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1. BBenenue

O6J’Iy‘I€HI/IC MOBEPXHOCTHU TBCPABLIX TCII MOHHBIMHA U INIA3SMCHHBIMU IIOTOKAMHU BBI3BIBACT TC
WIN WHblE M3MEHEHus penbeda. B 3aBucMMOCTH OT mapaMeTpoB OOIy4arollero MnoToka Hu
YCIIOBHM Ha OBEPXHOCTH 3TH U3MEHEHHUs MPOSIBIIAIOTCS KaK B PAa3BUTUH, TaK U B CIIaKUBAHUU
penbeda. Moaudukamnus MOBEPXHOCTH MOXKET OBITh HEITOCPEICTBEHHBIM PE3yJIbTaTOM HOHHOTO
nin I1asMEHHOI'O BOSI{GI\/JICTBI/UI, Halmpumep, pe3yjabTaTOM HCOAHOPOAHOTO TPaBJICHUA
HOJMKPUCTAIUIMUECKON METaJUTMUECKON MOBEPXHOCTU. B npyrux ciyuasx u3MeHeHus penbeda
OKa3bIBAIOTCS CIICACTBUEM SIBJICHUI, WHUIIMUPOBAHHBIX B MPHUIIOBEPXHOCTHBIX CJIOSIX MOHHBIM
nin ImnjaasMCHHBIM BO3HCﬁCTBHCM. K Takum SBIEHHSIM OTHOCSTCS HOHHO-MHAYIHUPOBAHHBIC
HaIlpsoKCHUA, JAJUCIIOKAIMOHHAA IMMOABUKHOCTL, PCKPUCTAIIM3alMd, HW3MCHCHUC COCTaBa
IPUIIOBEPXHOCTHBIX CIIOEB.

B »TOM pasnene omuchIBalOTCA YCIOBHS W 3aKOHOMEPHOCTH pa3BUTUS Hauboljee
3HAYUTENbHBIX M3MEHEHUH penbeda MpU HOHHOM U IUIa3MEHHOM o0iydeHuH. [IpuBomsTcs
MoJienu sABIeHUMH. Bmecte ¢ TeM, He paccMaTpUBAIOTCS Clly4ad, KOTJa MNpU OO0Jy4eHUHU
IIOBEPXHOCTH MOIIHBIMU MTOTOKAMH MOHOB HJIM IUIa3Mbl, CTALIMOHAPHBIMU WM UMILYJIbCHBIMH,
MOJIU(HKALMS TOBEPXHOCTU MPOUCXOAUT KaK IOCIEJOBATEIBHOCTh MPOLIECCOB OIJIABIECHUS U
3aTBCPACBAHNA MMOBCPXHOCTHOI'O CJIOA MaKpOCKOHquCKOﬁ TOJIIIUHBI. HpI/I TaKuX BOSIIGfICTBHSIX
MMPUHOUITHAIIBHBIM 00CTOSITENNLCTBOM JJIL TpaHC(i)OpMaHI/II/I IMMOBCPXHOCTHU ABJIACTCA HC YUACTHUC B
IIOBEPXHOCTHBIX IpoLlecCaX aTOMHBIX YacTHILl, a BO3JEHCTBHE Ha MOBEPXHOCTh MHTEHCHBHBIX

ITOTOKOB DHCPI'UH.

2. PazButHe Uiy CriaxuBaHue pesbeda MOBEPXHOCTH 32 CUET
HEOJTHOPOJHOCTH PACTIBUICHUS PA3JIMYHbIX €€ yYaCTKOB

2.1. Pa3Butue penbeda

Pa3Butue penbeda 3a cueT pasHbIX CKOPOCTEH 3PO3MM COCEIHUX YyYaCTKOB IOBEPXHOCTH
(penibed TpaBieHUs) peanu3yeTcs Ha IOBEPXHOCTAX CaMbIX Ppa3iIM4YHBIX TUNOB. B ciyuae
IUIa3MEHHOTO 00JyYeHHMsl, CO3[]aHne peibeda TPABICHUS HAa IOBEPXHOCTAX METAJJIOB U CIIJIaBOB
omnpenensercss WOHHOW  KommoHeHToH. [lpum  obmyueHuMM mIasMOM  HEMETaIOB U
HEMETANTNYECKUX COCTMHEHUHN (IMAIIEKTPUKOB U TMOIYIPOBOJHUKOB) 3JIEKTPOHBI TJIA3MbI MOTYT
CyIIECTBEHHO YCKOPHUTH JPO3HMI0 IIOBEPXHOCTH, 4 B HEKOTOPBIX YCJIOBHUSAX JaXKe HIPaTh
OCHOBHYIO POJIb B 9PO3MOHHOM IIPOLIECCE.

MexaHn3MBbl 3pO3MH OKa3bIBAIOTCS PA3JIMYHBIMU B 3aBUCHUMOCTH OT IPUPOABI TBEPLOTO

TeJNa M ycloBuil oOmyueHus. B ciydyae oOnydeHHss METaUIOB M CIUIABOB MOHAMH U IUIA3MOM



MHEPTHBIX Ta30B MPH TEMIIEPATypax BHINIE TEMIEpPATypbl OTXKUTA DJIEMEHTapHBIX Ne(PEKTOB,
CO3MaHHBIX OO0iyueHueM, QopMupoBaHue penbeda MPOUCXOIUT, B OCHOBHOM, Oyaromaps
PaCTBUICHHUIO MTOBEPXHOCTHU 32 CUET KMHETHUYECKOM SHEPTrUU MOHOB MO KACKaJHOMY MEXaHHU3MY.
Jiist GoNbIIMHCTBA METAJJIOB 3Ta Temreparypa He npesliaer T~100°C.

[Tpu oGmy4YeHHH METAJUIOB C HU3KUM COJEPKAHHEM CTPYKTYPHBIX Ae(PEKTOB (TIIOTHOCTh
macnokamuii - 10°+107 cM™)  pacrmbuieHHE  OCTaeTCS  OCHOBHBIM  penbe(pooGpasyromiM
MeXaHU3MOM BIIOTh A0 Temmepatyp T = 0,7Ty,, roe Tp,- TemmepaTypa MiiaBiIeHHS MeTaslia.
[Ipu BBICOKOI KOHIICHTPALIMHM CTPYKTYPHBIX N€(PEKTOB (TUIOTHOCThH AUCIOKAIIHA 10"°+10" em™
BEpXHAA TemmeparypHas rpanuna omyckaercs 1o T =(0,3+0,4)T,,. DT ke Temieparypsl
OKa3bIBAIOTCS MpEACNbHBIMH MPH OOTYyYEHUU MOBEPXHOCTH MeTalljla B MPUCYTCTBHHM Ha HeEU
aTOMOB 00Jiee TYTOIUIaBKOTO METajlla, a TaKkKe MU 00y4YeHUH CILIaBOB.

B paccMaTpuBaeMoM TEeMIepaTypHOM JMarnazoHe Ha oHOG(a3HBIX
NMOJTUKPHUCTAUINYECKUX TMOBEPXHOCTAX HambOoyiee KpPYIMHOMACHITaOHBIE AIIEMEHTHI peibeda
00pasyrTcsi Oyarogapss TOMY, YTO Pa3jIUYHBIM O0Opa30M OPHUEHTHPOBAHHBIE MMOBEPXHOCTHHIC
KPUCTAIUIUTHI, 00JIACTH, MPUMBIKAIONINE K UX TPaHUIAM, YYaCTKH, COJAEpKallue CTPYKTYpHBIC
neGekTbl M T.JI.  XapaKTepU3ylTCsS  Pa3iWYHBIMH  KOA(p(UIMEHTAMH  paclbUICHHS.
OO6pa3ytomuiics penbed COCTOUT U3 XAOTUYECKH PACIOJOXKCHHBIX BbICMYNO8 U 6HAOUH
paznuuHbix ¢opM. B  HekoTopeix chmydasx uX (OpPMBI MOTYT COIJIaCOBBIBATHCSA C
KpucTtamorpaguueckoil  opueHtanuend KpuctaumutoB  (puc. 1) I'myOuna penbeda He
NPEBOCXOIUT CPEIHHE pa3Mepbl IOBEPXHOCTHBIX KPUCTAIUTOB. Bpems ero pas3Butus
COOTBETCTBYET BPEMEHH YAAJICHHS C TIOBEPXHOCTH CJI0sI B HECKOJIBKO pa3 OOJIbINeH TITyOHHEI.

[IpuunHOil moOsBICHUS penbeda TpaBleHHWS HAa MHOro(a3HbIX CILUIaBaX KpPOMe
PacCMOTPEHHBIX BBIIIE MOTYT OBITh TaKKe M pa3iuuds B BEIUYMHAX KOIPPHUIMEHTOB
pacnbuieHus das.

B HEKOTOpBIX yCIOBHSX Ha 00JydaeMOW IOBEPXHOCTH OOpaszyeTcst penbed, dIIEMEHTHI
KOTOPOTO UMEIOT MpaBUJIbHBIE FreoMeTprueckre GopMbl. Hallle BCEro 3To KoHuyecKue 8biCmynbl
U NUPAMUObL, AMKU U VeAyONeHUs NPASUNbHOU 2e0Mempuyeckol opmel, nepuoouyeckue u
K8a3unepuoouyecKue CMmpyKmypul, coCmoauue u3 KaHagox u epebretl. IIpudauHbl UX TOSABICHUN
camble pa3IMYHbIC U B PsIJIE CITyYacB BBISICHEHBI HEJJOCTATOYHO.

Konychl n nmupamMupl MOSBISIOTCS Ha MOBEPXHOCTAX B IIMPOKOM JHAIa30HE PEKUMOB
oOmyuenus. Ix HaOmromanu B ciyyasix, KOT/ia UMEIOIIHUECs Ha MMOBEPXHOCTH MUKPOCKOTIMYECKUE
YaCTUYKH TMPEMATCTBYIOT PACHBUICHUIO HAaXOISAIIMXCS IMOJ HUMH YYacTKOB TTOBEPXHOCTH.
TakuMu dYacTHYKaMHU MOTJM OBITh HMHOPOJHBIC BKJIIOUEHHWS WIM ClIad0 pacrbuisieMble
MpEeIUNUTaThl HOBBIX (a3, CHOPMHUPOBABIIMXCSA B IIPOIECCEe HOHHOW OOMOapIUpPOBKH.

Konnueckne O6pa3OBaHI/I$I pa3sBUBAJIMCh B CHWJIIY HCOAHOPOAHOI'O PacCIbUICHHUA Y4YaCTKOB



MOBEPXHOCTU C PA3TUYHOM TUIOTHOCTBHIO JAMCIIOKAIMK WU Pa3IMYHO OPUEHTHPOBAHHBIX 3€pPEH
KPUCTAIMYECKON MoBepXHOCTH. KoHHMueckue GUrypbl MOSBISUIMCH TakkKe B pe3ysbTare
pacTpaBiIMBaHUS BBICTYMAIONIMX yYaCTKOB Ha 00JIydaeMoil MOBEPXHOCTH, C(HOPMHUPOBAHHBIX B
pe3ynbTare MpeIBapuTeNIbHON ee 00pabOTKU WIIH MPU MPEIIIECTBYIONEM HOHHOM BO3CHCTBHH,
HaIpUMep, BCIICICTBUE OOpa3oBaHUS W pas3pylIeHUs Onucmepos. Yamie BCEro Takue KOHYCHI
MMEIU BBICOTY, HE IMPEBBIIIAIONIYI0 HECKOJIBbKO MHUKpPOH. IIpm ompeneneHHbIX YCIOBHAX
Oo0yueHUs CKJIOHBI KOHYCOB, pAa3BUBABIIUXCS IO YyKa3aHHBIM BBIIIE MPHYMHAM Ha
MOHOKPHUCTAITMYECKUX TMOBEPXHOCTAX, MPUOOPETaT KPUCTAIUTMUECKYIO OTPaHKy, M KOHYCBHI
Pa3BUBAIIUCH JANBIIE B BUAC MTUPAMHUI.

