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MEPEOXJIAXKIEHUE ITPU KPUCTAJIN3ALMA KUJTKOMN ®A3BI
JETKOILTABKOI'O KOMIIOHEHTA B MHOTOCJIOMHBIX IIVIEHKAX
C PA3JIMYHBIM XAPAKTEPOM B3AUMOJIEHCTBUSI KOHTAKTHBIX ITAP

C. U. llerpymenko, C. B. lykapos, B. H. Cyxos
Xapvrosckuii Hayuonanvhwill ynueepcumem umenu B. H. Kapasuna,
Xapvros, Ykpauna
[Toctynuna B penakuuto 11.10.2016

IIpoBeneHo mccemoBaHNe TIEPEOXITAKACHAS TP KPUCTAIUTH3AIINN KUAKOH (Da3bl 0JI0BA U WHIUS
B MHOTOCITOMHBIX TUICHKaX Ha OCHOBE MeIu W MoynmOaeHa. [Ipu momornty in situ MeToma u3MepeHus
AJIEKTPOCONPOTHUBIICHHS ONIPEieNieHbl BETMUUHBI IEPEOXJIXKICHUH B JaHHBIX cucteMax. [loka3aHo,
YTO METOJ U3MEPEHUs IEKTPOCOIPOTHBICHUS YYBCTBUTEIICEH KO MHOTUM IIPOIECCaM, TPOUCXO/IS-
IIMM B MHOTOCIIOMHBIX OMHAPHBIX CUCTEMaX, OTHAKO YBEPEHHOE OIpe/IeNIeHre TeMIeparyp (pa3oBbIx
MIEPEXO0JI0B TUIABICHUC-KPUCTAITN3AIUS BO3BMOXKHO TOJIBKO JIJISl KOHTAKTHBIX AP C MPOCTHIM TUIIOM
B3aMMOJICHCTBYSI U OTCYTCTBUEM XUMHUYECKUX COCIMHCHUH.

KuroueBble cj10Ba: mepeoxakIeHue MPU KPUCTALTU3AINN, MHOTOCIIONHBIC TJICHKH, TIIaBJICHUE-
KpHUCTaJUTH3AITHSL.

MEPEOXOJIOIKEHHSI ITPU KPUCTAJIIBALIIL PITKOI ®A3H
JIET'KOIIVIABKOI'O KOMITIOHEHTY Y BATATOLHIAPOBUX ITIJIIBKAX
3 PI3HUM XAPAKTEPOM B3A€MO/IIi KOHTAKTHUX ITAP
C. 1. lerpymenko, C. B. /lykapos, B. M. Cyxos

[IpoBeieHO JOCHTIKSHHS MIEPEOXOIOKSHHS I11]] 4ac KpUCTalli3allii po3IiaBy 0J0Ba Ta iHJio0 y 0a-
raTourapoBUX IUTIBKaX Ha OCHOBI Milli Ta MOiOJeHy. 3a IOIOMOTOIO in situ METOAY BUMIPIOBAaHHS
CJIEKTPUYHOTO ONOPYy BH3HAUYEHI BEIMUYMHH IIEPEOXONIOIKEHHS y X cucTemax. [lokasano, mo Me-
TOZ BUMIPIOBaHHS €JIEKTPUYHOTO ONOPY € UyTIMBHUM JI0 06araTbox MPOLECIB, IO CHOCTEPIraloThCs
y OararomrapoBux OiHAPHMX CHUCTEMax, aje HaJIiifHO BH3HAYaTH TeMIeparypu (pa3oBHX IEPETBO-
PCHB TUIABJICHHSA-KPHUCTAITI3allis MOXKIIMBO JIMIIE Y KOHTAKTHUX Mapax 3 MPOCTUM THIIOM B3a€MOJIl
Ta BIZICYTHICTIO XIMIYHHX CITONTYK.
KuarouoBi ciioBa: mepeoxosoKeHHsT MpH  KpUCTalli3aiii, OararomapoBi TUTIBKH, IUIaBJICHHS-
KpHCTai3amis.

SUPERCOOLING DURING THE CRYSTALLIZATION OF THE LIQUID PHASE
OF THE FUSIBLE COMPONENT IN MULTILAYER FILMS WITH DIFFERENT
NATURE OF CONTACT PAIRS INTERACTION
S. L. Petrushenko, S. V. Dukarov, V. N. Sukhov
The study of supercooling during the crystallization of the liquid phase of tin and indium in multilayer
films based on copper and molybdenum has been carried out. Using the in situ method of measuring
the electrical resistance, the values of supercooling have been determined in the given systems. It is
shown that the electrical resistance measurement method is sensitive to many processes occurring
in multilayered binary systems, however, a reliable determination of phase transition temperature
melting-crystallization is possible only for the contact pairs with a simple type of interaction and the

absence of chemical compounds.
Keywords: supercooling during the crystallization, multilayer films, melting-crystallization.

BBEJEHUE

HNHTepec uccienoBareneil kK M3y4eHUIO BO-
IIPOCOB, CBSI3aHHBIX C MEPEOXJIAXKICHUEM IIPU
KPUCTAJUTU3AIUU KUJIKONH (a3pl pa3IMuHBIX
BELIECTB, UMEET MHOTOJETHIOI HCTOPHUIO
[1-5] u 0OycnoBlIeH Kak MPUKIIAIHBIM 3HaYe-
HHUEM JJaHHOTO SIBJIEHUS, TaK U CTPEMIICHUEM

