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du3uKka U TeXHUKA BbICOKHUX aaBjaeHuii 2008, Tom 18, Ne 4

X MEXIYHAPOJIHASA KOH®EPEHIIUA
«BBICOKHE JJABJIEHUS — 2008.
OYHAAMEHTAJIBHBIE U ITPUKJIAJJHBIE ACIIEKTbBI»

C 16 mo 20 centsi6pst 2008 1. B 1. Cynake AP Kpsim npoxoauna X MexayHa-
ponnas xkoHdepeHius «Bricokue napinenus — 2008. dyHIaMEeHTAIbHBIE U TIPHU-
KJIQJTHBIE ACTIEKTh.

B xondepennun npunsiu ydactue 159 ydensix u3 Ykpaunsl, Poccuu, bena-
pycu u Ionpmm. beuto caenano 9 muieHapHBIX JOKJIAN0B, 45 CEKIIMOHHBIX 3BYKO-
BbIX 1 82 cTeH10BbIX. PaboTa mpoxoauia B paMKax ABYX CEKITHIl:

— ¢opMupoBaHUE CTPYKTYPHI U (PU3UKO-MEXAHUYECKHX CBOWCTB MaTEpHUAJIOB
MIOJ1 IaBJICHUEM;

— ¢u3HYECKUEe CBOMCTBA TBEPABIX TN MO JABJICHHEM.

beimn mpencTaBiaeHbl HOBBIE PE3YJIbTAThl IO MCCIEAOBAHUIO BIMSHUS BBICO-
KOT'0 JAaBJCHUS B COYETAHUU C APYTUMHU BO3JCHCTBUSMH: TEILIOBBIMH, Iedop-
MalMOHHBIMH, 3JIEKTPUYECKHMMHU, MArHUTHBIMH W YyJapHO-BOJHOBBIMM — Ha
CTPYKTYpy ¥ (PU3MKO-MEXaHWYECKHE CBOICTBAa MarepuaaoB (METaylioB, CILIA-
BOB, MOJUMEPOB, kKepaMukH). Co BpeMeHH Mpeablaylell KOHPEPEHIINH CyIIecT-
BEHHO PaCIIMPEH KPYT U3y4aeMbIX 00bEeKTOB. JJOCTUTHYTHI HOBBIC PE3yJIbTATHI B
UCCJIEIOBAHUM CTPOEHUS, (PU3NKO-MEXaHUYECKUX CBOWCTB MaTEpHAOB U HX
MpaKkTH4YeCKOM IpuMeHeHuu. [lonyunn pa3BuTHE TEPMOJUHAMUYECKHUM MOIXO]
K ONHCAaHHUIO TMPOIECCOB BO3HUKHOBEHHS CYOMHUKPO(HAHO)KPUCTATUTMYECKON
CTPYKTYpPHI NPU MHTEHCUBHOU Tutactuueckou nedopmanmu (UI1J]). Ipencras-
JICHBI HOBBIE METObI U3TOTOBJICHUS U 00pabOTKM MaTepUajoB C TAKOH CTPYKTY-
poil. AktuBHO pa3BuBanuch metonabl UII/I: paBHOKaHAIbHOE YIJIOBOE NPECCOBA-
HU€, BUHTOBAs YKCTPY3Hs, KPyUeHUE MO JABICHUEM, BCECTOPOHHSSI KOBKa, Jie-
dopmanusi B amMa3HBIX HAKOBAJBHSX, dJEKTporuiactudeckas nedopmarus. B
JOKJIaax HAILIO OTpa)K€HHWE AaJbHEHIIee pa3sBUTHE TPAJULMOHHBIX METOJIOB
00paboTKH MaTepuaoB.

[Toxazana BwICOKass d(PPEKTUBHOCTh WMMITYJIBCHBIX BO3JEHCTBHUMA (JIEKTpHUE-
CKHX, MATHUTHBIX, YAapHO-BOTHOBBIX) Ha (JOPMUPOBAHUE HAHOCTPYKTYP C HOBBI-
MU (PU3UKO-MEXaHUYECKUMH CBOMCTBAaMU. BombIoi HHTEpeC BhI3BAIN PAOOTHI TIO
yAapHO-BOJIHOBOMY METOJY CO3/1aHHUSl CBEPXBBICOKUX JaBJICHUH, KOTOPHIE MT03BO-
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JISIIOT TPOMOJIEIMPOBATH COCTOSIHUE BEUIECTBA B MAHTHH 3€MJIM U MOSBJICHUE HO-
BBIX (pa3 B TsDKEJION BOJIE.

Ha xoHdepeHIHH OTMEYaaoch, YTO MPOUCXOTUT CTAHOBJICHHE M AKTHUBHOE
pa3Butue neOopMallMOHHBIX HAHOTEXHOJIOTUH KaK OJHOTO W3 HAIpaBJIEHUH HC-
CJIeTOBaHMUI U pa3paboOTOK B 00JIacTH HaHOTEeXHOJOrui. bonbinoe BHUMaHue ObI-
JI0 YJIeJIeHO KOMMEepLUaIU3alii HayUYHbIX HUCCIIEOBAHUNA, OCOOCHHO Kacarollux-
Csl HAHOMATEPHAJIOB.

OtaenpHO 00CYXJANNUCh BONPOCH TEPMHHOJIOTHHM B aKTHBHO M3y4aeMBbIX 00-
JACTSIX HAHOMATEPHAIOB M HAHOTEXHOJIOTHA, CBSI3aHHBIX C METOJAMHU IJIaCTHYe-
CKOl nepopmanuu moj JaBICHUEM.

['maBHBIN OOIIMIA BBIBOA, KOTOPHIN ClelaH Ha KOH(EPEHINH, COCTOUT B TOM,
YTO B HACTOAILIEE BpeMs aKTyalbHOCTh MCCIEAOBaHUN B o0nacTu (pU3MKU U TeX-
HUKU BBICOKHMX JABJICHHI BO3pPACTaeT Kak B (yHIAMEHTAILHOM, TaK M MPUKIAI-
HOM HaIlpaBJICHUSX.

Y4acTHUKYM KOH(DEPEHITUH MPUIILTH K CICTYIOIIEeMY:

YuuTeIBas MyJIbTUMACIITAOHBIN XapaKkTep MPOLEcCOB, MPOUCXOISIIIUX B TBEP-
JBIX TEJIaX MOJI JaBJICHHUEM, K YYaCTHIO B KOH(epeHITMH HEOOXOAMMO MIPUBIICKATh
CHEIHMAIMCTOB Pa3HOro npoduis: GU3NKOB, XUMUKOB, MaTEpPHAIOBEI0B, MEXaHH-
KOB M T€XHOJIOTOB. JTO MO3BOJIUT Ty0Xe MPOHUKHYTh B CyTh SIBIICHUH, CIIENaTh
rry0okue 00001meHust U OyJIeT crmocoOCTBOBATh MPAKTHYECKOMY HCITOJIH30BAHUIO
HaYYHBIX pa3paboToK.

HeoOxonumo pa3BuBath (yHIaMEHTAJIbHbIE HCCIEIOBAHUS IO BBISIBICHUIO
MEXaHHU3MOB MPOIECCOB, MPOUCXOISIINUX MPU OOJBIINX TUIACTUYECKHUX aedopma-
USX, U UX MOJIETTUPOBAHUIO, B TOM YHCIIE€ M METOJAAMU TEPMOIMHAMUKH.

Cnenyer pacmiMpUTh CHEKTP METOJOB MCCIEAOBAHUS U3MEHEHUU CTPYKTY-
pbl U PU3UKO-MEXaHUYECKUX CBOWCTB MaTepHUalioB, BOSHUKAIOIINX B pe3ybTa-
te UIL.

Heo6xomumo pa3BuBaTh (hyHIaMEHTATBHBIC UCCIICIOBAHUS B 00JIACTH MCTIOJb-
30BaHUS BBICOKUX JABICHUH AJIS MONYYCHUS HAHOKPUCTALTMYECKUX U KOMITO3HUT-
HBIX MaTepUaJIOB U3 MOPOIIKOB.

C 1enpo MPaKTUIECKON peau3aiuu cleAyeT MPOJI0JDKAaTh U aKTUBH3UPOBATH
UCCJIEIOBAHMSI KaK MO CO3JJaHHI0 HOBBIX METO/I0B 0OpaOOTKHU M TEXHOJIOTUH, TaK U
M0 Pa3BUTHUIO TPAJAUIIMOHHBIX, TMO3BOJSIONINX MOBBICUTH HUX 3PPEKTUBHOCTD,
YMEHBIIUTH ce0eCcTOMMOCTb MpoayKuuu. [IpuBrnekars k yyacTHio B KOH(pepeHIIUN
KOHCTPYKTOPOB M pa3pabOTYMKOB HOBOI TEXHUKH BBICOKHUX JIaBIICHUH.

VYuuThIBasi, 4TO MO PsAYy HANpPaBIEHUN MPOBOAMMBIE MCCIEAOBAHUS JTOCTUIIIH
WHHOBAIIMOHHOTO YPOBHS (B MEPBYIO OYEPEIb 3TO OTHOCHUTCS K TIOTYUYEHUIO 00b-
€MHBIX HaHOKPHUCTAJUINYECKUX METAIUTMUECKUX U KEPaMUYECKUX MaTepuajioB Me-
tonamu UIIJ]), cnenyer opraHu3oBaTh B paMKax KOH(EPEHIMH CHELHATbHYIO
CEKLMIO MPUKIIAAHON HAIMPaBICHHOCTH M NPUBJIeYb K paboTe B HEMl mpeacTaBuTe-
JIei POMBIIIJICHHOCTH, MaJIoro OM3Heca U pacropsauTesnei GoHI0B.

Hns pacmmmpenus kpyra uurateneil xKypHaina «PU3MKa U TEXHHKA BBICOKHX
TABJICHUIT», SIBJISFOIIETOCS OCHOBHBIM TEUYAaTHBIM OpraHOM KOH()EPEHIIHH, a TaKKe
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C [ICJIBIO CACIIATh €ro JOCTYIIHBIM [JII HHOCTPAHHBIX CIICIHAJIMCTOB 06paTI/ITI>CSI B
[Tpesunnym HAH Ykpaunsl ¢ mpocb00il coOneCTBOBATh U3AAHUIO aHTIIOS3BITHON
BEPCHH KypHaJa.

YuuThIBas BaXKHOCTh BOIPOCOB TEPMHUHOJIOTHH B 00JIACTH MOJIYUYEHUS] 00BEM-
HBIX HAHOCTPYKTYPHBIX MaTEepHaOB METOJaMM IUIaCTHYECKOro aedopmupoBa-
HUS, IPEJIOKUTH BEAYIUM CIEIHAINCTaM 0O0CYAUTh Ha CTpaHUIAX MevaTu MpH-
MCHACMYIO TCPMHUHOJIOTUIO C LICIIBIO OGOCHOBaHI/ISI €C TPAKTOBKU U BBCIACHUSA HC-
00XOIMMBIX U3MEHEHU.

[TpuHuMast BO BHUMaHUE HCKIIOUUTEIBHYIO BaKHOCTH MPOOJIEMbI BHEPEHUS
00BEMHBIX HAHOCTPYKTYPHBIX MaTepUaioB, MPEAJIOKUTh BEIyIIUM CIelHaIn-
CTaM MPOaHATH3UPOBATH €€ COBPEMEHHOE COCTOSIHHE M OMYOJIMKOBATH 0030PHYIO
CTaThlO O HanOoJiee MEePCIEKTUBHBIX HAMPABICHUAX NMPAKTUYECKOTO MPUMEHEHUS
JaHHBIX MaTCPUAJIOB.

Cosznate B aTepHeTe cailT u hopym aiist 00CYKIeHUs MpoodIeM MaTepraaoBe-
JeHUA U BHEAPEHUS HAHOCTPYKTYPHBIX MAaTEPHUAIIOB.

[IpennoXuTh psal CHEUKYPCOB IO HAHOCTPYKTYPHBIM MaTepuaiaM Uil u3yde-
Husg B BY3ax ¢ HCJIBIO MMOATOTOBKH COOTBCTCTBYIOIIUX CIICTUAJIMCTOB.

11
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PACS: 62.20.—x, 81.40.—z

P.3. Banues

COSOAHUME OB bEMHbLIX HAHOCTPYKTYPHbIX MATEPUANOB
METOOAMW MHTEHCUBHOW MNNACTUYECKOWN AE®OPMALIM ONA
MHHOBALIMOHHbLIX MPUMEHEHWN B TEXHUKE W MEOVLVHE

YdumMckui rocygapCTBEHHbIN aBUaLMOHHbIA TEXHUYECKUA YHUBEPCUTET
yn. K. Mapkca, 12, r. Yoa, 45000, Poccus

Ilpeocmasnenvl pesynomamol UcCie008AHULL PEHCUMOE UHMEHCUBHBIX NAACULECKUX Oe-
dopmayuii (HUI1]]) onn cozdanus nanocmpyxmypuvix (HC) memanios u cniasos. Pac-
CMOMPEeHbL 0COOEHHOCIU HAHOCPYKMYPbL Mamepuanos, npoutedwiux UI1/[-oopadbomxy,
obecneyusarowue ONMUMU3AYUIO UX CEOUCNE.

BBenenne

[Tocnennue roapl 03HAMEHOBAIUCH PACTYIIUM HHTEPECOM K Pa3BUTHIO METO-
noB UTTJ nns nomydyeruss HC-meTamioB U crijiaBoB, 001a1al0IIMX YHHUKATBHBIMHU
cBoiictBamu [1—4]. JlaHHBIN TOAX0 OCHOBAaH Ha ucnoiab3oBanun MIIJ] kak cro-
co0a 00pabOTKM METAJUIOB B YCIIOBUSX BBICOKUX IMPHJIOKEHHBIX IaBICHUU IS
U3MENbYCHUA UX MHUKPOCTPYKTYpHI 10 HaHopasmepos [4]. MII/I-o6paboTka Ha-
IpaBJieHa Ha MOJIYy4YeHHE OJHOPOAHBIX HAHOCTPYKTYp MO BCceMy 00beMy oOpasiia.
HanocTpykTypsl MOTYT OBITH C(HOPMHUPOBAHBI KaK B YUCTHIX METalaX, TaK U B
criaBax (BKJIIOYAs MPOMBIIIICHHBIE).

W3BecTHO, 4TO yinbTpaMenko3epHUcThie (YM3) Marepuansl MOTYT ObITH OIpe-
JIeJI€Hbl KaK MOJIMKPUCTAIIBI C OYEHb MaJIBIM Pa3MepOM 3€pHa, II€ CPEIHUN €ro
pasMep COCTaBJISIET MEHEE OJIHOTO MHUKpPOHA, T.€. OTHOCHUTCS K CyOMUKPOHHOMY
(100-1000 nm) wmnu Hanokpuctamwmaeckomy (< 100 nm) amanazonam. Kpome
toro, B UII/[-maTepuanax BHyTpHU 3€peH, KaK IIPABUIO, COACPKATCSA JUCIOKALU-
OHHBIE CYOCTPYKTYpBHl C pa3MepaMH 3JIEMEHTOB B HaHoauamnazoHe. [loatomy
YM3-Metamnsl ¥ CIUiaBbl, noinydeHHble Mertomamu WIIJ], OOBIYHO OTHOCAT K
kiaccy ooreMubix HC-marepuanos [1,4].

[TepBbie paboTel Mo moayueHuo Y M3-cTpyKTypsl 1ipu momoru Mmeto o8 NI/
ObLIH TIpoBeneHbl B Havane 90-x roaoB [5,6]. Torga HamMu ObLTH MPUMEHEHBI 1Ba
merona UIIJI: kpydeHHe 1OJ BBICOKMM JaBJIICHHMEM U PaBHOKAHAIBHOE YIJIOBOE
npeccoBanue (PKVYII), koTopbie MomyyniIn 3HaYUTEIHHOE PAa3BUTHE U MEXKIyHa-
ponnoe npusHaHue [1,4]. MccnenoBanus mpoBOaMIUCH HAa YnCcThiX MeTawiax (Cu,
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Ni, Ti, Fe), a mo3nnee u Ha crutaBax (Ha ocHoBe Al, Mg, Ti u craneii). [TomyueH-
HbI€ Pe3yJbTaThl MO3BOJIAIOT BBIAEIUTh U OOOCHOBAaTh HECKOJBKO MpaBMil 0Opa-
6otku meronamu UIIJ], nHeoOxoaumbix s ¢popmupoBanus YM3-CTpyKTyphl B
METAJUIMYECKUX MaTepHajiaX U 00eCleunBalONINX JOCTIKEHHE MX YIIyYIICHHBIX
CBOMCTB. OTU OCHOBHBIE ITPABHUJIA OTHOCATCS KAaK K BBIOOPY PEXXMMOB U MapIIpy-
ToB 00pabotku I/, Tak u k uccaeayeMoMy MaTepuaty.

Jannas pabota paccmaTpuBaeT yKa3aHHbIe HarpasieHHs oOpabotku UII/] u
NPECTaBISIET HOBBIE PE3YIbTAThI €€ Pa3BUTHSI.

OcHoBHbIE IpaBUIa H3Meb4YeHHs 3epeH MeToxamu UTIJ

Jns ucnons3zoBanus meronos UII/ ¢ uenpto momyuenus YM3-metamioB u
CIUTABOB C MPEHMYIIECTBEHHO OOJIBIICYTIOBEIMU TPAaHUIIAMU 3€PEH BBIICIUM
MSATh MPaBWI 00paOOTKU IJisi U3METbYCHUS 3epeH. UeThipe U3 HUX CBSA3AHBI C TPe-
OoBaHUsAMHU K pexxuMaM U Mapiipytam UITJI-meTon0B, a msaiToe OTHOCUTCS K TIPH-
poe ucciexyemoro marepuana. Kpatko paccmorpum 3T npaBuia (6ornee mof-
poGHoe onucanue pexxuMoB U MapiipytoB UIT/I-00paboTkn MOKHO HAlTH B IO-
CJIeIHUX KHUTaxX U 0030pax mo gaHHoi remaruke [1,7,8]).

1. Becbma BaxxubiM TpeOoBaHneM k o0paboTke metonamu UIIJ sBisercs mpo-
BeJicHHE AeQOpPMHUPOBAHUS MPH HU3KHUX TeMIleparypax (Kak MpaBHIIO, MEHbIIE
0.4T,,). TobKO B 3THX YCJOBHSX BO3MOXXHO JTOCTH)KCHHE BBICOKOW IUIOTHOCTH
JUCTIOKALUN 10'* m ™ u Bbime BrUTOTE J10 MPEIEIbHBIX 3HAYECHUN 10'°-10" m™
[1,9], yto HeoOxomumo [uist popmupoBanus Y M3-ctpykrypsl. [loBblieHre Tem-
nepatypbl 00pabOTKH BEAET K PE3KOMY YMEHBUICHHIO TUIOTHOCTH JAMCIOKAIMN U
yBenuueHuto (> 1 pm) pasmepa 3epeH.

2. Crenenp nedopManuu mpu oOpaboTke (MCTHHHAs aedopmarusi) AOKHA
npeBbimath 6—8. XoTs CUIIbHOE M3MENbYECHUE MUKPOCTPYKTYPBI U JOCTHXKEHUE
IUIOTHOCTH IUCJIOKAIMi OoJiee 1014 mﬁ2 MPOUCXOAAT YK€ TIpu aepopmanuu 1-2
[1], HO PopmupoBanue YM3-CTpYKTYphI C OOJBIICYTIOBBIMH TPAHUIIAMH UMEET
MECTO TOJILKO IIPU JallbHEUIIeM 1e(OpMUPOBAHHH.

3. ns apdexruBnoit UI1J[-o6paboTku Baxkusl Beicokue (> 1 GPa) ruapocra-
TUYECKUE JIaBIICHUS, KOTOPHIE CIIOCOOCTBYIOT TOBBIIICHHUIO J1e(HOPMHUPYEMOCTH
oOpabaTeiBaEMOT0 Marepuajga H, CIEI0BaTEIbHO, OOECIEYMBAIOT IEIOCTHOCTh
3aroTOBOK Ja)ke Mociie 04eHb Oonbiux Aedopmanuii [4,7]. Kpome Toro, napmue-
HHUE OKa3bIBaeT BIUSHHUE HA TUPPY3UI0 U TaKUM 00pa3oM CAECP)KUBAET aHHUTHIIS-
U0 Ae(EKTOB KPUCTATUIMICCKON penteTku mpu nedopmanuu [10].

4. ®opMupoBaHHE PaBHOOCHBIX YJIBTPaMENIKHX 3€pEH 3aBUCUT OT TypOyJIeHT-
HOCTU TeueHHs MeTtaiia. Ha MakpoypoBHE TypOyJIEeHTHOCTH CBSi3aHAa C HEMOHO-
TOHHBIM XapaktepoM aedopmaruu. Hanpumep, npu PKYII mapupyt Be, nipu xo-
TOPOM 3aroToBKa mepeBopaunBaercs Ha 90°, cymectBeHHO Oojee 3(hQeKTHBEeH
JUTSL U3MENbUEHUS 3epeH B CpaBHEHUU ¢ MapuipyToM C, IpH KOTOPOM MOJIOKEHHUE
3aroTOBKH MEXIy mIpoxofamu He MmeHsieTcs [7]. Ha mukpoypoBHe TypOyiieHT-
HOCTb BBIp@)K€HA BPALEHUEM U IIepeMeleHUeM 3epeH [11].

5. N3MenbueHne 3epeH TakkKe CBA3aHO C aTOMHOM CTPYKTypOll maTepuana.
VYnopsioueHue CIUIaBOB MM CHWKEHHE >Hepruu nedexra ynakosku (/1Y) npu
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IPOYMX PABHBIX YCIOBUSAX CHOCOOCTBYET MOBBIIICHUIO TUNIOTHOCTH HAKOIUIEHHBIX
JUCIIOKAIIMN U 3HAYUTENIPHO CHIDKAET pa3Mep mosiydaembix 3epeH [1]. Hampumep,
B criaBe Pd-20% Ag, umeromem /1Y = 125 mJ/mz, u B uuctom Pd (DAY =
=190 mJ/mz) nocie UITJ kpydyenuem 5 o6opotoB npu aasieHuu 6 GPa pasmep
3epeH noiyyaercs coorBercTBeHHO 150 u 240 nm [12].

[IpennoxxeHHbIC MpaBWiIa, MO HAIIEMy MHEHHIO, SBISIOTCS HEOOXOIUMBIM H
JIOCTATOYHBIM YCIOBHEM IS 23PGEKTUBHOTO U3MENIbUYCHHS 3epeH Bo BpeMs WIT/I-
00paboTKHu.

3. IloBbllIEHHBbIE CBOMCTBA HAHOMATEPHAJIOB, MOJY4eHHbIX MeTogamu UTIJ{

B Teuenue nmocneaHero aecATUICTHS ObUT BBITIOJHEH IIEJIBIN sl paboT, CBUIE-
TEJIbCTBYIOIIMX, YTO M3MEJIBUYECHHE 3€PEH A0 HAHOPA3MEPOB NMPUBOJUT K 3HAYU-
TEJIbHOMY TMOBBIIIEHUIO MPOYHOCTU PA3JIUYHBIX METAJJIOB U CIUIABOB, OJHAKO
JIAHHBIE MaTEepUaIbl OOBIYHO JEMOHCTPUPYIOT HU3KUE MOKA3aTeNIu MIACTUYHOCTH
IpHu UcTbITaHUAX Ha pacTskeHue [1,13]. Kak uzBecTHO, moxoxkasi TEHACHLIMS Ha-
Omroz1aeTcsl TakXkKe y METaJUIOB, TIOJABEPrHYTHIX OOJIBIION X0JI0AHON Nedopmanuy,
HalpuMep, MPOKATKOM, DKCTPY3UEH, BBITSKKON. [IpOYHOCTh M INTACTUYHOCTH —
OCHOBHBIE MEXaHHYECKHE XapaKTEPUCTUKH JI0OOOTr0 MaTepuana, HO OOBIYHO HUX
MOKA3aTeIM HAXOATCS B 0OpAaTHO MPOMOPIIMOHATLHON 3aBUCHMOCTH. Tak, MaTe-
pHATBI MOTYT OBITH JINOO TIPOYHBIMH, JTHOO TIACTHYHBIMU, HO PEAKO JEMOHCTPH-
PYIOT OTHOBPEMEHHO BBICOKHE MOKA3aTeIH 000X CBONCTB.

[Tpuunna >TOTO SIBNEHUS UMeEeT QyH-
JaMeHTanbHylo npupony. Kak yxe 00-
cyXpmainoce Oosee moapodbHo [13,14],
MEXaHU3Mbl IUJIacTU4ecKoil nedopma-
LIMH, CBSI3aHHBIE C TEHEpale u BUKe-
HHUEM [JMCJIOKalWid, MOTYT HE JIEWCTBO-
BaTb B HaHOMarepuaiax. J[aHHas 3aKo-
HOMEPHOCTb, KaK IPaBUJIO, CIIPABEUINBA
u g MarepuanoB nocine  UIIJI-
obpabotku. Tak, OonpmuHCTBO YM3-
MaTepuaioB 001aJaeT OTHOCUTEIHHO
HU3KOW TUIACTUYHOCTBIO TpU  3HAYU-
TeNbHO Oo0Jiee BBICOKHUX TMOKa3aTessIx
MIPOYHOCTH, Y€M HX KPYIHO3EPHHUCTHIE
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Puc. 1. HeoObryHOE CoueTaHHE MPOYHOCTH
Y TUTACTUYHOCTH B HAHOCTPYKTYPHBIX MEITH
Y THTaHE (M) B CPAaBHEHUH C KPYITHO3EPHHU-
cTeIMU aHajoramu [16]. Jluauu / u 2 moka-
3BIBAIOT TEHJICHIIMIO CHIDKEHUS IUIACTHY-
HOCTH ¥ TIOBBIIICHUS TIpe/ieNna TeKy4decTH
COOTBETCTBEHHO MEIW W AITIOMUHHS TIPH
XOJIOMHOM TPOKaTKe Ha pas3iIMJHbIe CTerne-
HU Jedopmanuy (BETUYUHBI 00XKaTHS B %
YKa3aHBI Y COOTBETCTBYOIINX TOYEK)
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aHajord. HeoO0XoauMo OTMETUTH, 4YTO
obpabotka WIIJ] Bemer K CHIDKEHUIO
TUTACTUYHOCTH, KOTOpast OOBIYHO ObIBaeT
HIKE, YeM B DTHX K€ MaTepualiaX 1mocie
TPaIUIIMOHHBIX CIIOCOO0B 00pabOTKH,
TaKUX KaK MPOKATKa, BOJOUYEHUE U DIKC-
Tpy3ust [15]. HenaBHue OTKphITHSA He-
00BIYalfHO BBICOKOM MPOYHOCTH U IUIA-
CTHYHOCTH CPa3y B HECKOJBKUX O0BEM-
Hbix HC-Mmerammax mpeacTaBisilOT OCO-
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on1it uaTEpec (puc. 1) [14,16—-19]. [Toatromy nanee OyayT paccMOTPEHBI O0Jee moj-
POOHO MOAXO/IbI, KOTOPbIE OBLIM UCTIOIB30BaHbI B IAHHBIX UCCIEIOBAHUSX.

B ocHOBe HEOOBIYHOTO TOBHIIICHUS TPOYHOCTH U TUIacTUIHOCTH HC-MeTamios
U cruiaBoB, nmonydeHHbx WUIT/], mexxar BeIsSBICHHBIE Te()OpMAIMOHHBIC MEXaHU3-
MBI, CIIOCOOCTBYIOITUE CTAOMIBHOCTU IJIACTUYECKOTO TEUCHUS U 3aTPYIHSIONINE
nokanu3anuio aegopmanuu [1,14,20].

Kak u3BecTHO, A MOJaBiICHUs JOKAIU3alMKU JedopMalui BaKHBIMU SIBJISI-
I0TCs AeOpMaIiOHHOE YIpPOYHEHHE U J1e(hOpMallMOHHO-CKOPOCTHASI YyBCTBH-
TEeNBHOCTH [21].

B pa6ote [18] moka3zaHo, 4To 3HaYUTENbHOE Ae()OPMAIIMOHHOE YIPOYHEHHE
MOJKET OBITh MOJYYEHO MPH CO3JaHHH TaK Ha3bIBAEMBIX «OMMOJATBHBIX)» CTPYK-
Typ. Hanpumep, B Meau Obuta cpopmupoBaHa «OuMonaibHas» CTPYKTypa, CO-
CTOSIIAsl U3 MUKPOHHBIX 3epeH (¢ 00beMHOU dpakiueit mpumepHo 25%), Haxo-
JSIUXCSl B HAHOKPUCTAJUIMUECKOM MaTpule. Marepuan npoaeMOHCTpUPOBaIl He-
00BIYalfHO BBICOKYIO TUIACTUYHOCTH, COXPAHUB MPH TOM BBICOKYIO TMPOYHOCTD.
[IprumHa Takoro moBeAeHUs 3aKo4yaiach B TOM, YTO B TO BpPeMsl KaK HAaHOKPH-
CTAJUIMYECKHE 3epHa 00eCTeUnBaIM MPOYHOCTh, 3€PHA OOJBIIETO pa3Mepa ObUIH
OTBETCTBEHHBI 32 MPOSIBICHUS Je(hOPMAITMOHHOHN TUIACTUIHOCTH MaTepHalia.

Hpyroii moaxoa K pemieHuto mpoOaeMbl JOCTHKEHHSI BHICOKOH MPOYHOCTH U
mactTuaHocTH [13,17] ocHOBaH Ha 00pa30BaHUM JUCTIEPCHBIX YACTHUI] BTOPUIHOM
da3sl B MeTasmnieckoit HC-marpuiie, KOTOpble BUIOM3MEHSIOT PaCipOCTpaHEHNE
MOJIOCHI CKOJIBKEHHUS B TIpoliecce AeGopMaliiy, yBeITuunBas TakuM 00pa3oMm Iijia-
CTUYHOCTh. OJHAKO HEOOXOIWMBI CHCTEMAaTHYECKHE WCCICIOBAaHUS BIHUSHUS
MPUPOJIbI BTOPUUHBIX (ha3 sl ONTUMHU3AIUN MEXaHUYECKUX CBOMCTB.

Eme omuH momxon cBsi3aH ¢ pa3pabOTKOM HOBOTO HAMPABICHUS — YIPABICHHS
CTPYKTYpOM TrpaHul] 3epeH B YM3-merauiax (3€pHOrpaHUYHON WHXKEHEpUEH)
[14,22]. OgHuM U3 coco0OB 3/IECh SBISIETCS] UCIOIB30BAaHKUE ISl YIPOUHECHHUS Ha-
HOPa3MEpHBIX BOWHUKOB BMeCTO HaHo3epeH [23,24]. Ilpeamonaraercsi, 4ro Kore-
PCHTHBIC TBOMHUKOBBIC TPAHMIIBI CITYKaT d(D(HEKTHBHBIM OaphepoM B OJIOKUPOBAHHUN
JICTIOKAIMIA BCJICJICTBUE TIOJABIICHUS JHHAMHYECKOTO BO3BpaTa, KOTOPBIA OOBIYHO
MPOUCXO/UT B BEICOKOYTJIOBBIX TPAHUIIAX 3€PEH WM JUCITOKAIIMOHHBIX STYEHKaX.

I[Toxoxee sBieHHEe HAOIOIAIOT
IpU TUIACTUYHOCTH, OOYCIOBIEHHOM
MapTEHCUTHBIMH  IPEBpalICHUSIMH,
YTO JIOCTaTOYHO XOPOIIO H3YUYEHO
IJ1s OOBIYHBIX METAJJIOB U CILIABOB.
JanHbpiii  gedopMallMOHHBIA — Mexa-
HU3M OCYUIECTBJSIETCS U B Clydae
YM3-cTpykrypsl, nonydenHoi PKVII,
C pa3MepaMu 3€peH B HECKOJBKO CO-
TeH HaHOMETpoB [25,26] (puc. 2).
Puc. 2. Mukpoctpykrypa critaa TigogNiso2  Cormacso pesyneTaraM HAmIMX —Hc-
nociie nposeaeHus 8 npoxogos PKVYII mpu cnegoBanuit [27-30], mebopMaruoH-

450°C [30] HO-MHIYIIMPOBAHHOE MAapTECHCHUTHOE
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IIPEBpalICHUE IIPU UCHBITAHUAX HA PACTSKEHHE MOXKET aKTUBHO IIPOMCXOIUTH
B YM3-cnnaBax TiNi.

[Tpu cpaBHEHUU C UCXOAHON KPYMHO3epHHUCTON cTpykTypoii UII/[-06paboTka
IPUBOJUT K 3HAUYUTEIbHBIM M3MEHEHHSM MEXaHWUYECKHUX CBOMCTB HUKEIUAA TH-
TaHa, BKJIIOYAs MOBBIIICHUE IMOKa3aTeNneil 1eOopMalmOHHOrO YNPOYHEHUSs, Mpe-
JIeNIOB TEKYy4eCTH W MpouyHocTH. Hampumep, ucxonaHas mpodHocTh cruiaBa TiNi
noBelmanack ¢ yeeiauuenuem yucia PKYII-npoxonos npu temmneparype 450°C,
JOCTUTHYB cBoero MakcumyMa B 1250 MPa nocne 8 mpoxoqoB, B TO BpeMsi Kak
npejien TeKy4eCTH yBeIuumiIcs 0ojiee ueM B JBa pasa, JOCTUTHYB MaKCUMaIbHOIO
nokazarens B 1150 MPa (puc. 3). BaxHO 0TMeTUTh, YTO MaKCUMaJIbHBINA Tpeae
npoyHoctH ciuiaBa TiNi Ha 30% Bbllie, U peen TeKy4ecTH B ABa pa3a Ooiblie,
YeM y KpPYMHO3EPHUCTHIX aHajaoros [30].

1400
1200 - 2
! 3
1000 1
< Puc. 3. Kpussie pactshkeHus u edhopMariiu
A . .
S 800 1 oOpa3ioB u3 crmiaBa Tigg gNisgo mOCHE
) 600 1 PKVII (8 mpoxonos) mpu 450°C (kpuBas /)
g u nocne PKVYII ¢ nocnenyromum oTKUTOM B
Y2400 1 tedenue 1 h npu Temneparypax 500 (kpuBas
200 1 2) n 600°C (xpuBas 3) [30]
O A ] v L] L
0 20 40 60 80
Strain, %

PKVII ¢ nocnenytomum otxkurom mpu temmneparype S00°C B TeueHue 0JJHOTO
yaca COIMPOBOXK/IAETCS HE3HAUUTEIbHBIM BO3BPATOM MHUKPOCTPYKTYpBI 06€3 pocTa
3€pEeH, YTO MPUBOJUT K MOBBIIICHUIO TUIACTUYHOCTH ¢ yuinHeHueMm (60%) no pas-
pYILIEHUS MPU HECYIIECTBEHHBIX U3MEHEHHIX MOoKa3aTeseld MpOYHOCTH (KpuBas 2
Ha puc. 3). Takue BBICOKHE IOKa3aTeIu IMPOYHOCTH M IUIACTUYHOCTH YM3-
CIUTaBOB HAOJIOJAIOTCS BCIEACTBHE Ae(POpMAlMOHHO-UHIYLIMPOBAHHOTO MapTEeH-
CUTHOTO TNIPEBpAIICHUs, KOTOPOE MPOUCXOIUT B Hauaje aedopmannu. Mcnsitanus
Ha pacTsHKEHUE MPHU MOBBIIIEHHBIX TEMIEpaTypax, e MOJaBiIseTcs] MapTEHCUT-
Hasi TpaHc(hOopMaIvs, TPUBOJAT K CHIDKEHUIO TIACTUYHOCTH.

Wzydenne ckopoctu AePOPMAIIIOHHOTO YHPOYHEHUS SIBISIETCS albTepHATHUB-
HBIM TOAXOJOM K YJIYyYIICHHMIO IUIaCTHYHOCTH. Hampumep, ObIIO MOKa3aHO
[14,16], uyto popmupoBanue YM3-CTpyKTyp C OOJBIICYTIOBBIMA M HEPaBHOBEC-
HBIMHU T'paHUIIAMU 3€pEH MOKET 00eCreynBaTh MPOIECCHl 3¢€PHOTPAHUYHOTO MPO-
CKaJb3bIBaHMs. 3BecTHO, UTO 3€pHOrpaHUYHOE MTPOCKANIb3bIBAHUE, BHI3BIBAIOIIEE
MOBBIIICHHUE TUTACTUYHOCTH, OOBIYHO HE Pa3BUBACTCSI HA MAJIOYTJIOBBIX TPaHUIAX
3epeH. BaxkHOCTb CTPYKTypbl OOJIBLIEYTIIOBBIX TPaHUI] 3epeH ObUIa TakkKe IMOA-
TBEpKAeHa B pabore [16], rae Mbl HCCIeqOBaIM MEXaHUYECKOE MOBEICHHE Me-
TaJUIOB, MOABEPTHYTHIX paznuuHoit creneHu MIIJl, kotopas obecneunna dhopmu-
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poBaHMe I'paHull pa3Horo tuna. Kak yxe oTmedanoch, IpOCKaab3bIBaHUE IIPOUC-
XOIUT ¢ OonbllIell BEpOATHOCTHIO, KOTJ]a B CTPYKTYPE €CTh HEpaBHOBECHBIE I'pa-
HULBL. JpyruM npumepoM, oOHapy>KEHHBIM HEIaBHO Ha oOpa3lax HaHOCTPYK-
TypHOTO THTaHa, MojaBeprHytoro obpadorke WIIJl kpydyeHuem, sBisieTcs He-
00BIYHOE BIMSIHUE TEMIIEpaTypbl OTXKHra Ha MEXaHHMYECKOE MOBEICHUE MeTasia
[19]. Tak, kpaTkoBpeMeHHbIN oTHUr TIpu Temreparype 300°C mpuBen k 3amer-
HOMY TOBBIIICHUIO TPOYHOCTH, IIPU 3TOM IIACTUYHOCTH ObUIA BBIIIE, YEM Y aHa-
noruyHoro Marepuana mnocie WMIIJ] kpyueHueM m oTkura mpu 0ojee BBICOKOM
TeMIeparype. YJIydlleHHe MOKa3aTelaed MPOYHOCTU M IJIACTUYHOCTU B JIaHHOM
JKCIIEPUMEHTE CBSI3aHO C IMOBBIIIEHHEM CKOPOCTHOW UyBCTBUTEIBHOCTH, OTME-
YEHHBIM M B JIPYTHX paboTaX, MOCBSIIEHHBIX UCCIEIOBAHUIO MIPOYHOCTU U ILIA-
CTUYHOCTHU HaHOMaTepuanos [1,16,31].

Kak u3BECTHO, MOBBIINIEHHAs CKOPOCTHAs YYBCTBUTEIBHOCTH YKAa3bIBAE€T Ha
BSA3KOE TEUCHHE U UTPAET KII0UEBYIO POJib B cBepxIutactuyHocTd HC-matepuanos
[32]. C npyroii CTOpOHBI, 3TO TAK)KE ACCOLMUPYETCS C PA3BUTHUEM IIPOCKAJIb3bIBA-
HUS TI0 TPAaHULIAM 3€pEeH, KOTOPOEe HaXOAUTCS B MPSIMON 3aBUCHUMOCTH OT 3€pHO-
IPaHUYHON CTPYKTYphl. [lomydeHHbIE 3KCIIEPUMEHTAIBHBIE PE3YJIbTaThl XOPOILIO
COIJIacyIOTCA C HEIaBHUMHU pPe3yJIbTaTaMH KOMIIbIOTEPHOTO MOJCIUPOBAHUS U
UCCIICIOBAaHMSIMA MEXaHU3MOB Jedopmanuu B HaHoMmeramnax [33-35]. Jlns
KPYMHOKPUCTAIUIMUECKUX METAJUIOB JMCIOKAIMOHHOE CKOJbXKEHHE U o0pa3oBa-
HUE JBOMHMKOB SIBJISIIOTCS OCHOBHBIMHM XOPOLIO M3BECTHBIMU MEXaHHU3MaMHM Je-
dopmaruu. Ho pe3ynbraThl KOMIBIOTEPHOTO MOJEIUPOBAHUS MOKA3bIBAIOT, YTO
yIIBTPaMEJIKHE 3€pHa BBI3BIBAIOT Pa3BUTHE CIELU(UIHBIX MEXaHU3MOB Jedopma-
IIUH, TAKUX KaK 3€pHOTPAHUYHOE MPOCKAIb3bIBAHUE WIIH 3aPOXKACHUE YaCTUUYHBIX
nuciokauuii [34-37]. bonee Toro, CABUT MOXKET UMETh KOOIIEPATUBHBIN (TpymIIo-
BOM) XapakTep, CXOAHBIA C TeM, YTO ObUT OOHAPYKEH B PaHHUX HCCIICIOBAHMIX
cBepXIUIacTuuyHOCTH MaTepuanoB [38,39]. HeoOxoaumMo OTMETUTH, YTO HEIaBHUE
uccienoBanusi MexanusmoB jaedopmanuu B HC-marepuanax moaTBEepAUIN psij
pe3yNbTaTOB KOMIBIOTEPHOTO MoenupoBanus [19,40,41].

OpnHako cyuiecTByeT Bompoc: nmouemy B HC-marepuanax mpoHCXOIUT 3€pHO-
IPaHUYHOE IPOCKAaJIb3bIBAaHUE P OTHOCHUTENBHO HHU3KHMX TeMIlepaTypax, Oco-
O0eHHO B Marepuanax, nmoaydeHHbIx meTomamu UII/[? OObsicHeHHEM MOXET 5B-
JAThCA TO, uTO AU(PPy3us B YM3-marepuanax ¢ HEPaBHOBECHBIMHM TI'PaHUIIAMU
3epeH MPOUCXOAUT 3HAUUTENIBHO ObICTpee. DKCIEPUMEHTHI MMOKa3alu, 4To KOd(-
¢umment quddysun B YM3-marepuanax, nomyueHHbix MIIJ], 3HaunrensHo (Ha
2-3 mopsiaka) BbINIE, U 3TO CBS3aHO MMEHHO C HEPaBHOBECHOCTHIO T'PAaHMII
[42,43]. IToaTOMy 3€pHOrpaHMYHOE NpOCKalb3blBaHuE B Y M3-Meramiax mpouc-
XOJOUT Jierde B Ipoliecce AeGopMHpOBaHUS Jaxe MPU HU3KUX TEeMIepaTypax,
o0ycnoBiuBasi OOJBIIYIO TUNIACTUYHOCTh. Kak M3BECTHO, aKTHBU3AIUS MPOCKAIb-
3piBaHusl B HC-MeTamiax MOXeT MPHUBECTH K CBEPXIUIACTUYHOCTU MPU OTHOCH-
TENbHO HU3KHUX TemrmepaTtypax [44].

Co3znanue HAHOCTPYKTYp B MaTepuajax C LEJIbI0 YBEIMUEHUS UX IPOYHOCTH U
IUTACTUYHOCTH MMEET MEPBOCTENIEHHOE 3HAUYEHUE IS MOBBIIIEHUS UX CONPOTHUB-
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JICHHsI YCTAIOCTH U TpelHOCToKoCcTH [45—47]. B HaHOMaTepuanax HaOronaeT-
csl HEOOBIYHOE YBEJIMUEHUE KaK MaJlo-, TAK U MHOTOLMKIIOBOH yctanoctu. Cyie-
CTBYIOT TEOPETUYECKHE OOBSICHEHUS M MEPBBIC IKCIICPUMEHTAIBHBIE IOKA3aTEb-
CTBa 3TOTO MHTEpEeCcHOTo peHomeHa [22,46,47].

TakuM 00pazoM, MOBBIMICHHBIE Ne(hOPMAIMOHHOE YIPOYHEHUE U CKOPOCTHAS
YYBCTBUTEJIBHOCTh HAIPSHKEHHSI TEUEHUS] OJJMHAKOBO BAXKHBI IS PEAIN3ALNN BbI-
COKOM MPOYHOCTH U IJIACTUUHOCTH Y M3-MeTaioB, nonyyeHHbIx metogamu UIT/I.

BriBOaBI

Ha ocHOBaHuU pe3ynbTaTOB HAIIMX HEAABHUX HCCIIEIOBAaHUI OCOOCHHOCTEM
MUKPOCTPYKTYpPBI U CBOMCTB Y M3-METAJIJIOB B IaHHOW CTaThe€ PACCMOTPEHBI HO-
BbIC HAIpPABIICHUS TOJTYUYEHUS OOBEMHBIX HAHOCTPYKTYPHBIX MaTEpHaIOB METO-
namu UIT. IIpyu u3ydyeHnn 3aKOHOMEPHOCTEH M3MENbUYCHUS 3€PEH BaKHBIM aK-
IIEHT JeJaeTcss Ha TpeboBaHMs i1 MapmipyToB U pexxumo WJIT-00paboTku c
LENbI0 TIOJIyYEHHsI MEPCHEKTUBHBIX CBOMCTB YM3-meramnoB. bonee Toro, mo-
CJIEZIHUE PEe3yNbTaThl OKA3bIBAIOT, YTO JAU3AWH TPAaHUI] 3€pEH IMOCPEACTBOM (Hop-
MHUPOBaHHUS Majio- U OOJIbLICYTJIOBBIX IPAHULI, a TAKXKE CO3JAAHHE CIECLUAIbHBIX,
MIPOU3BOJILHBIX UJIM HEPABHOBECHBIX IPAHUI] 3€PEH JOJKHBI Jaliee AETAIbHO pa3-
pabaTbIBaThCS € IENbI0 MoNyueHuss o0beMHbIX HC-MaTepuanoB ¢ ynydIieHHBIMU
cBoiicTBamH. J[aHHOE TOJI0KEHNUE COOTBETCTBYET MUOHEPCKOM rumnorese mnpodec-
copa ['nsiitepa, yTBepKIarOIIEH, YTO CBOMCTBA HAHOMATEPUAJIOB OMPEACIISIIOTCS
COCTOSIHEM BHYTPEHHHMX IMOBepxHocTel pasnena [48]. IlosTomy uccienoBaHus
ATOMHOW CTPYKTYPBhl U CBOWMCTB T'PAHUIl 3€PEH TOJHKHBI SBUTHCS MPUOPUTETHOMN
MCCJIEI0BATENbCKON 3aJaueil NpU pealu3aluy YHUKaJIbHOro NoTeHuuana YM3-
MaTepHaoB.

JanHast paboTa Oblia IpoBeIeHA MPH MOJJEPXKKe MporpaMM MUHHCTEpPCTBA
oOpa3zoBanus u Hayku P®, Poccuiickoro ¢onna ¢pyHIaMEeHTAIBHBIX HCCIIEI0Ba-
Huit, a Takke DOE NIS-IPP nporpammer (CIIIA). ABTOp BBIpa)kaeT riryOOKyIO
NPU3HATENFHOCTh KOJUIETaM U COTPYAHMKAM, YYacTBYIOIIMM B JaHHOW pabore U
YIIOMSIHYTBIM B CITUCKE JIUTEPaTyPHlI.
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R.Z. Valiev

CREATION OF BULK NANOSTRUCTURED MATERIALS BY SEVERE
PLASTIC DEFORMATION METHODS FOR INNOVATIVE APPLICATION
IN ENGINEERING AND MEDICINE

Results are given of investigations of severe plastic deformation (SPD) regimes for the
creation of nanostructured (NS) metals and alloys. Features of the SPD-processed mate-
rial nanostructure that provide the optimization of properties have been studied.

Fig. 1. Paradoxical combination of strength and plasticity in nanostructured copper and
titanium (m) as compared to coarse-grained analogues [16]. Lines / and 2 show the ten-
dency of plasticity decreasing and yield strength increasing of copper and aluminium,
respectively, under cold rolling to different degrees of deformation (reduction ratios, in
%, stand near respective points)

Fig. 2. Microstructure of the Tigg gNis( » alloy after 8 ECAP passes at 450°C [30]

Fig. 3. Stress-strain curves in tension for the Tiqg gNisg o alloy after 8 ECAP passes at
450°C (curve 1) and after ECAP followed by annealing for 1 h at temperatures of 500
(curve 2) and 600°C (curve 3) [30]
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Paccmompenwvl konyenyus mecaniacmuueckux oegpopmayuii (MI]) memannos u cészan-
Hble ¢ Helo CMPYKMypHule uzmenenus degexmuwix noocucmem. Ilokazano, umo cywecm-
8yem HeKomopoe Kpumuyeckoe sHavenue 0eopmayull, HaUuHdas ¢ KOmopoz2o U3MeHeHus
8 CIpYKmype Mamepuaida npu nepexooe K 8blCOK00eqhOpMUPOBAHHOMY COCMOAHUIO NPO-
ucxoosm ckauxooodpasmno. Ilpu ceepxbonvuiux Oehopmayusx noMuUmMo 0ObLIYHO20 Mexda-
HU3Ma perakcayuu 8 popme pazmenmayuu uiu OpooOIeHUs 3ePeH UMEIOm MeCmo U Opy-
2ue ee BUObl — PEKPUCATIUZAYUS 34 CUEm YAPY2UX HANPSANCEHUU NPU OMHOCUMETbHO
HU3KUX MeMnepamypax, hazosvie nepexoovl, amoppusayus. Yrazannvle senenus u npo-
yeccwl, npomexarowue npu MII/[, adexeammno onucvl8arOmMes 6 pamKax IHePeemuiecKo2o
n00x00a.

B mocnenHue roapl BceBo3pacTaroliee BHUIMaHUE UCCIIEIOBATENICH MPUBIICKAET
BO3MOXHOCTh CYIIECTBEHHOT'O TOBBILIICHUS (PU3UKO-MEXaHUYECKUX CBOWCTB Me-
TATMYECKUX MATEPUAIIOB ITyTEM HCIOJIh30BAHUSI CBEPXBBICOKHX TUIACTHYECKHX
nedopmanuii [1]. /IBa Hanbosee pacnpocTpaHEHHBIX CIIOCO0a CO3AAHUS TMTaHT-
CKUX CTerneHed aedopMary — KpydeHue 1o JaBICHUEM B Kamepe bpumkmena
(KIKB) u paBHOKaHambHOe yrioBoe mnpeccoBanue (PKVYII). Peanusyemsie mpu
9TOM IUTACTHYECKHE AeGOpMaliil CTONb CYIIECTBEHHBI, YTO TEPSIFOT CMBICI
OOBIYHBIC 3HAUEHHS] OTHOCUTEJBHBIX CTeNeHel nedopmalyu, U ciaenyer nepexo-
nuTh K UCTHHHBIM aedopmanusm. s KIKbB e = (#/f)e, roe » u t — cooTBETCT-
BEHHO PaauyC U TOJIIMHA LMIMHAPUYECKOTr0 00pasla, ¢ — yroi MmoBopoTa Moj-
BIDKHOW HakoBasibHH, a i PKVYII e = arsh(nctg), roe n — uucno npoxomos, ¢ —
yToJIl TOBOPOTA KaHAJIOB.

dopmupytonecss MpH CTOJb TUTAHTCKUX JedopManusix CTPYKTYPHBIE CO-
CTOSIHUSI BECbMa HEOOBIUHBI U TpyJIHOIpencKazyeMbl. K cokaneHuto, moaaBisio-
niee OOJIBIIMHCTBO aBTOPOB, MCCIEAYIONIUX BIUSHHE CBEPXBBICOKUX IUIACTHYC-
CKuX JleopManuid, OrpaHUYMNBAIOTCS N3yUYEHHUEM KOHEUHBIX CTPYKTYP M COOTBET-
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CTBYIOLIIMX CBOMCTB MaTepuasoB, HE aHATU3UPYS TeX (PU3MUECKUX IMPOLECCOB,
KOTOpbIE MPOTEKAIOT HEMOCPEACTBEHHO MPU TUTAHTCKUX CTEMEHSX IMIaCTUYECKO-
ro TedeHus. Knaccumueckue AUCIOKAIMOHHBIE W JUCKIMHAIIMOHHBIC MOIXOIBI K
MOHMMAHHUIO CTPYKTYPHBIX MPOIIECCOB MPU CBEPXBBICOKHUX MJIACTHUYECKHUX aedop-
MalMsX MPEICTABIAIOTCS HEIOCTaTOYHO 3()(EeKTUBHBIMU U TPEOYIOT MEPEOCMbIC-
JICHHUSL.

Llesb JaHHOM CTaThU — NPEUIOKUTH EAUHYIO (PU3NYECKYIO KapTHUHY MPOIECCOB
IIPU CBEPXBBICOKUX IUIACTUYECKUX JePopMaIusix, CIOCOOHYI0 HEMPOTUBOPEUHBO
OOBSICHUTH BCIO COBOKYITHOCTh JKCHEPUMEHTATBHBIX TAaHHBIX, HAKOIUICHHBIX K
HACTOSIIIIEMY BPEMEHH B ATOH OypHO pa3BUBAIOIICHCS 00JacTH (PU3UKH TIPOUHO-
CTH | IJIACTHYHOCTH.

B pabore [2] mist 0o603HaYeHUST TTOAOOHBIX BETUYUH JAe(POPMAIMH TPETOKEH
TEPMUH Me2aniacmuyeckas 0eg)opmayus, 9To B OOJIbIICH CTENICHH, HEXEIH JPY-
rue, OTBeYaeT OOIIeH JIOTMKE Pa3BUTHs JIOOOT0 MaTepHalibHOTO siBiICHHUS [3].
I'panuna Mexay Makpo- U MErariacTUYecKou aedopManusMu ocTaetrcs Gpuznde-
CKH HEOIPECIICHHON. Y CIIOBHO MBI OyJIeM CYMTaTh TPAaHUYHON 00JaCThIO OTHO-
cutenbHylo aedopmarmio € # 100% wim uctuHHyto Aedopmarmio e ~ 1.

1. Meransiactuueckas negopmanusi

CyMMHpysi MHOTOYMCIIEHHBIE MCCIIEIOBAHUS MO U3YyUYEHUIO CTPYKTYpbl MaTe-
puanos, noaseprmuxcss MIIJI, MO’)KHO KOHCTaTUPOBATh, YTO HAOIIOIAETCS CIOXK-
HOE codyeTaHue Ne(DEeKTHBIX CTPYKTYp Pa3IMUHbIX YPOBHEH — TOUCUYHbBIE NE(EKTHI,
JTUCIIOKAllMH, CETKU JUCIIOKALMi, MaJO- U BHICOKOYTJIOBBIE IPAaHUIIBI 3€PEH B pa3-
JUYHOM MPOLIEHTHOM COOTHOLIEHWH, MUKPOIOPBI U MUKpOTpeluHbl. [lomysip-
Has B JIMTepaType TpeXMepHas CTaTHCTUYECKas OLEHKa MoJ00HOI 3epeHHOM
CTPYKTYpHI JaeT B JIyUIIEM CIIy4ae COOTHOLIEHHUE MEX]Y BBICOKO- U MaJIOyTJIO-
BBIMH T'paHUIIAMU B CTPYKType MaTepuaa, a TakKe HeCylleCTBeHHYI0 UH(popma-
IIUIO O IPUPOJIE TeX PU3UUECKUX MPOLECCOB, KOTOPhIE MPOTEKAIOT IpU 00pa3oBa-
HuM rpanul. Kpome toro, nHpopmanus 3Ta, K COXKaJICHUIO, JOBOJIHHO MPOTUBO-
peunBa U HEOJHO3HAYHA, MOCKOJIBKY B Pa3JIMUHBIX SKCHEPUMEHTaX aBTOPhI Ha-
0JIF0/1al0T, KaK MPABUIIO, PA3IMYHbIE CTPYKTYPHBIE COCTOSTHUS HA OJTHUX U TEX K€
MaTepuaax Mpu CXOJHBIX, Ka3aiaock Obl, ycnoBusax aegopmupoBanus. [Ipu stom
HAHOCTPYKTYpHOE COCTOsIHME ¢ pa3MepoM 3epHa d < 0.1 um dopmupyercs cpas-
HUTEIBHO penko. B cramax u crmaBax MIIJ] yacto compoBoxkaaercs: ¢pa3oBbIMU
nepexonaMu (BblIEJICHHE M pacTBOpeHue (a3, MapTEeHCUTHOE IMpeBpalleHue,
amopduzanus) [4,5]. [locnennue, Kak NpaBuiIO, MPOUCXOAIT B MHTEPMETAIITUAAX
WJIM MHOTOKOMIIOHEHTHBIX CHCTEMaXx.

Haubonee crpoifHas KOHIETIIHs OOJBIINX IMJIACTHYECKUX Aedopmaruii mpes-
noxxeHa B.B. PoeiOunbiM [6]. B ee ocHOBe JCKHUT MOHATHE O IUCKIMHAIIMOHHOM
Mojzie. ABTOpY yAaJIOCh KOPPEKTHO OMMCATh SBJICHUS, IPOTEKAIOLIUE MPU CTETIE-
Hsax nedopmanuu, 6mu3kux K e = 1. CormacHo koHuenuuu [6] pasmep dparmMen-
TOB — OCHOBHBIX CTPYKTYPHBIX 3JIEMEHTOB — IO Mepe yBEIHUYEHUs AePopMaIiuu
yMEHbIIIAaeTCsl 0 MUHUMaJIbHOTro 3HaueHus 0.2 um, mocsue 4ero cTabuin3upyeTcst
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(mpenenbHas WM KpUTHYECKas pparMEeHTHpOBaHHAs CTPyKTypa). B padore C.A. Oup-
cToBa u JIp. [7] oOpaiaercss BHUMaHHE Ha TOT (aKT, 4YTO MPH JOCTHKECHUHU HEKOTO-
POro KpUTHYECKOT0 3HAUEHUSI €, NU3MEHEHUsI B CTPYKType MaTepHaia Ipu Iepexoe
K BBICOKOJ1e()OPMHUPOBAHHOMY COCTOSIHUIO TIPOUCXOST CKaYKO0Opa3Ho.

[TonpoOHyto cucreMaTu3aluio AePEeKTHBIX CTPYKTYp Ha OCHOBAHHUU KOHIIEM-
UM CaMOOPTaHM3ALUU JUCIOKAIMI B 3aBHCHMOCTH OT CTENEHH IJIAaCTUYECKOMN
nedopmaruu nposenu D.B. Koznos u H.A. Konera [8]. Onu moka3zanu, 4To B 3a-
BUCHUMOCTH OT IPUPOABI MaTepuana Ha 1, 2 u 3-ii ctanusax neopMUpoBaHUs IPU
noaxoxae k obmactu MITJ] momo6HO cTpyKTypHBIM (ha30BBIM TEPEXOJaM IPOUC-
XOJUT TIOCTENOBaTEIbHASS CMEHA OIHHX CTPYKTYPHBIX COCTOSIHHMA JIPYTUMH
(srTaencThIe, TIOJIOCOBBIC, (PparMEHTUPOBAHHBIC CTPYKTYPHI U T.1I.).

Upe3BbIyaiiHO MIMPOKOE PacHpOCTpaHEHHUE MOJyYHsa THUIOTe3a O TOM, YTO B
pesynsrate MIIJ] oOpasyrorcst «ocoObIe» «HEpaBHOBECHBIE» TPaHUIIBI 3epeH [9].
OTH TPaHUIBI, 10 MHEHUIO MHOTHUX aBTOPOB, OTBETCTBEHHBI 32 aHOMAJbHBIC SIB-
JICHUsI TPOCKaNIb3bIBaHUs, MU Py3un, B3aUMOACHCTBUSA C PEIICTOYHBIMH JedeK-
TaMU U, KaK CJIEJICTBUE, MOTYT OTBEYATh 32 BHICOKUI YPOBEHb MIIACTUYHOCTH MPHU
OTHOCHUTEJIbHO BBICOKOM IMPOYHOCTH HAHOMAaTEPHAaJIOB.

B pabote B.A. JluxaueBa c corpyanukamu [10], B kotopoii moasepraaun MII/]
MEIHYI0 MPOBOJIOKY (e = 1.6 u 3.7), mo Mepe NMpUOIMKEHHUS K YCThIO TPEITUHBI
HaOJI01aMM MPOCTPAHCTBEHHYIO IMKIMYHOCTh B M3MEHEHHM CTPYKTYpHI: (hpar-
MEHTHpOBaHHas CTpyKTypa (r = 0.2 um), peKkpuctauin3oBaHHas (» = 5 um), ma-
nee cHoBa ¢parmenTupoBanHas (d = 0.1 um), rae d — cpennuii pasmep ¢pparmen-
TOB. IHTEpECHO OTMETHUTbH, UTO BTOpUYHAs (parMEeHTHpPOBaHHasl CTPYKTypa He-
NOCPEJCTBEHHO Y YCThs TPELIMHBI B JIBa pasa JUCIIEPCHEE CTPYKTYPhl NEPBUYHOMN
¢dparmeHTaK B 00JIACTAX, yAAJCHHBIX OT TPEIIUHBI.

2. JHepreTuyecKue NPUHIAINBI MEXaHNYECKOT0 BO3/1eHCTBUSA HA TBEpP/I0e TeJI0

[Tonrouennas reopust MI1J] nomkHa, ¢ Hameld TOYKH 3peHUs1, OBITH CITOCOOHOM
OJIHO3HAYHO OTBETUTH Ha CJIEIYIOLIUE BOMPOCHI:

— KaKue CTPYKTYpHBIE U (pa30BbIe IPEBpAILICHUS MPOTEKatOT B mporiecce MIT/I;

— KaKOBBI PeANOCHIIKY peanu3anuu MIIJI 1o ToMy Ui MTHOMY CLIEHApUIO;

— KakKoBHI ycioBus oopazoBanus rnpu MIIT/] ucTHHHOTO HAHOCTPYKTYPHOTO CO-
CTOSIHUA C pa3MepoM KpuctaiauToB meHee 100 nm, pa3geneHHBIX BBICOKOYIJIO-
BBIMU TPAaHUIIAMH WJIK UHOH (azoit [11];

— KaKUMH OTJIMYUTEIbHBIMH CTPYKTYPHBIMU TMpH3HAKaMU 00Ja/aeT MpoIece
MII u B uem paznuune mexay MITJl u «oObraHO# macTuueckoit aedopmariuei;

— 9YeM OIpeeISeTCS TPAaHUYHOE 3HAYCHNE BETMYMHBI 1ehopManuy, HAYrHAS C
KOTOPOH MBI MOYKE€M F'OBOPUTH O TOM, YTO Haxoaumcs B obmactu MIT/I.

PaccMmoTpuM sHepreTruecKkue acreKThl MOBEACHUs TBEPAOro Teja Mo Harpys3-
Koi. [Ipy MeXaHMYECKOM M TEIUIOBOM BO3JIEUCTBUHM HA TBEPJOE TEJIO KOHEUHBIX
pa3MepoB B HETO B OOIIEM Ciydae 3aKaduBaeTcsl omnpeneicHHas sHeprus du B
dbopme paboThl Oa M TEIIOBOTO MOTOKA 04

du = da + d&q. (1)
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BHyTpu TBeporo Tena 4acTb 3HEPTrUH, MOTYYEHHON OT paboThl, Oy/eT 3amaceHa B

dbopMe o yrpyrux HanpspkeHui de = Gl-jdsf]- (rme ©; — yHnpyrue HanpsDKeHUs,

ag — ympyrue aedopmaiuu), BTopast 94acTh oa’ OyJeT paccesiHa (JUCCUTTUpPOBaHa)

U TepeiaeT B Apyrue (popMbl SHEPTHH, a UMEHHO B SHEPTHIO TEIUIOBOTO JBHIKE-
m o
HUS O0g W HA CO3/IaHUE WM MOJICPHU3ALUIO 1e(DEKTHOM MOICUCTEMBI:

N
Sa=de+8¢" +) dg;, (2)
i=1

rZie g; — CyMMapHas SHeprust 1eQeKToB i-Tupa, N — 4yucio TUIoB AedexToB. by-
JIeM paccMaTpUBaTh TOJIBKO NEPEKTHI, 00pa3yroIue CTATHCTUIECKAE MHOKECTBA
(ToueuHble NEPEKTHI, AUCIOKAINH, JUCIOKAIIMOHHbBIE CETKH, Majlo- U BBICOKOYT-
JIOBBbIE TPAHULBI U JP.), JEMEHThl KOTOPBIX PAaBHOMEPHO PACIpPENEIIEHbl B MPO-
CTpaHCTBE. YHUKaJIbHbIE 1€(EKTHI (II0JOCHI CKOIBKEHHUS U Jp.), KOTOPbIX MaJlo B
NPEeCTaBUTEILHOM 00BEME, MOTYT OBITh TaK)KE PACCMOTPEHBI, HO TOJIBKO KaK CO-
CTaBHbIE JE(PEKTHI, yAOBIECTBOPAIOLINE MPEABIAYIIEMY YCIOBHIO.

OtmernMm, 4TO 8¢ — 3TO YaCTh MPUPALICHUS TETUIOBOM YHEPTUH 32 CUET BHEIII-
HUX MCTOYHMKOB B ()OpPME TEIUIOBBIX IIOTOKOB OT TEPMOCTATOB, B TO BPEMs KaK
8" — 5TO YacTh TEIUIOBOH SHEPrHH, NPOM3BOAMMAS BHYTPH TBEPIOTO TeNa
BcieacTBUE HeoOpatuMocTi. OHa He SBJSETCs MOTOKOM, a UMEeT 00bEMHOE IPo-
UCXO0XKJIEHUE OT PaBHOMEPHO PAaCIpE/IeICHHbIX B MPOCTPAHCTBE UCTOYHUKOB H-
TPOIHH, KOTOPBIE MOTYT OBITh OTOXKIECTBJICHBI C MPOLIECCAMHU, NMPOTEKAIOIIMMHU
Ha CTPYKTYpHbIX aAedekrax. IlockosibKy 3Ta yacTh SHTPONUM T'€HEPUPYETCS B
dopMe KBa3UMOHOXPOMATHUECKUX (DOHOHOB (aKyCTHUECKas IMHCCHS) B MOMEHT
3apOXKICHUS M JBWKEHUS N1e(EeKTOB, OHa HAXOAUTCS B HEPABHOBECHOH (opme.
O0603HaunM yepe3 Og' 4acTh TEMJIOBOM 3HEPTUU OT BHYTPEHHUX HMCTOYHHUKOB, YC-
NIEBIIEH 3a BPEMs AKTa BHEIIHETO BO3ACHCTBUS PEIAKCUPOBATH U IEPEUTH B PaB-
HOBECHYIO (popMmy, a uepe3 8g” — Ty ee 4acTb, KOTOpas OCTAeTCsl B HEPABHOBECHOM
(dopmMe U KOTOPOIl MPEeICTOUT peslakCUpOBaTh B MOCIEAYIONINE MOMEHTBI BpeMe-
HU. OOBbeTMHUB 00€ YaCTH PaBHOBECHOW TEIUIOBOM SHEPTHH OT BHEIIHUX M BHYT-
PEHHHUX HMCTOYHHMKOB, MOXKHO 3amucaTh Og +0g' =Tds. Torma u3MeHEHHE BHYT-

peHHel sHeprud (1) MOXKHO MPEICTAaBUTh B BUIC

N
— e 2 S

du = o;de; + Tds + 785 + ) ¢;0h; . (3)

i=
31ech U3MEHEHHs «OCTaTOYHON» SHEPrUU HEPaBHOBECHOM TemIoThl 8g” U CyM-
MapHOW PHEpPruu IeQEeKTOB KaXJOro THMa Og; BBIPAXKEHbI Yepe3 MPOU3BEACHUS
CONPSKEHHBIX TEPMOJMHAMUYECKHX MEPEMEHHBIX U UX MpupalieHui, rne 77 u § —
HEPAaBHOBECHBIE TEMIIEpaTypa U 3HTPOIMS, a (; U /; — CPEIHssA SHEpPrusl U IUIOT-
HOCTH J1e(DeKTOB COOTBETCTBYIOIIEro Tuma. Bee mapamerpsl, Bxosmue B (3), sB-
JSIFOTCSL TIO OTIPEJIENICHUI0 M3MEPUMBIMU BennurHaMu. Yepe3 mosHble nuddepen-

[[MAJTbl 3aMTUCAHBI MIPUPAIICHUS TAPAMETPOB, SIBISIONINXCS (YHKUIUSIMHU COCTOSHHS
CUCTEMBI. DTO T€ MapaMeTpbl, KOTOPBIE MO OMPEIENIEHUIO paBHOBECHBI. OcTaNbHbIe
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napaMeTpbl HEpaBHOBECHBI, M B OOIIEM Cllyyae OHU HE SIBISIOTCA (DYHKLHUSIMH CO-
cTosiHMA cucTeMsl. 110 aHamoruu ¢ nmapameTpom MopsiaKa 3BOJIOLUI0 HEPaBHOBEC-
HBIX IIapaMETPOB MOKHO OIHCATh B BUJAE CUCTEMBI SBOJIFOLIMOHHBIX YPAaBHEHUM:

a—S=Y§(a—L~l—fj )
ot 0S

oy (ou
__'th 8_}11_

(4)

o (]

e Y M Y, — KUHETHYECKHEe KO3 QHUIIUEHTHI.