[TpuunHO¥ popMUPOBAaHUS KOHYCOB U3 MOBEPXHOCTHBIX BBICTYIOB SIBJISIIACH 3aBUCUMOCTh
kodpuIMeHTa pacmbUieHUs OT yria MajJeHus. B pe3ynbraTte pa3IuyHBIX CKOpOCTEn
pacIbUICHHS YYaCTKOB BBICTYIIOB, HEOJIMHAKOBO OPUEHTUPOBAHHBIX OTHOCUTEIBLHO HAIIPABJICHUS
O60MOapIMPOBKH, BBICTYIIBI JIFOOOH (POPMBI NMOCTENEHHO TPaHC(HOPMUPOBAIUCH B KOHYCHI WU
NUpaMUbl C BEPIIMHOM, HANPaBJICHHON HAaBCTpEYy HMOHHOMY ITy4Ky C YIJIOM IIpU BEPIIUHE
Omax = 180°-2Qmax, THE  Quax— YION, COOTBETCTBYIOMIMH MaKCUMAaJIbLHOMY — 3HAUEHHIO
KOX(PPUITUEHTA PACTBUICHUS Spax = S(Pmax). TaKO#W yros mpu BepIIMHE BBIPAOATHIBAICS Y BCEX
BBICTYIIOB U MHpamMHj, 0Opa30BaBIIMXCS B MEPEUUCICHHBIX CIIy4asiX, B TOM YHCJIE U y TeX,
KOTOpBIE 00Pa30BaAIUCh B TEHU TPYJIHO PACIBUIIEMbIX YaCTUI] MUKPOCKOIMYECKUX pa3MepoB. B
MOCNIEAHEM Ccllydae JJIEMEHThI penbeda C YIJIOM TpU BEPIIUHE Opax TMOSBISUIMCH MOCIE
pacobUieHHs 3aTeHsonmX yacTull. CKOpOCTh PacHbUIEHUS! KOHYCOB C YIIIOM 0=0p,x Oomblie
CKOPOCTH pACHbUICHUS IUIOCKOW MOBEPXHOCTH, IIO3TOMY TaKHE€ KOHYChl OKa3bIBAKOTCS
HEYCTOMYMBBIMU U CO BPEMEHEM PACTBLISIOTCS.

dopmupoBanue penbeda Ha TOBEPXHOCTH CIUTABOB TIPU  ITHUX  TeMIIepaTypax
CONPOBOXKAACTCSI U3MEHEHUEM KOHLEHTpAlMd MOBEPXHOCTHBIX CJIOEB 3a CYET CEJIEKTUBHOIO
pacnbUIeHHsT KOMIIOHEHT. [Ipu o0nydeHnr noOHaMH HU3KUX U CPEIHHMX DHEPTU 3TH U3MEHEHUs
pacIpoCTpaHsIOTCS Ha TTyOUHY OT HECKOJIBKUX aTOMHBIX CIIOEB J0 IIyOWHBI BHEPEHUS HOHOB.
Jis  TBYXKOMIIOHEHTHOTO CIUIaBa C OOBEMHOW KoHIeHTparueid kommoHeHT Cp, u Cyy
MpUMEPHBIC 3HAYCHHS] MOBEPXHOCTHBIX KOHIICHTPALMM KOMIIOHEHT B PEKHUME CTAI[MOHAPHOTO

pacnbuieHus1, COOTBETCTBEHHO Cis 1 Cys MOTYT OBITh HaMJICHBI U3 COOTHOIIICHUM:
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rae S| u S; — k03 PUIHEHTHI pacHbLICHUS KOMIIOHEHT.



Boeimme Ttemmeparypel  T=0.7T,, akTuBu3upyiomascs TMOBEPXHOCTHAsA JUPPY3Us U
paaMallMOHHO-YCKOPEHHasl CyOIuManus MpeloTBpalacT MOsABIEHUE pelbeda pachblIeHHUs Ha
YUCTBIX MeTaljaXx. B 3TuX yCHoBHSX paauallMOHHO-YCKOpPEHHas CcyOnuMmanus CTaHOBUTCS
NPUYMHONW TIOSIBJICHUSI Ha TIOBEPXHOCTH pelbeda, COCTOSIIETO W3 YenyoOieHuili 6 6uoe
ONPOKUHYMBIX KOHYCO8 U Nupamuo, KaHABOK C KIMHOOOPA3HBIM TIOMEPEYHBIM CEUYCHUEM.
VYrayOneHusi MOSABISIOTCS HAa MECTaxX BbIXOJA JWCIOKAIMA, MO TpaHHWLAM KPHUCTATHYECKUX
3eped u T.I. VX ToyOMHA Ha TIOBEPXHOCTH Menu, obmyuaemoii momamm Hg (E =50 5B,
j =3 MAxcm ™) ipu Temneparype T = 820°C mocturana 5+7 MM (puc. 2).

[lepexon k QopmupoBanuio penbeda MNPEUMYIIECTBEHHO 3a CYET paJualuOHHO-
YCKOPEHHOH cyOnMManMd Ha TIOBEPXHOCTH  METAJUIMYECKUX OOpas3loB C  BBICOKOU
KOHIIEHTPAllMe CTPYKTYpHBIX NIe(EKTOB WM COJAEPKAIIMX Ha IMOBEPXHOCTU aTOMBI Oolee
TYTOIUIaBKMX METAJIJIOB, a TAaK)KE€ Ha IOBEPXHOCTSIX METAJUIMUECKHUX CIJIaBOB CMeELIalci B
oOmacte Oosee BBICOKHX TemmepaTyp BIiIoTh a0 T=0.9T,, ®opmupoBanue penabeda B
muanaszone temreparyp (0.3+0.4)T,, <T <0.9T,, omnpenensnoch aKTHUBU3AIMEH HOHHO-
CTUMYJIMPOBAHHBIX TPAHCHOPTHBIX U PEKPUCTAIIM3ALMOHHBIX MPOLECCOB KaK Ha o0iydaemoin
MOBEPXHOCTH, TaK M, TJIABHBIM 00pa3oM, B TMPUIIOBEPXHOCTHOM cioe. Popmbl penbeda,
o0pa3yromierocsi B 3TOM JIMana3oHe TeMIepaTyp, OMucaHbl B pa3zaene 3.

B oOpa3zoBanum penbeda TpaBiIeHHS Ha IMOBEPXHOCTU HEMEMANIUUECKUX 6euecms |
COEJIMHEHUI KpOME MEXaHW3MOB KaCKaJHOT'O pacIblUIEHUSI MOTYT IPUHUMATh YYacTHE U ApyTHE
MEXaHU3MBbl JPO3UH, B YaCTHOCTH, MEXaHHU3M HOHHO cTuUMyJupoBaHHOW necopoumu (MCI),
AKTUBHO MPOSBISIONIMIICS Ha TUAIEKTPUKAX C MOHHOW U KOBaJeHTHOH Tumamu cBs3H (SiOz, BN,
Ti0,), rpadurax. B cnyuyae ob6myueHHst cOeTMHEHUH, MMEIOLINX B CBOEM COCTAaBE aTOMBI T'a30B
(TUApPHUIBI, HUTPHUIBI, OKCHABI) TPOHMCXOIMT, KaK IPaBHJIO, MPEHMYIIECTBEHHOE YIaJICHUE
MMEHHO TaKMX aToMOB C moBepxHOcTH. Ilostomy QopmupoBanue penbeda TpaBiieHUs
COTMPSIKEHO C HU3MEHEHHEM CTEXHOMETPHUYECKOrO COCTaBa M, BO3MOXKHO, XUMUYECKUMHU U
CTPYKTYPHBIMH N3MEHEHHSIMH.

[Tpu obyuenuu meepovix men UOHAMU UTU NAAZMOU AKMUBHBIX 2A306 YIOMSHYTHIC BBIIIE
MeXaHU3MBbl (OPMHUPOBaHUS penbeda MOTYT MPOTEKaTh OJHOBPEMEHHO C OOpa3oBaHHEM
XUMHYECKHX COCAMHEHUN ¢ yyacTHeM 6oMOapaupyromux atroMoB. OOpasyronuecs: CoeIMHEHUs
MOTyT (pOpMHpPOBaATH MOBEPXHOCTHHIE cloW. B 3TOM ciydae pa3Butue penbeda, HampuMmep 3a
CYET KaCKaJHOTO PaCTIbUICHHS, 3aTOPMa’KUBACTCA.

Eciu B miporniecce oOiydeHust 00pa3yroTcs ra3000pa3Hble COSAMHCHHUS 00MOapaupyIOIINX
YacTHIl ¢ aTOMaMH MHILIEHU, TO UX yJaJleHHe C MOBEPXHOCTH YCKOpSIET €€ 3PO3HI0. 3a CUeT
HEPABHOMEPHOCTH 3PO3UHU PA3TMUYHBIX YUYaCTKOB pa3Mephl AIEMEHTOB pelibea MOTYT JOCTUTaTh

NecATKOB MUKpOH. Takast kapTuHa HaOI0qaeTcs MpH 00JydeHMH HOHAMH BOAOPOAA, KUCIOPOaa



WIH TUTa3MOW  COOTBETCTBYIONIETO COCTaBa IMOBEPXHOCTH rpaduta, yrierpaguroBbix
KOMITO3UTOB, a TAKXKE MIOBEPXHOCTH COCTMHEHUI Ha OCHOBE yTJIepO/a.

Kak mpaBwiio, nmpu oOJy4eHUH XMMUYECKH aKTMBHBIMH MOHAMH WJIM TUIA3MOW JTaXKe MPH
DHEPrusix OOMOAPIUPYIONIUX YACTUIl, HE TMPEBBIMAIIUX HECKOIBKUX 3JIEKTPOHBOJBT,
NPUTIOBEPXHOCTHBIA  CIIOM  MoauduuupyeTcs Ha 3HAUMTENbHYIO TiayOmHy. IlosTomy
dbopmupoBanne penbeda TpaBieHHs OBIBa€T CONMPSHKEHO C WM3MEHEHHSIMHU Tomorpaduu
MIOBEPXHOCTH, BBI3BAHHBIMH HWOHHO-CTHMYJIMPOBAHHBIMU CTPYKTYPHBIMH W XHMHUYCCKHMU

IIPEBPALLCHUAMU B IPUIIOBEPXHOCTHBIX CIOSX.

2.2. CrnaxuBaHnue penbeda

CrnaxuBanue penbeda WINM MPEJOTBPALCHUE €ro pa3BUTHS B IPOIECCe MOHHOTO WU
MJIa3MEHHOTO 00yueHus (LOHHAs NOAUPOBKA) HAOTIOIAETCs B TEX YCIOBHIX, KOTJa YCKOPEHHOE
pacmblieHHE BBICTYMAIOIIMX 3JEMEHTOB peiibeda U 3aMeAJieHHEe pachblUIeHUs (3ajiedrBaHUE)
MOBEPXHOCTHBIX BIAJWH HE COMPOBOXKIACTCS HEPAaBHOMEPHOM SpO3HeH y4acTKOB MOBEPXHOCTHU
C pa3IM4HON CTPYKTYpOH, COCTaBOM, pa3HOW KpPUCTAJUIMUECKON opueHTauueid. Kpome Toro,
HE0O0X0MMO, YTOOBI B MPUIIOBEPXHOCTHBIX CJOSX HE MPOMCXOIWIO PA3BUTHUS TE€X HOHHO-
CTUMYJIUPOBAaHHBIX SIBIEHUI, KOTOpbIE CHOCOOHBI BBI3BaTh, B KOHEYHOM MTOI€, POCT
MOBEPXHOCTHOTO penbeda.

YCKOpeHHOE pacTpaBIMBaHUE ITOBEPXHOCTHBIX BBICTYIIOB pEAM3yeTcs HECKOJIbKUMHU
U3BECTHBIMM MeEXaHM3MaMHU 3po3uH. B paMkax KackagHOro MeEXaHHW3Ma paclbUICHUS Npu
HOPMaJIbHOM OOJy4YeHHH OJHOPOJHOM TIO COCTaBYy W CTPYKTYpPE IOBEPXHOCTH YyCTOMYMBOU
dopmoil penbeda sBISETCS pOBHAs MOBEPXHOCTb. BBICTYNbl M BHAAWHBI HUBEIUPYIOTCS B
IIPOLIECCE PACNBUICHUSA. YCKOPEHHOE pacHblJIEHUE IOBEPXHOCTHBIX BBICTYIIOB pEaU3yeTCs
TaK)Ke B PEKMUMAX “XUMUYECKOro” pacnblaieHus: noHaMu Hu3kux sHepruil (E < 100 3B) u nonHo-
CTUMYJIUPOBAHHOM J1ECOPOITHH.

