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METO/ OITPEAEJIEHNA TEMIIEPATYPBI U TEIIJIOBOI'O
COIIPOTUBJIEHUA TOYEK ITOBEPXHOCTU KPUCTAJIIA

MHTET'PAJIBHON CXEMBI

Memoo ocnosan na ucnonvzosanuu BU3Y-
aAJlbHO2O Om05pd.9i€€Hu}l 6 nojiapuzayu-
OHHOM MUKpPOCKOne JIOKAJbHO Hazpemblx
obnacmeil 6 nienke xojnecmepuieckoeco
AHCUOKO20 Kpucmania Ha noeepxHocmu
Kpucmaiia uHmeepanbHoﬁ cxemol.

Pacmipenenenune Temmneparypsl Ha TIOBEPXHOCTH KPH-
crama naterpanbaoi cxemsl (MC) siBisieTcs crneacTBu-
€M COBOKYITHOT'O JIOKaJBHOTO TCIUIOBBIICIICHHS YJIEMEH-
TOB CXEMBI H OIPEIEIISIETCS UX MOIIHOCTEHIO, TOIOJIO-
THYCCKUMHU pa3MepaMu U KOOPAWHATAMU PACIOIOXKe-
HUS Ha TOBEPXHOCTH. Cpezm JIOKAJIBHBIX TCIIJIOBBIIC-
JISFOIIMX MUCTOYHHUKOB HA MOBEepXHOCTH Kpuctamia UC
MOTYT OBITh U TAKWE, KOTOPIC 00PA3yIOTCS ITPH JIOKAITb-
HOM BO3PacTaHUU TOKa OTPeOICHNUs B 001acTH Te(eK-
TOB. KaskpIil TOKambHBIN KICTOYHUK CO3JaeT HA TIOBEPX-
HOCTH KpPHCTaJlIa CBOE TEMIIEpATypHOE TI0JIE, U TEMIIe-
partypa B 1100011 TOUKE TOBEPXHOCTH SIBIISCTCS PE3YIb-
TaTOM HAJIOXKEHUS dTUX TIOJIEH JpyT Ha ApyTa. ITO MpHU-
BOJIUT K 00pa30BaHUIO PEIBEPHOrO TEMIIEPATyPHOTO
oJis moBepxHocTu kpuctaiuia MC, oTpaxarouiero oco-
OCHHOCTH ACHCTBUA U PACIIOI0KEHUS HCTOYHUKOB TeIl-
JIOBBIZICTICHUS.

YpoBeHb TeMIepaTyphl IOBEPXHOCTH KPHCTANIA 3a-
BHCHUT OT CIIOCOOHOCTH KOHCTPYKITUH COOPKH (KOPITyCa)
WC oTBOIUTH OT HETO TEIUIO U OTPEeNeTCS KOH(PUTY-
panueii ¥ pasMepaMu AIIEMEHTOB KOHCTPYKLUH U TEILIO-
(hU3MYEeCKUMHU CBOMCTBAMHU MX MaTEpHAJIOB, a TaKXKe
MOBEPXHOCTH KOPITyCa, Yepe3 KOTOPYIO IPOUCXOAUT KOH-
BEKTHUBHBIN M PaUAllMOHHBIN TETIOOOMEH CO CpeIoi.
3aMeTHOE BIMSHUE HAa TEMIEPaTypHBIH penbed moBepx-
HocTH Kpructamia UC MoryT OKa3bIBaTh TOJIHKO 3HAYH-
TeJbHbIe HapylIeHus TexHonoruu coopku MC, kotopbie
HOPUBOJAT K 00Pa30BaHUIO HECIIIOIIHOTO, HEOJHOPOI-
HOTO WY KIIMHOBHU/THOTO CJIOSI COSAMHEHNUS KPUCTAILIA C
OCHOBaHHEM COOPKH.

Ornpe/ienenne MaKCUMalIbHOM TEMIIEPATYPBI TOBEPX-
HOCTH KPHCTaJlIa HHTEPTaIbHON CXEMBI SIBIISICTCS BaK-
HOH 3a7a9eil, MOCKONBKY CYIIECTBYET MPEICIbHO JOIY-
CTUMasi TeMIIepaTypa, ONpe/eI0Iast JOIyCTUMOCTh KaK
noTpedIsIeMO CXeMOM MOIITHOCTH, TaK U €¢ MpPUMEHe-
HUS B TEMIIEPATYPHBIX YCIOBUSAX BHEILHEH Cpebl.

O0ocHoBaHMe METOJA MCCJIeI0BAHUS

Jnst onpeeneHust MakCUMAaIbHON TeMITepaTyphl Io-
BepxHocTU kpucTaia UC npuMeHs 0T TOIbKO Te METO-
b1, KOTOPBIC ITO3BOJISTIOT HAXOIUTD PACIIPEICIICHNUE TEM-
nepaTtypsl Ha Heil. Hanbosee wacto ajis 9TuX 1eneit uc-
MOJB3YIOTCS METO/IbI, OCHOBAHHBIE HA 3aBUCHMOCTH HH-
(hpakpacHOT0 H3IYUICHUSI HATPETOU MMOBEPXHOCTH OT €€
TEMIIEPaTyphl U Ha BU3yaJIbHON PErUCTPALlUK pacipeie-
JICHUS TEMIIEPATyphl B TEPMOUYYBCTBUTENIBHOM TIICHKE,
MTOKPBIBAIONIECH TTOBEPXHOCTh. DTH METO/IBI TIOCTOSTHHO
Pa3BUBAIOTCS U COBEPILEHCTBYIOTCS, UCIIONIb3Ys COBpE-
MEHHBIE JIOCTHKCHHUS OTITUYECKOM, BUIEO-, KOMITBIOTEP-
HOM TEXHHUKH U TPOrPAMMHBIX CPE/ICTB.

