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Paspabomana usuko-mamemamuueckas mooens GOpMUpPoBaAHUs. MHO2OCIOUHO20 YNPOUHAIOWE20 NOKPbl-
Mus HUMPUOOM MUMAana 8 sude NIOMHOYNAKO8aHHOU cmpykmypol. Eciu obpasyemcs pewemounas Kiacmephas
CMPYKMypa HUmpuoa mumaa, mo oxa 00adicua apmupogamvcs monexyiavu TIN wiu Tiz. Muoeocnoiinoe no-
Kpblmue GopmMupyemcs 6aKyyMHO-NIA3MEHHbIM (INeKmPoOy206biM) MEMOOOM 8 UMNYIbCHOM pedcume. O6pazo-
8aHUe MOJEKYN HUMPUOQ MUMAHA NPOUCXOOUM BCAEOCMBUe NPOMEKAHUS KAMATUMUYeCKUX peakyuti coeouHe-
HUSL MOJIEKYAPHO20 azoma ¢ moaexyramu mumana Ty u Tigna nosepxnocmu ynpounsemoi 0CHOBbL.

BBeaenne. MHOTrOCIIONHHBIE TMOKPBITHS HIUPOKO HCIOJIB3YIOTCS JJIA YNPOYHEHHUsS JeTajied B MalluHO-
crpoennn. HanGosee mmpokoe IprMEHEHNE HAIIIK MOKPBITHS W3 HUTpuaa thtana [1]. OmHako ciemyer oTMe-
THTh, 9TO OfHOCITOWHBIe TIN MOKPBITHS HE BCETa YIOBIECTBOPSIIOT TPEOOBAHMSM, MPEIbSIBIICMBIM K ICTAISIM.
B pa6ote [2] moka3aHo, 94TO yiIydmieHUs: PU3HKO-MEXaHHUECKAX CBOMCTB MOKHO JOOHTHCS MOJTyYCHHEM HAHO-
CTPYKTYPHOTO NOKpbITHs. B paborax [3—5] HAHOCTPYKTYpHBIE TOKPHITHUSI TOJIyYain myTeM (HOPMUPOBAHUSI MHO-
TOCJIOMHOTO MOKPHITHS. B TO jxe BpeMs B HACTOsIEe BpeMsl HET HAYYHOTO 0OOOCHOBAHUS, 3a CUCT YETO MPOUCXO-
AT yiydiieHue (HU3NKO-MEXaHUYCCKUX CBOWCTB JAaHHBIX IOKPBITHIA, HE SICHO, KAKOW TOJKHA OBITH TOJIUHA
OJTHOTO MOHOCJIOSI, YTOOBI 00CCIIEYNBATh IMOBBIIICHAE KAYSCTBEHHBIX U IKCIUTYaTAllMOHHBIX XaPaKTCPUCTHK JIe-
TaJell ¢ MHOTOCJIOWHBIM MOKpbITHEM. [103TOMY IieNbl0 TaHHOH paboThI cTajia pa3pabdoTKa TEXHOJIOTHUECKOTO
mporiecca yIpoYHeHus JeTaleil U3 ATIOMUHKSA | ero CIUTaBOB 3a cueT (GopmupoBanust Muorocioitaoro TiN mo-
KPBITHS C TUIOTHOYTIAKOBAaHHOW CTPYKTYpoi. JIJIsi peanu3annuy MOCTaBISHHON e HEOOXOIUMO OBIJIO PEIIUTh
CIIEeIYIONIHE 3a0aUu.

- pazpaborarh (pH3MKO-MATEMATHYECKYIO MOJEINb mporecca GpopmupoBaHus TiN HOKPHITHS ¢ IUIOTHO-
YIaKOBaHHOM CTPYKTYPOM C YYETOM CTPOEHHUS OCHOBHI;

- pazpaboTraTh ONTHMAJIbHYIO TEXHOJIOTHIO HaHECEHHs MHOTOCI0MHOro TiN MOKpBITHs, 00eceYnBao-
Y0 MaKCUMaJbHOC YIPOUYHCHHE 0e3 00pa30BaHusl KIACTEPHBIX CTPYKTYP.

