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PACS: 62.20.Fe, 62.40.+i

E.N. Tentenb

CTPYKTYPHbIE N ®A3OBbIE NMPEBPALLEHNA B TBEPObLIX TENAX,
MHOYUMNPYEMBIE MHTEHCVBHOW MNACTUYECKOW
OE®OPMALVEN W OPYTVIMW BHELUHVMW BO3AENCTBUAMMN.
ABNEHVE KBA3VHAIPEBA (KPUTUYECKNIN AHATIMTUYECKWIN OB30P)

HesaBucumbin koHCynbTaHT Ye. Teytel, CLUA, teytely@yahoo.com

CtaTtbsa noctynuna B pegakuuio 7 anpenst 2014 roga

Ha ocnosanuu ananusa cobcmeennvix pe3yismamos u JIUmMepamypHuiXx OAHHbIX pac-
CMOMPEHbL 0COOEHHOCMU GIUSAHUS UHMEHCUBHBIX (Me2aniacmuieckux) niacmudeckux
Odepopmayuii u Opyeux SHEUHUX 6030elcmeull (8KIOYAs paduayuio) Ha Oug@ysuio,
cmpykmypHvie u ¢hazosvie npespawyerus 6 meepovix meaax. OcrosHvie umerowuecs 3a-
KOHOMEPHOCMU OJis 8CEX 8030€UCTNEULL MONCHO 00BACHUMb C €OUHOU MOYKU 3PEHUs, OC-
HOBAHHOU HA OOCMUICEHUU MENOM KPUMUUECKOU 6HYMPEHHel dJHepeuU (IKGUBANEHMHOU
memnepamypbvl) 3a cuem BbiCOKOU NIOMHOCHU 63AUMOOCUCBYVIOWUX U OBUINCYUJUXCS
ouciokayutl u moveuyHvlx Oeexmos. Imo npugooum K pazHo2o pooa NpespaueHusiM
scnedcmaue pocma sHepeul haz 00 Maxol Cmenenu, Ymo U3MeHsIiOmcst mepMOOUHAMUKA
CNIaso8 u Pazosuvle ouaspamMmyl, 6HI0Mb 00 NEPexo0a CHIAB08 8 COCTNOSIHUE, MEPMOOU-
HAMU4ecKu cOOMBEEmMCcmeyrouee HCUOKOCMU, U 0axce pasioiceHus (Hanpumep, OKUCI08).
s yoobcmea onucanus dmou cumyayuy 86e0eH HO8blll MEPMUH — «K8a3uHazpesy (00
IKeUBAIeHMHOU memnepamypul). IIpedenvho 6bicoxas NIOMHOCIb 0BUNCYWUXC OeqheK-
mog obecneuugaem SpoMAOHyl0 CKOpocmb Oug@ysuu, umo cnocobcmeyem ObICMPLIM
npespaweHusM oaxce npu memMnepamype Huoko2o azoma.

KaioueBrble ciioBa: HHTEHCUBHAS TUIacTUYecKas aedopmanus, KBa3HHATpeB, aMmopduza-
1¥sl, HU3KOTEMIIepaTypHas TUHAMUYECKas PEeKPHCTAIUIM3aLusl, CTPYKTYPHbIE Ne(eKTHI,
(ha3oBble qUArpaMMBbl

Ha niocmasi ananizy enacuux pesyromamis i 1imepamypHux OaHux po3sisiHymo ocoou-
gocmi 6NAUGY THMEHCUBHUX (Me2aniacmuyHux) niacmudnux oOegopmayii ma iHWUX
306HIWHIX GNAUGIE (8KIIOYAIOYU padiayito) Ha Ougy3ito, cmpykmypHi i (hazoei nepemeo-
penus 6 meepoux minax. OCHOBHI HASABHI 3AKOHOMIPHOMI OJ1 8CIX BNIUBI8 MOJCHA NOSIC-
HUMU 3 €OUHOI MOYKU 30Dy, WO IPYHMYEMbCSA HA OOCASHEHHI MIIOM KPpUMuyHol
BHYMPIWHBOIL eHepeii (eKsisaieHmHOl memnepamypu) 3a paxyHoOK GUCOKOI WilbHOCHI
83a€MO0TIOUUX | pyXxomux Oucioxkayiii ma moukogux Oegexmis. Lle npuzeodumv 00
PI3H020 pOOY NnepemeopeHb 6HACAIOOK 3POCMAaHHA enepeii ¢az 00 maxoi mipu, wo
SMIHIOIOMbCSE MEPMOOUHAMIKA CHAAGis | (hazosi diazpamu, axc 00 nepexody Chiasie y
CMaH, MepMoOUHAMIYHO GIONOBIOHUL PIOUHI, | HAGIMb PO3KIAO (HANPUKIAD, OKUCIIEG).
s 3pyunocmi onucy yiei cumyayii 66edeno HOBUL MePMiH — «KeasiHazpiey (00 ek-
gigsanenmnoi memnepamypu). I panuuno eucoxa wineHicme Oegekmis, wjo pyxaromocs,
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3abe3neuye genudesHy WeUOKicms OuQysii, aka cnpuse weUoKUM nepemseopeHHsIM HAGimb
npu memnepamypi piokozo azonty.

KurouoBi ciioBa: iHTeHCHMBHA TUTacTHYHA Aedopmartisi, KBa3iHarpis, amopdizarisi, HU3b-
KOTeMIlepaTypHa JHHaMidHa peKpHUCTaNi3allis, CTpyKTypHi aedektu, ¢ha3oBi miarpamu

B pabore [1] aBTOpBI numyT, 94T0 (HOPMHUPYIOMHUECS NMPU WHTCHCUBHOM ILIa-
ctuueckor aedopmarun (UI1J]) cTpykTypHBIE COCTOSHUS BeChbMa HEOOBIYHBI U
TPYIHO NpelcKa3yeMbl. AKTHBHasg AMCKYCCHA O MeXaHu3Max (HOpMHUPOBAHMUS
ctpyktyp npu WIIJl npusenena B [2], rae, mpaBia, HUKAKOIO OIPEAEIECHHOIO
MHEHHUS 0 MEXaHU3Max CTpyKTypoooOpazoBanus npu UII] e O6p110 chopmupona-
HO. JlaHHas cTaThsl SIBISETCS MPOAOIDKEHHEM padoT [3,4], U 31eCh MBI TOMbITA-
JIUCh HAaWTH OOIIMIA MOaX0 1 Jutsi o0bsicHeHus Habmonaembix ipu UITJ a¢dexTos,
00aBUIIM CYIIIECTBEHHBIC HOBBIC HJIEH U PE3YJIBTATHI U B OMPEICIICHHON CTEIICHH
packpbuts ipupoay 3 dexton UITJI.

B 1990 r. onun u3 aBTopos cratbu [3] (E.W. TeliTenp) BrICKa3al Mpeanonoxe-
Hue, uro npu UIIJ] mocturaercs BrICOKasi MM CBEPXBBICOKAS TUIOTHOCTH JAe(eK-
TOB CTPYKTYPBI, JOCTaTOYHAs ISl U3MEHEHHsI SHEpruu (a3 A0 TaKOW CTENEHH,
YTO M3MEHSIOTCS TePMOJMHAMHKA CIUIaBOB M (ha30Bble AMArPaMMBbl, & UMEHHO
CIUIaBbl «CIBUTAIOTCSI BBEPX» IO TEMIIEpAType Ha AMarpaMmax coctosinuid. Panee,
B 1984 r., G. Martin [5] BbIcKa3an MOIOOHYIO HJICIO IJisi OOJydeHHMsI, IPUBEIT CO-
OTBETCTBYIOIIIUE CXEMbI JUArpaMM COCTOSHUSI U BBEN TEPMUH <«dPPEKTUBHAS
Temreparypa Marepuana» Thyg. MBI, 0HaKO, cauTaeM Ooliee MPaBUIIBHBIM TEP-
MUH «3KBUBAJIECHTHAs TEMIEPATYpa» 1y (CM HUXKE).

Hamnuoro mozxe, B 1995 r., H. Bakker [6], onupasice Ha Teoputo Muenemsi 7],
HIMPOKO HCIIOIB30BAN 3Ty KOHULEMLHUIO ISl aHAIW3a CTPYKTYPHBIX U3MEHEHHH B
criaBax ¥ mHTepMmetaumaax npu UIIJ (a uMeHHO — MEeXaHHYECKOM HU3Mebye-
Hun). K coxanienuto, 3Ta ujes He Halwla JOCTOMHOIO MPOJOJIKEHUS B IUTEpaTy-
pe (cMm., Hamp., [2], Tae oHa Jake HE YIIOMUHAETCs). B TO e BpeMsl MbI TTOKa3bl-
BaeM B JaHHOW paboTe, HACKOJBKO ITOT MOAXOJ TUIOJOTBOPHEIA. B Hacrosmien
paboTe MBI BBEJIM HOBBIM TEPMHUH — «KBa3MHArpeB» (M COOTBETCTBEHHO «KBa3UOX-
JaKJIEHUE») U MpeaaraeM UCIOIb30BaTh TEPMUH 1, AT BCEX CIy4aeB MUHTEH-
CUBHBIX BHEIIHUX BO3JEUCTBUH (CM. B TeKkcTe). B HeaBHO ommyOIMKOBaHHOM CcTa-
e b. CTpaymana u ap. [8] mpoBeneHO aeTanbHOE paccMOTpeHHe (a3oBBIX aua-
rpaMM U Thy¢ (Toxp) TO cxeme MapTuna, a B Apyroi pabore [9] sToro aBropa u
IIp. TIPUBEICHBI €€ OIEHKH JJII HEKOTOPBIX CIUIaBOB. M3 TaONMUYHBIX NaHHBIX IO
TiNi, npuBeAeHHBIX B pabOTE, BHITEKAET, YTO B COTJIACHU C HAIIUMH THIOTE3aMU
T'xs cHKaercs ¢ nosbilieHneM temmepatypsl UIIJ[. Cnenyer oTmeTuTs 1eneco-
00pa3HOCTh MCIMONb30BaHMs (PAa30BbIX JUArpaMM, MOJYyYEHHBIX MPH COOTBETCT-
ByrouieM UIIJI BcectopoHHEM CKaTHM.

B sTu mpencraBneHus BNMCHIBAIOTCS TakXe JaHHbIE paOoThl [10], a uMeHHO
IpU MHTEHCUBHOM Miactuyeckoil nedopmarun kpydenuem (MITIK) nekoTopsie
OKHUCIIBI OKa3bIBAIMCh B COCTOSIHUU, KOT/A, [0 HAIIEeMy MHEHHIO, Ty, HOCTUTANIA
TEMIIEpaTypbl TUCCOLUALNN, TAK YTO MPOUCXOJUIO UX PA3I0KEHNE C BbICICHU-
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€M Ta3a, MHOTJa COIMPOBOXK/Aato1Ieecs: B3pbiBoM. [lo-BHIMMOMY, TIO TOil ke MpH-
YUHE TPU JUTUTEIIBHOM MEXaHMYE€CKOM W3MEJIbUYEHUU MPOUCXOIUI pacmaa HEKO-
TOPBIX XUMUYECKHX COCIMHEHHUI Ha MCXOJHBIE 3JIeMeHTHI [11]. D10 siBneHue Ha-
0J1r0/1a710Ch TOJIBKO B MaTepuaiax, ri€ OAUH U3 KOMIOHEHTOB — JIETKUI 3J€MEHT
(H, C, O, B, Si). 3necb HeOOXOANUMO YUYECTh CIEIYIOIIee: BO-MEPBBIX, 3TH aTOMBI
UMEIOT HaMHOTO Ooibmuii koddumment auddysnu; Bo-BTOPBIX, HEKOTOPHIE H3
HUX MOTYT yAalsAThCS M3 MaTepuaia B BUIE COOTBETCTBYIOIIETO raza. Mbl monia-
raeM, 4ro SIBJICHHE B3pbIBa CBSA3aHO C BBIBEJIEHUEM aTOMOB ra3000pa3yrollero
9JIEMEHTa U3 PEUIETKU B «KacKaJax» MOTOKaMU BaKaHCUN M 0ObETUHEHHEM UX B
MOJIEKYJIBI Ta3a (Hanmpumep, B Mopax), KOTOPhIH CO3/1a€T BHICOKOE JIABJICHHUE U TPU
JIOCTaTOYHO MHTEHCUBHOM Pa3BUTUU MOXET B3opBaTh oOpaser. [Ipu mexanuue-
CKOM H3MEJIbYCHUU OKHUCJIOB [IJIi MX PAa3joKEHUs, KaK MPaBWIO, TPeOYyrOTCs
0oJbIINe BpeMEeHa M3-3a UX BBICOKOW MPOYHOCTU U XPYNKOCTH U HEOOXOIUMOCTH
JIOCTUYh BBICOKOW CTEIEHU IIACTHYECKOH Jnedopmaruu (1IoKka3aHo, 9TO MPH JIOC-
TATOYHO MaJIOM pa3Mepe XPYIKHUE BEIIeCTBAa CTAHOBATCS TUIACTUYHBIMU [6] U co-
OTBETCTBEHHO CIIOCOOHBIMH HAKaIUIMBATh OOJbIIyI0 aedopmarmio). O4eBHIHO,
BBIXO/y Ta30B M3 MOPOIIKOB (OTCYTCTBHIO B3PHIBOB) CIOCOOCTBYET HMX MaJlbli
pasmep u Oouiblias J0Js OTKPHITOW MoBepxHOCTH 1o cpaBHeHuto ¢ UITJK. B
OOBIUHBIX crsIaBax U MHTepMeTamnuaax npu MIIJ] orpaHnyeHne pocra Hampsixe-
HUN (U COOTBETCTBEHHO YHEPTUU CILJIaBOB) d(PPEKTUBHO OCYIIECTBISETCS TaK Ha-
3bIBAEMOI HM3KOTEMIIEpaTypHOU OuHamMuueckod pekpucrtamnuzauueit (HAP) u
amMop(u3anmeid, 9To0 OrpaHUIMBACT POCT SHEPTHUHU, TAK UTO UX pa3jIokKeHHUE (IHc-
corualys) He HaOJro1aeTcs.

B 0630pe [12] mpuBeneH 1OBOIBHO OONBIION CIUCOK CIUTABOB, B KOTOPBIX Ha-
Omonanach amopduzaiys Mpyu MHTEHCUBHOM MEXaHHYECKOM pa3Molie (HM3Melb-
yeHuu). B psane pabort, B wactHoctH [3,13,14], amopdusanus crniaaBoB Oblia Tak-
xke obHapyxena nocie UITJK mon gaBnenuem mo meroay bpumxmena. B Ha-
cTosimiel paboTe chenaH JOTOJTHUTEIBHBIA aHANN3 OOHAPYKEHHBIX paHee (a3o-
BBIX MpEBpaIleHu U aMopu3auu mpu AeGopmairu 1 MpoBeIEHbI CPAaBHEHUS C
MO0TOOHBIMH TIPEBPALCHUSMU TPU «HEACPOPMAITIOHHBIX» METO/IaX BO3JICHCTBUS
(paguanuu U mp.).

B psine padot (cm. 0630p [15]) ycranosneno, uro npu UIIJ, kak npaBuso, Ha-
OmoiaeTcsi 00pa3oBaHUE CBEPXMENIKUX 3epeH pasmepom oT ~ 10 nm mo 1-2 pum,
4yTo cBsi3bIBaeTcs ¢ nporekanuem HJIP [3,16]. [IpoBenennsiii B [17] MoaenbHBbIM
pacueT IMoKasall, YTO SHEPrus 3apOoXkKACHUS MEXKy3eIbHBIX aTOMOB Ha TpaHUIIE
3epHa CYIIECTBEHHO HUKE, YeM B 00beMe, U OJIN3Ka K TAaKOBOW ISl BakaHCHH. To-
I/1a ¥ KOHIICHTPAIUs MEXY3€eJbHbIX aTOMOB CTAHOBHUTCA OJM3Ka K KOHIICHTPAIUH
BakaHcuid. B pabore [18] mokazaHo (Ha mpuMepe MeIu), 9YTO B 3TOM CIydae BO3-
MOkHO oOpa3zoBanue B mporecce UITJ[ Gonpmieyrnoseix rpanui. [locne nporeka-
nus HJIP npu nanpHelmeit geopManny ee MEXaHU3M CTAaHOBUTCS aHAJIOTMYHBIM
TaKOBOMY TPU CBEPXIUIACTUYHOCTH (NMPU3HAK — METKHE 3€pHA, HE COJEepKallue
nuciokauuit) [19], yto cTrabunu3upyeT CTPYKTypy, U HET OCHOBAaHUH Ui /ajib-
HEHIIero pocTa SHEPTUHU CIIIaBOB. Takoro ke THIa CTPYKTYPhl HAOIIOAATUCH TT0-
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cle paBHOKaHaNbHOTO mnpeccoBanus [19,20], oOpabOTKH MOPOLIKOB B IIAPOBHIX
MEJbHUIIAX U UCIIOJIb30BAHUS HEKOTOPBIX Apyrux meronos UITJ [22].

B pabore [3] oOHapy>keHO, 4YTO MPU CPaBHUTEIHHO HEOONBIION nedopmanuu
crutaBa MnAl-C (I'TTY-da3a) npu KOMHaTHOH TeMIepaType CHILHO pa3opHEeHTH-
poBaHHBIE (parMeHTHI (€lle He MOJIHOCThIO C(HOPMUPOBABIINECS 3€PHA) MOSBIISA-
JUCh B TOJIOCaX cJABHMra (KOTOpble OOBIYHO PACHpPOCTPAHSAIOTCS CO CKOPOCTHIO,
OMM3KOM K 3BYKOBOW), YTO TOBOPUT 00 0Opa3oBaHUM 3€pEH, T.. NMPOTEKAHUU
HJIP, B mporiecce ABMKEHUs 1OJ0C. MI3BeCTHO, 4TO B MOJIOCaX CABUTA Aedopma-
1Sl HOCUT TypOYJICHTHBIA XapakTep, CIe0BaTeNIbHO, AEUCTBYIOT, KPOME THUIIHY-
HBIX JUUTsI MaJTBIX Ie(hOpMaIiyii CHCTEM CKOJIBKEHHS, TaK)Ke HEKpUCTaIuIorpaduye-
CKHE U poTaluoHHbIe. ECTEeCTBEHHO Mmosarath, YTO MJIOTHOCTh J1e()EKTOB B MOJIO-
cax cJIBUra, CKOpPOCTb MX JIBMKEHMSI M1 COOTBETCTBEHHO SHEpPrusl JaHHBIX Y4acT-
KOB BBIIIE, YeM B cpesiHeM 1o o0bemy. Otcrona cieayet, uro HJIP B atux o6be-
Max MPOTEKAET C BBICOKON CKOPOCTHIO, T.€. MPUMEPHO CO CKOPOCTHIO PacIpo-
CTpaHEeHHUs MOJIOC CABMra (BO3MOXHO, BOJIM3M (PpOHTA IOJIOCHI CABHra, IJie HH-
TEHCUBHOCTH Jie)OpMaIli U TUIOTHOCTH JedekToB Hambombime). B 0630pe C.
Koxa [21] yka3biBaeTcs, 4TO CylecTBYIOT nBa mexanuzMa HJIP: mpepwiBuctas
pexkpucTaIM3anus (BHYTPH IMOJIOC CIBUra, KOTOPHIE MOCTENEHHO Pa3pacTaroTcs)
U HeTpepbIBHAsA (PaBHOMEPHO 10 00bEMY CIUIaBa), IPHUEM HOCIETHSS IPU POCTE
negopMany MOXKET CMEHUTH NepByIo (kak B ciydyae MnAl-C). [IpuunnHa Takoro
HOBEJICHUS CIUIAaBOB HE U3BECTHA.

Nmeertcst HEKOTOpasi TpyAHOCTb OOBSICHEHUsI, KakuM oOpa3zom B cirydae HJIP,
TaKk U BOOOIIE s AMHAMUYECKOM pPEeKpUCTAUIM3alluM, MEepeBOIAIIEH CIUIaB B
CBEPXIUIACTHUYECKUN PekuM JedopMaiiuu [22], peKpucTaUTH3AIUS TIPOXOIUT HA
100%? Beap xoraa 3epHa 3aHUMAIOT OOJBIIYIO YACTh CIUIaBa, TOTJA KaXKeTCs, YTO
iacTuyeckas aegopmanus OyJeT NpoTeKaTb B OCHOBHOM HMMEHHO B HHX, IO-
CKOJIbKY OHM CYIIECTBEHHO MEHEe MpOYHbI, YeM Ie(pOpPMHPOBAHHAS MaTpPULA.
MoskHo, nipaBJia, MmoJjiarath, YTO 3TO 3aTPyJAHEHUE PEIIAETCS BO3MOXHOCTBIO MO/~
pacTaHusl 3epeH.

B pa6ote [3] Obu10 00HApPYXKEHO, UTO MUKPOTBEPAOCTh cruiaBa MnAl-C mocne
UITJIK mpu teMnepaType KMIIEHUS )KUJIKOTO a30Ta Iy , CYyIIECTBEHHO BBIIIE, YEM
1e(pOpMHUPOBAHHOTO MPU KOMHATHON TeMmIepaType, BKJIIOUYash ypoOBEHb HacChIIlle-
HUSI, 9YTO TOBOPUT O OOJIBIIIOM YpOBHE YIPOUYHEHHS W 3allaCeHHOW BHYTPEHHEH
sHepruu cruiaBa. Tam jxe ObUTO ycTaHOBIEHO, 4To B yciosusx MIIJAK npu Ty ,
criaB MnAl-C B cOCTOSIHUM ¢ HEYNOPSIOUYCHHON BBICOKOTEMIIEPAaTYPHOH «3aKa-
nerroi» ['TIY-dazoit nenmnkom nepexoamt B amopduoe cocrostaue (AC) 6e3 00-
pa3oBaHUs peKpHcTaLIM30BaHHbIX 3epeH (T.e. HJIP He mporekana). UTTJIK mpu
T'x.a ynopsinoueHHoi no tuny L1lo ¢a3bl B 3TOM cIuiaBe Takke NPUBOJUIA K €T0
amopduzanuu. HBIMHU cIIOBaMH, TUIT UCXOAHOU (Da3bl HE BIUSCT HA KOHCYHBIN
pe3yJbTaT, YTO €CTECTBEHHO O0XHJaTh, XOTs KMHETHKa MPOLECCOB JOJKHA CY-
IIECTBEHHO 3aBHCETh OT CTPYKTYpPHI (pa3Mepa 3epHa UM IUIaCTUH MapTEHCHUTA,
BbIJIEJICHUs] BTOPBIX (a3 U T.J.) BCJIEJCTBUE PAa3HOW CKOPOCTH HAKOIUICHHUS Jie-
(deKTOoB.
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Kpome toro, B pabote [3] Takxke ObUIO ycTaHOBJIEHO, yTo moBTopHas MITJK
py KOMHATHOU Temreparype amopduoro criaa MnAl-C npuBoauT K iepeBoy
€ro oOpaTHO B MEJIKOKPHUCTAIJIMUECKOE COCTOSIHME C TeM K€ pa3MepoM 3epHa.
OTtcroga MOXKHO 3aKJIHOYMTh, YTO CYIIECTBYET HEKasl KpUTHYECKas TeMIleparypa
nepopmanuu T,,, HIDKE KoTopoii cruiaB MnAl-C amop¢u3zyercs, a BbIe — cTa-
OMIIBHOM SBISETCS MEJKO3EpHUCTas CTpyKTypa (pe3yibrar nportexanus HJIP).
XOTsl Takue SKCHEPUMEHTAIbHBIE PE3YyJbTaTbl HaM HE W3BECTHBI, U3 aHaJIM3a
UMEIOUINXCs JaHHbIX BbITeKaeT, uro UIIJ[ mpu onpeneneHHON I Kakaoro ma-
Tepuaa Temneparype (B pailoHe KOMHATHOI) OyZeT CHavyaia BbI3bIBATh MPOTEKa-
nue H/IP, a npu cHmwkenun temmepatypsl WUIIJl 3epHO OyaeT cTaHOBHUTHCS Bce
MEHBIIIE U MEHbIIIE (MMEIOTCS TeopeThudeckue Mozenu, [15]), qocturas BeIMUUH
nopsiaka 5—10 nm. 3aTem npu Temiepatrypax HWXKe Tgy, TOCKOIbKY 3Heprus AC
CTaHET HHW)KE, YeM HaHOKPHCTAIJIMYECKOro, MPOUCXOAUT amopduzamus (6e3
HJP). Taxkum o6Opazom, HJ/IP u amopdwuszamus B crmaBe MnAl-C wu, mo-
BUJUMOMY, B IpYTUX MaTepHajax sBJIAIOTCA KOHKYPUPYIOIMMH ITPOLIECCAaMHU.

B GonbmimHcTBE M3BECTHBIX Ham padot [6,23,24 u np.] cuuTaercs, 4TO UIET
nepexo/ HEeMmoCPeACTBEHHO U3 HAaHOKPUCTAJUIMYECKOI'O COCTOSHUS B aMopgHOe.
Hampumep, SImana n Kox [23] yTBep»kaatoT, YTO UMEHHO 3HEPIHsl TPAHULL 3€PEH
ABJsieTcs (PaKTOPOM, BBI3BIBAIOIUM MEPEXO0]T U3 KPUCTAIUIMUECKOTO COCTOSIHUS B
amopduoe B crutaBe TiNi mpu MexaHndeckoMm apobieHnn. OHM yCTaHOBWIIA KpH-
TUYECKUH pa3Mep 3epHa nepes amopdusanueil, paBHbli 5 nm, 4YTO COOTBETCTBYET
srepruu 4.11 kJ/mol, 9to cpaBHUMO U ma)ke BBIIIEC SHTAIBITMHA KPUCTATUTU3AIIUH
CIUIaBa, W3MEPEHHOM MeToaoM IudEepeHIMaIbHOI0 TEPMHUUYECKOrO aHalu3a
(3.15 kJ/mol). OnHako HETMOHATHO, KaKas IABMKYINAs CHJIA MEPEBOJAUT CIUIAB W3
crabmibHoro npu MIIJl MeTKO3epHUCTOrO COCTOSHUS, HAXOIAIIETOCs B PEKUME
CBEPXIUIACTUYHOCTH (HEPTHsl HE pacTeT), B aMopdHOE.

OrneHka 3HEpPIruy rpaHyll 36peH UMEET CMBICI TOJIBKO B IIJIAHE CPABHEHMSI €€ C
SHEPTUeH OCTANBHBIX AePEKTOB, MOSIBUBIIKXCS B MaTtepuaie 10 H/IP, mockompky
ee Jierde paccuutarb. HO HeENb3sl MCKIIOUUTH BO3MOKHOCTH OJHOBPEMEHHOIO
npotekanusi odoux mporeccoB npu UL/ BOnu3u 7T,,. Kpome Toro, MosxHo 0xu-
JaTh MpoTeKaHue (B TOM Yucie U ogqHoBpeMenHoe) kak HJIP, tak u amopduzanum
B CTPYKTypax € JBYMs MJIM HECKOJIBKUMH OTHOCHUTENIBHO CTAOMJIBHBIMH (hazaMH
JI0 MOMEHTA TIOJTHOTO TePEeMENINBAHNs aTOMOB ((OPMHUPOBAHUS KAKOW-TO OTHON
da3zb1, Hanbonee crabunbpHOU mpu UII/). bonee Toro, oueBUIHO, MOXKHO TONY-
YHUTH MEPEX0J] U3 HAHOCTPYKTYPHI B aMOP(HYIO, eciiu cruiaB noaseprayts WUI1J]
IIpU TeMIIepaTypax 4yTb BbIIIE 1y, a 3aTEM IPOJOLKUTH IIPU TEMIIEpaTypax HHKE
Tan. ClietyeT 0kuaaTh, 4TO B 3TOM CiIy4ae ISl MOTHOM amopdwu3anuu TpedyeTcs
ropaszio MeHbIas CTeneHb AeopMalum, Tak Kak U3-3a BHICOKOH TUIOTHOCTH I'pa-
HUIl HAHO3€PEH MCXOJHAs IUIOTHOCTh J1€(EKTOB BbIIIE. AHAJOIMYHAs CUTyarLHsl
noskHa ObITh ipu WITJ] 3aKkaneHHbIX U3 )KUAKOCTH MaTepHalioB (HE aMOP(HBIX).

Cnenyer OTMETUTb, YTO BEIMYMHA 1y, BEPOSTHO, 3aBUCUT OT CTPYKTYpbI
CIUIaBa U MapaMeTpoB JePOpMalLUH, OCKOIBKY OHa ONpPENeNsIeTCsl COOTHOIIEHHU-
€M 3araceHHON SHEpruH MaTepuaja U SHEPTUU CTPYKTYpHO-(a30BOro mepexona,
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a mepBasi 3aBUCUT HE TOJIBKO OT TEMIIEpPaTyphl, a OT MHOTUX (DaKTOPOB. DTOT BO-
npoc TpedyeT IKCIEPUMEHTATBHOIO UCCIIEI0OBaHUS.

Tunuunas ans Takoro pojaa ¢Ga3zoBbIX MEPEXOA0B OKpyTias (popma 4acTHIl Hc-
xomHOM Kpuctaummueckoil (asel (KD) B pacrymeii amopdroii daze (AD) [3]
CBUJETENHCTBYET 00 M30TPOIHON MPUPOJIE MaccomepeHoca M, CKopee Bcero, 00
O0OBIYHOM (HO CHIJIBHO YCKOpEeHHOM) au(Py3nOHHOM MeXaHH3ME 3TOTO Tepexo/a.
Hmerotcst oTaensHble AaHHbIe 0 BIusHUM Temnepatypsl UIIJ] Ha pasmep 3epen
JUIsL HEKOTOpBIX MarepuanoB. Hampumep, Ui Meau HU3MeENbYEHHE B IIAPOBOM
menpHule npu 20°C npuBoawiIo K GOPMHUPOBAHUIO 3€pHA pasMepoM ~ 26 nm, a
npu —85°C — pasmepom ~ 17 nm; UMEIOTCA aHAJOTHYHBIE JAHHBIE AJI LIMHKA U
unrepmetauaoB TiNi u CoZr [20]. To ectb cHmxenue temnepatypsl MIIJ]
IPUBOJUT K YMEHBILIEHUIO pa3Mepa 3epeH, Kak /Il OObIYHON TMHAMUYECKOMN peK-
PUCTAJUTH3AIIH.

Mpl monaraem, 9To JAJIs YUCTBIX METAJUIOB aMOpQH3aIHs TOJHKHA MPOMCXO-
JUTh B OCHOBHOM IIPHU TEMIIEpATypax HUXKE Ty a, @ MIPU OTOTPEBE 10 KOMHATHOM
TEMIEPaTypbl OHU, CKOPEE BCEro, OyAyT KPUCTAIUIM30BAThCS (BO3MOXKHO, KpOME
TYTOIIABKUX, TaKUX, HApUMEp, KaK BOJIb(PpaM W HUOOMHA, U OOJBIINHCTBA HH-
TEPMETAJUTUIOB U XUMUYECKUX COCTUHEHUN).

[TockonbKy ymnpouHEHHUE, a CJIEeI0OBATEeNIbHO, U MOBBILICHUE SHEPruu MpU Je-
dbopMmaruu aMOpHBIX CIIJIABOB MPAKTUYECKH OTCYTCTBYIOT (MHOTJA MPOUCXOAUT
JaXe pa3ylnpoOvYHEHHE), AJIsT 0OpaTHOTO Mepexoa Mpu MpoaopKaroIeics nedop-
MAaIi¥, Ha TEPBbIA B3TJSNA, HET TEPMOJUHAMHUYECKOTO cTuMyia. OmaHaKo Ams He-
KOTOPBIX CIUIaBOB, Harpumep TisoNipsCuys u Zrg7Niz3, OOHApYKEeH IUKIHYECKUN
nepexoa amopdHoii (ha3bl B KpUCTALTHUYECKYIO U 0OpatHO [25,26]. B mepBoii pa-
00Te 3TO CBSA3BIBACTCS C IEHCTBUEM JIBYX BO3MOKHBIX (PAKTOPOB: BIUSHUEM THJ-
POCTAaTUYECKOTO JaBJIECHUS, KOTOPOE JOJKHO CTAOMIM3HUPOBaTh 00Jee MIOTHYIO
KpUCTAIIMYECKYIO (hasy, U/ MU JIOKAIbHBIM pa3orpeBoM odpasma. OgHaKo Herno-
HSTHO, TOYEMY T'MJIPOCTaTHUECKOE JaBJICHUE JIEHCTBYET NMEPUOINUYECKU. MBI cUu-
TaeM Oosiee BEpOSTHBIM BTOpOil BapuaHT. COXpaHEHHMIO TEIUIOTHI B JIOKAJLHOM
MECTE U COOTBETCTBEHHO TOBBIIICHHIO TEMIIEPATYPBI CIIOCOOCTBYIOT Majasi Tell-
JIOTIPOBOJHOCTH MaTepuaa, TONIIKMHA 00pa3ia U BBICOKUI KO PHUIIMEHT yrpoy-
HEHUS, a TaK)Ke BaKeH MexaHu3M jaedopmanuu. B pabote [25] 310 siBieHHE 00B-
AcHseTCs TeM, uTo Beien 3a HJIP umm amopduzanuei mpoiiecc MmiacTUYECKOM
negopManu HauMHAETCs Kak Obl CHavaja M MPOMCXOJHUT TOBTOPEHHE. ABTOPHI
HE JaI0T SICHOTO OMMCAaHUs, KaK 3TO MpoucxoauT. MimeeTcst 3HaunTeIbHOE KOJIH-
YECTBO TEOPETUUYECKUX PaboT [27 u Ap.], TAe mpenIararoTcsi pa3audHble MOJICIH
JAHHOTO SIBIICHUSI.

Hammra TpakToBKa pUYWHBI HAOTIOAABIICHCS ¥ OIMMMCAHHOMN BHINIC ITHKIHYHO-
cTH amopduzanuu npuseneHa Ha puc. 1. [IpeAmnonoxkum, 4To UCXOIHOE COCTOS-
aHue — kpucraummueckoe (KC); crutaB nedhopmupyercs u HarpeBaeTcs (B JaHHOM
clly4ae MMeeTcsl B BUJLy OOBIUHBIM Harpes); MpU HEKOTOPOH JedopMaluu e; OH
nepexoaut B amopdHoe coctosHue (KC-AC), npu 3ToM IJIOTHOCTH 1e(EeKTOB
PEe3KO yMEHbILAETCS M BBIAENSETCS TeIlo. Mbl mojlaraeM, 4To BblAEIseMast
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TEIUIOTa CYLIECTBEHHO MEHbIIE 3H-
taneniuu niepexoga KC-AC, tak kak
NeQeKTbl «pacTBOPSIIOTCA» HE B KpH-
CTAJUIMYECKOW cpene, a B amMop(dHOIi.
[anee npu e, oOpaszern HarpeBaeTcs
BbIIIIE TeMIepaTypbl crabuinbHocTH AC
npu UII/ u nepexomut cuoBa B KC (c
MEJIKMUM 3€pHOM); IIPU 3TOM €ro TeMIe-
paTypa CYLIECTBEHHO CHHWXKaeTcd 3a
CYEeT MOIJIOIEHUs Tera (Kak 0OBIYHO, IIPU HarpeBe CIIaBOB MpH (a30BOM mepe-
xojie). 3aTeM LMKII MOBTOpsieTcsl cHoBa. Kpome TOoro, MOXHO rosaraTh, 4YTO MpH
YMEHBLIEHUU CKOpocTH AedopMaruu 3ToT 3¢ ekt He OyneT NposBIATHCS U3-3a
00JIbIIIEr0 TEIIOOTBOIA B HAKOBAJIBHU OT JJOBOJIBHO TOHKOTO 00pasiia (HadajibHas
tommuHa 00b19HO 0.1-0.7 mm, xoHeyHass — MeHee 0.1 mm) U COOTBETCTBEHHO
BCIIEJICTBME €T0 MEHBIIIET0 pa3orpesa. JlaHHbIe, TpuBeeHHbIE B padoTe [26] (TOT
daxt, uto 3 deKT rcuezaer Npu YMEHbIIEHUH CKOPOCTH e(OpMHUpPOBaHUS), CBH-
JETENBCTBYIOT B MI0JIb3y UMEHHO HAIlIero OOBSCHEHUS.

B psane pa6ot [28-30] ycranosneno, yto npu UITJK kak amopdHoro, Tak u
kpuctanueckoro cruiaBa NdFeB gpopmupyrorcs mono0Hble 1ByXKOMIIOHEHTHbBIE
cTpykTypbl: AD + HaHokpucTtauindeckoe o-Fe. Hamte oObsicHeHue: Ha cOOTBET-
CTBYIOIIIEH JUarpamMMe COCTOSHHM BOJIHM3M IUIABJICHHUS CIUIaBa CYIIECTBYET 00-
JacTh JKUAKOCTh + Xkene3o (#enbTa M ramma). B mpornecce nedopmanuu crias
KBa3UHArpeBaeTcsi, YTO NPUBOJUT K (POPMHUPOBAHUIO HEOOJBLIOTO KOJUYECTBA
MEJIKOAUCTIEPCHON KpHcTamnueckoi ¢aszpl. M Hao0opoT, B crjiaBe mocie OTKu-
ra, IpUBOJSAIIETO K YACTUYHOW KPUCTAJUIM3ALMH, AePOopMaliusl BbI3bIBAET YMEHb-
HIeHHE KOJMYecTBa KpucTauimyeckoil ¢aspl. Kak mokaszamu paboter [32,33],
crumaB TiNi crexuomerpuueckoro cocraa npu UITJK amopdusyercs, onnako B
A® ocrarorcss HaHOKpHCTaIbl B2-a3bl. DTO COOTBETCTBYET HaIM4MIO 00JacTH
XKUIKOCTh + B2-(ha3a Ha nuarpamme cocTosHMI (TIpaBaa, MPU HECKOJIBKO CMEIIICH-
HOM KOHLIEHTPALUH, YTO MOXKET ObITh 00YCIOBIEHO PsIIOM (PaKTOPOB, B YaCTHOCTH
TEM, YTO MarpaMma COCTOSHHS TOCTPOEHA ISt aTMOC(HEPHOTO JTABIICHHS).

[TpunsATO cunTath, 4TO ecin Ko3(hPUIMEHTh! MU y3Ur KOMIIOHEHTOB MHOTO-
KOMIIOHEHTHOTO CIIJIaBa CHJIBHO OTJIMYAIOTCA, IpU JedOopMaluu JO0JKHBI BO3HU-
KaTh MUKPOHEOJHOPOAHOCTH XMMHUYECKOTO COCTaBa (PpaccioeHue), 4To Halmoa-
J0Ch Kak mpu oObraHON nedopmanuu [34], tak u ipu UIIJ [35-37]. B ciygae
UITJ ucxogHo amopdHOro Wik UCXOAHO Kpuctammnueckoro cminaBa NdFeB pac-
CJIOEHUE MPUBOJUT K KOHIIEHTPAI[MK aTOMOB eJjie3a B HAHOOOJIACTAX, I/I€ 3aTeEM
IIPOMCXOAUT CIIOHTaHHAs KpUcTajum3auus o-Fe, IOCKOJIbKy TemIepaTypa KpH-
craymusanuu xeneza u3 AC cocrasmsier 6 K [38].

Ha camomMm pnene He MOHATHA NMpUpoja oOpa30oBaHUS MM HAJIWYMA B CIUIaBax
npu UIIJ] mocne mporekanuss HIAP cTaOUmbHBIX MOIIHBIX MHUKPOCTOKOB TOYEY-
HBIX J1e(eKTOB, r1ie MOKeT (POPMUPOBATHCS CHIBHO OOOraleHHas KaKuM-TO 3Jie-
MEHTOM 00JIaCTh WJIH, TeM Ooiiee, BrICOKoAMCIIepcHas ¢a3a. CorilacHO TeopeTu-

Puc. 1. Cxema nuKIMuecKoi aMmophu3anum
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YECKUM pacyeTaM CIUHOJAIbHBINA pacnaj MOXKET CTUMYJIUPOBATHCSA T'PaHULAMU
HaHo3epeH [39] niu noTokaMu HepaBHOBECHBIX BakaHcuil [40], HO MBI Iosiaraem,
CKOpE€€ BCETO, HE B IIEPBOM CIIy4ae — B PEKUME CBEPXIUIACTUYECKOIO0 MEXAHU3Ma
negopManuu, Korjaa MPOUCXOIAT HEMPEPhIBHOE 3€PHOTPAHNYHOE MPOCKAIbh3bIBa-
HUE U MUTpaLys TpaHul] 3epeH. [Ipyroe aeno, eciau NpuHATh, 4YTO BO MHOTHX CIIy-
YasX HEOJHOPOIHOCTH (B 0OCOOCHHOCTH Hajwune JacTull (a3) oOyclIoBICHA KBa-
3MHArpPeBOM CILIABOB B ABYX (WiH Oosee)-(haszHyro obnacts. Hampumep, B pabote
[41] marHUTHBIMH MeTOJaMH OOHApY>XEHO PAacCIOCHUE TBEPJOTO pacTBOpa B
craBax Cu—Ni B ycnoBusix UITJIK npu 20°C, npuueM MeToJaMH CKaHUPYIOLIEH
TEM u peHTr€HOBCKMM HUYETO He ObUIO HaleHO. DTO TOBOPUT O TOM, YTO, TO-
BUJUMOMY, DPACCIOCHHE IPOM3OLUIO COIJACHO IuarpaMMe COCTOSHUS Ha JIBE
cyomukporroro pasmepa ['TIK-¢a3bl, 61u3KkHe 10 COCTaBy, U YTO 3TO SBICHUE,
HO-BUAMMOMY, BCTpEUYaeTCcs yallle, 4eM ero oOHapy>KMBaroT (B TOM 4HCIE B IPO-
MBIIJIEHHOCTH ).

B Gonee no3aueit padote B cimaBax Cu—Ni [42] aBTOpBI OOHAPYX U 110100~
HBIH 3G (dekT u peanbHbie (Pa3bl U TaKXKE MPUITUCAIN €TI0 PACCIOCHHUIO CIUIaBa CO-
[JIACHO HM3KOTEMIEpaTypHOH uyacTu auarpammsl coctossHus (200-300°C), omue-
HuB T, ~ 200-300°C. BuaHo, 9T0 paBHOBECHBIN pasmep BbiaeneHui npu M1
BEChbMa MaJl M3-3a Pa3pyIIAONIEro JEHCTBUS CaMOW IJIACTUYECKON JepopMaIini.
[To-BuguMoMy, IOJIKHA MPOUCXOJUTh KOHKYPEHLMS IBYX INPOTHBOIIOJIOKHBIX
TEHJCHIIUN, a UMEHHO pacTBOpPEHUS U BblaeneHus ¢a3. Tak B padbote [9] B cruiase
Co—Cu nocne UIIJl HauanbHble KpyMHbIE (HECKOJIBKO MUKPOMETPOB) BBIJCICHHS
(B muToM cruiaBe) Menu ucuesnu u nosisuwinch menkue (100 nm). HanGonpmmii
3¢ deKT YUCTO BAKAHCMOHHO-CTUMYJIMPOBAHHONW HEOJHOPOAHOCTH MOKHO OXH-
JIaTh B CIUIaBax, I'7ie HAauOOoJbIIast pa3HUIA B CKOPOCTH TU(PYy3UH aTOMOB pa3HO-
ro copTa.

Bennuuna Ty 0MKHA OBITH B LIE€JIOM T€M OOJIbIIE, YeM BbIIIE HaNpsKEeHUs,
HEOOXOUMbIE JJIs1 IBUKEHUS TUCIIOKALUH (B YaCTHOCTH, JIOJIKHA MOBBIILIATHCS C
noHmxeHuem temmneparypsl WUIIJ]) u 3aBuceTh Tarkke OT XapakTepa UX B3aUMO-
NecTBUS, SHEPTHUH 00pa30BaHUS TOYCYHBIX AS(PEKTOB H T.JI.

Hpyroii acnekt 3toro sBienus. Ecnu ¢ momornisio UITJ[ TpeOyeTcst momyduThb
MaKCHMaJbHO OJHOPOJHBIM MaTepuas (HampuMmep, CTaHAapTHbIN), BO MHOTHX
ciydasix TpeOyeTcsl MOHMKEeHHas Temnepatypa aedopmarun (Hrke 20°C), Takas
YTOOBI 32 CYET KBa3WHArpeBa CIUIaB TOMAN B OAHO(MA3HYIO XKHUIKYI 00JacTh U
3aTeM BO3MOXHO MPOBEACHUE OTXKHUra B COOTBETCTBYIOIIEH TBEpIOoH 0HO(Aa3HOM
oOnactu (roMoreHu3aius), 4Todbl YCTPaHUTh BaKAaHCMOHHO-CTUMYJIMPOBAHHYIO
HEOJHOPOAHOCTh. Ham u3BecTHa TonbKO oJHa paboTa (mateHt [43]), B KOTOpOi
aBTOPBI CITyYaifHO WJIM MHTYUTHUBHO HCTIONB30Baiu 3 dext paccnoenus mpu UI1/
JUIsL CYIIECTBEHHOIO YJIyYIIEHUS CBOWCTB MaTepuana, a MMEHHO MAarHUTHBIX
cBoiicTB amop¢Horo crutaBa FegiB13Sig 3a cuer UTTJIK npu Ty , (Bo3pacTanu xo-
SpUUTUBHAs cuia U, riaBHoe, Ha 40% HMHIYyKUIUS MarHUTHOTO HachlileHus). B
cratbe [44], B OCHOBHOM T€X € aBTOPOB, M3y4yalach 3aBUCHMOCTb MarHUTHBIX
cBOMCTB OT crereHu nedopmarn pu UITJIK mist nsatu pasHeIX cOCTaBOB aMopd-

12



®du3nKa 1 TEXHHKA BbICOKHX AaBjieHuii 2014, tom 24, Ne 3—4

HBIX CIUIABOB, BKITFOUAs MPOMBIIIICHHBIN ciiaB «Daitamer» (Fe74S113B9NbsCuy),
U MIPOBOJMIIOCH PEHTI€HOBCKOE uccienoBanue. OOHapyKeHO OYEHb CII0KHOE TIOBe-
JICHUE 3TUX MaTEePUAJIOB TIPH Ie(OPMAIIUH, KOTOPOE aBTOPHI HE CMOTIIN OOBSICHUTH.

Hcnonb3ys HalM mpeacTaBlIeHUs, MOKHO ToJiaraTh cienytomiee. [lockonbky
CIUIaBbl MHOTOKOMIIOHEHTHBIE M COJEPKAT OOJIbIIOE KOIMYECTBO HeMeTa/lioB (B,
Si), muarpamMmbl COCTOSIHUN JOTKHBI OBITH BeChbMa CIOXHBIMU U, TIO-BUTUMOMY,
MMEIOT JUJII HEKOTOPBIX IHUAMNAa30HOB KOHLECHTPALMH, M0 KpailHEH Mepe, ABE pas-
HbIe 00JIACTH THIA KUAKOCTH + TBepaas ¢aza unu ¢asbl. B 3aBHCUMOCTH OT TOTO,
kyna nipu UIIJ] momamaer cruiaB mpu KBa3MHArpeBe, U OPMUPYETCS COOTBETCT-
BylOllasi CTPyKTypa (HampuMmep, paccjIOeHHE), YTO U OMpeeNsieT YPOBEHb
CBOWMCTB, B YaCTHOCTH MarHUTHBIX. MOXHO OKHJaTh, YTO pacCIOeHUE Oyaer
IIPOUCXOANTHh U B ciydae, korna HJIP nporekaer npu 7.,z COOTBETCTBYIOLIEH
obnactu nByX mnu Oosiee TBepAbIX (a3. Bo3MokHO, 711 HEKOTOPBIX CILIABOB AJIS
JOCTUKEHUSI ONTUMAJILHOW CTPYKTYphl Tpedyercs npoBoauth WUIIJ mpu Temmne-
paType, HECKOJIbKO BBIIIIE KOMHATHOM, YTOOBI CIIJIaB HE «IIEPECKaKUBA» B OJHO-
¢dazHyto obnacTh xuakoctd. OueBuHO, Bonpoc paccioenus npu UIITJL tpedyer
nanpHeimero u3ydenus. CiaenyeT OTMETHTh aHAJOTHIO HAOII0aeMOro paccioe-
Hus npu UITJL v npu o0myueHuu (cM. HUXeE).

ABTOpBI paboThl [45] He cMorH O0BSACHUTH, KAKUM 00pa30M HAHOKPUCTAILIBI
(a3 coxpaHSIOT CBOH pa3mep M GOpMy HOCIE KOJIOCCATBHBIX 3HAUCHHH IJIacTH-
yeckoil aedopMaiiuu. ITy OCOOCHHOCTh MOXHO OOBSCHUTH, UCXOJS U3 TEX XKe
npezacrasieHnid, yto npu MIIJl MbI MOXXeM MMETh B PaBHOBECHH aMOPQHYIO U
KpUCTAITMYECKYI0 (a3bl. MI3BeCTHBIC JaHHBIE CBUIETEIBLCTBYIOT, YTO, KaK MIPaBH-
70, obpasyercs (asza, HE COOTBETCTBYIOIIAs JAMArpaMMe COCTOSHHIA, BEPOSTHO,
BClIeACTBUE pasynopsanouusaromiero aeicrteus MIIJ[ u rugpocratnyeckon KoM-
MIOHEHTHI JaBJIEHUS (CM. COOTBETCTBYIOIIUI paznen Hike). OaHako B ciydae, ec-
7m 9Ta daza UMeeT MPOCTYIO PEIIeTKY (Kak, HampuMep, AenbTa- u/unu ramma-Fe B
craBax Nd—Fe-B), To cnemyer oxuumaTh ee coxpaHeHHe (MM moiauMopdHoe
npeBpalieHne). MoxXHO TakXKe yTBEp:KIaTh, YTO, CHIDKas TeMmieparypy aedop-
MalyH, Mbl YBEJIMYMBAEM CTENEHb YIPOUYHEHUS MaTepuaja, yTo MPUBEAET K HH-
TeHCU(UKALUK TeHepaluu AePeKTOB, 4TO, B CBOIO OYepelb, MMOBBICUT IHEPTUIO
CIUTaBOB U COOTBETCTBEHHO OyJeT BhIlIe ero mnoioxkeHue (7,g;) Ha AuarpaMme
coctostauit (mapagoke UIIJI). Torma mpu HEKOTOPOM, JOCTATOYHO HU3KOU, TEMITE-
patype Bo3aencTBus (Tqy) nomkHa popmupoBathest 100%-nas AC.

B pa6ore [44] oOnapyxeno npucytctBue B ciutaBe nocie UITJK nByx AD
(6e3 TPaKTOBKH), YTO MOKHO OOBSICHUTH HAJUYHEM Ha TUAarpamMMe COCTOSTHHH B
001acTH cocTaBa CIjiaBa MpH ONPEAETICHHBIX TeMIIepaTypax ABYX HECMEIINBalo-
LIUXCSl JKUJIKMX PACTBOPOB Pa3HOI'O COCTaBa.

PaccmoTpuM Teneps BOIPOC O TOM, KaKMe UMEHHO /1e()eKThl OTBETCTBEHHBI 32
npespamenus npu WIIT/. Ha nepBbIit B3, 3To IUCIOKAIMU, HO OLIEHKH MOKa-
3BIBAIOT, YTO 3TA DHEPrUsl HeJOoCTaTouHa. Tak, Hanpumep, B crutaBe TiNi, nmpoka-
TaHHOM Ha 60%, HaOIIOAIM YaCTUYHYIO aMOp(U3ALUI0 IPU U3MEPEHHOU TLIOT-
HOCTH HOUCJIOKAIHAI 1013—1014 cmﬁz. VYrpyras sHeprust s nociaeaHed BeTUYUHbI
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oueHeHa Kak 2.2 kJ/mol, 4To 3aMeTHO HMKE SHTAJIBIUKM KPUCTAIIU3ALUHI B 3TOM
cruiaBe, onieHeHHoM Kak 3.03—3.55 kJ/mol [46].

[TockonbKy mociie OCTaHOBKM AedopMaliii HUKaKue MpeBpallieHnsl B MaTepua-
J1axX € 3aMETHOU CKOPOCTBIO HE IIPOUCXOMAT, TO TOBOPUT O TOM, YTO BAKEH BKJIAJ B
HOBE/IEHUE MaTepuala IBUTAIoIUXcs 1e(PeKTOB, B YACTHOCTH TUCIOKAIUH.

IToCKOIBKY OCHOBHOE OTIIMYME ABMKYIIMXCS JUCIOKALMA OT HENOJBMKHBIX 3a-
KJTI0YaeTcs B T€HEepalM MMHU TOYEUHBIX AE(EKTOB, pa3yMHO MHojiaraTth, YTo B OT-
JETBHBIX MHKPOOOBEMaX, Il JAOCTUTACTCS KPUTHYECKAs IUIOTHOCTH IHMCIIOKAITHNA
CKOpee BCEro Korja cpadaThIBalOT POTAILMOHHBIE WM HEKPUCTAIOrpadryecKue
Mozbl AehopMaIi, TeHEPUPYETCsl TPOMAIHOE KOJIWYECTBO TOYEYHBIX JIE(EKTOB.
Kaxnas nononnurensHas Moza AedopMaiiuy, HaupuMep BKIIOUCHUE KyOMYecKOro
CKOJIBXKCHHSI, B HECKOJIBKO Pa3 YBEIMUMBACT HHTEHCUBHOCTD IIEPECEUECHUS TUCIIOKA-
I U COOTBETCTBEHHO I'€HEPUPYEMYIO TIOTHOCTh TOUEUHBIX JE(PEKTOB, UTO MOXKET
NPUBOUTH K JIOCTATOYHO BBICOKOMY JUISl Pa3HBIX MPEBpPAICHUH (BKIFOUast aMOpQu-
3aIM10) YPOBHIO SHEPTUU B MUKpooOBbeMax. M3-3a HEOJHOPOIHOCTH edopMalii B
peanbHbIX 00pa3lax 3TOT MPOLECC HAUMHAETCS IPU ONIPEENICHHON cTeneHu aedop-
MallMK U JlaJiee pacTeT ¢ €e yBeIn4eHHeM (1M0JJ0OHO M3MEHEHUIO CTENEHH JAJIbHETO
HopsiIKa MpH BojodeHUM [22]). Bo3MOXKHBIM METOJJOM KOCBEHHOTO J0Ka3aTelbCTBa
3TOr0 MOIJIO Obl OBITH OOHAPYKEHUE YACTUYHOTO WIIH MTOJTHOTO Pa3pyIICHUs TEKCTY-
pol nedopmarin, chopMUpOBaBIISHCs 10 HaYaa ISHCTBUS STHX MO Ae(OpMaIHH.

OueBUIHO, A Hayalla HEKPUCTAJUIOrpaUuecKoro CKOJIbXEHHs Tpelyercs
JOCTUKEHHUE JIOCTATOYHO BBICOKOI'O YpPOBHS IUIOTHOCTU JHUCIIOKAaUUi (KpUTHYE-
CKOT'0 YPOBHSI YNPYTHMX BHYTPEHHUX HANpsKEHUH), U 3TO CKOJIbXKEHUE MPOUCXO-
T CKA4KOM B KaXKJIOM MHKPOOOBEME MpPH JOCTHKCHHN KPUTUYECKOTO HAIps-
xeHus cnsura (PupctoB U Ap. B padbote [47] Takke MPUIUIM K aHATOTUYHOMY
3aKIIIOYCHHIO) M M3-32 HEOTHOPOIHOCTH Ae(opMaIiy MposBISIETCS KaK pa3Mbl-
TBIW 10 CTENEHu JeGopMaluu nepexo A Bcero oopasua. M3 nanHbix amopdu-
3allUH IJICHOK TpU 00JTydeHHH (CM. HMXKE) BBITEKAET, YTO MOIITHOTO MOTOKA OJTHUX
TOYEYHBIX E(EKTOB IOCTATOYHO sl amMop(du3aIyy, MO3TOMY MOXHO IOJIaraTh,
yto u npu UITJ{ oHun urparot BaxkHyto poib. Takum 00pa3oM, UMEHHO TOJIBKO JIBU-
KyIMeECs JUCIOKALUKN CO3Aal0T YYACTKU C PE3KO IOBBIMIEHHON IUIOTHOCTBIO TO-
YEeYHBIX 1e(EKTOB H, KaK CIEJCTBUE, IPOUCXOIUT, HAIIPUMED, aMOp(H3aItus.

Wrak, B uemom npu UIIJl Bknag B sHEpPruro CruiaBa Mpu KBa3MHAIPEBE NAIOT
cienyromue paxTopsr:

— IUCJIOKAIMH U TOUYEUHbIE 1e(EKThl, KaK HETOABUKHBIC, TAK U JIBUTAIOLIUECS;

— TpaHUIBl 3€peH B CiydasX, KOIJla HaHO3EPHUCTHIM 00pasel MoaBepraeTcs
HIIJI mpu Temneparypax HUKE 1,y

DKBHBaJICHTHAs TEMIIepaTypa CIUIaBa — 3TO (paKTUYECKH ero 3Heprusi, COOTHe-
CeHHasi ¢ PHeprueil (a3oBbIX U CTPYKTYPHBIX NEPEXOAOB, a KBAa3UHArpeB — 3TO
IPOIIECC NOCTIKEHHs Takou sHepruu. [lostomy tepmuH T,4¢ HEIb3s NMPU3HATH
JIOCTaTO4YHO TOYHBIM. Ha Ham B3ruisj, TouHee ObLIO Obl Ha3BaTh €€ SKBUBAJICHT-
HOW TemmepaTypoil (kBazuHarpeBa). M3 mpuBeIeHHBIX pacCyKJIEHUN MOXKHO 3a-
KJIFOUUTh, YTO J1I000€ BBEIEHHE aTOMHOrO JeeKTa B KpUCTAI MPUBOIUT K IO-
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BBIILIEHUIO €T0 Tyyy, U TOIBKO U3MEHEHHE TeMIepaTyp (a30BbIX MEPEX00B MOKa-
3bIBACT QHAJIOTUIO (SKBMBAJEHTHOCTB) 3TOW SHEPIUU U CTAHAAPTHOM TemmepaTy-
PBl, TOCKOJIBKY AJis (ha30BbIX NMEPEXO0JI0B, OYEBUIHO, HE UMEET 3HAUCHUSI, KAKUM
00pa30oM MOBBIILICHA YHEPI U CIUIABA.

B cBsI3M ¢ 3THM MBI XOTUM OTMETHTH MoJie3HyI0 padoty b. Crpaymana u ap.
[9], tne mpoBenennl pacueTsbl Thgd (Toxp) M1 HEKOTOPBIX CILIABOB C UCIONIL30BA-
HUeM IU(Qy3noHHBIX mapameTpoB. OHAKO aBTOpPBHl HE OTMEYAIOT, YTO IMEPBO-
NpUYHHA SBJICHUSA €CTh dHEpTus, BHocuMas aedekramu. [lockonbky k0ddduu-
eHT auddy3uu, BeposATHO, ¢ HEeH CBA3aH, HA Hall B3IV, 3TO M JAJI0 aBTOpam
BO3MO>KHOCTb IIPOBECTH pacuer.

Tenepb paccCMOTpUM acCHEKT JBHKEHUS JePeKTOB. Bo-nepBbIX, OHO MOBBIIIAET
SHEPTHUIO TBEPIIOTO TEJa, BO-BTOPHIX, YBEINYUBACT CKOPOCTh U Py3un (0ocodeH-
HO CHJIBHO B MOMEHT MOTEPU YCTOMYMBOCTH PEIETKH nepes (pa3oBbIMH MEpexo-
namu). VIHbIMU C10BaMU, HAJIMIIO HAJIW4YME BBICOKOW 3HEPTUHU CILJIaBa U BBICOKOTO
koddduimenta quddy3un, 4To MPOUCXOIUT U MPU OOBIYHOM HarpeBe. MOXKHO
IPEIOJIOKUTh, YTO B MECTE «B3PBIBA» IOJIy4aETCs XaOTUYECKasi CMECh aTOMOB U
negeKkToB 000MX THIIOB, TaK YTO MaTepually MOYTH HE HaJlO MepecTpauBaThCS
(T.e. KaK OBbI 3aMEP3HYTH), & SHEPTHU XBATAECT.

Bo3znukaer Bompoc, Kak MPOUCXOIUT MOJHOE npeBpaiieHue B AD, mockoiabKy
TPYJIHO TNPEACTaBUTH cede, KaKk BO BCEM 00bEeMeE CIUIaBa MOTYT OCYILIECTBIISITCS
noJo0HbIe Mporecchl. MBI moiaraeM, YTO BO3HUKIIME y4acTKu AD sABISIOTCS
3 PEKTUBHBIMH CTOKAMH TOYEUYHBIX NE(PEKTOB, TEHEPUPYEMBIX B MaTpHIIE; TO-
CJIEZIHME CO3/1al0T CHIIHOE MEpeChIlieHne Ha rpaHuLe paznena ¢ KO u 31o BbI3bI-
BaeT poct yactul] AD. Bo3MOkKHO, aHAaJTOTHYHBIA MPOLIECC TPOTEKAET U IIPHU pa-
JMALMOHHOM BO3JIeMCTBUU. DTOT BONPOC TPEOYET OTAEIBHOIO UCCIIEOBAHUS.

Takum o6paszom, npu NI/ nMeHHO OBICTPO IBHXKYIIMECS TOYEUHBIE AEPEKTHI
JI0 UX aHHUTWISALMU U Jal0T HeOOXOAMMBIM BKIaJ (K AMCIOKALUSAM) B 3HEPTHUIO
JUIsL IPOTEKaHusl HaOJII0JaeMbIX MpEBpallleHUuil. DTO coryiacyercs ¢ MperoaoxkKe-
HUEM aBTOpOB paloThl [48], 4TO reHepanys BaKaHCUI MPOUCXOAUT MUMITYJIbCAMU
U UX MTHOBEHHAsl KOHIIEHTpAIUsl Ha HECKOJIbKO MOPSIIKOB BBIIIE, YEM B CPETHEM
0 CIIaBy, U MOXET INPUBOJIUTH K paccioeHuto. [logobHoe ke yTBepkIeHHe U3-
noxeHo B [48]: «HakomuieHne BbICOKOM KOHILIEHTpAllMM HEPaBHOBECHBIX BaKaH-
CHi{, KOTOpbIE HE MOTYT YHTH [10cTaTouHO ObICTpO — ET] Ha cTOKM M3-3a HAMU4Ms
TUIPOCTaTUYECKOW KOMIIOHEHTBI, MTO3BOJISIET METAJIy Pealii30BaTh BBICOKOTEM-
nepaTypHble MeXaHu3Mbl Jedopmanun». B padore [49] ycTtaHOBiI€HO, UTO B IPO-
necce MIIJ mpoyHOCTH CIJIaBOB CYHIECTBEHHO BBIIIE, YEM IIOCJIE €0 3aBepllie-
HUS, T.. 4acTh HaKoIuleHHoW B mporecce MII/] sneprum GvicTpo Tepsiercs B pe-
3yJbTaTe€ UX YaCTUYHOM peJlaKcallid YK€ IOCNIe 3aBEepLIeHMs Mpolecca U, Kak
clleflyeT U3 HallMX MPEeICTaBICHUM, — 3TO SHEPTUsl ABUTaIOIIUXCS TOYCUHBIX Jie-
dexroB. B [24] npuBoasTcs cBeAeHUs], YTO NPHU Ty , BAKAHCUHU MAaJIOTIOIBUKHBI
(cmenoBarenbHO, MEJIEHHO aHHUTHIIMPYIOT), @ MEXY3€JIbHbIE aTOMBI €I JBUTa-
IOTCSl, IMEHHO TO3TOMY SHEprHsl CIIaBOB PAcTEeT JOCTATOYHO BBICOKO (BBIILE,
yeM mipu 20°C) 3a cYET HAKOTUICHHSI BAKAHCHM, YTO U MMPUBOIUT K aMOPPHU3ALIUH.
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Takum 00pa3zom, M3 BCEX MMEIOIIMXCS JaHHBIX MOXKHO 3aKJIFOUUTh, YTO Ha-
OsroaeMasi 3aBUCUMOCTh CTPYKTYPHBIX M3MEHEHHIl OT CXEMbl M TeMIepaTyphl
HIIJ] onpenensieTcss CyMMapHOM 3HEPryued ABUXKYIIUXCS M B3aUMOACHCTBYOIIUX
CTPYKTYPHBIX Ne(peKTOB, T.€. BHyTPEHHEW SHeprueil marepuana B 1enoM. Ecte
OoCHOBaHMs Toyiarath, uto HJIP, amopdwuzanus u apyrue npeBpamieHusi B MeTa-
JMYECKHUX CIUIaBaX MPOTEKal0T OYE€Hb OBICTPO IMPH JOCTHKEHUU B MUKPOOOBEME
KPUTHYECKON MMl TaHHOTO Mepexoja MIOTHOCTH NehEeKTOB (MPUMEP — TMOJOCHI
casura B MnAl-C). Ckopoctb nud¢y3un Takxke OyAeT JOMOJHUTEIbHO NOBbIIIe-
Ha BcienctBue nporekanus HJ/IP, amopdusanuu u npyrux mnpeBpaileHuii, T.e. B
pe3ybTaTe NoTepr CTAOMIIBHOCTH PEIIETKU TPU €€ EPECTPOMKe.

Bosznukaer Bompoc, kak nepexoautr K@ B Gonee prixityto AC npu Hamu4uu
CYIIECTBEHHOM THIPOCTATUYECKOW KOMMIOHEHTHI? MOXHO mojaratb, uto A® B
KaKOW-TO CTETEHU HacleayeT CBOOOJHbIE 00bEMbl BaKaHCHM, AUCIOKAIMI U rpa-
HUI 3epeH ucxoaHod K®. Hamuume Takoro cymMMapHOTo M30BITOYHOTO CBOOO-
HOTrO 00BeMa B CTPYKTYPHBIX JePEeKTax MOXKET OBITh OJJHHM W3 YCIOBHH aMophu-
3anuu. Ilo-BuagumMoMy, OOBIYHO NTAHHOE YCIIOBHE BBIMOIHSETCS aBTOMATHYECKH.
[Tpu HP >t nedexThl, 04eBUIHO, TIOTIIOMAIOTCS TPAHUIIAMH 3€PEH. 311eCh peub
HE UJET O CBOOOTHOM 00beMe, KOTOPBI COOTBETCTBYET IMOPaM.

OueBuaHOEe OoTIMYKME MexaHu3Mma oOpazoBanus AC crjiaBa B 3TOM Ciydae OT
3aKaJICHHOTO M3 KUAKOCTU COCTOMT B HEOAHOBPEMEHHOCTH Mepexoa Bcero 00b-
ema cmaBa. Cpasy moclie CTPyKTypHOro Wiu (a3oBOro nepexoia JOKallbHas
KOHIICHTPAIUSI TOUYEHHBIX Ie(hEeKTOB U, B OCOOCHHOCTH, TUCIOKAINNA U MUKPOOOH-
€MOB, BEPOSITHO, MO’KET CHUXKAThCS 10 TOPa3A0 MEHbUINX 3HaueHuil. B aToMm ciy-
yae U3MEepeHHasi KOHIIEHTPAUs BAKAHCUH JOJDKHA OBITh CYIIECTBEHHO HMXKE IH-
KOBBIX — JIOKaJIbHBIX, T.€. ObITh 3aHMKEeHHOU. [lo-BuauMoMy, TaHHas cUTyauus B
[IEJIOM CXOJIHA C TaKOBOW IpH 00sydeHuu (cM. Hike), a Takke HJIP. Tlpu oObru-
HOM JUHAMMYECKON pEeKpPUCTAJUIM3AIMH 3€pHA BO3HUKAIOT U B MECTaX MOBBILICH-
HOM MJIOTHOCTH IUCIIOKAlKN, OJHAKO TOYEYHbIE Ae(EKTHl, BEPOATHO, WUIPAIOT
MEHBIIYIO POJIb W3-32 TOBBIIIEHHON TeMIepaTrypbl (a2 UMEHHO — IMOBBIIIEHHON
ckopoctu nuddysun). MoKHO 0XHIATh, YTO, C OJHON CTOPOHBI, YMEHBIIICHUE
ckopoctu UIIJ] Oyaer cnocoOGCTBOBATh MPEBPAICHHUSIM, MOCKOIBKY JIOKATbHBIN
HarpeB OyJIeT MEHbIIE, C APYTrOoil CTOPOHBI, HHTEHCUBHOCTH T€HEPAIIH TOYEUHBIX
nedekToB OyIeT HUXKe U ATO 3aTpyAHUT npeBpaiieHus. Cymmapusiit 3¢ dexT, Bu-
JIMIMO, MOXKET OBITh U IOJIOKUTEIILHBIM, U OTPUIIATEIbHBIM.

Wrak, Korja 3a cyeT BCIUIECKa KOHLEHTPAIMM TOYEUHBIX JE(PEKTOB IMOJHAs
JHEPTUsi B MUKPOOBEMAX JOCTUTAeT KPUTHUECKOW BEITMUMHBI, OHU MPAKTHUYECKH
MIHOBEHHO NEPEXOJSIT B COCTOSHUE, COOTBETCTBYIOIIEE 3TOM IHEPrUM (HAIpH-
mep, B amop¢Hoe). [lonHas (cymmapHasi) SHEprus, HanpuMmep aMophu3aum, mpu
OTIPENIEICHHBIX YCIOBUAX Je(OpPMAalMH J0JDKHA OBITh OJM3KOM K HEPTrUU TUIaB-
nenuss. OTMETHM JTFOOOMBITHRIN (hakT: corjacHO [45] XapakTep MIacTUYECKOro
teueHus: amop(ubIX crutaBoB mpu UITJ] mpucym ux aedopmariu mpyu o4eHb BbI-
COKHX TeMIIepaTypax, OJU3KUX K TOUYKE CTEKJIOBaHHA. DTO MOATBEPKIAeT TUIIO-
Te3y 0 moJo0HOM moBeaeHuH cruiaBoB npu UI1J] (kBazuHarpese) u mpu 0OBIYHOM
HarpeBe /10 BBICOKUX TEMIEPATYP.
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PaBHOBecHasi KOHIIEHTpaLMsl BAKAHCH B METaJUIaX MPU KOMHATHOW TeMmIepa-
Type COCTaBJISIET OKOJIO 107, OrneHeHHast MyTeM PEHTIeHOCTPYKTYPHOTO aHAIH-
3a in sifu KOHLIEHTpalus BakaHCUK B Metaiuiax B npouecce UITI moxer noctu-
raTtb 1075 [49], T.e. npeAMIaBUIBLHBIX 3HAYEHUM, a MUKOBbIE KOHLECHTPAIIMHU, KaK
TOBOPWJIOCH BBINIE, MOTYT OBITh MHOTO Ooublie. biaromaps 3TOMy HMHTEHCHB-
HOCTb AU(dy3un OyIeT ype3BbIUAHHO BBHICOKOH, YTO SBJSETCS OJAHON U3 MPUYUH
BBICOKOW CKOPOCTH CTPYKTYPHBIX M (pa30BBIX IMEpPexXo/IoB. B wacTHOCTH, 3TO Baxk-
HO JUIsl IPOIIECCOB OBICTPOTO PACCIIOCHHUS CIUIABOB M HAHOKPUCTAJUIM3ALUHU YHC-
THIX METAJUUIOB, BXOJSIIMX B CIUIaB (MpuUMEp — HaHOKpHUCTauM3anus o-Fe B ciy-
gae UTTJK xpynHOo3epauCTHIX 11 aMmopHBIX ciiaBoB RFeB), mporekaromux naxe
IIPY KOMHATHOM TeMIeparype.

