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OBILIAA XAPAKTEPUCTHUKA PABOTHBI

Axmyanvnocms padomsl. PaboTa MocBsIeHa OJHOW U3 CaMbIX aKTyaJlbHBIX
npo0ieM MaTepHallOBEJEHUs, a UMEHHO, 3aumTe (QYHKUUOHAIBHBIX U
KOHCTPYKIIMOHHBIX MaTEPHAIIOB OT BOJOPOJHOTO OXPYMUMBAHUS M KOPPO3HUHU.
[{upkonuepsiii crutaB Zr-1%Nb (9110) B HacTosiee BpeMs SBISETCS BaKHBIM
(GyHKUIHMOHATBHBIM U KOHCTPYKIIMOHHBIM MaTepUaioM JIJIs MHOTUX OTpaciiel HayKH
U TEXHUKU IO MPUYMHE €ro MPOYHOCTHBIX CBOWCTB, XOPOUIEH IJIACTUYHOCTH,
YHUKaJIbHOH OHOCOBMECTHMOCTH W JPYrMX CBOMCTB. (OCOOEHHO IIMPOKO
mupkonueBbie ciniaBel (Grade R60700, Grade R60702, Grade R60704, u npyrue [1])
0 XHMMHYECKOMY cocTaBy Onm3kue Kk D110, ucrnonb3yroTcs B XHMHYECKOU
MPOMBIILICHHOCTH (B KOHCTPYKIIUSIX XUMUYECKUX PEAKTOPOB, B BUJI€ OCCIIOBHBIX
U CBapHbIX TpyO0 W (UTHHTOB, B Hacocax M TpyOO3amopHOW apmaType;
WCIIOJB3YIOTCS TOKOBKHM, OTJIMBKH, JUCTHI, TUIMTHI U TaK Jajnee, padoTaroliue B
YCJIOBHSIX BO3JICHCTBHSI arPECCUBHBIX CPE/).

B nactosmielt pabote co3iaBaiuch M MCCIEIOBAIUCH MTOKPBITUS U3 HUTPUAA
TiNyx. TlokpbITHsSI W3 HHTpPHJIA THUTaHA YXKE IIMPOKO WM3BECTHBI M XOPOIIO
3apEKOMEHJI0OBaJIM ce0s BO MHOTHX OTpacisx Onarogapsi CBOeH M3HOCOCTOMKOCTH,
TBEPJIOCTH U XUMUYECKON CTAOUILHOCTH. B MeHbIel cTeneHu u3BecTHO, 4TO 3TU
MOKPBITUS MMEIOT HHU3KYK0 BOJIOPOJHYIO IPOHUIAEMOCTb U  SIBISIOTCA
MEPCIEKTUBHBIM JJIS 3aIUTHl KOHCTPYKIIMOHHBIE U (DYHKIIMOHAJIBHBIE MaTepUaIbl
OT BOJOPOAHOTO OXPYIMUYUBAHUS U KOppo3uu. WM3BEeCTHO, YTO pa3audyue B
kodpunmentax repmuueckoro pacmuperus (KTP) moamokku v mMOKphITUS MOKET
0OyCJIOBIIMBATh YXYJIIEHUE CTOMKOCTHM K OOpPA30BAHUIO TPEIIMH M YXYIIIECHUIO
anare3ud TOKpeITUs. g ymydineHuss aare3u MOKpbITUS TiIN MNpUMEHSIOTCS
pa3HoOOpa3Hble METOJWKH, Hampumep, (OPMHUPOBAHUE NEPEXOAHBIX CIIOEB.
dopMUpOBaHUE NMEPEXOTHOTO CII0s, HAPUMED, U3 TUTAHA, MOKET CO3/1aTh YCIOBUS
JUIsL caMo3aliedyuBaHusg TOKpbITUS TiN MpuU MEXaHMYEeCKOM MOBPEKIECHUU WIIN
MOSIBJICHUH TPEIIUH HA MOBEPXHOCTHU CILJIABA.

B mnpencraBnsiemoit pabote s GOpMHpPOBAaHUS 3aIIUTHBIX CTPYKTYp Ha
MOBEPXHOCTU  LIMPKOHUEBOTO  CIUIaBa  MPEIJAraeTcs  MOCIEI0BATENbHOE,
HEMPEPBIBHOE, B OJIHOM SKCHEPUMEHTE MNPUMEHEHHUE 2-X METOAOB: IUIa3MEHHOMU
uMMepcuoHHoi noHHOM uMmranTtanuu ([IMMU) tutana u ocaxnenue TiNy u3
TUTAHOBOM IJIa3MbI BaKyyMHO-IyroBoro paspsaa (BJIP).

O0603HaueHHBIC MAaTEpUAIIBI U METOIbI YK€ HAIILIK MPAKTUUECKOE TPUMEHEHUE,
TEM HE MEHEe, Ha JaHHbII MOMEHT OCTalTCs CcJa00 HM3yYCHHBIMU WIH HE
M3YYECHHBIMH (DU3NUYECKUE MEXAHU3MbI, KOTOpPbIE MPUBOASIT B psAE CIydaeB K
XOpOIIUM pe3yJbTaTaM Ha MpakTUKe (CHUKEHHWE YPOBHS HABOJOPOKUBAHUS,
yiaydiieHue (U3NYeCKUX U MEXaHUYECKUX CBOMCTB W jpyrue). OueBUAHO, YTO
KOJIMYECTBO TaKUX PE3YJIbTATOB CYIIECTBEHHO YBEJIIUYUTCS, €CIIM OYAYT MOTHOCTHIO
U3Y4YeHbl MEXaHW3Mbl B3aUMOJEUCTBHUS BOJAOpPOJAa C pa3pabaTbiBaeMbIMU
MOKPBITUSIMH U ¢ MOJIU(DHUIIMPOBAHHON MOBEPXHOCTHIO CILJIaBa M3 IIMPKOHHUS, YTO
JaCT BO3MOKHOCTh ITPOTHO3UPOBATH UX 3AIUTHBIEC U KCILTyaTallMOHHBIE CBOICTBA.

Takum oOpazoM, MpeACTaBICHHAS TUCCEPTAIIMOHHAs paboTa HampaBieHA Ha
UCCIICIOBAaHNE MEXaHU3MOB (POPMHPOBAHHUS TOHKOIIEHOUHBIX cucTeM 1IN/ Ti/Zr-
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1%Nb mpu  KOMIUIEKCHOM  HOHHO-TJIA3MEHHOM ~ MOAU(DUIIMPOBAHUM  UX

MTOBEPXHOCTH, a TAKKE HA U3YYEHHUE MEXAaHU3MOB B3aUMOICMCTBUS BOJOPOA C 3TOU

CUCTEMOM.

Cmenens pazpabomannocmu memvl UCc1e008aHUIl.

Ha ceropnsimauii 1eHb B HAy4YHOM MEPHOJUKE MOXKHO HAWTH OOJIBIIOE
KOJMYECTBO PabOThl MO  HCCIACAOBAHUIO B3aMMOJEHCTBUS  BOJOpOAA C
UPKOHUEBBIMU CIUIaBaMU (M APYTMMHU KOHCTPYKIIMOHHBIMU U (DYHKIIMOHATLHBIMU
MaTepuajgamu), pa3padaTbiBaeTCsi MHOTO CIOCOOOB MX 3alIUTHl OT KOPPO3UH U
BOJIOPOJAHOTO OXpyMm4yuBaHUs. B omyOnuMkoBaHHBIX paboTaXx H3Yy4YeH IMpoLecc
TUAPUPOBAHUS TUPKOHUEBBIX CIJIABOB B 3aBUCUMOCTH OT METOJIOB U MapaMeTpOB
HACBIIIECHHUSI BOJOPOAOM, M TAKXKE, W3YYEHO BIMSHHUE PA3IMYHBIX JIETUPYIOIIHX
AJIEMEHTOB Ha KOPPO3HUIO U BOJOPOAHOE OXpyuuBanue. OQHaKo, CyIIeCTBYET MaJIO
UCCIICIOBAaHU pPAacTBOPUMOCTH, AUPPY3MH U MPOHULIAEMOCTH BOJOpPOAA B
MeTaulax M craBax. Kpome Toro, He pemancs BOIPOC O B3aWMOJICHCTBUU
BOJOPO/Ia C IMPKOHMEBBIMHU CIUIABAMM M TOHKOIUIEHOYHBIMM CHCTEMAMH IpHU
IIOHM>KECHHOW TeMITepaType.

[IpakTHyecku He HCCIaeAO0BaHbl Mpolecchl (HOPMHUPOBAHMS HOKPHITUHA IPU
[TNNU u BakyyMHO-ayroBoMm ocyxenuu (BJ10) u3 merammmueckoi miazmel B/IP.

[IpyurHa 3TOrO, MPEXKIAE BCEro, B HEUCCIEAOBAHOCTH MAacCOBOTO COCTAaB
mwia3mbl BJIP u3-3a OonbLIMX 3KCHEPUMEHTANbHBIX TPYIHOCTEH AJISl MPOBEICHUS
TakuX ucciuenoBanuid. [loaromy Bormpoc 0 MexaHu3Max (GOPMUPOBAHUS TOKPBITUI
pemaeTcsi B HacTosIee BpeMsi Ha YpOBHE Tunore3 (moapoOHee cM. riaBy 3
JIMCCEPTALIHH).

Ilenv  Ouccepmayuonnont  paoomsei:  V3yueHne  3aKOHOMEPHOCTEHN
dbopMupoBanus TOHKOIUIEHOUHOM cucTeMbl TiN/Ti/Zr-1%Nb, mnomyyeHHON
METOAAMHU TUIa3MEHHO-UMMEPCUOHHOW MOHHOW WUMIUIAHTAUU Tin" U OCaKICHHS
TiN w3 mnasmbl BaKyyMHOTO JyrOBOTO pa3psila THTaHAa W 3aKOHOMEPHOCTEH
BJIMSIHUSI OKPY>KAIOIIEN CPEJIbl Ha SKCILTYaTAl[MOHHbIE CBOMCTBA 3TOM CUCTEMBI.