KiacrepHasi CTPYKTypa aJIIOMHHHUS W TUTAHA. B pacriuiaBieHHOM MeTaJlIe 10 MEpe CHIDKCHHS TeMIIe-
paTypbl IPOUCXOUT YBEIMYCHUE SHEPTUU B3aUMOJICHCTBUS aTOMOB JIPYT C IPYTOM, B pe3yJIbTaTe 4ero oopasy-
FOTCSl YCTONYMBBIC JBYXaTOMHBIC MOJEKYJBI, a 3aT€M B3aMMOJCHCTBHE OTACIHHBIX aTOMOB C JBYXaTOMHBIMH
MOJICKYJIAMH TIPUBOJIUT K 0OPa30BaHHIO TPEXATOMHBIX MOJIeKy. OOpa3yronirecs MOJICKYJIbl B3aUMOJICHCTBYIOT
MEXIy COOOU ¥ C OTACIBbHBIMH aToMaMHu. [Ipu 3TOM 00pa3oBaHUE TPEXATOMHBIX MOJICKYJ HE MOXET IPOUCXO-
JTIUTH BCIIEJICTBHE TPOWHBIX CTOJKHOBEHHUH aTOMOB. VX oOpa3zoBaHNe MPOUCXOANT P OWHAPHOM B3aUMOJIEHCT-
BUU aTOMOB C JBYXaTOMHBIMH MOJICKYJIaMH.

DHepruu JUCCOTMANNY IS ABYXaTOMHBIX MOJIEKYTT Al u Tiy 9KCIIepUMEHTANBHO M3MEPEHBI M COCTaB-
Js110T cootBeTcTBeHHO 2,05B ¢ TounocTeio (3...10) %wu 1,25B ¢ Tounocteio > 10 % [6]. s monekyasr Al,
TOJTYdYEHO TAaKKe MEXbAICPHOE PACCTOSHME, KoTopoe coctaiser 2,47 A [7]. PacuerHsle 3HaueHus >Heprum
Juccorranu Mojiekyisl Al, npuBenensl B Tabnuie 1.

Ta6muma 1
9Heer$I JAucconranv 1 MOHU3alUU IBYXaTOMHBIX U TPEXAaTOMHBIX MOJICKYJI aJIlOMUHUA U TUTaHA
ITapamerpsl . Mone.KyHH _
TiN Al, Ti, Al Tig
re, A 1,818 2,47 3,016 2,139 2,612
Eon, 9B —3,955 -1,577 -1,136 —2,592 —2,538
Eom OB 0,827 —-0,317 —-0,115 —0,562 —-0,291
Eyancn, 9B 0,210 -0,161 —-0,133 —0,0015 —-0,017
E., 5B 0,015 0,034 0,114 0,032 0
E.n B 0,175 0,017 0,065 0,027 —0,042
E,.,, 5B 4.801 —2,003 —1,204 3,093 —2,888
Eoeen, 9B 4.8 2,0 1,2 —3,226 -
®;, B 11,27 5,95 6,71 5,92 6,65
P,, KM, 10° 0,574 0 0 1,464 5,396
Fpps A 2,689 2,555 2,755 3,243 3,734
Z 2,102 1,054 1,204 1,331 1,722
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CoBmnajicHHE TEOPETUYECKH PACCYMTAHHON IHEPTHU OUCCOLMALMH [T MOJeKynsl Al, ¢ 3KcreprMeH-
TaJIbHBIM 3HAYCHUEM PEaN3yeTCsl IIPH KOBAJICHTHOM Pajuyce aToMa amoMuHus, pasHoM 1,276 A Jlns xosa-
JNIGHTHOTO PaJMyca, OTyUYEHHOTO U3 NapaMeTpPOB KPUCTAILIHUECKOH pemerky, pasnoro 1,43 A [7], sneprus
JUCCOLHMAIMN COCTAaBISIeT TOJbKO 1,465B. DHeprusi MOHH3AIUU
mouekyisl Al,— 5,953B.

st Mmonekynsl Tip, MEKBSIIEPHOE PACCTOSIHHE paccMaTpH-
BaJIOCh KaK BapHALMOHHBIN MapamMeTp U HaxOJHIOCh IO IKCIEePH-
MEHTaJIbHOMY 3HAYCHHUIO SHEPTHU CBSI3H. PaBEHCTBO 3HEPruii auc-
COLIMAIMH MPOM30III0 Ha MEXbSAEPHOM PACCTOSHUU, COCTABIISIO-
mem 3,016 A.PacueTHsIM myTem mosydeHa TakKe SHEPIHs HOHH-
3alUKl MOJICKYJBI Tip, KOTOpas coctaBmwia 6,713B. DkcnepumeH-
TanbHOE 3HAYCHHE YHEPIHH HOHU3aLUK B COOTBETCTBHH C [6] pas-
asutocs 6,3+ (3...10 %).B npenenax ommboOK U3MEPEHUH TEOPETH-
YeCKU NOJIyYSeHHOE 3HAUYCHHE YHEPTHH NMOHU3ALNHU COBIAJAET C IKC-
NepUMEHTANBHBIM 3HaueHHeM. D(PheKTuBHbIN paauyc monekyn Al
u Ti, cooTBeTcTBEHHO paBeH 2,555u 2,755 ADmu PacCTOSIHUSA T10-