K QyHAaMEHTaIbHOMY TOHUMAaHUI0 0COOEHHOC-
Tell BellecTBa, HaXOASIIErocsi B MeTacTaOuIIb-
HOM COCTOSIHMH. B mocnennee Bpemsi 0coOblit
WHTEPEC CTaJM NPUBJIEKATh CUCTEMBI THUIIA
«4acTULa B MAaTPULIE» U UHBIE KOMIIO3UTHBIC
MaTepHalibl, COCTOSIIIUE U3 BELIECTB C Cy-
MIECTBEHHO pAa3JUYHBIMH (PU3UUYECKUMU
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CBOWCTBAMH: JIEKTPUYECKUMH, MEXaHHIEC-
KMMH, XUMHYECKIUMH, a TaK)Ke 3HAYUTEIbHO
OTJIMYAIOLIIUMHUCS TeMIepaTypamMu (azoBbIX
nepexonoB. Pesynbrarsl psna pador [6, 7, 8]
MIO3BOJIMJIN YCTAHOBUT, YTO IUIABJICHUE U KPHUC-
TaJUTU3ALHsS CIIOEB JIETKOILIABKOTO KOMITOHEHTA
B MHOTOCJIOMHBIX IJIEHKaX (KOTOPBIE 3a4acTyIO
paccMaTpHUBaIOTCS KaK MOJENb CUCTEMBI «JIeT-
KOIJTaBKasi 4aCTHUIlA B TYTOIJIABKOW MaTpULIE»)
COIPOBOXKAAIOTCS 3HAUUTEIIbHBIM U3MEHEHUEM
ANIEKTPUUECKUX CBOMCTB Bcero oOpasua. OTMe-
THM, YTO JJaHHOE SIBJICHHE MMEET J[Ba acIIeKTa,
KOTOpbIE MOTYT 3aMHTEPECOBaTh MCCIe10BaTe-
JIed U IPAaKTUKOB. Tak, ¢ OHON CTOPOHBI, U3Me-
HEHHUE COTIPOTUBIICHHS TPH (Pa30BBIX IEpexoaax
MOJKET OBITh UCIIOJB30BAHO AJIs perucTpaluu
UX TEeMIepaTypsl B T€X clIydasx, KOraa npume-
HEHHE JPYTUX, B YACTHOCTH, MPSIMBIX METO/I0B
3aTpyAHUTEIBHO, JTMO0 BOOOIIE HEBO3MOXKHO.
C npyroii CTOpOHBI, TAKHME CUCTEMBI IPEACTAB-
JISIFOT CaMOCTOSITEIIbHBINA MHTEPEC KaK aKTHUBHBIE
KOMITOHEHTHI MEPCIEeKTUBHBIX JAaTYUKOB,
AIIEMEHTOB TIAMSITH, TIEPEKITFoUaTeIeld u IPYTux
3JIEKTPOHHBIX YCTPOMCTB C XapaKTEpHbIM pa3-
MEpPOM, UCYHCIISIEMBIM HaHOMETPaMHU.

OnHako OGOJIBIIMHCTBO PadOT, B KOTOPBIX JUIS
UCCIIEIOBAHUS NIEPEOXIIAXICHHUS TIPU KPUCTAILTH-
3allUM YaCTHIL XKUAKON (a3bl B KOHTAKTE C KPUC-
TAJUIMYECKOW MAaTPULIEH UCIIOJIB30BAJIC METOL
M3MEPEHHS AIIEKTPOCOTPOTHBIICHHS, TOCBSIICHBI
U3YUYCHHIO CUCTEM C (ha30BBIMU JUarpaMMaMu
THIIA TIPOCTast IBTEKTUKA, JTMOO TEM KOHTAKTHBIM
napam, (pa3oBble qUarpaMMbl KOTOPBIX, BBULY
KpaifHe c1aboro B3auMOJICHCTBHS KOMITOHEHT,
B JIUTEpaType OTCYTCTBYIOT. B TO 7xe BpeMs ¢ ToUku
3peHHs MPUKIAJHBIX UCCIEJOBAHUN BechbMa
MIEPCTIEKTUBHBIMHA MOT'YT OKa3aThCsl KOHTAKTHBIE
napsl ¢ 0oJiee CIIOKHBIM XapakTepoM (a30BBIX
quarpamm. Kpome Toro, conpoTuBiieHre MIeHOK
00J1a/1aeT BHICOKOM 4yBCTBUTEIBHOCTBIO K TIPO-
1eccam, IPOUCXOAAIINM Ha MEX(a3HbIX MOBEPX-
HOCTSX (TpaHMLIax KPUCTAJUIMTOB, 3JIEMEHTOB
u ¢a3). Tak, B psane pabor [9, 10] uzmepenue
AIIEKTPOCONPOTHUBIICHHS UCTIONB30BAHO ISl U3Y-
YeHUs BIUSHUS pazMepHoro 3ddekra Ha pacTBO-
pumocTb U 1Uddy3ur0 B TOHKHX IUIeHKaxX. Takke
Pa3yMHO HPEANOIOKHTb, YTO COPOTUBIICHUE OKa-
JKETCSl YyBCTBUTEIILHBIM HE TOJIBKO K TUIABJICHHIO
Y KPUCTAUIN3ALMH JIETKOILIAaBKOTO KOMIIOHEHTa, HO
U K IpyruM (ha30BbIM IepexosiaM, KOTOpbIE MOTYT
PeaM30BBIBATHCS B PA3IMYHBIX KOHTAKTHBIX Mapax.

[TomoGHbBIe 3G PEKTHI, KOTOPBIE HECYT JI0-
MOJTHUTENbHYI0 HH(OPMAIMIO O Mpolieccax,
NPOTEKAIIMUX B MHOTOCIOWHBIX CTPYK-
Typax, OYeBHJHO, MOTYT OBITh MHTEPECHBI
ucClIe0BaTeNsIM, OJTHAKO OHU 3HAUYUTEIbHO
YCIOXKHSIOT PETUCTPALIUI0 COOCTBEHHO TIJIaB-
JeHHUS U KPHUCTAJUTU3ANUU JIETKOTIIIaBKOTO
KOMITOHEHTa B TaKWX CTPYKTypax. B cBs3u
C ATHM IMpeJcTaBisieTcs 1enecoo0pa3HbIM
M3yueHUEe TeMIepaTypHOH 3aBHCUMOCTHU CO-
MPOTUBJICHHUS MHOTOCIIOWHBIX IUICHOK, KOM-
MOHEHTHI KOTOPBIX 00pa3yloT pa3iuvHbIe
¢dazoBbIe AUarpaMMBbl, C IENbI0 YCTAaHOBICHUS
BO3MOYKHOCTH HCIIOJIb30BaHUSI METOa H3Mepe-
HUS DJICKTPOCOMPOTUBIICHUS ISl pPerUcTpa-
MU MePeoXJXKICHUS MPU KPUCTAIIU3ALNU
JIETKOTIJIABKOTO KOMIIOHEHTAa B KOHTAKTHBIX
nmapax ¢ CymeCTBEHHO Pa3IWYHBIM TUIIOM
B3aMMOJIECUCTBUSL.

