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NMPEOUCNOBUE

HanocTpykTypHbIii Toaxon (T. €. HCIOJIb30BaHKUE B Marepualiax 3¢peH,
(ha30BBIX BKIIFOUEHHH, TIOP W KaHAIOB ¢ pazMepom mopsaka 100 am
B Ka4€CTBE CTPYKTYPHBIX COCTABJISIONINX) JTaBHO HAXOAUTCS B apce-
HaJIe YYEHBIX, CO3/AIOIIMX HOBBIC MaTepHalibl C BBICOKMM YpPOBHEM
(U3NKO-MEXaHMYECKUX W DKCILTyaTalMOHHBIX CBOWCTB. OJHAKO MpO-
OnemMaM CTaOMIIBHOCTH HAHOMAaTEPHAJOB B YCJIOBHSIX TEPMHUYECKHX,
paluanuoHHbIX, Ae(QOPMAIMOHHBIX M KOPPO3MOHHBIX BO3ACHCTBHI
MOKa yAeJsIeTCsl HeOCTaTOYHOE BHUMAaHHUE, U UMEIOINECS CBEACHUS
HOCSAT 3U30JJMYECKUI XapaKTep U BeCbMa paccesiHbl. B janHOM 1moco-
0K TIPEANPHHSATA TIOTBITKA TPOAHATM3UPOBATh U 000OIIUTH PE3yiib-
TaThbl, MOJYYCHHbIC MPHU HM3yYCHHU IOBEJCHUS KOHCOJIUIMPOBAHHBIX
HaHOMATEePHAaJIOB HA OCHOBE METAJJIOB, CIIJIABOB M TYTOTUIABKUX COe-
JTUHEHUH B DKCTPEMANbHBIX yCIoBUsAX. CChIIOYHBIN ammapar mocoous
B OCHOBHOM OTHOCHTCS K HEIABHO OMYOJIMKOBAHHBIM MOHOTpadUsIM
¥ 0030paM, CIHCKU JOTOJHUTEIBHON TUTEPATYPhl COACPKAT CCHLTKU
Ha HanOoJee BaXHbIE PaOOTHI.

[locne BBeneHus, rae B 00IKX YepTax MPUBOISTCS OCHOBHBIC CBE-
JICHNSI 0 HAHOOOBEKTAaX M Pa3bsCHICTCS TIOHATHE KIKCTPEMaJIbHbIE CO-
CTOSIHUSI» TIPUMEHHUTENBHO K HAHOMaTepuaiaM, clielyeT epBas IJ1aBa,
MOCBSIICHHAs OITMCAHUIO MPOOJIeM TepMHUUeCcKoi ctaduibHoCcTH. [Ton-
YEPKUBAIOTCS BO3MOXKHOCTH TEOPETHUECKUX OLICHOK, OCHOBAaHHBIX Ha
UCIIONIb30BaHUM TMPHOIMKEHHS PETYISPHBIX pacTBOpoB. Bo Bropoit
IJIaBe MPHUBEICHBI OCHOBHBIC JaHHBIC O BIMSIHUU HEHTPOHHOTO M MOH-
HOTO OOJyYeHUs] Ha CTPYKTYPY M CBOWCTBAa HaHOMAaTepHaloB. TpeThs
W 4eTBepTas IIaBbl OMKCHIBAIOT UX MOBEJCHUE B YCIOBHSIX Jieopma-
[UOHHBIX U KOPPO3HOHHBIX BO3jehcTBHi. [Ipu aHamm3e KOMOUHHPO-
BAHHOTO BIIMSHHS PA3IUYHOIO POAA IKCTPEMATBHBIX BO3JEHCTBUI
3aTparuBaoTCsl MpoOIeMbl TONYyYEHHs HaHOMAaTepHalloB, KOTOPHIC
10 CBOMM CBOMCTBaM MOIJIM OBl MMPOTHBOCTOSITH 3TUM BO3ACHCTBHSIM.
[IpuBoasTCS IPUMEPBI COBPEMEHHOTO M MEPCIEKTUBHOTO MPUMEHEHHUS
HAaHOMAaTEPHAaJIOB B PAa3JIMYHBIX MEPEJOBBIX 00JACTAX TEXHUKU, ME/IU-
UHBI U OMOJIOTHH. B 3aKJII0YEHUH MOJBOAATCS UTOTH MPOJAEIAHHOTO
aHaJiu3a U OTMEYArOTCsl TPEJICTOSIIIE 3aa4H.
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Agtop Onaromapen npodeccopam A. M. [mezepy u E. A. Jleare-
BY 32 KOHCTPYKTHBHBIE PELICH3UH U XOUET BBIPA3UTH IPU3HATEIBHOCTD
MHOTHM KOJIJIETaM M Jpy3bsM u3 Poccum m apyrux crpan (ABctpus,
benapych, BenukoOpuranus, [epmanusi, Uspawns, Mumus, Kurai,
Keiprezeran, [Hopryranus, Cep6us, CIUA, Ykpauna, @pannus, Ye-
xusi, FOxnas Kopest u zip.) 3a III0AOTBOPHOE ydyacTHE B HPOBEICHUU
COBMECTHBIX HCCIIEIOBAaHUI U BIOXHOBIISIONIEE 00CYK/IEHUE aKTyallb-
HBIX po0sieM. X04eTcs OTMETUTh U BaXKHYIO TIOAEPKKY HAIIUX TPaH-
TOB cO cTOpoHBI Poccuiickoii akagemun Hayk ¥ Poccuiickoro dhonma
(byHIaMEHTaIbHBIX UCCIEA0BaHNUH.



BBEOEHUE

INpucraska «Hano» (oaHa MuwuMapaHas 9actb; 1 aM = 1079 M) maBHO
Y TPOYHO BOIIJIa B COBPEMEHHYIO HAyYHO-TEXHUYECKYIO TEPMUHOJIO-
THIO, 1 MeTahOPUIHOCTh TEPMUHOB «HAHOHAYKA», KHAHOTEXHOJIOTHUSY,
KHaHOMAaTepUaNbl» YK€ HHUKOro He yauBiser. B cdepe uHTEepecos
STHUX HATPABICHHUN, TMONYYUBIIUX OCOOCHHO MHTCHCHBHOC PAa3BHUTHE
B nocienuaue 20—25 et W HaxomAIIMXCS Ha CThIKE (PH3UKH, XMMUH,
MEXaHUKH, MaTepUaIOBEACHUs, OUOIOTUH, MEAMIIUHBI, 3IEKTPOHHON
U KOMIIBIOTEPHOM TEXHHKH, JIS)KAT Mallopa3MepHble 00beKThl. [lox
HaHoMamepuaiamy TPUHATO TTOHUMATh TAaKHE MaTepPHAalbl, OCHOBHBIC
CTPYKTYPHBIE DJIEMEHTHI KOTOPBIX (KPUCTAUTUTHI, (ha30BBIC BKITIOUE-
HUSI, BOJIOKHA, CIIOM W TOPHI) He TpeBbiimaoT npumepro 100 um, mo
KpaitHell Mepe B OIHOM HaIlpaBIICHUH.