JUis TOCTUKEHUS] TOCTABJICHHOW LIeJN ObUlM CPOPMYIMPOBAHbl U pEIIAIUChH
CIIEAYIOIIME 3a0a4M:

1. OnpenenuTs BIUSHUE TEXHOJIOTMUECKUX (DAaKTOPOB HAHECEHUS COCTABHOIO
MOKPBITUSI METOAAMU MIA3MEHHO-UMMEPCUOHHON HOHHOW UMILJIAHTALIMY TUTAHA
U BaKyyMHO-AYroBoro ocaxiaeHus TiN Ha KpuUCTaIUIMYEeCKuM, (a30BBIA H
AJIEMEHTHBIA COCTaB, MOP(OJOTHI0 MOBEPXHOCTH U COPOLMOHHBIE CBOWCTBA
BOJIOPO/IA MOTYYEHHBIMHU MOKPBITUSIMHU.

2. HccnemoBaTh 3aKOHOMEPHOCTH (POPMHUPOBAHUS KPATEPOB HA TOBEPXHOCTH ClIaBa
Zr-1%Nb npu mina3zMeHHO-MMMEPCUOHHOM HMMIUIAHTALIMM TUTaHA U3 IJIa3MbI
BaKyyMHOTO JAYTOBOT'O pa3psijia, AaTh UX (PU3NYECKYIO0 HHTEPIPETALIMIO.

3. YcTaHOBUTH BIMSHUE arpecCUBHBIX  (DaKTOPOB  OKpPYXalolEed Cpeabl
(MOHW)KEHHBIX TEMIIEPAaTyp H COJNEHOCTH) Ha aJre3MOHHBIC CBOWMCTBA
MTOJIyY€HHBIX TOHKOIUIEHOYHBIX MOKPBITUH. J{J1s1 3TOTO!

a) pazpaboTaTh NpoLEaypy MOACITUPOBAHUS BO3JCHCTBHS YKa3aHHBIX (PaKTOPOB
B 1a00paTOPHBIX yCIOBUSIX;
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0) B KauecTBe oOpasla OKPYXKAIOMIEH Cpeabl WCIOIb30BaTh YCIOBUS
MaKCHMaJbHO MPHOIMKEHHBIE K YCJIOBHSIM apKTHYECKOTO TOOEpekbs U
OypoBbIX MIaTGOpM, pabOTAIONINX B APKTHUIECKOM MOPE;
B) TMpojeiaTh OKCIEPUMEHTHl IO HACHIIICHUIO BOJOPOJIOM MaTepHaIOB
TOKPBITHA TIPH 3JICKTPOJIM3E COJCHON BoIbI mpu temmeparype 0— —4 °C u
cosi€éHOCTH 32 %o (YCIOBUS 3aMEP3aI0IEero Mopsi);
I) WCHOBITaTh aATe3MOHHBIC CBOWCTBA HACHIIIICHHOH W HE HACHIIICHHON
BostoposioM cucteMbl TINy/Ti/Zr-1%Nb mpu temmneparype —20 °C u Toii ke
conéHoctu (yciaoBUs 00JIeCHEHNS),
. Pazpaborate mocnoitHyto cxemy cucreMmbl TiN,/Ti/Zr-1%Nb, wnarnsgao
OOBSCHSIONTYIO TIPOIIECCHI U Pe3yibTaT €€ HACKHIIICHHS BOAOPOIOM 10 BEICOKHX
KOHICHTPALUH.

Hayunas noguszna nuccepTaiiioHHON paOOThI:

BrisiBiieHBI peXUMBI TIJIA3MEHHO UMMEPCUOHHOM HOHHOM UMIUIAHTAIIMKA TUTAaHA
(tox B paspane | = 70A; masnenme P = 1,5:102 Ila; coctaB atmMocdepsl —
nporeHTHas KoHueHTpanus Ar=100%, cmemenue Ha obpasne U = 1000 B;
BpeMsi UMIUIaHTaluu t=15MuH.) u HaHneceHus NokpbiTUs TiN (TOK B paspsiie
|I=70A; naBnenne P = 3:10? Ila; cmemenne U = 200B; mnpoueHTHas
koHueHTparus Ar=20%; npouentHas konuentpamus No = 80%; t=30muH. ), npu
KOTOPBIX CKOPOCTh copOumu Bogopoga cuctemoirr  TiN/Ti/Zr-1%Nb
ymenbmaercsa ot 120x10%* mo 1.16x10* cm® H?/(c-cm?) (Gonee, uem Ha 2
MOPSIIKA).

YcTaHOBICHO, YTO TIPW HACHIMIGHWH BojaopogoM MetoaoMm CuBepcra
MaTepHaioB ¢ MOIU(DHUITUPYIOMUM TMOKPBITHEM (KOHIICHTpAIs BOJOPOJa B
obpasme — 110 ppm, pexxum Haceimenus: P =2 atm, T = 600 °C, t = 60 muH) B
nepexoaHoM cioe cucteMbl TiN/Ti/Zr-1%Nb «mnenka TiN — moacmoi Ti —
nojanoxkka Zr-1%Nby» oOpa3yeTcsi OJOKUPYIOIMIUNA CJIOW TUAPHUIOB THUTaHA U
[IUPKOHUS, MPETSATCTBYIOIMINN MPOHUKHOBEHUIO BOJIOPO/IA B TIOIJIOXKKY.
Pa3paborana mporeypa W yCTaHOBKA JUISi MOJICTUPOBAHMS BO3JCHCTBUSA
arpeccuBHBIX  (aKTOPOB  (MOHMIKEHHBIX  TEMIIEpaTyp U  COJICHOCTH)
OKpyXatoien cpesbl. [IpoBeneHbl SKCIIEPUMEHTHI 110 HACBIIIIEHUIO BOJOPOIOM
MmatepuaiioB MOKPBITHS TiNy/Ti/Zr-1%Nb u ucnbITaHUS aAre3ur MOKPHITHH B
yKa3aHHbIX HUXe (1. 4,5) yCcIoBUSIX.

OOHapy)eHO, YTO JIEKTPOJIUTUYECKOS HACKIIIIEHNE TUTaHa (OCHOBHOM 3JIEMEHT
nokpeiThii B cucteMe TiNy/Ti/Zr-1%Nb) Ha oCHOBe 3JIEKTpOJUTa —pacTBOpa
MOPCKOM COJIM B TUCTUIUTMPOBAHHOM BojE 32 %o (MpOMUILIE) NPU MOHMKEHHOU
temnepatype (0 — -4 °C) (ycioBus, OJU3KHE K YCIOBHUAIM 3aMeP3arolero Mopsi)
NPUBOJUT K TakoW MOAM(HUKAIMKM TPHUIIOBEPXHOCTHOTO CJIOS, KOT/a BECh
MIOTJIONIAEMBIN BOJOPO/I OKA3bIBACTCS CBA3aHHBIM B XUMHUYCCKUX COCTUHEHUSIX
(B cmekTpax TepMO-BBIICTICHUS HE HAOII0AaeTCsl CBOOOHBIN BOJOPO).
BersiBiieno, uto aaresust mokpeitus B cucteMe TiNy/Ti/Zr-1%Nb, momyueHHOTo
METOJaMH TUTa3MEHHO-UMMEPCUOHHONW MOHHOW MMIUTAHTAIIMM M BaKyyMHOTO
JIyroBOTO oOcaxnaeHus Ha cruiaBe Zr-1%Nb, BeigepskanHoro 24 daca mpu
temriepatype —20 °C u cosleHOCTH OKpyKatoten cpesbl 32 %o (ycinoBus OiM3Kue
K YCJIOBHSM OOJieJiecHEeHUsT 000pYIOBaHUS MOPCKUX OYpPOBBIX IIaTHOpM)
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BO3pacTaeT (KpuTuueckasi Harpy3ka ypennuuBaercs ot 1.7 H no 8.7 H), eciu
CUCTEMA IPEeIBAPUTEIHLHO HE HACHIIAIACh BOJOPOIOM.

Teopemuueckan u npakmuueckas 3HAYUMOCMb padomsl. Pe3ynbrathl,
MpEe/ICTaBICHHbIE B paboTe, BHOCAT BKJIaJ B pa3BUTHE (DU3UKU MOBEPXHOCTH U
TOHKHUX IJICHOK, TOHUMaHUE MPOIeCCOB (hOPMUPOBAHUS TOHKOIJIEHOYHBIX CUCTEM
U UX B3aUMOJICHCTBUSA C BOAOpOAOM. Pe3ynbraThl umeroT (yHIaMeHTaIbHBIN
XapakTep M OyAyT TOJIE3HBl pa3padOTUMKaM 3alUTHBIX MOKPBITUHA IS
KOHCTPYKITMOHHBIX © (YHKIHOHAIBHBIX MATEPHAIIOB, JKCIUITyaTUPYEMBIX B
YCJIOBUSIX BO3JICUCTBUS arpeCCUBHBIX CPE]

Memooonozusa u memoovl uccnedoganus. Vicrionp3oBaiach METOI0JIOTHS,
3aKJTIOYAIONIAsACS B TMPUMEHEHUU OOJBIIOr0 KOJWYECTBA B3aMOIOTIONHSIOIIMX
MeTO/OB. B kauecTBe 00OBEKTa MCCIACAOBAHMS BBICTYIAET TEXHOJIOTHS CO3JaHUS
ToHKOIIeHOUHOW cucTeMbl TiNy/Ti/Zr-1%Nb. Co3manne cucrembl TiN/Ti/Zr-
1%Nb ocymectieno Mmerogom [IMHUU Turtana (dbopmupoBanue mnonacios) u
HAHECEHHU Ha TOJICTION TUTaHa, CJIOs MOKPHITUS HUTpUAa TuTaHa meroaoM BJIO u
u3 ia3Mbl BJIP. Be€ 3T0 oCyliecTBIsAI0CH HEMPEPHIBHO B OAHOM SKCIEPUMEHTE C
UCIIOJIb30BaHUEM ycTaHOBKU «Panyra-CrnekTp» OTAeNIeHUS SKCIEepPUMEHTAIbHON
bU3UKY, HHKEHEPHON IIKOJIBI sifepHbIX TexHonoruit HU TITY.

B nanHOl paboTe UCIMOJIB30BANKNCH CIEIYIONIUE METOAbl HUCCIEIOBAHUS
(bU3UKO-XMMHUYECKUX CBOMCTB: CKAaHUPYIOIIas dJeKTpoHHass MUKpockomus (COM),
pentreHo ¢azoBeiii aHanmu3 (PDA), atomHo-cuioBas Mukpockonus (ACM),
ONTHYECKAs CIEKTPOCKONHUs Iia3Mbl Tiaeromero paspsaa (OCIITP), BropudnHo
noHHas  macc-criektpometpust (BUMC), Meton  TepMOCTUMYIUPOBAHHOIO
razossizienenus (TCI'B), a Takke ucciaegoBanue aare3uu nokpbitus TiN meTomaom
CKpau-TecTupoBaHus. Hackimenue 00pa3oB BOJAOPOJAOM IMPOBOJUIIOCH HA
aBToMatu3upoBaHHoM komiuiekce Gas Reaction Controller (meron CuBepcra) u
NMEKTPOIUTHIECKUM criocoOoM. KoHIeHTpaIiuio Boopoaa B oOpasiiax u3Mepsiu
ananuzatopoM Bogopoga RHEN602.