Bcenenctue Boicokoit ckopoctu nuddysun H/IP B obpasue critaa MnAl-C
IpY KOMHATHON TeMIepaType MOJHOCThIO Mpoxojauia 3a 2—3 min (HECKOJIbKO
000pOTOB HAKOBAJICH), @ B MIOJI0CAX CKOJBKEHUS — MPAKTUYECKH MTHOBEHHO, T.€.
Ype3BBIYANHO OBICTPO ISt ATON TemmepaTypsl. CUTyalus: aHaJIOTUYHA JJI1 aMop-
¢uzamuu B yenoBusx UITJIK npu Ty ,. [Ipaktruecku takas nugdys3us naet Bo3-
MO>XHOCTb OBICTPOTO KOMIAKTHPOBAHUSI CIUIABOB TMPU 00pabOTKE METOI0M
UITAK, B ToMm yucie npu Ty , [3]. OObIUHO, €CIi UCXOIHBIN 00pa3el] COCTOUT U3
HECKOJIbKUX KYyCOYKOB WJIM SIBIISICTCSI TTOPOILIKOM, ITOCIIE HECKOIBKHX 00OpPOTOB
HAKOBAJICH MOJy4aeTcs CIUIOMIHON MaTepuai. B padore [9] pacuer koaddurmen-
TOB 1 Py3un ¢ UCIIOTH30BAHUEM BPEMEHHU PACTBOPECHMSI YaCTHUIl MEAHW B KOOAh-
TOBOHM MaTpHIle MOKa3al, 4To CKopocTh nuddysun meau npu WUI1J] mossiiena Ha
22 nopsaka.

B oTiune ot 0OBIYHBIX THUIIOB PEKpHUCTAILIHM3AINH, oOpa3yroruecs npu UIT/]
3€pHa MCKaXEHbI YIIPYTUMH HAINPSDKEHUSIMH, COJEpKaT Auciokanuu [1], a crna-
Bbl UMEIOT MOHW)XEHHbIE XapakTepucTuku miaactuuHoctu [50]. Ilocne 3aBepiie-
Hus H/IP mexanusm nedopmariuu CTaHOBUTCS MOAOOHBIM TaKOBOMY IIPH CBEPX-
IUIACTUYHOCTH, T.€. BEJMKa JI0JI1 3€pHOTPAaHMYHOrO MpocKanb3biBaHus [19], u
JMAIbHEUIIET0 HAKOIUICHUS AUCIOKAIUi M APYruX Ne(eKTOB MPaKTUYECKH He
MPOUCXOINUT, COOTBETCTBEHHO PHEPrusl MaTepuaia cTabunmsupyercs (mpeneib-
HOE, KBa3MPABHOBECHOE COCTOSTHHE IS TaHHBIX YCIIOBHA Ae(opMarium).

MoxHo oxunars, uro npu WUIIJl crmaBa ¢ 3epHOM, MOJyYEHHBIM IPU OJHOM
TeMIepaType, 3epHO OyAET pacTH 0 APYTroro 3HaYEHUs B YCIOBUAX AepopMaliu
npu 6osiee BRICOKOM TeMIlepaType, U Ha000pOT, T.€. I KaXkJA0W TeMIiepaTypsl (U,
BO3MOXXHO, CKOpPOCTH nedopmannu) CyliecTBYeT OIpe/IeieHHbI paBHOBECHBIN
pa3mep 3epHa (Kak Mpu OOBIYHON AMHAMUYECKOHN pekpucTau3anuu [S1]).

Wmeetcs enie oAWH NPOMEXYTOUHBIN (METacTaOUIBHBIN) BapuUaHT CTPYKTYp-
HO-()a30BOrO Mepexona, BbI3BAHHOTO jAedopmarueil: oH HaOmogancs Mpu yme-
pennbix nedopmarusax [3]. [losBnenne pasnuunbix (a3 (B TOM YHCiIe MeTacTa-
OWIBHBIX U HE HAWJIEHHBIX TMPHU TEPMUYECKUX O0O0pabOTKax) MOXKET ObITh 00Yy-
CJIOBJICHO MEHbIIIEH YHeprueil 1eekToB B HUX, HAPUMED, 3a cUeT 0oJiee HU3KUX
napaMeTpoB YIPYroCTH, U3MEHEHUs THUIA JAUCIOKAIMi (yMEHbIIEHUS BEKTOPOB
broprepca npu cMeHe Tula KpUCTAIMYECKON CTPYKTYypbl, Hanpumep u3 I'TIY B
'K, npu aToMHOM pa3ynopsA0YeHHUH) U T. 1.
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Pa3BuThIii TepMOIMHAMUYECKHI MOAXO0J MOXHO MPUMEHUTh K OOBSICHEHUIO
MOBEJICHUSI MaTEPHAJIOB U MPU JIPYTUX THUIIAX BO3JAEHCTBUS U OOHApPY>KEHHBIX 3(-
(eKTOB, B YACTHOCTHU TaKUX, KaK:

— JedopmanuonHoe pasynopsiioueHue yNoOpsiI0OYeHHbIX CILUIABOB M HH-
TepMeTALINAOB (PaccMOTpeHO B paboTe [3] u HaXOIUTCS B MOJHOM COTJIACHU CO
CKa3aHHBIM BBILIE).

— PacrBopenue yacTuu BTOpBIX (pa3 npu aedopmaunmu. B nmureparype 310
ABJIEHUE OOBSICHSIIOCh Pa3HBIMM MEXaHU3MaMU, HallpUMeEpP TEM, YTO JAMCIOKAIUU
nepepe3aroT YacTULIbI, PACTBOPSS UX B MATPHIIE; «BHITACKHBAIOT) JIETKHE aTOMBI
u3 pemretku (atMocepsl KoTTpena); 4acTHIBI pacTBOPSAIOTCS B IOJIE HAIIpsDKe-
HUS JIBIDKYIIUXCS TUCIIOKAIUMH, U B TO K€ BPeMs OTMEUAETCsl, YTO TOUCUHBIE Je-
(eKTB CIIOCOOCTBYIOT Tpolieccy pacTBopeHus. HaOmronaeTcs ycuiaeHne MHTEH-
CHUBHOCTH PAcTBOPEHUS C TOHIDKEHHEM TeMmmepaTypbl nedopmamuu 10 Ty, (1)
[34], a Takoke B 001aCTAX HEKPUCTAIIIOTPa)UUECKOTO CABUTA, T/I€ NEHCTBYIOT PO-
TallMOHHBIE MOJBI Ieopmaluu, T.e. B 001aCTsIX C MOBBIIMICHHONW 3HEprucii. Mbl
MoJjlaraéM, 4To BO3MOXKHOE 00bsCHEeHUE ATHX 3((HEKTOB TO K€, YTO U3JI0KEHO pa-
Hee: KBa3MHArpeB CIUIaBOB BbIIIE TEMIEPATypbl pacTBopeHus dactull. [lepepesa-
HUE YaCTUIl JUCIOKAIMSIMH, BBIHOC aTOMOB IUCIOKALUAMU M APYTHUE TMPEAIIO-
KEHHBIE MEXAHU3MBI SBJISIIOTCS BTOPOCTENIEHHBIMH U TOJIBKO YCKOPSIIOT MPOTEKa-
HUE STOr0 MpOIIECCa, BEPOSITHO, OCOOCHHO MHTEHCHBHO IMPHU MAaJBIX pazMepax
YacTUI] HCXOAHOH (pa3bl, KOT/Ia BCS YacTUIA MOXKET Tepepe3aThCsi MOTOKOM JIHC-
JIOKaIni.

— IIponecchl mpu MexaHM4YeCKOM JIeTHPOBaHUM. MexaHn4yeckoe JIernpoBa-
HUE MOXET OCYHIeCTBIAThCA pa3HbiMu Mmetomamu UII/], HO ocHOBHON MeToOf,
UMEIOUINI TPOMBIIUIEHHOE 3HAY€HUE, — 3TO MEXaHHueckoe apoliieHue. 37ech
00BeKTOM JehopMalii SBISETCS CMECh MOPOIIKOB (OOBIYHO YHCTHIX AJIEMEHTOB).
®u3uKa MpoLeccoB B 0OIIEM Ta K€, YTO U JUIS BBIIIEONUCAHHBIX CIIy4aeB, HO €CTh
OJIMH CYIIIECTBEHHBI MOMEHT, KOTOPBIN CIeAyeT OTMETUTH. Jleo B TOM, 4TO TpH
HITJI cMecu MeTaninoB UMEIOT MECTO JBa KOHKYPUPYIOIIMX MpoLecca: OAUH — 3TO
MOHIDKEHUE SHEPTUU CMECH 3a CYeT 00pa30BaHUs CIUIaBa; BTOPOIl — yBeTHUYECHUE
€ro SHEPTHH 32 CYeT Ae(EKTOB, MOSIBISIOUINXCS MPH JIedopMaIny, 4To, BOOOIIe
TOBOPSI, MOXKET MPENATCTBOBAThH JIETUPOBAHUIO, XOTsI OOBIYHO B CIUIaBaX perakca-
sl HanpsOKEHUH APQPEKTHBHO OCYIIECTBISIETCS MEXaHU3MaMH, OIHMCAHHBIMHU
BhIie (B ocHoBHOM HJIP u amopdusarueii), 4T0 orpaHUYUBAET POCT SHEPTUH.

Kax mpasumno, ¢ nomompio UITJ] BOIM3M KOMHATHOM TeMmepaTypbl yAaeTcs
YBEIMYUTH PACTBOPUMOCTH 3JIEMEHTOB IIPU MEXaHHMYECKOM JIETUPOBAHUU TOJIBHKO
OTpaHHuYEHHO, a moHmxeHue temmneparypsl U/ BegeT k MOBBIIICHUIO 74y, UTO,
B CBOIO OY€pe/b, CIBUrAET MaTepHall BBEPX Ha JUarpaMMe COCTOSIHUM U 3a cYeT
3TOTO JIOJDKHA TOBBIIIATHCS CKOPOCTh 00pa30BaHuUs CIIJIaBa U3 KOMIIOHEHTOB (JKe-
JaTebHO NPOBEPUTH 3KCIEPUMEHTANbHO). IHTepecHbIi Bompoc: Kak OyJeT Mme-
HSTBCS PACTBOPUMOCTh B CHCTEMAax C MOJHOCTHIO HEPACTBOPHUMBIMU B TBEPAOM
COCTOSIHMM 3JIeMeHTamMHu? 1o, Hanpumep, mapel Fe—Ag, Ni-Ag, Nb-Ag, Cu-W,
Co-Bi, Cu—Cr, Cr-Ag, V-Mg, TiAl-Ag. CornacHo AuarpamMmaMm COCTOSIHUH Bce
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paccMoTpeHHble napel, kpome TiAl-Ag nu Ag—Ni, He CMEIIUBAIOTCS U B KUIKOM
COCTOSTHUM J0 O4€Hb BhICOKUX Temmnepatyp: Fe u Ag — no >~ 1650°C; Mgu V —
1o > 3000°C; Ag u Cr — no > 1000°C, BpllIE MOSBISAETCS 3aMETHasi pacTBOPH-
mocTh (BII3P); Cuu W — no 1500°C, BII3P W B Cu; Ni-Ag — g0 1000°C, BII3P.
B cBs13u ¢ 3TUM MOXXHO OXMJaTh, YTO 3aKauaHHOM SHEPIUU B 3TUX CIydasX He
XBaTUT, YTOOBI 7 ObIJIa HACTOJIBKO BBICOKA, YTOOBI CIIAB Momnajaai B oJHO(pa3-
HOE JKMJIKO€ COCTOSIHHE (€T0 MOKET W He OBbITh) U Mbl MOIJIHM Joctudb 100%-Hoi
pPacTBOPUMOCTH, TPU TOM, YTO HCXOJHBIE 3JIEMEHThl HENpPOYHbIE (KpOME, BO3-
MOXHO, Tlapel TiAl-Ag) U 3aMeTHOTO MPHUPOCTa YIMPOYHEHUS U COOTBETCTBEHHO
pacTBOpUMOCTH OBITh He JoKHO. KeraTh, oO0pa3oBaHre HEOOIBIIOrO KOJINYECTBA
CIUIaBa MOXET BBI3BIBATHCSA MEPEHOCOM AaTOMOB auciokauusmu. [loHmxeHue
temriepatypsl UIIJL no Ty ., NO-BUAMMOMY, HE IIOMOJKET, a JAJIbHEWIIEE €€ I0-
HIDKEHUE B MPUHLUIIE MOXKET 00ecrednTh UCKOMBIN (pyHIaMeHTaIbHbIN pe3yiib-
taT. OJJHAKO MOKHO TI0JIaraTh, 4To amopdHas (aza MOKeT oKa3aTbcs HeCTaOMIIb-
HOU IpU OTOTpeBE 10 KOMHATHOH TeMnepaTyphl.

— O0ayuenne. B skcriepuMeHTax Mo OOJYYEHHUIO HAOIONAIKNCH TE XKE Tpe-
BpaiueHus, uro u npu UIIJI, Bkmtoyas pazynopsaouenue u amopdusanuio. Hau-
Oonee momynsapHOe OOBSICHEHUE, HANpUMEp, aMOp(U3AIUN — STO XAaOTHYECKOEe
CMeEIllEHHE aTOMOB B FOpsiYMX 00JIACTSIX (KAacKaJax) U COOTBETCTBEHHO MeHeparys
00JIBIIOr0 KOJIMYECTBA TOYEUHBIX JEPEKTOB, UTO U SABJISETCS MPUUYMHON NpeBpa-
meHuit [52]. @akTHuecKu MPU3HAETCS, YTO NPEBPALLCHUS ONEepexaroT aHHUT WS-
IIUI0 TOYEUHBIX N1e(EKTOB, T.. CUTyallMsl aHAJIOTMYHA IPEANOIOKEHHON HaMU
st UTTJT (cm. Beime). Mimeercs Takke Onu3kas MO CyTH THIOTE3a O MOTOKE Be-
[IECTBA HABCTPEUY MOTOKY HEPAaBHOBECHBIX BakaHCHil [2].

Msl nonaraeM, 4To MpU ONpeeseHHON (HU3KOM) KpUTHUECKOM Temreparype
amopduzanus OyAeT MPOUCXOAUTH MPAKTHYECKH BCEra, Tak, HAIpUMep, aMop-
duzanus oOHapyxeHa B HaHOKoMMo3uTe meau mipu 76 K [53]. IIpouecc amopdu-
3allMd HAHOMATepUaJoB MPU MPOYUX PABHBIX YCIOBUAX OYyJEeT 3aBUCETh OT pas-
Mepa 3epHa 00Jy4aeMoro MaTepuaia U COCTOSHUS €ro IPaHul] U YTO IpH J10CTa-
TOYHO MHTEHCHBHOM peXHUMe OOJy4yeHHs, KaKk U IpH Aepopmaliu, J0JKHA CY-
IIeCTBOBATh KpUTHUECKas Temreparypa nepexona KO-AD.

— AMop¢dusanus B nmpouecce HAChIIIEHUS] M YyAaJIeHUs] BOA0poaa. ABTOp
OJTHOM U3 MepBBIX padoT [54] He Aan GU3NUECKON HHTEpIpPETaIlMK ITOTO SBJICHUS.
B pa6ore [55] mokasano, uto B crutaBe Pd—Er npu HaBogopaxuBaHuu 00pa3yroT-
cs (as3bl C pa3HOW KOHILIEHTpalueil aTOMOB 3pOusi, pa3eieHHbIE MOJABHKHBIMU
MeX(a3sHBIMH TpaHUIIAMH, a TaKKe Me30JeeKThl — Te()eKTHbIE KOMIUIEKCHI, pa3-
Mep KOTOPBIX CPaBHUM C PacCTOSTHHUEM Mexay HUMH. [Ipu 3ToM Bojopon sBiser-
Csl aKTUBHBIM M BBICOKOTIOJIBUKHBIM 3JIEMEHTOM, BIMSIOIIMM Ha CTPOEHUE CIUIaBa
U ycKopstouMM Iud@y3nto aTOMOB MeTalljla Ha HECKOJIBKO TOPSIJIKOB.

Mpl cuuTaem, 4TO 3TO 00IIas 3aKOHOMEPHOCTh. B mpouecce HachllieHus U
yJaJeHusi BOJOPOAA BCIEIACTBUE YIPYIHX HCKAXKEHUH PEIeTKH MPOUCXOIUT ee
nedopMarusi. ITo IPUBOJUT K PE3KOMY YBEITUYCHHUIO IDIOTHOCTH (HapacTaroIIeH
C KaXIbIM IIUKJIOM) TOYEYHBIX A€()EKTOB M TUCIOKAIMH, MOSBIAIOTCS Mexdas-
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HBIC TPAHMUIIBI, 12 U CAMO HaJM4YUe aTOMOB BOJOPOJA B KPUCTALUTUUECKOM perieT-
K€ BHOCHT BO MHOTHX CJIy4asix OOJBIIYIO YIIpyTyio 3Hepruto, yem B AC (Bcieact-
BHE 0OJIBIIIET0 CBOOOAHOTO 00BhEMa B MTOCIICTHEH).

— Amop¢puzauus B mpouecce B3auMHoOil 1uddy3uu 31eMeHTOB B TOHKUX
IUIeHKaX-cOHABUYAX [56]. CnenyeT yuecTh peajbHYI0 CHTYaIUI0 — CYIIECTBEH-
HYIO 9acTh 00bhEMa IJICHOK COCTABJISIFOT MX TIOBEPXHOCTH — MOIIHBIC UCTOYHUKH
BakaHcHii. TakuM 00pa3oM, CUTyaIUsl MOXKET OBbITh MOXO0XKEH Ha y)Ke OMHUCAHHYIO
BBIIIIE — BO3MOXXHO KPaTKOBPEMEHHOE IOCTIKEHHE (TMK) TPEISIIBHO BBICOKOU
IUTIOTHOCTH JIBHXKYIIMXCS TOYCUHBIX NeekToB. [Tockonbky mis muddy3uu Tpe-
OyeTrcss Kak MOXKHO OOJIBbIIIE TOYEYHBIX 1e(DEKTOB, OHH, BEPOSTHO, WHTCHCHBHO
«3acachIBAIOTCS» C MOBEPXHOCTEH, T.. IOBEPXHOCTHU SIBJISIFOTCS CBOETO poJia Ba-
KaHCHOHHBIMHM HAaCOCAMHU.

3akjaouyeHue

3a cyeT reHepaluuu AePEKTOB NPU UHTCHCUBHBIX BHELIHUX BO3JIECHUCTBUIX B
TBEPAbIX TeJlaX B HUX JOCTUIAETCS CBEPXBBICOKAs MIIOTHOCTh TOUEUHBIX Ae(eK-
TOB, JBW)KYIIMXCS M B3aMMOACHCTBYIONINX TOYCUHBIX 1e()EKTOB M TUCIOKAIUH,
KOTOpasi MEHSIET SHEPIHIO CIUIABOB O TaKOW CTENEHHU, YTO U3MEHSETCS UX Tep-
MOJIWHAMUKa, (a30Bble IuUarpaMMbl M MexaHH3M jgedopmarmu. Hekoropsie
cIuiaBbl Ipu omnpexaeneHHbIX ycnousax MIIJ oka3biBaloTCs B COCTOSIHUM, KOTO-
pO€ PHEPreTUUECKU 3KBUBAJIEHTHO COCTOSHMSIM Ha (a30BbIX AuarpaMmax IMpU
0oJjiee BBICOKMX TeMIIEpaTypax (Jaxke BbIIIE TOUKHU IJIABJICHUS, a A HEKOTOPBIX
okucinoB npu UIIJK — Belie TemmnepaTypbl JUCCOLMAIMM), TaKUM 00pa3oM,
OKa3bIBasiCh MOCIE 3aBepuIeHHs aedopMalui, B aMOp(HHOM COCTOSHUHU, a IS
OKHUCJIOB JI€JI0 JOXOAUT 10 B3phIBOB. COOTBETCTBEHHO OBICTPO MPOTEKAIOT IMPO-
[IeCChl HU3KOTEMIIepaTypHOU AMHAMUYECKOW peKpUCTallIn3aluuu, (Gpa3oBbIX Ie-
PEX0JI0B, CUHTE3a COEIMHEHUI, MEXaHUYECKOTO JIETUPOBAHUS, XOJIOJHOTO KOM-
NaKTUPOBAHUS, Pa3I0KeHUs (BIJIOTh 10 B3PbIBA) U T.J. DTO CBUJECTEILCTBYET O
rPOMaJHBIX CKOPOCTAX AUPdy3un Aake Npu HU3KUX Temneparypax. [Ipennara-
eTCsl CIeAYIOLMil MeXaHU3M 3TOro ()eHOMEHa: Kak U MpH OOJyuYeHUH B MHUKPO-
o0JyacTsx cruiaBa, MpU BKIIOYCHHUH (JACWCTBUM) HETPAAMIHMOHHBIX MOJA Hedop-
Malliy FeHEepUpyeTcs JIOKAJIbHAs OYEHb BBICOKAs] KOHLEHTpALUs TOYEUHBIX Jc-
(GEeKTOB M B ATOT MOMEHT (0 MX AHHMTWJISLUHU) U MPOUCXOASIT MPAKTUUYECKU
MI'HOBEHHO pasiuyHble npeBpaieHus. Camu mo ceGe AUCIOKAIUU MOJHUMAIOT
SHEPrHIo CIjIaBa O KaKOro-TO HEJIOCTATOYHOTO NI aMopdu3anuu ypoBHS, T.€.
BHOCST ONPEEICHHBIN BKIa.

B omiinume oT 0ObIUHOTO Harpesa, i€ PHEPIUs CIljIaBa ONpPEAEIsAeTCS UHTEH-
CHUBHOCTBIO TEpMHUECKUX KojeOaHMi aroMoB, B cirydae UI1J] ona, no-BuauMomy,
OIpesieNsieTCss B OCHOBHOM JPYIMMM IapamMeTpaMu: TaKUMH, HalpUMep, Kak
SHeprus JeeKTOB U SHEPIHsl B3aUMOJCHCTBUS ABUTAIOIIUXCSI aTOMOB C IPYTHMHU
aToMaMu U AedektamMu. B HacTosmiei padore ais ynoOCcTBa ONMUCAHMS 3TOH CH-
TyallUd HCHOJb3YETCS TEPMUH «IKBUBAJECHTHas Temreparypa aedopMmManuu» u
BBEJICH HOBBII TEPMUH — «KBa3UHAIPEBY.
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[To-BuauMoMmy, sl KakKIOro CIUIaBa CYILECTBYET KpUTHYECKas TEMIIEpaTypa
T3\, HUKE KOTOPOM HE MPOMCXOAUT HU3KOTEMIIEpaTypHasl AMHAMUYECKAsl PEKpHU-
CTaJlIM3alus, a cIuiaB nepexoaut HenocpeactseHHo u3 KO B AC (Bo MHOTHX pa-
60Tax OMMOOYHO CUUTAETCS, YTO MJET Nepexoj HEMOCPEICTBEHHO M3 HAaHOKpU-
CTAJJTMYECKOI0 COCTOSIHUS B aMOP(pHOE W YTBEPHKAAETCS, YTO UMEHHO 3HEPTHUs
I'paHUIl 3epeH ABIsAeTCs (PaKTOPOM, BBI3BIBAIOIINM 3TO MPEBPAILICHUE).

N3 umeromuxcst AaHHBIX BBITEKAET, YTO € NMOHMXKeHueM Ttemreparypst WII/]
Jerye MAyT MpEBpAIlEHUs, XapaKTepHbIE AJIS BBICOKUX TeMIeparyp (mapamokc
UIIO). Iponecc mepexoga KO—-AD moxer (Cyas 1o moBeaeHUIo crutaBa MnAl—
C) sBAATHCS OOPATUMBIM NPU HEPEX0e uepe3 1oy

[Toka3aHo, 4TO MOKOOHBIE MpEACTABICHUS PAabOTAIOT U Ul CIydaeB HaOJIo-
JTAEMOT0 TPH OOJBIIHX AcPOopMaIIisIX paccioeHus (IBYX(pa3HOCTH) TBEPABIX pac-
TBOPOB, CTa0MJIBHOTO NP MpoJojKarolieiics aepopmanuu. IToT npouecc odec-
[IEYMBACTCA TEPMOJUHAMUYECKON BBINOJIOM, & HIMEHHO HAJIMYMEM HA JAMarpamme
COCTOSIHUHM ABYX(a3HbIX 00JIacTel, HapuMep: KHuaKas + KpucTanueckas ¢asa,
a He MPOCTO, KaK MPHUHATO CYUTATh, BIUAHUEM I Y3UOHHBIX TTOTOKOB BaKaH-
CHii, KaKk KuMHeTHdyeckoro (akropa (0e3 yuera >HEpruu cIuiaBa B LEJIOM). DTH
NPECTaBICHUS OOBACHSIIOT «TaWHCTBEHHYIO» TIPUYMHY TIOJTYYECHHUS BBICOKHX
MarHuTHbIX cBOMCTB npu UITJ] HeKoTOphIX aMOP(HBIX CIIaBOB.

OTmeueHa OCOOCHHOCTh MEXAaHMUYECKOTO JIETUPOBAHMSA: JCHCTBYIOT IBAa KOH-
KypUPYIOLIMX Ipolecca: OJMH — 3TO MOHMKEHHE SHEPTUU CMECH 3a cueT o0paso-
BaHU CIUIaBa; BTOPOHW — YBEIMUYCHHE €r0 HEPTUH 3a cueT JNe(EeKTOB, MOSBIISIIO-
muxcs npu nepopmanuu. Ipeanoxkena npuunHa pa3iaokKeHNs: OKUCIOB U HEKOTO-
pBIX xumMuyeckux coenuHenuit npu NI

Jonoinenne. Hexoropele MeToaMyYecKHe aCHEKThl M OIIMOKHM aHalu3a pe-
3ynbTaTtoB UITJI.

[Ipu UIIJIK npouyHbBIX MaTepuanoB, KaKk NPaBUIIO, CIBIIMIEH CKPEXEIlyIIUil
3BYK (MHOTJa OY€Hb IPOMKUN — CBUCTAIIMI), UTO, OUEBUIHO, OOYCIIOBIEHO IPO-
CKaJb3bIBaHHEM HakoBaJieH 1o obOpasiyy. Tak, B pabote [3] Haae)KHO yCTaHOBIIE-
Ho, uto nipu UITIK (P = 6-8 GPa) crmaBa MnAl-C uanynmpoBanHoe aedopma-
mueil ¢azoBoe npesparenue (L1o-ITIY) HaunHaeTcss Ha MOBEPXHOCTH 0OpasLa u
MIOCTETICHHO PaCIPOCTPaHsIETCS B TIIyOb AMCKA. DTy BO3MOXKHOCTH CIIEAyeT y4u-
TBHIBATh IPU aHAJIM3€ SKCIIEPUMEHTAIBHBIX TaHHBIX (HalpuMep, MUKPOTBEPAOCTH)
Y MOKHO HCIIOJIb30BATh IS U3YUYEHUs NPOCKAIb3bIBaHUA. B 4acTHOCTH, IIpU BBI-
peske ¢oabr U3 obpasua nocie HebonbIMX AedopMaluii cieayeT TOUHO 3HATH,
KaKoe IOJIO’KeHHE (DOJIBIH 10 BBICOTE 00pas3iia M KaKoe pacrpesie]iCHue CTEICHH
negopmanuu 1o ero riyoune. OgHako npu e > 3—5 CTpyKTypa BCII€ACTBUE MPO-
tekanus HJIP crabunm3upyeTcs, U Uc4e3aroT pa3audus MeXIy o0IacTsSMu C pas-
HOH CTerneHblo 1e(opMalMi U COOTBETCTBEHHO HET 3aBUCUMOCTHU OT TTyOHHBI.

Takxe B IUTEpaType MHOTOKPATHO OTMEYAJIOCh, YTO B CUIIbHOIE()OPMUPOBaH-
HBIX 00pa3lax HeT 3aBUCHUMOCTH TUIA CTPYKTYPbl MECTa OT PACCTOSIHUS €ro OT
LEeHTpa Aucka. Mbl cuuTaem, 4YTo 3TO CBA3aHO C T€M, YTO OOBIYHO OOpasell Mmoj-
Bepraercs CyIleCTBEHHOH aedopmMaruu cxaTieM OJHOBPEMEHHO C KPYUYEHUEM U,
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KpOMe TOT0, BCErja MMeeTCs HEKOTOPBIH 3KCIEHTPUCUTET IIyaHCOHOB (HEeOOJIb-
I0€ CMEILEHHE AUCKA, HalPUMEDP, 3a CUET HEUJCAIbHOU MapauIeIbHOCTH UX pa-
004MX MOBEPXHOCTEN), YTO HUBEIUPYET pa3HUIy B CTPYKType MO paguycy o0-
pa3uoB. B pesynpTare Bcero 3Toro mocie AOCTaTOYHO OOJIBIIMX CTEHNEHEH Je-
(dopmanuu 00pasibl, Kak MPAaBUIIO0, HOIYYAIOTCS TOMOT€HHBIMH TI0 CTPYKTYpe (110
KpaiiHeil mepe, 3epeHHoil). B kauecTBe mpruMepa omImOOYHON UHTEPIPETALUU pe-
syabTatoB UITJIK npuseaem paboty [46, puc. 2], Tie ucciaen0BaHO BIUSHUE YHUC-
71a 0o0OpOTOB 7 HAKOBAJIEH HA MPOYHOCTb MEIU MPHU Pa3HBIX YCWIHAX CXKATUI U
o0OHapy’KeHO ee 6-KpaTHOEe pa3iuyKe NpU OJMHAKOBBIX 71, HO NMPH Pa3HbIX YCHIIU-
ax ckatus. KoHeyHo, Takas pa3sHHMLa 0OyCIIOBJIEHA B OCHOBHOM OOJIBIIMM IIPO-
CKaJIb3bIBaHHEM 00PA31I0B IPU MEHBLIEM YCUIMH CXKATHUS.

CrnenyeT Takke OTMETHTb BO3MOXHBIE MPUUYMHBI HAOIIOAAIOIIErOCsS HECOOT-
BETCTBUS JaHHBIX pasHbix padotr mns UIIJ (310 otmedeno, Hampumep, B [7]) —
3TO Pa3/IMYHbIE UCXOJHAs TOJILIMHA 00pa30B U MaTepual HAKOBAJIEH, YTO JOJIK-
HO M3MEHSTh CTENEHb U CXeMy Je(popMaluy, a TakKe CKOPOCTh TEIUIOOTBOJIA OT
oOpa3la B HAKOBAJIbHU U TEM CaMbIM U3MEHSATh €r0 pealbHyI0 TEMIIEpaTypy. OTH
e (haKTOphI IJIFOC BO3MOXKHOE 3arps3HeHne paboTaloT U MPU MEXaHUYECKOM H3-
MenbueHuu. [lo-BunuMoMy, BakHa M YMCTOTa Marepuana no npumecsm. Kpome
TOTO, MpPU UCXOAHOHN TonmuHe Oosbiie ~ 0.05 mm oOpasen OAHOBPEMEHHO C
KPYUEHHUEM CYILIECTBEHHO e(popMHUpYyeETCs CKaTuEM. DTO JOHKHO YCKOPATH MPO-
TEKaHHE MPEBpAILEHUH 3a CUeT yBeIWYEeHUs KaK CTENeHHu JedopMmaluu, Tak U 3a
CUET €€ YCIIOKHEHHUS.
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Ye. Teytel

STRUCTURAL AND PHASE TRANSFORMATIONS IN SOLIDS
INDUCED BY SEVERE PLASTIC DEFORMATION AND OTHER
EXTERNAL EFFECTS. PHENOMENON OF QUASI-HEATING
(CRITICAL AND ANALYTICAL REVIEW)

Based on an analysis of our own and the literature data, the influence of the severe plastic
deformation, irradiation and diffusion on the structural and phase transformations in sol-
ids is considered. The main regularities for all effects can be explained from a unified
point of view based on the achievement of the critical internal energy (equivalent tem-
perature) in solids due to the high density of interacting and moving defects. This leads to
all sorts of transformations at the expense of growth in the phase energy to the extent that
the thermodynamics of alloys and their phase diagrams change up to the transition to a
state that corresponds to the thermodynamic fluid or decomposition (for instance — ox-
ides). For convenience of description of this situation, we introduced a new term —
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«quasi-heating» (to equivalent temperature). The high density of moving defects greatly
facilitates the diffusion, which contributes to rapid transformations, even at liquid nitro-
gen boiling temperature.

Keywords: severe plastic deformation, quasi-heating, amorphization, low-temperature
dynamic recrystallization, structural defects, phase diagrams

Fig. 1. Scheme of cyclic amorphization
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PACS: 62.50.+p, 62.65.+k, 64.10.+h, 64.70.Kb

E.M. Tponukas, N.B. XXnxapes, E.A. lNunmneHko

YMNPYITVE CBONCTBA CXATbIX KPUCTANNOB MHEPTHbLIX TA30B
B MOAENN AJE®OPMNPYEMbIX ATOMOB

JoHeuknii nsmko-TexXHNYeckuin MHCTUTYT M. A.A. lMankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

CtaTtbsa noctynuna B pegakuuio 7 mas 2014 roga

Ynpyeue ceoticmea cocamvix kpucmannos unepmuulx 2azoe (KUI) Ne, Ar, Kr u Xe uc-
Ce008aHbL 8 MOOeNU OehopmMupyemvix U NOAApuU3yemvlx amomos. Paccuumanvt mooynu
ynpyeocmu @ykca u KoIh@uyuenm ynpyeou anuzomponuu 3enepa ¢ yuemom MHO204ac-
MUYHO20 U KBAOPYNONBLHO20 83AUMOOCUCMBULL 8 WUPOKOM UHmepsane dasnenuil. 1Ipoge-
0€HO CpagHeHue ¢ IKCHePUMEHMOM U pe3yabmamamu Opy2ux aemopos. B Xe npu coica-
muu 0.6 Habmodaemcs obpaujenue 8 Hyib cO8U208020 MOOYIA B4y, umo coomseemcmeyem
T'IK-T'T1Y-nepexooy npu 75 GPa.

KnroueBble cj10Ba: KpUCTALIBI HHEPTHBIX Ta30B, AeopManus 3JeKTPOHHBIX 000JI0YEK,
KBaJIpyMOJbHOE B3aUMO/JICHICTBHE, MHOTOYACTUYHOE B3aMMOJEWCTBHE, BHICOKOE IaBlie-
HHE, KOPOTKOJCHCTBYOLIEE OTTAIKUBAaHHE, KOA((GUIMEHT yIPyroi aHU30TPOINH 3eHepa

Ipyocui enacmugocmi cmucaux kpucmanie inepmuux easzie (KII) Ne, Ar, Kr i Xe
00Cni0dNCeHO 8 MO0 AmoMis, o ModICYymb Oeopmysamucs ma noaspusysamucs. Pos-
paxosano mooyni npyscnocmi Pykca il koegiyicum npyscnoi anizomponii 3enepa 3 ypa-
Xy8auHam 0azamodacmiogoi ma KeaopynorbHOI 63aEMOOill Y WUPOKOMY IHmMepseani
muckis. [Iposedeno nopieHAHHS 3 eKCNEePUMEHMOM | pe3yabmamamu iHUx asmopis. ¥

Xe npu cmucnenni 0.6 cnocmepicaemvcsi CHpAMYSAHHSL 00 HYAS 3CY8H020 MO0V B gy, wo
sionosioae I'LIK-I'T1Y-nepexooy npu 75 GPa.

KurouoBi ciioBa: kpuctanu iHepTHUX rasiB, Aedopmariist eeKTPOHHUX 000JIOHOK, KBaJ-
pyHoJIbHa B3a€MOJis, 0araTo4acTKOBa B3a€EMOJiS, BHCOKHH THCK, KOPOTKOJIIIOYE
BIIIIITOBXYBaHHs, KOe(DiIi€HT MPYKHOT aHI30TpoIIii 3eHepa

1. BBenenue

Teopuss nuHamuku pemietrk, pazButas K.b. Tonmbsiro Ha ocHOBe «IEpBBIX
OpUHLUIIOBY [1—4], ycHemHo NpUMEHsJIach JUIsl OMMCAHUS CBOMCTB IIETOYHO-
raJOUIHBIX KPUCTAJUIOB, MOJYIPOBOJHUKOB M IUANEKTPUKOB [5—10] mpu Hye-
BOM JIaBJICHUHU.

B cepun pa6ot (cm. [11-14] 1 cchuiKM TaM) pa3BUTa HEAMIUPHUYECKAsT BEPCHUS
mozenn K.b. Tonmbiro ais n3ydeHuss MeXKaTOMHOIO B3aUMOJAECUCTBUS U TUHAMH-
yeckoil Teopun pemerok I'TIK-kpucranios, noABEprHyThIX BCECTOPOHHEMY CKa-

© E.I. Tpouukas, WN.B. Kuxapes, E.A. MNMununexko, 2014



®du3nKa 1 TEXHHKA BbICOKHX AaBjieHuii 2014, tom 24, Ne 3—4

0. B mpenpiaymei padore [14] Ha ocHOBaHMM OOIIEH TEOpPUH, MPEACTABICH-
Hoii B [12,15], u Mmomenu, paspabotanHoii B [13], mpoBeICHO KOJTMYECTBEHHOE HIC-
cleloBaHUe yIpyrux Moaynei bupua u coornomenus Komm s Bcero psina Ne—
Xe B MMPOKOM HHTepBajie AaBieHuil. [lokazaHo, uTo HabII01aeMOE OTKIOHECHHE
oT cootHouieHusa Kowmm d(p) 11sl KaXka0ro U3 KPUCTAJUIOB €CTh PE3ysbTaT JIBYX
KOHKYPUPYIOIIKX B3aUMOAEHCTBUIA — MHOTOYaCTUYHOI'O U KBAJPYIOJIbHOTO, IPO-
ABJISIFOIIErOCs. B KBAJPYyMOJIbHON JedopMaluy 3IEKTPOHHBIX 000JI0YEK aTOMOB
npu cMenieHusix sanep. Ilpencrasnennble ab initio paccYUTaHHbBIE 3aBUCUMOCTHU
yopyrux moayneit bupua Bl-j (p) u O(p) XOPOIIO COTNACYIOTCS C IKCIIEPUMEHTOM.

HccnenoBanue ynpyrux cBoiicts cxxatbix KUI™ He Obu10 OBI MONHBIM 6€3 pac-
4E€TOB YNPyrux MoayJei Tuna Oykca B u Ko3QpUIMEHTA YIPYTOi aHU30TPOIIUH
3eHepa Ay.

Koaddumuent 3enepa Az sBnsercs Haubosee U3BECTHON MEPOU yIIpyroi aHu-
30TPONHHU U IPUMEHSIETCS [l KyOMYecKoro MOHOKpHcTaia. BrepBeie 3T0 moHs-
THe ObuTO BBeneHO B 1947 r. npu u3ydenun P-natynu [16]. C TeueHreM BpeMeHH
B JIUTEpaType OblJI OMMCAH IHUPOKHUM CHEKTP €IMHULl U3MEPEHUI ypyroi aHU30-
Tponuu. ABTOPHI Hapsaay ¢ KoddduimenTom 3eHepa Al KyOMUeCKuX KpUCTaJIOB
UCIOJIb30BAIM PAa3IMYHble KOMOWHAIMU YIPYTHX MOCTOSHHBIX JJIS1 KPUCTAJIOB C
cUMMeTpuen Husiero nopsiaka [ 17-20].

B 2006 r. Jlenberrep u Murmuopu B padote [21] mpennoxkumm crnocod BhIYHC-
JICHUsI YIPYrod aHU3O0TPOIHMH, CBS3aHHBIN ¢ Kod(duimenTom 3eHepa, KOTOPHI
MO’KET OBITh IPUMEHEH KO BCEM KPUCTAININYECKUM CUCTEMAaM, T.€. HE 3aBUCUMBIN
OT CUMMETPUH KpUCTaJUIa. ABTOPHI, UCHOJB3Ys ypaBHeHue Kpucrtoddens, momy-
YN BBIpaXXEeHUE 1715 Kod((PUlMeHTa aHU30TPONUU KaK OTHOLIEHHE MaKCUMalb-
HOM M MUHUMAJIbHOM CKOPOCTEH CIIBUI'OBBIX 3BYKOBBIX BOJIH. JIJIsI KpUCTAJIOB €
KyOudeckoi cumMmmeTpueii 3Tot ko3 duuuent pasen koddduuuenty 3eHepa.

HenaBHo ObL mpeaiiokeH YHUBEPCATbHBIM MHAECKC YIPYTroi aHU30TPOIIHH AU,
KOTOPBIN OMpeAeNseTcss 4Yepe3 CABUTOBbIE U 00bEMHBIE MOAYIH, Pa3IMYHBIM 00-
pasoM ycpeaHeHHbIe [22]. B cimydae M30TpONMHOCTH Marepuaia 3TOT MHACKC pa-
BEH HYJIIO.

Hacrosimas myOnukamnus npoaobkaer MUkl pabot [12—14], mocBsIEHHBIX
HEAIMIMUPUYECKUM pacueTam ynpyrux cBoictB Ne, Ar, Kr u Xe B akTyanbHOl 00-
JacTy JaBlIeHUH — oOpaleHus B HyJIb ()yHIaMEeHTaNbHOU 1menu. PacueTsl npoBe-
JEHBI B MOZeNU 1e(hOpMHUPYEMBIX U MOISIPU3YEMBbIX aTOMOB C YYETOM MHOTrOYac-
THYHOTO B3aumoencTeus. Mccnenosansl ynpyrue Moayiu tuna Oykca By v Ko-
3G PUIMEHT yrpyroii annzoTponuu 3eHepa Az A7 CKAThIX KPUCTAIUIOB psaga Ne—
Xe. Paccmotpena mpo6nema ycroitunBocTH ['IIK-pemerkw.

2. Ynpyrue cBOMCTBA CKATbIX KPHUCTAJJIOB

[Tpu u3yueHuM ynpyrux CBOMCTB HANPSHKEHHOTO KPHCTala HEOOXOIUMO HC-
MOJIB30BATh TEOPHUIO KOHEUHBIX nedopmaruii [23,24]. [lpu Hamu4Iuu HaNPsKEHUS
pa3IMyaroT TPU BHIA MOIYJICH yNpYyrocTH: KOAPPHUIIMEHTH pa3IokKeHUs: CBOOO-
Hoit sHepruun Cjy. (Moxynu Tuna bparrepa), KoaQpuuueHTs TpONnOpLUOHATIBHO-
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CTH B 3aKoHe ['yka B HanmpspKeHHOM Kpuctaiuie Bjy  (Momynu bupua) u xoaddu-
LIUEHTHl PaCIPOCTPAHEHUS 3BYKa B HAPSHXKEHHOM Kpuctaiie 4;. .. OObHO npu
TOM B KayecTBE MapaMeTPOB DPA3JIOKEHHs NMPHUMEHSIOT JIarpaH)KEBbIM TEH30p
JUCTOPCHH Ugp. Momymu Bparrepa Cq g, OOIIENPUHATEI, OHAKO HHOTA ya00Hee
UCIIOJIb30BaTh MapaMeTpbl JeGOopMaluy y;, KOTOpble UMEIOT HArJIAIHBINA Qu3nye-
CKH CMBICIL.

[TapameTpsl y; BBOAATCS Tak, YTOOBI OHM OOpALAUCh B HyJIb IPU HCUE3HOBE-
HUM Aedopmalium, a COOTBETCTBYIOIIMMU UM Ae(OopMalusiMU SBJISIOTCS: BCECTO-
pPOHHEe C)KaTue Y|, OTHOOCHBIE CXATUs Yz, Y3 U CABHUTH Y4, Vs, V6. ECIU UMerOTCS
HECKOJIbKO aTOMOB B 3JIEMEHTApHOU sYeiKe, TO MmapaMeTpsl Y7, Vg, ... OMUCHIBAIOT
OTHOCHUTEJIbHBIE CMELIECHUS 3TUX aTOMOB Ipu Jepopmanuu kpucrtaia. Ilo onpe-
JENCHUIO JUIs OJHOATOMHOIO KPHUCTaIIa TEH30P AUCTOPCUHM Uy BHIPAXKAETCS de-
pe3 y; caeayrommuM oopa3om (cM., Hamp., [25]):

Ty =(147) > (072) 2 (14 13) ™2 = £ (n072013),
1+uy, =(1+Y1)l/3(1+“/2)_1/3 (1+Y3)_1/2 =/ (YI,YZaYS)’ (1)
1+u33 =(1+Y1)1/3 (1+Y2)2/3 = f3(v1-72)s

Up3 =Y4, U3 =7Ys5, Uiy =Yg, U3y =Uz; =uy =0.

[TpousBosHas cBoOOIHOM 3HEprun F(y) MO mapaMmerpaM y|—ye ONpPEIeseT yI-
pyrue moxynu tumna dykca, GU3nYecKu HATISAHBIEC TP OONBIINX Je(opMaIusIx

_1[0"F)

_ _ 2
loy-an) @

i.l

B nanbHelinem moBeeHHE CKATOTO KpUCTalia OyaeM OMHMCHIBATh 3TUMU MO-
IynsiMA Biy.

IToxaxem cBsA3b Mexay Momyisamu bparrepa Cy, ®@ykca By, n bupua B;; B Ha-
npsbkeHHOM kpuctaiie (p # 0):

4
Chy =311+§B33 +p, (3)
2
Ciy 2311—5333—17, 4)
Cag =By +p. (%)

Monynu bupua B;; BeIpaxkaroTcs Kak

BocByS =Lapys p(S(xySBS + 80(86&{ - S(xﬁsyf)) >

4
3112344+§B33:C11—P= (6)
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2
B, =B —5333 =Cp+p,

Biy=Byy=Cyy—p.

Mopymu tuna bparrepa Cj; 3aBUCAT OT JaBJi€HHS p, @ Bj; MOXHO CKOMIIOHO-
BaTh TOJBKO M3 MoJyled bupua B;;, koTopeie B ciryyae KyOM4ECKOro KpHCTaslla
HEINOCPEJICTBEHHO U3MEPSIOTCS B YJIbTPA3BYKOBBIX 3KcrepumeHTax. Mraopupo-
BaHHUE 3TOT0 OOCTOSATENHCTBA MPUBOJIUT K IMyTaHULE YUCICHHBIX 3HAYCHUN KO3(-
¢uMeHTa ynpyrocTi HanpsiKeHHbIX KPUCTaJIOB.

3. Pe3yabTaThl pacyeToB

B pa6orax [12—14] ansa Bcero psaa cxareix KUIT O6b1mm paccuntansl 6apuye-
CKHE 3aBMCMMOCTH YNPYrux Moyiei bupua B;; u OTKIOHEHMH OT COOTHOLIEHMS
Komm d(p) ¢ y4eToM MHOTOYaCTHYHOTO B3aUMOJCHCTBUS M Ae(opMaIuu Iiek-
TPOHHBIX 000j04Yek. CpaBHEHHE TEOPETUYECKHX BEIUYUH O(p) C IKCHEPUMEH-
TaJbHBIMU TOKA3aJI0 aJ€KBaTHOCTh MOCTPOEHUSI TEOPUU M MOJENM pacuera rnapa-
METPOB.

3anuuiem Moaynu Pykca Bj; 4epe3 MOMyYEHHBIE TAPAMETPBI B BUJIE

2
By =6e—4[2G—H—2F+2E—Vt -2.710107D],
a

82

By :80—4[G+4H+8F+2E—2Vq+Vt—0.231934DJ, (7)

2
By = :7[G+2H +4F 8V, +V,~0.52494D |.

3nece H= Hy+ 0H, G = Gy + 6G (Hyp u G( SIBISIOTCS IEPBOA U BTOPOM TIPOU3-
BOJHBIMU NAPHOTO KOPOTKOJAEKCTBYIOLIETO MOTEHIMANIA OTTAIKUBaHuA Vs, = E(O) +
+ W, niis paBHOBECHBIX PACCTOSIHUU TEPBBIX cocenelt; 0H, 0G — TpeX4acTHYHBIC
MOMPAaBKH, MPUBOJAAIIUE K HELIEHTPAILHOCTH MApHOTO B3auMoaencTBus); F, E —
KOPOTKOJIECHCTBYIOMINE CHUIIBI MEKJy BTOPBIMHU coceltsimMu; Vi, V, — mapamerpsr
COOTBETCTBEHHO TPEXYaCTUYHOI'O0 M KBAaJAPYIOJBHOIO B3aMMOJCHCTBHN; D ompe-
Jenser Bzaumonaencrteue Ban-nep-Baansca.
Monynu @ykca (7) MOKHO NPEACTaBUTh KaK

_no t q
By- _BU+BU+BU’

2
a

¢ 1 1 (8)

so-Lploeron), s -kp] L]

1
By = K(p)[3G+28H +V,], Bj, =K(p)|-47, ],
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0
Bj; — paccuntaHHble HaMH paHee MOJyJH ymnpyroctd @ykca ¢ MapHbIM [OTCH-

nuajgoMm B monensx M1, M3 u M5 [26]. B monenu M5 kopoTkoaeicTByomas
4acTh MOTEHIMANIa OTTAJIKUBAHUS pACCUMTaHa MO TOYHOU (popmyre ansi KBajapa-
TUYHOU monpaBku W, (cM. popmymy (6) B [27]) Vi, = E© +W(S"), B apyrux mo-
nensix M3 u M1 W, paccuutsiBaeTcsi B IpUOIMKEHUH s Kpowme toro, B Mmozemnsax
M3 u M5 nepeonpenenena koncranta Ban-nep-Baansca C — C(1 — AéP ") u yu-
TEHBl B pacyerax KOpPOTKOJEHCTBYIOIIMX CHJI «BTOpBIe» coceau [26]. B camoii
npoctoit Mmoaenu M1 4 = 3 =0 u y4TeHBI TOJIBKO IEPBHIE COCE/IH.

Ha puc. 1 [28,29] npuBeneHsl pe3ynbTaTbl pacdeTOB MOJAYJEH YNpPyrocTu
®yxkca Bjj ¢ y4eTOM TPEX4YacTUYHOrO M KBAJPYIOJBHOIO B3aMMOJCHCTBUN B
3aBUCUMOCTHU OT cxkatusi u = AV/Vy (AV = Vy— V(p), rne Vo — o6bvem nipu p = 0)

30+ . 60+
4 1
25- /
1 | ]
#$ S ,
20- Ry 40-
/ «
. 15+ /9 /’ :‘Q [
m'_‘ i %/ u// m J
10+ 4 A 20+
< .
7 ’ 7 -
5 n < /QO/ - ﬂ/ﬂ'n //
o <~ 10
0" él—éné'//
0 T T T T T T T 1 0 e, T T T T T T T T T T T 1
0 0.1 0.2 0.3 0.4 0 0.1 0203040506 0.7
u u
a o
707 ’ Puc. 1. 3aBucumocts Moxyneir dykca By
60- (a), B33 (0), Bas (8) oT cxatust u it Ne, Ar,
Kr, Xe: —m—, —¢—, —A—, —®— — HACTOSIIUI
50+ pacuer ¢ y4eToM TPEXYACTHYHOTO U KBaz[py-
£ TIONBHOTO B3aMMOJICHCTBHH Bj; = B (M3)
Oer 40-_ + Bj + Bj; - — By = BH(MS) + By +
o 304 J +B11 ann Ne [26); ~- = B, = B(I)I(Ml) +
1 [ ] +Bll + Bll JJIA Ar (B (M3) B (MS)
20+ e ij(Ml) — pacuer mopnysed dykca ¢ map-
10 ] é&/ °\ HBIM IMOTEHIMAJIOM B Mozeilsx M3, M5 u
] 4%/ ° M1 cooTBeTCTBeHHO); O, O, A, O — JKCIIe-
" . puMeHTanbHble 3HaueHus By [28] ana Ne,

0 01 02 03 04 05 06 0.7 Ar, Kr u Xe COOTBETCTBEHHO; ¥ — JKCIIe-

u pUMeHTanpHOe 3HaueHue By s Kr [29]
8
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st Ne, Ar, Kr u Xe. Kak BugHO u3 puc. 1,a, coriacue TeopeTuyeckoi BETMUUHbI
B u skcniepuMeHTanbHON [28] Xopoiiiee U 3aBUCUT OT BBHIOOpa MOJEIH pacdera
napHoro noreHnuana. Tax, st Ne B kauecTBe 6a30Boi HEOOXOIMMO HCIIOIh30BATh
Mozenb M5 [26], nns Ar — M1, a 11t TSKeNbIX KPUCTAJUIOB MHEPTHBIX ra3oB Kr u
Xe — M3 [26]. B oTkioHenusx Teopun (pacyeT Ha ocHOBe Mozenei M3 u MS) ot
JKCIIEPUMEHTA 3aMETHA OIPEIECICHHAs TEHICHLMS: TEOPETHYECKUH MOAYIb Bj]
JIO’KUTCS] HECKOJIBKO BBIILIE SKCIIEPUMEHTAIbHBIX KPUBBIX /17151 BCero psga Ne—Xe.

3aBUCHUMOCTb CIIBUTOBOTO MOJIYJISL B33 OT CXKaTUs UMEET TOT K€ XapaKTep, 4To
u B11(u), x0T MOHOTOHHOCTH B psiny Ne, Ar, Kr, Xe Hapymaercs (puc. 1,6).

B Xe mpu cxarusx u = 0.6 caIBUroBbIi MOAYIb Bag4 OOpamiaercs B Hyllb. OTO
YKa3bIBaCT Ha IMOSBIICHUE a0COMIOTHON HEYCTOMYMBOCTH M HEOOXOIUMOCTH (ha3o-
BOro mepexojna. JledCTBUTENbHO, TaKON Mepexo ObUl SKCIIEPUMEHTAIHHO OOHa-
pyxeH B [30]. D10 mepexoa W3 MPOMEXKYTOUYHOW IUIOTHOynakoBaHHOW B ['TIVY-
dazy npu 75 GPa HenmocpeACTBEHHO Tepe]] MeTaIn3auel, MPOUCXOASIIEH mpu
u=0.65 (132 GPa) [31].

OTMeTUM, YTO MPU BBHICOKOM AABJICHUHU YUET TPEXUACTUYHOTO M KBAAPYMHOIb-
HOTO B3aUMOJICCTBUYN MPUBOAUT K HAPYIICHUIO JTUHEHHON OapuuecKoi 3aBHCH-

MOCTH, XapaKTepHOU s Bl? (p) u Blol (p) [14,26].

4. Ynpyras anuzorponusi 3eHepa

AHU30TpOMNUs SBISETCS CIEACTBUEM TOTO, YTO B CTPYKTYpE KpUCTallia B pas-
HBIX HAMpPaBJICHUSX Pa3IMYHbl PACCTOSHUS U CUJIBI CBSI3M MEXKIY aTOMamH, U Mpo-
ABJISIETCSA TEM CUJIbHEE, YEM HIKE CUMMETpUS KpUCTauioB. KonndyecTBeHHO yIpy-
Y0 aHU30TPOINUIO OLEHMBAIOT MO MAaKCUMAaJbHOMY Pa3IM4MIO0 MOAYJEH ympyro-
cru. Tak, ko3 durpenT ynpyroir aHH30TponMu 3eHepa I KPUCTAIIOB ¢ KyOuye-
CKOHM CUMMETpHEN OIpeieisieTcsl Kak OTHOIICHUE ABYX CIBUIOBBIX MOYJICH:

A, = 28y _ By
B,-8, Bs;

roe Az = 1, ecnu Marepuai U30TponHbid. Moayib B44 OTHOCHTCS K CABHUIY BCEM

)

miockoctr (100) B mpoM3BOJILHOM HaNpaBlIeHUH, a B33 — K CIBUTY 4epe3 MI0CKO-
ctu (110) B nanpasennu [110] [16].

Ha puc. 2 [19,29,32-35] ynpyras anuzotponus 3eHepa Az NpeacTaBlieHa Kak
¢bynkus napnenust aus Ne, Ar, Kr u Xe. [[ns skciepuMeHTalbHBIX JaHHBIX Ne
xapakTepHo ObicTpoe yMeHbienue ot 4.9 npu p = 5 GPa no 3.6 npu p = 7 GPa
[32]. Kak BuaHO U3 puc. 2,a, Ham pacueT Az ais Ne pacrnosaokeH HUXKE SKCIepH-
MEHTAIBHOHM KpuBOH [32] 1 pacdeToB B TeOpUH (PYHKIIMOHAA IIOTHOCTH (density
functional theory — DFT) [19].

DKCIepuMeHTaabHas 3aBUCUMOCTh Kod(huinenta 3eHepa Az OT AaBICHHUS
owsuta ompenenena no 30 GPa [33] u 70 GPa [34] nns Ar u go 8 GPa [29] —
nns Kr. Ha puc. 2,6,6 BUJHO, 4TO MOJIyU€HHbIE HaMU 3HA4YeHUS Az JIOkKATCS
Mexay 2.8 1 2.5 ¥ ¢ pOCTOM JaBIEHUS CTPEMSTCS K M30TPOIHOMY nipeneny Az = 1.
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Puc. 2. 3aBucumocTs ko3 pumpeHTa yrpyroi aHu30Tponuu 3eHepa Ay OT JaBJICHUAS IS
Ne (a), Ar (6), Kr (6) u Xe (2): —m— — HacTOSIIIUI pacyeT ¢ y4ETOM TPEXYaACTHUHOTO H
KBaJIPyIOJLHOTO B3aUMO/ICHCTBHIA; --M-- — Halll pacyeT Ha OCHOBE MapHOTO MOTEHIIMANIA;
—0O — — pacuet B DFT [19]; ¥ — skcmepument miis Ne [32], Ar [34], Kr [29], Xe [35];

—A— — TeOpeTHYECKUi pacueT Az, mony4yeHHbId B pabote [33]; A — skcnepumenT [33]

Kak mMoxHO BHIETh, HalM pe3ynbTaThl A Ar u Kr cormacyrorcst ¢ skcrepuMeH-
ToM [29,34] 1 pacueramu apyrux aBTopoB [19,33] noBonbHO xopomro. Ha nmpumepe
Ar XOpOIIIO BUIHO pa3iM4yle B SKCIIEPHUMEHTAIBHBIX JaHHBIX, MOJTYYEHHBIX TPYII-
namu aBTopoB Ilumuzy u np. [34] u I'pumcany u ap. [33]. Dto pasnuyre oObsACHS-
eTcs TeM, 4To aBTOpbI [33,36] u3Mepsiiu GapudecKyro 3aBUCHMOCTH MPOJOJIBHOM
aKyCTUYECKON CKOPOCTH JJISi POM3BOJIbHBIX HEU3BECTHBIX HAlpaBJIEHUII B MOHO-
kpuctamax Ar u Kr 6e3 onpeneneHus: opueHTaluu Kpuctamia. B omnuyre ot Hux
[umuzy ¢ xomneramu [29,32,34,35] nipu ©u3MEpEeHUH MOYJEH YIPYroCTH MPOBO-
JTAITY UIEHTU(UKALIMIO OPUEHTAIUH KPUCTAJUIA ISl KQKI0TO JaBIICHHUS.

Kax BunHo Ha puc. 2,2, Ham pacueT Ay st Xe, OCHOBaHHBIN Ha MapHOM I0-
TEHIIMaJIe, HAaXOJIUTCSI B XOPOILIEM COTJIaCHUU C KCIEPUMEHTOM [35] U COOTBETCT-
BYET KJIACCHUYECKOW 3aBUCUMOCTH Az(p). PaccunTaHHble BEIMUUHBI Az C yYETOM
TPEXYACTUYHOTO M KBAJPYIOJbHOIO B3aUMOAECUCTBUMN JIOKATCS HECKOJIBKO BBILIE,
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YeM HKCIIepUMEHTANIbHbIE JTaHHbIe, U HauuHast ¢ 15 GPa ObIcTpo cTpeMsTcs K HYJIO,
neMoHcTpupys HeycroiunBocTh I'TIK-da3er. B padore [30] mpu peHTTeHOBCKOM
UccleqoBaHuu cxxatoro Xe Onuto mokaszano, yto I'IIK-Xe naunnas c p = 14 GPa
IpeBpalaeTcs B MPOMEXKYTOUYHYIO IJIOTHOYNAKOBaHHYIO a3y, a 3aTeM IOJIHO-
cTbto npeodpaszyercs B I'TIY-ctpykrypy npu 75 GPa.

Kak MOXHO yBUAETH U3 pHC. 2, OOLIUM ISl SIKCIIEPUMEHTAIbHBIX PE3YyJIbTaTOB
Bcero psima Ne—Xe [29,32-35] sBasieTcst yMeHbleHHe Kod(hdUIMeHTa YIpyroi
AHU30TPONMH 3eHepa Az ¢ pOCTOM JIABJICHMS U CTPEMIICHUE K U30TPOITHOMY IIpe-
neny Az = 1. Onnako, kak ormedaeTcst B padorax [37,38], ansa KUI' xapakrepHo
YBEJIMUEHUE TEOPETHUECKON YIpPYyrod aHW30TPONUU C POCTOM JaBJICHUS, UTO
NPOTUBOPEUMT FKCIIEpUMEHTY. Pe3ynbraT pacueToB KoapdUIMeHTa yIpyroi aHu-
30Tponuu 3eHepa B IIUPOKOM MHTEpBaJie JaBieHUs (CxKaTHsl) PeACTaBieH B Tad-
auie ¥ Ha puc. 3. [lomydeHHble HAMM BEIMYUHBI A7 TOCTENEHHO YBEIMYHUBAIOTCS
JI0 OIPEIEIICHHOTO CKaTus MOJI0OHO APYTrUM TeopeTrueckuM padbortam [33,37,38].
Onnako HaumHas co cxaruit u = 0.6 B erkux kpucramwiax Ne u Ar, u = 0.4 — B Kr
u u = 0.5 — B Xe HaOmogaeTcsi yMEHbIIIEHUE Az U CTPEMJICHHE €T0 K U30TPOITHO-
My nipeneny Az = 1, 4To COOTBETCTBYET IKCIIEPUMEHTY.

Tabmuna
Ko dpuuuent ynpyroii anuzorponnu 3eHepa Az ¢ y4eTOM MHOTOYACTHIHOTO
U KBaJIpyNOJbHOI'0 B3aUMOJCHCTBHI

Ne Ar Kr Xe

p, GPa Ay p, GPa A7 | p,GPa | A; | p,GPa Az

0 | 0.12577 | 1.077625 | 0.016293 | 2.434 | 0.003 | 2.175 | —0.034 | 2.7025
0.1 | 0.39583 | 1.160236 | 0.507104 | 2.560 | 0.543 | 2.340 | 0.527 | 3.0353
0.2 ] 099819 | 1.22918 | 1.650368 | 2.651 | 1.749 | 2.464 | 1.740 | 3.3602
0.3 | 240156 | 1.285417 | 4.358211 | 2.703 | 4.468 | 2.533 | 4.349 | 3.6952
0.4 | 5.9108 1.32799 | 11.12668 | 2.702 | 10.870 | 2.523 | 10.096 | 3.9254
0.5 | 15.64443 | 1.352117 | 29.70535 | 2.629 | 27.190 | 2.349 | 23.454 | 2.4811
0.6 | 47.04933 | 1.344672 | 88.87489 | 2.452 | 74.576 | 1.977 | 57.653 | 0.6841
0.7 | 174.8627 | 1.272939 | 328.9479 | 2.137 | 245.234 | 1.447 - -
0.8 | 952.7774 | 1.058673 | 1842.881 | 1.662 — - - -

o

\\ Puc. 3. 3aBucumocts kod(hduimeHTa ym-
21 \ \. pyroi anuzorponuu 3eHepa Az OT cxKaTui

N

~ . _\\ s psana Ne—Xe: —m—, —¢—, —A—, —0— —
1- ¥ HACTOSIIMIA pacdeT ¢ Y4eTOM TPeXdacTHd-
o HOTO U KBaJIpYMOJIBHOTO B3aWMOACUCTBUI
s Ne, Ar, Kr n Xe cOOTBETCTBEHHO
0+ . . .
0.5 0.6 0.7 0.8

u
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5. 3akarouenne

B 2000 r. aBTops! [39] Ha npuMepe BHIOOPOYHBIX TEPMOJAUHAMUYECKUX U YII-
pYrux CBOMCTB HEOHa IpH p = () oKa3aiu, YTO HUA OJMH U3 UMEIOIIUXCS IPOCTBIX
MOJI€JIbHBIX MOTEHLIMATIOB HE MOKET aJIeKBaTHO ONMMCATh CKOJbKO-HUOYAb 3HAUYM-
TEJNBbHYI0 COBOKYNMHOCTH cBOMcTB KMI' B xopolem corimacuu ¢ 3KCIEPUMEHTOM
JlaXe MPU HOPMAJILHOM JIaBJICHUH.

Jna onucanus ceoiicts KMI™ nmox naBineHHeM B COBPEMEHHBIX TEOPETUYECKUX
paborax [19,37,38,40—42] aBTOpBI UCIOJIB3YIOT PA3IMYHbIE MOJETN U MPUOIIKE-
HUS U1 MEKATOMHBIX ITOTEHIIMAJIOB, 4 UMEHHO K ITapHBIM SMIIMPUUYECKUM ITOTCH-
yagam J00aBJISIIOT MHOTOYACTUYHBIE momnpaBku (Monaens Jlyoepa [43]) [40,42],
UCIOJB3YIOT MHOro4acTH4HbIM moreHuuan Jlynnksucra [38], BKIrodaromui B
ceOsl BKJIQJI SHEPTUU HYJICBBIX KoJieOanwii [44], pa3pabaThiBalOT aHATUTHUCCKUAN
MEXaTOMHBIN IMOTEHIMAJ OTTAJKUBAHUSA 3@ CUET NEPEKPBITUSA aTOMOB OKPYKEHUS
Ha OCHOBE TEOPUH HEOPTOTOHAIBHOM CUJILHOMW CBSI3U ISl CUCTEM C 3allOJIHEHHBI-
MU obosoukamu [41].

W3 Oonblioro yucia TEOPETUUYECKHX pabOT MO ATOMHBIM U 3JIEKTPOHHBIM
cBoiictBam cxkatbix KUI™ 3a mocnennue 10-15 ner cneayeT BbLACNuTh ab initio
pacuetsl Ha ocHoBe DFT [45] u npubnmxenus nokansHo# tuioTHOCTH (local den-
sity approximation — LDA) ans oOMEHHO-KOPPENSLMOHHOTO MOTeHnuana [46].
3T0 paboTHI 1O YIPYTUM CBOWMCTBAM, ()a30BBIM IE€pPEX0aM, IEKTPOHHOH CTPYyK-
Type u konebarenbHbIM cBoiicTBaM KUI™ mon nasnenuem [19,37,47-50]. ABTOopsl
pabotel [19] npeanonararoT, YTO yBEJIUYEHHUE IUIOTHOCTH 3apsiia B pe3yJsibTaTe
cKaTus MPUBEAET K yiayulneHuto npubnmxenus LDA, xors uzBectHo, uro LDA
IUIOXO OIHKCHIBAET CUCTEMBI, CBSI3aHHbIE TAaKMMM CIAObIMH CHUJIAMH, KAaK CHJIBI
Ban-nep-Baanwca [51]. B pabote [50] aBTOpBI «IIpeACTaBIsAIOT BIEPBBIE ab initio
uccinenopanue nuHamuku pemetku ['TIK-Xe. He Tonpko kak uccinenoBanue, mo-
Je3HOe AJIs TOJTy4YeHUs] TePMOJMHAMUYECKUX CBOWMCTB KCEHOHA caMoro mo ceoe,
HO TaKke W ISl TOTO, YTOOBI MPOBEPHUTH MPUTOAHOCTh TEXHUKU (YHKIIMOHAA
IUIOTHOCTH U MICEBIONOTEHIMANA Ul 3TOTO KJIacca MaTepuaioBy.

Kak B Teopun QyHKIMOHaNA MIIOTHOCTH, TaK U B PA3JIMYHBIX MOJEISAX TpeX-
yactuyHoro B3aumozencteus B KUI™ ynaercs noBonpHo ycnemso onucath ['IIK—
I'TIY-nepexon [43,47], ypaBHeHus cocTosiHus [42,19], ynpyrue cBoicTBa, BKIIIO-
yasi OTpHUILIATeIbHOE OTKJIOHEHUE OT cooTHoleHus: Konm B KUI' B mupokoit 00-
nactu nasnenus [19,37,38,40,41 u ap.]. OgHako xopoliee corjiacue ¢ dKCIepu-
MEHTOM PACCYMTAHHOI'O OTKJIOHEHMs OT cooTHoueHus: Komm d(p) nosmyunnocs y
psana aBTopoB Tosibko st Ar [19,37,38,40,41], mockonpky B HEeM MpeoOiagacT
MHOI0YacTUYHOE B3auMojeicTBre. OCHOBHOW OIIMOKON B 3TUX paboTax mnpu
onucannu cBoiictB KUI' siBiisieTCss HEQOCTATOUHBIN YUYET WJIM UTHOPUPOBAHUE Jie-
(dopmanuu 3MEKTPOHHBIX 000JI0YEK aTOMOB.