[TpuBeneHHBIEC BBINIE YCIOBHUS COOJIIOJAINCH IPU HOPMAIBHOM OOJyYEHHH TTOBEPXHOCTH
aMOp(HBIX TBEPIBIX TEJI MOHAMH MHEPTHBIX ra3oB. Tak, MOJUPOBKA MOBEPXHOCTHU ILJIABJICHHOTO
KBapia (aMopdHas CTpyKTypa) HabIoaamack pH ero pacnsuieHny noHamu Ar' (E = 7+10 k3B,
j < 1.5 MAxem™).

CrnaxxuBaHue TOBEPXHOCTHOTO penbeda MOJUKPUCTAUIMYECKUX  METaNIMYECKUX
MOBEPXHOCTEH obecrneunBaeTcsl Mpu 60MOApAMPOBKE MOHAMH C SHEPTUSIMH, MEHBIIUMHU TTOpPOTa
pacnbuieHUs. DPQPEKT MOIUPOBKH OTMEYAJICS, B YACTHOCTH MPH OOMOapAHpPOBKE MOBEPXHOCTH
Meau no Hopmanu nonamu Ar' (E=105B, j~ 0.1 MAxeM™?). DddexT mocturancs 3a cyeT TOTO,

YTO IPU CTOJIb HU3KUX DHCPIUAX MOHOB MPCUMYIICCTBCHHO PACHBIIAINCE UMCIOMIUEC MCHBIINEC



OHEPTUHU CBSI3U C MOBEPXHOCTHIO aTOMBI C BBICTYIIOB, a BO3MYINAIOIIEE BO3/ICHCTBHE MOHOB HA
MPUTIOBEPXHOCTHBIM CJIOM OTCYTCTBOBajio. B 007acT HAAMOPOTOBBIX SHEPIrHi ‘‘TOIUpOBKA”
MOBEPXHOCTU METAJUIOB PEaln30BaIOCh B CIy4ae HAKJIIOHHOTO OOJIyYeHHS U MPHU TEMIEpaTypax
HUDKE TeMIIepaTyp MEePECTPONKH U OTKHra TUCIOKAIMOHHOW CTPYKTYPBI M PEKPUCTAILTU3AINN
(T <(0.3+0.4)Ty,). Yron mageHuss MOHOB BbIOMpPAIN TaKUM, YTOOBI KOA(PPHUIUEHT pacibUICHUS]
TUTOCKUX YYaCTKOB OBLT KaK MOXHO 00Jiee HU3KUM W MEHBIIUM, YeM MPU HOPMAJILHOM TaICHUN
(S(9)<S(0)). B aTom crmydae mOBepXHOCTHBIC BBICTYIIBI, 00TyYaeMbIe MO YTIaMH, OJIM3KUMU K
HOPMaJIbHBIM, 3()(pEeKTUBHO paCTIBUISAIINCE, a YIITyOJCHHS CTIIAXKUBAJIMCH 32 CYET TOBEPXHOCTHOU
mud¢y3un. [lpu 3TOoM riyOMHa BHEIPEHHS MOHOB U IJIOTHOCTH SHEPTHH, MEpelaBaeMoil UMu
MOBEPXHOCTH, YMEHBIIAETCS, U MPOLIECCHl B MPUMTOBEPXHOCTHOM CIIO€, CIIOCOOHBIE BBI3BATH POCT
penbeda Bee elie ocTalTes “3aMopoxeHHbIMK . Hanpumep, 17151 MOHHON “NIOJTMPOBKU’ METHBIX
¥ HHKENIEBBIX CILIaBOB Mcronmb3oBamuch oHsl He' (E = 1020 k3B, ¢ = 75+88°). ITn0oTHOCTH
TOKA MOHOB B IIONEPEYHOM CCYEHHH IydKa COCTABISIA j~ 1 MAxcM™. DhGMEKT MOTHPOBKH

BO3pacTajl [IpY yBEJIWUYEHUH yIJa aJeHus 10 88° U yMEHBIIEHUN TEMIIEPATyphl TIOBEPXHOCTHU 10

300 K u mmxke.

3. Pa3Butue penbeq)a KaK CJICACTBUC paUalIMOHHO-CTUMYJIMPOBAHHBIX
IMponccCoOB B o0BeMe TBCPAOIr'o TCJa

Nonnbie W mIa3MeHHBIE TIOTOKHM CIIOCOOHBI HMHUIMUPOBATH PsSAJ TMPOIECCOB B
MPUIIOBEPXHOCTHBIX CJIOSIX TBEpPAOro Tena. B 3Toif CBsI3M MOKHO Ha3BaTh IOSIBICHUS
MOBEPXHOCTHBIX  HAMpPsDKCHUW, akTuBm3anuio auddy3uu, pa3Butue W (WIH) OTKHUT
TUCIIOKAIIMOHHON CTPYKTYphI, U3MEHEHUE CTPYKTYPHI, ()a30BOr0 U KOMIIOHEHTHOTO COCTaBa.
PazButue 3THX mpoieccoB camo mo cede MPUBOIUT, KaK MpaBUiIo, K MoaAu(UKaLusIM penbeda. B
psane ciydaeB penbed dopMupyercs Kak pe3yibTaT B3aUMOACUCTBUS NEPEYHCICHHBIX BBIIIE
MPOIECCOB B MPHUIOBEPXHOCTHBIX CJOSX C TMPOLIECCaMH, WHULMHUPOBAHHBIMU HOHHOU
O0oMOapIMPOBKOW HETIOCPEICTBEHHO HA MIOBEPXHOCTH: PACIBUICHUEM, HOHHO-CTUMYJTHPOBAHHON
necopbuueid u T.. B 3TOM paszmene paccMmarTpuBarOTCA ciaydaw HanOoJee 3HAuYMUTEIbHBIX
Monudukanuii  peiabeda TOA  ACHCTBHEM  MOHHO-CTUMYJIMPOBAHHBIX  IPOLIECCOB B

IMPUITOBECPXHOCTHBIX CJIOAX TBEPAOIO TCIIA.

3.1. Pa3zBuTHe KpUCTAIUIMYECKUX HOBOOOPA30BAHMIA

Poct KpHUCTAJIJIOB IIpHU HOHHOM 60M6ap,[[I/IpOBKC Ha6monanc51 Ha MOBECPXHOCTHU MAaCCHBHBIX
MCTAJUIMYCCKUX, TUIJICKTPUICCKUX U MTOJTYIPOBOAHUKOBBIX 06pa3u0B, a TaKXKC, Ha HAIIBIJICHHBIX

MCTANNIMYCCKUX ITJICHKAaXx. KpI/ICTaJ'IJ'ILI pocCiii B TEX ClIydasax, KOorjga paclnblJICHUC ITOBECPXHOCTU



OOMOapIUPYIOMMMH HOHAMH OBLIO HE3HAYUTEIILHBIM B BHUJIY WX HU3KOH JSHEPTUU WIH CIIa0ou
MHTEHCUBHOCTM MOHHOTO TOTOKa. Ha TmoOBEepXHOCTHM TMOSBISUIMNCH KPUCTAIBI B BHJE
MHOTOTPAaHHUKOB  Pa3IUYHbIX KOHQUTYypaluii, HE MMEIOMIMX CHJIBHO  BBIPAKEHHBIX
HEOJTHOPOJHOCTEH pa3BUTHUS TpaHEH, a Takke B POpMe GUCKepO8 — MOHOKPHUCTAIUIOB C PE3KO
HEOJTHOPOJHBIM  pPa3BUTHEM TpaHEW, pPa3BUBAIOIIMXCS KaK  [WIHHIPHI, ITUIACTHUHBI,
napajuiesienuneabl 1 T.11.

Ha mertannax xpuctamibl pocinu npu Temmeparypax T > (0.3+0.4)T,,. Heobxoaumbim
YCIOBUEM UX TOSIBICHUA Obla BbICOKAsS JE€(PEKTHOCTh KPHUCTAJUIMYECKON CTPYKTYpPHI
noBepxHocTu. OHU, HAIPUMEP, POCIIU C BBICOKOH TIOTHOCTBHIO HAa MIOBEPXHOCTH HEOTOKKEHHOU
MPOBOJIOKH, TIOTyYEHHOW METOJOM BOJIOUEHHS, Ha MOBEPXHOCTSIX, TOJBEPTaBIINXCS HAKIIENY U
T.. (puc. 3) OOpa3oBaHHE KPUCTAIJIOB CTUMYJIUPOBAIOCH NPHUCYTCTBHEM Ha 0OJIydaemoit
MOBEPXHOCTU TpUMEcH OoJjiee TYroIUIaBKOTO MeTajla, CIOCOOCTBYIOIIEH TeHepanuu u
MOJJIEPXKAHUIO B Tpoliecce OONydeHHs] BBICOKOW KOHIIGHTpAIlMM CTPYKTYPHBIX A€(PEKTOB B
MPUITIOBEPXHOCTHOM cJioe. [IpucyTcTBHE aTOMOB TYTOIUIABKUX METAJUIOB CITIOCOOCTBOBAJIO TAKKE
MOSIBJICHUIO BUCKEPOB Ha AMAJIEKTpUKax (puc. 4).

HaGmionenust 3a pa3BUTHEM KPHUCTAUIOB HA NMOBEPXHOCTH MeAU C BHICOKMM YpPOBHEM
CTPYKTYpPHBIX Je(EKTOB, HO B OTCYTCTBUU TYTOILJIaBKOW MPUMECH, MOKa3ald, YTO BUCKEPHI U
MOJIOTUE BBICTYTBI, PA3BUBAIONIMECS BIIOCICICTBUM B MHOTOTPAHHHUKH, MOSBISUIUCH TIpU
OoMOapaMpOBKE HOHAMH PTYTH YK€ TpPH SHEPrusix cocraBisomux npumepHo 103>B. B
nuanazone  40+60°B  (400+500°C)  wabmromamach ~ HaumOosiee  MOJHAs  KapTHHA
BHCKepooOpazoBanusa. Ilocae mepBeix 15 wMmuHYT o6myuenms wnonamm Hg' (E =50 3B,
j=7 MAxcM™) Ha MOBEPXHOCTH MOSIBISUIICH PEKHE MITHHAPHYCCKHE BHCKEPBI 10 6+8 MKM B
IuHy U auamerpoM g0 0.5 MKM, a Takke MHOTOYMCIICHHBIE BBICTYNbl. Bo BTOpoW mepuop
(mpumepHo 0.5+1 1) Buckepsl yBenuuuBauch 10 2030 MM u 1+1.5 MKM B guamerpe, HX
IIIOTHOCTB JocTHrana 5x10° cM™, cpelHsis 3a MepHOa CKOPOCTh POCTA B OCEBOM HAIPABICHHH
coctasisuia 0.01 MxM/c. BeicTymbl ipeBpamainch B MHOTOTPAaHHUKH, YUCIIO KOTOPBIX TOXOIUIIO
10 10" cMm™. VX (OpMBI M OpHCHTALMH OBLIH CAMBIMH Pa3HOOODA3HBIMH W HE 3aBHCEIH OT
OpHUEHTAIINK TMOBEPXHOCTHHIX KpucTamioB. B tperuit mepuon (1.5+3 4) BUCKepBI JOCTUTANIN
MaKCUMaJbHBIX pazMepoB 30+40 MKM U MpEeBpaIlaIiCh B YETHIPEX- U MIECTUTPAHHBIE PU3MBI U
NPSIMOYTONIbHBIE TIACTHHBI (puc. 5). [losSBASIHMCH KPHUCTANUIBI, COCTOSIIIME U3 HECKOIBKHX
MEPEYUCIICHHBIX BbIe (uryp (puc. 6). 3apokJeHHE HOBBIX BHCKEPOB Ha MOBEPXHOCTHU
MOCTEIIEHHO  TPEKpalalioch, HO  YBEIUYHUBAJIOCH  YHCIO  «BTOPUYHBIX»  BHUCKEPOB,
Pa3BUBAIOIIMXCS Ha 3JIEMEHTax peiibe(da, BOZHUKIINX yKe B MPOIecce HOHHOW OOMOapaArupOBKH

(puc. 7).Pa3mepsl BBIPOCIIMX MHOTOIPAaHHHMKOB 3auyacTylo Jocturand | Mxm. Beictynsl u



HEMHOTOYHCIICHHBIE BUCKEPHI MOSIBISUIACH TAK)KE HAa yYacTKaX MOBEPXHOCTH, MPUMBIKAIOIINX K
00JsryqaemMoit 001acTH, HO HEMOCPEICTBEHHO HE TTOIBEPTAOIIUXCS 00TyISHHIO.