Ilonosxcenusn, epinocumole Ha 3auiumy:

1. 3axkoHOMepHOCTH (HOPMHUPOBAHKS KPaTepOB HA MOBEPXHOCTH ciaBa Zr-1%NDb B
3aBUCUMOCTH OT BPEMEHH OOJIy4eHHS M BEJIIMYMHBI CMEIEHUs Ha o0pasiie mpu
MJIa3MEHHO-UMMEPCUOHHOW HWMIUIAHTAIlMM TUTaHAa W3 IUIa3Mbl BaKyyMHOTO
JyTOBOTO pa3psiia v ux ¢pu3nueckas HHTEpIpeTaIus.

2. Pe3ynmbTarhl WCClIeIOBaHUS TIOCIOMHOTO pacipenesieHrus BOJAOPOIa B CHUCTEME
TiN,/Ti/Zr-1%Nb nipu e€ HachIIIEHUS BOAOPOIOM JI0 BHICOKUX KOHIIEHTPAIUH.

3. Pesynbrarel ucnbitanus aare3un okpbiTHid TiNy cuctemsr TING/Ti/Zr-1%Nb B
YCJIOBUSIX TIOHWKEHHBIX TEeMIEpaTyp U COJIEHOCTH OKpYKalolllel Ccpessbl,
UMUTHPYIOMKX (MOJETUPYIOIINX) arpECCUBHBIC YCIOBUS APKTHUKH.

Jlocmosepnocme pe3ynbTaTOB, TOJYYEHHBIX B paboTe, 00ecneunBaroTCs
MPaBUIILHOCTHIO MOCTAHOBKU PEHIAEMBIX 3a7a4 M UX (GU3HUECKOU M TPAKTUIECKOMN
000OCHOBaHHOCTHIO, HCITOJIb30BAHUEM KOMIUIEKCA COBPEMEHHBIX  METOOB
UCCJICOBAHUsI,  OOJIBIIMM  KOJWYECTBOM  DKCIICEPUMEHTAIBHBIX  JaHHBIX,
MOJIYYCHHBIX B3aHMMOIOTIOHSIONIMMHI METOJJaMH, UX CTATUCTUYECKONH 00pabOTKOIM,
COTIOCTaBJIEHUEM 3aKOHOMEPHOCTEH C pe3yibTaTamMH, MOJYYCHHBIMU JAPYTHUMH
UCCIIEIOBATEIISIMH.
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Anpobayusa padomosi. OCHOBHBIE pe3yNbTaThl pa0OTHI ObUIH MPEACTABICHB Ha
BEIYIIUX MEXAYHAPOIHBIX U poccuickux koHpepeHumsx: XIV MexayHapoaHoun
KOH(EepeHIIMU CTYIEHTOB, AaCHUPAHTOB U MOJIOABIX YyueHbIX «llepcrexkTuBbl
pazButus GyHIaMEHTAIBHBIX Hayk», ToMmck, Poccust, 2017; XXIII MexayHapoaHast
KoHpepeHiusa B3aumoeiictere noHOB ¢ nmoBepxHOcThi0 «BUII — 2017», Mocksa,
Poccusa, 2017; 3nd International Conference on Materials Science and
Nanotechnology (ICMSNT 2018), UYsuny, Kuraii, 2018; 6th International Congress
"Energy Fluxes and Radiation Effects" (EFRE-2018), Tomck, Poccust, 2018; XLIX
Mexnynaponnas TymuaoBckas Kondepenmmss mo ®Pusmke BiaumomeicTBus
3apsokennbix  Yactunn ¢ Kpucrammamu, MockBa, Poccus, 2019; XXIV
MexnyHnaponnas koHpepennus B3anmoaeiicTBue noHOB ¢ moBepxHOCTHI0 «BUII-
2019», Mocksa, Poccus, 2019.

Ilyoaukayuu. 1lo pesynbratam uccleqoBaHMs OMyOJMKOBAaHO 6 crTaTed B
pELEeH3UpPYEMBIX KypHanax: 4 cTaTbu B KypHamax u3 nepeuns BAK
(peuensupyembix B SCOPUS), 2 cratbu B )xypHasiax u3 6a3bl nanueix SCOPUS u
Web of Science.

Paboma evinonnena 6 pamkax QuHaHCUpoBaHHS 1O [OCymapcTBEHHOU
nporpamme “Hayka”, uccienoBarenbckuii mpoekt 11.3683.2017/4.6.

Cmpykmypa u 00vem OuccepmauyuoHHoil paodomsl. JluccepTanioHHAs
paboTa COCTOUT U3 BBEJEHUS, MATH TJIaB, 3aKIIOUYEHUs, CIIUCKA MCIIOJIb30BAHHBIX
uctTouyHnKoB. OOmmii 06beM muccepranuu coctapisieT 123 crpanwui, Bxmodas 39
pucyHKoB, 17 Tabmui, 137 6ubnmmnorpadudecKkux UCTOUHHUKA.

OCHOBHOE COAEP XAHUE PABOTbI

Bo 66edenuu  yctaHOBIIEHA  aKTyaJIbHOCTh  TE€Mbl  HCCJIEAOBaHMS,
chopMynrpoBaHa LeJb U 3a7a4d padbOThl, MPEICTABICHBl OCHOBHBIE MOJIOXKECHMUS,
BBIHOCHMBbIC Ha 3alUTy, Hay4yHas HOBU3HA U MPAKTUYECKasi 3HAUMMOCTh PaOOTHI.

B nepeou znaee paccMaTpuBalOTCA OCHOBHBIE BOIIPOCHI, CBSI3aHHBIE C
KOpPpO3We U BOJOPOJHBIM OXPYITYUBAHMEM IHUPKOHUEBHIX cIiaBoB. Ocoboe
BHUMAHUE YAEJICHO MEXAHU3MY B3aUMOJICUCTBUS BOJOPOAA C LIMPKOHUEM, a TAKKE
poJIM BOAOPOJAA B MPOLECCE KOPPO3UM IIUPKOHUEBBIX CILIABOB. AHAIU3UPYIOTCS
OCHOBHBIE METOJIbI M PE3yJbTaThl, MOJYYEHHBIC HCCIEIOBATEISIMU B 00JaCcTH
pa3pabOTKN TMOKPBITHH I8 3allUThl CIJIABOB ITUPKOHUS OT KOPPO3UH U
IPOHUKHOBEHUS BOAOPOJA. JIMTEpaTypHBIM aHAIN3 IOKAa3bIBAE€T, UTO BAKyyMHas
MOHHO-TUTA3MEHHAs TEXHOJOTUS W TOKPBITHA, MpeajiaraeMble B 3ToM padorte,
JTOJKHBI 3aIUIIATH IMPKOHUEBBIE CILIABBI, 8 KOMIUIEKCHBIN METO/, OCHOBAaHHBIN Ha
dbopMUPOBAHUN UMILUTAHTUPOBAHHOTO MOICIIOS, SIBJSIETCS HOBBIM.

Bo emopoii 2nase onuchiBaeTCs JKCIEPUMEHTAIbHOE OOOpY/IOBaHUE IS
[IMMN wu BHOO (ycrtpoiicTBo ycrtaHOBKM «Panyra-cnektp» OtaeneHus
SKCIIEPUMEHTAIbHOW (u3ukn TOMCKOTro IMOJIMTEXHUYSCKOTO YHHUBEPCUTETA),
METOJIbI 1 BO3MOKHBIE PEKUMbI MIOHHOW Y UMILUIAHTAMA OCAXKJICHUS MOKPBITUH, a
TaK)X€ HCIIOJIb30BaHHBIE B Pab0OTe IKCIEPUMEHTAIBHBIE METOJbI HCCIICIOBAHUS
MOAU(UITUPOBAHHBIX CJIIOEB U MMOKPBITHA.

B mpemuveii 2nase npencraBieHbl pe3ynbTarhl uccienoBanni Biusaus [IMNN
M3 IUIa3Mbl AYTOBOIO pas3pslla M OCAXKACHUS THUTaHA HA CTPYKTYpPY, COCTaB H
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MOP(OJIOTUIO TPUTOBEPXHOCTHOTO CJosi crutaBa nupkoHus D110. BeisiBieHs
OCHOBHbBIE€ U3MEHEHUsI MOP(OJOTHUN MTOBEPXHOCTU U PACHPEEICHUS JIEMEHTOB B
MIPUIIOBEPXHOCTHOM CJIO€ B 3aBUCUMOCTH OT HAIPSKEHUSI CMELIEHUS U BPEMEHHU
uMIUTaHTaluu. KomIuiekc NOJIydEHHBIX pE3ylnbTaTOB M U3BECTHBIE TEOPUHU,
MO3BOJIWIM TIPEJJIOKUTh HOBBIE MpPEACTaBlIeHUs O (HOPMUPOBAHMM KpPaTEpPOB Ha
noBepxHocTH upkoHus npu [TMWN Ti npu noteHImane cMeeHus Ha MOJIJI0KKe
BhIme —1500 B, kak pe3ynbpTaTa pa3BUTHUS TEIUIOBBIX TMKOB B 00JIACTH BO3ACHCTBUS
Ha MOBEPXHOCTH Kiactepos Ti*y (N~10-100).

Penmeenocmpykmypnwiu ananus

Ha puc. 1 npeacrtaBieHbl peHTT€HOTpaMMbl 00PA31I0B /10 U MOCJIE€ HACKIIICHUS
BOJIOpoJioM. Hacklenue BOJOpPOJOM TpoBOAWIOCH MeTtojoM  CuBepcra.
KoHienTpanuu BOJ0opoJa B KaXKJIOM W3 00paslloB, U3MEPEHHBIC aHAIM3aTOPOM
Bogopona RHEN 602, npeacrasieHs! B Tabnwuie 2.