Puc. 1.Pacronoxenne atoMmos JydeHBI TIyTEM CpaBHEHHs oObeMa mapa ¢ JUIHIICOUAATbHBIM 00b-

B TPCXaTOMHO# MOJICKYJIC aTFOMHHUS €MOM JIByXaTOMHOM MoJieKyJibl. [Ipu B3aumoaeicTBUu atoma ajo-

MHHUS C ABYXaTOMHOW MOJICKYJIO# afoMHUHUs Hauboliee BEpOsITHO,

4YTO 00€ YaCTHUIIBI PACIIONATAIOTCS, KaK 3TO MMOKa3aHo Ha pucyHke 1, ¢ yriom cBszu ~ 120°,Tak Kak Ipu TaKOM

UX B3aUMHOM DACIIOJIOKECHUH pealli3yeTcsi MaKCUMalbHast SHeprus cBsizu. 13 pucynka 1 nonyuaem 3¢ dexrus-
HBIN paJiNyC TPEXaTOMHOMN MOJICKYJIBIL:

Rn=5Te *a- &

Jnst amomunns — 3to 3,243 A, a nus turana — 3,734 A Paccrosmue MEXIy LIEHTpaMH aroMma U JABYX-
ATOMHOW MOJEKYJION s amoMuHus pasao 2,139 A,a nus turana — 2,612 A.Paccrosaus MEXAYy aTOMaMH B
KPHCTAILTIHYECKOH CTPYKTYpe Ul allOMHHHS M THTaHA cooTBeTCTBeHHO paBHbl 2,021 2,95 A. Ha ocHoBannn
MOJIyYSHHBIX PACCTOSIHUIM MEX/y IIEHTPAMHU B3aUMO/ICHCTBYIONIMX YaCTUI] IPOU3BE/CH PACUET SHEPrUil pa3phbi-
Ba CBSI3M MEXIy aTOMOM M JBYXaTOMHOW MOJICKYJION TIPH 00pa30BaHWU TPEXaTOMHON MOJICKYJ Bl (cM. Tabm. 1).
Taroke B Tabnume 1 mpuBeneHBI pe3yabTaThl TEOPETUIECKOTO pacdeTa dHEPrHid HOHU3AIuH, YQPEeKTUBHBIX pa-
JycoB 1 3G (HEKTUBHBIX 3apsia0B MosieKya Als u Tis. DHeprust paspeiBa CBA3M aTOMa C JIBYXaTOMHOU MOJIEKYJION
JUISL aJIFOMUHHSL M TUTaHA 3HAYMTENILHO OTJIMYACTCS OT SHEPIUH AMCCOLMAIMH JBYXaTOMHOW MOJICKYJIbI U TPH-
MEpPHO paBHA DHEPrUU OWHAPHON CBA3M MEXIY OTIACIbHBIMH aTOMaMH B KPUCTALUTMYECKOH CTpykType. Jlist
cpaBHeHUs B TabOmiuie 1 npuBeAcHO 3HaYCHHUE OWHAPHOW CBSI3M aTOMOB QIIOMUHUS B KPUCTAJUIC TPAaHCICHTPH-
POBaHHOM CTPYKTYphl. He3HaUNTENbHOE OTIIMYKE SHEPTHI CBA3M OOYCIIOBICHO TEM, YTO B KPHCTAJIC PACCTOS-
HHUE MEXK]Ty aTOMaMH HECKOJIbKO MEHBIIIE, YEM B TPEXaTOMHOM MOJICKYJIC.

TpexaromHas MOJIEKyJIa TUTaHA 00JIaJ]aeT CPABHUTEIBHO OOJBIIUM 3HAYCHHUEM JUIOIBHOTO AJICKTPHYC-
ckoro MoMeHra. [1o3ToMy Kilactep THTaHa MPU HU3KUX TeMIlepaTypax JOJDKeH 00/afaTh CTPYKTYPOii aaMasa, a
B HOPMAaJIbHBIX YCJIIOBHSIX — I'€KCAarOHAJIBHOW MJIOTHOYIIAKOBAHHOM CTPYKTYpOIl.