K HacTosi1ieMy BpeMeHHU XOPOIIO U3BECTHO, YTO BHICOKUN YPOBEHb
CBOWCTB HAHOMATEPHUAIOB CBsI3aH C HAJIMYHEM B HHUX OOJBIIOTO KO-
JMYECTBA MOBEPXHOCTEH pasjiesia, OCTATOYHBIX HaNpsDKeHWH, nedek-
TOB, NMOTPAHUYHBIX CEerperanii ¥ HepaBHOBECHBIX (a3. OJHAKO Te ke
camble (paKTOPbI MPHUBOJAT K IMOSIBICHUIO M30BITKA CBOOOIHOM dHEp-
rud. BriojHe 04eBHHO, YTO MPH TEPMUYECKHUX, Je(HOPMANMOHHBIX U
KOPPO3UOHHBIX BO3JICHCTBUSX, a TAKIKE B YCIOBUAX PaJHAIANd MOTYT
WHUIIMHPOBATHCS PEKPUCTAIUIM3AIIMOHHbBIE, CErperallioHHbIC, TOMO-
TCHU3AIMOHHBIC U PETaKCAllMOHHBIE MPOIECCHI; (pa30BbIC TIEPEXO/Ibl;
pacman u oOpasoBanue (pa3; amopdu3saius; CreKaHUe W 3aIlIbIBAaHHE
MHUKPO- U HAaHOTIOP (HAHOKAMHUJUTAPORB). JlaHHbBIE IPOIIECCH 3HAYUTEITh-
HO BJIMSIFOT Ha 3BOJIFOIIMIO HAHOCTPYKTYPhI, HHOT/Ia TIPUBOJIS AaXKeE K e¢
MCYE3HOBEHUIO, M YACTO COMPOBOXKIAIOTCS YXY/IIICHHEM (HU3NIESCKUX,
MEXaHHMUYECKUX, XHMUYECKUX U OMOJIOTMIECKUX CBOWCTB.

B 210l cBsI3M olleHKa CTAOWIILHOCTH HAHOCTPYKTYP B Pa3IHUHBIX
IKCTPEMAJIbHBIX YCIOBHUIX HMEET BAXKHOE 3HAUCHHE KaK B IPUKIIATHOM,
TaK U QpyHIaMeHTaIbHOM acrekrax. C oJJHOH CTOPOHBI, 000CHOBAHHBIN
pecypc paboThl HAHOMATEPHATIOB OMPEICNAET SKOHOMUUCCKYIO I1esie-
CO00pa3HOCTh BHEAPEHUS U MaciTad MX MPUMEHEHUs, C IPYroil CTo-
POHBI, TEOPETUYECKHUE TIPOTHO3BI JIAIOT OCHOBAHUS ISl TIOMCKA HOBBIX
00BEKTOB ¢ OoJiee BEICOKUMU CBoiicTBamMu. Kpome Toro, cienyer yuu-
THIBATh U HEMIPEPBHIBHOE Y)KECTOUCHUE IKCIUTYyaTAIMOHHBIX TPEOOBaHUI
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B YCTPOWCTBAaX TEXHHKH, KAaCaTEIbHO PaJHAllMOHHBIX, Ae(hOpMaIOH-
HBIX, KOPPO3HOHHBIX H APYTHX KOMOWHHPOBAHHBIX BO3ICHUCTBHIA.

CreyeT OTMETHTB, YTO B COBPEMEHHOH JIUTEpaType B MOHSITHE
«IKCTPEMAIIbHBIE YCIIOBUS» («IKCTPEMAIBHBIE COCTOSHUSA») BKIIA/IbI-
BAIOT Pa3HbIi CMBICH. Tak, MOBEJCHUE BEIIECTB B IKCTPEMAJIbHBIX CO-
CTOSIHUSIX aHAJIM3UPYETCS] B CBS3HM CO CTPEMIJICHHEM Ooliee TITyOOKOTo
HOHUMaHUs (PyHJIAMEHTAIBHBIX IPOOIEM B (DM3UKE U XMMHHU BBICOKHX
9Hepruii, acrpodusuke u reosoruu [1]. [Ii1si HAHOMATEPHUATIOB CIIEKTP
QHAIM3HPYEMbIX SKCTPEMAaJIbHBIX COCTOSHUI ropas o Yike. X0oTs UCIIbI-
TaHUs MATEPHAJIOB M BEIIECTB OCYILICCTBIISIOTCS B Pa3HBIX HHTEPBAJIax
JIABJICHUH, TEMIIEPATyp U JPYTUX TEXHOJIOTMYECKHX IapaMeTpPOB, TEM
HE MEHEe 3TH PEKUMbI HHOT/IA TIEPEKPBIBAIOTCS M, HECOMHEHHO, SIBIISI-
FOTCS B3aMMOJIOTIONTHSFOIIIUMH.

Kax OyzeT BUIHO U3 TAJTbHEHIIIET0 N3JI0KEHUSI, B CHITY CBOUX CTPYK-
TYPHBIX OCOOCHHOCTEH HaHOMaTepHalIbl, 0 CPABHEHUIO C OOBIYHBIMU
KPYITHO3CPHUCTHIMU aHAJIOTaMH, B PsIJIC CITy4aeB MOTYT OBITh KaK MEHEe,
TaK 1 0oJiee CTaOMIIBHBIMH B SKCTPEMAIIBHBIX YCIOBHSX. DTa CHTYaIHs
NPEJICTABISIETCS HETPUBHAIBLHOM 1 TpeOyrolel aHanmm3a 1 0000IeHus!.

OcHOBHOE BHHMaHHE B MOCOOMH OyjleT yIeJIeHO HaHOoMarepHa-
JlaM Ha OCHOBE METaJIJIOB, CIUIABOB U TYTOIUIABKHX COCAMHEHUM, IS
KOTODBIX BJIMSTHUE YKCTPEMANIbHBIX YCIOBHI B BU/IE TEPMUYECKHX, Pa-
JIMAIMOHHBIX, J1e()OPMALMOHHBIX U KOPPO3HOHHBIX BO3ACHCTBHI H3-
Y4YEHO B HamOOJIbLICH CTENEeHH. AHAIN3 3THX AaHHBIX, OTHOCSIIHXCS
B OCHOBHOM K OOBbEMHBIM (MacCHBHBIM) O0BEKTaM U K HAHOCTPYKTYp-
HBIM MOKPBITHAM (IUIEHKaM), OyJeT 3aTparuBarh SKCIEPUMEHTAIbHbIC
pEe3yNBTaThl U TEOPETHICCKHUE TIOJXO/IbI, @ TAKKE YIUTHIBATH IIPUMEPBI
NEePCIEKTUBHOTO NpuMeHeHus. boiiee moapoOHO BOIIPOCH! NOBEICHUS
HAHOMATEPHAJIOB B IKCTPEMAJIbHBIX YCIOBHUSIX OMUCAHBI B MOHOTpaduu
[2], xoTopas siBiIsIeTCs pacMpeHHbIM H3JIoKeHneM o03opa [3]. Homon-
HHUTEIIbHbIC CBEJICHUS 00 SKCTPEMalIbHBIX BO3ACHCTBUIX M CTAOHIBHO-
CTH HAaHOMAaTEPHAJIOB MOKHO HAiTH, HanpuMmep, B padorax [4-8].

