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BcTyn

[Touarok XXI CTONMTTS O3HAMEHYBaBCS PEBOJIOLIHHUM TIOYATKOM  PO3BUTKY
HAHOTEXHOJIOT1H 1 HaHOMaTepianiB. HanomaTepianu Bke BUKOPUCTOBYIOTBCS ¥ BCIX KpaiHax
CBITY, B HaWOIIbII BAKIMBHX OOJACTAX JIOJACHKOI AISUIBHOCTI (IIPOMHCIOBOCTI, 0OOPOHI,
iHpopMalliiHiii  cdepi, paaiOCNEKTPOHIli, EHEepreThlli, TPAHCIOPTi, OIOTEXHOJIOTI],
METUITUHI ).

AHami3 3poCTaHHsS I1HBECTHUIliM, KUIBKOCTI MyOJiKamiii 3 JaHOi TEeMaTUKH, TEMITiB
BIIPOBA/KCHHSI (DYH/IaMEHTAIbHHUX 1 MOLIYKOBHX PO3POOOK, J03BOJSIE 3pOOUTH BHCHOBOK
po Te, Mo B HaiOmmk4unx 20 pokiB BUKOPUCTAHHS HAHOTEXHOJIOTIH 1 HaHOMaTepiamB Oye
OJTHUM 3 BU3HAYAJIIbHUX YWHHHUKIB HAyKOBOTO, IPOMHUCIIOBOTO, EKOHOMIYHOTO 1 0OOPOHHOTO
PO3BUTKY JepkaB. Jleski eKcrepTu HaBiTh nependadaroTh, o XXI cTomiTrs Oyae CTOMTTIM
HAHOTEXHOJIOTIH (1Mo aHanorii 3 THM AK XIX CTONITTA HA3WBAJIM CTOMITTAM maph, a XX
CTOJIITTS - CTOJIITTSAM aroMa 1 KOMIT'FoTepa).

Taki mepCreKTHBH BHMAaramTh OINEPATHBHOTO BIIPOBAKEHHS B OCBITHI MpOrpamMu
JTCITUTUTIH, HEOOXITHUX IS MATOTOBKH (axiBIliB, 3MaTHUX €(PEKTUBHO 1 HA CydacHOMY
piBHI BuUpimryBatu (GyHAAMEHTAIBbHI 1 TMPUKIAJHI 3aBAaHHS B 00JacTi HaHOMATEpiamiB i
HaHOTEXHOJIOT1i.

Jlanuii Kypc cTaBUTH Tiepea co00r0 MeTy chopMyBaTh Ta 3aKpIMMATHA MIITHI TEOPETUUHI

00poOKy Ta METOAM JTOCITIPKEHHS.



1. HaHomaTepiann Ta HAHOTEXHONOTil

ACTEeKTIB OCHOBM €KOHOMIUHOI MOTYXHOCTI 1 HAyKOBOTO TOTEHIiany aepkaBu. OmHUM 3
MPIOPUTETHUX HAMPSMKIB PO3BUTKY CYYaCHOTO MaTepialo3HABCTBA € HAHOMATeplanu 1
HAaHOTEXHOJOT 1.

Jlo HaHOMarepiajiB BIJIHOCATH JUCIEPCHI 1 MACHBHI MaTepiajld, IO MiCTATh
CTPYKTYpHI €JIeMEHTH (3€pHa, KPUCTANITH, OJOKH, KIACTepH), TEOMETPUYHI PO3MIpU SKHX
xoya ©0 B oxHOMY BuMipi He mepeBHInyloTh 100 HM, 1 SKi BOJOIIIOTH SIKICHO HOBUMH
BJIACTUBOCTSIMU, (DYHKIIIOHATTLHUMH 1 €KCTUTYaTallliHIMH XapaKTePUCTUKAMH.

JIo HaHOTEXHOJIOTiH MOKHA BiJIHECTH TEXHOJIOTIi, M0 3a0e3MeuyI0Th MOKJIHMBICTH
KOHTPOJIbOBAHUM YHHOM CTBOpIOBaTH 1 Moau(iKyBaTu HaHOMaTepiadh, a TaKOXK
3MIMCHIOBATH iX 1HTETPAIli0 B TOBHOIIIHHO (DYHKITIOHYIOY1 CHCTEMH OUTBIIIOTO MacmTady.
OCHOBHI CKJIaJIOBI HAYKH PO HAHOMATEpiaJIu:

e (yHmameHTamBHI JOCIIHKEHHS BJACTUBOCTEH MaTepialiB HA HAHOMACIITAOHOMY DPiBHI,

® PO3BUTOK HAHOTEXHOJIOTIH SIK JJIsl IIJECTIPSIMOBAHOTO CTBOPECHHSI HaHOMAaTepialiB Ta
MOIIYKY 1 BUKOPHCTaHHSI TPUPOTHUX 00'€KTIB 3 HAHOCTPYKTYPHUMH €IIEMEHTAMU;

® CTBOPEHHS TOTOBMX BHPOOIB 3 BHUKOPHCTaHHSM HaHOMATepialliB Ta 1HTETpaIlis
HaHOMAaTEpialiB 1 HAHOTEXHOJIOT1H B Pi3HI TaTy31 MPOMHUCIIOBOCTI 1 HAYKH;

® PO3BHUTOK 3aCO0IB 1 METOMIB JOCIIKCHHS CTPYKTYPH 1 BIACTHBOCTEH HaHOMAaTepiajiB

® PO3BUTOK METOIB KOHTPOJIIO BUPOOIB 1 HamiBhaOpHUKaTIB TSI HAHOTEXHOJIOTIH.

1.1 Icmopisi po3eumky HaHoMamepiasie

Y cy4acHOMY HayKOBO-METOJAMYHOMY IUIaHI Ha MOKJIMBICTH CTBOPEHHS HOBUX
MaTepiajiB NUIIXOM 30ipKy MallOpO3MipHUX O0'€KTIB (aTOMIB, MOJIEKYJ a0o0 iX Tpym) BKa3aB
HoOemiBchkui naypeat P. ®eiinman B 1959 p. TepmiH «HAHOTEXHOJOTISH» BIEpIIE
3anpornoHysas simonels H. Tanirydi B 1974 p.

Ha moxuuBicTh CTBOpeHHS MaTepianiB 3 po3Mmipamu 3epeH Menmie 100 HM, ski
MOBHHHI BOJIOJITH OaraTbMa IIKABUMH 1 KOPUCHUMH BIACTHBOCTSMHU B TIOPIBHSHHI 3
TPaAMIIITHIMHU MIKPOCTPYKTYPHUMH MaTepiajiaMu, BKa3zaB HiMenbkui yuenuid . ['meiitep B
1981 p. Himenpkuii yaeHui 1 He3aJ€KHO B HBOTO pociiicekuit yuenuit 1.J]. MopoxoB BBenu
B HAyKOBY JIiTepaTypy ysBieHHS npo HaHoKpuctamu. [lizaime ['. ['neiitep BBIB B HayKy
TEPMIHU: HAHOKPHUCTAJII4HI, HAHOCTPYKTYpPHI, HaHO(a3H1 Ta HAHOKOMIIO3UTHI MaTepiau.

1.2 lNpuyYyuHu po3sumKy HaHoOMamepiasio3Haecmea

® TMpardHeHHs J0 MiHIaTIOpHU3allii BUpOOiB;

® VHIKaJbHI BIACTUBOCTI MaTepialliB B HAHOCTPYKTYPHOMY CTaHi;

® HEOOXIJHICTh PO3pOOKH 1 BIPOBAPKEHHS HOBHX MaTrepiaiiB 3 SKICHO 1 KUIbKICHO
HOBHMH BIIACTHBOCTSIMH;

® PO3BUTOK HOBHX TE€XHOJIOTIYHUX MPUUOMIB 1 METOIIB CAMOOpTaHi3aIlii;



® [paKTHYHE BIPOBA/DKEHHS CyYaCHUX TNPUIAAiB JOCHIDKEHHS 1 KOHTPOIIO
HaHOMaTepialiB (30HI0BA MIKPOCKOITisl, pETT€HIBChKI METO/IM, HAHOTBEP/ICTH);
® DO3BHUTOK 1 BIPOBAKCHHSI HOBHX TEXHOJOTiH (10HHO-IIJIA3MOBI TEXHOJIOTIT 00pOOKH

MOBEPXHI 1 CTBOPEHHS TOHKHX IIapiB 1 IUTIBOK, TEXHOJIOTIH, MO0 € IOCIiIOBHICTIO

nporeciB  mitorpadii, TanpBaHIKH, TEXHOJOTIH OTpuMaHHS 1 QopMyBaHHs

HAHOTIOPOIIKIiB, TOIIO).

Po3BuTok (QyHAaMEHTaNBPHUX 1 NPUKIATHUX YSABIEHb MPO HaHOMAaTepiaam i
HAHOTEXHOJIOTI] BXKE HAWHOMMKYMMHU POKAMH MOXE TPHUBECTH [0 KapAWHAIbHUX 3MiH B
Oarathox cdepax TOACHKOI MisNIBHOCTI: Yy MaTepiallo3HaBCTBI, €HEPreTHIN, €IeKTPOHIIIi,
iH(popMaTHUIl, MAIMHOOYyBaHHI, MEIUIUHI, CIILCHKOMY TOCIIOAApPCTBI, ekojorii. Pasom 3
KOMI'TOTEPHO-IHPOPMAIIHHIMHI  TEXHOJIOTIIMA 1 OIOTEXHOJOTI€I0, HAHOTEXHOJOTIi €
byHIaMEHTOM HayKOBO-TEXHIYHOI peBoOMil B X XI CTOITTI.

1.3 TepMiHonozis

HaiinpocTimmii migxix MOB'S3aHUA 3 TEOMETPUYHHMH PO3MipamMH CTPYKTYpH
MaTepiamB. 3TiIHO TAKOTO IMiJXO0y MaTepiaju 3 XapaKTEPHUM PO3MIPOM MIKPOCTPYKTYpH
Bin 1 mo 100 HM Ha3MBaOTh HAHOCTPYKTYpHUMH (200 HaHO()A3HUMH, HAHOKPUCTATIIYHUMH,
CYIPaMOJIEKYJIIPHUMH, TOIIIO).

Bubip nanomianazony po3MipiB BU3HAYAETHCA :
® iCHYBaHHSIM PO3MIpHUX €(EKTiB 1 KPHUCTATITIB 3 XapaKTepHUMH PO3MipaMu IJsl Pi3HUX

¢bi3nuanx saBuIl. HIKHS Mexa BBaKAETHCS TOB'S3aHOI0 3 HIDKHBOIO MEXKEI0 CHUMETPii
HAaHOKpHUCTaMYHOrOo Marepiany, it kpuctanie 3 OIIK 1 T'IK rpatkamu Ttakuit
KPUTUYIHUN PO3MIp JOPIBHIOE TPHOM KOOpPJIWHALIMHUM cdepam, 10, HAPHUKIAM, IS
BUIIAJIKY 3ajli3a ckimamae omms3bko 0,5 HM, a g Hikeno - Onmm3pko 0,6 HM. Benmuamnaa
BEPXHBOI M1 00yMOBIIEHA THM, 110 TOMITHI 3MiHU (PI3UYHUX BIACTUBOCTEU MaTepiaiB
MOYUHAIOTHCS MpU po3mipi 3epeH Huxde 100 HM.

TepMiHOMOTIYHI MIAX0AH 10 NOHATTA HAHOMATEPIAJIIB

n ¥

I'eomeTpuyuHIii po3Mip Kpurnauuii posmip aas
D~1..100 am ¢pizuuHoro edexry Dxp>D

BHHEeKHEHHA HOBOI HKOCTI IpH
3MEHIIEHHI 00'€eMYy pPeY0BHHU,
YH il KOMIHOHEHTH 110 OAHIN

iZ KOOpAMHAT

YacTKa rpanunsb po3miay AVip > 50%

AVip ~ 3s/D IIPH LIKPHHI NPUTPAHUYHOT
00J1aCTI  s~1HM.D=6 HM

\

KommaexkcHuii migxing
BMICT B MATEPIajax CTPYKTYPHHUX €JIEMEHTIB 13 D<100 um
X04a 0 B 0JHOMY HANIPSAMKY 1 BOJIOAIIOYAMHA HOBUMH BJIACTHBOCTSIMH




® BIUIMBOM IOBEPXOHb pPO3AUTy (a3 B HaHOMaTepiajax Ha iX (I3U4YHI BIACTUBOCTI;
BinnosinHo, po3mip 3epeH (D) B HaHOMaTepialax BU3HAYAETHCS B IHTEPBAJ JIEKUIBKOX
HAHOMETPIB, TOOTO B 1HTEpBaJl, KOJM 00'€MHA YaCTKa MOBEPXOHb PO3JALTY B 3arajlbHOMY
o0'eMi Martepiany ckianae npubau3Ho dV >50%. Llsg yactka npuOIM3HO OLIHIOETHCS 13

. 3l . . :
CITIBBIIHOLIEHHS dV~5, ne [ - mumpuHa npurpaHuuHoi o6Omacti. [lpu 3HauenHi /

o6mu3pko 1 HM 50% moBepxHi po3aiLy AocsAraeTbes mpu D = 6 HM.

® HaWOILIBIIUM PO3MIPOM OJHOTO 13 CTPYKTYPHHUX €JIEMEHTIB, IO MOBHUHEH OyTH PIBHUH
a00 MEHIIMI 3a XapaKTepHU po3Mip MEBHOro (i3UYHOTO sIBUINA (IS MIIHICTHUX
BJIACTUBOCTEH — po3Mip 0e371edeKTHOr0 KpHUCTaly, Ui MarHiTHUX BJIACTUBOCTEH —
pO3Mip OJHOJOMEHHOTO KPHUCTalTy, ISl EJIEKTPOIPOBITHOCTI — OBXKHHA BUILHOTO
npoOiry eneKTpoHiB).

1.4. OcHoeHi Kknacupikayii HaHoMmamepiarnie

BinnoBigHO 10 TpHBEACHOT TEPMIHOJOTII HaHOMAaTepiald MOXKHA PO3IUIMTH Ha
YOTUPU OCHOBHI KaTeropii.

Ilepmra kateropiss BKIIOYA€ MaTepialid y BHTJBIAI TBEPAUX TiJ, PO3MIPH SKHX B
OJTHOMY, JTBOX a00 TPHOX MPOCTOPOBUX KoOpAWHATaxX He mepeBuinytorh 100 HM. Jlo Takmx
MaTepiajdiB  MOXHA BIJHECTH HAHOPO3MIpHI YacTKH (HAHOIMOPOINKH), HAHOAPIT 1
HAHOBOJIOKHA, Ay€ TOHKI TUIBKM (3aBTOBmIKM A0 100 HM), HaHOTPYOKH, TOomo. Taki
MaTepiaal MOXYTh MICTHUTH BiJ] OJHOTO CTPYKTYpHOTO €JIeMEHTy abo KpucTamity (ams
YaCTOK TMOPOIIKY) J0 JAEKUIBKOX IIapiB (UIsl TUTIBKHK). Y 3B'S3KY 3 IIUM TMEPITy KaTEropito
MOJKHA KJacH(iKyBaTH SK HaHOMATEpiadd 3 MaJMM YHUCIOM CTPYKTYpHUX €JIEeMEHTIB abo
HaHOMAaTepialli y BUTJISIII HAHOBUPOOIB.

Hlpyra kateropiss BKJIOYa€e MaTepiaqd y BUTIAII MaJOpPO3MIPHUX BHPOOIB 3
XapaKkTepU3yIYUM PO3MipOM B 3pa3KoBoMy fianma3oHi 1 Mk - 1 MM (zapiT, muiiBka, Gosbra).
Taki mMarepiaay MICTATh 3HaYHE YHCJIO CTPYKTYPHHUX €JIEMEHTIB 1 iX MOKHa KiacuikyBaTu
SK HaHOMATEepilaliB 3 BEJIMKAM YHCIOM CTPYKTYPHHX €JIIEMEHTIB (KpUCTamiTiB) abo
HaHOMATEpiaId y BUTJISII MIKPOBHPOOIB.

Tpets xarteropis € macuBHHMH (200 00'eMHMMH) HaHOMaTepiajJamMu 3 po3MipaMu B
Makpopiana3zoHi (Ouibmie aekiIbkox MM). Taki mMarepiaiau CKIATaloThCS 3 JAYXKE BEITUKOTO
Yrclia HAaHOPO3MIPHUX €JIEMEHTIB (KpHCTamiTiB) 1 (AKTUYHO € MOJIKPUCTATIYHUMU
Matepianamu 3 po3mipom 3epHa 1-100 HM. YV CBOIO 4epry TpeTO KaTeropito HaHOMAaTepialiB
MO>KHA PO3/IIIMTH Ha JBa KJIACH.

e VYV mepmwuii KJ1ac BXOJATh ogHO(a3HI (OJHOPIIHI) MaTepial , CTPYKTypa 1 XiMIYHHHA
CKNIaJ SAKUX 3MIiHIOETHCA 3a 00'eMOM MaTepiady JHMIIE HAa aTOMHOMY PpiBHi. Ix
CTPYKTYpa, SIK MPaBUJIO, 3HAXOAUTHCS B CTaHI JajJeKoMy Bija piBHOBaru. J[o Takux
MaTepialiB BiTHOCATHCSA, CKJIO, Tellb, IEPECHUUCHI TBEP/Ii PO3UYHUHH, TOIIO.

e Jlo apyroro Kjiacy MOHa BiTHECTH MIKPOCTPYKTYpPHO-HEOJIHOPIIHI MaTepiaiu, sKi
CKIIAQJAIOTECS 3 HAHOPO3MIPHHUX €JIEMEHTIB (KpUCTamiTiB, OJOKIB) 3 Ppi3HOIO
CTpykTyporo 1 ckmagoM. lle Oaratodasni Mmarepianu, Hampukiag, Ha OCHOBI
CKJIQJHUX METaJIeBHUX CIUIaBiB. [[pyra i TpeTs kareropii HaHOMaTepiaiiB MianagaloTh
T BY’K4Yl BU3HAYEHHST HAHOKPHUCTAMYHUX 200 HaHO(ha3HNX Martepiaiis [5-8 .



Jlo yeTBepTOi KaTeropii BiAHOCATHCS KOMIO3MIIIIHI MaTepiaiu, M0 MICTATh B CBOEMY
CKJIaZll KOMIIOHEHTH 3 HaHomarepiamiB. [Ipm mpoMy SK KOMIIOHEHTH MOXYTh OyTH
HAaHOMATepialid, BIHECEHI N0 Tepmoi Kareropii (KOMMO3UTH 3 HAHOYACTKAMU 1
HAaHOBOJIOKHAMH, BHPOOU 13 3MIHEHOIO 1OHHOIO IMIUIAHTAIIIEI0, TOBEPXHEBUM IIapoM abo
TOHKOIO IITIBKOIO) 1 JApPyroi Karteropii (HampukiIaa, KOMIIO3UTH 3MIIHEHI BOJIOKHAMH 1
YacTKaMH 3 HAHOCTPYKTYpOlO, MaTepiand 3 MOAU(DIKOBAaHHM HAHOCTPYKTYpHUM
MOBEPXHEBHUM IIIapOM a00 MOKPUTTSIM). MOKHA BHIIIUTH TaKOXK KOMIIO3HIIIIHI MaTepian i3
CKJIQJIHUM BUKOPUCTAHHSM HAHOKOMITOHEHTIB.

HAHOMATEPIAIH

HanoBupoon MacuBHi HaHOMaTepiaan

XapaKTepPHHUIH XaPAKTEPHHH PO3MIP Oinbue 1...2 MM
po3MIp ‘~

MeH1e 100 am| | |

- onnogasmi GararogasHi

| HanomopomxH (MleOCTp'YKT'ypHO (MleOCpr'KTy'pHO

| HaHOIpIT OJIHOPIJIH1) HEOJIHOPIJIHI)

[P -t CEIO |_ CKJIaJIH1 CILIaBU

~ TOHKI TLTIBKA . . :

L HAHOTPYOKH rom ' 1 KEpaMIKH

HepeHacHIeHi

TBEP/Il PO3YHHA

Y __ Y

Mikposupodu ‘ KoMMO03UTH 3 KOMIOHEHTAMH i3 HAHOMATepiaiB |
XapaKTepHUH | I
Ppo3MIp = = =
menme 1..2 vy 3 HAHOBHPOOAMHU 3 MIKPOBHPOOAaMHU
) 3 HAHOYaCTUHKAMU L A
ApIT 3 HAHOBOJIOKHAMI BOJIOKHAMH 1/a00
TLTBKA 3 10HHO MOIUI- HacTHHRaMH
0JIbI'a
P KOBaHOIO 3 HAHOCPYKTYPHHUMU
MTOBCPXHCIO HOKPUTTAMH YU
napamu

13 CKJIAIHUM
CITIBBITHOIICHHAM
KOMITOHEHTIB




1.5.0cHOB8HIi munu cmpykmyp HaHOMamepiasiie

BrnacTtuBocTi HaHOMaTepiandiB B 3HaYHIM Mipi BU3HAYAIOTHCS XapaKTEPOM PO3MOIiTY,
dopMoOrO 1 XIMIYHUM CKJIQJIOM KpPHUCTATITIB (HAHOPO3MIPHUX E€JEMEHTIB), 3 SKHX BOHU
CKJIQIat0ThCS. Y 3B'SI3KY 3 UM JIOLUIBHO KJIacu(iKyBaTh CTPYKTYypH HaHOMAaTEpialliB MO HX
Oo3Hakax. 3a (opMOI0 KPHUCTATITIB HaHOMAaTepiald MOXHA PO3AUIMTA HA IIapyBarti
(mmacTUHYACTI), BOJIOKHUCTI (CTOBMYACTI) 1 piBHOBiCHI. TOBIIMHA MIapy, JiaMeTp BOJIOKHA 1
po3Mip 3epHa mpH bOMY HAaOyBalOTh 3HaYeHb NOpsAAKy MeHm Hik 100 oM. Buxomsuum 3
0COOJIMBOCTEH XIMIYHOTO CKJIaTy KPUCTAJITIB 1 iX rpaHUIlh, HAHOMATEpladd MOAUIIIOTH Ha
YOTUPHU TPYIIH.

Jlo meproi BIAHOCSTH Takl MaTepiaiu, B SKUX XIMIYHUN CKJIAJ KPUCTATITIB 1
rpaHuii posginy (a3 € onHaKoBHiA. IX HA3MBAIOTH TAKOXK OJHO(AZHHUMAU.
[IpuknagamMu Takux MarepiajgiB € 4YUCTI METaId 3 HAHOKPUCTATIYHOIO
PIBHOBICHOIO CTPYKTYPOIO 1 MIApyBaTi MOJIKPUCTATIYHI TIOJIIMEPH.

Jlo napyroi Tpynw BIAHOCATH MaTepianw, B SKHX CKJIaJ KPUCTAJITIB
BIJIPI3HSIETHCS, aJie TPAHMUIIL € 1ICHTUIHIUMH TI0 CBOEMY XIMIYHOMY CKJIay.
Tpets rpyna BKIIIOYae HaHOMAaTEpiaiu, B SKUX SK KPUCTATITH, TaK 1 TPaHUIl
MarOTh PI3HUH XIMIYHHMA CKITaI.

Jlo 4yeTBepTOi Ipynu BiAHOCSATH HAHOMATEPIaIH, B IKUX HAHOPO3MIipHI OJMHUIII
(dacTku, BOJIOKHA) PO3MOLUIECHI B MAaTPHIIi, [0 Ma€ 1HIIMIA XiMIYHUHA cknal. Jlo
i€l TPYINHU BiTHOCATHCS 30KpeMa JUCIIEPCHO-3MIIHEH1 MaTepiay.

XapakTep po3noaiieHHsI Kpucranirauii MatpuHuit
ckaanx cKJaj Kpucra- | CKIax KPHCTAJITH
XimMiuHmii criax RPHETATITIE | nirie pisnni, D | posmonizeni
i rpanunn rpaHumb - 1 rpaHunL B MaTpHIi
OHAKOBHMH OIHAKOBHI PIIHHEH IHIIOrO cKaaxy

®opMa KPHCTAJITIB:

M X
AKX X X XX
IlapyBara < A%O.O.&g?tx
Bosgoxnaucra
PiBHoBicHA
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1.6. ®i3uy4Hi Nnpu4YuHU cneyugiku HaHoMamepiasie

Haii6isb1mi 3MiHM BJIaCTUBOCTEH HaHOMATEpialliB 1 HAHOYACTOK HACTAIOTh B Jllara3oHi
po3mipiB kpuctamniTiB mopsaky 10-100uM.

JIJiss HAHOYACTOK YacTKa aTOMIB, IO 3HAXOISATHCS B TOHKOMY TIOBEPXHEBOMY IHapi
(foro TOBIIMHY MPUUMAIOTh SK TPABWIO TOPAAKYy | HM), B TOpIBHSHHI 3 Me30- 1
MIKpOYacTKaMHd IOMITHO 3pocTtae. J[iliCHO, YacTKa TPUIIOBEPXHEBUX aTOMIB Oyje
IIPOITOPIlifiHA BITHOIICHHIO TUIOINI MOBEPXHI YacTku S 7o ii 00'emy V . SIkmio mo3HauuTH
XapaKTEePHUA po3Mip 9acTku (Kpuctamity) sk D, to: S/V~D2/D3 ~ 1/D.

B moBepxHeBUX aTOMax, Ha BiIAMIHHY BiJl THUX, II0 3HAXOIATHCS B 00'€éMi TBEPAOTO
TiJia, 3aJ1isTH1 HE BC1 3B'S3KU 3 CYCITHIMUA aTOMaMH.

Jlist atomiB, TI0 3HAXOJATHCA HA BUCTYIMAx 1 YCTymnax IOBEPXHI HEHACHYCHICTH
3B'S3KIB III€ BUIIA. B pe3ynbTaTi B MPUIIOBEPXHEBOMY IIIapl BHHUKAIOTH CHUJIHHI CIIOTBOPECHHS
KPUCTAJIYHOI PENITKH 1 HABITh MOXE BIIOYBATHCS 3MiHA TUITY TPATKH.

Bennka gyactka
PHTIOBEPXHEBUX aTOMIB

361IbIneHad 06'eMHOT
YACTKH TPAHHUIIb PO3/ILULY
<A
HEHACHUYEHICTh ATOMHMX

— HEepIBHOBAJKHICTH TPAHUITH 3€PEH .‘i’
3B'SI3KiB Ha TTOBEPXHI

T | [py2KHI IaTBHO/II0YI
eopMaIrIis pelriTk
- o ‘P 500 HaOpyru

Ha IIOBEPXH1 0-0-0

eekTHBHMH nepepis st nedopMaris KpHCTa iIHOT
[ KpHUCTalIIYHKX JIe()eKTiB — PEIIiTKH 011 TPaHUIh

IIOBEPXHEB1 €(PEeKTH (BTpaTa JAIbHBOI'O HOPSKY)
— MeXaHIYHUX BIacTHBOCTEH E#

TOHKI (hizm4Hi eheKTH —_—
— B3aeMOjIli eTeKTPOHIB O ¢
13 BUILHOIO ITOBEPXHEIO

l— MABHUINSHHS MKIPOTBEPIOCTI &

CHpHATIUBICTh MIrpariii aToMiB 3aJIesKHICTh TPOIIECIB MEPEHOCY o *
BiJT po3MipiB i popmu mpH W<l rq
Biibnie BUpaskeHi cHIH o- - I..- eeKTHBHA JOBKHHA BUIBHOTO , [, \\
TPUTATAHHS Mi’K aTOMaMH I 1podiry micis f =
(JToBKHHA TIPOOITY JTUCITOKATIIT, N
CXWIBHICTD 10 - @%® JqEy3iiiHa ToBKHUHA, TOIIO) D
caMOOpraHi3aIlil . o ®[— . A =
KIIACTEPHUX CTPYKTYD °. = (poscistHHSI, peKOMOiHaITis)

A B IS MeTamB = (.1...1 aM, JUIA pA1y HAIIBIPOBIIHUKIB i TYTOIUIABKKAX 3'€IHAHD = 10...100 HM

3naTHicTh IPOSBICHHS KBAaHTOBUX e(eKTiB IpH 1) cHiBpo3MipHe 13 A B ‘
y eleKTpoHa Ay, ~(m, E)'l/ 2 e M- epeKTHBHa Maca eleKTpoHa, £ - eHepris Pepmi,  [\N\ 4

JUIs1 YaCTHHKH 3 MaJIOK0 EHEPIieto A B =h/mv. ge m1 v— Maca i IIBAAKICTh YaCTHHKH, h - cTana [Iranka

[Hmmam acriekToMm, € Toi (hakT, M0 BUTbHA MMOBEPXHS € CTOKOM HECKIHYEHHOT €MKOCTI
JUTSl TOYKOBUX 1 JIHIHHUX KPUCTATIYHUX z[e(beKTiB (B meprry yepry BaKaHCIH 1 JUCIIOKAIIiif).
[Tpu manux po3Mipax 4acTOK el e(eKT MOMITHO 3pOCTa€, 0 MOXKE MPU3BOJUTH JI0 BUXOIY
OLTBIIOCTI CTPYKTYpHHX JehEKTiB Ha TOBEPXHIO 1 OYHWIIEHHS MaTepiary BiJ nedexTiB

11




CTPYKTYpH 1 XIMIYHHX JOMIIIOK. Byo BcTaHOBIEHO, 10 mpotecu aedopMariii i pyiHyBaHHS
MPOTIKAIOTh B TOHKOMY IPUIIOBEPXHEBOMY INapl 3 BHIEPEHKEHHSM B TOPIBHIHHI 3
BHYTPIIIHIMH 00'€éMaMH METAJIEBOTO MaTepiany, [0 BU3HAYAa€ BUHUKHEHHS PNy (HI3UIHUX
edekTiB, HanpUKIa, PI3UIHOT MEXi TEKYJIOCTI.

JInsi HAaHOYACTOK BECh MaTepial MpaIfoBaTUME SK MPUIIOBEPXHEBUH Iap, TOBIIMHA
SIKOTO OIIIHIOEThCS B jiana3oHi mopsaky 0,5-20 mMkm. MokHa TakoX BKa3aTH Ha TOHKI
¢izuuHi edekTH, MO BUSBISAIOTECA B crenu(iuHOMY XapakTepi B3aeMoOJii €NeKTPOHIB 3
BUIBHOIO TTOBEPXHEIO.

[TprunHoto cienndiky BIAaCTHBOCTEH HaHOMATEpialiB € 30UTbIICHHS 00'€MHOT YaCTKH
TpaHUIll PO3ALLY i3 3MEHIIEHHSIM PO3Mipy 3epeH abo KpuCTaliTiB B HaHOMaTtepiamax. Ilpu

IbOMY MOXHA BUJIUTUTH 00'€MHY YacTKy HACTYITHUX CKJIQJOBHX: IPAHUIIS PO3ILTY, TPAHUIIS
3epeH 1 MOTPIMHUX CTHKIB.

AV-, Tpamumui posminy
SEE P
% 1 Alp, Tpannui sepen
80+ .
= . AV, Totpiiiui cTukm
S H
® .
S s
F 4047
jas]
=
o
O
o
0
0

Posmip 3epua 1D, HM

Puc.1.6. 3anexcricmo 3nauenv 00'eMHUX 4acmMOK po30iny, epaHuyi 3epeH i NOMPItiHUX
CMUKIB 8I0 PO3MIPIB 3epeH

OG'eMHY YaCTKy MEXi PO3JIiy MOYXHA OIIHUTH 110 hopmyi: AVrp=1-/(D-s)/D]’,

Jie § - TOBIIMHA TpaHMIll po3airy (mopsaky 1 HM), a D - XxapakTepHuUd po3mip 3epHa abo
kprcTamnity. O6'eMHY YacTKy FpaHHI 3epeH 3HaxoauM 1o dopmyii: AV =[3s (D-s)*]/D’.

O06'eMHy YacTKy TOTPIMHHUX CTUKIB K Pi3HUAIIO : AVyc=AVip - AVrs.

Ha pucyHky mpencrtaBieHi po3paxoBaHl MO IUX (GopMmyliax 3ajexXHOCTI 00'€MHUX
YaCTOK BiJ po3MipiB 3epeH [6,7]. I3 3MenmeHHsM po3mipy 3epHa Big 1 Mkm 10 2 HM 00'emMHa
YacTKa MI>K3epEeHHOI KOMIIOHEHTH (TpaHHIlb po3Aaity) 30uibiryeThes 3 0,3 o 87,5 %.

OO0'eMHI YaCTKM MDK3EPEHHOI 1 BHYTPIIIHbO3EPEHHOI KOMIIOHEHT JOCSTal0Th CBOTO
3HadeHHs (50%) pu po3mipi 3epHa nopsiAKy S HM. [licist 3MeHIeHHs po3Mipy 3epHa HUKYE
10 HM MOYHMHAE CUIIBHO 3pOCTaTH YaCTKa MOTPIHHUX CTHKIB. 3 UM MOB'S3YIOTh aHOMaJbHE
Na/IiHHS TBEPAOCTI B IIbOMY iIHTEPBaJi PO3MIpPiB 3€pEH.

KomruiekcHi ekcneprMeHTanbHi JTOCTIPKeHHST TOKa3aiu, [0 TPaHUIll 3epeH HOCSTh
HEPIBHOBXHUIU XapakTep, OOYMOBJICHHI TPUCYTHICTIO 3EPHOTPAHUYHUX JEPEKTIB 3
BHCOKOIO MIITBHICTIO. LI HEpIBHOBaXHICTh XapaKTEPU3YETHhCS HAUIMIIKOBOI EHEPTIEI0
TPaHMIF 3€PEH 1 HAABHICTIO MAJIEKOJII0Y0i MPYKHOI HAMPYTH; TPAHMIN 3€pEeH MaloTh
BIIOPSJIKOBAaHY OYJOBY, a JDKepellaMd TPYKHUX TIOJIIB BHUCTYMAIOTh 3EPHOTPAHUYHI
JUCIIOKAIii 1 iX KoMIUleKcH. HepiBHOBaXXHICTh TpaHUIh 3€PEH BHUKJIMKAE€ BUHUKHCHHS
BHCOKOI HampyT®W 1 CIIOTBOPEHHSI KPUCTATIYHOI PENIiTKHA, 3MIHY MIDKaTOMHHUX BiJICTAaHEH 1
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MOSIBY 3HAYHUX 3CYBIB aTOMIB, aX J0 BTpPATH JAJCKOTO MOPSAKY. Pe3ynbraTtoM € 3Ha4HE
1 BUTIIEHHS MIKPOTBEPIOCTI.

a) 0)
Puc.1.7.: a) - amomna mooenb HAHOCMPYKMYPHO2O MAmMepiany (4YOpHUM NO3HAYEHi amomu
3epHocpanuynoi obaracmi 6 axux 3cye nepesuwye 10 % 6i0 midxcamomHux siocmaneti);

0) - epanuyi 3eper 8 HAHOCMPYKMYPHIU MIOI (3HAYUKAMU BIOMIYEHO BHECEeHI 3ePHOCPAHUYHI
oucnoxayii)

BaxxnuBuM 4YMHHHKOM, IO Ji€ B HaHOMaTepialaX € TaKOX CXUIBHICTh 0 MOSBU
kiactepiB. [lomermenns mirparii atomiB (Tpyn aTOMiB) B3J0OBXK MOBEPXHI 1 MO TPAHHILIX
PO3AiTy, HassBHICTh CHUJI TSDKIHHS MK HUMH, SIKi TSI HAHOMATEepialiB € OUTbIIMMHU MOPiBHIHO
13 TpaguIliiHAMK MaTepiajaMd, YacTO TMPHU3BOIAATH [0 TPOIECIB camMOoOpraHizalii
OCTpPIBKOBHX, CTOBITUACTHX Ta IHIIMX KJIACTEPHUX CTPYKTYP. Leit e(beKT BUKOPUCTOBYIOTh
JUISL CTBOPEHHS BIIOPSIKOBAHUX HAHOCTPYKTYP JJIsl ONITUKH 1 €IEKTPOHIKH.

[le omny npuunHy cnenudiku BIaCTUBOCTEH HaHOMATepialiB MOB'SI3YIOTh 3 TUM, IO
npu mporecax TmnepeHeceHHs (mudysis, TwacTmyHa aAedopmalrisi) Mae Miclie TIeBHA
e(eKTUBHA JJOBXKMHA BIIBHOTO MPOOITy HOCIIB I[LOTO MEPEHECEHHS L.

IIpu xapakTepHUX po3Mipax B 001acTi MPOTIKAHHS MEHIINX L., TIEPEHECEHHSI TOYNHAE
CWIBHO 3aJIeXaTH Bil po3MipiB 1 ¢opmu. Y BUNAIKy HaHOMATepiamiB, K L, MOXYTh
BUCTYIIATH, HApUKIIAJ, Audy3iifHa TOBXHUHA 1 JOBXKUHA BITLHOTO MPOOIry auciokamii. J{ms
MaTepiaiiB 3 po3MipaMH KPUCTAJITIB B HWKHROMY HaHo#iana3zoHi D < 10 HM € MOKJIUBICTH
NpOsIBY KBAaHTOBUX pPO3MIpHUX edekTiB. Takuii po3Mip KPUCTANIITIB CTa€ CHIBMIPHUM 3
JOBKUHOIO 1eOpOITiBCKOT XBHII Il elekTpoHa A~ (m.E™"? (m, - edexrnBHa Maca
enektpoHa, E - eneprigs ®@epmi). Jms meranmiB Az=<0,1-1 HM, a sl HamBIPOBIAHHKIB,
HAIIBMETAJIIB 1 TYrOTUIaBKUX 3'€qHAHB mepeximaux MertaniB Az<~10-100 am. [ns Oyap-sKkoi
YaCTKMA 3 Majiolo eHepriero (MBHAKICTh v << MMBHAKOCTI CBITJIAa ¢ ) JOBXHHA XBUJI €
bpoiins Bu3zHawaeThCs K Ag =h/mv, ne m 1 v - mMaca 1 MBHIKICTh YaCTHHKH, a /1 - cTaya
[Tnanka. KBaHTOBI e(deKTH BUPAKATUMYTHCS 30KpEMa Yy BHIJSII OCIHIIIOIOYOI 3MIHH
€JICKTPUYHHUX BIACTUBOCTEH, HATIPUKIIAT TPOBIAHICTS.

OcHoBHI 007acTi 3aCTOCYBaHHS HAHOMATEpialliB 1 HAHOTEXHOJIOTIH Ha JAHWK dac:
KoHcTpykIiiiHi Ta IHCTpyMEHTaJbHI MaTepiaid, BUPOOHWYI TEXHOJOTII (30KpeMa 3aXHCT
MOBEpXHI MarepianiB), TpuOOTEXHIKa, BOEHHA Tally3b, SJIEpHA CHEPreTHKa, EJICKTPOHHA
TexHiKa (30KpeMa BUPOOHUIITBO €JIEKTPOMArHITIB), MEAUITMHA 1 610 TEXHOJIOT1sI.
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2. lucnepcHi cucrtemum

2.1. Xapakmepucmuku oucrniepcHUxX cucmem

JlucnepcHO Ha3MBAIOTh CHCTEMY, B SIKiil OJIHA peUYOBHMHA PO3IOAICHA B CEPEIOBHIII
1HIIO1, TPUYOMY MK YAaCTUHKAMHU 1 JAWCTIEPCIHHUM CEpPEIOBHUIIEM € MeXa po3aury ¢as.
JlucniepcHi CHCTEMU CKJIaIa0ThCS 3 TUCTIEPCHOT (a3 1 JUCTIEPCIHOTO CepeIoBHIIIA.

HucnepcHa ¢a3za - e YaCTUHKH, PO3IOIICH] B CEPEIOBHUIILI.

JlucmiepciiiHe cepeloBUIlE - MaTepialbHE CEpeOBHINE, B SKOMY 3HaXOIUTHCS
nucnepcHa ¢a3a, OCHOBHA O3HAKA - HETIEPEPBHICTb.

[ToBepxHst po3miny ¢a3 XapakTepu3yeTbCss MOPQONOTIEI0 1  TeTepOreHHICTIO.
Mopdoorist XxapaKTepUu3yeThCS:

IS

V
MOBEPXHs a00 MOBEPXHS BCIX YACTHHOK AMCIEPCHOI (a3u; V' - 00'eM 4aCTHHOK JUCTIEPCHOL
¢azu. 3a cTyneHemM AUCTIEPCHOCTI BUAUISIOTH KJIACH AUCIIEPCHUX CHCTEM:
® rpyOONUCTIEPCHI CUCTEMH - CHUCTEMH, PO3MIp YACTHHOK TUCIIEPCHOI
asu B sikux nepesumrye 107 M.
® KOJIOTAHI CUCTEMHU — CHUCTEMH, PO3MIP YaCTUHOK JHUCTIEPCHOI (a3u ist
skux  ckmamae  107-107 M;  konoimmi  cmcremu XapaKTepU3yIThCS
TeTePOTEHHICTIO, TOOTO HASBHICTIO TMOBEPXOHb pPO3ALTY (a3 1 BETUKUM
3HAYCHHSIM MUTOMOI MMOBEPXHi AUCTIEPCHOI (ha3H.
JIoIaTKOBO BUAUIAIOTH MOJICKYJSIpHO (10HHO) -AHMCIIEPCHI CUCTEMHU, sIKi (hopManibHO €
pO34YMHAMHU, TOOTO TOMOT€HHUMHU CHUCTEMaMH, OCKIJIbKM B HUX HEMa€ MOBEPXOHBb PO3JILITY

das.

-1

1) cTymeHnem IWCIIEPCHOCTI: , [em™; M), me ZS - cymapHa MixdazHa

2) TUCTIEPCHICTIO - BEJTUMYMHOIO, 3BOPOTHBOIO JI0 MiHIMAJIBHOMY PO3MIpPY:

1
D==d [;1];
X CM M
3) DUTOMOIO MOBEPXHEIO: §, =z§, [MZ/KF; CMZ/F]; S, =27=2 , Ie m - Maca
m V-p
YaCTUHOK JTUCTIEPCHOT (ha3u.

4) KpUBU3HOIO TTOBEPXHI: H = Lds
2dV
Jlst yacTHHKY HerpaBuibHOi opmi: pr - L L, 1],
non
e 7y 1 ry - paulyCu KpUBH3HH IOBEPXOHb MPHU TPOXOKEHHI Yepe3 MOBEPXHIO 1
HOpMaJIb JI0 HEl B aHiil TOULll JBOX NEePIEeHANKYISIPHUX TUIOIIHH.

5) po3MipoM Tijia 1Mo TPHOX OCSIX, MPUIOMY BU3HAYAIEHUM € MiHIMAaJTbHUH.

JlucriepcHi cucTeMu KIacu(iKyOTh TEpI 3a BCE 32 PO3MIPOM YaCTHHOK TUCTIEPCHOI
¢da3u (CTymiHb AUCIEPCHOCTI); KPiM TOTO, X PO3AUISIIOTH HA TPYMH, IO PO3PI3HIIOTHCS 3a
MPUPOJIOI0 1 arperaTHOMy CTaHy AWCIEPCHOI ¢a3um 1 AUCTIEPCIHHOTO cepemoBuiia. Ko
JMCTIEPCIHHUM CEepEeIOBHILEM € PiIUHA, a JUCTEPCHOI0 (a30r0 - TBEpAl YaCTUHKHU, CHCTEMa
HA3WBAETHCSl CYCIIEH3i€10; SKINO AUCIEpcHa (a3a € KpamelbKamMH pPiAWHU, TO CHUCTEMY
HA3WBAIOTh EMYJIbCI€IO.
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Emynncii, y cBOIO 4epry, miIpo3aiisioTh Ha IBa TUIIH:

e nmpsMmi, abo "macmo y Bomi" (komm aumcmnepcHa (asa - HEMOJsApHA piIWHA, a
JWCTIEpCIHE CepeIOBHUIIIE - TTOJIIPHA PiNHA);

e 3BOpOTHI "BOofa B Maci" (KOJM TOJISIpHA piaHA TUCTIepTrye B HenoJisipHii). Cepen
JMCTIEPCHUX CUCTEM BHJILISIOTH TaKOX MiHY (Ta3 TUCHEprye B piJluHi), MOPUCTI
Tija (TBepaa daza, B K TUCTIEPTYIOTh ra3 abo pijiuHa).

2.2. Knacudpikayiss ducrnepcHux cucmem.

Jlo mio(ibHUX KOJOIMHUX CHUCTEM BiHOCITH TEPMOJUHAMIYHO CTIiKi TeTeporeHHi
CUCTeMH, SIKi BOJIOJIIOTh MOPIBHSHO HEBEIUKHWM HAJJIMIIKOM TIOBEPXHEBOI EHeprii Ta
YTBOPIOIOTBCSI B pe3yJbTaTi CaMOBUIBHOTO JWCIEPTYBaHHS Makpodasw dHd acorfiamii
MOJIEKYJI. ATrperaTUBHA CTIHKICTh JIIOPITBPHUX KOJOi/liB HOCUTh TEPMOJUHAMIUHUN XapaKTep
3aBJSKH TOMY, III0 IOBEPXHEBA CEHEPTisi KOMIIEHCY€ETHCS CKIIaI0BOI0 SHTPOITIi.

JliodoOHi 1 MoGdiTEHI KOMOIIU BIAPI3HAIOTHCS MO BEIWYWHI MDK(PA3HOTO HATATY O,
gKa MOke OyTH OUIBIIOI0 YW MEHIIOK BiJi TPAHWUYHOTO 3HAYCHHS O npu  SIKAX

max 2
IIOBCPXHCBA CHCpFiSI KOMIICHCYETBCS eHTpOHiﬁHOIO CKJIaA0BOIO:
bkT

max 2

a
. o . . 2 ..
- MbK(a3HU HATAT HAa MEX1 po3aury ¢as, k/M"; b- Koe]iieHT, 3HaYCHHS

o

ne o

max
SIKOTO IS pealbHHUX JUCHepcid 3HaxoAuThcs B Mexax 10-20; a - po3mip 4YacTKd, M.
: ~ -8 3 2
3HaueHHs MIK(A3HOTO HATATY IS 9acToK 3 paaiycom ~10™ M ckmamae (0,1-1) 10~ mx/m”.
Jliopobui gucnmepcHi cucrem, (o >0, ) TEPMOAMHAMIYHO HECTIHKI, 1 ix

max

CTaOUTBHICTh MA€ KIHETHYHUIN XapaKTep.

JliodpineH1 aucnepcHi cuctemu (o < o, ), 30epiraroTh 1BO(}A3HICTh 1 YTBOPIOIOTHCS

max

CaMOBLJIBHO ITiJT JII€X0 EHTPOIHHOTO GaKkTopy.

2.3. JliogpinbHi cucmemu

JliopinpHi cucTeMn — Taki CHCTeMH, B SKHUX aucriepcHa (asa B3aemomie 3
JWCTIEPCIHHUM CEpeIOBUILEM 1 3a TMEBHUX YMOB 37aTHa B Hiil po3umHsTHcs. Lli cucremu
XapaKTepU3y€eThCs MAJIMM 3HAYEHHSIM MOBEPXHEBOTO HATITY Ha Mexi po3nimy ¢a3. BimpHa
enepris ['enpmrounbia cuctemu AF < 0.

AF =AU - TdS; AS> 0;

AU= WKOF - WCOJ‘ILB7

ne Wior — poboTa Koresii;

W eoms - pOOOTa conbBaTalii.

IIpu AU> 0, AU <0 = TdS >AU.

Koresiss — 34emieHHsS YacTWH TBEPJAOro TiNa (PIAMHM) MPU IXHBOMY KOHTAKTI;
3yMOBJIEHA CHJIaMd  MDKAaTOMapHOTO TPUTSATAHHS  PI3HOI  MPUPOJH,  KIIBKICHOIO
XapaKTEPUCTHKOIO KOTe3ii € eHepris Koresli, SKa EKBIBAJICHTHA pPOOOTi, AKy MOTPIOHO
BUKOHATH, 100 BiJJAJIUTH HA HECKIHYEHHICTh KOTe31iHO 3B's3aHi yacTHHKH. [logonanus cun
MPUTSITAHHS MPU PO3'€THAHHI TOMOTEHHOTO Tijla HAa YaCTUHKH BUMAarae 3A1HCHEHHS poOOoTH,
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sKa Ha3WBa€ThCs POOOTOIO Koredii Wi,. Y BHmanky piaumH o0opoTHa poOoTa Koresii
JIOPIBHIOE TIOJIBOEHOMY 3HAYEHHIO TTMTOMOI BUTBHOI MOBEPXHEBOI eHeprii. [y TBepaux Tin
BUKOPUCTOBYIOTh MOHSATTS KOTE31iHOT MIIHOCTI - TPAaHMYHO BHUCOKOI MIITHOCTI, SIKy O MaJjo
JlaHe TiJIo MpH iAeanpHid (O6e3nedekTHiil) cTpykTypi. s modiIbHUX PO3YMHIB OJUHUIIECIO
CTPYKTYPH € MaKpOMOJIEKYJIa.

2.4. JlioghobHi cucmemu (3011i)

JliopoOHI cHcTeMH — Taki CHCTEMH, B SKHX JUCHEpPCHA ¢aza HE B3a€EMOJIE 3
JTUCTIEPCITHUM CepeIOBHUIIEM 1 He po3uuHAeThCA B HhoMy. [l aux AF > 0. {ucnepryBanss
B [[bOMY BHUIIAJIKY 3/1HCHIOETbCS a00 32 paxyHOK 30BHIITHKOI poOOTH, 200 32 paXyHOK 1HIIIHUX
IPOIIECiB, MO BiIOYBAIOTHCS B CHCTEMI CIIOHTAHHO (XiMiYHA PEaKIlisl) 1 XapaKTepU3yIThCS
BHCOKHM 3HAYCHHSM IMOBEPXHEBOTO HATATY Ha MeX1 po3ainy ¢as, Mo BIAMOBIIAE MaJIOMY
3HAYCHHIO eHeprii compBaTallii. 3071 CTiliKi JMIIe 3a MPUCYTHOCTI crabimizaropis. Jlis
T10(poOHUX KOJNOIIB OMUHUIICI0 CTPYKTYpHU € CKJIATHHI OaraTOKOMIOHEHTHUH arperar
3MIHHOTO CKJIaay — MiIlena.

[Ipn ancopOuii peuoBMH Ha MeXi po3aily (a3 TOBEPXHEBUN HATAT MOXKE
3MEHIITYBATHCS, ITIIBUIIYBATHACS a00 3aTUIIATHCS HE3MIHHUAM.

2.5. 3o5ni Memanie ma okcudie

Briepuie orpumani B 1857 porii 3 BUKOpHCTaHHSAM peakiiii BigHoBneHHs M.Dapaneem;

CHHTE30BaHO YEPBOHHUM 30J1b 30J10Ta 3 yacTUHKaMu 2-50 HM. X1 peaxirii:
AuCl; + 3H,0 + P=2Au + P(OH); +3HCI

30111 OKCHIIB THUIMOBO OTPUMYIOTH 3a JIOMIOMOTOIO peakiliii KoHaeHcari. [Ipukmamx —
peaxIris T1IpoJii3y HEOPraHiyHUX CoJiel MeTamiB (a0 aTKOKCUIIIB METaIiB).

30111 MOXKYTh TPUBAJIMKA Yac iICHYBAaTH B PiAKiA (a3l HE OCIMAI04M 1 HE KOAryJIIOIYH
3aBASKA ydacTi B OpOYHIBCBKOMY pPyCi MOJIEKYJI PO3YMHY 1 CIHaOKMX MIKKIACTEPHUX
B3a€EMO/IIH, 3apsIOBOMY BIAIMITOBXYBAaHHIO 1 TaCHUBAIlil TOBEPXHI.

Po3Mmip konmoimHuX KiacTepiB, IO yTBOPIOIOTHCS, BU3HAYAETHCS YMOBAMH PEAKIIii,
MIPUPOIOI0 POUMHHKKA 1 CTad1I3aTOpa, 4acoM, TEMITEPATypPOIO PEaKIlii Ta mepeHacHYeHH M
po3uuHiB. [Iporec yTBOpeHHs KiacTepiB MOB'S3aHUN 3 HYKIELi€ (TOMOTEHHOW abo
TFETEPOTCHHOI0) 3 PO3YMHY, TOMY 3OUIBIICHHS PO3MIipiB KJACTEPiB 1 3amoOiraHHs ix
KoaryJsiii TOB'S3aHe 3 TMacuBalli€lo ix moBepxHi. Hampuknan, nacuBaTtopam MOXe
BUCTYMATH TioJ, TpudeHindocdin Ta ioro noxiaHi, peHaTposid, TOIIo.

2.6. [loeepxHesO-akMueHI pe4o8UHU

[Ipn po3umHeHHI Takux AUQPUIBHUX MOJEKYJ y BOJI TEPMOIAMHAMIYHO BUT1JIHIIIE
BUSBIISIETHCS X KOHIICHTPAIliS HAa TIOBEPXHI PO3YUHY, KOJIU MOJIIPHI YACTHHH 3HAXOJATHCS Y
BOJIi, @ HEMOJIAPHI BYIJIEBOJHEBI «XBOCTH» OPIEHTYIOTHCS JI0 MOBITPSHOI (a3u, MOJEKYIH
SIKOT TaKOX HemnoJisipHi. Lle crnpaBeayinBO HE TUTBKH I MEXI PO3/LTY BOJA-TIOBITpPS, aie i
Ui Oynb-sSKuX (a3, Mo Bigpi3HSAIOTHCSA CTYNEHEM MOJIIPHOCTI MOJIEKyN. B 1boMy BHManKy
monekynu [TAP opieHTyr0ThCS Tak, 100 iX mojspHa yactuHa Oyna HampaBieHa y Oik ¢aswu,
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YTBOPEHOI MOJIIPHIIIAMHA MOJEKYJIaMH, a HEMOJsIpHA, BiAMOBIIHO, - y OiK ¢a3u, yTBOPEeHOI
MEHII TOJIIPHUMHU MOJIEKyJaMH. B pe3ynbraTi ommcaHOTo MpOIeCcy €HEepris MOJEKYyd, II0
3HAXOJATHCS B IOBEPXHEBHX MIapax (TIOBEPXHEBHH HATAT), 3MEHIIyeThCs. [loBepXHEBO-
AKTUBHI PEYOBUHU BIJIPI3HSAIOTHCS HEBHCOKOK PO3YMHHICTIO SK B MOJSPHUX, TakK 1 B
HETIOJIIPHUX CEePeIOBHIIAX.

HeTonapHi TIOJIAPHI

e
(xBocTH) [ =0 ] (romoex)

Puc.2.6. Ilosepxneso-akmusHi pewosunu (IIAP) - peuoeurnu, axi npu adcopoyii Ha mednici
PO30INY 3HUNCYIOMb iT NOBEPXHEBGUL HAMS2

3anexno Big mpupoau rimpodinmpHOi rpymm [TAP migpo3minstoThcss Ha KaTiOHHI
(BKITIOYAIOTH TICPBUHHI, BTOPHHHI, TPETUHHI aMiHU 1 YeTBEPTUHHI aMOHI€B1 OCHOBH), aHIOHHI
(micTsaTe KapOokcuibHI, cynabhoedipHi, cynabdorpynu) ta HeionHi. [is [MTAP y Bomgamx
pO3YMHAX TPYHTYETbCS Ha CTPYKTypu3amii MOJIEKYJT BOAM HABKOJO HEMOJSPHUX
BYTJIeBOJIHEBUX paaukaiiB [IAP, 110 3MeHITye eHTPOMii0 CUCTEMH.

PeyoBuHM, sKi 30UTBIIYIOTH TIOBEPXHEBHM HATAT HA3WBAIOTh IMOBEPXHEBO-
inaktuBHUMU pedoBuHamu (I1IP). BoHu 3a3Buuail € HU3bKOMOJICKYISIPHUMHU OPTaHIYHUMU
a00 HEOpraHIYHUMHU EJIEKTPOJIiTaMH (COJI, KHCIIOTH, JIyTH), K1 JUCOIIOIOTh Ha 10HH, MO
MalOTh BHCOKY CIIOPiTHEHICTh MO BOJAU. Taki i0HU MparHyTh MEPEHTH 3 MOBEPXHI PO3YHHY B
00'em; ocobmuBicTio [1IP € ix BUCOKa pO3YMHHICTh B CHJIBHOMIOJISIPHUX CEPEOBHINAX (BOJII).

MoxuBi BUMAAKH, KOJIM pPO3YMHEHA PEYOBMHA TMPAKTUYHO HE BIUIUBAE Ha
MOBEPXHEBUIM HATAT PO3UMHY, a PIBHOMIPHO PO3MOIUISIETBCS MiK 00'€MOM 1 MOBEPXHEIO
po3unHy. Taki pEYOBHMHM HA3WBaIOTh IOBEpXHEBO-HeakTUBHUMHU peuoBuHamu (ITHP).
[Ipuknan ITHP - po3uuH 1ykpy y Boi.
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3. Miuena

3.1. Bydoea kos0idHOI Mmiuenu

JliooOHI KOJOIMM BOJIOAIIOTH JYyXE€ BHCOKOIO ITOBEPXHEBOIO CHEPIi€l0 1 TOMY €
TEPMOJIMHAMIYHO HECTIMKUMHU; 11€¢ pOOUTh MOMJIMBHUM CAMOMOBUIBHHM IMPOIIEC 3MEHIIICHHS
CTYNEHS JUCIIEPCHOCTI aucrepcHoi ¢asu (ToO0To o0'€qHAaHHS YaCTMHOK B KPYITHIII
arperatu) - Koarymsmito 3oiiB. [IpoTe 30msiM BiacThBa 3IaTHICTH 30epiratu CTymHiHb
JMCTIEPCHOCTI, TOOTO OYTH arperaTiBHO CTIMKUMH, 1[0 00YMOBJIEHO, TIO-TIEPIIIE, 3HUKEHHSIM
MIOBEPXHEBOI €HEpPrii CUCTEMH 3aBISKUA HASBHOCTI HA MOBEPXHI YACTUHOK AMCIEpPCHOI (a3u
MOJIBITHOTO ENEeKTPUYHOTO MIapy 1, TO-APYre, HASBHICTIO KIHETHYHHX TIEPEIIKOM IS
KOAryJisii y BUTJISIIL €IEKTPOCTATUYHOTO BIAMITOBXYBAaHHS YaCTUHOK JUCTIEPCHOT (ha3u, 1o
MalOTh OJHOIMEHHUWH eNeKTpuuHmid 3apsia. bynoBa cTpykTypHOi omuHHI 1i0)OOHHX
KOJIOiMIIB - MIIeJHu - MOXKe OyTH TMOKa3aHO JIMIIE CXEMATHYHO, OCKUILKH MiIleJla HE Mae
MEBHOTO CKJany. Po3rimsHeMo Oy0BY KOJIOIAHOI MINENM Ha TPHUKIAAl TiIPO30JI0 HOTUIY
cpibiia, M0 OTPUMYETHCS B3aEMO/IIEI0 pO30aBIEHUX PO3UMHIB HITpATy cpibia 1 101111y KaJito.

AgNO3 + KI—> AgI + KNO3

Konoigna wminena 3071 HOAuay yTBOpEHa MIKPOKPUCTAIOM HOauay cpibmia, sKuid
3MaTHUN 0 BUOIPKOBOi amcopOilii 3 HABKOJIHMIIIHBOTO CEPEOBHINA KaTIOHIB Ag+ a00 1oaum-
10HIB. SIKIO peakIrisi MPOBOIUTHCS 3a HAJUIMINKY HOIUIY Kajito, TO KPUCTANI aJcopOyBaTume
oM a-i0HNM; TIpH HAAMIIKY HITpaTy cpibia MikpokpHcTan agcopbye ioan Ag'. B pesynbrari
IILOTO TOBEPXHS MIKPOKPHCTAIy HaOyBa€ HETAaTUBHUU a00 MO3UTHBHUHN 3apsa;, 10HHU, IO
HA/IAI0Th WOMY IIeH 3apsjl, Ha3UBAIOTHCS MOTEHIIATOBU3HAYAIBHUMH , & CaM 3apsDKEHUN
KPHUCTAI - SAPOM MIIIEIIH.

NO.

! ™ _ Arperar
s NO, NO, .
4 . T, NO,” Anpo
NO,” - NO,” NO,” "~
- —Ag'Ag. -NO
NO, 4o+ E-"‘*EAE i NO."
F .."Ag‘ A.g \.-'.. ‘ 3
i Ap’ i s " i3 .
INO, _'NOJ;,.E%" Afg+- \ _ Aacopbuiiitmii wap
NO,” Ag' Agl Ag| |NO, NO,S : NPOTHIOHIB
LA B/
\Ag i
NO, " Ag Ag” NO, NO,
. g, ; /
NO, v AEAR A G - :
g NO." 3 ]
o R L Noit ~ OndysiiHuii wap
No,” NDOTHIOHIB

NO,” NO;

Puc.3.1. Byoosa xonoionoi miyenu: [Agl],, — aepecam, [Agl],, nAg" — aopo, {[Agl],, nAg" (n-
x)NO; )" — konoiona wacmunka, {[Agl], nAg" (n-x)NO;5 }'" xNO;3 — miyena

3apsipKeHe sIpo MPUTATYE 3 PO3UUHY 10HU 3 MPOTUIICKHUM 3apsIOM - IPOTUIOHM; HA

MOBEpXHI PO3Iiny (a3 yTBOPIOEThCS TMOABIMHMI elekTpuyHui map. Jleska dYacTuHA
IPOTHIOHIB a/IcOPOY€EThCS HA MOBEPXHI siipa, YTBOPIOIOYH aACOPOIIHHUIN Iap MPOTHIOHIB;
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SIIPO pazoM 3 afcOpOOBAHMMU HA HIM MPOTHIOHAMH HA3MBAIOTh KOJOITHOI YACTHHKOIO 200
rpanynoro. PemTa mDpOTHIOHIB, YHMCIO SKHUX BH3HAYA€THCS, BUXOIAYM 3 IpaBHUia
€JIeKTPOHEUTPATBHOCTI ~ MilleN, CKiagae audy3HW map MPOTHIOHIB, MPOTHIOHH
a7CcopOIIHOTO 1 JU(Y3HOTO MIAPiB 3HAXOAITHCSA B CTaHI JMHAMIYHOI PIBHOBArM ajcopoIrii -
necopOrrii. Mimena 30518 i0auy cpibia, OTPUMAHOTO B HAJUIMINKY 10IMTy K0 MOXE OyTH
omucana HacTynmHuM unmHOM: {[Agl], nI” (n-x)K'}* - x K", (moTeHmianosu3HavyaneHi ioHM
— amionn I, mpotuiony - ionn K)
[Tpu oTpuMaHHi 3015 oAUy cpibiia B HAAIUIIKY HITpATy cpibiia KOMOiIHI YaCTUHKU

MaTUMYTh TIO3UTUBHUIA 3apsam: {[Agl], nAg” - (n-x)NO; }* - x NO;~

3.2. Kpumu4yHa KOHUeHmpauisi MiuesiIoymeopPeHHs

Ockistbku OyIib-SIKa CHUCTEMa IMparHe A0 MAaKCUMyMy €HTPOIIii, TO JOCSTIIN JESKOi
KpUTHYHOI KOHIEHTpamii wminenoyrBopenHs (KKM), monexkynu Bogum Tta ionu I[IAP
MOYMHAIOTh YTBOPIOBATH aCCOIIATU-MIlle. Y TBOPEHHS Millell BeJie J0 3BUIbHCHHS YaCTUHU
CTPYKTYpPOBaHOI BOJM IO 3MEHIINYE BUIbHY EHEPTiI0 CHUCTEMH Ta € TEPMOIUHAMIYHO
BUTiIHUM. HasBHICTP Mimen B  KOJOIAHOMY poO3uuHi (IKCYeTbCS 32 3MiHAMHU
€JIEKTPOIIPOBITHOCTI, TYCTHHH, B'S3KOCTI, PO3CIIOBaHHS pO34MHOM CBiT/Ia. Bemmumaa KKM
3asexuTh Big mnpupoau I[IAP, moBXWHM BYrJIeBOAHEBOTO paauKaia, eJekTpomity, pH

po3unHy. UuM JTOBIIMM € BYTJICBOJHEBUN paJuKall 1 CIa0KIIIO0 MOJsIpHA TpyTia, THM MEHIIEe
KKM.

3.3. MiyensipHi HaHOCMpyKmypu

ITpu xonnentpamiii [TAP, 6muspkux mo KKM, minenamu € chepudni yTBOpPEHHS, B
SIKMX TIOJISIPHI TPYITH KOHTAKTYIOTh 3 BOJIOKO, a T1ApoQoOHI pariKain 3HaX0AAThCS BCePEAnHI
MIIIETTH, YTBOPIOIOYM HEMOJSpHE sIpo. MOKIUBE YTBOPEHHS ACKIIBKOX THIIB MIIEN -
chepryHi, IUIIHIAPUYHI, FEKCATOHATIBHO YIAKOBaHI, JaMEIISPHI.

5

Puc.3.3. Cmpyxkmypu, opeanizosani y pezynomami 0ii [IAP: 1 - monomepu, 2- miyena, 3-
YuninopuuHa Mmiyena, 4-2excacoHaibHO YNAKOBAHI YUNIHOpUYHI Miyeau, 5 - JamenspHa
Miyena; 6 - 2eKCA20HAILHO YNAKOBAHI KPANi 600U 8 360POMHIL MIYenapHIll cucmemi

Cucrtemu Milen BUCTYNAIOTh Y BUTJISII OJTHOBUMIPHUX, TBOBUMIPHHX 1 TPUBHMIPHUX
HAHOCTPYKTYP, IO BKIFOYAIOTH BiJ] IECATKIB 10 COTEHb CKJIAJJOBHX MOJIEKYJI Ha MilleIy.

Hepozuunni y Boai wmonekynmu [IAP MOXyTh pO3UHMHATUCS B HEHOJSPHUX
cepefioBUIIaX. B 1bOMYy BHIAJKYy TaKOXX CIHOCTEpPITa€ThCS YTBOPEHHS MileNn TIpU
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koHIeHTpalisax Oinpmux KKM; mepebir mporecy BHU3HAYAETHCS B3aEMOMIEID  MIXK
nossipauMu Tpynamu [TAP, dopmyeThest cTpykTypa 1s sikoi rigpogoOH1 YaCTHHH MOJICKYIT
[TAP nampaBneHi HA30BHI MIIIEJH, a MOJISIPHI TPYIH — JOCEPEIMHU. SIK pe3ybTaT, B MiImel
bopMyeThCs HAHOPE3EpPBYap 3 BOJOIO - 3BOPOTHA Millenna. BaxIMBOI0O BIACTHBICTIO MIIEI €
iX 37aTHICTH 301BIIYBATH PO3YMHHICTH BYTJCBOAHIB Y BOAHMX MILEISIPHUX PO3UMHAX 3
dbopmyBaHHIM Mikpoemynbciii. [Ipu 1[bOMY MIBUAKICTH XIMIYHUX pPEAKIlii B Takiil cuctemi
BHU3HAYAETHCSI KOHIICHTPALIE€I0 Mille] — MIIEISIPHUHN KaTatis3.

3.4. dopMyeaHHSs Krlacmepie 8 eMysibCisiX

Mikpoemynbcii (HAaHOEMYITBCil) € TEPMOAMHAMIYHO CTaOITbHUMHE JAUCIIEPCISIMHU PiJIUH,
IO HE 3MIIIYIOThCA. MIKpoeMynbCii BITHOCITHCA A0 JTi0(IIFHUM TUCTIEPCHUM CHUCTEMAaM i
YTBOPIOIOTHCSI 200 TIIIXOM CAMOBUIBHOTO JWCIIEPTYBaHHS HE3MINIYBaHUX PIAWH B
pe3yNbTaTi 3HUKEHHSI IOBEPXHEBOT €HepTii MibK(a3HUX TpaHHIlb, a00 B MPOIEC] YTBOPEHHS
3BOPOTHUX Mileln. MIKpoeMynbCisiMU € 0araTOKOMIIOHEHTHI CHUCTEMH, IO BKIIOYAIOTh
O1IapoBi, MUIHAPUYHI, CHEPUIHI MITIEIIH.

BrnactuBocTi MiKpOeMynbCiii BHU3HAUAKOTHCA PO3MIpOM 1  (OPMOIO KOMITOHEHT
mucnepcHoi ¢asm, a TaKoXK XapaKTepUCTHKAMU MiK(pa3HUX aJacopOmiiHux mapis. B
MIKpPOEMYJIBCIMHIA CHCTeMiI KOMIOHEHTH MJWCIEPCHOI (a3u TMOCTIHHO CTHUKAIOTHCA,
PYWHYIOTBCS Ta (OPMYIOTBCSI 3HOBY 3 MOCTIMHMM OOMiIHOM iX ckiany. [Ipomec 3iTKHEHHS
MIlle]T BHU3HAYAETHCS iX audysi€ro, mporec OOMIHY BMICTOM PETyJTIOE€THCS B3a€EMOJIIEIO
ancopOmiitaux mapiB [TAP 1 raydkicTiO MibK(a3HOI TOBEPXHI.

3.5. CuHmes y 380pomHix miyenax

3BOpOTHI Mimenmu 1 eMyJibcii aKTHBHO BHUKOPHUCTOBYIOTHCS IS CHHTE3Y
HAHOKJIACTEPiB, MPHU I[bOMY BHYTPIIIHIN 00'€éM 3BOPOTHOI MiIleId BUKOPUCTOBYETHCS SIK
HAHOPEAKTOp JJIsi MPOBEJCHHS B HHOMY XIMIYHUX PEaKIiii OTpUMAaHHS KJIACTEpiB. 3 IIIEIO
METOI0 3MIMIYIOTHCS JBI 3BOPOTHI MIKPOEMYJIHCHUBHI CHUCTEMH, BOMHI (ha3u SKUX MICTATH
pedoBuHU A 1 B, siKi B X0A1 peakxilii yTBOPIOIOTH BaXXKOPO3UUHHY cIoyKy C.

3.6. OpzaHi3auisi i camoopeaaHizaHisi KOJI0iIOHUX cMPyKMyp

Camoopranizallis 1  ©BOJIOIIS  KOJOIAHOI ~ HAHOCHCTEMH  3aKjajJcHa y
BHUCOKOPO3BUHYTI TIOBEpXHI 1 TEPMOAMHAMIYHIM HECTIMKOCTI KOJOIJHUX KJIacTepiB.
Hapnumiok BiIbHOT eHeprii, 00yMOBIICHHUI HASBHICTIO IMOBEPXHI PO3ALTY MiX JUCIICPCHOIO
dazor0 1 AWCHEpPCIiHUM CepeloBUINEM, CTUMYIIOE MPOTIKAHHS PI3HUX TMPOIECIB, IO
NPU3BOJIATH A0 3MEHIIICHHSI BUIbHOT eHeprii [ enpMromnsiia.

be3 ypaxyBanus ximiudHoro moteHmiany dF =-TdS+d(os), ne s - BennduHa

MOBEPXHI po3ainy (a3, o - moBepxHeBUH HatAr. TepmommHamiuHa ymoBa dF < 0 moxe
JOCSTAaTUCS 32 PaxXyHOK 3MIHM E€HTpomii abo eHeprii moBepxHi. Y pa3l 3MiHU €Heprii 1e
BiI0YBa€ThCS 32 paXyHOK 3MEHIICHHS MOBEPXHI po3ally o ds<0 abo 3MeHIeHHs MiXk(pa3HOoT
noBepxHeBoi eHeprii Sd o <0. [Ipu 3meHmeHHI MiX(a3HOT MOBEPXHi 30UTBIIYETHCS CEpeIHIN
PO3Mip KJacTepa i MOXe BIIOYTHCS PO3IITICHHS KOJI0i My Ha JB1 a3u - TBEpAY 1 PIAKY.
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3MUNaHHIO KJIAcTepiB MEPEIIKO/KAE eHepreTuyHuil Oap'ep - E,, TMOB's3aHUN 3
KJIACTEPOM EJIEKTPOCTATUYHUM BINIITOBXYBaHHsIM. Tak, sikmo E,; >> k7, TOo cucrema
arperaTiBHO CTiKa 1 301IbIICHHS YaCTUHOK HE BimOyBaeThcsa, Y pasi E, >>kT xoxHe
3ITKHEHHS KJIACTEPiB TPHBOJAWTAME O YTBOPCHHS arperariB, MPUYOMY IIBHAKICTH iX
YTBOPEHHS JIIMITYBaTUMEThCS MBUAKICTIO MU (Dy3ii TUCTIEPCHOTO CEPETOBHIIA.

[TapameTpom, 1m0 XapakTepu3ye MPOIEC TAKOI IMBHUAKOI KOAryJssilii, € MIBUIKICTH
KOaryJisIii, sika 3HWKYEThCS TTPU 3MEHIIICHH] KOHIIEHTpaIlii enekrpomirty. e mpusBoauts 10
BUIIAJIKY TTOBLTLHOT KOATYJIAIIII.

Koarymsmist 3071iB mpu3BOIUTh 10 OTPUMAaHHS arperarti, ()pakTaibHa PO3MIPHICTH
SKUX 3aJIeKUTh BIJ THITy Koaryismii. J{ms arperaTiB, OTpuMaHHMX B yMOBaxX MOBIJIBHOI
Koarysmii, (¢pakragpbHa PO3MIpHICTH Oinblla, HDK JUIS arperaTHMBHOI IMICHS IMIBUIKOT
KOAryJisilii, o CBIIYUTH MPO BUIIY OPTaHi3allilo B MEPIIOMY BHMAIKy. B3aemonis kinacrepiB
HAa BEJIMKUX BIACTAHSIX MPU3BOIWTH A0 (OpPMYBaHHS aHCAMOIIB BXKE€ Ha MIKPOCKOMIYHOMY
piBHI, IO BOJIOAIIOTH (Da30BOIO CTiMKicTIO. Taki BHOPSIKOBAHI YTBOPEHHS HOCSITh Ha3BY
NEePiOMYHUX KOJOITHUX CTPYKTYP.

3.7. MiyensipHa op2aHi3auisi HaHoKs1acmepie

Y posunnax [TAP BuHHMKae He TUTBKM CaMOOpraHi3allisi MOJEKYJ B Milenax, ane i
3'SIBIISIETBCS. MOXKJIMBICTh OpraHi3allii KiacTepiB MeTaliB i OKCHJIB METaliB, OTPUMAHHUX 3a
JIOTIOMOTO0 MitesipHoi Metoaukn. Ha main. mpuBeneni cxemu opranizamii [TAP Ha pizauX
MOBEPXHSIX PO3JILTY, @ TAKOXK MPSMI 1 3BOPOTHI MIIIEIIH.

7 50— bbb
OT 1 6
_—‘—_ - - l -
e % EN
T le
I
EC ST

Puc.3.7. Cxema opeanizayii 6 posuunax IIAP: 1- po3uun [IAP; 2 - npsama miyena 8 600HOMY
po3uuni; 3 - npama Mmiyeia 8 HenoNApHitl piouwni; 4 - 360pomHs Miyeid 8 HenosApHOL
HcuoKocmu, 5 - 3MiHa po3uunHOCmMI NOAPHOI azu 360pommoro miyenoi; 6 - adcopoyitinuil
wap ITAP na nogepxui po30iny 600HUU PO3UUH — NOBIMPSL

bmu3pki 10 HacwdyeHHs Mo KoHIeHTparii mapu [TAP Ha moBepxHsSX po3miiny Boaa -
MOBITPS, BOJA - MacJo, MOJSIpHA TBepAa MOBEpXHs - po3uuH [IAP MOXyTh Math BHUCOKHIA
CTYIiHb BHIOPSAKYBaHHs, MpPU KoMy Bci monekynu [TAP opieHTOBaHI mepneHAUKYISIPHO
MOBEPXHI PO3iTy Tak, mo0 mossipHi rpynu [TAP korTakTyBamm 6 3 moasipHOO $a3oro
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3.8. Enekmpu4Ha 6ydoea miyenu

JlioinbHi 30 - TEPMOIWHAMIYHO PiBHOBaXKHI aucriepcHi cuctemu. JliodoOni 30mi
3a3BUYAl XapaKTePU3YIOTh SIK KOJIOiJHI CHCTEMH, 10 HAJ3BUYANHO UyTJIMBI J0 JTOJaBaHHs
€JIEKTPOJIITIB, IO € iX cCHenu(igHOI0 0COOIUBICTIO.

Bucoka uytnuBicTh 110OOHMX 30J1IB JO €JIEKTPOJIITIB 0OyMOBJICHA HAsSBHICTIO HA
MOBEPXHI YaCTOK TOJBIMHOTO eNeKTpu4HOro mapy. llpu B3aeMHOMY 30JMKEHHI YacTOK
BUHUKAIOTh CHJIM BIAIITOBXYBaHHSI MiX MU(QY3HUMHU 10HHUMH aTMOc(hepamu, CTBOPIOETHCS
eHepreTuyHui Oap'ep, SKW 1 BU3HAYAE arperaTWBHY CTIHKICTh cucTeMH. MiX YacTKaMu
MOXYTh BUSIBIISITUCS CWJIM BIiAIITOBXYBaHHS €JICKTPOCTATUYHOI MPUPOIU, OOyMOBIECHI
(dbopMyBaHHIM Ha MOBEPXHI YaCTOK TiPO(PLIPHUX MOTIMOJIEKYISIPHUX MIAPIB P1AMHH.

-

Puc.3.8. Enexmpuuna 6yoosa miyenu

Jlana mMonenb BpaxoBye TOW (hakKT, MO MPOTHIOHH PO3TAIIOBYIOTHCS B JIBa IApH -
HIUIBHUHN 1 TUQY3HUH, 1 110 TOBEPXHEIO0 KOB3aHHS YaCTUHKU B PO3YHHI € TPAHULS PO3ILTY
MDK UMM TapaMu. Y 3B'S3KY 3 UM PO3TIISAAIOTECS Tpu 3apsamkeHi cdepu. [lepma chepa -
noBepxHs sapa 3 mapametpamu Q i ry; Jpyra cdepa - moBepXHs KOJOiMHOI YaCTUHKU 3
pamiycoMm 7, 1 3apsimoM -Q + x (x - 3aTaJIbHHUI 3apsAl TUX MPOTHIOHIB, SIKI 3aJHMIIAIOTHCSI B
mudy3nomy mmapi). TpeTs chepa - 11e yMOBHA MTOBEPXHSI, 10 SKOI MOKHA «IIPHUB'S3aTH» 3apsi]
nrQy3HOi YaCTUHU MPOTHUIOHIB (-X).
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4. NMNoaBiMHUKN eNEeKTPUYHUN ap

4.1. MexaHi3amu ymeopeHHs1 NnodeiliHo20 estekmpu4Ho20 wapy (TELL)

o JluccomiatuBuuii - [IEIl yTBOprO€ThCSA B pe3yibTaTi MEPexoay eIeKTPOHiB a0 10HIB
3 onniei (asm B iHHIy (MpU eMicii eNeKTPOHIB 3 MOBEPXHI METAly YTBOPIOETHCS
€JIEKTpOHHA XMapa); aHajoriuno ytBoproerbest [IEII ma mixkdaszHiii moBepxHi Mix
PO3YMHOM Ta YaCTUHKOIO — B PO3YMHHUK TMEPEXOASTh 10OHH, IO CHJIBHIIIE
ripaTyroTbes. B pe3ynabpTaTi Ha MOBEPXHI KOJOIMHUX YaCTOK YTBOPIOETHCS HAIITUIIOK
NOTEHI[IaJIOBU3HAYATIPHUX  10HIB, SKAW  KOMIICHCYEThCS ~ HAJUIMIIKOM  1OHIB
MPOTUJICKHOTO 3HAKy (MMPOTHIOHIB), JIOKAJTI30BAaHUX HA MEXI po3airy (a3 B 00'emi
JMCIIEPCIHOTO cepetoBuIIa (aBTOAICOPOITis).

e AcomiatuBauii — [IEI yTBOproeThcsi mpu ceNeKTHBHINA afcopOIii B MixkdazHomMy
1Iapi MOTEHIIaIOBU3HAYAIBHUX 10HIB, IO BXOASTH JO CKJIaJy PEYOBHHU JUCIIEPCHOI
dasm; mpukiIam — aacopOIlisi 10HIB €IEKTPOIITIB.

e Opierramiitnuit — [IEIl yTBOprOEThCS B pe3ynbTaTi Opl€HTAIlll MOJISIPHUX MOJCKYIT
(wacTuHOK) ycepenuHi (a3, s 3a0e3MedeHHs] MIHIMaJIbHOTO 3HaYEHHS TOBEPXHEBOTO
HATATY Ha Mexi posaury. [lpukmag — amcopOriss HEAMCOMIMOBAHHMX TOJSPHHUX
MOJIEKYJI, IO 3HAXOISATHCS B PO3UHHI.

4.2. Teopii 6ydoeu nodeiliHo20 esfleKMpPUYHO20 wapy

ITepmra teopis OyxoBu I1EI Gyma possunena I'emsmrombiom 1 [lepperom — ITEIL
noaiOHUN JI0 TUTOCKOTO KOHJIEHCATOpa, BHYTPINIHS OOKJIaKa SKOTO 3HAXOIUTHCS B TBEPIIN
¢asi, a 30BHINIHS - B PiIMHI MapalielbHO MOBEPXHI SApa Ha BiACTaHI MOPSAKY JiaMeTpa ioHa.
[Totenmian enexrpuanoro nods ycepeauni [1EL B iboMy BHITanKy JIiHIHHO 3MEHITY€ETHCS 13
30UTBIICHHSIM BiZICTaHI Bij] TOBEPXHI 7 .

I'yi i UenmeH 3amporoHyBajil MOJENb, 3TIHO SKOi MPOTHUIOHU, 3aBISKUA TEIJIOBOMY
PYXy, YTBOPIOIOTh MOOIN3Y TBEPAOT MOBEPXHi sAapa nudy3Hy ioHHY aTMochepy. 3MEHIIICHHS
enekrpuuynoro mnoteHmiany IIEII ¢ i3 30inpmieHHSM BiAcTaHi 7 B I[bOMY BHIIAJKY
BinmOyBaeThcsl HenmiHiitHO. Mogens [yi-Uenmena mnpumyckae nudysHe po3TamryBaHHS
NPOTHIOHIB, BBOJUTH MOHSITTS AU(Y3HOTO HIapy, alie i0HU PO3TIIAIAE SIK TOUKOBI 3apsiiv, IO
HE MalOTh BIAacHUX po3MipiB. Teopis He BpaxoBye crnenudiuHy aacopOIlito MPOTUiIOHIB, HE
HOSICHIOE SIBHIIE TTEPE3apsAKH, TOMIO.
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Puc.4.2. Byoosa IIELLl: a) - no I'enomeonvyy i Ilepperny, 6) - no I'yi i Yenmeny,8) - no
LImepny
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3ampononoBana Illtreppom wMomens OymoBu [IEI o0'egnye paHHi Momedni,
BPaxOBYIOUH SIK aJICOPOITII0 MPOTHIOHIB, TaK 1 1X TETUIOBUMA pyX. 3T1THO Ii€i MOJIENi, YaCTUHA
MPOTHIOHIB 3HAXOMUTHCS HA BIACTaHI MOPSAKY JdiaMeTpa 10HAa B TOBEpPXHI sapa,
yTBOpIotoun miap ['enpmronbia (aacopOidiHuil map NpOTHIOHIB), SKUA MOKHA PO3TISAATH
SK TUIOCKHM KOHJEHCATOp, MOTEHINaN SIKOTO JIHIWHO crajgae 3 BiacTtanHio. [loTeHmian Ha
MOBEpXHI YAaCTUHKH @) — TEPMOAMHAMIYHUM, BU3HAYAETHCS TYCTHHOK  3apsiB
MOTEHI[1aJIOBU3HAYATHHIX 10HIB HAa OJMHUIIIO TOBEPXHI YACTUHKH.

>
>

o X
Puc.4.3. Aocopoyivinuti nomenyian Ha medxci winoroi yacmunu IEI moswunoro d:
0, =0, _ 4 1 e C, - emxicmo winonoi vacmunu ITELL
eg, C,

YacTtuHa MPOTHIOHIB TiA JI€I0 TEIJIOBOTO PYXYy MOUIMPIOETHCS B 00'€Mi pO3UHHY,
yrBOpIotoun nudy3uuit map (map ['yi), skuil nepemkopkae 30IMKSHHIO 1 arperatii 4acTok
B mporeci OpoyHiBcbkoro pyxy. Ilotenmian B mudysnii wactuni [IEIIl 3HMXKyeThCs B

3aJIeXKHOCTI BiJl BificTaHi 3riiHo piBHsAHHA ['yi-UenmeHa: n-2 = 2(r—d)
Py

p=g0,expl- y(r—d)), ne 1, = 1 eeKTUBHA TOBIIMHO AuQy3HOT uyacuuu IEILL
X
;- geyRT L It
w =\ g7y » A I ioRHa cua posumAy, MO/

4.3. Xapakempucmu4Hi nomeHuyianu nooegiliHo20 esIeKMpPUYHO20 wWapy

[lorenmian nu¢y3HOT YACTHHM TMOABIMHOTO EJIEKTPUYHOTO Iapy HAa3UBAIOTh
€JICKTPOKIHETUYHUM TIOTCHIIIAJIOM, TI03HA4YarOTh OYKBOKO ( (/13€Ta) 1 HA3MBAIOTh J3€Ta-
noteHriagoM. OCKiTbKM (-MIOTEHIial TPOMOPIIHHUI 10 3apsiay KOJOIAHOT YaCTUHKH,
arperaTuBHA CTIMKICTh 30JI MPOMOPIIiHA OT0 BETUYHHI.

Jlnst oniHKM e(eKTHUBHOTO pajiyca i€l moBepxHi (d = r,, - ¥,) 3aCTOCOBYETHCS TEOPis
Jle6asi- X1oKKens, 3riqHO AKOi d MOXKHA 3HAWTHU 3 PIBHSHHS:
ek T

87N ée" \ I

EdexruBHa ToBmMHA AMQY3HOTO IMIapy MPOTHIOHIB Ta €EKTHUBHUN pajailyC MIIleIn
3aJIe)KaTh B 10HHOI cwim po3uuHy (/) Ta Bim temmeparypu (7): posmipu d 1 r, =r.+d
301IBIIYIOTHCS IPU HATPiBaHHI Ta 3HUKEHHI 10HHOT CHJIH.
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Hanpuxknan, sixuo 7= 300 ta 7 = 0,1 MOJIB/I[Ma, Tod=10"M=1 HM; SIKIIO MPHU Tii
ke temmeparypi / = 0,01 moms/mm’, To d = 3,1 HM. BpaxoByroun Tpu chepu, po3paxyemo
PE3YIBTYIOUHI MOTEHITIA]T HA TTOBEPXHI KOXKHIN 3 HUX.

[ToreHian Ha MOBEPXHi SApa MO3HAYUMO SIK @-TIOTeHIaI ((i-moTeHITian):

go k[0 _0-x x

e\r r r

Q.

L= E-E==-]=¢.

K K ]/:1'1

OueBugHo, mo ¢ < ¢. [loTeHmian Ha TOBEPXHI pajiyca 7, pPIBHHA HYJIO - MilleJia B ILJIOMY

Q Q0-x x|_,

o o Kk
ellekrpoHenTpanbHa: V) =—| =—-=————|=
e\ r, 7 7

5 . k "X r/u K
[IepeTBOpMMO BUpas Jyis A3€Ta-MOTEHUIANY: { = -——, I o = ——,
"y M

X =0 -qu, €y, - 3apAI IPOTHUIOHIB B MILJIILHOMY IIapi.

B cuctemi SI & = — , e €, = 8,85:107"* d/m. 3 BpaxyBaHHIM 4:;;5 nU;
[5]_[77]X[U]_Ha~c><ﬂ42-B’l-c’l_Ha~M3_H-M3-B_H-M_,bec_B
e, ] D B-® wm-B-Ki K1 Kn

4.4. EnekmpokiHemu4Hi seuwa

[IpoTikaHHA €JEKTPOKIHETUYHMX SBUII B JUCIEPCHUX CHCTEMax MOXIIHBE 3a
HasBHOCTI Ha Mexi po3aury ¢a3 [IELI. Ilpu moTpumanHi yMOBH €IEKTPOHEHUTPATBHOCTI
JMCTIEPCHOI CHCTEMH B MUJIOMY B PE3yibTaTl BIAHOCHOTO TEpeMileHHs 3B's3aHuX ¢a3
(pe3ynpTaT OpPOYHIBCHKOTO PYXY YacTOK), BiIOYBAETHCS PO3PHUB MOJBIHHOTO €JIEKTPUYHOTO
mrapy mo IUIONIMHI KOB3aHHA. Meka KOB3aHHs po3TamoBaHa B audys3Hii wactuni [TELLL
TOMY 4YacTHHAa WOTO TIPOTHIOHIB BIACTa€ BiJA PYXOMOi YaCTKH 1 3aJMIIAETHCS B
JHCTIepCiiHOMY cepelioBHIlll. B pe3ynbraTi AucrnepciiiHe cepenoBHINe i aucmepcHa ¢asza
BUSIBIISIFOTHCS IPOTUIICIKHO 3aPSKCHUMH.

[ToTeniian, mo BUHWKAE HA TPAHUINl KOB3AaHHS TPHU BIAPHUBI YaCTHHH AUQPY3HOTO
11apy, Ha3WBA€THCS EINEKTPOKIHETUYHUM IMOTeHmianmoM abo { (m3era) - moreHmianoMm. ( -
MOTEHI[ia] B 3arajJbHOMY BWIIaJIKy MEHIIWHI MOTeHIiany Au(y3HOTrOo mapy, i s pi3HUIL
30UTBITYEThCS TIPU 3MEHIICHHI €(eKTHBHOI TOBIIMHH maudy3HOro mapy. Ockimeku ( -
MOTEHI[Ia] € YaCTHHOIO 3aranpHoro ctpudka norteHmiany B I[IEC, { Bennumna 3anexxatume
BiJl TOBUIMHH JU(Y3HOTO 1Iapy 1 MOTEHIIANy ¢,, IPUYOMY, 3pOCTaTUME MPH iX 301IbIIEHHI.

Bci dakropwu, 1o BIIIMBarOTh HA TOBIIUHY AW(Y3HOTO 1Ay, BUKIUKAIOTH 3MIHY { —
noteHmiany. OcCkKiIbkH (-NMOTEHIiad TPOMOPIINHHUA 3apsily KOJOigHOI YacTHHKH,
arperaTMBHA CTIHKICTh 30JIs MPOTIOPIIIHA HOTO BETUIHHI.
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4.5. Pakmopu , wo ennusaroms Ha lNELL

[Ipu nocrifiHOMY pO3Mipi YACTUHOK Ha 3aps/l YACTHHKH X BILUIMBAIOThH JIBA YNHHUKH —
KUTBKICTh aJCOPOOBAaHUX TOTEHI[IAIOBU3HAYAIBHHUX 10HIB ((J) 1 PO3MOILT MPOTUIOHIB MiX
IIUIBHUM 1 AUQY3HUM mapamu (4uM OINBIIOI0 € YacTKa «IU(Y3HHX» MPOTHIOHIB, TUM
MEHIIIE 3HAYEHHS ¢,,;). Y CBOIO 4epry oOuBa I1i (pakTopu 3a1eKaTh BiJ TEMIEpATypH, I0HHOT
cwid Ta iHmux ymoB. KpiMm mporo, TemmnepaTrypa Ta 10HHA cujia BIUTMBAIOTh Ha €(EKTUBHY
TOBIIUHY AU(Y3HOTO mapy d — i3 30UIbIIECHHSIM d BEIMYNHA (-TIOTEHIlIATy 3pOCTa€: MPH MpU
d—>o a—1tal— E

er
e Temmeparypa

[TigBuIIeHHS TeMIepaTypy MPU3BOAUTE A0 POLIUPEHHS JU(Y3HOTO 1Iapy HaBITh NpU
CTajoMy CKJaJi mpoTHioHiB. HaOyBaroum BHCOKOI TEIIOBOI €HEprii, YaCTMHA MPOTHIOHIB
NEePEeXOIUTh 3 MIUIBHOTO Iapy B AU(Y3HHI, TOMY 30UTBIIYETHCS 1 3apsi YACTHUHKH X (4epe3
3HIDKEHHS ¢,,,). L1 hakTopu BUKIMKAIOTH 3pOCTaHHS {-ITOTEHITIATY.

e Po30aBieHHS CUCTEMU

[Ipu 306inpiieHHI 00'€eMy IUCHEPCHOI CUCTEMH 3a paxXyHOK JOJIaBaHHS YHCTOTO
PO3YMHHUKA (HATPUKIIA]], BOJH) 3HIDKYEThCS 10HHA CUJIAa PO3YHHY.

e JlomaBaHHS €JIEKTPOIIITIB

VY pa3i iHgudepeHTHUX 10HIB MiABUIIYETHCS 10HHA CHJIA, IO HAJA€ TMOABIMHY MifO:
3MEHIIYETHCS TOBIIMHA AU Y3HOTO mapy d 1 BIIOYyBAETHCS 3MiHA PO3MOAUTY TPOTHIOHIB MIXK
IIUIBHUM 1 Tudy3HUM mapamu y OiK HIUIBHOTO Mmapy (3MEHIIEHHS 3apsiay KOJOIAHOT
YacTUHKH X). Lle mpu3BOAUTH 1O 3HMKEHHS (-NMOTeHLiamy. SIKIIO 1€ 3HM)KCHHS CHIIbHE,
JMICTIEPCHI YaCTUHKU TIOYHYTh KOAryJlIOBaTH. AJie y pa3l BBeJACHHS OaraTo3apsaHUX 10HIB
MOXIJIMBHM 1 Takui eQeKT, SK TMepesapsaka YacTHHOK, TOOTO 3MiHAa 3HAKYy 3apsaay 1
MOTEHITIaTy YaCTHHOK.