UYUroObl MOHSTH CIOKHBIA MeXaHu3M (OPMHUPOBaHHSI M B3aUMOCHCTBHSI Pa3HbIX YaCTHUI] C TIOBEPXHOCTHIO
YIIPOYHSEMOr0 MaTepuaia, BaKHO BBIICHUTH, KaK B3aMMOJACHCTBYIOT aTOMBI, JBYXaTOMHBIE MOJICKYJIBI H TPEX-
ATOMHBIE MOJIEKYJIbI MEXIy CO00Ii 1 APYT ¢ IPyroM B mporecce HGOPMUPOBAHHUS KOHASHCUPOBAHHOTO COCTOSTHHSI.

B3anmojeiicTBHe aTOMa ¢ TPeXaTOMHOII MoJiekyJioii. Ha pucynke 2 mokasaHO MPUMEPHOE PacIoio-
KCHHUE OTIICIIbHBIX ATOMOB OTHOCHUTEIHHO TPEXAaTOMHON MOJICKYJIBI.
B Takoil CTPyKType BOKPYr TPEXaTOMHON MOJEKYJbl ATIOMUHHS H
TUTaHa B OnmkaiiieMm okpykeHnu Haxoxutcs 20 u 8 aromoB ¢ pac-
CTOSIHUEM MEXIY IEHTPaMHu B3aumMoOJeHCTBYIOmMX vactull 3,599 u
3,687 AcoorsercrBenno. J{is allOMUHES ¥ TUTaHA CPeJHEE 3HAUe-
HUEe OMHAPHOW CBSI3U aTOMOB C TPEXaTOMHOM MOJICKYJION COCTABIISET
~ 0,255u 0,1915B. IIpu 3TOM KOBaJICHTHAs CBSI3b B OCHOBHOM OII-
pelenser pe3yabTUPYIoLIyIo sHepruio cBssu (85...90 %).

B3aumopeiicTBue ABYyXaTOMHOM MOJIEKYJIbI C TPEXaTOMHOM
MoJIeKYyJIOH. B3anmoaeiicTBue TpexaTOMHONW MOJIEKYJIBI C IBYXaTOM-
HBIMH MOJIEKYJIaMU 00pa3yeT pa3BeTBICHHYIO CTPYKTypy, H300pa-
JKCHHYIO Ha pUCYHKE 3.

Cpenusiss 3Heprusi OMHAPHOTO B3aUMOJACHCTBUS ISl AFOMUHHS

Puc. 2. KHanTepHa" CTpyKTYpa OMpPEJEIACTCS B OCHOBHOM KOBAJICHTHOW CBSI3BIO M COCTABIISICT B CPE/-
IIPHU B3aUMOJCUCTBUU TPEXAaTOMHOU
P A p nHem ~ 0,040B.

MOJIEKYJIBI C OTACJIBbHBIMU aTOMaMU
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s tutana cpennss sHeprus OuHapHOU cBsizu cocrtaBisieT ~ 0,0503B, u ompenensiercs B OCHOBHOM
JUTIOJb-TATIOJIEHBIM B3auMOJICHCTBUEM. Takas CBSI3b B TUTAHE MOXCET YCTOWYHMBO PEalM30BaThCS BIUIOTH 0
temmeparypsl 580 K.

B3auMonelicTBHe TPeXaTOMHBIX MOJIEKYJI ATIOMHHUS JpPyr
¢ apyrom (GopMHUPYIOT KiacTep IPpaHEIEHTPUPOBAHHON CTPYKTYPHI,
KaK 9TO IMOKa3aHo Ha pucyHke 4. CpenmHss dHeprus OWHAPHOTO
B3aMMOJICHCTBUS BHYTPH KJacTepa C y4eTOM HECHMMETPHUYHOTO

Puc. 3. Cxemarnunoe H3(16Pa>l<eHHe pacrpeeneHus NEeKTPOHHON IIOTHOCTU BHYTPH TPEXaTOMHOM MO-
q’OPMHpOBaf{H’[ KIACTCPHON CTPYKTYPBL JeKynsl amomuHusa coctasiger 0,08723B, 4TO COOTBETCTBYET
HPH BSAHMOACHCTBI ABYXATOMHBLX MOJICKY L temrniepatype 1012 K,a B3auMoeiicTBre MexXay KilacTepaMu alio-
C TPEXaTOMHOM MOJIEKYJION
MUHHS CO3/IaCT KIIACTEPHYIO PELICTOYHYI0 CTPYKTYpPY, KOTOpas
pacriajiaetcs pu Temieparype miasieHus amomunus 934 K.