JanpHeilee U310KEHUE MPEANOIaraeT, 4To YUTATENH 3HAKOMBbI
C XapaKTepHbIMH OCOOCHHOCTSIMH CTPYKTYpbl M CBOWCTBAMH HaHO-
MaTepuasoB, a TaKKe C OCHOBHBIMH METOJAMH UX MOJYYEHHS, OIH-
CaHHBIMH BO MHOTHX HMCTOYHHKaX y4eOHOTO M HCCIEIO0BATEIBCKOTO
xapakrepa (cm., Hanpumep, [4, 6, 9-19]). Tem He Menee Oyaer moses-
HBIM BKpArTIle OCTaHOBHUTHCS HAa OOIIMX YePTax HAHOOOBEKTOB, OHO-
BPEMEHHO TOTYEPKHYB OOJIBIIOE MHOTOOOpa3He METOIOB MONYyYCHUS
HAHOTIOPOIIKOB, HAHOCTPYKTYPHBIX TOKPHITHII 1 MACCHBHBIX HAHOMA-
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Puc. B.1. Ycnosuble cxembl HekoTOpbIX MeTonoB UITJI: a — paBHOKaHaNBEHOE
yriosoe mpeccoanue (PKVYII, ¢ — yron Hak/ioHa KaHATOB); 6 — KpyUYCHHE
npu Beicokux pasnenusx (KBJI, y — yros moBopoTa MmyaHCOHa); 6 — MHOTO-
KpaTHast makeTHast nmpokarka (MIIII, 3Be3moukamMu OTMEUYEHBI 00pasIbl B Ha-
JaJILHOM cOCTOsIHUH, Ny 1 hy, — pa3meps! 10 1 mocie 06paboTky); 2 1 0 — Bapu-
aHThI M3MenbueHust moBepxHoctu (UI1) Bpararomerocs odpasna ¢ HOMOLIBIO
JIABSIIIEr0 HAaKOHEYHHUKA (2) 1 00KaTku posukom (0)

TEpHANIOB, BCICACTBHE YETO OHU MOTYT CYIIECTBEHHO Pa3MyaThCs 10
(UBUKO-XUMUIECKMM, (PU3MKO-MEXaHUIECKUM M DKCIIyaTAIl[HOHHBIM
cBoiicTBaM. B kauecTBe mprmmepa Ha puc. B.1 [2] mokazansr HekoTO-
pBIE U3 METOIOB MHTEHCHBHON mmmacTuueckoit medopmanuu (W),
HCIIOJIb3yEMbIC ISl U3MEBYCHHUS METAITMIEeCKUX Marepuaios. K mpu-
BCIICHHBIM CXEMaM €Ille MOKHO JI00aBUTh BUHTOBYIO MIPOKATKY, MHOTO-
OCEBYIO KOBKY, BHHTOBYIO 3KCTPY3HIO U JIp. (BCEro pa3paboTaHO OKOJIO
20 BapuanTos [10, 20]).

Ecnu tpanuunonusie Texnonorunueckue cxembl PKYII u KB/ Ha-
MpaBJIeHbl HA CO3J]AHWE HAHO- U YJIBTPAMENIKO3EPHUCTHIX CTPYKTYP,
PaBHOMEPHBIX IO CEYCHHIO 00padaThiBaeMbIX 00pPA3IOB, TO TEXHOJIO-
MY M3MEJTBUCHHS TIOBEPXHOCTH 3aBEIOMO TPeIHA3HAYCHBI IS MOy~

B nureparype mosyuyaer pacmpocTpaHeHHe, IO npeanokeHuo A. M. Inesepa,
U IPYrod TepMUH st 0003HaYeHHs OONBIIHX JIeOPMAIIMOHHBIX BO3ACHCTBHI —
Mezannacmuyeckue oepopmayuu.
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YEeHUS TPAJUCHTHBIX TOBEPXHOCTHBIX CTPYKTYpP. TeXHOJIIOTHSI MHOTO-
KpaTHOW makeTHo# nmpokarku (MIIII) ucnonb3yeTcs ¢ Helbio noryde-
HHS MHOTOCJIOWHBIX HaHOKoMITo3uToB Tunia Cu/Nb.

[TpakTHueckn CTONb K€ Pa3sHOOOpasHbl TMPHUEMBI MOPOIIKOBON
texuonoruu [9, 11, 12, 14, 19], a TakKe METOJBI HAHCCCHUS HAHO-
CTPYKTYPHBIX MTOKPBITHI 1 KOHTPOJIUPYEMON HAHOKPHUCTATU3ALIUHU U3
amop¢uoro cocrostaus [9, 15, 17, 18]. EctecTBeHHO, 4TO MapameTpsl,
XapaKTepU3yIOIINe YPOBEHb U XapakTep HAaHOCTPYKTYPHI, COAEpPIKaHNE
npumecei U 1eeKToB, B OOJBIION CTENEHH ONPENEISIOTCS METOLOM
MOJTy4EHHs MaTepuaa.

B kauecTBe MIUTIOCTpAaLMM MHOI0OOpa3usi HAHOCTPYKTYP MOXKHO
MPUBECTH M3BECTHYIO Kiaccudukaruio I [Tsiitepa, B koTopoit mpe-
JyCMaTpuBaeTCs HaJMYUE YETHIPEX CTPYKTYPHBIX THUIIOB IO XHUMH-
YEeCKOMY COCTaBy M TPEX Pa3sHOBHIHOCTEH MO (opme HAHOCTPYKTYp
(puc. B.2) [9].

MHorodasHbin cocTas

. Cratuctuueckoe
dopma | OaHOGDA3HbIN pacrpegeneHue MarpuiHoe
cocTas acnpeneneHune
NaeHTnYHbIE HeVI,D,eHTVI'-IHbIep P

rpaHnLbl rpaHunLbl

MnacTtuH4yatas

Ctonbyatas

PaBHOOCHast : 25 A g HERR E

Puc. B.2. Knaccuduranus KOHCONMIMPOBAHHBIX HAHOMATEPUAJIOB (HEMOIH-
MEpPHBIX) 0 COCTaBY, paclpeaeieHuo U (HopMe CTPYKTYPHBIX 3JIEMEHTOB
(o I Tnsiitrepy)

Kak BUJHO M3 pPUCYHKA, JaHHAA KJ'IaCCI/I(l)I/IKaI_[I/IH YUUTBIBACT 0COOEHHO-
CTU MATPHUYHOTIO U CTATUCTHUYCCKOI'O pacCIpCAC/ICHUST KOMIIOHCHTOB,
a TaK)K€ BO3MOXKXHOCTD cerperaunﬁ Ha rpaHunax 3€pcH. HpI/IHI/IMaSI BO
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BHHMaHHE BO3MOXHYIO CIIO)KHOCTH CTPYKTYPbl HAHOMATepHaJoB, IS
X MoapoOHONW M OOBEKTUBHON aTTECTallMM MPUHSITO HCIIOJIB30BATH
KOMIIJIEKCHOE MCCIIEAOBaHNE, BKIIIOYAIOIIEe METOIbl peHTIeH0(a30Bo-
ro ananuza (PDOA), mpocBeUNBAIOLIYIO U CKAHUPYIOIIYIO 3JEKTPOHHYIO
mukpockonuio (IIOM u COM), B TOM YHCIie BBICOKOpa3pelIalonne
Bepcun (BPIIODM u BPCDM), peHTIeHOBCKYIO (POTOIIEKTPOHHYIO
crekrpockornuio (PODC), TepMmorpaBumMerpuyeckuii U audGepeHiu-
anpueiii Tepmudeckuit anammusel (TTA u JITA), KOMOHHAITHOHHOE pac-
CesIHUE; CHHXPOTPOHHOE M3IIy4eHHE; aTOMHO-30H/I0BYI0 TOMOTpaduio
(A3T), suepromucrepcuonnbiii anamms (JJA), aTOMHO-CHIIOBYIO MH-
kpockonio (ACM), mudpakiuioo oOpaTHO pacCesiHHBIX SJIEKTPOHOB
(TOPD), orke-CreKTPOCKOITHIO, MUKPOIEKTPOHOTpadrio, HAHOUH ICH-
THpoBaHue u Jp. OnucaHue STHX METOIOB MOKHO HAWTH B padorax
[4, 9, 21, 22]. HeoOXOMUMOCTh MPHUBICUCHUST HECKOJILKUX HE3aBUCH-
MBIX METOAOB aHaIu3a 00yCIOBJICHA CIOKHOCTSIMH KOHTPOJISL JUCIIEpC-
HOCTH, DJIEMEHTHOTO 1 ()a30BOTO COCTaBa B HAHOMETPOBOM JHaNa3oHe
U TIpecleyeT Lellb NOoydeHue 0osee JOCTOBEPHBIX PEe3yJIbTaToB (CM.
puc. B.5).

