaHa cxema
H3MEepEeHHs TapaMeTPOB IIIa3Mbl BO BpeMsl IKCIIEpHMEH-
Ta.

B pesynprare MOJIyYeHHBIX 3KCHEPUMEHTAIBHBIX
JIAHHBIX OBUIM MOCTPOEHBI I'pauKy 3aBUCUMOCTH Tapa-
METPOB IJIa3Mbl OT MOIIHOCTHU 3JICKTPOHHOI'O Iy4YKa B
paguanbHOM HampaBieHHH. I paduku 3aBUCUMOCTH Ta-
paMeTpoB IUIa3MBbl OT MOILITHOCTH 3JIEKTPOHHOT'O ITy4YKa B
cpezie BOJIOpO/a U Telus TI0Ka3aHbl Ha pUCyHKax 7 u 8§,
COOTBETCTBEHHO.
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Konnexktop

My4yKoBo-NNa3mMeHHbINW pa3pnapg

Pucynox 6. Hzmepenue napamempos 6000pOOHOI NAA3MbL 80
8peMsl IKCHepUMEHmMA ¢ NPUMEHEHUEM a8MOMAMU3UPOBAHHOU
cucmembl Ha pAcCMOAHUU 5 MM Om YeHmpa nyyKa

W3 rpadmkoB BHIHO, YTO NMPU YBEITHUYEHUU MOIIHO-
CTH AJIEKTPOHHOTO ITyuka oT 2 BT no 320 BT temnepary-
pa 3IeKTPOHOB yBenauumiacs ¢ 2,2 3B 1o 5,5 3B B cpene
BoJopoza u ¢ 2,8 3B 5o 10 5B B cpeae renus, a KOHIEH-
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npu MoHocTH 150 Br.

Taxoke ObLIH IOCTPOCHBI rPaUKH 3aBHCUMOCTH TEM-
mepatypsl 37eKTPoHOB (Te) M KOHIICHTPALUH TUTa3MBI
(no) ot maBneHMs paboUero ra3a B KaMepe B3auMOJIeHCT-
BHA B Cpe/e BOJOPOJA M TeJHs IMPH MOIIHOCTH AIIEKT-
poHHOro my4ka ~93 BT B pagmaabHOM HaIpaBlICHHU.
I'padukm 3aBUCHIMOCTH MapaMeTpOB IDIa3MBbl OT JaBlie-
HUS pabodvero raza B cpejie BOIOPOaa U TeHs MOKa3aHbI
Ha pucyHKax 9 u 10, COOTBETCTBEHHO.

W3 rpadmKkoB BUIHO, YTO TIPH YBEINYECHUHN TABICHUS
pabouero rasa ot 1,3-1072 ITa go 13-1072 [1a Temmnepary-
pa 3MeKTPOHOB yMeHbIMnacsk ¢ 6,2 3B 1o 3,2 3B B cpene
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~3,3-10' M3 B cpeme Bomopoma u ot ~2,1-10"7 M3 mo
~3,6:10'7 M3 B cpene remms.

Ha pucynke 11 npuBenens! rpadukn n3MeHEHHS Ta-
paMeTpoB IUIa3MbI B paTIdalbHOM HAIPaBICHUH B Cpelie
Tequs ¥ BOJOPOJIa.
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W3 rpadukoB BHIHO, YTO B paJMaJbHOM HampaBiec-
HUM B cpefe renus 3iekTpoHHas Temmepatypa (Te) u
KOHIICHTPALHUS IUIa3Mbl (Ng) HA PACCTOSIHAU OT 5 MM JI0
9 MM cHmxkarotcs ot 6,23B u 3,6:10'"M3 10 5,6 3B u
2,0-10"M73, a Ha paccTosHEU 0T 9 MM 10 11 MM He H3-
MEHSETCA, a B paIualbHOM HAIpaBICHUH B Cpele BOIO-
PpOIla KOHIIEHTPAIIHS TIa3MBI (o) Ha PACCTOSIHUH OT 5 MM
10 9 MM cHmkaercst ot 3,3-10°m 3 go 1,4-10'%M73, a Ha
paccTostHur OoT 9 MM 10 11 MM He U3MeHseTCs. DIeKT-
ponHas temmneparypa (Te) Ha paccTosHHM OT 5 MM 10 9
MM CHauaya yBenuuuBaercs ot 3,2 3B 10 3,9 3B, a 3arem
YMCHBIIIAeTC.

YMeHblLIeHUE BIAUSHUS CIIy4aiiHON MOTrpelHOCTH Ha
OILICHKY HaMU OCYIIECTBISIETCS ITyTEM TPEXKPATHOTO U3-
MEpeHUsI TOKa MPH OJMHAKOBBIX YCIOBHSAX W BBIBOJA
cpenHeapudmMeTHUecKoro 3HadeHWsA. llpu m3MepeHuH
TOKA U3 IIa3MBl BOSHUKAIOT IITYMBI, YTO OTHOCUTCS K CH-
CTEMATHYECKOHN MOTPEITHOCTH, CHIDKEHUE BIUSHUS Ha-
MU TIPOBOJIUTCS IIyTEM MPEIBAPUTEIHHOTO CIIIAXKUBAHUS
MaccHBa JaHHBIX CO 3HAYCHHSIMH 30HIOBBIX TOKOB U Ha-
NPSDKCHUNA METOZOM CKOJIB3SAIIECrO CPEIHEro, T.K. OH SIB-
JIieTCs HauboJiee pacpOCTPAHESHHBIM M ITPOCTHIM METO-
JIOM criaxxuBaHus. TakuM o0pa3oM, C y4ETOM IMOrpell-
HocTel mpubopos (He 6osee 1%), okpyrinenus (He 6onee
0,01%), meTona u Berancnenni (ne 6oaee 5%) u cyobe-
KTHBHOW IMOTPENTHOCTH 00IIasi CyMMapHasi IIOTPEITHOCTh
coctasisier He 6osee 10%, YTO BIOJIHE TOMYCTUMO TPH
OIIEHKE TIapaMETPOB TUIa3MEI.

3AKJIIOYEHUE

B pe3ynbTare ¢ MOMOIIBI0 aBTOMATH3UPOBAHHOM CH-
CTEMBI 30HIOBOH JHATHOCTHKH Ha TUIAa3MEHHO-ITyYKOBOM
YCTaHOBKE ITONYYEH MACCHB IKCIIEPHMEHTAIBHBIX 3HA-
YEHUH 30HJ0BBIX TOKOB U HANPSKEHUI. Y CTAaHOBJIEH Xa-
pakTep W3MEHeHHH Temmeparypbl 31ekTpoHoB (T.) u
KOHIIEHTPAIIMH TIa3MEI (Ng) B paanaibHOM HANPaBICHUH
B CpeJie BOJAOPOa U TeUs B 3aBUCUMOCTH OT MOIIIHOCTH
JJIEKTPOHHOTO ITy4Ka U JaBJeHUs pabovero ra3a B Kame-
pe B3aUMOAEHUCTBHS MIa3MEHHO-ITyYKOBOH YCTaHOBKH.

YcTaHOBIIEHO, YTO AJIEKTPOHHAS TeMIiepaTypa B cpe-
Jle BOJAOPOJa YBEIIMYMBAETCS B paJilajbHOM HarpaBJie-
HUY TIPY HA3KOM JIABJICHUH pa00vero rasa, a KOHIICHTpa-
WS TUIA3MBI YBEITUYUBACTCS TOJIBKO MPH MOBEIIICHHOM
JaBJICHUH. B cpeje remnust 2IeKTpoHHAas TeMIiepaTrypa B
paauanbHOM HaNpAaBICHWH TPH W3MEHEHHWW [aBJICHUS
pabodero ras3a mo4TH He M3MEHSETCS, a KOHICHTPAIUSI
IUIa3MBI UMeeT 0oJiee BBICOKHE 3HAYEHHS OJIMIKE K LIEHT-
Py IUTa3MEHHOTO ITyYKa.

Takum 00pazom, MoTydeHHbIE 3aBUCHMOCTH IT03BO-
JIAT aHAJTM3UPOBATH U YCTAHABIMBATH COOTBETCTBHE ME-
Ky mapaMeTpaMy TJIa3MEHHOTO BO3JIEHCTBUS HA MaTe-
pHUaibl U XapakTEpOM MPOIIECCOB HA MX MOBEPXHOCTH, a
TaKkxke B 00bEMe, U, H3y4yaTh AMHAMHUKY Pa3BUTHS ITHX
MPOIECCOB OT JUTHTEIBHOCTH O0TyYeHHS, THIIOB U Mapa-
METpPOB pa3psijia Ha TIA3MEHHO-ITYYKOBOW yCTaHOBKE.

Jannas paboma @uINONHEHA 8 PAMKAX 2PAHMOBO20
@unancuposanusi Munucmepcmeom HayKi U 6biCuLe2o
obpaszosanusi  Pecnybnuxu  Kasaxcman (I panm
Ne AP13068552).
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SJEKTPJIK 30HATHI MAMJIAJIAHA OTBIPBIII, IIJIA3MA-COVYJIEJIK KOHJBIPFBIJIA
SJIEKTPOHABIK TEMIIEPATYPAHBI ’)KOHE IIJIASMA ThIFbI3IbIFbIH OJIIIEY

M. K. Ckakos!, T. P. Tyaenoeprenos®**, B. K. YUektnioaen?, U. A. Cokonop23,
A. K. Munusszos?, F. K. ’Kanoosarosa?, P. K. Haypoiz6aes?

! Kazakcman Pecnyonuxacotnvtyy ¥ummolx adponvtx opmansizvt, Kypuamos, Kazaxcman
2KP ¥0 PMK «Amom snepzuscwvt uncmumymst» guauanst, Kypuamoe, Kazaxcman
3 «Cemeii kanacoinviy Iloxapim amvinodazv ynueepcumemin KeAK, Cemeit, Kazaxcman

* Baiinanvic ywin E-mail: tulenbergenov@nnc.kz

Byn Makanama Iuta3ManibIK-COYNIENiK KOHIBIPFBIIA pagWalnbl OaFbITTa DIIEKTPOH TEMIEpaTypackl MEH IuTa3Ma
KOHIICHTPALMSCHIH oJIIey OOWBIHINA TOKIpHOeNik aepekTep OepinreH. Ilnazma mapaMmeTrpiepi €Ki dKYMBIC Ta3bl, CyTeri
JKOHE TEeNWi VIIIH 3JEKTPIiK 30H] HEri3iHIeri aBTOMATTAHIBIPbUIFAH JTUATHOCTHUKAIIBIK JKYHE apKbUIbI aHBIKTAJJIBL.
DJIeKTPOHHBIH TEeMIlepaTypachl MEH IUIa3Ma ThIFbI3ABIFBIHBIH 3JCKTPOH COYJECIHIH KyaThl MEH JKYMbBIC Ta3bIHBIH
KBICBIMBIHBIH ©3repyiHe TOYEeNIUIIr aHbIKTa a (bl. DIEKTPOH/IBIK COYJICHIH KyaThbIHbIH apTYbIMEH PaJHai/ibl OaFbITTaFbl
3JIEKTPOH TEMIEpaTypachl €Ki JKYMBIC OpPTAChl YIIiH J¢ ©3TepMEUTiHI KOpCEeTUIreH, ajl KOHABIPFBIAAFsl MaKCHMAIIbI
IUIa3Ma KOHIEHTPAIMSCH IIEHTPTE JKAKBIH €H )KOFaphl a3 KBICBIMBIHIA TIPKEITEH. CIyJIe XKOHE CyTeri yunn 5-106 M3
*oHe renuii yiin 5-10'7 M3 kypansL.

Tyiinoi ce3dep: nnasmanvlx OudaeHOCMUKA, NIA3MA napamempiepi, MOK-KepHey CUunammamacsl, 3J1eKmpoH
memnepamypacul, nia3ma KOHYeHmpayuscel, cymezi, 2eaul.
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MEASUREMENT OF ELECTRON TEMPERATURE AND PLASMA DENSITY
ON A PLASMA-BEAM FACILITY USING ELECTRIC PROBE

M. K. Skakov!, T. R. Tulenbergenov>*", B. Zh. Chektybayev? I. A. Sokolov??,
A. Zh. Miniyazov?, G. K. Zhanbolatova?, R. Zh. Nauryzbaev?

! National Nuclear Center of the Republic of Kazakhstan, Kurchatov. Kazakhstan
2 RSE NNC RK Branch “Institute of Atomic Energy”, Kurchatov, Kazakhstan
3 “Shakarim University” NCJISC, Semey, Kazakhstan

* E-mail for contacts: tulenbergenov@nnc.kz

This article presents experimental data on measuring the electron temperature and plasma concentration in the radial
direction on a plasma-beam setup. The plasma parameters were determined using an automated diagnostic system based
on an electric probe for two working gases, hydrogen and helium. The dependences of the electron temperature and
plasma density on the change in the electron beam power and working gas pressure are determined. It is shown that with
an increase in the power of the electron beam, the electron temperature in the radial direction does not change for both
working media, and the maximum plasma concentration in the facility was recorded at the highest gas pressure closer to
the center of the beam and amounted to 5-10'® m™ for hydrogen and 5:10'" m™ for helium.

Keywords: plasma diagnostics, plasma parameters, current-voltage characteristic, electron temperature, plasma
concentration, hydrogen, helium.

13



Becrunk HIAd PK

BbInyck 4, fekabpb 2023

https://doi.org/10.52676/1729-7885-2023-4-14-21
YOK 550.34.621.039.9

roaorrA®blI P-BOJIH OT B3PbIBOB HA TIJIOINAIKE BAJTATIAH
JIJISI STUIEHTPAJIBHBIX PACCTOSIHUAM 36°

K. C. Heneuna'”, B. A. An?

! Hayunaa cmanyus PAH ¢ 2. Buiukexe, Buwkex, Kvipzvizcman
2 Hnemumym ounamuxu zeocpep PAH umenu M.A. Cadoeckozo, Mockea, Poccus

*E-mail ons konmakmos: nepeina.k@mail.ru

B pabote npuBeaeHs! CBEeACHNS O PETUCTPALMH MTOI3EMHBIX AepHbIX B3pbIBOB ([11B) CemunanaTHHCKOrO HCIBITATEb-
Horo nojurona (CUIT) Ha rmomanke banamnan (Bal) ¢ 1969 mo 1988 rr. nByms cranimsmu EnuHol ciryx0bl ceificMuye-
ckux Habmronennit (ECCH CCCP) — Vikropoa (UZH) u BiiaguBoctok (VLA), TOCKONBKY SMUIEHTPAILHBIE PACCTOSIHUS
JUI HUX Hanbosee OJu3KU MexXy coboi A~36°. 3anucu xypHalia peructpaiuu KoHkpeTHbIX [ISIB coxpanumucs B apxu-
Bax MHcruryra nunamuku reocdep PAH nm. akanemuka M. A. Canosckoro (MAT" PAH). Maruuty sl 00beMHBIX BOJIH
(myp) BapsupytoTCS OT 5,6 10 6,2. 75t HUX HA PaBHOYIAJICHHBIX CTAHIMAX OBLIO MOJy4YeHO BpeMs podera npooIbHON
BOJIHBI (tp0). BHECeHBI monpaBku HaHHBIE O BPEMEHM PErHCTpanuy M cocTaBiieHbl rogorpader mo tpaccam UZH-Bal,
VLA-Bal n nokansHsli 1uist tuanaszona A~36,0-36,6°. 3naueHus ckopoctu V, cocraBuin ~10 km/c.

Knroueevie cnosa: sioepwiii 83pbis, npoOOIbHAS BOIHA, 8peMs npobeca, HUNCHASA Manmusi, 2ooozpagd, CHUII.

BBEJIEHUE

Kaxk 6p110 ckazano pasbie [1], «mocne BBeACHUS B
SKCIUTyaTalyi0 CEHCMUYECKUX CTaHLMM HA TEPPUTOPUU
Coserckoro Coroza Conmanuctuueckux Pecmy6nuk
(CCCP) oTMeTKH BpEMEH pPErucTpaluy MOA3eMHBIX
snepHbix B3pbiBoB ([1S1B) uckirouanick u3 OrojuteTeHei
CpOuHBIX JloHeceHMH [eodusmueckoii ciyx0e1 AH
CCCP (I'C PAH, ubine Equnoii I'eoduznueckoit ciryx-
61 PAH — ®UI1 EI'C PAH, r. O6HuHCK, Poccust), a Tak-
e, CeHCMOJIOTHYECKI OIOJUIETCHb CETH OIIOPHBIX Ceiic-
muueckux craHuuii CCCP... Takoil OTAeIbHBINH CIIHCOK
TOTOBWJICS COTpYyIHHIEH aboparopun 5-c¢ MHCTHTyTA
¢usuku 3emun um. O. HO. HImuara AH CCCP (3aB. na-
6oparopun m.¢.m.H. W. I1. [Taceunnk) Xaceit JJaBumoBs-
HoOM PyOunmreiin. Y Tonsko mpumepro B 1985 r. coob-
LICHHs] HEKOTOPBIX COBETCKUX CEHMCMMUYECKHUX CTaHLUN
Havyanu IyOJIMKoBaThCs B oOnepaTHBHBIX cBojukax ['C
PAH [1]. Ha naHHBIII MOMEHT 3TH CIMCKH XpaHSTCA B
Wncturyre nunamuku reocep PAH nmenn akanemuka
M.A. Canosckoro (6pBmmi Crencekrop NP3 AH
CCCP, meine UAI' PAH). Crycts roas! ObUIO MPUHSTO
pemeHne onudpoBaTh 3TH 3aIKCH U IPOAHAIN3UPOBATH
nx». IHTEepec K UCTOPUYIECKUM 3alucsIM (celicMorpaM-
MaMm) 10 CHX IIOp aKTyaJeH, ITOCKOJIbKY MCTOYHHKH Ta-
KOW MOILIHOCTH KaK SIICPHBINA B3pbIB CEHYAC HE peau3y-
eTcsl, IIPU 3TOM SIBJIAETCS «MHCTPYMEHTOM» HCCIIENO0Ba-
HUS TUHAMUKH BHYTpeHHero ctpoeHus 3emiu [2—4]. o
CErOJHSALIHUI JEHb MPOMCXOAUT OLU(PPOBKA MarHUT-
HBIX ¥ OymaxHbiX JieHT cranmuu CCCP [5-7]. C aroii
TOYKH 3pEHUsI, UCCJIEA0BaHUs 1O B3pbhiBaM Cemwurnana-
TUHCKOTO UcmbITaTenbHoro nonurona (CUIT) mo-mpex-
HeMy TpeOyeT TIaresJbHOro aHanusa [3], 4ro aemaercs,
HanpuMmep, B HCTUTYTEe reopU3nIecKux McciIeI0BaHni
(UT'U HAL PK) [8-10]. B pe3ynpTare mocienoBaTeb-
HOTO M3y4YeHHUS TIIyOMHHBIX ceiicMuueckux (a3 Ha mpo-
TSDKEHHUU JIECATUIICTHI MOXKHO CyIUTh 00 3BOOINH 3e-
MJIY U CYIIECTBOBAHUS aHOMAJIBHBIX 0071acTel Ha MIIaHe-

Te (BomHOBOMOB, HampuMmep) [11, 12]. Takum oOpazom,
M3yYeHHUE ACPHBIX B3PHIBOB B KaUeCTBE aHAJOTra 3ali-
Cceil 3eMJIeTPSICeHUH, IO CUX TOp aKkTyanbHO [13].

B paborax [14-19] u3yuanuch Bapuanuu BpeMeHH
npoOera BOJH Ha SMUIEHTPAIBHBIX pacCTOSHUAX A ~0—
27°, ~8-85°, ~54-70°, ~90°, ~134—-160°. B nanHOM HcC-
CJICJIOBaHUM BBIOpaH auana3oH BOMm3u 40°, MOCKOIBKY
4acTo yYeHBIC 00PAIIAIOTCs MIMEHHO K TOMY 3HAYCHUIO,
T.K. 3TO CBSI3aHO C IIEPEXOTHOM 30HBI OT BEPXHEH MaHTUU
K HIDKHEH W TOJXOIUT U OOBSICHEHHS HAOIIOIaeMbIX
SKCIIEPUMEHTANBHEIX ocobeHHOCcTer. [lo mueHuio [20]
9TO PAaCCTOSHUE XapaKTEepPH3yeTcs PE3KUM M3MEHEHUSM
rpagreHTa ckopocteil P-BonH Ha riryOnHe okomo 960 kM.
st pacctosianii 15—40° cnekTpaibHble XapaKTepUCTH-
ku OputH TosTydeHs! B [15], a mmst 45-57° — B [21]. dnsa
YTOUHEHUS HAJIM4YMs 3alUCEeH Ha caMUX celicMorpammax
obu10 oopmitens 3anpockl B ®UIL] EI'C PAH 1o cran-
nusM Yskropoa u Bnaausoctok ¢ 1969 mo 1988 rr.

OCHOBHAS YACTb

B pabote mpuBeneHBl MapameTpbl CEMCMHUYECKUX
cranuuii Enuaoil cmyxOb1 ceficMuYecKix HaOIr0IeHIH
ECCH CCCP, 3anucu KOTOPBIX COJIEPKAT PErUCTPAIIUIO
I151B na mnomianke banamnan (Bal) CemunanaTiuHCcKOro
UCIIBITATENBHOTO MOJIUIroHa Ha TeppuTopun Kazaxckoi
CCCP ¢ 1969 no 1988 rr. B tabnuue 1 yka3aHsl Ha3Ba-
HUS CEHCMHYECKHUX CTAHIUHN, KOTOPHIC HCIIONB3YIOTCS B
JAHHOM HCCIICIOBAaHUH.

Tabruya 1. Koopounamsl paccmampugaemuvix celcmMuieckux
cmanyuu ECCH CCCP

Dara ot- |Kog ctak- | Luporta, | OonroTa,
KpbITHA umn °N °E

Braguneoctok|06.12.1929| VLA 43120 | 131,893 | [22,23, 24]
Yxropog 1934 UZH 48,6310 | 22,2930 | [22, 23, 25]

Ha3Banue UcTouHuk
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rOAOrPA®bI P-BOJTH OT B3PbIBOB HA MNOLUAAKE BANAMAH ANA 3MULEHTPASIbHbIX PACCTOSAHUM 36°

2,000 mi

2,000 3,000 km

Pucynox 1. Cxema pacnonoxcenus CHUII (kpye) no omHoweHuro Kk celucmocmanyuam
Vowceopoo (UZH) u Braousocmox (VLA)

Cranmms BnaamBocTOK pacmonokeHa Ha CeBepo-
BocTtoke ot CUII B IIpumopckom kpae CCCP, a Yxro-
pOx — Ha ceBepo-3amnali, B 3akapraTckoi 001acTu Ha Tep-
putopun Ykpamackoii CCP. OHH paBHOyJajieHBI OT
CHUIl Ha snumentpanbHOe pacctosiHue A°~36,0-36,6
(okono 4000 xm) (pucyHok 1).

ITo pe3ynbpTaTtam U3yuyeHUs! CEHCMOTPaMM I1OJyYEHBI
3HauYeHHs BpeMeHH mpodera (tp) mo 15 B3pbIBaM s
CTaHIMKM YKropoa u 25 — BraauBocTok. 3aroyioBKU B
TabIUIIax 0003HAYCHBI CICAYIONMM o0pasom: No — 1mo-
PAOKOBEIN HOMEp, JaTa — KaJICHAApHAs JaTta U BpeMs
npoBeneHus ucnbitTanus (I'puHBHY 9d:MM:cc), Teorpa-
(udeckre KOOpAWHATHI (IIMPOTA M AOJITOTA), My — Mar-
HUTyIa IO OOBEMHBIM BOJHAM, Vmax — YBEJIMYCHHE Ha
ceficmomeTpe, A° — SIUIIEHTPAIBHOE paccTosiHUE, Az° —
a3uMyT B rpajycax OT 3MMLEHTPA, t — BpeMs mpooera
MIPOAONBHON BOJHBI B CEKYHAAX (MUHYTHI U CEKYHIIBI),
npumedanus. Tun ceiicmomerpa: CK — ceitcmorpad
Kupnoca, CKM — ceitcmorpad Kuproca momudummpo-

BauHbIN, CK]] — ceticmorpad KupHoca mmHHOTIEpHOA-
serid. CKJ] ncnonp3yercs Ans perucTpannu ceiicMudec-
KHX BOJIH B nuamaszone ot 0,2 1o 40 cex, ¢ aMIITUTyaoi
10 5 mm. Camu ceiicMorpadbl HbIHE SIBISIOTCS MY3€HHBI-
Mu 3KcrioHaTaMu. C HEKOTOPBIMH U3 HUX MOXHO TIO3Ha-
KOMUTBCSI B My3ee pa3Butus ceiicmosnoruu B Poccuu B
r. O6uuuck npu GULL EI'C PAH.

B pesynbrare oueHKH JIMHEHHOI perpeccun ObuI
MIPOM3BEJCH Pacu€T JIOKAIbHOTO Trojorpada P-BoiHEI
JUISL TPACCHI KITOJIMTOH — CEHCMOCTAHIIMSD) TI0 BEIYUCIICH-
HBIM STHICHTPAITEHBIM PACCTOSHUSAM M BPEeMEHAM IPO-
Oera BceX MPHHATHIX B 00pabOTKy B3PBIBOB, Kak
too=k*A°+b, rne A° — snmueHTpanbHOE paccTostaue, k n b
— TIPOU3BOJBHBIC KOHCTAHTHI [26]. BpIIn mocTpoeHs! Ky-
couHble Toaorpadbl Ay ctanuid Yxropoa u Brmaauso-
CTOK ¥ OOIIui J0KanbHbIH rogorpad st A~36.0-36.6°
(pucynoxk 2). Ilocie 3TOT0O TEM XK€ METOIOM OTYIEHBI
BapHaIiH ty0 B 3aBUCHMOCTH OT KaJIeHAApHOH 1aThl (pu-
CYHOK 3).
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rOAOrPA®bI P-BOJTH OT B3PbIBOB HA MNOLUAAKE BANAMAH ANA 3MULEHTPASIbHbIX PACCTOSAHUM 36°

Tabruya 2. Illapamempor noozemHuix a0epuvix 63pbieos bananan (CHII), sapecucmpuposannvix na cmanyuu Yoiceopoo

rrl‘llil p.qﬂ::.arrrr Hs:znerx?:c LUVLI;‘IOTa ﬂOJ;IIFEOTa Mo | Vimax A® AJZ:T MM:IP-OCEK Mpumeanns

01 | 23.07.1973 | 01:23:00,285 | 49,9688 | 78,8176 | 6,1 | 44-10° | 36,1349 | 65,98 | 7-02,231

02 | 15.09.1978 | 02:37:00,07 | 49,9292 | 78,8627 | 6,0 | 96-10° | 36,1759 | 66,03 | 7-03,020

03 | 23.06.1979 | 02:57:00,19 | 49,9156 | 78,8452 | 6.2 | 34-103 | 36,1700 | 66,05 | 7-03,702 No 3 BbINaaeT MPUMEPHO Ha +1 cek
04 | 02.12.1979 | 04:37:00,05 | 49,9097 | 78,7850 | 6,0 | 41-10° | 36,1356 | 66,09 | 7-04,226 o0 max N2 4 BbINaZAET MPUMEPHO Ha +2 CeK
05 | 23.12.1979 | 04:57:00,067 | 49,9328 | 78,7502 | 6,2 | 41-10° | 36,1065 | 66,06 | 7-02,404 6pak NIeHTI

06 | 13.00.1981 | 02:17:20,91 | 49,9140 | 78,8952 | 6,1 | 41-10° | 36,2009 | 66,04 | 7-02,711 BCTYMNEHUE Ha MUH MeTKe

07 | 25.04.1984 | 01:09:06,14 | 49,9370 | 78,8510 | 6,0 | 39-10° | 36,1946 | 66,02 | 7-02,653

08 | 14.07.1984 | 01:09:13,14 | 49,9091 | 78,8778 | 62 | 39-10° | 36,1921 66,05 | 7-03,209

09 | 15.06.1985 | 00:57:03,25 | 49,9081 | 78,8394 | 6,1 | 39-10° | 36,1534 | 66,06 | 7-03,213 BT0pOi N 9 BbINAKaeT MPUMEpHO Ha +1 cex
10 | 17.04.1987 | 01:03:07,241 | 49,8836 | 78,6719 | 6,0 | 39-10° | 36,0760 | 66,17 | 6-59277 | A°mnecTs [lereneH BbinagaeT npuMepHo Ha ~2-3 cex
11 | 20.06.1987 | 00:53:07,165 | 49,9369 | 78,7456 | 6,1 | 39-10° | 36,1023 | 66,06 | 7-02,224

12 | 15.11.1987 | 03:31:09,215 | 49,8988 | 78,7567 | 6,1 | 39-10° | 36,1222 | 66,11 | 7-02,403

13 | 13.12.1987 | 03:21:07,31 | 49,9615 | 78,7934 | 6,1 | 39-10° | 36,1227 | 66,00 | 7-01,724

14 | 13.02.1988 | 03:05:08,327 | 49,9322 | 78,8681 | 6,1 | 39-10° | 36,1782 | 66,02 | 7-03,449 BbiNafaeT MpUMEpHO Ha +1 cex

15 | 03.04.1988 | 01:33:08,204 | 49,9072 | 78,9072 | 6,0 | 39-10° | 36,2106 | 66,04 | 658,040 A" max bomin €CTb lerernen

BbinagaeT NPpUMepPHO Ha -5 cek

*Mpumevanune: Kanansl CKM.
A° min-max: 36,076 (Ne 10) — 36,2106 (Ne 15)
too min-max: 6 muH 58,040 cek (Ne 15) — 7 muH 4,226 cek (Ne 4)

Tabruya 3. Hapamempor nodzemuuix s0ephvix 63puieos bananan (CHUII), sapecucmpuposannvix Ha cmanyuu Braousocmox

o o
I"I‘;;'I mfﬂirrr HE :r:nenmﬂcc mu°';l°Ta noglrio-ra Mo | Viax A° A\:L;\)T MM:Ip-OceK Mpumeanms

011 30.11.1969 | 03:32:59,732 | 49,9243 | 78,9558 | 6,0 | 25450 |36,3975| 299,64 | 7-04,707

02 | 02.11.1972 | 01:27:00,2 | 49,9270 | 78,8172 | 6,1 | 24735 |36,4851| 299,67 | 7-04,849

031 10.12.1972 | 04:27:10,0 | 50,0270 | 78,9956 | 6,0 | 24735 |36,3544 | 299,80 | 7-04,009

04 | 23.07.1973 | 01:23:00,285 | 49,9688 | 78,8176 | 6,1 ? 36,4776 | 299,74 | 7-04,887 ecTb Ha UZH

05 | 27.04.1975 | 05:36:59,76 | 49,9392 | 78,9078 | 5,6 | 23317 |36,4254 | 299,67 | 7-04,120

06 | 29.08.1978 | 02:37:08,954 | 50,0092 | 78,9675 | 5,9 ? 36,3751 299,77 | 7-04,143 ectb [lerenex

07 | 15.09.1978 | 02:37:00,07 | 49,9292 | 78,8627 | 6,0 | 25100 |36,4559 | 299,66 | 7-04,128 ectb Ha UZH

08 | 23.06.1979 | 02:57:00,19 | 49,9156 | 78,8452 | 6,2 | 23317 |36,4694 | 299,64 | 7-02,624 BbINagaeT Ha —2 cek; ecTb Ha UZH
09 | 04.08.1979 | 03:56:59,76 | 49,9044 | 78,8869 | 6,1 | 23317 |36,4448| 299,62 | 7-04,904

10 | 28.10.1979 | 03:16:59,71 | 49,9969 | 78,9955 | 6,0 ? 36,3596 | 299,75 | 7-03,906

11 | 02.12.1979 | 04:37:00,05 | 49,9097 | 78,7850 | 6,0 | 13000 |36,5087 | 299,64 | 6-45,299 BbinagaeT Ha —20 cek; ecTb Ha UZH
12 | 23.12.1979 | 04:57:00,067 | 49,9328 | 78,7502 | 6,2 | 13000 | 36,5268 | 299,69 | 7-05,881

13 | 13.09.1981 | 02:17:20,91 | 49,9140 | 78,8952 | 6,1 | 13000 |36,4378 | 299,63 | 7-03,940 BbINagaeT Ha —2 cek; ecTb Ha UZH
14 1 18.10.1981 | 03:57:05,27 | 49,9286 | 78,8446 | 6,1 ? 36,4675 | 299,66 | 7-04,900

15 | 29.03.1984 | 05:19:10,84 | 49,9115 | 78,9281 | 59 | 25100 |36,4173 | 299,62 | 7-04,066

16 | 25.04.1984 | 01:09:06,14 | 49,9370 | 78,8510 | 6,0 | 25100 |36,4619 | 299,68 | 7-04,693 ectb Ha UZH

17 | 26.05.1984 | 03:13:15,12 | 49,9802 | 79,0062 | 6,1 | 25100 |36,3557 | 299,72 | 7-03,708

18 | 14.07.1984 | 01:09:13,14 | 49,9091 | 78,8778 | 6,2 | 25100 | 36,4498 | 299,63 | 7-04,491 ectb Ha UZH

19 | 02.12.1984 | 03:19:09,1 | 50,0091 | 79,0088 | 59 | 25100 |36,3491 | 299,77 | 7-03,216 A°, tomin

20 | 15.06.1985 | 00:57:03,25 | 49,9081 | 78,8394 | 6,1 ? 36,4744 | 299,63 | 7-05,601 €CTb BTOPOW; ecTb Ha UZH

21| 17.04.1987 | 01:03:07,241 | 49,8836 | 78,6719 | 6,0 | 25100 |36,5854 | 299,62 | 7-05,706 A° max; ecTb [lereneH; ectb Ha UZH
22 | 20.06.1987 | 00:53:07,165 | 49,9369 | 78,7456 | 6,1 | 25100 |36,5290 | 299,70 | 7-05,203 ectb Ha UZH

23| 02.08.1987 | 00:58:09,27 | 49,8808 | 78,8747 | 5,9 | 25100 |36,4567 | 299,58 | 7-05,043 ecTb Hosas 3emns

24 1 15.11.1987 | 03:31:09,215 | 49,8988 | 78,7567 | 6,1 | 25100 |36,5287 | 299,63 | 7-05,488 ectb Ha UZH

251 13.12.1987 | 03:21:07,31 | 49,9615 | 78,7934 | 6,1 | 25100 |36,4943| 299,73 | 7-06,258 too max; ectb Ha UZH

* MpumeyaHme:

Kananb! 10 13.09.1981 CK, 3atem CK[.
A° min-max: 36,3491 (Ne 19) — 36,5854 (Ne 21)

too min-max: 7 muH 03,216 cek (Ne 19) — 7 muH 06,258 cek (Ne 25)
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MAB BananaH (CUM) ~36°A
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CraHpapTHas ownbka | t-ctaTucTuka P-3HayeHue
UZH Y-nepeceyenve 2,466736 171,9714 3,27-10-2
MepemeHHas X 1 0,029653 -0,72088 0,483746
VLA Y-nepeceyenue 2,3320 180,7468 9,12-10-%
MepemeHHas X 1 0,0289 1,41236 0,171232

Pucynoxk 3. Tpeno eapuayuii tpo 6 karenoapnom epemenu na mpaccax Yoiceopoo — bananan (UZH-Bal),
Braousocmox — bananan (VLA-Bal)

BbIBO/IbI
B pesynbrate BeIOOpKH 3anmceit peructparms CeMu-

Tabauya 4. Hzmenennoe epemsa npodeza om 1B bananan
(CHII), 3apecucmpuposannbix Ha cmanyuu Yoczopoo

MaJIATUHCKKUX B3PBIBOB Ha IUIoMIaake bananan Ha camux
ceiicmorpammax ctanuuiit ECCH CCCP, BuepBrie moiy-

YeHbI BpeMeHa IIpodera IpoJOoJIbHEIX BOJH (tp). OfHaKo

BO BpeMs IIOCTPOCHUI ObUIM OOHApY>KEHbI HETOYHOCTH
BO BPEMEHHU PETUCTPALIUU.

Tak, 1151 cTaHUU YKropoJl 3Ha4Y€HUs BpEMEHHU Mpo-

Oera P-BoiHEI BRIIAAAOT OT —5 10 +2 cekyH] (Tabmuma

4).

Ne u3 tabn. 2 At, cek tiam uzH MUH-CEK
3 +1 7-2,702
4 +2 7-2,226
9 +1 7-02,213
10 —(2-3) 7-01,277
14 +1 7-02,449
15 -5 7-03,04
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Jns cranmuu BriaauBOCTOK TakWX OTKIOHEHUM
MeHbl1Ie — Bcero 3 3Hadenus (tabnuna 5). OnHO U3 HUX
(Ne 11), k coxarnenuro, cuibHO Bbluenserca (—20 ce-
KyHI).

Tabauya 5. Hzmenennoe epems npobeea om I[1AB Bananawn
(CHUTI), 3apecucmpuposanuvix Ha cmanyuu Braousocmok

Ne u3 Tabn. 2 At, cek tusm vLA MUH-CEK
08 -2 7-04,624
11 -20 7-05,299
13 -2 7-05,94

ITocne BHeCeHUs MONPABOK OBLIM MOTYYEHBI ypaBHe-
Hus rozorpados Ha Tpaccax (T, Bpems B ceKyHIax):

Yorceopoo — bananan (UZH-Bal):

Tp=57,5753 + (10,0924 + 1,9344)-A°, rnie snuuueHT-
pasbHOE pacctosiaue 36,0760° < A <36,2106°;

Braousocmok — bananan (VLA-Bal):

T, = 67,0600 + (9,8139 + 1,5839)-A°, rae snuIeHT-
panbHOe paccrosiaue 36,3491° < A <36,5854°;

1 00wutl 10KATbHBIU 20002pagh:

T, =129,2502 + (8,1085 + 0,4342)-A°, rae smueHT-
paIbHOE PaCCTOSTHUE HAXOJUTCS B Tuana3zoHe A~36,0—
36,6°, uto coorBeTcTBYET ~4000 KM.

le/l TaKUX 3HAYCHUAX 6I)IJ'II/I paccuyuTaHbl TPCH/bI Ba-
puanmii BpeMeH! npodera B 3aBUCHMOCTH OT KaJleHIap-
HOM natsl (tp, BpeMs B cekyHaax, T — nocneHue nse nudg-
pHI ro1a):

tp uzn= 424,2081+(—0,0238+0,0297) T,

tp via= 421,5040+(0,0408+0,0289) T.

IIpsimonnHeliHas perpeccus AJis 3aBUCUMOCTH OT Ka-
JIHOAPHOI aThl UMEET pa3HOHANPABICHHbIC TPEH[bI:
Uit Y Kropoaa — C1abo0TpHLATeIbHBIN, 11 Biaauso-
CTOKa — CITa0OMOJIOXKHUTENBHBIA. JTO TaK)Ke CBHUIETEIb-
CTBYCT O PAa3JIMYHBIX MNpOLCCCaxX Ha TI'paHULIC HHKHAA-
BCPXHA MAaHTUA.

CraenaHbl OLIEHKH CKOPOCTH NPOAOJIBHBIX BOJH JUIs
JTAHHBIX Tpacc.

3AK/TIOYEHUE

[omy4eHnsle ypaBHEHHs rogorpadoB CBUAETEIBCT-
BYIOT O CXOXHX 3HAYCHUAX CKOpOCTeﬁ IMPOAOJBbHBIX
BOJIH JJIsI SMUIICHTPAJIbHBIX PACCTOSHUM ~36° Ha KOHTH-
HEHTaJIbHOM YacTH BOCTOYHOTO MOJYLIAPHs 3EMHOTO
1Iapa BHE 3aBUCHMOCTH OT HAIIPABJICHHUS OT MCTOUHHUKA
KoJiebaHuii (Ha 3ama]] Wik BOCTOK 0T CeMHnalaTHHCKOTO
MOJUroHa). BeposATHO, 3HaYeHHE CKOPOCTH Ha Tpacce
Vxropon — bajanan HECKOJIBKO BBIIIE 3@ CUET MEHbLIE-
T0 YHucla 3aperucTpupoBaHHbIX [ 1B, a Taxoke Oomnee BBI-
COKOM YyBCTBUTEJIBHOCTH y cTaHUMM Bnanusoctok. Ha
ceficmoctaniuu VLA MuHUManbHasi 3aperUCTPUPOBAH-
Hasl MarHUTyZa mp cocTaBuiaa 5,6, B TO BpeMs, Kak Ha
UZH - 6,0. 3nauenus ckopoctu V, coctaBunu ~10 km/c
(UZH) u ~9,8 km/c (VLA). B cranmaptHoil Mojeiu
PREM (Preliminary Reference Earth Model) ato coor-
BETCTBYET JIMOO IIePEeX0AHON 30HE OT BEpXHEH MaHTHH K
HWKHEH, 1100 HikHer ManTuu (<1000 kM 1o riryOuHe).
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36° SHIUIEHTPJIIK KAIIBIKTBIKTAP YIIIH BAJIATIAH YYACKECIHJETI'T
KAPBUIBICTAPJAH P-TOJIKBIHJIAPBIHBIH XOJOTPA®USCHI

K. C. Heneuna!”, B.A. An?

! Bimkex Kanacoinoazvt PFA souioimu cmanyuscot, biwkex, Kvipevizcman
2 Caoosckuii PFA Ieochepanap ounamuracot uncmumymol, Mackey, Peceit

* Baunanvic ywin E-mail: nepeina.k@mail.ru

Kymeicra 1969-1988 xpummap apanerbiHnarsl bananan (bam) nomuronsiagarsr Cemelt monuronsHbH (CTC) sxepacTs
SITPOITBIK JKapbuTbicTapbIHEIH (B¥ D) Tipkemyi Typaisl monimMerTep OepinreH. bipeiHFail celicMUKANBIK OaKplIay KbI3METi-
HiH eki cranmusacel (CCCP ESSN) — Vikropon (UZH) xone BmagmBoctok (VLA), eiiTkeHi onap YIIiH SIMUICHTPIIK
KaIIBIKTHIK Oip-0ipine eH skakbiH A~36°. Hakrel UNE peectpiniH jxa30anaps! Peceli FbUIBIM aKaaeMHUsiChIHBIH [ eochepa
JTUHAMUKAChl MHCTUTYTBIHBIH MyparaTbiHia cakrainrad akageMuk M.A. Cagosckuit (PFA /D). [lene TOAKBIHIAPBIHBIH
mamacel (my) 5,6-pan 6,2-re neiiin. Omap yuriH OipAed KalbIKTHIKTarbl CTAHLHUsUIApAa OOMIBIK TOJNKBIHHBIH JKYPY
YaKbITHI (tp0) anbiHABL. TipKey yakbIThl Typasibl MAJIMETTEepre Ty3eTyJiep eHri3uiai sxone A~36,0-36,6° nuana3zoHbiHIA
UZH-Bal, VLA-Bal xoHe >epriiikri i3aep yuis rogorpadTap KypacTeIpbuLabl. V, KbU1IaMIabFbl ~10 kM/c 00bl.

Tyiiin co30ep: s10ponvik HCapvlLIbic, OOUTBIK MOIKbIH, CAAXAM YaKblmbl, MOMeH2i manmus, 2ooozpag, SIP.
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P-WAVE TRAVEL TIME CURVES FROM EXPLOSIONS AT THE BALAPAN SITE
EPICENTRAL DISTANCES OF 36°

K. S. Nepeinal®, V. A. An?

! Research Station RAS in Bishkek, Bishkek, Kyrgyzstan
2 Sadovsky Institute of Geospheres Dynamics RAS, Moscow, Russia

* E-mail for contacts: nepeina.k@mail.ru

The paper presents information on the registration of underground nuclear explosions (UNEs) of the Semipalatinsk test
site (STS) at the Balapan site (Bal) from 1969 to 1988. Two stations of the Unified Seismic Observation Service (ESSN
USSR) - Uzhgorod (UZH) and Vladivostok (VLA), since the epicentral distances for them are closest to each other A~36°.
Records of the register of specific UNEs have been preserved in the archives of the Institute of Geospheres Dynamics of
the Russian Academy of Sciences. Academician M.A. Sadovsky (IDG RAS). Body wave magnitudes (ms) range from
5.6 to 6.2. For them, at equidistant stations, the travel time of the P-wave (t,) was obtained. Corrections were made to
the data on the registration and travel time curves were formed for the UZH-Bal, VLA-Bal and local traces for the range
A~36.0-36.6°. Velocity V, is equal ~10 km/s.

Keywords: nuclear explosion, P-wave, travel time, lower mantle, STS.
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TEOPETUYECKHUE UCCJIEJOBAHUA U PEHIEHUA OIITUMAJIBHBIX PEXKUMOB ITPOLIECCA
TEPMHUYECKOI'O HAIIBIJIEHUSA HVOF JJIA HOKPBITHUA Cr3;Cz-NiCr

B. K. Paxaguaos!, I1I. P. Kyp6an6exos!>*, B. Ceiitos!, H. Mykranosa?, /1. J. Baara6aesa®*, K. Karnaesa!

! Bocmouno-Kasaxcmanckuii ynusepcumem um. C. Amansconosa, Ycmo-Kamenozopcx, Kazaxcman

2 Bocmouno-Kazaxcmanckuii mexnuueckuii ynueepcumem um. /l. Cepuxoaesa, Ycmo-Kamenozopck, Kazaxcman
3 Meacoynapoonuiii kazaxcko-mypeuxuit ynueepcumem umenu X.A. Acasu, Typxecman, Kazaxcman
4 TOO «HMucmumym unnosayuonHbIX MexXHoN02uil u HO6bIX Mamepuanoey, Typkecman, Kazaxcman

* E-mail ona konmaxmos: dil.baltabaeva315@gmail.com

B crathe paccMoTpeHBI TeopeTudeckue uccaenoBanus MOKpeITUs U3 Cr3Co-NiCr s momamoxku u3 mupkoHus. s mo-
JIy4eHUsI JaHHOTO MOKPBITHS ObLT HCCIIEA0BAH OANH U3 BHICOKOA(P(PEKTUBHBIX METOI0B — BLICOKOCKOPOCTHOE KHCIIOPO/I-
HO-TOoIUTMBHOE TepMmuueckoe Hanblieane (HVOF). Hanecenne mokpeITHs MpoW3BOAMIIACH HA Pa3IMIHBIE 00pasIbl O~
JIOKEK M3 IUPKOHHS TOJIIUHONW 3—5 MM, muHOM 20 MM 1 mupuHOi 30 MM, npu ckopocTH HambLieHuss 600—700 m/c.
Temneparypa Bo Bpems HanbuieHus: MetoioM HVOF cocraiser oxoro 3000 °C, remneparypa oxnaxaenus 27 °C. Hc-
ciiestyst Teoperuueckue nanuele st MoKpbITHs U3 Cr3Cor-NiCr onpelesieHbl pa3BUBAIONIMECs U TEIJIOBbIE HANPSHKEHUS
nocie oopaborku HVOF meromom CroyHa u ypaBHeHusiMu bpennepa u Cenaepodda ¢ TOIIUHON TOKPBITHS He OoJiee
0,6 MM 7151 KapOMIHBIX MOKPBITHH. [To pe3ynpraTaM TeopeTHYECKHUX MCCIIeaoBaHui ObUTH HalaeHsl 3HaueHus dddek-
THUBHOCTH OCaXXIE€HHSI MeToI0M, IpeaioxeHHbM Kosaku Shinoda. ITo pe3ynbpraTaM TeOpeTHUECKHX M MAaTEMaTHUECKUX
pacuetoB 3QPeKTUBHOCTh ocaxkaeHus At MOKphITH U3 Cr3Co-NiCr ¢ mou1oKKoH IUPKOHHS HaXOAWTCS B Ipereax
59,5-69,4%. Takum 0O6pa3om, OBIIIO yCTaHOBIICHO, YTO 3((EKTUBHOCTD OCAXKIACHHUS [UIS TOKPBITHH 3aBUCHUT OT TOJIIINHBI
OJUTOKKH, CKOPOCTH MOAAYM MOPOIIKA, & TAKIKE OT MACChl HAHOCHUMOT'O MaTepuaia U, COOTBETCTBEHHO, OT KOJIMUECTBA

TIPOXOA0B HAIIBIJICHUA.

Knrouesvie cnoea: HVOF, sgpexmusnocmov ocasicoenusi, nokpwvimue Cr;Co-NiCr, yupkonuii, ocmamounoe

HanpsoceHue.

BBEJIEHUE

CoBpeMEHHYI0  MPOMBIIIJIEHHOCTh ~ HEBO3MOXHO
NpEeJCTaBUTh 03 pPa3sBUTHs dHEPreTUKHU. JlOCTIIKEHHS
YUYEHBIX B 00J1aCTH KBAaHTOBOI U siI€pHON PHU3NKH, MaTe-
pHaia 1 MeTaIJIOBEICHHS Y K€ HaIlJIM CBOE NPUMEHEHHE
B CO3JaHMM AaTOMHBIX 3JIeKTpocTaHuui. besomacHas
siIepHasl SHEPTreTHKa, 0e3yCIOBHO, BO3MOXKHA, M aTOM-
HBIE 3JIEKTPOCTAHLMH B HACTOSIIEE BPEMs BO MHOTOM
9KOJIOTHYECKH O€30TIacHee, YeM IIIEKTPOCTAHINH, (PYHK-
LUOHHUPYIOIINE HA OpraHndeckoM Toruse. Cpeau npu-
OPHUTETHBIX HANpAaBJICHUI Pa3BUTHs HAyKU M SACPHBIX
TEXHOJIOTUI MO>KHO BBIIEJIUTH Pa3pab0TKU TEXHOIOTHH
ACTAIUXCA U paAUOAKTUBHBIX MaTCpUaJIOB, TEXHOJIOTHUI
nepepabOTKK OOJYy4EHHOTO SJEPHOro TOIUIMBA U 00pa-
oICHUA ¢ paJluOaKTUBHBIMU OTXOJaMH, a TaKKE pa3pa-
060TKy mnorjomaromux vieMenToB. Ocoboe MecTto B
SIIEPHOM NPOMBIIUIEHHOCTH M YHEPreTHKE 3aHUMaeT
npoOiemMa CO3IaHusI M MOAEPHU3AIMN MaTEPHAJIOB, W3
KOTOPBIX KOHCTPYHPYIOT 00JacTH SAEPHBIX PEAKTOPOB,
IZIe PacIoyiaraeTcsl SACPHOE TOIUIMBO M IIPOMCXOAUT
LenHas peakuus neneHus. K TakuM marepuanaM OTHO-
CATCS MPEXKJE BCEro HUPKOHUEBbIE CIulaBbl. L{upkonuit
U €ro CIUIaBbl OTJIMYAIOTCA BBICOKOH IIIACTHYHOCTBHIO,
HU3HOCOYCTONYHMBOCTBIO, TEIUIONPOBOJHOCTBIO, JKapo-
CTOMKOCTBIO, UCKJIFOUUTEIbHON CTOMKOCTBIO K KOPPO3UU
B YCJIOBUSAX UHTCHCHUBHOI'O HeﬁTpOHHOFO 06J1yqu1/1;1 u
arpeccuUBHBIX cpenax [1].

[upxoHuil — Marepuan, KOTOPbIM MPpU BO3AECHCTBUU
OIIpEe/IeTICHHBIX (PAaKTOPOB MOXKET U3MEHATH (HOpMy, ue-

My criocoOcTByeT nosjmuMopgHoe (o + B)-mpeBparieHue.
IlupxoHUil Takke NOABEPKEH PaUallMOHHOMY pPOCTY,
KOTOPBIl 0COOCHHO CHJIBHO MPOSBIISICTCS MPH JJTUTEIIb-
HOM 00ny4yeHuH (paxuanuoHHas ToszydecTts). Llupko-
HHUEBBIE CIUIaBBI 00J1a1al0T BEICOKOH KOPPO3MOHHOH yc-
TOWYHMBOCTBIO M HU3KUM CEUCHHEM IIOTJIOIICHHUS TeIIo-
BBIX HEMTPOHOB IIPH HOPMAJBHBIX YCIOBUAX IKCILTyaTa-
uuu. HeoTbemiieMoil 4acThio TEXHOJIOTUH IPOU3BOICTBA
morypadprUKaTOB IMPKOHUEBHIX CIUIABOB SIBISETCS Ha-
TpeB B MeYax C BO3AYLIHON atMocdepoit. Llupkonuit u
€ro CIUIaBHI SBJSIOTCS T€TTEPHBIMH MaTepuaiaMu (ak-
THUBHO BCTYHAIOT B PEAKIIHIO C KHCIOPOZOM Ha BO3IYXeE).
B cBs13u ¢ 3TUM BBICOKOTEMIIEPATYPHYIO TEPMHUECKYIO
00pabOTKY IIUPKOHHUEBBIX CIUIABOB CJICAYET IPOBOMTH B
BaKyyMHBIX Tle4yax J0o B Ie4ax ¢ HHEPTHOH aTMocde-
poit [2].

W3BecTHO, 4TO 3alIMTHBIE TEXHOJIOTUYECKHE MOKPHI-
TS 3QPEKTUBHO 3aIUIIAIOT IOBEPXHOCTD METAJUINIEC-
KX M3ICTHHA MPH TEPMUIECKOH 00paboTKe OT OKHCIe-
HUS ¥ Ta30HACHIIICHUS, YTO TTO3BOIISIET TEpMOOOpadaThI-
BaTh UX B [leYax ¢ BO3AyIIHOW atMocdepoit. J{ns uupko-
HUEBBIX CIUIAaBOB HEOOXOIMMO CO3/IaHHME MOKPBITHS, KO-
TOpOE, KPOME 3aIUTHI OT OKHCIICHNS M Ta30HACHIIICHNUS,
MI03BOJIUT COBMECTUTH TEMIIEPATYPbI (POPMUPOBAHUSI T10-
KPBITHS C TEXHOJIOTUYECKUM PEXKUMOM Harpesa. B To xe
BpeMsI TIOKPBITHE HE JIOJDKHO COJEPKATh dJIEMEHTHI, 00-
Jlaiaroye OONbIINM CEYEHNEM ITOTJIOMIEHUS! TEIIOBBIX
HelTpoHoB, Takue kak B, Co, W u ap. 3HaunTenbHyto
TPYIHOCTh NpEICTaBIsIeT pa3paboTka HU3KOTEMIIEpa-
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TYpPHOTro 0€300pHOT0 MOKPBITHS, TOCKOJIbKY OOPHBIN aH-
Tuapua ABJIACTCA OJHHMM K3 OCHOBHBIX KOMIIOHCHTOB
JIETKOIUTABKHUX SMaliel, CHOCOOCTBYET YMEHBIIICHUIO
KPUCTAUTU3AI[HOHHON CITIOCOOHOCTH TOKPBITUH, YBEIH-
YUBAET JIEKTPOCONPOTHBIICHUEC ¥ XUMHUYCCKYIO YCTOMU-
gnBOCTh. OJHAMH W3 OCHOBHBIX TPEOOBAaHWI K 3aIlIUT-
HBIM TEXHOJIOTTIECKIM TOKPBITHAM SIBIISIOTCS XOPOIIHE
CMas3BIBAIONINE CBOWCTBA U a[re3us C METAJUIOM B IIPO-
necce aedopmarym [3—4].

BricokoTemmepatypHOe OKHCICHHE LHUPKOHUEBBIX
CIUIaBOB HCCIEYIOT npu Temmeparypax 600-1200 °C.
Kucioposa B3auMoeiicTByeT ¢ IMPKOHUCBBIMU CILIaBa-
My, HaunHas ¢ 780 °C. OOpa3yroTcs OKCUIHAS TUICHKA U
30Ha I0J] IUICHKOH, O0OTalleHHash KUCIOPOJIOM, B pe-
3yJIBTaTEe Yero HAOI0AeTCs Pe3KOe CHIDKCHHE IUIACTH-
YHOCTH. Y CTaHOBIICHO, YTO Pa3pyIICHHE TUICHKHU IPOUC-
XOJUT M3-32 (Pa30BOTO Mepexojia reKCcaroHaIbHOM IUI0T-
HOYTIaKOBAHHOW PEIIETKH B 00BEMHO-IIEHTPHUPOBAHHYIO
KyOmueckyto. HecoorBercTBre 0O0BEMHBIX (PAKTOPOB
9THX (pa3 IPUBOIUT K U3MEHEHHIO Pa3MEPOB MU3ICITUI U
neopManuy OKCHIHBIX IUICHOK. IIpy 3TOM HUPKOHUI
HMMeEeT MOHIKEHHYIO IPOYHOCTH, YTO MPUBOANT K ITOSB-
JICHHUIO TPEIIUH U MOTCPE 3CTETUUCCKOIoO BUAA. Tpa)m—
IHUOHHBIC CHOCO6])I 3allUTbl OCHOBAHbBI HAa TOM, '-ITO6bI
COXPaHUTh LUPKOHUM. DTO MOKHO CIIENIaTh C MIOMOIIIBIO
M3MCHEHHS COCTOSIHUSI TOBEPXHOCTH ISl TTOBBIIICHUS
KOPPO3MOHHON CTOWKOCTH WJIM HAHECEHWS 3allUTHBIX
MOKpBITUH [5—6].

JJs TIOBBIMIIEHAST TBEPAOCTH, H3HOCO- U KOPPO3UOH-
HO-CTOWKOCTH HAPKOHHUEBBIX CIUIABOB Ha WX TOBEPXHO-
CTH pa3IMYHBIMH METOIaMH POPMHUPYIOT DYHKIIHOHAIB-
HBIE MOKPBITHSA, HAIpUMep OKcHAHbIE. ONTUMATEHBIMU
MTOKPBITHAMH SABJISIFOTCS T€, KOTOPBIE BKIIFOYAIOT 3JIEMEH-
THI, 0Opa3yromre Hanboee MPOYHbIE OKCHIHBIC TUIEHKH.
Tpebyemoii MPOYHOCTHIO 001aJaeT OKCH/] IIMPKOHUS, HO
IpU TOBBIIICHUH TEMIEpaTypbl MPOUCXOAAT (Da3oBbIe
npespaienus. OKCHIaMH ¢ MEHbILEH TeruIoTol 00paso-
BaHUS SBISIOTCSI OKCHIIBI AIFOMUHMS U Xpoma. [Tocnen-
HUH MO3BOJISET 00CCIICYHTH NMpenaTcTBre AU Hy3un Ku-
ciopona. M3BecTHBIE TEXHOJOTHHA (POPMUPOBAHHS Ha
OUPKOHUEBHIX CIDIABAX OKCHIHBIX MOKPHITHNA 00TIa1aloT
pAOOM HEIOCTATKOB, & WMEHHO OOJBIIOW IPOIOIIKH-
TEJBHOCTBIO IMPOIECCa, TEXHOIOTUIECKON CIOKHOCTBIO
1 TOKCHYHOCTBIO NPHMEHSEMBIX MaTEpUAJIOB, YTO CIO-
COOCTBYET MOSIBIICHHIO HOBBIX METOJIOB ()OPMHUPOBAHHUS
3allIUTHBIX HOKpI)ITI/Iﬁ Ha U3ACIUAX U3 HUPKOHUCBBIX
crutaBoB [7].

Haubonee »¢¢eKkTHBHOE TMOBBIIMIEHHE CTOWKOCTU
IUPKOHUCBHIX CILIABOB K BBICOKOTEMIIEPATYPHOMY OKH-
CJICHUIO JOCTUTHYTO C MIPUMEHEHUEM HAHECEHUS XPOMO-
BBIX IOKPBITHIA C TYTOIUIABKAM KEPAMHYECKUM WA Me-
TAJTIYECKUM TToIcIoeM. Pa3paboTka TeXHOIOTHI HaHe-
CCHHS TIOKPBITHI Ha 000JIOYKH TBAJIOB B HACTOSIIIEE Bpe-
Ms aktuBHO Benércs B Poccum (TPUHUTU, MUDU,
Kpacnas 3espa, BHUMHM, HUMAP, MOU), CIIA
(MIT, WE, GE, GNF, UChicago Argonne, PennState),
Opannun  (CEA, Framatome), Kurae (NPIC, SCU,
CGN), HOxnoit Kopee (KAERI, KHNP), Yexun (CTU,

UJP) u Ykpaune (HHL XDTH). XpoMoBbIE MOKPHITUS
Ha UPKOHUEBBIX CIUIABAX TaKXKe 00eCIICUNBAIOT:

— TIOBBIILICHHYI0O M3HOCOCTOWKOCTH (TIOTEpPST MacChl
o0pasia B cpetHeM B 5 pa3 MeHbIIE);

— TOBBIIICHHYIO KOPPO3HOHHYIO CTOMKOCTH B Hape
mpu 1200 °C (mpuBec Maccrl 3a 2 gaca B 20 pa3 MeHBIIIR);

— TOHWXXEHHYIO BOJIOPOAONPOHHUIIAEMOCTh: MOKa3a-
HO, 4TO 32 4 4. okucnenus B mape nmpu 1000 °C xommdae-
CTBO TIOTJIOMIEHHOTO BOJOPOAA B CIUIaB Zry-4 ¢ OKpPHI-
tieM 10 mxm Cr He npeBbiaet 80 ppm; moka3aHo, 4To
KOJIMYECTBO BOJIOPO/Ia B 00pa3Iax upKkoHus (Zr) ¢ Xpo-
MOBBIM TIOKPBITUEM TI0OCJIE ABTOKJIABHBIX HUCIIBITAaHUHN
(400 °C, 200 atm) ymenbiaetcs ¢ 5,5 1o 0,1 monekybt
Hz/ r;

— OKHCJIEHHE I0 MapaboimyeckoMy 3aKoHy Oe3 Ha-
CTYIUIEHUS JInHEeHHOM ctaguu [8§—10].

Baczynski B cBoeit HayuHoii pabote (2014 r.) ucce-
JIOBaJI MOKPBITUE W3 TUTAHA U3 MOJUIOKKHU Zry-2 METo-
JOM  MarHMTHOTO  pacIlbUIEHHs C  TOJIIUHAMH
0,0215 mxm, 0,043 mxm, 0,0645 MKM TIpE TeMIiepaType
okucienus B BogsHoM nape 700 °C. Ecim kpatko omm-
caThb METOJ] MarHUTHOTO PACHBUICHHS, TO 3TO TEXHOJO-
Ir'us HaHECEHHUs TOHKMX IIEHOK Ha MOJJIOXKKY C IOMO-
HIbIO KaTOAHOI'O pAaCIIblJICHUS MUILICHU B IJIa3ME€ MarHe-
TPOHHOI'O pa3psiia — JUOIHOTO pas3psisia B CKPEIEHHBIX
noJsix. TeXHONOTn4ecKue ycTpoWcTBa, NpeaHa3HaYeH-
HBIE Ul peajM3allii 3TOW TEXHOJOTHH, Ha3bIBAIOTCS
MarHeTpOHHBIMU PACIBUIMTEILHBIMA CUCTEMaMH, WIIH,
cokpaniéHHo, MarHerpoHamu. [IpuMeuarenbHO B 3TOM
paboTe TO, YTO TMOKPHITHE TUTaHA OKA3bIBAIO ITOJIOXKH-
TENIbHOE BIMSHUE Ha NMPEJOTBPAICHAE OKUCICHUS TPH
BBICOKOH TEMIIepaType, KOT/ia TOJIINHA CII0S TIOKPBITHS
Obina Beime 42 am [11].

Kim u np. B Hay4uHoi#i ctathe (2015 r.) mosryqusu mo-
KpbITHE Ha ocHOBe xpoMma (Cr) ¢ moanoxkod u3 Zry-4
METOJOM JIa3€PHOT0 OCAXAEHHs NMpH ToimuHe 80 MKM,
B KOTOPOM YCJIOBUS HUCHIbITaAHUA 6I)IJ'II/I TaKUC Kak, aare-
3MOHHBIC UCIIBITAHUS U BBICOKOTEMIIEpATypHOE OKHCIIE-
Hue npu 1200 °C. TIpumeuenus, KOTOpbIE CENaNy aBTO-
PBI TAKOBBI, IPH MEXaHUYECKUX M KOPPO3HOHHBIX UCITBI-
TaHMAX HE MPOUCXOIMIIO OTCIOSHHUE TIOKPBITHIH; TIPH HC-
MIBITAHUSIX HAa PACTSHKCHHE M CXKaTHE (POPMHPOBAINCH
TPEIINHBI; TOJIINHA OKCUIHOTO CII0S IIPH BBICOKOTEMIIE-
paTypHOM OKHCJICHNH Obljla CHIDKEHA B 25 pa3 B cpaBHE-
HUU CO CIIaBOM 0e3 MOKpbITHsI [12].

Brachet u np. (2015 r.) B Hay4HOH paboTe /115 IKCIIe-
PUMEHTA B3sUIH IMOKpPHITHE Ha OcHOBE Cr C MOAJIOKKOH U3
Zry-4. Mero HaHEeceHHS B 9TOH cTaThe ObUT (hH3HYECKOE
OCaXJECHUE W3 MapoBOH (a3bl IpPU TOJIIMHE OKOJIO
20 MKM, TIpH YJIOBUSIX UCIIBITAHUSI HA KOPPO3HIO B yCJIO-
BUSIX aBTOKJIAaBa M BBICOKOTEMIICPATypHOE OKHCIIECHUE
mpu Temnepatype 1000-1200 °C. OcobenHocTH 3TO0H pa-
OOTHI OBITH B TOM, YTO MOKPHITHE HA OCHOBE XpoMma 00-
Jaano MIOTHONH MUKPOCTPYKTYpOH; Oblia moka3zaHa 00-
Jiee BBICOKAsl IIPOYHOCTh U TIACTHYHOCTD CIIIaBa C MO-
kpeitueM Cr Tociie NCIBITaHNS Ha OKUCIICHHE, YTO 00Yy-
CJIOBJIEHO 0oJiee HM3KOM KHHETHKOW okuciaenud [13].
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Baneesa u ap. (2012 r.) B cBOeit HayuHOU paboTe nc-
CJIC/IOBAJIM JIBa BHJA MOKPBITHS, TaKue Kak NI CO CTek-
JITHHOM CMAa3Ko# ¢ MOJJIOKKOH u3 D125 MeTo10M XHUMH-
YECKOT0 ocaxkaeHust mpu TonmuHe 30—40 MKM 1pu ycio-
BHU UcHbITaHUN Bo3aywHbIH oTxkur 700-1000 °C. Ilpu-
MEYaHUs1, KOTOPBIE CIIEJIaTd aBTOPHI TAKOBBL, OBLIIA TIOKa-
3aHa YPPEKTHBHOCTD 3aUTUTHI MTOKPHITHA N1 TIpU TeMITe-
patype mo 800 °C; Taxxe OKCHAHBIE CIIOM HE 00pa3oBa-
JIMCh B CIUIaBax C IBOMHBIM cioeM [14].

Hayunoe wuccnenoBanue mokpbiTusi Zhong u Jp.
(2016 1.) ocnoBano Ha FeCrAl npu moamoxxke Zry-2 me-
TOJIOM MarHeTpOHHOTO pacHbUIeHus mpu ToimuHe 0,3—
1,3 MKM, B KOTOPOM YCJIOBUEM HCIBITaHUS OBUIO OKHC-
JeHue B BOAsHOM mape npu Ttemmneparype 700 °C. Ilpu-
MeudaHHe, KOTOpble ObIIO C/IeJIaHO TaKoBO, OBLIH HccIle-
noBanbl 4 cocraBa FeCrAl npu pasHoit ctuxomerpuy;
FeCrAl ¢ Gonee BeicOKMM copepkanneMm Al B cocraBe
CHOCOOCTBYeT 00pa30BaHUIO OKCHAA ATOMUHHS, YTO
CHIDKAeT CKOPOCTh KOPPO3WH OCHOBHOTO METallla, HO
MUHYC OBUT B TOM, YTO OKCHJ aTFOMHHHUS MIPUBEN K TOS-
BJICHHIO TIOP B IOKPBITHH, @ TAKXKe JUIS MOBBIIICHUS
CTOHKOCTH K OKHCICHHIO Ais Zry-2 Tpebyercs Oomee
ToJICTOE MOKphITHE [15].

B pabote Maier u mp. (2015 r.) ObUTO HCCIEA0BAHO
nokpbiTie Ha ocHoBe T1,AIC mpu momioxke u3z Zry-4,
METO/IOM XOJIOZJHOTO PACIIbUICHHUS, TOJIIMHA IIPH JKCIIe-
pumMeHTe Obu1a 0K0JI0 90 MKM IIPW UCIIBITAHUHU Ha OKHC-
neHne B Bo3AymmHOW arMocdepe mpu 700 u 1005 °C.
[IpuMegaHus, KOTOPEIE CHIENaTH aBTOPHI — MOKPEITHE 00-
nanaet Oosee BeICOKOU TBepAoCThIO (800 HV), uem Zry-
4, a TaxKe TUIOTHOCTBIO M XOPOIIeH afre3neil K moIIoxK-
Ke; TakKe MOKpPBITHE CHIKAET CKOPOCTh OKHCICHUS
CIUIaBa, OJTHAKO JJIS JATbHEHIIero MCIOIb30BaHMs Tpe-
Oyetcst ToHKOE OKphITHE (0K0J0 30 MKM) [16].

B crarbe Alat u a1p. ObUIO HCCIIEIOBAHO ITOKPHITHE HA
ocuoBe Ti;xAIN (0.54< x <0.67)/ TiN mpu MOI0XKKE
ZIRLO MeToaoM KaTOAHO-AYTOBOTO OCAXIEHUS TpU
ToJuuHe 4—12 MKM Ha YCJIOBHSX aBTOKJIABHOT'O UCIIBITA-
Hus npu 360 °C, 18,7 MIla B reuennu 3 nueit. OcoOeH-
HOCTH 3TO# paboTh! Takue: Ti moacioil HaHOCHIICS B Ka-
YEeCTBE CBAZYIOIIETO CII0S MEXKy KepaMHUIECKUM HOKPBI-
tieM u criaBoM ZIRLO; ObUIM JOCTUTHYTHI BBICOKHE
TOoKa3aTesu M0 KOPPO3UOHHONM CTOMKOCTH U aAr€3UH I0-
KPBITHS; U3 MHHYCOB OBLIO TO, uTO 0oOemHeHue Al mpo-
HUCXOIMIIO0 B 00pa3iiax, MOKPHITHIX 01HOCIONHBIM TiAIN,
4YTO NPHBEJIO K MOABJICHUIO MECTaruApoKCuaa aJlltoMUHUSA
AlO(OH), uTo CHMXKaIO KOPPO3UOHHYIO CTOHKOCTh. Ta-
KM 00pa3oM, JJIst pelieHust po0ieMbl ObUT pEKOMEH/IO-
BaH OapwepHusblid cioid TiN mosepx TiAIN [17].

Khatkhatay u gp. (2014 r.) uccnemoBaau HOKPBITHE
Ha ocHOBe Ti/N-Tig3s AlgesN npu momnoxke Zry-4 me-
TOJIOM MMITYJILCHBHOTO JIA3EPHOTO OCAXKICHHUS IIPH TOJI-
rrHe | MKM Ha yCIIOBHAX aBTOKIABHOTO HCIIBITAHUS TIPU
500 °C, 25 MI1a. ITpumeuaHust aBTOPOB: TIOKPHITHS TIPH-
BOJIUJIM K TIOBBILIEHUIO KOPPO3WHHOM CTOMKOCTH; IO-
kpbiTe Ti/N 1okazayio jy4iive 3aliTHbIE CBOMCTBA B
cpaBHEHHH C TOKpbITHEM Ti935 AlgesN [18].

Daub u ap. B HayuHO# pabote (2015 r.) uccrienosanu
nokpeiTust Ha ocHoBe CrN, TiAIN, AICrN npu moioxke
Zry-4 meronoM (pU3MYECKOrO OCaKAEHHS M3 IapOBOM
(a3sl TONMNHON 2—4 MKM, TIPH YCIIOBUSX aBTOKJIABHOTO
WCIIBITAHMS, BBICOKOTEMIIEpATypHOE OKHCIIEHHE TIPH
1100 °C u ucnpITaHue Ha BOAOIPOHAIIAeMOCTb. [Tpume-
YaHWUSA B OTOH cTaTtbe ObLTM TakoBHI: MOKpeITHE AICrN
00J1a/1J10 TUIOXMUMH 3aIIUTHBIMH CBOWCTBAMH, YTO OBLIO
JIOKa3aHUEM IUIOXOH aJre3uy U 0O0pa30BaHMEM TPEILUH
IIPU BBICOKOTEMIIEPATYPHOM OKHCICHUH; & IOKpPBITHE
CrN olecrieumsio JIydIryio KOppO3HOHHYIO CTOWKOCTD H
3am|Ty OT Bomopoxaa; musi TiAIN Obuia mpemiokeHa
JanbHeHas padoTa Mo U3yUSHHUIO BIMSIHUS MEXaHU4ec-
KHUX IOBPEKICHUHM Ha 3aILUTHbIE CBOWCTBA IOKPBITUN
[19].

B pabote Rezae u ap. (2013 r.) ObUTO0 H3Y4eEHO MO-
KpeITHE Ha OocHOBe Zr0,-Y,03 npu noioxke u3 Zry-4
MeTOJI0M 30JIb-Telb TOMIHHOH 0,97 MKM, TIpH YCITOBHAX
TEPMOOOPAOOTKH, 3IEKTPOXUMHUICCKOTO W3MEPEHHUS U
WCIBITaHUA Ha okucieHrne. OcoOEHHOCTH 3TOW HAyYHOH
pabOTHI 3aKITFOYEHBI B TOM, YTO Ka4E€CTBO OBEPXHOCTH U
KOPPO3HWOHHBIE CBOMCTBA MOKPBITUN CUIIBHO 3aBUCEIIN OT
TEeMITEpaTypbl TEPMOOOPAOOTKH, a TaK)Ke TPEIIMHBI Ha-
6HIOJI8HI/ICI) B MNOKPBITHAX, BBICYHICHHBIX MPH HU3KHUX
TeMIlepaTypax; IJIFOCOM 3TOW paboTh SBISIETCS TO, YTO
BBICOKasi aHTUKOPPO3MOHHAs 3aliuTa ObLIa JOCTUTHYTa
TOJIBKO IIpH cyiIke npu Temunepatype 700 °C [20].