B mpouecce uwOHHOrO  00MydYeHHs  KPUCTAIBI  NPEJOTBpAIlaid  PACIbLUICHUE
PACHONIOKEHHBIX TI0J] HUMH yYacTKOB TOBEPXHOCTH M K OKOHYAHHUIO TEPHOAA OKAa3hIBAIHCH
pacIoio)KeHHBIMH Ha BEpUIMHAX HEOOJBIIMX KOHYCOB. B mociemyromeM HOBEPXHOCTHYIO
KapTHUHY, B OCHOBHOM, COCTAaBJISUIM KOMITO3UIIMU M3 KOHYCOB U KPUCTAJIJIOB CaMbIX Pa3iHYHbIX
dopm u coueranuii. I[loBepxHocTHass aAuddy3us U MepeHaNbUICHHE TMPENITCTBOBAIA HX
ObICTpOMYy pacmbuleHuI0. B pesynprate depe3 47 yacoB HENPEpHIBHOTO O0JydeHHUs (1032
7x10*" nouxem™) CpeIHHE pa3Mepbl M IUIOTHOCTh XapaKTEPHBIX DJIEMEHTOB penbeda
YMEHBIIATUCH HEe 00Jiee YeM Ha TOPSA0K BETMYHMHBI OTHOCHUTEILHO MaKCHMATbHBIX 3HAYCHHIA.

Ecmu Bo Bpems MOHHOW OOMOapAMpOBKH Ha TOBEPXHOCTh MEAW HAIPABISUIACH ATOMBI
6omee TtyromnaBkoro metamia (Fe, Ni, Mo, W u T.I1.) mosiBIeHHE HOBBIX BHCKEPOB HE
MPEKPaIaNoCch AaKe Yepe3 HECKOJIbKO 4acoB 00yueHus. [[TOTHOCTh BUCKEPOB HA MMOBEPXHOCTHU
U WX MaKcHMallbHasi BbIcOTa ObutM B 1.5+2 pasa Bbilie, yeM 0€3 JOMOIHHUTEIHHOTO TMOTOKA
atomoB Fe, Ni u T.11.

[Ipu yBenu4yeHnu sHEpPrur 6oMOaApAUPYIOIIUX HOHOB BhIIIE, MpuMepHO, 1003B m1oTHOCTH

U pa3Mepbl KPUCTAUTMUYECKUX 00pa30BaHUM YMEHBIIAINCH, YCKOPSIOCh U BUJIOM3MEHSIIOCh MX
pa3BuTHE. YkKe B ciyyae HOHOB ¢ 3Heprueil 300 3B MHTEHCUBHBIN POCT BUCKEPOB MPOAOHKAIICA
He Oosiee 2+2.5 MUH., ¥ OHH JIOPACTaJIH IO BBICOTE JHIIb A0 3+5 MKM. MHOTOTpaHHUKH 32 3TO
Ke Bpemsi He pocturanu pasmepoB Oosee 0.3+0.4 MkMm. Buckepbl clioXHBIX (GOpM MPAKTUUYECKH
HE MOSBISUTHCH, U YXKe Yepe3 5 MUH 00ydeHHs: Ha MOBEPXHOCTHU BUIHBI OBUIH TOJIBKO KOHYCHI,
oOpa3oBaBiirecss B TeHU BUCKepoB (puc. §). Ilpu sueprum Bbime 500+600 3B pacnbuienue

CTAHOBWJIOCH IMOJABJISIFOIIHUM, © MOHOKPHUCTAJIJIBI 1 KOHYChBI BOO6H.IC HC O6pa3OBLIBaJ'II/ICL.

IToBblnieHne temnepaTypbl oOmydeHus BIUIOTh 10 700°C pa3HOOOpasuiio U yCKOpsUIO
pa3BUTHE NOBEPXHOCTHOW KapTUHBI. Buckepsl nocturanu 60mbmmx pazmepos (10 40+60 Mxm),
BO3pACTalli MOMNEPEUHbIE pa3Mepbl MHOTOTPAHHUKOB, OOJIbIIIE CTAHOBUIIOCH BUCKEPOB CIIOMKHBIX
dopM u couleHeHUl MOHOKpHUCTauloB. Bmectre ¢ teMm, mpu Temmeparypax Bbime 500°C
dopmupyromuecss MoJ BHUCKEpaMH KOHYCHI pa3pacTaliCh W HAIUIBIBAJM Ha KPHUCTAJLIBL,
yacTU4HO nornomas ux (puc. 9). Haunnas ¢ 800°C, geiicTBUE CHII TOBEPXHOCTHOTO HATSKEHHS
U aKTUBU3HPYIOIIEECS UCHApEHHE NMPHUBOJWIO K YMEHBIIEHUIO CPEIHUX pPa3MEpPOB 3JIEMEHTOB
penbeda 1o 6-8mkMm. Hakoner, Beime 900°C hopmupoBaHue KpUCTAIOB MPEKPAIIAIOCh.

B pa3BuTun BHCKepoB Ha BoJb(ppame, HAOMIOJABIIMXCA NPU OOIYyYEHUH NOBEPXHOCTH
nonamu Ar  (E; =500+2000 5B, T~ 1000°C), Takke MOXHO OBLIO BBIICINTH IIEPUOJIBI

MHTEHCUBHOTO pOCTa B JUIMHY, TpaHchopMmaruu (GOpMBI W 3aTeM MpEBpalleHHEe B KOHYCHI



(puc. 10, 11). 3a nepuon pocra (15+30 muH) Buckepsl 3adactyro gocturanu 150+200 Mkm B
BoicoTy U 10+20 Mmxm B aumamerpe. IlosiBisuiuCh BHUCKEpH, HE HUMEIOIIME ONPEACICHHBIX
reoMmerpuueckux ¢opM (puc. 11). Bokpyr Hanboiee KpyMmHBIX U3 HUX 3aMETHBI OBUTH KOJIBIICBBIC
yrayOsenusi, copMUpOBaBIIMECS B TPOILECCE pocTa B pe3ysbraTe AUPQPY3HOHHOTO OTTOKA
MaTepHala OT OKpPYXKaroIMX y4aCTKOB K OCHOBAaHHIO pacTylIlero BUckepa (puc.12).

OcHOBHbIE 3aKOHOMEPHOCTH TNOSIBJIEHHS M Pa3BUTHSl KPHUCTANJIOB K HACTOSIIEMY
BPEMEHHU BBIABICHHI U  OOBsCHEHbl. Iloka3aHO, YTO TMOSBJIEHHE KPHUCTALTHYECKUX
HOBOOOpa30BaHUN B IpolECCE HOHHONM OOMOapIMPOBKH MPOUCXOJUT B MEPUOJ OTXKHIra
IIOBEPXHOCTU C BBICOKUM COJEPKAHUEM CTPYKTYpHBIX J€(EeKTOB U SBISIETCS OJHUM U3
3JIEMEHTOB TIpollecca OTXKUTa TPUNOBEPXHOCTHBIX cCioeB. [IpUHATBI MexaHHM3M pocCTa
KpPHUCTAJIOB 0a3upyeTcsi Ha TOM, YTO, KaK OBbUIO JIOKa3aHO TEOPETHUYECKH U 3KCIIEPHUMEHTAIBHO,
[P BBICOKON KOHLEHTPALUU CTPYKTYPHBIX JEPEKTOB HOHHO-CTUMYIMPOBAHHBIE HANPSKEHUS B
IPUIIOBEPXHOCTHBIX CJIOSIX JIOCTUTAIOT BEJIWYMH, MpEeBBbIIAIOIIUX MNpeaen Tekyuectu. Ilpu
6oMbapIMPOBKE TTOBEPXHOCTH HOHAMH CpeaHnX 1 6ompmmx Mace (Ar', Kr', Hg") ¢ sneprusmu B
JMana3oHe OT HECKOJBbKUX JECSATKOB /0 HECKOJBKHUX ThICSY JJIEKTPOHBOJIBT NPUYUMHON
BO3HUKHOBEHHUSl HANPSDKEHUH MOXKHO CUMTATh MEXI0y3elbHble aTOMbl. OHM MOSBISIOTCS B
IPUIIOBEPXHOCTHBIX CJIOSIX TBEPJOro Tejla IO MEXaHW3My 3aMELIAloIIUX CTOJKHOBEHMH B
pe3yJbTaTe B3aUMOJICHCTBHS HAJETAIOUIMX HOHOB C aTOMaMHU MOBEpXHOCTU. CTOK TaKMX aTOMOB
Ha CTPYKTYpHBbIE 1e(EeKThl U FeHEepalys HOBBIX CIIOCOOCTBYET POCTY U MOJIEPKaHHIO BBICOKOTO
YPOBHSI HAINpsDKEHUHW B Mpolecce HOHHOM OomMOapaupoBku. HampspkeHHst BBI3BIBAIOT
MHTEHCUBHBIE TPAHCIOPTHBIE M PEKPUCTAIIN3ALMOHHBIE MIPOIECCH, 00ECIEeUNBaAIOLINE TOTOKH
MaTepuaia K LIEHTpaM 3apOoXJIEHHUS U 3aTeM POCT KPUCTAJUIOB. PocT BHCKEpOB 0O0BsACHSETCA
MaccoOlepeHOCOM uepe3 IOBEPXHOCTh 3a CUeT CKOJBKEHUS B I0JI€  HANpsHKCHUH
JUCIIOKALIMOHHBIX ~ TeTeNb,  (OPMHUPYIOMUXCS  MPUIIOBEPXHOCTHBIM  JHCIOKAMOHHBIM
HUCTOYHUKOM.

CyuiecTByronye MpeiCTaBIeHUs] IO3BOJSIOT OOBACHUTH OCHOBHBIE 3aKOHOMEPHOCTHU
pasBUTHSA KPHUCTAIJIOB. B 4acTHOCTH, KauyeCTBEHHO OOBSICHEHBI HAOIIONAIOIIMECS CKOPOCTH
pocTa BBICTYIOB M BHCKEpOB. BBISICHEHO, UTO MPUYMHOI 00pa30BaHUs KOJBIEBBIX yIIyOJIeHHI
BOKPYI' BHCKEpOB SIBJISIETCSI BBIXOJALIMI Ha MOBEPXHOCTb MHTEHCHUBHBIN IOTOK BaKaHCHM,
TFEeHEPUPYEMBIX AMCIOKALMOHHBIM HCTOYHHMKOM. [loKka3zaHO, 4TO MNpekpalleHue 3apoKIeHHs
HOBBIX BHMCKEpPOB M BBICTYIIOB 4epe3 HEKOTOpOE BpeMs IOcie Hauyana OOJydeHHs CBSI3aHO C
OT)KUIOM TIOBEPXHOCTHM M COOTBETCTBYIOIIMM YMEHBIIEHHUEM YPOBHS IMPUIOBEPXHOCTHBIX
HanpspkeHud. [IprnunHOM NpekpameHus JIMHEMHOTO POCcTa A0 3aBEPIIEHUS OT/KUATA OKA3bIBACTCS

paclbl/ICHUE MHUIICHU Ha FJ'IY6I/IHy JUCJIOKAIIMOHHOI'0O HMCTOYHHKaAa HJIM Pa3BUTHUC Ha 3Ty XKC



NIyOUMHY KOJIBIEBBIX yriyOsieHuil. B o0oux ciaydasx B pailoHe TUCIOKAIIMOHHOTO HCTOYHHUKA
YMEHBIIAOTCS HAPSHKCHUS, HEOOXOIMMBIE TSI €r0 paboTHI.