JlonaTtkoBl 10HM MOXYTh OOMIHIOBAaTHCS 3 MPOTHIOHAMH, 3aMilIal0Yd iX 1 B
midy3HoMy 1 B muIbHOMY miapaxX. [Ipu 1mpomy Ko Oararo3apsgHuil 10H € TOCTaTHBO
mammii (A7), To BiH 3amimae Ha TOBepXHi YaCTHHOK (Y IILTPHOMY IIapi) eKBIBAICHTHY [0
3apsay KUTbKICTh KOJMINHIX 10HIB (III0 BU3HAYAETHCS SIK HaJEKBiBajeHTHa aacopOuis). [lpu
JIOCTaTHhO BHUCOKIM KOHIICHTpAIlli TAKWX 10HIB CTBOPIOBAHWN HUMU 3apsij B MIITLHOMY IIapi
MOXKE CTaTé OinbmuM (IO MOIYII0), HDK 3aps] MOTCHIIaJIOBU3HAYAILHUX 10HIB, IO
O3HauaTUME 3MiHYy 3HaKy 3apsay Ta TMOTEeHIialy, TOAi Taki 10HM cami CTaroTh
HNOTEHI1aJJOBU3HAYATIbHUMH.

4.6. lNodeiliHuti enekmpuYvHUll wap Ha Mexi po30iny okcud /
esiekmposiim
®opmyBanus noasiHoro enekrpuyHoro mapy (ITELL) ma mexi po3aury okcup /

€JICKTPOJIIT MOXKJIMBE B pe3yJIbTaTi HACTYITHHUX MPOIIECIB:

e {OHHHI OOMIH,

e ajicopOIIis KaTiOHIB 3 MOJIAJIBIIMM TiIPOJII30M Ha IIOBEPXHI,

® TiJpOJIi3 B pO3YHHI,

e aj1copOIIis T1IPOJII30BaHUX 10HIB,
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® OCa/DKEHHS HU3BKO- 1 BUCOKOMOJEKYISIPHUX MPOAYKTIB TiIpOi3y Ha MOBEPXHIi
OKCH]TY.

[ToBepxHST YacCTOK OKCHIIB y BOAHOMY CEpEJOBHUII HaiyacTilie Mae 3apsf, SKHi
BUHWKAE YHACIIOK aucomianii amporepaux MOH-rpyn, aacop6uii H i OH™ iomis a6o
T1APOKOMITIIEKCIB, BOAOPO3YMHHUX CIOJIYK, IO YTBOPIOIOTHCS MPH TiApoi3i. BaxxmuBy posb
Bifirpae aacopOIliss BOAM HA TMOBEPXHI YaCTOK OKCH[IIB, IIO MPHU3BOAUTH IO YTBOPEHHS
nepmioro mapy riapaty y Burisgi MOH-rpym 1 gpyroro mapy HUISSXOM BOJHEBOTO
3pOIIyBaHHS MOJIEKYJ BOJIH.

YacTkn OKCH[IB, 110 YTBOPIOKOTHCS B MpPOLEC TiAponizy, MoJdiMepH3alii
(momikoHAEHCaIli) 3a paxyHOK MPOTIKAHHSA OJAIIi 1 OKCOJAIIi, MICTATH TiApaTOBaHI
MOBEPXHEBI IIapH, sIKi MOXKYTh OyTH BUJIAJICHI JIUIIIE PU BUCYITyBaHHI ab0 mpoxkapenHi. Ha
HeauccorniioBanux rpynmax M-OH moxnuBa ¢izuunHa ancopOiiss TiAPOKOMILIEKCIB THITY

M= (0OH)",, M*(OH).,,, nucomianis axux 3a6e3rnedye MosBy HOBEPXHEBOro 3apsaay. To6To

z+1 2

ionn H+, OH", M**(OH ), M**(OH)

z-1?

€ moTeHIiagoBu3HavaapHuMu ioHamu (I1BI).

z+1

Puc.4.6. Cxemamuuna 6y0o6a noositino2o eleKmpuiHo20 wapy Ha NO8epXHi YacmoK OKCUoy
3 BOOHUM PO3UUHOM NPOCMO20 eleKMPOTIimy

[Torenuian ¢, BiANOBiZa€ MOBEPXHI OKCUAY, Ha sKifl JOKaJi30BaHI HETaTHBHI 1

NO3UTUBHI HeHTpH MOH, i MO~ . IlpoTuioHHM 3HAXOJATHCS YACTKOBO B aJICOpPOLiHOMY
mapi A, MOTEHIIal SIKOTO @, HWKYHH 32 MOTEHLIaN ¢,, a BACTaHb BiJ LUEHTPY 10HIB JI0

MOBEPXHI BU3HAYAETHCS iX po3MipoM. ToBIIMHA aacOPOIIHOTO mapy NpUOIU3HO TOPIBHIOE
cyMmi pajiyciB TipaToBaHuX 10HIB. Judy3HU map MoYMHAETHCS B IUIOMIMHI HAHO1IBIIOTO
HAOJIMKEHHS MPOTHIOHIB 70 MMOBEPXHI d.
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[TounHarouM 3 MIOHIMHY d IPOTUIOHH YTBOPIOIOTH AU(PY3HUN 1Iap, TOBIIMHA SKOTO A
3aleXUTh BIJ CKIAAy 1 BIACTHBOCTEH cucTeMU. EJEKTpOKIHeTWYHMIA NOTeHIian ¢,

BIJINOBIJIa€ TOTEHITIATy IUIONIMHUA KOB3aHHS [, JIOKali3oBaHOi B audy3HOoMy Imapi. Jlus
OKCHJIIB TIOTEHITIAJI TIOBEPXHI 3aJIS)KHUTh B MIpH 10HI3aIlli TOBEPXHI OKCUAY 1 BiA aacopOrrii
10HIB Ha 3apsAHKEHUX ITITHKAX MTOBEPXHI.

JIJIsi cUCTEM OKCHJI-PO3YMH XapaKTepHI BUCOKI 3HAYCHHS MIIJIBHOCTI TOBEPXHEBOTO
3apsany o,, IpoTe T'yCTHHA MOBEpXHEBOro 3apsany audysnoi yactuau IIEI nmopiBHsHO

HeBucoka (mpubnausHo 0.20,). L BiAMIHHICTD MOSICHIOETHCS THM, IO 10HH EJIEKTPONITY

CTPUMYIOTBCS B aICOPOIifHOMY Iapi MMOBEPXHI OKCHAY Ha BIACTaHI MEHIIH, HIK
MOJIOKEHHS T1IPOIMHAMIYHOTO 3CYBY (TJIONMMHU KOB3aHH).

Icnye Oarato wmogeneii mMOABIHHOrO eNEeKTpUYHOrO Mmapy. Jusg moscHeHHS
crientnivHii agcopOrii 10HIB Iepen0adeHo YTBOPSHHS 10HHHUX MMap Ha 3apsAHKECHUX IUITHKAX
noBepxHi. Omun 3 Halkpamux i3 omuciB [IEIIl i angcopOuii ioHiB B po30aBlieHUX 1
KOHIICHTPOBAaHUX PO3YMHAX €JEKTpOoiTiB maHuii B moaem Jxk. Jlesica, P. [lxetimca 1 JIk.
Jlexkn. MexaHi3M BUHUKHEHHS 3aps1y Ha MOBEPXHi - Iie peakilis 3a yuactio H™ i OH iowis.
[Tigxin m03BOJsiE BpaXOBYBaTH HE JIMIIE MPOCTY 10HI3aIiI0 MOBEPXHEBUX IPYI B PE3yNbTaTi
00OpOTHOI peakIlii AucoIiallii, ane i yTBOPEHHS OBEPXHEBUX KOMIUICKCIB aHIOHIB 1 KaTiOHIB
13 3apsKEHUMH JIUITHKaAMH IOBEPXHI OKCUJTY.

4.7. Mexxa po390iny HanienpoeiGHukK / enekmposiim

PosrnsHeMo eneKTpoCTaTUYHY KapTHHY OYJIOBH MEXI PO3IITy HAMiBIPOBIIHUK —
€IEeKTPOJIIT Ui BWIIAJKy, KOJIW HAMIBIOPOBIIHUK IHEPTHHH, TOOTO HE B3aEMOJIIE 3
€JIEKTPOJIITOM XIMIYHO 1 JIUIIIE OOMIHIOETHCS 3 YACTKAMHU PO3UMHY TUIBKH €JeKTpoHaMu. SIK i
y BHITQJIKy METalTy, MPYU KOHTAKTI HAMIBIPOBIAHUKA 3 €IEKTPOJITOM 3apsiau 3 OnHIET (a3u
NEPEXOAUTHUMYTh B 1HITY JI0 TUX TP, IOKH MPH PIBHOBA31 €IEKTPOXIMIYHI MOTEHIIaIu (PiBHI
®epMi) €JIEKTPOHIB B HAMIBIPOBIIHUKY (1HAEKC sC) 1 B eJeKTpouiTi (iHaekc el) He OyayTh
PIBHUMU:

ﬁsc,e:ﬁel,e

Ha BigmiHy Big wMeTady, B HamBOPOBIIHWKY BWHUKAE OOIIMUpHA O00IaCTh
npocropoBoro 3apsaay (OI13), oOymoBieHa Mano KOHIICHTPAIEID B HIM HOCIIB CTpyMy.
Hampuxman, B Mifi, 4ucio BiJIBHUX E€JEKTPOHIB MOXXHA MPUUHATH PIBHUM YHCIY HOTO
aTOMIB:

Ny pcy/Ac, = 6" 10% momb"-8,9 rrem 7/ 63,5 r'mons” ~ 107 eJ'IeKTpOHiB/CM3.

3a HagBHOCTI B 30BHIMIHBOMY Imapi ['embMrosibpiia HaBiTh CYIUIBHOTO MOHOIIAPY
3apsiiB  KOHIICHTPAIII €0 1015321p;1)1113/CM2 BIH KOMIICHCYBAaTUMEThCS ITIBECHHIM a0o0
BUJIAJICHHSIM €JIEKTPOHIB B MOBEPXHEBOMY IIapi METajdy Ha TIUOMHY 107107 = 10 % cm,
TOOTO Ha TIMOMHY OJIM3BKO OJHOTO MEPIOAy KPUCTAIIYHOT PENTITKA METaly.

Y HaImiBIPOBIAHUKY 3 KOHIIEHTPALI€0 BiMbHEX HOCIiB 3apsiaiB 10'3apsmis / cm,
IiTbHICTs 3apsmiB y mapi Lemsmronsia, pieHa mume 10'>3apsgis/cM®, Ta BHMarae
miZiBeICHHsT a00 BUJAJICHHS BITBHUX HOCIIB 3apsily B HAIMIBIPOBIAHUKY B CEpPEIHbOMY Ha
rm6uny  10'%/10'°=10% cM  T06T0 Ha rIMOMHY 6IE3bKO 10-TH THCSY MOHOIIAPIB
Kkpuctaniynoi pemritku. Hacnpapni mmpuna O3 B HamiBmpoBiAHUKY Oyae 3Ha4uHO OijbIia,
OCKIIBKH PO3MOJILN 3apsiay BiAOyBaeThes MU y3HO, MO0 EKCTIOHEHIIaTbHOMY 3aKOHY.
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Ha BinmiHy Bia MeTamiB, rajJbBaHIYHUI-NOTEHLIAN ¢, TOOTO CTPUOOK MOTEHLIATY

MK €JeKTpOHEHTpanbHUMHU 00'eMaMu HamiBOpoBigHuKa (¢aza 1) 1 enexrpomirty (daza 2), B
3araJbHOMY BUIIQJKy ITOBHHEH CKJIAIaTUCS 3 TPbOX JOJAHKIB: @12 = @1+ @, T v, 1€ ¢y,
¢ o 1 ¥ — cnapa noteHmiany Biamosimao B OI13 mamiBmpoBigHuka L* (abo L +), miisHOMY
mrapi 'empmrombua d, i mapi  L,* — nudy3Hid 3apspKeHid 9acTHHI €JIeKTpomiTy, L;—
npuBeneHa TtoBuwHAa OII3 HamiBOpoBigHWKA; d)— TOBIIMHA INIIBHOTO Imapy (Imap
lenpmronmbma); L,— npuBenaena TtoBmmHa mapy [yi; ¢ —magiaas mortenmiany B OII3
HAITIBIIPOBITHUKA; ¢ , — MMAJIIHHS MMOTEHITIay B Imapi [ eapMromnsia; w — naaiHHs MOTSHITIATY
B mapi ['yi. be3snocepennbo BUMIpSATH TajabBaHIYHUK-TIOTECHINIAT HE MOYXHA, OCKUIBKH TIPH
BUMIPIOBAHHSX Pi3HHUIII MMOTEHIIIaiB HEMOXKJIMBO YHUKHYTH 1HIIUX (Aa30BUX MEXK.

HES + 1+ H--1 - -
+ I S
H ot H— - A 7Bl a
O i d k= g o :C
+ + '+ 4 1 i
LIBL T
el !
¥ A D% ,i
1
i
]
1

4

X
Puc.4.7.1. Meoica po3diny nanisnpogionux (H) / enexmponim (E): a — 6yoosa medxnci po30iny,
0 — po3n00in 3apsady Ha Medxici po30iny; 8 — pO3N0OiL NOMEHYIANY Ha Yl MediCi

MoskHa BUMIPATH €JIEKTPOJHUIN MOTeHHian £, TOOTO Hampyry eneKTpOXiMiuyHOi
KOMIPKH, CKJIaJICHOT 3 HaITIBIPOBITHUKOBOTO €JIEKTPOY 1 €JIEKTPOIY TOPIBHIHHS:

— - — 0
E= ¢, +KoHCTAaHTa = @ | + @, + Y + KOHCTaHTA = (/)1,2+EH.
KoHcTtaHTa 3a51€KuTh Bil BHOPAHOTO €IEKTPOy MOPIBHIHHS, 1 aOCOMIOTHI ii 3HAYCHHS
HEBiZIOMi. YMOBHO IJisi cTaHAapTHoro BoaHeBoro enektpoay (CBE) Bona y Buni Eg,

npuitHaTa piBHOWO Hymo. BigHocHo CBE Bu3Ha4aioThCcsi KOHCTAHTH I1HIIMX EJIEKTPO/IIB
MOPIBHSHHS 1 3HAYCHHS €JICKTPOJHUX MOTCHINIANIB JIUIS 1HIIUX €JICKTPOJIB 1 OKMCIIIOBAILHO-
BITHOBHUX CHCTEeM. XOY aOCOJIOTHI 3HAYEHHS €JEKTPOJHUX TOTEHIaTiB HEB1AOMI,
BUKOPHCTOBYIOYM BIJTHOCHY IIKaJTy MOTEHIIATiB, MOXHAa BU3HAYUTH 3MIHU MOTCHIIATY
€JIeKTPOly, IO BUBYAETHCSA, 3JICKHO BIJ PI3HUX i, SKIO TPHU [HOMY TOTEHINAT
€JIEKTPOAY TIOPiBHSIHHS 3aJUIIATUMETHCS CTAIINM.

Eneprernyna miarpama n—JeroBaHOTO HAIIBIPOBIIHUKA B EJIEKTPOJITI 3 PEIOKC-
mapor  OKHCHHK / BimHOBHUK (Ox/Red) € pocuTh TOmIOHOIO 1O  KOHTAaKTy
HaMIBIPOBITHUK / MeTasl. OCKITBKH TYCTHHA CTaHIB y enekTpomiTi (D,,/D,.;) € 3Ha4HO
OLIIBIIIOI0, TOPIBHSHO 3 HAMIBOPOBIIHUKOM, TO 30iAHeHHMN mmap (GOpMyeThCs TUIBKH B
HaIBIPOBITHUKY. EnexTpoHn mudyHIyIOTH 3 HaMBIPOBIIHUKA B €JIEKTPOJIIT, TTIOKA PIBEHb
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@depMi B HaMIBIPOBIJHUKY Ta B €NEKTPOIITI HE 3piBHOBaKaThes. [lonBiitHUN eneKTpUUHUN
I1ap B NIEKTPOIIITi Ma€ TOBIIMHY B JeKiabKa A.

B wMopmem TI'enbMrospiia TOABIWHWUN ENEKTPUYHUNA AP PO3TISTAETHCS  SK
KOH/IGHCATOp. MiXK MO3UTHBHO 3aps/PKEHUM HAMIBIPOBITHUKOM i HETATHBHO 3aps/HKEHUM
€JIEKTPOJIITOM YTBOPIOETHCA JIHIWHO CHaJHe eleKTpuyHe mnojie. Hocii 3apsay B €IeKTpoiT
3HAXOATHCA Y (DIKCOBAHMX TOJIOKEHHSX 1 HE BOJIOAIIOTh KIHETHUHOIO CHEPTI€I0.

@ TIEPEHOC ENEKTPOHA

Eredux

Puc.4.7.2. Konmaxm nanienpo8iOHuK/ eiekmponim 6 pieHOBANCHOMY CMAHI (CYYiNbHA NiHis)
ma npu npAMoMY 3MiWeHHI (Wmpuxoeaua nitis)

s momens Oyma pos3BunyTta ['yi Ta Yenmmenom. BoHu BpaxyBamu, 1o 10HU B
€JeKTPOJITI MOXYTh IU(YHIyBaTH, TOMY €JIEKTPHYHE IIOJ€ CMaaae He JIHIHHO, a
€KCIIOHEHIIIaTIbHO.

IIpore, I'yi Ta YUenMeHOM pO3risaaiy 10HH SIK TOYKOBI 3apsiid, TOMY BOHHU MOTJIH
3pOOUTH MEXY pO3AUTY eIeKTPOIIT/HAMBIPOBITHUK HECKiHYeHHO Onm3pkoro. lllTepH
o0’emnaB imei [empmrompua ta ['yi-Uenmena, mnpumyckaroud, IO 10HH HE MOXYTh
HAOJIMKATHCS Ha MEXKI PO3JAUTY OMIK4Ye, HDK 1X PaaiyC 7., ajle MOXYTh NU(YHIyBaTH HA
BijicTanb d > ry,, . SIK HACHIIOK, €JIGKTpUYHE Moje crhaaae JiHiiHO g 0 < d < r;, Ta
€KCIIOHECHIIANBHO JUTS d> 7y,

SIKIIO OKHCIJIEHI PENOKC-TPYNU B €NEKTPOJITI BiHOBIIOIOTHCS E€JIEKTPOHAMH 30HU
MPOBITHOCTI, TO MOTEHIIATBFHUI Oap’ep HA MEX1 PO3/iTY HAMiIBIPOBIIHUK/CICKTPOIIT MOKE
Oytu momonanuii. Tak sk O6ap’ep € MOCUTH BY3bKHMM, TO HOTO MOXXHA TIOJIOJIATH IIJISTXOM
TyHENOBaHHA. [IpUNMyCTHBIIM, IO MEPEHOC €JIEKTPOHA € HEBUIPOMIHIOBAJIBHUM, TO
MOYATKOBI Ta KiHIIEB1 CTAHH ITOBUHHI MAaTH IIEBHY €HEPTiIO.

HIBUAKICTE TEPEHOCY jo; VISl aHOAHOTO CTPYMY 3aJIeKHUTh Bl T'YCTUHHU 3alHSATHX
CTaHIiB B 30HI TMPOBIIHOCTI HAMIBNPOBITHWKA Ncp Ta TYCTUHH HE3aWHSATUX CTaHIB B
eNeKTpOoIiTI Do, 3 €Hepri€ro, MPH AKIH CIIOCTEPITaeThCsl MEPEHOC EIEKTPOHIB, HMOBIPHOCTI
TYHEJFOBAHHS p,; 1 9ACTOTH TIEPEXOMIB Vo /(E):

Jo = _[Vel (E) P 'NCB (E) ) DOx (E)dE
0
BinmoBigHuii BUpa3 A KaTOJHOTO CTPYMY MaTUME BUTJISI:

Jn =Ivh(E)~ph Ny (E)- Dy, (E)dE
0
Konnentpartis enexTpoHiB N¢p 3a7€KHUTh Bif rycTHHH CTaHIB DOScp, TOMHOKEHIN

Ha UMOBIPHICTH 3armoBHEHHS f(E), sika Bu3Ha4aeThCs posmnoainom depmi [Hipaka:
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o,red

> DOS

Puc.4.7.3. I'vcmuna cmanis sax @yuxyis eunepeii ons pedokc—napu. Enepeemuunuii po3nooin
3atHamux/ne3anunamux 2ycmun cmauie D,,, D,.q mae ¢opmy eaycianu, skuil 8ioobpadicae
BNIUE MOJIEK)Jl PO3UUHHUKA HA eHep2il0 PO3YUHEHUX [OHIG

B3aemogist Mixk 10HOM 1 POZUMHHHKOM € B OCHOBHOMY €JIEKTpOCTaTUYHOW. CepeaHs
BIJICTAaHb MDK 10HOM 1 JUIIOJIEeM pO3YMHHUKAa Oyne Bu3HadaTu ii eHeprito. [loOmmzy
PIBHOBQ)XHOTO CTaHy €Hepris, sSK (yHKIis 10H—AWIONBHOI BiJCTaHi, Mae MapaOoTiYHUN
BUTIISIA. Enextpuunnii OOMIH MK OKHCJICHUMH 1 BIJHOBICHUMH PEIOKC-TPYIIaMH
MANOPAIKOBY€EThCS mnpuHIuy Ppanka—KoHIOHA: 3aBOSKHM MEHIIH Macl eJEKTPOHa,
MIOJIOXKEHHS SI7Jpa BBAXKAETHCS (PIKCOBAHHMM B MPOIIECAX MEPEHOCY ENEKTPOHIB.

OCKUTBKM PIBHOBAXHUH CTaH MOJIEKYJ PO3YMHHHKA € PI3HUM JUISI OKHCICHHUX 1
BIIHOBJICHUX 10HIB, TO MOJEKYJIH PO3YMHHUKA PEOPraHi3OBYIOThCS TMPU TEPEHOCI
€JICKTPOHIB, IO TIOB’sI3aHO 13 peopraxizaiiero (mepeopmyBaHHAM) €HEPTIT Aoy, Aged.

4.8. EnekmpoOHul nomeHuyian

OpgHuM 3 MEHTpadbHUX TIOHATH B EJIEKTPOXIMIi € eJNEeKTPOJHHWA TOTEHINA, SKHMA
MOB'SI3aHUI 3 BUHUKHCHHSIM IIOJBIHHOTO €JICKTPUYHOIO Iapy Ha MeEXi MeTaj/pO34MH.
PosrnsitHemo MexaHi3M BHHHKHEHHS €JIEKTPOJHOTO TOTEHIlaly Ha an/IKnaz[i 10HHO—
METaJICBOTO €JICKTPOTy, SKUH € METAJICBOIO IIACTUHOIO, 3aHYPEHOIO B MOJIIPHY PiJIUHY.

Sk BiOMO, B KPHUCTAJTIYHIM PEIMIITII METATB 3HAXOAITHCSA SK aTOMH, TaK 1 10HH,
3B'13aHI pyXOMOIO PiBHOBAroro:

Mn" +ne «—— M,

ne M, — atom metany, M,n' — ioH MeTally, n — KillbKiCTh €IeKTPOHIB, ¢ — 3aps]| eJIeKTPOHA.

[Tix mgiero MONSIPHUX MOJICKYJT BOJM 10HHM TMOBEPXHEBOTO APy METay TiIpaTyloThCs 1
NEPEeXO/IATh B PO3YMH, 3aps/KAIOYM HOTO MO3UTHUBHO, a HAUIMIIOK EJEKTPOHIB HA MeTai
CTBOPIOE HETATUBHUH 3apsijl.

[TosiBa HeraTHBHOTO 3apsiAy Ha €JICKTPOAl MEPelIKoKae BUXOAY KaTiOHIB B PO3YMH,
YacTHHA KATIOHIB 3 PO3YMHY, B3aEMOJIIOUYH 3 €NEKTPOHAMU, BXOJUTH y BY3JIM KPHUCTAIIYHOT
pemiTku MeTany. Jlocsrmm piBHOCTI MK IHIBHAKOCTSMH BHXOJY KAaTiOHIB B PO3UMH 1 iX
BXOJ[KCHHS B METaJl BCTAHOBIIIOETHCS TUHAMIYHA PiBHOBAra.
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+ -
M,+a, Mn <— a,+ne
+ -
1€ G, — MOJICKYJIH BOJIH. Mn «—— a, t ne

Pe3ynbraTom cTanoi IuHaMivyHOT piBHOBAarM € BUHUKHEHHSI MOJIBIMHOTO €JIEKTPUYHOTO
nrapy, SKAA Harajaye IUIOCKHHA KOHACHCATOp, OJHA 3 OOKJIAJOK SKOTO TIpeJCTaBJICHA
MIOBEPXHEIO METAITy, a 1HIIIA — IIIAPOM 10HIB, 1110 3HAXOAATHCS B PO3UHHI.

—| +
METAall E i + PO3HIIH
B F F
_ | + 2
| L

Puc.4.8. Iloositinuti enexmpuyHutl wap Ha mesxci po30iny meman / po3uum

[Ipote ioHHMIT map HE BeCh 30cepeHKEHUI Ha TIOBEPXHI METaIly, a BHACIIAOK TETIOTO
pPyXy 4aCTKOBO PO3MHTHIA B po3unHi. Ha Mexi po3niny Merasn / po3uuH (SK 1 y BUMAIKY MK
oOKJTaZKkaMi KOHJIEHCATOpa) BUHUKAE PI3HUIA EIEKTPOCTATHYHHUX ITOTEHITIATIB, SKY
HA3WBAIOTh CTPUOKOM MOTEHIIiaTy 200 €JIeKTPOIHUM MOTEHIIaIOM.

BynoBa moaBiiHOTO €JIEKTPUYHOTO MIAPY, a OTXKE, 1 EIEKTPOJHUAN TTOTECHINAT 3aJICKUTh
BiJl METaITy, SIKHH BUKOPUCTOBYIOTH SIK €JIEKTPOJ], KOHIICHTpAIlli KaTiOHIB METaly B PO3UHHI,
1e TPU3BOIUTH JI0 BIUTMBY TEMIIEPAaTypH Ha PiBHOBArY.

3aJIe)KHICTh €JIEKTPOJHOTO TOTEHIIay BiJ KOHIICHTpAIli KaTiOHIB B PO3YMHI 1
TEMIEPaTypH OMUCYETHCS PIBHSIHHSIM:

alox)

- ———f
M"*A/Ie . (red)

7€ 1 — YHUCIIO e, Mo OepyTh y4acTh B OKI/ICHIOBaJILHo-Biz[HOBHiﬁ peaxkiii, F' — 9ucio
dapanes, R — yHiBepcalibHa ra3oBa ctana, a(ox), a(red) — akTHBHOCTI, OKUCJICHOT 1 BiTHOBHOT
dbopmu.

Ao po3risimaTH MOTEHIlad METaly B pPO3YMHI HOTO BJIAcHOI coi, TO TpH
P=101,3kllai T = 298 akTUBHICTh YHCTOTO METaTy CTaJIa 1 piBHA OAUHMII, OTXe a(red)=
a(Me)= 1. B upboMy BUMaJIKy BUpa3 CIPOILYETHCS:

0o, RT ( n+)
=@ +—1Ina\lMe
n+A/[e ¢ nF

VY po36aBieHOMY PO3UMHI 3aMiCTh AaKTUBHOCTEH MOXKHA MiJCTaBUTH KOHIeHTparii. [{e
pIBHSIHHSI Ha3UBa€ThCs PiBHsAHHSA HepHcTa, sike XapaKTepu3ye eNeKTPOJHUN TOTEHIlan B
yMOBAaxX BiIMIHHUX BijJ CTaHAAPTHUX. Y JaHOMY PiBHSHHI ¢° — CTaHIAPTHMI €IEKTPOIHHI
noreHIian. CTaHIAPTHUM EJICKTPOJHUM TIOTEHIIAJIOM BBa)KAIOTh IMOTCHINIAJ, 10 BHHUKAE
NpY 3aHYPEHHI METaJIeBOTO EJIEKTPOAY B PO3UMH BIACHOI COJi 3a cTaHmapTHUX yMoB (T= 298
K, KOHIIEHTpAIIis KaTiOHiB MeTany — | MOIb-I') Ta SKHil BUMIPIOETHCS BiTHOCHO BOJXHEBOTO
eJeKTpoIy. SIKIO B pIiBHSAHHI MiACTaBUTH 3HAYCHHS BIAMOBIAHMX KOHCTAaHT R, T i F, TO 3
ypaxyBaHHSM Mepexoay Bif /n 10 /g oTpumMaemo:

0, 0059

0 n+
o =@ lg|Me ]
Me Kle n
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4.9. Memodu eumiproeaHHsI eiekmpoOHO20 nomeHuyiasny

Bumipsatu aObconroTHE 3HAYEHHSI €NEKTPOJHOTO MOTEHIlialy, II0 BUHUKAE HAa MeEXi
MeTall — PO3YMH, HEMOXKJIMBO, OCKUIBKH JJsi MiAKITIOYEHHS BHMIipIOBAJILHOTO TMPUIIAIy
HEOOXiIHUN JAPYruil MeTaJeBHil eNeKTpoA. Y TakoMy pa3i BUMIPIOIOTh TUIBKH BiJHOCHY
BEJIMYMHY TOTEHI[aTy IO BiJHOIIEHHIO /10 €JEKTPOAY, MPHUMHATOrO 3a CTaHAApT. 3TiAHO
MDKHApPOJHIA yroai TakKuM CTaHAAPTHUM EIEKTPOJOM € BOJHEBHIA €JIEKTPOM, MOTEHIIial
SIKOTO BBa)KAIOTh PIBHUM HYIIIO.

BomHeBnii enekTpos CKIATaEThCsl 3 TUIACTHHM, IMOKPUTOI TOHKHAM IIIApOM IUIATHHH 1
OmyIIeHoi y BOAHMIA PO3UMH CipyaHOI KMCIOTH 3 aKTHBHOIO KoHIeHTpamiero a(H"), piBHOMO
1 momw/n1. Yepes 1ieil po3urH MPOMyCKAETHCS CTPYM YrCTOro BoAHto mia TuckoM 101,3 xIla,
KU OMHBAE IJIATHHOBY IUIACTUHY. HasmIiok BogHIO BUAUISETHCS Yepe3 BEPXHIO TPYOKY.

[InatmHa, sk 1 OaraTo IHIIMX METANIB Ili€l TPYNH, 37AaTHA HACHYUTHCH BOJHEM,
BHACIJIOK YOTO BCSI IMOBEPXHS IJIATMHOBOI IUIACTHHKU BHSIBIISIETHCS IOKPUTOIO IIAPOM
BOAHIO. B pe3ynbTari ajcopOinii Ha miIaTHHI B Ta30Biid OPMI BCTAHOBIIIOETHCS PIBHOBATA.

Puc.4.9. byoosa 600nes020 enekmpoody:800HesuUll eleKmpood, NOOIOHO 00 Memanesozo, €
gionosnoto opmoro H, samypenoio 6 poszuun, wo micmums oxkucnery gopmy H'. Mixc
HOBEPXHEBUM WAPOM 80OHIO HA NAAMUHI I POZUUHOM BCMAHOBIIOEMbCS PIBHOBA2A | BUHUKAE
PI3HUYS NOMeHYIaNis, AKY NPUUHAMO 88AHXCAMU DIGHOIO HYJIIO. H +e¢ «— H

Jlns BUMIpIOBaHHS BEJIWYMHHM CTaHAApTHOro enekTpoaHoro mnoteHmiany (CEID)
METAJIEBOTO  CNEKTPOJy, JaHWW eNeKTPOJ CIOJY4alTh 3 BOJHEBHM EJIEKTPOJIOM
NPOBITHUKOM Mepmioro poxay. Ilpu 3aMuKkaHHI €IEKTPUYHOTO JAHIIOTAa BHACTIIOK Pi3HUIL
€JIEKTPOJHUX TMOTCHIIAiB TOYMHAETBCS PYX EINEKTPOHIB BiJ €JIEKTPOAY 3 MEHIIUM
MOTEHIa oM (110 BOJIOJIIOTh HAUIMIIKOM E€JIEKTPOHIB) J0 €JeKTPOoAy 3 OUIbIIHNM
noTeHIiasioM (110 BOJIOJIIE MEHINOK KIUIBKICTIO — €JIeKTpoHiB). Hampukiman, —sKio
BUMIPIOBAaHUM €JIEKTPOJOM BHUCTYIA€ IHHK, TO PYX EJICKTPOHIB OyJ/ie HampaBlIeHWH BiA
[IUHKY JI0 TUTATWHA. 3MEHINIEHHS eJIEKTPOHIB Ha IIMHKOBIN IJIACTUHI 3MIIIyBaTUME PIBHOBAry
y OiK BUXOJy KaTiOHIB IIMHKY B PO3YHMH, a OT)KE€ Ha IIMHKOBOMY €JIEKTPOJi MPOTiKaTHMe
IpOIIeC OKUCIICHHS:

Zn0 > Zn, + 2e

Ha BojHEBOMY eNIeKTpoi KaTionn H' mpuitMaloTh eNeKTPOHH i BiTHOBIIOIOTHCS.

2H +e >H,

[IpuifHATO BBAXKaTH €IIEKTPO/I, HA SIKOMY TPOTIKAE MPOLEC OKUCICHHS, — aHOJIOM, a Ha
SIKOMY TIPOIIEC BiJJTHOBJICHHS — KaTOIOM.
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3naroun BenmuuHy CEIl, BuMipssHy B Takiii CHUCTeMi, MOXHa JIETKO OOYHMCIUTH
MOTEHITIAT eJIEKTPOTY.
OCKUIBKY B JaHOMY IIPOIIEC] KATOJIOM € BOJHEBHUH €JICKTPOJI, TO (ng/ =0
H,

S0 moTeHIian BUMIPIOBAHOTO €JIEKTPOJNy OuTbIIMiA Bi BOJHEBOTO, TO pyX
€JICKTPOHIB OyJie HaNpaBJICHUH BiJ MUIATHHU JI0 METATy 1 BEJIMYHHA TIOTEHIIATY €JIEKTPOIY
OyJie MO3UTUBHOIO.

4.10. NMonsipu3sauyitiHi egpekmu e cucmemi HanienpoeiOHUK / enekmposiim

CEIl mpairoro4oro ejneMeHTy 3aBXKId MEHIE Ti€l pO3paxyHKOBOi BEJIMYWHU, SKA
BIJIMTOBIZIA€ €IEKTPOXiMIuHIN peakiiii. [[puauHO0 MhOTo € MoIspru3aIlis.

[Tomsipuzariiero HA3WBAETHCS SBUIIE 3MIHM TMOTEHIIATY BiJl PIBHOBAXHOTO 3HAYCHHS
IIPY MPOTIKaHHI CTPpyMYy. SIKIIO 3a BIACYTHOCTI CTPYMY CHCTEMa 3HAXOJUTHCS B PIBHOBA31, TO
MipO0 MOJISIPU3ALLii CITY)KUTh [TePEHATPY>KEHHS:

&= Pp= Py

€ @p— PIBHOBaKHMI MOTEHIIA, ((j)— OTEHIIaJl IPU IPOTIKAHHS CTPYMY.

BunukHeHHss  monspu3arii  0OyMOBJIEHE  CIIOBUIBHEHICTIO  OKPEMHUX  CTafii
€JIEKTPOXIMIYHOTO MPOLIECY, KU BKIFOYAE TaKi CTaIii:

- MIBEJICHHSI PEarcHTIB JI0 €JICKTPOY;

- CJICKTPOXIMIYHA PEaKIIis;
a) cTajisg po3pany (OKHCIeHHA-BiaHOBIEHH), Hanpukaag, H' + e > H);
0) xiMIYHa peaxilis, 0 CYIPOBOKYE cTaito po3psay 2H > Hy;

- BIIBEZICHHS MPOAYKTIB peaKilii.

3anexHo BiJ] XapakTepy HAWMOBIIBHINMIO! CTalli PO3PI3HSIIOTH TPU BUAM MOJISIPU3ALIIi:

1. KonmentpariiiiHa moysipu3aliis — 3MiHA TOTCHINAy €JIEeKTPOAY, MOPIBHSIHO 13
MOYaTKOBUM PIBHOBR)XHMM 3HAYCHHSIM, 110 BUKJIMKAHE 3MIHOK KOHIICHTpAIlil MOTEHIIiaI0-
BU3HAYAIBHUX 10HIB. Lle#t Bua monsipu3aitii cioctepiraerses mpu poOoTi enementy Jlaniens-
Axo6i. [lpu oxuciIeHHI TUHKOBOTO €JEKTPOAY B MPHEICKTPOTHIM IMapi HAKOMHYYIOTHCS
KaTiOHH IUHKY Zn° ' i 3rigHo piBHsHHS HepHCTa, MOTEHIAT IbOTO SIEKTPOLY 361IbIIyEThCS,
a y MIJTHOTO €JIEKTPO/Ty KOHIICHTPAIIis 10HIB Cu*’ 3MEHIITYETHCS BHACIIIOK iX BITHOBJICHHS, 1
MOTEHITIaI MITHOTO €JIEKTPOIy 3MEHIITYETHCSI.

2. XiMiyHa MOJSIpHU3aIlis TMOB'S3aHa 13 3MIHOIO XIMIYHOI MPUPOIX €NeKTpoay. Tak B
enementi Bompra Zn/H,SO,/Cu moBepXHS MIZHOTO €JIEKTpOAy (KaTrojga) HACHUIYETHCS
BogHeM (2H' + 2e > H,) i yTBOPIOETHCS «BOJHEBHID) €NEKTPOI, TIOTEHIiAN SKOTO Ma€e HIKYE
3HAYCHHSI, HIK TTOTSHITIa] MiJHOTO €JIEKTPOY.

3. 3miHa TOTEHIliady, IO OOYMOBJICHA CIOBUIBHECHICTIO €JICKTPOXIMIYHUX CTasiit
peakiiii, — Ha3UBAETHCS  CIEKTPOXIMIYHOIO TOJSAPHU3AINEI 1  XapaKTepU3yeThCs
nepeHanpyXeHHsM mepexoay. Llsg cramis Bimirpae TOJOBHY pOJIb B E€IEKTPOXIMIUHIN
KiHETHIli, OCKUTbKH Ha TIEpEHECEHHS 3apsiay 0e3mocepeIHbO BIUIMBAE MOTEHITIA EEKTPOIY.

3B'I30K MK TEPEHANPYXKEHHSIM TMEpexXoAy 1 MIUIBHICTIO CTPyMYy BHUPAKAETHCS
piBasiHHSM Tadens: ¢ = a + 6 Igi. KoHcTaHTa «6» 3aleXuTh BiJ] MPUPOANA OKUCITIOBAaYa 1
BiTHOBHHKA, TEMIIEPATYPH, «a» — BiJl IPUPOJN OKHUCIIOBaYa i BITHOBHUKA, CKJIaly PO3YUHY,
TEeMIepaTypu, MaTepiaiy eJIeKTPOaY, «j» — TYCTHHA CTPYMY.
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[Ipy BUKOpHCTaHHI TaJdbBaHIYHOTO €JIEMEHTA, SIK JDKEpelia J>KUBIICHHS, Ba)KIIMBOTO
3HaYeHHsI HaOyBa€ MpOIEC YCYHEHHS MoJsIpu3allii — aemnoJsipusamis. Tak, Hampukia,
NepPEMINTYBaHHS PO3UYMHY CTPUSIE 3SMEHIIICHHIO KOHIIEHTPAI[IMHOT TOJIApH3aIlii.

JIns eKCIepruMEeHTANBbHOTO BHU3HAYCHHS MOJIApU3allii OyayrTh KPHBY 3aJIe)KHOCTI
MOTEHINIATy eJEKTPOAy Bil TYCTMHH CTPpyMy, IO TPOTIKAE B CHCTEMi, TaK 3BaHy
noJsipu3alliiiny KpuBy. 3rifHO Tiepiioro 3akoHy ®dapajes, cTpyM, M0 NPOTIKA€ B CHCTEMI,
NPONOPIIHHUI KIIBKOCTI PEYOBHHH, IO MpopearyBajia Ha E€JIEeKTPOMdi 3a OJUHHI0 Yacy,
TOOTO MIBHAKOCTI €NeKTPOXiMiuHOI peakiiii. OCKIIBKY 3aJie)KHO Bij IUIONI €IeKTpojaa MpHu
OHOMY 1 TOMY X TMOTEHIlalli CTPYMH MOXYTh OYyTH pPI3HMMH, TO MIBHIKICTH pPEaKIil
BiTHOCATH JI0 OJMHUIII TUIOIIII MMOBEPXHI €JIEKTPOIY 1 XapaKTepU3YIOTh TYCTHHOIO CTPYMY:

=5

IBHAKICTS €JeKTPOXIMIYHOT peakilii, MO MPOTIKAE HAa aHOJI, XapaKTepU3YIOTh
TYCTHHOIO aHOJHOTO CcTpymy (i,), a Ha KaroAl — TYCTHHOIO KaTOJAHOTO CTPyMy ().
[lepenanpyxeHHs 0OyMOBJIEHE KIHIIEBOIO IIBHIKICTIO €JIEKTPOJHOI PEakKIlii 1 KUIbKICHO
XapakTepU3ye CIOBIUIBHEHICTh MPOTIKAHHS OKPEMHX 11 CTaIii.

Hampyra «U» BUMIpIOETBCS Ha €IEKTPOJIaX MPH MPOTIKAHHI B CHCTEMI TYCTHHH CTPYMY
mennt Hik CEIN. Yum OiIbIvii CTpyM B CUCTEMI, TUM CHJIBHIIIE BiAXWUJICHHS MOTSHITIATY Bij
PIBHOBa)XHOTO, TOOTO THM BHIIA TOJspHU3allisl 1 MeHie 3HaueHus U.

4.11. Po3nodin canbeaHiyHo20-nomeHuyiany e Ol13, wapi Nenbmaonbya,
wapi I'yi dns cucmemu HI1/ enekmponim

JIisi oBepxH1 HAIMIBIPOBIAHUKA, M0 O€3MOCEPEeHhO KOHTAKTYy€e 3 1HIIOK (ha30r0
(emexTpodit, MeTal, ra3), BBOAUThCS BennmunHa L;* (J/lebaiBchka JMOBXKHUHA), [0 BU3HAYAE
toBmuHy OII3 B HamiBnpoBigHuky. [Ipyn Manux 3MiHax MOTEHIaNy Ui IJIOCKOI MOBEPXHI
JIOCTAaTHBO JIETOBAHOT'O HAIIBIPOBIAHUKA n-THUITY NpuBeeHa ToBumHa OI13 :

Ll—\/goglkT _ 8081RT

e’n F*1073¢,

e &( — abCOJIOTHA MieIEKTpUYHA MPOHUKHICTh = 8,85-10"% @/m; ¢, — BimHocHa
JeJIEKTpUYHA MMPOHUKHICTh HAMBIPOBITHUKA; k — ctana boneimana, k = R/N,y = 1.381-10°
23,Z[)K/K ; R - razoBa crana, R = 8.314 JIx/(Monb- K); Nu - uncio ABorajpo, Ny = 6.022- 10%
Mo, F — crana ®dapanes, F' = eNy = 9.648: 10* Ka/mons; n — uncio CJICKTPOHIB B 1 oM’
HarmiBrnpoBigHuKa; C, — KOHIICHTpaIlis eleKTpoHiB, C, = 10° n/ Ny, MOJIB/IL.

Tommua L, He piBHa Bciid ToBmmHI OI13, a MeHma nmpubam3Ho B I'STh pasiB. 3a L
YMOBHO TpPUUMAETHCS BIJACTaHb BijJ IJIOCKOi 30BHINIHBOI MOBEPXHI HAMIBIPOBIIHHKA IO
wiomman B OII3, Ha skiif 30cepe/PKeHH BeCh HAJAMIPHHNA TOBEPXHEBHM 3apsll, a
HANPY)KCHICTh ENEKTPUYHOrOo ToJisa & B Wi obmacti € crama. lle mo3Bonse BupazuTu
naainHs notenniany B OI13 mpocTuM criiBBiTHOIICHHSIM:

¢ =S¢ Ly

Sxmo naainHs noteHuiany B OII3 piBHe Hymto (¢ = 0), TO €NEKTPOAHUN MOTEHIIa

Ep, HasHBA€TbCS IOTCHLIANOM IUIOCKUX 30H, OCKUIBKA B LbOMY BHUIAJKY MeXi
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€HepreTHYHUX 30H HaIlIBIPOBIIHUKA HE BUKPHBIICH] eJIeKTpUudHUM nojem. [ mapy ['yi L,
BHPA3H € aHAJIOTIYHI:

eX(ny+n;) \F21073(Cy +Cy)
[IpuBeauna ToBmuHA mapy ['yi B 1-BaleHTHOMY €IEKTPOIITI. 3HIKEHHS TTOTEHITIATy B
mapi: y =&l
Tyt &y — nienexTpuyHa MPOHUKHICTD €JIEKTPOIITY; 1y 1 nj — YUCIO aHIOHIB 1 KaTIOHIB

L2: EoglkT _ 6‘06‘2RT

eNeKTpoIiTy, cM ~; Cx i Cx — KOHICHTpALLs aHIOHIB 1 KATIOHIB, MOJIB/II; &, — HaINpyXXEHICTb
€JIEKTPUYHOTO TToJIs B 1rapi ['yi.

B mapi ['enmeMrosbia mocTiitHe eeKTpUYHE MOJIe TakK 5K 1 B TUIOCKOMY KOHJIEHCATOPI
3MIHIOETBCS B 3aJIS)KHOCTI BiJl BiAICTaHe# dy MiX ruionuHaMu. [lagiHHS MOTEHIIATy ¢, MK

HUMM CKJIATae: ¢, = &y°dy.
[ToTenmian ¢, Ha MeX1 PO3ALTY HAMIBIPOBITHUK / €IEKTPOIIIT SABIISIE COOOI0 CYMY:

pr2= @1t ot w =1L+ Eodo+ &L

Y pa3i pIBHOCTI €NEKTPOCTATUYHUX IHIAYKIIH (& —BIJHOCHA JlieJeKTpUYHA
MPOHUKHICTH Tapy [ 'enpMrosbia): e1&1=€E0= €269

JIJ1st OLIHKY BiAHOCHOTO MaJIiHHS TMOTEHITIaTy B HAIIBIPOBITHUKY, mapi ['ensmrombia
1 €JIEKTPOJIITI MOKHA CKOPUCTATUCS HACTYITHUMU BiTHOIIICHHSIMHU:

o1/ po=Lie/(doer); @1/ wv =Ligy/(Lrgy)

[3 OCTaHHBOTO CITIBBITHOIICHHS] BUXOIUTD, IO JJIS JISTOBAHOTO HAIIBIPOBITHUKA TIPH
HEBEJIIMKUX 3MiHaX IMOTEHIaly 1 PIBHOCTEH EIeKTPOCTATHMYHUX IHAYKIIN BiJTHOIICHHS
najiHb MOTEHITIATy B PI3HUX IIapax MEX PO3JAUTY, 3 TOYHICTIO 0 BIJHOMIECHB IETEKTPUIHIX
MPOHUKHOCTEH, BU3HAYAETHCS BITHOIICHHSIM TOBIIUHY MapiB Ly, d, 1 L,

4.12.Kinemuka enekmpoOHux npouyecie e cucmemi HIN/ enekmponim

[IpeameT KIHETHKU €IEKTPOIHUX MPOIECIB — I1€ TPOIECH, IO B1IOYBAIOTHCS HA MEXI
€JeKTPO/I (€JICKTPOHHO-IIPOBIAHE CEPEIOBHUIIE) — ETEKTPOIIT (10HHO-TIPOBITHE CEPEIOBHIIIE)
a00 moOMM3y I1i€l MEXi MPH MPOTIKAHHI NEKTPHYHOTO CTPYMY.

AHOJHE TpaBJIEHHS 1 TACHBAIlisl HAMIBIPOBIAHUKIB, KATOJHE BUIUJICHHS METATIB Ha
HAIIBIIPOBITHUKY BUKOPUCTOBYIOTH B TEXHOJIOTII BHTOTOBJICHHS HAaIliBIPOBITHUKOBHUX
npunaaiB i cxeM. HamiifHicTh 1 cTa0iidbHICTh POOOTH HAMIBIPOBITHHKOBUX MPUCTPOIB YaCTO
3aJIeKaTh BIJT 10HHUX EJIEKTPOXIMIYHUX TMPOIECIB, sIKi BiZOyBalOTbCSI B KOHTAKTI
HAMIBOPOBITHUKA 3 METaJeBOK abo0 MieNeKTPUYHOI0 (OKCHIIHOIO) TUIIBKAMH, Ta30BOIO
aTMoc(heporo, BOJIOTHM MOBITPSIM, TOIIIO.

{06 mpaBUIBHO PO3YMITH IIi TMPOIECH 1 YIPABIATH HUMH, Tpeba 3HATH YHHHUKH, 1110
BU3HAYAIOTh IIBUAKICTh MPOTIKAHHS KOHTPOIIOKOUOI CTalii, MeXaHi3M eIeKTPOXiMIYHOT
B3aeMoiii. Xoya eJEeKTPOXiMisi HAmiBIPOBIIHUKIB Mae psia 0CcoOJMBOCTEH, Oarato
TEOPETHUYHUX TOJIOKEHD EIEKTPOXiMiYHOI KIHETUKH, PO3BUHEHI I METAIIiB, 3aCTOCOBHI J0
HANIBIOPOBIIHUKIB. TOMY BOHH TaK0X PO3TIISIAIOTHCS B JAHOMY PO3JILII.

XiIMIYHUN 1 €EKTPOXIMIYHMA MEXaHI3MH PEakiliid 3 MOTJISIAY aTOMHO-MOJICKYJISIPHOL
OyZOBH PEYOBHHU MPHUMHITO BBAXKATH MEPETBOPEHHSMH, IO CYNPOBOKYIOTHCS OOMiHOM
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€JIeKTPOHAMH MDK pearylo4MMU YacTKaMHU: aTOMaMH, MoJieKynamu, ioHamu. [Ipu KoHTaKTi
€JIEKTPOJIy 3 €JIEKTPOIITOM ab0 MpH MOJsIpU3aIlli eNeKTPUIHUM CTPYMOM MOKHA BUIUIATH
JIBA TIOJISIPHUX MEXaHI13MIB B3a€MO/Iii: XIMIYHUHN Ta €ICKTPOXIMITHUH.

XiMIYHMM MEXaHi3M peakKIlii Mae Taki OCOONMBOCTI: HEOOXiAHMH Oe3mocepeHii
KOHTAKT pearyl4yuX 9acTOK y BUTJISIL X 31TKHEHb; Y MOMEHT 3ITKHEHHS Mepexij] eJIeKTPOHa
BiJl OJIHIET YACTKHU JIO 1HIIOT 3IIMCHIOETHCS 10 KOPOTKOMY IIUIAXY, CIHIBMIPHOMY 3 pO3MipaMH
pearyro4mnx 4YacTOK aTroma, i0Ha, MOJEKYTH; OOMiH, MepexiJ eNEeKTPOHIB, SK i 3ITKHEHHs
YaCTOK, BiI0YBA€ThCS XaOTUYHO, O€371aIHO, O€3 IEBHOTO HANPSAMY LIOJIO SIKOI-HEOYIb TOUKU
a00 cHcTeMU KOOPAMHAT; y pa3i CHCTEMHU €NIeKTPOJ / eNeKTPOJIT BiICYTHI HampaBlIeHUI
nepexij eneKTpoHiB (3apsaiB) yepes pa3oBy MEKy.

B pesynbrati B3aeMozii o XiMiYHOMY MeXaHi3M1 B KOHACHCYIOUHNX CHCTeMax (TBepaa
1 pigka (a3u) eHepreTUYHHI epeKT peakilii BUpaxaerbes y Gopmi teruna. Enepris akTuBarii
B IIbOMY BUTIIAJKY € (PYHKITIEI0 TPUPOIU Pearylouux YaCTHHOK 1 TUITY XIMIYHOI PEaKitii.

EnexTpoxiMiuHMii MeXaHI3M peakIliii Mae Taki 0COOJMBOCTI: Oe3rmocepenHiii oOMiH
abo mepexi eNeKTPOHIB MK pearylouMMH YacTKaMH 3aMIHIOETBCS iX Mepenadyero uepes
Cepe/IOBUIIE, 3/MaTHE TPOBOAWTH EJICKTPUYHHA CTPyM - MeTal al0o HamiBIPOBIIHUK,
€JICKTPOJIIT; TEPEXiJl eJICKTPOHIB BiJ OAHIE] YacTKH (BIIHOBHMKA) MO 1HIIOI (OKHCIIFOBAYa)
3MIUCHIOETHCS TIO JIOCTAaTHHO JOBrOMY IUISXY, 3HAYHO O1IBIIOMY, HIK PO3MIPH YaCTHHOK;
PyX B3aEMOJIIFOYMX E€JIEKTPOHIB a00 10HIB Ma€ HAINpaBJICHUH, BIOPSIKOBAHUIN XapakTep, 110
CYIIPOBODKYETHCS 1X IEPEXOIOM UePe3 MEKY PO3ILITY €JIeKTPOJT / €IeKTPOIIIT.

B pesynbprari B3aemMomii MO ENEKTPOXIMIYHOMY MEXaHI3MYy CHEPTreTHYHHH e(deKT
peakirii BUpakaeThCsl, HE TUTBKU KUTHKICTIO TETUIOTH, @ i BUPOOHHUIITBOM YU CIIOKUBAHHSIIM
€JIEKTPUYHOI €Heprii, a eHepris akTUBAIili € (QYHKII€I0 HE TIJIbKA MPHUPOJIU PEaryruux
YaCTOK €JIEKTPOJIY UM EJICKTPOJITY, aje 1 PYHKIIEI0 MaiHAS TMOTECHIIIATYy Ha MEXI PO3ILTy
€JIEKTPOJI / €IEeKTPOJIIT.

[Tpu bOMy Ma€eThCs Ha yBa3i, 10 MOJIEKYJIa OKCUY, IO YTBOPIOETHCS, JTOKATI3YETHCS
Ha TOBEPXHI €JCKTPOAY, 3MIHIOIOUM MEXY po3airy da3. 3 iHIIOro OOKy, Ha MEXi pO3IiTy
€IEeKTPOa / ENEeKTPOJIT, KOJIM TMOBEpXHS EJIEKTPOAYy OJHOpiAHA (EKBiMOTEHIialbHa) abo
HEOJTHOpIHA, IUHAMIYHA PiIBHOBAra 3a0e3MeuyeThes Mepexoa0M 3apsKCeHUX YacTOK (10HIB,
€JIEKTPOHIB) Yepe3 I[f0 TPAHUII0 PO3ALTYy, TOOTO CIHOCTEPIraeThCs EIeKTPOXIMIUHUMN
MeXaHi3M B3a€MOJii, X0U IpHU JUHAMIYHIA PIBHOBA3i CTPYM B 30BHINIHBOMY KOJIi PiBHUU
HYJTIO.

3akon ®Dapanes — OCHOBHUU 3aKOH €NEKTPOXiMii, SKH TOYHO OMHUCY€E KUIBKICTh
€JIEKTPOIIEPETBOPEHOT PEYOBUHHM, TIPU MPOITYCKaHHI 30BHIIIHBOTO €JIEKTPUIHOTO CTPYMY:

m;=E,Qn,=1Itn; A;/ Fn;

Tyt m; — Maca eJIeKTpONepeTBOPEHOTO i-T0 eJIeMeHTy; E; — WOTo eleKTPOXiMIYHHIA
ekBiBaneHT, E; = A;/Fn;; A; — BIIHOCHa aTOMHA Maca i-ro eJeMEHTY; 1; — YUCIIO CJIEKTPOHIB,
HEOOXi/IHE AJIsl eJIEKTPOTIEPETBOPEHHS OJJHOTO aToMa; F — uncino Papajes, TOOTO KiTBKICTh
SJIIEKTPHUKH, 10 HeoOXiTHa JUIsl eJIeKTPONepeTBOPeHHs 1-ro Mojs 4acTok mpu n = 1, F =
9.648-10* Ku/mons; O=It — KinbKiCTh NPOIYIIEHOI €IeKTpUKM; | — CHIa CTAjIoro
EIEKTPUYHOTO CTPYMY; ¢ — 4acC eNEeKTPOIIi3Yy.

4.1.3. [losepxHesi UeHMpuU KUC/IOMHO20 muny
ATOMH Ha TTOBEPXHI TBEPAOTO TLJIA 1 aicopOaTy MOKHA XapaKTepHU3yBaTH 3a IOTIOMOTOI0
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MOHATH KUCIIOTHO-TYXKHUX 3B’ S3KiB, 1110 BBEJW BUeHI bpenacten i JIptoic .

Kucnorauit mosepxueBmii 1nieHtp (KIIL[) Jlproica sBasie coboro IEHTp, IO SBISE
€JIEKTPOHHY Tapy 3a yd4acTIO COpOCHTY Ta MPU3BOAWUTH JO 3MEHIICHHS 3arajabHOi eHeprii
cuctemu. OcHoBuuii moBepxuepuii rieHTp (OI1LL) JIbroica Bijae eICKTPOHHY Tapy.

Kucnorauit moBepxHeBuii 1ieHTp bpenacrena Bimgmae Ha MOBEPXHIO MPOTOH, @ OCHOBHUI
neHtp bpenacrena foro npuiimae. Cuina Kuciaotu (KHCIOTHICTH) IeHTPY bpennacrena Ha
MOBEPXHI TBEPJIOTO TiJIa XapaKTEPU3YETHCSA 3JATHICTIO IBOTO IEHTPY 3MIIIyBaTH PEaKIIio
BopaBo: H' +B=BH",

ne B-Monekyna Jyry BH' - CIIpSDKEHA KHCJIOTA, H - XapakTepHUN [JIs1 LEHTPY

_ ‘BH*
bpenacrena nporon. Koncranta piBHOBaru: —-‘H*

8

=K XapakTepusye 3JaTHICThb JIyTy

MIEPEXOJIUTH B KUCITY (OpMY.
KoHueHTpariss KOMIoHeHTiB: IgK =—pK .

Kucnotnicte noBepxuesoro nentpy Hy : H, = lg‘H ’

BinHomeHHst Ty>KHOT Ta KUCIOTHOI (OpMHU aIcOpOOBAHOTO YTy BHPAXKAETHCSA Uepe3

8

KHCIIOTHICTh TIOBEPXHEBHX IIeHTPIB bpenacrena: lg‘B? =H,-pK.

AHaNOriuHO BU3HAYAETHCS KUCIOTHICTh H)) kucnotHoro uentpy Jletoica: H, =lga,,
1€ a,- AKTUBHICTh aKLENTOPA €JIEKTPOHHOI apu.
BimHomenHss mykHOi 1 KHCIOTHOI (opM amcopOOBaHOTO JIyTy BHPAXKAETHCS dYepe3

KUCJIOTHICTE JIp1oica Hy: lg% =H,-pK,

ne B — nyr, AB - popma nyry 3 €IEKTPOHHOIO IMapoI0
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5. CTinKicTb ANCNEPCHUX CUTEM

[Ipobnema  CTIMKOCTI  CHCTEMH €  OJHIEO 13  I[EHTPaAJbHUX  MpoOJIeM
HaHOMaTepiallo3HBCTBA. 3MiHA XapaKTepy CTIHKOCTI CTIHKOCTI OOyMOBIieHa iCHYBaHHSM
JIBOX OCHOBHMX O3HaK JHWCIEPCHUX CHUCTEM - TETEPOTeHHOCTI 1 JUCIEPCHOCTI.
['eTeporenHicTh nmepeadavyac HasBHICTH MDXK(a3HOT MOBEPXHI Ta MOBEPXHEBOTO APy, 3 IUMH
(bi3MYHIME TOHATTSIMH MOB'sI3aH1 TOBEPXHEBI SBHIIA.

JlucrepcHICTh - KUIBKICHHN MapameTp Mipu po3apoOieHocTi matepii. Po3rmsgarots
Taki BUJIU CTIHKOCTI JUCIIEPCHUX CHUCTEM: CTIMKICTh JI0 OCa/LKCHHS TUCIEPCHOI ¢asm
(cemuMmeHTaliifHa CTIHKICTB) 1 CTIMKICTH MO arperaiii (koarymsiii) 4acTOK (arperaTMBHA
CTIHKICTB).

5.1. Knacudpikauyiss ducnepcHux cucmem rno azpe2amueHill cmiukocmi

Po3pi3HstoTh TEpMOAMHAMIUHI, KIHETHYHI Ta 3MilIaHi (QakTOpu arperaTUBHOI
CTIMKOCTI.

TepmoaunamiuHi hakTOpH:

® CIEKTPOCTATUYHHA — 3HIDKEHHsS MDK(A3HOTO HATATY BHACHIJOK YTBOPEHHS
MO/IBITHOTO €JICKTPUYHOTO IIapy Ha MOBEPXHI YaCTOK JUCTIEPCHOT (asu;

e ajcopOILiii0-CONBBATHUN — 3MEHILIEHHSI MDXK(A3HOTO HATATY MPHU B3aEMOJIIT YaCTOK
micnepcHoi (as3u 3 cepeoBuIeM (3aBIsSKA ancopOIii 1 compBaTaltii);

® CHTPOMIHWI — BHU3HAYAETHCS MPATHEHHS CHUCTEMH 0 PIBHOMIPHOTO PO3MOILTY
4acTOK JHCIEpPCHOI (a3 3a 00'eMOM CHUCTEMH; i€ B CHUCTEMaxX, B SKUX YACTKU
O0epyTh ydacTh B OpPOYHIBCHKOMY PYCi.

Kinernusni daxropu:

® CTPYKTYpHO-MEXAaHIYHHHA TOJISITa€ B HEOOXIHOCTI BUTPATH €HEPTii 1 4acy s
pyHHYBaHHSI OpI€HTOBAaHMX IIApiB MOJIEKYJ] CTabimi3aTopa, IO BOJIOMIIOTH
MPY>KHICTIO 1 MEXaHIYHOIO MIIHICTIO, MO0 YTBOPIOIOTHCS Ha MOBEPXHI YACTHHOK
TUcTiepcHoi (aszu;

® TiAPOIMHAMIYHUN BUSBJISETHCSA B 3MEHIICHHI IIBHIKOCTI KOAryJIsllii 3a paxyHOK
30iTBbIIEHHST  B'A3KOCTI  CEpeJOBUINA 1 MIUILHOCTI  gucmepcHol dasm i
JMCTIEPCIHHOTO CepeIOBUIIIA.

3wmimani ¢pakTopu:

e [lonsAraroTe y BUHUKHEHHI CHHEPreTUYHOTO €(DEeKTy, TOOTO OJJHOUYACHOTO BILTUBY
JEKUTBKOX BHUIE3raJaHuX YMHHUKIB 1 X MOCWiIeHHI. PedoBuHM, 10 MiIBUIYIOTH
arperaTuBHY CTIMKICTh — Ha3WBAIOTHCS CTabimi3aToOpH.

ArperaTuBHA CTIMKICTh 30J1iB 00YMOBJICHA!
® 3HIKCHHSAM MOBEPXHEBOI €HEprii aucrepcHoi ¢a3u (ToOTO 3MEHIIEHHS PYIIiHHOI CHITn
KOAryJisiii) B pe3yibTaTi YTBOPEHHS MOABIHHOTO €JICKTPUIHOTO Iapy;
® HASBHICTIO KIHETHYHUX TMEPENIKOA JUIsl KOaryJsmii y BHIJISAI €IEKTPOCTATHYHOTO
BIJIITOBXYBAHHS OTHOMMEHHO 3aps/KEHUX KOJIOiMHUX YaCTHHOK 1 MPOTHIOHIB.
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e [mpolecoM riApaTarii (conbBaraiii) 10HIB; SKIO MPOTHIOHH IU(PY3HOTO IIAPY COJIb
BaTOBaHI, TO I OOOJOHKA 3 COJIbBATOBAaHUX NPOTHIOHIB TEPEIIKOKAE 3JIUTTAHHIO
YaCTUHOK.

o CrilikicTh 1 Koarymsmis Jo(GOOHMX OKCHUIHUX MJUCTIEPCHUX CHCTEM O€3MocepeHbO
noB'si3aHi 3 OynoBOI0O 1 (Di3UKO-XIMIYHMMH BJIACTUBOCTSIMHU TMOBEPXHEBUX IIApiB, IIO
bopMyIOThCS Ha TOBEPXHI po3/ainy (a3 B MPOIeCi OTPUMAHHS JUCTIEPCHOI CUCTEMHU.

JliooOHi 1 mioinbHI KOJOITM PO3PI3HIIOTHCS MO BEJIWYUHI MiK(a3HOTO HATITY O,
bkT

max 2

a
ne o, - MbkdasHHil HaTAr Ha Mexi po3ximy ¢as, Juk/M’; b- KoedilieHT, 3HAUCHHS
max b b b

10 MOXKEC 6YTI/I OLIBIIOI0 YK MEHIIIOIO I'paHUYHOIO 3HAYCHHA O, - (o}

SIKOTO JIUISL PeaIbHUX JUCIIePCiii 3HaxoauThes B Mexkax 10-20; a - po3mip 4acTKu, M.
. -8 -3 2
TunoBe 3Ha4YeHHS o JUIA YaCTHHOK 3 pajiycom ~10™ M ckiamae (0,1-1) 107 Jhx/m™.

max

Jliopobui gucnepcHi cuctemu, (o >0, ) € TEPMOAUHAMIYHO HECTIHKI, 1 ix

max
CTaOUTBHICTh MA€ KIHETUYHUHN XapaKTep.

JliodinbHi aucnepcHi cuctemu (o < o, ), 30epiratloTb ABO(]A3HICTh 1 YTBOPIOIOTHCS

max
CaMOBITBHO TN i€ eHTpomiitHoro dakropy. JliodineHi 3011 € TEPMOAMHAMIYHO
PIBHOBaXHUMHU JUCIIEPCHUMHU CHCTEMaMHU.

3011 TIAPOKCHUIIB 1 OKCHIIB METaiB 3alMarOTh TPOMDKHE IMOJIOKEHHS MK
miopoOHUMH  (KIHETUYHO CTIHKUMH) 1 JOoQUIbHUMHA (TEPMOJWHAMIYHO CTIAKHMHM)
cucTeMaMu. ATperaTuBHA CTIMKICTh IUX CHCTEM 3aJIeKHUTh BiJ piBHS pH, mpupoau kaTioHiB
CTaOLTI3yI0YNX JY)KHUX TIAPOKCHIB, KOHIICHTpPAIIl 1 TPHUPOAM EJICKTPONIITIB, CKIALy 1
arperaTHoro crany TBepJoi ¢asu.

B nmucnepcHux cuctemax BigOyBalOThCS MPOIECH YKPYMHEHHS YacTOK JUCIEPCHOT
dazu sk pe3ynbTaT HEOOXIAHOCTI 3MEHIIMTH HAJUIMIIKOBY TOBEPXHEBY EHEPTilo.
YKpyIHEHHs YaCTOK CIIOCO0AMH :

® i30TEPMIYHOTO POCTY;
® KoOaryJsIii.

[3oTepmiuHMiA piCT — TMEPEHECEHHS PEYOBHHM BiJ JPiOHUX YaCTUHOK 10 BEIHKHUX
BHACIIJIOK PI3HMIN X XIMIYHMX MOTEHIIATIB, MO0 OOYMOBJIIEHO IIiJBUIIECHHAM PEaKIIHHOI
3maTHOCTI AucrieproBaHoi pedyoBuH (edext KenbBina). B pe3ynbTari i30T€pMIYHOTO POCTY
npiOHI YacTKM JUCHEpPCHUX (a3 MOCTYNOBO PO3YMHSIOTHCS, a AUCTICPCHICTh CHCTEMH
3HIDKYETBCS, IO BUKJIMKAE 3HIKEHHS 11 arperaTiBHOI CTIHKOCTI.

Koarymsmist — npouiec pyiiHyBaHHS JUCTIEPCHOI CUCTEMH B PE3yJbTaTi MIXXYaCTKOBHUX
B3a€EMO/IIH, arperaiiii abo 34erieHHs YaCTOK 3 TEPEX0I0M AUCIIepcHOI ¢da3u B ocaj abo Telb.

[Topir koarymsamii - HaliMEHIIAa BEJIMYMHA 30BHINIHBOTO YWHHHUKA, IO BUKIHKAE
KOaryJIsIio.

HIBUAKICT KOATYJIALI - 3MiHA YMCIIAa 9aCTOK TUCIIEPCHOT a3y 3a OJUHUITIO Yacy.

5.2. Koacynsuyis niogpobHuUx Kosnoidie

Koarymsmiss (ctapinusi) - oO'eqHaHHS ApIOHWX YaCTOK JWCIIEPCHUX CHCTEM TIif
BIUIMBOM CHJI KOT€3il, III0 IPU3BOJUTH JIO BHITAJIAHHS 3 KOJIOITHOTO PO3YMHY OCaIy, UM JIO
3acturanHs. Koarysilis - caMOBUIBHHIA TIPOIIEC PO3IIICHHS KOJIOITHOTO PO3YHMHY Ha TBEPIY
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dasy 1 amcmepraTop, B pe3yJbTaTi IOIO JUCIEPCHA CHCTEMa MiHIMI3y€e BJacHY BUIbHY
enepriro. [IBUIKICTH CTapiHHS 3aJIeKUTh BiJ BEIIMYMHU TOBEPXHEBOTO HATATY HA MEXKI
po3nity a3, pamiycy dacTtok, Koedimienta audysii, TeMmrepaTypu 1 PO3YUHHOCTI
Makpodazu. MOHOAMCTIICPCHI CHCTEMH CTapilOTh MOBLIBHO.

Koanecnentis - 3muTTs Kpanenb piauau ado ra3oBux OynabOamok. [Ipu 3mutTi TBEp
YaCcTKH 30€piratoTh CBOIO KOJIHIIHIO (hopMy.

JliopoOHI KONOiaU € TEPMOIUHAMIYHO HECTIMKMMH CUCTEMaMH, 110 iICHYIOTh 3aBJISIKU
ctabimizarii 3a paxyHOK BUHUKHEHHS MOJBIMHOTO €JIeKTpUYHOro mmapy. 3mina ctany [1EII
MOJKe, TPU3BECTH O BTPATH arperaTHBHOI CTIHKOCTI 30y Koarymsimis 307iB Moxke OyTu
BUKIIMKAHA pPI3HUMHU UYWHHUKAMU: BIUIMBOM E€IEKTPOJITIB, TeMIEpaTypHUM (akTopom,
MEXaHIYHOIO JII€10, TOIIIO.

HaiiGiap1n BayK IMBUM 1 BUBUCHUM YHMHHHKOM KOAryJisiii TiapodoOHUX KOJIOIIIB € Jist
HA HUX PO3YHMHIB €JIEKTPOIITIB. BpOyHIBCHKI 3ITKHEHHS 9aCTOK HE 3aBXIH MPU3BOIATH 10 1X
3IIATTS, OCKUTHKY TIOJBIMHUHN €NEKTPUYHUHN IMIap, M0 OTOYY€E YACTKH, BIAMITOBXYE iX OAWH
BiJ ogHOTO. ENeKTponiTi pyiHHYIOTH i 1eOpMYIOTh 1IeH map, MPUCKOPIOIOYN KOAIECIEHITIIO.
EdextuBHICTS MpoOTIECY 3aJEXKHUTh BiJl BUTISAY €JIEKTPOIITY (JIOTPOIHI PSAIU 10HIB) 1 HOTO
BaJIeHTHOCTI. J[7s Koarynsmii 30iiB  €JIEKTPOJITaMHU BCTAHOBJICHHHM PANl EMITIPUIHUX
3aKOHOMIPHOCTEH.

1. Jlnms mowatKy Koaryismii 3o0Jla HEoOXimHa [esKka MiHIMalbHAa KOHIICHTPAIIis
€JIEKTPOJIITY, 0 HA3UBAETHCS TIOPOTOM KOATYJIISIIIT .

2. Koarymnrorodoro J1i€r0 BOJIOIE TOH 3 10HIB €IEKTPOIITY, 3aps/I IKOTO TTPOTHIICKHUI
70 3apsay KOJOITHMX YaCTUHOK, MPUYOMY Jisl KOAryjalo4yoro i0Ha, TUM CHJIbHINIA, YUM
Oinbe Horo 3apsia (mpasumno Llynene - [Mapai abo mpaBuno 3HayHOCTi). Benmmuunaa mopory
KOaryJisii JBO3apsAaHUX 10HIB TPUOIU3HO HA TMOPSIOK, a TPU3APSAIHUX - HA JBA MOPSIKH
MEHINa, HIX U1 OJHO3apsAaHuX ioHiB. [IpaBmiio 3HaYyHOCTI Mae HaOMMKEHUH Xapakrtep i
CIPaBeIMBO TiJIbKHU JJI1 HEOPTaHIYHUX 10HIB; JeSAKI OAHO3aPSIHI OPraHidHI 10HU BOJIOAIFOTH
CWIBHIIIIOK KOAryJIIOI0UO0I0 €0, aHDK JBO3apsAHI HEOpraHiuHI 10HH, MO OOYMOBJICHO iX
CWJIBHOIO ciel(ivHOI0 aAcOpOOBaHICTIO.

3. B psgax HeopraHiuHuUX 10HIB 3 aBUMH 3apsjilaMd KOaryirolda Jis 3pocTae i3
3MEHIIEHHSIM TipaTOBAHOCTI 10HIB; HANPUKIAT, y PSAI OJHO3APSAHUX KATIOHIB JYKHHX
MeTaJliB KoaryJIorda Jis, 3pocTae Bij mitiro 1o py6ixiro: y (Li") >y (Na") >y (K") >y (Rb").
JlioTpomHi psau - psAaU, B K1 3rpyNoOBaHi 3a 301IBIICHASM (Y1 3MEHIIICHHSIM) KOAryJIior0di
i1 10HIB 3 ICBHUM 3apsJIOM.

4. B ocamax, IO OTPUMYIOTHCS TPU KOATYJSINT 30J1B EJICKTPOITAMHU, 3aBKIH
MPUCYTHI 10HU, K1 BUKIIUKAJIN KOATYJISIIIFO.

5. Ilpm koarymdmii 3071B CyMilIaMHd €JEKTPOJITIB PIAKO CIHOCTEPIra€ThCs ix
He3asle)kHa (aauTUBHA) JIis; 3a3BHYail Ma€ MiCIe B3a€EMHE ITOCHJICHHS (YU OCJIa0JICHHS)
KOaryJror4oi Jii (CuHepri3M abo aHTaroHi3M 10HIB).

5.3. MexaHi3M i KiHemuka koa2ynsyii 30s1ie efiekmposiimamMu

HeoOximnomy ais xoaryssiii 30JIMKeHHIO YaCTHHOK JUCTIEPCHOI (ha3H MEePemKoKaE
€JIIEKTPOCTATUYHE BIAMITOBXYBAHHS OJHONMEHHO 3apsPKEHHX KOJIOIMHMX YaCTHHOK 1
npoTuioHiB. [Ipu nogaBaHHi 10 3075 PO3UMHY €IEKTPOIITY piBHOBAra ajacopOii — necopOrii
MDK TIPOTHIOHAMHU aAcopOIiitHoro 1 mudy3HOro mapiB 3MimyeTbcs y OiK amcopOrii,
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BHACJTIJIOK 301BIICHHS B JUCIIEPCIITHOMY CEpeIOBHINI KOHIICHTpAIIii 10HIB, 1[0 MAIOTh 3apsi[
MPOTUIICKHUN 110 3apsay sapa (I0HM 3 OJHOWMEHHHMM 3apsiioM B piBHOBa3l ajcopOrii -
necopOrtii He 6epyTh y4acTh). ACOpOIlis JOAaTKOBOTO YHCJA MPOTHIOHIB MPHU3BOIAUTH 10
3MEHIIEHHS 3apsAy KOJOiTHUX YAaCTHHOK, 3MEHIIECHHS YUCJa MPOTUIOHIB AU(Y3HOTO mIapy
Ta 3HIKEHHS arperaTiBHOI CTIMKOCTI 30i1s. JlocATIN AesSKOro rpaHuYyHOro 3HAYEHHS 3apsiay
KOJIOIHI YACTHMHKH OTPUMYIOTh MOXKIIUBICTh 30JIMKEHHS 1 00'€IHaHHS B KPYIHIIII arperatu
3a paxXyHOK BaH-JIep-BaajJbCOBHUX CHJI, TOOTO BiI0YBa€THCS KOATYIIALIIS 30J151.

Ockinpku Tipu aacopOIii OaraTo3apsIHUX MPOTUIOHIB 3aps] KOJIOIAHOI YaCTUHKH
3MEHIIY€EThCS IBUIIIE, aHDK TIPU aJACOPOIlii TAKOTO K YHCIIa OJHO3APSTHUX MPOTHIOHIB, TO
azcopOOBaHICTh HEOPTaHIYHUX 10HIB 13 301IBIICHHSAM 3apsly Takox 3poctae. Hacminkom e
T€, M0 BEJIWYMHA IMOPOTY KOAryJsmii Ui HEOpraHIYHUX 10HIB OyJe THM MEHIIA, YUM
OUIBIINI 3apsAll 10HA-KOAryJsiHTa (BEJMYMHA MOPOTY KOarylsiii y oOepHEHO MmporopiliiiHa
3apsiy 10HA-KOATY/ISHTA B IIOCTOMY CTerneHi z°).

[Ipomec koarymsiii 30715 XapaKTEPU3YETHCS BU3HAYCHOIO MBUKICTIO KOATYIAIT, SIKY
MO’KHA BU3HAUUTH SIK 3MiHY YHCJIa KOJOiTHUX YACTHHOK B OJUHHII 00'€My 3a OJMHHIIIO
gacy. IIIBUAKICTE KOAryJsiii 301 €JIEKTPOJITAMH 3aJICKUTh K Bl KOHIICHTPAIl camoro
307151, TaK 1 BiJl KOHIIEHTpAIlii €JIeKTPOJIITIB.

ning 4 v i

Ny

¥

=
-

t Co C2 ¢

3
a) 6)
Puc. 5.3. Koaeynayitina xpusa a) ma 3anesxicHicms weUOKOCMI Koa2yiayii 8i0 KOHYeHmpayii

0)

Ha wmanroHkax TOKa3aHO THIOBHM BWIJISA] KOATyJSIIHHOT KpHUBOi (3al€KHOCTI
BIJIHOIIICHHS KOHIICHTPAII1 KOJIOITHUX YACTHHOK 7 JI0 iX MOYaTKOBOI KOHIIEHTpAIii 7, Bij
qacy f) i KpUBOI 3aJIEKHOCTI MIBUAKOCTI KOAryJsiiii V Bia KoHIeHTpatii exektpouity C.

Ha xpugiit OABB Binpizox OA BiamoBigae nepioay NpUXOBaHOT KOATYISAIIT, TpH SIKii
30J1b 30epirae CBOK CTIMKICTh. Y TOUIll A MPHU KOHIEHTpamii enekTpolity C; MOYMHAETHCS
sBHa Koaryisiis. Ha nminsHii AB mBUIKICTR KOaryssiii MIBUAKO 3POCTa€ i3 3pOCTaHHSIM
KOHIIEHTpAIIi1 €JICKTPOJITY.

Ha ninsgami BB mBuIKICTh Koaryisiii 3aIMIIA€ThCS CTAIO0, 1€ MOB'SI3aHO 3 TUM, IO
pHU KOHIIEHTpallii enekrponity C, BennuuHa { -MOTEHIliaTy CTa€ PIBHOIO HYIIO 1 IIBUIKICTH
KOAryJisIii Mpu 1[bOMY JIOCSTA€ MAKCUMAJILHOTO 3HAYCHHSI.
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5.4. BzaemHa koaz2ynsuyisn 3oisie

Koarymsiis 3015 Moxke OyTH BUKJIMKaHA HOTO B3a€EMOJIIEIO 3 IHITUM 30JIEM, YaCTUHKH
SIKOTO MAarOTh MPOTHJICKHUN 3apsij. 3MINTyBaHHS 30JIs TiIIPOKCUAY 3ajli3a, YaCTUHKH SKOTO
MarOTh MMO3UTUBHUK 3apsiji 3 HETaTUBHO 3apsKCHUM 30JIeM CYJIb(diay MUII'SKY MPU3BOIHUTH
JI0 iX B3a€EMHOI KOATYJIAIII:

{[Fe(OH);],, n FeO" (n-x)C1}*" xCl {[As,S;]m - n HS™ (n-x)H'}* - xH"

B nanomy Bumajky Koaryisiisi oOyMOBJIEHa THM, IO KOJOiJHI YaCTUHKH OJHOTO
Buny (kKpymHi Oarato3apsiiHi 10HH) € KOaryJsSHTaMH Ui YaCTHHOK IHIIOTO BUTJISTY.
B3aemHa xoaryssiis KOJOITHUX CUCTEM MOXE CIIOCTEpIraTHCs 1 TOMl, KOJM YaCTUHKH 30JIiB
MarOTh OJTHOMMEHHUH 3apsiji, B I[bOMY BUTIAJKy TPUYMHOIO BTPATH CTIMKOCTI OJHOTO 13 30JIiB
€ ciibHa criendigaa agcopOiist ioHa (cTadimizaTopa JaHOT CUCTEMH) TIOBEPXHEIO KOJOTTHIX
YAaCTUHOK 1HIIIOI CHCTEMH.

5.5. CmapiHHs 30nie i nenmu3auyis

TepmoauHaMiuyHa HECTIMKICTH JTIOGOOHUX KOJIOITHUX CHUCTEM € MPUYHWHOIO CTAPIHHSA
(MUMOBITIPHA KOATYJISIIIS, ABTOKOATYJIAIIi) 30/iB. ABTOKOAryJysllis 30JiB BiIOYyBa€ThCS
3HAYHO MOBUIBHIIIE, HIK KOATYJIAIsS €IEeKTPOITAMH, TaK 30711 30J710Ta MOXYTh 30epiratucs
0e3 BUAMMUX 3MiH JAecATHITTAMU. OJHIEI0 3 OCHOBHUX NMPHYMH CTapiHHS 30JIiB € IPOIIEC
nepeKprcTami3aIlli peYOBHHM SI/IPA, 110 31HCHIOETHCS TTOBOJI.

[lenrtuzamiss (me3arperaiisi) — MpoIeC MPOTHICKHUN KOATYISIIT — I€ MPOIecC
PO3IICIUICHHS KOaryJIhOBaHOTO 30Jis1 (KOaryJjsHTa) Ha TEpBUHHI YacTHHKHU. llenTu3arris
MOJKJIMBA JIMIIIE TOJIi, KOJIM CTPYKTypa YaCTHHOK B KOATyJISHTI Taka K 5K 1 MepBUHHA (TOOTO
KOJIM 11I€ HE BiOYJIOCS MOBHOTO 3POIIECHHS YaCTHHOK 1 BOHM CJIa0o 3B's13aHi O/IHA 3 OJHOIO).
Po3piznstoTh Oe3mocepeiHIO 1 OTocepeIKOBaHy eI TH3ALIITO.

besnocepenns menTu3amis BiIOyBa€ThCA B pe3yibTaTl MTOJAaBaHHS JO KOATYJSTHTA
€JIEKTPOJIITY, IO MICTUTh MOTEHI[iaIOBU3HAYAIBHUN 10H; B pe3yibTaTi Woro crenudiaHoi
azcopOIIii Ha MOBEPXHI YaCTHMHOK JHUCIIEPCHOT (a3u iX 3apsj 3HOB 30UILIIYETHCS, TOBIIMHA
MOJIBITHOTO  €JEKTPUYHOro Mmapy 3poctrae. lle mnpusBoauTh A0 TOTO, WO CHJIA
BIJIITOBXYBAaHHS MDK YaCTHHKAM{ TIOYMHAIOTh IEPEBAYKATH HAJ CHJIAMH TPUTATAHHS;
BIIOYyBA€ThCS Jearperaiiisi - po3maj arperatry, SKHd YyTBOPWUBCS paHiIlIe, 13 3IUILIIHX
YaCTUHOK.

OmnocepenkoBaHa TeNTU3aIIs BiIOyBa€ThCS MPHU JO/IaBaHHI B CHCTEMY PEYOBHHH,
XiMIYHa B3a€EMOJIS SKOi 3 TIOBEPXHEIO0 KOAaryjsHTa TPU3BOAWTH JIO BUBLILHEHHS
MOTEHI[IAJIOBU3HAYAILHUX 10HIB.

Hampuknan, xoarymiorounii 3056 rigpokcuay 3amiza(lll) moxxe OyTu menTu3oBaHHIA
JOJIaBaHHSAM B CHCTEMY cOJii 3amiza (0e3mocepenHs MEeNTH3allisi) Y COJSTHOI KHCIIOTH
(omocepekoBaHa MeNTU3aIis).

5.6. Y3azanbHeHa meopis azpe2amueHOi cmitikocmi ducrnepcHuUx
cucmem [epsicuHa-JlaHOay-Pepeesi-Oesepbeka (4J190)

OCHOBH ySBJICHb MPO arperaTUBHY CTIMKICTh IUCHEPCHUX CHUCTEM 3aKjaJieHi B Teopii
JJIDO. Mix KOHICHCOBAaHUMU TIOBEPXHSIMH, PO3IIJICHUMH JIOCUTh TOHKUM MPOIIAPKOM razy
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YM PIAVHM ICHYIOTH CHJIM BIIITOBXYBaHHS, PajiycC Aii SKUX HabaraTo mepeBepiIye TOBXKHUHY
xiMiyHUX 3B'sM3kiB. B pa3i 1oHOcTabOumi3oBaHMX (7M10pOOHMX) ITUCHEPCHUX CHCTEM
arperaTMBHA CTIHKICTh 3a0€3Medy€eThCS C€HEPTeTUYHUM Oap'epoM, IO BUHUKAE BHACIHIIOK
HAsBHOCTI MDK YacTKaMU CHJI BiIIITOBXYBAaHHS, OOYMOBJICHUX EJIEKTPUYHOIO B3AEMO/IIEI0
3apsiB 1I0HHUX aTMocdep, 0 OTOYYIOTh KOJIOTAHI YaCTKU Ta CHJI, IO MAlOTh MOJICKYJISIpHY
npupoy (IUcTepciitHi cuim).

Buenum /[lepsirinuM BBeJieHE MOHATTS PO3KIMHIOIOYOTO TUCKY [1(h), sSikuii BUHUKAE B
TOHKOMY TIPOIIAPKY B pe3yJIbTaTi MePEeKPUBAHHS MOBEPXHEBUX MIAPiB. POSKIMHIOIOYHIA THCK
MOJKHA TIPEJICTABUTH K PI3HUIIO TUCKIB P(h) B TOHKOMY MpoOIIapKy TOBIIWHOIO /2 1 P, B
00'eMHIN dYacTWHI PIAWHM 1032 TOHKAM mpomapkoMm. Tuck [I(h) Moxe He nwuie
PO3KIIMHIOBATH, aJie 1 30JMKyBaTH TIOBEPXHI, 3aJIC)KHO BiJl 3HAKY TOBEPXHEBHUX CHJL.

Ha rigpodinbHUX TOBEpXHSIX BOJa Ta I1HIIN TOJSAPHI PIAUHHU 3[0aTHI yTBOPIOBATH
MOJTIMOJIEKYJISIPHI afcopOIiiiHi mapu. [lepekpuTTs rpaHUYHKUX IIapiB PIIMHU, IO OTOYYIOTh
YAaCTKH, MPU3BOJUTH [0 TOSIBM 1€ OJHI€] CKJIAJOBOi NMOBEPXHEBUX CHUJ - CTPYKTYPHOI
CKJIQJIOBOT PO3KJIMHIOKYOTO THUCKY. TakoX MOKHa pO3TISAaTH aaCcOpOIiiHY CKIAJO0BY
PO3KIIMHIOIOYOTO THCKY, IO BHWHUKAE TMPHU TEPEeKpUTTI AUPY3HUX aJCOPOMIMHMX TIIapiB
HEUTPAIIBHUX MOJIEKYJI pO3UMHEHO1 pedoBuHH. Y posunmHax [TAP 1 momimepiB 101aTKOBO
BPaxOBYIOTHCS CHIIH, III0 BUHUKAIOTH TPU 30JMKEHH1 aJCOPOIIIHHUX TIapiB.

CTOCOBHO HEIOHHMX PO3YMHIB PO3BUBAIOTHCS YSBIEHHS MPO OCMATUYHY CKIIAJIOBY
PO3KJIIMHIOIOYOTO TUCKY, KM BHHHMKA€E YHACIIJOK 3MiHU KOHIICHTpAII] 1 CKJIady PO3UUHY B
TOHKOMY TPOMIAPKY. PI3HUIIT OCMOTHYHMX THUCKIB B MPOMIAPKY 1 00'€MHOMY PO3YMHI MOXKE
OyTH MPUYMHOIO SK CHJ TSOKIHHA (IIPU HETATUBHIM aJcopOIii pO3YMHEHUX PEYOBHUH), TaK 1
cu BiAmTOBXyBaHHSI. OCMOTHYHI CUJIM TPUTSATAHHS BHUSBJIIIOTHCS, B MPOIIAPKAX PO3YUHIB
MOJIIMEPIB, IO HeaacopOyroThes. Llel edekT € BimoMuii sIk TPOSIB «BUTICHIOBAIBHUX CUID. Y
peaIbHUX CHCTEMaX MOXJIMBHUI OJTHOYACHUHN MPOSB JEKITBKOX CKJIAJJOBHX TOBEPXHEBHUX CHUIL.
VY3aranbHeHa Teopis arperaTMBHOI CTIHKOCTI BKJIIOYAae HE JHIIE MOJEKYISIpHY 1
€IIeKTPOCTATUYHY, aJie 1 1HII CKJIAJIOBI PO3KIMHIOIOYOTO TUCKY.

[ToBepxHEBi CHIIM HAWTIOMITHIIIIE BUSBIISIOTHCS B HAHOAUCIIEPCHUX CUCTEMaX, KO iX
Jlisl TIOYMHAE TIePeBaXKaTH HAJl CHJIAMH TSDKIHHS, 1 YACTKU MOXYTh OpaTH y4acTh y BUTBHOMY
TerioBoMy (OpoyHiBcbkoMy) pyci. JloJaTkoBe BpaxyBaHHS B TeOpii CTIHKOCTI KOJIOimiB,
IUTIBOK, CTPYKTYPHOI CKJIaJI0BOi MOBEPXHEBUX CHJI, OTPUMaB Ha3By MOJAU(DIKOBAHOI Teopil
JUUIDO. 3 BpaxyBaHHSIM IMX CHJI 3arajibHa €HEPris B3aEMO/IIi YaCTOK piBHA!

uv=U,+U.+U,

ne Ug, Uc - eHepris BiAIITOBXYBAaHHS €JIEKTPOCTATUYHOI 1 CTPYKTYpHOI MPHUPOJIH,
U\ - eHepris MOJIEKYJISIPHOTO MPUTSATAHHSL.

Sxmo pamiyc dacTtok aucnepcHoi ¢asu Habarato OUTBIIUN BiJ TOBIIMHU 10HHOT
aTMOc(epH, EHEPTII0 ENEKTPOCTATHYHOTO BiMITOBXyBaHHS U, (/) MOXHa 3a1ucary:

U,(h)=2zee,p2r ln[l +exp(— ;(h)] ,
1€ @) - eNEeKTPUYHHWI MoTeHIian moBepxHi, B; y - mapamerp [leGas (BenuunHa,

. . ‘o -1 .
oOepHeHa TOBIIMHI AM(Y3HOT YACTHHHU TOJBIHHOTO €JICKTPUYHOTO IIapy), HM ; 7- paiiyc
YacTOK, HM; & - JIieJISKTpUYHA MPOHUKHICTh cepenopuina, ®/m; ¢ - eleKTpUYHA cTana; A -
BIJICTaHb MDK YaCTKaMHU, HM.
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. 2F°1 .
[TapameTp y po3paxoBYIOTH MO GOPMYIi: y = o RT ne I - 10HHa cuja po34uHYy, siKa
¢,

3aJIe)KUTh BiJl BJACTUBOCTEH pPO34YMHY 1 MO Teopil po3unHiB enekTpomiTiB Jlebas-I rokkemns

. 1 .. . .
BUPAKAETHCS PIBHAHHAM: [ = EZcizf , 1€ ¢,- KOHIIEHTpaLis 1-ro 10Ha, M; z; - 3apsn 1-ro
i

10Ha.
Po3paxyHOK MOJNEKYyNISIpHOT CKJIQJ0BOi PO3KJIMHIOIOYOTO THCKY 0a3yeThCs Ha
. Alr r
BUKOpPMCTaHHI piBHsAHHA ['amakepa : U, (k)= -5 ;—2lnz ne A - xoncranra ['amakepa,

10 XapaKTepU3ye MOJEKYISIPHY B3a€MO/IIF0 KOHTAKTyrOUnX ¢a3, Jx.
CTpyKTypHY CKIaJI0BY PO3KIMHIOIOYOTO THCKY PO3PaXOBYIOThH 13 PIBHSHHS:

U (h)= mKI* exp[— ﬂ , ie K=10° H/M*, =1 HM, € 3HAUEHHSMMU TIAPAMETPiB PIBHAHHS.