Jim u np. (2016 r.) B Hay4yHbIX paboTax U3Y4HIN TO-
kpeitie Cr3C,-NiCr npu momioxke Zr-2.5Nb merogom
HVOF o Tommuae 250 MKM, TIpH YCIIOBHSIX aBTOKIIAB-
HBIX UCITBITAHUH, OKHCIICHNE B BO3AYIIHON aTMocdepe u
B mape mpu temmeparype 700-1000 °C. IIpumeuanus,
KOTOpBIE OBIIIM CAENaHBI, TAKOBBI: IMOKPBITHE 00JIa1aJI0
XOpOoIIeH aare3nueit, Ho UMENI0 OOJIBIIIOE KOJINIECTBO MH-
KpOIIOpP; B CPAaBHEHUH C HEMOKPBITHIM CIIJIABOM, CILIAB C
HOKPBITHEM 00JIa/la)l XOPOILeH CTOMKOCTBIO K OKHCIIe-
HHUIO; a TaKKE IMMPU aBTOKJIABHBIX UCIBITAHUAX Ha6n10)1a—
JI0Ch 00pa30BaHKe TPEIIMH Ha IPAHHUIIE TIOKPBITHSI C IO/
JIOXKKOM [21].

B pa6ote Ashcheulov u ap. (2015 r.) Ob110 H3y4eHO
MOKPBITHE M3 MOJIMKPHCTAUIMYECKOTO anMas3a Ha IOoJ-
JOXKE U3 Zry-2 METOJIOM XUMHYECKOTO OCKICHUS W3
MapoBOM IIa3Mbl C MUKPOBOJIHOBOM IMJIa3MOM MPHU TOJI-
muHe 0,3 MKM B yCIIOBUSIX OKUCIICHUS HA BOZSTHOM Hape
mpu 950 °C. [Ipumedanus, cieJaHHbIE aBTOPAMHUPEI: 00-
Jiee TOHKHI OKCHJTHBIH cllol popMHUpOBaics Ha CIUIaBe C
HNOKPBITHEM; TIOKPBITHE TMOBBIIAIO0 KOPPO3HOHHYIO
CTOMKOCTH CIUIaBa; a TaK)Xe MOKPHITHE OrPaHUYHBAIIO
mudy3Hr0 BOAOPOIa IIMPKOHUEBTO ciaBa Zry-2 [22].

B pabote Wiklund u mp. (1996 r.) 6bU10 H3ydEHO TIO-
KkpbITHE 13 MHOTOCIolHOTrO Ti\TiN Ha mooxke u3 Zry-
4 MeTonOM (PU3MUECKOTO OCaXKICHHS U3 MapoBoil (a3l
mpu tommuHax 1,0 MM, 2,0 MkM, 3,5 MKM, 3,7 MKM IpU
YCIIOBUSIX aBTOKJIABHBIX MCIBITAHUH, UCIIBITAHNE HA HAa-
BoJOpokrBaHue. [IpumMedanus K 3TOi paboTe TaKOBBI:
obuH KccnenoBansl MHOrocioiusie Ti\TiN 1 ogHOCHOM-
Hble TiN MOKPBITHS; TaK)Ke HE3HAUYNUTEIIBHOE OTCIOCHHE
HaOJo1anuch Ha 00pasuax ¢ OJHOCIONHBIM OKPBITHEM,
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B TO BPeMsi KaKk MHOT'OCJIOHHOE ITOKPBITHE HE HAPYILAJIO
CIUIOIIHOCTH; TaKMM 00pa3oM cCIuIaB ¢ 000UMH MOKPbI-
THSIMH TIOKa3aJl ropa3 0 MEHbIIee HaBOJOPOXHBAHMUE,
4eM cIutaB 0e3 MoKpeIThs [23].

Kynpus u gp. (2015 r.) B Hay4HBIX paboTax U3y4HIIH
MHOTOCJIOHHOE MoKphITHe Ha ocHOBe Zt/Cr/Cr-N Ha mon-
noxke u3 3110 u Zr 1% Nb meTomom BakyyMHO-IyTO-
BOH (DMIIBTPAIUH TIA3MBI TOJIIIHHONW 7 MKM TIPH yCIIOBU-
SIX MCHBITAaHUS OKUCIICHNS B BO3AYIIHOH aTMochepe npH
temneparypax 660, 770, 900, 1020, 1100 °C. [Tpumeua-
HHA, KOTOPBIE CHENAIM aBTOPHI: c()OPMHUPOBAHA TPEX-
cinoitrast ctpyktypa CrsZr/Cr/Cr-N mocienoBaTeibHbIM
OCaXJCHUEM M3 TUIa3Mbl BAKYYMHO-YTOBOT'O pa3psijia; B
pe3ysbTare OKHCIIEHHsT 00pa3oBaJIMCh OKCHIIBI, TaKHe
kak CrO u Cr,03, oOecrieunBaronyue CHIKCHUE MPOHUK-
HOBEHHSI KHCJIOPOZA Yepe3 MOKPHITHE; a TaKXKe 33 CUeT
BBICOKOHM TBEPJOCTH U TUIOTHOH MHUKPOCTPYKTYpBI (OKO-
10 27 MIla) nokpsITHE 00ECTIeYNBAET BRICOKYIO H3HOCO-
CTOMKOCTS [24].

Cunenés N.B., Kamxkapo E.Bb., CreipranoB M.C.,
Kpuso6oxos B.II. u3yumnm nupKkOHHEBBIE CIUIABHI, HC-
M0JIb3yEMbIE B KaU€CTBE MaTepualia 000JI0UKH B BOJOBO-
JSIHBIX pEaKkTopax, OHM MMEIOT HU3KOEe CEYEHHE IOIJI0-
LICHMs] TEIUIOBBIX HEUTPOHOB U BBICOKYH) CTOMKOCTB K
KOPpO3rK IpU HOPMAJIBHBIX YCJIIOBHUAX SKCIUTyaTallvuu.
Jns ynyumienust (YHKIMOHAIBHBIX M MEXaHHYECKHX
CBOMCTB MaTepHaja TOIUIMBHBIX 000JI0YeK pa3paboTaHbl
CIIaBbI IMPKOHMS ¢ Jiernpyromumu npumecsimu (Nb, Sn,
Fe u Cr) [25].

Uucnernnoe uccienosanue mporecca HVOF B ocHOB-
HOM COCPEZOTOYEHO Ha NMOHMMAaHWHU (PU3UKO-XUMUIEC-
KHX SIBJICHUH B TIPOLIECCE, TAKUX KaK PEaKILUsl TOPEHNUS,
JVHAMMKa Ta30BOT0 MOTOKA U MOBEJECHUE YaCTHUI] B TIO-
nere. Hambuienne HVOF 6picTpo pa3BuBaiioch B epBbIe
rofsl 21-ro Beka mo mepe paszutus TexHonoruu CFD.
VYuuTeIBas 00JbLIOE KOJMYECTBO MapaMeTpoB Wi (ax-
TopoB B mporeccax HVOF, B cooTBeTcTByromux pado-
Tax OBIIM MCCIIEAOBAHBI YETHIPE BAXKHBIX aCIIEKTa, BIINS-
IOLIMX Ha Ka4eCTBO TIOKPHITHS: KOHCTPYKLHUIO COILIA, pe-
aKIMI0 TOPEHMUS], YACTHIIBI ITOPOIIKA ¥ KOMIIOHEHT I0JI-
JIOXKKH.

Mohammed N. Khan, Tariq Shamim gonoiHATENTEHO
HCCIIEA0BANIN BIMSHUE TEOMETPUH COMell U (PU3MKO-XHU-
MHYECKHE XapaKTEPUCTUKH B IByXCTYIIEHUATOH cucreme
HVOF [26].

C. Pan u ;ip. Taxoke HOCTPOWIIN ABYMEPHYIO MOJIENb
HVOF nHa xuakoM TOIMBe, HO ¢ XUMUYECKOU peakIuei
Ha KEpPOCHHE, M IMPOaHAIM3UPOBAIN BIMSHHE CBOWCTB
YacTHIl Ha UX IoBesieHne B nosiere. CoBCeM HEaBHO He-
KOTOPBIE MCCIJICA0BATENN COCPEJOTOUMINCH Ha YHCIIEH-
HOM MOJICJIMPOBaHNH 00Jiee COBEPILEHHOIO IIpoliecca
cycniersuonnoro HVOF (SHVOF) [27].

M. Jadidi u ero Komiern MOCTPOWIN TPEXMEPHYIO
JIBYCTOPOHHE CBSI3aHHYIO MOZENb Oiinepa-Jlarpamka
JUISL aHAJIN3a MOBEICHUSI YaCTHI[ CYyCIICH3HU B IIOJIETE B
CBOMX PaHHUX ITyOJIMKanusaX. 3aTeM OHH JOMOIHHUTEIb-
HO HMCCIIEJI0BAJIN BIHUAHKE (HOPMBI IIOATIOKKH Ha TTOBEe-
HHME YaCTHL U NPOAHAJIM3HPOBAIN CKOPOCTh YJIaBJIHMBa-

HUS JJIS pa3sInuHbIX (POPM TOAJI0KKH U PACCTOSIHUM Me-
XKy HUMH. B 11esiom, 6016 IIMHCTBO NPEIbIAYIUX UCCIIe-
JIOBATEIbCKUX PabOT OBLIO COCPEOTOUYEHO Ha YHCIEH-
HOM aHaim3e (u3uKo-xumudeckoro sisieHus B HVOF ¢
pa3auuHbIX acnekToB. [IpuMeHeHue ITUX MOAeneH npu
MOJICITUPOBAHUY TOJIIIUHBI MTOKPHITHS O-TIPEKHEMY OT-
panmaeHo [28].

B manHOU paboTe MpoBeAeHB MaTeMaTHIECKHUE aHa-
nu3bl Tepmudeckoro HanbieHust HVOF B onTuMaibHBIX
peXuMax A MOAJIOKKH M3 IMUPKOHHUS C TONIIMHONH 3—
5 MM U olpejiesieHle HANpsHKeHU BO BpeMsl Ipoliecca.
[enpro TEOPETHUECKOTO MCCIENOBaHUA SBIIAINCH MaTe-
marnudeckue aciektsl HVOF n nHaxoxnenus s pexrus-
HocTH ocaxkaeHus st mokpbitus Cr3Cy-NiCr.

PACYETHOE UCCJIEJOBAHME MMOKPBITHIA,

HOJYYEHHBIX METOJOM HVOF

TexHoJIOrHs BBICOKOCKOPOCTHOTO KHUCJIOPOAHO-TOII-
nuBHOTO Tepmuueckoro HambuieHus: (HVOF) nomyuunna
HIMPOKOE PaclpoCTpaHEeHHE BO MHOTHX OTpPAacCisiX IMpo-
MBIIIEHHOCTH Onarozapsi cBoeld rTHOKOCTH U 9KOHOMHU-
4eCcKOH 3(PEKTUBHOCTH TIPH MOJYIEHHH NOKPBITHH BbI-
cirero xayectBa. Cpoc BEICOKOTEXHOJIOTHYHBIX OTpac-
Jiell IPOMBIIUICHHOCTH W JOCTYITHOCTh HOBBIX IE€Peo-
BBIX MAaTEPUAJIOB MPHUBEIN K 3HAYUTEIILHBIM JIOCTHIKEHHU-
sIM B 9TOH 00TacTu.

IIpouecc Tepmuueckoro Hambuienus HVOF ucnomns-
3yercst JiIsi HAHECeHHUs TIOKPHITUI HA KOMIIOHEHTBI JIJIst
3alIUTHI OT U3HOCA, IEpEerpeBa U KOPPO3UH, a TAKKE JIJIsI
BOCCTAHOBJICHUSI M3HOLICHHBIX KOMIIOHEHTOB. JTa TeX-
HOJIOTUSI HAaIlbUICHHsS HE OrpaHMYMBAETCs HAHECCHUEM
HOKPBITHS Ha MOJUIOKKH, HO TAK)XKE BKJIIOYAET B ce0st U3-
TOTOBJIEHHE CETUYATHIX JAeTalled U3 MaTepHajoB, KOTOPHIC
MHOTa TpyAHO (hOpMOBaTh OOBIYHBIMH METOAAMH. 3HA-
HUE CBOMCTB NOKPHITHH, METOZIOB TECTUPOBAHHMS U OIICH-
KM HEOOXOMMO ISl TOTO, YTOOBI MPUMEHUTH TEXHOJIO-
M0 HAHECEHHsI TIOKPBITHI JJIsl KOHKPETHOTO MTPUMEHE-
Husl. XOTsl MapamMeTpbl PacibUICHHs W IMOArOTOBKA MO-
BEPXHOCTH TOJJIOXKKHA HEIOCPEICTBEHHO BIHUSIOT HA
CBOMCTBa TOKDBITUS, HE MEHEE BAKHO 3HATh TEXHUKY
pacnbuIeHHs, HEOOXOAUMYIO JUIsi HAHECCHHUS IOKPBITHS,
00J1a/1a10IIEer0 STUMHU CBOWCTBaMH, U MapamMeTpbl o0Opa-
00TKH, KOTOpBIC He0OX0auMO HaHecTH. OCTaTOYHbIE Ha-
MIPSDKEHUSI TIPU PACTSKCHUU B COUYCTAHHUU C YBEITHUYCHHU-
€M TOJIIIUHBI TOKPBITUS MPUBOIAT K CHIKCHHUIO POYHO-
CTH CLEIUICHUS C YBEIWYEHHEM TOJIIMHBI ITOKPBITHSL.
OnTuMH3aIHs PEMOHTA MMOBPEKICHHBIX KOMIIOHEHTOB C
ncnons3oBanueM Texaonornn HVOF npenmomnarana uc-
M0JIb30BAaHUE AHAIOTHYHBIX KOMOMHAIIMN MOPOIIKOBBIX
MaTepHAJIOB U MOJUIOKKH. BblIM pOBeACHbI HCIIBITAHHS
JUISL OTIpEIeNICHHs] a[Ir€3MOHHOM MTPOYHOCTH BOCCTAHOB-
JICHHOTO MarepHaja, HAaHECEHHOI'0 HaIbUICHHEM B pa3-
JIMYHBIX YCJIOBUSIX, KOTOPbIE BapbHUPOBAINCH, BKIHOUYAs
(1) ToMIMHY BOCCTAaHOBJICHHOTO MaTepuaia, (2) TepMo-
00paboOTKy mepell PEMOHTOM U MOCJIe PEMOHTA, (3) yrou
HaKJIOHA PEMOHTHPYEMOM CTEHKH U (4) MOAroTOBKY MO-
BEpXHOCTH ocHOBaHUs. Kpome Toro, OblIa olleHeHa BO3-
MOYKHOCTh (PMHHIIHOW 00pabOTKH 3THX OTPEMOHTHPO-
BaHHBIX KOMITOHEHTOB [29-32].
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[TpunsTO CUUTATH, YTO PU3NKO-MEXAHUUECKHE CBO-
CTBAa Ia30TCPMUYCCKUX HOKprTHﬁ: IJIOTHOCTH U POY-
HOCTHBIE XapaKTEePUCTHUKH, B TOM YUCIIE aAre3us U Kore-
3Msl ONPENEISIFOTCS TAKUMH IapaMeTpaMH HAaHOCHMBIX
YacTHIl, KaK CKOPOCTb M TeMIleparypa Ipu yjaape o Ha-
MBUISIEMYIO TTOBepXHOCTh. Cpenn MHOTooOpasus ras3o-
TEPMHUYECKHX METO/I0B HAHECEHMSI MOKPBITHH CIexyeT
BBIJICTTUTE ITIPOLIECCHI, UCIIONB3YIOUINE Ul YCKOPEHHS
HaHOCHMBIX YaCTHI] CBEPX3BYKOBBIE IOTOKU MPOIYKTOB
cropadusi. K TakuM TEXHOJOTHSAM OTHOCSTCS METOMBI
BoicokockopocTHOTO (HVOF) 1 teroHanmoHHOTO HAITbI-
neHusi. I3BeCTHO 10CTaToOYHO OOJIBIIOE KOJIMYECTBO pa-
00T, B KOTOPBIX OAPOOHO MPUBE/ICH aHAJIN3 CBOKCTB I10-
KpblTldf/i, IMOJIy4a€MbIX BbIIICHA3BAHHBIMU METOAAMM.
Crenyer OTMETHTB, YTO B OCHOBHOM TaM paccMaTpHBa-
IOTCSI HOKPBITHS] HA OCHOBE TBEPOTO CIIJIaBa MJIM METall-
mmueckue Ha ocHoBe Fe, Ni, Co.

[IpenmymecTBaMu  BBICOKOCKOPOCTHOTO — Ta3oIlIa-
MenHoro meroga HVOF 1o cpaBHeHHIO ¢ IpyrHMHU Me-
TOJAMHU T'a30TEPMUYECKOTO HAIbIIICHUS SIBISIOTCS J1OC-
TATOYHO BBICOKASI CKOPOCTh yacTul (10 750 m/c) u mu-
HUMaJlbHasl MOPUCTOCTh MOIy4aeMoro MOKpeITHs (l—
4%). Ha npakTuke MIUPOKO UCMOJIB3YIOTCS TaKHE BBIITY-
ckaeMsble cepuiiHo ycrpoiictBa HVOF, kak JP-5000/8000
(Tafa-Praxair, USA), DJ 2600/2700 (Sulzer Metco,
USA), Intelli-Jet (Solid Spray Technologies, USA), HV
50 HVOF (Flame Spray Technologies, the Netherlands)
n apyrue. Kak npuMep ynadHOrO COBEpIIEHCTBOBAHHS
ycrporictea HVOF  MOXHO TpHBECTH  TOpENKy
TOPGUN®AIRJET, koTopas MOXET pacHbUIATH IIO-
POIIKH M MPOBOJIOKH. HanmoHabHBIA MHCTUTYT MeTall-
noB (NIMS) B Anonnu pa3zpaboran HacaaKy Ha yCTPOH-
ctBo st HVOF, xotopas cHmkaet Temiiepatypy pado-
yero rasa. B aTy Hacagky IOMOIHUTEIBHO IOAAIOT 10
30 m*/4ac asora. HauGonee unrepecna ropesnka HVAF-
Intelli-Jet, kotopas npeacrarnena Joint Stock Company
“Mashprom” (Exarepun0Oypr, Poccus).

Ha ocHOBe npiMeHeHus COBPEMEHHOT'0 A€ TOHAIIMOH-
Horo u BeIcOKockopoctHoro (HVOF) oGopynoBanus
Pa3HbIX NMPOM3BOAUTENECH CIEoyeT OTMETHTh, YTO KOJIH-
YECTBO MCHOJIb3YEMBIX HAlbUISIEMBIX MaTEPHAIOB U3 OK-
CHIIHOH KepaMuKH (OKCHIa aTIOMHUHHMS, XPOMa U IIUPKO-
HUs) coctaBisieT okono 40%, METaJUIOKepaMUKH — JI0
40%, 3 MeTaioB U cmiaBoB — A0 20% [33-34].

Kepamudeckoe mokpeitiie Cr,Os, HaHECEHHOE IIIa3-
MCHHBIM HAIIbUICHUEM, H3-3a €I0 CKJIIOHHOCTU K XPpYIIKOMY
PacTpecKUBaHHUIO MOXKET OBbITh PEKOMEHI0BAHO TOJIBKO JIsl
YCIIOBUI M3HOCA MPH CKOJBXKEHUH. M3-32 MHKpOIIBapoK
ObLIM ynasIeHb! 0os1ee KPYIHbIC AETaIN HOKPBITHS; 3TO Ha-
6monanoch riiaBHEIM 00pa3oM B mokpeithi Cr3C—NiCr.
Harpuisiemoe noKpsITHE COCTOUT U3 IEPBUYHBIX KApOU/IOB,
OKCHZIa XpOoMa M cMecH aMOp(HOH M HaHOKpHCTaJIHIec-
Koii (a3 cBs3yromero. MUKpOCTPYKTypa U TIOKa3aTenu MH-
Kp0aOpa3MBHOTO M3HOCA KaK HETIOKPHITHIX, TaK U TOKPHI-
TBIX TOJUIOKEK OBLTH OXapaKTEePH30BaHbI C TIOMOIIBIO OIl-
THYECKOH MUKpockonuu. [IokpbITHE MPOAEMOHCTPUPOBA-
JIO IPEBOCXO/IHYIO M3HOCOCTOWKOCTD TIPH UCIIBITAHUH Me-
TO/IOM 00pa30BaHUs IAPUKOBBIX KPATEPOB.

Mertamnokepamuka Cr3Co-NiCr OIUPOKO HCIOJB3Y-
€TCsl JUI1 U3HOCOCTOMKHUX U KOPPO3UOHHO-CTOMKUX IIPU-
meHneHui. [okpoitus cuctemsl WC-Co, Kak mnpaBuio,
00J1a/1a10T BBICOKOI TBEPAOCTHIO U M3HOCOCTOWKOCTBIO,
a TaKke Ha UX MOBEPXHOCTH WACHTH(HUIMPOBAHBI Iep-
BHUYHBIE KapOHIBI, OKCHI XpoMa U aMop(Has CMeCh.

TepMudecky HabUIEMbIE TTIOKPBITHS HAa OCHOBE T10-
pourkoB Cr3C,-NiCr mHUpOKO HCHOIB3YIOTCS IS YIyd-
LIEHUsI TAKUX CBOMCTB, KaK TBEPAOCTh HMOBEPXHOCTH H
HN3HOCOCTOMKOCTD PA3JIMYHBIX MaTEPHAIOB METAJINYEC-
KHX IOJUIOKEK ¢ MOKpbITueM. Ha moamnoxke u3 ceporo
yyryHa nokpsitue nopormkom Cr;Cr-NiCr yiy4niaer ee
SKCIUTyaTallMOHHBIE XapakTepucTuku. Hanecenue mo-
KpoiTHs mpomsBogutca meronoM HVOF, mockonbky
9TOT HpOoLecC 0OECTIEYNBAET BHICOKYIO aIr€3UI0 MaTepH-
ajla MOKPBITHS K OCHOBAHUIO U HU3KYIO TOPUCTOCTH I10-
BEPXHOCTU € NOKphITUEM [35].

Bri0op MeTona HaHECEHHS MOKPBITHA W UCXOJHOTO
MaTepHasia OCHOBBIBAECTCSI HA NPUHIUIIAX OPTaHU3aALUH
CTOpaHus T'a30BBIX NPOAYKTOB, MPUMEHSEMBIX B KOH-
KpPETHOM Tpo1iecce. Pacxol HEMPEepHIBHO HCTEKAIOIIETO
yepe3 coruio JlaBaiisi CBEpX3BYKOBOTO ITOTOKA MIPOYKTOB
cropanus s HVOF-yctpoiicts mpumepHo B 4—6 pa3
BBIIIIE, YEM PACXO]l CBEPX3BYKOBOI'O MMITYJICHOTO ITOTO-
Ka IpH JIETOHAIIMOHHOM HaIbUIEHUH IIPH yCIOBUU HaHe-
CEeHHUsI OJIMHAKOBOTO o0beMa MoKpbITus. Hanbonee cy-
[IECTBEHHOE OTJIMYHE 3aKIto4aeTcs B 3pPeKTUBHBIX pa3-
Mepax JiauH cTBojoB ycrporicte HVOF-o6opynoBanus
1 JIETOHALMOHHBIX YCTaHOBOK. B mocienHux minHa
CTBOJIA C JMAaMETPOM, Hampumep, 27 MM COCTaBIISIET
900 MM, YTO B IECSITKH, Pa3 MPEBHIMIAET MPOTSKEHHOCTD
muHBL cTBojia yctpoiictB HVOF-o06opynoBanus. Ilpu
3TOM M3BECTHO, YTO B 3TOH 4acTH 000PYAOBAHUS MPOUC-
XOAUT HarpeB UCXOAHBIX YaCTHI OPOIIKOBOTO MaTepu-
asia 1o Tpedyemoii Temneparypsl. IMeHHO 3THM 00CcTOS-
TEJIbCTBOM OUYEBUIHO M BBI3BaHBI 3aTPyIHEHHUS KayecT-
BEHHOTO (pOPMHUPOBAHHMS OKPHITHH HA OCHOBE OKCHJIOB
QIIOMUHUS, XpOMa ¥ HUPKOHHSI ITPU BEICOKOCKOPOCTHOM
(HVOF) nanbuienun.

Kpome 3T0ro BaskHO OTMETUTb, UTO MapaMeTp TPYa-
HOCTH IIAaBJICHUS Y OKCHIOB, 3HAUYUTENIBHO BBIIIE, YEM y
METAJUIOB M MX CIIJIABOB, YTO M 3aTPYyIHSET MOJydCHHUE
Ka4eCTBEHHBIX TOKPHITHH 13 okcuaoB npu HVOF-mpo-
mecce. Bropast 0coOeHHOCTh BBIOOpA TEXHOJIOTHH HaHe-
CEHUSI ITOKPBITHA 3aKJII0YaeTCs B TOM, YTO IIPU HaHece-
HuM HVOF-nokpsITHI cymIecTByeT BO3MOXKHOCTh Iepe-
rpeBa JeTajieii U MOBBIMICHHBIX nedopmanuii. [ToaTomy
B OOJIBIIMHCTBE Clly4aeB TpeOyeTcsl opraHu3anus npu-
HYJUTEJIFHOTO OXJIaXICHUS, YTO HE Bcerna ymoOHO H
BO3MOXHO. B Buny aToro HVOF-mpouecc B 60JbImHCT-
B€ CJIy4aeB UCIOJb3YETCs U1l HAlbUICHUS HA KPyIIHOTa-
GaputHble neTann. Kpome 3Toro ciieyer OTMETUTb | Cy-
[IECTBEHHOE YBEJIMYEHHE MTPUITYCKa Ha TOJIIIUHY TOKPHI-
tust s HVOF-nipouecca. [1pn HaHeceHUN e TOHAINOH-
HBIX ITOKPBITHH IIOBOZOK OOBIYHO HEe HAOII0aeTCs U Op-
TaHU3aIus IPUHYAUTEIBHOTO OXJIAXIEHHS HE TpeOyerT-
cs [36].
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Hatuux ICP ucnonbs3oBajcs ajasi KOHTPOJISI KPUBHU3-
HBI U TEMITEPATYPHI ITOJUI0KKH B 3aBUCUMOCTH OT BpeMe-
HU BO BpeMsI U IOCJIe pactblieHus. 11 u3sMepeHust TeM-
repaTypsl TOI0XKKHA ¢ OOpaTHONW CTOPOHBI MOJJIOKKH
YCTaHOBJICHBI 1B KOHTaKTHbIe TepMmomnapbl. KpuBniHa
BO BpEMSI HAaHECEHUS N3MEPSIETCS M0 OTKJIOHEHHUIO TPeX
TOYEK, U3MEPEHHOMY JIA3€PHBIMH JIaTYMKAMH, KOTOPOE
npeodpasyercs B KpuBU3HY. KpuBH3HA HCTIONB3yeTCS
JUISL BBIYMCIICHHS] BO3HUKAIOIETO HANPSDKEHMS WM Ha-
MIPSKEHUSI OCAKAEHHSI, OIPENIENIEMOr0 31€Ch KaK HOMU-
HaJIbHOE OCTaTOYHOE HAIMpPSIKEHUE I OCaKACHHOTO
CJ10s1, BKJIIOUaromee d3(pQeKT 3aKkalkyu U yIpouHEeHHUs 4a-
CTHI] B KaXJIOM cJioe. TepMHH pa3BUBAIOLIUICS CTPECC
UCTIONB3YeTCs Uit 0000IIeHUsT HATHIUs 000uX P dek-
toB nipu HVOF. TlpuHuun m3MepeHus npearoaraer,
YTO KaKAblH HaHECEHHBIH CJI0M HAMHOTO TOHBIIE IOJI-
JIOXKKH, ¥ HAIIPSDKEHHUE OT M3MEPEHHOT0 M3MEHEHUS KpH-
BH3HBI PACCUUTHIBACTCS C HMCIOJIB30BAHUEM YpPaBHEHUS
CroyHna [37]:

E'e )\ dk
Ou =\~ || 5 I (1)
6 dt,

rIe: O, — Pa3BUBAOLICECS HANMpsDKeHHe, E. — MOXyIb
YIPYTOCTH MOJJIOKKH B IFIOCKOCTH, #; — TOJIIMHA MO
JIOKKH, dk — N3MEHCHHUE KPUBHU3HBI, BBI3BAHHOE U3MEHE-
HHUEM TOJIIMHBI OKPBITHS dt.. dk/dt. yauTeIBaeTCs moc-
JIe TIEPBOT'O WJIM BTOPOTO HAHECEHHOTO CJI0SI, YTOOBI Ipe-
HeOpeyb B3aMMOJICHCTBHEM IEPBBIX IPOXOAOB C IMOJ-
JIOKKOH.

TeroBble HANPSHKEHHST PACCUMTHIBAIOTCS BO BpEMsi
OXJTXKICHUS TyTeM HU3MEPEHUs] U3MEHEHHs KPUBU3HBI,
BBI3BAHHOT'O [PA/IMEHTOM TEMIIEPATYPbI OXJIKACHHS, OT
TEMIIEPaTypbl OCAKICHUSI IO KOMHATHON TEMIEPaTyphl
U ¢ ucnoip3oBanueM Gopmyisl bpennepa u Cennepod-

¢a [38]:

; s
o = Ng% L+(ETE Y, |, )

c
rae: o, — TeIJIOBOC HAIIPSIKEHUEC, Ak — u3menenue Kpu-

BU3HBI ITPU OXJIAXKIACHUH, t. — TOJIINHA TMOKPBITHS, EC —

MOJIyJb YHPYTOCTH MOKpPHITHSA. KOHEUHOe ocTaToyHOE
HalpsDKCHNE BBIYMCIACTCS MyTEM CIIOKCHHUS TPEIbIy-
LIUX PE3yJIbTATOB, TAKUM 00pa3oM:

c,=0,+0,. 3)
D¢} dekTUBHOCTL OCAXKICHUS ONPEICIISUIA C UCTIONb-

30BaHHMEM MeTozaa, npemioxenHoro Kosaku Shinoda.
Onu omnpenenuny 3pGEeKTUBHOCTb OCAXKIEHUS 77, Kak

MaccOBO€ OTHOIIEHNE HAHECEHHOTO ITOKPBITHS K BBEIICH-
HOMY MOPOIIKY Ha MOJIOXKKY, T.€.:

M

=——4 %100 (%),
77(1 L(WRf/VVSU)NP ( 0)

rae:, L u W— nnuna u mupuHa noutoxku; My, Wy, Ry, U,
N, — Macca HaHOCHMOTO MaTepHaia, IIUPUHA IIara,

CKOPOCTb TIOIa4H TIOPOIIIKA, CKOPOCTh PACTPUPOBAHHUS
KOJIMYECTBO MPOXO0JIOB COOTBETCTBEHHO [39].

Asrtopamu pabotr H. Ruiz-Luna u np. «Effect of
HVOF Processing Parameters on the Properties of
NiCoCrAlY Coatings by Design of Experiments» Obuia
MpeacTaBleHa Tabnuma 3S(PQPEKTHBHOCTH OCAXKIACHUSL
mupkoHus s mokpeitus u3 NiCoCrAlY [40].

Tabauya 1. llapamempol 013 MamemamuiecKux paciemos
apgexmusnocmu ocaxcoenus noxpvimus NiCoCrAlY [40]
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Tenepp paccumTaeM 3HAUCHWE PA3BHUBAIOIIETOCS U
TEIJIOBOTO HanpshkeHus u3 popmyi (1) u (2). UToos! no-
Ka3aTh U clieNlaTh MaTeMaTH4eCKHii pacyeT 3P PEeKTUBHO-
CTH OCaXK/IeHHs IMPKOHUS 11 TOKpbITHs U3 Cr3C,-NiCr
skcriepuMedT Obu1 mpoBeaeH B HUIL[ TOO «Plasma
Science». Takum 06pa3om, ObUTH ONpe/ieNIeHbI SKCIIEPH-
MEHTAJIbHbIC JIAaHHBIE 10 IHUPKOHWIO M MO IMOKPBITHIO
Cr;C-NiCr i MaTeMaTH4ecKuX pacdyeToB. Monyib

ynpyrocta nomioxkku E! =97 [H/M2, ToNIIUHA TTOUT0K-

KA t,=3-5 MM, f — TONMWHA TOKPBHITHS HE OOJIbIIE
0,6 MM, H3MEHEHNE KPHBU3HBI, BEI3BAHHOE H3MEHEHHEM
TOJMIMHBI TOKPBITHS k = 1-6, MOIyJib YIPYrocTH IO-

kpbitust E. =36 TH/M%, u3MeHeHNEe KPHBU3HBI [IPH OXJIa-

xxaeauu Ak = 1-6.
[oncraBisist 3TH 3HAUEHHS, TTOJTyYaeM:

o,, =(Et 16)(dk/dt,)=
- 97-10°-(3-107°) .(ﬁ
6 dt,
0., =(Et] | 6)(dk/d1,)=
_ 97109 '(4.10‘3)2 (ﬁ
6 dt,
o,, =(Eit /6)(dk/dt,)=
:97-10".(5.1073)2 '(%
6 dt,

[omy4nB 3Ha4YEHHs Pa3BUBAOILIETOCS HANPSDKEHUS,
TEM K€ CIIOCOOOM CIeJIaéM pacydeT TEeIIOBOTO HalpshKe-
HUSL:

)=242,5-10° (ITa),

)=431,1-10° (ITa),

)=673,6-10° (ITa).
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o, =(AKE!L, /64)[4 +(E. / E! )3 tC] =
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=765-10° (ITa),

o, =(AKEL, /616)[15 +(E. / E! )3 zcj -
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=1,1-10° (ITa).

ITocne sToro HaliieM cyMMapHOE 3HaY€HUE OCTATOU-
HOT'O HalpsDKEHUs, Yepe3 CyMMY Pa3BHBAIOIIErocs U Te-
IoBoro HampsbkeHusi mo ¢dopmyne (3). Pesynbrars
NPE/ICTaBJICHBI B TAOJIHIIE.

o, =0, +0, =242,5-10° +492-10° =734.5-10° (Ila),

s,

o, =0, +0, =431,1-10° +765-10° =1,2-10° (ITa),

rsy

o, =0, +0, =673,6-10°+1,1-10° =1,77-10° (ITa).

rsy

Tabnuya 2. Cymmaphoe 3nauenue 0CmamouHo20 HanpsdiCeHus,
uepes CymMmy pazeuearoue20cs U menio8oe0 HanpsICeHus

E; E, | L | k| O, o, O
(TH/m?) | (THIm2) | (Mm) | (mm) (Na) (Na) (Na)
97 36 3 |06 2425106 | 492-106 | 734,5-106
97 36 4 | 06 |1-6|431,1-108 | 765-108 | 1,2-109

97 36 5 0,6 673,6-108 | 1,1-109 | 1,77-10°

CocpenoTournB BHUMaHUE HAa OCTATOYHOM HarpsbKe-
HUM U 3(PPEKTUBHOCTU OCAXKICHUS, KaKEeTCsl, YTO pac-
CTOSIHWE PACHBUICHUS SBJSIETCSI TTAPaMETPOM, KOTOPBIH
OKa3bIBaeT HauOOJIbIlIee BIUSHIE Ha 9TH XapaKTEepUCTH-
KH, BEPOSITHO, M3-32 €r0 OOJIBIIOrO BIHMSHUS HAa COCTOS-
HHE YaCTHIl ¥ TEMITEPATypy MOUTOKKH. UTo KacaeTcs oc-
TaTOYHBIX HANpPSDKEHUH, TO KOPOTKHE PACcCTOSHHS pac-
MBUICHASA, Takue Kak 150 MM, OIaronpusTCTBYIOT OCTa-
TOYHBIM HaNpPHKCHUAM pacTsokerus (~72 MIla), B to
BpeMs KaK HCIOJIb30BaHNE OOJIBIINX PACCTOSHUM, TAKHX
Kak 250 MM, MOKa3bpIBae€T MU3MEHEHHE OCTATOYHOTO Ha-
NpsHDKEHUS OT pacTshkeHus K coxkaruio, (~25 MIla).
YMeHbIlIeHHe pacxo/ia TOILIMBA M KUCIIOPO/a paKTHye-
CKH HE BIIMSIET HAa KOHEYHBIC 3HAYCHUS! OCTAaTOYHBIX Ha-

NpsDKEHUH, COXpaHsis UX MpH pacTsbkeHuu. YTo kacaercs
3¢ PEKTUBHOCTH HAHECEHHUS, TO U3MEHEHUE PACCTOSHUS
pacIblIEHUsI C HI)KHETO Ha BEpXHEe 3HAUCHHE CHIDKAET
3¢ PEeKTUBHOCTE HaHEceHHUsI NmpuMmepHo Ha 6,5%. Kak
BUIHO, YBEIIMUCHNE PACX0/1a TOIUIMBA M KUCIIOPOAA MO~
nepxuBaeT 3(pQeKTHBHOCT OCaXOCHHWA B TIpeaeiax
65,5-68,5% (cm. Tabmuy 1).

Yro Kacaercs XMMHYECKOTO COCTaBa IUIAMEHH, TO
BBICOKAasi 3()()EKTUBHOCTh OCAXKICHUS JIOCTHUTACTCS TPH
UCIIONb30BaHUM IIAMEHU ¢ 0ojiee BBICOKOM 3Hepruei
(cTEeXMOMETPHUYECKOr0 M O0OTallleHHOI0 KUCIOPOIOM
TUIAMEHH), TJIE JIOCTUraeTCsl BBICOKasl TeMIlepaTypa Jac-
tui. Y HaobopoT, Bce Tpu napameTpa OKa3bIBalOT 3HAYH-
TENIFHOE U MOYTH PaBHOE BIIMSHHE HA IOPUCTOCTh U CO-
Jiep)KaHWe OKCHAOB. YBEIMYEHHE pacxoja TOIUIMBAa U
KHCJIOpO/Jia TIPUBOUT K YBEIMYEHHUIO IOPUCTOCTH U OKH-
CJICHHIO, HO TIPH YBEIWYEHHH PACCTOSIHUS PaCIbUICHHS
MOPUCTOCTh W OKHUCIBI yMeHbLIaloTcs. [lopucrocTb
YMEHBIIAETCS NIPH IIePeXoe OT YCIOBHM, OOraThIX KHUC-
JIOPOAOM, K YCIIOBUSIM, OOTATHIM TOIUTUBOM.

XMMHUYECKUE YCIOBHS C BEICOKUM COJEPIKAHUEM TO-
IUTMBA NPUBOAAT K BBICOKMM CKOPOCTSIM YacTHILl U HU3-
KOHEPreTHYECKOMY IUIAMEHH, YTO, B CBOIO OYEpE.b,
CHIKAeT TEMIIepaTypy YacTHI], YTO NPUBOAUT K Ooiee
JKeJIaeMBIM XapaKTepHUCTUKAM ITOKPBITHIA, B YaCTHOCTH, B
JTAHHOM CITy4yae K HU3KOH MOPHUCTOCTH U HU3KOMY COJiep-
YKAHUIO OKCHJOB. XOpOIIO M3BECTHO, YTO Ha ypOBEHb
OKHCIJICHHS ¥ IOPUCTOCTh B 3HAUYUTEIHLHON CTETICHH BITH-
sIeT XUMHYECKUI cocTaB IIaMeHH. COCTaBBI ¢ BBICOKHM
COZiep )KaHWeM TOIUIMBA NPUBOAAT K HAUMEHBILEMY OKH-
CIICHUIO TIOKPBITHS M €TO TIOPHCTOCTH.

BeIcOkHe CKOPOCTH YacTHI] 03HAYAIOT, YTO YACTHILIBI
HOpOLIKA MPOBOJAT MEHbIIE BPEMEHHU B INIAMEHH, 10C-
THras 0oJiee HU3KHUX TEMIIepaTyp, YTO MIPUBOAUT K HU3-
KOM IOPUCTOCTH U OKUCIICHHIO.

D¢} dekTuBHOCTE OCAKICHUS OMIPEICITUM C HCIIOB30-
BaHHMEM MeTo/1a, npeanoxeHHoro Kosaku Shinoda:

Md
N, = ——d 5 100(%) =
¢ WR./'

L—LN,

WU
-3

= 50-10 - -100% =59,5%

1 530-107-700

20-10 .
10-107-500

M

VKT »
50-107
530-107-600
10-107-500
Taxum 00pa3oM, 3(h(HheKTUBHOCTH OCAXKICHHUS JJISI T10-

kpeitust Cr3C,-NiCr Ha OCHOBE TIOJIOKKH IUPKOHUS Ha-
XoauTcs B MHTEpBaie 59,5-69,4%.

= -100% =69,4%
20-10°
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BBIBO/IbI

B 3aximoueHnr MOXHO CKa3aTh, 4TO OBLIM MpOBEJIE-
HBI TEOPETHYECKUE McciaeqoBaHus MOKpbITus n3 Cr3Cor-
NiCr st TOATI0KKY U3 TUPKOHUS. JIJIs TOTydeHus JaH-
HOTO ITIOKPBITHSI OBUT HCCIIEA0BAH OMH U3 BICOK0d (D de-
KTUBHBIX METOJIOB — BBICOKOCKOPOCTHOE KHCJIOPOIHO-
tormBHOE Tepmudeckoe Hampuieane (HVOF). Hanece-
HHUE TIOKPHITUS [TPOU3BOANIACH Ha PA3IMIHBIE 00pa3Ibl
MOJUIOKEK M3 LHUPKOHUS TOJIMUHON 3—5 MM, IJIMHOU
20 MM ¥ mupuHOi 30 MM, TIpH CKOPOCTH HAIbUICHHS
600-700 m/c. Temneparypa BO BpeMsi HalbIJICHUS] METO-
nom HVOF cocraBmsier okosno 3000 °C, temmeparypa
oxnaxaenus 27 °C . Uccnenysa TeopeTHUECKUe JaHHBIE
qutst ToKpbITHst n3 Cr3C,-NiCr ObuTH onpeenieHbl pa3Bu-
BalOIINeECS W TEIUIOBBIC HANPSDKEHUS T0ciie 00padoTKH
HVOF meronom CroyHa u ypaBHeHusiMH bpenHepa u
Cenpepodda ¢ TommuHON MOKpEITHA HE Oonee 0,6 MM
JUTS KapOMITHBIX MOKPBITHH. [0 pe3ynbTatam TeopeTnye-
CKUX HWCCIICIOBaHWN OBLIN HaieHB 3HaYCHHUS dPQeK-
THUBHOCTH OCaKACHHA METOIOM, TIpeutoskeHHbIM Kosaku
Shinoda. ITo pe3ynbTaram TEOpEeTHYECKUX U MAaTEMAaTH-
YECKUX PacueToB 3(PPEKTUBHOCTh OCAXKACHHsS JUIS TO-
kpbiThst U3 Cr3Cr-NiCr ¢ NoyIoKKOH UPKOHUSI HAaXO-
muTes B mpenenax 59,5-69,4%. Takum oOpa3om, ObLIO
YCTaHOBJICHO, 4TO 3((EKTUBHOCTh OCAXKICHUSA IS TO-
KPBITHI 3aBUCUT OT TOJIIMHBI MTOUIOKKH, CKOPOCTH TO-
Jlag¥ TIOPOIIKa, a TAKXKE OT MacChl HAHOCUMOT'O MaTepH-
aJla ¥, COOTBETCTBEHHO, OT KOJIMUECTBA ITPOXO/IOB HaIIbI-
JCHUSL.
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Cr3;C2-NiCr JKABBIHBI YIHIH HVOF TEPMUSJIBIK BYPKY INTPOLECIHIH
OHTAWJIBI PEXKUM/JIEPIH TEOPUSAJIBIK 3EPTTEY KOHE HIEITY

B. K. Paxaguaos!, I1I. P. Kyp6an6exos!>*, b. Ceiitos!,
H. Mykranoga? JI. J. Baaragaesa®*, K. Karnaesa'

1 C. Amanoiconos amvinoazot Ulvizvic Kazaxcman ynusepcumemi., Ockemen, Kazaxkcman
2 JI. Cepixoaee amvinoazol Hlvizvic Kazakcman mexuukansix ynusepcumemi., Ockemen, Kazaxcman
3 K. A. Acayu amvinoazol Xanvikapanvik Kazax-mypix ynusepcumemi, Typxicman, Kazaxcman
4 «(Hunosayuanvix, mexuonozusnap sxcane sycana mamepuanoap uncmumymsi» KIIC, Typxicman, Kazaxcman

* Bainanvic ywin E-mail: dil.baltabaeva315@gmail.com

Maxkamaga mmpkoHnid cybctpatsiHa apHamFaH Cr3C-NiCr Heri3iHzaeri KaOBIHBIHBIH TEOPHSUIBIK —3epTTEyiepi
KapacThIpeIIaabl. byt xkaOBIHABI iy YIIiH €H THIMIL 9icTepAiH 0ipi 00BN TaOBIIATHIH )KOFAPHI KBUIIAMIBIKTHI OTTETi-
OThIHMEH TepMusUTbIK To3anaay (HVOF) anmici 3eprrenmi. JKaObiHmapabp! any KaJlbIHABIFB 3—5 MM, Y3bIHABIFB 20 MM, eHi
30 MM OonaThiH HMPKOHMI cyOcTparhiHblH OeriHe 600-700 M/c To3aHAay KbULIamIabiFbIMEH xysere actbl. HVOF
oziiciMeH To3anay Kesinneri temieparypa mamameH 3000 °C, cankpinaary temneparypacs 27 °C kypaiinst. Cr3Cr-NiCr
JKaOBIHBIHBIH TEOPUSUIBIK JIEPEKTEPIH 3€pTTel OTBIPHIN, KapOHMATI *aObIHIAp YIIH >KaObIH KalbIHIABLIFE 0,6 MM-IcH
acraiitelH CtoyH opicimMeH xoHe bpennep meH Cenaepodd tenneynepimen HVOF enneyneH KeliHri nambln Kene
JKaTKaH JKOHE JKbUTy KepHeyJiepi aHbIKTa bl TeopusuTbIK 3epTTeyepaiH HaTkenepi OolibiHiIa Kosaku Shinoda ycbin-
FaH 9/IiCIIeH TYHABIPY THIMIUTITIHIH MOHAEPI TaObIIIBI. TeopHsIIBbIK XKaoHEe MaTeMaTHKAJIBIK ecenTeyiep OOMbIHIIA TUPKO-
Huil cyOcrpaTeiHa xarbuFaH Cr3Cr-NiCr xaObIHBI YIIIH TYHABIPY THIMALTIr: 59,5%—69,4% apanbireiHaa 00kl
Ocpunaiinia, xa0bIHIap YIIIH TYHABIPY THIMIIUIIT CyOCTpaTThIH KaJIBIHABIFBIHA, YHTAKTHI Oepy JKbUIIaM/IbIFbIHA, COHJIal-
aK KOJIIAHBUIATHIH MaTEpUAIIBIH MaccachlHAa XOHE COWKECiHIe OYpKy OTyJlepiHIH CaHbIHAa OalIaHBICTBI EKEHIrl
QHBIKTAJIJIBI.

Tyiiin co30ep: HVOF, mynovipy muimoiniei, CrsC-NiCr scabbinsl, yupKouutl, KaioblK KepHe).

SPRAYING PROCESS FOR Cr3;C2-NiCr COATING

B. K. Rakhadilov!, S. R. Kurbanbekov'?+#, B. Seitov!,
N. Mukanova?, D. E. Baltabayeva®*", K. Katpayeva'

I'S. Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Kazakhstan
2 D. Serikbayev East Kazakhstan Technical University, Ust-Kamenogorsk, Kazakhstan
3 International Kazakh-Turkish University named H.A.Yasavi, Turkestan, Kazakhstan
4 LLP “Institute of Innovative Technologies and New Materials”, Turkestan, Kazakhstan

* E-mail for contacts: dil.baltabaeva3l5@gmail.com

In this paper, the theoretical research of Cr;C,-NiCr coating for zirconia substrate is discussed. To obtain this coating,
one of the multi-efficiency methods high velocity oxygen-fuel thermal spraying (HVOF) was investigated. The coatings
were processed by different thicknesses of zirconia substrate sample of 3—5 mm also with length of 20 mm and width of
30 mm, at spraying speed of 600—700 m/s. The temperature during HVOF spraying is about 3000 °C and the cooling
temperature is 27 °C. Investigating the theoretical data of Cr;C,-NiCr coatings, the development and thermal stresses after
HVOF treatment were determined using Stone's method and Brenner-Senderoff equations with a coating thickness not
exceeding 0.6 mm for carbide coatings. According to the results of theoretical research, the deposition efficiency values
were found by the method proposed by Kosaku Shinoda. According to the theoretical and mathematical calculations, the
deposition efficiency for Cr;C,-NiCr coating with zirconia substrate is in the range of 59.5%—-69.4%. Thus, it was found
that the deposition efficiency for the coatings depends on the thickness of the substrate, the powder feed rate, and the
mass of the applied material and consequently the number of spraying passes.

Keywords: HVOF, deposition efficiency, Crs;C,-NiCr coating, zirconia, residual stress.
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VJIYUIIEHUE SHEPTETUYECKOW KOHBEPCHUM C UCNTOJb30BAHUEM MXENES:
AHAJIN3 DOPEKTUBHOCTH

M. T. dxycambaes, K. Ackapyant’, K. B. lllakenos, C. Azar, Y. JKantukees
Camnaee Ynueepcumem, Aamamol, Kazaxcman
* E-mail ons konmaxmos: k.askaruly@gmail.com

Makcumuzanus 3pPEeKTUBHOCTH TPeoOpa3oBaHus SHEPTHH SIBIJISIETCS TJIABHOM 1IEIIbIO B 00JIaCTH YCTOHYUBBIX SHEPI€TH-
Yyeckux cucreM. B nocnennue rogst MXenes — HOBBII KJIacc IByMEPHBIX MAaTEPHAIIOB — TPUBJIEKAIOT OOJIbIIOE BHUMaHHE
B KOHTEKCTE MOBBINICHHS 3()()EKTUBHOCTH MPEOOPa30BaHUs SHEPTUU. DTOT 0030p JTUTEPATyphl MPEICTABIACT 0030p Te-
KYILIEr0 COCTOSIHUS MicCleioBaHuit MXenes B 00:1aCTH SHEPTeTHKH, BKITIOYast X CHHTE3, XapaKTEPUCTHKH U ITPUMEHEHHE
B CHCTEMax XpaHEeHUs U peoOpa3oBaHus sHepruu. CyniecTBYIOT pa3IMdHbIe METOBI CHHTe3a MXenes, KoTopble pa3pa-
6aTBIBAIOTCS IS MTOTYYEHHS MaTEPHAIIOB C ONITUMAIBHBIMHU CTPYKTYPHBIMH U 3JICKTPOXUMHUECKUMH CBOIicTBaMH. B mc-
CJICIOBAHMSX XapakTepucTHK MXenes n3ydJaroTcsi HX JIEKTPOXHUMHUYECKHE CBOMCTBA, CTPYKTYpa, IOBEPXHOCTh U (HH3H-
KO-XMMHYECKOE ITOBEJICHNE C [ETbI0 OHNMAHHUsI OCHOBHBIX MEXaHH3MOB IPEOOPa30BaHMUs SHEPTUU U ONTUMU3AINN HX
npoussoauTenbHoCTH. [Ipumenenne MXenes B cuctemax XpaHEeHHsI M IPeoOpa30BaHMs SHEPTUH BKIIIOUAET HCIIONIb30Ba-
HHE UX B COJIHEUHBIX OaTapesix, TePMOIEKTPUUECKUX YCTPOUCTBAX 1 akKyMyaTopax. MXenes 00J1a1at0T BEICOKO# MPO-
BOJMMOCTBI0, MEXaHUUECKOU ITPOYHOCTHIO U XUMMHYECKOH CTaOMIIBHOCTBIO, UTO JETAaeT UX IPUBIEKATEIbHBIMH JUIS 9TUX
MPUIIOKECHUH.

HeobxoauMo mpojomkare HcclenoBaHKs, YTOObI Ooyiee MOJHO MOHATH (U3MYECKUE W XMUMHUYECKHE OCOOCHHOCTH
MXenes, a Takxe pa3paboTaTh ONTHMAIBHBIE METO/IBI CHHTE3a U IPUMEHEHHS JJIsl TOCTHKEHUSI MAaKCUMaIIbHOH 3¢ (ek-

THBHOCTH HpeOGpaE}OBaHI/IH OHCPIrUu.

Knroueevie cnosa: MXenes, cunmes, xpanenus u npeoopazoganusi snepeuu, MAX-¢paza, mpasnenue.

BBEJIEHUE

[IpeoOpazoBanue M XpaHEHHE HEPTHUHU NPEICTaBIIA-
10T 00011 3HAYNTEIHHEIC BBI30OBBI B KOHTEKCTE pa3padoT-
KM yCTOHYMBBIX PHEPreTHUecKux cucrteM. C yBenn4nBa-
IOIIMMCS. MUPOBBIM CIIPOCOM Ha 3HEPTHIO U OTpaHUYEH-
HBIM JIOCTYIIOM K TPaJULIMOHHBIM MCKONAEMbIM HCTOU-
HHMKaM TOIUIMBA CTAHOBHUTCSA HEOOXOIUMBIM UCKATh allb-
TepHAaTUBHBIEC (PPEKTUBHBIE U BO30OHOBIISIEMbIE NCTOY-
HUKH 3Hepruu. Kpome Toro, ¢ y4eToM HEOOXOIMMOCTH
CHIDKEHHSI BBIOPOCOB TAapHUKOBBIX I'a30B M CMTYCHUS
HETaTHBHBIX ITOCIIECTBUI N3MEHEHHS KIIMMaTa, mpooJre-
Ma 1peoOpa3oBaHUsl U XPaHEHUS] SHEPTUM CTaHOBHUTCS
emre Ooee HAaCyIHOM. B moceaane romer HabIronaeTes
YBEJIIMYCHHBIN HHTEPEC K MPUMEHEHHIO IBYMEPHBIX (2D)
MaTepHalioB B 00JacTH TpeoOpa3oBaHHUA W XPaHEHUS
sHeprud. Ocoboe BHHMaHHE NPUBIEKAIOT JBYMEPHBIE
KapOH/Ibl 1 HUTPUJIBI TIEPEXOAHBIX MeTaiuioB (MXenes)
Onarozapsi MX NOTEHIHUATY AJIA MOBBIIEHHS dPderTHB-
HOCTH TipeoOpazoBanus sHepruu [1-3]. MXenes — 3to
KJIaCC MaTepHajloB C CIOHCTOH CTPYKTYpOW, TOJIIMHA
KOTOpPOW COCTaBIISIET BCETO HECKOJBKO aTOMOB, YTO Jie-
JIaeT MX BBICOKOIIPOBO/SIIIMMHU M WACATGHBIMH IS HC-
MI0JIb30BaHMS B YCTPOHCTBAX NMpeoOpa3oBaHus U XpaHe-
Hus dHepruu [4]. B xoHTeKcTe MpoOIiieM, COMyTCTBYIO-
X KOMMEPIMAIN3AINN JIICKTPOIHEPTETUKH, pa3pa-
60TKa >(pPEKTHBHBIX CHCTEM IPEOOPA30BAHUS U XpaHe-
HUSI SHEPTUHU WI'PAeT BAXHYIO poiib. [IpuMeHeHue aBy-
MepHBIX (2D) marepuanos, BkiIrodas MXenes, npezacra-
BJIICT 3HAUYNTENbHbBIA TOTEHIMAI JUIs yIydIneHus d¢de-
KTUBHOCTH CHCTEM NpeoOpa3oBaHusl U XpaHEHUs dHep-
THH, CIIOCOOCTBYS TaKMM 00pa3oM mporpeccy B 001acTu

YCTOHUMBBIX  DHEPTETHYCCKUX CHCTeM. [3ydeHue
CBOWCTB 1 mpuMeHeHNss MXenes B TipeoOpa3oBaHUN H
XpaHCHHUH DHEPTUH SBISETCS BAXKHOW OOIACTBHIO HCCIIe-
nmoBaHuil. MXenes ipeAcTaBIAIOT cOO0W HOBEIM U MHTE-
PecHBIII KJ1acc IByMEPHBIX MaTEPUAIIOB, IPUBICKAIOLIIX
3aciy’>KeHHOe BHUMaHKHE B 00JacTH mpeoOpa3oBaHus U
XpaHeHus dHepruu. Mx yHuKanbHble (U3MYECKUe U XU-
MHYECKHE CBOMCTBa, TaKkKe KakK OOJIbIIas IUIOIaab Mo-
BEPXHOCTH, BBICOKAs MPOBOIUMOCTH M BBIJIAIOIIASCS XH-
MHYecKask CTAOMIILHOCTD, JENAIOT MX MPUBIICKATCIHEHBI-
MU ISl Pa3IHYHBIX SHEPTeTUUCCKUX MpHiioxeHuid. Ot-
kpeitue MXenes B 2011 rogy crano 3Ha4UMBIM MOMEH-
TOM B pPa3BUTHH ABYMEPHBIX MATEPHAIIOB U OTKPBLIO HO-
BBIC TIEPCIIEKTUBHI JJIs ICCICIOBAHUH B 00IacTH peoo-
pa3oBaHus W XpaHeHus >Heprun. CpoiictBa MXenes, B
0COOEHHOCTH WX BBICOKAs MOBEPXHOCTHAS IUJIOMIATL U
MPOBOIUMOCTD, JIENAIOT WX MPUBJICKATEIbHBIMU JUIS
MPUMEHEHHUS B KQ4eCTBE JICKTPOJIOB B SHEPTETHUECKUX
YCTPOWCTBAX XPAaHCHUS, TAKMX KaK CYTICPKOHICHCATOPHI,
Oarapeu U TOIUIMBHBIE 37ieMeHThl. Hanpumep, 6marogaps
0O0JIBIIION MOBEPXHOCTHOM TuTomaau, MXenes CriocoOHBI
obecrieuynBaTh XpaHEHHE OOJBIIOTO KOJIMYIECTBA 3apsia
B CYIIEPKOH/ICHCATOPAX, YTO MPUBOIUT K BEICOKOM TITIOT-
HOCTH 3Hepruu u MormHocTH [5]. Kpome Toro, 6pu10 1O-
Ka3aHo, uTo MXenes MOTyT IEHCTBOBAaTh KaK KaTalu3a-
TOpHI B TIpoIieccax IMpeoOpa3oBaHUS CONHEYHOW SHEp-
run. brarogaps nx XuMr4ecKoi cTabMIbHOCTH B 3HAYH-
TEJIbHOW IIOBEPXHOCTHOM Iuiomaau, MXenes MoOryt
OBITh MCIIOJIb30BaHbI B KAUECTBE KATAIN3aTOPOB B (OTO-
XUMHYCCKHUX PEAKIIUAX, TAKMX KaK PACIICIUICHUE BOJIBI U
BoccTaHoBieHHe COs, YTO CHOCOOCTBYET HOBBIIICHHIO
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3¢ PEKTUBHOCTH TPOIECCOB NPEOOpPa3OBaHUS SHEPTUH
[6]. Pa3HOOOpa3ue npuitoxxeHuit MXenes B 00J1aCTH mpe-
00pa3oBaHMs M XpaHEHHs DHEPrHH IOAYEPKHBACT WX
YHHUBEPCAJILHOCTh M MOTEHIHUAN. Y CTOHYMBOCTD UIPaeT
pEIIAoNIyl0 pPOJib B TIPAKTHYECKOM HCIIOJIb30BaHUU
MXenes B cuctemax mpeoOpa3oBaHus U XpaHEHUS YHep-
rud. BaxxHo pa3paboTaTh METOMBI [UIs MOBBIIICHUS CTa-
OMIIBHOCTH 3THX YCTPOMCTB co BpemeHeM [7-9]. Kpome
npobJeM ¢ JOArOCPOYHON CTaOUIBHOCTHIO, CYIIECTBYET
HEo0X0MMOCTh B 00JIe€ BCECTOPOHHHUX MCCIIEIOBAHHUAX
JUIS JTydIIero TOHUMaHUs MEXaHHU3MOB IIPeo0pa3oBaHusl
SHEpPruu B CUCTEMax, OCHOBaHHBIX Ha MXene. IIpu pa3-
pabotke 6onee 3phekTHBHBIX 1 3P (HEKTHBHBIX TEXHOJIO-
Uil IpeoOpa3oBaHusl SHEPTUM HEOOXOAUMO OoJiee Tiy-
6okoe moHnMaHue GpyHIaMEeHTaTbHBIX MEXaHIU3MOB TIpe-
00pa3oBaHMs SHEPIMM B CHUCTEMax Ha OCHOBe Mxene
[10]. Otn mpobnemMbl paccMaTpUBAIOTCS B HECKOJIBKHX
HCCIIEIOBAaHMAX, B KOTOPBIX MCCIIEAYIOTCSI HOBBIE METO-
IIBI CHHTE3a U (pyHIaMEHTaIbHBIE MEXaHU3MEI IIpeodpa-
30BaHUs YHEPTHU B CUCTEMax, OCHOBAHHBIX Ha MXene.
HenaBHue uccienoBaHusi, HampuMep, U3ydald THUAPO-
TepMaJlbHbIE U BICKTPOXUMHUYECKHE METOJbl CHHTE3a
MXene [11]. Kpome Toro, mpoBOAUINCH HUCCAEAOBAHUS
C UENbI0 TOHMMAHMS DJIEKTPOXUMHUYECKHX CBOWCTB
MXene U MexaHH3MOB NpeoOpa3oBaHUsl SHEPTHH B CY-
MEPKOHIEHCAaTOpax, OCHOBAHHBIX HA Mxene [12].
AKTyalbHOCTh NIPUMEHEHUsI MaTepuanoB MXenes B
JIEKTPOXUMHUYECKOM XPaHEHWH HEPruu 00yCIIOBJIEHA
X YHUKaJbHBIMH CBOMCTBaMH, TaKUMH KaK BBICOKAs
JIEKTPOIIPOBOANMOCTD M JIByMEpHasi CTPyKTypa, obec-
reunBaronrie dGQeKTUBHYIO Tepenady 3apsina. Crenun-
(uueckas eMmxocth MXenes siBisieTCs BbAAIOIIEHCS, UTO
JieTIaeT UX NEPCIEeKTUBHBIMU AJIsl HCIIONIB30BaHUS B CBEP-
XKOH/IEHCATOpaX M JIMTHH-MOHHBIX aKKyMYJATOpax
[13, 14]. YcToiunBOCTD K IIUKIMYECKHUM MPOIIECCaM, BbI-
COKasl IOBEPXHOCTHAs! aKTUBHOCTb W TIOTEHIIMAI B Kaye-
CTBE JJIEKTPOKATaIN3aTOPOB JenaroT MXenes BaKHBIM
(axTOpoM B pa3paboTke IPPEKTUBHBIX U JONTOBEUHBIX
IIEKTPOXUMHUYECKHIX YCTPOMCTB ISl XpaHEHHS SHEPTHH.
HoBuzna nanHoro 0630pa 3aKkiovaeTcs B AeTATbHOM
pPaccCMOTPEHHH COBPEMEHHOTO COCTOSIHHS HCCIIE0BA-
HUH, IOCBAIICHHBIX TpuMeHeHnto MXenes B cdepe mpe-
00pa30oBaHus SHEPTUU. AHAIU3UPYIOTCS BONIPOCHI CHH-
Te€3a, XapakTepu3aluu U npuMeHenus MXenes B cucre-
Max XpaHEeHUs! U IPeoOpa30BaHus SHEPTUH, a TAKXKE BbI-
SIBJISIFOTCSL aKTyaJIbHbIE MTPOOJIEMBI, CBSI3aHHBIE C MX HC-
MOJIb30BaHUEM. DTOT 0030p CTPEMHUTCS IPEJOCTaBUThH
KOMIUIEKCHOE ITOHMMAaHWE TEKYyLIEro Hay4HOTo JIaH[I-
madTa B JaHHOK 00JIaCTH M IIOMYEPKHY T KIIIOYEBHIE ac-
MIEKTHI, CIIOCOOCTBYIOIIME Pa3BUTHIO 3()(HEKTHBHBIX
SHEPreTHYECKUX TEXHOJIOIi Ha ocHOBe MXenes.

CHUHTE3 MXENES

HF-TpaBnenue npeacrasisier co00i MUPOKO MpUMe-
HSIEMBII METO/ CHHTe3a U XapakTepusanuu 2D-matepu-
anos, Bkitodas MXenes. DTOT METOA, BKIIIOYAET CEIEK-
TUBHOE YJAJCHUE OIPEECICHHOIO CIOSl U3 CIOUCTOrO
MaTepuala C MCIOJb30BAHUEM IIJIABUKOBOM KHCIIOTHI
(HF). IIpomecc HF-TpaBneHHs MIHMPOKO HCIONB3YETCS

npu cuHTese MXenes, MOCKONBKY OH MO3BOJISIET CEJeK-
THUBHO YJAQISATh CJIOM KapOuIga NepexoJHOro MeTasia
(KITIM) n3 MAX-}a3pl, 4To MPUBOJUT K 00pa30BAHHIO
JBYMEPHOIO MaTepHana, COCTOSAILIEr0 U3 MEPEXOAHOT0
Metasuia u yraepoga. Mexanusm HF-tpaBnenust ocHoBan
Ha peakuuu MiaaBukoBoil kuciorel ¢ KIIM-cimoem B
MAX-¢daze [15]. DTor MeTon MO3BOJIAET IONYYUTH
MXenes ¢ onpeneneHHbIMU XapaKTEPUCTUKAMU U CTPY-
KTYpO#i, KOTOPBIE B JAJIbHEHIIIEM MOTYT OBITh HCIOJIb30-
BaHBI B Pa3JIMYHBIX IPUIIOKEHHAX B 001aCTH Ipeodpa3o-
BaHMS M XpaHEHUS SHEPTHU.
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"”.”'” g B
4 Y e .. - G
OOOOOO OOOOOO 000000

o:::::: - :::::: - o o n o o o

a’s s s s
e e e e e
800000
o e e e e
LSeLes?
@Ti c @A @0 -H

a) 0) B)

Pucynox 1. Obwasn cxema cunmesa TizC2Tx uz TizAICo,
paccmompennas ¢ oannot cmamve. a) cmpykmypa TizAICo.
6) samewenue amomos Al na OH nocne peaxyuu ¢ HF.

8) paspuvlé 6000POOHLIX C8s3€ell U Pa30eieHUe HAHONIACMUHOK
nocie ynompaseykoeol obpabomxu 6 memanone [9]
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IImaBHKOBas KMCIOTA JIETKO B3aUMOJEHUCTBYET C CIIO-
em KIIM, pa3psiBasi XUMHUECKUE CBSI3M U yJalss CIIOU
KIIM, ocraBnss OIByMEpHBI MaTepuan, COCTOSIIUN 13
NepexoIHoTo MeTajuia u yraepoaa [ 16]. CenekTuBHOCTh
JIEKTPOJIMTUYECKOTO TPABJICHUS C Hcroyb3oBanneM HF
00yCJIOBJICHA Pa3INYMeM B PEAKIMOHHOW CIIOCOOHOCTH
mexay cinoem KIIM u gpyrumu cnosimu B daze MAX.
Croit KIIM pearupyeT ¢ IJIaBHKOBOM KUCIOTOH Oojee
AKTHUBHO, YTO MTO3BOJISICT CEIEKTUBHO yxamuts [17]. HF-
TpaBJICHUE LIMPOKO NMPUMEHSETCS pU cuHTe3e MXenes
U sBisiercd 3GQEeKTUBHBIM M MacITabUpyeMbIM MeETO-
JIOM JJIsI TIOJTyYIEHUsI BBICOKOKa4eCTBEHHBIX MaTEpPHUaIOB
MXene [18]. Kpome Toro, HF-TpaBnenue Taxxe MoxeT
UCIIONIb30BaThCsl  JUIA  M3MEHEHHS I[TOBEPXHOCTHBIX
cBoicTB MXenes ImyTeM KOHTPOJIS YCIOBUI TpaBiIeHUS
Y BPEMEHH BO3/ICHCTBUS IIaBUKOBOH KucioTsl. Harpu-
Mep, IIOBEPXHOCTHASI IIOIIA/b M AJIEKTpUIEcKast IIPOBO-
IUMOCTh MXenes MOTYT OBITh PEryJUpyEMBIMH ITyTEM
KOHTPOIIS ycIroBwid TpasieHus [ 19]. OxHoii u3 mpoliem,
cBa3aHHblXx ¢ HF-TpaBienuem, sBisieTCs €ro OnacHbIA
xapakrep. [ImaBuKoBast KHCI0Ta SIBISETCS BEICOKOATpec-
CHBHBIM M TOKCHYHBIM BEIIECTBOM, U ee 00paboTKa Tpe-
OyeT COOTBETCTBYIOLIMX Mep O€30MacHOCTH, BKIIOYAs
UCIIONB30BAaHKE 3ALIUTHOTO 00OPYIOBAHHUS U IPABUIIb-
Hyo ytuiuzanuto otxonos [20, 21]. Kpome Toro, HF-
TpaBJIEHHE TAK)KE MOYKET IPUBOJIUTH K 00pa30BaHHUIO Jie-
(dexToB M npumeceil B Marepuasie MXene, 4TO MOMKET
MIOBJIMATH Ha €ro paboTOCIOCOOHOCTh B NMPHIIOKEHHSAX
10 TIpeoOpa3oBaHuIo YHEPTUH [22]. YHUBEPCATEHOCTH U
Macmrabupyemocts HF-TpaBienus, B coueTaHuy ¢ yHU-
KaJbHBIMU (PU3NYECKUMH U XUMHIECKUMH CBOHCTBAMH
MXenes, nemaroT ero MHOTOOOEMIAIONINM MaTePHAIOM
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JUISl IPUJIOXKEHUH B 00JacTH MpeoOpa3oBaHUs SHEPTUH
[18].

B nomomuenne k HF-tpaBnenuto, Op110 pazpadborano
HECKOJIbKO JpYrux MeTonoB cuHTe3a MXenes. Cpenu
9THX METOJZIOB MOXXHO BBIICJIUTH IIAPOBOE ITOMOJIOTHE,
9KC(HOIMAINIO U CHHTE3 C UCTIOIh30BaHUEM IIa0IOHOB.
[TapoBoe MOMOIJIOTHE SBISETCS PACIIPOCTPAHESHHBIM Me-
TOIOM Jj1s1 cuHTe3a MXenes, 0COOCHHO JjIsI MACCOBOTO
npousBojcTBa. B aToM Metoze dhaza MAX momankuBa-
€TCsl B )KUJKOH cpesie, TaKOM Kak 3TaHOJI WIH BOAA, C UC-
I10JIb30BaHKEM 11apOBOM MenbHULEL. [Iponecce maposoro
nomMoJia pasiaMbiBaet pazy MAX Ha Oojice MeNKUe Jac-
THUIIBI ¥ CO37aeT Ae(PEKThI, KOTOPhIC MOTYT MPHUBECTH K
oOpazoBanuro cioeB MXene [23]. [llapoBoe momosoTue
00J1a1aeT MPEeUMyIECTBOM MPOCTOTHl U MaciiTabupye-
MOCTH B npouecce npousBogcrsa MXenes. Tem He Me-
Hee, OHO TaKXe MOXKET IIPUBECTH K 00pa30BaHUIO MpH-
Mecel 1 TeeKTOB, KOTOphIe MOTYT MOBIHATH HA Kadec-
TBO MOJy4YeHHOTO MaTeprana Mxene [23]. Dxchommanms
SBIICTCS €IIe OJHHUM METOJIOM cHHTe3a MXenes, KOTo-
PRI BKJIIOYAaeT MEXaHHYECKOEe pa3/IelieHHEe CJIOeB
MXene ot azet MAX. DTOT METOI MOXKET OBITH OCYILIE-
CTBJICH C HCIIOJIb30BAaHNEM PA3IMYHBIX TEXHUK, BKIIOYAst
yIBTPa3BYKOBOE BO3/CHCTBUE, MEXaHHMUYECKYIO SKC(O-
JIUALUI0 M JKUAKOCTHYIO SKc(hoiHanuioo (PUCYHOK 2)
[24].

Pucynox 2. Bokosoil 6u0 cmpykmypsi 00vemMHol ¢haszvl
u MXene Ti:2C (a, 8) u TizC> (6, 2); amomer Ti u C
npedcmasnensvl GOTLUUMY CUHUMU U MATEHbKUMU

KopuuHeguiMu chpepamu coomeemcmeento [24]

Okchonnanys sBISETCS TPOCTHIM U 3P (EKTHBHBIM
METOJOM AJISl MOJIy4YEHHUs] BBICOKOKAUECTBEHHBIX Mare-
puanoB MXene, omHaKo IOCTHXKEHHE MacIITabHOTO
MIPOM3BOACTBA C HCIIOJIB30BAHUEM 3TOTO METOIA MOXKET
ObITh citOXKHOW 3amaueit [24]. 1labGmoHHO-OpUEHTHPO-
BaHHBIN CHHTE3 — 3TO €IIe OJUH METOI, pa3paboTaHHbBII
U1t cuHTe3a MXene. B aToM MeTozne ucnonb3yercs ma-
TepHaJ-IIa0JIoH, TaKOH KaK YIJepogHble HAHOTPYOKH
wii rpadeH, A HampasieHus pocta cioeB MXene.
JlaHHBIH MeTOJ MO3BOJISET TOUHO KOHTPOJIUPOBATH TOJI-
MKHY ¥ Mopdooruio MaTepuana MXene, 1 OH ObLT HC-
MI0JIb30BaH JUIS MOJYyYEHHs] BEICOKOKAUECTBEHHBIX MaTe-
puanoB MXene ¢ HacTpauBaeMbIMH CBOWCTBaMH [25].

