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dopma, GoToaIEKTPUUECKHE U MeXaHUYeCcKue
CBOWCTBA HAHOCTPYKTYPUPOBAHHOTO KPEMHUS 3aBU-
CST He TOJIBKO OT CBOUCTB UCXOHOTO MaTepHasia, HO
u ot Metojia ero hopmuposanus [1]. VzBectHo, 4T0
BCE OCHOBHbBIE COBPEMEHHbBIE METO/IbI TTOJIyYEHUsT Ha-
HOCTPYKTYPHPOBAHHOTO KPEMHUST — JuTorpaduue-
CKMI, 3MUTaKCHUAIbHBIN, KOJJIONAHBIM — OCHOBAa-
HbI Ha TIOJIyYeHUU MEe3aCTPYKTYPbl, [PU XUMUYE-
CKO#1 06paboTKe KOTOPOI MO3KHO c(POPMUPOBATH Ha-
HOPa3MepHbIE YaCTHUIIbI KAK HA TIOBEPXHOCTH I1JIac-
THH, Tak 1 B o6beme [2]. Bce atn metonnr o6ben-
HSIET TO, YTO OCHOBHBIMU MEXAHU3MAMHU MOJTyYEHMS
Me3acTPYKTYp SBJSIOTCS JeDOPMAIMOHHbBIE MeXa-
HU3MbI, NIPU KOTOPBIX HA TPaHWUIlE pasjiesia KOH-
TAKTUPYIONINX MAaTEPUAJOB PEJAKCUPYIOT MEXAHU-
yecKue HANPSKeHUs, YTO BeJleT K BOSHUKHOBEHWIO
mracTudeckoi gecdopmanuu. V1 x0T Bce OCHOBHBIE
MeXaHU3MBbI TIJIACTHYECKON JehopMaIliui U3BECTHBI,
OCTAIOTCSI BOITPOCHI, CBSI3AHHbBIE C KOHKPETHBIMU Me-
XaHU3MaMu, JIEHCTBYIONMMU TIPU PA3HBIX METOaX
(hbopMupOBaHUST HAHOCTPYKTYPHPOBAHHOTO KPEMHUS.

N3BecTHO, YTO CJIOM TIOPUCTOTO UK HAHOCTPYK-
TYPUPOBAHHOTO KPEMHHS MOYKHO (POpPMUPOBATH C
TIOMOIIIBIO TIEKTPOXUMHUIECKOTO /T XUMUIECKOTO
n30UPaATETbHOTO TPABJEHUS C IIPEIBAPUTEIbHOM
06paGOTKOI MOLIHBIM JIa3epHbIM u3rydenuem (ma-
3epHOU MOAU(UKATIMEN TOBEPXHOCTH C IEJBIO TT0-
JIydeHUs1 pasBuToil gedexTHON cTpyKTypbi) [3].
B cBsi3u ¢ aTuM, TIPEACTABIISIIOT UHTEPEC JaJIbHEl-
e WCCJAeIOBAaHUS 10 TIOMCKY HOBBIX CITOCOGOB
MOJIyYEHHUST HAHOCTPYKTYPUPOBAHHOTO KPEMHUS C
3ajaHHoi crpykrypoit. B [4] ans nosydenus pas-
BUTON MEPUOANIECKON CTPYKTYPbI HAHOCTPYKTYPH-
POBAHHOTO KPEMHUS TPEJOKEH METO/, OCHOBAaH-
HbII Ha BBIPAIIUBAHUU CJIOSI TEPMUYECKOTO OKCHUIA
PA3IMYHON TOJIIUHBI C MOCAEAYIONUM €ro CTPaB-
JIMBaHUEM 1 06PAGOTKON XUMIIECKUMU 36U PATEIh-
ubimMu Tpasutesasymu (MT). B ocHoBy MeTosa 110J10-
JKeHa ujiest NCTOJb30BAHUS TEPMIUYECKOTO OKHCJIe-

HUS TIPU PA3JUYHON TeMITepaType W B PA3HBIX Cpe-
JIaxX IS TIOJTYYeHUsT OKCH/IOB KPEMHUST PA3JUIHON
TOJIIIHBI, YTO TTPUBOJUT K BO3HUKHOBEHUIO B IIe-
PEXO/IHO 06J1aCTH TUCTOKAIIMOHHBIX CETOK C Pa3-
JINYHBIM TIEPUOJOM U — IIPU JaJibHeliiieir o6pa-
6otrke T — k 06pa3oBaHUIO OCTPOBKOB Pa3JImy-
HBIX pa3MepoB 6e3/1e(heKTHOTO HAHOCTPYKTYPHUPO-
BAHHOTO KPEMHUSI.