Jlis Tutana curyanus 6ojee cioxHas. KiacrepHsie 00pa3o-
BaHUs (HOPMHUPYIOTCS HE TOJBKO BCIEACTBHE OWHAPHOTO B3aMMO-
JIEUCTBUST MEXKJY OTIEIbHBIMU aTOMaMH, HO U TIyTeM 00pa30BaHUs
CTPYKTYpP BOKPYT TPEXaTOMHBIX MOJEKyJ. B pesymprare mosryda-
FOTCS CJIOXKHBIC aJUIOTPONMYECKHE U3MEHEHUS TUTaHa B 3aBUCHUMO-
CTH OT POCTa WJIM YMEHBIIEHHUS TeMIlepaTyphl KpucTamia. B Hop-
MaJbHBIX YCIIOBUSX THUTaH 00JIaZlaeT TeKCAaroHAIBHOHN IIOTHOYTIA-
KOBaHHOM CTpyKTypoi. OOmuii BU KIacTepoB alOMUHHS U TUTA-
Ha MPHUBEJICH HA PUCYHKE 5.

Mounekyna HUTpHAA THTaHAa. BsaumopeiictBue Mexny
aTOMaMH THTaHa M a30Ta 00pa3yloT IBYXaTOMHYIO MOJICKYIy HHT-
puna tutana. OCHOBHBIC MCXOTHBIC JaHHBIC ATOMOB a30Ta U TUTAaHA

Puc. 4. Pacriononer e TpexaToMubix mone-  MPHBEICHBI B [6; 7]. Ha ocHOBe THX HaHHBIX NPOM3BEIEH PACUET

KYII B CJI0€ B IPOLIECCe BCEX OCHOBHBIX XapaKTEPHUCTUK MOJIEKYJbl HUTPUAA THUTAHA M TIO-

HMX B3aUMOJCHCTBUS JIYYCHBI CJICAYIOIME PE3YyJIbTaThl. IIPU DHCPIrUM AUCCOLMALIMH, paB-

HoW 4,85B 3HaucHHE MEXBAACPHOIO PACCTOSHUS COCTABHIIO

1,818A, uTO HECKOTBKO MEHBIIE CYMMBI KOBAJICHTHBIX PAINyCOB

THTaHa U azora — 2,16 A;moremmman nonmszamin — 11,27B;  IUMONBHBIH JJICKTPHIECKUNA MOMEHT MOJICKYJIbI

HUTpUJA TUTAHA — 0,5741030 Ki-m; s dexTuBHBIN paguyc MOeKybl Rype = 2,689 A;pazu/[yc woua — 2,031 A,
a MIOTCHIMAI BTOPOH KpaTHOCTH nonu3anuu 22,0B.

Puc. 5. O0mwuii Bux knacTepa:
a — AIIOMUHMS; 6 — TUTaHA

O0pa3oBaHue IIOTHOYNAKOBAHHOIO CJIOSI M3 MOJIEKYJI HUTPpUaa TuTaHa. Korjaa Ha OBEPXHOCTH Me-
Tayta 00pa3yroTCs MOJIEKYJIbl HUTPHUJIA TUTAHA, OHU B3aUMOJEHCTBYIOT C KJIaCTEpaMU STOr0 MeTaiia. Buauane
MOBEPXHOCTh METAJIA TOKPHIBAETCS MOHOMOJIEKYJSIPHBIM CIIOEM, @ 3aTeM 00pa3yeTcst CIeAyIOIuii MOHOMOIe-
KYJSIPHBIM CJIOM, KOTOPBIM C MPEABIIYIIMM CJIOEM CBSI3aH aJr€3MOHHBIME CHJIAMU M 00pa3yeTcs MIOTHOYIIAaKO-
BaHHAs CTPYKTypa, u3o0pakeHHas Ha pucyHke 6. Kakmas Moyiekyia B siueiike ajre3ud B3auMOJICUCTBYET C
120 mMonekynamu. BuHapHas CBSI3b MEKIY MOJICKYTaMH HUTPH/IA TUTAHA 00YCIIOBJIEHA KOBAJICHTHOW U HOHHON
CBSI3BIO, @ TAKXKE IMITOJb-JAUIOIBHBIM B3aUMOJEHCTBHEM. B MIOTHOYMAKOBAHHOM CTPYKType HUTpHAA THTAHA
KOBAJICHTHAas M MOHHAs CBs3b coctaBisieT 0,0225B, a munone-gunonsHast — 0,078B. PesynsTupyromas sHep-
IMs CBA3U Ha OfHY MoJieKyay cocrtasiser 0,1003B. Dueprusi OMHAPHON CBS3M MEXIY MOJEKYJIaMH HHUTPHIA
TUTaHA B IUIOTHOYIIAKOBAHHOM CJIO€ HE3HAYMTEIILHO MPEBOCXOMUT SHEPTHIO OMHAPHOM CBSA3M MEXKIY KiacTepa-
mu amromunus (0,085B). CienosarenbHo, IpU TEMIIEPATYPE IJIaBIEHUS OCHOBBI YIIPOYHSONIAs IJIEHKA HUTPH-
Jla TUTaHa He J0JDKHA 3aMETHO pa3pymarbes. HUTpu[ THTaHa Ha MOBEPXHOCTH YIPOYHIEMOrO MaTepralia B3au-
MOJICUCTBYET C KJIACTEPHBIMU 0OPA30BAHUSIMU AMIOMUHUS. PacCcTOsSHIE MEXKIY MOJIEKYJIONH U KIaCTEPOM J0CTa-
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TOYHO 60J'ILIHOC, MO3TOMY KOBAJICHTHOM U MOHHOM CBSI3bI0 MOXKHO npeHe6peqL. B stoMm Cj1ydae CBA3b C OCHOBO1
OIMPCALCIIACTCA JICKTPOH-AUIOJIbHBIM U AWUIIO0JIb-AUTTOJIbHBIM BSaHMOHGﬁCTBI/IﬂMI/I.