OO6muit moaxon (cM. [12] u ccbulkM TaMm) K TOCTPOEHHUIO ailnadaTUYECKOro Mo-
teHuMana U ans psna Ne—Xe M03BOJISET BBIACHUTh Hanbojiee BaKHbIE B3aUMO-
NEICTBUS B HUX, T.€. CTPYKTYpPY MEKAaTOMHBIX NOTeHIMan10B. O60cHOBaHHasI 10C-
TATOYHO TOYHas Qopma aauabaTHUECKOro MOTEHIMaNa, IMOJyuYeHHas paHee B
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MPENONI0KEHUN TTApHOTO MEXAaTOMHOTO B3auMoJeHCTBUs [52—-54], Oblta 0000-
[IeHa Ha CIIy4ail JJisi n-aTOMHOTO B3aumMojeicTBus [15]. Pa3BuTas Teopust mo3so-
JS€T BBIYMCIUTH KOPOTKOACHCTBYIOUIMN MOTEHIMAI OTTAJIKWBAHUS WHAUBUIY-
aJlbHO JUISl KaXXA0ro Kpucramia psga Ne—Xe ¢ yueToM MHOMOYaCTUYHOTO U KBaj-
pPyNoOJNIBHOTO B3aumoneucTsuii. g Ne B KOpOTKOAEHCTBYIOLIEM MAPHOM IIOTEH-
[[Majge OTTAJIKUBAHUs TPEOYETCsl BKIIOUCHHE B aquabaTHUECKUi MOTEHIMA Cla-
raeMbIX BBICHIMX TMOPSAKOB MO MHTErpajgaM NepeKpbITUs. s ocTanbHBIX KpH-
CTaJIJIOB Psiia JOCTaTOYHO OTPAaHUYUTHCS KBAaAPATUYHBIM NPUOIMKEHUEM 110 MH-
TerpajiaM MepeKkphITHS.

[IpoBencHHBIM aHaIM3 pacdyeTOB M M3MEPEHMM MOIYJIEW yNPYrOCTH Halpsi-
JKEHHOTO KpHCTaJlJla 1MOoKa3aj, YTO MEXAaTOMHBIA MOTEHLHAJI C Y4eTOM Tpexdac-
TUYHOTO B3aMMOJICHCTBHA U Je(OpMAIMU dJIEKTPOHHBIX 000JI0YEK aTOMOB OTpa-
JKaeT Bce cyliecTBeHHbIe uepThl noBeaeHus KUI' nox nasnennem.

B 3akniroueHue moaBeneM UTOTM MCCIENOBAaHUIO YIPYTUX CBOWCTB U CHEJIaeM
P 3aMEYaHUM.

1. I3 cpaBHEHUsI pa3IMYHBIX SKCIIEPUMEHTAIIBHBIX JaHHBIX [29,32—-36] BHUIHO,
YTO MU3MEPEHUE YIPYrUX MOIYJIEW OYEHb UYBCTBUTEIBHO K METOAMKE W Hayajb-
HBIM YCIIOBHUSIM.

2. Baxxna npaBuiibHasi UHTEPIPETALUS TUIIOB U3MEPSIEMBIX YIPYTUX MOIYJICH.

3. JIunelinas Oapuueckas 3aBUCHMOCTb MOJYyJIEH YHOPYTOCTH HpPH BBICOKOM

0
AaBJICHUH, XapaKTEpHas IJid Blj (p) , PACCUUTAHHBIX Ha OCHOBC ITApHOTO IIOTCH-

1yana, HapyulaeTrcs Mpu ydere TPeX4acTUYHOTO M KBAJPYIOJbHOTO B3aMMOJEH-
cTBUM. JTO obecneynBaeT oOpalieHUe B HyJIb CIBHUTOBOTO MOAYJsS By mna Xe
npu 75 GPa, uro coorBerctByeT I'LIK-I'TIY -niepexony.

4. nauBuayanbHasi 3aBUCUMOCTh OTKJIOHEHHS OT cooTHomieHusi Kommu d(p)
JUISL KQXKA0T0 M3 KPUCTAIUIOB €CTh PE3YJbTAaT JBYX KOHKYPHUPYIOLIUX B3aUMOCH-
CTBUH — MHOTOYaCTUYHOTO U KBAJPyHOJIbHOTO, IPOSBISIOLIETOCS B KBaAPYIOib-
HOM nedopMaIuu MEKTPOHHBIX 000JI0YEK aTOMOB MPU CMEILIEHUSX SIIEP.

5. AfleKkBaTHOE BOCIIPOM3BENECHUE ASKCIIEPUMEHTAIbHOW OapuuecKoil 3aBHCH-
MOCTH OTKJIOHEHUS OT cooTHoIIeHus Ko d(p) MOXKET CIy>KUTh OCHOBHBIM KPH-
TEPUEM MPaBUIIBHOCTH ITOCTPOEHUS TEOPUHU.

6. B smnupuyeckux NOoTeHIMAIaX MPHU ONPEASICHUHN NONPAaBKU K TApHOMY I10-
TEHIMaJly 32 CUET TPEXUAaCTUYHOTO B3aWMOJEWUCTBHUS CJEIyEeT ONUPAThCS HE Ha
HKCIIEPUMEHTANIbHBIN CIBUTOBBIM MOAyib Bsg, a Ha Bij, MOCKOIBKY MMEHHO B
3TOT MOJyJIb OCHOBHOM BKJIaJ BHOCUT TPEXYaCTUYHOE B3aUMOJEHUCTBUE, a B MO-
nyib Bgq — KBapynosibHOE B3aUMOJICHCTBHE.

7. Ab initio Teopus QpyHKIMOHAIA INIOTHOCTH HEIOCTATOYHO TOYHO YUUTHIBACT
neOopMaLIMIO AIIEKTPOHHBIX 000JI0UEK, a SMIHPUIECKHE PACUEThl €€ UTHOPUPYIOT.
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E.P. Troitskaya, 1.V. Zhikharev, E.A. Pilipenko

ELASTIC PROPERTIES OF COMPRESSED RARE-GAS CRYSTALS
IN THE MODEL OF DEFORMABLE ATOMS

The elastic properties of compressed rare-gas crystals (RGC) Ne, Ar, Kr and Xe are in-
vestigated in the model of deformable and polarizable atoms. The Fuchs elastic moduli
and Zener elastic anisotropy coefficient have been calculated with inclusion of the three-
body and quadrupole interactions over a wide range of pressures. We have compared the
obtained results with the experiment and the results of other authors. We observe the

vanishing of the shear modulus B4y for Xe at a compression of 0.6, which corresponds to
the transition from the fcc phase to the hcp phase at 75 GPa.

Keywords: rare-gas crystals, deformation of electron shells, quadrupole interaction,
many-body interactions, high pressure, short-range repulsion, Zener elastic anisotropy
coefficient

Fig. 1. Dependence of the Fuchs elastic moduli By (@), B33 (6), B44 (8) on the compres-

sion u for Ne, Ar, Kr, Xe: -m—, —¢—, —A—, —e— — the presented calculation with inclusion

of the three-body and quadrupole interactions Bj; =B° (M3)+B' +BY; -m- - B, =
ij i

= Bfl (M3)+ B + B! for Ne [26]; ~&- ~ By = B?l M)+ B + B! for Ar (B) (M3),

Bg (M5), Bg- (M1) — calculation of the Fuchs elastic moduli with pair interaction poten-

tials previously calculated in the models M3, M5 and M1, respectively); 0, 0, A, 0 — ex-
perimental data B [28] for Ne, Ar, Kr u Xe respectively; ¥ — experimental data By4 for
Kr [29]
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Fig. 2. Pressure dependences of the Zener elastic anisotropy coefficient Az for Ne (a), Ar
(0), Kr (8) and Xe (2): —m— — the presented calculation with inclusion of the three-body
and quadrupole interactions; --m-- — calculation based on the pair interaction potentials;

—O —— DFT calculation [19]; % — experiment for Ne [32], Ar [34], Kr [29], Xe [35]; —A——
theoretical calculation 4y result obtained in ref. [33]]; A — experiment [33]
Fig. 3. Dependence of the Zener elastic anisotropy coefficient Az on the compression u

for the series Ne—Xe: —m—, —¢—, —A—, —e— — the presented calculation with inclusion of
the three-body and quadrupole interactions for Ne, Ar, Kr and Xe, respectively
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C.B. Tepexos, B.H. CaanuH

YHUBEPCAJIbHOCTb CUHEPITETUYECKMX 3AKOHOB.
V. ANATPAMMbI HANPAXEHWE-OE®OPMALIA

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

CraTtbsa noctynuna B pegakuuio 22 aHapa 2014 roga

IIpeonooicena cunepeemuyeckas Mooens 0eghopMUpo8aHHo20 COCMOAHUA YNPY2Onaacmu-
yeckoll cpeowvl. IIpodemoncmpuposana ee adek8amHOCHb IKCHEPUMEHMATbHBIM OAHHbLM
ApU ONUCAHUU UCMUHHBIX U UHICEHEPHBIX OUASPAMM HANPSHCeHUe—0epopmMayusl.

Karouessble ciioBa: MaTepual, HanpsbkeHue, aedopmanus, OnyKIaHus, KoneOaHus

3anpononosaro cunepeemuuny mMooeib 0e@oOPMOBAHOZO CIAHY CYYITbHO20 Cepedosuiyd.
IIpodemoncmposano ii adexsamuicmos eKCnepUMEHMATbHUM OAHUM NPU ONUCE ICIUHHUX
ma HIICEHEPHUX Olaepam HanpysiceHHsI—O0epopmayis.

KuarouoBgi ciioBa: marepian, HanpyxeHHs, Aeopmaris, OTyKaHHs, KOJTHBaHHS

1. BBenenue

JIroOble mepeMeIeHus YacTUlL] U3MEHSIOT (PU3NUECKUEe U TEPMOAMHAMUYECKUE
10JIs1 BHYTpU cucTeMbl. [1oJs1 BBIHYKIAIOT Jpyrve YacTHLbl 3aHUMaTh B MIPOCTPaH-
CTBE HOBBIE IOJIOKEHUS, MUHUMHM3HUPYIOIME BHYTPEHHIOIO SHEPrHI0 U MaKCHMHU-
3upyroue 3HTponuto cucteMsl [1,2]. IIpu CHIIBHBIX OTKJIOHEHMSAX OT MOJIOKEHMS
TEPMOJMHAMUYECKOTO PAaBHOBECHS 3TU MEPEMELIECHHS IPUBOIAT K CaMOOPraHU3aL1N
¥ BO3HUKHOBEHMIO HOBBIX CTPYKTYD B Pe3yJIbTaTe KOONEPATHBHOTO OTKIIMKA CUCTEMBI
Ha JIOKaJbHbIe M3MeHeHHs. KoonepaTBHAs peakiusi CUCTEMBI, B YaCTHOCTH, MO-
KET TPOSIBIIATHCS B BOSHUKHOBEHUH PA3JIMYHOTO poja TE€UYeHUil (Hampumep, Iia-
CTHUYECKOE TEYeHHUE BemecTBa B AU Py3uoHHON 30HE wiH dpdekt Kupkenmganma—
Cwmurensckaca [3—6]), THOTOKOB (HampuMep, TEIUIOBBIX) U TEPUOJUYECKUX
JIBUKEHUM (HampuMep, MpOJOJbHBIX M IONEpedHbIX BOMH [7,8], KoTOpbBIE, B
YaCTHOCTH, MOTYT ONMCHIBAaTbCA PEISTUBUCTCKUM WHBAapUAHTHBIM YpaBHEHHEM
Knetina—I'opgona [8,9]). Jlpyrumu cioBaMu, KUHETHYECKas CTOPOHA SBOJIOLUU
HEPAaBHOBECHOM CHUCTEMbI CONPOBOXAAETCSI BO3HMKHOBEHHEM JUHAMUYECKHX
IPOLIECCOB, OOYCIOBJICHHBIX KOONEPATHUBHOW peaknue cucTteMbl (JIOKaTbHOM
CKOPOCTBIO M3MeHeHHs notoka J [10]) Ha joKanbHbIE H3MEHEHUS PacIpeeeHHs
yactul. CrenoBareiabHO, BOZHUKAET MpoOIeMa MOUCKAa YHUBEPCAIbHOW MOJeNn
JUI ONHCAHMS B3aMMOCBSI3M MEXAY CIyYalHBIMH ONy)KJaHMSAMH YacTHIl U

© C.B. Tepexos, B.H. CasnuH, 2014
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CBS3M MEXIY CIIy4alHbIMU ONy’>KIaHUSIMH YacTHI] U KOOIEPAaTUBHBIM NOBEICHU-
€M CHCTEMBbI Ha Pa3HbIX OPraHU3aI[MOHHBIX YPOBHSIX.

B kauecTBe mpumMepa paccMOTPUM MaKpOypPOBEHb MEXaHMUYECKOI'O MOBEIEHUS
pa3IMYHBIX MaTEepUAIOB IPU JePOPMUPOBAHUH. DTO CBS3aHO C HEOOXOAUMOCTBIO
HOJTy4€HHs U UCCIIEJOBAaHUS HOBBIX MaTe€pUaJIOB C Hamepe]l 3aJaHHbIMA MEXaHU4e-
CKMMH, TEXHOJIOTMYECKUMH U IKCILUTyaTallMOHHBIMU CBOWCTBAaMM (TMOpHIHbIE MaTe-
puaiel, aMop(HbIE METaIIbl, HAHOKOMITO3UTHI U Ap.). JleopMupoBaHue NpUBOIUT K
NPOHUKHOBEHUIO Yepe3 MOBEPXHOCTHBIN Oapbep MaTepuala BHEIIHUX CHJI, KOTOpbIE
OKa3bIBAIOT PA3JIMYHOE ACHCTBHE HA aTOMbI OCHOBBI MaTepHaia, aTOMbl BHEAPEHHS U
3aMelIeHus, 1eeKThl (BakaHCUH, JWCIOKAIWH, JUCKIMHAIMK, TPEIIMHBI, TOPbl U
T.1.). CoracHo caenanHbIM orieHKaM [ 11] Merayuimueckue oOpasiibl, UCTIOIb3yeMble
B OKCIIEpPHMEHTAaX Ha pacTsHKeHHe (CxKaTHe), KpyueHHe WK U3rud, conepkaT B Cpea-
nem 10°°-10% aromos, [TosTOMY HE MpencTaBiIseTCs BO3MOXKHBIM aHAJIMTUYECKU
YUYeCTb JIEHCTBUE BHEIIHUX CHUJ Ha KaXIyI0 B OTAEIBHOCTH CTPYKTYPHYIO €IMHUILY
Mmarepuana. KoMpeloTepHOE MOJETMPOBAaHHE, ONIEPUPYIOIIEE BCETO JIUILb C 10° wac-
THLIAMHM, JJAeT CIUIIKOM Ipy0O€e ONMCaHUE CUTYallMd B MaTepualle, IIOCKOJIbKY BBE-
JICHUE B PacyETHYI0 CXEMY OJHOIO JOMOJHUTEIBHOIO aTOMa BBI3BIBAET CKAYKOOO-
pa3HOe M3MEHEHHE YHCIIa BOSMOXHBIX KOH(QUIypalui, Kak MUHUMYM, Ha TPH I1O-
psiaka. Tem He MeHee aTOMUCTHYECKHHA Toxo [ 12] mo3BoiseT NOHATh, KaKuM o0pa-
30M IpOTEKaeT mpouece AeopMaluy, Kakue (pakTopbl OKa3bIBAIOT BIMSHUE HA Be-
JMYMHY MEXaHUYECKUX MapaMeTpoB marepuaia [13].

Jiiss 0OBsICHEHUS TPOLIECCOB, MPOTEKAIOIINX Ha MUKPOCTPYKTYPHOM YPOBHE
[13] opranu3anuu marepuaia, ObUIM MPEUIOKEHBI JUCIOKAMOHHAs (CM., Harp.,
[14-18]) u mucknuuarmonnas [19] mogenu. OHM MO3BONMIN OOBSCHUTH MeEXa-
HU3M IUTACTUYECKUX Je(hOopMaliii, MPOUCXOIAIINX B PE3yJIbTaTe TIEPEMEICHUSI ANC-
JIOKaIWH, PU 3TOM, HallpuMep, JIBHYKEHUE BUHTOBOM TUCIOKAlMKU OBbLIO OIMCAHO Kak
nepemertieHre BoaHbI cisura [14,15]. Cornacno pabote [15] mosne HanpsbkeHui Kpae-
BOM JTUCIIOKAIIMU COJEPKHUT TUIPOCTATUYECKYIO U CIIBUTOBYIO COCTABIISIOILHE, T0TO-
My €€ IBIKEHHE TIOPOXKIAET MPOJOJIbHBIE (YIIPYTHe BOJIHBI CKATUSI M PACTSHKEHUS) U
nornepeyHsle (IIaCTUYECKHUE BOJIHBI CIBUTA) BOJIHBIL. B MpeanoskeHHbIX MOJEIX ObLUIO
YCTaHOBJICHO: JTUCIIOKAIIUM HE MOT'YT JIBUI'aThCsl ObICTpEEe CKOPOCTH 3BYKa; MX JUIMHA
YMEHBINIAETCS B HANPaBJIECHUM JBWKEHUS; BUHTOBAs TUCIIOKAIMs 00iasaeT MEeHbIIen
CKOPOCTBIO, ueM KpaeBas [20] (cymiecTBoBaHHE BYX BHIOB BOJH).

TopmokeHue IucioKaluii Ha JeeKTax M IpPaHHUIaX KPUCTAJUIUTOB BBI3BIBACT
3apOXK/ICHUE U Pa3BUTHE TPEUINH, 00beIMHEHNE KOTOPHIX B €MHYI0 IOBEPXHOCTh
IPUBOJUT K pa3pylleHUI0 MaTepuana. [Ipy koMHaTHON TeMrepaType B MOJIMKPH-
CTAJUIMYECKHUX Cpenax HambOosee ciaabo CBS3aHBI aTOMBI B KPUCTAJUTMTAX, a TPH
NOBBILIEHHBIX TEMIIEpaTypax — Ha TpaHMIAX 3epHa. PacmnpocTpaHeHHe TperuH
TOPMO3UTCS Pa3IMYHON OpUEHTALMEN KPUCTANIMTOB U BO3HUKHOBEHHEM oObJac-
Tell IUIACTUYHOCTH Ha KpasX TPELIMHbI, BO3HUKAIOIIUX 3a CYET IMEPerno3aHus
nucnokarui. JlanpHenee yBeIudeHe HaNpsyKeHUsT BBI3bIBAET BpAIlEHUE U pa3-
pyuieHue oTaesbHbIX 3epeH [13,16], a Takxke pacnpocTpaHeHUe TpeluH. Takum
0o0pa3oM, CyILIECTBEHHOE BJMSHHE Ha pa3pylIeHHE MaTepuasla OKa3blBaeT MOJI-
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BIKHOCTb JTUCJIOKALIUNA, KOTOpasi, B CBOIO OYEPE/lb, ONPEIEIISETCS CKOPOCThIO Je-
(dopMupoBaHusa MaTepuana. XpyIlnKoe M BA3KOE pa3pyLICHHs Marepuaia MpoHc-
XOJAT OAHOBPEMEHHO, HO B CUJIy Pa3IMYHBIX MPUYHMH OJHO U3 HUX MPAKTUUYECKU
BCerja sBisercs JoMuHUpyommM. [lapamiensHo ¢ nmporeccoM pa3pyLieHus mpo-
UCXOJUT M CaMO3aJIeYMBAHUE TPEIINH, IpeolIajaHue PAaCKPBITUS TPEIIUH Hajl UX
CXJIONBIBAHUEM MPOUCXOIUT NPU OOBEAMHEHHHM KPUTUYECKOIO YKcia TPEIIMH B
€/IMHYI0 MOBEPXHOCTb pa3pylleHus ((HppakTypu3aLun).

@DeHOMEHOJIOTUYECKOE ONMMCAHME MEXaHMYECKHUX peakUuid MaTepuana Ha
BHEIIIHUE HArpy3KH OMHMpaeTcsd Ha ero (yHJaMEeHTaJlbHbIE CBOICTBA: yHpPYyrocTs,
BSI3KOCTb, TUIACTUIHOCTH, AUPPY3UI0 U TETUIONPOBOIHOCTH [1,21-23]. Yuer saTux
XapaKTepUCTUK NPH OMUCAHWU KBA3UCTAaTUYECKHX M JWHAMHUYECKUX IPOLECCOB
neOpMHUPOBaHUS CIUIOMIHBIX CPE MPUBEN K PALY MEXaHOPEOJIOTUIECKHX MOJEe-
aeit [1,21-26]. OcpenHeHHoe neiicTBUE pa3IMYHbIX (PAaKTOPOB MPU MajoOM pacTs-
KEHHU (CKATUM) CTEPkHs (00JIaCTh CIyYalHBIX ONyKIaHHHA, CMEIICHUN M KOJe-
0aHui yacTHll BOJIM3M PABHOBECHBIX MOJIOXKEHWH) MPUBOIUT K 3akoHy ['yka, a
npu MajoMm ciasure (001acTh BSI3KOTO TE€UEHMs] M HAJIMYME BOJIH B aTOMapHBIX
CJIOSIX, HAIIpUMeEP KPYTUJIbHBIX BOJIH IPH BUHTOBOM nedopmanuu [1]) — k 3akoHy
Makcsemna [21,26]. B nepBoM ciydae nmoBeeHre MaTepuana MOAEIUPYETCs yII-
PYTMM TEJIOM, NMPU 3TOM INPHIOKEHHOE BHEIIHEE HaNpsyKeHUE G MPOINOPLHUO-
HaJIbHO OTHOCUTEJILHOMY YJIMHEHUIO o0Opasna &;

o = EC, (D

rae & = Alllp, Al = [ — lp — abcomoTHOE yAIMHEHUE, [y ¥ [ — HaYaJIbHAs ¥ KOHEYHas
IIMHa cTepkHs. Bo BTOpom ciydae cpenma o0mamaer BS3KOCTHIO (BHYTPEHHUM
TPEHHEM), a HAMpPSHKEHHE G CBS3aHO CO CKOPOCTHIO AedopMaiuu & JTUHEHHBIM
3aKOHOM

c=ué, (2)
371ECh L — 00BEMHBIN KOI(PPHUIIMEHT BAZKOTO COMPOTHBIICHUS, OMPEACIIEeMbIN TOI-

BI)KHOCTBIO KOMITOHEHTOB Marepuana; & =d&/df — ckopocth aedopmarmu. Koad-

(PULIMEHT BA3KOTO COMPOTHUBIICHUS |1 ONPENENSAECTCS TPOU3BEICHUEM MOJIYJIsl CIIBUra
G Ha BpeMs penakcanuu t, [25,27]:

n=Gty. 3)

K Henmoctatkam paHee NMPEATIOKEHHBIX aTOMApHBIX U (PEHOMEHOJIOTMYECKUX
MOJIieJiell OTHOCHTCSI OTCYTCTBHE OITUCAHUS:

— JMarpaMM 3aBUCHUMOCTH HAmpsDKeHUs G OT Jedopmauuu & U CKOpOCTH ee
M3MeHeHns & ;

— TOSIBJICHUSI HA MEXaHUYECKUX MarpaMMax IJIomagKy TeKydyecT (1iu 3y0a),
a TaK’Ke IUIOIAJKH ITOI3Y4ECTH;

— mepexo/ia U3 001acTH BSI3KOYNPYTroro MOBEACHUS B 001aCTh MIIACTUYHOCTH C
JATBHEHIIINM pa3pyIlIeHHEM 00bEKTa MEXaHUYECKUX HUCTIBITAHUM.
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Otcrona BbITEKaeT HEOOXOAMMOCTh TTOCTPOCHUSI MOJIEH MOBEACHHS MaTepHa-
Jla B IPOCTPAHCTBE IKCIIEPUMEHTAIBHBIX TTepeMeHHBIX (G = f(§,&,1) — «moBepx-

HOCTh HamnpspKkeHun» [21,22]) nmst BRISIBJICHUS B3aUMOCBSI3U MEX]y MapaMeTpaMu
nedhOopMaIMOHHOTO TpoIlecca, a TaKXKe JUIsl OMUCAHUS JUarpaMM MeXaHH4eCKOTo
COCTOSIHUSI M1 UX OCOOEHHOCTEH.

2. Yc10BUS CyLIeCTBOBAHUS «HOGEPXHOCHIU HANPAICCHUID)

Paccmotpum mpu abcomoTHoM Temneparype T 1e)OpMUPOBAHHYIO Cpefy, KO-
TOpasi COJCPKUT HA SUHUILY 00hEMa 71 YaCTHUI] C XMMUYECKUM MTOTCHITUAIIOM |l U
oOnanaer sHTponueil s. Ecinu cucremMa HaXoAUTCS B JIOKaJIbHOM TEPMOJIMHAMUYE-
CKOM paBHOBecHH, TO U3 cooTHoleHus ['u6dca—/rorema (cm., Hamp., [28, c. 89]),
3aIMMCAaHHOTO IS 1e(hOPMHUPOBAHHOTO TENa, CIEAYET, YTO TPU OTCYTCTBUU BHEIII-
HUX CHJI JIJISl €IUHMIIBI 00beMa CIIPAaBEIMBO COOTHOIICHUE

godog =sd7 +ndp. 4)

®opmyna (4) 1eMOHCTpUPYET BOSHUKHOBEHHE JIOKAIbHBIX HANPSKEHUH 3a CUET
0ECKOHEUHO MaJIbIX U3MEHEHHUH TEIJIOBOr0 U XUMHUYECKOT0 MOoJIeH, T.€. Onpeens-
eT 00JacTh CyLIECTBOBAHUS HAINPSKEHHOI'O COCTOSHUS MaTepuajia B HEKOTOPOM
oobeme Q2. B obnactsax ¢ 00beMOM, MEHBLIMM 110 CPaBHEHUIO ¢ (2, B3auMoJeicT-
BUE (DIyKTyanuid TemrnepaTypbl CUCTEMbI U KOHIICHTPALMU KOMIIOHEHTOB C HEHa-
PYLIEHHOM peleTKoi MPUBOIUT K [TOJIaBICHUIO HANPsKEHHOro cocTostHus [13].

[lepemenienust 061acTeil HANPSYKEHHOTO COCTOSIHUS (TIOJABUKHBIE TUCIOKALIUN
U Jpyrue aedekTbl CTPyKTYphl) U UX B3aMMOJEHCTBHE C (QUIYKTYalUsIMH MTOPOXK-
JAI0T CIyyalHble JOKAJIbHbIE M3MEHEHHUS HANpsOKEHUS. DTH 00JIACTH SIBJISIOTCS
UCTOYHUKAMHU U CTOKaMM JUJIsl MEXaHMUYECKUX M3MEHEHUH COCTOSIHUS CILIOIIHOM
cpenbl. CTOXaCTHUECKHE CMEIIEHHS MCTOYHUKOB M CTOKOB (3a CYET CIy4alHbIX
Oomyxxnanuii atomoB (auddy3us), XUMUIECKHX PEeaKIUil MEeXIy KOMIIOHEHTaMU
WIM NepeHoca Termja (TerIoNpOBOAHOCTh)) MOTYT NMPUBOJANUTH K BOZHUKHOBEHUIO
YIOPYTHX U IUIACTUYECKUX BOJIH HanpspkeHus [29-31]. CienoBarenpHo, IPOLECCH
Ha MUKpPOYPOBHE OKa3bIBalOT BIMSHNUE Ha MAKPOYpPOBEHb CTPYKTYpPHOM Oopranusa-
MM MaTepuaiga MU CONPOBOXAAIOTCS BO3HUKHOBEHUEM JIOKAIBHBIX HANpsKEHUH,
CTPEMSILIUXCS BEPHYTh CUCTEMY B TEPMOJMHAMHUYECKOE PABHOBECHE.

ITpu o4eHp MabIX OTKIOHEHHSAX OT MOJIOKEHUS TEPMOJMHAMHYECKOTO PaBHO-
BECHs 32 CUET MPIIOKEHHs BHEITHMX HArpy3ok ¢opmyina (4) OyneT crpaBeainBa
B JIOKQJIbHO-PABHOBECHBIX 00JIacTsIX. Takas cUTyalusi BO3MOXKHA B 3epHax IOJIU-
KPHUCTAJLINYECKOr0 MaTepualla Mpu MajblX CKOpOCTAX aedopmupoBanus. Cieno-
BaTEJIbHO, CYLIECTBOBAHUE «NOBEPXHOCMU HANPsdceHull» G [23] npu nelcTBun
Ha CHCTEMY BHeIIHero noreHnuaiza @, BBI3pIBaIONIETO U3MEHEHHE OOOOIICHHOM
KOOPJMHAThI COCTOSIHUS ¢, onpenensieTcss GopMynoi

edo =sd7 +ndu+qdd =¢ydoy +qdd . (5)

®opmyisl (4) 1 (5) onpenensoT NepBOE yCIOBUE HATMUUS «NOBEPXHOCMU HANPSI-
JHceHull», T.€. OHU JIAI0T TEPMOJUHAMHUECKOE 0OOCHOBAHUE €€ BOZHUKHOBEHHSI.
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C npyroél CTOpOHBI, Majoe W3MEHEHHE IOTEHIMANa MEXaHHYECKOTO OIS
do, (e,€,t) onpenensercs nuddepeHuagaMy ero apryMeHTOB
_0ox

do, = 00 4o DN gz OO0 g, (6)
os 0g ot

OtcyTcTBHE pa3pblBOB Ha JTOH TIOBEPXHOCTH (HEMPEPHIBHOCTH (DYHKIMH
o, (g,€,7)) 3a7aeTcsi paBEHCTBOM CMEIIAaHHBIX MTPOU3BOAHBIX

820A B 820A _ 620A B 820A ) 820A B 820A
0s0¢  0c0e = OsOt  Otds  OtoE 00t

(7)

Hessbinonnenue xots 661 0HOTO U3 PaBEHCTB (7) OTBEYAET OTPAHUYCHHOCTH «HO-
BEPXHOCU HANPANCEHU», T.€. SBISETCS BTOPHIM YCIOBHEM €€ CYIECTBOBAHMS.
Kpome Toro, 310 ycioBue yka3bplBaeT Ha BO3HUKHOBEHHE MOBEPXHOCTH (PPaAKTY-
pHU3aluu.

Obnactu «nosepxHocmu Hanpsxcenut», B KOTOPBIX KaKas-THMOO M3 CMEIIaH-
HBIX TIPOU3BOAHBIX (7) paBHA HYJIIO, SIBISIFOTCS 00JIACTSMHU BOJIHOBBIX JABM)KCHUH B
HOBBIX TepeMeHHbIX [32, ¢. 50-51], Hanpumep

2 E=g +—— 2 2 A2
Oon g CT:GGA—(lj aGA=0, (8)
oot t vV 8t12 cT 8312
_:81__
T cT

II€ V — CKOPOCTb BOJIHBI, ¢ U T — XapaKTEpHbIE 7151 JAaHHOM 3a/1auyu CKOPOCTh pac-
POCTpaHeHUs KoieOaHui U BpeMs. BOSHHKHOBEHHE MEPHOIUYCCKUX IBUKCHUN
B YIPYTOILUIACTUYECKON Cpe/ie BOZMOKHO MPH BBITIOJIHEHUH KannOposku JlopeHia
[33] u nuneiino#t Teopun Onzarepa [34,35], Torma cucreMa ypaBHEHU IJ1sl TOTEH-
1yajia MEXaHM4eCcKoro noJs [36] mpuHUMaeT BUJ

a—(p+diVW =0; aﬂ:o;

ot ot ) )

X=-Vo; W=LX

rae L — MoCcTOSHHBIN KuHeTndeckuid koddduiment. [lepBoe u Bropoe ypaBHEHUS
cucteMbl (9) 3a7a10T COCTOSIHUE HEPAaBHOBECHOM CHUCTEMBI, T.€. CUCTEMa MPUHHU-
MaeT BU]]

0
% _ V3, 2 - ag;
ot ot
WIH 5 (10)
Vo _ 0 Ap _oe_ 0
ot 8*52

Takum 00Opa3oM, MOBEJAECHHUE HEPABHOBECHOI'O MaTepuana MOXKHO OINHUCHIBATH
JBY)KEHUSIMH MMHUTALMOHHON TOYKHU TI0 «NOBEPXHOCMU HANPAXCEHUTD B TIPOCTPAH-
CTBE JKCIEPUMEHTAJBbHBIX MEPEMEHHBIX HampshKeHHe—BpeMs—IedopManus—CKo-
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pocth aedopmaruu. Bynem cumTarh, 4TO XapakTep MepeMelieHus UMUTAIIMOHHOW
TOYKH OIPEACIISICTCS MPOIeCCaMK, TPOTEKAIONIMMH Ha MHUKpOypoBHE. Hampumep,
CIIy4aliHbIM CMEIICHHSM W KOJICOAHUSM aTOMOB BEIIECTBA COOTBETCTBYET CIIy-
YaifHOe ONy)KTaHUE TOUYKH IO «NOBEPXHOCMU HANPANXCeHUl. ITa TUIOTe3a OTBE-
YaeT OJHOMY M3 CHHEPIeTHYECKHX TOJOXECHUH O (DPaKTaTbHOCTH SIBICHHHA WU
nporieccoB [37-40]: ckeinuHr GopMuUpyeT MEXAy MapaMeTpaMud MaKpOYpPOBHS
Takue ke auddepeHInaibHbie COOTHOIICHUS, KOTOPBIE MCIIONB3YIOT JIJIsl OIHUCa-
HUSl TIOBEJICHUS! XapaKTEpPUCTUK MHUKpPOYpOoBHsS. OHa NOIATBEP)KIACTCS MOJEKY-
JSIPHO-IMHAMUYECKUM MOJICIMPOBAaHUEM Iporiecca AeGopMupoBaHus (CM., Hamp.,

[41]).

3. Moaenu cijiomHbIX cpef

CraTucThueckuid MOJAXOJ K M3YUYEHHI0 MEXaHWYECKHMX CBOMICTB Marepuasna
NPUBOAUT K TOMY, YTO Cly4yailHble HEOJHOPOJAHOCTH Ha MHKPOCKOIUYECKOM
YPOBHE OpraHM3alMU MaTepHuasa MOTYT MPHUBOAMTH K CIIyY4allHBIM KOJICOAHUSM
MaKpOCKOIHUYECKHX XapaKTepUCTHK JedopMalMoHHOro mpouecca [37,42]. Otu
KOJICOAHUsI CYIIECTBEHHO BO3PACTAIOT INPH BHENIHEM CHUJIOBOM BO3JEHCTBUU.
[IpunoxeHHoe HaNpsHKEHUE MPEICTABIAETCS B BUIE CyMMbl HOPMaJIbHBIX M Kaca-
TEJNbHBIX HANpsoKeHU# (cM., Hamp., [43]). HopmanbHble HanpspKeHHs BbI3BIBAOT
yHOPYTYIO Je(OpMaLIMIO PELIETKH, a KacaTeJIbHbIE — yIPYToMIacTUIECKYIO.

Ynpyeoxpynxas cpeda. Ilycte nipu (UKCHPOBAHHON CKOpOCTH nedopmanuu

(& =const ) mox AEWCTBUEM BHEIIHEH CHIJIBI BOSHUKAIOT CIydYailHbIE MPOJOJIbHbIC
CMeIleHHsI U KojieOaHusi aTOMOB BelecTBa. byaeM cuuTarh, 4TO B MPOCTPAHCTBE
6—&—E& 3TUM SBIICHUSIM COOTBETCTBYET OJHOMEPHOE XAOTHYECKOE OJTyKIaHHE

UMHTALMOHHON TOUYKH BI0JIb ocu Aedopmarun OF B HEKOTOpO# miiockoctH cOE .

TepmoauHaMHUYECKy O CHITY X;, M TIOTOK J,, YIIPYrOro HANpPsHKCHHS Gy, BBI3BIBAIO-
IIMe U3MCHEHUE COCTOSHHSI YIPYTOXPYIKOW CPEJIbl, ONPEACINM B paMKax MoJie-
mu Onzarepa (cMm., Harp., [44]):

_1do, _Ly %o,

X, = , J, = : (11)
0 ot 0 o

rae 0 = kg7, kg — moctosinHas bonbumana; 7' — Temmeparypa Mo aOCOIIOTHOM
mkane KenbBuHa; L, — kunetuueckuit koapduuuent OHzarepa, KOTOPbIA 3aBUCUT
OT TIOIBKHOCTH aTOMOB, TEMIIEpaTypbl U BHYTPEHHEro TpeHHs cpeabl. KuHernue-
CKHid K03(pPUIHEHT L, TpH TaKO# MOCTAHOBKE 3aJa4l UMEET Pa3MEepHOCTh [L,] =
= J/s, MO3TOMY OH CBsI3aH C JUCCHITAIIME MEXaHUYECKOW SHEPTUU. 3aKOH COXpa-
HEHHUs yIPYTroro HanpspKEHUs G, B JIOKAJILHON 00MacTH (KPUCTALTUTE) ONpeacs-
€TCsI TIEPBBIM ypaBHEeHHEM crucTeMsbl (10):

- (12)

rae o, = L,/0 — cpenHsis 4acToTa ynpyrux KojeOaHui.
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[Tepexoast k Ge3pa3sMepHOMY BPEMEHHU T = @,f, HalJIleM aBTOMOJICJIBHOE pellie-
2
HHUe ypaBHeHUs (12) myTem BBeneHus HOBoOro aprymenta C = &£/t. Torma ynpyroe
HalnpspKeHUe G, onpenensercs Gopmyoi

6,(C) = 41(C)+ 4, (13)

rae Ay, A) — KOHCTaHTbl UHTETPUPOBAHUS.

g

Wnrerpan 1(C) = IC_I/ 2 exp(—zj d{ BBIYMCIMM MHOTOKPAaTHBIM IPUMEHEHU-

€M METOJa MHTErPUPOBAHUS MO YaCTAM, YTO MPUBOAUT K (opMyiie (OCTaTOUHBIN
YJIEH IIPU UHTETPUPOBAHUY CTPEMUTCS K HYJIIO):

10)=2% exp(—%j./@, (14)

PR NN R O S 1
3IleCL(1)YHKHHﬂJ(Q—1+3(2)+3,5(2j +3.5.7(2] +"'_kzz;3-5.,.,-(2k+l) 2)

[TpuBeneHHBIH psiA CXOAMTCA NMPU 3HAYEHUSAX aprymeHra C u3 uHTepBaia 0-2.
I'padmueckuit Bun ananornunoit (14) 3aBUCHMOCTH, MOJyYEHHON B paMKax JIH-
HEeIHOU ynpyToil MeXaHUKHU pa3pylleHus, IpuBeaeH B padote [45, c. 93].

B obnactu, rae cnpaBeyinBa JMHEHHast TEOpUsl yIPYrocTy, KoHcTaHTa Ay = 0,
a ¢opmymna (13) c yaerom (14) npunumaer Bua ypaBHerus (1):

cu<c>=2A1%=Ea, (15)

0.5
KOHCTaHTAa MHTETPUPOBaHUA 4 =0.5Et , T.e. monynb FOnra E ~ ¢ . Takum

00pasoM, ynpyroe HanpspkeHHe G, TIPH BO30YKICHHUH MPOIOTBHBIX KOJICOaHUN B
ATOMHOM IEMOYKE OMUCKIBACTCS (POPMYIION (COXpPAHEH TOJIBKO TJIABHBIA WICH Psi-

na J(C), puc. 1):

900 7 900

10 10

Puc. 1. Biusaue napametpoB a; (a: by = 0.1) u by (b: a; = 600) Ha BUI KPUBOH yIIpyro-
XpyHKo# peakuuu matepuana: a: I — 600, 2 — 400, 3 — 200, 4 —100;6: 1 —7,2—-1, 3 -
0.25,4-0.1
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2
0,0~ 24 >exp| = | =azexp(-hE’). (16)

anyroe HAIMpsKCHUE G, JOCTUTaCT MAKCUMyMa B MOMCHT BPECMCHU T = Ty, [IPU

& =21, . (17)

1ocJie 4Yero OHO YMEHbIIAETCs A0 HyJid. Takoe MoBeleHUe yIPyTroro HanpsbKeHus

3HaYeHHH jaedopmaruu

G, oToOpakaeT mpoIiecc pa3pbiBa CBsizel B aTOMHOM 1ienouke. [lpu goctmkenuu
KPUTHUYECKOTO KOJUYECTBA AHHYJUPOBAHHBIX CBS3€H MPOUCXOIUT XPYMKOE pas-
pyIIeHHEe MaTepuaja, Mpyu 3TOM HaIpPsHKEHUE TEKYy4eCTH OOJIbIle HANpPsHKCHHS
paspyuenus [22].

Ynpyeoesskoe meepdoe meno. Ilpu caBure oIHON aTOMHOM IJIOCKOCTH OTHOCH-

TEJIBHO JIPYroi (JIBM)KEHUE BIOJIb OCH O&) BO3HUKAIOT JBa IIOIEPEYHBIX CMeEILEe-
HUS U OJHO TPOJOJIBHOE KoJieOaHHE B aTOMHBIX LEMOYKaxX, 00pa3yroluX CBs3aH-
HbIE IJIOCKOCTH. BBeneM B paccMoTpenne 6e3pasMepHOe BpeMs T = Myt (0, = L,/0 —
CPEHss 9acTOTa CIBMIOBBIX KOJI€OaHUM, L, — KUHeTHIECKUH Kodpduuuent On-
3arepa) U KMHETHUYECKYIO Je(QOpMalLUIO KaK MPOU3BEJCHHE CKOPOCTH Aedopma-
IIUH HA BPEMSI pelaKcaluu

1=Ety. (18)

Torga npu mocTossHHOM 3HadYeHHH Aehopmanuu (§ = const) ciydailHbIe CIBHUTH
ATOMHBIX TUIOCKOCTEH KPHUCTAJUTMYECKOW PEIIETKH BBI3BIBAIOT OJHOMEpHOE OIry-
KaaHue n3o0paxaroneid TOuku B iockoctu cOf Baoabs ocu Oy. B atom ciydae
ypaBHenue (12) B 6e3pasMepHbIX BEIMYMHAX U1 BA3KOYNPYTUX HANPSHKEHUH G
NPUHUMAET BUJT

—_P _ P 19
o (19)

®opmynsl Tuna (13) u (14) B nuHEHON| 00J1aCTH TEOPUU TIIACTUYHOCTHU TIPH-
BOJAT K Moaenu Maxkcsemna (cM. hopmymy (2)):

o, (&) =28~ = ke, (20)

TIC KOHCTAHTAa UHTCTPUPOBAHU A

:M\/;

2'50 .

B, (21)
Otcrona ciemyer, 4To BSA3KOCTh CpEIbl YOBIBA€T OOpaTHO MPOIMOPIIMOHAIBHO
KBaJpaTHOMY KOPHIO W3 BpeMeHHU AcehOpMHpOBaHUS (1 ~ [0.5). OtmeTuM, 4TO
cymma BeipaxeHuit (15) u (20) onpeaenser HanpsiKEHUE B MOJEIH TBEPAOBSI3KO-
ro tena [xeddpuca [45] (cMm. Takxke monens Kenbpuna—dotixTa [21,27]). C yue-
ToM (hopMyJbl (3) MOXKHO mepenucarb paBeHcTBo (21) B Buze
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B = Gyt . (22)

2cop

Pa?,pBIB CBs3CH MCXKAY aTOMHBIMHU INIOCKOCTAMMU IMPOUCXOAUT B MOMCHT BpC-
MEHU T = Tmp IpU DOCTHIKCHUHN CKOPOCTHIO ,Z[eq)OpMaI_II/II/I BCINYHHBI

Em =2y - (23)

[Ipu MOCTHKEHHWH MOPOTOBOTO 3HAYCHHS KOJMYECTBA aHHYJIHUPOBAHHBIX CBS3CH
NPOMCXOUT BSI3KOE Pa3pylICHHE MaTepuaia, MPU STOM HANPSHKECHHE TEKYy4eCTH
MEHBIIIE HANPsDKEHUs pa3pylueHus [22].

Ynpyeuii xpynkossasxuii_ mamepuan (0epopmupyemoe meno _6e3 YnpouHeHus).

BBenem B paccMoTpenue Oe3pazMepHoe BpeMs T = gt (w9 — KOJIEKTHBHAS Yac-
TOTa KOJEOAHW aTOMOB W CIBUTOB UX IJIOCKOCTEH B KPUCTAJUIMYECKOW pelIeT-
ke). Torga cnopaauueckyue NepeMeieHUs UMUTAllMOHHOW TOYKU B IIPOCTPAHCTBE

0—&—& ONUCHIBAIOTCS YpaBHEHUEM

861 . 6261 + 6261

24
AT (24)
BBenem aBTOMOZEIIBHBIN apTyMEHT
2 2
_+_
€= Q_X , (25)
T
KOTOPBIH onpeessieT ABMKEHIE N300pakaloel TOUKH 110 3JUIUIICaM
22
‘3—+"—2 =1 (26)

a’> b

Ctu b=@
To

C ICPCMCHHBIMHU ITOJTYOCAMU A = . 3anuiremM peUICHUC YPABHCHUS

(24) B Buze wHTETrpaNIbHOTO JoTapudma Ei(z) = jlg
nz

o, =CEi(2)+Cy, (27)
g

I7e apryMEHT z = exp(—zj. B obGnactu ero manpix 3Ha4eHHM perieHue (27) om-

PEACIIACTCS BBIPAKCHHUEM

C
GlzCllnz+C2:—71<;+C2. (28)
C yuerom (25) cootHouieHue (28) onpenenser napadoaoua ¢ BEPIIMHON B TOUKE
€ =0 wu oy = C, c BeTBsIMH, HANPABJIECHHBIMU BHU3 IIPHU 3HAYCHUSIX IapameTpa
C1 > 0 u BBepx — npu C; < 0. B nepBom ciryuae napa®oaouisl +G| OrpaHUIHUBAIOT

00JIaCTh XPYMKOYIIPYTOro U BI3KOYIPYTOro MOBEICHHS MaTepraia 0e3 yIpOuYHeHHSI.
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Bo BTOpOM ciydae oHU OIpenenstoT 00JacTh CyIIeCTBOBAaHUS MaTepuaa, s Tede-
HUSI KOTOPOTO TpeOyeTcs: MPUIOKUTh YCHITUE, TIPEBBIIIAIONIEEe 3HAUEHNUE KOHCTAHTHI
C,. Takuie MOJIeTTM HEHBPFOTOHOBCKHX MaTepHaJIoB ObLTH mpe ytoskeHbl CeH BenanoM,
[Ipannrnem, buaramom u llIBenoBsm [17].

Crny4daifHble CMEIIEHHs] aTOMOB B KPUCTAJUTMYECKUX TUIOCKOCTSX, XaOTUYECKHE
JBUKEHHSI TUIOCKOCTEH 1O OTHOIICHUIO APYT K APYTY U U3MEHYHBOCTH JIOKAJIBHO-
ro HampsHKEHUs! ¢ TEYCHHUEM BPEMEHH MOTYT MPUBECTH K BO3ZHMKHOBEHHUIO BOJIH
HaANPSHKEHUS.

4. Ynpyrue u mjacrudeckue BoJHbI. Pa3pymenue matepuana

Ynpyeue u nnacmuueckue onnvi. YpyromaacTudeckue aepopMalui BO3HUKA-
10T NpH JIBUXKEHUM JUCIOKAIM, MJIOTHOCTh KOTOPBIX B PEAJBHBIX KpUCTAJIJIaX HE

2 403 2
menee 10°—10" cm = (B TepMooOpabOTaHHOM MeETaJIe WX IUIOTHOCTH TMOPSIKA
7 108 2 1,12 =2
10°-10" cm ~, B MHTEHCHBHO IUIacTUYeCKH AedopmupoBaHHOM — 10 —10" cm

[46]). B obnactsax, onpezaensieMbix yciaoBueM (8), BOSHUKAIOT MPOIOJIBHBIE U TOTe-

peuHble BONHBL VX pacmpocTpaHeHUe OMHMCHIBACTCS BTOPHIM YPAaBHEHHEM CHCTE-
™Mbl (10):

o’s, o%c, o%c;
8121 = 8&21 + 8)(21 , (29)

r7I€ MHACKC I OMpeAessieT TUM BOJHBI (I MPOAOALHOM (YIIPYTOi) BONHBI { = U, a
JUTSI TIOTIEPEYHOM (CIABUTOBOM) — i = p), T = m;t — 6e3pasmepHoe Bpems. s npo-
JOJIbHOM (IToTIepevHoi ) BOJIHBI BBEIEHHE HOBOTO apryMmenTa Jlopenua [14,15]:

g
6 =——S— (30)
%)
c
npeoOpazoBbIBacT ypaBHeHHE (29) K BUAY
2 2 s, 0%
a"zu—a w0 [ —L+—L=0]. 31)
¢ ox, g o

[Ipu nBwxeHnm BOJH BAOJL ocu Oy pemieHue ypaBHeHus (31) ompenemnsercs
byukuueit (puc. 2):

c, = Darctg Sz ayarctg(by§,) | o, = Darctg S azarctg(bE) | (32)

X X1

OTMmeTHM, Y9TO JABMKEHHE JUCIOKAIHMA B OOBIYHOM MPOCTPAHCTBE OIMHUCHIBACTCS
aHajornyHou ¢yHkuuen [47]. DTo CBA3aHO C TeM, YTO CKOPOCTh aedopmarnuu
OTIpeIeIIAETCS TUIOTHOCTBIO JUCIIOKAIIUN M CKOPOCTHIO UX CKONbxKeHHS [48].
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900
)i
600} 5
b§
300 3
4
| | |
% 5 10
d
a o

Puc. 2. Brusaue napamerpoB a3 (a: b3 = 1) u by (b: a3 = 550) Ha BUI KPUBOU YIIPYTO-
mIacTHYeCKor peaknmu matepuana: a: I — 600, 2 — 400, 3 — 200, 4 — 100; 6: 1 — 4.0, 2 —
0.5,3-0.25,4-0.05

B obnactu manbix gedopmaruii mpu CKOpOCTSAX pPacHpOCTPaHEHHs YIPYTHX
BOJIH, 3HAYUTEIHHO MEHBIINX CKOPOCTH 3BYKa (sl IIACTHYECKUX BOJH — B 00-
JacTu MaJbIx aedopmanuit), popmyna (32) mpuHuMaeT Buj 3akoHa ['yka

o, =2 ke (op =2a=Ea]. (33)
X X1

B stoM ciyyae moayne FOHra £ 0O6paTHO NMpoOnopIHoHalieH CKOPOCTH Jedopma-
i §. CKOpPOCTH paclpoCTpaHEHHs MPOAOIbHON M MONEPEeYyHON BOJIH pa3inya-

I0TCS (TJTACTUYECKHE BOJIHBI JIBUKYTCSl CO 3HAYUTEIBHO MEHBIIEH CKOPOCTHIO)
[49]. TlosTOMY TIpU MOAETUPOBAHUU MEXAHUYECKUX JUArPaMM COCTOSHUS MaTe-
pHUaAIOB HEOOXOIMMO YUHUTHIBATH 00a THIIAa BOJIH.

Paspywenue mamepuana. DHeprusi HarpyKeHusi pacxoAyeTcsi HE TOJBKO Ha
negopMHpOBaHUE MaTepHala, HO M Ha 00pa30BaHNE HOBBIX IMOBEPXHOCTEH pasie-
na, T.e. Ha paszpymenue Marepuana [46]. [IpeanonoxuM, 9TO BOSHUKHOBEHHE U
pacrpocTpaHeHHE TPEHIMH OO0YCJIOBJICHO TEPEeMENICHHEM BEIIEeCTBA B MPOTHBO-
MOJIOKHBIE CTOPOHBI TIOJT IEHCTBUEM KUHETHYECKUX (820F/6X2) Y TIOTCHIIMATbHBIX

2 2 o o
(0"cp/0E™) Bo3pmelicTBuil. Torma nuHaMuKa paspyllieHHs OyneT OIUCBIBAThCS
ypaBHEHHEM

GZGF . 8261: _ 8261:'
o oyt og?

; (34)

I7ie G — HampsbkeHue (pakTypusaluu, T = ©pf — 0e3pa3MepHOe BpeMs, O —
yacToTa paspylueHus. Bocrons3zoBaBmucs 3ameHoi Jlopenna (30) (¢ 3ameHoit
CKOpPOCTH PacHpOCTPAHEHUS] BOJHBI Ha CKOPOCTh ()paKTypU3alluH), NEpEHHIIEM
ypaBHeHue (34) B Buze

2 2
0 GF_a GF—O.

35
onp  og’ -
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[Iepexon k aBTOMOZEIBHOMY apryMeHTy C = Xlz —&2 peoOpa3oBhIBACT ypaBHE-

Hue (35) B 00bIkHOBeHHOE U (hepeHIInalbHOe ypaBHEHHE BTOPOTO MOPSIIKa

2
d°c do
FEOF

- dc?  dg

0. (36)

WuterpupoBanue ypaBHeHUs (36) MIPUBOAUT K PAaBEHCTBY

o =H In|¢|+H,. (37)

[lepenuiem paBeHctBo (37) B BUIe

2 2
6rp=6;+HIn 1—(§j =0, +a,ln 1—(£] . (38)
X by

B Beipakenuu (38) (puc. 3) nanpsixkenue Jlroasuka [20] onpenensieTcss CKOPOCTHIO
nedopMaruu
o =2H, Inf¢|+ H,. (39)

U3 popmymst (38) cnenyet, yTo MaTepuai He pa3pylaeTcs B 001acTH

~&F <&<&F, (40)

)
rae kputuueckas aedopmauus &p =§to—0 OTIpEeICIIAETCS CKOPOCThIO nedop-
Wp

Malmu &, BpeMEHEM pelaKcalluu MaTepHaja fy U OTHOIIEHHEM YacTOThl pejlaK-
caluu Mg K yactote (ppakrtypuzanuu or. [lpuMeHnM noiayyeHHble GOPMYIIbI IS

pacueTa AuarpaMM MEXaHUYECKOI'0 COCTOSIHUSI yIIPYTroIUIaCTUYECKOro MaTepuana,
nehopMUPYEMOT0 B H30TEPMUUECKHX YCITOBHSIX.

0 — 0
2
—-170F -170
bLL 3 bLL
340} 340
¥}
=510 . ' . =510
0 5 10 0
g
a 0

Puc. 3. Bausaue mapamerpoB a4 (a: by = 9.5) u by (b: a4 = 550) Ha BUA KpUBOU
paspyuienust Mmarepuana npu o7: a: I —5,2-20,3-40,4-80;6:1-95,2-17.0,3 -
35,4-1.5
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5. ImarpamMMsbl HanpsizkeHue—AegopManus

Pa3nooOpa3ue MOAENBHBIX HarpaMM MEXaHHYECKOTO COCTOSIHUS MaTepUaoB
MOKa3aHo Ha puc. 4.

MexaHU4YecKoe COCTOSTHUE MaTepHalioB OMPEENsIeTCs XapaKTepUCTUKAMU UX
CTPYKTYphI (YIPYTroCTblO, XpYINKOCTbIO, BA3KOCTBHIO, IUIACTUYHOCTHIO) U MPOTE-
KaOMIMMU TIpU AehOpMHUPOBAHUH TIpolieccaMu (OTyKIaHus U KOJeOaHUs YacTHII,

1000
800} 400}
600 .
o b
400 200}
200 .
O | | | O | | |
0 02 04 06 08 10 0 5 10 15 20
g g
a o
1000
400 F 800 |-
- 600 -
o
200} 400
200
O L L L O | | |
0 5 10 15 20 0 15 30 45 60
g g
6
400 {\// 400
o
200 200f
O | | | O | |
0 5 10 15 20 0 5 10 15 20
g g
0 e

Puc. 4. MoxensHBIEe qUarpaMMbl HalpspKEHUE—IeOopMaIus: @ — YIPYyTOXPYIIKHA MaTepH-
a;, 6 — UACATbHO-TUIACTUYCCKUN; 6 — YIPYTOIUIACTUYCCKHUIA;, & — YIPYTOIUIACTUICCKUN C
TUTOIIAIKON TeKy4YeCTH; 0 — YNPYTOIUIACTUIECKHA C 3yOOM TEKy4eCTH; e — TeopeTHde-
CKasl TuarpaMMa MEXaHUIECKOTO COCTOSHUS UMUTAIIMOHHOTO MaTepuaia
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BOJIHBI ¥ 00pa30BaHKUE CaMOOPraHU3YIOLIUXCS CTPYKTYP, IIOTOKH U TeueHus ). Puc. 4
JEMOHCTPUPYET LIMPOKHUE BO3MOKHOCTH Tpe/IIaraéMoid MOJIENU JJIsl aHATUTHUECKO-
IO ONUCaHMs JAUarpaMM COCTOSHMS HANpsDKEHHO-IEe(OPMHPOBAHHOTO Marepuala.
[loBeneHne MMHUTAIIMOHHOIO MaTepuaia, IpPOAEMOHCTPUPOBAHHOE Ha pUc. 4, OIu-
ChIBaeTCs (PyHKIUSAMH BUIA

2
2) c(@):algexp( b2 )+a In|1- ( J ;

6) o(&) = abexp(-hE? |+ ayarctg(hy8), by >>1;

B) 6(§) =aqEexp| D& 2)+a2arctg , by=1;
2
b]§2)+a2arctg bQE_, +a,In|1- (éJ , by <<1;
b,

r) o(8) = agexp(
1) 6(8) = aGexp(-biE” )+ aparctg (bE), @ > axby;

4

2
e) (&) = qEexp —b@z)+azarctg(bzé)+a3arctg(b3§)+a4 In 1—(}%} . (41

Jnst cpaBHEHHMS TEOPUM C IKCIEPUMEHTAIbHBIMU JAaHHBIMU BOCIIOIB3YEMCS
dbopmytoit (62), pu 3TOM yd4TeM, YTO B JIMHCWHON 00JaCTH YHIPYTOCTH MOIYJIb
FOnra E onpenensieTcs: BbIpa)XeHUEM

E= a + Clzbz + Cl3b3 . (42)

Hanpuwmep, i menu uctiHHas quarpamma Hanpspkenue—aedopmanus [S50] (puc. 5,a)
OTHUCHIBACTCS (POpMYJIIOit

2
o(€) = O.7§exp(—0.0014§2)+3arctg(3666<§)+715arctg(0.0009§)+O.11n{l—(7—ij } (43)

60 50
. 5otTrue stress—section reductlon
g “= 40
£ 40} g
B30l % 30
= E
$ 201 % 20
b= ot
N =
10p Nommal stress—elongatlon » 10
O i j] i 1 1 1 ] L
0 10 20 30 40 50 60 70 80 OO 20 4|0 6IO 8|O | 100
Elongation A or section reduction ¢, % Strain, %
a 4]

Puc. 5. CpaBHeHHE SKCIIEpUMEHTATLHON UCTUHHOM (/) M MIKeHepHOU (2) nuarpaMM Mexa-
HUYECKOTO COCTOsTHUS Meu (@) [S0] ¢ TeOpeTHIECKHMMHU KPUBBIME (6). © — HAaualo Cy>KeHHUs
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500
400
"9, < y
- 16| A 300-/\
2 L
g 200
—r———r——r—y—r—T 0 ] ] L1 ] L1 ] ]
6 8 10 0 2 4 6 8 10
&, % &
a 4]

Puc. 6. DxcnepumenTanbabie (a) [S1] u TeopeTmdeckue (6) AUarpaMMbl HalpshKEHUC—TIC-
(opmarys At MEIU TOCTIe HECKOIBKHX MPOXOJI0B (YKMCIA Y KPUBBIX) €€ PABHOKAHATIBHOTO
YIPOYHEHUS

TEOMETPUUYECKHI BUJI KOTOPOHW IMOKa3aH Ha puc. 5,0. Moayns lOHra, BeruncieH-
HeI 10 popmyie (43), E = 11000 kg/mm2 (E = 110 GPa), uro cooTBeTCTBYET
naHHbIM [24]. B cunmy toro, yto moaynbs FOHra 3aBHCHT OT ckopocTu Aedopma-
IIUH, TEMIIEPATyPbl U APYTUX MMapaMETPOB, €T0 3HAUEHHUE MOKET OBITh PA3IIMYHBIM
JaXke JUTsl OJJHOTO U TOTO ke MaTepuana. Tak, B pabote [51] OblTu mOMyUYeHBI TUa-
rpaMMbl, MOKa3aHHble Ha puc. 6,a. Teopernueckue pacyeTsl MPOBOIUIHCH IO
dopmynam

o(§) =00, +Po, +xo3 +00, (44)

rae o, B, y, 0 — KodpPUIMEHTHI, CBI3aHHBIE C KOJIMYECTBOM MPOXOIOB MPHU PaB-
HOKAaHAJIbHOM YIPOUHEHHH, PYHKLIIUU

o, =7Eexp(—0.98%), o, =30arctg(3666E),
& 2
o3 =130arctg(0.258), o =10001In 1—(%J )

[Tocne nepBoro npoxoja GyHKUUs G3 NpUHUMAeET BUJ 63 = 212arctg(4.25¢). Ilpu
pa3MyHOM Yncie mpoxoaoB N (udpsl y KpUBBIX Ha puc. 6,0) K03hdUIueHTH o,
B, %, O paBHBIL:

1.0, p=1.0, x=1.0, 3=1.0;
10.0, p=1.0, x=1.0, 6=28.0;
10.0, B=1.0, x=1.25, 6=9.0;
4-0=10.0, B=1.0, x=1.36, 5=12.0;
=16-a=10.0, p=1.0, x=1.18, 5=6.7.
[TpoBeseHHBIN pacyeT MOKa3bIBAET, UTO YIPYroCTh MEJIM IMOBBIIIACTCS (mapa-
MeTp o Bo3zpactaeT 10 10): nmpu uucie mpoxoaoB HEe 0oJiee YeThIPEX MPOUCXOAUT
nepepacnpe/ie/iecHIe MEXaHUIeCKOM SHEPTHH MEXy YIIPYTUMH U TUIACTHYSCKUMHU

0-a
1-a
2—a

22?22
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BOJIHAMU (M3MEHSETCS apaMeTp ), YBEJIMUYEHHE YHCIIa IIPOXOI0B 0oJIee YeThIpex
NPUBOJIUT K 3aJICUMBAHUIO HAPYIICHWH KPUCTAJUIMYECKON PEHIeTKH (CHUKEHUE
3Ha4yeHus napamerpa o ¢ 12.0 10 6.7).

6. 3akiarouyenue

ITpoBeneHHBIN aHAJIN3 MTO3BOJISAET CAENATD CIEYIOLINE 3aKIF0UCHHUS:

— IPUMEHEHNE CUHEPreTUUECKOro Moaxo/1a K npodiaeme GopMOU3MEHEHHS Ma-
Tepuana IMo3BOJIAET MOJIYYHTh NMPOCTYI0, HO a/JE€KBATHYIO PEaTbHOCTU (PU3HKO-
MaTEMaTHYECKYIO MOJIEb;

— TMOJy4YECHHBIE AaHAIUTHUECKUE BBIPAKEHUS JUIS CBS3HM HAIPSDKEHUS ¢ aedop-
Malpen MO3BOJISAIOT C BBICOKOW CTENEHBIO TOYHOCTH ONMMCHIBATh UCTUHHBIC U WH-
JKEHEPHBIE AMAarpaMMbl MEXaHMUYECKOTO COCTOSHUS YIPYTOIIACTHYECKOTO MaTe-
puana;

— MOJIEJIbHBIE NPEICTaBIECHUSI MOTYT OBITh HCIHOJb30BAHBI MPU MOCTPOCHUU
MUKPOCKOIUYECKON TEOpUH HANPSKEHHO-1€()OPMUPOBAHHOIO COCTOSHUSI MaTe-
puana;

— B3aUMHO€ BJIMSHHE CIIy4alHbIX OJIy>)KJaHUII aTOMOB M UX KOONEpPAaTUBHOTO
BOJIHOBOT'O JIBKEHHUS Ha Mpolecc 1ehopMUPOBaHUS IPUBOAUT K (HOPMUPOBAHHIO
MOBEPXHOCTU HampspkeHUd. Bun 3Toil moBepxHOCTH (hopMHpyeTcs MpU B3aUMO-
JeMCTBUU MEXaHUYECKUX, TETJIOBBIX U APYTHX (PU3MKO-XMMUYECKUX IMOJIeH, KOH-
CEHCYC MEX]y KOTOPBIMH MPUBOJIUT K BOZHHUKHOBEHUIO HEPAaBHOBECHBIX, HO CTa-
LIMOHAPHBIX CTPYKTYpP. DTH CTPYKTYPbI ONPEACIIAIOT MEXaHUYECKUE U IPYTHE Xa-
PAaKTEpUCTUKHU MaTepHalIa;

— YNpaBlI€HUE CTPYKTYpOW Marepuaja IpPH 3aJaHHOM BHUJAE IUArpaMMbl €ro
MEXaHUYECKOTO COCTOSHHMS IO3BOJINT HE TOJBKO KOPPEKTHUPOBATH BHYTPEHHHE
IpoIecChl B HY’KHOM HAIlpaBJIe€HUM, HO U (popMupoBaTh HEOOXOAUMBIE BUIbI ar-
JIOMEpaTOB YacTHIl (HallpuMep, HaHOKJIacTepbl). B cBOlo ouepenb, 3TO MpUBEAET K
yIpPaBJIECHUIO (PU3MKO-XHUMUYECKUMHU CBOMCTBAMH MaKpOCKONMUYECKHX (a3 u mo-
Jy4YEHHUIO MaTepUasoB ¢ TpeOyeMbIMU JJIsl IPAKTUUYECKUX LIeJIel mapaMeTpaMu.
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V.

STRESS-STRAIN DIAGRAMS

The synergetics model of the deformed state of continuous environment is offered. The
adequacy is shown with respect to the experimental data when describing the veritable
and engineering stress—strain diagrams.

Keywords: material, stress, strain, wandering, oscillations

Fig. 1. Effect of parameters a; (a: b; = 0.1) and b; (b: a; = 600) on the curve of elastic-
brittle reaction of the material: a: 1 — 600, 2 — 400, 3 — 200, 4 - 100;6: 1 —7,2-1, 3 —
0.25,4-0.1
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Fig. 2. Effect of parameters a3 (a: b3 = 1) and b3 (b: a3 = 550) on the curve of elastic and
plastic reaction of the material: a: 1 — 600, 2 — 400, 3 — 200, 4 —100; 6: 1 —4.0,2-0.5, 3 —
0.25,4-0.05

Fig. 3. Effect of parameters a4 (a: by = 9.5) and b4 (b: a4 = 550) on the fracture curve at
or:a:l1-52-20,3-40,4-80;6:1-9.5,2-7.0,3-3.5,4-1.5

Fig. 4. Model stress—strain diagrams: a — elastic and brittle; 6 — ideal plastic; ¢ — elastic
and plastic; ¢ — elastic and plastic with an yield platean; 0 — elastic and plastic with an
yield point; e — theoretical diagram of the mechanical state of the simulation material

Fig. 5. Comparison of the true experimental (/) and engineering (2) diagrams of the me-
chanical state of copper (a) [50] with the theoretical curves (6). © — start of reduction

Fig. 6. Experimental (a) [51] and theoretical (6) stress—strain diagrams for copper after

severe passes of equal-channel strengthening: a: m—0,0—- 1, -2, 0 -4, A -8, V —12;
6 — numbers at the curves
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PACS: 72.10.—d, 72.70.4m, 73.23.-b, 74.45.+c, 74.62.F]

W.B. bonno

TEMOBOW 1 APOBOBOW WYMbI B TYHHEbHbBIX CTPYKTYPAX
HA OCHOBE CBEPXMNPOBOOHWKOB C PABHON CUMMETPUEWN
NMAPAMETPA NMOPAOKA

JoHeuknii rnsmko-TexXHNYeckuin MHCTUTYT M. A.A. lMankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbs noctynuna B pegakumio 19 mapta 2014 roga

IIpednooicern memoo ucciedo8anus C6epXnPoBoOseco napamempa nopsoKd, CUMMempus.
KOMOPO20 MOJACEM MEHAMbCS 8 HCENE30CO0EePHCAUUX CBEPXNPOBOOHUKAX NOO Oelicmauem
eudpocmamuieckoeo oaeienus. Ilpedcmasnenvl yuciennvie pacuemvl pPaHOBECHbBIX U
HepPAasHOBECHBIX MOKOBLIX (DIYKMYayuil 6 CMpPYKMYpax HOPMAibHblll MEMAaii—u301amop—
ceepxnposoonux (NIS), vinonnenuvie 8 pamxkax meopuu paccesHusl.

KaroueBble cjioBa: TEMIOBOH M ApoOOBOI HIyMBI, CBEPXIPOBOIAIININ apaMeTp Mopsia-
Ka, TyHHEJIbHBIE CTPYKTYPbI

3anpononosano memoo 00CHiOdHCeHHA HAONPOBIOHO20 NApamMempa NopsoKy, CUMempis
K020 MOXICe 3MIHIOBAMUCS 8 3ANI308MICHUX HAONPOGIOHUKAX Ni0 Jicio 2i0pOCmamuyHo20
mucky. Ilpedcmasneno wuciosi po3paxyHku pi6HOBANCHUX | HEPIBHOBANCHUX CHIPYMOBUX
Gaykmyayiii y cmpykmypax HOpmanvhuli meman—izonamop—uaonposionux (NIS), euxo-
HAaHI 8 paMKax meopii po3Cito8aHHs.

KarouoBi cioBa: TeruoBuil i [poOOBUi IITyMH, HAATIPOBITHUIN TapaMeTp MOPSIKY, TY-
HEJIBbHI CTPYKTYpH

1. BBenenne

B Hacrosiee BpeMs OCTAeTCS HESICHBIM BONPOC CUMMETPUU Mapamerpa Io-
psaaka B 0e3MeIHBIX BBICOKOTEMIIEPATypHBIX CBEPXIPOBOAHHMKAX. B wacTHOCTH,
d-BOJIHOBAsl CBEPXMPOBOJUMOCTh B IKEJIE30COJACPKAIINUX CBEPXIPOBOJTHUKAX
KFeyAs,, CsFeyAs, moarBepxkaaeTcsi OMHUMU SKCIIEPUMEHTaMH, HO HE COTJIacy-
ercs ¢ ApyruMu. ABTOpHI [1,2] M3yunnu BAUSHUE THAPOCTATUYECKOTO JABICHUS
Ha pa3nuyHble cBoiicTBa MoHOKpucTamioB KFeyAs, u CsFeyAs), o6HapyxuB V-
00pa3HyI0 3aBHCUMOCTh KPUTHYECKOW Temmeparypsl 1, OT AaBieHUs P, KoTopas
OTpakaeT U3MEHEHUE CUMMETPHUH IapameTpa Mopsijaka ¢ d-BOJHOBOM Ha S-BOJI-
HOBYI0. B manHO# paboTe mpeanaraercs onpeaesTh TUII CUMMETPUHN TapaMmeTpa
MOpsJKa, KOTOPHIM 00JIa/laeT CBEPXIIPOBOIHUK, C MOMOIIBIO UCCIEIOBAHUS IIY-
MOBBIX XapaKTEPUCTUK TYHHEIbHOU CTPYKTYpbl, CO3JJaHHOM Ha €r0 OCHOBE.