U/kT ||\
\\
N
~N
~N
Uan/¥T X~
——— — h
57 gll /kT
. /y
/
/
/_uyl [kT
/

Puc.5.6. 3acanvnuti 6uensio nomenyiaibHoi Kpuoi napHoi 83aEmooii Yacmox, ompumMaHoi 3
8PAXYBAHHAM eHep2ii eNeKMPOCMAMUYHO20 BIOUMOBXYEAHHS I MOJIEKYIAPHO20 NPUMALAHHSL

Po3paxyHKu 03BOJISIOTH BUSHAYNUTH BUCOTY eHepreTuaHoro 6ap'epy (U,,.), TIMONHY
npyroi moteHmianbHol ssMu U,,,;,(2) Ta X TIOJOKEHHS, Ha MACTaBl SKUX MOXKHA pO3paxyBaTH
YHHHUKH CTIHKOCTI cuctemu (W) npu xoarynsiii yactok B nepirit U,,;,(1) 1 B apyrikd U,,;,(2)
HNOTEHIIAIbHUX sIMaxX. SIKIIO Koarysiis YacTOK IPOXOJUTh 3 IMOAOJAaHHAM Oap'epy
BIIINITOBXYBaHHs (Oap'epHUil MexaHI3M), TO (aKTOp CTIMKOCTI MOYKHa pPO3paxyBaTH TIO
bopmymi : W, = 1exp[— Uma"}

2yr kT

dakTop CTIHKOCTI TPU KOATYJAMIl B JOPyroMy MOTEHIIIaJbHOMY MIHIMYMIi

U 1) ,
po3paxoByrOTh: W =|1-exp —ﬁ , 1€ U,yux - BUCOTA EHEPTETHUHOTO Oap'epy.

ArperaTuBHA CTIHKICTB 30J1IB TIAPOKCHIIIB 1 OKCHIIB METAIIB ICTOTHO 3aJICKUTH BiJ
CITIBBIJHOIIIEHHS 10HI30BaHUX 1 HE10HI30BAHMUX T1IPOKCHIBHUX TPYM Ha TIOBEPXHI YaCTOK, Ta
MOXKe 3a0e3MedyBaTuCsS HAsSBHICTIO Ha TIOBEPXHI YaCTOK T1ApaTHOI 0OOJIOHKH, BUHHUKHEHHS
SIKOT MOXKJIMBO 3aBJSIKM YTBOPEHHIO BOJHEBUX 3B'si3kiB OH-rpym moBepxHi 3 MOJIEKyIaMu
BOAU. Y IMX yMOBax MOXJIMBO BpaxyBaTH JIMIIE CTPYKTYPHY CKIAJOBY PO3KIMHIOKYOTO
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TUCKYy 1  MoOJeKylaspHux  cwi.  CHiBBIIHONmIEHHS  MDK  €JICKTPOCTAaTHYHOIO 1
HEEJIEKTPOCTATUYHOIO CKJIAJOBHMH PO3KJIMHIOIOYOTO THUCKY ICTOTHO 3aJIKUTh BIJ MIpH
T1APOKCHITIOBAHHS Ta 10HI3aIlli TOBEPXHEBUX TPYII.

5.7. Kinemu4Ha cmitlikicmb 30sie. CeQumMeHmauis

YacTuHKM AWcHepcHOi (a3 OJHOYACHO 3HAXOMATHCS B IO CHJ TSDKIHHSA 1
apXiMeJIOBOI1 CHJIM; 3aJIKHO BiJ CITIBBIHOIICHHS IIUILHOCTI JUCIEPCIHHOTO CepeoBHIIaA 1
mctiepcHoi (pa3u piBHOAINHA MUX CHJT 3MYITYBaTUME YaCTUHKH JI0 OCITaHHS YH CILTUBAHHS.

IIpomec ocimanHs a0o0 CIUIMBaHHS KOJIOIAHUX YAaCTHMHOK B 30JIi HA3WBAETHCS
cequMeHTariero. [Ipore ceauMeHTaiii 3aBXKAW MPOTHJIE IHIIMA TIpPoIeC, IO BEAE 0
PIBHOMIPHOTO PO3MOJITY KOJIOITHUX YacTHMHOK — Audy3is, sika BigOyBaeThCs Ml II€IO
OpOYHIBCHKOTO pyXy dacTHHOK. OjHouacHHMH mepelir IUX JBOX IIPOIECIB BHU3HAYAE
KIHETHYHY CTIMKICTh 30J1IB — 3/IaTHICTh KOJOIMHUX YaCTHHOK YTPUMYBATHCS B 3BAXKECHOMY
CTaHil, HE MAAaBIINCEH CEIUMEHTAIlI].

XapakTepUCTUKOIO CEAMMEHTAIIIHHOT CTIMKOCTI € TINCOMETPUYHA BHUCOTA Ah%, 10

_ RTIn2
) VgNA(p_pO).

I'incomerpuyna BHcoTa (CeaMMEHTAIllITHA CTIHKICTh) 30UIBIIYETHCS 3 ITiABUIICHHIM
TEeMIepaTypH, 3MEHIICHHSM PaJiiyCy YacTOK i T'YyCTHHU JAUCIIEPCHOI (a3u.

Y cratuctuyHiii Teopii OpOYHIBCBKOTO pyXy, po3BUHEHOW A. EHHIITEHHOM,
BBOJMTHCS TIOHSITTS CEPETHE 3MIIIEHHSI 7 Ax 10 € MPOEKIIE€I0 BiICTaHI MK MOJOKEHHSIMU
YaCTUHKU X; ,X; Y SAKUX YaCTUHKA 3HAXOAMJIACS IiJl 4ac JBOX IMOCHIJIOBHUX CIOCTEPEKEHBb
gepe3 dac f. 3HAYCHHS KBajpaTa CEPEAHHOTO 3MIMICHHS MOXKHA 3HAWTH 13 PIBHSHHS
EitHmireitna, mo 3B'si3ye A 3 Temneparyporo 7, paaiycoM KOJOIJHHX YacTUHOK 7 i

YHCEJIBHO PiBHA BUCOTI, Ha AKIM YMCJIO YACTOK 3MCHIIYEThCSA B 2 pazu: Ak

: Ax® RT .
B'SI3KICTIO CEepeIOBUIIA 77: = . CepenHe 3MIlllEHHS YaCTUHKU TOB'S3aHE 3
t 3z N nr
. . . , kT
koediieHToM audy3ii D, skuil Moxxe OyTH po3paxoBaHui K Ax” =2D¢, npu D = ‘ .
znr

Wi

¥

Y

=
a) 6)
Puc.5.7. Cxemamuune npedcmasnenus Kpusoi ceoumenmayii a) ma kpugoi po3nooiny 0)
Bemmuuna xoedimienTa audy3ii BU3HAYAETHCS BIJHOIICHHSAM TEIUIOBOI CHEPTIl

monekyn k7 1 B’si3koro omopy audy3sii 3 O60ky cepenoBuiia. OCKiNbKH mpoiec Audys3il
BUSIBIISIETHCSI TUM CHUJIBHIIIE, YMM MEHIIOK € Maca KOJOIiMHUX YaCTUHOK, TO OUIbII
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YaCTUHKUA OCiIaloTh ab0 CIUIMBalOTh B mepiry 4epry. KiHeTH4Ha CTIHKICTh 30J11, TaKUM
YUHOM, MPSMOIIPOTOPIIHHA CTYNEHIO aucrepcHOCTi 30s. [loMiTHE OCiaHHS YaCTHHOK B
cUCTeMi MOKHA BUKJIMKATH 32 JOTIOMOTOO IIEHTPU(YTyBaHHS 30JIs1.

MeToau cemuMmeHTamii 1 yIbTpameHTpo(yryBaHHsS 3aCTOCOBYIOTH JJIsSi BUBUCHHS
TIOJTI TMCTIEPCHOCT1 KOJIOITHUX CHCTEM, [0 0OYMOBJICHO ICHYBAaHHSM B KOJIOiTHUX CHCTEMax
YaCTUHOK Pi3HUX PO3MipiB. BUBUEHHS MOITUCTIEPCHOCTI KOJOIMHUX CHCTEM 3aCTOCOBYIOTh
JUISS BCTAHOBJICHHSI KITBKICHOTO PO3MOJITY YAaCTHHOK IO pO3Mipax - CeIUMEHTalliiHUN
aHaJi3, SIKHA MPOBOJUTHCS 3a JOTIOMOTOI0 BHMIPIOBAHHS 3POCTaHHS Bard YacTUHOK W, IO
ociny, 3 4acoM. 3a pe3ysbTaTaMu TaKOTO JIOCIiPKeHHS Oy IyIOTh KPHBI CETUMEHTAIII].

[IpoBopsiun aHaui3 KPUBOi CEAMMEHTAIlii, MOKHA PO3paxyBaTH KPUBY PO3MOALTY IS
JTAHO1 CHUCTEMH, SIKa XapaKTepU3y€ BIAHOCHUN BMICT B CHUCTEMI YaCTHHOK PI3HOTO PO3MIpY.
3a3Buuaii, KpUBI PO3MOAUIA MICTATh OJWH MAaKCUMYyM, SIKHH BIJIIOBIJA€ T, - HAHOUIBII
HMOBIpHOMY pajilyCy YaCTHHOK JHUCTIEPCHO1 (ha3m.

5.8. CeQumeHmauitHuli aHani3

Jlaauii METOJ] TPYHTY€ETHCS HA BU3HAUCHHI IIBUIKOCTI OCITaHHS TBEPIUX YaCTUHOK B
SKOMY-HEOylb B'S3KOMY cepeAoBHIIi (piauHi abo rasi) mpH iX JamMiHApHOMY pyci. 3TiTHO
3akoHy CTOKcCa, JUIsl YaCTUHOK PaalyCcoM 7 1 TYCTHHH p,, TIOMIIIEHUX B PIIKE CEPEIOBHIIE 3
IIUIBHICTIO ), 1 B'SA3KICTIO 7, LIBUAKICTB OCIAaHHA U CKJIAJIA€E:

V= [2(pn - pe) g1/, v =r/K’
ne K= \/977/ [2(7/n - ;/)K)g], OCKITBKM 71 KOHKPETHHUX YMOB aHaji3y BEJIWYHHU

Pn Poc &Y € CTAIUMHU, TO 3HAIOYH H_IBI/IZ[KiCTB V, HCBAXKKO pO3paxyBaTu pOSMip YaCTHUHOK:

r=v\9n/2(p, - p,) €]

HaBeneni piBHSIHHSA clpaBe[JIMBI MPH PIBHOMIPHOMY pyCl YaCTHHOK B piauHIi, i
HECKIHUCHHO Malliii JOBXHHI BUIBHOTO MPOOITY MOJEKYl PIAMHU BiIHOCHO pPO3MIPY
YaCTHHOK.

I'OCT 22662—77 BCTAaHOBJIFOE BaroBMM METOJ ceauMeHTalli 1 METOJ
dboTtocemuMeHTanii Ui BU3HAYEHHS CKJIAJy METAJIeBUX IMOPOMKIB 3 chepudHoro abo
MOJIICIPUYHOI0  (OPMOI0  4YacTHHOK po3mipoM 0,5—40 MkMm. 3a po3Mip YacCTUHKH
noJieApiyHoi  opMHU TpUKIMaIOTh JiaMeTp cdepH, piBHOI 00'eMy YacCTUHKH (IiaMeTp IO
Crokcy). [IpoOy st BunpoOyBaHb Macor > 50 T BUCYIIYIOTh B YMOBaX, 1110 HE JOMYCKaIOTh
OKHCJICHHSI TIOPOIIKY, 1 MPOCIBAIOTh Yepe3 CUTO JJIsl BUJIAICHHS YaCTUHOK OiunbiuxX 40 MKM.
[IpoOy anst mpoBeneHHsT CEIUMEHTAIIHOHHOTO aHali3y OepyTh B KIIBKOCTI, HEOOXiMHIN st
OPUTOTYBaHHS CYCIIEH311 3 KOHIIEHTpatier nmopomky < 0,4 %.

[Ipu  BaroBili ceguMeHTalii BU3HAYAIOTh IIBUAKICTH OCINAHHS YacCTUHOK 3a
MIBUJKICTIO HAKOMWYEHHS OCay IMOPOIIKY, IO ocimae 3 cycrnensii. s mporo mpoTsarom
aHamizy Oe3nepepBHO ab0 uepe3 BU3HAYCHI MPOMDKKU Yacy 3BaXKYIOTh O0Call 1 OTPUMYIOTh
3QJIOKHICTP MacHh OcCaay BIIl TpHUBAIOCTI ocimaHHs. [lucmepciiiHa piauHa MTOBUHHA
YTBOPIOBATH 3 MOPOIIKOM CTIHKi CycTieH3ii, 100pe 3MOdyBaTH HOTO YaCTUHKH 1 OYyTH XIMIYHO
IHEPTHOIO JI0 HUX, IIUIBHICTH 1 B'S3KICTh MOBHHHI OyTH Takumu, o0 3abe3rnedyBaivcs
YMOBH JIAMIHAPHOTO PyXy HAMOUIBIINX YACTHHOK MOPOIIKY, @ TPUBAIICTh BCHOTO aHAIII3Y HE
nepeBuilyBaia 6 ToauH.
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CycneHsito MOpOIIKY B IUCHEPCIHHINA piIMHI TOTYIOTh B KIOBETII, MEPEMINIyIOUH
MIIIAJIKO0 TPOTATOM KUIBKOX XBWJIMH, HE JIOMYCKAalOUW YTBOPEHHS OYIh0AIIOK MOBITPS;
micInsl 3aKiHYEeHHS nepeMlmyBaHH;I MOPONIOK MOBUHEH OyTH piBHOMIpHO pOSHO,I[lJ'IeHI/II/I o
BUCOTI KroBeTH. [licis mepeminryBaHHS MIIIAIKy BUTSATYIOTh 3 KIOBETKH 1 3aHYPIOIOTH B
YaIIKy Bar, TPHBAJIICTh YCTAHOBKU HE TIOBUHHA TTEPEBHIYBaTH 15 C.

3anexHO BiJl MPUPOIHU MOPOIIKY PEKOMEHAYIOTHCSl HACTYITHI AUCTICPCIiHI piHH:

MeTasneBuii TOPOIIOK Jucnepciitna pinnHa
AnoMiHIN 0,2 %-Hui BOAHUN PO3YUH OJI€aTy HATPiI0;eTUIOBUN CIUPT
3aiis3o Maco coeBe B CyMmilli 3 alleTOHOM B CHiBBiIHOIICHH] 1 : 1
KobGanbT, Marui ETunoBwmii cimpt
Mins, 6poH3a byTtunoBwuii ciupTt, areToH, COEBE MACII0, IUKJIOTEKCAHOH
Momnionen ATIETOH, €THJIOBUH CITUPT, TITIIEPHUH, IMKIOTEKCAHOH

TpuBamicTh OCiJaHHS YAaCTHHOK PEECTPYIOTh aBTOMAaTHYHO. [Ipm HeaBTOMATHYHIM
peecTparii 3aMipsSrOTh 3aJIEKHICTh MACH OCaIy BiJl 9acy €KCIMEPUMEHTY 1 OyayroTh rpadik
3aJIe)KHOCTI MacH OCaay BiJ TPUBAJIOCTI OCiTaHHS 7, MEPETUHU HA CEIUMEHTAIIiHIA KPUBIl
He nomyckaroTbes. [loTiM a/is 9acTMHOK TMOpOWKY miameTpamu dn . .,, d;, d,
OOYHCITIOIOTh Yac OCIIaHHs B CEKyH/IaX 1o popmyni: = 18nh/ (2(Prpoe)d

Puc.5.8.1. Cxema npucmporo ona nposedeHHs ceOuMeHmayiliHo20 anaisy

[Mpuknan : cegumentauiiinuii anani3 TiO, K CHHTE30BaHOTO 30JIb-Tellb METOAOM. st
CHHTE3Y 3aCTOCOBYBAJIACS CTaHIapTHA METOJMKA MOBLIBHOTO Timpomi3y 7iCl, B IpUCYTHOCTI
NaOH 3 mnomampmum poskucineHasMm HCl nmo 3mawenns pH 5-6, mpommBKOIO B
JMCTUILOBaHIM Boai Ta cyminasam upu 80-90°C.

o , w] M, T . el drpf'dt, r/c
Ff}'-l I l - =t
l e 5 D03 -
ﬁ | ..u
"ﬁn' -l | | | 704 °o° e -
m/l : l =5 2 \.. o /\.\
: | l i : 1] '... uLae ,./ \L’. \64.. \
i ':J ':I" ; T 1-'."- ID- ) t’ c D.0D - _.\‘\l .. t: C
4§ & 4 5 ©oome e mmoww P e e =
Elj 6) Bj

Puc.5.8.2. Yacosa 3anexcnocme 3MIiHU MACU OCAOHNCEHO20 3 KOIOIOHO20 PO3YUHY NOPOUKY
a), 06) . Jugepenyianvha Kpusa 3anexHcHOCMi WBUOKOCMI 3MIHU MAcCU 0cady 8i0 uacy
eKcnepumenmy 8)
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Ha nudepenmianpHiii kpuBiii, moOyqoBaHiil Ui Ii€i 3aJ€KHOCTI, BHUSBICHO Psif
MaKCUMyMIB, IO BiJMOBIAAIOTh OCAKEHHIO 3 KOJIOiAy (pakiii 4acTMHOK 3 TIEBHUM
po3Mipom.

5.9. EnekmpokKiHemuy4Hi sssuwa

K10 TOMICTUTH 30Jb B TIOCTIHE €NEKTPUYHE T0Jie, TO 3aps/DKeHI YaCTHHKHU
pyXaTUMYThCS 1O TPOTUJICKHO 3apsPKEHHUX €JIEKTPOJIIB: KOJIOiHA 4YacTHHKa 3
azcopOOBaHMMU HA HIW MPOTUIOHAMU - B OJUH 01K, TPOTHUIOHU AU(PY3HOTO MIAPY - B 1HIIHIA.
Cua, 3 SKOI eJEKTPUYHE II0JIe Jli€ HAa YacTUHKH (I IIBHJIKICTh PyXy YaCTHHOK) Oyje
MPOIIOpIIiiiHa {-MTOTeHITiaTYy.

Pyx wactuHok mucnepcHOi a3 B eNEKTPUIHOMY IOJII HA3UBAETHCS EIEKTPOGOpPE3oM.
SBumie enexkrpodope3dy MoxkHa croctepiratd, momictuBmu B U-momgiOHYy TpyOKy SIKHiA-
HeOyp 3a0apBIIEHWH 30J1b, TOBEPX SIKOTO HAIUTHN Oe30apBHUIN €JEKTPOJIT, IO HE
3MINIYETbCA 13 30JIeM. SIKIIO OMYyCTHTH B ENEKTPOJIT €JEKTPOAW 1 MPHUKIACTUH PI3HUIO
MOTEHI[IaiB, TO MeXa 3a0apBJICHOTO 30Ji1 B OJHOMY 3 KOJiH TPYOKH MiJHIMATHMETHCS, B
IHIIIOMY - OITYCKATUMEThCSI.

SAxmo nomictutu B U-mogiObHy TpyOKy MOpHCTY MEeperopoaky (Hampukiai, IpiOHUH
KBapIIEBHI TICOK) 1 3aIIOBHUTH 11 BOJOI0, TO MPU HAKJIAJACHHI PI3HUII OTEHINATIB B OJJHOMY
KOJTiHI CIIOCTEePIraTUMETHCS MiOM PiBHS PiIUHU, B IHIIOMY - HOTO OITyCKaHHSI.

Pyx nmucmepcHoro cepenoBwiia B €ICKTPUYHOMY TIOJi BIIHOCHO HEPYXOMOi
mucniepcHoi (a3 (y pO3TISHYTOMY BHWITAJKYy — BIJHOCHO TIOBEPXHI TOPUCTHX TIN)
HA3WBAETBCSl EJIIEKTPOOCMOCOM. SIBhIa enekTpodope3y 1 eIeKTPOOCMOCY OTpPHUMAIU

3arajbHy Ha3BY - €JIEKTPOKIHETHYHI SBUIIIA.
— +

—7— =+
S
a) o)

Puc.5.9. Cxema oocniody no enekmpogopesy a) ma erekmpoocmocy 6)

[IBuaKicTh pyXy YAaCTUHOK JHUCTIEPCHOI ¢a3u TpH eleKTpodopesi, a TaKoxK
MIBUJKICTh PYXy JHUCIEPCHOTO CEPeOBUINA TPU EJIEKTPOOCMOCI TPSIMOMPOTIOPIIIHI
HANPY)KEHOCTI ENEKTPUYHOTr0 mojis £ 1 JieNeKTpUYHIA TPOHUKHOCTI JUCHEPCIHHOTO
cepefioBUIla &, M0 OOEpHEHOIpomnopuiiHa B'A3KOCTi cepenoBuma. IIBuakicTs pyxy
YaCTUHOK JUCIEPCHOI (a3u Mpu eneKTpodopesi v MoB's3aHa 3 BEIUYMHOIO ( -TIOTEHIATY
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Krnv
ek
dbopMu YaCTHHOK AUCTIEpPCHOT da3u; 1 chepruaHuX YacTHHOK K = 6.
JliniliHa WBUIKICTh V 3MIHIOETHCS MPOIMOPIIHHO HAMPYXKEHOCTI Mmojs E, ToMy He
MOXKE€ CIYXKUTH XapaKTePUCTHKOK YAaCTHUHOK. Y 3B'A3Ky 3 IIMM BBEJIEHO TOHATTS
eNeKTpopopeTHdHOI pyXJMBOCTi U,y He, KA He 3aJISKUTh BiJl IPUKIAJECHOI HALIPYTHU.

2
M M

c-B-m' B-c
EnexkrpodopeTnuHa pyxJiMBICTH YAaCTHHOK JJIsi 30JiB Ma€ 3HAYCHHS MOPSIKY

piBasiHHSM ['enbmrombiia-CMOITyX0OBCBKOTO: £ = , 1e K - crama, 1m0 3aJIe)KUTh BIJ

U :%, [Ued)]z

e

Uep =(0,4+0,8)-10" BM_ 3BOpOTHI elleKTpodope3y 1 eICKTPOOCMOCY €JIEKTPOKIHeTHYHI
- C

sIBHIIA (ENEKTPOKIHETUYHI SBUIIIA JPYTOro pojy) Ha3WBAIOTh MOTEHIIaJaMH CeIUMEHTAIlii 1
NPOTIKaHHS.

[Torenmian cemumenTamnii (epext JlopHY) - BUHMKHEHHS PIi3HHUIIl TOTEHI[ANIB MPHU
BUMYIIICHOMY pPYCl AMCHEPCHOI (ha3u BIAHOCHO HEPYXOMOTO IHCIEPCIHHOTO CepeoBHINA
(HampuKIaI, M JEF0 CUIIM TSOKIHHS).

[Torenuian nportikanas (edexkr KBiHke) — sSBUIC BUHUKHEHHS PIi3HUIII MOTEHIlIATIB
IpU PyCl TUCTIEPCIHHOTO CEepPEeIOBHUINA BITHOCHO HEPYXOMOi aucrepcHoi ¢a3m (Hampukiai,
IpH MIPOJIABITIOBAHHI €IEKTPOJITY Yepe3 MOPUCTE TiJIO).

5.10. O4yuweHHs1 Kos10i0HUX cucmem

Jlesiki MOJIEKYIIPHO-KIHETHYHI BJIACTUBOCTI KOJIOiTHUX CHCTEM BUKOPUCTOBYIOTH JIJIS
OUYUIICHHS 30JIiB BiJl €JEKTPOJITIB 1 MONEKYISIpHUX AoMimiok. Haiibimpm mommpeHuMu
METO/IaMH OYHUIICHHS KOJOIMHUX CHUCTEM € Jiaii3, eJIeKTpoiami3 1 yabTpadinsTpamis. Jani
METO/IM 3aCHOBaH1 Ha BJIACTUBOCTI JESKUX MaTepiajiB (HaMBIPOHUKHUX MeMOpaH, KOO0,
NepraMeHTy, 1enodany) mpormycKaTi 10HH 1 MOJICKYJIM HEBEJIUKHUX PO3MIPIB 1 3aTpUMYBaTH
KOJIOiMHI YacTMHKHA. BcimMa HamiBOpOHWKHMMH MeMOpaHaMd € TIOPUCTI Tina, a
HEMIPOHUKHICTH iX IS KOJIOIIHUX YAaCTHHOK OOYMOBJICHA THM, 110 KoedimieHT nudys3ii ais
KOJIOITHUX YaCTHMHOK Ha JICKiJIbKa MOPSAKIB MEHIIWN, HIX IS 10HIB 1 MOJIEKYJI, 10 MalOTh
HabaraTto MEHII Macy i po3MipH.

[Tpunan m1s OYUIIICHHS 30J1iB METOIOM Jlialli3y HA3MBAETHCS Jiadi3aTopoM; MPOCTHM
Jiaxi3aTopoM € MOCYAWHA, HWKHIM OTBIP SKOI 3aTATHYTHH HAIMBIPOHHKHOIO MEMOpPAHOIO.
30J1b HAJMBAIOTh B TOCYAWHY 1 MOMIIAIOTh B €MHICTH 3 JUCTHUJIHOBAHOKO BOJIOKO; 10HU 1
MOJICKYJIA JOMIIIIOK U (PYHIYIOTh Yepe3 MEMOpaHy B PO3UMHHHUK.

il L
1 30 = P
. z Eﬁ—]—i T0/1h +
] = | E+
™ BOIa 7 Boma BOMA
a) 0)

Puc.5.10. Cxema oianizamopa a), cxema enekmpo-oianizamopa 6)
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Hiani3 € ayxke MOBUTBHMM TPOILIECOM; IS IIBHUIIOTO 1 KPAaIoro OYMIINEHHS 30JIiB
3aCTOCOBYIOTH elleKTpodiam3. EnekTpoaianizaTop CKIagaeTbes 3 TPhOX YACTHH; y CEPEIHIO
YaCTUHY, BIJIOKpEMJICHY BiJ [BOX IHINIMX HAMBIOPOHUKHUMU MeMOpaHamH, 3a SKUMH
MOMIIICH]I E€JCKTPOJN, HAIMBAETHCA 30Jb. [IpyM MAKIIOYEHHI IO EJIEKTPOJIIB PI3HUII
MOTEHITIaTIB, KATIOHH €JIEKTPOJIITIB, IO MICTIATHCS B 3011, IUPYHAYIOTH Yepe3 MeMOpaHy 10
KaTrona, aHiOHM - 10 aHoja. llepeBara enekTpomianidy MOJATaE y BHCOKOMY CTYIEHi
OUYHUIICHHS (HEOOXITHO mMam'sITaTh, 0[O0 CTYHiHb OYHIIEHHS OOMEXYETbCS CTIMKICTIO
KOJIOITHUX YaCTUHOK; BUIAJICHHS 13 30J1a 10HIB-CTa0UIi3aTOPIB MPUBEIE A0 KOATYJIAIIIT).

[lle omHUM METOIOM OYHMIIEHHS 30JIiB € yIbTpadinbTpallis - BiAIUICHHS TUCTIEPCHOI
da3u BiI JUCTEPCIHHOTO cepeAoBUINA IIISAXOM (IMBTPYBaHHS TiJ THCKOM uepe3
HaMiBIpOHUKHI MemOpanu. [Ipu ymbpTpadinbTpariii KOJOiITHI YaCTUHKH 3aJMIIAIOTHCS Ha
binbTpi (MemOpaHi).
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6. TepmoanHamika noBepXxHi Ta NOBepXxHi po3ainy ¢as

6.1. XiMmiyHUU nomeHuian

PosristHeMo reTeporeHHy CHCTeMY, B AKIH MPOXOIATH XIMIYHI TEPETBOPEHHS 1 SKa
CKJIQJIA€ThCS 13 JEKITbKOX TOMOTEHHUX YaCTHUH KOXHA 13 SKHX B CBOIO UEPry CKJIQJA€ThCS 13
PEYOBHH §;, S, ..., S, 13 MacaMu m;,m,, ... ,m,. Buennii ['10c He BpaxoByBaB XiMi4HI peaKilii
MK peYOBHHAMHU OJHI€1 cUCTeMHU. 3MiHa €HEeprii JIesKoi TOMOTeHHOT YacTUHU dU MOBUHHA
Oyna OyTu nporopiiiiina 3miHam mac dm;,dmy, ... ,dm,, :

dU =TdS - pdV + pdm, + p,dm, +...4+ u dm,

Tyr Bemuuunu 7, S, p, V — temmeparypa, eHTpomis, THUCK, 00’eM. [lanuii BHpa3s
Bi/INOBia€ piBHOBakHOMY cTaHy. KoediuieHTH g, - XiMi4HI HOTEHIIAIH.

XiMiuHEe TTEPETBOPEHHS MOKHA 3aIMCATH 1 B MOJIbHOMY BUTJISI, KOJH (IKCYIOTHCS HE
MacH PEYOBHH, a X MOJI:

dU =TdS — pdV + p,dN, + p,dN, + ...+ u,dN, , abo

dU =TdS — pdV + Y pt,dm,
http://ilch.vsmu.edu.ua/students/physchem/lectures/ukr/

6.2. BinbHa eHepeis lNibca i sinbHa eHepeis Nenbmeonbya

PosrasHemM XiMigHUI TOTEHIAI 3 OISy 3aKOHIB TEPMOIUHAMIKH [2, 3]:

[epmuii 3akoH TepMmoauHaMiku: AU =Q — A4,

3MiHa BHYTPIITHROT €HEPTii piBHA PI3HUII KITBKOCTI TETUIOTH, KA HAJTAETHCSA CHCTEMI
Ta BUKOHaHIA poOOoTi. SIKII0 mpuifHATH poOOTY, K BEITUYHHY, IO BKJIIOYAE 3MiHY 00’eMy
IPY TIOCTIHHOMY THCKY Ta POOOTY MO BHKOHAHHIO XIMIYHOTO TPOIECY, TO TEPIIHA 3aKOH
TEPMOJMHAMIKY 3anuiieTbes: AU =Q—pAV — A4, .

Jlpyruii 3aKOH TepMOAMHAMIKH JIJIs1 000pOTHBOTO Mporecy: Q =TAS ,

toni: —A,, =AU+ pAV —TAS

Bemuunmna -4, xapakTepusye 4YacTUHY BHYTPIIIHBOI €Heprii, $Ky MOXKHa
MIEPETBOPUTH B POOOTY TIPH CTAJIOMY THUCKY 1 TEMIIEpaTypl - HA3UBAETHCS BUIHHOIO €HEPTIEI0
I'i6ca - G ( 1300apHO-130TepPMiIYHUI MTOTEHITIAN).

Benmunna TAS BinnoBifae 3B’si3aHil €HEprii, IKy HEMOKHA IEepPEeBECTH B poboTy. B
3araJbHOMY BHIAJKy eHepris ['ibca 3anucyeThes y BUTIISIIL:

G=U+pV-TS=H-TS ,a00 AG =AH —ATS —-TAS

ne H=U-+pV - eHTalblisl CHCTEMH, sIKa TPU HE3MIHHOMY OO0’€Mi cIiBmajgae i3
BHYTPIIIHBOIO e€Hepriero cucremu. [lpm cramiii Temmeparypi (TersoBa piBHOBara 3
30BHIIIHIM cepeloBUIeM): AG =AH —TAS .

Kpurepiem mns caMOBIIBHOTO TIPOIECY CIYXHUTh BiJl’€MHE 3HadeHHs eHeprii [10ca,
T00TO 3MeHmeHHs G . J{ns mporeciB mpu MOCTIHHOMY 00’€Mi BHKOPHCTOBYETHCS €HEPTis
I'enpMmrombia (i30X0pHO-130TepMiuHUi moTeHian): F=U —TS .
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Skmo mporecu MpOXOoIsiTh B KOHJEHCOBaHIM (a3l 4u cranmomy 00’emi TO eHeprii
['i6ca Ta ['enpMromBIIA CIIBIIAIAIOTH. 30UTBIICHHS €HTPOITIT MPU3BOAUTH /10 3MEHIIeHHS G 1
BIJIMTOBIJIa€ CAMOBIJILHOMY ITPOIIECY.

XapakTep 3MiHM BiTbHOI eHeprii [i0ca 3almexuTh BiJ CTENEHI MEePETBOPEHHS
PEYOBHHM 1 BU3HAYa€ OOOPOTHICTH TMporecy. Akmio moximHa moteHmiany ['16ca mo cremneHi
NEPETBOPEHHSI PEUOBUHU (ITicisl 11 3MEHIICHHS) IEPETBOPIOETHCS B HYJb - AG =0, a MOTIM
MOYMHAE 301IBIITYBATUCh, TO OY/Ab-AKi 3MiHU CKJIAy MIPU3BEAYTh 10 30UIbIIEHHS €Heprii, 1o
MOBHHHO IMOBEPTATH CHUCTEMY B MMOYATKOBE MOJOXKEHHs. SIKIO >k Mporecu HeoOOpOTHi, TO
AG <0 1 eHeprisi BECh 4ac 3MEHIIYEThHCS (HE Ma€ MiHIMyMY).

st onucy BimbHOI eHeprii ['i6ca Ta ['enmbMronbiia BUKOPUCTOBYIOTh IHTEHCHBHI Ta
eKCTeHCHUBHI mMmapameTpu. ToOTo Oyab-sKkuil BHI pOOOTH MOXHA TMPEACTABUTH, K CyMy
IHTEHCMBHOTO Ta EKCTEHCHMBHOTO mapameTpiB. [l XiMi4HOI cucTeMH 13 3MIHHOIO
KOMITOHEHTOI0 €KCTCHCHBHUM IapaMeTpoM Oyje KITbKICTh PEUYOBHHU, & IHTEHCUBHHM —
xiMiyHau# orenmian ['i06ca. st peakiii npu cTajiii TeMieparypi Ta THCKY:

— A, =AG=AU+pAV -TAS = yr,dm, ,
Jliist peakii mpu cTajiid TemnepaTypi Ta 00’ emi:
— A, =AG=AU+pAV -TAS = yr.dm, ,
[ToximHa 1Mo KiJIBKOCTI i-1 KOMIIOHEHTH SIBJISIE COO0T0 XIMIUYHMI MOTEHIIAIT:
u dG
"\ dn, o

ToO6To XiMiYHMI TOTEHIia]l KOMIOHEHTH CHCTEMH XapaKTepU3ye 3MiHY BiUIbHOI
eHeprii cucTeMu mpu T0OaBISHHI I1€i KOMIOHEHTH MPHU CTAJOMY THCKY, TEMIIEpaTypl Ta
dF
dn,

KUTBKOCTI1 1HIIUX KOMIIOHEHT. AHAJIOTIUHO: 4, =
v.,T

B xiMiyHuX mpomecax, 3a3BuW4ai, BiAOyBaeThbCs 3MiHA KITBKOX KOMMOHEHT. [Ipm
LEOMY BiTbHY €HEpIrilo MOXHA IPEACTABUTH Y BUITISIA: AG =Y (v,G,),

1e v,- cTexioMeTpuuHui KoedilieHT peakuii, orxe: dG, = w.dn,, abo:

dG = (pdn)=dn, Y p,dv,
Jie dv;- BIITHONIEHHS CTEXIOMETPUYHUX KOe(illieHTiB peuoBuH j 1k . [loxinna eneprii

. dG .
Ilbca mo TuCKy HacTh: d—:V. s imeanpbHOTO Trasy, BUKOPHCTOBYIOUH (HOpMYITy
p

MenpneneeBa-Knanelipona pV=nRT otpumMaemo:

nRT
G(p2)=G(p)+ [Vdp =G(p)+ [ =dp =G(p) + nRTIn

1

Jns 1 mouist rasy: u(p,)= ,u(pl)RThl&

D
JIst cTaHgapTHOI BEMYMHYU TUCKY B 1 atMocdepy:

u(p)= y(1)+RT1n%= 4" +RTn p

ne p — THCK (B atMocdepax), 6e3po3MipHa BeTHMIHHA.
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Baxmuso OTpHUMATH 3HAYCHHS XIMIYHOT'O HOTGHI_IiaJ'Iy qcpe3 MOJIpHY KOHL[CHTpaLIiIO.

B upomy Bunazxy i3 piBHaHHSI MenpaeneeBa-Knanelipona p = [%)% = cRT OTpUMAEMO:

p(c,) = (e, + RTIn %

G
JI1s cCTaHZAPTHOI BEIMYMHY 3 OJMHUYHOIO KOHLEHTpanicio: u(c)=u’ +RTInc.

6.3. TepmoOuHamika NoeepxHi

ATOMH Ha TIOBEPXHIi PO3/iTy TBEPAOTO TiJia YU PiIMHU BOJOMIIOTH 1HITUM OTOYCHHSIM
YaCTUHOK, HDXK OTOYeHHS B 00’emi. [losiBa moBepxHi pa3ainry MpU3BOAUTH A0 30LTBIICHHS
eHeprii cuctemu. Pi3MUHA BEIMYMHA — XIMIYHHM TOTEHINANT - XapaKTepHU3ye XiIMIUHE
NIEPETBOPEHHSI PEUYOBHHH, B TOMY YHCIIl 1 HAa TOBEepXHi. Tako BBOAUTHCS IHIIUN MapameTp,
cnenu(iYHUN 1)1 TOBEPXHI, — TOBEPXHEBHIA HATHT.

PosrnstHemo cxemy, Ha sIKi 300pakeHa TETJS 13 Marepiainy, M0 BKIIOYAE PIAUHY.
Jlis1 3017IbIIICHHSI TIOBEPXHI B3J0BXK KOOPJIUHATH X HA BiJCTaHb dX MOTPIOHO MPUKIACTH CUILY
f, BpaxoByroumu, 10 pinHA Bene cebe Sk MpyxkHs IuiiBka. Bukonana pabota f dx piBHA

NPUPOCTYy TOBEpXHEBOi eHeprii -odA-oldx, ne [ — po3Mmip TIOBEpXHI PO3MILTY,
NEePICHANKYISPHUHA 10 HanpsaMKy aii cumn. Toai BennunHa %z o

A 1 (4):1-0):4 - S (R I

. CPUTHHIL . | . |

LI L] L] L I} LI L} L] 1 ] " L Cg:r

Puc.6.3.1. Cxema 30invuenns niowi nogepxui piounu 6 nemmui nio dierw cuau f. Hanpam
Oii Cunu NOKA3aHo CMPIIKOI, WO ABNAE COOOK CUNLY, WO NPUNAOAE HA OOUHUYIO O0BHCUHU
- HA3UBAEMbCSL NOBEPXHEBUM HAMALOM

ToOTo, MOBEPXHEBHUI HATAT BU3HAYAETHCS SIK OOOPOTHS pobOOTa, siKa HEOOXITHA IS
301IbIIICHHS TOBEPXHI PITUHHU HAa OJUHUYHY TUIOMILY: dwt = odA.
Jlnst TepMOIMHAMIYHOTO TPAKTYBAaHHS PO3TIISAA€THCS JBOKOMIIOHEHTHA CHCTEMa, B
SIKii, 3TiTHO TMEPIIOTO i APYroro Hauvajga TEPMOIUHAMIKM, 3MiHA BHYTPIIIHBOI €HEprii i
BUTbHO1 eHeprii ['10ca 3anmucyeThest y BUTIISIL:
dE =TdS-pdV +odA+ pdn;,
dG = -SdT+Vdp +o dA +Z/’i dn;.
: y _ _(8E j _(OGJ
Tonai moBepXHEBHIA HATAT BU3HAYAETHCS SIK: o= — |sy=|— |pr
04 04
TYT IHJICKCH BIAHOCSTBHCS JI0 MapaMmeTpiB, sKi MOBHHHI 3alUIIATUCh CTATUMH IMPHU
30UTBINIEHH] TTOBEPXHI HAa OJUHUYHY BeIM4MHY. Lle piBHSIHHS MOXE 3aCTOCOBYBATHCH 1 IS

CUCTEeMH, 110 BKItOo4Yae TBepAy ¢asy. [loBepXHeBHIA HATAT ¢ JJIS TBEPAUX TiJ BH3HAYAETHCS
SK 000pOTHS po0OTa IO CTBOPCHHIO HOBOI TOBEPXHI MIJIAXOM JOJABaHHS aTOMIB Ha
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noBepxHio. L{s pobGora HeoOXimHa, MO0 AedopMyBaTH MOBEPXHIO TBEPAOTO Tila i SBISIE
c00010 Mipy KpUBHU3HU MMOBEPXHI, IO MOKE BUHUKATH K 32 PaXyYHOK CTHCKY, TaK 1 pa3Tsary
TBepAoro tena. J[Js pimuHU TMOBEPXHEBHM PO3TAT 1 CTUCK PIBHI, a IJIs TBEPAOrO Tila —
MOXYTbh BiIPI3HATHUCH.

Haii6Ginpmm  HArmsamHO [i TIOBEPXHEBOTO HATATY TIPOSBISAETHCS B yYTBOPEHHI
chepuyHMX Kparellb BOJIU, MWIBHUX OyJIbOAIIOK, IO IOB’S3aHO 3 MIHIMI3aIli€l0 IUIOII
MOBEPXHI 1 MOBEPXHEBOI €HEprii. YTBOPEHHsS MOBEPXHI CYMPOBOKYETHCS 301TBIICHHSIM

A2
BUTBbHOT eHeprii. st cramux: p, T ': AG = IadA =o(4.— A).

Jlmm  xpuctamiB o=f(6) 3alMeKUTHh BII KPHUCTAIYHUX  HANPSAMKIB. AHAJIOTIYHO
3aCTOCYEMO TSI TIOBEPXHI, IO BKIIFOYA€E iHTEphEHCHUH 1Iap, /1€ 3aMiCTh 3arajilbHOI CHCTEMH
PO3IIISIAI0THCS TapaMeTPH HOBerHl 1HTep(beI/ICH0ro mapy (HaUTMIITKOBI TapaMeTpH ).

-.p.-'- -.-::.n'-.n‘o‘%\'.‘t:t‘l:c:o &

30

ﬂ/&//

Puc.6.3.2. I[losepxuesuii wap moswunorw | misx osoma ¢hazamu

E =TdS + odA - pdV + p;n;,

ne dV - 00’em iHTepdeiicHoro mapy (7 x dA), dS - HaamuIKoBa eHTpomis iHTepdeicy,
-HaIJTUIIIKOBA KUIbKICTh #2; aTOMIB Ha TPAHMII PO3JILITY.

IMicns inrerpyBauns: E =TS + 04 - pV +> uin,, a=114 (E—TS+pV—Z,u,n,)

TakuM YWHOM, TOBEPXHEBUW HATAT IUIOCKOI TOBEPXHI SBISE COOOI0 KIUIBKICTh
HAJUTAIIIKOBOI eHeprii ['10ca Ha OIMHUII TOBEPXHI, MCsI TU(EPEHITIFOBAHHS OTPUMAEMO:
Ado=-SdT + Vdp - n;du
do =-9dT + vdp -> Tidy
ne I; — HaAIWMIIKOBAa KIJIBKICTh MOJIEH i-i KOMIIOHEHTH Ha OJWHUIIl TOBEPXHI
Mik(a3zHOTO mapy, 3 1 L- HAJUIUIITKOBA SHTPOITis 1 00’ €M Ha OJMHULII TOBEPXHi.
[Ipu cranux Temneparypi i THCKY: do = -ZF,- du;
Jis 1BOX KOMIOHEHT do =-Tdu, —T,du, ,
du; 1 dyp, He SBISIOTCS HE3AJICKHUMHU BEJIMYMHAMH, a TIOB’si3aHl piBHAHHAM [10ca—
Jlrorema: xdp, —x,du, =0

1€ X; 1X;— MOJIbHI (PpaKIii 7BOX KOMITOHEHT.
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X
3 uporo BurumBae: —do =|T, —==T, |du,.
Xy

Tenep MOJXHa 3alluCaTh HACTYIIHC piBHSIHHSI, AK€ MOXC MaTHu BiI[HOIJ_IeHHSI 7§ a0

azcopOuii: —do =T, du, =T,,RTdInc,, ne I'yq)=|T, —%Fl
1

[IpumyckaeTbcsi TaKOXK, MO KOS(ILIEHT aKTHBHOCTI @, HE 3MIHIOETHCS MPH HU3BKIN

KOHIIEHTpaIlii, a Ha MbK(a3Hii rpaHUIll BUHUKAE HAITUIIIKOBA KOMITOHEHTA 2:
r ..do__ 1 do 1 do_
M du,  RT dlna, RTdlnc,

Takum yuHOM, PO3MOJLT AEKIIBKOX COPTIB aTOMIB HA TPAHMIII PO3JLTY BU3HAYAETHCS
CYMapHUM 3HIDKEHHSM BUIBHOI eHeprii 1 XapakTepu3yeThCsl CHUIBHUM BIUIMBOM MajlX
KIJIBKOCTEH PEYOBHH 3 HHU3BKUM IOBEPXHEBHM HATITOM. L[i pedoBMHW MAarOTh TEHIEHIIIIO
KOHIICHTPYBATHCh B TIOBEPXHEBIM II1api, 3SMEHIITYIOUN MTOBEPXHEBUH HATAT. [|JIsI KOMIIOHEHT 3
BUCOKHM ITOBEPXHEBHM HATATOM J00aBKa PEYOBMH B IMOBEPXHEBHUH IIap 3 OibII HU3BKOIO
MOBEPXHEBOIO CHEPTIEI0 MPU3BOINUTH JI0 3MEHIIICHHS 1X KOHIICHTpAIlli Ha TIOBEPXHI 1 BUKOHYE
JOCUTHh CIAOKW{ BIJIMB HAa TOBEPXHEBUH HATAT. BIiAMOBITHO MOBEpXHEBA CHEPTis HE
3MIHIOETHCS JITHIMHO TIPY MEPEPO3NOAUTI BMICTY OyIb-IKO1 KOMIOHEHTH.

!

IToBepxHeBMit
HaTIT

A Cknag B
Puc.6.3.3. 3uina nosepxunesozo Hamsey 6 060KOMNOHEHMHIU cCUCmemi

ITpu HU3BKIN KOHIIEHTpAIIl BenudrHa [, MOXe OyTH 3MiHEHa B KOOpJIMHATAX o - In ¢,
M0 HAXWITy 3aJIe)KHOCTI. Haxum Moske 3aHIIaTUCh CTAllM B JISIKOMY IHTEpBaJIi 3 BUCOKOIO
MOBEPXHEBOIO aKTHBHICTIO, IO BiJMOBiAa€, HAIPUKIIAJ, YTBOPEHHIO MOHOIIIAPY HA TTOBEPXHI.

Jl7isi peuoBUH 3 BHUCOKOIO TIOBEPXHEBOIO EHEPTi€l0, HANPUKIAJ ISl METaliB, BIUIUB
MOBEPXHEBUX aTOMIB € BEJIMKHUHA, HANpPUKIAJ, KHCEHb 1 Cipka MOXYTh TOHU3UTHU
MOBEPXHEBUI HATAT pigkoro 3amisa Big 1,84 a/m mo 1,2 v/M npu gobaensuui 0,05%. lle
SIBUILE CTIPABEJIUBE 1 sl TIOBEPXHEl TBEPAUX METaTiB, KapOiiB 1 HITPUIIB.

3Ha4YCHHS TOBEPXHEBOI CHEPTi 3MIHIOETHCS B IIMPOKHX Mexkax Bix 0,072 Jhi/m” st
BOJM JI0 JACKIJTBKOX OJMHUIIG [Tl aliMasy 1 KapOixy KpeMHito.

B sxocti npukiaaiB mocuaaeMock Ha niteparypy [4]: minb (TBepma) — 1,43, cpibino
(tBepne) — 1,14, mnatuna (pigka) — 1,86, mpoBapena cimb (kpuctan) — 0,30, okcnn 3amiza
(pimkmit) — 0,59, oxcun amrominiro (tBepamii) — 0,91, xap6in Turany (tBepmamii) 1,19
JIk/M”, TOOTO MOBEPXHEBA CHEPTis TSl TBEPINX PEUOBHH MOXKET [IEPEBHUINYBATH aHATOTHIHI
3HAYCHHs JIs piauH Ha 15 4- 25 %.
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6.4. TepmoduHamika npouyecy ¢hazymeopeHHs

daza - yacTWHA CHCTEMHU OJHOTO CKIafy, aBUX (DI3UYHHUX BIACTHBOCTEH, 0OMexeHa
BIiJI 1HIITMX YaCTHUH TTOBEPXHEIO PO3IILITY.

Cyu4acHi Teopii ¢pa3yTBOpeHHSI B pO3UMHI 0a3yrOThCS Ha YSABICHHSX MPO PO3YHHHICTH
pPEYOBHHU, YTBOPEHHS HACHYEHHX 1 IMEPECHYCHUX CHCTEM. 3alie’KHO Bil KOHIEHTpaIlii
pPO3UMHH MOXYTh OyTH HEHACHUYEHHMH, HACHUYEHHUMH 1 TIepecHYeHHMMH. B mepmux
MEPEeBAXKAIOTh MPOLIECH PO3YMHEHHS, B IPYTUX MMOBIPHICTh PO3YMHEHHS 1 ()a3yTBOPEHHS, B
TpeTix BigOyBaeThCcsi (opMyBaHHS 3aponkiB HOBOi ¢asu. Ilepecuueni, meperpiti ado
MIEPEOXO0JIOPKEeHI CUCTEMH 3HAXOAITHCS B METACTA0OLTFHUX CTaHAX.

AGcomroTHe TIepeHacudeHHs Ac (a0o Ap) BiAMOBiZae pi3HMIN KOHIEHTpalii (abo

TUCKIB) IEPECUYEHOTO | HACMIEHOTO PO3UKHIB (200 MapiB): Ac=c,,, —C,.. 1 Ap =P, = Dy -

BignocHe nepenacuyeHHs [ = EIOO% Ta ff = A—plOO%

Hac pHaC
. cnep pnep
a0o0 CTYIiHb NEPEHACUUYCHHS ) = TA y=—0".
cHaC pH(lC‘

: c : .
Cryminb NepeHaCHYEHHS y = —2 i1 PO3YUHIB PEUYOBHH CTAHOBHUTH 10-10° i Bix

Hac

HBOTO 3QJICKUTH Yac ICHyBaHHS PO3YMHY B MeTacTaOUTbHOMY CTaHi 0e3 BUAUMUX (Ha30BUX
3MiH (TPUBATICTH IHIYKIIMHOTO TIEPioLy). Y TBOPEHHS HOBOI (ha3u B IEPECHUCHUX PO3YNHAX
BiIOYBAETHCS 32 paXyHOK (DIIyKTyarlii KOHIIEHTpaIliii a00 TyCTHHH PEYOBUHHU.

TepmonuHnamiuyHa Teopiss YTBOpPEHHS HOBOi (a3u B MepecHueHUuX pO3UMHAX
po3pobnena ['i6com-DompbmepoM. YTBOpeHHS HOBOI (pa3d MOXIWBE TPH JOCSITHEHHI
KPUTHYHOI MipU IEPEHACHYCHHSI, SIKa 3aJICKUTH SIK Bl IPUPOAU PEUOBUH, Ta HASBHOCTI SAEp
koHzeHcalli. [Ipn roMorenHiit KoHAeHCcalli B1IOyBa€THCSA caMOBUIbHE (DOpMyBaHHS 3apOIKIB
KPUTHUYHOTO PO3MIpY.

Enepris ['ibca yTBOpeHHs NEHTpiB KOHAeHcalii AG Bkiodae 00'eMHy AG, i

noeepxHeBy AG, ckianoBli: AG=AG,+AG,. Benmnunna AG, BinnoBijae 3MiHI eHeprii

Nepexoly OJHOTO MOJISI PEUOBHHH 3 MEPECHUEHOTO0 PO3UYMHY B KOHAEHCOBaHWH ctaH. Lleit
Mepexii CYIPOBOKYEThCS 3MEHIICHHsIM eHeprii. [Ipupict o0'emHOI CcKiIamoBoi TpH
dbopMyBaHHI 3apoJika BU3HAYAETHCS PI3HUICIO XIMIYHMX TOTEHIATiB PEUOBHHHU B PO3UYUHI
A, 1B 00'emi 3aposika (y KOHIEHCOBaHIH (Ba3i):

Au;: AG, =_n(ﬂa _:ué)=_;(/ua _,ué)’

m

7€ n - YUCIO MOJIB PEYOBHHH Yy 3apOAKY; V), - MOJSIpHHHA 00'€eM pEYOBHHH B
KOH/ICHCOBaHOMY cTaHi; V- 00'eM 3apoaka. dopMyBaHHs 3apojKa, IO MICTUTh 7 MOJIB
pEUOBHMHHU, BUMAra€ BUTpPAT €HEPrii Ha yTBOPEHHS HOBOI NOBepXHi: AGg=0S , Ae o -
MOBEPXHEBHI HATAT HA MEXi PO3/ILTY 3apOJIOK / cepeAoBHIIE; S - MJIOIIA TOBEPXHI 3apO/IKa.

3aranpHa eHepris ['100ca 3apojka mpu KOHJACHCAIli CKIIaJIae:

AG:AGV‘FAGS:O'S—;/(,U{; —,ué), abo AG =4m? —‘;711:3(/1(, —,ué).
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[lomoxkeHHsT MaKCUMyMy BIANOBIJa€ KPUTUYHUM yMoOBaM (ha3yTBOpEHHs. Y
KPUTUYHIN TOYIll pIBHOMMOBIpHI Tporieck (popMyBaHHS 1 pO3Maay 3apojKiB. AcoIliaTd, o
YTBOPIOIOTHCSI B CHCTEMI B pe3yJibTaTi (UIyKTyallli KOHIICHTpAIii a00 TYCTHHH PEUOBHHH
TIPY NIEPEHACHYEHHAX MEHIIUX KPUTHYHOTO 7, , MAIOTh PO3MIP MEHIIMH KPUTHIHOTO (7).

AGA IAG"

~y

\

. AGY

Puc.6.4. 3anescnicms nosepxnegoi ma 06 emnoi enepeii 6io paodiycy yacmok. Beauuuna AGq
. . . . o 2
nosumueHa i 3pocmae npu 30inbuienHi padiycy nponopyiino r°. [pyea ckraoosa AG,
. . . . 3
He2amueHa i no aOCONIOMHIL 8eTUYUHI 3DOCMAE NPONOPYItiHO 1 (00'emy wacmku)

BoHu caMOBIJIBHO PO3YMHSIIOTECS (BUMIAPOBYIOTHCS), OCKUIBKH Malli YacTKHU (Kparwii)
BOJIOIIOTH OLBIIOI0 PO3YMHHICTIO (TUCKOM HACHYEHOI Mapw), MOPIBHSHO 3 PO3YUHHICTIO
Makpodasu (a00 THCKOM HACUUYEHOI MapH HaJ| TUNIOCKOKO TIOBEPXHEI0).

dopMyBaHHS 3apOJKIB CTa€ MOXJIMBUM MPH JOCATEHHI MEBHOI (KPUTUYHOI) MipH
NEPEHACUYCHHS PO3YHMHY TIi€I0 PEYOBHUHOIO, aTOMU YW MOJIKYJIH SIKOi OepyTh y4yacTh B
yTBOpeHHI HOBOiI (hasu. I[lepeHacuueHHs HEOOXiJHE TOMY, IO YTBOPEHHsS HOBOI ¢asu
CYMPOBOKYETHCSA PI3KUM 30UTBIICHHSAM TOBEPXHEBOI €HEprii, M0 pPOOUTh HEMOKIUBHUM
CaMOBLITRHUHN TIepeOir mporecy.

Mipa mnepeHacH4eHHS, sfKa HEOOXiTHA JIs YTBOPEHHS IIEHTPIB KOHJICHCAIlll B
TOMOTE€HHUX yMOBaX, MoOke OyTH myke Benukor. B pasi ¢dbopmyBaHHS 3apojka mpH
KOHJICHCAI[ll TIEPECHYCHOI Mapy BEIMYMHA Ay MOXe OyTH BUPKEHA Yepe3 BIIXHJICHHS

TUCKY BHUXIJIHOI IEPECUYEHOT MapH (py,) Bl PIBHOBAXXHOI'O TUCKY HacCHYeHOI napu (ps) :
Au = RTlnpiRTln)/Kp .

Ps
AHAJIOTIYHO MOKHA PO3IISHYTH TMpolec (asyTBOPEHHS B MEPECHUCHOMY PO3YMHI

: . Co
(6e3 BpaxyBaHHS HOTO HeineanbHOCTI): Ay = RT In—=

Cs
Kputnyna w™ipa mepeHacHyeHHs BIAMNOBIAA€ PIBHOBRXHUM yMOBaM DPIBHSIHHS
KenbBiHa (CTOCOBHO pPO3YMHIB MOTO YacTO HA3WBAIOTh PiBHSHHAM [10ca-Ppeitnammxa-
OctBanbaa):
c. 20V
Ap=RT " ="""m
Cg r
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ae ¢, 1 ¢; - PO3YMHHICTH PEYOBHHM Yy BHCOKOAMCIIEPCHOMY CTaHi 3 paliycoM

cepruyHUX 4YacCTOK 7 1 PO3YMHHICTh B CTaHI pPIBHOBAarM 3 KPYMHUMHU YacTKaMH IIi€l
pedoBuHU. BpaxoByroun piBHsHHS KenbBiHa, 00'eMHa ckiamoBa eHeprii ['ibca yTBoOpeHHs

. . c 20V
KPUTUYHOTO 3apoJIKa HOBOI (pa3u B pO3UMHI CKIAAAE: AG, =—RT —+=-— -,
Cg r

PiBusHHss moBHOi eHeprii ['i0ca yTBOpeHHS 3apojika KPUTHYHOTO PO3MIPY
BHUPAKAETHCS CITIBBITHOIICHHSIM:

20V,

AG,, =(AG;),, +(AG,),, =08

3
= 47720_4717’_@2_0 2
Kp Kp Kp - Kp -

Kp Kp
, JIE N - YKCIIO MOJIB y 3apoJIKy, 00'eM 3apoaka V, =nV,, a HOro mjoma moBepxHi

R 1
S,, = 4w, . TakuM uMHOM, KpuTHYHA eHepris ['i6Oca yrBopenns 3aponka: AG,, = 4w, 39

AHami3 pOTO CITIBBIJHONICHHS TOKAa3ye, M0 BUHUKHEHHS HOBOI (Da3u 3aJIEKHUTH Bif
MOBEPXHEBOI €HEeprii, OTKe, BIJ paaiycy 3apojaka. SKmo Mipa NepeHACHYCHHsS MEePEBUIILYE
KPUTUYHY BEJMYWHY, TO eHepris ['106ca 3MEHIIyeThCsl MPU CaMOBUILHOMY POCTI 3apOJKIB,
pU I[bOMY MEPEHACUYEHHSI CUCTEMHU 3HUKYETHCS, 1 YTBOPEHHS HOBUX LIEHTPIB KOHJEHCAIIIT
NPUIAHSAETHCS. 3 BpaXyBaHHSIM Koe(illieHTa IepeHACUYCHHS B PIBHSHHS MOXXHA 3alHCATH Y
20V, 167257V}

m m

. 2 .
Buriasal:  Iny, = , Tom r,=——"—,a AG_ = .
Vv r,RT ” RTlhy, ? 3R2T2i1npr P

Enepris 'iGca yTBOpeHHs 3apojika MpH FOMOTCHHINM KOHACHcAIlii piBHA OTHIN TpeTiit
HOTO TMOBEPXHEBOI €HEepTii, a IHII Bl TPETUHU EHEPril KOMIICHCYIOThCS €HEPreTHYHOIO
BUTIIHICTIO (Pa30BOro mepexoay. I3 OCTaHHBOTO CIHIBBIJHOIICHHS BUIUIMBAE, IO €HEPTis
YTBOPECHHS 3apoJiKa 1 pPO3MIp KPUTHYHOTO 3apOjKa 3ajie)kaTh BIJl MIpH TIEPEHACHUCHHS
CHUCTEMH: YUM BOHA BHIIA, THM MEHIII PO3MIPH 3apOJKiB, IO YTBOPIOIOTHCS, IO 3/1aTHI J0
HOJJAJTBIIIOTO 3POCTAHHSI.

HenepepBHuii picT mepeHACHUEHHS CYNMPOBOKYETHCS CHOHTAHHUM YTBOPEHHSIM
HOBO1 (ha3m y dopmi HaWmpiOHIMMX 3aponKiB. Y JOCTATHRO BEIUKIM 3aMKHYTIH cHCTEMi
3apOJKU HOBOI (pa3y MOYMHAIOTH 3POCTATH 32 PAXYHOK MOJIEKYJl CEpPEelIOBHINA J0 THUX Tip,
MOKM CTaH CHCTeMH (KOHIICHTpAIlisi PpEYOBHHH a00 THCK IMMapv) HE BIAMOBIAATHME TOYIII, IO
JISKUTh HA Ha KpUBIii piBHOBaru. [lepeHacHYeHHs CUCTEMU MPH IIbOMY 3HUXKYETHCS 1 CTa€e
PIBHUM HYIIIO.

YTBOopeHHST HOBOI (a3d MOXKE MPOTIKATH IO TeTEPOTEHHOMY MEXaHi3My, KOIHU
pEeYOBHMHA KOHJICHCYEThCS Ha 3a3Aalieriib c)OPMOBAHMX MOBEPXHSIX (CTIHKAX, CTOPOHHIX
BKIIIOUCHHSIX, sApax KoHjeHcaii). ['ereporeHHuil mporec npoTikae mpu 3HAYHO MEHIIHX
Mipax nepeHacuueHHs. OcoOIMBY POJb B IIbOMY BHIIAJKY BiAIrparOTh 3MOYYBaHHS 1 aaresis
PEYOBUHH, 1110 KOHJICHCYETHCS, HAa IEHTPAX Iy>KOPiTHOT MOBEPXHI.

KoHnnencariiiini METOau OTPUMAHHS IUCIIEPCHUX CHUCTEM BKIIOYAIOTH JBI CTamii:
YTBOPEHHSI 3apOJIKiB HOBOI (a3 i picT yacTok. CaMOBiJIbHE YTBOPEHHS IIEHTPIB KOHICHCAIi1
BU3HAYAETHCS (DIYKTyaIisiMd KOHIIEHTPAIi a00 TYCTUHU PEYOBWHHU 1 HOCUTH IMOBIPHICHHMA
xapaktep. IBUAKICT, YTBOpPEHHS HOBOi ()a3W © - YUCJIO 3apOJIKiB, IO YTBOPIOIOTHCS B
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OJIMHUIII 00'€MY 3a OJIMHUIIIO 4Yacy MpPH IMOCTIHHIA TeMmepaTypi i Moxe OyTH BHpaKeHa Y

. , AG,
BUTJISI/II PIBHSIHHS ApeHiyca: v = Aexp| — RTP ,

ne AG,, - enepris ['i66ca yTBOpPEHHs 3apOJIKiB TIPH JIaHii Mipi NEPEHACHYEHHS.

. 1676°V
I3 BHIIE3aITCAHUX PIBHAHD OTPUMYEMO: U = A exp| —— - |-
3R°T iln Yo ’

e piBHSIHHS MOHA MIPEACTABUTH y BUIIISIL: Inv = 4 — B(ln ;/)72 .
Takum 4MHOM, YHCIO 3apOAKiB, IO YTBOPIOIOTHCS B OJWHUII 00'eMy 3a OJMHUIIO Hacy,

30UTBITY€ETHCS 13 301IBIIICHASIM BITHOIICHHS ¥ = c—”, TOOTO K TIpH 301IBIIEHH] KOHIIEHTpAITii
Cs

pPEYOBMHHM B PO3YMHI, TaK 1 MPU 3MEHIICHHI HOoro po3umHHOCTI. [Ipym mepecwdenHi, 1mo
NEPEBUIIy€ KPUTUYHY BEIHUYMHY, MIBHAKICTH (JOPMYBaHHS 3apoAKiB CHIBHO 3pocTtae. [Ipu
NepeHaCHYCHHI HIKUYOMY 33 KPUTHYHE MOXKYTh YTBOPIOBATHCS JIUIIIE OKPEMi 3apOJIKH, SKIIO
B PO3YMHI MPUCYTHI CTOPOHHI YaCTKW - MEeHTpu KoHmeHcamii. IIIBUaKicTh pocTy 3apoiKiB
3aneXuTh Bil Audy3ii Monekyn (a30oyTBOPIOIOIOYOI PEYOBHHHM JO0 MOBEPXHI YacTKu. B
IOMY BHUIIAJKy IIBHUJKICTh MPOMOPIIiHHA Mipi TEPEHACHYCHHS PO3YMHY 1 OOEpPHEHO
NPONOpITiHA liaMeTPy YaCTKH.

6.5. lMNosepxHesul Hamse

[ToBepxHeBuil HAaTIr — (i3UUHE SBUILE, CYTh SKOTO IMOJSTae B MPAarHEHHI piIUHU
CKOPOTHTH IIJIONLY CBOET MOBEPXHI MPHU HE3MIHHOMY 00'€Mi.

Cun, 10 3yMOBIIIOIOTh TaKe CKOPOUYEHHS HA3WBAIOTh CHJIAMH TTOBEPXHEBOT'O HATSATY.

Cuna mOBEpXHEBOTO HATATY Ha OyAb-sIKIM MEXI1 IMOBEPXHI PIIMHU MPOTOPIliHA JOB-
XKUHI MeXi: F =ol, ae ! — NOBXKHHA MOBEPXHI PiIUHU, 0 — KOE(DIlli€EHT MMOBEPXHEBOTO Ha-
TATY — YMCEJIbHO PIBHUI CHUJII IOBEPXHEBOIO0 HATATY, PO3PAaXOBaHIi HAa OJAMHUIIO JOBXUHU
Mexi. CBOEIO TIOSIBOIO CHJIM TTOBEPXHEBOTO HATATY 3aBISYYIOTh MOBEpXHEBIN eHeprii. Jlis
3MEHIIEHHS CUJI TOBEPXHEBOI'O HATATY BUKOPUCTOBYIOTHCS IOBEPXHEBO-AaKTUBHI PEUYOBHHH.

OyHIaMEHTALHUN 1 TPUKIAAHUN 1HTEpEC MPEACTABISIOTh €(EeKTH 3MOYyBaHHS
noBepxHi. [ToBepxHs pivHu 011 CTIHKY OCYJIMHA BUKPUBIIETHCS, YTBOPIOIOUM MeHicK. Lle
SIBUINE TIOSICHIOETHCS PI3HUMH 3HAYCHHSIMH KOe(IIli€HTa TMOBEPXHEBOTO HATATY HA MEXKI:
pianHa-mapa, piIuHa-TBEp/e TiJO, Mapa-TBepe Tilo. HampsM cuil moBepXHEBOTO HATTY Ha
UX MeXaX, 32 YMOBH, IO MOYATKOBUI PIBEHb MOBEPXHI TOPU3OHTAIBHUN MOKA3aHUU Ha
pucyHky. KpaeBuii KyT BU3Ha4a€eThCs, SIK :

cos@ =2 —Irr <
Oprn
ne o, - KOeIIleHT MOBEPXHEBOI0 HATATY HA MEXI1 PO3/LTy Mapa-TBepAe TiJIo,
0y - KOC(ILIEHT TOBEPXHEBOI'0 HATSTY HA MEXI PO3ALTY piAnHA-TBEpAE TiJIO,
O p; - KOEQIIIEHT IOBEPXHEBOIO HATATY Ha MEXI1 pO3JLITY piIMHa-napa.

Pinnna B o6macti wactuaku A Oyne abo ImiHIMaTHCh, 00 OIMYCKATHCh, B 3aJI€)KHOCTI
BiJI CIIIBBIJHOIIICHHS Mi>K KoeirieHTamMu.
Ilpu o,,,> o ,, YTBOPUTHCS BrTHYTHIA MeHicK (0) .
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IIpu 0,,< 0,, YTBOPUTHCA OMYKJIUN MEHICK (B) .

dopMa MeHICKa pIIWHU MOOIHM3y CTIHOK IMOB’s3aHa 13 sBHUIIeM 3ModyBaHHS. CyTh
SIBUIIIA TTOSICHIOETHCS B3a€MOJIISIMU MOJIEKYJI PIAMHU 3 MOJIEKYJIaMH CTIHOK MOCYAWHU. SIKIIO
MOJICKYJIA PIIMHU CWJIBHIIIE IPUTATYIOTHCS MOJIEKYJIAMH TBEPJOTO TiJia HIXK MK COOO¥0, TO
piaHA TPUIWIIAE 0 TBEPAOTO TiJIa, 3MOYY€E HOro. SIKImIO XK MOJEKYIH piIuHU ciraliie
MPUTITYIOTHCS MOJICKYJIAaMH TBEPAOTO Tija HIX MIDK CO0O0I0, TO piHA HE MPUIIUIAE 0
TBEPJOTO Tijla, He3Mouye Horo. Hampukian: Boja 3Mouye CKIIO, a pTyThb HE 3MOYYE; PTYTh
3MOuye€ 3aii30. PiquHuU, 10 3MOYYIOTh 3aJ1i30 MalOTh YTHYTHI MEHICK, a 110 HE 3MOUYYIOTh —
ONYKJIUH.

Thepde 1O,

mine

Puc.6.5.1. @opmu menickie 0ns 3mouyiouoi (0) i Heamouyruoi (8) pioun

Jlist piBHOBaXKHOT KOHGIrypaitii piakoi ¢a3u Ha TMOBEpXHI TBEPAOTO Tijia MPUPOIHO
YeKaTH MOBEPXHEBOT POPMU JIJIs PITUHU, IO BiJIMOBIAA€ MIHIMyMY €HEPrii.

Puc.6.5.2. @opmyeanns cihepu na nosepxui po3oiny «meepoe mino - piouHa»

SIKIo eHepris MOBEpPXHI PO3ITY «TBEpAE TiIO - piauHa» (O,,) BEIWKa, TO piAMHA HA
TBepAiii moBepxHi (QopmyBatuMe chepy 3 MiHIMATBHOIO TOBEpxHEI (37iBa). SKmo x
eHepriss Ha Mik(as3Hil rpaHdlll € Mana (G, TO PiAMHA PO3TIKATUMETHCA MO TBEPIii
noBepxHi (crpasa). [[poMi>KHU BUTTAI0OK — TIOCEPEINHI.

Kyt Mix TBEepAOIO MOBEPXHEIO 1 JOTHYHOIO JI0 TIOBEPXHI PIIMHUA B TOYIll NIEPETHHY -
KOHTaKTHHHA KyT - MoOke 3MiHIOBaTuCh Big 0 mo 180°, Ileit kyT BU3HA4Yae yMOBU MIHIMyMY
eHeprii 3riIHO c,co80=0,-0,:€0, 0., 0, " eHeprii Mk (Ga3HUX TPaHUIIb.

pn>~ mn? pm

3MOYyBaHHSI TBEPIUX MOBEPXOHBb CKIAMHIIIMKA MPOLEC YUM 1€ BUIUIMBAE 3 PiBHSIHb
OCKITIbKM KOMITO3HIIis a3 MiHSETHCS B TPOIIECi CHHTE3Y i MOKHA TOBOPUTHU PO MOYATKOBUH
Ta KIHIEBUA KOE(DIMIEHT 3MOYyBaHHSA, MPOTE MPOMDKHI KOE(IIIEHTH BaKIUBI IS
BU3HAYEHHS YMOB BUHUKHEHHS MOKPUTTS MOBEPXHI eHeprii MbK(a3zHUX TPaHUIIb Ta MOXKYTh
3MIHIOBAaTUCS TPH 3MiHI 3araapHOi Kommo3ullii. Edexktn 3MouyBaHHS MOBEPXHI MOXKYTh
BiZlirpaBaT poJib i mpu popmyBaHHI MixK(pa3HUX TPAHULIB.

AHaJOTIYHO 70 TOTO, SIK B TBEPIO-PiAKiN CHUCTEMi MOBEPXHEBI €HEPrii KOMIIOHEHT
MPU3BOSTh 10 PIBHOBaXKHOT KOH(iryparii, MibkpazHa Mexxa Ha MeXl JBOX TBepaux ¢as
TaKoXK (POpPMYEThCS 3a MEBHHUI Yac 3a paxyHOK aTOMHOI PYyXJHMBOCTI a0o mapw Ti€i ¢asu,
pEeYOBHHA SKOT IEPEHOCHUTHCHL.
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Ili ¢i3wuHi sBHIIA BaXJIMBI B Tpollecax, MO0 BiJOYBAIOTHCS IiJ Yac CITIKaHHS 1
KOMITaKTyBaHHS YaCTHHOK. SIKIIO mpucyTHs pinka (asza, To moBepxHs ¢aszu ado mixkdazHIX
MEX Ma€ IMABUIICHY €HEPrito, MOPIBHIHO 13 BHYTPINIHBOIO YaCTHHOIO TBEpAOro Tija. Jlis
YTBOPEHHsI CHUCTEMH 3 MIHIMAJIbHOK HAJIMIIKOBOK BIUTFHOK EHEPTi€l0 TMOBEPXHS
nepeOyI0By€THCS.

Po3unHeHi pedyoBHHU, SKI 3HIDKYIOTh TOBEPXHEBY EHEPTil0, MalTh TEHACHIIIIO
KOHIICHTPYBATHCSI HAa TMOBEPXHI, TaK CaMO OPIEHTYIOThcs 1 aumoni. CTpyKTypa MOBEpXHi
3aJIe)KHUTh BiJl yMOB (DOpMYBaHHi 1 MOJaIbII01 0OpOOKH

Puc.6.5.3. Pienosaza midc nosepxusamu 06ox ¢az. Ymosa pienosacu: o, =20, cosﬂ, oe ¢-
)

OiedpanvHutll Kym

Hampuknan, BizoMo, MO CBIKOCKOJICHI TTOBEPXHI OKCHIIB MAalOTh OUIBIIY €HEPTiio i
XIMIYHY peaKIiitHy 3JaTHICTh, TOPIBHIHO 3 TUMH K TIOBEPXHSIMH IMICIISI BATPUMKH Ha TIOBITPI
abo HarpiBi mpu BHUCOKHX Temmeparypax. CBiKOCKOJIEHA MOBEPXHS CIIOAM B yMOBax
BaKyyMy BOJIOJII€ €HEPTi€l0, M0 3HAYHO MEPEBHIIYE CHEPTit0 Ti€l K MOBEPXHI, IO CKOJICHA
Ha TIOBITPI.

[ToBepxHEeBUII HATAT OKPEMUX pEUOBHH (pPiIMH) MOHOTOHHO 3MEHIIYETHCS 13
3pPOCTaHHSIM TEMIIEPATYPHU: 0 n= 0o - aAT, ne o, - TOBEPXHEBUI HATAT TIPH AaHIi
TEMIEpaTypi; 6y - TOBEPXHEBHI HATAT TNpPH CTaHIAPTHIHN Temmepatypi; AT — pi3HULA

TEMIEpaTyp; a - TeMIepaTypHUi KoeilieHT; 4 = _[aaj.
oT

O} 2 - moBepdHEEC-1HAKTHE Hi ev0EHHE

%}d PETOEHEH

1-TIAP

H

Puc.6.5.4. Xapaxmep 3anexicrnocmi nogepxno8oco Hamsey 6i0 KOHYeHmpayii pe1osuru

Sxm1o pevyoBrHA TOBEPXHEBA € aKTUBHA, TO 13 301IBIIICHHSM KOHIICHTpAIIii i1 130Tepma
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PI3KO 3MEHIIIYETHCS, 1€ MOSICHIOETHCS THM, 10 CTIOYATKY BCS MOBEPXHS PO3IITY piakoi da3u
BUTbHA BiJ MOBepxHEeBO-akTUBHUX pedoBuH ([IAP) 1 HeBemmka HOro KUTBKICTh, IO € B
pO34MHI, MaibKe IIIJIKOM ijae Ha moBepxHI0. [loTiM ciigye KpuBOJiHIAHA MUISTHKA, IO
BIJIMTOBIJIa€ CEPEIHIM KOHIICHTPAITIi.

B mmx ymoBax 3HayHa 4YacTWHA MOBEPXHI 3alHATAa MOJIEKYJaMH IIOBEPXHEBO-
aktuBHUX pedyoBuH (ITAP), mo 3HMKYE IIBHAKICTH MiJBUIICHHS KOHIIGHTpAlii Ha Mexi
po3ainy. BenukuMm KOHIEHTpaIisM Ha i30TepMi BIJIOBIJA€ TOPU3OHTAJbHA JUISHKA, IO
MOKa3ye, 0 MOBEPXHEBUN HATIT Majo 3aJie)KUTh BiJ KOHIEHTpamii. 3a IMX YMOB Ha MEXi
«piAMHA - TIOBITPS» YTBOPIOETHCS CYLITFHUI MOHOIIIAP MOBEPXHEBOAKTUBHOT PEYOBHHU.

[Ipu 30inbIIEHHI KOHIIEHTpAIii MOBEPXHEBOI I1HAKTHBHOI PEYOBHHHM B PO3YHHI
130TepMa T0JIOTO MMiTHIMAEThCS. L[e MOsSCHIOETHCS TUM, IO TIOBEPXHEB1 IHAKTUBHI PEUOBHHH,
3aBJSIKH BICOKOMY IOBEPXHEBOMY HATATY 1 aKTUBHOCTI, HAyTh B 00'eM, a Ha MeXi pO3/iLy
«piMHA - TIOBITPS» € JIMINE TOPIBHSHO HEBEJIMKI KOHIICHTPAIl PEYOBHHH, IO MOTPATUISE
TyIH 3a paxyHOK qudy3ii 3 00'eMy po3duHy.

[Tpu 30inbIIeHHI KOHIIEHTpAIlii peYOBHH, IO HE BILUTUBAIOTH HAa MMOBEPXHEBUIN HATSI,
130TepMa € TPSMOI0, TapalieIbHOI0 OCI KOHIIeHTpallii. BimHeceHHs pedoBWH 110 Tiei abo
THIIIOT TPYIH 3aJISKUTh Bl MPUPOIM po3unHHUKA. OTHa pedoBUHA JUIsl PI3HUX PO3YMHHHKIB
MOXXe OyTH 1 MOBEpXHEBO-aKTHBHOIO pedoBuHOIO (IIAP), 1 He BIuMBaTH Ha MOBEPXHEBHIA
HaTAT. J{7ma mManux 1 cepefHiX KOHIEHTpaIiil moBepXxHeBO-akTHBHUX pedoBuH (I[TAP) mpwm
OIHCI 3aJIEKHOCTI G = f{c) BUKOPUCTOBY€EThCs piBHIHHS [lIMmmkoBCchKOrO:

o=0,-BIn(1+bn),

e Oy — moBepxHeBUM HaTAr pozuumHHuka (H/Mm); n — konuenrtpauis ITAP;
B, b — KOHCTaHTH.

6.6. TepmoOuHamiKa KpueoJsliHilIHOI Mo8epxXHi
BukpeBneHHs MOBEpXHi MPU3BOANTH 10 HOBUX edekTiB. [jist kamissipa, 3aHypeHOTO B
piauHy 3 OyIBOAIIKOIO0 Ta3y Ha KiHIll, TOBEPXHEBHI HATST - OCHOBHA MPUYNHA OOMEKEHHS
po3MHpeHHs OyIbOAIIKH.
ITpu piBHOBA31 POOOTA TIO POMUPEHHIO BPIBHOBAKYETHCS 301IBIICHHSIM MTOBEPXHEBOT
CHEprii: 0dA i ApdV = odA Tpu dV =4zR* dR i dA = 87RdR,
®opmyia Jlammaca - Ap=o 3—1; = a(zj

-
.. . 1 1

JUts popmu BiaMiHHOI Big chepu Ap ==o| —+— |,
hn

1€ 7; Ta 7»- TOJOBHI PaJilyCl KpUBU3HH ITOBEPXHI.
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P

Puc.6.6. Asuwa 3mouysanns ma nionamms piouHu no Kaniiapi

2

o 2cosd
SIKII0 HAaIMIIKOBUM THUCK Ap =0 E =0

R

KOHTAKTHUH KyT. THUCK ra3y HaJ BUKPHUBIICHOI MOBEPXHEIO i PO3UMHICTH 301TBIIYIOTHCS,
MOPIHSHO 3 TUIOCKOIO MOBEPXHEI0. 301MbIICHHS TUCKY Tapy 3aBISKU JOJATKOBOMY THCKY Ap

j:pgh, Toml Ap = Rpgh
2¢co

, A€ 9'

BimoBimac: VAp=RTInL- = Va(l + ij ,
Do non

ne V- monspHHil 00°€M , p - THCK ra3y HaJ BUKPUBJICHOIO TIOBEPXHEIO, Py - TUCK razy
HaJl IUI0CKOIO ITOBEPXHEIO.

. Vo1l 1 M 1 1
Toni: PO N R P L= S
po RT\rn r PRI\ 1, r,
AHAJIOTIYHMN BHpa3 MOYKHA OTPUMATH, PO3TIISJIAI0UN ITEPECHECEHHS OIHIET MOJICKYJIH

MaTepianry 3 IIOCKOI MOBEpXHI yepe3 a3y mapu Ha chepudHy MOBEpXHIO, BUKOHAHA poOOTa
NOBHHHA OyTH piBHA MOBEPXHEBIM €HEPrii 1 3MiHI TUIOIII MTOBEPXHI.

Otpumyemo: RT In2- = odd = o8mrdr
Py

Ockinbku 3MiHa 00'eMy BiamoBinae dV =4m°dr, 3MiHa paaiycy NpU IepeHeCceHHi

OJIHOTO MOJISI piBHA dr =

4r?

301IbIIEHHST THCKY TapiB HaJl BUKPHUBIICHOIO TOBEPXHEIO MOXKE OYTH ICTOTHHM IS
HaHOKIacTepiB. Tak, /Uisg TBEepAUX HAHOKIACTEPIB OKHUCIY alioMiHito 3 po3mipamu 100 HM
npu T= 850°C tuck nepesuirye 2%, a st 10 uMm - Bxxke 20% [4]. Llel epext nyxe BaxJIUBUN
JUIS TIPOXOJ/DKCHHSI peakiii B TBEpAOMY TUT 3a ydYacTIO HAHOYACTHHOK, 30KpeMa Ipu
CITIKaHHI.

6.7. PieHsiHHs1 [66ca-Ienbm2onbya 0sisi nosepxHesoi eHepeii. [loeHa
rnoesepxHeea eHepaiﬂ

3anmmemMo BHpa3 BHYTpilHiN emeprii mis moBepxui AUS = AG' + TAS® -
PIBHSHHS TIOBHOT IOBEPXHEBOI eHeprii. Y npoMy piBHsHHI ¢' = TAS - TemioTa yrBOpeHHs
OJIMHUIII TTOBEPXHI B 000POTHROMY TPOIIEC], 10 PiBHA KUTBKOCTI €HEPTii, IKYy HEOO0X11HO
HiIBECTH 10 CHCTeMH, II00 30iJbIIUTH ii MOBEPXHIO Ha OAMHULIO Tpu I=const. 3
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PiBHSIHB (ha3u MPH BCIX CTANUX IMapaMeTpax, OKpPiM TeMIepaTypH, OTPUMAEMO:

S
4G’ = - SdT. (G—Gj S
or ), T

[TincTaBnsroun 1i 3HAYCHHS B PIBHSIHHS IOBHOI IOBEPXHEBOI €HEPTii, OTPUMYEMO:

AUS =a—T[a(y
oT

j - piBasHHSA [160ca-I'enpmronbla Asi MOBEPXHI, SIKE TMOB'S3Y€ IOBHY
P

MOBEPXHEBY €Hepriio 3 eHepriero ['100ca. JIJis TeTeporeHHOi CUCTEMHU 3MiHA BHYTPIIIHINA
eneprii: dU =TdS —pdV +odA +_ udn; +pdg,

ne dU - 3MiHa BHYTpIIHIA eHeprii, dS - 3miHa eHTpomii; dV - 3MiHa o0'emy; T —
TEMIepaTypa; p — THCK; o - TOBEPXHEBUH HATIr; 7 - YHUCIO YaCTHHOK;, dq - 3MiHa
EIEKTPUYHOTO 3apsy; 4 - XIMIYHHIA MOTEHIIIa] KOMIIOHEHTIB; ¢ - €JICKTPUYHHUNA MOTECHIA
KOMIIOHEHTIB; 4 - Mi(a3Ha TOBEPXHSI.

IIpu S, V, n, g=const piBHsHHS npuitme Burisg: dU =cdA = o = (d—Uj ,
S,Pnq

) oo . ) .
3 piBHSHb BUJIHO [ﬁ <0, ToOTO TIpHU 30UIBIICHH] TEMIEPATypU MOBEPXHEBUN HATST

3HI/I)Ky€TBCH.
\
" AT
3
g, =
A |2
o

T

Puc.6.7. Ipaghixu 3anesxcnocmeii senuuun o, q', AU’ 6i0 memnepamypu

3 rpadika BuAHO, 110 BeauuuHa AU® 1Sl IEBHOT PEYOBHHHU € MPAKTUYHO CTaja ToOTOo
AU’ He 3a5exuTh Bix Temieparypu. s po3paxyHKy 3aiekHOCTI 6=F(T) BAKOPHCTOBYIOTHCS
EeMITIPUYHI 1 HamBEMITIPUYHI 3aJIeKHOCTI - MeTon mapoxop, ¢opmymna Etsema. B
JMCTIEPCHUX CUCTEMAax MPHU CAMOBIIBHUX MpOIEcax BiTbHA MOBEPXHS 1 MOBEPXHEBUU HATSIT
3MEHIIYIOThCS.
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7. MoBepxHeBi ABULLA | aagcopboLin

7.1. lNosepxHesa eHepeiss. AOcopbuis

BrnactuBOCTI TeTEpPOreHHUX CHCTEM OINHMCYBAJIMCA 3a JOMOMOTOI0 TMapaMeTpiB i
GyHKIIN cTaHy, IO XapaKTepu3yloTh KOXKHY 3 (a3 B mimomy. IIpoTe BIacTMBOCTI TiISTHKU
da3m, mo mpUMHUKAaE A0 il TMOBEPXHI, BIAPIZHAIOTHCS BiJ BIACTHBOCTEH ¢a3um B 00'ewmi:
(aKTUYHO YACTUHKH, IO 3HAXOASTHCS HA MOBEPXHI KOXKHOI (pa3u, YTBOPIOIOTH OCOOIUBY
MOBEPXHEBY (pa3y, BIACTHBOCTI SIKOT ICTOTHO BIJPI3HSAIOTHCS BiJl BIACTUBOCTEH BHYTPIIIHIX
obmacteit dasm.

YacTuHKH, pO3TAllIOBaHI HAa IOBEPXHi, 3HAXOASTHCS B IHIIOMY OTOYEHHI B IOPIBHSHHI
3 YaCTMHKAMH, IO 3HaXOJAThCcs B 00'eMi (a3, TOOTO B3a€MOMIIOTH SK 3 OAHOPIAHUMU
YaCTUHKAaMH, TaK 1 3 YaCTUHKaMH 1HIIOTO poay. HacmiakoM mporo € Te, mo cepeaHs eHepris
g, YaCTMHKH, 0 3HAaXOAWTHCA Ha MOBEPXHI po3nainy (a3, BiAPI3HIETbCA BiA CepemHbOT
eHeprii Takoi X 4acTHHKHA B 00'emi ¢aszm g,. ToMy HalBaKJIMBINIOK XapaKTEPUCTHUKOIO
MOBEPXHEBOI (pa3u € moBepxHeBa eHepriss Gy - PI3HUIS CEPeHbOI €Heprii YaCTHHKH, IO
3HAXOJWTHCS HAa TOBEPXHI, 1 YACTHHKH, IO 3HAXOJIUTHCA B 00'eMi ¢a3u, MOMHOXKEHA Ha
YHCII0 YACTHMHOK Ha MOBEPXHi:

G
Gy =Ng(gs—gy) U:?S

OueBuaHO, IO 3arajbHa BEIMYWHA TMOBEPXHEBOI eHeprii (a3u BU3HAYATHMETHCS
BETMYHMHOIO 11 moBepxHi S. TomMy JuIsi XapaKTEPUCTHKX TOBEPXHI PO3ALTY, IO BiIOKPEMITIOE
naHy ¢asy BiJ 1HILIOI, BBOJUTHCS IMOHATTS IOBEPXHEBUN HATAT ¢ - BIJHOLICHHS MOBEPXHEBOT
eHeprii J0 MOl MOBEepXHi po3ainy (a3; BeIMUYMHA TOBEPXHEBOTO HATAT 3aJICKUThH TiJIBKU
BiJ mpupoau 060x ¢a3. Sk i moBepxHeBa eHepris (a3u, MOBEPXHEBUIN HATAT MOXKE MATH SIK
MO3UTHBHE, TaK 1 HETaTUBHE 3HAYCHHSL.

[ToBepxHEeBUI HATAT MO3UTUBHUMU, SKIIO YACTHHKH, IO 3HAXOMSATHCS Ha MOBEPXHI,
B3a€EMOJIIIOTH 3 YaCTUHKAMU IIi€1 5k a3y CUIIbHIIIE, HIK 3 YaCTHHKaMU iHIIo1 ¢a3u (i, 0TKe,
gs> g,). 3riIHO MPHUHIIHITY MiHIMyMY BIJIbHOI €Heprii, Oy/b-siKa ¢daza mparHyTuMe 3MEHIIUTH
CBOIO TIOBEPXHEBY €HEPTii0; TOMY Yy pasi MO3UTUBHOTO NoBepxHeBoro Hatar (o >0) dasza
nparHe 3MEHIIUTH CBOIO MOBEpPXHIO. Y BUMAJAKY sKImo o <0, MmoBepxHeBa eHepris ¢a3u
3MEHIITYBAaTUMETHCS TIPH 301JIbIIIEHH] TIJIOMII TTOBEPXHI.

BriuB moBepxHeBoro mapy (asu Ha 11 3arayibHI BJIACTUBOCTI BU3HAYAETHCS YACTKOIO
YaCTHHOK, IO 3HAXOJATHCSA Ha IMOBEPXHI, TOOTO BEJIMYMHOI MUTOMOI MoBepxHi (azu S/V
(TTOBepxHIO, IO MPUNIAJAE HA OJUHHITIO 00'eMY).

Bineny eneprito pa3u G MoxxHA TIPECTaBUTH SK cCyMy noBepxHeBoi Gy 1 00'eMHo1 G,
€Hepriil, MPOMoPLIHUX BiAMOBIIHO IO MOBEPXHI i 00'eMy a3u:

G=G,+G, —o+kV 3) =64k
V V

3 piBHSHHS BUIUIMBAE, IO MPH OJHIN 1 Ti e KITBKOCTI ¢a3u (ToOTO HE3MIHHOMY
00'eMi) BHECOK TOBEPXHEBOi €HEprii B 3arajibHy €Heprito ¢da3m 3pocTae 13 30UTbIIECHHIM
nutomMoi moBepxHi. Komm cTymias gucnepcHocTi ¢a3w HEBEIWKHA (MUTOMa TOBEPXHS
HE3HAayHa), BHECKOM IIOBEPXHEBOI €HEprii B TMOBHY €HEPTii0 (a3u 3a3BUYail HEXTYIOTh.
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BHecok moBepxHEBOro miapy y BIACTUBOCTI (a3 i CUCTEMH B IIJIOMY BPaxOBYIOTh MpHU
BUBYCHHI JWCIIEPCHUX CHCTEM - T€TEPOTEHHHMX CHCTEeM, OfHa 3 (ha3 SKOi € CYIUIBHOIO
(mucriepciiiHe cepeIoBHINE), a 1HIIA - po3aApo0aeHo0 (aucmepcHa dasa).

Ha mexi koHaeHcyrouoi (a3u 3 ra3oM MOBEPXHEBUH HATST 3aBXKIW IMO3UTUBHUH,
OCKIJTbKM YaCTUHKH KOHJICHCYIOUOi (pa3d, B3aEMOJIIOTh OJHA 3 OJHOI0 CHJIBHINIE, HIK 3
MOJIEKyJIaM{d Ta3y. 3TiIHO TMPHUHIMIY MIHIMYMYy BUIbHOI €Heprii, KOHJIEHCyrouda ¢asa,
NparHyTUMe 3MEHIIUTH CBOIO TOBEPXHEBY €HEPTII0.