B menom 11t HAHOCTPYKTYPHBIX 0OBEKTOB XapaKTepHO OOMIIMe TI0-
BEPXHOCTEH pasierna B BUIe Mex3epeHHbIX rpanul] (M3I7) u TponHbIX
ctoikoB (TC, MUHME BCTpeun TpeX 3epeH), KOTOPBIE UIParoT OONBIIIYIO
poJib B CBOMCTBax HaHomarepuayioB. C OIHON CTOPOHBI, MIOBEPXHOCTU
paszerna SBISIOTCS CTONOpPAMH Ha IyTH JBIKCHUS AUCIOKALMHA M CTH-
MYJIHPYIOT POCT IPOYHOCTH. A C JPYrOil CTOPOHBI, OHU CIIOCOOCTBYIOT
pazButhio MU GY3MOHHBIX MIPOIECCOB U MOBBIMAIOT 00IMH TudQQy3u-
oHHbIH noToK. Ha puc. B.3 nokaszano, kak MeHsieTcst 00beMHast A0S pas-
JIMYHBIX TOBEPXHOCTEH pa3aesa ¢ yMeHbIICHHEeM pa3Mepa 3epHa [4].

Hannbie puc. B.3 paccuntans! aj1st oqHO(a3HBIX HAHOMATEPUAIIOB
C PaBHOOCHOM CTPYKTYPOH, IZi€ 3€pHa NPEACTAaBICHbI B BUJAE TETpa-
SNPUYECKUX NTO/IeKadapoB, a mmpuHa M3 mpuHUManach Ha YpOB-
He 1 uM. Jlerko mokasarbh, 9TO JOJS MOBEPXHOCTEH pasjena B o0ImeM
obbeMe marepuaia npumepHo pasna 3t/d, rie t — mmpuna M3I, d —
pa3Mep 3epHa, ¥ 3TO COOTHOIIEHHE OMHCHIBACT X0/ 3aBUCUMOCTH CyM-
MapHOM JOJIH TTOBEPXHOCTEH pasnena Ha puc. B.3. [lons moBepxHOCTEH
pasaena npu d = 50-100 HM coCTaBiIIET BCEr0 HECKOJIBKO TPOICHTOR
u mMensieTcst Mano. [Ipu d = 0-10 HM 3Ta 1071 yBEIHYUBACTCS 10 He-
CKOJIbKHX JIECSTKOB IMPOLICHTOB, IIPUYEM B 3TOM MHTEpBaJe Pa3MepoB
crpemutenbHO pactet goist TC, kotopas mpu d <4 HM CTaHOBHTCS TIpe-
obnanatoieid. Xots gaHHbIe puc. B.3, momyueHHbIe ¢ HCIONb30BaHUEM



12 BBenenue

41 741 171 28.9 d, H™m

O6bemHas gonsa

10 20 30 40
d, Hm
Puc. B.3. BuusiHue pa3mepa 3epHa Ha OOBEMHYIO [OJIIO [OBEPXHOCTEH
paznena: @ — M3I'; o — TC; A — cymmapnast nonst M3I' u TC

rpy0oii MozieNnu, Aal0T JIMIIb MPUOIU3UTENBHYIO OL[EHKY, Ka4eCTBEHHO
OHHU TIPABHJIBHO OTPAKAIOT TEHICHIIMIO M3MEHEHHUs JIOIH MOBEPXHO-
CTeil pa3ziena B CTPYKType HAHOMATEpHajoB.

Haxkonern, cienyeT 0CTaHOBUTBCS Ha XaPaKTEPUCTHKAX CTPOCHUS
MOBEPXHOCTEH pasesia B HAaHOCTPYKTypax. Kak u B 0ObIUHBIX KpyII-
HO3EPHUCTBIX MarepuajiaXx, B HaHOMaTepHajaxX pa3lndaioT BBICOKO-
yrioBbie (0osbleyroBbie) U MasoyrioBeie M3I™ ¢ rpaHHYHBIM YIIIOM
pasopueHtaunu ~10°. PasynopsinodeHHsle BbIcoKoyrioBbie M3IT
OOBIYHO (PUKCHUPYIOTCSI MPEUMYIIECTBEHHO IOcie 00paboTku Kiac-
cuueckumu Metogamu UITJI (cm. puc. B.1, a u 6); manoyrnossie M3T
HaOMIONAIOTCST B 2JIEKTPOOCAXKACHHBIX W Ta30(ha3HBIX MOKPBITHIX,
a Tarxke nocine rpaauentHoro UII. ns npumepa Ha puc. B.4 npuse-
JIeHa HaHOJIBOWHHMKOBAsI CTPYKTYpa METHOH IJICHKHA C MaJIOyTJIOBBIMU
TpaHHUIAMH W THUCTOTPaMMa pacIpe/ielIeHHsT BEJIMYHHBI JIAMEITBHBIX
tonuH [23]. Kak BUAHO U3 9THX JaHHBIX, IPAHUIIBI MEK/LY JTaMeIsIMU
SIBJSIFOTCSI KOTEPEHTHBIMH € HEOOJBIIMM YITIOM pa3opHEHTAIINH, Mpe-
MMYIIECTBECHHAS JI0JIS JITaMeJeil XapakTepu3yeTcst MUpUHOH 4—6 HM.

Ha puc. B.5 nokazaHo u3smMeHeHHe pa3Mepa 3epeH B 3aBUCUMOCTH
OT paccTOostHUS OT moBepxHocTH obpasua Ti (d = 16 MM, HaYa bHBIN
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N H T L
10 20 30 40 50
LLnpunHa namenu, Hm

Puc. B.4. I[I9M (a) u BPIIDM (6) momepedHble H300pa)eHUS SIEKTPO-
ocaknenHoll mwieHkd CU, a Takke paclpelneieHHue MO pa3MepaM IHPHHEL
namerneii (s)

pasmep 3epHa — okosio 30 MKM), 00pabOTaHHOTO OOKATKOW POJTMKOM
(puc. B.1,0) [2, 24]. BuaHo, 4TO HAHOCTPYKTYypa C pa3MepoM 3epHa Me-
Hee 100 HM (mocie u3MeNpIeH s TOBEPXHOCTH OOKATKOM POIIMKOM) Ha-
OJrofaeTcs JIMIIb HAa PACCTOSHUM OT MOBEPXHOCTH He Oonee ~70 MKM;
B 9TO# obmacTu (30Ha |) medopmariust 0CymeCTBISIETCS MPEUMYIIeCT-

10° E T T T
E 3oHal | i I | v
- |
B |
s B |
I 10 : :
¢ £ I I
o o | |
] I | |
2 " | |
2 10°F : :
@ o | |
© r
o C : : : B POA
. | I 1 | e nam
10° I | | & nopa
i : | Ly cow
-IIIIII 1 1 IIIIIIII 1 1 IIIIIIIII 1 1 IIIIIIIII 1 1 11 11 111
10° 10" 102 108 10*

PaccTosHue 0T NOBEPXHOCTU, MKM

Puc. B.5. Pactipenenenne pa3mepa 3epeH o TITyOMHE IS oOpas3lia THTaHa,
00paboTaHHOTO TI0 CXeMe, MTOKa3aHHO! Ha puc. B.1, 0, mo JaHHBIM pa3IMIHBIX
metomoB uccnenoanusi (POA, T19M, JIOPD u COM). [lanubie 0 pasmepe
3€pEH B [IOIIEPEYHOM HAIIPABJICHUU IPEACTABIICHbI CIUIOIIHOM KPUBOH, B IIPO-
JIOJIBHOM HaIlpaBJIeHUH — IITPUXOBOM KPUBOI
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BEHHO 3a cueT 1BoiiHuKoBaHus. C pocToM paszmepa 3epHa B 30Hax |l u
Il manoyrnoBsie qBoliHMKOBBIE M3 IpeBpaiaroTcsi B BHICOKOYIJIOBBIE
rpaHuLbl, U nedopMalus HOCUT AMCIOKAIIMOHHBIA Xapakrep. OOmas
IPOTSHKEHHOCTH Ie(POPMALMOHHOM 30HBI COCTaBIseT 0Koo 10° MkM
(T. e. ~12% ot BenmMuMHBI paguyca oopadareiBacMoro oopasiia).