B cirydae rUraHTCKEX IIACTUYECKHUX JIeopMannii OCHOBHBIM BUAOM JIe()eKTOB
SBJISIIOTCSI BBICOKOYTJIOBBIE TPaHUIIbI 3€PEH, 00pa3oBaHHE KOTOPBIX OMpEIeNsieT
CYIIHOCTh U3MenbueHus nociennux B npouecce MIIJI [12]. [InotHocTH nucmoka-
LU ¥ CETOK JUCIOKAIMI, OCHOBHAS 3BOJIIOLMS KOTOPBIX 3aBepiumiack Ha 1, 2 u 3-i
cramusix nedopmupoBanus, Ha craauu MIIJ MEHSIOTCS MEIJICHHO W BBICTYIAOT
KaK yIpaBJsiolIye MapaMeTphl MO0 OTHOIICHUIO K SBOJIIOLMU OCHOBHOTO JedeKTa.
Wx BrnusiHue OyIeT OCYIIECTBISATHCS Yepe3 3aKOHbI ynpouHeHus. OTHUM U3 «KaHa-
JIOB JTUCCHIIAIIUIY YIPYTOM SHEPTUH SBJISCTCS TUTACTHYECKas aedopmanusi, KOTo-
past Ha pa3HBIX CTAAUAX ACPOPMHUPOBAHUS OCYIIECCTBISICTCS PA3TUYHBIMU TUTIAMHU
CTPYKTYpHbIX nedekToB. [Ipu ncuepnanum 3Toro KaHajia MOKET OBbITh pealu30BaH
JIpYyroll — MEXaHMYECKOEe pa3pylLIeHHE Yepe3 HAKOIUIEHUE MUKPOTPEIIMH U Mocie-
nytoniee ux ciausiHue. OJHAKO MpPU 3HAYUTENIbHBIX BEIUYMHAX YIPYTOM SHEPruu
BHYTPEHHUX HaNpsHKEHUH, CBA3aHHBIX C HEPABHOBECHBIM COCTOSTHUEM TPAHUII, MO-
IyT OBITh MHUIMHPOBAHBI HHBIE «KaHAIIbl JUCCHUIALMM»: TUHAMHUYECKas peKpu-
cTayun3auus U Ga3oBble npeBpainieHus. B tex Bapuantax MIIJI, B KOTOpbIX BeaHka
KOMITIOHEHTa HANpPsHKEHUH BCECTOPOHHETO CXKaTHsl, 00pa30oBaHUE M POCT PaCKaIbI-
BAIOIIMX TPEIIMH YaCTUYHO WJIM IMOJHOCTHIO MOJABIIAETCS, a CIIEOBATEIbHO, CY-
LIECTBEHHO 3aTPYAHIETCS pealn3alys PoLecca pa3pyIeHUs.

[IpeacraBuM BHYTPEHHIOIO S3HEPTUIO B BUJE PsIA MO CTENEHAM PaBHOBECHBIX U
HEpPaBHOBECHBIX IMAPAMETPOB

1 1 1
u:u0+(p0h—5q)1 h2+§(p2h3—z(p3h4+..., (5)

rne h — oOpeMHas INIOTHOCTh TPAHMI 3€PEH; @, Py, Py U (3 — KOIPDUIHUEHTHI
paslioKeHns, KOTOPbIe BBIPAKAIOTCS Yepe3 YNMPAaBILIONINE MapaMeTphl CIeayo-
MM 00pazom:

u :%7»(82)2 +u(sfj)2 ,
Po = Qo + ZES +%X(8§ )2 +H(SZ~ )2 +aC, (6)
0= (PT + 2eg]; .

3mech A, p — ynpyrue Moayiau Jlame, A, I — UX HeoOpaTHMble aHAJIOTH, O, OF,
g, a, e — OCTaJIbHbIe KO3 PUITUEHTHI Pa3I0KEHHS, BRIPAXKAIOIINE pPa3HbIe BapHaH-
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ThI 3aBUCUMOCTH OT YIPABJIAIOIINX apaMeTPOB — HMHBAPUAHTOB TEH30pa yIPYTUX

nedopmanuii € u (82) =gj;€}; — KoHIeHTpauu KomrnonenTos C (B CraBax).
KuHeTHueCKoe ypaBHEHHE SBOJIOIMK TPaHuIl 3epeH 6aaroaaps (15) MoxkHO 3amu-

CaThb B IBHOM BHJC:

oh 5 3
E"Yh((po_(l)lh"'([)zh —@3h +) (7)

I'paduku BHyTpeHHEW SHEPrUM NPHU

0.25 —/’—/4\\ HEKOTOPBIX MapaMeTpax MOJEIU IpuBe-
8 1 4\\\ neHbl Ha puc. 1. Kaxnaplii oTaenbHbIN
50.20 -—;:1_3\\& rpaduk HOCTvaeH npu HOCTOHHH(ZM 3Ha-
'c% 'R\\ YCHUM YNPYroi Aepopmanuu g;, 4TO
S ‘T‘% \ MO3BOJISIET OCYIIECTBUTH KJlacCUUKa-

0.15 A— \ LU0 OCHOBHBIX CLIEHAPUEB Pa3BUTHUSA

\\ MII/I. B npubnmwkennu monuHOMa 4-i

0.8 1.0

. CTereH! rpaduk BHYTPEHHEH SHEPTUH B
h, arb. units

oluiemM ciiydae MMeeT JBa MaKCUMyMma
Puc. 1. 3aBUCHMOCTb BHYTpeHHel dHep- (YCTOMUYMBBIE CTALIMOHAPHBIE TOYKH) H
IHU OT IUIOTHOCTH TpaHuIil 3epeH. Kax- OJWH MUHMMYM (HEYCTOMYMBAs CTallHO-
Aasi KpuBasi MOCTPOCHA NPH MOCTOSIHHOM — HapHas TOuYkKa). JIeBbIII MaKCUMyM COOT-
3HAYECHUU YIPABIIIONIETO apaMeTpa gg. BCTCTBYCT CYIHICCTBOBAaHUIO YCTOﬁqHBO-
IO CTallMOHAPHOTO pEIICHUS B O0JIACTH
HU3KOI0 3HaUY€HUS IUIOTHOCTU IPAHUIL 3€peH A, T.€. B 00J1aCTH KPYyITHO3EPHUCTOTO
CTPOEHUS, IPABBIN — TO K€ CaMO€ B 00JIaCTH MENIKO3EPHUCTOTO CTPOCHUSI.

B pa6ore [13] ObuIO MpEIOKEHO TPU BO3MOXKHBIX CIIEHAPHUS Pa3BUTHS COOBI-
TUH nocne GopMUPOBaHUS NMPEAETbHON (PparMeHTUPOBAHHON CTPYKTYPHI.

1. B ciyuae, korma B marepualie 0O0JierdyeHbl MPOLECCHl JAMCIOKAIIMOHHBIX
(IMCKIMHAIIMOHHBIX) MEPeCTpOeK (HampuMep, B YUCTHIX METaulax), Hapsay C
IpoOJieHueM 3epeH OCYIIECTBISIETCS HU3KOTeMIepaTypHas TUHAMHUYecKas pek-
pucramnuzanus. JlokaabHbIe 00J1aCTH CTPYKTYPBI «OUHUINAIOTCS» OT Ae(PEKTOB, U B
HOBBIX PEKPUCTANIN30BAaHHBIX 3€pHAaX CHOBA HAYMHAETCS MPOLECC MIACTHYECKO-
ro TEYEHMsI C MOMOIIbIO AMCIOKAIMOHHBIX U JUCKIMHALIMOHHBIX MoA. B 3Tom
Cy4yae JMHAMHUYECKas PEKPUCTAILIM3ALMS BBICTYIIA€T B KaY€CTBE MOILHOIO J0-
MOJIHUTEJIBHOTO KaHalla JUCCUMALMK YyIPYTOM S3HEPTUH.

CrammonapHoe coctosinne cuctemsl B npoueccax MIIJ onpenensercs HyasaMu
npaBoif yactu (17). B kBagpaTnyHOM MO 3HEPTUM NPUOIMKEHUU (JIMHEHHOM I10
0000IICHHONW TEPMOAMHAMUYECKOM CHIIE) 3TO COCTOSTHUE 33/1a€TCs YCIOBUEM:

Qo —@1h=0. (8)

OTO COOTHOLIEHHE CIEAYyET NOHMMAaTh KAaK JUHAMMUYECKOE PABHOBECHE IIPO-
11eccoB 00pa30BaHuUs U pacraja rpaHHIl 3epeH, Koraa olIiee KOJIMUECTBO IPaHuUI]
B nipouecce MIIJ[ He MeHsieTcs.
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2. B Tom ciyuae, Korja MoABHKHOCTh HOCUTENEH TIIaCTHYECKOM nedopmaruu
OTHOCHTEJIBHO HU3Ka (Hampumep, B MHTEPMETAIINIAX ), MOLIHBIM JIOOJIHUTENb-
HBIM KaHAJIOM JMCCUNALMU YNPYToW SHEpruu Ciyxut (azoBelid mepexon. Yarre
BCEr0 3TO NEepexoj KpUcTal = aMop(HOe cocTosiHue. B pesynbraTe miactude-
CKO€ TEUCHHE JIOKAIU3yeTcs B amop(dHoii MaTpuiie 6e3 3¢ hekToB nedhopmarion-
HOT'O YNIPOYHEHUS ¥ HAKOIUIEHHs! OOJIbIINX BHYTPEHHUX HAIPSKCHHH.

3. [IpomexxyTOUHBINA Cciaydyaid, KOT/a JOMOJHUTEIbHBIM KaHAJOM JUCCHUITALIUU
MOTYT CIIy>KUTh JUCKIMHALIMOHHBIE IEPECTPONKH, UTO MPUBOAUT K HAOII0JaeMOM
B HEKOTOPBIX IKCIEPUMEHTAX CTAOMIN3aMK (PparMEHTUPOBAHHONW CTPYKTYpHI 110
Mepe passutust MII/I.

O4eBuaHO, EPEXOA OT OJHOIO CLEHAPUS CTPYKTYPHBIX IIEPECTPOEK K APYro-
MY 3aBHCHUT Takxe oT mapamerpa Iyvpp/ Ty, Tae Tvpp — TeMnepatypa MIIJ ¢ yde-
TOM BO3MOXHOTO 3(eKTa BbIIeIeHus Tera, 1, — TeMIeparypa IIaBIeHusl.

C ydetom ckazanHoro koHrenius B.B. PeiOuna [6] cooTBeTCTBYET mepexomy
MaTepuanga OT JIEBOTO MAakCMMyMa K IpaBOMY IO HAIIPaBJICHUIO, YKa3aHHOMY
ctpenkoil 3 (puc. 1). C yueToM BIMSHUS T'MAPOCTATUYECKUX JABICHUM B paMKax
ATON KOHIIENIMM BIIOJIHE MOXKHO OINHUcaTh (OPMUPOBAHUE CTPYKTYp U C Oosee
MEJIKUM 3€PHOM, BIUIOTH 10 AOCTH)KEHHS MCTMHHOIO HAHOCTPYKTYPHOI'O COCTOSI-
HUs 100 nm u Hrxe. OnHAKO, €CIU MPOAOIIKATh Ae(GOPMUPOBATh MaTepUall yxkKe
10CJI€ AOCTHKEHHUS UM KPUTHUYECKON MIIM CTallMOHAPHOM Ne(PEeKTHOH CTPYKTYpHI,
TO B J€MCTBHE MOTYT BCTYIUTh IPYrMe MEXaHU3Mbl pejlakcallii, KOTOPhIE paHb-
e He y4duThlBanuCh. [Ipu ycnoBum ot-

1.0 e CYTCTBHSI OOJBIIUX THUAPOCTATHUCCKUX
08 y.ad CKUMAIOLIUX HaNpsDKEHUH — 3To OynayT

Vi /’ (hopMHUpOBaHHE CHCTEMBI MUKPOTPEIINH

X06 p/ Z U TOCTIeNyIoliee pa3pylleHue, Npu Ha-
20.4 / JMYUM TUIAPOCTATHUCCKUX CIKUMAFOIINX
02 /‘ HANpsDKEHUH — 9TO JMHAMUYECKasi peK-

' ////’ pucrauizaiys ¥ (asoBele mpeBpariie-

0 HUS, POJIb KOTOPBIX corjiacHo (15) mpum

0 1 2 3 4 5 OonpmUxX A fmoKHA Bo3pacTu. [l

CpaBHEHHUs HAa pUC. 2 MPUBEICHBI KUHE-
TUYECKUE KpPUBBIC, MOCTPOEHHBIE B CO-
OTBETCTBUU C Teopuel PriOnHa (kpuBas
1) [29] u ¢ mpeacTaBIeHHBIM YHEPreTH-
YECKHUM OIUCaHuEeM (KpuBas 2).

Puc. 2. Kunetnueckue KpuBble (parmMeH-
Tanuu MeTtaiia B npouecce MITJI: 7 — u3
pabotsl [29], 2 — B paMKax JHepreTHye-
CKOTO OITUCaHHA

3. HuskoreMnepatypHasi JMHAMHMYECKasl PpeKPUCTALIM3 AU

[Ipennaras mepBblid CliEeHAPUH CTPYKTYpHBIX M3MeHeHud npu MII/, mber Tem
CaMbIM a priori KOHCTaTUPOBAIM, YTO MPOIECC PEKPUCTAIU3ALUU B XOJe Je-
dopmanuu MokeT OBITh pealn30BaH Jake MpH KOMHATHOW Temmepatype. Co-
[JIACHO CYIIECTBYIOIIUM TPEICTABICHUSIM IPOIECC PEKPUCTAIUIM3ALUU (B TOM
YuCcIe W JUHAMHUYECKOW) siBisieTcsa cyry6o muddysumonnsim [14]. Tem cambim
npenmnonaraercs, 4to quddysus u camoauddysust aTOMOB 3aMelIeHHsI, HEOOXO-
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TUMbIe Ui 00pa3oBaHUsl 3apOoJbllel PEeKPUCTAUIM3ALMUA U UX TOCIEIyIOIIEero
pocTa, MOTYT OBITh YCHEIIHO PEaM30BaHbI P OTHOCUTEIHHO HU3KHUX TeMIIepa-
Typax B )Kelle3e, HUKeNEe, alFOMUHUN, TUTAHE U APYTUX METajllaxX, a TakKe CIula-
Bax Ha UX OCHOBE, I KOTOpbIX npoBoaminck MII/[-skcniepumenTtsl. Ha nepBsiid
B3I/, TOJOOHOE YTBEPXKACHUE BBIVIAIUT HEKOpPpeKTHbIM. [IpuBenem, ogHako,
P cCOOOpaKeHUH, MOATBEPKAAIOIINUX MPABOTY HAIICH TUIOTE3bI.

1. M3BectHO [14], 4yTO TemnepaTypa Hayajda AMHAMHYECKON PEKPUCTAIIU3ALNHI
3aBHCUT OT CTEMEHHU JeQOopMaluu MpU 3aJaHHON Temrmeparype. Yem BhIle cTe-
neHs gedopMmaium, TeM npu 0oliee HU3KOU TeMIieparype aedopmannyu HaunHAET-
csl pekpucTtaynzanus. B obnactu xonoaHoi aegopmanuu 3Ta 3aBUCUMOCTh TaK-
Ke pean3yeTcsl, U HET HUKAKWX (PM3NYECKHX OTPAaHWYCHHH Ha TO, YTOOBI pac-
MPOCTPAHUTH €€ M Ha 00JIaCTh KOMHATHOM M ONM3KUX K Hell Temneparyp. B atom
clly4yae TMHAMUYECKOW PeKPHUCTaUIM3AlMU JTOJKHBI COOTBETCTBOBATh OYEHb BbI-
COKHe cTerneHu aedopmarum, a UMeHHO 0 Takux nedopmarmsax (MILJ]) mer u Be-
JIEM pedb.

2. MHorue uccrienoBaTelld, paccMaTpruBas BO3MOXKHOCTh NMPOTEKAHUS TEX WIH
UHBIX T (Y3UOHHBIX TIporieccoB B ycinoBusix MII/I, He yUUTHIBaIOT CyIiecTBEH-
HOro BIUSHUS Ha nu(d@y3rOHHBIE TOTOKM BHYTPEHHHMX HampshkeHHil. Bmecte ¢
TeM TepMUH «auddy3ust 1moa HampsHDKEHHEM» JTaBHO M XOpomro u3BecTeH [15].
[Tockonbky mporeccaM IDIACTHYECKON AeopMaIii CBOMCTBEHHA HEOIHOPO/I-
HOCTb, 3aMETHYIO POJIb MPUOOPETAIOT TPAAUEHTHI YIPYTUX HANpPSOKEHUH, B 0CO-
00ii crenenu mposBisromuecs npu MIIJ[. Bo3Hukaromuii Kak ciaeAcTBUE 3TOTO
IpaJUeHT XMMHUYECKOTO MOTEHIIMAjda B COOTBETCTBUM C HM3BECTHBIM BTODPBIM IIO-
crynarom On3arepa [16] nomkeH NpUBOAUTH K BOBHUKHOBEHUIO (D (HY3UOHHBIX
MOTOKOB. BriosiHe BO3MOHO, 4TO nuddy3uOHHBIE MPOIIECCHI eIle 0ojiee yCKOps-
IOTCS 3@ CUET KOJIOCCAJIBHOIO IEPECHIEHUs Marepuana, noaseproyroro MII/,
ToueyHbIMU AedexTamu [17]. JlomOMHUTENbHBIN BKIaA B yCKOpeHHe AUQQYy3un
MOJKET OBbITh CBSI3aH TAK)KE C JMHAMUYECKUM 3aXBaTOM aTOMOB aHCaMOJISIMU MH-
JUBUAYaJIbHO U KOJIJIEKTUBHO JIBUKYILIMXCS TUCIOKALUNA U IUCKIIMHALUH.

3. CymiecTByeT MHOXXECTBO MPUMEPOB, KOTJa JEHCTBYIOIIME HANPSKEHUS
CMENIAIOT peann3alnio PU3NIECKUX MPOIECCOB B 007IaCTh 00Jee HU3KUX TEMIIe-
patyp. B kauecTBe nmpumepa pacCMOTpUM MEXaHU3M IUIACTUYECKOU JedopManun
HAHOKPUCTAJJIOB, T/I€ MUCIOKAIIMOHHAs MOJa HE MOXET OBITh peann3oBaHa
BcleZIcCTBUE pazmepHoro ¢ dekra. B padore [18] Ob1 TEOpEeTHUESCKU TIpEICKa3aH
MEXaHM3M HHU3KOTEMIEPAaTypHOrO0 3€PHOIPAHUYHOIO MHUKPOINPOCKAIb3bIBAHUS
KaK HayaJdbHBIN ATAl MIACTHUYECKOrO TEYEHHUS HAHOKPHUCTAIUIOB MPU KOMHATHBIX
TeMIeparypax. 3epHOTPAaHMYHOE MPOCKANIb3bIBAHHWE, KaK HM3BECTHO, SIBIISETCS
IPOIIECCOM, KOHTPOIUPYEMbIM U Py3Hueid, 1 B OOBIYHBIX yCIOBHAX HAOIIOAAET-
Csl IPU BBICOKMX TemIepaTypax. TeM He MeHee HKCIEPUMEHTHI MO0 KOMIBIOTEp-
HOMY MOJICJIMPOBAHUIO MOATBEPANIM MPABOTY aBTOPOB [ 18] u mokazaim BO3MOXK-
HOCTb MPOCKAJIb3bIBAHUS 10 TPaHMIIAM 3€pEH IIPU KOMHATHOM TeMIepaType B yc-
JIOBUSIX CYHIECTBOBaHHUS OONBIIKX AedopMupyromux HanpsokeHudt [19]. B Ha-
CTOAIIEE BPEMSI MEXaHH3M HU3KOTEMIIEPATyPHOIO 3€pHOTPAHMYHOTO MHUKPOIPO-
CKaJIb3bIBaHMs B HAHOKPUCTAJUIAX SIBIISETCS OOMICTIPHU3HAHHBIM.
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Kak mokazano B 00630pe [20], mocie MIIJ] uncroit Mmenu B Helt PUKCHUPYIOTCS
CYIIECTBEHHO OoJiee HM3KHE, YeM B OOBIYHOM MaTepuale, 3Ha4eHHs YHEPTHH aK-
TUBAIMK psifa IupQy3HOHHBIX TPOIECCOB: IS 3epHOrpaHUYHON Tuddy3nn —
0.64-0.69 eV/at, nns momsydectu no mMexanumsmy Kobrne — 0.72 eV/at, mis mpo-
necca pocra 3epeH — 0.7 eV/at. O0mast TeHACHIMS K 3aMETHOMY CHIKEHHIO TEM-
nepaTypsl, P KOTOPOH MOTYT peanu3oBarbest AU dy3noHHBIE TPOIIECCH, B yC-
JIOBUSX OYEHBb OOJBIINX IIACTUYECKUX IehopMaIMii YeTKO MPOSBIIeTCs, Kak Oy-
JIeT TIOKa3aHo B CIIEyIOomIeM paszene, u npu MIIJ] amopdHbIX criaBoB.

4. Ha puc. 3 mpeacTaBieHBbI AJIEKTPOHHO-MHUKPOCKOIMYCCKHE W300PAKCHHS
CTPYKTYpPBI YHCTOT'O KeJe3a, MPOLIEero oopadboTKy Mpy KOMHATHON TeMIlepaTy-
pe meronom KJIKB (4 momHbIx 000poTa, e = 5.6). Ha (hoHe MaTpuIlsl ¢ BHICOKOM
IUIOTHOCTBIO AehekToB HabmoaaroTess Manbie o pasmepy (100-200 nm) obnactwy,
MOJTHOCTBIO CBOOOTHBIE OT AMCIIOKAIMI U TIPEICTABIISIONINE COOOH, Cy IS 110 BCEMY,
3apoJbly pekpucTaum3anuy. [lomyyenne moJjoOHBIX CHUMKOB, O€3yCIIOBHO, peji-
Kas yjaada, IocKoiibKy mporiecc MITJl ObUT OCTaHOBJICH KakK pa3 B TOT MOMEHT, KO-
rJIa 3apOJIBIIIN PEKPUCTAIUIN3AIMY TOJIBKO TOSBHINCH M HE YCIICNTU BBIPACTH W/WITH
«003aBECTHCH» JAUCIOKAIMAMH B PE3yJIbTaTe HENpeKpallaromeicss aepopManuu.
[IpoBeneHHbIE HAMH MCCIIECIOBAHMS TTOKA3aIH, YTO MEPEXO OT YUCTOTO MeTaia K
TBEPAOMY DPAacCTBOPY Ha €r0 OCHOBE 3aTPYyJHIET JAWHAMUYECKYIO PEKpUCTaIIH3a-
IMI0. AHAJIOTHYHBIM 00pa3oM BIMSET MapTEHCUTHOE IPEBpAICHUE, WHHIUHPO-
BaHHOE Jepopmarmeii. OHO ke BEIET K 3aMETHOMY JHCIIEPTUPOBAHUIO CTPYKTYPHI,
NepeBos €€ B HAHOKPUCTAIIMYECKOE COCTOSTHUE (pHC. 3,8).

Puc. 3. DnexTpoHHO-MUKPOCKOIHYECKHE
n300paXEeHUsI paHHUX CTaJUi AMHAMHYe-
CKOM PEKPUCTAIIM3ALMU B YHCTOM JKeJe3e
(a, 6) u HaHOUACTHUI MapTeHCHUTa Aedop-
Mmaruu B criaBe Fe—32% Ni () mocie ve-
TBIPEX MOJIHBIX 000POTOB MpPU KOMHATHOM
temnepatype meroaom KJIKB. Csertino-
MTOJIBHOE N300paKeHUE
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Mexanu3mbl (HOpMUPOBAHHS 3apOJbIIIA PEKPUCTAIM3AIMUA U €ro MOCIEIyI0-
miero pocra B nponecce MIIJl MoryT coBmanarh ¢ TeMU MEXaHU3MaMH, KOTOPBIE
y’K€ W3BECTHBI IJIi OOBIYHOW IMHAMUYECKOH pPEeKpPHCTATU3AIMHU MPH BBICOKHX
TEMIIepaTypax, HO MOTYT OKa3aThbCsl CYIIECTBEHHO MHBIMH, BO3MOKHBIMH TOJIBKO
IIPY HU3KUX TeMIleparypax B ycnosusax MILJI.

5. B pabore [10] BnepBble yOemuTeaIbHO MPOJAEMOHCTPUPOBAHO SIBIICHUE TH-
HaMUYECKON peKpucTain3auuy B npouecce MIIJ[ urcrol meau mpu KOMHaTHOU
TeMIiepatype. XOTsi aBTOpbl paboThl co3aaBanu yciaoBus s MIIJ] Becbma opu-
THHAJIBHBIM criocoOoM (JIoKasbHOU nedopMmareld B 30HE pacTyILIed TpPEelIHHBI),
3TO HUCKOJIBKO HE CHI)KAeT 3HaYMMOCTH UX pe3yJibTaTa, TeM 0oJiee YTO MU XKe
ObUI0 OOHAPYKEHO SIBIICHHE BTOPUYHOM (pparmeHTanny.

6. MOXHO TakXe MPEANOJ0XKHUTb, YTO B CIy4ae I'MTAHTCKUX IIACTHYECKUX
negopManuii Mbl CTaJIKUBAEMCsl C MPUHLMIHAIBLHO HOBOM CHTyalMei, ¢ IpyruMm
MEXaHU3MOM MPOTEKAHUs PEKPUCTAIUIM3AIMOHHBIX TpolieccoB 1o 6e3auddysu-
OHHOMY MexaHu3My. Hanpumep, rpanuna 3epHa B pe3yibTare NOTEPU yCTOWUH-
BOCTH MOKET MPUITH B OBICTPOE BHKEHHE MOIOOHO yAapHON BOJIHE, «3aMeTas
B IIPOIIECCE TAKOTO JBWKEHHS BCE MEJIKUE CTPYKTYpPHbIE 1e(DeKThl U J1aXKe TPaHu-
bl APYTUX 3€peH. B monp3y Takoro MexaHu3ma MPOTEKAHUs PEKPUCTAIIU3ALIN-
OHHBIX IPOLIECCOB CBMJIETENBCTBYIOT 3KCIIEPUMEHTAIBHBIE PE3YJIbTaThl, IOJY-
yeHHble M.M. MBbIUISIEBEIM Ha CBEPXIUIACTUYHBIX MaTepuanax [12], korma yaa-
JIOCh TI0 cliefiaM BbiaesieHnid Menkux dactuil AlLLiMg ycTaHOBUTH MPpOMExXyTOU-
HbIC MOJIOKEHHS TPAHUI] 3ePEH B MPOIIECcCe ITOrO ABMXKEHUs. B monbs3y mogo6Ho-
ro CLEHapHs Pa3BUTHUS COOBITUH TOBOPSAT TaKXKe pPE3yJbTaTbl KOMITBIOTEPHBIX
HKCIIEPUMEHTOB, KOTJIa in Sifu yAaioch HaOMIONaTh JBWKEHHUE T'PAaHHIIBI pa3opu-
€HTaLlMU CO CKOPOCThIO nopsiaka 45% ot ckopoctH 3ByKa [21].

Takum 00pa3oM, MOXHO CUHMTATh BIIOJIHE YCTAHOBIICHHBIM U TEOPETHUYECKHU
0060cHOBaHHBIM TOT (pakT, uTo B mporecce MIIJ] uncteix meramios (Fe, Al, Cu u
Jp.) ¥ TBEPIBIX PACTBOPOB HAa MX OCHOBE HAONIONACTCS MPOLECC TUHAMHYECKON
PEKpUCTAIUIM3AaLUNNA, KOTOPBIA SBISETCS MOLIHBIM JOIOJIHUTEIBHBIM KaHAJIOM
JUCCUIIALIK YIIPYTOM SHEPrUH, BBOAUMOM B TBEpRoe Teo B mpouecce MIIJI.

S. IlpuHuun uukamyHocTy npu MILL

Knaccudeckne mpencTaBieHHus O MIACTHYECKON nedopMaIiud OCHOBBIBAIOTCS
Ha TOM, B IPOLIECCE YBEIMUEHUS CTeNeHu aedopMalluu MPOUCXOIUT HAKOIUICHHUE
JUCIIOKAIMOHHBIX JeeKkToB. UeM BbIIe CTENEHb IIACTUYECKOUN AedopMmaliui,
TeM Oosblne AeEeKTOB ODKEH conepkaTh aedopMupyeMblii kpuctami. [lepBoe
UCKJTIOYCHHE M3 TOTO MPaBUJIa BOSHHUKIIO TIPH OCYIIECTBICHUH OOJIBIINX TUIACTH-
yecKux JedopManuii ¢ akTUBHBIM Y4acTHEM TUCKIMHAIIMOHHBIX MOJI: (pparMeHThI
UMEJM TOHKWE TPAHUIIBI U OBLIM MPAKTUYECKH MOTHOCTHIO CBOOOMHBI OT AMCIIO-
kanuii. OgHako npu nepexose B oomacte MIIJI, kak MbI BUIETH, OCYIIECTBIISAIOT-
Csl KapIMHAIIbHBIE CTPYKTYpPHBIE TIEPECTPONKH 32 CUET JAOIMOJIHUTEIBHBIX KaHATIOB
JUCCUNaluU ynpyroi sHepruu. O CKauyKoOOpa3HOM H3MEHEHHU CTPYKTYpbl U
cBoiictB mpu niepexone k MIIJ] coobmanu u aBTopsl pabotsl [7]. [Ipu Hamuumnm
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CYILIECTBEHHBIX HAIPSDKEHUN BCECTOPOHHETO CKATHUSl B CXEME HAIPSKEHHOIO CO-
crosiuus nipu MIIJ] mpouecc paspyuieHusi NpeaoTBpallaeTCs WM, MO KpanhHeu
Mepe, CUIBHO 3aTpyaHseTcs. B 3Tux ycnoBusax kaHanamu guccunanuu npu MITJT
MOTYT CIYXUTh JIMHAMHUYECKas peKpUcTaIM3anus, (a3oBble MpeBpalleHUs
(Birouasi aMmop¢u3aIMio) U BblieIeHUe u30bITouHOro Temina. Ecnu paccmatpu-
BaTh KOHKPETHBIN MUKPOOOBEM JehopMHUpyeMOro o0pasiia, TO BCJIE 3a TUHAMH-
YeCKOH peKpHcTaIM3alyell mim amopdusanueii npouecc miacTudeckoi aedop-
MaluH Kak Obl HAYMHAETCS «C YHCTOT'O JIMCTa» BO BHOBb OOPa30BaBILIEMCSl PEKPH-
CTAJUIM30BAaHHOM 3€pHe WM B obsactu amopdHoii ¢a3sl. [lanee B paccMaTpuBae-
MOM MHUKpOOOBEME MOJ JeHCTBUEM e(hOPMUPYIOIIMX HANPSDKEHUH CHOBA MpO-
UCXOJUT HAKOIUICHHE 1e()EeKTOB, U MpOIecC MOBTOpseTCS. MOXKHO MoJaraTh, 4To
npuposia GOpMUPOBAHHUS TUIACTUYECKUX 30H BOKPYT YCThs TPELIMHBI, HaOII0qaB-
mmxcs B padore [ 10], uMeeT Takoe ke IUKINIECKOe aBTOBOJIHOBOE MTPOUCXOXKIICHHE.

ABTOBOJIHOBOM HUKIMYECKHI XapaKTep ONMHCAHHBIX BBIIIE MEPEXOA0B MOKHO
IPOMJUTIOCTPUPOBATh B paMKaxX IHEPreTHUUYECKOrO MOAXO0/a U3 YCJIOBUS CYIIECT-
BOBaHMsI JBYX MaKCUMYMOB BHYTpeHHEH sHepruu (cm. puc. 1). Ecnu B Havanb-
HOM COCTOSIHUM MaTepHaj HaXOAWJICS B aMOP(HOM COCTOSIHMH, TO B PE3yJbTaTe
BHEITHET0 MEXaHWYECKOT0 BO3AEHCTBUSI OH Oy/eT pa3ynpOUHATHCA, YTO COrJacy-
€TCsl CO CHIDKEHHEM TBEpPIOCTH Ha 3TOM ctaauu [22]. Puznueckoil mpeanochui-
Kor HaOmogaBmerocss mpu MIIJl CHIDKEHHS TTPOYHOCTH CIIY>KUT, MO-BUIUMOMY,
TO 0OCTOATENBCTBO, YTO aMOP(PHOE COCTOSHHUE SBIISCTCS 3aMOPOKEHHBIM KHJIKUM
COCTOSTHUEM U B MPOIIECCE PHEPTETUUECKON HaKauKH elle OoJbllie MpudInKaeTcs
K IIOCJIETHEMY .

HaunbGonee 3¢phekTHO MUKITNIHOCTD NIepexoia KpUCTAI—-aMOp(GHOE COCTOSTHUE
Ha0Jro/1amach MpU OCYIIECTBICHUU BecbMa Onm3kux ¢ MILJ] nmpoueccoB mexaHo-
aktuBanuu [23]. ITo mepe o6pabotku nopormika naTepmeraumaa CossTips B mia-
pOBOI MeNbHUIIC TIPU TPOJOJDKUTEILHOCTH 00paboTku 10 720 ks peHTreHorpa-
¢uveckn Habmomanuch uukiaudeckue ¢azossie nepexoabl OLK-CozsTiys =
= amop¢Hoe cocrosHue = OLIK-Co75Tips = amopHoe cocrosHue = OLIK-
Co75Tiy5 = amopdHOE cocTosHUE.

Ha puc. 4 npencraBiena o0o0riatomniasi Bce BBIIIECKa3aHHOE CXeMa MpOTeKa-
HUSL CTPYKTYPHBIX MPOLECCOB, AEMOHCTPUpPYIOUIas MPUHIUI UUKIWNYHOCTH MpPHU
MII/J. IIpouecc pa3pyuieHUs CKOMIIEHCUPOBAH HAIPSKEHUSMH BCECTOPOHHETO
CKaTUsl U BBIBEJAECH U3 PACCMOTpEHHUsA. J[Be BETBH CTPYKTYPHBIX NpPEBpPALLCHUN
npu MII/] coOOTBETCTBYIOT IPOTEKAHMIO JIMOO TMHAMUYECKONW PEKPUCTAIIIM3ALIH,
6o amopduzanuu crutaBoB. Cxema HOCHT YIPOIIEHHBIA XapakTep U HE YUHUThI-
BaeT Ps/a JONOJHUTENbHBIX YCIOBUN, KOTOPhIE MOTYT YCJIOXHHUTH OOLIYyIO0 Kap-
TUHY. HO IpUHIIMN UMKIMYHOCTH SIBJISIETCS, HA HAI B3IJIs], OCHOBOIIOJAratoIuM
pu paccmorpenun MII/I.

3akjaoueHue

Ma1 MOXKeEM TCIICPb AaThb MCYUCPIIBIBAIOIHUEC OTBETHI HAa BCC BOIIPOCHI, IMOCTAB-
JICHHBIC B HaA4aJIC pa3/Jciia 3.
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Hcxonnas
CTPyKTypa
IlepuuHnas IlepuuHnas
dparmenTanus dparmenTanus
/ Onp
JnHamudeckas
Amopoduzarus
PEKPUCTAILIM3ALMSA 7
Bropuunas Hanokpucran-
(dbparmMeHTanus JU3aLMs
JnHamudeckas Bropuunas
PeKpUCTAITH3ALINS v amopdusanys
®dparMeHTays Paspymenune Hanokpucran-
TPETHETO NOPAAKA JU3aLys

Puc. 4. O0mas cxema BO3MOXHBIX CTPYKTYPHBIX IpeBpariennii B mporecce MI/; oyp —
BCECTOPOHHEE CXKaTHUE

B nponecce MITJL 006s3aTensHO JOMKHBI OBITH 3 (GEKTUBHO peann30BaHbI J10-
MOJIHUTENIbHBbIE (IOMUMO IMJIACTUYECKON JedopMaii) KaHaibl JUCCUNAIMM YII-
pyroi s3Heprun. CtpykrypHble uameHenus: npu MIIJ[ xapakrepusyrorcs omnpene-
JIEHHOW LIMKJINYHOCTBIO.

KoHkpeTHbIll MapumipyT CTpyKTypHbIX nepectpoek npu MIIJ onpenensiercs
panoM (GakTOpOB: TEMIEpaTypou, BennmdnHON Oapbepa [laliepnca aucmokaruii u
UX CIMOCOOHOCTHIO K MU (Y3UOHHBIM MEPEeCTPOHKaM, Pa3HOCTBIO SHEPTUN KpH-
CTAJIJTMYECKOI0 U aMOP(HOT0 COCTOSHUU.

[Tporexanune MIIJ] BoBce He rapaHTUpYyeT 00pa30BaHUsI HAHOKPHUCTATINYECKO-
r0 COCTOSIHUS C pa3MepoM KpuctauiutoB mMeHee 100 nm, pa3aeneHHBIX BBICOKO-
YTJIOBBIMU MIIM MeX(a3sHbIMU TpaHUIlaMu. HanmpumMep, B 4MCTBIX MeTaljlax C BbI-
COKOM JTUCIIOKalIMOHHOM MOJIBUKHOCTHIO 3TO NMPAKTHUECKU HUCKIIIOYEHO. BakHbI-
MU (pakTopamMu 00pazoBaHUs HAHOCTPYKTyp npu MIIJ] sBisitoTcs mpoTekaHue
(a30BbIX MpPEBpAIICHUI MAPTEHCUTHOTO U JU(P(GY3MOHHOTO THIA, a TAKXKE Mepe-
xo1 B aMmopduoe coctostare. Ctumynupys ¢GazoBbie MpeBpaLICHHs TyTeM Bapbu-
pOBaHMsI TeMIIEpaTypbl U XMMHYECKOTO COCTaBa MaTepHUajioB, Mbl B COCTOSTHUHU
MOJIYYUTh HAHOCTPYKTYPBI PA3JIUYHOTO THIIA.

OrnmuurensHbM puzHakoM MITJL siBrisieTcst cyiiecTBOBaHNE JOMOTHUTEIbHBIX
3¢ (EeKTUBHBIX KaHAIOB JTUCCHUIIAINK YIIPYTon SHeprun. Takux KaHaloB, MO Hallle-
MYy MHEHUIO, YETbhIpe (€CJIM HUCKIIOYUTH MPOLECCHl MEXAHUYECKOTO pa3pyLICHUs):
TUHAMUYECKas PEKPUCTAIUIM3ALMUS, TUCKIMHAIMOHHBIE TEepPECTPOUKH, (a3oBbIE
npeBpalleHust (BKIovas Iepexoa B aMOpQHOE COCTOSIHUE) U BbIIETIEHUE CKPBITOM
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Puc. 5. Cxema, MoscHSIOIAs HaX0XKICHUE
rpaHUYHOIN obOnactu aedopmanuii, paszie-
JISIOMICH MakKpo- W MEraIuiaCTHYeCKYIO
nedhopmanmm

TEIUIOTHI J1e()OPMAIIMOHHOTO TPOUCXO-
xnaeaus. [Ipu oOBIYHBIX (MaKpOILIACTH-
4ecKux) aedopManusx MPOUCXOIUT Ha-
KOIUICHUE YIIPYTroil SHEPruu, U JIUIIb Ha
cragun MIIJI BKIIOYarOTCS MOIIHBIE
JTUCCUTIATUBHBIE TPOLIECCHI.

MOoXHO BechbMa TOYHO ONPEICITHUTH
IrpaHUuYHyl0  J1ehOopMaIMOHHYIO  00-
JacTh, T/I€ MAaKpOIUIaCTHYeCKas Jie-
dbopMmarusi MepexoqUT B MerariacTH-
yeckyro. Ha puc. 5 npencrasiena 3aBu-
CUMOCTb TEMIIEpaTypbl Hauana JWHa-
MUYECKOW PEKPHUCTAUIU3AINHA OT BEIH-
YUHBI 1eopMaluy Npu 3aJaHHON TeM-
neparype, NpuBeACHHAs B MOHOTpaduu

[14]. IIpenmonoxkum, 4TO MbI MPOBO-
UM edopmanuio npyu KOMHATHOW TeMreparype (B MPHUHIIMIIE OHA MOXET OBIThH
mo00i, yaosnerBopstomeid cootHomennto 1,4/7,, < 0.3). Ilpu crenensx nedop-
MalMi HUXXE TPAHUYHOTO 3HAUCHUS €, AMHAMHUYECKAs PEKPUCTAIIM3AIUS HE
MPOUCXOINUT, U Mbl Haxoaumcsa B obnactu Makponaedopmanuu. [lpu 3HaueHMsIX
€ > g MPOIIECC TUTACTUYECKON JeopManuyi HAaYMHAST BKIIFOYATh B CEOSl TUHAMMU-
YECKYI0 PEKpHUCTaIN3alNI0, U Mbl ItepexoauM B obmnacte MII/I. Takum oOpazom,
ompezeneHa rpanuna peanuzauud MIIJ[ B ciyyae nelcTBUS OJHOTO U3 MOIIHBIX
KaHaJIOB AuccHuranuu. B ciydae apyroro kanana (amopdu3ammm) mpru3HAKOM Tie-
pexona B o0macte MII/] MokeT Cay>KuTh MOSIBIEHHE B CTPYKTYpe MHUKpoobiac-
Tell amopHO# ¢a3bl. Eciam HelicTBYIOT OJHOBPEMEHHO 00a BBINICYTOMSHYTBIX
KaHaja AWcCUIanuu (OTHOCUTENBHO PEIKUN ciydail), TO TpaHMYHOE 3HAYCHHE
negopManru COOTBETCTBYET MEHBIIEMY U3 HUX.

B kauecTBe BbIBOJa M0 paboTe MmombITaeMcs AaTh cTporoe onpeaeneaue MIT/I.

Meeannacmuueckas (unmeHncusnas) oegopmayus — 3mo npoyecc niacmuye-
ckoz2o meyenus npu memnepamype Ty < 0.3T,, yoosremeopsowuti 08ym cie-
OVIOWUM YCIOGUAM:

1) 6 cxeme HanpsadcenHo20 cocmosiHusa 0ehopmupyemozo meepoo2o meia ume-
emcsi CywecmeenHas KOMNOHEeHmMa HANPANCEHUL 8CECMOPOHHE20 Cocamus, npe-
Jomspawjarouas MmexanuyecKoe paspyuienue;

2) seauuuna niacmuueckou oeghopmayuu cCmoib 8eiuKd, 4mo HAACUYecKoe
meueHue conposoHCOAemcs YUKIUYECKUMU NPOYeccamu OUHAMUYECKOU pDeKpu-
CMAanu3ayuu u/uim amopusayuu cmpyKkmypbsl, KOmopuvle NnpomeKaiom npu mex
Jrce memnepamypax ¢ yuemom 3¢hghexmoe vloeneHusi CKpblmo2o menJa.

B 3axnroueHne HECKOIBKO KOPOTKUX 3aMEYaHUH.

1. B pamkax paccmarpuBaemoit monenu MIIJ HeT HEOOXOAUMOCTH TIpHUBIIE-
KaTh MPEACTaBICHUSI 00 «0COOBIX» CHILHOHEPABHOBECHBIX I'PAaHHUIAX 3€PEH Kak
OTBETCTBEHHBIX 32 MPOTEKaHHE BCEX HEPABHOBECHBIX IPOLIECCOB B TBEPJOM TeEIE
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MIPY UHTCHCHBHOM BHEIIHEM BO3JEHCTBUH. XOTs, 0€3yCcIIOBHO, HEPAaBHOBECHOCTh
TPaHULl UIMEET MECTO U MOKET ChITpaTh OMPEECIICHHYIO POJib B 00IIEM CLIEHApUU
YCTAHOBJICHHA CTALIMOHAPHOTO WJIM aBTOBOJIHOBOI'O PCKHUMaA (HaanMep, Ipu 3a-
MyCKe OJJHOTO M3 KaHaJIOB MOIIHOM pejlakcalliu), BCe K€ 3Ta poJjb, cKopee, bonee
CKpOMHas1, YeM 3TO I0JIarajoch paHee.

2. JlepopmanmonHnoe moBeaeHHe MmaTepuanioB B ycinoBusx MIIJ] mo cBoei
NpUpOZE OYEeHb OJIM3KO, HA HAlll B3IJIAJ, K MOBEICHUIO MaTepHralia Ipy CBEpXIuia-
ctuaHocTH. [logoOHas aHamorusi MOXKET OKa3aThbCs MPOAYKTUBHOM JUIsl BBISICHE-
HUS IPUPOJBL CBEPXIITIACTUYHOCTH.

3. MIIJI — aT0 sBNICHME, MPOTEKAOIIEE TOJBKO Ha MO3IHUX CTaausix nedopma-
ouu, Jit €ro peajin3alu MOXKXHO HCIOJIb30BAaThb J'HOGy}O CXCMY HAIIPAKCHHOI'O
COCTOSIHHS (HampuMmep, OOBIYHYIO MPOKATKY) MPHU YCIOBUM CO3JaHUS BBICOKHX
TUAPOCTATUYECKUX HAIIPSKCHUM.
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Hy 1 M.A. llITpemernto 3a IIIOAOTBOPHOE OOCYXKIEHHE IOIYYEHHBIX PE3yJIbTaTOB.
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AM. Glezer, L.S. Metlov

MEGAPLASTIC DEFORMATION OF SOLIDS

The concept of megaplastic deformations (MPD) of metals and the related changes in
structure of defective subsystems have been considered. It is shown that there exists some
critical deformation value when changes in structure of the material, transforming to a
high-deformed state, happen in a jump-like way. Under superhigh deformations, we have,
apart from the ordinary relaxation mechanism (grain fragmentation or refinement), an-
other deformation types, such as recrystallization due to elastic stresses for relatively low
temperatures, phase transitions, amorphization. These phenomena and processes devel-
oping under the MPD are adequately described within the energy approach.

Fig. 1. Dependence of internal energy on density of grain boundaries. Each curve has

been constructed for constant value of control parameter SZ

Fig. 2. Kinetic curves for metal fragmentation under MPD: I — from paper [29], 2 —
within the framework of energy description

Fig. 3. Electron microscope image of early stages of dynamic recrystallization in pure
iron (a, 6) and of deformation-martensite nanoparticles in alloy Fe—-32% Ni () after four
complete revolutions by the torsion under pressure in Bridgemen chamber method, under
the room-temperature conditions. Light-field image

Fig. 4. General scheme of possible structural transformations under MPD; oyp — uniform
compression

Fig. 5. Scheme explaining the location of boundary deformation region separating macro-
and megaplastic deformations
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PACS: 62.20.Fe, 81.40.f

S.V. Dobatkin

NANO- AND SUBMICROCRYSTALLINE STEELS
PROCESSED BY SEVERE PLASTIC DEFORMATION

A.A. Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences
Moscow, Russia

The aim of this paper is to consider the features of structure evolution during severe
plastic deformation (SPD) of steels and its influence on mechanical properties. The in-
vestigations have been carried out mainly on low-carbon steels as well as on austenitic
stainless steels after SPD by torsion under high pressure (HPT) and equal-channel an-
gular pressing (ECAP). Structure formation dependences on temperature deformation
conditions, strain degree, chemical composition, initial state and pressure are considered.
The role of phase transformations for additional grain refinement, namely, martensitic
transformation, precipitation of carbide particles during SPD and heating is underlined.

1. Introduction

At present, a great attention is paid to the processes of SPD due to the opportu-
nity of the formation of nano- (grain size less than 100 nm) and submicrocrystal-
line (grain size between 100 and 1000 nm) structures upon deformation [1,2]. The
method consists in severe deformation, at relatively low temperatures (below
(0.3-0.4)T},), under high applied pressures and provides bulk pore-free nano- and
submicrocrystalline metals and alloys [2]. Conventional deformation methods,
such as rolling, drawing, pressing, etc., reduce the cross-sectional area of a billet
and do not allow one to obtain a high strain and grain refinement. Nontraditional
methods, such as torsion under high hydrostatic pressure, equal-channel angular
pressing, multiaxial deformation, alternating bending, accumulative roll bonding,
twist extrusion, and so on, allow one to deform a billet without changing the
cross-sectional area and to reach desirable high strain and grain refinement.
Structures obtained during SPD have specific features: small size of grains down
to nanolevel, low density of free dislocations, high-angle misorientation of the
grains, and high-energy and nonequilibrium state of grain boundaries [2]. These
structures lead to changes in physical and mechanical properties: a significant in-
crease in the strength at good ductility, an increase in the wear resistance, and
high-speed and low-temperature superplasticity [2].
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Most works are related to the SPD of pure metals and rather plastic alloys. The
use of SPD for commercial steels has been poorly studied. Moreover, now it is
difficult to widely apply severe plastic deformation in industry. Nevertheless, it is
important to study the limiting structural states of commercial steels and a combi-
nation of their mechanical and service properties.

The purpose of this paper is to consider the features of structure formation during
SPD and mechanical properties of austenitic stainless and low-carbon steels.

2. Factors affecting the structure formation during SPD
2.1. Temperature

It is well known that hot deformation can cause grain refinement due to the oc-
currence of dynamic recrystallization. The lower is the temperature, the finer are
the grains, but, at the same time, the higher is the degree of deformation required
for the beginning of dynamic recrystallization (Fig. 1). It would seem that the
smallest grain size can be obtained at room temperature, but this requires the de-
gree of deformation which cannot be realized with conventional deformation
schemes, such as rolling, extrusion, forging, etc. In reality, the grained structure
with high-angle grain boundaries was obtained at room temperature by using
methods of severe plastic deformation, such as torsion under high hydrostatic
pressure (HPT) and ECAP. However, the formation of high-angle boundaries, i.e.,

the process of recrystallization is ther-

Z, mally activated and requires elevated tem-
peratures. Now it is already well estab-
lished that room-temperature SPD under
T dlr“ T T T T T the high pressure initiates the diffusion-
szr L SR controlled dislocations climb processes
Warm strain [3]. Just these processes are responsible
- T . for the formation of new grains. Is this

Cold strain . -

| | process a dynamic recrystallization? In our
elye2 €3 € opinion — yes, it is, since, the new grains
appear in the deformed matrix, they be-
long to the matrix phase, but are substan-
tially more perfect and separated from
other grains by high-angle boundaries [4].

Thus, lowering the SPD temperature to room temperature, we can refine the
grain structure to the nanosize scale.

Fig. 1. Dependence of critical strain for
dynamic recrystallization on tempera-
ture

2.2. Degree of strain

It is conventionally assumed that the formation of predominantly nanocrystal-
line structure upon SPD at a lowered temperature corresponds to the steady-stage
portion in the graph of the dependence of microhardness on the degree of strain,
1.e., to a true degree of strain € ~ 5-7 [2]. However, one should take into account
that the degree of strain, which causes the formation of new grains with high-
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angle boundaries, depends on the stacking fault energy and the degree of alloying
of the material. The required degree of strain increases with decreasing stacking
fault energy and increasing degree of alloying. For example, the formation of
submicrocrystalline structure upon HPT in armco-iron begins earlier than in the
ferritic steel 0.08% S—18% Cr—1.0% Ti with the same bcc lattice[5].

2.3. Strain rate

An increase in the strain rate leads to the grain refinement. However, it is unrea-
sonable to increase the strain rate in the case of SPD at room temperature. First,
upon cold deformation, unlike hot deformation, an increase in strain rate insignifi-
cantly decreases the grain size. Second, an increase in strain rate causes the forma-
tion of surface cracks and the premature failure of the sample, especially upon
ECAP, because of the contact of the sample with the internal right angle of the die.

2.4. Chemical composition

Nanostructure formation depends on chemical composition. During severe de-
formation at room temperature, the alloying facilitates grain refinement by slow-
ing down the diffusion (under high pressure, an appreciable diffusion takes place
even at room temperature [3]), by reducing the stacking fault energy, as well as by
the necessity to apply higher deforming stresses. For example, after SPD by tor-
sion under high pressure at room temperature the grain size in armco-iron is ~ 200
nm just as in ferritic stainless 18% Cr—Ti steel — ~150 nm [5]. Changes of chemical
composition could initiate phase transformations and change the structure.

2.5. Initial state

It is shown that the metastable nonequilibrium initial state (metastable austenite,
quenched oversaturated solid solution, etc.) results in highest grain refinement dur-
ing SPD at the expense of phase transformations (martensitic transformations, pre-
cipitation and dissolution of carbides, etc.) and often helps to achieve the nanoscale
grain size level [6]. Austenitic stainless Cr—Ni steel undergoes martensitic transfor-
mation during SPD at room temperature [5—7]. Martensitic transformation leads to
additional grain refinement and the dual phase austenitic—martensitic nanocrystal-
line structure exhibits higher thermal stability because the grain growth of one
phase constituent is suppressed by the other constituent, and vice versa.

Severe deformation of an oversaturated solid solution can induce its decompo-
sition in the course of deformation. Decomposition of the solid solution can also
be initiated before and after severe deformation. The second-phase particles that
have precipitated during heat treatment inhibit grain growth. Severe low-
temperature deformation can lead to dissolution of the precipitates simultaneously
with the formation of nanostructure. The possibility for dissolving cementite Fe;C
particles was demonstrated in cold rolling of carbon steels with high reductions
[8]. Recently, the dissolution of carbides in quenched low-carbon 0.2% C—-Mn—-B
steel [9], and complete dissolution of cementite Fe3C in high-carbon 1.2% C steel
[10] have been shown. Subsequent reheating can then result in reprecipitation of
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the disperse particles and in stabilization of nanostructure. It should be noted that
the dissolution of the second-phase particles and their ability to stabilize the
structure depend on the size and volume fraction of precipitates.

2.6. Pressure

Structure and, correspondingly, strengthening depend on the pressure applied
upon SPD. For example, for the low-carbon 0.1% C—Mn-Si steel, just as for the
high-carbon 0.8% C—6% W—-5% Mo steel, an increase in pressure from 4 to 10 GPa
upon room-temperature HPT leads to a significant strengthening (Fig. 2). Moreo-
ver, for the initially quenched state, the strengthening and the structure refinement
are higher than those observed for the initially annealed structure.

7 18
4 16
< 6 < 141
?5 ] ?5 12- /
> 50 10
i 6
4 ' . . 4 : - .
4 6 8 10 12 4 6 8 10 12
P, GPa P, GPa
a b

Fig. 2. Microhardness dependence on pressure during SPD by HPT at room temperature
with € = 6: a — low-carbon 0.1% C-Mn-Si steel (S. Dobatkin et al, 2001); b — high-
carbon 0.8% C—6% W-5% Mo steel (S. Dobatkin, M. Zehetbauer et al, 2001). Initial
state: x — as-quenched, ® — as-annealed

3. Structure and properties of steels after SPD
3.1. Austenitic stainless steels

Different structures can be obtained depending on experimental scheme. The
limiting structural states are generally realized upon HPT since, in this case, the
applied pressure (up to 10 GPa) allows one to reach a high strain degree [4]. The
ECAP as one of the most advantageous SPD methods allows to prepare nano- and
submicrocrystalline samples as large as 2040 mm in diameter and 100—150 mm
long [2,11,12]. The pieces of such size can be widely used for medical tools and
implants; in particular, they are already tested for titanium [2].

Room-temperature deformation of 0.08% C—18.3% Cr—9.8% Ni—0.6% Ti aus-
tenitic steel by HPT (P = 6 GPa) on the samples of 10 mm diameter and 1 mm
thick leads to the formation of separated structure elements with high-angle
boundaries already at e = 4.3 (1 revolution) [5,7]. As a whole, the oriented struc-
ture, which is formed at the initial stages, is transformed into a rather equiaxed
structure upon further deformation. The average size of structural elements is
about 50 nm in the 0.08% C-18.3% Cr—9.8% Ni—0.6% Ti steel after deformation
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by HPT to e = 5.8 (5 revolutions) (Fig. 3). The character of the selected area elec-
tron-diffraction (SAED) pattern generally indicates a high-angle misorientation at
the boundaries. Therefore, we can define the obtained structure as nanocrystalline.

Fig. 3. Structure of austenitic Cr—Ni-Ti
steel after SPD by HPT: a — SPD, ¢ = 6.3
(5 turns); b — SPD, & = 6.3; heating 500°C
(1 h); ¢ — SPD, € = 6.3; heating 700°C (1 h)

Severe plastic deformation induces the martensitic transformation in austenitic
steels [5—7]. The martensite content in the 0.08% C-18.3% Cr—9.8% Ni—0.6% Ti
steel sample was 50% already at e = 4.3 (1 revolution) and ~ 60% at e = 5.8 (5
revolutions) (Fig. 4) [5]. Not only y — a, but also y — ¢ — o transformation was
revealed. The X-ray diffraction data on the volume fraction of martensite were
obtained with no account for texture [5,6]. As we determined the martensite content
with allowance for texture formed upon deformation by torsion [7], the same sam-
ples after e = 5.8 (5 revolutions) revealed 80% rather than 60% martensite shown
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o
3

earlier [5]. In general, we note that the

difference in the martensite content in

v austenitic steels subjected to SPD is

. . caused not only by the deformation

a scheme and applied pressure, but also, to

N A ——4—— £ . a greater extent, by the technique of the

0 2 4 6 8 a-phase content determination.

Deformation, turns In any case, SPD leads to the forma-

Fig. 4. Changes of phase composition tion of a two-phase austenitic-martensite

during SPD by HPT of austenitic 0.08% structure, which should increase the

C-18.3% Cr-9.8% Ni—0.6% Ti steel thermal stability of the obtained nano-

crystalline steel. Upon heating the na-

nocrystalline 0.08% C-18.3% Cr-9.8% Ni—0.6% Ti steel after SPD by HPT, the

initial grain size of 50 nm remains virtually unchanged up to a temperature of

400°C. The grain size slightly increases (to 250 nm) at 500°C and begins intensely
growing at temperatures above 600°C (Fig. 3) [7].

This corresponds to the changes in the volume fractions of phase constituents upon
heating [7]. The martensite fraction begins decreasing upon heating above 400°C. After
heating to 550°C, the phase composition corresponds to the percentage of 50:50%. This
still suppresses the intense grain growth, which begins at 600°C, when the austenite
content is ~ 80%. Upon heating the nanocrystalline steel to 600°C, the grain size is re-
tained in a submicrocrystalline range, remaining below 1 um. After heating to 800°C,
the grain size was determined by metallographic examination to be ~ 7 um.

To determine the mechanical characteristics after SPD, the bulk samples were
subjected to room-temperature deformation by ECAP, since the samples deformed
by HPT are not suitable for standard mechanical tests.

An opportunity to deform a sample in the ECAP die without failure is gener-
ally determined by the construction of this die, which is characterized by a de-
creased friction in the input channel and a backpressure in the output channel. The
die used in [7] allowed to deform a sample of 0.07% C—17.3% Cr-9.2% Ni-0.7%
Ti austenitic steel of 20 mm diameter and 80 mm long for four passes, i.e. N =4
(one pass at an angle of 90° between channels and three passes at an angle of
120°), to a true deformation e = 3.2 at room temperature.

The limiting deformation achieved by ECAP of 0.07% C-17.3% Cr-9.2% Ni—
0.7% Ti steel is much lower than that achievable by HPT. For this reason, we
failed to obtain an equiaxed structure after ECAP. Oriented structure consisting of
elements of 100-250 nm in size (a distance between subgrain or grain boundaries)
and separated equiaxed grains of the same size were observed. Such oriented
structure elements are presented by shear and deformation bands, twins, marten-
sitic plates, and oriented subgrains (cells) [13]. It is difficult to resolve the struc-
ture type in such a fine structure. The oriented structures frequently cross each
other at an angle. The nucleation of equiaxed grains can occur also through the cel-
lular structure. With increasing strain degree, the fraction of the grained structure
increases, but even at N =4 (e = 3.2), the structure remains far from being perfect.

Phase composition, %
w
S
L 3
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Unlike HPT, the ECAP under the mentioned conditions induces a weak
martensitic transformation, which becomes more active only at N = 4, leading to
the formation of 45% martensite [7].

Even the imperfect and oriented submicrocrystalline structure of 0.07% C-17.3%
Cr-9.2% Ni—0.7% Ti steel after ECAP provides a good combination of mechanical
properties. Already at N = 2, the yield strength (YS) is 990 MPa at an elongation of
13% (Table 1) [7]. The further deformation up to N = 4 monotonously increases the
YS up to 1315 MPa at elongation (EL) = 11%. To obtain a perfect nano- or submi-
crocrystalline structure, one should either increase the degree of deformation, or heat
the obtained structure. High degree of the achievable deformation and a high pressure
used in [14] resulted in a more perfect grained structure with a grain size of ~ 100 nm
and, correspondingly, a higher plasticity (EL = 27.5%) at a somewhat higher strength
(YS = 1340 MPa).

Table 1
Mechanical properties of 0.07% C-17.3% Cr-9.2% Ni-0.7% Ti austenitic steel after
ECAP at room temperature and N =24

State UTS | YS EL | RA
MPa %

Initial 570 250 58 77
2 passes 1080 990 13 64
3 passes 1180 1120 13.5 56.5
4 passes 1400 1315 11 58

3.2. Low-carbon steels
3.2.1. Cold ECAP

A submicrocrystalline structure in bulk billets of low-carbon steels can be pro-
duced by ECAP at reduced deformation temperatures. However, the lower the de-
formation temperature, the higher the deformation required for the formation of
high-angle boundaries, i.e., new grains [15]. The maximum achievable deforma-
tion without failure of a sample upon ECAP depends substantially on the equip-
ment used, a decrease in the friction in the channels, and the backpressure [11,12].
Upon cold ECAP, low-carbon steels can only be subjected to two or three defor-
mation cycles at the most efficient angle of channel intersection (90°) without the
failure of a sample, which is insufficient to produce a developed grain structure
[16,17]. The structure produced consists of cellular and subgrain regions with a
high dislocation density and a small number of individual submicron grains.

Low-carbon 0.1% C-1.6% Mn—-0.1% V—0.08% Ti steel in two initial states: the
ferritic-pearlitic state after hot rolling and the martensitic (bainitic) state produced
by quenching from 925°C (30 min) was studied [18]. ECAP was performed at a
channel intersection angle of 90° on samples 5 mm in diameter and 30 mm long in
two cycles (N = 2) at room temperature for the initially ferritic-pearlitic state and
at N =2 and T4.r = 400°C for the initially martensitic state, which corresponded to
the maximum possible cold deformation without failure.
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The cold ECAP of the hot-rolled and quenched samples of the 0.1% C-1.6%
Mn-0.1% V-0.08% Ti steel at N = 2 results in a cellular and subgrain structure
(Fig. 5,a,d). There are also areas with both an oriented structure and equiaxed
structural elements, which contain separate grains with high-angle boundaries. After
ECAP of this steel with the initially ferritic-pearlitic structure the spheroidization

Fig. S. Structure of 0.1% C-1.6% Mn—-0.1% V—-0.08% Ti steel after cold ECAP and
heating: a, d — ECAP; b—e — ECAP + 600°C (10 min); c—f— ECAP + 700°C (10 min); a—c —
initial ferritic-pearlitic state (before ECAP); d—f — initial martensitic (bainitic) state (be-
fore ECAP)
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of the cementite plates was observed. The size of the structural elements is 150—
350 nm. The fact that the structural elements in the quenched deformed samples
are significantly smaller than in the hot-rolled deformed samples can be due to an
initially higher dislocation density there. After 10-min heating of the deformed
quenched sample at 600°C, its structure becomes mixed: the partly polygonized
(subgrain) structure has low-angle boundaries, whereas the partly submicrocrys-
talline structure has high-angle grain boundaries (Fig. 5,e). The fact that the
boundaries are high-angle is indicated by the characteristic fringe contrast at the
grain boundaries, which is observed upon an electron-microscopic examination,
and by the appearance of individual reflections in diffraction rings. The structures
are mainly oriented. Equiaxed grains and subgrains are, as a rule, formed inside
oriented subgrains. As the temperature of heating of the 0.1% C—1.6% Mn—-0.1%
V—-0.08% Ti steel with the initially quenched structure after ECAP increases from
600 to 700°C, the structure becomes not so oriented and the fraction of grains and
their sizes increase (Fig. 5,f). The size of the structural elements increases, on the
average, from ~ 0.2 to ~ 0.3 um. The regions with the oriented structure are re-
tained in a totally equiaxed structure after heating at 700°C. Heating after ECAP
of the 0.1% C-1.6% Mn-0.1% V-0.08% Ti steel with the initially ferritic-
pearlitic structure at 600°C leads to the formation of an inhomogeneous structure
(Fig. 5,b). This structure is mainly oriented and polygonized and has individual
equiaxed grains and subgrains. Areas with a cellular structure having a high dislo-
cation density are also retained. Heating of the hot-rolled samples after ECAP at
700°C results in a grain structure with a grain size of 6—12 um (Fig. 5,¢). Unlike
heating of the deformed samples with ferritic-pearlitic structure of the 0.1% C—
1.6% Mn-0.1% V-0.08% Ti steel at 700°C, the formation and retention of the sub-
microcrystalline structure with a grain size of ~ 300 nm upon heating of the
quenched samples of this steel at 700°C after ECAP can be explained by, first, the
higher homogeneity of the initial martensite (bainite) structure, second, the higher
initial dislocation density, and third, the precipitation of fine uniformly distributed
carbides upon heating.

After two ECAP cycles, the strength properties of the 0.1% C-1.6% Mn—-0.1%
V-0.08% Ti steel increase. Specifically, the yield strength is almost doubled: it
increases from 510 to 1000 MPa for the initially hot-rolled samples and from 600
to 1110 MPa for the initially quenched samples (Table 2) [18]. Under these con-
ditions, the ductility ELy changes only slightly for the initially hot-rolled samples
and decreases for the initially quenched samples, which is likely due to a signifi-
cant increase in the dislocation density. In the case of the initially hot-rolled sam-
ples, a decrease in the ELy induced by an increase in the dislocation density is
likely to be compensated for by an increase in EL, because of the fragmentation
and spheroidization of carbides in the pearlite. Upon heating the 0.1% C-1.6%
Mn-0.1% V-0.08% Ti steel after ECAP, the strength properties decrease but in
different ways: for the hot-rolled samples, YS decreases by 22 and 42% upon
heating at 600 and 700°C, respectively, and by 10 and 27% for the quenched sam-
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ples upon heating at the same temperatures, respectively. The YS of the quenched
sample of the 0.1% C-1.6% Mn—0.1% V-0.08% Ti steel after ECAP, even upon
heating at 600°C, retains its high value (YS = 1015 MPa) at the ductility charac-
teristics EL,; = 28% and RA = 40%. The total elongation upon heating the 0.1%
C-1.6% Mn-0.1% V—0.08% Ti steel after ECAP increases to EL¢ < 30%, except
for heating of the hot-rolled sample at 700°C, when a completely grain structure
with a grain size of 6—12 pm provides EL = 39%. It should be noted that the
values of uniform elongation EL,,; are high for the initially quenched samples af-
ter ECAP followed by heating and that those for the initially hot-rolled samples
are low. The strength properties: ultimate tensile strength (UTS) and YS are sub-
stantially higher in the initially hot-rolled samples of the 0.1% C—1.6% Mn—0.1%
V-0.08% Ti steel after room-temperature ECAP. From the standpoint of the
grain—subgrain structure, we would expect the best combination of strength and
ductility for the 0.1% C-1.6% Mn—-0.1% V-0.08% Ti steel in the initially hot-
rolled samples after ECAP followed by heating at 600°C and in the initially
quenched samples after ECAP and heating at 700°C. In real practice, this combi-
nation is reached immediately after ECAP in the former case and after ECAP
followed by heating at 600°C in the latter case. Probably, apart from the grain—
subgrain perfection and the dislocation density, the state of the carbides in the
steel also substantially affects the set of mechanical properties.

Table 2
Mechanical properties of 0.1% C-1.6% Mn—0.1% V-0.08% Ti steel after cold
ECAP and heating

YS UTS EL i EL, | RA
Treatment MPa %,

Hot rolling (HR) 510 525 2.1 24 39
HR + ECAP (20°C, N=2) 1000 1030 34 23 50.6
ECAP + 10 min at 600°C 780 790 4.2 22.7 40.6
ECAP + 10 min at 700°C 585 670 — 39.1 —
Quenching (Q) 600 845 — 27 65.5
Q + ECAP (400°C, N=2) 1110 1170 12 15.2 —
ECAP + 10 min at 600°C 1000 1015 11 28.2 39.7
ECAP + 10 min at 700°C 810 870 16.2 23.5 -

3.2.2. Warm ECAP

Three low-carbon 0.17%C, 0.21% C-0.89% Mn-0.78% Si—0.16% V and
0.23% C-1.24% Mn—0.75% Si steels were studied after warm ECAP [19]. The
0.17%C steel was subjected to ECAP in the hot-rolled state, whereas the 0.21%
C-0.89% Mn—0.78% Si—0.16% V and 0.23% C-1.24% Mn-0.75% Si steels were
previously annealed at 950°C for 30 min and subsequently cooled in a furnace. In
all the cases, the steels had a ferritic-pearlitic structure. Warm ECAP of 0.17%C
steel was performed at 500°C, whereas the 0.21% C—-0.89% Mn—0.78% Si—0.16%

45



du3uKka U TEXHUKA BbICOKHNX JaBjaeHuii 2008, Tom 18, Ne 4

V and 0.23% C-1.24% Mn—-0.75% Si steels were pressed at 550°C. The angle of
intersection of the two channels was equal to ¢ = 90°. Samples 20 mm in diameter
and 120 mm long were subjected to four passes N = 4; the angle of rotation of the
samples about the longitudinal axis between each pass was equal to 180° (route
O). These conditions provide alternating strain. Four passes under these conditions
correspond to the maximum strain before failure.