METOIUKA DKCIIEPUMEHTA
B kauecTBe 00BEKTOB HCCIENOBAHUS OBLIU
BBIOpaHBl JIBYX- M TPEXCIOWHBIE MIECHKHU
ounapHbix cucreM Mo-In, Mo-Sn, Cu-In u Cu-
Sn, B KOTOPBIX CJIOM JIETKOIUIABKOTO KOMIIOHEHTA
HaXoAWJICs TMOO Ha MOBEPXHOCTH, JTUOO MEXITY
CILUIOIIHBIMU CJIOSIMH OOJiee TYTOILIaBKOTO.
O0pa3ipl MOTyYaIrCh METOIOM TIOCIIOWHOM BaKy-
YMHOM KOHJICHCALIMU IIPH JABJICHUH OCTATOYHBIX
ra3oB 10° MM pT. CT. TyTeM UCTIapSHHST KOMITOHEHT
n3 MmonuOeHoBbIX (In, Cu), TaHTaIOBBIX (Sn) WiTH
Bonb(pamoBsix (Mo) ucnapureneii. Kontpomnb
TOJIIMHBI OCAXKJAEMbIX KOMIIOHEHT OCYILECT-
BJISUICS! ITPHA TIOMOLIM KBAapILIEBOIO PE30HATOPA.
Jns onmpenenenus: remneparyp pa3oBbIX
NIEPEXO/I0B MJIEHKHU KOHJIEHCUPOBAINCh Ha U3-
MEpPUTENBHBIE AYEHKH, IPEACTABIAIOIINE CO-
0011 CTEKJISTHHBIC MJIACTUHKU C HAHECEHHBIMU
ANEKTPUUECKUMU KOHTAKTaMU, 00eCIeunBalo-
IIMMU PETUCTPALUIO CONPOTUBIEHUS 110 Ye-
TBIPEXTOYEYHOM cxeme. V3Mepenne Ttemneparypbl
AYEHKN OCYLIECTBIISJICS MPU ITOMOIIM XPOMEIIb-
QJIFOMEJIEBOI TEpMOIIaphl, a €€ HarpeB — U3Jyde-
HHEM BOJIL()PAMOBOI1 CIIMPAJIH, PACTIOIOKEHHOM
C TBUIBHOW CTOPOHBI AYEHUKH U MHUTAEMOU
CTaOUITU3UPOBAHHBIM UCTOYHUKOM TOKa. Jlyist
ABTOMATHYECKOW pPErucTpaluy TeMIepaTrypbl
Y COOTBETCTBYIOIEH BEJIMYMHBI COITPOTUBIICHUS
WCIIOJIb30BAJICs OPUTMHAJIBHBINA IPOTPAMMHO-
anmapaTHblii KOMIUIEKC Ha 0a3e Mperru3noHHOrO
ALIL
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C. 1. IETPYHIEHKO, C. B. IYKAPOB, B. H. CYXOB

OO0pa3ubl a1 31eKTpoHOTpadUUeCKUX
HCCJIEIOBAaHUN OCaX1aJduCh HA CBEXKHUE CKO-
a1 MmoHokpuctannoB KCl u uccnenona-
JUCh B DJIEKTPOHHOM MuKpockorne OMB
100BP, ocnamenHoMm pa3zpaboTaHHOM B 1a00-
paTopuu MPUCTAaBKOM IS in situ 3IeKTpo-
HOrpadUUeCKUX UCCIIe0BaHUN 00pa3IOB MpU
UX HarpeBe M OXJaXJEHUU. DIEKTPOHHO-MU-
KPOCKOIMYECKHUE UCCIIEA0BAHUS POBOANINCH
B pacTpOBOM 3JIEKTPOHHOM MuKpockomne JEOL
JSM-840.

BriOpanHbie Ais UcclieloBaHUSI CUCTEMBI
KapIMHAJIbHO Pa3JINyaoTcs M0 XapakTepy B3au-
MOJICMCTBHSI KOMIIOHEHT. Tak, B IUTEPATYPE OT-
CYTCTBYIOT IIOCTPOEHHBIE (ha30BBIE JHATPAMMBI
KOHTAKTHOUW Tapbl MOJIMOACH-UHAUN, OTHAKO
OTMEYAETCsl, YTO KOMIIOHEHThI 3TON CUCTEMBI
He 00pa3yloT XUMHUYECKUX COCTUHEHUH, a X
B3alMHasi paCTBOPUMOCTb Ype3BblUaiiHa MaJa.
B3anmMozeiicTBre OCTalIbHBIX KOHTAKTHBIX AP
OKa3bIBAETCSl 3HAUUTEIBHO 00JIee CIOXKHBIM
U JUIsl HUX XapaKkTepHO o0pa3oBaHuUE CIIIaBOB,
XUMHYECKUX COCMHEHUH U CyIlIeCTBEHHAs B3a-
MMHas paCTBOPUMOCTb KOMIIOHEHT.