[Tocne ITMMU tutana no HaBomopakuBaHUs OOHApY>KEHbI ¢a3bl a-Zr. Dazbl
a-Ti oOHapy>KeHbI TOJIBKO MPU UMILJIAHTAIIMU B T€UCHHE 15 MUH NP HANpPSHKEHUU
cmernienus —1500 B.

a) a-Zr o-Zr 6) il

a-Zr

. :t 4
! Zr o-Zr 0
q.r a-Zr a-Zr wzr r o2, € fuzr w2r w21
5 A N 9 6-ZrH s.zrH L o-Lr
> ”ﬂ R N A
',E A f\ ~ 3 E -
Q 0
- :
fi) ﬂ A A FoW Y 2 T
o g
| I

1 'M_ﬂqu‘l

70 30 40 60 70

30

40 50 50
20, rpagychl 20, rpapycel

Pucynok 1 — Pentrenorpammel 110 (a) 1 nocie (0) HachILIEHUs BOAOPOJOM, PEHTT€HOIpaMMbI 1 —
uCcXo/HbIN obpasen; 2—4 —nocie [IMUU npu cmemenun Ha o6pasue 1500 B, B Teuenne Bpemenu,
muH: 2 -5, 3-15, 4 — 30.

JleTanpHBIN aHaM3 pe3yJIbTAaTOB MCCAEAOBAaHUS (a30BOT0O COCTaBa 00pa3IloB
nocie [IMMU Tutana v HaBOJOpaKMBAHHS UMILIAHTUPOBAHHBIX O0Pa3llOB, MPHU
HHEPrUM CMENIeHUs] Ha uMIIaHTupyeMoM oopasue 1500 B npu pa3Hbix BpeMeHax
MMIUIaHTalUuu BeIsBISAET, 4TO [IMNHM TUTaHa HE IPUBOIUT K MOSIBIEHUIO TUAPUIOB
TUTaHAa TIPU Pa3yMHBIX BpPEMEHAX HACBIIMIEHUS BOJOPOAOM. OTa PEHTICHO
aMopHOCTh, KaK OYyJIeT ACHO W3 NAJIbHEUIIETO CBSA3aHa ¢ MaJIOW TOJIIIUHOW HAHO
CTPYKTYPHBIM COCTOSSHUEM MMIUIAHTUPOBAHHOIO C0si. BMecTe ¢ Tem, HachIlleHuE
BOJIOPOJIOM IIPUBOUT, KaK BUIHO U3 PUC. 1, BO MHOTHUX ClIy4asix K (OpMHUPOBAHUIO
TUAPUTHBIX (Da3 ITUPKOHMS.



Dnemenmuwlil AHAIU3

[Tocnolinslil 3neMeHTHBIN aHanu3 npoBeneH Metogamu OCIITP u BUMC._Ha
puc. 2 npecTaBiaeHsl Mpoduiv pactpeacneHus anemMeHToB B Zr—1%Nb 1o u mocie
[TMNUN TtuTana u HackimeHus BoaopoaoM mno aaHHbiM OCIITP. Ananus puc. 2
BBISIBIIACT, uTO nocie [IMMU tutana Bogopo1 MPEUMYIIECTBEHHO HAKAIlJIMBACTCA B
Cloe, TOJBEPTHYTOM Moaudukaruu TuTaHoM. Halmromaercss  CHIDKEHHE
WHTCHCUBHOCTH COPOMPOBAHHOTO BOJIOPOJia C yBEIWYEHHEM BPEMEHU aHaJIM3a.
[Tocne ITMUUN npu Hanpspkenun cmemieHuss 500 B oOpa3yercst ToOHKas IUICHKA
TUTAHA.

WHTeHcMBHOCTD, yCn. eq.
MHTEeHCUBHOCTB, yCn. ea.

WHTeHCcHMBHOCTD, yCn. ea.
WHTeHcMBHOCTD, yCn. ea.

6
Bpewms, c Bpewms, c

Pucynok 2 — IIpodunm pacnpeaeneHus 3J€MEHTOB M0 TI1yOHHE MOCIIe HACKIIIEHUS BOJIOPOIOM: a)

ucxoaHslii Zr-1%Nb B cocTosiHuM MOCTaBKM U Iociie UMIUIaHTauu Ti B TeyeHue 15 MuH npu
HanpsbxkeHuu cmenienust: 6) 500 B, B) 1000 B, r) 1500 B

IIpu cmemennn —1500B u BpeMeHu uMIuiantauuu 15 MUH BOZOpOA HE
muddyaaupyer 3a npeaenasl MoAUGUIIMPOBAHHOTO ciios. B 1enom, pesynbTaThl,
nonyyeHHbsle Merogom OCIITP, He mpormBopedar pe3ynbTaTaM, NOJIYYEHHBIM
Metosiam BUMC, koTopble npeicTaBiIeHbI HA PUC. 3.

OCHOBHOI1 HHTEpEC MPEACTABISIET MOBEAECHUE MPOPUIEH UMITTTAHTUPOBAHHOTO
TATaHa. BUJIHO, YTO OHM HAYMHAIOTCS OT IMOBEPXHOCTH, YTO OHH MPUMEPHO
OJIMHAKOBOW MHTEHCUBHOCTH U UTO 2 U3 HUX (MPHU MEHBIINX 3HAYCHHUSIX TOTEHI[MAlIa
CMEILEHHUSI) 3HAYUTEIbHO MOJHUMAIOTCA MEPE] TeM, KaK PEHIMTEIbHO MONTH Ha
cHmkeHne. TakuM 00pa3oM MOTydaeTcs, 9YTO 4YeM MEHBIIE MOTEHIIUA CMEIICHUS
(YCKOpsitoIIIast SHEpTUs ), TeM OO0JIbIIE TTyONMHA MPOHUKHOBEHWS TUTAHA M BEJIMYNHA
€ro HakorjieHuss B riayOuHe. Takoe moBeneHWE MPOQICH COBEPIICHHO HE
XapakTepHO IS UMIUIAHTAllMd OJHOATOMHBIX HMOHOB, MPOMWIA KOTOPBIX
MOKA3bIBAIOT MAKCHMAJIbHOE HAKOIUIGHHE Ha TJIyOMHaX, COOTBETCTBYIOIIUX
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cpenHell jmHe TpoOera MOHOB. B medatn
aHajornunble  3PdexkTsl  (YMEHBIIECHUE
TONIIMHBI UMIUIAHTUPOBAHHOTO  CIIOSL  C
YBEJIUYEHUEM DHEPrMM  HOHOB)  YacTo
OOBSICHSIOT YBEIMYCHUEM BKJIaJa MOHHOIO
paclpUIeHUsS TIPH  YBEIMYCHUU DHEPTUH
1oHOB [1]. C 3TUM MOXHO COTTIACHUTHCS, €CITU
MBI UIMEEM JIeJIO C KJIACTEPHBIMU MOHAMH, a
AL RSP pacnpirenne IPOUCXOIAT myTéM
s T — dbopMHpOBaHUS  TEINIOBBIX  IMMHUKOB  C
3aBepIICHUEM WX (OPMHUPOBAHUS TEILIIOBHIM
B3pBIBOM. WNHutepnperanus
AKCTIEPUMEHTAITbHBIX pe3yJbTaTOB,
kacaromuxcs 3¢G@dEeKToB, HaOII0IaeMbIX Ha
MOBEPXHOCTH (IIPEICTABICHHBIX Ha PHUC. 3—5),
C TOUKH 3pEHHUS B3aUMOJICUCTBHUS KJIACTEPOB
C MOBEPXHOCTHIO, MOJAPOOHO OOOCHOBaHA B
JMCCepTallii ¢ Omopod Ha paboTel [2-5].
Takoil ke MHTEpHpETaluyd  IOAJAIOTCS
oo o2 o4  oe  os PE3YIAbTAaTBl HCCIEIOBaHHS MOP(OJIOTHHU
Ly6una, miem MIOBEPXHOCTU IUPKOHHUEBOI'O CIIaBa
Pucymox 3 —  BUMC  mpodpmm Zr1%Nb nocJe [MMNN THUTaHa
pacnpenenenus Ti (a) u Zr (6) B o6pasnax ~ [IPEACTABIICHBI (puc. 4 u 5). Ha pucynke 4
nupkonust nocie [IMAM  turana npu  IIPEACTABIICHBI, IIOJIY4YCHHBIC METOI0M
PasHbIX ~ MOTEHLMANAX cMemeHmax: 1) cxapyppyrommeil SMeKTPOHHON MHKPOCKOIHUH,
blank, 2) 1000B, 3) 1250B, 4)1500B. .
n300paKeHUsl TOBEPXHOCTEW cruiaBa Zr-
1%Nb mocire I[TMUUN turana us3
mwiasmel BJIP, B 3aBucHMoOCTH
OT BpEMEHU OOIy4deHUus TMpu
cMemeHnn Ha obpasmax —1500
1 —2000 B. BugHo, B 4acTHOCTH,
1ocjie BpPEMEHU OOJydYeHUs,
OoJIbIIIEM 15 MHH  Ha
NIOBEPXHOCTH Kak cruiasa 2110,
TaK W HEPKABEIOUIEH CTalu
HaOoal0TCs  Kpatepsl. B
pabote [1] mokazaHo, 4TO ¢ TIpu
BEJINYMHE CMEILICHUS Ha
obpasne wmenbmie —1000 B
KpaTepoB HE HAOIIOAAeTCA.

PucyHnok 4 — COM-u306paxenns nosepxaocreii mociae TMUN Takum 00pasoM, HMEIOT MECTO
TUTaHA: NOBEpXHOCTh Zr-1%Nb mocne IIMHWKW Ti npu OJHOBPEMEHHO 2 IIOPOTOBBIX
HanpsbkeHuH cMmemenus —1500 B B Teuenue, BpeMeHH t, MUH: 3HAYEHUs, XapaKTEPHBIX IS

a) 5, 0) 15, B) 30; 1) MOBEepXHOCTHh HEPXKABEIOIIEH CTalH, TIpH .
HanpsokeHuu cmetenus —2000 B, t=30 mun. (I)OpMI/IpOBaHI/IH Kparcpos. 1)

oy

000

57

o

o
1

Hurencusrocts Ti, year.ex,
5
1

10000

£
o
o
o

Y
o
o

HurencusHocts Zr , yeii.ej.
5




11

BEJIMYMHA CMEIICHHsA Ha MOJJIOXKKE Mo/bkHa ObiTh Oonbmie 1000 B, 2) Bpems
oOJsrydeHus 6oJibiie 15 MUHYT.