Takum 00pa3oMm, U3 paccMOTpeHHBIX mpumepoB (puc. B.1-B.5)
BIIOJIHE OYEBH/THO, YTO OOBEKTUBHBIN aHAIHN3 TIOBEJICHUS] HAHOMAaTepHa-
JIOB B 9KCTPEMAJIbHBIX YCIOBHSX JIOJDKEH YIUTHIBATH TEXHOJIOTHUYECKYIO
HPEAbICTOPUIO U JI€TaJIbHOE 00CYKICHNE M3MEHEHUI HAaHOCTPYKTYPbI
JI0 ¥ [I0CTI€ BO3ACHCTBHM, YTO U OyZeT 110 BO3MOXHOCTH COIPOBOXKIATh
JanpHelee u3noxenue. VcuepnpiBaroniue cBeneHus o (HU3MKE Je-
(eKTOB, MOBEPXHOCTAX paszzesia 1 aedopMaluy B METaulax U CIjlaBax
MOYKHO MONTY4YuTh U3 yueOuukoB M. A. Illtpemens [25, 26].

Bonpochkl Ans camonpoBepku

1. C xaxoli LeNbIo HCCiIeayeTcst CTaOMIbHOCTh HAaHOMATepHaIoB?

2. Kaxkue BO3eHCTBHSI HA HAHOMATepHallbl MPUHATO OTHOCUTH K DKCTpe-
MaJbHBIM?

3. Kaxkne m3MeHeHusI B HaHOMarepuaiax MOTYT HPOUCXOIUTH IO JAeHCT-
BHEM JKCTPEMATbHBIX BO3ICHCTBHUII?

4. OxapakTepusylTe ¢ TOYKH 3pEHHs] BOSMOKHOCTEH W OTpaHIMYCHHNA OC-
HOBHBIE METO/IbI TTOJTYIECHHSI KOHCOIUIUPOBAHHBIX HAHOMATEPHAIIOB.

5. Ilo KakuM IpHU3HAKaM CTPYKTYPblI KIACCH(MHUIMPYIOTCS KOHCOIHIANPO-
BaHHbIC HAHOMATEPHAIIBI?

6. Yewm mpomukToBaHa HEOOXOTMMOCTh MPUMEHEHHSI HECKOJIBKHX HE3aBH-
CUMBIX METOJIOB HCCIIEOBAHMUS JIJIsl M3YyYCHUs] XapaKTEPUCTUK HaHO-
CTPYKTYp?

7. KakoBbl 0COOEHHOCTH TIOBEpXHOCTEH pasziena B HaHOMaTepHaiax?
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NOBEAEHUWE HAHOMATEPUAIOB
NMPU BbICOKUX TEMMNEPATYPAX

[.1. O6wan xapakTepucTuka TepMnyYecKomn
cTabunbHOCTHU

MHorue u3 KOHCTPYKIIMOHHBIX U (PYHKIIMOHATHHBIX HaHOMAaTepPUAIOB
MpeHA3HAYCHBI [T UCTIOIL30BAHUS MPH BHICOKUX TeMIeparypax (Ha-
MIpUMeEp, JKapOIPOYHbIC H HHCTPYMEHTAJIbLHBIC HAHOKOMITO3UTHI, MaTe-
puajibl Ajid y3JI0B TPCHUA WU IJICKTPOKOHTAKTHBIX arperaroB, KaTaJlv-
3aTOpbI, (PUIBTPBI, IMUTTEPBI, CEHCOPHI U JIp.). 3HAHUE MX MOBEICHUS
IIpU HArpeBe MpeACTaBIACTCA OUCHb Ba>KHBIM.

OCHOBHOI CTUMYI AJIs TIPOIIECcCa POCTA 3€PEH — ITO YMEHBIIIEHUE
cBoboanoit aneprun I'mb6ca (AG), KoTopast py YKPYITHEHHH 3€PEH CO-
KpalllaeTcsi 3a CYeT 3€pHOrpaHUYHON cocTaBisronied. Kak u3BecTHO,
CTPYKTYPBI COTOBOTO THIA ¢ yraamu 120° mpu TPOHHBIX CTHIKAX (Tak
Ha3bIBAEMBIC YPABHOBCULCHHBLE MPOLHbLE CMBIKIL) COCTOSAT U3 3€PEH C
YHUCIIOM COCEZIeH, paBHBIM IIECTH; CUUTACTCS, YTO JTAHHBIE CTPYKTYPHI
MOTYT OBITh TEPMHUYECKH CTaOMJIBHBIMH KaK yroJHo jaoiro. KpuBusna
TPaHMIl 36PEH U YHCIO COCEACH, OTKIOHSIOMIEECsS OT IIECTH B OOJb-
IIYI0 WJIU MEHBIIYI CTOPOHY, C OJAHON CTOPOHBI, 33JIal0T OCHOBHYIO
JBIDKYIIYIO CHITY JUIsl pocTa 3epeH. C apyroil CTOpOHBI, 3TOT POCT 3a-
BUCUT TAKKE OT MNOABUKHOCTHU T'paHMUII. TeOpCTI/I‘{CCKI/Ie OCHOBBI IJIA
OIMCaHMs MPOIecca POCTa 3epPeH B OOBIYHBIX KPYIMHOKpPUCTAJINYE-
CKHX MaTepuajiax ¥ HaHoMarepuanax n3noxensl M. A. OBUIbKO B T1a-
Be 3 monorpadumu [l.1].

J11 KpyTTHOKPUCTAIUNINIECKUX OOBEKTOB B OOJBITMHCTBE CITydaeB
XapaKTepHO KOOTIEpaTUBHOE TOMOTEHHOE TTepeMeIIeHIe TPaHHUI] 3epeH U
ux ciusaue (puc. 1.1, 6), korma coxpaHsieTcst JOTHOPMalIbHOE HITH HOP-
MaJIbHOE paclpelielieHre 3epPeH 1Mo pa3MepaM. B HaHOMarepuanax poct
3epeH MOXKET OCYIIECTRIATHCS MyTeM uxX poraruu (puc. 1.1, ); ¢ yMeHb-
IICHUEM pa3Mepa HaHO3EPEH POTAIMOHHBIN MEXaHM3M CTaHOBHTCS 00-
JIee 3aMETHBIM.
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WHorna BeTpewaeTcsl Tak HA3bIBAEMBIA aHOMANbHLIL POCI 3€PEH,
COIIPOBOX/IAEMBIH MOSABIEHUEM 0YaroB KPyIHBIX 3€PEH, MOMIOMIAIONINX

a B

I

Puc. 1.1. MexaHu3Mbl pocTa 3epeH: HadalbHOE COCTOSHWE (8); MUTparms
u causiaue (0); poranus U ciusHue (6)

HopmanbHbIn AHOMaNbHbIN
POCT 3epeH POCT 3epeH

Z

Puc. 1.2. CxeMbl HOPMAJIBLHOTO U AHOMAJILHOTO POCTa 3€PCH
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CBOMX MEJKHX cocenelt (puc. |.2), B 9ToM ciydae pactpeneseHue 3epeH
1o pasMepam OyaeT OMMoAaNbHBIM. AHOMAJIBHBIA POCT 3€pEH XapakTe-
PEH Ul HEKOTOPBIX MaTepuasoB, MoiydeHHbIX Metopamu UIIIA u ms
KOTOPBIX HarpeB, KpOME YBEIWYEHHUS pa3Mepa 3epeH, COMPOBOXKIACTCS
CHSTHEM MHUKPO- U MAaKPOUCKaKEHUH KPUCTAITMUECKOHN PEIIeTKU U Jpy-
TMMH peJIaKCAllMOHHBIMU SIBJICHUSMHU.