KJIFOYEBBIE CBOMICTBA MXENE

MXene SBISIOTCS YHUKAJIBHBIM KJIACCOM JIByXMEp-
HBIX MaTEpPHAJIOB C OOJIBIION MOBEPXHOCTHOH IUIOIIA B0
- KJIIOYEBBIM CBOWCTBOM, KOTOPOE JIeNIacT UX MpPUBIIEKa-
TENBHBIMH JUISl NIPUMEHEHHSI B CHCTEMax XpaHEHHs |
mpeoOpa3oBaHus SHEPrud. bombmnas MoOBEpXHOCTHAs
IUIOIaAs AOCTUTACTCS Onarogapsi MEKCIOHHOMY pac-
CTOSIHMIO MeXAay ciosMu MXene, KOTOpOE COCTABIISAET
OT HECKOJIBKHX aHI'CTPEMOB JI0 HECKOJIBKHX HAHOMETPOB
[26]. Bonbliias moBepxXHOCTHAsI TLIOLIA b 00ECIICUUBACT
3¢ PeKTUBHOE XpaHEHHE 3apsiia U MOBbIIIAET PPEKTHUB-
HOCTb ITpeo0pa3oBaHusi SHEPTUH B YCTPOHCTBAX HA OCHO-
Be MXene, Takux Kak CyNepKOHJEHCATOPHI, aKKyMYyJIsi-
TOpPBl U TOIUIUBHBIE AJIEMEHTHI. DTO CBOWCTBO J€naeT
MXene NoAXOASIIMMH [UISl HCIIOJIb30BaHUS B KaYECTBE
9JIEKTPOJIOB B YCTPOHCTBAX XpaHEHHs SHEPIUH, TaK KaK
OHHU CIIOCOOHBI XpaHWUTh OOJNBIIOE KOJIMYECTBO 3apsia,
YTO NPHUBOJUT K BBICOKOW €MKOCTH U 3HEPIEeTUYECKOMN
MJIOTHOCTH. bonblas noBepxHOCTHas miowaab MXene
TaKOKe MO3BOJISIET MCIOIb30BaTh X B KAYECTBE KaTaJU-
3aTOpOB B IpeoOpa30oBaHUM COJNHEYHOH JHEPIuu, Ioc-
KOJIbKY OHM 00€CHEeUYHBAIOT OOJIBILIYIO MOBEPXHOCTD JIS
3¢ PEKTUBHOTO TOTJIONIEHUSI CBETa M IMPeoOpa3oBaHUs
sHepruu [27]. bonbmias mNOBEpXHOCTHAs IUIOIIATb
MXene sBiIsieTCSl YHUKaIbHBIM ITPEUMYILECTBOM, KOTO-
pOe€ OTJINYAET UX OT IPYTUX JBYMEPHBIX MaTepHaJIOB, Ta-
KHX Kak rpadeH. DTo IesaeT ux MepcHeKTUBHBIMU KaH-
JUIaTaMy JUIs TIPUMEHEHHUs] B CUCTEMax INpeoOpa3oBa-
HUS U XpaHEHUs 3Hepruu. JlanpHeiye ucciaeqoBaHus
TpeOyIOTCs ISl ONTUMH3ALNH MX UCIIONIB30BAHMS B 9THX
TIPAIOKEHUSAX W PA3BUTUS yCTOWYNBBIX SHEPT€THUECKUX
TEXHOJIOTUH.

Bonbiias noBepxHocTHas miomane MXene-marepu-
aJIOB MIPEIOCTABIISET BO3MOXKHOCTH ISl X IPUMEHEHHUS
B KaueCTBE KaTaJM3aTOPOB B IPOLIECCaX KOHBEPCHHU COJI-
HEYHOH »SHepruv. DTO OOYCIOBJIEHO CIIOCOOHOCTHIO
MXene obecrieurBaTh 3HAYUTEIHHO OOJIEE BBICOKYIO TIO-
BEPXHOCTHYIO IUIONIA[b, YTO IT03BOJSIET 3()(HEeKTHBHO
MOTJIONIATh CBET M IPEeoOpa3oBBIBATH €TO B IHEPTHIO
[28]. D10 yHHMKampHOE MPEUMYILIECTBO MOBEPXHOCTHOU
mnowaan MXene OTIMYaeT €ro OT APYTrUX IBYMEPHBIX
MaTepHanoB, TakuxX Kak rpaged. B cBa3m ¢ a1mM,
MXene-marepuaibl 00JaIal0T OOJBIIMM TOTEHIHATIOM
JUIS MCTIOJIb30BAHUSI B PA3IMYHBIX MPUIOKECHUSX, CBS-
3aHHBIX C KOHBEpCUEH U XpaHeHHeM 3Hepruu. OnHako,
JUISl ONTHMH3ALIIH UCIIONb30BaHKsl MXene B TaKUX NpH-
JIOXKEHUSIX W JUISl [IPOJBMKEHUSI Pa3BUTHUS YCTOHUMBON
SHEPreTHKH, TPEOYIOTCS NTaIbHEHIIINE UCCIIeIOBaHMS.

DKCHEepUMEHTANBHO MOATBEPKACHO, uTO MXene-ma-
TepHaJIbl MIPOSIBIISIOT BBICOKYIO Y/ICIBHYIO EMKOCTD B CY-
MIEpKOHJICHCATOpax, YTO CBHJCTENbCTBYET O MX IOTEH-
[pajge B Ka4deCTBE 3JIEKTPOJOB IJISI 3HEPreTHYECKOTO
xpaHeHus (pucyHok 3) [29].

Bonpmas nmpoBogumocts MXene obecnieunBaet ObI-
CTPYIO CKOPOCTb 3apsiiIKU M Pa3psiIKu, YTO SIBISETCS
Ba)KHBIM JJI1 BBICOKOMOIIIHBIX NpriioxkeHui [30].
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Pucynok 3. (a) kpugvie yukauueckozo 801bMamMnepoMempul
(CV) ona anexkmpooos PANI, Ti3C> u PANI-Ti3C> npu cxopo-
cmu ckanuposanus 10 mB/c; (6) yoenvnas emrxocms 6 3a8ucu-
mocmu om ckopocmu ckavuposarus 0as Ti3Cz, PANI u PANI-
TisCz; (8) Kpugble 2anb8aHOCMAMUYECKOU 3apaOKU/Pa3paoKu
(GCD) ons snexkmpooos PANI, Ti;C2 u PANI-Ti;Cz npu niom-
Hocmsx moka 0,5 A/2; (2) Kpueble 2aib8aHOCMAMUYECK020 Y-
kauposanus 05 3nekmpo0os TizCo u PANI-Ti3Cz npu niomno-
cmu moka 3 A/e [29].

MXene Takke UCCIENOBATNCh AJIS UCIOJIb30BaHUS B
TOIUIMBHBIX AJIEMEHTaX, IJIe UX BBICOKAs MPOBOAUMOCTD
1 CTaOMIIBHOCTD JETAIOT MX MOJIXOISAIINUMH /ISl CTIOJb-
30BaHMSl B KayecTBE KaTaJIM3aTOPOB WJIN DIIEKTPOJOB.
B TorummBHBIX 35eMeHTax 3(GEeKTHBHOCTD Mepeiaun 3a-
pAoa MEXIy aHOAOM M KaTOJOM HIPaeT PEIIAIoNIyIo
porms u Onaromapss BBICOKOW MPOBOIUMOCTH MXene
obecmieunBaetcst ObIcTpast 1 3¢ dexkTUBHAS Tepenada 3a-
psAna, 9YTO NPUBOIUT K YIYUIICHUIO POU3BOAUTEIBHO-
CTH TOTUIMBHBIX 3JieMeHTOB [31].

KOoMNO3UTEI M TAEPHAIBI HA OCHOBE MXENES

Kommno3zutel Ha ocHOBe MXene NpuMEHSUIUCH B Kaue-
CTBE DJIEKTPOAOB B yCTPOHCTBAX JUIS XPaHEHUS YHEPTUH,
TaKUX KaK CyINEepKOHICHCATOPHI, aKKYMYJISTOPHI B TOII-
JIMBHBIE 35eMeHThl. Hanpumep, komnosutsl MXene-no-
JTUMep ObUTH JIOKa3aHbl 00IaaloNIMMK BBICOKOH eMKO-
CTBIO, JUTUTENILHBIM CPOKOM CITY>KOBI ¥ XOPOILE# crioco0-
HOCTBIO K OBICTpOH 3apsake u paspsake [32]. Jobasie-
HHE TOJHMMEPOB TaKXKe MOXeT o0ecrednTh CTaOuiIb-
HOCTh M MEXaHUUECKYIO THOKOCTh AJIEKTPOIOB, A€Nast UX
6oJree TTOAXOAAIIMMHE JUTS TPAKTHYECKOTO IPUMEHEHUSI.
Amnanorn4yHo, THOpUABI HAa OcCHOBe MXene MCHONIB30Ba-
JIUCH B KaYECTBE KaTaIM3aTOPOB B COTHEUHON IHEPTETH-
ke. Hanpumep, rubpuasl Ha ocaoBe MXene Ni-Co-Fe-P
SBILTIOTCS. 9(QPEKTUBHBIMA KaTallM3aTOpaMH IS peak-
un BeiAeneHus kuciaopona (OER) npu pa3znenenuun Bo-
JIbl, KOTOPAsl IBJISIETCS] BaKHOM peakLMen B IIPOLIECCE I10-
JTy4eHHs BOJOPOIHOTO TOIUIMBA U3 BoJIbL. Coderast CBOM-
CTBa Pa3JIMYHBIX METAIJIOB B THOPH/IE, MOYKHO YITyUIINTh
AaKTHMBHOCTh M CTaOWIBHOCTh Karanuzatopa. llommumo
NPUMEHEHUS] B CHCTEMaxX XpaHEHUsI M IPpeoOpa3oBaHUs
SHEPruH, KOMIIO3UTHI ¥ THOpHABI Ha ocHOBe MXene nc-
TIOJIb30BANIUCH B PYTHX 00JIACTAX, TAKUX KaK SKPaHUPO-

BaHHE JJIEKTPOMArHUTHBIX TMOMEX M KaTaJUTHYECKHE
OKHCIUTENbHbIE peakiyu [33]. YHUBEepCaIbHOCTh KOM-
MO3UTOB U THOpUI0OB HAa ocHOBe MXene nenaer nx MHO-
roo0enaonM MaTeprualioM Ul LIMPOKOTO CIEKTpa
npuMeHeHni. HecMoTps Ha MX MOTEHIIMAN, UCTIONh30Ba-
HHE KOMIIO3UTOB ¥ THOPHUIOB Ha OCHOBE MXene Bce erre
CONPSDKEHO C PAIOM BBI30BOB. Hampumep, cuHTE3 KOM-
MTO3UTOB U THOPUAOB Ha ocHOBe MXene dacTo mpeacra-
BJIIET CJIO’KHOCTb, TaK KaK TpeOyeTcs TOYHOE KOHTPOJIH-
pOBaHHE COCTaBa, CTPYKTYpPhI M HHTepdeiica Mex Iy pas-
TUYHBIMKA MaTepuanamu. Kpome Toro, TpebyroTcs Bce-
CTOPOHHHE WCCJIEeOBaHMs A Oosiee riryOOKOro MoHH-
MaHHUsI CBOMCTB U MEXaHU3MOB ITPEe00pa30BaHUs SHEPTUH
B KOMIIO3UTaxX W rudpuaax Ha ocHoBe MXene.

INIPUMEHEHUE MXENES B XPAHEHUU DHEPTUU

st nanpHeMero yiydieHus: 3HEpreTUYECKUX Xa-
PaKTEpUCTHK U NPOU3BOAUTENLHOCTH MXene uccneno-
BaTEJIM UCCIIEAYIOT pa3paboTKy KOMIO3UTOB U THOPUIOB
Ha ocHOBe MXene. bbuto J0ka3aHO, YTO KOMIIO3UTHI U
ruOpubl Ha OCHOBE MXene yydnialoT SHEPreTH4ecKue
XapaKTEePUCTUKU U IPOU3BOIUTEIEHOCTD MO CPAaBHEHHIO
C TPaAMIMOHHBIMU MaTE€pHAIAMH JJIsI XpaHEHHS JHep-
ruu. Hanpumep, KoMo3uTel Ha ocHOBe MXene npume-
HSIOTCS B KAYECTBE IEKTPOJOB B CyNIEPKOHCHCATOPaX,
obecrieunBasi OONBIIYIO HEPTETHUYECKYI0O W MOIIHOCT-
HYIO IJIOTHOCTb, YTO AENAeT UX HMICAJIbHBIMHU UIS HC-
HOJIB30BAHUS B KPYyNTHOMACIUTAOHBIX NPHIOKEHUX, Ta-
KUX Kak AJIEKTPOMOOWIIM U CHUCTEMBI BO30OHOBIISIEMOI
sHepruu (pucyHok 4) [34-37].
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Pucyrnox 4. Humencusnocmv cnexmpog 6 pexcume Raman ons
MXene Ti;C2Tx, nonyyennsix na: (a) nOIOICUMENLHOM dNEKM-
pooe 6 anexmponume H2S04, (6) ompuyamenvrom snekmpooe
6 anekmponume H2SO4, (8) nonoosicumenvrnom snekmpooe 6
anexmponume (NH4)2S04 u (2) ompuyamenvrom anekmpooe 6
anexmponume (NH4)2SO4. 3nauumenvuvie usmenenus 8 noso-
orcenuu noroc Raman, sasucawue om Hanpsadxjcenus, oOHapy-
Jicensl monvko 6 cayuae (6). Ilonoca npu 726 cm™! cmewaemes
6 cmopony kpachozo cnexmpa 0o 708 cm™!, ko20a nomenyuan
usmensiemesi om 0 B 0o —0,4 B, u nonnocmwio 8o3gpawujaemcs 6
UCXOO0HOe NOJoJICeHUe NPU 00PAMHOM CKaHuposanuu [34].
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Komrmo3utsl u rubpuapl Ha ocHoBe MXene Moryt
OBITh CHHTE3MPOBAHBI ITyTEeM coueTanus MXene ¢ apy-
TUMH MaTepuallaM¥, TAKHMH KakK TOJHMEpHI, rpadeH u
JpyTHE IBYMEPHBIC MaTEPUATBI. DTH KOMITO3UTHI U THO-
PHUABI MOTYT OBITh CIICITUAIEHO HACTPOCHKI IS 00JIaa-
HUS OTIPENICIICHHBIMU CBOMCTBAMH, COOTBETCTBYIOIINMHU
Pa3IMYHBIM TIPIJIOKCHUAM B 00JIaCTH XpaHEHHS U IIpe-
oOpazoBanus Heprun. Hanpumep, 601bI17e KOMIO3HUTHI
Ha ocHOBe MXene MOryT ObITh pa3paboTaHbl C BBICOKOI
MEXaHHYECKOH MPOYHOCTHIO, YTO JEeNAeT UX HealbHbI-
MH JUIS UCIIOJIb30BAHUsI B KPYITHOMACIITAOHBIX MPHJIIO-
JKCHHSX, TAKUX KakK dyekTpomoomn [38—40].

Pa3BuTHe KOMIO3WTOB M THOPHIOB HA OCHOBE
MXene 111 SHEPreTUUECKUX MPUIIOKEHHU BCe ellle Ha-
XOJIUTCS Ha PaHHEH CTaJIuu, U TIepe]l HUM CTOUT MHOXKE-
CTBO BBI30BOB. OJTHOW W3 OCHOBHBIX MPOOJIEM SIBIISCTCS
MacIITabUPyeMOCTh CHHTE3a STHX MaTePHAIIOB, UYTO HE-
00X0AMMO IS KX TPAKTUIECKOTO HCIIOIB30BAHHUS B CH-
CcTeMax XpaHEeHWs M mpeobOpa3oBaHus >Heprun. Kpome
TOT0, HEOOXOAMMEI O0JIee BCECTOPOHHHUE HCCIICIOBAHUS
JUIS JTy4IIEro MOHUMAHUs XapaKTePUCTHK M CTaOUIIbHO-
CTH KOMIIO3UTOB U THOPHIIOB Ha ocHOBe MXene B Teue-
Hue Bpemenu [32].

DTH ycTpoiicTBa OONBIION MOITHOCTH T XPaHCHUS
SHEPIHU MOTYT OBICTPO 3apsKATHCSA U pa3pshKaTh 00JIb-

mre 00beMbI SHEPTHH, YTO JAENaeT UX HICaTbHBIMU JIIS
UCIIOJIb30BaHMsI B CHCTEMaX PEreHEPaTHBHOI'O TOPMOJKeE-
HUSI B DJIEKTPOMOOWJISIX U B KayecTBE MCTOYHUKOB pe-
3€pPBHOTO MUTAHMS JJIsI CUCTEM BO30OHOBIISIEMOH 3HEp-
rud. J{7st JanbHennero yiyqiieHus JHEPreTHIECKHX Xa-
PaKTEepHCTHK YCTPOHCTB CYNEPKOHAEHCATOPOB, HCCIE-
JOBATENN UCCIIEAYIOT IPUMEHEHHE KOMIIO3HTOB M THO-
punoB Ha ocHoBe MXene. Couerass MXene ¢ npyruMu
MaTepHalaMy, TaKUMU KakK YIJepoxHble HaHOTPYOKH
Wi rpadeH, uccienoBaTesy co3Aaiu rHOpUIHBIE dIIeK-
TPOJBI CyNIEPKOHICHCATOPOB C YJIy4YIICHHBIMU XapaKTe-
pHUCTHUKaMU XpaHEHHs SHEPTUH U OBBIIIEHHOH CTaONIIb-
HoCThI0. Hanpumep, B uccnenoBanuu [41] aBTopsI CO00-
MWK 00 yIy4IIEHUH SHEPreTUYeCKUX XapaKTEePUCTUK
YCTPOMCTB ~ CYNEpPKOHAEHCATOPOB NPH  COYCTAHUH
MXene-0CHOBHBIX 3JIEKTPOIOB ¢ TpadeHom. [ nbpumHble
JIEKTPOJIBI MOKa3aIH 0oJiee BBICOKYIO YACNBHYIO EM-
KOCTb H yJIy4IICHHYIO IIPOM3BOJUTEIHLHOCTD PH Pa3HBIX
CKOPOCTSIX 3apsIKU U Pa3pSIKH 110 CPABHEHUIO C YUCTHI-
MH JIEKTpoaMu Ha ocHoBe MXene. Hanpumep, komrio-
3utel MXene/rpaden uaun MXene/moiaumep ObUTH HC-
H0JIB30BAHBI B KAYECTBE KOMIIOHCHTOB aKKyMYJISITOPOB U
NOKa3aJId  YJIy4IICHHbIE XapaKTEePUCTUKH XpaHEHHs
SHEPruM U CTaOMIBHOCTh 10 CPABHEHUIO C TPaJUIIMOH-
HBIMH MaTepuajiaMy JUIsl akKyMYJISITOPOB.

—a—10mVs’

——100mv's™
A—500mY s

—¥— 1000 mV 5~

4— 10000 mV's~

20000 mV s

—8— 50000 mV' s~
—— 100 000 mV 5|

A) 500 B
(A) { )1000 B
400 |
__ 300
7 ~ 500 |
£ 200 o
5 w i
S w
5 100+ —e—1MLi,SO, 2
£, —s 05MKSO, 5 %7
B 3 —a—1MNa,S0, 2 1
& 100+ —o—1MMgSO g
3 ! s & 500
200 {
3004 &% |
-1000
400 +— T T T T T T T T 1
06 -05 04 -03 02 01 00 01 02 10
Potential V versus Ag/AgCl
(D)

Slow transport

/

N\

Current collector

Fast transport

r T T T T T
-0.6 -0.4 -0.2

Potential V versus Hg/Hg, SO,

(E) 400

300+
200

; 1004

g o

2

51004

2

S 200
E —=— 6 pm filtration
300 4 —e— 35 um filtration

= ; —&— 40 um MXLLC
4004 . —— 200 um MXLLC|
|

T T T
-1.0 -08 -0.6 04 02 0.0
Potential V versus Hg/Hg, SO,

Pucynox 5. dnexkmpoxumuyeckue xapaxmepucmuxu MXenes 6 600nvix snexkmpoaumax [42]

Kak BpIie yxe 6bu10 ckazano, MXenes MHpPOKO MpH-
MEHSIIOTCSI B Pa3JIMYHBIX CHCTEMax XpaHECHUsI SHEPTUH
Omaromapsi CBOMM BBITarommMcsi cBoricTBam. OHH WC-
MOJIB3YIOTCA B KAUECTBE HJIEKTPOAHBIX MATEPUAIOB IS
JIUTHH-MOHHBIX aKKyMYJITOPOB, 00eCIIeYHBast BBICOKYIO
9JIEKTPONPOBOAUMOCTh U CHELU(PUIECKYI0 €MKOCTh H,
TaKuM 00pa30M, IOBBIIIAS YHEPIeTHYECKYIO IUIOTHOCTb
aKKyMyJsITOpoB. MXenes Takxke HaX0AAT IPUMEHEHUE B
CBEPXKOHJIEHCATOpaX, TJe UX cliennpuuecKas eMKOCTh 1
OBICTPBIi 3apsi] ¥ pa3ps] 00eCICYNBAIOT BBICOKYIO MOIII-

HocTh. MccnenoBanust B 001aCTH 3IIEKTPOXUMHYECKHX
CHCTEM XpaHEHHsI BOJJOPO/Ia TAK)KE BKIIIOYAIOT ITPUMEHE-
Hue MXenes. KpoMe TOro, oHH UCCIENYIOTCS KaK MaTe-
pHAaIBI [UTSE 3JIEKTPOIOB B COMHEYHBIX Oarapesx U (poTo-
JNEKTPUUECKHX YCTPOUCTBAX, I/Ie UX CBOWMCTBA CIIOCO0-
CTBYIOT A (PEKTUBHOMY TNpPEOOpa30BaHUIO CBETOBOI
SHEPIHH B OJIEKTPHYECTBO. DTa MHOIO(YHKLIHOHANb-
HOCTP AenaeT MXenes NepcrieKTHBHBIMU MaTepHaIaMu
JUISL Pa3NIMYHBIX COBPEMEHHBIX TEXHOJIOTHIA XpaHEHHS U
npeoOpa3oBaHus SHEPTHH.
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Hecmotpst Ha MHOroobGemaromue cBoiicrea MXenes
JUISl CHUCTEM XpaHEHUs U mpeoOpa3oBaHus SHEPTUH, CY-
IIECTBYIOT HEKOTOpBIE OrpaHn4eHus. Bricokas crou-
MOCTh CBHIPBEBBIX MAaTEPHAIIOB IS IX CHHTE3a, TOTEHIIN-
aJbHass HEOHOPOIHOCTh U BapHabeNbHOCTh CBOMCTB, a
TaKkXKe TPOOIEMBI C YCTOHYHMBOCTBIO B OKPYIKAroIIei
cpene, 0OCOOEHHO B YCIIOBHSX BBICOKOW BIIAKHOCTH, MO-
T'YT HOBBICUTBH OOIIYIO CTOMMOCThH MPOU3BOJICTBA U CO3-
JaTh TPYIOHOCTH B MHTerpauuu. OrpaHudeHHas TEpMU-
YyecKkas CTaOWJIBHOCTb U YyBCTBUTENHHOCTh K BBICOKUM
TeMIepaTypaM MOTYT OIpPaHHYUBATH IPHUMEHEHUE
MXenes B BBICOKOTEMITEpATYPHBIX ycIoBUsIX. Kpome To-
ro, OTCYTCTBHE €ANHBIX CTAHAAPTOB U HOPMATHBOB CO3-
JIaeT BBI30OBBI B CTAaH/JApTH3aLMK MPOLECCOB U BaJIU/Ia-
LIUH Pe3yJIbTaTOB MCCIIEIOBAHUN. DTH aCTIeKThl TPEOYIOT
JIOTIOJTHUTENBHBIX MCCIICIOBAHNHA M WH)KEHEPHBIX pellle-
HUM JUIS YCTPaHEHHs WM CMATYCHUS HEJOCTATKOB M
o0ecIieueHNs] yCTOWYMBOTO W YCIIEIIHOTO BHEIPEHHS
MXenes B 3HEPreTUUECKUE CUCTEMBI.

3AKJIIOYEHUE

Bbu10 npennoxkeHo U UCCcaef0BaHO HECKOIBKO MeXa-
HU3MOB JUIsS XpaHEHHWsI »Hepruu B MXenes, BKIIOUas
IEKTPUYECKYIO0 JBOHHYIO 3JIEKTPHUYECKYIO EMKOCTb,
TICEBJOEMKOCTh W PEIOKC-PEAKIMH. JJIEKTpHUIECKast
JIBOMHASL JJIEKTPUUYECKAs E€MKOCTh SIBISIETCSI OMHUM H3
OCHOBHBIX MEXaHU3MOB XpaHeHus sHepruu B MXenes u
BKJIIOUAET XpaHEHME 3apsa Ha rpanule MXene u siek-
TPOJINTA. DTOT MEXAHU3M CB3aH C OOJIBIION TOBEPXHO-
cThio MXenes, uto obecrieunBacT 3pPEeKTUBHOE XpaHe-
HHUEC 3apsja U MOBbIIICHUE 3PPEKTHBHOCTH Mpeodpa3o-
BaHUs SHepruu. IlceBnoeMKoCTh SBISETCA elle OJHUM
MEXaHU3MOM XpaHEeHHs dHepruu B MXenes 1 BKIIO4aeT
00paTHMyIO afcopOLMIO HOHOB Ha MOBEPXHOCTH Mare-
puana. OTOT MEXAaHU3M CBSI3aH C XUMUYECKUMH CBOMCT-
Bamu MXenes, obecrieunBaromumu 3ddekTuBHOE Xpa-
HEHME NOHOB M MOBBIIICHNE YHEPTOEMKOCTH. Peoke-pe-
aKIUHM TPEACTABIAIOT cO00M TpeTHii MEeXaHW3M XpaHe-
Hus 3Hepruu B MXenes 1 BKIIIOYAIOT [1epeady 3JIEeKTPo-
HOB MeXIy MXene U 3JEKTPOIUTOM. ITOT MEXAHU3M
CBA3aH C DJIEKTPOXMMHUYECKUMMH CBoiicTBamH MXenes,
obecrieunBarOIMMU dPPEKTUBHYIO Nepeady 3JIeKTpo-
HOB U TIOBBILIIEHHE 3HEPTOEMKOCTH.

B 3akimoyeHne OTMETHM, YTO ONTHUMAJBHBIA MeXa-
HU3M XpaHeHus 3Hepruu B MXenes coueTaeT BhIIIEYKa-
3aHHBIE MEXaHU3MBI U MOXKET OBITh ONITUMU3UPOBAH ITy-
TEM KOHTPOJISI KOMIO3UIIMN MaTEpPHaa, €ro CTPyKTYpHI
¥ TIOBEpXHOCTHOH (yHKIHOoHamM3amuy. ONTHMAaIbHBII
MEXaHW3M XpaHeHHs dHepruu B MXenes OyaeT 3aBHCETh
OT KOHKPETHOT'O NIPUJIOKEHHSI XPaHEHUsI SHEPTUU U Tpe-
OyeMBbIX XapaKTEPUCTHK XPAHEHHUS SJHEPTUU.
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MXENES KOJJAHYAPKbBIJIBI DHEPT'USHBI TYPJIEHAIPY I /KAKCAPTY:
TUIMALJIIKTI TAJLJAY

M. T. dxycambaes, K. Ackapyasi’, K. B. lllakenos, C. Azar, Y. )Kantnkees
Comobaee Ynusepcumemi, Anmamut, Kazaxcman
* batinanvic ywin E-mail: k.askaruly@gmail.com

DHEPrusiHbl TYPIACHIIPY THIMAUIITIH apTTRIPY TYPAKThl SHEPTeTUKAJIBIK XKYHEIep calachlHAarsl 0acThl MaKcaT OOJIBIIT
ta0buTazbl. COHFBI KbIIIAapbl MXenes-eki eImeM Il MaTepraIiapIbiH )KaHa KJIachl, SHCPTUSIHBI TYPICHIIPY THIMIUTIITIH
apTTBIpy KOHTEKCTiH/E YIKeH Hazap aymapasl. byn omebuertepre mony MXenes-HiH SHEPreTHKAIBIK 3€PTTEYIIEPiHiH
Kasipri »arqaiblHa, COHBIH IIIIH/EC ONAp/bIH CHHTE3iHEe, CUIIATTaMalaphlHa JKOHE SHEPTHSHBI CaKTay )KOHE TYPICHIIPY
Ky#enepiHae KONJAHBLUTYbIHA IMONY jKacambl. OHTAWIBl KYPBUIBIMIBIK JKOHE 3IEKTPOXHUMUSIIBIK KacHeTTepi Oap
MaTepHangapasl ary yiiH a3ipieHreH MXenes CHHTE3IHIH opTypdi aaicrepi 6ap. MXenes cumarramanapbH 3epTTey
SHEPTHUSIHBl TYPJCHIIPYIIH HETi3rl MeXaHM3MIEPiH TYCIHy >KOHE OJIap/blH OHIMJIUIIIH OHTalJIaHABIPY MaKCaTBIH/IA
ONIAPIBIH DJICKTPOXUMISIIBIK KACHETTEPiH, KYPBUIBIMBIH, OCTiH >XKoHEe (PHM3MKa-XMMHUSIIBIK KAaCHETTEpiH 3epTTeiimi.
MXenes-1i SHEPTUSHBI CaKTay JKOHE TYPICHAIPY JKyHelepinae Koamany oapAasl KyH OaTapessiapbIHaa, TEPMOJIEKTPITIK
KYpBUFBUIAap/a jkoHe OaTapesiapia KoJImaHyasl KaMTHIsL. MXenes jKOFaphl OTKI3TIMITIKKE, MEXaHUKAIBIK OCpIKTIKKe
KOHE XUMUSIIBIK TYPAKTBUIBIKKA He, OYJ1 0Japabl OChl KOCBHIMILIANIAP YILIiH TapTHIMIBI €TEl.

MXenes-TiH HU3UKAIBIK KOHE XUMHUSUIBIK €PEKIIETIKTePIiH TOJIBIK TYCIHY KOHE SHEPTUAHBI TYPIACHIIPYIiH MaKCUMAJIIbI
TUIMJIUTITIHE KOJI JKETKI3y YIIIH OHTAMJIbI CHHTE3/IeY JKOHE KOJIAaHy SAICTEepIiH d3ipiiey YIIIH 3epTTeyJepAl KAIFACThIPY
KaXKeT.

Tyitin co30ep: MXenes, cunmes, snepeusiuvl cakmay sxcane mypiendipy, MAX gazacel, enoey.

IMPROVING ENERGY CONVERSION USING MXENES: EFFICIENCY ANALYSIS

M. T. Dzhusambaev, K. Askaruly”, K. B. Shakenov, S. Azat, U. Zhantikeev
Satbayev University, Almaty, Kazakhstan
* E-mail for contacts: k.askaruly@gmail.com

Maximizing energy conversion efficiency is a major goal in the field of sustainable energy systems. In recent years,
MXenes, a new class of two-dimensional materials, have attracted much attention in the context of improving energy
conversion efficiency. This literature review provides an overview of the current state of energy research on MXenes,
including their synthesis, characterization, and applications in energy storage and conversion systems. There are various
methods for the synthesis of MXenes that are being developed to obtain materials with optimal structural and
electrochemical properties. Characterization studies of MXenes examine their electrochemical properties, structure,
surface, and physicochemical behavior to understand the underlying energy conversion mechanisms and optimize their
performance. Applications of MXenes in energy storage and conversion systems include their use in solar cells,
thermoelectric devices and batteries. MXenes have high conductivity, mechanical strength, and chemical stability, making
them attractive for these applications.

Continued research is needed to more fully understand the physical and chemical properties of MXenes and to develop
optimal synthesis and application methods to achieve maximum energy conversion efficiency.

Keywords: MXenes, synthesis, energy storage and conversion, MAX phase, etching.
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ANALYSIS OF THE PRODUCTION OF RARE-EARTH ISOTOPES AT THE WWR-K
RESEARCH REACTOR: PROMISING THERAPEUTIC RADIONUCLIDES

A. Gurin®, Y. Chakrova, Z. Medvedeva, V. Zakharov, Y. Kulakova
RSE REM “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan
* E-mail for contacts: gurin.andrey@inp.kz

Rare Earth Elements (REE) are a group of seventeen chemical elements in the periodic table, including lanthanides and
scandium and yttrium. These elements have unique physical and chemical properties that make them valuable in various
industries, including electronics, magnets, and catalysts. However, radioactive isotopes of rare earth elements also possess
effective nuclear physical properties that make them promising for the development of new radiopharmaceuticals for
therapeutic purposes. These radioactive isotopes have unstable atoms with excess nuclear energy, and they undergo
radioactive decay, which can be utilized for medical applications.

The nuclear physical properties of radioactive isotopes of rare earth elements make them suitable for therapeutic purposes
in medicine. For example, technetium-99m, a radioactive isotope of technetium, is widely used in diagnostic nuclear
medicine due to its outstanding physical-chemical characteristics. Other radioactive isotopes of rare earth elements, such
as holmium-166, have been established for a broad spectrum of medical applications. These isotopes can be used in
targeted radiation therapy to treat various diseases, including cancer. The unique properties of these radioactive isotopes
allow for precise targeting and delivery of radiation to specific tissues or cells, minimizing damage to healthy tissues.
The potential of radioactive isotopes of rare carth elements for therapeutic purposes extends beyond the current
applications. Ongoing research and innovations in the field of radiopharmaceuticals continue to explore the use of
underutilized lanthanoid radionuclides for theranostic purposes. For example, astatine, a rare and highly radioactive
element, exhibits multiple isotopes that can be potentially utilized in targeted therapy. The development of new
radiopharmaceuticals using radioactive isotopes of rare earth elements holds promise for advancing medical treatments
and improving patient outcomes. With further research and advancements, these isotopes may play a crucial role in the
future of therapeutic medicine.

This research work makes it possible to evaluate the possibility of obtaining REE such radioisotopes as: °°Y, 4!Ce, 'Y'Nd,
153Sm, 1Dy, 1%Ho, '%°Tm, '">Yb, '"7Yb, '"’Lu by reaction (n, y) at the WWR-K reactor.

Keywords: rare-earth isotopes, WWR-K research reactor, neutron irradiation, specific activity, direct nuclear reaction.

1. INTRODUCTION

The main goal of radiotherapy is to ensure the speci-
ficity of RP delivery to a malignant cell at a low dose of
radiation to healthy tissues [1]. Therefore, when develop-
ing new radiopharmaceuticals, special attention should
be paid to both the nuclear and physical properties of the
radioactive isotopes included in the composition and the
chemical and (or) biological component labeled with one
or another radioactive isotope. The suitability of RP with
one or another chemical or biological component is eval-
uated to reflect the function of the cell or the whole or-
ganism as fully as possible.

The criteria for choosing a radionuclide for radionu-
clide therapy are: type of decay — radionuclides emitting
corpuscular radiation are used for therapeutic procedures:
a and B-emitters, as well as emitters of Auger electrons
and X-rays. Moreover, the emitted radiation should have
a suitable linear energy transfer coefficient and «mile-
age» (absorption) in the tissues of the body: from frac-
tions to several millimeters, and the daughter decay
products should be short-lived or stable. The presence of
additional gamma radiation in the range from 70 to
250 keV is a positive factor that allows determining the
exact location of the radiopharmaceutical after its admin-
istration and monitoring the treatment process.

B-particles have variable energy (0.1-2.2 MeV) and
relatively low penetrating power, which is usually in the
range of 0.2 keV/pm. Although beta-emitters are the
most developed class of radiotherapeutic agents, it is
known that their low resolution leads to a high attenua-
tion range (0.5—10 mm; 50-1000 cell diameters), which
often goes beyond the diameter of target tumors. This can
lead to the death of healthy cells and is the main deterrent
to beta therapy. Currently, low-energy B-emitters (for ex-
ample, 7"Lu) are being actively investigated due to their
lower radiation energy compared to high-energy
B-emitters (for example, *°Y); radiation energy — isotopes
with low, medium and high maximum particle energy are
used for radiotherapy, depending on the volume of tissue
or organ, in need of treatment; half-life — preference is
given to radionuclides with a half-life of 6 hours to 7 days
[2].

The selection of an isotope with a suitable half-life is
carried out taking into account the pharmacokinetics of
the transport molecule, which is designed to deliver the
radionuclide to the zone of interest [3]. Radiopharmaceu-
ticals with a therapeutic effect should be in the focus of
cancer formation for a sufficient time so that radiation
has time to destroy cancer cells [4]. Definitely, in the case
of using an isotope with a too short half-life, the activity
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of the isotope will decrease before the transport molecule
penetrates into the oncological neoplasm and settles in it.
The worst thing is that the therapeutic effect will not be
achieved, and the radiation dose of healthy and radiation-
sensitive tissues will take place. On the other hand, a long
half-life will provide a therapeutic effect of oncological
diseases, since long-lived nuclides are quite tolerant to
the bone marrow. Moreover, a very long half-life does
not always have a positive effect, since an excessively
long half-life increases the amount of radiopharmaceuti-
cal that needs to be moved to an oncological neoplasm to
obtain a therapeutic effect, taking into account decay and
excretion [4].

The main criteria for choosing the half-life of an iso-
tope are based on data on the molecular weight, size and
topological characteristics of the transport molecule, as
well as on the size of tumor formations [1]. If the RP is
aimed at scattered cells, then the half-life should prefera-
bly be selected in the range from several hours to several
days. Significantly longer half-lives of the isotope (more
than a week) are necessary to achieve a therapeutic effect
on large tumors [5, 6].

Also an important factor in the quality and safety of
drugs is the absence of toxic impurities or radioactive
substances, as a result of the radioactive decay of which
long-lived radionuclide impurities form [7, 8].

To determine the list of the most promising REE for
irradiation at the WWR-K reactor, an analysis of their nu-
clear physical characteristics was carried out according
to the literature data.

Research reactor WWR-K, rated power of 6 MW with
a maximum density of thermal neutron flux of
2:10" n-cm2-s7!. The duration of the standard irradia-
tion cycle of the reactor is 21 days.

Table 1 presents data on the natural composition of
REE and the nuclear physical properties of radioactive
isotopes formed by irradiation with thermal neutrons, as
well as criteria for the selection of isotopes.

Radioactive isotopes were taken into consideration,
the half-life of which lies in the range from 1 hour to 700
days, which is associated with the possibility of their fur-
ther use for radionuclide therapy or brachytherapy. The
table does not provide data on the element promethium,
since this element occurs on Earth only in trace amounts
as a product of spontaneous fission of uranium — 23°U and
2381 and has no stable isotopes.

%Y — Natural yttrium oxide Y,O3 will be used to carry
out the ¥Y(n, y)°°Y reaction, with an activation cross sec-
tion ¢ = 1.26+0.08 barns. This isotope has a beta decay
mode Ty, = 64 hours, with a 100% probability, decaying
at *Zr. It has a low-intensity gamma radiation energy
equal to 2186.24 keV, as well as X-ray radiation energies
of 15.775 keV and 15.691 keV [9].

41Ce — The reaction '*°Ce(n, y)'*!Ce has an activation
cross section of 0.58 barns. This isotope has a beta decay
mode Ty, =32.511 days, with 100% probability, decay-
ing in "Pr. It has a gamma-ray energy equal to

145.4433 keV, with a radiation intensity of &, = 48.4%,
as well as X-ray energies of 36.027 keV and 35.551 keV

[9].

1“7Nd — The reaction '*Nd(n, y)'4’Nd has an activa-
tion cross section of 1.41 barns. This isotope has a beta
decay mode T;, =11.03 days, with 100% probability,
decaying at '’Pm. It has gamma radiation energies equal
to 91.1050 keV, with a radiation intensity of &, = 28.9%
and 531.012keV, with a radiation intensity of
g, =13.11%, as well as X-ray radiation energies of
38.724 keV and 38.171 keV [9].

153Sm — The reaction '>2Sm(n, ¥)'**Sm has an activa-
tion cross section of 206 barns. This isotope has a beta
decay mode T, = 45.284 hours, with 100% probability,
decaying in '**Eu. It has gamma radiation energies equal
to 103.180 keV, with a radiation intensity of g, = 29.14%,
69.673 keV, with a radiation intensity of & =4.67%,
97.431 keV, with a radiation intensity of &, = 0.763%, as
well as X-ray energies of 41.541 keV and 40.901 keV[9].

165Dy — The reaction '**Dy(n, y)!*Dy has an activa-
tion cross section of 2650 barns. This isotope has a beta
decay mode T, =2.332 hours, with 100% probability,
decaying in '®Ho. It has a gamma radiation energy equal
to 94.700 keV, with a radiation intensity of &, = 3.8% as
well as X-ray energy of 47.547 keV and 46.700 keV [9].

166Ho — The reaction '*Ho(n, y)!°Ho has an activa-
tion cross section of 64.7 barns. This isotope has a beta
decay mode Ti, = 26.824 hours, with 100% probability,
decaying in '%Dy.It has a gamma radiation energy equal
to 80.576 keV, with a radiation intensity of &, = 6.56%,
1379.437 keV, with a radiation intensity of &, = 0.922%,
1581.834 keV, with a radiation intensity of &, = 0.182%,
1662.439 keV, with a radiation intensity of
g, =0.1191%, as well as X-ray energies of 49.128 keV
and 48.222 keV [9].

170Tm — The reaction '*Tm (n, y)'°Tm has an activa-
tion cross section of 105 barns. This isotope has a beta
decay mode T, = 128.6 days, with a 99.869% probabil-
ity, decaying in '"°Yb and with a probability of 0.131%
in "°Er. It has a gamma radiation energy equal to
84.255 keV, with a radiation intensity of &, = 2.48%, as
well as X-ray radiation energies of 6.545-10.459 keV
and 52.389 keV[9].

175Yb — The reaction "*Yb(n, v)!"*Yb has an activa-
tion cross section of 63.2 barns. This isotope has a beta
decay mode T, =4.185 days, with 100% probability,
decaying at '’Lu. It has gamma radiation energies equal
to 396.329 keV, with a radiation intensity of &, = 13.2%,
282.522 keV, with a radiation intensity of &, = 6.13%,
113.805 keV, with a radiation intensity of &, = 3.87%, as
well as X-ray energies of 54.070 keV and 52.965 keV

[9].

41



ANALYSIS OF THE PRODUCTION OF RARE-EARTH ISOTOPES AT THE WWR-K
RESEARCH REACTOR: PROMISING THERAPEUTIC RADIONUCLIDES

Table 1. Isotopic abundance of natural rare-earth isotopes

and activation products [9]

% Natural o (b) Product RN
Isotope al;un dance for (n, y) and its characteristics,
reaction probability >0.1%

43¢ 100 27.2 43¢ (B, 83.9.d)

8y 100 1.28 90Y (B-, 64.0 h)
189Th 100 23.3 160Th (-, 72.1 d)
136Ce 0.19 6.5 137Ce (B*, 8.9 h)
138Ce 0.25 1.02 139Ce (EC, 137.6 d)
140Ce 88.45 0.58 141Ce (B, 32.5d)
142Ce 11.11 0.97 143Ce (0, 51016 y)
1P 100 115 142Pr (B, 19.1 h)
142Nd 27.2 18.7 143Nd (stable)
143Nd 12.2 325.15 144Nd (stable)
144Nd 238 3,59 145Nd (stable)
145Nd 8.3 49.83 146Nd (stable)
146Nd 17.2 1.4 147Nd (8-, 10.98 d)
148Nd 5.7 2.58 149Nd (B, 1.73 h)
150Nd 5.6 1.03 15INd (B, 12.44 m)
144Sm 3.07 1.64 1458m (EC, 340.3 d)
4Sm 14.99 57 148Sm (a, 6.98-1015 y)
148Sm 11.24 2.39 149Sm (stable)
1495Sm 13.82 40.54 kb | 15°Sm (stable)
150Sm 7.38 100 151Sm (B-, 88.8 y)
152Sm 26.75 206 153Sm (B, 1.93 d)
154Sm 22.75 8.3 185Sm (-, 22.3 m)
151y 47.81 | 9200 152Eu (72.1% B*, 27.9% B-, 13.5y)
183Ey 52.19 312 184Eu (B, 8.59y)
152Gd 0.2 735 183Gd (EC, 240.4 d)
154Gd 2.18 85.01 185Gd (stable)
185Gd 14.8 60.74 kb | 1%6Gd (stable)
156Gd 20.47 2.19 157Gd (stable)
157Gd 15.65 253.7kb | 158Gd (stable)
158Gd 24.84 2.50 159Gd (B-, 18.5 h)
160Gd 21.86 2.2 161Gd (B, 3.66 m)
189Th 100 23.3 160Th (-, 72.3 d)
156Dy 0.06 33 57Dy (B*, 8.1 h)
158Dy 0.1 43 159Dy (EC, 144.4 d)
160Dy 2.34 56.65 161Dy (stable)
161Dy 18.91 600.1 162Dy (stable)
162Dy 25.51 193.9 163Dy (stable)
163Dy 24.9 124.2 164Dy (stable)
164Dy 2818 | 2650 165Dy (B-, 2.33 h)
165Ho 100 64.7 166Ho (B, 1.12 d)
162Er 0.14 13 163Er (B*, 1.25 h)
164ET 1.60 12.88 165Er (EC, 10.4 h)
166E 35.5 16.75 167Er (stable)

167Ey 229 644.2 168Er (stable)

168E T 26.98 2.74 169Er (B, 9.375 d)
170Er 14.91 8.85 TEr (B, 17.52 h)
165Tm 100 105 170Tm (8-, 128.6 d)
168Yh 0.13 | 2300 169Yp (EC, 32 d)
170Yh 3.04 10 171Yb (stable)
7Yh 14.28 53 172Yh (stable)
172Yh 21.83 1 173Yb (stable)
73Yb 16.13 17 174YD (stable)
174Yh 31.83 63.2 175Yb (B-, 4.2 d)
176Yh 12.76 2.85 77Yb (8-, 1.9 h)
175Lu 97.41 23.1 176Lu (stable)
176Lu 2.59 | 2090 77Lu (B-, 6.65 d)

177Yb — The reaction '"*Yb(n, ¥)'”’Yb has an activa-
tion cross section of 2.85 barns. This isotope has a beta
decay mode Ti»=1.911 hours, with 100% probability,
decaying at '7’Lu. It has gamma radiation energies equal
to 150.399 keV, with a radiation intensity of &, = 18.0%,
1080.204 keV, with a radiation intensity of &,=5.1%,
1241.8 keV, with a radiation intensity of & =3.07%,
121.621 keV, with a radiation intensity of &, = 3.05%, as
well as X-ray energies of 54.070 keV and 52.965 keV

[9].

77Lu — The reaction '"°Lu(n, y)!”’Lu has an activation
cross section of 2090 barns. This isotope has a beta decay
mode T, = 6.6443 days, with 100% probability, decay-
ing in '77Hf. It has gamma-ray energies equal to
208.3662 keV, with a radiation intensity of &, = 10.41%,
112.9498 keV, with a radiation intensity of &, = 6.23%,
as well as X-ray energies of 54.070 keV and 52.965 keV
[9].

2. EXPERIMENTAL

2.1. Materials and measurements

Scandium oxide Sc;0s3, Yttrium nitrate Y(NOs)s,
Dysprosium nitrate Dy(NO3)3;, Erbium nitrate Er(NOs3)s,
Cerium chloride CeCls;, Neodymium chloride NdCls;, Sa-
marium chloride SmCl;, Holmium chloride HoCls, Ytter-
bium chloride YbCl;, Lutetium chloride LuCls;, Thulium
oxide tm203: natural composition of AR class, were pur-
chased from well-known manufacturers of chemical rea-
gents. All chemical reagents and solvents used
corresponded to the CP class (chemically pure)

The activity and radionuclide purity of the obtained
isotopes QOY, MICC, 147Nd, ]5381’11, 165Dy, 166H0, '69Tm,
175Yb, 177Yb, '7"Lu were determined using a high-resolu-
tion gamma-spectrometric analysis method using an
HPGe detector (ORTEC) connected to a multichannel
analyzer DSPEK50™,

Measurements by atomic emission spectrometry were
carried out on an inductively coupled plasma Spectro-
Genesis optical spectrometer.

The irradiation was carried out on a research reactor
WWR-K in a peripheral channel with a thermal neutron
flux of 8.09-10" n-cm™2-s7!.

2.2. Target preparation

To prepare REE samples for irradiation, a preparation
technology consisting of several stages was developed:

Preparation of solutions of rare earth elements with a
concentration of 1.0 mg/mL.

A sample of scandium oxide Sc,O; in the amount of
153.4 mg and thulium oxide Tm,O3 in the amount of
114.2 mg was placed in a 100 mL chemical heat-resistant
glass, moistened with 1-2 drops of purified water and
20 mL of 4M hydrochloric acid was added. After com-
plete dissolution of the oxide during heating, the solution
was cooled, quantitatively transferred to a 100 mL volu-
metric flask and brought to the mark with purified water.
The concentrations of scandium and thulium in solutions
were 1 mg/mL.
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Samples of yttrium nitrate Y(NO3)3 in the amount of
309.2 mg; dysprosium nitrate Dy(NO3); in the amount of
214.5 mg; erbium nitrate Er(NOs); in the amount of
211.2 mg were placed separately in chemical heat-re-
sistant glasses per 100 mL and added to each glass 10—
20 mL of purified water, after complete dissolution the
suspended solutions were evaporated in a water bath dry
and until the vapor release was completely stopped, the
dry residues were dissolved in 20 mL of 4M hydrochloric
acid, the solution was cooled, quantitatively transferred
to 100 mL volumetric flasks and brought to the mark with
purified water. The concentration of yttrium, dysprosium
and erbium in the corresponding solutions was 1 mg/mL.

Preparation of solutions of cerium, neodymium, sa-
marium, gadolinium, holmium, erbium, ytterbium and
lutetium chlorides from metal chlorides.

Samples of cerium chloride CeCl; in the amount of
176.0 mg; neodymium chloride NdCls in the amount of
173.8 mg; samarium chloride SmCls-6H,0 in the amount
of 242.7 mg; gadolinium chloride GdCl; in the amount of
167.7 mg; holmium chloride HoCls in the amount of
164.6 mg; ytterbium chloride YbCl; in the amount of
161.6 mg; lutetium chloride SmCl;-6H>O in the amount
of 222.6 mg they were placed separately in 100 mL
chemical heat-resistant glasses and 20-30 mL of purified
water was added to each glass, after complete dissolution
of the attachments, the solutions were quantitatively
transferred to 100 mL volumetric flasks and brought to
the mark with purified water. The concentration of metals
in the corresponding solutions was 1 mg/mL.

2.3. Production of rare-earth isotopes by (n,y)

activation

Isotopes 9OY, 141Ce, 147Nd, 153Sm’ 165Dy, 166H0, 169Tm,
175Yb, 1"7Yb, '”’Lu were obtained by bombardment with
thermal neutrons from naturally occurring targets at the
WWR-K  reactor with a neutron flux of
8.09-10" n-cm2-s!. Irradiation was carried out for 2
hours. At the end of the irradiation, the target was cooled
for 3 hours.

2.4. Preparation of radioactive solution

For dissolve the irradiated target, 1 mL of 0.1 M hy-
drochloric acid was fed into the ampoule by a peristaltic
pump. The peristaltic pump is connected to a timer that
automatically turns off the pump after feeding 1 mL of
hydrochloric acid solution. After the acid entered the am-
poule, the REE solution was pumped into a 10 mL vial.
The dissolution operation was repeated three times for
the complete transfer of the dissolved REE into the vial
for synthesis.

To carry out irradiation at the WWR-K reactor of the
selected group of sample elements weighing from 50 to
200 micrograms, standard sealing was used by the seal-
ing method.

After welding, each ampoule was checked for tight-
ness by the bubble method: immersed in a container
heated to 80 °C and were kept for 10 minutes. The ab-
sence of air bubbles on the surface of the ampoule

testified to its tightness. A sealed ampoule is loaded into
a standard pencil case, a standard pencil case for irradia-
tion at the reactor. Figure 1 shows a photo of an ampoule
for irradiation.

Figure 1. Ampoule for irradiation

2.5. Radionuclidic purity

Radionuclide purity was determined by the g-spec-
trum using an HPGe detector. All spectra were recorded
at regular intervals in time.

Energy and efficiency calibration in a certain geome-
try was performed using a standard ?Eu source. The
samples were measured for 1 hour.

3. RESULTS AND DISCUSSION

Results of measurements of concentrations of dis-
solved salts of samarium('**Sm), holmium ('*Ho), lute-
tium ('Lu), erbium ('®Er), gadolinium ('3Gd),
neodymium ('*/Nd) and cerium (**'Ce), yttrium (*°Y), yt-
terbium ('”*Yb) and dysprosium ('*’Dy) as well as the
presence of impurities of other rare earths the elements
showed the presence of only the main elements. Impuri-
ties of other REES were in quantities below the detection
limit, which range from 1 to 10 ng/mL.

For the most promising isotopes, such as: *°Y, "!Ce,
147N, 153Sm, 165Dy, 166Ho, 19T m, 175Yb, 177Yb, "L, the
accumulated activity during irradiation in the peripheral
channel (thermal neutron flux 8.1-10'3 n-cm™2-s!) was
calculated. The formula 1 was used for the calculation:

A=cdN(1-¢), 6]

where: 4 — accumulated activity, Bq; o — activation cross
section, barn; ® —neutron flux, n'cm2's'; N — number
of atoms; A — decay constant; ¢ — irradiation time.

Calculations have shown that when irradiating sam-
ples in the central channel of a reactor with a thermal neu-
tron flux of 2:10“ n-cm™2-s7!, that irradiation for 3-5
days is the optimal time for REE irradiation, since an in-
crease in the irradiation time does not lead to a significant
increase in the accumulated activity, while for lutetium it
is advisable to carry out irradiation for 21 days, through-
out the entire irradiation campaign.

The activity of all promising radioisotopes obtained
by irradiating targets of natural composition with a
stream of thermal neutrons 24 hours after EOB is shown
in Table 2. Calculations were also performed to predict
the accumulated activity of various radioisotopes formed
by irradiation with thermal neutrons at the WWR-K re-
actor, which were compared with theoretically calculated
values.
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Table 2. Activity of various radioisotopes obtained as a result
of irradiation with thermal neutrons at the WWR-K reactor

Isotope Activity
A, MBq (Theor.) A, MBq (Experiment)
153Sm 96431.2 52980.0
166Ho 79666.4 104500.0
175Yb 10486.3 6990.0
4Nd 48.2 39.9
7Ly 252794 38400.0
%S¢ 3827.9 4530.0
41Ce 31.8 33.9
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Figure 3. REE operating time schedule

These values were obtained by analyzing the gamma-
ray spectra of irradiated samples. Typical gamma-ray
spectra are shown in Figure 2. By analyzing all the spec-
tra regularly recorded over a long period of time, it was
found that the gamma lines correspond only to '**Sm.

The '7Lu core has a high value of the capture cross-
section of both thermal neutrons (2090 barons) and reso-
nant ones (the resonance integral is 1087 barons). This
leads to the rapid achievement of a relatively high spe-
cific activity of '"’Lu. However, as a result of intensive
burnout of the nuclei of the starting material during irra-
diation, the values of the specific activity and the yield
(maximum activity) of the reaction product do not coin-
cide.

Figure 3 shows the graphs of isotope production in
the peripheral channel of the WWR-K reactor under irra-
diation of 1 g of each REE element.

Currently, commercially available substances enri-
ched in isotopic composition, including REE com-
pounds, have become available. The transition from
compounds of natural isotopic composition to enriched
ones makes it possible to develop activities exceeding the
capabilities of compounds of the drive composition by
several orders of magnitude higher. Table 3 shows the
calculated data on the irradiation of some REE com-
pounds of natural and enriched compositions, with a neu-
tron flux of 8.09-10"3 n-cm2's7!, for 2 hours.

Table 3. Example of possibilities production some
of REE isotope at the WWR-K reactor

Isotope (target enrichment) Specific activity, Bg/g
153Sm (natural) 521.25
153Sm (98,7%) 1923.26
175Yb (natural) 77.22
175Yb (99,3%) 240.90
4INd (natural) 0.42
47Nd (98,8%) 2.44
177Lu (natural) 133.75
177Lu (88,4%) 4565.18
41Ce (natural) 0.32
141Ce (99,88%) 0.36

4. CONCLUSION

The present study shows the possibility of developing
promising isotopes of rare earth elements (°°Y, *!Ce,
147Nd, 153Sm’ 165Dy, 166HO, 169Tm, 175Yb, 177Yb, 177Lu) at
the WWR-K reactor with an average neutron flux to ob-
tain a high specific activity of the radioisotopes of inter-
est. The paper shows data on the irradiation of REE of
natural composition and compared with calculations for
enriched targets.

Obtaining REE solutions by dissolving in simple
mineral acids makes it possible to obtain a radiochemi-
cally pure product.

However, the radionuclide purity will be in the range
0f 95-96%. Our laboratory is already working on the de-
velopment of compounds labeled with promising REE
isotopes for various therapeutic applications.

The analysis showed that irradiation for 3—5 days is
the optimal irradiation time for samarium, holmium and
erbium, since an increase in the irradiation time does not
lead to a significant increase in the accumulated activity,
while for lutetium it is advisable to irradiate for 21 days,
throughout the entire campaign.
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CCP-K 3EPTTEY PEAKTOPBIHJIA CUPEK KEP H3OTOIITAPBIH AJTY bl TAJIJIAY:
MHNEPCIHEKTHUBAJIbI TEPAIIEBTIK PAJIMOHYKJIUATEP

A. Typun’, E. Yakposa, 3. Measenesa, B. 3axapos, E. Kyiakosa
KP DM «Aoponwik puzuxa uncmumymury LHHJKK PMK, Anmamu, Kazaxcman
* Baunanvic ywin E-mail: gurin.andrey@inp.kz

CHpek xep dIEMEHTTEpl — JIAHTAHOUITApP, CKaHAWI JKOHE UTTPUH CHAKTBHI NEPHOITHIK JKYHEHIH OH JKeTi XMMHMSIIBIK
JJIEMEHTTEPiHIH TOOBL. Bysr ameMeHTTep 3JeKTpOHMKA, MarHUTTEP JKOHE KaTaam3aTopiapAbl KOca ajFaHnaa, opTYypii
cayanapnaa KyHIBI eTeTiH Oipereil (pU3uKabIK KoHEe XUMISIIBIK KacueTTepre ue. JlereHMeH, CHpeK xKep dIIeMEeHTTepiHIH
PaaMoOaKTUBTI M30TONTAPHI ]a TUIMI SIPOJIBIK-(BH3UKAJIBIK KAaCHETTEpre ue, Oyl oJlap/bl TEpareBTiK MaKCcaTTaFrbl KaHa
paarodapMaleBTUKANBIK [IpenaparTtap/bl d3ipjeyre MepCHeKTUBANbl eTell. byl paguoakTUBTI H30TONTAp/bIH
KYpPaMbIHJa apThIK aTOM 3HEPTUsChl O0ap TYpakch3 aromuap Oap oHe ojap MEOHULMHAIBIK MAKcaTTa MaiIanaHbUTybl
MYMKIH paJHOAaKTHBTI bIIbIpayFa YIIbIpan/ibl.

Cupek Kep 3JEeMEHTTEepiHIH pPaaHOaKTHBTI H30TONTAPBIHBIH SAPOJBIK-(PU3HKATIBIK KACHETTEepi OJMapiapl MEAUIMHAIA
eMJIIK MaKcaTTapra >kapamibl eTeli. MpIcabl, TeXHEINH-99M, TeXHEUMHAIH paIioaKTHBTI H30TOMBI, ©3iHiH KepeMeT
(bHU3HKa-XUMHSUTBIK CUMATTaMallapblHa OalJIaHBICTBI TUATHOCTHUKAIBIK SAPOJIBIK METULMHAA KCHIHCH KOJIAHbLIAMIBL.
Cupek xep dIEMEHTTEPIHIH 0acKa paIioaKTHBTI H30TONTAPBI, MBICAJIBI, TOJBMUIA-166, METUIINHANBIK KOJIaHYIbIH KeH
ayKBIMBI VIIIiH JKacaJiFaH. byJ n30TonTapabel opTYpIli aypyiapabl, COHBIH iIIiHIe OHKOJIOTTSUIBIK aypyIapAbl eMAey YIIiH
MaKCaTTHI COYJIENIK Tepanuiga Kojpanyra Oomaasl. by pagnoakTuBTi H30TONTApABIH Oipereil KacueTTepi coyIeneHy i
Oenrinmi Oip TiHAepre Hemece JKacymlalxapra TN OarpITTayFa >KOHE JKETKi3yre MYMKIHIOIK Oepemi, cay TiHIEpIiH
3aKbIMJIaHYbIH a3aiTaibl.

Cupex xep dJIeMEHTTePiHIH PaIH0aKTHBTI H30TONTAPBIHBIH TEPAIeBTIK MAKCATTAFbI JIEYETi KOJIJaHbICTaFbl KOJIaHYAaH
aceim  Tyceni. PanuodapmanieBTika calachlHIAFbl  Ka3ipri  3epTTeyjiiep MEH HMHHOBAlMSUIAD  JIAHTAHOMITHI
PaIHOHYKIMATEP Il TEPAHOCTUKAIIBIK MAKCATTa KOJIAHY bl 38PTTEY/Ii )KAIFACThIpy1a. MbICaNbl, CHPEK KE3ICCETiH JKOHE
PaaMOaKTHBTI SJIEeMEHT OOJBIN TaOBUIATHIH aCTATTa 4JAPECTIK Tepanusia KOJJAHbLUTYbl MYMKIH KOIITEreH H30TonTap 0ap.
Cupek JKep 3JEMEHTTEepiHIH paarOaKTHBTI H30TONTAPBIH MaliflalaHa OTHIPBIN, XaHa paanohapMaIeBTHKAIBIK
IpenaparTapibl 93ipiey eMzey oMICTEpiH KEeTUIAIpyre >KoHe MaIlMeHTTEpiH HOTIKEIepiH jKaKkcapTyra yoje Oepei.
KoceiMina 3epTTeysiep MEH JKETICTIKTEpMEH Oyl W30TONTap TEpPaneBTIK MEAWIMHAHBIH OOJAIlaFbIHAA MICIIYII Pe
aTKapybl MYMKIH.

By 3eprrey sxymbicet CCP-K peaxropeinma peakmus (n, y) apksuist 2°Y, 41Ce, 47Nd, 133Sm, %Dy, *Ho, '*Tm, '7Yb,
177Yb, 17Lu cUAKTBI pafliON30TONTAPIbI ATy MYMKIHIITiH Garanayra MyMKIiHIIK Oepei.

Tyiiin ce30ep: cupex scep usomonmapwl;, CCP-K 3epmmey peakmopbl, HeUmpoHObIK cayieleHy, MeHIKMI 6elceHOiniK,
mixeneti A0pONbIK peaKyus.
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AHAJIN3 ITOJYYEHUS PEAKO3EMEJIBHBIX N30TOIIOB HA HCCJIEJOBATEJIBCKOM
PEAKTOPE BBP-K: IEPCIIEKTUBHBIE TEPAITIEBTUYECKHUE PA/ITUOHYKJINIbI

A. Typun®, E. Yakposa, 3. Mensenena, B. 3axapos, E. Kyi1akosa
PI'Il na IIXB «Hncmumym sadepnoii puzuxuy M3 PK, Anmamui, Kazaxcman
* E-mail ons konmaxkmog: gurin.andrey@inp.kz

PenxozemenbHbie anemMenTsl (P33) — 3T0 rpymnmna U3 ceMHauaTH XUMUYECKUX AJIEMEHTOB MEPUOAMYECKON TaOIHIIbI
MenpzeneeBa, BKIIOYas JIAHTAHOUIBI, CKAHIUN M UTTPUH. DTH 3J€MEHTHI 00/1a1aI0T YHUKAIBHBIMU (PU3HYECKUMU U XH-
MHYECKHMH CBOWCTBAMH, KOTOPBIE JIENIAIOT UX LIEHHBIMH B PA3JIMYHBIX OTPACIIAX MTPOMBIIUICHHOCTH, BKJIIOYAst JJIEKTPO-
HHKY, MarHUTHI U KaTaau3aTopbl. OHAKO painOaKTHBHBIE U30TOMBI PEAKO3EMEIBHBIX AIIEMEHTOB TakKe 001a1atoT 3¢-
(DEKTHBHBIMH SIIEPHO-(PHU3NIECKUMH CBOWCTBAMH, KOTOPBIE ENAI0T UX MEPCIEKTUBHBIMH JUIsl pa3pabOTKN HOBBIX Pajino-
(apmmpenapaToB TepaneBTUIECKOr0 Ha3HAYCHHUS. DTH PaJHOaKTHBHBIE N30TOIIBI COIEPKAT HECTAOMIIBHBIEC aTOMBI C U3-
OBITOYHOM SIepHON HEPTHEH, U OHM ITOJIBEPIaloTCs PaJloakKTHBHOMY pacnany, KOTOPBI MOXKET OBITh UCIIONH30BaH B
MEIULIUHCKHIX LETISIX.

SnepHo-(pHU3NYECKUE CBOMCTBA PAJMOAKTUBHBIX U30TOIOB PEAKO3EMENBHBIX DJIEMEHTOB NETAI0T UX MPUTOJHBIMH IS
TepaneBTHYECKUX Lesiel B Menunuae. Hampumep, TexHeuii-99m, painoaKTUBHBIA H30TOM TEXHELHs, IUPOKO UCIIONb-
3yeTcs B AMarHOCTHYECKOH SIepHOW MeIuIiHe OJarofapsi CBOMM BBITAIOIMMCS (U3UKO-XMMHUYECKUM XapaKTepPHCTH-
kaM. Jpyrue panroakTHBHBIE H30TOIBI PEAKO3EMENbHBIX 3IEMEHTOB, TaKHe KaK roJIbMHi-166, ObUIN cO30aHbl IS IIH-
POKOTO CIIEKTpa MEAUIUHCKUX NPUMEHEHHH. DTH M30TONBI MOTYT OBITH MCIIOJIB30BAHBI B aAPECHON JIy4eBOH Tepamnuu
JUIS JICYCHUS] PA3IIMYHbIX 3a00JI€BaHNH, BKIIIOYask OHKOJIOTUYECKHE. Y HUKaIbHbIE CBOWCTBA OTHX PAMOAKTUBHBIX U30TO-
TIOB [TO3BOJISIIOT TOYHO HAIEIMBATH M IOCTABIIATH M3Iy4Y€HHE K ONPE/ICIICHHBIM TKaHsIM HJIH KIIETKaM, CBOAS K MUHUMYMY
TIOBPEXJICHUE 3/I0POBBIX TKAHEH.

[ToreHnman pagroaKTUBHBIX U30TOIOB PEIKO3EMENFHBIX HJIEMEHTOB B TEPANIEBTHUECKHX LIEIX BBIXOJIUT 338 PAMKH Cy-
LIECTBYIOIIMX ITpUMeHeHHH. Tekyle nccaenoBaHus U MHHOBAMU B 00JIaCTH pagrodapMIIpenapaToB HpOA0JDKAIOT
M3y4yaTh UCIIOJIH30BAaHUE HEJJOMCIIONB3YEMBIX PAIMOHYKIIUIOB JJAHTAHOUIOB B TEPAHOCTHIECKUX 1ensx. Hanpumep, ac-
TaT, PEAKHI U BRICOKOPAIHOAKTHBHBII JIEMEHT, COAEPKUT MHOMKECTBO H30TOIOB, KOTOPBIE MOTEHIIHAIBHO MOTYT OBITh
WCIIOJIB30BaHbI B aJIpeCHOU Tepanuu. Pa3paboTka HOBBIX paguodapMIIpenapaToB ¢ UCHOJB30BAaHUEM PalOaKTHBHBIX
H30TONOB PEIKO3EMEINIBbHBIX JIEMEHTOB 00CIIACT YCOBEPIICHCTBOBATE METO/IBI JICYCHHUS U YITyUIIHUTh PE3yJIbTAThI Jeue-
HHA NanueHToB. [Ipy nanbHEHIINX MCCIEIOBAHUAX U JOCTHXKEHHAX 3TH M30TOINBI MOTYT ChIrpaTh PELIAIONIYI0 POJIb B
OyIyIieM TepaneBTHYEeCKON MEeHIIMHEL.

JlaHHas WccnenoBaTenbekas paboTa MO3BOJAET OLUEHUTh BO3MOYKHOCTD TMOJNYYEHHs] TAKMX PaIHOU30TOINOB, Kak: Y,
H1Ce, 17Nd, 133Sm, 1Dy, 1%Ho, '¢*Tm, !>Yb, !"7Yb, !"’Lu myrem peakimu (n, y) Ha peaktrope BBP-K.

Knrouesvie cnosa: peoxosemenvuvie uzomonvl, ucciedosamenvckuil peakmop BBP-K; netimponnoe obnyuenue;
VOenbHAas AKMUGHOCb, NPIMASL S0EPHASL PeaAKYUSL.
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CHUHTE3, TAPAMETPbBI U IPUMEHEHMUE TizC:Tx/3D CTPYKTYPHPOBAHHbBIX KOMIIO3UTOB
JJIS1 OYUCTKHU BOABI - MUHHU OB30P

Aub:xan Baiimenos!”, Yunruc Jayaoaes!?, Anus Caraesa', Apmanéex Hypuapun', Kaknap Kanpgocos?

! Hauyuonanvnas nabopamopus Acmana, Hazapbaes Ynusepcumem, Acmana, Kazaxcman
2 Hucmumym adepnoii pusuxu, Anmamot, Kazaxcman
3 Hucmumym npoonem zopenus, Anmamot, Kazaxcman

* E-mail ons konmaxmos: alzhan.baimenov@nu.edu.kz

JBymepubie (2D) kapOuab/HUTPUIBI TEPEXOTHBIX METAILIOB, Ha3biBaeMble MXene, B uactHocTH Ti3Co Ty, M TpexmepHbie
(3D) cTpyKTypBl, TAKKE KaK MOJMMEPHBIE THAPOTEIIH WA adPOTeliH, SIBJISIFOTCS MHOTOOOCIIAIOIUMY CUCTEMaMH, KaXK/1ast
cama 1o ce0e, ¢ BRITOTHBIMU CBOMCTBAMU JIJIsl TPUMEHCHHS B OMOMETUIIMHE, OYHUCTKE BOBI, SJICKTPOHHBIX YCTPOHCTBAX
u akkymyssTopax. Couetanue MXene ¢ THApO- WIKM a3pOresIMU MOKET JOTIOJHUTEIBHO YIYUIIUTh UX UHIUBUIYab-
HBIC CBOMCTBA U MPHUIATh HOBBIC XaPAKTEPUCTHKH. DTO TAKIKE MOXKET 3HAYUTEIBHO YIIYUIIHTh XUMHUUCCKYHO CTAOMIIb-
HOCTh MXene, KOTOpasi B HACTOSIIIEE BPEMsI SBJISICTCS OJTHIM U3 OCHOBHBIX OTPAHHYMBAIOIINX (DaKTOPOB IS UX IIHPO-
KOT'0 MCIIOJIb30BaHusl. B 3T0il cTaThe MBI paccMaTprUBaeM HEKOTOPBIE PENPE3CHTATUBHBIE METO bl U3TOTOBIICHUS U CBOM-
ctBa kKoMrio3uToB Ti3C,Tx MXene/3D rumporens U a’sporens, a TakKe OTICIBHBIC TPUMCHEHHUS dTHX KOMIIO3UTOB JIJIS

OYHCTKH BOJBI.

Knrwouesvie cnoga: TisC)Ty, makponopucmulii norumep, KOMIO3UMHble MAMEPUANbL; OYUCHKA 800bL.

BBEJIEHUE

Ortkpsitre rpadena B 2004 roxy [1] monoxwuno Hava-
710 OypHOMY POCTY HCCIIeZIOBaHHUM IByMepHBIX (2D) ma-
TEpUAJIOB B PA3IMYHBIX 00JacTsX Onarojapst X HeoObI-
YHBIM (PU3NYECKHUM, DJIEKTPOHHBIM, XUMHYECKUM, OTTH-
YeCKUM W IpyruM cBoiicTBaM. K HacrosiiieMy BpeMeHH
NOMHUMO TrpadeHa BHeIpeHbI pa3inyHble THITbI 2D-HaHo-
MaTEpHaNIOB: JUXaJIbLKOTEHHUIIBI NEPEXOIHBIX METaJlIOB
[2], rpaduToBEIil HUTPHA yriepona (g-CsNi) [3], gep-
HBII (ocdop [4], rekcaroHanbHBIH HUTPUI Oopa [5] u
MHorue apyrue [6]. B 2011 roxy yuensmvmu u3 Jpexcens-
CKOTO yHHBEpcHTETa [7] OBLIO OTKPHITO HOBOE CEMEUCT-
BO 2D-HUTpH 0B, KapOUIOB U KAPOOHUTPHUIOB MEPEXO/I-
HBIX METAJUIOB, IIOJy4YuBLIee Ha3BaHue MXene, 4To pes3-
KO pa3BUHYJIO TOPU3OHTHI «IIOCKOT0 MUpa» U a0 HO-
BbIM MOIIHBIA TOMYOK Pa3BUTHUIO MCCIENOBATENIBLCKOM
obnactu. Ctpykrypa MXene coAepKUT HECKOIBKO CJIO-
eB (mBa m Ooiyiee) aToMOB TepexonHoro Metamia (M),
IUIOTHO YIIaKOBAaHHBIX B JABYMEPHYIO I'e€KCaroHAJIbHYIO
penietky, co cimoeM (wmm Oonee) aromoB X (yriepona
W/WTH a30Ta), 32KaThIX MeXKAy HUMH [7, 8].