Ha puc. 5 neMoHCTpUpYIOTCSl pe3yJabTaThl U3MEPEHUS MapaMeTPOB (TITyOUHBI
U IIUPUHBI) KpaTepoB Ha noBepxHOcTH ciaBa 110 nmocne [TMNUU. PesynbraTs
MOJIy4€HBI METOJIOM aTOMHO-CHJIOBOM MHUKpockonuu B MHcTUTyTE 001Iel pu3nku
Benckoro texHosornueckoro ynupepcurera. Ha puc. Sa nokazano mzoOpakeHue
noBepxHocTH, mnoiaydeHHoe Ha ACM «MFP 3D, Asylum Research, CA»
Yeproukamu c¢ muppamu 1-3 0003HAUEHBI HAMPABICHUS, BIOJIb KOTOPBIX
OCYILIECTBISIOCH MPOGMINPOBaHUE 3-X KpaTepoB Ha MOBEpXHOCTU crutaBa D110
kaHTwiesepoM ACM B koHTakTHOM pexume. Ha puc. 50 mnokaszaHel Tpu
COOTBETCTBYIOIIMX MPOGWIST M CTpEIKaMH, TIOKa3aHbl TJIyOMHBI, KOTOpPbHIE
U3MEpEHBI Ha OTHOM M3 MpoduiieH (B JaHHOM citydae 3To npoduib 3. TimarenbHbie
U3MEpEHHs MapaMeTpoB Mpoduiell AaloT cpeAaHue 1mo 3-M mpoPuisM 3HAUYEHUS
IIMPUHBI HA TIOJIOBUHE BBICOTHI ~ 100 HM, a cpeiHIo0 MIyOuHy ~ 20 HM.

HM
\
T
o
S
2
=z
g

Pucynok 5 — ACM-uzobpaxenus moBepxHocTu cimaBa Zr-1%Nb mocne MWW Ti (a) u
riryOuHHBIE TPOodHIN TPEX KpaTepoB (0), MPOHYMEPOBaHHBIX B LIEHTPE N300paxenus. Hymepanus
KPHUBBIX COOTBETCTBYET HyMEpPALMU KPAaTEPOB.

B3auMoAeicTBUIO KJIaCTepOB C MOBEPXHOCTHIO MOCBSLIEHO OOJIBILIOE YHCIIO
paboT (cM., HampuUMep, CIIUCOK JIUTEPaTyphl B [4], B KOTOPBIX BBISIBJICHBI OCHOBHBIC
BHJIbl 3TOT'O B3aUMOJEICTBHS B 3aBUCUMOCTH OT pa3Mepa dHEpPruu Kiactepa. ITUX
BUJIOB JTOBOJIBHO MHOT'O: HAUUHASI OT IMOCAIKU KJIacTepa Ha MOBEPXHOCTH (TIPU OYEHB
HU3KOM YHEPTUN) U 3aKaHYMBAs CO3/IaHUEM TEIJIOBOTO TTUKA, OOCUIEBIIETOCS BBIIIIE
(mpu OGoNBIIUX SHEPTHsX). AHAIN3 OMyOJIMKOBAHHBIX PabOT BBHISBISLET, YTO MPH
HalllMX DSHEPrusiXx M BO3MOXHBIX pa3Mepax KJIacTEPOB BO3MOXHBI 2 BHUIA
B3aMMO/ICHCTBUS, CXEMAaTUYECKHU TTOKAa3aHHBIX Ha pHuC. 6.

Puc. 6a cooTBeTCTBYeT BHEAPEHUIO KiacTepa, MPAKTUYECKH, KaK IIEeJIOro
oObekTa. Jlyisi Takoro mporiecca, Kak SICHO U3 CKa3aHHOTO BBIIIE, KUHETUYECKUE
SHEPrusl KiacTtepa JokHa ObiTh MeHblle 10 aB/atom. Ho ata sHeprust nomxHa
OBITh BCE-TaKU JOCTATOYHO BBICOKA, YTOOBI KJIACTEp BOIIENI B TIEPBHIC CIIOU
TBEepaoro Tena. Kpome Toro, caM kiactep A0KEeH 00JaaTh JOCTATOYHO CUIIbHBIMU
CBSI3IMH MEXJy aTOMaMH, 4TOObI HE Pa3BOJUTHCS MPHU TMEPBBIX CTOJKHOBEHUSX
aTOMOB KJIaCTepa C aTOMaMU IMOBEPXHOCTU. TaKUM YCIOBUSIM MOTYT yIOBJIETBOPSITH,
TaK Ha3bIBa€MbIC, Marmyeckue KiaacTepbl (YCIOBHO TOBOpPS, HEKWUH aHAJIOT
Maru4eckux sijaep).

Puc. 60 COOTBETCTBYeT TOCIEICTBUSIM Ppa3BUTHUA TEIUIOBOTO TIHKA,
3aKaHYMBAIOIIETOCSI TEIUIOBBIM B3PBIBOM W cO3JaHueM Kpatepa. [lpu stom u3
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KpaTepa BhIOpAaChIBAIOTCS KaK aTOMBI CaMOTO KJIacTepa, Tak U TBEpAOTo Tena. YacTh
TeX U JIPYTUX aTOMOB OCE/IAeT Ha Kpasx KpaTepa 1o ero nepumeTpy.

2000

D @ ¢

O OOOOO

OO
4 </

a 0

Pucynok 6 — Cxemarumueckoe IpeJCTaBI€HHE 2-X BHUJOB B3aMMOJEHUCTBUS KJlacTepa C
MIOBEPXHOCTBIO: a — BHEJPEHUE, 6 — cO3/jaHKe KiIacTepa MpU pa3BUTUH TEIUIOBOTO MUKA.

Yemeepman onaea TOCBSIIEHA W3YYCHUIO MOCIOMHBIX (a3o0BOro M
3JIEMEHTHOIO0 COCTaBa, M COpPOLMU BOAOpOAA B TOHKO IUIEHOYHOH CHCTEME
TiN/Ti/Zr-1%Nb. Ha ocHOoBe JaHHBIX O pACHpPECIICHUM [0 TIyOHHE
MOJU(ULMPOBAHHOTO CJIOSI BOJOPOAA, DJIEMEHTHOIO M XMMHYECKOTO COCTaBa U
nedexroB, TmpeiokeHa  (eHOMEHoJoruueckas — (dMIUpUyeckas)  MOJECIb
pacmpesenenus BOJA0poaa B CUCTEME, TOCe €€ ATUTETHHOTO HaBOIOPaKUBAHUSI.

PentrenoBckue nudpakrorpaMmbl 00paslioB HUPKOHMEBOTO CILIaBa MOCIE
WOHHO-MMMEPCHOHHON MMILIAHTAIUN, HaHeCceHUs MOKPBHITUH TINy W HaCHIIICHUS
BOJOPOJIOM BCEW CHUCTEMBI NpPEACTABICHbI Ha puc. 7. Haanmucu Ha pucyHku y
KPUBBIX TMMOKa3bIBAIOT HA KAKOM JTale TEXHOJOTHHU CO3JaHHs MOKPBITHS H TpU
KaKOM TMOTEHIIMaje CMEIIeHHs MOTydYeHa JaHHas audpakTorpaMma.

7000 —

g
J N g
5
6000 — S = s

= | Ec 3 = .
= so000 5 ERE = b, 2 8§

— = = = = Py = = F =
2 =5 § E | £ E2 3gs
(=] b o = = = = =S
ﬁ" 4000 - = ~ - Ve A
(&) i
2 - J - ’ :
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= 2000 200B (ITMUMU+ BJ1O)
=
s A N N 150B ITMUM+BIO)
=~ 1000

e I J N OB (ITMMH+BJIO)

o T T T T T T T T
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Pucynox 7 — PentrenoBckue nugpakTorpaMmbsl 00pa3oB UPKOHUEBOIO CIUIaBa MOCIE HOHHO-
UMMEPCHOHHON UMILTAHTAIIMK ¥ HaHeCceHUs: TOKpbITHil (cuctembl TiN/Ti/Zr-1%Nb).

[ToapoOubIii aHanmu3 audpakTorpaMMm puc. 7 TPEACTABICH B JHUCCEPTAIUU.
31ech OTMETUM, YTO B IAHHOM ClIy4ae, Kak U B CIy4ae aHAJIIOTMYHBIX U3MEPEHUN
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nocne [TMUU (puc. 1) He obHapyxuBaroTcst pa3bl TUAPUIOB TUTAHA, XOTS (a3
Hutpuaa tutana (111) mpucyrcTByer.

J1J1sl KOTMYEeCTBEHHOIO OIPEACIICHUs TTOCIONHOM KOHIIEHTPALIMI 3JIEMEHTOB B
cucteme TiN/Ti/Zr-1%Nb wucnons3oBancs wmeronq DOC. KonuenTpauuu
U3MEpSIIMCh B TPEX o00MacTsIX cUCTeMbl JBYyMs crocobOamu. [lepBbiii croco0
MPOJIEMOHCTPUPOBAH PUCYHKOM 8, HA KOTOPOM CXEMAaTHYECKH TOKa3aH Kparep
TPaBJICHHUST CHUCTEMBI, IOJIydeHHBbIH mpu mnpoduaupoBanuu cucrteM TiN/Ti/Zr-
1%Nb metomom OCIITP. JlanHas cxema MOCTpOGHAa HAa OCHOBE BH3yallM3alluu
Kparepa mpu padore ¢ Oxe-CneKTpOMETPOM (ITO3BOJISET MOIYYUTh YBEIUUYECHHOE
W300paKCHWE JHA KpaTepa W PacCMOTpeTb €ro B TOAPOOHOCTSAX) U
npodrMpoBaHus KpaTepa MexaHudeckuMm TmpodrmiomerpoM. CTpenkamMu Ha
PUCYHKaxX IMOKa3aHbl TOYKH, B KOTOPBIX CHUMAIUCH CHEKTPhl OKe-3JIEKTPOHOB.
I TprXOBBIMU JTUHHUSIMH MTOKa3aHbI YCIOBHBIE TPAHUIIBI TUIEHKH T1Ny.

- ) IToBepxHOCTH 0Opasna

3~ 4 VYenoBHas TIpaHMIA  «IIOKPBITHE-

R ?‘\ffj o '/'“/'\Yf/' """"""" 4 Cnnam»

Pucynok 8 — Cxema BepTHKaIbHOTO mpoduis kpatepa TpaBiacHus cuctembl TiNy/Ti/Zr-1%Nb
1a3Moil Theromero paspsaa npu e€ mpodunupoBanun meronom OCIITP. HltpuxoBsiMu
JUHUSAMHA 0003HAYCHA YCJIOBHAS TPAHUIIA TIOKPHITHS.