Puc. 6. CtpykTypa yIpo4HEeHHOTO HOKPHITHS Ha TIOBEPXHOCTH aJTIOMHUHUS:
1 —mIoTHOYNAKOBAaHHBIN CIIOI HUTPU/AA TUTAHA, 2 —IUIOTHOYIIAKOBAHHBIN CIIOH OBEPXHOCTH
QIFOMMHHS TPEXaTOMHBIMU MOJICKYJIAMH TUTaHA; 3 —KJIACTEPHAs CTPYKTYpa aJIFlOMHHUS

C y4eToM IpHHIUNA CYNEPIO3UNNH NEKTPUUECKUX ITOJICH SHEPrus CBA3M MOJICKYT HUTPHIA TUTaHA C
kiaacrepamu amomunus pasaa 0,0983B. D10 m0cTaTOYHO MPOYHAS CBSI3b.

ITo mepe pocTa TOMIUHBI IUIEHKH MOTYT ()OPMHUPOBATHCS KJIACTEPHI M3 MOJIEKYJI HUTPUAA TUTAHA.

O0pa3oBaHNe KJIACTePHBbIX YNPOUYHSIOIUX NMOKPbITHIi. KinacTtepsl HUTpHUAa THTaHA SBISIOTCS MOJIE-
KYJSIpHBIMH KilacTepamu. OOIIHi BUA TAKOTO KiacTepa n300pakeH Ha pUCYHKE 7. B ympodHsIomeM MOKpHITHH
HaHOKJIACTEPbl HUTPHUJIA TUTAHA CO3/IAI0T KPUCTAUIMYECKYIO PELIETKY, CBSA3b MEX/IY 4aCTHLAMH B KOTOPOH OIl-
penesnsieTcs IpenMyIIeCTBEHHO JIEKTPOH-IUIIOJIBHBIM U JTUTI0JIb-TUIIOJIbHBIM B3aUMO/ICHCTBHISIMU.

Pe3ynbTHpYIOMMIl UITONBHBIA SIeKTPHUCCKHA MOMEHT KiacTepa Hutpuma tutana 4,01810°Kmwm.
KnacrepHast penieroynasi CTpyKTypa HUTpHIA THTaHa 00afaeT npocToi Kyondeckor cTpykrypoi. OOmmuii Bu
KJIaCTEPHOM PEIIETOYHOW CTPYKTYpPhl HUTPHIA THTaHa CXEMAaTHYECKH I0Ka3aH Ha pucynke 8. B atom npenno-
JI0’KEHUH 3HEPrus OMHApHOH CBA3M B KIIACTEPHON PEIIETOYHON CTPYKTYpE B BEPTHKAIbHOM HAINPABICHHH CO-
crasisier 0,0863B, a B ropusonTansHoM HanpasicHnn — 0,0345B.