[TpucytcTBHE aTOMOB 00J€€ TYTrOIUIABKOTO METaylla 3aTPYAHSET OTXKUT JHUCIOKAIUI.
KOHLIGHTpaI_[I/IH III/ICJIOKaLII/Iﬁ B MMPUNOBCPXHOCTHBIX CJIOAX M, KAK CJICACTBUC, YPOBCHb HMOHHO-
CTUMYJIUPOBAHHBIX Hal'[pﬂ)KeHHfI OCTAaCTCsA OOCTATOYHO BBICOKMM B TCUCHHC BCCro Icpuoaa
00JTy4eHHST HE3aBUCHMO OT XapaKTepa MpeaBapuTesbHON 00paboTku. B pe3ynbrare, mOCTOSHHO
NIOJJICP’KUBAIOTCS YCIIOBHS JIJIsl 00pa3oBaHMs U pocTa BHCKepoB. Tpanchopmarust Gopmbl U
pa3MepoB BHCKEPOB IMOCIIE TMPEKPAICHHSI UX POCTa B BBICOTY, B YaCTHOCTH, PAa3BUTHE BUCKEPOB
IPAaBWIBHBIX T€OMETPUYECKUX (HOPM, CpallBaHUE BHUCKEPOB OOBSCHSETCA OCAKIACHHEM Ha
BUCKED AaTOMOB, PACHBUICHHBIX C OKPYKAIOIUX YYaCTKOB TIOBEPXHOCTH W BTOPHUYHOU
KPUCTAUTU3AIMEe C y4YacTHEM CHJI TOBEPXHOCTHOTO HAaTsDKeHUs. [losBICHHE BHCKEPOB H
MOHOKPHCTAJIJIOB Ha MOBCPXHOCTAX, IMPUMBIKAIOIHUX K O6J'Iy‘-IaCMBIM y4acCTKaMm,
paccMaTpuBaeTCs KakK CICICTBUE PACIPOCTPAHCHHUS HOHHO-WHIYIIMPOBAHHBIX HAIMPSHKCHHUN 3a

npeJesbl 30Hbl 00TyYeHHUS.

3.2. POCT KOHMYECKUX CTPYKTYP

Konnueckue CTpyKTyphl sIBIsiFOTCS (hOopMoOii pa3BuTHs peiibeda B TEX YCIOBHSIX, KOT/A
TaKO€ pa3BUTHE IMPOWCXOIUT B PE3yJbTATe COBMECTHOTO JCUCTBUS PACIHBUICHUS U HOHHO-
WHIYIMPOBAHHBIX MPOIIECCOB B MPUTIOBEPXHOCTHBIX CIIOSX TBEPIOTO Tesia. KOHYCHI MOSBISUIACH
Ha TIOBEPXHOCTH METAJUIOB M TIOJYIMPOBOJHUKOB B THAMa30HE YHEPTHH MOHOB OT HECKOJIBKUX
COTEH D3JICKTPOH BOJBT JO JCCATKOB KHJIOJICKTPOHBOJLT. KOHYCHl pa3BUBAINMCh Kak O]
WOHHBIMU ITyYKaMH, TaK W MPU OOJYYCHHH HEMOCPEACTBEHHO B IiazMe. Ha meramnax oHu
o0pa3oBbIBaNIUCH B TemnepaTtypHom auamnasoHe (0.3+0.4)T, < T <(0.7+0.8)Ty, . FIx BbIcOTa Hax
00 Ty4aeMoil TIOBEPXHOCTBIO JIOCTUTANa JECATKOB MHUKPOMETPOB, HO OHHM BCErJa OCTaBaJIHCh
HIKE YPOBHS IEpBOHAYAIBHON MMOBEPXHOCTH (puc. 13).

Ha moBepXHOCTSIX YHCTBIX METAJIOB KOHYCHI POCIHM Ha y4YaCTKaX C BBICOKHM YPOBHEM
CTPYKTYpHBIX Jae(eKkToB. PocT KOHYCOB CTUMYIMPOBAJCS, W OHU MOSBISUINCH TaKKe W Ha
ydacTKaX C COBEPIIEHHOW CTPYKTYypOH, €CIM Ha MOBEPXHOCTh B TMpoIlecce OOIydeHHS
HANpaBJSUICS TOTOK aTOMOB 0Oojiee TYTOIUIaBKAX MeTauioB. [IOTOK aTOMOB TpUMeECH,
CTUMYJUPYIOIIUN TOSBIEHHE KOHYCOB, MOT ObITh BecbMa Man — Bcero 0.2% oT moroka
pactbuieHHsT (B Clly4ae OCaXJICHUS aTOMOB MOJHOJCHa Ha TOBEPXHOCTh ME[H,
GoMGapaupyeMyIo HoHamu pryTH ¢ E = 500 9B, j = 1 MAxcem™).

PocT koHyCcOB HauMHAJNCS ¢ 00pa30BaHUs IIIMHIPUYECKUX BBICTYIIOB, TUAMETP KOTOPBIX

uHoraa He mnpesbiman 0.01 mxm, a BeicoTa— 0.1+1.0 MkM. OHM He mpeBbILIATM TOJIIUHY



pacIBbUICHHOTO CJIOSI M BCerza ObUTM HarpaBlIeHBl HABCTPEUy OOydYalomIeMy ITy4KYy. DTUM OHH
OTJIMYAJINCh OT BHUCKEpOB, OJHAaKO, TaK JK€ KaK BHCKEpBHI, SBISUIMNCH HPOIYKTOM
KPHUCTAJNINYECKOr0 pocTa, 00ecreyeHHOro noBepxHocTHOW nud¢ysueit. [lox neiictBuem cui
MIOBEPXHOCTHOT'O HATSKEHUS! BBICTYIIBI CO BpEMEHEM IPEBPAIIaINCh B (PUTYPBHI, HATOMHUHAIOIINE
«TpUOBbD» WM «ILAPUK Ha HOXKe» (puc. 14). OTMeuyanuch BBICTYIbI, UMEIOLIUE HECKOJIBKO
«IIAapUKOB». B mponecce AnuTenbHOro 00IyYeHHs HOXKKH MPUOOpeTany KOHuYeckue (GopMsl, U
[0 Mepe pacHbUICHUs IIAapHKa B BEPLIMHAX 3aBepllaioch GpopMupoBaHue KoHyca. [IpuunHoi
3TOTO ObLIa COBOKYITHOCTh HECKOJBKUX SIBICHUH, CPEIN KOTOPBIX: YMEHBIIEHHE CO BpEMEHEM
[0 MEpEe pacHbUICHUs ILIapUKa B BEPILIMHE BBICTYNA 0O0JIACTH SKPAaHUPOBKU; MOHMKEHHE B
Ipolecce pacliMpeHHsl YPOBHA MCXOIHON IOBEPXHOCTH; HaKOIUIEHHE IU(GYHIUPYIOIIEro
BEIIIeCTBA Ha OOKOBBIX CTOPOHAX BHICTYIIOB.

VYron npu BepmnHe 0; HE3aBHCHMO OT MEPBOHAYAIBHOM (DOPMBI «IKPaHUPYIOIIETO»
JIEMEHTAa CTPEMUTCS K 3HAYEHHIO Omax = T-2Qmax - Ecim, Onarojapss Haauuuio aTOMOB
TYTOIJIABKOW NPUMECH, CpPEIHMH YpPOBEHb HANpsDKEHUM Ha 00JydyaeMOd IMOBEPXHOCTH
HOJIEP’KUBAJICS TTOCTOSIHHBIM, (DOPMBI KOHYCOB M CKOPOCTH MX POCTa OCTABAIHUCH CTAOMIbHBIMU
B TEYEHHE IUTENHHOrO BpeMeHH. [lpm oOmydeHMM Meau TOTOKaMH aTOMOB BoOJb(pama
(3aTpaBka) u noHOB aproHa (jw = 1.5-10'* arxem™xc™; jar = 3x10' monxem™xc”, E =600 5B
COOTBETCTBEHHO) MEPUOJ CTAOMIM3AMK MPOJODKajics 2+2.5 4. 3a 3TO BpeMs ¢ MOBEPXHOCTU
6bu10 pacnbuieHo 80+90 MKM, a cpeqHssl BHICOTa KOHYCOB yBennuuBaiach ¢ 17 no 40 Mkm, T.e.
COCTaBJISIIOLIMI KOHYCBhl MaTepual CMEHWJICS HECKOJIbKO pa3. CKOpoCcTh pocTa KOHYCOB Hal
PACTIBLIAEMOI TTOBEPXHOCTBIO BAPBUPOBATIACH B mpeaenax (25+5)x10™ emxc™ (puc. 15).

Mogesb, 00bsICHAIOIIAs CYLIECTBOBAHHE MepHOAa CTa0MIbLHON (GopMBI UM APYrux
3aKOHOMEPHOCTell pa3BUTHSI KOHYCOB, OCHOBBIBACTCSA Ha IPEACTABICHUU O TOM, YTO HMOHHAs
O60MOapMpOBKa HE TOJIBKO CO3[aeT, Ojarojapsi paclbUICHHIO, KOHHMYECKHEe (GOpMbI, HO HU
CHOCOOCTBYET Pa3sBUTHIO HAa MX MOBEPXHOCTSX MPH OMpPEENICHHBIX YIlaXx HakiIoHA (0;) CKIOHOB
KOHYCOB CXXHMAIOIIMX HampspbkeHuid. Bepmmua konyca pasmepom RxL, rae L — riyOuna
HaNpsHKEHHOW MPUIIOBEPXHOCTHOM 30HBI, OCTaeTcsi cBOOOAHOHN OT HampspkeHuil. [loatomy mo
CKJIOHaM KOHYCa B BEpIIMHY yCTaHABIMBAeTCS NU((Y3UOHHBIA MOTOK, KOMIIEHCHUPYIOIIUN ee
pacnbiieHre. TakuMm o0pa3oM, pa3BUTHE KOHYCa €CTh Pe3yJbTaT TOro, YTo, Oiarojnapsi HOHHO-
CTHMYJIMPOBAaHHBIM MPOIIECCaM Ha IOBEPXHOCTHU M B IPUIIOBEPXHOCTHBIX CIIOAX €r0 PACIBIICHUE
IPOMCXOJUT MEJUIEHHEE, YUeM PACIblICHUE OKpY XKarolllel IIOCKON MOBepXHOCTU. B pesyinbrare,
BBICOTA KOHYCa yBEJIMUMBAETCS B MPOLIECCE PA3BUTHUS, XOTS €0 BEPIIMHA BCEr/la HUKE YPOBHS

HepBOHaanBHOﬁ ITOBCPXHOCTH.



HamnpspkeHus: 0 CKJIIOHaM KOHYCOB BO3HHUKAIOT IPU BBIIOJIHEHUU YCIOBUS Os > 7 - 2¢yp .
3a BEIMUYUHY Py, IPUHUMAETCS YToJl aJeHUs] HOHOB, IIPU KOTOPOM aTOMBI IIOBEPXHOCTH CKIIOHA
Ipy CTOJIKHOBEHHWH C HaJEeTalolMM HMOHOM Tnoiydyar »sHepruto E,, ngocrarounyio nams
00pa3oBaHUsl MEXKI0Y3eJIbHOTO aTroMa B TIyOMHE MHIICHH [0 MEXaHU3MYy 3aMEIaroIInX
CTOJIKHOBCHHIA:

E, :EiLMchosz(pr, (1)
M, +M,)

raie M; u M, — maccel MOHa ¥ aToMa IMOBEPXHOCTU COOTBETCTBEHHO. B OoJbIIMHCTBE
ciaydaeB BMecTO E, MOXHO ucnonb3oBaTh 3Hepruto cMmemeHus Eg. OneHka mpencraBisieTcs
ONpaBIaHHOM JIi MOHOB CPEHMX W TsDKENbIX Macc ¢ sHeprusimu E; <1 k3B, korma mMoxHO
npeHeOpeyb X BHEIPEHUEM B MTOBEPXHOCTh MPHU HAKIIOHHOM Ta/ICHUU.