[IpuMeHnTenbHO K KOHCONMANPOBAHHBIM HaHOMarepHajiaM poCT
HAaHO3epeH (M COOTBETCTBEHHO IPEAOTBpALICHHE Jerpajalid HaHO-
CTPYKTYPBI) MOXET OBITh 3aMEIJICH TOCPEACTBOM TOPMOXKEHHUS BKIIIO-
YEHUSIMHU BTOPOH (pa3bl U [IOpaMM, CHUKEHUEM [OABUKHOCTH 3€PEH 32
cuer JerupoBaHus (BKJIrOUas cosmaHue cerperanuii Ha M3I), myrem
M3MEHEHUs] HauaJbHOTO pa3Mepa 3€peH, OCYIIECTBICHHS BBICOKOTEM-
NEPaTypHOro CIMHOJAIILHOTO pacnaja.

1.2. TeopeTquCKMe noaxoabl  moaennpoBsaHue

CkopocTh nepemenieHust Mexx3epeHHbIx rpanul (M3D7) mox BiausHEEM
KPUBH3HBI, OOBIYHO 3aIIMCHIBACTCS B BUJE COOTHOILICHHUS

n) e, &

RT Iy

v=MP= Moexp(

rae M — noaBMKHOCTB, P — nBrKymias cuia, My — IpeadKCIIOHEH-
LUAJbHBI MHOXNTENb, Qp, — SHEPrusl aKTUBALWHU IBMKCHHUS I'PaHU-
Libl, Yq — 3€PHOTPAHNYHAsH SHEPIHs, Iy — Pa/InyC KPUBU3HBI 3epHA.

[IpuHSITO yCIIOBHO pa3iuyarh JABa MOAX0/a B OIIMCAHUY CIICPKUBA-
HUSI POCTA 3ePCH: KHHETHUECKUH (32 CUST CHUIKECHUS MOJBIKHOCTH M)
U TePMOMHAMUYECKHH (B Pe3yJbTaTe YMEHBIIICHHS IBUKYIIEH CHITBI P
3a CUET CHIKCHHSI 36PHOTPAHUYHON SHEPTUU yg).

TopMokeHHE POCTa 3€peH 3a CYET BKIIOUCHUN IIMPOKO HCIOIb-
3yeTcsi B MaTepuajoBeMueckoil mpaktuke. CHepKUBaHUE pOCTa 3e-
PEH 3a CYeT HAHOBKJIIOYEHHH (TaK Ha3bIBAEMBINA MEXAHU3M NUHHUHSA
no 3enepy) ONKCHIBAETCS CIIEAYIOIIE GopMyIToii:

_ 3VrYi
2r. '

Pz 2
rae P, — Topmossiee naBieHue 3eHepa, ACHCTBYIOIIEEe Ha €AUHULLY
IUIOIAAN TpaHulpl, V, — oObeMHast 70 BKIIOYEHUH panumycoM I,
¥; — Mexda3Has TOBEPXHOCTHAS SHEPTHS BKIIOUCHHH.
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U3 BoipaskeHus (2) o4eBUIHO, YTO 3P HEKTUBHOE CICPKUBAHHE PO-
CTa 3epeH MOXKET OBITh JOCTUTHYTO 3a CUET yBEIWYCHHS KOJIUYECTBA
BKJIFOUCHHH M YMEHBILICHUS HX Paanyca.

B pamkax KHHETHYECKOTO U TEPMOANHAMHYECKOTO MOAXO/I0B B MO-
clieTHee BpeMsi TIONTy4eH PsiJi HHTepecHbIX pe3ynbraros [l.2]. Tak, mo-
Ka3aHO, HAIIPUMED, YTO BIHMSHHE TPOHHBIX CTHIKOB M YETBEPHBIX TOUCK
Ha CKOPOCTh MEPEMEUICHHUs IPAHUIIBI MOXKET OBITh OTHCAHO CIIEIYIO-
UM BBIPAKCHHEM:

YgMK

V=—"—F, (3)
1+ 1/A+1/A

rie K — xpuBusna M3I, A =aM{/M u A" = a®Mg/M, a — paccros-
HUE MEX/Ty TPOUHBIMHU CThikaMu, My 1 Mg — MOIBHKHOCTH TPOHHBIX
CTBIKOB U YETBEPHBIX TOUCK.

YyclieHHBIC OLICHKH C KCIONb30BaHUEM BhIpakeHus (3) mpose-
MOHCTPHPOBAJIH, YTO BKJI4J CTHIKOB B CTAOMIM3AIMI0 HAHOCTPYKTYPBI
BO3pACTacT C YMEHBIIICHHEM HAYAILHOTO pa3sMepa HaHo3epeH (0coOeH-
HO 3TO 3aMETHO MPH HEBBICOKUX TEMIIEPATypaX, OMHAKO C HArPEeBOM
MPOMCXOIUT WHBEPCHSI W TPAHMIBI CO CTHIKAMH OKa3bIBAIOTCS Oolice
TTOIBYKHBIMH).

TepMoaMHAMUYECKHUI aHAMM3 TI03BOJMJ BBIYMCIHTH 3HAYCHHE
Y 3HAK JMHEWHOTO HATSHKEHHUsI TPOWHBIX CTHIKOB, KOTOPOE OKa3aioCh
TOJIOKHUTENBHBIM ¥ paBHbIM (6.0+3.0) - 10° [Ik/M. [lanHas Benuuu-
Ha B CBOIO OUYEpeb NPHUBEIA K YTOUHEHHIO 3HAYEHHS JIBHIKYILEH CHITBI
pocra sepen; st Menu (Y = 0.6 J[k/mM?) 6110 MOKA3aHO, 4TO KPUTHYE-
CKOE 3HAUCHHUE CPEHETO pa3Mepa 3epeH, HIKE KOTOPOTo MPHU OLEHKaX
MUTPAIMU TPAHHUI[ CIIEAyeT MPUHUMATh BO BHUMAHUE POJIb TPOHHBIX
CTBIKOB, COCTABIISI€T MPUMEPHO 55 HM.

YucIeHHOE MOJICTTUPOBAHUE BO3SMOYKHOTO MIEPEABMKCHIUSI HAHOYA-
cruil npu murpaiuu M3IT BBIIBHIIO Tyalau3M B SBOJOINUH HAHOCTPYK-
TypBI: HaJIMYHe HAHOYACTHII, B 3aBUCHMOCTH OT X OOBEMHOTO COMlep-
KQHUS ¥ OOIIEi CKOPOCTH MHUTPAIUK TPAHMUII, MOKET KaK YMEHbBIIATh
HOJBMYKHOCTD BCEH CHCTEMBI, TaK U CIIOCOOCTBOBATH CBEPXOBICTPHIM
JMHAMHYHBIM M3MEHEHUsIM. PaccMOTpeHre BapHAHTOB B3aWMOIENCT-
BHSL [I0OP M 3€PEH MOKA3aJI0, YTO POCT 3€PEH M MCYE3HOBEHHUE TIOP TIPH
OTKHT€ MOTYT OITMCHIBATHCS PA3IMYHBIMU KHHETHIECKMMH MOJIEIISIMH,
BKJIFOYAIOIIMMH [TapaMeTphl pa3mMepa i MOOMIBHOCTH KOMIIOHEHTOB.