MXene noayyaroT MyTeM XUMHUYECKOTO TPABIEHMS
CIIOEB aTOMOB «A» (31eMeHTHI Tpymsl 12—-16) u3 MAX
(az-pexypcopoB ¢ obmieit popmynoit M+ AX, ams mo-
JIy4EHUsI CJIOKEHHBIX JIPYT Ha Apyra cioeB M. Xy, KO-
TOpBIE 3aTEM MHTEPKATUPYIOTCS U Pa3leoTCs Ha JBY-
MEpHBIE JIUCTHI TOJIIMHON OT OJHOTO 10 HECKOJIBKHX
MoHocJoes [9, 10]. B npouecce TpaBneHus cinor Mn+1 Xy
B3aMMOJICHCTBYIOT C OKpY’Kalolllel cpeioil 1 OKaH4MBa-
I0TCS rpynmnamu, coaepxammmu —O w/umu —F, mosromy
obmras gpopmyrna MXene 3amuceiBaeTcs Kak My Xn Ty,
rae T — KoHIEBBIE TPYNITEL, @ X — UX Ipo0b B (opmyue.
Ha ceromusamumnii nenp Hambonee m3ydeHHBIM MXene
seistercst kapoun tutaHa TisC,Tx [11], koTopsrii Taxke
SIBIISIETCSI IEPBBIM CHHTE3WPOBaHHBIM MXene, orydeH-

HbIM TpaBieHneM MAX ¢azbr Ti3AlC, mnaBuKoBoO# Kuc-
noroi [10, 12]. UccnenoBanus ero GpU3MYECKUX U XUMH-
YEeCKHX CBOMCTB MpUBEINH K pazpadborke MXene s xpa-
HeHUs 1 cOopa 3Hepruw, 6atapeil, OUMCTKH BOABI, a TaK-
ke B Apyrux obmactsx [13, 14]. Ha cerogusamnuii neHp
9KCIIEPUMEHTAIIFHO TOJy4eHO Oosiee TPHUIATH BUIIOB
MXene u 6onee 100 mpenckazano Teopetuuecku. Kpome
TOTO, HAJIWYAE TOBEPXHOCTHBIX (YHKIMOHAIBHBIX
rpymnn (—-O/~OH/-F) no3somsier komOuHnpoBats MXene
C APYTMMH MaTepHaJaMH JJIsl CO3/1aHHsI KOMIIO3UTOB Ha
ocHoBe MXene, OTKpbIBasi MyTh AJI1 MHOKECTBA HOBBIX
MaTepHaIOB ¥ OYAYIIUX TPUMECHEHUH B Pa3IMIHBIX 00-
nactax [15-17].

Bbnaromaps nBymepHoii crouctoii crpykrype [ 18], BbI-
COKOHM 3JIEKTPONPOBOJHOCTH, HAIUYHIO TTOBEPXHOCTHBIX
(DYHKIMOHAJIBHBIX TPYIII, BEICOKOH YJIENBHOI MOBEPXHO-
CTH B COYETaHUH C TUIPO(UIBHOCTHIO, 32 MOCIIE/IHEE JIe-
CATHIIETHE C MOMEHTa OTKpBITHsI MXene Habmoaascst Obl-
CTPBIA POCT Ymcna IyOIMKaUK 0 UX ITPUMEHEHHIO BO
MHOTHX CYIIECTBYIOIINX M HOBBIX 00acTSX HCCIIEN0Ba-
Huil. Pactymuii uatepec k MXene Taxxke npuBen K pac-
[IMPEHNIO MCCIIEIOBAaHNH NX (PU3HUIECKUX M XUMHIECKHX
cBoiicTB [14, 19-21]. B HexoToprix pabotax (Hampumep,
[22, 23]) yka3bIBaeTCs, 9YTO METOJ M MapaMeTphl CHHTE3a
CYILECTBEHHO BIIMSIOT HA XMMHIO ITOBEPXHOCTH U APYTHUe
cBoiictBa MXene, KOTOpbIE, B CBOIO O4YEpENb, BIMAIOT HA
CBOMCTBa KOMITO3UTOB Ha 0CHOBE MXene. ITonck 1o kimto-
yeBbIM ciioBaM «Ti3CoTyxtasporens» u «TisCoTxtruapo-
reiby (Ha aHMIMACKOM s3BIKE) IaeT CChUIKY Ha 316 uccre-
JIOBATeNbCKUX CTaTel, Oy OJIMKOBAHHBIX B )KypHaIax de-
TBIpEX OCHOBHBIX m3narenbeTB: Elsevier, Wiley, ACS u
Nature ¢ 2016 o 2022 rog, ¢ yCTOHYMBBIM POCTOM B IIOC-
JIETHUE TOABI, OCOOECHHO B 00JIACTAX OMOMEIMIIMHCKHX
MIPUIIOKEHHH, JIEKTPOMAarHUTHOTO SKPaHUPOBAHUS, CY-
MIEPKOHJICHCATOPOB M OYUCTKHU BOJBI (PUCYHOK 1).
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Pucynox 1. [Ipoyenmnoe coomnouienue onyoauKo8anuvlix pabom no HanpagIeHusM u 200am

U3 pucynka | cremyer, 4T0 OCHOBHBIM HalpaBJICHUEM
n3ydenuid cBoictB Ti3C,Tyx/asporeinb KOMIIOZUTOB SIBIISET-
Csl BJIEKTPOMarHuTHOE 3KpaHupoBanue (37%), CEHCOPHI U
cynepkoraeHcaTopsl (o 15%) u ounctka Bozs! (13 %), B
ot Bpems kKak Ti3CoTy/rumporenu GoIbIe UCTIONB3YIOTCS B
6uomennuuae (34 %), ceHcopax M CyNEepKOHACHCATOPaX
(22 u 23%)).

Pactymas TeHneHIMS IMyOIMKAIIIOHHON aKTHBHOCTH
CBUJIETENBCTBYET O TOM, yTo MXene cTaHoBsiTCs Bee Oortee
TMOMYJSIPHBIMU B Pa3M4HBIX oOnacTsx Hayku. B naHHOM
CTaThe PacCMaTPHUBAIOTCS M30paHHBIE METOJIbI CUHTE3a U
msrotopienus Ti3C,Tx MXene u ero TpeXMEepHBIX THIPO-
WM a3pOTelIeBbIX KOMIIO3UTOB, a TAK)KE TTOCIIETHUE IOCTH-
JKEHMSI B MIX IPUMEHEHNH B OUYMCTKE BOJIbI. KpaTkuit 0630p
JAHHOTO HCCIIEIIOBAHMS 3aKIFOYAaeTCs BO BCECTOPOHHEM
W3YYCHUH 1 OLIEHKE CYIIECTBYIOIINX CIIOCOOO0B MOy YEHHUS
Ti3C,Tx MXene u ero TpexMepHBIX THAPO- WA a3porerie-
BBIX KOMIIO3UTOB. [Ipenpimyme 0030pbl, yHOMSIHYTHIC B
nreparype [24-26], ¢okycupoBaiich Ha NMPUMEHEHHH
MXene 1 ero KOMIIO3UTOB B PA3IMYHBIX 00JIACTSX, BKITIO-
yasi co3jaHue Oarapei, CynepKOHIEHCATOPOB, a TAKKe pas-
JIMYHBIX TUIIOB JaTYUKOB U CCHCOPOB. OI[HaKO JJAHHOC UC-
CIICIOBAHHE COCPEHAOTOYEHO Ha METOAAX MOJIyuYeHUs U
cBoiictBax kommo3uToB Ti3C,Tx MXene/3D ruaporens u
aspores, a TaKke paccMaTpUBaeT MOTEHIUAI UX HCIIOJIb-
30BaHUsl B POIIECCAX OYMCTKH BOJIBL.

1. METOABI CUHTE3A TI3C2Tx MXENE U
KOMITIO3UTOB HA UX OCHOBE

1.1. Metoanl cunresa TizCTx MXene

CeJeKTHBHOE XUMIUECKOE TPABIICHUE dIIEMEeHTa A U3
MAX-¢a3 sBisieTcss OCHOBHBIM METOIOM ITONYYEHUS
MXene, NOCKOIbKY METAIMYECKHUE CBSI3U MEXAY aTo-
Mamu M u A crnabee, yeM KOBAJICHTHBIE/HOHHEIE CBA3HU
Mexay M u X [7]. OObIuHO IUIaBUKOBasi KHCJIOTA HC-
MIOJIB3YETCS ex Situ WIH in Situ U1 TPaBJICHUS B BOJHOM
cpelie, 4To MPUBOAMT K oOpasoBanuto 2D cioes MXene,
OKAaHYMBAIOIIUXCS KUCIOPOAOM U (DTOpCOIEepKAIUMHU
(hyHKIIMOHATBHBIME TPYTIIIAMH U COOUPAIOIINXCSI B MHO-
TOCJIOWHBIE CTPYKTYPBI, TOJOOHBIE TapMOIIKE (PHUCYHOK
2). Xy ¥ Jp. MCCIIEI0BAIM BIUSHIE KOHLIEHTPAIH BOJI-
Horo HF Ha npouecc ex sifu TpaBieHHs C MOIyYEHHEM
Ti3C, MXene [27]. [Ipu ucnons3oBanuu 49 mac.% HF
paccTosHUEe MEXIy ciaoaMH B uemryiike MXene Ttuma
rapmomku gocrturano 130420 uM, a npu 40 mac.% HF
oHO cocTaBsuio okojio 90+10 am. Ilocne TpaBmeHus
20 mac.% HF o6paszoanacek crpykrypa TisC, co crom-
KOH CIJIOEB, 10 BHEIIHEMY BUIY OoJiee OJM3Kas K UCXO.I-
Homy Ti3AlC,. OueBHIHO, YTO BIHMSHUE KOHIICHTPALUU
3aBucHT OT BbiOOpa MAX ¢asbl, MOCKOJIBKY SHEprHs
CBSI3U MEX/y JeMeHTaMu A 1 M onpenensercss XMMu-
YECKUMH CBOHCTBAMH ATUX 3JIEMEHTOB.
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Pucynoxk 2. Cxemamuueckas uanocmpayusi memooog nonysenusi MAX ¢pazor u oonocroinvix MXene.
Bocnpoussedeno c paspewenus [28]

Heckonpko Gomee Ge3omacHON aabTEpHATUBOU ex
situ HF siBnsetcs TpaBnenne MAX-da3zsl in situ HF, xo-
TOpass MOXET ObITh 00pa3oBaHa, HalpUMEp, B CMECH
¢ropunnsix conelt (LiF, NaF, KF u ap.) u consiHO# kuc-
notel (HCI). B 3TOM MeTOie MUHUMATBHO HHTCHCUBHO-
ro pacciauBanus cioes (MILD) tpaBienue conpoBox-
Jaercst uHTepKassuei nonoB meramwios (Li*, Na™, K™ u
T. J.) ¥ JaeT MeHbIIe 1eeKTHRIX MXene 1o CpaBHEHHIO
¢ HF-tpaBnenuem ex situ [29, 30]. B To xe BpeMs 3TOT
METO/1 TO3BOJISIET NIOy4aTh OJHOCIOMHBIE MXene ¢ BbI-
xomoMm 14 macc.% (60 macc.% mpu TpoayBKE a30TOM)
[29]. Ognako maxe metoq MILD npuBoauT x o6pa3opa-
HHIO JiehekToB B cTpyKTYpe MXene ¢ oOpazoBHueM —F-
tepmuHaiuu [31, 32]. Cunres MXene u3 ¢dassr Ti3AIC,
B 0€3BOJIHBIX YCIOBHSIX C HCIOJIB30BAHUEM pacTBOpa -
npodropuna ammonus (NH4HF,) B mponmnenkap6onare
[32] maer Ti3C,Tx MXene ¢ 0OIBIINM MEXCIIOEBBIM pac-
crostareM (0 50 A) 3a cuer MHTepKanAlMM KaTHMOHOB
NH4". D10 Takke IO3BOJSIET IMONYYIUTh MaTepUanl C
MEHBIINM KOJMYECTBOM AE(EKTOB M MOBBIMICHHON XHU-
MHYECKOH cTabminbHOCTRIO [32—34]. 3ameHa BOABI He-
BOJHBIM PAaCTBOPUTEIIEM IIO3BOJISIET M30€KaTh MPSIMOM
peaxn MXene ¢ Bonoi, T.e. runponusa [35, 36]. Ha-
npuMep, pacTBop Br, B 0e3BOAHOM LHMKIIOTeKcaHe HC-
nonb3oBanu [uist Tpasnenus: Al uz TizsAlC, u monydenus
KoJutouaHOro pacteopa TizCyBra, cTaOMIM3UpPOBaHHOTO
terparuapodypanom [37]. Coobmasock Takxke 00 HC-
MIOJIB30BaHUU KHCIIOT JIplonca Jyisi CEJIeKTUBHOTO XHMHU-
yeckoro TpasieHust MAX-da3 [38], uto npuBoauT k 00-
pazoBanuio MXene ¢ noBepxaoctsio Cl™ nm Br™, xoro-
PpBI€ BITOCIIEACTBIH MOTYT OBITh yJaJICHbI M 3aMEHEHBI
Ha JpyTHE NOHBI.

1.2. Tloayuenue TizC2Tx/3D eTpykTypupoBaH-

HBIX KOMIIO3UTOB

WnTtepec k MXene 1u1st XxpaHeHUs SHEPTHH, ONOMeN-
LUHBI (I0CTaBKa JICKapCTB, TEPANHs paKa, pereHeparus
KOCTeH U T. /1.), 30HANPOBAHUS, 3aIIUTHI OT AJIEKTpOMar-

HHUTHBIX TIOMEX, 3KOJIOTHUECKON WH)KCHEPUH, BKIIOUAs
OYHCTKY BOJIBI, CBSI3aH C UX YHUKaIbHBIMH CBOWCTBAMHU.
Bo MHOTUX Cciy4asx uX NpUXOIUTCS UCTIONIL30BATh B BU-
Jie MHOTO(YHKIIMOHAIBHBIX THOPHIHBIX KOMIIO3UIIMOH-
HBIX KOHCTPYKUHMH C APYIrMMH MaTepHalaMH. MeToabl
CHHTE3a, OCHOBaHHBIC HA JKHIKHUX PacTBOpax, MO3BOJIS-
10T BKIII09aTh MXene B Makponopucteie 3D-CTpyKTypbl
B BHJIE XOPOUIO AUCIEPTUPOBAHHBIX KOJUIOMIHBIX YEITy-
€K, 4TO MO3BOJISIET MIOBBICUTh IPON3BOIUTEIBHOCTD TIPH
OJHOBPEMEHHOM YMEHBIICHUN YKIAIKH HAHOJHCTOB
MXene. [ns nocTukeHUs MaKCUMalbHOM IPOU3BOIU-
TEJIBHOCTH HEOOXOAMMO YYMTHIBATH B3aUMOICHCTBHUE
MOBEPXHOCTHBIX (DYHKIMOHAJIBHBIX rpynn MXene ¢ mo-
JUMEPHBIMU KapKacaMH, IOCKOJIbKY OHH OMNpEAECISIOT
KOHEYHBIE CBOWCTBAa MOIU(PHUIMPOBAHHON MaKpOIOPHC-
ToM 3D-CTpYKTYpHl M UTPAIOT 3HAUYUTEIBHYIO POJIb B €€
o0rrelt paboToCOCOOHOCTH.

Arperamus  tuapoduiabHEIX HaHOMHCTOB Ti3C, Ty
MXene B BOJHBIX KOJJIOMJAX MPEAOTBpAIaeT UX Tele-
o0pa3oBaHme 3a cUeT OBICTPOTO OCAKICHUA. DTO 00YyC-
JIABJIMBAET HEOOXOIMMOCTh UCTIONB30BaHU TeJe00pa3o-
BaTens Ul U3rOTOBIIEHUS reneid, cogepxkaiiux MXene,
IZie 32 yCTOMYMBOE PacloIOKEHHE CTPYKTYPbl KOMIIO3H-
Ta OTBETCTBEHHBI (PU3MUECKUE WM XUMUYECKUE CHIIBL.
Boccranosnennsiii okcun rpadena (rGO), pa3nuuHble
HOJIMMEPBI U HEOPTAaHUYECKUE MOHBI HCIIOJIb30BAJINCH B
KauyecTBe rejieo0pa3ylolluX AarcHTOB IPH IOJYyYCHUH
komno3utoB Ti3CoTx MXene@ruaporens. Ban u mp.
MIPEIJIOKHUIN METO/ M3TOTOBJICHHS THIIPOTEIIsl MOJIHaK-
pwitoBor KUCHOTH ¢ HaHomuctamu TiO,@MXene [39].
[To MHeHnIO aBTOPOB, QYHKIMOHATBHBIE TpyHIEl MXene
WTParoT 3HAYNTEIBHYIO POJIb B MOJMMEPU3AINH, a TAKKE
B MEXaHWYECKUX, a/IT€3NOHHBIX U 3JEKTPUIECKUX CBOM-
cTBax KOMNo3uToB. COrylacHO NMPOBEIEHHOMY MOJENH-
poBanuio metozoM ¢yHKimoHana rmiotHocti (DFT),
BBICOKHE 3HaUeHHs SHepruu ancopoumu (—4,557 3B) mo-
HoMepa akpuitoBoit kucnoTsl (AK) Ha unctom Ti;Cs yka-
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3BIBAIOT HA CHUIIbHBIE XUMHUYECKHE B3aUMOJICHCTBUS Me-
xay Ti u3 Ti3C, ¥ KUCTIOPOJIOM U YIIIEPOIOM MOHOMEpa
AK. Omnaxo cuntes unctoro Ti;C, mpoOieMaTryeH, mo-
CKOJIbKY B TIporiecce TpaBieHus MXene 0ObIYHO OKaH-
YMBAIOTCS (PYHKIMOHAIFHBIMH IPYyTIIaMH (B OCHOBHOM —
F, -O u -OH). bonee peaaucTUYHBIC pacUeTHI IS
MXene ¢ oxondanusmu —F 1 —O mokazanu pe3koe CHU-
kerne >Heprun nornomenns 10 —0,473 u —0,588 »B co-
OTBETCTBEHHO. JTO CBSA33aHO C TEM, YTO IOBEPXHOCTbH
Ti3C; ¢ KOHLIEBBIMH (PyHKIIMOHAIBHBIME IpyniaMi —F u
—O mpuobperaeT OTPHLATENbHBIN 3apsl, OTTaIKHBas
annonbl AK. OiHaKo yny4nIMHHOE B3aUMOJIEHCTBHE Obl-
1o nokazano s Ti3Co(OH),, Tae Mex Iy akpHiaoBoH Ku-
CJIOTOH M IOBEPXHOCTHIO MXene MOryT 00pa3oBBIBATHCS
TPY BOJIOPOAHBIE CBsI3U. B aTOM cityuae sHeprus aicopo-
nuu coctaBmia —4,618 3B.

B npyroii pabote I'e ¢ coaBropamu [40] mpoxemMoH-
ctpupoBaim BiustaAe Ti3C,Tx Ha ObIcTpOE (HEcATKH ce-
KyHZ) 00pa3oBaHHe THIPOTENS IMONHAKPHUIOBON KHCIIO-
o1 (ITAK) c mobaBieHmem mnepcyibdara aMMOHHUSL
(AIIC) u rmunepuna. B atom ciyyae Biausinue Ti3C, Ty Ha
reneoOpa3oBaHue ObUIO OOBSICHEHO KyMYJISITUBHBIM Ca-
MOpPa30rpEBOM 3a CUET CBSI3H MEXK/Iy MOHOMEPaMH aKpH-
noBoii kucnotel (AK) M TOBEpXHOCTHBIMH (PyHKIIHO-
HaJlbHBIMU rpynnaMu HaHosmctoB Ti3C, Tx. Jlo6aBnenue
TIIMIEpHHA HE TOJIBKO MPEI0TBPALIACT paccestHue Teruia
M3-32 €TO HU3KOW TETIONPOBOJHOCTH, HO M MPUBOJIUT K
BBIJICJICHUIO JIOTIOJTHATENILHOTO TeIlIa 3a CYeT 00pa3oBa-
HUS CBsI3ei Mex Ty KoHIeBbIME Tpymmamu Ti3CoTx u ru-
JPOKCWIBHBIMH TPyHIIaMH TiunepuHa. Mccrnemosanue
reneobpazoBanusa Ti3C,Tx ¢ npyruMu MoHOMepamH (ak-
pUIIaMUIOM (AM), N,N-IumeTuiIaKpuIaMuaoMm
(AMAM), N-uzonpornunakpmiamugom (HUITAM), run-
poxcmaTHIMeTakpunatoM  (I'OMA), moIMaHUIHHOM
(ITAHIN) U NOJH(3TUIICHTJIMKOJIb ) ANAKPUIIATOM
(ITOT'1A) nokasasno yBenu4eHre BpEMEHH MMOJMMepr3a-
UM M3-32 Pa3IMYHON XMMHUYECKOH MPUPOJBI MOHOME-
pos. Hanpuwmep, ucnons3oBanne AM yBenn4uBano Bpe-
M resieo0pazoBaHus 10 ~84 ¢ 10 CPaBHEHHMIO C MOHOME-
pom AK (remeoOpa3oBanue B TedeHUE ~74 C), OJHAKO
IpyTre mpom3BoaHble akpuinamua (JJMAM u HUTTAM)
JIEMOHCTPHPOBAIN OoJiee MEMICHHOE TelIeo0pa3oBaHue
U3-3a TPUCYTCTBUS AMMETWIBHBIX U H3OIMPONUIBHBIX
rpymnn. B ciyuae ruaporens [OMA-Ti;Co Ty ankunbHble
U CJI0XKHOA(HUPHBIC TPYIIIBI CHIDKAIN THAPO(UIBHOCTD
MOHOMepoB. Bpemsi reneoOpazoBaHusi KOMIIO3UTa
IMAHU-Ti3C,Tx MOXXHO YBEITHUUTH 33 CYCT JOOABICHUS
JononHuTenbHoro koiauuectsa AIIC, mpu 3ToM 4eThI-
PEXKpaTHOE YBEJINYEHHE OT MCXOIHOTO KOJIMYEeCTBa CO-
KpamaeT Bpems noauMepusanuu 10 450 ¢, a matukpar-
Hoe yBenuueHne konneHrpanun AIIC cokparmaer Bpems
1mo 95 c.

Ho6asnenne MXene B ruaporess MPUBOIUT K MHO-
KECTBEHHBIM MEKMOJICKYJISIDHBIM  B3aHMOJICHCTBHSM,
KOTOpBIE, B CBOIO OYEpPe/ib, BIUSIOT HA CBOICTBA THAPO-
reJIeBOro KoMmosura. Yska U Ap. NOIydHIN KOMIIO3UT-
HBIIl TUApOrenb C NPEBOCXOJHBIMU MEXaHUYECKUMHU
cBoiicTBamu yTeM cMemmmBanust Ti3C,Tx MXene ¢ kom-

MEPYECKHM THAPOTEIIEM «KPUCTAIUTMYECKAs TIHHAY (T10-
JIUBUHUJIOBBIA CITUPT, BOJA U aHTHICTHAPATAIIUOHHBIC
arentsl) [41]. ITomy4ennstit kommnosur TizCoTx-ruapo-
Tellb UMeeT pacTskuMOocThb Oosee 3400% (1o cpaBHEHUIO
¢ 2200% A1t YMCTOTO TUAPOTEIS) ¥ MOBHIIEHHYIO CIO-
COOHOCTH K CAMOBOCCTAHOBJIEHHIO, YTO OOBSICHIETCS 00-
pa3oBaHHUEM JOIIOIHUTEIBHBIX BOJOPOMHBIX CBS3EH Me-
KTy TOJMBHHIJIOBBIM CITUPTOM W (PYHKIIMOHATBEHBIMHU
rpynnamu Ti3C, Ty, a Taxoke 3peKkT BTOpHIHOTO CIINBA-
HUS, TIPH KOTOPOM PaBHOMEPHO paclpeieeHHbIE OTPH-
HarTesbHO 3apsbkeHHble Hanoxuomnbs Ti3C,Tx u nonxumep-
HbIE 1IeTTH 00pa3yIoT INIOTHO NEPEIIETEHHYIO CTPYKTYPY
rugporens. Pe3ynbTaTel MccienoBaHHS MMOKa3ajiH, 4TO
nobasiaenne MXene B ruzmporeslb yBEIMYHMBACT MPOY-
HOCTh Ha pa3pbiB B 10 pa3 mo CpaBHEHHIO C MCXOTHBIM
TTOJIMMEPOM.

Hapsimy ¢ runporensiMu HHTEpeC IPEACTABIAIOT TaK-
K€ KOMIO3UThl MXene-a3porens B CBSI3U C UX MOTEHIH-
AIBHBIM IPUMEHEHUEM UTS OYMCTKU BoAbl. CyIecTByTo-
IIHe MeTo b1 Mpon3BoicTBa MXene/3D asporeneit ocHO-
BaHbl Ha JHMoUIM3anMK KoiutonoB MXene. B ciyuae
CHHTE3a a’pores, riae 0ObIYHO MCHONB3YIOTCSl OTPHILIA-
TENBHBIE TEMIIEPATYphl, TEMIIEpaTypa 3aMep3aHus |
JpyrHe TapaMeTpbl CyONMMAalMoOHHON CYIIKH HMIParoT
CYIICCTBEHHYIO POJIb B Pa3BUTUU CTPYKTYPhI U MHKPO-
Me3ornopucTocTd. Opamku U Jp. U3TOTOBWIIN a3pOTeiIH
Ti3C,Tx Oe3 cuIMBarOINX arecHTOB U areHTOB (DYHKIIHO-
HAIA3AIUHN TIPU Pa3INYHBIX TEMIEpaTypax 3aMep3aHust
(ot =30 mo —70 °C) u pa3nMIHOI KOHIICHTPAIIUHN XJIOMb-
eB Ti3C,Tx (59 mr/min) [T OLIEHKH WX MHUKPOCTPYKTY-
PBL, TIOPHCTOCTH W DJIEKTPOXUMHUYECKHUX CBOHMCTB [42].
Hanpasnennoe 3amopaxuanue asporens Ti3C,Tx cHuzy
BBEpX Ha aJIOMUHHMEBOW (HOJbre MOKA3bIBAET, YTO MPH
Oosee HU3KOI TeMIepaType CTPyKTypa adporessi CocTo-
UT U3 XOPOILO BeIpoBHEHHBIX JIcTOB Ti3C, Tk, 00pasyto-
MUX CyOMWJZIUMETPOBBIC JIOMEHBI, a 0ojee BBICOKHUE
TEeMIIepaTyphl MPUBOJIAT K MEHEE YIOPSIOYCHHON CTPY-
KType. DTU pe3yabTaThl OBUTH OOBSICHEHBI POCTOM KpH-
CTaJUIOB JIbJa, TJIE 3apOXKACHUEC KPUCTAIUIOB MPH Oojiee
HU3KHX TEMIIepaTypax MPUBOAUT K OoJiee OBICTpOMY 00-
Pa30BaHUIO MEJKUX 3apOJIBIIICH, OTBETCTBCHHBIX 3a 00-
Jiee TOJCTYI0 MHKPOIIOPUCTYIO CTPYKTYPY adporeis
Ti3C,Tx. Pacuersl ynensHO# IO H TIOBEPXHOCTH T10
mozemu DFT nokazamu 296, 266 u 163 M?*/r, Toraa Kak
00BeM nop 1o BAT cocrasun 0,74, 0,62 u 0,43 cm3/r mist
asporenel, cuaTesupoBanubix npu —70, =50 u —30 °C
COOTBETCTBeHHO. Bricokas konmentparus Ti3CoTx Tak-
K€ TMOBBIIIAET CTPYKTYPHYIO IIEJIOCTHOCTh U YJIy4IlIaeT
YCTOHYMBOCTh K CXKMMAONINM Harpy3kam. buan u mp.
[43] coobmmmm o momydenun asporens TizCoTx MXene
myTeM Jrodmim3anun ogHocoitHoro kosmonaa TisC, Ty
0e3 kakux-mO60 no6aBok. [Ipm sTOM Mopdonorus u
CTPYKTYpa a’porelis MOTHOCTHIO OMPEIeIISUIACE 00pa3o-
BaHMEM KPHCTAJUIOB JIbJA, IPYA ATOM IOJIYIECHHBIN a3po-
refb MMeNl 0oliee BBICOKYIO AIIEKTPOMPOBOJHOCTH IO
CPaBHEHHIO C JPYTUMH KOMIIO3UTHBIMH a3pOTeIIsIMU
MXene.
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SIH ¥ Ap. IPOJEMOHCTPUPOBANIN JPYTOH METO/ IOy~
YEeHUS] KOMIIO3UTHOTO a’poresisi, MOIU(PHIUPOBAHHOTO
nanosmmctamu Ti3C,Tx MXene, myTem HarpaBIeHHOM
cyOonuMmarmonHol cymku [44]. B nanHoi pabote Kui-
KHH a30T HMCHOJIB30BAJICS JJIsI HAIIPaBIEHHOTO 3aMopa-
KHUBaHWA, CO3/aBas OONBIION TPagMeHT TEMIEPaTyphI
MEXIY HW)KHEW M BEPXHEH YacThIO a’poresis, 4To MpH-
BOIWJIO K 00pa30BaHMIO BEPTUKAIBHBIX IMIMHIPUIEC-
KHX KPUCTAJUIOB JibAa. KOMIIO3UTHBIH a’porens KapOok-
CHJIMPOBAHHBIX yriiepoJHbix HaHoTpyOok (C—CNT)/kap-
6okcumernnxutozana (CCS), cMThINA TIyTapanbaeru-
oM (GA), morpy»ajid B KOJUIOUIHBIA PacTBOP HAHOJIHU-
ctoB Ti3C,Tx muist mpuBuBKM MXene nocpeacTBoM BoJio-
POIHBIX CBs3eH MEXIYy (YHKIMOHAIBHBIMH TI'PYIIaMU
Ti3C,Tx (-OH, —F, —Cl) u rpymmsl asporens (—OH,
—COOH). Hanbreitmas MoauduKamys KOMIIO3UTHOTO
asporens Ti3C, Tx@C-CNT/CCS 1H,1H,2H,2H-nep¢ro-
poxruntpudToKcucianoM (PAC) myTem B3anMOACHCT-
Bus —OH rpymn TizC,Tx ¢ ®AC ¢ mnomydeHnem
F-Ti;C, Ty mpumana cyneprugpodoOHbIe cBOCTBA U TO-
BBIICHHYIO YCTOWYMBOCTH K eopMaIiu B pa3IHIHbIX
cpenax, Takux Kak kuciblii pactBop (pH 1), menodnoit
pactBop (pH 13), nexsinas Boma (0 °C) u ropsyas Bojaa
(60 °C).

Coo0manock 0 APYrux KOMIO3UTAaX Ha OCHOBE KpH-
oreneit [45], kceporeneil [46] u opranoreneii [47] ¢ no-
GaBienueM HaHoumcToB MXene. Bce oHm sBIsiIOTCA
TIPOM3BOAHBIMH THIIPOTEINICH, OJJHAKO M3TOTaBIMBAIOTCS
B Pa3HBIX YCJIOBHSX, YTO MOKET CYIIECTBEHHO MOBJIHATH
Ha cBOHCTBa KoHeyHOTO 3D-Kommo3ura. Hampumep, mms
CHHTE3a KCeporenel He TpeOYIOTCS CBEPXKPUTHYECKHUE
yCIIOBUSI, TAKHE KaK CYIIKa BHIMOPa)KUBAaHUEM, HUCIIOJIb-
3yeMasi IPU CUHTE3€ adporesiel, B T BpeMs Kak Kak Kce-
PO-, TaK M a3pOTeNu UMEIOT 0oJiee BBICOKYIO YAEIBHYIO
MIOBEPXHOCTh, YeM THIPOTEIIN.

Bo3MoxHOCTh cO3/1aHHsT KOMIIO3UTOB MXene BO
MHOTOM 3aBHUCHT OT COCTaBa M CBOWCTB HAaHOJIMCTOB
MXene, HanpuMep, HAJTMYUSI TOBEPXHOCTHBIX (DYHKIHO-
HanpHBIX Tpynn (—-OH, —O, —Cl u —F), onpexnemnsrommx
UX TUIPOQHUIBHOCTh U arperamuio, 4To NpeIoTBpaIIaeT
00pa3oBaHNe OAHOPOIHBIN Telib. J[pyruM orpaHudIeHuEM
SIBIISIETCS] TIOTEHIIMAIEHOE OKUCIICHNE M THIPOJIU3 HAHO-
nuctoB MXene [35, 48]. HeoOxoaumbl nanbHEHININAE HC-
CJIe/IOBaHUsI, YTOOBI BBISICHUTB POJIb, KOTOPYIO 3TH (hak-
TOPBI UTPAIOT B IPOM3BOACTBE U CBOMCTBAX KOMIIO3UTOB
MXene.

2. CBOUCTBA T13C.Tx /3D CTPYKTYPUPOBAH-

HBIX KOMIIO3UTOB

ITockonbky xumus nosepxHocth MXene onpenens-
€TCSI UX CHHTE30M, DJIEKTPUYECKHE CBOWCTBA KOMIIO3H-
TOB ¢ noOaBieHMeM MXene TakKe 3aBUCAT OT CHUHTE3a
MXene. UToObI IPOIEMOHCTPUPOBATH 3TO, MaTHUC ¢ KOJI-
neramu cHauana npombiBain MAX ¢azy TizAlC, HCl
JUTSl YJAJIeHUs] MHTEPMETANINYECKUX MPUMECEi, a 3aTeM
TpaBwan okcup amomuaus cmeckto HF/HCI ¢ nanpheii-
mmM paccinauBanueM Ti3CrTx B pasnuuHbIX 0O0BeMax
BogHoro LiCl [22]. CooOmanoch, 9TO OIHOCIOWHBIC
mwieskn Ti3C,Tx MXene, nomy4eHHBIE paccIanBaHUEM B

350 M1 BoABI, TIOKa3al 0OJice BBICOKYIO SJICKTPOIPO-
BogHOCTB (~20 kCM/cM), TOor/1a KaK ¢ yBEITMYCHUEM 00b-
ema Boabl 10 700-1050 My mpoBOAMMOCTE CHMXKAJACh
10 12 kCm/cm. Ot 3HaueHus Beine, yem s Ti3CoTx
MXene, norydenHoro MmetogoM MILD (3iekTporpoBo-
HOCTh ~7 KCM/cm) [49, 50]. Kpome Toro, pasmep u dop-
Ma Jelyek pacciousiierocs MXene Taxxke Urparor 3Ha-
YUTENIBHYIO POJIb B UX JJIEKTPUYECKUX cBoicTBax. Ha-
IIpUMEp, C MOMOIIBI0 KOHAYKTUBHOM aTOMHO-CHUJIOBOH
mukpockonuu Jlu u Yxan [51] nponemMoHCTpupoBay,
yto BosiokHa asporens Ti3C,Tx MXene o6nanaror Bbico-
Kol mpoBoguMocThi0 10 100 CM/cM, YTO 3HAYUTEIHHO
NPEBOCXOJUT W3BECTHBIE adpPOTEJNIeBbIE  MaTEpHAIbI
(BKJIIOYAsi MOHOJIMTHI, BOJIOKHA U TUICHKH a’poresisi) 3a
CYET METaJUIONOI00HBIX MPOBOASIINX cBOMicTBa MXene.

TpexmepHas mopucTas CTpyKTypa a’poresied u Tui-
poreeii B COYeTaHUH C BBICOKOH 3JIEKTPOIIPOBOAHOCTHIO
Ti3C,Tx O3BONAET UCIIONB30BATh KOMITO3UTHI IS Xpa-
HEHHUS 1 TPe00pa30BaHMsI JHEPTHH, a TAKXKE JJISI 3aIUThHI
OT 3JIEKTPOMArHUTHBIX IMoMex. HecMmoTpst Ha TO, 4TO
3JIEKTPOIIPOBOAHOCTh KOoMIIO3uTa MXene-asporens Wiu
TUAPOTresb HUXKE, 4eM y uucToro MXene, apxuTekTypa u
crienuduYeckue CBOICTBA KOMIIO3UTOB MOTYT PAaCIIU-
PHUTBH HX HCIIOJIb30BaHNE B TMOKUX HOCHMBIX YCTPOWCT-
BaX, MHTEJUIEKTYJIbHBIX TKaHAX U MOPTATUBHOM 000pY-
noBaunu. CaH W JIp. M3TOTOBWJIM  KOMITO3HTEHI
Ti3C, Tx@mnomuctupon (IIC) myrem smekTpocrarndec-
KOi1 cOopKky KaTHOHHBIX HaHochep nomuctupona (IIC) u
OTPHIIATENFHO 3apshKeHHBIX HaHOMUCTOB Ti3C,Tx B pas-
JMYHBIX KOHIEHTpAIsIX [52]. Pe3ynbTaTsl MOKa3bIBaIoT,
YTO 3JIEKTPONPOBOJHOCTD IOJYYEHHBIX KOMIIO3UTOB
YBEIMUYMBACTCS C yBENMUYEHUEM conepkaHus MXene,
KOTOpBIN 00pa3yeT BHICOKOI(PPEKTUBHYIO POBOISIIYIO
CETKY.

Hapsiiy ¢ npeBoCXOAHBIMY 3JIEKTPUYECKUMH CBOHMCT-
Bamu Ti3C,Tx 001a1aeT BHICOKOW MEXaHHMUYCCKOW MPOY-
HOCTBIO U 3JIaCTHYHOCTHIO. [Ipenen mpoyHocTH MHOTO-
cioiino# ienkn Ti3C,Tx MXene coctaBiser ~560 MIla
[53], a momynbe FOnra Mmonocnos TisC, Ty paBen 0,33 TIla
[54]. Mexanuueckue cBoiictBa MXene-coaepkalux as-
PO- ¥ THAPOTENei CYyIECTBEHHO 3aBUCST OT MEXaHHUeC-
KuX cBoMcTB MXene. Ma u 1p. NpoJeMOHCTPUPOBAIH,
4yto Komno3uTHbIi asporensb TisCoTy/rGO BbiaepkUBaeT
JehopMannoHHbIe Harpy3ku 6onee 60% 1o cpaBHEHUIO
C IepBUYHBIM asporeneM [55]. B To xe Bpems cioucTas
CTPYKTYpa M MeTajutnueckas npoBogumMocts Ti3C, Ty mo-
3BOJIMNIM  OOECIEYHUTh BBICOKYIO YYBCTBUTEIBHOCTH K
BHEITHUM C)KMMAIOIIIM CHJIaM, T.€. CHU3HTh DJIEKTpUye-
CKO€ COIIPOTHBIICHHE 32 CYET CXKaTWs HaHOJMCTOB
Ti3C,Tx. DTOT 3¢ deKT B codeTaHn ¢ BBICOKOH ylelb-
HOM TTOBEPXHOCTBHIO OTKPBIBAET OoJiee MIMPOKHUE Iepcrie-
KTHBBI JJIS1 3TUX MaTE€PUaJIOB B KAUECTBE TATIMKOB pac-
TSOKCHUS/CKATHUS.

3. IIPUMEHEHHE T13C,Tx /3D CTPYKTYPHPOBAH-

HBIX KOMIIO3UTOB B OUMCTKE BO/bI

3D-asporenu ¥ rUIPOreny ¢ pa3BUTOH HOPUCTOCTHIO
00J1a1al0T BBICOKOM aJICOPOIIMOHHON CHOCOOHOCTBIO,
YTO MO3BOJIIET MCIOIB30BaTh MX IS yIAJICHNUSI OPTaHHU-
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YEeCKUX 3arpsi3HUTENIC M MOHOB TSDKEJBIX METAIIOB M3
CTOYHBIX BOJ [56, 57]. Ucnons3oBanue MXene B 3xo10-
THYECKHX LEeNSIX BO3MOXKHO Onarofaps UX CTPYKTYpe,
THAPOGHIBHON MPUPOJE, a TAK)KES HATMYHMIO aKTUBHBIX
aJICOPOLOHHBIX LICHTPOB K HOHOOOMEHHBIX XapaKTepu-
ctuk. Hexortoprsie pesynbraTsl ncnoib3oBaHus TizCoTx
MXene 1 X KOMIIO3UTOB JJI1 OYMCTKH BOJIbI IPEICTAB-
JIeHbI B Ta0mune 1.

Max3ax u ap. oOHapyxwuiu, uto 3D-cTpyKTYypHpO-
BaHHBIC adpOreJeBble KOMIIO3UTBHI OCPIMHCKOH Ja3y-
pu/MXene (BJI/Ti3C,Ty) B hopme chep obanator Gonee
BBICOKO# cOpOIHOHHOM criocobHocThio Cs* (315,9 Mr/r)
IO CPABHEHUIO ¢ YMCThIMU azfcopoeHTamu TizC, Ty u Oep-
JIMHCKOM J1a3ypbio (92,4 u 167,9 MI/r COOTBETCTBEHHO)
[58]. Hammume xucnoponcoaep ammx (GyHKIMOHAIb-
HBIX TpyHI B MXene He TONbKO 00Jierdyaet 3JIeKTpocTa-
THYecKHUe B3auMmoJieiicTus ¢ Fe*' B Gepnunckoii nasypu

npu GopMHpoBaHHUU cep aspores, HO U CIIOCOOCTBYET
azicopOIMy KaTHOHOB MO MEXaHM3My HMOHHOTO OOMeHa
mexay Ti—-O-H™ u Cs™. Baxno ormerurs, uro BJI/
Ti3C,Tx MpOSIBISET OTIIMYHYIO CEIEKTUBHOCTH 110 OTHO-
LIEHUIO K MOoHaM 1e3ust (10 99%) naxe B MPUCYTCTBUH
nonoB Na*, K, Mg?" u Ca®*, HecMOTps1 Ha TO, 4TO X I'i-
apatHble paguych (3,6, 3,3, 4,1 u 4,25 A coorBercTBeH-
HO) aHanormusbl pamuycy Cs™ (3,25 A). Tlomyuennsrii
komio3ut BJI/Ti3C,Tx JIeMOHCTpHpYET JOMOTHHUTENb-
HBIE IIPEUMYIIECTBA: C OHON CTOPOHEL, 2D-cion MXene
CO3JAI0T JIOTIOJHUTEIBHBIE MECTa sl COPOLIMU HOHOB
He3us 3a cyeT MX (PYHKIMOHAIBHBIX TPYHI, C APYroi
CTOPOHBI, OHU MOJIOKUTEJIBHO BIUSIOT HA MEXaHUYECKHUE
CBOMCTBa KOMITO3HTa, PACIIHUPSIS BO3MOKHOCTU UX TpaK-
THYECKOTO IPUMEHEHU S, BKIIIOYast OYMCTKY MOPCKOMH BO-
p11 38

Tabnuya 1. IIpumenenue Tiz;C2Tx komnosumog 6 ouucmre 600bl

Komnosaut MonntotaHt 3414?”"3"0(1" KnioueBble napameTpbl Ccbinka
B %* unu mr/r
BN/TisC.Tx asporens csil) 3159 mrlr Cs* ¢ koHueHTpauyeit 10 mr/n npu 25 °C B npobupke 1 nepemeLuvsanv npu 150 06/MuH [56]
cohepbl npu aobaeneHun agcopbeHTa 2 r/n
OTOT rMBpUaHbI a3porenb MOXeT BbICTPO OTAENMUTL XNOPOOPM, COEBOE Maco U
Monunmna/TisC2Tx @3- MaCo 95 49 XNAKWIA napacuH 3 cucTembl BoAa-HedTb. OH Takxke nokasan BbICOKYHK CnocobHOCTb [59]
porenb e nornoLyaTh pasnuyHble OpraHUYeckue XUAKOCTM, IPUMEPHO B 58 pa3 NpeBbILuatoLLyto
X cOBCTBEHHBI BEC.
MXene npogemoHcTpupoBan BblaatoLLytocs aacopOLnoHHyto cnocobHocTb (148 mrir)
YueTblit TiaCaTx Cs(l) 148 mrir npu KOHLEHTpaLusix afcopbeHTa u agcopbata 5 1 2 Mr/n cOOTBETCTBEHHO, B YCMOBUSIX [60]
HemTpanbHoro pH 7.
MXene TisC2Tx ¢ kapbokcunbHbiMu rpynnamm (TCCH) aeMOHCTpUpYeT NpeBoCXoaHyo
MoaMchMLUMpOBaHHbI Ui 344.8 mrlr CﬂOCOﬁHOCT6b k yaanenuto U(VI) u Eu(lll), o yem camneTengcmyeT csepxﬁngmpaﬂ KiHe-
rmeponom TiCzTx Eu(lll) 971 wirlr TuKa agcopbuum (3 MuH), Bbicokas MakcumanbHas afcopbUoHHas cnocobHoCTb [61]
y ’ (344,8 mr/r gns U v 97,1 mr/r ansi Eu) 1 BbICOKMIA NPOLIEHT YAANeHNst pafyoHyKnuaos us
MCKYCCTBEHHBIX MOA3eMHbIX BoA (>90%).
Cdpepbi TisC2Tx sgpo- B TvnuyHom nepuoanyeckom npoliecce apcopbuun ancopbeHt gobasnsanu 8 30 Mn pac-
obonouka ¢ HaTpuit Ha(ll) 932,8 mrir TBOpa Hg?* B KOHLieHTpaLmun 25 yacTel Ha MunnmoH (pH ~ 6,0) n nepemeLLmBanm co [62]
anbruHaTom ckopocTbto 180 06/MuH npu 298 K B TeueHne 24 yacos.
CoBOKyMHblE NpenMyLLeCcTBa BbICOKON afcopBLMOHHOI CNOCOBHOCTY 1 KOPOTKOrO Bpe-
TisCoTx/anbrunat Pb(1l) 382,7 mr/r MEHM PaBHOBECUS MO3BONSIOT KoMnoauTam MXene/anbrHaT [OCTUraTb MaKCUManbHOM [63]
KOMMO3uT Cu(ll) 87,6 mr/r apncopbumoHHoi cnocobHocTu no Pb2+ u Cu?* npu 382,7 1 87,6 Mr/r COOTBETCTBEHHO U
[ocTUraTh ancopOLMOHHOMo paBHoOBECHS 3a 15 MUH.
OKCNepUMEHTBI N0 NePUOANYECKO aacopbLiv NPOBOANIM B TeYeHMe 24 4 Npu KOMHAT-
Na-Ti2CTx nucTbl Cd(ll) 326 wr/r HoI1 TeMnepaType B pacTBOpPaXx C COOTBETCTBYOLMMI pH 1 KOHLEHTpaLmu agcopbeHTa [64]
0,33 mr/mn.
Ty 66,3% ®doTokatanuTuyeckast apeKTUBHOCTb pasnoxeHust obpasuos pogamuHa b (PB), TeTpa-
' . Lo 41,8% yuknuna (TL), uunpodnokcaumna (Li®) n 6ucterona A (B®A) bbina npotectuposana
TC:Tu/TiOo/g-CaNs BOA 63,6% Mpu OCBELLEHUN BUANMBIM cBETOM (>400 HM) C MOMOLLbIO KCEHOHOBOI TaMMbl MOLLHO- [65]
PB 92.1% ctbto 300 BT npu ucnonb3osaHuu 60 Mr choTokaTanusatopa.
B akcnepumenTax no usotepme aacopbLum u3oTepMbl aacopbLmn METUNEHOBOTO CH-
TisCaTx/Menamux MC 357 mrir Hero (MC) u koHro kpacHoro (KK) Ha komnoaute uamepsnu npu pH 11 1 6 cooTeetcT- [66]
asporenb KK 648 mr/r BeHHo, npu 303, 318 1 333 K nyTeM n3meHeHnst KOHLEHTpaL M MCXOLHOro pacTeopa
(MB: 3-100 mr , CR: 3-200 mr/n)
ZIF-67/TisCaTx 0,1 r asporeneit ZIF-67/TisC2Tx A06aBNSANM B XMMUYECKUA CTakaH, COfepxaLLuii pac-
pybunbHas kucnoTa- TEOA 99,8% 1Bop Tetpabpomdperon A (TBDA) (40 mr/n, 50 mn), n 0CTaBNANYN NPU KOMHATHOI TEM- [67]
Liennonosa asporefb neparype Ha 6 4acos.

) 10 mr NaBH4 sobaensinu B 3,0 mn pacteopa 4-HutpodeHon (4-H®) (0,2 mM). Mocne fo-
CUTTkC T/ nonwakpu- 4-Ho 100% 6aBnenuns 1,0 Mr kaTanu3atopa BPEMEHHYI0 3BOOLMI0 PErucTpupoBsani MeToaom Yo- [68]
namug rugporenb

BW[ B ananasoHe ckanuposakus 250-550 Hm.

*

Mpumeyanve:

— % — 3thheKTUBHOCTb pasaeneHus/gerpagaumum;

** — Mr/r — MakcMarbHas copoLyoHas eMKOCTb.
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B npyrom npumenenuu [59] asporenu Ti3;C,Ty/monu-
UMHJT TOKa3aJld BBICOKYIO aJICOPOIMOHHYIO CIOCO0-
HOCTb 0 OTHOILICHHUIO K XJIOPO(HOPMY, COEBOMY Macily
KUIKOMY TapaduHy B BOJHO-OPTaHHMYCCKUX CHCTEMaXx.
VYIydieHHbIe MEXaHWYECKHE CBOWCTBA W TUAPO(HOO-
HOCTH KOMIO3HUTHBIX a3pOTeJied MO3BOJIMIA ITOBTOPHO
HCIOJB30BaTh UX 10 10 nukioB agcopOmmu st dpdex-
TUBHOTO OT/AEICeHUS He(hTH OT BoIbL. BogopoaHsie cBsI3n
MeXAy nensMud nonuumuga u HaHomucramu Ti3CoTy
MXene criocoOCTBOBalI 00pa30BaHUIO MMPOYHOM CETKH
3IaCTHYHOTO a3pPOTeisl.

Taroxke MXene MOXHO HCIIONIB30BaTh B KAU€CTBE CO-
KaTaJM3aTOPOB Pa3JIoKEHHsT OPraHMYECKUX 3arps3HUTe-
neid. Bpicokast ToIBUKHOCTD 3JIEKTPOHOB MO3BOJISIET ObI-
CTpO TIEPECTPaUBATh AIICKTPOHBI HAa TIOBEPXHOCTH KaTa-
JU3aTOpa, YTO MPHUBOAWT K MOBHIMICHUIO KATATUTHYCC-
Kol 3¢ dexTuBHOCTH. MMMOOMIM3aIus HAHOYACTHUI] U
HMOHOB 0JIATOPOJHBIX METAJIIOB YITyUIIaeT KaTaTuTHIeC-
KH€ CBOMCTBa KOMIIO3MTa Ha ocHOBe MXene, HO HecTa-
OWIIBHOCTB, arperanus U OKUCICHHE KOMIIO3UTOB HAHO-
yacTui/uoHbl MXene-MeTasia B BOJIe OrPAaHUYMBAIOT UX
npuMeHenue. JIu u Ap. IpUroToBMIN CTaOWUIN3UPOBAH-
HbId koMmro3uT ruaporens Cu/Ti;C,Ty/momumakpunamua
(ITAM) st katanuTHyeckoro pasjioxeHus 4-HuTpode-
Hona NaBH4 [68]. B aToM kOoMIo3uTe Meb CIIyKHUT Ka-
tanu3aropoM, Ti3C,Tx — cpenolt 1 meperoca 3J1eKTpo-
HOB, a NOPUCTHIH Kapkac [IAM — agcopOeHTOM 7151 TIO-
BEIIIICHUS 3P PEeKTUBHOCTH KaTanmn3aTopa. | Mr oJIyJIeH-
Horo makpomopuctoro ruaporens Cu/Ti;C,Tw/ITAM ka-
TanutTHdecku paznaraet 3 miu 0,2 MM 4-autpodeHona B
Te4YeHHe 4 MUH C pacueTHON KOHCTAHTOHW CKOPOCTH pe-
aKIMy TceBaonepsoro mnopsaka (k) 0,754 mun . Beuto
o0HapyxeHo, uto k st ruaporens Cu/Ti3C,Tx/PAM BbI-
me, gem st auctoro Cu/TizCoTy (0,383 mun ') u npy-
rMX KOMIIO3UTOB Ha OcCHOBe Memu, Takux kak Cu/BN
(0,692 mun') u Cu/SiO; (0,558 mun") [69]. IIpu 3ToM
THIOCJIE IISITH LIMKJIOB pasioxeHus 4-HuTpodeHona coxpa-
Hsoch outu 90% HMCXOIHOM aKTUBHOCTH KaTalu3aTo-
pa.

Ban u np. nMmoOunm3upoBan ¢porokartanuzarop ZIF-
67/Ti3C,Tx B adporens ¢ 3D-cTpykTypoii Ha OCHOBE 1y-
ombpHO#M KUCIOTH! (JIK) M mMemtroI03HbIX HaHOBOJIOKOH
(CNF) pmnsa pmerpamaumu  terpabpomOuchenona A
(TBBITA) nox Bo3aeiictBuem Buaumoro ceera. TizCoTy
HCIIONB30BaJICA HE TOJBKO B KAYECTBE MATPHUIIBI JUIS 3a-
kperuteHus ZIF-67, Ho u B kauecTBe co-poToKaranuza-
TOpa, CIOCOOCTBYIOLIETO pa3lelieHHI0 (OTOreHepHpo-
BaHHBIX JJIEKTPOHOB W JIBIPOK. V3MepeHHas 3arperieH-
Has 30Ha ZIF-67/Ti;C,Tx cocTaBuna 2,35 3B, uto mouru
BIIBOC HIDKE, yeM y uncroro ZIF-67 (4,3 3B). ®orokara-
mutnueckoe pasnoxenue TBBITA mpu pH 10 B npucyt-
crBun okcuanrona SOs?~ asporenem ZIF-67/TizCoTx mo-
crurano 99,8% 3a 10 Mun ¢ k=0,6840 n-mr '-mun ',
YTO BBILIE, YEM y APYTHUX KOMIO3UTOB Ha ocHoBe ZIF,
Takux Kak Fe;04@ZIF-67 (0,1103 m-mr ' *mum t) [70] u
g-C3N4/ZIF-8/AgBr (0,01171 m-mr -mum 1) [71]. Tlocie
ISITU 1MKIOB (oToKaTa n3a 3P PeKTHBHOCTh MaTepHraia
ocTajiach BEICOKOM ~91,5% OT UCXOMHOr0O 3HAUCHUS.

Ti3C,Tx MXene/3D ruaporenu U a3poreiiy mHpoKo
UCTIOJIB3YIOTCS B Ka4ECTBE MEPCIICKTHBHBIX MAaTCPHAIOB
JUTS QICOPOTINH 3arpsI3HAIOIINX OPTaHUICCKUX BEIIECTB,
a TaKKe MOHBI TSHKEIBIX METAJUIOB, (POTOKATAITHTHICC-
KOM DPAa3JIOKEHUH 3arpsi3HSIIOIINX BEIIECTB, AIEKTPOKa-
TAIATHYECKUX MATIUKAX 3arPSI3HSIONINX BEIIECTB, a TaK-
K€ B aHTUOAKTEpHUATbHBIX/aHTUMHUKPOOHBIX HCCIIeIOBA-
HusX. JleTanpHBIA aHanmW3 ancopOUM C TTOMOIIBIO
Ti3C,Tx MXene/3D ruzaporenu u a’dporesiu Mmo3BOJIsET
CeTaTh BBIBOJ YTO MEXaHU3MbI IIOBEPXHOCTHOTO KOMII-
JIEKCOOOpa30BaHMsl U MOHHOTO OOMEHA, W3BECTHBIE KaK
XUMHYCCKHE B3aMMOJCUCTBUS, NEMOHCTPUPYIOT OoJiece
CWJIbHBIC CHJIBI TPUTSDKCHUS MEXKIY Pa3IUYHBIMA 3a-
TPS3HUTEIISIMU M aKTUBHBIMH IICHTPAMU CBSI3bIBAHUS aJl-
copbenToB. I[IOBEpXHOCTHOE KOMILICKCOOOPa30BaHUE
BKITIOYACT AKTUBHBIC IICHTPHI CBSI3BIBAHUS 3arps3HSIO-
IOIMX BEIIECTB W IOBEPXHOCTHBIC (DYHKIIMOHATHHEBIC
TPYTIIEL, TPUCYTCTBYIOIINE Ha afcopbenTax. KirodeByro
OB HTPaeT MEXaHW3M MOHHOTO 0OMEHa, KOTAa PacTBO-
PEHHBIE HOHBI 3aTPS3HAIONINX BEIIECTB, B TOM YHCIIE HO-
Hbl METAJJIOB U PaIMOaKTHBHBIC HOHBI/HYKIHIBI, OOMe-
HHUBAIOTCA B BOIHOU CpeJie C OMHOUMEHHO 3apsDKEHHBIMU
noHamu ajacopbenrtoB. Tak, Hampumep, B padote UH u
xoiter [72] mompoOHo ommcana angcop6buus Cr'® mHa
Ti3C, Ty, HaUMHAS C €CTECTBEHHOIO B3aMMOIECHCTBHS HO-
Ha Cr' ¢ —OH TpyTIaMu, TOCIEAYIOMEH MOTU(HUKAIIN-
el m mepexomom Cr'® mo Cr'3, a 3aTem coocaxmeHueM
Cr(OH); Ha BHEIIHEM cJI0€. DTOT MPOIIECC TOKa3aj M-
POKyI0 3(PPEeKTHBHOCTD ynameHus, gocturas 250 mr/r
MIpH KOHIIEHTPAINH HOHOB Bogopoxaa 5,0, B CpaBHEHHUH C
TiO/Ti3C,, Toe ObUTO0 TOCTUTHYTO 225 MT/T TIpH TOH XKe
KOHIIEHTPAIIUH HOHOB BOJOPOAA.

3AKJIIOYEHUE

Pactymmii uarepec k MXenes, BEI3BaHHBIN UX YHU-
KaJIbHBIM COYCTaHHEM DJICKTPUICCKUX, MEXaHIHUECKUX U
ONITUYECKUX CBOWCTB, CTUMYJIPOBAJ BCILUIECK HUCCIIEHO-
BaHUI 10 MHOTO()YHKITHOHAIEHOMY MTPUMEHEHHIO ATOTO
Ki1acca MarepuanoB. OHAKO MPUCYIIHE UM TPOOIIEMBI,
TaKhe KaK HecTaOWIILHOCTb, arperauusi U HaJlndhe cMe-
HIaHHBIX (YHKIIMOHAIBHBIX TPYIII, OTPAHUYMBAIOT [LI1AB-
HYI0 uHTerpaiuo MXenes B COBpEMEHHBIC TEXHOJIOTHH.
YroObl MPEOI0JICTh 3TH OIPAHHYCHHUS U MaKCHMHU3HUPO-
BaTh IpeumyniectBa MXenes, ObLUTH HCCICTOBAHEI KOM-
MTO3UTHEIC TIOAXOIBI, 00BenuHsIomue MXenes ¢ mpyru-
MU MaTepHasaMu. ITO HE TOJBKO CBOIUT K MHHUMYMY
HEKOTOpbIE HEIOCTaTKH, HO TaK)Ke NMPUBHOCHUT HOBBIE
(GyHKIMK ¥ TIpEeMMyIIecTBa B CBOMCTBA, oOecrieunBae-
MbI€ MaTPUYHBIMHA MaTepHallaMi. TINaTeNbHBINA aHaI3
BBIOPAaHHBIX ~ KOMIIO3UTOB THIPO- WM  a’3pores
MXene/3D B 3TOM 0030pe pacKpbIBaeT MX MOTEHIIUAI,
COIIPOBOKIAIONIUIICA MPUCYIIUMH €My TNpoOJieMaMH B
Pa3IMYHBIX TPUIOKEHUsX. Pemaromumu (akTopamu,
BJIMSFOIIUMK Ha KOHTPOJIb renicoOpazoBanus MXene u
PETYJISAIUIO CBOMCTB KOMITO3UTA, SIBIISTIOTCS B3aUMO/ICH-
CTBUSI MEXIy MXenes i MaTpUIlaMu, KOTOPBIC B IIEPBYIO
ouepeb XapaKTePU3YIOTCs CIAOBIMH AIIEKTPOCTATHYICC-
KUMU cujiaMu U cunamu Ban-nep-Baanbca. Kpome Toro,
THI ¥ KOJMYECTBO ()YHKIIMOHATIBHBIX rpymn MXene ur-
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paroT pelIaloNIy0 poJib B ONPEENICHUH €ro CBOICTB,
BKJIFOYAsl AJIEKTPOIPOBOJIHOCTb, BSI3KOCTh KOJUIOMHOTO
pacTBopa, MEXaHHYECKYI0 MPOYHOCTh M COPOLMOHHYIO
CIIOCOOHOCTh. JTO MOAYEPKUBAET OCTPYIO HEOOXOnu-
MOCTH pa3pa0OTKU HAJCKHBIX METOJOB (PYHKIIMOHAIU-
3allM NOBEpXHOCTH MXene i1l TOUHOTO KOHTPOJIS TH-
1a ¥ KOJMMYECTBa (PYHKIMOHANBHBIX Tpymil. B oTmmuamne
OT MHOTHX JApyrux 2D-HaHOMaTepuasoB, MOCTENICHHOE
okucineHne MXenes Ha BO3AYXE OCTaeTCsl CEPbE3HOU
npoOuiemMoii pu co3nanun 3D-asporeseii; Takum oOpa-
30M, pa3paboTka Wi 00pabdoTKa aHTHOKCHUAAHTHBIMH
BEIIECTBAMH B KOMIIO3UTAaX THIPO- WM a’poreis
Mxene/3D cTaHOBHTCS HCOOXOUMOCTRIO. HecMoTps Ha
6onee yem 30 pa3nuUHBIX TUIIOB MXenes, B OOJIBIITHHCT-
BE CymecTBYIOIMMX cucteM wucmonmbdyercs Ti3CpTy,
MIPEJICTaBUTENb ceMeiicTBa MXene ¢ HAMBBICIITUM YPOB-
HEM 3pEeJIOCTH C TOUYKH 3pEHHs CHHTEe3a U CBOHCTB. Heco-
MHEHHO, CYIIECTBYEeT MHOXECTBO BO3MOXHOCTEU WC-
MOJIb30BaHMs IIMPOKOTro crHekTpa MXenes Ha OCHOBE
KapOWIOB W HHUTPHIOB UIA JATBHEWIIETO MOBBIIMICHUS
CTPYKTYPHOH CTaOMIILHOCTH U JKEJIAeMBIX CBOMCTB T'H/I-
PO- ¥ adporelieii [yt MHOrO(yHKIIMOHAIBHOTO IIPUMEHE-
HUA. B To ke Bpems Heo0Xo1MMa ONTHMH3aus Ipoliec-
COB CO3JJaHUSl THUIPO- WIIM adpOrelieBBIX KOMIIO3UTOB
MXene/3D jist KOHTPOJIS UX cOcTaBa, PyHKIMOHATN3A-
WU HHTepdeiica U HATUIUS JOCTATOYHBIX MECT CIIIABKH.
dyHIlaMeHTallbHbIe ucclieoBaHuss MXenes UMEIOT pe-
IaroIee 3Ha4YCHHE IS IPOABIKCHUS Pa3pabOTKH KOM-
MO3UTOB Ha OCHOBE MXenes. B nonosHEHHE K 3TUM ac-
MTeKTaM, HECKOJIBKO KITFOUEBBIX MOMEHTOB TPEOYIOT MpH-
CTaIFHOTO BHUMAaHUS B OYAyIIUX HUCCIICAOBAHUAX, UTO-
OBl pacKpbITh BECh MOTEHLMAN THAPO- U a3pPOrelieBBIX
komIio3utoB MXene. Bo-niepBbix, (i) He0OX0IUMO Bce-
CTOPOHHEE UCCIIeIOBAaHHE BIMSHUS (PU3NUECKIX ¥ XUMH-
YECKHUX CBOMCTB MXenes Ha KOHEYHBbIE TPEXMEPHBIC
KOMIIO3UTBL. DTO BKJIFOUYACT B ceOsI paciim(poBKyY CIIOK-
HBIX B3aHMOCBSI3€H CTPYKTypa-CBOMCTBO, 4TOOBI ajar-
TUPOBaTh KOMIIO3HUTHI JUII KOHKPETHBIX IMPHMCHCHHA.
Bo-BTOpBIX, (i) KpaiiHe BayKHO IIPOBECTH MCUEPITHIBAIO-
ee MCCIieIoBaHNue MapaMeTpoB cuHTe3a MXene n ux
CIIO)KHOW KOPPEIIIUN CO CBOHCTBAMH THIPO/a3pOres.
Oto Gonee riryboKOe TOHUMAHUE TTO3BOIUT HCCIIEA0BA-
TENSAM OCYILECTBIIATH KOHTPONIb HaJ CBOMCTBAMH, TEM
CaMbIM OuYepYMBasi MOTCHIMAJbHbIE 00JNACTH MPUMEHe-
HUS. YTayOusisick B 00J1aCcTh Ipoliecca CuHTe3a, (iil) u3y-
YEeHHUE MEXaHU3MOB, YNPaBIIOIINX B3anMOACHCTBHEM
MXene ¢ MOHOMEpaMH BO BpeMsl MTOJIMMEpPU3allH, CTa-
HOBUTCSI KPHUTHYECKHM pYOEXOM. DTO HCCIIe/I0BaHUEC
olemraer AaTh MpeCTaBICHUE O TOYHOM HACTPOMKE jKe-
JTAEMBIX CBOMCTB KOMITIO3UTOB, TIpEiarasi TOHKOE IIOHH-
MaHHE CIIO)KHOTO B3aMMOJCHCTBHS Ha JTale CUHTE3A.
Hakonen, (iv) pa3pa®oTka HaZEKHBIX W CEICKTUBHBIX
METOJOB (YHKIMOHANM3AUN ToBepxHOoCcTH MXene
JOJDKHA OCTaBaThCA B IEHTpPEe BHUMaHUS. JocTikeHue
BBICOKOM CTETIEHN KOHTPOJISI HaJl TUIIOM U KOJIMYECTBOM
MOBEPXHOCTHBIX (DYHKIMOHAJIBHBIX TPYIHI SIBJISIETCS
KJIFOYOM K YIIYUIIICHHIO CBOUCTB U PACIIMPEHUIO IPHUME-
HeHuss MXenes B KOMITO3UTax THAPOTENs/a3pores.

[To Mepe TOrO Kak ruIpo- ¥ a3poreseBbie KOMIIO3UTHI Ha
ocHoBe MXene BBIXOAAT 3a Mpe/Iebl JabopaTopHoii cTa-
JIY, MMIIEpaTHB CMEIAaeTCs B CTOPOHY MaciiTaOupye-
MOCTH M yCTOWYHMBOCTH ITPOM3BOACTBEHHBIX ITPOIIECCOB.
Bynymue ncciienoBaHust TOJKHEI OBITh HANIPaBICHBI Ha
ONITUMH3AINIO U YIIPOIICHUE YHEPTOEMKUX U TPYIOEM-
KHX IPOIIECCOB IIOATOTOBKH, BO3MOXKHO, C IIOMOIIIBIO HH-
HOBAIIMOHHBIX METOJIOB, TakNX Kak 3D-meuats. [Toxmep-
JKaHUE CTPYKTYPHOM IIEJIOCTHOCTH U ITPEBOCXOIHBIX Me-
XaHUYECKHX XapaKTePHCTHK IPH MaclITabupOBaHUH
MIPOM3BOJICTBA UMEET MEPBOCTEIICHHOE 3HAYeHHE. B 3a-
KJIFOUYEHHE OTMETHM, 4TO OYyAyIlasi TPaeKTOPHS Pa3BUTHS
THIPO- WK adporesieBbIx komnozntoB MXene/3D npen-
CTaBIICT COOOM 3aXBaTHIBAIOIIMIA pyOek B HayKe O Ma-
Tepuanax. Pemenne o003HAaYEHHBIX NPHOPHTETOB HC-
CJICZIOBAaHUM HE TOJNBKO YCTPAHWUT CYIIECTBYIOLINE MPO-
OCIIBI, HO U MPOJIOKUT MYTh K PEBOFOIIMOHHBIM MTPOPHI-
BaM, B KOHEYHOM HTOTE Peain3ys BeCh MOTCHIINAI THI-
pO- M a’poreneBbIX KOMIIO3UTOB Ha OcHOBe MXene.
OxugaemMoe BO30OHOBIICHHE HMHTEpECa B COUYCTAHUH C
IeJICHANPABICHHBIMI HCCIE0BATEIECKUME  YCHITUSIMU
MOJKET OTKPBITh HOBYIO 3py MHAWBUAYAIBHBIX U BBICO-
K09((EKTHBHBIX MaTepUalioB, KOTOPbIE OyayT MpHMe-
HATBHCS B PA3JIMYHBIX TEXHOJIOTUYECKHX 00IaCTsIX.

Jlannas paboma 6vLia 6bINOIHEHA 8 PAMKAX PEANU3A-
yuu npoexma 2Panmoeo2o @unancuposanus
AP13067739, ¢unancupyemoco Komumemom Hayku
Munucmepemesa Hayku u gvicuieco oopazosarus PK.
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CUHTES3, MAPAMETPbI U NPUMEHEHME Ti3C2TX/3D CTPYKTYPUPOBAHHbLIX KOMNO3UTOB
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CY TA3AJIAY YHIIH TizC>Tx/3D K¥PbLJIBIMIbI KOMIIO3UTTEPAI CUHTE3I,
ITAPAMETPJIEPI ’KOHE KOJITAHY — IIAFBIH IIOJIY
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MXene men atanatbiH eki emmemni (2D) ermem merann xapounrepi/Hutpuarepi, ocipece TizCoTy jxoHE mommmepiti
THIPOTENBACP HEMece a’porenpaep CHAKTH ym exmemai (3D) KypbuteiMoap OnoMenunuHaAa, cyAa KONOaHy VINiH
THIMJII KacueTTepi 0ap, opKaiiChbIChl ©3 aiblHA MEPCHEeKTUBANIBI XKykenaep OOMbIN TaObLIaabl. Ta3apTy, SJICKTPOHIIBI
KYpBUIFbUIAp MeH Oarapesimap. MXene-fi THIpOTeNbIEPMEH HEMECe al’porelibIepMeH OIpIKTIpY OJapiblH KeKe
KACHETTEePiH OflaH opi JKaKcapTa anajbl jKoHe jKaHa cumarrtamanap Oepemi. On coHbiMeH KaTap MXene XUMHSIIBIK
TYPaKTBUIBIFBIH alTapIIBIKTAl jKaKcapTa anajbl, OYJI Ka3ipri yakbITTa oap/ibl KeHiHEH KONJaHYbIH HETi3ri HIeKTeyIi
(axTopiapbiHbIH  Oipi Oonbin TaObuianel. byn makamama 613 TizCoTx MXene/3D ruaporens sHe asporeib
KOMITO3UTTEPIH OHIIPYIiH Kei0ip penpe3eHTaTuBTI diicTepi MEH KaCHETTepiH, COHNai-aK CyIbl Ta3apTy YLIIH OCHI
KOMITO3UTTEPIiH TAHJAIFAH KOJIJaHOANapbIH KapacThIPaMBbI3.

Tyitin co30ep: TisC>T,; maxkpoxeyexmi noaumep, KOMNOIUYUSAILIK MAMEPUALOAp, cyovl mazapmy.

SYNTHESIS, PARAMETERS AND APPLICATION OF TizC2Tx/3D STRUCTURED COMPOSITES
FOR WATER PURIFICATION — A MINI REVIEW
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Two-dimensional (2D) transition metal carbides/nitrides called MXenes, particularly Ti3C,Ty, and three-dimensional (3D)
structures such as polymer hydrogels or aerogels are promising systems, each in its own right, with advantageous
properties for applications in biomedicine, water purification, electronic devices and batteries. Combining MXene with
hydrogels or aerogels can further improve their individual properties and impart new characteristics. It could also
significantly improve the chemical stability of MXenes, which is currently one of the main limiting factors for their
widespread use. In this article, we review some representative fabrication methods and properties of Ti3CoTx MXene/3D
hydrogel and aerogel composites, as well as selected applications of these composites for water purification.