PE3VJIBTATBI U UX OBCYXXJIEHUE

Ha puc. 1 npencraBieHbl pe3yabTaTbl U3MEPEHUS
3aBUCUMOCTH CONPOTHUBIICHUS OT TEMIIEPATYPbI
OIHOKOMITOHEHTHBIX IUIEHOK ME/T U MOJIMO/ICHA,
COCTaBJISIFOIIMX OCHOBY MCCIIETYEMBIX OObEKTOB.
YcTaHOBIIEHO, UTO B IEPBOM ILMKJIE HArpesa,
HauMHas ¢ TeMneparypsl okono 100 °C (Cu)
u 150-200 °C (Mo), ux 3J1eKTpOCONPOTUBIICHUE
HEoOpaTUMO CHMKAETCS, UTO CBUAETEIbCTBYET
0 COBEpIICHCTBOBAaHUH U3HAYAJIBHO J1e(heKTHOI
CTPYKTYpBbI KOHJIeHcaTa. B nanpHeleM HarpeB
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100 \
50 B CU
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Puc. 1. 3aBUCHMOCTH CONPOTHUBIEHUS ITUICHOK MEIU

¥ MoJIMO/IeHa OT TeMIlepaTyphbl B IIEPBOM LIUKJIC HATPEB-
OXJIaXKIEHHE

U OXJIAKJEHUE TUICHOK MeIu U MoiuOaeHa co-
MPOBOXKIAETCS] 3aKOHOMEPHBIM JTHHEHHBIM H3-
MEHEHUEM HMX AIEKTPOCOMPOTUBIICHUS U HE
oOHapyXHBaeT HUKakux ocodenHocreit. Coot-
BETCTBEHHO BCE 0COOEHHOCTH, KOTOPHIE MOTYT
OBITH OOHAPYKEHBI B MHOTOCJIOMHBIX TUICHKAX,
OyIyT OIHO3HAYHO OOYCIIOBIICHBI BIUSIHUAEM JIET-
KOTUTABKOTO KOMIIOHEHTA.

PesynbraThl HccnenoBaHus TeMIEPaTypHOI
3aBUCUMOCTH CONPOTHUBIIEHUS TIeHOK Mo-In-
Mo npeacrasneHns! Ha puc. 2. Hauunas co BTO-
pOTo IIMKJIa HAarpeB-oXJaxaeHne Ha rpadukax
3aBUCHUMOCTH COMPOTUBIICHUS OT TEMIIEPATyPhl
HaOII0AI0TCsl 0COOEHHOCTH, KOTOPbIE 3aKITI0-
YalTCS B JIOCTaTOYHO PE3KOM M 00paTUMOM,
B paMKax BCEro I[MKJa HarpeB-OXJaxJeHHUe,
YBEJIUYCHHUH (HArpeB) U CHIKEHUU (OXJIaKIe-
HUE) CONMPOTHUBICHUS TPEXCIONUHBIX TJICHOK.
YTo ke KacaeTcsi IEPBOro HArpeBa, TO B HEM,
TaKXe KaK U B CIy4ae OJHOCIONHBIX IJIEHOK MO-
nubeHa, TPOUCXOAUT HEOOPAaTUMOE CHIKEHUE
AJIEKTPOCOIPOTUBIICHUS, YTO J€JaeT 0COOeH-
HOCTb, OOYCJIOBJICHHYIO HAJIMYMEM JIETKOIIJIaB-
KOTO KOMITOHEHTA, MPAKTUYECKH HE3aMETHO.
CornacHo pesynbratam [6, 7, 8] momoOHBIE
CKauKH AJIEKTPOCOMPOTUBIICHHSI MHOTOCIIONHBIX
IJICHOK MOTYT OBITh 00YCJIOBIICHBI IJIABJICHU-
€M U NOCIeayIollel KpucTaaiu3auuei nepe-
OXJIAXKJIEHHOTO UHus. OnpeneneHHas TAaKUM
CI0COOOM BEJIMUMHA MEPEOXJIAKICHUS B JaH-
HOM KOHTakTHOM nape coctaBmia 65 K. Ctout
00paTuTh BHUMaHUE, YTO ISl JAaHHOU cliabo-
B3aUMOJICHCTBYIOIIEH KOHTAKTHOW Maphl I1OCIIE
3aBEPIICHUS OT)KUTa MOJMOAEHA 00N BUT
TePMHUYECKOIN 3aBUCUMOCTHU COMPOTUBICHUS
OCTaeTCs MOCTOSTHHBIM OT LIMKJIA K HUKIy. Tak,
OTHOCHUTEJIbHOE 3HAYCHUE CKAYKOB MPaKTH-
YECKHU HE MEHSIeTCS OT LUKJA K HUKIY U CO-
cTaBisieT 0koJio 1 %, 4To XOpOoLIOo comacyercs
CO 3HAUYE€HUEM, KOTOPOE CIEAYET U3 MOJAEIU
napasieabHbIX TPOBOJHUKOB [6]. OT™MeTHM,
YTO MpeCTaBICHHbIE Ha pUC. 2 TpadUKHU COO-
TBETCTBYIOT IJICHKE, KOTOpas YK€ MoJBepIiach
OJTHOMY LIUKJTY HarpeB-OXJIAXKICHUE, IPU KOTO-
POM MPOU30IIET OTKUT MOTHOIEHOBOM IJICHKH.
N36exaTh «moTepu» MepBOTO LHKIA HArpe-
Ba, OOYCJIOBJIEHHON OTXKUIOM, MOXHO MyTEM
HCIIOJIb30BaHUs IUIEHOK Mo-In, B KOTOpBIX
cioi MonubaeHa rnepes KOHIeHCalue HHAus
NOJABEPrcs NpeaBAPUTEIbHOMY OTXUTY.
TemneparypHbie 3aBUCUMOCTH COTIPOTUBIICHUS
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TaKHX IIJICHOK TaKXE 06H3py>I(I/IBaIOT CKa4Ku,
COOTBCTCTBYIOIIHUC IIJIABJICHUIO U KPUCTAJLJIIU3a-
Oy UHAWA.
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Puc. 2. Conporusnenue nnenok Mo-In-Mo B 3aBucumMoc-
TH OT UX TEMIIEPaTypbl