[maBHBIM IPEUMYIIIECTBOM METOJIOB, OCHOBaHHBIX Ha
perucTpaiy HHPPAKPACHOTO M3ITyICHUS HArPETOH T0-
BEPXHOCTH 1 IPEOOPa30BaHNH 3TOTO H3ITYICHHS B BUAU-
Moe u3o0paxenue [ 1], siBIsieTCst OTCy TCTBUE KOHTAKTA C
KOHTPOJIMPYEMOU IOBEPXHOCTHIO. [ IpenmMyiiiecTBo MeTo-
JIOB, OCHOBAHHBIX Ha MCIIOJI30BaHUU TEPMOUYBCTBUTEIIb-
HBIX TIOKPBITH Ha UCCIIEAYEMOI IIOBEPXHOCTH, COCTOUT
B SKOHOMHYHOCTH ¥ MPOCTOTE MX peanusanuu [2—4].
KonnuecTBeHHbIE 3HaY€HNsI OCHOBHBIX I1apaMETPOB (TeM-
nepaTtypHOe U FeOMETPUIECKOE pa3pellieHue), oaydae-
MBIX C IIOMOLIbIO METO/I0B IIPUBECHHBIX HallpaBJICHU,
CPaBHUMBI MEXIY cO0Oii.

[TpuMeHUTETBHO K U3JSITUSAM IICKTPOHHON TEXHUKH
METO/Ibl HA OCHOBE MH(PAKPACHOH pagHOMETPUH U TEP-
MOYYBCTBHTEIILHBIX TOKPBITHI UCCIIETyEeMO TOBEPXHO-
CTH pa3padaThIBaIUCh U UCTIOIb30BAIUCH B OCHOBHOM C
IETTBI0 0OHAPYKECHUS JIOKAIBHBIX 00J1aCTeHl C MOBBIIICH-
HOM TemrepaTrypoil («rops4ux TOYEK»), B TOM UHCIe
00pa30BaHHBIX JIOKAJIBHBIMU TETUIOBBIICISIOMINMHE Jie-
(hexTamu.

B [5—7] npoBenen aHaan3 MCHoOIb3yeMbIX METOJIOB
OTIpEIeNICHNs] TOPSUYMX TOYEK B M3JENHUIX JIEKTPOHHOM
TexHuKu. [lokazaHo, 4TO U3 METOAOB, OCHOBaHHBIX Ha
UCTIONIb30BaHNH TEPMOYYBCTBUTEIBHBIX TOKPBITHH TIOBEpPX-
Hoctu kpructama C, nHanboee > pekTHBHO NPUMEHS-
IOTCS T€, B KOTOPBIX TOBEPXHOCTh MOKPBIBACTCS TUICHKOM
’KHUAKOTO KPUCTaJIA, TOTyJ4aeMOi U3 pacTBOpA.

B nacrosmeit paboTe nmpeuiaraeTcs METo onpese-
JICHUSI MAKCHUMAJIbHBIX 3HAYCHUI TEMITePATyPhI U TETUIO-
BOTI'0 CONPOTHUBIIEHUA Ha ToBepxHOCTH Kprctaiuia C o
MOJTYYEHHOMY C IOMOIIIBIO OISAPH3aLHOHHOTO MUKPO-
CKOIIa BU3yaJIbHOMY OTOOPa)KeHUIO JIOKAJIbHO HATPEThIX
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oOracTelt MOBEPXHOCTH B OCAXICHHOW Ha Hee IJICHKE
xonectepuueckoro xujakoro kpucramia (X7KK).

B ocHOBe paboThI J1eKAT CIIEAYIOLIHE TOJOKEHUSI.

* Hcnonb3yrorcs Takue Tunsl XKK, koropsie Moryt
CYLIECTBOBaTb B CMEKTUYECKOM COCTOSIHMM B HEKOTO-
POM TeMIIepaTypHOM JHaIa3oHe.

* B mrenke XKK na moepxnocTtn kpucramia VC,
BKJIFOUEHHOH B HIIEKTPHUUYECKUI PEKUM MOTPEOTISHHS MOILI-
HOCTH, 00pa3yIOTCs JIOKAIbHBIC 00IACTH B XOJIECTEepHYIe-
CKOM MJIM U30TPOIHOM COCTOSIHMHU, KOTOPbIE MOJKHO Ha-
O1r0aTh € MOMOIIBIO MOISIPH3ALOHHOTO MUKPOCKOTIA.

* JlokanpHbIE CBETOPACCEUBAIOIINE HEMPO3pauHble
00JTaCTH TUICHKH B XOJIECTEPUICCKOM COCTOSTHUH 00pa-
3y1oTcs Ha mpo3padHoM (one mieHkn XXKK B cMekTu-
YECKOM COCTOSTHUM, a JIOKAJIbHBIE IOJIyIPO3payHble 00-
JIACTH IUICHKHU B H30TPOITHOM COCTOSTHUN 00pa3yIoTcs Ha
¢done mnenkn XXKK B cBeTopaccenBaroieM XoJaecTepH-
YECKOM COCTOSIHUU.

* BusyanbHO HaOIrOaeMbIe JTOKATbHBIE 00JIACTH B
wieHke XJKK otoOpakaroT 10KaabHO HarpeThie 00J1acTH
nosepxHoctH kpucraiuia UC, remneparypa KOTOpBIX IIpe-
BBIIIACT TEMIIEPaTypy COOTBETCTBYIOMIETO (ha30BOTO TIe-
pexona.