Ecmn @up<@uax, TO TUPPY3UOHHBI MOTOK 3a0CTPSIET BEPILIUHY, HO HE IMPHUBOIUT K
W3MEHEHUIO yTIJla MEXAY CKIOHaMH U CKOPOCTH paclbUIeHHs KOHyca B uenoM. Ecim ke

Qip>Prax, TO B 3TOM cilyuae TUPQPy3UOHHBII IOTOK B BEPIIUHY B COBOKYIHOCTHU C PaCIblICHUEM

MNpUBOAUT K YCTAHOBJICHHIO TAKOI'0 YIJIa GS MCKAY CKIIOHaAMH, YTO CKOPOCTHU pa3pymICHUA

CKJIOHOB M BEpLIMHBI CpaBHUBarOTCa (A, =h,). B mnpeanonoxkeHnn KOHMYECKOH (HOPMBI

BEPILMHBI KOHYCa YCJIOBHE PaBHOBECHS

=[50, -0, @

DTa KOH(QUTYpaLHs OKA3bIBAETCS OTHOCUTEIBHO CTaOMIbHOU. [Ipy yBeTHYeHUH 110 KaKOM-
an00 TPUYUHE CKOPOCTH pa3pyILIeHUs BEpIIMHBI (yBelnnueHUE KOIPQPUIIMEHTa pacHbUICHHUS,
yMeHblIeHne (G Qy3MOHHOTO MOTOKA), YMEHBIIAETCS] HAKJIOH CKJIOHOB KOHyCa B BEpXHEH ero
4acTH, W, B pe3yJibTaTe, ycuauBaeTcs quddy3noHHBIN MOTOK B BepiuHy. [Iporiecc pa3BuBaercs
710 T€X TOp, TIOKa CKOPOCTh pa3pyIlIEHUs! CKJIOHOB U BEPIIMHBI BHOBh HE CPAaBHUBAIOTCS YXKE MpU
HECKOJIbKO OonplieM 3HaueHuu yria 0. Ilpu 3amenneHun paspylieHUs BEpIIMHBI KapTHHA

Oynet obpatHoil. Ecniu ycnoBue (2) BBINOIHAETCS MPH YITIAX Ps>Qyax, TAKUX,UTO S(0)<S(0), TO

BbICOTA KOHYCa OyJeT YBEITUUYUBATHCA CO CKOPOCTHIO:

h = ji2*[S(0)~S(0,)] (3)

[TogoOHBIM ke 00pa3oM HampsDKEHUS Ha OOJTydaeMbIX CKJIOHAX BIIMSIOT HA Pa3BUTHE
KOJIBIIEBOW KaHAaBKM KOHMYECKOTO CEUeHHsI BOKPYT KoHyca. Iloj ux BiusHHEM (HOpMHUpYETCs
NOTOK BaKaHCMU B o00NacTh [HA YIAyOJieHUs,, TN YpOBEHb HANPSOHKEHUH OKa3bIBaeTCs

NOBBIIIEHHBIM. B pe3ynbTare npeaoTBpamiaercss 00pa3oBaHUe INIOCKOIO JHA, CTAOUIM3UPYETCs



ero ¢opma M CKOPOCTh pocTa IryOuHbl. YacTh MaTepuana u3 yriryonenus Omaromaps quddys3un
MOCTyNaeT Ha CKJIOHBI KOHyca. Marepuan MOCTymaeT Ha CKJIOHBI KOHyca Takxe Oiaromaps
MIEPEHAIBUICHUIO CO CKIIOHOB KaHABKHU U C OKPY’KAIOIIUX €r0 yUYaCTKOB IUIOCKON MOBEPXHOCTH.

Hcnons3ys ¢opmyny (3) u 3aBUCUMOCTb S(¢), MOXKHO OLEHHTH BO3MOYKHOCTb POCTa
KOHYCOB TIpU JAHHBIX SHEPruud W TUmNe HOHOB, Bujae wmumieHd. [Ipu E <1 xsB Bennunna
[S(0)-S(@xp)] >0 g1 map Ne'—>Cu, Ar'—>Cu, Ar'—>Au, Hg'—Ta. Dto ycioBue He
BBITIONHACTCA, T.€. KOHYChl He OymyT pactu B ciaydae Ne'—Mo, Ar'—Ta, Ar'—W. Konycsl
MOTYT 00pa30BBIBAThCS B TE€HU 3aTCHSIONIETO dJEMEHTa, Hampumep BHUcKepa (puc. 11), HO HE
OyIyT pacTH IMOCJIE €ro PacIbUICHUSI.

[TocnenoBaTenbHbI y4eT pOJIM HampsOKEHUH U (QOpMUpPYEMBIX HMH  JU(PQPY3HOHHBIX
MIOTOKOB TI0 CKJIOHAaM KOHYCOB ITO3BOJISIET OOBSICHUTH HE TOJBKO MPUYHUHBI pOCTAa KOHYCOB, HO U
crienuudeckue  OCOOEHHOCTHM  KOHYCOOOpa3OBaHHUsS,  OTMEYaeMble B  Pa3IMYHBIX
9KCIIEPUMEHTAIBHBIX YCIOBHSIX.

W3menenne (opMbl BepIIMHBI KOHYCOB — OKpPYIJICHHE, 3a0CTpeHHE, OOpa3oBaHHE
HAIUTBIBOB, WHOTJA HAINlOMHUHABIIUX CBOCOOpa3HBIC TOKPHITHS, OOpa30BaHHE «IIAPUKOBY,
CMEIICHUE BEpIIMHBI, MOSBIECHHE HECKOJIBbKMX MHUKPOBEPIUIMH — OINPEAEIsIoch KojeOaHUsIMU
CKOPOCTH pachblICHUS, BEIUYUHBI AU(PGY3NOHHOTO TOTOKA MO CKJIOHAM WM HapyIIEHHEM €ro
CUMMeTpuu. B pesynbraTe neicTBUsS MeXaHM3Ma CTAOMIM3alMM 3TH U3MEHEHHS (OPMBI
BEPIIMHBI HE OKAa3bIBAIH BIHMSHHSA Ha POCT M (POPMY KOHYCOB B IIETIOM.

Eciu B pesynbTare QuiyKkTyallMd MHEepEedYHCIEHHBIX BBIIIE MapaMeTpoOB WM, Onaronaps
BHEIITHEMY BO3JCHCTBHUIO, BEpUIMHA «3aTyIUIAjachy TakuM oOpa3oM, 4YTO €€ JuaMeTp
CYIIECTBEHHO MPEBBIIIAT TOIIUHY HAIPSHKEHHOTO CII0sl, TO AU Y3MOHHBIN MOTOK MO CKIOHAM
y)k€ HE MOI BOCCTaHAaBIMBaTh BepHIMHY. B pe3ynbrare (GopMHpOBAICS CBOCOOPA3HBIMA
KOJIbLIEBOM IrpeOeHb 1Mo nepudepun BEepIIMHHON 00JaCTH WM BbIpacTaja HOBasi BEpILKMHA BIIOJIb
OJIHOTO M3 CKJIOHOB, €CIIM MOHHas OoMOapIuMpoBKa MPOMCXOAMIIA HE MO HOPMalM K IJIOCKOU
MIOBEPXHOCTH.

[TosiBneHHEe W3OTHYTHIX KOHYCOB OOBSCHSAETCS TEM, YTO MNpPH pPa3sBUTHU KOHYCOB Y
MIOBEPXHOCTHBIX CTYIICHEK, Ha Kpar OOpa3loB WM TpH OJM3KOM pPACIIOJIOKEHHUH KOHYCOB
MOTOKU MEePEHANBUISIONIUXCS aTOMOB M OTPAKEHHBIX MOHOB Ha CTOPOHBI KOHYCOB OKa3bIBAJINCh
HECUMMETPUYHBIMU. DTO BBI3BIBAJIO ACUMMETPUIO HampsbkeHUd U auddy3ud Ha CTOPOHAX
KOHYCOB M uX u3ru6. Bo3pacraromas mioTHOCTs HOHHOTO OOTy4YeHHUsI M30THYTON YacTH KOHYcCa
UHTEeHCUPHUIMpOBaia Tu(Py3HOHHBIE TIOTOKH, W, B pe3yJIbTaTe, OHA Y/UIMHSIACH U YTOHYAJACh.

[Ipu OTCyTCTBHM TYTOIUIAaBKOW MPUMECH H3-3a HAYLIEr0 MOJ OOJIy4eHHEeM OTKHra
MaTepuasa, YpOBeHb HANpPSHKEHUN Ha CKIOHAX M, COOTBETCTBEHHO, NU(D(Yy3HMOHHBIN MOTOK B

BEpPIINHY CO BpEMEHEM yMeHbIIaauch. [Ipu 3ToM paBHOBECHBIN yroi 0 yBenuyuBacs, HaYMHas



C BEpIIMHHOW 00JacTH, M TIOCTENEHHO PpAacIpOCTpaHsICS Ha Bech KOHyC. PocT KoHyca
3aMelIsuICsa, a 3aTeM Ioclie JTOCTHXKEHUs ycinoBus S(s)>S(0) HauMHAIOCh €ro paclblICHHE.
I'myOuna oxpy’karomero KOHyC YIUIyOJeHHs Taike MepecTaBajia yBEIHMYUBATHCS, Y HETrO
HOSBIIAIIOCh U POCIIO IUIOCKOE JTHO MEXIy OTCTYHAIOUIMMHU BO BPEMs PACHbUICHHS CKIOHAMH
(puc. 16).

[Ipy TecHOM pacroJIO)KEHHUH KOHYCOB HMX pPAa3BUTHE ONPEACISeTCS HEKOTOPHIMU
JIOTIOJTHUTEIFHBIME aClIeKTaMH. B 4acTHOCTH, 3HaYUTENbHAsl YacTh aTOMOB, PACIBUICHHBIX CO
CKJIOHOB, OCQXIAeTCsl Ha COCEIHHE KOHYCHI, CIIOCOOCTBYS 3aMEIJICHHIO PACIBIJICHUS BCEH
CTpyKTyphl. Kpome TOro, MpH MHTEHCHBHOM IEPEHAIBIICHUN YBEINYNBAIOTCS HANpPSDKEHHUS Ha
CKJIOHaX KOHYCOB M, COOTBETCTBEHHO, MHTCHCU(UIIUPYIOTCS IMpOLECcCh pocTa. B pesynbrare,
NP TECHOM pAaCIIOJIO)KEHUH PABHOBECHBIN YToJl MPH BEpPIIMHE OKA3bIBAECTCS MEHBIINM, YeM Y
OJMHOYHBIX KOHYCOB. CiemyeT Takke OTMETHUTb, 4TO OOoMOapAMpOBKA PACIBUICHHBIMH CO
CKJIOHOB aTOMaMH COCEIHMX YYaCTKOB MOBEPXHOCTH CIIOCOOCTBYET POCTY HANpsDKEHHH |
NOSIBICHUIO TaM HOBBIX KOHYCOB. JTO, MPEIMNOJIOXKHUTENbHO, SBISETCS OAHON M3 NPUYHMH
CaMOBOCCTAHOBJIEHUSI CTPYKTYPBI TECHO PACIIOJIOKEHHBIX KOHYCOB.

Ha ompeneneHHBIX KPUCTAUTMYECKUX I'PAHAX M NMPU HE CIUIIKOM BBICOKHX TeMIepaTypax
U TOTOKAaX OO0JIydeHUs KOHYChbl NpUOOpeTand NUPaMUAAIbHYIO OIPaHKy. YCJIOBUS TakKoro
pa3BUTHS BBISIBICHBI HEIOCTATOYHO.

[Tporecchl, cBA3aHHBIE ¢ HOHHO-CTUMYJIMPOBAHHBIMHA HANPSOKCHUSIMHU, U TIEpEHAIbUICHUE
UTpajJd OCHOBHYIO POJIb B 00pa30BaHMM KOHYCOB M IUPAMHJ Ha BBICTYNIAX M TPEOHSX WM B
yrIyOJeHusX, sSMKax TpaBieHUs M T.aI. B mepBom ciyuae Bbmykias Qopma penbeda
crocoOcTBOBaia (HopMupoBaHHIO IU(PPY3HOHHBIX IMOTOKOB B HX BEPLIMHBI, BO BTOPOM—
O0oMOaparpoBKa THA yTIyOJIeHUI aTOMHBIMU YaCTUIIAMH, PACCESTHHBIMU U PACIIBUICHHBIMU C X

CKJIOHOB, HHUIIMMPOBAJIa POCT HANPSKEHUH U (OpMUPOBAHHE MTEPBOHAYAIBHBIX BBHICTYIIOB.