Ile moxe OyTtm pe3ynbTaToM a00O 3MEHIICHHs IUIONII MOBEpXHi (a3u (came TOMy
Kparuis piIMHA B HEBaromocTi mpuiiMae Qopmy cdepu), abo 3MEHIIECHHS MOBEPXHEBOTO
HATSATY TpPH TOSBI HA TMOBEpPXHI po3Aily (a3 HOBHUX YACTHHOK - MOJIEKYJd Tra3y abo
po3umHeHoi peuoBuHU. [Iporiec camMoBiIbHOI 3MiHM KOHIIEHTpAIIi]l SKOi-HEOyIb PEUYOBUHU Y
MOBEPXHI PO3ALTY [BOX (a3 HA3UBAETHCA aAcOpOIier0. AICOpPOCHTOM Ha3WBAETHCS
peYOBMHA, Ha TOBEPXHI fAKOi BiAOyBaeThCcs 3MiHA KOHIICHTpAIIl 1HIIOI PEYOBUHU -
azcopoary.

7.2. AGcopbuist Ha MeXxi pO34UH — napa

VY piakux po3unHax MOBEPXHEBUN HATAT ¢ € (DYHKITIEIO BiJT KOHIIEHTpAIlll pO3YMHEHOT
pedoBuHU. Ha pUCYHKY MpeACTaBICHO TPH MOXKIIMBI 3aJIeKHOCTI TOBEPXHEBOTO HATATY Bij
KOHIIEHTpaIlli po34nHy (i30TepMU MOBEPXHEBOTO HATATY). PedoBWHU, HOMaBaHHS SKUX IO
PO3UMHHHMKA 3MEHIIYE TIOBEPXHEBHH HATST, HA3WBAIOTh IMOBEpXHEBO-akTHUBHUMH (I1AP),
pEYOBUHU, NTOJIaBaHHS SKHUX 30UIblIye a00 HE 3MIHIOE MOBEPXHEBHUU HATST - MMOBEPXHEBO-
1HAKTUBHUMU.

3MEHIIICHHSI TIOBEPXHEBOTO HATSTY 1, OTXKE, MOBEPXHEBOI €Heprii BilOyBaeThCs B
pesynbrati ancop6uii [TAP Ha moBepxHi po3niny piauHa - mapa, TOOTO, KOHIEHTpaIlis
MOBEPXHEBO-aKTUBHOI PEYOBHHU B IMOBEPXHEBOMY IIapi PO3YMHY BHSBISETHCS OLIBIIOLO,
HIK B ITMOWHI pO3YUHY.

Lol | 1
Oy 2
i 3

oL
i C

Puc.7.2.1. I3omepmu adcopoyii namsaey poszuunie [IAP(1,2) i IIAP na medxci po3uun - napa
IIAP (3)

KinpkicHOIO Mipor0 afcopOIlii Ha MeXi pPO3UYMH-TIApa € TMOBEPXHEBUNA HATUIIOK [’

(raMMa), piBHHH YWCIy MOJEH PO3YMHEHOI PEYOBHHHM B IMOBepxHEeBOMY Imapi. Kimbkiche
CHIBBITHOIIEHHSI MK aJcopOIiero (MOBEpXHEBUM HAJUIAIIKOM) PO3YMHEHOI PEYOBHHH 1
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3MIiHOIO TIOBEPXHEBOTO HATATY PO3YMHY 13 3POCTAaHHSM KOHIICHTpAIlii pO34YMHY BH3HAYAE
Cdo
RTdC
3 piBHSIHHSI BUXOJIUTh, 1110 HAMPSAM IPOIIECY BU3HAYAETHCS 3HAKOM MOXiaHOI do/dC .
HeratuBna BennuuHa JaHOi MOXiAHOT BiAMOBIa€ HAKOMMMYEHHIO PEYOBUHU B TOBEPXHEBOMY
mapi (I' > 0), mo3uTHBHA - MEHINIM KOHIEHTpAIil PEYOBHMHH B IOBEPXHEBOMY Iapi B
MOPIBHSHHI 3 HOTO KOHIICHTPAIIIEI0 B 00'€MI PO3UHHY.
Bennmunny g =-0/dC Ha3uBalOTh MOBEPXHEBOI aKTHBHICTIO PO3YMHEHO! PEYOBHHHU.

13oTepma ajacopoii ['166ca: r=

[ToBepxneBy aktuBHicTh I[IAP mpum geskiii koHmeHtpamii C; BHU3HA4awTh TpadiyHoO,
OPOBOASYM JOTUYHY JI0 i30TepMHU MOBepxHeBOro Hatsary B toumi C = C; mpu oMy
MOBEpXHEBA AKTHUBHICTh YHCEIbHO pIBHA TAHT€HCY KyTa Haxwily JOTHYHOI JO OCl
- do
KOHIICHTpAIIiii: g=-—=1ga
dC

I3 3pocranHsSM KOHIEHTpalii moBepxHeBa akTuBHICTH [IAP 3menmyerscsa. Tomy
MOBEPXHEBY AKTHBHICTh PEYOBHHHM 3a3BMYAil BU3HAYAIOTH NPH HECKIHYEHHO MaJlii
KOHIICHTpAIlii pO34YMHY; B I[bOMY BHIIAJIKy ii BEJIHYWHA, g, 3aJCKUTHh TIJIbKU BiJ MPUPOIU
[TAP i po3unHHUKA.

JIoCHiIKyroud TOBEPXHEBUW HATAT BOJHUX DPO3YHHIB OpPraHIYHUX PEUYOBHH, OYyIO
BCTaHOBIICHO JIJIsI TOMOJIOTIYHHX Ps/IiB IOBEPXHEBO-aKTUBHUX PEUOBUH EMIIIPUYHE MPABUIIO
Tpabe 1 Jrokno: y Oyap-SKOMY TOMOJOTIYHOMY psIy MPU MalduX KOHIEHTPAIisIx
MIOJIOBKEHHS BYTJICIIEBOTO JIaHI[tora Ha oAHy rpymy CH, 30i1b11ye moBepXHEBY aKTHUBHICTH B
3 -3.5pas.

JUis BOAHMX PO3YMHIB JKUPHUX KHCIOT 3aJIXKHICTh IOBEPXHEBOIO HATATY BiJ
KOHIICHTpAIIil ONUCYEThCS eMITipUYHUM piBHSIHHAM [IIMkoBCchKOTO:

Ao =bin(E +1)
K

Tyr b i K - emmipuuni cram, Opu4oMy 3HAYE€HHS b OJHAKOBE [JIsi BCHOTO
TOMOJIOTIYHOTO sy, a BenuunHa K 301IbIIy€eThCs U1 KOKHOTO MOAAIBIIOTO YJIeHA Py B

3-3,5pas.
nap

PO34YHUH

Puc.7.2.2. Buensio epanuunoi opieumayii monexyn INAP 6 nosepxneeomy wapi

Monekynu 6inbmocti [TAP BonoaitoTs audinbeHOI0 OYA0BOIO, TOOTO MICTATH SIK
NOJISIPHY TPYITy, TaK i HETIOJISIPHUHN BYTJIEBOIHEBUH paankai. Po3ramryBaHHs TaKMX MOJIEKYI
B IIOBEPXHEBOMY IIIapi CHEPTeTUYHO HANBUTIIHIIIE 32 YMOBH OPi€HTAIlil MOJIEKYJ MOJISIPHOIO
TPYHOI0 110 ToJIsipHOT (a3u (MONISIpHil piuHi), a HEMOJISPHOIO - 10 HeMOIsIpHO (a3u (ra3zy
a00 HeTOJSAPHIN piauHi).
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[Ipr maniii KOHIEHTpaIil PO3YMHY TEIUIOBUN pPyX MOPYIIYE OPIEHTAIII0 MOJEKYI
[TAP; mpu migBuIeHHI KOHIEHTpAIl BiJOYBA€ThCSI HACHUEHHS aJICOPOIIHHOTO IIapy 1 Ha
MOBEPXHI pO3/iTy (ha3 YTBOPIOETHCA Mmap "BEpTUKAIBHO" OopieHTOBaHUX MoJieKys [TAP.

YTBOpEHHSI TaKOrO MOHOMOJEKYIISIPHOTO IIapy BiANOBifae MiHIMaJbHIN BEIWYHHI
MoBEpXHEBOro HaTsAry poszunmHy [IAP 1 makcumanbHOMY 3HadeHHIO ajncopOrii ['; mpwm
noJanpioMy 30uIbleHH] KoHeHTpalii [IAP B po3unHi moBepxXHEBUI HATAT 1 aacopOIis He
3MiHIOIOTBCSI.

7.3. AOdcopbuisi Ha mexi po30diny meepde mino — 2a3

[Ipu amcopOmii ra3iB Ha TBEpAMX TiMaX OMHC B3AaEMOJIi MOJIEKYN ajacopbaty i
anacopOeHTy € CKIQJHUM 3aBJaHHSIM, OCKIJIBKM XapakTep IX B3aeMOJii, 10 BHU3HAUYAE
xapakTep azacopOmii, mMoxxke Oyt pisHmM. ToMy 3a3Buuail 3aBIaHHSA CIPOIIYIOTH,
pO3TIsAaroud JBa KpallHI BHITAIKH, KOJIW aJCcOpOIis BUKIMKAETHCA (QI3UYHUMH abo
XIMIYHAMHU CUJIAMH - BIAMOBITHO (Di3UYHY 1 XIMIYHY aJCcOpOIIifo.

@diznuHa ancopOIlis BUHUKAE 3a PaxyHOK BaH-JIEpP-BaalbCOBUX B3aemojid. Bona
XapaKkTepU3yeThcss 0OOPOTHICTIO 1 3MEHIICHHSIM aJacopOLii MpH MiJBUIICHHI TEMIEPaTypH,
TOOTO €K30TEPMIYHICTIO, MPUIOMY TEIIOBUH eekT (izuaHoi aacopOIrii 3a3Budail OJIM3bKHIA
JI0 TETJIOTH 3pimKyBaHHs ancopOaty (10-80 kmk/momns). Takoro €, HampukiIag, amcopOris
IHEpPTHHUX Ta3iB HAa BYT1JII.

XimiuHa ancopOrris (xeMocopOIis) 3aIWCHIOETHCS MIIAXOM XIMIYHOI B3a€MOIL
MOJIEKYJT aficopOeHTy 1 amcopOaTty. XemocopOIlis 3a3Bruaii HE0OOpOTHA; XIMIYHA aCOPOITis,
Ha BiIMiHY Bia (Ii3U4yHOI, € JIOKali30BaHOIO, TOOTO MOJEKYIH ajacopdaty He MOXKYTh
NepPEeMIIIATHCS TI0 TOBEPXHI a7copOeHTy. OCKIIBKHA XeMOCOPOITis € XIMIYHAM MTPOIIECOM, IO
BUMarae eHeprii akruBarii mopsaaky 40 - 120 k/[»x/Mosb, MiIBHILCHHS TEMIIEpaTypy CIPHSE
il mpotikanHto. [Ipukiman XiMigHOi agcopOmii: amcopOrisi KHCHIO Ha Bojbhpami abo cpibmi
IpY BUCOKUX TEMIIepaTypax.

V §

T

Puc.7.3. Cxemamuunuii epagix nogedinku 3anexcHocmi o0'emy aocopbosanozo Hikeaem
B00HI0 610 memnepamypu

Crip migkpecauTH, mo sBuma GpizngHoi 1 XiMIYHOT a1copOITii 9iTKO pO3pi3HSIOTHCS B
Jy’K€ OKpPEMHX BHITQJIKaX. 3a3BUYail 3/IIHCHIOIOTHCS IPOMDKHI BapiaHTH, KOJIM OCHOBHA Maca
azcopOoBaHOi peUOBUHU 3B'S3Y€ETHCS TOPIBHSIHO C1a00 1 JIUIIE HEBEIMKA YaCTUHA - MIITHO.
Hampuknan, kucenb Ha MeTanmax a00 BOJEHb Ha HIKEIl TMPU HHU3BKHX TeMIEparypax
a7copOyIOThCS 1O 3aKOHaX (HI3MUHOI amcopOItii, ajie Mpy MiABUIICHH] TEMIIEPATYPH MOYHHAE
npoTikaté ximigHa azacopOuis. I[lpuw migBuUIeHHI TemmepaTypu 30UIbIICHHS XiMIYHOT
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azcopOrii 3 AesKoi TemnepaTypu MOYHMHAE MEPEKPUBATH MadiHHA (i3MUHOI aacopOiii, Tomy
TEeMITepaTypHa 3aJIeKHICTh aJCOPOITii B IIbOMY BUIIAJIKy MA€ YITKO BUPAKEHUN MIHIMYM.

ITpu mocTiiiHil TemMnepaTypi KiTbKICTh acOpOOBaHOT PEYOBUHH 3QJICIKUThH TUIBKHU Bif
PIBHOBa)XXHOTO THCKY a00 KOHIIEHTpamii ajcop0ary; piBHSHHS, IO 3B'S3y€ IIi BEIWYUHH,
HA3MBAETHCS 130TEPMOIO ancopOrrii. €auHo1 Teopii, sika JOCTAaTHRO KOPEKTHO OMHCyBasia O
BCl BUAM aJcopOIii Ha pi3HUX MOBEPXHSAX PO3AiTy (a3, HEMAE; PO3TISTHEMO TOMY MAESKi
HaMOLIBII momMpeHi Teopii aacopOiii, o0 OMUCYIOTh OKpeMi BUIM aAcopOIlii HAa MOBEPXHIi
PO3ALTY TBEpAE TiJIO - Ta3 abo TBEP/E TiJIO - PO3UHH.

7.4. Teopisi MOHOMOIEKYIsIPHOI adcopbuii JleHamiopa

Teopiss MoHOMONEKYISIpHOT aacopOIlii, Ky pO3pOOMB aMEepUKAHCHKHHA XiMik .
JleHrMIOp, TPYHTY€THCS HAa HACTYITHHUX MOJIOKEHHSX.

e AzcopOiis € JTOKaTi30BaHOK 1 CTBOPIOATHCS CUIIAMH, OJIM3BKUMU J0 XIMIUHUX.

e AncopOris BinOyBaeThbCsl HE Ha BCIM MOBEPXHI aJICOPOCHTY, a HA aKTUBHUX ICHTPAX,
SKUMH € BHCTyNH a00 3amaJiMHU Ha TOBEPXHI aJICOPOCHTY, IO XapaKTepU3YIOThCS
HasBHICTIO BUIBHHUX BaJCHTHOCTEH. AKTHBHI LEHTPU BBAXKAIOTHCS HE3aJEKHUMU
(TOOTO OAVH aKTUBHUI IIEHTP HE BIUIMBAE HA aJCOPOIIHY 3aTHICTh 1HIINX ).

e KokeH aKkTHBHMI IEHTP 3JaTHUH B3a€EMOISATH TUIBKH 3 OJIHIEI0 MOJICKYJIOIO
afgcopbaTy; B pe3yibTaTl Ha TOBEPXHI MOXKE€ YTBOPUTHUCS TUIBKH OJWH IIIap
azcopOOBaHMX MOJIEKYII.

e [lpomec aacopOmii € OOOpOTHMM 1 pIBHOBaXHUM - aJcOopOOBaHa MOJEKYyia
YTPUMY€ETHCS AKTUBHUM IIEHTPOM SIKHICh Yac, MICIs 4YOro JAecopOyeThes; depes
JeSKA 4Jac MK TmporecaMu aacopOmii 1 mecopOriii BCTaHOBIIOETHCS IWHAMIYHA
piBHOBara.

Fop-f-mmn==-===zszans -

e
Y=

b c
Puc.7.4. I'paghix nosedinxu izomepmu MOHOMONEKYIAPHOT a0copOYii

B crani piBHOBarm mBHAKICTH ancopOmii piBHA MMBHAKOCTI AecOpOIii.
[IBuakicTh AecopOIii mpsMO MPOMOPIIiiiHA YACTIli 3aHATHX aKTUBHUX LIEHTPIB (X), a
ajcopOIrii mpsMoO MPOMOPIIiiiHa T0OYTKY KOHIEHTpaIlii afcopbarty Ha JOJ0 BUTBHUX
aKTUBHUX LEHTPIB (] - x):

V,=kx (1) V,=k,C(1-x) (8) k,C(1—x)=k,x

70



3B1JICH 3HAXOJHMO X: x:kA—C (10) «x= c _ ¢
ko +k,C ko b+C

A

MaxkcuMaabHO MOXKIJIMBa BelWduHa aacopOuii I', mocsiraeTecs 3a ymMOBH, IO BCi
aKTHUBHI IIEHTPH 3alHITI MOJICKyJIaMu ajgcopbary, Tooto X = 1. 3Bijcu BummmBae, mo x =1/
I',. TlincTaBuBIIHN 1€ B PiBHSIHHS, OTPUMYEMO:

T C yror_C
I, C+b C+b

Jlane piBHSHHS € 130T€PMOI0 MOHOMOJEKYJISIPHOI aacopOrii, mo 3B'S3y€ BEIUIUHY
ancop6mii I' 3 kormnenTpamiero aacopoary C. TyT b - nesika ctana i JaHOI Tapu aACOpPOCHT-
azcopOat (BIIHOUICHHS KOHCTAHT IIBUAKOCTEW aecopOuii i amcopOrrii), 1 4ucenbHO piBHA
KOHIIEHTpAIlii afcopOaTy, IpH SKii 3aifHATa TTOJIOBUHA aKTHBHUX IICHTPIB.

Koncranty b MokHa Bu3HauuTH TpadiduHO, MPOBIBIIM JOTHYHY JO 130TEPMH
ancop6mii B Tourti C = 0. [Ipu omuci mporecy aacopOIii ra3iB KOHIEHTpAIlis MOXe OyTH
3aMiHEHA TPOIOPIIITHOIO BETUYHHOIO MaPIiaIbHOTO TUCKY Ta3y:

r-r,—2
P+b

Teopiss MoHOMOJEKYISIpHOT ancopOmii JIeHrMiopa 3acTOCOBHA IJisi OIMUCY ACSKUX
MpoIIeciB aAcopOIii Ta3iB 1 pO3YMHEHUX PEUOBUH MPU HEBEIMKOMY THUCKY (KOHIIEHTPAIISX)
azicopoary.

7.5. Teopisi nonimonekynsapHoi adcopbuii lMonsaHi

Ha mnpaktumi wacto (ocob6mmBo mpw ancopOrii mapu) 3ycTpidaroThes S-MOII0HI
130TepMu ajnicopOiii, popMa SKUX CBIAYUTH PO MOXKIIUBI, MOYMHAIOUU 3 ACSKOI BEJIMUYUHU
THCKY, B3aEMO/IIT aIcOpOOBAHNX MOJIEKYJ 3 aJICOpPOATOM.

r.ﬂ.

=
Puc.7.5. I'paghix nosedinku izomepmu nonimonexyiapHoi aocopoyii

Hns omucy Takux i3oTepMm ancop6Omii M. [lonmsiHi 3ampomoHyBaB  TEOpir0
MOJIIMOJIEKYJISIPHOT aJIcOpOI1ii, 3aCHOBaHY Ha HACTYITHUX OCHOBHHUX ITOJOKEHHSX:
e AsncopOrisi BUKJIMKaHA YUCTO (PI3MIHUMH CHIIAMH.
e [IloBepxHs amcopOeHTy OmHOpigHA, TOOTO Ha HIA HEMae AaKTUBHUX IICHTPIB;
aacopOIiiiHI CWIM yTBOPIOIOTH O€3MepepBHE CHIIOBE IMOJie MOOIU3Y IMOBEPXHIi
aJiIcopOeHTY.
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e AjcopOiifHi CWJIM JiF0OTh HA BiACTaHi, OUIBITY 3a po3Mip MOJEKylIH aacopdary. Y
MOBEPXHI aJCOPOCHTY ICHYE AesKkud ancopOriiHmii o0'eM, sSKUH TpH aacopOrmii
3aMOBHIOETHCSI MOJIEKYJIaMHU aficopoary.

o [lputaranHs MOJEKyIH aAcopOaTy IOBEPXHEIO aJICOpPOSHTY HE 3alIeKUTh BiJ
HAsIBHOCTI B aJCOpOLIifHOMY 00'eMi IHIIMX MOJIEKYJ, YHACHIJOK YOTO MOXKJIMBA
MOJIIMOJIEKYJISIpHA aICOPOITis.

e AncopOuiliHi CHUIM HE 3aJleXaTh BiJ TEeMIEpaTypw 1 31 3MIHOIO TeMIepaTypu
afcopOIiitHuit 00'eM HEe MIHSETHCS.

7.6. PieHsiHHs1 ®peliHOnixa

Teopetuuni ysBiaeHHs, po3BuHeHi Jlearmropom i [lomstai, B 3HaUHIN Mipi ieani3yloTh
1 CIIpOIIYyIOTh JiiCHY KapTuHy afcopoOuii. HacmpaBai moBepxHsi aicopOeHTY HEOAHOPIAHA,
MK afcopOOBAaHMMH YaCTHHKAMH Ma€ MICIE B3a€EMOJIISA, aKTHUBHI IIEHTPH HE € TMOBHICTIO
HE3aJIe)KHUMU OJIMH BiJ] OJHOTO 1 T.JI.

Bce ne ycxmanHioe BuA piBHSHHA 130Tepmu. . OpedHAIIX TPUITYCTHB, MO YHUCIIO
MoJiell aacopOOBaHOTO ra3zy ab0 pPO3YMHEHO! PEYOBHHH, IO MPUIATAE HA OAMHUILIID Macu
aacopOeHTy (muTroma ancopOiist x/m) MOBHHHA OYTH MPOIOPIiifHA PIBHOBAXXHOMY THCKY
(mns razy) abo piBHOBaXHIM KOHIEHTpaIli (11 PEYOBHH, aJCOPOOBAHMX 3 PO3YHHY)
a7ICOpOCHTY, 3BEJICHIN B JACSIKY MIpY, SKa 3aBXKIU MEHIIIA OTUHUIIL: X oac (15) X _ap
m m

&
-lg xim

3| =

-lga

Y

a) 6)

Puc.7.6. [paghixu nosedinku izomepmu aocopoyii Dpeunonixa 6 36uuatHux a) i
Jno2apu@mivHux 6) KopouHamax

IToka3nuk cremeHs 7 1 KOedIIEHT MPOMOPLIMHOCTI a B piBHAHHI DpeiHmIixa
BU3HAYAIOTHCS €KCIIEPUMEHTAIBHO. JlorapudMyroun piBHSHHS, OTPHUMYEMO:
X X
lg—=nlgC+lga (17) Ilg—=nlgP+Iga (18) tga=n
m m

TakuM YwHOM 3aJeXKHICTH Jorapudmy mnmUTOMOI aacopOmii Big Jorapudmy
KOHIIEHTpaIlii (TUCK) rpadidHO BUPAKAETHCS MPSIMOIO JIHIEIO, IO BiACIKa€ Ha OCl OpJAWHAT
BiJPi30K, pIBHUU Iga, TaHT€HC KyTa HaxmWiIy SKOI J0 Oci aOCIUC piBHHUHA MO BEIUYUHI
MOKAa3HUKY CTETICHs IPH TUCKY a00 KOHIICHTpaAIIii.
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7.7. Adcopbuyisi Ha mexi meepde Mifno — Po34YuH

[30Tepmu ancopOiiii po3uMHEHUX PEUOBUH 3 PO3UMHY IO CBOEMY BUTIISIY aHAJIOTIYHI
130TepMaM afcopOrii Ui rasiB; JUis po30aBICHUX PO3UUHIB IIi 130TepMHU 100pe OMUCYIOTHCS
piBHsiHHsSIMU ~ Dpeitramixa abo JleHrMiopa, SKIO B HHUX IJACTABUTH PIBHOBAXHY
KOHIICHTPAI[II0O PO3YMHEHOT peuoBHMHH B po3uuHi. [IpoTe aacopOilis po3uymMHIB € 3HAYHO
CKJIQIHIIIMM SBUIIEM B TIOPIBHSAHHI 3 Tra30BOI0, OCKUIBKM OJHOYACHO 3 aJCcOpOIli€r0
PO3YMHEHOT PEYOBUHHU YacTO BiAOYBAETHCS 1 aCOPOILIisi pO3UMHHHUKA.

T

Puc.7.7. Opiecumayis monexkyn Ha nosepxmi aocopoenmy

3anexHicTh ancopOIii Bix OyI0BH MOJIEKYI aacopOary Qyke CKiaaHa, 1 BUBECTH SIKi-
HeOy/lb 3aKOHOMIPHOCTI JIOCHTHh BaxXko. Mouiekynn 0aratb0X OpraHiYHUX PEUOBUH
CKIIQIAIOThCsl 3 ToJIspHOI (TiapodinbHOi) 1 HemossipHOi (TigpodobHoi) Tpym, TOOTO €
MOBEPXHEBO-aKTUBHUMHU PEUOBUHAMH.

Monekynmu [TAP mpu aacopOrii Ha TBepaOMYy aaCOpOCHTI OPIEHTYIOTHCS Ha HOTO
MOBEPXHI TaK, MO0 TOJApHA YacTHHA MOJEKynW Oyja 3BepHEHa N0 MoJsipHOI (asu, a
HETIOJISIPHA - 10 HETIOJISIPHOT.

Tak, mpu azacopOmii amdaTuaHrX KapOOHOBUX KHCIOT 3 BOJAHUX PO3YMHIB HA
HETMOJIIPHOMY  aJICOPOEHTI - AaKTUBOBAHOMY BYTIUTI - MOJIGKYJIH  OPIEHTYIOTHCS
BYTJIEBOJHEBUMH DPaJWKaJIaMH 10 aJIcopOeHTy; mpu aacopOmii 3 OeHzosy (HemoJsIpHHA
PO3YMHHUK) Ha MOJSPHOMY aJCOPOCHTI - CHIIIKAarelsi - OpiEHTAIis MOJEKYJI KHCJIOTH Oyze
3BOPOTHOIO.

7.8. AGcopbuis 3 po34yuHie esnekmporsimie

AncopOrIis BOAHUX PO3YMHIB €JIEKTPOJIITIB BIIOYBAETHCS, SIK MPABHIIO, TAKUM YHHOM,
IO Ha TBEPAOMY aJCOPOEHTI 3 PO3YUHY aJICOPOYIOTHCS MEPEBaXKHO 10HU OAHOTO BUTIISAY.
[lepeBaxHo aacopOmisi 3 po3unHy a00 aHIOHIB, a00 KaTiOHIB, BH3HAYAETHCS MPUPOJIOIO
azcopOeHTy 1 i0HIB. MexaHi3M afcopOIlii 10HIB 3 PO3YMHIB €IIEKTPOIITIB MOXKE OyTH Pi3HUM;
BUJIUISAIOTh OOMIHHY 1 cienuiuny ancopOIlito 10HiB.

OO6minHa azncopOiris € mpoiecoM 0OMiHY 10HIB MiXK PO3YMHOM 1 TBEpAOIO (a3oro, MpH
SIKOMY TBepJia (a3za MOTJIMHAE 3 PO3UMHY 10HU SKOTO-HEOYb 3HAKY (KaTioOHH a0o0 aHIOHH) i
3aMICTh HMX BUIUISIE B PO3YMH €KBIBaJCHTHE YMCJIO IHIIMX 10HIB TOro * 3Haky. OOMiHHa
azcopOris 3apxau crnenudigaa, TOOTO JUIsl TaHOTO aJACOPOEHTY 0 OOMIHY 3[1aTHI TIJTbKH
NIeBH1 i0H1; 0OMiHHA afcopOIis 3a3BU4ail HEOOOPOTHA.
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[Ipu cneuundivuniit amcopOrii aacopOiis Ha TOBEepxHI TBepAoi (a3u ioHIB, HE
CYNMPOBOKYETHCS BUIUICHHSIM B PO3YHH €KBIBAJICHTHOTO YKCJIA 1HIIUX 10HIB TOTO X 3HAKY;
TBepaa (asa mpu 1poMy HalyBae ejeKTpuuyHOro 3apsny. Lle mpu3BoauTh 10 TOro, MIO
no0IM3y TMOBEPXHI MiJ] JI€F0 CHJI €IEKTPOCTATUYHOTO MPUTATAHHS TPYMYETHCS €KBIBAJICHTHE
YHUCJIO 10HIB 3 MPOTUJICKHUM 3apsAI0OM, TOOTO YTBOPIOETHCS MOABIHHUN €IEKTPUIHUHN IIap.
B3aemonisi 3apsaiB, M0 KOHIEHTPYIOTHCS HA TOBEPXHI, MPU3BOAWTH [0 MOHIKEHHS
MOBEPXHEBOI EHEPTIii.

Jlist Bumaniky crerudivyHoi aacopOIrii eJeKTpoIiTy 0yino chopMyIL0BaHO EMITIpUIHE
npaBmwio [lecbkoBa 1 DasiHca: Ha moBepxHI KpHUCTaTiYHOTO TBEPIOrO Tijda 3 PO3UHUHY
eNeKTpOoINiTy crnenudiuHo ancopOyeThest 10H, SKHM 30aTHUH J0OYIOBYBaTH MOTO
KPUCTAJIYHY PemITKy ab0 MOXe YTBOPIOBATH 3 OJHHUM 3 10HIB, IO BXOJWUTH JO CKIATY
KpHUCTalla, MAIOPO3YHHHY CTIOIYKY .
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8. 3apoakoyTBOpPEHHS

8.1. Hykneauis

Hyxkrearist - e mepmia 3a 9acom HacTaHHsI CTajis (a30BOrO MEPEXOmLy, MPU STKOMY
YTBOPIOETHCS 3aPOJIKUA HOBOT, CTa01IbHOT (ha3u, Kl CTIHKO poCTyTh. PO3pi3HSIIOTE TOMOTEHHE
1 TeTepOreHHe 3apOIKOYTBOPEHHSI. | OMOT€HHE — 3apOIKOYTBOPEHHS B 00'€éM1 MaTepHUHCHKOL
¢dazu. l'ereporenHe — B3aeMomii, IO MPHU3BOAATH JO TMOSBU 3apoAKiB HOBOI (asm,
BiOYBaIOTHCS MPU KOHTAKTI 3 KOHIICHTPAIIHHUMU a00 CTPYKTYPHHMH HEOIHOPOTHOCTSIMI,
JOMIIITKOBUMHU IICHTPAMHU, SIKi MOXKYTh OyTH MPUCYTHIMHU B MAaTePUHCHKIH (a3l YU MOBEPXHI.

[TosiBa cTtaGinbHUX sinep HOBOI (pa3u MmoB'si3aHa 3 GOPMYBAHHIM MOBEPXHI po3alty (a3
Ta TETePOTeHHICTIO Mpoliecy MosBH HOBOI (pa3u. Haitbinpmmii iHTEpec mpeacTaBisie cTais
HyKJIeallli B TeTepOreHHUX CHUCTeMax (MepecudeHa mapa i mpucyTHi B ii 00'emMi uyKopigHi
YACTUHKH).

Yactnaka Moke OyTH 3apspkeHa UYHM HEWTpalibHa, TOBHICTIO ab0 YacTKOBO
PO3YMHATHUCS Yy BOJSIHIN Mapi, IpU bOMY MOBEPXHS HEPO3UMHHOTO T'€TEPOTEHHOTO IEHTPY
MOke OyTH TTOBHICTIO 200 94aCTKOBO 3MOYyBaHOK. KpuTU4HMIT po3Mip Kparut nmpu HykKJearii
Ha 3MOYYBAHHMX IEHTpPaX MOXE BU3HAYATHUCA TOHKOK a00 TOBCTOIO PIAKOIO TUTIBKOK. Bix
X TapaMeTpiB 3alieKaTh XAPAKTEPUCTUKUA TPOIECY HyKJealili — YHCIO 3apoJIKiB, IO
YTBOPIOIOTHCS, IX CEpemHii po3Mmip, 9ac TpuBajocTi ctaziii. OCHOBHHM B TEPMOIWHAMIIII
TEeTePOTeHHOI HyKJeallli € 3HaXO/DKEHHS pPOOOTH YTBOPEHHS YaCTUHKH HOBOI (a3um abo
XIMIYHOTO MOTEHIIATY KOHACHCOBAHOTO CEPEIOBHUIIA B KPATLTi.

SIKIo oTpUMAaTH 3HAYEHHS BEJIMYUHM POOOTH YTBOPEHHS Kparuli, TO L€ J103BOJIUTH
OOYHCIIUTH BCl BXKJIMBI [T KIHETHKH HYKJIeallii TepMOIUHAMIYHI XapakTepucTuku. OHIE0
3 XapaKTepUCTHUK € MOPOTOBE 3HAYEHHS XIMIYHOTO TOTEHINaTy; MPU 3HAYCHHSIX OUTBIINX
SIKOTO BC1 IPUCYTHI B PO3YMHI TYKOPI1/IHI YACTUHKH CTAIOTh IIEHTPAMH POCTY Kpareb.

3HayeHHs MOPOTOBOTO XIMIYHOTO MOTEHIaly € (YHKIIE€0 TapaMeTpiB PEUYOBUHHU.
HasBHICTB 3apsy y YaCTHHKH 3MEHIIIY€ 3HAYCHHSI TIOPOTOBOTO XIMIYHOTO IMOTEHITIAy TIapH,
MOPIBHAHHO 3 KOHJACHCAII€I0 HA HE3aps/DKEHUX 3MOUYyBaHMX IeHTpax. [Ipu 30imbmieHHI
pO3Mipy YaCTUHKH KPUTUYHUN PO3MIp Kparuli BU3SHAYAETHCS TOBIIMHOIO ITiBKH.

[Tpu gacTKOBI 3MOYYBAHOCTI MOBEPXHI T€TEPOTEHHOTO IIEHTPY MONIYK aHATITUYHOTO
BUpa3y Mjs TOPOTOBOTO 3HAYEHHS XIMIYHOTO TMOTEHIiany MNpoOJeMHUA, alie YHuceIbHi
OLIIHKH JIJIS1 KO’KHOTO KOHKPETHOTO BHITAJIKy MOYJIHBI.

Hyxkneartis Moke pOXOIMTH B TTOpax 1 HA MOBEPXHI aJICOPOCHTIB Ta MOPUCTUX CUCTEM
HANpUKIa] OKCUAIB KpemHiro. L[i edexTtu moOB's3aHi 3 TETEPOTEHHUMHU MPOIECAMHU, 3
B3aEMOJIIEI0 PIIKOI 1 TBEpA0i pa3u Ta BiMIrPArOTh BETUKY POJIb HE TIIBKU MPU KpUCTaTi3alii i
3aMOpOKYBaHHI CHCTEMH, ajie 1 B 0ararboxX IHIIWX MpPOIecax - B €IEKTPOXiMii, aacopoii,
TeTePOTeHHOMY KaTai3i, JepMEHTATUBHUX PEAKIIisX, TOIIO.

8.2. loMo2eHHe i3omporHe 3apoOKOYMEOPEHHS

[TosBa 3aponkiB HOBOi ¢asm B MeTacTaOUTbHIM CHCTEMI IOB'sI3aHa 3 MEPEX0JI0OM
PEYOBMHHM B TEPMOAMHAMIYHO CTaOUThbHWI cTaH. Buenuit ®ompmep mnepenbaymB, moO B
MeTacTaOUThHIN (pa3i BiZOyBa€ThCsl TOMOTEHHE CIIOHTAHHE YTBOPEHHS aHCaMOJIB Pi3HOTO
CKJIaJ1y 3 aTOMIB MaTepHHCHKOT (pa3u MUISIXOM IX MOCIiAOBHOT 000POTHOI acoliarii.
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MertacrtalinpHa (haza 3HAXOJUTHCS B CTaHI KBa3ipiBHOBArW: MIBUAKICTH POCTY 3apOJIKiB
HAJKPUTUIHOTO PO3MIPY Mayia, PIBHOBOKHHM CTATUCTUYHHMA PO3MOMIT acCOIiaTiB TI0
po3Mipax (10 KpHTHquro) He TIOPYIIYeThCs 1 He 3MiHIOEThCA B 4aci. Cami 3apoJKu mpH
1IbOMY € C(hepUUYHMMHU MIKPOKpPAILUIIMHU pajiycy R; sKi BOJOAIOTh BIACTUBOCTSAMU 3BMYaMHOI
piAMHU, 10 3HAXOAUTHCS B Kammpi, 1 THCK napu HajJ HUMU P; omucyeThes

piBHsHHIM ['1066ca-Tomncona: P =P exp

kTR

ne P, 1 6 — THCK HacW4YeHOI Mmapu Ta KOe(iIi€eHT MOBEpXHEBOTO HATATY; 2 = M/ANp);
M - MOJIeKy SIpHA Maca, p - TYCTHHA pedoBHHE; Na — unciao ABorampo; ks = 1,38:10 > Jix/K
— crana bonpumana.

VY 3aranpHOMY BHIAAKy 3MiHy eHeprii ['106ca AG cuctemMu mpu yTBOPEHHI 3apoika
HOBOI (ha3u MOKHA MPEICTABUTH Y BUTJISAII CyMH JTBOX JOJAHKIB.

[lepmmit nmomaHok: BigOOpaXkae MakKpoOOO'eMHI BIACTHBOCTI CHCTEMH, BpPaXOBYE
3meHIIeHHs eHeprii ['i6ca cucteMu (AG)yayp - BUTpALI €HEPrii, IpY yTBOPEHHI 3apoJika HOBOI
¢azu, Mo CKIAAAETHCS 3 aTOMIB, 1 XapaKTEPHU3Y€EThCS PI3HUIICIO XIMIYHUX MOTEHIIANIB Au
MDK METacTabUTbHOI0 MaTEepHUHCHKOI0 (Da30r0 (cepeoBHUIIEM) 1 CTaOLIBHOIO HOBOIO (ha30ro
(3apoakoM):  (AG)yaxp = — n(Ue — Ws) = — ndu, 1€ U, 1 f1; — XIMIUHI HOTEHLIAHM CEPEOBHINA 1
3apojKa, B TEPEepaxyHKy Ha OJMH aToM; Ay - 3MiHAa XIMIYHOTO MOTeHIany, J[x/aTom.
Bemmunna Ap Moxke OyTH BUpakeHa dyepe3 0e3rmocepe/THhO BUMIPIOBaHI MapaMeTpH.

Bupazu Ap anst psty BUMAAKIB 130TPOIMTHOTO TOMOTEHHOTO Ta30yTBOPEHHS:

J

e KonjieHcaris napu:

» Ap=kgTIn(P/Py), P> Py, P,- Tuck Hacu4deHoi mapu; P - TUCK Mapu Mmpu IaHii
TeMIiepaTypi

» Ap=AHuu(To — T)/Ty = AH,,,ATITy, T < Ty; Ty - Temnepatypa konaeHcarii, T-
TEMIIepaTypa CUCTEMHU

L4 KpI/ICTaJ'IiSaI_[iSI OJHOKOMIIOHCHTHHX YaCTHHOK:!

» 3 po3unnHy Ap = kg1 In(ny/n), n > ny; ng— 9UCIO aTOMIB PO3ZUYNHEHOT PEUOBUHH, 71 —
YHCJIO ATOMIB PO3UMHHHKA.

» 3 po3mwiaBy A =AH,(Ty— T)/Ty = AH ATITy, T<Ty;

Jpyruii nonaHok: OOYMOBJICHHH MIKpOOO’€MHHMH BJIACTUBOCTSIMH CHUCTEMH -
MIKPOCKOITIYHICTIO 3apoJiIka 1 YTBOPEHHSIM MiK(pa3HOI TOBEpPXHi, M0 NPU3BOIUTH IO
30inbmeHHs eHeprii (AG,)yag > 0 1 IIOB'A3aHO 3 BUHMKHEHHSAM €HEPreTHMYHOro Oap'epy Juis
¢azoBoro neperBopeHHs. BBaxkarouu, 110 3apo0K HOBOI (pa3u € chepuIHmil Ta CKIaAA€THCS
3 n atoMiB i Mae pagiyc R, =(3n/47p)"* , MoxHa 3anucaty (AG,),. = 47R’G.

MiKp
Toni moBHa 3MiHa eHeprii ['166ca mpu yTBOpeHI OJHOTO CPEPUUHOTO 3apojaKa IS
MEPECUYCHOTO PO3YHHY (TIEPEOXOJIOHKEHOI PIAMHI) PO3PaXOBYBATUMETHCS SIK :

(AGn) (AG )MaKp + (AGn)Mu(p 4'7Z'O'R2 —%HPR3AIU .

3MiHa XIMIYHOTO MMOTEHIIAy Ax - TIOB’sI3aHa 3 YTBOPECHHIM 00’ emMy pazgiycoM R:
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n o
Au=Au’ + ln(]\‘;j, ne n,Ta N- KOHIIEHTpalll pO3YMHEHOI pEYOBUHU Ta PO3YMHHUKA.

Jlnst 3aMKHeHOT nopu: Au = Au® +In| 2 , ie Ay’ - pi3HHI XIMIYHMX HOTEHIIAIB
n,
. : . . : 47R> p
PLAKOIO 1 TBEPAOro CTAaHIB PCYOBUHH, N- YHUCJIO aTOMIB B KJIACTCPI. ﬂKH_[O n= 3 , TO

3
BilbHA eHeprid ['ibca po3paxoByeThCs AK: AG(n)= W%{z_o- - LA 4° —1In Mo ﬂ
0

8.3. KpumuyHuli po3mip i cknad i3omponHo20 3apoodKa
3aponok HOBOi a3z € chepudyHHii, CKJIaNaeThcs 3 7 aTOMIB 1 Mae paaiyc
R, =(3n/4zp)"”* . Tlpn mamux R, (Maje 3HA4YEHHs 71) NPEBaXkac MO3UTHBHMII YieH B NpaBiif

YaCTHHI PIBHSHHS, MMOB'sI3aHUH 3 TIOBEPXHEIO YACTUHKH, 1 4G (1) 301IIBIIYETHCS 13 3pOCTAHHSAM
R, . Ilpn Bemukux R, (BelMMKe n) OCHOBHY pOJb TMOYMHAE BiJirpaBaTH AOJATHIA YJeH
piBHsIHHS, TOOTO 4G (1) 13 3pOCTaHHIM R, 3MEHIIYETHCSL.

TakuM 4YHMHOM, ICHY€ e€HEpreTHYHHUN Oap'ep, BIJHOCHO SIKOTO TIOJNOXKEHHS R,
BU3HAYAETHCS 3 YMOBH piBHOBaru O(AG,)/0R; = 0:

3 3
8AG:i 47Rp| 3a Ax —In n, _4Rp 3a A’ —In n, _47zR2a:0
OR OR 3 |Rp ny—n Rp n,—n R

47R* p M—[Ayo—ln "o J—“ ~0,260 2% —Au’—lnTo
Rp ny—n Rp Rp n,—n

n,—n . 2a : a0 . 32a° .
a) —~——1, 100610 Ny>>n, Tomi “—=Au’ i R, =-"%— 1 ng,=— "+, i3
g Rp A’ p 307 (Au’)
30UTBIIEHHSAM KOHIICHTPAIIll, KpUTHYHAU pPO3MIp KiIacTepa 3MEeHIIyeThCs. [Ipu oMy BucoTa
; 1670’

CHEPreTHYHOro 0ap’epy yTBOPEHHs Kilacrepa ckiamae: AG, , = ———— .

3% (Au°)

. 2a 2

0) n, ~n, ane 3aBxau n, >n. Toal R, = N, =N

’ max 0 0
_ 2+A
p[A,uO +ln[n0 nD a
ny

AG,
1
(2) |ammrercmcamcreferucas
AG L ¢
1
H
AG | mmmmmmeg ot E
Ioxp v H
: :
0 . R;
&3] (2)
RJ:KP \}?J-Rp
3 2
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Puc.8.3. I'pagix 3anexcnocmi sminu enepeii I'ioca cucmemu 6i0 padiycy 3apooKy H080i ¢hazu
npu pisnux Au: 1 —Au (Au = 0); 2 —Au®; 3 - 4u” Au® > 4u?)
Cucrema, 1m0 MICTUTH 3apPOJIKH KPUTUIHOTO PO3MIPY, 3HAXOTUTHCS B CTaHI HECTIMKOL
piBHOBAry.
e Jlna ancamOmiB aToMiB 3 R, < R, ., IOTEHIia]l CHCTEMH 3MEHIY€ETHCS: arperaTtd, MEHII
R, «p> PO3IIANIAIOTHCS.
e Jlna ancamOuiB atomis 3 R, >R,,, NOTEHIIa]l CHCTEMH 3POCTA€, IO TAKOX 3HHKYE
eHeprito cucremu. CaMe 11i YaCTUHKH 1 OYyTh 3apOJIKAMH.
301IbIIICHHST TJIMOWMHM BIPOBADKEHHS B METAacTaOUIbHY o00macTh (3pocTaHHs Au
XapaKkTepU3y€e CTYIMiHb BIIXWJICHHS CUCTEMH BiJl PIBHOBaXXHOTO CTaHY) CIPHSE 3MEHILICHHIO
BUCOTHU eHepreTHUHOro 6ap'epy AG,,, TIpH 3apOKEHHI HOBOT (a3u.
JIy1st yTBOpEHHS 3apOJIKIiB METATy KPUTUYHOTO PO3MIpy, IPH TOMOTEHHIN KOHIeHCaIii
3 MapiB METaJly MPU TEeMIIepaTypi IJIaBJICHHS, HE MOTPIOHO BUCOKUX MEPEHACHYECHB 1 IS
YTBOPEHHSI KPUTUYHOTO 3apOJIKY MOKHA 3aMUCATH: Sy, = Py/Py =1,10...1,22.

8.4. loMo2eHHe aHi3ompornHe 3apOOKOyMeOopPeHHSs

Hexait 3aponku SBISIIOTE COOOI0 CEpHYHI Kparwli 3 TMOBEPXHEBUM HATITOM, Xa-
pakTepHUM s MacuBHI ¢a3u. Taka MOJenb Oonmucye 130TpornHe GOpMYBaHHSI 3apOIKIB, IS
SKUX PIBHOBaKHA (popMa sBIIsIE COOO0I0 KYITIO.

S0 pe3ynbTaToM 3apOJOKYTBOPEHHS SBIISIOTHCS TBEPJI METATIOBMICHI aHCAMOJTi, TO
dbopMyBaHHS TEPMOJMHAMIYHO PIBHOBAKHOTO KPHUCTATIYHOTO 3apOJIOKY BiIOYyBa€THCA
aHI30TPONMHO B CHJIy KpHUCTanorpadiqHoi HEPIBHOIIIHHOCTI TOBEPXHEBOI €HEprii Horo
TpaHUIli: 3MIHIOETbCS IUJIOIIA TOBEPXHi, TYCTHHA 1 B3a€MHE pO3MIIICHHS aTOMIiB B
MOBEPXHEBOMY mapi. B Xoai yTBOpeHHS 3apOoJIOKIB €JIEMEHTH TMOBEPXHI posniny 1 cami
TIOBEPXHI CTBOPIOIOTLCA 1 3HUKAIOTh. 3 BpaxyBaHHAM JOJAHKY (AG))yiq, B PIBHAHHI €Heprii
['ibca yTBOpEeHHS KPHUCTAIIYHOTO 3apOJIOKY BIPTO 3alKCyBaTH y BHIJISAI CYMH ACKIIBKOX
wieHiB: (AG,), . :Z(yh h s

ne oy S, = /b,rhz — NMMTOMAa BUThHA TOBEPXHEBAa €HEPTrisd 1 IUIoIa MOBEPXHI TpaHi A
KpUCTaJy; ¥, — JOBXKWHA HOPMais 3 HEHTPY KPUCTATIYHOTO 3apOJOKY N0 TpaHi A, A, —
koedimenT Gopmu (mmapameTp, MmO 3aleXuTh Bix (Gopmu kpucrtamy). Enepris kpucramy
3JICKUTH B1JI HOTO 00’ €My 1 UMCia aTOMIB Ha Pi3HUX TpaHsIX, KyTax 1pebOpax.

Jliis yTBOpeHHs1 KyOi4HOTO 3apOOKY i3 CTOPOHOIO @ BUpa3 [Jisl MOBHOI 3MIiHU €Heprii
['i6ca Oyme HacTymTHUM:

~ (AG) sy + (DG iy =~ AWQ + 60

TSt KyOy KpUTHIHOTO p03M1py (OAG;/OL; = 0):

Aj,Kp - 4QY/A|J
MOTEHIIaTbHIUHN Oap’e€p YTBOPEHHS MOSBICHHS KPUTHYHOTO 3aPOJAKY:

Wi = AGp = 32(2A1)°6°

[TpunyctuMo, 1110 MOBEPXHEBI €Haprii Kyii Ta rpaHi KyOy piBHi, orpumyemo: Wy, (Ky0)
=~ 1,.9W,, (kyns), TOOTO NMOTEHIiaIbHUI Oap’ep y BUIAJIKy YTBOPEHHS 3apOJOKy KyOi4HO{
dbopmu Maibxe BIBiYl OiIIBIINN, HIX IS CHEPUUHOTO 3apoJKy. ToMy HaiO1IbII HMOBIPHOIO
PIBHOBaXHOIO (DOPMOIO 130TPOMHO-YTBOPEHOTO KPUCTAIIYHOTO 3aPOAOKY SBISEThCS (hopma
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Kyli, 1Mo BiAmoBigae MiHUMyMy eHeprii. OcHOBHI  KOHIEMNIi JaHOi  Mojem
3apOAKOYTBOPEHHS TPH KOHJCHCAII 3 Ta30BOi (pa3y HE MAIOTh MPUHIIMIIOBUX BiAMIHHOCTEH
TP PO3TJISAI 130TPOIMTHOTO YTBOPEHHS HOBOI (ha3u B po34MHI 4 po3ruiaBi. Tomy B piBHSHHI
3MIHIOETBCS TUIBKU BMICT BUPa3y I (AG))yaxp = JAM .

[amra xkaptuaa Oyae mpu GopMyBaHHI HOBOI (a3u B TBEPAIA MATPHIll, IS SKOi, K
MIPaBUIIO, XapaKTepHa MPOCTOPOBA aHI30TPOIIS BIACTHBOCTEH. BUHEKHEHHS 3ap0I0Ky HOBOI
¢da3u i3 cBOIM MUTOMHM O0’€MOM 1 CTPYKTYpPIO, IIO BiApPi3HSIOTHCSA BiJl MATCPUHCHKHUX,
NPU3BOIUTL 10 TIOSBU HAIPYT, SKI BUHHUKAIOTH Mpu nedopmailii penriTku B pe3ysbTari
YTBOPEHHS 3apOJIOKY.

[Tpu ymoOBi, 110 MOAYJ b 3CyBY MaTePUHCHKOI 1 HOBOI (a3 OJAMHAKOB1, & MHOKHUKH, 110
MaroTh KoedimienTn Gopmu 3aponoky i koedimientu IlyaccoHa piBHI OJMHUIN, TO €HEPTIIO
MATpHIIi 1 3apOJOKY B 3araJlbHOMY BUTJISIII MOXKHA MPECTABUTH SIK:

(4G = MU} )2,

ne Uj — medopMaliist pelriTky, BUKIUKaHa YTBOPEHHIM 3apOJ0Ka MaTePHHCHKOI (has3u
i Xapakrepusye npu i # k 3cyB, U] =U, +U) +U. — BiINOBigHa BiHOCHA 3MiHa 00’eMy
[10;11], 4 — Momynb 3CyBY (BIOHOIICHHS KyTa 3CYBY 0 JOTUYHOI HAMIPYTH).

Sk 1 nosepxHeBa eHeprid (4G, = 0(i€)*°, npyxus enepris (AG))y, mponopuiiina
00’eMy 3apo/IKy; i1 301TbIIICHHS TPU3BOIUTH 10 3pocTaHHs eHeprii ['10ca cuctemu.

BukoprcToByroun 3HadeHHs o ~ 10° [ix/ev’, 6 =~ 10°...107 Dr/em®, U ~1072...107",
U% ~107...10"", Bigomo, mo skimo niHifami pasmip sapouxy (27~ o/A(U%)* = 1 um
Mpy’KHs 1 moBepxHeBa eneprii criBMipHi . Tomy wis Q ~ 2:10> ¢M’ KibKiCTh YaCTHHOK B
3apoJioKy j =~ 50.

B Tabmuii HaBeaeHO pajaiyc KPUTHYHOTO 3apOJAOKY R; 1 YHCIIO aTOMIB Jxp» HOTO
YTBOPEHB, IIPH KPHUCTATi3allii METaly 3 pO3ILIaBy.
o107, AH /Ty,  |AT,| Q1072 | Ry, | .
Meran Jix/em” | T/ (moms-K) Kp ,CM 1{11\/13 Jrp
Fe 204 8,6 295 | 1,21 | 1,17 | 553
Co 234 8,9 330 | 1,12 | 1,07 | 457
Ni 255 10,1 319 | 1,13 | 1,07 | 453
Pd 209 8,4 332 | 1,51 | 1,36 | 696
Pt 240 10,45 370 | 1,54 | 1,15 | 418
Cu 177 9,6 236 | 1,21 | 1,14 | 512
Ag 126 9,2 227 | 1,75 | 1,27 | 489
Au 132 9,5 230 | 1,73 | 1,26 | 483
Pb 33,3 7,95 80 | 3,08 | 1,94 | 991
Sb 101 22,1 135 | 3,39 | 1,38 | 324
Al 93 11,65 130 | 1,67 | 1,23 | 466
Sn 54,4 14,1 105 | 2,76 | 1,22 | 275
Hg 31,2 9,7 79 | 2,52 | 1,24 | 316

[ToHa 3miHa eneprii ['i6ca cuctemu npu TBepa0(PazHOMY YTBOPEHHI 3aPOJIKY:
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AGJ - (AGJ Maxp + (AGJ ynp + (AGJ nos _][A,U_ /1(U,(,){)2~Q] + 00[2)2/3.

3apo pKeHHsT HOBOI (hasy BimOyBaeThCs JNMINE MPH yMOBI, o Au > A(US)’Q, To6TO
Ko U9 ~3-107, Au >2-10" JIx.

Sxuto Au =~ AHAT/T,, ne AH — teruora nepexony (sik npasmio, AH < 7-102" JIx); Ty —
temneparypa nepexony; AT=T,—T — nepeoxonoaKeHHs1, To HoBa (pa3a Moxke (HopMyBaTUCH B
00’eMi TBepJ0i MaTEePUHCHKOI (ha3u, KoM BiTHOCHE nepeoxonomkeHnst AT/T, > 0,3.

Sxmo B MatepuHChKil (a3i penakcailisi Hampyr MPOTIKae 3a Yac, 3HAYHO OUTBIINK 3a
Yyac 3apOJDKEHHS, TO TO BiJHOMIEHHIO JO0 3apOJiKa, MAaTEPUHCHKY (hasy MOKHA BBa)KaTU
PYXHBOIO, TOOTO yTBOpeHHs 3apoAKy npu AT/Ty < 0,3 TepMoauHAMIYHO HEBUT1IHO.

Kpurtnunnii 3aponok Bunmukae, ko 0AG/gj = 0 :
3

2 O§22/3 8 O'3Q2
3Au-AUL Q| 27[Au-AULY QT

ij =

npu o = 5-10° /e, A = 10° ix/em®, U~ 3-107% Q =~ 2-10> oM’ i Au=~2-107" Tk
OTpUMAEM ., = 140. BigmosinHo (/'KPQ)” 3~ 1,4 um.

Ili ocobGmmBOCTI yTBOpEeHHS HOBOI (Pa3u BITHOCITHCS 10 TBEPAUX TN 13 17€aIbHOIO
KPUCTAIIYHOIO PEIIiTKOK. B peanbHHX KpHUCTANIYHUX TilaX 3aBXAW MPHUCYTHI TEBHI
nedeKTH, Kl TIABUIIYIOTh TEPMOJWHAMIYHUN TOTEHINAT KpucTamy. ToMmy yTBOPEHHS
HABKOJIO HUX oOiacteil HOBOi ¢azu Moke OyTH i3 BHTrpaiieM MO €Heprii, MOpiBHSHHO i3
17ICaTbHOIO Pl TKOO.

Eneprisi, HeoOXiHa 711 CTBOPEHHS KPUTUYHOTO 3apOJKYy B ileanbHIN pemriTii, J0c-
TaTHHO BEJIMKA, TOMY JJIsl 3apOJIKOYTBOPEHHS TOTPiOHE 3HAYHE BIiAXWJICHHS BiJ] yMOB
piBHOBarn ¢a3. HasBHICT, ngedeKTiB 3MEHIIye M0 CHEprito, Karaji3ye MpoIec
3apOJIKOYTBOPEHHS B JISSAKUX BHUIIAJKaX TakK, [0 3apOPKEHHS HOBOI (ha3u MOXe BiI0OyBaTUCH
0e3 TOJI0JIaHHSI 3HAYHUX CHEPreTUYHHX Oap’€epiB, 3 €HEPTri€l0 aKTHBAIll MOPSAIKY eHepril
akTuBarii gudysii.

SIKICHO 3apOpPKEHHS KOTepeHTHOI (a3 MOYKHA MPEACTaBUTH HACTYMHHM duHOM [12]:
YTBOPEHHS 3apOJKy — B JESAKiM 001acTi v KpHCTaly, MPU3BOAWTH 10 3MiHU eHeprii ['16ca
KpHUCTaJy, sIKy MPU ICHYBaHHI Pi3KOi TpaHUIll po3aAuTy (a3 MOXKHA MPEICTABUTH Y BUTIISI
CyMH TPbOX JTOJaHKIB:

AG;= (AG)s + (AG)y + (AG))r.

o [lepmmii mogaHOK BimoOpaxkae 3MiHy TOB’SI3aHY 13 BHHEKHEHHSIM TIOBEPXHI po3aALTy ¢as:
(AG)s=0aS >0,
Jie ¢ — TUTOMa MOBEpXHEBa €Hepris. [3 301IbIIeHHIM XapaKTEPHOTO PO3MIpy 3apOAKY R

115 €HEPrisl 3pOCTaE MO MapadoIIYHOMY 3aKOHY.

e Jlpyruii IOAaHOK, MPOMOPLIHHUNA 00’eMy V, Ta BpaxoBye€ BKIAJ SK 3MiHA XiMiYHOTO
noTeHmiany ¢a3 Au Tmpu MPEeTBOPEHHI, TaKk 1 pabOTy Ha CTBOPEHHS HAMpyr B XOJi
MIePETBOPEHHS:

(AG)y = (A + A2U,))Y,
ne A — Monynb 3cyBy; U, — HaWOUIBIINN KOMIIOHEHT TeH30py AedopMaliii mepeTBOpeHHS
Uy; A — dYHACTOBUH MHOXHHK, IO 3aJeXHUTh Bifg ¢opmu obmacti 1 aedopmamii. I3
301nbIeHHAM R eHeprisd AG; 301IbIIY€TbCS K R.
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e Tperiii nogaHoK BioOpaxkae BKJIAA B3aeMOJIl 3apOAKY 3 IHOJEM IMPYXKHIX Hampyr &

nedeKTy KpUCTAIIYHOI PelTiTKH: (AG j ) ® _j ‘91-(1:1)U wd ‘R
1%

I3 3GLMBIICHHSM R CHEprisi 3MEHIIYEThCS MPOIMOPIINHO 10 R° * — 3aKOH 3MCHIICHHS
Hanpyr Aedexty. DopMy KPUTHYHOTO 3apOJIKYy 3HAXOASTH 3 YMOBH IMEPETBOPEHHS B HYIb
nepmoi noxigHoi AG;. Tomy cpeaHs KpUBHM3HA B TOYI IOBEPXHI KPUTHYHOIO 3apOJKY
BU3HAYAETHCS PI3HUIICIO XIMIYHUAX MOTEHITIANIB (a3 Ay, MOBEPXHEBOIO EHEPTIIO 3aPOJIKY 0 Ta
MOBHOIO edopMalti€ro 3apoaky U i i MOBHOKO HAMPYTOIO B Iiii TOUII:

g =g g0

e &) — Hampyra, 1o CTBOPIOETHCS 3aPOJIKOM.

3apopkeHHsT HOBO1 (a3w Ha JIHIMHUX nedekTax (IMCIOKaIlisax) — MOMIMPEHE SBUIIE
IpU MIEPETBOPEHHSAX B TBepAOMY Timi. [1o6nu3y muciokaiiii KpuBU3HA MOBEPXHI KPUTHIHOTO
3apoJIKy MpsIMy€e A0 HEecKiH4eHHOCTi. CyKymHICTh IuX ()aKTOpPiB MPHU3BOAUTH IO TOTO, IIO
KPUTHYHUN 3apoJIoK siBIsie coboro ¢irypy dopmu BepereHa. [lpu 30mmKkeHHI 3HAYCHHS
napameTpa Ay 10 ¢ Hepris yTBOPEHHs KPUTHYHOIO 3apoiKy AG; ., ~ (0 — A)3/2 MpsIMY€E 10
HYJISl, IPUYOMY 3apOJIOK BCE OiIbII MPHUTUCKAETHCA A0 AWCIOKalii. B Bumaaky 4 > o Ha
JCIIOKAII1 MOKJIMBE 0e30ap’epHe 3apoKEHHSI HOBOI (hasm.

[Ipu CTpyKTYypHUX MEpPETBOPEHHSX, BIAOYBAETHCS OJHOpPiIAHA TepedyqoBa PEIIiTKH.
CTpyKTypHE TIEpETBOPEHHS, IO MPOTIKAE 13 3MIHAMHU CUMETPIil PEIiTKA, MOXKE CYIPOBOIK-
yBaTHCh 3HAYHMMU BUKPUBIEHHSMH, IO ToTpeOye eHepreTuyHux 3arpar. [ledekru
KpUCTally, i3 3MIHAMH CHUMMETpIi PEIIiTKH MOXYTh MepeOyayBaTH JIOKaJbHY YacHHY
MaTepianxy J0 CTaHy, IO ONHM3BKHI 0 pemnTKu HOBOi ¢a3u. s yTBOpEeHHS B TOMOTEHHIN
OJTHOKOMITOHEHTHI CHCTEMI 3apoJIKiB HOBOi (pa3u, IO 3JaTHI 0 TOMAIBIIOrO POCTY,
noTpiOHO 3Ha4He 3MimeHHs (a3su B MeTacTaOlIbHYy 00JIacTh, IO TMPU3BOAUTH O
JOCTaTHBOTO JJISl JOCATHEHHS KPUTUYHOTO CTaHy IEpPEeHACHYEeHHS (II€PEOXOJIOKEHHS).
PosrnsiHyTi MOmeni TOMOTEHHOTO 3apOJAKOYTBOPEHHS JO3BOJSIOTH OIIHHUTU  PiBEHBb
KPUTUYHOTO MEPEHACHYCHHS, PO3MIp Ta KIJIbKICHUH CKJIaJ KPUTUYHOTO 3aPOJIKY.

8.5. lemepozeHHe 3apOOKOYyMEOPEHHSs

B peanpHUX TBEpIMX KPUCTAIIYHHX TiJIaX 3apOJKOYTBOPEHHS MOXKE MPOXOJIUTH HE
TUTLKH TOMOTEHHO, aJie 1 TeTEPOreHHO, SIK B 00J1acTi Makpoie(eKTiB (TPIIIMH, CKOJIIB, TOIIO),
TaK 1 MiKpoae(heKTiB, MOOIN3Y CTyNEHIB POCTY, AUCIOKAIIl1, TPAHUIb 3€PEH, TOIIO.

Po3Mmip kpUTHUYHHUX 3apOJIKiB HOBOI (ha3u MPH TOMOTECHHIM KOHJCHCAIIi1 3HAYHO MaHIIUH
3a 10 am. Toxi Oyap-siki MOBEpXHI Ha SKUX BiI0OYBAa€ThCS YTBOPEHHS 3apOJIKiB, 110 MAOTh
paziyc KpuBH3HH Gibimii 107 M, MOXKHA PO3TIISIATH, SIK IIOCKI.

Oco06mMBOCTI  130TPOIMTHOTO YTBOPEHHS 3apOJKy Ha TUJIOCKIA TOBEPXHI MOXKHA
po3rIsimaTd B TEPMOAMHAMIYHOMY HAOJWMKEHHI, ampOKCHMYBaBIIM (opMy 3apoaxy
TIOBEPXHEBUM CETMEHTOM 3 PajliycOM KPUBHM3HH R;, IOBEPXHs SKOIO YTBOPIOE 3 IOBEPXHEIO
HiIKIAAKA KyT 3Mo4dyBaHHS 6. LluM KyToM BH3Ha4aeThCsi 00’€M TOBEPXHEBOTO CETMEHTY
(criBBIJHOLIEHHS MK BUCOTOIO /1; Ta IIaMETPOM OCHOBHU 27;). JIyis 1i€i Mozeni, po3risaaroTh
NEPETBOPEHHA 3 ABOGA3HOI cucTeMH Y Tpu(da3Hy 3 TphOMa MOBEPXHSIMHU PO3TY: MATPHUIIS
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(MC) — cepenoBHIllE 3 TIOBEPXHEBOI EHEPri€I0 0Oy, 3apOJOK (3) — CcepeloBHUILE 3
MTOBEPXHEBOIO CHEPTIEIO Ty, 1 MATPHUIIS — 3aPOJIOK 3 3 TOBEPXHEBOIO CHEPTIEIO O 5.

[Tpunyctrmo, 110 JiHIHA TPAHMI 3MOYYBaHHS HE3MiHHA, TOOTO BUKOHYETHCS YMOBA
PIBHOMIPHOTO 3MOYYBaHHS: 0,.c080 = 0,,. — 0,,, 3HAUYCHHS COs @ CIy)KUTh MIpPOIO 3MOYYBAHHS
9UM O1UTBIIE CITIBBITHOIIEHHS (0, — 0,,;)/ 0,., TAM KpaIle 3MOIyBaHHSI.

3dpoooK

Puc.8.5. Cxema moodeni izomponnoco ymeopenns 3apooxka Ha meepoill nogepxHi:0 — Kym
smouysanus; R — paodiyc kpueusnu cgepiunoi nosepxmi 3apooxy,h — eucoma cghepuunozo
cecMeHma, r — paoiyc OCHOBAHUS cecMeHma

Benmwuuna Ao = o,. + 0,, — 0, = 0, (I — cos6) okazye 3MiHy eHeprii ['i0ca moBepxHi
po3ainy, a noBHa 3MiHa eHeprii ['ibca cucTeMu npu yTBOpeHHI 3apojKy Ha MOBEPXHI (AG)) ey
SBIISIE COOOI0 CYMMY TPhOX HJICHIB.

o nepmnii: (AGj)yaxp — L€, 4K 1 y BHUNAAKy TOMOI€HHOIO 3apOJKOYTBOPEHHs, BUIDAll B
00’ eMHIi eHeprii;

o 1pyruil: (AG))y.c—s.v — BPaXOBY€E 3MiHy €Hepril Ipu 3MiHi rpaHuui “Mm—c” Ha “3-M",

e Tperiii: (AG)),, — BpaxoBye 3MiHy €HEprii TPy BUHEKHEHHI NOBEPXHI pO3/iTy chepruyHoi
IpaHHUII 3apOAKY 3 CEpEJIOBUIIEM: (AG)rer~(AG)uiarp T(AG)s-csnT(AG))sc

= —7Z’R/3. (1-cos)*(2+cos 9)?—5 + +7zR/2A sin* (o, —0,. )+ 27zR/2A (I-cosO)o,,

3 BpaxyBaHHSM YMOBH PIBHOBa)XHOTO 3MOYYBaHHS MOKHA 3aITUCATH:

AR A 5
(AG/) =T 3(/2 +47dej030 f(g)

reT

[ToBHa 3MmiHa eHeprii [i0ca cuctemu nocsirac MakKCUMaIbHOTO 3HAYEHHS TIPU YTBOPEHHI
KPUTUYHOTO 3aPOJIKY:

Ap

2 3
167[( Qj = 2—-3cosf+cos” 0 e Ry = 2Q00,0AL.

(AG)) = (AG)) g f(O)= 1| 2 | 02, S22

Oyukuist kyta 3MouyBaHHs f(0) 3miHoeTbes Big 0 (6 = 0° — moBepxHs aOCOIIOTHO
3mouytoda) 10 1 (0 = 180° — moBepxHs abcomoTHO He3Mmouyioua). Eneprernunuii 6ap’ep
TeTepOreHHOT0 YTBOPEHHS KPHUTUYHOTO 3apoJKy Ha IOBEpXHI € MEHIIUM Bix Oap’epy
TOMOI'€HHOT0 YTBOPEHHA B 00’ eMi: (AG))prer < (AG))ip row-

Ao (AG)prer << (AG)iprows T00T0 (AG))prer — 0, TO HMOBIpHICTH YTBOpPEHHS
3apOJIKy KPUTHYHOTO PO3Mipy Ha TOBEpPXHI HACTUIbKM BeNHKa, IO MepeHacH4eHHs Oyje
MEHIIUM BiJl 3HAYEHHS JUIsI TOMOT€HHOTO 00’€MHOTO 3apOJKOYTBOpEHHs. st abCcoNroTHO
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3MOuy0u0i moBepxHi (€ — () HEMOXIIMBO MOJIYYUTH Napy MPU HAIBHOCTI TBEpOi dasu, a
3apOAKOYTBOPEHHS Oy/e BiAOyBaeThCsSb TIIBKH Ha TOBEpXHI TBepmoi ¢asu. Haitbinpm Bu-
TIIHAM € TOMOTEHHE 3apOJAKOYTBOPEHHSI B 00’ €Mi.

ACIIEeKTH TeTEpPOreHHOTO 3apOJAKOYTBOPEHHSI 3 BpaxXyBaHHIM aHI30TpPOIIii MOBEPXHEBOT
eHeprii (a3oBUX TPaHWIb CEpPEOBHUINA PO3TISHYTI B poboTtax [4,13-18]. AmrizoTporis
BIUTUBAE SIK HA B3a€EMOOPIEHTAIIO KPUCTAIIYHOTO 3apOJKY 1 MaTPUYHOI MOBEPXHI TakK 1 Ha
dbopMy 3apojIKy.

8.6. EnekmpoximiyHe 3ap0oOKOymMeOopPeHHsI

Enexktpokpucranizamiss MeTamiB 1 CIUIaBiB SIBISIETBCA  OAHUM 13  Ba)JIMBHUX
EIeKTPOXIMIYHMX  MPOLECIB, MO0 MPOTIKAIOTh HA KAaTOJl TPU EJEKTPOTi3i PO3UHHIB.
3apomkeHHs HOBOI (pa3u B yMOBaxX eIEKTPOKpHUCTam3allli Mae psii ocobmuBocteit [19-21].

IIpu enekTpokpucTaiizamii 3MiHa XiMiYHOTO ToTeHIiany cuctemu Au = kgT In(P/Py),
BUPAXKAETHCS Uepe3 3MiHYy €NEKTPOXIMIYHOTO MOTEHITiaNY:

Apte,” = A+ zFAE = Ay + zFnp,

JIe Z — 9YUCJIO €JIEKTPOHIB, IO OEPYTh y4acTh Y €NEKTPOXIMIUHIN piBHOBA31; F — 4HCIIO
®dapanes.

Binxunenns enexkrpoaHoro moteHmianry AE B TO3WTHBHY CTOPOHY BiJ HOTO
PIBHOBa)XHOTO 3HAUEHHSI XapaKTePU3YEThCS MTepeHANPyKEHHIM:

Mk = k5T In(Cop,0/Cao,r),

ne Cu9 1 Cyy, — KOHLEHTpALIl aJcopOOBaHUX aTOMIB B yMOBaX DPIBHOBArdM 1 IpH
JTAaHOMY TIepEHACUYCHHI.
3mina eneprii ['iOca yTBOpeHHsI KPUTUYHOTO 3apoJiKa Ipu yMOBI, o Au = 0, BUpaxaercs

jxp/Jon ~

2
. X Q
sanexHicTio [19]: (AG, ), ~ CD[ - j y?, ne @ — daxrop popmu.
Z.

k

BBakaeTbcsi, 1m0 Yy HE 3aJEKUTh BiJ MEPEHANPYKEHHS 7, L0 BHPAXae 3MiHY
€JIEKTPOXIMIYHOTO TOTEHIlialy TpH HAKJIaJaHHI TOTEHIialy Ha eJeKTpoA. Y BHIMAIKY
3apOJKCHHSI MaJOATOMHHMX METaJiYHUX KIACTEpPIiB y)K€ HE MOXKHA ONEpyBaTH 3HAUCHHSIMU
Au, mo BracTuBl Makpodaszam, i BapTO BpaxyBaTH 3MiHY XIMIYHOTO MOTEHIIaNy MpHU
YTBOPEHHI BHCOKOJUCIIEPCHUX CHUCTEM, B PE3yJIbTAaTi 3MEHIICHHS KOHIIEHTpaIlli 10HIB, IO
po3psKaOThCA. Benmnunna 1, BU3HAYAETHCS CIIIBBIIHOIIEHHAM [4]:

" N Hep = 1] — 4177* - Anom - Ankomp

ne Ay = zFAu ; A3y, T ANy, — OMIYHA 1 KOHIIEHTpALIHA CKJIA/I0BA NI€PEHANPYKEHHS.

Yac BiapuBYy 1 mpHeTHAHHS aTOMIB A0 KIJIACTepa 3apOJAKY BHU3HAYAETHCS ILIBUIKICTIO
€JIEKTPOXIMIYHOT PeaKIlii 3 BpaxyBaHHSM KPHWBHU3HU MOBEPXHI 3apOJKy, TOOTO MIBUAKICTIO
pO3psly 10HIB HA TIOBEPXHI KJIACTEPA, 1 BIUTMBAE HA 3MiHY BETUYUHH ALL.

8.7. Ocobniueocmi ¢popmyeaHHs1 HO80I ¢hasu

B TepmomuHaMidHMX MOIENSX TOMOTEHHOTO 3apOJIKOYTBOPEHHS PICT aHCcaMmOms i3 j
aTOMIB MeTaly PO3TJIsiaBcs K QIIyKTyamiifHHiA MpoLec 3MEHIICHHS 1 301IbIICHHS PO3MIpy
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3apoJKiB, SKMH mporikae audy3Ho. 3apoJOK 3 YHCIOM AaTOMIB j=jy, 3HAXOAUTHCA B
MeTacTaOUThHIN piBHOBa31 3 orouyrounM cpeasumieM. [1lo6 chopmyBammck 3apoaku HOBOI
¢asmu, cucremi iz mooaaTH eHepreTuuHui 6ap’ep AGj .

3riqHo Teopii ¢aykryamii HMOBIpHICTh TOXIi, TpH AKI MOTEHI[ial CUCTEMHU
BIJIPI3HAETBCA BiJ CpelHBOro Ha BenuuuHy AG;,, nponopuiiina exp(-AG;,/(ksT)). Yncno
3apofKiB Ny, Ta TYCTHHA 3apPOJAKIB 7, = N/ V (V' — 00’eM cucremu) B mIpecTaBIeHH]
TEPMOJMHAMHUYHOI PIBHOBAru 3 OJAMHOYHUMHU aTOMaMu N; 3 TYCTHHAIO 7] 3T1THO MPUHIIHITY
Bonbimana 3a1aeTbes piBHIHHSIMU:

]Vj,lcp =N 1€xp (_A Gj,lcp/ (kED) ;
nj,Kp = nlexp(_A ijp/(kED)

Sxmo Benmuumna Ap Mama, 10 BeimuuHa AGj ., ~ (Ap)? MOCTaTHBO BeTHKA i
WMOBIpHICT, yYTBOPEHHSI KPUTHYHHUX 3apOJKIB HE3HAuHa, TOOTO YTBOPEHHS BEIUKUX
3apoJkiB € HeMOxJMBUM. B npomy Bunanky ¢ynkuis AAG) = N exp(—AG; /(ksT)) onncye
O30T AOKPUTHYHUX 3apOJIKiB. [losBa KpUTHYHUX 3aPOJIKIB € JOCTATHHO WMOBIPHOIO TPHU
BEIMKOMY 3HaueHH1 Au (Manomy 3Ha4eHHI AGj ).

8.8. Llleudkicmb 20MO2€HHO20 3apPOO0KOYyME8OPEHHS

[IBuAKiCTE yTBOPEHHS  KPUTHYHUX 3apojkiB W, TOOTO umcia 3apojKiB, IO
(GopMyIOTECS B OIMHUILI 00’ €My 33 OZMHMILIO YaCy, IPONOPLiiHA iX IyCTHHI 1 IIBUAKOCTI V)
NpUETHAHHS aTOMIB IO KDUTUYHOTO 3apOJIOKY:

Wisp = Vil jup = Vjph1€xp(=4G; o/ (ksT)).

HIBHAKICTB V4, 3a1€KNATH Bl MIBUAKOCTI V MEPEXOAY aTOMIB METaly 4epe3 I'PaHuUIIo
po3airy (a3 i BiJ TYCTHHI aTOMIB 71, IO 3HAXOIATHCS B OKOJII KpUTUIHOTO 3aPOJIKY:

VV}, kp — VHg CI exp (_A Gj, Kp/ (kE T)) =B exp (_A Gj, Kp/ (kE T)) .

3 MaKpOKIHETHYHOI TOYKH 30py (OpMyBaHHS 3apOJAKY SIBISETHCS OaraToCTa IHHUM
MPOIECOM 1 MOXe BiIOYBAaTHCh 3TiHO PI3HUX MEXaHI3MiB, IO OMHUCYIOTH JIIMITHY CTafil0
3apomkeHHs. ToOTO ICHYIOTh JBa MEXaHI3MH, IO BU3HAYAIOTh KPailHI PEKUMHU YTBOPECHHS
3apOIKY.

o KineTnyHmii MeXaHI3M: MBUJKICTh POCTY aHCAMOJIII0 aTOMIB BU3HAYAETHCS MTPOLIECaMU Ha
rpanunii po3ainy ¢a3. IIBuakicTh pocTy 3apoJiKiB MPOMNOpIiiiHA KOHIICHTpAIlii aTOMIB
METaly B OKOJI 3apOJIKY.

Bracnifgok Toro, o 3 pocToM 3apoJKy HOro MOBEepXHS 301IbIITY€ETHCS, 30LTBIIYETHC 1
MpOTsDKHICTh audysifiHoro moms, miHifHMHA posmip aHcamMGmio aToMiB 3pocrae, sK .
Mo>xHBi MPOMIXKHI KIHETUYHI PEKUMHU YTBOPEHHS Ta POCTY 3apOJKiB HOBOI (pa3u, a TaKoK
3MiHa OJTHOTO PEKHUMY IHIIUM B XOJI1 KOHJICHCAIII].

Hanpuxman, B ynmaphiii TpyOi picT YacTMHOK B TMpoleci KOHACHCAIi CBUHIIO
BiJIOYBA€ETHCSI B OCHOBHOMY 32 PaXyHOK MPHEIHAHHS aTOMIB JI0 3apOJOKY, a HE B pe3yJIbTari
KOAaryJsii 3apojKiB, IO TMiATBEP/DKYETHCS TayCIBCHKOIO (OPMOIO KPHUBOI PO3MOIITY
YaCTHHOK 10 po3Mipax.
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<R> HM

Y 4 8 tme O 1T 2Vt w2

Puc.8.8. Kinemuka pocmy cpeonbozo paoiycy <R> =R (1) wacmnok Pb nicns eunexneHHs

YacmMuHOK 8 yoapHiu mpyoi npu piznux memnepamypax T i nepeHacuyeHHsx s:
1-T=1I181K s =30,
2-T=11490K, s = 54,
3-T=1140K, s = 60;
4-T=1123K,s =94,
S5-T=990K, s=0683

[Ipn mManmx 3HAYEHHSX Yacy KOHAEHcarii (10 ~ 1074 C) B3AJICKHICTH R 7 (t) niHiliHa,
TOOTO PICT 3apOJKIB € KIHETHYHO KOHTPOJIbOBAHWM, 13 30UIBIIEHHSM Yacy KOHJEHCAIlii
KOHIIEHTpAIlis aTOMIB B OKOJI 3apOJKiB 3MEHIIYETHCS B PE3yJbTaTi iX BHUTpaTa 1 picT
YacTHHOK Pb miepexoauTh B TUQPY3IHHUN pEeKUM: MBUAKICTH Tajae i R 3pocTrae, i3
3GLIBIICHHSM Yacy, K '~ .

[Tnoma nmoBepxHi cHepuuHOro 3apOAKy 3 PajlycoM R;,, 3TIHO KIACHYHOIO PIBHAHHS
I'epua—Knyncena, piBaa 4an’Kp(2nmkET)” *, 3 BpaxyBaHHSAM TOrO, IO HE BCI aTOMH, IO
NOCTYNIJIA Ha TOBEPXHIO 3apOJKy, HA HIM 3aMUINAOTHCS, a 3aJUIIA€ThCS JHINe iXHS
JacTUHA € — €PEKTUBHUHN «KOEPIII€HT KOHACHCAI» (€~ 10"...10° [4]):

4reR’ 252
i0_p, o 1O%EX0_p,
2mmk, T (Ap)”27amk ;T
Binomo, mo R;

= 280/Au.  Ilpuiimaroun, mo i igeansHoro rasy P=nkgT, 1
BUpasuBIM Ay depe3 nepenacuueHus (Adu = kzT'Ins, ne s = P/P, — nepeHacu4eHHs, Py —
THCK T1apiB), OTPUMAEMO:

s__ l6m (Qom ) __ 16m (N,QoP|
\2mmk T \ kT Ins RT\J2mmkT \ kT Ins
MHOKHHK B HpomopuiiHuii KBagpaTy TYCTHHM Hapu n, (dncio atomis B 1 o) i

00epHEHO TPOINOPIIHHUN (lns)z. Omninka BeJIMYMHU B 1J1s KOHJEHcAIll Kareiab Fe B yMOBax
ymapuoi TpyOu mpu HacTymHEX ymoBax: T = 1600 K, s = 3040, 6 =~ 2 - 10" Ix/em?,
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Pisooxk = 0,1 TIa, Q=12 - 102 oM, & = 1072, M =58 r/monb, R = 8,31 JIx/(Moan-K),
Nj=6,02 - 10~ momb ' — moxasye [4], mo B~ 10" em ¢ .

st ommcy YTBOpPEHHS KPUCTANIYHUX 3apOJKIB 13 HAcHYEHOI Tapu B pe3yJbTaTi
NEPEOXOJIOPKEHHST MHOXHUK B moTpiOHO 3MiHuTH. Hexail KpucTtamiyHuii 3apoJioK,
CKITaJa€ThCs i3 / aTOMIB i Mae KyOiuHy pemriTky 3 mapamerpamu a i o~ AH/(6a”), ne AH -
TEIJIOTa BUMApOBYBaHHs [4], 3HaXOAWTHCS B PIBHOBA3l 13 BJIACHOIO HACHYCHOIO MapOI0 3
tickoM Py:  a’ P2 imksT) ™" = v exp(—AH/(ksT)).

JliBa yactuHa sBjse 0000 MIBHIKICTH afcopOIil aTOMIB i3 TOMOI€HHOIO Ia30BOK0 (pa3or Ha
MOBEPXHI 3apOJIKy, a MpaBasi YaCTMHA — MIBUIKICTH ecopOIlii 3 TOBEpXHI B pO3paxyHKy Ha
onvH aToM (V — YacToTa KOJMBaHbL ancopboBanoro atoma) 1 P= P, Tomi, 3amucaBmm Au
gyepe3 nepeoxosiopkenns napu (Au = AHAT/T), orpumaemMo:

1/2 2
B=16n(2nmj ( vT j exp(_ 2AHJ.
kgT 6caAT kgT

Tt T=1600K, e =~ 10 %, AH~6-10" JIx [25], AT=100K, a~03 um, v= 10" ¢,
m=9810% 1, 66,5107 Z[)K/(CMZ'MOHL) MHOKHUK B = 107 cm ¢!, mBuaxicts
YTBOPEHHsI 3apoJIKiB (MPU KPHUCTAi3alii i3 HACHYCHOI Mapu B PEKUMI MEPEOXOTI0HKCHHS)
3HAYHO OlNbIIA, aHDK IPHU KOHJCHCAIII] 13 MepeHacHUeHO MapH.

[[IBuAKICTH 3apOJKOYTBOPEHHSI B KOHACHCOBAHUX PIIKHX CEPEIOBHINAX, TaK SIK 1 MpU
KOHJICHCAIlli 3apOJIKiB 13 MapH, MPOIMOpIiifHa KBaJapaTy TYCTHHH aTOMIB i iX MOTOKY Ha
MOBEPXHI 3apoJKy. B KoHJeHCOBaHiM (a3l NEpeMillleHHS aTOMIB SIBIISE€THCS AKTUBHUM
MPOIECOM, OCKITBKU MOTPiOHE MOAO0IaHHS MOTEHIIadbHIX Oap’epiB, MOB’sI3aHE 13 PO3PUBOM
Yd 3MiHAMHU XapakTepy 3B’sI3KiB ONMKHBOTO MOPSJKY 3 CEPEAOBUIIEM INpU IMEpPexXoidi B
3apOJIOK.

Jlns po3unny — 1ie 1udy3is aTOMIB JI0 MOBEPXHI 3apOJIKY Ta iX Mepexia B 3apo/IoK.

Jlist po3miaBy — 1e nepelynoBa OIMKHBOTO TMOPSIAKY TPH MEPEX0/Ii aToMa B 3apOJI0K
(emeprito axTuBamii Takoi TepeOyJOBM B IUJIOMY MOYKHa XapaKTEepPU3yBaTH EHEPTIEI0
aKTUBAIIl]l BA3KO1 TeUii, IpH AKii BiIOyBAETHCS BITHOCHE 3MIIIEHHS aTOMIB [4]).

Y [BOX BUMAIKax BHIUISAI IEPEISKCIOHEHIIATbHOTO MHOXKHHAKA B BHUpasi Juis
IIBUJKOCTI YTBOPEHHS 3apOjKiB ofuHaKoBwWid. [y chepudHOro 3apojKy, IJIOMma SKOTO

4nR; ,> OTPHMAEMO:
B ~4 ﬂR,-,szn Jzav exp(—AG,,/(ksT)),

ne AG,, — enepris I'iGca akTuBaii NEpEeHOCY MK JBOMA PIBHOBaYKHUMHU MOJIOKEHHAMU
Ha BiJICTaHi a.

Hna posumHiB AG;, Bkmodae B cebe eHeprio akrtupamii qudysii 1 mepeOynoswu,
OB’ I3aHHOI 3 IMIEPEeX0JI0M aToMa 13 CepeIOBHINA B 3apoJI0K. J[aHMiA mpoIiec € MaJTIOBUBYCHHIA,
BHACIIJJOK YOTO0 MOXXHa OIIHWTHU TIIbKA EHEPril0 aKTWBAIll IS BXO/KEHHS aTrOMIB B
pemrTKy ~ MakpoCKOmiyHOro  Kpuctaimy [4]. 3anmmmemo  Bupa3d  Uig  OIIHKH

HepeHCKCHOHCHHiaHBHOI‘O MHOXXHHKaA.
2

2
Q AG, Q AG,
B=167 -1 avexp| ——— |==16x 2o avexp| ———
Au kT kT lns kT

Jlist kpucTtamizamii MEeTaligyHOTO 3aii3a 13 po3uMHy (HANpWKIad, TpPHU BiTHOBICHHI
BOJHHMX PO3YMHIB 3a1130BMICTUMHUX coJield) pu Q = 1,2- 102 em’ , 6= 2:10°* I[)K/CMZ, s =4,
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n =~ 3107 em (mpu6nu3no 1 atom Fe na 1000 Moniekyn pO3UYMHHHKA ), V = 10°c¢!, a=03
HM [4], 7= 300 To oTpuMaemo B = 10 em ¢!, a npu 7'=373 ta B= 10** cm-c . Takum
YUHOM, MIBHIKOCTI KPUCTAM3aIli 13 PO3UYHHY MPHUPIBHAEMO 13 MIBUAKOCTSIMH KOHICHCAIIIT 3
HACHYEHOI Mapu B PEXKUMI IEPEOXOJIOKEHHSI.

Bupaz ans B y BuUOAanKy 3apOJKOYTBOPEHHS 13 po3miIaBy B pe3yJsbTaTi
NEPEOXO0JIOKEHHSI MOKHA 3allUCaTH Y BUTIISIL:

2
AG
B=1l6r _ Qom avexp| —— |,
AH _AT/T, kT

ne AT — mepeoxonomkeHHs; AH,, /T,— npuBeneHe 3HAYCHHS CHTPOMII TUIABJICHHS.
3nauenHa AG,, B pO3IJaBaX HWK4Ya, HDK B PpO3YMHAX, 1 MO oniHKax [4]
AG,, = (0,33...0,5)AHy,.

s xpucrtamizamii 3amiza 13 po3miaBy npu 1, = 1810 K, AT =295 K, Q = 1,2:10%
eM’, y= 2 - 107 Jlw/em®, v= 107 ¢, a= 0,3 nm, AH,, = 1,66-10* Tx/Moms, AG, = 0,5,
AH,,=1,4 - 10" Ix/monb otpumaemo B ~ 1,7-10* em ¢!, T06T0 mBHakicTs GpopMyBaHHS
3apOJKIB 13 PO3IUIABY B PEXUMI MEPEOXOJIOKCHHS 3HAYHO BHINA, HDK 13 PO3YUHY, MO
00yMOBJICHO, SIK O1JBII BUCOKOIO KOHIICHTPAII€I0 aTOMIB B PO3ILIaBi, TaK 1 OLIBII HU3KUMH
3Ha4eHHAMU AGyy,.

8.9. lllsudkicmb 2emepo2eHHO20 3apOOKOYMEOPEHHS

3apopkeHHsT HOBOI (pa3W Ha PEryJsipHi MOBEPXHI MOXKIJIMBA HABKOJO OYIb-SKOTO 13
CTATHCTHYHO afcOpOOBAHMX aTOMIB i3 ITHTOMOIO TYCTHHOIO 1, (atom/cM’). ToMy Bupas s
MUTOMOI TIBUIKOCTI 3apPOJKOYTBOPEHHSI /; aHAJOTIYHUHN SIK 1 Y BHMAAKY, KOJIH HOBI aTOMH
IOCTYIAIOTH [0 3apOJKY 3a PaXyHOK IIOTOKY i3 00’eMy cepenosuma P/(2mmksT)"?, Bupas

2
27R; o (1—cos 6) P

N2nmkgT s

ne ZERZ_j,Kp(l — cos ) — moma cerMeHTy. SIKio yTBopeHHs HOBOI (pa3u BinOyBaeThCs B
KOH/ICHCOBAHOMY CEPENOBHI, TO BHpa3 s motoky P/2mmksT)"* Bapro 3minnmtu Ha
navexp(—AG,,/(ksT)), Toai:

B, = 27R’ iip(l — cos Ongnavexp(=AG,,,/ (kgT)).

Komm 3apomok popmMyeThes 13 MOTOKY a1cOpOOBaHUX aTOMIB, TO:

s By, (aTOM/(CMZ-C)), MpUKME BUTIISIA: B, =

B, = 27Z'R2j,,<p(l — sin Onnavexp(-AG,,,/ (kgT)).

B peanpHMX cuTyalmisix yTBOpeHHs HOBOi a3u BiJOYBAa€ThCS Ha IOBEPXHEBUX
nedexrax — TpIlUHAX, CKOJIAX, CTYNEHSIX pOCTY, OOJACTAX BHUXOAY AMCIOKAIli, SKi
SIBIIIIOTHCST [IEHTPAMU YTBOpPEHHs. TOMy eHeprisi yTBOpEHHS 3apoOJIKiB AG*j,Kp Ha LUX
[EHTPaX MOXXE CYTTE€BO 3HW)KYBATHUCh TOPIBHSHO 13 PEryIsIpHUMHU OOJACTSIMH TMOBEPXHI.
Toxi BenMuMHY 7 TOTPIOHO 3aMiHWTH HA 1. — IHTOMY T'yCTHHY MOTCHIAIbHHX LCHTPIB
yTBOpeHH!, a AG),, 3aMIHUTH Ha AG*j,Kp.

JIJist TeTeporeHHOTO YTBOPEHHsI N0O0yTOK B, Sy (e Sy — 3arajpHa miomia MOBEpXHi
(CTIHOK TOCYAMHHU, TIOp)), MOXe OyTH MeHImUH 3a A00yToK BVs mJii TOMOTEHHOTO
3apOAKOYTBOPEHHA (e Vs — cymapHHil 00’eM cucTemMH). 3MEHIICHHS €Heprii yTBOPECHHS
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3apOoJIKiB Ha aJCOPOIiHHO-aKTUBHHUX MOBEPXHSAX MPHU3BOAMUTH A0 IMiJABHUINEHHS MMOBIPHOCTI
yYTBOPEHHS.

PosrasayTi BUIe 0COOIMBOCTI MIBUAKOCTI YTBOPEHHS HOBOI (Da3u Ha HEperysspHii
MOBEPXHI BIHOCATCS 1 10 3apOJKOYTBOPEHHS B pealibHill TBepaii (asi, A6 TaKOK MOXKYTh
Oyt sk wmakpoaepekTn (HAmpWKiIa] TPINMHU), TaK 1 MIKpoAedeKTH, TIOB’s3aHl 13
MOPYIIEHHSIM TPAHCIAIAHOT CUMMETPIi KPUCTATIYHOT PEIliTKH (BaKaHCii, JUCIIOKAIIii), 10
CIpHUsi€ 3HWKCHHIO €HEePTril yTBOPEHHsI 3apOJKiB].