* ['paHunIa KaXX 101 U3 BU3yaJIbHO HAOIIOTAEMBIX JIO-
KaJBbHBIX 007aCTeH SBIACTCS N30TEPMOI Ha ITOBEPXHO-
ctu kpuctaa MC ¢ remneparypoid, paBHOHM TeMIieparty-
€ COOTBETCTBYOLIETO (ha30BOTO MEPEXO/a IS HCTIOJb-
3yemoro tuna XXKK.

* Teryi0BO€ CONMPOTUBIIEHUE MEXK/TY TOUKON MMOBEPX-
HOCTHU KpUCTaJlJIa U CPeAoH onpeesnseTcs 110 Temiepa-
Type U30TEPMBI, IPOXOSAILEH Uepe3 ITY TOUKY.

* MakcumasnbHOE TEIUIOBOE CONPOTUBICHUE MEXY
noBepxHocThIo kKpuctaiia UC u cpenoii onpenessercs 1no
MUHUMAaJIEHOW MOIITHOCTH, OTpeOIsieMoit kpuctamiom UC,
IIPY KOTOPOI Ha IOBEPXHOCTH KpUCTaslIa elle Habmoa-
eTcd JIOKabHas 00J1acTh MUHUMAJIbHBIX Pa3MEpOB.

* OOpaTUMOCTh BU3yaIbHBIX 0TOOpasKeHUH (Da30BBIX
cocrossauil B mienke XOKK mo3Bonsger HaOm0gaTh JI0-
KaJbHBIE 0071acTH (Pa30BBIX COCTOSIHUI ITPH Pa3HBIX 3HA-
YEeHUSIX MOIIHOCTH, HOTpebsiemoit kpuctamutom HC.

W3 cxazaHHOTO cIeayeT CyTh IPEIaracMoro MeToa.

Kaxnpiid Tun XOKK numeer pukcupoBaHHOE 3HAYEHUE
TeMITepaTyphl (Pa30BIX MepexXonoB 7, M3 CMEKTUIECKO-
ro coctosiHusl B xosnecrepuueckoe (7,=T,,) U U3 xoie-
CTEPUYECKOTO COCTOSHUS B U30TpotrHOE (7' <1>:T ). Eci
B 1ieHke XOKK Ha nosepxnoctu kpucramia MC Bo3Hu-
KalOT BU3yaJIbHO HaONIoacMble JIOKAIbHbIE 00JIACTH
XXKK B xakoM-1160 (pa30BOM COCTOSIHUH, TO TEMIIEpa-
Typa TOBEPXHOCTH KPHCTAJUIa B TOYKAX, JEKaIINX Ha
rpaHule JOKaIbHOI 001aCTH, paBHA TEMIIEPAType COOT-
BETCTBYIOIETO (ha30BOTO IIEPEX0a, T. €. TPAHHIIBI ATUX
obmacTelt ABIAIOTCS M30TepMaMu. Tak Kak JIOKalbHas
001acTh BO3HUKAET MPH ONPEJIETIEHHON MomHoCTH P,
notpebisemoit kpuctamiom MC, TeroBoe conpoTuse-
HHE 9TUX TOYEK Oy/IET ONPEAEATHCS KaK

R=(T q)—T JP.,
e T, — (UKCMpOBaHHAs TEMIIEPATYPA CPEIBI.

Usmensst P, MOKHO YBETMYUBATH U YMEHbBIIATH Pa3-
MepbI JIOKAJTBHBIX 00/1acTel. DTO 3HAUUT, UTO PACTIONOXKE-

HUe u30TepM Ha moBepxHocTH Kpuctaiuia C ¢ temnepa-
Typoii (ha30BOTO TIepexoia 3aBUCUT OT ITOTPEOIIIEMOi KpH-
CTaJJIOM MOIITHOCTH U TeMIIEpaTypbl cpesibl. CrienoBaTeb-
HO, K&XKJIOMY i-MY 3HAQUEHUIO MOIIHOCTH P ; COOTBET-
CTBYET OIIPE/IeJICHHOE PACIIOIOKEHHE U30TEPM, U B KaXK-
JIOU TOUKE TaKOU M30TEPMBI TEIUIOBOE CONPOTUBIIEHHE OJIH-
HAKOBO M BBIYUCIISETS 110 (hopMyJie

R=(Ty~T)/P,,

Taxum 00pa3om, 3Hast TEMIOBOE CONPOTHUBIEHHUE R,
TOYKHU MTOBEPXHOCTH, MOKHO OTIPE/ICIUTH €€ TeMIIepaTy-
py 7, mpu m060ii MotHOCTH P, moTpebiseMon Kpuc-
tawiom UC: T=P R+T..

MakcumasnbHOE TEII0BOE CONPOTUBIIEHHE R TO-
yek noBepxHoctu kpuctaia MC onpeaensercs o Tou
MHUHUMAJIbHOW MOUIHOCTH P, ., IPH KOTOPO# B IJIEHKE
XKK errie nabmogaercst eAMHCTBEHHAS, MUHMMAaIbHBIX
pa3MepoB JOKaIbHasi 00JIACTh B COOTBETCTBYIOMIEM (a-
30BOM COCTOSIHMH, T. €. R =(T, oL, /P in- Makcn-
MaJlbHas TeMIlepaTypa Ha IOBEPXHOCTH KpHUCTala Ol-

penenserca kax 7 maX:P KRmanLT o

OO0beKTHI NCCIeA0BAHNS U PeaTn3anus
IKCIEePUMEHTA

OOBEKTaMU UCCIICIOBAHISI CITYKIITH YETHIPE DKCIIC-
PUMEHTAIBHBIX 00pa3iia HHTerpaibHOi cxeMbl YB5701
I'TI01, cobpanHble B MEeTaNIOKEPAMHUYECKUX KOPITycax
C JIBaILATHIO YETHIPHMS BBIBOJAAMHU.