© W.B. Bonno, 2014
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XO0po1I0 U3BECTHO, YTO B TPAHCIIOPTHOM COCTOSIHUHU IIYM B ME30CKONUYECKOH
cucreme NIS mMeeT 1Ba pa3IMYHBIX UCTOYHHWKA: PAaBHOBECHBIC TETUIOBHIE (IIyK-
Tyallud U HEPaBHOBECHBIN IIIyM, OOYCJIOBJIECHHBIM IUCKPETHON NMPHUPOJION 3JIeK-
TPUYECKHX 3aps/IOB, KOTOPBIH MOSBISIETCS TOIBKO PY KOHEYHOM HarnpshKeHUH. B
NPaKTUKE UCIOJIb30BAaHUS 3JIEKTPOHHBIX YCTPOICTB CYIIECTBEHHO TO, YTO (UIyK-
Tyaluu TOKa / OTMpeiessiFoT TOYHOCTh M HAZeKHOCTh paOOTHl MX OCHOBHBIX dJIe-
MeHTOB. C Ipyroi CTOpOHBI, IIyM (ClTydaiiHble OTKJIOHEHHSI 3JIEKTPUUECKOro TOKa
I(¢) ot ero cpenHero 3HaueHUs (/)), XapaKTEPU3YIOIIMNACS OTPEIEICHHON MOIIHO-
CTBIO S, COAEPXKUT B ceOe JeTalbHble CBEICHUS O CBOIMCTBAxX HMcCielyeMoM cuc-
TEMBI.

ITpu HenyneBbix Temnepatypax (7' # 0) HCTOYHMKOM IIyMa B JIEKTPUUYECKUX
cHUCTeMaxX BCerJa SBISIIOTCA TEIUIOBBIE (UIyKTyalul. PaBHOBECHBIE TOKOBEIC
¢Guykryanun B rerepoctpykrype NIS B3auMoCBs3aHBI ¢ MPOBOJUMOCTBIO 3JIEK-
TPUYECKON CUCTEMBI M OTIPEACIISIOTCS CHMMETPUEH CBEPXIPOBOISIIETO TapaMeT-
pa nopsinka A(®), koTopas nposiBisieT ceds B KodpPUIMEHTaX aHIPEeBCKOro OT-
pakeHUs KBa3W4acTHIl OT NS-rpaHuIbl. BaXXHBIM U1 IPaKTHYECKOTO HCIIOIB30-
BaHUs SBJISIETCS TO, YTO MOIHOCTh TEIUIOBOIO IIyMa S, CBSI3aHHAsI C POBOJUMO-
ctbio G opmynoii HaiikBucra S = 4kg7TG, no3BosieT U3MEPUTh Temreparypy 1.
OpHaKo TpY STOM TPYAHOCTHIO SIBJISIETCS MaJlasi BEJIMYMHA CUTHAJIA, KOTOPBINA He-
00X0MMO YCHWJIMBAaTh, OCOOCHHO NPU HU3KHUX TeMIlepaTypax, KOrja BeIUYnHa
nrymMa Maia. 3a4acTyi0 Mbl 3aMHTEPECOBAHBI B OOJBIIEH MOIIHOCTH TEIJIOBOTO
nymMa Kak (pU3M4ecKoil BeTMYMHE, OYE€Hb YyBCTBUTEIBHOM K TeMmepaType U He-
MIOCPEJICTBEHHO C HEHl CBA3aHHOMW, a TaK)Ke B TOM, YTOOBI BEJIMYMHA ITyMa JIOCTa-
TOYHO PE3KO OTIMYANIACh JIsl pa3HbIX TeMIepaTyp.

B orianume ot TteroBoro myma JlxoHcona—HaiikBucra, ApoOoBoil 1Iym
(pyxTyanmu Toka, 00yCIOBICHHBIE TUCKPETHOCTHIO HOCUTENIEH 3IEKTPUUECKOTO
3apsifa) MposBIIETCS B HEPABHOBECHOM COCTOSIHUM cucTeMbl, korna V # 0. [po-
00BOI 1IyM mpejacTaBiseT coOOW COBEPIICHHO APYrod HMCTOYHHUK (UIyKTyaruil
Toka B NIS-CTpyKTypax, MOCKOJIbKY IOSIBISETCS TOJBKO MPHU KOHEYHOM Hamps-
XKEHUU V' B TYHHETBbHOM KOHTAaKT€ C MOTEHIMAJIbHBIM OaphepoM, KOTOPBIHA CIIy-
YaifHBIM 00pa30M MPEO0IEBAIOT TUCKPETHBIE HOCUTEIN AIIEKTPUUYECKOTO 3apsia.
Mpb!I orpaHn4YMMCsl aHAJTM30M HU3KOYACTOTHOTO IpeJiesia MPU BBIUMCICHUH CIIEK-
TpanbHOU MmotHOCTH TiiyMa S(V, @ — 0), npencrasisiromieid codoit Gpypre-oopas
KoppensuoHHon GyHkmu S(f—t") = <AI ()AL (t’)> . [Ipu aTOM pe3yabTaThl pac-

YeTOB IMPEICTaBUM B BUJE COOTBETCTBYIOMLIEH 3aBucuMocTH (hakropa Pano F(V),
KOTOPBIN SIBIISIETCSI OTHOIIEHHEM MOIIHOCTH JpoboBoro myma S(V) B paccmaTpu-
BaeMOU TeTEPOCTPYKTYpe K ImyaccoHoBckomy mpeneny Sp(V) = 2el [3] u HeceT B
cebe uHpopManuio 00 3PPEKTUBHOM 3JIEKTPUUECKOM 3apsle, YUacTBYIOLIEM B
TPaAHCIIOPTE TOKA Yepe3 TeTePOCTPYKTYPY.

HccnenoBanue CUMMETPUH CBEPXITPOBOSAILEIO IapaMeTpa MOpsAaKa Mpearo-
JaraeT Co3/laHhe TYHHEJIbHOTO0 KOHTaKTa OJIarOpoJIHOTO METajula CO CBEPXIpo-
BOJIHUKOM, M3MEPEHHE W JACTANbHBIA aHamu3 (IIyKTyaluud TyHHEIHHOTO TOKA.
BpInosHUM TEOpeTHUECKHE pacyeThl IIIYMOBBIX XapakTepucTuk NIS-cTpykTyp Ha
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OCHOBE CBEPXIPOBOJHHUKOB C d- M S-BOJIHOBOW CHMMETpHEH B paMKax MOAXOJa
Jlannayspa—byttukepa [4,5], cormacHO KOTOpOMY TPaHCIOPTHBIE CBOMCTBA KBaH-
TOBO-KOTE€PEHTHOTO ME30CKOIMYECKOT0 IPOBOJHMKA, BKIIOYAs €ro MHpPOBOAHU-
MOCTh M ITYMOBBIE XapaKTEPHCTUKH, ITOJHOCTHIO ONPENENIIOTCS HabopoM KO-
(UIMEHTOB MPOXOXKAEHHS #; TIO PA3IMYHBIM KaHaJaM IPOBOJAUMOCTH i.

2. TennoBoii mym B rerepocTpykrype NIS

Haunem uccnenoBanue NIS-ctpyktyp co ciayuas V' =0, T # 0, koraa UCTOYHU-
KOM IITyMa SIBIISIFOTCS TETIOBbIE (IIYKTyalllH, U PACCUUTAEM BEIUYHHY (IIyKTya-
IIUH TOKA B TYHHEILHBIX KOHTAKTaX Ha OCHOBE CBEPXIPOBOIHUKOB §- U d-THIIA.

B cootBerctBuu ¢ [6] muddepennmansuas nposoaumocts G(V) = dI(V)/dV
Me3ockomuuecko NIS-CTpyKTypbl ompeaensercss MPOU3BOJHON OT (PYHKIUHU

pacnpenenenuss Gepmu f(g) = [1 + exp(a [ kgT )]_1 10 HaIpsDKEHUIo V-
G()= IdD()df(g eV)

l—oo

[Tpu sToM mmoTHOCTH TOKA B NIS-iepexoie umeet Bua

B}
10)="2% [ deD @] (e=eh)- f@)].
I —o0
rJie CYMMHPYIOTCSI BCE KaHAJbI 3JICKTPOHHOTO TPAHCIIOPTA i Yepe3 TYyHHEIbHBIH
Oapbep.
Torna muddepenipanbaas TPOBOAUMOCTh ME30CKOIMYECKOM TeTEPOCTPYKTY-
PpBI OIPEACIACTCA BbIPAKECHUCM
2

GUV)= ¢ IdaD (¢)cosh™ (—V]

U Th 4 2kpT

U B HaieM ciydae npu V=0 (popMyJIa U1 IPOBOAMMOCTH G clieayomas:

(i)

Takum 00pa3oM, 00IIee BRIPAXKCHUE JIJISI PABHOBECHBIX TOKOBBIX ()IYKTyanui
S(V=0, T)=4kgTG(V = 0) npuHUMAaET BU]

G(V=0)=

2k Th=

S(V=0)= 2; J.dsD (g)cosh™ (mj (1)

C nomorsio popmysl (1) momyunm BeMUuHy (IyKTyaluii TOka B reTepOCTpyK-
Typax Ha OCHOBE CBEPXIIPOBOAHUKOB C pa3HOI CUMMETpUEN nmapamMeTpa Mopsiika.

CuMMeTpHsl CBEPXIIPOBOAIIETO apaMerpa nopsaka A(®) npossisercs B Mo-
BEJICHUU ULIYMOBBIX XapaKTEPUCTUK TYHHEIbHOIO KOHTAKTa, a IIOJIHAs BEPOSAT-
HOCTb ITPOWTH M3 HOPMAJIBHOI'O METAJNIMYECKOrO 3JeKTpoAa N B CBEPXIPOBOS-
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2 2
mmii S D(g)=1- Ree(s)‘ +|R (s)‘ BKJIIOYAET B c€0s1 aMIUIUTYy BEPOATHOCTH

aHIPEEBCKOTO OTPAXKCHUS DJIEKTPOHOIOI00HON KBa3HMYACTHUIIBI ¢ B JBIPOYHYIO /1,
u HaoOopor [7]:

) . .o\2 2
©) - (8+16)—51gn(8)\/(s+18) —|A©)| exp (HD(©)), 2

eh(he)
” (0]

rae 0 — OECKOHEYHO Mauias MOJIOKHUTENbHAS BEeJIMYHMHA, KOTOPYIO TojaraeM pas-
HOMt 0.001Ag myust s- u 0.01A,; st d-cBepXnpOBOAHUKA;, MOIYJIb |A(®)| u daza

@®(®) cBepXMpOBOAAIIETO MapaMeTpa MOPsAIKa OMPEACIIOTCS CUMMETPHUEH, KO-
TOpas peanu3yeTcs B JaHHOM MaTepuaie. B martepuanax ¢ mpocTod S-BOJTHOBOI
cummeTpuell gaza nocrosiHHa: O(O) = const U MOXKET ObITH MOJOXKEHA PaBHOU
HYJIIO, @ 3aBUCUMOCTh |A(®)| SBJISICTCS C1a00W U B OOJIBIIMHCTBE CIIy4aeB MOYKET

CUUTATbCSI KOHCTAHTOMN |A(®)|:AS; TUNAYHBIM IIPUMEPOM TaKOro MaTepuala

SBJISICTCSI HHOOMH ¢ sHepreTrdeckoit menbio 1.47 meV [8]. B cBepxnpoBoaHHKaX
d-Tuna mapameTp MopsAKa CYLIECTBEHHO 3aBHUCHT OT HampaBieHuss ® B ab-
IUTOCKOCTH 3JIEMEHTapHOM staeiikn A(©) = A cos(2(© —a)), T/1e oL — yrom Mex Iy

BbIOpPaHHBIM HalpaBJI€HUEM, OT KOTOPOI'0 OTCUUTHIBAETCS Yroa ®, U HanpaBJIeHU-
€M, BJOJIb KOTOPOTO MapaMmeTp MOpsAJIKa MaKCUMAJIEH; SIPKUM IpeJCTaBUTENIEM
ABJISIFOTCSL KYTIPATHBIE COEIMHEHUS CO CTPYKTYPOU MEepOBCKUTA [9].

TakuMm 00pazoM, pacCMOTPUM TyHHEJIbHBIE KOHTAKThl HA OCHOBE JIByX pa3iiny-
HBIX CBEPXIPOBOAALIMX MAaTE€PHAJIOB: NEPBBIA — ATO TPAJULMOHHBIN CBEPXIPO-
BOJHUK HUOOUH C S-CUMMETpUEH 3JEKTPOHHOW BOJHOBOM (DYHKLMH, BTOPOH —
UTTpUil-0apueBblii Kynpar ¢ d-BOJHOBOM cuMMeTpHell napameTpa nopsijika. Uncnen-
HbI€ pacyeThl BbIMOIHUM AJ1s1 NIS-KOHTakTOB Ha OCHOBE CBEPXIIPOBOAHUKOB C S- U d-
cUMMeTpuel nmapamerpa nopsaka (oo = 45°) B paMkax KBAaHTOBOMEXaHUUYECKOH Teo-
pun paccessHus s (pa30BO-KOT€PEHTHOTO TPAHCIIOPTA, KOTOPAsi TIO3BOJISAET JI0C-
TATOYHO NPOCTO U IPO3pPavyHO PACCUUTATH LIYMOBBIE XAPAKTEPUCTUKHU T'€TEPOCT-
PYKTYP.

Ha puc. | npeacraBineHsl pe3ysbTaThl BHIYMCIECHUN — YBEJIMUYEHUE MOILIHOCTH
TETUIOBBIX (PIYKTyaluii S ¢ pocToM Temreparypbl 1’ B T€TEPOCTPYKTYpax C pas-
JUYHOU MPO3pPauyHOCThIO TYHHENBbHOro O0apbepa D. CBs3b Temnepatypsl 7 ¢ Belu-
YUHOM TEIUIOBBIX (DIyKTyarui S B TYHHENbHOU cTpykType NIS cymecTBeHHO Me-
HAETCS ¢ U3MEHEHHEM IIPO3PAaYHOCTH €€ M30Jupyroleil mpocioiiku 1. Yepennen-
Has ¢ momouipio ¢pynkuuu llena—bayspa [10] 3aBucumocts S(7) momyueHa amst
cilydasi pa3ynopsiIoueHHON CTPYKTYpbl TOHKOT'O MOTEHLMAIBHOTO Oapbepa.

Puc. 1 nemoHcTpupyeT, 4To (QIyKTyamuu >JIEKTPUIECKOTO TOKA YCHUIIMBAIOTCS
C YBEJIMYEHHEM MPO3PAaYHOCTH MOTEHIMAIBHOIO Oapbepa Uil TYHHEIUPYIOIIUX
AJIEKTPOHOB, KOTJa pacTeT MPOBOJUMOCTb TYHHEIBHOTO KOHTakTa G, MpsIMO CBsI-
3aHHAs C MOILHOCTBIO TEIUIOBOTO LIyma S cooTHoueHueM S = 4kg7G. Kpome To-
ro, BUJHBl PacXoKIEeHUs B IMoBeleHUM KpuBbIX S(7), 00yclOBIEHHbIE pa3HON
CUMMETpUEN NapaMeTpa nopsiaka cBepxnpopogHuka. @opma 3asucumoctu S ot T’
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SI2e*h)

S = N W B~

Puc. 1. B3anMoCBs13b MOIITHOCTH TEIIOBOTO ITyMa S B eMHHUIIAX 2¢°h ¢ TeMrIiepaTypoit T’
IUTS TYHHEJBHBIX KOHTAKTOB Ha OCHOBE CBEPXIPOBOIHHKOB s-THMA (a) U d-tumna (0) B
3aBHCHUMOCTH OT Mpo3padyHocTu O6apeepa D: 1 —1.0,2-0.8,3-0.6,4-04,5-0.2, 6 —
0.1. PaccmoTpeH ciiydail TOHKOTO pa3ymopsa0YESHHOTO MOTEHIIMAIBHOTO Oaphepa
(crumomrHas KpuBasi); pacIpeeneHne BEpOsSTHOCTEH MmepeHoca 3apsaa yepe3 Hero uMeeT

hG 1
BHUT p(D)Ze_z_Dg/z(l_D)uz [10]

pasznu4Ha IS IBYX THIIOB KOHTaKTOB: BOTHYThIE KpuBBIE (puc. 1,a) mpeoOpasy-
I0TCSI B BBINYKJIbIE (pHC. 1,0). B ciiyuae cBepXnpoBOAHUKA C d-TUTIOM CHIapWBAHUS
(puc. 1,6) urpaer poiib yriioBas 3aBUCHMOCTh ITapaMeTpa MOpsIKa, BEIUYHUHA TO-
KOBBIX (DIIyKTyaluii B TaKOW CTpyKType Oombiie, uem B NIS-cucreme co cBepx-
MPOBOJHUKOM S-THTIA.

Heo0xoaumMo OTMETHUTH, YTO OCHOBHOM TPYJIHOCTBIO Ui MPAKTHUYECKOIO HC-
nosp3oBaHus 3aBucumocteid S(7) B TEepMOMETpUM SABISAETCA Majlasih BEJIWYMHA
MOIITHOCTHA TOKOBBIX (DIYKTyaIuii, TTO9TOMY BBIOOP CBEPXMPOBOJHHKA C d-BOJI-
HOBOW CUMMETpHUEH apaMeTpa Mmopsiika MOKET 00eCIIeYuTh OOJIBIITYI0 MOITHOCTh
nrymMa B 3aJJaHHOM HHTepBalie Temmeparyp. Ha puc. 1 BuaHO, 4TO MOIIHOCTD Te-
JIOBOTO IIIyMa B cIy4yae d-CUMMETPUU OOJIbIIe, YEM B CITydae S-CBEPXIIPOBOIHHKA.
[Tpu ompeneneHHbIX YCIOBUAX BEIMYMHA TOKOBBIX (UIYKTyalil B TYHHEJIbHOM
CTPYKTYpE Ha OCHOBE d-CBEPXIPOBOAHMKA Oo0Jiee pe3KO MEHSETCs C TeMIepary-
poii, yem B NIS-cucteme co cBEpXIpOBOIHUKOM s-TUIA. B wacTHOCTH, B 00nacTu
OUeHb MaJbIX TeMIepaTyp B okpecTHocTd | K MOIIHOCTH TEIJIOBOro IIyma B
NIS-cTpykTypax Ha OCHOBE d-CBEpXITPOBOJHHUKA MEHSETCS 0oJjiee Pe3Ko, a BEJr-
YHHA €€ CYIIECTBEHHO OOJIbIIE, YUeM B TyYHHEIbHBIX CTPYKTYpPaX C S-CBEPXIIPOBO/I-
HUKaMHU.

3. IpoGoBoii mrym B rerepocTpykrype NIS

B nanHoi paGote MBI HHTEpECyeMCs HE TOJBKO PAaBHOBECHBIMM (DIyKTyarus-
MU TOKa B Me30ckonuueckux NIS-cTpykTypax, HO ¥ IpoOOBBIM LITyMOM, KOTOPBIi
HOSABISETCA B TYHHENBHOH CTPYKType B HEPaBHOBECHOM (TPaHCIIOPTHOM) CO-
CTOSIHUM CHUCTEMBI, KOTJ1a MPHIIO’KEHO HeOoIbIIoe HanpsbkeHne cmereHus V. Ipu
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O0NBIIMX HANpPsDKEHUSX ApoOOBOM IIyM MpeodiataeT Haj TEIUIOBBIMU (IIyKTYya-
nusmu. MccnenoBanust €ro MOryT IPeJOCTaBUTh JOMOIHUTEIbHYI0 HHPOPMALUIO
0 XapakTepe 3JIEKTPOHHOI'O TPAHCIOPTA B ME30CKOIMUYECKUX CUCTEMAaX, KOTOPYIO
HE COZIEPKaT B ce0€ PABHOBECHBIE TEILUIOBBIE (UIYKTYallUH TOKA.

PaccmoTpum npenen HyseBbix Temnepatyp 7' = 0 1 KoHeuHbIX HanpsbkeHui V # 0.

CrnexTpasibHasi TJIOTHOCTh IPOOOBOTO IIyMa B €UHUIIAX 2e|V|(2e2 / h) TIPH TEM-

neparypax, OJU3KUX K HYJII0, MOXKET OBITh BEIYHCIICHA 1O hopMyJie

R (e=eV)f +

S(V) = {1 —|R% (&= eV)H

2

+ R*(e=eV)| R (e=eV) , (3)

‘2

R (&= eV)r [1—

R (&= eV)H+ 2

IJie TIOJIHBIC AMIUIMTY/IBI BEPOSTHOCTEH OTPAKEHHUS SJIEKTPOHA B AIIEKTPOHHOE
R*(€) u gpIpounoe Reh(s) COCTOSIHMSI BBIYMCIISIIOTCSL B pAaMKax TEOPUU PACCESHUS
¢ moMoIIblo (heHHMaHOBCKOTO MOAX01a K KBaHTOBOW MexaHwuke [11]. IIpu sTom
HE00XOIMMO YUYHUTBHIBATh CHMMETPUIO 3JIEKTPOHHOM BOJHOBOHM ()yHKIMU B CBEPX-
npoBOJsAIIEM MeTasuie (cM. popmyiy (2)).

Ha puc. 2 npeacrasiens! pe3yibTatsl pacuetoB akropa @ano F(V) = S(V)/Sp(V)
B 3aBUCUMOCTH OT HalpPsOKEHUs V 1711 KOHTAaKTOB € M30JIMPYIOIIMMHU OapbepamMu
pa3JIMYHOM IPO3padyHOCTU D, a TakKe I TOHKOW pasylopsiJOYEHHON H30JIU-
pyIOLIeH MPOCIONKM C MOMOILBIO YHUBEPCAIBHOIO PACHpeAeieHHs MPO3pavyHo-
creit D [10]. 3y4yeHo nBa THIa KOHTAKTOB — HA OCHOBE S- U d-BOJTHOBBIX CBEPX-
IPOBOHHKOB.

Puc. 2 nemoHcTpHpyeT ocobeHHOCTH noBenienus (akropa @aHo, XapakTepHbIe s
CBEPXIIPOBOAIINX CTPYKTYP C S- U d-BOJIHOBOH CUMMETpHEN ITapamMeTpa MopsiiKa.

20 l..-..l-.l..ll..a..g- ' ' B 20
:.'..'.:"“';4.{1
LSPTT" 1 L5
S Lof T "'-.?-,_ D6 . ] =10
0.5 e 0.5
\"-'—'—-—-0—-
| P S it 0 L spm=mme- R
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
eV/A eV/Ad
a o

Puc. 2. 3aBucumocts ot HanpsbkeHus V daxropa @ano F ans NIS TyHHENbHBIX Tiepexo-
JIOB CO CBEPXIPOBOIHUKAMH s-THMA (a) U d-trmia ¢ oo = 0 (6) mis pa3IudHbIX 3HAYCHUH
npo3padHocty uzonupyromei I npocnoviku D: 1 —1.0,2-0.8,3-0.6,4-04,5-0.2, 6 —-
0.1. Pe3ynpTaTr ycpeAHEHUs 3THX KPUBBIX C MTOMOULIbI0 YHUBEPCAIBHOIO pacHpeesieHus
[10] mokasan criomHo#M TnHuEH
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B o6mem ciyuae daxkrop dano F MeHseTCS OT HyJs, KOTJa BCe KaHaJbl MMOJHO-
CTBIO OTKPBITHI U Npo3payHocTu D; = 1, 1o enuHunel, koraa sce D; << 1 (myacco-
HOBCKH mipesen). [list He o4eHb MajbIX 3HaYeHuM npo3paunocrend D; < 1 apobo-
BOii mryM S(V) MeHbIIIe ITyacCCOHOBCKOTO Tpe/ernia, u B 3TOM citydae daktop dano
F(V)=S8(V)/Sp(V) < 1. Ho B TyHHETBHBIX T€TEPOCTPYKTYpaxX CO CBEPXIPOBOTHH-
KOBBIMH OOKJIaJIKAMU U C JIOCTATOYHO BBICOKOH MPO3payHOCThIO Oapbepa apodo-
BOIl IIIyM yCWJIMBA€TCSl BCJEACTBHE IPOLECCOB AHJIPEEBCKOT0 OTPaXKEHUsS, KOTO-
pbI€ MIPUBOJAT K JOMOJIHUTEIBHBIM (DIYKTYyallMsIM B KaHalle PaCCESHUS SJICKTPOH—
asIpKa (cM. ¢popmyiy (3), KoTopast BKIIOUaeT B ce0si aMIUTUTYy BEPOSTHOCTH aH-
npeeBckoro orpaxkenus R”). OH MOXKET YBeIHMUMBATLCS BIBOE TIPU IEPEXOJIE OJi-
HOMU M3 0OKJIAJI0K B CBEPXIIPOBOJIAIIEE COCTOSIHUE, YTO CBHJIETEIBCTBYET O TPAHC-
MOPTE JIBYX 3JIEKTPOHOB CKBO3b OTEHIIUAIBHBIN Oaphep.

Ha puc. 2 BuaHO, 4T0 007aCTh HANPSDKEHUH C OJTHOBPEMEHHBIM MPOXOXKICHU-
€M JIByX 2JIEKTpOHOB 4yepe3 NIS-cTpykTypy Maia npu d-BOJTHOBOM CHIapUBaHUH, B
TO BpeMs KaK B KOHTaKT€ CO CBEPXIPOBOJHUKOM S-TUIA MPU HANPSDKEHUAX V <
< Ale daktop ®aHO MOXKET OBITH paBEH JBYM B JIOBOJIbHO IIMPOKOW 00JaCTH Ha-
npsokeHud. Jleno B TOM, YTO KOTE€PEHTHOCTh MPOXOXKICHHUS JIBYX DJICKTPOHOB B
Clly4ae CBEpPXIpPOBOJIHUKA d-THIAa HAapyIIAaeTcsl BCJEICTBUE pa3dpoca 3HAYEHMI
sHepreTrueckoit memu A(®). Ilpu V' > Al/e B 06oux ciydasx ¢akxrop dano crpe-
MUTCS K IOCTOSIHHOW BEJIMYMHE, KOTOpasi COCTABJISET MPUMEPHO MOJIOBUHY ITyac-
COHOBCKOTO 3HadyeHus Sp. Kpome Toro, puc. 2 1eMOHCTPUPYET 3aBUCUMOCTD (hak-
Topa PaHO OT CUMMETPHH BOJHOBOH (DYHKIIMM B CBEPXIIPOBOJIHUKE CIIEIYIOIUM
00pa3oM: TyHHEJIbHBIE CTPYKTYpPbl HA OCHOBE CBEPXIIPOBOJHHUKA C S-THUIIOM CIa-
pUBaHHUA MMEIOT SPKO BBIPAKEHHYIO OCOOCHHOCTH LIYMOBBIX XapaKTEPUCTHK B
obnactu 3HepreTudeckoit menu; pakrop ®ano F rerepoctpykrypsl NIS ¢ d-Boi-
HOBBIM CBEPXIIPOBOJIHUKOM HE MMEET CYIIECTBEHHbIX U3MEHEHUH B 00JIaCTH Ma-
paMmeTpa dHepreTUudeckoil menu Ay BCIEACTBUE CUIIBHOW YTJIOBOW 3aBUCHUMOCTH
napametpa nopsgaka A(®).

Takum oOpazom, uzmepenue (aktopa Pano F(V) oOHapyKuUBaeT XapakTep
3JIEKTPOHHOIO TPAHCIOPTa Yepe3 UCCIeNyeMYI0 ME30CKOIMUYECKYI0 CHUCTEMY M
NO3BOJISIET C/IeNIaTh BHIBOJ O CUMMETPHUHU MapaMeTpa MopsaKa CBEPXIPOBOASIIETO
MeTaJa.

4. Jakiaouenue

B nanpHeiiniem sKcnepuMeHTalbHbIE MCCIIEA0BAHUS TEIIOBOTO U JIPOOOBOIO
IIyMa MOIYT IPENOCTaBUTL CBEICHUA O TUIIE CUMMETPHUHU IapaMeTpa IOpsAlKa,
KOTOPBIH OCTAeTCsI HESICHBIM B CBEPXIPOBOAHMKAX Ha OCHOBE kene3a [1,2].

YucneHHbIH pacyeT Mmokas3all, YTO 3aBUCUMOCTb MOIIIHOCTH TOKOBBIX (IyKTya-
i B TyHHENBbHBIX NIS-CcTpykTypax oT TemnepaTypbl 1’ U HanpsokeHus: V' Heno-
CPEICTBEHHO CBsi3aHa C CUMMETPHUEH CBEPXIPOBOJSILIETO MapaMerpa MOopsIKa.
Kaxk temmoBoii, Tak U poOOBOM IIyM BO MHOTOM OTPa)kalOT CUMMETPHIO Tapa-
MeTpa MOpsiIKa CBEPXIPOBOJHMKA, HA OCHOBE KOTOPOro CO3JaH TYyHHEJIbHBIN
KOHTAaKT: MOIIHOCTh paBHOBeCHBIX S(7) m HepaBHOBeCcHBIX S(V) daykTyaruit co-
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JepKUT B cebe MHPOPMALIUIO0 O CUMMETPUH BOJHOBOH (DYHKIIMM B CBEPXIIPOBOJI-
Huke. Haunbonee oueBMaHbBIE pa3nuuvsi B IMOBEICHHHM TYHHEIBHBIX XapaKTepH-
CTHK, [TOJly4YEHHBIX B HU3KOUYAaCTOTHOM npefene o — 0 Ipu MajbIX HaPsDKEHUSX,
00yCIJIOBJIEHHbIE Pa3HBIMU THIAMH CHUMMETPHM CBEPXIPOBOJALIETO HapaMeTpa
HopsijIKa, 1eMOHCTpUpYyeT puc. 2. Ha pucyHke BUIHO, UTO 00JIaCTh HANPSIKEHUH,
rae akrop PaHo paBeH 2, Maja IpHU d-BOJIHOBOM CIIApUBAHHH, B TO BPEMs KaK B
TYHHEJIBHOM KOHTAaKTe Ha OCHOBE CBEPXIIPOBOJIHUKA S-TUIA B CIIy4yae JOCTaTOYHO
NPO3pavyHOro MOTEHIMATBHOTO Oaprepa akTop PaHO MOXKET OBITh PABEH JBYM B
JIOBOJIBHO IIMPOKOW 00jacTu HampspkeHuil. B olmieMm ciydae Kak paBHOBECHbIE,
TaK U HEPaBHOBECHbIE (UIYKTyallMM TOKA B TYHHEJbHBIX CTPYKTypax JOCTaTOYHO
YyBCTBUTEJbHBI K CUMMETPUHU TapamMeTpa MopsaKa CBEpXIPOBOISALIETO MeTallla.
CpaBHenue paccuntanHbIx KpuBbIX F(V) u S(7T) ¢ s3KCiepUMEHTOM I03BOJIMUT OII-
pelleIuTh CUMMETPHUIO CBEPXIPOBOSILETIO MapamMeTpa Mopsjaka B Marepuaie, Ha
OCHOBE KOTOPOT'O CO3/1aH TYHHEJIbHbBII KOHTAKT.

Taxkum 00pa3oM, B JaHHOM paboTe ¢ MOMOLUIbIO HU3KOTEMIIEPATYPHBIX H3MeEpe-
HUI 1poOoBoro myma S = F2e(l), a Takke U3MEPEHUH TEIIOBOTO ITyMa TpH HyJie-
BBIX HANPSHKCHUSX MpeAJIaraeTcsi crnocod oOHapy>KeHHs THIA CUMMETPHM Iapa-
MeTpa MopsJIKa, KOTOPBIA MEHSETCS B )KEJIE30COAEPKAIINX CBEPXIIPOBOIHUKAX 1101
JIABJICHUEM: B 3aBUCUMOCTHU OT BEJIMUMHBI OCIEAHEr0 PEeaNn3yeTcsi CUMMETpUs d-
WIN S-TUIIOB B HccleAyeMoM cBepxipoBojaHuke [1,2]. IIpu HekoTopom KpuTHye-
CKOM 3HAa4€HUM THAPOCTATUUECKOTO JAaBJICHUS P NPOUCXOAUT U3MEHEHHE CHMMET-
pUM CBEPXMpPOBOASILIEro napamerpa nopsiaka A(®) pasHbIX 00pa3lioB MOHOKpPH-
CTaJJIOB YKeJIe30COAePIKaIlIX CBEPXIIPOBOIHUKOB, IIPH 3TOM LITyMOBBIE XapaKTepu-
CTHKH TYHHEJIbHBIX KOHTAKTOB, CO3JJaHHBIX HA UX OCHOBE, OyyT colepxarhb B cede
UH(pOpPMAIHIO O XapaKkTepe YIJI0BOW 3aBUCUMOCTH ITapaMeTpa MopsKa.
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LV. Boylo

THERMAL AND SHOT NOISES IN TUNNEL STRUCTURES
BASED ON SUPERCONDUCTORS WITH A DIFFERENT SYMMETRY
OF THE ORDER PARAMETER

A method is proposed for studying the superconducting order parameter with the
symmetry varied by the effect of hydrostatic pressure in iron-containing superconductors.
Numerical calculations of equilibrium and nonequilibrium current fluctuations in the
normal metal—insulator—superconductor (NIS) structures within the framework of the
scattering theory are presented.

Keywords: thermal and shot noises, superconducting order parameter, tunnel structures

Fig. 1. The relationship between the thermal noise power S in units of 2¢*/h and the
temperature 7 for tunnel junctions based on s-type (a) and d-type (6) superconductors as a
function of the barrier transparency D: / — 1.0, 2-0.8,3-0.6,4-04,5-0.2, 6 — 0.1.
The case of a thin disordered potential barrier (solid curve) is examined; the probability

hG 1
77 [10]

distribution of the charge transfer through it has the form p(D) = B Ry, D—T Y
e” D”'°(1-D)

Fig. 2. Voltage dependence of the Fano factor F for NIS tunnel junctions with s-wave
superconductors (a) and d-wave superconductors (6) for different values of the insulating
layer transparency D: 1 —1.0,2—-0.8,3—-0.6, 4 —0.4, 5— 0.2, 6 — 0.1. The result of the
curve averaging with using a universal distribution [10] is shown by the solid line
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PACS: 68.65.Ac, 75.47.De, 68.35.Ct

T.A. XavartypoBa, A.B. BacuneHko

MOOENUPOBAHWNE PABEOTbI CIMTMHOBOI'O ®UJTbTPA,
OCHOBAHHOIO HA KBAHTOBOM PASMEPHOM 3®®EKTE

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

CtaTtbsa noctynuna B pegakumio 24 mapta 2014 roga

Ipeonooicen u meopemuuecku 060CHOBAH HOBYLL MEMOO YEeaUdeHUs CNUHOBOU NOAAPU-
3ayuU MYHHEAUPYIOWUX INEKMPOHOE 6 MHOLOCIOUHBIX CIMPYKINYPAX ¢ HOMOWbIO KEAH-
M06020 pasmMeprHoco d(hpexma 6 eppomacHUMHOU MeMALIUYECKOU NIeHKe HAHOPA3-
MepHoti monwunvl. Mamemamuueckoe Mooeruposanue 3apsa008020 MpAHCHOPMA 6
NPOBOOAWUX 2eMEPOCTNPYKMYPAX HOKA3AN0, YMO pa3dpoc mowun marKoi nieHKu, He-
U30EHCHBIL 6 YCIOBUAX NPOMBIULIEHHO20 NPOU3BOOCMEA, HE OKANCEeMm CYUWeCEEeHHO20
GAUAHUSL HA 00cydcoaemblil d¢hhexm. Dmo nossoaum co30amv HOGble CHUHMPOHHBLE
YCmpoucmea 05l GLIYUCTUNENbHOU MEXHUKU ¢ 20pa300 Ooavuiell 3¢h)hekmusHocmobio,
yem cywecmeyrowjue.

KiroueBble cjioBa: MaTeMaTUYECKOE MOACIIUPOBAHUC 3apsAJ0OBOr0 TPAHCIIOPTA, KBAHTO-
Bas 3JICKTPOHHKA, CHHH-HOHHPHBOB&HHBIﬁ TOK, q)CPPOMaFHI/ITHLIe IIJICHKH, pa3MCpHBII>i

3 dexr

3anpononosano i meopemuuHo 0OTPYHMOBAHO HOBULL MEMOO 30iMbUeH S CHIHOBOI NOJIs-
pusayii mynenonuux eieKmponie y 6azamouaposux ecemepocmpykmypax 3a 00nomo20io
K8AHMOBO20 DPO3MIPHO20 ehekmy 8 epomacHimHuiti Memanesit NAigYi HAHOPO3IMIPHOL
moswuny. Mamemamuune MOOENOBAHHA 3apsA0068020 MPAHCNOPIMY 6 2eMePOCmPYKmY-
pax, wo npogoosmb, NOKA3AN0, WO PO3KUO MOBWUHU MAKOI NAIGKU, AKUL € HEMUHYYUM @
YMOBAX NPOMUCTI08020 BUPOOHUYMEBA, He BNIUBAE ICHMOMHUM YUHOM HA 062080PI0BAHUTL
ehexm, wWo 003601UMb CMEOPUMU HOBI CHIHMPOHHI NPUCMPOL 018 O0OYUCTIOBATLHOL
mexHiKu 3 Habaeamo OibULOI0 eQeKMUBHICMIO, HIJIC ICHYIOUI.

KarwuoBi cioBa: MaTeMaTHuHe MOJICTIOBAHHS 3apsAA0BOI0 TPAHCIOPTY, KBAHTOBA CIEK-
TPOHIKa, CIIH-TIOIAPU30BaHUI CTPyM, PEpOMarHiTHI TUTIBKH, pO3MipHUN e(heKT

BBenenne

CHuHTpOHUKA MPECTaBIsAET COOON HOBBIN pa3/ien KBAaHTOBOM 3JIEKTPOHUKH, B
KOTOPOM 0a30BBbIM 3JIEMEHTOM SIBJISIETCS] CIIMH 3JIEKTPOHA, a HE €ro 3apsj, KakK B
TPaJULMOHHBIX AIEKTPOHHBIX yCTpoiicTBax [1]. B cOBpeMeHHBIX BBIUMCINUTENb-
HBIX YCTPOMCTBAaX Y€ HUCIOJB3YIOTCS CIIMHTPOHHBIE T€TEPOCTPYKTYPBI B KaUeCT-
BE€ MAarHUTOPE3UCTUBHON ONEpaTUBHON MaMATU. B Hell B oTiiMuue ot o01enpuHs-
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TBIX THUIIOB 3alIOMUHAIOIIUX YCTPOMCTB MH(pOpMALM XPAHUTCS HE B BHJIE JIEK-
TPUYECKHUX 3apsSA0B WM TOKOB, @ B MAarHUTHBIX DJIEMEHTaX MaMsTH, KOTOPHIE
NpPEICTaBISIIOT cO00i /1Ba (peppOMAarHUTHBIX 3JIEKTpoaa 2 U 4, pa3leleHHBIX
CBEPXTOHKHUM cjioeM auanekTpuka 3 (puc. 1,a) [2].

OCHOBHOE, YTO MPEMATCTBYET HIMPOKOMY BHEIPEHUIO MarHUTOPE3UCTUBHOM
NaMATH, — 3TO HEJOCTATOYHO BBICOKAs CTETCHb CIIMHOBOM MOJSPU3AIMU 3JIEKTPO-
HOB MPOBOJUMOCTH B (DEpPOMArHUTHBIX METaTMUECKUX ciosix. [Ipobiaema B ToM,
yto y 3d-peppomarHeTukoB (;kene30, KOOAIbT, HUKEIb U UX CIUIaBbl), MCIOJIb-
3YIOIIMXCS B HACTOAIIEE BPEMs B MAarHUTOPE3UCTHBHBIX JJIEMEHTaX MaMSTH, €ro
BEJIMYMHA J1aXKe NPU HU3KUX TeMIiepaTypax nocturaer He 6onee 20-30% [3]. 3Ha-
YHUTEIFHO TOBBICUTH CTETNEHb CIIMHOBOW IMOJISIPU3AIMN SJIEKTPOHOB, TYHHEIUPYIO-
MUX B JETEKTOP, MOXXHO C MOMOUIbIO 3(p(PeKTa COMHOBON (PUIBTPALIUH, €CITU B
MarHUTOPE3UCTUBHOM 3JIEMEHTE MAMATH 3aMEHUTh OOBIYHBINA TUAJIEKTPUK Ha (ep-
POMAarHUTHBINA U30JISITOP, @ MArHUTHBIE AJIEKTPObI — Ha OOBIYHBIE METAILIBI [4].

~ W R
~ NUuidizw K

| e

a 9]

Puc. 1. CxemaTuueckoe nm300pakeHne cTaHAapTHOTO (@) U mpeajaraeMoro (6) mar-
HHATOPE3UCTUBHOTO 3JIEMEHTA MaMATH: | — TOIOKKA; 2, 4 — peppoMarHuTHBIC dJIeK-
Tpoabl; 3, 5 — NIBe UIACHTUYHBIC IO COCTaBY W TOJIIMHE MUAJIEKTPUUYECKHE HAaHOPa3-
MEpHBIC IIJICHKH; 6 — HAHOPa3MEPHBIN CJIOHM TOTO K€ (eppPOMAarHUTHOTO METaJlIa, YTO
Y 3JIEKTPOJbI 2 U 4

WHO# myTh yBEIMYEHUS! CIMHOBOM MOJISIPU3AIMU TYHHEJUPYIOIIUX JIEKTPOHOB
3aKJIIOYACTCS B MICMOIB30BAHMH OKCHIHBIX 0apbhepoB C OMpEeTIeHHON KPHUCTaIo-
rpaduyeckoil nmomsapuzanueir. OnHaKo, Kak HEOJHOKPATHO OTMEYANOCh B JINTEPA-
Type, BOHUKAIOIIUI MTPU 3TOM CPaBHHUTEIBHO OOJNBIION pa3dpoc (puznueckux ma-
paMeTpoB JieNlacT HEBO3MOXKHOM pealn3alnio COOTBETCTBYIOIIMX CXEM BBICOKOM
MHTETPALMH B IPOMBIIUIEHHBIX ycaoBusax. B 2013 1. B pabore [5] Oputa mpemioxe-
Ha HOBAasi MAarHUTOPE3UCTHBHAS siYCHKa MaMATH, B KOTOPOH MeX1y (heppoMarHur-
HBIM METAJUTMYECKUM CIIOEM-HHXEKTOPOM M HAaHOPa3MEPHOH IUICHKOH JM3JIEeKTpH-
Ka PacroyaraeTcst JOTMOIHUTENBHBINA CIIOH OpraHNYecKUX MOJIEKYJ. [ nopuamn3aus
HNIEKTPOHHBIX COCTOSIHUN C COOTBETCTBYIOLUIMMHU MOJIEKYJISIPHBIMH OpOUTAISIMU B
¢deppomMarHeTHke MPUBOJUT K TOMY, YTO OPTaHUYECKHE MOJIEKYJIBI MIPAIOT POJIb
CUHOBBIX (prnbTpoB. IIpu 3TOM CTENeHb CIMHOBOW TOJISIPU3AIMH TYHHEIUPYIO-
IIMX B JAETEKTOP JIEKTPOHOB CYIIECTBEHHO BO3pacTaeT. B uacTHocTH, €ro Bennyu-
Ha JUI KOHTAaKTa MEPMajIosl CO CBEPXTOHKHUM CIIOEM OPTaHMYECKHUX MOJIEKYJ JI0C-
turaet 38% yxke npu KoMHaTHOM Temneparype [6]. Hemoctatkom mompobHoro ycr-
pOMCTBa SIBIAETCS MPUCYTCTBUE OPraHWYECKUX MOJIEKYJ] BHYTPH MarHUTOPE3H-
CTUBHBIX 3JIEMEHTOB IAMSATH, YTO MPUBOJNUT K HEOOXOIMMOCTH PaANKAIBHOTO U3-
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MCHCHUA CYHICCTBYIOH_[ef/'I TEXHOJIOTUH H3TOTOBIICHUS CXEM BBICOKOM HUHTCTpalru.
3T0, B CBOIO O0YCPCAb, BbI3bIBACT 3HAYMUTCIILHOC ITOBBIIICHUC cebecTonMOCTH pas-
pa60TKI/I TEXHOJIOTUYSCKUX JTUHUN U MMPOU3BOACTBA MUKPOCXEM MaMATH.

Onucanue Mmojaejau

C nenbio COXpaHEHHS CYIIECTBYIONINX TEXHOJIOTHUECKHX MOIX0J0B, OCHOBAH-
HBIX Ha UCIIOJIb30BAHUM MHOTOCIIOWHBIX CTPYKTYp M3 HEOPraHWYeCKUX Marepua-
JIOB, B JaHHOW paboOTe IMpeiaraeTcsi MCIOJIb30BaTh JJISl YBEIWUYCHUS CIIMHOBON
NOJISAPU3aLUN TYHHEIHPYIOUIMX 3JIEKTPOHOB MPUHIMITNAIBHO HOBBIA CITMHOBBIN
¢GuIIBTp, OCHOBaHHBINA Ha ((eKTe pa3MEPHOTO KBAaHTOBAHHS B JAOMOJHHUTEIHHOM
(deppomaruuTHOM 1uieHke. OH MpeacTaBiasieT cOOOW JBE CBEPXTOHKHE IUAJICK-
TpUYECKHE IUICHKH 3 U 5, HISHTUYHBIE TI0 COCTaBY U TOJIIWHE, MEXIy KOTOPBIMU
pacmojoXeH HaHOpa3MepHbBIN cioil 6 geppomarnutTHoro 3d-meramna (puc. 1,0).
braromapst kBaHTOBOMY pa3smepHOMY 3(dekTy B HaHOpa3MEpHOH IIEHKE 6 TOJ-
IUHOM / 00pa3yIoTcs OTNEeNbHBIE YHEPreTHYeCKUe YPOBHH. [10CKONIBKY 3HaUeHHS
(epMUEBCKUX BOJHOBBIX BEKTOPOB JUIS AJIEKTPOHOB M3 30H C PAa3UYHOW CIHHO-

BOM OpPUEHTALMEN — CO CIIMHOM BBEPX (kPT ) U BHU3 (k# ) — 3HAYUTENBHO OTJINYa-

IOTCSL IPYT OT Apyra (kPT # k# ), COOTBETCTBYIOIIME SHEPreTUUYECKUE YPOBHU pa3-

JUYHBI, U BEPOSTHOCTb NPOXOXKICHUS OHJIEKTPOHOB uepe3 (eppoOMarHUTHYIO
IUIEHKY 6 Oy/eT 3aBUCETh OT HAIIPABJICHUS UX CIIMHOB.
DHepreTu4eckrue ypoBHU BHYTPU HAHOPa3MEPHOM NPOBOIAILIEH IUIEHKH BO3-

HHUKAIOT JJIS T€X 3HAYCHUM BOJIHOBBIX BCEKTOPOB kFT , IPU KOTOPBIX UMCET MCCTO

YCUJICHUE 3JIEKTPOHHBIX BOJIH: ZkPT [ = 2nm, rie n — NPOU3BOJIBHOE LEJI0€ YHCIIO.

W3BeCTHO, YTO DJIEKTPOHHBIE BOJHBI MOJHOCTBIO OCIAONSAIOT JIPYT Jpyra, €ciu
2ké' I ~(2m+1)n, rae m — mpou3BoIBHOE Ienoe 9ucio. [TyTeM moa6opa TOoNIMHEL

[ peppomarauTHOU TUIEHKH 6 (puc. 1,0) U ee KpucTaworpapuiIeckord OpUeHTAIINH
MOXHO JTOOMTHCS TOTO, UTO ISl JIEKTPOHOB C MPEUMYIIIECTBCHHBIM HAIPaBICHUEM
CIMHOB OyJieT HaOII0AThCsl KOHCTPYKTUBHAsA MHTEP(EPEHIIHS IEKTPOHHBIX BOJIH,
a JUIsl 2JIEKTPOHOB C NIPOTUBOIIOJIOKHBIM HAIllPaBJIEHUEM CIIMHOB — JECTPYKTHUBHASI.
OTOT NPUHLMII JIEKUT B OCHOBE IPE/IIaraéMoro HaMu CIIMHOBOTO (PHIIBTPA.
BounbTr-ammnepusie (/-V) XapakTepUCTUKU CIOUCTBIX THOPUAHBIX CTPYKTYp Oy-
JIEM pPacCUUTHIBATh MO METOJMKE, TpemiokeHHor B pabdote [7]. CormacuHo [7]
TPAHCIIOPTHBIE CBOMCTBA KBAHTOBO-KOT€PEHTHOI'O ME30CKOIMUUYECKOTO IPOBOIHU-
Ka [IPU 33JaHHOM HallpsHDKEHUHU CMELIEHUs V MOJTHOCTBIO ONPEeIIsAioTCss HabopoM
BEPOSITHOCTEU ITPOXO0KICHUS HIIEKTPOHA CO CIIMHOM G U 3HEpruei £ CKBO3b IaH-
HYI0 CTPYKTYPY D; (E,V). DTn BEpOATHOCTH SIBISIOTCS COOCTBEHHBIMU 3HAYE-

HUSIMU MaTpUIBl NEPeXo/ia, MPEeICTaBISIoNeH co0ol MpPOU3BEACHUE MaTPHIIBI
paccesiHusT Ha 3PMUTOBO-CONPSKEHHYI0. MHAEKC i oTBeyaeT pa3HbIM KaHAJIam
IPOBOJNMOCTH, B YACTHOCTH, B TPEXMEPHOM IJIaHAPHOU T'eTEPOCTPYKTYPE OH CO-
OTBETCTBYET PA3IMYHBIM yTiaM TaneHust 0, KoTopble 00pa3yloT 3JIEKTPOHHEIC
UMITYJIECBI C HOPMAJIBIO K TPAHUIIaM pa3zesa CIIOEB.
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Jnst Toro 4ToO0BI OLIEHUTH Y(PPEKTUBHOCTH MPEUIOKEHHOTO CTMHOBOTO (DHIIBT-
pa, paccuutaeM auddepenuunansuyto nposoaumocts G(V)=dI(V)/dV rerepo-

CTPYKTYPBbI, H300pakeHHOU Ha pHC. 1,6, B KOTOPOH BEPXHUMN DIIEKTPOJ 4 SIBIISCTCSI
HEeMarHuTHeIM MeTaiuioM. [Ipu temneparype 7' = 0 momyuum, uro [7]:

G )—

Dis(E=eV), (1)

5% (2p )
rae kj — mapaiiensHas HHTEpdencaM KOMIIOHCHTa BOJIHOBOTO BEKTOpa. 3ame-

TUM, 4TO B OTJINYME OT CTAHJAPTHOI'O TYHHEJIBHOTrO Mepexona ¢ Hedeppomar-
HUTHBIMH DJIEKTPOJAaMH B JIaHHOM CJlydyae CyMMHPOBAHHE BEIETCS IO JBYM
pasaMYHBIM MPOEKIHAM IUIOCKOCTEH MOCTOAHHOH 3Hepruu Sy (o =T, i). Nn-
JIEKC { COOTBETCTBYET Pa3HbIM yIJIaM MajieHus 0.

PaccunTaem BepOSTHOCTh MPOXOXKICHUS DJIEKTPOHA C ONPEACTICHHBIM CITUHOM
yepe3 CHUHOBBIA (PUiIbTp, n300paxeHHsli Ha puc. 1,6. CymecTByeT OecCKkOHEUHOe
MHOXECTBO ITyTeW Mepexo/1a U3 OJHOTO 3JIEKTPoJa B IPYroi uepes aByxOapbep-
HBI Y4acTOK C HECBEPXIPOBOSIIECH METAUIMYECKON MPOCIONKON TONIIMHON /.
[Ipocreiimmii npeacTasiser codoi MpoxXoXkaAeHUE yepes 1Ba Oapbepa ¢ aMIUIUTY-
namu ) =t, =t(k) =—icos0/(Z—icos0), rne Z =Uyd /(hvg), Uy n d — BeicoTa
U ToNIuMHa Oapbepa, vp — pepMmueBckas ckopoctTh. Ilpu 3Tom Haber ¢a3zbl mpu
JBIDKEHUU 3apsga Mexay Oapeepamu ¢ =kl/cosO [7]. Bropoii myTh BKITIOUaeT
B ce0s JBa JOMOJHUTEIBHBIX OTPaXEHUS OT OapbepoB C aAMIUIMTYIAMH
n=r,=r(k)=—Z/(Z—-icos0) [7] u nonosHUTeNbHbIA HaOer (a3bl, paBHBIA 2 ;
TPETUI BapUaHT — YEThIpE OTPaXXKeHUs1 0T OapbepoB ¢ Haberom ¢assl 4¢Q U T.1.

CymMa Bcex BKJIQJIOB AJIs ONPEIENIEHHOTO i-I0 KaHaja (MHAEKC i OITyCKaeM) paBHa

1 exp(iQ)t,
1—r exp(2ig)r

t =t exp(iQ)ty (1+ 11 exp(2iQ)r, + 11 exp(2iQ)ry 1 exp(2iQ)ry +...) =

Torna BepoSTHOCTD TYHHENHMPOBAHUS CKBO3b MPEIIOKEHHBI HAMHU CIHHOBBIN
GuIBTp B i-M KaHaie

D=lif = ! .0

-1
#| 2= - | ~2Re{riry expe2io} |([af o )

[Toacrasmsis (3) B (1), momydaem nuddepeHnanbHy0 TPOBOIUMOCTh B OJJHOM U3
CIIMHOBBIX KaHaJIOB. HpI/I AO0CTATOYHO MaJIbIX HAMPSKCHUAX CMCILICHUA OHA SBJISA-
€TCs1 KOHCTAHTOM.

PaCCMOTpI/IM MaFHI/IT0p63I/ICTI/IBHLII\/JI JJIEMCHT IIaMATH C KCJIC30M B Ka4CCTBC
dbeppomarauTHoO# mieHkH 6 (puc. 1,0). [Ipu KoMHaATHOM TemIiepaType KpUCTa-
JIUYecKasi pelieTKa xeye3a Kyonueckas 0ObeMHOIICHTPUPOBAHHAS — dJIEMEHTAp-
Has sYeiika mpecraBiseT co0oit kyd ¢ pedpom 0.29 nm. CornacHo pacueram [8]
JAOMUHHPYIOIIUMHU HOCHUTCIIIMU TYHHCJIIBHOI'O TOKa SBJIAIOTCSA SJICKTPOHLI d—30H,
npuyeM sHeprun depmMu IByX 30H € pa3sHbBIMU HAIPaBICHUSIMH 3JIEKTPOHHBIX
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CIIMHOB B KeJie3e paBHbl 2.25 eV i 3JIEKTPOHOB CO CIIMHAMM NTPEUMYLIECTBEH-
HOro HampasieHus (cnuH BBepX) U 0.35 eV — a1 371eKTpOHOB ¢ MPOTUBOIOJIOXK-
HO OPMEHTHPOBAHHBIMM CIIMHAMHU (CIMH BHHU3). TO COOTBETCTBYET 3HAUCHMSIM
(bepMHEBCKUX BOJIHOBBIX BEKTOPOB 7.6 nm’’ IUIs CIIMHOB BBepX U 3.0 nm ' — JUISL
cnuHOB BHU3. Ecin TonmmuHa (heppoMarHUTHOW MPOCIONKU 6, OPHEHTUPOBAHHOM
BJIOJIb OJTHOTO U3 pebep KyOa, paBHa 13 aTOMHBIM cllosiM (T.€. cocTaBisieT 3.7 nm),
TO JUISl 3JIEKTPOHOB C MIPEUMYIIIECTBEHHBIM HAMpaBJICHUEM CIMHA UMEET MECTO KOH-
cTpyKTHBHas uHTepdepeHuus 2kp/ ~2nm (tae n = 9), a Ui SIEKTPOHOB C MPOTHU-
BOIIOJIOKHBIM CIIMHOM — JECTPYKTHBHas MHTEpPEpeHLHUs ¢ 2kf:Ll z(2m+1)ﬂ:
(m=23).

OcHoBHasi TPy/AHOCTb MPAKTUYECKON peanu3alii ONHMCAHHOW IreTepOCTPYKTY-
pBI 3aKJII0YAETCsl B HEOJHOPOJHOCTH (PEppOMArHUTHOM MPOCIIONKHU MO TOJNIIUHE.
Mertouka, npeayiokeHHas B [7], IO3BOJIIET y4ecTh BO3MOXKHBINM pa3Opoc mapa-
MmeTpa /. Pe3ynbpTaThl YMCICHHBIX pacu€TOB BIMSHUS IIEPOXOBATOCTH MPOCIONKH
6 (puc. 1,6) Ha 3pPeKTUBHOCTH CIMHOBOM (PUIBTpALIMU, KOTOPYIO MBI ONpEAes-
eM kak y=(Gy(V)-G (V) /(Gr(V)+G (V)), npencrasnensl Ha puc. 2. Ilpu

pacueTe Mbl MPEINOJIOKHUIN, YTO UcXonHas 3((eKTuBHOCTH (heppOMarHUTHOTO
uHxekTopa 2 (0e3 nononHuTenbHOro punstpa) cocrapiseT 20%.

[—
o

Puc. 2. Bausaue pazbpoca TONIIMH
(heppoOMarHUTHOM MPOCITOWKH Ha 3a-
BUCUMOCTh 3(P(PEKTUBHOCTH CIHHO-
BOM (DHIIBTPAIMH OT CPEIHEH TOJIIHU-
Hel [g: —— 1 =1y, - — 1= (1 £ 0.1)l,
---—1=(1 £ 0.2)/y. OcHOBHBIC T1a-
paMeTphl pacyeToB YKa3aHbl B TEKCTE

@
W

|
<
W

Spin-filtration efficiency
[

L
=

0 0.5 1.0 1.5 2.0
Thickness of the ferromagnetic interlayer, nm

W3 puc. 2 BUIHO, 4TO pa3zdpoc TOMMKH (HEPPOMArHUTHON MPOCIOMKH UIpaeT
HE3HAUUTENbHYIO POJIb IPU CPEAHUX 3HAYCHUsAX /) < 2 nm, MpUYeM Jaxke C yue-
TOM €€ IIEPOXOBATOCTH CTENEHb CIIMHOBOW (DMIBTpAIM MOXET BO3pacTd B 4—5
pa3. 3aMeTHM TaKkKe, 4TO C TOMOIIbI0 MPEUIOKEHHOTO CIUHOBOTO (UIBTpa
MO>KHO MEHSTh J1a’K€ 3HAK CIMHOBOM MOJISIPU3ALINH.

3akJaroueHue

Takum o0pa3om, TeopeTH4ecKl 00OCHOBAH HOBBIN METO/[] CO3/1aHUS UCTOUYHUKA
CIUH-TIOJISIPU30BAHHBIX AJIEKTPOHOB C IMOMOIIBI0 KBAHTOBOTO Pa3MepHOTo A dek-
Ta B (DeppOMArHUTHOM TUICHKE HAaHOPA3MEPHOU TOIIIMHBEL. MaTeMaTndeckoe Mo-
JETUPOBAHKE 3aPSA0BOT0 TPAHCIIOPTa B MHOTOCIOMHBIX CTPYKTypax MoKazaso,
YTO pa3z0dpOC TOJIIMH TaKOW IJICHKH, HEM30EKHBIM MpU MPOMBIILICHHOM MPOU3-
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BOACTBC, CYHICCTBCHHO HC BJIMACT HA BCIIMYUHY CIIMHOBOM noJsipu3anuu. bnaro-
Japss 5TOMY MOXKHO 3HAYUTCIBbHO PACIIMPHUTH (1)YHKHI/IOH3.J'II>HI)I€ BO3MOXXHOCTHU
CIIMHTPOHHBIX YCTpOP’ICTB, HCIIOJIb3YCMbIX B COBpeMeHHOI‘/JI BBIUMCIIMTEILHOM TEX-
HHKCE.

1. A. ®@epm, YOH 178, 1336 (2007).

2. J.S. Moodera, J. Mathon, IMMM 200, 248 (1999).

3. J.S. Moodera, L.R. Kinder, J. Appl. Phys. 79, 4724 (1996).

4. T.S. Santos, J.S. Moodera, Phys. Rev. B69, 241203 (2004).

5. 8. Steil, N. Grofmann, M. Laux, A. Ruffing, D. Steil, M. Wiesenmayer, S. Mathias,
O.L.A. Monti, M. Cinchetti, M. Aeschlimann, Nature Physics 9, 242 (2013).

T.S. Santos, J.S. Lee, P. Migdal, 1.C. Lekshmi, B. Satpati, J.S. Moodera, Phys. Rev.
Lett. 98, 016601-1 (2007).

7. M. Belogolovskii, Phys. Rev. B67, 100503(R)-1 (2003).

8. A.H. Davis, J M. MacLaren, J. Appl. Phys. 87, 5224 (2000).

3

T.A. Khachaturova, A.V. Vasilenko

MATHEMATICAL MODELING OF THE WORK OF A SPIN FILTER
BASED ON THE QUANTUM SIZE EFFECT

A new method has been suggested and theoretically substantiated for enhancement of
spin polarization of tunneling electrons in multi-layer structures at the rate of the quantum
size effect in a ferromagnetic metal film of nanoscale thickness. Mathematical modeling
of the charge transport in conducting heterostructures has demonstrated that the unavoid-
able thickness modulation does not substantially affect the discussed phenomenon. This
fact allows creation of new spintronic devices of much higher efficiency, as compared to
the existing ones.

Keywords: mathematical modeling of the charge transport, quantum electronics, spin-
polarized current, ferromagnetic films, size effect

Fig. 1. The scheme of the standard (a) and our (6) magnetoresistive random access mem-
ory: I — substrate; 2, 4 — ferromagnetic electrodes; 3, 5 — two nanosized insulating films
of the same composition and thickness; 6 — nanosized layer of the same ferromagnetic
metal, as in electrodes 2 and 4

Fig. 2. Effect of the ferromagnetic interlayer thickness variation on the average thickness /g
dependence of the spin-filtering efficiency: ——[=1[y, - - - —I=(1 £ 0.1)lp, - - -— = (1 £ 0.2)];.
The main parameters of the calculation are indicated in the text
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KO.M. HukonaeHko, H.N. Me3uH, H.b. 3dpoc, B.N. KameHeB

CEHCOP M3MEHEHW MATbIX BENMYMH N HAMPABIIEHU
MOCTOAHHOIO MArHNTHOIO MOJIA

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

CtaTtbsa noctynuna B pegakuuio 5 Hos6ps 2014 roga

DKCnepumMenmanbHo UCCIe008aHO GUAHUE AHUZOMPONHBIX MASHUTHBIX CEOUCME INU-
MAKCUAIbHBIX NIEHOK Jicesiezoummpuesoco epanama (JKUI) na xapaxmepucmuku cem-
COp08, NPeOHA3HAUEHHbIX OJisL MOHUMOPUHEA MANbIX U3MeHeHUl MacHumHozo noas (MII)
¢ gpemennvim macuwimabom I1-10 s. Ilokazano, umo peanvHas 4y8CmMEUMEIbHOCMb CEH-
COpO8 KpUmu4ecKu 3asucum Om OPUEHMAYUU B030YHCOAOue20 BblCOKOUACHMOMHO20
(BY) nonsa no omuoweHuio Kk KpUCMAaiioepaghuueckum ocsam nieHKu u nooaoxcku. Boisac-
HeHa B03MOJNCHOCMb (DOPMUPOBAHUSL Y CEHCOPOS Y3KOU OUASPaAMMbl HANPABLEHHOCIU U
U3OUpamenvbHol Yy8CMEUMENTbHOCMU K HANPAGIEeHUIO0 8eKmopa eHeuine2o MI1.

KaroueBble ciioBa: CCHCOp, MarHuTHOE I10JI€, YyYBCTBHUTCIBHOCTh, aHU30TPOIINA, Mar-
HUTHAas BOCIIPUMMYUBOCTD, JUAr'PAMMa HANTPaBJIICHHOCTHU

Excnepumenmanvno 00cniodceHo 6naue aHi3omMpONnHUX 61acmugocmelt enimaxcitiHux
nIigoK 3anizoimpinogoeo epanamy (3I)) na xapaxmepucmuxu ceHcopis, Wo NpusHaueHi
OJ1s1 MOHIMOPUHZY MAUX 3MiH macHimuozo noas (MII) 3a wacosum macwmabom 1—10 s.
llosedeno, wjo peanvna yymaugicms CeHCOPI8 KPUMUUHO 3ANedHCUMb 8i0 opieHmayii 6u-
coxouacmomnozo (BY) nons 36y0ocentsn no 6iOHOWeHHIO 00 Kpucmanioepagiunux ocetl
NIIBKU MA NIOKAAOKU. SHATIOEHO MONCTUBICIb (POPMYBAHHA Y CEHCOPI8 8Y3bKOI diacpamu
CNpAMO8aHocmi ma eubipkosoi yymaugocmi 0o opieumayii 6ekmopa 306Hiuinbo20 MI1.

Karo4oBi ciioBa: ceHCOp, MarHiTHE 1MoJie, Yy TJIMBICTh, aHI30TPOITisl, MATHITHA CIIPUIAHAT-
JIUBICTh, AlarpamMa CIpsIMOBaHOCTI

Cy1iecTByeT HECKOJIbKO HAYYHBIX M TEXHUYECKUX 3a/ady, IJs PELIeHUs KOTO-
pBIX HEOOXOAMM MarHUTHBII MOHMTOPUHI BHEIIHEH Cpejbl C LENbl0 KOHTPOJISA
baykryanuit MII paznuyHOro BpEeMEHHOTO M aMIUIMTYyAHOrO Mmaciirabda. ITo,
IIPEKIE BCEro, PEIICHNE DKOJIOTMYECKHMX 3a/1ay, CBA3AHHBIX C JUINTEIbHBIM BO3-
neiictuem Bapuanuii MII Ha xuBble opranusmsl [1]. KoHTposb BpeMEHHBIX H3-
meHeHuit MII nns npenckasanus 3eMIETPSICEHUH, pa3pylieHUi TpyOOIpOBOAOB U
XKene300eTOHHBIX KOHCTpYKIui. KoHTposs mepeMenieHus: yepe3 KOHTPOJIHPYe-
MYIO 30HY MarHMUTOAKTMBHBIX NMpEAMETOB (MOOMIIBHBIX Tele(OHOB, U3JCIUN U3
YEPHBIX METAJJIOB, PAJAUOTEXHUYECKUX YCTPOMCTB, CTAHAAPTHOTO OpyXkHUs) [2].
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B nHacrosiee BpeMs Ha pbIHKE MIMPOKO MPEACTABICHbl MATHUTOMETPBI JIJISl Ha-
YYHBIX, B TOM YHCJI€ MEIULUHCKUX U OMOJIOrMYECKUX, uccienoBanuii. OTaemns-
HBII KJIacC MPEACTABISIIOT Pa3IMYHbIE CHUCTEMBI TAMOXKEHHOro KoHTpouss. Ilpe-
JIeNIbHYI0 YyBCTBUTENBHOCTh (HA YPOBHE 10 T) obecneunsator CKBU/I-mMaruu-
ToMeTphl. Jljis paboThl TakuX YCTPOMCTB HEOOXOJUMO IIIyOOKOE OXJIa)KICHHE
CEHCOPHBIX SYEEK J0 TeMIlepaTyp KuAKoro renus. Kpome Toro, nnsi KOHTpoJs
cToip Majibix u3MeHeHuit MII tpeOyercs co3gaHue crielMaabHBIX YCIOBUH, IO-
3TOMY TaKH€ CHCTEMBI SIBJISIOTCS CTALMOHAPHBIMU M IOPOrOCTOAIMMU. Bbicoko-
TOYHbIE MAarHUTOMETPHI JJI1 Hay4YHBIX HCCJIEIOBAaHUI HAa OCHOBE SJEPHOIO Mar-
HUTHOTO PE30HAHCAa MEHEE IPOMO3JIKME, HO TaK K€, KAK 1 MarHUTOMETPBI Ha OC-
HOBe d(¢dekra Xomia, HE MO3BOJISMIOT KOHTPOJMPOBATH OTHOCHUTEIHHO Mallble
(< 10~ T) 3nauenusst MII. Bmecte ¢ TeM cinemayeT OTMETHUTb, UTO B JIUTEpAType
€CTh COOOIIEHNUS 0 pa3pabOTKe XOJIOBCKUX JAaTYUKOB ¢ 0oJiee BHICOKOW YYBCTBH-
TEJIBbHOCTBIO — BILIOTH J10 107 T. MarauTomMeTphl U METaJUIOUCKaTeNH, paboTaro-
M€ Ha MHIYKIIMOHHOM MPUHIIMIIE, XapaKTepHU3yloTcs Oosee BBICOKOH (10 10" T)
YyBCTBUTEIBHOCTHI0. OHU XOPOILIO KOHTPOJIMPYIOT NIEPEMEHHBIE MOJS U OTHOCH-
TeNbHO ObICTpBIe M3MeHeHus: MII, HO He TpeaHa3Ha4YeHbl Ui KOHTPOJIS MeJIeH-
HeIx Bapuanuii MII ¢ BpemeHHbpIM MacmTaboM > 1 s. DTO orpaHMYeHHE Xapak-
TEPHO W JUIsI MHOTHX Pa3HOBHIHOCTEH MarHUTOMETPOB Ha OCHOBE (heppO30HIOB,
MOCTPOCHHBIX C HCIOJIb30BAHUEM CEPJCYHHUKOB U3 IMOJUKPUCTAIITUYECKUX (ep-
putoB. HeoOX0aMMO OTMETUTH, YTO CTAIllHOHAPHBIE METAJUIOMCKATENIN JJISl TaMO-
JKEHHOTO KOHTPOJIS TaKXe HMCHOJB3YIOT MHAYKIHMOHHBIM npuHnun. K Hemocrart-
KaM CYIIECTBYIOLMX CUCTEM CIEAYET OTHECTU TO, YTO OHHM UyBCTBUTENBHBI KaK K
MarHUTOAKTUBHBIM, TaK U K AJIEKTPONPOBOIALINM IpeaMeTam (1IoKkoa B 00epT-
K€ U3 aIIOMUHUEBON (PONIBru), Mo3ToMy Ui UIeHTH(UKAIUU 00BeKTa TpeOyeTcs
Hey1I00Has MmpoLeaypa JOMOTHUTEIFHOTO KOHTAKTHOTO 1I0CMOTpA.