Puc. 8.Kiacrepnas penieroynas CTpykTypa
HUTPH/A TUTAHA:
a —BuJ cOOKy; 6 —BUJ CBEPXY

Puc. 7. 306paxenue xnacrepa
13 HUTPHUIA THTaHA

W3 pucynka 8, 6 BUIHO, 4TO B KIIACTCPHOW PEHICTOYHON CTPYKTYpE HUTPUAA THTaHA 00pa3yrTCs CTOJ-
6000pa3HbIe MyCTOTHI TOCTATOYHO OOJBIIOrO pa3Mepa, T.€., KPIUCTAUT HUTPHIA TUTAaHA B YUCTOM BHUJIE SBISACTCS
pBIXJION CTpyKTypo#. [TomydaeTcs:, 4To Kak TOJBKO B TNIOTHOYIMAKOBAHHOW CTPYKTYpe HAUYMHAIOT (HOPMHPOBATH-
Csl KJIACTEPhl, TaKas IUIEHKA HAYMHAET OTCIAHUBAThCst OT OCHOBBI TpH Temrepatype 400 Ku Boiire. YToObI 3TOTO
HE TMPOHMCXOIIIO, CIEIyeT CTOII0000pa3HbIE MYCTOTH YeM-TO 3alOJHATh. Takoe 3al0JHEHHE MOXKET OCYIIeCTB-
JATBCS TPEXaTOMHBIMH MOJIEKYJIaMH THTAaHA W MOJIEKYJIaMH HUTPHJIA TUTaHA.
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2014 BECTHUK I1IOJIOLKOI'O I'OCYJAPCTBEHHOI'O YHUBEPCHUTETA. Cepus B

TexHOJ0THsSI MHOTOCJI0HHOT0 BAaKYyMHO-IIJIA3MEHHOr0 YNPOYHEHUs JeTajeil U3 aJIOMUHHUS U €ro
CIUIaBOB peajHu3yeTcs B CJEAYIOUIeH MociaenoBaTeIbHOCTH. BHavane npou3BOAMTCS MOATOTOBKA MOBEPXHOCTH
OCHOBBI (BHEKaMepHasi M BHyTpHUKaMepHas). BHyTpukaMepHas MoJAroTOBKa OCHOBBI 3aKJII0YacTCsl B GoMbapaun-
POBKE MOHaMH MaTepuaya Katona. [Ipm 3TOM IpOMCXOINT MHTEHCHBHBIA Pa3orpeB OCHOBHI, YTO HEOOXOIUMO
JUTS TIOBBIIICHUS] KOHCTAHTHI XUMHYECKON pPeakInu MpU 00pa3oBaHUK MOJIEKYJ HUTpHIA THTaHA. 3aTeM HaHO-
CHUTCS MOJICJION NOHOB THTaHA M MOCJIE 3TOTO MPOM3BOAUTCS HAITYCK a30Ta. A30T C THTAHOM BCTYIAeT B XUMUYE-
CKYIO PEaKIIHIO M0 CXEME!

Ti3+ N, < TiN + Ti2+ N; Ti2+ N < TiN + Tl, Ti2+ N, < 2TiN. (2)

B pesymbpraTte 006pa3yroTcs MONEKYIJIBl HUTpHIA THTaHa. 13 Moilekys HUTpUAa TUTaHa (GOPMHUPYIOTCS KIaCTEPHI,
KOTOpBIE CO3IAI0T KIACTEPHYIO PEIICTOYHYIO CTPYKTYPY, KOTOpasl B psA€ CIIydasx HE BBITOJHSUIA CBOSH poym
KaK YIPOYHSIONICTO MOKPBITHS. DTO MPEANOJIOKEHHE MPOBEPCHO IKCIIEPUMEHTAIBLHO ITyTeM U3MepeHus aedop-
MAIMOHHOTO U3rn0a TOHKKX MJIACTHH aJIFOMUHKS B 3aBUCUMOCTH OT BpeMeHHU HamnbutieHus (puc. 9).

o 1 23 4

™t ool e

5 10

1 | | |
0 1 r |

20 duH

—7

Puc. 9.3aBucumocts nu3mMeHenus aedpopmannu odpasia oT BpeMeHH GOpMHUPOBAHUS HOKPBITHS:
1 —oumncTka; 2 —HaHECEHHE MOJCIIO TUTaHa, 3 —(OPMUPOBAHME HUTPH/A TUTAHA B IIPOLIECCE HAITYCKa a30Ta B KaMepy;
4 —o0pa3oBaHKe KJIACTEPHOH PEHIETOYHON CTPYKTYPHI 1 3aII0JIHEHUE CTOJIO000Pa3HBIX IyCTOT MOJIEKY/IaMH HUTPH/A TUTAHa;
5 —ocTeBanne 06pasiia pu KOHBEKTUBHOM TEITIOOOMEHE