Bce nmonmyuennbie B enkax XKK oroOpakeHus pac-
TpeieNIeHs] TeMIIepaTyphl TOBEPXHOCTEH KPUCTAIIIOB 00-
pasuoB MC ¢ukcupoBaiu nonspu3aiOHHbIM MUKPOCKO-
MOM C JIMHHO(POKYCHBIMH 00BbeKTHBaMU MicroZoom
(pupma Bausch&Lomb, CIIA) ¢ ycTaHOBICHHON BU-
neokxamepoit Sony DXC-101P, coetuHeHHOM ¢ KOMITBIO-
TEPOM.

Onepauuu HarpeBa MOAJI0KEK C HAHECEHHBIMM I1JIEH-
kamu XJKK mipu ux rpagyupoBke, a TakkKe MpH CYIIKe
o0pazuoB UC nocie ux 0TMBIBKH, OCYIIECTBIISUIM HA Tep-
MoperynupyeMom crtoiie Tempchuk System, Model
TC100 (pupma Wentworth Labs, CILIA) ¢ TOYHOCTBIO
nojjepkaHus 3aganHoil remneparypst = 0,5°C. B kaue-
CTBE HCTOYHMKA TUTaHus oOpasios MC u 1uis onpenene-
HMS BOJIBT-aMIIEPHBIX XapaKTEPUCTHK TOTPeOUTENeH MOIII-
HocTH Ha KpucTaiuie MC ucnonb3oBau xapakteprorpad
Tectronix 577D1 (pupma Tectronix, CIIIA).

Jlis nogaun nuranus Ha MUC oOpaser BCTaBIsuA B
KOHTaKTHO€ YCTPOMCTBO, pacnasHHOE Ha MOHTa)KHYIO
rw1aty. Ha KOHTaKkTHbIE TUIOIIAIKH MOHTAKHOU IJIAThI,
CBsI3aHHBIE ¢ BbIBOJIaMU Kopityca MC, npeaBapuTesibHO
HanauBaJi Harpy304HbIE JIEMEHTHl B COOTBETCTBUU C
3aJaHHOM ANEKTPUUECKON CXeMOI.

B pabore ucnonb3oBanu mectsh THIOB XKK ¢ pasz-
JUYHBIMU TEMIIEpaTypHBIMU HHTEPBaIaMH CYIIECTBOBA-
HUSI CMEKTHUYECKOM, XOJIECTEPUUECKON U M30TPOITHOM (ha3,
KOTOPBIE ONPEICIISIIH B MPOIECCE UX TPATYUPOBKH (IIpO-
Heaypa ee mpoBe/ieHus onrcaHa Huxe). B kadecTse pa-
crBopureneit X)KK nmpuMeHsim Tomyos, meTpoiedHbIi
3hUp U TPUXIIOPITHIICH.

Pactop X?KK Hanocwmim Ha MOBEpXHOCTH KPHUCTAJI-
na UC, a nocie ucnapeHus pacTBOpUTENS Ha Hell oOpa-
3oBBIBAIIICH IUIeHKa XOKK. J{1s sxciepruMeHTOB BBIOU-
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panu takue XOKK, koTopsle Ipy TeMIEpaType Cpeibl 10
40°C HaxonsaTCs B TBEPAOM COCTOSTHUU.

Bce uccnenoBanysi OCHOBBIBAIMCH Ha MCIIOJIb30Ba-
HHUH Pe3yJIbTAaTOB TEMIIEPaTyPHOU rPpa yHPOBKHU IIEHOK
XOKK, mosry4eHHBIX U3 PacTBOPOB Ha IIOJUPOBAaHHBIX
MOBEPXHOCTSX MOJUIOKEK U3 KPEMHUEBBIX IIAacTUH. [1e-
pen HaHeceHHneM pacTBopoB XKK moioxxku mponosnac-
KHBAJI B OJTHOM M3 PACTBOPUTENICH B TeUeHNE 2—3 MHUH
U IIPOCYILMBAJIA Ha TEPMOPETYIUPYEMOM CTOJIE ITPU TEM-
niepatype 75—80°C npumepno 10 mun. PactBopsi ¢ XOKK
HAHOCHWJIM Ha MOBEPXHOCTH MOIOKKH. B mpomnecce rpa-
JYMPOBKH IUIEHOK OIpeJIeIIsiIn HaT4IHe (Pa3oBBIX COCTO-
stunit XOKK, TemnieparypHble uamna3oHbl UX CYIIIECTBOBA-
HIS, TEMITEPATypy (a3oBBIX IIEPEXOI0B, KAYeCTBO BU3Y-
AITBHOT0 0TOOpaXKeHNUs (PA30BBIX COCTOSIHUI C TIOMOIIIBIO
HOJIAPU3ALMOHHOIO MUKPOCKOIIA.

ITo pesymbraTam rpagynpoBKH IPOU3BOIMIN BEIOOD
XKK 1 ux pacTBOPOB B Pa3HbIX PACTBOPUTENAX AJIS UC-
I0JIb30BaHwMsI IpU uccnenoBanuu oopasnos MC. Ompe-
JEISTIOIINM YCIIOBUEM BBIOOpPA SIBISIOCH HATNIHE TEM-
TIepaTypHOro IranazoHa cymecTBoBaHus mieHKH X KK
B [IPO3PauHOM CMEKTUYECKOM COCTOSIHUM, KOTOPOE Mpe-
IIECTBYET IMOSBICHUIO CBETOPACCEHUBAIOIETO XOJecTe-
PHUYECKOTO COCTOSIHUSL.