Keywords: Ti;C,T,; macroporous polymer, composite materials; water purification.
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MN3YYEHHUE BOSMOXHOCTU IPUMEHEHUSA TEXHOJIOI'NU ®AZUPOBAHHBIX PEHHIETOK
IIPU OBCJIEJOBAHUHU TPYBOIIPOBOJOB PEAKTOPA BBP-K
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* E-mail ons konmaxmos: oksana.tivanova@mail.ru

[lepBbIii KOHTYP aTOMHOTO HCCIIEIOBATEILCKOr0 peakropa BBP-K cocTouT u3 OONBIIOr0 KOJIMYECTBA ayCTCHUTHBIX
CBapHBIX COCAUHCHHUN PA3TMYHON KOHGUTyparyu. Takue CBapHbIC BBl JEMOHCTPUPYIOT AHU30TPOIHBIC U HEOIHOPOI-
HBIC CTPYKTYPHI C YUTMHEHHBIMH 3¢PHAMU, KOTOPBIC MOT'YT 3aTPYAHUTh HHTCPIPETAIIHIO JAHHBIX PATHOrPadUUECKOro U
VIIBTPa3BYKOBOTO KOHTPOJIsL. Oco0yr0 HACTOPOKEHHOCTh BBI3BIBACT KOPHEBAs YacTh CBAPHOTO IIBA, HAXOSAIIASCS IO
MTOCTOSTHHBIM BO3ACHCTBUEM JBIDKYIICHCS 00SCCONICHHON BOBI, MEXaHUYECKAX U TEPMHIUYCCKIX HArPy30K, KOTOPEIC MO-
TYT BBI3BAaTh BO3HUKHOBEHHE U PaCIpOCTPaHEHNE TPEUIHH U 3PO3HOHHEIX IporieccoB. B HacTosmei pabote paccmMarpu-
BaeTCs KOMIICKCHBIA TTOAX0]] K UCCIICIOBAHHIO Ie()EKTOB ayCTEHUTHBIX CBAPHBIX COSAMHEHH ITEPBOTO KOHTYpa peak-
topa BBP-K, BBenenHoro skcmiyatanuto B 1967 r. HebGompumme rabaputHbie pa3Mepesl, CI0kHas KOHPUTypanus Tpy0o-
MPOBO/Ia, OJJHOCTOPOHHMH JOCTYII, HEM3BECTHAsl popMa I11Ba HE MO3BOJISIET MPUMEHSThH CTAHAAPTU3UPOBAHHBIC IPOLETY-
pbl ucnbiTaHui. [laHHble paanorpaduueckoro KOHTPOJIsI OKa3aJld HATMYHE HEBBIPAXKCHHBIX MPOTSHKEHHBIX HECILIONI-
HOCTEH, MOX0XKHUX Ha HEMPOBAPHI WX HecIIaBieHH. J{JIs MOBBIICHUS HAIEKHOCTH U SKOHOMHUYHOCTH KOHTPOJISI KOJIb-
LEBBIX CBAPHBIX IIIBOB PACCMOTPEHO MPUMEHEHHUE YIbTPa3ByKOBOTO KOHTPOJIS JIMHEHHOU pernerkoil. Miccnenoanue 3a-
KJTFOYaJIOCh B BBIOOPE ONTHUMAIBHBIX PEXKHMOB CKAaHHPOBAHUS, MOJyUCHHS HA00pa aKyCTUYCCKUX H300pakeHul nedek-
TOB CBapHBIX COCAMHCHHI KOHTPOJILHBIX 00Pa3lOB C UCIOJIb30BAaHUEM 16-3JICMCHTHOW YIIbTPa3BYKOBOW JIMHECHHOMN pe-
metkn. [IpakTiaeckoe anpoOupoBaHUe MPOBEACHO Ha ayCTCHUTHBIX CBAPHBIX COCTUHEHUSIX TpyOompoBomoB BBP-K ¢
HEMETAJUTMICCKAM MOKpEITHEM. OCHOBHEIC MPOOJIEMBI KOHTPOJIS TpyOOompoBoaa, TpeOyromue JaabHeH e 1opadboTK,
3aKJII0YAJIUCh B HE BBICOKOW CKOPOCTH CKaHUPOBAHUS, HEBO3MOKHOCTH UCHOJIb30BaHUSI BCTPOSHHOM MOJIENH IIBa ISt
WHTEPIPETAINN U OTIPEICTICHNE HCTHHHBIX pa3MepoB nedekToB. B memoM, morydeHHbie B paboTe pe3yIbTaThl TOKa3aIn
JIOCTATOYHO XOPOIIYIO BBISBIIEMOCTh KOPHEBHIX 1e(DEKTOB M OIEHKY MX YCIIOBHBIX Pa3MEpOB C IPUMEHEHUEM TEXHOIIO-
run (ha3upOBaHHBIX PEIICTOK.

Kntouesvle cnosa: ynompaseykoeoil KOHMpPOb, paduozpagus, c6apHoll wios, ayCmeHum, mexHoaio2ua QasuposaHHix

peuwemox, peakmop BBP-K.

BBEJEHUE

HuTeHcnBHOE pa3BUTHE LU(PPOBBIX TEXHOJIOTHI 3a
MIOCJIE/IHEE JIECATUIIETHE, TIOCIYKIIO TOITYKOM K CO3/1a-
HHUIO HOBOTO ITOKOJIEHHsI 00OpYZOBaHHUS Hepas3pyllaio-
[Iero KOHTPOJIS, HAIPaBJICHHOTO Ha NU(POBYIO BU3ya-
JU3alUI0 BHYTPEHHEW MaKpOCTPYKTYpBl MaTepHaia C
MMOMOIIBI0 TH(POBOH 00paOOTKM MHOMKECTBA TIEPBHY-
HBIX CHTHaI0B. Hambosee mNepCreKTHBHBIM METOAOM
paccMaTpuBaeTCsl IPUMEHEHHE YIIbTPa3ByKOBBIX IPHOO-
POB Ha (pa3UPOBAHHBIX PEIIETKaX B KOMIUIEKCE C TPaIu-
IMOHHBIMH METOJaMH HEpPa3pyIIAIoIIEro KOHTPOJS U
JTUArHOCTHKH 30H KOHIIEHTpauuu HampspkeHuid. Hanbo-
Jiee pacHpOCTPaHEHHON U CTaHIApTH3UPOBaHHOM [, 2]
KJIACCUYECKOHM TEXHOJIOTUEH (OpMUPOBAHUS OIS U3ITY-
yeHus-npuemMa (a3upoBaHHOM peleTky, a Takxke Gop-
MHPOBaHHS aKyCTHUECKOTO M300pasKeHN SIBIISETCS MIPH-
MEHEHHE Pa3INYHbIX 3aKOHOB 3aJIeP>)KKH, OCHOBaHHO! Ha
BbIOOpE (POKYCHPOBKH IO ITyTH, CMEICHUIO WIIH TIIyOu-
HE, KOTOPBIE TI03BOJISIIOT IMIOBBICUTH Pa3pelieHue 1 Ooee
TOYHO OTPEAETNTH HH(OPMAIIMOHHEIE TTapaMeTpHI gede-
KTOB B I[eJIEBOH 00JIaCTH CKaHMPOBAaHUS. DKCIIEPHUMEH-
TaNbHBIe MaHHbIE [3] MPOAEMOHCTPUPOBAIM, YTO IO-
TPELIHOCTD ONPEAEIEHUS Pa3MepOB KOMIIAaKTHBIX Jede-
KTOB (YIJIOBBIX BBICOTOW 1-3 MM M HWJIMHAPUYCCKUX
nuameTpom 1-2.5 MM) a3upoBaHHOMN JTMHEHHOW penieT-

KOW C TEXHOJIOTHEeH 3aKOHOB (DOKYCHPOBKH MEHbBILE B
TpU ¥ OoJee pasza, 4eM MPH UCTIOIb30BAaHUN TPaIUIINOH-
HOT'O 9XO0-UMITyJIbcHOrO MeTozaa. L{udposoe akycruuec-
KO€ N300paKeHNE OTpaXKaTellsl IPH MCIOIb30BaHNH TeX-
HOJIOTMH (a3MpOBaHHOW pEIIeTKH Ooiiee HarisIHO MOo-
KaspiBaeT THII Aedekra. [Ipu npaBunbHON HacTpoiike rma-
paMeTpoB KOHTPOJISI TEXHOJIOTHS YIBTPAa3ByKOBOH (a3u-
POBaHHOM PEIIETKH 00ECIICUNBAET BBHICOKYIO IOCTOBEP-
HOCTb BBISIBIIEHHS M JOCTATOYHO BBICOKYIO TOYHOCTH OII-
peneneHus pa3MepoB BHYTPEHHHX Oe(EKTOB THIIA He-
crutomtHocTedl. Hapsay ¢ atum, uMeercs psal HelocTat-
KOB, OCOOEHHO NP KOHTPOJIE TOJICTOCTEHHBIX H3IEIHH,
KOTOpBIE 3aKJIIOYAIOTCS B YXYIIICHUH pa3pellaromei
CIOCOOHOCTH TIPH YIAJICHUU OT JIMHUH (POKYCHPOBKH.

B Hacrosiiee Bpemsi pa3BUBarOTCs IIU(DPOBBIE CIOK-
HBIE aITOPUTMBI cOOpa M PEKOHCTPYKLIUH H300payKeHUH:
¢dokycupyemoii cuHTesupyemoirr aneptypsl (SAFT —
Synthetic Aperture Focusing Technique), meTos obmieit
¢doxycuposku (TFM — Total Focusing Technique), mo3-
BOJISTIOIMI TPaBUIIBHO MHTEPIPETUPOBATH NAHHBIE, MO-
Jy4eHHBIE METOIOM TTOTHOMAaTpUIHOTO 3axBaTa (FMC —
Full Matrix Capture), B BuJe MyJbTUCTATHYECKOTO COO-
pa IaHHBIX, IPH KOTOPBIX BO3MOXKHO IOJIy4aTh HU(pPO-
BbIE aKyCTHYECKHE 00pa3bl HEKOTOPBIX Ae(EKTOB, MpPHU-
OMDKEHHBIE K peasibHBIM. JIaHHBIN MOAXO0]] CYIIEeCTBEH-
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WU3YYEHUE BO3MOXHOCTU NMPUMEHEHUA TEXHONOMMN ®A3UPOBAHHbBIX PELLETOK
NPW OBCNEANOBAHWN TPYBEONMPOBOAOB PEAKTOPA BBP-K

HO OrPaHMYMBAET MOIIHOCTh H3JIy4aeMOi B OOBEKT
yIBTPa3BYKOBOI SHEPruH U TpedyeTcsl T0CTaTOYHO XO-
poliiee COOTHOIIEHNE CUTHAJI/ITYM, OCOOEHHO ISl METO-
na obmelt pokycupoBku [4]. Takue orpaHUYCHUS TIpaK-
THYECKH HE TI03BOJISIIOT IPUMEHSTH TaHHBIEC AITOPUTMEI
cOopa JaHHBIX W PEKOHCTPYKIMH IJISI KOHTPOJS depes3
MTOKPBITHE M ayCTCHUTHBIX CIUIABOB C BEIPAKCHHON aHU-
3oTponwei [5, 6].

HewmanoBaxHy1o poib B 0OHapy>KeHHUH U HACHTU(U-
KallUM IUIOCKOCTHBIX Ie(EeKTOB CBApHBIX COCIUHEHUH
UrpaeT NpaBUIbHBINA BEIOOP KOH(Urypauuu npeodpaso-
Bates (pazupoBanHo# pemerku. [locnenHue uceienoa-
HUS TIOKa3bIBAIOT, YTO B CIIy4ae aHM30TPOITHBIX CBAPHBIX
IIBOB BCJIE/ICTBHE UCKAXKEHUS YIBTPa3ByKOBOTO CIIEAYET
MIPUMEHATH BYXJIEMEHTHBIE MaTPUYHBIC pemeTku [7].
Takne npeobpazoBarenu (HOpMHPYIOT y3KHH U c(HOKY-
CHPOBAHHBIN YJIbTPa3BYKOBOH IIy4OK ITPOJIOJIBHBIX BOJH
101 OOJBIIMM YTIJIOM C JJTUHOHN BOJHEI, COTIOCTABUMOM C
MONEPEYHON BOJIHOM TOM k€ 4acToThl. Paznenenue ane-
MEHTOB TIpeo0pazoBaTesl Ha IMPUEMHBINA U ITePeIaroIInit
obecrieunBaeT Jiydiliee COOTHOLICHHE CHUTHAJ/IIYM |
3HAYUTEIBHOE COKpAIleHHEe MepTBOI 30HbI. OCHOBHBIM
HEJIOCTaTKOM JIByXdJIEMEHTHBIX MAaTPUYHBIX PEHICTOK
CUNTAETCS BBICOKAsi CTOMMOCTh, COBMECTUMOCTD C MpH-
0GopamH TOCJIETHETO TTOKOJICHUs, a TaAK)Ke OTpaHHYCHUE
10 KOHTPOJIO TOHKOCTEHHBIX JIEMEHTOB MJIM KPUBOJIH-
HEHHBIX MTOBEPXHOCTEH MaJIOro TMaMeTpa.

CambIMH pacnpOCTpaHEHHBIMH, arpoOUpPOBaHHBIMU
1 5KOHOMHYHBIMHU CUHUTAIOTCS TPeoOpa3oBaTeNu s Jie-
(DEKTOCKONMH METANTMYECKUX MAaTepHaJIOB Ha OCHOBE
JVHEHHBIX PEHIETOK. MHOTOYNCICHHBIE HCCICIOBAHMS
[8—11] moka3pIBaIOT UX YHUBEPCATIHHOCTH IO OOHAPYXKe-
HHU 1e(EKTOB, PaCIOI0KEHHBIX B KOPHEBOI YacTH W
B 30HE CIUIABJIEHHS CO CTOPOHBI IpeoOpa3oBaTes, Npu-
YeM B IIOCJIETHEM CITydae HaJIe)KHOCTD BBLABIICHUS nede-
KTOB CpaBHMMa C JBYX3JIEMEHTHBIMU MaTPUYHBIMH TIpe-
oOpazoBaTesnamu [ 8], YTo HeMaJIOBaXXHO TPH TIEPUOTHUC-
CKOM JKCIITyaTal[MOHHOM MOHHUTOPHHIC JICHCTBYIOMINX
KOHCTPYKIIHH.

Hecmotpst Ha TO, 9TO cmmoco0 (pa3upoBaHHBIX pellie-
TOK pa3padOTaH JAOCTaTOYHO NTaBHO, TPEOOBAaHMUS IO Be-
pUbHUKaAIHA TAKOTO 000PYAOBaHHSA U MIPOIIETyPHI IPOBE-
JICHHUS HCIIBITaHUH ObUTH CTaHIapTU3UpoBaHbl B 2015—
2021 rr. [1, 2, 12-14] u oGHOBIAIOTCA C MEPHOAMIHO-
CTBIO 5 JIET, YTO YKa3bIBaeT Ha MOIy4YCHHE HOBBIX JaH-
HBIX I10 MPAKTUKE TPUMEHEHUS 1 HHTCHCUBHOE Pa3BUTHUE
TEeXHUYECKOH 0a3bl. KOHTpONb CBapHBIX COEAMHEHUH C
NPUMEHEHUEM TEXHOJIOTHU (Da3UpOBaHHBIX PELIETOK Ha
00BEKTax aTOMHOM PHEPIeTHUKH COIEPKUTCS B CTaHIap-
tax [15, 16], KOoTOphIC HE CONEPKUT KaKHUe-THO0 0COOBIE
YCIIOBUSI K METOAMKE UCCIIEOBAHMS C YUETOM aHH30TPO-
ITUA CBOWCTB M HEOAHOPOIAHOCTH CTPYKTYPBI CBAapHBIX
COEIMHEHUH, TAKXKE OTCYTCTBYIOT IIPOLEAYPBI KOHTPOJIS
MIPOIIECCE AKCIUTyaTalluy 4epe3 IMOKphITHE. MeToauka
VCIBITAHUM CBAapHBIX COCOUHEHUU C BBIPAKEHHOW aHHU-
30TPONUEH CBOMCTB W HEOAHOPOLHOCTBIO CTPYKTYPBI
pa3pabaTbIBaeTCs MMOJ KaX/Ibli BUJ CBAPHOTO 1IIBA C y4e-
TOM KOHCTPYKTHBHBIX XapaKTE€PUCTHK, MPUMEHEHHOM

TEXHOJIOTUH CBAapKU, MHPOPMAIIOHHBIX XapaKTePHCTHK
O)KHJIAEMBIX e(EKTOB KOHTPOJIBHBIX OTpa)kaTelel B
o0pasiax cBapHBIX COEANHEHUH, H3TOTOBIEHHBIX M3 Ma-
Tepuaia oobekTa KoHTpoIs. [Tociennee ycnoBue mpoo-
JIEMaTHYHO BBINOJHUTH JJIsI OOBEKTa C JJIHUTEIBHBIM
CPOKOM 3KCIUTyaTalliyl B YCIOBHUSX BO3IEHCTBHS paauo-
AKTHBHOTO M3ITy9ICHUS.

Hecmotpst Ha To, 4TO 32 IPOIIEAIIHNE TOIBI OBLT JOC-
TUTHYT 3HAUUTENIBHBI HayYHbIA U TEXHUYECKUM NpO-
rpecc B KOHTPOJIE MaTepHaIoOB C aHU3O0TPOIHON CTPYK-
TYpOM, BKITIOYas JOCTIKEHHAM B 00IaCTH MOJEINpPOBa-
HUS ISl TPOTHO3UPOBAHUSI OPUEHTALMKM aHU30TPOIHOM
CTPYKTYPBI, CO3/1aBaeMOi BO BPEMs CBapKH, UTO MO3BO-
JISIeT MpPEeABapUTEIbHO MPOCMOTPETh PACIPOCTPAHEHUE
3BYKOBOTO JIy4a ¥ IIPOBECTH MPEABAPUTEIHHYIO WIN TIO-
CJICYIONIYI0 00pa0OTKy CHTHAIOB B 00BEKTaX C U3BECT-
HoM ncropueil. OHAKO POy pbl MOHUTOPHHTA Aede-
KTOB Yepe3 HEMETAJUINIECKOE MOKPBITHE B M30TPOITHBIX
1 aHM30TPOIHBIX CBAPHBIX IIBAX HE CTAHIAPTH3HPOBAHEI
B o0nacTy mpuMeHeHus (Da3pOBAaHHBIX PEIICTOK U Tpe-
OyIOoT BcecTOpoHHUX HccienoBanuii [17, 18]. Llens Ha-
CTOsIILEH pabOThI 3aK/II0YAIach B ONPEACTICHUN BO3MOXK-
HOCTH OCYILIECTBIICHUSI PyTHHHOTO MOHUTOPHHIA KOJIb-
LEBBIX CBAPHBIX COEIUHEHHH C M30TPOITHON M aHH30-
TPOIHOW CTPYKTYpOH 0e3 yJajaeHus] HeMEeTaNINYeCKOTO
MTOKPBITHS € TPYOOIPOBO/IOB IEPBOT0 KOHTYpa OXJIaXK/1e-
Hust peakropa BBP-K ¢ npuMenenuem nuneiHol dazu-
poBaHHOM pemeTky. [1o moay4YeHHBIM HaMU JaHHBIM pa-
JUOTPahUIECKOro U MarHUTO-aHU30TPOITHOTO KOHTPOJIS
[19] B Takux CBapHBIX COCAWHCHHS COAEPIKATCS He-
CIUIOIIHOCTH, BHECEHHBIE B TPOIIECCE M3TOTOBJICHHS H
MOHTaxxa TpyOorpoBoja 6onee 50 sier Hazaa. B cBs3u ¢
BBILIEU3/I0KEHHBIM, 337a4d MCCIICIOBAHUS BKIIOYAIH
Olpe/ieNieHUe PEeKUMOB HACTPOHKH IPUOOpa C TEXHOJIO-
ruei GpaszupoBaHHOM PEeIIeTKH C MPUMEHEHHEM U3TOTOB-
JICHHBIX KOHTPOJIBHBIX 00Opa3llOB CBAPHBIX COETMHEHHH,
MOJyYEHHH aKyCTHUECKHX M300pakeHUH KOPHEBBIX Jie-
(eKxTOB M anpodanuy Mporeypsl MOHUTOPHHTA, BKITIO-
Yasg CBapHOE COEAMHEHWE ayCTEHUTHON Hep)KaBeIOoIeH
CTaIM C HECIUIOIIHOCTSIMH TPyOOIIpOBOJa peakTopa
BBP-K yepe3 3amiutHoe 3ManeBoe NOKPHITHE.

METOJUKA Y OBBEKTHI HCCJEIOBAHUS

B kauectBe OOBEKTa WCCIEIOBAHMS IUISI M3YUECHUS
BO3MO)KHOCTH TIPHUMEHEHHS TEXHOJOTHH YIBTPa3ByKO-
BBIX (Da3MpOBAHHBIX PEIIETOK BHIOpaHbI Ae(EKTHI CBap-
HBIX COEAVHEHHUH ayCTEHUTHON HEpP>KaBEIOLEH CTalu
tuna X18H9T w3 KOTOpO# HM3roTOBIIEH TPYOONPOBOI
NEPBOro KOHTypa oxinaxaeHus peakropa BBP-K. Ucnbl-
TaTeNbHBIE 00pa3lbl TOJIIMHON OCHOBHOIO MeTajuia
1042 MM H3roTaBIMBAIUCh METOAOM PYYHOM IIyrOBOM
(pAc) u aproHoayroBoil cBapkH BoOJIb()PaMOBBIM HeTLIa-
BSILIIUMCS DJIEKTPOJOM (a7C) C MPHUCAIOYHBIM Marepua-
nom. ®opma pazaenku kpomok C17 u C45 nmo 'OCT
5264-80, mepoxoBaTOCTHIO NOBEPXHOCTH IIacTUH Rz40
1 TPOTSHKEHHOCTHIO pa0odell TOBEPXHOCTH BJOJb IIIBA
He MeHee 65 MM. XUMHUYECKHI cocTaB MeTaiuia oOpas-
1oB aycTteHUTHOM ctanu tuna X18HIT, onpenenenubii
METO/IOM PEHTTCHO(IyOPECICHTHOTO aHAIN3a MPeJCTa-
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BJIeH B Tabiuue 1. JlonomHUTeNbHO TPUMEHSITH 00pa3Lbl
yraepoauctoit cranu 20 tommuuoi 10-16 MM, koTopas
HMMeeT U30TPOITHYIO CTPYKTYpPY IIBa OTHOCHTENBHO 3BY-
KOBBIX KoJleOaHui. YriepoaucTas craib Obliia BEIOpaHa
elle M3-3a JIOCTYITHOCTH M BO3MOXKHOCTH paclpocTpa-
HHUTb Pe3yJIbTaThl METOIMYECKON YacTH Ha altOMHHHE-
BbIi crutaB CAB-1 — mMarepuan mepBoro KOHTypa peak-
Topa. Buzyanuzauust BHYTpeHHHX Ie(EKTOB CBAPHOTO
IBa OCYILECTBIIACH TaMMa-paguorpadhMIecKiuM MeTo-
oM nzotorioM Ir-192 [20, 21]. BHemHwmiA BUA ¥ TIICHOY-
Has paguorpaMMa HCHBITATeNbHBIX 00pa3oB MpeACTaB-
JICHBI Ha pUCYHKe 1.

JlonoNHUTENBHO ISl CpaBHEHHS ITOJYYEHHBIX pe-
3yJIbTaTOB HMCCIIEIOBAaHKUE U OIIPE/ICTICHUE KOINYECTBEH-
HBIX ¥ KQUECTBEHHBIX MOKa3aTesel eeKToB CBapHBIX U
KOHTPOJIBHBIX OTpa)kaTejed MPOBOAWIN YIBTPa3BYKO-

BbIM nedekrockorniom SyncScan (PA 16:64+UT) ¢ npu-
MEHEHHEM NpeoOpa3oBaTessi MalbIX Pa3MepoB Ha OCHO-
Be JMHEHHOH 16-3memenTHoN 5 MI'11 pasupoBaHHOMU pe-
LIETKH C aKTUBHOM anepTypoi 8 MM (IlaccuBHas anepTy-
pa 9 MM) U pacCTOSTHHEM MEXy aKTUBHBIMHU DJIEMEHTa-
mu pemretku 0,5 mm. Hambosee omacHBIMHU SIBIISTFOTCS
IUIOCKOCTHBIE JE(EKTHI, PACIIOJIOKEHHBIC B KOPHEBOI
YacTH IIBa, TO3TOMY HCIOJIb30BaIM MPU3MY I BBOJA
noniepeyHoit BoiHBL. CormacHo pekomeHmammsaM [16],
HaCTpPOiKa UyBCTBUTEILHOCTH KOHTPOJIS OCYILECTBIISIET-
cst o OOKOBOMY LIMJIMHAPHYECKOMY OTpa)kaTemlro Jua-
METPOM 2 MM, HO JIy4lllee BBISIBJICHUE IJIOCKOCTHBIX Jie-
(beKTOB B BHIE TPEIMH U HECIUIABICHHH BO3MOXKHO TIPH
WCIIOJIb30BAaHUH YTIJIOBBIX TUIOCKOOHHBIX OTpa)kaTelei
THTa 3apyOKa ¢ SKBUBAJIEHTHOM TIOMAIBI0 2,5 1 5 MM2,

Tabruya 1. Codepoicanue s1emeHmos 8 06pazyax aycmeHumHou Hepoicaseouel cmanu, %

5 CBapoyHbIii MaTepuan
X:'A“;'H‘T’:f °;:‘T’::f1’“ 3nextpon AS P 347 (pac, C17) |  3nextpoa E308-16 (pac, C39) | Mpucagounas nposonoka ER 308LSi (aac, C17)
LI0B 318" LuoB 3TB LuoB 318
Ti 15 0,9 28 14 10 07 27
Cr 178 18,5 176 19,5 18,2 194 173
Mn 13 0,9 13 13 14 12 13
Fe 69,9 69,3 69,1 67,9 69,9 69,0 69,3
Ni 9,3 10,1 9.1 98 94 96 93
Nb <0,004 0,2 <0,004 0,017 <0,003 0,010 <0,005
Mo 0,15 0,09 0,15 0,12 015 0,09 0,15

[Mpumeyanme: * 3TB — 30Ha TEPMUHYECKOTO BINSHMSA

a)

Pucynok 1. Buo ¢ kopresoii yacmu wea ¢ Hanuyuem no8epxXHocmubix deghpekmos (a) u paouocpammoi (6)
CBAPHBIX UIB08 C NOBEPXHOCIHBIMU U 6HYMPEHHUMU OedeKmamuy ucnvimamenvHuix oopasyos X18HIT
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PE3VJIbTATBI 1 OBCYK/IEHUE

DKcIepuMeHTaIbHBIE JaHHBIE B 00pa3Iax u3 yriepo-
JUCTO CTany MmoKa3ayv (CM. PHCYHOK 2), 9TO pa3Iudne
B AMIUTUTYAHBIX 3HAYCHUSI ATIsI OTpakaTesel Ha ITyOuHe
10-12 mm (mpsmoii myd) cocrtaBisier okosno 10%. Ha
riyoune 20-24 MM (OHOKpPAaTHOE OTPaKEHUE) HU3KOE
COOTHOIIEHHE CUTHAJI/TIOMEXH OTPAKEHHOT'O CUTHajia OT
yrinoBoro otpaxarens (YO-11), IMHUTUPYIOIIETO TIOo-
cKkuii nedekt B Tpyde auamerpom 219 mm. [TorpemHocTs
OIIpe/IeTICHUs aMIUIUTYAbI He npeBbimaet 10%, n3mepe-
HUSI IPOBOAMIIN 110 yIity 62 rpaj, IepBUYHAs HACTPOIKa
3aKOHOB (DOKYCHPOBKH OCYIIECTBISUIACH IO LIMJIMHIPH-
YEeCKOMY OTpaxkaTelto &2 MM, PacloI0oKEeHHOMY B 30HE
crutaBieHus (cM. pucyHok 1, oopaszerr ACO1). TectoBbie
3aMepbl pa3Mepa OTpakaTels IPH BapbUPOBAHUY TITyOu-
HBI (POKYCHPOBKH ITOKA3aJI MEHBIIHMH IPOLEHT OIIMOKH
Ha riIyOuHe paBHOW WJIM NMPEBBIIAIONIEH TITyOnHY 3aie-
TaHMA OTPaXKaTelsl, YTO COOTBETCTBYET NaHHBIM [22] [l
NPUBSI3KH K aMIUTUTYTHOMY KPUTCPHUIO TpeOyeTCsl pery-
JIMPpOBKAa YYBCTBUTCJIBHOCTU B YCJIOBUAX 3HeKTpOHHOI>i
Ppa3BEpPTKHU I10 C LIEJIBIO IIOJYYEHUS OJMHAKOBOIO YPOBHS
aAMIUIUTY/B! OTPAYKEHHBIX 3XO-CUTHAJIOB OT ONpE/AEiIeH-
HOTO OTpaKaTess C y4eTOM BJIMSHHS OTpakKarollel mo-
BEPXHOCTH (AHAJIOI' BPEMEHHOW PEryJIMPOBKH 4yBCTBHU-
TEJIBHOCTH).

HccnenoBaHbl METOIOM OJHOTO ITydYKa IOTIEPEYHBIX
BOJIH B IMania30He YTJIOB CKaHUpoBaHus 45—75° ynpTpa-
3BYKOBO# (pa3MpoBaHHOI peIIeTKH CBapHbIE COCIHHE-
HUS B 00pa3nax ux yriepoAnucToi crany TommuHon 10 u
12 MM U TOJTy4YeHBI aKyCTHYECKHE H300pKEHUS] OCHOB-
HBIX POTSDKEHHBIX 1e()EKTOB CBAPHBIX COEJANHEHUI, He-
KOTOpBIE U3 KOTOPBIX IPEJCTABICHBI HA PUCYHKE 3.

Hawuboree cioxHBIM B onpeiesnieHuy siBisiercst nede-
KThI B BHJIE HEPAaBHOMEPHOTO HETIOJIHOTO NPOILIABICHHS
KOpHSI, OJIMHOYHBIX M CKOIUICHWH IOp/IIaKa JAUamerT-
poM 3 MM U MeHee, TaroIue Tu(GPaKIUN CUTHAIB HIDKE
ypoBHS pukcanuu. B aTom ciydae TpeOyercs JOTOTHU-
TeNbHAs HACTPOWKa MO cpepuyeckoMy OTpa)kaTelio,
HMHTHPYIOLIEMY OJUHOYHBIE ITOPbI/IIIAK.
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Pucynox 2. 3agucumocmo amnaumyost om 2ny6uHsl 3a1e2aHus
ompascameneii. yununopudecxkux D2 mm (BL]O), yenoswix
muna «3apyokay 2,5 %2 mm @ naacmune monuwunou 12 um

(YO-nn.), 6 usocnymom ¢ gnewnum B219 mm u monuuno
10 mm (YO-yn)

BepTukanpHble TPEIUHBI MPEICTABISIOT OOJBIION
pUCK s OE30IaCHOCTH CTAIBHBIX TPYOOIPOBOJIOB.
Ocoboe 3Ha4eHNE OTBOANTCS OLIEHKH BBICOTHI TPEIINHEI,
KOTOpasi BIIMSIET HA MPOYHOCTh M YMEHBILIAET OCTATOY-
HBII pecypc 06opynoBaHus. OUEHKY BBICOTHI TPEIIUHBI
WM HECIUIABIICHUS TIPOBOJIUITHU 110 aKyCTUYECKUM TOMO-
rpa)u4ecKoro M300pakeHUsIM 00pa3a TPEIIUHBI C HC-
TOJIb30BAHUEM CITOCO0a abCOMOTHOTO BPEMEHH MPHUXO-
na (Absolute Arrival Time Technique, AATT). JlanHbrit
METOJI KCITOJIB3YET a0COIFOTHOE MOJIOKEHHE A parupo-
BaHHOTI'O 3XO-CUT'HaJIa OT BECPIIMHBI WU HerOBapa/He-
CIUIABJICHUSI W OTPaXCHHBIA OT yIJIa 3XO-CHTHAN IpH
CKaHWPOBAHWH C OJTHOM CTOPOHBI, YTO OCOOEHHO aKTy-
QIFHO TIPU SKCIUTyaTallMOHHOM KOHTpOJIE TPyOOIpoBO-
JIOB W3 ayCTEHUTHOW ctaynu. M300pakeHne OT KOHYHKA
TPEUINHEI 00pa3yeTcs 3a cUeT TUQPaKIUH IEPBOTO THTIA
U aMIUIATYAa Au(ParupoBaHHBIX JIy4ed CYIIECTBEHHO
MEHBIIIE aMIUIUTY/Ibl TIOPOXKAAIOIIEro ux jy4a. B oriu-
Yye OT HECIUIaBJICHWH (HempoBapa) OJHON M3 KPOMOK
LIBA, TPEIINHA COCTOUT U3 MHOXKECTBA OTPAXKAIOLIHX T10-
BEPXHOCTEH, B psijie ClIyyaeB CUTHAIIBI OT HUX NPEBOCXO-

JIUT CUTHAJ OT yTJa.

LWIHHAPUYECKU] isa o
OTpaKkarelb JIMHUS [1J1AKa KOPHS TOPU30HTAILHOE HEINpOBap KOpHS 4 .
JHAMETPOM 2 MM IIIBa AHAMETPOM MM CMelleHUe BbICOTOM 1,8 MM TIOPHUCTOCTh

Pucynoxk 3. [Ipomsicentvie deghexmopi c6aphvix coeouneHutl (paouozpammol u homouzobpasicenust)
U UX aKycmudecKkue uzo0pasxiceHus 6 CmalbHbIX C8APHBIX COeOUHeHUAX moawunou 10 mm
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OMIUpUYecKl JokazaHo [23], 4Yro amImMTyaa
(P/R)) JparupoBaHHON BOJHBI OT Kpasi BEPTUKAIb-

HOW MOJYIIOCKOCTH MPHUOIM3UTENBHO PaBHA aMILTUTY/IE
CHTHaJa, OTPAKEHHOTO OT OOKOBOTO LUIMHAPHYECKOTO
OTBEPCTHUS JUAMETPOM d PaBHOTO A/27%, ompeeIeHHOM
o ¢opmye (1):
P S d
| (1)
P A\8r (1 +d/2r)
TJIe ¥ — PacCTOSTHUE 10 OJIMKHETO Kpasi OTpakaTels (pac-
CTOSIHUE TI0 ITy4y), 14,7 MM; S — TUTOIAAb MTHE30ILIACTH-
HBI, B HalleM ciydae miomans OP 3to mpousseneHue
pazMepa aKTHBHOM amepTypbl Ha MACCUBHYIO, 72 MMZ;
d — nuameTp GOKOBOTO MMIMHAPHYECKOTO OTpaskaTels,
2 MM; A — JUIMHA CIBUTOBOM BONHEL, 0,63 MM.

Pacders! u sKCIEpIMEHTAIBHBIC TaHHEBIEC JJIS aycTe-
HUTHOM HEPr>KaBEIOILEH CTalIU II0KA3aJIM, YTO aMIUIUTYAA
9X0-CHTHaJa, MOJTy4eHHas: AU(PAKIUOHHBIM PacCesiHU-
€M Ha KOHYMKEe TpemuHsl, Ha 17,68 nb (cM. pucyHok 4,
0) MCHBIIIC aMIUTATY/IBI DXO-CUTHAJIA, IMOJTyYCHHOTO OT-
PaKEHUEM OT IWIMHAPHUUCCKOTO OTBEPCTHSI TUAMETPOM
2 MM B KOHTPOJILHOM 00pas3Iie.

Jrrveprrnpren

14 9

Pucynox 4. [lonosxcenue @P npeobpazosamens omuocu-
MeNbHO Mpewunbl NPU UsMepeHul 8bIComul (a) u aKycmu-
ueckoe uzobpasicenue oopasa (6) npuKoOpHesoll NPOOOIbLHOU
mpeuyubl 8 KOHMPOILHOM 00pa3sye, CIMpeiKol ommeyen
CUSHATL OM KOHYA MPeUjUuHbl

Ha pucynke 4 npezcraieHa cxema Xofa JIydei npe-
oOpa3zoBarens (pa3upOBaHHOW PELIETKH U rpaHel Tpelu-
HBI, IEMOHCTPUPYIOLIECH IIPUHIUIT U3MEPEHHSI BEICOTHI U
MOJy4eHHs M300paskeHnsi 00pa3a KOPHEBOW TPEIIHHBI,
MOJy4E€HHOTO TIPU HCCIEAOBAHUH CTaJbHOTO 00pasia
TommuHOH 9,6 MM co mBoM tuma C17 puac. Cauraercs
[24] gTO ompeneneHne BBHICOTHI TPEIIUHBI KaK Pa3HUIIBI
MEeXIy ToMOTrpaduIecKuM u3o0pakeHneM oOpasa Bep-
LIMHBI TPEIIUHBI U YTI1a MY TPELMHBI U IIIOCKOCTHIO,
Ha KOTOPYIO OHa BEIXOIUT OoJiee HHYOPMATUBHO IIPH HC-
MIOJIB30BAaHUU CEKTOPHOTO S-CKaHa, YeM IIpU aHaJIu3e
n300pakeHus EeKTPOHHOTO B-ckaHa.

[TpoBeneHHbIE U3MEPEHHSI BBICOTHI A€(EKTOB MO aKy-
CTHYECKUM 00pa3aM IOKa3aJld, JOCTaTOYHO XOpollee
COBMaJICHNE C (PaKTUIECKUMH 3HAYEHUSIMU (CM. PUCYHOK
5). DKCIIepUMEHTHI ¢ HAaHECEHHBIM MOKPBITHEM TOJIIIHU-
HOM 370—460 MKM namy HEONHO3HAYHBIE PE3yJIbTATHI B
BUJIC TOSIBJICHUS TOTIOJHUTEIBHBIX 00pPa30B OT MOKPHI-
THSL, YTO 3aTPYAHSICT HACHTU(DUKALUIO U H3MEPEHHE BhI-
coTbl. [Ipu 5TOM HEOOXOIMMO YUUTHIBATb, YTO HA YYBCT-
BUTEJILHOCTD YJIBTPa3BYKOBOTO KOHTPOJIS BIMSAET MaTe-
pHaJ, TOJNIIMHA U CTEIIEHb are31H MOKPBITHSL.
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Pucynok 5. Bvicoma oegpexmos (mpewyun, necniagienuii)
¢axmuueckas (®) u usmepennasn cnocobom AATT ona
yenepooucmoti (m) u aycmenumnoti (A) cmanu

CpaBHUTENBHBIE SKCIIEPUMEHTHI NOKA3alH, YTO pa3-
HHIA MEXIY U3MEPEHUSMU B MaKCHMyMe 3Hepruu ¢o-
KYCHBIX M300paKeHuil 1e()eKTOB HaXOAUTCSl B HHTEPBa-
ne 5-13 nb. B cBs3u ¢ aTUM TpebdyeTcsi KOppEeKTHPOBKA
YyBCTBUTEIBHOCTH JepekTockomna [4] B 3aBUCUMOCTHU OT
OKHMJaeMOro BHJa JedeKTa.

[ HenmpoBapoOB/HECIUIABICHUH C MPUTYILUICHUEM
KPOMKHM XapaKTepHO HaIW4Me JBYX (OKYCHBIX IISITCH,
KaK IPaBHJIO, OT YIJIOBOTO OTPAXKaTENsI IXO-CHIHAI CO-
JEPKUT OOIIbIIIee KOTMIECTBO SHEPTHH U TOITOMY M300-
pakeHHe spKoe, a AN(PPAKIHOHHOE paccessHUEe Ha Bep-
LIMHE JaeT MEHee BBIPAKCHHOE (DOKYCHOE ISTHO (CM.
PHUCYHOK 0, a).

ITo pesynpTataM KOHTPOJIS JONOJHUTEIBHBIM HH-
(hOopMaIIOHHBIM NTPU3HAKOM HACHTH(UKAIMU HETPOBa-
pa WM HECIUIaBJICHUS B CBAPHOM IIBE 0€3 MPUTYIUICHUS
KPOMOK SIBJISI€TCSI Pa3HUIIA aMILIUTY/]] CHTHAJIOB OT KOHIIA
nedekra u yriia, koropas cocrasisiet 6 n1b. [Ipn koHTpO-
JIe CO CKOCOM KPOMOK WMJIM HEpaBHOMEPHOM MpOIIIaBiIe-
HUH C IPUTYIUICHHEM KPOMOK aKyCTHYeCKHe 00pa3bl Mo-
T'YT OBITh HECKOJBKHX BHIOB B 3aBUCHMOCTH OT pa3Me-
POB M KOH(pHIypanuu HETpoBapa WIN HECIUIaBICHHS,
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MI03TOMY PE3YyJIbTaThl HHTEPIPETUPYIOTCS HE CTONb OJI-
HO3HA4yHO M TpeOyeTcs HosydeHHe Habopa akycTHdec-
KHX M300pakeHHH ¢ y4eTOM KOH(UTypaluu U pazmepa
JUISL BBISIBIICHUSI KOPPEIISIIINH.

Iiﬁmua HenpoBapa

YIoJ1 HenpoBaj

a)

x I'pAHRULI BOTHYTOCTH

KOpHSI IBa

0)

Pucynox 6. Axycmuueckue uzoopasicenus (0opasvi) depexmos
6 gude Henpogapa u eocnymocmu (L=25 mm, h=0,8 mm) xopms
wea (SNIUNCOM OMMeYeH CUSHAT OM NOBEPXHOCHIU
602HYMOCMU)

JononHutensHpIME  MTHQOPMALMOHHBIMU  [TApaMeT-
pamu Ipy OLieHKE IITyOUHBI BOTHYTOCTH IIBa MOXKET CITy-
KHUTh CUTHAJI MEXTy IBYX (DOKYCHBIX IISITEH, IOJydeH-
HBIX OT KPOMOK IIIBa, KOTOPBIE SIBJISTIOTCS TPAaHULIAMHU BO-
THYTOCTH (CM. PUCYHOK 6, a). llupuny BorHyToCcTH Co-
OTBETCTBYET PaCCTOSHHUIO MEXIYy LIEHTPAMH aKyCTHIeC-
KHX 00pa3oB TPAHUIl KPOMOK C MAaKCHMAaJIbHOW SHEPIH-
en.

Ha pucynke 7 npeacraBieHbl pe3yabTaTbl KOHTPOJIS
CBapHOTO KOJUIEKTOpa K TJIABHOMY LUPKYJISIMOHHOMY
Hacocy Ne 3 peakropa BBP-K. B pe3ynbrate Bu3yansHo-
ro OCMOTpa (CM. PUCYHOK 7, a) B KOPHE IIIBa MPUCYTCT-
BYIOT HECIIIABICHHUS ¥ TOPU30HTAIFHOE CMEIICHHE JJIe-
MEHTOB CO CJIEIaMH 3PO3HOHHOTO Tporiecca. Paguorpa-
¢udeckue uccnenoBaHus (CM. PUCYHOK 7, 0) HE BBISIBU-
JIM ITaHHBIX HECOBEPIIEHCTB BCIIEACTBUE HEOJHOPOIHOMN
CTPYKTYpbl KOHQUIYpalMy IIBa U Hapy)XKHOH. AHanu3
AKyCTHYECKUX N300pakeHuii (CM. PUCYHOK 7, B) ITOKa3al
HaJlW4Ke IUIOCKOCTHOW HECIJIOUIHOCTU Ha 7 Ab mpeBwI-
LIAIOIIUI CUTHAJ OT 2 MM OIOPHOT'O IMIMHIPUYECKOTO
orpaxarens. [IpoTspkeHHOCTD edexta 1o 6 1b Oonbiie
Ha 7 MM, 9€M IO JaHHBIM WHCTPYMEHTAIBHOTO 3aMepa.
IIpucyTcTBYIOT aKyCTUYECKHE CUTHANBI, CB3aHHBIE CO
CMEIIEHNEM U HEPOBHOCTSIMH OOJIMIIOBOYHOTO BAIMKA U
MoKpeITHA. CMEIeHHE JTyda TPACCHPOBKH OTHOCHTEIHHO
MAacCKH IIIBa, BEI3BAHO OTKJIOHEHUEM OT HCTHHHOH (DOPMEI
U pa3MepoB coenuHeHus. Hamuume sManeBoro mokpsl-
tus TommuHon 300 MKM ¢ Xopolel aaresuel K OCHOB-
HOMY METaJuly HE OKa3aJl0 CYILECTBEHHOTO BIIMSIHUS Ha
Ppe3yibTaThl, IPH YCIOBUU HACTPOMKH NMPHOOpa y4eTOM
MIONPaBKU Ha MOKpBITHE 8 1B, YTO COOTBETCTBYET AaH-
HbIM [18].

Pucynox 7. Pe3ynbmamul KOHMpOJisi 21eMeHmog mpy6onpoeooa nepeozo koumypa peakmopa BBP-K: a) oegpexmuoi,
obHapydicentvle npu 6U3YaIbHOM KOHMPOIE KOPHA wed, O) NieHOUHAs paouoespamma OaHHO20 YUacmKa, 8) IKpaH 0epeKmockona
¢ A ckarom, cxemotl pachonodicenus oepekma u aKkycmuueckoe usoopaxiceHue KOpHeeo2o deghekma, 2) npoyecc OUazHOCMUKU
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Ha ocHoBaHumM nccrienoBaHus BO3MOYKHOCTEH Mpu-
MEHEHHsI TEXHOJIOTHH JIMHEHHO! (ha3MpOBaHHOW pemier-
KM 17151 00CIIeI0BaHus TPyOOIIPOBOIOB BBISIBICHBI HEZO-
CTaTKH, CBSI3aHHBIE C YJIBTPa3ByKOBBIM 000pYJOBaHHEM,
KoH(puUrypanmeil yuactka TpyoonpoBoa u CBApHOTO CO-
enuHeHus. KOHTponb MOXKET MPOBOIUTHCS TONBKO ABY-
Ms OIlepaToOpaMH, CKOPOCTh CKAaHMPOBAHUS HEBBICOKAS,
HEBO3MOXKHOCTh TMPHMEHEHUs aT4MKa IyTH WJIH yCT-
poiicTBa CKaHMPOBaHHUS, TpeOyeTcs BBIPAaBHUBAHHUE I10-
BEPXHOCTH NOKPBITHS. K 10CTOMHCTBAM MOXKHO OTHECTH
9KOHOMUYHOCTb ¥ BO3MOXHOCTb 00CJIE/I0BATh BECH III0B,
10 CPaBHEHMIO C pajuorpaduyeckuM MeTonoM. B me-
JIOM, TIOJTyYeHHBIE B paboTe pe3yJIbTaThl MOKa3alH J10C-
TaTOYHO XOPOILYIO BBISBIISIEMOCTh KOPHEBBIX JIeEKTOB
1 OLIEHKY MX YCJIOBHBIX Pa3MepOB C MPHUMEHEHHEM TeX-
HOJIOTWH (pa3upOBaHHBIX PEILIETOK.

Hccredosanue svinonneno npu unarcogoil noodep-
orcke Munucmepcemea snepeemuku Pecnybauxu Kazax-
cman (epaum Ne BR09158958) u Munucmepcmea nayku
u evicueco obpaszosanus Pecnybonuxu Kazaxcman
(epanm Ne BR10965174).
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CCP-K PEAKTOPBIHBIH K¥BbIP )KEJIIVIEPIH TEKCEPY KE3IH/JIE ®A3AJTIAHFAH TOPJIAP
TEXHOJIOI'UACBIH KOJIJAHY MYMKIHIITTH 3EPAEJIEY

O. B. Tupanosa’, E. JI. Epmakos, H. M. AKbLI0eK
KP OM «Aoponvix puzuxa uncmumymury ILIDKK PMK, Aamameul, Kazakcman
* batinanvic ywin E-mail: oksana.tivanova@mail.ru

CCP-K aroMapIK 3epTTey peakTOpbIHBbIH OipiHmn Ti30eri apTypii KOH(UTypalnusaarbl KONTEereH ayCTEHHTTIK
JIOHEKEPJICHTeH KOCBUIBICTAp/IaH Typajbsl. MyHIall JAOHEKEepIICHTeH IKTEp Y3bIHIIA TYHIPUIKTI aHH30TPOMTHI JKOHE
OipTeKTi emec KYpbUIBIMAApIbl KepceTeli, Oyl peHTreHrpadusblK JKOHE YIbTPaIbIOBICTHIK Oakpuiay AEpeKTepiH
TYCIHIpY Al KubIHAATa bl Ko3Fammanbl TY3ChI3JaHbIPbIIFaH CyIbIH, MEXaHUKAJIBIK KOHE TEPMHUSUIBIK )KYKTEMENEPAiH
TYPaKThl dcepiHje OOoNaThIH JOHEKEPJICHTeH JKIKTep/AiH TYNKUIKTI O6Jiri epekiie KbIpaFbUIBIKTBI KaKeT eTell, Oyl
CBI3aTTap MEH APO3HSUIBIK NPOLECTEP/IiH Maiifa O0TybIHA XKOHE TapalyblHa oKellyl MyMKiH. by sxymbicta 1967 sKblibt
naiinananyra Oepinren CCP-K peaxtopbiHblH OipiHIN Ti30€TiHIH ayCTEHUTTIK JIOHEKEPJICHI'€H KOCBUIBICTAPhIHBIH
aKayJapblH 3epPTTEY/IiH KeIIeHAl Tocim KapacTelpsurraH. LllarsiH rabaputTik emmemMaep, KyObIp sKeTiNepiHiy KypAemi
KOHQUTypamsicel, Oip >KaKTBI KOJ JKETIMIUTIK, JKIKTIH Oenrici3 mimIiHi CTaHZapTTalFraH CHIHAK MpOIeaypallapblH
KOJNJaHyFa MYMKIHIIK Oepmeiini. PeHTreHrpadusisik Oakpliay AepeKTepi manarmicipiziMre HeMece OanKpIMai KalyFa
yKcac aWKbIHIaJIMaraH CO3BUIBIHKBI TYTACCBHI3IBIKTAP/bIH OOJNybIH KepceTTi. JleHrenek IoHeKepiey KIKTEepiH
OakpUIayIbIH CEHIMALTIT MEH THIMALUIITIH apTThIPY YIIiH CHI3BIKTHIK TOPMEH YJIBTPAIbIOBICTHIK OaKbUIAY/Ibl KOJJIAHY
KapacThIpbUIFaH. 3epTTey OHTAWIBI CKaHEepliey PEeKHUMAEPIH TaHIaylaH, 16 3JeMEHTTIK yJIbTPaAbIObICTHIK CHI3BIKTHIK
TOpIBI TalifanaHa OTHIPHIN, OakplIay YJTUIEPIHIH JOHEKEPJCHIeH KOCBUIBICTAPBIHIAFBl aKayJapiblH aKyCTHKAJIBIK
KECKIHJIEpiHIH HUBIHTBIFBIH alTyJaH Typasl. Toxipuoenik ceiHan 6akpuiay CCP-K kyOblp skenijiepiHiH kaObIHbI METaI
€MeC ayCTEHHTTIK JIOHEKEpJICHI'€H KOCBUIBICTApBIH/AA JKYPTri3iiami. Opi Kapall jKOHre KeNTipyli KaKeT eTeTiH KYObIp
JKeJIepiH OakpUIaybIH HETi3ri mpobjeManapbl CKaHepiiey >KbUIIAMIBIFBIHBIH TOMEHIr, aKaylapIblH MIbIHANHBI
eJIIeM/IepiH HHTEpIIpeTanyusuIay KoHEe aHBIKTAy YIIiH KipiKTIpUITeH JKiK YJTICIH maigajaHy MYMKIH eMecTiri OOl
XKanmel, xyMbIc OapbIChIHIA aJbIHFaH HOTWKeNep (azalaHFaH TOpJIap TEXHOJOTHSCHIH KOJJAaHa OTHIPBIM, TYIIKI
aKaynapIblH KETKUTIKTI )KaKChl alKbIHIAIATHIH/IBIFBIH KOPCETTI JKOHE OJIap/IbIH IAPTTHI eJIeMIepiH Oaramay.

Tyiiinoi ce30ep: yiompaoviobicmulx 6aKbLIAY, 0dHEKEePIeH2eH JHCIK, ayCmeHum, Qas3aianzan mopap mexHoai02usicsl

STUDY ON THE USE OF PHASED ARRAY TECHNOLOGY
FOR EXAMINATION OF PIPELINES OF THE WWR-K RECATOR

0. V. Tivanova’, Y. L. Yermakov, N. M. Akylbek
RSE REM “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan
* E-mail for contacts: oksana.tivanova@mail.ru

The first circuit of the WWR-K nuclear research reactor consists of a large number of austenitic welded joints of various
configurations. Such welds exhibit anisotropic and inhomogeneous structures with elongated grains, which can
complicate interpretation of radiographic and ultrasonic data. The root part of the weld is of particular concern since it is
under the constant influence of moving demineralized water, mechanical and thermal loads, which can cause the
appearance and propagation of cracks and erosion processes. In this paper, we consider an integrated approach to the
study of defects in austenitic welded joints in the primary circuit of the WWR-K reactor, commissioned in 1967. Small
overall dimensions, complex pipeline configuration, one-way access and an unknown weld shape do not allow us to use
the standardized test procedures. Radiographic control data showed the presence of unexpressed extended discontinuities
similar to lack of fusion. The use of ultrasonic testing with a linear array is considered to improve the reliability and
efficiency of testing of the circumferential welds. The study implied selection of the optimal scanning modes, obtaining
of a set of acoustic images of defects in welded joints of the tested samples using a 16-element ultrasonic linear array.
Practical testing was performed on austenitic welded joints of WWR-K pipelines with a non-metallic coating. The main
problems of pipeline testing, that require further improvement, were the low scanning speed, the impossibility of using
the built-in weld model for interpretation and determination of the true size of defects. In general, the work results showed
a fairly good detection of root defects and an assessment of their conditional sizes using the phased array technology.

Keywords: ultrasonic testing, weld, austenite, phased array technology.
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B pabote mpencTaBiieHbI pe3ynbTaThl ccieaoBaHms TepmomomuaectieHTHEIE (TJI) n mo3mMeTprudeckne CBOHCTBA Kepa-
MHK MOHOKJIMHHOTO JMOKCH/AA IMPKOHUS [BYX THIIOB: CHHTE3MPOBAHHBIX CIEKAHHEM B JJICKTPHUUECKON IEUH IpH
T =700-1700 °C u B mOTOKE BBICOKOAHEPTETHUECKUX 3IIEKTPOHOB (1,4 M3B) ¢ BEICOKO# INIOTHOCTBIO MOIITHOCTH. Y CTa-
HOBJICHO, YTO OT)KUT KepaMuK repsoro tuma rnpu T>1000 °C npuBoIuT K CYIIIECTBEHHOMY POCTY pa3Mepa KpUCTAJUIUTOB,
YTO KOPPEIUPYET CO 3HAYUTENbHBIM yBennueHueMm uHreHcuBHOCTH TJI muka mpu 390 K mocne obmyyenns oOpasioB
BBICOKMMH J103amH (Tiopsiaka KI'p) umiynbcHOT0 3nekTpoHHOro myudka (130 kaB). MakcumansueiM TJI oTkimikom obia-
JIAf0T KEPaMUKH THIA 2, CAHTE3UPOBAHHBIC SJIEKTPOHHO-ITyYeBBIM METOJI0M. B paboTte 00cykaaroTcs Takke 3aKOHOMEp-
HOCTH BJIMSIHHS YCJIOBHI CHHTe3a Ha KMHeTn4eckue napamerpsl TJI u koo duireHTsl HeMMHEHHOCTH T030BBIX 3aBUCH-
Mocrei. Hammume nHTeHCHMBHOTO M30mpoBanHoro nuka TJI, cyOnnHelHbIi XapakTep OONBIIMHCTBA JJ030BBIX 3aBHUCH-
MOCTeH 1 IPEeHEOPEKMMO MaJIbIi (peANHT CBUIETENBCTBYIOT O HEPCIIEKTHBHOCTH CHHTE3WPOBAHHBIX B HACTOSIIEH padboTe
KEPaMUK JUIs U3MEPEHUsI BEICOKHX 7103 (€MHULBI-AecTKH KI p).

Knroueesvie cnosa: MOHOKpUcmaJibol, OUOKCUO Lﬂ/tpK‘OHuﬁ, MEPMOIIOMUHECYUl, 6bICOKOOHepcemu4ecKue 3SJ1eKmpOoHbl,

CNEeKmpbuvl NOCI0UEHUA, 6blcmpbze msoiceible UOHDbL.

BBEJIEHUE

Kepamuku Ha ocHOBe numokcuaa nupkoHus (ZrO,)
pas3IM4HOro (ha30BOrO COCTaBa SBISIOTCS NEPCIIEKTHB-
HBIMH MaTepHaIaMy ISl IPUMEHEHHUS B Pa3IMUIHBIX yCT-
policTBax (DOTOHMKHM, ONTO- M HAHOIJIEKTPOHHMKU [1].
OHHM XapaKTepU3YIOTCs PSAAOM LEHHBIX JJIsl UCTIONb30Ba-
HUS B 3TUX OOJIACTSIX CBOMCTB: BHICOKOH XMMHYECKOH U
(hOTOXMMHUYECKOH CTAaOMIIBHOCTBIO, MEXaHHYECKOH W
TEPMHUYECKOH yCTOWYNBOCTHIO, BEICOKHM KOI(HIINCH-
TOM IPEIOMIIEHUS. B 3TOM CBSI3U OTKPBHIBAIOTCS BO3MOXK-
HOCTH WX NPUMEHEHHSI B KAQU€CTBE CBETOUYBCTBHUTEINb-
HBIX JaTYNKOB, CHUHTHIUIATOPOB U TEPMOJIFOMUHECLICHT-
HeIX (TJI) nOeTeKTopoB MOHM3HMPYIOUINX H3ITyYeHHH
[2, 3]. Ilpu TOM A7Is1 perucTpaIiiy BEICOKUX /103 pajgua-
un (6onee 100 I'p) Hanbonee mepceKTUBHBIMU SBIIS-
I0TCS  yIBTPaJUCIIEPCHbIE KEPAMHUKH C Pa3MepoM KpH-
CTJUTUTOB JIECATKH-COTHH HAHOMETPOB BBHY UX ITOBBI-
IEHHOHW paJualloHHOM cToiikocTu [4, 5].

Jnist mosrydeHust ynbTpaJucIIepCHBIX KEpaMuK U3 Ha-
HOIIOPOIIIKOB MCTIONB3YIOT PA3IMYHbIE METO/IBI X BBICO-
KOTEMIIEpaTypHOT'O CIIEKaHHs, KOTOpbIE KIacCH(DUIHIPY-
JOTCSI B 3aBHCUMOCTH OT NPHJIOKEHHOTO TaBJICHUS, aT-
Mocdepsl ipu cuHTe3e U T.4. C pOCTOM TeMIepaTyphl OT-
XKWura yBenuuuBaeTcsd Ou(dy3HOHHAS ITOABMXKHOCTD
KOMIIOHEHTOB MaTepHaia KepaMUK, BbI3bIBAIOLIasl yCKO-
peHHe Mpolecca PEeKpUCTAJUIM3alUN HaHOodacTHi [6].
N3BecTHO, 4TO JIIOMUHECLEHTHBIE CBOMCTBA KEPaMUYeEC-
KX MaTepHajoB Ha OCHOBE JTMOKCHUA IIUPKOHUS CyIIle-
CTBEHHBIM 00pa30M 3aBUCAT OT CIIOCO0A CHHTE3a U MOp-
(omorudeckoro coctosHUs 00pasioB [7-12]. 3akoHo-

MEpPHOCTH W3MEHEHHS JTIOMUHECIICHTHBIX CBOICTB Kepa-
MUK ZrO; B 3aBUCHMOCTH OT TEMIIEpaTypbl OTKUTA U
pa3Mepa KpUCTaJUINTOB U3y4alllCh OPYTHMHU aBTOPaMU
[13-17]. Tak, B pabote [13] B HAHOCTPYKTYpHOM JTHOK-
cujie IUPKOHUs, 00aydenaoM nonamu Si’ (100 MaB),
IpHU YBENMYEHUU TeMmmeparypbl oTxura ot 850 1o
1450 °C nabmofanuch pocT MHTEHCHBHOCTH (hoToTIO-
musectenimu (PJI) npu 490 HM 1 U3MEHEHHE CTPYKTY-
pbl kpuBbIX TJI. AHanOruuHbIN pocT HHTEHCUBHOCTU DJI
pu 400 BHM mipu oTxkure 0opasmos ot 200 xo 500 °C pe-
ructpupoBaiucs B padote [14]. Koppensuus WHTCHCHB-
Hoctr @JI 1 pa3mMepa HAHOYACTHII YCTAHOBIICHA B paboTe
[15]. JeranpHOE HCClieJOBaHWE W3MEHEHUS WHTEHCHB-
Hoctd DJI ipu 480 um u TJI mpu T = 20-200 °C moHo-
KJIMHHOTO JUOKCHJA LIUPKOHUS NIPU BapUaLluK TeMIIepa-
TYpbl OTXXWTa B IIMpoKoM nuanazone (600-1550 °C)
MIPOBEJICHO NPYTruMU aBTopaMu [7]. YcTaHOBIEH pocCT
BEJIMYUHBI MHTEeHCUBHOCTEN Makcumyma DJI mpu 480 Hm
u nukoB TJI mpu 50 u 120 °C ¢ yBenuueHueMm teMmepa-
Typbl oTxura. OJJHaKko B yKa3aHHOW paboTe He ITPOHU3BO-
JIMJIach OIIEHKA Pa3MEpOB KPHCTAJUINTOB B OTOMXCKCHHBIX
o0pa3max, a HabIIroJaeMble H3MEHEHHS JTIOMAHECIICHITHH
CBSI3BIBAINCH C MEPE3apsIKON MPUMECHBIX HOHOB THTa-
Ha. B cratee [16] oOHapyxeHo, uto mpu orxure (600—
900 °C) nanomomunodopa ZrO»:Ti (2%) npoucxomur
yBEJIMYEHUE pa3Mepa HaHovyacTull ¢ 54 1o 73 uM. Ycra-
HOBJIEH Taioke pocT Bbixona TJI B muke mpu 175 °C ¢
YBEJIMYCHUEM TEMIEepaTypbl OTXKHra B 00pasuax, ooiy-
yeHHbIX Y®-mu3nydyeHueM. IlokasaHo, 4To CHHTE3UPO-
BaHHbIC aBTOPAMHU KEPAMHKH SIBJISIFOTCS] TIEPCIICKTHBHBI-
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MU JUIS TIPUMEHEHHSI B JJO3UMETPHUU BBICOKUX 103 (TIO-
psanka 1 k['p) ramma-usnydenus [16]. Cienyer otme-
THUTb, YTO LEJICHANPABICHHOTO HCCIIEOBAHNS BIMSIHUI
pa3Mepa KpUCTAIIUTOB B KEPaMHUKaX HOMHHAIIBHO YHC-
TOT'0 MOHOKJIMHHOTO TMOKCH/Ia IINPKOHMS HA BECh KOMII-
nekc ux TJI cBoiicTB He mpoBoAuIIOCk. IIpu 3TOM B nuTe-
patype MpaKTU4eCKH OTCYTCTBYIOT AAHHBIE O BIMSTHUU
TEMITEpaTypbl OT’KUTa M pa3Mepa HAHOYACTHIl Ha BaX-
HeWIye JO3UMETPUYECKHE XapaKTePUCTHKH ([030BbIE
3apucumoctH TJI u ¢penunr). B npakTudeckom ruiaHe Ta-
Kast uHpopmanus Obu1a Obl MTOJIE3HOH U1l BHIOOpA ONTH-
MaJIbHBIX PEKMMOB CHHTE3a KEPaMHK C LEJbI0 Mojyye-
HUS 00pa31oB C HAWITYYIINMH I03UMETPHYECKUMH Xapa-
KTEepUCTUKaMU (MaKCUMaJIbHOW YyBCTBHUTEJIBHOCTBIO K
TECTOBOW J103€ MOHU3UPYIOLIETO M3IyUYEHUs], JIMHEHHOM
JI030BO# 3aBUCUMOCTEIO TJI, MUHIMATBHEIM (PEITHHTOM).

Hapsiny ¢ TpaguiioOHHBIMU METO/IAMH CTICKaHUsI Kepa-
MUK IIyTeM OTXKHTa B Ie4ax OOJBIION MEPCIIEKTHBON 00-
JafaloT pajualoHHble MeToAbl UX cuHTe3a. K maHHOM
TpyHIIe METOOB MO>KHO OTHECTH CIIEKAaHHME B ITyYKax yc-
KOPEHHBIX 3apsKEHHBIX YaCTHII, C TPUMEHEHHEM ILIa3MbI
U nazepHoro manydenus [17-19]. ABropamu padots [20]
ObLT pa3paboTaH METOJ MOJIydeHHs] KepaMUK Ha OCHOBE
TYTOIUIaBKMX MaTepUaoB MyTEeM CIIEKaHHUS ITOPOIIKOB B
T0JIE MOLIHOTO ITOTOKA BEICOKOIHEPIeTHYECKUX JIEKTPO-
HOB. DJIEKTPOHHO-JTy4E€BOH METOJ CHHTE3a ObUT YCIICIITHO
peanu3oBaH JUisd OIy4YeHUs KepaMUK Ha ocHOBe MgF,: W,
YAG:Ce, MgO [20-22]. KepaMuKkH CUHTE3UPOBAIKCH MO-
CPEIICTBOM MPSIMOTO BO3AEHCTBHS ITOTOKA OBICTPBIX JJIEK-
TPOHOB Ha ITOPOIIKK (PTOPUIOB M OKCHIOB METAJUIOB 3a
Bpemsi, MeHbIIee | ¢. OcoOeHHOCTRIO TAaHHOTO METO/IA SIB-
nsieTcss TOT (pakT, 4To, HapsAy C TEIUIOBBIMH, OOJBIIYIO
poJib B IIpOLIECCE CHHTE3a KEPAMHUK UIPAIOT HOHU3ALHOH-
HbIE MPOLIECCHI, BBI3BIBAIOIIIE PAcIia/l SJIEKTPOHHBIX BO3-
Oy>K/IeHM#1 Ha TIepBUYHBIC TIPOIYKTHI PaIH0JIH3a U IIPOTe-
KaHWe peakuuid Mexay HUMHU. K mocromHcTBaM Merona
MO>KHO OTHECTH BBICOKYIO MPOU3BOAUTENHEHOCTE (OKOJIO
2 1/c B 1a0OpaTOPHBIX YCIOBUSIX), a TAKXKE OTCYTCTBHE He-
00XOANMOCTH JTOOABIICHNUS KAKNX-JTMOO BEIIECTB U JIOMO-
JTHATENBHBIX TEXHOJIOTMYECKUX OIlepanuii, KOTOpble B
TpaJUIHMOHHOM METOZE CHHTE3a UCIIONbB3YIOT I 00Jier-
YeHus mporiecca GopMUpoBaHus HOBOH (asbl. B 3T0it cBsI-
3W BaKHOW 3a7ia4yeil SBJIETCS BBIACHEHHUE BO3MOYKHOCTHU
cHHTe3a KepaMUK ZrO; 31eKTPOHHO-Ty4EBbIM METOIOM U
cpaBHeHMe ux TJI 1 103MMETpUYECKUX CBOUCTB € KEpaMHu-
KaMH, OJTy4YeHHBIMH TPaJMLIUOHHBIM METOJIOM CIICKaHUsI
B DJIEKTPUYECKOM MEYH.

OcoOblii  WHTEpeC BbI3BIBACT HUccaeaoBanue TJI
CBOMCTB KEpaMUK JMOKCHIA IIUPKOHNUS, OOJyUYCHHBIX BBI-
cokumMu no3amu (topsiaka 1—-10 kI'p) HMITyIbCHBIX 3JIEKT-
POHHBIX ITy4yKoB HI3KUX dHeprui (100-300 x3B). Ykazan-
HBIC TTyYKH HCIOJIB3YIOTCSI B PaANAMOHHBIX TEXHOJIOTH-
SIX, B YaCTHOCTH, JUIS1 IOBEPXHOCTHON CTEPHIIM3ANN TIH-
IEBBIX MIPOIYKTOB I MEIUIMHCKIX HHCTPYMEHTOB, a TaK-
JKe TIpU MIPOBECHUH HAy4HBIX uccienoBanuii [23]. Cie-
JyeT OTMETHTh, YTO 3a/aua pa3pabOTKH KOMMEPYECKHX
TJI neTeKTOpOB AAHHBIX U3IyYEHHUH 10 CHX IIOp HE pelle-
Ha U SBJISICTCSI aKTYaJIbHOM HAy4YHOU MPOOICMON.

Takum o0pa3om, LeNbl0 AaHHOH pabOoThI SIBISETCS
uccinenoBanue TJI U J03UMETPUUECKUX CBOICTB Kepa-
MUK ZrO», CHHT€3UPOBAaHHBIX PA3IMYHBIMUA METOJaMH U
OOJTyYeHHBIX BBICOKUMH JI03aMH HMITYJILCHOTO 3JIEKT-
POHHOTO ITy4Ka.

MATEPHUAJBI U METO/bI

OOBEKTHI HCCIIeIOBaHMS MPECTABIISUIN CO00I Kepa-
MHKH JTUOKCHU]IA IIUPKOHHUSI, H3TOTOBJICHHBIE U3 HAHOTO-
pouka ¢ pazmepom yactul 80-140 um. Ilopomok mpe-
nocrasieH ¢upmoii OPMET (ExarepunOypr, Poccus).
[To maHHBIM TPOM3BOIUTEIISI, MAacCOBasl IOJISI IPUMECEH
B Topo1ke He npesbimana 1%. Obpa3ubl kKepaMHK ObIIH
CHHTE3MPOBAHBI JBYMS Pa3INIHBIMH METOJAMHU.

Kepamuku tina 1 ObliM M3rOTOBICHBI Iy TEM TEPMU-
YECKOro OTXKHIa KOMIIAaKTOB IMAMETPOM 5 MM U TOJIILHU-
HOHM | MM, TOJTy4eHHBIX U3 HAHOMOPOLIKA METOJIOM OJI-
HOOCHOT'O XOJIOJTHOTO IPECCOBAHUsSI IIPU yJEIbHOM /1aB-
neaun 120 MIla Ha py4HOM T'MApPaBIMYECKOM Ipecce
IIPT-1. [yis mpuroToBICHHUS OJHOTO KOMITAKTa Opaiu
65 r nopouika. B3semmBanue npou3BOAMIOCH Ha JJIEKT-
ponHbIX JaboparopHbix Becax AND HR-100A. ITomy-
YEHHBIE KOMITaKThl OT’)KUTINCH Ha BO3/yXe B TeUeHHE |
gaca ipu Temneparypax 700-900 °C B mydenbHOMi neqn
CHOIJL, a mpu T =1000-1700 °C B kamepHOU meUH
Generaltherm LHT 04.1800.

Kepamuku Tnna 2 ObUIM MOJTYYEHBI METOJIOM DIIEKT-
POHHO-Ty4€BOI'O CHHTE3a C UCIIOJIb30BAHHEM yCKOpHTE-
151 snextponoB DJIB-6 (MAD CO PAH, HoBocubupck,
Poccust). MicxomHple HAaHOIOPOLIKKM OBUTH ITOMEIIEHBI B
MEJIHBIH TUTeJb, HA KOTOPBIM BO3/IEIICTBOBAI AJIEKTPOH-
HBIN My4oK ¢ aHeprueit 1,4 MaB 1 mioTHOCTEIO0 MOIITHO-
cru 23 kB1/cm?. TyuoK CKaHMPOBAJ TUTENH ¢ OPOIIKOM
co ckopoctbio | cm/c. ITonepeuHoe cedeHne mydka Ha
MOBEPXHOCTH THTJISL COCTABIAIO okoyo 1 cm?. CuHTesu-
POBaHHBIE JaHHBIM METOJOM KEPaMUKH WMEIH BUI He-
MpO3payHbIX IacTuH. [ns npoBeneHus uamepenuit TJI
TUTACTHHBI Pa3pe3alich Ha KyCOUKN HETPaBUIbHON (op-
MbI Maccoit 0,03 r.

Penrtrenoda3oBblii aHanu3 o0pa3oB MPOBOAMICS C
UCIIONB30BAaHUEM  PEHTTCHOBCKOTO  OU(ppaKTOMeTpa
XRD-7000 ¢upmbr Shimadzu (SInoHust), OCHaIIEHHOTO
PEHTIeHOBCKON TpYOKO# ¢ MenHBbIM aHojoM. Konnuect-
BEHHBIH ()a30BbIN aHAIM3 TPOBOAMIICS C MCIIOIb30BAHHU-
€M TMOJHONPOHUILHOrO MeToa PuTBenbaa ¢ nmpumene-
HUeM mporpammHoro obGecrieuennsi X'Pert HighScore
Plus (PANalytical , Hunepmanuasr).