OTMeTuM, 4TO KpUCTAJUIU3alUs paciljiaBa
B JIAHHOM KOHTaKTHOM Mape MPOUCXOAUT B J10-
CTaTOYHO IIMPOKOM MHTEpBAJIe TEMIepaTyp —
okono 10 K. CnenoBaTenbHO, B M3y4aeMbIX
NJeHKaxX He GopMUpYETCs euHas cucTeMa
BKJIIOYEHUH, HA CYIIECTBOBAHUE KOTOPOM
yKa3bIBaeTCs B pabote [6] A7s IIeHOK BUCMYTa
MEXKy CJIOSIMU METaIOB. JleiCTBUTEIBHO, IPU
PacTPOBBIX JEKTPOHHO-MUKPOCKOITUUECKUX HC-
CleIoBaHUSIX ObUIO yCTaHOBIEHO (pUC. 3), 4TO
WHAUK B TuieHax Mo-In mocne nukina Harpes-
OXJIQKJICHHE COOMPAETCs B OT/IENIbHBIC YaCTHUIIbI,
dbopma KOTOpBIX OnH3Ka K ChepruecKOil.

lpm

I:310 No:7941 9.12.14

Puc. 3. DneKTpOHHO-MUKPOCKOITMIECKOE H300pakeHNe
TUICHKH MOJINOAEH-NHINH

Crnenyromum 00beKTOM HCCIIEI0BAHUS CTAIH
wieHku Mo-Sn. [Tockonbky ¢a3oBas nuarpamma
JTAaHHOW KOHTaKTHOW Napbl UMEET CJI0KHbBIN BU
U JUIs He€ XapaKTepHO HaJIMYMe pa3InyuHbIX (a3,
(dopMupoBaHUE KOTOPBIX BO3MOXKHO YK€ MPU
IIEPBOM HarpeBe, BMECTO TPEXCIONHBIX IJIEHOK
Mo-Sn-Mo ObUTH HCTIOTB30BAHBI IBYXCIOWHBIC
00pa3ibr Mo-Sn, B KOTOPBIX CII0M MOIUOIEHA
Iepesl OCaXKJICHUEM 0JI0Ba NOABEPrayCcs OT-
xury. Ha puc. 4 npencrasieHsl 3aBUCUMOCTH
COINIPOTHUBIIEHUSI OT TEMIIEPATyphbl B IJIEHKAX
Mo-Sn, cooTBeTCTBYyOIIME PA3IUYHBIM LIH-
KJIaM Harpes-oxJyaxjacHue. B nepsom nukie
HarpeBa (puc. 4, kpuBas a) Kak Ha rpaduke
Harpena, Tak M OXJIaXJEHHUS UMEIOTCS CKay-
KU 27eKTpoconpotusieHus. OnHako oba 3TUX
CKaykKa NMPUBOJAT K YBEJIUYEHHUIO CONPOTH-
BJICHUS IUIEHKH, T. €. IPOUCXOJAT B OJHOM Ha-
MPaBJIEHUM U COOTBECTBEHHO Jla’K€ B paMKax
BCET0 LIMKJIa HATPEB-0XJIAXKACHUE HE SBIISIIOT-
cs oOpatumbeiMu. Kpome Toro, ux BeJlMYnHA,
0COOEHHO MNPH OXJAXKJIEHUU, MHOTOKPATHO
IIPEBBIIIAET 3HAYEHUS, KOTOPBIE CIEAYET OKHU-
JIaTh UCXOAS U3 MOJEJIH MapaljeabHbIX MPO-
BOJHHUKOB. COOTBETCTBEHHO HE MPEICTABIIAETCS
BO3MOXKHBIM COTIOCTaBUTh UX C IJIABICHUEM
U 0COOEHHO KpHCTAJNIM3allUeN JIErKOIUIaBKUX
BKJIIOUeHU. Bo Bropom 1ukiie Harpesa (puc. 4,
KpuBas 0) Ha rpauKax UMEIOTCS J10CTATOYHO
YETKHE U B 1I€JIOM 00paTUMble CKauKH COMPO-
TUBJICHHUS, KOTOPBIE, OAHAKO, IPOTUBOIOI0KHbI
I10 HaIPaBJICHNIO CKAuKaM YJIEJIbHOTO CONPOTHU-
BJIeHUs onoBa. [To-BuarmMomy, Takoe noBeieHne
CBSI3aHO C 00pa30BaHUEM M BO3MOXKHO paciaioM
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Puc. 4. 3aBUCHMOCTD COIIPOTHBICHUS OT TEMIICPATypPhI
JUTA TUIEHOK Mo-Sn B iepBoM (a), BTopoM (6) 1 TISIToM (8)
LUKJIaX HATPEB-OXJIKICHUE
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B 0Opa3iax B TEYEHHUE HECKOJIBKUX MEPBBIX
[IMKJIOB HarpeB-OXJaXJAeHUe pa3audHbIX a3
U TBEPJIbIX PACTBOPOB. DTO COMPOBOXKAAETCS
KOHTAKTHBIMU 3 (deKTaMu, aHAJIOTHIHBIMU
TeM, KOTOpBIMU B pabote [7] oObsicHIIOTCS
CKa4YKH COTPOTHUBJICHUS B MJICHKAX Ha OCHOBE
yrepona. Ilepexon cBOOOAHOIO 0JI0Ba B JKHJI-
KO€ COCTOSIHUE, BEPOSITHO, MHTCHCU(DUITUPYET
npoiiecc GazooOpazoBaHus, YTO OOBSICHSET MO-
SIBJICHHE CYLIECTBEHHOIO CKauka, TeMIiepaTrypa
KOTOPOI'O COBIIAJAeT ¢ TEMIIEpaTypoil IuIaBiie-
HUS 0JIOBA.