Fig. 6. Structure of low-carbon steels
after warm ECAP: a — 0.17% C steel; b —
0.21% C-0.89% Mn—0.78% Si-0.16% V
steel; ¢ — 0.23% C—1.24% Mn—0.75% Si
steel; a — ECAP, Ty = 500°C; b—c —
ECAP, T4er = 550°C

Using optical microscopy it is impossible to reveal a substructure in the
strained elongated ferritic grains formed in the 0.17%C steel samples during
warm ECAP at four passes. Electron microscopic study allowed to find both fer-
rite subgrains, which are formed within ferrite grains and are separated by low-
angle boundaries, and a submicrocrystalline structure characterized by high-
angle grain boundaries (Fig. 6,a). The substructure formed upon dynamic recov-
ery is represented by two different structures, namely, oriented and relatively
equiaxed structures. The submicrocrystalline structure is formed within both fer-
rite grains and pearlite colonies. In both cases, the sequence of formation of
submicron grains is the same. Within both the oriented ferrite subgrains and the
ferrite grains that are present between the cementite plates of pearlite colonies,
transverse subboundaries are formed at the expense of lattice dislocations. Upon
subsequent deformation, square or parallelogram subgrains become rounded; the
subgrain boundary angle increases. Finally, the process of increasing the sub-
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grain boundary angle is completed by the formation of submicron grains (less
than 1 um in size). Within the pearlitic colonies, this process is accompanied by
the fragmentation and spheroidization of cementite plates. The sizes of the
grains formed in ferrite and pearlite are different and determined by the distance
between oriented subboundaries in the ferrite (0.3—-0.4 um) and the distance
between cementite plates (0.1-0.2 um) in the pearlite colonies, respectively. The
average size of structural elements in the ferrite of the 0.17% C steel subjected
to ECAP at 7= 500°C and N = 4 was measured in the cross-section for both the
submicrocrystalline structure and the substructure; it was found to be 0.35 um.
The electron back-scattering data (EBSD) study confirmed the presence of two
different structures with low- and high-angle grain boundaries that are formed
within the initial elongated ferrite grains. It can be assumed that, under these
conditions of ECAP, a completely submicrocrystalline structure can be formed
after a larger number of passes. Using EBSD and TEM (Fig. 6,b,c), a similar
data for the samples of the low-alloy low-carbon 0.21% C-0.89% Mn—0.78%
Si—0.16% V and 0.23% C—1.24% Mn-0.75% Si steels subjected to warm ECAP
at 550°C and N = 4 were obtained: subgrain and grain structures characterized
by structural elements 0.3—0.5 um in size are formed. The steels differ in the
fractions of low- and high-angle grain misorientations. All the samples have a
mixed recovered + submicrocrystalline structure.

The partially submicrocrystalline structure leads to substantial hardening of the
steels as evidenced by the similar values of YS and UTS (Table 3) as well as the
yield drop in the stress—strain curve for the 0.17% C steel [20]. The yield strength
of the 0.17% C steel (YS = 840 MPa) subjected to ECAP is higher than that of the
hot-rolled steel by a factor of almost three; the samples exhibiting such high yield
strength are characterized by rather large elongation (EL = 10%) [19,20]. The
low-alloy low-carbon 0.21% C-0.89% Mn—0.78% Si—0.16% V and 0.23% C-
1.24% Mn—0.75% Si steels exhibit different hardening upon warm ECAP (Table
3) [19]. Even at N = 2, the 0.23% C—1.24% Mn—0.75% Si steel exhibits a high
yield strength, which is virtually unchanged at N = 4. The 0.21% C-0.89% Mn—
0.78% Si—0.16% V steel exhibits a substantial increase in yield strength at N = 4.

Table 3
Mechanical properties of low-carbon steels after warm and hot ECAP
Tof | ¢ (angle of KCV,
Steel ECAP, |channel inter-| 5 | 71> | ¥ |EFIRAL iy’
°C | section), deg MPa % +20 | —40
0.17% C 500 90 4| — - | =1 -1039| —
0.21% C—0.89% M 550 90 4 11120(1110| 8 |40 ]0.55]0.15
0.78% Si-0.16% V 750 110 8 1850 1820 | 15] = 1252 —
90 419751905 | 13| — 2.0 | 1.2
0.23% C-1.24% Mn—| 550 90 4 11005[1000| 11 | 44 10.21(0,14
0.75% Si 750 110 8 | 875|870 | 12| — [2.19]1.65
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The yield strength of the 0.21% C-0.89% Mn—0.78% Si—0.16% V steel subjected
to warm ECAP is higher than that of the 0.23% C—1.24% Mn—0.75% Si steel and
is equal to 1100 MPa. In this case, its ductility is equal to 8—10% (Table 3). Un-
fortunately, the steels with the partially submicrocrystalline structure are charac-
terized by a low impact toughness KCV at both +20 and —40°C (Table 3). It is
likely that the low impact toughness of the steels can be due to both the mixed
structure with a high density of dislocations in subgrains and the low size of
structural elements, which specifies similar values of YS and UTS.

3.2.3. Hot ECAP

The 0.21% C-0.89% Mn—0.78% Si—0.16% V- and 0.23% C—1.24% Mn-0.75%
Si steels were subjected to hot ECAP: T'= 750°C, N =4, ¢ = 90° and T = 750°C,
N=28, ¢ = 110° The degree of deformation reached after four and eight passes,
which was calculated using the shear-strain intensity and the Mises equivalent
strain, was equal to ~ 4.6 and ~ 6.5, respectively [19]. The calculations show that,
if the angle between the two channels satisfies the inequality 90° < ¢ < 120°, the
average pressure and total force upon simple shear are lower than the corre-
sponding parameters of the process of equivalent direct pressing by factors of two
to three and 5-15, respectively [11]. The samples were heated to the deformation
temperature and held for 30 min. The equipment used for ECAP was heated to
500-550°C. After each pass at 750°C, the sample, whose surface was slightly
cooled, was held in a furnace at 750°C for 10—15 min to level off the temperature.
Because of this, the total true strain was lower than the calculated value owing to
static polygonization and possible recrystallization upon holding in the furnace
between passes.

Thus, hot ECAP was performed at 750°C using two tools with the angles of in-
tersection of two channels ¢ = 110° (N = 8) and ¢ = 90° (N = 4). In the former case,
it was produced a mixed structure consisting of recrystallized 0.3—6 um grains and
~ 0.5 um subgrains, which was confirmed by both TEM and EBSD analysis. The
structure formed in the 0.21% C-0.89% Mn—0.78% Si-0.16% V and 0.23% C-
1.24% Mn—0.75% Si steels after hot ECAP at ¢ = 110° provides their hardening to
YS > 800 MPa at an EL = 10-15%. Moreover, the samples exhibit a rather high
impact toughness at +20 and —40°C (Table 3). Upon hot ECAP at ¢ =90° (N=4), a
polygonized structure is predominantly formed, thus providing higher hardening;
the steel exhibits YS = 905 MPa and EL = 13% at a high impact toughness (Table
3). It is known that the degree of deformation needed for dynamic recrystallization
decreases with increasing deformation temperature. Therefore, a completely
recrystallized grain structure can be expected to form at a very high degree of
deformation; it is calculated to be € = 4.6 at = 90° and € = 6.5 at = 110°. It is likely
that the calculated degree of deformation does not correspond to the real degree of
deformation because of static polygonization and, possibly, recrystallization that
occur upon heating between ECAP passes. Thus, we failed to produce a uniform
submicrocrystalline structure with a grain size of less than 1 um by hot ECAP.
However, the formation of a predominantly subgrain structure allowed us to
substantially increase the impact toughness (at +20 and —40°C) of the steels (as
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the impact toughness (at +20 and —40°C) of the steels (as compared to the steels af-
ter warm ECAP) at high retained hardening (Table 3).

Conclusion

Severe plastic deformation of steels results in grain refinement down to na-
noscale. Structure is characterized by low density of internal dislocation and non-
equilibrium state of grain boundaries. Such structure leads to high strength and suf-
ficient ductility. Bulk nano- and submicrocrystalline steels in equilibrium state
could be obtained by SPD and subsequent heating. A wide application of bulk
nanomaterials is thought to be limited by the following causes: the whole set of me-
chanical and service properties, including fracture toughness, impact toughness,
fatigue strength, corrosion resistance, etc., are poorly known; the sizes of prepared
billets are relatively small; the production cost is high; there are no industrial tech-
nologies for producing bulk products with a homogeneous structure.
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PACS: 61.46.Hk, 62.50.+p, 64.70.Nd, 64.75.+¢g

B.H. Bap+OX|/|H1, T.H. MeJ'IbHI/IK1, B.M. |_|I/IJ'II-OFI/IH2, J1LN. CTecbaHOBVN1,
H.B. 3cbpoc1, B.M. Sq)poc1, B.M. }OpquKo1

AHOMATBHbIN TMCTEPE3MNC &-®A3bl BbICOKOIO JABNEHWA
B HAHOKPUCTAJTTMYECKUX CIJIABAX Fe—Mn, NMONMYYEHHbIX
METOOOM MHTEHCUBHOW NNACTUYECKOW OEDGOPMALLN

1,U,OHeLI,KVIl7I PU3UKO-TEXHUYECKUI MHCTUTYT uM. A.A. lanknuHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

2I/IHCTMTyT dumsmkn metannos YpO PAH
yn. C. Kosanesckon, 18, r. EkatepnHbypr, 620041, Poccus

Paccmompeno enuanue ceepecayuu Mn na cmabunuzayuio &-pasvl 6 HAHOKpUCMALTUYe-
ckux (HK) cnaasax na ocnose FeMn, nonyuennvix nymem uHmMeHCUBHOU NAACTHUYECKOU
oepopmayuu (UI1/]) npu nomowu evicoxoeo eudpocmamuyeckoeo oaenenus. Taxas HK-
cmpykmypa, cghopmupogannas npu HUIIJ], npusooum x bonee wupokomy dapuyeckomy
eucmepesucy ofy/s-npespaweHuti 8 Ucciedyemvix Mamepuaiax. Ycmanoeieno, umo cee-

pezayusi mapeanya us meia 3epHa E-d)a3bl HA MEJNC3EPEHHYIO cparuyy, umerouwast mecmao
8 OaHHBIX IKCnepumermax, npu@odum K NOABNEHUIO 6HYMPEHHUX H(lnp}lcheHl/llZ, cpasHu-
MblX NO seludure ¢ 6HeuHuUM zuapocmamuuecmuw oaesneHuem u HanpaejieHnvlx 6HYmpb

3epHa. Omo nodasisem 0OpamHoIll P -nepexo0 u moxcem OblmMb OOHOU U3 NPUYUH
cmabunuzayuu (azvl 8bICOKO20 0ABNeHUs Npu HOPMANbHbIX yciosusax. [lokaszano, umo
obpammublil nepexod € — y npu omoicuee npu memnepamype sviuie 520 K mooicem ovimo
8b136aH Oecezpezayueli Map2anya u3 epaHuy HaHo3epeH 8 meio 3epHd.

BBenenune

Becpma npuBriekaTensHBIM cIOcOOOM noydeHus: 00beMHbIx HK-matepuanon
co cpeaHuM pazmepom 3epHa < 100 nm siBnsercst UIT/L.

Ecnu HanoxuThk Ha 00pasel] BBICOKOE I'MIPOCTaTUUYECKOE IaBJICHUE, TO JIaXe B
OOBIYHBIX KPYIMHO3EPHUCTBIX 00pa3lax YMCTOro oi-Kejae3a MOXKHO MOIy4YUTh Map-
TEHCUTHYIO £-¢a3y. Tem Oojee 3TO CHpaBeUIMBO ISl AyCTEHUTHBIX Y-CIUIAaBOB
Fe-Mn ¢ conmepxanuem Mapranna ot 10 mo 30 mass%, rne MmapreHcutHas (asa
UMeeTcsl y)Ke TP HOPMAIbHOM atMoc(epHOM naBieHuH. Torma HaloXKeHHEe Ha
o0pasel BBICOKOI'O THAPOCTATUYECKOTO JIaBJICHHUS MPOCTO MOBBIIIACT KOHLIEHTpa-
o e-(haszpl. OJJHAKO MOTYYSHHBIH TAaKUM IIyTEM MapTeHCUT AedopMaIiiy XOTs U
uMeeT OOJBIIYI0 MPOYHOCTh, YEM MApTEHCHUT OXJIAXKICHMS, BCE e HE SIBJISETCS
TEPMOJUHAMHYECKHU CTAaOMIIbHBIM, T.€. IIPYU NOHWKEHUM JaBJIEHUs 10 aTMocdep-
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HOT'O OH ucue3aeT. IHpIMu ciioBamH, mporecc GopMupoBaHus €-(pa3bl B yCIOBUAX
TUAPOCTATUYECKOTO JABJICHUSI XOTS U MPOSBISET TMCTEPE3UCHBIN XapakTep, HO
SABIISIETCS 0OpaTUMBIM Kak s o-¢assl (puc. 1,a), Tak u 1is y-¢assl (puc. 1,0).
Crnenyer 3aMeTUTh, YTO Ui KPYIHO3EPHUCTHIX MaTEepHaliOB Kak B TOM, TaK U B
JIPYTOM cllydae TUCTEPe3UCHAs METIIS SBISETCS JOBOJIBHO Y3KoH (puc. 1). UToObI
nepexo.1 B e-(ha3y B MOJOOHBIX CIUTaBaX CENIaTh HEOOPATUMBIM (T.€. CTAOMIIN3HPO-
BaTh MApPTEHCUT), HY’)KHO KaKUM-TO 00pa3oM pa3IBUHYTh FMCTEPE3UCHYIO METIIIO.

100}
801
= 60t
“40!
20}
O_

0 5 10 15 20 0 5 10 15 20
P, GPa P, GPa

a 9]

Puc. 1. l'ucrepesucnoe nosenenue o-Fe (a) u FessMnys (6) pu HalOKEHUU BHEIIHETO
THAPOCTATHYECKOTO JIABJICHHUS; O — KPYITHO3epHUCTHIN MaTepuai, ® — HK-o0pasen

C 5To0il Lenblo coaBTOpaMu JaHHON paboThl B [1] OBLIO 3KCIEPUMEHTAIBHO
n3zyueHo BimusiHue WIIJ] mox maBneHWeM Ha CTPYKTYpHO-(Da30BOE COCTOSHUE
FeMn-crnaBoB. bbuto mokasaHo, 4To NMpH TakKuX YCIOBHUAX B yKa3aHHBIX MaTe-
puanax Moxet 0bITh cpopmupoBana HK- nimm cyOmukpokpucrammmaeckas (CMK)
CTpyKTypa. B pesynpTaTe 3TUX MccienoBaHuil ObLI0 ycTaHOBIEHO, uTo mpu WUIT/]
casurom B OIIK-o-crutaBax Fe ¢ HeGonbmon (10 7 mass%) KOHIIEHTpaluen map-
raua e-¢asa He MOsBIAETCS Jaxke rnocie aegopmanuu ¢ e = 6.5 noja AaBIeHUEM
P =10 GPa. Ognako B crmaBax Fe ¢ koHIieHTpanueit mapranua cy, = 40-55% (y-
daza) mpu UIIJ] casurom ¢ e = 4-5 HaJlOKEHUE BBICOKOTO THAPOCTATHYECKOTO
nasienust 10 19-20 GPa npuBonut k npakrtuuecku 100%-HOMy 00pa3oBaHUIO €-
da3pl. [Ipuyem 3TOT Tporiece st y-has3bl OKA3bIBAETCS IMOJTHOCTHIO HEOOpATH-
MBIM, TaK Kak C()OpPMHUPOBABIIASACA B YCIOBUSAX BBICOKOTO THIPOCTATHYECKOTO
naBnenus ['TIY-e-aza octaercss cTaOMIBbHON Na)ke IMOCIE CHATHS JTABICHUS M
IIPYU JJIUTEIBHOM BBIIEP)KKE B HOPMAJIbHBIX yCIIOBUsAX. MccinenoBanue teMiepa-
TypHOU crabmnbHOCcTH [TIY-g-daszpr Bbicokoro maBnenuss B CMK-y-Fe—-Mn-
CIUIaBax I10KAa3ajlo, YTO TOJBKO HArpeB A0 TeMieparypsl Bbine 520 K uaununpy-
eT 00paTHOe € — Y-TIpeBpalllCHUE.

LlenssMu 1aHHOM pabOTHI ABISIOTCS MOIBITKA TEOPETHUYECKOTO OOOCHOBAHUS
aHOMAJIBHOT'O TMCTEPE3UCHOTO MOBEJCHUS B YCIOBHUSX BBICOKOTO T'MIpOCTaTHYe-
ckoro nasieHust HK- 1 CMK-00pa3ioB xene3oMapraHieBbIX CIJIaBOB ¢ BEBICOKUM
conepkanueM Mn, nmoydeHHbIX myTem WITJI, u BbIsICHEHHE MPUYHH CTa0MIH3aIH
MapTEHCUTHOM &-(a3bl MOCIIE CHATHUS BBICOKOTO THPOCTATHYECKOTO JIABIICHUSL.
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OcHOBHBIE YPAaBHEHUSA

N3BecTHO, 4TO Aake B KPYMHO3EPHUCTHIX 00pasiiax cruiaBoB cucteMbl Fe—Mn
KOHLIEHTpAllMOHHAsl HEOJHOPOAHOCTh MapraHiia B peiesiax OJIHOTO 3€pHa MOXKET
nocturathb 2.5—4%, mpuyeM MOBBIIICHHAs €ro KOHIIEHTpaIus HaOmoaaeTcs: BOIu-
3M TPAHUIl 3€pEH. A 3TO 03HAYAET, YTO B KEJIE30MapraHIleBbIX CIUIaBax Juisi Mn
UMEEeT MECTO TOpO(UIBHOCTH TPAHHULI, O1aroaapsi KOTOpoil JOHKHA MPOUCXOAUTD
MEXKPHUCTAJUIUTHAS BHYTPEHHSISI aficopOius aToMoB Mapranma. [loaTomy ecrect-
BEHHO MPEANOJI0XHUTh, YTO MPU PA3BUTON CHCTEME MEX3EPEHHBIX I'PaHULl OTHO-
CUTEJIBHO MEJIKHE 3€pHAa 3a CPABHUTEJIBHO Majible BpeMEHa MOTYT MOYTH MOJHO-
CTBIO OUMILIATHCS OT MpUMecel B mpoliecce cerperanuu. Mmeercs emie oquH dak-
TOp, KOTOPBIA MOKET CIOCOOCTBOBATH BHINICYKA3aHHOMY IMPOIIECCY — ITO BHEIII-
Hee TMIPOCTAaTUYECKOE JIABJICHHE.

Eme B 60-x rogax B paborax lllymana [2,3] Obuta mpeuioskeHa, a B paboTax
CokonoBa u 1p. [4] pa3BUTa TMIOTE3a, COTJIACHO KOTOPOH Ja)k€ B OTCYTCTBHE
BHemHero naBneHust ['TIY-g-pa3a Bo3HUKAET MO NEHCTBUEM COKMMAIOIIUX Ha-
NpSDKEHUN B MUKPOYYacTKax Jene3a, I BCIECACTBUE XMMHUYECKON HEOTHOPO-
HOCTH MaJIO WM MPAKTUYECKU COBCEM HET aTOMOB Mn.

Pa3BuBas »TH mpeacTaBieHUs, UCCIEAYEM KHHETHKY CErperalioHHOrO Ipo-
necca aToMoB Mn W3 Tejna 3epHa, COCTOSIIEro U3 IUIACTMH MapTEHCUTA, HA €ro
TpaHUIly JUJIs ClTydasi HAHO3EPEH U CPaBHUTEIBHO TOJICTOTO aICOPOIIMOHHOTO CIIOS
(MEX3epeHHBIX TPAHMI]) C YUETOM HAJIO)KEHHOTO Ha 00pasell BHEIIHETO THUAPO-
CTAaTUYECKOT0 JABJICHUS U IPOAHAIU3ZUPYEM PE3YNbTATHI ATOTO MPOLECCa.

[Tycts Ha HK-TBepablit pactBop cuctemsl Fe—Mn ¢ o- uinu y-¢ha3oil HamokeHo
BHEIIHEE ruapoctarudeckoe nasienne P = 19-20 GPa, teno HaHo3epHa mpen-
CTaBJISIET COOOM IJIACTHHY &-MapTEHCUTA M UMEET TOJIUHY 2d, a MeX3epeHHas

rparuna (aacopOIMOHHBIA CII0W) UMEeT

XapakTepHbIi pasmep O, rae d = 40-50 nm,

0 = 2-10 nm. PaccmaTtpuBasi ogHOMEp-

HYIO 3a/1auy, Hadayio koopauHat (z = 0)

BbIOMpaeM Ha IMOBEPXHOCTU IJIACTUHBI

dn ,  (puc. 2). [lonyctum, 4TO B HayailbHbIH
+ MOMEHT BpeMeHHM aTomMbel Mn pacnpene-
JICHBI B IJIACTHHE PAaBHOMEPHO C 00beM-

HOW KOHLIEHTpaIuen cp. 3areM aacopo-
[IMOHHBII CJIOH HauWHaeT 00Ooramarses
NPUMECSIMH, a TEJIO 3¢PHA — OOCTHATHCSL.
B cocTossHuM paBHOBeCHS, KOTJa KOH-
Puc. 2. Cxema 3aBHCHMOCTH moTenmu- UCHTpPauus Mn B rpaHuie paBHa paBHO-
anpHoil sHeprun U, atoma Mn or pac- BECHOHW, XUMHYECKHE MOTCHIHaNBI Mn B
CTOSIHMS JI0 TPAHUIIBI: d — TONYTONIMHA  MEX3EPEHHON IpaHuIE U 00BeMe paBHBI
IIaCTUHBI &-(asbl, & — TommuHa agcopd-  ApYyTr apyry. OOMeH aToMaMu Maprasia
IIMOHHOTO CJIOSA; G — BHYTPEHHEE HAaNps- MEXy IUIACTMHOW MapTEeHCHTAa W aj-
JKEHUE COPOITMOHHBIM CIIOEM PEryJIUPYyeTCS
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rpaHUYHBIM ycioBueM npH z = 0. B mpeanonoxenun 60ibmmoi 1uddy3noHHON
IPOHULIAEMOCTH TPAHULIBI IPOUCXOAUT MTHOBEHHOE BBIPAaBHUBAHME XMUMUYECKHUX
noTeHuaaoB Mn B miuacTuHe €-(asbl, C OJHON CTOPOHBI, M B IMPUMBIKAIOLIEH K
Hel Mex3epeHHOU Tpanule (o, y-haza) — ¢ apyrou. Jusa ciaboro TBepaoro pac-
TBOpa MapraHiia B 00beMe xene3a XMMUIECKUH MTOTeHIIUAI UMEeT BUJ

Mg =Tlnc(z, t)_pvaa (1)

rae c(z, t) — NOKaJbHAsl KOHIIEHTpAIUsl MPUMECH, Vg — YACIbHBI 00bEM aTOMOB
Mn B MapTeHCUTHOH &-(hase, p — BHEIIHee T'MApocTaTudeckoe aasieHue. [lpu
3TOM CJIE[IyeT y4ecTb, YTO KOHIIEHTpalHs aTOMOB Mn B MeX3epeHHOU TpaHUIle
cs(f) MOXKeT OKa3aThCsl MOPSAIKA SIUHHIIBI U OHU YK€ OyIyT B3auMOJICHCTBOBATH
MexIy coboil. [loaToMy MX XMMIIOTEHIIAI B aICOPOIIMOHHOM CJIO€ OKa3bIBAETCS
paBHBIM

u, =TIne,()-Us —c,(0)|Uy| Z - pv,, )

rae c¢s(f) — KoHIEeHTpauss Mn B MEX3E€pEeHHOUW TpaHHIIE; Vg — YACITbHBIM 00beM
aToMoB Mn B y-¢aze; U — sHeprusi, BRBICBOOOKIaeMast PU BBIXOJE OJHOTO aToMa
Mn u3 rIyOHWHBI TUIACTUHBI HA €€ TIOBEPXHOCTh; Z — KOOPAUHALMOHHOE YHCIIO, U
SIBHO YUYTEHO, YTO B3aUMOJAECHCTBUE MEXAY aToMaMu Mn BHYyTpH 3epHa U;; HOCUT
MPUTATHBAIOIINN XapakTep. JTO U3BECTHO, HampumMep, U3 padbot boradesa u ap.
[5], kor/a mpu OTIyCKe MapraHIIOBUCTHIX HEPIKABEIOIIUX CTAJICH C COACpKAHUEM
Mmaprania 8% HaOJII0aMCh MPOLECCHl TUIA OJIMKHETO PacciIOeHUs Mo MapraH-
iy. [Ipu yciioBuu OBICTPOrO BCTpaWBaHUs aTOMOB Mn B TpaHUILY CIEAyeT MpH-
paBHATH XuMnoTeHualsl (1) u (2) mpu z = 0. Toraa Mbl MPUXOIUM K HEKOTOPOMY
TPaHUYHOMY YCJIOBHIO, KOTOPOE B JIaHHOM Cy4yae MPUOOPETaeT BUA HU30TEPMBI
®daynepa, CBSI3bIBAIONICH KOHIIEHTPAIMIO MapraHia B oobeme odpasia ¢ ero KoH-
HeHTpalued B aacopOinoHHoM cioe. B padote [6] 3To ycnoBue 010 MOAH(U-
UPOBAHO ISl 00pa3lla KOHEYHBIX pa3mepoB. [Ipu yuere naBieHUS OHO UMEET
BUJT
e

c=f(cdH)= 2—605 + s exp —Mcf . (3)

d (1-c)K(p.T) r

3neck BBelieH 0000IIeHHBIN KO3 PHUIIHEHT 00oTaIeHUS]
U.+ pA
K(p.T) =exp(sT‘”], @)

I7IE p — HAJIO)KEHHOE HAa CUCTEMY BHEILHEE TUIPOCTATUYECKOE IABIEHUE, AV = vy — Vg —
Pa3HOCTh YICIBHBIX 00bEMOB aTOMOB Mn B y- 1 g-aze, nmpuiem Av > (. Bropoe cia-
raeMoe B IOKa3aTelie SKCIIOHEHTHI MOYKHO MPEICTaBUTh CIICAYIOIINM 00pa3oM:

_ p(pg _py)

pAvV
nkpgp,

)
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TJIE pg, Py — IIIOTHOCTH &- U Y-(ha3 COOTBETCTBEHHO, k — nocTosiHHAs bonbumana, n —
3, p =20 GPa,
Pe = 8.18-10° kg/m3, Py = 8.0-10° kg/m3 [7], momrydaem uist BeIpaxeHwus (5) OmeH-

25 -
YHCJIO YacTUI] B eAnHUIE o0beMa. Mcnonb3ys 3HaueHus 7 = 107 m

Ky pAv ~ 50 K. Torna ¢ yuetom toro, uto Us = 10° K, umeem ans kospdunmenta
oboramenus 3uauenue K(p, T) = 33.

Ecnu BcTpamBaHue mpumeceld B I'paHMIly MPOUCXOIUT OBICTPO, 3a BpeMeHa
MHOI'O MEHBIIHUE, YEM dz/D, TO MOXHO CYMTaTh, YTO NPOUCXOIUT MTHOBEHHOE
BbIPaBHUBAHUE XMMHUYECKHUX MOTEHIMAJIOB B I'PAaHULE U B aICOPOLIMOHHOM CIIOE,

HETOCPEJCTBEHHO MPHUMBIKAIONIEM K Hel. JTO 03HadaeT, uyTo ycioBue (3) crpa-
BEUIMBO BO BCE MOMEHTBHI BPEMEHH, €CIM B HEM 3aMeHUTh c; —> ¢ (), a
c® = lime(z,t) = c(0,t). B npenene ¢ — oo mocnennee nepexoaur B (3).
z—>d

IIpn OTCYyTCTBHM MCTOYHHUKOB M CTOKOB IS IPUMECEH U3 3aKOHA COXPaHEHUS

YKcIia YaCTHUI] CIIEAYET:
deg (1) _ D dc(z,1)|
e 8 oz |

(6)

VYpaBuenus (3) u (6) HEOOXOIUMO JOTIONHUTH HAYAJIBHBIM YCIIOBHEM. B 00-
IIEM Cllydae 33JaloT pacipejesieHue 00beMHON KOHIEHTpalun c(z, f) B Hadallb-
HBIII MOMEHT BpemeHH, T.e. ¢(0, 0) = co. Ilpu stom ¢4(0) Haxoautcs u3 (3). Tak
KaK B JIaHHOM CITydyae OCHOBHOW MHTEPEC MPEACTABISIECT JIMIIb (DYyHKIIHS, OMHUCHI-
BAaIOIIasi CErperamuio, T.e. ¢s(f), MOXKHO OTPaHUYMTHCS 3aJaHHUEM KOHIICHTPALUU
¢s(0) B croe aacopOIMy B Ha4aJIbHBIH MOMEHT BPEMEHH.

Vcnonb3ys M3BECTHOE M3 TEOPHM ypaBHEHHH mapabonuueckoro tuma [9] um-
MeJJAaHCHOE COOTHOIIICHHE, CBS3BIBAIOIIEE MTPOU3BOAHYIO Oc(z, ¢)/0z mipu z = 0 co
3HAUYEHUEM KOHLEHTpaluu c(z, t) npu z = 0, MOKHO NOJYyUUTh CIEAYIOLIEE UHTE-
rpajbHOE ypaBHEHHE, Olpeesstoniee QyHKIHIO cy(?):
exp _Z|Uii|cs(f)

_L D28 r 2
cs(t)—ﬁ\/: g o= —6() R D=l (t—1) dt+c,0). (7)

VYpaBuenue (7) onmuchIBa€T KMHETUKY M PE3yJbTaT MPOIlecca Cerperamuy aTo-
MOB MapraHila W3 TeJia HaHO3epHA Ha €ro TPaHUIly (PaBHOBECHOE COCTOSIHHE) C
y4eTOM TakuX (PaKkTOpoOB, KakK JaTEepabHOE B3aMMOJCHCTBHE aTOMOB MapraHIia
MEXIy cOOOM, KOHKYPEHIUS 3a MECTO Ha TpaHHUIle pa3/ielia U OTPaHHYEHHOCTh
YHuCcjIa aTOMOB MapraHIila B TpaHHUIle HAaHO3EpHA. JTO yYpaBHEHHE B OOIIEM Cllydae
HEC MOXET GBITB pemeHo AHAJIUTUYCCKHU. EI:IJIO HpOBeI[CHO YUCJIICHHOC pemeHHe
9TOTO YPaBHEHHUS TSl PA3TUYHBIX 3HAYCHUN HUCXOAHOW 0OBEMHON KOHIICHTPAIIMH
Maprasiia B TBEpJOM pacTBOpE:

col1 = 0.05; Co2 = 0.2; co3 = 0.4. (8)
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0.9 | IIpu sTOM mNoOTEHLUMAn B3aUMOJICHUCT-
038 I BHsI aTOMOB Maprasna U;; OLleHUBAJIX IO
82 - temneparype Jlebas, koTopas COIJIacHO
05 [10] cocraBnsier 425 + 50 K, yto coot-
0.4 BercTBYyeT Uj;; ~ 0.03 eV.
02 | Pe3ynbrathl 3TOTO pelieHns ajs TexX ke
0.1 L 7]  3HAYCHMIl NapamMeTpoB, KOTOpble ObLIA UC-
O PN — MOJIb30BaHbl paHee JJIs MpeaBapUTEIbHBIX

0 1 2 3 4 5

- OLICHOK, TIPE/ICTAaBJICHBI Ha pUC. 3 B BUJE

TpeX HBOJIIOLIMOHHBIX KpuBbIX. OHU mpen-

Puc. 3. DBomonus KOHIICHTpauu Mn B .
CTaBJSIIOT COOOM 3aBUCHMOCTH Cg = Cs(T)

rpanuie HaHozepHa: I — cop = 0.05; 2 — )
con=0.2: 3—co3 = 0.4 (Bpemst u3Mmepsiti B eqununax o /D ~ 0.1 s).

W3 3THX KpUBBIX BUIHO, YTO KaK TEMII Cer-
peraiyy aToMOB MapraHlla Ha MEX3epEeHHbIE I'PaHMIIbl, TaK M KOHEUHBIM pe3yJbTar
CYILIECTBEHHO 3aBHCSIT OT UCXOAHOM €ro KOHLEHTPALMHU B TEJIE HAHO3EPHA, 4 BHEIIIHEE
THAPOCTATHYECKOE TAaBJIEHHUE TOJIBKO YCKOpsieT 3ToT mpouecc. Cerperaims Mn B oc-
HOBHOM 3aBEpILAETCs B CUUTaHHBIE CEKYHIBI U yXkKe yepe3 Bpems ¢ =~ 0.5 s naer npu-
pallieHns] KOHIIEHTPALMK MapraHia B MEK3EpEHHbIX I'PaHULAX COOTBETCTBEHHO

AC()1 = 0.09; ACQQ = 0.3; AC()3 =0.42. (9)

Kpome Toro, Hamu ObLI MpoaHaIM3UPOBaH MPOLECC BHIXO/1a MapraHiia u3 Tejaa HaHo-
3epHa U B KPYITHO3epHUCTOM Matepuare. 13 puc. 4,a BUIHO, 4TO B KPYITHO3EPHUCTOM
Marepuase oOeTHEHUE 3epHa MapraHIleM MPOIObKAeTCs 32 BpeMst ropsaka 10 s, T.e.
HE ycCIieBaeT MPOU30UTH 3a BpeMsl SKCIIEpUMEHTa 10 Habopy U cOpocy THApOCTaTu-
YECKOT'0 JIaBJICHUS, KOTOPOE IJIMTCS MOpsIKa 104 s. B Hanomarepuaine xe oobem
3epHa, BBUIY €r0 MaJibIX pa3MepoB, OOCIHSIETCS MapraHIleM 3a JIOJIH CEKyHIIbI (PHC.
4,0), 9T0 SBISETCS HEOOXOIUMBIM yCIoBUEM /sl popmupoBaHust e-(hasbl.

col Cppmmmmm e
] .
2
N 3
0 d/2 a Yo a2 d
a o

Puc. 4. l3MeHeHne KOHIICHTPAITMOHHOTO Mpoduist B oobeMax kpymHoro (K(7)/B = 5) (a)
u HaHokpuctammnieckoro (K(7)/p = 500) (6) 3epHa B 3aBUCHMOCTH OT BPEMEHH JTOCTH-
JKEHUS paBHOBECHS £, (f, ~ 10 s). Kpussie /, 2, 3 coorBercTBytoT 0.1¢,, 0.5¢, 11 0.9¢,
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Onwupasich Ha 3TH NPEICTABICHUS, €CTECTBEHHO MPEANOJIOKUTh, YTO IOCIE
UI1/T o6pa3noB cuctembl Fe—-Mn B Hux dopmupyercs HK- nmu CMK-ctpykrypa
¢ pa3mepoM 3epeH d ~ 50—-100 nm u pa3BUTON CUCTEMOI TOBOJIBHO TOJCTHIX (O =
~ 2—10 nm) HEPaBHOBECHBIX TPAHUII, C BHICOKOHW TUIOTHOCTBIO PA3IMYHBIX Ac(eK-
TOB. Eciii MBI MMeeM JeJI0 € Y-TBEPIIbIM PacTBOPOM, KOTAa Cypy > 0.1, To B citydae
HK-Marepuana 3aepkKy Iepexoja B IpsaMoM HampasieHun P’ ° MoxkHO 00b-
SICHUTH MOBBIIIEHUEM IIJIACTUYHOCTH HAHOMATepuasa 3a cueT OOJIbIIeH TOIIMHbI
U BBICOKOW JME(PEKTHOCTH MEX3EPEHHBIX T'PaHMULl, YTO MPUBOJIUT K AeMII(pUpOBa-
HUIO BHEIITHETO THAPOCTATHYECKOTO NIaBJICHUS W 3a1epkke ¢popmupoBanus ['TIY-
¢a3el BeicOKOTO naBieHus. Kazanoch Obl, 0 TeM ke CaMbIM MPUYMHAM M 00paTt-
Hblii epexon P°7Y nomken HacTymath npu Goliee BHICOKMX JABIEHHUSX, YTO OY-
JIeT IPUBOMUTD MIPOCTO K CABUTY METIH Ae(hOpMAIIIOHHOTO THCTEPE3HUca B CTOPO-
Hy OoJiee BBICOKMX naBiicHnid. Ho Ha nene oOpaTHbIi mepexon PE" BoOGIIIE HE
npoucxoaut. B pamkax npencrasnenuit llymana [2,3], onupasch Ha NpUBEICH-
HBIE€ BBIIIE TEOPETUUYECKHE PACUETHI, MOKHO MPEINOJIO0XKUTh, YTO HECMOTpPS Ha
mainelii koapoumnment auddysun Mn B Fe B HK-matepuane yxe 3a BpemeHa,
MEHBIIINE, YeM BpeMs pPEaJbHOr0 IKCIEPUMEHTa MO0 Habopy HaBIICHHUS, MOXKET
INPOMCXOIUTh Cerperanys Mapratia U3 Tejia 3epHa B MEX3epeHHbIC TPaHULBL. A
MOCKOJIbKY aTOMHBIN paauyc Mapradma Ry, ~ 0.1365 nm, 1.e. Ha 8—10% npeBsI-
IIAET aTOMHBIA panuyc xene3a (Rq.pe ~ 0.126 nm, Ry pe =~ 0.1239 nm) [8], To B
o0macTsax, 00eJTHEHHBIX aTOMaMH MapraHila, BOZHUKAIOT 3HAYUTEIbHBIC BHYTPEH-
Hue HanpspkeHus 6 ~ 1-1.5 GPa na 1 at.% npupocra koHueHTpanuu Mn B Mex-
3€pEHHBIX I'paHUIAX. DTH HANPSDKEHUS HOCAT AMJIATAMOHHBIA XapakTep, 4To U
ABIISIETCS CTAOMIM3UPYIOMINM (hakTopoM 175l pa3bl BEICOKOTO JaBIEHUS, HAXOIs-
HIEHCs BHYTPU HAaHO3EPHA.

ITockonbky B a-¢asze copepkaHue

04 MapraHna He3HA4YHUTENbHO M PAaCTBOPH-
03l MOCTb €T0 HEBEJIMKA, JaXKE MOCIe cerpe-
& raquu Mn Ha rpaHMIbl HaHO3EpEH 3a-
02l nepxkka obpaTtHoro mepexoga P°~% xo-
TS U HaOJIOJAETCS, HO OKA3BIBAETCS He-
01! JIOCTaTOYHOMN, YTOOBI CTAOMIM3MPOBATH
- MapTEHCHTHYIO (pasy MOCIE MOIHOTO
) v S . LE CHATUS BHENIHETO T'HMIPOCTATHYECKOTO

0O 02 04 06 08 10

JaBJICHHS, TaK KakK H30BITOYHBIE BHYT-

pEHHHE HANpsDKEHUS OKa3bIBAIOTCS IIPH
Puc. 5. 3aBucuMMOCTH aTOMHOM KOHLEH-  51om menbire 10 GPa.

Tpatun Mn B obbeMe 3epHa cp OT ero AHanu3 omkura e-¢asbl, MPOBEIEH-
aTOMHOM KOHIOCHTpAlIUU Cg B MCIK3CPCH- HBINA C TIOMOIIBIO I/ISOTepM CDayJIepa
Hoit rpannue (msorepmer Paynepa), Ae-  (pyc. 5), mokasal, YTO B IPOLECCE OTIKH-
MOHCTPHPYIOILiE MPOIECC ACCETPEralii 1 YK yateprana mpH TeMIEpaTypax
Maprafua B TE0 3CpHA MAPTCHCHTHOM o iiye 520 K HaGmrogaeTcs oOpatHbIit

¢a3el pu BeIcOKHMX Temnepatypax 7, K:
71-300. 2 — 600 MPOIIECC JIeCerperaiuu MapraHia |3

cS
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MEX3EpPEHHBIX TPAHUIl B T€JIO HAHO3E€PEH. DTO MPUBOAUT K MOHUKEHUIO BHYTPEH-
HUX HalpspKeHUN B 3€pHE U yXYALIAET YCIOBUS CTaOUIN3aluu e-Pa3bl.

BriBoabI

1. Hamum ucciienoBanusi mokasajiM, 4TO BBUY OIPAHMYEHHON PACTBOPUMOCTH
MapraHiia B MapTeHCUTHOU €-(a3e B YCIOBUSAX BBICOKOW TOPOMUIBLHOCTH MEXK3e-
PEHHBIX TpaHuIl B xene3omapraniieBom HK-marepuane 3a mansie BpeMeHa Beie-
CTBUE MEXKKPHCTAJUIUTHOW BHYTPEHHEH aJcOpOIMU MPOUCXOAMT IMPOIECC «BbI-
MBIBaHMSI» MapraHiia U3 Tejla 3eépHa Ha ero rpaHuIlbl.

2. YCTaHOBIJICHO, YTO MPOUCXOAIIAs B UCCICIOBAaHHBIX MaTepuaiax mpu Oa-
pUYECKHX O/&/y-TIpEBpaIICHUSAX Cerperamus Mapradia u3 Tejia 3epHa e-(a3sl B
MEX3EPEHHYIO TPAHUIly MPUBOAUT K BO3HUKHOBEHHUIO CKUMAIOUIUX BHYTPEHHHUX
HANpPsHKEHUHM, COMOCTABUMBIX MO BEJMYMHE C BHEIIHUM T'HIPOCTaTUYECKUM JaB-
JICHHWEM W HANpPaBIIEHHBIX BHYTPh HAaHO3EpHA. DTO MPEMSITCTBYET O0OpaTHOMY Iie-
pexony € — Y U MOXET ObITh OJHOW M3 MPUYUH CTAOMIHM3AIMU (Pa3bl BEICOKOTO
JABJICHUS P HOPMAIIBHBIX yCIOBHUSX.

3. Iloka3zaHo, 4TO OOpATHBIN MEPEX0Jl € —> Y MPU OTIKUTE C TEMIIEPATYPOM BhI-
mre 520 K moxer ObITh CBSI3aH C Jecerperanueii Mapraaua u3 rpaHuil B TEJIO Ha-
HO3EpEH.
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V.N. Varyukhin, T.N. Melnik, V.P. Pilyugin, L.1. Stefanovich, N.B. Efros, B.M. Efros,
V.M. Yurchenko

ANOMALOUS HYSTERESIS OF HIGH-PRESSURE &-PHASE
IN NANOCRYSTALLINE Fe-Mn ALLOYS OBTAINED BY THE METHOD
OF SEVERE PLASTIC DEFORMATION

The influence of Mn segregation on the stabilization of e-phase in FeMn-based nano-
crystalline (NC) alloys obtained by severe plastic deformation (SPD) under high hydro-
static pressure has been considered. Such a NC-structure formed under SPD makes hys-
teresis of baric o/y/e-transformations in the investigated materials broader. It is estab-
lished that segregation of Mn from the bulk of e-phase grain to intergranular boundary,
proceeding in these experiments, gives rise to compressive internal stresses, which are
comparable in value with the external hydrostatic pressure and directed inward the nano-

grain. This inhibits the inverse transition P°~" and can be one of the reasons of high-
pressure phase stabilization under normal conditions. It is shown that the inverse trans-
formation ¢ — vy in annealing with a temperature higher than 520 K can be caused by de-
segregation of Mn from the nanograin boundaries into grain bulk.

Fig. 1. Hysteresis behavior of a-Fe (a) and FessMnys (6) at HHP application; o is a
coarse-grained material, ® is a nanocrystal sample

Fig. 2. A scheme of the potential energy U, of Mn atom vs the distance to the boundary; d
is the half-thickness of the plate of e-phase, 0 is the thickness of the adsorption layer, G is
the internal stress

Fig. 3. Evolution of Mn concentration within the boundary of a nanograin: 7 — ¢y = 0.05;
2-— co2 = 0.2; 3- Cco3 = 04

Fig. 4. Evolution of concentration profile within the bulk of a rough (K(7)/ = 5) (a) and
nanocrystalline (K(7)/f = 500) (6) grain depending on the time of equilibrium achieve-
ment £, (¢, ~ 10 s). Curves /, 2, 3 correspond 0.1¢,, 0.5¢, and 0.9¢,, respectively

Fig. 5. Dependences of Mn atomic concentration within the bulk ¢y on the atomic con-
centration c; in the grain boundary (Fowler isotherms) that demonstrate the process of Mn
desegregation toward the bulk of martensitic phase grain at high temperatures 7, K: 1 —
300, 2 - 600
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PACS: 61.72.Bb, 62.20.Fe

®.3. Y1awes

POJIb MACLUTABHOIO ®AKTOPA N MEXAHN3MOB OE®OPMALINA
B USMEJIbYEHUWN CTPYKTYPbI B METAJIIAX

WMHctutyT npobnem ceepxnnactnyHoctu metannos PAH
yn. C. XantypuHa, 39, r. Ydpa, 450001, Poccus
E-mail: ufz1947@.mail.ru

Ycemanoenenvl 3asucumocmu, nokasvisaoujue, Ymo ¢ ygeiuyeHuem macuimabrnoz2o gax-
mopa — OMHOUIeHUs NA0WA0U NOBEPXHOCMU o4aza degopmayuu K 00bemy — 803pacma-
em Hakonjexue 3apsodosoll U COOMEEMCMBEHHO MEH30PHOU NAOMHOCMU OUCIOKAYULL 6
Memaniax, 4mo npugooum K (opmuposanuio boiee MeiKux 3epeH.

WutencuBHyto miactuueckyto aehopmanmo (UI1J]) npumeHsoT s u3Menb-
YEHUs 3€pEH B METAUIAX /10 HAHOMETPUYECKUX Pa3MEPOB C LEIBIO MOBBIIICHUS
(U3UKO-MEXaHUYECKUX CBOMCTB. MeEXIy BeIHMUMHAMHU HU3MEIbYCHHBIX 3€pEH U
obOpabaTeiBacMbIX 00pasnoB HaOmomaeTcs npsimas koppemsmus [1,2]. Bmecte ¢
TEM pa3Mepbl U3MEJIbUYEHHBIX 3€PEH B KOHEUHOM CUETE ONPEICISIIOTCA pa3MepamMu
GopmMupyrOImKUXCA MANOYIIOBBIX ()parMeHTOB-A49€eek df. COrNIacCHO COOTHOIIEHHIO
JI. XonTa df= C/+/p ,rne C— const, p — cKajJsipHas IUIOTHOCTb AUCIOKaIuii [3].

B 5710if cBsi3u B paboTe mocTaBieHa 3ajaya — OMPEACIUTh 3aBUCHMOCTH IUIOT-
HOCTHU 3apsZOBBIX TUCIOKALUNA U pa3MepoB (hparMeHTOB-siY€EeK OT MacIITaOHOIro
¢axTopa. B KadecTBe MOCIEAHEr0 B3ATO OTHOILIEHHE IUIOMAIN 4 TMOBEPXHOCTH
ouara fedopManuu K o0bemy V. DTa BeTUUMHA XapaKTepU3yeT TakKe CPEIHIOI0
KPHBH3HY MOBEPXHOCTH, KOTOPAasi C YMEHbIICHUEM IONEPEYHOT0 CEUYEeHUsI 00pas-
11a BO3pacraer.

1. IlpeanochbIJIKHA ¥ MOAXOIbI

Jns pemienus 3anadu NPUHUMAETCS 2unomesd, YTBEPKIAAOIAst, YTO MPU XO-
JogHOW JedopMaliu TpUPAIIeHUs KPUBU3HBI TTOBEPXHOCTH TMOJUKPHUCTAIUIMYE-
CKOr'0 MaTepuasia ¥ KpUBU3HBI-KPYUYECHHSI KPUCTAUIMYECKOM PEIIETKH B o4are Jie-
dbopMaruu B cpeiHeM OJMHAKOBBI. OCHOBAaHHMEM JUISI TAKOTO YTBEPKIICHUS SIBIISI-
€TCs CIEeAYIOLIEe:

1) copaBeIMBOCTb THUIOTE3bI A MOHOKpUCTAIIA. Tak, MpH OTHOCUTEIHHOM
CABHUI€ YacTeil MOHOKpPHUCTAIIJIA B TNIOCKOCTH JIETKOTO CKOJIBKEHUS MepeMEIICHNE
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Y BBIXOJ] TIPOTHBOIIOJIOKHBIX IO 3HAKY /N CETMEHTOB TETEIb TUCIOKAIUN Ha TIPO-
TUBOCTOSIINE MOBEPXHOCTH MOHOKPHUCTAIIIA MIPUBEAYT K MPUPANICHUIO TUIOIIATN
AA,Ha 2NbI/2, Tne | — qnuHa TUCIOKAIMOHHON IIETIIH, T.€.

AA; = Nbl . (1)

PaznenuB uwactu paBeHCTBa Ha 00beM V ouara nedopmariii, OXBaThIBAIOIINNA
NauKy KpUCTAIIOrpadUuecKuX CUCTEM CKOJIBKEHUS AUCITOKAIUH, TOTYYHM

Ak; =bp' =B, (2)

rae Aky — mpupanieHue KpUBU3HBI IIOBEPXHOCTH, 00YCIOBIEHHOE 00pa30BaHHEM
Ha HEl JMCIIOKALlMOHHBIX CTYNEHEK, b — BekTop broprepca, p' — mioTHOCTH 3apsi-
JIOBBIX JMCIIOKALUH, 3 — TeH30pHas IUIOTHOCTh TUCIIOKAIMH, XapaKTepu3yrolas
KPUBH3HY-KpPYUCHUE KPUCTAITMYECKON PELICTKH;

2) Hen30eKHOE YBEIMUYCHHE TUIOMIAd U COOTBETCTBEHHO KPHBH3HBI CBOOOJI-
HOW MOBEPXHOCTH HpU AedopMaliy HNOJUKPUCTAIUIMYECKOTO Tea. JJIeMeHTap-
HbIE OTHOCUTEINIbHBIC MPUPALCHHS TJIONIAd U KPUBU3HBI MOBEPXHOCTH 0Opasia
IpY paBHOMEPHOH ehopMaIiiii UMEIOT BHT

dd/ A=Y de;8; , 3)
i

dic/ k=Y de;d; (4)
i

TJI€ €;; — KOMIIOHEHTHI TEH30pa JepopMalMy IIOBEPXHOCTH, O;; — cuMBOJI KpoHe-
Kepa;

3) HenzOexHOe NMpUpaILIEHNEe KPUBUZHBI-KPYUEHHUS KPUCTAJUIMYECKOM peleTKu
BCJIC/ICTBUE yBEIMYEHUS TUIOTHOCTH AMCIOKAIUI, TPAHUI] U YTIIOBBIX Pa30pHUEH-
TUPOBOK MOCJIEIHUX;

4) ocHOBoOTMOJAraroIIee ypaBHeHue Teopun auckinuHarmii [4]: divp = 0, u3 xo-
TOPOTO CJEIYET, YTO KPUBU3HA-KPYyUECHUE KPUCTAIITNYECKON PEIIeTKU BO3PaCTaeT
TOJIBKO ITPY BBIXOJI€ CETMEHTOB IMCIIOKALMI Ha IOBEPXHOCTH WM IIPU YXOJIE C HEE.

B kauectBe MexaHM3MOB Aedopmannu paccMaTpUBAIOTCS KpHUcTaiorpaduye-
CKUU CIIBUT, OCYLIECTBIIIEMBIl JBMKEHHEM AMCIOKAIMi, U HEeKpucTaaorpadu-
YEeCKUH, OCYIIECTBIISIEMbI JBMKEHHEM Me307e(EeKTOB, B YaCTHOCTH aHcaMOJei
3epHOTpaHuYHbIX auciokarui (31°1).

MexaHu3M H3MENbUEHUSI CTPYKTYpPbI MPEACTABIAETCS KaK «CaMOOPTaHHU3YIO-
IIUKACS MPOLECC IBOJIOLUH 1e(EKTOB, MPUBOMSIIINN K 00pa3oBaHHIO U Iepece-
YEHHUIO OOJIBLIOT0 KOJIMYECTBA IMOJIOCOBBIX CTPYKTYpP, BOSHHKAIOUIUX C HA4YaloM
dbparMeHTaIMK BCICACTBUE ABIKEHUS ME30Je(EKTOB (YACTUYHBIX TUCKIUHAIIHI)
10 TpaHuIaM o0iacTeil pa3opueHTaluy (MaloyIrJIOBBIX (hparMeHToB-sueek). Pas-
Mepbl MaJIOYTJIOBBIX ()PAarMEHTOB U IMOJIOC B3aMMOCBs3aHbl. COBOKYITHOCTH BO3-
HUKAIOIIUX MAaJIOYTJIOBBIX TpaHuIl (parMEeHTOB, OPUECHTHUPOBAHHBIX B HaIpaBJie-
HUM MaKpOCKOIIMYECKOTO CIIBUra MaTepuaa, CTAHOBSTCS TPACKTOPUSMHU JBUXKE-
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HUSI Me30J1e()eKTOB, 00pa3yIOIMX MpPU 3TOM IOJOCOBBIE TpaHULBL. B cBOIO oue-
penb TOJOCOBBIE TPAaHUIIBI MPEMSTCTBYIOT KOAJIECHEHIIMH MaJlOyTJIOBBIX (par-
MEHTOB IIPY COBEPILIEHCTBOBAHUH UX I'PAHHII.

2. 3aBHCHMMOCTb MEK1y KPUBHU3HOI MOBEPXHOCTH M CTEeNEeHbIO ehopManuu
o0pa3ua

[Ipu paBHOMEPHOM yAJTUHEHUH LUIMHIPUYECKOrO CTEpXHS MUCTUHHAs aedop-
Manus €, UCXo/nHas ky U KOHeuHas k IJlaBHas KPUBU3HA MOBEPXHOCTH CTEP)KHSA
COOTBETCTBEHHO OIPEACIISAIOTCS YPABHEHUSIMU:

e=In(L/Ly)=2In(Ry/R), &)
k():l/Ro, (6)
k=1/R, (7)

rne Ry u Ly — ucxomHbie, a R 1 L — KOHEUHbIC 3HAYCHHUSI COOTBETCTBEHHO pajyca
U OJIMHBI CTCPIKHA.

CoBmecTHOe perienue ypaBHeHHH (5)—(7) ¢ 3ameHoit Lo/Ry = m TpUBOIUT K
BBIPKEHUIO

Ak =k —ko = (2/ Ry) {exp(e/ 2) —({[exp(-e) ~ 11/ m} ~1)} . (8)

HpI/IHI/IMaH BO BHUMAHUEC, YTO IJIA CTCPXKHA m >> 1, MOJIy4YuMm

Ak = ky [exp(e/2)-1]. (9)

B 6e3pa3zmepHOM Bue KpUBH3HA TOBEPXHOCTH BBIPA3UTCS KaK

k/ky=exp(e/2). (10)

[TockonbKy MCTHHHAsI CTENEHb JIeOpMaIMK ONpENeNseTcs JUIMHOW TPaeKTo-
pun gedopmMarii 1 He 3aBUCHUT OT ee Gopmbl, ypaBHeHus (9), (10) MmoxxkHO 0600-
IIUTH JJIS1 BCEX METO/IOB IUTACTHYECKOH nedopmannn.

U3 ypaBuenus (10) cnenyer:

e=2In(k/ky). (11)

3. II10THOCTH AUCTOKALMI U pa3Mepbl MAJIOYIJIOBBIX ()PArMEeHTOB

Cpennuii pasmep dr obnacTeil pa3opHeHTAlUM — AYEEK, 0OPasyIOIUXCA NpH
¢dbparmMeHTallK B METaJUIaX, B MPUHLUIE, MOXXHO ONPEIEIHUTH IO BBILIEIPUBE-
nenHoMmy cootHomenuto JI.JI. Xonra. OmpHako paccuuTarh CKa.H;IpHyfo1 MJI0T-
HOCTh JTUCIIOKAIMHA Tpu AedopMaIiii MOKHO JIMIIb JUIs CIIydasi CIIBUTA Y dacTei
MOHOKPHUCTaJJIa B TJIOCKOCTSIX JIETKOTO CKOJBXEHHUs. B 3ToM ciyuae ciBuronas

1
B paccmarpuBaemMoMm ciywae naedopMaliii MOHOKPHCTaNIa CKaJIpHAsl IJIOTHOCTH C
OOJIBITION TOYHOCTHIO COBIAIACT C IFIOTHOCTHIO 3aPSIOBBIX AUCIIOKAIINH.
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nedopmarus Y = pbl, tne b — BexTop broprepca, a / — qiuHa TpaeKTOpUU CIIBUTA,
HEW3BECTHAS /IS TIOJIMKPUCTAIIIA.

o ompeneneHusi 3aBUCUMOCTH P(€) B MOJUKPUCTAIIAX CHayalla COMOCTaBUM
TUTOTHOCTH 3apsIOBBIX JAMCIOKAIUH, HEOOXOIUMBIX IJISI OCYIIECTBICHUSI PABHBIX
MaKPOCKOIUYECKUX CIABHIOB, B KPYIHO3CPHUCTOM U (H)parMEHTHPOBAHHOM Me-
TaJIe.

CpasHumenvHas oyenxa niomuocmu oucioxkayuti. DOparMeHTaUI0 MOXXHO
paccMaTpuBaTh KaK «CaMOOPTaHU3YIOMIMHUCS» MPOIECC CTPYKTYPHBIX U3MEHEHUI
B MeETaJlJie, HallpaBJICHHBI Ha yCTOWYHMBOE pa3BuUTHE Aedopmanuu. YCTOHUH-
BOCTH Jiehopmarmu 006ecIednBaeTCs TEM, YTO B X0/1¢ (pparMeHTaIru MPOUCXOIUT
3aMeHa MHOKECTBA OOJBIICYTIIOBBIX T'PAHUII, TPYIHONPEOAOTUMBIX ISl TUCIIO-
Kaluid, MHOXKECTBOM MAJIOYTJIOBBIX TPAHUI], KOTOPBIE JIETKO IPEOJI0JICBAIOTCS
JTCIIOKAIIASIMHU.

[TycTh MakpoCIBUT KaK B KPYITHO3EPHUCTOM, TaK U BO (pparMEHTHPOBAHHOM
METaJuIaxX SIBJISETCS PE3yJIbTaTOM IMEPEMEIICHUsS AUCIOKAUN M0 HEKOTOPOH JIO-
MaHOU (3Ur3aroo0pa3Hoi) JMHUU, MHOTOKPATHO MEPECEKAIOIICH MPSAMYIO JTUHHUIO
[, B HampaBJICHUN KOTOPOW MPOUCXOAUT 3TOT CABUT. KaxIblii OTPE30K JIOMaHOMH
JUHUH TIOCTaBUM B COOTBETCTBHE PACCTOSHHIO, IPOXOJUMOMY TUCIIOKAIUSIMHU B
TUTOCKOCTSIX JIETKOTO CKOJIBKEHUSI MEXKIy TPaHHIIAMHU 3epHA WJIH MaJlOyTJIOBOTO
¢dparmenTa. B 000ux cirydasix BEIWYMHA CABHUTa ONMPEISITUTCS CYMMOU TIPOSKIINI
BEKTOPOB broprepca MmoABMKHBIX JUCIOKAIMI, OPUEHTHPOBAHHBIX MapajlIeIIbHO
KOKIOMY OTPE3Ky JIOMAaHOW JIMHUHM, HAa HAIPaBJICHUE TPSIMOU JIMHHUH CJIIBUTA.
[1TOTHOCTD NUCIIOKAIMA B OKPECTHOCTSIX JIOMAaHBIX JIMHUHM JJIsi CPaBHUBAEMBIX
ciydaeB OyJeT MpOMOPIUOHANBHA YHCITY TUCIOKAIMKA, 8 OTHOIIEHHE TNIOTHOCTEH
JMCIIOKAIINI oTpeenseTcs mo Gpopmyie

el

M8
Py /Py = Zcosoclf D cosaf , (12)
i=1 i=1

rue ovl-f M O0f — YIVIBI HAKIIOHA i-T'0 OTPE3Ka JIOMAHO! JIMHUU COOTBETCTBEHHO BO

(bparMeHTUPOBAHHOM U KPYTTHO3EPHUCTOM CTPYKTypax MO OTHOILIEHUIO K HAIpaB-
JEHUIO CIBUTA. 3aMEHHMM CYMMBbI KOCHHYCOB YIJIOB IPOM3BEJEHUEM KOCHHYCA
CPEIHETro yTila Ha YMCIIO OTPE3KOB. Tak Kak JjIuHa MPsSMOU /, IO KOTOPO# Mpowuc-
XOIHUT CJBWUI, HAMHOTO OOJbIIE pa3Mepa 3epeH U MaJOyIJIOBBIX (PparMeHTOB,

YUCIIO OTPE3KOB ONPEAEIUTCS COOTHOMIEHUAMu M & =l/dg u M =1/d > THe

dg M dy — cpelHMe 3HAYCHHs Pa3sMEPOB COOTBETCTBEHHO 3€PEH U MAJIOYTJIOBBIX

¢parmentos. ITo nopsaxy BenuuuHbl pasmep 3epeH dg ~ 100 um, a pasmep ¢par-

MeHTOB df ~ 0.1 pum. KocuHyc ManoyrioBod IpaHuIbl OJM30K K €IMHHMIE, a
. 2

Gonbeyrnosoi — x 0.5. Orcrona nomyum py, /p'y ~5:107.

B cymiHoctu, 115 coBepiieHHus COOCTBEHHO CIABUTA B KPYITHO3EPHUCTOM Ma-
Tepuaje HeOOXOAMMO MPUMEPHO CTOJBKO € JAMCIOKAaLUH, CKOJIBKO U B Me-
Tajie ¢ pparMeHTUPOBAHHON CTPYKTYypod WiM B MOHOKpHcTame. OmgHako B

63



du3uKka U TEXHUKA BbICOKHNX JaBjaeHuii 2008, Tom 18, Ne 4

KPYIHO3EPHUCTOM MaTepuaje AUCIOKAIMM HEe CIOCOOHBI MPEoA0JieBaTh Ipa-
HULBI 3epeH. [IoaToMy CABUT B HUX peaju3yeTcsi OJHOBPEMEHHO ¢ (hparMeHTa-
e, HaunHaronehcs yxe npu Manbix (~ 0.2) crenensx negopmaiuu, U BO3-
HUKAIolWasgs Opu 3TOM OoJjblias MIOTHOCTh AMCIOKAUUNW MPEeUMYIIECTBEHHO
«TPATUTCS HA MOJATOTOBKY Pa3BUTHUs CIABUTa» — 0Opa30BaHHE HOBBIX TPAHHUIIL,
NPOHUIAEMBbIX Il AUCIOKALMM, B3aME€H CTapblX HENPEOJOJIUMBIX, T.. Ha
¢dparmMeHTanuio.

3asucumocms niomuocmu 3apsao08biX OUCIOKAYULL Om cmenenu 0eqhopmayui.
Jlyist BBIBO/Ia yPaBHEHHS 3aBUCHUMOCTH TUIOTHOCTH AMCIOKAIMI OT CTETCHH Jie-
dbopmaru ucnosbdyeMm BoipaxkeHue (9). CoriacHO NMPUHATHIM TPEANOCHUIKAM
MpUpAIICHUE KPUBHU3HBI MIOBEPXHOCTH M CTEMEHb JehopMaliy 3amluileM B BUIC
CyMM:

Ak = Aky + Ak, (13)

eE=¢g,+e (14)

nc>

rae Ak; — Bknaa nucnokanwmid, Ak, — BkIaa me3onedekToB [S5], €. — BKIaJ Kpu-
cTaymorpauueckoii KOMIOHEHThI, BHOCUMBIA JTUCIOKAIUSIMH, E,. — BKIAJ He-
KpUCTALIOrpauuecKoil KOMIIOHEHThI, BHOCUMBIH Me30/1e(DeKTaMH, B YaCTHOCTH
ancamOsmu 3171,

[Tocne noacranoBku (13) u (14) B Beipaxenue (9) nomyunm

Ak + Ak, = ko {exp[(e. +€,.)/2]-1}. (15)

Jlist onpenieneHust U3MEHEHHI 3HAUCHUH €, U €, IPH e(hOpMallii BOCTIONIb3Y-
eMcs pe3yJibTaTaMd MHOTUX HKCIIEPUMEHTOB, MOKA3bIBAIOLIUX, YTO MPU JOCTHKE-
HUU OIpEeNeJIeHHON CTeneHu AegopMalu (pparMeHThI-siueiiku B MeTajax ¢ Ha-
pacTtanueM aedopMmanyy NpakTHYECKU MEPECTAI0OT U3MeNbYaThes. B pamkax mpu-
HATBIX MPEINOChUIOK MpPEKpalleHHe H3MENbUEHUS MOXXHO OOBSICHUTH TEM, YTO
3HauEHUE KpHUCTAIOrpauueckoil KOMIOHEHTHI MO0 Mepe H3MENbYCHHS 3epeH
YMEHBIIAETCS TAK, YTO COOTBETCTBYIOIIAS €l AKTUBHOCTb JHUCIOKALUA CTAHOBUT-
Csl HEJIOCTATOYHOU ISt 00pa30BaHus BO (hparMEeHTaX HOBBIX CKOTUICHHH U, CIIEJI0-
BaTeJbHO, HOBBIX TPaHUII, pa3Aesomux (GpparMeHTsl Ha O6osee Menkue yactu. B
TO K€ BpEMs BO3pPACTET 3HAYCHHE HEKPHCTAUIOTpadUUYecKOil KOMITOHEHTHI Jie-
dbopmaruu, KOTopasi He MPUBOAUT K 0OOPa30BaHUIO HOBBIX IPAHMII, A JHILIb YBEIH-
YUBAET PA30PUCHTUPOBKH YK€ UMEIOIINXCA.

OLEeHUTh CTETICHh HAKOIUICHHOH AedopMaliii, Ipu KOTOPOH BO3HHKAET MHO-
JKECTBO M3MEJbUEHHBIX (DparMEeHTOB-3E€pEeH, HEOOXOAUMOE I MPEUMYIIESCTBEH-
HOT'O OCYUIECTBJIEHHUS CIBUTA IO UX IPAHULAM, MOYKHO N0 KHHETHYECKOMY ypaB-
HeHuto (¢parmenTtanuu. [locnenHss, kKak U3BeCTHO [6], HAYMHAETCS MPU OTHOCH-
TEJIbHO Mayioi moporoBoi aedopmarn (g9 = 0.2—0.3) ¥ Mpu HEKOTOPHIX 3HAYE-
HUSX HAKOIUIEHHOH nedopManinu 3aBepiuaercss oopaszoBanueM noutu 100% men-
kux (pparmentoB. [IpeHeOperas OTHOCUTENHFHO MaJIbIM 3HAUECHUEM &), aBTOPHI [1]
MOJIYYMJIM KHHETHYECKOE YPAaBHEHHE (PparMeHTaIUN
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H =1-exp(-3¢/2), (16)
rae H=V,/V — nonst OTHOCHTENBHOIO 00beMa, B KOTOPOM C(HOPMHUPOBAIUCH

MHUHMMaJbHblE 1O pa3Mepy ¢parMeHThl. M3 3TOH 3aBUCUMOCTH CIexyeT, 4To
(parmMeHTaIys 3aBepUIACTCS MPU UCTHHHBIX Aeopmanusix € ~ 3—4, 4To coriacy-
€TCsl C HKCIIEPUMEHTOM, Hanpumep, 11 Fe [6].

Ha ocHoBaHmMu cBsi3u mporiecca pparMeHTai 1 MEXaHU3MOB JIe(OpMaIiN 3a-
IHIIEM OTHOCUTEJIbHbIE KOMIOHEHTHI IehOPMALIIH C = €./€ U Cye = €,./€ B BUZE

c. =exp(-3e/2), (17)
¢, =1—exp(-3¢/2). (18)

[Tpoussenem B (15) 3amensl: Aky = AAJV = bp' u €. = gexp(—3¢/2). B neroii
YaCTH YpaBHCHUSA OITyCTUM KOMIIOHCHTY, YYUTLIBAIOINYIO IMPUPALNICHUC KPUBU3HBI
noBepxHocTu Ak, = AA4,,/V 3a cueT Me301eeKTOB, a B IPAaBON YaCTH COOTBETCT-
BEHHO OIMYCTUM HEKpHCTAIIOrpaduuecKyl0 KOMIIOHEHTY naedopMmaluu €,.. B
paMKax TepMOJMHAMUKH HEOOPATUMBIX MPOIECCOB TaKas MpOIeIypa OMpaBIaHa
npuHiunom OHzarepa [7], U3 KOTOPOro CIEeAyeT, YTO BIUSHUE MOTOKA JTUCIIOKa-
U1 HA MPUpAIIEHUEe KPUBU3HBI MOBEPXHOCTU Ak,,, 00YCIOBICHHOE BBIXOJIOM Ha
Hee Me307eEKTOB, MOKHO MPHUHATH TaKUM XKe, KaK BIMSHHE Me30/1e()eKTOB Ha
npUpalieHue KpUBHU3HBI MOBEpXHOCTU Aky, 00yCIOBIIEHHOE BBIXOJIOM JHCIIOKa-
uuii. B pesyaprare noayyum

p’z(ko/b){exp[O.Sgexp(—3g/2)]—1}. (19)

Ecnu B Beipakenuu (19) nepenectu 3HaueHue Bektopa broprepca b B jeByro
4acTbh, TO MOJYYHM 3aBUCUMOCTb M3MEHEHHUS TEH30PHOH MIIOTHOCTH Mpu Aedop-
MAallyH.