Taxum 06pa3zoM, CyIIeCTBYIOIIKE TPUOOPHI HE B MOJHOW MEPE yIOBIETBOPSIOT
3ampocaM COBPEMEHHBIX TEXHOJIOTMH, CBSI3aHHBIX C BBICOKOYYBCTBHUTEJIBHBIM
KOHTPOJIEM OTHOCHUTEIHHO MeIeHHbIX Bapuanuid MII. B pabore [2] ans MarHuT-
HOT'O MOHUTOPUHTA BBIJIEJICHHON 00JaCTH MPOCTPAHCTBA OBLIO MPEAIOKEHO MHO-
rOKaHAJIbHOE yCTPOWCTBO, B KOTOPOM B Kaue€CTBE CEHCOPOB NPHUMEHSIOTCS SIU-
takcuanbHble TuieHKH JKUI'. B HacTosimieit paboTe mpencTaBlieHbl pe3yJIbTaThl
UCCJIEJOBAaHUM JTONIOJHUTEIBHBIX BO3MOXKHOCTEHM, KOTOPHIE BO3ZHUKAIOT IIPU MC-
MOJIb30BaHUU (EPPOMATrHUTHBIX IUIEHOK C aHU30TPOITHBIMU MAarHUTHBIMU Xapak-
TEPUCTUKAMH.

[Tnenku )KUI" ©”HTEHCUBHO M BCECTOPOHHE M3y4anuch B 70—80-e IT. mponuioro
CTOJIETHUS Uil pa3pabOTKK YCTPOWCTB MAarHUTHOM MaMsITH, OCHOBAaHHOM Ha co3Ja-
HUU W YNPABICHUHM CTPYKTYpOW LMJIMHAPUYECKHMX MArHUTHBIX J0MeHOB. K Ha-
CTOSIIIIEMY BPEMEHU aKTyaJIbHOCTb YaCTU PE3yJIbTAaTOB OblIa yTpadeHa B CBSI3U C
pa3paboTKO# 00Jiee COBEPIICHHBIX YCTPOHUCTB KOMITBIOTEPHON MaMsTH Ha OCHOBE
WHBIX NpUHIHUNOB. TeM He MeHee BO3MOXKHOCTh ucmosib3oBaHus JKUI -mieHok
JUISl CO3/TaHUSI BBICOKOYYBCTBUTENIBHBIX CeHCOPOB MII BbI3BasIa HOBBINM MHTEPEC K
UX HcclenoBaHuio. B wacTHocTH, aBTOp O0Jee mo3mHel padoThl [3] mpenacTaBui
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pe3yJIbTaThl MOJEIUPOBAHUSA IIPOLECCOB AHU30TPOIHOTO HAMArHUYMBAHUSA B
rienkax JXUI, BeIpaleHHBIX METOIOM KHUIKO(Pa3HOW SMUTAKCHH Ha TIOIIOKKAX
raponunuii-rammesoro rpanara (I'TT) ¢ opuenranueii [111]. M3-3a Gonbioii Be-
JUYMHBI (PAKTOpa pa3MarHU4YMBaHMs CIIOHTAHHAs HAMarHMYEHHOCTb B HOPMajlb-
HOM K IUJICHKE HalpaBieHUU ocyabiieHa, U pe3yJIbTUPYIOLIH BEKTOp HaMarHu-
YEHHOCTH JIEKUT M0J] HEOOJIBIIIUM YTJIOM IO OTHOLIEHUIO K MOBEPXHOCTHU IIJIEHKHU.
[Tpouecc mepemarHu4MBaHUs IJICHKU SBIIAETCS aHU30TPONHBIM. Ilomumo kpu-
crayutorpaduueckoi (KyOMUecKoil) aHM30TPONHH HAOIIOMAaeTCsl U TaK Ha3bIBae-
Masl «HaBeleHHas» aHu3zorponus. [locnenHss, Kak NpaBUIIO, XapaKTEpPHU3YyeTCs
180-rpagycHoli cUMMETpHe W 00yCIIOBJIEHA TEXHOJIOTHUYECKUMHU IapaMeTpaMu
pocta ieHku. OO1as KapTUHa Mpolecca HAMarHUYMBAaHUS TJICHKU BO BHEIIIHEM
I10JIE JOBOJIBHO CJIOXKHAsI, TOCKOJIBKY 3aBHCHUT OT KOHCTaHT aHW3OTPOIINHU, OT Be-
JUYUHBI U KOHQUTypaly Bo3JAeHCTBYIONMX nojeil. Kpome Toro, oT BeIMuuHbBI
BHemHero MII 3aBucuT HanuuuMe U BUJ JOMEHHOU CTPYKTYphl. [Ipn peanusanun
OJIHOIOMEHHOTO COCTOSIHHSI B 3aBUCHUMOCTH OT opueHTauuu BHemHero MII mo
OTHOIIECHUIO K KPUCTAJIIOrpapuuecKuM HaNpaBJIEHUSIM B IJIOCKOCTU IUJIEHKU MO-
I'YT pPeajan30BaThCsl HECKOJIbKO KOH(MUIYypaluii HaMarHU4E€HHOCTH, MPU KOTOPBIX
HOPMAJIbHAsi KOMIIOHEHTa M3MEHSET 3HAK WM ucdesaeT. [lmockocTHas kommo-
HEHTa HAMAarHM4YE€HHOCTH XapaKTEpU3YETCs TPeMs OCSIMM JIETKOTO HaMarHU4MBa-
Hus [3].

B nanno#t pabore uccinenoBaHa MarHuTHas BocnpuumunBocTh KU -muieHkwy,
HaxoAIIENCs OAHOBPEMEHHO ITOJ BO3AckcTBUEM IepemeHHoro BU-mons u no-
CTOSIHHOTO T0JIs nmoaMarHuuuBanus. Hamnpasnenne BYU-nosns MokeT M3MEHATHCSA
[0 OTHOIIEHHIO K Kpuctauorpagpuyeckum ocsiM JKUIT Tonbko B MIIOCKOCTH
IUIEHKHU, a HalpaBJIeHUE MOJIs MOJAMAarHUYMBAHUSA MOXKET ObITh MPOU3BOJIBHO 3a-
JTAaHHBIM.

ScHo, uto pabota ceHcopoB MII MoxeT ObITh pealn30BaHa Ha OCHOBE He-
CKOJIBKUX (PM3NYECKUX MEXaHW3MOB, BKIIIOYAsl 3aBUCHMOCTh HAMAarHHYEHHOCTH U
MarHMTHOM BOCIIPUMMYHMBOCTH IUIEHKH OT BUJIA U IMHAMUKH JOMEHHOU CTPYKTY-
pBl, a TaKXke OT B3aumojencTBus BY-mosst ¢ MakpOCKONMYECKMM MAarHUTHBIM
MoMmeHTOM. [IpenBapurenbHOE Hcciel0BaHUE BHJA TOMEHHOM CTPYKTYpBI C IO-
MOIIBIO TOJIAPU3ALMOHHOIO MMKPOCKOMNA I10Ka3aja0, YTO XapaKTEpPHBIA pa3Mep
nomeHoB B JKUI'-nnenke Ha ['TT-nomnoxke B BUae aucka auameTpoM 18.5 mm
COCTaBJISIET OKOJIO 5 |Wm, YTO MPUMEPHO COBMAAAET C TONIIMHON mieHku. Kaptu-
Ha JJOMEHHOH CTPYKTYpbI ITOJABMKHAS U JIETKO U3MEHSETCS B 3aBUCUMOCTH OT Be-
JUYMHBI U HaIpaBlIeHUsT HEOOJIIOrO0 BHEIIHErO MOJs MOJAMAarHUYMBAHUSA, UYTO
JIOCTaTOYHO XOPOLIO U3y4eHO [4].

Uccnenosannas ruienka JKUI Opla BbIpalieHa METOJOM KUIAKO(GA3HOM AMH-
takcuu Ha ['TT-nonnoxke ¢ opueHrarueit [111] B HOpManbHOM K MOBEPXHOCTH
HanpaBJieHUU. MarHuTHbIE XapaKTEPUCTUKH M3y4yald AaBTOAUHHBIM METOJIOM.
[Inenky nmomMenianu B KaTyILIKy, KOTOpasi CIy»HJIa pe30HAHCHBIM KOHTYPOM aBTO-
reHeparopa, MO3BOJLIIOLIETO B IIMPOKHUX Ipefenax M3MeHATh aMiuTyny BU-
nons. HanpasineHnne MarHUTHOM cocrasistomern BU-nons coBnagano ¢ miocko-
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CTBIO IJICHKU. JJI1 N3y4YeHHs YIJIOBBIX 3aBUCUMOCTEN JUCK MOJIOKKH C IJIEHKOU
C MOMOIIBIO CHENMATIBHOTO MEXaHUYECKOT0 MPUBOJIa MOT' BpaIllaThCsl BOKPYT OCH
CUMMETPHUH AMCKA HA JOCTaTOUYHO TOYHO KOHTPOJIUPYEMBIN yTOII.

K BaXHBIM METOJIMYECKUM pE3yJIbTaTaM CJIEyeT OTHECTH BBISICHEHHME 3KCIIe-
PUMEHTAIBHBIX YCIOBHH, IIPU KOTOPBIX OTAEIBHO MPOSBIIAETCSA KaXAbIH U3 IBYX
BUJIOB aHM30Tpomnuu IuieHku. Ha puc. 1 npuBeneHbl yriioBble 3aBUCUMOCTH Yac-
TOTHI TeHepaTtopa B pexume manoil (He Oonee 50 mOe) ammuryast BU-nosns.
[Ipn HanMuMK BHEIIHETO MOCTOSHHOTO IMOJI MOJMarHUYMBaHUS BEITUYUHON OKO-
10 Hy = 5 Oe, HampaBieHHE KOTOPOro KOJUIMHEAPHO C HalpaBJICHHEM BEKTOpa
BUY-nons, nposiisierca 120-rpagycHas anuzotponus (puc. 1,a). [Tockonbky st
Masioro rnepemenHoro BU-mosst mpsiMmoe n 00paTHOE HANPaBJICHUST SKBUBAJICHTHHI,
daktuyecku HaOmomaercs 60-rpagycHas cummetpusi KpuBblx F(¢). ScHo, yTO
TaKOM BHJI KPUBBIX BBI3BAH KPUCTANIMYECKON aHU30TPOMHEHN, KOTOpas MPOSBI-
€TCsl 4epe3 YIVIOBYIO 3aBUCMMOCTb MAarHUTHOW BOCIIPUUMMYMBOCTH IIJIEHKH, MPH-
yeM yObIBaHHE YaCTOThl COOTBETCTBYET €€ POCTY.

2820 2720
28151 -
N -
N
= 2810- E%
w ~ 2710
2805
28001 2705/
60 120 180 240 300 360 0 60 120 180 240 300 360
¢, deg ¢, deg
a o

Puc. 1. 3aBUCHMOCTh PE30HAHCHOMN YaCTOTHI KOHTYPA OT yIJia M1y HampasieHuem BU-
IMOJId U BBIACJICHHBIM HAIIPpaBJICHHUEM IIJICHKHU IIPU IMOCTOAHHOM II0JIC IMOAMAarHu4MBaHUA
Hy, Oe: a — 5, 6 — 0; %, ® — 5KCIIepUMEHTAJIbHBIC TaHHbIE; CIUTONIHAS KPUBAs — 3aBUCH-
MOCTh: @ — F' ~ cos(6¢), 6 — F ~ 5.2cos(2¢9) + 2cos(6¢)

Ha puc. 1,6 npuBeneHa Takas k€ 3aBUCUMOCTb, HO B OTCYTCTBHE IOJIS MOJ-
marHnuuBanus. Kak BunHo, 180-rpagycHas aHM30TpONMs B 3TOM Cllydae MpOsB-
asiercs ¢ 6onbieil aMmanTynoil. OTMETHM, YTO «HABEACHHAs» aHU30TPOINUS Ipe-
BaJIMPYET HaJl KPUCTAJUIMYECKON U B Cilydae, KOI/a I10JIe TOJMarHM4MBaHus Be-
ananHoi Hy =5 Oe opueHTHpPOBaHO BJI0Jb HOPMAJIBHOI'O K IIJICHKE HAIPABJICHMS.

Takum oOpa3oM, maHapHoe moiyie BenmumHoW Hy = 5 Oe, mocratouHoe st
(opMHpOBaHUS OJHOJOMEHHOTO COCTOSHHSI B IUIEHKE, NIPU B3aUMOAEUCTBUM C
BY-nonem mposBiIseT KpUCTAUIMYECKY0 aHU30TPOINIO. be3 moss nogmMarHnyusa-
HUS NIPOSIBIISIETCS. «HABEICHHAS) aHU30TPONMS U3-3a HAIWYMS JOMEHHOM CTPYKTY-
pBl, KOTOpasi O4YE€Hb UyBCTBUTENIbHA K LIEHTPaM MUHHUHTA, OOYCIIOBIEHHBIM KpH-
CTAJNTMYECKUMU, CTPYKTYPHBIMH U T€OMETPUUYECKUMU JIEPEKTaMH TLIEHKH.
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MakcumanbHasi 4yBCTBUTEIBHOCTh CEHCOpA JOCTUTAETCS MPU ONTUMAJIbHOM
HaNpaBJICHUN BO30YKIAIOMIETO TOJISI M TEOMETpUH oOpasia Mo OTHOIICHHIO K
KpucTaiorpaguueckuM ocsiM TieHKH. J[ms BeIOOpa Takoro HampaBJieHHs oOpa-
3e1l B popMe JHCKa ¢ MOMOIIBIO PEHTI€HOCTPYKTYPHOTO aHaiu3a OblJI COPUEHTH-
pPOBaH MO OTHOILIEHHUIO K KPHUCTAUIOrpauYecKuM OCSIM, U Ha €ro MOBEPXHOCTH
BIIOJIb ocu [112], coBnagaromieit mo HanmpasieHuo ¢ npoekuuent ocu [100], Ha mo-
BEPXHOCTH TUICHKH ObLI HAHECEH MapKep, OT KOTOPOTO OTCUUTHIBAIUCH YIIIBI TO-
BOpOTa 00paslia B SKCIIEPUMEHTAX.

JInst HarmssAHOCTH Ha puUC. 2 MPUBEICHO CXEMAaTHYECKOE PACIIOIOKEHUE aKTy-
albHBIX JJIS HallleTo paccMOTpeHus ocedd. Ha puc. 3 B momsipHbIX KOoOpAMHATaX
MIPUBEJEHA 3aBUCUMOCTh aMILJIUTY 16l TOHM)KEHUSI PE30HAHCHOM 4acTOThI KOHTYpa
OT yrjla Mexnay HamparieHueM BU-monss m OJHON M3 KpHCTaIOrpaduvecKux
ocelt cemeiicTpa [112].

[111]

[001]F,

180

Puc. 2. Cxemarnieckoe pacloyiOKEHHE aKTyaJbHBIX Ul SKCHEPUMEHTOB KpPUCTAJIO-
rpaduuecKux oceit

Puc. 3. 3aBUCHMOCTh aMIUTUTYIHI TIOHW)KEHNS PE30HAHCHOHM YacTOTHI KOHTypa OT yria
Mex Iy HanpaeineHruem BU-nosns u kpucramiorpaduyeckoii ocbro [112]

YuuteiBas TOT GakT, UTO MOHMKEHHUE YaCTOTHl COOTBETCTBYET POCTY MarHUT-
HOM BOCIIPUMMYHUBOCTH ¥, CIEAYET 3aKIIOYUTh, YTO MAKCUMYM Y pEaJN3yeTcs B
HampaBJIeHUsAX cemercTBa oceid [112]. DT HampaBieHUs COBMANAIOT C MPOEK-
UMM OCHOBHBIX oceil cemeiicTBa [100] Ha MOBEPXHOCTD IJICHKU U MPEICTABIIA-
I0T COOOM OCH JIErKOTr0 HaMarHW4YMBaHUS, YTO COIJIaCyeTcs C JAHHBIMU pabOThI
[3]. B oTHOmIEHNN YyBCTBUTEIBHOCTH MarHUTHOM BOCHPHUUMYHMBOCTU K BO3JEH-
ctButo BHemHero MII curyarus uHas. Ha puc. 4 npuBeneHa yrioBasi 3aBUCH-
MOCTb YaCTOTHOT'O OTKJIMKAa CEHCOpa Ha BO3JIEHCTBUE MMITYJIbCOB BHEIIHETO IMOJIS
BenmmunHOM ~ 50 mOe, HanpaBiIeHWE KOTOPOTO KOJUIMHEApHO BekTopam BU-mosist
U TIOJIsl TogMarnnyuBanus. Kak BUIIHO, HAIMIpaBJICHUE, TIPU KOTOPOM HAOIIOAaeTCs
MaKCHUMaJbHas YyBCTBUTEIBHOCTh CEHCOpPA, HE COBIMAJACT C OCSIMHU JIETKOrO Ha-
MarHu4uBaHus. boiiee TOro, COOTBETCTBYIOIINE HAMPABICHUS CABUHYTHI OT «JIET-
Kux» oceil Ha 30° U COBIAAIOT C HAMPABICHUSIMH, TIPU KOTOPHIX HAOIIOAAOTCS
MHHUMYMbI MarHUTHOI BOCIIPUMMYHBOCTH (CM. puc. 3). Onucanubie GakTbl TOUHO

77



du3nKa 1 TEXHUKA BbICOKHX AaBJjieHuii 2014, tom 24, Ne 3—4

Puc. 4. 3mMeHeHne aMIIUTYABl YaCTOTHO-
IO OTKJIMKA CEHCOpPa Ha BHEIIHEE MMITYJIbC-
Hoe MII B 3aBHCHMOCTH OT yIjla MEXIY
KpHuctaiiorpaduyeckoit oceto [112] u Ha-
MpaBJICHUEM KOJIJTMHEApHBIX BeKTOpoB BU-
MOJIS ¥ TIOJIA OAMAarHUIMBaHUS

k(AF($)/AH), Yo

180

COOTBETCTBYIOT TeopeTHueckoi 3aBucuMoctu AF($p)/AH ~ cos(6¢ + m/6), mpen-
CTaBJICHHOH Ha puc. 4 CIUIOIIHON KpUBOM. DKCIIepUMEHTaIbHbIE 3HaUYeHUs (TIOKa-
3aHbl KPYKOUKaMH) XapaKTEepU3YIOTCsl HEKOTOPBIM pa3dpocoM, TeM HE MEHee XO-
POIIO OATBEPHKIAIOT OO XapaKTep 3aBUCUMOCTH.

OCHOBHOW MEXaHM3M B3aUMOJCHCTBUS, KOTOPbII (POPMHUPYET YAaCTOTHBIN OT-
KJIMK CEHCOpa, CBSI3aH, I0-BUJIMMOMY, C YIJIOBBIM CMEIIEHUEM HaMarHUUYE€HHOCTU
OT Ocell JIETKOr0 HaMarHMYMBaHUs K MEHEEe BBITOJHOMY HAMpaBJICHUIO MOJ JAeH-
CTBHUEM I10JI IOJMAarHMYMBaHus U BHelIHero 3o0Haupytomero MII. B pesynbrare
TaKOro B3aUMOJEHCTBUS BOCIIPUMMYHMBOCTh IUIEHKHU SBIseTCA (PyHKLIMEH Benndu-
HbI 1 HanpasyieHust MII.

Crnenyromuii Bompoc KacaeTcst M30MpaTeabHOCTH CEHCOpa K HaIlpaBICHHIO
BEeKTOpa 30Haupyromero MII.

Vcxons U3 NpUBEIEHHOTO BBIIIE PACCMOTPEHUS, CIEIyeT 0XKHUIaTh, YTO TaKas
U30MpaTEeTbHOCTh JOJDKHA OBITh M MaKCHMallbHas YyBCTBUTEILHOCThH JOJDKHA
JOCTUraThCsl NMPH KOJUIMHEapHOM HampasieHun Bektopa MII. [lanHble Ha puc. 5
MOJTBEPKIAIOT 3TOT BbIBOA. bosee TOro, oHNM CBUAETEIBCTBYIOT O BO3MOYKHOCTH
NOJy4YeHUs OYEeHb Y3KOW auarpamMMbl HampaBieHHOCTH. CIUlolHas KpuBas Ha
pHC. 5,0 ONNCHIBACTCS BBIPAXKECHUEM ~ |sin3(0L)|, IZIe 0L — Yrojl MeXIy BEKTOPOM
UMIYJICHOTO 30HJUPYIOLIETO MOJs U HallpaBJI€HWEM B IUIOCKOCTH IJICHKH, Mep-
NEHIUKYJISApHBIM HanpasieHuto BU-nossa. Hanpasnenue, kommmneapaoe BU-nosnro,
COOTBETCTBYET 3HaueHUIO oL = 90°. B skcriepuMeHTe KOHTPOJIMPOBAIOCH U3MEHE-
HHUE YacTOThl CEHCOpPa MO JeHCTBUEM OMIONISAPHBIX MPSIMOYTOJbHBIX UMITYJIbCOB
BennunHOM 150 mOe, moatomy u3Mmepsiemast BenuunHa AF(0l) He U3MEHSIET 3HaK
B obOnactu yrioB 180-360° (Ha pucyHKe He MOKa3aHO). Y30CTh AMarpaMMbl Ha-
IPaBJIEHHOCTU Ha pHUC. 5,a 00yCIIOBIEHA TOJIBKO MEXaHM3MOM B3aMMOJCHCTBHS,
IOCKOJIBKY M3MEPEHHUs MPOBECHBI Ha MJICHKE C MOUIOKKON B ¢popme aucka. Ot-
METUM TaKX€, YTO BEKTOP 30HAMPYIOILIEr0 BHEIIHEro IMOoJsl IpyU U3MEHEHUH Ha-
NpaBJIEHUs HAXOIWICA B INIOCKOCTH IIJICHKH.

JlanHbple Ha puc. 5,0 COOTBETCTBYIOT MHOW I'€OMETpPUH, MPU KOTOPOH 30HIU-
pylol1iee ToJIe BpalaeTcs BHE INIOCKOCTH IUIeHKH. Kpome Toro, B ceHcope MCHob-
30BaHa IJICHKA Ha MOAJIOKKE MPSAMOYToybHOU (hopMbl pazmepoMm 2.5 x 6 x 1 mm.
JluarpaMma HampaBJIEGHHOCTH B 3TOM Cllyyae oOKaszajach Oosee LIMPOKOM —
~[sin" (o).
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Puc. S. /Iuarpamma HanpaBIeHHOCTH CEHCOPA K HAIIPABJICHUIO BEKTOP 30HAUpYomero MII

B orcyTrcTBHE mosisi mogMarHMuUBaHus U TIpy Majoi ammutyae BU-nons xa-
paKkTep B3aUMOJICHCTBUS B OOJBIION CTETEHU ONpEeNseTcss JOMEHHON CTPYKTY-
poi. Bkiiag B MarHuTHY0 BOCIIPUMMYHMBOCTH BHOCUT B3aMMOJICUCTBUE MOJIS KaK C
MarHUTHBIMM MOMEHTaMHU JOMEHOB, TaK W C JOMEHHbIMH TpanHuuamu [S]. Ilpu
3TOM JII0OBIE HEPETYJISipHbIE U3MEHEHUS B TOMEHHOU CTPYKType MPHUBOJIAT K He-
00paTHMbBIM HM3MEHEHHUSIM BOCIPUUMYHMBOCTH IIJICHKH, Hapyllas CTaOUIbLHOCTH
paboThl U yXy[IIasi IIyMOBBIE XapaKTEPUCTUKHU ceHcopa. [[is momyueHus: BbICO-
KOW peajbHOM 4yBCTBUTEIILHOCTU B 3TOM PEXKUME B MJICHKAX JOKHBI OTCYTCTBO-
BaTh LICHTPHl NMMHHUHIA. B pealbHBIX IUIEHKaX B 3aBUCHUMOCTH OT AMIUIATYbI
BU-nmons Habmromaercs ontumyM. MccnenoBaHusl TOMEHHON CTPYKTYPBI ONITHYE-
CKUM METOJOM (C TMOMOIIBI0 MOJSPU3AUOHHOTO MHKPOCKONA) MOKa3ald, YTO
JIOMEHHasl CTPYKTypa MepecTaeT HabMI0JaThbCs 0 Mepe POCTa 10 HECKOIBKHX 3p-
creq (< 5 Oe) Kak BETWYUHBI TMOJS MOJMAarHUYMBAHUA, TaK U aMIUIUTy b6l BY-
noss. g pasHeix ammutyd BU-nong onTumanbHOE (A1 MOJyYEHUS MAaKCH-
MaJbHOM peajbHON YyBCTBUTEIHHOCTH CEHCOPA) 3HaUCHHE IOJIsI MOAMAarHU4HUBa-
HUS pa3Hoe. JJOCTHKUMBIM ONTUMYM Tak)Ke 3aBUCUT OT OPUEHTALUHM KPUCTAILIO-
rpadu4YecKux Ocell 1Mo OTHOIICHUIO K HampaBieHuio BU-mons. Eciu opuenTaiuio
KpucTayiorpaguueckux oceil He coOMI0aaTh, TO MaKCHMAalbHAs YyBCTBUTENb-
HOCTb CEPHM CEHCOPOB MOXET OTIMYaThCsA Ha nopsaok. Ha puc. 6 mpuseneHa
BpEMEHHas 3aBUCUMOCTh Pa0oyeil 4acTOThI OJHOTO M3 CEHCOPOB §-KaHAIBHOTO
KOHTPOJIIEPA MPU BO3JEUCTBUU HA HErO MMITYJIbCOB 30HAUPYIOIIETO MOJI BEJIH-
anmoii 107 Oe.

ITpuBeneHHbIE pe3yabTaThl JAlOT MPEACTaBICHUE O padoTe yCTpoicTBa M pe-
aJIbHO JOCTMKUMOM YyBCTBUTEIBHOCTH CEHCOPOB, MCIOJIB3YIOIINUX 3aBUCHUMOCTh
oT MII MarHuTHOM BOCIIPUUMYUBOCTH.
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BeiBOABI

PaccmoTpena 3agaya mo CO3JaHUIO YCTPOWCTB, MPEAHA3HAYEHHBIX JJISI Mar-
HUTHOTO MOHUTOPHHTA B BBIIEICHHOM IMpocTpaHcTBe ¢uiykryaruii MII ¢ Bpe-
MeHHBIM MacmTaboM 1-10 s, Ha ocHOBe 3nuTaKcuadbHBIX JKUI -IIeHoK.

IToxazaHo, UTO YyBCTBUTEIBHOCTh CEHCOPOB, AKCIUTYaTUPYIOLIUX 3aBUCUMOCTD
MarHMTHOM BOCHPHMMYHMBOCTH IUIEHKH OT BHemHero MII, Moxker mpeBblaTh
yYpPOBEHb 10~ Oe.

HccnenoBansl (pru3nyeckie MEXaHU3MbI, OTBETCTBEHHBIC 32 OPHECHTAI[IOHHBIC
XapaKTepUCTUKH MarHUTHOM BocnpuumuuBocTH JXKUI -mneHku, BeIpalieHHON Ha
I'TT-noaymoxxke ¢ HOPMAJIHLHBIM HAIPABICHWEM K TIOBEPXHOCTH KpHUCTaLIorpadu-
yeckoil ocu [111]. YeraHoBIIEHO, YTO MaKCHUMaJIbHYI0 YyBCTBUTEIBHOCTh CEHCO-
poB o0ecrieunBaeT Takasi OpUEHTAIMs [UIEHKHU, IPU KOTOPOM HAlpaBJIEHUE BEKTO-
pa uiaHapHoro BY-mosst ¥ KOJJIMHEApHOrO ¢ HUM MOJIS NOAMAarHUYMBaHUS CO-
ctaBisier yros 30° Mo OTHOIIEHMIO K KpUCTa/UIOrpaMuecKUM OCSIM CeMENCcTBa
[112]. ITpu 5TOM MUHUMAaIbHAsI YyBCTBUTEIBHOCTh PEANM3YETCS TP OPUECHTALIMU
BY-nons BIOdb Oceil 3TOro0 CeMENCTBA, KOTOPBIE SBIAKOTCS OCAMM JIETKOTO Ha-
MarHU4MBaHUs.

VY CTaHOBIIEHO, YTO CEHCOPHI MPEAJIOKEHHONM HaMM KOHCTPYKLHMU XapaKTepu-
3yIOTCSl M30MpaTenbHON YyBCTBUTENBHOCTBIO MO OTHOIIEHHUIO K HAalpaBJICHUIO
BekTopa BHemHero MII. B 3aBucuMocTH OT yrila MeXay BEKTOpaMU BHELIHETO
MII ¥ monst moJAMarHMYMBaHUS MX JUarpaMMa HampaBJIEHHOCTH MOXET ObITh
JIOCTaTOYHO Y3KOM M XapaKTepU30BaThCS 3aBUCHUMOCTBIO ~ |sin3(oc)|. [Toxazano
TaK)Ke, 4YTO UIMPUHA JUarpaMMbl HaIPaBICHHOCTH MOXKET PEryJIHMpOBaThCs MyTEM
U3MEHEHUs1 (OPMBI TUICHKH.
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Yu.M. Nikolaenko, N.I. Mezin, N.B. Efros, V.1I. Kamenev

SENSOR OF SMALL VARIATIONS OF A MAGNETIC FIELD
MAGNITUDE AND DIRECTION

Influence of the anisotropic properties of an yttrium iron garnet (YIG) epitaxial film on
the characteristics of magnetic sensors was investigated experimentally. The sensors were
intended for control of magnetic field (MF) variation with the temporary scale of 1-10 s.
It was shown, that a real sensitivity depends crucially on the orientation of the vector of
HF actuating field and crystalline axis of substrate. The possibility of formation of narrow
directional diagram of the sensor and selective sensitivity for a magnetic field direction
was revealed.

Keywords: sensor, magnetic field, sensitivity, anisotropy, magnetic susceptibility, direc-
tional diagram

Fig. 1. Dependence of the resonant frequency on the angle between the direction of HF
actuating field and the marked direction of the film at dc magnetic biasing H,, Oe: a — 5,
6 — 0; %, e — experiment; solid curve illustrates the dependences: a — F' ~ cos(6¢), 6 —
F ~5.2c08(2¢) + 2cos(6¢)

Fig. 2. Schematic orientations of crystallographic axes actual for consideration

Fig. 3. The dependence of resonant frequency decrease on the angle between the direction
of HF actuating field and the crystallographic axe [112]

Fig. 4. The variation of magnitude of the frequency response to the external pulse of MF
vs the angle between the crystallographic axe [112] and the direction of both HF and dc
actuating fields

Fig. 5. The directional diagram of the sensor with respect to the orientation of the external MF

Fig. 6. Temporal dependence of the sensor operation frequency under action of the rec-
tangular pulses of the external MF by the magnitude of 10 ~ Oe
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PACS: 74.25.Qt, 74.70.Ad, 75.80.+q

B.®. PycaKOB1, B.B. YabaHeHko’

MAMHUTOCTPUKLNA OKCHNAOB N HWOBUMEBBIX CI/TABOB,
OBYCJIOBJIEHHAA OABINEHVMEM BHELUHETO MATHUTHOIO MOJIA

1,U,OHeLI,KVIl7I HaUMOHanbHbLIN YHUBEPCUTET

n. YHuBepcuteTckas, 24, r. JoHeuk, 83001, YkpaunHa

[doHeuknin nsmko-TexHnYecknn HCTUTYT M. A.A. MankuHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbsa noctynuna B pegakumio 23 ceHTaopsa 2013 roga

Ilpeocmasnenvl pesynrbmamol u3yyeHUs A61EHUS MACHUMOCTPUKYUU 8 CEEPXNPOBOOAUYUX
mamepuanax MgB,, NbTi u Nb3Al, oemanvho npoananuzuposan mexanu3m ee G03HUKHO-
senust. Ocoboe sHUMAHUE YOeNeHO MOOeal MASHUMOCMPUKYUU, 0OYCI08NeHHOU NUHHUH-
2om. Jlemanono npoaHanU3UpOBAHbL UMEIOWUECA IKCNEPUMEHMANbHbIE Pe3Ylbmambl HO
UBYUEHUIO CKAYKO8 MACHUMOCMPUKYUY, 00YCIO0GIEHHBIX MEPMOMACHUMHBIMU HEYCMOU-
yugocmamu. Ilpogeden sKcnepumMenmanbHulil U MeOPemuyecKutl aHatu3 noIHbIX nemeib
HAMACHUYEHHOCMU U MASHUMOCMPUKYUU 051 CBEPXNPOBOOHUKOE 8MOPO20 POOd 8 PAMKAX
CREOVIOWUX MOOeIell KpUMUYECK020 COCMOSIHUSL: MOOeau ¢ nuk-3¢ggexmom, modenu Ku-
Ma—AHOEPCOHA, IKCNOHEHYUALHOU U TUHEUHOU MOOelell COBMECHO ¢ Kpumepuem He-
YCMOUYUBOCMU NO OMHOUIEHUIO K BOZHUKHOBEHUIO CKAYKO8 NOMOKA. YCMAaHo81eHo, 4mo
Hanuyue nUK-3¢h@Pexma oKazvlgaem CUNbHOE GIUSHUE HA SUCTePe3UCHble Nemiu Hamae-
HUYEHHOCTNU U MASHUIMOCIPUKYUY OJIsL JHCECKUX CBEPXNPOBOOHUKO8 8MOpo20 poda. [1o-
KA3aHO, YMO HEMOHOMOHHOCHb 3A8UCUMOCNU KPUMUYECKO20 MOKA OM MAZHUMHO20 NO-
JISL NPUBOOUM KAK K 803HUKHOBEHUIO OMOENbHLIX 001acmell MAeHUMHO20 NoJs, 20e Heyc-
MOUYUBOCNU KPUMUUECKO20 COCMOANUS NPOAGIAIOMCA 8 8Ude CKAYKO08 MACHUMHO20 NO-
MOKA, MAaK U K CyUecmeo8anuio 3anpeuyeHHbIX 301 0/l CKAYK08 HOMOKA.

KiaroueBble ciaoBa: MAarouTOCTPUKIUA, HAMAarHU4€HHOCTb, CBEPXIIPOBOJHHUKU BTOPOI'O
poaa, HI/IK—3(1)(1)€KT, IIMHHUHI', CKAYKHM MAaroauTHOI'O IIOTOKa

Ilpeocmasneno pesyromamu 6USUeHHs ABUWA MASHIMOCMPUKYIL Y HAONPOGIOHUX Ma-

mepianax MgBj; NbTi ma Nb3Al, demanvho npoananizoeano mexauizm ii 6UHUKHEHHS.
Ocobnugy ysacy npudinteno moOeli MASHIMOCMPUKYii, AKa 00yMo6leHa NiHIHeOM
Ma2HIMHO20 NOMOKY. /lemanbHo npoananizo8ano HAA6HI eKCNEPUMEHMANbHI pe3yIbmamu
3 BGUBUEHH CMPUOKIE@ MASHIMOCMPUKYIl, 0OYMOBNEHUX MEPMOMACHIMHUMY HeCMmili-
xocmamu. Ilposedeno excnepumeHmanvHuil i meopemudHUull anatis NOGHUX Nemeisb Ha-
MazniueHocmi 1l MASHIMOCMPUKYIL 0151 HAONPOBIOHUKIE Opy2020 pody 8 paMKAX HACHYN-
HUX MoOefiell KpUmuyHo20 cmawny: mooeni 3 nik-egpexkmom, mooeni Kima—Anoepcona, ex-
CHOHEeHYIANbHOI Ul THIIHOI MOOenel pa3om i3 Kpumepiem HeCmillkocmi CMOCOBHO GUHUK-
HeHHs cmpubkie nomoky. Bcmanoeneno, wo wuasenicmv nixk-eghexmy eniueac Ha
eicmepesucti nemai HAMASHIYeHOCMI U MASHIMOCMPUKYIL 0Nl JHCOPCMKUX HAONPOBIO-

© B.®. Pycakos, B.B. YabaHeHko, 2014
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HUKi6 Opyeo2o pody. llokazano, w0 HeMOHOMOHHICHb 3ANEHCHOCIE KPUMUYHOZO CINPYMY
6I0 MACHIMHO20 NOAS NPU3GOOUMb AK 00 BUHUKHEHMS OKpeMUX obracmeu MazHimHO20
nons, Oe HeCMIlKoCmi KpUmuyHo20 CMAHy NPOAGIAIOMbCa Y GuUeisidl  cmpubKie
MAZHIMHO20 NOMOKY, MAK Ui 00 ICHYBAHHS 3A00POHEHUX 30H OJi5L CMPUOKIE NOMOKY.

Kaiwou4oBi ciioBa: MarHiTOCTpUKIIiS, HAMAarHiueHiCTh, HAAMPOBITHUKA APYTOTO POAY, K-
e(eKT, miHIHT, CTPUOKH MarHiTHOTO MOTOKY

BBenenne

SIBieHMEe MAarHUTOCTPUKIIMN COCTOMT B M3MEHEHUH pa3MepoB oOpaslia B Mar-
HUTHOM TIOJI€; MEPOM MAarHUTOCTPHUKIIMU SIBIISIETCS OTHOCHUTEIHHOE H3MEHEHHE
MPOAOIBHBIX W/HIIK TIOTIEPEUHBIX €ro Pa3MepoB.

M3BecTHBI 1Ba MeXaHU3Ma, PUBOJISIINE K MAarHUTOCTPUKIIMU B CBEPXITPOBO/I-
Hukax. [lepBblif, Tak Ha3pIBaeMbI TEPMOJUHAMUYECKHM, OMpEAEsSeTCS 3aBUCH-
MOCTBIO CBOOOIHOM SHEPTHH OT MarHUTHOTO TOJIS, OH OBUT TOCTaTOYHO TMOAPOO-
HO HccnefoBaH B pabote [1]. MarHuTocTpukius, 00yCIOBICHHAs STUM MEXaHU3-
MOM, HOCHT OOpaTHUMBIH xapakrtep, u B cnadbix (~ 1 kOe) MarHUTHBIX TOJSX OT-
HOCHUTEIHHOE H3MEHEHHE pa3Mepa obpasna AL/Ly IMeeT MOopsIIoK 107 (Lo — pasz-
Mep oOpaslia B HYJIEBOM MarHUTHOM moisie H). MarHUTOCTpUKIHS B OCHOBHOM
ObuTa M3y4YeHa B CepeMHE MPOIUIOrO CTONETHS. BBHIYy MalocTH ee BETHMYMHEI B
HACTOsIIEEe BpeMs OHa MHTepeca He PEICTaBIIsIeT.

Bropoii MexaHH3M MarHUTOCTPUKIIMN HAOIIOACTCS B KECTKHX CBEPXIIPOBOJI-
HUKax BTOPOTO poJia U 00YCIOBIIEH HEPABHOMEPHOCTHIO paclpeaeNieHUs] MarHUT-
HOT'O TOTOKA BCJEICTBUE 3aKPEIUICHUs BUXpEH Ha LEHTpax MUHHUHTA. DTO CO-
NPOTHUBIICHHE BXOXKJICHHIO (a TaKKe BBIXOAY) BUXPEBOW CTPYKTYpPBI (MArHUTHOTO
MOTOKA) TPU MU3MEHEHUU MarHUTHOTO TOJIS MPUBOJUT K HEOOPATUMOCTH (TUCTE-
pe3ucy) OOIBITMHCTBA UCCIENYEMBIX (DU3UICCKUX BEIMYUH (KPUTHYECKOTO TOKA,
HaMarHMYEHHOCTH U 11p.). [Ipy 3TOM, MOCKOJBKY LIEHTpaMH MWHHUHTA SBIISIOTCS
nedeKThl CTPYKTYphl MaTepHala Uil BKIIOUEHUS IPYroi ¢a3bl, 4yepe3 HUX Mexa-
HUYECKOE HaNpsDKEeHUE MepefaeTcs Ha CBEpXIPOBOASIIMN oOpaser] B ueiaoMm. B
Cilydae BXOXJICHUS MarHUTHOTO MOTOKA — 3TO JIaBJICHHE HAa MaTepUall U COOTBET-
CTBEHHO YMEHBIIIEHHE €r0 Pa3MepoB, B CIydyae e BBIX0Jla MOTOKAa — ATO pacTsi-
JKEHHE, BbI3bIBAIOIIEE yBEIMYEHHE €ro PasMEepoB B HAMpaBICHHUH, MEPIICHIUKY-
JSIPHOM MarHUTHOMY 1oitto. [1pu sKCiepuMeHTaIbHOM HCCIIEJOBAHUN H3MEHEHUS
pa3MepoB o0pasiia B MAarHUTHOM ToJie (MarHUTOCTPUKIIMKI) KaK JUIsl HU3KOTEMIIe-
patypsbix cBepxnpoBogHukoB (HTCII), Tak u BeICOKOTEMITEpaTypPHBIX CBEPXIIPO-
Boasux (BTCII) martepuanoB HaGmrofaercs MeTiisl THUCTEpe3Uca, XapakTepHas
JUISE U3MEpPEHUNl MarHUTHBIX CBOMCTB MaTepHalloB (HalpuMep, HaMarHUYEHHO-
cTH). BennumHa e MarHUTOCTPUKLNHU, OOYCIOBICHHOW MUHHUHTOM, OIpPEes-
eTCs KPUTUYECKHM TOKOM MaTepuaina. [Io cpaBHEHHIO ¢ MarHUTOCTPUKIHEH Tep-
MOJIMHAMUYECKOTO MPOUCXOXKICHUS [2] B MAarHUTHBIX MOJISAX B HECKOJBKO TECHa
OHAa MOXET JIOCTUTATh OOJIBIIOTO (~ 104) 3HaueHwus [1], 32 4TO ee Ha3bIBAIOT TH-
raHTCKOW. MarHuTOCTPUKILMS HEKOTOPBIX CBEPXIPOBOJAHUKOB BTOPOIrO poja Obl-
na BriepBble m3ydeHna Brindli B konne 60-x rr. nmponutoro cronerus [3]. Oxgnako
UCCIIelyeMble CBEPXIIPOBOIHUKN XapaKTEPH30BAIMCh BHICOKOM YMCTOTOM, a Takx-
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K€ HU3KUMH IUIOTHOCTSMHU KPUTHUYECKOIO TOKAa. DKCIEPUMEHTAJIbHO HaOIromae-
Masi MarHUTOCTPUKIMS ObljIa OTHOCUTEIHHO HU3KOHM — HOopsiiKa 107 Kpowme Toro,
U3-32 MaJIOCTH KPUTHYECKUX TOKOB HE BO3HHKAIM TEPMOMArHUTHBIC HEYCTONYH-
BOCTH, KaK M TMTAaHTCKUE CKAUYKW MAarHUTOCTPUKLUH, SBISIOIIAECS CIIEICTBUEM
9TOrO SIBJIECHUS.

Mopenp MarHUTOCTPUKINH, 00yCIIOBICHHON MUHHUHIOM, BIIEpBbIe ObLIa Tpe-
noxena lkuta ¢ coTpynHukamu a1 0ObSICHEHUs] MAarHUTOCTPUKITUH OOJIBIIIMX MO-
HOKPHCTAJJIOB BBICOKOTEMIIEpATYpHOro cBepxnpoBoaHuka BirSr,CaCu;y0g [2]. B
COOTBETCTBUM C ATOI MOJEINbI0 a0COIIOTHAS BETMYMHA MAarHUTOCTPUKILIUU CBEPX-
NPOBOJHHKA 3aBHCUT KaK OT IUIOTHOCTH KPUTHYECKOTO TOKA, TaK M OT Pa3MepoB
oOpasua. OOycioBIeHHAs NMUHHUHTOM MAarHUTOCTPHUKIUS SIBISIETCS BBICOKOW B
OONBIIMX CBEPXMPOBOMAAIMX 00pa3lax, KOTOpbIE XapaKTEpU3YIOTCA BBICOKOI
IUTOTHOCTBIO KPUTHYECKOTO TOKA, YTO 00YCIIOBIMBACT CHIILHYIO HEOTHOPOIHOCTD
pacrmpeneneHus 1o, MPOHUKIIero B Marepuai. Ilpu onpeneneHHOM 3HaYCHUU
nepenajaa MHAYKIUK, Ha3bIBAEMOI0 KPUTHUECKUM, B CBEPXIPOBOJHUKE BO3HUKA-
€T HeyCTOWYUBOCTh [4,5], uMeromas TepMOMarHuTHy1o0 npupoay. OHa NpuUBOAUT
K CPBIBY MarHUTHOTO TIOTOKA C LIEHTPOB NMMHHHUHTA, U B TEUEHHE KOPOTKOTO Bpe-
MEHHM MOTOK NMPOHUKAET BHYTPb 00pa3lia Ha OTHOCUTENIBHO OOJBIIOE PacCTOSIHUE.
CpbIB IOTOKA C HEHTPOB MMMHHUHTA CHUMAET JaBJICHUE Ha MaTepHal, B pe3ybTa-
TE€ MOCJEIHUIN MpeTepreBaeT TMraHTCKUN CKavyoK pa3mMepoB o0Opasiia BIUIOTH 10
UCXOJIHOW BEIMYMHBI B OTCYTCTBHME BHEIIHEro moss. BriepBble skcriepuMeHTalb-
HO TaKWe CKAYKH MarHUTOCTPHKIMH, 00yCIIOBICHHBIE TEPMOMArHUTHON HEYCTOM-
YHBOCTHIO, HAOIIONANNCH HA TEKCTYPUPOBaHHOM cBepxmpoBoaHuke YBaCuO [6].
ITpu 3TOM naBneHue BHemHero nois BeauuuHoi B 10 T B MaTepuaine nepen ckau-
KOM Jtocturaino BeanduHsl | kbar. Ponb naBieHust MarHUTHOTO TIOJIS, KaK U MI'HO-
BEHHOE CHATHE HArpy3Kd B pe3ysbTaTeé CKauka MarHUTHOTO TOTOKA, OKa3ajlach
Oonee 3HauMTeNbHOM. Pe3kue mepemanpl JaBieHUS U HEOAHOPOIHOCTH OBICTPO
pacIpOCTPAHSIONICIHCS HArpy3KU TPHUBOAIT K PACCIOCHUIO (pa3pyLICHUIO) TEK-
CTYpPHUPOBAaHHOTO KepaMuieckoro Matepuaina [7]. Ha ocHOBe naHHBIX 1O H3Mepe-
HUIO WIM pacyeTy HaMarHM4E€HHOCTH MOKHO MOJIY4YHUTh MH(OPMAIHIO [0 MarHu-
TOCTPHUKIIMY COOTBETCTBYIOIIUX MaTEPHAIIOB.

B ¢ynnamenTansHoi MoHOrpaduu [8] neTanbHO pacCMOTPEHBI MarHUTOYIIPY-
I'Me CBOIMCTBA KaK HU3KO-, TAK U BBICOKOTEMIIEPATYPHBIX CBEPXIPOBOIHUKOB. Hc-
CJIEZIOBaHBI IPUYMHBI BOSHUKHOBEHHSI MAarHUTOCTPUKIINN, MEXaHU3MBI €€ MPOsB-
JIeHUS W OLEHEeH BKJIAJ B IMOJHYI0 MarHUTOCTPHUKIIMIO CBEPXIIPOBOJIHUKOB pa3-
JUYHBIX €€ COCTaBJsIomuX. JlaHO aeTanbHOE (EHOMEHOJIOIMYECKOe ONMUCAHUE
MarHUTOCTPUKINHU, WHAYIUPOBAHHOW MUHHUHTOM MarHUTHOTO moToka. Ee Bo3-
HUKHOBEHHUE PACCMOTPEHO B CBEPXIIPOBOJHUKAX KaK IEPBOrO, TaK U BTOPOTO PO-
na. B monorpaduu npuseaeHo odumpHoe Oubauorpadguueckoe onucaHue Teope-
TUYECKUX M SKCIIEPHUMEHTAIBHBIX Pa0OT, MOCBANICHHBIX W3YYEHHUIO JAHHOTO BO-
npoca (cM. nureparypy B [8]). B pabote [7] mpeacTaBieHbl pe3yiabTaThl pacdyera
MarHUTOCTPUKLMU O€3 ydyeTa TepMOMArHMTHBIX HEYCTOMYMBOCTEH il paziuy-
HBIX MOJZENEH KPUTUYECKOTO COCTOSIHUS KECTKHUX (C 3allMHHUHTOBAaHHBIM Mar-
HUTHBIM [TOTOKOM) CBEpXIIPOBOIHUKOB BTOPOTO POJIa.
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B HacTosimielt ctatbe mpuBeNeH 0030p NaHHBIX, MOJYYEHHBIX B paboTax 1o
U3YYEHHUIO SIBJICHUS] MAarHUTOCTPUKIIMK HA MPOTSHKEHUU IBYX MOCIEIHUX JIECATH-
aetuil. Ocoboe BHUMaHKE YAEIEHO SKCIEPUMEHTAIbHBIM pe3yJIbTaTaM HCCIIeI0Ba-
HUM CKaYKOB MAarHUTOCTPUKIMH, O0YCIOBJIECHHBIX TEPMOMATHUTHBIMU HEYCTONYH-
BocTsimu. B pabotax [10-14] monHble neTM HAMarHUYEHHOCTH U MarHUTOCTPUKITUH
JUISL CBEPXIPOBOJIHUKOB BTOPOT0 poja ObUIM pacCUMTaHbl B paMKax CIIEIYIOIIUX
MOJIEJIEN KPUTHYECKOTO COCTOSIHUSI COBMECTHO C KPUTEPUEM HEYCTOWYUBOCTHU 10
OTHOIICHHUIO K BO3HUKHOBEHHUIO CKAaYKOB IMOTOKA: MOJIENU C MUK-2PPEKTOM, MO-
nenn Kuma—AHepcoHa, SKCIOHEHIIMAIBHON U JIMHEHHON MoJeneil.

MO}IBJ’[I/IPOBaHI/Ie MArHUTHBIX CBOWCTB CBEPXNPOBOAHUKOB ¢ CWJIbHBIM
NINMHHUHIOM

AnropuTM, npuBeIeHHbIN B padoTax [10—16], ObLT MCIIONB30BaH IJIs KOMITBIO-
TEPHOI0 MOJEIMPOBAHUS MAarHUTHBIX CBOMCTB CBEPXIIPOBOJHHUKOB B LIMPOKOM
JMaTia30He IKCIIEPUMCHTAIBHBIX MmapamMeTpoB. st oOpasma B BUAC TIACTHHBI
TonuMHON L = 2d n O0eCKOHEYHOH BIOJIb JABYX JPYTHX HaIlpaBJICHUN HaMarHu-
yeHHOCTh M(H) n marautoctpukius AL(H)/Ly MOTyT OBITh pacCuMTaHbl HHTET-
PUpPOBaHUEM CIIEIYIOMINUX COOTHOLEHUH [17]:

d
M(B>=uiij(x)dx—He, (1)
0
11 1 2 2
AL(B)/LO—MO L { [Be B (x)}dx, Q)

3neck Ep; — MOZyIIb YIPYTrOCTH MaTepualia BJIOJIb OCH X, Ly — TOJIIUHA 00pasia,
Lo — MarHuTHas MOCTOsiHHAsA. [IpuBeneHHbIE COOTHOIIEHMS CIPABEIJIUBBI, KOTAa
MarHuTHOE IoJie [ NPUII0KEHO NapauIeIbHO NOBEPXHOCTH IIAacTHHBI. Pacmpe-
JIeJIEHNEe MHAYKIMU MarHUTHOTO MMoJig B(X) B IMJIaCTUHE J1aeTCsl PELICHUEM YypaB-
HEHMS KPUTUYECKOT'O COCTOSIHUS C yU4eTOM 3aBUCUMOCTH J(X):

dB
L ). ()

VYpaBuenue (3) MOXeT OBITH WCIIONB30BAHO IS BBIYUCICHHUS TpOoduiis mar-
HUTHOTO TOJISI B 00pa3iie U onpesesieHrss HAMarHM4eHHOCTH ¥ MarHUTOCTPUKIIUU
B TIOJISX, MPEBBIMIAIONINX MEPBOE KPUTHUECKOe moje H.|, Te B IKCIEPUMEHTE
HAOJI0JAIOTCSl TUTAHTCKUE CKAYKH MAarHUTHOTO MOTOKA, CBA3AHHBIE C PAa3BUTHEM
HEYCTONYHMBOCTH ¥ MPUBOIAIINE K CKAYKAM MarHUTOCTPHUKITUH.

OT1H pe3ysbTarhl U AaHHbIe [9,10] ObLTH UCTIOIB30BAHBI JIJIS1 COOTBETCTBYIOIIE-
ro KOMITBIOTEpHOTO pacyeTa. ABTopamu [17] ObUTM MOCTPOCHBI METIM HAMArHU-
YEeHHOCTH M MarHUTOCTPUKLIMHU B IIUPOKOM AHAMa30HE SKCIEPUMEHTAJIbHBIX Ma-
pPaMETPOB C HUCIIOJIL30BAHUEM YKA3aHHBIX BBIIIE MOJENCH I 3aBUCUMOCTH KpHU-
TUYECKOT0 TOKa OT MAarHUTHOTO TOJISI.
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Oobcysrcoenue pe3ynbmamos pacuema MAZHUMHBIX CEOUICME HCECMKUX
C6epPXNPOGOOHUKO8

Ha puc. 1 npeacraBieHbl METIM HAMArHUWYCHHOCTH M MarHUTOCTPHUKIIMHU, pac-
cuntanHble B Mmonenu Kuma—Annepcona. B3siB 3a OCHOBY 3Ty Mo/ienb, aBTOPHI [16]
POaHAIM3UPOBAIIN MTOBEJCHHE CKAYKOB TIOTOKA MPH PA3JIMYHBIX TEMIIepaTypax.
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Puc. 1. Ilemin namaranyennoctu (1) u marauroctpuknuu (I1) xecTkoro cBepXmpoBoj-
HUKa BTOPOTO poJia, pacCUUTaHHble 11 Mojenu Kuma—AHIepcoHa Npy pa3IudHbIX TEM-
neparypax I, K:a—8,6—-6,6—4.2
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Takoe moBeneHrne MOXKHO HaOM01aTh, HanpuMep, A kpuctamioB LaSrCuO [18]
u YBaCuO [16]. Kak MOXHO BUIETh W3 MPEJICTABICHHBIX Ha pHUC. | meTenp Ha-
MarauueHHocTy npu ' = 8 K, nepBblil CKauOK MarHUTHOTO TMOTOKA MOSIBJISETCS B
TPETbEM KBaJpaHTe. 3aTeM C MOHMKEHHEM TeMIiieparypsl 10 6 K ckadok moToka
HOSIBJIIETCS B IIEPBOM KBAJPAHTE, @ B TPETbEM KBAJAPAHTE — YHUCJIO CKAYKOB yBe-
nuuuBaercs 1o tpex. [Ipu temmneparype 4.2 K HecTaOMIBHOCTD TOSIBIISETCS TaK-
K€ BO BTOPOM KBaJpaHTE.

VYKa3aHHOE MOBEACHHUE CKAuKOB IOTOKA SIBISIETCS PE3yJbTaTOM MarHUTHOM
IPEIBICTOPUU, U A BCEX MOJENEH OHO noxoxke. ABropamu [17] paccumTtansl
npouIn pactpeaeTeHnss MarHUTHONH MHIYKIIMU, KOTOPBIE MOJHOCTHIO OOBSCHS-
I0T HaOJI0aeMyI0 MOCIE0BATEIbHOCTD MOSIBICHUS] CKAYKOB IOTOKA, B pa3jivy-
HBIX KBaJpaHTax.

B skcnepumentax ¢ BTCII, nmeronmmmu HU3KHUE KPUTHYECKHE TOKH, IIPA TEM-
nepatype 7 = 4.2 K Ha netie rucrepesnca HabI0Aal0TCsl CKAYKH TTOTOKA, TOIBKO
KOTJ]a BHEIIIHEe MarHUTHOE I10JIe MEHSET CBOW 3HaK (TpeTHil KBaJpaHT netiu). B
9TON 00JIaCTH MEepeMarHuYMBaHMsI CKaYKU IMOTOKA MPOUCXOJAT B OOIBIIOM KOJIH-
YecTBe HU3KOTeMIIepaTypHbIX 00pasios [4,19,20].

B paGote [4] npenmonaranoch, 4TO MpU U3MEHEHUHM 3HAKa MAarHUTHOTO TOJIS
NPOMCXOIUT aHHUTUIISIIMS BUXPEH U BBIAEISEMOE TEIUI0 00yCIOBIMBAET HEKOTO-
pbIi Ha4albHBIA CKa4YoOK TeMmreparypbl ATy AHHUTHIALIMOHHBIA ITyCKOBOM
MEXaHU3M H MPHUBOAUT K PAa3BUTHIO HEYCTOHUMBOCTH, HAOIIOJAEMOI KaK CKauyoK
IIOTOKA Ha 9TOM YYacTKe IETJIU rucrepesnca. JleraabHblii aHAIU3 U PE3yJIbTaThl
pacuera ¢ y4eTOM YpaBHEHHMH 3JIEKTPOJIMHAMUKU U TEIJIOBOrO OajlaHCca MOKa3aiu
[17], uTo maxke B cilydae OTCYTCTBHUS YKa3aHHOTI'O BbIIIE MEXaHU3Ma TPETUM KBaJ-
PaHT TUCTEPE3UCHON MeTIM HauboJiee OMAceH C TOYKHU 3pEHUS MOSIBICHUS CKau-
KOB, MOCKOJIbKY 37IeCb UMEET MECTO HauloJjiee CUIbHOE M3MEHEHME MarHUTHOM
WHIyKIIH [T0 CEYEHUI0 00pasia.

CpaBHHMBas pacCUNTaHHbIE TUCTEPE3UCHBIEC NIETIM HAMATHUYEHHOCTH U Mar-
HUTOCTPUKIMHU [ ciydyas moaenu Kuma—Awnnepcona (puc. 1), MOXHO BHU-
J€Th, YTO B O0JACTH CUJIBHBIX MAarHUTHBIX MOJ€H HAMAarHU4EHHOCTh MOYTH UC-
4ye3aeT, B TO K€ BPEMs MarHUTOCTPUKILHUS CHUIBHO Bo3pactaeT. [[ns ciyuas
9KCIOHEHUUANbHOW Mojenu [17] M MarHUTOCTpUKLUSA, U HAMarHW4E€HHOCTH
yoObBatoT. HO OTHOIIEHHME MarHUTOCTPHUKLHUS/HAMArHUYEHHOCTh C POCTOM
MarHuTHOIO IOJIs BCE paBHO cocTaBisieT ~ 10 mpu Tex ke ycloBHSIX. DTO CO-
otHomenue Mexay AL(H) u M(H) noiy4daeTcs U3 CIASAYIONIUX MPOCTHIX Pop-
My [9,21], KOTOpbIE ONPENENsIOT IUPUHY MNETEIb MAarHUTOCTPUKIIMKA M Ha-
MarHU4eHHOCTH:

AL AL d
AT A R @)
0 ldecreaseH LO increaseH 2Egy,
d
decreaseH increase - EJC : (5 )
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BuaHo, 4TO mUpHHA NETIU THCTEPE3nca HaMarHMYEHHOCTH 3aBUCHUT OT 3HaYe-
HUA KPUTUYCCKOI'0 TOKA, a MIMPUHA MNCTIHW THCTCPE3UCa MAarHUTOCTPUKIUA — OT
BEJIMYMHBI CUJIbI IMHHUHTA [, = J.B. DTO 03Ha4aeT, 4TO MMPHUHA METIH THCTEPE-
3MCa MAarHUTOCTPHUKIIMY YBEIIMYMBACTCS 110 CPABHEHHIO C ITMPUHOMN METIIA TUCTE-
pe3nuca HaMarHM4€HHOCTHU B CUJIY IMPOMOPUHUOHAJIBbHOCTH MArHUTHOMY IIOJIIO. Ilo-
BEJICHUE CHJIbI MTMHHUHTA U MAarHUTOCTPUKIIUH TOAPOOHO OBLIO MPOaHAIN3UPOBa-
HO B cTaThe [9].

Mooens ¢ nuk-a¢pgpekmom 6 Kpumuueckom moke

OCoOeHHOCTH TTOBEIEHUSI MAarHUTHBIX CBOMCTB MarepHasa, KPUTHIECKUH TOK
KOTOPOTO YBEJIUYMBAETCSI C POCTOM MarHUTHOI'O IOJISl B ONPEJEIEHHOM Juarnaso-
He (MUK-2QQEKT), UCCIETOBAUINCH KaK TEOPETHYECKH, TaK U IKCIEPUMEHTAIBHO.
OKCIIEpUMEHTAJIBHBIE PE3YJIbTAThl MPEACTABICHBI NIOJIEBON 3aBUCUMOCTBIO HaMar-
HUYeHHOCTH HuoOueBod mactuHbl (7, = 9 K) ¢ sBHO BBIpaXCHHBIM ITHK-
3 dexkToM B 00JIaCTH TEMIEpPATyp, I/ie BO3HUKAIOT CKAYKM MAarHUTHOTO MOTOKA.
[Inactuna umena pazmepsl a X b x ¢ =11.4 x 5.7 x 1 mm u maccy m = 552 mg.
MaruuTtHOe 1oje OblJI0O OPUEHTUPOBAHO MEPIEHAUKYIISIPHO MOBEPXHOCTH IJIACTH-
Hbl. HaMarHn4eHHOCTh M3Mepsilach C MOMOLIbIO BUOPALIMOHHOIO MarHUTOMETPA.
MarautHoe noje U3MEHSUIOCh AUCKPETHBIM 00pa3oM (200 Todek Ha MOIHYIO TeT-
JII0 TIepeMarHiuurBanus cBepXnpoBogHuka: 0 — +Hy,x — 0 — —Hpax — 0) Tak,
YTO HM3MEpPEHHE HAMAarHMWYeHHOCTH MPOU3BOAMIIOCH NpU (PUKCHUPOBAHHOM BO
BpPEMEHU TOJIE.

Ha puc. 2 npencraBiieHa 3BOJIOIMS TUCTEPE3UCHBIX METEIb HAMAarHHYEHHOCTH
¥ MarHUTOCTPUKIMY TIPU JAUCKPETHOM YBEIMYEHHUU POJIH MUK-3((EeKTa B CBOHCTBAX
CBEpXNpoBOAHMKA. Benuunna nuk-3ddexra perynupyerca kosp¢unuenrom K.
BnusiHue temmeparypbl Ha THCTEPE3UC U Ha MOPOrOBbIE 3HAUYEHUSI CKAYKOB MOTO-

Ka B IIEpBOM 1 le -7 1 BTOpOM H, jp -7 KBaJpaHTax Julsd MaTepualia co 3HaYUTEIILHBIM

k-3¢ dexrom (K = 1) nemoHCcTpHpYET pHC. 3.

JlanHble puc. 2 myTeMm Bapuauuu KodpduuueHta K HIUTIOCTPHPYIOT TpaHC-
dopmanuio neTens nepeMarHuuuBaHus MpH mepexoze oT Monxenu Kuma—AHzep-
coHa (muk-3¢dext orcyrcTByeT, K = 0) k Mozenu ¢ nuk-3ddexkrom. BuaHo, uto
BIIMSIHUE TTUK-2(eKTa B CHIIbHOM MarHWTHOM II0JIE SIBJIsIETCsl OoJiee pe3Ko BhIpa-
KEHHBIM B CJy4ae IMEeTIM THCTepPe3rca MAarHUTOCTPHUKIMY, Ye€M B CIydae IMeTIIH
TECTEpe3rca HAMarHWICHHOCTH, KaK OTMEYAJIOCh paHee. JTOT pe3yJIbTaT OIHUCHI-
BaeTcsl ypaBHeHUsIMU (4) u (5).

OCHOBBIBasICh Ha JTAHHBIX, TIPEJACTABICHHBIX HA PUC. 2,d—8, MOXHO TPOCIIEIUTh
nepeMeIIeHNe TPAHUIbl 00JIACTH HECTAOMIBHOCTH KPUTUYECKOTO COCTOSIHUSI, OT-
penensieMoil CkauKkaMHi B MAarHUTHBIX CBOHCTBAaX CBEPXITPOBOJIHHMKA. JTa TpaHHIIA

B BEpPXHEH U HIDKHEH MOIYIIOCKOCTSIX 0003HaueHa H, tZF o n H tlF -7 COOTBETCTBEH-

HO. B pesynbrare xoapdunmentT K yMeHbIIaeT CMEIIEHHE 3TUX TPAHUIL IIPH TIPO-
XOXKAEHHU 0 00JacTH ¢ MHK-3dexToM. IIpr OTHOCUTENFHO BBICOKMX TEMIEpaTy-
pax CKayKH IMOTOKAa U MarHUTOCTPUKIUH HE MOSBIAIOTCS B 007acTh MHK-3ddekra
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Puc. 2. [Tetnmu rucrepesuca HamaruuueHHocTd (I) u marauroctpukuuu (1), paccunran-
ueie s 7= 3 K ¢ pasnuuHoit BennuuHoN nuk-3¢(hekra, onpeaeseMoi 3HaYeHUEM KO-
adpdummenra K:a—0,6—-0.1,6—0.5,2—-2
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Puc. 3. Iletnu rucrepesuca HamarandeHHocTH (I) u maraurtoctpukuuu (1), paccunran-
HBIC 711 CBEPXIPOBOJIHUKA C CHUIBHBIM MTHK-3(pdexTom (K = 1) mpu pa3aTuvHBIX TeMIiepa-
typax I, K:a—10,6-7,6—-3,2—2.5
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(puc. 3,a,6) 1 Hpy > H:; (3T0 COOTHOIICHHE TAaKKe CIIPABEUIHBO M IS MOJICIICH

0e3 muk-3¢dexra). [Ilpu yMeHbIIeHHH TeMIIEpaTyphl 3HAYCHUE Ht%:J BO BTOPOM
KBaJ[PaHTE HEMIPEPBIBHO PACTET /IO 3HAYCHUS Hpeak, KOTOPOE COOTBETCTBYET MaK-
CUMYMY HaMarHn4CHHOCTH. HpI/I JOCTMXKCHHUU 3TOI'0 3HAYCHUA BCIMYMHA Ht%?J
[epeCTacT MEHATHCA. B TOe BpeMs C J€BOM CTOPOHBI HAKJIOHA MUHUMyMa Ha-
MarHMY€HHOCTH, B TIEPBOM KBaJIpaHTE, CKAYKU MMOTOKA HE MPOUCXOMAT, T.e. H le 7
OCTaHaBIIMBAETCA MPAMO Tepeq obmacTbio muk-3ddexra. CrenoBarenbHO, COOTHO-
LIEHUE MEXKITY H}FJ u Hé;J MEHSETCS Ha IPOTHUBOIOIOXKHOE, T.€. H}FJ < H,%: .

O,I[HaKO ﬂaﬂbHeﬁHlee YMCHBIICHUEC TCMIICPATYPhI HPHUBOAUT K IMOABJICHHUIO CKad-
KOB IIOTOKa C npaBoﬁ CTOPOHBI HAKJIOHA MHWHUMYMa HAMArHM4C€HHOCTH, TAC
IIJIOTHOCTh KPUTHUYCCKOI'0 TOKa OIISATH y6I)IBaeT C pOCTOM MAr"HuTHOIO IIOJIA, U

npeAbIAyIIee COOTHOIIEHUE 1, le > H, ,%p -7 BHOBb BBEIIIOJIHSICTCS.

[Toxoxee moBeaeHUE MOPOTOBOT0 3HAUCHUS [y MOXKET HaOMIOAAThCs, KOTr/Aa
BenMuuHA H,r; BBIHYXI€HA CMEIAThCA B 001acTh MUK-3¢(eKTa ¢ pOCTOM 3HaAYe-
Hus K (cm. puc. 2) npu 7'=3 K.

Takum 00pazoM, KPUTHUECKOE COCTOSIHUE CBEPXIIPOBOJHUKA Oojiee yCTONYH-
BO HA MPABBIX CKIOHAX MAaKCUMyMOB HamMarHW4eHHOCTH M(H) B BepxHEH momy-
TUTOCKOCTH ¥ Ha JIEBBIX CKJIOHAX — B HWKHEW MOJYIUIOCKOCTH. B 3TnX obmactsax
OTCYTCTBYIOT CKa4KM MAarHUTOCTpHUKIUHU. OOIIas KapTHHA SKCIEPUMEHTaIbHO
HalJleHHbIX O00JacTell HEyCTOMYMBOCTU KPUTUYECKOIO COCTOSHUS IUIACTHUHBI
HUOOUS U MOJYyYEHHBIX B PE3yJbTAaTe pacyeTa XOpoIIO COBMAaET.

Yka3aHHbBIC BBIIIE COOTHOIICHHUS MEXy MOPOTOBBIMHM 3HAYCHHUSIMH OOacTen
CKAaYKOB MMOTOKA B PA3IMYHBIX KBAJPAaHTaX MPUBOAST K BOSHUKHOBEHUIO HA OCH
MarHUTHOTO TOJISl 3aMPEIICHHON 30HBI (00JIaCTH) NJIsi CKAaYKOB IMOTOKA, YTO XO-
po1Io OOBSACHSET IUarpaMMy HEYCTOWYMBOCTEH Ha MIOCKOCTH MAarHUTHOE TMOJie—
temneparypa (H-T), Habmonaemyro B [22]. Hannymne Takoil 30HbI, €€ MPOUCXOXK-
JIEHUE W POJIb TOJIOKHUTEIBHOU MPOU3BOIHON OJ./OH Tipu 3TOM ACTaIbHO HCCIIe-
JIOBaHbI B padoTte [17].