B tpeTthem, 4eTBEpTOM U MATOM LIMKIIAX Ha-
rpeB-OXJIAXKACHUE MTPOUCXOIUT YMEHbIICHUE
OTHOCUTEJIbHOW BEJIMUYUHBI CKayKa, COOTBET-
CTBYIOIIEro TeMIepaType IIaBlIeHHs 0JIOBa,
U MOCNeyIolee N3MEHEHNEe eT0 HalpaBICHHs
¢ yObIBaHUs Ha pocT (puc. 4 kpuBas 6). [Ipu sTom
CKa4OK, HaOIrOIarouiics Ha rpadukax oxJiax-
JIEHUsI, IPUOOPETAET CIOKHYIO CTPYKTYpy. Tak,
P OXJIAKJICHUH BHadalle HaOIomaeTcss pocT
COIPOTHUBIICHUS, KOTOPHIA OKAHUMBAETCS TIPU
temneparype 133 °C, uTo coBnajgaeT co 3Ha-
YeHHEM, MTOTYYEHHBIM B MPEbIIYIINUX [THUKIAX.
3a HUM clieAyeT Crajl AIEKTPOCONPOTUBIICHHUS,
YTO COOTBETCTBYET U3MEHEHUIO YIEIBbHOTO CO-
MIPOTHUBIICHHUS OJIOBA MPU €r0 KPUCTAILITU3ALUY.
[TpumepHO ¢ MATOTO UKIIA XapakTep TeMIepa-
TYPHOM 3aBUCUMOCTH JIEKTPOCONPOTUBIICHUS
KaueCTBEHHO TMEPECTACT MEHATHCA OT IHUKJIA
K HUKIYy. BepoaTHO, MU HAYUHASA C 3TOTO
LUKJIA Mbl UMEEM BO3MOKHOCTb PErUCTPUPO-
BaTh COOCTBEHHO IUIABJICHUE U KPUCTAIUTH3ALIMIO
JIETKOTUIAaBKOTO KOMIIOHEHTA B IJIeHKax Mo-Sn.
OKoHYaHUE TOrO Yy4YacTKa U IMOJIHAsA KPHUCTall-
JU3a1Ms 0JIOBA B TIEHKAX MIPOUCXOAUT MPU TEM-
neparype 115 °C.

Bocxonamuii yuacTok Ha KpUBOM OXJIax-
JIEHUSI, BEPOSITHO, MOJKET OBITH COMOCTABIIEH C
pacnajiom coenunenus Mo,Sn, koTopoe cornac-
HO JIUTEPATypPHBIM JIAHHBIM 00pa3yeTcst B 3TOM
KOHTaKTHOM Mape NepUTEKTUYECKUM ITyTeM MPU
temneparype 300 = 100 °C [11, 12].

PesynbTathl uccnenoBaHus Temieparyp-
HOUM 3aBUCHUMOCTH DJEKTPOCOMPOTUBICHUS
B TpexclonHbIX TuieHkax Cu-In-Cu npeacraBieHbl
puc. 5 (kpuBas a). Kak BUIuM, COPOTUBICHUE
JAHHBIX 00pa3IOB IMOCJIEC 3aBEPIICHUS OTKH-
ra Meau JIMHEWHO 3aBUCHUT OT TeMIIepaTypbl
U HE UMEEeT CYIIECTBEHHBIX 0COOCHHOCTEH,
KOTOPBIE MOTJIH ObI OBITh MUCIIOIH30BAHBI IS

UJIeHTU(PUKALIUU TeMIepaTypbl MiIaBICHUS
Y KPUCTAJUIM3ALMH JIETKOILUIABKUX BKIFOUECHUH.

R, Om

NI\

\l

50 100 150 200

T,°C
Puc. 5. 3aBucumocTts COIIPOTHUBJICHUS B UKJIaX HArpeB-

OXJIQXKICHHUE OT TeMIepaTypbl s wieHok Cu-In-Cu o
(a) m mocne (6) Harpesa 1o 350 °C

VYka3zaHHasi CHTYaIHs peaanu3yercs J0 TeX
nop, noka oOpasibl HarpeBarTCs 0 TeMIIepa-
TYP, HECKOJIBKO BBIIIIE TEMIIEPATYPHI TIIABICHUS
unaus. OgHako nocie Harpesa 10 350 °C Ha
rpaduKax HarpeBa W OXJIAXKCHHUS HAYUHAIOT
HaOIr0gaThCsl oOpaTuMble 0COOEHHOCTH, Ha-
MpaBICHUS] KOTOPHIX COBIMAJAIOT C HANpaB-
JICHWEM CKAYKOB YACIBHOTO COMPOTHBIICHUS
UHIUA pu Pa30oBbIX Nepexoaax. ITHU CKauKH,
BEPOSITHO, COOTBETCTBYIOT IJIABJIICHUIO U KPHUC-
Tamnuzanuu uHaus. OTMEeTUM, 4TO COrJiac-
HO JJICKTPOHOTpaUICCKUM HCCIICTOBAHUSIM
(puc. 6) MomOOHBIN HArPEB COMPOBOKIACTCS
MOSIBIGHUEM U CTaOuIHU3alueil XUMHUECKOTO
coenunenns Cu, In;, koropoe o6pasyercs co-
rmacHo [13] mpu 310 °C u, BeposiTHO, cOCpeno-
TOYEHO B 30HE KOHTAKTa UH]IUS C OKPY>KaroIen
ero Meaipio. COOTBETCTBYIOIIEE MEPEOXIaxKIe-
Hue okaspiBaeTcs paBHo 20 K, yto coBnagaet
C BEJIMYMHOMN, MOJyYEHHOU aBTOpamu [2, 4]
C UCIIOJIb30BAaHHEM METOJ]a CMEHBbI MEXaHU3Ma
KOHJICHCAIIMU. BEeposATHO, UMEHHO TOSIBJIICHHE