IIpu € = 0.6-0.7 u Ry = 1/ky = const
3aBUCUMOCTh (19) wmMeeT JOKaIbHBIN
MaKCHUMYM, BEJIMYMHA KOTOPOro BO3pac-
TaeT ¢ YMEHbIIEHUEM IONEPEYHOro ce-
4yeHus1 o0pasia, T.€. C TIOBBIIICHHEM 3Ha-
YEHUsI UICXOTHOM KPHBU3HBI IOBEPXHOCTH
(puc. 1). Tlocne nmedopmanuu € > 34
IUIOTHOCTh ~ 3apsiIOBBIX  JTUCIIOKAIMHA
CHUKAETCS JJ0 YPOBHS ~ 1010 m™.

B uenom xapaktep pacyeTHOW 3aBU-
CUMOCTH KauyeCTBEHHO COIJIaCyeTcsl C
Puc. 1. 3aBUCUMOCTb HaKOIUICHHS 3apsi- IKCHCPHMEHTATBHOA  3aBHCHMOCTBIO  M3-
JIOBOM IIJIOTHOCTH JUCIIOKAIWi OT CTere- MeHeEM’I CKAJLIPHOH  ILIOTHOCTH EMCHO'
HH fedOpMaIMM € MeTamumMYeckoro o6~ KAllMd B HHKeNE, MOKa3bIBAOLICH, HTO

pasua U3 HUKeNs M IONepedHoro pasme-  IpH Aepopmanusax € ~ 0.6-0.7 mwioTHOCTh
pa obpasua R JIUCTIOKAIMM JIOCTMIaeT MakCHUMyMa WU
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HACBIILICHUS B MHTEPBAJIC 3HAYECHUI 10-10"° m? [8]. OTMeTHM Takke KadecT-
BEHHOE COBIMAJICHHE PACYETHOr0 3HAUYECHMS] MAKCUMAJIbHOM IMJIOTHOCTU AMCIIOKA-
it ipu Ry = 1/kp = const ¢ M3BECTHBIMU JaHHBIMA. MaKCHMalbHOE 3HAYCHHE
IUIOTHOCTH, OJIM3KOE K 1017 m72, HaOII0JAI0T B METAIUIMYECKUX CIO0SAX, HAIBIICH-
HBIX Ha MOBEepXHOCTHh [9]. TommuHa Takux cI0€B OOBIYHO COCTABISET OT He-
CKOJIKMX €IMHHUII J0 JECSITKa MHUKPOMETPOB. PacueTHas 3aBUCMMOCTH MpejcKa-
3bIBAET TAKOW XK€ MO MOPSAKY BEJIMUYMHBI pe3yibTaT — Onu3Kas K 10" m™* mor-
HOCTB JIUCJIOKAITMI TOCTUTAETCS B 00paslie TOMIUHON MEHBIIIE 1075 m, T.e. < 10 um.
VYBenuueHue ke MIOTHOCTU AUCIOKAIMI ¢ YMEHBIIEHUEM pa3Mepa MOornepeyHoro
ceveHUs oOpaslia OTBEUAET BO3PACTAHUIO POJIM TIOBEPXHOCTH KaK MCTOYHHUKA JHC-
JIOKAIM U «KPUBU3HBD), MOCKOJIBKY C YMEHBIICHHEM pa3Mepa MOMEepeyHoro ceue-
HUs 00pa3ia yBeTUIUBACTCS OTHOCUTENIbHAS TUIoaab A/V oyara aedopmaruu.

Pasmepovr ppacmenmos. Cpennuii pazmep pparmeHTOB B cooTBeTCTBHH C [2,10]
MO>KHO OTIPEIEITUTH MO BHIPAKEHHUIO

d; =0,/ fAK,, (20)

rae Oy — yrosi pasopMEeHTHPOBKU MEXIy dparmentamu; = 1-2 — xoadduiment,
YUUTBIBAIOUINNA TPOIOJILHBINA M MOTIEPEUHBIA pa3Mepsl (pparMeHTa OTHOCHUTEIHHO
HarpapJieHHs IM1aBHOH aedopmaiyn; AK; — HaKOIJIEHHAs! KpUBM3HA TIOBEPXHOCTH.

Hcnonp3ysl TUIIOTE3y PaBEHCTBA CPENHEN KPUBU3HBI MOBEPXHOCTU U KPUCTAJI-
JIMYECKOM PELIETKH, BBIYMCINM 3HaYeHHEe AK; Kak MHTErpail 3aBUCUMOCTH HU3Me-
HEHUS TCH30PHOW TUIOCKOCTH TUCIIOKAIMN TT0 TPACKTOPUH Jedopmaum:

AK, = j bp'de = k, j {{exp[0.5eexp(-3e/2)]} —1})de, (21)
0 0

rae ko = Ao/V = 2/Ry — ucxoaHasi KpUBHU3HA TTOBEPXHOCTH 00pasIia.
3nauenue AK; Npu INOCTOSHHOM
3HAUEHUU IMOTIEPEYHOr0 pazmepa 00-

2.5 I pasia ¢ yBeITUYeHHEM € BO3pACTaeT 10
2.01 rr( sKcroHeHTe. Ecnu npuHsITh pasopueH-
81 1.5 TUPOBKY T'paHUI] (parMeHTOB PaBHOMN
o 101 Pa30PUCHTUPOBKE CTEHKH KPaeBbIX
’ muciokamuid ~ 0.1°, To rpaduk 3aBu-
0.5 CUMOCTH pa3MepoB (parMeHTOB B HU-

0 3

KeJie OT CTemneHu AehopMamuu U TO0-
MEPEeyHOro pasMepa oOpasla MpuMeT
BHJI, TIOKa3aHHbIM Ha puc. 2. Buano,
410 B MHTEpBaie aedopmarmii ot 0 10

M
40

R, pm 3

Puc. 2. 3aBUCHMOCTBH pa3MEPOB MaJOYIJIO-
BBIX (DParMEHTOB df B HUKENE OT CTEINEHH
JegopMani € W TONEPEYHOrO pa3Mepa
obpasma R
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O0cy:xnenne pe3yJibTaTOB

Kpususna xax xapakmepucmuxa degpopmupogannozo cocmoanus. Bo MHOTHX
paboTax Ui ompeneseHus] CTeneHu aedopMalMy MpPU KPYyUYEHHH HCIOJb3YIOT
BBIPAXKEHHUSI, B KOTOPBIX € o€ R, mosToMy npu R — 0 B LEHTPAJIbHOM YacCTH AMCKA
noJay4aroT 3HaueHus € — 0. Mexy TeM S5KCIIepUMEHTHI MOKa3bIBAIOT, YTO B LIE€H-
TPaJIbHOM YacTHW TOHKOTO (Hampumep, ToamuHoi # = 0.2 mm) aucka mocie 3—5
000pOTOB (OPMHUPYIOTCS MEJIKHE 3€pHA, Pa3Mepbl KOTOPBIX HECYIIECTBEHHO OT-
JMYaloTCA OT pa3MepOB U3MEJIbUEHHBIX 3epeH Ha mepudepuu AucKa, 4To CBUJE-
TENhCTBYET O HAKOIUICHUU OOJBIION nedopmanuu B IEHTpE.

Crenenu nedopMalvy B LIEHTPE TOHKOTO JUCKA MPU KPYUEHUH IOJ JaBICHU-
€M MOXXHO OIIEHHUTh IO HAKOIUICHHOW KPHUBHW3HE-KPYUYCHHIO: k; = h/27tn/[R2 +
+ (h/2nn)2], rJie 7 — YUCI0 000POTOB, /1 — TONIIMHA AUCKA. MBICIIEHHO BBIJIEIUM B
OKPECTHOCTSIX LIeHTpa Aucka (R — () mpsiMyro JTUHUIO, MapauienbHyo ocu. [lo-
cie 3—5 060poTOB AKcKa mpsiMasi IpuoOpeTeT PopMy BUHTOBOM JIMHUU C BETUYH-
HOH Kpy4eHus k; ~ 2nn/h = 21(3-5)/0.2 = (94—157) mm . [ToacTaBuB 3TO 3Haue-
Hue u ko = 2/h = 10 mm ' B ¢dopmyay (11), monyuum € = 4.5-5.5 — 10CTaTO4HO
0oJpIIIOE 3HAUYEHUE HAKOIUICHHOH nedopmanu, OOBICHSIONIEe U3MEIbYCHHE 3e-
PEH B LIGHTPE JTUCKA.

Ilnomnocms Ooucnokayuti. IKCIEPUMEHTAIBHBIMUA METOJaMU OOBIYHO OIpejie-
JSIOT CKASIPHYIO TUIOTHOCTH AMCIOKAaIMi. TUNUYHBIN XapakTep 3aBHCHUMOCTH
U3MEHEHHUS CKAJISIPHOM TUIOTHOCTHU OT CTENEHH JeopMaIii UMEeT BUI KPUBOH C
HACBILICHUEM WU C HEKOTOPbIM MakcuMyMoM. Cyas Mo TakoW KpUBOM, mpen-
ctaBieHHOH B [8] mys Ni, MHTEHCUBHBIM POCT MJIOTHOCTH OT P ~ 10" m™ 0 p ~
~ (2—3)-1014 m > npoucxoauT B uHTepBajie aedopmarnuii or 0 mo 0.3. Ipu ge-
dbopmartuu € > 0.6—0.7 KpuBas IUIOTHOCTH BBIXOJUT Ha IJIATO CO 3HAYCHUEM CKa-
JISIPHOM TUTOTHOCTH p ~ (5-6) 10" m™.

CkaJsipHYIO MJIOTHOCTh PAaCCUUTHIBAIOT MO OOIIEMY KOJHYECTBY JMCIOKALUH,
mpeJrnoaras, 4YTo B UX CKOIUICHUSX MPUCYTCTBYIOT JAUCIOKAIMM PAa3HBIX 3HAKOB.
Ecnu 651 pu Oonbiux aedopManusx IBMKEHUE JUCIOKALUN OBLIO XaOTHUHBIM,
TO Haubosee BEPOATHBIM CJIEI0BANO Obl 0XKUJATh, YTO B JUCIOKALMOHHBIX CKOII-
JeHUsAX o0IIee KOJIMYECTBO JUCIOKAIMNA PUMEPHO BJIBOE MPEBBIMIACT YHUCIO OJ-
HO3HAYHBIX AMCIOKAIUil ogHoro tumna. OgHaKo MpakTUYEeCKH ¢ HavyajloMm (par-
MEHTAINH JIBI)KEHUE 3apsIHBIX CETMEHTOB IETeNb JUCIOKAIMH MPOUCXOIUT B
HaIpaBJIEHUU MacCONEepeHOca — aTOMBbI U3 30HBI CxKaTHs o0pa3la rnepemMeraTcs
B 30HY pacTspkeHus. [103ToMy BO3HMKAIOIINE CKOIUICHUS IMCIIOKAIMMA, MO-BUAM-
MOMY, COCTOSIT IPEUMYILIECTBEHHO U3 AUCIOKAIMN OHOTO 3HaKa, TOraa p' = p.

[Tonyuyennsie 3aBucumoctd p' U B pu € > 0.6—-0.7 oTpaxaroT CpeIHIO KpH-
BU3HY-KpYUYEHHE KPHUCTAUIMYECKON pEelIeTKH, BHECEHHYI0O B HEE BO3HHUKIIMMHU
npu aedopMaluu CKOIUIEHUSIMH aucioKanuii. COOCTBEHHO caMy JTUCIIOKAIUU B
IUIOTHBIX CKOIUIEHHSIX, OOOCOOJSIONIMX HECOBEPIICHHbIE SYEHKH, HCUe3aloT
BCJIEJICTBHE CIUSHUS SIICP MPH PENIaKCAIIMOHHOM IpeoOpa30BaHUM HECOBEPIICH-
HBIX TPAaHUIl TaKUX SYEEK B COBEpIUEHHbIC TpaHUIbl OJ0KOB. i KPUBU3HBI-
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KPYUYECHHUSI KPUCTAJUTMYECKOM PEeIIeTKU 3TO HE CYIIECTBEHHO, IIOCKOJIBKY Mpeodpa-
30BaHUE HECOBEPIICHHBIX AMCIOKALMOHHBIX I'PAaHUI] B COBEPIUCHHBIC CTEHKH
JUCIIOKALMM MTPOUCXOJUT C «COXpaHEHUEM» yriia paszsopota [9]. IToaromy max-
CHUMaJIbHasl MJIOTHOCTh 3apsIOBBIX JUCIOKALMKA, C TOYHOCTBIO 10 b paBHas Mak-
CHUMaJIbHON TEH30pHOMU IJIOTHOCTH JUCIOKALUN B CHIIBHOJC(OPMHUPOBAHHBIX Me-
TaJUlaX, XapaKTepPU3yeT HE KOHLCHTPALUIO IHUCIOKAIMM, a MAaKCHUMaJIbHYIO KpH-
BU3HY-KpYyUYCHHE, TPUOOPETECHHYIO METAJJIOM IIPU XOJIOAHOM JAedopmMariu.
Pazmepvr ppacmenmos. OGpa3oBaHUIO METKUX 3€pEH MPEANIECTBYET 00pa3oBa-
HHE MaJOYIJIOBBIX (PparMeHTOB-sUEEeK, KOTOPBIE MPEAONPENEIISIOT pa3Mepbl Mell-

17 2
kux 3epeH. s meramioB B cootHoweHuu . Xonra C = 16. [Ipu ppax ~ 100 m

uMeeM d}nin ~ 500 nm. Takue 3epHa NOIy4ar0T B METAJJIaX MOCIe BCECTOPOHHEH
koBKkH, PKY 1 BUHTOBOr0O mpeccoBaHusl.

[Tpu Kpy4yeHHH TOHKUX METAJUIMYECKHX AMCKOB HEpeaKo oOpa3yroTcst (par-
MeHTHI 1 3epHa ~ 100 nm u MeHee, a IpH MapOBOM Pa3MOJI€ MOPOIIKOB U TIPH BO-
JIOYEHHUHU MPOBOJIOKH CO CTeNeHbIo ~ 99.98% — HaHO(parMeHThl U HaHO3EpHA C
pasMepamMu TI0 MOPSIKY BenuduHbl ~ 10 nm. B 3Tux npomeccax oyar nedopma-
i y aeGopMupyemMbix OOBEKTOB MEHBIIE, YEM y MACCHUBHBIX 3aroTOBOK, Jie-
(dopMupyeMbIX MeTOIaMHU npeccoBaHus U KoBKU. CooTHoueHue J{. Xonra He J10-
nycKaeT (popMUPOBaHUS TaKUX CTOJIb MAJIBIX (PPArMEHTOB-SIUEEK, TOCKOIbKY IS
3TOro TpeOyeTcsi HeIOCTUKHUMAsl B MeTajlaX IIIOTHOCTh JUCIOKALUN ~ 10" m 2,
[IpuBenennoe cootHomenue (20) Takyr0 BO3MOKHOCTb IIPOTHO3UPYET, €CIIU J0C-
TUTaeTCs 0OJIbIIOE 3HAYCHHE HAKOIJICHHON KpUBU3HBI AK 4, 3aBUCSIIIEE HE TOJIBKO
OT MaKCHUMAaJIbHOM IJIOTHOCTH JUCJIOKALMM, HO U OT CTENIEHU €€ CHUKEHUS B XO/1€
nedopmaruu. ITO COOTHOIICHUE «OOBSICHSIET» BIMSAHHE MacimTaOHOTO (akTopa
Ha pa3Mepsl 3epeH. M3 Hero Taxke cleqyer, uTo JUlsl IPENEIbHOI0 U3MEIbUYEHUS
(parMeHTOB U 3€pEeH B METAJUIaX HEOOXOIUMO yKECTOUCHHE pa3MepoB ouara Jie-
dopmanuu /UM co3gaHue KOMIIPOMHUCCHBIX YCIIOBHM U Pa3BUTHA OOJBILION
negopmanny, HalmpaBIEHHBIX HA CHU)KEHUE CKOPOCTH BO3BpaTa U B TO )K€ BpeMs
Ha NOJ/Iep)KaHue JOCTaTOUYHOW aKTMBHOCTH KPUCTAIIOrPadUUIecKOro MeXaHu3ma

nedhopmaruu.

3akJaroueHue

B paGote mokazana posib MacmtabHOro (pakTopa — OTHOIICHUS TUIOIIAJH TIO-
BEPXHOCTH odyara jaedopMamuu K €ro o0beMy B CTPYKTYpOOOpa3OBaHHH NpPHU
NITJI. TlomydeHbl 3aBUCUMOCTH, MO3BOJISIIONIME MPOTHO3UPOBATH IOBBIIICHHUE
IUIOTHOCTH JMCIIOKALMN ¥ YMEHbIIICHHE pa3MepoB ()parMeHTOB B 3aBUCUMOCTH OT
pa3mMepa MonepeyHoro ceyeHus oopasiia npu XoJIo0aHoH nedopmanuu.
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F.Z. Utyashev

THE ROLE OF SCALING FACTOR AND DEFORMATION MECHANISMS
IN REFINEMENT OF METAL STRUCTURE
Dependences have been defined to show the increasing accumulation of the charge and

tensor dislocation densities in metals and the formation of finer grains due to the increase
of scaling factor — the ratio between the area of deformation site surface and the volume.

Fig. 1. Dependence of dislocation charge density accumulation on deformation degree €
for nickel sample and on cross-section R

Fig. 2. Dependence of low-angle fragment size dy in nickel on deformation degree ¢ and
cross-section R
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PACS: 81.40.Rs

M.W. Kapnos, B.l1. Kopxos, B.H. 3Bepes, B.N. BHykos, N.C. XXentakosa

MMUKPOCTPYKTYPA N KPUTUYECKAA NMIOTHOCTb TOKA
NEHTOYHbLIX KOMMNO3NTOB C HAHOPASMEPHbLIMW CJITOAMU
N3 CBEPXMNPOBOOALLNX CINITABOB Nb—Ti

WHcTuTyT domaukn TBepgoro tena PAH
yn. NHctutyTckas, 2, r. YepHoronoska, MockoBckasa 0611., 142432, Poccus
E-mail: korzhov@issp.ac.ru

Hccnedosanvl cmpykmypa u Kpumuieckas niomHOCMb MOKA MHO2OCIOUNBIX JIEHMOYHBIX
KOMNO3UMO8, 68 KOMOPbIX C8epXnposooaujue ciou uz oegopmupyemuvix cniasos Nb—Ti
HAHOPA3ZMEPHOU MONUWUHBL YEPEO0BANIUCH C MAKUMU dice cloaMu u3 Huobus. Komnosumut
noayuensl 3-3manHol NPOKAMKOU MHO2OCIOUHBIX NAKEMO8 GHAYANLe HA 8AKYYMHOM NpPO-
xamHom cmare ¢ Hazpesom 0o 950 °C, a 3amem npoKamkou npu KOMHAMHOU memnepa-
mype. Mukpocmpykmypa nOnepeunvix ceuenull UuzyueHa MemoooM Pacmpogol IieK-
MPOHHOU MUKpockonuu. HM3mepenusmu Kpumuvecko20 mokxa nokazano, umo Nb-ciou
6bI3bI6AIU OYEHb CUTIbHLIIL NUHHUHZ CEEPXNPOBOOAUUX BUXPELl HA SPAHUYE CEEPXNPOBOO-
HUK—HOpMAnbHbill memani. OO 3mom ceudemenbcmeosanu OOabUiUe 3HAYEHUS AHUZ0-
MPONUY KPUMUYECKOU HAOMHOCMU MOKA npu moawune croes 10 nm u menwvuue.

Kputnueckasi mI0THOCTh TOKa B CBEPXIPOBOJHUKAX SBIISAETCS CTPYKTYpPHO-
3aBUCSIICH XapaKTEepUCTUKOW MaTepuaga. JDTO CBA3aHO C TE€M, YTO TAKHUE CTPYK-
TypHBIE Je(EKThl, KaK JIHCIOKALUHU, BBIIEICHUS BTOPOH (ha3bl, TPaAaHULBI 3€PEH,
Mex(a3Hble TPaHULIBI CIYKAT LEHTPAMH 3aKPEIUICHUS! CBEPXIIPOBOISAIINX BUX-
peil. Ilpuyem mex¢aszHble TPaHULBI CBEPXIPOBOJHUK—HOPMAIBHBIA METaI SIB-
nsitotest Hanbosee A pexTBHBIMU U3 HUX [1]. B ¢BsI3u ¢ 3TUM TJI0CKKE TIPOBOJI-
HUKU C 3aKOHOMEPHBIM PaCIOJIO0KEHUEM UEPEIYIOIINXCS HECBEPXIPOBOASILUX U
CBEPXIIPOBOSAIINX CJIO€B HAHOPA3MEPHOW TOJIIMHBI MPEACTaBISAIOT OO0JIBIION
HAy4HbIN U IPAKTUYECKUIA UHTEpEC.

PaGota B 3TOM HampaBieHMH HAYWHATIACh C MHOTOCIOMHBIX KOMITO3UTOB Cu—Nb
C LEJIbI0 HCCIENOBAHUS TOBEIACHHUS MEXAHMUYECKUX CBOMCTB C YMEHBIICHHEM
TOJIIIMHBI CJIOEB MEIU M HUOOMS BIUIOTH JI0 HECKOJbKUX HaHomeTpoB [2,3]. Ho
MOCKOJIBKY HHOOMI caM SIBIISIETCSI CBEPXIIPOBOJHUKOM 2-T0 poja, ObUn U3Mepe-
Hbl KPUTUYECKUE INIOTHOCTH TOKA j, UCCIELYEMOTO JJEHTOUHOro komnosura. Oka-
3aJI0Ch, YTO JUIsl XOJIOAHOAE(POPMUPOBAHHBIX 00pa3L0B OTHOIICHHUE j,. IPH Mapai-
JENbHOM OPHEHTALMM IIOCKOCTH JIEHThl M HAIpPaBJIEHUS MAarHUTHOTO MOJS K j,
IpH MEePIEeHIUKYIApHON opreHTauu pasHsiock 410 B nmonsax 0.5-0.6 T [4]. Ta-
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Kasda 60JIBH_Ia$I AHU30TPOIIUA KpHTH‘-IGCKOﬁ INIOTHOCTHU TOKa CBUACTCIIBCTBOBAJIA O
CHJIBHOM 3aKpEIUICHUH CBEPXIMPOBOJSAIIMX BUXpEH HA MEXKCIOWHBIX TI'paHUIAX
MEXy HECBEPXIIPOBOASAIICH MEAbIO U CBEPXIPOBOISIIUM HUOOHEM.

Ilens HacTosmIer pabOTHl — MCCIIEIOBAHUE CTPYKTYPHI U KPUTHUYECKOW TIIOT-
HOCTH TOKa MHOT'OCJIOMHBIX KOMITIO3UTOB, B KOTOPBIX CBCPXIPOBOAALINEC CIIOU CO-
ctoAat u3 nedopmupyembix crtaBoB Nb—Ti qByx coctraBoB ¢ 31 u 50% Ti (3aech u
nanee — mass%).

1. CTpoeHue KOMIO3UTOB U METOAUKA MCCIETOBAHUSA

UccnenoBanu 1Be cepur MHOTOCIOMHBIX KOMIIO3UTHBIX JICHT, B KAXKJIOM U3 KO-
TOPBIX NPEJCTaBICHO MO IATh BAapUAHTOB JICHTOYHBIX NPOBOJAHHMKOB, OTJIMYAO-
MIMXCS KOHCTPYKIMEH U KOIMUeCTBOM cioeB. Bee sieHTs Opumn TomuHoi 0.3 mm.
Jlentsl, coneprkalye HauboIbIlIee KOJIUYECTBO CIIOEB, JOMOJHUTEIBHO MPOKAThHI-
Banu A0 tonmuH 0.15 u 0.075 mm.

JlenTs! 1-i1 cepun coneprkaii yepenyronmecs ciou Huoous u ciwiasa Nb—-50% Ti.
KommuecTBo croeB HHOOUS | CIUTaBa U3MEHSIIOCh COOTBETCTBEHHO OT 675 u 540 1o
7440 u 6975. PacueTtHble TOMUHGI ci1oeB HHOOUS 1 Nb—Ti-criaBa ObUIH OHUHAKO-
BBI U [IPH OOIIEH TONIIMHE JeHTHI, paBHOU (.3 mm, W3MEHSJIUCh COOTBETCTBEHHO B
unatepBaie ot 119.5 o 10.1 nm. Yepe3 paBHbIE KOJIUYECTBA CJIOEB CIUIaBA U HUO-
Oust pacroyiarajguch clou u3 Meau. VX KOJIM4ecTBO, cuuTas 1Ba HApy>KHBIX CIIOS,
paBssuiock 16. Tommmua Cu-cinoeB 9.7 pm. DTOT NPOBOAHUK SIBJISIICS IPOTOTUIIOM
CBEPXITPOBOIAIINX MaTePHAIOB, KOTOPBIE BCET/Ia COAEPKAT MEIh B KauecTBe cTabu-
mu3atopa. Koaddumment 3amomuenus mist criaa Nb—Ti coctasmsin 0.215-0.234.
Tak kak U3MEpEeHHs] KPUTHUECKOTO TOKA /. IPOBOAUIIHU MPU TEMIIEPATYPE KHUIKOTO
resusl BO BHEIIHEM MarHUTHOM noiie 10 7 T, co3paBaeMOM CBEPXIPOBOISALIUM CO-
JeHouoM, To yxe B mossix Boime 0.1-0.2 T HuoOwii, 6iarogapsi cBoeMy MajioMy
BTOPOMY KPUTHYECKOMY MArHMUTHOMY TIOJIIO, CTAHOBHWJICS HECBEPXIPOBOMASAIIUM U
MOT UCHOJHATH POJb 3PPEKTUBHOTO LEHTPa 3aKPEIJICHUS CBEPXITPOBOAALINX BUX-
peii. Kpome Toro, B ieHTax 3TOW Cepuu CIIoW HUOOUS Iy Wi AU y3MOHHBIMU
OapbepamMu MPOTUB B3aUMOJICHCTBHUS MEJIU C TUTAHOM.

MHorocnoitHble JTEHTHI 2-i1 Cepyur OTIIMYAINUCh TEM, YTO COAEPIKAIH TOJIBKO JBa
HapyX HBIX Cu-cJI0sl TONIMUHON ~ 9 um, HUOOMI-TUTAHOBBIA CIUIAaB UMEN COCTaB
Nb—-31% Ti u cnon HHOOUS U cIUTaBa OBUTH PA3MYHBIMU 1O TONMIMHE. PacueTHas
tommHa Nb-citost ipu o01ei TosmmHe JIeHThl, paBHOH 0.3 mm, W3MEHsIIach OT
90.9 no 7.9 nm, npu 3TOM UX KOJIMYECTBO yBeIH4UMBaiIoch OT 1395 no 14880 coort-
BeTcTBeHHO. J[ist Nb—Ti-cros pacueTHasi TONIIMHA yMEHBIIANACh B JHANa3oHEe OT
138.5 go 11.8 nm, xoandecTBo M3MeHsI10ch OT 1116 10 13950 cooTBETCTBEHHO.

JIeHTBI TOJTy4anyu METOJ0M MOA3TANHOM MpOKaTKU. KakIplid ATam coCTOsI U3
Tpex omnepanuii: 1) coopku nakera u3 ¢onasr HLOOUs u cruaBa Nb—Ti, 2) ropsueit
MIPOKATKA MHOTOCJIOMHOTO TakeTa M 3) MPOKATKH IMOJYYEHHOW MHOTOCIOWHOM
3arOTOBKM IPU KOMHATHOUM Temneparype. ['opsiuyio mpokaTKy MpOBOJWIN Ha Ba-
KYYMHOM IIPOKAaTHOM CTaHE€ ¢ HarpeBoMm 10 Temrneparypbl 950°C 3a onuH uim a8a
npoxoza ¢ nepopmarment 3a o1uH npoxos ~ 25%. Takoil pexxuM IpOKaTKH U cIie-
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LUaJIbHAs TOATOTOBKA CONPHKACAIONIUXCS TMOBEPXHOCTEH BceX (POJBI, COCTAB-
JAIOUIMX MAKeT, TAPaHTUPOBAJIH INIOJIy4YEHHE HA BBIXOAEC MOHOJIUTHOM 3arOTOBKH.
[Ipu noxy4yeHnn KOMITO3UTOB 2-i cepuu K MEPBOI omepaiuu 100aBisuiach Baky-
yMHas 1udPy3noHHas CBapKa MaKeTOB MO JaBICHHUEM.

Ha BTOpoM sTane maker cobupanu u3 ¢Goibr mocjie MepBoro 3Tana, Ha TPeTbeM —
u3 ¢oibr mociie Broporo 3tamna u Cu-osr.

MUuKpOCTpYKTYpYy MONEPEUYHBIX CEYEHH MHOTOCIONMHBIX KOMIIO3UTHBIX JIEHT
HCCIIEIOBAIM METOAOM PACTPOBOM JIEKTPOHHON MUKPOCKOIIUH.

Kputnueckuii Tox nzmepsiu npu 4.2 K B MarauTHbIX noisx go 7 T. Maraut-
HO€ TI0JI€ CO3AABAJIA CBEPXIPOBOIALINM COJEHOUIOM. INIIOCKOCTh MPOKATKHU JIEH-
Thl OPUEHTUPOBAIHN MAPAUIEIBHO U NEPIEHANKYJISIPHO HAIIPABICHUIO MarHUTHO-
ro nousis. [IpoTekaHue TpaHCIIOPTHOTO TOKA B 00OUX CiIy4asx ObLIO MEPHEHIUKY-
JSIPHO MAarHUTHOMY IIOJIIO COJIEHOMAA. B mepBom ciyuae, B OTJIMYME OT BTOPOTO,
JIOJDKHO OBLIO MMETh MECTO 3aKpElJIEHHE CBEPXIPOBOJAIINX BUXPEH Ha MEX-
CJIOMHBIX TpaHUIIAX.

2. MuKpOCTPYKTYpPa MHOTOCJIOHHBIX KOMIIO3UTOB

Ha puc. 1 mpezicraBieHa MUKPOCTPYKTYpa TMOMEPEYHOTO CEUSHUST MHOTOCIIOWHOMN
neHThl 1-it cepun, conepxkanieit 1170 cioeB u3 cBepxmpoBosiiero criaBa Nb—50%
Ti pacuerHoit TommumHO#M 57.3 nm. [lpu manom yBemmueHuu (puc. 1,a) BumHbI Bee 16
Cu-crnoeB TommHOM ~ 10 um (OHM TEMHOTO IBETA), Yepemyrommecs ¢ 15 «MHoro-
CIIOWHBIMH CJIOSIMID, KKIBII M3 KOTOPBIX COACPKHUT 78 cioeB u3 cruiaBa Nb—Ti, ye-
penyromumxcst co ciosMu u3 Huoows. Ha puc. 1,0, Te mokazaHa MHUKpOCTPYKTYpa I10-
[IEPEYHOr0 CEUECHHUS, ITOJIHOCTBIO IMIPUXOSAILIETOCS HA «MHOTOCIIOMHBIN CIIOW» U3 CII0EB
HHOOMS U ciiaBa, Nb—Ti-CJIOM BBEITVIAIAT TEMHBIMH ITOJIOCaMH, Nb-CIIOM — CBETJIBLIMH.

SEM HV: 30.00 kV Hivac

SEM HV: 30.00 kV Vac: Hivac L
SEM MAG: 600 x Det: BSE Detector 100 pm VEGAWTESCAN n’ SEM MAG: 16.00 kx  Det: BSE Detector 5 pm VEGAWTESCAN n'

Date(m/dA): 10/30/07 Nekrasov RSMA Group I[EM RAS Date(m/d#y): 10/30/07 Nekrasov RSMA Group I[EM RAS

a 9]

Puc. 1. MukpocTpykTypa HONEPEYHOr0 CEYCHUST MHOTOCIONHON KOMITIO3UTHOM JEHTHI 1-ii
CepuH MEePIEHANKYISIPHO HAIPABICHUIO MMPOKATKU MPH IBYX PA3IMYHBIX YBEIHMUCHUSIX
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Puc. 2. MukpocTpyKTypa MONEpEeYHOTr0 CEYCHUSI MHOTOCTIOMHON KOMIO3UTHOM JICHTHI 2-U
CepYH TapalIeIbHO HAIIPABICHUIO TIPOKATKH TPH IBYX PA3IMIHBIX YBEITHUSHHSIX

OO6parmraror Ha cebst BHUMaHUE (cM. puc. l,a) W3MeHEHHe OOIIeH TONIIUHBI
«MHOTOCJIOWHBIX CJIOE€B» M HaJMYM€ MECT JOKAJIbHOTO CXJIOMBIBAHUS MEIHBIX
cnoeB. Takue cimyuyaum emie Oosblie ObUTH BBIPaXKEHBI B MUKPOCTPYKTYpE IOTIE-
PEUHBIX CEUYEHHI, BBIPE3aHHBIX MapauIeIbHO HANPABICHUIO MPOKATKU JICHTHI.
Koneuno, 3T0 He 03HA4YaJl0 HATWYHS Pa3pbiBa BCETO «MHOTOCIOWHOTO CIIOS» B
JTAHHOM MECTe, IIOCKOJIbKY B IPYrOM CEUEHHUH, CKOopee Bcero, Habioaanach mpo-
TUBOTIONIOKHAST KapTUHA. [[09TOMY HENPEPHIBHOCTH TOKOBBIX IyTEeH B JICHTE HE
nojikHa Obuta HapymaThes. Ho cam QakT 3actaBui mpeanpUHSTh AEUCTBUS IS
BBIPABHUBAHUS TOJIIIHUHBI «MHOTOCJIIOHHOTO Ciios». [lepBoe, 4To mpencTosio cie-
JaTh, 3TO CYIIECTBEHHO YMEHBIIUTH ToNuHy Cu-ciioeB Kak HauboJjee IiacTuy-
HOHM COCTaBIJISIIOIICH KOMIO3UTa. B KadecTBe HKCIEPHUMEHTa B MHOTOCIONHBIX
JIeHTax 2-i cepuu OCTaBJIEHBI TOJIBKO /1Ba HapyKHBIX Cu-cios.

Ha puc. 2 nmoka3zaHa MHKpOCTPYKTypa TOIEPEUYHOTO CEYCHHS] MHOTOCIOWHOM
KOMIIO3UTHOM JICHTHI 2-i cepuu, conepskamei 2340 cnoeB u3 craBa Nb—31% Ti
pac4eTHOM TONMUHON 67.2 nm, YepeAYIOIUXCS CO CIOSIMU U3 HUOOUS TOJIIMHON
43.8 nm. HeognHakoBas TOJIIMHA CJIOEB U3 CIIaBA U HUOOMS BBI3BAHA TEM, UTO
npu cOOpKe MakeTOB MCHOIb30Bau Nb-¢onbru TommuHoi 0.2 mm u ¢oabru
crmaBa TojamuHon 0.3 mm. [Ipyu Takol KOHCTPYKIMU KOMIIO3UTA YJIAJIOCh IMOJY-
YUTH XOPOIIYIO JIJAMUHAPHYIO CTPYKTYPY YePEAYIOIIUXCS CTIOCB.

3. TokoHecymasi ciocCOOHOCTbh MHOTOCJIOHHBIX KOMIIO3UTOB

OO0pasibl MHOTOCTIONHBIX KOMITO3UTOB, HA KOTOPBIX U3MEPSUICS KPUTHUECKHI TOK
1., ipeaBapUTENbHO MOJBEpraiu AedopMalii ¢ MOCIEAYIONMM HU3KOTEMIIEpaTyp-
HbIM oTxkurom npu 360—400°C B Teuenne 3 h. B mporecce oTxura B3auMHBIN TBEP-
TIBIA pacTBOP HUOOWS M TUTAHA MIPETEPIeBa Pacla/l ¢ BhIICICHUEM 0-(a3bl, KOTOpast
MpeICTaBIsIa COOO0M TBEP/IBINA PACTBOP HUOOWS B 0-T1 M 4aCTHIILI KOTOPOU SIBJISUTUCH
JIOTIOJTHUTENTFHBIME [IEHTPaMU 3aKPETIICHUST CBEPXITPOBOISIIINX BUXPEH.
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DKCHEpUMEHT 3aKJII0YaJICS B ONPENCIICHHH 3HAYCHH /. 10 BOJBT-aMIIEPHBIM
XapaKTEPUCTHKAM, KOK/yI0 U3 KOTOPBIX CHUMAJIH TIPH (PUKCUPOBAHHOM 3HAYCHUM
MarauTHOro mous H. KpuTHueckyro IIIOTHOCTh TOKA j. PACCUMTBHIBAIN HA BCE CE-
uenne oOpasua. Ee Mbl Ha3biBaeM KOHCTPYKTHBHON KPUTHYECKOHM ILIOTHOCTBHEO
ToKa J:'.

3aBUCUMOCTb /' OT PACYETHOMN TOJIIMHBI CIIOS U3 CBEPXIIPOBOISILETO CIUIABA

Nb-31% Ti npu napaienbHON OpUEHTAIMH TUIOCKOCTH MPOKATKH U HaIpaBlie-
HUsI MarHUTHOTO TOJISl MOKa3aHa Ha puc. 3,a. BU1HO, 4YTO ¢ YMEHbBIIEHHEM TOJI-
IIMHBI KpUTHUYECKas TNIOTHOCTh TOKa MOHOTOHHO MOBbIIaiack. [Ipu Tommae 10 nm
OHA JOCTHUTrajza (4—6)'104 A/cm2 B nosie 6 T u npu JanbHEHIIEM YMEHBIICHUN
TOJIIIMHBI OCTaBaJIaCh Ha 3TOM ypoBHE. [lpu mepneHIuKYISIpPHONW OpHUEHTAIIMH
IUIOCKOCTH MPOKATKU M HAMpaBJieHHs] MATHUTHOTO Mo (puc. 3,6) Takoi KapTH-
HbI He HaOmoaanu. bosee Toro, mpu TONIIKUHE CBEPXIIPOBOISIIETO CIOS MEHBIIIE
10 nm Habar0ga/IM HEKOTOPOE CHMYKEHHNE KPUTUUECKON TUIOTHOCTH TOKA.

5

10°f 10°¢
" -
v \4 s
" O : v ~ ]04- . [ W
NE L™ g n
510't Ay, 3
< O O < ] i | 0 WO
< . 5103 o
5% . 107
~
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a 9]

Puc. 3. 3aBHCHMOCTH KOHCTPYKTHBHOM KPHUTHYECKOW TIOTHOCTH TOKa OT pacyeTHOU
TONMIUHBI ciosi [ u3 cBepxmnposoasmiero craBa Nb—31% Ti npu mapamnensHol (@) u
HEPIEHIUKYIIIPHON (6) OpPUEHTAMK IUIOCKOCTH MPOKATKH W HANPaBJICHHS MarHUTHOTO
NOJIsI OTHOCHTENBHO APYT Apyra: O — oOpasisl mocie mpokatky; m, o, A u'V — mocie
npokatku ¥ oTkura npu 360°C/3 h. MaruutHoe nosie, T: cum—6; ¢ —6.5; A -7, ¥ -5

O
100 Puc. 4. AxuzoTpomnusi KpUTHYECKOU
ok IUVIOTHOCTU TOKAa B 3aBUCUMOCTH OT pac-
E 0 YETHOH TOJIIMUHELI CJI0A [/ W3 CIUIaBOB
) " Huo6us c¢ 31 (o, m) u 50% Ti (o, @) B
|
§ 10¢ g 5 MarHuTHOM mojae 6 T: O u o — oOpasubl
g o™ o 6 L H0CJIe MIPOKATKH; M — IOCIIe MPOKATKU U
° omxkura mpu 360°C/3 h; e — mocne mpo-
1 . B ‘i - katku +400°C/3 h
1 10 100
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XapakTepUCTUKOM, MOATBEP)KIAOLIEN 3aKPEIJIEHUE CBEPXIIPOBOISIINX BHX-
peil Ha MPOTSHKEHHBIX MJIOCKUX Je(PEKTaxX, KAKUMH ObUIM CIIOM U3 HUOOMWS, SIBIIS-
€TCs aHM30TPOIHUS KPUTUYECKOH IIIOTHOCTH TOKA j. — OTHOLIEHHUE j|/jc1, TAE jo| B

Jel — KpATHYECKHE IUIOTHOCTH TOKAa COOTBETCTBEHHO MPH MapAJJIEIBHOU U Iep-
NEHIUKYISIPHOM OPUEHTALMM TJIOCKOCTH MPOKATKHU JIEHThl U HANpaBJICHUS Mar-
HUTHOTO MOJIs1. 3aBUCUMOCTh aHU30TPOIUH OT PaCYETHON TOJILIUHBI CBEPXIPOBO-
JSILIETO CIos pejicTaBiieHa Ha puc. 4. [Ipyu yMeHbIIEHUU TOJILIMHBI CIIOEB aHU30-
TpONUA YBEIMYMBAJIACH OT 3—5 IS JIEHT C TOJIIMHOW CJIOEB, paBHOM 126.8 nm,
1o 11-20 st neHT ¢ pacuyeTHOM TOJIIMHOM CIOEB ~ 5.5 nm, MpOKaTaHHBIX 10
0.15 mm u otoxxenusix npu 360°C. Haubomnsinero 3nadeHus (235) aHuzorpo-
s JOCTUTaja B JIGHTaxX ¢ TommuHoi Nb—Ti-cios, paBHO#H ~ 3 nm, KOTOpBIE MPO-
KaThIBaJIM J0 TOJIIMHBI 75 um. Takue BbICOKME 3HAUEHUSA ch[jc | CBHJIETEIILCTBO-
Baju 00 OYCHH CHJILHOM MUHHUHTE (3aKPETUICHUU) CBEPXITPOBOISIINUX BUXPEH HA
rpaHMIAX CBEPXIPOBOAHUK—HECBEPXIPOBOJHUK, CO3JaBAEMOM B MHOT'OCIIOMHOM
JIGHTE CJIOSIMM HUOOUS, KOTOpBIK yke B moisix 6oiee 0.1-0.2 T cranoBuics He-
CBEPXIPOBOIAIINM.

BriBoabI

1. C momompto 3-3TamHOM AedopMaIiii MPOKATKOM MHOTOCIOWHBIX ITaKETOB
MOJTyYeHbI OMBITHBIE 00PA3Ibl MHOTOCIOWHBIX KOMIO3UTHBIX JICHT, COJIEPKAIUX
CJIOM M3 CcBepXIpoBoisamux criaaBoB HuobOus ¢ 31 u 50% Ti HanopasmepHoi
TOJIIINHBI, YePEAYIOUTUECS CO CIIOSMU U3 HUOOUS TAKOU KE TONIIUHBL.

2. 3MepeHus My KpUTHYECKOTO TOKA B 3aBUCUMOCTH OT MAarHUTHOTO OISt ObI-
JIO IIOKa3aHO, 4TO Nb-CJIOI/I BBI3BIBAJIM OYE€Hb CUJILHBIM IMUHHUHT CBCPXIPOBOJAA-
IIMX BUXpEW Ha IpaHUlEe CBEPXIIPOBOJHUK—HOpPMalIbHBIN MeTami. OO0 3ToM CBH-
JETeNLCTBOBAIM OOJIBIIIHE 3HAUCHUSI aHU3OTPOTIHH KPUTHIECKOM IIIOTHOCTH TOKA,
0COOEHHO B 00aCTH TOJNIIUHEI cjioeB 10 nm M MeEHbIIE, W MOBBIIICHUE CaMOM
KPUTUYECKOHN TJIOTHOCTU TOKA IPU YMEHbBILIEHUH PACYETHOM TOJIIHUHBI CIOEB.

1. UA. Bapanos, I0.®. Bviuxos, B.Il. Kopocos, B.A. Manvyes, M.I1. Craszopoockuil,
P.C. Illmynesuu, B c6.: CBepXIpoBOAAIINE CIUIaBHI U coeauHeHus, Hayka, MockBa
(1972), c. 140-147.

2. M. Karpov, V.1 Vnukov, N.V. Medved, K.G. Volkov, I1I. Khodoss, Proc. of 15th
International Plansee Seminar, 28 May—1 June, Reutte, Austria, 2001, G. Kneringer,
P. Rédhammer, H. Wildner (eds.), Plansee Holding AG, Reutte (2001), vol. 1, p.
636—646.

3. M.U. Kapnos, B.U. Buykos, b.A. I'necun, I E. Abpocumosa, JI.A. ®ponosa, U.C. Te-
pexosa, B.I1. Kopoicos, U.H. Xoooc, ledhopmanns u paspymenue marepuanoB Ne 11,
2 (2007).

4. M.U. Kapnos, B.Il. Kopoicos, B.U. Buyroe, K.I'. Boikos, H.B. Medseow, Matepuaio-
BeneHue Ne 1, 43 (2005).
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M.1 Karpov, V.P. Korzhov, V.N. Zverev, V.I. Vaukov, LS. Zheltyakova

MICROSTRUCTURE AND CRITICAL CURRENT DENSITY OF TAPE
COMPOSITES WITH NANOSIZE LAYERS
OUT OF SUPERCONDUCTING ALLOYS Nb-Ti

The microstructure and the critical current density of the tape multilayer composites with
superconducting layers of the nanosize thickness out of the deformable alloys Nb—Ti in-
terchanged with Nb-layers of the same thickness were investigated. The composites were
obtained by means of the 3-stage rolling of the multilayer packets, at first at a vacuum
mill with the heating to 950°C and then by rolling at the room temperature. The micro-
structure of the cross-sections was investigated by the scanning/transmission electron mi-
croscopy. Measurements of the critical current have shown that the Nb-layers caused a
very strong pinning of the superconducting vortices at the superconductor—normal metal
boundary. This is evidenced by high values of the critical-current density anisotropy for
10 nm-thick and less layers.

Fig. 1. Microstructure of the cross-section of multilayer composite tape of the first series
perpendicularly to the direction of rolling for two different magnifications

Fig. 2. Microstructure of the cross-section of multilayer composite tape of the second se-
ries paralleled to the direction of rolling for two different magnifications

Fig. 3. Dependences of the structural critical current density on calculated thickness of
the layer / of superconducting (Nb—31% Ti)-alloy for paralleled (a) and perpendicular (6)
orientation of the rolling plane and the direction of the magnetic field relative to each
other: 0 — the specimens after rolling; m, o, A and ¥ — the specimens after rolling and
annealing at 360°C/3 h. The magnetic field, T: candm—6; @ —6.5; A —7; ¥ —5

Fig. 4. Anisotropy of the critical current density depending on calculated thickness of the
layer / of niobium alloys with 31 ((o, m) and 50% Ti (o, ®) in the magnetic field of 6 T: O
and o — the specimens after rolling; m — the specimens after rolling and annealing at
360°C/3 h; e — after rolling + 400°C/3 h
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PACS: 62.20.Fe

A.E. benrenbanmep

HEKOTOPBLIE COOBPAXEHWA MO NOoBOAY BONbLNX
MNACTUYECKNX OE®OPMALIMIA, OCHOBAHHbBIE HA X AHANOT NI
C TYPBYJIEHTHOCTbLIO

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A A. lanknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

ObocHosvisaemcs anano2us 601bWON NIACMUYECKOU 0eopmayuu NOJUKPUCTIATLLO8
¢ mypoynenmuvim mevenuem jHcuokocmeu. M3 smoti ananoeuu geimexaem o0vicHe-
HUe Yyeno2o paoa 2¢ghekmos, npoAGAAOWUXCA NPU OOILUWUX 0ePopMayUusx u He no-
JYYUBUIUX NOKA 00bACHEHUe 8 pamKkax meopuu niacmuynocmu. IIpeonazaemcs ge-
HOMEHOJI02UYeCKUll Kpumeputl, Xapakmepuzyrouwul mypOyieHmHOCMb NOJUKDU-
CMannos.

BBenenue

B Hacrosiiee BpeMsi UMeeTCsl psiJi MHTEPECHBIX BOMPOCOB, JIEKALIUX HA CThI-
K& MEXaHHKU OONBIINX IIIACTUYECKUX MedopMaruii U MaTepuanoBeeHUs, KO-
TOpbIE MOKAa HE MOJIyYWJIM OKOHYATEJIbHBIX OTBETOB. Hampumep, mouemy s
MHOTHX METaJUIOB IIPH OTHOCUTEIHHO MAJBIX JePOpMalUiIX XapaKkTepHa «eIu-
Has KpHUBas TEUEHUsS» ISl OCAJKU U KpydeHUs, a Mpu OoNbIInX AedopMaiusix
9TH KpUBBIE pe3Ko pacxonsarcsa? Ilouemy MpOMCXOIUT HACHIIICHHE B YIPOUYHE-
HUU METAJJIOB MOCJE HECKOJbKUX LHUKIOB 00pabOTKM paBHOKAHAIBHBIM YTJIO-
BbIM npeccoBanueM (PKVYII) unu BuHTOBOI 3kcTpy3ueit (BD), a mocneayromias
00paboTka ATUX MaTEPHATIOB MPOKATKOW WM TPSIMOU DKCTPY3UEH MO3BOJISET
MOBBICUTH WX mpefen TekydecTu? [logemy mociie HECKONbKUX IUKIOB 00padoT-
ku PKVII win BD nnacTMYHOCTh METAUIOB MEPECTAET CHHMXKATHCS WIIM JIaKe
Bo3pacraer? IloueMy B CyOMUKpPOKPUCTANIMYECKUX MaTEpHaliax, MOTYyYEHHBIX
MEeTOJIlaMH MHTEHCUBHOU Tutactuyeckoir pedopmaruu (UI1J1), He HAXOaAT MUK-
POHECIUIONTHOCTEH, XOTS MOCJIe TAKUX K€ neopMalnuii IpyruMu MeToAaMu OHU
uMerTcA?

C Harmeil TOUYKH 3peHHsI, BO3MOXHBIE OTBETHI Ha 3TU U JPYTHE BOIPOCH MO3BO-
JSeT AaTh aHaAJIOTHs OONBIION IuTacTUYecKoi aedopmanyy MOJUKPUCTAIIIOB C
TypOyJIEHTHOCTBIO KUAKOCTEeH. OO0 ITOM JaHHAas CTAaThsl.
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1. Cytb anajioruu

Teopernuecku [1,2] u s3xcnepuMeHTanbHO [3,4] MOKa3aHO, YTO BO BpeMs Ijia-
CTHUYeCKON naedopManyu MOTUKPUCTAIIMUECKOTO arperara B HEM BO3HUKAIOT
BHYTPEHHUE HaIPsDKEHUS, MPUBOASIINE K M3rHbaM U MOBOPOTaM KpHUCTaInye-
CKOH pEmIeTKH, 9TO MOXKET OBITh OMUCAHO CIyYallHBIM BHXPEBBIM TIOJIEM CMeIle-
Huil. [lpu ompenereHHOM 3HaUYE€HUU KPUBU3HBI PEIIETKU SHEPTETUYECKH BBITO-
HBIM CTaHOBHUTCS 00pa30BaHKE T'PAHUIBI PA30PUEHTAIINH, TPUBOISIICH K CHUXKE-
HUIO yNpyToil sHepruu kpuctauia. [locienHss 4acTUYHO MEPEXOAUT B YIPYTYIO
JHEPTUI0 00pa30BaBIIMXCS O0jiee MENKHX (ParMEHTOB M MOBEPXHOCTHYIO HEp-
TUIO TpaHUIl pa3zesia MeXaAy HUMH, a YACTUYHO TUCCUIHUPYETCS MpU aKKOMOJa-
[IUU YIIOMSIHYTBIX ()parMEHTOB JIPYT K IPYTY U K OKpyx)eHwuto. [Ipu 3ToM oTHOCH-
TEJbHBIE PA3BOPOTHI SJIEMEHTOB MOJIMKPUCTANIa TOCTENIEHHO MPOHUKAIOT Ha 00-
Jiee HU3KHE MacIITaOHbIE YPOBHH, YTO BBHI3BIBACT MOSBICHUE Bce 00Jiee METKUX
MyJbCallMil B CIy4YailHOM BHUXPEBOM MOJI€ CMEIIeHUH. BO3MOXKHOCTh MpOCKaIb-
3bIBaHUS IO TPaHUIAM AePOPMAIMOHHOTO MPOUCXOXKICHUS MPUBOJIUT K TOMY,
YTO MpPHU JOCTAaTOUYHO MaJIbIX pa3Mepax (parMeHTOB MpoIecC WX JeJeHHs Ipe-
kpamaercs [5]. MUHUMaNbHBIA pa3Mep (pparMeHTOB JAJIs JAHHOTO MaTepuaia Oll-
penensieTcsi yCIoBUsIMH AeOpMHUPOBAaHUS (CXEMOH W CKOPOCTHIO Jedopmaliu,
TEMIIEpaTypoOu, THAPOCTATHUECKUM JaBICHUEM ).

OrnucanHasi KapTUHA HAllOMHHAET Pa3BUTHE TYPOYJIEHTHOCTH B >KMIKOCTSX,
KOTJja BUXpHU OOJIbIIEro MaciTada TepsitoT yCTOMYUBOCTh, 00pa3yst BUXPU MEHb-
niero maciuraba, OTAaBasi UM MPH 3TOM KHHETUYECKYI0 sHepruto. B pesynbrare
MOCJIE/THASI IEPEXOIUT OT BEPXHUX YPOBHEH K HUKHUM JI0 Te€X MOp, [MOKa HE J0C-
TUTHET BUXPE MHUHUMAJILHOTO pa3Mepa, IlIe€ U pacCEeMBAETCs M3-3a BSI3KOCTH [6].
Otnuumne mporecca parMeHTai OT TypOYJIEHTHOCTH COCTOMT B TOM, YTO B
Clly4yae MOJMKPHUCTala BMECTO KHMHETUYECKOW 3HEpruu (Urypupyer MOTEHIIH-
abHASI SHEPTHUS €0 YIPYToi nedopMaIiuu.

CkazaHHOE BBIIIE MO3BOJISET paccMaTpUBATh Ipoliecc (PpparMeHTaluu IOJIH-
KPUCTAIJIOB KaK aHAJIOT TypOYJIEHTHOCTH XUAKOCTH. Ha 3710 ykaswiBain emie J[xk.
Tewnop [7], oTMedasi, 4TO KaK B MEPBOM, TaK U BO BTOPOM CIydasiX BO3HUKAIOT
CTOXAaCTUYECKHE TOJISI HAPSDKEHUH U CMEILIEHU, KOTOPBIE XapaKTepU3yroTCs Ha-
JUYMEM IyJbCcalui pa3iuyHbIX MacmTaboB. OO 3TOM CBUAETEILCTBYIOT U MHK-
POCTPYKTYpBI MOJUKPUCTATLIIOB [8,9], KOTOpbIE CBOMM CIy4YalHBIM CTPOCHHEM
HAITOMUHAIOT KapTHHBI TypOYJICHTHOTO TeUeHUs KuakocTei [10].

VYka3zaHHast aHAJIOTHS SIBJISIETCS KOHCTPYKTUBHOM M MO3BOJISIET IPUMEHUTH HE-
KOTOpbIE WJEH, OIpaBjAaBIIue ceOsl MpU HCCIENOBaHUM TYpOYJIEHTHOCTH, IS
OIMMCAHUs MIacTHYeCKuX aedopmanumii u pazpyumieHus. [Ipexae Bcero aTo Kacaer-
s IPEACTABJICHUI O CaMOIIOA00HOM CTPYKTYpE CIIyJailHBIX MOJICH HAMPSHKEHUN U
cmemenuii. Tak, B pabore [l1] mnsa omucanust mporecca MHOXKECTBEHHOTO
pa3pylieHus TBEIbIX TeJI MpPUMEHEHa TUIOoTe3a CaMOMOJOOHOTO pPa3BUTHS
aHcamb6nst MukpoTpemuH. B pabote [5] B ocHOBY Mojenu (pparMeHTaluu u pas-
PYILIEHUSI METAJJIOB TOJI0KEHBI TUIIOTE3bI O CAaMOINIOA00OHOM Pa3BUTHUU CETH BBICO-
KOYTJIOBBIX TPAHUIL ¥ O TIPEJIETHbHOM pa3mepe (hparMeHTOB.

78



du3uKka U TeXHUKA BbICOKHUX aaBjaeHuii 2008, Tom 18, Ne 4

Janee mpencTaBieHbl HEKOTOPHIE HOBBIE COOOpPAKEHHUS 1O MOBOLY OOJIBIION
IUTACTUYECKON Ae(opMalu, OCHOBaHHbIE HA YKa3aHHOW aHAJIOTHH.

2. @eHOMEHOJIOTHYECKHUIl MapaMeTp, XapaKTepU3yIUil «TYpOyJeHTHOCTb)
NMOJMKPHUCTALIOB

BBenem 6e3pazMepHbIii mapameTp, KOTOpPbI Obul Obl aHAJOTHYEH, B OMpeie-
JIEHHOM CMBICTie, Ynuciy PeifHosbaca M XapakTepu3oBall «TYpPOYJIEHTHOCTHY IIO-
aukpucTamuioB. Yucno PeiiHonbaca, 1O CyTH, SBJISIETCS OTHOLIEHUEM KHUHETHUYE-
CKOW SHEPruM €AMHHIIBI 00BheMa KUIKOCTU K YIEIbHOW DHEPTHUU JTHCCUIIAIIAH.
Tem camMbIM OHO XapaKTePU3YET KUIKOCTh B TuIaHe 3(h(HEKTUBHOCTH PacCEUBAHUS
MOJIBOAMMOM SHEPTUU. AHAIOTUYHBIA TapaMeTp ISl MOJMKPUCTAIIa UMEET BUJL

R - Pa6ota nedopmarun

= - (1)
DHeprusi IUCCUTIALIUN
PaccmarpuBas cootnomenue (1) Ha 66CKOHEUHO MajIOM MTPOMEKYTKE BPEMEHHU
dt, B cimyyae 0JJHOOCHOTO PacTsKEHUS MOTydaeM
, Oact (eel + epl)dt _ do

= 14 S0t )
Cact€p1d? E de,

I/Ie Gyt — HICTHHHOC HANPSIKCHHUE; €y U €, — CKOPOCTh COOTBETCTBEHHO yIPYTOi

U TUTaCTUYECKOU aedopmaruu; £ — moayns FOHTa.

C Hamelt TOUKH 3peHusi, BeIpaxkeHue (2) cieayeT paccMaTpyUBaTh Kak 3BPHCTHU-
YEeCKYIO TMO/CKa3Ky, YKa3bIBAIOIIYIO Ha TO, 4TO K03 (dUIMeHT nedhopMarmoHHOTO
yHpOUYHEHHS dGac/dep), KOTOPBIA B HACTOSAIIEE BPEMS YCIIEHIHO UCTIONB3YETCS ISt
BBISIBJICHUS CTaaui nedopMannoHHOro yrpouHeHus [12,13], MoxeT xapakrepu-
30BaTh Pa3BUTHE «TYPOYJICHTHOCTIY MOJUKPHUCTAILIA.

CornacHo pabote [5] Ha cTaAuy UHTEHCUBHON (hparMeHTaIlMH POUCXOANUT aB-
TOMOJICTIBHBI POCT CETH BBICOKOYTJIOBBIX TPAHMII, YTO OOYCIIOBIHMBAET CTETICH-
HYIO 3aBUCUMOCTh

Gact ™ €pl - (3)

act

OTO MOKa3bIBAET, UTO B KauecTBe Oe3pa3MepHOro MapaMeTpa, XapaKTepHu3yro-
IIEr0 «TypOYJIEHTHOCTBY MOJHMKPHCTA/LIA (T.€. MHTCHCUBHOCTh 00Opa30BaHUS BbI-
COKOYTJIOBBIX TPAHUIT), MOKHO ObUIO OBbI TPUHATH

-1
R 1 do, . @)
Oact d'epl

JeiictBuTensHO, yuanuThiBas (3) B (4), moaydyaem, 4To MPU HHTEHCUBHOM 00pa3o-
BaHUH BBICOKOYTJIOBBIX IPaHUI] MapaMeTp R UMeeT MPOMEKYyTOUHYIO aCUMIITOTUKY
1

R~—e. 5
n pl (5)
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XapakTepHas 3aBHCHMOCTb R(ep)) mpen-
craBieHa Ha puc. l. CoriacHo cka3aHHOMY

BBIIIIC THAMa30H [epll,eplz] (roe R(epy) umeer

MMPOMEXKYTOYHYIO aCUMITOTHKY (5)) COOTBET-
CTBYET CTaJUM MHTEHCHBHOH (pparMeHTaIHH.
YBenuuenne R 1pu e, > e, , C OTXONOM OT

MPSIMON MPOTOPIIMOHATBHOCTH, COTJIACHO pa-
6ote [5] yka3bIBaeT Ha TO, YTO BBHJY IIPO-
CKaJIb3bIBaHUS IO BBHICOKOYTJIOBBIM TpaHUIIAM
nporuecc ¢pparMeHTaI|H 3aTyXaeT.

[Tonyuas coortHowmenus (2) u (4), MbI
MIpearnoiaraid MpoCTEHIIYyI0 OTHOOCHYIO Jie-
ol eoly €p1> ¢dbopmanuto obpasia. B obmem cirydae mpous-

BOJIHOTO  HaNpsBKEHHO-Ie(OPMUPOBAHHOTO
Puc. 1. Cxema, wimocTpupyiomas  COCTOSIHUSL B 9TUX COOTHOLIEHHAX HEOO0XOIH-

XapakTep  3aBUCHUMOCTH  R(ep)). MO IMPHHATH B KAYECTBE Gyt HHTCHCHBHOCTH
Y4acTOK MEXIY €, H €|, OTBe- JIeBMAaTOpa HANpPSDKCHUM, a B Ka4YeCTBE e€p| —
YaeT MHTEHCUBHOMY 00pa3oBaHMio OKBUBAIEHTHYIO aepopmanmio. Takum oOpa-
BBICOKOYTJIOBBIX TPAHHIL 30M, COTJIaCHO (4) IUIsl BRIYMCIICHUS TOKa3aTe-

151 R B MpOoU3BOJILHOM Iipolecce fedopManun
HEOOXOMMO UMETh QYHKLMIO Guci(€pl), HAMIEHHYIO SKCIEpUMEHTaNbHO. C 3TOM
IEJNBIO TTOCIIe KKAO0T0 NUKJIa AeopMalui B yka3aHHOM Tiporecce (C U3BECTHOH
€pl) HEOOXOMMO ONPENENATh 3HAYEHUS Gacr. ITO MOXKHO CHIEIATh 110 BEIUYHHE
aubo npezaena Tekyuyectu VS, nubo tBepaoctu no Bukkepcy (HV) obpasua. [lep-
BbIl c110COO OCHOBaH Ha YCJIOBHMM IUIACTUYHOCTH Mwu3eca, cOrjlacHO KOTOpOMY
Gact = YS. BTopoit — Ha equHOM /ISl BCeX HAIPSKEHHBIX COCTOSIHUN 3aBUCHMOCTH
Gact—HV [14] 1 TapupOBOYHOHN KPUBOI1, TOCTPOCHHOM, HATPUMEP, IO pe3yIbTaTaM
ucHbITaHUH Ha ckatue. C JOCTaTOUYHO XOpOILIEH TOYHOCTBIO 71l METAJUIOB, MOA-
BEPrHYTHIX AeopManun e, > 0.3-0.4, uMeeTcs npsAMas OponOpLUHOHAIbHAS 3a-
BHUCUMOCTb MEXAY Gyt U HV [14]. B 3TOM Cilydyae MOKHO NPUHATH

-1
1 d#HY)
HV depl

(6)

Ha puc. 2,6 npusenen rpagux R(ep) mns turana BT1-0, mocTpoennslii Ha oc-
HOBaHUH HKCIIEPUMEHTAIBHOIN 3aBUCUMOCTH €ro Ipejena TeKy4ecTH Y.S oT Benu-
yuHbl Jedopmanuu B npouecce BD (puc. 2,a). Temneparypa nedpopmanuu co-
crasisuia 400°C, nporusoaasienue — 200 MPa. ITpu BO ucnonbs3oBanu MaTpuiisl
C IOTEPEYHbIM ceueHreM 28 x 18 mm u yrnamu ckata BUHTOBOM JIMHUM 45 1 55°,
nedopmarmio ipu B onpenensimu o metoauke [15]. B cooTBeTcTBUU ¢ ycioBueM
IUTACTHYHOCTH Mm3eca Mpearonaraioch, 9YTo Gyt = Y.S. DKBUBaNeHTHas nedop-
Manus e, ipu BD onpenensiack 9KCIepuMEHTANIbHO-PACYETHBIM METOIOM [15].
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8
. 401 -
e
g6 301 /,/
*x re
S5 -
270k
> 20
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2, > 4 s 2 4 6
Strain Strain
a o

Puc. 2. 3aBucumMocTH npenena TeKydecTd (@) U mokazarens R (0) npu nedopMaiyu TH-
taga BT1-0 metonom BD

3aBUCHMOCTb, MPEJICTaBICHHAs HA pUC. 2,0, TIOKAa3bIBACT, YTO HAUOOJIEEe WHTCH-
CUBHOE 00pa30oBaHUE BBHICOKOYTIIOBBIX IpaHull Ipu BD mpoucxoauT B Auama3oHe
OKBHUBAJICHTHBIX Hedopmanmii 1.5-3.5, 4TO COOTBETCTBYET BTOPOMY—UYETBEPTOMY
MIPOXOJaM.

3. O mpocToM cABHre U €ro UMUTALHMHI

[Tox mpocThIM CABUTOM B MEXaHMKE MOHMMAIOT Tmpoiiecc aedopMaiiuu, orpe-
JIETISIEMBII MOJIEM CKOPOCTEM:

Vi=hkxy, Vy=V3=0. (7)

Takoe mone peanusyercs, HapuMmep, MPH JJAMHUHAPHOM TEUEHHHU KUJIKOCTU MEXK-
Ny IBYMSI ABWKYIIIMHUCS IPYT OTHOCUTENHHO JPYTa MapauiedbHBIME TUIACTHHAMU.

I'pamueHT CKOpOCTH, COOTBETCTBYIOMIMK TOMIO (7), IMEET CHMMETPUYHYIO U He-
CHMMETPHYHYIO YaCTH, TepBast U3 KOTOPBIX XapaKTEpH3yeT CKOPOCTh aedopMaruii, a
BTOpasi — CKOPOCTb ITOBOPOTOB 3JIEMEHTOB cpeabl. st peanu3aiuy mpocToro CIBura
HEOOXOMMBI 00€ yKa3aHHBIE COCTaBIILIIONINE TpagreHTa ckopoctu. [Ipu Grokuposa-
HHUH TIOBOPOTOB OCTAETCS JIMIIIb MEPBasi, CAMMETPUYHAS, YacTh, OTBEYAIOIIAsl TaK Ha-
3bIBAEMOMY YHCTOMY CABHUTY WJIH, YTO TO K€ camoe, IJIOCKOMY y/uiHeHHuto. C Haren
TOYKH 3PEHUs], 3TO MPUHIMITHATBHOE OOCTOSTENBCTBO, KOTOPOE HE YUYUTHIBACTCS B
KJIACCUYECKOM TEOPUH IUIACTUYHOCTH, HE Pa3/IMYarOLIel IIPOCTOW M YHCTBIN CIIBUTH.
[oka B npeacTaBUTETEHOM 00BEME TBEPIOTO Tema (KaXI0M ero «MaTepuagbHON TOU-
K€» — Ha S3bIKE MEXAHUKH CIUIOUIHBIX CPEM) MOBOPOTHI CTPYKTYPHBIX AJIEMEHTOB HE
MOTYT OCYILIECTBIISITECSI CBOOOTHO («MaTepHaIbHAsI TOUYKa» HE 00ecIieurBaeT He00XO0-
JIMMOT'0 3HAUCHHUsI HECCUMMETPUYHOM YacTh TPaJiueHTa CKOPOCTH, T.€. «BUXPsD»), TBEP-
JI0€ TEJI0 MOXKET JIMIIbL UMUTUPOBATh MpocToil caBUr. [1o3TOMy Ipu MalbIx yrpyro-
IUTACTUYECKUX JeopMaIisiX (Korzia MoBOPOTHI 3aTPYy/JHEHBI) MOTBITKA OCYIECTBUTh
NPOCTON CIIBHI' HA CAMOM JIeNie peann3yer Iuockoe yimuHenue. [lo mepe pasButHs
nporiecca (GparMeHTaMu ¢ 00pa30BaHHUEM BBICOKOYTJIOBBIX TPAHUI, OOJIETYaroImx
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Pa3BOPOTHI (PParMEHTOB, YBEIMYMBACTCS HECUMMETPHYHAS 4acTh IPAIUEHTa CKOPO-
cTU, U AedopMalys MOCTENEHHO MpUOImKaeTcs K cxeme npoctoro casura. ITocnen-
HUI OCYIIECTBIISICTCS JIMIIb TIPY TIOJTHOM CBOOOJIE MOBOPOTOB CTPYKTYPHBIX JIEMEH-
TOB, YTO, C HAIlIEW TOYKU 3pEHHS, MPOUCXOIUT TOT/a, KOrja Iporecc GpparMeHTalm
(oOpa3oBaHMEe HOBBIX I'DaHUII) MPEKPAIAETCs] U TBEPAOE TENO CTAHOBUTCS HJICATBHO
TUTACTUYHBIM (T.€. TepsieTcst Ae(popMaIIMOHHOE YITPOUHEHHE).