B cumxenun nopsmxkHOCTH M3 MHTEPECHBI MOAXOMBI, OCHO-
BaHHbBIC HA OLICHKEe BeNUuMHBI AG Ui CIUIaBOB C YYETOM HE TOJBKO
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KOHLIEHTPALMOHHOTO (hakTopa, HO W HaJIW4uus HaHo3epeH. KiroueBbiM
MOMEHTOM B ATHX HCCIIEIOBAHHSIX SBJSIETCS MCIONb30BaHNE OOBIYHO-
TO MPHOJIMKEHHS PErYISPHBIX PacTBOPOB Kak Ul BHYTPEHHHUX 00ja-
cteil HaHo3epeH, Tak U Juist M3I. Omyckas mpoMeXyTOYHbIE BBIKIIa/-
K1, B OKOHYATEJILHOM BHU/IE BRIPKEHHE JIUIsl CyMMapHOTo 3HaueHus AG,
MOYKHO 3aITUCaTh CIIEIYIOIIM 00pa3oM:

+ 2yf(Xp = Xg) [(2X;, — Doy, — (@) Qg — Q)]

e AG, u AGp — cBoGoaubie sHeprun [006ca s BHYyTpeHHUX 00-
nacreit 3epen 1 M3I' coorsercrBenno; f,=1—((d—t)/d)? — oGbem-
Hast nonst M3IT (3meck d— pa3mep 3epHa, t — mmpUHA TPAHUIIBI 3€p-
Ha, 00b19HO t=0.5-1HM); Z— KOOPAWHAIIMOHHOE YUCIIO JJISI MACCHB-
HOTO MarepHaia; \y — JI0JIsi aTOMOB C MEKaTOMHbIMH CBsizsimu B M3T;
Xp 1 Xy — konuentpaimu B M3I™ 1 BHyTpeHHMX 001aCTSX, YIOBIETBOPS-
IVIE COOTHOHICHI/I}O ms cpenneii konnenrpamyn X = fy X, + (1 - ) X;
QA u QB — aroMHbIe 00BEMBI KOMIIOHEHTOB CIulaBa A + B (1106aBKa)

— yaenbHble 3Heprun M3I'; o, — napamerp B3auMozeiicTBus
B M3Ig OIIPE/ICIISIEMbI B TEOPHH PETYJSIPHBIX PAaCTBOPOB uYepe3 dHEp-
ruu (E) maproro B3aumozeiictsus o = ((EAA + EBB)[2).

C ucronp30BaHNeM BapUaliii 3Ha4eHHi d U TEPMOJMHAMUYECKHX
CBOMCTB JUISl Pa3HBIX COCTABOB PACCUMTHIBAIOTCS TOBepXHOCTH AG
Y MOYKHO HaWTH XapaKTePUCTHKHU JUII TEPMUUECKH HaHOOJIee CTaOHIIb-
HBIX CILIaBOB.

BepHOCTh pacueToB TEepMHUYECKOH CTaOMIBHOCTH MOXKHO IIPO-
WUTIOCTPUPOBATh M3 CPABHEHUSI MOJAECIBHBIX M JKCIIEPUMEHTAIBHBIX
JMAHHBIX HA MPHMEPe HaHOCMIaBOB Bomb(hpama (puc.|.3) u memn
(ta6m. 1.1). Kak BuaHO 13 puc. |.3, HAHOKPUCTAITMYECKUM COCTOSIHU-
€M MOTYT 00Jla/IaTh CIUIABBI, ISl KOTOPBIX AKCIIEPUMEHTaIbHbIC daH-
HbIE JIeKAT BBINIE pacyeTHOil 3aBucumoct AH = f(AH,)), Tne AH
AH,, — SHTaJIBIUS Cerperanuy 1 SHTANbNus cmeureHus. [Ipornosu-
pyemas ctabmibHOCT, HaHOocmaBoB W-Ti Oblia TOATBEpXKIeHa Ha
MOPOIIKaX ¢ HadaJdbHBIM pa3MepoM HaHO3epeH OkoJIo 20 HM, KOTOPBIH
MPAKTHYECKN HE MEHSIIICS B TeUeHUe HeaenbpHoro oTxura mpu 1100 °C
(B Tex ke yCIOBHSX OTXKUTa pa3Mep 3epHa B HenerupoBaHHOM W BbI-
poc 0 600 HM).

CpaBHEHHUE pacyeTHBIX U IKCIIEPUMEHTAIBHBIX PE3yIIbTaTOB POCTa
3epen 1y ciutaBa CuU + 5 at. % Zr npencrasieno B Ta0n. |.1, u3 koropoit

(4)
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Puc. 1.3. Kapra crabunsaoctn crutaBoB W npu 1100°C: 1 — obnacth HaHO-
CILIaBOB; 2 — 00JaCTh KPYIHOKPHUCTAIMIECKHUX CIIaBOB. KpyxKouku — 3Kc-
HEepPUMEHTAJIbHBIC JaHHBIC

CJIEAYET, UTO PA3INUUe MEXKIYy TCOPHEH U SIKCIIEPUMEHTOM COCTaBIISET
4-10 pa3. Takoe OTIMYNE MOXKHO IPU3HATH BIIOJIHE YAOBJICTBOPUTEIIb-
HBIM, YUUTBIBas IPUOIMKEHHOCTD UCIIOBb30BAaHHON MOJIEIH.

Tabnruya 1.1

PacueTHble U 3KCIepPUMEHTAIbHBIE 3HAYEHHUSI pa3Mepa 3epeH
B O0TO:K:KeHHOM ciiaBe Cu-57r

Pa3mep 3epHa, HM
Temmneparypa ot:kura, °C
Pacuer IKCIePUMEHT
300 35 9
500 55 15
700 220 22

Ha puc. 1.4 npencrasieHo cpaBHEHHE PaCUETHBIX U IKCIIEPHMEH-
TaJIbHBIX JAaHHBIX MO KMHETHKE POCTa 3epeH HAHOKPHCTAJUINYECKOTO
najuiaaus npu komHatHo temmeparype [1.2, 1.3]. Cneuennsie oOpas-
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Puc. 1.4. Kuneruka pocra 3epeH HaHokpucramwimdeckoro Pd mpu 20°C:
1 — sKcneprMeHTaIbHBIE JaHHBIC, 2 — PACUCTHBIC JAHHBIE C YIETOM 3ajep-
’KUBAIOIICH POJIM TPOMHBIX CTHIKOB; 3 — pacyeTHBIC JaHHbIC 0e3 ydeTa poju
TPOMHBIX CTHIKOB

el Pd (mopucrocts — 4%; conepikanue npumeceit — 0.04 ar. % H,
0.2 ar. % N u 0.1 ar. % O) umMenu HavaJIbHBIA pa3Mep 3epHa ~5 HM,
T. €. 00beMHOE CoAepKaHHe TPOMHBIX CTBIKOB COCTaBIsLI0 okoo 20%
(cMm. puc. B.3). HecMoTpss Ha OTMEUCHHBIE OCOOCHHOCTH HCXOTHBIX
00pasIoB, Mocie JAeBATUYACOBOM BBIAEPKKH NMPU KOMHATHOM Temrie-
parype OHM OOHApYKWIIM aHOMAJILHBIH POCT 3€peH W NPEBPATHUIHCH
B OOBIYHBIC KPYIMHOKPHCTAILTMYECKHE OOBEKThl. TeM He MeHee CTo-
UT MOTYEPKHYTh, UYTO paCUCTHBIC PE3YJbTaThl, OTHOCAIIHECS K yUeTy
POJIM TPOWHBIX CTBHIKOB, XOPOILO COBNAAAIOT C HKCIIEPUMEHTATIbHBIMU
JAaHHBIMHU B Ha4aJbHON KMHETUYEeCKON cTaanu. OIHAKO MpeAcKa3aHue
U O0BSCHEHHE aHOMAJBHOTO POCTA 3€PEH, KOTOpOE OOHAPYKEHO AJIS
MHOT'HX HaHOMaTepHajoB (Hapumep, Ha OCHOBE HUKEIs, MEJIH, JKeJle-
3a ¥ TBepIbIX CIU1aBoB [1.2]), Hy)kaaeTcs B TOMOIHUTEIBHBIX HCCIIEI0-
BaHMSX.