ITo mepe dopmMupoBaHUS INIOTHOYIIAKOBAHHON CTPYKTYPHI BOSHHKAET Pe3KOe BO3pacTaHue AeopMarni.
Ioce 8-Mu MUHYT HAMBIICHUS B MOKPBITHHA HAYHMHAIOT (YOPMHUPOBATHCS KIIACTEPHBIE CTPYKTYPbI HUTPHA TUTA-
Ha, TPOJIOJDKACTCS TAKOE MPEBPAICHUAE MPUMEPHO TPH MUHYTHI, a 110 MEpEe 3alOJHEHHUS CTOI0000Pa3HBIX ITyC-
TOT TPEXaTOMHBIMH MOJICKYJIAMU THTaHA U MOJEKYJIaMH HUTPUAA TUTAHA BHOBb 00pa3yeTcsi IUIOTHOYIAKO-
BaHHasl CTPYKTYpA.

Takum 00pa3oM, MHOTOCIOWHOE YIPOYHSIOIICE MOKPHITHE U3 HUTPUIA THUTAHA MPEICTABISACT COOOM
IUIOTHOYIMIAKOBAHHOE COCTOsiHUE. Kora B OONBIINX TOJNIIMHAX MOKPHITHS HAYUHAIOT 00Pa30BBIBATHCS KIIACTEP-
HBIC CTPYKTYpPBI, BO3HHKACT MOKPHITHE, CHOPMHUPOBAHHOE PEIICTOYHON CTPYKTYPOH MOJCKYJSPHBIMU KIIACTE-
pamMu HUTpHAa THTaHa. Toraa HeoOXOIUMO KIIACTEPHYIO PEIIeTOYHYIO CTPYKTYPY HHUTpPHIA THTaHa apMHPOBAThH
mojiekyaamu TiN win Tis ¥ TaKuM 00pa30M yBEIHYHBATH IUNIOTHOYIIAKOBAHHYIO CTPYKTYPY IO TOJIIIUHE.

3aknaioueHue. B pe3ynpraTe MpOBENCHHBIX MCCIIEAOBAaHUI MTOKAa3aHO, B KaKOH MOCIEI0BATENEHOCTH 00-
pa3yeTcsi MHOTOCJIOIHOE IIOTHOYTIAaKOBAaHHOE YIPOYHSIONIEe MOKpHITHE. {1 Takoro MOKPHITHS pa3paboTaHa
(u3nKo-MaTeMaTHIeCcKast MOJeNb (OPMHUPOBAHUS MHOTOCIIOWHOTO YIIPOYHSIOMIETO MMOKPHITHS HUTPHIOM TUTaHA
B BHJIE TUTOTHOYIIAKOBAaHHOW CTPYKTYpHI. JIJIs ynpodHEeHHs 00pa3yIoeiicsl pereToYHON KIacTepHON CTPYKTYPBI
HUTPU/A TUTAHA HEOOXOMMO ee apMupoBaTh MosiekyaaMu TIN min Tizg. MHOrocinoiiHOe HOKPHITHE MOTYYaroT
MyTeM MMITYJILCHOTO HambuieHus. OO0pa3oBaHUEe MOJIEKYJI HUTPUAA TUTAHA TIPOUCXOINT BCICICTBHE MPOTCKAHUS
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KaTaJIMTUYCCKHUX peaKuI/n‘/i COCAUHCHUSA MOJICKYJIIPHOI'O a30Ta ¢ MOJICKYJIaMH TUTaHa T|2 nu T|3 Hawnbonee npoy-
HOC IMOKPBITUE PCATU3YCTCA, KOTJa NPOLCCC HAIBIJICHUSA AJIUTCS HE Goitee 8 MUHYT.
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HARDENING OF ALUMINUM AND ITSALLOYS
OF NANOSCALE MULTILAYER COATINGS

L. GRETCHIKHIN, S. IVASCHENKO, V. KOMAROVSKAYA

The physical and mathematical model of multi-layer titanium nitride coated reinforcement in the form of
close-packed structure is designed. If the lattice is formed cluster structure of titanium nitride, it must be
reinforced molecules TiN or Tis. Multi-layer coating is formed by vacuum-plasma (arc) method in the pulsed
mode. Formation of molecules occurs due to titanium nitride catalytic reactions with molecular nitrogen
compound molecules Ti, and Tis titanium surface hardenable substrate.

111