Bo3MmokHO, crieyeT BBECTH CHEUMATbHBIM TePMUH AJi 0003HAYEHHS CIUIOLI-
HBIX Cpejl, JOIyCKAaloIUX HEHYJEeBOW BUXpPb B KaXJ0W MarepuanbHOil Touke. K
TaKUM CpellaM OTHOCSITCS MOJICNTH Pa3IMYHbBIX JKUIKOCTEH, TOPOIIKOB U CyOMHUK-
POKPHUCTAIUIMYECKUX MAaTEepUasoB, oaydeHHbIX MeTogamu NI/,

Vcnonb3ys BBEAECHHBIN B NpeAbIAYIIEM IyHKTE MOKa3aTelb R, 1ei1aeM BbIBOJ,
YTO MPOCTOM CIBUI OCYILECTBIIAECTCA pU R —> oo. IIpakTuyeckn MOXKHO mojarars,
4TO MPOCTOH CABHUI peain3yercs MpU JOCTAaTOYHOM CBOOOJIE MOBOPOTOB C IMpPO-
CKaJb3bIBaHHEM (PparMeHTOB, KOTJa y>K€ HAuMHAeT 3aTyXaTh mpouecc (pparMeH-
taiuu. Hanpumep, B cinydae BO Turana ato npoucxonut rpu R > 20 (cMm. puc. 2,6).

B nonp3y orcyrcTBUS NeOPMALMOHHOTO YHPOUHEHHS MPU MPOCTOM CIBHUIE
TOBOPUT M TO, YTO MPHU MOCTOSHHOM YPOBHE JABJICHHs €ro cXeMa MHBapUaHTHA
OTHOCHTEIIFHO BEJIMYMHBI NIOBOPOTA, T.e. Aedopmaruu (puc. 3). DTO O3HAYaeT,
4TO ¥ CBOMCTBA MaTepuaia, B KOTOPOM OCYIECTBIISETCS TAKOW CABUI, HE IOJIKHBI
3aBHCETh OT Ae(opMaluy, T.e. MaTepuaj JAOJKEH ObITh WIEATbHO IMIACTUYHBIM.
[Ipn oTcyTcTBHU €llle M1 CKOPOCTHOTO YIPOYHEHMSI OH TEPSIET YCTOWYMBOCTb, U
CABUI pean3yeTcsl B TOHKOH nojoce [5].

Cka3aHHoe BbllIe 0OBSICHSAET LeNbli paa 3¢ ¢dekToB, HaOM0AaeMBbIX IPU 00JIb-
IIOH MIaCTUYECKOH eopManny 10 CXeMe «IIPOCTOTO CABHUTa», B YACTHOCTH:

— «EIMHYI0 KPHUBYIO TEUCHHsD» IPU OCATAKE M KpyueHHH B 00JacTU CpaBHU-
TeJIbHO HeOonbuX Aedopmanuii [16], a Takxke pe3koe pacXoKICHHE ITHX KpH-
BBIX TpH OonbImx nedopmanusx [17] u3-3a Toro, 9To MpOCTON CIBUT B3aUMOCBSI-
3aH ¢ UACATBHON MJIACTUYHOCTHIO;

— oOpa3zoBaHME BOJHUCTOCTU Ha MOBEPXHOCTH
P oOpasiia npu Kpy4ueHuu, o0yCIOBIEHHOE TEM, YTO
yJUIMHEHHE BOJIOKOH (101 yriioM 45° K IUIOCKOCTH
CIBUIa) B YCIOBUSIX OrPaHUYEHHBIX MOBOPOTOB
NPUBOAMT K YJUIMHEHHIO Bcero o0Opasia, B TO Bpe-
Msl KaK pacCTOSHHE MEXIYy 3axBaTaMHM OCTaeTcs
MIOCTOSIHHBIM;
— 00pa3oBaHUE «POJIMKOB» IpPHU CHABHUIE CIOA
ne(popMalMOHHO-yIPOYHIEMOTro Marepuana (Ha-
MpUMep, IPOAYKTOB U3HOCA IIPU TPEHUH);
— «paccachlBaHHE» IUIOCKOCTH IMPOCTOTO
Puc. 3. Cxema, mnokasbiBaro- CABUTa B JMH3Y [18] (3TO NPUBOIUT K CHIKEHHIO
as, 4TO NPOCTOH cABMT mox  HECMMMETPUYHOHM YaCTH I'PaJMeHTa CKOPOCTH);

TOCTOSIHHBIM JiaBieHueM P uH- — 3amejyieHre (parMeHTaIlMi C HACBHIICHUEM
BapHaHTE€H OTHOCHUTCIIBHO IIO0- B YHOPOUYHCHHU MCTAJUIOB IIOCJIE HECKOJBKHUX
BOpOTa (Ae(opmarin) 1uKnoB 06paborkn PKYII wau BD u Bo3MOX-
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HOCTh JTANbHEHINEH (hparMeHTaIK C YIIPOYHEHUEM IyTeM Mocleayromei oopa-
0O0TKHM MaTepHalia MPOKATKON WM MpSIMoid dkcTpy3uei [19,20];

— IIPOAOJIKAOIIEECs YBEIMYCHHE YTIIOB pa30pHEHTAIMN ()PArMEHTOB C POCTOM
nedopmarmu ipu B3, npu ToM uTo pazmepbl GparMeHTOB yxKe He u3MeHstorcs [21].

[Tocneanuie nBa myHKTa OOBACHSIOTCS TeM, 4to cxeMbl PKYII u BD nmpu moc-
TATOYHO OOJIBIIOM YHCIIE IIUKJIOB PEaU3yIOT MPOCTON CABUT C OTCYTCTBHEM Jie-
(OpMaLIMOHHOTO YIPOYHEHUS, MpEeKpalieHneM (parMeHTalu U CBOOOIHBIMH
MoBOpoTaMu (parMeHTOB. Takue MoBOPOTHI OCYIIECTBIISIIOTCS HE YUCTO MEXaHH-
YECKUM IyTeM (T.€. MOJA00OHO BPAICHHUIO KECTKUX IAPUKOB C OJHOBPEMEHHBIM
MPOCKaJIb3bIBAHUEM [0 T'paHUIIAM), a MYTEM CO3JaHUsl CTPYKTYpHI, BCE BpeMs
BOCTIPOM3BOAAIICH ceOs mpu aedopManuu (eCTECTBEHHO, B CTaTHCTUYECKOM
cMmbicie). Kak oTMedanoch BBINE, OCHOBHOW OTIUYUTEIIBHON YEPTOM ATOU CTPYK-
TYpbl, C TIO3UIMA MEXaHUKH, SIBISETCS BO3MOXKHOCTH OOECIICUeHUs] HECHUMMET-
pUYHOM YacTH T'paJIUeHTa CKOPOCTH (BUXPs) B MPEACTABUTEIHLHOM O0BbEME MaTe-
puana. IMEHHO 110 NaHHOW IIPUYMHE MATEpUasbl C TAKOM CTPYKTYPOU MOIYT HC-
MBITHIBATh OOJBIIYIO AehopManio O0e3 pa3pylIeHHs, T.e. 00JIalaloT BBICOKOU
MJIACTUYHOCTBIO (CM. CIEAYIOMINI MYHKT).

B 3akitoyeHue 3TOro myHKTa BBICKa)KEM HEKOTOpPbIE COOOpa)keHHs IO pac-
yeTy aedopmaluu B cxemMe KpydeHus moja aaBieHueM (puc. 3). B Hacrosmee
BpeMs B JIUTEpATypPe UCIONB3YIOT aABe (popmyisl [22], mepBas U3 KOTOPHIX OC-
HOBaHa Ha pacuere Jorapudmudeckon aedopmanuu Npu yIIMHEHUU BOJIOKOH,
BTOpasi — HA PaCCMOTPEHUH ATOr0 Ipouecca Kak npocroro casura. CoriaacHo
CKa3aHHOMY BBIIIE I ONpeeieHus qeopMalnn B 3TOM CXeMe HeOOXO0IUMO
UCII0JIb30BaTh BBIpaXKEHUE, KOTOpOoe Obl MPU MallbIX 3HAUYCHMSIX MoKaszaTens R
COBIIaJIalI0 C TMepBOM (OPMYIIOH, a ¢ yBEIWYEHHWEM R — TOCTENEHHO TpaHC-
(GbopMHUPOBATOCH BO BTOPYIO.

4. IlnacTuyHoCTh U paspymeHue metauios npu U/

Kak yxe orMmeuanoch B Hauaje paszzaena 1, mumactudeckas aeopmariusi moju-
KPUCTAJUIOB NIPUBOJUT K IOSIBJICHUIO CIyYalHOIO IIOJIS MUKpPOHAIPSLKEHUM. Bbl-
1I€ aHAJTU3UPOBAJICS JHILb OAUH U3 3PHEKTOB, CBA3AHHBIX C 3TUM, — BOSHUKHOBE-
HHUE CIY4ailHOTO BHXPEBOTO Mot cMmerieHui. [pyroit addext coctout B 00pazo-
BaHWW MHKPOHECTUIOIIHOCTEH, BBI3BIBAIOIINX CHMXKEHHE TutacTudHocTu (ductility)
METaJUIOB, moaBeprumxcs aedopmarun [23—25]. Beicokoe ruapocTaTHYECcKOe JaB-
JIeHWE MPUBOAMT K 3aJICYMBAHUIO HEKOTOPOM YaCTH MHKPOHECIUIONIHOCTEH U TEM
CaMbIM TIO3BOJISIET 3aMeIUTh CHIDKeHue ruractudHoctu (ductility). B pabore [5]
npeiokKeHa MaTeMaTu4eckasi MOJIeIb, OMMCHIBAIOIAs 3TOT MPOILIECC.

Cormacuo [5] M3MEHEHHE CYyMMapHOro oO0beMa MHKPOHECIUIOIIHOCTEH Npu
IIacTU4Yecko nedopMaluu MoJ JaBlIeHHEM O0YCJIOBIEHO PE3yJbTaTOM JEHCT-
BUSI KOHKYPHPYIOIIUX MEXIy cO0O0H NMpOLECCOB MX POXKACHUS M 3aJICUMBAHUS.
HTEeHCUBHOCTh TEpPBOro YOBIBa€T C YBEIWYEHHEM IUIOIIAAN BBICOKOYTJIOBBIX
TPaHUIl, TaK KaK MOCIEIHNE OTKPHIBAIOT BO3MOKHOCTh PETaKCaIlid MUKPOHAIIPS-
JKEHUHN IyTeM MEX3epeHHOro IMpocKaib3biBaHus. B mpenene, npu oOpa3oBaHuu B
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%’ 68 o| MCTalIC CTPYKTYpbI, 0OeCIeUnBAOLICH
2 66 . eMy HJICaTbHYIO nnacmqiiocn, poxie-
‘g eak HUE MHKPOHECIUIOIIHOCTEN MpeKpalaeT-
S Csl, a MPOLIECC 3aJICUMBAHUS MPUBOIUT K
s 62# . UX MOJTHOMY HCYEC3HOBEHUIO.

i 60k Hcnonb3yss BBEAEHHBIN BBIIIE MOKa-
2 3aTenp R, AenaeM BbIBOJI, YTO YKa3aHHbIE
é S8 . . MIPOLIECCHI, BHI3BIBAIOIINE POCT IJIACTHY-
Q

[ 560 '2 4" I6 HOCTH Me€Tajljla, MOJDKHBI IIPOUCXOIUTH

Strain U €y > €y, (cm. puc. 1). Ha puc. 4
Puc. 4. 3aBUCMMOCTH OTHOCHTENBHOTO — TPEJCTAaBIICH TpauK 3aBUCUMOCTH OT-
CY)KeHHUs B ILICHKE NP paspblBe THTAHO-  HOCHTEJBHOTO CY)KCHUS B IICHKE TMPH
BBIX 00pa3loB, 0OpabOTaHHBIX BUHTOBOM paspbiBe TUTAHOBLIX 00pasLoB, 06pabo-
9KCTPY3HCH, OT BEIMYMHBI ACQOPMALMH  pappprx BD, or Bemuuuubl aedopmanuu
npu B3 npu BD (ycnoBus 06paboTKu T€ ke, uTo

Ha puc. 2). ComocraBieHne TpauKoB
puc. 2,6 1 4 CBUIETENBCTBYET B MOJIb3Y BbICKa3aHHOH runore3bl. OTMETHUM, UTO
macTHIHOCTh (ductility) oOpa31ioB Mbl OIICHMBAJIM UMEHHO MO OTHOCHUTEIHLHOMY
CYKCHMIO B IIEHKE MPH pa3pbiBe, a HE 10 OTHOCUTEIBHOMY YAJIUHEHHUIO 10 00pa-
30BaHUs LIEHKU (Kak 3To MHorAa aenatoT). [locneansst mpu oTCyTCTBUHM CKOPOCT-
HOT'O YIPOYHEHHUS XapaKTepU3yeT WHTEHCUBHOCTH J1e(OPMAIIMOHHOTO YIpPOYHe-
HUs, KOTOPOE, ECTECTBEHHO, YOBIBAET C pOCTOM JepopMaIiuu.

B pamkax npeasio)keHHOH T'MIOTe3bl HaXOIUT CBOE OOBSCHEHHE M TOT (hakKT,
YTO B CYOMHUKPOKPHUCTAUIMUECKUX MaTepuayax, noixydeHHeix MIIJl, He HaxomsT
MHUKPOHECIIJIOITHOCTEH, XOTA B pe3ysbTaTe TaKuX e nedopManuil APyruMHu Me-
TolaMu OHM Habmopartced. [locnennee nmoATBepk aAaeTcs NPEUU3UOHHBIM H3Me-
PEHUEM IUIOTHOCTH, MIEKTPOHHON MUKPOCKONMENW U PEHTI€HOBCKMMHU HCCIIEA0BA-
HUSIMU [CM., Ha1p., 26,27]. [I[pyuynHa COCTOUT B TOM, YTO TP 3aTyXaHUU MPOIIeC-
COB POXJECHHUS MUKPOHECIUIOLIHOCTEHN 3aJIeUMBAHUE MTPUBOJIUT K UX MOCTENIEHHO-
MY MCUYE3HOBEHHIO IO MEpe YBEIMUEHUS YHCiia [IUKIOB 00paboTKH.

BriBoabI

1. meeTcs KOHCTPYKTHBHAs aHAJIOTHS MEXIy OOJIBIION IJIACTUYECKON Jie-
dopmanyeit TOIMKPUCTAIUIOB U TYpOYyJIEHTHBIM TedeHUeM kuakocteit. CyOMuK-
pO- U HAHOCTPYKTYpHI, TosrydyeHHble MeTogamMu UITJ[, MmokHO paccMaTpuBaTh Kak
«3aMOPOXKEHHYIO TYpOYJIIEHTHOCTBY» IMOJMKPUCTAIIIOB, 3a()UKCUPOBAHHYIO B MO-
MEHT OCTaHOBKH J1e(popMariyi.

2. B kauectBe Oe3pa3MepHOro mapameTpa, XapaKTepU3YIOIIEro «TypOYIEHTHOCThY

1 1 d(HV
MOJIMKPUCTAJJIOB, MOYKHO NIPUHAT R = —% mbo R = _(_)
Oact dep1 HV depl

Crasuy MHTEHCUBHOHN (h)parMEeHTAIHM COOTBETCTBYET JHara3oH aedopmaiuii, rae
YKa3aHHBII ITapaMETP UMEET IIPOMEKYTOUHYIO aCUMITOTUKY R ~ ep). iIMeHHo a1y
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CTaguio ectecTBeHHO Obw1o Obl mpunucate MII/. YBenuuenue R mpu OONBIIMX
nedopManusx, ¢ OTX0JIOM OT 3TOM aCUMITOTHKH, YKa3blBaeT Ha TO, YTO B MaTe-
puane HauMHAETCS MPOCKAIb3bIBAHUE MO BBICOKOYTJIOBBIM T'PAaHHULIAM U MPOLECC
¢parmenranuu 3aryxaer. Takum oOpa3soM, 3aBUCHMOCTb R(ep), OIpenelIeHHas
9KCIIEPUMEHTAJILHO, SBIIETCS XapaKTEPUCTHKOM mpoiiecca OONBLION IMacThye-
cKoi nedopmaruu B rmiaane ero 3¢ dexruBHOCTH Kak merona UII/T.

3. IIpocToil cABUT BO3MOXKEH JIMILb B MaTepuanax, MpeACTaBUTEIIbHBIC HJie-
MEHTBI KOTOPBIX JOIMYCKAIOT COOTBETCTBYIOIIYI0O €My HECUMMETPUYHYIO YacTb
rpagueHTa cKOpocTH. /s MOJMKPUCTAIIIIOB 3TO 03HAYAaeT BO3MOXKHOCTh CBOOO/I-
HOU poranuu (pparMeHToB Oyarojapsi MPOCKATh3BIBAHHIO MO TPAHHUIIAM MEKITY
HUMHU, YTO NMPUBOJUT K OTCYTCTBHUIO (parMeHTAlMH U Je(OPMAIIHOHHOTO YIIPOU-
HeHus. Vcnosib3ysl BBEIEHHBIN MMOKa3arelb R, eJaeM BbIBOJ, YTO IMPOCTOM CIBUT
OCYIIECTBIAETCS MpU R — c0. MOXKHO MoJiaraTh, 4TO MPOCTON CIBUT pean3yeTcst
IpH JOCTATOYHOUW CBOOOE MOBOPOTOB C MPOCKAIb3bIBAHHEM (DPArMEHTOB, KOTAa
yKe HauWHaeT 3aTyXarh mporecc pparmentanuu. Hanpumep, B cirydae BD TuTa-
Ha 3TO NPOUCXOAUT Ipu R > 20.

4. IIponeccer PKYII u BD mipu 1octatouyHO GOJIBIIOM YHKCIIE IUKIOB Peaslu3y-
IOT MPOCTON CIABUT C OTCYTCTBHEM Ae(POPMAIIMOHHOTO YIPOYHEHHS, TpeKpale-
HUEeM (pparMeHTaIuy U CBOOOTHBIMU TTOBOPOTaMHU (DparMeHTOB.
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Ya.E. Beygelzimer

REASONING ON THE ANALOGY BETWEEN HIGH PLASTIC
DEFORMATIONS AND TURBULENCE

The analogy between high plastic deformation of polycrystals and turbulent flow of lig-
uids is grounded. Numerous effects developing under high deformations, which have not
been yet explained within the theory of plasticity, arise from the analogy. A phenomenol-
ogical criterion is proposed to characterize the turbulence of polycrystals.

Fig. 1. Diagram showing the character of dependence R(ep). Section between e, and

pli

€pl, responds to the intensive formation of large-angle grain boundaries

Fig. 2. Dependences of yield strength (@) and index R (6) under deformation of titaniun
BT1-0 by twist extrusion

Fig. 3. Scheme showing that simple shear at constant pressure P is invariant with respect
to rotation (deformation)

Fig. 4. Dependence of the reduction in necking area at fracture of titanium specimens
processed by twist extrusion on value of deformation under TE
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A.N. KopwyHos, A.A. Cmonskos, T.H. KpaBueHko, J1.B. Nonskos,
N.WN. KaraHoBa, .B. KopoTyeHkoBa

KAYECTBO MEXAHUYECKKX CBOMCTB METAJOB W CMNJIABOB
NMOCNE PABHOKAHAJIbBHOIO YITIOBOIO NPECCOBAHUA

®IYM «Poceuiickun begepanbHbii SaepHbIV LEeHTp — Bcepoccuinckmin HayyHo-
nccrnefoBaTenbCKUM MHCTUTYT 3KCNEPUMEHTAarNbHON PU3NKN»

np. Mupa, 37, r. CapoB Huxeropogckon o6n., 607190, Poccus

E-mail: korshun1@sar.ru

Ipoananusuposarnvt noboynvie 3¢pghexmul, B03HUKAIOWUE NPU PABHOKAHATLHOM Y2TI080M
npeccosanuu (PKYII). Ycmanoeneno, umo PKVYII, obecneuusasn 3nauumenvroe ygenue-
HUe NPOYHOCMHBIX XAPAKMEPUCMUK NPU COXPAHEHUU OOCMAMOYHOU MeXHOIO0SUYECKOl
NIACMUYHOCTHU, NPUBOOUM K ONpedeNeHHOU nomepe Kayecmea MexaHuyeckux xapakme-
pucmux. IKCHEPUMEHMANbHO 3A(PUKCUPOBAHBL HEOOHOPOOHOCTb MEeXAHUYECKUX XApaK-
MePUCMUK N0 CedeHUIo 3a20MOB0K, MACWMAOHbIIL dPpeKm, aHu30mponus, nosvlueHue
CKOPOCMHOU 4Y8CMEUMENbHOCU, CHUNCEHUE MePMOCMAOUIbHOCIMU, a makdce decpadd-
Yuss MeXanu4eckux c8olcmes 8 npoyecce ecmecmeenHo20 XPaHeHUs.

BBenenne

PaBHOKaHaIbHOE YITIOBOE NMPECCOBAHME KaK OJUH U3 METOAOB MHTEHCUBHOMN
IUTACTHYECKON ehopMaIiiy TO3BOJISIET MOJIYYUTh BHICOKHE NMPOYHOCTHBIE XapakK-
TEPUCTUKH AJII MHOTHUX MAaTEpUaloOB MPH COXPAHEHUU XapaKTEPUCTHK ILIACTUY-
HOCTH, JOCTATOYHBIX JUISl MOCIEAYIOUX TEXHOJIorHueckux nepenenos [1]. Tem
HE MEHee CYIIECTBYET psijl apaMeTpOB, KOTOPhIE, XapaKTepU3ysl KauecTBO MOIy-
YaeMbIX MEXaHMYECKHX CBOMCTB, 3a4acTyIO BBINANAIOT U3 MOJIS 3pEHUS MCCIENO0-
BaTesneil. K HUM M0O>XHO OTHECTH TaKue U3BECTHBIE ITapaMETPhI, KaK:

— HEOJJHOPOJIHOCTh MEXAHMUECKHUX CBOMCTB I10 CEUEHUIO 3arOTOBKH,

— aHU30TPOIHS,

— MacITaOHbIH 3(h(PeKT MeXaHNUECKUX CBOMCTB,

— YBEJIMYEHHE CKOPOCTHOW 4yBCTBUTEIBHOCTH,

— CHWKEHHE TepMOCTaOMIbHOCTH,

U MEHEE U3BECTHBIE:

— CHW)KEHHE PaBHOMEPHOH ehopMaliuu,

— Jlerpajialusi MEXaHMYEeCKUX CBOWCTB.

B nacrosmieit paboTe mpuBeneHbI HKCIIEPUMEHTANIBHBIE JIaHHBIC, TTO3BOJISIONINE
cyauth 0 BnugHuU PKYII Ha kaXap1ii U3 NepedrcIeHHbIX BBIIIE apaMeTPOB.
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HeoxHnopoaHocTh

Bo3HukHOBEHME HEOAHOPOAHOCTH TIpucylle camomy mporeccy PKVYII, na uro
YKa3bIBalOT pE3yJIbTaThl YUCIEHHOrO MojaenupoBaHus [2]. BosHukaromee npu
PKVII nanpsixeHHO-n1e(OpMUpPOBAaHHOE COCTOSIHHE HEOTHOPOAHO Kak IO JTHHE,
TaKk M IO cedeHuro. s nanpHeilniero aHaiu3a NPUMEM CHUCTEMY KOOpPJMHAT,
MPUBEJICHHYIO Ha puc. 1.

Sheet's upside a_ 160
g 2 >~ 0 o
£ 1401 °
£
o | 1 1 ]
%’ —4 -2 0 2 4

Puc. 1. Cucrema KOOpAMHAT, CBA3aHHAS C HAYAJIbHOU 3arOTOBKOM

Puc. 2. Pe3ynprathl n3MepeHUs: MUKPOTBEPAOCTH B TIockocTd XOZ 00pas3IoB U3 MeIu
M1 nocne 8 ukinoB PKYII o cxeme C

Pacnpenenenne MUKpOTBEPIOCTH, MIPEICTABIICHHOE HA PUC. 2, TaK Ke KaK U
YHCJIEHHOE MOJICIUPOBAHUE, YKA3bIBAET HA 3HAYUTEIbHYI HEOJIHOPOJHOCTH B
3arotoBke, noasepruytoin PKVYII. Ha puc. 3 npuBeaeHo xapakTepHoe pacripe-
JIeJICHUE Mpejesia MPOYHOCTH Mo ceueHuro 3arotoBku [3]. IlpencraBieHHbie
IKCTIEPUMEHTAIbHBIC JaHHBIE TOKA3bIBAIOT, YTO B LIEHTPE 3aroTOBKHU HAOIIO-
JAI0TCSl HAaMOOJbIIME 3HAYEHUSI MPOUYHOCTHBIX XapaKTePHUCTUK, KOTOPhIE CHHU-
kKarTcs K nepudepun. XapakTepUCTUKHU IIACTHYHOCTH, HA000pOT, BO3pacTa-
I0T OT IIeHTpa Kk nepudepuu (puc. 4) [4].

Y, mm 4754 "~ Z,mm R, mm

Puc. 3. Pactipenenenue npeaena npoyHocTH Meau M1 1o monepeyHoMy CE4EHHUIO 3aro-
ToBKM nocie 4 npoxonoB PKVYII no mapuipyty B

Puc. 4. 3aBUCHUMOCTH OTHOCHUTEIHHOTO yAIUHEHUS O5 (KpuBas /), OTHOCHUTEILHOTO CY-
xKeHus ¥ (2) 1 UICTUHHOM AedopManuy MpH pa3pyLIeHUH e¢; (3) OT pacCTOSHUS A0 LIEH-
Tpa npyTKa U3 TutanoBoro crasa Ti—-6Al-4V nocne PKYII u sxcTpy3un
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4 4¢
3 i =) 3 i
> >
&’ g’
AN ~
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O 1 1 1 ] O 1 1 1 ]
0 1 2 3 4 0 1 2 3 4
Number of passes Number of passes
a o

Puc. 5. 3aBucumocTs HeogHOpOoaAHOCTH THTaHA BT1-0 OT unciia mpoxomoB aiis mpezena
MIPOYHOCTH (@) ¥ YCIOBHOTO Tpe/ena TekydecTr (0): —A— — cxema B¢, —o— — cxema C

[TpumeMm B KauecTBe MOKa3aTedsi HEOAHOPOAHOCTU XapaKTEPUCTHKH KO3(du-
LIUEHT BapHalUu V, paBHbIIl OTHOIIEHHUIO CTAaHAAPTHOIO OTKJIOHEHMSI K CPETHEMY

3HAYEHMIO:
,Tae 5= n(n—1) ,x—; g

31ech X — 3HAUYCHHE XapaKTePUCTHKU I KaXJOro MPOBEIECHHOIO JIKCIEepHU-
MEHTa. 3aBUCUMOCTH IOKa3aTelisi HEOAHOPOJAHOCTH ISl HEKOTOPBIX HCCIIEN0-
BAHHBIX MEXaHUYECKHX XapaKTepUCTHK B 3aBUCUMOCTH OT YHCJIa MPOXOJ0B
PKVII npuBenenst Ha puc. 5 [5]. U3 npencraBieHHbIX pe3yJbTAaTOB CIEIYET,
YTO HEOJHOPOJIHOCTD JIsl MPOYHOCTHBIX XaPAKTEPUCTUK MPAKTUYECKH BO BCEX
Clydasix yBEJIMYHMBAETCS IMOCIIE MEPBOro MPOXoa, pe3Ko MaaaeT Mmocie BTOPO-
ro, OCTaBasiCh TEM HE MEHEE BBIIIE HEOAHOPOJHOCTH MaTepHana B UCXOJHOM
COCTOSIHUU.

AHun3orponust

[Tpu uccnenoBaHUM YCIOBHOTO Ipezenia TEeKy4eCTH MPU CKaTHH BO BCEX CIIY-
yasx nociae PKVYII nabGmrogaercs 3HaunTenpHas aHU30Tpornus (puc. 6), mpuiem
KaK JUIs MaTepUaloB, H30TPOMHBIX B MCXOAHOM COCTOSIHUH (Hampumep, Uisi Me-
II1), TaK U aHU30TPOITHBIX (HapUMep, TUTaHA U €T0 CIIaBoB) [6]. [lns TuTaHOBO-
ro craBa Ti—6Al-4V nocne PKVYII u 3kcTpy3un OTKUT CHUXKAET YPOBEHb aHM-
30TPOIHH, HO HE UCKIIFOYAeT ee coBceM (Tadi. 1). 3aech 3a koapuimeHT anuzo-
TPOIMH B3SITO NMPEBBILICHUE YCIOBHOTO Ipejesia TeKy4ecTH B IONEPEYHOM Ha-
MIPABJIEHUU TI0 OTHOIICHUIO K MPOJIOJIBHOMY.

Cpenu wuccieOBaHHBIX MaTepHajoB TUTaHOBBIM cruaB Ti—6Al-4V mocne
PKVII u skcTpy3un uMeeT camyro OOJBIIYI0 aHM30TPONHUIO YCIOBHOTO Tpejeina
TEKYUYECTH MPU CXKAaTHH, OJTHAKO JUIS ATOTO K€ MaTepHaja aHU30TPOIUS MPHU HC-
NBITAHUU HA PACTSKEHHE MPAKTUYECKU OTCYTCTBYET JUIS BCEX CTaHAAPTHBIX Me-
XaHUYECKHUX XapaKTePUCTHUK (Taldir. 2).
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Puc. 6. 3aBUCHUMOCTE yCIIOBHOTO Tipenena Texkydectd meau M1 (a) u turana BT1-0 (6)
IpH cxaTuu oT yucia npoxonos PKVYII nmo mapuipyty B¢: O — HanpaBnenue X, O — 7Y,
m-Z

Tabmmma 1
2
3HavYeHHs YCIOBHOIO NMpe/esia TeKy4ecTH 62 (N/mm”~) npu c;kaTHM THTAHOBOTO
ciiaBa Ti—6A14V

CocronHue Matepuana Brons ocu | [Tonepek ocu KOB(I)(I)I/ILII/IGH”(I;
pyTKa pyTKa aHU30TpOnuH, %

HcxonHoe cocTosiHue 978 1140 16.6
PKVII + skcTpy3us 920 1420 54.3
PKVII + skerpy3us + omxur npu 500°C

B TeueHue 1 h 1370 1620 18.2

B TeueHue 2 h 1360 1560 14.7

Tab6muma 2

Mexannyeckue cBOiiCTBA MPHU PACTSZKEHUM TUTAHOBOTrO ciuiaBa Ti—6A1-4V mociie
PKYVYII ¥ 3kcTpy3nH B 3aBHCHMOCTH OT HANPABJICHHUS BbIPe3KH 00pa3noB

b 60.2 ds | \
Hanpasnenue BbIpe3ku N/ 9%
Bnons ocu X 1160 1060 9.9 53.2
Y 1190 1030 9.9 55.3
Z 1210 1050 9.9 56.2

Macmtadublii 3¢ et

Macmrabusiii 3¢pdexr nocine PKVYII paccmorpum Ha mpumMepe THTaHOBOTO
criaBa Ti—6Al1-4V [7]. Kak BUIHO U3 NMPEACTaBICHHBIX HAa PUC. 7 PE3yJIbTAaTOB,
o0I1ass TEHACHIUS COCTOMT B TOM, YTO MaciuTaOHbIA 3¢(dekT cHmxkaercs mocne
PKVII. ITocnenyromiast SKCTpy3usi yCTpAaHIET MAacIITa0OHBIN d()PEKT MPaKTHIECKU
HOJHOCTBIO.
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« L4r 2 Puc. 7. [lnarpammbl 1eOpMUPOBAHUS IS
g l2r 3 pasHBIX cocTosHMH crmaBa Ti—6Al-4V:
§ LOF 1 ucxomguoe (a), PKYII (6), PKVII + skc-
R 82 I Tpy3us (8), Ha KOTOPBIX IMppamMu ykaza-
- HBl 3HaU€HHUSA AMaMeTpa UCIBITAHHOIO 00-
p 0.4 pasia
0.2
O 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16
g, %
8

CxopocTHasi YyBCTBUTEIBbHOCTh
CKOpPOCTHYIO UyBCTBUTEJILHOCTh OLIEHUBAIH 110 K03 duruenry [8]:

= lg(cir/011) ’
lg(€,/%1)

rne €, >¢&; — CKopocTH AedopMaiu, 6;» > G;] — COOTBETCTBYIOLINE 3TUM CKOPO-
CTSIM MCTHHHBIE HANIPSDKCHUS JJI OJHOM U TOH jK€ UCTUHHOU JiehopMaIii.

3aBUCHUMOCTH KO3 PUIIMEHTA CKOPOCTHON UyBCTBUTEILHOCTH OT CTETICHU Je-
dopmartuu it Tutasa BT1-0 [9] u menu M1 [10] npuBenens! Ha puc. 8. O1H pe-
3yJbTaThl MOKA3bIBAIOT, YTO CKOPOCTHAsI 4yBCTBUTENBHOCTH nocie PKVYII Beime,
YyeM JJI MaTEepUajIoB B UCXOJAHOM COCTOSTHUH, a TaKkKe, YTO KO3 ULIMEHT CKOpO-
CTHOW 4yBCTBUTEIHHOCTH PACTET C YBEIHMUECHUEM CTEIICHU AePOpMAaITHH.

TepMocTaOUIBHOCTD

TepMoCcTaOUIBHOCTD U3YYaIl MHOTHE HCCIIEA0BATENH, U OOIINI BBIBOJ COCTOUT
B TOM, YTO MaTepHall MOCJie UHTEHCUBHOM IIacCTHUECKON nedopManuu, B TOM
yucie u nocie PKYII, coxpaHser cBon HOBble MEXaHUYECKHE CBOICTBa 10 Ooree
HU3KUX TEMIIEpaTyp B CPaBHEHHUHU C UCXOAHBIM cocTossHreM. Ha puc. 9 npusene-
HBI 3aBUCMMOCTU N3MEHEHUS MEXaHUYECKHUX CBOMICTB AJIs yIbTPa3epHUCTON MEaH
MO6 nocne pa3nu4yHbIX TeMnepatyp oTxura [11]. Pe3ynpTaThl uccaenoBanui
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Puc. 8. 3aBucumoctu ko3¢ (HUIMEHTa CKOPOCTHOM YYBCTBUTEIHLHOCTH Jist THTana BT1-0
(@) u memu M1 (6) B ucxogaom cocrostauu (/) u mocine 8 mukiioB PKVYII o cxeme B (2)
OT CTeneHu aedopmanuu

5001 1100

400 &
g= - Puc. 9. BnusHue temnepaTypsl
£ 300t OTXKHra Ha cBolictBa mexu MO0G B
Zﬂ npytke auamerpoM 40 mm mocie
bg 200}t 12 muxnoB PKVYII mo mapmpyty
63 Be:m—op, 0—-00pp, A— 05, A —

1001 Oun, V—W

0 — 0
0 50 100 150 200 250 300
Annealing temperature, °C

MIOKA3bIBAlOT HAJMYME TPEX XapaKTEPHBIX 30H, YTO COIVIACYEeTCsl C JIAHHBIMU
[12,13]. B mepBoii 30He MaTepual TEpPMOCTAOWJICH. 3aTeM HJIET 30Ha PE3KOro
CHIDKEHHSI TIPOYHOCTHBIX CBOMCTB M MOBBIICHUA JAehOpMaIlMOHHBIX. B Tperbeit
30HE MPOMCXOAUT IUIABHOE, HE3HAYNTEIBHOE U3MEHEHUE CBOWCTB.

PaBHomepHas nedopmanus

B OosbIIMHCTBE HMCCIEA0BAHUN, MOCBAMIEHHBIX BiIugHuio PKVYII na Mexanu-
YECKUC CBOFICTB&, MNPUBOAATCA PE3YJIbTAThI IO U3BMCHCHUIO MPLCACIa MPOYHOCTH,
npejena TeKy4ecTd, a sl XapaKTepUCTHK TUIACTUYHOCTH — OTHOCUTEIBLHOTO Y-
JIMHCHUA U CYXKCHUA. Kaxk MMpaBUjI0, OTHOCUTCIBbHOC YIJIMHCHUC [JISA MJIACTUYIHBIX
matepuainoB nocie PKVYII magaer no 10-15%, yTo MOXET MpUBECTH K OLINOOY-
HOMY BBIBOAY O ,Z[OCT@.TO‘-IHOﬁ MJIACTUYHOCTU JIA TMOCICAYIOMIUX TCXHOJIOTHYC-
CKHX M DKCILTyaTallMOHHBIX LIEJIeH.

3HayeHre OTHOCUTEILHOIO YUIMHCHUA CKIIAAbIBACTCA U3 ABYX COCTABJIAIOLIUX:
paBHOMEpHOHM M cocpemoroueHHor nedopmarun. Paccmotpum Bimsiaue PKVYII Ha
OTHOCHUTEJIBHOE yIUTMHEHHE W paBHOMEPHYIO Aedopmarnuio Ha npuMepe meau MOO
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Number of passes

Puc. 10. 3aBUCUMOCTbh OTHOCUTEIBHOTO
yIUiMHEeHUA (¢) U paBHOMEPHOH Je-
dhopmaruu (m) meaqu M0O6 mociie PKYII

(puc. 10). Kak BumHO M3 IpEACTAaBIEHHBIX
HKCHEPUMEHTANIbHBIX JAHHBIX, YXe I0CIe
IIEPBOTO MPOXOJa OTHOCUTENBHOE YIUIHHE-
HUE W paBHOMEpHas aedopMaiys pe3Ko
YMEHBIIAIOTCSI, TPUYEM 3HA4YeHHEe MOCIe-
HeW ycTaHaBluBaeTcs Ha ypoBHe 1-2%, Ha-
YpHast co BTOpOro mpoxona. C TOUKH 3peHust
KaK TEXHOJIOTMUECKUX, TAK U SKCILTyaTaly-
OHHBIX LIEJIEH TaKOr0 YPOBHS PaBHOMEPHON
nedopmaruu IBHO HE JOCTATOYHO.

Ecnu BepHyThCS K pe3ysibTaTaM, mpej-
CTaBJICHHBIM Ha pUC. 9, TO MOXXHO YBH-
JeTh, YTO MpPU OTXKHUIE CYIIECTBYET aWa-

110 MapuIpyTy B¢ OT YKCIIa IPOXOI0B [a30H TeMIepaTyp, B KOTOPOM MOXKHO
BbIOpaTh TeMIepaTypy OTXKura, obecrie-
YHMB IIPU 3TOM NpHUEMJIEMbIC 3HaYCHUS KaK paBHOMEPHOM aedopmMarum, Tak U OT-
HOCHTENBHOTO YJIMHEHHS TPU COXPAHEHUH MYyCTh M MEHBLIMX, HO €lle J0CTa-

TOYHO BBICOKHX 3HAYCHHUH npeacia mMpoO4YHOCTH U YCIOBHOI'O IpCaciia TCKYy4YCCTH.

Jderpamanus MexaHM4eCKHX CBOICTB

BrniepBeie siBieHHE nerpajaly INPOYHOCTHBIX CBOMCTB MaTEpHAJIOB IIOCIIE
PKVYII B nporecce ecTeCTBEHHOTO XpaHEHUs ObLIO OoTMedeHO B padore [14]. B
Tabn. 3 TpUBEACHBI PE3yNbTaThl U3MEHEHUS] MEXaHUYECKUX XAPaKTEPUCTHUK IS
pa3IMYHBIX YJIBTPA3EPHUCTBIX MATEPUAJIOB IIOCIIE XPAHEHUS B KOMHATHBIX yCIIO-
BUsAX. Bo Bcex akcnepumeHTax B OOJbIlIEl MM MEHBLIEH cTeneHu Haliaromaercs
naJicHUe NMPOYHOCTHBIX XapaKTEPUCTHK C Te€UYeHUEM BpeMeHHu. lIpencraBieHHbIe
pe3yJbTaThl MOKA €Ille He MO3BOJISIOT ClieNaTh KaKUX-TuO0 00o00IIeHui, Ho, He-
COMHEHHO, YKa3bIBalOT, YTO JIE€rpajals MIPOYHOCTHBIX CBOMCTB MaTepUasOB IO-
cie PKVII B npouecce eCTECTBEHHOIO XpaHEHHSI IMEET MECTO.

Taobmnuua 3
MexaHu4YecKHe CBOHCTBA MPH PACTSKEHHH MOCJI€ PA3JIHYHBIX CPOKOB XPAHEHHS
Marepuan Cpoxk xpaHenus,| 002 20;, s ]
MECSIIBI N/mm %
BT1-0, 8x8 mm, 2 npoxoaa PKVYII 4 604 640 18.2 64.1
o mapmipyty C 41 590 634 14.3 60.8
M1, &20 mm, 12 mpoxonoB PKVYII 1 425 433 13.4 77.0
10 MapuIpyty B¢ 31 402 | 412 | 149 | 792
M1, &40 mm, 12 npoxonos PKVYII 1 367 410 14.2 77.9
110 MapuipyTy B + ocazka 21 347 386 13.8 78.6
3akaoueHune

PKVII Bo Bcex ciydasx NpUBOJIUT K MOBBIIICHHUIO IIPOYHOCTHBIX CBOWCTB, Ta-
KHMX Kak IpeJes MPOYHOCTH U YCIOBHBIM IPEIesl TEKYUYECTH, IIPU ITOM IIJIacTHYe-
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CKHE XapaKTEPUCTUKU (OTHOCUTENIBHOE YAJIUHEHHE, OTHOCUTEIBHOE CYXKCHHE)
CHIDKAIOTCSL.

YMenblieHne paBHoMepHOro yiuHenus B npouecce PKYII Hocur karactpo-
¢uueckuit xapakrep. YCTpaHUTh 3TO BO3MOXHO MOCJIEIYIOIUM OT)KUI'OM C 4Yac-
TUYHOU MOTEPEN MPOYHOCTHBIX XapaKTEPUCTHUK.

[TonoxurensubpiMu (hakTopamu mporecca PKVYII sBisitorcss cHuXeHHe mac-
mTabHoro 3¢ ¢dexkTa W MOBBIIICHUE CKOPOCTHOW YyBCTBHTENBbHOCTH. K oTpuia-
TEJIbHBIM (PAKTOpaM cJielyeT OTHECTH yBeTUUeHHE HEOAHOPOIHOCTH U aHU30TPO-
UM, a TaKKe CHIKEHHE TEPMOCTAOMJIBHOCTH U JETPaJaliio MPOYHOCTHBIX Xa-
PaKTEpPUCTHUK B MPOLIECCE ECTECTBEHHOI'O XPAHEHMUSI.
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A.L Korshunov, A.A. Smolyakov, T.N. Kravchenko, L.V. Polyakov, I.1. Kaganova,
LV. Korotchenkova

QUALITY OF MECHANICAL PROPERTIES OF METALS AND ALLOYS
AFTER THE EQUAL-CHANNEL ANGULAR PRESSING

By-effects occurring under the equal-channel angular pressing (ECAP) have been ana-
lysed. It has been determined that the ECAP provides considerable improvement of the
strength properties with technological plasticity conservation, still there is a loss in the
quality of mechanical characteristics. Heterogeneity of mechanical properties in the cross-
section of billets, the scaling effect, the anisotropy, the increase of rate sensitivity, the
decrease of thermal stability, as well as the degradation of mechanical properties during
storage have been experimentally fixed.

Fig. 1. Initial billet’s coordinate system

Fig. 2. Results of microhardness measurements in the XOZ-plane of copper M1 samples
past 8 ECAP cycles according to scheme C

Fig. 3. Distribution of copper M1 ultimate strength over billet’s cross-section after 4
ECAP passes by route B¢

Fig. 4. Dependences of elongation &5 (curve /), reduction of area y (2) and fracture strain
ecr (3) on distance to Ti—-6Al-4V rod centre after ECAP and extrusion

Fig. 5. Dependence of titanium BT1-0 heterogeneity on number of passes for ultimate
strength (a) and conventional yield strength (6): —A— — route B¢, —o— — scheme C

Fig. 6. Dependence of conventional yield strength of copper M1 (a) and titanium BT1-0
(6), during compression, on the number of ECAP passes by route B¢: 0 — direction X, @ — Y,
E-Z

Fig. 7. Deformation diagrams for different states of alloy Ti—6Al-4V: initial (a), ECAP
(6), ECAP + extrusion (g). Numerals stand for values of tested sample diameter

Fig. 8. Dependences of rate sensitivity factor for titanium BT1-0 (a) and copper M1 (6) in
initial state (/) and past 8 ECAP cycles by scheme B¢ (2) on deformation degree

Fig. 9. Influence of annealing temperature on properties of copper M06 in a 40 mm-
diameter rod past 12 ECAP cycles by route Bc: @ —6p, O0— 062, A— 05, A — Oy, V—

Fig. 10. Dependence of elongation ( ¢) and uniform deformation (m) of copper M06 after
ECAP by route B¢ on the number of passes
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PACS: 62.20.Fe

M.A. TMXOHOBCKMﬁ1, nN.o. chnﬂK1, on. Bonq0K1, T.1O. Py):l,bl‘-IeBa1,
B.l'. FlpOBon1, A.B. Ky3bMVIH1, H.B. KaMbILIJaHHeHKOZ, n.C. Hvu<ynv|H2

dUNZNKO-MEXAHNYECKWVE CBOVCTBA TUTAHA MOCHE
WHTEHCUBHOW NNACTUYECKOWN OEDOPMALINM BONTOYEHMEM
B KPUOIMEHHbIX (77 K) YCINNOBUAX

1HaLI,VIOHaJ'IbeII7I Hay4YHbIN LEHTP «XapbKOBCKUA (OU3NKO-TEXHNYECKUN UHCTUTYT» HAHY
yn. Akagemudeckas, 1, r. Xapbkos, 61108, YkpauHa
E-mail: tikhonovsky@kipt.kharkov.ua

2I5enropog:gc:|<|/||7| rocygapCTBEHHbIN YHUBEPCUTET
yn. CtygeHyeckas, 14, r. benropog, 308007, Poccus

Ilpogedeno cpasnumenvroe uccied0o08anue UsMeHeHUus QU3UKO-MeXAHUYeCKUX CE0UCMmE
YUCTNO020 MUMAHA 8 3A8UCUMOCIU OM CMeneHu 0ehopmayuu 8ol04UeHueM & Npu Kpuo-
eennvix (77 K) memnepamypax u npu 300 K. Ha nonyuennvix nposonrounvix oopasyax

usmepenvl 3agucumocmu muxkpomsepoocmu H,(g) u yoenvrozo snexkmpoconpomueienus
ple) npu 77 u 300 K. Yemanoeneno cywecmeennoe eausnue memnepamypul oegpopmayuu

60/10ueHuem Ha xapakmep 3asucumocmeii H,(¢) u p(¢), ceudemenvcmeyiowee o mom, umo
KpUuo2enuvie yCiosuss 0ehopmMuposanus mumana seuisomes OONOIHUMENbHbIM (HaKmo-
POM ONMUMUZAYUU €20 CEOUCME.

BBenenune

[TpumeneHne OONBINX IIACTHYECKHUX IehOopMaIiuii — OIMH U3 OCHOBHBIX TEX-
HOJIOTUYECKUX MPHUEMOB CO3JaHUSI CYOMHKPOCKOMUYECKOW M HAHOKpHUCTAJIINYe-
CKOM CTPYKTYyp B MeTamiaXx u craBax. CrenctBueMm OonbIux AedopManvii B
MACCUBHBIX KPHUCTaNIMYECKUX MaTepuanax sBisiercs (parmentanus 3epeH. Cy-
[IECTBEHHBIM JOTMOJIHUTENBHBIM (DaKTOPOM ONTHMH3AIMK TPOIECCOB (PparmMeH-
TallUU CTPYKTYPBI MOTYT CIIYKHTh HU3KOTEMIIEpaTypHble (KPUOTEHHBIE) YCIOBHS
nedopmupoBanus. [Ipu sTom, kak uzBecTHO [1-3], MOITHOCTH TpaHUI] GparMeH-
TOB, OIpeaensieMas YIIOM pa3OpHEHTAllMU, MIOTHOCTHIO JA€(PEKTOB M YPOBHEM
BBI3bIBAEMbIX UMM BHYTPEHHUX HANpPSKEHHM, 3HAUUTEIBHO Bo3pacTaeT. B cBs3u ¢
3TUM 33/1a4M HACTOsIIEH paboThl MpeaycMaTpUBAIN U3yUeHHE 3aKOHOMEPHOCTEH
MU3MEHEHUSI MEXaHHUUECKUX U ANIEKTPOPUINIECKUX CBOWCTB MOIMKPUCTATLITUIECKO-
ro TUTaHa B 3aBUCUMOCTH OT CTEeTeHH ero aedopmamnmm BosodeHueMm mpu 77 K.
Bribop TuTaHa B KauecTBe MarepHaja HCCIeOBaHUs OOYCIIOBIIEH €ro OONbIIon
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HpaKTquCKOﬁ 3HAYUMOCTBIO, a TaK¥XKE HCOGXOI[I/IMOCTI:IO OIHOBPCMCHHOTI'O IIO-
BBIIICHUS €TO MMPOYHOCTHBIX U INIACTUYCCKUX CBOMCTB.

MarepuaJj 4 METOAUKA

Wonumusiit TuTal (99.99%) 1ocie 31eKTPOHHO-TyYeBOil IIEpEIIaBKy B BaKyYy-
Me MoJBepraiu AepOPMUPOBAHUIO IO CXEME 0CaKa—Bbl1aBIMBAHUE—BOJIOYCHHE.
Ocaaxy u BelgaBiauBanue nposoawin npu 800 K, a moiayueHHbIN NPYTOK BOJIOYH-
mu nipu 300 K 10 crenenu uctuaHoi nedopmanuu € = 3.2 (3Tan npeaBapuTeb-
HOro BojioueHHs). JlanbHelmyto nedopmaluio BoloYeHUEM ((DUHHUILHBIA 3Tal)
OCYUIECTBIISJIM 0 Pa3IUYHbIX cTeneHed puHuIIHON nedopmannu € Kak B cpene
xuakoro azora (77 K), tak u mpu temmnepatype 300 K. Bosmodenre B KpuOTeHHBIX
YCIOBHSAX MPOBOJIMWIN Ha CHEIHMAIBHON yCTaHOBKE, MOAPOOHO OMHMCAaHHOU B [4].
Ha nony4eHHbIX MPOBOJIOYHBIX 00pa3lax U3MEpsUIN 3aBUCUMOCTH MHUKpPOTBEP]IO-
cti Hy(&F) U yIeIbHOTO 31IEKTPOCONPOTHBIEHUS P(EF). 3Mepenus H,, BBINOIHSA-
7Y Ha TonepeyHbIX numrdax Ha MukporBepaomepe [IMT-3 mpu Harpyske 0.5 N.
Jlnst u3MepeHus yAeIbHOTO AJIEKTpOoconpoTuBiieHus: oopasnos mipu 77 K, p77(er),
a take npu 300 K, p3po(€F) MPUMEHSIN YETHIPEXTOUCUHYIO cxeMy (Torper-
HOCTb U3MEpeHUS He npesbimana 1%).

Pe3yabTathl n 00CyxKaeHNE

Ha craguu npenBapuTenbHOTO BOJIOUYEHUS MUKPOTBEPIOCTh TUTaHA BO3POCIa C
1050 mo 2200 MPa. Jlansueiimas puHuIIHAS AedopMaIys BoJIouYeHUEM npu 77 1
300 K mpuBOIWT K CyIIECTBEHHO PAa3HBIM 3aBUCHMOCTAM H, (), KOTOpBIE MpPE.-
cTaBJieHbI Ha puc. 1,a. BuaHO, 4TO IpH KPUOTEHHOM BOJIOYEHUU C TIOBBIIICHUEM
€F 10 3HAYEHUH €F ~ 1 HaOmonaeTcs peskui pocT Hy, CMEHIOIMIACS NaJeHuEM
BIUIOThH JI0 3HAYEHUH, MEHBIINX, YEM MHUKPOTBEPJOCTh B UCXOJHOM COCTOSHUH,
T.€. Iipu €r = 0. OCOOEHHO BEIUKO 3TO MaJECHUE NMPU MAKCHUMAJIBHBIX CTEMEHSX
nepopmanuu. KauecTBeHHO MHAs KapTWHA M3MeHEHHMs [, (er) HaOmomaeTcs mo-
cie Bonouenus npu 300 K: mpu gedopmanuu BIUIOTH 10 BETUYUHBI €F = 1.4 3Ha-
ueHus H,, NPaKTHYECKU HE MEHSIOTCS, a NpH £ > 1.4 HaOmonaeTcs YepeIoBaHue

26¢
| 81.1'
532.4 b
© 2 o 1.0
e S
2.0} 20.9
1.8 ‘ ‘ ‘ ‘ ' 08 ‘ ‘ ‘ ‘ ‘ .
0 1 2 3 4 5 0 1 2 3 4 5 6
SF SF
a 0

Puc. 1. 3aBUCUMOCTh MUKPOTBEPIOCTH (@) U yAENBHOTO 3JEKTPOCONPOTHBIICHHS TUTaHA
npu 77 K (6) ot crenenu aedopmanuu BonodeHreM npu 77 (m) u 300 K (0)
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pocta u cumkenus Hy,. [Ipu 95ToM MakcuManbHOE 3HAYEHHE MUKPOTBEPIOCTH 00-
pas31oB, MOJIYYEHHBIX BOJIOUEHHEM IPU KOMHATHOHM TemImeparype, HHXKe, 4eM I10-
cie BosnoueHust npu 77 K (2400 nmpotuB 2580 MPa), u mocturaercss oHO TpH
OOJIBIINX 3HAYCHHSX EF.

VYBenuueHne MPOYHOCTHBIX XapaKTEPUCTHUK MOCIE KPUOTEHHOTO BOJIOUEHUS I10
cpaBHeHMIO ¢ BojoueHueM mpu 300 K B 1enom Moxer ObITh CBA3aHO C POCTOM
CTereHu Ae(PEeKTHOCTH CTPYKTYpHI, YPOBHEM €€ (parMeHTali M H3MEHEHUEM
COCTOSIHUS TpaHull (parmMeHToB. [Ipym 3TOM Xapakrep 3BOJIOLUM JePEKTHOMH
CTPYKTYPHI C MOBBIIICHUEM cTenieHn nedopmanuu npu 77 u 300 K cymecTBeHHO
paznuueH. OO0 3TOM CBUJIETENILCTBYIOT JIaHHBIE U3MEPEHUM P77 MOCIE PA3IUYHBIX
cTeneHei puHUIIHON nedopmarun BonodernueM npu 77 u 300 K (puc. 1,6). Tax,
JUIsL Clly4asi BOJIOUEHHs] B KPUOTEHHBIX YCIOBHUSAX IO MEpPE POCTa € 3HAUEHUS P77
OBICTPO YBETUYHMBAIOTCS (MaKCHUMAaIbHBINA IPUPOCT Op77 coctaBisieT 40%), 3aTrem
PE3KO CHMXKAIOTCS, a Jajleeé MMEET MECTO TEHJEHIUS IOCTENEHHOro pocTa P77.
Taxast sBHO BbIpa)k€HHasi HEMOHOTOHHOCTb 3aBUCHUMOCTH pP(€r) HE IPOSBIAETCS
s cimydast neopmaruu BosouerueM npu 300 K. 3necy HabmrogaeTcss He3HAYH-
TEJIbHBIA POCT YJENBHOTO 3JIEKTPOCONPOTUBIICHHS, TOCTUTAONUI He Goree 14%
tst p77 1 5% s p3oo. [Ipu aToM B obmactu nedopManuii £ > 4 MPOUCXOIUT Ha-
CBIIIICHUE BEJIMYUHBI P77.

Crnenyer OTMETUTh, UTO XapaKTep 3aBUCUMOCTEN p(ep) MpH TeMIepaTrypax u3-
mepenuit 77 u 300 K nogo6en. O6paiaer Ha ceOs BHUMaHUE TOT (akT, 4TO 3Ha-
YEHHS EF JUIL «KPUTUYECKMX» TOYEK 3aBUCUMOCTEH Hy(€r) U p(€F) IPAKTHIECKH
coBnazarT. I1ockosbKy 3Ha4YEHUs yAEIBHOIO 3JIEKTPOCONPOTUBICHUS MOCIE BO-
nouenust pu 77 K pe3ko cHUKArOTCA A €F > 1, MOKHO 3aKJIIOYUTh, YTO MPHU
TOM MMEET MECTO aKTUBHOE Pa3BUTHE (pparMEeHTAIMH, KOTOpas OOBIYHO COIpPO-
BOJKIAETCS YMEHbIICHUEM 00BbEMHOMN 10711 00JacTell ¢ paBHOMEPHBIM paclpeie-
nenueM auciokauuit [2]. Ilpu ananmuze m3MeHeHHs P(€r) KaK XapaKTEPUCTUKU
paccesiHusl IEKTPOHOB MPOBOJUMOCTH HMPEUMYIIECTBEHHO Ha JUCIOKAIUsaX Oy-
JIeM UCXOJUTh U3 TOTO, YTO ATOT BKJIAJ B 3JIEKTPOCONPOTUBIIEHUE paBeH p = Npy
(rme N — NJIOTHOCTh JUCIOKAlMH, pgy — BKJIAJ, BHOCUMBII B 3JIEKTPOCOIPOTHBIIE-
HUE €MHULEH JUIMHBI JUCIOKALMOHHOW JIMHUN).

Takum o0pa3om, B pe3yibTare BOJIOYEHUS B KPUOT€HHBIX YCIOBUSAX 10 O0Jb-
KX cTeneHel nedopmanuu (€F > 1) ymMeHblIaeTcs BeaIMuuHa N, T.€. peaau3yror-
Csl peslakCallMOHHBIE MPOLIECCHl, IPUBOIAIINE K CHIDKEHUIO TNIOTHOCTH JIHCIIOKA-
muif. TakuMu TporieccaMu MOTYT OBITh JAWHAMHYECKUH BO3BPAT, aHHHUTHIISIIUSL
JBIDKYIIUXCSA AUCIOKALUI, BEICTpAaUBaHUE TUCIOKAIMHA B CTEHKH, YTO MPUBOAUT
K CHIDKEHHIO «3(Q(QEKTHBHOI» (B CMBICIE paccesHUsl dJIEKTPOHOB) IUIOTHOCTH
aucinokauui, 1 ap. Bo3MoxHO Takke, 4TO Ha ONpEAETICHHBIX CTaIUsIX KPUOTeH-
HOT'O BOJIOYEHHS 00Jiee aKTHBHO BKIIIOYACTCS MEXAaHU3M Jie(hopMalii TBOHHHUKO-
BaHUEM. J[BOMHHMKM MOTYT MO-pa3HOMY BIMATh Ha MEXaHHYECKUE CBOMCTBA U
AJIEKTPOCONPOTUBJIEHUE TUTAHA, a TAK)KE NMPUBOJAUTH K (OPMHUPOBAHUIO JPYIrOro
TUIA KPUCTAIIIOTpapUUECKON TEKCTYPBI.
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Hakoner, oTMeTuM eliie oHy NPUYKUHY, KOTOpasi MOKET BbI3bIBATh pa3HOE I0-
BeIcHHE (PU3UKO-MEXaHUYECKHUX CBOMCTB TUTaHa B pe3yibTare Aedopmanuu Bo-
nouenuem npu 77 u 300 K. Kak ycTtaHOBIIEHO B IOC/I€JHEE BpPEMsl, IIPU MHTEH-
CHBHOH IJIACTUYECKOH Jegopmanuu B MaTepuaie oOpa3yercsl BbICOKas HEpaBHO-
BECHAsl KOHLIEHTPALUsd BaKaHCUM (M Jake HAHOIOPBI), KOTOPbIE COCPEAOTOUEHBI
BOJIM3M rpaHull 3epeH. POopMUPOBaHUE 3TUX 1€(PEKTOB TAKKE MOKET 3aBUCETh OT
TEMIIEPATY Pl BOJIOYEHUS.

BriBOaBI

Taxum 06p330M, MOJIYUYCHHBIC JAHHBIC MO3BOJIAIOT 3aKIIIOYUTH, YTO KPUOI'CH-
Heie (77 K) ycnoBust nedopmariuu BOJOYCHHEM SIBIISIIOTCS JOTIOTHUTEIBHBIM
dakTopoM pealu3zalMd CTPYKTYPHOTO pecypca HAis ONTUMH3AIUU  (PU3HKO-
MEXaHHUYECKUX CBOWCTB THTAHA.
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M.A. Tikhonovsky, LF. Kislyak, O.1. Volchok, T.Yu. Rudycheva, V.G. Yarovoy, A.V. Kuzmin,
N.V. Kamyshanchenko, 1.S. Nikulin

PHYSICAL AND MECHANICAL PROPERTIES OF TITANIUM
AFTER SEVERE PLASTIC DEFORMATION THROUGH DRAWING
IN CRYOGENIC (77 K) ENVIRONMENT

A comparative analysis of changes in physical and mechanical properties of pure titanium
depending on degree of drawing strain € at cryogenic (77 K) temperatures and at 300 K
has been done. Dependences of microhardness H,(¢) and resistivity p(e) at 77 and 300 K
have been measured for wire samples drawn at 77 and 300 K. The dependences H,(¢) and
p(e) are found to be noticeably affected by wire drawing temperature, which gives an evi-
dence that cryogenic conditions of titanium deformation are an additional optimizing
factor for its properties.

Fig. 1. Dependence of titanium microhardness (a) and electrical resistivity at 77 K (6) on
the level of strain by wire drawing at 77 (m) and 300 K (o)
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PACS: 81.40.f

H.W. JaHuneHko

®OPMVPOBAHUE MPAOVEHTHOM HAHOCTPYKTYPbI

MPY MHTEHCMBHOW NMOBEPXHOCTHOW MNACTUYECKOW
AJEOOPMALIN B MATEPUAJIAX C NOBbIWEHHBIM COOEPXAHVEM
YITIEPOOA

WHctutyT npobnem matepuanosegexHus um. N.H. dparHuesnya HAH YkpaunHbl
yn. KpxwxkaHosckoro, 3, r. Kues, 03680, YkpanHa
E-mail: nick@ipms.kiev.ua

Memooom mparcmuccuonnou nekmpornol mukpockonuu (TOM) nposedeno ucciedo-
sanue epadueHmHoOlU HaHOCMPYKmypol cmaiu 651 nocie uHmMeHCu8HoOU NOBEPXHOCHHOU
naacmuyeckoi oegpopmayuu. Iloxazano, umo 6 npoyecce niacmuyeckoi oegopmayuu
npoucxooam pacmeopernue yemenmuma Fe;C u nepepacnpeoenenue yenepooa no epanu-
yam syeex, ymo nooaegisem npoyeccvl 8ozepama. Pazmep aueex 6 npunosepXxHocmHom
cnoe 20-30 nm.

BBenenne

Jlist mosyueHHs CBEpXMENIKO3EPHUCTOM CTPYKTYpHI J1e(hOPMAIIMOHHOTO TPOHC-
XOXKICHUSI LIIMPOKOE MPUMEHEHHE MOJYyYMIM METOJIbl MHTEHCUBHOM IacThye-
ckoit pedopmarun (UI1J]), Takme kKak paBHOKaHAJIBHOE YTIJIIOBOE MPECCOBAaHUE
(PKVTI) [1,2], BuaToBas sxctpy3us (BD) [3] u ap. DTH METOIBI MO3BOJISIOT CO3-
JaBath 1e(hOPMAIIMOHHYIO CTPYKTYPY, KOTOpasi 3HAUYUTEIHHO MOBBIIIACT MEXaHH-
YECKHE XapaKTePUCTUKU MaTepuaya: IPOYHOCTh, H3BHOCOCTOMKOCTb, CONPOTHBIIE-
HHe ycranoctu. Ilpu sToM cienyer oTMeTuTh, uto Metosl MII/] moryT ObITh Hc-
MOJIb30BaHbl TOJBKO JJISI YUCTBIX WJIM OJHOKOMIIOHEHTHBIX Jierkonaedopmupye-
MBIX MaTEpHalOB, XOTs, IO MHEHHUIO aBTOPOB [4], Ooliee BHICOKHE 3HAYCHUS
MPOYHOCTH MOXKHO TMOJYYUTh MpH JedopMali, HAIpPHUMEpP, BBHICOKOYTIIEPOIH-
CTBIX cTaneil. B paborax [5,6] ObUTO OKa3aHO, YTO METOBI IOBEPXHOCTHOH TITa-
CTHYECKON 00pabOTKH MOTYT OBITh MPUMEHEHBI sl (JOPMHUPOBAHUS TPAAUCHTHOM
HAHOCTPYKTYpBI B CJI0O)KHOJIETUPOBAaHHBIX MaTepuanax. [lonepeunsiii pazmep sde-
€K Mpu Takux oOpaboTkax gocturaetr 50—10 nm, 4YTO 3HAYUTETHHO MEHBIIE, YeM
npu oovemHON 00pabotke meronamu UIIJ[. Hamuume nedopmanroHHON CTpyK-
Typbl B HPUIIOBEPXHOCTHOM CJIO€ CIOCOOCTBYET WHTEHCHU(UKALUU MPOLECCOB
muddy3un nmpuMecei BHeApeHUs u3 atMocdepsl, odecrieunBast JOMOJIHUTETLHOE
yrnpouHeHue. IToT 3pdekT paccMoTpeH B padoTe [7] mpu ynmpoyHEHHUH MOBEpPX-
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HOCTHU JKeJie3a B MPOIecce BBHICOKOCKOPOCTHOTO TPEHUS B aTMocdepe aMMHaka.
[Ipu Takoii oOpaboOTKe B apMKO-XkKeine3e o0pa3yeTcsl CIOW C METKOAUCIIEPCHOU
CTpyKTypo#l (pa3mep 3epHa 3—5 pum) rimyounoi 100 pm, KOTOphI UMEET TBEp-
nocte 8000 MPa mpu tBepaoctu ucxomnoro marepuana 2000 MPa. Cnenyer
Takke OTMeTuTh Bbicokue (10 10 GPa) 3HaueHust TBEpAOCTU MOBEPXHOCTU HKe-
JIE3HOJIOPOKHBIX PEIIbCOB MPU (OPMHUPOBAHUHA HAHOCTPYKTYPHOTO 104 [8].

WNudopmanivs 0 CTPYKTypHBIX U3MEHEHHSX B MaTepHalie MOXKET CIY>KUTh OC-
HOBOU J1J11 OTPaOOTKH TEXHOJIOTHUECKUX MPUEMOB C LIETBIO YIIPABJICHUS MpoIieC-
COM CO3J/IaHUs TPAIUEHTHON CTPYKTYPHI B MaTepHaaaxX ¢ MOBBIIICHHBIM COAEpKa-
HUEM IIPUMeECE BHEIPEHUSI.

MaTepnanu U ME€TOAbI UCCTICI0BAHUA

Jnst uccnenoBanus Obuia BeIOpaHa cTaib 651, XUMHUYECKHI COCTaB KOTOPOH,
%: C — 0.55-0.65; Si — 0.17-0.37; Mn — 0.7-1.0 u Cr, Ni mensiie 0.3. IToBepx-
HOCTh AedopmupoBany HakaTkon: 200 mukioB ¢ ycunueM 200 N npu KoMHATHOM
temneparype. CTpykTypy usydanu meronoMm TOM Ha oOpasuax, MpUTOTOBJICH-
HBIX «cross-section» [9].

Pe3ysabTarhl M UX 00CYy:KIEHHE

Mertoast UI1J] ocHOBaHBI Ha peanu3aiyy MpoIoIpHOro casura (puc. 1), kormoa
3a OJIMH MPOXOJ] B MaTepHalie HaKaruBaeTcs Oombias nedopmanus 6e3 n3MeHe-
HUs Makpopa3mepoB obpasma [1]. K cokanenuro, peanusaiusi TAaKOW CXEMBbI Jie-
dbopMaruu 3aTpyIHEHA U3-32 HEBO3MOXKHOCTH 3aKpPEIUICHHS TOPIIEBBIMH 3aXBaTa-
mu. Ha nmpaktuke 3Ta npobiema pelieHa npu UCMOIb30BaHUH CIIEIHUAIbHBIX Me-
tonoB nepopmupoanusi: PKVII, BD, nepopmariun kpyueHreM o 1aBjIeHUEM.

C TOYKM 3peHHs] MPAKTUUYECKOro MPUMEHEHHs 0ojiee MepCIeKTUBHBIMU SBIISI-
IOTCS METOJBI TMOBEPXHOCTHON 00pabOTKU: OCECHMMMETPUYHOE MPOTATHBAHUE
(puc. 2,a), nakarka (puc. 2,0) u np. B nporecce 06paboTKu B MPUITOBEPXHOCTHOM
cnoe peanusyercss nAedopMalivs CABUTOM, MPUYEM HHTEHCUBHOCTH CIBUTOBBIX
nedopmaruii ©3MEHsIETCSl TIPU BapbUPOBAaHUU pa3mepa (puc. 2,a), yCHWIHNA TPH-
*)uma (puc. 2,0) ¥ KOTUYECTBA MTPOXOJOB HHCTPYMEHTA.