[esbio HacTOsIIEN PAGOTDI SBJISIETCST OTIPE/IEIe-
HUE BO3MOXKHOCTU TIPUMEHEHUS MeToja (OTOJIIO-
muHecternun (DJI) [a1g u3yvyeHuss MeXaHU3MOB
mIactTudeckoir gedopmanuu Tpu GOPMUPOBAHUH
MJIOTHBIX MAaCCUBOB HAHOCTPYKTYPUPOBAHHOTO KPEM-
HUSI Ha mpuMepe 1eOpPMAIMOHHOTO METOJla €ro
MOJIy4eHusl. JTOT METOJI OCHOBAH Ha BbIpPAIMBAa-
HUW OKCH/IA KPEMHUSI PA3JUYHON TOJIIUHBI C TO-
CJIEIYIONIMM €ro yAajeHneM u o6paboTKoii mepuo-
JINYECKOI Me3aCTPYKTYPbl HA MOBEPXHOCTH KpPEM-
HUST XUMUYECKUMH U30MPATETbHBIMU TPABUTEJISIMU.

O61bexTaMu uccyieIoBaHui SBJISIJIUCD TIJIACTUHBI
MOHOKPHUCTAJIMIECKOTO KpeMHUS Mapok KOM-4,5
(111) u KZIB-10 (100). IInacTumbl KpeMHIS OKUC-
JILTCHh B aTMOcdepe CyXOoro KUCJI0po/ia Mpu TeM-
neparype 1150°C (Tosmuna oKcuga COCTaBIISAIA OT
0,1 10 1,5 MKM) U 3aTeM TPABUJIUCHh B PACTBOPE
HF. TloBepxHOCTb KpeMHHS TIPEABAPUTETHHO 06-
pabaTbiBasich cMechbio Kapo u rnepekncHoaMMuay-
HbIM pacTBopoM [5], a nanee — xumnueckumu UT
Cakko (nosepxuocts 100) u Cupriist (OBEPXHOCTB
111) [6, 7]. IlpuMenenue Takoii mpeaBapUTEIbHOI
06paGOTKH MO3BOJIMJIO MOBBICUTD 3(DHEKTUBHOCTD
n36UpaTebHOTO TPABJEHUS, T. K. JOIMOJHUTEJb-
HOE OKHCJIEHUE TIOBEPXHOCTH KPEMHHUS CIIOCOOCTBY-
et ociabyennio cBsseit Si— Si.

[ToBepXHOCTh KPEMHUS TOCJE XUMUYECKOU 06-
pPaGOTKH UCCJIeIOBATM METOJAMU HJIEKTPOHHON CKa-
HUPYIOLIE MUKPOCKOIMU (MUKPOCKOII-aHAIM3aTOP
Cam Scan-4 D c cucreMoil 2HEPreTUYECKOro JHC-
nepcuoHHoro anajmsaropa Link-860) u Osxe-siex-
Tponnoii cnekrpockonuu (YOC) ucnob3oBaIm

TexHOJIOrNS 1 KOHCTPYHPOBAHUE B 3JIeKTPOHHOIT anmaparype, 2012, Ne 2

47



MATEPUAJIbI 3JTEKTPOHUKU

criekrpomerp LAS-3000 ¢bupmbr Riber. Ontuueckue
MCCJIeIOBAHNUST TTPOBOIAIIN € TIOMOIIBIO METAJLIOTpa-
(prueckoro mukpockona MMP-2P. Cnexkrp @JI
nusMepsau ¢ nomoiibio crexkrpomerpa [IMDC ¢ do-
ToyMHOXkHUTestleM DY B peskuMe cTpOOHMPOBAHNUS
u cyera (POTOHOB 1OCJIE TOCJIOHHOTO XUMHYECKOTO
n30MPATENHbHOTO TPABJEHUS TIJIACTUH TPH 00JIyue-
HUU JTa3epOM C JJTMHON BOJHBI 337 HM, AIUTENbHO-
cTpio nMITyIbcoB 10 He, gactoroil noBTopenus 50 I
u cpejiHel MotHocTbio 10 MBrT.

BequHHa BO3HMKAIONIMX HAa I'PAaHUIlE pas/ie-
Jla <OKCH/T KpEMHWS — KpeMHU»> fedopma-
I 3aBUCHUT HE TOJIBKO OT NAapaMeTpPOB OKCHJA U
KPEMHUS, HO ¥ OT HAJn4us JeheKTOB B UCXOJHOM
kpemuuu. Ha puc. 1 1pejcrtaBiieHO 3JIeKTPOHHOE
n300paskeHne JIeHIPUTHBIX /1e(PeKTOB, MMEIOINX
NPUMECHYIO TIPUPOJY, TOJy4YEeHHOE IPH HCCJIe/0-
BaHWM TIOBEPXHOCTH KPEMHHUS MOCJIe 06PA0OTKH CMe-
cpio Kapo u nepekncHoaMMHAYHBIM PACTBOPOM C
nocJenyionieir o6padorkoit xumnyeckum UT B Te-

Puc. 1. [lenapuTsl Ha MOBEPXHOCTH IJACTHHBI KpPEM-
Hus K/IB-10 (100)

YeHUe TpeX MUHYT. B HEKOTOPBIX cayvasx HaGJIIo-
JIaJioch TIogBIeHre AeeKTOB CIOUCTON HEOTHOPO/I-
HOCTH C TIPENUTTUTIPOBAHHBIMU TPUMECHIO Jedek-
TaMHM yIIakoBKH B 1ieHTpe (puc. 2). PentreHoBcKuii
n Oske-3JeKTPOHHBIN aHaJN3 10Ka3aj, YTo 3TOM
MIPUMECHIO SABJISIOTCS COJIU KaJIUS.