[Ipouecc rpamynpoBku mienkn XKK Ha moamoxke
BKJIIOUAJ B cebs cueayromue onepanuu. Ha ctom mons-
PHU3aLMOHHOIO MUKPOCKOIIA YCTaHABJIMBAJIU TEPMOPETY-
JUPYEMBIid CTOJI, Ha KOTOPBIH 1101 00bEKTHBOM TIOJISIPH-
3allMOHHOT'0 MUKPOCKOIIA IOMEILAJIH ITOJIOKKY C IIEH-
kot XOKK. CkpemuBanu moisipu3aropbl MEKPOCKOTIA 1
BKJIFOYAITH HAarpeB crona. B mporecce Harpesa ¢ukcu-
POBAJTH T€ 3HAYCHUSI TEMITICPATYPBI, TIPH KOTOPHIX HAOIIO-
nancs nepexof mieHku XKK B npo3payHoe cmekTHye-
CKO€ COCTOSIHHE, 3aTEM B CBETOpacCerBalolIee XouecTe-
puueckoe (7,,) 1 aamee — B NPO3PauHOE U3OTPOITHOE
cocrosinue (7). [Tocne Harpesa 10 TemmepaTypsl U30-

2) el

Puc. 1. Busyaibpuble 0TOOpaxeHHs JIOKaIbHO HAarpeThIX 001acTell moBepx-
HocTH Kpuctaia oopasuoB MC B mienkax pazianynbix Tunos XKK B xose-
cTepu4eckoM (@, 6) U U30TPOITHOM (8, 2) (Ha30BBIX COCTOSHHSIX

TporHoro coctosiHus XJKK muTanue ctona oTKioYanm u
(ukcupoBanu Temnepatrypy $a3zosbix nmepexomoB XOKK
B IIpoLiecce OXJIaKIEHUs CToa. B pe3ynbrare HECKOIb-
KHX [IUKJIOB HarpeBaHUsI ¥ OXJIaXKAECHHsI CTOJIA YCTAHAB-
JIMBAJIM CPEHNIE 3HAUCHUSI TEMIIEPaTyphI (ha30BbIX Iepe-
x0/10B B uccienyemom tume XKK.

Iocne npoBeneHust TeMIepaTypHOU I'paynpOBKH I1j1e-
HOK pa3nuusblx THIOB XKK, noay4yeHHbIX U3 pasnuu-
HBIX PacTBOPOB Ha IOJHMPOBAHHBIX MOBEPXHOCTAX
KPEMHHEBBIX MOIOXKEK, OBUTH C/IETaHbI CIIeTYIOIINE BbI-
BOJIbl: HaH0oJIee YSTKHE BU3yaIbHbIE 0TOOpakeHus (a-
30BBIX COCTOSIHUI JAIOT IUIEHKU, OCAXKI€HHBIE U3 PACTBO-
poB XXKK B merponeitHoM 3¢pupe Ha MOATOKKH, KOTO-
pbl€ NIPOIOIACKUBAIIN B TOIYOJIE; 3HAUEHHS TEMIIeparTy-
pbl (hazoBbIx nepexonos B mieHkax XKK He 3aBucst ot
TUIIA PACTBOPUTEISL.

3HaueHHs TeMIeparypsl (pa3oBBIX MEPEXOJ0B B HC-
cienyeMsbIx mieHkax mectu TunoB XOKK, nmomydeHHbIX
Ha MOBEPXHOCTH MOJI0XKEK U3 PACTBOPOB B METPOIEH-
HOM dupe, nexar B auanasone 40—63°C mua T, u
59,5—88°C nusa T,

JKCIIePUMEHT U ero pe3yJibTaTbl

Omnpenenenne TEIUIOBBIX TapameTpoB obpasuos VIC
COIVIACHO NPEAJIOKEHHOMY METO/Y BBIIIOIHAJIOCH B Clie-
JIyIOIIIEN [TOCIIEI0BATEIbHOCTH.

Kaxprit oopazern; IC co BCKPBITBIM KOPITYCOM (CHSI-
TOI KPBIIIKOH ) TPOIIOIACKUBAIIU B TOIYOJIE M IPOCY -
BaJIM Ha TepMoperyaupyeMmom croie. [locne mpocyum-
BaHUs Ha MOBEPXHOCTh KpHUCTaa 00pa3ia MUIeTKOH
HaHOCWIM Karumo pactBopa XKK B merposeitHom s¢u-
pe. Iocne ucnapenus netpoieitHoro a¢upa (IpuMepHO
yepes 5 muH) kopiryc MC BCTaBIsuM B KOHTAKTHOE YCT-
PONCTBO, COEJMHEHHOE Yepe3 MOHTAXHYIO TUIaTy C UC-
TOYHUKOM MTUTAHUS U U3MEPUTEIBHBIMH IPHOOpaM B CO-
OTBETCTBUH C AIEKTPUIECKOM cxemoii moakiroueHwst MC.
MoHTa)kHas TuIaTa pa3MeIianach Ha CToJe
MOJISIPU3ALIMOHHOTO MHUKPOCKOIA C yCTa-
HOBJICHHOHN BUJICOKAMEpOH TS HaOro/e-
HUs oBepxHocTH Kpuctasmia UC mpu ckpe-
LIEHHBIX Jy4ax MnoJsipu3aTopoB. Hanpsike-
Hue nuranus MC MeyieHHO MOBBIIANT U
YCTaHABIUBAIMN TAKOE, IPU KOTOPOM OBLI
YEeTKO BUJICH TOIOJOIMYECKUI PUCYHOK Ha
BCEH MOBEPXHOCTH KpHCTAIUIA. DTO O3HA-
qano o0pa3oBaHUE HA TOBEPXHOCTH KPHC-
tasuia wieHku XJKK B npo3pauyHoM cMmek-
THUYECKOM COCTOSHUM — UCXOHOM IS T10-
Jy4eHUsI BU3yallbHOM HH(POPMAIIUHU O TEM-
[epaTypHOM I0JIe Ha TOBEPXHOCTH KPHUC-
Tayua (1o TeMIieparype (pa3oBoro mepexo-
na XOKK u3 cMEeKTHYECKOrO COCTOSHHS B
XOJIECTEPUYECKOE H IO PACHIOTIOKEHHUIO CO-
OTBETCTBYIOIIUX U30TEPM).