Cu,,Ing

Puc. 6. Onexrponorpammsl mieHok Cu-In 1o (a) u mocie
(6) marpena o 350 °C
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Ha TPaHUIIC UHIUS U MEIU JAaHHOTO XUMHYEC-
KOTO COEIMHEHUS MO3BOJISIET clienaTh (pa3oBbie
nepexo/pl HabII01aeMbIMU, OJTHAKO MEXaHHU3M
3TOrO SIBJICHUS TPeOyeT OTAEIbHOTO U3yUYEHUsI.
Takum 00pazom, B MJIEHKAaX MeIb-UHIUNA METOJT
U3MEpEHUs IEeKTPOCOMPOTUBICHUS, CKOpee
BCETO, M03BOJISIET MOIYUYUTh 3HAUECHHUE TEpe-
OXJIQKJICHUSI IUTs1 UH]IMS, HAXOASAIIETOCS B KOH-
TaKTe He ¢ MenIbIo, a ¢ Cu, In,. Manas Benmyuna
MepPEeOXIaXKICHHs YKa3bIBA€T HA XOPOIIEe CMa-
YMBaHUE B JJAaHHOW KOHTAKTHOM Mape.

[Ipu uccienoBaHUM NEPEOXJIAKACHUSA
B MJIGHKaX MeJb-0J0BO YCTAHOBIICHO CIENy-
rouee. B ciydae, ecin MmaccoBasi KOHIEHTpa-
IUs1 0JIOBa B Meau cocrtasisgeT Menee 20 %,
AIIEKTPOCOIPOTUBIICHUE IIPU HATPEBE U OXJIaXK-
JIEHUH MHOTOCIIOMHBIX TUICHOK (32 UCKITIOUYEHHU-
€M IIEPBOTO LIMKJIa HarpeBa) MEHsEeTCs JIMHEWHO,
U, kak u B mieHkax Cu-In-Cu, He o6Hapyxu-
BaeT HUKAKuUX ocoOeHHocTeil. B mepBoM xe
LMKJIE HAarpeBa XapakTep U3MEHEHUS] CONPOTHU-
BJICHUS B JAHHOM CUCTEME HAIIOMUHAET OTKUT
Me/IM, COIIPOBOXKIAETCS HEOOPaTUMBIM CHIDKE-
HUEM COMPOTHUBIICHUS U HE COACPKHUT UHBIX
0COOEHHOCTEH.

B Tom xe ciyuae, eciau coaep:kaHue 0J0Ba
npessimaeT 20 %, TO mepBBId LUK Harpe-
Ba COMPOBOXKIAETCS PAIOM 0COOCHHOCTEH Ha
KPUBBIX COMPOTHUBIICHUS, KOTOPbIE BEPOATHO
00yCJIOBJIEHBI 00PAa30BaHUEM B CHCTEME HOBBIX
¢a3 (puc. 7a). Bo Bpems mociaemyronux MuKiIoB
HarpeB-OXJaXXJIE€HHUE 3aBUCUMOCTh COMPOTH-
BJICHHS OT TEMIIEPATYPhl UMEET MPAKTUUECKHU
JUHENHBIN XapakTep, HO Ha Heil oOHapyKuBa-
10TCS HeOObIlNe 0COOCHHOCTH, HAallpaBICHUE
KOTOPBIX COBIAJaeT C HAIIPaBICHUEM CKayKa
yIEIBHOTO CONMPOTHUBIICHUS 0JI0Ba TpH (as3o-
BOM Tiepexojie (puc. 76). DT1oT (dakT, a Takxke
o0paTuMbIil XapakTep 3TUX 0COOEHHOCTEH
MIO3BOJISIET COOTHECTH UX C IJIABICHUEM U
KpUCTaJJIM3allMel OCTaBIIETOCsS HECBSA3aH-
Horo osioBa. OmnpeneneHHOe TaKUM 00pa3omM
3HauYE€HUE MepeoxaxaeHus B mienkax Cu-Sn
cocranisieT 45 K, 4TO HECKOJIBKO ITPEBBIIIAET Be-
mmunHy AT = 35 K, U3BeCTHYI0 U3 IUTEPATypPhl
[2, 4]. OT™MeTHM, 4TO NpHU HarpeBe 00pa3IoB
1o temreparypsl 6onee 300 °C nHabmronaercs
OBICTPBIN pOCT AneKkTpoconpoTusiaeHus. [loreps
MIPOBOJIMMOCTH CBHUJIETEIILCTBYET O TOM, UTO U3-
HauaJbHO CIUIOIIHAS MJICHKA pachaiaeTcs npu
JTAHHOU TeMIIepaType Ha OTAEIbHbIE OCTPOBKH.

JlanpHelniee noBbIIEHNE KOHLIEHTPALUK 0JI0BA
emé Oomplle CTUMYIHPYET pacmnaj MICHOK,
KOTOPBIM MPOUCXOIUT yKE MPU TEMIEpaType
TIJTaBJICHUS OJIOBA.

BepositHo, Takoe moBeaeHue oopasio Cu-Sn
MOXHO 00BSICHUTH crenyromum. Kak cienyer u3
[14], npu ocaxxaenuu wieHok Cu-Sn myTem mo-
CJIOMHOM KOHJIEHCAlMU Ha MOJIOKKY KOMHATHOM
TEMIEpaTyphl B 30HE KOHTaKTa METaJIOB 00pa-
3yercs coenunenne Cu Sn,, pasnensroliee ciou
Menu u onoBa. [lomydnTs yucThie nHTEpECH
MeJIb-0JI0BO yIa€TCsl JINIIb MTPH KOHICHCAIINHT
00pa3loB Ha MOIJIO0XKH, MOJJIepPKUBAEMBbIE
Ipu TeMneparype kujakoro azora. [losatomy
B HaIIuX oOpa3iiax HeMmoCPEICTBEHHO TMOCIE
OCaXXJIEHHUs OCTaBlleecs CBOOOJHOE OJIOBO Ha-
XOIUTCs B KOHTAaKTe HE ¢ Mepio, a ¢ Cu Sny
Opnnaxko, coracHo [14], oTxur o0pasios npu
temnepatype 150°C BbI3bIBaCT MOCTEIICHHBIHN
pacnaz Cu, Sn, ¢ BEICBOOOXKIEHUEM CBOOOIHOTO
olioBa U 00pazoBaHUEM Cu3Sn. [To-Bugumomy,
0COOEHHOCTh, OOHapyXKHBaeMasi B MEPBHIX