Bo BTOpoMm crioco0e Touku n3MepeHus: KOHIIEHTPAIH ONPENEsUINCh TaKkKe C
ucrnosibzoBanue npodunupoanuss meronom OCIITP, cnenyrommm oOpazom.
OOpa3upl I W3MEPEHHs] MONy4Yald TOCJE€ PAa3JIMYHbIX BPEMEH TPABJICHUS
MOBEPXHOCTU (M3MEpPEHUs MPOBOJAWIM HAa JHE KpaTepoB TpasieHus). Touka 1:
TpaBneHre OCTaHaBIMBAJIM, Ha TpaHULE pas3fesia «IOKPHITUE—TOAJIOKKA) B
HIKHEN e€ yacT (Korja B INIyOMHHBIX NPOQUIISX KOHLIEHTpAUUA MHTEHCUBHOCTh
UMPKOHUN HAayuMHAeT CTaOMIM3UpPOBATBCS HAa YPOBHE MaKCcUMyma IIpHU
npoduimpoBanun cucrembl mMetogoM OCIITP). Touka 2: Ha rpanuue paszgena
«MOKPBITHE—TIOIJIOKKA» B BEPXHEHN €€ yacTu (OCTaHABIMBAJIM TPABJICHHE, KOTJa B
TIIyOMHHBIX MPOGUIISX KOHIEHTPAIUH TOJIBKO HAMETHIICS POCT MHTEHCHUBHOCTH
BBIXOJIa ITUPKOHUS Tpu nipodunrpoBanuu cucteMbl Mmetonom OCIITP), Touka 3: B
nokpeiTun TiN (OcTaHaBIMBAIM TpaBJICHUE B CAMOM €T0 Hauaje, MOJIyYHB KpaTep
riyouHoi okosio 10 uM). OnrcaHHbIe TOYKA OTYACTH COOTBETCTBYIOT TOUKaM 1—3
puc 8.

Ha puc. 9 u Tabnuiie 2 npuBeeHbI XapakTepHbie CIEKTPhI OKe IIEKTPOHOB H,
COOTBETCTBEHHO, BEIMYMHBI KOHUEHTPALMK DJEMEHTOB B pa3HBIX O00JacTIX
cucteMbl TiNy/Ti/Zr-1%Nb. CniekTpbl, IOKa3aHHbIC HAa pHUC. 9 — 3T0 000OIICHHBIC
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CIEKTPBI, IOTy4YEHHBIE 0oJiee, ueM o 20-TH U3MEPEHUSIM CITIOCO0aMU, ONTMCAHHBIMU
BBIIIIE.
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Pucynok 9 — Crektpsl Ok3-37I€KTPOHOB, MOIYYEHHBIE B pa3HbIX o0nacTax cucrtembl TiN/Ti/Zr-
1%Nb. Hymeparus KpuBbIX, COOTBETCTBYET TOUKaM, IPOHYMEPOBAaHHBIM Ha pHC. 8.

N3 pucynka, B 4YacTHOCTH, BUAHO (kpuBasi 3), yto B moOKpbITHEe TiN
COBEPILIEHHO OTCYTCTBYIOT MHUKU (O’K3-3JIEKTPOHOB IUPKOHUS, TOT/a Kak B
NepPeXOoaHOM 00JIACTH ITOKPHITHE—TIOAJIONKKA» TOCTATOYHO BEJIMKH MHTEHCUBHOCTH
MUKOB KaK IUPKOHUS, TaK U TUTaHA. ITO CBUIETEIBCTBYET O TOM, uTo npu TN
TUTaHa, TATAH B IIUPKOHUH MTPOHHUKAET HE TOJIBKO MPHU B3aMMOICHCTBUH KJIACTEPOB
TUTaHa C MOBEPXHOCTHIO ITUPKOHMS, HO U ITyTeM UMILTaHTaui HOHOB Ti*. OTMeTHM
TaK)X€ OTCYTCTBHE KaJIBIHSA B 00BEME IJICHKH M OTCYTCTBHE a30Ta B 00CUX YaCTIX
nepexonnoro ciost (tad. 1.). Kpome Toro, m3 tab. 1 ciemyeT mMOBBIIEHHOE
coJiep KaHNe KUCIIOPO/Ia B MIEPEXOTHOM CJIOE, IO CPAaBHEHUIO ¢ 00BEMOM MTOKPBITHSI
TiNy, 1 OTCyTCTBHE a30Ta B MIEPEXOTHOM CJIOE.

Tabmuua 1. — KoHueHTparmu 21eMeHTOB B pa3Hbix 00macTsx cucteMbl TiNx/Ti/Zr-1%Nb.

KoHuentpanus snemeHToB, atoM. %

[To3unus Ha puc. 8 u e€ onucaHue i
Zr C Ca |N Ti @)

1 HuxHss yacTh epexoHOro ciios 49,3 20 | 0,7 0 8,7 38,2

2 BepxHsig yacTh NepexoHOrO CII0s 419 | 10,7 | 0,5 0 13,1 | 33,7

3 O6beM mokpeiTust TIN 0 0,91 0 39,1 | 36,6 | 235

[Ipu obcyxnenun audpakrorpamm (puc. 1 u 7) 6bUI0 OTMEUEHO, uTO PDOA
SBJIICTCSI PEHTTCHOAMOP(HBIM I10 OTHOIICHWIO K THIAPHAAM THUTaHAa B HaIIMX
obOpasnax. Iloatomy nmnsa ux (TUIPUIOB THUTaHA) OOHAPYKEHUS HMCIOJIH30BAJICS
meton TCI'B. B wactHocTH, B HenaBHel padote [7] ans TCI'B u3 Ti u Zr Obutn
UAEHTU(ULIMPOBAHBI TUKH, CBSI3aHHbIE ¢ AU dy3Hueil He CBA3aHHOTO BOJIOPOA U3
oO0beMa oOpaslia ¥ CBSI3aHHOTO B Tuiapuaax Bojopoja. Ha puc. 10 mokazanbl
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JKCIIEpUMEHTalbHble U pacuy€THble crnekTpsl TCI'B M3 MIacTUHOK THUTAaHA U
LHAPKOHMS PA3JIMYHON TOJIIMHBI, HACBIIIEHHBIX BOAOPOJAOM TaK, YTO B CIEKTPE
MOSIBJISIETCS TIUK, IBHO CBSI3aHHBIN ¢ popMupoBanueM ruapuaoB TiHy.

W3 pucynka BuaHoO, uto criiektp TCI'B umeroT no 2 makcumyma (1uka), oJuH
13 KOTOPBIX MIPUHAJIEKUT BOJOPOY, BEIXOIAIIEMY U3 Pa3pyIIatOIEerocs THAPUIA:
JUTSl TUPKOHUSA 3TO UK Tipu Temriepatype 900 °C, mist Tutana npu temneparype 814
°C.

o
T

T=900°C

T=720°C, 755C

22
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Pucynok 10 — Cnextpst TCI'B Bomopo/a u3 HaceieHHbIXx MeTooM CuBepcra (Cobpasion
IUTACTHHOK THTaHa, Pa3HO# TomuHbl: a) mupkonuit — d = 0.27 mm; Cy = 0.53 mass%, 0)
tutad — d = 0.51 mm; Cy = 0.53 mass%, Kpussie: 1— 3KCIIEpUMEHT, 2 — MOJACTUPOBAHHE.

ConocraBnenne cnekrtpos TCI'B Bomopoma w3 TuUTaHa MW LUPKOHUSA,
MpeACTaBICHHBIX Ha pucyHKax 10 ¢ anamormanbM criektpoM TCI'B, momydeHHBIM
U3 Halled TUTaHOBO-IUPKOHMEBON cuctembl TiN,/Ti/Zr-1%Nb, moka3aHHBIA Ha
pucyHke 11 BbIABISIET clieayroIIee.
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Pucynok 11— Crextpst TCI'B Bomopoaa nocne Hacbimenust cuctembl TiNx/Ti/Zr-1%Nb metomzom

20

Cusecrtpa.

B cnexktpe puc. 11 naGmomarorcs muk npu 880 °C u crTyneHbka (HE
paspenieHHbI uK) B paitone 760—800 °C. DToT He pa3pelleHHbIH UK pa3peiaeTcs
npyu HHBIX ycinoBusX (cM. puc 16 m KomMMmeHTapuu K HeMmy). YKa3aHHOE
COTIOCTABJIEHUE C YYETOM BO3MOKHOCTH CIABHUIOB NHUKOB B crnekrpax TCI'B B
3aBUCUMOCTH OT TOJILIMHBI 00pa3iia U pa3pelieHre MMKOB, MPOAEMOHCTPUPOBAHHOE
Ha pucyHke 16, nemaet odeBuaHbIM, 4TO MUK Ha 880 °C (puc. 11) cooTBEeTCTBYET
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MUKY, BEI3BAHHOMY Pa3I0KEHHEM TUPHIa IIMPKOHUS, a CTyIIeHbKa B paiione 760—
800 °C B cniektpe (puc. 11) cOOTBETCTBYET pa3yIoKEHUIO THAPU/IA TUTAHA.
OnucaHHbBIC BBINIE, ITOJIYYEHHBIC B TJIaBe 4 pe3yJbTaThbl, ITO3BOJISIOT
MPCIOKHUTh CACAYIONMIYIO ASMIUPUYECKYI0 MOJICIb HACHIIIICHHOW BOJOPOJIOM
Hallley TOHKOIICHOYHON CUCTEMBI.
Ha puc. 12 cxemaTwdecku ITOKa3aHa ITOCJIOWHAs MOJICIb HCCICAYyeMOW B
HacTosei nuccepranuu cucteMmbl TiNy/Ti/Zr-1%Nb.

— MosepxHocTb 06pasLa

TiN
—YcnosHan rpatmua TiN/Ti
Moacnoii Ti

J—YcnosHan rpanuuia Ti/Zr1%Nb
- paHnLLa umnaanTuposaHHoro Ti B Zr1%Nb

Zr1%Nb

Obnactb (opmupoBanus ruapuaos Zr u Ti

Pucynok 12 — nmocioliHast MOJIeb HCCISTYEMON B HACTOSIIEH TUCCEPTAIIMUA CUCTEMBI
TiNx/Ti/Zr-1%Nb.