8.10. LLleudkicmb 3apoOKOYMEOPEHHs1 Npu efleKmpokpucmasnizayii
mMemarsnie

Ha BigminHy Bix kpucTamizarii i3 ra3oBoi (a3u 4acTtoTa MpeIHAHHS 1 BiIPUBY aTOMIB
BiJl KJIacTepa BHU3HAYAETHCS CHEPTi€I0 AaKTUBAIl EICKTPOXIMIYHUX PEaKIid pPo3psay—
10HI3amii 1 3aJeXUTh BIJ KPUBU3HM TMOBEPXHI Kiactepa. l[lpm cramiitHOCTI po3psmay
0araToBaJCHTHUX 10HIB MIBHJKICTh 3apOJKOYTBOPEHHS MO’KE 3MIHIOBATHCH B 3aJIC)KHOCTI
BiJl CHIBBIIHOIICHHS IIBUAKOCTEH OKPEMHUX CTaald EJEKTPOXIMIYHUX peakmiii 1
MaconepeHocy.

—an,_Kp (3]
3
2|1
2
1F
| - 1 1
0 1 2 3

n-2-10-3, MB-2

Puc.8.10. 3anexcnicme weuoxocmi ymeopenHs 3apooxie W kpumuunoco po3mipy 6i0
BeNUYUHU NePeHanpyHcents 1 [4]:

1 — Ag i3 po3uuny AgNO;,

2 — Pb i3 pozuuny Pb(NO;),

[[IBuAKicTh JOCTABKM 1OHIB IO TMOBEPXHI OCHOBH B YMOBax eJIEKTPOKpHUCTAII3allil
MEHIIIa, HK TPU POCTI 13 MapiB, BHACIIOK YOTO JTOCTaBKa «OyIiBETLHUX €JIEMEHTIB» TPH
pOCTI, a B IEAKNX BHITaJIKaX 1 MPU 3apO/KEHHI, TOBUHHI BiIrpaBaTy OUTBII BaKIUBY POJIb.

3aJIe)KHICTh MIBUAKOCTI YTBOPEHHS 3apOJKIB KPUTHYHOTO PO3MIpY B MpoIieci
€JIeKTPOKpHCTATI3aIlii MA€ BUTIIS

W= B exp(-¥/m?),
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08N (86, , _(AG,,)L1
He jo 3k kT

go — TYCTHHA TIOTOKY aTOMIB; Sy, — MOBEPXHSI KPUTHYHOTO 3aPOJIKY; fip — YHCIO aTOMIB
B KPUTHYHOMY 3apOJIKY; 1| — IEpEHANPYKEHHSI.

B ymoBax enekTpoocapKeHHS METATIB 3MiHa €JIeKTPOXIMIYHOTO MOTEHIIaTy CUCTEMHU
Ta IEPEHACUYCHHSI TTOB’si3aH1 O€3MOCePEAHBO 3 BUMIPIOIOUNMH TTEPEHAIPY>KEHHIMHU.

BHacnigok mpOro eneKkTpOXiMiuHiI CHCTEMHU SIBIISIOTHCS 3PYYHHMH 00’ €KTaMHl st
BHUBYCHHSI MEXaHI3My 3apOJDKEHHS 1 POCTY KPUCTATIB, I MPOBIPKKA Mojenel (GpopMyBaHHS
HOBOi (pa3u. 3aNeKHICTh MIBHAKOCTI 3apOJKOYTBOPEHHS KPHCTAJIB BiJl MEpEHANPYXEHHS
OpHU  eNEeKTPOKpHCTamizalii 0araTopa3zoBO EKCIIEPUMEHTAIFHO TMPOBIPSAJIOCH Ha  Psfi
MojenbHuX cucteM (ocamkenns Ag, Hg, Cd, Pb Ha Pt).

YTBOpeHHs KpucTaniB Pb BinOyBaeThCs 3 OLIBIIO MIBUAKICTHIO, aHIXK Ag. 3MEHIICHHS

. -2
BEJIMYUHU (AG} Kp) CIIpUsi€ TOM YMHHUK, 11O Opp, < Ga,. JIiHINAHICTE 3anexunocTi [InW),, 1]

BUKOHYETHCS Y BY3bKOMY KOJIi iHTEpBaTiB 3MiHH MoTeHliamiB. Lle moB’s3ano 3 THM, 1110, TO-
nepiie, B yMOBax eJIeKTpOKpI/ICTaJ'IISaHII (Ha BlI[MlHHy BiJ KpHCTan13au11 i3 Tapm) MOTIK
PEYOBUH ¢, 3QJICKUTH BiJ KIHETUKU EJNEKTPOXIMIYHOI peakiii 1 mepeHanpyKeHHs KaTo.ny,
Ho-Jpyre, KIHETHKa €JIEKTPOXIMIYHOI peakilii, 0 BU3HAYA€ YACTOTY BIAPUBY 1 MpeIHAHHS
aTOMIB JI0 3apOJIKY, BIUTMBAE HA 3MiHY €JIEKTPOXIMIYHOTO MOTEHITIaTy.
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9. OTpuMaHHA HaHOAMUCNEPCHUX MaTepianis

9.1.Knacudpikauyiss Memodie ompumaHHsi HaHOOUcCNepPCcHUX Mamepiarsie

HanomucnepcHi marepianu OTPpUMYIOTh y BHIJISAL 307, TEI0, KOHIIEHTPOBAHOT
Ecnepcii, mactu (OcapKeHH Kooix) ado ApiOHOIMCIEPCHOTO MOPOIIKY, TOPUCTOTO Tija.
Jiamazon MeToaiB orpuManHs HaHogacTHHOK (HY) kmacudikyroTh 32 03HaKaMu:
®  CTpaTeris CHMHTE3Yy - METOJ OTPUMAaHHS BHCOKOJIHMCIIEPCHUX CHCTEM, IO 0azyeThcs Ha

BXKUBaHHI JIBOX MPHUHIIMIIOBO Pi3HUX MeTOAIB - aucniepryBaHHs (Top-Down Strategy) i

koHaeHcarii (Botton-Up Strategy);

e  Tpupoja mpoiecy cuHTe3y (pizuyHa, XIMIUHA);

®  BUKOPHCTaHHS B MPOILIECI CHHTE3Y Pi3HUX JPKEpell eHeprii (j1asep, mia3Ma, HarpiBaHHS,
3aMOpPO’KYBaHHsI, TOPIHHSI, TOIIO);

e  cepeloBHILE, B IKOMY (POPMYIOTHCS HAHOYACTKM a00 HaHOKpHUCTaIU (ra3, piauHa abo

TBEpJE TiJI0).

Bubip Tiei abo iHIIOT TEXHOJOTII BU3HAYAETHCA PSAJAOM YMHHHUKIB, 10 SKUX HaJEKaTh
¢i3UKO-XiMIUHI BJIACTHBOCTI OTPUMYBaHUX YacTOK, TMPOAYKTUBHICTh, €HEPrOEMHICTb
MpoIIeCy, €KOJIOT19HICTh, TOIIO.

BuMoru 10 MeToZjiB OTpYMaHHSA HaHOMaTepiasiB:

- BHCOKAa IIBUJKICTb YTBOPEHHA LIEHTPIB 3apO/P)KEHHA 4aCTOK

- MaJia WBU/KICTb POCTY 4aCTOK

- HaMWGiNbIKUK PO3Mip OTPUMYBAHUX YACTOK He 6isibiie 100 HM

- BY3bKMM Jialla30H PO3M0/1iJly 4aCTOK M0 po3Mipax

- CTabi/IbHICTh OTPUMAHHS YaCTOK 3a/laHOT0 PO3MipHOTI0 Aiana3oHy

- BiITBOpPIOBAHICTb XiMiuHOTO i $pa30BOr0 CK/Iay 4aCTOK

- NiABUILEHI BUMOTH 0 KOHTPOJIIO 1 yIpaBJIiIHHA IapaMeTpaMy poLecy OTPUMaHHA.

9.2. Bubip cmpameeii cuHme3sy

9.2.1. IucnepryBanHs (Top-down Strategy)

BucokomucnepcHi 9acTKu OKCHIIB MOKHa OTPUMYBATH MOCTYIIOBHM IOPiOHEHHIM
pPEYOBMHU A0 APIOHIMMX YacTOK abo BUAANCHHSM YaCTUHU PEYOBHHU 3 00'eMHOI ¢asu
¢b13ugHOI0, XIMIYHOIO 200 KOMOIHOBAHOIO JII€I0 HA MAKPOCHUCTEMY.

®iznuHl MeToan 0a3zyroThCs HA MOAPIOHEHHI TBEPAUX a00 PIAKHX TiJd B 1HEPTHOMY
CEpEeIOBHILI, MPH SKOMY pI3KO MiJABUINYETHCA AUCIEPCHICTH 1 yYTBOPIOETHCS TUCTIEPCHA
CHUCTEMA, 1110 BOJIOJIIE 3HAYHOIO MK (a3HOIO TTOBEPXHEIO.

JlucriepryBaHHsI BiIOyBa€ThCsl 3 BUKOHAHHSIM 30BHIIIHBOT POOOTH, SIKA BUTPAYAETHCS
Ha TIOJI0JIAHHS MDXMOJIEKYJIIPHUX CHJI TIpH IPOOJICHHI pe4oBUHU. MeXaHi3M AucIiepryBaHHs
0o0yMOBJICHHI TUM, 0 mpu aedopmariii TBEpAOTro Tija HA WOTO MOBEPXHI yTBOPIOIOTHCA
MIKPOTPIIIMHYA, TPU IOMY MIIHICTh TBEPAUX TIT PI3KO 3MEHINYEThCS. MIKpOTPIIIMHA
3'SBISIFOTBCS. B CIHAOKMX MICIIX KPUCTANMyHOI pemniTku (AeQeKTH, TpaHUIli 3epeH,
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HEOTHOPIAHOCTI, auciokanii). [lonmermenHs mucnepryBaHHs BiIOyBaeThbCS TiJ] BILUTUBOM
ancop6mii — edexr Pebingepa. Ilpum mexaniuHomy moApiOHEHHI Martepiany BiIOyBa€ThCA
TaKOX 1 3BOPOTHUH MPOIIEC — ITUTIAHHS YaCTOK.

9.2.2. KonaeHcauisa (Botton-Up Strategy)

Ha nmanwmit wac HalOUTRIIMI PO3BUTOK OTPpUMANM XiMidHI cmocobu cuHTesy HY. VYV
XIMIYHIH TEXHOJOTil BUIUISIOTH TPU OCHOBHI HAIpsIMH CHHTE3Y HAHOYACTOK METOIOM
KOHJICHCAIIii:

® OCaKeHHS 3 piakoi (K mpaBwio, BogHOI) (a3u, mo Oa3yeTbcs Ha
BUKOPHCTAaHHI PI3HUX peakiid B3aemofii ABOX abo Oilblle pEevYOBHH, IO
MPU3BOJIUTE 0 YTBOPEHHS HOBOI (pas3u;
® BHCOKOTEMIIEPATYpHI  METOIH, IO 0a3ylThCs Ha BUKOPHUCTAHHI peakiliit
B3aemMojii MBOX abo0 OijbIle  PEYOBWH, IO MPHU3BOJAUTH 10 YTBOPEHHS
HEPO3YUHHOTO MPOIYKTY;
e KOHJCHCallis 3 ra3oBoi (a3 — OKHCHO-BITHOBHA peakiliss abo peaxiis
TipoIIi3y, M0 MPOTIKa€E B ra3oBiil ¢asi.
He 3aBxam MoXHaA pO3MEXKyBaTH 11l METOAM, a00 BiAHECTH Ty ab0 1HIITY TEXHOJIOTIIO
HY 710 KOHKpETHOi Tpymu, OCKUIBKM YacTO BHKOPHUCTOBYIOTh KOMOIHOBaHI METOH.
3arajqbHOI0O YMOBOIO KOHJCHCAIIMHUX METOMIB CHHTE3y HAHOUYACTOK € 3a0e3meueHHs
NEPECUYCHHS CUCTEMHU (a30yTBOPIOIOYOI0 PEUYOBHHOIO.

9.3. TexHono0O2iI cuHMe3y HaHOMamepiasie

3arajbHOI0 OCOOJIMBICTIO HAHOMOPOIIKIB, OTPHUMAHUX OYIb-SIKUM METOJOM, € iX
CXUJIBHICTH 10 00'emHaHHS B arperatd i armomepaTtn. HeoOxiHO BpaxoByBaTH HE TLIBKH
pO3MipH OKpEMHX HAHOYACTOK, aje 1 po3mipu iX 00'emqHanb. YiTKOi TEepMIHOJIOTIYHOL
BIIMIHHOCTI MIXK arperataMu i arjaioMepaTraMy MPOBECTH HE MOXKHA, TPOTE BBAKAETHCS, 110 B
arperarax 3B's30K MiX KPUCTaJiTaMU MIIHIIINHI, a MIKKPUCTATITHA MOPUCTICTh MeHIa. J{7s
JOCSITHEHHSI 3aJ]aHO1 TIOPUCTOCTI MaTepially arperaToBaHW TMOPOIIOK BUMAara€ BEJIHUKOL
TEeMITepaTypH 1 TUCKY.

Bci rpynu MeToniB OTpUMaHHs HAHOIOPOIIKIB MOXKHA YMOBHO PO3AUIUTH Ha JBi
rpynu. Jlo mepmoi Tpymu MOKHA BiJIHECTH TEXHOJOTII, IO O0a3yrThCS Ha XIMIYHHX
mporecax, a 1o Apyroi - Ha Gi3udHUX Tporecax. BiAmoBiiHO 10 IIFOTO PO3IIITHEMO OCHOBHI
METO/IiB OTPUMaHHS HAHOMIOPOIIIKIB, 1[0 BUKOPUCTOBYIOTHCS B JAHUM Yac.

Bci rpynu MeToniB OTpUMaHHS HAHOIOPOIIKIB MOXKHA YMOBHO PO3AUIMTH Ha JBi
rpynu. Jlo mepmoi Tpymu MOKHA BiJIHECTH TEXHOJOTII, IO 0a3yrOThCS Ha XIMIYHHX
mporecax, a 1o Apyroi - Ha Gi3udHUX mporecax. BiAmoBiiHO 10 IIFOTO PO3IIITHEMO OCHOBHI
METO/IiB OTPUMaHHS HAHOMIOPOIIIKiB, 1[0 BUKOPUCTOBYIOTHCS B JAHUM Yac.
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Knacudpikauyiss Memodie ompumaHHs1 HAHOMOPOUWIKie

MeToau oTpUMaHHS HAHOIIOPOIIKIB

TexHnororii, mo 0a3yrThCs
Ha GI3MYHUX TpoIecax

TexHounorii, 1o 6a3yrThCs

Ha XIMIYHHUX TIpolecax

®dizuyHe ocaKeHHS 3 TapoBoi (a3u

TepMiYHE BUITAPOBYBAHHS
(iaayKiiitHe, eeKTPOIyToBe,
€JIEKTPOHHO-TIPOMEHEBE, JIa3epHe
HarpiBaHHS)

BUOYXOBE HarpiBaHHs
(BUOYX €JIeKTpOINpPOBITHUKA,
BIUIUB JIA3€PHOTO IMITYJIbCY)

BUIIAPOBYBAHHS B MOTOII
1HEpTHOTO rasy
(J1eBiTaIitHO-MIOTOKOBHIA METO/T)

Poznunenns poO3IliaBy

KaTOJJHE OXOJIOKEHHS 32 JIOTI0-
MOT'OI0 BOJJOOX OJIOKYFOUOTO
TCKY uu Oapabany

yIapHe PO3MUIICHHS
€JIEKTPOIMHAMIYHE

MexaniuHe noapiOHeHHs

MOM1JI B MJTUHI
MPOTUTOYHUIN TTOML B
TICEBIO3P1PKEHOMY Iapi
MEXaHOCHHTE3

IoHHO-1II1a3MOBI METOIU

KaTOOHC i MAarueTpOHHC PO3NHUJICHHA
iOHHO-HpOMCHeBC PO3IMUICHHA

10HHO-TIPOMEHEBE TIepEMIilITyBaHHS

10HHA IMILTAHTAIIS

10HHE 0CaKEHHS
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XiMiuHEe OCa/KEHHS 3 MapoBoi ¢a3u

—— TIIepeHeCeHHs Yepe3 ra3oBy ¢asy

L BiJIHOBIJICHHS 3 HACTYITHUM
PO3KIIaIOM

—B#icokoeHepreTMUHNN CUHTES

L JeTOHAIMHUN

L mrasmoxiMiyaui

OcamKeHHs 3 PO3UNHIB

—— XIMIYHE OCa/KEHHS

—— 30JIb-T€JIb METO/

—— piakodasHe BiTHOBICHHS
- TIAPOTEPMIYHUN CUHTE3
- MIKpOEMYJIbCIHHUI METOT
L KpIOXIMIYHHIA METOJ

Poskitag HecTaOLIBHUX CIIOIYK

TEePMIYHHIA

| panmiamiitHuiz

BigHoBHi nporiecu

BOJIHEBE BiTHOBJICHHSI CIIOJIYK
METAaJiB

XIMIYHO-MeTaNypriiiHII MEeTOT



9.4. ®i3u4He ocadxeHHs 3 2a3080i ha3u

Jlana rpymna METO/liB 4acTO IMO3HAYAETHCS aHTIIChKOI0 abpeBiatypoio PVD (Physical
Vapour Deposition). L rpyma meToiB 00'efHaHa 3aTaIbHOI0 CXEMOI0 HAaHECEHHS TTOKPUTTS
1 BUKOpUCTaHHSM Bakyymy. CrnoyaTky Martepial Jjsl TOKPUTTS TEpPEBOJUTHCSA 3
KOH/ICHCYIOYOTO CTaHy B CTaH Mapu, IMOTIM MPOBOAUTHCS MHOTO0 TPaHCHOPTYBAHHS O
migKIaakd (MaTepialy Ha SKAW HAHOCUTHCA TOKPHUTTS), NIe BINOYBAETHCS OCAKEHHS
MaTepiay, MOKPUTTA 3 mapoBoi (a3u i popMyBaHHsS MOKPUTTSA. BHKOpUCTaHHS Bakyymy

MOJIETIIYE TIEPEXiT MaTepiady B mapoBy (asy.
g 4

I—I/
RN D,

wn

Puc. 9.4.1. Tunosa cxema ycmaumosKku OJsi HaHeceHHsi nokpumms PVD-mwemooom: I-
mamepian, 2-cucmemu nepegody mamepiany 8 naposy ¢hazy, 3-nomoxu peuosuHu, uo
sunapysanacs, 4-nioknaoxu, S-nokpumms, wo Gopmyemuocs, 6-cucmemu MmpaHcnopmy8aHHs
mamepiany noKpummsi 8 napositl pazi 00 niokaiaoxu, 7-cucmemu gpoxycysamms (i/abo ckamy-
8AHHs) NOMOKY PeYyoBUHU, WO 0CI0AE Ha NIOKIAOKY, S-cucmemu 3aKpinieHHs nio-Kiaoku i it
KOHMPONbOBAHO20  Nepe-MienHs, 9-cucmemu pezynio8aHHs memnepamypu  Hazpigy
nioknaoku, 10-cucmemu ynpaeniHHa | KOHMPONIO MEX-HONOIYHUMU NApAMEmpamu
(memnepa-mypa nioKIaoKu, weuoKicms nepexiady mamepiany 6 napogy @aszy, Mmuck 8
Kamepi, WeUOKIiCmb 0CAONCEeHHSI NOKPUMMs, MOosWuHa nokpumms i iu.), 11- eaxyymna
Kkamepa, 12- cucmemu cmeopeHHs i NIOMPUMKU BUCOKO20 8AKYYMY (cucmema 6aKyyMHUX
3aCYB0K, PopBaKyyMHUX i 8UCOKOBAKYYMHUX HACOCI8, a30mHa nacmka i iu.), 13- wnio3oea
Kamepa i cucmema nooadi i 3mMiHu nioK1aodox, 14- o2na006i koHmpoawvHi 8ikHa, 15- cucmemu
0X0JI004CYBAHHS

[TepeBaru PVD-meTomiB:
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® MOXJIMBICTb OTPUMAHHS TYXXE€ PIBHOMIPHUX MMOBEPXHEBUX IIAPIB TOBIIUHOIO
Bix 1 HM 110 200 MKM 3 JTy’KE€ XOPOIIIOI0 BiITBOPIOBAHICTh BIIACTHBOCTEH;

® pO3MIp MOBEPXHIi, MO MOKPUBAETHCS, MOKE OyTH OOMEKEHHUM, a MOXKE y Pl
BUMAJKIB (MarHETpOHHE  HANWICHHS)  CKJIaJaTH CMYTd  MPaKTUIHO
HEOOMEKEHOT JJOBKUHHU;

® MOXJIMBICTh CEJICKTUBHOTO HAHECEHHs Ha BUOpaHl JUISTHKHA, Maibke
HEOOMeXKeHHM BHOIp MaTepiamiB MiIKJIAIKA (TEOPETUYHO MaTepiall IiIKJIa KK
MOXe OyTH OYIb-SKHM);

® JIOCTaTHS THYYKICTH JIO BUMOT IO TEeMIEpaTypi MiIKIAIKWA;, IMIHUPOKHA BUOIP
MarepiaiiB I MOBEPXHEBUX MIapiB (METaJH, CTUIaBH, XIMIYHI CITOJIYKH);

® MOXJIMBICTh OTPUMaHHS 0araTomapoBUX MOKPUTTIB 3 MIapaMH Pi3HOT TOBIIUHU
13 pI3HUX MaTepiaiB;

® MOXJIMBICTb 3MIHM CKIaay, CTPYKTYpPH 1 BIACTHBOCTEH IIapiB IIJIAXOM
BapilOBaHHS TEXHOJOTIYHUMH MTapaMeTpaMu HaHECEHHS;

® MOXJIMBICTb BUKOHAHHS BUMOT J0 BUCOKOI YUCTOTH MaTepiady MOKPHUTTS;

e MiHIManbHE 3a0py/THEHHS] HABKOJIHMIIIHHOTO CEPEIOBHIIIA.

Henomniku PVD-meTomiB:

CKJIQJTHICTh 1 BEJIMKA BapTICTh TEXHOJIOTTYHOTO i KOHTPOJIBHOT'O YCTaTKyBaHHSI,
HEOOX1THICTh BUCOKOI KBaJidiKallii 06CcIyroBy04oro nepcoHany,

MOPIBHSHO HU3bKA MPOIYKTUBHICTb,

CKJIQJIHICTh PO3POOKH TEXHOJIOTIYHOTO PEKHUMY I KOHKPETHOTO BHUIIAIKY
OTPUMaHHS MOKPHUTTS (0COOJMBO JJII OTPUMAHHS MOKPUTTIB 13 3'€IHAHB MPHU
BUTPHUMIII BEJIMKOI TOYHOCTI XIMIYHOTO CKJIATY);

® HEOOXITHICTH CIeliadbHOI MiATOTOBKU MOBEPXOHB, M0 MOKPUBAIOTHCS.

Knacudikamis MeTogy BH3HAYA€ThCS BUKOPUCTOBYBAHUM TMOEJHAHHSIM CHOCOOIB
BUIIAPOBYBAHHS, TPAHCIIOPTYBAHHS 1 OCA[KEHHSL.

9.4.1. TepmiuHe BUNIAapOBYBaHHS

Brniepue 1ieit Meton OyB BUKOpPHUCTAHUHM [JIS1 OCA/KEHHSI TOHKUX IIApiB METaNiB IIE B
kiami 19 cromitra. IlpoTe TUIBKM 3 TMOSIBOIO JOCTAaTHBO JIOBEPIICHOTO BaKyyMHOTO
yCTaTKyBaHHS B Jpyriid monoBuHi 20 CTONITTA BiH 3HAHMIIOB IIMPOKE 3aCTOCYBAHHS JIs
OTPUMAaHHsI, HAIIPHUKJIAJI, TPOSICHIOIOYNX MOKPHUTTIB JIJIsl ONTUKH, A3epKall, iHTephepeHIIiTHIX
GbUTBTPIB, 3aTEMHSIOUMX ONTUYHUX MOKPHUTTIB, JTEKOPATUBHHUX TOKPHUTTIB Ha TIACTHKAX 1
TKaHWHAX, TUTIBOK HAMBIPOBITHUKIB 1 €JIEKTPOHHO-ONTUYHUX MaTepialniB. [HOAI el meTon
HA3WBAIOTh TAKOX ra30()a3HUM OCaKCHHSIM, BAKYYMHUM 200 TepMiYHUM HAMTUJICHHSM.

[Ipu maHomMy MeTOAiI MPOBOMAATH HArPiB BUMAPOBYBAHOI PEYOBHHM B TUTII. B manuit
4ac BUKOPHCTOBYIOTBCS pi3HI cmocoOu HarpiBy, SK TMpaBWIO, 3 BUKOPUCTAHHSIM
BHCOKOIHTEHCUBHUX JDKEpPEJI €HEeprii: BHCOKOYACTOTHHM IHAYKIIWHUMA, EIeKTPOHHO-
IIPOMEHEBHM, €JIEKTPOAYra, IIIa3MOBUH, JTA3€PHUM.
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TIporec TepMidHOTO BUMAPOBYBAHHS 3ifiCHIOIOTH Y BAKYyMi IPH THCKY 61m3bk0 107-
10° ITa. IIpu TaKOMY THCKY NOBXHHA BLIBHOTO IpOGIry aToMiB aG0 MOJEKYI CKIagae
ONMu3bKO JeKimbKkoX MeTpiB. OTpuMaHa B pe3ysbTaTi HarpiBy mapoBa (as3a pedoBHHH, IO
HAMWTIOETHCS BIIBHO OCia€ Ha MIAKJIAIKY, IO Ma€ TeMIepaTrypy Habarato HWXKYY, HIXK
TeMIiepaTypa napooi ¢asu.

Kamepa 3 koHTPO./1101049010 aTMOC(heporo

B HMCOKOCHEPIETUIHA

B32EMO/Tist
& ITapoBa aza

%'.,

30Ha OXOJ'IO,E[}KSHHJI
1 KOH/IeHcaITil HaplB

Peuopuna,
IO BUTIAPOBYETHCS

—‘ Hanornoporok "
L I BYHKEP

Puc.9.4.2. Cxema ompumanHs HAHONOPOWKY MEMOOOM MEPMIYHO20 BUNAPOBYEAHHS |
KOHOeHcayii mamepiany 3 naposoi gasu

3ayie)KHO BiJ JpKEpena HarpiBy HaOyJIM TIOMMPEHHS HACTYMHI BapiaHTH METOY:
® CICKTPOTEPMIUHUIN HArpiB (MpsIME MPOIYCKAaHHS E€JIEKTPUYHOTO CTPyMy abo
HarpiBalO4yu B TUTII),
® HarpiBaHHS B IHIYKTOPI,
® BHIIAPOBYBAHHS 32 PaXyHOK PO3PSIY €IEKTPOIYTH,
® HarpiBaHHS €JCKTPOHHUM a00 JIA3epPHUM MMPOMEHEM.

binpmiicte 3 MX METOMIB pO3paxoBaHAa Ha BUIIAPOBYBAHHS METAJEBUX MaTepiaiB.
HarpiBanHs B TWUIII 1 BHKOPUCTaHHS JIA3€PHOTO  BUIIPOMIHIOBAHHS  JIO3BOJISIOTH
BUIMIAPOBYBAaTH INHUPOKYy TamMMmy MaTepianiB. Ilpu wmpomy mepmuii MeETON MOXKe
BUKOPHCTOBYBATHCSI [UIsl BHUIIAPOBYBAHHS MaTepiayiB 3 HEBHCOKOIO TEMIIEpaTypOrO
BUTIAPOBYBAHHS, SIKa BU3HAYAETHCS TEMIIEPATYPHOIO 1 XIMIYHOIO CTIMKICTIO MaTepialy TUTJISL.
Tak, HanpukIaa, mpu TELI 3 TpadiTy 3a0e3neuyoTh TeMiepaTypy mporecy mo 1400 °c, a 3
Al,O5 - 10 1600 °c.

BaxxnnBoro yMoBOIO BHOOPY MaTepiany JUIsl TUIJIS € BiJICYTHICTh XIMIYHOT B3a€MOJIl
MK HUM 1 BUIIApOBYBaHOIO PEUYOBHHOIO TPH BUCOKHMX TEMIEPATypax. Jlnst 3abe3neueHHs
Kpalidx yMOB BUIIAPOBYBAHHSI 1 MOJOJIAHHS PAly 1HIIUX HEJOJIKIB BUIAPOBYBAHHS 3 TUTJIIB
BUKOPUCTOBYETHCSI ~ €IICKTPOHHO-TIPOMEHEBE  BHIIAPOBYBAaHHSA. B mboMy  BHIAIKy
€JIEKTPONPOBIAHNN BHUITAPOBYBaHMI MaTepiasl MOMIMIAIOTh y BOJOOXOJOKYBAHUN THTEIb,
110 HATPIBAETHCS ENEKTPOHHUM IIPOMEHEM.

Henonikom enekTpOHHO-TIPOMEHEBOTO BHIIAPOBYBAHHS, SIK 1 BUITAPOBYBAHHS 3 THIJIIB,
€ CKIATHICTh BHUMAPOBYBAHHS Marepiaidy, IO CKIATAEThCA 3 KOMIIOHEHT 3 PI3HUMH
IIUTBHOCTSAMH Tapu TPH OJHIN 1 TIM K€ TeMIepaTypi, IO BHUKJIMKAE TPOOJIEMATHIHICTH
OTPUMAaHHSI IOKPUTTS 13 3aJ]aHUM XIMIYHUM CKJIAJIOM.

BukopucTtanHs lla3epHOTO0 BUIPOMIHIOBaHHS (IMITyJIbCHOTO abo0 Oe3mnepepBHOTO)
JI03BOJISIE YHUKHYTH O1JBIIOCTI TEMIEPAaTypHUX 1 XIMIYHUX OOMEXKEHb 1 ycyBae moTpely B
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Turnsax. [IpakTH4HO  MHTTEBE  BUNAPOBYBAaHHS  PEYOBMHU  JO3BOJsiE  30epertu
CIIBBIHOIIEHHS XIMIYHUX KOMIIOHEHTIB B OOJISITAOYid TUTIBIII TAaKUM >K€ SK 1 BHITAJIKY
BUTMIAPOBYBAaHOTO  Matepiany. Jlo  HegaBHBOrO  4acy  3aCTOCYBaHHS  JIa3€PHOTO
BUMPOMIHIOBaHHS B TIHMX IIJISX CTPUMYBAJIOCS BHCOKOK BapTICTIO IMITYJIbCHUX 1
Oe3mepepBHUX  J1a3epiB 1  CKIAAHICTIO FOCTUPYBAHHS  ONTHYHHX  CHCTEM  JUIA
TpaHCTIOPTYBaHHS, (POKYCYBaHHS 1 HABEJICHHS JIA3€PHUX TIPOMEHIB.

[lokpurrs ALO;

Enextponnuii uu
JIA3¢PHHHA IPOMIHB

2) y 4

L

Q - Ay

T
00 B) )
Puc.9.4.3. Bapianmu memody mepmiuH020 6UNAPOBYEAHHA:A) GUNADHUK 3 Memaneéo20
JUCMa i3 3aXUCHUM NOKpummsam, 6) Memanesutl 6UNAPHUK y 6U2NA0i YOBHUKA, 6) KepamidHuil

muzenb 13 308HIWHIM HACPIBAILHUM eleMeHmOM, 2) 6UNAapo8Y8aHHs JA3epHUM abo
eN1eKmMpPOHHUM NPOMEHeM

BukopucTanHs BakyyMy IPU3BOAMTE JI0 TOTO, IO y PS/i BUITAJKIB TEMIepaTypa, Ipu
SKI JTOCSTaeThCS IHTEHCHMBHA IIBHUJIKICTh BUIAPOBYBaHHS, M0 3a0e3nedye OaxaHy
NPOAYKTUBHICTh MPOIECY, BUXOAUTh HUKUOIO 32 TEMIIEPATypy IUIABICHHS BHUIIAPOBYBAHOI
pedoBuHHU. [l OmIHKKA poOOYMX TEMIEepaTyp HarpiBy 3a3BHuYaii BUKOPHUCTOBYIOTh
TEeMIepaTypy, 1o 3a0e3neuye 3Ha4eHHsI CTaJIoro TUCKY Mapu BUMIAPOBYBAHOTO MaTepialy.

Jlist OimbIocTi matepialiiB poOoYl TeMIlepaTypy BHUITAPOBYBAHHS 3HAXOJSATHCS B
mexax 1100-2600 °c. IIBuAKicTs OCa/KEHHs MOKPUTTIB MOXKE CKJIAlaTH Bil JEKIIBKOX
AHTCTPEM 0 JIEKUIBKOX MIKPOH B CeKyHmy. Jlms momimmeHHs aares3ii abo 1yisi CTBOPEHHS
MEBHOI CTPYKTYpPH OCIJAIOYOTO TOKPUTTA y PSAAl BUMAIKIB 3aCTOCOBYETHCS MIAITPiB
T IKJIAJIKH.

JUist  cTBOpEHHST TOKPHUTTS 13 CIUIaBIB 1 CIIOJNYK, $IK TPAaBWIO, MPOBOISTH
BUTIAPOBYBaHHS KOXKHI KOMITOHEHTH 3 OKpeMmoro jpkepena. Lle mos'szaHo 3 TuM, 1o mpu
BUTIAPOBYBAHHI CKJIAJJHOI PEYOBUHU MOTO KOMIIOHEHTH MOXYTh MaTH 3HAYCHHS THCKY TapH,
0 CHJIBHO PO3PI3HSIOTHCS. B 1bOMy BUIanKy ckiaa mapoBoi ¢asm, a OTKe, 1 CKIaa
MOKPUTTSL  BIAPI3HATUMETHCS BIiJ CKJIaay BHUIApOBYyBaHOi pedoBuHU. Kpim TOTO,
BUTIAPOBYBAHHS 3'€/ITHAHD YaCTO CYIPOBODKYETHCS MPOILIECaMHU JAUCOINAIll YM acouialii, o
TaKOX MEPEIIKOHKAE OTPUMAHHIO 33JJAHOTO CKIIAAy TOKPUTTSI.

Jlo mepeBar MeTOAYy TEPMIYHOTO BUIIAPOBYBAHHS BiJJHOCHUTHCS BIJHOCHA MPOCTOTA
YCTaTKyBaHHS 1 KOHTPOJIO MPOIECY, a A0 HEAOMIKIB - HU3bKA aare3is MOKPHUTTS YHACIHIOK
Majoi eHeprii OcCiJaluuMx Ha MJIKJIAJKy aTOMIB YM MOJIEKYJ 1 BHCOKa YYTJIUBICTH [0
HAsBHOCTI HA MOBEPXHI MiJKJIAJKKA CTOPOHHIX IIIBOK 1 3a0pynHeHb. BIUIMB 1UX HEIOJIKIB
MOJKHA TIOHM3WTH 32 PaxyHOK BHUKOPHCTAHHS CIEIIabHUX METOJIIB MiJrOTOBKM MOBEPXHIi
(YBTpa3ByKOBE OUMINCHHS MIOBEPXHI, XIMIYHE OUYHINCHHS, I0HHE TPABJICHHS).
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9.4.2. BubyxoBe BUIIapOBYBaHHS

Jlanuii MeTo 6a3yeThesl Ha BUAUICHHI BETMKOT KITBKOCTI €HEepril 3a Maluii IpOMiKOK

gacy. [Ipu mpomy maTepias BUIApOBYETHCSA, a TMOTIM 33 PAaxXyHOK IIBHUIKOTO 301IbIICHHS
00'eMy OXOJIO/PKY€ETHCS 3 KOHICHCAII€I0 TApH B YACTUHKHM MaJIOTO PO3Mipy. Y psijii BUMIAAKIB

YacTUHA Marepially [0 He BCTUTJIA BUMAPYBATHUCS, PO3IUIABISIETHCS i BHOYXOBHM YHMHOM
pO3IUIsIETHCS HA piaKi Kparuti. JloJaTKOBUM YUHHHUKOM, CHPUSIOYNM PO3MIIIOBAHHIO, MOXE
OyTH BUALUICHHS PO3YMHEHUX B MOYATKOBOMY MaTepiani rasiB. J{ms migBeneHHs HEOOXiaHOT
KUTBKOCT1 €Heprii BUKOPUCTOBYIOTHCSA TOTYKHHH IMITyJIbC CTPYMy, AYTOBHUH po3psia abo
IMITYJIBC JIA3€PHOTO BUTIPOMIHIOBAHHSI.

Haii6inpmoro mommpeHHss HaOyB BapiaHT TEXHOJOrIl MpH SIKi BUKOPHCTOBYIOTH
BHOYX mpory miamerpom 0,1-1 mm mig miero immynscy crpymy TpmBamictio 10°-107°
Hanpyroo 10-15 kB i minsHicTio ctpymy 10%-10° A/mm®

R Ri L1
—— 11 HAAN——
4
@ C= ;
1 2
—B'—d/o——o/.

Puc.9.4.4. Cxema ompumanmsi nopowky 3 opomy eubyxosum sunaposy8anusam: I- zapsaouuil
KOHMYp, 2- po3psaoHuli KOHmyp, 3- opim, wo eubyxac, 4- kamepu 3 iHepMHUM 2A30M

OtpumyBani nuMm wmetogom HM MarwTth chepuuny abo orpaHoBaHy ¢Gopmy
[TepeBaroro MeTony € OTPUMAHHS YUCTUX IMOPOIIKIB 3 BY3bKHM PO3IMOJIJIOM YaCTHHOK 3a
po3MipaMu, a HEIOJIKOM - HHU3bKa MPOAYKTHUBHICTH MPOIECY. YTPABIIHHSA PO3MIPMHU 1
CTPYKTYPOIO YaCTHHOK BiJIOYBAa€ThCSI B OCHOBHOMY 3a pPaxXyHOK 3MIiHHM IIIJIBHOCTI 1
IIBUIKOCTI €HEPTii, 10 IMiIBOIUTHCA.

MeTtona n03BoJisie BUTOTOBIIATH HM BHCOKOI YMCTOTH CHEepUIHOI GOpMH 3 pO3MipaMu
qacTUHOK /10 5-10 HM, 30Kpema 3 MeTaliB 3 BUCOKOIO TEMIIEPaTypOIO TUIABICHHS 1 BEJTHKOIO
XIMIYHOIO aKTHUBHICTIO. HemosikamMmu MeTody €: 3Ha4yHa BHWTpara €HEprii i, SK HaCIIiJOK,
BITHOCHA JIOPOYKHEYAa OTPUMYBAaHUX HAHOIOPOIIKIB, TPYIHICTh BHUIAJICHHS YaCTHHOK
MIKPOHHOTO Jliana3oHy, sIKi BUHUKAIOTh 3 Kpareib po3IliaBy.
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9.4.3. BunnapoByBaHHA B IOTOLi iHEPTHOro rasy (JieBiTaiiHO-NMOTOKOBUU METO/)

MexaHi3Mm moaadi ApoTy

I Y o)

Karua posmnasy
Bunapu Metary
OiTBTPYHOUMI TIPITAT

—== Bigkauka

—— KoHTeliHep IIA NOPOIIKY

Puc.9.4.5. Cxema ycmanosku 01 OmMpUMAaHHA HAHONOPOWIKIE 8UNAPOBYBAHHAM 6 NOMOYI
IHEpMHO20 2a3y

B manomy mMeTo1i BUIapoByBaHHS METally BiIOyBa€ThCsI B TIOTOIl iHEPTHOTO Ta3zy.

[Ipu maHOMy METOJIi BUTIAPOBYBAHHS METaTy BIIOYBAETHCS B MOTOIl IHEPTHOTO Ta3y,
HAIPUKJIaJ] 13 Kalli po3IUIaBy HA KIiHII JPOTHHHU, IO PO3IrpiBaEThCS BHUCOKOYACTOTHHUM
MarHiTHUM TIOJIEM.

Po3mip dacTWHOK 3aJeXHUTh BiJ HIBUIKOCTI MOTOKY Ta3y, TOOTO 13 301JIbIICHHSIM
MIBUKOCTI pO3Mip 4acTOK MoOxke 3MeHmryBatucb 13 500 mo 10 HM, ogHOYAacHO
3MEHIIY€ETHCS PO3KHJI YACTOK MO PO3Mipax.

JlaHuM METOJOM OTPUMYIOTh HAHOMOPOIIKK HaHomopomku Mn i Sb. Kpim Toro
BHACIIJIOK BEJIMKOI MIBUAKOCTI  MOTOKY Tra3y IMpH IEeBEHHUX YyMoBax Sb Moxke OyTu
amopaUM. ICHye mMmABHA MaHOTO METOMy, IO HA3WUBAETHCA METOJOM  KPIOT€HHOTO
TUTABIICHHS, SIKUM 3aKII0YA€ThCS B TOMY, IO IUIABICHHHS JPOTHHU TMPOBOJIATH B PiauHI 3
JOCUTH HU3bKOIO TEMIIEPATYPOIO, HAPUKIIAA B PiAKOMY a30Ti.
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9.5. Po3nuneHHsi po3nnasy

Jlana tpyma MeTojiB 0a3yeTbcsi Ha IIBHIKOMY PO3MIJIIOBAaHHI 1 OXOJIOKYBaHHI
pO3IUIaBy MOYaTKOBOTO Matepiany. Ll TexHomoris 103BOJIsSE€ OTPIMATH TTOPOIIOK PO3MIPOM
oinmbmumM anik 100 uM. Pasom 3 tum, otpumyBani HM 3 posmipom wacturok 0,5-10 MM
MalOTh HaHOKpHUCTamiuHy (y psal BUNAAKIB aMOp(HY) CTPYKTYpPY i MOXYTh TaKOX OyTH
BiJTHECEHI 10 HAHOMATepialiB, a TEXHOJIOTIA 1X OTpUMaHHs - 10 HaHOTexHOoJOTiH. [Iporecu
OTPUMAaHHSI MOPOIIKY MOXKHA BECTH B 3aXHCHIHN aTMocdepi.

9.5.1. EneKkTporiapoauHaMiyHe po3nujieHHs

Kinsresuii
eIIeKTPOT
Comio S T
K :
Pozmias N ALLITL
N ' \
§ ITopomok
+
3-20 kB

\ BucoxoponrsTHHIT
OJIOK

Puc. 9.5.1. Enexmpocziopoounamiure po3nuieHHs

VY upoMy MeTol /Ui PO3NUIIIOBAHHS PO3ILJIaBy BUKOPUCTOBYIOTHCS €JIEKTPOCTATUYHI
cwid. CTpyMiHb PO3IUIaBY MOJAETHCS B COIUIO 3 AIaMETPOM OTBOPY ONMu3bko 80 MKM, Tiepen
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SIKUM PO3TalllOBAaHUN KUTBIIEBHI €IEKTPO/I, A0 SKOTO MPUKIAAAETHCS MOCTiHa Hanpyra 3-20
KB.

3 cormia BIIIITAIOTh IMMO3UTUBHO 3apsJKEHI IPiOHI Kparuii po3miaBy. Po3mip yacTHHOK
3aJIe)KHO BiJ] MaTepially 1 TEXHOJIOTTYHUX mapaMeTpiB Moxke ckinaaata 100 aM - 10 MxM.
Hemonikom boro METoy € ay’ke HU3bKa MPOAYKTUBHICTH (2 T/TOJ 3 OTHOTO COTLIA).

9.5.2. YaapHe po3NUJIeHHA

Posnnap ~_ .
bapaban, mo ‘
obepTaeTbes

\ e
__\i_/__

Jlomatku

IIOPOIIKY
Puc. 9.5.2. Yoapne posnunenns

[Ipu 1bOMy METO/II CTPYMIHB PO3IIIaBY MEXaHIYHO pO30MBAETHCS HA APiOHI YaCTHHKHU
Opyu 3iTKHEHHI 3 IHTEHCHBHO OXOJIO/PKYBAaHUMH METAJICeBUMHU JIOTIATKAMM, IO IIBUIKO
obOepTaroTbes. 3a0e3Mmeuy€eThesl MBHUAKICTH 0X0I0pKyBaHHs 10 107 K/c.

Sk 1 B momepeHpOMY METO/1 YaCTUHKH MOPOIIKY MAalOTh HEMpaBWIbHY (GopMy 1 uis
OTPUMAaHHS TMpPH NOJANBIIOMY (OPMYBaHHI SKICHUX BHPOOIB 3 OJHOPITHOI CTPYKTYpOIO
HEOOX1THO TOJAATKOBO ITI/IIABATH IMMOPOIIOK MEXaHIYHOMY MOAP1OHEHHIO.

9.5.3. KoOHTaKTHe 0X0J/I0AXKEHHS 3a J0NOMOrolw BOJ00XO0JIOJKYIUYO0ro Aucy, a6o
6apa6any

Poszmnas — YHactku
MIOPOTITKY

N

v
BapabaH, o
obepTaeThes
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Puc. 9.5.3. Koumaxmmue 0x0100xceHHsT 30 OONOMO20H0 80000XO0NL00HCYIOU020 OUCy, abo
bapabany

Jauwii  Meton ~ Oa3yeTbcss HA  MOJadi  PO3ILIABICHOTO  MaTepialy  Ha
BOJIOOXOJIOKYBaHUN AHUCK (a00 OapabaH), KMl MIBUAKO 00€PTAETHCS, IKU BUTOTOBJICHHMA
3 MaTepialiB 3 BUCOKOIO TETUIOMPOBIAHICTIO (Hanmpukiaz 3 Mifi). [Ipu mipomy 3a0e3medyeTbest
IIBUJKICTh OXOJIO/DKYBAHHS [0 10® K. [ToBepxHst Oapabana abo AHUCKa € MIOPCTKOIO,
OCKITIBKH y pa3i TIagKoi MOBEPXHI 3a0e3MeuyBaTUMEThCS OTpUMaHHS (HOJBIH, CMYTH abo
JpOTy 3aBTOBIIKH 0113bK0 10-50 MKM 3 amop(hHOI0 200 HAHOKPUCTATIYHOIO CTPYKTYPOIO.

OTpumyBaHUI TOPOIIOK BIAPI3HAETHCS IIACTHHYACTOIO  (POPMOIO YACTHHOK, IO
MOXX€ TPU3BOJUTH JO HEOTHOPITHOI CTPYKTYPH 1 aHI3OTpOINi BIACTHBOCTEH y BUPOOIB,
chopMOBaHHUX 3 MOAIOHUX MOPOMIKIB. Y 3B'A3Ky 3 UM OTPUMYBaHi JaHUM MmetogoM HM
JI0JTATKOBO MIIIAI0Th MEXaHIYHOMY MOJAPIOHEHHIO — TOJIOBHUN HEJOJIIK METOTY.

101



9.6. IoHHO-NNasmoesi Mmemoou

9.6.1. KaToaHe i MarHeTpoHHe pO3NUJIEHHSA

Karomne po3nuieHHs HaifuacTilie BUKOPUCTOBYIOTH JJIsi OTPUMAHHS IHapiB i3
MeTaliyHuX MaTepiamiB. HaiOinpmn mpocTuii  BapiaHT KaTOMHOTO PO3MWICHHS —
JIBOCNEKTPOIHUI. BiH 0a3yeThcs HA BUKOPHCTAHHI IJIa3MHU TJIIOYOTO PO3PSIAY B BaKyyMi
npu trcky 1-0,1 Ia (102-107 mm.pr.ct.).

[lepen mouaTKkoOM MpoIieCcy 3 METOI BHJIATICHHS PEAKTUBHUX ra3iB y BaKyyMHIil KaMmepi
CTBOPIOIOTH BakyyM 10 102-107 ITa, mOTiM MOZAIOTH B KAMePY iHEPTHHMIA Ta3 i JOBOIATH THCK
0 poboumx 3HaueHb. HalvacTime BUKOPHCTOBYIOTH aproH. Mix KarogoMm (MilllEeHHIO 3
PO3MUITIOIYOT0 MaTepialy) 1 aHOAOM (TpUMayeM ITiAKIAIKH, Ha SIKY HAHOCUTHCS TTOKPUTTS)
NpUKIATAEThCs TocTiHa Hampyra 1-5 kB. Taka BenMuuMHa HampyrH MPEBUINYE MOTEHIIIA
10HI3amii 1 Hampyry mpoOoro, TOMY 3 KaTOJy €MITy€ JOCTaTHS KiJIbKICTh eleKTpoHiB. Lli
€JIEKTPOHHU, PYXal0UunCh BiJI KaTOIa 0 aHO/A, BAAPSAIOTHCS 00 aTOMH Ta3y Ta 10HI3YIOTh iX.

B pesynpTari BUHMKae THifOUMiA po3psa. [oHHM, IO YTBOPWIMCH 3 IHEPTHOTO rasy
O0MOapAyIOTh MIIICHB-KATO/I 1 BHOMBAIOTH 3 HET aTOMH MOKPUTTS. i aToMu ocaKyyThcs Ha
MIKIAAKy, SKa pa3oM 3 TpUMadeM 3aMKHyTa Ha Macy, ajie B NIEBHUX BHIaJIKaxX (PyHKITT
aHo/Ma Ta TpUMada MOXYTh cmiBmazatd. [IIBHAKICTH OCaKEHHS TpPH JTaHOMY BaplaHTi
meToay Hu3bka (mopsnaky 0,1 - Imxm/xB). HemonikoM mporo MeToay € 3Ha4HE HarpiBaHHS
MiIKJIAAKK, [0 JgocsraeTbes mpu Temmepatypi 300-500 °C. YV Bumajaky MarHETPOHHOTO
pO3MUIICHHS IS TIJBHINECHHI €(EKTHBHOCTI MPOIleCYy Ha 00JacTh PO3PsAy HAKIAIAITh
MarHiTHE To0Jie, K€ KOHIEHTPYE IIa3My Ha MimieHi-kaToai. CHIIOBI JIiHIT MarHiTHOTO TOJIS
HaMpaBJIieH] BiJl OJHOTO MOJIOCA MArHITY JI0 1HIIIOTO.

_1.5kB —1---_?_”3 ]
4
Al”_.._l ! 5 AT

10 BAKYYMHOI'O
HACOCY -~

1

102



Puc.9.4.6. Ocrosni npunyunogi cxemu KamooH020 pO3NULEHHA. ) 080eeKMPOOHUL Memoo,
0) uomupvoxenekmpooHuil memoo, I- eaxyymuma Kamepa, 2- mpumay RIOKIAOKU (8
080€eIeKMPOOHOMY MeMmOoOi MAKON’C SABNAEMbCA AHOOOM), 3- NIOKIAOKa, 4- 30Ha niazmu
MAI04020 po3pady, 5- MiuleHsb (PO3NUNIOOYUL Mamepian), 6-0CHO8HUU Kamoo, 7- meniosull
Kamoo, 8- cmabinizyouuil eiekmpoo, 9- anoo

8
5 —//
4> % l/% ?g - 6
Ar *:‘ THEWY,, \f\% o o - 0,2—1
110 BaKyyMHOTO A V — /=0 + kB
Hacocy _.I_;I / | _ B :

T T
o 3 2/'11_071.._0,6 kB

Puc.9.4.7. Cxema  macHem-poHHO20  pO3NUNEHHA, HA  NPUKIAOi  ANIOMIHIEGO20
HAHOCMPYKMYPHO20 HNOKPUMMS OMPUMAHO20 HA MapmeHcumHocmapiroyit cmani. 1-
8aKyyMHA Kamepa, 2-mpumay RNiOKNAOKu, 3- nioK1aoxa, 4-30Ha KOHyeHmpayii niasmu
muiro4o02o po3paody, S- mamepian, wo po3nuU-IOEmMvcs, 6- kamoo, 7- aHoo Kilbyesui abo
pamoyroi hopmu, 8- maenim, 9- cunogi ninii MacHiMHO20 NOJIS

TpaekTopii pyxy €JIEKTPOHIB MPOXOJIATh MK MIIISIMH BXOJY 1 BUXOJIY CHJIOBUX JIIHIH
Mar”iTHOTO TIOJIS.

Puc.9.4.8. Anrominicée nanocmpykmyphe noxpummﬂ HA MapmeHCUMHOCMapirodiu cmai

B mux micigx 1 1oKami3yeThCsl IHTEHCUBHE YTBOPEHHS TUTa3MU 1 TIPOTIKAHHS npoueciB
PO3MIIICHHS. 32 paXyHOK TaKOi JIOKaTi3aIlil HOSIBISETHCS MOXKIUBICTh PONUIICHHS HE TUTBKH
METaliYHUX, aie 1 JIeJeKTPUYHUX 1 H&HlBHpOBlI{HI/IKOBI/IX MmatepianiB. MeTtox
MarHeTPOHHOIO PO3MUIIEHHS J03BOJIAE 3HM3MTH HarpiB migkaagku go 100-250 °C i
3a0e3MeYnTH MBUAKICTh OCA/DKEHHS 10 1-2 MKM/XB.

9.6.2. loHHO-IpOMEeHeBe PO3NUJIeHHS

loHHO-TIpOMEHEBE PO3NMHMIICHHS SIBJISIE COOOK BIOCKOHAJICHWW BapiaHT KaTOIHOTO i
MarHeTpOHHOTO po3nwicHHS. OCHOBHA BiJIMIHHICTH B TOMY, IO 10HM IHEPTHOTO Tazy
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MOJIAIOTHCS 10 PO3MIIIIOIOYOTO Matepiany (MIIIeHi) 13 OKpEeMO PO3MIIEHOTO HE3aJIeKHOTO
10HHOTO JDKEpeJia y BUTJISIII KOHIIEHTPOBAHOTO MOTOKY 3 eHeprieto 1-10 xkeB .

Jlocmimkennss npoBoaaTh y Bakyymi 107...107 Ia. OCKinbKH yTBOPEHHS iOHHOTO
MPOMEHSI HE TIOB’SA3aHE 13 PO3MUIIOIOYMM MaTepiajoM, TO MOJKJIUBE PO3MUJICHHS 5K 1
METaTIYHMX, TaK 1 JIEJICKTPUIHUX MartepiaiiB. Marepian MIIIeHi, 10 PO3MUITIOETECS MOXKE
10HI3yBaTHUCh 1 TOJAATKOBO MPHUCKOPIOBATHCH NPH MPHUKIATAHHI JO OOKIAIKU JOJaTKOBOTO
noTeHIiany 3MimenHs. KoHmeHTpanis mia3Mu po3psay BCepenrHi JHKepelia 10HIB J03BOJISIE
YHUKHYTH CHJIBHOTO HATPiBY MaTepiary IiIKJIaIKH.

HemocraTkoM 10HHO-TIPOMEHEBOTO PO3MMUJICHHS SIBISIETHCS CKJIATHICTH TOYHOTO
JOTPUMaHHS XiMIYHOTO CKJIaTy OCa/DKYHO4oro MOKpHUTTA. lle moB’s3aHO 3 TWM, IO TpH
yJapax 10HIB 3 TOBEPXHEIO MIIlICHI, B Hi IPOTIKA€E IUIMA KOMIUICKC CKJIAJIHUX TIPOLIECIB, SKi
MOXXYTh 3MIHUTH XIMIYHUW CKJIaJ] BEPXHBOTO IIAPy MIIICHI 1 MaTepiary, 10 HAMMIIOETHCS .
MeTo 10HHO-IPOMEHEBOTO PO3MWJICHHS 3HAWIIOB 3aCTOCYBaHHS JUISI OTPUMAaHHS
OaraTomapoBUX CTPYKTYP ISl HAHOCJIIEKTPOHIKHU C TOBIIMHOIO mapiB 1-10 HM .

9.6.3. loHHO-IpOMEeHeBe nepeMillyBaHHSA

B nmanoMmy metozi i0HHOMY ONPOMIHEHHIO MiJAA€ThCAs KOMITO3UINiS 13 MaTepiany 3
B)K€ HAHECEHWM IIOBEPXHEBUM ImapoM. loHH, sKi OOMOapAyrOTh MOBEPXHIO BHOHMBAIOTH
MOBEPXHEBI aTOMHU MaTepially Iiapy i OCHOBH 13 iX PIBHOBXHHX MOJIOKEHbB, 110 TOPOIKYE
kackaau atoMHuX yaapiB [103,109]. B pe3ynbraTi TpaHHIs MiXK IMOBEPXHSEBUM IIApOM i
OCHOBOIO PO3MHBAETHCA 1 BIIOYBAa€ThCs TepeminryBaHHs. Llelr mMeTon n03BOJISIE TIOI0IATH
TaKi HEJIOJIIKK 10HHOI IMIUIaHTAIlll, SK 0OMEXEHHS MaKCHUMAaJIbHOT KOHIICHTPAIIIi JISTOBAHOTO
eIeMEeHTY e()eKTOM PO3MHUIICHHS, MOKJIMBICTh 3HUKEHHS CHEPrii 10HIB, Yacy 1 031 10HHOTO
OTPOMIHEHHSI.

Iporec mpoBosTh y Bakyymi 107°...107 ITa. B sixocti iHepTHOro rasy Haitdacrime
BUKOPUCTOBYIOTH aproH YW KCEHOH. BuKOpUCTaHHS 10HIB 3 OIJbIII BHUCOKMMH ATOMHHUMH
HOMEPAaMH MPU3BOINUTH IO IMABUIICHHS €()EKTUBHOCTI MPOIIECIB MEPEMINITyBAHHS .

9.6.4. loHHa iMI1aHTAaLifA

MeTto 3acHOBaHWH Ha BIPOBAKEHHI 10HIB BUCOKHX €HEPTiH B TOBEPXHIO MaTepiay.
Iporiec mpoBoasTh y Bakyymi mopstaky 107...107°Ta 3a 10MOMOror iOHHO-IIPOMEHEBHX
npuckoproBayiB (imruianTepiB). L[i ycTaHOBKM BKIIIOYAIOTh OJWH YW JEKIJIbKAa 10HHHUX
JDKEpeTl, B IKUX B1IOYBA€ETHCS TIEPEXil MaTepialy B I0HHUH CTaH TUIa3MHU.

IMIIIaHTOBaHI 10HM MOXYTH YTBOPIOBATUCH EIIEKTPOAYTOBHM METOJIOM, METOJaMHU
TEPMIYHOTO BWITAPOBYBAHHS, B TOMY YHCII JIa3€pPHOTO BHUIAPOBYBAaHHS. YTBOPEHI 10HH
MOCTYTAIOTh B CHCTEMY aHaIi3y 1 cemapailii, ¢ Bl OCHOBHOTO ITy4YKa BIIUISIOTHCS 10HH
nomimok. [licmst cemapamii mTydok 10HIB 3a JOMOMOToOK (OKYyCy BajdbHHX JIH3
KOHIIEHTPYETHCS B TIPOMiHb, SIKH MAJ[a€ B IPUCKOPIOBAY, JI¢ i0HH PO3TAHSIOTHCS 0 BUCOKUX
EHEeprii B ejeKkTpudHoMy Toui. [ craOumizarii i10HHOTO MPOMEHS 1 MOro CKaHyBaHHS
CIy’)KHThb CHCTEMa eJEeKTPUYHUX JIH3 1 BiAKJIOHsAOuM T1iacTuH. [lomamaroum Ha
Monu(}iKOBaHUN MaTepial i10HM BIPOBAKYIOTHCS B HBOTO Ha TnuOmHy 5-500 HM B
3aJIe)KHOCTI BiJ] €HEepTii.
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YMOBHO BHIIISIOTh HU3bKOCHEPTETUYHY 10HHY IMIUTAHTAIliIO 3 eHeprieio ioHiB 2-10
keB 1 BUCOKoeHepreTHuHy 10HHY iMIUTaHTaIito 3 eHeprieto 10HiB 10-400 keB. B 3amexHoCTI
BiJl KOHCTPYKIi iIMIUTAaHTaHTa JiaMeTp IUIIMU 10HHOTO MPOMEHS Ha MOBEPXHI Marepiairy
Moke ckimamatd 200 MM, a 3HA4YeHHS CPEIHBOTO 10HHOTO CcTpymy - 1-20 MA . Benmumna
JI03U 10HHOTO OMTPOMIHEHHS 3a3BUYall CKIIaJae 10"-10" e

IIpu B3aemomii GomOapaOoBaHMX 10HIB 3 MOBEPXHEBUMH MIapaMH MOIU(IKOBAHOTO
MaTepialy MpOTIKAE IUIMA KOMIUIEKC CKiIamgHux mporeciB. Kpim iMmmanTamii Takox
BUHUKAIOTh TaKi MPOOIIECH, SIK: PO3MUIICHHS MOBEPX1, PO3BUTOK KACKAJIB yAapiB YaCTUHOK,
KacKaJHe TIEpPEeMINIyBaHHS AaTOMIB B TIOBEPXHEBOMY Iapi, pasialiiHO-CTUMYJIbOBaHA
mrdy3isi, yTBOpEHHS MeTacTabuIbHuX (ha3, HarpiB, TOIIO.

CHiBBiTHOIICHHS MIX IIUMH IPOIECAaMH 3aJIC)KUTh BiJI THUIY IMIIJIAHTOBAaHUX 10HIB,
MO (IKOBAHOTO MaTepiaay 1 TEXHOJOTIYHOTO PEXXKUMY OOpOOKH.

RGN RAERERE S

O4 -0

Puc.9.4.9. Cxema memody iounoi imniamwmayii: I1- Odxcepeno iowuis, 2- nomix ioHie, 3-
cucmema ananizy i cenapayii ionie, 4- cucmema Goxycyeanms, 5- npuckoprosay iouis, 0-
cucmema cmabinizayii i CKAHY8AHHA IOHHO20 NPOMEHS, 7- IOHHUU NPOMIiHb, 8- 8AKYYMHA
Kkamepa, 9- moougpixosanuii mamepian, 10- mpumay mamepiany

OCHOBHHMMH TepeBaraMy i0HHOI IMIUIAHTAIlil SIK METOJy CTBOPEHHS MOJU(IKOBAHUX
MOBEPXOHb  HAHOMIAPIB SBJIAIOTHCS: MOXKIUBICTH 3MIHU CIIBBIIHOIICHh MaTepialliB B
MOBEPXHEBOMY IIIapi, HE3aJICKHICTh BiJ TPAHUIP PO3YMHHOCTEH KOMIIOHEHTIB B TBEPIIi
¢da3i, HU3BKI TemrepaTypu MoAM(]IKOBAaHOTO MaTepialdy, BIICYTHICTh HpoOieMu asresii,
KOHTPOJbOBaHA TTHOMHA OOpOOKH, CTaOUIBHICTh MPOIECY Ta BHCOKA YHCTOTA Y BaKyyMi,
MO>KJIMBICTh OJTHOYACHOI YH MOCIIJOBHOI IMIUTAHTAIII] 10HIB PI3HUX MaTepiaiB.

Jlo HEAOMKIB BIAHOCHUTHCS: MOXJIMBICTE OOPOOKHM MaTepiaiiB TUIBKH B 30HI TPSIMOL
nii 10HHOTO TIPOMEHs, Maja TJIMOWHA TPOHWKHEHHS 10HIB B MaTepiadl (MPU HHU3BKUX
EHEPrisiX), MPOTIKAHHS TPOIECIB PO3MUIICHHS MTOBEPXHI, BUCOKA BUTPATHICTh Ta CKJIAJIHICTh
TEXHOJIOT11.

9.6.5. IoHHe ocaaKeHHA

Le#t MeTon siBisie COOOI0 yIOCKOHANIEHUH METOJ] TepMIYHOrO HammieHHs. YacTuHa
napoBoi (a3 maTepiany, IO YTBOPIOETHCS 3a JIOMOMOTOI0 TEPMIYHOTO BHUIAPOBYBAHHS,
10HI3YETHCS Ta MEPEXOANTH B CTaH IJIA3MHU 32 PaXyHOK 30y/DKEHHS MK BHIIAPOBYBAadeM Ta

105



MiAKIAIKOI0 TIIIOYOTO PO3psAy. 3apsypKeHI YacTUHKU MiJ] AI€I0 eJIeKTPOMArHiTHOTO OIS
IPUCKOPIOIOTHCS 710 BUCOKOUX €HEpriil.

Puc.9.4.10. Cxema ionHO-npomeH08020 po3nuieHHs: 1- eakyymHa kamepa, 2- mpumad
nioKnaoku, 3- nioknaoxa, 4- KoHyeH-mposanuil NOmiK ioHie, 5- posnunoouull mamepial, 6-
mpumayd MmiuieHi, 7- IOHHO-NpoMeHege Odicepeno, 8- masHimHa cucmema KOHYeHmpayii
niazmMu - muiuo2o paspady, 9-npunao Qokycyeanns iow-Hoeo npomens, 10- 30Ha
KOHYyeumpayii naasmu muiroyoz2o paspsady, 11- nomik uacmunok mamepiany, AKUU
0CaoHcyeEmvpcs

ITponiec mpoBoguThes mpu TtHcky 0,1-1 Ila, mo 3abe3neuye 30epekeHHsT 3HAYCHHS
MIBUJKOCTI TMPH SKIM OJMITAalOTh 10 MiAKIaAKK 1oHHM. Jlo TiepeBar MeToay BiTHOCATH
MOPIBHSHO HU3bKY TEMIIEpATypy HATrpIBY 1 MPOCTOTY peaiizallii B TEXHIYHOMY ILUIaHI.

2

Puc.9.4.11. cxema memody ionHo20 niakupysauus: [- eaxkyymua Kamepa, 2- mpumad
NIOKAAOKU-KAmoo, 3- niOK1aoka, 4- 30Ha naazmu muiloyo2o paopsaoy, 5- mamepian,uo
BUNAPOBYEMBCSL, 6~ BUNAPOBYBAY- AHOO,7- Aa3ep i NPUIAO YOKYCYBAHHS NAZEPHUM NPOMEHEM,
8-nazepne sunpominO8ants, 9-nposope 0/ 1a3ePHO20 BUNPOMIHIOBAHHS BIKHO

IIpote, edexT po3ciroBaHHS 1 BOJHOYAC OCAHKEHHS 10HI30BAaHMX Ta HEIOHI30BAHUX
YaCTMHOK HE 3aBXIu 3abe3medye piBHOMIpHE mMOKpUTTA. I[limkimamka MmoBHHHA OyTH
eJNIEKTPONPOBiAHOIO. [l BHUMAapOBYBaHHS MOXHAa BHKOPHUCTOBYBAaTH OyIb-SIKUA  BHT
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TEPMIYHOTO BHIIAPOBYBAHHS, MPOTE HAWKpALIUM € Ja3epHUA METOJ, B SIKOMY JOCTaTHbO
JIETKO MOYKHA OTPUMATH MOKPUTTSA JI0 AEKIJIbKOX HAHOIIAPIB.

9.6.6. J/lazepHa a6/1ALia

AGnsmist — Oarato3HayHuil (Ppi3UYHUN TEpMiH, 110 BHU3HAYA€ MEPEHOC PEUOBUHU 3
MOBEPXHI TBEPJIOTO Tija MiJ €0 BUMPOMIHIOBAHHS 1 0OTIKAI0YOTO IMOTOKY Taps4yoro rasy.
JlazepHast aOusilisi — METOJ BUJAJICHHS PEUYOBHMHU 3 MOBEPXHI JIa3epHUM iMmyJbcoM. l[lpu
HU3BKIH MOTYXXHOCTI Ja3epa HU3KOH MOIHOCTH Jia3epa pEYOBHHA BUIAPOBYETHCS YU
CyOJIMY€ETBCSl Y BHTJIISAAI BUTBHUX MOJIEKYJI, aTOMIB 1 10HIB, TOOTO HaJ BUIIPOMIHIOIOYOIO
MIOBEPXHEIO YTBOPIOETHCS Clla0Ka, 3a3BUYail B JAHOMY BHIIAJKy TeMHa (LIeH pEXHUM YacTo
HA3MBAETHCS Jla3epHa JaecopOirist). SKIo rycTiHa JaHOTO JIA3€PHOTO IMITYJIBCY MEPEBUIIYE
NIEBHE 3HAYCHHS, BINOYBA€ThCA MIKpPOBUOYX 3 YTBOPEHHSIM KpaTepy Ha IOBEpPXHI 1
YTBOPIOETHCS TIJIa3Ma pa3oM 13 TBEpAUMHU YacTUHKaMH. [[aHuii pexkxum abisiii Ha3uBaeThCs
Ja3epHOI0 1CKPOIO.

Jlazepra  aOmnsAIlis BUKOPHUCTOBYETHCS MJISI MPSMOTO JIOKAJIBHOTO 1 IMOIIAPOBOTO
aHami3y 3paska. [Ipu mazepriii aOusImii HEBENMMKA YaCTUHA TTOBEPXHI 3pa3Ka 3HAXOJUTHCS B
CTaHi TIa3MU 1 aHAJI3YETHCS METOAMH €MICIHHOT Ui Mac-CIIeKTPOMETii.

BignmoBiguuM ~ MeTogaMM aHali3y JIa3epHO-ICKpOBA €MiCiliHAa CHEKTpOMETpis i
Ja3epHO-iCKpoBa Mac-crieKTpoMeTpis. Takoxk, 3apa3, JOCUTh aKTUBHO PO3BHBAETHCS METO]
Mac-CIEKTPOMETPIi 3 1HAYKTHBHO-TIOB SI3aHOK0 TIJIA3MOI0 1 JIa3epHOI0 aOJISIIEI0, IPH  SIKIH
aHami3 BiAOYBa€eThCs MULIXOM TEPEHOCY NPOAYKTIB  JiazepHOi  abumsmii (aepo3oiio) B
IHIYKTUBHO-TIOB SI3aHy TUIa3My 3 HACTYITHUM JETEKTYBaHHSM BUIBHMX I10HIB y Mac-
cnekTpoMmeTpi. JaHi MeToau BiAHOCATHCS 0 TPYMU aHATITHYHOI aTOMHOI CIIEKTPOMETPii 3
OLIIBIII 3arajIbHOI0 CYKYITHICTIO METOIB €JIEMEHTAPHOTO aHaIi3Yy.

Mazep
Kz iTpil-amonikicsouy
TPEHETI T HEDIIHMKM

Bogmo oxomomsy o
Cu crepsens

paditosa
MilIEHE

Puc.9.4.12 Cxema ycmarnosku nazeptoi abaayii

MeTton nazepHoi aOmsIii 3aCTOCOBYETHCS [UIsi BHU3HAYEHHS KOHIEHTpAIlli sK
€JIeMEHTIB, Tak 1 130TomiB. BiH KOHKypye 3 i0HHUM 30HI0M. OcTaHHIM MOTpedye 3HAYHO
MEHIIUKA 00’€M IS aHalli3y, MPOTEe, YK MPaBWIO, € CYTTEBO AOPOX4nMM. JlazepHa aOmsiis
TAKOX 3aCTOCOBYETBHCS [UISI TOHKOI TEXHIYHOI OOpOOKM TMOBEpXHI Ta HAHOTEXHOJOTIi
(HampuKIIaI, TPU CHHTE31 OJTHOCTIHHUX BYTJICIIEBUX HAHOTPYOOK).
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9.6.7. MaTeMaTH4YHe MO e/JTI0BAaHHA NPOLECIB JIa3epHOi a6/1ALjii

MexaHi3Mm na3epHOi aOmnsIii MeTamiyHUX MIlIeHeH BH3HAUA€ThCS, TEpIl 3a BCE,
HOTY>KHICTIO JIA3€PHOT0 IMITYJIbCY Ta BKJIIOUAE HOPMAJIbHE BUMIAPOBYBAHHS Ta KUITIHHS aX J10
BUOYXOBOro BHIapoByBaHHsA. KiHeTHWKa TEIJIOBOrO BHIIAPOBYBAaHHS KOHIEHCOBAHUX TiJI

OIUCYETHCH 3aKOHOM
_Ta
UV =7TVge T,ne Vyi |, KOHCTAHTH.

[Tig giero mazeproro immyibcy temmepatypa (T) 1 mBuaKicTs nazepHOi abmsmii v(t)
3MIHIOIOTBCSL 3 YacoOM 1 BH3HAYalOTh MeXaHi3M Jja3epHoi abmsawmii. [lpm anamizi mmx
3aKOHOMIPHOCTEH B appeHiyCOBUX KOOPAMHATAX:

1 Al
Inv = f(?,,
TYT TETUIOBOMY TIPOIIECY BIAMOBIAa€ mpsiMa JiHisA. OCKUTBKH €KCTIEPUMEHTAIBHO, JIJIS

KOPOTKHX JIa3epHUX IMITYJIbCIB TIOCUTH CKJIATHO BH3HAYUTH T(t) 1 v(t),TO 9acTO aHaAJI3yIOTh
BEJIMYMHY Macy MaTepially BUJAICHOTO 32 IMIYJIbC, SIK QYHKIIIIO O3 OIMPOMIHEHHS (:

a=J, I(®d

ne I(t) inTeHcHBHiCTH MazarOUOro Ia3epHOrO BHIIPOMIHIOBAHHS. J[jis iHTEHCHBHO
NOTJIMHAKYMX METAIYHUX MilleHel 3anexnocti: m = m(q) MiCTATL TpU XapakTepHi
JUISHKH, 10 BIAHOCATBCS J10: JOIOPOroBOro mpouecy (g < qmp), abusis B 6e3nocepeHin
OJIN3BKOCTI BiJ] MOPOTY (qmqmp) i pexxuMy po3BuHeHOT absauii (2,5 Qnop < 4 < 5 qmp). B
OCTaHHBOMY BHIIAJIKy, Ha IpoIlec abislil CyTT€BO BIUIMBAE €KPaHYBAaHHS BHUIIApOBYBAHOI
MOBEPXHI MMapo-I1a3MoBUM (hakeiom.

OcCKinpbKM ONTHYHA TOBIIMHA €KPaHOBAHOTO INApy MPOIMOpIiifHAa Maci BUIAapyBaHOI
pEYOBUHU, TO, i3-32 BIIMOBIAHOTO TOTJMHAHHS BHIPOMIHIOBAaHHS B IIJa3Mi, /032
OMPOMiIHEHHS Ha MMOBEPXHi Oye:

q = qoe™,

ne o — e(heKTUBHUHN KOe(]IIEHT MOTIMHAHHS BUIIPOMIHIOBAHHS B TUIa3Mi, /1 — TOBIIMHA
[I1apy BHJIAJICHOTO 3a IMITYJIbC.

B pexumi IHTEHCHMBHO pO3BHHEHOI Ja3zepHOi a0msamii mae wicue ¢GOpMyBaHHS
HAHOKJIACTEPIB, IO SICKPABO CIOCTEPIra€ThCs 1 B HAIMNUX EKCIIEPUMEHTAIBHHUX POOOTax.
Opnak, Oarato sBul (pOpMyBaHHS HAHOKIACTEpIB 1€ HE BHUBUEHO, a s MHapaMeTpiB
BXUIUBUX s (DI3MYHOTO PO3YMIHHS MPOIECY BAXKKO EKCHEPUMEHTATbHO BUMIpATH. J[is
TaKHX MPOIIECIB XapaKTEepHI MBHUIKOCTI OXOJIO/PKCHHS MapH TMPH ii pO3JIBOTI B MPOIYKTAX
Ja3zepHoi abmsIii 10CATar0Th IOIO-IOHK-C'I, 10 CBITYUTH NPO CHIILHO HEPIBHOBAXKHI YMOBH
KOHJICHCAIlli. A TOMY, TEOPETHYHE MOJICIIOBAHHS 3QJIUIIAETHCS OJHUM 3 BXKJIUBHX JDKEPEI
BIJIOMOCTEH PO PsJl XapaKTEPUCTUK MaHOTO Tporecy. Ha manuii 9ac icHye psim Mojenei
OITKCY TIPOIIECIB JIa3ePHOI a0JISIil OCHOBHI 3 SIKUX HaBeJeHI B MoHOTpadii. OqHak Bci BOHH
CTOCYIOTBCSl TEPEBaXKHO MOJIETIOBAHHS IPOLECIB PO3BUTKY Mapo-IUIa3MOBOTO (akeny Ta
dbopMyBaHHSI KJIacTepiB i3-3a OXOJOPKEHHS MPOIYKTIB BUMAPOBYBAHHS y BakyyMi. Aue, sk
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BiJJOMO, MPU BUCOKUX T'yCTHHAX JIa3epHUX IOTOKIB Mae Micie (popMyBaHHS HaHOKpAIelb
0e3rmocepeIHbO 3 Kparepa Ta HOTo MOBEpXHi. A TOMY € 0COOJIMBO aKTyaJbHUM MAaTeMaTHIHE
MOJICTIOBAHHSI CaM€ TaKUX HEPIBHOBAXXHUX JIa3€pPHUX IMPOLECIB, O TOTO X, y Ta30BOMY
CEepelOBUIIll 13 BpaxyBaHHAM SK pPyXy poO3IJIaBy [0 TMOBEPXHI MillIeHi, TaK 1
CYIPOBODKYIOUUX MPOLIEC TETUTOBUALICHHSX.

3ampornoHOBaHa MOJENb A€ 3MOTY BU3HAYHATH BEJIMYUHY BHJIAJICHOTO Ja3epOM
MaTepiay Ta XapakTep WOTo po3MoJIily Ha MOBEPXHI IMHKOBOI MilleHi. XapakTep Ja3epHOl
a0JISIIiT 3 TOBEPXHI METAIIYHOI MIllIeH] 300pakeHnid Ha pUCYHKY 9.4.13.

Puc.9.4.13. Cxemamuune 300padxcentss npoyecy iMmnyibCcHoi nazephoi aonsyii

JIist Takoro JMOCHIPKEHHSI 1 aHalli3y BHKOPHCTOBYIOTh HECTAIIOHAPHI PIBHSIHHSI
TEIUI00OMIHY Ta MEXaHIKH PyXy PIIHHH.
BBakanocs, mo ompomiHEHHS MOBEPXHI 3 3aJaHOI0 MHUTOMOIO TMOTYKHICTIO Mallo

2
2x
2sFP —_—
= 28 ,(=7)

rayciB pO3MHOIiT:
y p A Tw e

b

ne Pc— nuToMa MoTyKHICTbh, & - KOe(III€HT BiIOMBAHHSA, W- pajilyc IMydKa.

[ToBepxHEBUil map pO3IIABICHOTO METAY IIBUIKO JOCITAE 3aJaHOT TEMIIEPATYPH axK
1o BunapoBysanns (1 ). IIpu npomy:

- MOBEPXHS 3AJIMMIAECTHCS 3 TEMIIEPATYPOIO BUIAPOBYBAaHHS 1 .;

- BUMIApYBAHMUI MaTepiajl CTBOPIOE THCK BiJavi HA MIapi piIMHU.

JIist MojienmoBaHHS TaHOTO €eKTy, HeOOXITHO 3HATH €BOJIOIIF0 TUCKY Bijjadi, mIo0
CTBOPIOETHCS TIpU BUANCHHI (abisiii) maTepiany. Hamu MozentoBaBcst TEpMIYHHMA UK, IO
MOJIATAE B IMITYJIbCHOMY HarpiBi Ha mpoTs3i 120 HC 3 HACTYMTHUM OXOJIOJDKEHHSM B yMOBaX
KHCHEBOTO cepenoBuina. byma po3pobieHa ABOBHMIpHA MOJENIb  B3aEMO3B’SI3KY
HECTAI[IOHAPHOTO TEIUIOOOMIHY 1 PyXy piMHH (pO3IUIaBy), sIKa BBa)KaJlacsd HECTHUCIHBOIO.
Jlis MonenroBaHHS pyXy PIAMHMA Tif i€ THCKY BiJjIadi BHKOPUCTOBYBAJIOCS PIBHSHHS
Hap’e-Ctokca. PiBHSHHS TEIJIOMPOBITHOCTI 3 BpaXyBaHHAM PYyXY PIIMHHU Yepe3 aIBEKITIIO:

pCy -+ V. (—KVT) + pC,H. VT + gy = @

109



du = — — — Oy — = =
p = V.[n(Vi+ (VD)) + p(UV)i+Vp=Ff
s
Viu=20
_Ea
Qe = q " Ko - € %7
e p — TycTHHA, k — koedilieHT TermnonpoBiaHocTi, C,— TEIIOEMHICTb, {y;,, — TEIIOTAa
peaxiii, ¢ — IycTHHA IOTYXHOCTI, 1| — B 3KiCTh,  — TEIIOBUi edeKT Ximiunoi peakuii, £, —
SHEPTisl aKTUBAIIIi.
Pi3HuIsg Mi>k TBEpAUM 1 PIAKUM CTaHAMH TPOSBISETHCSA B AYXKE BEIMKOMY 3HAYCHHI
B’SI3KOCTI, KOJM MaTepiajl 3HaXOJUTHCS 1€ B TBEPAOMY CTaHi (TeMIeparypa HIDKYa HIX

TeMriepatypa TmiaBieHHs). Edexr Tucky Bimmadui Ha BUIBHIA YaCTHHIN IHapy piAWHHA
OITUCYETHCS 3 TOMTOMOTOI0 piBHsHHS Jlamaca:

Ap=0o.C
Jie p — PI3HUI THUCKIB; —KOE(III€EHT TOBEPXHEBOT0 HATATY; C —KpMBHU3HA MTOBEPXHI.
['pannuni ymoBH 300pakeHi Ha puc. 9.4.14

2 1 3 X
4 E‘ Ll
— 5
50 mkm
A J

Puc.9.4.14. I'eomempisn onpominenms i 2panuyni ymosu

Ha mexax 1-3 HaknajzieHi HaCTyIMHI TPaHUYHI YMOBHU:

- Ha IOBEPXHIO Jli€ MOCTIMHMUI MOTIK eHeprii, TOKU Temieparypa nosepxui I = 1_;
- temmeparypa nosepxui 1 = T crabinbHa 10 KiHIs il Ja3€pPHOTO iMIIYJIbCY;
- OXOJIOJDKEHHS B CEPEOBHIII BiJOYBA€THCS CTAIIOHAPHO.
INapoaumaamivynai ymoBH: rpaHuIlsd | migmaeTbest epeKTy ABOX CHIL: 13-3a TUCKY Biagadi,
3YMOBJICHOTO IMITYJIbCHOO aOJISAIIEI0 1 CHIIOIO TIOBEPXHEBOTO HATATY:
[—pI + n(Vi+ (Vi))")].71 = —P.1,
Pii—agZ =0,
=

ne T — HOPMAaJIbHUH, 3 -TaHTCHIIIAJILHUN BEKTOP 1P,— THCK BiJaqi.

Mexi 2 i 3 migmamTbes CTalliOHAPHUM TPAaHUYHMM YMOBaM, a Ha rpaHdIsx 4, 51 6
HAKJIAJ]A€THCSl YMOBA MEPEMIIIICHHS B PE3YJIbTATi YOr0 KOMIOHEHHTAa HOPMAJIbHOI IIBUIKOCTI
nopiBHIOE Hymo. Mexi 1, 2 1 3 BiAMOBigarOTh BiNBHIM YacTUHI MaTepiady Ta BUIbHOMY
MEPEMITIICHHIO TTOBEPXHI.

[Tpuknaa xapakTepuUCTUK, HEOOXITHUX JJIA PO3PAXYHKIB, 11 pedoBuHHA ZnO:
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Bennuuna [To3nauenns | 3HaueHHs
[IpuxoBaHa TemnoTa BUIApOBYBAaHHS (KI[}K-KF'I) L, 25.499
Temneparypa BunapoByBanHs (K) T, 1179
KoedimienT BinOuBanHs £ 0.6
[IpuxoBaHa TemIoTa MIaBICHHS (xJxkr ) L. 111
Temneparypa miasnenss (K) Tm 692.5
Hoepxueuit naTsr (H-m™) a 0.8
['yctuna (Krm™) p 7133
posiauicts (Br-m K™ k 110.95
Temnoemuicts (Jlx-Kr'-K ™) Gy 0.383
Temnose posmupenns (K) o 64-10°°
TermnoBuii ebext ximiuHoi peakmii (kx-Momb ™) q 350
Enepris akruBariii (k/[k-Moib ) E, 361

Ha pucynky 9.4.15. 300pakeHO po3paxoBaHuii Npodinb aePOpMOBAHOI MOBEPXHI
IIMHKOBOI MIIIIEH] B 30H1 KpaTepy JIa3epHOi Mii.

01X, HM
m P
10 -
0
10 1
.20
30 1
,40 P
d, MKkM
'w L L T 1
200 -100 0 100 200

Puc.9.4.15. Pospaxosanuii npoghine depopmosanoi nosepxi
YUHKOBOT MIULEHI
Opepxani pe3ynbTaTd A00pe Y3rOKYIOTBCS 3 EKCHEPUMEHTAIbHUMHU JaHUMH
dbopmyBaHHS KpaTepy. Y TBOPEHHS KpaTepy CYNPOBOKYETHCS KPANeIbHOI0 a0JIAIIE0 3 HOTO
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KpaiB, a e(deKT THCKy BiJiadli € CyTTEBIUM, HIXK e(EeKT IMOBEPXHEBOIO HATATY.
3amponoHOBaHAa MaTeMaTWYHa MOJENb ONHCYE YacTKOBHU Xxapaktep (OpMyBaHHS
HaHOKparesiab Oe3mocepeHbO 3 Kparepy, L0 Mae Miclle NpU JIa3epHOMY CHHTE31
HAHOTIOPOIIIKIB.

9.7. MexaHi4He noOpi6HeHHs1

9.7.1. 0c06/1MBOCTi MEXAaHOCUHTE3Y

MexaHiuyHe MOAPIOHEHHS YACTUHOK MaTepialy HaleXHUTh 0 HAWOIIbII MOIMIUPEHUX
METO/IIB BUTOTOBJICHHSI TOpOIKiB. OcobmmBo serko oTpumyBaty HM Ha OCHOBI KpHXKHX
MmaTepianiB. HaHomarepianu miacTHYHUX, BUCOKOMIITHUX 1 aMOpQHUX MaTepiaiiB OTpUMaTH
Ba)Xk4e, OCKIJIbKU Yy [IbOMY BHUIMAJKY 3pOCTa€ MMOBIPHICTh HAarpiBy marepiaiy i 3a0pyIHeHHS
HOTro MpOoyKTaMH 3HOCY pOOOYHX YaCTUH TEXHOJIOTIYHOTO YCTaTKYBAaHHS.

OCHOBOI0O MEXaHOCHHTE3Y € MexXaHiuHa o0poOka TBepAWX CyMilied, Opu sKii
BiIOYBalOThCS MOAPIOHEHHS 1 TUIacTUYHA JedopMallisi pPedoBUH, MPUCKOPIOETHCS
MacOMEepPeHOC, a TaKOX 3AINCHIOEThCA TMEpeMillyBaHHS KOMIIOHEHTIB CyMimil Ha
aTOMapHOMY piBHi, aKTUBYEThCS XiIMiUuHA B3a€MOJisi TBEpAUX peareHTIB. B pesynbraTi
MEXaHIYHOT A1l B IPUKOHTAKTHUX 00JIacTsIX TBEPAOI PEUOBHHHU CTBOPIOETHCS MOJIE HATIPYT.
Penmakcamisi #ioro Moyke BIZOyBaTHCS MUIAXOM BHUIUICHHS TEIUIa, YTBOPEHHS HOBOI
MOBEpPXHi, BUHUKHEHHSI Pi3HUX Ne(EeKTiB B KpHUCTalax, 30y/KEHHS XIMIYHHUX peakiiil B
TBepaii (aszi. [lepeBakHUN HAMpsSM penakcarii 3ajie’KUTh BiJ BIACTUBOCTEH PEYOBHUHH,
YMOB HaBaHTa)XEHHsS (MOTYKHOCTI MiJABEIECHOI €HEpTii, CITIBBIIHOIICHHS MiX THCKOM 1
3CYBOM), PO3MIpiB 1 (OpMH YaCTHMHOK. Y Mipy 30UIBIICHHS MOTYXHOCTI MEXaHIYHOTO
IMITYJIbCY 1 9acy fii BimOyBa€eThCS MOCTYMOBUN TEPEXia BiJl peslakcallii IUITXoM BUIIJICHHS
TeIJla JO0 peJakcailii, moB'si3aHOl 3 pyHHYBaHHSM, IUCIEPTYBAHHSAM 1 TUIACTUYHOIO
nedopmaliiero MaTepiady Ta TOsBOI aMOphHHX CTPYKTyp pi3HOi mpupoau. Hapemrri,
KaHaJOM peyiakcallii mojs Hampyr Moxe OyTH XiMidHa peakxiris, 1o 1HIMIIOEThCS PI3SHUMHA
MeXaHi3MaMH, TAKUMH K MpsMe 30yHDKSHHS 1 pO3pUB 3B'sI3KY, SIKI MOXKYTh peajizyBaTHCS
y BEpIIMHI TPIMIWHH, JOKAJIbHE TEIUIOBE PO3IrpiBaHHS, OE3BHUIPOMIHIOBAJIBHUN pPO3IMaja
€KCHUTOHIB, TOIIO.

MexanivuHa Jist Ipu MOoApiOHEHHI MaTepiatiB € iIMITYyJIbCHOIO, TOMY BUHUKHEHHSI MOJIS
HAmpyr 1 WOro TMoOJajbllla peyiakcamis BiOyBalOTBCS HE TMPOTATOM BCHOTO HaCy
nepeOyBaHHS YaCTHHOK B PEAKTOPi, a TUIBKA y MOMEHT 31TKHEHHSI YACTUHOK 1 B KOPOTKHUI
Yac micyst HpOTo. 3 I[i€l TPUYUHU MPU MEXAHOXIMIYHOMY CHHTE31 MOTPiOHO BpaxoByBaTH
xapaktep (opMyBaHHS MOJsS HAIPYT B Yaci i KIHETUKY MOJAJBIINX MPOIIECIB PeTaKCaIliid.
MexaHiyHa i HE TiTbKH IMITyJIbCHA, aje 1 JIOKalbHA, OCKUIBKU BiIOYBA€THCS HE y BCIiU
Maci TBEpJI01 pEYOBHHH, a JIUIIIE TaM, € BUHUKAE 1 TOTIM PEJIaKCy€e T0JIe HATPYT.

MexaHiuHe CTUpaHHS € HaWNPOMYKTUBHIMIMM CIOCOOOM OTpPUMAaHHS BEIUKHUX
KUTBKOCTEW HAHOKPHUCTANIYHUX TMOPOIIKIB PpI3HUX MarepialiB: MeTaliB, CIUJIaBiB,
IHTepMETaNiiB, KepaMmikh, KOMIIO3UTIB. B pe3ynbrari MeXaHIYHOTO CTHUpaHHS 1
MEXaHIYHOTO CIUTABJICHHS MOXE OyTH JOCSITHYyTa MOBHA PO3YMHHICTH B TBEPJOMY CTaHI
TaKHX €JIEMEHTIB, B3a€MHA PO3UYUHHICTh SKUX B PIBHOBAXHUX YMOBAX € J1y’K€ MaJIOIo.
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[Ipn MexaHiYHOMY CTUpaHHI MOPOWIKIB aedopmallisi CHOYATKY JOKATI3YEThCA B
CMyTax 3CyBY, IIO MICTATh BEJIUKE YMCIO AMCIOKAIN 3 BHUCOKOIO I'ycTHHOIO. [locsrum
NEBHOTO pIBHS HAMpyr i JUCJIOKAIil aHITUIIOIOTh 1 PEeKOMOIHYIOTh 3 MallOKyTOBHUMU
TPAHUIIIMH, 10 PO3IIISIOTH OKPEMI 3€pHA; Ha IBOMY €Talll CTHPAaHHS BXE yTBOPIOIOTHCS
3epHa miameTpoMm 20—30 HM, 1 iX KITBKICTh pocTe y Mipy cTupaHHs. Ha HacTymHOMY eTarti
CTUpAHHS OpIEHTAIlISI OKPEMHX KPHUCTAIITOB OJWH IMI0J0 OJHOTO CTAa€ BHUIAIKOBOIO
YHACJIIOK KOB3aHHS TPaHUIlb 3epeH. Taka moBeiHKa nmpu cTupaHHi € Tunosoro mist OLK-
METaJliB Ta IHTEPMETaJI1IiB.