CTpykTypa HCXOJHOTO MaTepuaia
npenacrasieHa Ha puc. 3,a. Pazmep nep-

P %
n % T JUTHBIX 3epeH cocrtasiser 10-15 pm.
4 [locne HakaTKu B MPUIIOBEPXHOCTHOM

h . :) | coe dbopMupyeTcst SUCHCTast CTPYKTypa
S|4 w it B (puc. 3,6). Ha mukpodoTorpapun Mox-
Ve / T HO BBIJICIUTH JIBE 30HBI JehOpMaIOH-

“
<
AN
2

HOM CTPYKTYpbl: BHYTPEHHIOIO C pa3Me-
POM CTPYKTYPHBIX 3JieMeHTOB ~ 200 nm
B Y MPUIIOBEPXHOCTHYIO C pa3MepoOM sue-

ek 20—40 nm. IlpunoBepxHOCTHasA 30Ha
Puc. 1. Cxema npomonsHOTO casura [1] uMeeT riayouny ~ 1 pm.
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a o 8

Puc. 2. Cxema neopMUpYIOIIEro MpoTITUBaHus (@), MPOTATHBAHUS C BpalleHHeM (0) 1
HakaTkH (8): [ — obpaser, 2 — MHCTPYMEHT, 3 — oIopa

Puc. 3. Ctpykrypa cranu 651" B ICXOTHOM COCTOSTHUH (@) | TTOCIIe HaKaTKH (0)

B nporiecce nedopmannu B IpUIOBEPXHOCTHOM CJI0€ MPOM3O0ILIO MOJIHOE pac-
TBOpEHHE LIEMEHTUTHOW (a3bl U chopMupoBasiach siueucTas CTpykTypa. TBep-
nocTb 00paboTaHHOM oBepxHOCTH gocturaer 12 GPa.

[Iponieccam m3MeHeHnit B KapOuIHON (haze mpu XOJOJHOW AehOopMaIMH T0-
CBAIIEHO MHOTO paboT. C MOMOIIBI0 PEHTI€HOCTPYKTYPHBIX M MarHUTHBIX HC-
cnenoBanmii [10], a Taxke 3pdexra Méccbayspa [11] ObutO ompeneneHo, 4To A0
50% ueMeHTHTHOH (ha3bl MOKHO PAacCTBOPHUTH B pe3ysbTaTe XOJOTHOU aedopma-
uu. CoBpeMeHHbIE METO/bl HUCCIEIOBAHUM IO3BOJISIOT BBISIBUTH CTAaJIUHHOCTD
npoliecca pacTBOPEHUs IeMEHTUTHOM dasbr [12,13].

Crnenyer OTMETUTH, UTO U3-32 MAJIOTO pa3Mepa SYeeK CyMMapHas cerperaru-
OHHAsi EMKOCTb I'PAaHUI] OKa3bIBACTCs O4eHb 00ibIIoN [14] 1 nMeromuecs B 00be-
Me MaTepualia JIETUPYIOLIUe 3JeMEeHThl BHEIPEHUsI, Monaas Ha Ie(eKTHbIe yJa-
CTKU (IUCIIOKAIlMU, TPAHUIBI SYE€EK, TPOHHBIE CThIKM U T.1.) [13], momaBistoT
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npoiieccsl Bo3Bpara. B 3ToM ciydae yriiepoja UrpaeT poib «IOJIE3HBIX MPUMECE»
[15]. HeoOxomuMo Takke OTMETHTh, YTO (hopMa YIJIEPOJHBIX IMHKOB Ha OXe-
CHEKTpax, MOJYYEHHBIX BJAIM OT OOpabOOTaHHON MOBEPXHOCTH, COOTBETCTBYET
KapOujam, a B 30HE C SIMEUCTON CTPYKTYypOl — CBOOOTHOMY yriiepony. Takke Ha-
OJIF0[1aeTCs MOBBIMIEHHOE COJIEPKaHNE KUCIOPOAa B IPUIIOBEPXHOCTHOM CJIO€ TIO
CPaBHEHHMIO C HeJe(OPMUPOBAHHBIMH YUaCTKAMH.

BriBoabI
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N.I. Danylenko

GRADIENT NANOSTRUCTURE FORMATION UNDER SEVERE
SURFACE DEFORMATION IN HIGH-CARBON MATERIALS

Transmission electron microscopy studying of gradient nanostructure of steel 65I" sam-
ples after severe surface plastic deformation has been done. Dissolution of cementite
Fe;C and carbon redistribution on cell boundaries occur during the deformation. The car-

bon on cell boundaries suppresses the recovery processes. Cell size in surface layer is
about 20-30 nm.

Fig. 1. A scheme of longitudinal shear [1]

Fig. 2. A scheme of broaching (a), broaching with rotation (6) and roll forming (s): I —
sample, 2 — tool, 3 — support

Fig. 3. Structure of steel 65I': initial state (a), after roll forming (6)
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Semiconductors doped with magnetically active atoms are expected to find application in
spintronics. Si samples implanted with Mn" (Si:Mn) or with v (Si:V) can order mag-
netically after processing at high temperature (HT) and also under enhanced hydrostatic
pressure (HP). This work presents new results on structure-related properties of single
crystalline Si implanted at 200 keV with V" as well as that co-implanted additionally with
Mn'" ions (Si:V, Mn), with dosages Dy <510 em™ and Dyp+ = 1107 em™. The
samples were processed for 1-5 h at HT <1270 K under HP < 1.1 GPa. Secondary Ion
Mass Spectrometry, Transmission Electron Microscopy, X-ray and related methods were
applied for sample characterization. The HT- (HP) treatment affects, among others, solid
phase epitaxial re-growth (SPER) of amorphous silicon created at implantation and dis-
tribution of implanted species.

Introduction

Most investigations on semiconductors doped with magnetically active atoms,
which are expected to be applied as diluted magnetic semiconductors (DMS), are still
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focused on ferromagnetic Mn-doped III-V semiconductors, such as Ga;_Mn,As,
and on ZnO and similar oxides doped with transition metals (TM) [1,2].

Recently, Si samples implanted with Mn" (Si:Mn) [3] as well as with CrorV'
(Si:Cr and Si:V) have been also demonstrated to order magnetically after proc-
essing at high temperature (HT) under enhanced hydrostatic pressure (HP) of inert
gas ambient [4,5].

The HT- (HP) treatment affects SPER of a-Si created at implantation. Specific
local ordering near the implanted metal atoms in Si:TM materials (TM =V, Cr or
Mn) can be critical with respect to the formation of ferromagnetic ordering [6].
Still, magnetic properties of the as-implanted as well as of processed Si:V, Si:Cr
and Si:Mn samples could be related in part to the so called quasi-ferromagnetism
reported for Si implanted with non-magnetic species, such as He' or Si', and
processed at relatively low temperatures [7].

This work reports new results concerning structural and related properties of Si:V
(implanted dose, Dy+ < 510" cmﬁz) as well as of Si:V, Mn (Dy+ = 510" cmﬁz,
Dyt = 1-10" cmﬁz), processed at up to 1270 K under HP up to 1.1 GPa.

Experimental

Implantation of V" 0 a dose Dy < 510" cm  into single crystalline (c-Si)
Czochralski grown Cz—Si wafers with (001) orientation (to produce Si:V), some-
times followed by *Mn" implantation (to produce Si:V, Mn), was performed at
room temperature at energy Ev+ mn+ = 200 keV. The projected range of implanted
ions, R,, was about 170 nm.

The Si:V and Si:V, Mn samples were processed for 1-5 h in Ar atmosphere at
up to 1270 K under 10° Pa or HP = 1.1 GPa.

The present results concern mostly Si:V prepared by \'a implantation with Dy =
=510 cm % and Si:V, Mn prepared by \'a implantation with the same dose, then
followed by Mn" implantation to a dose 110" em 2. If not otherwise stated, in
what follows just such samples are labelled as Si:V and Si:V, Mn.

The depth distribution of Mn was determined by Secondary Ions Mass Spec-
trometry (SIMS, Cameca 6F instrument). X-Ray Reciprocal Space Mapping
(XRRSM, MRD-PHILIPS diffractometer), Transmission Electron Microscopy
(TEM) and photoluminescence (PL, at 10 K, excitation with Ar laser, A =488 nm)
methods were applied to reveal structure of the samples. Magnetic properties of as
implanted Si:V were determined at 5 K using SQUID magnetometer.

Results and discussion

Heavy implantation of silicon with \a produces strongly disordered area
near R,. For the case of £ =200 keV and D = (1—2)'1015 cm_z, the total energy
introduced during implantation into Si is above the amorphization threshold.
So in the case of Dy > 10" cm72, amorphization of Si takes place near R,
with a creation of buried amorphous a-Si layer. Subsequent Mn" implantation
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with Dyt = 1-10" em 2 to produce Si:V, Mn, results in even more complete
amorphization.

Depth distributions of V and Mn in as-implanted Si:V, Mn are presented in Fig. 1.
Depth distribution of V in Si:V prepared by implantation with Dy, = 110" em ™
and Dy, = 1-10" cm ? is of the same character as that presented in Fig. 1.

After implantation, the a-Si layer, enriched in V/Mn up to about 1 at.%, has
been formed in Si:V and Si:V, Mn at about 170 nm depth below the surface (Fig. 1).

As seen in Fig. 2, magnetization observed for Si:V prepared by implantation
with Dy in the 110" em>-1-10"° em 2 range, is dominated by the diamagne-
tism of the silicon substrate. The Si:V (Dy+ = 1-10" cmﬁz) sample, processed at
610 K, has been reported to order magnetically with magnetization slightly de-
creasing with temperature increase, from 5 to 50 K [4].
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2.0 ' ' '
o 20 ]
g 10 i‘jf:!i‘% 1.5
?3“ 1019 _;f .{;X %D 10'
= ] X g 0.5
S 18] \ﬁﬁ o
=107 "\%%V - 0-
< E .
% 1017_; “.“’-:b%"% :ﬁ —0.51
‘é y Mn‘.'v.q : -1.04
o 10 -.;\I.ia% —1.51
1015 —— ’I:-./.\FI 200 & _20- : . : . .
0 0.5 1.0 -6 -4 2 0 2 4 6
Depth, um Field, kOe

Fig. 1. SIMS depth profiles of Mn and V in as-implanted Si:V, Mn

Fig. 2. Magnetization M versus magnetic field for as-implanted Cz-Si:V (Ey+ = 200
keV): —0— — Si:V5 (Dy = 102 em 2), —o— — Si:V6 (10"°), —a- - Si:V7 (10, —v- -
Si:V7 (1015). Measurements were made at 5 K

As revealed by TEM, the treatment of Si:V at 610 K results in a partial recov-
ery of the initial crystallographic perfection (Fig. 3). In effect of processing at HT
(HP), V and Mn atoms become to be distributed more uniformly through the a-Si
area, most probably because of enhanced, if compared to that in ¢-Si, diffusivity
of Mn and V atoms within a-Si.

At high temperatures, the a-Si layer is subjected to SPER, dependent on HT,
processing time and on HP [4]. In Si:V and Si:V, Mn this results in a movement
of the a—c interface toward the surface [8], detectable through either SIMS meas-
urements (Figs. 4, 5) or cross-sectional TEM (compare Fig. 3).

V atoms are excluded from the re-growth region, as the a-Si/c-Si interface
moves toward the surface, because the solubility of V in crystalline Si is very low
[9]. Through this process, a minimum in the V concentration profile was formed
in Si:V at about 300 nm below the surface (Fig. 4). The same phenomenon is also
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Fig. 3. High-resolution TEM image of Si:V (Dy4 = 5-10° cm_z) processed for 1 hat 610 K
under 1.1 GPa. Width of re-growth region (left) equals to about 50 nm

Fig. 4. SIMS depth profiles of Mn and V in Si:V, Mn processed for 5 h at 1070 K under
1.1 GPa
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observed for Mn atoms, which are concentrated at the same positions as vana-
dium. It is important to admit that, in the case of Si:Mn prepared by Mn" implan-
tation at 160 keV, D = 110" crn_z, with substrate temperature, 7s; < 340 K, and
processed for 1 h at 1070 K, most Mn atoms were shifted toward the Si surface
[3]. This means that, in Si:V, Mn, Mn atoms are gettered at defects produced at
SPER. This gettering is related to behavior of implanted vanadium.

As mentioned, excess vanadium is accumulated at the a-c interface, and the V
concentration reaches a point, at which excess V impurity cannot be pushed away.
At higher temperatures (HT > 900 K), the a-Si layer is converted into the partially
polycrystalline state and VSi, compound is formed [10]. Enthalpy of the VSi,
formation equals 3.2 eV, so this silicide remains stable even at 1270 K and so,
both in the case of Si:V and Si:V, Mn, it is located almost at the same depth, at
about 280 nm below the sample surface (Fig. 5).
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The V concentration is peaking also at about 170 nm depth, near R, (Figs. 4,
5), so within the maximal V concentration induced by implantation itself. This
even more pronounced peak seems to be also related to a formation of VSi,. The
similar Mn concentration peak observed in Si:V, Mn processed at 1070 K or 1270 K
at this depth can be related to a formation of MnySi7 [11].

Similarly as in the case of self-implanted silicon, Si:Si [12], processing of Si:V
or Si:V, Mn at 1270 K — 10° Pa/1.1 GPa does not result in a fully recovered crys-
tallographic perfection of the implantation-damaged areas. This has been stated
basing on PL (Fig. 6) and XRRSM (Fig. 7) results. Processing of Si:V, Mn under
HP results in an absence of the PL line at about 0.81 eV (Fig. 6,b), still clearly
detectable after processing under 10° Pa (Fig. 6,a). Usually this line is associated
with the presence of dislocations in single-crystalline Si.

Intensity, arb. units
Intensity, arb. units

06 08 10 12 14 16 06 08 10 12 14 16
Energy, eV Energy, eV

a b
Fig. 6. PL spectra of Si:V, Mn processed for 5 h at 1270 K under 10° Pa (a) and 1.1 GPa (b)

4.632 1

~  4.6281
oL

> 4.624 1
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Fig. 7. XRRSMs of Si:V processed for 5 h at 1270 K under 10° Pa (a) and 1.1 GPa (b)

The favourable effect of HP at 1270 K on SPER is confirmed by X-ray map-
ping. The intensity of diffusively scattered X-rays decreased in the case of Si:V

109



du3uKka U TEXHUKA BbICOKHNX JaBjaeHuii 2008, Tom 18, Ne 4

processed at 1270 K under HP. The lattice parameters of c¢-Si, formed under 1.1
GPa by SPER of a-Si, were distinctly more uniform (compare Fig. 7,a,b).

After processing, the structure of Si:V and Si:V, Mn samples (these last with
Dy /Dyt = 5), 1s dependent first of all on the dose of implanted V" and on tem-
perature of processing. Enhanced pressure of Ar affects SPER and results in the
improved structure of re-crystallized a-Si, most probably due to the effect of HP
on diffusivity of implantation-induced point and related defects [12].

Local ordering near the implanted atoms in Si:TM materials (TM = V and/or
Mn) is critical for magnetic ordering. This ordering is also related to quasi-
ferromagnetism, detected in silicon implanted with non-magnetic atoms [7,9].

Conclusions

Our report presents the compositional and structural properties of single-crystal-
line silicon implanted with medium dosage of vanadium (vanadium + manganese)
ions and processed at up to 1270 K, also under enhanced pressure, up to 1.1 GPa.

Understanding the mechanisms of SPER under HP and so of magnetic ordering
in ion implanted Si-based materials, of the creation of specific crystalline mag-
netically ordered phases and of the origin of quasi-ferromagnetism demands fur-
ther research.

One can hope that new Si—V and Si—V, Mn materials belonging to the DMS
family will be developed.

The authors thank Dr. W.K. Chu and Dr. Z.H. Zhang from the Department of
Physics and Texas Centre for Superconductivity, University of Houston, Houston,
TX 12345 for their help in preparation of the samples.
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Pressure effects on electronic structure and magnetic properties of anisotropic metallic
materials (CrB,, FeGe,, LaFeAsO) are investigated. Magnetic susceptibilities of CrB,

and FeGe, compounds were studied under hydrostatic pressure at fixed temperatures, 77
and 300 K. In order to analyze the experimental magnetovolume effects, the electronic
structures were calculated ab initio in external magnetic field as a function of atomic
volume by employing a full-potential LMTO method. The calculated field-induced mag-
netic moments and their volume derivatives compare favorably with the experimental

pressure effects in magnetic properties of CrB, and FeGe,. The main role of pressure in

high-T. superconductivity of LaFeAsO is found to reduce density of states at the Fermi
level and to suppress ferromagnetic spin fluctuations.

Introduction

The discovery of high-T. superconductivity in MgB, and ferropnictides
(RFeAsO, LiFeAs, AFe,As;), charge density waves in NbSe,, intriguing magnetic
properties of borides and germanides have initiated considerable interest in elec-
tronic structure and properties of compounds of transition metals with metalloids
and nonmetals. The properties of metalloids themselves are between metals and
nonmetals, and when involved in chemical bonding, the metalloids also exhibit
middle-of-the-road qualities. They are capable of taking electrons from most met-
als and will readily lose electrons to most nonmetals. Their electronegativity val-
ues are also mid-range. Consequently, it is unlikely for them to be involved in
ionic bonding, and it is believed they will establish covalent bonding when found
in compounds.
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On the other hand, under high pressure a metallic behavior of such compounds
often becomes more pronounced, and such a pressure effect can provide drastic
changes in electronic and magnetic properties. In this contribution we report re-
sults of theoretical and experimental studies of pressure effects on electronic spec-
tra and magnetic properties of selected anisotropic compounds with outstanding
physical properties: CrB;, FeGe; and LaFeAsO.

Experimental and theoretical details

For certification of the samples quality, the magnetic susceptibility y was
measured as a function of temperature using a Faraday microbalance method. The
pressure effect on the susceptibility was measured under helium gas pressure up to
2 kbar at fixed temperatures, 77.3 and 300 K, using a pendulum-type magne-
tometer placed into the nonmagnetic pressure cell [1], and the experimental de-
pendencies x(P) for CrB; and FeGe; clearly demonstrated linear behavior over the
range 0-2 kbar.

The polycrystalline sample of CrB; was initially prepared by arc-melting of the
stoichiometric amounts of Cr and B elements of better than 99.8% purity in a wa-
ter cooled crucible under protective argon atmosphere. The study of X-ray powder
diffraction revealed that the sample has the AlB,-type hexagonal crystal structure,
and obtained data on the lattice parameters agree closely with that published in
literature. In this work we used the same single-crystalline sample of FeGe; as in
the magnetostriction studies of Ref. [2]. The susceptibility measurements were
performed for magnetic fields in the basal plane and along [001] direction, and the
averaged y values were compared with theoretical calculations.

Ab initio calculations of the volume dependent electronic structures were per-
formed by employing a modified full-potential relativistic LMTO method (FP-
LMTO) [3,4] for nonmagnetic, ferromagnetic (FM), and antiferromagnetic (AFM)
phases of studied compounds in the LSDA approximation of the density functional
theory. No shape approximations were imposed on the charge density or potential,
what is especially important for the open and anisotropic crystal structures.

To analyze the observed magnetovolume effect values, the magnetic suscepti-
bility and its volume dependence were evaluated by means of the Zeeman opera-
tor, H(2S+ i) , incorporated in FP-LMTO Hamiltonian for calculations of the

field-induced spin and orbital magnetic moments. The corresponding contributions
to y were derived from the field-induced moments, which have been calculated in
an external magnetic field of 10 T.

Cl‘Bz

CrB; is an itinerant-electron antiferromagnet with the Néel temperature Ty =
= 85-88 K [5-7], possessing a hexagonal structure of AlB, type. The neutron diffrac-
tion studies revealed a complicated helicoidal magnetic structure of CrB,, with mag-
netic moment of about 0.5ug per Cr atom (at T = 0) turning in a—C plane [6]. The sus-
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ceptibility of CrB; in the PM phase is an order of magnitude higher than that of other
diborides, presumably demonstrating a large exchange-enhancement effect.

The band structure calculations revealed that p—d hybridization and filling of the
conduction band are predominantly responsible for properties of transition metal
diborides. As is seen in Fig. 1,a, in CrB, the Fermi level Ep lies at the steep slope
of the N(E) peak where DOS rapidly grows with energy, and the main contribu-
tion to N(Eg) comes mostly from d-states of Cr. The Stoner criterion is nearly ful-
filled for CrB,, and the calculated susceptibility enhancement factor S appeared to
be about 8, which is comparable with earlier estimations (S = 10, [8]).
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The magnetic susceptibility of CrB, decreases linearly with pressure at both
temperatures, and the corresponding pressure derivatives, dlny /dP , are listed in
Table together with the values of y measured at ambient pressure. In order to con-
vert the pressure derivative into the volume derivative, we used the calculated
bulk modulus value, B = 2.3 Mbar. A moderate value of the pressure effect is
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found to be negative in sign and weakly dependent on the magnetic state of the
compound. The main contributions to y and their volume dependences are calcu-
lated ab initio, and appeared to be in close agreement with experimental data (see
Table). In addition, the measured pressure dependence of the Néel temperature,
dTn/dP = 0.1 £ 0.1 K/kbar, differs essentially from that for pure Cr where the
strong suppression of the AFM state under pressure with dTy/dP = —5.1 K/kbar
has been reported [9].

Table
Magnetovolume effects in CrB;, FeGe; and LaFeAsO
Com- |- | 7,10~ emwmole |diny/dP, Mbar ' diny/dlnV  |dInN(Ep)/dInV
pound |’ exp |theor (PM) exp exp |theor (PM)| theor (PM)

77.3] 0.642 - -1.82+03 (42+0.7 - -
CrB2 300 0.511 0.7 1.65+02 |3.8+05 4 1.5
FeGe, 773 2.7 - -2.734+£03 |4.6+0.5 - -
300 1.7 2 -223+03 |3.840.5 4.5 1.6
LaFeAsO| 30 |0.5[16] 0.6 — — 6 1.9

The measured pressure derivative of the susceptibility, dlny/dP, can be used to
evaluate the spontaneous volume change in CrB; due to the AFM ordering:

AV C
~ =Om=g MM,

v (D

where C is the magnetoelastic coupling constant, B — the bulk modulus, M 2 (T) —the
squared local magnetic moment. According to the phenomenological relation [10]:

C 1 ’ %)

B diny
B 2%V, dP

where y and Vy, are the molar susceptibility and volume, respectively. Using in Eq. (2)
the experimental values from the Table and the calculated V,, = 13.8 cm3, we esti-
mated the magnetoelastic constant as: C/B = (1.1 £ 0.1)-10710 (emu/mole)fz. The
substitution in Eq. (1) of the above C/B value and experimental value of the magnetic
moment, M(0) = 0.5ug/Cr [6], gives the volume change at T = 0 to be my,(0) =~ 0.086%.
This estimate agrees closely with the experimental value of wy(0) = 0.085% [11].

FeGe;

FeGe, is an itinerant electron antiferromagnet of tetragonal C16-type crystal
structure that has a second-order transition from a PM phase to an incommensu-
rate (IC) phase at 289 K with a long-wavelength modulation in the basal plane,
and the other first-order transition from an IC to a commensurate AFM phase at
Tm = 263 K [2,12]. Nearest-neighbour (NN) Fe atoms are along the c-axis and
their moments have FM alignment, whereas the next-NN Fe atoms are along the
[110] direction with AFM alignment of the moments below Ty; = 263 K [13].
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According to our calculations, the electronic structure at Ep is governed by a
strong hybridization of the 3d (Fe) and 4p (Ge) states, which leads to a peculiar
structure of DOS with the Fermi level located at the V-shaped minimum of N(E)
(see Fig. 1,b). FeGe; has a Fermi surface driven instability which forces it into an
incommensurate spin density wave state [13,14]. The calculated bulk modulus,
Biheor = 1.7 Mbar, is in reasonable agreement with the reported experimental value,
Bexp = 1.5 Mbar [12].

The measured pressure effect on the Ty; temperature, dTyy/dP = 0.03 + 0.03
K/kbar was found to be weak (see Fig. 2). As is seen in the Table, the dIny/dP de-
rivatives appeared to be close both in PM and AFM phases of FeGe,. In order to
convert the pressure derivatives into the volume derivatives, we used the calcu-
lated bulk modulus, B = 1.7 Mbar. The spin and Van Vleck contributions to y and
their volume dependences for the PM phase were calculated ab initio and were
found in agreement with the experimental data in the Table. It should be noted
that dlny/dV derivatives in the itinerant AFM compounds CrB, and FeGe, are
somewhat lower than the corresponding derivatives in the PM compounds with
highly enhanced spin susceptibility (CeCo,, YCo,, TiCo, Ni3Al [15]).

LaFeAsO

Reported superconductivity (SC) up to 54 K in RFeAsO (R = La, Pr, Nd, Sm,
Gd) [16,17] has raised a number of questions about the nature of SC state and the
pairing mechanism, and encouraged the studies of high-T; superconductors out-
side the cuprate family. The tetragonal structure of RFeAsO exhibits strong two-
dimensional features, and SC is presumably confined to the Fe—As layers. Sim-
ple chemical considerations suggest that their formula can be represented as
R+3O_2Fe+2As_3, which is consistent with the observed semi-metallic properties
and spin-density waves in LaFeAsO below 150 K [17]. Actually, in RFeAsO the
high-T; SC has been achieved with F-doping, and a competition is anticipated

between the spin ordering and SC [16,17].
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The band structure of LaFeAsO is determined by hybridization of d (Fe) and p
(As) states within the Fe—As layers. As is seen in Fig. 1,c, the Fermi level is lo-
cated at the steep slope of N(E). The DOS at Er comes essentially from the d-
electrons of Fe, and the partial contributions of other states are substantially
smaller. Also, the LaFeAsO compound is found to be on the verge of magnetic in-
stability, very close to the FM quantum critical point. Though the calculated Stoner
enhancement factor S = 5 provides a high spin magnetic susceptibility, it never-
theless can not describe fully the experimental value (y =5- 107 emu/mole, [17]).
On the other hand, the susceptibility calculated in external magnetic field ap-
peared to be very close to the experimental value at the theoretical lattice parame-
ter. The Van Vleck contribution to y comes mainly from d-electrons of Fe and
amounts up to 10% of total susceptibility.

The experimental susceptibility in LaFeAsO compound is large with relatively
flat temperature dependence, whereas upon F-doping it grows further and be-
comes Curie—Weiss like above T [17]. Our FP-LMTO calculations for the F-doped
LaFeAsO, which were performed using the virtual crystal approximation, indicate
that the main function of doping is to shift the system away from FM instability.
This was proved by calculating the Stoner product IN(Eg), where | is the exchange
parameter. In the same way, the total DOS N(EF) is also found to be decreasing
with pressure, as well as the enhanced Pauli susceptibility (see the Table).

Based on the experimental observations, a suggestion was put forward [17,18]
that SC state in LaFeAsO is favored by the AFM spin fluctuations (SF). There is a
growing evidence that electron-phonon interaction is too small in the pure and F-
doped LaFeAsO to provide the conventional SC [18]. It should be noted that in the
undoped LaFeAsO the calculated susceptibility is larger, and the experimental one
is smaller than in the doped systems. This suggests that besides FM spin fluctua-
tions there are also other important spin excitations in RFeAsO.

At the moment we can suggest that the spectrum and relative distribution of SF
in RFeAsO can arise from different sources. Firstly, the Fe—As—Fe positions angle
is larger than 90° and provides a possibility of AFM superexchange interaction via
the As p orbitals [19]. Furthermore, a substantial direct Fe—Fe overlap in Fe—As
planes can yield an additional AFM exchange. Also, the calculated band structure
indicates a possibility of the nesting-related AFM spin-density-wave type SF.
Further analysis of AFM interactions in RFeAsO requires a detailed study of the
magnetic response and fine band structure features at the Fermi level.

Conclusions

The pressure effect on the AFM ordering temperatures of CrB, and FeGe; is
found to be much weaker than in the itinerant AFM chromium. For both com-
pounds the pressure derivatives of y have been measured for the first time. Based
on these dlny/dP derivatives, the estimate of the magnetoelastic coupling constant
describes properly the spontaneous volume change in CrB; due to the AFM or-
dering.
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It is found that the Stoner approach substantially underestimates the spin sus-
ceptibility for PM phases of CrB,, FeGe, and LaFeAsO, whereas the calculated
field-induced spin and orbital moments allowed to describe the large % and mag-
netovolume effects in these compounds, which are close to the quantum critical
point. This is presumably related to deficiency of the Stoner approach, when both
parameters involved in susceptibility enhancement, N(Er) and |, are calculated
and averaged over the band states separately. On the other hand, such response
function as y is microscopically not uniform in space, and induced magnetization
density varies considerably within the unit cell.

Our calculations for LaFeAsO indicate that the main role of pressure (and F-
doping) is to shift the system away from the FM instability, which is expected to
be unfavorable for SC, and to suppress FM spin fluctuations.

This work has been supported by the Russian-Ukrainian RFBR-NASU project
8-2008.
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PACS: 71.20.Be, 75.50.Ee, 75.50.Gg, 75.10.Lp, 75.30.Kz

B.W1. Banbkos, [1.B. BaptoxuH, A.B. N'onos4yaH

OCOBEHHOCTW BAPUYECKOW YCTONYMBOCTU
HN3KOTEMIMEPATYPHbLIX MATHUTOYTIOPAOOYEHHbIX ®A3
B CUCTEME Mng_xFexAS()_5P0_5

JoHeuknii prnsmko-TexXHNYeckuin MHCTUTYT um. A.A. MankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa
E-mail: valkov@dpms.fti.ac.donetsk.ua

IIpogedeno sxcnepumenmanbHoOe U meopemuyeckoe Uccie0o8anue Gaszoseou ouaspammol

cucmemvl Mn_Fe,Asg 5Py 5 noo dasrenuem. Obnapysiceno, 4mo CNOHMAHHASL U UHOY-
YUPOBAHHASL MASHUMHBLM NOJleM HU3Komemnepamyphas ¢asza 6 ooracmu 0.5 < x < 0.8
He npemepnegaen 3HAYUMENTbHbIX USMEHeHUl npu Oelicmaul 2uopoCmamuyeckKo2o 0as-
aenust 0o 2 kbar. Ha ocnose ab initio pacuemos 21eKmMpoHHOU CMPYKMYpbl CHIABOS
Mn; Fe.Asg 5Py s ycmanogneno usmenenue cmeneHu 31eKmMpoHHO20 3aN0aHeHUs d-30Hbl
npu 803HUKHOGeHUU peppomacnumuoll (FM) nonspuzayuu u cocamusi Kpucmaniiuieckou
pewemxu. Ilpednosicena modens, NO3BONAOWASL YUeCMb OCHOBHbIE Yepmbl aHmugpeppo-
maenumnou (AF) u cxowennoii peppomacnumnoti (cFM) cmpyxmyp. B kauecmee napa-
Mempos MoOenu BbiICIYNAIOm CMeneHb 3anoaHeHus d-30Hbl, HeMAcHUMHAS 3A8UCAUas
om 0bvema NIOMHOCHb INEKMPOHHBIX COCIMOSHUL U GHYMPUAMOMHBLI 0OMEHHbII UHMe-
epan. HMx eenuyunvi CKOppenuposanvl ¢ OGHHbIMU PACYENO8 JJIeKMPOHHOU CIPYKIMYPbl U3
nepevix NPUHYUNno8. B pawkax moodenu noxkazamo, 4mo yCmouyueocmy MASHUMHBIX Xa-
paxkmepucmux cFM-cmpykmypvl no omuowenuio Kk 0asieHut0 803HUKAem GCaedCmeue
VeeaudeHUs YUcia d1eKmMpoHO8 8 MASHUMOAKMUBHOU 30He NPU YMeHblUieHUU 00vbema dile-
MeHMApHOU A4eliKU.

BBenenne

Ab initio pacuersl FM ciMH-TIONSpU30BaHHOMN 3JIEKTPOHHON CTPYKTYpHI CILIa-
BOB Mn, ,Fe AsysPy s npu pa3nuuHbIX CTENEHSAX CXKaTHs KPUCTATUIMUECKOU pe-
meTku Mo(AV/V) nokazamu, uro B oonactu 0.5 < x < (0.7 MOXKXHO 0KHIAaTh 3aMeT-
HOT'O M3MEHEHHSI MAaTHUTHBIX CBOMCTB MPHU BO3ACHCTBHH JJa)Ke HEOONBITUX THAPO-
CTaTHYeCKUX JaBieHui. OJHAKO 3KCIEpUMEHTANbHbIE U30TEPMbl HAMArHUYMBa-
HUA 3TUX 00pasnoB My(H), TeMrepaTypbl CIOHTaHHBIX Tepexoq0B B AF-dazy u
BEJIMYMHBI KPUTUYECKUX TOJICH ISl MHIYyIIMPOBAHHBIX MArHUTHBIM IIOJIEM Iepe-
XO0JI0B, U3MEpPEHHbIe Mo AaBieHueM P < 2 kbar, He OKa3bIBalOT 3aMETHBIX OTIIH-
YUl OT CBOMX aHAJIOTOB MpU aTMOC(EPHOM JTaBICHHH.
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AHaJII/I3 MMPUYIUH TAKOT'O paCXOKACHUA Ha OCHOBC MOJICIIbHBIX HpeI[CTaBJIeHI/Iﬁ
W JAHHBIX PAcyYeTOB W3 IMEPBBIX MPHUHIIMIIOB TOKAa3aJ, YTO B CIUIABaX CHCTEMBI
Mn,_,Fe,Asgs5Po s npu x < 0.8 clOHTaHHBIE U UHIYLUPOBAHHBIE MArHUTHBIM TIO-
JeM MarHUTOYMOpsA0YeHHbIE (ha3bl HE SBISAIOTCS (EPPOMArHUTHBIMHU, a TPEa-
CTaBJISIIOT COOOM CKOIIIEHHBIE CTPYKTYPBI U UX Oapuyeckas yCTOMYMBOCTH 00Y-
CJIOBJICHA YBCIIMYCHUECM 3aIllOJIHCHUA MAarHUTOAKTUBHOU d-BOHBI IMpU YBCINYCHHUN
JIaBIICHUS.

1. Pe3yJbTaThl pacueToB U3 NepBbIX MPUHIUIIOB MO/ JaBJIeHHEM

ComnocraBieHre pacCUUTaHHBIX My(x) U SKCIIEPUMEHTaIbHBIX M gXp (x) 3aBu-

CUMOCTEW MarHUTHOTO MOMEHTA B pacyeTe Ha AJIEMEHTApHYIO A4YeiKy (puc. 1) npu
aTMOC(EpPHOM JIaBJICHUHU IOKAa3aJl0, YTO MX XOpollee coriacue Habaroaaercs
tonbko B obmacta 0.8 < x < 1.0. [ToaToMy MOXXHO HPEAINoNIOKUTh, 4To FM-co-
CTOSIHHE peaiM3yeTcsl TOJBKO B crutaBax ¢ x > 0.8. [Ipn MeHbIINX KOHIEHTPALUAX
JKeJle3a SKCIIEPUMEHTANIBHBIE U TEOPETUYECKUE 3aBUCUMOCTH MAarHUTHOTO MOMEH-
Ta M(x) KaueCTBEHHO PA3IMYalOTCs: TeopeTrndeckas My(x) npu yMEHBIIEHUU X

MPOOIDKACT BO3PACTATh, & SKCIIEPUMEHTAIbHAs M )'F (x) — MOHIKAaThCS. AHAIN3

3TOr0 MPOTUBOPEYHUS, POBEACHHBIN B [1], mpuBen K BHIBOY O TOM, YTO MAarHUT-
Has cTpykTypa crioHTaHHoH (0 < x < 0.8) 1 UHIYIMPOBAHHONW MAarHUTHBIM IOJIEM
(x £ 0.5) Hu3koTeMIIepaTypHO# (a3sl npeacTaniseT codoit cFM-cTpykrypy. Ha-
MarHM4eHHOCTh JTaHHOM (a3bl ompexaensiercs FM-KOMIOHEHTOH MOJHOrO Mmar-
HUTHOI'O MOMEHTA CUCTEMBI m, KOTOpast KOHKypupyet ¢ AF-komnonenToii /. [Tpu
9TOM 3aBUCHMOCTb 71 OT KOHIIEHTPALMHU KeJle3a MPU Pa3IMYHbIX JaBIeHUsX m(x, P)
MO’KET Kaue€CTBEHHO OTJIMYAThCS OT AHAJOTUYHBIX 3aBHCHUMOCTEM IMOJHOTO Mar-
HUTHOTO MoMeHTa Mo(x, P) (puc. 1), BBIMUCICHHOTO UIs KOJUIMHEApHOTO (eppo-
MarHeTuka.

14 - Puc. 1. 3aBUCHMOCTH 3KCIIEPUMEHTAIIBHBIX
| I o o R o
" 120~ . f _S‘_D;g'_—_g- -0 Meyp (0) 1 pacueTHbix M (O, W) 3HaUYEHUH
3 101 AR MarHMTHOTO MOMEHTA B pacueTe Ha dJIeMeH-
3 0 R TapHyI0 SYEWKy OT COJepiKaHUs >Kejesa.
2 . pHY y P
g"’ 8L AF o M FM ITapameTpsl siUeiiky AJig BCEX X OJMHAKOBBI
6L s ¢ 1 COOTBETCTBYIOT IKCIIEPHUMEHTAIBHBIM IS
L 1 L 1 e 1 L 1 L 1 L

0/ — _ _

00 02 04 06 08 1.0 Mn; sFeg sAsg 5P s ipu AV/V, %:0—0, m

X =5

MOXHO NpennoaokuTh, YTO COXpaHEHHE CTAOMIbHON HaMarHW4eHHOCTH HU3-
koTemiiepatypHoit cFM-(a3bl cBS3aHO ¢ MOJICTPOMKOMN AIIEKTPOHHON CTPYKTYPBI
K CKaTHIO penieTKH. OCHOBHBIM KOJMYECTBEHHBIM ITOKA3aTeIEM 3TOTO IpoLecca
SBIISICTCSI OapUUECKOE TMOBBIICHUE CTENICHU 3JICKTPOHHOTO 3allOJTHEHUs MarHUTO-

. M
AKTUBHOH 30HBI Név (x) (puc. 2), compoBoXKaaolIee yBEIUYEHUE MIUPUHBI OC-

HOBHOI'O TIMKA IJIOTHOCTH JIEKTPOHHBIX COCTOSHUI IPH CXaTUM KpucTauia. Kak
MoKa3all JAeTalbHbIN aHanu3 [1,2] mapiuanbHbIX BKJIAJI0B B MJIOTHOCTh 3JIEKTPOH-
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HBIX COCTOSIHMM, POCT YHUCJIA 3aHATHIX d-

39t . ’
COCTOSIHUH B pe3yJIbTaTe CXKaTUs pelleT-

NM NM
1l kn (NJHo(0> NJ'Hoo) (puc. 2) oby-
- CJIOBJIEH TaKUM CMELIEHHUEM I10 SHEPTHH
37L LEHTPOB TIEPEKpPHIBAIOIINXCA S-, p-, d-
o 30H, KOTOpOE€ NPUBOAUT K SHEpreTvye-
361 CKOM BBITOIHOCTH TIEPEX0a YaCTH dJIEK-
i !

TPOHOB U3 §-, p-30H B MATHUTOAKTUBHYIO
d-30ny. O1HaKO Ha BOIPOC, SIBIISETCA JIU
BO3pacTaHue napamerpa Ny B JEHCTBU-
TENbHOCTH  INPUYMHOM  KOMIIEHCALIUU
BO3JICHCTBHSI THUIPOCTATUYECKOIO CiKa-
s oxaroii (AVIV = —0.05, 3auepHeH- TUSl HA MarHUTHBIE CBOWCTBA COCTOSTHUI

HEIE CHMBONEI) M HegeopmupoBanHoii — CHCTCMBL Mn,_FeAso.sPo.s, MOXKHO Gy-
(cBeTnble cuMBoIbl) pemeTkn. Ilapamer- ~ACT OTBETUTH TOJBKO ITOCIIE MPOBCACHHA

PBI STYCWKH U BCEX X OJUHAKOBHI M co- PacdC€TOB M3 IIEPBBIX MPUHIMIIOB TI0
oTBeTCTBYIOT X = (.5 BIIMSTHUIO C)KATHs PEUIETKU Ha Pa3JIny-

Hble THUMBl HEPEPPOMArHUTHBIX CTPYK-
Typ C MarHUTHBIMH sSYE€HKaMH, HE COBMAJAIONIMMU C KPUCTALUIOXMMHYECKOU
sueiikoil. [logoOHBIE pacueThl YETHIPEXKOMIIOHEHTHOTO HEYIOPSAI0UYEHHOTO
CIUIaBa C 3JIEMEHTAPHOM sTUeiKOi, conepxamieii Tpu GopMyIIbHBIE eIUHHIIBI C Ye-
THIPbMSI HEIKBUBAJICHTHBIMU MO3ULUSAMHU JJI1 aTOMOB, IIPU HAlIUX TEXHUYECKUX
BO3MOXKHOCTSIX HE MOTJIM OBITh OCYIIECTBJICHBI. [103TOMY IS BBISICHCHHUS POJIH
pEaKIuu 3EKTPOHHON CTPYKTYphl Ha MPOIECC CTAOMIN3alUd MarHUTOYTOPSI0-
YEHHBIX COCTOSTHUM cuctembl Mny_, Fe, Asg 5P 5 moa naBiaeHuEM MbI UCTIOJIB30BATH
MOJICTIbHBIA TOJX0, pa3BuThid B [1,3]. Takoit moaxona, 0OOOIICHHBIN Ha CITydaid
KOHEYHBIX JaBJICHUM [2], HAMPSMYIO MO3BOJIUJ YUYECTh BIIMSHUE U3MEHEHUS BEJH-
4uH Nj Ha YCTOMYMBOCTh CKOIIEHHOW CTPYKTYpPhI IPU BO3JAEHCTBUU THIPOCTATHYE-
CKOI'O C)KaTusl.

00 02 04 06 08 1.0
X

Puc. 2. 3aBucHUMOCTh 4YHUCHA d-3JEKTPO-

HOB OT colepxanusi Fe B ¢eppomaraur-

HO# (O, W) 1 HeMarHuTHou (o, ®) ¢azax

2. MopaeJibHOE ONIMCAHUE CKOLLIEHHOM (ha3bl

Cornacho [1] B MOAEIBHOM NOAXOJE B KaUECTBE DJIEMEHTApHOMN SYEHKH pac-
CMaTpUBAETCS SYEHKa C yABOEHHBIM BJIOJIb OCH y TIEPUOIOM (YTO COOTBETCTBYET
HaIpaBJICHUIO BOJHOBOTO BeKTOpa AF-cTpyKTyphl, 0OHApyXKEHHOW B POJICTBEH-
Hoi cucreme MnFeP;_,As, [4]). [Ipu 5TOM KaX10i UCXOAHOM KPUCTAIIIOXMMH-
YyecKol siueiike, coneprkaieil 9 aToMoOB B 3JI€MEHTapHOU sSueike, CTaBUTCS B CO-
OTBETCTBHUE OJJMH MarHUTOAKTUBHBIN Y3€Jl O, HA KOTOPOM 3JIEKTPOH MOXKET HaXo-
JTUTHCSL B ABYX COCTOSIHUSIX: «CIIMH BBEPX» M «CIUMH BHU3». Torna B MOJENbHOMN
s4elike, BKIItOYaroIel 1Ba (GopManbHO-pa3nuyHbIX y3na (o € a, b), FM- u AF-
HOJISIPU3ALUHN 3JEKTPOHHOTO CHEKTpa MOXHO OIUCAaTh HEMPUBOJUMBIMHU BEKTO-
pamu peppomMarHeTuma <F> U aHTu(eppoMarHeTuzMa <L> I <F> WIH <L> 1 <F>

Ot BCKTOPLI, OMPCACIIAIONHNE B3AUMHYIO OPUCHTAIUIO MAarHUTHBIX MOMCHTOB B
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MO3UIHAX a U b, COOTBETCTBYIOT TEPMOJMHAMHYECKUM CPEIHUM OIEPATOPOB F;u
Lj. ['aMusibTOHMAH U1l TAKOW MOJIEIIBHOM CUCTEMBI MOYKHO IIPEACTABUTH B BUE

H=Hy+H, +H,,, (1)
rac

HO = Z Zyk(afgcakc—l—b]';cbkc)—k Z ztk (a;(-Gka—i_bl:GakG)’ (23)

o=+,— k o=+,— k

A u N Ny JOE 2
Hiy = ZZ(naj + )= D (e +Si) = ZZ(naj +nbj)_EZ(Fj +L;),(26)
J J J=1 Jj=1

[:Iex :HOzzﬁ}z +2Hvzf‘jv . (2B)

J % J

3nech kg, by — Qypbe-KOMIIOHEHTHI OMEPATOPOB YHHUTOKEHHUSI DIIEKTPOHOB B
MO3ULIUSX d, b COOTBETCTBEHHO; O € a, b, ng;, Np;, Sui, Spi — ONIEPATOPHI 3PS AOBOM
U CIIUHOBOW TUIOTHOCTH B COOTBETCTBYIOIIMX MO3MIMAX i-H SYCHKH, OIMUCHIBAC-
MBIE OTIEpPATOPAMH POKICHHS (YHHUTOKEHHS) SMEKTPOHOB i (d;s ), bis(big); J —

3¢ deKTHBHBI BHYTPHAaTOMHBIN 0OMeHHBI nHTerpai; F; =S, + Sy, L; =S, — S,

V € X, Y, Z, Yk ¥ ty — Qypbe-KOMIIOHEHTHI HHTETPAJIOB NIEPEHOCA IEKTPOHOB MEXIY
OZIMHAKOBBIMHU (aa, bb) n popManbHO-pa3IUYHbIMU (ab) TO3UIUAMU COOTBETCTBEHHO.
B npucyrctBun ogHopoaHoro Hy, U albTEpHUPOBAHHBIX H, TOJIEW CpemaHHue

3HAUEHUSI OIEPaTopoB (eppOMArHUTHOU <F jZ>EF U aHTA()EeppPOMArHUTHOMN

<L]v> = Lv MOJ OTJIMYHBI OT HYJIA. Menee oueBUIHBIM SIBIISIETCS COXPAHCHHUC KO-

HEYHBIX 3HAYEHUI 3TUX BEJIWYMH IMpPU OTCYTCTBUM BHEWIHUX mnoneil. Eciu 3To
IPOUCXOAUT, TO CUCTEMA CIOHTaHHO nposBiasieT FM- u AF-cBoiictBa. ImMeHHO
TaKO€ COCTOSIHME, Ha Hall B3I, peanusyercs B cucteme Mn, Fe,Asg sPg s mpu
CIIOHTAHHBIX HU3KOTEMIEpaTypHBIX Nepexonax nepBoro ponaa uz AF- B cmabo-
deppomarnutHyo dazy mans x < 0.8. Mcmonb3ys MeTon (yHKIHMOHATBHOTO HH-
TErpupoBaHus (TMPUIOKEHUE), TEPMOJUHAMHUYECKUN MOTEHLUHAN 3JIEKTPOHHOMN
CHUCTEMBI, OMKUCHIBAEMON raMiJIbTOHHAHOM (1), Mpu ydeTe ynpyroi SHEpruu pe-
IIETKA MOYKHO BBIYUCIIUTH U mpuBecTH K Bumy (115) [3]:

F(emo)=E(En)+J (§-h/J) +In>+0% /2y + plo+1), 3)

rne h=Hy, /W, J =J/W , p — Ge3pa3mMepHOe [aBICHHE, Y — OOBEMHAs CHKH-

MaeMmocTh, ® = (V' — Vy)/Vy — oTHOCUTEnbHOE M3MEeHeHue oO0bema V, 2Ny — uuc-
JI0 MarHUTOAKTUBHBIX aTOMOB, E(§, 1) — SHEprus CIUH-MOJSPU30BAHHBIX JJICK-
TPOHOB, 3aBUCSAIIAS OT HAYAIBHOW 3aCEIICHHOCTH 7((X) MAaTHUTOAKTUBHON 30HBI
¢ a¢dexruBHoi mupunon W. Dueprus E(E, n) (I12) npu onpeneneHHBIX yCiIo-
Busx (I110) mokeT OBITH BRIUMCIICHA TIPU BBEIACHUU 3aBHCSIIEH OT 00beMa He-
MarHUTHOU ITIOTHOCTH 3JIEKTPOHHBIX cocTostHUH g(€, aw) (I110). OnHopoanbie
bypbe-koMmoHeHTHl (QuykTynpytomux oomeHHbix moisei &, n (I11), BeicTy-
TMAIOIIHE B POJIU MTAPaMETPOB TIOPSIIKA, CBS3aHBI CO CPSITHUMHE 3HAYCHUSAMH (yphe-
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KOMITOHEHT OIIEpaTopoOB <Foz> =F n <L0x> =L cootHomeHussMu m = F/2Ny =

:—(F,—%Zj, [=L/2Ny=-n. [lna yuera mepexoja 4acTH S-IJIEKTPOHOB B

MarHUTOAKTUBHYIO d-30HY NpU CXKAaTUU PEIIeTKH Oblja BBEIEHAa 3aBUCHUMOCTH
Yyucjaa 3JIEKTPOHOB OT oObema: n(w) = no(x) + aw. Pemenus ypaBHeHU# co-
crostans OF /06 =0, 0F /on=0, OF/dw=0, TOMONHEHHBIX yPABHCHUEM TS
xumuyeckoro nortennuana (I112), umryTcs 1isi KOHKPETHOTO CIUIaBa CHUCTEMBI
Mn, ,Fe,AsgsPos mpu He 3aBucAled OT X «3aTPaBOYHOW» TIIIOTHOCTH dJIEK-
TPOHHBIX COCTOSIHUM gp(€), HOCTOSHHBIX MapaMeTpax J, oL U 3aJaHHbIX ISl KaXK-
JIOTO X HayaJlbHbBIX 3HAUEHUAX ng(x). Beanunnsl no(x) U 3aBUCUMOCTH g((€) MOTYT
OBITh IPUBEJIEHBI K BEJIMYMHAM, PACCUUTAHHBIM ab initio ISl HEMarHUTHOTO CO-
CTOSIHUSA CIIJIaBa ¢ KOHIEHTpalueil skene3a x. B aTom citydae penieHus: ypaBHEHUS
COCTOSIHMSI TTO3BOJISIIOT MOJYYHUTh yAOBIETBOPUTEIBHOE COTIache MEXKIY dKCIIe-
puUMeHTaNbHOM (cM. puc. 1) u pacyeTHoi (puc. 3) 3aBUCUMOCTSIMH HaMarHU4eH-
HOCTH OT KOHIeHTpauuu. Haxonut cBoe oObsicHeHHE U Oapuyeckasl ycToiuu-
BOCTh CIIOHTAHHOMU (pHC. 4) ¥ MHAYITUPOBAHHONH MarHUTHBIM 1ojieM (puc. 5) Ha-
MarHu4eHHocTd. Ha puc. 5 mpuBeneHbl pacueTHbIEe 3aBUCUMOCTH HaMarHUYeH-
HOCTU M ¥ KOMITOHEHTBI BEKTOpa aHTU(eppoMarHeTusma L MoAenu Juist cirydast
nepexoja 4acTH 3JEKTPOHOB U3 MAarHMTOAKTHUBHOM 30HBI MPU CKATHM PELIETKU
(6) m nus ciydasi OTCYTCTBHS Takoro rnepexona (6). Kak BUgHO, y4eT 3aBUCHMO-
CTH YHCJIa AJIEKTPOHOB B MArHUTOAKTUBHOM 30HE OT 00beMa Ka4eCTBEHHO

026 ——0——n—
20 o \B$E
e T 0.24f 1
« s 10+ —e’ =)
;so D/O/;;F | M i 0.22 — o
0 S 0.20}
= L <>/ .\o ?
! < 0.18}
~10+
- 0.16} .
00 02 04 06 08 10 12 0.00 0.02 0.04 0.06 0.08 0.10
X p

Puc. 3. Vsmenenne monenpHOU (M, [)—x muarpaMMbl cocTossHHMA nipu p = 0 (He3adepHEeH-
Hble cuMBOIIBI) U p = 0.05 (3auepHeHHbIC): O, M — HAMAarHUYEHHOCTh HachIeHus My; o,
® — HaMarHM4YeHHOCTh UHIynupyemoit cFM-dasbl mg; ¢ — KOMIIOHEHTa BEKTOpa aHTHU-
(heppomarneTn3ma /. 3HaUCHUS BETUYHH /() B 001actu crabunbHOCTH AF-dassr (x < 0.5)
MOJIYYeHBI U3 SKCTPATOJISIINUN KPUBBIX m(/h) K HyJIEBOMY IOJIIO

Puc. 4. PacueTHble OapruecKre 3aBUCUMOCTH MarHUTHOI'O MOMEHTa 1yis ny = 1.2638 (x =
= 0.6) B meractabunbHOM FM- (kpuBsie /) u cFM- (kpuBBIE 2) COCTOSIHUSAX TIPH Pa3inud-
HBIX 3HAUCHUSIX mapameTpa a: o, 0 — (—0.06); o, m — 0
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a o
03r_
0.2r Puc. 5. PacuetHbie moneBble 3aBUCUMOCTH
o1l MapaMeTpoB MAarHUTHOTO TOpSAKa s
' cnyvast ng = 1.2535 (x =0.5): a —p = 0,
i 0 015 - 110 a=-0.06;6—p=20.05a=-0.06;6—p=
h, 10~ =0.05, @ = 0. llITpuxoBoif nmuHUEH 000-
—0.1F 3Ha4YeHbl KpuBble M(/), COOTBETCTBYIOIINEC
0ol <//_ MeTactabmibHoMy FM-coctosiauto (/= 0)
8

COOTBETCTBYET HAOJI0Ia€MOM AKCHEPUMEHTAIBbHO [2,5] yCTOWYMBOCTH Hamar-
HUYEHHOCTH CUCTEMbI K BHEIIIHEMY JaBJICHUIO.

3. 3akia0o4ueHue

Hcnonp3oBaHrne KOMOMHUPOBAHHOTO MOJIETTFHOTO MOAX0/1a MO3BOJIUIIO MIPUITH
K CJIEAYIOIINUM BBIBOJIAM.

1. '3MeHeHrne MarHUTHBIX CBOMCTB cucteMbl Mny (Fe Asg 5Py s npu ymensiie-
HUU KOHIICHTpAIMH keje3a oT 1 10 0 00yClIOBICHO N3MEHEHHUEM PA3IMYHBIX THUIIOB
MarHuTHOTO nopsiaka ot FM mpu x > 0.8 (Ny(x) > 38.533), uepe3 cFM-cTpykTypy
mpu 0.5 <x < 0.8 (37.706 < N;(x) < 38.533) no AF npu x < 0.5 (Ng(x) < 37.706).
[Tpu 3Tom B obnactu x < 0.8 FM-cTpykTypa siBisieTcs: MeTacTaOUIbHOM, a SHepre-
THueckas cradbmmmzaiyst cFM- u AF-cTpykTyp nporcxoauT 6e3 KaueCTBEHHBIX M3-
MEHEHHI B MCXOJHOM HEMAarHUTHOM TUIOTHOCTH JJIEKTPOHHBIX COCTOSIHUWA W SIBJIS-
€TCs CIIEJICTBHEM TOJIBKO U3MEHEHHS YHCIa d-3IEKTPOHOB Ny(x) B KpUCTAILIE.

2. baprueckas ycroitunBocTh (pazbl cFM u azoBbie niepexosl Mexay Hero u AF-
¢azoil 00ycIoBIEHBI KOHKYPEHIIMEH MEXKIY paclIMpeHHeM MarHUTOAKTUBHOM d-30HBI
MOJ| ICWCTBUEM JIaBJICHUSI U YBEJIMUEHHEM 3aCEJIEHHOCTH BCJIEJICTBUE CMEIICHUS €€
LIEHTpPA 10 OTHOUICHHUIO K §-, p-30HaM.

B 3akimroueHne 3aMeTUM, 4TO BO3MOXHOCTh MCIOJb30BAHUS BBIYMCICHHBIX W3
MEPBbIX MPUHUMUIIOB MHTEIPAJIbHBIX XapPaKTEPUCTUK 3JEKTPOHHOIO CHEKTpa AJis
UCCJIEYEMbIX CIUIABOB MOXKET, Ha HAIll B3TJISiM, CIYXKUTh ONpPaBIaHUEM MOJEIb-
HOTI'O MOJIXO0/a U psiia CACIAaHHBIX HAMU YIIPOILCHUH.
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IIpunoxenune

B cratuueckoMm mpepene mpu KCHOIB30BaHWMU MpeoOpasoBanus CTpaToHO-

Brua—Xab6apna exp[aﬁ 2} =(a/ n)l/z J dg exp[—aéz —2aEF } cBOOOIHAS DHEP-

—0o0
THS CUCTEMBI C TaMIJIBTOHHAHOM (1) IpM HU3KMX TeMIepaTypax, KOraa MOXHO
npeHedpeds GuyKkTyanusMu 0OMEHHBIX MONCH (&0, Myx0 ), MOXKET ObITH IPE-

CTaBJICHA B BHAC (I)YHKL[I/IOHaJIBHOFO HUHTCrpaja TOJIbKO MO KOMIIOHCHTaAM OIHO-

poaHbIX noJiew [3]:

F=="In[ [T dngoyde,o. exp(—Bw{noy.Eov})+uN,  (IT1)

q,0.,0

W& =wo + v, v =B InTrexp( -y + )|, (12)
WoEm) = No [a —ﬂjz . (n —ﬂjz (I13)
0\%» 0 ) q=0,Z j N q=0,v j >

Hiy =—J [iq_o,qu_o,Z + D My=owly=o Ja (114)
A%

r7ie Gypbe-KOMIIOHCHTBI ONEPaTOPOB CIMHOBO# IIOTHOCTH Fy_ -, L, , ompexe-
JISIOTCSL Yepe3 ONepaTophl POKIEHHUS M YHUUTONKEHHs SIEKTPOHOB iy (dfig),

b (brss) W3BECTHBIMU cooTHOweHUsMHU [3]; Hy=Hy—uN , U — XUMHYECKHUI

noteHuuan, N(2Ny) — MOJHOE YUCIIO IEKTPOHOB (aTOMOB).

B atom cayuae (&, M) JIETKO BBIUUCIISETCS U TIOCIE B3STUS MHTETPAIOB Me-
TOJIOM TepeBaja Oe3pa3MepHOE BBIPAKCHHUE CBOOOJHOW PHEPTUU B pacyere Ha
atrom F'=F/(2NyW) B npenene T — 0, H, = 0 mpu y4eTe ynpyroi SHEpruu u

PV,
SHEPTUU BHELIHETO «0e3pa3MepHOro» NaBjiCHUs p = 70 npuoOpeTaeT BUL

F=E(gn)+J (5-h/J) +J[n}+m)+n? [+ 12+ plo+1), (115)

4
EEm =—2 3 [¢4[ (5, (k.en)-p)o(n-E,kem)].  a16)

l6m” 5
rae O(x) =1, x>0, O(x) = 0, x < 0; W — pa3mepHbIil TapaMeTp, XapaKTepUu3yro-
i YPPEKTUBHYIO NIMPHHY MArHUTOAKTUBHOW 30HBI B HEMAarHUTHOM COCTOS-
wun; h = Hy/W, J=J /W ; ¥ — 6e3pa3mepHasi 00beMHas CKUMAEMOCTE; & = &£(/2,
Ny = Mov/2 COOTBETCTBYIOT pEIIEHUSIM YypaBHEHHUH mepeBana oy /o0&, =0,

oy /ong, =0; E,,(e,&, 1) — pellieHns CeKyJIIpHOrO ypaBHEHUs
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i’kc —E _j[nx + _yj I 0
% n .
—J(T]x —Ty) Vio = E 0 t
=0, (I17)
U 0 ?kc -E j[nx +_y]
= n =
0 t J[Tlx —Ty] Vi—c — E
rne 5
Yo =Yk —(0)J(E+M,),
ko =Yk —(0)J (E-1.),
c=1, -o=-1.
Pemenue ypasuenus (I17) umeet Bua
52( 2, 2\, | 5. (2. T2 2”221/2
E5(kEm)=v, 4/ (nx+ny)+ J§+(tk +J°(M,) ) ,
(I18)

1/2
. . N 11272
Esa(kEm) =7, + J%imi){ﬁ:—(r}%+J2<nz>2) }

N3 obmmx pemennii (I18), onuceiBatonmx (azy cocymiecTBoBaHus Geppo- U
aHTU(eppOMarHeTu3Ma, MOXKHO BBIJIEIUTH JIBA CUMMETPUYHO-PA3IMUHBIX CIIydas:
E£0,m#0,M =M, =0un & #0,n, #0,n, =1, = 0. CKomeHHoi crpyxrype
cFM, KOTOpYyI0 MBI pacCMaTpUBaeM Kak aJlbTepHATUBHYIO cTpykrypam FM u AF B
cucremMe Mn, Fe, Asg 5Py s, cooTBEeTCTBYeT BTOpOE pelieHrne. Eciau nmpeanonoxuTh,
410 V) << f}, ¥ TIpeHedpeus Y, To B (I18) ymaercs popmanbHO BBECTH 3aTpaBOYHYIO
IUIOTHOCTh COCTOSIHUN "

0

7'[3

~ 3 ~
go(® =1 [dr3E—1). (I19)
B nanbHeiimem B kauecTBe g,(€) MOXKHO HCIIOJIB30BATh PACCUMTAHHYIO M3 IEp-

BBIX HpI/IHIII/IHOB HeMaFHI/ITHYIO IIJIOTHOCTH Z-)J'ICKTpOHHI)IX COCTO?[HI/If/'I. BJ'IH?IHI/IC
THIPOCTATHYCCKOTO JIABJICHUS Ha 3JICKTPOHHBIM CIIEKTP ydYTeM 4Yepe3 3aBHCH-
MOCTh IIHUPUHBI «3aTPABOYHOI» IIOTHOCTH 3JICKTPOHHBIX COCTOSHUI OT OTHOCH-
TEIBLHOT0 U3MEHEHHUS 00bEMA ®:

g(e,0) = go| a1 -ao) " |/ [ go|s-a o) e, (I110)
rne e=¢/ (W) , 0L — TIOCTOSIHHAsL, KOTOPAasl XapaKTEPU3YyeT CTEIEHb YIIUPEHUS 30-

HBI TIPU CXKATUU PEILIETKH, a 3HAMEHATellb 00eCleYnBaeT COXpaHEHUE MOJIHOTO
YucJia COCTOSHUM B 30HE.
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Torma mst (I16) umeem
4
E(E) =52 [¢600(n-EyEm) Eyebmds. (1)
m=1

®opmansHo BeIpaxkenue (I15) MoXHO paccMaTpuBaTh Kak HEPaBHOBECHBIH
TEPMOIUHAMHYICCKUH MOTCHIMAN, 3aBUCSIIMHA OT HEPaBHOBECHBIX ITapaMeTpPOB
nopsiaka &, 1y, PABHOBECHBIC 3HAYCHUSI KOTOPBIX ONMPEACISIOTCS M3 YPaBHEHHIA
cocrosuus OF /96 =0, OF /on, =0, 0F /d® =0, COBNANAIONMHUX C yPaBHEHUIMHU

nepeBana. [Ipu yuere Tonmbko cFM-ctpyktypsl (€ # 0, Ny = 1 # 0) ypaBHEeHUs Cco-
CTOSIHHMS, JIOTIOJTHEHHBIC YPAaBHEHUSIMH TSI XUMHYIECKOTO TTOTEHITHAIa, UMEIOT BUJT

4
h=g%ng(s,m)aEm(s,g,n)/ag [O(n-E,(s.6,m) |de, (IT12a)
m=1
4
0 =n+%zIg(s,m)@Em(s,i,n)/(?n[(@(u—Em(s,i,n))] de, (I1126)
m=1

4

/2K = —P—%J-Gg(a,co)/éwz O(u-E,(e,5M) E,,(&,En) de (T1128)
m=l1

4

n((o)=%jg0 (6,0)). O(n-E,(&Emn)) de, (IT12r)

m=1

rae n(®) = no(x) + am ompeaenseT YUCIO FISKTPOHOB AJIsi pABHOBECHOTO 00bheMa
®; no(X) — YUCIIO MEKTPOHOB sl HeZepopmupoBaHHOro (® = 0) cocTosHUs; a —
KOHCTAHTa, XapaKTepU3yIoas 3aBHCHMOCTh 3aCEJICHHOCTH MarHUTOAKTHUBHOM
30HBI OT 00BEMA.
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V.1 Valkov, D.V. Varyukhin, A.V. Golovchan

FEATURES OF BARIC STABILITY OF THE LOW-TEMPERATURE
MAGNETICALLY ORDERED PHASES IN SYSTEM Mn,_ Fe,Asq 5P s

Experimental and theoretical investigation of the phase diagram of system Mn,  Fe,Asg 5P s
under pressure has been performed. It has been determined that spontaneous and mag-
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netic-field induced low-temperature phase is not much changed for 0.5 < x < 0.8 under
the hydrostatic pressure to 2 kbar. By ab initio calculations of Mny_,Fe,AsgsPg5 elec-
tronic structure it has been shown that there are changes in the degree of electron filling
of the d-band under the ferromagnetic (FM) polarization origination and crystal lattice
compression. A model taking the main features of antiferromagnetic (AF) and canted fer-
romagnetic (cFM) structures into account has been proposed. The model parameters are
the degree of d-band filling, nonmagnetic volume-dependent density of electronic states
and intratomic exchange integral. Their values have been correlated to the data of elec-
tronic structure first-principles calculations. Within the model it is shown that the stability
of cFM-structure magnetic characteristics with respect to pressure is due to the increase
of electron quantity in magnetically active band with unit-cell volume decrease.

Fig. 1. Dependences of experimental Mey, (©) and calculated M, (O, m) values of mag-
netic moment, in terms of the unit cell, on iron content. For every x, the unit cell parame-
ters are the same and correspond to experimental ones for Mn sFeq sAsg sPg 5 for AV/V, %:
o-—0,m—(-5)

Fig. 2. Dependence of the quantity of d-electrons on Fe concentration in ferromagnetic
(o, m) and nonmagnetic (o, ®) phases for compressed (AV/V = —0.05, dark symbols) and
undeformed (light symbols) lattice. For every x, the unit cell parameters are the same and
correspond to x = 0.5

Fig. 3. Changes in the model (M, [)—x diagram of states for p = 0 (open symbols) and p =
=0.05 (dark): o, m — saturation magnetization My; o, ® — magnetization of the induced
cFM-phase mg; ¢ — antiferromagnetism vector component. In the region of AF-phase stabil-
ity (x £ 0.5), values of m are obtained from extrapolation of curves m(#) to zero field

Fig. 4. Calculated baric dependences of the magnetic moment for ng = 1.2638 (x = 0.6) in
metastable FM- (curves /) and cFM-states (curves 2) for different values of parameter a:
o,0-(-0.06); ¢, m—0

Fig. 5. Calculated field dependences of the magnetic-order parameters for ng = 1.2535
x=0.5);a-p=0,a=-0.06; 6 —p=0.05, a =-0.06; 6 — p = 0.05, a = 0. Dashed lines
are curves M(h) corresponding to the metastable FM-state (/ = 0)
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PACS: 81.40.Vw, 61.66.Fn

B.IM. CDI/IJ'IOHeHKO1, B.H. Xa6aUJeCKy2, B.A. ﬂ,aBbI,EI,OB1, n.I. 3|/|6p033,
B.H. ArajpoHos*

MEPCMNEKTUBbLI CUHTE3A HOBbIX AIIMA3OINOOBHbIX ®A3
B CUCTEME B-C—-N

1|/|HCTI/ITyT PU3MKN BbICOKMX AaBneHun um. J1.®. BepewarnHa PAH
Kanyxckoe wocce, 14, r. Tpouuk, Mockosckas obn., 142190, Poccua
E-mail: filv@hppi.troitsk.ru

2 .
XbOCTOHCKUI YHUBEPCUTET
r. XetoctoH, CLLUA

3V|HCTVITyT kpuctannorpacgpum um. A.B. lWybHnkosa PAH
r. Mockea, Poccusi

4YHMBepCMTeT um. ®. Pabne
r. Typ, ®paHuus

Ilposedena mepmobapuueckas obpabomxa cmeceli 8 Kamepax muna «mopouoy npu
cmamuyeckom oasnenuu oxono 8.0 GPa u memnepamype oxono 1500 °C. Cunmesupo-
sauHble 0Opaszywl cooepoicanu 00 80% Hosol Kybuueckou aszvi co cmpykmypou chane-
puma u pasmepamu KpUCMALIUMO8 Om 0ojeli 00 eOunuy Mukpomempos. Hzyuena
cmpykmypa ¢aszvl ¢ noMowbio IAEKMPOHHOU MUKpockonuu u penmeernocpaguu. Coenac-
HO pe3yibmamam ymounenus no memody Pumeenvoa cocmas mnosoii ¢azer —

B.918C0. 139N 943, a napamemp ee aueiiku — 3.655 A. He uckniouaemcsa 603modicHocme
6xoxcoeHust 8 peutemky 00 4% xuciopooa. Ilonyuena xopouwtas 80CHPUUMYUBOCTNL pe-
3YIbMamos8 Ha cghepuieckoi MOOUGUKAYUYU HUMpUOa yeiepood ¢ HAHO- U MUKpOpdasme-
pamu uacmuy. JocmynHocms uCXoOHbIX KOMIOHEHMO8 U UCHONb308AHUE CMAHOAPMHOU
annapamypul 03605I0M HApadamvieamv O0IbUIUE KOIUYECMEA HOBOU (a3vl ONisl ee 8ce-
CMOPOHHE20 U3YUEHUsL U ONPeOeeHUs BO3MOICHBIX 001ACm el NPUMEHEHUSL.