Jus Bo30yxnerns TJI ucmonb30Baics eKTPOHHBIH
my4dok yckopurens PAJJAH-OKCIIEPT (mmrensHOCT
UMITyJbca 2 HC, CPEIHsSsI OHEPrus  IEKTPOHOB
(130+1) k3B, wrotHOCTHL TOKa 60 A/cm?). Tpr 3TOM TO-
TJIOLIEHHAs 71032 OT OJHOTO MMITYJIbCa YCKOPHUTEJNS CO-
craBisuia BenuuuHy 1.5 kI'p. TJI peructpupoBanacek ¢
noMompio @OVY-130 co crneKkTpaJpHBIM JAHANa30HOM
yyBcTBUTENbHOCTH OT 200 10 600 HM. HarpeB npousso-
muiicst ot 325 o 525 K ¢ mocrostHHOM ckopocThio 2 K/c.
CpaBHUTENBHBINA aHaMu3 UHTeHCUBHOCTeW TJI mia pas-
JIMYHBIX 00pa3IOB KEPaMHK IPOBOJMICS C yYETOM IIO-
MIPaBKU HA 3HAYCHUE UX MACCHI.
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PE3YJIBTATBI MU OBCYKJIEHUE

Onpenenenue pa3oBoro cocraa kepamuk ZrO,, cuH-
TE3WPOBAHHBIX B PAa3IMYHBIX YCIOBUSX, MMPOBOAMUIOCH
METO/IOM pEHTI'eHOBCKOW an¢pakuuu. Ha pucynke 1
MIPUBE/ICHBI PEHTTC€HOBCKHE AN (PAKTOrpaMMbI 00pa3LioB
Thna 1, OTOXKEHHBIX TPH PA3TUYHBIX TeMIIEpaTypax, u
KEepaMHUK THUITa 2. AHAJIN3 TOTy9IeHHBIX JaHHBIX MTOKAa3al,
4TO Bce ucciemyeMble oopassl Ha 100% cocTosT u3 Mo-
HOKJIMHHOH (as3br ZrO,. Yka3aHHO# (ase, B 4aCTHOCTH,
MpUHAANEKAT TPU HanOoJiee WHTEHCHBHBIX peduiekca,
COOTBETCTBYIOIINE KPUCTAIUIOTPAPHUECKIM IIIIOCKO-
cram (-1 11),(111)u(002)JCPDS 13-0307).
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Pucynok 1. Penmeenogckue ouppaxmozpammol 06pazyos

Kepamuk ouoxcuoa YUPKOHUS, CURMESUPOBAHHbBLX
6 PA3IUYHBbLX YCI06UAX

U3 pucyHka 1 BUAHO, YTO C pOCTOM TEMIIEPATYPhI OT-
KWTa B KepaMHKax Tuna | HaOomaeTcs: yBeaIndeHHe HH-
TEHCHBHOCTH AU(PPaAKIIOHHBIX PE(PIESKCOB, UTO CBSI3aHO
C YBEIMYEHHEM CTENEeHH KPHUCTAUIMYHOCTH O0Opa3LoB.
Kepamukn Tima 2 XapakTepH3yIOTCA CYIIECTBEHHO
MEHbLIEH BEMTUYNHON JU(PAKLHMOHHBIX ITMKOB, YTO YKa-
3bIBA€T Ha 3HAYUTENIBHOE Pa3yIopsI0YeHUE KPUCTAIUIN-
YEeCKOW CTPYKTYpbhl 00pa3lOB, MMOJBEPIHYTHIX BHICOKO-
9HEPreTHYeCKOMY PaHallMOHHOMY BO3JIEHCTBHIO.

[To pesynbraTaM HM3MeEpeHHs PEHTTCHOBCKOW and-
paxiuu OblIa IPOBEIEeHa OLICHKa pa3Mepa KPUCTaJUIUTOB
B CHHTE3MPOBAHHBIX KepaMHuKax. VX pa3mepsl paccuu-
TBIBINCH 110 YIIMPEHHIO NMHKOB Ha Tu(parTorpammax
o ¢popmyie leppepa [24] B mpeamonoxxeHnn cepude-
CKM CUMMETPHYHBIX JacTull. [ pacdera UCIIOIb30Ba-
JIUCh 3HAYEHUs IMOIYIIMPUHBI CaMOTO WHTEHCHBHOTO

pedekca mpu 28,28°, COOTBETCTBYIOIIEIO HHACKCAM
Munnepa (—1 1 1). Ha pucyske 2 npuBeneHa 3aBHCH-
MOCTB HOJYIIMPHHEI YKa3aHHOTO peduiekca OT TeMIiepa-
TypBI OTKHTa. Pe3ympTaThl pacuera pa3mepa KpUCTaJUId-
TOB MpPEICTaBICHH Ha puCyHKe 3. Bumno, uto mpu
T =700-1000 °C He HabOMIOAAaETCSA CYIIECTBEHHBIX H3-
MEHEHHH MOy ITHPUHBI J(PPaKIIOHHOTO KA U pa3Me-
pa KpuctauuToB. JlalbHEUIINA poCcT TeMIepaTypbl OT-
JKUTa IPUBOIUT K YBEIMUYCHHUIO pa3Mepa 3epHa J0 Belr-
guabl mopsaka 500 am. Hawmbosiee MHTCHCHBHBIA €ro
poct Habmomaetcs npu T = 1000-1300 °C.
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Pucynok 2. 3asucumocms noayuupunsl OuppakyuuoHHo20 nu-
xa npu 28,28° om memnepamypul omyxcuea kepamux muna 1
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Pucynox 3. 3asucumocmo pasmepa kKpucmaniumos
6 Kepamukax muna 1 om memnepamypuvl omacuea

Merton llleppepa Takke UCIOIB30BANICS U ISl OTIpe-
JeNIeHHsI pa3Mepa KPHCTAIINTOB B KepaMUKax THIA 2,
CHUHTE3WPOBAHHBIX JJIEKTPOHHO-ITyYEBBIM CIIOCOOOM.
ITony4yennoe B pesynbrare 3HaueHue (mopsiaka 100 Hm)
C YUCTOM MOTpEIIHOCTH 1/13MepeH1/1171 MMPaKTUYECKU HE OT-
JIMYaeTcs OT pa3Mepa KPUCTAJUIUTOB B UCXOJIHOM HaHO-
nopotke. M3BecTHO, 4TO IpH peann3aliuy METOAA dJIeK-
TPOHHO-JIy4eBOTO CHHTE3a KEpaMHK TemIiieparypa o0-
pasua Moxxer pocturath 3HaueHuit 1500 °C [20]. [Ipu
JAHHOM TeMIeparype B KepaMuKkax Tumna | Habmomgaercs
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CYIIECTBEHHBIH pOCT pa3Mepa KPHCTAJUIUTOB (pHUCY-
HOK 3). IlomyueHHBIN pe3ysbTaT MoKa3bIBaeT, 4To B 00-
pasiax, CHHTE3UPOBAHHBIX B IIOTOKE OBICTPBIX AIIEKTPO-
HOB, HECMOTpS Ha HAJIMYHME BHICOKUX TEMIIEpaTyp, CyIlie-
CTBEHHO CHIXaeTcs 3()(EeKTHBHOCTH IPOIECCOB PEKPH-
CTAUTH3ALMH TI0 CPABHEHHUIO C TPAJUINOHHBIM OT)KUTOM
B I1e4H, OJIarogapst 4eMy COXpaHsAeTCsl HCXOIHBINA pa3Mep
KpuCTaUIUTOB. JlaHHBINA (PaKT MOKHO OOBSCHUTH CYyIIIe-
CTBEHHO MEHBIUIEH JUTUTENBHOCTBIO MpOoIiecca CIEKaHHs
HAHOIIOPOIIKA B IOTOKE OBICTPHIX JIEKTPOHOB, YTO B Lie-
JIOM XapaKTEepPHO U AJISI APYTUX paJualliOHHBIX METOA0B
cuHTe3a kepamuk [17].

Ha pucynke 4 npusenens! kpusble TJI uccnenyemsix
KepaMHK, OOJyYEHHBIX TECTOBOW 030 HMITYJILCHOTO
anekTponHoro myudka (15 kI'p). nst ycrpanenust Bnusi-
Hust TJI Menkux jnoByIIeKk oOpasipl mocie O0IydeHHs
BeaepkuBanu 30 cexynn npu T = 323 K. 13 pucyrka 4
BHJHO, YTO BO BCeX oOpa3mnax Habmogaercs muk TJI mpu
390 K. B kepamukax tuma 2 00HapyKHUBACTCS TAKKE Me-
Hee nHTeHCHBHBIN K mipu 480 K. YkazanHbIe UKH TO-
cie obmydeHus 3eKTpoHHBIM Imy4ukoM (130 x3B) panee
OBUIH 3apETUCTPUPOBAHBI U B IPYTHX 00pa3liax HaHOCT-
PYKTYPHOTO MOHOKJIHMHHOI'O JHUOKCHJA LUPKOHUS [25],
CHHTE3MPOBAHHBIX IJIa3MEHHBIM METOJIOM M XapaKTepH-
3YIOIIMXCS] HECKOJIBKO MEHBIINM Pa3MepoM HaHOYACTHUI]
(40—65 am). Ipu >TOM, B OTIIMYHE OT HAMIMX 00PA3IIOB,
Habmonaemslit B padote [25] muk TJI mpu 480 K sBmstcs
JOMHUHHUPYIOUIMM. bin3kne 1o TemiiepaTypHOMY IOJI0-
sernto MakcuMyMbl TJI mpu 110 1 205 °C (383 w478 K)
perucTpupoBaIKCh B paborax [26, 27]. CymecTBYIOT JH-
TepaTypHBIC JTAaHHBIE O CBA3M MPHUPOJIBI JOBYIIEK, 00Y-
cnosnuBatonmx nmuk TJI mpu 480 K, ¢ xucmopogHbMu
BakaHcusimu [26, 27].
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Pucynox 4. Kpusvie TJI kepamuxk, cunme3upo8anHuix
PA3TUYHBIMU MEMOOAMU, NOCTIe OOIYYeHUs MeCmo8oll 00301
UMNYILCHO20 3eKmponHo2o nyyuka (15 klp)

Ha pucynke 5 nprBeieHa 3aBUCUMOCTb HUHTEHCHBHO-
ctu makcumyma TJI B muke ipu 390 K ot Temmepartypsr
omxura kepamuk tumna 1. Bugao, aro mpu T>1000 °C Ha-
YMHAETCS PE3KOE BO3PACTAHUE MHTEHCUBHOCTH, YTO KOp-
penupyeT ¢ IMHAMHUKON pOCTa pa3Mepa KpPHCTaJUIUTOB
(pucyHok 3).
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Pucynok 5. 3asucumocmo unmencusnocmu maxcumyma TJ1
nuxa npu 390 K om memnepamypui omaicuea kepamux muna 1

W3 pucyHke 4 BUIHO TaKkKe, 4YTO MAaKCUMAJIbHON WH-
teHcuBHOCTBIO TJI B ke mpu 390 K xapakrepusyrorcs
00pa3Ipl KepaMUK THIIA 2, CHHTE3UPOBAHHBIC JICKTPOH-
HO-JTy4eBBIM MeToioM. IIpu 3ToM ee 3HaUeHHE B 3THX Ke-
paMuKax B 3 pa3a MpeBBIIIACT HHTEHCHBHOCTh MaKCHMY-
Mma TJI B kepamukax Tumna 1, otoxokeHHbIX pu 1700 °C
U UMEIOIIUX CYLIECTBEHHO OOJbIIMK pa3Mep HaHO4a-
ctun (oxoso 500 HM no cpaBHeHuto co 100 HM I Kepa-
MUK THna 2). JIaHHBIH pe3ynbTar CBUAETEILCTBYET O
TOM, YTO B KepaMHKax THIa 2 ONpPEAESIOUIyI0 pojb B
¢dopmupoBanun TJI oTkiMKa UTpaeT He pa3Mep KpHCTal-
JMTOB, a yCJIOBUsI cuHTe3a. M3BecTHO, uTo mpu obiyde-
HUH OKCHJTHBIX TU3JICKTPUKOB BBICOKOIHEPT €THUECKUMHU
JIEKTPOHAMH C OOJIBIION IUIOTHOCTHIO MOIITHOCTH B HUX
00pa3yroTcs pagualuOHHO-UHIYIIUPOBAHHBIC Je(EKTHI
[28-30]. MOXHO TPEATIONIOKUTh, YTO YKa3aHHBIN 3¢-
(et mMeeT MecTo U B Hammx obpasmax ZrO,. Takumu
pagualMOHHBIMU Je(DeKTaMH MOTYT SABJIATBHCS KHCIIO-
pOJHbIE BaKaHCUH U BaKaHCHOHHO-TIPHUMECHbIE KOMILIE-
KCBI, KOTOpBIE 00pa3yloT IEHTPHI 3aXBaTa U CBEUYCHUS,
oTBeTcTBeHHBIE 32 (hopmupoBanue TJI nuka npu 390 K.
CornacHo nutepatypHeiM naHHbIM [31], B ciektpe TJI
yYKa3aHHOTO MMKa JOMUHHUpPYET nojoca npu 2,5 3B, npu-
poJia KOTOpOi OKOHYATEIBHO HE yCTaHOBJIeHA. EcTh To-
YKa 3peHHs O CBSI3U CBedueHus npu 2,5 3B ¢ penakcanueit
KOMITJIEKCHBIX IIEHTPOB, B COCTAaB KOTOPBIX BXOJST KHC-
JOPOJHBIC BaKaHCHH W MPUMECHBIC HOHBI THTaHa [27].
[Ipn 3TOM POCT KOHIEHTpPAIMM YKa3aHHBIX KOMILIEKC-
HBIX JIe)EKTOB MPH 00TYUCHHH OBICTPHIMH IEKTPOHAMH
MOXET SABJIATHCS IPUINHON YBENNYEHHS HUHTEHCUBHOCTH
TJI B 0Opa3uax Tuna 2 o CpaBHEHHUIO C KEPaMUKaMHU TH-
na 1. KocBeHHBIM mOATBEp)KACHUEM BO3MOXKHOCTH 00-
pa3oBaHMsI KMCIOPOJHBIX BaKaHCUH B 00pasnax, CHHTe-
3MPOBAHHBIX AJIEKTPOHHO-JIYYEBBIM METOJIOM, SIBIISIETCS
nosiByieHre HoBoro nuka npu 480 K, cBsA3p koTOporo ¢
nedexkraMy BaKaHCMOHHOTO THHa O0OCyXIanach He-
CKOJIbKUMU aBTOpami [26, 27].

Hamu 6611 mpoBesieH pacyeT KHHETHIECKUX HapamMe-
tpoB TJI muka mpu 390 K (oHeprum axtuBanuu E, dac-
ToTHOrO (pakTopa S U mopsika KHHETHKU b) B 0Opasuax,
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CUHTE3UPOBAHHBIX B PA3JIMYHBIX YCJIIOBUAX. Pacuer npo-
Bouiicst MetonoM (opmbl TL-nuka [32]. CornacHo Me-
TOJIMKE, UCIOIb30BaIUCh TpU Touku kpuBon TJI: makcu-
MyM 1pH T, HU3KO- ¥ BEICOKOTEMIIEpATypHbIE MOTYBBI-
cotel ipu 71 1 7. B pacdyerax yuuThIBaIUCH MOTYLIHPU-
Ha muka (® = 7>-T1), HU3KOTeMIIepaTypHas MOIyIIUpUHA
(t=Tw—Ti) m BBICOKOTEMIEpaTypHas MOIyIINpHHA
(0 =T> — T}y). DHEPTHIO aKTUBAIMH PACCUUTHIBAIHU ClIe-
IQyoumM o0pa3om:
2

Ea :Ca kTm _ba (2kT;n) 2 (1)
a

rJe o O3Ha4daer T, 0 U ®, k — mocTrosHHas bosbimana.
3HaveHus ¢q U by B ypaBHeHHHU. (1) U1 KOHKPETHOTO IH-
Ka CBEUEHMS MOXKHO ONPEIENUTh U3 CIEAYIOIIeN cUcTe-
MBI ypaBHEHUN:

¢, =1,51+3(u, —0,42), b, =1,58+4,2(n, —0,42) (2)
¢; =0,976+7,3(n, —0,42); b;=0 (3)
cw=2,52+10,2(ug—0,42); b, =1. 4)

B kadecTBe KOHEYHOTO 3HAYCHHSI DHEPTHH AKTHBA-
UMM MPUHUMAJIOCH CPEIHEee 3HAYCHHE TPEeX BEIUYHH,
paccunTtanHbix 110 dopmyse (1). Kunernueckuit nops-
JIOK OLIEHMBAJICS 110 KO3(QGULMEHTY POPMBI Ly COTIIACHO
pabote [32]. YacToTHBII (aKTOp PAaCCUUTHIBAJICS IO
dbopmyne [33]:

BE E 2kT
S= : — /| 1+(b-1)"22m 5
kT? exp kT (b=1) E )

m

rze f — ckopocTh Harpesa.

Pe3ynpTaThl pacuera npeacTaBieHbl Ha pUCYHKaX 6—
8. Bugno, npu T = 700-1000 °C n3MeHeHUs SJHEPTHH aK-
THUBALMK ¥ YaCTOTHOTO (haKTOpa HaXOISATCS B MpeAesax
rorpemmHocTy skcnepumMenta (0,1 3B u ogun mopsimox
BEJIMYUHBI, COOTBeTCTBEHHO). [1pn 3ToM TJI onmcriBaet-
sl KHHETHUKOH MEPBOTO MOPSIIKA, 9TO CBUAETEIBCTBYET O
HE3HAYUTEJIBHON POJIM MOBTOPHOTO 3aXxBaTa HOCUTENEH
3apsiia B JOBYHIKM Ipu BbicBeunBaHuM TJI muka mpu
390 K B xepamukax, cuaTe3upoBaHHbIX pu T<1000 °C.
[pu T =1000-1200 °C nHabmomaercsi CyIIeCTBEHHBII
poct BenuuuH E 1 S (Ha 0,3 3B u uetbIpe nopsaka, cooT-
BETCTBEHHO). [10psI0K KMHETHKHU MIPU 3TOM BO3pacTaer
1o 1,6. Ciaenyet otMeTutb, uto npu T>1000 °C HaunHa-
eTcsl Pe3Koe YBEIIMUCHHE pa3Mepa KPUCTALIMTOB B HC-
cienyeMblx obOpasuax (pucynok 3). IIpu T>1200 °C
SHEPrusl aKTUBALUK W YaCTOTHBIN (pakTOp M3MEHSIOTCS
HecyecTBeHHO. HabumomaeTcs Takke yMEHbIIECHHE TI0-
psAnka KHHETHKH A0 3HaueHuid 1,1-1,3. 3Hauenns sHep-
TeTUYECKOH ITyOHHBI JIOBYIIIEK, OTBETCTBEHHBIX 3a (hop-
muposanue TJI muka mpu 390 K, u yacrotHoro dakropa
B kepamukax thna 2 (1,125B u 4,6:10" ¢™!) 6nusku k
BEIMYMHAM 3TUX [IApaMETPOB B KepaMMKax Tuma 1, oTo-
s€okeHHbIX Tipu 1200 °C. IIpu 3tom TJI kepamuk Tuma 2
XapakTepu3yeTcs MOpsIIKOM KMHETHKH 1,4.
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Pucynox 6. 3asucumocmo snepeuu akmusayuu TJI npu 390 K
om memnepamypuvl omacuea Kepamuxk muna I
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Pucynox 7. 3asucumocmeo genuuunsl yacmommo2o gpakmopa
om memnepamypel Omoicuca Kepamux muna 1.
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Pucynok 8. 3asucumocms nopsoxka kunemuxu TJI om
memnepamypol omaicuea kepamux muna I

Kunernueckue mapametpsl TJI muka pu 390 K B 06-
pa3uax MOHOKJIMHHOIO JHOKCHA LIUPKOHUS OIpees-
JIUCh U Ipyrumu aBTopamu. IlonyueHHble HaMu 3Haue-
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HUS DHEPTUH aKTHUBALMHU JOCTATOYHO OJIM3KU K pa3Me-
pam (0,96-0,97 5B), xoTOphIe OBUIM M3MEPEHBI METO A~
mu Tm-Tstop 1 HauaIEHOTO MOJbeMa B HAHOCTPYKTYPH-
poBaHHOM ZrO,, CHHTE3UPOBAHHOM 30JIb-T'€JIb METOJIOM
[26]. B pabote [31] kuHETHYECKHE MapaMeTphl pacCuu-
TBIBINCh METOJAMHU aHaIn3a (OPMBI MUKa, BapHALUH
CKOPOCTEHN HarpeBa M M30TEpMUUYECKOro 3aryxanus TJL.
Ycranosneno, uro TJI muk mpu 125 °C (398 K) o06ycmno-
BJIEH OIyCTOILCHUEM MOHO3HEPIreTHYECKON JIOBYILKHU C
mapamerpamu E = 0,90 eV, S =4-10'° ¢L. [Ipu s10M 110-
psmok kuHeTuku cocraBui 1,0. JlaHHble 3HaueHUs On3-
KU K TOJIyYCHHBIM B HACTOSIIEH paboTe s 00pasioB
KepaMHK TUNa 1, OTOXOKEHHBIX IIPH HU3KUX TEMIIEpaTy-
pax (mo 1000 °C). B pa6ore [34] mis oOpasuos ZrO;:Er
KMHETHYeCKHH aHanu3 nuka mpu 112 °C, Gnuskoro 1o
TeMIIepaTypHOMY IMOJIOKeHHI0 K nuky mnpu 390 K B Ha-
mHX 00pa3nax ObUIO BHIIOIHEHO C UCIIOJIb30BAaHIEM Me-
TOJIOB HaYaJIbHOTO IOIbEMA, ITOJTHOTO MNKA CBEUCHUS U
anmpoKcuMaIuu KpuBoii. [lopsimok knHeTHkH OBLT oTIpe-
JIeTIeH KaK MEePBBI NOPAIOK. DHEPIUs aKTUBALINH COCTa-
Buna 0,71 3B, 4TO HECKOJIBKO MEHBIIIE YHEPTETHIESCKON
rIyOMHBI JIOBYIIEK B oOpa3iax Tuma 1, OTOMOKEHHBIX
npu T<1000 °C (0,75-0,86 3B).

D¢ dexr nagenns TJI oTkiarka ¢ yMEHbIICHUEM pa3-
Mepa KpHUCTaJUTUTOB HaOJIIoAaIcs paHee BO MHOTUX Ma-
TepHuajax, IIepCHeKTUBHBIX JUIs ucrioib3oBanus B TJI no-
sumetpun (Al,O3, CaSO4:Eu, NaLi;PO4:Eu, BeO u np.)
[35-38]. B pabote [39] Ha ocHOBe 0000IICHHUS PE3YITb-
TaTOB JPYTMX aBTOPOB IMTOKA3aHO, YTO YKa3aHHBIN 3(¢-
(exr sBrseTcss o0mmel 3aKOHOMEPHOCTHIO 1T MHOTHX
TJI marepuanoB. AHaIN3 TATEPATYPHBIX AaHHBIX, IIPO-
BEJICHHBIH aBTopaMu paboThl [39], mokaszan OTCyTCTBUE
3aMETHBIX M3MEHEHUH KUHETHYeCKUuX napamerpos TJI
[P BapHalliK pa3Mepa KpUCTaJUINTOB. B otnmdue ot pe-
3yJibTaTOB PaboTH [39], HAMU OBUTH 3aPETUCTPUPOBAHBI
W3MEHEHHSI SHEPTHH aKTHBALMH, YaCTOTHOTO (haKTopa
nopsiaka kuaetukd TJI mpu 390 K ¢ pocrom Temnepaty-
PBI OT)KUTa, XOTSI OHH U SIBISIFOTCS] MEHEE CYIIECTBECHHBI-
MH TI0 CPaBHEHHIO C M3MEHEeHHeM mHTeHcuBHOcTH TJI.
VYka3aHHbIE BapHalMyd KUHETHYECKUX IapaMeTpoB MO-
TyT ObITH OOYCIOBJICHBI TEM, YTO M3MECHEHHE pa3Mepa
KPHCTAJUINTOB BIMSET HA 3HEPIETHUECKYIO CTPYKTYpPY
noyiek [40].

Ousnueckas npupoaa 3ddexra nagenus Boixona TJI
C YMEHBIIIEHHEM pa3Mepa KPUCTAUTUTOB JJO CUX IOp Ha-
JISKHO HE YCTaHOBJIEHA U TPEOYET JOMOITHUTEIBHBIX HC-
cienoBanuii. B padote [35] mpu rccie10BaHUN KepaMUK
Ha OCHOBE OKCH/Ia aJIIOMHUHUSI OBbUIO BBICKa3aHO TPeo-
JIOXKEHUE, YTO OJHON M3 IPUYUH €T0 IPOSBICHUS MOXKET
SIBIISITBCS] BO3PACTAHHUE BEPOSITHOCTH O€3bI3Ty4aTeNIbHBIX
Mepexo10B NPH YMEHBIICHUN pa3Mepa HaHOYACTHII, B
YaCTHOCTH, 3a CUET JIOKAJIM30BAaHHBIX TIEPEXO0I0B 3IIEKT-
POHOB ¥ JBIPOK MEXKAY LICHTPAMH 33aXBaTa U CBEUCHHS.
K npyrum BO3MOXXHBIM IpUYMHAM TAICHUS MHTCHCHB-
Hoctu TJI OTHOCATCA CHMMKEHUE KOHLIEHTPAaLUH JIOBY-
ek [39], a Takxke yBenuuenue in the surface-to-volume
ratio [41] ¢ yMeHbllIeHHEM pa3Mepa KPUCTAIUIUTOB.

Ha pucynke 9 npencTaBieHsl 1030BbIe 3aBUCHMOCTH
unteHcuBHocTH TJI muka npu 390 K uccnenyeMsix ke-
pamuk. IlomydeHHBIE 3aBHCHMOCTH amINpPOKCHMHPOBA-
JIUCh JIMHEHHBIMU QYHKIMSMH B Pa3iIMYHBIX JHana3oHax
M3MEHEHHS J103b1. [Ipr 3TOM yTIIbI HaKJIOHA TTOJTyYeHHBIX
3aBHCHMOCTEH TPEACTaBISIIN COO0H BETMIHHBI K03 -
OUEHTOB HeTMHEHHOCTH k [32]. PesynpraThl anmpokcu-
MaIiu IpuBeAeHBI B Tabnmie 2. BuaHo, 9To O0bImH-
CTBO JIO30BBIX 3aBUCMOCTEH HOCAT CyOJIMHEHHBIH Xapa-
kTep (k<1), 3a UCKIIFOUEHUEM KepaMHUK TUMa 1, CHHTEe3u-
posannbix nipu 1100 °C. B ykazaHHBIX KepaMHUKaX B JH-
anazone 1,5-7,5 k['p 3aBucumocts TJI OT 10351 ABIIsIETCS
cBepximHeiHo (k= 1,2, k£>1). CBepx- u cyOIMHEHHBIH
XapakTep J030BbIX 3aBUCUMOCTEI MOXKET OBITh CBSI3aH C
MpoIeccaMy KOHKYPEHIIMU B 3aXBaTe HOCHUTEIICH 3apsiaa
Mexay nedexkramn pa3nuyHbIX THIOB [42, 43]. U3Bect-
HO, YTO BEPOSATHOCTh TaKMX KOHKYPHPYIOIIMX ITPOIIEc-
COB BO3pAacTacT B HAHOCTPYKTYPHBIX MaTepHaiax IIo
CpaBHEHHIO ¢ 00BEMHBIMHU aHaJoraMu [44].

J1030By10 3aBHCHMOCTb, MaKCHMAJIbHO ONH3KYIO K
nuHelHoH (k= 1), UMEIOT KepaMUKH THIIA 1, OTOXKEH-
uele pu 1400 °C. ng #ux k= 0,89 B nuamazone 1,5—
7,5 kI'p. MakcuMallbHBIM TMaNa30HOM PETHCTPUPYEMBIX
7103, B KOTOPOM k=const, XapakTepu3yroTcsi 00pasisl TH-
na 1, cunrezupoBannsie mpu 1300 °C. J{ns vux k= 0,46
IIPY M3MEHEHUH JI03bI OoJiee YeM Ha MOPSJOK BETMIHHEI
(ot 1,5 mo 30 k['p). Ciaemyer OTMETHTD, YTO TIO JTAHHBIM
TaOIHIBI 2 OTCYTCTBYET Kakasi-TM00 3aMeTHast Koppeis-
it K03 (PUITMEeHTOB HETMHEHHOCTH W pa3Mepa Kpu-
CTJUTUTOB B MCCIEAYEMBIX KEPAMHUKAX.

Baxno# xapakrepuctukoi TJI marepuana npu ero
UCIIOJIb30BaHUU B TIPAKTUYECKON O3UMETPUU SIBIISETCS
(enunr, onpenenstomuii ymenoienue TJI oTknmka npu
XpaHEHUH JeTeKTopa. PesynbraTel mccienoBaHus ¢e-
qunra TJI nuka mpu 390 K B kepamukax pa3IuuHbIX TH-
NOB NpuBeeHbl Ha pucyHke 10. Iist mosmy4enust 5Thx pe-
3yJIbTaTOB 00paslbl MOCie O0MyYEeHUsI TECTOBOM 1030
aJIeKTpoHHOTO mmyuka (15 k['p) BbIIEpKUBANUCH Pa3IIHy-
HOE BpeMsI B TEMHOTE IIpH KOMHATHOH Temriepatype. la-
nee n3mepsinach TJI co ckopoctsio Harpesa 2 K/c. U3 pu-
cyHka 10 BUAHO, 94TO MPH XpaHEHHH 00pa3IoB Trma | u
2 B mpenenax 1 yaca He HaOIrOMAETCS 3aMETHOTO YMEHbB-
menust uateHcuBHocTH TJI B muke mpu 390 K. Ipu aTom
ee BeJIMYMHA CITy4aiHbIM 00pa3oM U3MEHSIETCsI B Ipejie-
nax 10-15%, 4T0 cpaBHUMO C MOTPEIIHOCTBIO JO3bI 00-
nmy4enust. Hebonbe Bapuanyu nareHcuBHocty TJI -
ka pu 390 K MoryT Takxke ObITh OOYCIIOBJICHBI BIIHSHU-
eM TJI MenKux JIOBYILIEK, OMyCTOIIAIMUXCs npu 325—
350 K (Bpe3ka Ha pucynke 10). CiieqyeT OTMETUTB, UTO,
B OTJIMYHME OT KEPAMUK OKCHIa ATFOMUHHS, OITMCAHHBIX B
pabore [35] ¥ cHHTE3MPOBAHHBIX MO0 METOAMKE, aHAJIO-
TUYHON KepamukaMm ZrQO, tuma 1, B Hammx odpasnax oT-
CYTCTBYET aHOMAJBbHBIN ()eIUHT U 3aBUCHMOCTbH €TI0 Be-
JUYUHBI OT pa3Mepa KpUCTAUTNTOB. JlaHHBIN (akT Mo-
KET CBUJETENIbCTBOBATh O HECYIIIECTBEHHOMN POJIM KBaH-
TOBO-MEXaHUYECKOT0 TYHHEIMPOBAHUS U JIOKAIN30BaH-
HBIX IIEPEX0/I0B HOCHTENEeH 3apsiaa B popmupoBanuu TJI
npu 390 K B uccnenyeMsix Hamu kepamukax ZrO,.

72



TEPMONOMUHECLEHTHBIE U AO3UMETPUYECKUE CBOMCTBA KEPAMUK IMOKCUAA LIMPKOHMS,
OBNYYEHHbIX BbICOKMMX O3AMU UMNYJIbCHOIO ANIEKTPOHHOIO MYYKA

Hoza, KI'p

1 10

100

Hosza, KI'p

10

10000 R A

70000 .

10000

7000

A

7000 A Tymy (12007

TJI uaTeHcHBHOCTE 1JI HHTEHCHBHOCTE

18000

50000 &
-
-
30000 ,*
20000 ,’*
-
# T 2 (301eKTp OHHO-TYHEE O LI
10000 % D lgfoo-cj
35000 a ®
28000 e

& Tpml (1300°C)

3000

2000

10000

¥  Tum1(1100:°C)
T 101000 °C}

o
=
=1
=1

Tum 1 (700 5C )

Trm 1 (6ez omgawa) [apgg

TJI uureHcHBHOCTE  TJI HHTEHCHBHOCTG TJ] HHTCHCHEHOCTD

a
5 15000 Aa e
2 12000 Hid
=] *

’
= s000 .
3 4
B oon] | F ® Tm1 s00C)
= . Tum 1 (800°C)
= *
=

3000
10
Hoza, KT'p

10 100

Hosza, KI'p

Pucynox 9. Jlozoevie 3asucumocmu unmencusnocmu TJ1 nuxa npu 390 K
07151 00paA3Y08, CUHMEZUPOBAHHBIX 8 PAZTUYHBIX YCIO0BUSX

25000 Tum1
) —a— [MIH
- 20000 —e— JdOMH
B »om
] m 15000 —v— 10 »m
g = 20 som
E ] 10000 —+— 30yom
=1 BU)I]I](
E 1 5000
< - -
g o e
E 7 325 250 s 200 425 250 &7
2 Temmepatypa, K
E ] Tum 2 (31eKTpoOHHO-TY4eB0il CHHTES)
a
E i
E. Tum 1
= (1700 °C)
Tum 1 o
] el b
(1200 °C) YWY ey
Tim 1 .
i !
(800 °C) R e —*

0

10 20

Bpems, MimyT

Pucynox 10. TJI nux npu 390 K kepamux, CUHmMe3upOBAHHbIX 8 PA3TUUHBIX YCI0GUAX

3AKJIIOYEHUE

B Hacrosmeii paboTe CHHTE3UPOBAHBI YJIBTPAIUC-
HepCHBIE KEPAMUKH MOHOKJIMHHOTO TMOKCHUIA IIUPKOHHS
IByMsi Metonamu. Hapsimy ¢ TpagMIMOHHBIM METOAOM
OTXKHUTa HAHOCTPYKTYPHBIX KOMITAKTOB B 3JICKTPUICCKOM
TIeYH, UCTIOJIB30BaH HOBBIH CIIOCO0, 3aKIFOYAIONIMICS B
CIIEKaHNH HaHOIIOPOIIKOB B IT0JIE MOIITHOTO ITOTOKA BBI-
COKODHEPTeTHYECKUX eKTpoHOB (1,4 MaB). IIpu ana-
JIU3€ PEHTreHOBCKUX audpakropamm meroaom [leppepa
YCTaHOBIIEHO, YTO MPU TEMIIEPATYpax OTKHUIa KePaMHK
tunia 1 Gonee 1000 °C HaGmromaeTcs CyIIECTBEHHbIH
poct pa3zmepa kpuctaiuutoB (o1 100 1o 500 Hm). B yka-

3aHHOM JIHAITa30HE TEMIICPATyp TAaK)Ke HAYMHAIOT IPO-
SIBISITbCS 3aMeTHBIE u3MeHeHus B TJI cBolicTBax uccie-
IyeMBIX 00pa3IoB, OONYyYCHHBIX BBICOKUMH J03aMHU
(emuHULBI-HecATKH KI'p) UMIYIBCHOTO 3JEKTPOHHOTO
nyuka (130 x3B). B wactHOCTH, Habmomaercs 3HA4YH-
TenbHBINA pocT nHTeHcHBHOCTH TJI muka mpu 390 K (mou-
TH B 5 pa3), a TaK)kKe MEHEe CYIIECTBEHHOE YBEINICHUE
SHEPrMU aKTHBAIlUHM, YaCTOTHOTrO (hakTopa W MopsaKa
kunetukn TJI. Xopomas koppensius 3aBUCUMOCTEH
pa3Mepa KpUCTALIHTOB 1 TapameTpoB TJI ICHO moKa3kI-
BaeT, 4To HaOroraeMble n3MeHeHus TJI cBOWCTB B kepa-
MUKax Trmna | 00ycIoBIeHHI IMCHHO BapHamuei pasme-
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pa HaHowactull. MakcumansHeiM TJI oTKIIMKOM Ha Tec-
TOBYIO 103y UMITYJIGCHOTO 3JIEKTPOHHOTO ITy4Ka 00J1a/1a-
IOT KepaMHUKH THIA 2, CHHTE3WPOBAHHBIC HIIEKTPOHHO-
JIy4EeBBIM METOJIOM, YTO MOXKET OBITh CBSI3aHO C 00pa3o-
BaHHEM B HUX HOBBIX paJMalliOHHBIX Ne(EKTOB B MPO-
ecce cMHTE3a, (POPMUPYIONIMX LIEHTPHI 3aXBaTa U CBe-
YCHUS.

B HacTosmieli paboTe Takke yCTaHOBJIEHO, UTO pas-
Mep KPHUCTAJUTUTOB OKa3bIBAaeT BIMSHUE Ha KOA(PPHIIHU-
€HT HEJIMHEMHOCTH J030BBIX 3aBucumocTer TJI muka
npu 390 K, xoTs kakas-1100 3aMeTHast KOPPEISIUs dTUX
apaMeTpOB OTCYTCTBYET.

Takum 00pazoM, HaJIMUYUE MHTEHCUBHOI'O H30JIUPO-
BaHHOTO nuKa TJI, cyOnuHeHHbIi XapakTep OOJIBIINHCT-
Ba JI030BBIX 3aBUCUMOCTEH U PEeHEOPE)KUMO MaITbIi (e-
JVHT JIeNIaf0T CHHTE3UPOBAHHBIE B HACTOSILIEH padoTe
KEPaMHUKH TEPCHEKTUBHBIMU ISl U3MEPEHHS BBICOKHX
103 (mopsaaka KI'p) UMITyJIBCHBIX 3JIEKTPOHHBIX MTY9KOB.
VYcTaHOBIIEHHBIE 3aKOHOMEPHOCTU BIMSHUS YCIOBHM
CUHTE3a U pazMepa KpuctauiuToB Ha TJI cBoiicTBa a0t
BO3MOKHOCTb II€JICHANPABICHHON ONTHMH3ALUK 03U-
METPUYECKUX XaPAKTEPUCTHK JUIsl KOHKPETHBIX MPAKTHU-
YEeCKHX IPUMEHEHHUH UCClleyeMOro MaTepuania.
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JKympicTa exi Typaeri MOHOKIMHUKAIBIK ITUPKOHUN IUOKCHII KepaMHUKAchIHBIH TepMmorroMuHeceHTTiK (TXK) xone
JO3MMETPUSIIBIK KACHETTEPiH 3epTTey HOTIKenepi Oepinren: anexrp nentiage T = 700—1700 °C xoHe KyaT THIFBI3IBIFBI
0ap KoFapbl SHEPTUsUIBI dNeKTpoHaap arbiHbIHAA (1,4 MaB) arnomepanusiiay apKpuibl CHHTe3/eneAl. bipiHmi Tunreri
kepamuikanbl T > 1000 °C temmeparypaja KyHumipy Ke3iHIe KPUCTALULIAPIbIH ONlIeMi aiTapibIKTall YJFaifaThlHbI
aHBIKTAJBl, OyJI YIrUIepAl MMIYJIbCTIK dnekTponabl cayneniH (130 k3B) >xorapel gozanapeiMer (k['p perimeHn)
coynenennipyner kerdin 390 K TJI mbIHBIHBIH KapKbIHIBUIBIFBIHBIH alTapibIKTail jKOFapbUIaybIMEH COHWKEC Kelenl.
AJ 3MIEKTPOHBIK COYJICIK OICIICH CHHTE3MCIreH 2-ITi THUNTErl KepaMuka ¢H skorapbl TJI peaknusichlHa e OOJJIBI.
CoHpali-aK )KYMBICTa CHHTE3 JKar qaiapbIHblH T11 KHHeTHKaNbIK TapaMeTpiiepiHe acep eTy 3aHbUIBIKTAPhI XKOHE J03ara
TOYEJAUIIKTIH CBI3BIKTHIK eMec KodhunuenTrepi Kapacteipbutaabl. Kapkeiaapl okmaytanrad TJI MIBIHEIHBIH OO0IYHI,
JI03aFa TYEJIUIIKTIH KOIIIUITiHIH ChI3BIKTHIK CHITATHI JKOHE eJieyci3 a3 (eAnHr >koFapsl 1o3anapasl (OipIik-oHIaraH
k['p) emiey yIIiH OCHI )KYMBICTa CHHTE3/Ie/ITeH KEpaMHUKaHbIH OoJIalars! Typaiibl KyJIaHIbIPAIbL.

Tyiiin co30ep: MOHOKpUCMAndap, YupKoHUll OUOKCUOL, MeEPMOTIOMUHECYECHYUS, HCOLAPbL IHEPSUATLI INEKMPOHOAD,
abcopoyusAbIK CHeKmpiep, HCblI0AM ayblp UOHOAD.

THERMOLUMINESCENT AND DOSIMETRIC PROPERTIES OF ZIRCONIUM DIOXIDE CERAMICS
IRRADIATED WITH HIGH DOSES OF PULSE ELECTRON BEAM

S. Nikiforov!, M. F. Gerasimov', Ya. P. Kasatkina!, O. V. Denisova', V. M. Lisitsyn?,
M. G. Golkovsky?, A. T. Akilbekov*, A. M. Dauletbekova*, G. M. Aralbaeva*’, A. D. Akylbekoba*
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3 Budker Institute of Nuclear Physics of the Siberian Branch of the RAS, Novosibirsk, Russia
4 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

* Email for contacts: agm_555@mail.ru

The paper presents the results of a study of thermoluminescent (TL) and dosimetric properties of monoclinic zirconium
dioxide ceramics of two types: synthesized by sintering in an electric furnace at T = 700-1700 °C and in a flow of high-
energy electrons (1.4 MeV) with a high power density. It has been established that annealing of ceramics of the first type
at T>1000 °C leads to a significant increase in the crystallite size, which correlates with a significant increase in the
intensity of the TL peak at 390 K after irradiation of the samples with high doses (on the order of kGy) of a pulsed electron
beam (130 keV). Type 2 ceramics synthesized by the electron beam method have the maximum TL response. The work
also discusses the patterns of influence of synthesis conditions on the kinetic parameters of TL and the nonlinearity
coefficients of dose dependencies. The presence of an intense isolated TL peak, the sublinear nature of most dose
dependencies, and negligible fading indicate the promise of the ceramics synthesized in this work for measuring high
doses (several to tens of kGy).

Keywords: single crystals, zirconium dioxide, thermoluminescence, high-energy electrons, absorption spectra, fast heavy
ions.
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MBIPBIII CEJJEHUAI HETT3IHAEI'T HAHOKPUCTAJIIAPABIH PAMAH/BIK TAJIJAYbI

A. JI. AxbuioexoBa’, I'. F. Capcexan, A. K. Jlayaer6exosa, 3. K. Baiimyxanos, A. b. Ycennon
«IL.H. I'vmunee amvinoazot Eypazus ynmmulx, ynueepcumemi» KeAK, Acmana, Kazaxcman
* Baunanvic ywin E-mail: aiman88_88@mail.ru

Byt s)xyMBICTa TEMIUIIITTI CMHTE3 SICIMEH MBIPBIII CeJICHUI Heri3iHaeri HaHokpucTaiaap cunreszenin, 800 °C sxoHe
1000 °C TemmepaTypaga TEPMUSUIBIK KYHOIpyre NCHiH JKOHE KCHiH MUKPO-paMaH CIICKTPOCKOMHMSICHIMEH 3EPTTENIICH
HoTIKenep kentipiared. CuHTesnenrex yarinepai repmusiiblk oHney ABEPOH anekrpoBakyymusik nemtinae, 60 MUHYT
Y3aKTBIKTa JXYPri3iiai. YriepaiH ONTHKAIBIK KacueTTepi — GpoTomomunectieHnus (DJI) sxoHe KOMOMHAIUSITBIK, TIIAIITBI-
pay cnekrpnepi (KIIC) 3eprrenni. PoTomoMuHeceHIMs CIIEKTpIiepiH enmiey OenaMe TemmneparypacbiHma CM2203
creKkTpoIyopuMeTpiHiH KeMeriMeH xypriziai. KomOnnanusuisik mamsipay criekrpiiepi Paman criekrpomerpimen (NT-
MDT) emmenai. CriekTpoMeTpie TOIKBIH Y3BIHABIFEI 473 HM OONATHIH KATTHI KYHAET1 JTazepi KOMAAaHBUIABL. MBIPHIII
ceneHUTIHIH (ZnSeO3) HAHOKPHUCTAIIAPBIHBIH KYHAIpyTe AeHiHri KOMOMHAIMSUIBIK IIAIIBIpay CIEKTpiepi 665, 695, 825
xoHe 973 cM ! pexumaepin kopcerTi. TepMUIBIK KyHOipyIeH KeliH MIBIHAApIbIH TOMEH/EY KaFbIHA BIFBICYBI OaiKaIbL.
CoHbIMeH Katap, PamaHn cniekTpiiepi TYHIBIPY YaKbITHIHBIH Y3aKTbIFbIMEH LO-BIFbICYIapbIH KepceTTi. benme Temmnepary-
PachIHIA MBIPBIII CEJIEHUIIHIH KOMOMHALMSIBIK INAIIBIPAY cIieKTpiepi ~199, ~247, 498 xone 501 cM ! Herisri mbIHIAp LI
kepcetti. 800 °C xone 1000 °C Temmeparypaga ZnSe TepMHSUIBIK OHICY Ke3iHAE KYWAIPY TeMIepaTypachbIHbIH
JKOFapblIaybIMeH KenjeHeH-onTUKabIK (TO)-hoHOHIBIK xkoHe OoiblK onTukaiblK (LO)-(pOHOHIBIK pexumaep YLIiH
ACHMMETPUSIHBIH KEHEIO1 )KOHE KaPBIKTHIH KOMOHHAIMSUTBIK HIAIIBIPAY ChI3BIKTAPBIHBIH MiLTIHAEPIHACT1 KbI3BUI BIFBICYIAp
Oaiikanpl. MBIpBIII CeNICHUIHIH TeMIeparypara OaiianbiCThl (hoToMmOMUHEcHeHIUs crekTpiepi 350—650 HM TONKBIH
Y3BIHIBIFBIHIA OpPHAIACKAH KEH >KojakrapMmeH YChIHBUIIBL. PJI cnexrpnepi Genme TemmneparypacbiHga 300 HM-IeH
800 HM-Te zieifiH, 5 HM KaJJaMMEH KCEHOH IIaMbIHBIH KOMETIMEH TipKeJiai. MBIPHIII CeleHN Il TEPMUSUIBIK OHAEYTe JeHiH
1,93,2.,3,2,56, 2,75 sxone 2,97 3B xe3inne GpoTomOMUHECTICHINS KOTAKTaphIH KOpceTTi. JKaKpIH xKOIaK MIeKapachIHIAFbI
ZnSe kereMiK coyienenyi 2,84 5B ke3iHAe KYIITi CoyIeneHy KoJarplHa coikec Kemai. 3,2 5B KONaKTBIH MIeTi apKbUTBI
ZnO nHaHOOemIIEeKTEepiH ciHipymeH OaitmaHpicThl. Kyiimipyre neitinri ZnSeQOs; ynarizepi mramamen 2,82 3B smektpo-
MarHUTTIK CIIEKTPIIiH KOK aliMarbiHAa (POTOMOMIUHECIICHIMSHBIH Oip KeH konarbiH kepcereni. 1000 °C temneparypana
TEPMHUSUIBIK KYHIIpY/IeH KeitiH 2,86 3B ToJKbIH y3bIH/IBIFbIHA Y3aFBIPAK TOJKBIH aiiMaFbIHa aybICcy Oaiikanaabl. TepMUsIIbIK
KYWHIpY KpUCTaliaHy YIIiH KOJIAiiabl OOJFaHIBIKTAH, JIOMHHECHEHTTIK THIMIUTIKTIH JKOFapbUlayblHAa AJIbI KeJJ.
Yurinepai 60 MUHYT >KOFapbl TeMIlepatypajibl KYHIIpy MBIPBIII CEICHUII Ma3MYHBIHIA TEMIIEpaTypaHblH dcepiHeH Se
JKOFaJTybIHA aJIbIN KeNZi. MBIpbIII CEeJCHUI HETIi3IHAer HaHOKPHCTAIIAp/Abl TEPMUSIIBIK KYHIIpY TeMIlepaTypaHbIH
yriratobIMeH (oTomoMuHeceHus cnekrpiaepinae FWHM ecyimeH jkoHe KapKbIHABUIBIKTHIH TOMEHICYIMEH CUITaTTaI b,

Tyiiin co3dep: pamanodvix manday, Meipbli CereHudi, MbIpblid CeIeHUMI, POMOTIOMUHECYEHYUS, MEPMUSILLK OHOEY.

Ki1PiCcnE

Conrbl yakplTTa Oip esmmemal HaHOMaTepHasiap
JKaHa XKSHE KOFapBl KAaCHETTEPiHe KOHE HAHOIICKTPOHHU-
KaJla KYpbUIbIC MaTepualbl peTiHIe dJIeyeTTi KOJIaHbI-
TybIHa OalIaHBICTHI KeHiHeH 3epTrenyae [1-4].

YKana 27meKTpoHIbI KYphUIFbUIAP/BI KYPY KOKETTLIIr
KOMITOHEHTTEp/IiH KOJeMiH eldyip azaiTyra KaOiierTi
KaHa TEXHOJNOTHSIAPAbIH JaMybIH bIHTATaHIBIPAJIbL.
TpekTi TeMIUHUTTI TeXHOIOTHS — OYJI 9pTYpIIl Marepu-
QJIAapJIbIH, COHBIH ILIHJE MOJMMEpJEpIiH, >KapThulai
OTKI3TIIITEPIIH JKOHE JAUDICKTPUKTEPIH HAHOOIIIEM/I]
KEYyeKTepiH jKacay YIIiH KOJaHyFa OOJaThiH ©Te OHep-
KacinTik omic. KpemHuii cyOcrpaThlHIa OpHanacKaH
Si0, KabaTbIHAA KEYEKTep jKkacay jKOHE ONapAbl dPTYpIi
3aTTapMEH JKOHE OJIAPABIH KOCBUIBICTAPBIMEH CEIEKTHBTI
TONTHIPY SPTYPIi dcepiepre ce3iMran KypbUTBIMIapAbI
Kacaugsl [5]. Byt KypemsiMaap onro- jkoHe HaHODJIEK-
TPOHHKAa KOJIAAaHbLIA allajibl.

Conrbl xpurmapsl A’B® TunTi KeHiHEH KOJIaHbLIa-
TBIH MBIpbIII Cynbduai ZnS, kagmuii cyiapduai CdS,
kaamuii cenenui CdSe cHsKTBI MaTepraIapMeH KaTap,

HAHOKYPBUTBIMIIBI MBIPBIII CeleHuAl (ZnSe) xapThuiaii
OTKI3TIlI TiKeJIeH KeH 30HabI OallIaHBIC MaTEPHANTEI pe-
TiHAE alTapIbIKTall Ha3ap aydapAbl, OMTKeHi ol Oemme
Temneparypacsiaaa 2,8-2,99 5B auana3oHBIHBIH SHEp-
THSCBIHA JKOHE OCBI KYPBUIBIMAAPABIH OpTYpJli MOIU(H-
KaluschiHa OailmaHbICThl Oipereil Kacuerrtepre ue [6].
MBIpBILII CEeJIeHHTI HeTi31HIer MaTeprualiap ©3iH1H 03bIK
OIITHKAJIBIK JKOHE DIISKTPIIIK KACHETTEPiHE JKoHE Oenme
TEeMIIePATYPACBIHAAFbI Y3/IKCi3 TONKBIHIBI Ja3epiepre,
JKAPBIK IIBIFAPATHIH JUOATAPFA, KOK HKOHE KACHLT KAPBIK
WIBIFAPAThIH KYPBUIFbUIAPFA QJICYETTI KOJAAaHBUTYbIHA
0ailaHbICTBI YIKCH 3€PTTEY KBI3BIFYLIBUIBIFBIH TYIbIP-
nbl [7-9]. Hortmkecinae Qu3MKaibIK KacHETTepiH JKak-
capTy MakcaThIHAa Zn HEri3iHmeri Oip emmieMii HaHO-
KYPBUIBIMIAPBIHEIH opTYpii ¢opmanapsr SiO»/Si Tpek
TEMIUDDHTIHIAE TEMIUIPUTTI 9MICHEH COTTI CHHTE3IENII.
ATanMBII TEMIUDUTTI CHHTE3 METAUT XKOHE YKapThUIai
OTKI3TIlll HAHOKJIACTepJiep MEH HaHOOTKI3TIIITep/l ajy-
JIbIH €H KaparaiibIM JKoHe ap3aH diCTepiHiH 0ipl ekeHIH
eckepy MaHbI3IBL [3, 10-11].
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OnTORIEKTPOHKKA, HAHOIIEKTPOHUKA KOHE CEHCOP-
JIap YUIH aHa MEePCIEeKTUBANBIK MaTepUuaIaapbl amy
TYPFBICBIHAH 0acKa KYpPZIelli MBIPBIII HETi31HAeT1 OKCHI-
Tepre Heri3IeireH HaHOMaTepUalIapIbl, aTam alTKaHIa
Si0,/Si mabmonbIHa aneiEFaH ZnSeO3 HaHOKPUCTAIIa-
PBIH erKel-Ter ke 3epTTey JIe CO3Ci3 KbI3bIFYIIbLIBIK
Tyneipanst [12].

Maxkaraga MBIPBIII CEJICHUIl HETi3iHIe CHHTE3Ie-
I'eH HAHOKPHUCTAIAAP/IbIH ONTHKAIIBIK KACHETTEPIH 3epT-
teiimMi3. JKapbIKThIH KOMOUHAIMSIIBIK IIAIIBIPAY CIIEK-
Tpockonusckl (PamMaH crieKTpOCKOMHUACKH) MaTeprangap-
JIBIH KYPBUIBIMBIH 3€PTTEY/IIH KapamaibIM KOHE aKia-
PATTHIK 9]1ici OOJIBIN TaObLIAIbI, COHBIMEH KaTap KOMOU-
HAIMSJIBIK  [IANIBIpayAbl  OJIeyae ainblHFaH  ZnSe,
ZnSeO3; HAaHOKYPBUIBIMIAPbIH KAMTUTBIH KEH ailMaKThl
JKapThUIA OTKI3TII MaTepUaIIapAbIH Camachl Typaybl
aKmapart ajry YIIiH eTe KOJIaHb.

Byt KYMBICTBIH MakcaTbl TEMIUIUT OMiCiMEH CHH-
TE3JIeNITEH JKOHE TePMUSIIBIK KYHAipyre AeHiH KoHe Ke-
WiH MHKpPO-paMaH CIIEKTPOCKOIHSCHI dMIiCIMEH OIIIICH-
reH ZnSe xxoHe ZnSeO3 HAHOKPUCTATAAPBIHBIH ONTHKA-
JIBIK KACUETTEPIH 3epTTey. Bi3iH HoTMXkKeIepiMi3 HaHO-
KYPBUIBIMIIBI  JKapThUIa  OTKI3TINI  MaTepHA APk
OJIAP]IBIH OTITUKANIBIK KACUETTEPi MEH (DOTOBICKTPOHTBIK
KYPBUIFBUIAP CaJIaChIHAA KOJIaHY TYPFBICHIHAH CHHTE3-
JIey TporieciH OaKpUIay YIIiH MaHBI3IBI ACTI CAHAHMBI3.

MATEPHUAJIJIAP MEH DJICTEP

SiO2/Si TpekTi TEMIUIPHTIH AaiibIHAAY

a-Si0,/Si n - Hemece P-TUNTI KYPBUIBIMBI KPEMHHN
IUTaCTUHKACHH (muck, auametpi 10 cm, 2.1-cyper) (Si-n
Hemece p-tunti) 900 °C reMnepaTypaga bUTFAIIEI OTTET]
armoc(epacoiina («Hurerpan» AAK, Munck, bena-
PYCh) TEPMUSUIBIK TOTBHIKTHIPY apKbUIbI JKacaibl. Oli-
JIUTICOMETPHSE OOMBIHINA OKCH KaOAThIHBIH KAJIbIH IBIFbI
600—700 aM Oontbl. JXKackIpbIH TPEKTEP/I JKacay YIIiH a-
Si0,/Si muckinepi JL{-60 ynerkimringe (Acrana, Kazak-
cran) 200 MaB Xe nonaapeimen, 107108 non/cm? duro-
eHcke aeiin coyneneHmi. Coynenenrer SiO, /Si mabnoH-
nmapbeiH XuMusUTHIK, oHzey 4% HF + m(Pd) =0,025 r cynser
epitingicinae, eHaey temmneparypackl T = 18 °C, eHuey
yakpITel 10 MuH. Tpekrepi eHaeyneH OYphIH KoHE Ke-
#iH 15 MUHYT ioIiHIe N30TIPONAHOIIAFEI YITLTIepIiH Oe-
TiH yJIbTPaABIOBICTHIK Ta3apTy (6.SB25-12DTS) xypri-
3ii. OHmeyZeH KeliH YJriiep HOHCHI3IaHbIPbLIFaH
cyna xysuiasl (18,2 MOwm) [13].

MBIpBINI CEeJICHUII MEH CEJICHUTIHIH HAHOKPUCTAJ-
Japbl 0eJIMe TeMITEpaTypachlHIa TEMIUICHT CUHTE31 9Ti-
CiIMEH cuHTe3nenin, 3epTrenmi. [12, 14] eHOekrepinze
3epTTENeTIH YITUIep/AiH CHHTE3 pEeXUMJIepl MEH TyH-
JIBIPY 9JIICI eTKeN-TEeKEHITi CUITaTTalIFaH.

Ounuey xadaAbIKTaAPhI

CuHTe3IeNreH HaHOKYPBUTBIMAAPIBIH MOP(OIIOTHsI-
Chl MEH KYPBUIBIMIBIK TalJayblH aHblkTay ymin JEOL
JSM-7500F ckanep:ieyri 3eKTpOH IbI MUKPOCKOIT )KOHE
D8 ADVANCE ECO penTresix nudpakTomMerpi Koi-
JAHBIIIBL. XUMHSIIBIK KYPBUIBIM, (ha3aliblK jKoHE TOJIHU-
MOPQTHIK KYPBUIBIM, KPUCTAIIBUIBIK Typalibl TOJBIK akK-

napar any yuriH Paman Tanpaysr xyprizuii.

CunTe3neH kedin yariiep Bakyymma 800 xoHe
1000 °C temmeparypajga TEpMUSUIBIK KYHAIpy/AeH OTTI
YKOHE KOMOMHAIMSUIIBIK IIAIIbIpay KaHe (hOTOITIOMHUHEC-
LICHIIUS CIIEKTPIIEP] 3ePTTEIII.

YrrizepaiH ONTHKANBIK KAaCHETTEpiH 3epTTey YIIiH
¢doromomvuuecuentms (DJI) kommansuiasl. Kozy kKceHOH
mambiHaH 300 HM-Te TeH JHEpPTUsSIMEH >XXY3ere achl-
peuigsl. @JI  cnexTprepi Oenme TemIepaTypachiHaa
300 uM-nen 800 HM-Te JeiiiH TipKesi.

PamaH CHEKTPOCKONMSCBHIHBIH, OIIIey >Ka0JbIFbl pe-
tinne Spectrum (NT-MDT) Paman cniekrpomerpi Koi-
JaHBUIBL. OUIIey TONKBIH Y3bIHABIFEI 473 HM OONaThIH
KAaTTBl KYWJETi Jasepaid KoMeriMeH xyprisiimi. 1 cm !
CHEKTPIIK aKbIpaThIMABLIBIK 1800/500 mudpakiusuIbk
TOPMEH KamTamachl3 eringi. Jlazep ynrire muamerpi 2
MuKpomeTp 6osateia 100X TMH3aHBIH KOMeTiMeH (oKyc-
tangel. CurHanmapH KuHAKTaTy yakeitel 100-200 ce-
KYHJITBI KYPaJIbl.

HOTHXEJIEP )KOHE TAJIKBLIAY

PamanabIK Taaaay

1-cypeTTeH Kepin OThIpFaHbIMbI3/Iall, IamaMeH 665,
695 cm'-ne opranackan meiHgap 1 TO, 2TO ZnSe [6]
(OHOHIBIK pEXUMIEPIHE XaTaibl, mamameH 825 cm™!
wsiHAapsl ZnSeOs [15] xone mamamen 973 cm'-1e op-
HanackaH meHIap ZnO [16] — MeH GaitaHBICTEI 00Ty
MYMKiH.

1 TO TyHABIPY YaKBITHIHBIH YJIFAIObIMEH KapKbIH]IbI-
TBIKTHIH KOFapbUTaybiHa Kapail 1 TO biFeicysl Oafika-
nmanel (2 TO). TyHOBIPY YakbpITBIHBIH OJaH Opi YIFa-
FOBIMEH (25 MuH) OyIT TITBIH, GaiKamMai el (KOFaIazsl).

TyHIBIPY YaKbITHIHBIH OJJaH opi YIFalObIMEH KOMOH-
HALMSUTBIK anbipay crekTpinae LO KOMIOHEeHTTepiHIH
KeHerol Oaiikanazp! (1-cyp.), Oyi1 HaHOKpHCTa B! (aza-
HBIH OOJIyBIH KOpCETE .

Bipiik TeMIUIIIT 21eMeHTIHE TYCETIH JKapbIK aFbIHbI-
HBIH 9pOip KOMIIOHEHT VIIiH 3epTTENICTIH HBICAH MOJIe-
KyJaJapbIHBIH a0COJIOTTI KOHIICHTPAIMACHIHA TAYelIi-
JIT1 MBIHA TYpAE ’Ka3blIybl MyMKiH [17]:

I=dnJ
J — KO3IBIPFBII COyNeTeHYAIH KapKbIHIBUIBIFBL; 7 — MO-
JeKyanapsIH a0COOTTI KOHIIEHTPAIMACH; d — Ja3ep-
JIK aHAJIM3ATOPABIH CIEKTPIIIK K03 durireHTi.

Ecenreynep xopcetkenneit, 190 cm ! kesinme anbin-
raH manimertep ZnSeO; kesemi [15] nepekrepine coud-
kec Keneni, an 305 cm ! kesinge [18] kepcerinren ZnO
KeJIeMiHe ColKec Kelei.

MBEIpBINI celleHUIiHIH )KOHE OHBIH OKCHJIIHIH HaHOK-
pUCTaIApBIHBIH ~ ©CYy MEXaHW3MIiH TYCiHYy  YIIiH
ABEPOH neminne Bakyymua 800 sxone 1000 °C temrre-
parypana TepMISUIBIK OHACY KYPri3inai xoHe KoMOuHa-
OUSUTBIK [IAmmsIpay crektpiepi emmernai. Kyinipy 800
xore 1000 °C temmeparypama Kyprizinmi. l-cyperteH
(a) xepinin Typranmai, ZnSeO; IIaCTUHATAPHIHBIH YJI-
rinepi 800 °C (1) TemmepaTypaia TEPMUSIIBIK KYHAIPY-
IeH Keiin 663 ¢cM | MIBIHBI KBUDKYABIH TOMEHACYiHE
Kapaii 649 cM ! BIFBICABI, THICIHINE KapKBIHIBLIBIFGI
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0)
1-cypem. ZnSeOs scapvixmollyy KOMOUHAYUATBIK UAUBIDAY
cnekmpaepi Kyuoipyee Oetlin scane xetiin.: a) 800 °C memne-
pamypaoda, 6) 1000 °C memnepamypaoa, 473 um K03y Ke3zinoe
1 em™! aocoipamoimovinbisnen onuendi

120 k.0. apransl. by anTeiOypeIITE MOTUDUKAISIIAH-
FaH MBIPBIII CEJICHUIHIH KPUCTAIAAPBIHBIH TY3UIyiHE
GaiinanpIcThl 00ysl MyMKiH. Kylaipy TemnepaTypachl-
HBIH JKOFapbUIaybIMEH alThIOYPBIIITH MBIPBIII CEICHHU-
JiHE KaTaThlH JU(PPAKUUIIBIK CHI3BIKTAP TAPBUIbIIL,
KpUCTAJUTUTTEPiH KeHeroiH kepceTeni. 800 °C Temmepa-
Typajga TepMUSUIBIK KYHaipyaeH keiin (15 muH ynrige
TYHIIBIPBUIFAaH) JKOJIAKTApAbIH MaKCUMyMIAphlH KOCIIa-
FaHZa, KapKBIHOBUTBIKTBIH TOMEHeYi Oaiikananel. TeM-
reparypanbly >KorapbuiaybiMeH FWHM  (Tonblk eHi
apTh MakcuMyMaa) 978 cm !-1e oTKip WIBLIHHBIH Makina
OostybIMeH azfan Temenzaendi. 1-cyperren (0), 1000 °C
TeMIlepaTypajia TEPMUSUIBIK KYHAIpy/IeH KeitiH 0i3 TeMm-
nepaTypaHblH JKOFapbUIaybIMEH KapKbIHIBUIBIKTBIH TO-
MeHJeyiH Oaiikaiimbl3, Oipak FWHM jxoHe OHBIH Kap-
KBIHABUIBIFBIHBIH KOFapblIaybl Oaiikanmansl, Oya HaHO-
OeJIIeKTep/AiH THIFBI3AATYBIMEH OalIaHBICTBI OOIYEI
MYMKiH (KpHCTAIIBUIBIK JIOPEXECIHIH ocyi). 696 cm!
(ZnSe) wbIHBI KpUCTanablH aMOp(THl KYPbUIBIMBIHA
OailmaHBICTBI  TEMIEpaTypaHbIH  JKOFapbUIaybIMCH
1000°C xy#mipiireHHEH Ke#iH Jkoramanpl. Paman

CICKTpJIepiHeri OalKaaFaH BIFBICYJIAD MEH HIBIHIAP-
JIBIH KeHEeroiH [19] aBTopiap jkakbH OalTaHBICTapIbIH
TepOetic aMIINTYAACBIHBIH ©3repyiHiH ocepiMeH TYCiH-
Jipei.

2-cyperTe OeJIMe TeMIepaTypachlHa XKa3bUIFaH CHH-
Te3[eNreH ZnSe HaHOOONMEKTePiHiH KOMOMHAIUSITBIK
MIanIBIpay CHEKTPi KopceTuireH. ~199 xome ~247 cm !
Ke3iH[e amblHFaH 0achiM KOMOWHANMSIIBIK JKaphIK IIa-
HIBIpay XKOJAaKTapbl COMKeCiHIIe ZnSe HaHOOeIIeKTepi-
HiH kejmeHeH ontukanblk (TO) skoHe OOMIBIK
ontukanblK (LO) (OHOHABIK pexUMIEpIHE >KaTaibl.
Kocnanapra OaiiaHbIcThl peXXUMIIEPAIH TepOeici O6ai-
Kajanel [20-21] omebuertepacH ZnSe MOHOKPUCTAJIIBI
wicHKanapbHbE, LO hoHOHBIHBIN Kuimiri 254 cm L, an
MOHOKpHCTaNIABl ZnSe Xwuiniri OenMme TemmepaTypa-
cbIHAa 255 cM !, ann ZnSe TTOJTMKPUCTAIIB HAHOOOJIIIIeK-
tepi ymin TO xone LO ¢onoH xuiikTepi colikeciHie
210 sxome 255 cM '-11e GalKamIb! XKoHe OETTIiH ycak 6ol-
MICKTEPAiH KeJeMiHe KOFaphl KaThIHACHI YIIiH >KapbIK-
TBIH KOMOWHANIMSUIBIK IIAIIBIPAYBIHBIH KE€H IMIBIHBIH
oepeni.
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2-cypem. ZnSe d#capbiKmviy KOMOUHAYUATBIK WUAWbIPAY
cnekmpiepi Kyuloipyze Oeliin scane ketiin: a) 800 °C memne-

pamypaoa (1 — kytidipyee Oetiin, 2 — KyudipyOeH Kellin),
6) 1000 °C memnepamypada (1 — kyiidipyee Oetiin, 2 — Kyuioi-
pyoen keiiin), 473 um Ko3y kesinoe 1 cm™! ascvipamoimovl-

JIbIZLIMEH. ONIULEHOL
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Ocsl HoTHX)eMeH canblcTeipranaa LO sxone TO cun-
Te3nenreH ZnSe HaHOOeNIEKTepiHiH (OHOHIBIK HIBIH-
Japbl TOMEHTI JKUUTIKKE Kapail BIFBICAJbI, OYJI CHHTE3-
JieTIreH HaHOOeIIIEKTepAiH LIaFbIH eNIIeMAl JKoHe YII-
KeH OeTiHiH acepiHe OaiiaHbICTHI 00ybl MyMKiH. TyH-
JBIPY YaKbITBIHBIH YIIFAIOBIMEH MAKCUMYMHBIH 245 cm -
e TapbuTybl OaifKamaapl, HOTIKECIHAE Oy MIBIH
247 e ! oTkip (popMackH anamsl, OyJI CHHTE3IENTEH Ha-
HOOOJIIIEKTEP/IiH JKOFapbl KPUCTAIABI EKEHIIITIH Kopce-
teni. Connaii—ak, LO ¢poHOHBIHBIH OipiHIli 00epTOHBIHA
coliKec KeJIeTiH oTe KYIITI HIbIH 0ap, oJ1 Makcumym 498—
501 cm™ ! GonmaThIH KeH >KONAK TypiHae KopiHei, Oy oTe
QJICI3 aHTapMOHUSHBI Kepcereai [22]. MbIpsbIill ceneHu-
JUHIH JKOHE OHBIH OKCHIIHIH HAHOKPUCTAIAAPBIHBIH 6CY
MEXaHM3MiH TyciHy ymiH Bakyymaa 800 xane 1000 °C
temriepatypana ABEPOH memnrinae TepMusuislk eHAEY
KYPri3inal KoHe KOMOMHAIWMSUIBIK LIAIIBIpay CIICKTp-
Jepi eJImeH .

Hormxecinne, 800 °C sxone 1000 °C temneparypana
TEPMUSUTBIK KYWIIPYAEH KeHiH, KYWIipy Temmeparypa-
ChIHBIH KorapbulaybiMeH TO-donoHObIK xoHE LO-
(OHOHIBIK PEKUMJEP YIIIH ACHMMETPHUSHBIH KEHEIoi
KOHE TepOenMerni MOTEHUIHMAJbIH —aHTapMOHHSCHIHA
JKaTKbI3yFa OONaThIH JKapbIKThIH KOMOWHALMSUIBIK, I11a-
HIBIpay CBHI3BIKTAPBIHBIH MilIiHAEPIHACT] KbI3bUI BIFBICY-
nap Oaiikanazsl. Jlemek, TemrepaTypaHblH )KOFapbuIaybl-
MeH (oHOHAp caHbl apraasl. PoHOHAAPABIH Keberoi
LIAIIBIPAYABIH OpTallla Y3bIHIOBIFBIH KBICKAPTaIbl, OYII
(OHOHIAP apachIHAAFHI MIAIIBIPAY BIKTHMAJIBIFBIH apT-
TBIPAJIBI XKSHE OCHUIANINA THIFBI3IBIKTHIH KOFapbUIaybIH
€CenTey apKbUIbl OMip CYPY YaKbITBIH KbICKApTAIPbL.

800 °C Temneparypana Kyinipiaren ZnSe koMOuHa-
IMSIIBIK [IansIpay crekTpi 253, 329, 437 xone 521 cm !
HETI3ri aCHMMETPUSUIBIK IIBIHAApAbl Kepcereai. 253
*xoHe 329 cm ! mbimaps! ZnSe GOMIBIK ONTUKAILIK (o-
HOH pexxumaepine colikecinme 1LO sxone 2LO petinge
xikteneni. Conpaii-ak, 329 cm™ ' xonareiHga 380 cm!
JKOJIaFbIH/A afKBIH MIBIH 0ap, 0J1 KeJACHEH-ONTHKAIBIK
(TO) ponoHABIK peskumre sxatanbl. 1000 °C Temmepary-
pana Kyinaipiares yiari ymid ZnSe-re KaTbICTBI OapIibIK
JKOJIAKTAP YKOFAIAIbI XKOHE OTKI3y KaOlIeTTUIIrH e3rep-
trectel 434 cm ! sxoHe 519 cM -ze Tek eki IIBIH Kepi-
Heni. Tuicinme, Oyn mbiHmap ZnO koFapsl TepOeric
pexuMiHe coiikec kenemi. ZnSe auana3oHBIHBIH €HI
KPHUCTAJIBUIBIK J9PEKECIHIH JKOFapbulayblHa Oaiina-
HBICTHI KYHAIPY TeMIlEpaTypachIHbIH JKOFapbUIaybIMEH
tomengeni. 800 °C kyiumipreHnHen keiin 436 cm '-me
00epTOHIap CATBICTBIPMAJIBI TYPAE KOFaphl TEMIIEPaTy-
pana FaHa KepiHeTiHAiri artam etingai (2-cyp.). Korapsl
TeMIlepaTypa YJIKEeH ( MOHJIEpIMEH KeOipeKk IIamsipay
MPOIECTePiHe MYMKIHIIK OCPETIHIIKTEH, aKyCTHKAIBIK
(OHOHIAp MEH SHEePrys aiiMarbIHBIH JICKTPOHIAPHI apa-
CBIHIAFBI ©3apa opeKeTTeCy MaHBI3IBIpaK Oomansl [23].
CoH/IBIKTaH JKOFaphl TeMIIepaTypaja JKapbIKThIH KOMOU-
HALMSUIBIK, [IAIIBIPAY MpPOIECciHe KOOIPeK aKyCTHUKAIIBIK
(hOHOHAApP KATHICAIBI.

DOTOJIOMHHECLHCHIIHA

MBEIpBIlI CeNeHUAIHIH TeMIepaTypara OailaHbICThI
(boTomOMUHECTICHITNS CIICKTpIIepi, oaerte, 350—650 HM
TOJIKBIH Y3BIH/IBIFBIH/IA OPHAJACKAH KEH JKOJaKTapMeH
ycbIHbUIabL. ZnSe xoHe ZnSeO; xa30anapblHbIH YITi-
nepiHe apHaiFaH (DOTONIOMHUHECICHINSI CHEKTpiepi
1000 °C temmepaTypaza XYPri3uireH Kydmipyre neiin
XKoHe KeitiH 3-cyperre kepcerinreH. Ommey CM2203
CHEeKTPO(IIyOpPUMETPIHIH KeMeriMeH ypriziini. doto-
JIIOMMHECLCHIMSIHBI ~ KO3/ABIPY  TOJKBIH  Y3BIH/IBIFBI
300 HM, 5 HM KaJaMMEH KCEHOH LIAMBIHBIH KOMETiMEH
JKY3ere achIpbUIIbIL.