MexaHIYHMI BIUIMB TPU3BOAWTH 1O TMOSBH HANPyr B KpuUCTali. BHacmigok
aHI30TPOIIIT KPUCTATIYHOI PEIITKHA, OCOOIMBOCTI €IEKTPOHHUX Ta 10HHUX BIACTUBOCTEH,
PI3HUIL B MPHUPOJI Ta eHeprii XiMIYHUX 3B SI3KiB y CTPYKTYpi, penakcallis Halpyr MoOxe
B1I0yBaTUCh 3a JOMOMOTOI0 DPI3HMX MeEXaHi3MiB. TakuMu MeXaHi3MaMH MOXYTh OyTH
KOJIMBAHHS, 3MiHa CTENICHS 10HHOCTI XIMIYHHX 3B 513KiB, PO3pUB 3B SI3KiB, MEpErpyMmyBaHHI
aToMiB, Mirpamiss aTtoMiB Ta 1OHIB, TOIIO. BapilYM IHTEHCUBHICTh iXapakTep
MEXaHIYHOTO BIUIMBY MOHA KOHTPOJIFOBATH BIIACTHBOCTI MaTepialliB, OTPUMaHHX 3a
JIOTIOMOTOF0 ME€XaHI4HOi akTuBalii. OMHUM 13 HalmomupeHIimuX ePeKTiB € pyWHyBaHHS
MIKpPOKpUCTAIiB, M0 NPHU3BOAUTH 10 3MEHIICHHS pPO3MIpiB YacTOK pPEYOBHUHHU.
PyiinyBaHHIO mepenylOTh MPOIECH HAKOMUYEHHs, B3aEMO/Ii1 1 KOHIIEHTPYBaHHS JIe(EKTiB,
YTBOPEHHS TPIIIMH 1 1X MOMHUPEHHS Mo Kpuctam. [IpoTe mpsMe mMexaHiuHe MOApiOHEHHS
HE 3aBXKJU JJO3BOJISIE OTPUMATH HAHOYACTUHKH, TaK SK MEXaHIUYHA aKTHBALIs MPU3BOAUTD
0 TPHUCKOPEHHS MPOIECIB Maco IMEePEeHOCY 3a paxyHOK YTBOPEHHs MeTacTabilbHUX
nedeKTiB, MO € HACIHIIKOM 3MEHIICHHS HaIIuIKoBoi eHeprii. Kpim Toro, wactuna
NPYKHBOT €HEeprii MEepeXoJWTh B TEIJIO 1 TEMIeparypa B 30HI yJIapy MOXE CYTTEBO
30inbmryBaTuch. lle crpuse mpoTikaHHIO MPOIECIB peKpHcTatizamnii peyoBuHU. Meton
MEXaHIYHOTO TOAPIOHEHHS 3aCTOCOBYETHCS il oTpuMmaHHsS HM mopomikiB 1 CIIaBiB.
[ToMin oKCHIHUX MaTepialiB JO3BOJSE OTPUMATH MOPOIIKH 3 PO3MIpaMU 4acTOK OJIM3HKO
cotHi HaHoMeTpiB. Jlisi oTpuMaHHs OuIbml ApiOHMX YacCTOK BHKOPHCTOBYIOTH iHIII
METOH.

JI71st ToMOJTy BUKOPUCTOBYIOThH KYJIBOBI, BiOpalliifHi, ruraneTapHi Ta iHm MauHa. [Ipu
OJIHOYaCHOMY TIOMOJIi TOPOIIKIB MOXJHMBE YTBOPEHHS MEXaHIYHHUX CIUIaBiB (edexT
MEXaHOXIMIYHOI CIJIaBKM KOMIIOHEHT, [0 HE 3MINIYIOTHCS MPH PIBHOBAKHUX YMOBaX).
Po3mip uactok 3amexxuTh BiJ TeMmmepaTypu IMJIaBIEHHsS MeTaly 1 4acy momoiy (Bin
JEKUIbKOX TOAMH J0 KiTbKOX AHIB). UnM Oinblna TeMmnepaTypa MaBlIeHHS MeTaly i Oimuid
4ac MOMOJIY, TUM Oinbmiuii po3Mip dacTHHOK. CyTTEBHUM HEIOJIKOM JaHOTO METOAY €
3a0pyJHEHHS TIOPOIIKY YHACHIJOK 3HOCY poOOYMX YaCTUH YCTaTKYBaHHS, BeEJIMKa
€HEePrOEMHICTh 1 TpHBANiCTh mporecy. KpiM Toro B Xoxai NOAPIOHEHHS MOXIHBE
YTBOPEHHS HEPIBHOBaXKHUX (Y, 0) a Takok amopdHux (has.

9.7.2. YabTpa3ByKOBe JAMCIEpPryBaHHSA MAaKpPOCKOINIYHMX YaCTUHOK B
po34YHHaxX

HanouacTMHkM MOXHa OTpUMAaTH IUIAXOM YyJIbTPa3BYKOBOTO MOAPIOHEHHS
pEYOBUH, SKi 3HAXOASAThCA B CTaHI KOJOIMHMX pO34MHIB. [laHWN MeTOJq € JOCUTH
e(peKTUBHUN i1 pPEUOBMH mapyBaToi OymoBu. [l TakuX pPEUYOBHH € MOXKIUBUM
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CaMOBLIIbHE TUCIIEPTyYBaHHs TBEpAUX Tl B piakiit ¢a3i. [llapysati pedoBunu (Hamp. MoS;)
XapaKTePHU3YIOThCA CIA0KOI0 BaH-IIEP-BAIBCOBOIO B3aEMOJIEI0 MK OKPEMHMH IapaMH
Mo-S-Mo. Tomy MoOIeKylu PO3YMHHHUKA, IO MPOHHUKAIOTH IMOMIX MIapaMH PEUYOBUHU,
30UTBIIYIOTh MDKIIAPOBY BIJICTaHb, B3a€EMOJIS MK IapaMH CTa€ CIAOIIO 1 Mia JI€I0
TEIIOBUX KOJIMBAaHb CTA€ MOXJIMBHUM BIJIJIIICHHS HAHOYACTHHOK BiJl TOBEXHI Makpodaszm.

VYasTpasBykoBa 00poOKa IHCTIEPCHOI CHCTEMH 3 BEIMKUMH YacTKaMH TBEPAOL
PEYOBMHU MO’K€ MPHU3BOJUTH /0 YTBOPEHHS HaHOYacTHMHOK. Ha nanuii yac MexaHiuHe
JTUCHEpPTryBaHHS, [JIl OTPUMaHHS HAaHOYACTUHOK, HE € HIMPOKO MOIIWPEHUM, OCKIJIbKH B
JTAHOMY METO/Il HaJ3BUYaHO BHCOKI BUTPATH CHEPTii.

9.7.3.loapiOHEeHHs 3 3aCTOCYBAaHHSAM MJIMHIB

[Ipn MexaHiyHOMY pO3ApIOHEHHI 3 BUKOPUCTAHHSM MIIMHIB 3MEHIICHHS PO3MIPiB
YaCTUHOK MaTepialy BIZOYBAa€TbCcsl B Ppe3ydbTaTi IHTEHCHBHOTO PO3JABIIOBAHHS MIXK
poboYnMMHU YacTHHAMU MJIMHA. 3aJIe)KHO BiJ BHUIY MaTepially 1 HEOOXITHUX BIACTHBOCTEH
HAHOIIOPOIIIKY BHKOPUCTOBYIOTHCS B OCHOBHOMY IIJIAHETApHi, KyJIbOBI 1 BiOpaIliiiHi MIMHU.
[HImIMM BapiaHTOM METOay MOKe OyTH BHKOPHCTAHHS amapaTiB 3 HEPYXOMHUM KOPITyCOM-
OapabaHoM 1 MImanKkaMu, IO TEPEAArOTh PyX KymasiM B Oapabani. B mpomy Bumanmky
noipiOHEHHs MaTepiany, 0 PO3METIOETHCS, I/Ie TOJIOBHUM YHHOM 33 PaxyHOK CTHpaHHS, a
He yaapy. ['onoBHUI HEMONIK METOAY - 3a0pyJHEHHS MOPOIIKY YHACIIOK 3HOCY pOoOOYMX
YaCTHUH yCTaTKyBaHHSI.

CepenHiii po3Mip oJep)KyBaHUX IMOPOIIKIB Moxke ckiagaatu Big 200 mo 5—10 HM.
Tak, npu OMOJIi B Ky;1bOBOMY MJIHHI 6opuny [ -FeB Baaerncst orpumaru mopoiok « -FeB
3 CcepeaHIM PO3MIpOM KPHUCTaNITIB Oym3bko 8§ HM. MexaHiuHa 0oOpoOKka TUTaHATy Oapis
BaTiO; B mianeTapHOMYy MIIMHI J03BOJIWJIa OTPUMATH HAHOKPHUCTAJIIYHUN TOPOIIOK 3
cepeaHiM po3MipOM YaCTHHOK 5—25 HM.

9.7.4. MeTOo A NIPOTUTOYHOTO [IOMOJIY

[Ipu wmeTomi MPOTHUTOYHOTO TIOMEIY B TICEBIO3PIHKEHOMY IHapi MOApIOHEHHS
YaCTUHOK TOPOIIKY BiIOYBa€ThCS 3a PaxXyHOK 3ITKHEHHs OAWH 3 ogHUM. [Ipu 1mpomy
MPOIECH B3aEMHOTO 3ITKHEHHS YaCTUHOK, PO3ITHAHUX JI0 BUCOKHX IIBUIKOCTEH B CTpyMEHI
ra3y, BiIOyBalOTbCA B CEpPEAMHI NCEBAO3PIIKEHOTO MIapy, YTBOPEHOTO UMK YaCTUHKAMH.
Tinbku pgyxke HE3HAYHa YacTKa YAaCTHHOK CTHUKA€ThCS 13 CTIHKAMH KaMepH, B SKiid
3MIUCHIOETHCS TIPOIIEC TIOMETTY.
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Puc.9.5.4. Cxema ycmanogku 0151 N(pOMUmMo4H020 NOMOJLY ) NCEBOOPO3PIOHNCEHOMY WAPI.
1-mexanizm nooaui yacmok, 2- OyHKep 3 BUXIOHUMU YACMUHKAMU pedosunu, 3- cucmema
nooawi  YACMUHOK 8 Kamepy NOMOJY, 4- nces0opo3piodcenutl wap, 5- conio nooaui easy,
6- mpybonpogi nooadi 2azy 8UCOKO20 MUCKY,7- Kamepa 011 nomouay,8- cenapamop, 9-
BUXIOHULL KOJIEKMOP a3y 3 MIIKUMU YACMHKAMU

Y HukHIN 9acTuHI poOOY0i KaMepH € CUCTEMa COTell, 3 SKUX MiJ BUCOKUM THUCKOM
BUXOJUTH Ta3. ['a30Bi CTpyMEHI, IO YTBOPIOIOTHCS, 3yCTPIYAIOTHCS OJIMH 3 OJHHUM B IIEHTPI
HIDKHBOI YacTHHU KaMepH, pPO3MYHIYIOTh PEYOBHHY, IO PO3MENIOETHCS, 1 YTBOPIOIOTH
NICeBNIO3PIHKCHNI map. Y [pOMY IIapi YacTUHKH, [IO0 PO3MENIOIOTHCSA, 3 BEIUKAMHU
MIBUJKOCTSIMU TIEPEMIMIAIOTECS BiJ KpaiB 10 MEHTPY KaMmeph. [3 30HM MOMONy TOTIK
YaCTUHOK MOTPAIUISIE 13 CTPYMEHSIMH Ta3y Y BEPXHIO YaCTUHY YCTAaHOBKH B sIKill € cemapaTop
JUTSL PO3/TIJICHHST YaCTMHOK 3a po3MipaMu. YaCTHHKU MEHIII MEBHOTO PO3MIPY MOTPAILISIOTH
13 TOTOKOM Ta3y B CHCTeMY (IIbTPIB, JI€ BIAAUIAIOTHCS BiJl TA30BOTO MOTOKY 1 OTPAILISIOTH
B HaKOMUYyBaJIbHUN OyHKep. Benuki 3a po3MipoM YacTUHKU CeNapaTop Hampasisie Ha3ala B
30HY TIOMOITY.

HM orpumyBaHi MM METOJOM BiAMOBIJAlOTh BHUCOKAM BHUMOTaM IO YHUCTOTI,
BOJIOJIFOTh BHCOKOIO OJTHOPITHICTIO 1 MICTSATh YaCTUHKU MPUOIHM3HO OJHAKOBOTO PO3MIpY.
[HTEeHCMBHUI TTOTIK Ta3y ICTOTHO 3MEHIITYE HATPiB YACTHHOK TIPH MIOMOJTI.

9.7.5. MexaHOXiMiYHHU CHHTEe3 HAHOKOMIIO3UTIB i HAHOYACTOK

MexaHnoxiMmiuHi mpomecu 0a3yloTbcs Ha MEXaHIYHIM akTuBamii TBepAoda3HUX
peaxitii, mo BiA0YyBaIOTHCS B XO1 IIOMOJIY B KyJbOBUX UM IUIAHETAPHUX MIUHAX. MexaHiuyHa
EHEeprisl, sKa MiIBOAUTHCS, YacTO IHINIIE XIMIYHY B3aemojito. Jlims omTumizamii ymoB
MeXaHIYHOi aKTHWBalii HEOOXiMHO BpaxyBaTH psAa (GakToOpiB, Tak SK MeEXaHi3M
MEXaHOXIMIYHO1 peakiii BKIIOYae KiTbKa cTaiid (modatkoBa aedopMarrisi KpUCTaTIIHUX
CTPYKTYpP PEarcHTiB, yTBOPEHHS, HAKOITMYCHHS Ta B3a€EMOJIiSl TOYKOBHUX 1 JTIIHIHHUX JAe(EKTIB,
JCTIEPTYBaHHsI PEYOBHHU Ha OJIOKH, YTBOPEHHS MPOMDKKOBUX METAcCTaOlIbHUX CTaHIB Ha
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KOHTakTi (a3, XiMi4Ha TOMOTEHi3allis MPOAYKTY Ta pelakcaiis 10 TEepMOJUHAMIYHO
BUT1JTHOTO CTaHY).

MexaHoXiMiuHI TIPOIECH BiI0YBAIOTHCS MPHU BITHOCHO HU3BKUX TEMIIEPATypax, KOIU
dopmyBaHHsS 1A€abHOI KPUCTAJIYHOI CTPYKTYpH € YCKJIAaTHEHEe, TOMY BHKOPUCTAHHS
MEXaHOXIMIi JIJIT CHHTE3y METacTaOUIbHUX CTaHIB, SBJISIE COOOI0 Benmkui iHTEpec. [Ipsvmii
MEXaHIYHHUI MOMOJI, SIK MPaBWIIO HE 103Boisie oTpuMaTi HM, Tak sk MexaHIYHa aKTHBAIlis
OpU3BOJIUTH JI0 TPUCKOPEHHS MPOLECIB MAacONEpeHOCY 3a paxyHOK yTBOPEHHS
MeTacTaOuThHUX nMedexTiB. BapTo 3a3HaunMTH, 110 YacTWHA E€HEPrii MepexXOoauTh B TEIUIO 1
TeMIiepaTypa B 30HI yJapy MOXE IIiJIBUIYBAaTUCh, IO CHPHUSAE MPOTIKAHHIO TIPOIECIB
pekpucTamizamii pPEeYOBMHM 1 3HUKHEHHIO Je(eKTiB, IO 3aBaalOTh IOJAIBIIOMY
nopioHeHHI0. B mpoMy acmekTi, Oibll epceKTUBHUMHE ISl oTpuManHs HY sBistoThCs
MPOIIeCH MEXaHIYHOT aKTHUBAIIll TeTeporeHHoi cymimii. Ha meprmiit ctazii akTuBariii peaoBrUHA
BOJIO/II€ BUCOKOIO TBEPIICTIO (i TTOBEPXHEBOI EHEPTi€r0), /i€ B SKOCTI MOApiOHIOBaYa, 1110
301IbIIIyE IHTEHCUBHICTh TIPOIECT TOMOITY OLTEH M SIKOT KOMITOHEHTH.

Ha mopmanpmmx cramisx, BimOyBa€eThCs OUTBIN CHUIBHE JAUCTIEPTyBaHHS, MPUYMHOIO
SIKOTO MOXe OyTH MixK(a3Ha MOBEpXHEBA B3aEMOJIisl M)XK KOMIIOHEHTAMH: M SIKa KOMIIOHEHTa
Oyne BimirpaBatu ponb [IAP 1 crnpusaté moapiOHEHHIO OLNBII TBEPJOi KOMIIOHEHTH Ta
CIIPUATH MOJAPIOHCHHIO OUIBIN TBEPJOI KOMIIOHEHTH 3a paxyHOK edekty PeGinaepa. Tomy
HallePEeKTUBHIIINM METOJOM OTPHMAaHHS HAHOKOMIIO3UTIB € MEXaHOXIMIUHI peakiii B
reTeporeHHnx cymimax. B Takomy Bumanky HY HOBOi (a3u yTBOPIOIOTHCS, 200 Ha KOHTAKTI
¢da3, mo pearyrTh, a00 B pe3yibTaTi po3Majay MeETacTaOlIbHUX CTaHIB, OTPHUMaHUX TMPH
MEXaHIYHIN aKTHBAIii CyMilli. YHIKaJbHOK BJIACTUBICTIO MEXaHOXIMIYHHMX IPOIIECIB €
MOXXJIUBICTh ~ TIpoIeciy aedopMariifHoro nepeMinryBaHds  (MEXaHIYHOI —CIUTaBKH)
KOMIIOHEHTIB  CyMilli, TOOTO TMepeMillyBaHHs KOMIIOHEHT Ha aTOMHOMY piBHi.
Jedopmariiitne nepemilryanHs BiOYBA€ThCsI IPH HU3BKUX TeMIepaTypax, Kojau audy3iiHi
Ta pejakKcalliifHi MPOIEeCH € CIIOBUIBHEHI, IO T03BOJIsE CTaOlIi3yBaTH Pi3HI METacTaOIbHI
IPOMIKKOBI MPOAYKTH, B TOMY YHUCJI HAHOPO3MIpHI YACTHHKH. MeXaHOXIMIYHUN CUHTE3
HAHOKOMIIO3UTIB B METAIIIYHAX CUCTEMAX € BIIIOMUI Ta JOCTATHLO BUBUECHU.

OCHOBHI THUNM MEXaHOXIMIYHMX pEakKiliid, 3a JOMOMOTOI SKUX MOYKHa OTPHUMATHU
HAHOKOMITO3UTH (Hal4acTillie B METAIYHUX CUCTEMaX ) 3BOJSATHCS A0S HATYITHUX:

1. 3BuuaiiHa MexaHidHa O0pOOKa KOMIO3UTY, IO MPHU3BOIUTH 10 MEPEXOAY OIHOL
KOMIIOHEHTH B HAHOKPUCTAIIYHHUH CTaH:

A aBb— A aB b (manokpucran)
aA +bB — A a +B b (naHokpucranm)

Ie oauH 3 HAUTPOCTIMIMX 1 HAUMOMIUPEHIMHUX CIIOCOOIB OTPUMAaHHSI HAHOKOMIIO3HTIB
Opu B3a€MOJIi  CyMilli TBEpAMX PEYOBHH 3 MEXAHIYHMMHU IMITyJlIbcamH. SIKIO0 onHA
KOMIIOHEHTa TBepJa, a iHIIa M sika, TO OyAyTh BiZOyBaTHCh JBa MPOLECH — MOJpiOHEHHS
omHOTO 1 nedopMarlis iHIIOTO. B pe3ynbraTi MOXKINBE YTBOPEHHS KOMITO3UTY, SKUI-OU
CKJIaJIaBCs 13 TIACTUHOK M SIKOT KOMIIOHEHTH, TOBLIMHA K0T MOXe OyTH MEHIIOIO 3a KiJbKa
HAHOMETPIB, 1m0 Oyze po3aiiena HY OiabIn TBEp101 KOMITIOHEHTH.

2. Ilepexim amopdHOi (a3u B HAHOKPUCTAT 3a PAXyHOK perakcamii YacTHHH
HAKOMWYEHOI eHeprii:

A a B b (amopdHa daza) — A a B b (HaHOKpHCTaN)
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Jaauii mpocec Moxe OyTH TPHUCKOPEHHH YW CHOBUIBHEHHH BiAMOBITHUMHU
nomimkamMu. SKmo o0poOka TPOBOIUTHCA HA TMOBITPI, TO YTBOPEHHIO HAHOKOMIIO3UTY
CIpusi€ yTBOPCHHS Ha MOBEPXHI METaly OKCHIHOI TUTIBKH.

3. Po3nag crnonyk, SIK MpaBUJIO IHTEPMETATIIW 13 BUIIJICHHSM OJHOTO €JIeMEHTa Yy
BUTJISI/II HAHOYACTHHOK

A a B b (amopdna daza) — cA (manokpuctan) + A a-c B b (amopdna daza)

4. binpur ckiraiHI MEXaHOXIMIYHI peaKilii:

aA +bB — A a B b (Hanokpucramm)
AaBb+C— AaBb C (manokpucramnm)
AaBb+CcDd— AaBbCcDd (manoxpucramm)

MexaHoXiMiuHI TIPOIECH BOJOMIIOTh BHCOKOIO 1 €KOJIOTIYHOK YHCTOTOIO, 3a I 1
OoTpUManu Ha3By - "cyxi" TexHOJOrii, TOOTO Taki, MO0 HE MOTPEOYIOTh PO3UMHHHKIB IS
XIMIYHOT peakIii.
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9.8. XimiyHe ocadxxeHHs1 3 2a3080i ¢ha3u

JlaHi METOM OTPUMAaHHS HAHOTIOPOIIKIB B IaHUH 4Yac € OBOJI MepcrueKTUBHUMU. Lle
NOB'SI3aHO 3 TUM, IO TEXHOJOTil BHUIIAPOBYBAaHHS PEYOBMHH 32 JOMOMOTOIO Pi3HHX
BHUCOKOIHTEHCUBHUX JKEPEN €HEpril 1 MOJaIbIIOro 0CaHKEHHS 3 MapoBoi (a3u € JOCTaTHhO
BIJIITPAIlbOBAHUMH, JIETKO KOHTPOJIOIOTHCSA 1 3a0e3MeuyioTh BHUCOKI BHUMOTH TIO YHCTOTI
OTPUMYBAHOTO HAHOIIOPOIIKY, OCOOJMBO TPW BUKOPUCTAHHI Kamep 3 KOHTPOJIHOBAHOIO
atMoc(heporo. Y OCTaHHbOMY BHIAJKy HalvacTillle BUKOPUCTOBYIOTHCS BaKyyMHI Kamepu
a00 KamMepH 3alOBHEH] IHEPTHUMH Ta3aMHU - TeJlieM ab0 aproHOM, KCEHOHOM.

ITpu BumapoByBaHH1 MeTamiB (HaigacTime npu temrepatypax 500-1500°C) y Bakyymi
a00 1HEpTHOMY Ta3l aTOMH MeETally IO MEepeuIioB B ra3oBy (¢asy (mapa) mparHyTh IO
o0'eqHAaHHS B YAaCTHHKMA ONM3BKUX 10 JCKUIBKOX HAHOMETPIB, AKI TOTIM OCIJAl0Th Ha
OXOJIO/KYIOUY TiAKiIanky. Jlama rpyma METOMIB [I03BOJIIE OTpUMyBaTH JieroBani HM,
CIUTaBH 33JIaHOTO CKJIaTy MOXKHAa OTPHUMYBATH SK BHIIAPOBYBAHHSM 3a37IaJIETib JIETOBAHOTO
MaTepiany, Tak 1 O/THOYaCHUM BUIIAPOBYBAHHSIM OKPEMHUX KOMITOHEHTIB.

Po3Mip YacTMHOK OTpPUMYBaHUX TMOPOIIKIB 3aJIEKHO BiJ PIZHOBUAY METOAY 1
TEXHOJIOTIYHUX TapameTpiB Moxke ckimamatd Bix 5 mo 100 am. Jlama rpyma TexHOJIOTii
0a3yeThCsl HA BUKOPUCTAHHI XIMIYHUX PEAKIil CHOTYK METatiB, IO 3HAXOAATHCS B Ta3o0Biit
¢aszi. [Ipu nboMy 11l CIIOJIYKU B TI€BHIN 30HI peakIiitHOi KamepH TEPMIYHO PO3KIANAIOTHCS 3
YTBOPEHHSIM TBEPAOTO OCaAy Y BHIJISII HAHOMOPOIIKY 1 Ta30moAiOHUX pPEYyoBHH abo
BCTYIAIOTh B XIMIUHI peakKilii TAKOXK 3 YTBOPEHHSIM MOPOIIKY 1 ra30moai0HIX pedoBUH. Sk
MOYaTKOBA CHPOBHHA MOXKYTh BUKOPUCTOBYBATHUCS TaJOT€HIN (TOJIOBHUM YHHOM XJIOPHU/IH)
METalliB, aJKUIbHI CHOJIYKH, KapOOHIIH, OKCUXJOpUAH. Po3Mip OTpUMyBaHHX YaCTHHOK
MOJKE PEryJIOBaTUCS TEMIIEPaTypoOrO 1 IIBHIAKICTIO OCA/DKEHHS. 3a TaKOK TEXHOJIOTIEI0
OTpMMaHa HAHOIIOPOIIOK KPEMHII0, OOPY, OKCHIIB TUTaHy, IUPKOHIIO, aITIOMIHIIO, HITPIIH,
KapOiau 1 KapOOHITPIAM KPEMHII0 1 1100pia TUTaHy 3 po3MipoM yacTUHOK Big 20 1o 600 HM.

VY naniii rpyIi TEXHOJIOTIH MOXKHA BUIUIUTH JBAa OCHOBHI METO/H: TIEPEHECEHHS Yepe3
ra3oBy (¢a3y 1 BIIHOBJICHHS 3 MOAAIBIIAM PO3KIIATaHHSIM.

e [Ipuxiagom meporo METoay MOXKE CIY>KUTHU MPOIIEC, M0 0a3y€eThCs HA MOCIiJOBHOCTI
Py XIMIYHUX PEaKIIii, 10 TOBTOPIOIOTHCS, 32 YIACTIO XJIOPH/IIB METAIIB:

NH,Cl — NH; + HCI ; Me' + 2HCI — Me'Cl, + H, ; Me'O + + 2HCl + C > Me'Cl
+CO + H,; Me'Cly+ Me" — Me' + Me"'Cl, ; Me"Cl, + H, <> Me" + HCI.

e [Ipukmamom apyroro MeToay MoOXxe OyTH MPOoIec, Mo 0a3y€eThCA Ha PEaKIlisiX CHHTE3Y 1
MOIAJTBIIIOTO PO3KIIAAaHHS KapOOHIIB:

xMe +yCO = Me,(CO), ; Me,(CO), — xMe + yCO

OCHOBHH HEJIOJIIKOM METOJy € HeOOXITHICTh JOCATHEHHS BUCOKHX TEMIIepaTyp, 1o 3
OJIHI€T CTOPOHM HETATHBHO BIUIMBA€ HA MEXaHIYHI BJIACTHBOCTI MIAKIAIKWA, a 3 IHINOT —
CTBOIOE TMEPEIIKOM y BUIAJIKY HEOOXiAHOCTI oTpuMaHHss HM camoro nmokputtsi. OCHOBHOIO
MIEPEBAror0 METOTy € PIBHOMIPHE IO TOBIIIMHI HAHECEHHS, MPAKTHYHO 0e371e(EeKTHUX TITIBOK
Ha CKJIQJHY ITOBEPXHIO.
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HenaBHO po3po0iieHO 1€ OJUH METOJl - BUCOKOKOTEMIIEPaTYpHOIO Tiaponily. Bix
0a3yeThCsl Ha B3a€EMO/IIi CTOJYK, MEPEBAKHO XJIOPHUIIB, Y BOJHEBO-KUCHEBOMY TONyM'i. Im
MOYKHA OTPHMYBaTH 0araTOKOMIIOHEHTHI CIoJyKu. 3okpeMa, Si0,, Ti0,, Al,Os, ZrO,.

9.9. TexHoO02iI BUCOKOEHEP2EMUYHO20 CUHME3Y

Jlana Tpyma TEXHOJOTIA 3acHOBaHa Ha BUKOPWCTAaHHI PEAaKIii, IO MPOTIKAIOTH 3
BHCOKOIO IIBHKICTIO B YMOBAax JAJICKUX BiJl PIBHOBAru MPU BHUCOKOCHEpPreTHYHIN mii. Jis
OTPMMaHHSI HAHOMOPOIIKIB 3HAWIUIM 3aCTOCYBaHHS JBa METOAM - JCTOHAIIMHUN 1
IJ1a3MOXIMIYHUHN.

9.9.1. /leTOHAiMHUM CUHTE3

JleToHamiiHW cuHTE3 0a3yeThCs Ha i yIapHOI XBUJI 3 TUCKOM JI0 JEKUJIbKA JIECATKIB
[Tla Ha cyMmim mOYATKOBUX peareHTiB. 3a JIOMOMOIOK YAapHO-XBHUJILOBOI 0OpOOKH
cymimen rpadiTy 3 MeTaJamMu TpHU TUCKY B YAApHIA XBWJI JO ACKITBKOX TiramackaliB
OJIEPKYIOTH Pi3H1 Mopdodoriuni hopmu okcuaiB Al, Mg, Zr, Zn. bibil nepcneKTUBHUM €
TEXHOJIOTIYHE OTPUMAHHS aJIMa3HUX IMOPOIIKIB NUIIXOM BHOYXY OpPraHiYHHUX PEUYOBHH 3
BHCOKMM BMICTOM BYIJICHIO 1 BiJHOCHO HHU3BKMM BMICTOM KHUCHIO. TakuMm CIocoOoM
OTPUMYIOTH aJIMa3HUH HAHOIIOPOIIIOK 3 CEPEIHIM PO3MIPOM YaCTHHOK 4 HM.

JleToHanisi BUOYXOBHUX pEYOBHUH, TOOTO €HEpris BHUOYXY, JJAOCTaTHBO IIMHPOKO
BUKOPUCTOBYETBCSl JUIsl 3[IACHEHHS B peuoBHMHAX (Pa30BUX MEPEXOJiB 1 JETOHALIHHOTO
cuHTe3y. JleToHAIIWHMIA CUHTE3, SIK MIBUIKOTPOTIKAIOUHUIN TPOIIEC, JO3BOJISIE OEPKYBATH
TOHKOJUCIIEPCHI TOPOLIKA B JUHAMIYHMX YyMOBaxX, KOJIW BaXJIMUBY pOJb BiJIrparOTh
KIHETUYHI MPOIIECH.

Brnepiie neronamiiftHuii cuHTe3 anmalzy OyB 3MiMCHEHUN MUIIXOM YJIapHO-XBHJIBOBOTO
HaBantaxxeHHs 30 ['Tla pomGoenpuunoro rpadiry mo. Ili3Hime mokasaHo, Mo OTpUMaHUN
yIapHO-XBUJIHOBOID OOpOOKOI0 cyMimied rpadiTy 3 MeTauilaMH, alMa3HUH TOpOIIOK
(TpuBamicte ynapuoi xBuwm 10—20 mxc, tuck — 20-40 I'Tla) MicTUTh OAMHOYHI KPUCTAIU
po3mipom He Oinbie 50 HM, a TaKOXK CKYITYSHHS 1 IIUThHI arlIoMepaTH PO3MIpOM JI0 5 MKM,
10 CKJIAJAIOTHCS 3 OKPEMHX KpUCTaliB 3 po3Mmipamu 1-4 1 10-160 am. € MOXIMBHUM TIpoIIEeC
YTBOPEHHsI APIOHMX JTUCHEPCHUX aJIMa3HUX YAaCTUHOK MpPH JAETOHAIil KOHACHCYHOUHX
BUOYXOBHUX PEUOBUH 3 HEFaTUBHUM KHCHEBUM OaIaHCOM.

Takwnii mIponec yTBOPEHHS aJIMa3HUX YAaCTMHOK 3 1X MOJANBIIMM OXOJIOJKECHHSIM B
ra3zoBiii ¢a3i ("cyxuli cuHTE3") B TaHWUH Yac 3aCTOCOBYETHCS JIJISI IPOMKCIIOBOTO OTPUMAHHS
YIBTPAAUCTIEPCHUX aIMa3HUX IMOPOMIKIB PI3HOTO TEXHIYHOTO MpH3HAaYeHHS. B iHImIOMY
BapiaHTI JETOHAIIHHOTO CHHTE3y aJMa3HUX IOPOIIKIB 3 KOHJCHCYIOUHX BHOYXOBHX
pEYOBWH 3 HETAaTUBHUM KHCHEBUM OamancoM ("BomHuii cuHTE3"), BHKOPHUCTOBYETHCS
BOJSIHUI OXOJIOJKYBay aJIMa3HUX YaCTUHOK.

Tuck B coTHi THcsS4 aTMocdep 1 Temmeparypa JeKiibKa THUCSY TpaayciB, IO
XapaKTepu3ylTh NIETOHAIIWHUNA MpOIeC, BIAMOBIAAIOTH 00JacTi TEpMOAUHAMIYHOI
CTiMKOCTI anMa3Hoi (a3w, TOMY BUKOPHUCTAHHS JACTOHAIIMHOTO METONY [JIsi CHHTE3Y
anMaszy B AMHAMIYHHX YMOBAX € LIJIKOM MPUPOIHO. BapTo 3a3HaunTH, 10 IpH MaIoMy 4aci
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ICHyBaHHSI BUCOKOTO THCKY 1 TeMmIiepaTyp, HEOOXiAHHMX AJii YyTBOPEHHs ajaMasy, BaXKJIMBE
3HAYEHHSI HAJICKUTh KIHETHIIl YTBOPEHHS 1 POCTY 3apOJKIB aiMa3Hoi (asu.

B mnpomMucinoBux ymoBax IiCHy€ KOHBEpPCIHHHMI CHoci0 OTpUMAaHHS aaMa3HOTO
HAHOIOPOIIIKY IIIIXOM BHOYXY OO€NpHUIaciB B CIEMiaJbHUX KaMmepax. B pesynbTaTi
CTBOPEHHS TpH BUOYXY BHCOKOTO THCKY 1 TeMIepaTyp BiOYBAa€ThCS CHUHTE3 anaMasy 3
BYTJICIIEBMICHHX BHUOYXOBHX peuoBHH. KaTamizaTopom B JaHOMY BHMAAKYy € YaCTHHKH 1
napu Metairy 3 000JT0HOK OO€pHUIIAciB.

XapakTepHOIO  OCOOJNMBICTIO  aJMa3HWX HAHOIMOPOIIKIB, IO  OJEPXKYIOTHCS
JNETOHAIIMHUM CHHTE30M, € HaJA3BUYaliHO Majla JUCIepcis PO3MipiB HAHOYACTHHOK:
OCHOBHA YacTKa YAaCTHHOK Ma€ po3Mmip 4—5 HM. BusHadyeHHsS po3Mipy HaHOYACTHHOK
METOJIOM KOMOIHAI[IHHOTO pO3CISIHHS CBITAa 1 MO PO3LMIMPEHHIO PEHTTEHIBCHKUX
TQpaKmiifHIX BiMOWBAaHb IOKa3ye, IO YAaCTHHKU ajMa3y, HE3aJIeKHO BiJg MeToay i
KiIHETHKU OXOJIODKYBaHHS, € HAHOKPUCTAJIaMU 3 XapaKTepHUM po3MipoM 3-4 HM. By3bkuit
Jiama3oH po3MipiB, IO CIIOCTEPITAEThCA B HAHOKPUCTANax ajMaly - HACHIJAOK TOTO, IO
Ipu Malux po3Mipax HAHOYACTMHOK caMe aiMa3, a He rpadiT € TepMOIWHAMIYHO
cTablIBHOIO (POPMOFO BYTJICITIO.

9.9.2. [Il1a3moxiMiYyHUI CHHTE3

[Ina3mMoxiMiYHHMIA CHHTE3 3MIHCHIOETBCS 3 BHUKOPHUCTAHHSM HH3bKOTEMIEPaTypHOI
IUIa3MH  JYTOBOTO a00 THIFOYOrO pO3psiliiB  (3BHUAWHOTO0, BHCOKOYACTOTHOTO UM
HaJIBUCOKOYACTOTHOTO pO3psiiB). SIK MOYaTKOBa CHPOBHHA BHKOPHCTOBYIOTHCS METAlIH,
TaJOTCHIAW YW 1HII CHOJMYKW. 3a paxyHOK BHCOKOi Temrepatypu miasmu (mo 10000 K) i
BHUCOKHUX IIBUIKOCTEH B3aeMOJIl 3a0e3MeuyeThCsl MepeXiJ MPaKTUYHO BCIX MOYATKOBHUX
pPEYOBHH B Ta30MOAIOHMN CTaH 1 iX mojaiblia B3a€MOJis 1 KOHACHCALIE MPOIYKTIB Y
BUTJISITI HAHOTIOPOIIIKY 3 YAaCTUHKAMH MPaBUIbHOI (GopMH, 10 MaroTh po3Mmipu 10-200 HM.
Haii6inbm BUCOKi TeMmepaTypH 1 MOTYKHICTh 3a0€3MeYy€eThCs P BUKOPUCTaHHI YCTAHOBOK
3 JYrOBUMH IUIa3MOTPOHAMH, a HaMOImpII 4YucTi Ta omgHOpimHi HM orpumyroTbes mpu
BukopuctanHi CBU-mnazmotponiB. [Ipu BUKOpHCTaHHI aKTUBHUX CEPEIOBHIL, IO MICTATh
BYTJICIlb, a30T, OOp YW KHCEHb IIA3MOXIMIYHUM CHHTE30M OTPHUMYIOTh HAHOIIOPOIIKH
KapOidiB, HITPiZiB, OOPUAIB 1 OKCHIIB PI3HUX EJICMEHTIB, a TaKOX OaraTOKOMITOHCHTHI
cnonyku. Ilpu BHKOpHCTaHHI BiJIHOBHHX CEPEIOBHUII € MOXKIMBHUM OTPUMAaHHS TOPOIIKIB
TYTOIJIABKUX METAJIIB 3 OKCHAIB. SIK JKEPEIOo CTBOPEHHS 1 MIATPUMKH TIJIa3MH  HarpiBOM
MO>K€ BUKOPHCTOBYBATHCS 1 JJA3€PHUN HATPIB.

[Ipu narpiBanui mnasmu g0 10000 K, B Hill BigOyBaeThcs MosiBa 10HIB, €IEKTPOHIB,
paauKaliiB i HEUTpaNbHUX YACTUHOK, IO 3HAXOIATHCSA y 30y/MkeHoMy cTaHi. HasBHicTh
TaKMX YACTUHOK MPU3BOIUTH IO BUCOKUX IIBHUIKOCTEH B3a€MOJIIl 1 MIBUIKOTO ( 10°-10° C)
NpoTiKaHHS peakiiid. Bucoka Ttemmeparypa 3a0e3medye Tepexig MPaKTHYHO BCIX
MOYaTKOBUX PEYOBMH B Ta30MOAIOHUN CTaH 3 iX MOJAJBIIOI B3a€EMOJIEI0 1 KOHIACHCAIIIEIO
MPOJTYKTIB.
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[Mna3moxiMiYHMN CHHTE3 BKIIOYAaE JeKiNbka eramiB. Ha mepmomy BinOyBaeThCs
YTBOPECHHS aKTUBHUX YAaCTHHOK B JyTOBHX, BHCOKOYACTOTHUX 1 HAJBHCOKOYACTOTHHX
1a3MoTpoHax. HaflBUIIOI0 MOTYXHICTIO 1 KOe(DII[iEHTOM KOPUCHOT Ail BOJIOAIIOTH JAYTrOBi
Ia3MOTPOHHU, MPOTE OTPUMaHI B HHX MaTepiaid € 3a0pyIHEHI TPOAYKTaMH epo3ii
eJIEKTPOIiB, a Oe3enekTponaHi BucokodacToTHi 1 HBUY mia3smMoTpoHM HE MalTh IHOTO
Henoniky. Ha HacTymHoMy ertami B pe3ynbTaTi TapTyBaHHS BigOyBa€ThCS BHIUICHHSA
NpPOAYKTIB B3aemojii. Bubip Micisg 1 MBHAKOCTI TapTyBaHHS JTO3BOJISIE OTPUMATH

MOPOIIKH 13 3aJaHUMU CKJIaI0M, (POPMOIO 1 pO3MIPOM HACTHHOK.
5

CucteMa Cuctema
eNIeKTPOIOCTaYaHHS 4 Tojiayi rasy

Cucrema
ATy OyTH

CucreMa
BOJIOOXOIIO TKEHHS

Puc.9.9.2. Cxema ycmanosKku 011 OmMpumMaHHs NOPOWIKIE my20-NiasKux Memanie Memooom
Na3-MOXIMIYHO20 CcuHmesy (8IOHOB-NeHHs OKcudig). [- Kopmyc ycma-HO8KU, 2- pPYKABHI
Ginempu, 3- peaxyitina xamepa, 4- niazmo-mpoH, 5- npucmpii 66e0eHHs 810-HOBIHBAHO20
APOOYKMY 8 NAA3-MOSULl CmMpyMiHb, 6- mpybu 6i0nany nopowky, 7- pO36aAHMAN’CYEANbHULL
npucmpiu

[Tna3moximMigHI MOPOIIKK KapOi1iB METaNiB, O0PY 1 KPEMHIIO MEPEBAXKHO OTPUMYIOTH
B3a€MOJIIEI0 XJIOPUIIIB BIATMOBIJIHUX €JIIEMEHTIB 3 BOJHEM 1 METaHOM YH I1HIIUMH
BYIJICBOJHSMUA B apProHOBIA BHCOKOYACTOTHIA ab0 MyroBid I1mia3mi; a HITPUIA —
B3a€EMO/II€I0 XJIOPHUIIB 3 aMiakoM ab0 CyMIIIIII0 a30Ty i BOJHIO B HU3BKOTEMIIEpATypHil
HBY-mrazmi. 3a m0MOMOro IUIa3MOXIMIYHOTO CHHTE3y MOJKHA TaKOX OJIepKaTh
0araTOKOMIIOHEHTHI YIbTPAJAUCIEPCHI TOPOIIKH, SKi TPEJICTaBISAIOTh CO00I0 CyMilri
KapOiAiB Ta HITPHUAIB, HITPUIIB Ta OOPUIIB, HITPUIIB PI3HUX E€JIEMEHTIB, TOIMIO.

CuHTe3 OKCHIIB B IUIa3Mi  pO3psy  €IEKTPOAYTH  TPOBOIUTHCS  MIISXOM
BUIMAPOBYBAHHS METally 3 TOJANbIIUM OKHUCJICHHSM mapu abo YacTUHOK MeTaly B
KUCHEBMICHIN mia3Mi. [HTeHCHBHE OXOJO/KEHHS B MJIa3MOXIMIYHOMY CHUHTE31 HE TUTbKHU
rajgbMy€ 3pOCTaHHS 4YaCTHHOK, aje i 30UIblIye MIBUIKICTH YTBOPEHHS 3apOJIKiB
KOHAeHCY4oi ¢a3u. [lma3mMoxiMiuHWI CHHTE3 3 OKHCJICHHSM YaCTHMHOK allOMiHIIO B
MOTOIlI KHUCHEBMICHOT TUIa3MH MPU3BOJUTH JI0 YTBOPEHHS OUIBIIMX YACTUHOK OKCHIY
MOPIBHSHO 3 OKUCIICHHSIM 3a3aJIeTiIb OTPUMAHOI Mapyu METaIy.

OCHOBHHMMHU TepeBaraMu IIa3MOXiMi9HOTO CHHTE3Y € BHUCOKI IMIBUJKOCTI YTBOPECHHS
1 KOHJEHcaIii CHOJyK Ta JOCTaTHRO BHUCOKAa MPOAYKTHBHICTh. [ OJOBHI HETOMIKH -
IIMPOKUH PO3MOMALT YaCTHHOK 3a pO3MipaMU 1, BHACHIJIOK IIbOTO, HAsBHICTH JOCHUTH
BEJIMKUX (10 1-5 MKM) 9aCTHHOK, TOOTO HU3bKa CEIIEKTUBHICTH MPOIIECY, a TAKOK BUCOKUMA
BMICT JOMINIOK B TOpomKy. Ha maHmii dac mmi1a3MOXiMIYHMM METOJOM OTpPUMaHI
BHUCOKO/MCIIEPCHI TMOPOIIKKA HITPUIIB TUTaHy, NHUPKOHIIO, radHio, BaHAIi0, HIOOIIO,
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TaHTally, OOpy, aJIOMiHIIO 1 KpeMHilo, KapOiJiB TUTaHy, HiI00il0, TaHTaly, BOJbppamy,
Oopy 1 KpemHII0, OKCHIIB MarHito, IiTpito Ta amomiHio. Haiibiaem mmpoko
MIa3MOXIMIYHUN METOJ] 3aCTOCOBYETHCS JUIsl CHHTE3Y HITPUIIB MepexiqHux metaiiB [V iV
TpyIL

9.10. TexHos102ii OCaO)KeHHs1 3 PO34YUHI8

Jlana rpyma TEXHOJIOTI € OZHMUM 3 HAWOUIBII BHUBYEHHX CIIOCOOIB OTPUMAHHS
HAHOIOPOIIKIB. 3arajibHOI0 MEXKEI0 IIi€l TPYNH € MPOBEACHHS XIMIYHUX peakiiidi y BOAHHUX
po3umHax coseil. BUKOpUCTOBYIOTBCS JEKIIbKA PI3SHUX METO/IIB.

Y Meroai XIMIYHOTO OCAPKEHHS TICIS TPUTOTYBAaHHS PO3YMHIB COJIEH METalliB
CTBOPIOIOTH BIJIMTOBITHI YMOBH IS OCAJKEHHS, TOJAI0Th PEYOBUHY-0CAPKYBad 1 TPOBOISATH
OCa/DKCHHSI TOPOILIKY OKCHAY MeTaly MpH BiJIUIEHHI Ocaay TiIpOOKCUIY. YMOBHU
OCaDKEHHS PETYIIOITh NUIAX0M 3MiHu pH, Temmnepatypu, nomaBanas OyhepHUX pO3YMHIB.
Sk ocamkyBad HaW4acTille BUKOPUCTOBYIOTh PO3YMHHM amiaKy, BYTJCKHUCIWNA aMOHIH,
IIaBJIEBY KHCJIOTY, OKCajlaT aMOHII0, a SK MPEKypCOpH - PO3YMHHI a30THOKHCHI coii. B
pe3ynbTaTi OTPUMYIOTh HAHOMOPOIIKM OKCHAiB. Ilpm HeoOXigHOCTI muIAXoM  iX
TEPMOOOPOOKH y BITHOBHOMY CEPEIOBHUINI MOXKHA OTPUMATH METaJieBl HAHOIOPOIIKH.
Meron 3HAWIIOB MOCTATHHO MIUPOKE 3aCTOCYBAHHS Ui OTPUMaHHS 0araTOKOMITOHEHTHHX
MOPOIIKIB, KOJM 3 0AaraTOKOMIIOHEHTHHX PO3YHMHIB OTPUMYIOTH Bifpa3y MEKUIbKa CITOJIYK.
OCHOBHHMM HEJIOJIIKOM METOJy € BUKOPUCTAHHS BEMKUX 00'€MIB, 3HAYHHI BMICT JOMIIIOK B
MOPOIIIKAX 1 BEMKUN PO3KU]T YACTHHOK 32 PO3MIipamH.

307B-TelIb Mporec 0yB po3poOJICHUH CIICIIIBHO 11 OTPUMAaHHS OKCHUIHOI KepaMiKH.
[Ipomec BKiIIOYA€ HACTYIHI CTafii: MPHUTOTYBaHHS DPO3YMHIB QJIKOKCHIIB, IX KaTaliTHYHA
B3a€EMOJIIS 3 TIOJIAJIBIIMM T1POJIi30M, KOHJICHCAIIIMHA MOJIMEpHU3allis, TMOaIbIIHA T1IPOJIi3.
SIK HPOAYKT MPOIECY OTPUMYIOTh OKCHAHHI moiimep (reds). Moro miggaroTh cTapinHIo,
NPOMHUBIN, Cymii 1 TepmooOpoOmi. Hemomikom wMeTomy € CKIAAHICTh amapaTypHOTO
oopMIICHHS, a TIepeBaraMu - BUCOKA YUCTOTAa 1 OJHOPITHICTh CHHTE30BAHMX 3'€HAHB, a
TaKOX MOXKJIUBICTh OTPUMAaHHSI PI3HOMaHITHUX HAHOTIOPOIIIKIB.

Meton piakoda3sHOro BiAHOBICHHS 3 PO3YHMHIB BUKOPHCTOBYETHCS TIIBKHA JIJIST
OTPUMAaHHsS HAHOMOPOIIKIB METaliB 3 HEBUCOKMMHU 3HAYCHHSIMH BIJJHOBHOTO MOTEHIIiATY
(Mimb, cpibno, Hikenb). BiH monsarae B MpUTOTYyBaHHI PO3YMHY OPTAaHIYHOI COJII METaly 3
NOJANBIIUM JOJaBaHHSAM CHIBHOTO BiJHOBHHMKA 1 BWIIaJaHHSIM B 0CaJ METAJIEBOTO
HaHOTIOPOMIKY. Po3Mip wacTHOK mopomky ckiagae 20-40 HM, TPUITBOMY PO3KH] YaCTHHOK
3a po3MipoM nayxe HU3bkwid. [IpuKIazmoM BUKOpPHCTAaHHS IOTO METOAY MOXeE OyTu
OTPMMaHHSI HAHOTIOPOIIKY MiJi, TIP¥ BUKOPHUCTAHHI BOAHOTO PO3YHMHY TiApPa3HHTIIpaTy 3
Ccynb(haToOM JITiIO0 Ta PO3YMHY HITpaTy Miai B 4-meTuianeHTanomi. i po3unHu 3MimyroTh i
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OTPUMYIOTh E€MYJIbCiIO, MICIs PO3MIAPYBAHHS $KOi HAHOMOPOIIOK MiJli 3HAXOAWTHCS B
opraniyHiit ¢dazi. J{ns oTpuMaHHS BIacHE MOPOIIKY HOTO BiIOKPEMIIOIOTH, (PLIBTPYIOTH 1
CyUIaTh.

MeTos TiApOTepMIYHOTO CHHTE3y 0a3yeThCs Ha XIMIYHIM peakiii TiIpoTepMalbHOTO
pO3KJIaay 1 OKHCIEHHS, $Ki MPOTIKAIOTh Yy BOJAHHUX CEPEAOBUINAX MPHU IiABUIICHUX
temmeparypax (100-370 °c) i tucky (mo 100 MIla). Mertox [d03BOJIIE OTPUMYyBATH
HAHOTIOPOIIIKK OKCHIIB 3 BY3bKHM PO3KHOM YaCTHHOK 3a po3Mipamu. Hexomikom meTony €
BHCOKA BapTICTh 1 CKJIAIHICTh YCTaTKyBaHHSI.

MikpoeMyJIbCHBHHI METOJ] BKIIFOYA€ HACTYITHI €TalK: NIPUTOTYBaHHS €MYJIbCIi 3 BOX
PiIMH, 110 HE 3MIIIYIOTHCS - BOJHOTO PO3YMHY 1 Macia, OCa/PKCHHS T1IPOOKCUIY METajy B
MeXax Kparejab BOJHOI (a3u IUIAXOM JO0JIaBaHHS OPTaHIdHOTO OCaHKyBada, PO3ILICHHS
KOMITOHEHTIB, CYIIIKa MPOIYKTY OCa/KCHHS.

KpioximMigyauii MeToa OTpMMaHHS HAHOMOPOIIKIB OKCHIIB METATIB IMOJSITa€ B
PO3YMHEHHI COJIe, IIBUAKOMY 3aMOPOXXYBaHHI OTPUMaHUX pPO3UYHUHIB, cyOmiMarii
PO3YMHHUKA 1 TEPMIYHOMY PO3KJIaIl 3aJHIIKY.

9.10.1. OcaXeHHA 3 KOJIOIAHUX PO3YHUHIB

3BHUUaliHUi cmoci0 OTpUMaHHS HAHOYACTHHOK 3a JOTIOMOTOI0 KOJOITHUX PO3YMHIB
MOJIATAE B iX CHHTE31 3 MOYATKOBUX PEAreHTIB PO3YMHY 1 MPUIIMHEHHI peakiii B MEBHUN
MOMEHT Yacy, MiCJIsl 4OTO AUCIIEPCHA CHCTEMa MEePEBOIUTHCS 3 PIIKOTO KOJIOIMHOTO CTaHy B
JUCIEPCHUN TBEPIAUN.

Tak, HampuKIaa, HAHOKPUCTATIYHI MOPOIIKU CYJIb(iIiB OJEPXKYIOTh 33 JIOMOMOTO
peaxii cipkoBoHeBo1 kucioTu HyS abo cynbdiny Na,S 3 BOJOPO3UHHHOO CIJUTIO METaIy.
Hanokpuctamiuauit cynedin kamgmito CdS onepxyrTh TpU OCa/PKEHHI 3 PO3YHHY
nepxjopary KaaMmilo 1 cynbdily HaTpiro; 3pOCTaHHS pO3MipiB HAHOYACTHHOK
NepepuBalOTh CTPUOKOMOAIOHNM 30inpmeHHsIM pH po3unHy. YTBOpeHHS MeTajaeBux abo
HAITIBIPOBITHUKOBHUX KJIACTEPiB MOXKJIMBE BCEPEIUHI MTOP MOJIEKYJISIPHOTO cUTa (LICOTITY).
[3oms11ist  KIacTepiB BCcepeaWHl TMOp 30epiraeThcsi MPU HArpiBl J0 JOCHTh BHCOKHX
temniepatyp. Hanpuknan, HamiBnpoBimaukoBi kiactepu (CdS)y; Oymm cuHTE30BaHi
ycepeauHi MOPOKHUH IICOJTITIB.

Cepen BCiX METOJIB OTPMMAaHHS 130Jb0BAaHUX HAHOYACTHHOK 1 HAHOTIOPOMIKIB, METO]T
OCa/DKeHHSI 3 KOJOIAHUX PO3YMHIB BOJIOJIE HAWBHUIIOK CEJICKTUBHICTIO 1 JO3BOJISAE
0JIep>KyBaTH CTa0171130BaHl HAHOKJIACTEPH 3 TYykKE BY3bKUM PO3MOILIIOM 32 pO3MipaMu, 1110
€ JOCHUTh BAXKIHMBUAM IPH BUKOPHUCTAaHHI HAHOYACTHHOK B SKOCTI KaTali3aTopiB abo B
OPUCTPOSIX MIKpoeneKTpoHiku. OCHOBHa mpoOiieMa METOJy OCaIKEHHS 3 KOJOiIHUX
pO3unHIB OyJia IOB'sI3aHA 3 TUM, SIK YHUKHYTH KOAJIECIICHII11 HAHOYaCTHHOK.

[cHyrOTH pi3HI XIMiYHI MPUHOMH OTPUMAHHS HAHOYACTHHOK B KOJIOIMHMX PO3YMHAX,
npoTe y Oyab-IKOMY BHUIIAJIKy HEOOX1THO 3aro0IirTH KoajecleHii yacTuHok. Crabinizalis
KOJIOTTHUX YaCTHUHOK 1 KJIACTEPIB JOCITAETHCA 3a JIOMOMOTOI0 MOJIEKYJ Jiranaa. B sxocti
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JraHAiB  BUKOPUCTOBYIOTH pi3HI momimepu. CxeMaThdHa peakiiss OTpUMaHHS
cTab1I1I30BaHOTO JIITAHJOM METAJIEBOTO KiacTepa M, Ma€ HaCTyTHUN BUTIISA;
nM*t +ne” "L s M, > M,L,,

ne L — monekyia jirasnaa.

Otpumani y Takuii crmoci® MeTaneBi KjIacTepH 30J10Ta, IJIATHHU, Malail0 MOXYTh
mictutu Bix 300 mo 2000 atomiB. MeTaseBi KiacTepu MalOTh KyOidHy a00 reKcaroHaJbHYy
IIUJILHOYMIAKOBaHy CTPYKTYpy. B HHX IEHTpalbHUN aTOM € OTOYEHHUH AeKiTbKOMa
000JIOHKaMH, YUCJIO aTOMIB B SIKMX piBHE 10k +2 (1€ k — HOMep 060JI0HKH), TOOTO Mepia
o0osoHKa MicTUTh 12, npyra — 42, Tpetss — 92 atomu i T.4. B knactepax, crabiizoBaHUX
JiraHJaM#, MOKHA BUIUIMTA METaJeBE SIPO, B SIKOMY HaWOIMIKYMMHU CycigamMu atoma
MeTajy € TiITbKU METaNliYHl aTOMH, 1 30BHINIHIO 00OJIOHKY 3 METaJeBHX aTOMIB, YaCTKOBO
MOB'SI3aHUX 3 MOJIEKYJIaMU JliraHaa. MeTaneBi KJIacTepH, IO CKIAJAalThCsA 3 55 aToMiB,
PO3MIIIEHNX B JBOX OOOJIOHKAaX, €, MaOyTh, HANMEHITUMH 33 PO3MIPOM YaCTHHKAMH, SKi
me 30epiraloTb 4YacTHUHY BJACTUBOCTEM MeTaly; TMpoTe CKaHyloua TyHeJIbHa
CIIEKTPOCKOITISI CBIAYMTH MPO PO3MICTUTIOBAHHS €JIEKTPOHHUX PIBHIB B TaKUX YaCTHHKAX
pu KIMHATHIA TemMmepaTypi.

[Npapomi3 coisieli MeTaniB BHKOPHCTOBYIOTH JIsi OTPUMAHHS KOJOIMHUX YaCTHHOK
okcuaiB. Hampukiaa, HaHOKPHUCTAIIdHI OKCUAM THUTaHY, IUPKOHIIO, AIOMIHIIO, ITPIO
MOXHAa  OTPUMATH  TiAPONI30M  BIAMOBIAHMX  XJOPUAIB  a00  TIMOXJOPHIIB.
ToHKkonUCIIEpCHUN OKCHJ] TUTAaHY OJEPXKYIOTh TAaKOX TiAPOII30M THTAHUI-CynbdaTy 3
MOoJJIbITUM TIpoXkapeHHsIM amopduoro ocaxy mpu 1000—1300 K. Jlms crabimizarii
KOJIOITHUX PO3YMHIB 100 YHUKHYTH KOAaryisilii HAaHOYACTUHOK BHUKOPUCTOBYIOTH
nonidocdaru, amiHu, T1IPOKCUIIBHI 10HH.

KonoinHi po3unHU HAmiBOPOBIAHMUKOBUX OKCHUIHUX 1 CyIb()iAHMX HAHOYACTHHOK
Oe3nocepenHbo (0€3 oOcaKEHHS) 3aCTOCOBYIOTHCS y (BIIOKATANITUYHUX MpoIecax
CHUHTE3Y, PO3KJIaJJaHHS BOAM, TOIIO. /[ OTpuUMaHHS BHUCOKOJMCIIEPCHUX MOPOIIKIB OCaJ
KOJIOITHUX PO3UYHUHIB, SIKHH CKIAJAETHCS 3 arJIOMEPOBaHMX HAHOYACTHHOK, MPOXKAPIOIOTH
npu 1200— 1500 K. Hampwukiaa, BUCOKOIUCIEPCHHH MOPOMIOK KapOiay KpEeMHIIO
(d~40 aM) oOAEpPXKYIOTH TIAPOTI3OM OpPraHIYHUX COJIGHW KPEMHII0 3 MOAAJBIIUM
npoxkapeHHsiM B aproni mpu 1800 K. [ns oTpumaHHS BHCOKOIUCIEPCHUX IOPOIIKIB
OKCHUJIB TUTaHy 1 IUPKOHIIO JOCUTh YaCTO BHUKOPUCTOBYETHCS OCAKEHHS 3a JIOIMOMOIOI0
OKCaJariB.

JJisi CTBOpEHHS BUCOKOJUCTIEPCHUX MOPOIIKIB 3 KOJOITHUX PO3YMHIB 3aCTOCOBYETHCS
TaKOXX KpIOT€HHA CymiKa. PO34MH pO3MMIIIOETHCS B KaMepy 3 KPIOTEHHUM CEPEIOBHUIIEM 1
BHAC/IIOK IIHOTO 3aMep3a€ y BUIIAAI JpiOHUX dYacTHHOK. [lOTIM THCK Ta30BOTO
CepelOBUIIA 3HUXKYIOTh TaK, MO0 BiH OyB MEHIIUM aHIK pPIBHOBOXHHM THCK HaJ
3aMOPOXEHUM PO3YMHHUKOM, 1 HarpiBarOTh MaTepian mpu Oe3nmepepBHOMY BiJKadyBaHHI
Uil cyOnmimanii po3unHHHKA. B pe3ynbTaTi yTBOPIOIOTHCS HAATOHKI MOPHUCTI TPaHyNIH, a
BHACIIIJIOK iX TPOXKapIOBaHHS OJCPKYIOTh TOPOIIKH.

Jlo MeToAiB OCa/JKeHHsS MOHa BiJHECTH 1 CHOCIO OTpUMAaHHS HAHOKPUCTAIIYHUX
KOMITO3UIIIM 3 KapOigy BombdpaMy Ta KoOaibTy, AKi MPHU3HAYEHI AJII BUTOTOBJICHHS
TBepauX crutaBiB. KouoimHi po3umHU coneil BombppaMy i KOOAIBTYy BHUCYIIYIOTH
pPO3NMUICHHSIM, TMOTIM OTPHUMAaHUW TOPOIIOK MiANAI0Th HHU3BKOTEMIEPATYPHOMY
KapOOTEepPMIYHOMY BiJTHOBJICHHIO B 3B)KCHOMY IIapi, 3aBISKH YOMY 30€pira€TbCsi BUCOKA
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TUcHepcHIiCTh. JIJisi TalbMyBaHHS 3pOCTaHHS 3€peH 1 3MEHIICHHS PO3YMHHOCTI KapOimy
BoJlb(ppamMy B KOOaIbTI B CyMIlI JOJAIOTh HECTEXIOMETpUYHHN KapOia BaHAIIIO B
kinbkocTi A0 1 Mac. %. OTpumaHuil 3 1i€1 HAHOKPUCTATIYHOT KOMIIO3HIIIT TBepAUN CIIIaB
BI/IPI3HSETHCA ONTUMAJIFHOIO KOMOIHAIIEF0 BUCOKOT TBEPIOCTI 1 BETMKOT MIITHOCTI.

9.10.2. MeToAu OTPUMAHHSA JIiOPOOGHHUX KOJIOIAHUX PO3YMHIB

TUcTiepryBaHHs (MOApIOHEHHS TBEPAOTO TUTa TiIa JO KOJOIMHOTO CTaHy);
3MIMCHIOETBCSA PI3HUMH METOJAMH: MEXaHIYHAM pO3MEIIIOBAaHHSM pPEYOBHHH B
MJIMHAX, PO3MUIIOBAHHSM METANIB B EJIEKTPUYHIN 1Ty3i, APOOICHHSIM PEYOBHHU 3a
JIOTIOMOT OO YJIBTPa3BYKY.

crocoOu KOHACHCAIlll MOJIATal0Th B YKPYITHEHHI YacTOK, aTOMIB, MOJIEKYJ JIO YacTOK

KOJIOITHUX PO3MIpiB (XIMIUHA PEaKIlisi 3 yTBOPEHHSM OCamy);

" METOJ 3aMiHM PO3YMHHHUKA — DPEUYOBHHY, IO 3HAXOJUTHCS B MOJEKYJSIPHO-
JICTICPCHOMY CTaHi, MOXXHAa TEPEeBECTH B KOJOITHUI CTaH MPHU 3aMiHI OJHOTO
pPO3YMHHUKA IHIMUM (TIPUKIQ] — OTPUMaHHS 30151 KaHi(ol, 110 He PO3UHHIETHCS
y BOJIi, ajie¢ PO3UYHMHSAETHCA B €TAHOI; MPHU MOCTYMOBOMY JI0JaBaHHI CIIUPTHOTO
po3unHy KaHiom 10 BOAU BiAOYBa€ThCS pi3Ke MOHIKEHHS PO3YUHHOCTI
KaHi(0J1i, BHACIIIJIOK YOT'0 YTBOPIOETHCS KOJIOITHUN PO34YMH KaHi(oJi y BoIi).

" MeTOJ XIMIYHOI KOHJEHcallii — 0a3yeThCsl Ha MPOBEACHHI PiAKO(PA3HUX XIMIYHHX
PeaKIliif, Mo CYMPOBOKYIOTHCS YTBOPEHHSIM HEPO3UMHHHUX a00 MaJIOPO3UMHHHX
PEYOBUH; BUKOPUCTOBYIOTHCS Pi3HI Peakilii po3kiIaay, TiApOIIi3y, OKHCIIOBAIBEHO-
BIJHOBHI, TOIIIO.

(mpuKIam — YEepPBOHHWMA 30Jb 30JI0Ta OTPUMYIOTH BIJIHOBJICHHSM HATPi€BOI COJI
30707101 Kuciaotu Qopmanmpaerizom: NaAuO, + HCOH + Na,CO; —> Au +
HCOONa + H,0, 3015 rigpokcuny 3amiza(Ill): {[Fe(OH);], n FeO" - (n—x)C1 }*").

* MeTtoa 10HHOTO OOMIHY — peai3aiisi peakiiii, B pe3yibTaTl SAKUX BUIISETHCS
HEPO3YMHHA Cifib, siIKa (HOpMYy€E KOJOITHUI PO3UMH (MPUKIAA — OTPUMAHHS 30715
nonumy cpibmna).

crocoOu MenTr3allii — OTPUMaHHS 30J1IB 3 TeI0 a00 MOPHUCTHX OCAJIB TPH il Ha HUX

PEUOBHH, 3/IaTHUX a7copOyBaTUCS HA MOBEPXHI KOJOITHUX YAaCTOK, IO CIPUATHME iX

Nepexo/y B 30J1b; IPY MENTH3AIlil He BiIOYBAEThCS 3MiHA TUCTIEPCHOCTI YACTHHOK, IO

YTBOPIOIOTH TeJIb UM OCaJ, a TUIBKH iX po3’€HAHHS Yepe3 MiABHUINEHHS arperaTHBHOI

CTIWKOCTI 3075, BHACTIZIOK YTBOPEHHS Ha TOBEPXHI YAaCTOK OCaay IMOABIHHOTO

elekTpuvHoro mapy. [lentuzamiitne oTpuManHs OyBae 1BOX BHIIB: Oe3mocepeHe (Ha

MOBEPXHI YaCTOK aJCcOpOyeThCcsl peYoBHMHA - mentusarop (crabimizarop)) i

orocepeIKoBaHe (Ha MOBEPXHI YaCTOK aJCcOpOYEThCS MPOIAYKT B3a€MOJIl peYOBHHU-

NenTH3aTopa 3 PEYOBUHOIO YACTUHOK YU JUCTIEPCIHHOTO CepeIoBUIIA ).
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9.11. 3on1b-2e51b MexHoso02is

9.11.1. 3os1b-re b IpoLEC: 3araJibHi NIOHATTA

Haii6inbim epeKTUBHUM METOJIOM CHHTE3Y HAHOYACTOK BBAXKAETHCS 30JIb-TEIb
TEXHOJIOT1sI, IO MPECTABIISAE XIMIYHUA KOHICHCAIIIMHUN METOJT CHHTE3Y B PiAKil (a3si.

30/1b-TeNb MPOLIEC — TEXHOJOTiS OTPUMAHHSI MaTepialliB 3 33JaHUMH XIMIYHHMH i
(Gi3MYHIME BIACTUBOCTSIMHU, 1110 BKIIFOYAE OTPUMAHHS 30JIs 1 HOTO MepeTBOPEeHHs B renb. Ha
nepiIii cTaii 30Jab-renb npomecy GOopMy€eThbCs XIMIYHHNA CKIIA TPOAYKTY, 110 OTPUMYIOThH Y
BUTJISI/TI BUCOKOIMCTIEPCHOTO KOJIOTTHOTO PO3YHMHY - 3015, Po3mip gacTok mucnepcHoi a3y B
crabimproMy 30m 107107 M.

301bIIeHHs KOHIIEHTpaIlli JucnepcHoi (a3 MpU3BOAUTH /10 TOSBU KOATyJISAIIHHUAX
KOHTAKTIB MK YacTKaMH Ta MOYaTKy CTPYKTYpH3allii - TeJIeyTBOPEHHS (Ipyra CTaiis 3071b-
TeJb MPOIIECY).

Koarynsmiitai CTpyKTypH XapaKTepU3YIOThCS HU3BKOIO MIIHICTIO, SIKa BU3HAYAETHCS
BaH-Jep-BaanbcoBuMu cunamu, TOpU 1OMY B3a€MOJISl YacTOK 3MA1MCHIOETHCS 4epes
PIBHOB)XHMI IO TOBIIMHI MPOIIAPOK IUCHEPCIHHOTO cepenoBuia. s koarynsiidHux
CTPYKTYp JaJIEKOi B3a€MOIi CHja B3a€EMOJIi YaCTOK CKJIAJAE 1071110710 H/xonTakt, a
Bimcranp Mix HuME - 10°-107 M. Taki CTPYKTYpH XapaKTepH3yIOThCS OBHHUM CAMOBIIBHUAM
BiJTHOBJICHHSIM TIiCJISI MEXaHIYHOTO pPyWHYBaHHSI.

IIpu ¢ikcamii gacTok B CTPYKTypi, IO BiAMOBiAaEe OMMXKHIA Koaryssiii. MimHICTh
KOATYISIIAHIX KOHTAKTiB 3poctae g0 107°-10™ H, a BifcTanp Mik YaCTHHKAME 3MEHIITYE€ThCS
mo 10° M. Ha miif cragii MOXyTh BHHHKHYTH i aTOMHI (TOYKOBi) KOHTAKTH, IO
XapakTepusyroThes Mirmictio 10°-10° H/konrakt. Ha npakTuui gacTime 3ycTpiuaroThes
KOAryJIsiiiHI CTPYKTYpH 000X THmiB. /151 miABHIIEHHS CTabIMbHOCTI CTPYKTYp 1 YIpaBIiHHS
polecaMu CTPYKTYPOYTBOPEHHsSI MIIHICTh KOHTAKTIB 3MIHIOETHCSA MUITXOM Moaudikariii
NoBepXHi yacTok nobaBkamu [TAP.

3071b-TeJIb TEXHOJIOTISI JO3BOJISIE IPOBOJUTH MPOLIEC B ONTHMAILHUX YMOBAX 3 TOUKH
30py €pEKTUBHOCTI YIIPaBIiHHS BIACTUBOCTSAMHU KiHI[EBOTO MPOAYKTY, EHEPTETUYHUX BUTPAT
1 TpOAyKTUBHOCTI mporecy. Lleii MeTon y mOeaHaHHI 3 TOJANBIIO TEPMOOOPOOKOIO
MPOIYKTIB peaKiii MMPOKO 3aCTOCOBYETHCS I OTPUMAHHS OKCHAHHMX MarepiaiiB (sK
OJTHOKOMITOHEHTHUX OKCHJIIB, TaK 1 JBO-, TPbO- 1 OIIBII KOMIIOHEHTHHUX CHCTEM 3
OTPUMAaHHSIM XIMIYHHX CIIOJIYK TUITY (DE€PHUTIB, TATAHATIB, CUIIIKATIB).

9.11.2. 30/1b-reJ1b METOAU

HaiiGinp1n mommpeni HaCTYITHI METOH 30JIb-TeJIh TEXHOJIOT:
® TIAPOJII3 COJICH METalliB;
® YacTKOBa HEWTpamizallisi COJIi METaldy 3 YTBOPEHHSIM CTaliIbHOTO TiAPO307Is,
1o Mictuth HY BiZIMOBITHOTO T1APOOKCHUY;
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e TIOBHA HEWTpami3allis coyi MeTaly 3 MOJAIBIINM TPOMUBAHHSM 1 IENTH3AI[IEI0
0cajly 3 yTBOPEHHSIM CTaOLILHOTO T1IpO30JIs;
® TIiAPOJII3 METAJOOPTAHIYHHUX CIOJYK (30KpeMa aTKOKCHIIB).

CuHHTe3 HAHOJUCIEPCHUX YACTOK B PIIKOMY THCIEPCIHHOMY CepeoBHIII 0a3yeThcs Ha
3MINIYBaHHI  PO3YMHIB BUXIIHHUX cOJiell (abo amKOOKCHIIB), IO BOJOJIIOTh BHCOKOIO
PO3YMHHICTIO 1 YTBOPEHHI MaJOpPO3YMHHHUX CIOJYK B XOJi XIMidHOI peakmii (oOMiHY,
BIJTHOBJICHHS, OKHCJICHHS, Tiapomi3y). B ocHoBi cuHTe3y HY OKCHIIB JI€KUTH MPOIIEC
TIAPOMITUYHOI TOJIKOHJAEHCAIli 10HIB, MO0 NPHU3BOAUTH 1O YTBOPEHHS TOJiSIESPHUX
rigpokomiiekciB  (I[TA'K), arperamiss sxkux, B paMkKax HYyKJICAI[iIHHOTO MPOIECY
¢da3zoyBOpeHHsI, IPU3BOAUTH A0 (GOpPMYBaHHS 3apOJAKIB 1 MOSBH MEPBUHHUX YAaCTOK MAJIUX
PO3MIpiB, a TAKOX J0 MOSIBU aMOp(HHOI METaCTaOUIBHOI CTPYKTYpH. 3MiHa YMOB OCaKCHHS
(remnieparypu, pH, criBBiIHOIIEHHSI KOMIIOHEHTIB, X KOHIIEHTpAIlil) J03BOJSIE B IIUPOKUX
MeXax ePEeKTUBHO PEryIOBaTH (a30BHil CKiIa, po3Mip i popMy HAHOUYACTOK.

TunoBuUMU € 30J1b-T€Nb MPOIIECH, B SKUX TBEPIAMI MaTepiaj € HEOPraHIdHUM TIOJIMEPOM,
TpHUMipHA CiTKa SIKOTO CKJIagaeThes 3 TerpaenpiB MO, Ta (abo) oxraenpiB MOy, 1m0 MaroTh
CHIBbHI aToMu KucHI0. Tetpaenpu MO4 MOXYTh MaTH CHUIbHI BEpPIIMHU, pedpa, TIIOMUHA
rpaHei.

9.11.3. Tunu reJiB

Ha BigMminy Bix MeToay oca/KeHHsS (CHIBOCAPKEHHS) 30JIb-T€llb METOJ[ TOJsrae y
HETIepEePBHOMY MEPETBOPEHHI 30JIEBOTO PO3UYHMHY MPEKYPCOPIB (BUXIAHUX PEUOBUH) y TBEPIi
OPOAYKTH - TIPOTEIb, AIKOTelb. [ el po3pi3HAIOTH B 3aJIKHOCTI BiJI CKIIAAy POZUYMHHHUKA!

® aKBareni, TiIporeni - IPOAYKTH CHHTE3y Y BOJHUX PO3YHMHAX;
® AJKOTEJISIMH - TIPOAYKTH, OJIEPKaHi i3 CHUPTOBUX PO3UHHIB.

3amiHa PO3YMHHHKA TOBITPSM MEPETBOPIOE TiIPOTEib (AJIKOTENb) Y aeporeib - TOTOBHMA
MOPUCTHI MaTepiall.

9.11.4. 3os1b-re b IpOLEC: €TANHICTH

[cCHYIOTB Taki €Tanu 30J1b-TeJIb METOTY

- Etan rigpomnizy Ta xoHmeHcarii.

- ETan yrBOpeHHs 30,

- Etan dopmyBaHHS Ten0: TIAPOKOMIIEKCH €IEMEHTIB B 3aJISKHOCTI BiJ iX KHCJIOTHO-

OCHOBHUX BIIACTHBOCTEH BCTYMAIOTh B KUCJIOMY a0O Jy»KHOMY CEpEIOBHUIII B PEAKIIiIO

koHAeHcari. KomoinHi gacTHHKM MOXYTh 00’ €IHYBATHCS SK 3a PaxyHOK YTBOPCHHS

KOBAJICHTHUX 3B's3KIB (peakiii KoHAeHcallli), Tak 1 3a paxyHOK MDKMOJICKYJISIPHOI

B3a€MO/I11, yTBOPIOIOYHM TPUBHUMIPHY CITKY (KICTSIK).

- Etanm crapiHHS Tenr0: YaCTUHKH KOJIOiITHOTO PO3YMHY MPUKPITUTIOIOTHCS A0 KICTSKA,

3MIHIOIOYH HWOTO TIPOCTOPOBY OyIOBY; TMpOIEC TMOMIKOHACHCAIli TPU3BOAUTH JI0

dbopMyBaHHIM 3apOJKiB OKpeMHX ¢as3.

- Eran TtepMooOpoOKkmM: naHuii eTanm € BU3HAYAJIBbHUM Yy (OPMYBAaHHI CTPYKTypHU
OJICP’)KaHOTO HaHOMAaTepialy, OCKUIbKH B MPOIECi BUCUXAHHS TeI0 BiIOYyBAIOTHCSA PEaKIlil
KOHJICHCAIlii M) Or0 YaCTUHKAMH.
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OcHoBHI (pakTOpH, 10 HEOOXIAHO KOHTPOJIOBATH: TEMIIEpaTypa i IMIBUAKICTH HArpiBy;
BOHM BHW3HAYalOTh 3HAYCHHS IIBUIKOCTI BHUIMAPOBYBAHHS PO3YMHHUKA 1 PEAKIIiIO
MOJIIKOH/ICHCAITi.

7\

i

MOYATOK TOpOmsy
1 KOHAeHCA

OH
I YACTHEHKA
O ZomE

o
l KOHTeHCALT

HACTFHOK FOIIHY

Puc.9.11.4. 3azanvna cxema 3016 - 2eib Memooy

9.11.5. BnsiuB pH Ha CTPYKTYpPOYTBOpPEHHS reJiio

KirouoBmii ¢akTop, MmO BIJIMBAE HAa CTPYKTYpy reiro — BenuduHa pH peaxiiiHOro
cepeoBUILA.

Posrnsmators aBi mopzeni BmmBYy pH Ha CTPYKTypOYTBOPEHHS TeNO, B SIKUX
BU3HAYAIGHUMH  (aKTOpaMu OCOOJIMBOCTEH CTPYKTypH HaHOMATepially € BIJHOCHI
HIBUIKOCTI PeaKIIii Tigpoi3y 1 KOHACH ALl

MoHoMep - CTpyKTypHA JIaHKa IMOJiMepa, HU3bKOMOJIEKYJISipHA XIMIYHA CIIOTyKa, SKa €
MEPBICHUM MaTepiajoM ISl CHHTE3Y MOJIMEpIB.

[TomimMepn, MmO CKIAJAIOTBCS 3 BIJHOCHO HEBEIMKOTO, TOYHO BH3HAYEHOTO YHCIA
MOHOMEpIB, Ha3MBAIOThCS OJiroMepamMu. JJia ayke Majaux OJIIrOMEPIB BKUBAIOTHCS HA3BH
JIMeEp, TpUMEp.

B xucmomy cepemoBumii (pH 2-5) rigponiz BimOyBaeTbCs 3 BIJHOCHO BHCOKOIO
MIBUJIKICTIO, JIIMITYIOUUM (DaKTOPOM TEJIEYTBOPEHHSI € MIBUIKICTH PEAKIIil MOJIKOH/ICHCAITI].
3a 1UX yMOB YTBOPIOETHCS BENUKA KITBKICTh MOHOMEPIB Ta OJITOMEPIB 3 peakiiiHUMU
rpynamu  Ti-OH, o00’emHaHHA SIKUX TPU3BOIUTH O YTBOPEHHS CIA0OpO3ramyKeHUX
MOJIIMEPHUX JIaHIIoTiB. OKpeMi KiacTepu KOHIACHCYIOUHCh, (DOPMYIOTh MOJIMEPHY CITKY 3
opaMu MaJioTo pajiycy - peakilis oomexxeHoi arperaiii kinactepis (RLCA).

B nyxnomy cepemopumi (pH<2) niMiTyl04Or0 CTali€l0 MpOIECY TeJIeyTBOPEHHS €
riponi3; peakmii KOHAEHCAIii MPOTIKAIOTh 3a y4YacTi LEHTPaJbHUX aTOMIB OKPEMHX
omiromepiB. Krmactepu warepiady pocTyTh 3a paxyHOK o0O0’enHaHHS (KOHACHCAIIIl)
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MOHOMEPIB, TOJIMEpPHA CiTKa (QOPMYETHCS BEIUKHUMH OJIOKAMHU, Tellb XapaKTePHU3Y€EThCS
HASIBHICTIO TIOpP BIJIHOCHO BEJIMKOTO PaJiiyCy — peaKIlis 0OMEKEHOT0 3pOCTaHHS KJIACTEPiB 3
monomepis (RLMC).

*

" KABITEP-KAMCTH
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'|I Fd T
Vea | . N
\\ ¢ L
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R N s
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RLMC

Puc.9.11.5. Kinemuuni mooeni eeneymeopents, wo 3a1exncams 6i0 8IOHOCHUX WBUOKOCHEU
peakyii 2ioponizy i konoencayii. Ha oanomy pucymky 6ioobpascerno ocobausocmi 6y0osu
ROJLIMEPHOI cimKuU 2efto, AKI NPOAGIAIOMbCA 8 3AJNeHCHOCMI 8i0 YMO8 CUHmMe3y ma muny

npexKypcopis

TpuBuMipHA CiTKA TE€II0 YTBOPIOETHCA K PE3yIbTAT B3a€MOIi MEPBUHHUX YaCTHHOK
(kmactepiB). B KOMOigHUX TeNsiX CiTKa YTBOPIOETHCS MPHU 00’ €THAHHI BIIHOCHO BEJIHMKUX
KOJIOITHMX YaCTHHOK 1 BOJIOJi€ JiHIMHUM XxapakTepoMm (puc. a). B momimepHux remsx
JiHIMHI a00 po3ramyXeH1 JIaHIIOTH yTBOPIOIOTHCS B pe3ysibTaTi KOHJCHCAIli Malux
kinactepiB (puc. 6). KomOiHamiss yMOB CHHTE3y MOXE NPU3BECTH JO YTBOPEHHS
pO3TranyKeHUX MOJIMEPHHX JAHIIOTIB 3 OKPEMUMU 30HaMHU HyKneaun (puc. B).

Puc.9.11.6. Byoosa nonimeproi cimku c2enis, a) KOJZOZ()HZ eeni; 0) nonimepHi eeni; c)
noiMepHi 2elii i3 CKIA0H0I0 hopMOI nop

9.11.6. CtapiHHs Ta BU3piBaHHA reJo

[Tepexia 30110 B Teib (TOYKA TENI0) BiAOYBa€ThCs mpu (OPMYBaHHI TPHBUMIPHOT CITKH
M0 BChOMY 00’€My Teiio, MpH LBOMY IPOJOBXKYIOTH BiAOyBaTHUCh XIMiuHI peakiii
noiikoraeHcarii. [lommepHa ciTka remato AOCUTh THyudka, Tomy cycigai rpynu E-OH a6o
E-OR Mo>1<yTL H36J'II/ISI/ITI/ICI> olHa 1O OAHOI i BCTYIUTH B peaKuno KOHJICHCAIIi1, 0
3yMOBIIO€ ‘“‘cTapiHHs” Temo. Peakmii rigpomnizy 1 KoHAeHcamii € 0O0OpOTHIMH, TOMY
TEPMOJMHAMIYHO BHTIIHUMHU CTalOTh IPOIECH PO3PUBY IMOJIMEPHUX JAHIIOTIB 3
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HACTYIHUM iX TMeperpynyBaHHSIM (OCTBAJIbIiBCbKE BU3PIBAHHS TEI0); IMOBIPHICTH TaKOl
nepeOyI0BH € MaKCUMaJbHOI B 00JACTSIX CTPYKTYpHOI HEOJHOPIIHOCTI Marepiainy —
NOpH, TPIIIUHU, BY3bKi TOPJIOBUHH B YaCTHHKAX.

B pesynbTaTi BinOyBaeThCsl 3aMIOBHEHHS TOJIMEPHOI CITKH, 3 PO3YMHY 3HUKAIOTH Mali
YaCTUHKH, TOPU MAaJoro pajiycy 3a0yaoByroThcs. CTapiHHS TEII0 1 OCTBAIBAIBCHKE
BHU3pIBaHHS POOUTH MOJIMEPHHH KICTSK )KOPCTKIIIMM 1 MEXaHIYHO CTIHKIIINAM.

3aBepIIaIbHOIO CTA/II€I0 CHHTE3Y MaTepiaiiB 3a 30J1b-Teb TEXHOJIOTIEIO € CYIIHHS TeIfo.
Metoa cymiiHHS TeNIB 4acTO HACTUIBKM BH3HA4Ya€ OyJOBY 1 BIIACTHBOCTI OJEpKaHUX
MarepiajiB, IO OCTATOYHHH MPOIYKT HA3WBAETHCS 3a THUIOM CYIIIHHSA: Kpiorednl,
aeporedi, KCeporel.

9.11.7. dakTOopH BIUVIMBY Ha mepeodir npouecy

®dakTopH, AKi TOTPIOHO JKOPCTKO KOHTPOJIOBATH MPU CHHTE31 MaTepialy 3a 30J1b-TeJb
TEXHOJIOTI€I0 Ha CTalii YTBOPEHHS 30J1s1 3 IPEKYPCOPIB:

e Cknan 1 KOHUEHTpAIIID MPEKypcOpiB: IIBHAKOCTI peakIiid Tigpoi3y i
KOHJEHCAIlll MOXYTh BIAPI3HATHCS Ha KUIbKa TOPSAKIB U TMPEKYypCOpiB
pi3HOTO THIy. B 3a/e)kHOCTI Big BIIHOCHOI KOHIIEHTpaIii MPeKypcopiB
reJeyTBOPEHHS MOXKE BigOyBaTHCh 3a PI3HUMH MeEXaHi3MaMHu, yTBOPIOKYH
OPOAYKTH 3 PI3HUM THIIOM TOJIMEPHOI CITKH; 0COOJMBE 3HAYEHHSI Ma€ BUOIp
IPEKypcopiB TpPHU CHUHTE31 O0araTOKOMIIOHEHTHHX OKCHUAHUX MaTepianiB. B
JAHOMY BHMAJKY, Uil JOCSTHEHHS MOJICKYJISIPHOTO 3MIilIyBaHHS MOTPiOHO
30aJlaHCyBaTH MBHUAKOCTI TApOdi3y (KOHACHCAII1) Pi3HUX IPEKYpPCOPiB.

e Tum po3YMHHHUKA: PO3YUHHHUK € KOMIIOHEHTOM (pEareHTOM) peakilii mpoiecy
reJeyTBOPEHHS, BiJl HOTO BIIACTUBOCTEH 1 KOHIEHTpAIIil 3a1ekKaTh K MPOILECU
TeJICYTBOPEHHS, TaK 1 BJIACTUBOCTI OJiep)KaHOTO Marepiany. Po3uyMHHHK
BH3HAYa€ BCl Mpolecu, MOoB's3aHI 3 (a30BUMH pIBHOBAramu, mpoIlecamMu
CTapiHHS 1 OCTBANBAIBCHKOTO J03pPiBaHHS;

e Tun xaramizaTopa: BIIHOCHI HIBHAKOCTI pEeaKMiil TiApoii3y 1 KOHICHCAIl
BH3HAYAIOTHCS MIPOIO 1 THIIOM KaTaji3aTopa.

e Benuunny pH: KHCIOTHICTH peakIifHOTO CepeIOBHUINA KPUTUYHO BIIJIMBAE Ha
THI Ta CTPYKTYPY MOJIMEpPHOI CITKH, MOPUCTICTh, MEXaHIYH1 BJIACTHUBOCTI
Marepiany.

e Temmeparypy: TeMmepaTypHHl PEXUM BaXXJWBHH Ha BCIX e€Tamax CHHTE3Y,
BiJ cTajii YTBOPEHHS 30JIF0 J0 CTafil CYIIiHHS.

ITouarkoBi yMoBM (mpHpoJa 1 KOHIIGHTpAIliS NPEKypCOpiB, THIT PO3YHMHHHUKA,
CIIBBIJHOIIEHHS Boja / alkookcua, pH cepenoBuina, Temmeparypa) BIUIMBAIOTh Ha
MIBUJKICTh ~ peakiid  TiApomi3y 1  MOMKOHACHCAIIl, CKJIaJ TiAPOKOMIUICKCIB 1
3arnojiiMepu30BaHuX (pakiiii 1, BIAMOBIHO, Ha BEJIMYMHY IIEPCHACHUYCHHS CHCTCMHU.
3apopKkeHHS HOBOI (Da3u CIOYaTKy BiJIOYBA€ThCS B TOMOTCHHOMY PO34YMHI, JOCSTHYBIIH
KPUTUYHUX Mip mepecuueHHs. YuMm BUIE NMEPECHUYCHHS, THM MEHIIUN PO3MIp 3apoJIKiB i
OUTBIIIOI0 € MIBHJKICTh KOaryJssiii. BakiIMBUM YHMHHUKOM KiHETUKH (Ha30yTBOPCHHS €
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PO3YHMHHICT MPOIYKTIB XiMIUHOI peakilii, 0 YTBOPIOIOTHCS B PiKii ¢a3i B X011 TiApomizy i
MMOJIIKOHIEHCAIT].

XimiyHi  peakmii  (Tigposi3,  OJSIMis,  OKCOJSIiS,  KOMIUICKCOYTBOPEHHS,
TIOJTIKOHJICHCAIT1sT) POJIOBKYIOTHCS Ha (POHI KOATYIISIIHHUX MPOIIECIB.

BunanenHns HHM3bKOMOJEKYJSIPHHX JOMIIIOK TPOMHBAHHSAM oOcady [iaimizoMm abo
yIbTpadIbTpaIi€r0 TPU3BOAUTH 10 301TBIICHHS TOBIIUHU MOBIMHOTO €JIEKTPUYHOTO IIapy
Ha TOBEPXHI YACTHHOK, TEpEBaKaHHIO MOBEPXHEBUX CHJI BIAIMITOBXYBAaHHS HAJ CUJIAMHU
MPUTSTAHHS, PO3MOALTY YaCTOK B JUCIEPCIHHOMY CEpPEJOBHIII B PE3yibTaTi OpPOYHIBCHKOTO
pPyXy, MABUIICHHIO arperaTUBHOI CTIHKOCTI JUCTIEPCHOI CHCTEMH 1 TIETTH3AIT.

HalinommpenimuMy TpeKypcopaMu TPy CHHTE31 TETiB PI3HOTO TUITY Ta CKIALy €
QIKOKCHIW MeTaliB (aTIOMiHIIO, THTaHy, HUPKOHIIO, OJOBa), sIKi MOPiBHSHO HIBHAKO
T1IPOJI3YI0OTh TPU B3a€EMOJII 3 BOJOI0. 3pOCTaHHS PEAKIIAHOI 3JaTHOCTI aJKOKCHJIIB B
peaKIisfax TiJpoJi3y IOB’sI3aHe 13 3HWKCHHSIM CIICKTPOHETaTUBHOCTI KaTIOHIB Ta
3pOCTaHHSIM iX KHCJIOTHOCTI. 3MiHy peakIiiHOi 3JaTHOCTI AJKOOKCHJIIB MOXKHa
NPOLUTIOCTPYBATH TAKHM PSIIOM:

Si(Oi-Pr)4 > Sn(Oi-Pr), , Ti(Oi-Pr), < Zr(Oi-Pr), < Ce(Oi-Pr), .

9.11.8.l'es1b-30J1b IpOLIEC

Y KOHIIEHTPOBAHMX PO3YMHAX TiAPOTI30BAHMX EIIEMEHTIB MpW MeBHIA BenwmumHi pH
YTBOPIOIOTHCS T1APOTENi, B MAaTPHUIIl SKUX Hae KpucTamizaris. SKio rems (reiab-mpexypcop,
TeTepOTreHHHI 3a CBOEIO MPUPOOI0), IO CHOYATKY (POPMYETHCS, JOCUTH B'S3KUHA 1 MIITHHM,
TO HMOro CTPYKTypHa CiTKa 3JIaTHa 3aloO0IrTH KOaryJjsimil NepBUHHUX KpPUCTATIiB 1 1X
3polleHHI0. B 11bOMy BHIAAKy 3pOCTaHHS KPUCTATIB B CTPYKTYpPI TEIO 3IIHCHIOETHCS IO
MeXaHi3My 130TepMiYyHOi TepeKOHJCHcalii, Tpu SAKid BiAOYBa€ThCS  BIAKIAICHHS
($ha30yTBOPIOIOYOi PEYOBMHHU 3 BOJHOTO PO3YMHY HA TIEBHUX TpaHAX KpHCTamiB. B KiHIl
MPOIECIB PO3UHMHEHHS-NIEPEKPUCTATI3AI] BUXITHHNA Telb-TIPEKYPCOp 3HUKAE, 1 yTBOPIOETHCS
MOHOJMCIIEPCHUN  3071b, IO MICTUTh KpHUCTadiuHi dacTkh. [Ipomec oTpumaHHSA
MOHOJIMCIIEPCHOTO 30715, IO MICTUTh KPHUCTAJIYHI YacTKA OKCHIIB 3 KOHTPOJHbOBAaHUM
PO3MIPOM HA3MBAETHCS TEIb-30JIb METOJOM (Ha BIAMIHY BiJl 30JIb-T€JIb METONY). BuximHuit
TeNb-TIPEKYPCOP, 10 MICTUTH aMOPQHi chepudHi YaCTKH, MOXKE OyTH OTPUMAaHHH T1IpPOJIi30M
COJIEH €JIEMEHTIB, aJKOKCH/IIB.