BBenenne

MHOTrOYHCIICHHBIE TIONBITKM CHHTE3a TPOHHBIX anMa3zonomoOHbIXx B—C-N-¢a3
NpEeIIPUHUMAINCH MOCIIE YCHEUIHOrO MOJy4YeHHUss KyOW4ecKoro HUTpuzaa 6opa, HO
UCIIOJIb30BAHUE PA3TMYHBIX NPEKYPCOPOB U IIUPOKOTO AHUAA30HA TEPMOOAPHIECKO-
IO BO3JCUCTBHs HE NPUBEIIO K MOJOKUTEIBHBIM pe3ysibTaraM. CorlacHO HEAaBHUM
myOnMKaIusaM TpoiHble Kyouueckue ¢asbl cocraBoB BC,N (x = 2, 3, 4, 8) ynaercs
MOJYYUTh TOJIBKO TpHU OueHb BbICOKUX (20-25 GPa, 21002300 K) cratuueckux
JABJICHUSAX B MHOTOIyaHCOHHBIX amlaparax, alMa3HbIX HAaKOBAIBHAX C JIA3CPHBIM
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HarpeBOM M CHHTE30M B yaapHbIX BoaHax (~ 30 GPa, ~ 3500 K) [1,2]. Cunre3s npo-
BOWJICS JTMOO U3 TEeKCAroHaIbHBIX (a3 COOTBETCTBYIOIIETO COCTaBa, JIMOO0 U3 CMECeH
rpaduTa ¥ reKkcaroHaJIbHOro HUTpHIa Oopa mocje JUIMTENbHOro pasMona. Makcu-
MaJIbHBIE pa3Mepbl 00pa3loB HOBBIX (ha3 He MPEBbILIATN 1 mm, YTO O3BOJIMIIO MPO-
BECTH aHAJM3 UX CTPYKTYPbI U U3MEPUTh MUKPOTBEPAOCTh. Bee cuHTE3MpoBaHHBIC
00pasipl ObUTM HAHOKPUCTAIMYECKHMH, a UX MHUKPOTBEPJIOCTh OKa3ajach BBIIIIE,
yeM y Kyoudeckoro Hutpuaa 6opa [2,3]. [Tapamerpsl siueiiku TpOHHBIX KyOHMIECKUX
BC,N-¢a3, onpeneneHHbIe IO pEHTTEHOBCKUM JaHHBIM M U3 3JICKTPOHHBIX IUpaK-
M1, HEe MPOTUBOPEUMIIN 3aKOHY Berapaa /isi THIOTETHYECKOTO TBEPOTO pacTBOpa
anMasa 1 Kyoudeckoro HuTpunaa 6opa. OHako HaHOPA3MEPHOCTh CTPYKTYPHBIX CO-
CTaBJISIIOIIMX HE HCKIIOYAET CHEKYJSIIMHA B MHTEPHPETALUM KCIIEPUMEHTAIbHBIX
pe3yJIbTaTOB, a BBICOKHE TePMOOApHUYECKUE MapaMeTpbl CHHTE3a TPOMHBIX (a3 3a-
TPYAHSIOT MPOBEICHUE MTOBTOPHBIX SIKCIIEPUMEHTOB.

[Tpu ncnoab30BaHNU B KAYECTBE UCXOAHBIX KOMIIOHEHTOB CMecel HaHoc(hepH-
YecKoW MoaupuKauu HUTPUAA yrieponaa co crexuomerpueid C3Ny u 6opa Tpoii-
Hyt0 B-C—N-¢a3y ¢ kyOnueckoil cTpyKTypol yJaloch CHHTE3UpPOBATh MpPU J0C-
TaTOYHO HU3KUX TepMmoOapuueckux ycnoBusix (~ 8 GPa, ~ 1500°C). Ona xpu-
CTAJITU3yeTCs B MPOCTPAHCTBEHHOM rpyrie F-43m, a mapameTp siaeiiku 3Tol da-
36l TOUTH Ha 1% Ooubie saeiiku Kyomdeckoro HuTpuaa 6opa. Ilo pesympraTam
YTOYHEHHsI CTPYKTYpbI HOBasi (paza MOXKET coaepkaTh 10 25% aToMOB yriepona,
KOTOPBIN 3aMeIlaeT B y3JIaX peleTKu a3oT u 6op [4].

[enbto HacTosimel paboThl ObUIO pa3BUTHE JTAHHOTO HAINpPABIECHUS CUHTE-
3a TpOMHBIX (a3, HapabOTKa MaTepuasia ¥ €ro BCECTOPOHHEE U3yUCHHE.

MeToauka IKCIIEPUMEHTA

B skcniepuMeHTax Mo CUHTE3y MCMOJIb30BAJIM HUTPH]L YIJIEPOAa CTEXHOMETpUYe-
ckoro coctaBa C3Ny, KOTOPBIN CUHTE3UPOBAIIN U3 [IMaHYPXJIOPUIa U HUTPUAA JTUTHS
[0 TEXHOJIOTMH, ONTMCAaHHOM B [5,6]. B 3aBHCUMOCTH OT peKMMOB CHHTE3a MOIyJaln
YaCTHIIBl HUTPUJIA YTIIEpO/Ia PasIMuHbIX pazMepoB u Mopdonoruu. Yactuisl chepu-
yeckoil momudukarmu C3Ny MpeacTaBisud co00H MHOTOCIIOWHYIO CTPYKTYpPY Tpa-
(HUTONOI06HOrO HUTPHIA YIIEPOA C MEKIIOCKOCTHBIM paccTosiHueM 3.415 A [7].
[opomkn HHUTpWAa yriepoAa CMENIMBAIM C KOMMEPYECKMM TOPOLIKOM 0opa,
UMEBIINM pa3Mepsl yactull 1-10 um u ynucrory He MeHee 99.8%. OOpasibl 17151 CUH-
T€3a MOATOTABIUBAIIA TPOESKPATHOW MEPETUPKON CMECEN B alIETOHE C MOCIETYOIIM
NpOCYLIMBaHKWEM U (POPMOBAHHEM B METAJUIMUECKO npecc-(opme.

Tepmobapudeckyro 00paboTKy (GOPMOBOK JUAMETPOM 5 mm U BBICOTOH 3 mm
IPOBOJWIN B KaMepax BBICOKOI'O JIaBJICHUs THIA «TOpoua» [8], B KOTOPBIX sSUeid-
Ky BBICOKOI'O JIaBJICHUS U3 JIUTOTPAPCKOro KaMHs CKUMAIM MEXIY ABYMS IMpo-
(GUIMpPOBaHHBIMU HAKOBAJIBHAMM U3 TBEPAOTO ciulaBa. Cxema CHapshKeHUs sSUeid-
KM BBICOKOTO JIABJICHHUS W METOJWKA CUHTE3a JaHbl B padote [4]. s peHTreHo-
¢azoBoro aHaimza o6pasnoB ucnosnb3oBanu augppakromerp AXS (BRUKER), a
CBEMKY /ISl YTOYHEHHS CTPYKTYpbl mpoBoawian Ha audpaxtomerpe STADI-P

(STOE) ¢ mznyuennem Cu K, . VisyueHne MUKPOCTPYKTYpPBI U 3JIEMEHTHOTO aHa-
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7M3a OCYMIECTBISUIA C TIOMOIIBIO CKAHHUPYIOIIETO 3JIEKTPOHHOTO MHUKPOCKOTA
(SEM) JEOL JSM-6390 ¢ EDX-ananu3atopoM ¥ MPOCBEYUBAIOIIETO 3JICKTPOH-
Horo mukpockona (TEM) JEM2010 ¢ EDS-ananuzaropom.

Pe3yabTathl u 00CyxKaeHne

Panee npu Tepmobapuyeckoit 00paboTke cMmeceil HaHOc(epruecKoil MoTudH-
Kallui HUTpHJIA yriepoda U Oopa ObUIO YCTaHOBJIEHO, YTO B 3aBHCHUMOCTH OT CO-
CTaBa M PEXHMOB CHHTE3a B cUCTeME (POPMHUPOBAIHMCH KapOuasl Oopa, (a3pl HHUT-
puaa yriepona, rpadur, anmas u TpoiHble coenuHenus [4]. Mcmonp3oBaHue onTu-
MalIbHBIX cocTaBoB cmeceil C3Ny ¢ 35-45% 6opa u P-T-napamerpoB (~ 8.0 GPa,
1500-1650°C) rapanTupoBajo MoilydeHHE B 0Opa3lax BBICOKOTO COJAEp KaHUS
HOBOU anmMazonono0HoN (a3el. DTa ¢aza mMmena CTpykTypy cdanepura (mpo-
CTpaHCTBEHHas rpynna F-43m), T.e. ee MUKU HA AUQPPAKTOrpaMMe COOTBETCTBO-
BaJll KyOMYECKOMY HUTPHUAY Oopa, HO MapaMeTp PEeIIeTKH ObLI OobIne mpuom-
3utenbHO Ha 1%. CremyeT OTMETUTh, YTO BO BCEX MOJYYEHHBIX 00pasiax, B KO-
Topbix KyoOmueckass B—C—N-¢a3za sBismack OCHOBHOM, MPHUCYTCTBOBAI TaKXKe
kapoun 6opa B3C,, a otaensHbie 00pasipsl coaepxkanu 10 10% ¢a3 ¢ rekcaro-
HaJIbHOW CUMMETPHUEH.

B nacrosimieir pabore ObLT MPOBENEH LHUKI SKCIEPUMEHTOB C HECKOJIbKHUMHU
NapTUSMH HHUTPHIA YTJIEpONa, KOTOPHIE OTIMYAINACH Pa3MepoM CHEpUIeCKUX
yactur] oT 50 nm g0 10 um. [To pe3ynbpratam CHEKTpalIbHOTO aHalu3a HaHOC(HEPbI
HUTpHUAA yriaepoaa coaepxkaiau 10 10% kucimopoga, a ¢ yBETUYECHUEM Pa3MEPOB
gactul] C3Ny 10 MEKPOHHBIX €r0 KOJIMYECTBO CHIDKAIOCH 10 3—5%. Kucmopon
HAXOMJICSA Ha MOBEPXHOCTU YACTHI] B BUJE aJCOPOUPOBAHHBIX MOJIEKYJ WU XH-
MHUYECKH CBSI3aHHBIX rpyni. Hamndme Kuciopoaa B MCXOAHBIX CMECSX 00YCIIOB-
JIUBaNo oOpa3oBaHHE OKcHla 0opa, KOTOPHI HAaXOIWJICS MPH BBHIOpaHHBIX P—T-
napameTpax CHHTE3a B KHJIKOM COCTOSTHUM M MOT OKa3bIBaTh 3HAUMMOE BIIHSHUE
Ha (a3000pa3oBaHuUE.

OKcnepuMeHTh! poBoarin Ha cMmecsix C3Ny ¢ 40% 6opa npu naBnenuu 8.0 GPa,
HO C BapbUPOBaHHEM TEMIIEpAaTyphbl HarpeBa M BpeMeHHU BbIepKKu. [locie cunTe-
3a U3 Y€K BHICOKOTO JABIICHUS W3BJICKAIM KOMIAKTHI IUaMETPOM OKOJIO 4 U BbI-
coTol 0K0JIO 2.5 mm. DT KOMIAKThl MOABEPrajid KUMISYEHHUIO ISl YJAJIECHUS U3
ux o0bema okcuaa 6opa. Bo Bpemsi KUMSYEHHs KOMIAKTHI pacnajaluch Ha He-
CKOJIBKO 4acTel, KOTOpBIE 3aTeM JIETKO MEPETUPAIUCH B IOPOILIOK CBETIIO-CEPOrO
1BeTa ¢ OOpAOBBIM OTTEHKOM. C TIOMOIIIbIO METOAa PEHTTeHOTparuecKoro aHa-
nu3a ObUTIO YCTAaHOBJICHO, YTO MPH YBEIHMUSHUH MUCXOIHBIX pPa3MEpOB YaCTHUI] HUT-
pHaa yriepojaa KOJIMYECTBO TPOHHON KyOnueckoil (a3l B 00pa3iax W3MEHSIIOChH
HE3HAUYUTENFHO U COXpaHsioch Ha ypoBHE 70—-80%.

OcHoBHOE OOHapYKEHHOE OTIMYHE 3aKII0YaIoCch B TOM, YTO IMOCIE TepMoOa-
pUdecKoil 00pabOTKM cMeceil ¢ HaHOCHEPHISCKUM HHUTPHUIOM YTIepoja BTOPOi
dazoit B oOpasiax 0b11 KapOoua 60pa, a MpU UCTONH30BAHUM MUKPOHHBIX YaCTHUIL
C3Ny4 kpome kapbuzna 0opa B HECKOJIBKUX 00pa3max ObLI0 3a(UKCUPOBAHO MOSB-
nenue anmasa (puc. 1). BeposiTHO, BbICOKas JOKalbHas KOHILIEHTPALHs aTOMOB
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yTaepoaa, HeooxoauMmast isi 00pa30BaHUS alIMA3HOTO 3apO/IBIIIA, JIETYE TOCTHUTa-
eTCsl MIPH Pa3IoKEeHUH MUKPOHHBIX YacTUIl HUTpHUAA yriepona. Pasmeps! xe yac-
TUI[ CHHTE3UPOBAHHON TpPOHOW (pa3bl B OCHOBHOM 3aBHCEIH OT BPEMEHHU BHI-
NEP’KKU, yBEIMYEHUE KOTOPOU € €UHHUIL 10 ACCITKOB CEKYH]I IPUBOJIMIIO K Tepe-
x01y B—C—N-KkpucTaiioB u3 CcyOMHUKPOHHOTO TMAna3oHa B MUKPOHHBIM.

AEEURN IS
Puc. 1. JudpaxrorpaMMbl
‘é : 00pasIoB mocie TepModapu-
= 5 i 4eckoil 06paboTKH cMecei
B 3L ) | 0.6C3Ng + 0.4B: I — C3Ny
= 5 Mukpo, 8.0 GPa, 1650°C, 15 s;
z 2 — C3Ny4 mukpo, 8.0 GPa,
=) 1500°C, 10 s; 3 — C3N, HaHo,
. 8.0 GPa, 1500°C, 3 s; -
M (R e R T ¢BCN, U —anvas, e~ B13C
| b A L 5 A
30 40 50 60 70 80

26, deg

Ha ckxonmax 00pa3iioB HEMOCPEICTBEHHO MOCIEe CHHTE3a BUAHO, YTO KPUCTAILIBI
OKpYyXeHbl aMOp(HOH MIeHKOM okcuna 6opa (puc. 2,a). [Tocne ero yaaneHus: Ku-
NSTYEHUEM 00pa3loB B JUCTHIUIMPOBAHHOW BOJE TPOSIBIISETCS JOCTATOYHO CO-
BEpIIICHHAS OTPaHKa KPUCTANIOB ¢ MUKPOHHBIMHU pa3MepaMu dacTuil (puc. 2,0). B
TO YK€ BPEMsl YaCTHIIBI TPOMHOH (ha3bl ¢ CYOMUKPOHHBIMU pa3MepaMy UMEJH yIi-
JOIIEHHYI0 (OpMY U HESBHYIO OrpaHky. Mopdosornueckie 0COOCHHOCTH YacTHIL
B—C—N-a3bI pa3HOTO pa3Mepa CBsI3aHbI C TEM, YTO €€ CHHTE3 HJET MPAKTUICCKU
U3 3JIEMEHTOB (HUTPH] YIJiepoja MpU HapaMeTpax CHHTE3a pas3liaraercs) U poctT
KpUCTA/UIOB omnpenensiercs mudy3noHHBIM TPaHCIIOPTOM aTOMOB Oopa OT To-
BEPXHOCTH €r0 YaCTHII K PACTYIIUM IPAHsAM TPOUHOMU (a3bl.

—
e \

& )
k. 7 | 4
20kV'  X5,500 ! 15kV  X5,5000 2um _ 0000 1040 SEL 4

a o

Puc. 2. MuKpocTpyKTypa KOMIIAaKTOB, coiepkamux okojo 80% kybuueckoit B—C—N-
¢basbl: a — 1ocne cuHTe3a, O — MOCie CHHTE3a U KUIISTYCHUS
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MHUKpOCTIEeKTpalbHBI aHAJIN3 CUHTE3UPOBAHHBIX 00PA3IOB IMOCIE KUISTYCHUS
MOKa3aj, YTO MOJHOCTHIO yIAIUTh KUCIOPOJa U3 00pa3loB HE ylaeTrcs, a ero uH-
TerpajbHOE coaepxkaHue cocTaBisuio 3—4%. [loaToMy nas yTOUYHEHHS DJIEMEHT-
HOT'O COCTaBa KPHUCTAJUIOB HOBOM KyOudeckoil (ha3bl MX HM3y4yalad C MOMOIIBIO
TEM. CriekTpaibHbIi aHATU3 MPOBOAMIN Ha KpUCTAIaX MOCIe UACHTU(DUKALUT
KapTHH UX 3JeKTpoHHOU nudpakunu. CpeaHue 3Ha4eHHsI COAEP>KaHUSI OCHOBHBIX
3JIEMEHTOB B KpUCTaIaX ¢ KyOMYECKOW CHHIOHUEH MO pe3yibTaTaM CEeMH H3Me-
penuii cocrtaBui, at.%: 6op — 45.4, azot — 36.8, yrnepon — 10.7, kucnopox — 6.6,
a CyMMapHO€ KOJMYECTBO JApPYyrux 3nemMeHToB He npesbimano 0.5%. Cnemyer
YUUTHIBaTh, YTO U3yYaeMble KPUCTAJIBI UMEU CyOMUKPOHHBIE pa3Mepsl (puc. 3),
a HEKOTOPOE KOJMYECTBO KUCIOPOJA MOIJIO HaXOIUThCS HA UX NOBEPXHOCTHU B
coCTaBe XeMcOpOMpPOBaHHBIX Tpymil. Ho Bce ke yCTaHOBIEHHOE COJepyKaHUe KH-
CJI0pOoJia AOCTAaTOYHO BBICOKO, U MOKHO IIPEIIOJIOKUTH, YTO OH BXOJUT U B pe-
HIETKY U3y4aeMou (a3bl.

g 400 nm pecirun 2

I .
Ful Scale 1016 ctz Cursar: -0.001 ke (1004 ct=) ke

Puc. 3. Bun xpucramio kyoudeckoir B—C—N-¢a3bl 1 uX XapakTEpHBIH CIIEKTpP 1O pe-
synberatam TEM/EDS

AHanu3 peHTT€HOBCKOr0 CIIEKTpa MOPOLIKOBOIO0 MaTepHaa Mocie KUIT4eHUs
U PaCTUPKH HECKOJBKUX 00pa3loB, CAHTE3UPOBAHHBIX B MJICHTUYHBIX YCIOBUSX,
MoKaszaj, 4To UMerolrecs Ha AudpakrorpaMmme MUK BTOPOH (pa3bl mpuHaAIeKa-
71 U3BeCTHOMY Kapbuay 6opa B3C;, uTo nano BO3MOXKHOCTh IPOBECTH YTOUYHE-
HHUE MapaMeTpoB HOBOW KyoOmdeckoir B—C—N-¢aspl ¢ Mcmnosb30BaHHEM METOJa
PutBenbna u makera mporpamm GSAS [9]. [Ipu pacderax ObLM 3apUKCHPOBAHBI
KOOPJIMHATHI aTOMOB U TEIUTIOBbIE apameTpsl st B13Cy, B3sThIC U3 paboThl [10].
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CornacHo pe3ysbTaTaM yTOUYHEHHs MapaMeTp siueiiKu TpoiHOM KyOnueckoi (a3l
cocrasun 3.655 A. Pacuernslii coctas ¢assl — BC 151N 027, HO B COOTBETCTBUH C
JIOBEPUTENIBHBIM MHTEPBAJIOM MaKCHMaJIbHOE COAEp)KaHUE YIiiepoaa B ¢ase Mo-
xeT cooTBeTcTBOBaTh (popmyse BCpggN1 027. ATOMBI 60pa M a30Ta 3aHUMAIOT B
CTPYKTYp€ pa3Hble MO3UIMH, KaKk B KyOM4ecKoM HUTpHae Oopa, a yriepoj pac-
npezenseTcs MeXxay 3TUMHU NO3ULUAMH, YaCTUYHO 3aMeras u 6op, u a3oT. Heko-
TOpbIE JaHHBIE IO YTOYHEHHIO PUBECHBI B TAOIUIIE.

Tabmauma
PesynbTatel yrounenus cTpykTtypbl B-C—N-¢pa3sl no metony Pursenbaa
Popmy:a B0.918C0.139N0.943
[IpocTpaHcTBEHHAas rpynna F-43m
Z 4

a, A 3.65515(3)

v, A° 48.833(1)
[T10THOCT®, g/cm3 3.375
Rp 0.0575
Rp 0.033
Ryp 0.0429
d 1.064

[Tockonbky aneMeHTHBINM aHanu3 oOpasia B 1ejaoM (SEM/EDX) u oTaenbHBIX
kpuctaioB kyonueckot ¢asel (TEM/EDS) nokasan Hanuuue B HUX KUCIOpPOJa,
ObL1a MpeNNpHUHSTA MOMbITKA YTOUHEHUSI CTPYKTYpHI ¢ ero yderoMm. Okasalioch,
YTO KHCTIOPOJ HE MOXKeT 3ameniath 6op B mozutuu (0, 0, 0), MOCKOIBKY ISl 3TOTO
city4asi ObUIO MOJTyYEHO OTPHUIATEIbHOE 3HAUEHUE 3aHITOCTH. A B MO3UIUH a30Ta
(0.25, 0.25, 0.25) xucnopon HaxoAuThCss MOkeT. COrjacHo pe3ysbTaTaM yTOYHe-
HUSl €r0 KOJMYECTBO B oOpasle cocTaBisieT okoiio 4%. BBeneHue B CTpyKTypy
KHUCITIOpOJia C1a00 BIIMSAET HA 3HAYCHHS MMapaMETPOB YTOYHEHHS, HO JIOBEPUTEIb-
HbIE MHTEPBAJIbI P 3TOM yBeJIUUHMBatOTCA B 3—4 paza. [loatomy Bompoc o Haiu-
YU KHCIIOPOJIa B COCTaBE OCTAETCS OTKPBHITHIM U TPeOyeT MPOBEACHUS JTOMOTHU-
TEbHBIX AHAIU30B, XOTSA €ro MPUCYTCTBUEM Jierdye OOBSCHUTH 3HAYUTEIHLHOE
yBEJIMUEHUE TapaMeTpa STYCHKU HOBOU (ha3bl MO CPaBHEHUIO ¢ KYOHMYECKUM HUT-
punom 6opa. Crnemayer Takke OTMETHTh, YTO B pabote [11] mocme cuHTe3a mpu
nasnenun 7.5 GPa un temneparype 1700°C oOHapyskeHbl HAHOKPHCTAJLIBI T€KCa-
TOHAJBLHOTO HUTpUJA 60pa, B KOTOPBIX OKOJIO MOJOBHHBI aTOMOB a30Ta ObLIN 3a-
MEIIEHbI KUCIOPOJOM U YTJIEPOJIOM.

AHanu3 pe3ysbTaToB IPYrUX KOJIJIEKTUBOB [0 CUHTE3y TPOMHBIX (a3 MpH BbI-
cokux P—T-mapameTpax MOKa3bIBAE€T U CIOKHOCTh CAMHUX JKCIIEPUMEHTOB, U He-
OJIHO3HAYHOCTh TPAKTOBKH pe3ysibTaroB [1-3]. Tak, B padote [3] ayis coequuneHus
c¢BC,N npusogutes mapamerp pemertku 3.642(2) A, Ho B pabore [1] a1 dassl
TAKOTO cOCTaBa faeTcs mapamerp pemerku 3.600(10) A, a B padote [2] — 3.595(7) A.
Hcnonp3oBaHue aBTOpaMH pa3MYHbIX METO/OB MOJyUYEHHUSI UCXOAHBIX MaTepHa-
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JIOB, anmapaTypbl U PeKUMOB MPHUBEIH B UTOTE€ K KpaifHE 3aIyTaHHOW CUTYallUH.
3asiBiieHBI pa3nuyHbie cocTaBbl TpoitHBIX da3 — BC,N, BC3N, BC4N u BCgN. ITlo
PEHTI€HOBCKUM JaHHBIM B paboTrax [1,3] 000CHOBBIBAETCSl CTATUCTUYECKOE pac-
npejieNieHHe BCEX aTOMOB TI0 y3JIaM PEIIEeTKH, a B padoTe [2] yTBep»KaaeTcs, 4To
TpOMHBIE a3kl UMEIOT CTPYKTYpy chaneputa. B 0CHOBHOM ke 3aKIIOYEHHS O CO-
cTaBe (a3 U XapakTepe cBs3ed B MOMYyYEHHBIX COCTUHEHUSIX 0a3upYIOTCS Ha pe-
3yJbTaTax CHEKTPaIbHBIX aHaINW30B. Ho 31ech cneayeT yuuThIBaTh, YTO BHICOKAs
MOTPEIIHOCTD CHEKTPATbHBIX METOAOB B ONPEAEICHUN KOJIMYECTBEHHOTO COJep-
JKaHUS JIETKUX AJIEMEHTOB yCYTYOJIsieTCsl TEM, UTO aHAIU3UPYIOTCS HE OT/ENIbHbIE
KPUCTAILJIBI, & HAHOCTPYKTYPHBIE MOHOJHMTHBIE 0Opasmbl. Hamuune B Takux 00-
pasmax HEKOTOPOTO KOJWYECTBA HAHOYACTHI] ajiMa3a H(Win) KyONn4ecKoro HUTPHU-
na 0opa MCKITIOYUTH HEIb3sl, U 3TO MOXKET OBITh TTIABHOW MPHUYMHON HECTBIKOBKHU
JKCIIEPUMEHTAJIbHBIX JTAaHHBIX U CII0)KHOCTEH B UX MHTEPIPETALUH.

B nHacrosmieit pabore nis cOopa peHTTEHOBCKUX JaHHBIX HCIIOIH30BAIU JIBYX-
(a3HbI TOPOIIKOBBIM MaTepua, YTO YBEIUYUIIO MOTPEUIHOCTh MPH YTOYHEHUU
CTPYKTYpPHBIX TapaMeTpoB. KpoMe 3TOro, Mpl moka HE MOXEM OIHO3HAYHO yT-
BEpXKJaTh, 4TO HOBass (paza UMeEEeT CTPOTUN CTEXMOMETPHUYECKHUH COCTaB, IMO-
CKOJIBKY B HECKOJIBKUX 00pasiiax, CoJep KalluX B KauecTBE BTOPOM (a3wl anmas,
OTMEYaJIOCh HE3HAYUTENIbHOE YMEHbIICHHE MapaMeTpa PelIeTKHd TPOWHOU (a3bl.
W3 storo crnemxyer HEOOXOIUMOCTh CHHTE3a HOBBIX OOpa3IOB M BBIACICHHUS MO-
HO(a3pl A MPOBEACHUS PEHTICHOBCKUX U CIEKTpPalbHBIX HccienoBaHuil. Ho
U3JI0KEHHBIC BHINIE KCIICPUMEHTANBHBIE PE3yIbTaThl MO3BOJISIIOT YTBEPKIATh,
yTO0 HamMHu (HaKTHYECKHU TOJIydeHa HOBas ajaMasornofoOHas (aza co CTPYKTypoit
cdaneputa, B KOTOPOU 4acTh aTOMOB OOpa 3aMellleHa yriaepoaoM, a 9acTh aTOMOB
a30Ta — yraepoaoM M, BO3MOXKHO, KuciopoaoM. dopMupoBaHue 3TON ¢a3bl UIET
npu gaBieHusx okojio 8.0 GPa B 1ocTaTouHO y3KOM TeMIIEpaTypHOM HMHTEpBAJE.
[Tpu cunTe3e onpoOOBaHbI Pa3IUYHbIE CXEMbl CHApsDKEHUS U YCTAaHOBIIEHBI pe-
JKUMBI HarpeBa, He TPeOyIOINe TOMOTHUTEIBHOW TepMETU3allud 00pa3IoB s
MPEIOTBPALICHHs] 3HAYUMOTO OTTOKAa JIETYYHMX KOMIIOHEHTOB U3 pPEaKLHOHHOIO
o0wvema. Ha pa3nuuHbIX mapTusx HaHOC(HEpPUIeCKOro HUTPUAA YIIIepoia moiayde-
HBI BOCIIPOM3BOJIMMbIE PE3yJIbTaThl MO MakcuMaibHOMY (110 80%) BBIXOLy HOBOM
¢a3er u ee cocraBy. [lapamerp pemetku B—C—-N(O)-¢a3bl coxpansercs mocie
CIEKaHUsl CHHTE3UPOBAHHOIO MOpOIIKa B P—7-yclaoBUSX, OJNM3KUX K pPEKUMaM
nojy4eHus. AOpa3uBHasi H3HOCOCTOMKOCTh TaKUX 00pa3IoB OJIM3Ka K KOMMepUe-
CKHM MHCTPYMEHTAJILHBIM MaTepuajam u3 TIoTHRIX Gopm Hutpuaa 6opa (IITHB,
I'ekcanut-P).

Hcnonp3oBanue 15l CHHTE3a TPOHHOM (ha3bl CTaHIAPTHOM OCHACTKH BBHICOKOTO
TABJICHUS, JOCTYIHBIX UCXOIHBIX KOMIIOHEHTOB U TPOCTHIX CXeM COOpPKH IMO3BO-
JseT HapalaThIBaTh MaTEpHal B IOCTATOYHO OonbImmx oObeMax. [Tapamerpsr mo-
JTy4eHUs] HOBOU (pa3bl MPUOIH3UTENLHO COBMATAOT C PEKUMAMU CHHTE3a ajaMas-
HBIX MOJIMKPUCTAIIJIOB THIA KapOOHA10, KOTOPbIE MPOU3BOIUINCH B TPOMBIIIIICH-
HBIX ycioBusX. [[oaTOMy Ha JaHHOM 3Tare 3ajJa4aMy WCCIICOBAHUS SIBIISIOTCS
0TpabOTKa METOJMK OYMCTKH TPOMHOM (ha3bl OT JAOMOJHUTENBHBIX KOMIIOHEHTOB
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U YTOYHEHHE Ha MOHO(]a3HBIX 00pa3lax ee CTPYKTYpHl, SIEMEHTHOTO COCTaBa U
(bU3MKO-MEXaHUYECKUX XapaKTEPUCTUK JIJIsl ONpeesieHUus] BOZMOXKHBIX oOnacteit
IIPUMEHEHUS.

3aKjao4YeHue

1. HoBas anmazononobnas B—C—N-da3a cunTe3upoBana u3 cmeceil cepude-
CKOM Moan(UKauy HUTPHUA yriepoaa co crexuomerpueit C3Ng 1 TOpPOIIKOBOTO
6opa. OTHOCHUTENHEHO HM3KHME TapameTpbl ee nonydeHus (8.0 GPa, 1500°C) mo-
3BOJISIFOT UCIIOJIb30BAThH IPOMBIIIIICHHYIO OCHACTKY H anmaparypy.

2. CornacHO yTOYHEHHUIO IO PEHTTEHOBCKHM JIaHHBIM COCTaB HOBOW (ha3bl —
Bo.918Co 130N 943, @ TApAMETP €€ Aueiiku cocTapiuser 3.655 A. Ona umeer cTpyk-

Typy KyOumdeckoro HUTpuja 60pa, B KOTOPO aTOMbl a30Ta U OOpa YaCTHUYHO 3a-
MeIlleHbl aToMaMu yriepoaa. He uckitouaercs BO3MOXKHOCTb BXOXKJIEHHS B pe-
mIeTky 10 4% Kuciopoja.

PaGora BbINOJIHEHA MTPU YACTUYHOW MOJAEPKKE AMEPUKAHCKOTO (pOHIa rpax-
naHckux uccienoBanuii u pazputus (CRDF), rpant RUE-2894-T1-07.
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V.P. Filonenko, V.N. Khabashesku, V.A. Davydov, I.P. Zibrov, V.N. Agafonov

PROSPECTS FOR SYNTHESIS OF NEW DIAMOND-LIKE PHASES
IN THE B-C-N SYSTEM

Thermobaric treatment of the mixtures has been carried out in a toroid-type chambers
under the static pressure of 8.0 GPa and temperature of about 1500°C. The synthesized
samples contained up to 80% of new cubic phase possessing the sphalerite-type structure
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for the crystallite sizes ranging from the tenth of a micron to several micrometers. The
phase structure has been studied by electron microscopy and powder X-ray diffraction
methods. According to the results of Rietveld refinement the composition of new phase is
B0.918Co 130N 943 with the unit cell parameter of 3.655 A. The inclusion of up to 4%
oxygen into this cell is not to be ruled out. The results have been reproduced with the use
of spherical modification of carbon nitride having both nano- and microscale particle
sizes. The availability of precursors and use of standard high-pressure set up enable scale-
up synthesis of the new phase in large quantities for in-depth studies of the properties and
potential fields of application.

Fig. 1. XRD patterns of the samples after thermobaric treatment of mixtures 0.6C3N4 +
0.4B: 1 — C3N4 micro, 8.0 GPa, 1650°C, 15 s; 2 — C3N4 micro, 8.0 GPa, 1500°C, 10 s; 3
— C3Ny nano, 8.0 GPa, 1500°C, 3 s; 4 — ¢BCN, U — diamond, e — B{3C;

Fig. 2. SEM images of samples with 80% of cubic B-C—N phase: a — after synthesis, 6 —
after synthesis and boiling

Fig. 3. TEM images and EDS spectra of cubic B-C—N phase
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AHCUZLL?Mp)/@WlCE GlUAHUE aﬂekmponﬂacmuuecmli npoxkamku u nocxzedy}ou;ezo omarcuzca

Ha mapmencumnoe npespawjerue 8 cnaage Tiyg 3Nisg 7 ¢ dpgpexmom namsamu gopmvi
(OID). Memoodom ougghepenyuanvron cxanupyowen xaropumempuu ({CK) obuapy-
JHCEHO, YMO NPU MATLIX CTMENeHAX dehopmayuu X0N00HAsE NPOKAMKA ¢ MOKOM CHOCOOCM-
gyem penakcayuy CMpyKmypbl U 60CCHMAHAGIUBACTN NPSIMOE MAPMEHCUMHOE Npespauje-
HUe Npu OXAANCOEHUU, KOMOPOe 8 OMCYMCHEUe MOKA 00bIYHO NOOABISEMCAL.

CmnaB Tigg 3Nisg 7 0OBIYHO IPUMEHSETCS B 3aKAJICHHOM M 3aTEM COCTapEHHOM
COCTOSTHUH, B KOTOPOM €T0 XapaKTePUCTUKH NMaMsITH (GOpMbI MakcuManbHbl. [1na-
cTuueckas nedopmanys U MOCIeayIOIUNA HarpeB CIijlaBa MPUBOIAT K TOMY, YTO
KpOME HMHTEpMETAJUIMIHON MaTpUIlbl HA OCHOBE TBepaoro pacreopa TiNi B ero
CTPYKType MOTYT MPHUCYTCTBOBaTh YacTuIlbl BTOpoil ¢aszel TisNiy u obnactu
amopdHOi (a3el. Takol CIuTaB Mo CBOEH MPUPONE SBIACTCS KOMITO3UITHOHHBIM
TpyaHOIe(hOpPMUPYEMBIM MaTepuanioM. HenaBHO OBUTO MOKa3aHO, YTO AJIEKTPO-
mactuaeckas mpokatka (JI1I1) MoxkeT OBITH YCHEITHO MUCIOJIb30BaHA /IS TTOBBI-
mieHuss AepOPMUPYEMOCTH M TONYyYEHUSI HAHOCTPYKTYPhI B OOBEMHBIX JIMHHO-
MEPHBIX H3JIeTUsAX TOHKoro cedeHus B cruiaBe TiNi ¢ OI®D [1,2]. Onnako Bius-
uue DIII1 Ha nposiBienue 3¢pdexra namstu GopMbl HE UCCIIETOBAHO.

N3BectHO, uTO B OCHOBE JIID NEXKUT TEPMOYNPYyroe MapTEHCUTHOE B2 «>
> B19'-npeBpariieHne BBICOKOTEMIIEPATYpHOH ayCTEHUTHOH (ha3bl, KOTOPOE B
psiie ciydyaeB MOXKET OCYLIECTBIISTHCS Yepe3 MPOMEXyTOUHyI0 R-¢pazy. OgHuM u3
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METOJIOB OTIPEJICIICHHUs] CTAUIHOCTH, TEMIIEPATyp HaYaIa ¥ KOHIIA TIPEBPaICHHIA
spisiercst JICK. JlaHHBIN METO yCTHENIHO MCIOJIB30BaH /I UccienoBanus (a3o-
BBIX IpeBpamieHui B criaBe TiNi mocie X0J0QHON NMpoKaTK [3] M pa3IuuHBIX
pexumMoB TepmooOpadoTku [4]. C momompio JICK OblT BRISBICH TeMIIEpaTypPHBII
3¢ (deKT maMaTy B CIiIaBe, KOTOPBIN MPOSBIISIICS B 3alIOMUHAHHUY CIIABOM TEMIIe-
patyp mpeBpallleHUil TPU TPEPHIBAHUHU LIMKJIA HarpeB—OXJIaxaeHue [S].

BaxHBIM acTieKTOM OTJIMYHS TPOIecca EKTPOIIAaCTHUECKON AeopMaIiu OT
XOJIOTHOM MPOKATKH SABJISETCS XapakTep BIMSHUS TOKA HAa CTPYKTYpy U (a3oBble
npeBpamieHus B cruiaBe TiNi, uro mpexnae metogoM [ICK He wuccienoBanocs.
Haubonpmuii uHTEpEC MpH 3TOM NPECTABISIOT Majlble CTENEHU AedopMalui,
IIPU KOTOPBIX TUIOTHOCTH 00Pa3yrOMIMXCSl CTPYKTYPHBIX ACPEKTOB €Ille HE BBICO-
Kasi, a BIUSHUE TOKA MOXKET OBITh CUJIbHEE, YeM MPHU OOJBIIUX CTEMEHIX aedop-
MaIuu.

B nactosmeii padore metomom JICK uccnenyercs snmusaune DI npu manoi
cTerneHu AeopMaIiK U TEMIIEPATypPhI MOCIEAYIOIMIEr0 OTKUTa Ha MapTEHCUTHOE
npeBpaiienne B crutaBe Tigg 3Nisg 7.

Martepuaja u MeTOAUKHU HCCIETOBAHUS

OO0bexkToM uccienoBaHus BeIOpaH cmiaB Tigg 3Nisg7 3aCTEXHOMETPHUYECKOTO
cocraBa B popme mracTuH pazmepoM 1.8 x 6 x 150 mm. OOpa3ubl ObLUTH 3aKae-
HbI B Boaly oT 800°C B Teuenue 1 h, 4ro npuseno k 00pa3oBaHUI0 MUKPOCTPYKTY-
PBI B BUJIE MTOJIMAAPUYECKUX 3€pPEH CpeTHUM pazmepoM 80 pm, IpeaCcTaBISIOMNX
co00i1 TepechIeHHbI TBEPIbI PacTBOpP HUKENS Ha OCHOBE YHOPSIOYECHHOTO
uaTepmerauuaa TiNi (B2-¢aza).

[TpokaTky ¢ MpUMEHEHHUEM HMMITYJIHCHOTO TOKa BENW Ha JByXBAaJKOBOM IpO-
KaTHOM CTaHe C JuamMeTpoM BajikoB 120 mm, 000pyA0BaHHOM I€HEPATOPOM HM-
MyJBCHOTO TOKA. JIJIsl MOJIBEIEHUSI M CheMa TOKa MCTOIb30BAIM CKOJIB3SAIINI KOH-
TaKT (OTpULIATENbHBIN MOIIOC) 0 30HBI Aeopmanu oOpa3la U OJUH U3 BAJIKOB
(TIOMOXKUTENBHBIN TONIOC) COOTBETCTBEHHO. [IpokaTKy BenM Mpu KOMHATHON
TEMIIEPATyPEe CO CKOPOCTHIO 4 m/min B MOIIATOBOM PEKUME TPU PETYTUPYEMOM
pa3oBOM 00KaTUU MO ToIImuHE (~ 25 um).

[1n0ocKy!0 MPOKATKY BBIMOJIHSUIN MIPU IJIOTHOCTH OJHOMOJISPHOIO UMITYJICHOT'O
ToKa j = 84 A/mmz, JUIUTEIBHOCTU UMITYJIbCa 80-10 ° s u ckpaxkmoct 12.5. Vc-
TUHHAA JedopManus Mpu IpoKaTke cocTaBisiia e = Inkg/h = 0.3, Taoe hy, h — ToM-
IMHa 00paslla COOTBETCTBEHHO M0 U mociie mpokatku. [loctaedopmanoHHbIi
OTKUT ocymiecTBisu npu Temneparypax 400, 450 u 500°C u 1IUTENBHOCTH BBI-
nepkku 1 h.

O6pazusr mis JICK pasmepom 4 x 4 mm ObUTH BbIpE3aHBbl U3 CPEIHEH YacTH
MPOKAaTaHHBIX 00Pa3I0B JEKTPOUCKPOBOM PE3KOW W B3BEIICHHI. J{1s1 cCpaBHEHUS
UCTIONIb30BAJIM STAJIOHHBIN 00pa3er] HUKeNns ¢ Onm3Kkoi Maccoi. Llukier HarpeB—
oxnaxaenue B katopumerpe NETZSCH DSC204 npoBoaniau B UHTEpBaJIe TEMIIE-
paryp ot —150 o 150°C co ckopoctbio 10°C/min. OxmaaeHue oCyIeCcTBISIIH C
MOMOIIBIO )KUJIKOTO a30Ta.
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JKCNepUMEHTAIbHbIE Pe3yJIbTAaThl U 00CyXKIeHUE

Ha puc. 1 npencrasnensr JJCK-Tepmorpammel i 00pas3iioB, IPOKaTaHHBIX C
TOKOM M 0e3 Toka co cremneHbto aedgopmanuu e = 0.3. B oOpasue, npokaraHHOM
0e3 Toka, TeMrepaTypHbIe MUKW HE HAOII0AI0TCs, YTO CBHAETEIBCTBYET 00 OT-
CYTCTBHHM MapTEHCUTHBIX MpPEBpallleHH. AHATIOTHYHBIA pe3ysbTaT Obul 0OHaApY-
KEeH paHee B [2] U CBSI3aH C BBICOKOW TUIOTHOCTBIO NIe(DEKTOB M HAMPSHKEHUSIMH,
KOTOpPBIC MOJIABIISIOT MAPTEHCUTHOE TIPEBpAIIICHHE.

112C 20 44°C
0 6 5015 350C
g £
S 3 = 10
= 2 g
o 1 LS
s L, RK3 -s02°C = 0
+ ?éﬁ
_ + t + + ‘\‘_78. C‘ t | _10 + + _:34O:C 2:9OC:_ :3201C: |
-80 -40 0 40 80 -80 40 0 40 80
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8 2

Puc. 1. Tepmorpamms 3akaneHHOro ciiaBa Tigg 3Nisg 7 MOCIe MPOKaTKK ¢ TOKOM (1, 4) u
0e3 Toka (2, 3), e = 0.3: a — B OTCYTCTBHE OTXKWTA, 0, 8, 2 — TIOCIIE OTKUTA TIPHU TeMIIepa-
Typax cootBercTBeHHO 400, 450 1 500°C; 1, 2 — Harpes, 3, 4 — OXJAXKICHUE

B o6pasne nocne DI/ npu Toit ke crenenu aedopmariuy HabIr0gaeTCs mpsi-
Moe JByxcTaauitHoe B2 — R — B19'-npeBpalieHue npu oxjiaXJIeHUH U OJHO-
craguitHoe B19' — B2 oOpaTHOe npeBpaiieHue npu Harpese. IMITyIbCHBIN TOK B
Ipolecce MIACTUYECKON AeopMaIiy BO3ICHCTBYET Ha 00pa3yroluecs CKOIuIe-
HUSl TUCIIOKAalMi U CIIOCOOCTBYET YMEHBIIEHHMIO MX IUIOTHOCTH. B pesynbrare
MPOUCXOINUT YACTUYHAS PEaKcaIlsi CTPYKTYPhI, UTO M MPUBOJNUT K BOCCTAHOBJIC-
HUIO TIPEBPAILCHUIA.

PaccmoTpuM, Kak BIMSET TemIepaTypa OT)KHra Ha XapakTep IpeBpaIleHHi
IpU MpOKaTKe ¢ TOKOM U 6e3 Toka. Ha puc. 1,0—2 mpencraBieHbl TepMOTpaMMBI
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3aKaJICHHOTO M 3aTeM IPOKATaHHOT'O C TOKOM W 0e3 TOKa CIUIaBa IOC]e OTXKHIra
nipu Temnepatypax 400, 450 u 500°C.

Omxur nepopmupoBanHoro TiNi-criaBa B uHTepBasie Temmneparyp ot 400 1o
500°C npuBOAMT HE TOJBKO K YACTUYHOMY CHATHIO HAMPSHKEHUI B MaTepualie, HO
U CTAPEHUIO0 PA3HOW CTENEHM WHTEHCUBHOCTH — Hayally BBIJEICHUS YacCTHIL
Ti3Niy, UX HHTEHCU(UKAIIIH U 3aBEPLICHUIO MTPOIIECCa.

[Tocne orxura npu temmneparype 400°C (puc. 1,6) B 000UX COCTOSHUSX TPsi-
MO€ MpeBpalleHUe OCYIIECTBIsAEeTCS B JBe ctaauu: B2 — R — B19'. Tok He
BJIMSET HA CTAAMWHOCTDh U HE3HAYUTEIIBHO CABUIACT XapAKTECPUCTUYECKHE TEMIIC-
paTypsl psAMBIX npeBpaieHuil. [Ipepamenne R — B19' xapakrepusyercs 0THO-
CUTEJIbHO IIUPOKUM MUKOM IO CPABHEHUIO ¢ B2 — R, 4TO CBUAETEILCTBYET O 3a-
METHOH HEOJHOPOIHOCTU CTPYKTYpHI R-(ha3bl, BHI3BAHHOW Ha4yalbHOW cTaauei
cTapeHMs Npu oTxure. Tok Oka3pIBaeT BIUSHUE HA CTAAMHHOCTb OOpPaTHOroO Ipe-
BpallleHHs B CIuiaBe. B oOpasiie mocie X0a0HOM MpoKaTku 0e3 TOKa MpU Harpese
HaOMIOAAIOTCs ABa OMM3KUX MUKa mpu TemmepaTtypax 35 u 41°C, 9ro cBUACTENb-
CTBYET O JIByXCTaJIMHHOM IpeBpalleHnu. B craBe, mpokaTaHHOM € TOKOM, 00-
paTHOE TpeBpallleHHe ABISETCS oAHOCTyneH4YaTeiM: B19" — B2. Ilo-BuguMomy,
WU3MEHEHUE CTaJMMHOCTH IPEBPAILEHUS CBA3aHO C TEIUIOBBIM JIEHCTBUEM TOKa,
KOTOpOE€ TOPMO3HUT BbIAeneHUe yacTull Ti3Niy

[Tocne orxura npu 450°C (puc. 1,6) Bce MUKU MpEeBpAIEHU XapaKTepU3yIOT-
Csl OTHOCHUTEIBHO Y3KUM TEMIEpPaTypHbIM HMHTEPBAJIOM, YTO CBHUJAETEIBCTBYET O
NOBBILICHUHM OJHOPOAHOCTH CTPYKTYpbl. B NaHHOM cilydae TOK HE OKa3bIBacT
BJIMSIHUS Ha CTaJUIHOCTh MPEBPALIEHUI Npu HarpeBe u oxjaxjaeHuu. OHU ocy-
HIECTBISIIOTCA B ABa dTama: B2 «» R < B19' (nmpu oxnaxaeHuu obdpasla mocie
XOJOAHON TPOKATKH Ha Tpaduke HAOIIOHAaeTCs] OJUH UK, BTOPOH JICKUT B 00-
Jactu Oojiee HU3KHUX TeMIepaTyp). DTO 0OBACHAETCS TEM, 4TO MPU TeMIlepaTrype
BOmm3n 450°C crapeHue NpOMCXOIUT HanOoJIee MHTEHCHBHO M aKTHBHOE BhIJE-
nenue vactui Ti3Niy «3a0uBaeT» BimssHUE TOKA. [locieHee CHITBHO TIPOSBIISCTCS
B 000c0o0JeHUN R-TIpeBpalleHus] NpU HarpeBe W MOBBIIIEHUH XapaKTepUCTHYe-
ckux temmneparyp: B19" — R na 10°C, a R — B2 na 20°C, 4T0 TakXe CBUICTEIIb-
CTBYET O MOBBILIEHUN OJHOPOIHOCTH CTPYKTYPBI CIUIABA, IPOKATAHHOTO C TOKOM.

[Tpn noseimiennn temneparypsl oTxura no 500°C (puc. 1,e) craauiiHOCTH
NpeBpalleHu Takas sxe, Kak 1 nocie orkura npu 400°C (mpokatka ¢ Tokom): B2 —
— R — B19' npu oxnaxnenuu u B19" — B2 npu Harpese. llluprna nukos mpe-
BpAILLCHUH YMEHBIIAETCS, & UX BBICOTA YBEJIMUYUBACTCS, YTO CBSI3aHO B OOJbILIEH
CTENEHH C PEKPUCTAIIIM3ALMOHHBIMU IIpOLeccaMy, 4eM co cTapeHrneM. Ha stom
(doHe BIUSHME TOKa MposBiseTca B cHukeHud Ha 10°C temnepatypsl B2 — R u
noBeiennu Ha 15°C temneparypsl R — B19' npu npssMoM npeBpanieHuu.

CHmxenue TemnepaTypsl Hadana npespauieHust B2 — R nocie OIIIT moxer
OBITH CBSI3aHO C TEM, UYTO TOK CIIOCOOCTBYET YaCTUYHOW aHHUTWJISLIMN BHYTpH3E-
PEHHBIX AMCIOKALUN U UX 0ojiee paBHOMEPHOMY paclipe/leIeHUIO B TPaHUIlax 3e-
peH. A GapbepHOE BIHMSHUE TPAaHHIl HA HAYaJl0 MAPTCHCUTHOTO MTPEeBpAIEeHNs Ha-
MHOT0 BBILIE BJIMSHUS BHYTPU3EPEHHBIX JUCIOKaLui. B pe3ynbpTaTte TeMieparypa
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HayajJla MapTEHCUTHOIO IpEeBpalleHus CHuXkaercs. [loBbllieHHMe Temmeparypsl
R — B19'-npeBpaiiieHust MOKeT OBITh CBSI3aHO C OCIA0JICHHEM BIIUSHUS YaCTHI]
Ti3Nig mocsIe TPOKATKH C TOKOM.

BriBoabI

Haubonee cunpHOe BiMSHHE TOKAa Ha XapakKTep MpeBpalleHus B oOpasuax,
NPOKAaTaHHBIX C MaJlol cTeneHslo aedopmarun (e = 0.3), mposIBISETCS 10 OTXKHUra —
IPOKaTKa ¢ TOKOM, B OTJIMYME OT MPOKATKH O€3 TOKa, BOCCTAaHABJIMBAET MapTeH-
CUTHOE IpeBpallieHue. B cocTapeHHOM COCTOSIHUM pOJIb IPOKATKU C TOKOM 3aBH-
cuT oT temmeparypsl orxkura. [Ipu Huszkoit (400°C) temneparype omxkura DIIIT
NPUBOJUT K MOJaBIIEHUIO 0OpaTHOro R-mpeBpaineHus. C MOBBIICHUEM TeMIepa-
Typbl oTkura 10 450°C D111 noBeIaeT TemnepaTypbl 00paTHOTO MIPEBPAIICHHUS.
IIpu Bbeicokoit (500°C) Temmeparype orxkura OIIIl npuBoAUT K B3aMMHOMY
COMIDKEHUIO TEMTIEpaTyp NpsIMOTo TpeBpamenust B2 — Ru R — B19'.
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A.E. Sergeyeva, V.V. Stolyarov, E.G. Pashinskaya, V.V. Grishayev

EFFECT OF ELECTROPLASTIC ROLLING ON MARTENSITIC
TRANSFORMATION IN SHAPE MEMORY TiNi ALLOY

Effect of electroplastic rolling (EPR) followed by annealing on martensitic transformation

in the shape memory Tigg 3Niso 7 alloy is analysed. Using differential scanning calorime-
try (DSC) method it was shown that EPR at the low strain stimulates structure relaxation
and recovers martensitic transformation upon cooling, which is usually suppressed by
cold rolling.

Fig. 1. Thermograms of hardened alloy Tigg 3Nisg 7 after rolling with (/, 4) and without
(2, 3) current, e = 0.3: @ — no annealing, 6—2 — after annealing at 400, 450 and 500°C, re-
spectively; I, 2 — heating, 3, 4 — cooling
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®OPMWPOBAHWE CTPYKTYPbI M CBONCTB CIMJABA TiNi
MPWY BO3OENCTBUWM TEMNNOW MHTEHCMBHOW NMNACTUYECKOMN
AJE®OPMALMN KPYHYEHWEM

YdumMckui rocygapCTBEHHbIN aBUaLMOHHbIA TEXHUYECKUIA YHUBEPCUTET
yn. K. Mapkca, 12, r. Yd¢a, 450000, Poccus
E-mail: dimagun@mail.ru

Hccnedosanvr muxpocmpyxmypa u ceoticmea 0opasyog Tiyg 4Nisg s Ouamempom 20 mm,
NOOBEP2HYMbIX UHMEHCUBHOU niacmuieckou Oegopmayuu kpyuenuem (UIIAK) npu
memnepamypax 20, 300 u 400 °C. B pezynomame UIIJK c uuciom obopomos n = 5 npu
20C ¢ obpasyax opmupyemcs amopghno-nanokpucmannuveckas cmpykmypa, UK
npu 300 u 400 °C npusooum xk ¢opmuposanuro Hanoxpucmairuveckou (HK) cmpyxmy-

pol ¢ pasmepom 3epen dg okono 80 u 100 nm coomeemcmeenno. Ilpounocmes 06pasyos
nocae UK npu 20 u 300 °C oocmueaem 2000 u 1800 MPa coomeemcmeenHo.

Crnasel Ti—Ni IIKXPOKO UCMONB3YIOTCSA B TEXHUKE U MEAMIIMHE KaK MaTepuaibl
¢ 3¢ pexrom namatu popmel (II1D) [1]. HoBble BO3MOKHOCTH B peryJIMpOBaHUU
(U3MKO-MEXaHUYECKUX CBOMCTB METAJUIOB U CIIJIAaBOB OTKPBHIBAET CO3/1aHUE B HUX
HK-cocTosinus MeTronamu mHTEHCHBHOM Tutactuyeckoit nedopmanuu (UITI) [2].
H3BecTHBIM MeTo0M TTocnennen apisiercs UITIK, koTopast mo3BoJIIeT 10CTUTaTh
HauOoJiee BBICOKHX CTerneHed nedopmanuu M Haubosiee CUIBHO H3MEIbuaTh
cTpykrypy Matepuanos [2]. [Tpu Bo3aeiictBum UITJIK crutaBer TiNi amopduzu-
PYIOTCS, @ X MOCIEAYIOIMHUMHU OTXKUTaMU MOXHO copmupoBaTh HK-cTpykTypsl
[3—5]. OgHako ucmob30BaHHBIE B paboTax [3—5] Tpagummonnsie peskumbl UTTIK
HO3BOJISUIM MOJy4aTh JIMIIb Majble JUCKOBble 00pasubl auameTpoM 5—10 mm u
tonuHON okoyio 0.1-0.15 mm, 9TO 3aTpyJIHATIO HCCIEIOBAaHUE MX MEXaHHWYe-
ckux cBoiictB u DIIP. B padore [6] cma TiNi noxsepruyt UITAK npu komuart-
HOHM Temrmeparype C HCIojb30BaHHeM Oosee mourHoi ycrtaHoBku «CKPY K-
200» u crienuanabHOW METOJUKH, YTO MO3BOJMIIO MOITYYUTh 00pa3Ibl OTHOCUTEIb-
HO OombImoro pasMepa — <& 20 mm u TommuHoK 10 1 mm [18]. B nannoit pabote
K crmaBaM Ti—Ni BOepBble mpruMeHeHa HoBas ycrtaHoBka U Metonuka MITJIK «B
kaHaBke» mpu remneparypax 300 u 400°C.
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HcxonupiM MaTepuanom ciaykuil criaB Tigg 4Nisge (moctaBka Intrinsic De-
vices Inc., CIIIA) ¢ Temmeparypoii MapTeHcuTHOTO TipeBpamienus M 15°C. Tlo-

cie romoreHusanuu U 3akaiaku ot 800°C ciiaB 01 noasepruyT UITJIK Ha ycTa-
HoBKe «CKPYI)K-200» B Ooiikax ¢ kaHaBKoil 1uamerpoM 20 mm 1o JaBiIeHUEM
P = 6 GPa npu temneparype 6oiikos 20, 300 u 400°C.

B pesynbrare UITJIK ¢ unciaom oboporoB n = 5 mpu 20°C (UITAK 20°C) B 06-
pasumax dopmupyercs amophHO-HAHOKpPHCTAUTUYECKass CTpykTypa (puc. 1,a).
Cpennuii pasMep COXpaHMBILMXCS 3€PEH N0 TEMHOIOIBHOMY M300paXKEHUIO dy B
KpaeBoil yacTu oOpasia-aucka coctaBui okoio 30 nm.

Puc. 1. IIDOM-u3o0OpakeHUs MHKpPO-
cTpykTyp ciutaBa Tigg4Nisge TMOCHE
UITJIK: a — 20°C, 6 — 300°C, ¢ — 400°C
(xpaii oOpa3sia)

Benencreue UTTJIK nmpu remmepatype 300°C (UITK 300°C) B kpaeBoit yactu
obpasua ¢opmupyercs HK-ctpykrypa ¢ dy ~ 80 nm (puc. 1,6). I'panunsr 3epen
UCKPHUBJICHBI. 3€pHAa WMMEIOT BBITSHYTBIH XapakTep, COAEpX aT BBICOKYIO ILIOT-
HOCTh Auciokaruii. AMopdHas ¢a3a B CTPYKType OTCYTCTBYET, IMOCKOJIbKY HH-
TeHCU(UKaALKs PEIaKCAllMOHHBIX MPOLECCOB MPHU MOBBIMICHUH TeMIIEpaTyphl Jie-
dopmaruu moxasnsger amopduszamuio. B pesynprate UITJK mpu Temmeparype
400°C (UITJK 400°C) B xpaeBoii yactu obpasua GopMHUPYETCs CTPYKTYpa € dg ~
~ 100 nm (puc. 1,6). Pacripenenenue 3epeH mo pasmepy OJIM3KO K pacrpeacsiCHUIO
lNaycca. XoTst HeKoTOpBIE 3epHa UMEIOT pazmep Oonee 200 nm, UX 10JIs1 HE3HAYH-
tenbHa. OT™MeTnM, uto gocturHyThi mpu UITJAK 400°C cpennuii pazmep 3epHa
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100 nm 3ameTHO MeHblle, yeM nocturaemelii npu PKVYII npu ananornyHoi tem-
nepatype nedopmanuu (= 300 nm) [3]. B menom 3epeHHast cTpykTypa mociie
UITAK 400°C sBnsiercs Ooniee BbIpa)KEHHOU, IPaHUIIBI 3epeH — 0oJiee YeTKUMHU, a
BBITAHYTOCTh 3€pE€H — 3aMeTHO MeHblue, yeM B ciydae MITK 300°C. Muxpo-
cTpyktypy obpazuoB UITJAK 300°C u UITJIK 400°C unTEpecHO CpaBHUTH C MHUK-
POCTPYKTYpOii, CPOPMUPOBAHHOM CTATMYECKUM OTKHUIOM IIPH TEX XKe TeMIepa-
Typax amopdusupoBanabix o0pasnoB UITJAK 20°C. Ilo nanueiv [19M, wacoBoit
omkur mipu Temmeparype 300°C ob6pazna UITJK 20°C He mpuBOAUT K IMOTHOU
KpHcTalu3auu aMmoppHoit asbl, pasmep 3epHa octaetrcst okojo 30 nm. Oxur
mpu 400°C B Tedenne 20 min IPUBOAMT K KpHUCTAIUIM3AaUKA aMOpHOU (a3bl 1 K
dopmupoBanmto HK-cTpyKkTypbl co cpearuM pasmepom 3epeH B2-¢asbl okomno 20 nm.
OrneHka Mo TEMHOMY M CBETJIOMY IOJIIO CBUAETEILCTBYET O TOM, YTO TaKOW OT-
KHUT TIPUBOJAUT Jake K HEOOJIBIIOMY YMEHBIIEHUIO CPEIHEr0 pa3Mepa 3epeH 10
CpaBHEHUIO ¢ cocTtossHreM HemnocpeactseHHo nocie UITIK 20°C. BepositHo, 3TO
CBSI3aHO C MOSIBIICHHMEM HOBBIX MEJIKHX 3€peH pa3mepoM MeHee 10 nm B pe3ynbra-
Te Kpuctamumzauuu amopda. OTMeTuM, 4TO pasmep 3epHa aMop(U3HUPOBAHHBIX
obpasuoB UITJIK 20°C nocne crarndyeckoro omkura 400°C 20 min B msath pas
MeHbIne, 4eM d, mocne UITAK 400°C.

MexaHnveckre UCTIBITaHUs Ha pacTshKEeHHE Mmokasamu (puc. 2), uro GopmupoBa-
HUE aMOpHU3UPOBAaHHON MUKPOCTPYKTYpHsl B pe3ynstare UITJIK 20°C npuBoaut
K YBEJIMYECHUIO IIPeJieNia MPOYHOCTH Gy U Ipejiena TeKyuecTH o 6oaee 2000 MPa
(c ucxomubix 1050 u 560 MPa cootBercTBeHHO) mpu minactuunoctu 10% (mpu
ucxonuoir 6 = 80%). Ha xpuBoii Teuenust obpazua MUITAK 20°C orcyrcTByeT
wiomaaka QasoBoi nceBgoTekydecTtd. [locne oTxkUra JaHHOTO COCTOSHUS TIPH
400°C B Teuenne 20 min u popmuposanus HK-crpykrypsr ¢ d, = 30 nm oOmas

IUIACTUYHOCTh MOBbICWIIACh 710 16% mpu

25 Ji 4 npouyHoctu okoio 2000 MPa (puc. 2, xpu-

s 2.0 2 Basg 4), a Ha KpHUBOM TEUYEHMs MOSIBUIIACH
D15 3 3 wiomaaka  (a3oBoil  ICEBIOTEKYYECTH
%ﬁ L0 (puc. 2, xpusas 4). [Ipenen mpouyHOCTH 00-
% pazuo UITIK 300°C nocturaer 1800 MPa,
0.5 or — 1660 MPa npu nnacruunoctu 15%

0 (puc. 2, xpusas 2). V o6pasua UITJIK 400°C

0 10 823 ain?& 4050 o ¥ o; cocTaBisiroT 1400 u 1200 MPa (puc.
2, KpuBas 3), a Ha KpUBOM pacTsDKEHUS Ha-
OJIro1aeTCsl BRIpaKEHHas TIomaaka ¢aszo-
BOI TIICEBIIOTEKYUYECTH TMPHU HAMPSIKCHUH
6, ~ 200 MPa. O0mias miacTHYHOCTEL CO-
Hamke: | — Ipu KOMHATHOH Temmepa-  CTABHIA 20%. Takum 06pazom, MPOYHOCTH
Type, 2 — nipu Temmeparype 300°C, 3 o6pastioB UTTJIK 300°C 3ameTHO BbIIIIE, YeM
npu 400°C, 4 — UIJIK 20°C u omxkur O 00pasuos MIIJIK 400°C (1400 MPa),
400°C, 20 min, 5 — UITJAK 400°C u  XOTS IIO MEPBBIM OLIEHKAM dg JaHHBIX CO-

omxur 400°C, 20 min crossuit 6mu3ku (80 m 100 nm cootBercT-

Puc. 2. Kpussle HanpspkeHue—aedop-
Mamysl [pH  PacTSHKEHWH — CIiaBa
Tigg 4Nisg ¢, mogseprayToro UIIJAK c
yrciaoM o6opotoB n = 5, 6 GPa B ka-
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BeHHO). [lo-BuanMoMy, 3ameTHasi pa3HHIIA B MPOYHOCTH U Mpeesie TEKy4eCTH
ATUX COCTOSIHUM MOKET OOBSICHATHCS OONBIICH TUIOTHOCTHIO TUCIOKAIUN B 3€p-
Hax U ux rpanunax B coctosuun UITAK 300°C.
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D.V. Gunderov, A.V. Lukyanov, E.A. Prokofiev

FORMATION OF TiNi STRUCTURE AND PROPERTIES BY WARM
HIGH-PRESSURE TORSION

Microstructure and properties of Tigg 4Nisg ¢ samples @ 20 mm subjected to high pressure
torsion (HPT) at temperature 20, 300 and 400°C have been investigated. Amorphous na-
nocrystalline structure is formed in the samples as a result of HPT with rotation number
n =15 at 20°C. HPT at 300 and 400°C leads to nanocrystalline (NC) structure formation

with a grain size d, of about 80 and 100 nm, correspondingly. Strength of the samples
after HPT at 20 and 300°C achieves 2000 and 1800 MPa, correspondingly.

Fig. 1. TEM patterns of the microstructure of Tigg 4Nisg ¢ alloy after HPT: a — 20°C, 6 —
300°C, 6 — 400°C (the edge of the sample)

Fig. 2. Stress-strain curves of the Tigg 4Nisq ¢ alloy subjected to HPT (n = 5 rotations,
6 GPa in the groove) during tensile tests: / — at room temperature, 2 — at 300°C, 3 — at 400°C,
4 — HPT at 20°C and annealing at 400°C, 20 min, 5 — HPT at 400°C and annealing at
400°C, 20 min
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PACS: 81.30.Bx

H.B. KaszaHuesa, H.B. MywHukos, A.A. lNonos, B.A. Ca3oHoBa,
MN.b. TepeHTbEB

HAHOPA3MEPHbIE T'APWNAbI AIMIOMUHWOOB TUTAHA

WHctutyt domnsmkmn metannos YpO PAH
yn. C. Kosanesckon, 18, r. EkatepnHbypr, 620041, Poccus
E-mail: kazantseva@imp.uran.ru

Ilpedcmasnenst pe3yrbmamol UCCIE008AHUS GIUAHUSL DOABULOU NIACTMUYECKOU Oedopma-
Yuu Ha npoyecc 2uopuposanus unmepmemaiiuornozo cnaasa Ti—22.6% Al-13.9% Nb(Zr,
Mo). Obuapysceno, umo mexanoakmugayus ¢ ammocgepe 8000poda nO38018em NoJy-
yame HaHopazmepuvie 2UOPUObl ATIOMUHUOOE MUMAHA C KYOUUeCKOU KPUCALIUYeCKOl
peuemxol u Konyenmpayuet 600opooa 0o 1.8 wt.% npu komnamuou memnepamype 6e3
NOBBIUEHHBIX MPEeDOBAHUI K YUCTHOME U OAGIeHUID N00A8AeMO20 6000p0dd. Bvixoo 60-
00p0o0a 6 saxKyyme uz makux oopasyos Havunaemcs npu memnepamype ~ 175 C.

BBenenne

®azp1 BHeApenus (interstitial alloys), kK KOTOPBIM OTHOCSITCSI KapOUIbI, HUTPHUIBL,
THIIPUIbI, OKUCIIBIL, CHIIMLUABI U O0Jiee CII0KHBIE CUCTEMBI THIIAa KapOOOKCHIOB U JIp.,
00pasyroTcs B pe3ysibTaTe BHEIPECHUS HEMETAUTMIECKUX aTOMOB OTHOCUTENLHO Ma-
JIBIX pa3MEpPOB B MEXKIOY3/IUS KPUCTALIMYECKUX PEUIETOK, 00pa30BaHHBIX aTOMaMH
NepeXOTHBIX MeTauToB. Hebombimme pa3mepsl aTOMOB BHEIPEHUST 00ECTICUMBAIOT UX
BBICOKYIO ITOJIBHYKHOCTB JaK€ MPHU CPABHUTEIBHO HU3KUX TEMIIEpaTypax U COOTBET-
CTBEHHO JIETKOCTh (Da30BBIX MEPEXOI0B MEKITY COCTUHEHUSIMH, UMEIOLIMU Pa3JIiy-
HYIO KPUCTAJUIMYECKYIO PEILETKY U pa3IMYHbI XUMUYECKUNA COCTAB.