3.3. ®opMupoBaHUE KOHUYECKUX CTPYKTYP Ha CIIaBaX U COCTMHEHUSIX

PaccmoTpeHHbIe BbIIIE MEXaHM3MbI HNPUBOIMIN K Pa3BUTHIO penbeda, COCTOSIIETO U3
KOHWYECKUX BBICTYINIOB, TpH OOJy4YEeHHH CIUIaBOB M coequHeHHid. [Ipm ompeneneHHbIX
KOHIIEHTpalusX Oojiee TYroluiaBkasg M3 KOMIIOHEHT ABYX(a3HBIX CIJIABOB U COeJUHEHHH
urpajia pojb 3aTPaBKH, CTUMYJHUPYIOMICH TIIOSBICHHUE B TIPUIOBEPXHOCTHBIX CIIOSIX O]
JeWCTBHEM OOIydYeHHs CXKHMAIOMIMX HAMPSHKCHUH, TOCTATOYHO OONBIIMX IS CTUMYJISIINAU
IPOLIECCOB pocTa Ha 00Iy4aeMOil MOBEpXHOCTH (HAmpHMeEp, Ha TMOBEPXHOCTH OJHO(A3HBIX
caBoB Cu-Ni u  nByx¢asueix Cu-Fe koHuMyeckwii penbed HHTEHCHMBHO pPa3BHBAJICS B
JMAra30He KOHIICHTPALIMM TYTOIUIABKUX KOMMOHEHT oT S5 g0 50%). Taxke kak Ha

MOHOAJIEMEHTHOM MTOBEPXHOCTH, KOHYCBI pociu B obnactu TEeMIEepaTyp



(0.3+0.4)Tyy. < T < (0.7+0.8)Ty,. Ha moBepxuoctu cniiaBa Cu-Ni 20a1%, o0nyyaemMoli HoHAMU
aprona (E=6005B) mpu mo3e ob6myueHHS 10%° nomxcm™ 00pa3oBbIBAsIaCh CTPYKTypa U3
KOHYCOB, COOpaHHBIX B OTZEJbHBIC TpyHIbl. Pasmepbl KoHYcOB cocTtaBisiiu 1+3 MM (puc. 17a).
Penbed cTaGHIM3HPOBANCS TIPH YBEIMUCHHH 10361 06ayderns g0 6x10% morxem™. Komychr,
TECHO PACIOJIOKEHHbIE Ha TMOBEpXHOCTH, Aocturanu 10+20 mxm (puc. 176). Konycel, ux
CKOIUICHHUs, TPeOHU MMENU CrIIa)KEHHbIE BEPIIUHBI M OUEHb Mallble BEJIMYMHBI YTJIOB HAKJIOHA
CKJIOHOB, YTO SIBJIIETCS PE3yJbTaTOM MHTEHCHUBHOI'O MEPEHANBIICHUS C COCEIHUX KOHYCOB. B
nanpHemeM penbed HE MEHSUICS TpPH TMPAKTHYECKH JIECATHKPATHOM YBEIWYCHUU O3B
o0JyuyeHusi, HECMOTpsI Ha TO, YTO 3a 3TO BpeMs M3-3a PACHbUICHUS HEOJHOKPATHO MEHSUICS
MaTepua, COCTaBIIAIOMINN JIEeMEHTHI penbeda.

AHajoruss ¢ mpoleccaMd pocTa Ha MOHOSJIEMEHTHON METaJUIMYecKOW MOBEPXHOCTU
TIPOCIEKUBANACH M TIPH OOTy4eHHH MOTOKAMH HOHOB Ar  Hu3Koi mHTeHcHBHOCTH (E = 600 5B,
j=0.08 MA). Pacmpuisioniee BO3JCHCTBHE HWOHOB OBLIO TENEph HE3HAYUTCIILHBIM M Ha
MOBEPXHOCTU POCIH KpHUcTalibl. [IOBepXHOCTHBIE BBICTYIIBI COCTOSIIM M3 OOJBIIOTO YHCIa TO-
pa3HOMY  OpPHEHTHPOBAHHBIX  MHUKPOKPUCTAZIOB C  XapaKTepHBIMH  pa3MepaMu  He
MPEBBIIAIOIIMMHA 1+2 MKM.

B mpornecce pa3BUTHS KOHMYECKOTO penbeda MEHsIIOCh paclpenesieHue KOMIIOHEHT B
MPHUIIOBEPXHOCTHOM ciioe. CTUMyJHpOBaHHBIE HWOHHON OoMOapaupoBkol muddy3HnoHHBIC
MOTOKM TIO CKJIOHaM «BBIHOCST» B BEpIIMHBI KOHYCOB Oojiee Jierko AUPOYHIUPYIOILYIO
JIETKOIUIaBKYI0 KOMIIOHEeHTY. [losTomy ero oboramarTcs BepIIMHHBIE OO0NacTH, Aarollue
HauOONBIINK BKIIAJ B PACHbLICHHE, U BMECTE C TEM, B YIIIyOJEHHBIX Y4YacTKaX, PacIlbUICHUE
KOTOPBIX 3aTPYyJHEHO, MOBBILIAETCS KOHLIEHTPALUs BTOPOM, O0JIee TyTrOIIaBKOM KOMIIOHEHTHI. B
pe3ynbTare, B paclbUICHHOM MOTOKE MOBBIIIAETCS] KOHIIEHTPAIHS JIETKOIUIAaBKOM KOMITIOHEHTHI, a
MOBEPXHOCTh B IEJIOM 00OTallaeTcss TYTOIUIaBKOM KOMIIOHEHTOW. DTO, B CBOIO Ouepelb,
cTuMynupyeT IupQy3u0 K TMOBEPXHOCTH JIETKOIUIABKOM COCTaBISIONIEH M OOeIHEHHE €lo
IPUIIOBEPXHOCTHOT'O CJIOSI.

[lpun pacmsiennn woHamu Ar' cmaaBa Cu-Ni52 at% npm temmeparype 300°C
KOHIIEHTpalUsl MEAN B MOTOKE paciblieHus: gocturaina 64%, B TO BpeMsl Kak Ha pacubUIsieMOn
noBepxHocTu ymaia 10 25%. OOenHeHHBIH MeAbl0 MPUMOBEPXHOCTHBIM CIOH COCTaBIISUI
HeckoybKo coT anrctpeM npu 200°C, teicstun anrctpem mpu 300°C 1 Bo3pacTall 10 HECKOJIBKUX
MukpoH nipu 400°C. Ilpu oOsydeHUH B 3TOM K€ TEMIIEpATypHOM HHTEpBaJIe NIBYX(Da3HBIX
crutaBoB Cu-Fe xaptuHa okasbiBanach 6osee cinoxkHoi. [1pu konuentpauuu Fe paBnoit 20 at%
KOHYCBHI POCJIM Ha MOBEPXHOCTH MEIH, U B 3TOM CiIy4yae MepeHanblIsieMble Ha €€ MOBEPXHOCTh

atoMmbl Fe urpamu ponp tyromnaBkoil 3arpaBku. Ilpm 5 at% Fe mpoucxonuia MHTEHCUBHAas



T Qy3ust MeIu Ha TIOBEPXHOCTH 3€pEH jkeie3a. Temeph yke KOHYCHI, COCTOSIIUE TaKXKe W3
Me/, MOSBJISUTUCH HA TIOBEPXHOCTH 3€PEH XkKelle3a.

3aKOHOMEPHOCTH, MPOSBIAIONIMECS MpU OOIydeHHH JBYX(a3HBIX METAIIMYECKUX
CIUIaBOB, ObUTM BO MHOTOM XapakTepHBI sl rpa¢uToB MOIAM(PUIMPOBAHHBIX KapOuIamMH.
Ipu o6nyuennn pekpuctammusoanHoro rpadpura PT-T (C + 3+4 a1% TiC) nomamm He'
(E=8005B, j~1+2MAxcm™) mpu Temmeparype T =500°C Ha 061ydaeMoil MMOBEPXHOCTH
NOSIBIISLIACH  CTPYKTYypa TECHO pPACHOJIOKEHHBIX KOHYCcOB (puc. 18). AToMBI THUTaHa,
pacHblICHHbIE C TMOBEPXHOCTH MPELMIIUTATOB KapOWJa THUTaHA, UMEIONIMX CPEAHHUE pPa3MEphI
1 MKM, Iomajanu Ha MOBEPXHOCTh rpaduToBON MaTpuibl. TaM OHM 00pa30BBIBATIM MOJIEKYJIbI
TiC, BbIMONHAIONIME pOJb TYTOIJIABKOW 3aTpaBKW, CTHUMYJHpYMOLIEH pocT konycoB. Ilpu
noBbiieHMH Temmneparypbl 10 1300°C pocT KOHYCOB yke He HaONIOJANCs, MOCKOJBKY MHpU
TaKuX TeMIlepaTypax aTOMbl THTaHa, JOCTHUTIINE MOBEPXHOCTb IpaduTa, HCHIAPSUTUCh U CBS3H

Ti—C He 00pa30BBIBAIHCE.

3.4. O0pa3oBaHue MOBEPXHOCTHBIX MOP

B stom pasnene paccmaTpuBarOTCs YCJIOBHS TOSIBJICHHUS M 3aKOHOMEPHOCTH DPa3BUTHS
OTKPBITBIX TOBEPXHOCTHBIX TIOp (YIIIyOJICHHI), KOTOphIe 0O0pa3yloTcs Ha o0JIydaeMoun
MOBEPXHOCTU TBEPAOIrO Tejla Kak creuuduyeckue, caMocTosTeNnbHble (GopmupoBaHus. Takue
MOPHI TOSABIISTUCH HA TMTOBEPXHOCTH TBEPABIX TeIl MPU UX OOMOApIUPOBKE MOHAMU JIETKUX ra30B
B YCIOBHUSX BBICOKHX Temmeparyp. OTMedanoch, YTO MOpBHI YyXKe B MEPBBII MOMEHT HX
pEeTUCTpaIH Mocye Hayajia 00ydeHHsI MMENN 3HAYUTEIIbHBIE pa3Mepsl (puc.22).

Ha moBepxnocTu moTHoro Menkozepauctoro rpagura MI'T-8 npu o6nydyeHnn noHaMu
remust He™ (E =800 5B, j=1.2 MAxcM™) NMOBEPXHOCTHBIC MOPBI HAGNIONAINCH B [HANA30HE
temnepatyp 500+1300°C. OHu NOSBIAIUCH NMPU 032X TPUMEPHO 0.4x10* monxcm™. Cpennue
pa3Mepsl IOp COCTABIISUIA OKOJIO SMKM U ObUIM CPaBHHUMBI C TOJIIMHON pacnbUIeHHOTo cios. B
JMana3oHe /03 (O.4+2.2)><1020 HOHXCM KOHIIEHTpalys TOp yBelW4YuBajiach B S5+7 pa3 u
poctrrana Bexmduasl 3x10° em™ (puc. 19). KonmuecTBo mop pociio SKCIIOHEHIIMAIBHO C 0301
obmyuenus (puc. 20).

[lpu o6nydyeHuH MenHO-HHKeneBoro crmiaBa Cu-Ni50at% wuonamu remus He'
(E=6005B, j=1 MAXCM™?) npu Temneparype 550°C nosiBieHue nop ObUIO 3apErUCTPUPOBAHO

npu 1o3ax 00IydeHus (5+10)x10" nomxem™ (puc. 21). Tlopsl umMenu TPUMEPHO OJMHAKOBHIE



pa3Mepbl M KOHIIEHTPAIMIO, KaKk B 00Jy4aeMoil 30HE, TaK W Ha MPHJIETAIONINX HEOOIydeHHBIX
Y4aCTKaX MTOBEPXHOCTH .

[Ipenmonaraercs, 4To ra3, BHEAPSEMBI B TBEPJOE TEJIO, 3aMOJHIET MUKPOCKOMUYECKUE
MOJIOCTH, UMerIuecss Wik (OpMHUPYIOMKECS B MpoIecce HOHHO CTUMYJMPOBAHHBIX
TMQPY3MOHHBIX W PEKOMOWHAIIMOHHBIX  TPOIIECCOB B IMPHIIOBEPXHOCTHBIX  CJIOSX.
Huddy3nonnas TpaHcpopMmalsi TaKMX Ta30HAMOJIHEHHBIX TIOJOCTEH M HX BBIXOJ Ha
MOBEPXHOCTH B TOJI€ MOHHO-UHIYIIUPOBAHHBIX HANIPSDKEHUN MPUBOJIUT K MOSBICHUIO OTKPBITHIX
mop.”