9.11.9. BniiuB nepeHacHu4YeHHA Ha nepeo6ir npouecy

XiMiuHE OCaKEHHS 3 KOHIIEHTPOBAHUX PO3YMHIB BUXIJHHX PEYOBUH (TIPEKypCOPiB)
XapaKTEPHU3yEThCS BUHUKHEHHSIM TEPECUYCHHS 1 YTBOPEHHSIM BEJIMKOI KITBKOCTI 3apOJIKiB.
Hampuknazn, mpu oTpuMaHHi 3018 T1APOKCUY 3aii3a rigpoiizoMm FeCl3 3 koHmeHTpaii€ero 10
200 /1 Mipa IepeCHUeHHS TOCSTaE BEIMUNHU 4.

B Takmx cuctemax picT 4aCTHHOK 3a paxyHOK nu(y3ii MOHOMEpa 1 HOro KOoHAeHcaIi
Ha TOBEPXHI 3apOJKY 3aTPYAHCHHH 13-3a HU3BKO1 KOHIIEHTpalii MoHOMepa. B mux ymoBax
3MEHIIIEHHS TOBEPXHEBOT €HEPTii 1 3pOCTaHHS YaCTOK PEali3yIOThCs MPU KOATYJISAIIT YaCTOK.
Koarynsuist npu3BoauTh 10 YKPYHHEHHSI YacTOK, iX CeJAMMEHTAllli, yTBOPEHHsS ocaay abo
dbopmyBaHHs remiB. HampsMok mporiecy i BJaCTUBOCTI KOJIOITHOI CUCTEMHU, ii arperaTHBHA
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CTIMKICTh 3alie)KaTh BiJ] MOYATKOBUX YMOB CHHTE3y (KOHIICHTpAIlii i YMOB 3MiIIyBaHHS
BUXIJTHUX KOMIIOHEHTIB, BeJIMYUHNA pH, HASBHOCTI MOMIIIOK, XapakTepy MPOAYKTIB peakilii,
TeMIiepaTypu).

S0 po3YMH MEPEeCHYCHUN BiITHOCHO BCiX MOXKJIMBHX MOJM(DIKaIlii TBEPAOTO Tijia,
TO HAWMEHII TEepMOIWHAMIYHO cTabuTbHa amopdHa (aza ocigae MmMBUANIE, HIK OlLIBII
TEPMOJIMHAMIYHO CTilika (a3a — mpaBmiio ocapkeHHs ha3z OctBampaa (1897 p).

VY mepecudeHOMY pO3UYMHI 3ITKHEHHS MK OKPEMHUMH MOJIEKYJaMH PiBHOMMOBIpHI y
BCIX HalpsMKaxX, TOMYy TIEPBUHHI 4acTKH MaioTh cepuuny (abo Onm3bKy 10 chepudHO)
dopmy i aMOpHY CTPYKTYDY.

ITosBa 3aponkiB HOBOi (¢a3u TOB'si3aHAa 13 BUHUKHCHHSIM  TOJISIEPHUX
T1IPOKOMILIIEKCIB Y BOAHOMY pO34HHi. MOJIEKYJIH Ta 10HU T1IPOKOMILIEKCIB, IO YBIHIILIN 10
cKianxy amMopgHOi YacTkd, 30epiraroTh PYyXJIWBICTh YCEPEAWHI IUX YacTOK. YTBOpPEHA
CUCTEeMa HepiBHOBaXKHA i OyJie MparHyTu MiHIMyMy eHeprii ['1006ca nuisixoM BHOPSIKYBaHHS
CTPYKTYypU - TIpolecy KpucTamizamii. 3aBAsSKd BUHUKHEHHIO KPHUCTAIIYHHX YTBOPEHb
ycepenrHi amMop(HOI YacTKH, yYTBOPIOETHCS HAIpyra, 1 YacTKa pPO3MaaaeTbcs Ha Oe3mid
NpiOHUX, ae BKe KPUCTATIYHUX YaCTOK.

9.11.10. I[lenTH3ania reJjiB

[lenTu3arist ocaiiB 4y reliB BiI0OyBa€ThCS MPU BBEJCHHI B PO3UUH EICKTPOJIITY OJIUH
3 10HIB SKOIO MOXE aacopOyBaTHCS Ha TOBEpPXHI YaCTOK 1 J0OYAOBYBaTH KpHUCTAIIYHY
PEIITKY AUCTIEPCHOT (ha3u.

[Ipukman: BBeIeHHS B CBIKOOTPUMAHMIA 1 MPOMHUTUIN OCaJl TIAPOKCUAY 3alli3a PO3UUHY
xnmopuny 3amza(lll). Ilentuzaropamu MOXyTh OyTH MOBEPXHEBO-aKTHBHI PEUOBUHU a00
BOJIOPO3YMHHI TONIMEpH. BupimranbHuii BIUIMB Ha TPOIEC MENTH3Allii Mae€ KUCIOTHICTH
Cepe/IOBHINA, OCKUIbKM Benu4yrHa pH BH3HA4Yae HE JMIIE BEIUYHMHY, alie 1 3HaK 3apsay
MOBEPXHI 9acTOK. AMOp(]HI Ocajy TiAPOTEINIB TIAPOKCHIIIB METAJIB YacTO YTBOPIOIOTHCS B
KOHIIEHTPOBAaHUX PO3YMHAX COJICH METaNiB MpH 3a7aHii BeanmanHi pH.

9.11.11. CrapiHHA rejmo

B mporeci ctapiHHS KPUCTAMITH MOXKYTh POCTH IO 3BHYAHOMY MEXaHI3MY POCTY
KPHUCTAJIB 3 PO3YUHIB, SIKIIIO KOHIIEHTPAIIisl PO3UYMHY JOCATAE KPUTUIHOTO 3HAUYCHHS. B mmx
YMOBaX YTBOPIOIOTHCSI arperatv MEepBHHHUX KPHUCTAIB, HAWYACTIIIE Y BUTIISA/I JIAHITFOTOBHX
a0o ciTyacTux CTpyKTyp. Koarymsitisi mepBHHHIX KPHUCTAJIB CYIPOBOIKYETHCS 3POIIECHH M
BIJIMOBITHUX TpaHEH, OPIEHTOBAHMM HApPOIIYBaHHSM KpPHCTaiB, M0 1 € TPHIUHOIO
MO03ai9HOTO XapakTepy 1 1ePEeKTHOCTI BTOPUHHUX KPUCTAJIIB.

IBuakicTs KpucTamizamii cmerudivyHa Ui  KOXKHOI  KOJOIAHOI CHCTeMH 1
BU3HAYAETHCS MMBUJIKICTIO YTBOPEHHSI BIOPSIKOBAHUX TIISTHOK Ta 1X KITBKICTIO.

[Ipu yTBOpEHHI KOJOIMHUX YaCTOK 3 MEPECUUCHUX PO3YMHIB 3aBXKIW MPUCYTHI 3HAYHI
KUTBKOCT1 €NEKTPOJITIB, sIKi BIUIMBAIOTh HA OTPAaHOBYBaHHS KpucTtaiiB. @opma KpucTaiis, a
TaKOX KIHETHMKa KpHCTami3allii 3ajeXaTh BiJl HasBHOCTI B CHCTEMI MOBEPXHEBO-aKTHBHUX
pedoBUH. 3HAYHUI BIUTMB Ha MIBUAKICTh KpHCTami3allii aMOpQHUX YaCTOK Ma€ TeMIiepaTypa.
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YTBOpPEeHHS CTPYKTYPH OTPUMYBAHMX IMOPOIIKIB 3aBEPIIYEThCS Ha CTafil TepMooOpoOku. B
MIPOIIEC] CYIIKHU TeTiB BUAAISIOTHCS JIETKI KOMITOHEHTH.

9.12. OmpumaHHst HY TiO,

9.12.1. Orasaa MetoAiB orpuMaHHA TiO2

[IpoMucnoBuil METOA: PO3YMHEHHSI TUTAHOBMICHOI CHPOBHMHHU 13 XJIOPYBAaHHSIM Ta
nepepookoro TiCly Ha TiO, mijx yac B3aeMoIii 3 KUCHEM Yd MOBITPSAM, 30arayeHUM KHCHEM,
npu Temneparypi 1273-1473 K.

[lepeBaru: mMeTon MO3BOJIIE CTBOpUTH OesnepepBHUN mporiec orpuMmanHs 110, 3
MOBEPHEHHSIM XJIOPY JUIsl XJIOPYBaHHS BUXIAHOI PEUYOBHMHHU. XJIOPHHI MpPOLEC TO3BOJISE
CHUHTE3YBAaTH KPHUCTAIIYHUN TIOKCHJ TUTaHY 13 3a/JIaHUM CIIBBIIHOMICHHSIM KPUCTaJIYHUX
da3 pyrwiy 1 aHatasy.

Henoniku: Bucoka Ttemmeparypa mporecy cuaTedy (1670 — 1770 K) ycknamHroe
TEXHOJIOTTYHUHM TPOIIEC 1 BUMAarae BeJIMKUX €HeproBUTpAT.

3 MeTOI0 3HWXKEHHS TEMIEpaTypu 1 3MEHIIECHHS pPO3MIpYy YaCTHHOK BHKOHAaHI
JOCTIPKEHHsT Ta30()a3HOro Tipofi3y TeTpaxjopuay TuTaHy. OTpHMaHO [aHi, MO TpU
temriepatypi cuatesy 530-670 K yrBoproetscst amopdumii TiO,, a mpu Temmneparypi 670-
870 K - kpuctamiunuii (anaras). CepeaHiii po3Mip YaCTHHOK 3MEHIIYBABCS 13 3pOCTaHHIM
temnepatypu cuate3dy Bix 120 um (530 K) no 18 um (mpu 795 K).

JliokcuJl TUTaHy OTPUMYIOTH TaKOXX METOJIOM OKHCJIEHHS METaJidYHOrO TUTaHy B
HQ/TUIIKY KUCHIO Ta 0OPOOKOIO MOPOIIKOMOAIOHOTO TUTAHY MTapaMH BOJU MIPH TeMIiepaTypi
973-1073 K.

JlocmiKeHHST CHHTEe3y HAaHOIUCTIEPCHOTO AIOKCHy THUTaHY 3 abNsIiiHOl TUIa3MH, 110
bopMy€eThCs IMITYIBCHUM JIA3€pHUM BHUIIPOMIHIOBAHHSM, MOKa3ajH, IO Ui (OpMyBaHHS
KPUCTAJIIYHOI I'PAaTKX BayKJIMB1 YMOBHU (JOPMYBaHHsI, a HE IOYaTKOBAa TEMIEpaTypa YaCTUHOK.
[Ipu po3nwuroBaHHI TUTAHOBOT MiAKIAAKH (pyTUia abo aHaras) B atMocdepi He+O, BusiBieHo
dopmyBanns yactTuHOK Ti0, (amara3) i posmipom uactuHok 10-50 uwm. Ilpu nmazepHOMY
PO3MUITIOBaHHI IMiIKJIAJIKK 3 JIOKCUAY THUTaHY B 1HEPTHINA atMocdepi hopmyBasmcst amopQHi
HaHoAMCIIepcHI yacTUHKH Ti0,.

Ha BimMiny Bix ra3oda3HuX METOAIB CHUHTE3Y HAHOJWCIIEPCHOTO MIIOKCHIY THTaHY,
pinkoda3Huil CHHTE3 BIIOYBAETHCS NP MOPIBHAHO HIDKYUX TEMIIEpaTypax, HAPUKIIA IPU
temriepatypax 670-870K. fx mokazamu TepMO-TpaBIMETPUYHI OCIHIHKEHHS, BUIAJICHHS
TIAPOKCHIBHUX TPYI 1 3aJIUIIKIB OPTaHIYHUX KOMIIOHEHT BiJIOYyBA€ThCS MPHU TEMIEpaTypi
Buiie 770 K. HarpiB amopduoro miokcumy tutany ado TiO, i3 aHaTa3HOIO CTPYKTYPOIO J0
temmepatyp 670-870 K crumynroe dazoBuii mepexin anatas - pyTHI, IO YCKJIAIHIOE CHHTE3
anataszHoi moaudikamii TiO, pigkodha3sHIMEU METOIaMH.

[Mommupenum cocobom onepxkanus TiO, € Tiapodi3 KUCHEBMICHUX OPTaHIYHUX CTOIYK
TUTaHY: KETOCIIUPTIB Ta alIKOKcUiB. PiBHanua peakuii: Ti(OR), +4H,0 — TiO, +4ROH .

OnHi€o 3 MEPCIEKTUBHUX TEXHOJIOTIH oTpuMaHHS Ti10, € 30/b-reiab TEXHOJIOTis, SKa
0a3yeThCsl Ha CYMICHOMY OCQKEHHI TiIPOKCHIIB METAJIB 3 MOJAIBIIO KPUCTATI3AIIE0
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OKCHJIB TNpU TepMiuHi 00poOmi. TexHosoris mpocta i T03BOJISE B IMIMPOKUX MeEKax
BapilOBaTH BJIACTHBOCTSIMH OTPMMYBAaHHMX MaTepialiB 1 MPH BIJOMHUX CITIBBITHOIICHHSIX
KOMIIOHEHTIB JIOCATATH PI3HUX CTYIEHIB X B3aEMO/Ii1 Ta BETUYHHUA JUCIIEPCHOCTI.

9.12.2. MeTtoauka 3o0Jib-resib cuHTe3y HY TiO:

o [lepmmii eram; BuxigHi mpekypcopu : TeTpaxyuopu turany TiCly.

[iaponizyrounii peareHT — coJisina kuciota (36 % Boauwuii po3unn HCI).

Tetpaxnopua TuTaHy oxosiomkyBamu mo 273 K 3 gomoMoror ib0osHOT OaHi Ta To-
KPaIuIMHHO BBOJIMJIM COJIIHY KUCJIOTY 710 ipunuHeHnHs Buaienns HCl.

B pesynapraTi peakmii Tigpoiizy TETPAXJIOPHAY THUTaHy OJIEPKYBaJIA PO3UUH
rigpokcunxnopuay tutany Ti(OH);Cl y comstaiit kucnori (pH = 3,5)

[igpomni3 cymimn KOMIOHEHTIB B COJSHIN KHUCIOTI BiOyBaBca NpU HAsIBHOCTI 5 mac. %
comi cynbdary Hatpito Na,SO, ska OnokyBana (a3oBuil mepexisi CHHTE30BAHOIO
KPUCTAIIIYHOTO aHATa3y B PyTHUIL.

e Jlpyruii eran. CycneH3il0 CUHT€30BaHOIO MaTepiaiy MiJUTyHIoBajau BBeAeHHIM 30 %
BogHOoro po3unHy NaOH, poBoasun no pH=7 i BuTpuMyBanmM mnpu KiMHATHIN
TeMmriepatypi BrupofoBx &8 romuH. Ilicma ocamkenHs TBepAoi (asum cycmeH3siro
HAHOYACTHHOK KiTHKapa30BO MPOMHBAIU JUCTHIHOBAHOI BOJOKO JI0 BIJCYTHOCTI Yy Hil
ionis Na' ta CI".

o Tperiii etan. [licns mpocyuryBaHHS Martepiay MiJAaBaBcs TepMOOOpOOIl MpH Pi3HUX
TeMIepaTypax. BbynoBa, mopdonoris Ta JUCIEPCHICTP YAaCTUHOK BH3HAaUamacs
IIBUJKICTIO Tepediry KOHJCHCAIMHUX MporeciB, pH Ta TemmepaTypor peakmiitHOro
cepeoBUILA.

9.12.3. Moge b nepeo6iry npouecy orpumMaHHa HY TiOo.

CtpykTypu aHatazy i pyTUIy NPEACTABISIOTHCS y BUTIISAI TPUBUMIPHHUX JIAHITIOTIB 3
OKTae/piB Ti* 0. Ientpansauii ion Ti'' oToueHwil micThMa aHiOHAMH 0%, YOTUPH 3 SIKUX
3HaXOJAThCSA B €KBAaTOPiaJbHIN IIJIOMHMHI, a /Ba B akcialbHUX BepmuHax. I[lomimopdHi
momudikamii TiO, BiAPI3HAIOTECS MK COO0I0 B3a€EMHUM PO3MIIICHHSIM Ta THUIIOM
CIIOTBOPEHHS KMCHEBHX OKTaenpiB. B cTpykTypi pyTuiny KokeH okTaedp 3’emHanuid 3 10
CyCITHIMH — 3 BOMa pedpaM# 1 3 IHITUMHU BICBMOMa — BEPIITMHAMH; OKTACAPH 3 CIIITLHUMH
pebpamu, BHPIBHSHI B3A0BXK Kpucrtanorpadiunoro nHampsmky [001]. ¥V Bumaaky anatasy
KOXKEH OKTaeap Mae 4 chnulbHUX pebpa 3 IHIIMMH; OKTaeApW 3 CHIIBHUMH pedpamu,
BHUPIBHSIHI B3A0BX Kpuctanorpadiuanx HampsmkiB [100] 1 [010], yTBoproroun amaHwmii
MOJIBIMHUH JTAHIIOT, epIEeHANKYIsIpHUiA 10 oci [001].

Ipu rigpomisi TiCl, BinbyBaetsest hopmysamus moromepis [Ti(OHy)e] ¥, B sxux ion
Ti*" mepeGyBac B okTaeapuuHiii KoopauHALil. B pe3yabTaTi CIOHTAHHOI AEMPOTOHI3aIii
(mpu x=2 ) BimOyBa€ThCS PEAKIIis TUITY :

[Ti(OH,)e]*+y'H,0 > [Ti(OH)y(OH,)s,]“*"+y H;0",

[Ipu xiMHATHUX TemIiepaTypax Ta Hu3bKux KoHmeHrtpamisx TiCly crabinpHO0 GopmMoro

CTalOTh MOHOMEpPH [Ti(OH),(OH,),]** 3 MmoximBicTIO YTBOPEHHS JUMEPIB  THITY
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[TizO(OH)10_p(OH2)p]Z+(p=6-10). [ToyaTok peakiiii KOHJEHCAIlli BU3HAYAETHCSA 3HAYCHHIMU
pH peaxiiiiHOTO cepeoBHINa Ta KOHIIEHTPAIIEIO TOJaTKOBUX (TOMIIIKOBUX) 10HIB.

3naueHHs pH mpu sKOMy  pPO3MOYHHAETH 3apPOAKOYTBOPEHHS B JAHOMY BHIIAJIKY
perymoBaiocs BBeaeHHsM 30% Boanoro po3unny NaOH. B npomneci ¢opmyBanHs 3apojika
monomepu [Ti(OH),(OH,)s]*" MOKyTh yTBOPIOBATH pi3Hi HPOCTOPOBI CTPYKTYpPH MITSXOM
0o0’eHAHHS Yepe3 eKBaTOpialibHI YM BEPIIMHHI 10HM KHCHIO. 32 YMOBH CTaTHCTHYHOTO
posmoaity OH- ta OH,-rpyn mo BepmuHax KOOPAMHAIIIMHOTO OKTaeapa BiIOyBaIOTHCS
OJIAIIIHI peaKIlii TUIy:

2+ 2+ OH 4+
of OH ot OH OH, T’ OH,_ OH,
OH—Ti —OH + |OH—Ti —OH OH—Ti Ti—OH.| + 2H.O
OH, OH, OH, OH, OH,  OH OHOH,

ko cmocTepiraeThCs «BEepHIMHHA» TpocTtopoBa Jsokamzamis OH-rpyn (dopHi
TO4YKH, pruc.10) To mepedir OJIAMIMHOTO MPOIECY MPU3BOAUTAME JI0 TIOSIBU JUMEPIB, IS SKUX
KOOpJIMHAIIMHI OKTAaeJApu BOJIOJIIOTH CIUIBHUM pedpoM, IO HE HaJeXaTume iX
€KBaTOplaJbHUM IUIOIMHWHAM. B pe3ynbTaTi momasbmioi MOJIKOHACHCAIl BiIOYBAaTUMEThHCS
YTBOPEHHS 3WMI'3aromnojiiOHUX Y CIIpajeBUIHMX JIAHIIOTIB KOOPJAMHAIIIMHUX TOJIeapiB, B
pe3ynbTaTi popmyBaTUMEThCA 3aponok aHataszHoi (asu TiO,. IIpu mokamizamii OH-rpym B
ekBaTopianbpHi TiomuHi oktaenpiB TiOg TepMOAMHAMIYHO BUTIIHUM € (QOpMyBaHHS
3apoJIKiB pyTHIbHOI monmiMopdHOi Moaudikarii TiO,.

AR e

Puc.9.12.1. Cxemamuune npeo-cmasieHHs ONAYIUHUX peaKyill NONIKOHOeHCayii MoHoMepig
[Ti(OH),(OH,),J** , wo npuz-60dsame do opmyeanns 3apookie anamaznoi moougixayii
Tio,

B mpomeci nerigparamii matepiamy BigOyBaeTbes 00’ €THAHHS KOOPIWHAINIMHUAX
OKTaepiB Yepe3 IIOMIUHA TPaHeH, 0 MPU3BOIUTH J0 KpucTamizaii anarasy. O0’eqHaHHS
OKTae/piB Ti*"Os. yepe3 pedpa eKBaTOpiabHOI IUIONIMHU TPU3BOAMTH JO KpHUCTami3alii
pytuibHOi (azu TiO,.

[IpucyTHICTP B pEaKIIHHOMY PO3YMHI KHUCIOT 301IbIIyE WMOBIPHICTH MPOTOHI3AII]
nosepxuesux Ti-OH rpyn Ta yrBopenns Ti-OH, . IIpoToHOBaHA MOBEPXHS JETKO B3a€MOJIi€
3 —OH rpymamu iamux oktaenpiB TiOg 3 yrBopeHHsM 3B’s3kiB Ti-O-Ti Ta popmyBaHHAM
monekynu H,O. IIporec mporonizaiii BiiOyBaeThcs Ha MIOMMHAX TPaHEH KOOPIMHAIIHUX
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OKTaenpiB 1, K pe3yabTaT, TEPMOJAMHAMIYHO BUTIIHUM cTae GopMyBaHHS aHaTazHOI (a3u
Ti0,.

Puc.9.12.2. Cxemamuune npeocmasnenus 06 €OnHanHs xoopounayitnux oxkmaeopié [TiOg4]
npu kpucmanizayii anamasnoi moougirxayii TiO,

HasiBHI B peaxmiiiHOMy cepenoBHIi Cynbporpynu SO, 3 BEIHMKOK HMOBIPHICTIO
dbopMyBaTUMYTh MICTKOBI O1€HTaTHI KOMIUIEKCH 3 10HAMH KUCHIO €KBATOPIIbHOI TIJIOMIWHA
oktaeapiB TiOg, 3MEHIIyIOUM HWMOBIPHICTH OJIALIMHOTO 00’ €IHAHHS KOOPJAWHAIIMHUX
OKTaeApiB 3 CHIJIBHUM EKBAaTOPIAIbHUM peOpoM 1 30UIBIIYIOYM WMOBIPHICTh yTBOPEHHS
3apOJKiB aHATa3HOT (a3m.

07; ‘4\%

Puc.9.12.3. Puc. Cxemamuune npedcmasieHus (QOpMYBaHHI MICMKOB8020 OI0eHMAmMHO20
komnaexcy cynvgoepyna SO, / monomep [Ti i(OH)g(OH2)4]2+

2 - N .
Tun kucnotaoro 3amumky (SO, 7, CI', NO5', F') BimmmBaTiMe Ha MIBUAKICTH HYKJI€AIli
MaTepianxy Ta pPO3IMOJIiT YACTHHOK 32 PO3MipaMHU.
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9.13. Po3knad HecmabinbHux cnosayk

B nmaHmii yac TEXHOJIOTiSI PO3TIAAAETHCA K TEPCHEKTUBHUN CHoci0 OTpUMaHHS
HAHOTIOPOIIKIB 3 po3MipoM dYacTHHOK 20-300 mm. HaiiOinpin BHUBYEHHM € TEPMIYHHIMA
po3kian azuaiB (Me(N3)n, e n - CTYyHiHb OKMCIICHHS), OKCanaTiB (CoJi IaBejeBOl KUCIIOTH,
MICTATh OKcajlaTy C,04> abo (COO)QZ'), nepxjopariB (com xiopHoi kuciaotu HCIOy),
nepMaHranartiB (com xymopHoi kucinotu HMnQO,), xapOoHatiB (Cosi BYTUIBHOT KHCIOTH
H,COs3), rigpatiB (TBepai pO3YWHU, MPOAYKTH MPHEIHAHHS BOIW 10 HEOPTaHIYHUX Ta
OpPraHiYHUX PEUYOBHUH), IUTPATIB (CONI JMMOHHOI KHCIOTH), aleTaTiB (Coii ONITOBOI
KHCIIOTH ), TIAPOOKCH/IIB, aJIKOTOJATIB (ITPOTYKTH B3aEMO/IIT JTy>KHIX METaJIiB 13 CIIUPTAMH).

[Iporiec BKJIIOYAaE TpU peaKIlii: TEPMOIIi3, OKUCIEHHs 1 rigponi3. o mepeBar mporo
METOJ/y BIJJHOCHTHCSI HH3bKa TEMIIEpaTypa MpoIecy, Malli peakiiiHi 00'eéMH, BIACYTHICTH
TPYAOMICTKHX 1 Maoe()eKTUBHUX OIEpPaIliii MPOMUBKH 1 (iAbTpyBaHHS KIHIEBUX MPOIYKTIB,
peryiaboBaHa TUCIIEPCHICTh, XOPOIIIa 3JaTHICTh 10 CIIKaHHS 1 BUCOKA YUCTOTA OTPUMYBAHUX
nopoiikiB. HemomkoM IaHOTO METOJY € CKIATHICTh KOHTPOIIO 1 PeryiaioBaHHS pPO3MIpiB
YaCTUHOK TPU OJHOYACHOMY TMPOTIKaHHI JBOX IPOIIECIB - PO3KJIAJaHHS IOYaTKOBOTO
CHOJYKH 1 CIIKaHHS YaCTUHOK KiHIIEBOTO MPOJIYKTY IiJl BIUIMBOM Temneparypu. OTpuMyBaHi
UM METOJIOM TIOPOIIKU BiAPi3HSIOTHCS BHUCOKOKO XIMIYHOI aKTHUBHICTIO. JlJii OTpUMaHHS
HAHOIIOPOIIIKIB OKCH/IIB METAJIIB IEPCIIEKTUBHUM € BUKOPUCTAHHS K MIOYaTKOBUX MPOAYKTIB
AJKOTOJITIB  (COUPTHUX MOXIAHUX MeTamiB). [Ipy 1bOMy € MOXIMBICTh TJIHOOKOTO
OUYUIICHHS aJIKOTOJISITIB BiJ] CHOMYK 1HIIMX METaiB BHACIIOK iX JIETIOYOCTI 1 PO3YMHHOCTI B
OpPraHiYHUX PO3UYMHHUKAX.

[Ipu TepmiuHOMY PO3KIIai, 3a3BUYall BUKOPUCTOBYIOTh CKJIIHI €JI€MEHTOOPTaHiuHi
1 METAJIOOPTaHIYHI CTOJYKH, TIAPOKCUIN, KapOOHIIU, HITPATH Ta 1HII CIOJYKH METAJIB,
SIK1 TIPU MIEBHIM TeMIlepaTypi po3NagaloThCs 3 YTBOPCHHSIM PEYOBUHHU, 1[0 CUHTE3YETHCS, 1
BUJILJICHHSIM Ta30Boi (asu. LluM MeTomoM NepeBakHO OTPUMYIOTh BHUCOKOAMCIEPCHI
MmeTaneBi nopomku. Hanpukian, miposizom dopmiaTiB 3amiza, KOOaldbTy, HIKEI0, Mijlli, y
Bakyymi abo iHepTHOMY Ta3i mpu Temnepatypi 470—530 cTBOPIOIOTH TUCTIEPCHI MOPOIITKH
MeTaJiB 3 cepeHiM po3mipom yacTHHOK 100—300 HM.

[HIIMM BapiaHTOM MipOJIi3y € PO3KIIA] METAIOOPTAHIYHUX CIOJYK B yIapHiA TpyoOi,
IICJIS YOTrO BIIBHI aTOMHM MeETajy KOHACHCYIOThCS 3 IMepecHdeHol mapu. 3akpuTa 3 000X
OOKIB J0Bra crajeBa TpyOa IIIMTHCS HA Bl HEPIBHI YACTHHU TOHKOIO miagparMoro 3
amoMmiHieBoi (onbru. binbiry yacTuHy TpyOM 3amOBHIOIOTH aproHoM mij Tuckom 1000—
2500 ITa 3 momimkoro 0,1—2,0 mon. % meranoopraHiyHoi Cronayku. [Hima yactuHa TpyOu
3aMOBHIOETHCS TeJEM ab00 WOro CyMININIIO 3 a30TOM J0 THX IMip, MOKH MeMOpaHa He
npopBetbes. [lpu po3puBi MeMmOpaHW BHUHHKA€e yJaapHa XBWIsI, Ha (POHTI AKOI
temneparypa moxe pgocsratu 1000—2000 K. YmapHuiéi HarpiB rasy HpU3BOIUTH 0
pO3KJIaly METaJIOOPTaHIYHOI CHOJNYKH 3a MACKiTbKa MIKPOCEKYHJ MiCl MPOXOKEHHS
GpoHTY XBuUJi, 1 BiIbHI aTOMU MeTally YTBOPIOIOTH JOBOJI MEpPECUUYEHY Mapy, 3AaTHY
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MIBUIKO KOHACHCYBaTHCA. [[uM criocoOoM ol1epKyrOTh TOHKOIUCIIEPCHI MOPOIIKHU 3ali3a,
BICMYTY 1 CBUHIIIO.

KoMmOGiHariero TepMivHOTO pO3KIaAy 1 KOHACHCAIl € Haa3BYKOBHUM BHUTIK Ta3iB 3
KamepH (B SAKIH MATPUMYETHCS MPU CTAIOMY 3HAYCHHI THUCK 1 TeMIIepaTypa) 4epe3 COIio y
BakyyM. B 1IbOMy BUTIQJIKy TEIJIOBAa €HEPTisl MOJIEKYJI ra3y TpaHC(HOPMYETHCS B KIHETHIHY
€HEepriro HaJI3BYKOBOTO MOTOKY, a ra3 MPH PO3IMIHUPEHHI OXOJOKYETHCS 1 IEPETBOPIOETHCS
Ha TIEpecHuYeHy Tapy, B SIKid MOXYTh YTBOPIOBATHCS KJIACTEPH, IO MICTITh BiJ JBOX JI0
MiTpiiOHAa WTYK aTtomiB. [liABUINEHHS TEPBHMHHOTO THCKY B KaMmepl TpU HE3MIHHIN
TEMIEpaTypi MPU3BOTUTH JIO 3POCTaHHS TEPEHACHYCHHA. TakuM YHHOM OYJIO OTPHMaHO
yibTpaaucriepcanii mopomiok (Si3Ny+SiC) mipomi3omM BUXIAHOT PEUYOBHMHH, KA BUTIKANA Y
BUTJISII a€PO30JIs Yepe3 YIbTPa3BYKOBE COILIO.

OCHOBHUM HEIOJIKOM TEPMIYHOTO PO3KJIAIy € MOPIBHIHO HEBUCOKA CEJIEKTUBHICTH
IpoIIeCy, OCKUTBKM MPOJIYKT pEeakiii JOBOJI YacTO € CYMINIIIIO I[iTbOBOTO MPOAYKTY i
IHITUX CTIOJIYK.

9.14. BioHO8HI npouecu

[TomupeHuM METOOM CTBOPEHHS BHUCOKOAMCIEPCHUX METaJIEBHX MOPOIIKIB €
BiTHOBJICHHS CIIOJIYK MeTajiB (T1pOOKCHU/IIB, XJOPHUAIB, HITPATiB, KapOOHATIB) B MOTOII1
BoaHIO Tipu Temmepatypi Huxkde 500 K. XimiuHy peaxiiito BiHOBJIEHHS Ha MPUKIAJI
XJIOpUIY MeTady MoxHa 3anucatu y Burisini: MeCl, MeCl, + H, <> Me + 2HCI.

[lepeBaru bOTO METOAY — HU3BKHUM BMICT JOMINIOK 1 By3bKHH PO3IO1T YaCTHHOK
OTPUMaHUX TMOPOIIKIB 32 po3MipamMu. B MpOMHCIOBHX yMOBax MIUPOKO 3aCTOCOBYIOTH
KaTalmi3aTopu, sKi, 3a3BHYail, OJCPXKYIOTh TMPOCOYCHHSM IMOPHUCTOTO MaTepiary
(cwmikaremto, MEOJITYy) PO3YMHOM TIAPOKCHAY ab0 IHIIOI CIOJYKHM HEOOXITHOTO METaly.
[Ipocouenuii mopucTuii mMaTepian CymaTrh, a MOTIM MPOXKAPIOIOTH B MOTOI BOJHIO st
BIIHOBJICHHSI MeTaiy. B pe3ynbTari B mopax HOCiS yTBOPIOIOTHCS KAaTaJTITUYHO aKTHBHI
IpiOHI MeTaleBl YaCTUHKU. TakuM crmocoOOM MOXKHA OTPUMYBATH HAHOIOPOIIKH 3alli3a,
BOb()pamMy, HIKETIO, PEHil0, MOJIOJEHY, Mifl, KalbIlif0; ICHY€ TaKOXX  MOJKJIUBICTH
OTpPMMaHHSI HAHOIOPOIIKIB JIETOBaHWX CIUiaBiB 1 crameid. OtpumyBani HII wmeranis
BiJIPI3HAETHCS] HU3BKUM 3MICTOM JIOMIIIOK 1 By3bKHM PO3MOIiJIOM YaCTUHOK 32 PO3MipaMHu.

Jlo 1i€l x Tpynmu MOXXHA BIHECTH XiMIKO-MemanypeitiHuti memod. BiAmoBimHO 10O
I[LOTO METOJY, CIIOYATKy MPOBOJAUTHCS PEAKIlisi CHHTE3Y MaJOBOJHHX TiAPOOKCHIIB MIISXOM
razoa3Hoi B3aEMOJii, a MOTIM TPOBOIUTHCSA TEPMOOOPOOKAa OTPUMAHMX TiIAPOOKCHUMIIB Yy
BiTHOBIIIOIOUOMY CEpelOoBUIN (Hampukiajg Yy BojHi). B pe3ymbrarti OTpUMYIOTH
HAHOTIOPOINIKK ~ 3aii3a, HIKeIo, KobOambTy, wMomibaeHy, Bodbbhpamy, wmimi. ko
TEpMOOOPOOKY MPOBOJATH HA TMOBITPi, TO OTPUMYIOTH HAHOIMOPOIIKH OKCHIIB (HAIPHUKIA]
AlLOs, TiO,, ZrO,) abo ix kommoswmmii. [lepeBarn Meromy — Majauii PO3KHJ YaCTHHOK
HAHOIOPOIIIKY 332 PO3MipaMu, HU3bKHI BMICT JIOMIIIIOK, MOPIBHSHO HEIOPOTe TEXHOJIOTIUHE
yCTaTKyBaHHS, JIETKUHN Nepexij 3 BUILYCKY OJTHOTO MOPOIIKY Ha BUIYCK 1HILIOTO.
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10. ByrneueBi HAHOCTPYKTYpH

10.1. Bydoea ¢pynnypeHoeux HaHOCMPYKMyp

VYV 1985 p. Bueni ['api KpBino 1 Pigapa Cmomni 13 ciiBpoOiTHUKAMU BUSIBUJIH, IO B MacC-
CIieKTpax mapu rpadiTy, OTpUMaHOI WOTO BUIAPOBYBAHHSAM ITiJI JJA3€PHUM ITYYKOM, € DS
IHTEHCMBHHUX TIIKIB, IO BIAMOBIIAIOTH KjacTepaMm (abo OaraToaTOMHHM MOJIEKYJIaM)
Byruento. HaiiGinbm craGinmpanMu 3 HUX BusBmimcs Cgy 1 C. Sk 3'sicyBanocs B pe3ysibTari
CTPYKTYpPHOTO aHali3y mepinii 3 Hux MaB (Gopmy ¢yTOOIBHOTO, a Ipyrow — M's4ya peroi.
3rooM iX cTaiu Ha3uBaTu (pynyepeHaMu B 4eCTh aMEpPUKAaHCHKOro apxitekropa dyimmepa,
mo orpuMaB B 1954 p. mateHT Ha OymiBEeNbHI KOHCTPYKI y BHIJISAI OaraTOrpaHHUX
chepoiaiB sl NEPEKPUTTS BEITUKUX MPUMIIICHb.

Binkpura ¢opma Byriemo Oyna HOBolo mo cyti. Ha mportuBary anmasy 1 rpadiry,
CTPYKTypa SIKUX € MepPIOJUYHHMH TpaTaMH aToOMiB, TpeTs (opma KPUCTAIIYHOTO BYTJICIIO
(pynnepenn) € momekyaspHor. Kapkac monekymn Cgy CKIamaerbess 3 12 mpaBHIIBHHX
N'ITUKYTHUKIB (TIeHTaroHiB) i 20 HEPiBHOCTOPOHHIX IMIECTUKYTHHKIB (T€KCArOHiB).

KinbkicTb cuHTe30BaHuX (QymiepeHiB Oyna MizepHOIO, TOMY OyJI0 MOTPiOHO IIe m'SITh
pokiB, ko B 1990 p. Bomsdpranr Kperumep i Jonanpn Xaddman, BUKOpUCTOBYIOUU
3aMiCThb MOTYTHBOTO Jla3epa MPOCTy BYTUIbHY YTy, OTPUMAald Ii CTPYKTypU BXKE B
MaKpOCKOIIYHUX po3MipaxX. Po3pobneHi HUMH MeToau Oynu NPUNAHATHI ISl OyIb-sSKOT
nmabopaTopii, 0 BUKJIMKAJIO MOTIK TOCHIKEHb.

Haii6inpin 3HauymumMm 3 HUX CTayo BiIKpUTTS B 1991 p. smoHcbkuM BueHHM CyMmio
[HmKIMOIO B KaTOAHIN CaXl YCTAHOBOK CHHTE3y (yJUIepeHiB HOBUX TpadiTOBHX CTPYKTYD.
JlocuTh mikaBUMH OyJIM JOBT1 TTOPOKHHUCTI BOJIOKHA, IO CKJIAJAAIOTHCA 3 TpadiTOBUX IIAPiB
bynnepeHonoaiOH0T KOHCTPYKII 3 JdiaMeTpalbHUMHU po3MipamMu Bim | 70 IEKUIBKOX
JIECSATKIB HAHOMETPIB, 1X CTaj M Ha3WBaTH ByryienieBUMU HaHOTpyOKamu (BHT).

Puc. 10.1.1. Cmpyxmypa monexyiu Cgyi Cyy

Y BHT BigHOmEeHHs n0BXUHA 10 AiameTpy ~ 1000, Tak mo iX MOKHA PO3TISIATH K
KBa3i0HOBUMIpHI CcTpykTypu. besmedexrni BHT € numiHapoBUMU CTpyKTypamu, i3
3rOpHYTHX TpadeHOBHUX IIApiB, IO CKIAAAIOTHCS 3 aTOMIB BYTJICIIO, PO3TAlIOBAHUX IIO
KyTax 3'€JHAHHS ECTUKYTHUKIB (T€KCATOHIB).

BHT moxyTh ckmamaTucs 3 ABOX OKPEMHUX IOBEPXOHb 3 PI3HUMHU (Pi3uyHUMH 1
XIMIYHUMHU BiacTuBOCTsIMH. [lepmra — OluHa (IumiHApWYHA) YacTUHA TPyOKH, apyra, —
3aKpUTUH TOpelb, MO (OPMOIO Haraaye IMOJOBUHY MOJICKYIH (yruiepeHy. 3aneKHO Bin
criocoOy 3ropTtanHs TpadeHiB icHye Tpu (opmu wwriaapuunux BHT: axipaneri THIY
"kpicmo" (IBI CTOpPOHM KOXXHOTO TEKCAaroHy OpI€HTOBaHI meprneHaukyiasipHo oci BHT),
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axipanpHi THMy "3ur3ar” (Ipu mapanaenbHOMY MOJOXEHHI JI0 oci) 1 XipanbHi (Oyap-sKa mapa
CTOpIH TekcaroHny postamoBada A0 oci BHT mig kyrowm, Bimmiaaum Big 0 a6o 90°). Ha
puc.10.1.2 Bka3aHi BiAMIHHOCTI IPEICTABICHI HAOUHO.

JIBomipHa ctpykTypa moBepxHi BHT mepemgaerbcsi BEeKTOpOM 3ropTKH (XipaJIbHOCTI)
C},, AKUI BU3HAYAETHCS PIBHAHHSAM:

C}, = neay + mas,

1€ a; 1 a)— OJMHUYHI BEKTOPU T€KCArOHaIbHOI CITKW; 7 1 m — Uil yucna (XipaibHi
inaexcu). [losnauenns inaekciB imoctpye puc. 10.1.3. [anexkcu n 1 m 0AHO3HAYHO TOB'sI3aH1
3 JllaMeTpOM HaHOTPYOKH d:

d=1{a'm) [3 m*+m?+ .?HJ'I}]U'E.

a — MDKaTOMHa B1ICTaHb B TUIOCKIH ByrieneBii citmi (0,1421 HM) 1 XipadbHUM KyTOM

0 (xapakrepusye BIIXWICHHS BiJ KOHQITypallii 3ur3ary i MiHseTbes B Mexxax Bif 0 1o 30°):

B = arctg[—v3n /(2m+n)].

Puc. 10.1.2. Byeneyesi nanompyoku: a — muny "kpicno"; 6 — muny "3uezae"; 6 — xipanivha
BHT

Axipameai BHT tumy kpicna matote iHAeKcH (n, n) 1 0 = 30°, Tumy 3ur3ara — (n, 0)
a6o (0, m) i 6 = 0°, xopaJIbHi.
(0.0} JMrIar (10,0)

Puc. 10.1.3. Inoexcu i gekmopu 0/1s1 NO3HAUEHHs 0OHOWAPOBUX 8Y2lleye8UX HAHOMPYOOK

BHT — (n, m), 0 > m > 30°. Paniyc BHT (n, 0) Bu3Hauyaetbcs piBHsHHIM 1 = 0,0392n
HM, pagiyc BHT (n, n) — piBasaHsaM r = 0,0678n HM. BUKOpHCTOBYIOUH 111 PiBHSHHS, MOYXKHA
BU3HAYMTH 3HA4YCHHS JaiameTpy BHT:

(n, m)

3,3)

(6, 0)

(,3)

(10, 0)

(10, 10)

(15, 0)

(15, 15)

d, am

0,4068

0,4704

0,6780

0,7830

1,356

1,176

2,034
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Haiimenmuii 1 HaWOIBIIMIA JlaMETPH OJHOMIAPOBUX BYIJICIIEBUX HAHOTPYOOK
(OBHT) cknagaroTh BianoBigHo 6;m3bko 0,3 15 HM.

Puc.10.1.4. Macus oonowaposux eyeneyesux HaHompyOoK, OMPUMAHUL 3d OONOMO20I0
CKAHYIOYOI e1IeKMPOHHOI MIKPOCKONIL

Binminnoto oco6muBictio OBHT € mpocta ix OyaoBu, MeHIe 4ucio Ae(eKTiB i, K
HACJIIOK, BHUCOKI MeEXaHIuHI 1 (I3UKO-TeXHIYHI XapakTepucTHUKHA. Pazom 3 TuM ciia
3a3HA4YMTH, [0 MPAKTUYHE 3aCTOCYBAHHS IIMX HAHOCTPYKTYP OOMEKYETHCS €IEKTPOHIKOIO 1
npwIaT00yIyBaHHSIM, JIe TOTPiOHA TOPIBHSIHO HEBEIMKA KITBKICTH HAHOTPYOOK. Tomy ix
BHCOKa BapTicTh (1iHa yrctux 1 ¢pyHkrionamizoBanHuXx OBHT mocsrae 1000 $/1) He Moxke
ICTOTHO TTIOHU3HUTH KOMEPIIIITHY MprUBaOIUBICTh X BUKOpHCTaHHSA. Hampuknaz, 3 1 mimirpama
OBHT wmoxHa 3pobutu THCSUI €PEeKTUBHUX KAHTIBIIEPIB PI3HUX CKAHYIOUUX MPHUCTPOIB 3
MPAKTUIHO HE OOMEKEHUM TEPMIHOM EKCIUTyaTaIlli.

Puc.10.1.5. Hanompybxu 3 n’samu a), 060x 6) i cemu 8) epagheHosux wapis

Oxpemo TpUHHATO BUALIATH AomapoBi HaHOTpyOku (IBHT), sixi €, HEemMoBOW,
nepexizHo (opMoro Mixk opHomapoBuMu i Gararomaposumu (BBHT). Ix 3oBHimmiii
niameTp Bapitoetses Big 1,8 mo 7,1 am (puc.10.1.5, 0).

JAIBHT moxyTth xoukypyBaTa 3 OBHT mo psiay mokasHHKIB, 30KpeMa, 0 MEXaHI9HUX
BJIACTUBOCTSIX. BOHM MarOTh Kpally TEpMiuHYy CTIHKICTh, TEIIO- 1 €IEKTPOIIPOBIIHICTh, aH1K
OBHT. Akuo OBHT mounnaroth koamiciuayBatu npu temmepatypi 1200 °C, to IBHT mpu
temriepatypi Outeme 2000 °C. Pazom 3 TUM iCHY€ CKJIQJHICTh CHHTE3Y 1 TOJAJIBIIOTO
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ounmienHs JIBHT, unm Bu3HavaeTbcs HE HabaraTo MEHIA BapTiCTh MPOAYKTY HAa PUHKY
BHT, craButh mix cymHiB MOxuBicTh Bukopuctanusa JIBHT B mmpokxomy miamna3oHi.

HapemTi Haif0iabl 4YUCIEHHUMHU TIO OYyI0Bi, MOP(OJOTIYHUM XapaKTEPUCTHKAM i
BJIACTUBOCTSIM € OaratomrapoBi ByrierneBi HaHOTpyOku (BBHT), nmesxi BapianTH SKHX
npexactasieHi Ha puc. 10.1.5, a, B. CTpykTypa excriepuMeHTanbHo crioctepekyBannx bBHT
0arato B oMy BIIPI3HAETHCS Bl BUIETIPEACTABICHOI 1AeanizoBaHoi kapTuHu. [lepmr 3a Bce,
e cTocyeThcsi aedekTiB, HasBHICTh skux B BBHT mnpusBomauth 10 crmoTBOpeHHS iX
CTPYKTypHu. Tak MpPUCYTHICTh MATH- 1 CEMUWICHHHUX IUKIIIB B CTPYKTYpl HE MPHU3BOIUTH 0
MOPYIICHHS X HWIIHAPIYHOT (OpPMHU, MPUYOMY MPH BIPOBAHKEHHI MATHWICHHOTO ITHKITY
YTBOPIOETHCS OMYKIUN BUTHH, a MPU BIPOBAHKEHHI CEMUWICHHOIO — YBITHYTHH. IHIm
BiIXUJICHHS Bif i1eanbHOi cTpykTypu y BBHT Oynu BusiBneni B poboTax, e 3HaUYHA 4acTHHA
OTPUMaHUX TPYOOK MaJia TIOTIEPEUHU TepeTHH y ¢popMi 0araTOKyTHHKA, MPUIOMY JTUTSTHKHA
TUIOCKOT TIOBEPXHI OylH CYCIIHIMH 3 TUISTHKAMHU MOBEPXHI BEJIMKOI KPUBU3HU, SIKI MICTHIU
Kpai 3 Sp°- FiGPUIHIM BYTTICIIEM.

Kpim BBHT tumy "pociiicekoi marpromku" (puc. 10.1.6, a), icaytors BBHT Tumy
"pynony" (puc. 10.1.6, 6) i "nman'e-mamre" (puc. 10.1.6, B), ajile BOHM 3yCTPIidarOThCs piJIIe.
Sx i g OBHT, nnsa BBHT xapakrepHe yTBOpeHHS 3pOCTKiB.

©oE

a) o) B)
Puc. 10.1.6. Mooeni 6yoosu BPBHT:a — "pociiicoka mampvowrka"; 6 — "pyion”; 6 — "nan'e-
mauwe"

Yucno mapiB HalvacTime ckiaaae He Oimpiie 10, ane B OKpeMHUX BHIIAJKaX JOCSTa€e
neximbkox [lecarkis. [lpu Oyap-skux Bapiantax Oygosu bBHT mixkmraposa Biactans ("Ban-
Jep-BaabcoBa ImiyiMHA") OnM3bka a0 BiAcTaHi MbK mapamu rpadity (0,34 HM), a y
nedexktanx BBHT wmoke mocsratm 3nadensas 0,4.0,5 M. MixmapoBa Bigctanb d. B
oesnedexranx BBHT sanexuts Bix miamerpy Tpybok Dy, 1 3menmyerecs y mipy ioro

sGinpmenns: e = 0.344+G__le_519"_

e ogaum cTpykTypHuUM pizHOBHIOM BHM € Byrmenesi HanoBosiokHa (BHB), mo
SKUX TPUHHATO BITHOCHUTH HUTKOMOII0HI HAHOPO3MIpHI BYTJIEIIEBl YaCTUHKH, 110 HE MAIOTh
SCKpPaBO BUPAKEHOI MIIIHIAPIYHOI opieHTarli rpadeHOBUX MIapiB a TAKOX BHYTPIITHBOI
HOPOKHUHHU.

BincyTHicTh 10 TemepimmHROrO dYacy 3arajbHOBU3HaHOT kiacudikamii BHM,
3aCHOBAHOI HE TIIbKM Ha MOP(OJIOTIYHMX O3HAKAX, aje 1 B3a€MO3B'SI3HUX BJIACTHUBOCTEH
OKpEMHX PI3HOBHUJIB BYTJCIEBUX HAHOCTPYKTYp, HE [O3BOJSE KAaTETOPUYHO BiIHOCHUTH
koHKpeTHi BHM 1o pospsigy OararomrapoBux TpyOok abo BosokoH. Tum maue, mo mpu
cunTe3l BHM pinko BUXOASTh HA3BUYAWHO OJHOPIIHI CTPYKTYypHU. YacTo e cyMiii pi3HUX
HAHOBYTJICIIEBUX YTBOPEHB 3 OYEBUIHO PI3HUMU BIACTUBOCTAMU. "ApXiTekTypHa" molymoBa
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rpa)eHOBUX MIApiB JOCUTH PI3HOMAHITHA 1 YaCTO MEPEIKOKAE BHUSBJICHHIO OJIHO3HAYHOI
MPUHAICKHOCTI 0 TOro abo iHmoro kiacy BHM.

UL

Ly
HHIIIIHIJIHH

ey

a

z) &)

Puc. 10.1.7. Mopgonociuni pisnosuo-nocmi BHT i BHB: a — Hanosonoxno "cmosnuux
monem"; 6 — HanosonoKkHO "snunkosoi cmpyk-mypu" (cmonka kouycie, "pub'aua kicmka"); 6
— Hanompybka "cmonka wawox" ("namnosi abaxcypu'); e — namompyora "pociticbka

mampvour-xka'; 0 — 0ambOyKonoodibHe HAHO-80JOKHO, € — HAHOBOIOKHO I3 ChepuyHuMu
CeKYIAMU, € — HAHOBO-IOKHO 3 NONIeOPUYHUMU CEeKYIAMU

Ha puc. 10.1.7 moxka3zaHi TiNbKH J€AKI MOXJIMBI KOHCTPYKIIi pO3TamryBaHHS
rpadenoBux mapis B BHT 1 BHB. IcHy10Th Tako)k 9HCII€HHI CTPYKTYpPH JIPYTOTO 1 TPETHOTO
NOPSKIB, yTBOpeHi 3 nepBuHHUX BHT: 3pocTku, MKryTH, KUJIbIA 13 3pOCTKIB, arjioMepaT 3
okpemux BHM, cTpiukoBi, criipaibHi, JepEBOBUIHI Ta 1HIIII BYTJICIIEBl HAHOYTBOPEHHS.

10.2. Bnacmueocmi syarneuyeeux HaHoMamepiarsie

Ha cyuacHoMy eTami BHBYEHHS BYTJICIIEBUX HAHOCTPYKTYp copMyBasiacs OUEBUIHA

ayMka mpo Ti uyu iHmi ¢opmu BHM, 1m0 yTBOPIOIOTHCS BHACHTIIOK BEIUKOI KUIBKOCTI
YMHHUKIB, 3 SIKUX TOJIOBHI:

e cmoci0 cuHTe3y;
® [I0YaTKOBI KOMIIOHEHTH;
® TEXHOJIOTIYHI PEKUMHU CUHTE3Y.

[upoxuii crieKTp yMOB TpoBeneHHs mporieciB cuHTesy BHM Bu3Hagae Takmii ke
MIUPOKHUNA Jlama3oH iX SKICHUX XapakKTepucTuk. [Ipm 1mpomMy pe3ynbTraté JOCITIDKEHB 1,
30Kkpema, BiracTuBOcTi BHM Bipi3HAIOTECS JOCHTH 3HAYHO TIPH, 37aBajiocsi O, HEICTOTHIM
BIJIMIHHOCTI yMOB iX ctBopeHHs. Ciij 3a3Ha4yuTH, IO Ha JAaHOMY €Taml JOCIiKEHHS
ocobnmBa yBara npuaitsietbesst BBHT 1 HB, siki € 00'ekTaMy mpakTHYHUX TOCITI PKEHb.

[Ipy>kHi MexaHIYHI BIACTHBOCTI MPOTSDKHOI MUIIHAPIYHOT OOOJIOHKH, a caMe€ TaKHM
00'eKTOM Teopii MPY>KHOCTI MPEJCTABISIETHCS BYTJICIIEBA HAHOTPYOKa, XapaKTepU3YIOTHCS
BIJIMTOBITHUM HAOOPOM TMapameTpiB (MOIYJIIB MPYKHOCTI). SIK BiIOMO, MOy/b MPY>KHOCTI E
€ xoedimieHTOM MpomopIiitHOCTI Mik Hampyroi ( ¢ ) 1 gedopmariero ( € ) OOOJOHKH B
NIEBHOMY HaIpsIMi.
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10.2.1. EKcnepyuMeHTaJ/IbHI 3HaUYEeHHA MOAYJis npykHocti BHT

OcHoBauM mapamerpom BHT, mio xapakrepuszye WOTO MIIHICTh, BBaXKAIOTh
rpaHuyHui Moysib FOHTa, SKuii BU3HAYAETHCSI BUPA3OM:
o N
E:—:—_ :
g 2nRhe
e G — TpaHWYHa Hampyra, [0 € BIJHOIIEHHSAM TpPAaHUYHOI CWIM HaTATy N,

npukianenoi 1o BHT, no miomi #ioro momepedHoro nepeisy; € — BIAHOCHE PO3TITyBaHHS
(3MiHa JOBXXHWHM ) HAHOTPYOKH MpH Takii Hanpy3i; R — paxiyc BHT; 4 -- ToBmmHA CTiHOK.
AHaJi3 3HaYeHb MOMAYJISI MIPYXKHOCTI JJO3BOJIsiE 3pOOUTH BUCHOBOK, 1[0 HAHOTPYOKHU €
MaTepiaJoM 3 pEeKOpAHMM 3HaueHHsSM Mmoayns FOura (B cepemapbomy 3 1 TIla). Crig
3a3HAYMTH, 110 MOMITHO BHUIAAA€ 3 3arajbHOro psny 3HadeHHsS mMoaynst FOura mis BBHT,
cunre3oBannx CVD-MeTonom, mpaBfa, e CTOCYEThCS TPYOOK 13 3HAUHUMU CTPYKTYPHUMHU
nedextaMu 1 3HaUHUMU AiaMeTpanbHuMu posMipamu (50...100 m). Takox BCTaHOBIEHO,
10 E mpakTH4HO HE 3aJIeKUTH B TaKo1 (Pi3MYHOI BETUYHHH, SIK XipaTbHOCTI HAHOTPYOOK.

[TopiBHSIBHI AaH]1 MPO MEXaHIYHI BIACTUBOCTI JIEIKNX MaTepiajiB

E,TTla 006 ekt MeTo1 BUMIpIOBaHb [TpumiTku
1,3+0,45 Opnnomaposi BHT YacToTa KOJIMBaHb -
0,81+0,41 baratomaposi BHT, cunte3oBani -
€JIEKTPOTyTOBHUM METOJIOM [pyxHs
0,0027 bararomaposi BHT, cunte3oBani nedopMmarris CwiibHO HEBIIOPSIA-
metogoM CVD KOBaHa CTPYKTypa
1,8+0,9 bararomnraposi BHT TemioBi KOJTMBaHHS 300<T<1100K;
1,28+0,59 bararomaposi BHT miamerpom BlAMIY€Ha TEHICHIIS
26...76 HM Yacrora pocrty E i3 3MeHIIeH-
KOJIMBaHb HsMm aiamerpy BHT
1...1,2 bararomaposi BHT -
0,45+0,23 JIKyTH TOBKUHOIO 2MM 1
niametpoM 10MKM, 110 MICTSTh [Ipsime BuMiproBaHHS -
BHT 3 BuyTtpimHimM giametpom 12
HM 1 30BHIIHIM giametpoM 30 HM
BigMiuena TeHaeHIis
3,5 baratomaposi BHT miamerpom pocty E 13 301mb111eH-
10...100 am HSM CTYTIEHS] KpHUCTa-
O0poOka pe3yabTaTiB miyrocti BHT
0,01 Opnnomaposi BHT, BupomieHi BHUMIPIOBaHb THYYKOi -
Merogom CVD nedopmarrii
1,23+0,09 | Baratomaposi BHT 3 BHyTpimHiM -
JgiaMmeTpoM 3,2 HM 1 30BHINTHIM
niametpoM 14,3 HM, BUPOIIICHI
MmerogoM CVD
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10.2.2. MexaHi4YHi BJIaCTUBOCTi HAHOMaTepiaJiB

BBHT nocrynatotecss OBHT mo psigy mokasnukiB mirtHocti. BBHT Trmy "nammoBux
abaxypiB" (puc. 10.1.7, B) 3 Maj00 JOBXHHOIO 1 MaJOI0 BEITUYMHOIO KyTa KOHYCHOCTI 3a
po3paxyHKaMH MOXYTh IepeBepiryBaTu MexaHiuHi BiacTuBocTi miust OBHT 1 BBHT 3
MWTHAPUYHUMU CTiHKamu. [Ipw 301IbIIeHH] JTOBKWHU 1 KyTa KOHYCHOCTI CHTYyaIlisl CTae
3BOPOTHBOIO.

XapakTepucTuka I'padir Byrenenesi BBHT OBHT Cranp
BOJIOKHA
Minnicts nipu postsry ['Tla 100 3...7 300...600 300...1500 0,4
Monyne npyxsocTi, ['Tla 1000 200...800 500...1000 | 1000...5000 | 2000
[Tutoma minHicTs, ['Tla 50 2.4 200...300 150...750 0,05
[MuTomuit Moy 500 100...400 250...500 500...2500 26
npyxHocri, ['Tla
['pannunuit posrsar, % 10 1...3 20...40 20...40 26

OcTaHHIM 4YacoM BHSIBJICHO HOBi edektu Byrieneux BiactuBocteil BHT. 3okpema
BIIKDUTO 3JaTHICTh BepTUKaIbHO po3Mimennx BHT 3a3HaBatéi 0ChOBY €HIEPOBCHKY
nedopmariito, Mo CympPOBOIKYETHCA ICTOTHUM CKOPOYEHHSIM iX BHUCOTH, IO JIOJIA€ I[LOMY
MaTepialy HEe3BHUYaHI BIACTHUBOCTI. BHSBIEHO, MO0 BEPTUKAIBHO-OPIEHTOBAHWUN AP
HAHOTPYOOK TIOBOJMTHCS SIK TIHOMOMIOHWN Marepian, 3JaTHUW MiJ TI€I0 HaBaHTaKEHHS
00EpHHEHUM YHMHOM 0araTo pa3iB MiHSATH CBOIO IIIIBHICTH. BepTukampHo-opieHTOBaHi BBHT
3aBBUIIKA 10 | MM Oynu BUpPOIIEHI Ha TUIOMII 2 oM’ MerogoM ['@XO 3 BUKOPHCTaHHIM
deppornieny 1 kcusosry sk mpekypcopy. IlmiBka "micy" 3 BHT Garato pasiB mimmaBanacs
BEPTUKAJIILHOMY CTUCHEHHIO JI0 TOBIIMHH, IIO CTAHOBUTH MpHOIU3HO 15 % mouyaTKOBOi, K
nokaszaHo Ha puc. 10.2.1.

i1
|

W inu o o o ,_g-_,—'{’ .ﬁ * . - =
MWacue ganotpybox CTHCHEHHA Binuoenenua

Puc. 10.2.1. Intocmpayia xapaxmepy eepmukaibho2o cmucHeHus macugy BHT (nicas

3HAMMS HABAHMANCEHHS CHOCEPI2AEMbCS Malidice nogHe 8i0HosnenHs eucomu BHT)

BumiproBaHHs Moka3anu, 10 miciast KoxHoro ctucHeHHss BHT BiHOBIIOIOTH CBOIO
MOYaTKOBY TOBIIMHY B KiHII KOxHOro Iukiy. 3a 1000 mukimiB TOBIIMHA IUTIBKH "micy"
3meHnryBanacsa 3 860 mo 720 mxwm. llIBuakicte pyxy BigHOBIeHHs BepuinH BHT mpu 3HATTI
HaBaHTAXKEHHS CKJIaJa€e 2 MM/C, 10 iCTOTHO OibIlle aHAJIOTIYHOTO Yacy, XapaKTEPHOTO s
BIIHOBJICHHSI TIHHUX MomiMepHuX MatepiamiB. [[ns crucaytux mapis BHT xapakrepni
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XBWICTIOAIOHI BUTHHU 3 JOBKWUHOK XBHWII, IO 3aJI€KUTh BiJ MOYATKOBOI TOBIIMHU IIapy.
Jlnst mapy 3aBTOBIIKK 860 MKM IOBXWHA XBHJI CKiamae 12 MxM, a nmpu ToBmuHI 1200 MK—
JIOBXKMHA XBHJII piBHA 25 MKM.

JlocmimKeHHsT KpUBUX 3aJI€KHOCTI HApYTH Bl Aedopmariii mokasaio, o Ma€e MicIe
3HAYHUN TICTEPE3UC, M0 BKa3ye Ha €(EKT MOTIMHAHHS MEXaHIYHOI eHeprii mpu CTHCHEHH,
[0 MOJKJTMBO TIOB'SI3aHO 3 TEPTSAM HAHOTPYOOK MK c000t0. TakuM YHMHOM, BUSBIJICHO ITIKABE
KOJIEKTHUBHE SIBHILIE, ITOB'A3aHE 3 HE3BUYAMHNMH MeXaHIYHUMH BiacTuBocTamu BHT.

IIpu Burmni BHT mnposiBnseTscs sBUIE €TACTUYHOCTI, YTBOPIOIOTHCS CBOEPIIHI
BY3JIH, 3/IaTHI PYKHO po3noauisatucs. Ls BaactusicTs BiapizHse BHT Big O6ibmiocTi iHIITMX
MaTepianiB. 3HaY€HHS TEIUTONPOBIIHOCTI A mpu pi3HUX Temmnepatypax st BHT 3 ingexcamu
xipampHOCTi (10, 10) moka3zani Ha puc.10.2.2. BuaHo, mo npu KiMHaTHIA Temrepatypi A
nocsrae ~ 6600 Bt / (m-K).

[TuToMuii eneKTpUYHUN OMip P, BAAIOCS BUBYUTH TUIBKH B 1996 p. BusiBuiocs, mo p
MOJKE TIpUMMAaTH 3HAYCHHS BiJ] 510" 1o 0,008 OM'M; TaKUM YUHOM MiHIMaJIbHA BEJTMYHHA P
Ha TIOPSAIOK MeHIa, HiX y rpaditi. BHT 3 MiHIManpHIM OIOPOM MOXKYTh MPOMYCKATH CTPYM
BenmdesHoi cum — 1,810 A. [Ipu Temmepatypi 250 °C Ttakmii cTpyMm 30epiraerbcs
npoTsiroM 2 TikHIB 0e3 pyiHyBanHs BHT 3a paxyHok enexrpomirpamii. Ille omniero
ocobmuBoro BiactuBicTEo BHT € 3matHicTh 70 aBTOENEKTPOHHOI eMicii, mpu I[bOMY
HATPY>KEHICTh €NEKTPHYHOTO TOJIsl (CTBOPIOBAHOTO 30BHIMIHIM JDKEPEIOM) B 30H1 "TOTOBKH"
BHT B cotHi pa3iB mepeBuilye 00'€eMHY Hampy>KeHICTh. L[ BIacTHBICTH peai3yeThCs B
AQHOMAJIbHO BHCOKHX 3HAYEHHSX TYCTHHH CTpymy emicii (= 0,5 kKA/M ) npu MOpiBHSIHO Mamii
30BHIIIHIN Hampy3i (= 500 B).

st

40

30

0 100 200 300 400
Puc. 10.2.2. I'paghix 3anesxrcnocmi mennonposio-nocmi () BHT 6io memnepamypu (T, K)

[Ipn Hampy>XeHOCTi eNeKTpU4YHOro mous, piBHiK 1,6 MB/M, pobora BuxoIy
enextponis 3 BHT pisna 1,60219-10"° JIx, mo poGuTh iX KpamuM Matepiaqom s
aBTOEMICIHHUX (XOJOJHMX) KaromaiB. XapaktepHoro BiactuBicTio BHT € ix 3matHicTh
MOTJIMHATH PiAKI abo razomomiOHI pedoBWHU. Biacranp MK TpadeHOBHMMH IIapaMud B
OaratomapoBii BHT (0,34 uM) nocraTHs mis Toro, moO BcepeauHi TpyOKH Moria
PO3MICTUTHCS AesKa KITbKICTh pedoBUHU. Ll pedoBrHA MOke MpoHUKHYTH Bcepenuny BHT
M7 €0 30BHINIHBOTO THUCKY, a00 BHACTIJIOK KamUIApHUX CWI. BusHaueHo, mo B
nopoxxuuHu BHT MOXyTh IpOHUKATH PiAWHU, IO MAIOTh MOBEPXHEBHA HATAT HInkuuil 200
MH/M. CunresoBani BHT, 3amoBreni nammpoBimamMm Martepiaiom (TaC), mo BigkpuBae
nepcrnekTuBy Bukopuctanas HT y TexHo10T1T HaIiBIpOBI THUKIB.
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Byrneus y surnsai BHT naOyBae He3BUYaHMX MarHiTHUX BJIaCTUBOCTEH. 30KpeMa,
BUSBJSIETHCSl BEJIMKAa HETaTMBHA MarHiTHa cnpuiasTIuBicTh BHT, mo Bkaszye Ha ix
JIaMarHiTHOCTh, 1 IO IIBUAIIE 32 BCE, OOYMOBJICHO MEPEMIIICHHSIM EIEKTPOHHUX CTPYMiB
o koiry. 3 posrisiay puc. 10.2.3. BUaHO, 110 3aJIeKHICTh MarHiTHOT cipuiHsITInBOCcTI BHT
BiJl TEMIIEpaTypu ICTOTHO BIAPI3HSAETHCA Bia iHmMUX ¢dopm Byriemio. Crif 3a3HAYATH, IO
Buiesragani BimactuBocti BHT MoxyTh OyTH 3HA4HO MOCHIIEHI 32 PaxXyHOK 3aCTOCYBaHHS
JIOJTATKOBUX MAHIMMYJISIIINA 3 HUIMH.
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Puc. 10.2.3. Temnepamypui 3anesxcnocmi MacHimuoi CnputiHAm-iueocmi y OJisl pisHux ¢hopm
gyeneyro: 1 — kpucmaniunuil gyanepen Cgy, 2 — anrmas; 3 — akmugHe @yeinisa,; 4 — epagim
niponimuynui; 5 — BHT

[cHyIOTH Taki HampsIMKA MOXJIMBUX JOCTiPKEHb B 00JacTi BJOCKOHAJICHHS SIKICHUX
napameTpie BHT : OaratocraniliHe, IJIbOBE OYHMIIEHHS, COJIOOLTI3aIS, camo30ipka i
nojiMepu3arisi, MoAudikamis HUIXoM (yHKIIoOHAMI3amil (mpuegHaHHS (QYHKIIOHATBHUX
rpyn), IHTEpKaTIOBaHHS, aJcopOIlis 1 XxeMocopOIlisi, IeKOpyBaHHS, 3alIOBHEHHSI BHYTPIIIHIX
o0J1acTe, TOIIO.
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10.3. Cnocobu ompumaHHsi BHT

[cHyrOTh TpU OCHOBHI criocoOu cuaTe3y BHT:
- IyTOBWU,
- ;asepHoi absii;
- TipoJi3 BYTJIEBOHIB.

10.3.1. lyroBuii cnocio6

HaiiGinemr mommpennit meton otpuManHs BHT, mo BukopucToBye TepmidHE
po3muIOBaHHS TPadiTOBOTO €IEKTPOAY B IUIa3Mi IyrOBOTO PO3PSALY, SKHA TOPUTH B
atmocdepi remito (He). Metox Oy 3amouatkoBanuii B 1991 p. smoHchkum ydeHum C.
[mxiMoro, BiH BIAPI3HABCS Big METONYy OTpUMaHHsA (YIJIEPEHIB THUM, IO EIEKTPOIU
HEJ0TOPKAJIUCh MK CO000, a 3HAXOJUJIMCS HA JCAKIM BIJICTaHI OJMH BiJl OJTHOTO ITi/I Yac
TOPiHHS AyTU. Y X YMOBax BYIJICIb, III0 BUMIAPOBYETHCS 3 aHOA KOHJICHCYEThCS Ha KaTO i
y BUTJISIIL OCaay, MePeBaKHO IIITIHAPIYHOT POopMHU.

AHon

- l}mﬁqa C:)

Karon

Puc. 10.3.1.1. Cxema posnunioeanns epagimy 6 niazmi eirekmpiunoi dyeu (0ea epaghimosi
eeKmpooU  UKOPUCTNOBYIOMbCS  OJisl  CMBOPEHHA  eNeKMPUUHO20 0Y208020 pO3PAOY 8
iHepmHil 2a308itl ammocgepi)

3aBASKM JaHOMY METONy OyJlu OTpHMaHi BYIJeleBi HaHOTPYOkHu y ¢dopMmi TOCTpUX
roJiok giamerpoMm Bix 4 10 30 HM 1 JOBXHMHOIO | MKM Ha HETaTHBHOMY KiHIII BYTJICIIEBOTO
€IEeKTpOAYy TMpHU TMOCTIHHOMY CTpymi JyroBoro po3psny. ['padiroBi emekrpoan
po3TanioByBanucs B 00'eMi, 3aIIOBHEHOMY aproHOBUM cepenoBulieM, ne P = 100 topp (puc.
10.3.1.1.).

BuBuUeHHS CTPYKTYpH T'OJIOK 3a JOMOMOTOI0 MPOCBIYYBAHOI €IEKTPOHHOT MiKPOCKOMIT
(ITEM) mnoxka3ano, o KOXXHA TOJKa CKJIAJA€ThCS 3 KOAKCialbHUX TPyOOUOK, BKJIAJCHUX
OJIMHA B OJIHY, SIKl, Y CBOIO Yepry, CKJIAJAI0ThCs 3 TeKCAaroHAIbHUX CITOK Tpadiry, y By3iax
SKMX PO3TalloBaHi aTomMu Byriento. Takux TpyOouok moxe Oytu Bim 2 mo 50. Koxna
OJTHOIIapOBa TPyOOUYKa OTpHMaHa IUISXOM BHPIZYBaHHS CTPIUKHA 3 TpadiToBOro jmcTa B
OyIb-SIKOMY HampsiMi 1 3TOpTaHHS IIl€i CTPIYKKA TaKUM YHHOM, 00 BHWIHIILJIA TaK 3BaHa
"6e3moBHA" TpyOouka, TOOTO HAaBHTHA HABKOJIO oOci remikoig. KyT ckpydyBaHHS MOXe
MIHATHACS BiI TPyOKHM 10 TpyOKM, a TakoX ycepeauwHi ojaHiei TpyOouku. Bepmmanm

148



BYTJICIICBUX HAHOTPYOOK 3aKpHUTI KOBMAYKAMH-KAMETIONIKAMHU, IO CKJIaJaloThCs 3
MIECTUKYTHHUKIB 1 IT'ITAKYTHUKIB, SIK 1€ MA€ MICIIE B CTPYKTYypi Mosiekysn pyruiepeny Ceo.

BuBuennss mopdouorii 3poctanns BHT, cuHTe30BaHMX B eNEKTpUYHIA [Ty3i, 3
normomororo [TEM moxazaio, mo € 6araro Bapiaiiii mo popMyBaHHIO HAHOTPYOKH, OCOOITHBO
Oinst i1 BepmmHM. CKOHCTpYHOBaHI TOIOJOTIYHI MOJENI TMOKa3ajdd, M0 M'ATUKYTHHUKHU 1
MIECTUKYTHUKA BIAITPAIOTh KJIIFOYOBY POJIb.

Maiixe omHodacHo B 1993 p. Oymu cumate3oBani OBHT, mpu mpomy B mporiec
OTpUMaHHs BBeJEHI HOBI enemeHTH. Kamepa, nge TeHepyBajacsi eJNeKTpUYHA JyTa,
HATMTOBHIOBAJIACS CYMINIIIIO MeTaHy mpu TUCKy 10 Topp 1 aprony mpu Tucky 40 topp. Y
IEHTP1 KaMepH EJIEKTPOJM PO3TAIIOBYBAIHMCS BEpTUKaIbHO. HrokHIN enexTpona (aHOI) MaB
BY3bKy 1 MIHOOKY MOPOKHHUHY, B SIKYy 3aKjajanacs By3bKa cMmyxkka 3amiza. CTpym ayru
ckmagaB 200 A, a Hampyra Mix rpaditoBumu enekrpomamu 20 B. Kputnuawmmu mis
orpumanas OBHT Oynu Tpu KOMIIOHEHTH: aproH, 3ami3o 1 metan. Otpumani 3pasku OBHT
Oynu y BUTJISAI TPIMHUKIB, 310paHux B 3B's3ku. [liamerp HaHOTpyOOK MiHsBcs Big 0,7 mo
1,65 uM. Enektpuuna myra reHepyBasiacs MK TpadiTOBUMH €JIEKTPOJaMH 332 HASBHOCTI B
peaktopi remieBoi atMocdepu i THCKy 500 TOpp. AHOJ MaB OTBIp SKHI 3allOBHIOBABCS
cymimmo metaneBoro karamizatopa (Ni/Co, Co/Y a6o Ni/Y) i rpadiToBOro mopoIIKy.
[Mapametpu enextpuunoi ayru: ctpyMm 100 A i manpyra 30 B. Otpumanuii MmaTepiaa MiCTUB
10 80 % cruryTaHUX BYTJCIEBUX HAHO3B'SA30K JiaMeTpoM Bix 5 10 20 HM, IO CKIAAal0ThCS Y
cBoto uepry 3 OBHT miamerpom Bin 1,4 mo 1,7 um. Koskna 3B'si3ka MicTHIa 10 IEKUTBKOX
necsatkis OBHT. Takum dYMHOM, METOJOM pO3MNHIIIOBaHHS TpadiToBOTO aHoda 3
KaTajai3aTopoM B eleKTpuuHiil my3i moxkHa orpumatu OBHT y Burmsiai 3B's30K, HE Qyke
OpUJATHUX JJI TNPaKTUYHOTO BHKOPUCTAHHS, NPOTE 1€ BHOCUTH IEBHUW BKIJIAJ IS
BUBUYCHHS OJJHOBUMIPHUX BYTJICIIEBUX HAHOCTPYKTYP.

Moaudikarist METOTY, 11O TIOJIATAa B 3HAXO/PKEHHI ONTUMAIIbHUX TIApPaMETPIB: THCKY
He, BenmuumHM CTpyMy IyTd, HApyTH 1 3a30py MK €IEKTPOJAMU — TO3BOJMIIA 301IBIIATH
BUX1J HAHOTPYOOK. Y CTaHOBKA MiAKIIOYAETHCS O BAaKyyMHOT JiHii 3 qudy3iiHIM HACOCOM i
1o prepena razononionoro He. besmepepBuuii motik He mpu mocTiiHOMY THCKY € OibI
nepeBakalouuM, aHK CTaTHYHA ra30Ba aTMocdepa.

Ha puc.10.3.1.2. mpeactaBieHa cxema YCTaHOBKHM [uisi oTpumanHHs BHM, mio
BUKOPUCTOBYE JYTOBHH CIIOCIO CHMHTE3y B MOro KJIACHYHIN 1HTepmpertamii. Y IyroBomy
PO3psAIi Mi>K aHOJIOM 1 KaTtoaoM npu Hampy3si 20.25 B, cTabinizoBaHOMY MOCTIHHOMY CTpyMi
ayru 50.100 A, Ta wMbkenexktpoanii Biactani 0,5.2 mm i Tucky He 100.500 Topp
BiIOyBaeThCs IHTEHCHMBHE pO3MIUIIOBAHHS MaTepiany aHojga. YacTuHa MPOIYKTIiB
PO3MILIIOBAHHS, 110 MICTUTH Tpadit, caxy 1 QyuiepeHH, ociJae Ha OXOJOIKYBAaHUX CTIHKaX
KaMepH, 4YacTHHA, M0 MICTUTh rpadit i Oararomaposi Byrienesi HaHOTpyOku (BBHT),
ociJla€ Ha TOBEPXHI KaTO/a.

Ha Buxin HaHOTpYyOOK BIuMBae Oe3miu unHHUKIB. HaiiOinpim BaxxmuBuM € THCK He B
peakmiiHiil Kamepi, SIKUi B ONTHMaJIbHUX, 3 TOTJsiy BupoOHuitBa BHT, ymoBax ckiamgae
500 Topp. [HmIMM BaXKIMBUM YWHHUKOM € CTpyM nayrd. MakcumansHuii Buxigx BHT
CIIOCTEPITAETHCS MPU MIHIMAIBLHO MOKJIMBOMY CTpyMi Ayru. EdekTuBHE 0XOJ0MKyBaHHS
CTIHOK KaMepH 1 €NEKTPOJIB € TaKOX BAKIWBHUM JIsl YHUKHEHHS PO3TPICKYBaHHS aHOJA 1
Horo piBHOMIPHOTO BUIIApOBYBaHHS, 110 BIutiBae Ha BMicT BHT B kaTomHomy memno3uTi (Ha
puc. 10.3.1.2. crTpinkamMu TIOKa3aHWUW HAMPSM PYXy OXOJO/Kyrouoi piauaun). [lpum
BUKOPUCTaHHI MIJIIHIPUIHUX €IEKTPOAIB AiamMeTpom 12,5 MM Hampyra ayru ckinanana 17.20
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B, ctpym 3mintoBaBcs B mianazoni 110.130 A. Ilpu npomy 90 % macu aHoma ocifayio Ha
KaToJIi.

BukopucTanHs aBTOMaTHYHOTO MPUCTPOIO MIATPUMKU MiKEIEKTPOIHOI BiJCTaHI Ha
¢dbikcoBaHOMY piBHI CIpusi€ 30UIBIICHHIO CTa0IIBPHOCTI TapameTpiB TyroBOTO PO3pALy 1
30aradeHHI0O HAHOTPYOKaMH MaTepialy KaTOJHOTO JAerno3uTy. JlogaBaHHS B 30HY peakxiiii
aTomiB MeTaniB 3d-rpynu iICTOTHUM YHHOM 3MIiHIO€ MOPQOJIOTIIO0 TMPOIYKTIB KOHACHCAIIIT 1
30UTBIITy€ MPOAYKTHBHICTb.

Puc. 10.3.1.2. Cxema ycmanogxu 051 OMPUMAHHS 8Y2leyesux HaHompyook: 1 — epagimosuil
anoo, 2 — ocad, wo wmicmumv BHT;, 3 — epagimosuti xamoo, 4 — npucmpiti Ons
ABMOMAMIYHOI NIOMPUMKU MIJHCENeKMPOOHOI 8i0CMAaHi HA 3A0aHOMY pi6Hi, 5 — CcmiHKU
Kamepu

Y pob6oTi BHKOPUCTOBYBaiacs CTaHJApPTHA YCTAaHOBKA EJICKTPOIYTH, B SKIA ayra
ropina npu tiucky He 660 Topp. Katomom OyB rpaditoBuii crepkeHb 3aBIOBKKH 40 MM i
nmiametrpom 16 MM, aHOIOM — TpadiTOBUl cTepKeHb 3aBI0BXKH 100 MM 1 miameTpom 6 MM 13
BUCBEP/JICHUM BigBOpOM 3aBIIHOMKH 40 MM i niameTpoMm 3,2 MM, 3allOBHEHUM CYMIIIITITIO
METaJeBOT0 KaTamizaropa i rpaditoBoro mopomky. [lagiHHS Hampyr#m MiX €JIeKTPOJIaMH
cknanano 30 B mpu ctpymi gyru 100 A 1 3a30pom Mixk enekTpogamu 3 M. Sk karamizaTop
BukopuctoByBanucs cyMimri: Ni/Co, Co/Y a6o Ni/Y 3 pi3HHM IPOLEHTHHUM BMICTOM aTOMIB
MeTaTy IO BiTHOIICHHIO JI0 BYTJICIIO. 3HAWEHO ONTUMAJIbHE CITIBBIJHOIICHHS KOHIICHTPAIil
metaniB (1 % Y i 4 % Ni), npu KoMy OCa/PKEHHSI BYTJICHEBUX MPOAYKTIB KOHJEHCAI1
CIIOCTEPIrajocs y BUTIISIIL:

1) caxi Ha CTIHKax peakIiiHO1 KaMepHu;

150



2) maByTUHU MIX KaTOJIOM i CTIHKaMH PEaKIiiHOI KamepHu;
3) Aeno3uTy Ha KaTo/i;
4) mopucTtoro 06i/ika HABKOJIO KaToa.

VY Bcix mpoaykTax KOHACHcAIlli Oyiu BUSABIICHI TMPOTSKHI CTPYKTYpPH, KOHIICHTPAIIis
SKUX 3aJIe’Kalia BiJ MICI ocajpKeHHS. JlocmipkeHHs mokasaid, 1o caxka i3 30H 1, 2 1 4
mictuiaa OBHT, wactuHkm Kartamizaropa, oToueHi amopdHUM ByrieneM abo rpadeHOBUMH
mapaMy, 9aCTHHKW CaXki pi3HOTO cTymeHs cTtpykrypusamnii. OBHT Oynu opranizoBaHi B
My4YKH 3 giaMmeTpoM Bia S 1o 20 aM. MixochoBa BificTanb B myuky aiis OBHT giamerpowm 1,4
oM ckiama 1,7 Bm. Posmomin miamerpiB HT, BigHOCHa KOHIIEHTpallis 1 CTPYKTypa
HAHOTPYOHOTO MaTepialdy BHU3HAYAJMCS TUIIOM BUKOPHCTOBYBAHOTO KaTalli3aTopa, a TaKOX
napaMeTpaMu JTyroBOro po3psny. byno BcTaHOBIIEHO, IO BUKOPUCTaHHA MeTamiB 3d-rpynu
(Co, Ni, Fe) cmpusie orpumannto OBHT 3 poskumom miametpiB Bim 0,7 mo 2,0 HM, 3
makcumymamu 0,84; 1,051 1,4 am.

Haii6inbm Bucoka edextuBHicTs orpumands OBHT pocsraerbes npu BUKOpUCTaHHI
3MINIAHUX KaTajai3aTopiB, B CKJIAJ SKUX BXOIATH ABa abo Tpu Metamu 3d-rpymu. Okpim
poro, edexruBHoO s orpuMmanns OBHT BusiBunacs i rpyna niarund. Hanpuknan, npu
po3psani moctiitHoro ctpymy 70 A B remieBiii atmocdepi, Tucky 100-600 Topp, 3
KOMIIO3UTHUM aHOJIOM 3aloBHEHUM cyMmimmo MmetaneBoro (Ru, Rh, Pd, Os, Ir, Pt) i
rpadiToBOr0 TMOPOUIKIB B MacoBOMY CIIBBIAHOMIICHHI 5:1, MPOAYKTH TEPMIYHOTO
PO3MUIIIOBAaHHS OCiJanM Ha CTIHKaX KaMepd, OIYHIA 1 TOPIEBIM MOBEPXHAX KaToJa.
MixenekTpoiHa BiZICTaHb MiATpUMYyBaiacs Ha piBHI 1.2 MM, a Hanpyra — 25 B.

Martepian KaTOIHOTO OCady, 3a JaHWMH IPOCBIUYIOYOi €NeKTPOHHOI MIKPOCKOMIi,
MICTHB 3allOBHEHI MeTajioM OararomapoBi momieapudHi HaHodacTku Bifg 20 mo 200 HM.
Caxa, 3i0paHa i3 CTIHOK pO3psAaHOi KaMepH i OiuHOi MOBEpXHI KaToja, MicTHia cepudHi
YaCTUHKMA METaJeBOTO KaTami3aTopa po3mipoM 5.30 HM, oTOodeHI aMOp(HHM BYTJICIIEM.
YtBopenass OBHT miamerpom 1,3-1,7 um, moBxuHoto 10-200 HM crmocrtepiranocs mpH
BUKOpHCTaHHI B sikocTi katamizatopa Rh, Pd i Pt. V pa3i Rh cnocrepiranucs katamituysi
YaCTUHKU 3 BuUpocTatounMu Ha HuUx OBHT, mo cTBOproBaJi CTPYKTypy, CXOXY Ha
"MopchKoTO iKaka'. Martepian, 3i0paHui 3 Oi9HOT TOBEPXHI KaTO/a, BHUSBUBCS OLIBII
O6aratum Ha OBHT, anixk matepian i3 CTIHOK po3psaHOi kamepu. BapTo 3a3HauuTH, 1110
3poctanHss OBHT cmocrepiramocss Ha kartamizaropax Ce, Gd, La, Mn, Sc, V, Zr 1 =He
crioctepiraiock Ha Co/Ru, Ni/B, Cu, Ti.

BinminHOIO ocoOmmBicTIO JaHOTO crnocoOy cuHTey BHM € Te, mo came 3 ioro
JIOTIOMOTOI0 OTPUMYIOTh HailOutb sikichi OBHM 3aBIOBKKH 10 IEKIJIBKOX MIKPOMETPIB 3
OMU3bKIMHU MOP(HOJIOTIYHUMU MTOKAa3HUKaMu 1 MaiuMm aiametrpom (1.5 uM). Pazom 3 Tum ciin
3a3HAYUTH, 110 JOCSATHEHHS TaKOi BUCOKOI SIKOCTI MOB'S3aHE 3 BEIMKHUMH TEXHOJIOTTUHUMU
TPYAHOIIAMH, TOB'S3aHUMH B TEPITY Yepry 3 HEOOXiTHICTIO 3MiHCHEHHS 0araToCTaIiitHOTO
OYUIICHHS MPOJYKTY BiJl BKIIOYEHb caxi U iHmmX nomimok. [Iponentanii Buxigq OBHT ne
nepesuitye 20.40 %.

Ha crabinbHiCTh MPOTIKAaHHS TEXHOJOTIYHOTO Mpolecy, a oTke 1 Ha skicte BHT,
BIUTMBa€ Oe3id ynHHUKIB. [le — Hampyra, cuia 1 rycTHHA CTpyMy, TeMIlepaTypa IJIa3MH,
3araJbHUNA THCK B CHCTEMi, BJIACTUBOCTI 1 IMBHUAKICTH IMOJAa4i 1HEPTHOTO Ta3y, PO3MIpH
peaxiiifHo KaMepH, TPUBATICTh CUHTE3Y, HASBHICTh 1 TEOMETPIisl OXOJIOKYHOUHUX PUCTPOIB,
IpUpoja 1 YUCTOTa MaTepialy €JIEeKTPOJIIB, CITIBBIIHONIICHHS iX TE€OMETPUYHHX PO3MIpiB, a
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TaKOX psJl MapaMeTpiB, SKHM BaXXKKO JaTH KiIbKICHY OIIIHKY, HAIlpUKIaj] IIBUIKICTh
OXOJIO/KYBaHHSI BYTJICIIEBOT ITApH, TOIIIO.

Taka BelMue3Ha KiJbKICTh KEPYIOUHMX MapaMeTpiB, 3HAYHO YCKJIAJHIOE PETYJIFOBAaHHS
nporecy, amaparypHe OQGOPMIICHHS YCTAaHOBOK CHHTE3Yy 1 CTaBUTh NEPEHIKOAY I iX
BIJITBOPEHHS B MacITabax MpOMHKCIOBOTO 3aCTOCYBaHHS. [le TakoX CTBOPIOE TPYIHOIIII TIPH
MOJIeIIIOBaHH1 AyroBoro cuaTesy BHM.

10.3.2. /lazepHe BMNapoOBYBaHHs rpadiry

Y 1995 p. rpyna P. Cmomni noBinommia npo cuate3 BHT nazepaum BunapoByBaHHSIM
(abmsriero). [IpucTpiii BUKOPUCTAHOI YCTAHOBKHM ToKa3aHo Ha puc. 10.3.2. ImmynscHu# abo
Oe3rnepepBHUI J1a3ep BUKOPHUCTOBYBABCS, MO0 BUMAPyBaTH TpadiTOBY MIIIEHHh B PO3ITPITIi
1o 1200 °C meui. Kamepa B meui Oyma 3amoBHEHaA reieM ado aproHOM 3 TUCKOM B MEXax
500 Topp. B xoxi BumapoByBaHHs copmyBajocs TyKe Trapsda Xmapa HapH, sfKa IMOTIM
po3TAryBaiacs i MBHUIKO OXOJIOKyBanacs. MOJIEKyIH 1 aTOMU BYTJICII0 KOHACHCYBAIHCS,
dbopMyroun BENHMKI MOJEKYIH, BKItodaroun ¢yuiepenn. Kartamizatropu TakoX NOYWHAIN
KOHJICHCYBATHCSI, aJie¢ 3 MEHIIOI MBHUAKICTIO, 1, MPUEIHYIOUNCH 10 BYTJICIEBUX MOJEKYI,
3armobirany ix 3aKpUTTIO. 3 IMX MOYATKOBUX CKYMYEHb MOJICKYJ BYTJICHIO YTBOPIOBAIUCS
BHT, mo Ttux mip, MOKM YaCTUHKHM KaTalli3aTopa HE CTaBaJM JYXKE BEIMKUMH a00 TIOKH HE
OXOJIO/KYBAJIUCS OCTaTHHO, 1100 BYTJEIb OiNblle HE MIr TUPYHIYBAaTH Kpi3b MOBEPXHi
YaCTUHOK Kartalizaropa. Takok MOXJHMBE T€, IO YaCTHHKH KaTami3aTopa MOKPHUBAIUCS
mapoM amMop(HOTro BYTJICHIO 1 HE MO Oinbire Horo amcopOyBatu, Tomy pict BHT
3YIMUHSBCAL

VY Bumanky 4yucTux rpaditoBuUx enekTpoAdiB BinOyBaeThes cunte3 bBBHT, a omHopinai
OBHT cunTtesytore npu BukopuctanHi cymimi rpadity 3 Co, Ni, Fe, Y. Jlazepne
BUTIAPOBYBAHHS MPU3BOIUTH JI0 BUCOKOI MpoaykTuBHOCTI Tpu cuHTe3i OBHT, a HaHOTpyOKHM
MarOTh 1 Kpall BIACTUBOCTI 1 BYXYHMi po3moaia 3a po3Mipamu, anixk OBHT, BurortoBneHi
IPY TyTOBOMY PO3PSII.

¥

Ly

Puc. 10.3.2. Cxema anapamy ons eéupoo-nuymea BHT memooom nazepnozo unapoesy8amts
epagimy: 1 — inepmuuii 2az;, 2 — niu; 3 — 0X010024CY8ANbHUN MIOHUL Koaekmop, 4 —
0X01002CcyI04a 800a; 5 — epagimosa miuieHs

Jlo cknany caxi, sika oTpuMyeTtbes, Bxoaath 30.35 % BHT, 6mauseko 20 % amopdHoro
Byraemto: 12.15 % dynnepenis, 12.15 % ByraneBoanis, 5.10 % rpadiTu3oBaHUX HAHOYACTOK,
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no 10 % wmeraniB (Co i Ni), 1.2% kpemuito. Ha edekTuBHICTb JaHOTO METOAY 3HAYHO
BIUTMBAE CKJIaJ Karamizaropa. Haitgacrime e 6imetamu (Ni/Co, Ni/Fe, Co/Fe, Pd/Pt).

Jlazep Ha BUIBHUX €NEKTPOHAX 13 CyOIMIKOCEKYHIHOI 4YacTOTOK IMIYJIbCIB,
notyxHictio 1 kBT mpu mikosiit mimsHocti 5-10''  Br/cm® i HarpiBamHi B MimeHi, mo
obepraeThcs, B medi 3 temmepatyporo 1000 °C, mosBonse orpumaru 1,5 r/rom OBHT.
[lepenbayaeTncsi, mo mnpu 30UIBIICHHI TMOTYXKHOCTI a0 10 kBT M™MoxHa mocsrtu
MPOTYKTUBHOCTI 45 T/TO/I.