Monenb, mpeanokeHHas Ha puUCyHKe 12, He y4YHMTHIBAeT pe3yibTaToOB
MOCJIOMHOTO 3JIEMEHTHOT'O aHAJIM3a CUCTEMBI, IIPEJICTABJICHHBIX BBIIIE B HACTOSAILEM
pazzeie, a MMEHHO, HAJIMUMSI KUCIIopo/ia B tuieHke (0osee 20 aT. %) u nepexoJHOM
cioe (6omee 30 at. %), TO €CTh B IEPEXOTHOM CJIO€, OOJIbIIIE, UeM B 00bEME TIICHKHU.
Takoe COOTHOILIEHUE CBHUETEIBLCTBYET O TOM, HaJU4HMe KHUCIOpoAa OOYCIOBIEHO
€ro 3axBaToM W3 BakyyMHOM kamepsl B npoueccax [IMWUM u BJIO. Ilockoneky B
mwiéake TiN copepikaHue a30Ta CYIICCTBEHHO BBIIIE, YeM KHcaopoaa (cM. Tad. 1),
OUYEBMJIHO, YTO KUCIOPOJ 3axBaThiBaeTcs kiaactepamu TiNj U, B KOHEYHOM CueTe,
pacrojaraeTcs NpeuMylIECTBEHHO Ha TPaHHIaX HAHO KPUCTAJUIMUYECKUX 3€PEH.

B namou 2nage W3N0XKEHBl PE3yNbTAThl MCCIEIOBAHWNA BO3IACHUCTBUS
IKCTPEMAIBHBIX YCIOBUM ApPKTUKM Ha aire3uto MOKpbITud TIN U TPUYUHBI
OOHAPY)KEHHOTO YJIYUIICHUS aare3uu Mpu BMOpaxkuBaHuu cucteMbl TiNy/Ti/Zr-
1%NDb B 1€ Mopckoii Boabl. OnEicaHbl CO3/IaHHBIE B TIPOLIECCE BHIMOTHEHUS PaOOThHI
CXEMbl MOJIETUPOBAHMS APKTHUECKMX YCIOBUH B MaTepUKOBOW jabopaTopuu.
OnucaHbl 3KCIEPUMEHTBI M HMX PE3yJbTaThl, MOJATBEPKIAIOIINE BO3MOKHOCTD
dbopmMupoBaHUs CJI0SI THAPUJIOB TUTaHA W LHUPKOHUS B TEPEXOJHOM 001acTH
«TOKPBITUE—TIOTIOKKAY.

Haunbosiee mpocThIM METOJIOM HACHIIEHUSI 00Pa3loB BOAOPOIOM B YCIOBHUSX
MOHWKEHHBIX ~ APKTHYECKUX  TEeMIEpaTryp  SBISIETCA  DJICKTPOJUTUYECKUH,
MOCKOJIbKY camMa MOPCKasl SIBJIIETCSI XOPOUIUM 3JIEKTPOIUTOM (U3BECTHO, YTO
AIEKTPOJIU3Y MOJABEPraeTcsl CJIOM MOPCKOM BOJbI, OMBIBAIOIINN KOPIYC MOPCKHX
cynoB). Ilpocrefimasi, mo-BUAMMOMY, CXeMa, KOTOPYI0 MOXXHO c€OOpath st

peanu3aluy 3TOT0 HACHIIIICHUS] B MATEPUKOBOM JTabopaTopuu, MpeICTaBIeHa Ha PHC.
13.
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Pucynox 13 — Cxema 3KcrepuMEHTa IO HACBHIIIEHHIO METAUIOB M3 MOPCKOH BOJIBI IPH
IMOHMXCHHBIX TEMIICpaTypax.

Ha puc. 14 mnpencraBieHo cpaBHeHUE TemiiepaTypHbix crnektpoB TCI'B
(3aBUCHUMOCTH HHTEHCHUBHOCTEW BBIXOJIa aTOMOB M MOJIEKYJ W3 00pa3LoB OT
TEMIIEPaTyphbl), SNEKTPOIUTUYECKH HACBIILIEHHBIX 00Pa31l0B TUTaHA P KOMHATHOU
TEeMIIepaType U P TEMIIEPAType, COOTBETCTBYIOIIEH YCIOBUAM APKTUKH.
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Pucynok 14 — Cnextpsl TCI'B u3 oOpasnos Ti, HachllleHHBIX B T€YEHMHM 4 4acoB: a —IIpH
KOMHATHOU TeMriepatype; 6 — mpu Temmeparype 3amep3anus snektponnta (~ —4 °C). DnekTpoauT
—mopckas Boga. | —Hp, 2—CH,3—-NH,4-0,5-0OH.

N3 puc. 1l4a BuAHO, YTO HMHTEHCUBHOCTH BBIXOJA BOJOpOJa HAYMHAET
Bo3pactath mpu Temmeparype ~200 °C u mnpu temmeparype 350-450 °C
HaOmomaroTcss 2 MakcumyMma. A B oOmactu 600-700 °C maGmromaercs emé 1
MakcumyMm. W3 puc. 1606 BUIHO, YTO MpU MOHMWKEHHON TeMIiepaType HACHIIICHUS,
B crnekrpax TCI'B Bomopon Beixomut mpu Temmepatrype ot 200-800 °C ¢
CIMHCTBEHHBIM MakcuMyMoMm ~352 °C.,

N3 puc. 14 cnepyet, 4TO BOJAOPO/ B YUCTOM BHUJI€ BBIXOAUT TOJIBKO M3 00pa3IOB,
HACBIIIIEHHBIX B HOPMaJIbHBIX YCIIOBUSX, @ U3 HACBHIIICHHBIX B YCIOBUIX APKTHUKH,
BOJIOPO/I BBIXOIUT, MIPEUMYIIIECTBEHHO, B BUJIe coeAuHEHU. [Ipu 3TOM KoJInuecTBO
BOJIOPOJIa, TOTJIOIMIEHHOTO oOOpa3laMu B O0OMX CHUTyalMsiX, IO JIaHHBIM
ananuzatopa Bojopojna (RHEN 602) ornmyaercs HE3HAYUTENbHO. (CM. TEKCT
JCCepTalii), HO BO BCEX CllydasXx BOJIOPOJia, MPH OJMHAKOBBIX IMapameTpax
AJIEKTPOJIN3a B 00pasel Bxoaut Oosbiie (Ha 3—5 %) mpu HOpMaIbHBIX YCIOBUAX, B
OTJINYUE OT YCIIOBUI APKTHKHU.
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BriBon, KOTOpPBIN CclieMyeT W3 ATHUX PE3yJbTaToB, COCTOMT B TOM, 4TO,
Onaronapsi 6oraToMy XMMHUYECKOMY COCTaBY MOPCKOM BOJIbI, IIPH €€ 3JIEKTPOJIN3E B
YCIOBUSIX ~APKTUKH, B TIPUIOBEPXHOCTHBIX CIIOSX KOHCTPYKIIMOHHBIX U
(GYHKIHMOHATBHBIX METAUIOB M CIJIABOB MOXKET 00pa3oBBIBATHCS  OOJIBIIOE
KOJIMYECTBO XHMHYECKUX COCAMHEHHH, MO KOTOPBIM pACIPENEIseTCs BECh
MOTJIOIIEHHBIM  BojopoZl.  Takum 00pa3oM, COJIEHOCTh MOPCKOM BOJBI U
ApKTHUYECKHE TEMIIEPATYPhl B COBOKYITHOCTH SIBJISIFOTCS] OU€Hb arpeCCUBHOM Cpeion
C TOYKH 3PEHHS IEJIOCTHOCTA U3MEIUNA U3 METAIJIOB, JKCIUTyaTUPYIOIIUXCS B
YCIIOBUSIX APKTHKH.

Anre3us mokpeiTuii B cucteMe TiN/Ti/Zr-1%Nb wuccnenoBaiack MeToaO0M
CKpau-TecTupoBaHus. ONTHYECKHE HW300paKeHUS TPEKOB  (IMapamuH) U
COOTBETCTBYIOIINE BEIMYMHBI MPECTABICHBI Ha PUCYHKE 15.

HanpaBnanc JABHIKCHHSI HHICHTOpA

3 171" 5y,
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t 21
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Pucynok 15 — OnTtuueckue u300pa)keHHs TPEKOB ajlMa3HOIO KaHTHJIEBEpa MpHU ILaparnaHuu

nokpbiTHid cucteMbl TiNy/Ti/Zr-1%Nb. Yucnamu B BepxXxHEil YacTH W300pakKeHH yKa3aHBI
BEJIMUMHBI HATPY30K B HHIOTOHAX (B MPABOM CTOJIOIE — KPUTHUECKAsT HATPY3Ka), IPUIIOKEHHAS K
UHJICHTODY.

W3 pucyHka BUIHO, UYTO HaUMEHbIIAs KPUTUYECKAsl HArpy3Kka, TpeOyromascs
JUISL pa3pyllieHus TOKpPbITUSA, MOTpedoBajachk IJsi MCXOAHOro oOpa3ua (He
HABOJOPOKEHHOTO M HE 3aMopaxkuBaeMoro) (puc. 15a). M3 cpaBHEHHs] pUCYHKOB
15a-T BUJHO, YTO UCXOAHOE MOKPBITHE, MPOIIEIIEe 3aMOPO3KY B MOPCKOM BOJE,
oOnajaeT Haumyulen aare3neil (kpuruueckasi Harpyska pasHa 8,7 H) B cpaBHeHUH
C OCTaJIbHBIMH, WCCJICIOBAHHBIMU B HACTOsAIIEH paboTe BapuaHTaMu 00pabOTKH
NOKpeITHA. M3 cpaBHeHMs pucyHKoOB 15a-B-r ciemyeT, 4TO HaBOAOpaKMBaHUE
HCXOJTHOTO 00pa3ia MPUBOUT K YBEIMUCHUIO KpUTHUIECKON Harpy3ku oT 1,7 H mo
2 H, a panpHeimass 3aMOpO3Ka HABOJOPOKEHHOrO o00paslia MNPUBOAUT K
YBEIMYECHHIO KpUTH4YeCKoi Harpy3ku oT 2 H no 3,1 H.