3-cypeTTeH KepiHiN TypraHpaail, Ky#Waipyre neuiHri
ZnSe yrinepi 1,93, 2,3, 2,56, 2,75 3B xone 2,97 3B ke-
3iH7€ (POTOTIOMUHECIICHIHS JKOJIAKTAPBIH OTTET] YKOJa-
FBIMEH JKOHE Zn MBIPHIII OOC OPHBIMEH MIApTTaJFaH
2,35B wMakcumanabl KapKbIHIBUIBIFBIMEH KepceTeai
[24]. Orreri 60c opbIHIAPEIMEH OAWITAHBICTHI (HOTOIIO-
MUHECHIEHIHS XKoJaFsl 2,3 3B (539 HM) criekTpiHiH KbIC-
Ka TOJIKBIH Y3bIHIBIFBIHAA MaKCHUMyMFa We, an Oaiiia-
HbICApaJIbIK OTTErl aTOMIApbIMEH OalIaHbICKAH KOJAK
1,93 3B (642 HM) TOJKBIH Y3BIHABIFBIHAA MAaKCHUMYyMFa
ue. MakcuMyMIap/iblH OpHaJlacybl XKoHE OJIap/bIH Kap-
KBIHABUTBIFBI KO3JIBIPFBINI CIYJICTICHY IIH TOJIKBIH Y3bIH-
NBIFbIHA [25] KOHE MaTepUAIbIH KYPBUIBIMBIHA [26]
GaitnaHbICTHI ©3repyl MyMKiH. 2,56 5B (484 HM) TeMeH
CoyJIeJIeHY JKOJIaFbIHAH TyBIHaFaH ©31H-e31 Oencenipe-
TiH JFOMUHECUEHINS Zn/Se 00C OpBIHIApBIMEH JKOHE
apajbpIK KyWjaepMeH OalaHbICTHI KeHOIp TOHOPIBIK-aK-
LENTOPIIBIK KYIITapFa OalIaHbICTH OOTYBI MYMKIH [27].
2,75 5B xoaFsl OailaHbICAPAITBIK MBIPHIIIKA COHKEC Ke-
nemi [28].

6,0x10™ q

2.30eV

5,0x10™ q

4,0x10™ q

3,0x10™ q

KapKeIHIBIIBIK,

2,0x10™ q

1,0x10™"

16 18 20 22 2:4 26 28 30 32
DOTOH 3Heprusicrl (V)
3-cypem. ZnSe sncazbanapuvinbiy homoaroMuHecyeHyus
CneKmpaepi-mYHObIPYOaH Ketiin (boime memnepamypacvinod
Kyuoipineenee 0etiin). @omoatoMuHecyeHYUsIHbIH KO3) bl
moaKbiH Y3biHobi2bl 300 HM Gonamuin cayneneHy apKblivl
aHcyseze aculpuliobl

1000 °C temneparypaga BaKkyymaa TEPMUSUIBIK Kyil-
JpyaeH KeiiH (4-cypet) 6apJibIK IBIHIap ((KOJIaKTap) a3
TONKBIH/ABI aliMaKKa aybicajbl. TOPTiHIII IIBIHHBIH aii-
TapabIKTall ToMeHaeyi. 2,2 3B (550 M) ke3iHae akayra
(AJI) OaitmaHbICTBI CayJeleHy Kymleiemi, Oy »orapbl
TeMIIepaTypaja CENCHHIH JKOFalybl HOTHXKeCiHIe Maiina
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00JIaThIH KOIITEreH aKaynapra OainanbicThl. OchuIaiiina,
AJI sMuCCHACH HETI3iHEH Se JKOFaTybhlHAH TYBIHIAFaH
aKayJapJbIH KOFapbUIaybIHA OAMITAHBICTHI KYIIIEHE TYCTi
JIETeH KOPBITBIHABI JkKacayra Oomamel. 2,56 3B-meH
2,84 5B-re AediHTI MUAmma3oHAa COYJCNCHY IIBIHBIHBIH
KOK BIFBICYHI OaiiKanaabl. MYHBI KBaHTTBHIK HIEKTEY dce-
pimeH Tyciaaipyre 6omazns [29]. )KakbIH Koak mekapa-
CBIHAAFBI ZnSe KeleMiK cayneneHyi 2,84 3B kesinze
KYIUTI CoyJielieHy JKOJlarblHa colkec kenesi. 3,2 5B xo-
JIAKTBIH 1IeTi apKbUTbl ZnO HaHOOONIIEKTePiH CiIHIpyMeH
GaitnansicThl [30].
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4-cypem. ZnSe nracmunanapeinuiy pomonioMuHecyeHyus
cnexmpaepi sakyymoa 1000 °C memnepamypada — 60 mun
mepmusblK Kyuoipyoen ketiin. QomoaromMunecyeHyusHuly
K03ybl MOKbIH Y361HObIebl 300 M 6onamvln cayneneny
APKbIIbL JCY3€2€ ACHIPBLIOb

TemneparypaHblH KOFapbUIaybIMEH  TEPMUSUIBIK
KyinpipyaeH keiiin FWHM a3nam ecti oHe KapKbIH/IBI-
nmeirel ToMeHaeni. FWHM Temen kuimikti GoHOHIAp-
JIbIH SKCUTOHABIK HIalIbIpayblHa OalIaHBICTHI apTajbl.
AfimMakapaibIK eTyJIep/i Kocraranaa, Oapislk Oacka Oa-
KbUTAHATBIH ©TYJep ZnSe-zeri JOHOPIBIK-aKIEITOPIIBIK
aybICyJapIaH HeMece oTyIepIiH KEeTIIMEeTeH IITIHEH Ty-
BIHJAMIBI.

Kpucrannanyra >xorapel KyHaipy Temmeparypana-
PBIHZIA KOJI JKETKi3LIe i, OyJ1 JFOMUHECHESHIUSI THIMILTi-
TiHIH JKOFapbUIayblHA oKeJdeldl. Alnaiija, mamanaH ThIC
JKOFapbl TeMIlepaTypara OailIaHbICTBI KPUCTAJIIAHY J19-
pexecin TemenzeTyre 6omasl. XKorapsl Temmneparypana
CEJICHHIH KOFaIybl ZnSe MeJepiHiH TOMEHIeyiHe JKe-
nenti, OYJ1 >KOJAKTBIH INETTEpPiH/IET] CoyJIeNeHyAIH JKap-
KbUT KApKBIHABIIBIFBIHBIH TOMEH/ICYIHE OKEJIE/i.

¥3ak Kyiaipy yakbITel TO TBIFBI3OBIFBIH apTTHIPA
OTBIPBIN, KPUCTAIIAHY YIIIH KOJAWIBI OET CaHaIambl.
Amnaiina, ZnSe Ma3MyHBI Se >KOFaIybIMEH Y3aK YaKbIT
00iibI CypeTTe pacTaiFaH KyiHaipy Ke3iHzae azaiiibl, Oy
KapKbIpay KApKBIHIBUIBIFBIHBIH TOMEHJICYIHE JKOHE
KBAaHTTHIK OJIIIICMHIH alKbIH ocepine okemi. Jlemek, 4-
CypeTTe KOPCETUITCHICH COYJICICHY IIBIHBIHBIH alKbIH
KOK BIFBICYHI Oaiikanansl [31].

5-cyperteH kepin oTbIpraHbBIMBI3Hal, ZnSeO; yiri-
Jiepi Ky#WaipuireHnre aeiid 3JeKTpOMAarHUTTIK CIIEKTPAIH
KOK aliMaFbIH]Ia MAKCUMYMBI IlTamaMeH 2,82 3B 6omaTeia
(hoTOMOMIUHECTICHITUSIHBIH Oip FaHa KEH YKOJIaFbIH Kep-

cereni. 1000 °C Temmeparypaia TEPMUSIIBIK KYHAIPYICH
KeHiH OYI KONAKTBIH MakCHMyMbl 2,86 3B TOJKBIH
Y3BIHIBIFBIHA COJl Y3aFBIPaK TOJKBIH aiiMarblHA aybl-
campl. ZnO WS-na 3,52 3B makcumymer 6ap @JI xok
9KCUTOHBI JIOMUHECHEHIMsIMEH TyciHmipineni (3,32—
3,27 3B) [32]. ABTOpnapasiH xKyMbIcTapsiH [33—-34] coii-
kec 2,8 3B aiiMarpIHAaFBI (DOTONIOMUHECTICHITHS JKOJIAFbI
KPHUCTAJIBIK TOp OailflaHBIBICAPATBIK OTTET1 aTOMIAPHI-
HBIH OoylybIHaH TyblHAaraH ZnO akaynapbiMeH Oaiina-
HBICTBI OOJTyBI MYMKIH.
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5-cypem. ZnSeQs nnacmunanapuinvly pomoniomutecyeHyus
cnekmpepi-myHoObIpYyOaH Keliin (6oame memnepamypacuiHod
Kyuoipineenee Oetiin). @PomontoMuHecyeHYUsHbIH KO3 bl
MoKbiH ¥361HObI2bL 300 HM Oonamuin cayneneHy apKblivl
Jcyzeze acvipbliobl
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6-cypem. ZnSeOs naacmunanapeinvly omonoMuHecyeHyusl
cnexkmpaepi eaxyymoa 1000 °C memnepamypada — 60 mun
Kyuioipineennen Keiin. PomonoMurecyeHyusHoll K03ybl
MoaKbiH Y361HObI2bL 300 HM Oonamuin cayneneHy apKbiivl
aHrcyseze acvlpuliobl

Kyfimipynen keiiin (6-cyper) ZnO-zmeri OTTETiHIH
WOH/IaNFaH 60C OpbIHIAPBIMEH OaiIaHbICTHI (POTOIIOMH-
HECLICHIU YKOJIaFbIHBIH KapKBbIHIbUIBIFBIHBIH TOMEHCY1
Oaiikanaapl. Kpucranaslk Topasly OaiiaHbicapaiapbiH-
Jla OTTErl aTOMAAPBIHBIH OOJTybIHA OalIaHBICTHI YKOJIaK-
TBIH (POTOTIOMUHECIICHIIMSCHIHBIH KAPKBIH/IBIIBIFbI ©3T¢-
picci3 xamansl. 2,2, 2,5 5B alimMaFbIHAaFbl MIBIHIAD MBI-
pHIITHIH 00Cc OpHBIHA OainmaHelcTel ZnSe-MeH Oaiina-
HBICTHI OOJTyBI MYMKIH [35].
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KOPBITBIHBI

MBEIpBINI CeNIeHN I MEH CEJICHUTI HAaHOKPUCTAIIAAPbI-
HBIH ONTUKAIBIK KacueTTepi 3eprrenni. Kpucrannapasig
ecy MexaHu3MiH 3eprrey yuiH 800 xone 1000 °C tem-
repaTypazia TepMIBSUIBIK OHEY JKYprizinai. TepMusutbik
OHJCY/ICH KEeWiH KOMOWHAIMSIBIK INAIIBIpay CIICKTp-
nepi, (OTOMOMUHECHICHIINSA CIIEKTpIepi anbHael. Pa-
MaHABIK 3epTreynep ZnSe ymria 800 °C xone 1000 °C
TeMIlepaTypajia TePMUSUIBIK KYHAIpyAeH KeliH, Kyiaipy
TEMIIEpaTyPaChIHbIH KOFapbUIaybIMEH KbI3bLI BIFBICYIIAP
OaiikanranblH KepceTTi. JKoFapbl TemIiepaTypajia a-
PBIKTBIH KOMOWHAIMSIIBIK IIAIIBIPAY MTPOLIECiHE aKyCTH-
KaJbIK (pOHOHMAp KeOipek KarbicThl. ZnSeO3 HaHOKpHC-
TaJIAAPbIH TEPMUSUIBIK KYHIIpyIeH KeiiH KOMOMHAIMs-
JIBIK LIAIIBIpay CIEKTPJIEpiHIE TeMIIepaTypa ScepiHeH
KapKbIHIBUIBIK TOMeHaeni. ZnSe xone ZnSeOs ynrine-
piHe apHayFaH (QOTONIOMHHECHEHIHUS CIIEKTpiepi Tep-
MUSUTBIK KyHmipyneH keilin FWHM ecyi jxoHe KapKbIH-
IOBUIBIKTEIH TOMeH[eyi Oafikanmel. KyHmipy y3aKTBHIFBI
@JI THIFBI3ABIFEIH apTTHIPa OTHIPHIM, KPUCTAAAHY YIIIH
KOJIaMJIbI ASN CaHaJIgbl.

AJIFBIC
Kymoic Kazaxcman Pecnyonuxacel Fouieim oicane
Jlco2apul oinim MUHUCPIICIHIY KOOayblmeH

AP13268607 «SiO2/Si mpex memnistimmezi dcapmoliati
OMKI32IUMIK HAHOKEPLITLIMOAPOLIY KATLININAGCY epeK-
wienikmepiy epanmmulk #cobachl AACLIHOA OPLIHOANOLL.
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PAMAHOBCKHW AHAJIN3 HAHOKPUCTAJLJIOB HA OCHOBE CEJIEHUJIA IIUHKA

A. JI. AkbLioexoBa”, I'. I. Capcexan, A. K. Jlayaner6exosa, 3. K. Baiimyxanos, A. b. Ycennon

HAO «Espazuiickuii hayuonanvuulii ynusepcumem um. JI.H. I'vmunesan, Acmana, Kazaxcman

* E-mail ons konmaxmos: aiman88_88@mail.ru

B nmanHo# paboTe mpeacTaBlieHbl pe3ybTaThl, KOTOPbIE ObUIM CHHTE3MPOBAaHbl HAHOKPHCTAJUIAMH HA OCHOBE CEJICHUIA
[IUHKA METOJIOM TEPMHUYECKOI'0 CHHTE3a M MCCIIEOBAHBI C TOMOIIBI0O MUKPO-PAMaHOBCKOM CIIEKTPOCKOIMHU JI0 U TIOCIIE
tepmudeckoro omkura mpu 800 °C u 1000 °C. Tepmuueckas 00pabOTKa CHHTE3UPOBAHHBIX 00pa3llOB MPOBOAMIACH B
anekrpoBakyymHuoii nieun ABEPOH, nponomkutensHocThio 60 MUHYT. MccaeoBaHbl ONTHYECKUE CBOMCTBA 00pa3IoB —
¢doromromunecuenys (PJI) u cnekrpbl komOuHanmonHoro paccesus (KPC). M3mepenust ciektpoB (GOTOIFOMUHECICH-
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I[UM TIPOBOTUIIUCH NTPY KOMHATHOU TEMITEpaType ¢ MOMOIIBIO criekTpoduyopumerpa CM2203. CiekTpsl KOMOUHAIIMOH-
HOTo paccesiHust u3mepsutick Pamanosckum cnekrpomerpom (NT-MDT). B ciekrpomeTpe ucnonb30Baics TBEPAOTEb-
HBI Jazep ¢ anuHOW BOdHBI 473 HM. CreKTpbl KOMOMHAIMOHHOTO pacCesiHUS HAaHOKPHCTAJUIOB CEJICHWTA IMHKA
(ZnSe0;) 10 oTKUra MOKa3aIH PeXUMBI 665, 695, 825 1 973 cm ™. TTocie TEPMUYECKOTO OTXKUTa HAOIFOIATIOCH CMETTle-
HHE [TUKOB B CTOPOHY NMOHMKeHHs1. Kpome Toro, Pamanosckue criekTpsl okaszaiu LO-caBUTH ¢ TIPOJOIDKUTEIEHOCTEIO
BpeMeHH ocakaeHA. CIeKTpbl KOMOMHAIIMOHHOTO PACCESTHUS CENICHNAA [IMHKA TP KOMHATHOM TeMIlepaType MoKa3anu
OCHOBHBIE IIHKH B 199, 247, 498 u 501 cM . Tlpm Tepmudeckoii o6padotke ZnSe mpu 800 °C u 1000 °C mabmroganock
pacimmupeHue aCHMMETPHH [Tl Topu3oHTaIbHO-onTHdeckuX (TO)-poHoHHBIX 1 pomomsHBIX onTryecknx (LO)-poHOH-
HBIX PEKUMOB C IOBBIIICHHEM TEMIIEPATyphl OTXKUTa U KPACHBIMH CMELIEHHAMH B (OpMax JIMHUM KOMOMHAIIMOHHOTO
paccessHus cBera. CrieKTpsl (JOTONMIOMHUHECLICHIMY CEIeHHAA IMHKA B 3aBUCHMOCTH OT TEMIIEpaTypbl ObLIN NIPEACTaBIIE-
HBI IIUPOKUMH TIOJIOCAMH, PACTIONOKEHHBIMHU Ha JiuHax BoJH 350—-650 M. Crnextpsl OJI peructpupoBauch mpu KOM-
HaTHo Temmeparype oT 300 1o 800 HM ¢ marom 5 HM ¢ MOMOIIBI0 KCEHOHOBOM JlamIbl. CeneHu 1 IMHKA Mepes] TePMU-
YecKor 00paboTKOM MmoKa3alt moJiockl hoTomoMuHecteHuu mpu 1,93, 2,3, 2,56, 2,75 u 2,97 3B. O0beMHOE U3TTyYCHHE
ZnSe Ha TpaHuUIle OJFKAMIICH MOJIOCHI COOTBETCTBOBAJIO MOJIOCE CHIIBHOTO M3iyueHus mpu 2,84 3B. 3,2 3B cBsizan ¢
roryomenueM HanodacTuir ZnO depe3 kpait moiocsl. O0pa3isr ZnSeOs 10 0TKATA TTOKA3EIBAIOT OTHY ITHPOKYIO TOIOCY
(hOTOTIOMUHECIICHITNH B CHHEH 00JIaCTH 3JIEKTPOMAarHUTHOT'O CIeKTpa okosto 2,82 3B. [Tociie TepMuyeckoro OTKUra npu
1000 °C nabmonaeTcs nepexox Ha OoJiee JIMHHYIO BOJTHOBYIO 00J1aCTh ¢ [UIMHOI BosHbI 2,86 3B. [TockonbKy Tepmude-
CKO€ OTXWI HOAXOANT AJISI KPUCTAIIM3ALUH, OH IPHUBEN K MOBBIIICHHIO JIIOMHHECIEHTHON 3 dekTuBHOCTH. 60 MUHYT
BBICOKOTEMITIEPATypHOT0 00KHTra 00pa3oB MPHUBENHN K MOTEpe Se n3-3a BO3ACHCTBHS TEMIEPAaTyphl Ha COAECP)KAaHHE Ce-
JICHU/1a IUHKA. TepMHUIecKoe CKUTaHNEe HAHOKPHCTA/UIOB HA OCHOBE CEJICHU/1A [IMHKA XapaKTEPH30BAJIOCh yBEITHICHUEM
FWHM u cHmkeHrneM HHTCHCHBHOCTH B CIIEKTPaX (DOTONMIOMHUHECIICHITNH C YBEITHYCHHEM TEMITEPaTyPHI.

Knwouesvie cnosa: mpexogvie mexnonozuu, mpexoegoiti memnaoum SiOx/Si, pamanogckuil anaus, OKCUOHble
NOIYNPOBOOHUKU, MEePMO0OPAbOmKaA.

RAMAN ANALYSIS OF NANOCRYSTALS BASED ON ZINC SELENIDE

A. D. Akylbekova®, G. G. Sarsekhan, A. K. Dauletbekova, Z. K. Baimukhanov, A. B. Usseinov
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
* E-mail for contacts: aiman88_88@mail.ru

This paper presents the results that were synthesized by nanocrystals based on zinc selenide by thermal synthesis and
studied using micro-Raman spectroscopy before and after thermal annealing at 800 °C and 1000 °C. The heat treatment
of the synthesized samples was carried out in the AVERON electric vacuum furnace, lasting 60 minutes. The optical
properties of the samples — photoluminescence (PL) and raman spectra — have been studied. Photoluminescence spectra
were measured at room temperature using a CM2203 spectrofluorimeter. Raman spectra were measured using a Raman
spectrometer (NT-MDT). The spectrometer used a solid-state laser with a wavelength of 473 nm. Raman spectra of zinc
selenite (ZnSeO;) nanocrystals before annealing showed modes 665, 695, 825 and 973 cm™!. After thermal annealing, a
downward shift of peaks was observed. In addition, the Raman spectra showed LO shifts with the duration of the
deposition time. The Raman spectra of zinc selenide at room temperature showed the main peaks at 199, 247, 498 and
501 cm™'. During heat treatment of ZnSe at 800 °C and 1000 °C, an expansion of asymmetry was observed for horizontal
optical (TO)-phonon and longitudinal optical (LO)-phonon modes with an increase in annealing temperature and redshifts
in the shapes of Raman lines. The photoluminescence spectra of zinc selenide, depending on temperature, were
represented by wide bands located at wavelengths of 350-650 nm. The PL spectra were recorded at room temperature
from 300 to 800 nm in 5nm increments using a xenon lamp. Zinc selenide before heat treatment showed
photoluminescence bands at 1.93, 2.3, 2.56, 2.75 and 2.97 eV. The volume radiation of ZnSe at the boundary of the
nearest band corresponded to the band of strong radiation at 2.84 eV. 3.2 ¢V is associated with the absorption of ZnO
nanoparticles through the edge of the band. ZnSeOj; samples before annealing show one wide band of photoluminescence
in the blue region of the electromagnetic spectrum about 2.82 eV. After thermal annealing at 1000 °C, a transition to a
longer wave region with a wavelength of 2.86 eV is observed. Since thermal annealing is suitable for crystallization, it
has led to an increase in luminescent efficiency. 60 minutes of high-temperature firing of the samples resulted in a loss
of Se due to the effect of temperature on the zinc selenide content. Thermal combustion of zinc selenide-based
nanocrystals was characterized by an increase in FWHM and a decrease in intensity in the photoluminescence spectra
with increasing temperature.

Keywords: track technologies, SiO»/Si track templating, Raman analysis, oxide semiconductors, thermal annealing.
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PACUYET AKTUBHOCTHU CTAJIbHOM AMITY.IbI IOCJIE PEAKTOPHOI'O OBJIYYEHMUS

A. C. Cypaes!, I. I'. Kakumosa'?*, P. A. Upkumobekos!

! @unuan «Mucmumym amomnoii snepzuu» PI'TI HAI] PK, Kypuamos, Kazaxcman
2 HAO «Yuueepcumem umenu Illaxapuma zopooa Cemeir», Cemeii, Kazaxcman
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B pabote paccMoTpeH crioco0 OLeHKH aKTHBHOCTHU CTaJIbHOI aMITyJIbI IIOCHIE PEaKTOPHOTo 00Iy4eHUs MeTogoM MoHTe-
Kapno. O6bexToM ucciae10BaHus CIIy>KUT OJHOCTEHHAs! aMITyJa, BbimonHeHHas u3 cramu 12X 18H10T. Hannas ammyna
CITY)KHT 3al[UTHBIM 0apbepoM NpH MTPOBEICHNUH PEAKTOPHBIX UCIIBITAHUH C KCIEPUMEHTAILHBIMH YCTPOHCTBaMH Ha MC-
ciienoBarenbckoM peakrope UI'P. [Iporno3upoBaHue BeIMYMHBI aKTHBHOCTH aMITyJIbl ITOCJIE PEAKTOPHOTO ITycKa IT03BO-
JIUT CBOEBPEMEHHO CIUIAaHUPOBATh U OPraHU30BaTh PaboThl IO AalbHEiIeMy 0e30macHOMY OOpAILCHUIO ¢ aMITYJIOH.
[IpuBeneHs! pe3ynbTaTbl HEHTPOHHO-(U3MYECKOTO pacdeTa PaguallMOHHBIX XapaKTEPUCTUK aMITyJIbl, BHIITOJHEHHbIC B
nporpamme MCNP no 1Bym MeToaukam.

Knrwouegvle cnoea: axmusayuonnviili unmezpai, 6€30nACHOCHb, CMANbHAS AMIYAd, A0epHble peakyuu, memoo Monme-

Kapno.

BBEJIEHUE

B HacTosimee Bpems Kak HUKOTJa aKTyaJbHBIMH SB-
JISIFOTCSL pEAaKTOPHBIE UCCIICA0BAHUS PA3IMYHbBIX MAaTEPH-
aJI0B aTOMHOM TEXHUKHU. DTO CBSI3aHO € TeM, uTo Pecmy6-
nka KazaxcraH nocinenHie rojibl INIaHOMEPHO JIBIKET-
Csl K CTPOMTEINILCTBY NEPBOM aTOMHOM 3JEKTPOCTAHIIUH.
B aToii cBs3M 0TpabOTKa pESKUMOB PaOOTHI TEIUIOBBIIE-
JISITOIUX JIEMEHTOB M MCCIIEOBaHNE CBOMCTB MaTepHa-
JIOB B YCJIOBHSIX HEMTPOHHOTO 00Jy4eHHsI, HECOMHEHHO,
JISDKET Ha TUICYM MCCIIeoBaTeNbckuX peaktopos UIP,
UBT'.1M, BBP-K u BHepeakTOpHBIX YCTaHOBOK.

[Ipn BBIMIOTHEHHUN JTIOOBIX AKCIIEPUMEHTAIBHBIX HC-
cienoBanuii, Ha peaktope UI'P [1], Ha mepBoe MecTo BEI-
XOJAT TPeOOBaHMS M0 00ECIEYCHUIO OE30aCHOCTH MPO-
BOIUMBIX pabot. OnHO U3 TakuX TpeOOBaHMM — pa3Mme-
IIEHHE SKCIEPUMEHTAIBHOTO ycTpoiicTBa (DY) B IEHT-
panbHOM 3KcnepuMeHTanbHoM KaHae (L[9K) peakropa
B COCTaBE M3BJIEKaeMOIl 3alUTHON amITyibl. JlaHHAs am-
MyJia BBIMOJNHACT POJIb (PU3MYECKOro Oapbepa MEeXIy
aneMeHTaMu OY W HENOABIKHOM aMITyJibl, KOTOpas
mTatHO ycTaHoBieHa B L[OK peaxrtopa UI'P. Henonsu-
xkHas ammyna HA-228 repmeTusupyet ra3oByro NOJIOCTh
peakTopa M mpeaHa3HadeHa JUId 3aluThl OOBEKTOB HC-
MIBITAHUH OT TEPMHUYECKOTO BO3/AEHCTBUS KIIaIKH aKTHB-
HOHM 30HBI peakTopa. MOryT HCIOJIb30BaThCS /IBA BUAA
3aIIUTHBIX aMITyJl: OZHOCTEHHAsl U JIBYCTEHHasl, BBINOJI-
HEHHbIC U3 peakTopHO# ctanu Mapku 12X18H10T. [IBy-
CTEHHasl aMITyJ1a MpeJHa3HaueHa JUIsl SHEProHaIPsKEH-
HBIX PEaKTOPHBIX ITyCKOB, B KOTOPBIX DY CONEPKHUT 3HA-
YHUTENbHBIE KOJIIMYECTBA siiepHOro tormsa. [Ipu HeoO-
XOANMOCTH O0ECIEeUYEeHHUs] TEPMETHYHON Cpelbl BHYTPH
aMITyJIbl, OHa KOMIUJIEKTYETCS CIEIHaIbHOW KPBIIIKOH,
OCHAII[CHHOH T'epPMETHYHBIMH pa3beMaMH U KaHAJIaMH
JUTS TIOJIKITIOYEHUSI K CHCTEMaM peakTopa. Taxke BO3Mo-
YKHO pa3MeIeHNE BHYTPH aMITyJIbl JOMOJTHUTEIBHOTO 3a-
IIMTHOTO KOPITyca C JOBYIIKOH paciiiaBa B CIydae mpe-
M0JIaraeMoro MM OKUJAEMOI0 pacIuIaBICHHs TOILIMB-
HBIX ¥ KOHCTPYKIIMOHHBIX 3JIEMEHTOB DY.

Bo Bpemst mpoBeseHNsT peakKTOPHOTO IMyCKa MTPONCXO0-
JUT WHTEHCHUBHOE OOJydYCHHE aMITyJlbl HEHTPOHAMH, KO-
TOpOE NMPUBOAUT K €€ aKTUBaLUU. YTO, B CBOIO O4YEpeb,
3aTpyIHIeT paboTy mepcoHana u TpedyeT IPOBEACHH 10-
3UMETPUUYECKOTO KOHTPOJISL, MO pe3yJbTaTaM KOTOPOro
NPUHUMAETCsI pellieHHe O MPOBEICHUH NajbHEHIINX pa-
60T ¢ ammyIIol 1 00BEKTOM HCTIBITaHui. B HacTosed pa-
6oTe mpeIaracTcs ¢ MOMOIIBIO M3BECTHBIX PACUETHBIX
METOJIOB YCTaHOBHUTH 3aBUCUMOCTD aKTUBHOCTH CTAIBHOM
aMITYJIBI OT peXHuMa paboThl peaKTopa U AaTh MPaKTHYeC-
KHe peKOMEHIAINH IO OOPAIICHHUIO C aMITyJI0# mocie 00-
Jy49eHH. AKTyalTbHOCTh PaOOTHI 3aKITF0YAETCS B TOM, UTO
Ha CErOJHAIIHHUN AEHb OTCYTCTBYIOT OTpabOTaHHBIE pac-
YeTHbIE METOIMKU ONPEACNCHHS aKTMBHOCTH OOBEKTOB
UCIIBITAHUH, 2 UX HAJIWYUE TO3BOJIUT ONTUMHU3UPOBATH pa-
00Ty mepcoHaa peakTopa | MOBBICUTH UX 0€30MaCHOCTb.

OINMCAHUE OBFBbEKTA UCCJIEJOBAHMUSI

Obvekmom uccnedosanus SIBISETCSI OTHOCTCHHAS
aMIyna, BHIONHEHHas w3 cramd Mapku 12X18H10T
(pucynoxk 1). OTa amiryna NpUMEHSETCS B Ka4eCTBE CH-
JIOBOTO KOPITyCa 3KCIIEPUMEHTAIBHOIO yCTPOWCTBA IS
IIPOBEJICHUS UCCIIEIOBAaHUM BHYTpHU peakTopa. I'eomer-
pHUECKH aMIIyJa MPeACTaBIsIeT OO0 IMIMHAP, COCTO-
SNIMA U3 DJUTMIITUYECKOTO JHUIIA U 00edaiiki Kopiryca.
Pa3meps! amimysisl cocTaBnsatoT 4249%316 MM, ipu Hapy-
YKHOM JHaMeTpe 00e4aiiki B IICHTPE akKTUBHOM 30HBI pe-
aKkTopa paBHOM 215 MM, a 3a aKTHBHOI1 30HON — 219 MMm.
BryTpennnii numamerp obeuaiiku cocTtaBisier 199 mwm,
HapyXHBIH — 325 MM. OCHOBHOW (DyHKIIMEH aMITyITBI 5IB-
JsIeTCsl yAEpKaHWE pacilaBa M TEIUIa, BO3HHKAIOLINX
BHYTPH €€ CTEHOK 10l BO3IEHCTBHEM BHYTPCHHHX (hak-
TOpOB.

Marepuan ammynbl — ayCTGHUTHas CTalb MapKu
12X18H10T. B tabmuie 1 mpuBecH paciIupeHHbIH Jie-
MEHTHBIN M U30TONHBIN cocTaB JaHHOU ctanu. Comepixa-
HHE KaXIOro H30TONa B aTOMHBIX JOJsX Oyner
HCIIOJIb30BAHO ITPHU MOJTOTOBKE HEUTPOHHO-(H3HMUECKOM
MOJIETIH.

85



PACYET AKTUBHOCTU CTANIbHOW AMNYJIbl NOCIE PEAKTOPHOMO OBJTYYEHMA

3940

Tlozmeexa

L=3678

H=50

2199

2219x10

1 - kopnyc; 2 — Npoknagka; 3 — KpblLLka; 4 — repMONPOXOJHUK; 5 — TOKOBBOZ;
6 - raiika M30x2 FOCT 15523-70; 7 — paT4mk HEMTPOHHOTO NOTOKA;
8 — wnunbka M30x2

Pucynok 1. 3awumnas amnyna ¢ kpvlukou

METOJIMKA UCCJIEJOBAHUM

Memoouka pacuema akTUBHOCTH CTAJIbHOW aMITyJIbI
OCHOBaHa Ha TOM, 4TO B Pe3yJIbTaTe OO0TyUSHHUS aMITYJIbI
MIOTOKOM HEUTpoHOB B peaktope UI'P B nepuon npose-
JICHUsI SKCIIEPUMEHTAIIBHBIX Pa0O0T MPOUCXOIUT €€ aKTHU-
Barus, 00yCIOBICHHAs 00pa30BaHUEM Psla PaTHOHYKII-
unoB (Co®, Fe’°, Mn¢, Cr>°, Co™, Mn** u np.).

ITporpammuslii ko MCNP6 [2] mo3BossieT Moaemu-
poBaTh Takoe 00JyYeHHE CTaJM U PACCYUTHIBATH CKOPO-
CTH peakiuil (aKTHBALMOHHBIA MHTErpaj), K MpUMEpY
(n,y) u (n,p), 3Has KOTOpPbIE MOKHO aHAJTUTUYECKH pac-
CUNTATh HAYaJbHYIO aKTUBHOCTH 00pa30BaHHBIX palfo-
HYKJIMJIOB ¥ OLICHUTh U3MEHEHHE X aKTUBHOCTH C TeYe-
HueM Bpemenu (Meronuka Ne 1). Ha TouHOCTh TIOTy9ae-
MBIX PE3yJbTAaTOB HANpPSIMYO BIUSET KOJIWYECTBO Hac-
Ul (HEHTPOHOB), TEHEPHUPYEMBIX IPOTPaMMO, TpHU
3TOM C POCTOM YHCJIa UCTOPUH MOTPELIHOCTh BBIYHCIIE-
HUsI yMEHBIIAETCs, a BpEMs, 3aTPaunBacMOoe Ha pacyer,
YBEJINYMUBACTCA.

Tabnuya 1. DnemenmHulil U U3OMONHBIL COCMAB
cmanu 12X18HI10T

KayecTBeHHbIN | KonnyecTBeHHbIN M
3 o . accoBas gons
neMeHT M30TOMHbIN M30TOMHbIN
o usoTona
cocTaB cocras, %

6012.42 2,59E-04

Yinepon c 0,03
6013.42¢c 2,80E-06
14028.80c 3,76E-03
Asot 14029.80c 0,41 1,91E-04
14030.80c 1,26E-04
docdop 15031.80c 0,02 1,97E-04
16032.80c 1,11E-04
16033.80c 8,73E-07

Kucnopog 0,01
16034.80c 4,90E-06
16036.80c 2,33E-08
22046.80c 6,92E-04
22047.80c 6,74E-04
TutaH 22048.80c 0,87 6,39E-03
22049.80c 4,79E-04
22050.80c 4,65E-04
24050.80c 7,81E-03
24052.80c 1,50E-01

Xpom 17,93
24053.80c 1,72E-02
24054.80c 4,24E-03
MapraHew, 25055.80c 2,00 2,00E-02
26054.80c 3,89E-02
26056.80c 6,11E-01

K 66,65
eree 26057 .80c 1,45E-02
26058.80c 2,07E-03
28058.80c 8,01E-02
28060.80c 3,06E-02
Hukernb 28061.80c 11,73 1,33E-03
28062.80c 4,21E-03
28064.80c 1,07E-03
Meab 29063.80c 0,35 3,46E-03

Metoauka Ne 1 peanuzyercs cieayromuM 00pa3om:

1) B mporpamme MCNP npoBoautcst pacueTr cKopo-
cTel peakuuil. THTEHCUBHOCTH pajlallMOHHOTO 3aXBaTa
Y MHTEHCUBHOCTS (N, p) LIS CTAOMIIBHBIX U30TOIOB, Ye-
pe3 ¢pynkimonan F4 (oneHka JuImHbI TpeKa HEHTPOHHOTO
MMOTOKA B siYeiiKe) omuckiBaeTcst Gopmyioi [3]:

F, =lm<p(;,E,z)dszdV (1)
V VEt¢t

2) HOJTyYeHHBIE JAHHBIC UCIOJB3YIOTCS Ha CIEIYIO-
[IeM 3Tare JUisl BBIYUCIICHHS yISIbHOTO YUCIa PeaKnii
(aKkTUBaIMOHHBIN MHTETPAN), KOTOPOE BhIpakaeTcs Ghop-

MyJIo# [6]:
K(t)-Q-l-lO’z4
—_— 2

Vv

rae: K(¢) — 3HaueHre CKOPOCTH PEAKINH JJIs ONIpeieTIeH-
HOM TeMIlepaTyphbl, MMOJYYEHHOH U3 BBIXOJHOrO (aiina
MCNP6; 1072* = 1 GapH (IpMMEpHBIH pa3Mep aTOMHOTO
sayupa); V — o0bem ammyisl, cM; O — Ge3pa3sMepHBIN Ko-
3¢ UIIECHT MOIIHOCTH.

P=
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Koa¢ppuunent mouHoct O MOKHO BBIYUCIUTD Clie-
Jyronmm odpasom [2]:
40
W, -1,602-10""

menp

Q= 3)
rae W(t) — MOIIHOCTh B OMpee/IeHHbII MOMEHT BpeMe-
HU, IOJTYYCHHAad U3 JuarpaMmMbl p€aKTopa B OKCIICPUMECH-
1e, BT; Wyenp — DHEPrOBBLICIIEHUE B PEAKTOPE HAa OAMH
POXICHHBIA HEUTPOH, paccuntaHHoe B MCNP.

3) niast BEraucieHus N,, — KOJIMYIECTBO AP MaTCPUH-
CKOT'0 HYKJI/Ia, BOCIIONIb3YyeMcsl (POpPMYJIION:

N, =(K()-107*-8,66-107)-7, 4)

rae 8,66 1072 — 3HaUEeHHE SAEPHOM IIIOTHOCTH CTAIIH, IO-
JIy4eHHO# u3 BeixonHoro daitna MCNP.

4) 11st BBIYMCIICHNS] U3MEHEHHSI aKTHBHOCTH TIPOYK-
Ta peaKIyy (JOYepHero paguoHykauaa) 4,(f) B mepuos
00JTy4eHus BOCIIOJIb3yeMcst popmyiioit [4]:

Ay(t) = Ao exp™D, %)

rze: A—TIOCTOSHHAs pacrnaja NpoJIyKTa peakiuy;
t — Bpems 00nyueHust; Ao — HadyaJibHasi aKTUBHOCTD I1PO-
JyKTa peakiuu, Ku.

5) HauanmpHyl0 akTHBHOCTH NPOIYKTa peakiuu Ao
MOJKHO PacCUHTATh CIEIYIOIIM obpa3oM [5]:

Ao =Ny \-3,7-10'°, (6)

rae: 3,7:10'° = 1 Ku (cooTBercTByeT akTuBHOCTH 1 T pa-
nust); Ny — KOJMYECTBO SIEP IIPOMYKTa PEAKIIAH, PACCUH-
ThIBaeTCs 10 Gopmyuie [6]:

NO =N,P. (7)

Y 11006CTBO 3TOM METOAMKHU 3aKII0YAeTCs B TOM, YTO
Oy 4E€HHBIE 110CJI€ MOJIETMPOBAHMS CKOPOCTH PEAKLIUH
MOTYT OBITh OIIEPaTUBHO IE€PECUNUTAHBI B EIMHMIIBI aK-
THUBHOCTH. Takke pacCUMTaHHbIE paHee 3HAYEHUs CKO-
pOCTEl peakuny MOXHO HCIIOJIB30BATh IUISI OIIEHKH aK-
TUBHOCTH 3JIEMEHTOB NP Pa3JIMUHBIX YCIOBHAX PAOOTHI
peakTopa 6e3 moBTOpHOTO MojaenupoBanusi B MCNP,
YTO CYIIECTBEHHO CHMXAET KOJIMYECTBO BPEMEHH, Tpe-
OyeMoe Ha IPOBEAEHHE CEPUU PACUECTOB.

ITomMuMo pacueTa akTHBAI[HOHHOTO HHTETpaja 1o Me-
tonuke Ne 1 B mporpammuaom xojge MCNP umeercs Bo3-
MOYKHOCTh MOJICJIMPOBAHUSl TpOLIECCa «BBICOPAHUSY,
JPYTHMH CIIOBaMH — M3MEHEHHE HYKIHJIHOI'O COCTaBa
MaTepHana ¢ pacieToM aKTHBHOCTH OOpa30BaHHBIX He-
cTabMiIbHBIX siep B exnHunax Kropu (Meromuka Ne 2).
JlanHas MeToMKa, 110 CPAaBHEHHIO C IpeJJlaracMoi, sB-
nsieTcst 6oJiee 3aTpaTHOM ¢ TOUKU 3pEHUsI BpEMEHH IIpo-
BEICHHS pacyera, a Takke TpeOyeT IPOBEAEHHU HOBOTO
MIOJTHOTO pacyeTa B CIIydae JIF0ObIX M3MEHEHHH B Ha4aJlb-
HBIX JJaHHBIX.

B nanHoii pabore OyayT npuMeHeHbl 00€ METOIUKH
JUISL UX CPaBHEHUsI M OLIEHKH NPaBUJIBHOCTH IOJydae-
MBIX PE3YJIbTaTOB.

PACUETHAS MOJIEJIb

Jnist mpoBeieHNsT HEUTPOHHO-(PU3NIECKUX PACUETOB,
OblTa TOCTPOEHA MOAENb aMItyjbl B mporpamme MCNP
W MHTErpHpoBaHa B OeHY-MapK Mojeinb peakropa UI'P
[7] (pucyHok 2). Monenb y4nThIBaeT pa3MepHbIE Xapak-
TEPUCTUKHU aMITyJIbl, €€ IIPOCTPAHCTBEHHOE PACIIONIONKE-
HUE B IICHTPAJIbHOM dKcniepuMeHTansHoM kaHane (LIDK)
peaxTtopa UI'P, a Taxxke moapoOHBIi H30TOIHBIA COCTaB
marepuana. Jljig pacyera NpUHAT U30TOMHBIA COCTaB He-
00JIy4eHHOTI'0 MaTepHasa.

1 - cTanbHas amnyna; 2 — otpaxatens; 3 — rpacuToBble Groky;
4 - Bo3gyx; 5 - HA-228

Pucynox 2. Mooenv amnynvt 6 L{OK UI'P

PE3VJILTATBI UCCJIEJOBAHUSA

[IpoBeneHb! pacueTs! aKTUBHOCTH CTAIEHON aMITyJIbI
TI0CIIE PEaKTOPHOTO O0JTyYeHNs 110 ABYM MeToanKam. Pe-
3yJBTATHI IPEICTaBICHBI B TaOmumax 2 u 3.

BerInonHEeHO cpaBHEHHE PE3YJIBTATOB PACUETOB, MPO-
BE/ICHHBIX 10 IBYM MeTOAUKaM. [|JIs1 3TOro BEIOpaHb! TPH
peakIiy, KOTOpbIe UMEIOT He HyJIEBOI BBIXOA MO0 000UM
Metonukam (cM. Tabnuily 4). OTKIIOHEHHE PE3yJIbTaTOB
pacueta He npeBbimaer 5 %. IloaydeHHble pe3ynbTaThl
NOATBCPKAAOT BO3MOKHOCTH HCIIOJIB30BaHUSA Merto-
ik Ne 1 171 MpoBeieHNs: pacueTOB aKTUBHOCTH CTaJlb-
HOW aMITyJbIL.

Taxoke OblTa BBIIIOJIHEHA pacyeTHAs! OLIEHKA BINSHUS
MOIITHOCTH PEaKTOopa Ha CTEIeHb OOJIyYeHHs aMITyJIbl.
PaccMoTpeHo Tpu cueHapus, B KOTOPBIX MOIIHOCTbH pe-
akTopa cocrasisna 5,2 MBT, 52 MBt u 520 MBT. dnu-
TENBHOCTh MYCKOB ObLTa momoOpaHa TakuM 00pas3om,
YTOOBI COXPAHUTh OANHAKOBOE SHEPTOBBIICICHNE B aK-
THUBHOM 30HE M aMITyJIe BO BCEX CLIEHAPHSAX.

Pe3ynbTaThl pacyeToB Npe/ICTaBICHBI B TAOIMLE S.

AHanu3upyst pe3yJibTaThl, NpeICTaBICHHbIE B Tal0-
JIMLE 5, MOXKHO CJ/IeNaTh BBIBOJ O TOM, YTO M3MEHEHHE
MOIIHOCTH PEaKTOpa HE OKa3blBaeT CYIIECTBEHHOT'O
BIIMSIHUSI HA CTEIIEHb OOJydEeHUsI CTAIbHOM aMITyJIbl, TaK
KaK BCE TPH HM30TOIA, KOTOPHIE BHOCST HAaWOOJBIIUH
BKJIQJl B PAANOAKTUBHOCTH aMITyJIbl, UMEIOT CXOXKHE 3Ha-
YEeHUs] aKTUBHOCTH BO BCEX CLIEHAPHSAX.
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Tabauya 2. Pesynomamui pacuema akmueHoCmuy 0CHOSHbIX U30monoe no Memoouxe Ne 1

flnepHas peakuus w Nn™ R™ P Np™™ Tii2, cEK A A (Ku)
Crs0 (n,p) Vo0 Crso 1,39E+25 4,24E-11 \/50 5,90E+14 4,73E+24 1,47E-25 2,34E-21
Nis8 (n,p) Cos® Niss 1,23E+26 9,91E-11 Cos8 1,22E+16 6,12E+06 1,13E-07 3,74E-02
Ni%8 (n,y) Nise Niss 1,23E+26 2,02E-08 Nis9 2,50E+18 2,40E+12 2,89E-13 1,95E-05
Fes4(n,y) Fess Fes4 6,44E+25 1,09E-08 Fess 7,00E+17 8,63E+07 8,03E-09 1,52E-01
Ni62 (n,y) Nie3 Nié2 6,07E+24 7,15E-08 Nies 4,34E+17 3,16E+09 2,20E-10 2,57E-03
CB(n,y) C* cn 1,92E+22 7,07E-12 CH 1,36E+11 1,80E+11 3,86E-12 1,42E-11
Co% (n,y) Coto Co% 3,44E+11 9,08E-08 Coso 3,12E+04 1,66E+08 4,17E-09 3,52E-15
Fes4(n,p) Mns4 Fes4 6,44E+25 1,09E-08 Mns4 7,00E+17 2,70E+07 2,57E-08 4,86E-01

Fes (n,p) Co¥” Fes 2,2TE+25 5,86E-13 Co 1,33E+13 2,35E+07 2,95E-08 1,06E-05
Crs0(n,y) Cr&! Crso 1,39E+25 7,37E-08 Crst 1,03E+18 2,39E+06 2,9e-07 8,03E+00
Fe%(n,y) Fes® Fess 3,18E+24 5,94E-09 Fes® 1,89E+16 3,84E+06 1,8E-07 9,21E-02

Fe% (n,p) Cose Fess 9,75E+26 7,75E-13 Cos6 7,56E+14 6,67E+06 1,04E-07 2,12E-03
Mns5 (n,p) Fess Mnss 3,24E+25 6,64E-08 Fess 2,15E+18 8,63E+07 8,03E-09 4,67E-01
Cuss (n,p) Nie3 Cuess 4,91E+24 2,33E-08 Nies 4,34E+17 3,16E+09 2,20E-10 2,57E-03
S34(n,y) S% S34 1,29E+22 1,07E-09 S35 1,37E+13 7,55E+06 9,18E-08 3,41E-05
P31 (n,p) St pat 5,67E+23 3,16E-11 St 1,79E+13 9,44E+03 7,34E-05 3,55E-02
Mns35(n,y)Mnsé Mns5 3,24E+25 6,64E-08 Mnsé 2,15E+18 9,28E+03 7,47E-05 4,34E+03
Sid0(n,y) Sist Si% 3,77TE+23 8,67E-10 St 3,26E+14 9,44E+03 7,34E-05 6,48E-01
Cus3(n,y) Cus4 Cuess 4,91E+24 2,33E-08 Cues 1,15E+17 4,57E+04 1,52E-05 4,69E+01
Nié4 (n,y) Nies N+ 1,49E+24 7,16E-09 Ni6s 1,07E+16 9,06E+03 7,65E-05 2,21E+01
Tis0 (n,y) Tis! Tiso 8,30E+23 5,63E-15 Tis! 4,67E+09 3,46E+02 2,01E-03 2,53E-04
Crs4(n,y) Crss Crs 7,02E+24 1,98E-09 Crss 1,39E+16 2,10E+02 3,30E-03 1,24E+03

Mpumeyarus: " M — matepuHckuin Hykng; ™ Nim —
" P — [oYepHUn Hykug;

Tabnuya 3. Pesyromamul pacuema akmueHOCMU OCHOBHbIX
uzomonos no Memoouxe Ne 2

flpepHas peakums Tir A (Kn)
Cré (n, p) V&0 1,50E+17 net 2,226E-21
Ni8 (n, p) Cos® 7,086E+01 cyT 3,556E-02
Nig8 (n, y) Nig 7,60E+04 net 1,904E-05

Tabnuya 4. Cpasnenue pe3ynomamos

fAnepHas Mepuon
nonypacnaga A (Kn)’ A2(Kn)" | AYA!
peakums
npopyKTa peakuum
Cré0 (n, p) Vs 1,50E+17 net 2,34E-21 |2,226E-21| 0,95
Nis8 (n, p) Co® |  7,086E+01 cyT 3,73E-02 | 3,556E-02 | 0,953351
Nis8 (n, y) Nis 7,60E+04 net 1,95E-05 | 1,904E-05 | 0,976410

lpumeyaHus: * A' — 3Ha4eH1e akTUBHOCTH, paccyuTaHHoe no MeToauke

Ne 1; " A2— 3HauyeHue akTUBHOCTH, paccuuTaHHoe no MeToauke Ne2.
Tabauya 5. 3asucumocms akKMUGHOCMU U30MONOE
Om MOWHOCMU peaKmopa
AKTUBHOCTb, Kn
flpepHas pe- T
akuns 112 5,2 MBT 52 MBt 520 MBT
1000 cek 100 cek 10 cek

Crs0 (n, p) V50 | 1,50E+17 net | 2,226E-21 | 2,206E-21 | 2,282E-21
Nis8 (n, p) Co%® | 7,086E+01 cyT | 3,556E-02 | 3,518E-02 | 3,578E-02
Nise (n, y) Nis® | 7,60E+04 net | 1,904E-05| 1,909E-05 | 1,903E-05

KONWYECTBO fep MaTepUHCKOro Hyknuaa; ™
Np — KONMYeCTBO SiAep NPOAYKTa (LOYEPHUIA HYKINA).

R - aKTUBALMOHHbIN MHTErpar;

BbIBObI

[IpoBenena cepust HEHTPOHHO-(PU3UIECKNX PACUETOB
mozenu peaktopa MI'P co cranpHOM aMItysnoH, ycTaHOB-
nerroit B LIDK. Ilpu BRIMOTHEHWH pacdeToOB YUUTHIBA-
JIUCh pa3lUyHbIE TAPAMETPHI, TAKUE KaK TEOMETPHS aM-
MyJbl, U30TOMHBIM COCTaB MaTepualla, THUI HMCTOYHMKA
HEWTPOHOB, U Jpyrue dakropsl. B pesynbrare pacyeron
OIIpeieTIeHa aKTUBHOCTh N30TOIOB, BHOCAIINX HANOOIIb-
i Bkias. [1o uToram BBIMOJIHEHHBIX PACYETOB MOXKHO
clienaTh CIEAYIOLINE BBIBOIBI:

1) 06e MEeTOIMKH MTO3BOJISIIOT OLICHUTH BEJIMUMHY aK-
THUBHOCTH OOJIy4aTEIbHOTO YCTpOMCTBa (CTAIBHOH am-
TyJIBI);

2) paznu4ne B MOMYYCHHBIX 3HAUYCHUSAX AKTHBHOCTH
HM30TOIIOB COCTaBIIsET He Ooee 5%;

3) mpeanmaraemMasi METOIMKA SIBIISIETCSI OOJIee YHUBEP-
CaJIbHOM U NPEANOYTUTEIbHON C TOUKU 3PEHUS IPAKTH-
YEeCKOro MPUMEHEHHS JJIs ONIEPAaTUBHOM OLICHKU BEJINYH-
Hbl aKTUBHOCTH TEX WJIM MHBIX 3JIEMEHTOB I0CJE Mpel-
T0JIaraeMoro oOJIy4eHHUs B PEaKTope.

Taxum 06pa3oM, MOXKHO CA€NIaTh 3aKII0YEHHE O TOM,
yro Mertoauka Ne 1 mo3BosisieT MPOrHO3UPOBATh aKTUB-
HOCTb Pa3JInYHBIX H30TOIIOB B 3aBHCUMOCTH OT TUIAHHUPY-
€MBIX PEaKTOPHBIX HCIIBITAHUM HE XY)KE, YeM METOJIpI,
npuUMeHsieMble B IporpaMMHoM kojge MCNP, uto moxer
CIIOCOOCTBOBATH ONITUMHU3AINY PabOTHI IEpCOHANA PeaK-
TOpa ¥ HOBBIIICHUIO YPOBHS paJlalliOHHON Oe30macHo-
CTH.
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Paboma 6vira evinoanena 6 pamxax npoexma KH
MHBO PK «Hccnedosanusi 6 no00epiicky co30anus u
0e30nacH020 QYHKYUOHUPOBAHUSL AMOMHOU INEKMPO-
cmanyuu 8 Pecnybnuxe Kazaxcmany (BR21882185).

JIMTEPATYPA

1. Batyrbekov E., Vityuk V., Vurim A., Vityuk G. Experi-
mental opportunities and main results of the impulse
graphite reactor use for research in safety area // Annals
of Nuclear Energy. — 2023.— Vol. 182.— P. 109582.
https://doi.org/10.1016/j.anucene.2022.109582

2. MCNP6 Monte Carlo N-Particle Transport Code System,
MCNP6.1. LANL, 2013.

3. Caiipanbaes /1. C. MccnenoBanue HEHTpOHHO-(DU3HIEC-
KHX XapaKTePUCTUK aKTHBHOHN 30HBI HCCIICOBATEIBECKOTO
peaktopa BBP-K ¢ 60k0BEIM OepHILTHEBEIM OTpaXkaTeIeM:
crer. 6D060500 nuccepranys Ha COUCKAHUE CTENICHU
nokropa ¢utocopun PhD. KazHY um. Anp-®apabdu. —
Anmarsl, 2022. — 113 c.

4. Tlonomapenko. IL.A., Tsmkuna B.A. Teopernueckue
OCHOBBI 3KCIICPUMEHTAIILHOTO OIPEEICHHUS TUHAMHYEC-
KOTO CIIEKTpa OBICTPBIX HEUTPOHOB // SInepHa Ta
paniamiitHa 6e3neka. — 2010. — Ne 2(46). — C. 50-52.

5. Mertponorust HSHTPOHHBIX U3MEPEHUH Ha SIIEPHO-(DH3H-
YECKUX YCTAaHOBKAX (PEeKOMEH][yeMbIe CIIPaBOYHBIC TaH-
Hbl€ U METOUKH U3MepeHuit): Marepuainsl I Beecoroznoit
mkonsl/ [Tox pexn. P.JI. Bacunbea. — T. 1 u 2. — M.:
[TH1WaTtomundopm, 1976. —253 c.

6. Glaser, A. Neutronics Calculations Relevant to the
Conversion of Research Reactors to Low-Enriched Fuel.
Ph.D. Thesis. 2005. http://tuprints.ulb.tu-darmstadt.de.

7. A.c. IS 006968 dated 12/27/16 Republic of Kazakhstan.
Computer model of the IGR reactor for stationary neutro-

nic calculations / A.D. Vurim, V.M. Kotov, R.A. Irkim-
bekov, L.K. Zhagiparova, A.A. Baigozhina. — No. 2738;
12/27/2016 —p. 1.

REFERENCES

Batyrbekov E., Vityuk V., Vurim A., Vityuk G. Experi-
mental opportunities and main results of the impulse
graphite reactor use for research in safety area // Annals
of Nuclear Energy. —2023.— Vol. 182. — P. 109582.
https://doi.org/10.1016/j.anucene.2022.109582

MCNP6 Monte Carlo N—Particle Transport Code System,
MCNP6.1. LANL, 2013.

Sajranbaev D. S. Issledovanie nejtronno-fizicheskih harak-
teristik aktivnoj zony issledovatel'skogo reaktora VVR-K
s bokovym berillievym otrazhatelem: spec. 6D060500
dissertaciya na soiskanie stepeni doktora filosofii PhD.
KazNU im. Al'-Farabi. — Almaty, 2022. — 113 p.
Ponomarenko. P.A., Tiapkina V.A. Teoreticheskie osnovy
eksperimentalnogo opredelenua dinamicheskogo spektra
bystryh neitronov // laderna ta radiatsiina bezpeka. — 2010.
—No. 2 (46). — P. 50-52.

Metrologuia neitronnyh 1zmerenn na 1aderno-fizicheskih
ystanovkah (rekomendyemye spravochnye dannye 1 meto-
dik1 1zmeren1): Materialy 1 Vseso1yznoi1 shkoly/ Pod red.
R.D. Vasileva. — T. 1 & 2. — Moscow.: TsNIlatominform,
1976.—253 p.

Glaser, A. Neutronics Calculations Relevant to the
Conversion of Research Reactors to Low-Enriched Fuel.
Ph.D. Thesis. 2005. http://tuprints.ulb.tu-darmstadt.de

A. c. IS 006968 dated 12/27/16 Republic of Kazakhstan.
Computer model of the IGR reactor for stationary neutro-
nic calculations / A.D. Vurim, V.M. Kotov, R.A. Irkimbe-
kov, L.K. Zhagiparova, A.A. Baigozhina. — No. 2738;
12/27/2016 —P. 1.

PEAKTOPJIBIK COYJIEJJIIPYJIEH KEVUIHTT BOJIAT
AMITYJIACBIHBIH AKTUBTLJIITIH ECEIITEY
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Kympicta MonTe-Kapiio sficiMeH peakTopIiblk coyJieleHy IeH KeliHri bomar ammyachbIHbIH aKTHBTLIT IIaMackiHa Oara
Oepy axici kapacTeipsitFad. 3eprrey Hbicanbl 12X18H10T OonarTeiHaH jxacainraH Oip KaObIpraiisl amityia. by ammyna
UI'P peakTopblHIa SKCHEPHUMEHTTIK KYPBUIFBUIAPMEH PEaKTOPJIBIK ChIHAKTAp JKYPri3y Ke3iHIe KOPFaHBIC TOCKAYBUIBI
peTiHzae KbI3MeT eteai. PeakTopabl icke KOCKaHHAH KeiiH amiryJia OelCeHIUIITiHIH IaMacklH 00JDKay aMITyJlaMeH OJlaH
opi Kayirci3 yMbIC icTey OOMBIHIIA KYMBICTAp bl AJIIBIH aja KOCIapiayFa oHe YHBIMIACThIpyFa MYMKIH/IIK Oeperti.
AMIyNIaHHBIH =~ paJMalysuIbIK  CHINIATTaMalapblHBIH HEHTPOHABI-(GM3UKAIBIK €CENTey HOTIXKEIepl KEeNTipiireH.
Ecenreynep MCNP GarmapnaMachiHga €Ki 9/1ic O0MbIHIIA XKYPTi3iareH.
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CALCULATION OF THE ACTIVITY OF A STEEL AMPOULE
AFTER REACTOR IRRADIATION
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2 Shakarim University, Semey, Kazakhstan
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The paper considers a method for evaluating the activity of a steel ampoule after reactor irradiation by the Monte Carlo
method. The object of study is a single-wall ampoule made of steel 12Cr18Ni10Ti. This ampoule serves as a protective
barrier during reactor tests with experimental devices at the IGR reactor. Forecasting the activity value of the ampoule
after the reactor start-up will allow timely planning and organization of work on further safe handling of the ampoule.
The results of the neutron-physical calculation of the radiation characteristics of the ampoule, performed in the MCNP
program using two methods, are presented.

Keywords: experimental device, safety, steel ampoule, nuclear reactions, Monte Carlo method.
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AB-INITIO CALCULATIONS OF RHOMBOHEDRAL BaTiOs (111) SURFACE
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Thin films of ABO; perovskite ferroelectrics are important for many industrial applications, i.e., high-capacity memory
cells, catalysis, optical waveguides, and integrated optics. The use of BaTiOs for these industries and products is due to
the variety of its surface structure and, accordingly, its electronic and chemical properties. Calculations of the surface
characteristics of BaTiO3 from the first principles are useful for understanding processes that play a crucial role, such as
surface reaction chemistry, surface phenomena, and adsorption surfaces. This study examined theoretical calculations
related to the relaxed atomic structures of the surface of BaTiO; (111).

Keywords: heterostructures, two-dimensional materials, small-dimensional structure, transition metal oxides, Hartree-

Fock hybrid correlation function.

INTRODUCTION

BaTiO; is a popular classic electrician with a wide
range of applications, from dielectric capacitors to non-
linear optical devices. BaTiO3 cubic-structured lattice is
paraelectric at high temperatures [1].

The effect of deformation on phase transitions and
domain structures in thin BaTiOs films is mainly deter-
mined by elastic constants and electrostriction coeffi-
cients [2-3].

At temperatures from 0 °C to 120 °C, the structure
enters the tetragonal phase (P4mm spatial group), where
the Ti atom leaves the center along the Ti-O bond, polar-
ized along [111], and has a value of 26 pl/cm?. The initial
cubic symmetry is as follows: there is an increase in the
distorted lattice parameter, and the coordinates at the OII
position are 1.011.5. The displacement for atoms Ba2+
and Ti4+ along the c axis will have the values +0.06,
+0.12, and —0.03 A, respectively [4].

When the temperature drops below 0 °C, the ortho-
rhombic phase (spatial group C> mm) is stable. It is also
a self-polarized ferroelectric parallel to the direction of
the pseudocube edge (111). At—90 °C, a third phase tran-
sition occurs, and the symmetry of the lattice changes
rhombohedral (spatial group Rm3): a=b=c and
o = 89.87°. The electric polarity axis lies in one of the
diagonal directions of the pseudocube (111).

In low-temperature ferroelectric phases, self-polari-
zation has ferroelectric, dielectric, piezoelectric, pyroe-
lectric, electro-optical, and nonlinear optical properties
[5-6]. Given the transition temperature, the transition
from the cubic phase to the tetragonal phase is of partic-
ular interest, and a corresponding comparison with cubic
perovskites shows that the phase transition behavior in
BaTi0; is not universal but must depend on the details of
the chemistry and structural thermodynamics of that
compound [9, 10].

c) d)

Figure 1. Phase transition of BaTiOs: a) cubic phase,
b) tetragonal phase, c) orthorhombic phase,
d) rhombohedral phase

Given this technological importance, it is not surpris-
ing that the surface of BaTiOs (111) has theoretically
been widely studied using ab initio methods and the shell
model [3-9]. Unlike the widely studied BaTiOs(111) sur-
faces, only a small part of the work is devoted to calcu-
lating the atomic and electronic structure of the BaTiO;
(111) surface [11]. For example, Eglitis and Vanderbilt
[12] recently conducted a study of BaTiOs (111) surfaces
using the Hartree-Fock hybrid correlation function (HF)
and density functionality theory (DFT), in which the ex-
change-correlation function HF is mixed with the three-
parameter exchange DPF and combined with the non-lo-
cal correlation function Purdue and Wang (B3pw) [13].
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There are no data on experimental studies related to
BaTiO; (111), but there are several experimental studies
for surfaces related to SrTiOsz (111). Tanaka and Kawai
[10] got clean surfaces on the recovered SrTiO3(111)
crystals and used high-energy reflective diffraction to
look at them through a scanning tunneling microscope.
They observed two different surface structures, one with
the SRO crustal layer obtained by annealing at 1180 °C
and the Ti outer layer obtained by annealing at 1220 °C
[14, 15].

As for the theory, [16], based on the results obtained
by the Hartree-Fock full-energy semi-empirical method,
(111) and (111) discussed the effect of polarity on the
SrTiO; surfaces. For these areas, they consider some pro-
totypical (1,1) configurations that differ in surface com-
position and the coordination number of surface atoms.
They believe that the compensation of these polar direc-
tions is mainly achieved by the abnormal filling of sur-
face states, which must be determined by surface
spectroscopy [17].

METHOD FOR SURFACE CALCULATIONS

Calculations were made based on the first principles
within the framework of the DFT. Unlike the flat wave
codes used in many previous studies, Gaussian-type lo-
calized BSS is used. In the calculations of Eglitis and his
colleagues, BSS was developed for SrTi0s, BaTiO3, and
PbTiOs. Many calculations for O atoms used a new BS,
which differs in the addition of d orbitals that polarize in
O ions. Crystalline BS is generally considered transport-
able, and therefore, since it is defined for some chemical
component, it can be successfully used in calculations for
various chemicals such as Srf;, BaF,, and CaF, Most of
the calculations in this review were performed using the
b3pw hybrid exchange-correlation functor, including
non-local focal precision exchange, local density approx-
imation (LDA), and Becke gradient-adjusted exchange
functor, combined with Purdue and Wang's non-local
correlation potential [18]. For many studies of the ABO;
perovskite surface, b3pw was chosen as a hybrid func-
tional because it provides excellent results for the SrTiOs,
BaTiOs, and PbTiO; constant volume lattice and volume
module [19].

The inverse space integration was accomplished by
sampling the Brilluen area, in most cases using the 8x8x§
Monkhorst—Pack grid, which provides a balanced sum in
the forward and reverse spaces. To achieve high accu-
racy, a sufficiently large tolerance of 7, 8, 7, 7, and 14
was selected for the parameters of dimensionless Cou-
lomb penetration, exchange, first false overlap, and sec-
ond false overlap, respectively.

SURFACE ENERGY OF ABO3 PEROVSKITE

Consequently, the Eq(BaOs + Ti) cleavage energy is
the same for both terminations. The cleavage energy of
the complementary BaTiOs surface E¢(BaO;+ Ti) can be
obtained via the following equation:

E,(BaO, +Ti)=%[ES“,Zf’ (BaO,) + 0
+E.:{122d (Ti) -nk,, :|

where El" (BaO,) is the total energy of unrelaxed

BaO; terminated BaTiOs (111) surface. El" (Ti) is the

total energy of unrelaxed Ti-terminated BaTiOs (111)
surface. Epu 18 the bulk energy per formula unit contain-
ing 5 atoms in the rhombohedral BaTiO; structure. nEpux
energy of the corresponding number of BaTiOs units in
the bulk. Factor ¥4 means that totally four surfaces are
created upon the crystal cleavage. When both sides of the
slab are allowed to relax, the relaxation energies for each
of the surfaces can be obtained from the equation:

E.)-[EL0-ER @] @

where y = Ti or BaOs specifies the actual BaTiOs (111)
surface. E’, (y) is the Ti or BaOs-terminated BaTiOs

(111) slab energy after relaxation. E“" (y) is the Ti or

BaOs-terminated BaTiO; (111) slab total energy without
the geometry relaxation. Factor 2 means that two sur-
faces are created upon the crystal cleavage. Finally, the
BatiOs (111) surface energy is a sum of the cleavage and
relaxation energies:

Eszt)j'(Y):Ec'l (Ba03 +Ti)+Ere'l (y) N (3)

One of these slabs is terminated by Ti planes (so-
called Ti-terminated BaTiOs (111) surface) and consists
of a supercell containing 124 atoms (Ti-BaO3-Ti-BaOs—
Ti-BaOs—Ti-BaOs—T1i). The second slab is terminated by
BaO; planes (so-called BaOs-terminated BaTiOs (111)
surface) and consists of a supercell containing 136 atoms
(BaOs—Ti—BaOs—Ti—BaOs—Ti—BaOs) (see Figure 3). As
it is known from previous computational studies dealing
with polar SrTiOs, BaTiOs, CaTiOs, BaZrOs, and SrZrO;
(111) surfaces a huge electron redistribution takes place
for such terminations in order to cancel the polarity, but
the Ti or BaOs-terminated BaTiOs (111) surface keeps its
insulating character, and therefore such calculations are
feasible. Their calculation results demonstrated that
charge neutralization and polarity compensation could be
achieved by charge redistributions of surface atoms.
BaO; and Ti-crystallographic planes have different
charges. As a result, when considering an asymmetric,
stoichiometric plate in which one side is terminated by
the Ti-terminated surface, an uncompensated dipole mo-
ment arises, giving a total charge g = 2.36. Due to the
periodic boundary conditions used, a lattice of artificial
dipole moments effectively arises, the interaction be-
tween which contributes to the total energy of the system.
Excluding this contribution is a difficult task. Therefore,
we consider a non-stoichiometric Ti-terminated surface
to have a compensated dipole moment. On the other
hand, a BaOs-crystallographic plane-compensated dipole
moment arises. Next, the BaTiO; cleavage and surface

92



AB-INITIO CALCULATIONS OF RHOMBOHEDRAL BaTiOs (111) SURFACE COMBINED WITH GRAPHENE FILMS

energies were calculated. It is obvious that BaTiOs per-
ovskite Ti and BaOs-terminated (111) surfaces are mutu-
ally complementary. Surfaces with both terminations
arise simultaneously under the cleavage of the crystal,
and therefore the relevant cleavage energy is distributed
equally between the created surfaces.

RESULTS

Initially, we performed the first-principle calculations
of rhombohedral symmetry BTO bulk structure. In Table
1, we compare BTO rhombohedral phase properties ob-
tained using the different functional. Calculated values
are also compared with existing experimental and theo-
retical dates. Theoretical bulk lattice constants and other
characteristics are corresponds to theoretical and experi-
mental values. As it is seen from Table 1, use of the hy-
brid PBE functional generally allows predicting the
considered rhombohedral BTO properties consistent to
experimental dates taken with various PBEy, LDA func-
tionals. Shown that basis set change does not affect the
results considerably. Especially, the superior agreement
between PBE and experimental results can be seen for
lattice constant a, axial angle o, fractional displacements
Zti, Xo, Zo (respect to the ideal cubic location) of Ti, O at-
oms. We know only two theoretical works [21, 22] where
three BTO ferroelectric phases have been treated by the
same DFT method. Reproduced rhombohedral phase
bulk band gap 2,5 eV that in good agreement with results
of other theoretical works. However, in these two works
mainly the structural properties of the ferroelectric
phases have been considered.

color coding: Ba — green; Ti - blue; O - red

Figure 2. Top view of the (111) rhombohedral BaTiO3

We modeled the BaTiO; (111) surfaces using sym-
metric (with respect to the mirror plane) slabs made up of
13 layers of BaOs and Ti that alternated with each other.
One of these slabs had a supercell with 20 atoms and
BaO; planes terminating it for the BaTiO; crystal. The
second slab had a supercell with 20 atoms and Ti planes
terminating it. These slabs are both stoichiometric, with
unit cell formulas of BayTi4O1».

b
a
a) b)
Figure 3. Side view of the BaOs (a) and Ti (b) terminations
of (111) BaTiOs surface

For this reason, a simple cut creates polar surfaces
with BaOs ends and Ti ends (111), with nominal surface
charges of —2e and +2e per surface cell, this way. If un-
compensated, the surface charge would lead to infinite
electrostatic cleavage energy. In reality, the polar sur-
faces would probably become metallic in order to remain
neutral, but in view of the large electronic gaps in the per-
ovskites, such metallic surfaces would presumably be un-
favorable. Thus, we may expect rather generally that such
polar crystal terminations are relatively unstable in this
class of materials.

As anext step, the perovskite (111) surfaces were lay-
ered with graphene atoms, as shown in Figure 4.

Table 1. Calculated bulk properties of rhombohedral phase of BaTiOs

This Other theoretical works Experiment
Parameters’
work [20] [20]° [20]0 [21]2 [22]9 [20]
Cell

a(A) 4.074 4.073 4.029 3.966 4.073 4.001 4.004
a (deg) 89.754 89.710 89.727 89.958 89.74 89.87 89.8
i -0.0070 -0.0150 -0.0151 -0.0080 -0.0150 -0.011 -0.01128
Xo 0.0116 0.0143 0.0129 0.0069 0.0141 0.0133 0.0109
Z 0.0071 0.0249 0.0242 0.0109 0.0245 0.0192 0.0193
Band gap, Eqep(€V) 25 2.7 4.9 2.2 — 2.3 —
Total energy, AEq (eV) -0.005 -0.061 -0.061 -0.005 -0.060 -0.040 —

Notes:  * Lattice parameter, a; Axial angel of lattice, a; Fractional displacements zr, xo, zo of atoms (Ti, O) are given in respect to the ideal cubic location;
Total energy, AEy, is calculated relative to the cubic phase; 2 PBE, ® PBEO, ¢ LDA.
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color coding: Ba — green; Ti - blue; O - red; graphene — brown

a)

b)

Figure 4. Top view of the BaOs (a) and Ti-terminated (b) graphene modified (111) surfaces of BaTiOs

After optimization the Ti-terminated (b) graphene mod-
ified (111) surface was unstable, in contrast on the BaO;-
terminated surface shows good adsorption (Figure 5).

&

a)

oo“o °°Oo°°

b)

Figure 5. Side view of the initial (a) and optimized (b)
BaOs-terminated graphene modified surface

Figure 6. Charge distribution on BaOjs-terminated graphene
modified surface

This study used the GGA method to find the theoret-
ical bulk lattice constants for rhombohedral BaTiO;
(4.07 A). The theoretical value of the lattice constant
1,6% is larger than the corresponding experimental value
of 4.00 A. implemented the Bader method to analyze
charge redistribution.