JanpHeliliee NOBBILIEHUE HAIPSKEHUS
nutanud MC npuBoauIio K MOSBIECHHUIO B
IUIEHKE JIOKAJIbHBIX CBETOPACCEHBAIOLINX
(aempospauHbIX) obiacreit (puc. 1, a, 6),
B KoTophIx XKK HaxoauTcs B XoIecTepu-
geckoM cocTossHud. OHM 00pa3yloTcst Ha
TeX yuyacTkax nosepxsHoctu kpucrauia UC,
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TeMmIeparypa KOTOPbIX He HIDKE TeMITepaTypbl (a30BoOro
nepexoga XKK u3 cMekTHueckoro cocTosiHusl B XoJe-
crepudeckoe T . BHyTpu Takoi obnactu TemMneparypa
Bbiiie 77, a Ha rpaHule paBHa eil. KaxxoMy 3Ha4eHHIO
MOIITHOCTH, MOTpedisieMolt kpuctaom MC, npu xoTo-
POM IUIEHKa NEepexouiia B IPO3padHOe COCTOSHUE, CO-
OTBETCTBOBAJIO ycTaHOBHBIIEecs uepe3 10—12 muH mo-
CJIe BKJIIOUEHUS IUTAHUSA KOJIMYECTBO U PACIIOJIOKEHHE
JIOKaNbHBIX 00JacTell U UX pa3Mephl.

IIpu noeiiennn HanpsxeHust nutanus UC pasmepbl
TmokanbHBIX obnactelt B tienke XOKK B xomecrepuue-
CKOM COCTOSIHMM YBEJIMYMBAIUCh, U IIPU HEKOTOPOM 3Ha-
YEHHMHU HAIIPsDKEHUs! TUIEHKA Ha BCel IOBEPXHOCTHU KpU-
cTaJlj1a Iepexoauiia B xojecrtepuieckoe cocrosnue. OHO
CILY>KMJIO MCXOJIHBIM JIJIs1 BTOPOTO dTala [MoJay4YeHHs BU-
3yaJIbHOW MH(pOpPMAIMK O TEMIIEpaTyPHOM TI0JIe Ha T10-
BepxHoctu kpuctamia UC. [lanpHeiliee yBennueHue
HaNpsHKEHUS IPUBOAMIIO K MOSBICHHUIO JIOKAJIBHBIX T10-
nyrnpo3padnbix oonacteid X)KK B n30TpomHOM cocTos-
HUM Ha (DOHE TUICHKH B CBETOPACCEUBAIOIIEM XOJIECTe-
pudeckoM coctostaun (puc. 1, 6, 2). YcraHOBHBIIAsCS
BH3YyaJIbHAs KApTHUHA TEMIIEPATYPHOTO MOJIS TOBEPXHO-
ctu kpuctaiia MC nacrynana takxke uepe3 10—12 mun
nociie BkitoueHus: IC B pesxxuM notpediaeHus nocTosH-
HOU MOIITHOCTH.

OTMeTHM, 9TO BpEMsI YCTAHOBJICHHUS CTAIMOHAPHOMN
BU3YyaJIbHOU KapTHHBI ONIPEEIIIeTCs TeINIONHEPLIMOHHbI-
MU CBOMCTBaMH UCTIOIB3YEMOTI0 METAITIOKEPAMUYECKO-
ro xopiryca. [loaTomMy Ass IpyTrux TUIIOB KOPITYCOB OHO
MOJKET OTJINYAThCS OT IPUBEIEHHOTO.

Bce Touku MOBEpXHOCTH KpUCTAJLIa, COBIAAAIOLINE
C TpaHUIIAMH JIOKaJbHBIX 00JIacTel Ha BU3yalIbHOU Kap-
THHE, HarpeTsl 10 TemrepaTypsl (hasoBoro nepexona XOKK
13 0fHOTO (ha30BOT0 COCTOSHUS (C BHEIIHEH CTOPOHBI
TpaHMLBI 00JIACTH) B APYTroe (BHYTPH ITOM 00JIaCTH).