Jnsi monydeHusl OLEHOK TepMHUYECKOH CTaOMIBHOCTH CIUIABOB
UCIIOJIB3YIOTCSl TAKXKE METO/bI MOJIEKyIsipHOH nuHamuku (MJI), mox-
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POOHOE M3IIOKEHUE KOTOPHIX MPUMEHUTEILHO K BRIYMCIUTEIBHBIM Ha-
HOTEXHOJIOTHSIM MOXHO Ha#TH B yueOHOM mocobuu [l.4]. Moaenupo-
BaHUE TEPMUYECKOT0 BO3/IeiicTBUs Ha HaHocIuiaBbl CU + 6.5 % (at.) Ta
MO3BOJIMIIO BBISIBUTH OOpPa30BaHHE TAHTAJIOBBIX KIIACTEPOB, CYIIECT-
BEHHO CJICPKUBAIOIIUX POCT 3€PEH P HArpeBe.

[.3. dKCnepuMeHTanbHble pe3ynbTaTthbl

Ha puc. 1.5 nmoka3ansl TemneparypHble 3aBUCHMOCTH POCTa 3€pPEH B CH-
cremax Cu-Zr, Fe—Zr, Cu-Nb u Ni-W [1.2]. Kak BuaHO U3 3THX AaH-
HBIX, JISTHPOBAHHUE MOBBIIIAET TEPMUIECKYIO CTAOMILHOCTD; Hauboee
2 (heKTHBHOE BIUSHUE OKA3BIBAIOT JOOABKH ITUPKOHUS K KEIe3y.
Bricokas TepMmuyeckas yCTOWYMBOCTH Oblla 3aUKCHpPOBAHA B
CIJIaBaX Ha OCHOBE MeJTH ¢ To0aBkamu Bosb(hpama u tantana (10 ar. %).
DTH CIUIaBbI TOTOBUIIUCH MYTEM BBICOKOIHEPIeTHYECKOIO KPHOTEHHO-
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a (]
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Puc. 1.5. BnusHue Temmeparypsl i cocTasa (at. %) Ha BenTMYKMHY 3€pHA CIia-
BOB pa3iMuHOro cocrasa: a — Fe—-Zr (1 — 2Zr, 2 — 4Zr, 3 — 6Zr, 4 — 8Zr);
6 — Cu-Zr (1 — 4Zr, 2 — 5Zr, 3 — 6Zr, 4 — 7Zr); 6 — Cu-Nb (1 — 1Nb,
2 — 2Nb, 3 — 3Nb, 4 — 4Nb, 5 — 5Nb); e — Ni-W (1 — 5W, 2 — 10W,
3 —15W, 4 — 20W, 5 — 25W)
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ro pasmona (t = —196 °C) ucXOomHBIX MOPOIIKOB C MOCIEAYIOMINM UX
npeccoBanueM U criekanueM. st crmaBoB Cu-W pasmepsl 3epeH 110
u nociie orxkura npu 800 °C cocrarismu npumepro 15 u 60 HM coot-
BETCTBEHHO. J[eTanbHO, ¢ HCIONB30BaHUEM PAa3HBIX METOJIOB aTTecTa-
[IUH, UCCIeNoBAIMCH cIutaBbl CU—Ta, oOHapyxuBIIHE 00JIee BHICOKYHO
TEPMUYECKYIO CTaOMITBHOCTD (Tab. 1.2). JIyist cpaBHEHUsI OTMETHM, YTO
MHKpoTBepaocTh criaBoB Cu + 10 % (at.) W B HCXOIHOM H OTOMXOKEH-
HoM 1ipu 800 °C cocrostHMsIX cocTapmsuia npuMepHo 3 u 2.6 I'Tla coor-
BETCTBCHHO, T. €. HIDKE YeM 3TO XapakTepHo mis cuctembl Cu + 10 %
(ar.) Ta.

Tabnuya 1.2

N3MeHeHNe HAHOCTPYKTYPBI 1 MUKpOTBepaocTH ciuiaBoB Cu—-10Ta
nocJjie OT:KUTra B BOJOPOHOIT aTMoc(epe B TedeHue 4 4

Temneparypa orkura, °C | Pazmep nanosepeH, HM
(romostoruyeckas Muxkpotsepaocts, I'lla
TeMIeparypa) Cu Ta

20 (0.227,,,) — ucxoznoe 6.7 6 4.8
COCTOSIHUE

540 (0.67,) 21+4 22+5 ~3.6

770 (0.77T,,) 54+9 37£9 H/o

900 (0.877,) 111+26 | 425+25 34

1040 (0.977,,) 167 £ 50 99+ 99 2.6

H/0 — He omnpeeaeHo

JletasibHOE OOCYXJICHUE TOMYUYCHHBIX PE3yJIbTaTOB M Pa3IUYHBIX
MEXaHU3MOB TEPMUYECKOUN CTaOUIBHOCTH, OOYCIIOBIICHHBIX BIMSHACM
TPOMHBIX CTBHIKOB, JIETUPOBAHHUS, HAJIUYMS BKJIIOUEHUN M Cerperauuu,
MTO3BOJIIJIO TIPUUATH K BBIBOAY O TOM, YTO BBICOKAsi TEpMHUUYECKas CTa-
OounbHOCTH cruiaBoB CuU—Ta cBsizaHa ¢ 00pa30BaHUEM U TIOCIEAYIOIINM
pacmazoM TaHTAJIOBBIX CeTperanuii Ha MeK3ePCHHBIX TpaHUIaX — Ha-
nboJiee BEpOSTHOTO Pe3yiIbTaTa COBMECTHOTO NEHCTBUS TEPMOTHMHAMI-
YEeCKOro M KMHETHYECKOro mMexaHu3MoB. IlocienHuii HacTymnaer npu
BBICOKHX TEMIIEpaTypax B Pe3y/bTaTe pacnaja NOrPpaHUYHbIX CJI0EB HA
BKIIFOYEHHSI, KOTOPBIE 00ECIIEUYMBAIOT ClIEPKUBAHUE POCTa HAaHO3EPEH
B BBICOKOTEMIIEpaTypHoM uHTepBasie. Pacuetsl Metonamu M/ u 3kc-
MEPUMEHTAIBHOE UCCIIEOBAHUE CTPYKTYpPHI 00pa3ioB Merogaom [1OM
MOJITBEPKAAIOT STOT BHIBO/I.
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Mpepnaraemoe nocobue sABnsAeTCA nepBbiM y4eOHbIM U3ZaHNEM, B KOTOPOM
CUCTEMATUYECKN U3NOXKEHbI CBEAEHNS O MOBEAEHMN HaHOMaTepManoB MeTarn-
FINYECKOro Tuna B SKCTpeMarbHbIX YCIOBUSX — MPU BbICOKUX TeMneparypax,
nog BO3gencTBMEM 006nydeHus, aedopmauum U KOppo3nMoHHbIX cped. Mate-
puvan coaoepXMT Kak TEOPETUYECKME OCHOBbLI, Tak U MpakTUYECKMEe BOMPOCHI
npuMeHeHna nepcnekTMBHbIX HaHOMaTepuasrioB B COBPEMEHHbIX yCTpOIZCTBaX
TEXHUKWU.