R, Om

s 10 % Sn
20}
15+
10 F N
5L 25%Sn__—~
| <>
1 L 1 1 1 L L 1 1 L L
50 100 150 200 250 T,°C
a
R, Om
75F
70F
6,5 ~
6.0 - &
I 25 % Sn T T
55} J N
1 L L 1 1 L L 1 1 1
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o
Puc. 7. TemneparypHasi 3aBUCHUMOCTb COIPOTHUBIICHHS
wieHok Cu-Sn B epBoM (a) 1 4eTBepTOM (6) IIUKIAX Ha-
rpesa
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[IMKJIaX HarpeBa 00pasIos, comepkamux 25 %
Sn, obycnoBneHa yka3zaHHbBIM nporieccom. Tak,
coracHo [15], npu 3Toii TEMIIEpaType Ipu nep-
BOM Harpese 00pasuos, cogepxkamux Cu Sn,
Ha TEMIEPATYypHOI 3aBUCUMOCTHU TEMIIEpaTyp-
HOro KOd(dUIMeHTa paCIIUPEHHUS UMEETCs
NpOTSHKEHHAass 0COOCHHOCTh, KOTOpasi, Haps-
Iy C pPa3HUIICH B YACIbHBIX COMPOTHUBICHUIX
Cu,Sn,, Cu,Sn u YUCTHIX KOMIIOHEHT, MOXKET
00BSICHUTh U3MEHEHHE EKTPOCONPOTUBIICHUS,
HaOnroaeMoe B HallUX 3KkcnepuMenTax. [lo-
ABJICHHUE B MOCJEAYIOMUX IUKIaX HAarpes-
OXJIaX/IEHUE Ha TEMIIEPATYPHBIX 3aBUCUMOCTAX
AIIEKTPOCOTPOTUBIICHUS CKAYKOB, UICHTHU(PHIIN-
PYIOLUX IUIaBICHNE U KPUCTAJUIU3ALIHIO 0JI0BA,
BEPOSATHO, MOKHO CBS3aTh C BHICBOOOXKIEHUEM
JOCTAaTOYHOTO JJI PETUCTPALHU KOJUYECTBA
0JI0Ba, KOTOPOE€ HaXOJUTCSI B KOHTAKTE Kak
¢ Cu,Sn, tak u ¢ Mmeap0. OHAKO, TOCKONBKY
comntacHo [16] BcaeacTBrue KOHKYPEHIIMU MEKTY
Cu3Sn u Cuésn5 Ha I'PAHULE KOHTAKTa KUJIKOTO
0JI0Ba C MEJIbI0 CHOBA IIPOUCXOIUT 00pa30BaHKe
unrepmeraumaa Cu Sn,, KOTOpOe 3aHUMAET 3a-
BEJIOMO MEHbIIIee BpeMsi, YeM OXJIaXIeHUE 00-
pasla 10 TeMIeparypsl Kpuctamuzauuu [17],
TaK)KE B KOHTAKTE C IEPEOXJIAXKIEHHBIM 0JIOBOM
OyleT HaXOJIUThCSI BHOBb BO3HHKIIIEE MOCIE
pacnaza coenunenue Cu Sn,. Takum o6pasom,
Ha0JII0gaeM0Oe B MHOTOCIOWHBIX TIEHOYHBIX
cuctemMax Cu-Sn mepeoxyiaxkJeHHEe JIETKO-
MJJABKOTO KOMIIOHEHTa COOTBETCTBYET OJIOBY,
HaxoJIIIeMyCsl B KOHTAKTE KaK C MEJIbl0, TaK
U C UHTEPMETAINTUYECKUMH COSTUHEHUSMH.

BBIBO/IbI

[Ipu nmomo1iu uccienoBaHus 3aBUCUMOCTHU CO-
MPOTUBJICHUS OT TEMIIEPATyphl B IIUKJIAX Ha-
rpEeB-OXJIAKACHHUE OMPENCICHBl BEIUYNHBI
MIEPEOXTKICHUS TIPU KPUCTAUTU3AIUHN JIETKO-
MJIaBKOT0 KOMIIOHEHTA B mieHKkax Mo-In, Mo-
Sn, Cu-In, Cu-Sn.

YcTaHOBIIEHO, YTO OOHAPYKEHHAsI BEJIMYH-
Ha nepeoxnaxaeHus B wieHkax Cu-In u Cu-Sn
COOTBETCTBYET MEPEOXJIAKICHHIO JICTKOIUIABKO-
ro KOMIIOHEHTA, HAaXOAIIECrocs B KOHTAKTE HE
TOJILKO C MEJIbIO, HO U C Pa3IMIHBIMU XUMUYEC-
KUMH COCIUHCHUSIMH.

[Tokazano, 4T0, HECMOTPS Ha TO, YTO METO/
perucTpaIum dIEKTPOCOMPOTUBICHUS MOXKET
OBITH MCIONB30BAH IS 1N situ perucTpanuu
MepeoXaXICHUsI B CUCTEMAaX C Pa3JIuYHBbIM

TUIIOM (a30BBIX JUarpaMMm, OH OKa3bIBAE€TCS
HanboJiee MEepCNeKTUBHBIM JIJI1 KOHTAKTHBIX
1ap ¢ NPOCTHIM XapaKTEPOM B3aUMOJEHCTBUS
KOMITOHEHT.
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