B nmanomy meroxi, B MOpIBHSHHI 3 JYyrOBHUM, YHCIIO MAapaMeTpiB, MO BHU3HAYAIOTH
POAYKTUBHICTH 1 Mopdosorito BHT € 3nauno menmmmM. ToMy mepcrnekTuBa mboro crocooy
cuntesy BHT, sk 00'ekTy mpOMHCIIOBOTO 3aCTOCYBaHHS, TIPEICTABISETHCS OLTBII PEATBHOIO.
Pa3zoMm 3 TuM crif 3a3HaUMTH, IO peati3allis Ja3epHOro CHHTE3Y mepeadadac BUKOPUCTAHHS
Jy’)K€ JOPOTOTO 1 CKIAQTHOTO B €KCIUIyaTamii YCTaTKyBaHHs, i BHMAara€ BEJIUKOi KUIBKOCTI
3aTpaTHOI eHeprii. YTBopeHHs ByrieneBol napu BinoOyBaethcs npu 3000 °C 3 TBepaoi dazu
(mimeHi) B cCHIIbHO HepiBHOBaXXKHOMY cTaHi. C(hopMOBaHi TAKUM YHHOM HAHOTPYOKH 3MillIaHi
3 MarepiajoM MilleHi, IO POOUTh CKJIAJHUM OYHIICHHS, a OTXKE, MPAKTUYHE BUKOPHUCTAHHS
OTPHUMAHOI'0 MaTepiaiy.

10.3.3. Cunte3 BHM 3 ByrJjieneBMmicHUX rasis

[lo mouaTKOBifi CHPOBHHI MOXXHA BHIUIMTH JBI TPYNH TPOIECIB, MEpmia 3 SKUX
BKIItouae aucnponopiiionyBanus CO, npyra — mipodiz ByrieBojaHiB. Po6otu BueHoro P.
Cwmomri noxmanu movatok ctBopeHHio nporiecy HiPCO (The High pressure CO — Bucokwmii
tuck CO) — MeToauKu s KatajaiTuaHoro BupoOHunrea OBHT B Ge3nepepBHOMY IMOTOIII
CO (mouarkoBa cupoBuHa) 3 BuUKopucTaHHsIM Fe(CO)s B SKOCTI 3alli30BMiICHOTO
karamizaropa. HanotpyOku orpumytors, mpomyckatouun CO, 3mimanuii 3 Fe(CO)s, kpi3b
HarpiThii peakrop. Cxema peaktopa ansi npoenaeHHs mnporecy HiPCO mokazana Ha pwuc.
10.3.3.1. llum MeTtomom Oyiu BUTOTOBIJIEHI HAHOTPYOKH miameTpoM Bchoro 0,7 HM, 5K, SIK
nependavaeThCsl, MalOTh HalMeHIIT po3Mmipu AocsokHux xiMigHo cTiikux OHT. Cepenniit

niamerp orpumanux OHT B nponeci HiPCO cknanae npubmusao 1,1 AM.
MIY A

Crogodamoiroy
gada

Honoduud
CO+FeCNs E

1 —— Dapayud OO0

Puc. 10.3.3.1. Cxema npoyecy HiPCO

B yniBepcureri M. Oxmaxoma (CILA) pospobnenuit mporiec CoMoCAT (Co/Mo -
KaTamizatop). Y 1pOMy Croco0i BYTJIEIEBl MaTepiald BHPOIIYIOTh AUCTIPOTIOPIIOHYBAHHSIM
CO npu t = 700-950 °C. Meroanka 0a3yeThCs Ha YHIKaJIbHOMY cKiaai katamizaropa Co/Mo,
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KU YHOBUIBHIOE CHiKaHHA dYacTUHOK Co 1 TOMYy YHOBUIBHIOE Tporiec (GopMyBaHHS
HeOaxxannx (opm Byrnemoo. Y xoxai peakiii Co BiHOBIIOETHCS BiJl OKCHIAHOTO CTaHy 0
metaneBoro. OaHouacHo Mo niepeTBoproeThes y hopmy kapoimgy Mo,C. Kobanbt BUCTYIIa€e B
pOJIi aKTUBHOTO IIEHTPY auctiponopiiionyBanHs CO, Toxi sik eneMeHT Mo BUKOHY€E TTO/IBIHY
poms. 3 omHOro GOKy, iforo HasBHiCTH cTaGimizye mobpe poscisumit Co’’, 3 immroro,

YIOBUIBHIOE YTBOPEHHS HeOaxaHUX (PopM BYTIICIIIO .
peagirn OO

—

PR R / ;
i) * Kl PRAMIIA PO

ZoFROGIHE
Hpadvr

O
L

Puc. 10.3.3.2. Cxema anapamy ons npoge-oents npoyecy CoMoCAT

o nougmrogud OO

VYIpaBisifoud TEMIIEPaTypor0 ¥ IHIIMMH TapameTpaMu MNpOIecy, METOJ I03BOJISIE
cunresyBatu OBHT 3 pisaumu giamerpamu,. [IpuBenena zanexnicte niametrpy OBHT Bifg
TEMIIEPATYpH POBEICHHS MPOIIECY:

t, °C d,um

750 0,85...0,95
850 0,9...1,25
950 1,00...1,40

o icrotHux HigonikiB mporecy HiPCO cmig BigHecTnm mnpoOieMu MpPOBEICHHS
nporieciB aucnponopuionyBaHss CO, siki CKJIaIHO TOJ0JIaTH, OCOOJHMBO y BEMKHUX 00'eMax,
yepe3 HeoOXiAHICTh mojayi XonogHoro CO B 30HY 3 BHCOKOIO TemiiepaTyporo. Ilporec
CoMoCAT 3acHoBaHMW Ha BHUKOPUCTAaHHI YHIKAJIBHOTO 1, fK HACIIJIOK, JOPOTOTO
karaimizaropa. Kpim Toro CO € TOKCHYHHM ra3oM 1 MpeCcTaBise 3HauHy HeOe3neKy mpu Horo
BUKOPHCTaHHI B IPOMHUCIIOBUX YMOBaX.

[ama rpyma mporeciB cuHTe3y (IMIpoJii3) 13 BYIVIEBMICHUX Ta3iB BKIIOYAE 3HAYHO
Oinmpmie BapiaHTiB. [lipomizy MOXYTh MiggaBaTUCS OyIb-SKi BYTJICIIEBMICHI PEYOBHHH.
Omucano, 30KkpeMa, oTpuMaHHsA HaHoBoJiokHa (HB) mipomizom mpocTtux ByTiIeBOHIB
napadinoBoro psgy — CH,, C,Hg, C3Hg 1 CsHy, (mepmmvu Oynmm poOGOTH, BHKOHaHI B
IactutyTi katami3y iMm. [.K. bopecrskoBa, i B [liBHIYHO-CXiTHOMY yHiBepcUTETI, M. bocToH,
CHIA). Yucnenni mnyOmikamii mnpucssdeHi mipomizy C,H,, BHBYeHHMI Mipomi3 Takux
ByTIIeBOHIB, sk C,H,, C3Hy, CsHg, MeTumaneTuie.

HacuveHni mwMKmiuHI BYIJIEBOAHI NPEACTaBICHI ITMKIOTEKCAHOM, apOMAaTHUYHI
ByrneBogHi — CgHg, C¢HsCHj3, (CH3),C¢Hy, momiapomatuuni — momideHianeTuIeHoM,
HipUIUHOM 1 PEHOM, KETOH — alleTOHOM, CIIUPTH — METAHOJIOM 1 eTaHoJI0M. Jlo bOTO psiay
MOKHa Jnojaatu momietwneH 1 mominpomnisieH, CH3;CN, erunenaiaMmiH, TPHUIPOMiNIaMiH,
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2-aMiHi-4,6-TUXIIOpO-S-TpUa3nH. 3anaTeHToBaHi crocodu otpumanns BHT 3 ByrneBosHiB 3
takuMu retepoaromamu, sk O, N, S, a Takox Cl. [ns BupoOonmnTea BHT wmoxna
BUKOPHCTOBYBATH Tac i POCIMHHY CHPOBHHY, 30KpeMa — Kam¢opy. 3 BHIIEHEPETiYeHOTO
BUITMBAE, M0 SIK JDKEpEJO BYTJEIo g TnpomeciB  cuHTesy BHM  MOXyTh
BUKOPUCTOBYBATUCS TMPAKTHYHO Oy/b-iKi BYTJICIIEBOBMICHI rasu. [IpoTe, mpu CTBOpEHHI
TEXHOJIOT1i TpoMuciioBOTO crHTe3y BHM norminsHO BUOMpaTH HaWOIIBII JOCTYITHI 1 IEMIeBi
rasu, mo 3a0e3medyloTh BHCOKY MPOAYKTHUBHICTh HANPHKIIAd, METaH a00 MpoIaH-0yTaHOBI
cyMii.

[Tipomi3 ByraeBoAHIB. 3a crmocoboM opraHizarlii mpoIecy miposizy MOXKHA PO3IITUTH
Ha Bl TPYIU: 3 KaTaJIi3aTOPOM Ha HOCIEBI 1 3 JICTIOYMM KaTalli3aTOpoM. Y MEPIIOMY BHITAIKY
AKTUBHHUI KOMIIOHCHT KaTajli3aTopa BBOJATH B PEaKIiHHY 30HY Ha IMiJIKJIaIi a00 HOCI€BI B
TBEPJOMY BHTJISl, B APYTOMY — y BUIJISIAI mMapu abo PO3YMHIB, PO3MMICHHHX B TOHKI
Kparuii. Ik mapa BUKOPUCTOBYIOTh KapOOHLTH, (pTamonuaniHg, METAOICHU 1 1HIII 3'€THAHHS
METaJliB, SIK, HAPUKJIA]], — KapOOHIJIM MeTaliB B TONyoli. "Po3unHHUIA" BapiaHT peani3yroTh
B IHDKEKTOPHUX PEaKTOpax.

[Ipuxiamom MpoBeACHHS MPOLIECY 3 JETIOUNM KaTaai3aTOpOM € MPUCTPIH, IO MICTUTh
JIBl 30HU HArpiBy, BUCTyIae B poii peaktopa. Cymim kam@opu i GpeporeHy 3 KBapioBOIO
MiKIaIKOI0 MOMIIIAETECA B LEHTP TpyOW, Ha piBHIM BifacTaHi Bifg 30H HarpiBy. [licms
HArpiBy Meyi, MiAKIaJKa 3MIIIYEThCS B 30HY 3 MEHIIOI TEeMIIepaTypor, e kamdopa i
depouien BunapoByroThes mpu 200 °C 1 miggaroTees mipomi3y B 30H1 3 Temmneparypoto 900
°C, y ctpymi aprony 50 mur/c. ITicns 15 xBuiiMH HarpiB BigkitodaeTbes. [Ipyu 0Xom0pKyBaHH1
70 KIMHATHOI TeMIepaTypud OTPUMYIOTh BYTJElb, OCA/PKCHWH Ha KBAapIOBIM MigkIamii i
BHYTPIIIHIA CTIHIII KBapIoBOi TpyOH, B 30HI 3 BHCOKOIO Temmeparyporo. Lli mpomecn
HEJIOCTaTHHO MOIIMPEHi, BIACYTHI BIJOMOCTI IPO iX 3aCTOCYBaHHS B IIMPOKUX MaciiTadax,
IpOTE OCIIHKEHHS JAHOTO METO/1y BHOCUTD CYTTEBUI BKJIAJ B PO3BUTOK HAYKH.

OpHi€ero 13 BIACTUBOCTEH MPOIECIB 3 KaTajai3aTOPOM Ha HOCIEBI € 3HAYHO OlbIna
kinpkictb BHT 1 BHB, oTpuMyBanux Ha OQUHUIIO Macu KaTtajiizaTopa. BeanunHa muToMOro
Buxoay npu cuHTe3l OBHT 3a3Buuaii menma, anik npu otpumanHi BBHT. Ille omaum
nmapamMeTpoM, 0 BU3HAYa€ €PEKTUBHICThH MPOIIECIB 3 KAaTali3aTOPOM Ha HOCI€BI, € TUTOMA
NPOAYKTHBHICTh MO KaTamizatopy, To0To kinmbkicte BHT a6o BHB, mo oTtpumyroTbes Ha
OJIMHUIII0 MacH KaTtaji3aropa B OJMHUITIO Yacy (T/TKar-c).

BUKOpPHCTOBYIOTH  pi3HOMAaHITHI CHOCOOM aKTUBYBaHHS TPOIECY: TEPMIYHHIA
(30BHIIIHIA HArpiB peakTopa, rapsdya HUTKA, YaCTKOBE CIHATIOBAHHS BYIJIEBOJHIO),
TUIa3MOBHIA (Pi3HI BUIH PO3PSIiB), Ta3epHUl (CeNeKTUBHE 30y IHKEHHS KOJMBAaTbHIUX MOJ), 32
JIOTIOMOTOI0  €JIGKTPUYHOTO TMOTEHIIaly Ha MiJKIaAli, KoMOiHOBaHWH (rapsya HHUTKa 1
pO3psia, CeCKTUBHE 30y DKESHHS 1 PO3PSI).

[TiponmiTiuHi cnocoO0M OMYCKAalOTh MATPUYHHMMA CHHTE3 [UISIXOM, HaIPHUKIA,
BupounryBanHs BHT i BHB na karamizatopi, BBejleHOMYy B HaHOmopu MmemOpad. Tinbku
KaTaJITHYHUM ITPOJTI30M, BUKOPUCTOBYIOUH MOKJIMBOCTI TIPOIIECY XIMIYHOTO OCA/PKCHHS 3
ra3oBoi ¢asu, MOXXHa OTpUMYBaTH CTpyKTypoBaHi ocapkeHHss BHT 1 BHB na migknaakax 3
KaTaJli3aTOpOM, HAHECEHUX y BUTJISII BIOPSIAKOBAHUX OCTPIBIIB, CMYT 1 Oyab-skux (iryp,
TOOTO BUIOTOBJISATH eJeMeHTH npunaaiB. Ilpogykramu gaHoro mpouecy, SKdAN
knacudikyerbes sk razodaszne ximiune ocamxeHas (['@XO0) abo CDC-mporec, € BHM —
OBHT, BBHT i BHB. Ilepioguuni mporecu peami3yioTh, SK MPaBWIO, B TPyOdacTHX
peakTopax, TUIIOBA cXema SIKOro npejacTaBiieHa Ha puc. 10.3.3.3.
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B yMoBax mpoBeieHHs Mpolecy 3a3BUYall HEeMae TEPMOJMHAMIUHUX OOMEXKEHb Ha
YTBOPEHHSI KPUCTAJIYHUX BYTJCIEBUX BIIKJIA/IEHb, 1 X1 MPOIECY BU3HAYAIOTh KIHETHYHI
3akoHOMipHOCTI. Harpity mo temmeparypu miponizy (550-1000 °C) peakmiiiny 30HY
pOayBalOTh 1HEPTHUM Ta3oMm (Ar, He), moTiM BcepenmHy MOAArOTh BYIJICTICBMICHUN Ta3.
Pyxomuii y3moBk KatamizaTopa ra3 audyHye Kpish HOTO map i copOyeThcs Ha MOBEPXHI
AKTUBHUX IIEHTPIB (METaJ), Ji¢ MPOTIKA€E PsJ MOCIIJOBHUX XIMIYHHX PEaKIliid, KIHIEBUMH
NPOIYKTaMH SIKUX € BYTJICIh 1 BOJACHb.

EyrneneenicHuf ras Tas ma yTHIBAIEG
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Puc. 10.3.3.3. Cxema eopuzonmanvho2o nepioouyHo2o pexkmopa Ols  Nipoji3y
gyeneyesosMicHux 2azie: 1 — keapyosa mpyoa, 2 — i301ayis, niu 3 pe3ucmusHum oodiepisom, 3
— wap kamanizamopa, 4 —yosHuk; 5 — mepmonapa

Jlns 3arampHOi peakmii yTBOpeHHsI 3 raszomoniOHoro metany CHy(r) rpadity
CTaHAApTHOTO cTaHy TBepaoro Byriemnto C (T):

CH4 (I} =C (I} + EHJ (l_) 1{1

ne K; — KOHCTaHTa piBHOBaru peaxilii, akTUBHICTh METaHY a, MOXKHAa BH3HAYHTH i3
CIIIBBIIHOIIECHHS:

. f9
r= Kl {_PCH4 .-'II PE: ’ .
ne P, ~— PIBHOB&XHWH THUCK MeTaHy; P, — piBHOBaxHHH TuCK Bonmio. [Ipore B

pe3ynbTaTi BiIOYBAa€ThCS YTBOPEHHSI HE OUIBII TEPMOIAMHAMIYHO CTaOiIpbHOTO TpadiTy, a
MeTacTalblIbHOI (POpMU ByTJICNI0 — ByrieneBoro BojgokHa. Tomy, mpuitmatoun C(t) = C(B)
K,, enepriro yrBopenHs ['idca G, As ByriaeneBoro BOJIOKHA 1 akTUBHICTh a, = exp (G, / RT),
OTPUMYEMO YMOBY, NPHU SKI YTBOPEHHSI BOJIOKHA TEPMOJIMHAMIYHO J03BOJICHO: a; > a, (T —
rpadit, T — TBEpAuil ByTielb, B — BOJOKHO).

BnactuBocti mipomitnaanx BHM Biapi3HSIOTBCS BiJ BIACTUBOCTEH HAHOCTPYKTYD,
OTPMMAaHUX JYTOBUM 1 aONSAMIHHUM METOAOM. SIK TpaBUiIO0, BOHU MICTSATh OUTBITY KUTHKICTh
nedeKTiB, MalOTh IMUPOKUH J1alla30H PO3CISTHHS AlaMETPATbHUX PO3MIPIB 1 TOBKUHU, BEITUKI
MDKIIapoBi BiAcTadi. [lipomi3Hi cmocobw CWHTE3y BHUMAaraloTh PETEIBHOTO MIAXOAY 0
BUOOPY BHUKOPHUCTOBYBAaHMX IapaMeTpiB, BHUBUCHHA 1 ONTHMI3amii KIHETHYHHUX
XapakTepucTuK npouecy. B npoMy Bumanky Bmaerscsa orpumatn BHM 3 nyxke Bucoxknmu
SAKICHUMH TTIOKa3HUKaM#u, y ToMmy umciii 1 OBHT.

OCHOBHI TapaMeTpH, IO BIUIMBAIOTh HA CTPYKTYPY, MOPQOIOTi0 i BIACTUBOCTI
nipomitnaanx BHM:

- CKJIaJ] Ta30BO1 CyMilli;
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- IPUPO/Ia KaTATITHYHUX CHUCTEM;

- TeMIIepaTypa i TUCK;

- TPUBAJIICTH TIPOIIECY;

- YMOBH 3IIACHEHHSI ()a30BUX TIEPETBOPEHB, 1[0 BU3HAYAIOTHCSI KOHCTPYKIIIEIO peaKTopa.

Hus  orpumamas BHM  nmanmM  cmocoOom — HalyacTilie  BHKOPHCTOBYIOTH
JMCTIPONOPIIIOHYBAaHHS MOHOOKCHUIY BYTJICII0, PO3KJIaJaHHs: METaHy, OyTaHy, €THJIEHY,
OpONWIEHY, alleTUieHy. XiMiuHa MPUPOAa BUKOPHUCTOBYBAHOIO ra3y ICTOTHOTO BIUIUBY Ha
MOp(0JIOTiI0 HAHOBYTJICHIEBUX BiAKIaleHb HE BHOCUTh. Bukopuctanus CO npu3BOIUThH A0
OTpUMaHHS TPpyOOK 3 MeHII aHibk 20 HM miameTpom. [Ipu cTBOpeHHI YMOB UIsi OTpUMaHHS
BHM B 3Ha4HHMX KIJTBKOCTSX, CJIJI MPUAHATH 10 YBarH, 110 3B'S30K MPOIYKTUBHOCTI 1 SKOCTI
OTPUMYBAHOTO MaTepiaiy, 3aJeKHO BiJ BUIY ra30BOi CHUPOBHMHU, BUSBISETHCS KIHETHKOIO
nporecy. BaximmBoroo € TakoX JOCTYMHICTh CHpPOBUHHU 1 Oe3meka BupoOHUITBA. [loBOui
BXJIMBO JOOUTHUCA MiHIMAJIBHOI MPUCYTHOCTI B MPOAYKTI aMOP(PHOTO BYTIIEIIO, 3 IIEI0
METOI0 3aCTOCOBYIOTH PO30aBICHHS BYTJIEBOJAHIO BOJHEM. 3 METOIO MAcHBaIlii aKTHBHHX
KaTaITHYHUX YaCTHHOK, M0 TEPEIIKO/KAE X 3aKOKCOBYBAaHHIO 1 BTpaTi aKTHUBHOCTI,
3aCTOCOBYIOTH TaKOX aMiak, a Jiis 30iuibIneHHs Buxoay BHM nonarots CO.

HaliBayxTuBIIIMM KOMITOHEHTOM IPOITHYHOTO MeToay cuHTesy BHM e mpupona
KaTajiTiuHoi cuctemu. [lpu mboMy CIliJl BpaxOBYBaTU HE TIIBKU CKIAJ, aje 1 crocid ioro
NpUrOTYBaHHS, 1 HAHECEHHs Ha MiAKIaaAKy. Koo BukopuctoByBaHux, Ais orpumands BHM,
MPOJII30M BYTJIEBOJHIB € IOCTATHHO MHUPOKE. B OCHOBHOMY BHKOPHCTOBYIOTHCSI MeTamu 3d-
Tpynu — 3aJi30, HiKeJb, KOOANbT 1 iX OiHapHi cywmimri 1 criaBu 3 iHmmMu metanamu: Co/Fe,
Fe/Mo, Co/Mo, Fe/Cu.

Buxopuctanns OiHapHUX CKIAIIB MOXKE MPU3BECTH IO MiABUIIEHHS €()EKTHBHOCTI
nporecy 3poctanHs BHM. Jlns edexTuBHOrO 3pocTaHHS HAHOTPYOOK HEOOXiaHO, II00
aKTUBHI  TEHTPW  KaTali3aTOpHOI Mach Majid Mam  po3mipu. Bukopuctanus
BHCOKOJIMCIIEPCHUX TIOPOIIKIB 3 MIKPOMETPUYHUMHU PO3MIpaMH, L0 JIOCSITAETHCS IIITXOM
MEXaHIYHOTO TUCIEPCYBAHHS, SIBISETHCS MATOC(HEKTUBHUM.

IIpu cuHTE31 KaTamizatopiB BUKOPUCTOBYIOTH Pi3HI HOCII, 3aCTOCOBYIOUH MPHU ITOMY
METO/JM OCaPKCHHSI, IMIPErHYBaHHS, HAHECEHHS CYCICH31H Ha MIAKIAAKY, TEpMIidHEe
pO3KJIaaHHs, ToIo. SIK HOCIi BUKOPUCTOBYIOTh HEJIETKI OKCUIM 1 THUIpOKcHau MeTaniB (Mg,
Ca, Al, La, Ti, Y, Zr), neomitu, cemkaTresnl, MOPUCTHI Si, alFoMoress, Tomo. Poias HOCIiB —
3armo0OiraHHs CIiKaHHS METaJIeBHX YaCTUHOK Kartalizaropa, 3abe3medeHHs! iX piBHOMIpPHOTO
pO3MOAUTY B KaTadi3aTOpHiK Maci. BuOip HOCIS BU3HAYAETHCS PSJIOM YMHHHUKIB, TOJOBHHUH 3
SIKUX — PIBeHb CKJIQJHOCTI BHJajieHHs Hocis 3 BHM 1o 3akiH4eHHI mporecy CHUHTE3y. Y
IIbOMY CEHCi JOCHUTh MEPCHEKTUBHUM € OKcuj MarHiro (MgQO), mo Jerko BHIATSIEThCSA 3
NPOAYKTY KUCIOTHOI 00pOOKOI0.

BaxxkogocsikHa OHOPIIHICTH PO3MOIITY aKTUBHUX YaCTUHOK KaTali3atopa B HOCIEBI
MOKe OyTH JOCSTHYTa 3aCTOCYBaHHSIM 30JIb-T€llb-METOJIB MpUToTyBaHHS. Hampukman,
KaTaJli3aTop Ha OCHOBI 3aJli3a TOTYBAJH MUISXOM T1IPOJII3y TETPACTHICUIIOKCAHY Y BOJHOMY
po3uuHi HiTpary 3amiza. [lomanpmuit Bigman mpu 450 °C i tucky 10-2 Topp 103BOJIUB
orpuMatu 9acTuHKU Si0O, 3 OAHOPIAHUMHU TopaMu, 3aiHATHMH HaHo4dacTkamu FeO. JloBoi
NEPCIICKTUBHAM  HOCIEM MOXe€ OyTH TOPHUCTHH  KPEeMHii, 10 MICTUTh  ICJS
€JIEKTPOXIMIYHOTO TpaBJICHHS MiKpomopu (< 2 HM), ajie BiH MOTIM JOCTaTHbO CKIIQJHO
Bunangerbes 3 BHM.
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BapTto 3a3HaunTH, 110 AOBOJI BaXKJIHMBY POJIb Y BHUILIEPO3TISHYTUX MpOIlecax Bigirpae
Karamizatop. Takok HEOOXIJHO TaKOXXK KOHCTAaTyBaTH, IO KiJbKICTh aKTHUBHOTO METAIy B
KaTaji3aTopHiil Maci Moxke OyTu (haKTOpOM peTyItoBaHHS MapaMeTpiB orpuMyBanux BHM i,
30kpema, ix miametpiB. [Ipoeneni B PXI'Y im. JI.I. MenaeneeBa mocmimkenus Ha Ni/MgO
Katasizatopi npu miponizi CH, BUSBHINM HACTYITHHH €(EKT:

N;/Mg 2:1 1:3 1:5 1:10 1:20
T,°C 510 580 620 630 650
Deyir, HM 35 - 21 17 13

Jlnss  oTpuMaHHsS pe3ynbTaTy eKCIEPUMEHTATOPH IOCTYIOBO IMiJBUIIYBald i
TEeMIIepaTypy NPOLECY.

10.3.4. MexaHi3M poCTy ByrJjielileBUX HAHOCTPYKTYP

[lepmioro i OCHOBHOIO CTaJi€I0 MPOIECY 3POCTAHHS BYIJICLIEBUX HAHOCTPYKTYP €
reTeporeHHa peakilisi MmpoJii3y BYTJIEBOJHIO HA MOBEPXHI METally KaTaiizatopa. Y TBOPEHHS
BHM mnpotikae mo mexaHismy "HHKIy KapOimy", 3riIHO SKOTO MOJEKyJa BYTJEBOJHIO,
XeMOCOpPOYIOUHM Ha TOBEPXHI METAJIEBOTO Karali3aTopa, 3a3HA€ IIOCHIJIOBHOTO BiJIPHUBY
aTOMIB BOJIHIO, 3 MTO/IaJIIIINM IMPOHUKHEHHSIM aTOMa BYTJICIIO Yepe3 JaHy TOBEPXHIO B 00'eM
MeTajeBOl YaCTUHKH Kartamizatopa. [Ipu mpoMy yTBOpIO€ThCS KapOin Meraiy abo TBEpaHid
po3unH Byriemo B Metani. KapbOiam wmetamiB MoXyTh OyTh abo MTpPOMDKHUMH, a0o
NOOIYHIMH TPOAYKTaMHU TMPOLIECY POCTY BYIJICLIEBUX BOJIOKOH. BapTo 3a3HaunTH, IO
YTBOPEHHS KapOigiB MeTalliB HE € 00OB'S3KOBHM TIPOIECOM, IIIO CIIPHUSE POCTY BYTJICTICBUX
CTPYKTYp Ha MIOBEPXHI KaTai3aTopiB.

Jlpyra ctajisi yTBOpEHHsS BYIJICLIEBOTO BOJOKHA BHMAarae AETAIbHINIOIO BHBYCHHS,
OCKITTbKH Oe3MocepelHb0 0a3yeThcss Ha MEXaHI3Mi 3apo/DKEHHS 1 POCTY BYIVICIIEBUX
CTPYKTYp Ha MeTaJeBUX KartaiizaTtopax. [Ipomec mpotikae 3aBasku audysii Byriemto (Bifg
OJTHI€] MUISHKU MOBEPXHI KaTaMITIYHOT YaCTUHKU, HA SKIH PO3KIAAA€THCS BYTIEBOJCHB, 10
1HIIIO01, Ha SIKIH B1IOYBA€THCSA OCA/DKEHHS BYTJICIIO) MPUYOMY IIap MEeTary OOIu3y MTOBEPXHI
pocty BHB 3HaxonuThcst B cTani Hacu4ueHHs Byrienem (puc. 10.3.4.1.).

noeepxHA | NOBEREHA 2
m i i
2
\ IudviHnA 10T
/ BYIEEQHIO
Cnlem
METANYHA YArTHHKA EONLOKHG

Puc. 10.3.4.1. Mooenv 3pocmanus 8yene-yesux 8iOKIAOeHb: HA NOGepxHi I xamanimiyHoi
yacmuHKu 8100y8aemuvcsi A0copoyis i pO3KIAOAHHS 8Y2lle800HIO; HA NOBEPXHI 2 — 3DOCMAHHSA
BHB

Hudysis ByTriemoo NPOXOAWTH BiJ 00JacTi 3 BHCOKHM XIMIYHMM TOTEHIIAIOM
BYIJICIIO 710 00jacTi, A¢ BiH HWk4ui. [Ipm 1boMy MOXIIMBI J1Ba BHIIQJIKH: a00 AUQY3is
BiJIOYBAETHCS MEPEBAXKHO Yepe3 IPAJAIEHT TeMIepaTypH, abo yepe3 KoHIeHTpallito atomis C
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B PO3YHHI. 3arajioM MpUHHATO, 0 Audy3is Byrielio yepe3 00'eM YaCTUHKU KaTamizaTopa €
CTAIEr0 TIPOIIECY 3 JIMITOBAHOIO MIBUIKICTh POCTY BYTJICTICBUX BOJIOKOH.

Sxicuuit onuc yrBoperHss BHT pi3HuX THMIB 3 €IMHOT TOYKU 30pY, PO3TISAIAETHCS SIK
MEXaHI3M Tapa — piauHa — KPUCTaJI 1 3aCTOCOBYIOTH MOTO /O PI3HUX HAHOBYTJICIIEBUX
o0'extiB. 3okpema, nas yrBopeHHss OBHT icHye kiHeTMuHa iHTEpmpeTaris: BiAaiIeHHS
BUKPHBJICHOTO MOHOIIAPY (MEHTaroHaJIbHOI IIATIOYKH) BIiIOYBAETHCS, SKIIO aTOM BYTJIEITIO
Ma€e B TOBEPXHEBOMY IIapi JOCTAaTHIO KIHETHYHY €HEPri0 I TOMOJIAHHS anresii i
MOBEPXHEBOTO HATATY rpaditoBoro mucta. DopMaabHO MEXaHI3MH KaTaJITHYHOTO
BuHekHeHHs: BHT ninsate Ha BepmmHHM 1 KOpeHeBui (puc.10.3.4.2.).

YTBopenns BHB na Ni- KaTan13aTopax MPOTIKAE 10 MEXaHi3Mi, IKHi OTpPUMaB Ha3By
BEPIIMHHOTO: YAaCTHMHKM KaTami3aTopa 3HaxXxoAsTbcs Ha KiHumkax BHB, mo poctyts, i
HepeMilaloThCs pa3oM 3 HUMHU. [Ipu boMy, KaTai3aTop MOKe IpOOUTHUCS, 10 TPU3BOIUTH
no posranyxenHs BHT. Pict OBHT, naBnaku, Hae Mo KOPEHEBOMY MeEXaHi3My, KOJHU
YaCTUHKU KaTaji3aTopa 3aJMIIAIOTHCS Ha MOBEPXHI MIAKIAIKA 9M HOCisA. B mpoMy Bumamaky
ICTOTHHI BHECOK B MEXaHI3M IMPOIIECY BHOCHUThH B3aEMO/IISI YACTHHOK METAITy 3 ITiIKJIaJIKOIO.
Mexani3zm yrBoperns bBHT, mo MawoTh HeBeluke YUCIIO IIapiB, HAHIMOBIpHIIIE, TAKOXK €
KOPECHEBUM.

Puc. 10.3.4.2. Bepwunnuii a) i koperesuil 6) Mexanizmu pocmy gyeieyesux HaHompyook

Picr OBHT, mo oTpuMyIOThCs B €NEKTPHYUHIN Ay3i 1 Ta3epHOIO abIAIIIEI0, 3 BY3bKUM
pO3MOIIOM MO JiamMeTpax, KPUTUYHO 3aJIeKUTh BiJg CKIagy katamizaropa. Llmsxom
KJIACHYHOTO MOJICKYJIIPHO-AHMHAMIYHOTO MO/ICTIOBaHHS, BUKOPUCTOBYIOUM 0arato 4acTHH-
KOBUH BYTJICBOJHEBHI IMOTEHINiaN, MOKA3aHO, IO IIMPOKI HAHOTPYOKH, SIKi CIIOYATKY €
BiIIKPUTHMH, TIPOJIOBXKYIOTh POCTH, TOJIOBHUM YHHOM, Y BUTJISA/II T€KCArOHAILHOT CTPYKTYPH.

[IpoTe HaHOTPYOKH 3 BY3bKUM PO3MOJIJIOM MO JTiaMeTpy, ONHU3bKO 3 HM, 3THHAIOTHCS
3a HAsSBHOCTI MEHTAaroHaJIbHOI CTPYKTYPH, IO MPU3BOAUTH 0 3aKPHUTTS KiHIS HAHOTPYOKH.
MogenmoBaHHS 3 TEpPHIMX TMPHUHIMIIB METOJOM MOJEKYISIPHOI IUHAMIKH IIOKa3ye, M0
BigkpuTi KiHIi Manoro maiamerpy OBHT 3akpuBaroThcs MTOBUTBHO, TPU €KCIIEPUMEHTAIBHIN
temmepatypi 2000-3000 K, B rpadiToBi CTpYKTYpH 0€3 3aJIMIIKOBHX KOJWBAJILHUX 3B'A3KiB
(puc. 10.3.4.3.).

PeakTuBHICTh 3aKpUTHX KIHIIIB HAHOTPYOOK 3HAYHO MEHIIA B TIOPIBHSIHHI 3
PEaKTUBHICTIO HAHOTPYOOK 3 BIOAKPUTUMHU KiHIIMU. MoxHa BBaxkatd, mo pict OBHT
MIATPUMYETHCS 3'€JHAHHSM BYTJICIICBUX aTOMIB TpH 3aKpUTTI (ysuiepeHononioHuMu
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manouykamu. CHHTe3 HAHOTPYOOK 3 MaimuMM jgiameTpamu (= 1,4 HM) TakoX BHUMarae
KaTaJizaTtopa, 1 HEOOX1THO SICHO TPEICTABIIATH HOTO POJIb IPH 3POCTaHHI HAHOTPYOOK.

binpmicte mepen0adyBaHMX ~MEXaHI3MIB BIUIMBY KaTrami3aTopa TOB's3aHa 3
NPUITYIIEHHSAM, [0 aTOMH MeTally 3aliMaloTh MO3HUIIli Ha BIAKPUTUX KpasX MPEKypCOPHOTO
dbymnepeHoBoro kinactepa. CTaTUCTUKA MEPIIUX TApaxyHKIB MTOKa3aia, Mo aTOMH KOOaIbTy
a00 HIKEII0 3aMICTh YTBOPEHHS CHJIBHUX 3B'SI3KIB HA BIAKPUTHX Kpasx HAHOTPYOKH
Ha0YyBalOTh CHJILHOT PYXJHMBOCTI. MeTasieBl aTOMH JIOKAJIbHO OepyTh y4acTh y OpMyBaHHI
M'ATUKYTHUKIB, IO IHIIIIOE CTBOPEHHS 3aKPHUTOI BEPIIMHH. ATOM KaTali3aTopa CHpPHSIE
(hOpMyBaHHIO TEKCAroHiB 3 BYTJICIIEBUX aTOMIB 1 TaKMM YHWHOM JOJAaTKOBO Oepe ydacTh B
mpoleci 3pOCTaHHs TPYOOUKH. 3 4aCOM aTOMH METally Ha KpasX TPYyOKH MaroTh TEHICHIIIIO
no arperainii. BusBieHo, mo eHepris aicopOrii, mo Npuragae Ha METAJICBHA aTOM,
3MEHIIIYETHCSA 13 30UTBIIEHHSM PO3MIPY aJcOpOOBAHOTO METAJICBOTO KIAcTepa, MPUIOMY
KJIACTepH TIOCTYNMOBO CTAIOTh MEHII PEAKTUBHUMHU 1 PYXOMUMH. JIOCSATHYBIIH pO3Mipy
METAJIeBOTO KJacTepa JesSKOl KPUTHUYHOI BENIMYUHH, €HEpris ajacopOrmii kiactepa
3MEHIIIYETHCS JI0 PIBHS, 1[0 BUKJIMKAE JYMIEHHS CKYMYeHb Ha Kpasx TPyOKH. 3a BiJICYyTHOCTI
Karajizatopa Ha Kparo TpyOKH AeEKTH aHITLTIOITh 1, TAKUM YHHOM, BiTOYBAETHCS 3aKPUTTS
nepBUHHOT TpyOKku. Llell MexaHi3M y3roJKy€eThCsl 3 €KCIEPUMEHTAIbHUM CIIOCTEPEKEHHIM
BiJICYTHOCTI 3pOCTaHHS TPYOOK MPH BiJICYTHOCTI METAJIEBUX YaCTUHOK.

Puc. 10.3.4.3. Mumosginone 3axkpumms mpyoxu muny "nionoximuux xpicna”. Konusanvhi
38'a3KU Ha OMI NACUBYIOMbCA amomamu 600HI0. PopMy8aHHs CIMPYKMYpU n'SmMuKymHUKie Ha
8epxy HaHOMpPYOKU NPU3-800UMb 00 3AKPUMMSA WUANOYKOIO

Kapruau IIEM mokasamu, 1o OCHOBOIO 3apo/UKEHHS HAHOTPYOOK € MeTaseBi
HAHOYACTKH, M0 MICTATHh BYTJICIb, SIKI (DOPMYIOTHCS MPOTSATOM IPOIIECY JIa3epHOI abIIsAIIii.
[lepenbayaeThcsi, MO HAHOYACTKH, HA TOBEPXHI SKUX MICTITHCS AaTOMU BYTJEIIO 3
KOJIMBAJIbHUMHU  3B'si3KaMu, 3a0e3neuytoTh KaTamituude 3poctanHs OBHT moisixom
JI0JTaBaHHS aTOMIB BYTJICITIO /10 TPYOKH.

Jns  scHimoro po3yMmiHHS ©0a30BOro MeXaHi3My poOCTy, /M PO3pPaxyHKiB
BUKOPHCTOBYBABCSI METOJ] MOJIEKYJIIPHOI TUHAMIKH 1 TpPUBUMIipHUH noTeHIian. HanomeTposi
poO3MipH BHUCTYIIB Ha IMOBEPXHI HAHOYACTOK MPU3BOIATH JO 3apOKEHHS YK€ TOHKHX
TpyOok. IlInpoki chepu BuaiIEHs aTOMIB BYTJICHIO Ha TPadiTOBUX JUCTaX HE MPU3BOJIATH 10
3pOCTaHHs HAHOTPYOOK. MojentoBaHHsl Mirpaiii BUIIIEHb aTOMIB BYTJIEIIO TOKA3aJo, IO
MDK TApOr0 HAWOMMKYUX CYCIIHIX aTOMIB BYTJICIIO B IIapl MOXJIMBE YTBOPEHHS 3B'S3KY
tuny "3B'si30k pykamu" (puc. 10.3.4.4.). Taki aromu BYTJEIIO0 MIrpylOTb B €HEPreTUYHO
nepeBaXkarodi MICIsl — Ha BEPIIUHY TPYOKH, Jie € OLIbIIICTh M'ATUKYTHUKIB. [lapHa 3B's3ka
aTOMIB 3 JBOMa NPOTHUJICKHUMH 3B'SI3KAMH TEKCaroHy aHiTUIIOE, M0 TMPU3BOJUTH [0
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JI0JIATKOBOT'O YTBOPEHHS T€KCAroHiB 1, TAKMM YHMHOM, PEali3ye€ThbCsl BUTBHUH BiJ Je(eKTiB
MexaHi3M 3poctanus (puc. 10.3.4.5.).

Jlist Toro abo iHIIOTO MeXaHi3My BU3HAYA€ThCs OaraTbMa YMHHUKAMH, Cepell SIKUX
TOJIOBHE 3HAYEHHS, KPIM 30BHINIHIX YMOB (TeMIlepaTypa, 3arajbHHI 1 TapmialbHUNA THUCK,
CKJIaJ] TIOYAaTKOBOTO 3'€HAHHS), MAIOTh PO3MIp 1 CKJIAJ YaCTUHOK KaTali3aTopa, XapakTep
B3a€MO/IIT KaTa3aTopa 3 HOCIEM a0o ITiIKJIaIKOO.

st BBHT 1HOI1 XapakTepHe 3pOCTaHHS 3 PO3TATYKCHHSIM, K€ MOYKE BUSBIISTHCS SIK
pi3HOBHI 200 BEpIIMHHOTO 200 KOPEHEBOTO MexaHi3My. YacTrHKa Kartajizaropa IpoOUThCs
13 YTBOPEHHSM B IIEPUIOMY BUMAJKY J€PEBOBUIHOI CTPYKTYPH, B APYrOMY — CTPYKTYPH TUITY
BochbMuHOTAa. KopeHeBuil 1 BEpIIMHHUN PICT y PAAl BHUIMAAKIB MPOTIKAIOTh OJHOYACHO 1
IPU3BOIATH 0 YTBOPEHHIO MPOAYKTIB 3 Pi3HOIO MOP(HOIIOTIEI0.

Puc.10.3.4.4. Cxema ocnosnoeo mexanizmy pocmy. Budineni @yeneyesi amomu popmyoms
"osopyki nanxu', aKi miepyrome 00 epuiunu Hanompyoku. L{i amomu nomim 06 eonyromscs
8 2EKCA2OHANbHY 8y2lleyedy CImKY Ha 6ePXHIll YACMUHI HAHOMPYOKU

Icaye mexizm knacudikarii mexaHizmiB miponizy BHM Ha MeTaneBux kaTamizatopax.
3rigHo i€l kmacugikarii, 10 Mepuoi rpynu BiAHOCATHCS MEXaHI3MH, IO MPUMYCKAIOTh
NPOTIKaHHS MpoIlecy 0e3 3aJeKHOCTI Bij JpKepesia BYIJICIHIO, 3a paxyHOK audy3ii B 00'emi
YaCTUHKHU. PyHIHHOIO CHIIOI TPOIECY CIY)XUTh PI3HUIS TEMIIepaTryp Ha TPOTUIICKHHUX
CTOPOHaxX YacTUHKW MeTany. Lls pi3HUIS BHU3HAuYae 3MiHY PO3YMHHOCTI BYTJCIO, IO
MOTJIMHAETHCS HA OJIHIA CTOPOHI 1 BUIIIIIETHCS HA THIITIH.

O G
5 2%
-

Puc.10.3.4.5. Mexanizm ymeoperHs 2eKca2oHié Ha OCHOBI HAHOMPYOKU WIAXOM (hOPMYBAHHSL
36 SA3KY MIdC napamu 38 sI3aHUX amomie Ha NPOMUNEHCHIU CIOPOHI 2eKCA2OHI8
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B nanumii wac BW3HAHO, MO0 Tpaji€eHTa TeMmIepaTyp B YACTHHII KaTamizaTtopa B
OumpmIocTi BumaakiB Hemae. Oca/pKeHHS BYTJICIIO MOKE TMOXOAWTH BiJ TBEPAOTO PO3UHHY
BYTJICII0 B METalli B 130TEPMIUYHUX YMOBaX, SIKE€ MOXIHMBE TPU MPOBEJACHHI MPOIECIB 3
JETIOYMM KaTalli3aTOPOM.

Jpyra rpymna BKIIO4a€ MEeXaH13MH, 10 0a3yI0ThCs Ha MPOTIKaHHI AU y3ii BYTIIEIIO 1Mo
NOBEpXHI  YaCTUHKM  Kartajizatopa. Ilpore 1e  mpumymieHHs  NpeACcTaBISEThCS
MaJIOMMOBIPHAM, OCKUIBKH TIPOJIi3 CYIPOBOIKYETHCSI PO3ZYMHEHHSAM BYTJICIIO B METajlaX, B
ycsikoMy pa3i pu Temmnepatypax Buiie 400-500 °C.

JIo TpeTboi rpynu BiTHECEHO MEXaHI3MH, OCHOBOIO SKHX € MPHUITYLICHHS PO BILJIMB
METaJeBUX YACTHMHOK Jmme Ha cramii i”imami yrBopenHss BHT. 3apoaku BHT
YTBOPIOIOTHCS K IIJIIHAPOBI AUISHKHA B 00OJIOHIII YACTUHKH METaly, Y4 MalOTh 1HITY (hopmy
1 pocTyTh 0€3 mojanbioi ydacti metary. [Ipu mipomizi ByriaeBOAHIB TaKWii MEXaHI3M HE
MOJKE peajizoByBaTHCS 4epe3 Te, mo npu temreparypax go 1000-1500 °C xonHmeHrtpariis
HE3B'SI3aHMUX 3 BOJHEM aTOMIB 200 MOJIEKYJI BYTJIEIIO € TOBOJII MaJIOIO.

Mexani3M#u, BIIHECEHI /10 YE€TBEPTOi TPyINH, MPUITYCKAOTh, III0 aTOMH METaliB a0o
HEBEJIMKI METaJeBi KIacTepH MepeMillarThes mo kpomili 3poctarouoi BHT, "3amikoByroun"
nedextu 1 3abesneuyroun pocty BHT. Taki mpumymieHHss Oyiu TMOKJIaJ€HI B OCHOBY
"ckyTepHOro" MexaHizmy pocty. IIpore, BoHM cyrepedarh 0araTboM €KCIEPUMEHTAIbHUM
CIIOCTEPEIKEHHSIM 1 HE MOXKYTh MOSICHUTH JJOCATHYTUX BUCOKHUX JIIHIHHUX MIBUIKOCTEH POCTY
BHT.

Crig 3a3HauuTH, IO KOJIHA 3 MPEACTABICHUX MOJENIeH, 3aCHOBAaHUX Ha YHMCIIEHHUX
JOCTIPKEHHSIX, HE MOe BBAXKATHUCA i/leanbHOI0. Lle BKOTpe cBiIUUTH MpO Te, M0 MUTAHHS
MOJICITIOBaHHS IhOTO acrekty cuHTte3y BHM € Haiimenmie BuBUueHMMH. MexaHi3M pOCTy
BHM HOCHTH MOBHICTIO 3aJIKUTH BiJl TEXHOJOTIYHUX MMapaMETPiB MPOLECY, YCTaTKyBaHHS,
MOYaTKOBOI CHPOBUHHU, CKIady, GOpPMH 1 po3MipiB KaTaiaizaTopa, TOIIO.

10.3.5. YrBopeHHs PpyiepeHiB 3a J0MOMOTol0 razopasHoro CHHTe3y

lNazodasznuii cuHTE3 3 BUKOPUCTAHHSIM JIa3€PHOTO BUITPOMIHIOBAHHS ISl CTBOPEHHS 1
MIATPUMKH TUTa3MH, B SAKIA BiAOYBAa€ThCA XIMIYHA peakilis, € I0BOJI €()EKTUBHUM
METOJIOM OTPUMAHHS MOJICKYJSIPHUX KJacTepiB. MoJeKkynsapHi KiacTepu — HOBa
CTPYKTypHa MoaudiKaIlisi peYOBHHH, TOMY JIJII BUSHUX B1JIKPUBAIOTHCS HOB1 MMPOCTOPH IS
CTBOPEHHS paHIlIe HEBIIOMUX MOJIMOPGHUX Momudikamiii pedoBHH 3 HAHOMETPOBUMH
pO3MipaMH CTPYKTYPHHX €JIEMEHTIB.

MonekynspHi KJIacTepH 3aiiMaroTh aOCOJIFOTHO OCOOJMBE MICIIE cepeJl PEYOBHH, IO
MalOTh HaHOCTPYKTYypy. Haitbimpm Bimomi cepen HUX (yiaepeHM — HOBa ajJoTpOIHA
mMoaudikaris Byrienro nopsia i3 rpaditom 1 anmazom. Llentpansae micuie cepen GpynepeHiB
HaexuTh Mojekym Cg, SKa Ma€ HAWBHILYy CHUMETpilo, 1 SK HACIiJOK, HaH61m>my
cTabinpHicTh. PopMoto Monekyna pynepeHa Cqo Haragye mOKpUIIKY QyTOOIBHOTO M'sua i
Ma€ CTPYKTYpy MpaBWIBHOTO ycCideHOro ikocaenpa. B momekyni ¢ynepena Cgy aToMuU
BYIJICHI0 YTBOPIOIOTH 3aMKHYTY TOPOXKHUCTY cpepuuHy MOBEPXHIO, IO CKIATAETHCS 3
I’ SITU- 1 MECTUWICHHUX KiJelb, IPUIOMY KOKHHUI aTOM Ma€ KOOpJWHALIifHEe YHCIIO, PiIBHE
TPbOM, 1 3HAXOJUTHCS y BEpPIIMHAX JBOX IMECTUKYTHHUKIB 1 OJHOTO I'ITHKyTHHKA. Bucokoto
cTabinpHICTIO Bonojie Takox (ynepen C;y mae Gopmy 3amMkHyTOTO chepoina. Dyneperu
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MOXXHa po3risaatu sk chepuuny (opmy rpadiTy, OCKIIBKH MEXaHI3MH MiKaTOMHOTO
3B’s13Ky B (pysepeHiB i B 06'emHOMY TpadiTi 10BOJI MO10HI.

JloBOJIi HOBMMH € BiacTHBOCTI ¢yiepeHiB. Tak, kpucramiydi QynepeHu €
HaMiBIPOBIJHUKAMHU 3 (POTOMPOBITHICTIO MPU ONTHYHOMY BUIIPOMIHIOBaHHI, a KPUCTAJIH
Cg0, JTIETOBAHI aTOMaMH JYXHHX METaJIiB, BOJIOJIIOTH METAJeBOK MPOBITHICTIO 1
NepexoaaTh B HaAMpoBIAHUK cTtaH npu Temmepatypi 30 1 Bumie. IleperBopeHHSA
KpHUCTaJiyHOTO (yliepeHy B aima3 BiAOyBAa€TbCsS HaBITh MPH KIMHATHIN TeMmepatypi
npu tucky 20 I'Tla, a mpu Harpisi pynepeny mo 1500 mns mepexomy B aaMa3 JTOCTaTHBO
tucky 7 I'lla (nns aHamoOrigHOTO TIEpEeTBOPEHHS TpadiTy B aiiMa3 MOTPiOHI TeMmepaTypa
900 mo 1 Tuck 30—50 I'Tla). Po3unnu dynepeHiB MalOTh HENIHIMHI ONMTHUYHI BIACTUBOCTI,
IO BUSBISETHCS B Pi3KOMY 3HUKEHHI MPO30POCTI PO3UMHY MPU MEPEBUIICHHI ACSIKOTO
KPUTUYHOTO 3HAYECHHS IHTEHCUBHOCT1 ONTUYHOI'O BUIIPOMIHIOBAHHSI.

[Ticnss BIAKPUTTS MOJEKYJISIPHMX KJIACTEPiB BYIJICHIO 1 MEPIIMX CIIOCTEPEKECHBb
monekynu ¢ynepeny Cgp, MCIS IHTCHCHBHUX 1 PI3SHOMAHITHHX JOCIHIIKEHb CHHTE3Y,
OymoBH 1 BIAcTUBOCTEH QyJiepeHiB Oyio NPUKIAACHO AyKE BEIWUKI 3YCHIUIS IS
OTPUMaHHS MOJIEKYJISIPHUX KJacTepiB i1HmMUX pedoBuH. OdikyBajocs, MO BOHH IO
aHanorii 3 QyrnepeHaMu NOBHHHI MaTH YHIKajdbHi (i3WYHI 1 XIMI4HI BJIACTHBOCTI, SIKi
OyIyTh HIIUMH BiJl BTACTUBOCTEH BiJOMUX MOMIMOPPHUX MO (IKAIiN [IUX KE PEUOBHUH.

Hanpuknan, B izeanpHiil qoAeKaeApUYHIN MOJIEKYIIi BCi aTOMU PO3TalIoOBaHi Ha cdepi,
a 1i moBepxHs, OTPUMAaHA IMOETHAHHSAM HAHOIMKYAX aTOMIB, CKJIAJIAETCS 3 12 MpaBUIIBHUX
N'ATUKYTHUKIB. B ineanbHiil MONIeKysl BCi aTOMH THTaHY 1 BYTJICI0 MatOTh (K y dymnepeni
Cg0) KOOpJIMHAIIIIO, PIBHY TPHOM 1 PO3MOAUICHI IO BEPIIMHAX JOJIeKaeapa TaKUM YHHOM,
mo0 TuTaH OyB MOB'SA3aHWM TUIBKK 3 BYyIJIEINeM, a micTh auMmepiB C, depryroThcs 3 8
atomamu Ti. Igeanbny noamekaeapuuny CcTpykTypy TigCj, MOXKHa TpPENCTAaBUTH SIK
YTBOPEHHUH BichMa atoMaMu Ti1 KyO, 3 KOKHOI TpaHHIO SKOoro OyB moB's3anuii gumep C,.
ToukoBa Tpyma cuMmeTpii Takoi i€allbHOI CTPYKTYpH BKIIOYae 24 eJIeMEHTH CHUMETpii
(moBopotn 1 Biga3epkaneHHs). Yepes BHCOKY CHMETpiIO iJealbHa MOJEKYyJa
MeTalIoKapOOHY MTOBUHHA OyTH JOCUTH CTaO1IBHOIO.

. « . + o . . .
Puc.10.3.5. Cmabineno 3apsoocenuti knacmep TisCiy', axuil  8ionogioac MoJexyii
cmexiomempuunoeo ckaaoy TisCi; y ¢hopmi nenmaeconoooexaeopa

Knacrepu TigCy, Oy oTprMaHi METOIOM ILIA3MOXIMIYHOTO Ta30(ha3HOTO CUHTE3Y. SIK
IHepTHUI Ta3 BUKOPHCTOBYBCS Teiiii, peareHTaMud Oynu BYIJIEBOJIHI (METaH, €THUIIEH,
alleTUJICH, TIPOITiIeH 1 0€H30J1) Ta Mapu TUTaHy, THCK Ta30BOi CyMIIlli B peakTopi ckiaagas 93
I'Tla (0,7 MM prt. cT1.). JJnsg BUmapoBYBaHHS METAJEBOTO MpyTa THTaHy, IO oOepTaBcs, i
CTBOpPEHHS  10OHI30BAaHOTO IMy4YKa TMapud METaly 3aCTOCOBYBalM  C(OKycOBaHE
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BunpomiHoBanHa Nd-nmazepa 3 moBxkuHOK0 XBwii 532 HM. HelitpaneHi Ta ioHi30BaHI
KJIACTEPU BUAULUIM 3 TPOAYKTIB PEaKIlii 1 aHATI3yBalK 3a JOTIOMOTOI0 Mac-CIIEKTPOMETPA.
B mMacc-cmekTpax MpOayKTiB peakiii BUALISBCS PI3KUU MiK, 10 BiAMOBIAE MOJEKYIi
TigCy,. PazoMm 3 HEWTpambHUMH MOJIEKYJIaMH B CYMIIIl 10HI30BaHUX Ta3iB yTBOPIOIOTHCA
crabinbHi ioun TigCyy

Icuye mpumymenss, mo kinactep TigCj, € 4YJIeHOM HOBOrO Kjiacy MOJEKYISPHUX
KJIaCTEPIB 1 TOMY Ha3Ba TAKOr0 KJAcTepy - MeTajiokapOoH. B meramokapOoHax atoMu
MEPEXiTHOTO METAIy 1 BYIJICIIO YTBOPIOIOTH CTPYKTYPY, MOMIOHY 1m0 KIiTKH. Takox
icHy1oTh 1HmI kimactepu MgCi, Takux mepeximamx mertanis, sk Zr, Hf, V, Cr, Mo 1 Fe.
Bucoka crabimpHicTh Kimactepa TigCi, € HACIHIAKOM OCOOJHMBOI TEOMETPHUYHOI 1
€JIEKTPOHHOI CTPYKTYPH, BJIACTUBOI TaKUM KIIacTepam, a XiMmiuHi 3B'si3ku B MoJekyni TigCy,
noAiOHI TUM, IO ICHYIOTh Yy ByTuienieBux Qyrnepenax. [Ipore Ha BigMiHy Big QynepeHa
Ceo B 10HI30BaHii a00 HeHTpanbHIKH MoeKyi TUIY MgCi, € TIIbKM I ATUYWICHHI KiJIbIld. 3a
dbopMOIO TOBEpXHI JOCUTh cTaliapHui kinactep TigCi, BIAMOBIJAE TIMOTETUYHOMY
HecTablmpbHOMY (1 Wepe3 Ie HepeallizoBaHOMY Ha mpaktuii) ¢ynepeny C,o. 3 mporo
BUIIJIMBAE, M0 MOBHA MOJIOHICTh XIMIYHHMX 3B's3KiB B Kiactepax MgCj, 1 y ByrleneBux
dynepenax € ManoiMoOBipHa.

JlificHO, po3paxyHKH PIBHOBa)KHOI KPHUCTAJIIYHOI 1 €JIEKTPOHHOI CTPYKTYpH KilacTepa
TigC;, mokazanm, 1m0 3B'A3KK aTOMIB TUTAHY 3 TPhOMA CYCIIHIMH aTOMaMH BYTJICIIO 30BCiM
HE TaKi, K 3B's3kU B rpaditi abo y pynepeni Ceqp; 30kpema, nopxuau 3B's3kiB Ti—C 1 C—C B
TigCy, BIAPI3HAIOTBCS Malke B MIBTOpH pas3u. Lle o3Hauae, mo peanbuuii qoaekaenp TigCo, €
CuiIbHO JedopMOBaHU 1 crnoTBOopeHuid. 3B'si3yroui crtanm kinactepa TigCi, yTBOpeHi
koMOiHamiero d-opOitameit Ti Ta MomekynspHux opOitameir C,, a piBeap Depwmi
pO3TalIOBaHUN MK 3B'SI3YIOUYMMH 1 PO3PUXIIIOIOYMMH CTaHAMH THTaHy, II0 3a0e3neuye
CTaOUIBHICTE KJIacTepa. ATOMHU B MOJIEKYJIaX METAJIOKapOOHIB yTBOPIOIOTH CUJIbHI 3B'S3KH.
Hampukian, eHeprist 3B's13Ky, 10 pumnagae Ha oguH atoM mojekynmn TigCy,, ckiramae 6,1—
6,7 eB/atom. [Inst mopiBHSIHHS, 1 BenuunHa B MoJekyni ¢ynepeny Ceqo piBHa 1,4—7,6, a B
kap6imi tutany TiC 3 I'TIK-cTpykTyporo tumy (NaCl) — 7,2 eB/aTom.

Axmo xnacrepu TigCi, MOXyTh yTpuUMyBaTHCS pa3oM cujamu Ban-mep-Baambca i1
dbopmyBaTH Benuki Kpucrtanu, sik ¢ynepeH Cqo, To 00'emuuiit matepian TigCy, Oyne moBomi
CTIWKUY Ha TOBITpi. BapTo 3a3HaunTH, M0 HE MUBISTYACH HA peakmiiHy akTHUBHICTD TigCi,
10 BIJHOIICHHIO 10 0araThbOX PEYOBUH, B3A€MOIiSI MK HUMU MPOTIKA€ TUTBKH K acOIliallis
Jira"jiB 6e3 po3pUBY SKUX-HEOYIb XIMIYHUX 3B'SI3KIiB B KiacTepi. Lle miaTBepIKy€e BUCOKY
cTabiIpHICTh METAJIOKapOOHIB.

[Ipu mnnasmoximiyHOMY ra3oda3HOMY CHHTE3l CIIOCTEPIraeTbcsi TMepeBaxKHE
YTBOpEHHs KiactepHux dacTHHOK MgCir 1 M,,C, (M — Ti, Zr, Hf, V) i3 cniBBiHOIIEHHIM
M:C = 1,5-2,0, a we nanouactuHok kap0OiniB TiC, ZrC 3 T'IK-kpucramigxoro
ctpykTypoto. [Ipu ananmoriunomy cunTe3i B cuctemax Ta—C i Nb—C mopsn 3 kiacrepamu
Ta,C, 1 Nb,C, mo cknmagy Ommspkumu 10 MgCp,, yTBOPIOBAIMCS B HEBEJIMKIN KIJTBKOCTI
HaHOKpUcTamiuHi yacTuaku M,,C, 3 m=n, ski mamu ['TIK-cTpykTypYy.

IIpu razodazHomMy cuHTE31 B CHCTEMax NEPEXiTHUN METal—BYIJIEIh € MOXKIHUBUM
dbopmMyBaHHS TBOX CTPYKTYp — KyOl4HO1 1 THmy MeTanokapOoHiB. OCKUIBKM CIOYaTKy B
KOXxHIii cuctemi M—C 3BH4YaitHO iCHYIOTH KiacTepu (200 YaCTHMHKH) TiTbKH OJHOTO
CTPYKTYPHOTO THITYy, TO MOYXHa MPHUIYCTHUTH, IO BUOIPKOBE YTBOpPEHHS Ti€i abo 1HIIOI
CTPYKTYpu OOYMOBJICHO iX T€pMOAMHAMIYHOIO cTalumbHICTIO. [IpoTe B X0mi MOCHiTKEHb
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Oyno BUSBIICHO, IO OUIBIIICTE YTBOPEHb KyOIYHMX HAHOYACTUHOK, TMOPIBHAHO 3
nonekaenpuuanmMu  MgCi,, BimOyBaeTbCs TpU  Maliid  TOTY)XHOCTI  JIa3€pHOTO
BUMPOMiHIOBaHHsA. DopMmyBaHHS  METalOKapOOHIB MOXe  BijOyBaThucs  IIISIXOM
doToaucoiarii KyOlYHUX HAaHOYACTHHOK, 1[0 CBITYMTH PO BUCOKY CTIHKICTH KiactepiB MgC ;.

Bapro 3a3naunTy, mo MetanokapooHu (0COOIUBO BEIMKI KIACTEPH, IO CKIAAAIOTHCS
3 IBOX 49U OLJIBIIIE CIIOTYYEHHUX MiK COOO0IO J0/IeKaepiB) YTBOPIOIOTHCA B YMOBAX BHCOKOI
KOHIICHTPAIIii BYTJIEBOIHIO 1 BEIMKOI MOTY>KHOCTI JIa3€PHOTO BUIIPOMIHIOBAHHS, 110 CIIPHUSE
JeTiAporeHi3amnii BYIJIEBOAHSA, TOOTO TpPHW MIJABUIICHOMY BMICTI BYTJIEHIO B TjIa3Mi.
3MeHIIeHHS HOTO KOHIIEHTpaIlii a00 MOHMKEHHS MOTYKHOCTI BUITPOMIHIOBAHHS 3HUKYIOTh
BMICT BYIJICIIO B IUIa3Mi, BHACIIJOK IIOTO TMPH BITHOCHOMY AeDINHUTI BYTJEIIO
YTBOPIOIOThCs HaHOo4YacTHHKU KapOifiB MC 3 ['IK-cTpykTyporo, B SIKHX BMICT BYTJICIIO €
MEHIIWK aHDK B MOJEKyJsapHUX kmactepax M,C, . 3 mporo BHIUTMBAE, IO B yYMOBax
razoa3sHoro CHHTE3y YyTBOpeHHS B cucteMax M-C KyOiYHMX 4YH JOJCKACAPUIHHX
CTPYKTYp Yy OuibImii Mipi BU3HAYAE€THCSH KIHETUYHUMH, a HE TEPMOJUHAMIYHHUMHU
YHHHUKAMH.
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10.4. EnekmpoHHi ennacmueocmi BHT

10.4.1. EnexktrponpoBigHicte BHT

Jns BHT BcTaHOBIEeHUI OJHO3HAYHUU 3B'S30K MK CTPYKTYpOIO 1 HPOBITHUMH
BiacTuBocTsMU. Lle 3amexHicTh enextpoHHOi cTpykTypu BHT Bim ii XipampHOCTI, sika €
CTPYKTYpOIO 3allOBHEHHX €JIEKTPOHHUX cTaHiB. [loaiOHI cTaHU (QOPMYIOTHCS B pe3ybTaTi
nenokamizamii  2s- 1 2p-eleKTpOHIB aToMa BYTJICIIO, MPHUOMY 2S-€IEKTPOHH TpHU
ribpuau3arii 3aloBHIOIOTH 00JIACTI €HEeprii HIbK4e 1 BUIIE 3a piBeHb DepMi, a 2p-eIeKTPOHN
- obmacti mob6mu3y piBHsS @epmi. 3mMiHa XipaJdbHOCTI, a TakoX paaiycy BHT npu3Boauts 1o
3MIHM IMPUHU 3a00pPOHEHOI 30HU, SIKa € MOHOTOHHO CITaJIaf0uol0 (YHKIIE pafdiycy. Sk
XapaKTEPUCTHKA XIPAJbHOCTI [UIi TPOBITHUX BIIACTUBOCTEH I1HKOJHM 3pYYHO BBECTH
iHAeKCk =m—2n, Tomi k=0 Jae MeTajeBy WPOBIIHICTH, k:3(q+1) XapakTepusye
BY3bKO30OHHHUI HAMBOPOBITHUK, k =3¢+11 k=3¢g+2- HamiBOPOBITHUKU i3 3 CEpeaHIM
3HaYeHHS 3a00POHEHOT 30HHU.

[Ipu BUMIpi €NEKTPONPOBIIHOCTI HAHOTPYOOK CIIiJi 3BEPHYTH yBary Ha HpPOBITHICTb
oJiHi€T HAaHOTPYOKHW (OAHOMMIAPOBOI YK OaraTomapoBoi) 1 JKryTa Marepiaay 3 HaHOTPYOOK.
BHT € 3ropuyroto B cmipanb rpadiToBOI0 TMOBEPXHEH, TOMY ii MPOBIAHICT TOBHUHHA
BIJIMIOBIIaTH TPOBITHOCTI y3A0BXK TpacdiroBoi miommHu. [Ipore, Ha NPOBIAHICTE TaKOl
TUIOIIMHY TTOBUHHI BIUIMBATH KOHTAKTH MiX IUIONIMHAMH B MaTepialii 3 HAHOTPYOOK, a TaKOK
pizHOTO poay nedektu 1 AoMimKu. B pesynbrari HmpoBIAHICTH Marepially 3 HaHOTPYOOK
ICTOTHO BIJIPI3HAETHCS BiJl MPOBIAHOCTI 1HIMBITyaTbHIX HAHOTPYOOK.

[Ipsimi BuMipu mpoBigHOCTI iHAUBIAYyansHuX BHT npobnemHi, TpyaHOIII MOB's13aHi, 3
OJTHOTO OOKY, 3 HAHO- 1 MIKpOPO3MipaMHl HAHOTPYOOK, 3 1HIIIOTO - 3 iX MAJIUM OMOPOM, SIKHH €
HIOKYMM 32 OIMp KOHTAakTiB. Take 3aBJaHHS BHPIIMIYETHCS 3a JomoMoror meroxy ACM:
miCJIsi HAaHECEHHS HAHOTPYOOK HA MOBEPXHIO MIAKIAJAKH 3 OKCHUAY KPEMHIIO, MOKPHUTY
rpaTKaMd 3 IUJIATMHOBUX €JEKTPOoJiB. HakOHEUYHHMK MIKPOCKONMY MPUTUCKAETHCS M0
HAHOTPYOKHM 1 BUKJMKA€E ii BUTMH a00 KOHTAKT 3 CYCIIHbOIO HaHOTpPyOkoro. llei mpuitom
JI03BOJISIE BIIPI3HUTH KOHTAKTHUN OITIp BiJ OMOPY camMoi HAHOTPYOKH. 3T1AHO TaKUX BUMIpPIB
OITip MPSAMOJIIHIAHOT MIJISTHKY OJHOIIAPOBOI HAHOTPYOKH, 0€3 30BHIIIHHOTO HABAHTAKEHHSI,
ckinamae mpu KimMHaTHIM Temmepatrypi 10 kOwm, Llg BenmnumHa BiAMOBIAA€ BEIUUYUHI
OJIMHAYHOTO KBaHTa TIPOBIJHOCTI 3a HAsSBHOCTI OaJiCTHYHOI MPOBITHOCTI (BIACYTHOCTI
PO3CISIHHSI €JIEKTPOHA), KOJIM TOBKMHA MPOOITy €IEKTPOHA MEPEBUIIYE PO3MIP HAHOTPYOKH 1
3HAYHO TIEPEBHUIIY€ MPOBIHICTh KOHTAKTY. BuruH HaHOTpYOKH Ha KyT 105° mpu3BOaUTH 10
3MeHmeHHs ii mpoBigHocTi B 100 pasziB. ToOTO, BUTMH HAHOTPYOKH 3HAYHO 3MIHIOE ii
npoBigHICT. {10 BIacTUBICTh HAHOTPYOOK MOXKHA TMOKJIACTH B OCHOBY HAHOMPHUCTPOIO -
NEepeTBOPIOBAYa MEXaHIYHOTO CHUTHANly B EIeKTPUYHHMIA 1 HaBIaKd, 30KpeMa Jjs
HAaHOMIKpPO(OHY.

BaxnuBuii iHTepec sBisie c000I0 TeMIEpaTypHa 3aJIeKHICTh 3ITHYTOI IiISHKH
HAHOTPYOKH, sIKa MPH I[bOMY IMOBHWHHA MPOSBISATH HAIIBIPOBIAHUKOBI BracTuBocTi. [Ipu
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temneparypax Buiie 100 K mi 3anexnocTi MokHa onucati Gpynkuiero G ~ T ¢, ne a = 0,26.
3HaYeHHs MTOKa3HUKa TEMITEpaTypHOI 3aJI€KHOCTI TIPOBITHOCTI JT03BOJISIE 3pOOUTH BUCHOBOK
Ipo TYHEIbHUN MEXaHI3M IMEePEHECEHHs €JIEKTPOHIB 4epe3 3IrHyTy IUISIHKY HaHOTPYOKH.
ToOTO MOKHa MTYYHO CTBOPUTH TYHEIBHUH IEpeXiJ B HAHOTPYOIll B PE3yIbTaTi BUTHHY
BHT, ocCkibKM KOHTaKT MDK JIBOMa CXPEHICHAMH HAHOTPYOKaMH TaKOX MAa€ Maiy
MPOBIIHICTH MPH KIMHAT HUH TeMIEpaTypi 1 BIAMOBIAAE€ TYHEIHLHOMY MEPEXOTY.

10.4.2. [Tos1iboBa esieKTpoHHA eMicisgs BHT

SIBuIie aBTOENEKTPOHHIM eMicii BUHHMKA€e mNpu [ii Ha 3a3eMJICHUN TPOBITHUK
eJeKTpUYHOTO ToJisA. JIJis BUXOMy €JeKTpOHAa 3a MEXI MOBEPXHI HEOOXITHA EHepris, sKa
MEPEBUIILYE POOOTY BUXOMY €JEeKTpoHa (KiJbKa EJIeKTPOHBOJBT), 1 TpPH KIMHATHIN
TEMIIepaTypi, SKa € Ha JBa TMOPSIKA MEHIIOI0 BiJ INi€] BEJWYWHH, BUXIJ €JIEKTpOHA HE
BinOyBaeThcsi. CuTyalliss 3MIHIOETBCSI TIPU HAKJIaJlaHHI HA MPOBITHUK EIEKTPUYHOTO TOJIA,
JOCTaTHBIO Ui 3HWKCHHS 1 3BY)KeHHsS Oap'epy. B pe3ynbTaTi TYHEIBHOTO MEpPEXOdy
BUHUKAE EJIEKTPOHHA €MICif, CTPYM SKOI PI3KO 30UIBIIYETHCS 3 IMiJBHINCHHSIM HAMPYTH.
ABTOENIEKTpPOHHA €Micisi OmucyeThecsl piBHSIHHAM @Daynepa-Hopareiima, ske moB'si3ye
TYCTUHY CTPYMY aBTOEJEKTPOHHOI eMicii 3 Hampy»KEHICTIO eIeKTPUYHOro MoJisi E Ha Mexi
MIPOBITHAKA!

C
J=CE’ exp{— E?} ,

JIyist TIagKoi mMoBepxHI TyCTHHA CTpyMy | MA/cM” ocsraetbes st 3HadeHns E ~ 10
B/cm. Binxunenns penbedy y BHUTISAI BHCTYIY BiJ 1I€TBHO IIJIOCKOTO TPH3BOIUTH [0
MOCWJICHHSI CTPYMY aBTOEJIEKTPOHHOI eMmicii y cmiBBigHOmEeHHI L/R, ne L - BiJICTaHb MIX
BUCTYIaMH, a R - pajiiyc TOJIBKU BUCTYILY.

Ewmiciiini xapaktepuctukn BHT BH3Ha4aroThCS camMe UM CITIBBIIHOIICHHSIM, SKE
MPU3BOIUTH JI0 TOTO, IO €JIEKTPUYHE TMOJIe TO0IM3y HAHOTPYOKH B COTHI pa3iB MEPEBUIIYE
cepenHe 3a 00’eMoM 3HaueHHs. B pe3ynbTari mporo e(pekt aBToemicii MpOSBISETHCS TS
HAHOTPYOOK TPH HIDKYIA HAMpy3i, MOPIBHAHHO 13 3BHYAHUMH aBTOEMICIHHUMH KaTOJIaMH,
BUTOTOBJICHUMH Ha OCHOBI MaKpOCKOMIUYHHUX MeTayieBux BicTpiB. Llel edexT BinkpuBae
a0COJIFOTHO HOBI MEPCIIEKTUBU JJIsi CTBOPEHHSI MOHITOPIB 1 KaTOOJIOMIHECIIEHTHUX JKEPEI
cBiTi1a Ha ocHOBI BHT 3 HMXKUMM €HEeprocroKMBaHHSIM.
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10.5. HaHonpucmopoi Ha ocHoei BHT

VYHIKaNbHI BIACTUBOCTI HAHOTPYOOK JO3BOJISIOTH BUKOPHUCTOBYBATH iX SK OCHOBHI
€JIEMEHTH B E€JICKTPOHHHX 1 CBITIIOBUX MPHUCTPOSX, TAKUX SK 10U, MOJTHOBI TPAH3UCTOPH,
XOJOJIHI KaTOH 1 TUCIUIET.

10.5.1. diop,

BHT yTBOpIotoTbCS 3 BYIJCHEBUX MIECTUWICHHUX Kilenb, K B rpadirti. Skmo
BYIJICIIEBUI MIECTUKYTHUK 3aMIiHUTH Ha M'STHKYTHHK a00 CEMHKYTHUK, TO HaHOTPYyOKa
3irHeThCs. [Ipy IbOMY 3MIHIOETBCSI OPIEHTAINIS] MECTUWICHHUX KIJIEIh MO BITHOIICHHIO 0
0Ci HaHOTPYOKH, a 3HAYUTHh MIHSETbCA 1 MOJOXKeHHs piBHSI Depmi, mupuHa 3a00pOHEHOT
30HU 1 TPOBIAHI BIACTHBOCTI.

Takum ywHOM, 3iTHyTa HAHOTPYOKa € TeTEpONepexo/IOM METall - HaIiBIPOBiIHHK.
Tenep, KO0 PO3TNSHYTH JTiBUU 1 MpaBUil BiAPI30K HAHOTPYOKH 130JIbOBAaHUH 3 PI3HUX
CTOpIH BIIHOCHO ii BUTHUHY, TO €JIEKTPOHH Ha piBHI DepMi BOJIOAIIOTH PI3HOIO €HEPTIETO.

Enepris

Meran 3run  HamiBnposigauk

Puc.10.5.1.1. Cxema 6uxkpusienHs HaHOMPYOKU NPU 3AMIHI UUECMUYIEHHO20 KIIbYsA HA NAmu-
i cemuyieHHe i 3MIHU NOMeHYIANbHO20 bap '€py 01 eeKmpOHi8 NPOGIOHOCMI. 31i6a 6IOHOCHO
8UCUHY HAHOMPYOKA OYOe Memanesoro, a CNpasa - Hani8NpPoBIOHUKOBOH

IIpu o6'emnanHi BiApI3KIB BUTpAml B €HEprii mpusBeie A0 MEpEeTIKaHHS 3apsamy 1
YTBOPEHHS IMOTEHIIIMHOTO Oap'epy.
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Puc.10.5.1.2. Buxopucmanus egex-my 00HOOIUHOI NPOBIOHOCMI HAHO-MPYOKU OJisl BUNAOK)
CMBOPEHHS UNPAMIIAIOY020 0i00d

Enextpuunmii cTpyM TEKTHUME JIMIIE B TOMY BUIAAKY, SIKIIO €IEKTPOHU MEPEXOAITh 3
obmacti HaHOTPYOKHM 3 Olnbiior0 eHepricto depmi B 007acTh 3 MEHIIOK eHeprieo. B
pe3yabTaTi CTPyM MOTEYE JIUIIE B OJTHOMY HAIPSIMI.

[Mpuxman. HanoTpyOka 3HaXOAWTHCS B KOHTAKTI 3 JBOMAa MPOBIIHUKAMHU 13 30JI0Ta,
HAaHECEHNMH Ha KBaplEeBY WiAKIAAKY. 3aleXHO BiJ TOJSIPHOCTI HANPYTH EJICKTPUIHUIN
CTpyM 4epe3 MpHUcTpiit abo BiACyTHIH, a00 NiHIKHHO 3pocTae MpHU 301IbIICHH] HATIPYTH BHIIE
KPUTHYHOTO 3HAYCHHSI.

10.5.2. [Io/1IbOBUM TPAH3UCTOP

Ha ocHoBi HamiBmpoBigHUKOBOI a00 MetaneBoi BHT moxuBe cTBOpEHHS MOJIBOBOTO
TPaH3UCTOPA, M0 MPAIIOE MPU KiMHATHIN TemmepaTypi. [lonboBi TpaH3UCTOPHU - MPHUCTPOT,
IO JT03BOJISIFOTH PETYJIIOBATH MEPEHECEHHS 3apsily 3 JOMOMOTO KEPYIYOro eJIeKTPUIHOTO
HOJIS III0 BUKOPUCTOBYETHCS JJIsl TOCUIICHHS CUTHANY, B IEpEMHUKavaXx.

VY HaHONPHUCTPOi HAHOTPYOKA MOMINIYETHCS HA JBAa TOHKI IJIATHHOBI €JIEKTPOJIU, HA
SKUX TOJA€ThCSI OCHOBHA HAIpyra JUisi TPOXODKEHHS CcTpyMmy. SIK TpeTiii Kepyrouwii
€JIeKTPOJI (3aTBOp), BUKOPUCTOBYETHCS MIap KpeMHiro. Y HamiBnpoBigaukoBii BHT, cranm
BaJICHTHOT 30HHM BIJOKPEMJICHI BijJ 30HM MPOBITHOCTI 3a00POHEHOIO 30HOI0, TOMY TIPH
BiJICYTHOCTI 30BHIIIHBOTO TMOJISI KOHIIEHTPAILlis HOCiiB B 30HI MPOBIAHOCTI Maja i HAHOTPYyOKa
BOJIOJII€ BUCOKUM oropoM. [Ipu mogadi Ha TpeTiid eIeKTpo/] eeKTpruaHOoro 1o U B 00macTi
HAHOTPYOKH BHUHHMKAE €IEKTPUIHE TI0JIC, [0 3MIHIOE CHEPTETUYHUHN PO3MO/ILT B 30HAX, 1 Kpai
30H 3MINIYIOTHCS BITHOCHO MTOBepxHI Depmi.
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Puc.10.5.2.1. Cnocib xepysanus erekmpuunum noiem i, 6iON08i0HO, KOHYeHMpayieio HOCiig
V 30HAX 0eNOKANI308AHUX CMAHIB, 3 OONOMO20I0 MPAH3UCMOPA HA HANIBNPO-8IOHUKOSIN
BHT

[Ipu bOMY KOHIIEHTpAIlisl TiPOK Yy BAJICHTHIHN 30HI 1 €IEKTPONPOBIIHICTH 3pOCTAIOTh.
Jiis moteHiany 3aTBOpy Onm3pko 6 B KoHIEHTparisi IipoK O0CATa€ MaKCHMYMY, OIIIp
MiHIMyMy 1 HaHOTpyOKa cTae MeTaneBoio. [Ipu CTBOpEeHHI MOJLOBOTO TPaH3UCTOpa Ha
MeTajleBidi HAaHOTPYOIll BUKOPUCTOBYIOTHCS €(EKTH TYHEJIBHOTO TEPEHECEHHS EJIEKTPOHIB
yepe3 HaHOTPYOKY MO OKPEeMHX MOJISKYJSIpHHX opOiTansx. BHacaigok TOro, mo JOBXKHHA
HAHOTPYOKM CKIHYEHHA, il €JeKTPOHHHMHA CHEKTP BTpadae Oe3MepepBHICTH 1 TUCKPETHICTH
eHepreTuyHuX piBHIB ckiaagae 1 meB mus nosxuan BHT 1 MM .

Taxuit xapakTep po3IIEIIJICHHs PIBHIB HE MMO3HAYAETHCS HA €JICKTPOOIIOPi HAHOTPYOKH
npy KIMHATHIM TeMIiepaTypi, KOJM BCi PiBHI 3acelieHl, ajie BH3HAYa€ ii BJIACTHBOCTI MPH
temnepartypax Hukde 1 K, [IpoBiaHicTh Takoi MeTaneBoi TpyOKH BU3HAYAETHCS TyHEJIbHUM
MEPEX0J0M 3 BEPXHBOTO 3aMIOBHEHOTO PIBHS KaToJa Ha TMPOBITHUN ITUCKPETHUN DPIBEHb
HAHOTPYOKH, a TOTIM 3 HAaHOTPYOKM Ha HIDKHIM HE3allOBHEHHWM PIBEHb aHOAa. B mexax
HAHOTPYOKH, TYHENIOBaHHS €JIEKTpOHA BiAOyBaeThcsi Oe3 BTpaT MO BCiM il JOBXHHI 3a
pPaxyHOK JIeJIOKaTi30BaHHUX TT-CTaHIB.

—_—
= 0,061
o
X
2 .2
§ ; 0,044
= =
- E
2 0,024
=
0,00
Anoj Hanotpy0ka Karoz o D) O [ 2 _Tl

U,B
Puc.10.5.2.2. TI'pagix 3anexcnocmi cnekmpy npoGioHocmi 6i0 NOMEHYiany npu pi3HUX
memnepamypax 0s CUucCmemu aH00-HAHOMpPYOKaA-Kamoo

Ilepenecenns enexkTpoHa 0€3 BTpaT MK HAHOTPYOKOIO 1 KOHTAaKTaMH EJIEKTPOJIB
JOCSTAETHCS TOEAHAHHSAM DIBHIB eHepriii depmi enexTpomiB 1 HaHOTPYyOku. BritodeHHs
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30BHIITHBOTO €JIEKTPUYHOTO MOTEHINaly Ha TPETid eNeKTPO]] 3MIllye eJIEKTPOHHUN PIBEHb
HAHOTPYOKH 1, SIK HACIIIOK, 11 OIip 3pOCTaE.

10.5.3. Xos104Hi KaToau Ha ocHOBi BHT

Ewmiciiini BmactuBocti BHT ciyxaTh OCHOBOIO JJisi CTBOPEHHS TPHCTPOIB, SKi
BKJIFOYAIOTh  CJIGKTPOHHI  JWCIUIei, JIIOMIHECIICHTHI  JDKEpena  CBiTNa,  JpKepena
PEHTTEHIBCHKOTO BUIIPOMIHIOBAHHS, SIKi BiJIPI3HSAIOTHCS 3HIDIKEHOIO HAIMPYTOK KUBJICHHS,
MOTY)XHOCTI, MaJior0 Macor 1 posmipamu. Lli mpucTpoi MOBHMHHI BOJIOAITH BHUCOKOIO
CTaOUTBHICTIO EMICIHHOTO CTPYMY, BUCOKOIO SICKPABICTIO, BUCOKOKO OJTHOPIAHICTIO EMiCIHHUX
XapakTepuCTHK. [|Jist OTpUMaHHsI KOJIbOPOBUX IUCIUIETB 3aCTOCOBYIOTHCS JTIOMiIHO(DOPH.

st momirodopHoro mucriero HeoOximHi omHomrapoBi BHT miamerpom 1,4 HM i
3apnoBxkku 0,5-2 mMxm. Taki BHT cuHTe3yroThCS B AyroBoMy po3psai 3 rpadiToBuMu
enexktpomamu. [lucmeproBani BHT 3wmimyrorbcsi 3 yIbTpaguCIEpCHHUM  METaJIEBUM
MOPOIIIKOM, & OTPUMaHa CyMIIll HAHOCUTHCS Ha MiaKIaaky. [loBepxHs kaToga 0OpoOIseThCs
aOpa3MBHUM MarepiaJioM sl BUJAQJICHHS METAJIeBHX 4YacTOK, ToMy BepmuHH BHT
BUSIBJISIIOTHCS HAJl TOBEPXHEIO Kartoaa. [loBepxHs aHOa BKIIIOYA€ YacTKU JoMiHOPopy Y,0s
: Eu, ZNS : Ci 1 ZNS : Ag, CI, 3aBroBmku 6- 10 MKM, aig BiITBOPEHHS YE€PBOHOTO,
3€JIEHOTO, 1 OJIAKUTHOTO KOJIBOPY.

Bumume critio

| | JIromirODOp

AHoxn
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™ (AUOMiHIEBA
¢omnra)
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Enexrponu

|”"“|"|”"|H”‘= Hanotpyoxu
< Karon
Puc.10.5.3.1. Cxema npucmpor nwominopoprnozo oucniero. /ucniei 8KIOUAE eleKmpoo-

Kamoo i aHo0, NPULOMy Kamoo MiCums HAHOMPYOKU, 3 AKUX 8UXOOUMb eMICIsl eleKMPOHIE.
Ilpu 3mini nanpyau emicisa He 8I00y8acmvbcs, Momy OUCHIeU MAE OIOOHY CIMPYKMYPY
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[HIIMM NpUKIaZOM BHUKOPUCTAHHS €IIEKPOHHOI eMicii HAaHOTPYOOK € MOJKIJIHBE
BUPOOHMIITBO KATOJOIIOMIHECIICHTHHX OCBITIIIOBAIBHUX JIaMIT. |paguIliiHO JPKEPEIOM
€JIEKTPOHIB U OTPUMAHHS JIFOMIHECIIEHCIT CIY)KUTh Tapsyuil KaToJ, IO BOJIOJIE SBUIIEM
TEPMOEIIEKTPOHHOI eMicii, 0 MPU3BOIUTH J0 30UIBIIEHHS €HEPTrOCTIOKUBAHHS 1 YCKIIaTHIOE
KOHCTpYKIito. [luX HemomiKkiB MOKHa YHUKHYTH TIPH 3aCTOCYBaHHI XOJIOJHOTO KaTOMdY, IO
BKJIFOYA€ HAHOTPYOKH.

[IpoBimmmuii map

JroMiHecIeHTHHIM TIap

Puc.10.5.3.2. Cxema npucmporo nomi-HecyeHmuoi iamnu, 0e Kamooom CayHcum nioxkiaoxa
3 BHT

VY miii mammi kKatoj Ha BIAMIHY BiJl TUIOCKHMX MIAKIAI0K Ma€ IWIHAPUYHY (GopMmy.
[Tigkmankoro mist BHT cmyxkuth npit giametpoM 1 MM 1 1oBxkuHOI0 7 cM 13 ciuaBy Fe-Al-
Cr. Ha minkmanky HaHocsaTbest OaratommapoBi BHT 3irmytoi ¢opmm miamerpom 20 HM.
Ewmicisa BignoBigae 3anexHocti @aynepa-Hopareiima 3 po60TOI0 BUXOIY €IEKTpOHA OIM3BKO
5 eB 1 xoedinienTom nompoBoro nocwieHAs 23000. OTpuManuii eMiTep BUKOPUCTOBYETHCS
SIK JIFOMIHECIIEHTHA OCBITIIOBAJIbHA JIamMma. AHOJIOM CITY>KHTh IIJTIHIPUYHA CKIIsTHA TPyOKa,
nokpuTa 3cepeanau rominodopom. [Ipu Hanpysi Ha mammi 5,4 kB ryctuHa cTpyMy Ha aHOI
ckanae 6mspko 0,06 MA/cM?, [Ipu oMy sickpaBicTh cBiueHHs ckiagae 10000 KI/M, 10 €
ONM3BKAM 3a 3HAYCHHSIM 3 TMapaMeTpaMu KOMEPIHHUX JOMiHEeCIeHTHUX jamm. [Iporte
mwkepeno cBitia Ha BHT He MICTUTBH €KOJOTIYHO MIKIJIMBOI PTYTi, MIBUIKO 3arOpsSETHCS 1
JIETKO TaCUTHCSL.
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BucHoBKkM

Jlanuii HaBYAIBHO-METOAMYHUN TOCIOHMK HANMCAHWWA BIAMOBIIHO J0 TPOTpamMu
crienkypcy «MeTonu OTpUMaHHsS HaHOMartepiaiiBy. B HbOMY 3p0o0JIeHO AeTaJbHHUI aHami3
HaHOMaTepialiB Ta HaHOTeXHOJNOTiH. [loCIOHMK CKIamaeThcsi 31 BCTYIMY, JBOX BEIUKHX
YaCTHH, KOXKHA 13 SKWUX, B CBOIO YEpTy, BKJIIOYAE DS PO3AUIB; BHUCHOBKIB Ta CITHCKY
BUKOPUCTAHUX JDKEPEI.

[lepmra dwacTMHAa TPUCBAYEHA BBEJACHHIO OCHOBHMX TEPMIiHIB, Kiacudikarmii
HAaHOMATEpialliB Ta PO3TISAY MPUUUH OCOOIMBOCTEH iX (DI3UKO-XIMIYHHX BIIACTHBOCTEH.
3po0sieH0 KOpOTKMH Ot 0a30BUX TOHATH 1 sSBUMI (i3uku moBepxHi. OKPEMOIO TEMOIO
pO3TIsAaoThesl  AucrepcHi cuctemu (modineHi Ta modoOHi), iX 0coOIMBOCTI Ta
XapakTepUCTUKU. J[aHO TOCTIIOBHMI BHKJIAJ MEXaHI3MIB YTBOPEHHS IOBEPXHEBOTO
€JIEKTPUYHOTO mapy Ta (HakTopiB, 0 HA HHOTO BILIMBaIOTh. Oco0/MBa yBara MPUALISIETHCS
MOBEPXHEBUM SIBUIIAaM Ha TpaHUIl po3airy ¢as3, cnemudimi amcopOuii Ta ymoBam
3apOJIKOYTBOPECHHSL.

Jlpyra yacThHa MpUCBSYEHA KOHKPETHUM TEXHOJIOTiSIM OTPUMAaHHS HaHOMAaTepialiB i
CKJIQIA€ThCSL 3 JIBOX PO3IUTIB. Y MEPHIOMY PO3MIiii pPO3INIANAIOTHCS METOAU OTPUMAHHS
HAHOIOPOIIKIB, MO 0a3yrThcs Ha QiznyHuX ((pi3muHe OCa[HKEHHS 3 TapoBoi ¢asw,
MeXaHiuyHe MOAPIOHEHHs, 10HHO-TJIa3MOBI METOAM) Ta XIMIUYHUX (XiMiYHE OCa/KEHHS 3
napoBoi (a3, BACOKOCHEPTETUIHNI CUHTE3, OCAKEHHS 3 PO3UYHMHIB, PO3KJIA]] HECTAOITHPHIX
CIONYK, BIJHOBHI TIPOIECH) TMPOLECiB. Y JAPYyromMy pO3IiJl pO3MISAJAIOTECS METOIU
OTpHMaHHS BYTJICIIEBUX HaHOMATepialliB, MEXaHi3MH X pOCTy Ta NMPUKIAJAN BUKOPUCTAHHS.
Y KOXHOMY 13 METOAIB OTPUMaHHA HaHOMAaTepiamiB 300pakeHi OCHOBHI HEOXiTHI
KOHCTPYKIIii Ta MpUIaad, AaHO UiTKI TEOPETUYHOTO IMOSICHEHHS, MiJKPECICHO OCHOBHI
NepeBark Ta HEeJIOMIKU KOXKHOI 13 TEXHOJIOTIH.

Bapro 3a3HaunTtH, MO Ha JAaHOMY €Tali OTPUMaHHS HaHOMATEpiaT iB JOBOJI YacTO
BUKOPHCTOBYIOTh HE OJIMH, a KIJIbKa METO/IIB OTPUMaHHs, TOOTO X KOMOIHaIIifO.
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