Maznumocmpuryus, 006ycioenennas hnunnunzom, 6 MgB,, NbTi u Nb3Al

ABTopamu [23] 3KCIEpUMEHTAJILHO HCCIEI0BaHAa MAarHUTOCTPUKIIMS TOJUKPH-
crayunueckor mactunbl 1.8 x 2.0 x 2.0 mm cBepxmpoBosiero MgB, npu pas-
JUYHBIX Temneparypax B uHrepBaie oT 10 no 25 K. Iletnu rucrepesuca maruu-
TOCTPUKIIMU 3aMUCBIBAJIMCH MOCIE OXJIaXAEeHUS 00pa3lia B HyJI€BOM MarHUTHOM
nose. [lonyueHHble pe3ynbTaThl yI0BIETBOPUTEIBHO OOBICHIIOTCA B paMKax MO-
JIeNTd MarHUTOCTPHUKIMH, 00YCIIOBJICHHON MUHHUHTOM. B crathe [24] ObuH mpo-
AQHATM3UPOBAHBI PE3yIbTaThl paObOTHI [23] ¢ y4eToM BKJIa/Ja B MATHUTOCTPHUKITUIO
HOPMAaJIbHOT'O COCTOSIHUSI C MCIIOJIb30BaHMEM 3KCIIOHEHLMAIBbHOM 3aBUCUMOCTH
KPUTHYECKOT0 TOKa OT MarHUTHOTO MoJist. ABTOpbI [24] moKa3aiu, 4To y4eT yKa-
3aHHOT'O BKJIa/Ia JA€T JIy4dlllee COIJIaCUe pe3yJIbTaTOB pacdeTa ¢ JaHHBIMU JKCIIe-
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pumenTa. PaccMoTpenue ObUIO MPOBEACHO B O0JIACTH TOJEH, II€ OTCYTCTBYIOT
CKaYK{ MarHUTOCTPUKIIUU.

B cooTBeTCcTBHM C MOJIEIBI0 MATHUTOCTPUKIINH, O0YCIIOBICHHON CUJIaMU TTHH-
HUHTA, CKAaYK{ TIOTOKA WHIYIUPYIOT THTAHTCKUE CKAYKH MArHUTOCTPHKITUU. AB-
TopamMu [25,26] uccnenoBaHbl MarHUTOCTPUKLUSA M CKaYKW MAarHUTOCTPUKLMU B
ceepxnposoasmux NbTi u NbsAl. CepxnpoBonnuku u3z Nb3Al umeror 6omibine
BO3MOXXHOCTH TPHUMEHEHHUS B HIMPOKOMACIITAOHBIX BBICOKOMOJIEBBIX MPHUIONKE-
HusiX. B cpaBHeHMu ¢ HanOolee MIMPOKO UCHOJIB3yeMbIM coeauHeHreMm NbiSn,
OHH XapaKTepU3yrTcs 00Jiee BBICOKUMU KPUTHICCKUMH TeMIepaTtypamu 7., Mar-
HUTHBIMU MOJSIMHU H ), @ Takke OOJNBIIUMU IJIOTHOCTSIMU KPUTHYECKOTO TOKA J,.
Kak mokazano B [26], B 3TOM coeuHEeHHH B mojsx a0 12 T Takke uMeeT MeCTo
TUTaHTCKas MAarHUTOCTPUKIUS MacIiTada 104, KOTOpasi paHee HEe HaOIOAaNach B
CTaHJApPTHBIX HU3KOTEMIEPATYPHBIX METAJUIMYECKUX CBEPXIPOBOJHUKAX. ABTO-
pamMu 3TOM pabdOThl IPOAHATU3UPOBAHO BIHSIHHE THK-2QeKTa Ha popMy HaOIIO-
JaeMOM TIETJIM THCTEePE3rca MAarHUTOCTPUKITUH.

B skcnepuMeHTe BHEIIHEE MATHUTHOE T0JIe ObLTO MapaieIbHO OAHON U3 rpa-
Hel ucciemyemoro oopasia. O6pasibl uMenu GopMy mapajuiesielurea ¢ pa3Me-
pamu: NbTi— 6 x 10 x 10 mm, Nb3Al — 11 x 7 x 2 mm. DkcnepuMeHTaIbHAs Me-
TOJIMKA UCCIICIOBAHUN JIeTAIbHO OMKcaHa B padore [25].

Ha puc. 4 npencraBneHa meTisi THCTEPE3UCa MOMEPEYHOM MArHUTOCTPUKIIUU
wiactunbl NbTi, nomyuennas npu temmneparype 4.2 K. MakcumanbHOe BHEIIHEE
MarHuTHOE T0Jie, MPUIIOKEHHOE B 9TOM JKcIepuMenTe, Obito mopsiaka 12 T. Bo
BHEIITHEM MAarHUTHOM TIOJIE€ B HECKOJBKO Tecia OOHapyskeHa Oonbias (~ 1075)
HeoOpaTuMas MarHUTOCTpuKLMsA. Ha pucyHke BUIHBI TUTAHTCKUE CKAYKH MarHu-
TOCTPUKIMHU. BoJbIas 9acTh CKAYKOB MAarHUTOCTPHKIIUHN TPOUCXOJUT BO BHEIII-
HEM MarHuTHOM noJie Mmenee 3 T.

Jns 6onee neTanbHOrO U3yYEHUS] U3MEHEHHUs pa3MepoB o0pas3iia B MAarHUTHOM
nmoyie aBTopamu [25] Oblia 3amucaHa METIs TUCTEpPe3uca MarHUTOCTPUKIIUU B
nuana3zone MarHuTHBIX noned (+2.8 T)-0—(-2.8 T), rme HaGmromaeTcss HanOOIb-
niee 4ucio HeycrouuBocten (puc. 5). Ha pucyHke Xopolio BHAHO, YTO B IpPO-
[[ecCe KaXKIOr0 CKayka MEXaHWYeCKOE HaANpsDKEHUE BCICACTBUE IMHUHHUHTA
YMEHBINIAETCSA, a TOMEPEYHBIM pa3Mep (AuameTp) u3ydaemMoro odpasma OBICTPO
U3MCHSCTCS, NMPUHUMAs CBOE IMOYTH PABHOBECHOE 3HAYCHHE, KOTOpOE 00paserl
UMEJT [TOCJIe OXJIKICHUS B HYJICBOM MarHUTHOM TIOJIE.

Korpa BHemrHee MarHUTHOE TOJIe MOCJE CKAauKa W3MEHSETCS Ha BEIUYHHY
nopsaka 0.3 T, marautoctpukius AL/L mocTuraeT BENMYHHBI, HAOIIOgaeMOMN
nepea ckaukoM. CTpyKTypa HaOIIOAaeMbIX CKAYKOB MAarHUTOCTPUKIIHH 1TOJ00HA
CTPYKTYpE CKa4yKOB HAMarHUYeHHOCTH, OOYCIIOBIICEHHBIX TEPMOMATHHUTHBIMU
naBuHamu [27].

Ckayvku MOBEpXHOCTHOM HaMarHW4eHHOCTH M(H) BO3HUKAIOT B TOM ke o0Jac-
TH MarHUTHOTO IIOJIS, YTO M CKAYKM MAarHUTOCTPHKIUH [25], MOCKOJBKY OHH
UMEIOT OOIIYIO IPUPOY.
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Puc. 4. Iletns rucrepesnca monepeyHONl MarHUTOCTpUKIHK it TuracTUHBl NbTi-50%
pazmepom 6 x 10 x 10 mm, nmonydyennas npu temneparype 4.2 K

Puc. 5. Ilerns rucrepesmnca momepedHO MarHUTOCTpUKIWH Asl mmactTuHbl NbTi-50%,
nostyyeHHas npu temneparype 4.2 K B nmomsix 1o 2.8 T

OTHOCUTENBHOE M3MEHEHHUE TMOIMEPEeYyHOro pasMepa OeCKOHEYHON IUIaCTHUHBI
AL/L, 00yCIIOBICHHOE CHJIAMH MTUHHUHTA, MOXET OBITh BBIYHCIICHO TIO CTaHIAPT-
HOM (opmyne (2). NUHTerpupoBaHrue 3TOro COOTHOIICHHS JAeT CIEeXyIOIIHA pe-
3yJIbTAT:

Y A o
L 2Eu, 3

OTO ImpOCTOE COOTHOLIEHHE OBbLIO MCHOJIB30BaHO aBTOpamHu [25] s Moaenu-
pOBaHMsI KpUBOI MarHUTOCTPUKILIMU, NMPEACTABIEHHOW Ha puc. 6. 3HaueHHe Mo-
nynst FOnra Obwio B3sito u3 padots! [3]. llupuna pacueTHOl meTiM rucrepesuca
MarHUTOCTPUKLIMHU (pHC. 6) OKa3anach MEHbILE, OJTHAKO TOTO K€ MOpsiiKa BEIH-
YUHBI, YTO U B 3KcrepuMeHTe (cM. puc. 4). CTpyKTypa CKaukOB MarHUTOCTPUK-
MM Ha MOCTPOCHHON KPUBOW MOAOOHA SKCIIEPHUMEHTAILHO HaOIr01aeMbIM (CM.
puc. 4 u5).

3,
2.
\oo 1_ 3
= Puc. 6. Iletns rucrtepe3uca MOmEpedHOM
| v
= 0 ~|  MarHUTOCTPUKIIMM, BBIYUCICHHAs B pPaM-
3 —14 Kax MOJEIH MarHUTOCTPHKIINH, 00YCIOB-
~— v
JICHHOHU INMHHUHI'OM
_2-
_3- T T T T

0 2 4 6 8 10 12
il
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Takum o0Opa3oMm, MOAENb MAarHUTOCTPUKINK, OOYCIIOBICHHON CHJIaMU THH-
HUHTA, XOPOIIO OOBACHSET MOBEICHNE MAarHUTOCTPUKINY B tiacTuHe NbTi.

AHaJOTHYHbIE UCCIIe0BaHUS ObUIM MPOBEACHBI B [26] ISl CBEpXIPOBOIAIICH
wiactubl NbsAl. B pabote Obuta n3ydyeHa momnepedyHasl U MpoJoJIbHAasT MarHUTO-
CTPUKLMH NIPU pa3lIn4HbIX Temrneparypax. Ha puc. 7 npencraBieHsl ety ructe-
pesuca nomnepeyuHoi (a, 8) u mpooabHOH (6, 2) MmaruutocTpukiuu npu 4.2 K (a, 6)
u 10 K (s, ) coorBercTBeHHO. B npencTaBieHHOM Ha puc. 7 TEMIIEpaTypHOM HH-
TEpBaJjie XOPOIIO BUIHBI TUTAHTCKHE CKAYKH MarHUTOCTPHUKIIMH KaK B TIOMIEPEYHOMH,
TaK ¥ B IPOJIOJIbHOW opueHTauuu. Ha pucyHKe BUIHO pa3indue MEXIY KPUBBIMU
MOTIEPEYHON U MpOooNIbHON MarHuTocTpukuuu. [Ipu temmnepartype 4.2 K B momsix
1o 12 T BepTukanbHas MMPUHA NETIN TUCTEPE3UCA ONIEPEYHON MarHUTOCTPUKLIUU
JIOCTUTAeT BEJIMYMHBI MOPSAIKA 10, BeprukanpHasi muprHa NETIM TUCTEpe3uca
MPOIOJILHOM MarHUTOCTPUKIIMU TPU TOM ke TeMIepaType B HECKOIBKO pa3 MEHb-
mte. [Ipu temnepatype 4.2 K Bo BHentHeM MarHUTHOM nojie B 8 T oHa mpumepHO

4.
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Puc. 7. [lonepeunas (a, 6) u npomonbHas (6, ¢) METIN THCTEPE3NCca MAarHUTOCTPUKITUU
CBEPXIIPOBOJISIICH MOMMKPUCTAIIINIEeCKOH turacTiHbl Nb3Al pazmepom 11 x 7 x 2 mm
npu 4.2 K (a, 6) u 10 K (s, 2)
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B 5 pa3 meHbre. Takke uMmeercs pa3indue B GopMe IMeTeb TUCTepe3nca Mmpo-
JIOJIBHOW W TIONEPEYHOM MAarHUTOCTPUKLMU. B ciydae mpomonbHOM MarHUTOCT-
PUKIIMU B 00JaCTH BHEITHUX MAarHUTHBIX mosie BOmm3u 12 T nabGmomaercs yBe-
JMYEHUE MUPHUHBI METIU TUCTepe3rca MarHUTOCTPUKIIUK C BO3pACTAaHHEM BHEIII-
HEro MarHUTHOTO MOJsL. DTOT 3(h(heKT MeHee 3aMEeTeH B cliyyae MONEepeyHoil mar-
HUTOCTPUKINH. Ynco HabII0aeMbIX CKaYKOB MAarHUTOCTPUKIIMU OOJIBIIE B CITy-
yae MonepevyHoil MarHUTOCTpUKIMUA. CKadKu MOTOKA BO3HUKAIOT B 00JaCTH CpaB-
HUTETILHO MaJIbIX MarHUTHBIX Nojiei. C Bo3pacTaHueM TeMIlepaTypbl YMEHBIIIAeTCS
YHCII0 HAOMIOJAeMbIX CKAYKOB MOTOKA, M 00J7acTh, B KOTOPOH MOSIBIISIOTCS CKay-
KW MarHUTOCTPUKITNH, CTAHOBUTCS 00JIee y3KOM.

B paccmatpuBaemoii pabote anst NbsAl Oblna Takke u3MepeHa HaMarHW4eH-
HOCTb, YTO MO3BOJIMIIO aBTOPaM MO 3TUM JaHHBIM PaccuuTaTh 3aBUCUMOCTb IIIOT-
HOCTHU KPUTHUYECKOTO TOKa OT TeMIIEpaTypbl MU MarHuTHoro nois (puc. 8). Ilpu
NPOBEICHUH OLIEHKU IMPEIIOaraioch, YTO IIOTHOCTh KPUTHUYECKOTO TOKa IpPO-
MOPUUOHANIbHA BEPTUKAIBHON IIMPUHE METJIM TUCTEpe3rca HaMarHWYeHHOCTH U
MOCTOSTHHA BO BceM 00beMe 00pasiia.

B o6nacTu OTHOCUTENBHO MaJIbIX MArHUTHBIX MOJIEH MIOTHOCTh KPUTUYECKOTO
TOKa B M3y4aeMOM O0paslie yObIBaeT IMOYTH SKCIIOHEHIMAIBFHO C BO3PAaCTaHUEM
MarHuTHOrO noJjsi. B HyneBoM MarHUTHOM mosie nipu temnepatype 4.2 K pennuu-
Ha TUJIOTHOCTH KPUTHUYECKOTO TOKA MMEET MOPSA0K 10° A/m”. B cuibHOM Mar-
HUTHOM I10JIe, BOJIM3U BTOPOTO KPUTUYECKOTO oM H o, HAOIIOAaeTCa MAKCUMYM
B IUIOTHOCTU KPUTHUECKOTO TOKA, T.€. UMEET MECTO MUK-I(PDEKT.

DKCIepUMEHTAIBHO MOJTy4YeHHAasi 3aBUCUMOCTD TUNIOTHOCTU KPUTHUYECKOTO TOKA
OT TeMIIEpaTypbl U MarHUTHOTO TOJIS ObLJIa MCIOJIB30BAaHA JIJISl IOCTPOCHUS KpH-
BOW MarHUTOCTPHUKIIMH, MPEACTABICHHON HA puC. 9. BbIuuciaeHus BBITIOIHEHBI B
MOJIeJIM MarHUTOCTPUKIINH, UHAYIUPOBAHHOW CHIaMH MUHHUHTA [2], 11 Oecko-
HEYHOW IJIACTUHBI U TUIOTHOCTH KPUTHYECKOTO TOKA, CJIab0 3aBHUCAILICH OT mar-
HUTHOTO IO (KBa3HOMHOBCKAs alllIpOKCUMAIINsI, UCTIONb30BaHHast B padbote [9]).
[Tockonbky UMEIOTCS CKAauKH MOTOKA, a TaKkKe HaOIofaeTcs CuiibHas (9KCIIOHEH-
[[MabHAasA) 3aBHUCUMOCTh IUIOTHOCTH KPUTUYECKOTO TOKa, UCIOJIb30BaHHAs arl-
NPOKCUMAIIUsl HE MOXET JaTh XOPOILIMX PE3yJbTaTOB B OTHOCHUTEIHHO CIA0BIX
MarHuTHBIX noyisix. [loaTomy B [26] mipeAcTaBieHbl pe3yabTaThl TOJIBKO B 00J1aCTH
BHEIITHUX MAarHUTHBIX Tosied (Beimie 4 T), T.e. B TOM 00J1aCTH, TJIe CKAYKH MTOTOKA
yke He HaOmonaroTcs. SICHO BUIHO, YTO B pe3ynbTare Hanuuyus nuk-3¢dexra B
N0JIeBOM 3aBUCHUMOCTH IJIOTHOCTH KPUTHYECKOTO TOKA HAOII01aeTCsl MAKCUMYM B
IIMPUHE TETIN TUCTePEe3UCa MAarHUTOCTPUKINU B OOJIACTH BHEIIHUX MarHUTHBIX
noJiel, OJIM3KUX KO BTOPOMY KpUTUYECKOMY Moo H ) (puc. 9).

TakuMm 00pa3oM, MOXKHO ClIeTaTh BBIBOJ, YTO THTAHTCKHUE CKAYKH MarHUTOCT-
pukIuM, HaOmoJaeMble B cBepxmpoBoasmeM Nb3Al, oOycloBIEeHBI CKayKaMu
MarHUTHOTO MOTOKA. DTO SIBIICHHE MOPOXKAAETCS TEPMOMArHUTHBIMM HECTA0MIIb-
HOCTSIMU KPUTUUYECKOTO COCTOSIHUSI CBEPXIPOBOIHUKOB BTOporo poxa [27]. B co-
OTBETCTBUU C MOJIEIbI0 MAarHUTOCTPUKIINH, MHAYIUPOBAHHOM CHJIaMU MMUHHUHTA,
TUTaHTCKHE CKauKH MOTOKA MOTYT MOPOJIUTH TaKkKe TMraHTCKUE CKayKy Momnepey-
HBIX U TIPOJIOJIBHBIX Pa3MEepPOB CBEPXITPOBOIHUKA.
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Puc. 8. 3aBuCHMOCTh KPUTHYECKOTO TOKA OT MarHUTHOTO Mot it NbsAl mpu paszmmd-

HbIX Temneparypax 1, K: 1 -4.2,2-6.5,3-9,4-11,5-125,6—-15

Puc. 9. UncneHHbI pacdeT KPUBBIX MATHUTOCTPUKITIH B paMKaX MOJIETTH MarHUTOCTPUKITAH,
00yCTIOBJICHHOW CHJIaMHU NMMHHWHTA, B MHTEpBajie BHEITHUX MarHUTHBIX mmoJieit ot 4 no 12 T
npu paznuyHbIX Temmneparypax 7, K: 1 —4.2,2-6.5,3-9,4—-11,5-12.5,6-15

Paznuuusa mexay npoaosibHOM M MOMEPEYHON MArHUTOCTPHUKIHEH, KOTOpBIE
OBLIM M3YUYEHBI B KCIIEPHUMEHTE, B OCHOBHOM O0YCIIOBIICHBI T€OMETPHUEH 00pasia.
B cooTBeTcTBUM € HCNONB3yEMOM MOJENbI) MAarHUTOCTPUKLWN BEPTUKAJIbHAs
[IMPUHA METIH THCTePEe3ruca MarHUTOCTPUKIINH MPOMOPIIMOHATIEHA TUAMETPY 00-
pasla, U3BMEPEHHOMY B HaIpaBJICHUH, MEPHNEHIUKYISIPHOM BHEIIHEMY MArHUT-
HOMy moiro. [lns AByX opueHTanuid oOpasiia, U3y4aeMbIX B DKCIEPUMEHTE, OT-
HONIEHHE 3TUX AUaMeTpoB paBHO 3.5. Kpome Toro, npoaosibHas MarHUTOCTPHUK-
I[Us CBsI3aHa C TIOTEPEYHOM (A1 OJTHOM M TOM e OpHUEHTAIuU 00pasiia) MHOXKH-
tenem nopsiaka —2p/(1 — ), roe p — koaddumument Ilyaccona [29]. AGcomoTHast
BEJIMYMHA 3TOTO MHOXUTENS MEHbIne equHuinl it | < 0.3. B pesynbrare ans
OJIHOW M TOM XK€ OpHMEHTaluu oOpasia BeJIWYrHA MPOJOJbHON MarHUTOCTPUKIIUN
O0OBIYHO HECKOJIbKO MEHbINe momnepeyHoi. ClieqoBaTenbHO, OTHOIIEHUE BEPTH-
KaJIbHON IIMPHUHBI METENIb TMCTEPE3UCa MOMEPEUYHON U MPOAOJbHOM MAarHUTOCT-
PHUKLIMHU, paBHOE 5, HalIeHHOE B [26] sKcniepUMEHTalIbHO IpHu Temnepatype 4.2 K
B MarHuTHOM noJie 8 T, MOXKET cunTaThCs BIOJHE yAOBIETBOPUTEIBHBIM.

Takum oOpazom, B [26] maHO KayeCTBEHHOE OOBSCHEHHE pa3IHyusM B (Gopme
MOTIEPEYHOM, MTPOJIOJILHON U MOCTPOSHHOW (Ha OCHOBE JAHHBIX 110 HAMarHMYEHHO-
CTH) KPUBBIX MAarHUTOCTPUKLMHU. B ciyuyae monepeyHoll MarHUTOCTPUKLMHU IHa-
MeTp o0paslia, U3MEPEHHbIN B MEPHEHIUKYJISIPHOM K BHEIIHEMY MarHUTHOMY IIO-
JIF0 HaIpaBlIeHUH, ObLT OTHOCUTEIHHO O0MbInoi (7 mm). B pesynbrare ymmpeHus
BIUsTHUE MHK-3(PdekxTa Ha GopMy KpHUBOHM MOMEPEUYHON MAarHUTOCTPHKIIUH CIIA00
3aMeTHO Jaxke npu temneparype 10 K, roe B cooTBeTcTBUM ¢ pacyeToM (puc. 9)
MO>KHO OBLJIO OKMJaTh, YTO 3TO BIMSHHE OyAeT oueHb CHIBbHBIM. B cimyuae mpo-
JOTHHON MarHUTOCTPUKIIMU JUaMeTp o0pasiia, U3MEPEHHBIN B TEPIICHIUKYIIPHOM
K BHEUIHEMY MAarHUTHOMY IIOJII0 HalpaBJeHWH, OTHOCUTENbHO Maid (2 mm). Cre-
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JIOBaTeNIbHO, HAOII0AaeTCs sIBHOE BIUsHUE MUK-3¢deKkTa Ha (hopMy METNI THCTepe-
3MCa MarHUTOCTPUKIUH. [[J1s1 TOTyYeH s TydIlero Coryiacus MeXAy pe3yJibTaTaMH,
MOJYYCHHBIMH MyTEM pacyera, M SKCIEePUMEHTATbHBIMU JAHHBIMU, KaK yKa3aHO
aBTOpaMH [26], BMECTO KBa3MOWHOBCKOTO MPHUOIIKEHUS HEOOXOIMMO BBITOJIHUTH
YHCIICHHOE MHTETPUPOBAHUE C MCIIONB30BAaHUEM PEaTbHOTO MPO(UIST MarHUTHOTO
noJisi BHYTpH oOpasiia. Ha BO3HUKHOBEHHE CKAYKOB MOTOKA BIIUSAET TAK)KE T€OMET-
pust oopasua. CrenoBarenbHO, KaK YUCIO CKAYKOB MarHUTOCTPUKIIMU, TaK M ILHU-
puHa 00JIaCTH HEYCTOMYMBOCTH HA OCHM MarHUTHOTO TOJIS Pa3INyHbI JJIs TOMepey-
HOU ¥ MPOJOIBHON OpUeHTalUi 00pa3lioB, U3y4aeMbIX B SKCIICPUMEHTE.

BoiBOABI

1. IlpoaHanu3upoBaHbl pacyeTHbIE U SKCIIEPUMEHTAIbHBIE PE3yIbTaThl MO U3-
MEPEHUIO TOJIHBIX I€Telb HaMarHMYE€HHOCTH W MAarHUTOCTPUKLMU B KECTKUX
CBEPXIPOBOJAHMUKAX BTOPOrO POAA JUIsl pa3iMyYHBbIX MOJEIbHBIX IpEICTaBICHUI
KPUTHYECKOI'O COCTOSIHUSL C YYETOM KpPUTEpHUsl €ro HECTaOMJIBHOCTH 10 OTHOIIE-
HUIO K BO3HUKHOBEHHIO CKaYKOB MTOTOKA.

2. bonblas 4acTh 3KCIEPUMEHTAIILHO HAONIONAEMbIX SIBICHUI B MarHUTHBIX
CBOMCTBaxX CBEPXIPOBOJHHUKOB, HCIIOIb3YEMBIX JUIl TEXHUUYECKMX NPUMEHEHMH,
MO’KET OBITh XOpOILIO MOHATA B PAMKax MPOBEJCHHOIO B pacCMaTpUBaeMbIX pado-
TaxX TEOPETHYECKOr0 aHaJIu3a C MCIOJIb30BAHHMEM MEXaHHW3Ma BO3HUKHOBEHHUS Me-
XaHWYECKUX HAaNpsDKEHUHM, WHAYLUUPOBAHHBIX NHUHHUHIOM MAarHUTHOTO IIOTOKA.
Hanuune nuk-3¢dexra oka3plBacT CUIBHOE BIMSHUE HA TUCTEPE3UCHBIE METIU U
HaMarHMYE€HHOCTH, U MarHUTOCTPUKIIUU ISl ’KECTKUX CBEPXIPOBOAHUKOB BTOPOTO
pona. YueT HEMOHOTOHHOCTH 3aBHCUMOCTH KPUTHYECKOTO TOKa OT MarHUTHOIO
NOJISE TIO3BOJIAIT OOBSICHUTH KaK HAJIMYME OTIENBHBIX 001acTeld MAarHUTHOTO TIOJIS,
I7le HEyCTOMYMBOCTU KPUTHUUECKOTO COCTOSTHUS MPOSIBIIAIOTCS B BUJE CKAYKOB Mar-
HUTHOTO NTOTOKA, TaK U CYIIECTBOBAHUE 3AIPEIIEHHBIX 30H JJIs1 CKAUKOB ITOTOKA.
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V.F. Rusakov, V.V. Chabanenko

MAGNETOSTRICTION OF OXIDES AND NIOBIUM ALLOYS DUE TO
THE PRESSURE OF THE EXTERNAL MAGNETIC FIELD

The results of the study of the phenomenon of magnetostriction in hard superconducting

materials MgB,, NbTi and Nb3Al were presented and the mechanism of its occurrence
was analyzed. Particular attention is given to the model of the magnetostriction due to the
pinning force. Detailed analysis of the experimental results devoted the study of jumps of
magnetostriction due to thermal-magnetic instabilities was made. An experimental and
theoretical analysis of the complete loops of the magnetization and magnetostriction for
the type-II superconductors in the critical state was performed for the model with the
peak-effect, the model by Kim—Anderson, the exponential and linear models accounting
the criterion of instability with respect to the occurrence of flux jumps. It was shown that
the presence of the peak-effect had a strong influence on the hysteresis loops of both the
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magnetization and magnetostriction of the type-II hard superconductors. It was shown
that the non-monotonic dependence of the critical current on the magnetic field resulted
in the appearance of a certain area of the magnetic field, where the critical state of insta-
bility were manifested in the form of magnetic flux jumps and the existence of the «for-
biddeny» band for the flux jumps.

Keywords: magnetostriction, magnetization, superconductors of the second kind, peak
effect, pinning, jumps of the magnetic flux

Fig. 1. Magnetization (I) and magnetostriction (II) loops for a hard superconductor of
type II calculated for Kim—Anderson model at different temperatures 7, K: a — 8,6 — 6,6 —4.2

Fig. 2. Hysteresis loops of magnetization (I) and magnetostriction (II) calculated for 7= 3
K with different values of the peak effect, determined by the value of the K factor: a — 0,
06—-0.1,6—0.5,2-2

Fig. 3. The hysteresis loops of magnetization (I) and magnetostriction (II) calculated for a
superconductor with a strong peak effect (K = 1) at different temperatures 7, K: a — 10, 6 — 7,
6—3,2-2.5

Fig. 4. Hysteresis loop of the transverse magnetostriction for NbTi- 50% plate 6 x 10 x

x 10 mm

Fig. 5. Hysteresis loop of the transversal magnetostriction of plate for NbTi- 50 % ob-
tained at 4.2 K in fieldsup to 2.8 T

Fig. 6. Hysteresis loop of the transversal magnetostriction calculated in the framework of
the magnetostriction induced by the pinning

Fig. 7. Hysteresis loops of transversal (a, 6) and longitudinal (6, ) magnetostriction of a
superconducting polycrystalline plate Nb3Al of 11 x 7 x 2 mm in size at 4.2 K (a, 6) and
10K (8, 2)

Fig. 8. The magnetic field dependencies of the critical current for Nb3Al at different tem-
peratures 7,K: 1 —4.2,2-6.5,3-9,4—-11,5-12.5,6-15

Fig. 9. Numerical calculation magnetostriction in the model magnetostriction induced by
pinning for magnetic fields range from 4 to 12 T at different temperatures 7, K: 1 —4.2, 2 —
6.5,3-9,4-11,5-125,6-15
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PACS: 64.70.K—, 81.30.—t, 61.46.Df

®.N. MasyHos, .K. Bonkosa, T.E. KoHcTaHTUHOBa, N.A. [laHuneHko,
B.A. masyHoBa

®A30BAA CTABUIIbHOCTb KEPAMWKM HA OCHOBE
HAHOMNOPOLKOB ZrO2—3 mol% Y203, KOMIMNAKTUPOBAHHbLIX
B YCJIOBUAX BbICOKOIO r’MAPOCTATUHECKOIO OABINEHNA

JoHeuknii nsmko-TexXHNYeckuin MHCTUTYT um. A.A. MankmHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbs noctynuna B pegakumio 8 sHapsa 2014 roga

H3zyuena xunemuxa mempazonaibHO-MOHOKIUHHO20 NPESPAWYEHUsL 6 KEPAMUKE U3 HAHO-
nopowkos ZrO,—-3 mol% Y,03 ¢ ammocgepe 6o0anozo napa npu 140 °C u Hopmanvrom

Oasnernuu. Hanonopowrku ZrO»-3 mol% Y,03 cunmesuposanu memooom cO8MeCHmHO20
ocadcoeHus: 2uOPOKCUO08 YUPKOHUS U UMMPUsL U3 pacmeopos conell. Mcnonvzosanu 08a
8UO0A NPEKYPCOPO8 — OKCUHUMPAM U OKCUXIOPUO YUPKOHUS. [l KOHCOAUOAYUY HAHONO-
POUIKO8 NPUMEHSLIOCH BbICOKOe cudpocmamuyieckoe oasnerue seauyunoi 500 MPa c no-
credylowum cnekanuem Ha 6o3oyxe npu memnepamypax 1350-1550°C. Ha ocnose meo-
puu Konmozoposa—Meiina—I{oconcona npogooOumcs anaius co0epicanuus MOHOKIUHHOU
Gazvl 6 3asucumocmu om epemeru UOPOMEPMAIbHOU 00pabomKu u 0OCyicoaemcs 803-
MOJCHBIU MEXAHUM 3APOANCOEHUS U POCMA MOHOKIUHHOU ¢ha3vl & npoyecce ¢azo8ol de-
epaoayuu Kepamuky. Ycmanogneno, umo 6 kepamuxe, cnevennot npu 1350 °C, dona mo-
HOKIUHHOU (hazvl, 00pazoeanHoll 6 npoyecce oecpadayuu ¢ meuenue 70 h, ne npesviuia-
em 10%. Ilpu smom Kepamuka Ha 0CHOBe OKCUHUMPAMA YUPKOHUSA s8asemcs bonee yc-
MOUYUBOU K 2UOPOMEPMATLHOMY 8030€liCIEUIO, YeM NOJYYEHHAsl HA OCHO8E OKCUXIOPUOA
YUPKOHUA NPU 0OUHAKOBOM YPOBHE 2UOPOCTNAMULECKO20 NPEeCCO8AHUSA HAHONOPOUKOS.

KiioueBble ciioBa: AUOKCH ITUPKOHUSA, KEpaAaMHKa, TETPArOHaJIbHO-MOHOKJIIMHHOC IIPC-
BpalICHUC, HU3KOTCMIICpATypHad ACrpaaalnsd

Bugueno xinemuxy mempazoHanbHO-MOHOKIIHHO20 NEPEMBOPEnHts 8 Kepamiyi 3 HAHONO-
poukie ZrO,—-3 mol% Y,03 6 ammocepi 600sn0i napu npu 140 °C i Hopmansromy muc-

ky. Hanonopowxu ZrOx>-3 mol% Y,03 cunme3ysanu memooom CYMICHO20 0CAONCEHHS
2I0poKCcUdi6 YUPKOHi0 ma impiio 3 po3uunie coiel. Bukopucmosysanu 08a 8uou npexKyp-
copieé — OKCUHImpam i OKCUXI0puo Yyupkouiio. /s KoHcoaioayii HaHONOPOWKIE 3aCMOCO-
8ysanocs sucoxull ciopocmamuunuti muck geaudunoro 500 MPa 3 nacmynuum cnikauHsam
6 nosimpi npu memnepamypax 1350—1550°C. Ha ocnosi meopii Koamozoposa—Meiina—
IDiconcona nposodumvcs ananiz emicmy MOHOKIIHHOL (asu 6 3anexcnocmi 6i0 uacy
2iopomepmanbHoi 06poOKU U 002080PIOEMbCA MONCIUBULL MEXAHIZM 3APOOINCEHHS Ma
3pOCMAaHts MOHOKAIHHOL hazu 8 npoyeci ¢hazosoi Oeepadayii kepamiku. Bcmanosneno,
wo 8 kepamiyi, cneyeroi npu 1350 °C, wacmxa monokuinHoi gazu, cmeopenoi 3a 70 h 6
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npoyeci decpaoayii, ne nepesuwye 10%. Ipu yvomy xepamika Ha ocHOGi oKCunimpama yup-
KOHIIO € OLbUL CIILIKOIO 00 2I0POMEPMANLHO20 GNIIUBY, HIJC OMPUMAHA HA OCHOBL OKCUXO-
pUOa YUPKOHIIO npu OOHAKOBOMY PIBHI 2I0pOCMAamMU4H020 NPecy8anHs HAHONOPOUIKIG.

KoarwuoBi cioBa: miokcua MUPKOHIO, KepaMika, TeTparoHaJbHO-MOHOKIIIHHE MEPETBO-
peHHs, HU3bKOTEeMITepaTypHa (a3oBa aerpaiarfis

BBenenne

Kepamuka Ha OCHOBE AMOKCHIA IUPKOHHUS 00NaAaeT YHUKAIbHBIM HAOOpPOM
Pa3HOPOJHBIX CBOMCTB: M3HOCO- U TEPMOCTOMKOCTBIO, XUMUYECKONW yCTOWYUBO-
CThIO U CTAaOMJIBHOCTBIO K M3JTyUYEHHSIM, HOHHOW MPOBOJAMMOCTBIO U OMOJIOTHYE-
CKOM COBMECTUMOCTBIO, KOTOPBIE COUYETAIOTCS ¢ BHICOKON MPOYHOCTHIO U TPEIIH-
HOCTOMKOCTBIO, YTO MO3BOJISIET UCIIOIB30BATh ATOT MaTEpHall Ji1 MHOTUX KOHCT-
PYKIIMOHHBIX U (YHKIIMOHATBHBIX MpUMeHeHHH [1]. [ KOHCTPYKIIMOHHOTO Ha-
3HayeHUsl HauOoJiee BHICOKHE MEXaHMUYECKHE XapaKTePUCTHKH HMEET KepaMuKa
Ha OCHOBE TETPAroHaNbHOW MOIU(DUKALNN TUOKCUAA IIUPKOHUS, KOTOpasi B COOT-
BETCTBUM C AMArpaMMON COCTOSIHUS MPU HOPMAJIbHOM JIaBJICHUU CYILIECTBYET B
temnepatypHoMm auamazone 1200-2370°C. JlernpoBaHue IHOKCUIA ITUPKOHUS
3 mol% Y,03 mo3BosIIET COXPAHUTh BBICOKOTEMIIEPATYpPHYIO TETParoHaJbHYIO
¢dazy B MeTacTaOUILHOM COCTOSIHMH 10 KOMHAaTHOW TemriepaTtypsl [2,3]. OxHako
emte B 1981 r. Kobayashi ¢ coaBropamu [4] 0OHapYy>KWIH, YTO B TUAPOTEPMATb-
HBIX ycioBusx (temneparypa a0 300°C B cpenie BOJbI WIIM BOJASHOTO Mapa) B IaH-
HOW KepaMHKe MOXKET MPOMCXOTUTH (ha30BBIN MEPEeX0i U3 TETParoHAILHOW MO-
nudukanuu B MOHOKIMHHYIO (T-M-mepexos), 4To BHOCIEACTBHM OBUIO TOJ-
TBEPKIAEHO MHOTUMU UcCcaeaoBaTesaMu [5—8].

Bbu1o mpenokeHo HEeCKOJIbKO MeXaHu3MOB [9—13] HuzkoTemnepatypHoil da-
30BOM JIeTpaJalliK TETPArOHAIBHOTO AUOKCUAA UPKOHUA. Cpenu MpodYux clery-
€T 0c000 BBIJICTUTh MOJIEIb, IPEIIOKECHHYIO B padote [12]. B Helt npenmonara-
etcst, uyto nonsl OH , oOpa3oBaBiIrecss Ha MOBEPXHOCTH KEPAMHKH B Pe3yJIbTaTe
mucconuanuu Mosekyn HyO, nmudyaaupyroT mo rpaHuiiam 3epeH u MonajgaroT B
pEeUIeTKy AMOKCHAA LUUPKOHUS, TJI€ 3aHUMAIOT NMO3UILUN KUCIOPOJHBIX BaKaHCUMH,
YTO MPUBOJIUT K BOSHUKHOBEHHIO HATPSKECHUN W JECTAOMIN3AIUU TETParoHalb-
HOU (a3pl. T-M-mipeBpalnieHre OTIACIHHOTO 3€pHA HAa IMOBEPXHOCTH KEPAMHKHU
[13] mpuBoauT Kk yBenuueHuro (okojo 4%) ero odbema H, ClieJOBaTeIbHO, pac-
TPECKUBAHUIO COCETHUX 3€pPEeH. DTO 00ecreynBaeT HOBBIE My TH VISl IPOHUKHOBE-
HUSI MOJIEKYJI BOJIBI B IITyOb 0Opasiia ¢ mocienyromum oopasosanuem OH rpymn
Ha TOBEPXHOCTH TPEIIHH.

CoryiacHO CyHIeCTBYIOIIUM TMpeacTaBiaeHusM [9-15] Ha (a3oByro cTabuib-
HOCTb IUPKOHUEBON KEPAMHKH BIHSIOT clieaytonue GakTophl:

— pasmep 3epHa — pa3Mep TETPAroOHAIBHOIO 3€pHA, IPU KOTOPOM COXPaHSIETCS
ctabunbHOCTh T-(pa3el B kepamuke, He MokeT npesbimath 300 nm (mpu erupo-
BaHuu 3 mol% okcuna urtpus) [6];

— pacnpedenenue ummpusi no 06vemy 3eprHa — Mpu NoBbIIIeHHBIX (> 1400°C)
TEMIEpaTypax CIEKaHUsS B JUOKCH]IC IIUPKOHUS HAOIIOIACTCS Cerperamus HTTPHs
K TPaHUIaM, 94TO MMPUBOJUT K ACCTAOMIM3AINH TeTParoHaIsHOu (assr [14];
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— MexaHuyeckue HanpsadlceHus 6 Kepamuke — HAIPSDKEHUS, BO3HUKAIOIIKE B
IpoLEecCce CIEKaHUs WK JIerpajalii KepaMUKH, SBISIOTCS OCHOBHOM JABIDKYIIEH
CHJION mepexoia MeTacTaOMIIbHOM TeTparoHaiabHOM (a3bl B CTAOMIIBHYIO MOHO-
KJIMHHYIO [15];

— NIOMHOCMb KepamMuKy — KepaMHKa, UMEIoIlas INIOTHOCTb, OJIM3KYIO K Teope-
TUYECKOM, SIBIIIETCSI OOJIee YCTOMYMBOM K (Pa30BOM Jerpaaiuy, Tak KaKk OTCYTCT-
BHUE MOp 3aTpyaHseT npornkHoBeHrne OH rpymn B riy0Ob 00pasna;

— KAuecmeo MeiC3epeHHbIX 2paHuy — BBICOKasl CTENeHb Ae()EeKTHOCTU I'paHMIL
3epeH obuiervaet npoHrkHoBeHne OH 1oOHOB B riiy0Ob 0Opasiia.

Hcxons U3 BBILIEU3IIOKEHHOTO CIIEAYET, UTO AJIS MOJTy4eHus: cTabuibHOM Kk T-M-
NPEBPALLCHUIO KEPAMUKH HEOOXOAMMO HAaWTH KOMIPOMHCC MEXITY YyKa3aHHBIMHU
(axTopamMH € MOMOIIBIO BbIOOpa YCIOBUI MOMYYEHUs] KepaMUKU. JTa 3ajada Jio-
BOJIBHO CJIOKHA, TIOCKOJIBKY SIBJICHUE (ha30BOM JIerpaialiui B KepaMUKe, MOTy4YeHHON
13 HAHOMOPOILIKOB, MAJIO U3Y4Y€HO, B YACTHOCTHU NP MCIIOJIb30BaHNH BBICOKOTO I'M/I-
poctaruueckoro nasineHus (BI'/]) B couetanuu ¢ pa3nuyHbIMU TeMIIEpaTypamMH clie-
kaHus. Kpome TOro, He MCCIENOBaHO BIMSHUE MPUPOABI NMPEKYPCOPOB M pazMepa
YacTHIL] HAHOIIOPOIIIKA HAa HU3KOTEMIIEPATYPHYIO JIErpalaliiio KEpaMUIECKOro TUOK-
cuga 1mpkoHus. [losTroMy maHHasi paGoTa TOCBSIIEHA W3YYECHHIO SBICHUS HU3KO-
TEMIIEPATYpPHOM Aerpajaliii B KEpaMHUKE, MOJYyYEHHONM Ha OCHOBE HAaHOIOPOILKOB
Zr0»-3 mol% Y,,03 npu pa3nuyuHbIX YCIOBUIX CUHTE3a M KOHCOIUAALHY.

MeToanka 3KCIepMMeHTa

Hanomnopomku quokcuaa MUpKOHUs ObUTA MOTY4YeHBl MPOKaINBaHHUEM Ha BO3-
nayxe rpu 500 u 700°C ruipoKcHI0B HUPKOHUSI, OOOTAIIEHHBIX UTTpUEM. [ uapo-
KCHJIbI IUPKOHUS IBYX BapHAHTOB OBLIM OCaXJIECHBI BOJHBIM PAaCTBOPOM aMMHAKa
U3 PA3IMYHBIX NMPEKYPCOPOB: OKCUHUTPATA U OKCUXJIOPHIA IIUPKOHHS C BBEICHU-
eM okcuHuTpata uttpus [16]. Hanonopomxku ZrO,—3 mol% Y,03 kommnaktupo-
BaJIM OTHOOCHBIM TipeccoBanreM P = 50 MPa B ¢opme Tabierok auamerpom 10 mm
M BBICOTOM 5 mm ¢ mocnenytomiei oopadotkoit BI'J] Bennunnoit 500 MPa. Kom-
NaKTHPOBAaHHBIE 00pa3Ilbl CIIEKald B BO3AYIIHOW aTMocdepe Mpu TeMIepaTypax
1350, 1450 u 1550°C B Teyenue 2 h. B momydeHHBIX 00pa3ax KepaMHK{ OTIpe-
JIeIISUTH UCXOHBIN (ha30BbIi COCTAB, MOCIE YEro UX MOMENAIN B CPely BOJSHOTO
napa ¢ temneparypoir 140°C npu atmochepHom mapiennn. OnpeneracHue u3Me-
HeHMH (pa30BOro cocTaBa MPOBOAWIM Uepe3 Kaxasle 5 h npeObiBaHus 00pa3IoB B
TUAPOTEPMAIIBHBIX YCIOBUSIX.

Pa3smep obnacteit korepentaoro paccessaus (OKP) HaHomopomkoB u Gpa3oBbiid
COCTaB KepaMUKH ONPEIEIsUIA METOJIOM PEHTI€HOCTPYKTYpPHOTO aHalu3a Ha JH-
¢pakromerpe JIPOH-3 (Poccust) B ordmnstpoBanHOM Cu K, -M3Ty4eHUU U pac-
cunthiBasiA 110 popmyne [dedas—Illepepa [17]. Comepxanne MOHOKIMHHOU (ha3bl
ouieHuBaM 10 popmyse [18]:

|z

m

L(111)+ 1, (11T)+1,,(111)
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rae 1, I; — ”HTEHCUBHOCTH OTPAKEHUH OT COOTBETCTBYIOIUX IUNIOCKOCTEN MOHO-
KJIMHHOM M TeTparoHanbHOM ¢a3. CTpyKTypy HAHOMOPOIIKOB U KEPAaMHUKHU H3yya-
JU METOJOM MPOCBEUMBAIOIIEH 3JIEKTPOHHOW MHKpockonuu Ha mnpubdope JEM-
200A ¢upmbr JEOL (SInoHust) ¢ moMoIIbi0 METOJA ABYXCTYNEHYATHIX PEIIMK
[19]. TIMOTHOCTh KE€paMUKH OMNPEACIISIIA METOJAOM THAPOCTATUYECKOTO B3BEIIH-
BaHUS.

Pe3yabTathl 1 00CyxKaeHHE

B pesynbrate npokaiauBaHus THAPOKCHA IIMPKOHUS U3 OKCHUHUTpATa U OKCH-
XJIOpUJIa HUPKOHUS ObUIM IOJIy4EHbI HAHOMOPOIIKH TETPAaroHaIbHOI'O JTUOKCUAA
LUPKOHHUSA, CTPYKTypa KOTOPBIX IPEICTaBJI€HA HA pUC. 1. YCTaHOBIEHO, YTO
CpellHuE pa3Mepbl YaCTHI] HAHOMOPOILIKOB IO JaHHBIM 3JIEKTPOHHON MHUKPOCKO-
nuu u pasmep OKP, onpenenennsiii meronom PCA, HE3HAUNTENBHO OTIMYAIOTCS
JUIsL IByX BapHUaHTOB HCIIOJIb30BAHHBIX IPEKYPCOPOB U OINPEAEISAIOTCS TOJIBKO
Temneparypoi npokanusanusd. s temneparyp 500 u 700°C pasmep vactur co-
ctaBui 15 1 20 nm COOTBETCTBEHHO.

Puc. 1. IIDM-un3o00paxkenue HaHOnopoukos ZrO,—3 mol% Y,03 noayYeHHBIX U3 OKCH-
HUTpaTa MUPKOHUS MpH TemIiepatypax npokanmusanus 500 (a) u 700°C (6)

CTpyKkTypsl BCeX OOpa3IOB CIEYEHHON KepaMUKHU MPEICTaBICHBI TETParo-
HAJTBHON MOIU(UKAIMCH THOKCUAA IIUPKOHUS C COepKaHneM KyOudeckon (a3sr
10 5%. VI3ydeHue CTpyKTYphl KEpaMUKU MOKA3ajo, YTO MOBBIIICHUE TEMIIEpaTy-
PBI CIIEKaHHSI TIPUBOIUT K YBEITMUECHUIO CPEIHUX Pa3MEPOB 3epeH, KOTOPBIE MPaK-
TUYECKH HE 3aBUCAT OT THIA U pa3Mepa UCXOAHBIX HAHOMOPOIIKOB U MPHU TEMIIe-
patypax 1350, 1450 u 1550°C cocrasmstor 300, 600 u 1500 nm cOOTBETCTBEHHO.
O®pakrorpaduyeckue UCCIEIOBAHNS BBISBUIN CYIIECTBEHHO PAa3JIMYHBIA Xapak-
TEp pa3pyleHus 00pa3IoB KEPAaMUKH, MMOTYUYECHHBIX U3 OKCHHUTPATa U OKCHUXJIO-
puna mnupkoHus. Kepamuka Ha OCHOBE OKCHHUTpaTa LHUPKOHUS pa3pylIacTcs
IPEUMYIIECTBEHHO TPAaHCKPUCTAIUIUTHBIM IyTeM (pHC. 2,a), B TO BpeMs Kak Ke-
pamMuKa M3 OKCHXJOPHAA IUPKOHHUS, HAIIPOTHB, UMEET MHTEPKPUCTAJUIMTHBIN Xa-
pakrtep uznoma (puc. 2,0).
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Puc. 2. [I5M-u3obpaxenue u3nomMoB o6pa3uoB kepamuku ZrO,—3 mol% Y,03, momy-
YEeHHON W3 OKCHHUTpaTa IMUPKOHUSA (@) U OKCHUXJIOpUAA IMPKOHUS (6), CIIEYEHHBIX MpU
temrrepatype 1450°C

AHanu3 3HauYeHWH MJIOTHOCTH MOKa3aj, YTO MpPU OJMHAKOBOM TeMIlepaType crie-
KaHMs KepaMHUKa U3 OKCUHMUTpaTa LUPKOHUS CIEKAeTCs 10 IUIOTHOCTH, Oosiee Oam3-
KOM K Teoperuueckou (6.1 g/cm3), yeM KepamHka u3 okcuxyopuaa (tabm. 1). Xyn-
11asi CIIeKaeMOCTh KEPAMUKHU U3 OKCHUXJIOpHIIA IIUPKOHMST 00YCIIOBJICHA BBIZCTICHHEM
ra3000pa3HbIX MPOIYKTOB Pa3IOKEHHs XJIOPCOJACPIKAILMX COSIMHEHUI MIPU HAarpeBe
> 1000°C, koTOpBIE MPUCYTCTBYIOT HAa TIOBEPXHOCTH HAHOYACTHI] JUOKCUIA ITUPKO-
Hus nocie npokanuanus [20,21]. Kepamuka 13 oKCHHUATpaTa HUPKOHMSI, HAITPOTHB,
CIIEKACTCsl MPAKTUUECKU TMOJHOCTHIO yke Tipu 1350°C, Tak Kak COeAMHEHUs a30Ta
obnanarot Hu3ko (He Oonee 400°C) TemmepaTypoil pa3ioKeHUs U yIANSIOTCS elle
Ha CTaJMHM TPOKAIMBaHUS THApOKcUna. [lomydeHHble pe3yibTaThl KOPPETHPYIOT C
JAHHBIMU MO XapakTepy H3JIOMOB HCCIIEIyeMbIX 00pa3loB M CBHUIECTEIBCTBYIOT O
JydIIeM KauyeCcTBE TPAHUI] 3ePEH B ClTyyae KepaMUKH, IOITyYEeHHOW M3 OKCHHHUTPATA.

VY CTaHOBIIEHO, YTO B THAPOTEPMAJIbHBIX YCIOBHAX AJIS BCeX 00pa3loB KepamHu-
KW HaOIII0JaeTCsl YBEIMYCHHUE COJACPKAaHUsI MOHOKIMHHOW (pa3bl B 3aBUCUMOCTH
OT BPEMEHHU TUAPOTEpMaIbHOM 00padoTku (puc. 3), HO cTenenb T-M-npeBpariie-
HUSL pa3IinyHa JUIsi ABYX BapHAHTOB 00Pa3IOB U YCIOBUI X 00pabOTKH.

Tabmuma 1
3Ha4YyeHUsI MIJIOTHOCTH 00Pa3L0B KEPAMUKH, MOJYyYeHHBIX U3 okcuxjgopuaa (Cl)
U okcuHUTpaTa (N) HMPKOHUSA Ui PA3JIMYHBIX TEMIIEPATYP NPOKAJUBAHUA
HAHOMOPOIIKOB U CTIEKAHUS KEPAMHKH

[TnoTHOCTS, g/crn3
Teale, °C Tsint, °C
1350 1450 1550
500 (N) 5.95 5.98 6.0
700 (N) 5.92 5.97 5.99
500 (CI 5.80 5.89 5.95
700 (C1) 5.82 591 5.97
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Puc. 3. 3aBucumocth copepxanust M-¢a3pl 0T BpeMEHU THIPOTSPMATIBHOTO BO3ICHCTBUS,
BHUjIa Tipekypcopa (m, ®, o —N; 0, 0, A — Cl) u Temnieparypsl criekanus (m, 0 — 1350; @, o —
1450; a, A —1550°C). Temneparyps! npokanmBaams mopoirka 500 (a) u 700°C (6)

W3 rpaduKoB yKa3aHHOW 3aBHCUMOCTH CIIEAYET, YTO MEHEE BCETO MOJABEpIKe-
HBI Jerpaganuu obpasmpl, criedeHHbie ipu Temneparype 1350°C (puc. 3,6). Co-
JiepKaHrne MOHOKJIMHHOM (ha3bl B Takux oOpasuax He mpesbicuiio 10% 3a 70 h uc-
IBITAHUN B TUAPOTEPMabHBIX YyCIOBUAX. [Ipu 3TOM 00pasibl, MOIy4YEHHbIE IO
HUTPATHOW TEXHOJIOTUU, UMEIOT OOJBIIYI0 YCTOWYMBOCTh K JETpafaivu, IOJIS
MOHOKJIMHHOM (pa3el B HUX mociie 70 h ucnwitanuii cocrapuseT okoio 5%. O6pas-
b, CIICUCHHBIC TPU OoJiee BBICOKUX TeMIlepaTypax, MeHee CTaOmibHbI K T-M-
npeBpaieHuio. Tak, BO Bcex oOpasmax, crnedeHHbIx mpu 1550°C, comeprkanue
MOHOKJIMHHOU ¢a3el 3a 70 h rumporepmanbHOoro Bo3aeicTBust aocruraet 75%.
AHau3 MOJy4YeHHBIX Pe3yJIbTaTOB MOKA3bIBAET, YTO pa3Mep YaCTHUI] HAHOOPOLI-
KOB MPAKTUYECKH HE BIUSACT Ha (Ha30BYIO CTAOMILHOCTD IMPKOHUEBOM KEPAMUKH.
B To ke BpeMsi yBenMueHUE pa3Mepa TeTparoHaJbHBIX 3€pEeH MpU CIEKAHUU Ke-
pamMuKku OOJIbIIIE KPUTHUYECKOTO SIBISIETCS OINMpPENeSIoNuM (HaKTOpoM, OTBETCT-
BeHHBIM 3a T-M-(a3oBoe npeBpamienue. Tak, 3a 70 h nmpeObIBaHuS B THAPOTEP-
MaJbHBIX YCJIOBUSAX HAOMIOJaeTCs pas3pylieHHe BceX 00paslioB KepaMHKH, CIIe-
yeHHBIX TIpH 1450 u 1550°C (cpennuii pazmep 3eped 600 u 1500 nm cooTBeTCT-
BeHHO). CHMKEeHHE CTaOUILHOCTH MOXET OBITh BBI3BAHO CErperamueii HOHOB UT-
TpUS Ha TPAHMIILI 3€PEH TIPpH TemmepaTrypax cnekanus oomnee 1400°C, B pe3yibTa-
T€ Yero coJiepXKaHue UTTPHUs B 00bEMe 3€pHA CTAHOBUTCS HEIOCTATOYHBIM IS
CTa0WIM3aliyd TETparoHaNbHOM (ha3el, uTO crocobcTByeT T—M-mpeBpalieHuto.
[Tomy4yeHHble pe3ynbTaThl yKa3bIBAIOT HAa CYIIECTBEHHOE BIUSHUE COCTOSIHHS
TpaHUIl 3epHa Ha pa3BUTHUE Mpoliecca Jerpajaluy KepaMuKu, 4To Obuio oOHapy-
JKEHO TIPU UCCIEAOBAHUN KePaMUYECKUX OOpa3IloB, U3TOTOBJICHHBIX MO XJIOPUI-
HOM TE€XHOJIOTHH, KOTOPBIE Pa3pyLIAlOTCs MEKKPUCTAILTUTHBIM ITyTEM.

[IpencraBnsier MHTEPEC PACCMOTPETH BOMPOC O MEXaHU3Max 3apOKIeHUS M-
da3bl B mporeccax Aerpajaluyd KepaMUKd U CPaBHUTH MOJTYUYEHHbIE PEe3yJIbTaThl
JUTsE 00pasloB KepaMUKH, U3TOTOBJICHHBIX U3 Pa3IUYHBIX MpeKypcopoB. s da-
30BBIX MPEBPAILLEHUI, TPOUCXOASIINX B N30TEPMUUYECKUX YCIOBHIX, B TOM YHUCIIE
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u s T-M-dazoBoro nepexona B ZrO,—3 mol% Y,03, 3aBUCUMOCTB COJIepIKaHUS
M-a3bl OT BpeMeHH NpeObIBaHUS B TUAPOTEPMATIBHBIX YCIOBHAX MOXKET ObITh BbI-
pakeHa C TIOMOIIBIO ypaBHeHHs JlxoHcoHa—ABpamu [22-26]: X, = 1 — exp(~kt")
(rme X,, — oObeMHast 10T MOHOKJIMHHOW (ha3bl, 00pa3oBaBIICiiCSI K MOMEHTY
BPEMEHH f; 1 — KHHETUYECKUH MMOKa3aTelb, KOTOPHI 3aBUCHT OT MEXaHH3Ma Ipe-
BpALLEHUS U TEOMETPUH POCTa; k — KOHCTaHTa pocTa). [Toka3arens n MOXeT ObITH
NOJYYEH TIPU OTPENICIICHUH TaHTEHCA yIjla HAaKJIOHA JIMHEHHOTO yJacTKa KPUBOM
3aBHCUMOCTH cojiepkaHusi M-(a3bl OT BpeMeHH, MOCTPOEHHONW B KOOpAMHATax
In(In(1/(1 — X,;,))) ot Inz (puc. 4).

1 I
= of = Ot
1 =<1
Lol =
= 3} = ot
E 4f !
E £ 3f
-5t —6-
ok
25 30 35 40 45 1.5 2.0 2.5 3.0 35 40 45
Int In¢
a 4]

Puc. 4. 3aBucumocTsb conepxkanus M-da3bl OT BpeMeHH, BHIa IPEKYyPCOpa U TEMIIEPATy-
poI ciekanns B koopawHarax In(In(1/(1 — X,;))) ot Inz. Temnepatypsl IpoKaTuBaHUS T10-
pomka 500 (a) u 700°C (6). O603HaUYCHHS T€ XKe, 9TO M HA PHUC. 3

PaccunTannble 3HaueHus 1 U1 00pa3loB U3 OKCUHHUTpATa [IMPKOHUS JIeXkKaT B
npenenax ot 1.6 qo 2.7, uro cornmacHo Teopun Koamoropoa—Meiina—/[>)koHcoHa
[27,28] cCOOTBETCTBYET ABYMEPHOMY POCTY MOHOKIMHHOW (ha3bl C MOCTOSHHOM
CKOPOCTBIO 3apoxkaeHusi. [ o0pasoB U3 OKCHXJIOpHIA IUPKOHUS 3HAYCHUS 1
HaxOAATCA B JUamna3oHe oT 3 110 4.7, 4TO COOTBETCTBYET TaKKe ABYMEPHOMY POCTY
MOHOKJIMHHOM (ha3bl, HO C BO3pacTaloel CKOPOCThIO 3apoxacHus [29]. 310 00b-
sicHsieTcs OombIel 1eeKTHOCTHIO IPAHUIl B TJAHHOM THIIE KEPaMUKH (Talut. 2).

Tabmuna 2
Kunernueckue noka3arenu N 115 kepamMmuku u3 okcuHutpara (N) u oxkcuxiaopuga (Cl)
HUPKOHUS, OJYYEHHOH MPU PA3JINYHBIX TeMIEPaTypax NPOKAJUBAHUS MOPOIIKA
U CIIEKAHUS KePAMUKH

Kunernueckuii mokasarenis n
o Tsinta °C
Teale °C 1350 1450 1550
N Cl N Cl N Cl
500 2.1 3.27 2.7 4.7 2.7 4.1
700 2.1 3.7 2 3.5 1.6 3
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Ha puc. 5 npencrasnenst POM-u3o0pakeHusT M3I0MOB KE€pPaMHUK C HHU3KUM
(5%) u BeIicoKUM (70%) comepskaHreM MOHOKIWHHOW (a3pl. Ha oOpa3sie, moa-
BEpriieMcsi CWIbHOM JAerpajanuu, HaOMIOJAaeTcsi pa3pylIeHHEe MOBEPXHOCTHOTO
cJosl Ha TIyOMHY OKosio 75 pum 3a 72 h mpeObIBaHUs B THAPOTEPMAIBHBIX YCIIO-
BUSIX.

Puc. 5. POM-u3o0pakeHne U3JIOMOB KEPAMHUKH W3 OKCHHHUTpATA ITUPKOHUS, CIICUCHHOMH
npu Temnepatype 1350°C (@), 1 U3 OKCUXJIOpH/IA IUPKOHUS, CIICYSHHOHN TIPH TeMIIepaTy-
pe 1550°C (6)

3akjaueHue

B pabote u3yueHo BIMSHEE THIIA IPEKypcopa, pa3Mepa 4acTUI] HAHOTIOPOIITKa
U TeMIlepaTyphl CrieKaHus Ha (a30BYIO JErpajaliio KepaMHKH Ha OCHOBE HAHO-
nopomkoB ZrO>—3 mol% Y,03, KOMIaKTUPOBAHHBIX B YCIOBHSX BBICOKOTO THJ-
pPOCTaTUYECKOTO JTABJICHHUS.

[TokazaHo, 4YTO CTENEHb PA3BUTHS HU3KOTEMIIEPATYpHOU Nerpaaliiid MOXKET
CYIIECTBEHHO Pa3u4aThCsi B 3aBUCHMOCTH OT YCJIOBUN CHHTE3a MCXOIHOTO Ha-
HOTIOPOIIKA (MCMOJIb30BaHNE PAa3IUYHBIX BUIOB MPEKYPCOPOB) U OT YCIOBHIA MO-
JTy4eHUsI KepaMUKH. Y CTaHOBJICHO, YTO CHIDKEHHME TEMIIEPATYyphl CIIEKAHUS KOM-
nakToB A0 1350°C (BmMecTo TpaaummonHoro pexuma 1550°C) no3BomsieT mpakTH-
YECKH TPEAOTBPATUTh Aerpanaiuio. [Ipu 3ToM M3MEeHEeHHe pa3mepa 4YacTHll UC-
XOJHOTO TopoIka oT 15 10 20 nm He BAMSIET HA CTENEHb PAa3BUTHS JErpajaliu
kepamuku. ClieyeT 3aMeTHTh, YTO JOCTHIKCHHE TUIOTHOCTH, OJIM3KON K TEOPETH-
yeckoil mpu Temmeparypax cnekanus Ha 200°C Huxe OOBIUHBIX, CTAJTIO BO3MOX-
HBIM OJ1arojapst UCTOIb30BaHUIO HAHOTIOPOIITKOB B KAYECTBE MCXOTHOTO TIPOAYK-
Ta JJIsl KEPaMUKHU U BO3MOXXHOCTH MX YIUIOTHEHUS Mepe] CIIEKaHUEM B YCIOBHUSAX
BBICOKOTO THIPOCTATHYECKOTO AaBICHHUS.

[TokazaHo, 4TO CYIIECTBEHHYIO POJIb B CKIIOHHOCTH K (Da30BO# Aerpajaluu ur-
paeT TEXHOJIOTHS CHHTE3a, BKJIIOYAIOIIAs BRIOOp mpekypcopa. Hamuume xiopco-
JEpKaIIMX KOMIIOHEHTOB Ha MOBEPXHOCTU CUHTE3UPYEMBIX HAHOYACTHUI TUOKCH-
Jla IUPKOHUS OKa3bIBAE€T HETAaTUBHOE BIIMSHHUE HA CTAOMIBHOCTDh KEPAaMUKH B TU]I-
pOTepMalibHBIX YyCNOBUsAX. OQHAKO MPU MUHMMH3ALUU TEMIEPATYPhbl CHEKAHUS
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KepaMHUKHU yJaeTcsi CHU3UTH JI0JII0 00pa3oBaBIieiics MOHOKIUHHON ¢a3bl 10 10%
B ycioBusx Harpesa 10 140°C B armocdepe BoasHOTO mapa B TeueHue 70 h. B To
KE€ BpeMs KepamuKa, MOJydyeHHas 10 HUTPATHOM TEXHOJOTHH, MOKa3bIBaeT JTyd-
MK pe3ysIbTaT — 0K0JI0 5% MOHOKIMHHON (ha3bl.

DKCIIEpUMEHTAIILHO YCTAHOBJIEHA POJIb COCTOSIHUSI TPaHUI] 3€pPEH, pa3MepoB
3epHa U IJIOTHOCTH KE€PaMMKH B Pa3BUTHUHU Ipoliecca ee aerpaganuu. [lpu stom
POJIb HAMPSHKCHUI, Cerperanuu UTTPHs TAKKE YUUTHIBAETCS, MOCKOIBKY JIEHCT-
BHUE 3TUX (PaKTOPOB HEM30EKHO MPUCYTCTBYET B PA3BUTUHU JaHHOTO siBieHHs. Or-
peneneHbl KHHeTUYeCKre Kod((GUIIMeHThI, KOTOpbIe Al 00paslioB U3 OKCHHHUTpA-
Ta HUPKOHHUA JIeXkKaT B npeaenax oT 1.6 1o 2.7, 4To0 COOTBETCTBYET IBYMEPHOMY
pPOCTY MOHOKJIMHHOM (pa3bl ¢ MOCTOSHHOM CKOPOCTBIO 3apOKIACHUS, a A o0pas-
IIOB U3 OKCUXJIOpH/IA IIMPKOHUS — B TMaNa3oHe ot 3 110 4.7, 9T0 MOKET OBITh 00Y-
CJIOBJICHO TaK)K€ JBYMEPHBIM POCTOM MOHOKIMHHOM (ha3bl, HO C BO3pacTarolien
CKOPOCTBIO 3apPOXKICHHUS.

[TomydeHHbIe pe3ynbTaThl MOTYT OBITh KCIIOJIB30BAHBI JJIsi CO3JAHMS KepamHu-
YECKHX MaTepHAJIOB C TIOBBIIIEHHON CTaOMIIBHOCTBIO K HU3KOTEMITepaTypHOu (a-
30BOH Jlerpafanuu, a TakxKe sl TPOrHO3UPOBAHMS BPEMEHH SKCILTyaTalluu [Up-
KOHHMEBOI KEpaMHKH B THIPOTEPMAIBHBIX YCIOBHUSIX.

PabGota Beimonnena B pamkax npoekra FP7-People-2010 «Nano-Guard» Marie
Curie Grant+Agreement PIRSES-GA-2010-269138.
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F.I. Glazunov, G.K. Volkov, T.E. Konstantinova, I.A. Danilenko, V.A. Glazunova

PHASE STABILITY OF THE CERAMICS BASED ON THE NANOPOWDERS
OF ZrO2-3 mol% Y203 COMPACTED UNDER HIGH HYDROSTATIC
PRESSURE

The kinetics of tetragonal-monoclinic transformation in ceramics obtained from the
nanopowders of ZrO,—3 mol% Y,03 in a water steam at 140°C and atmospheric pressure

conditions was studied. Nanopowders of ZrO,—3 mol% Y,0O3; were synthesized by co-
precipitation technique of hydroxides of zirconium and yttrium from salt solutions. Two
kinds of the precursors: zirconium oxynitrate and oxychloride were used. The nano-
powders were consolidated under high hydrostatic pressure of 500 MPa and sintered at
1350-1550°C. The results analyzed by Kolmogorov—Mehl—Johnson theory shown that
the content of monoclinic phase depended on the time of hydrothermal treatment. Possi-
ble mechanisms of nucleation and growth of the monoclinic phase in the process of deg-
radation were discussed. It was established that in the ceramics samples sintered at
1350°C and aged 70 h under hydrothermal conditions, only 10% monoclinic phase was
detected. It was found that the ceramics obtained from zirconium oxynitrate was more
resistant to hydrothermal degradation than the ceramics obtained from zirconium oxy-
chloride.

Keywords: zirconia, ceramic, tetragonal-monoclinic transformation, low-temperature phase
degradation
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Fig. 1. TEM images of the ZrO,—3 mol% Y,0O3 nanopowders made of zirconium oxyni-
trate calcined at the temperatures of 500 (a) and 700°C (6)

Fig. 2. TEM images of fracture surface of the ZrO,—3 mol% Y,O3 ceramics sintered at
1450°C from the nanopowders obtained from zirconium oxynitrate (a) and zirconium
oxychloride (6)

Fig. 3. Dependence of the amount of the M-phase in the zirconia ceramics on hydrother-
mal exposure for different types of precursors and sintering temperatures for nanopow-
ders calcined at 500 (a) and 700°C (6)

Fig. 4. Dependence of the amount of M-phase in the zirconia ceramics for different types
of precursors and sintering temperatures in the units of In(In(1/(1 — X)) vs In¢ coordi-
nates for calcination temperatures 500 (a) and 700°C (6)

Fig. 5. SEM images of the fractured ceramics sintered at 1350°C from nanopowders ob-
tained from zirconium oxynitrate (a) and those sintered at 1550°C from nanopowders
obtained from zirconium oxychloride (6)
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PACS: 81.70.q, 81.40.Jj

E.H. NobumeHko

OKCIMEPUMEHTAJIBHOE NCCINEOOBAHUE ABJIEHUA
BOAOOPOOOYTNPYIOCTN HA NNACTUHE N3 CINABA o-PdH,

[oHeuKniA HaLMoHanbHbIN TEXHUYECKUIA YHUBEPCUTET
yn. Aptema, 58, r. loHeuk, 83000, YkpanHa

Cratbs noctynuna B pegakumio 8 anpens 2014 roga

DKCnepuUMeHmanbHo UCCIe008aHblL S8AeHUE 8000POOOYRPY20CMU U GIUAHUE UCXOOHO20
CcoO0epacanust 6000POOA HA POPMOUIMEHEHUE NALLAOUEEOU NIACMUHbL NPU ee OONOIHU-
MeNbHOM OOHOCMOPOHHEM HACHIWEHUU 8000PO0OM 00 cocmasa chiasa o-PdH, npu
180 °C. Iloomeepoicoeno, umo gopmousmeHerue NIACMUHBL PA3BUBAEMC 8 084 dMANA:
HA NepeoM — RAACMUHA 8eCbMa ObICMPO DOCU2aem MAKCUMATbHO20 us2uba, a Ha 6mo-
pom (cywecmeenno bonee ONUMeNbHOM dmane) — NIACMUHA PACHPAMAAEMC npaKmuye-
CKU noanocmuio obpamumo. Yemanogneno, umo npu 180 °C ucxoonoe codepoicarue 80-
00po0a 8 NANIAdUYU GUsLEM HA GEIUYUHY MAKCUMATLHO20 U32udad, 8pems O0CHUdICEHUS
MAKCUMYMA, KUHEMUKY DACAPIMAEHUS. NWIACHMUHbL U GeIUUUHY OCMAMOYHO20 CMAYUO-
Hapro2o gopmousmenenus. [lpoananuzuposana uzuveckas npupooa NOIYYEeHHbIX IKC-
NePUMEHMATBHBIX 3AKOHOMEPHOCTHEL.