BaO; and Ti-crystallographic planes have different
charges. As a result, when considering an asymmetric,
stoichiometric plate in which one side is terminated by the
Ti-terminated surface, an uncompensated dipole moment
arises, giving a total charge qwl = 2.36. Due to the peri-
odic boundary conditions used, a lattice of artificial dipole
moments effectively arises, the interaction between which

contributes to the total energy of the system. Excluding
this contribution is a difficult task. Therefore, we consider
a non-stoichiometric Ti-terminated surface to have a non-
compensated dipole moment. On the other hand, a BaOs-
crystallographic plane-compensated dipole moment ari-
ses. Table 2 shows two types of terminations.

Table 2. Sequence of atomic layers in model plates
of (a) BaOs- and (b) Ti-terminated surfaces

a) BaOs-terminated BaTiO; (111) b) Ti-terminated BaTiOs (111)
BaOs3 Ti
Ti BaOs
BaOs3 Ti
Ti BaOs
BaOs Ti
Ti BaOs
BaOs3 Ti

The calculated surface cleavage energy is 8.73 eV.
Surface relaxation energy for BaO;-terminated BaTiO3
(111) surface (—0.87 eV) is more than two times larger
than the corresponding surface relaxation energy for Ti-
terminated BaTiOs; (111) surface (—0.30 eV). Conse-
quently, the calculated surface energy for BaOs;-termi-
nated surfaces is equal to 7.86 eV and is 8.44 eV for Ti-
terminated surfaces. Calculated cleavage, relaxation, and
surface energies for two terminated (111) surfaces of Ba-
TiOs are in good agreement with other theoretical works.

To describe the electron density distribution, we
found the topological (Bader) charges on the atoms in the
top and bottom atomic layers and compared them to the
values for the bulk crystal BaTiOs. The calculation re-
sults are shown in Table 3.

Table 3. Effective topological charge on atoms for a 7-layer
plate model with a BaOs surface atomic layer compared
with a similar value for volumetric BaTiOs

Plane Atoms Bulk Surface Increment
1 Ba 1.91 1.58 -0.33
0 -1.29 -1.33 0.04
2 Ti 1.96 2.07 0.11
3 Ba 1.91 1.58 -0.33
0 -1.29 -1.31 0.02
4 Ti 1.96 2.08 0.12
5 Ba 1.91 1.65 -0.26
0 -1.29 -1.13 0.16
6 Ti 1.96 2.09 0.13
7 Ba 1.91 1.64 -0.27
0 -1.29 -1.14 0.15
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In a BaTiO; bulk crystal, the values of the topological
charge on the ions are significantly less than the nominal
charge due to their valences: Ba3+, Ti3+, and O,. This
fact is due to the fact that part of the electron density is
located between ions and gives a covalent contribution to
the chemical bond between Ba and O ions. BaOs- and Ti-
terminated surfaces exhibit different behavior: the values
of the effective charges on the Ti layers bordering the
vacuum remain very close to the values in the bulk sam-
ple, while the effective charges on the Ti surface layers
decrease significantly compared to the same value for the
bulk sample. The effective charges of the remaining at-
oms inside the plate are close to the corresponding values
in volumetric BaTiOs.

Calculated charge redistribution of BaTiO;3 Ti-termi-
nated graphene layered surface. The charge density dif-
ference of BaTiO; Ti-terminated graphene-layered
surfaces is presented.

In the diagram of the density of state of the BaOs-ter-
minated BaTiOs (111) surface (see Figure 7) it is clear
that the reproduced band gap is 1.9 eV. In the work for
cubic phase BTO (111), the theoretical band gap equals
3.6 eV, while the experimentally defined value equals
3.3 eV. Thus, the disperance of the value of the band gap
is explained in our research from experiential and theo-
retical values explained with the difference of phases of
BTO.
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Figure 7. Total density of states for a BaOs-terminated
BaTiOs (111) surface. The Fermi level is taken equal to zero
2.2, 24and 2.7 eV

As seen from Figure 7, the band gap of the BaOs-ter-
minated BaTiOs (111) surface amounts to 1,9 eV, which
is close to values of 2.2, 2.4 and 2.7 eV. And plotted the
total density of states for a BaOs-terminated BaTiO;
(111) surface (Figure 8).

According to the performed calculation results for
BaOs-terminated BaTiO; (111) surfaces relaxation small
ranging from 0.02 till 0.24 (see Table 4). BaOs-termi-
nated and Ti-terminated BaTiO; (111) surfaces displace-
ments similar, upper layer Ba atoms relax inwards and O
atoms relax outwards. Surface upper layer Ba atom

relaxes inward by 0.16%, but O atom moves outward by
0.17%. The second layer Ti atom for both termination re-
laxes inward by 0.1% and 0,24% for unipolar and polar
terminations, respectively. Next layer ions of surfaces
move like as upper layer Next inner layer Ba atom relaxes
outward by 0.09%, but O atom preserve initial state. Ti-
terminated surface inner layer Ti ion moves inward very
small value 0,18% and 0,02%, respectively. These results
are in good agreement with similar data from the work
[24].

140

——TDOS

03 0
Energy-E(eV)
Figure 8. Total density of states for a graphene layered BaOs-

terminated BaTiOs (111) surface. The Fermi level is taken
equal to zero 2.2, 2.4 and 2.7 eV

Table 4. Calculated relaxation of BaOs and Ti-terminated
BaTiOs (111) surfaces upper three layer atoms (as a percen-
tage of the bulk crystal lattice constant a = 4.074 A). Positive

(negative) values refer to displacements in the direction
outwards (inwards) of the surface

Displ. (Az) Displ. (Az)
Layer lon Polar
BaOs-term. BaOs-term.
1 Ba -0.02 -0.16
0 +0.24 +0.17
2 Ti -0.10 -0.24
3 Ba -0.12 -0.14
0 +0.10 +0.14

Surface rumpling s (the displacement of oxygen with
respect to the metal in the upper surface layer) and
changes in interlayer distances Adi» and Ad»3 (1, 2 and 3
are the number of surface layers). Performed calculation
results for this properties are given in Table 3. The calcu-
lations of the interlayer distances are based on the posi-
tions of relaxed metal ions. As seen from Table 5, that the
BaOs-terminated surface demonstrates the other behav-
ior, with expansion of interlayer distance Ad12 and re-
duction of Ad23. In the case of Ti-terminated (111)
surface shows small increase of interlayer distances Ad12
and Ad23. Calculated some values of surface rumpling
and interlayer distances of surfaces in consistent with
amounts from work [23].
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Table 5. Calculated surface rumpling s and relative displa-

cements Adij between the three near-surface planes, for the

BaOs- and Ti-terminated BaTiOs (111) surfaces. Units are
per cent of the bulk lattice constant

Termination | Ads2 Adas
Ti-term 1.86 1.12

Termination s Adi2 | Adzs
BaOs-term | -0.1 076 | -7.71

CONCLUSION

It is seen from the that at a graphene-layered BaOs-
terminated BaTiOs (111) surface, the band gap strongly
reduced and vanished. The obtained results of research
show a high sensitivity of the electronic properties of the
BaTiO; (111) surface to a combination of low-dimen-
sional systems. The main source of energetic diversity is
most likely caused by charge redistribution between ions
on the surface and graphene.

The calculations performed created a large amount of
data for future interpretation and comparison. Designed
configurations can also be used as a solid platform for
OER modeling on perovskite-layered hybrid materials.

In addition, the introduction of graphene leads to the
polarization of neighboring ions. The analysis of electron
redistribution on the surface by introducing graphene do-
pants will be described in our forthcoming paper.

These studies were funded by the Ministry of Science
and higher education of the Republic of Kazakhstan as
part of the grant funding “Development and Research of
New Multifunctional vdW Structures of 2D Films Based
on Transition Metal Oxides” (IRN-AR14972694).
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OnucaHbl mapaMeTpbl 1 UHCTPYMEHTAIbHBIE JJAHHBIE PETUCTpalMK CHIBHOTO 3emieTpscenus 1[3unxe 8 aBrycra 2017
ro/ia, a TaK)Ke reooruueckas cpea U ceiicMOTEeKTOHMYECKasi 00CTaHOBKA palioHa SnuneHTpa. [IpuBeeHbI TPUTTEpPHbIE
9 QEKTHl IS MHULMUPOBAHUS 3EMJICTPSICEHHUS, CBSI3aHHBIC C JUHAMHYHBIM HM3MEHEHHEM IOT0JHO-KIMMaTHYeCKUX
YCIIOBUI B BBICOKOTOPHOM paiOHE, MOBJIEKIIMM OBICTPBIH POCT M30BITOYHONW Macchl I'€OJIOTHYECKOH Cpenbl Iocie
CHJIbHBIX JIMBHEH M OONBIINX CHETOMA/OB, a TAK)XKE C YCWJICHHBIM JAEHCTBHEM JIyHHO-COJTHEUHBIX NTPHINBOOOPA3YIOIINX
CHJI HA CEHCMOTEHHYIO CTPYKTYPY € M30BITOYHON MacCOi reoJIOTHYEeCKOi Cpebl B THU MTOJTHOIYHUSL.
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ycioeus, 1YHHO-COJIHe4YHble npuﬂueoo6pa3yiou4ue CUJIbL.

BBEJEHUE

OnuueHTp 3emiuerpaceHus L[3uHxe Haxonmwics Ha
tepputopun Kurtas B CHHBLBSH-YUTYPCKOM aBTOHOM-
HOM paiioHe Ha xpedTe bopo-Xopo B HemoCpeICTBCHHOM
6mm3ocTH oT Tpanun Kazaxcrana. DIUIEHTP 3eMIIeTpsi-
ceHus L[3nHXe OBUT IPUYPOUCH K BBICOKOTOPHOM JICAHU-
KoBoO# "actu xpedTa bopo-Xopo, sBisiomerocs 4acTbio
Tanp-11laHCKON TOPHON CHUCTEMBI U MPHUMBIKAIOIIETO K
Jxyarapckomy Amaray ¢ FOB croponsl. CuiibHBIE 3eM-
JETPACCHNS M3 3TOrO paiioHa HEOOXOAMMO YUHTHIBATH
IIPY aHAJIU3€ CEHCMUYECKOH OMTaCHOCTH ISl OTBETCTBEH-
HBIX U aTOMHBIX 00BbekTOB FOro-Boctounoro u Bocrou-
Horo Kasaxcrana. 3emnerpscenue lI3mHxe MHTEpECHO
TaKKe TEM, YTO MPOU3OIIIO MPAKTUYECKU cpa3y MOcie
6osiee cuibHOr0 ChIUYyaHbCKOTO 3€MJIETPSICEHUS, DITU-
LEHTP KOTOPOTO Takxe Haxonuicst B Kurae B BBICOKO-
TOPHOM JIeTHUKOBOM 9acTH Ha BOCTOKe TnubeTckoro ruia-
To B 2200 kM Ha IOB.

CpencrBa MaccoBoi HH(pOPMaMK coo0IIaIn B cpe-
oy 9 asrycra 2017 roma, 4To B 3amafHBIX perrmoHax Ku-
Tas 3a TMOCIEAHNE CYTKH C pasHumeid B 10 gacoB mpo-
M30IIUTM J[BA MOIIHBIX Pa3pyLIMTENBHBIX 3eMIIETpsiCe-
Hus. [lepsoe 3emnempsacenue MarHuTy10i 7 MpoOU301LI0
B poBUHINHK ChIdyaHb BO BTOPHUK BeuepoM B 21.19 mo
mectHOMY BpemenH (13.19 no Bpemenn UTC). Ouar 3e-
MIIeTpsiceHust 3anerai Ha riyoune 20 kuomerpos. ['o-
pHcTasi MECTHOCTB 1 OOJIBIIOE CKOTUICHHE JIFOJICH TIpHBe-
mu k 19 xxeprBam u moutu 300 mocTpagaBmuM. 3a CyTKU
opLT0 3aukcupoBaHo Oosee 400 TOTIKOB MaIOi MarHu-
Tyabl [1]. Bmopoe 3emnempscenue marautynou 6,6 npo-
n30110 B CHHBLBSH- Y UTYPCKOM aBTOHOMHOM paliOHE B
cpeny yrpom B 07.27 1o MecTHOMY BpeMeHH (110 BpeMe-
a1 UTC Bo BTOpHHK B 23.27). O9ar 3emieTpsceHus 3a-
neran Ha TiyOuHe 11 KumoMeTpoB. 3a HUM IMOCIIEIOBAI
eIl Psil CUIIBHBIX MOJ3EMHBIX TOJYKOB, MATHUTYA KO-
TOpBIX mpeBbimana 4,5. HecMoTpss Ha HECKOJIBKO CHIIb-
HBIX a()TEpIIOKOB, )KEPTB B ITOM CIIydae yJajaoch u3de-
kKaTh OJaroapsi TOMy, 4TO 3Ta MECTHOCTD ILIOXO 3acelie-

Ha. Yncio noctpanaBmux coctaBuio 34 yenoseka. B pe-
3yJIbTaTe MO/I3EMHBIX TOIYKOB OBLUTH pa3pyiieHs! 142 no-
Ma U noBpexieHsl enle 1060 xxunbix crpoenuit [2].

HecoMHeHHO, 3T J1Ba CHIIBHBIX 3€MJIETPSICEHHSI CBSI-
3aHbl OJIM3KUMH YCIOBHSMH U NMPUYMHAMH, TaK KaK Ha-
XOIATCSI B BBICOKOTOPHBIX paiionax 3amanHoro Kuras,
KOTOPBIE TTOCTOSTHHO 00J1/1al0T TPOMaTHOHM M30BITOYHOM
Maccoi BO3BBIIICHHBIX YacTel 3eMHOW MOBEPXHOCTH M
KOTOPBIE HECYT JOTIOJHUTEIBHYIO CHETOBYIO M JICTHIKO-
BYIO Harpy3Ky, 0ojiee MoBEP/KCHHYO0 H3MEHEHHSIM B T1e-
pHOABI IMHAMUYHO MEHSIOIINXCS TTOTOJHO-KIMMaTHIe-
CKUX yCJIOBHiA. [ paBUTalMOHHBIN (pakTOp BIUSHUS U3-
OBITOUHBIX MACC I€0JI0TNUECKON CPeibl Ha HAMPSKEHHO-
nedopMUpOBaHHOE COCTOSIHUE TJIYOWHHBIX HEAp MO
JICWCTBHEM JIyHHO-COJIHEYHBIX HPHUIMBOOOPa3yIOMINX
CHJI ¥ aTMOC(EPHBIX IPOLECCOB ONpPEJEsieT CercMMY-
HOCTb BBICOKOTOPHBIX PaOHOB U 3a/IefICTBOBaH BO BCEX
TPUITEPHBIX 3P PeKTax, HHUIUUPYIOMINX CHIBHBIC 3eM-
JIETPSICEHMUS.

JeiicTBrE JTYHHO-CONHEYHBIX TPHIHBOOOPA3YIOMINX
cHiI, aTMOc(epHbIEe TPOIECChl, BKIIOYAIOIINE JIeHiCTBUE
COJIHEYHON aKTUBHOCTH Ha MarHuToc(epy u camy aTMmo-
cdepy depe3 NPOTOHHBIC IOTOKH, H3MEHEHHE MOI0IHO-
KIMMaTU4YECKUX YCJIOBMH, BIEKYIIMX U3MEHEHUE aTMO-
c(epHOTo JaBJICHUS U BbINa/ICHHE OOJIBIIOTO KOJIHYECT-
Ba 0CA/IKOB, MX CE30HHOCTb, a TAK)KE CE30HHBIH XapaKkTep
BpalleHust 3eMJIH 110 COJTHEYHOW OpOUTE C M3MEHEHHEM
CKOPOCTH BpalleHHs 3eMJIM OTHOCSTCS K 3K30T'€HHBIM
reoIMHAMUYECKUM TIporieccaM. Posb 3K30T€HHBIX Teo-
JMHAMHYECKUX TIPOLECCOB B (POPMUPOBAHUH HAIIPSKEH-
HOTO COCTOSIHMS BHYTPUKOHTHHEHTAJIBHBIX OPOTCHOB,
MIPEACTaBICHHBIX BEICOKOTOPHBIMU palfOHaMH, TIOATBEP-
JKTAaeTCsl BO MHOTHX MCCIIEIOBATEIhCKIX padoTax [3—8].

Tak B pabore AnymkuHa B.B. n CrimBaka A.A. [3]
OTMEUCHO, YTO IPAaBUTAIIMOHHOE B3aUMOJICHCTBHE B CHC-
teme 3emua-Jlyna-ComnHIle sBIsSETCS OOHUM U3 BaXKHEH-
muX GakTopoB, ONMPEACIAIONINX JMHAMUUECKHE ITPOIIec-
CBI B HeZIpax 3eMJyH U ee obostoukax-reocdepax. [Tocto-
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SITHHO IIpUCYTCTBY!o1Iee Bo3aericTBue JIynsl u ConHIla Ha
3eMHYI0 KOPY, CIE€JICTBHEM KOTOPOTO SBISETCS TBEPABII
MIPUIINB, ONpENIeIISieT He TOJIBKO MEXaHUKY ee 1e(hOopMu-
pOBaHMs, NpeoOpa30BaHKE BEIIECTBA, HO TAKXKE PEXKUMBI
reoU3M4YEeCcKuX MOJIEH U MHTEHCHBHOCTH MeKreocgep-
HBIX B3aUMOJCHWCTBUI Ha TPaHHIE 3eMHas KOpa/aTMO-
coepa. [IpunmBHAs BonHA NedOpPMAUU MOXKET OKa3bl-
BaTh BIMSHUE HA MPOLECCHI, CBSI3aHHBIE, B YACTHOCTH, C
MIOATOTOBKOM 3emiieTpsceHuid. IToMrMMo 1yHHO-COJIHEU-
HOTO NPUINBA Ha JedopManuio 3eMHOI TOBEPXHOCTH H
NIPWIETAIOUINX K HEM yU4aCTKOB 36 MHOM KOPBI OKa3bIBAIOT
BIMSIHUE OapUYecKue Bapualuy B arMocdepe.

B pa6ote Pebernkoro FO.J1., Msrkosa [1.C. [4] oTMme-
YeHa OCHOBHAsl POJb 3K30T'€HHBIX T'€0JUHAMUYECKHX
IIPOLIECCOB B (JOPMHUPOBAHUN HAIPSHKEHHOTO COCTOSTHHS
BHYTPUKOHTUHEHTAJIBHBIX OPOreHoB. Jlo HacTosmero
BPEMEHH OIIMOOYHO CUMTAETCS, YTO TOBBIIIEHHBINH ypo-
BEHb HaNpsSHKEHUI TOPU3OHTAIBHOIO CXKATUS B palloHax
BHYTPUKOHTHHEHTAIBHBIX OPOTC€HOB OOYCIIOBJICH BHU-
XKEHUSIMH JIUTOC(EPHBIX TUIUT, HAPUMED, HATIPSKECHUS
AJTas BRI3BIBAIOTCS JABIEHUEM CO CTOPOHBI MHAMITCKOI
IUIATBI, PACTIONIOKEHHOH Ha y/laleHU! B HECKOIBKO Thl-
CsIY KWJIIOMETPOB. DTH apXaudHbIe B3I AbI 0a3UPYIOTCS
Ha JIaBHO C)OPMYJIMPOBAHHBIX INPEJCTABJICHUSX HA Te-
HE3UC CWJI, ONPEACISIONINX JBIDKEHUE JIUTOC(HEPHBIX
wmT. Ho coBpeMeHHEbIe ceificMoriornueckue, reodusnye-
CKHE U TEKTOHO(PH3NIECKHUE JTaHHBIE IPOTUBOPEYAT 3TUM

B3rysiiamM. [poreccrsl popMHUPOBAHUS OIS HAPSHKSHU I
BHYTPHUKOHTUHECHTAJIHBIX OPOI'CHOB CBSI3aHBI C TEKTO-
HUKOH ¥ TTIyOMHHOM re0TMHAMUKOM 3THX PErHOHOB, a HE
C JaJbHOJIEUCTBYIOIIMMHU MTPOLIECCaMHU.

B nameil cratbe ocob0oe BHUMaHHE aKLIEHTUPYETCS
Ha M3MEHEHHUE MTOTOHO-KITMMATHIECKUX YCIOBHH B CTO-
POHY aHOMAIFHOTO YBEITMYEHHS KOJIMYECTBa aTMochep-
HBIX OCA/IKOB, KaK Ha OJMH W3 OCHOBHBIX TPUTTEPOB IS
WHUIIMAPOBAHUS CHIBHBIX 3€MIICTPSCEHHH.

HNHCTPYMEHTAJIBHBIE JAHHBIE

3emnerpscenue L{3uHxe Ipou3011I0 B palioHe, HaXo-
JSIIEMCSI ¢ BHEIIHEH IOrO-BOCTOYHOM CTOPOHBI CETH
cericmuueckux crannuit MI'M HALL PK. bimkaiimvu k
SMULEHTPY OB ceficMuueckas rpymnmna «MakaHdm» H
TpexKoMIoHeHTHas cTaHus «llogropuasy» (pucyHoxk 1).

[Tapamerpbl 3emieTpsAceHHss ObUIM  ONpPENCICHBI
Cpa3y HeCKOJIBKUMH ITI00aJIbHBIMH CEHCMOJIOrHYEeCKIMH
LIEHTPaMH U IO0Ka3aJH JI0BOJBHO BBICOKYIO CXOAMMOCTb
JAHHBIX 110 MECTOHAXOXJICHUIO SIMLEHTPAa U BPEMEHH
3emueTpsicenust. ['nmyOuna owara — pasnuna ot 10 mo
20 kM, a MmarauTyAa ot 5,8 10 6,5 u 7,1 (Tabmmmna 1).

3emnerpscenue L{zunxe 08.08.2017 ¢ maruutynoit 7
TaKke OBUIO 3apPEerHCTPHPOBAHO CTAaHLUSMU CHIIBHBIX
newxkennit Makanan (MAKZ) u Kypuatos (KURK), Ha-
xonsaumxcs Ha Teppuropun Bocrounoro Kazaxcrana.

Y - IDC; % -TCPAH; Y-BJI; Y- NEIC; ¥¢—KNDC; % -ISC

Pucynox 1. Cxema pacnonoscenus ceticmuyecxkux cmanyuii AT HAL] PK (A) u snuyenmpa 3emnempscenus

Izunxe (Ys) 8 aseycma 2017 200a no dannvim pazuwix 2106a1bHbIX CCUCMUYECKUX Cemell
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Tabauya 1. Ilapamempor 3emnempacenus Lzunxe 08.08.2017 no onepamuenvim OGHHBIM PA3HBIX 2I0OANLHBIX CEUCMUYECKUX cemell

ABTOp Dara Bpems LupoTa HDonrorta FnybuHa| mb K OnucaHue

IDC 2017.08.08 23:27:49.54 44,2618 82,8436 5,8 BeHa

'C PAH 2017.08.08 23:27:49.5 44,303 82,884 10 6,5 Poccusi (MOS)

BJI 2017.08.08 23:27:52 4427 82,89 11 58 Kutai

NEIC 2017.08.08 23:27:53.08 44,3023 82,8317 20 6,3 CLWA

KNDC 2017.08.08 23:27:54.73 44,340427 82,537425 7.1 16,2 KasaxctaH (NNC)

ISC 2017.08.08 23:27:52.27 44,3207 82,8287 14,9 6,3 AHMmMus
I'EOJIOrMYECKAS CPEJIA CECMOTreHHYI0 CTPYKTYpY NIEpBOTO MOPSIKA B IIpeaesiax

U CEACMOTEKTOHUYECKASI OBCTAHOBKA

SMUUEHTPA 3EMJIETPAACEHUA L[3UHXE

Xpebet bopo-Xopo — uacth Tsab-111ancko# TopHOM
CUCTEMBI, CIyXamas BomxopasaesioM JPKYHrapckoro u
Wnwmiickoro 6acceiiHoB. bompmas gacte xpedTa pacmo-
Jo’)keHa Ha Teppuropud CHHBIBSH-YUTYPCKOTO aBTO-
HOMHOTO paiioHa B Kurae, kpaiiHue 3amajHble OTPOTH
(roper Tokcan6ait) 3axomsaT Ha TeppuTopuio Kazaxcrana
(pucyHok 1). XpebeT BBIACIACTCS CBOMMH OTBECHBIMHU
CTEHaMH, PE3KO PacwICHEHHBIM IrpeOHEeM, TUKUMH, He-
JOCTYIHBIMH YIIEIbSIMH, KPYITHBIMH IIPEArOPbSIMHU, 00U-
JIMEM BJIard W KpalHUM OJHOOOpa3ueM ero (JIopsl
Ouenb kpyTOit rpeders bopo-Xopo u3pe3an yIieabsIMu
Y TIOYTH JIMIICH BCIKOW pacTUTEIbHOCTH. HO HIbKe, WiH
Tam, TJie He CIUIIKOM KPYTOW CKIJIOH, HOSBISIETCS €lb,
KOTOpast CIUIOITHBIMU HETTPOXOAUMBIMHU 3aPOCIISIMH OJIe-
BaeT bopo-Xopo or rpebHs 10 caMOi OAOIIBEI.

B 3amagnoit wactu xpeOTa pacroyiaracTcss TOPHOE
o3epo Caiipam-Hyp. JImnHa XpeOTa COCTaBIIACT MOPS/I-
ka 250 kM, MaKcUMallbHasI BEICOTa JocTuraeT 4 500 M,
Omaromapsi UeMy 8 8OCHOUHOL, HAUbOIee 8036bIULEH-
HOU e20 uacmu Habmo0aemcs 01e0eHeHUe ANbNULCKO-
20 muna (racuumuvleaemcs okono 50 1e0HuKos), cHee jie-
arcum 30ech 3HauumenvHuvlMu maccamu. Illoonsamue xpeo-
ma Ha4anocs 2,5 MaH em Ha3ao u npoucxooum no Ha-
cmosauwee gpems [9]. XpebeT ciokeH MopoJaMHu Iajeo-
30HCKOTO BO3pacTa, MPEICTABIIONINX COO0H BYIKAaHO-
TeHHO-TEPPHUI'CHHbIE 00pa30BaHUs, MECTAMU MMPOHHU3aH-
HBIE TUTyTOHAMU TPAHUTOUIOB.

K ceBep-ceBepo-BocToky oT xpedra bopo-Xopo pac-
nonaraercs J)kyHrapckas BIiaJiiiHa, TOYHee e€ 3araaHast
HauOosee MOHM)KEHHAsi 4acTh C OECCTOYHBIM 03€pPOM
36u-Hyp. JKxyHrapckasi BnaJiHa BBINOIHEHA 15-kuio-
METPOBOM TOJNIIEH BepXHENaneo30ickux 1 6oee Mojo-
JIBIX OTJIOKCHUH, TPEACTABILIIONINX CO00M TpenmMyIie-
CTBCHHO TEPPUTCHHBIC U BYJIKAHOTCHHO-TCPPHUTCHHEIC
oOpazoBanmsi. Ha HEOTEKTOHHYECKOM 3Tare degopma-
yuu U NOOHAMuUA 8vIpA3UTUCL 6 Hadsueanuu FOocho-
JDicyneapckoii cucmemsot (B UCCISAYEMOM PaOHE SBIIS-
foreiics npogomkeHrneM FOHO-TSHBITIAHCKOW CHCTe-
MBI B Jne xpedta bopo-Xopo — npumMedaHie aBTopoB)
Ha Jcyneapckyro enaounnyio cucmemy [10].

Hcxoast n3 BBIMICHPUBEICHHBIX Te€OMOP(OIOTniec-
KUX JTAHHBIX ¥ JAHHBIX HCOTCKTOHUKH MOYKHO BBIJICITUTH

y4yacTKa, BKIIIOYAIOIIEro Haubosee BO3BBIIICHHYIO BOC-
TOYHYI0 4YacTh xpebta Bopo-Xopo ¢ mpuierarommmMu
CeiCMOAKTHBHBIMH Pa3lOMaMH, I'JI€ MOTYT ITPOMCXOAUTh
CHJIbHBIE 3eMJICTpSICEHUs] B30pOocOBOro THma. Takas
CeliCMOTeHHasl CTPYKTypa BKJIIOYAe€T HAaUOOJBIIYIO H3-
OBITOYHYIO MacCy I'€OJIOTHYECKOH cpelbl, KOTopasi oA
MIEPUOANIECKUM JICHCTBHEM JIyHHO-COJHEUHBIX MPUIIH-
BOOOPA3YIOMKX CHJI MOXKET IIOCTOSHHO AeCTaOMIH3HPO-
BaTh 3/IeCh HEJpa Ha ITyOHHE, TPUBOJISI UX B HAIPSKEH-
HO-1e(hOPMHUPOBAHHOE COCTOSIHUE C MOCIEAYIOMUM Pa-
30TPEBOM U BEPTUKAJIbHBIMHU MTOJBHKKAMH 110 AKTUBHBIM
pasyoMam.

Ha pucyHke 2 nmprBe/ieHa TEKTOHHYECKAsl cXxema paii-
OHa dMuIIeHTpa 3emieTpsicenus L3unxe. TekTonnueckre
HapyIIeHHs IPEICTAaBICHbI aKTHBHBIMH Pa3jioMaMu Ipe-
HMMYIIECTBEHHO CEBEpO-3alaHOT0 HAIPaBICHUS COTJIa-
CHO POCTHPAHUIO IOPOJI, @ TAKXKE ITOTIEPEYHBIMH PaA3II0-
MaMH CEBEPO-BOCTOYHOTO HAIpaBJICHUS, pa30NBaroIue
xpebeT Ha oTaenbHbIe 0J0KH. B palione smumieHTpa 3eM-
nerpsiceanst [[3uaxe 2017.08.08 nHabmomaroTcs momy-
KOJIBIIEBBIE PA3JIOMBI, OIOSCHIBAIOLINE, MO-BHIUMOMY,
BYJIKAHHO-IUTyTOHHUUYECKYIO CTPYKTypy. benbiM KoOHTY-
pPOM C BEPTHKAJIbHON IITPUXOBKOM MOKA3aHO MECTOMO-
JIO’)KE€HHE BBIJICIIEHHON CEHCMOTEHHOM CTPYKTYPBHI.

POJIb TPUTTEPHBIX D®PEKTOB B UHULIMUPO-

BAHUM CUJIBHOI'O 3EMJIETPSICEHUS LI3BMHXE

W30bITOuHas Macca reojoruueckor cpeiibl BOCTOY-
HOM BBICOKOTOpHOM vacTu xpebra bopo-Xopo, co3nan-
Hasl BO3BBILIEHHBIMU MacCUBaMU T'OPHBIX MOPOJ, @ TAKKE
JIETHUKaMU M YIUIOTHEHHOW CHEXHOH Maccoil (dup-
HaMM) HaJ HUMH, XOpOILIO OTMEYAETCsl Ha TPaBUMETpU-
YyeCcKOM KapTe CyIIeCTBEHHOW aHOMaJINell CUITBI TSKECTH
B CBOOOTHOM BO3yXe. JTa HOBEPXHOCTHAS N30BITOUHAS
Macca Te€0JIOTHYECKON CPEAbl SIBISIETCS OMHOCUMENbHO
cmabunbHOU M 33 CUET NEPUOANIECKUX JTyHHO-COJIHEY-
HBIX TPHIMBOOOPA3YIOMINX CHJI MOKET TIOCTOSIHHO JIeH-
CTBOBaTh Ha TIIyOMHHBIE TIOPOJBI, YBEIWYMBAS HX
HanpspkEHHO-TeGopmupoBanHoe coctostHue [11]. U ko-
r7ia B Hepax 3eMJIM CKallJIMBaeTCs JOCTaTOUHOE HaMps-
KEHHE Uil TOABWXKKM  OJIOKa TMOpOA, BpeMms
BO3HHKHOBEHHS 3€MJICTPACEHUs dallle BCero Nnpuoiu-
JKAIOT U OIIPEACISIOT TPUITEPHBIE (P PEKTHL.
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Pucynoxk 2. Texkmonuueckas cxema pationa snuyenmpa semiempsacenus L{3unxe ¢ mecmononosicenuem
celicMo2eHHOU cmpyKkmypbl (6eviti KOHMYp) 8 60CMOUHOU 8bICOKO2OPHOU uacmu xpedbma Bopo-Xopo

Ckopoe mpubimKeHne BpeMeHN BO3HUKHOBEHHS 3€-
MJIETPSICEHUS] MOXKET OBITH BBI3BAHO OBICTPBIM YBeJINYe-
HHUEM JIONOJIHUTENbHON N30BITOYHOM Macchl Teoornye-
cKkoii cpensl. Harpumep, pu pe3skoM W3MEHEHHH T10T01-
HO-KJIMMaTHYECKHX YCJIOBUH B ONpEIETEHHBIX paifoHax
(ocoOeHHO B BBICOKOTOPHOW OO0JIACTH) TUHAMWYHEIH
pOocCT M30BITOYHOM MacChl T€OJIOTHYECKON CPeIbl IPOHC-
XOAWT TIPM CHJIBHBIX JIMBHAX M OOJNBIIMX CHETONajax.
[Ipu 3TOM, JNHMBHEBBIE OCAIKH OOJIBILIEH YacThIO Cpasy
CKaTbIBAIOTCSI 10 CKIIOHAM BHHU3 U MOT'YT CKaIlJINBaThCs B
IIpeenax TOPHBIX KOTIOBHH WJIM MEXTOPHBIX BHAIUH B
0eccTOuHbIX 03Epax. YBEJIMYCHUE KOJIMUECTBA OCAIIKOB
B TeueHHe roja oOycCJaBIMBaeT yBEIMYCHUE OOBEMOB
Oeccrounbix 03€p. Ha kocmuueckux cHumkax 2015—
2017 ronoB ObUIO BUIHO, YTO IUIOLIAIL paHEe OOMeIIeB-
mero OeccrouHoro ozepa D0u-Hyp ceBepHee mocénka
[[3nHXe 3HAaYNTENIFHO YBEIUYHUIIACh N3-3a JIETHUX JINBHE-
BBIX AOkIei cHadana B 2016, 3atem B 2017 romy. Berme
CHEeroBo# mmHNK Ha BeicoTe Oomee 3800-4000 M ocagku
BBINAAIOT B BUJIE CHETa U MOTYT HAaKaIUIUBATHCS Jaxe
3a OYeHb KOPOTKOE BPEMs B OU€Hb OONBIINX 00bEMAX.
YBennueHne KOJINYeCcTBa 0CAAKOB OJIarONPHATHO CKA3bl-
BaeTCsl Ha COXPaHEHUH U JJayKe POCTE JICTHUKOB BBICOKO-
ropHoil Azuu. JlemHUKH B CEBEPO-BOCTOYHBIX XpeOTax
Tsup-11lans momy4aroT ocaky Kak 3MMoM ¢ rpeo0iaia-
HHUEM HX IPUHOCA C 3aIIaHBIMU BETPAMH, TaK U JIETOM C
peo0J1alaHieM JIETHHUX I0r0-BOCTOYHBIX MYyCCOHOB. Mc-
CJIC/IOBATEINN JISHUKOB BBICOKOTOPHOII A3nu OOHapy-
KUIH, 9TO YeHmpaibHble yacmu xpebma bopo-Xopo na
bonee evicokux gvicomax noayuarom Ha 50 % bonvuie
JIeMHUX 0CAOKO8 NO CPABHEHUIO C OCMANbHOU HACMBIO
xpebma [12].

B BBeneHMn oTMedanoch, 4YTO CHIBHOE 3eMileTpsice-
nue 1[3unxe Ha xpedre bopo-Xopo npousouwio npakTu-
YecKH cpasy nociie 6onee ciibHOro ChIayaHbCKOTO 3eM-
JIETPSICEHMsI, SMULEHTP KOTOPOro TaKXKe HaXOJMWICS B
Kurae B 2200 kM Ha FOB B gbicoxocopHotl uacmu Ha Boc-
Toke Tuberckoro miato (pPUCYHOK 3).

ITo marueIM runpomernenTpa Poccnu 3a 2017 rox B
3amagHbIX paiioHax Kuras (pucyHOK 4) 0cakoB BBIIAIO
6opmie HOpMEI B onrtopa pasa [13]. Tlo Beeit BugmmMo-
CTH, B BBICOKOTOPHOI 0077aCTH BOCTOYHOI yacTu XpedTa
Bopo-Xopo B pe3ynbrare aHOMaJIbHOIO BbINAJCHUS
0Ca/IKOB B BHJIE CHEra 3HAUUTEIbHO YBEIMYMIACH ILJIO-
11a]Ib CHE)KHOT'O IIOKPOBa C HAKOILIEHHEM OOJIBIION Mac-
cbl (upHa (YIUIOTHEHHOTO U MEPEKPUCTAJUNIN30BAHHOTO
CHera) ¢ IWIOTHOCTBIO 10 0,6 r/cm3,

TpurrepHyo cBsI3b 3eMIICTPSICEHNH C YBEINUECHHEM aT-
MOC(EpHBIX 0CaJKOB MOKHO OTHECTH M K ChI4yaHCKOMY
3eMJIETPSICEHHIO, TaK KaK HaKaHyHE TaM IPOIILTH OOMIbHBIC
JIMBHEBBIE NOXKIH [ 14], KOTOpBIe B BRICOKOTOPHBIX palioHax
€CTECTBEHHO MPOSIBISUINCh CUIIBbHBIMU CHeromnajgamu. Cel-
YyaHCKOE 3eMJIeTpsICeHue, Ipon3orreariee § aBrycra B Ku-
Tae, ObLIO CIIPOrHO3MPOBAHO POCCHUCKUMH yueHbIMH. OO
stoM coobimmn PUA HoBoctu reodusuk, pykoBoIMTENb
J1a00paTOpHK MPOTHO30B U 3eMIleTpsiceHuid Poccuiickoro
rocyJapCTBEHHOI'O THIPOMETEOPOIOIMYECKOTO YHUBEPCH-
tera (PITTMY) Buxrop BokoB. «3t10 3emierpsiceHne Mbl
TMpeICKa3aIn 3a JIBOE CYTOK, OBUIO BHJIHO, YTO 3TO IIPO-
m3oiiner. Tenepb HaOmroaeM 3a COCEAHMMH CTpPaHAMH,
4yToOBI Tpemynpenutb. Omcnedcusaem mam ammocgep-
Hute yenosus [7]. Hdymato, 6omnblie He OyIeT CHIIBHBIX TOM-
YKOB, IOTOMY YTO T€ YCIIOBUSI, KOTOPBIE HHULIMHPYIOT 3eM-
JIETPSICCHHUE, YK€ 3aKOHUWINCH.», — NPOKOMMEHTHPOBAI
Buxkrop Bokos B adupe panuo Sputnik [15].
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Pucynox 3. Jleonuxu svicokoeopnoil Azuu [12] ¢ snuyenmpamu semnempsicenuti [[zunxe (%)

u Coruyanvcrozo (@), npouzoweouux 8 aseycma (no epemenu UTC) 2017 200a
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Pucynok 4. Kapma anomanuii cymm ocaokog sa 20172. 6 % om 200060 nopmut [13] ¢ snuyenmpamu
semnempscenuti Lzunxe (%) u Coruyanvckozo (@)
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Pucynox 5. @azvl nynwr 6 aseycme 2017200a [16]

Takum 00pa3omM, yBellnueHHE KOJIMYecTBa atMochep-
HBIX 0CaJIKOB B paiione xpedra bopo-Xopo B TeueHue ro-
Jla 1 0COOEHHO B HayaJle aBrycTa HakaHyHe 3emiieTpsice-
HUSI TIOBJICKJIO OBICTPBII pOCT 100aBOYHON U30BITOYHOM
MacChl T€0JIOTUIECKON CPEIbl U MOCIEAYIOIIee YBeInye-
HHUE HanpsHKEHHO-Ie()OPMHPOBAHHOTO COCTOSHUS TIO-
PO, 9TO MOCITY>KHJIIO TIEPBHIM U IJTaBHBIM TPUITEPOM ISt
WHUIMAPOBaHU 3emuerpscenns L[3unxe 8 aprycra 2017
roza.

YacTo 3aKIIFOUUTENBHBIM TPUITEPOM AJIS 3EMIIETPSI-
CCHUSA MOKET MOCITYXKUTb YCHUJICHHOC IleﬁCTBPIe JIYHHO-
COJIHEYHBIX IMPUIMBOOOPA3YIOIUX CHJ Ha CEHCMOTeH-
HBIE CTPYKTYPBI C M30BITOYHONH MAacCCOil IeoJIOrHYecKOM
Cpesbl B JIHU HOBOJIYHUS W TIOJIHOJYHHMS. VIMEHHO 3TOT
TPUITEPHBIH 3()(EKT MONHOIYHHS, KaK 3aKIIOYHTEIb-
HBI, CKOpee BCero, cpaboTan u it 000X 3eMieTpsce-
Hui 8 aBrycra 2017 roma (pucyHOK 5).

Taxoke BO3MOXXHO H TO, 4TO 4yTh Oosiee panHee ChI-
YyaHCKOE 3EMJIETPSICEHHUE, SMHUIEHTP KOTOPOrO HAaxo-
JIAIICS K FOT0-BOCTOKY B 2200 KM, OCITY>KHJIO TPUTTEPOM
U1 3emierpsicenus L3unxe. B nurepatype xopouio us-
BECTHBI IIPUMEPBI TPUITEPHBIX BO3JCUCTBUN Ha 3€MIle-
TPSICEHUS], BBI3BIBAEMBIE YIIPYTOM BOJIHOM OT YJaJICHHBIX
celicMuyeckux coObITHii [3, 8]. Takue siBIeHUS AUCTaH-
LMOHHOTO MHULIMUPOBAHUS 1e(OPMAIMOHHBIX IMPOIIec-
COB, CBSI3aHHBIX C ITPOXOXK/ICHUEM IIyTa MOBEPXHOCTHBIX
celicMu4ecKrX BOJH (BOJHBEI Peiest) Ha paccTOsSHMU 110
4000 KM OT PIIHIIEHTPOB CHIIBHBIX 3eMIICTPSCEHHMH, TIPU-
BOJIMJIH K YBEIMYEHHUIO YPOBHS CECMIUYHOCTH Y MHUIIN-
HWPOBAHUIO OLLYTHMBIX 3€MIIETPSICEHUI B APYIrUX pail-
OHaXx.

OBCYXJAEHUE TAHHBIX U PE3YJIbTATOB

MCCJEJOBAHUI

Kak oTrmedasnocs BellIe, BBICOKOTOpHAS YacTh XpeOTa
Bopo-Xopo BMecTe ¢ negHUKaMH u (pUPHAMU TPEACTaB-
nseT co0oi CyIIecTBEHHYIO M30BITOUHYI0 Maccy. B om-
penenéHHBIX MECTaxX, I'/Ie C HOBEPXHOCTH YK€ CYIIECTBY-
€T JOCTaToYHO OoubIras M30BITOYHAS Macca (Harpys3Ka)
B BHJIE BO3BBIIIEHHOTO TOPHOTO MaccuBa, Ha TIyOuHE
HOZCTHJIAIOIIME TIOPO/bI MEPEXOAT B HANPSHKEHHO-]1e-
(hOopMHPOBAHHOE COCTOSTHHE C TIOCTOSIHHO PACTYIINM 6bl-
RUPAIOWUM HAnpaxiceHuem 3a CU€T NeHCTBHS BHEIIHHX
JIYHHO-COJTHEYHBIX IPUIIMBOOOPA3YIOMINX CHII, KOTOpPBIE
MEPUOANYECKH MTPUIIOAHUMAIOT U OIYCKAlOT IMOBEPXHO-
CTHYIO H30BITOUHYO Maccy (TpeBpaias e€ B AHHaAMITe-
CKYIO Harpy3Ky C pacTsDKEHHEM M C)KaTHEM HIDKeleKa-
ux opoy). [Tpu sToM HanpsokEHHO-IePOpMUpPOBAaHHOE
COCTOSIHME TTOPO/] Ha TITyOUHE C TIOCTOSIHHBIM HAJINYNUEM

paccosioB U (IIIOMIIOB JOCTHraeTcs 3a CUET MPOTEKalo-
IIero MPOoIecca KPUCTAIUIM3AIUN U TEePEKPUCTAILIN3A-
LMY [TOPOJT B MOMEHT UX PaCTsDKEHHSI. DTOT MPOIece HO-
CHUT 3K30TEPMUYCCKHUN XapaKTep, T.. UAET C BHIICICHU-
eM Terura. B Takux MecTax galie BCero U BOSHHUKAIOT T0-
psUHe IUTIIOMBI M HaOJII0JaeTcsl pa3yIuIoTHEHHE TTOPO]T ©
TTOJISIMU WJIH 30HaMU TIOTJIOMICHUS MTOTIePEYHBIX ceiicMu-
yecKux BoJH. [Iporiecc kpucramm3anny 1 HepeKprucTa-
JU3AIIH TPUBOUT K PACIIUPEHHUIO OJIOKOB TIOPOJ C yBe-
JIMYCHUEM B HUX JaBJICHUS BHYTPEHHHX CHUJI BO BCE CTO-
PpoHBI (KpUCTaJUIM3aLMOHHOE AaBieHue). Ho, Tak kak co-
CeJlHHE MMPOCTPAHCTBA CHU3Y U C OOKOB 3aHSTHI APYTUMH
OJIOKaMH| TTOPOJT, TO OCTAETCs OJTHO HANIPABJICHUE BBEPX,
KyJa MOXeT COPOCHTHCSI CKOIUBILICECS YIIPYTOe HATIPsI-
JKCHHE C TIPUITOJHUMAHUEM BBINICTICKAIICH TOIIN TO-
pon. EcrecTBeHHO, KOTha CKOIMBIIEECS HATPSHKCHHE
MIPEBBICHUT TIpeIes IPOTHOCTH ITOPOJI ¥ CHITBI TPEHUS Me-
KTy OJIOKaMU ITOPOJT B pa3IOMHOM 30HE, MOKET BO3HUK-
HyTb 3emierpsicenue [17]. YacTo Beck mpomecc ycuire-
HUsI HANPSDKEHHO-1e(pOPMUPOBAHHOTO COCTOSHHS [TOPOJL
Ha TIyOMHE yCKOpsieTcs 3a CYET TPUTTEPHBIX 3P PEKTOB,
IIPY KOTOPBIX IPOUCXOAMUT YCKOPEHHBIA DPOCT IPUIIO-
BEPXHOCTHOM M30BITOYHOM Macchl T€0JOTMYECKOl cpe-
bl 1 JOIIOJIHUTECJIbHOC MAKCUMAJIBHOC OTTAT'UBAHUEC 3EM-
HOW KOPHI (a TaKXKe BEpXHEH MaHTHH) OT SIICPHOM YaCcTH
3emuu.

AHOMaJbHBIC U3MEHECHHUS ITOTOJHO-KIMMATHICCKUX
YCIIOBHH, OCOOCHHO B YacTH OOWMIBHOTO BBIMAJCHUSL
0CaJIKOB, MOTYT IPEICTABIATh COOOH CaMblil CyIIecT-
BEHHBIH TPUTTEPHBIN (HaKTOp /JIs BHI30BA CUIIBHBIX 3€M-
nerpsicenuit. [Ipu pe3komM M3MEHEHUH MOTOAHO-KIUMa-
THYECKUX YCIIOBHUH B OIIpeNeNIEHHBIX paifoHax (0COOEHHO
B BBICOKOTOPHOM 00JIaCTH) AWHAMUYHBIN POCT N30BITOY-
HOW MAacChl T'COJOTMYECKON CpeIbl MPOUCXOIUT IPH
CWJIbHBIX JIMBHSIX U OOJIBIIMX CHEToMajiaX. YKe ¢ UCTO-
pHUYeCKUX BPEMEH TPU ONMKCAHUU PAHOHOB CHJIBHBIX 3€-
MJICTPSICEHUH OTMEYaJICs 3TOT (haKTOp OOMIBHOTO BhIIa-
JICHHS OCAJIKOB B BUJIC JTMBHEBBIX JIOKJCH U CHETOMaI0B
HaKaHyHe 3eMieTpsiceHus. Takue (hakTopsl OTMEUCHEI B
pabore  HukonoBa A.A., Heuwaea C.I0., ®neii-
¢enp JI.J1., AcciIeqoBaBIIMX O JISTOMUCHBIM MCTOYHH-
KaM ¥ apXUBHBIM JaHHBIM CEHCMHUYHOCTH AJTAaWCKOTO
peruona Bo BTopoil nmonouHe XVIII Beka. Hanpumep,
Tepe CHIIbHBIM 3emiieTpsicerneM 29 stHBaps 1765 roma
Ha MpThimickoit o6oponuTenbHoOM muHuK — «I'eHBaps 28-
T'0 TIOTIOJIYAHHU C 4-T'0 Yacy 3 3a1aJIHON CTOPOHBI CUIILHOM
BETPEHOW C CHEIKHOIO METEJIbIO ITOT0/bI BO BCIO HOYb Ha
29-e 4ncno, NONOJIyHOYH 7-T0 Yaca B YETBEPTON MUHYTE
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OBLIO 3eMJIM TPSICEHHE, OT KOET0 BCe KaK Ka3eHHOe, TaK
U MapTUKYJISIPHOE CTPOEHHE 3aHHEM KoJIeOJIeMo, U KH-
TensIM ObUT HeMallol yxkac». A mpu cuinbHOM lllanrun-
ckoM 3emuterpsicennu 10 urons 1786 roga ynmoMsHyTO 0
CUJBbHBIX OXasX 8—14 urons [18].

IMocnennee kxaractpoduueckoe Uyiickoe 3emieTps-
cerne 2003.09.27 B BeIcOKOTOpHO# YacTu ['opHOTO AJI-
Tast TAK)KE BBI3BAHO U3MEHEHHEM ITOTOJHO-KIMMaTHIEC-
KHUX YCJIIOBUH B @HOMAJIbHO XOJOJHBIA M 4pe3BbIYAIHO
noxmnuBei 2003 ron mia LlentpansHOit A3uu, Koraa
KO€ TJie¢ B HEKOTOPBIE MeCSIIbI BhINaaino ot 5-tu ao 10-
TH HOPM 0ca/iIkoB. HakaHyHe 3eMIJIeTpsICEHUsI 110 METEO-
JNaHHBIM cTaHuuu T. Puanep B TopHbiii Anrtaii ¢
11.09.2003 npunuia criomHas 00Ja4HOCTh € MEPUOAHN-
YEeCKUMH OCaJIKaMH B BUJE JOXKAS W cHera. B BeIcoko-
TOPHOMW YacTH OBICTPO pacTymiast JONOIHUTENbHAs H30bI-
TOYHAsl Macca CHEXXHOTO TTOKPOBa MOTJIA CHIIBHO TIOBJIHU-
SITh Ha Ty OMHHBIE HEZIPa 36MHON KOPBI, YBEJIMUUB MX Ha-
MIPSHKEHHO-1E(OPMUPOBAHHOE COCTOSHHUE U TIPUBEAS UX
K KpUTHYECKOH necrabwimm3anuu. V1 B JHW HOBOJIYHHS
27.09.2003 B paiione Yyiickoro xpedra B 11:33:25.1
GMT Bpemenu (17:33:25.1 MecTHOTO) TPOU3OLLIO CHITh-
HOE 3eMJIETpsceHre ¢ MarHutyaoil no 7. B 18:52:46.1
GMT Ob11 MOIIHBIN adTeplIOK. A BBITAJCHUE CHETA HE
npekpaianock u uepes yetbipe aus 1.10 2003 zemmnetps-
CeHHe MOBTOpUioCh [19].

B cesepHoii BeicokoropHoit yactu Tsub-Ilans xopo-
110 U3BECTHBIE KaTaCTPO(PHUECKHE 3EMIICTPSICEHHS HaKa-
HyHe 1 B Hadane 20 Beka Taxke, 0 BCeH BUAMMOCTH,
OBLTH BBI3BaHBI AaHOMAJIBHBIMH TTOTOJHO-KIIMMAaTHIECKHU-
mu ycrnoBusiMu. Tak BepHeHckoe 3emiieTpsiceHHe
1887.06.08 nmpou3011110 B XOJIOAHBIN, 0OraThlii 0CaKaMH
1887 rop, xoraa yxe «...B anpese MoYBeHHAas BOJa B HU-
JKHEH 4acTH ropojia BHICTyNala Ha IIOBEPXHOCTh 3EMIIH,
3aTOMUB MOABAIBI U HWKHHE JTaXd JOMOB...» [20].
A HENOCPEICTBEHHO TMepes 3eMJICTPSACECHUEM NPOLLIH
JUBHU [21], KOTOpBIE B BHICOKOTOPHOW 00J1aCTH, IO BCEeH
BUAMMOCTH, OTpPA3WJIUCh OOWJIBHBIMH CHETOIaJaMu.
Camo BepHeHckoe 3eMIeTpsceHne MpOU30III0 Ha BTO-
po¥i IeHb TIOCIIE TTOJTHOTYHUSL.

Kemunckoe 3emmerpsiceane 1911.01.03 mpomsomnmuio
B aHOMAJIFHO X0I0oAHYT0 3uMy 1910/1911 romos ¢ o0mitb-
HBIMH CHErOIlaJaMU BO BCEX CTPaHaX CEBEPHOrO IMOy-
mapust 3emsn. Tak ra3eTsl TOr0 BPEMEHH MHUCAJH, YTO
camas mrotast 3uma B Kpeimy Obuia B 1911 romy [22].
B A6xa3uu 0ONbIION CHET HAa4ajcs B HOYb ¢ 3 Ha 4 sH-
Bapst 1911 roza ... cHer 11en ¢ HeOOIBITUMHU MTEpephIBa-
MU JIBaaIaTh aHen 1o 23 suBaps [23]. A Ha Bcelt EBpo-
nelickoit yactu Poccun B 1911 roay temneparypa B Te-
YeHHe Mecsina aepxkanack Ha oTMeTke —40. B ceBepHBIX
paifioHax cTpaHbl PTYTHBIA CTOJOMK OITycKancs M0
=55°C. ... 3uma 1911 roma m3BecTHa TakKe TEM, YTO
JTIOTBIX MOPO30B HE BBIAEPKaN U 3aMep3 naxe Huarap-
ckuit Bogomnax [24]. Ha Kybanu camoii cHe)XHOM MOKHO
cuntath 3uMy 1910-1911 roma, xoraa B peruoHe CHEX-
HBII IIOKPOB JOXOJMJ IO YETBIPEX METPOB, & MOPO3bI J10-
cturaim MuHyc 25 rpagycoB [25]. Tak xak OCHOBHEIC
ocanku B paiions! CeBepHoro TsiHp-11lans noctynarot ¢

3amajHbBIMK BETPAMH, TO U TaM, 0 BCEH BUIUMOCTH, ObI-
J1a cCHeXXKHas U XoJiogHas 3uma. Camo KeMuHcKkoe 3eMite-
TpsICEHUE MPOU3O0NUIO HA TPETHUH JIEHBb IOCIEC HOBOIY-
HHUSL.

Bonpmas 9acTh CHIBHBIX 3eMIICTPSICEHUH MPOUCXO-
IAT B THU CU3U2UL — HOBOJYHHS WIIH TIOJTHOITYHUS U OJH-
3KHe K HUM JHH, Korna JIyHa, 3emms u ConHIle cTpeMsT-
Cs1 BRICTPOUTRCS Ha OJTHOM MpsiMOii. B oTi nHM HaOmo1a-
eTcst HanOoJbIIee TPaBUTAIIMOHHOE BO3/ICHCTBHE IPHITH-
BooOpasytonmx cui Jlynsl u ConHIa Ha BHYTpEHHUE
000JI0YKH TejIa 3eMJIM ¢ MAKCUMAIbHEIM OTTSATHBAHHEM
UX OT siepHON YacTH. Takue THU Yalle BCETo SBISIOTCS
3aKJIFOYUTEIBHBIM TPUTTEPOM JUIsI BhI3OBa (cpabaThiBa-
HUS) 3eMJICTPSCCHUS, KOTa HANpsKEHHO-TePOpPMUPO-
BAaHHOE COCTOSHHE MOPOJ] HA MIyOWHE MPHOIMKACTCS K
KPUTHYCCKOMY.
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SMHLEHTP aliMaFbIHBIH I'€OJIOTHSJIBIK OPTAChl MEH CEIICMOTEKTOHUKAIIBIK aFaiibl CUMaTTanFaH. buik Taysbl ailMakTarsl
aya-paibIHBIH KJIMMATTHIK JKaFJaijapbIHbIH THHAMHUKAJIBIK ©3repyiHe OaillaHbICThI XKep CUIKIHICIH OacTay YIIiH TpUrrep
acepiiepi KenTipiireH, Oy KATThl HOCEp MEH YJIKEH Kap/iaH KeliH Ie0JI0TUsUTBIK OPTaHbIH apTHIK MACCACHIHBIH T€3 OCYyiHE,
COH/Iali-aK TOJIBIK ail KyHJIepiH/Ie Te0JIOT UsUIBIK OPTAaHBIH apThIK Maccachl 0ap CeHCMOTeH K KYPBIIbIMFa aif-KYH TOJIKbIH
TY3YIi KYIITEPAIH KYLICIOiHE SKeJIIi.

Tyiiin co30ep: sicep CinKiHICiHIY INUYEHMPI, CEUCMUKANBIK, 2C0N02USTbIK, OPMAHbIY APMBIK MACCACHL, AYbIPILIK KYUIHIY
ayblmgysl, beacendi akaynap, celicMo2eHOIK KYpulLibiM, mpuezep acepiepi, aya-paubl-KIuMammaolk Jcaz0auiap, au-KyH
MONIKbIH M3Vl Kyumep.
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POIb TPUITEPHBIX 3®®EKTOB B UHULIMMPOBAHWW CUNBHOT O 3EMNETPACEHWA LIBUHXE
8 ABI'YCTA 2017 rOLA HA XPEBTE BOPO-XOPO (KATAW)

THE ROLE OF TRIGGER EFFECTS IN THE INITIATION OF THE STRONG JINGHE
EARTHQUAKE ON AUGUST 8, 2017 ON THE BORO-HORO RIDGE (CHINA)

A. E. Velikanov
RSE NNC RK Branch “Institute of Geophysical Research”, Kurchatov, Kazakhstan
* E-mail for contacts: aevelikanov@mail.ru

The parameters and instrumental data of the registration of the strong Jinhe earthquake on August 8, 2017, as well as the
geological environment and seismotectonic situation of the epicenter area are described. The trigger effects for the
initiation of an earthquake associated with a dynamic change in weather and climatic conditions in a high-altitude area,
which led to a rapid increase in the excess mass of the geological environment after heavy rains and heavy snowfalls, as
well as with the increased effect of lunar-solar tidal forces on the seismogenic structure with an excess mass of the
geological environment during the days of the full moon.

Keywords: earthquake epicenter, seismicity, excess mass of the geological environment, gravity anomaly, active faults,
seismogenic structure, trigger effects, weather and climatic conditions, lunar-solar tidal forces.
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TPEBOBAHUSA K O®OPMJIEHUIO CTATEM

Cratby 14 MyOIIMKaUK B XKypHAJIe OTIIPABIISIOTCS aBTOPaMU IOCJIe PETUCTPaly Ha BeO-caiiTe )KypHaia B 9JIEKTPOHHOM BHUJIE B
¢dopmare MS WORD (.docx), a mociie npuHSITHS peLieHus O MyOJIMKaliK CTaThy peAakiyeil (0 OKOHYaHHUH TPOLecca MPOBEPKU U
PELEeH3UPOBaHNs) — U B BUJIE NIEYaTHOH KO OKOHYATENbHOI PEIaKIMU CTAaThH C COTJIACHEM aBTOPOB Ha MyONIMKALUIO U X MOAIH-
csiMH (TIO TI0UTE, KyphepOM H TIP. B aApeC PEAAKLINH).

Texcr mevaraercs Ha auctax Gopmara A4 (210x 297 mm) ¢ momsamu: cBepxy 30 mm; canzy 30 mm; cieBa 20 mm; cripaBa 20 MM, Ha
npuHTepe ¢ BEIcoknM paspemmenneM (600-2400 dpi). [opru3oHTanbHOE pacIonoXeHNe JUCTOB HE JOITYCKACTCsL.

HUcnons3yitre mpudt Times New Roman Breicotoit 10 mynkros. IToxkanyiicta, Hcronb3yliTe BCTPOSHHBIE CTHIIN 3ar0JIOBKOB (3a-
roJIOBOK 1, 2...) TONBKO JUIsS Ha3BaHUS CTaTbU M 3aroJIOBKOB MOJAPA3JEIOB, U HE MCIOJb3YIHTE UX JUIsl OOBIYHOIO TEKCTa, TAOIHI] U
MIOJAPUCYHOYHBIX TTOJITHCEH.

B neBoM BepxHeM yrily mepBoii cTpaHHULbI H0JDKEH ObITh yka3aH unzaekc Y /K. Ha3panue ctaTbu meyaTaeTcst HUKE 3aryIaBHBIMU
OykBami, B o1HOM ab3aue. [locie 3Toro neyaraercs TEKCT KpaTkoil aHHOTau Ha s3b1ke cTaThi (100-3000 cuMBOIIOB), U OTAETBHOM
cTpokoii (mocne ppassr Kittouessie cioa:) — kinoueBble cinosa (5—10). lanee, co cienyromero ab3ana — 0CHOBHOH TEKCT, COACPIKALLIMI
pasnenst: Beenenne, OcHOBHYIO 9acTh U Pe3ynbTaTsl (BO3MOXKHO, € TOApa3enaMu), 3akirodenue. [locne Tekcra CTaTby MPUBOIUTCS
CIHCOK JTUTEPATypHI (Ha S3bIKAX OPUTUHAIOB) U OJIOKH «HA3BaHUE CTAThH, AHHOTALWS, KIIIOUEBBIE CII0BA) HA ABYX OCTaBIIMXCS S3BIKAX.

O6patute BuManue, uro ®VO aBTOpOB U NpeAcTaBIsIeMble OPraHU3aliK B CTAThe YKa3bIBaTh HE HYKHO, T.K. CTaTbU IIPOXOJIST
JIBOIHOE «CJIeTIoe» pelieH3npoBanne. DTy nHpopMarmo HeoOXoquMo OyeT 3a0HUTh Ha TPeX SA3bIKax (PYCCKOM, Ka3aXxCKOM, aHT-
nuiickoM) B (hopMe Ha BeO-caiiTe mpu nojxade crathi. PekomMeHyeM 3apaHee NOATOTOBHUTH €€ B BHIE OTAEIBHOIO JOKYMEHTa ¢ Tal-
nuramu o oopasiy (cm. OBPA3EL] Ha cnenyromieil CTpaHuIle) U IPUIOKHUT K CTaThe.

Jlnst TekcTa cTaThy MCHONB3YHTE OAMHAPHBIN MEKCTPOUHBIH HHTEPBAJ, MEXK/Iy ab3alaMu HE HY>KHO BCTABIIATH MyCThbIe a03allbl U
CTPOKH.

He ucnonp3yiiTe TaONUIp! 11 PacHoONOKEHHS WLTIOCTPAMKA M MOAPUCYHOYHBIX MOAMKUCEH, a Tak)Ke CpelcTBa pucoBaHUusS MS
Word noBepx WLTIOCTpAIHH.

MaxkcuManbHO AOIYCTUMBIN 00BbeM cTaThil — 10 cTpaHwuII.

IIpn HanucaHuy craTell HEO0XO0AUMO NPHUAEPKUBATHCH CI1eIYIOIINX TPeOOBAHMIA:

e  OxoHuaTenbHAs PENaKIUs CTAThH, MPOIIe/IIas PEIeH3UPOBaHUE U JOMyIIEHHAs K ITyOJIMKAaIUK, JOJDKHA COAEPXkKaTh OJOKH Ha
TpeX s3bIKax — Ka3aXCKOM, aHTJIMHCKOM U PYCCKOM, C YKa3aHHEM HA3BaHUS CTAaThH, (GaMIINi{, IMCH, OTYECTB aBTOPOB, MOJHOTO
Ha3BaHWs OpPraHU3aldi, TOPOJOB U CTPAH MECTOHAXOXKACHHS, KOTOPBIE OHU IPEICTaBILIIOT, aHHoTanuu (o6semom 100-3000
CHUMBOJIOB, BKITFOUAs 3HAKH TIPCTIMHAHUS M IPOOEITBI), U KIIOYEBBIX ¢0B (5—10).

e  CcpUIKM Ha JIUTEpaTypHbIe HCTOYHHMKHU IAIOTCS B TEKCTE CTaThy LM(ppaMH B KBaJIPATHBIX [...] CKoOKax 1o mMepe yIOMHHAHMSI.
Crucok suteparypsl npusoautcs o I'OCT 7.1-2003.

e  [loxanyiicra, He HCIIOJIB3YIHTE MEXaHH3M aBTOMaTHIECKOI HyMepanu (o) MS Word utst Hymeparun CChIIOK Ha JIUTeparypy,
CIHCKOB, PUCYHKOB M TaOJHI] — UCIIOIb3yHTe OOBITHBIA TEKCT;

e  Mmmoctpammu (rpaduKy, CXeMBbl, JTHAarpaMMbl) JODKHEI OBITH BBITOJHEHBI Ha KOMITbIOTEpe (IIMpPHHA pHCyHKa & mwimm 14 cm).
Oco6oe BHIMaHHE 00paTHTEe HA HAAIICH HA PUCYHKE — OHH JOJDKHBI OBITh Pa3IMYMMBI IPH YMEHBIICHUH 10 YKa3aHHBIX BBIIIE
pa3mepoB. Daiibl pUCYHKOB TOJDKHBI OBITH IPEJICTABICHBI OT/ACIBHO B OJTHOM U3 PacTpoBBIX — .tif, .png (U1 cXeM U pHUCYHKOB
¢ Haamucsamu), .jpg (mas ¢poto) ¢ paspemennem 300 dpi (~1000 px mis pucynkoB mmpuHoi 8 cM u ~1800 px myst pUCyHKOB
mpuHoi 14 cm) uim Bektopusix — .svg, .wmf, .emf ¢opmarax. Hazsanus aiiioB 10/mKHBI COOTBETCTBOBATH IOJIOKEHUIO B
crarbe (Hanp. Pucynok 1-a.tiff). [{ns Haamuceit Ha pucyHKax NPeANOYTUTENBHO UCTIOIB30BaTh pu(T Arial Narrow uian anano-
rUYHbIHA (y3kui wpudT 6e3 3aceuex).

e  Maremaruueckue Gopmyibl B TEKCTE IODKHBI ObITh HaOpaHbl kak ypaBHenus MS Word wmu dopmynsr MathType. Crenyer
HYMEPOBATh JIMIIb T€ (OPMYJIBI, HA KOTOPbIE IMEIOTCSI CChIJIKH B TEKCTE.

e  TekcT nomkeH ObITh TIIATENBHBIM 00Pa30M BBIBEPEH U OTPEJAKTUPOBAH. ByMaxkHast BEpCHHU CTaThsl JOMKHA OBITh B KOHIIE TOJI-
MICcaHa aBTOPAMH.

K cTaTbe npuiaraioTcs cieayloume 10KyMeHTbI:

1) Conposodumenvroe nucomo om asmopog, B KOTOPOM JTOJDKHBI COIEPKATHCS CBEICHHUS O TOM, YTO CTAThsI MOXKET OBITH OIYOJIH-
KOBaHa B OTKPBITOH Ie€4aTH, paHee He OblIa oIyOIMKOBaHa, He HAXOAUTCS HAa PACCMOTPEHUH Ha IpeMeT IMyOIUKauH B APYTHX
H3IaHMSX, CTaThsl HE COAEPKUT NH(OPMAIIHH, CIIOCOOHON IIPUBECTH K KOH(IINKTY HHTEPECOB.

2)  Daiinbl pucynkos.

HasBanue craTbn, aHHOTaLU, KIIOYEBBIE CJIOBA, a TAKXKE CBEJICHUS] 000 BCEX aBTOpaxX CTAaTHH 3aIlOJNHSIOTCS Ha 3-X s3bIKax (pyc-
CKOM, Ka3aXCKOM, aHIJIMiickoM) B (hopMe Ha caiiTe Ipu noaaye cTaTby (3Ty HHOPMALIMIO TAKKE JKEIATEIBHO IPHIOKUTD K CTAThE B
Buze otaenbHoro ¢aitna — cm. OBPA3ELL Ha cnenyrormeit crpaHuLe).

JIOTIONTHUTENBHYO aKTYyaJIbHY0 MH(GOPMALHIO 110 0(GOPMIICHUIO, TOATOTOBKE CTaTel, aBTOPCKUM IIPaBaM, PErHCTPALUH MOXKHO
MONYYHTH Ha BeO-caiiTe )xypHaina B paznene [IpaBuia aus aBropos (https://journals.nnc.kz/jour/about/submissions).
Crarbu, opopMiIeHHEe KOTOPBIX HE COOTBETCTBYET YKA3aHHBIM TPEeGOBAHMAM, K MYOJIMKALMHI He JOIMYCKAIOTCS.
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OBPA3EI]

Ha3spaHue cTaThbu (Ha pyCCKOM 5I3bIKE)
Tadanuna 1. ABTOpPSI (Ha pycCKOM SI3bIKE)

Howmepa opranu-
Topsinko- Tenedon Mepa Oprati
o OtuecTBO 3a1uii, KOTOpbIe
BBII HOMEp Nms VueHnas (6e3 ckoOoK,
Dammus MOJHOCTBIO | JIOJDKHOCTB DNeKTpoHHas 0YTa NIpeJICTaBIsIeT
aBTOpa MOJIHOCTBIO CTEINeHb npo0enoB
cratin (ecnu umeercs) U nedicos) aBTOP
a (13 Tabmuns! 2)
1 VBanoB HBan VBaHoBuY JOLEHT PhD +57771114455 | my_mail@mail.ru 1,2
2 Iletpos Ietp IletpoBuu 3aB. 11a0. K..-M.H. | +69992223366 |my mail@google.com 1
Tabuauua 2. Opranuzauuu (Ha pycCKOM si3bIKe)
ITopsiaxoBbIit HaumMeHnoBanue ITonHbIit MOUTOBEIH aapec OduianbHblil BeO-
HOMEpP (uHzeKc, cTpaHa, ropoj, yJIULa, 10M) caiit (eciu umeeTcs)
OpraHM3aluu
EBpasuiickuii HAMOHANBHBIH YHUBEPCUTET 010008, Pecriyonuka Kaszaxcran, r. Hyp-Cynras,
1 www.enu.kz
um. JI. H. I'ymunesa yi. Carmaesa, 2
AcrtanuHckuii Gpunan MuctutyTa saeproit pu- | 010008, Pecniy6irka Kaszaxcran, r. Hyp-Cyinran, .
2 M www.inp.kz
3ukn M3 PK np. AGbuiaii xaHa, 2/1

Ha3BaHue cTaTbu (Ha Ka3aXCKOM SI3bIKE)

Tabmua 1. ABTOpPbI (Ha Ka3aXCKOM $SI3bIKE)

Makaiia aB- .. Tenedons .
OKeciHiH To- ABrTOp yiibIM/Ia-
TOPBIHBIH . FoutbiMu | (kakmacer3, 6oc | DJIEKTPOH/IBIK MOII- . .
. Teri ToubIK aThI JIBIK aThI Jlaya3bIMBI . PBIHBIH HOMIpIIepi
peTTiK He- JI9peXKeci | OPBIHCHI3 XKOHE Tachl
.. (6osca) . (2-xecteneH)
Mipi neducciz)
1 VBanoB HBan MBanosuu JIOLEHT PhD +57771114455 | my_mail@mail.ru 1,2
3epTXaHa
2 IerpoB Tletp TlerpoBry MEHTepy- d.-M.F.K. | 169992223366 | my mail@google.com 1
mrici
Tabamua 2. Opranu3anuu (Ha Ka3aXCKOM s3bIKe)
YIBIMHBIH PETTIK Ataybl ToNBIK MOMITANBIK MEKEHKANBI Pecmu BeO-cailT
HeMipi (uHzeKc, eI, Kana, Kele, Yif) (6omnca)

JI. H. I'ymunes atemnarsl Eypasust ynrteik | 010008, Kazakcran Pecy6muxacsl, Hyp-Cynran k.,

1 . .
YHHUBEPCUTETI Carnaes keuieci, 2

www.enu.kz

KP OM S nposblk pHU3UKa HHCTHTYTHIHBIH 010008, Ka3zaxcran Pecrry6nukacel, Hyp-CyoiraH K.,

M www.inp.kz
ActaHa Guiamansl AObI1aii XaH JaHFbUIbL, 2/1 P

Ha3Banue cTaTbHu (Ha aHTJINHCKOM SI3BIKE)

Tabauua 1. ABTOpPHI (Ha aHIIIHHCKOM SI3bIKE)

Order Telephone Numbers of organi-
number of Full Middle o, Academic P . zations represent-
) Surname | Full Name . Position (free of brackets, E-mail .
author’s Name (if any) degree aps and hyphens) ing by author
article £aps yphens (from Table 2)
1 Ivanov Ivan Ivanovich Associate PhD +57771114455 my_mail@mail.ru 1,2
professor
Chief of la- | S3nd- OF
2 Petrov Peter Petrovich Phys. and |+69992223366 my_mail@google.com 1
boratory
Math. Sc.
Ta6auna 2. Opranu3anuu (Ha aHTIHHCKOM SI3BIKE)
Order number Title Full post address Official web-site
of organization (zip code, country, city, street, house) (if any)
1 L.N. Eurasian National University 010008, Republic of Kazakhstan, Nur-Sultan, Satpa- | www.enu.kz
yev st. 2
5 Astana Branch of the Institute of Nuclear 010008, Republic of Kazakhstan, Nur-Sultan, www.inp.kz
Physics ME RK ave. Abylai Khan, 2/1

Ipumeuanue: ecny HHPOPMALHUS OTCYTCTBYET — OCTaBIISINTE COOTBETCTBYIOIIUE STUCHKN TaONUIIBI IyCTHIMH.
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