B nepBbIii nepuost mociie nosiBIEHUs MOPbI UMENH GopMy, OJIM3KYIO K HUIUHAPUUIECKON, U
OBLIM OKPY>KEHBI KOJIBLIEBHIM BBICTYIIOM, 3HAUUTEIHHO BBICTYINABIIUM HaJ MOBEPXHOCTHIO. B
JTaTbHEHIIIEM WX pa3Mephl YBEIIMUNUBAINCH U TOCTUTAIH 7+8 MKM (puc. 22). Ilpu sTom ux dhopma
MOYTH HE MEHsUIach (puc. 23), OIHAKO MOCTENEHHO YBEIUYMBAJICS HAKJIOH OOKOBBIX cTeHOK. Ha
OTpeICIECHHOM JTale pa3BUTHs Ha JIHE TOp HAYMHAIM PACTH KOHHYECKHE BBHICTYMBL. [lo-
BUAMMOMY, B 3TO € BpeMs MpeKpamaics pocT OOMMX pa3MepoB TOp, pa3pylancs
OKPYalOIINH UX BBICTYM U, B LIEJIOM, IPOUCXO/IUIIO UX pa3pylIEHUE.

3aKOHOMEPHOCTH M3MEHEHUH pa3MepoB U (opM TOp, MOSIBICHHE KOJBIEBOTO BBHICTYIA
BOKPYT HHMX TOKAa3bIBAIOT, YTO MPOLECCHI, OMPEACISIONIUE X Pa3BUTHE, BO MHOTOM CXOXH C
npoleccaMi, OTBETCTBEHHBIMH 3a POCT KOHMYECKHX BBICTYNOB Ha 0O0JIy4yaemoil HOHaMu
noBepxHocTu. Ha 3TOM ocHOBaHMM B KaueCTBE OCHOBHOI IPUYUHBI PA3BUTHUS 1OP, TAK K€ KaK U
KOHYCOB  pacCMaTpHUBAIOTCSl  MPOLIECCHl,  MOPOXACHHbIE  HWOHHO  HMHIYIHPOBAaHHBIMU
HANPSDKEHUSIMUA U CBSI3aHHBIE C MEpPEMEICHHEM MaTepHalia B MOBEPXHOCTHOM cjoe. Takumu
nporeccaMd  MOTYT OBITh HOHHO-yCKOpeHHass auddysus, nepemenieHue IUCIOKaIHid,

peKpUCTAIIU3ALMS.

! TMosiBIeHNE ra30BBIX MOIOCTEH U 3aTeM PA3BUTHE NMOBEPXHOCTHEIX MOP CIIGAYET OTIHYATh OT
o0pa3oBaHus OJIMCTEPOB, KOTOPOE MPOUCXOIUIO HEMOCPEACTBEHHO B 30HE BHEIPEHHS MOHOB
WIN Ha €€ BHYTPEHHEN IpaHMlle, IpU Oojiee HU3KUX J033aX M HE IMPOXOAWIM CTaJUI0 PA3BUTHUSA
HIOCJIE CBOETO MOSIBIICHHUS.

* CneflyeT OTMETHTb, 4TO [0 CXOKHM MPHYMHAM OTKPHITAsk MOPHCTOCTh MOYXET HOSBUTHCS HA
MOBEPXHOCTU MeTallla MpU €ro OoTKUre u 06e3 MoHHOM OomOapaupoBku. Ilpennocbuikamu ux
HOSABJICHUS SIBIISIETCS OIpeJieNIeHHas 1e(peKTHOCTh CTPYKTYPhl U MPUCYTCTBHE B METAJLIE TMOCIHE
TEXHOJIOTUYECKOM 00pabOTKM 3HAYMTENBHBIX KOJIMYECTB PACTBOPEHHBIX Ta3oB. ITopsl B 3THX
CIIydasix MOSBIISIIOTCS, KaK MPaBUiIO, Ha TPaHULAX 3epeH U AedeKTax CTpyKTypbl. MIX pasmeps! u
KOJIMYECTBO CYIIECTBEHHO MEHbIIE, YeM B Cllydae HOHHOW OOMOapIupOBKH, W OHHM HE

Pa3BUBAIOTCA IIOCJIE CBOCTO IMOABIICHHA.



Pa3BuTne o0pa3oBaBIIeiicsi MOPBI MIPEACTABISETCS CICAYIOMUM o0pazoM. B mporecce
pacmblIeHUs] HAKJIOH OOKOBBIX CTEHOK IIOpHI YBEIWYHMBACTCS, M OHA Mpuodperaer Qopmy
YCEUYEHHOTO KOHyca. OJTOMYy e CIOCOOCTBYeT OCaKICHHE Ha OOKOBBIX CTEHKax 4YacTu
Marcpurajia, paClnbUICHHOTO CO JHA KOHYCA. BHGZ[peHHI:IC HOHBbI I'CJiud U B6HBaeMBIe MU B
MaTepHrajl MOBCPXHOCTHBIC aTOMbI CO3JAr0OT HAIPSOKCHUA KAaK Ha AHC, TaK U Ha CKJIIOHAaX IIOp.
[Tockonbky B paiioHe mHa (GopMupyercs 00JacTh C KOHIEHTpAIMEH HampsDKCHHS, CO3IAr0TCs
ycnoBus Uit nuddys3un martepuana co JHA TMOPHI MO €€ CKJIOHaM K ocHoBaHMIO. KomnblieBas
00J1acTh Y OCHOBAHHSI IMOPHI SBIISETCS OOJACTBIO MOHMKEHHBIX HANpSKCHUH, MOATOMY B ITY
obnacte yctpemisiercss mud(Gy3UOHHBIA TOTOK, KaK IO CKJIOHAM TOp, TaK M IO IUIOCKOU
MOBEPXHOCTU. DTH MOTOKU (POPMHUPYIOT KOJIBIEBOM BBICTYN U 00E€CTIEYUBAIOT €r0 CTAOUILHOCTD,
KOMIIEHCHUPYS paciblieHue. B To ke BpeMst OTTOK MaTepuaia U3 rIyOHMHBI IOPBI CIOCOOCTBYET
ee yrIyOJICHHIO U COXPAHEHUIO €€ (hOPMBEI.

B nponecce nonHo# 60MOapAupOBKY NEPEHAIBIEHUE MaTepHaja co CKJIOHOB MOPHI Ha €€
JTHO U ApYyTHE CiIy4ailHble IPUYMHBI CIIOCOOCTBYIOT MOSIBICHHIO HEOJHOPOAHOCTEH penbeda Ha
JHE TIOPBI U, COOTBETCTBEHHO, MOSBJICHHUIO JIOKAJIbHBIX YYACTKOB C MOHIKEHHBIM YPOBHEM
HanpsHKeHUH. JTO MPUBOIUT K TOSBICHHUIO B 00JACTH JTHA IMOPHI JIOKAIBHBIX TU(PQPY3MOHHBIX
CTOKOB M, TaKUM 00pa3oM, K pa3BUTHIO KOHYCOB. [lociie mosiBjieHus: B Tope KOHYCOB YPOBEHb
HANpsOKEHUH Ha JTHE B II€JIOM MOHMYKAeTCsl U, COOTBETCTBEHHO, IMOTOK MaTepuaia U3 MOpbl Ha

IMOBEPXHOCTH 3aMCAJIACTCS. Hopa HAa4YMHACT YMCHBIIATHCA U ITOCTCIICHHO PACIbLIACTCA.



Puc. 1 Penbed mNOBEpXHOCTH, TMOJYYEHHBIH B pe3yibTaTe

oOmyuenuss cmnaBa Oll-125 wonamu geiitepus ¢

. 20 -2
sHeprueit 3 k9B. Jloza obmydenus 107 cm ™.

Puc. 2 Pemved «mcmapenusi». Mens, Hg', 50 3B, T= 820°C.
VBemnuenune —1500



Puc. 3 Ilanopama MOKpHITON BHCKepaMH TOBEPXHOCTH METHOTO 00pasia
+ v
nocie obayyeHus B TedeHue 1,5 yvacoB nonamu Hg' ¢ sneprueit 50
3B. Yeennuenue —1500.

3

Puc. 4 PocT BuCkepoB Ha TOBEPXHOCTH TUIABJICHOTO KBapIia B
IIPUCYTCTBUH HA MOBEPXHOCTU aTOMOB TaHTana. Monel He+,1000
5B. Veennuenue —1000.



Puc. 5 Buckepsl npaBUIbHBIX T€OMETPHUECKUX (HOPM (TIPU3MBI,
miactuHbl). Megs, nousl Hg', 50 5B. Yeemmuenue —3000.

Puc. 6 Buckeps! ciosxHbIx hopm. Menp, nonst Hg', 50 3B.
Veenunuenue —4000.



Puc. 7 Cpocmmecs Buckepsl. Menp, nonsl Hg', 50 3B.
YBennuenne —6000

Puc. 8 ®opMupoBaHIe KOHYCOB B «TEHI» BUCKEPOB U
BEICTYTIOB. Menb, Hg', 200 5B. Vemuuenne —6000.



Puc 9. KoHychl, HammbIBatonie Ha KpucTamisl. Mems, Hg',
50 5B. VBenuuenue —1500.

Puc. 10 Jlunamuka pa3BUTHS BICKepa Ha TOBEPXHOCTHU BoJb(ppama. MoHbI Ar,
1000 5B. Yeenuuenne —270. Jlo3a obyuenus: a-3,4'10%" em™; 6-4,2'10% em”
2; 13-5,1'1020 CM'Z; r-610% cm™.



Puc. 11 Tparchopmamus «6echopmenHOrO» BUcKepa. Bomsdpam, Ar', 1000 3B.
Yeenuuenue —500. JIo3za o0myueHus: a-2,510% cm; 6-3,410%° em?; B-
410% CM'z; r—4,5'1020 oM.

Puc. 12 KonbIieoe yriy6nenne BOKpyT Buckepa. Bonsgpam, Ar', 1000 B.
VBenuuenue-1000.



Puc. 13 ITaHOpama IOKpPHITOi KOHyCaMH OBEPXHOCTH MEIHOTO 06pasma. Ar', 600
3B. VBenuuenue —1000.

Puc. 14 «lllapuk-Ha-HOXkKe». Menp, Ar’, 600 5B. Yeennuenne —6000.



Puc 15. PazButne xoHyca B iepuoy cradmwimsanun. Menb, Ar+, 600 3B.
YBenuuenue —1000. Bpems o6myuenus (mus.): a-90; 6-110; B-130; r-150;
n-170; e-200; x-230; 3-250.



Puc 16. Konyc Ha cragum paspyuieHns. Mens, Ar',
600 »B. YBennuenue —1500.

Puc. 17 Pensed moepxHocTr crmaBa Cu-Ni20at% mocie o6mydenns HoHamu Ar'
¢ sneprueii 600 3B. Veenuuenne —7000. Jlo3a obmyuenus: a-110% cm™;
6-610" cm™.



Puc. 18 Konycsl Ha moBepxsocTu rpaduta PI'T. He', 800 »B. Vemuuenue —1000.

Puc. 19 Tlops! Ha noBepxHOCTH Tpadura MIIT-8. He', 800 3B. VBenuuenne —
1000.
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Konu4yectBo nop
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0 1 2 10%%m?
Hosa obnyyeHus

Puc. 20 3aBrucuMOCTh KOHIIEHTpAIMK TIOp Ha TToBepxHOCTH rpadura MIIT-8 ot
10361 06mydenns nonamu He' ¢ sneprueit 800 5B.

Puc. 21 ITopsr Ha noBepxHocTH crutaBa Cu-Ni50a1%. He', 600 »B. YBennuenne
—1000.



MKM

CpegHuii gnameTp nop

o 1 2 3 4 5 6 10w
[osa obnyyeHus

Puc. 22 3aBucuMocCTh MONEPEYHOro pa3mMepa mop Ha moBepxHOCTH cruiaBa Cu-
. + o
Ni50at% ot n03s1 00:1y4yeHus nonamu He' ¢ sneprueii 600 3B.

Puc. 23 Pa3BuTue nops! Ha moBepxHocTH ciasa Cu-NiS0a1%. He', 600 7B.
Veennuenue —4000.
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