J1J1st BOOPOTHOM SKOHOMUKH THIIPHUIBI HHTEPMETAIITHIOB SIBISIOTCS Hauboee
yA00HOHN CHCTeMOM JyIsi XpaHeHHUs1 Bojopoia. [IoCKoIbKy MIIOTHOCTh BOJOpOAA B
METATMYECKHUX THIPUIAaX 3HAYUTEIHHO BBIIIE, YEM B Ta3000pa3HOM WU KHUJIKOM
COCTOSIHUSIX (B CBSI3U C TE€M, YTO B METAJUIMYECKO MaTpulile aTOMBI BOAOpPOAA
B3aUMOJICCTBYIOT C aTOMaMM Me€Tajlla), aTOMbl BOJOpOAAa HAXOASTCS OYEHb
6nu3ko Apyr K Apyry. C Apyroi cTopoHbl, BBICOKasi OJBUKHOCTH aTOMOB BOJIO-
polla B METAJUTMYECKON MaTpUIlE MO3BOJSET JIETKO IMOJyYaTh €ro B CBOOOJIHOM
COCTOSIHMM IPY HarpeBe.

[{enbro JaHHOM pabOTHI ABISUIOCH UCCIIEAOBAHNUE BIUSHUS OOJBIION TUIacTHYC-
CKOHM nedopManuu Ha MPOIECCHl TMAPUPOBAHUS/IETUIPUPOBAHUS WHTEpMETA-
muaHoro cruiaBa Ti—22.6 at.% Al-13.9 at.% Nb(Zr, Mo).
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TexHuKa IKCIIEPUMEHTA

MarepuanoM Al UCCIIEAOBAHUS CITYKHWIU JUCThl SKCIEPUMEHTAIBHOTO CILIA-
Ba Ti-25.6Al-13.9Nb(Zr, Mo), U3roTOBJICHHbIEC MTAKETHOW MPOKaTKOM. [ momy-
yeHus1 omHO(pa3HOTrO cocTosiHUsA (P, CBEpXCTpyKTypa B2) 00pa3ipl OTXKUTATH B
BakyyMme npu 1200°C B teuenue 1 h, 3arem 3akanuBanu B nensHol Boge. [lepen
HaBOJOPOKMBAHUEM M MEXaHHUYECKOM akTHBAalMEH MOBEPXHOCTh CIMTKOB OYH-
IIaJIM OT OKKUCHOTO CJI0s U 3aTeM TpaBuin B peaktuse Kposna (2 h HNOs, 1 h HF,
3 h H,O). I'mapupoBanre MacCUBHBIX 00pa3IOB U MOPOIITKOB MOCIE MEXaHOAKTH-
BaIlMM MPOBOAMIM B anmapare Tuna CuBepTca YUCTHIM BOJOPOJIOM, MOTyYaeMbIM
npu pasnoxkennu ruapunga LaNisH,. HemocpeactBenHno mepen ruapupoBaHuEeM
MOBEPXHOCTh 00pa3lOB aKTUBUPOBAIM HarpeBoM B Bakyyme 1o 500°C. Ilorio-
IIEHUE BOJOPOAA PETUCTPUPOBAIIH 110 U3MEHEHUIO 1aBJICHUS B U3BECTHOM 00BbeEMeE
YCTaHOBKH, & TaK)Xe JIOTIOJIHUTENIFHO KOHTPOJIUPOBAIH ITyTEM B3BEIIMBAHUS KOH-
TeliHepa ¢ o0pa3loM IOCie 3aBepIIeHUsT BOJOPOAHONW 00paboTku. [TorpenHocTh
ONpEENEHUsI KOJMYECTBAa IOIJIOLIEHHOrO Bopopoaa cocrasisiia +0.02 wt.%.
MexaHnuecKyro aKTHBALMI0 00pa3loB MPOBOAWIM B aTMocdepe BoIopoja MpHU
KOMHATHOW TEMIIepaType U HadyalbHOM JIaBjeHuu ra3a 775 mm Hg B BuGpomens-
HuLe. B kadecTBe m3aMenbyaromux Ten ObLIM BHIOpaHBI 6 CTAJbHBIX IIAPOB AWA-
meTpoM 16 mm u oOmiei maccoit 214.3 g. OTHOIIEHHE MacC MOPOLIKa U IIapoB
cocrasisuio 1:179.

Pe3ysabTaThl M 00CyKIeHUE

CornacHoO IUTEpaTypHbIM JaHHBIM B MHTEpPMETANIUAAX C MCXOJHOM KyOuue-
CKOM pemeTKol (CBepXCTpyKTypoi B2) BO3MOKHO 00pa30BaHME ABYX THAPHUIOB C
TETParoHaJbHON M KyOHMYECKOW DPEIIeTKOM, TaKKe YMOPSJOYCHHBIX 1O aIFOMU-
HUIO M TUTaHy M HUMEIOLUX PAa3IMYHOE cojepkaHue Bojgopona [1-3]. Xumunue-
ckue hopmynnl 3tux ruapunos: Ti(Al, Nb)H u Ti(Al, Nb)H,. [Ipu stom, kak mo-
Ka3bIBaeT pacyeT, MpU yHOpsI0YeHHH Mo TpeTbeMy aneMeHTy (Nb) u popmupo-
BaHWH TUAPHUJIA C TOU K€ CUMMETpHUEH (KyOMUecKOW MU TeTparoHaJIbHOMW), HO C
xumudeckumu popmyiamu TiAINbH mnu TiAINbH, makcumanabHOE KOJIHMYECTBO
BOJIOPOJIa CHMKAETCS, MIOCKOJIbKY B 3TOM THIpPHJIE HE TOJIbKO TUTAH U aTIOMUHUM,
HO M HUOOMI 3aHUMAaIOT CBOM COOCTBEHHBIE mojapemeTku. [Ipu comocraBieHun
pPe3yIbTaTOB, MOJYYCHHBIX C TIOMOIILI0 pEHTIeHOCTPYKTypHOTo aHanu3a (PCA), ¢
JUTEPATypPHBIMU JAHHBIMU OBLJIO CAENAHO MPEANOI0KEHNE, YTO B pe3ysIbTaTe Ha-
BOJIOPOXKHMBAHUS MacCUBHOIO oOpasia B anmnapare Tuna Cueprca oOpa3oBacs y-
runpun TiAI(Nb)H,, umeromuii TetparoHansHyto pemetky (puc. 1). ITapamerpst
pemetku storo ruapuaa cienyromme: a = 0.3194 nm, ¢ = 0.382 nm. [lepen nostop-
HBIM THApUpoBaHueM Obul BeinmoHeH PCA cruiaBa, KOTOpPBIN TOKa3aj, YTo B Pe3yJib-
TaTe OXJaXIEHUs Mopolika nocie aeruapupoanus npu S00°C B Bakyyme mpo-
u3ouuio ¢azoBoe npespamenre B2 — O. /ludpakrorpamma cruiaBa 1mocie JerH/I-
pUpPOBaHUS U OXJIAXKIEHUS MpUBeAeHa Ha puc. 2. [lapameTpsl perieTkun paBHOBEC-
HOU opTopomOuueckoir O-dassl (Ti,AIND), paccuntannsie u3 ganabix PCA, co-
crawd: a = 0.6076 nm, b = 0.978 nm, ¢ = 0.46799 nm. /TudpakrorpammsI cruiaBa
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Puc. 1. AudpaxrorpamMmsl crjiaBa B MCXOTHOM cocTosHUH (1), mocine mepBoro (2) u mo-
cie BToporo (3) ruapupoBaHus B anmnapare tuna Cuseprca

Puc. 2. ludpakrorpamma crurasa 1 mocie aeruapuposanus mpu S00°C B reuenue 2 h

1I0CcJI€ MIEPBOrO U MOCJIE BTOPOrO TMAPUPOBAHUS IOCTATOYHO CXOXKHU, U3MEHUIIOCH
TOJILKO paclpe/ie]IeHne MHTEHCUBHOCTH JIMHUN U 100aBUIIOCh HECKOJIBKO HOBBIX
TUHUHA B OONBIIUX yriaxX. B menoM monoxeHne TUHUN Ha TUGPAKTOTPAMME 3TOTO
TUAPUAA TAK)KE XOPOIIO COOTBETCTBYET IOJIOKEHUIO JTMHUM TMApUIA C TETparo-
HaJIbHOM PEIIETKOM, IapamMeTpbl KOTOPOM YMEHBIIWIACH U COCTABUIIU COIVIACHO
pacueram: a = 0.318 nm, ¢ = 0.3609 nm. Ilornomenune Boaopo1a Npr MOBTOPHOM
TUAPUPOBAHUU YMEHbIIMIOCH € 1.76 10 0.61 wt.%.

OneHKy KOJIMYeCTBa MOIVIOIEHHOTO BOJAOPOAA B IPOLECCE MEXAaHOAKTUBA-
U B aTMocdepe BoAOpoOa MPOBOAMIN 10 KAIMOPOBOUYHON KpUBOIl JaBiIeHHE—
COCTaB [UIsl JAaHHOM M3MEJIBUYNUTEIbHOM CUCTEMBI, KOTOPYIO IOJydYau NPU MeXa-
HoakTuBauu uHrepmeraimaa ErFe,H,. [lociennuil oueHp J€rko ruapupyercs,
Y 3aBHCHMOCTB €r0 IapameTpa PEeIIeTKH OT COIAEPKaHMs BOLOPOAA XOPOUIO U3-
BecTHa. Kak noxkasanu pesynbratel PCA, npu MexaHOaKTHUBAIMM CILJIaBa B aT-
Mocdepe BoAOpoJa MPOUCXOAUT 00pa30BaHUME HAHOPA3MEPHOIO TUApUAA C Ky-
Onueckoil kpucrammyeckon pemieTkoil. Ho mo cpaBHEHMIO € JIUTEPATypPHBIMH
naHHbIME 111 KyOondeckoro ruapuna (0.8 wt.% Hy, a = 0.334 nm) [3] monyden-
HBbI HaMU TUAPUJ MMEET YyBEJIWYEHHBIM mapamerp pemetku: a = 0.3358 nm
(puc. 3). D10, BEpOSATHO, OOBSICHSICTCS TIOBBIIICHHBIM COJIEPKAaHUEM BOJIOPOJIa B
ruapuae. OOHapyXeHa 3aBUCHMOCTh MPOIEHTA MOTJIOMIEHUSI OT pa3MepoB Yac-
THULl HCXOJHBIX MOPOILKOB, 3arPy»KaeMbIX B KIOBETY I MeXaHOoaKTuBauuu. 1Ipu
pa3mepe ucxoaHslx yactul ot 0.5 1o 1 mm nornomenue cocrasuio 1.96 wt.%,
a npu pasmepe vactull MmeHee 0.5 mm HaOdrOAaeTCs CHM)KEHUE NPOLIEHTA I0-
riouieHus Bopopoaa 1o 1.78 wt.% (puc. 4). IlockonbKy, Kak 1okasaa Hall dKcC-
IIEPUMEHT, B IIPOLIECCE OCTBIBAHUSA MOPOIIKA MOCIE ACTHIPUPOBAHMS IIPOUCXO-
muT (a3oBelil nepexon B2—0 (puc. 2), B pe3ylbTare 4ero Mnpu MOCIeAyIOIIeM
TUIPUPOBAHUU CHUXKAETCA MPOLEHT MOMVIOIIEHHOTO BOAOPOJa, OBLIO pEIIeHO
COXPaHUTH HEOOJIBIIIOE KOJIMYECTBO BOJIOPOa B 00pasiie Npu JAETHAPUPOBAHUH,
TaKk Kak BOAOPOA sBisieTcs OeTa-cTabWiIM3aTOpOM U MOKET HpPensaTCTBOBATh
IPOTEKaHUIO ()a30BOTO MPEBPAIICHUS.
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Puc. 3. ludppaxrorpamma crjaBa 1mociie MEXaHH4eCKOH aKkTHBAIMHM B BOJAOPOJAE B TeUe-
Hue 2 h

Puc. 4. Kpussle morjiomieHus BOAOpOJa CIUIABOM IPH MEXaHWYECKON aKTHUBAllUU IIO-
POIIKOB Pa3HOrO TPaHYIOMETPHUUECKOTO COCTaBa B aTMoc(depe BOAOPOIa IPH KOMHATHOU
temreparype: / —D <500 um, 2 - 500 <D <1000 pm

B pesynbrate sxcrniepuMenTa ObUTO 0OHApPYKEHO, YTO OTKAa4yKa BaKyyMHBIM HAco-
COM peakTopa ¢ 00pa3loM MEXaHOAKTUBUPOBAHHOTO TMJIPU/IA MIPU KOMHATHON TeM-
niepatrype MPOMCXOANUT 3aMETHO MeJIeHHee oObraHOro. [lo-BuauMomy, HeOOobIIast
YacTh BOJOPOJa BBIXOIUT M3 00pa3lia yxe Npu KOMHAaTHOH Temneparype. C Harpe-
BOM B BaKyyMe€ aKTHMBHBIM BBIXOJ BOJOpona Havaics npu Temreparype 180°C. [le-
TUIpUpOBaHKE ObLIO BBINOIHEHO NpH TemmnepaType 200°C B TeyeHue 7 min 10 BOC-
CTaHOBJICHUSI YPOBHS BaKkyyma 2:10 torr. [TockosbKy HEOOXOMMO OBLIIO OCTABUTH
YacTh BOJIOpOZa B oOpasle i OJIOKUPOBaHHs CTPYKTYPHOTO (ha30BOro mnepexosa,
JaBbHENIIYIO Aera3auuto odpasia npekpatiin. Mi3Menenue maccol o0Opasua npu ae-
razaiuu coctaBuno 1.76 wt.%. Jlns mOBTOpPHOrO I'MIPUPOBAHUS KOHTEHHEp ¢ mo-
POLIKOM CHOBA ObUI MOMELIEH B PEaKkTOp U BakyymupoBaH. [lornomenue Bojoposa
Hauasioch 1pu temmneparype 340°C. MakcuManbHOE KOJIMYECTBO MOMVIOIEHHOIO BO-
J0po/ia (BbIXOJ KPUBOM MOMIIOIIEHHS Ha IUIaTO) ObUIO AOCTUTHYTO Yepe3 S0 min.

ITpu noBTOpHOM HarpeBe oOpaslia B BaKyyMe BBIXOJl BOJIOpOJA Hayajcs TaKke
npu Temmepatype 180°C, a mpu 200°C ypoBeHs Bakyyma 2+107> torr 6T JOCTHTHYT 3a
10 min. M3MepeHHOe U3MEHEHHE MacChl IOPOIIKa COOTBETCTBYET Bhixony 0.64 wt.%
BoJlopoza. [loBropenue nporeaypsl rHIpUpOBaHus MOKa3alo, YTO TeNepb MOPOIIOK
NPAaKTUYECKHU HE TOIJIOIIAET BOAOPO BILIOTH 10 Temmeparypsl 463°C. B kadectBe
3aBEpIIAOIICH MPOIIEeAYPhI MOPOIIOK ObLT BakyymuposaH mpu 460°C. Habmromancst
BBIXO/1 3HAYUTEIBHOIO KOJIMYECTBA BOJIOPO/IA, M MOTEPS MACChl COCTaBUIIA MTPUOIIH-
surenbHO 2.5 wt.%. [IpoBenenne PCA sToro mocnemHero AeruapupoBaHHOTO TO-
POIIIKa TTOKa3ao MPUCYTCTBUE B CIUIABE TOJBKO KyOmueckoit dasbl 3/B.

3akjaro4yeHue

B xone uccnenoBanus oOHapyXeHO, 4TO (Pa30BbIi MEpPexo]] METacTaOUIbHOM
KyOnueckoii B2 B paBHOBecHYr0 opropombOmueckyio O-da3y, mpoTeKaromuii B
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pe3ynbTare OXJaKICHHS MAacCHBHOTO oOpaslia moclie ACTUAPUPOBAHUS TPHU
500°C, cHM>KaeT MPOLIEHTHOE COAEpPKaHUE BOJOPOJIa B THAPHUJIE NMPU MOBTOPHOM
TUAPUPOBAHUU M (DAKTHUECKH MPETSITCTBYET BO3MOXKHOCTH ITUKIUYECKOTO HC-
MOJIb30BaHus 3TOro obpasua. [IpuMeHeHne MexaHOAKTHBALUK B atMocdepe Bo-
J0pOJia MO3BOJISIET MONMyYaTh TUApUILl amtoMuHuI0oB TUTaHa Ti(Al, Nb), Tis(Al,
Nb) npu koMHaTHOU TeMmriepaType Oe3 MOBBIIICHHBIX TPEOOBAaHUM K YHUCTOTE M
JABJICHHUIO TI0JIaBaEMOT0 BOAOPOaa. BbIxoa BoIOpoaa B BaKyyMe U3 MEXaHOAKTH-
BUPOBAHHBIX 00pa3ll0oB HaUWHAeTCs npu Temneparype okono 175°C. Coxpanenue
B 00pasiie HeOOIBIIOr0 KOJINYECTBA BOIOPO/IA MO3BOJSET YBEIUIUTh KOJIUYECTBO
LUKJIOB TUIPUPOBAHMS/IETUAPUPOBAHNUS, OJHAKO IMPHU MOCIEAYIOUIEM THIPHPO-
BaHUU TEMIIEpaTypa BBIX0/1a BOJOPOIA MOBBIMIASTCS.

Pabora BeimonHena no 0rmpxeTHo TeMe DM «CTpyKkTypa» ¢ 4acTUIHOU
dbuHancoBoW moaaepKkon: mpoekT PODU Ne 04-03-96008, mporpamma Ha-
UOHATBHON TexHojoruueckoit 6a3sl Ne 33/06/859-2006, I'oc. KOHTpakT
Ne 02.467.11.2007.

1. L.T. Zhang, K. Ito, H. Inui, V.K. Vasudevan, M. Yamaguchi, Acta mater. 49, 751 (2001).

2. L.T. Zhang, K. Ito, H. Inui, V.K. Vasudevan, M. Yamaguchi, Acta mater. 49, 963 (2001).

3. LT Zhang, K. Ito, H Inui, V.K. Vasudevan, M. Yamaguchi, Acta mater. 51, 781
(2003).

N.V. Kazantseva, N.V. Mushnikov, A.A. Popov, V.A. Sazonova, P.B. Terent ev

NANODIMENSIONAL HYDRIDES OF TITANIUM ALUMINIDES

The results of the study of severe plastic deformation effect on the hydrogenation of the
intermetallic alloy Ti—22.6% Al-13.9% Nb(Zr, Mo) are presented. It is found that ball
milling in hydrogen atmosphere allows obtaining nanoscale hydrides of the titanium alu-
minides with the cubic crystal lattice at room temperature and without the special re-
quirements on the purification of the hydrogen. The hydrogen content in such hydrides is
about 1.8 wt.%; the desorption process begins at 175°C.

Fig. 1. Diffraction patterns of initial alloy (/), after first (2) and after second (3) hydro-
genation in a Siverts-type apparatus

Fig. 2. Diffraction pattern of alloy 1 after dehydrogenation at 500°C for 2 h
Fig. 3. Diffraction pattern of the alloy after mechanical activation in hydrogen for 2 h

Fig. 4. Curves for hydrogen absorption by the alloy under mechanical activation of pow-
ders, having different granulometric composition, in hydrogen atmosphere at room tem-
perature: / — D <500 pm, 2 — 500 <D <1000 pm
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A.N. Cksopuos, B.M. KoHgpaTtos

BNVAHME YNPYTOMIACTUYECKOW OESOPMALIAN
HA MATHUTOMEXAHUYECKOE 3ATYXAHWNE
B CIMNABAX XXEJE3A

BAaTckuii rocygapcTBeHHbIN YHUBEpPCUTET
yn. MockoBckas, 36, r. Kupos, 610000, Poccus
E-mail: scvortsovai@mail.ru, scvortsov@vgu.ru

Coenan kpamxuii 0630p 3a8UCUMOCIIU GHYMPEHHE20 MPeHUsl, 00YCN08IEHHO20 MAZHUMO-
MexaHuyeckum 3amyxarnuem, om npeosapumenvrou oegpopmayuu cniaeog Fe. I[loxasano
8UAHUE YUKIUYECKOU Oedhopmayuu Ha napamempuvl AMNIUMYOHOU 3A8UCUMOCTIU 8HYM-
penne2o mpenus. [Ipoanaruzuposan mexaHusm IuaHUs NPed8apumenbHoll oegopmayuu
Ha MazHumomexanudeckoe zamyxauue. Qbcyscoaemcs HeoOX0OUMOCMb yuema GIUAHUS
npedsapumenvHol degpopmayuu Ha OemMnpupyIOwY0 cnocoorocms cniasos Fe ¢ npous-
800CMEEHHOU NPAKMUKE.

Ha BHyTpeHHEe TpeHHE M, B YaCTHOCTH, HA MarHUTOMEXaHMYECKOE 3aTyXaHUe
KaK BeCbMa CTPYKTYPHO-UyBCTBUTEJIbHBIE CBOMCTBA CYIIECTBEHHOE BIMSIHHE OKa-
3bIBACT MpeABAPUTEIbHAS 00pabOTKa MPH MOIYYCHUH MaTepuala, 3aroTOBKH, Je-
tanu. CHIbHEE BCETO BIUSAIOT 3aBEpIIAIONINE oneparuu oopadboTku. TakoBoil sB-
JSICTCSI UITH MOXKET OBITH eopMaIiusl.

W. Koster nmoka3zai, 4To MHTEHCHUBHA IJIaCTHYECKast Aeopmaliusi CyluiecTBeH-
HO yMmeHbInaeT BHyTpeHHee Tpenue Ni [1]. C npyroit ctopoHsl, HeOobIIas mpe-
BapuTenbHas naedopmarus Fe kpyTunbHbIME KosneOaHusMu (MeHbIe aedopma-
IIUH, COOTBETCTBYIOLICH MpeAey YIPYroCTH) U PacTshKEHHEM YCHIIMBAET MarHu-
TOMEXaHUYECKOe 3aTyXxaHue [2].

B pabote [3] mpencrasnen oOmuidi XapakTep BIMSHUS NPEIBAPUTEIBHON Je-
dbopMaruu pacTsHKeHHMEM Ha MarHUTOMEXaHHMYECKOe 3aTyXaHUEe — OHO M3MEHSET-
cst ¢ HeGOIIBIIIM MaKCHMYMOM TIpH aepopMamin mopsika € = 3-107°,

KomruiekcHble MccneoBaHus ¢ UCTIONb30BAHUEM IPEIBAPUTENHbHON HUKINYe-
CKOH nedopmanuy BhIINIE TIpe/eia yIPYyTOCTH MoKa3anu [4], 4To ¢ yBeTUYCHUEM
YHClla LUKIOB JeOPMUPOBAHUS MAarHUTOMEXaHMYECKOE 3aTyXaHHe OciadeBaerT.
Oto ocnabnenue (Mpu ASHCTBUM OJWHAKOBON HArpy3KH) MPOHCXOIUT Oojiee WH-
TEHCHUBHO: a) MPU CHIKEHWHW CHUMMETPUM IHMKJIA; O0) B CIUIaBe C Oojiee HU3KOM
IPOYHOCTEIO, T.€. B ciuaBe Fe—Cr—Al (oo, = 270 MPa) no cpaBHeHu1o co cruia-
BoM Fe—Co (G, =420 MPa).
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KparkoBpemeHHass nukiaudeckas aedopmariusi, MpeBbIaonas mpeaes TeKy-
4YecTu To3 B 1.5 pa3a, ycunuBaeT MarHUTOMEXaHUYECKOe 3aTyXaHHe cijiaBa Fe—
2% Al-1.2% C c¢ depputo-rpaduTHON CTPYKTypOW HapsLy C YCHWICHHEM IIpH
3TOM 3aTyXaHHsl HEMarHUTHOW MPUPOAbl. AMIUTUTYAa MaKCUMyMa MarHUTOMeXa-
HUYECKOT'0 3aTyXaHHUsl CMEIAETCs B CTOPOHY MaJIbIX aMIUTUTY[ KoJeOaHui, Kak 1
B CJTy4ae HeOOJBIION IpeaBapuTensHoi nedopmaru Fe.

[TpuynHbI BIUSHUS TpeABAPUTEIHHON Ae(opMaliui Ha MArHUTOMEXaHUYECKOe
3aTyXaHHe ¢ TOYKU 3PEHUS N3MEHEHHsI TOMEHHOU CTPYKTYpPbl aHAJIM3UPOBAIUCH B
pabote [3] co cChUIKOM Ha pacCCMOTPEHHBIE B paboTe [2] MOeIbHBIC TPEICTaBIIe-
HUs 0 noBeeHuu 90°-HOM JOMEHHOW rpaHULIbl IPU BHEIIHUX Bo3aencTBUAX. On-
HAKO 3TOT aHAJIM3 HOCHUJI OOIIMI XapakTep 0e3 MPUBA3KH K POJIM UMEHHO IpeJBa-
puTenpHOM nedopmaruu.

C no3unuu npeacTaBieHuil 00 onpeAensaionel poiu B MarHUTOMEXaHUIEeCKOM
3aTyXaHUM NEePEeCTPOUKH JOMEHHOM CTPYKTYpPBbI 3TH MPUUUHBI MOKHO OOBSICHUTH
cremytouM obpasoM. [lpu nedopmanmu, COOTBETCTBYIONICH YCHICHHIO 3aTyXa-
HUS, JIOMEHHAsl CTPYKTypa, U3MEHsSI KOH(PUTypaluio, 13 paBHOBECHOI'O COCTOS-
HUs mepexoquT B Oonee meracTabmiibHOe. [l Takoro cCOCTOSHUS JOMEHHOMN
CTPYKTYPBI €€ TIepeCTpOiKa OCYIIECTBISETCS MPH MEHBIIIEM YHEPTETHUECKOM TI0-
pore. DTo sABJIsIETCS MPUYUHOM TOTO, 4TO: a) OOJIbIIee YHCIO JTOMEHOB BKJIIOYALT-
sl B IIpOLECC NMEPECTPONKU JOMEHHOH CTPYKTYpBbI, BCIEACTBUE YETO MOBBIIIAETCS
MaKCUMYM MarHHTOMEXaHHYECKOTO 3aTyXaHHUs O,; 0) yMEHBIIACTCS aMIUIUTY.A
3TOTO MakCUMyMa &,. POCT 3aTyXaHus IOCTHraeT HACBHIECHHUS TPHU MpeaBapu-
TeJIbHOW NeopMalMu €, MECTONOJOXKEHHE KOTOpoH coriacHo paboram [2,3]:
g, <&, <&, ,IJe € — aMIUIUTyAa Hadaja OTKIOHEHHS «(OHa» IHUCIOKAIOHHO-

o>
ro BHYTPEHHEI0 TPEHHUs OT mnpsMosinHerHocTu. [lpu nedopmanuu Beile € Npu-
POCT 3aTyXaHHUsl YMEHBIIIAETCS, MO-BUJUMOMY, 33 CUET CTaOMIU3aIMH JOMEHHON
CTPYKTYpPbl. MOKHO MpPENNOI0KHUTh, YTO K 3TOMY IpHUYacTHA HAaBEJICHHAs Ipel-
BapUTEIbHOM NedopMaliuell aHu30TPOINHS MarHUTHON CTPYKTYPHI.

[Tpy MOBBIIEHUH CTENEHHM JIACTUYECKOH nedopMaliy, Kak U3BECTHO, BO3pac-
TaeT Je(PEKTHOCTh KPUCTAUIMYECKOH CTPYKTYphl: YBEIHUYMBAIOTCS IUIOTHOCTh
JUCIIOKALMM U YMCIIO ITUIOCKOCTEM CKOJIbKEHUS, 00pa3zyeTcsl sueucTasi JUCIOKa-
[IMOHHAs CTPYKTYpa, MPOUCXOAUT Pa3BOpOT cyO3epeH. [loBbilieHne cTeneHu e-
(EeKTHOCTH KPHUCTANIMYECKON CTPYKTYpBl CONPOBOXAAETCS HM3MEIbUEHHEM J0-
MEHHOH cTpyKTyphl. K ToMy ke camu neeKThl, B OCOOCHHOCTH KPYITHBIE, SBIISI-
I0TCSl OapbepaMy Ha MyTH ABMKEHHSI JOMEHHBIX I'PAaHUII, B YaCTHOCTH, TPU Hepe-
CTPOMKE TOMEHHOMN CTPYKTYPBHI.

B mpou3BoACTBEHHON NpPaKTHKE HEOOXOAWMO YYHMTHIBATh BO3MOYKHOCTH OC-
na0eHnsT MarHUTOMEXaHHMYECKOTO 3aTyXaHHs IMpeaBapUTEeNbHON aedopMaruei.
Hanpumep, ecnu netans U3 OTOXOKEHHON (EpPUTHOM CTaiau MOABEPIHYTH IILIH-
doBanuo wiaM HeMHOTO (Ha 2—6%) mpoaedopMUpOBaTh, TO e¢ IeMIpUPYOMas
cnocoOHOCTh cHU3uTcs [5—7]. IloaToMy mpu cocTaBIeHUM TEXHOJIOTHH 00paboT-
K1 HE0OXOJMMO, IO BO3MOXKHOCTH, B KaUeCTBE 3aBepIIAIOLIei onepauuu s Jie-
Tayieit U3 AeMnUpPyONHX CINIABOB C MArHUTOMEXaHUYECKIM 3aTyXaHHUEeM Ha3Ha-
YaTh TEPMUYECKYIO HJIM TEPMOMArHUTHYIO 00pabOTKY.
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A.L Skvortsov, V.M. Kondratov

INFLUENCE OF ELASTOPLASTIC DEFORMATION
ON MAGNETOMECHANICAL DAMPING IN IRON ALLOYS

A brief review of the dependence of internal friction caused by magnetomechanical
damping on preliminary deformation of Fe alloys is made. The influence of cyclic defor-
mation on parameters of peak dependence of internal friction is shown. The mechanism
of preliminary deformation effect on magnetomechanical damping is analyzed. Necessity
of the account of preliminary deformation effect on damping capacity of Fe alloys in an
industrial practice is discussed.
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A.B. ,El,o6p0Mb|cn031, H.N. Tanyu,1, E.A. Kosnos2

PN3NKO-XNMNYHECKUE MNMPEBPALLEHNA B CMECW KBAPLA
C ANIIOMVHWEM MOA OENCTBYEM COEPUYECKM CXOOALLMXCH
YOAPHbIX BO/TH Y1 BHYTPEHHEE CTPOEHME 3EMHOW MAHTUW

1V|HCTVITyT duankm metannos YpO PAH
yn. C. Kosanesckon, 18, r. EkatepuHbypr, 620041, Poccus
E-mail: Dobromyslov@imp.uran.ru

2POALI-BHUNTD
r. CHexuHck, Poceus

C yenvio MOOETUPOBaAHUs BHYMPEHHE20 CMPOEHUs 3emau nposedeH dKCHepuMeHm no
yoapHomy 0bdcamuro wapa u3z cmecu aroMuUHUs ¢ Keapyem 8 coomuowerHuu 1:1 chepu-
YeCKU CXOOAUWUMUCS YOAPHBIMU GOJIHAMU C HAYAILHLIM OAGNEeHUEM HA NOBEPXHOCHMU
48 GPa. Ha ocnose pacuemnvix npoguneii dasienus P(R, r) 0151 vl0eneHubix aaepanice-
eblx wacmuy R coenanvl oyeHKu peanu308anHblX 0AGNeHUll 8 3a8UCUMOCIU O HOJIOJICe-
HUs cnos 6 obpasye. ObHapysiceno, Umo 6 pe3yrbmame NPOMeKaHus PUUKO-XUMUYECKUX
peakyuil 8 wape npoucxooum oopaz08aHue HeCKOIbKUX KOIbYEBbIX 30H ¢ pa3ubiM (hazo-
evim cocmasom. Ilonyuennvie dannvie 0 pazoeom cocmage nPoOyKmos npespaujeHus 6
PA3TUYHBIX CLOAX KOMNAKMA CONOCMABIEHbL CO CMPYKMYPOU Cl0e8 3eMHOU MAHMUU.
Yemanoeneno, umo Oasnenue nauana amopguzayuu keapya 22—24 GPa coomeemcmay-
em 0aseHuIo nepexooa om eepxHell K HUNCHel Manmuu 3emuu.

B HacTosiee Bpemst 00uibliioe 3HaU€HUE 711 TOHUMaHUs Pa3IMyHbIX BOIIPOCOB
MHUHEpaJIOTUH, YIapHOT0 MeTaMop(u3Ma 1 CTpOeHHs 3eMJIM IPHOOpETaeT MpoBe-
JIEHUE MOJICIbHBIX B3PBIBHBIX 3KCIIEpUMEHTOB. Cpelli U3BECTHBIX CXEM YAApHOTO
BOSIIGfICTBHSI HaI/IGOHee OpCANOUYTUTCIIBHBIM ABJISACTCA CHOCO6 Harpy>KCHusd C 1o-
MOIIBIO C(HEepUUIECKU CXOafmuxcsi yaapHbix BoiaH [1-3]. Takoit cmoco® MOXHO
HCIIOJIB30BAaTh B LCIAX MOACITIUPOBAHUA BHYTPCHHCTO CTPOCHUA 3CMJII/I, IIOCKOJIb-
Ky NPH pacnpoCTpaHEHUH yIAapHBIX BOJIH BHYTPHU c(hepruuecKux o0paslioB peaju-
3YIOTCA YCJIOBHA, IPU KOTOPBIX HAXOAUTCA BCIICCTBO B PA3JIMYHBIX CJIOAX MAHTUH
U sapa. AHAJIOTUYHO TOMY, KaK C yBEJIMYEHHEM IIyOMHBI BHYTpU 3€MJIU PACTyT
TABJICHHUE W TeMIlepaTypa, PH PacipoCTpaHEHUH B 0Opasiie cheprudecKku CXos-
nieiicss yJapHoOi BOJIHBI Ha €€ (PpOHTe Takke HEMPEPHIBHO PACTYT aMIUIUTYyla U
TEMIIepaTypa, JOCTHrasi B LIEHTPAIbHBIX CIOSAX OOpaslia JaBieHUH MerabapHOro
Uarna3oHa v TeMIIepaTyp B HECKOJIBKO ThICSY I'paycoB. 3aaueil TaHHOTO Hcclie-
JOBaHUS OBLIO M3yuyeHHE (ha30BOTO M CTPYKTYPHOTO COCTOSHHI KOMIIaKTa M3
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CMeCH TOpPOIIKOB KBaplia M aJIOMUHUS IOCIE HArpy>XeHHs CPepuuecKd CXoJs-
HIMMHCS yIapHBIMU BOJIHAMHU U COIOCTaBJIeHHWE (a30BOr0 COCTaBa MPOAYKTOB
IIPEBPALICHUN € NTOJIOKEHUEM PA3JINYHBIX CJIOEB 36MHOW MAaHTHUH.

MeToauka IKCIIepUMeHTa

B xauecTBe 00bEKTa UCCIIEJOBAHUS UCIIOIB30BaHA CMECh MOPOIIKOB KBaplia U
anoMuHMs B cooTHoweHuu 1:1. [InotHocTh KOMMakTa pg = 2.67 g/cm3. W3 nony-
YEHHOW NWJIMHAPUYECKON 3arOTOBKHM M3rOTaBIMBAIM 1ap auamerpom 48.85 mm,
KOTOPBI 3aBapWBAId B CHEIUAIBHYIO OO0OJOYKY W3 HEp)KaBEIOIeH cTanu
12X18H10T. Harpy»xeHne OCYIIECTBISIIN CXOIAIICHCS T€TOHAIMOHHON BOJIHOM
chepruecKkoro cjos B3pBHIBUATOrO BEIIeCTBAa TONIUMHONW 8§ mm. [laBieHwe Ha
BHEIITHEH TTOBEPXHOCTH 000J109KH cocTaBisuio 48 GPa, a JUTeTbHOCTh UMITYJIb-
ca Harpy3ku — 3 us. CoxpaHeHHBI oOpaszel] paspe3alu M0 MEPUIUOHATLHON
MJIOCKOCTH ajMa3HbIM KpyroM. [locnmoitHblid aHamu3 CTPYKTYphl U (a30BOTO CO-
cTaBa 00pasiia OCYMIECTBISUIN C MCIIOIh30BAHHEM PEHTTCHOCTPYKTYPHOTO aHaJH-
3a, ONTUYECKOW U CKAaHUPYIOMIEH AIEKTPOHHON MUKPOCKOITHH.

Pe3yabTarhl M UX 00CYy:KIeHHE

B nentpe nepBoHavyaibHO CIUIOIIHOTO KOMIIAKTa MOCJE HarpyxeHus oOpa3o-
BaJIach IMOJIOCTh, BHYTPU KOTOPOH ObUT OOHapy>keH MeTauindeckuil mapuk. Ha
MEPHUIMOHAILHOM C€4eHHH 00pa3lia BOKPYT IMOJIOCTH HAOJII0IaeTCsl MPUCYTCTBHE
ISTH KOHIIGHTPUUYECKUX 30H, OTIUYAIOLIMXCS IPYT OT JIpyra KoHTpacTtoMm (puc. 1).
30Ha 3 COCTOUT U3 TPEX TOHKHUX CJIOEB, MO-PA3ZHOMY OTPaKAIOIINX CBET.

[TpucytcTBUEe B 00pa3iie HECKOJIBKUX Pa3IMYHBIX 30H XapaKTEepU3yeT O0COOCH-
HOCTH INPOTEKAaHUsI MPOIECCOB B CMECU MOPOIIKOB KBAapLa W AJIIOMUHHUS B pas-
JUYHBIX Auana3oHax aasieHuii. Ha oc-
HOBE pAacueTHBIX Mpoduielt IaBIeHUS
JUTSL BBIZICTIEHHBIX ((PUKCHPOBAHHBIX) JIa-
IPaHXEBBIX YaCTUI[ ObUIM  CIEIaHbI
OLICHKM W3MEHEHUs NaBJIEHUS B HcCClle-
IyeMoM oOpaslie B 3aBUCUMOCTU OT TIO-
JIOKEHUS 10 paAuyCy Ha cXonslleics u
OTPaOXEHHOM OT WLEHTpa pacxXoAsuIencs
yZIapHbIX BOJHAX (pHc. 2).

Huxe npuBoasitcs nanuele o ¢azo-
BOM COCTaBE Pa3JIMYHbIX 30H.

Haubonee mpotsokennas 3oHa /. B
STOW 30HE pEHTreHorpaduyecku oOHa-
PYKUBAeTCs NPUCYTCTBUE TOJIBKO HC-

U3 CMCECHU KBapuma MW aJIIOMHUHHUSA I10CJIC XOMHBIX KOMITOHCHTOB (pHC 3,61,6).
HarpyKeHus cheprieckn  cxXousmesics MuUKpOCTpYKTypa 30HBI [/ COCTOUT H3

yIapHOl BOIHOM; 1udpamu 0603Hauensr  1ACTHIL (-KBapHa HENpPpaBUIbLHON op-
BH3yaIbHO HaGJII0aEMbIE 30HBI MBI, OKPY)KEHHBIX 00JIACTAMU aTFOMUHHS.

Puc. 1. MepuaroHanbHOe C€YeHUE mapa
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Puc. 2. ITapameTpsl Harpy>kKeHuUs JarpaHKeBbIX YaCTUI] CMECH KBaplla C alIOMHUHHIEM B BU3Y-

aIbHO HAOJNIONaeMbIX 30HaX [—6: @ — cxonAIasics ynapHas BOJHA; O — PacXOmAIIascs; 6 —
TreOMETPUUECKOE MECTO COCTOSHHM Tepe] OTPaKEHHOM (pacxosILeiics) y1apHOil BOJTHOM

[Tpu nepexoze k 30He 2 3aMETHOTO U3MEHEHUS MUKPOCTPYKTYpBI He HabIoAaeTcsl.
OpHako BUJ PEHTI€HOTPAMM MEHSETCS: OT JIMHUM O-KBaplia 0CTaeTcsl TOJIbKO clla-
6ast pazmbitas uHus (101), Ha KOTOPOH MPHUCYTCTBYIOT TEKCTYPHBIE MAaKCUMYMBI,
U OYeHb crnabas, cuibHO pasmbitas aunus (112) (puc. 3,6). 3HaUUTETHHOE YMEHB-
IIEHWE UHTEHCUBHOCTH JIMHUM O-KBapIla Mpy COXPaHEHUH €ro OOILIEro KOJMYecTBa
B CTPYKTYpE CBHJIETENbCTBYET 00 amopdu3zanuu o-kBapua. Kpome toro, Ha peHT-
TeHOTpaMMe TOSIBIISCTCS OJJHA JTOTIOJHUTENbHAS JIMHUS, COOTBETCTBYIOIIAs CaMOi
CHJIbHOM JTMHUM oKcua KpeMHust Si0;.

Ha pentrenorpaMmax, moy4eHHbIX OT 30HBI 3, BCE JIMHUU OL.-KBaplia MOJTHOCTHIO
MCUE3a0T, U MOSBIISIIOTCS JIMHUY, IIPUHAUIeKaIe KpeMHHIo (puc. 3,2). Kpome Toro,
MIPUCYTCTBYIOT cia0bie parMeHThl JUHUNA o-AlyO3, HTHTEHCHBHOCTh KOTOPBIX He-
CKOJIbKO BO3pacTaeT B moj3oHe 3. B mom3onax / u 2 takxke HaOmogaeTcst oopa3oBa-
HHUE Pa3IMYHBIX TPOMEKYTOUHBIX COSAMHEHUH, KOTOPbIE HCUE3at0T B IO/I30HE 3.

Ha pentreHorpammax, mojJiy4eHHbIX OT pa3jIHYHBIX CJIOEB 30HBI 4, HaOIIOda-
I0TCS B OCHOBHOM JIMHUHU 0-Al>O3, KpeMHUS U aTIOMUHUS, UTHTEHCUBHOCTD U BUJL
KOTOPBIX MEHSIOTCS C YBETTMUECHUEM TIIyOHHBI 3anieranus cios (puc. 3,0). AHanus
U3MEHEHUsl AUPPAKIMOHHOW KAapTUHBI CBUAETEIBCTBYET O TOM, YTO TOJBKO B
9TOM 30HE MPOUCXOIUT WMHTEHCHUBHOE oOpaszoBanme o-Al,O3. Kpome Toro, Ha
pEeHTreHOrpaMMax HaOJro/1aeTcsi MPUCYTCTBUE Pa3HBIX JIOTOJHUTEIbHBIX JIMHUM,
KOJIMYECTBO M PACIIOJIOKEHUE KOTOPHIX 3aBUCUT OT TJTyOHHBI 3aJIeTaHusl CJI0s B 30HE.
YacTp 3THX JIMHHUNA HE YIAJI0OCh OTHECTH K KAKUM-JIHOO0 ONpe/ieIeHHBIM (a3aM.
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Puc. 3. PeHTreHorpamMmel, OJIYYCHHBIC OT CJIOEB, PACIIONIOKCHHBIX Ha Pa3HBIX Padycax
Rmm:a-214,6-12.1,6-11.1,2-9.2, 0 — 8.6, ¢ — 4.1. Lluppamu 0603HAYEHEI JTH-
vun dasz: I — Al; 2 — a-kBapi; 3 — SiOj, rekcaronanbHeii; 4 — Si; 5 — 0-AlL,O3; 8 —
HepacmudposanHas daza x; ¢ d =0.194 nm

[Ipu nepexojnie K 30He 4 KpUCTAJIbl KBaplia MOJHOCTHIO MCYE3alOT, U Ha-
Oto1aroTest OOJIBIITME 00JACTH C MATHUCTHIM KOHTPAcTOM. MOYKHO MPEAIoio-
KUTb, YTO ATH 00JacTu coctosAT u3 o-AlbO3 W KaKMX-TO TPOMENKYTOUHBIX
MPOAYKTOB peakiuii MexIy altoMUHUEM U kBapiem. [Ipu yBennuenun riayou-
HBI 3aJIETaHUs CI0S BHYTPU HUX TOSIBISIOTCS TEMHBIE 00JIaCTH HETIPaBUIBLHOU
dopmbl, asistomuecs odaactaMu o-AlyO3. IIpu npubanxkeHun K rpaHuie 30-
HBI 5 pasMmepbl obnacteit a-Al,Os cunpHO yBenmuuBarorcs. Kpemuuii HaO110-
JnaeTcs B BUAE o0nacTei pa3nuuyHoi (opMbl, B HEKOTOPHIX ciaydasx — cdepu-
yeckoil. MakcuManbHBIA pa3Mep cepruecKUX BBIACICHUN KPEMHHS MOXKET
nocturats 200 pm.

TonmmHa 3081 5 coctaBisieT ~ 0.9 mm. BHyTpeHHE# rpaHuiieil 30HbI 5 SBJIS-
€TCsl IOBEPXHOCTh MOJIOCTH. B OCHOBHOM B 3TO#l 30HE HAOJIOAIOTCS MPOTSIKEH-
Hbele oOnactu o-Al,O3 u HebombIIoe Komu4ecTBO BhiAeneHun Si (puc. 3,e). Ha
BHYTpPEHHEH MOBEPXHOCTH MOJIOCTH BUIAHBI CIE/IbI MIABJICHHS] 1 MHOTOUYHCIICHHBIC
KpHUCTaJUTbl KOpYH/a npaBuibHON Gopmbl. [Hlapuk, oOpa3oBaBImiics BHYTpU TO-
JIOCTH, SBJIsIeTCS 30HOM 6. Ha mudpaxTorpamme, moIydeHHOH OT JaHHOTO IIApH-
Ka, IPUCYTCTBYIOT TOJIBKO JIMHUU QJIIOMHHHS U KPEMHHUA. DTO yKa3bIBaeT Ha TO,
YTO MIAPUK MPEJICTABISAET COOOM CIUIaB aJIOMUHUS C KPEMHUEM.

B menom mosyueHHble pe3yibTaThl CBUIETENLCTBYIOT O TOM, YTO B IMPO-
1ecce U3MEHEHHUS JIaBJICHUS U TEMIepaTyphl Ha GPOHTE YAAPHOUW BOJHBI MPO-
UCXOJAT CJIOKHBIE U3MEHEHUS B CTPYKType HCXOAHOUW cMmecu. Hambonee xa-
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PaKTEpHO OCOOCHHOCTBIO TAKUX CTPYKTYPHBIX HMpPEBpAILICHUN SIBISETCSA TO,
YTO OHHM HAYMHAIOT MPOTEKaTh TOJBKO IMOCJIE TOCTHXKEHHUS OIMpeNeleHHOTO
KPUTHYECKOTO JnaBieHHs. [lepBrle M3MEHEHHUS B KBaplle HAYWHAIOTCSA TIPH
KkputuueckoMm nasieHuu 22 GPa, mpu KoTOpoM HpOUCXOAUT amopduzanus
kBapua. [locne goctmxkenus ~ 45 GPa HaumHaercs TBepaodasHas peakius
pasznoxenus SiO;, mpuBOAAIIas K BBIACICHUIO YUCTOr0 KpemHus. Kputnue-
CKO€ JaBJIEHHE, Heo0XoauMoe JUIsl MPOTEKaHUs TBEpAO(a3HON XUMHUUYECKOU
peakuuu obpazoBanus Al,Os, coctaBiser ~ 50 GPa, T.e. npoueccsl 06paso-
BaHUs kpeMHus U o-Al,O3 pa3nenensl B MacmTade JaBieHU. DTO yKa3bIBa-
€T Ha TO, YTO KHUCJIOPOJ B HEKOTOPOM JMala30He JaBJICHUW M TeMIepaTyp B
COOTBETCTBYIOIIUX CIOSX CYIECTBOBAJ B CBOOOJHOM M, BO3MOXHO, B aToO-
MapHOM COCTOSIHUAX. B pabote [4] paHee ObII0 BBICKa3aHO MPEATIONO0KEHHE,
YTO Pa3JI0KEHUE OKCHUJIOB C BBIACICHUEM KUCIOPOJa MOIJIO UMETh MECTO NPHU
dbopmupoBaHUU 3eMIIM U ATOT MPOILIECC OMpEeNeNusl MOosBICHHE CBOOOIHOTO
kuciopoaa B ee armocdepe. [loaToMmy oOHapyKeHHBIM HaMH (PaKT CyIIECTBO-
BaHUsl CBOOOJHOI'0 KHCJIOpPOJa IpHU JaBJICHUSIX U TEMIlepaTypax HUXKe OIpe-
JETICHHBIX 3HAYEHUUM CBUIETENHCTBYET B IMOJb3y TAKOTO MPEANONOXKECHUS.
[Ipu comocTaBiIeHUN UMEIOMINXCS JaHHBIX O BHYTPEHHEM CTPOCHHHU 3eMJU U
HalIuX pe3yiIbTaTOB O (pa30oBOM cocTaBe MPOIAYKTOB, 0OpPa30BAaBIIUXCS B CO-
XpaHEHHOM TOCJie YJapHOr0 BO3ACHCTBUS KOMIIAKTE B Pa3HBIX JUana3oHax
JaBJICHUN, 0OHAPYKHBAETCS, YTO MEPEXO0J] OT BEPXHEH MAaHTHHU K BHYTPEHHEH
B IIKaJie JaBICHHWHA COBMAAET C MEPEeXOJOM KBapua B amMop(HOE COCTOsHHE
(puc. 4). B cpennux cinosix HUW)KHEH MaHTUHU KpeMHUU U Al,O3 MPUCYTCTBYIOT
B TBEPJIOM COCTOSIHUHU, a MPU MPUOIMKEHUU K BHEUIHEMY SPY OHHU MEpPexo-
IAT B XKUJIKOE COCTOSHUE.

P, GPa
N 0
BepxHsia maHTHsS KowmmakTuposanne 3oHa 1
24 Amopdusarmst
é Brigenenue Si 3oHa 3
o e CEEN SR GEERG GRREL SN Sy
) HKHss MALTUIS Ofpasosanue Al,O;, 3oua 4
nnapiaeHue Si | ]
ITnaenenue Al,O;, Al 30Ha 5
* 136
5 BHeninee sapo Bremrnee sapo
<
(=]
vy
“@ 329
BuyTpennee aapo BuyTpennee sapo
3 364

Puc. 4. CpaBHeHI/Ie MOJYYCHHBIX JAHHBIX O (l)aSOBOM COCTAaBC PA3JIMYHBIX CJIIOCB KOMIIAK-
Ta MOCJIC YAAPHOI'0 HArpy>KEHU C MMOJIOKCHUEM CJIOCB B 3EMHOM IIape
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3akJjaroueHue

ITpoBeneH SKCIEPUMEHT MO yJapHOMY O0XATHUIO IIapa U3 CMECH KBaplia ¢ ajko-
MHHHEM B COOTHOIIEHMU 1:1 chepudecku CXOMAMUMUCST YIApHBIMH BOJIHAMHU C
HaYaJIbHBIM JIaBJieHHEeM Ha noBepxHoctr 48 GPa. Ha ocHoBe pacueTHbIX mpoduiieit
naBieHust P(R, r) Ui BBIICNEHHBIX ((DUKCUPOBAHHBIX) JIATPAHXKEBBIX YacTUI] R
CZICTIaHbl PaCUETHBIC OLICHKM PEaIM30BAaHHBIX ABJICHUHI B 3aBUCHMOCTHU OT yZale-
HUS OT ITOBEPXHOCTHU HarpyskeHus cepudeckoro odpasia. OOHapykeHo, U4TO B pe-
3yJIbTaTe yAAPHOIO BO3AEHCTBHUSA B IIape 00pa3yroTCs MECTh KOJBIEBBIX 30H C pa3-
HBIM (pa30BBIM cocTaBoM. B mpuNOBEepXHOCTHOM 30HE / MPOUCXOAAT AehopMaus
IIOPOLIKOB AJIOMUHMS U KBapLa M JONOJHUTEIBHOEC KOMIAKTUPOBAHUE UCXOIHOU
cMecH, a B 30He 2 — amopduzaryst KBapia. Y CTaHOBJIEHO, YTO MPOTEKaHUE TBEP/I0-
(ha3HBIX XUMUUECKUX PEaKIMii HAaUMHAETCS TOJIBKO MOCIE JOCTUKEHUS ONpeesIeH-
HOro kputnyeckoro nasienus. [locine goctmxenus nasiaenust 45 GPa nHaunnHaercs
TBepAodazHas peakuusi paznoxeHuss SiO,, NPUBOAAIIAS K BBIICICHUIO YUCTOTO
KpeMHusl. Hauaso BblieneHus KpeMHHUS U IPOTEKaHWe XUMHUUYECKON peakiuu oopa-
3o0BaHus Al,O3 paznenensl B MaciuTabe naieHuid. [losiBieHne B IEHTpaIbHOM yac-
TH 00pa3na 06JacT, COCTOSIIEH U3 KOPYH/a M METAJUIMIECKOTO MIapruKa U3 CIUIaBa
Al-52.8 at.% Si, sBrseTCA CIEeACTBUEM PACCIOEHUS pacillaBa allOMUHUS, KPEMHHUS
u Al,O3 1 ux nocnenyouen pazaeabHON KpUCTaJUIN3aLHH.

[TosrydyeHHble faHHbBIE O ()a30BOM COCTaBE MPOJYKTOB MPEBPALLEHUS B pa3iny-
HBIX CJIOSIX KOMIIAKTa COIIOCTABIIEHBI CO CTPYKTYPOH CJIO€B 36MHON MaHTHHU. YC-
TaHOBJICHO, YTO JaBJICHUE Hayayna amopduszanmu kBapua 22 GPa cooTBercTBYyeT
JIABJICHUIO TPAHUIIBI TIEpeX0/1a OT BEpXHEW MaHTUU K HIXKHEH (puc. 4).

Pabora BeimonHeHa npu punaHcoBoi moaaepxkke Poccuiickum donmom ¢dyH-
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A.V. Dobromyslov, N.I. Taluts, E.A. Kozlov

PHYSICAL AND CHEMICAL TRANSFORMATIONS IN QUARTZ-
ALUMINIUM MIXTURE UNDER THE ACTION OF SPHERICAL
CONVERGING SHOCK WAVES AND THE INTERNAL STRUCTURE
OF EARTH MANTLE

Mixture of aluminum and quartz powders taken in a ratio of 1:1 was loaded by spherical
converging shock waves with the purpose of modelling the internal structure of the Earth.
The pressures in the converging shock wave and in the diverging shock wave reflected
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from the center of the sample have been estimated as a function of the radial position of
Lagrangian particles on the basis of the calculated pressure profiles P(R, f). A number of
concentric layers (zones) have been observed in a meridian section of the sample after
shock-wave loading. The data on the phase composition of different zones are considered
in view of pressures induced by the converging and diverging shock waves at their
boundaries. It is established that amorphisation pressure corresponds to pressure of tran-
sition from the upper to the lower mantle of the Earth.

Fig. 1. Meridional section of the sphere consisting of quartz-aluminum mixture after
loading by a spherical converging shock wave, the numerals designate the visually ob-
served zones

Fig. 2. Loading parameters for the Lagrangian particles of the quartz-aluminum mixture
in visually observed zones /—6: a — converging shock wave; 6 — diverging shock wave; ¢ —
locus of the states in front of the reflected (diverging) shock wave

Fig. 3. X-ray diffraction patterns obtained from the layers located at different depths
along the radii R, mm: a —21.4,6 - 12.1,6—11.1,2— 9.2, 0 — 8.6, ¢ — 4.1. The numerals
designate the lines of the phases: / — Al; 2 — a-quartz; 3 — hexagonal SiO;; 4 — Si; 5 —
a-AlyO3; 8 — unidentified phase x; with d = 0.194 nm

Fig. 4. Comparison of the data on phase structure of various layers of the sample after
shock wave loading with position of layers in the Globe
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KYPHAJI
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHU»
OBBABJIAET O HIOAIIMCKE
HA 2009 TOJ

B xypHane myOnukyroTcs paboThl B 00JacTH (PU3UKH, MEXaHUKH U TEXHUKH,
BCKPBIBAIOIIME POJbh BBICOKOTO JABJICHUS KaK HMHCTPYMEHTA I W3YyYeHUS W
dbopMupoBaHUs PUINIECKUX U MEXAHUIECKUX CBOWCTB MaTteprasioB. OcoOblif MH-
TEepec NPEICTABISAIOT (YHIAMEHTAIBHBIC WCCICIOBAHUS, YCTaHABIUBAIOIINE
B3aMMOCBSI3M MHUKPO- U MaKpPOCBOWCTB, a TaK)K€ OCHOBAHHBIE HA ATOM IPHUKJIAJ-
HBIE Pa3padOTKHU 10 MPUMEHEHHUIO BHICOKHX JAaBIICHHUH JJISl CO3/IaHUS MAaTEPHATIOB
C 3a/IaHHBIMU XapaKTEPUCTUKAMH.

Crarby, HampaBlIsieMble B PENAKIHIO, HE JOJDKHBI OBITh OMYyOJIMKOBAHBI WU
NpeHa3HAYCHBI IS OIMyOJIMKOBaHMS B APYTUX U3AaTEIbCTBAX.

TemaTuka xypHaJia

— DJIEKTPOHHBIE U KHHETUYECKHUE CBOMCTBA TBEP/IbIX TEI.

— @Ou3nKa MAarHUTHBIX SIBIICHHH.

— dDa3oBbIE NIEPEXOABL.

— CHeKkTpoCcKonus TBEPABIX TE.

— ®Ou3KKa TPOYHOCTH U IIACTUYHOCTH.

— OU3NYECKOEe MaTepUATIOBEICHHE.

— Ob6paboTka MaTepHUaIoB NaBICHHEM, MHTCHCHUBHBIC TUTACTUYCCKUE
nedopmariim.

— AnmapaTypa BbICOKOTO JaBJICHUS, TEXHUKA HKCIIEPUMEHTA,
TEXHOJIOTHYECKOE 000pyI0BaHHE.

Kpome pabot no ¢usuke u TeXHUKE BBHICOKMX JABJICHUN XKypHall IyOIHKyeT
pe3ysIbTaThl UCCIEIOBAHUH M3 CMEXHBIX OOJIACTEH NMPH TOM YCIOBUH, YTO OHHU
MOTYT OBbITh UCTIOJIB30BaHBI B POPMINPYIOIEH 001aCTH.

IIpaBuia oopMieHHs pyKONKCEH I aBTOPOB KypHaJIa
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHUI»

Pepakuus xypHama npocUT aBTOPOB NpPH MOATOTOBKE CTaTel PyKOBOJCTBO-
BaThCSI M3JI0’KEHHBIMH HIDKE TpaBUiIaMu. Matepuainsl, opopmileHHbIE 6e3 coOio-
JICHHS MOCTEIHUX, K PACCMOTPEHHUIO HE IPUHUMAIOTCH.

B xypHane myOnuKyIoTCs CTaTbil Ha PyCCKOM, YKPAUHCKOM U aHTJIMICKOM SI3bIKaX.

B penakiuo HarmpaisiroTes 2 3K3eMIUIIpa pyKOIMCH (BKJIIOUYasi BCE €€ IEMEH-
Th1), HaOpaHHO# B porpamMme Word 7-if unu 97-ii Bepcuit mpudrom tuna Times
pasmepom 14 1.T. uepe3 1,5 nHTEpBasia HA OJHON CTOpOHE JHCTa popMara A4.

ITonsa: neBoe — He MeHee 3, BepXHee U HUKHee — 2, mpaBoe — 1,5 cM. Bee crpa-
HUIIBI HEOOXOMMO POHYMEPOBATh.

Pyxomnuck 1omkHa ObITh BEIUMTAHA U TTOANKCAHA aBTOPOM (COaBTOPAMHU).
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Heo6xonumo npenocTaBieHle JIEKTPOHHON BEPCHU CTAaThU HA TUCKETE, KOM-
MaKT-IUCKe 00 mepeaada dJIeKTPOHHOM MOUYTOM 10 ajapecy:
E-mail: pashinska@mail.ru.

KommniekTHOCTH pyKonucu

Pykomnuch nomKHA COMEPKaTh TEKCT CTaThH, aHHOTAIIHUIO, CIIUCOK JTUTEPATYPHI,
MOJIPUCYHOYHBIE MOAMUCH, KOMIUIEKT PUCYHKOB, CBEJICHUS 00 aBTOpax.

1. Texer crarbu. Ha nepBoii cTpaHuile yKa3bIBalOTCS:

— knaccuukanuoHHbIN uHAECKC 1o cucteme PACS;

— MHUIHMAIBEI U (PaMUTTIH aBTOPOB;

— Ha3BaHUE CTaTbhH,

— TIOJTHBIN TTOYTOBBIN a/IpeC YUPEKIACHHSI, B KOTOPOM BBITIOJIHEHA padoTa.

Ha3zeanue cratbu AOMKHO OBITH KpaTKUM, HO MH(OpMaTuBHBIM. He nomycru-
MO TMpHMEHEHHE B HEM COKpalleHuil, kpome cambix obmenpuusaTeix (BTCII,
'K, AMP u ap.). Ucnons3yembie aBTOpamMu ab0OpeBHATypbl HEOOXOIUMO pac-
@ poBaTh MPU NEPBOM UX YIIOMHHAHUU.

Pazmepnocmu dusnyeckux BenwumH (B cucreme CH) mo Bcedt pykommcu
QO0JIHCHBL OblMb HA aHeIUUCKOM A3biKe. B IeCATUUHBIX YMCIaX MEepel AECATHIMU
CJIeTyeT CTaBUTh TOUKY.

2. Ta6auubl JO0MKHBI OBITh HalleYaTaHbl Ha OTHEIBHBIX CTPAHUIIAX U HUMETh
3arosioBku. O0s3aTeNbHO YKa3aHHE eIUHUI] U3MEPEHUS BEJIUUKH.

3. @opmyJbl KenaTelbHO HAOMpaTh B PEAaKTOpe YpaBHEHUH. Bce uHnoexcul
Q0MIHCHbL_ObIMb _HA AHSTUUCKOM sA3blKe. DKCIOHEHTY clieyeT 00O03HauaTh Kak
«eXp», a HE KaK «e&» B CTEICHHU.

4. UnmocTpanuu JTODKHBI OBITH M3TOTOBJICHBI aKKypaTHO Ha Oenoi Oymare
wi Kanbke. POTOCHIUMKHU TPUHUMAIOTCS TOJIBKO YETKHE W KOHTpacTHhe. Ha
000poTe pUCYHKA ClIeNyeT YKa3aTh (MATKHM KapaHAAlIoM) ero HoMmep, haMumn
ABTOPOB M HA3BAaHUE CTAThU, IPU HEOOXOTUMOCTU MOMETHUTh «BEPX» U «HU3». B
JJIEKTPOHHON BEPCUM BCE PUCYHKHU TpeOyeTcs MpeloCTaBUTh B YEpHO-OeIoM Ba-
puaHTe, OTIENbHBIMU Qaitnamu B cieayromux popmartax: BMP, PCX, TIF, JPG,
Origin, Corel Draw, Corel PhotoPaint, Adobe PhotoShop. Pucynoxk, momemnrae-
MBI Ha BCIO IIMPHUHY CTPAHUIIBI, JOJDKEH UMETh pa3Mep Mo ropu3oHTanmu 14 cw,
Ha ' cTpanunsl — 7 cMm. [{ns pucyHkoB B pacTtpoBhix (bitmap) dopmarax, T.e.
BMP, PCX, TIF, JPG, Corel PhotoPaint, Adobe PhotoShop, nomyctumoe pa3zperie-
nue — He menee 300 dpi. [Ipu sToM B daiine pazmep U300pakeHHUsT 110 TOPU3OHTAIIH,
BKJTFOUAst TIOATUCHU TI0 OCSIM, JIOJDKEeH ObITh He MeHee 800 muKkceneii A7isi prucyHKa Ha Y2
mUpUHBI cTpaHuIlel 1 1600 mUKceneit — Ha BCIO MIMPUHY. Bce Haonucu Ha pucyHkax
O0JI4CHbI ObIMb HA AHSTUNICKOM A3bIKE, d UX YUCTIO CBE0EHO K MUHUMYMY.

5. AuHoranusi (He 6omnee 15 cTpok) AOMKHA COAEPKATh e PabOThI, METO
ee JIOCTH)KEHUS, OCHOBHBIC Pe3yNbTaThl. B penakuunio mpeacTaBisieTcs TEKCT aH-
HOTalMHU (C yKa3aHHEM aBTOPOB U Ha3BaHUS CTAaThbU) HAa PYCCKOM, aHTIUICKOM,
YKPaWHCKOM (7151 TpaXkaH YKpauHbl) sI3bIKaxX (Ha OTAEIbHBIX CTPAHHIIAX ).
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6. KitroueBble cioBa (He 6onee 10 TEpMUHOB) OJKHBI OTPaXKaTh CyTh CTaThU.
He nomyckaetcst ucrosib3oBanue abopeBuaryp.

7. CincoK JIUTEPATyPbI PUBOAUTCS B KOHIIE CTATHH B TOPSAKE YIIOMUHAHUS
B TeKCcTe. B OubimorpadguaeckomM OnMcaHuy yKa3bIBAIOTCS MHUIMAIIBI U (DaMIITUN
BCEX aBTOPOB, a Jajee:

a) AN KHUTW — Ha3BaHWs KHWUTH, U3JaTeNIbCTBA M TOpoia, ToA u3gaHus (B
KPYTJIBIX CKOOKaX):

A.®D. Hoghghe, Duzuka xpuctamios, [ 13, Mocksa (1929).

0) nns cTaThU B JKypHale — Ha3BaHHWE, TOM, HOMEp KypHaia, HOMEp MepBO
CTPaHMIIBI CTAThU, TOJT U3IaHUs (B KPYTJIBIX CKOOKaX):

V.V. Kabanov, J. Demsar, B. Podobnik, D. Mihailvic, Phys. Rev. B59, 1497
(1999).

8. IoapucyHOYHBbIE MOANMUCH TaK XK€, KaK U aHHOTAIINH, IPECTABIISIFOTCS Ha
PYCCKOM, aHTIIMMCKOM, YKPAWHCKOM (Ul TpaXK1aH YKpPauHbI) S3bIKaX U JOJKHBI
COJIepKaTh OOBSICHSIONTNE PUCYHOK ITOAIHCH.

9. CBeieHusi 00 aBTOpPax HEOOXOIMMO MPEJACTABUTh HA OTICIBLHON CTpaHUIIE,
/1€ YKa3bIBAIOTCS:

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

— CIy>keOHBIE U IOMAITHKUE aJipeca U TeJaeOHbI aBTOPOB;

— E-mail u anpec Internet.

CrnenyeT yka3aTh, C KEM U3 aBTOPOB MPEANOYTHUTEIHHO MOICPKUBATH CBSI3b
pu paboTe HAJl CTAThEH.

CosoxynHocms HA36aHUs CIMAMbY, AHHOMAYUU, PUCYHKO8 U NOOPUCYHOYHBIX
noonuceti 00IHCHA 0A8AMb ACHOe NpedcmasieHue 0 Cymu pabomol.

Obpawaem enumanue agmopog Ha 1o, uyto, HaunHast ¢ 2002 r., xxypuan ®TBJI
pedepupyercs u unnekcupyercs pedepatuBHbIM xypHaioMm Chemical Abstracts,
YKpauHCKUM ATEHTCTBOM IO 3alIUTE aBTOPCKHUX MpaB, YKPaMHCKUM 3JEK-
TPOHHBIM KypHaIoM «/[>xepeno». [ToHas Bepcust )KypHalia pa3MellleHa Ha CalTe:
http//www.donphti.ac.donetsk.ua/zhurnal.htm.
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NH®OPMALIUA O NIOAIIUCKE
HA JKYPHAJ «®PU3UKA U TEXHUKA BLICOKUX JIABJIEHUI»

Kypnan «Pusnka 1 TeXHHKa BBICOKMX JaBJIEHUI» BKIIO4YeH B KaTanor nepuo-
muueckux u3naHuit Ykpaunsl Ha 2009 ron (moxamucHoii muaekc 74528). Kpome
TOTO, OJIMUCATHCS HA JKyPHAJI MOXKHO HETIOCPEACTBEHHO B PEJIaKIIH KypHaJa.

Kypnan BeixoauT pa3 B 3 mecsiia (4 Homepa B rof).

CTouMocTh NOANUCKH (0€3 yueTa CTOMMOCTH MePeChlJIKH), TPH.:

— st GU3MYECKUX JTUI] Ha 3 Mmecsama — 20

Ha 6 mecsie — 40

Ha 12 mecsres — 80
— JUIS1 OpUIMYECKUX Jull  Ha 3 mecsra — 40

Ha 6 MmecsieB — 80

Ha 12 mecsueB — 160
st opopmiteHUsT TOANMUCKH B PEAKIIMA HEOOXOJMMO B €€ aJapec BBICIATh
MUChbMO-33aKa3 Ha MOAMKCKY C YKa3aHHEM OAHKOBCKHUX PEKBH3UTOB M TOYHOTO

azpeca.

AJpec peJaKIMU )KypPHaJa:

Yxpauna, 83114, r. loneux, yi. P. JlrokcemOypr, 72

3a IONOTHUTENBHOM HH(pOpMAIHEH clieayeT oOpamaThCs

no tenepony (062) 311-22-02.
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