KuarwueBble cjioBa: BOJOpPOJ, CUCTEMa MNaJIaJui—BOJOPOJ, TaiaiueBas IUIaCTUHA,
dhopmousmeHenue, quddy3usi, BOJAOPOIHbIC KOHIICHTPAIIMOHHBIC HANPSHKCHUS, BPEMEH-
HOM I'paIMCHTHBIN CIJIaB

Excnepumenmansno 0ocniodceno asuuje 80OHEBONPYICHOCI MA GNAUE BUXIOHO20
eMicmy 800HIO HA (YPOPMO3IMIHEHHs NALadie8oi niacmuny npu ii 000amKo8oMy 0OHOCMO-
POHHbOMY HACUYeHHi 800HeM 00 ckaady cnaasy a-PdH, npu 180 °C. Iliomeepooiceno, wo
POPMOIMIHEHHS] NIACMUHU PO3BUBAEMbCSL Y 080 eMAnl. HA NEPUIOMY — NIACMUHA WUEUO-
KO 00CA2a€ MAKCUMATBLHO20 8USUHY, A HA OPY2OMY (ICTOmMHO OLlbWw MPUBALoOMy emani) —
NIACMUHA PONPAMAAEMbCA NPAKMUYHO NOBHICMIO 380pomHo. Bcmamnoseneno, wjo npu
180 °C noyamxoguti emicm 800HI0 Y NANAOIL BNAUBAE HA BETUYUHY MAKCUMATLHOZO USUHY
RAACTUHU, YAC OOCSCHEHHSI MAKCUMYMY, KIHemuKy pO3NpIMAEHHs. RAACMUNHY Md 6eUYl-
HY 3AMUWKO8020 CMAYIOHApHO20 ¢hopmosminenns. [Ipoananizosano Gizuuny npupooy
OMPUMANHUX eKCNEPUMEHMATbHUX 3ATeHCHOCHIEN.

KurouoBi ciioBa: BojeHb, crucTeMa Manalidi—BOJACHb, MajaaieBa MiacTuHa, GHopMo3Mi-
HEHHS, BOJHEBI KOHIICHTPAIliHI HAIIPY>KCHHS, THMYACOBHIA IPaliEHTHUHN CIUIaB, TADY3ist

Knaccuueckum MoaenbHbIM OOBEKTOM ISl MCCIEAOBAHHUM MpoOeM, BO3HU-
KaIOIIMX MPU B3aUMOJCHCTBUHM BOJOPOAA C METaUIaMH, CIYKUT cuctema Pd—H,
MTOCKOJIBKY PACTBOPEHHBIM B METAJUIE BOJOPOJ PACIIUPIET KPUCTAIUIMYECKYIO

© E.H. MobumeHko, 2014
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pELIeTKY MeTajula U BBI3bIBAET MOSBICHHE B METaJUle BHYTPEHHUX HAMPSKCHUH.
B HepaBHOBECHBIX YCIOBUSX JII0OObIE€ KOHLIEHTPALMOHHBIE HEOTHOPOJAHOCTH MPH-
BOJIIT K BOSHUKHOBEHHUIO B TBEPAOM Telle BOJOPOIHBIX KOHIIEHTpamoHHbIX (BK)
HanpsokeHui. Korga BK-HanpspkeHus He MpeBOCXoaAT npeiesna NponopuuoHalb-
HOCTH MeTajlla U He pa3BUBaeTCs BOJ0po0(]a30BbIii Hakien B cucteMax Me—H,
UMEET MECTO SIBJIEHHE BOJIOPOJOYNPYTrOCTH, TP KOTOPOM BCE M3MEHEHHUS B Me-
TAJJIMYECKOW U BOAOPOAHOM MOACHCTEMAxX CaMOCOIVIACOBAHHBL. MexaHUuecKue
NPOSIBJIICHUS] BOJIOPOJOYIIPYTOCTH (DUKCUPYIOTCS Kak oOpaTtumbie (hopMOHU3MEHe-
Hus (kopobnenue) oopasna u s¢dext ['opckoro [2].

B panee BBINOSHEHHBIX UCCIIENOBaHUSIX [3—5] ObUIM YCTaHOBIIEHBI 3aKOHOMEP-
HOCTH BJIMSIHUSI TEMIIEPATYyphl, AABJICHUS, CKOPOCTU MOJauu BOJOpOJAa B Kamepy
Ha BOAOPOAOYIPYroe (pOpMOM3MEHEHHE NAJUTAUEBON TUIACTHHBI MPH €€ OJHO-
CTOPOHHEM HACBIILIEHUHU BOIOPOAOM B HHTepBasie Temneparyp 100-350°C. B cBs-
3U C 3TUM HIPEJCTABIISIET UHTEPEC CUCTEMATHUECKU SKCIEPUMEHTAIBHO HU3YUYHUTh
SIBJICHHE BOAOPOAOYIIPYTOCTH Ha IJIACTHHE MaJla s, ICXOIHO HACBIIIEHHOM BO-
nopozaoM 1o croiaBa o-PdH,, (tae n — KoHIeHTpalust BOJOpoia B MaJUIAINN ), IPU
yBEJIMUYEHUH n Ha An = n = const Npu KaKJOM MOCJIEIYIOLIEM HallyCKe BOJIOpOAa
B Kamepy. DTO OTKpPbIBAeT JAONOJHUTEIbHbIE BO3MOKHOCTH JUIsl HAKOIJICHUS WH-
dopMaIuu 0 3aKOHOMEPHOCTSX BOJIOPOAOYNPYruX 3(h(HEeKToB B CHCTEMax majiia-
JIA—BOJIOPOI.

Llenp paboThl — OOOOIIMTE PE3YNBTATHI IKCIEPUMEHTAIBHBIX HCCIICIOBAHUN
BOJIOPOJIOYIPYTOoro (hOpMOM3MEHEHHs IUIACTUHBI U3 YMCTOro MaJUIa sl U CIljiaBa
o-PdH,, mpu ee onHocTOpOHHEM HachieHHH BojopooM npu 180°C.

Hccnenyemblii oOpasell B BUjie TOHKOM IIaCTUHBI pazmepamu 68 x 5.5 x 0.27 mm
u3 ynucroro (99.98%) namnagus Obu1 noaBeprHyT omxury npu 700°C B TeueHue
60 min u oxyaxaeH ¢ neupo. OIHY CTOPOHY OTOXIKEHHOTO 00pa3siia dJIEKTPOIIH-
TUYECKU TOKPBIBATIH MEbIO.

B BomoponoBakyymHoii yctanoBke BBY-4 [6], koTopast coctouT u3 paboueit
KaMepbl U OOCITy)KMBAIOIUX €€ YEThIPeX BCIOMOIaTeNbHbIX OJIOKOB, oOpaser 3a-
KPEIULIIA B JeprKaTesb pabodueil kaMephl OTHUM TOPILIOM TaK, YTOOBI BBEpXy ObLIa
CTOpOHa o0pa3lia ¢ MEAHBIM MOKpbITHEM. Pabouast yacTe 00pasia nocie 3akperuie-
Hus coctaBuiaa 60 mm. JIjig CHATHS OCTATOYHBIX HAMPSHKEHUI 3aKPETUICHHBIN 00-
pasel noiBepraiu HU3KOTEMIIEPaTyPHOMY BaKyyMHOMY OTKUT'Y HETIOCPEICTBEHHO
B paboueit kamepe: ero MeieHHO HarpeBanu 10 240°C co ckopocthio 3 K/min u
3aTeM OXJIAXKJAJIU C MeYbIO.

DKCTIepUMEHTHI POBOIIIM B ciieytomieM nopsiike. Obpaser memienHo (3 K/min)
Harpesaiu 10 180°C u BbaepkuBanu npu 3toil Temneparype 20 min. I[Tocne sto-
ro B U30TEPMHUYECKHX YCIOBHAX B pabodyi0 Kamepy momaBaiu au¢¢y3uoHHO-
OYMILEHHBI BOJOPOJ 10 3aJlaHHOTO JaBJEHHUs, TaKMM OOpa3oM Hachlllas Iuia-
CTHHY JI0 cocTaBa cruiaBa a-PdH,, BeIepkuBay B 3TUX YCIOBHAX IO TEX TIOP,
MOKa IUIACTUHA BEPHETCSI B MCXOJHOE COCTOSIHUE, M MOBTOPHO HACHILIAIM BOJO-
ponoMm. Ot Hayana nogayu Bogopoaa (f = 0) ¢ momMouIbl0 KaTeTOMETpa U BHJIEO-
KaMephl Samsung 3aluchIBajIi U3MEHEHMsI CTPEJIbl Mporuda odpasia uepe3 KBap-
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[IEBOE OKHO B paboueil kamepe. Bupeosanucu 3aTeM aHaTU3UpOBAIN B NPOrpaM-
Me Sony Vegas Kajp 3a KaJpoM, U4TO MO3BOJIMJIO MOJYYUTh 3aBUCUMOCTb CTPEIIBI
nporuba obpaszua or BpeMeHH. OmubOka H3MepeHHsl MOJ0XKEHUS CBOOOJHOTO
KOHIIa MJIacTUHbI cocTasisia £0.03 mm.

B cooTBeTcTBMM ¢ MOCTaBIEHHOHN 3ajjaueil BIMSHHUE UCXOAHO PACTBOPEHHOI'O
BOJIOpOJIa Ha (POPMOM3MEHEHHE TaJIaINEBON TUIACTHHBI OBLIO U3YYEHO MPH TEM-
neparype 180°C. Ha puc. 1 npencraBieHsl XapakTepHbIE BPEMEHHBIE 3aBUCUMO-
cTH (OpPMOM3MEHEHUS MaIaANEeBON MJIACTUHBI, KOTOPYIO HACBILIAJIM TPHU pasza 10
cocraBa criaBa o.-PdH,, (rne » — KoHIeHTpanuus BoAopoAa, KOTOPYIO B HMaJlIa uu
B TpeX OMbITax Kaxablid pa3 yBenuuuBanu Ha 0.0092 H/Pd). Pe3ynbraThl 3THX
HKCIIEPUMEHTOB IIPUBE/ICHBI B TA0JIULIE.

Ha puc. 1 npuBeneHa skcnepyuMeHTabHas KpuBasi / U3MEHEHUs BEJIMYUHBI CTpe-
JIBI TIPOTMOA TUTACTHHBI BO BPEMEHU NIPU KOHEYHOM JIABJICHUH T10JJaBaeMOTO BOJIOPO-
na 0.0145 MPa nipu HachIIIEHHH YUCTOTO TAJUTaIns 10 coctaa cruiaa a-PdHg ogp.
Kak BuauMm, ¢opMou3MeHEHHE IUIACTHHBI OCYIIECTBISUIOCH B JIBa BPEMEHHBIX
srana. Ha nepBom 3tamne miactuHa ObICTpO M3rudansach, MpUUEM YK€ HErocpea-
CTBEHHO B IIPOLIECCE OTKPHITHUS BEHTWIS Ha YCTAHOBKE NPH CKOPOCTH MOJa4u BO-
nopona 0.0053 MPa/s B pabouyto kamepy. [Ipu 5TOM B MOMEHT JOCTHXKCHHS 3a-
naHHoro nasieHust PHy = 0.0145 MPa (¢ = 2.7 s) u3rub miacTuHbl y»e JOCTUT
9KCHEPUMEHTAJIbHO 3aMETHOM BeIMUYMHBL. B mocnenyromeM npu MOCTOSHHOM
JIaBJICHUH BOJOpona PHy oOpasel mpoaobKail HAaChIIATECS BOAOPOAOM U MHTEH-
CHBHO M3ru0aThCs, U CTpesa Mporuda JOCTHUIIIA CBOETO MAKCUMYMA Ymax = 1.5 mm
yepe3 NPOMEXKYTOK BPpEMEHM ATn, = 12 s oT Hayana noxauu Bopopoza. Ilocie
JTIOCTHKEHUSI MaKCUMaJIbHOTO M3rnba (kpuBas /, Touka /), T.€. B Hadajie BTOPOTo
JTara IUIacTHHA MEepBOHAYAIbHO B TeueHue 16 s (puc. 1, kpuas [/, uHTEpBaNI f~g)
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Puc. 1. BpemenHas 3aBUCUMOCTh (pOpMOM3MEHEHHS NaiaaneBoil miactuusl npu 180°C
P HACHITIICHUH grcToro namaaus (/) u citaBoB a-PdHg g9 (2) 1 a-PdHg 184 (3) mpu

yBEeMUEHUH KOHLIEHTpauuu Bogopoaa va An = 0.0092 H/Pd
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Tabnuua
BJ'I]([HHI/IC KOHIIeHTpaIH/lI/I BO}JOpO)Ia B IMaJljiaiu HA XapaKTepI/ICTI/IKI/I
(opMou3MeHeHHA MJIACTHHBI

Ne Pry | APn 3 in | Amax| Atmin| At
sKene- | Marepran 2 ‘ 2 nH/Pd| s | ¥ 107 | Ymax | Ymin max‘ mm‘ d
pHMEHTA MPa MPa/s mm s
1 2 3 4 5 6 7 8 9 10 11 12
Pd 0 1]0.0145]0.0092| 2.7 | 53 |[1.55]0.08| 12 |452 | 350

a-PdHy g0p| 0.046 [0.0315]0.0184 | 8.5 | 3.7 [1.98]0.08] 17 | 900 | 340
a-PdHg 84| 0.09 | 0.044 [0.0278( 7.2 | 5.9 [2.66|0.25] 19 | 600 | 300
Pd 0 | 0.09 0.0278] 7.6 | 11.86 |3.82]0.18] 30 [1100] 300

AW I[N (=

Ilpumeuanue. PH, — naBneHne BOJOpOJa, MOAABaEMOe B Kamepy; APH, — U3MEHEHHE
JIaBJIEHUSI BOJOPOJIA; ¢ — BPEMsI HaIlycKa BOJOPOJAA B KaMepy; v — CKOPOCTh HaIlyCKa BO-
JIOPOAA; Ymaxs> Ymin — COOTBETCTBEHHO MaKCHMalIbHOE W OCTATOYHOE (OPMOHM3MEHEHHE;
max — BpeMs TOCTI)KEHHS MaKCUMAaIbHOTO (DOPMOU3MEHEHUS; fryin — BPEMsI, Yepe3 KOTO-
poe oOpasel BBIXOAWUT B CTAallMOHAPHOE COCTOSHHE; f; — BpPeMs JOIOJHUTEIHHON BbI-
Jep>KKH 00paslia B CTAlIMOHAPHOM COCTOSIHUM; 71 — COAEPKaHNE BOAOPOAA B MajIaluH.

«yIepKuBaia» MakcuMaibHbIM U3rud. Ha BTopom, Oosnee nmuTenbHOM 3Tare, 4eM
HepBbIi, 00pa3el cTaja MeUIEHHO 3aKOHOMEPHO paclpsIMIIATECS, YTO CBHUJIETENb-
CTBOBAJO O TIOCTETICHHOM YMEHBIICHHH HAIpsDKEHWH B 00pasie B pe3ysbTaTe
BbIpaBHUBAHUS I'PaJMEHTa KOHIIEHTPALMU BOJIOPOJIa MO ceyeHuto obpasua. Yepes
452 s oT Hayasa >KCrepruMeHTa ObUIO JOCTUTHYTO CTAIIMOHAPHOE COCTOSHHUE (Vimin =
= (.08 mm), koTopoe B mocieayoIieM B TeueHue 350 s 10 3aBepIieHus YKCIepH-
MEHTa OCTaBaJIOCh HEM3MEHHBIM. [loguepkHEM, YTO Vpin COCTABISET MPUMEPHO
5% OT BeTMYMHBI MAKCUMAJILHOTO U3TUO0A Yimax = 1.55 mm.

Bo BTOpoOIi yactu skcnepuMeHTa (puc. 1, kpuBasi 2) o ONMCaHHOMN BBILLIE Me-
toauke cruiaB o-PdHg gg9o Hackimamu no cocraBa o-PdH ¢1g4, KOTIa IaBlIeHHE
BOJIOpoJia B paboueil kamepe ycraHoBkM BBY-4 6puto yBennueno ot 0.0145 no
0.046 MPa npu ckopoCTH NOJayu BOAOPOAA V = 3.7-10_3 MPa/s. YBenuuenue
JTaBJICHUs BOJOPO/Ia HE MPUBENIO K CYIIECTBEHHOMY M3MEHEHUIO KMHETUKH (op-
MOW3MEHEHHMs TUIACTUHBI KaK Ha MepBOM, TaK U Ha BTOPOM 3Talle €€ HACHIILEHHS
BOZOPOAOM. M3rub niuacTUHBI Ha IEPBOM 3Tale pa3BUBAJICA, KaK M IIPU Hacbllle-
HUM IJIaCTUHBI U3 yMcToro namiaaus (puc. 1, kpusas 7). Ilocne okoHuaHus Ha-
mycka u3ru0 ImpojospKail yBEIU4YMBaThCs, U yepe3 17 s OoT Havaja mojadu BOJO-
pola B Kamepy ObLI JOCTUTHYT OOJIBbIINN MaKCUMAJIbHBIA U3TU0 MIIACTUHBI (Vmax =
= 1.98 mm, oTmMeueH TOuKoi d Ha KpUBOH 2), 4UeM B IIEPBOM dKcIepuMeHTe. BTo-
pO¥i Tam HavYaJICs ¢ TOTO, YTO MAKCHMAJIBHBIN U3rHO yACepPKUBAJICS B TCUeHHE 16 s
(puc. 1, uarepBan d—h), nanee riacTHHA Havyana pacupsamisThes. Kak Bumum, mia-
CTHHA PACIpPSMJISIIACh, KaK U B IEPBOM 3KCIIEPUMEHTE, C TAKOM K€ CKOPOCThIO, O
Hako yepe3 400 s mocie Havyana Hamycka (puc. 1) HabaromaeTcss HEKOTOpoe MpUoc-
TAHOBJIEHHUE PACHpPAMIIEHUs, KOTOPOE CO BPEMEHEM IpoAosrKaeTca. Bennunna ko-
HEYHOTO CTAIIMOHAPHOTO M3rM0a TUIACTUHBI Viin = 0.08 mm Opu1a 1OCTHTHYTA Ye-
pe3 900 s 1 He u3MEeHUIach B TEUEHHE JOTOTHUTENbHOU Bhiep kKU 400 s.
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Bo Bpewms tperwsero Hamycka criaB o-PdHy o184 Hackiamm 1o cocraBa o-PdHg gr78
U JaBJI€HHE BOJOpojAa B pabouell kamepe ycTaHoBku BBY-4 yBenumuuBamm ot
0.046 1o 0.09 MPa 3a 7.2 s. Ero pe3ynbTaThl IpeACTaBICHBI Ha pHC. 1, KpuBas 3.
CkopocTh pocTa AaBleHUsI BOJOPOJa B ATOM JKCHEPUMEHTE Oblila aHaJIOTHYHas
CKOPOCTH B IIEPBOM 3KCIIEPUMEHTE U cocTasisuia 5.9 10> MPa/s. CTob Gorbioe
yBEIIMYEHNE BPEMEHHU HAITyCKa BOJIOPOJIa B pabOUyI0 KaMepy yCTaHOBKH HE MpH-
BEJIO K paJuKaTbHOMY H3MEHEHUI0 KMHETUKH M BEIWYHHBI (HOPMOU3MEHEHUs
IUTACTUHBI KaK Ha MEPBOM, TaK M Ha BTOPOM 3Tallax €€ HACBIILEHUS BOJAOPOJOM.
[TepBbIit dTal, KOraa MIacTUHA JOCTUTAeT MAKCHMAIBHOTO U3THOA Ymax = 2.66 mm
(OTMEYeH TOYKOM e Ha KpHUBOii 3), cocTaBui Teneph 19 s u okazancs Oonee IIMH-
HBIM, YEM B IIEPBOM M BTOPOM 3KcnepumeHTax (puc. 1, kpusble /, 2). OnHako B
Hayajie BTOPOTO JTama BpeMsl «yICpKUBAHUS» MAKCUMAIBHOTO H3ruba crajo
MeHbIIe (puc. 1, uarepBan e—p) u cocrasuiio 10 s, a yepes 600 s mocie Hayana
HaIycka BoAOpoJa obpasell JOCTHUT KOHEYHOTO CTAI[HOHAPHOTO COCTOSIHUS, U W3-
U0 TUIACTUHBI Vi, coctaBun 0.25 mm. [Tocne Beinepxku B Teuenue 300 s obpa-
3€1l HaXOJMWJICS B OJTHOM TOJIOXKEHHH.

B nienom pe3ynbTarhl 3TUX AKCIEPUMEHTOB KaUECTBEHHO XOPOILO COIJIACYHOT-
Csl C HAIIMMU JaHHBIMU [3], MOJy4eHHBIMU HPU HACBIIEHUH TIACTUHBI MAJTaIus,
MCXOJHO HE COofeprKalleld BOAOPO/.

B cootBeTcTBUM ¢ pa3BuBaeMoii B paboTe [S] heHOMEHOIOTHYECKON MOICIIBIO
MaKCUMAaJIbHBIA M3TUO TUIACTUHBI, JOCTUTACMBIH B OMUCAHHBIX BBINIE IKCIICPH-
MEHTAJIbHBIX YCJOBMSIX, OMNpeNeNsieTcs mnapaMerpamu chopMHUpOBaBIIErocs K
TOMY MOMEHTY CJI0s TPaJUEHTHOIO CaMOJIOKAJIM30BAHHOTO YIIPYTOHAIPSIKEHHO-
ro korepeHTHoro criaBa a-PdH,, (cioii 1) tommuuoi - u yanmuaenuem Al. dak-
TOp TOJIIMHEI cllost & criaBa o-PdH,, B MOMEHT TOCTMIKEHUS Vs OTIPENeNsIeTcs
ko3 durrenToM @ y3un BOIOpoIa B Mauiaand, KOTOpbii pu 1 = const octaert-
cst moctosiHHBIM (ynuHeHue Al cnost 1, rpaauenTHslil cruta o-PdH,,), onpenens-
€TCsl CpEeHUM COJECpKAaHHEM B HEM BOJAOPOJA 7 MpU JaHHBIX PHy u T B MOMEHT
JOCTHKEHUS TNTACTUHONW MaKCUMaJIbHOIO U3ruoa.

CrnenoBaTenbHO, MOXKHO TMOJIaraTh, YTO KOHIEHTpAIMs BOJIOpoAa B cioe 1 B Mo-
MEHT JTOCTHXKEHHUS IJIACTUHOM MAaKCUMAaJIbHOTO M3rnda BIOJIHE COM3MEpUMa C BEJIU-
YUHOM PaBHOBECHOM pacTBOPUMOCTU BOJOpOJA B maywiaguu (n = ng). OQHAKO POCT
ciost 1 (a-PdH,,) B 3TOT MOMEHT IprOCTaHABIMBAETCS (TOPMO3HTCS) BCIEICTBUE YC-
TaHOBJICHUs] TepMO-0apo-ympyro-nuddysuonnoro (TBY/]) paBHOBecus U ynepxu-
Baetcs B TeueHue 1016 s (puc. 1, kpuBble /—3, HAMYKE TUIOMIAIKK). DTO MAaKpO-
ckonueckoe nposisieHue ThY/[-paBHOBecHs €CTh pPaBHOBECHE MEXY YIPyIroOCikKa-
TBIM CJIOEM | ¥ yIpyropacTsIHyThIM CJIO€M 2 MAKCUMAJIbHO N30THYTOM TUTACTHHBI.

Bo3Hukaer Bompoc, Kak HM3MEHSIOTCS BpeMs JTOCTHMKEHUS U YCTAHOBJIIEHUS
TBY I-paBHOBECHS M BEIMYMHA MAKCUMAIBHOTO M3TH0OA MPU HACHIIICHUH YUCIOU
NaJjIaiueBoOl IUIACTUHBI IO KOHIEHTpauu Bojxopoaa B namtaguu 0.0278 H/Pd
npu nasiaeHuu Bopopona 0.09 MPa u temneparype 180°C. Pe3ynbraThl Takoro

HKCIEPUMEHTA MPEJCTABICHBI HA pUC. 2 U 0000IIEHBI B Ta0JIULE, SKCTIEPUMEHT
Ne 4.
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Puc. 2. Bpemennas 3asucumocts nipu 180°C crpenbl nporuba IIACTHHBI U3 YHUCTOTO
najyjiajivs B Ipoliecce HackieHus A0 crasa o-PdHg ¢p7 (PHy = 0.09 MPa)

Kak BuaHO 13 puc. 2, HACHIIIEHUE TUIACTUHBI U3 YHCTOTO MaJIaAMs 10 COCTaBa
cruaBa a-PdHg gy7, T.e. pu yBenuuenue aasnenus: Bogopoaa ot 0 go 0.09 MPa
3a 7.56 s, IpUBEJIO K YBEIUUEHUIO UINTEIBHOCTH MEPBOT0 3Tara HACBILIECHUS J10
30 s ¥ poCTy MaKCUMaJIbHOTO M3TU0a MIACTUHBI Viax 10 3.82 mm MO CpaBHEHHUIO
C TPETbUM HACBHIIICHHEM IUIaCTUHBI (cM. puc. 1, kpuBas 3), KOorja HaChIIIAIN
crutaB a-PdHg 184 10 cocraBa cmnaBa a-PdHg ¢o7. Bropoii atan Havancs ¢ toro,
YTO BpeMsl yAepKaHUsI MaKCUMAaJIbHOTO U3rnba yMEHBIIUIOCh 10 4 S 10 cpaBHe-
HUIO C TPETHhUM HACBIILIEHUEM IUTaCTHHBI (puc. 1, kpuBas 3), U jJajiee IMIaCTUHA
Hayaja pacnpsamiATbea. CTalMOHAPHOTO COCTOSIHUA Vmin = 0.18 mm nnactuna
nocturna 3a 1100 s, u mpu gonoJHUTENBHON BbIAEpKKE B TeueHre 300 s oHO He
WU3MEHWIOCH.

3necy ycraHoBieHue TbBYJl-paBHoBecusi SBIAETCS pe3ybTaTOM JACHCTBHS
B3aUMOCBSI3aHHBIX G6HYMPEHHUX TPOLECCOB M MPOSBISIETCS KaK MaKpPOCKOMHYE-
CKO€ SIBJICHHE — IUIaCTHHA KakK I[eJI0e JOCTUraeT MaKCUMaJbHOTO M3ruda u ynep-
JKUBAETCSI B 3TOM COCTOSSHUM B TEUEHHUE HEKOTOPOTO BPEMEHU. DKCHEPUMEHTHI
MOKa3bIBatOT (puc. 1, kpuBble /—3), YTO HAJTUYHE UCXOJTHO PACTBOPEHHOTO BOJIO-
poza B IUIACTUHE yBeauuuBaeT JurenbHocTh ThY Jl-paBHoBecus no 10-16 s no
CPaBHEHMIO C HACBIIICHUEM IUIACTUHBI U3 YHCTOTO Majuiaaus (puc. 2), Koraa Jim-
tenbHOCTh THY [I-paBHOBECHst yMeHbInaeTcs B ~ 4 pa3a. Heo6xonumMo oTMETHTD U
TOT (pakT, 4TO yBeIWUYEHUE cojiepkanus Bomopoaa Ha An = 0.00929 H/Pd B nan-
Jaiuy IPUBOJAUT K yMeHblIeHHIo anutenbHocTh ThY Jl-paBHoBecus (puc. 1, kpu-
BbIC: /, UHTEpBaJ f—g; 2, MHTEpBaAI d—h; 3, HIHTEpBAI e—p).

TBbY I-paBHOBECHE YCTaHABIMBAETCS BCIEICTBUE TOTO, YTO TEPMOJUHAMUYE-
cKas BrKymas cuwia (PHy, T) MpOHUKHOBEHHS BOJOPOJA B METAJUI MPOIOJIKAET
NeCTBOBATh U MPU HEOOXOAUMOCTH IMPEOJO0JIEBAETCS IIyTEM CMEHBI YCIOBUN U
Mexanu3ma JaudPy3uoHHOTO TpaHCIOpTa BOAOpOJa B IUlacTuHe. B pesynbrare
cioi 2 (manmaguiil) HaYMHAET BEChbMa MeIJIeHHO AU(Gy3UOHHO HACHIIATHCS BO-
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noponoM ¢ dhdexTuBHBIM K03 Pumentom auddy3uun Bogopoaa, MHOTO MEHb-
MM HUCTUHHOTO Kod(dduumenta auddys3un BoIOpoAa B Mauiaguu (D* << D).
Kax nokaspiBatoT 3kcniepumeHnTs! (puc. 1, kpuBble /—3), MacTHHA MOCTENEHHO
pacrpsmMiIsieTcsl ¢ BeCbMa MaJloil CKOPOCThbIO (MHOTO MEHBIIEH CKOpOCTH M3ruda
IUTACTHHBI) U3-3a «paboTb» cuiabHOro ThYJI-TopMOXkeHus (D* << D) u peanu3za-
nun BpeMeHHbIX ThY/[-paBHOBECHI MEXy yIPYroCKaTbIMU U YIIPYTOPACTSHY-
TBIMU CIOSIMU TUTACTHHBI [1]. O0 3TOM CBUIETENBCTBYET MHOXKECTBO IIIOIIAJIOK Ha
puc. 1 (kpuBbie /—3), Ha KOTOPBIX BEJIMYMHA H3TH0a CO BpDEMEHEM HE N3MEHSETCH.

B pesynbprare, kak Mbl BUJMM M3 SKCHEPUMEHTANBbHOM 4YacTH paboThl, pac-
IpsIMJIEHUE TUIACTUHBI OCYIIECTBISIETCS /10 BEChbMa BBICOKOM CTENEHH 00paTUMO-
ctu. Ilocne AOCTHKEHMs CTAllMOHAPHOTO COCTOSIHUS IUIACTMHA OOBIYHO BBIIEp-
JKUBAJIaCh B BOJIOPOJIE B TE€UCHHE NOMOJHUTENHHOTO BpeMeHu (~ 300 s). Omnako
9TO HE MPUBOAMIIO K 3aMETHOMY YMEHBIIEHUIO OCTATOYHOT'O CTAllMOHAPHOTO CO-
cTosHud (puc. 1) BcreacTBue ycTaHoBiIeHHs kBazuctanuoHapHoro ThY Jl-paBHo-
Becus [1,7] Mexy HEOTHOPOJHBIM KOHLIEHTPAIIMOHHBIM IOJEM BOAOpPOJA U TO-
JIeM OCTaTO4YHBIX ynpyrux BK-HamnpsokeHui.

Hannune HEKOTOPOro CTalMOHApHOIO OCTATOYHOIO M3rMba Ha 3aBeplIaroleit
CTaJMU HACBIIICHUS TUIACTUHBI BoAopoaoM (puc. 1, kpuBbie [/—3; Tabmuia, Ko-
joHKa 10) MBI HEe CBsI3bIBa€M C HEOOPATUMOM IUTacTHUECKOW nedopmanueit. B pa-
6ote [3] mokazaHo, 4TO UCCIeAyeMasl TajuIaiueBast IaCTUHA NP MEXaHUYECKOM
Harpy»eHUU BIUIOTH JI0 CTPEJIbI MPOTH0A Yimax < 3—3.5 mm mpereprieBaeT U3ruobl
rapaHTUPOBAaHHO B Mpejenax yNpyrux CBOMCTB MeTajia JUlsl YUCTOTO Masllaaus.
Ecnu paccmarpuBaTh U3ruoObl B JaHHON pab0Te, TO OHU OCYIIECTBIIAIOTCS B YIIPY-
roit 00JacTH, Tak Kak CTpesia Mporuda ymax < 2.6—3.8 mm. CrnemnoBarenbHO, MOX-
HO 10J1araTh, 4YTO B YCJIOBUSX HAIIUX SKCIEPUMEHTOB IIJIaCTHHA HE MOABEPrajiach
MIaCTHYECKON Aedopmanu U BHyTpeHHHE BK-HampspkeHuss He MpPeBOCXOAMIN
YIOPYTUX XapakTepUCTUK namiaaus u BI'-cimasa a-PdH,,.

Pe3yabTaThl 3TUX 3KCIIEPUMEHTOB MHTEPECHBI TEM, YTO CUIIBHOIO BIMSHUS HC-
XOZJHO COZIEPIKAIErocsi BOJOPOAA B IJIACTUHE (T.€. KOT/la MOXHO paccMaTpUBaTh
Pd-nnactuny kak cocrosmiyio u3 ciaBa o-PdH,) Ha mocturaemplii MakcUMaib-
HBII U3ru0 He OBbUIO OOHAPYIKEHO MO CPABHEHMIO C TEMH, KOTOPbIE HAOIIOJAI0TCS
npu HackimeHny Pd-muractunbl, He comepxarieit Bogopoa. Oka3anoch, 4To MOTy-
YEeHHbIE KCIIEpUMEHTalbHbIe KpuBBIe (puc. 1) mpotuBopedatr 3¢ ¢exry Jlptonca
[8], KOTOpPBI UMET MECTO NMPU KOMHATHOW TeMIIepaType, KOrja BIUSHUE BOCXO-
et quddy3un Bogopoaa Benuko. [Ipyu TOMONMHUTENTFHOM HACHIIEHHH BOJO-
poioM miacTuHbl U3 cmasa a-PdH, momkHO ObUT0 HMETh MECTO mepepacnpene-
JIEHHE UCXOJIHO PACTBOPEHHOT'O BOAOPOAA MO/ AeHCTBHEM BO3HHUKAIOIIETO I'paau-
€HTa BHYTPEHHUX HAINPSHKEHUH 10 TOJIIIMHE TUIACTUHBI, YTO MPUBOANIO ObI K 00-
Jlee CWIbHBIM U3rubam, 4eM Te, KOTOpbIE Mbl HaOJII0JalIu.

MOXHO TPEeAIoIIOKUTh, YTO Oosiee 3aMeTHBIE d(P(GEKTHI OYIyT HPOSIBIATHCS
npu Oojiee HU3KUX TeMIIEpaTypax U MpH CHIBHOM BIUSHUM Bocxozsmeil auddy-
3UM BOAOPOJIA.
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Wrtak, B HacCTOSIICH pabOTe SKCIEPUMEHTAIBHO MOKa3aHO, YTO MPH JOMOIHHU-
TECJIBbHOM HACBIIIICHNUU IIJIACTUHBI U3 CIlJIaBa (X-PdHn A0 MaJIbIX paBHOBCECHBIX KOH-
[EHTpaIMi BoAOpo/a B mayutaauu (B HameM ciaydae a0 7 < 0.03 H/Pd) ucxomgHoe
CoZIepKaHKHe BOOPOA B IUTACTHHE BIIMSACT HA BEJIMYMHY MaKCHMAJIBbHOTO H3rH0a,
BpEMA ONOCTHIKCHUSA MAKCHMMyMa MU KMHCTUKY pacCIpAMIICHUA ITJIACTUHBI. OHHaKO
(bopMoH3MeHEeHNE TUTACTHHBI SBISETCS MPAKTHYECKH TMOJTHOCTHIO OOpAaTHMBIM, a
BCIIMYHNHA OCTAaTOYHOI'O q)OpMOI/BMCHCHI/Iﬂ YBCIINUMUBACTCA.

JNanbHeiiee yriayOieHre MOHUMAHUS (U3UUECKHX OCOOCHHOCTEH OIHOCTO-
POHHETO MPOHUKHOBEHHUS BOAOPOAA B Ma/UIAAMEBYIO ILIACTHHY, MPETEepIICBarO-
1y (GopMOU3MEHEHHE, TPeOyeT CHCTEMAaTHYSCKON TEOPETHYECKON U IKCIepH-
MEHTAJIbHOIN €ero pa3paboTKu Uil COBEPIIEHCTBOBAHMS TEXHOJOTHUI 3KCIUTyaTa-
[IMH METALTHYECKUAX U3JCTHIA B BOAOPOIOCOACPIKAIINX CPEax.

BeiBOABI

1. DKciepuMEHTaIbHO U3Y4YeHO (OPMOM3MEHEHHE KOHCOIBHO-3aKPETIEHHON
NaJUTaIUeBOM TIACTUHBI pazMepamu 68 x 5.5 x 0.27 mm (pabodvas JJTMHA TUTACTH-
Hbl 60 mm) MpU ee OJHOCTOPOHHEM HACHIIIEHUH BOJOPOJOM IMpHU TeMIepaType
180°C u yBenmmueHUM KOHIIEHTpAIMK Bojopoaa B mayutaauu Ha An = 0.00929 H/Pd
IIPH HACBINICHUH YHCTOTO MmMajutamus u cruiaBoB o-PdHg go92, a-PdHg g184. IToa-
TBEPKJIEHO, YTO (POPMOM3MEHEHUE TIIACTUHBI Pa3BUBAETCS B JIBa dTara.

2. YCTaHOBJIEHO, YTO MCXOJIHOE COJEp’KaHUEe BOAOPO/Ia B MAJIAANM BIUAET Ha
BEJIMUYMHY MaKCHUMaJbHOTO HM3ruba, BpeMs OCTIKEHUS MaKCUMyMa, KUHETHKY
pacrnpsiMiIeHUs TUTACTUHBI U BEJTMYMHY OCTaTOYHOTO CTAllMOHApPHOTO (hopMou3Me-
HEHUS.

3. DKCIiepUMEHTaIbHBIE PE3yJbTaThl PaOOThl TOITBEPKAAIOT (PUIUUECKYIO
000CHOBAaHHOCTh (JEHOMEHOJIOTUYECKON MOJIENU SBICHUS WHAYLUPOBAHHOTO BO-
TopoaoM (hOPMOM3MEHEHHUSI MaUTaIMeBON TIIACTUHBI, YTO B MOMEHT JOCTHXKEHUS
IUTACTUHOW MaKCHMaJIbHOTO M3TrM0a ero pocT MPHUOCTAaHABIMBACTCS (TOPMO3HUTCS)
BcrencTBue ycranoninenust ThY JI-paBHoBecus u yaepkuBaercst B Teuenue 10-16 s.

ABTOp BBIpakaer OmaromapHocTh norieHTY M.B. TonbroBoii 3a momomis B
MPOBEJICHUH SKCIIEPUMEHTA U OCYIIIECTBICHUE BUACO3AMNUCH IKCIIEPUMEHTA.
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E.N. Lyubimenko

EXPERIMENTAL INVESTIGATION OF THE HYDROGEN ELASTICITY
PHENOMENON IN THE a-PdH, ALLOY PLATE

The phenomenon of hydrogen elasticity and the effect of the hydrogen initial content on
the palladium plate form-changing upon one-side additional saturation with hydrogen up
to the composition of the a-PdH,, alloy at 180°C were studied experimentally. The ex-
periments confirmed that the form-changing of the plate proceeds in two stages. At the
first stage, the plate quickly reaches the maximum bending. And at the second stage that
is significantly longer, the plate reversibly straightens almost completely. It was found
that hydrogen contained initially in palladium impacts on the value of the maximum
bending, on the time to achieve maximum bending, on the kinetics and magnitude of the
residual stationary form-changing. The physical nature of the established experimental
laws was analyzed.

Keywords: hydrogen, palladium—hydrogen system, palladium plate, form-change, diffu-
sion, hydrogen concentration stresses, temporary gradient alloy

Fig. 1. Time dependence of the form-changing of palladium plate at 180°C for saturation
of pure palladium (/) and alloys a-PdHg g9 (2) and a-PdHg o184 (3) at an increase in the
hydrogen concentration An = 0.0092 H/Pd

Fig. 2. Time dependence of the bending deflection of the plate of pure palladium in the
course of saturation to a-PdHg ¢p7 (PH = 0.09 MPa) at 180°C
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PACS: 81.40.—z

KO.H. Mogpesos, O.M. MiBaHoBa

OCOBEHHOCTU MEXAHWYECKOI' O NOBEAEHUA
MAPTEHCUTHOI'O CIJ1ABA TizSn MNMo4 AABJIEHVEM

WHcTuTyT npobnem matepmanoseneHus nm. U.H. dpaHuesnya HAH YkpanHbl
yn. KpxmxkaHosckoro, 3, r. Kues, 03680, YkpavHa

Cratbs noctynuna B pegakumio 17 mapta 2014 roga

Hccnedosano ceepxynpyeoe pe3unonodobHoe nosedenue Cniasa Ha OCHO8e UHMepMe-

manauoa TizSn. Cniag demoncmpupyem upesgviuaiino nuskoe (3 GPa) 3nauenue mooyns
yupyzocmu, 3(GeKmusHblil MOOYIb 803PACMAEN NPU YEETUUEeHUU YCUUSL, YMO CE53bl6d-
emcsl ¢ UcCYepnaHuem UCTHOYHUKO8 CINPYKINYPHBIX nepecmpoex, 00YC08IEeHHbIX nepeopu-
enmayuei 06ouHuxos. Ceepxmenkas 08oUHUK08asi cmpykmypa pasmepom 10-20 nm ua-
onodanrace memooom TEM 6 neoeghopmuposarnnom cocmoanuu. llpedsapumenvras nia-
cmuyeckas deghopmayus nPUEOOUM K POpMUpoOsaHuIo CMpyKmypul, 8 KOmopou Hadio-
0alomest Kaxk 080UHUKU, MAK U OMOelbHble OUCTIOKAYUU.

KiroueBble cjioBa: MapTEHCHTHOE TPEBpallleHue, MCeBAOYNPYTroCTh, TUTAHOBbIE CILIA-
BBI, IMHAMAYECKUA MEXaHUICCKUHN aHAIN3, MEXaHUICCKUE UCTTBITAHUS

Jocridoicerno Haonpyschio pe3unonodiony nogeodinKy cniagy Ha OCHOBI IHmMepMemanioy

Ti3Sn. Cnaae demoncmpye naossuuaino wuzvke (3 GPa) 3nauenHs MoOyasi NPYAHCHOCHI,
eghexmusHULl MOOYIb 3pOCMAE NPuU 30iNbUEHHT 3YCULIA, WO NO8 A3AHO 3 BUYEPNYBAHHAM
Ooicepen CmpyKmypHux nepe6yoos, 3yMOGIeHUX nepeopieHmayicio O0sitHuKis. /[piobna
ogitinuxosea cmpykmypa posmipom 10—20 nm cnocmepicanrace memooom TEM 6 neoe-
@opmosanomy cmani. Ilonepeous niacmuuna deghopmayis npuzeooums 00 Popmysans
CMpPYKMypu, 8 AKill CHOCMepiearomvcs K OGIUHUKUY, MAK i OKpeMi OUCIOKAyil.

Kuaro4oBi cioBa: MapTeHCUTHE TIEPETBOPEHHS, IICEBIONPYKHICTh, THTAHOBI CIUIABH, ITH-
HaMIYHHI MEXaHIYHHUN aHai3, MEXaHIuHi BUIIPOOYBaHHS

BBenenue

WuTepec k MapTeHcuTHOMY npeBpaiteHuto (MII) BbI3BaH MHUPOKUMHU BO3MOXK-
HOCTSIMU CO3[1aHUs HOBBIX MAaTEPUAIIOB U IIOJIYYEHHUs NPUHLUIMAIBHO HOBBIX
cBoiicTB. OCOOEHHOE MEXaHWYECKOE MOBEIEHUE ITUX CIUIABOB B 00JIaCTU TeMIle-
patyp MII cnocobcTByeT UX yCHEemHOMY MPUMEHEHHUIO BO MHOTHX OTpaciisix Ha-
POIHOTO X03s1iicTBa. YHHKaIbHas CIOCOOHOCTh BOCCTaHABIMBATH (pOpMy IpH H3-
MEHEHUHU TeMIIepaTypbl, JEMOHCTPUPOBATh CBEPXYNPYroe WM PE3UHONOA00HOE
MOBE/IEHNE, U3MEHATh (POpPMY IOJA NEUCTBUEM 3JIEKTPUUYECKUX WM MarHUTHBIX
IIOJIEH clieiana 3T MaTepuallbl HE3aMEHUMBIMU B 3JIEMEHTAaX KOHCTPYKLHUH, KO-

© 10.H. MNMopapesos, O.M. MBaHoBa, 2014
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TOpble TPeOyIOT OUCTAHIMOHHOIO YIIpaBieHMs. be3yCcloBHBIM IHaEpoOM cpenu
noJp3oBarenel cruaBoB ¢ dpdexrom namsata Gopmer (JI1D) sBnsercs Meaunu-
Ha. OI1® npumeHsieTcs Mpu BOCCTAHOBICHUHM KPOBEHOCHBIX COCYA0OB M YKETUHBIX
MPOTOKOB, 3P(HEKThI CBEPXYNMPYTOCTH M PE3MHONOAOOUS — TMPHU CO3JTAHHH HUM-
TUTAHTAHTOB JIJISl KOCTEH 1 CycTaBOB. HM3KOMO/IYJIbHBIE MaTEpUaIbl UCTIONB3YIOT-
Cs1 JUIs1 JIeUEHUsI BHIBUXOB, HCKPHUBIICHHUH TO3BOHOYHHUKA U 3y0O0B.

JanpHeliee pa3BUTHE ITHX MaTepUAJIOB HAIPABIEHO HAa PACHIMPEHHUE CIIEK-
Tpa (PYHKIIMOHAIBHBIX BO3MOXHOCTEH 3a CUET TMOMCKA NPUHIMIHAAIBHO HOBBIX
CIUIAaBOB U M3YUYCHHS MEXaHH3MOB Je(opMaIy U pa3pylIeHus JUIsl LeJIeHanpaB-
JIEHHOT'O yIPaBJIEHUs KOMIUIEKCOM CBOMCTB. MapTeHCUTHBIE TUTAHOBBIE CIIIABBI
SIBIISIIOTCSI OTHUMH W3 HanOoJiee MPHUBIICKATEIFHBIX MaTEPUAIOBETIECKHX 00BEK-
ToB. OHM COUETAIOT B ce0€ BBICOKYIO MPOYHOCTb, MAJIBIN YICIIbHBINA BEC, BHICOKYIO
KOPPO3HOHHYIO CTOMKOCTb, XOPOIIYK OMOCOBMECTUMOCTb M, KPOME TOT0, OTHO-
CUTENbHO nemmeBbl. Cpein THTAHOBBIX COCIMHEHUH M WHTEPMETAUTUAHBIX (a3,
nperepnenatomux MII, HanGonee U3BECTHHI CIUIABBI HA OCHOBE MHTEPMETAIUIHIA
TiNi, TpoitHoro naTepMeTasuaa TigNbrAl u crmaer cuctemsr Ti—Nb.

B mammx HenaBHuX pabdortax [1-9] ObuTM HalileHbl HOBBIC CIUIABBI HA OCHOBE
uHTepMetaiuaa TizSn, B koTopbix mpotekaer MII. OHu AeMOHCTPHUPYIOT He-
OOBIYHBIE CBEPXYINPYTHE CBOWCTBA U MMEIOT BBICOKYIO CKIOHHOCTH K AeMIT(UpPO-
BaHMIO.

D¢ deKxTrl cBepXyNpyrocT! U pe3nHONO1001s Haubosiee BaXKHbI IIPU CO3/1aHUU
UMIUTAHTAHTOB KOCTEW M CyCTaBOB, MOCKOJIBKY KOCTH MMEIOT MOAYJb yIPYTOCTH
15-30 GPa, ux nceBnoympyras aedopmaius MokeT nocturath 3%. Bo MHOrux
paboTax, MOCBSIIEHHBIX CO3JaHUIO CYNEP3JIACTUYHBIX MaTepUalIOB, Pa3IUYalOT
JIBa THIIA TICEBIOYTPYTOCTH, CBSI3aHHBIX C MAPTCHCUTHBIM IpeBpameHneM: 1) cy-
NePAIaCTHYHOCTD, CBsi3aHHast ¢ MII, HHIYIIMPOBAaHHBIM BHEIIHUM HANPSHKCHHUEM,
KOTOpasi HabJoJaeTcss MpU TemiepaTypax Bele Temmeparypsl MII; 2) ncesno-
YOPYTOCTh, O0YCIIOBIIEHHAs! NIEPEOpPUEHTAllMEN ABOMHUKOB, KOTOpas HaOJto1aeT-
cs Ipu TemrnepaTtypax Huwke temneparypbsl MII [10-14]. ITocnennuii Bux rncesao-
yIPYTOCTH U3BECTEH TAKKE KAaK PE3MHONOA00HOE MOBE/ICHUE.

[Tpu mepBOM THTIE CBEPXYIIPYTOCTH BO BpEMs HATPYKEHHS TPOUCXOAUT HHIY-
poBaHHoe HampspkeHusiMu MIT, a Bo BpeMs pasrpyKeHHs MapTEHCHUT IpeBpa-
maercst o0patHo B aycTeHMT. [locnenHee mpeBpalieHHe TEPMOAKTUBUPOBAHHOE:
CYNepaJIaCTUYHOCTh HaOIrofaeTcs, Korjaa (asa ayCTeHMTa TEPMOIAMHAMMYECKU
crabmibHa. Takoe MexaHMUECKOE MOBEACHUE TPUCYIIE CIIJIaBaM Ha OCHOBE HUKe-
JHUJla TUTAHA U OOJIBIIMHCTBY CIUIABOB CUCTEMBbl THTAH—HUOOUIA.

B pabote [15] pe3ynbraTsl aHainM3a MEXaHUUYECKOTO TOBEACHHUS CIJIABOB CHUCTE-
mbl Ti—Nb Ha HauanbHOM yyacTKe HarpyxeHusi 0000I1IeHbI B BUJE cXeMbl (puc. 1).

OOpaiaer BHUMaHUE HaJIM4YUe HECKOJIBKUX obOnactei oOpatumoi nedopma-
LIMU: CHavyaia HaOoaeTcst oOblyHas ynpyras aedopManus, Ipu ONpeaeIeHHOM
HarpyxeHuu uHaynupyercs MII u mposiBisieTcs CBs3aHHAs C HUM CBEPXYIpY-
TOCTh M, HAKOHEL, Ha MOCJIEIHEM yYacTKe, KOIrla MapTeHCUTHBIN MEXaHU3M IICEB-
JOYTIPYTOCTH HCYEPTIBIBACTCSA, OMSATh MMEET MECTO KJaccHdecKas yrpyras Jae-
dopmanus.
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Critical stress
of martensite induction

Stress -

L%,

Puc. 1. Cxema nceBIoymnpyroro
y4acTka KPHBOW HArpyKeHHUS
[15]

/Un}c;ad

’

1 P !

< K 1< -l

Residual Transformation  Elastic Strain
strain strain strain

Crnenyer OTMETHTh HEKOTOPYIO HEOJHO3HAYHOCTb B OIPENIENIEHUN MeXaHUue-
CKHX CBOMCTB Takux MmatepuainoB. Hampumep, B uccienoBanHoM B paborte [15]
cruiaBe 75Ti-25Nb cymmapnas ymnpyras nedopmaiids Ha TpaHHLE TEKydecTd
nocruraet 3% npu HanpsbkeHuu 300 MPa. Mcxoast u3 3Toro Mogyiab ynpyrocTH,
paccUMTaHHBI Kak OTHOIIEHHUE Ipejiesia TEeKy4eCTH K CyMMapHOH ynpyroul ae-
¢dopmaruu, pased 10 GPa. B To xe Bpemst u3-3a NpuCyTCTBUS HA4aJIbHOTO YIIPY-
roro yvactka Jedopmanuud MOIYJb YIPYTOCTH, ONpPENENeHHBIH CTaHIapTHBIMU
MEXaHUYECKUMHU UCTIBITAHUSIMU (IMHAMUYECKUM METOJIOM WJIM MajbIMU CTaTUYe-
CKUMU HarpyxeHusimu), paeH 70 GPa. B pabore [16] nmpuBenena o6o01ieHHast
uHpopManus 00 yHnpyroMm IOBEACHWU HamOoJiee pPacHpOCTPAHEHHBIX CIUIABOB
CHCTEM TUTaH-HMOOMI M TUTaH—HUKeNb. BcencTeie onvcaHHbIX BbIIe OCOOEHHO-
CTel X MEXaHMYECKOIO MOBEAEHUS BCE ITU CIUIABbI, TECTUPOBAHHbBIE MO CTAHAAPT-
HBIM METOJMKAM, IEMOHCTPUPYIOT MOYyJIb yrIpyrocty Ha ypoBHe 80—-50 GPa.

MexaHnyeckoe MOBEACHUE BTOPOM I'pyMIbl MApTEHCUTHBIX CIUIABOB, KOTOPHIE
OTJIMYAIOTCS PE3UHONO00MEM, CyIIecTBEHHO uHoe. B pabote Ouyku [17] oTme-
YaeTcs, YTO PE3UHONOA00HOE BOCCTAHOBJIEHHE Je(hOopMaluy HMPOUCXOIAUT IMPHU
TeMIepaTypax HIKe Temreparypsl Hadana npsmoro MII B ¢a3ze maprencura. Ta-
KOE TOBEJICHUE CBS3bIBAIOT C OOpAaTUMBIM JBUKEHUEM T'PAHUIIBI MEXKIY TBOMHU-
KaMHU ¥ TPOLIECCOM MEePEOPUEHTALMU ABOMHHUKOB. B Hammx npeapiaymux pado-
tax [1,4,6,7,9] ycraHOBJIeHO, 4TO cIjIaB Ha ocHOBE T13Sn M HECTEXUOMETPUUYECKHI
uHTepmetanaua Tizs sSnp4 mpetepneBatoT (a3oBoe npespauienue npu 315 K.
[Ipennonaraercsi, 4T0 MEXaHU3M CBEPXYIPYTOCTH 3TOrO CIUIaBa OTHOCHUTCS KO
BTOPOM TpyIIIIE.

[lenbto poOOTHI ABISETCS UCCIIEOBAHUE OCOOEHHOCTEN CBEPXYNpPYyroro mnose-
JIEHUs CIJIaBOB Ha OCHOBE WHTepMeTayuiiaa Ti3Sn moja AeiCTBHEM BHEIIHETO
JTaBJICHMSL.

MeToauka IKCIIepMMeHTa

Nutepmerammn Tigs sSnyg s BBIUIABISICA DJIEKTPOAYTOBBIM CIOCOOOM M3
gucThiX (99.99 at.%) xommonentoB Ti m Sn B arMocdepe aproHa, OYHIIIEHHOTO
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TUTAHOBBIM T'€TTEPOM, C HUCIOJIB30BAaHUEM HEPACXOYEMOro TUTAHOBOTO 3JIEKTPOJIA.
Kaxnpiii cnmutok nepeBopayuBaiv M MEPEIUIaBIsIM TPU pasza Ui 00eCredeHUs
XUMHUYECKON OJHOPOJHOCTH. MexaHW4YecKHe HCIBITaHUs Ha C)KaThUe IPOBOJIMIN
Ha MammnHe CERAMTEST co ckopocTtbto 310 s JList IpeU3UOHHOIO UCCIIe-
JIOBaHUSI MEXaHMUYECKOTO MOBENEHMs ObLTH MPOBENECHBI UCTIBITAHUST 00pa3IoB Ha
C)KaTUe M0 CHelHaibHON METOJUKE ¢ MCIOJIb30BaHHEM TeH30pe3ucTopoB Kyowa
DPM-752, koTopble KpemnsiTcsi HEMOCPEICTBEHHO Ha OOKOBOM MOBEPXHOCTH 00-
pasna. Takas MeTonuka 1Mo3BoJiseT ¢ 0OJIBIION TOYHOCTHIO aHATU3UPOBATh YIIPY-
TUIl y4aCTOK Harpy>ke€Husl U HadaJlbHbI€ CTAaJIUU IUIacTUYECKOM aedopmaruu. J{ist
UCTIBITAHUH MCII0JIb30BAJIN IPSMOYTOJIbHBIE 00pa3iibl AUAMETPOM 3 mm U JUTMHOM
6 mm. UccnenoBanus meronqom TEM mpoBoauiu Ha 3JIEKTPOHHOM MHUKPOCKOIIE
JEM 100 CX. O6pa3iibl TOTOBHWJIM METOJIOM 3JIEKTPOIIOJIMPOBAHMSI C UCII0JIb30Ba-
HUeM 3JekTpoauTa coctasa, ml: HCIO4 — 40, C4H;;OH — 240, CH3OH - 400.

Pe3yabTaThl 3KCIIEPUMEHTOB

Ha puc. 2 npuBeneH gpparMeHT quarpaMMbl HarpyKeHHUsl HeCTeXHOMeTpuye-
ckoro uHTepMerammaa Tizs 5Sno4, MOTYUYEHHOTO 1O ONUCAHHOM MeToauke. U3
JAarpaMMbl BHUJHO, 4YTO O3TOT CIUIAB JAEMOHCTPUPYET YPE3BBIYANHO HHU3KOE
(3 GPa) 3naueHue Moayis ynpyrocTH ¢ caMOro Havaja HarpyxeHus. boiee
TOTO, 3¢ (PEKTUBHBII MOIYITh BO3PACTACT MPU yBEIMUYCHUH HArpyXeHus. Taxoii
XapakTep KpUBOH MPOSABISIETCA B Cllydasx, KOrJa MOCTEIEHHO UCYEPIBIBAETCS
HUCTOYHMK CTPYKTYPHBIX IIEPECTPOEK, KOTOPBIE OTBEYAIOT 3a CBEPXYIIPYroe Io-
BEJICHHUE.

25
2 20 Load
2“1 3 Puc. 2. ®parmMeHT guarpamMMbl Harpyxe-
% 10 =GP HUS HECTEXHOMETPUYECKOTO HHTEpMeTall-
=] - a 4 i
»n 5 / N Unload Jaujaa T175.5Sn24
0 E=2GPa
0 1 2 3 4 5

Strain, 10

XapakTepHOl O0COOEHHOCTHIO JUArpaMMbl SIBJISI€TCSl MPUCYTCTBHUE THCTEPE3U-
ca: BHayaje Harpy>XeHUe crajgaer ObIcTpee, HO MOTOM €ro Chaj 3aMeJisieTcs U
3 PEKTHUBHBII MOIYJb YIPYTOCTH NPH PA3TPYKEHUH CTAHOBUTCS MEHBINE, YeM
npu HarpykeHuH (2 GPa). OTmerum, 4TO IpHU MOBTOPHOM HArpy>K€HUH T'HCTepe-
3HC MCYE3AET, T.€. UMEEeT MeCTO d(P(HEKT «TPEHUPOBKNY, XapaKTEPHBIN It O0IIb-
IIMHCTBA MaTEpUaoOB C TEPMOYIIPYI'MM IpeBpalleHreM. B npuBeneHHOM 3Kcrie-
pUMEHTE HarpykeHue odpaslia MpouCcXoaniIo 10 HanpsbkeHus 25 MPa, uto Huxke
npezena Tekydect o, = 60 MPa, mosromy HeOosbIIas ocTaTo4YHas AepopManus
CBSi3aHA HE C IUIACTHYECKOM aedopmariueif, a ¢ HEMOJHBIM BOCCTAHOBJICHUEM
CTPYKTYpBI YIPYTUX J€(PEKTOB.
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Ha oOpIyHBIX IMarpamMmax nepexoj oT ynpyroro (JMHEHHOr0) ydacTKa Harpy-
KEHUSI K HEYTIPYTOMY CONPOBOXKIAETCSI PE3KUM YMEHBUIEHHUEM CKOPOCTU Harpy-
xeHus. [lpu orcyteTBum 3¢h(hexra cCBepXynpyrocTu ToUKa nepexosa oT JMHEHHON
CTaJIUY K HEJIMHEHHOM TpaKTyeTcsl Kak Impelen TeKydecTu. B cimydae cBepxymnpy-
rocty obpatumas Aeopmanusi MOXKET MPOSBIATHCA UM NPU HArpyKeHWU Mate-
puasa BbIle TOUKK nepernda (Kak, Hampumep, Ha puc. 1). [Tostomy nedopmarnms,
KOTOpasi COOTBETCTBYET NpeAeIbHOMN MCeBAOYNPYroi aegopmanuu, Al ITUX Ma-
TEPUAJIOB ONpENENsIeTcd MyTeM IMOCTPOEHHUs AMAarpaMM Harpyska—pasrpyska, a
npeziesl TeKy4ecTH TPAKTyeTCs KaKk MMUHHUMAJIbHOE HAIpPsKEHHE, BBIIIE KOTOPOTo
HaOromaeTcst HeoOpaTtumast eopmanysi.

Ha puc. 3 npuBeneHs! AuarpaMmbl Harpy3ka—pasrpyska JUisi MUKpOKPUCTAILIH-
YECKOr0 HECTEeXHOMETPUYECKOro uHTepMmerauaa TiyssSnps, mpoaedopmupo-
BaHHOTO J10 pa3HbIX creneHeil nedopmanuu. Harpykenue obpasma 10 Hampsixke-
HUM HW)KE TOYKH Ieperuda ¢ MOCHeAyIOIIUM pasrpyKEHHUEM BEIEeT K IMOJHOMY
BOCCTaHOBJICHHIO (hOpMBI. MaKkcHUManbHOE 3HAYCHHE TICEBIOYNPYTOCTH B TOYKE
neperu6a gocruraet 1.5%. YBennueHne HanpsoKeHUs 3a TOUKY meperuda BeAeT K
MOSIBJICHUIO OCTAaTOYHOM Aedopmaliiu mociie pasrpy3ku oOpasmna. Takum obOpa-
30M, TOYKa Iepernda COOTBETCTBYET Hadaly IJIacTUYecKoil aedopmaruu, a Ha-
NpsDKEHUE B 3TOM TOYKE — Mpe/iey TEKy4eCcTH MaTepuaa.

Hanoxenne mnceBIOynpyrux y4acTKOB KpPHUBBIX, HMOJYYEHHBIX IOCIE Pa3HOM
1acTudecko aegopmanuu (puc. 4), 1EMOHCTPUPYET UX TOXKIECTBEHHOCTh. JTO
CBUJIETEJILCTBYET O €IMHOM XapakTepe CTPYKTYpHBIX MEPEecTpOoeK B OOJIACTH
NICEBAOYIPYTOCTH HE3aBUCUMO OT CTEIIEHU MPEBAPUTENBHON MIIaCTUUECKOHN Je-
dbopmaruu (cMm. puc. 3).

Stress, MPa
N

L 1

S
Stress, MPa
S

[\
[
S,

o

O M 1 v ) v 1 o 1 v v v L] T
0 1 2 3 4 5 6 0 1 2
Strain, % Strain, %
Puc. 3. Pe3ynbpTaThl IUKIMYECKUX UCTIBITAHUN Ha cykaTHe MaTepuana Tizs 5Snyg 5

Puc. 4. IlceBnoymnpyrasi 4acTh KPUBBIX HArpyKCHUS MEIKOKPHCTANIMYECKOTO CILUIaBa
Ti75.5Sny4, MponeOPMUPOBAHHOTO CXKATHEM JI0 Pa3HOM CTEIMEHHU IIACTHUECKON aedop-
mamuu, %: 1 —0.2,2-1,3 -4
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HaGnromaembie KpuBBIE HarpyXeHUs CIUIaBOB Ti7ss5Snps s OTIMYAIOTCS OT
IICEBAOYNPYTUX KPHUBBIX, XapaKTEPHBIX I MAaTCPUAIOB ¢ MHIYLIMPOBAaHHBIM Ha-
npspxkeaneM MIT (cm. puc. 1). OgHako OHM aHaJIOTMYHBI KPUBBIM, HA0II0JaeMbIM
JUIsL MaTEpUAoOB, MPOSIBIIAIOMINX MICEBJOYIPYTOCTh, 00YCIOBICHHYIO 00paTUMBIM
nBoiiHuKoBaHuEM [10—14]. YuuTsiBasgi CXOACTBO KPUBBIX HArpy>KeHUs, TUCTEpe-
3MC MPH LHUKJIMPOBAHUH U TOT (DaKT, YTO MaTepHalibl HA OCHOBE MHTEPMETAIIN 1A
Ti3Sn 1eMOHCTPUPYIOT ICEBIOYNPYTOCTh MPHU TEMIEpaTypax HIXKE TeMIepaTypbl
MII, MBI cunTaem, 4TO IPUYMHON MCEBIOYNPYTOCTH B ITUX CIUIABaX MOXKET ObITh
[IEPEOPUEHTALUS JBOUHUKOB.

Pe3ynbTaThl 3IIEKTPOHHO-MHKPOCKOIIMYECKOTO aHalu3a I10Ka3blBAIOT, 4YTO
JTBOWHUKHU B UCCIIEJIOBAaHHBIX CIUIaBaX (OPMHUPYIOTCS B PE3YJIbTATE TEPMOYIIPYTO-
ro NPEBPALLEHUS U CYIIECTBYIOT B MaTEpHaJe €Ile N0 Hadana HarpyxeHus. Ceer-
JONIONIbHOE HM300pa)KeHWe JBOMHHMKOB M COOTBETCTBYIOLIAsl 3JIEKTPOHOTPaMMa
npuBesieHbl Ha puc. 5. [1I0THOCTH ABOWHUKOB TEM BBIIIE, YEM OOJbIIE pa3Mep
3epHa B MaTrepuaie. B HECTEXMOMETPUUECKOM MHTEPMETAIUIUAE C PA3MEPOM 3€pHA
200 pm BO3HUKAET CBEpXMEIKasl ABOMHUKOBasI CTpyKTypa. [lepexon u3 oqHoi nBoii-
HUKOBOM IJIOCKOCTH B JIPYTYI0 MPOUCXOaUT Ha pacctossHuu 10-20 nm (puc. 5,a).

DNeKTpoHOrpaMMa, NMpHUBEIEHHas Ha pHC. 5,0, AEMOHCTPUPYET XapaKTEpHbIE
TSKH, KOTOPbIE CBUJIETENBCTBYIOT O HAJTMYUU JTBOMHUKOB.

Puc. 5. CeernononbHOe M300pa)keHHE JBOMHUKOB B HECTEXMOMETPUYECKOM HHTEpPMeE-
tamae Tizs sSny4 (a) U cCOOTBETCTBYOMIAs AIEKTpOHOrpamMma (6)

Upe3BbIuailHO BBICOKAS TJIOTHOCTh JBOWHHUKOB SIBJISIETCS MPUYUHOW aHOMAallb-
HO-HHU3KOT'O0 MOJIYJISl YIPYTOCTH, TIOCKOJIbKY B BBIpAXKEHHUE VIS pacyeTa aedopma-
MU IO IBOMHUKOBOMY MEXAHHM3MY BXOJHUT KOJUYECTBO ABOMHUKOB [18]. Brico-
Kasi TNIOTHOCTh JIBOWHUKOB BJIMSIET TaKK€ HAa KOHIEHTPAIUIO HAMPSHKEHUN BO3JIE
rpaHuubl 3epHa. Mcnonp3ys aid aHalv3a CTPYKTYpPHOM UyBCTBUTEIBHOCTU IIpe-
JieNia TeKy4eCTH KIACCHUYECKUU ICTaQeTHBIH MEXaHW3M, CJIEeIyeT YYUTHIBATh HE
TOJIBKO JUTUHY AUCIOKAIIMOHHO-ABOMHUKOBOTO CKOIUIEHHUS, HO U TUIOTHOCTH JBOM-
HUKOB, KOHIICHTPUPYIOLIUXCA y TpaHullbl. BeiiencTBue 3Toro B ypaBHEHUH XOJI-
na—IleTya mokazarens creneHu MeHsercs ¢ kinaccudeckoro —0.5 Ha —1 [18]. Cy-
[IECTBOBAHNE BHICOKOW KOHIICHTPALIUU HAIPSKEHUSI B 00JaCTH TPaHUIIBI BEJIET K
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3HAYUTEIIFHOMY TIOHIDKEHUIO TMpezenia Tekydectd. B mutom crmaBe Tigs sSnpg ©
pa3zmepoM 3epHa 200 um 3HaueHUe npenaenna Tekydectu cocrapisier 60 MPa, uto B
10 pa3 MeHblIIIe, 4eM Y THTEPMETAITUIO0B ¢ pemeTkoi D019, He mpeTeprieBarommnx
MapTEHCUTHOE MpeBpalleHue [2].

MexaHu3Mm niepexoja OT ynpyrou aegopManuu K MmiacTUYECKOd U 3aKOHOMEP-
HOCTU (HOPMHPOBaAHMS TpeJesia TEKy4eCTH H3ydalld C HCIOJIb30BAaHUEM DIICK-
TPOHHO-MHUKPOCKOITMYECKOT0 aHanu3a. [[ns wmccnemoBanmii nedopmMupoBaHHOM
CTPYKTYpPBHI M3 00pa3loB Ha C)KaTHE M3TOTABIMBAIN (POJIBIH 1O METOIUKE, TIe
OJIHUM U3 ATANoOB MPUTOTOBIEHUS 00Pa3IOB SBISETCS AJIEKTPOIUTUUIECKOE TPaB-
nenne. Hammune TPCIIMH CYHICCTBCHHO YCIIOXHACT MOJYUCHHUC KAaUCCTBCHHOI'O
o0BEKTa AJI AJIEKTPOHHO-MHUKPOCKOMUWYecKuX HaOmoneHui. Ilostomy kauect-
BEHHbIE N300pakeHHsI ObUTH MOJYUYESHBI TOJIBKO Ha HECTEXMOMETPUYECKOM 00pa3-
e Ha cxatue 4.3% (puc. 6).