0)

Puc. 2. MuHHMMAaJbHBIC JIOKAIBHBIC 00JACTH B XOJECTEPUUYCCKOM (a3o-
BOM COCTOSIHMHU B IUIeHKax pas3nuuubix TunoB XJ)KK na moepxHOCTSIX

kpucTamioB oopasnos 1C

[Tpn HEKOTOPBIX 3HAYCHUSAX MOIIHOCTH, TOTPEOIsIe-
moii kpuctaiuiom MC, B mieHke 00pa3oBBIBANIOCH He-
CKOJIBKO JIoKasbHBIX obnacteit XOKK B xonectepudeckom
cocrostanu (puc. 1, a, 6) Ha (OHE IIICHKH B IPO3PAYHOM
CMEKTHYECKOM COCTOSHUH WIIM HECKOJBKO JOKAIBHBIX
obmacteit X)KK B n30TponHOM cocTosiHEH (pHC. 1, 8. 2)
Ha (pOHE MJICHKU B CBETOPACCEUBAIOIIEM XOJeCTepUye-
CKOM COCTOSIHHH.

[1o n3BeCTHBIM 3HAYCHUSAM TEMIEPaTYphl (Ppa3oBBIX
MIEPEX0JI0B, COOTBETCTBYIOIIUX T'PAaHUIAM JIOKAIbHbIX
obmacteil (M30TepMaM), U MOLITHOCTH, TOTPEOIsieMOit KpU-
CTajuioM P, ObLIH OTIPE/IENEHBI TEIIOBBIE COPOTHBIIE-
HUA R Touek moBepxHocTH kpructamia MC, nexxammx Ha
rpaHHIaX JIOKATBHBIX 00JIaCTEH, OTHOCHTEIBHO CPEIBL.

[NocTerneHHpIM YMEHBIIEHUEM TOTPEOIIIEMOI MOIITHO-
cTH mobuBanuck Toro, uto B mieHke XJKK ocraBamach
BCETO OJ[HA JIOKaJIbHAS 00JIACTh MHHUMAJIBHBIX pa3Me-
poB. [lng pacuera MaKCUMalbHOTO TEIJIOBOTO COIPO-
TUBJIEHUA R TIO NPUBEIECHHOMN BbilIE hopmyrie (uk-
CHPOBAIACh MUHUMAJIbHAs MOMIHOCTD P ., TIPU KOTO-
poii 3Ta 061acTh ere HabIIaIACh.

HccenenoBanus sKCepuMEeHTANBHBIX 00pasinoB MC
MOKAa3aJIM, 4TO JOKAIbHO HarpeThle 00JacTu Mo-pa3Ho-
MY PAacHojararoTcsi Ha MOBEPXHOCTH KPHCTAIUIOB pas-
muaHBIX 00pa3ioB MC v nposBisrores B ieHKax XOKK
MIPU Pa3HBIX MOTPEOIIEMBIX MOITHOCTAX (prc. 1). [Ipu
9TOM JIOKaJIbHAasi 00JacTh, KOTOPas MPU YMEHbIIEHUH
MOIITHOCTH HcYe3ana MOCIeaHeH, BO BCeX HCCIe0Ba-
HBIX 00pas3Iiax pacroyiarajiack B OXHOM H TOM JKE MECTe
(puc. 2, a, 6, ). ToJbKO B OJJHOM U3 00Pa3IOB OJJHOBpE-
MEHHO € 3TOM 00JIaCThIO MCcYe3ala emle oaHa (puc. 2, 2).

Pacuer R, Ha IOBEPXHOCTH KPUCTAILIA [PU UCTIONb-
30BaHMHU TUICHOK BCEX TUIIOB MTOKA3aJl HAIMYHE HEKOTO-
POTO HE3HAYUTENBHOTO pa30poca 3HAYCHUH 11 OAHOTO
U TOTO e oOpasua (Hanpumep, 71,2—73.4 K/Bt). Oto
CBA3aHO C TOYHOCTBIO ONPEIENICHUs T0-
TpeOIIIEMOI MOIITHOCTH U TEMITEpaTyphl a-
30BBIX MEPEXOJ0B. 37eCh TaKKe UTrpaeT
POJb BBIIEP)KKA BPEMEHH YCTAaHOBIICHHS
CTaLlMOHAPHOT'O TEIIJIOBOI'O COCTOSIHHUS.

ITpu ukcupoBaHHBIX pa3Mepax U KO-
Op/IMHATaX UCTOYHHUKOB TETlJIa YBEINYCHUE
MOIITHOCTH, NOTPEOISIEMOI KPUCTAIIIOM
NC, npuBOAXT K TOMY, YTO JIOKaJIbHBIE 00-
JIACTH OJTHOPOIHBIX (pa30BBIX COCTOSHHHN B
menke XJKK Haj HarpeTsIMu ygacTkaMu
MTOBEPXHOCTH KPUCTAIIA YBEININBAOTCS U
MX TPAHMLIBI YIAIISIFOTCS OT HICTOYHUKOB Tell-
na. Ha paccTosiHuSAX OT LIEHTPa UCTOYHHUKA
TEIUIA, IPEBBIIIAIONTIX HAHOOIBIIUI pa3-
Mep UCTOYHHUKA, COTTIACHO MPUHIIUITY MECT-
HOTO BIUSHMUS [§], MOBEPXHOCTH YK€ HE
HCTIBITHIBACT BO3MYIIAIONIETO BIMSHUS HC-
TOYHHKA TeIIa, U €€ TeMIepaTypa CTaHo-
BUTCS PAKTUYECKH PABHOU CPEIHEN TEM-
nepatype noBepxaoctu kpuctamia MC T
TernaoBoe CONPOTUBICHUE TOUYEK MOBEPX-
HOCTH C TakOW TeMIEepaTypou SBIISETCS
CpE€aAHUM TEIJIOBBIM CONIPOTUBJICHUEM RCH
MEXJy ITON MOBEPXHOCTHIO U CPENOM:

ch:(Tcn_Tc)/PK'
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Tennosoe conporusienne R MPaKTUYECKH ONpE-
JEISETCS 10 MOIHOCTH P, NoTpebiisieMOi KpucTa-
nom UC, mpu KoTOpo# uzoTepma ¢GazoBOTo mnepexoja
pacniosnaraercs BOim3u nepumetpa kpucramia UC, T. e.
R =(T <1>_T /P ... OHO npencTaBseT 00601“4 CYMMY CO-
CTaBJISIOUINX €T0 TEIUTOBBIX COIPOTHBIICHUI:

Rn:RBn+Rp+RCC+RK’

C
e R, — CONPOTHBICHHE TEIIOOOMEHY BHEIIHEIT MOBEpX-
HOCTH KOpIIyca €O Cpenoii;
R_— CONPOTHUBICHUE PACTEKAaHHIO TEIUIA 110 KOPITYCY;
R — CONpPOTHBIIEHHE COCIUHUTEIBHOTO CIIOSI KPHC-
Tanga ¢ KOpIycom;
R_— conporusnenne kpucraia UC.

Bemmunnaer RBH, R n RK HEW3MEHHBI JIJISl BBIOpAHHBIX
xopryca u kpuctamia C. CnenoBarensHo, pa3dpoc 3Ha-
YEeHUI conpoTuBIeHUs R oy B OCHOBHOM OTIPE/ICIIACTCS
pasbpocom 3HaueHUH R, KOTOPOE B CBOKO OUEPE/b 3a-
BUCHT OT KO3 HUIIMEHTA TEIUIONPOBOJHOCTH MaTepraia
CJI051, €r0 TOJIIMHBI U CIUIOMIHOCTH.

Jlns mccnemoBaHHBIX SKCIIEPUMEHTATIBHBIX 00pasIoB
TEIUIOBbIE CONMpOTUBIEHU R cocTaBuin 60,3; 68,4,
71,21 107,2 K/BT. OTH pe3yabTaThl CBUACTEIBCTBYIOT O
pa3UYMU TETIOBBIX COMPOTUBIICHUH COETMHUTEIBHOTO
CJI0S1 KpUCTAJUIa ¢ KOPITycoM B oOpa3iax.

CTpyKTypy MakCUMaJIbHOTO TEIJIOBOT'O CONPOTHUBIIE-
HUSI MEXKY ydacTKoM moBepxHocTr kpucramia MC ¢ rem-
neparypoit ' ¥ Cpenoi MOKHO MPEICTABUTh B BUJIE:

Rmax = Rp + ch’

rae Rp — TETUIOBOE CONPOTUBIICHUE PACTCKAHUIO TETLIa
10 KpHUCTAILTY (OTIPEICIISIONIee TeMIIEPATYPHBIN PElb-
e(h Ha TOBEPXHOCTH KPUCTAILIA), Rp=(T max ~Len)/ P

Paccunrannbie 11 00pa3IoB 3HAYCHUS R :Rmax— o
paBubie 12,1; 14,4; 14,1 u 16 K/BT, CBUACTEIBCTBYIOT
0 TOM, YTO B UCCIIEJIOBAHHBIX 00pa3Iax JOKaIbHbIE UC-
TOYHUKH TETUIA HE CO3/IAI0T IIEPETPEBOB, CYIIECTBEHHO
OTJIMYAIOIIUXCS OT CPEJHEIIOBEPXHOCTHON TeMITepaTy-
pBI KpUCTAILIA.

BriBOaBI

Taxum 00pa3oM, MPeUTOKEHHBI METOJT OTpeelie-
HUS TEMIIEPATYPhI U TEIJIOBOTO COITPOTUBIIEHHUS TOYEK IO~
BepxHocTH kpructauia UC, o0cCHOBaHHBIN Ha BU3yaJIbHOM
0TOOpaKEHUH JIOKAIBHO HArpeThix 00JacTel B IJICHKE
XXKK ¢ u3BeCTHOI TeMmepaTypoi (pa3oBBIX IIEPEXOI0B,
MI03BOJISICT B paOOYNX yCIOBHUSX BBISIBISATH TOYKH C MaK-
CUMAITbHBIM TETUIOBBIM COTIPOTHUBIICHHEM Ha ITOBEPXHO-
ctu kpucrtamios UC.
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SPICE B mukpo- u HaHo3djaekTpoHuke.— MockBa: PUSMATJIIUT,

B kHHUre cucreMaTHUeCKH HM3J0XKEHbl MPUHILMIBLL MOCTPOe-
HUsl KOMIAaKTHBIX Moneseil MOII-TpaH3uCTOPOB AJsT CXeMO-
TeXHHYECKOr0 MOJEeTHPOBAHHUST JMEKTPOHHBIX 1leneil, B TOM
yucae CBUC. PaceMoTpeHbl mpoOaeMbl MOJETHPOBAHUS, (PH-
3HUECKHe Tpollecchl B MUKPO- 1 HaHOMeTpoBbiXx MOII-TpaH-
3UCTOPAX, METOAbl POPMHUPOBAHUST YpABHEHUI KOMMIAKTHBIX
Mojenei, ocooennoctu moaeneid BSIM, EKV, PSP, HiSIM
U J1p., TAaOJUUYHbIE MOJEJIH, TIOJYHATYPHbIE MOJEJH.

Jnsi pa3pabOTUMKOB HHTErpajbHBbIX CXEM M 3JEKTPOHHOH
annapatypbl, pagpadorurnkos CAIIP CBMC, nayuynbix paGOTHHKOB H acIiH-
paHToB. MoxKeT ObITb MOJNe3Ha CTyAeHTaM (hH3HUECKHUX CMeLHaNbHOCTeH YHHU-
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