W3 onucaHHOroO MOBEAEHUS KPUTHYECKON HArpy3Kd MOXKHO CHENaTh BBIBOJ,
YTO MPOBEJIEHHAsA 3aMOPO3Ka 00pa3lioB BO BCEX CIydasX MPUBOJUT K HEKOTOPOMY
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YBEJIIMYEHUIO aIT€3MOHHON MPOYHOCTU MOKPBITHA. DTOT BBIBOJ MOATBEPKAACTCA
MOBEJICHHEM aKyCTHUYECKOTo CUTHaJA (3/1eCh HE TIOKa3aHO, MOKA3aHO Ha PUCYHKE B
TEKCTe JuccepTaium), Gopma KOTOPOTO CBUAECTENIBCTBYET CHAYalla O MOMEPEYHOM
pPaCTPECKMBAHUM TOKPBITHUS, a TMOCJIE JOCTHXKEHUS KPUTUUYECKONW HArpy3kKu O
KOHTaKT€ HHJEHTOpa C MaTepUaioM MOJUIOKKH. OTMETUM TakkKe, 4TO T0CIe
HABOJIOPOXKMBAHUS UCXOTHOTO 00pa3iia MONepPeuHbIX TPEUIMH B JAHHOM IMOKPBITHH
HE HaONIOJaeTCsi, 4TO MOXET OBITh CBSI3aHO C peJakcalue BHYTPEHHUX
HaIpPsHKCHUH B TIOKPHITUN B IPUCYTCTBUH BOJIOPOIA.

OO0pa3s1el, TECTUPOBAHHBIE HA aAre3uio (pUcC. 15) M3ydanuch, TakKe METOIOM
TCI'B. YacTe pe3ynbTaToB WILIIOCTPUPYETCS PUCYHKOM 16 u Tabmumei 2.
Hymeparusi kpuBbIXx Ha pucyHke 16 u cTonbOuoB B Tabmuie 2, COOTBETCTBYET
nojanucu puc. 16.

W3 pucynka 16 BUIHO, UTO BO BCEX CIEKTpPax MPHUCYTCTBYIOT 2 OCOOCHHOCTHU
(CTymeHbKU WM MHKW) OJHA UX KOTOPBIX pacrosioxkeHa B obnactu 750-800 °C,
npyrasi B oonactu 850-900 °C. IIpuuém, crynenska B obdmactu 750-800 °C mus
MpeIBapUTEILHO HE 3aMOpaXMBaeMbIX 00pa31oB (KpuBbie 1,3) mpeBparniaeTcs B MUK
JUTst 00pas3IoB, MPOLIEANINX 3aMopakuBanue. Kpuas 3 Oblia Takke IpeicTaBlieHa
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Pucynok 16 — Cnektpsi TCI'B Bomopoma u3 o6pasmoB cuctembl TiNy/Ti/Zr-1%Nb.
Hymepanus kpuBbiX: 1) ncxomHbIi (He HABOOPOKEHHBIH U HE 3aMOPOYKEHHBIH ); 2) HCXOIHBIN
3aMOPOXKEHHBIN; 3) UCXOAHBIN HABOJIOPOKEHHBIN; 4) HABOJOPOKEHHBIN U 3aMOPOKEHHBIH.

Ha puc. 11 mis unentudukanuu odcyxnaemMpix ocooeHHocrer. Takum obpazom, Ha
OCHOBAaHHWM HOBEHINMX JIaHHBIX, OCOOCHHOCTH OBLIM HIASHTH(PHUIIMPOBAHBI
cienytouum obpazom. Jleras (750-800 °C) — pesynbTaT pasioKeHHs] THAPUIA
tutana, npasas (850-900 °C) — pe3ynbTaT pas3nokeHus THApUAA MUpKOHUA. U3
PUCYHKA BUIHO TaKXe, YTO MPH 3aMOPAKUBAHUU 00pa3lia MHTEHCUBHOCTh JINHUH,
CBSI3aHHOW C TUJPHUIOM, BO3pACTA€T OTHOCUTEILHO JIMHHUH, CBI3aHHOU C THAPUIOM
mupKoHUs. To ecTh, MpU 3aMOpPaXWBaHMHM (POPMUPOBAHUE THAPUIA TUTAH
MPOUCXOJUT € OOJIBLIEH CKOPOCTHIO.

Pe3ynbTaThl cpaBHEHUS BBIXOJ0B BOJAOPO]T COACPIKAIITUX MOJICKYJI 11O JaHHBIM
uHTerpupoBanus crektpoB TCI'B npeacrasiens! B Tadbnuiie 2.
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Pe3ynbTaThl cpaBHEHUSI BBIXOJI0B BOAOPOACOAECPKAIIMX MOJIEKYJ MO JaHHBIM
unterpupoBanusi crnekrpoB TCI'B mpexacrasnenst B Tabiuue 2. Kpome Toro B
MPEANOCIeHEN CTPOKE MPEICTaBIICHbI M0 U3MEPEHUIO CoJIepKaHusl Bojopoaa (B
MacCCOBBIX €JIMHHUIIaX) B COOTBETCTBYIOIIMX 00Opasliax, U B IMOCJIEAHEH CTpOKE —
BEJMYMHBI KPUTUUYECKON Harpy3ku (B HploTOHAX) npu U3MEPEHUH BEJIMUMHBI CHITBI
aare3um.

Tabmuua 2 — CpaBHEHHE BBIXOAOB BOJOPOJA M BOJOPOJ COAEPIKAIIMX MOJEKYJI IO JaHHBIM
unrerpupoBanus crnekrpoB TCI'B ¢ nmanaeimu RHEN 602 u xputhdeckod Harpy3kol mnpu
U3MEPEHHUH a/ITE3UH.

Howmepa oGpa3siion

BO,Z[OpO,I[ 1 2 3 4
cozieprKalme
MOJIEKYJTbI A6¢c.3n | OtH. | A6c.3H. | OTH. | AGc.3H | OTH. | AGC.3H | OTH.

H» H» H» H> H» H> H> H2
H> 5863.8 1 7258.5 1 9584.9 1 13071.4 1
CH 15239 | 0.26 | 16379 | 0.23 | 1836.0 | 0.19 | 24924 | 0.91
NH 24774 | 042 595.6 0.08 | 2076.8 | 0.22 683.8 0.05
OH 16770.7 | 2.86 | 2793.4 | 0.38 | 9093.8 | 0.95 | 30275 | 0.23
ITo mauaeiM RHEN 27.1 141.7 77.0 294.2
602, ppm.
Kputnueckas 1.7 8.7 2.0 3.2
Harpy3ka, H

BoiBogb1, cniemyromue u3 puc. 16 u tab.2 oTpakeHbl B MIl. 7,8 CIEAYIOIIETO
pasnena apropedepara «KOCHOBHBIE PE3YJIBTAThI».

OCHOBHBIE PE3YJIBTATHBI

1. BeIsBICHBI pEKUMBI TUTA3MEHHO IMMEPCHOHHON HOHHOW MMIUTAHTAIlUN TUTaHA
1 HaHeceHusi MOKpbITUA TiNy, IpHU KOTOPBIX CKOPOCTh COPOLIMM BOJIOpOAA
cuctemoii TiNy/Ti/Zr-1%Nb ymenbmaercs or 120x10* mo 1.16x10* cm®
H?/(c-cm?) (Gonee, uem Ha 2 IopsKa).

2. YCTaHOBIEHBI TOPOTOBHIE 3HAYEHHS BPEMEHHU IUIA3MEHHO-UMMEPCHOHHOU
WOHHOM MMIUTAHTAIlMU TUTaHA M MOTEHIMAa cMelieHus Ha oopasie Zr-1%Nb
MpU KOTOPBIX HauWHaeTcs (OPMHPOBAHHWE KPATEPOB HA HMILUIAHTHPYEMOU
MOBEPXHOCTH.

3. VYcraHOBIEHO, YTO TMPH HACHIILIEHWH BoxopoaoM MmeTtogoMm CuBepcra
MaTepuaoB C MOJU(PUITUPYIOMIUM TOKPHITUEM 00pa3yeTcsl OJIOKUPYIOITHI
CIIOW THUAPHUIIOB THUTAHA W ITUPKOHHS, TPETSATCTBYIONINN MTPOHUKHOBEHUIO
BOJIOPO/Ia B MOJUIOXKKY.

4. Pa3zpaboraHa mpoleAypa ¥ YCTaHOBKA JJIi MOJEJIMPOBAHUS BO3JCUCTBUS
arpeccuBHbIX  (PaKTOpoB  (MOHMKEHHBIX TEMIEpaTyp U  COJIEHOCTH)
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OKpY»Karolen cpeibl (yCaoBus, NpUuOInxKeHHbIe K ApkTuyeckum). [IpoBeaeHsl
9KCIIEPUMEHTBHI 10 HACHIIIICHUIO BOJOPOIOM MaTepraiioB moKpbITHst TiN,/Ti/Zr-
1%Nb u ucnibITaHUs aAre3un MOKPHITUN B YKA3aHHBIX YCIOBUSAX.
OOHapyK€HO, YTO OJJIEKTPOJIUTHUYECKOE HACBIIIEHUE TUTaHA (OCHOBHOMU
ayieMeHT TOKpbITUi B cucteme TiNy/Ti/Zr-1%Nb) Ha OCHOBE JICKTPOJIHMTA —
pacTBOpa MOPCKOM COJIM B NUCTWIUIMPOBAHHOM Bojie 32 %o (mpomuiuie) mpu
noHmwkeHHo temmnepatype (0 — -4 °C) (ycnoBusi, OJM3KHE K YCIOBUSM
3aMep3aroIero Mops) IPUBOAUT K TaKOW MOJAU(PUKAIINNA TPUTIOBEPXHOCTHOTO
ciosi, koraa 6onee 90% MOrIOMIEHHOTO BOJOPO/Ia OKA3bIBACTCS CBSI3aHHBIM B
XUMUYECKUX COCAUHEHUSAX (B OTJIMYME OT HACHIIICHUS B HOPMAJIbHBIX
YCIIOBHUSAX B TOM K€ DJICKTPOJIUTE).

BrrsBneHo, uro aares3us mokpeitus B cucteMe TiNy/Ti/Zr-1%Nb, mosydeHHOTO
METOJaMH IUIa3MEHHO-UMMEPCUOHHOW MOHHOW MMIUTAHTAIUA U BAaKyyMHOTO
JIyTOBOr0 OCaxJeHHs Ha cruiaBe Zr-1%Nb, BeimepxkanHoro 24 daca mpu
temriepatype —20 °C u cosieHOCTH OKpy»Karomiei cpenbl 32 %o (yciaoBus
OJM3KHEe K YCIOBUAM OOJieIeHeHUs OOOpYyIOBaHUS MOPCKUX OypOBBIX
iatgopM) Bo3pacTaeTt (KpuTHIecKkast Harpys3ka ypenuuubaetcs ot 1.7 H no 8.7
H), ecnu cuctema npeBapuTeNbHO HE HACKIIIAIACH BOJAOPOJIOM.
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