Puc. 6. MUKpOCTpYKTypa HECTEXHOMETPUUIECKOTO HHTepMeTanaa Ti3Sn, nedopmupo-
BaHHOTO CxkatueM Ha 4.3%: a — cBetoe none, 6 — TeMHoe 1ouie 2]

Pe3ynbTarhl HccneqoBaHUl CBUIETENBCTBYIOT O TOM, UYTO B Ipolecce aedop-
Maluu uHTepMeTamunaa Ti3Sn akTUBU3UPYETCS KaK JBOMHHUKOBBIN, TaK U AUCIIO-
KallMOHHBIH MEXaHHW3MBI IIacTHUeCKol aedopmarmu. [lmactudeckas medopma-
ISl HaYWHAETCs Mo OoJiee JIETKOMY ABOWHUKOBOMY MexaHu3my. OmHako mpu
JOCTAaTOYHO MaJIbIX CTCIICHAX ,[[e(l)OpMaIlI/II/I I{BOfIHI/IKOB 3TOT MEXaHU3M IIOCTEC-
MIEHHO JIOTIOJIHSETCS AUCIOKALIMOHHBIM. JIBOMHUKY U JUCIOKAIIMU XOPOILIO BUIHBI
U B CBETJIONIOJLHOM (pHC. 6,a), U B TEMHOIIOJIEHOM (pHC. 6,0) N300pakeHUSX.

TakuMm oOpa3om, mpeaBapUTeNbHas TUIacTUUYecKas nedopMains HeCTEXUOMET-
pudeckoro MHTepMmetrauuaa TizSn MpUBOIUT K (GOPMUPOBAHUIO CTPYKTYPHI, B
KOTOpPOW HAOIIOAIOTCA CBEPXMEIKHUE JNBOWHHUKU W OTAENbHBIC AUCIOoKaiuu. [lo-
SIBIICHUE JAMCIOKAINI B CTPYKTYpe OOBSICHSETCS yBeIUYEHUEM Je(hOopMalioOHHO-
ro YIpOYHEHUs ¢ Bo3pacTanueM jaedopmamnmu. Bo BpeMs aegopMarioHHOTO yII-
POYHEHHS TPOUCXOAUT Pa30IIOKUPOBAHUE UCIOKAIMOHHBIX HCTOYHUKOB. Bax-
HO, 4TO HAJINYUE TUCIOKAIMI HE BIUAET HA XapaKTep CBEPXYIPYroro MoBeACHUs
Marepuana Mpu ero pa3rpyKe€HUU U MPU MOBTOPHOM HArpy>KE€HUHU MOCIIE TUIACTH-
4yeckoi nedopmanuu (cM. puc. 4).
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BriBoabI

1. MapreHcUTHBIE CIUIaBbl Ha OCHOBE MHTepMeTaunaa Ti3Sn mpu mpuiosxe-
HUH JIaBJICHUS TPOSBISIOT APPEKT CBEPXYIPYTOCTH O PE3UHOMOJ00HOMY MeXa-
ausMy. CrutaB Tiys sSny4 JeMoHCTpUpYeT upe3BbryaitHo Hu3koe (3 GPa) 3nauenue
MOJyYJIsl YIPYTOCTH C CaMOro Hayajia HarpyxeHus. DPQPeKTUBHbIM MOIYyJb BO3-
pacTaeT Mpu YBEIUYEHUU YCHJIUS, YTO XapaKTEPHO JJIsi MaTEpUajoB, Y KOTOPBIX
IIOCTEIIEHHO UCYEPIIBIBAETCSI HCTOYHUK CTPYKTYPHBIX IIEPECTPOEK.

2. ®uznyeckas MpUUMHA CBEPXYHPYTOCTH 3TUX CILIAaBOB CBSA3aHA C IEPEOPHEH-
Taluen TBOMHUKOB. JIBOMHUKH B UCCIIEOBaHHBIX CIIaBaX (POPMHUPYIOTCS BCIE-
CTBUE TEPMOYINPYTOTo MPEBPALIEHUS U CYIIECTBYIOT B MaTepHalle elle J0 Havania
Harpy>xeHus. B HecTexnoMeTpru4ecKoM HHTEpMETAIUIAE ¢ pazMepoM 3epHa 200 pm
BO3HMKAET CBEPXMEJKas ABOMHUKOBas CTpyKTypa. [lepexon n3 ogHON TBOWHHKO-
BOM IUIOCKOCTHU B JIPYTYIO MPOUCXOAUT Ha paccTossHuu 10—20 nm.

3. IIpenBaputenbHas miacTuyeckas aedopMaiusi HECTEXHOMETPUUECKOTO UH-
tepMetauuaa TizSn mpuBOIUT K (POPMHUPOBAHUIO CTPYKTYPHI, B KOTOPOW Ha-
OMI07al0TCs KaK CBEpXMENKHE BOMHUKHU, TaK M OTAENbHbIE nuciokanuu. Hamu-
yhe AMCIOKAIMI He BIMSIET HAa XapakTep CBEPXYIPYroro MOBEAEHUS MaTepuaia
IIPU €r0 pasrpyXEHUM M MPU MOBTOPHOM HArpy>XEHHMH I1OCIJIE IJIACTUYECKOH Je-
dbopmariuu.
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Yu.N. Podrezov, O.M. Ivanova

PECULIARITIES OF THE MECHANICAL BEHAVIOR OF THE TizSn
MARTENSITIC ALLOY UNDER PRESSURE

The pseudoelastic behavior of the Ti3Sn based alloy has been studied. The alloy shows
extremely low apparent Young’s modulus of about 3 GPa which increases with increas-
ing of stress. The dependence was considered to be related to the exhaustion of the twins
rearrangements. Fine twin’s structure of about 10-20 nm was observed by TEM in the

non-deformed material. The preliminary plastic deformation results in formation of the
structure containing both single dislocations and twins.

Keywords: martensitic transformation, pseudoelasticity, titanium alloys, dynamic me-
chanical analysis, mechanical tests

Fig. 1. Scheme of the pseudoelastic region of the load curve [15]

Fig. 2. Fragment of the load diagram of the non-stochiometric intermetallic alloy of
Ti75.5Sn24

Fig. 3. Results of cyclic compression tests of Ti75 5Sny4 5

Fig. 4. Pseudoelastic region of the load curves of fine Tiys 5Sny4 compressed up to differ-
ent degrees of plastic strain, %: 1 —0.2,2—-1,3 -4

Fig. 5. Bright-field image of twins in the non-stochiometric intermetallic Ti75 5Sny4 (a)
and the related electron diffraction pattern ()

Fig. 6. Microstructure of the non-stochiometric intermetallic Ti3Sn compressed by 4.3%:
a — bright field, 6 — dark field [2]
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PACS: 81.40.Pq, 64.60.My

H.B. 3¢poc’, NN.T. KopyHos?, B.M. 3cppoc’, B.IO. AmuTpeHko ',
B.H. Baproxle1

M3HOCOCTOMKOCTb N CTPYKTYPHbIE M3SMEHEHUS
NOBEPXHOCTHOIO CJIOA BEICOKOXPOMNCTbLIX MAPTEHCUTHbIX
CMMABOB MNMPU ABPA3VIBHOM BO3AEVNCTBUW 1 TPEHUMN
CKOJIbXXEHUA

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

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

Cratbsi noctynuna B pegakumio 7 okts1ops 2014 roga

Hccnedosana usznococmoiixocmos azomcoodepacawux (0.12—0.25 mass% N) cnrasos
mapmencumuoeo kracca XI17H2A0.12, X14A40.12, X15I'440.25 u cmanu 20X13
(0.19 mass% C) npu mperuu cKoavicenus u adpasusHoM 6030eticmeuu. YcmanosieHo,
YUMo a30MUCmblil MapmeHcum obnadaem MeHbUUM CONPOMUBIEHUEM PA3TUYHbIM 8UOAM
USBHAWUBAHUSA (A02e3UOHHOMY, AOPA3UBHOMY, OKUCTUMENIbHOMY, MENI080MY), A MAaKdice
bonee HU3KOU MEepOOCmbl0 U CNOCOOHOCMbIO K 0eDOPMAYUOHHOMY VIPOUHEHUIO NpU
MpeHuU no CPAGHEHUIO ¢ yerepooucmuim mapmencumom cmanu 20X13.

KiroueBble c¢0Ba: a30THCTHIC MAapTCHCUTHBIC CILJIaBbl, AaATC€3MOHHOC U a6pa3I/IBHOG
HW3HaIlIMBAaHUC, TpI/I6OJ'IOFI/I‘l€CKI/Ie CBOMCTBa

Hocnioxceno 3nococmitikicms azomosemicmuux (0.12—0.25 mass% N) cnnasie mapmeHn-
cumnoeo kaacy X17H2A0.12, X14A40.12, X151'440.25 i cmani 20X13 (0.19 mass% C) npu
mepmi KO83aHH:A U abpazusHomy eniusi. Bcmarnosneno, wo asomucmuil MapmeHcum mae
MeHWULl Onip Pi3HUM UOAM 3HOWLYBAHHA (A02e3IIHOMY, AOPAZUBHOMY, OKUCTIOBATLHOMY,
MeniogoMy), a maKodic OinbUL HU3LKOI Mmeeplicmio ma 30amuicmio 00 dedopmayiinoco
SMIYHEHHS NpU mepmi NOPIGHAHO 3 yaneyesum mapmerncumom cmani 20X13.

KurouoBi ci1oBa: a30THCTI MapTeHCUTHI CIUIaBHU, aaresiiiHe W aOpa3uWBHE 3HOLIYBaHHS,
TpUOOIIOTIYHI BIACTHBOCTI

BBenenue

B nocnennee BpeMs BO3pOC MHTEpEC K MCIONB30BAHHMIO a30Ta B KauecTBE Je-
TUPYIOIIETO 3JIEMEHTa, 00ECTIeUNBAIOIIETO CIUIaBaM M CTAJISIM Pa3IMYHOTO Kjacca
MOBBIIICHHBIH KOMITIEKC (pu3nKo-MexaHndeckux cBOMCTB [1]. Hambomee mmpo-
KOC NMPUMCHCHUC TMOJIYUHUIIN a30TCOACPIKAIIUC HCPKABCIOIINEC aYCTCHUTHBIC CILIa-

© H.B. 3dpoc, J1.T'. KopwyHos, 5.M. 3dpoc, B.FO. AmutpeHko, B.H. BaptoxuH, 2014
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BbI [1-3]. OgHako a30T UCHONIB3YETCS U AJIs JIETUPOBAHUS CIUIABOB C MapTEHCHUT-
HOM OCHOBOHM (BBICOKOXPOMHUCTBIX HEPKABEIOLIUX, OBICTPOPEXYIIMX, IITAMIIO-
BBIX), YACTMYHO WJIM IOJHOCTBIO 3aMeHss B HUX yriepox [1,4]. Xors a30T kak
DIIEMEHT BHEAPEHHS CUYMTACTCSI aHAIOTOM YTJIEpo/a, HEpEeIKo oTMedaeTcst Oomee
3¢ ¢deKTUBHOE BIMSIHME a30Ta HA pa3jMyHble CBOMCTBA METAJUIOB U CIUIABOB C
OLK-ctpykTtypoii. B uacTHOCTH, a30T, HAXOASAIINICS B TBEPIOM PacTBOPE, CHIIb-
Hee ynpounsieT gepput [5]. [lo cpaBHeHHUIO ¢ yriepoJoM a3oT o0janaeT 3Hauu-
TENBHO OOJIBIICH MaKCHMaJIbHOW pacTBOPUMOCTHIO B oi-ase (~ 0.10 mass%),
MEHbIIEH 3Heprueil akTUBallMd MUTPAMM BHEJPEHHBIX aTOMOB M IOBBIIIECHHOM
ckopocthio nuddys3un (npu Temmeparype Hmmke 400°C) [6,7]. BenencrBue sToro
a30T BeChMa aKTUBHO y4acTBYET B JIe()OPMALIMOHHOM CcTapeHuH o-¢pa3sl [8].

[Ipu nccnenoBaHUM pelaKCallMOHHBIX SIBICHUM B YIIIEPOAUCTBIX U a30THCTHIX
BBICOKOXPOMHUCTBIX CTaJIIX YCTAHOBJIEHO, YTO IMOCJIEIHUE XapaKTepU3yrOTCs IO-
BBIIIICHHBIM KOJIMYECTBOM aTOMOB BHEJIPCHHUS HA TUCIIOKAIMSIX U 00Jiee BHICOKOI
ycTorunBocThio atMochep Korrpenna npu orxkure [1]. [To nanueiv @. [Mukepun-
ra [9], a30T 3¢ (exkTuBHEE YBEIHMUMBACT MPEIENT TEKyIEeCTH OTOXOKEHHBIX MAPTEH-
CUTHBIX cTaneil Tuna X12, Hexxenu yraepo. Azotuctsie crassl (0.16-0.32% N)
¢ MapTeHcuTHOM cTpykTypoil (12% Cr; 5% Mn) u cTpyKTypoil MeTacTaOUIbHOIO
aycrenura (9.6-12.8% Cr; 8.1-10.4% Mn) 001aiat0T MOBBIIIEHHBIM CONPOTUB-
JeHUeM a0pa3MBHOMY W3HAIIMBAHUIO 10 CPABHEHUIO C YIJIEPOJCOJAEPKAIMMHU
cransamu tuna 1 X18HIT, 40XT'H, 10X13 [10].

Hmerorcst cBeieHNs O Pa3iMYHOM IOBEACHUU a30Ta M yriepoja MpU HU3KO-
TEMIIepaTypPHOM CTapEHMU U OTIyCKE MapTeHCUTa. B yacTHOCTH, HAa paHHUX CTa-
JUSIX CTApeHMsI aTOMbl a30Ta MOABEPraloTCs JOKAJbHOMY YIOPSIOUYEHHIO, B TO
BpeMs KaK aToMbI yriiepoaa o0pa3yrot kiacteps! [11]. BaxxueiMu ocobeHHOCTIMU
pacmnaza a30TUCTOr0 MapTEHCUTA MPU BBICOKOTEMIIEPATYPHOM OTILYCKE SIBIISIFOTCSI
MEHBIIUI pa3Mep U MOBBIICHHAs TeMIEpaTypHas YCTOHYUBOCTD BBIICISIOMIUXCS
HUTPUJHBIX (KapOOHUTPHUAHBIX) YACTUL[ MO CPABHEHUIO C KapOWIHBIMH, YTO
o0ecrieuynBaeT a30TUCTBIM CTAJISIM OONBLINH ynpouHstouuii 3¢ dext npu BTOpHy-
HOM TBEPJCHUH B COUETAaHHMU C 00Jiee BHICOKUMH TEIUIOCTOMKOCTBIO M yAapHOM
BSI3KOCTBIO [9,4].

B 3T0M CBS3M 3HAYMTENBHBIA HAYyYHBIN M IIPAKTUYECKUM MHTEPEC MPEICTaBIIA-
€T UCCIIeIOBaHHE MPOYHOCTHBIX U TPUOOJOIMUECKUX CBOMCTB A30TCOAEPIKAIINX
MapTEHCUTHBIX CTajeil (B CpaBHEHUU C YIJIEPOJCOAEPKALIMMU CTAJISIMU TaKOIO
e THIA), B KOTOPBIX 3JIEMEHT BHEAPEHHsI HAXOJUTCA KaK B TBEPJOM pacTBOPE,
TaK U B COCTaBE BBIICIMBILUXCS MPU OTIYCKE YacTul] BTopoil ¢a3el. Llenpio Ha-
cTosIeH paOoThl SABISETCS U3YyYEHUE U3HOCOCTOMKOCTU U CTPYKTYpPhl HOBEPXHOCT-
HOT'O CJI0S1 BBICOKOXPOMUCTBIX MapTEHCUTHBIX craiieil, conepxamux 0.14-0.22% N,
npu abpa3sMBHOM BO3/I€HCTBUU U TPEHUU CKOJIBKEHUS.

Martepuaabl 1 METOAUKH HCCIE0BAHUSA

MarepuanamMu HCCIICOBAHUS CIYKWIA a30TCOJACPKAIINE CTald Ha OCHOBE
X17H2, X13 u X14I'4, xuMU4YeCKHil COCTaB KOTOPBIX MpuBeaeH B Tadm. 1. s

130



®du3nKa 1 TEXHHKA BbICOKHX AaBjieHuii 2014, tom 24, Ne 3—4

COIIOCTABJICHHUS MCIIOJIb30BANIN YIUIepoAcoaepskailyto crainb 20X 13 npoMslnuieH-
Hoi turaBku. Crans X17H2AO0.14 BeiutaBnsum B neun Tammana ¢ rpadUTOBBIM
HarpeBateneM, a cranu X13A0.14 u X14I'4A0.22 — MeToA0M HMHIYKIIMOHHOI'O
neperuiaBa muXThl B atMocdepe azota mpu gasiaeHuu 1.0—1.5 atm. A3ot BBoAMIN
B CTaJI C a30TUPOBAHHBIMU (peppoxpoMoM U MapranueM. Ilocne BbIMIaBKU CIUT-
ku maccoir 0.5 kg (cramp X17H2A0.14) u 10 kg (cramm X13A0.14 u
X14I'4A0.22) nonBepranu ropsiueii Mexannueckoit oopadotke (koBke). U3 mpyT-
koB cedeHreM 10 x 10 mm um3roTaBmuBanu o0pasmsl pazmepoM 7 X 7 x 20 mm
JUIS UCTIBITAaHUM Ha TpeHHe U U3HammBaHue. OOpa3ibl Bcex CTajel 3aKkanuBajiu B
Bozie oT 1050°C (Bbizeprkka 15 min) u oTIycKanu MpH pa3iIndHbIX TEMIIEpaTypax
(100-700°C) B Teuenue 2 h.

Tabmuma 1
XuMHYeCcKHuii cocTaB HCCIelyeMbIX cTaJei

Mapa crami ConeprxkaHue 3J1eMEHTOB, mass%o .

C N Cr Mn Ni

X17H2A0.14 0.03 0.14 17.0 <0.05 2.1
X13A0.14 0.03 0.14 12.6 <0.05 <0.5
X14I'4A0.22 0.05 0.22 14.5 4.1 <0.5
20X13 0.19 <0.02 14.0 <0.8 <0.6

HcnbiTanus Ha aOpa3MBHYI0 M3HOCOCTOMKOCTH MPOBOAWIM MPU CKOJIBKEHUU
TOpIEBOM TOBEpXHOCTH (7 X 7 mm) 00pa3iioB MO 3aKpeIJICHHOMY aOpa3uBy —
nundoBaibHoil Oymare mapku 14A16HM (kopyHn 3epHuctocThio 160 um).
CpenHsisi CKOPOCTh CKOJIBKEHMS IIPU BO3BPATHO-IIOCTYNATEILHOM JABHKEHUH 00-
pasua cocrasisuia 0.15 m/s, HopmanbeHas Harpy3ka — 49 N, myTs Tpenust — 17.6 m,
JuinHa pabouero xona ooOpasma — 0.1 m, BeIMUMHA MONEPEYHOrO CMELICHUsS 3a
OJIMH IBOWHOM X071 oOpa3ia — 1.2 mm. AGpa3uBHYIO0 H3HOCOCTOWKOCTH € OTpee-
JSUTM KaK OTHOIIEHUE TIOTEPU MacChl apMKO-Kesle3a K OTepe MacChl UCTIBITYEMO-
ro MaTepHaia 1o pe3yabTaraM JByX MapalIeIbHBIX UCIIBITAHUH.

HcnplTaHus B yCIIOBUAX TPEHUS CKOJIBXXEHMSI IPOBOJIUIN Ha J1a0OPAaTOPHBIX
YCTAHOBKAax IO CXEME MNaJlel—IUCK M Najel-IJIaCTUHAa B IApe CO CTalblo
X12M tBepaocteio 62—65 HRC. McnbiTaHus OCyIIECTBIISUTH Ha BO3AyXe 0e3
cma3ku npu Harpyskax 108 N (cxema manen—auck) u 294 N (cxema nanen—
mwiacTuHa). Ilpu ucneITaHUAX MO CXeMe Malel—AMCK CKOPOCTh CKOJIbKEHHUS
usMmensuin B uHTepBane 0.10—1.93 m/s. Ilpu TpeHun no cxeme najen—IuIacTHHA
CpeIHsIsi CKOPOCTh CKONbXKeHHs cocTaBisuia 0.07 m/s, niauHa pabodero xoja
oOpasua (mpu ero BO3BpaTHO-MOCTymareabHOM JBkeHun) — 0.04 m. Bpewms
ucnbiTaHus cocTtaBisuio 30—-40 min. IHTEHCHBHOCTh M3HAIIMBAHUSA 00pa3IoB
paccuutsiBasiu 1o ¢popmyie Ih = Q/pLS, rne Q — notepu Maccsl obpasua, g; p —
IUIOTHOCTh Matepuaina, g/cm™; L — myTh TpeHus, cm; S — reoMeTrpuyeckas
IJI0Ia b KOHTAKTa, cm’.

CTpyKkTypy CcTajeil ucciefoBald MeTaiorpauyeckuM, PEeHTTEHOBCKUM U
AJIEKTPOHHO-MHUKPOCKONIUYeCKUM Metofamu [12,3].
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3KCHepI/IMeHTaJﬂ>HBIe pPe3yJbTaThbl U UX 06cy>1c)1e}me

ITocne 3akankm ot 1050°C azormcteie ctamu X17H2A0.14, X13A0.14 u
X14T'4A0.22 umeroT ogHO(a3HYIO CTPYKTYpPY MAKETHOTO PEEUHOTO MApTEHCHUTA,
MOJ00HYI0 CTPYKTYpPE MAPTEHCUTA 3aKAJICHHOW YTIEPOCOACPKAIIEH XPOMHUCTON
cramu 20X13. Bo Bcex uccieoBaHHBIX 00pa3lax PEeHTI€HOBCKMM METOJIOM (C
omunoOKo# 5 vol.%) He ObIII0 0OHAPYIKEHO OCTATOYHOTO ayCTCHHUTA.

OOpaiaer Ha cebsi BHUMaHUE pa3IM4YHBIA XapakTep U3MEHEHHUs TBEPIOCTH U
aObpa3uBHON M3HOCOCTOMKOCTH OT TEMIEPATYPhI OTITYCKA BHICOKOXPOMHUCTBIX CTa-
Jei, coepKaliux a3oT U yriaepoll. Bee nzydeHHble a30THCTBIE CTAIM XapaKTepH-
3YI0TCS IMPAKTUYECKU HEM3MEHHBIMU YPOBHSIMH TBEPAOCTH U U3HOCOCTOMKOCTH B
IIMPOKOM MHTEpBaJIe TEMIIEPATyp HU3KOIo U cpesiHero ormyckoB. [locne otmycka
npu temmeparypax 400-550°C y craneit X17H2A0.14, X13A0.14 u X14I'4A0.22
oTMedaetcst 3aMeTHbIi poct TBepaoctu (Ha 3—5 HRC,) u abpasuBHO# mM3HOCO-
CTOMKOCTH, CBSI3aHHBII C TUCIIEPCUOHHBIM TBEPACHUEM MapTEHCUTA B Pe3ysbTaTe
BbIIETICHHUS] U3 HEero HUTPUAOB (kapOboHutpumoB) xpoma Me(C,N) u Me,(C,N)
[5,9,13]. OOycnoBIeHHBIH BTOPUYHBIM TBEPACHHEM POCT H3HOCOCTOWKOCTH ISt
BCEX paccMaTpUBAaEMbIX a30TUCTBIX cTajeil cocramiser 14—17% u, ciegoBaTens-
HO, CPaBHMTEJIBHO Maj0O 3aBHCHUT OT M3MEHEHHUsS COJIEp’KaHusl B CTaJld a3oTa (B
npeznenax 0.14-0.22%), a Takxe Xxpoma, Mapraiiia 1 HUKeJsl.

VBenuuenue conepxkanus azora ot 0.14 go 0.22% B cranax ¢ 13—14% xpoma
COIIPOBO’KIAETCS MOBBIIIEHUEM YPOBHSI M3HOCOCTOMKOCTU U TBEPJIOCTH BO BCEM
WCCJICIOBAHHOM JHamna3oHe Temmeparyp oTmycka. Azotuctas cranbp X13A0.14
yCTyHnaeT mo BeauyuHe u3HococTorkocTH cranmu X17H2A0.14 npu orcyTcTBUM
IPEUMYIIECTBA MOCIEAHEN B BEIMYUHE TBEPAOCTH. DTOT PE3YJILTAT MOXKET OBITH
CJIEZICTBHEM IOJIOKUTEIBHOIO BIMSHUSA HUKEJS Ha BA3KOCTh MapTeHcuTa [9]. Us-
BECTHO, 4YTO IPU PABHON TBEPJIOCTH M3HOCOCTOMKOCTh METANIMYECKUX MaTepHa-
JIOB BO MHOTOM OTIPENENISIETCS BSI3KOCTBIO, CIOCOOHOCTBIO K OOJIBIINM IJIacTHYe-
CKUM JiepopMalusiM IIpyU KOHTAKTHOM Harpy>keHuu [14].

VY cranu 20X13 B oTiiM4ue OT cTajell ¢ a30TOM MAaKCUMaJbHbIE YPOBHHU HU3HO-
COCTOMKOCTH U TBEPAOCTH HAOIIOAAIOTCS HEMOCPEACTBEHHO IOCIE 3aKaJKH, a
Takke rnocie 3akaiku 1 Hu3koro (100-200°C) ormycka. [locne yka3aHHBIX Tep-
MooOpabotok ctanb 20X13 ¢ xonuentpamnueit yriepoaa 0.13% 3HauuTenbHO
npeBocxoauT B TBepaoctu (1o 12 HRC) u uszHococToiikoctu (mo 38%) cranb
X13A0.14 ¢ conepxanuem 0.14% N u 0.03% C. B 3akajieHHOM ¥ HHU3KOOTITY-
IIEHHOM cOCTOsHUAX cTanb 20X13 mmeeT mpeuMyIlecTBO B TBEPAOCTH M abpa-
3UBHOM M3HOCOCTOMKOCTH Jaxke repen crainbio X 141'4A0.22, conepxameit 0.22% N,
0.05% C n 4.1% Mn, KOTOpBII MOXXET OKa3aTh IMOJOXKHUTEIBHOE BIUSHUE HA
npo4yHocTs MapTeHcuTta [9]. Ilpu temneparypax ormycka 450—440°C npoucxoaur
BTOPHUHBINA pocT U3HOcocToMKocTH cTanu 20X13, 00ycnoBlIeHHbINH AUCIEPCHOH-
HBIM YNPOUYHEHUEM MapTeHcuTa KapOumubiMu dactuiamu tuma Crp3Cq, Cr7Cs
[6,9]. TTocie ornmycka mpu 300—400°C u B obnacTu TemIeparyp BTOPHYHOTO
TBepAeHus azotucras craib X141'4A0.22 xapakrepusyercs Ooyee BBICOKUM CO-
NPOTHUBIICHHEM a0pa3WBHOMY HM3HAIIMBAHHWIO 110 CPaBHEHHIO co cTaimbio 20X13
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(mpu paBHBIX YPOBHSX TBEPAOCTH cTaneii). [Ipu moBbIIeHHH TemmepaTyphl OT-
nycka 6onee 500-550°C mpowmcxomuT pe3koe CHUKCHHE TBEPAOCTH W HM3HOCO-
CTOWKOCTH BCEX HCCIIEIYyEeMbIX CTaliel, CBS3aHHOE C Pa3BUTHEM IPOIIECCOB TEp-
MHUYECKOT0 pa3ynpo4yHEHHUs B MapTeHCUTE (BO3BpaTa), a TAaKXKe YBEIUUYEHUEM Yac-
TUI yripouHsitomux a3z [5,9].

[TosmydyeHHbIE pe3yJbTaThl MOKA3bIBAIOT, YTO y A30TUCTBIX CTaJIed, a TAKXKe Y
ctanmu 20X13 MakcUMyM H3HOCOCTOWKOCTH, OOYCIIOBIIEHHBIM BTOPUYHBIM TBEp-
JIEHUEM MapTEHCHUTa, CMEIAETCsl OTHOCUTEIbHO MaKCUMyMa TBEPJAOCTU IpUMEp-
HO Ha 50°C B cTOpOHY OOJBIIMX TEMIIEpaTyp OTHYyCKa. ITO, MO-BUIUMOMY, CBS-
3aHO C pa3jIMuueM B XapakTepe BIUSHUS pazMepa YINpouHsIouei ¢asbl (HUTpU-
0B, KapOOHUTPHUIOB, KapOUOB) Ha TBEPIOCTh U M3HOCOCTOMKOCTh MapTEHCHUT-
HOM cTpyKTypbl. O HEaJeKBaTHOM BIIMSHUU MOP(OIOrHM YacTHLl YIPOUHSIOIIEH
¢da3bl Ha TBEPIOCTh U U3HOCOCTOMKOCTH CTApEIOIIUX CTalel U CILIaBOB CBUJIE-
TEJIbCTBYIOT, HATIPUMED, TaHHbIe paboThI [15].

Brnusinue abpa3uBHOTO BO3IEHCTBUS Ha MHKPOTBEPAOCTH MOBEPXHOCTH U
MIMPUHY PEHTreHoBCKoM nuHUM (110), 3aKaJeHHBIX M OTIYLIEHHBIX CTajel
X14I'4A0.22 n 20X13 nmokasano, 4To a30TCOAEpKAIIUE CTAIA B MPOILIECCE M3HA-
HIMBaHMsI YIIPOUHSAIOTCA MeHble, yeM cranb 20X 13. [locne 3akanku, a Takxke o-
cie 3akaiku u otmycka npu 100—400°C npupocT MUKPOTBEPIOCTH HA TTOBEPXHO-
cTax n3HammBanus y craned X17H2A0.14, X13A0.14 u X14I'4A0.22 cocrasisier
0.9-1.3 GPa, a y crammm 20X13 — 1.2-1.8 GPa. Kpome toro, B pe3ynpTate abpa-
3UBHOIO BO3/ICHCTBHUS Yy 3aKaJICHHBIX, a TAK)KE Y 3aKAJICHHBIX U OTITYIEHHBIX MIPH
100-500°C craneit X14I'4A0.22 u 20X13 OTCYyTCTBYeT 3aMETHBIA POCT WHTE-
IpajJbHON IMPHUHBI peHTreHoBcKoN auHuM (110),, XapakTepHbIN AJ1 BBICOKOOT-
nymeHabix (mpu 600—700°C) cranmeii. 9T0 MOXHO OOBSICHHTH NMPOTCKAHHUEM B
a30TUCTOM U YTJIEPOJMCTOM MAapPTEHCUTE Je(OpPMAIMOHHOTO JIMHAMHUYECKOTO
crapenus [12], koTopoe xapakTepHu3yeTcs YMEHbIICHHEM TETPAaroHaJIbHOCTH Map-
TEHCUTA B pe3yJbTaTe BBIXOJIa YACTH aTOMOB a30Ta WIH YIVIEPOJa U3 KpUCTAJLIU-
YECKOW pelIeTKH B IPUMECHBIE aTMOchepsl auciokanuii. CBS3aHHOE C 3TUM TMPO-
LIECCOM YMEHBIIEHHE IIHUPUHBI PEHTTEHOBCKOM JIMHUU B 3HAYUTEIBHOW CTENEHU
(MM TOJHOCTBIO) KOMIIEHCUPYET POCT IIMPHUHBI JIMHWU, BbI3BAaHHBINA YBEJINYCHH-
€M IUIOTHOCTH JMCIOKALUK BCIEICTBUE WHTCHCUBHOW IUIACTHUYECKOW aedopma-
U NPU U3HAIIUBAHUH.

B Tabn. 2 mokazaHo BIMSHHE XMMUYECKOTO COCTaBa U PEXHMa OTITyCKa Ha MH-
TEHCUBHOCTb M3HAIIMBAHUS, MUKPOTBEPIOCTh M IMIMPUHY PEHTIC€HOBCKOW JTMHUU
(100),, moBepxHOCTH 3aKaJEHHBIX a30THCTHIX cTaniedt u cramu 20X13, ucnbiTan-
HBIX MPU TPEHUM B mape co cranbio X12M mo cxeme nanen—iuiactuHa. BeiOpan-
HBIE YCJIOBUSI HarpyXeHHs (Majasi CKOPOCTb CKOJIbKEHUS, IIOBBILIECHHAs HArpys3-
Ka) CIIOCOOCTBOBAJIM Pa3BUTHIO y MCCIIEIOBAHHBIX CTaJlel MPEUMYILECTBEHHO ajl-
re3MOHHOI0 BHJa M3HAIMBaHUs. CpeqHsst oObeMHasi Temreparypa B IOBEPXHO-
cTHOM cyioe obOpasnoB He mpeBblmana 60°C. Bennunaa xoddduirenTa TpeHus
craneil Haxoaunack B npenenax 0.6—0.7 HE3aBUCHUMO OT UX XMMUYECKOTO COCTaBa
U peXHMa TEPMUUYECKONU 00pabOTKH.
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TaOmnuua 2
HNuTteHcuBHOCTh H3HAMBaHusA (IN) M CTPYKTYpHBIE XapaKTEePUCTHKH 3aKATEHHBIX
ot 1050°C u oTmymeHHbIX cTajeil X13A0.14, X14I'4A0.22 u 20X13, ncobITAHHBIX
Npu TpeHHH 0e3 cMa3Ku o ctajn X12M co cpeHeil CKOPOCTBIO CKOJIbKEHUSs

0.07 m/s u Harpy3ke 294 N
Wlnpiia i MuxkpoTB 6, GPa

Mapxka cranu TeMnepaT};pa Ih % 107 (110)g, min e
OTIIyCKa, C IO HUCIIBI- | IIOCJIE UC- | IO UCIIBI- | IIOCIIE HC- AH

TaHWS | TBITAHWSA | TaHWS | TIBITAHUS
be3 ormrycka | 47.5 33 48 4.0 6.4 2.4
X13A0.14 200 103.3 32 47 4.0 6.4 2.4
500 125.6 31 48 4.4 6.5 2.1
bes otnycka 8.3 41 48 4.8 7.1 2.3
X14T'4A0.22 200 8.2 39 47 4.8 7.2 24
500 4.1 40 50 5.1 6.8 1.7
bes oTnycka 1.7 45 55 5.8 8.8 3.0
20X13 200 1.6 43 52 52 8.1 2.9
500 3.8 39 46 4.7 7.7 3.0

W3 Tabn. 2 cnemyer, 4TO C yBEIHMUEHUEM COAEPKAHMS a30Ta WHTEHCHUBHOCTH
a/IFe3MOHHOTO M3HAIIMBAHMS a30TUCTHIX CTAJel pPe3KO CHMKAeTCs. ITO 00yCIIOB-
JICHO TIOJOXKHTEIbHBIM BIIMSHUEM a30Ta Ha UCXOIHYIO M 3(P(eKTUBHYIO MpoU-
HOCTh MapTeHcuta. OAHAKO Jake MPU MaKCUMAIbHON KOHIICHTpAIUU a30Ta
(0.22% B cranmu X14I'4A0.22) ypoBeHb HM3HOCOCTOMKOCTH M MHUKPOTBEPIOCTU
MapTEHCUTHOU CTPYKTYphI 3aMETHO HIXKE, YeM y MapTEHCUTA 3aKaJCHHON U HU3-
kooTmymieHHo# cramu 20X 13. BnusHue pexxuma OTIycKka Ha CONMPOTUBJICHHUE al-
Te3MOHHOMY HM3HALIMBAHWIO MOKET HOCHTH WHOW XapakTep, 4eM sl cirydast ab-
paszuBHOro usHammBaHus. Tak, y cranu X13A0.14 mMakcumanbHas U3HOCOCTOM-
KOCTh HaOJI0JaeTcs B 3aKaJIeHHOM cOoCcTOosiHUU (0e3 oTmycka), a Huskuii (200°C) u
ocobeHHo BbICOKUU (500°C) OTHMyCKM 3HAYUTENIBHO CHIDKAIOT COMPOTHUBIICHUE
cTanu u3HamuBanuio. Y cranu xe X14I'4A0.22, nonoaHUTENBHO JErMpOBAHHON
a30TOM W MapraHIeM, HalpOTHUB, HAaWOOJbIIAas HM3HOCOCTOMKOCTh MPU TPEHUU
CKOJIbJKEHUS, KaK M MpU adpa3UBHOM BO3JEUCTBUU, JOCTUTAETCS IMOCIE OTIyCKa
npu 500°C. IIpu stom cranmu X141'4A0.22 n 20X13, noaBepruyThie BTOPUYHOMY
TUCTIEPCUOHHOMY TBEpPJEHUIO, 001a/1al0T OAMHAKOBBIMU YPOBHSMHU H3HOCOCTOM-
kocTd. [10oBBIIIIEHHOE CONPOTUBIICHHUE ATTE€3NOHHOMY M3HAIIMBAHUIO HEOTITYIIICH-
Hol ctanmu X13A0.14, BeposiTHO, OOBSCHSAETCS TEM, UTO MPH aIr€3HOHHOM Xapak-
TEepe B3aUMOJICHCTBUS METaJUNIMYECKUX MOBEPXHOCTEH MPOIECCHl IMIACTUYECKOM
negopManny NpOTEKA0T 3HAYUTEITPHO WHTCHCUBHEE, Ye€M IPU BO3CHCTBUU a0-
pasuBa. BozneiicTBue TpeHUsl NPUBOIUT K 0ojiee CYIIECTBEHHOMY POCTY MHKPO-
TBEPAOCTH U IUPUHBI peHTreHoBckoi nuuuu (100),, Hexenu abpa3uBHOE BO3-
neictBue (cM. TadiI. 2). DTo oTpakaeT 0oJiee 3HAYUTEIILHOE YBEIMICHHUE IIOTHO-
CTH TUCJIOKAllM{ B MOBEPXHOCTHOM CIIO€ CTajiei mpu TpeHuu. [Ipu moHmKeHHOM
COJIep’)KaHUU a30Ta B CTAJIM MEXaHU3M TBEPIOPACTBOPHOTO YIPOUYHEHHS] MapTeH-
CHTa, CBSI3aHHBIN C MPUCYTCTBHEM B HEM aTOMOB a30Ta U PEaJM3yeMbId B HEOT-
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MYIIEHHOM COCTOSIHUHU, B YCIIOBUSIX a/IF€3MOHHOTO M3HAIIMBAaHUS MOXET 3¢ dek-
THUBHEE BIIUATH Ha U3HOCOCTOMKOCTD 110 CPAaBHEHHIO C IUCIIEPCUOHHBIM YIIPOYHE-
HUEM HUTPUAAMH.

DIIeKTPOHHO-MUKPOCKOTTMYECKOE UCCIeA0BaHNEe TOHKOTO (1—5 pum) moBepxHo-
CTHOTO cJios1 3akaneHHbIx ctayei X141'4A0.22 u 20X13 nokazano, 4yTo Mmpu pac-
CMaTPUBAEMBIX YCIOBHSIX (DPUKIMOHHOTO HArpPY>XEHHsS TNPOUCXOAMUT CUIIBHOE
npobiieHne MapTEeHCUTHBIX KPUCTAJIOB, MPUBOZsIIEe K OOpa30oBaHUIO YIbTpa-
JMICTIEPCHOM (PparMEeHTHPOBAHHOM CTPYKTYphl. BO3ZHUKHOBEHHE HA MIOBEPXHOCTSIX
TpeHusl ynbTpaaucnepcHslx cTpykTyp (Y/C) cBuaerensCTBYeT O pa3BUTHUHU Je-
dbopMaiuu NpeuMyIIecCTBEHHO M0 POTAIIMOHHOMY MEXaHHU3MY — 3@ CUET OTHOCH-
TEJLHOTO TPOCKAIBh3bIBAHUA (PPArMEHTOB paccMaTpuBaeMou CTPYKTypbl [16].
AzoTcozaepikalias crajgb XapakTepusyercs 0ojiee HU3KOH CTENEeHBIO IUCIePrHpo-
BaHUS M MEHbBIIEH OJHOPOIHOCTHIO CTPYKTYpPHI MOBEPXHOCTHOTO CJIOSI MO CPaB-
HeHuto co ctabio 20X 13. Pasmepsr ¢pparmento YJIC cocrapistor 15-100 nm y
cran X14I'4A0.22 u 5-50 nm y cranu 20X13. O meHblIeH pa3opuEeHTUPOBKE
dbparmenToB YJIC cramum X14I'4A0.22 no cpaBHenuio co ctanbio 20X13 cBuue-
TENbCTBYET BHUJ MHUKPOIJIEKTPOHOTPAMM. YIIbTPAJUCIEPCHBIE CTPYKTYpHI, IO-
NOOHBIE CTPYKTypaM Ha MOBEPXHOCTH TpeHUs 3akaineHHou ctamu X1414A0.22,
HAOJI0JANCh TAK)Ke Ha MOBEPXHOCTU TPEHMsI aHHOM CTaliu, MOJBEPTHYTON 3a-
KaJIke ¢ nmocaeayomumM otiryckoM mpu 200 uu 500°C.

Baxno ormetutsh, uto YJIC, dopMupyromuecs: Ha TOBEPXHOCTIX M3HANTUBAHUS
A30TUCTBIX CTaJIel, XapaKTepu3yIoTcs 6osiee HU3KUM YPOBHEM MPOUYHOCTH (MHUKPO-
TBEPJIOCTH) U MEHBIIMMH 3HAYEHUSIMU LIUPUHBI peHTreHoBcko nuHuu (110), (3a
UCKJTIOUEHHEM BBICOKOOTITYIIEHHOTO cOCTOSTHUS), yeM Y JIC OBEpXHOCTHOTO CIOS
ctanm 20X13 (cm. Tabn. 2). Bosauknoenue Y /[C Ha MOBEpXHOCTH a30TUCTHIX CTa-
Jel COMPOBOXKIACTCS TAKKE€ MEHBLIMM Je(QOpMaIlMOHHBIM yrpouHeHueM AH ma-
Tepuana, 4eM B ciaydae GpUKIMOHHOTO HarpyskeHus cramu 20X13.

B Tabxn. 3 mpencraBneHpl 3HAUCHUSI HHTEHCUBHOCTH M3HAIIUBAHHS a30THCTBIX
craieii X13A0.14, X14I'4A.0.22 u cranmu 20X13, noaBEprHyTHIX PA3IUYHON
TEPMHUYECKON 00pabOTKE M MCIIBITAHHBIX TIPU TPEHUU IO CTaJIbHOMY JIUCKY B yC-
JIOBUSX BO3PACTAIOMIETO (PPUKIMOHHOTO HArpeBa MX MOBEPXHOCTHOTO CJIOS, YTO
JOCTUTANIOCh YBEITMYEHUEM CKOPOCTH CKOIbkeHus B aumamazone 0.10—1.93 m/s.
BunHo, 4To y 3aKkaleHHBIX HEOTMYIICHHBIX a30TCOAEpXKAIIMX CTalleld Mo Mepe
yBeNM4eHus: ckopoctu ckobkeHust ot 0.10 mo 0.96 m/s HabmogaeTcs CHUKEHNE
MHTEHCUBHOCTH TPU OOIIEM OTHOCHTEIHHO BBHICOKOM YPOBHE M3HOCOCTOHKOCTH.
B naHHOM umHTEpBane CKOPOCTEH CKONBKEHHUS Pa3BHBACTCS MPEUMYIIECTBEHHO
OKHUCJIUTENbHBIN BUJ M3HAIKMBAHUA, XapaKTepPU3YIOIIMics 00pa30BaHUEM YCTOM-
YUBBIX OKHUCHBIX IJIEHOK, KOTOPBIE MPENATCTBYIOT aAr€3MOHHOMY B3aUMOJEHCT-
BUIO CTaJIbHBIX TTOBEPXHOCTEHN M TEM CaMbIM CIIOCOOCTBYIOT YMEHBIICHHIO UHTCH-
CHUBHOCTH M3HaIMBaHus crajueit [17]. Pe3ynbTaThl, npuBeeHHbIE B Ta0M. 3, MOKa-
3bIBAlOT, YTO B YCJOBMSIX IPEUMYIIECTBEHHO OKHMCIMTEIBHOTO HW3HAIIMBAHMS
CcTpykTypa azotuctoro mapreHcura craneid X13A0.14 u X141'4A0.22 3ametHO
YCTyINaeT B U3HOCOCTOMKOCTH YIJIEPOJUCTOMY MAapTEHCUTY 3aKaJI€HHON HEOTIIy-
menHou craau 20X13.
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Tabmuia 3

Biinsinne cKopocTH CKOJIbKEeHHsI HA HHTEHCHBHOCTDH U3HALIUBAHNUS 3aKAJEHHBIX OT

1050°C u ornymiennnix craneid X13A0.14, X14I'4A0.22 u 20X13 (TpeHue 6e3 cMa3Ku
no ctagu X12M npu narpyske 108 N)

T HWHTEHCUBHOCTD M3HAIIMBAHUA [/ X 108
emmeparypa
Mapxka cranu ormycka, °C B 3aBHCHMOCTH OT CKOPOCTH CKOJIbKCHHSI, M/S
’ 0.10 0.51 0.96 1.31 1.93
be3 otmycka 5.9 4.3 2.4 25.1 107.4
X13A0.14 200 10.8 6.4 3.2 433 100.3
500 43.6 7.4 9.0 34.6 82.6
bes oTmycka 5.1 3.4 3.0 35.6 95.6
X14I'4A0.22 200 5.1 1.2 1.9 29.1 145.4
500 5.4 2.9 2.8 21.4 95.9
bes ornycka 0.5 0.7 2.1 14.2 59.4
20X13 200 0.7 0.8 1.1 13.0 55.9
500 0.4 1.9 0.6 15.7 52.1

VYBenuyeHue ckopoctu ckonbxkeHus oT 0.96 1o 1.93 m/s npuBoAUT K pe3KOMy
POCTYy MHTEHCUBHOCTU M3HAILIMBAaHUS CTaJeil BCIEICTBUE PAa3BUTHS Ha IOBEPXHO-
CTH NPOLIECCOB TEIUIOBOrO cxBaTbiBaHM (cxBarbiBaHue Il pona). Bo3HukHOBeHHNE
JTAHHOT'O KaTacTpo(pUUECKOro aAre3MOHHOr0 M3HAIIMBAHUS O0YCJIOBIEHO TEPMHU-
YEeCKHM pazylpOYHEHHEM MOBEPXHOCTHBIX CJIOEB CTayelf B pe3yJsibTaTe UX WHTEH-
CUBHOTO (ppuKLHMOHHOrO Harpesa [17]. BuaHo, 4To B ycIoBHUSX TEIIOBOTO M3HA-
[IMBAaHUS 3aKaJE€HHBIE A30TCOJAEPIKAIIME CTAU YCTYMAIOT B M3HOCOCTOMKOCTH
ctanu 20X13. 3meHeHnue copep:kaHus a3oTa B MAPTEHCUTE HE OKA3bIBAET 3HAYM-
TEJIBHOTO BJIMSHUS Ha CONPOTHUBICHHME 3aKAJIEHHBIX HEOTHYILIEHHBIX CTaled Kak
OKHCcIUTEeTbHOMY M3HamuBauuo (mpu V= 0.10-0.96 m/s), Tak u TEIJIOBOMY CXBa-
TeiBaHuIO (ipu V' =1.31-1.93 m/s), T.e. Ha UX GPUKIIUOHHYIO TETIIOCTOUKOCTb.

Otnyck mpu 200°C u, ocobenno, mpu 5S00°C, kak U B Clly4ae UCHBITAHUS IO
cxeme najien—IuiacTuHa (cM. Talu. 2), IpUBOIUT K PE3KOMY POCTY MHTEHCHUBHOCTH
W3HAIIMBAHUS CTAJIM C MAKCUMAJIbHBIM cojiepxkanueM a3ota (X13A0.14) B quana-
30He ckopocter ckomkkeHus: 0.10-0.96 m/s, 6GmaronpusTHOM JAJsl pa3BUTHS OKHUC-
JUTENBHOTO U3HAIMBaHUs (cM. Tabia. 3). MakcumanibHble 3HaUY€HHsS] HHTEHCUBHO-
CTU W3HAIMBaHUA 3a()UKCUPOBAHBI MPU TpeHUH co ckopocThio 0.10 m/s cramu
X13A0.14, ornymienHoit npu 500°C, xoraa UMeI0 MECTO MHTEHCUBHOE a/ir€3UOH-
HOE U3HAIIMBAHUE MaTepualia Ipy OTCYTCTBUHM 3aMETHOTO ()PUKLIMOHHOIO HarpeBa
(cxBarbiBanue I poma [17]). Ornyck npu 200 u 500°C He oka3bIBaeT OOJIBIIOTO
BIUSHUS Ha MU3HOCOCTOMKOCTh cranert X141'4A0.22 u 20X13 mpu Bcex uccneno-
BaHHBIX CKOPOCTSIX CKOJIbKEHUs (cM. Ta0:. 3). Kak u B HEOTIYIIIEHHOM COCTOSIHUM,
ctasib X141'4A0.22, noaBepruyTas 3akajike U OTIIyCKY, YCTYNAeT B U3HOCOCTOMKO-
ctu ctanu 20X13 npu OKUCIUTETHPHOM U TETIOBOM BHJIaX U3HAIIMBAHUS.

[TpoBeieHHBIE KOMIUIEKCHBIE HMCCIEIOBaHUS TPUOOJOTMYECKUX U MPOYHOCT-
HBIX XapaKTEPUCTUK a30TCOJEPKALINX HEP)KAaBEIOLIUX MAPTEHCUTHBIX CTaJel B
COIIOCTaBJICHUU C NOJOOHOM yriepojcojeprKaleil CTalbio MO3BOJSIOT 3aKIIO-
YUTb, YTO 110 CPABHEHHUIO C YIJIEPOJOM PACTBOPEHHBIH B MAapTEHCUTE a30T B KO-
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anuectse 10 0.22% oka3bIBaeT 3aMEeTHO MeHee Y(PPEKTUBHOE BIMSIHUE HA CONpPO-
TUBJICHHE MapTEHCUTA Pa3IMYHbIM BHJIaM W3HAIIUBaHUS (aOpa3vBHOMY, aJre3u-
OHHOMY, OKUCJIUTEIIbHOMY, TEIJIOBOMY), a TaK)K€ Ha €ro MPOYHOCTh (TBEPIOCTh)
U CIIOCOOHOCTH K JIOTIOIHUTENIFHOMY Ae(hOpMariioHHOMY YIIPOYHEHHIO B TpOIIec-
ce (PpUKIIMOHHOTO HarpyKeHHUs.

[TosrydyeHHble pe3ysbTaThl PACXOIATCS C U3BECTHBIMU MPEJCTABICHUSMHU O Xa-
paKkTepe BIMSHUS a30Ta Ha CBOMCTBA M CTPYKTYpPHBIE XapaKTEPUCTUKHU O.-MaApPTEH-
cuta u ¢pepputa. CornacHo TUTEpaTypHbIM JaHHBIM (Hampumep, [18,11]) u nomy-
YEHHBIM pe3yJbTaTaM 3JEKTPOHHO-MUKPOCKOMMYECKOIO HCCIEI0BaHUA a30TH-
CTBI MapTEHCUT MOPQOJIOTHIECCKH MOA00CH yriepoaucTomy. DpPpeKkTUBHBIC pa-
JMyChl aTOMOB a30Ta M yriepoja B MapTeHcuTe Omusku [19]. BnusHue obomx
AJIEMEHTOB BHEJPEHUS Ha CO3JaBacMble B PEILETKE O-)Kejle3a YIpyrue HCKaxe-
Hus [7], a Takke Ha mapaMmeTp pemeTku MmapreHcuta [18,19] npaktuuecku onuHa-
KOBO. B cooTBeTCTBHM C 3KCIIEpUMEHTAIBHBIMU JaHHBIME [20,21] a30T U yriepon
XapaKTepU3yTCs MPUOIN3UTENBHO PAaBHOM SHEpruel B3auMOJEHCTBUS C JHUCIIO-
KalusAMH B o--kenese. B psje pador ormeuaetcst naxe Oonee ddpdexTuBHOE OI10-
KUpYIOlllee BIMSHUE a30Ta Ha AUCIOKauu B MapteHcute [1] u deppure [22,23],
CJIEJICTBUEM YEro SIBJIsSIETCA 0oJjiee CHIIBHOE YIPOUHSIOUIEe IeHCTBUE PACTBOPEH-
Horo B (eppute azota [5]. B pabdorax [10,11] cnenan BbIBOA O TOM, YTO a30T MO
KpaifHelt Mepe cToub ke 3((EeKTUBEH B YIPOUYHEHHH HEJIETHPOBAHHOTO M BHICO-
KOXPOMHUCTOI'O MAPTEHCUTA, KaK U YTJIEPOJ.

[TonmxeHHass M3HOCOCTOMKOCTh MapTEHCHUTA a30TcoIepKalux crajner (1o
cpaBHeHMIO ¢ MapTeHcuToM ctanu 20X13) obycnoBieHa 6ojiee HU3KUM YPOBHEM
TBEPJOCTH a30TUCTOTO MApPTEHCUTA W, MO-BUAMMOMY, €r0 MEHBIIEH CHOCOOHO-
CTBIO K 9KCTpPEMabHOH IUIaCTHUECKON eopMalMy B CIEUU(PUIECKUX YCIOBUAX
(GpUKIMOHHOTO BO3JAeHCTBUA. TO €cTh a30TUCTBIMI MapTEHCUT BBIIEPKUBAET
MEHBIIYI0 BEIMYMHY IUIACTHYECKOM aedopmaruu 10 paspymenus. O6 3ToM cBu-
JIeTEIbCTBYIOT O0Jiee HU3KUI ypOBEHb 1e(hOpMAIIHOHHOTO YIIPOYHEHUS a30THCTO-
IO MapTEHCUTA, CYIIECTBEHHO MEHBIINE 3HAUYCHHs] MUKPOTBEPAOCTH U LIMPUHBI
PEHTT€HOBCKOM JIMHUM MapTeHCHUTa Ha MOBEPXHOCTSX M3HAIIMBAHMS a30THUCTBIX
CTaJIeil 0 CPaBHEHHUIO C YIIIEpOACOAepIKallel cTanbio (cM. Tabi. 2), a Takxke OT-
cyrctBue y ctanu X14I'4A0.22 ctonb BBICOKOW OJHOPOJHOCTU U JUCHEPCHOCTU
Y JIC Ha OBEpXHOCTH TPEHUs, Kak 3T0 Habmoganock y cranu 20X13.

®axkTOp MOHMKEHHOH MJIACTUYHOCTH a30THCTOI0 MApTEHCUTA OKa3bIBAET HaU-
MEHbIIIee BIMSHUE HA CONPOTHUBICHHE a0pa3MBHOMY M3HALIMBAHMIO: IIPEUMYILe-
CTBO B a0bpa3MBHOM M3HOCOCTOMKOCTH MapTeHcuTa ctainu 20X13 nmepen mMapTeH-
cutoM cranu X14I'4A0.22 cocraBnsiet aumib 8—18%. B ropasno Gomnblieit crene-
HU pacCMaTPUBAEMBbI (PAKTOP MPOSBISAETCS MPH SKCTPEMATbHO BBHICOKOW IJIACTH-
YyecKoi JeopMalui MOBEPXHOCTHOIO CJI0Sl — B YCIOBHAX TPEHUS CKOJIBXKEHUS,
KOTJla pa3HHWIla B 3HAYCHUAX U3HOCOCTOMKOCTH 3akajeHHbIX ctaneit 20X13 u
X14T'4A0.22 moxet gocturath 5—-10 pa3 (cMm. tabn. 2, 3). [lpu okucauTensHOM
M3HAIIMBAaHUM POJIb MJIACTUYHOCTH B CONPOTHBICHUH MAapTEHCUTHOM CTPYKTYpHI
HPOSIBJISETCS B HANOOJIbLIEH CTENEeHU.
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OO0 oTpuIaTeNbHOM BIUSHUU TMOHIKEHHOM IIACTUYHOCTH a30THUCTOTO Map-
TEHCUTA HAa €r0 H3HOCOCTOWKOCTh OTYACTH CBUJICTEIBCTBYET TAK)Ke TOT (PAKT, UTO
NpU BBEJACHUM B a30TCOJCPKAIIYI0 MApTCHCUTHYIO CTallb HHKeNs (CTajb
X17H2A0.14), moBsIIaIONMEro MiacCTUYHOCTh U BA3KOCTH cTanu [9], ypoBeHb abd-
pPa3MBHON M3HOCOCTOMKOCTH 3aMETHO BO3PACTAET.

3akjarouyeHue

CrpykTypa 3akaneHHbix azorcopepxkanmx (0.14-0.22% N) craneit X17H2A0.14,
X13A0.14 n X14A0.22 nogoOHa CTpyKType HU3KOYTJIEPOAUCTBIX XPOMHUCTBIX CTaNIEH
U TIpeJICTaBIIsIeT COOON peeyuHbli MaKeTHbIM MAapTEHCUT. A30TUCTBIM MapTeHCUT (TIpU
coaepkaruy B HeM 10 0.22% N) obmamaeT MEHBIIMM CONPOTHBIICHUEM abpa3uBHO-
MY, aJIr€3MOHHOMY, OKMCIIUTEIIbHOMY U TEIJIOBOMY BHJIaM W3HAIIMBAHUS 110 CPaBHE-
HUIO C YTIIePOaUCThIM MapTeHcuToM ctanu 20X13. 310 00ycnoBieHo 0os1ee HU3KUM
YPOBHEM TBEPIOCTH, a TaKkKe MEHbLIEH CIOCOOHOCThIO K MHTEHCHUBHOW ILIacTHYe-
CKOH nehopmary a30TUCTOrO MapTEHCUTA B YCIIOBUSIX (DPUKIIIOHHOTO HATPy>KEHHUS.
BcenencrBue moHMWXKEHHOW MIACTUYHOCTU Aa30TUCTBI MapTEHCUT paspylIaeTcsl Mpu
MEHBIINX BEJIMYMHAX IUIACTUYECKON JIeopMalvy, YeM YITIEPOAUCTHIN MapTEHCHT.
310 nposBIAeTcs B 00jee HU3KOM J1e(pOPMALMIOHHOM YIIPOYHEHHH a30THUCTOIO Map-
TEHCUTA, a Takke B (POPMUPOBAHUHU B TOHKOM (1—5 {m) MOBEpXHOCTHOM CJIOE CTalll
X14I'4A0.22 meHee 0qHOPOIHBIX U nucnieprupoBaHHblx Y/IC, 4eM Ha MOBEPXHOCTU
Tperust ctamu 20X13. Menee ¢ dekTuBHOE (B CpaBHEHHH C YIJIEPOIOM) BITHSHHE
a30Ta Ha U3HOCOCTOMKOCTh cTajiel B HAaMOOJIBbILIEH CTENEeHH MPOSBIIAETCS MPU are3u-
OHHOM M OKUCIIUTEJILHOM BHJIaX M3HAILMBAaHMSA, KOTJIa PEUMYIIIECTBO B M3HOCOCTOM-
KOCTH YIJIEPOJUCTOr0 MapTEHCHUTA MEPE] a30TUCTBIM MOXKET AocThrath 5—10 pas.

VYBenuueHnue cojepkaHus a3ora B uccienyembix craisix ot 0.14 mo 0.22% mo-
BBIIIIAET MX COMPOTHBIIEHHE a0pa3MBHOMY M aAT€3MOHHOMY M3HamMBaHuio. Hau-
0OJBIIMMU TBEPAOCTHIO M CONPOTUBJICHHEM a0pa3sMBHOMY H3HALIMBAaHUIO a30T-
coJepxalye craid o01aJaloT B COCTAPEHHOM COCTOSHUM — TOCJE OTITyCKa MpH
500-550°C, B To Bpems kak craib 20X 13 nMeeT MakCUMaIbHYIO H3HOCOCTOMKOCTD
MocJe 3aKaliky, a Take mociue 3akanku ¥ Huskoro (100-200°C) ormycka. Ilocie
otmrycka ripu 500°C crane X14I'4A0.22, ynpouHeHHass HUTpUAAMU (KapOOHUTPH-
JlaMH), XapakTepu3yeTcs HEKOTOPhIM NPEUMYIIECTBOM B aOpa3uBHONW M3HOCOCTOM-
KOCTH, OJIMHAKOBBIM COINPOTUBIIEHUEM aJr€3MOHHOMY H3HAIIMBAHUIO U CYIIECT-
BEHHO MEHbIIEH M3HOCOCTOMKOCTBIO MPH OKUCIUTEIBHOM U TEIJIOBOM BHJAaX H3-
HAIlIMBaHU 110 CPABHEHHUIO C IMCIEPCUOHHO-YNPOYHEHHOM cTanbio 20X13. AzoT-
cofieprkallasi CTajlb Ha XpOMOHMKEJIEBOM OCHOBE MTPEBOCXOAUT B aOpa3uBHON U3HO-
COCTOMKOCTH XPOMMUCTYIO CTaJIb PaBHOM TBEPIOCTH, YTO, MO-BUIUMOMY, OOYCIIOB-
JIEHO MOJIOKUTENbHBIM BIMSHUEM HHUKEJIS Ha BSI3KOCTh MAapTEHCUTA.
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N.B. Efros, L.G. Korshunov, B.M. Efros, V.Yu. Dmitrenko, V.N. Varyukhin

WEAR RESISTANCE AND STRUCTURAL MODIFICATION
OF THE SURFACE LAYER OF HIGH-CHROMIUM MARTENSITIC ALLOYS
UNDER ABRASIVE ACTION AND SLIDING FRICTION

The wear resistance of nitrogenous martensitic alloys X17H2A0.12, X14A0.12, X15G4A0.25
(0.12-0.25 mass% N) and 20X13 steel (0.19 mass% C) was tested under sliding friction
and abrasive effect. It was found that the nitrogenous martensite is characterized by lower
resistance with respect to different types of wear (adhesive, abrasive, oxidative, thermal
one), lower hardness and work-hardenability in the course of friction as compared to the
carbon martensitic steel 20X13.

Keywords: nitrogenous martensitic alloys, adhesive and abrasive wear, tribological pro-
perties
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IIpaBuiia opopmiieHHsE pyKoOnMcei 1J1sl aBTOPOB »KypHaJia
«®U3UKA U TEXHUKA BBICOKUX JTABJIEHU»

Pepakuus xypHajia mpoCHT aBTOPOB NpPH MOATOTOBKE CTaTel PyKOBOJCTBO-
BaThCs M3JI0)KCHHBIMU HIDKE TpaBHiIaMu. Matepuaisl, opopmiieHHbIe 6€3 cobITto-
JICHHS TIOCTIETHUX, K PACCMOTPEHHUIO HE TPUHUMAIOTCH.

B sxypHare myOnmKyIoTCs CTaThil Ha PyCCKOM, YKPAWHCKOM M aHTJIMICKOM SI3bIKaX.

B penakiuio HarmpaisiioTest 2 3K3eMIUIIpa pyKOIHCH (BKJIIOYasi BCE €€ JIEMEH-
Thl), HaOpaHHOH mpudrom Tuna Times pazmepom 14 m.1. yepe3 1,5 uHTEpBaNa Ha
OJIHO# cTopoHe nucTa Gpopmata A4.

[Tonsi: neBoe — HE MeHee 3, BepxHee U HUXKHee — 2, paBoe — 1,5 cm. Bee crpa-
HUIIBI HEOOXOMMO TIPOHYMEPOBATh.

Pyxomuce 1omkHa OBITh BEIUMTAHA U TOATIMCAHA aBTOPOM (COaBTOPAMH).

Heo6xonumo npenocTaBieHne 31eKTPOHHON BEPCHH CTaThH Ha IU(POBOM HO-
curtene 1100 nepeaayda >JIeKTPOHHOM MOYTOM Mo aapecy:

E-mail: ftvd@fti.dn.ua.

KommnuiekTHOCTh pyKonucu

Pyxomnuce nomkHa comepkaTb TEKCT CTaTbd, aHHOTALMIO, KJIIOYEBBIE CJIOBA,
CIMCOK JIMTEPATYPHl, MOJPUCYHOUHBIE MMOANNUCH, KOMIUIEKT PUCYHKOB, CBEIECHUS
00 aBTOpax.

1. Teker craTrbu. Ha nepBoii cTpanuile yka3bIBalOTCS:

— KJaccUPUKaMOHHBIN uHeKke 1o cucreme PACS;

— MHUALUAIBI U (aMUIIUH aBTOPOB;

— Ha3BaHUE CTAThHU;

— MOJIHBINM MOYTOBBIN apec yUpeKIeHUs, B KOTOPOM BhINOJIHEHA padoTa.

Haszseanue ctaThyl JODKHO OBITH KPaTKUM, HO MH(opMaTuBHbBIM. He nomycru-
MO NpPUMEHEHUE B HEM COKpalleHui, KkpoMme cambix obOmenpunareix (BTCII,
'K, AMP u nap.). MUcnons3yembie aBTopamMu abOpeBHATYpHl HEOOXOJIMMO pac-
mu(poBaTh MPH MEPBOM MX YIIOMUHAHUH.

Pasmepnocmu pusnueckux BenmnuuH (B cucreme CH) mo Bceit pykomucu
Q0JICHL OblMb HA_aH2IUUCKOM A3bike. B 1eCATUUHBIX 4MCIax Nepes AeCAThIMU
CJIeZlyeT CTaBUTh TOUKY.

2. Tabauupl JOKHBI OBITH HaleyaTaHbl HA OTACJBHBIX CTpAaHUIAX U MUMETh
3aroyioBku. OO0s3aTENPHO yKa3aHUE CIUHHII M3MEPEHHs BEIHuuH. Heobxodumo
npedocmagums nepesood madbauy Ha aHIUUCKULL A3bIK.

3. @opmyJbl crietyeT HaOUpaTh B peIaKTOPE YpaBHEHUN. Bce undekcvl 00icHbl
Obimb Ha aneautickom a3vike. DKCIIOHEHTY ClieyeT 0003HauaTh KakK «eXp», a He
KaK «€» B CTEIICHH.

4. Pucynkn (Winoctpamum) TpedyeTcss IpeIoCTaBUTh B YEPHO-OEIOM Bapu-
aHTe OTJENbHbIMU (aiinamu. PUCyHOK, mOMelaeMblii Ha BCIO IIMPUHY CTpPaHU-
1bl, JOJIKEH UMETh pa3Mep 1o ropusoHTanu 14 cm, Ha 2 cTtpanunsl — 7 cM. g
PHUCYHKOB B pacTpoBbIX (bitmap) opmaTax IOMyCTHUMOE pa3pelieHue — He MeHee
300 dpi. ITpu 3ToM B daiine pazmep U300paskeHUs IO TOPUZOHTAIHU, BKITFOUAst TIOIH-
CH IO 0csiM, J0JbKeH ObITh He MeHee 800 mukcenei AJ1sl pUCyHKa Ha Y2 IIMPHHBI CTpa-
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Hunbl 1 1600 mukceneil — HA BCIO MIUPUHY. Bce HAONUCU HA PUCYHKAX OOJHCHbL
ObIMb HA AHSTULICKOM A3bIKE, A UX YUCTIO CBEOCHO K MUHUMYMY.

5. AuHoTanus (e 6onee 15 cTpok) MOMKHA COAEPKATH LIEdb paOOThI, METO
ee JIOCTIKEHUs, OCHOBHBIE pe3yJibTaThl. B penakuuio npeacraBisercss TEKCT aH-
HOTalUU (¢ yKazanuem aemopos u Ha36aHus CMAmovu) Ha PYCCKOM, VKDAUHCKOM
(Ons epadxcoan Ykpaunbvl) u aHeIuticKOM A3bIKax Ha OTAEIbHBIX CTpaHUIIaX.

6. KiiroueBnble ciioBa (He Oosiee 10 TEpMUHOB) HA pYCCKOM, YKPAUHCKOM (015
epadicoan_YKpaumvl) u aHeIULCKOM A3bIKaX NOJDKHBI OTpakaTh CyTh cTaThu. He
JOTTYCKaeTCsl UCTIOIh30BaHNE a00peBUatyp.

7. CiMcoK JTUTepaTypshl PUBOJUTCS B KOHIIE CTaThU B MOPSAKE YIOMUHAHUS
B TekcTe. B OnbnmuorpaduaeckoM ONMMCAHUN YKA3BIBAIOTCS WHUITHAIBI U (haMUTHH
BCEX aBTOPOB, a Jajee:

a) JUIsl KHUTU — Ha3BaHUS KHUTH, M3JATENbCTBA M TOpOJa, ToJ w3daHus (B
KPYTJBIX CKOOKaX):

A.D. Hogghe, Puzuka xpucranios, '3, Mocksa (1929).

0) Ay cTaTbU B JKypHaje — Ha3BaHHE, TOM, HOMEp XXypHasla, HOMEp NepBO
CTpaHMIIBI CTAThU, TOJl M3IaHUs (B KPYTJIBIX CKOOKaX):

C.A. Qupcmos, IO.H. Iloopezos, H.U. Jlanunenxo, E.M. bopucosckas, H.B. Mu-
naxos, ®TBJI 13, Ne 3, 36 (2003).

8. [loapucyHOYHBIe MOAMUCH JTOJDKHBI COIEPKATh TEKCT, OOBSCHSIONUINI puU-
CYHOK; TPEACTABISAIOTCS HA PYCCKOM U aueautickom sazvikax. Onucanue 3IeMeH-
TOB PUCYHKA (MJUTFOCTPAIIMH) JKEIaTeIbHO BHIHOCUTH B OJPUCYHOUHYIO TOJITHUCH.

9. CBeeHusi 00 aBTOpax HEOOXOIUMO TIPEICTABUTH HAa OTIEIHHON CTpPAHMIIE,
IJIe YKa3bIBAIOTCS:

— TIOJTHBIC UM, OTYECTBO U ()aMUIIHSI aBTOPOB;

— UX CIIy»eOHbIe ajipeca U Tene(OHBI.

CrnenyeT yka3aTh, C KEM U3 aBTOPOB MPEANOYTHUTEIHHO MOJICPKUBATH CBSI3b
pu paboTe HAJl CTAThEH.

Co60KynHOCMb HA36AHUSL CIMAMbY, AHHOMAYUU, PUCYHKOE U NOOPUCYHOYHBIX
noonuceil 00INCHA 0a8amb sICHOE NPeOCmasierue o Cymu pabomai.

Obpawaem enumanue agmopog Ha 1o, uyto, HaunHas ¢ 2002 r., xxypuan ®TB/I
pedepupyercs 1 uHAEKcUpyeTcs pedepaTuBHbIM KypHaiaoM Chemical Abstracts,
YKpaunHckuM pedepaTuBHBIM XKypHaIoM «Jlxepeno».

[Tommas Bepcus KypHaiia pa3MenieHa Ha caite: http//www.donphti.ac.donetsk.ua/
zhurnal.htm.
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