AHann3 pe3yabTaToB NCCIEIOBAHNS CTPYKTYPBI
CJI0EB KPEMHUS HETTOCPEACTBEHHO TTO/T OKCHOM TIO-
3BOJTIJT YCTAaHOBHUTD HAJIWYHE CJIOEB C CUJIBHO Pa3y-
MOPSIZIOYEHHO TOJTMKPUCTATIIMYECKOM CTPYKTYPOi
[8]. ITocae 06paGoTKN 3TOI MOBEPXHOCTH CMECHIO
Kapo u mepexmcHoaMMHaYHBIM PAcTBOPOM, a 3a-
teM n xumudecknuM WT Cuprag B Tedyenue ngaru
MUHYT, HaOJI0JAT0Ch MOSIBIEHIE Me3aCTPYKTYPbI
B BHUJIE INCJOKAIMOHHBIX CETOK C MTEPUO/IOM, 3aBU-
CSAIUM OT TOJIIMHBI BBIPAINIEHHOTO OKcuja. Jluc-
JIOKAIIMOHHBIE CETKH JEKOPUPOBAHBI KUCJIOPOIOM
1 HECTEXWOMETPHUYECKUME OKCUAMU KPEMHUS THITA
SiO,. [lna ux yjaaeHus NIacTUHbI KPEMHUS C JINC-
JIOKAIIMOHHBIMU CETKaMU TIPOTPABIMBAJIN B M36UPa-

J00p

Puc. 2. [ledeKTnl cIonuCTOH HEOAHOPOIHOCTH Ha TIOBEp-
XHOCTH KpeMHHUeBoii mactunbl KOMD-4,5 (111), nomy-
yeHHbIe 1ocjie Tpapieruss T Cupris B redyeHne 2 MUH

TeJibHOM TpaButese CHUDT/S ellle B TeYeHHE JBYX
MuHyT. Ilocsie aTOro 6bIJI0 OTMEUEHO OSIBJICHUE Tie-
PUOMYECKON OCTPOBKOBOI cTPYKTYpbI (CM. puc. 3),
cocrosieil u3 o6aacTell HaHOCTPYKTYPUPOBAHHOTO
6e31ePeKTHOr0 KpeMHUsI pa3Mepamu Hopsijika 6—
20 um. Pas6poc pa3mepoB 3TUX OCTPOBKOB MOKHO
OODBSICHUTD TEM, YTO B PA3JIMYHBIX 00J1ACTSX I1JIac-
THHBI HabJo/1aeTcst pa3bpoc 3HAYEHUil HampsiKe-
HHUA 1N I[e(l)OpMa]_II/II/I, CBA3aHHBIX C HaJW4YMEM pa3-
JIMYHDbIX NCXOJHbBIX I[e(l)eKTOB.

J11s1 BbISICHEHUST MEXAHU3MOB TIJTACTUYECKOH Jie-
¢opmarnm, KoTopble AEHCTBYIOT IIPU Pa3JMYHON
TOJIIIMHE OKCU/IAa KPEMHUSI, IPOBO/INJIN U3MEPEHUS
crekTpoB ADJI HAHOCTPYKTYPUPOBAHHOIO KPEMHUS

Puc. 3. Ilepmogmdueckast oCTpOBKOBag CTPYKTypa, CO-

crosinasi U3 06JacTeil HAHOCTPYKTYPHUPOBAHHOTO 6e3-

nedeKTHOTO KPEeMHHUsI Ha MOBEPXHOCTH IJACTUHBI
kpeMuua KOd-4,5 (111)
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I, oTH. en.

d=1 MKM
200 [~
d=0,1 MKM
100
d=1,5 MKM
400 500 600 700 A, HM

Puc. 4. Amnuuryaubie (1 —3) u pesakcalMOHHbBIE

(4—5) ®JI-cnekTphl, HOJIyYeHHbIE MOCJE OCBENIe-

HUS o6JacTell HAHOCTPYKTYPUPOBAHHOTO KPEMHUS
C Pa3IUYHON TOJIMHUHON OKCH[IA

B PEXXUMe JeTeKTUPOBAHUSI MAaKCHUMAaJIbHBIX 3Haye-
HUI MTHTEHCUBHOCTH (DOTOJIOMUHUCIIEHITIH U PETH-
CTPUPOBAHUS ee PEeJAKCAIMOHHBIX crieKTpoB. Ha
PHUC. 4 XOPOIIIO BUIHO BO3PACTAHNE HHTEHCUBHOCTU
U CMellleHHe MakCUMyMa CIIeKTpa B 60Jiee KOPOTKO-
BOJIHOBYIO 06JIaCTb TIPU YBEJMYEHUH TOJIIUHDBI d
okcuga 10 1,5 mm. (OT™MeTUM, YTO MpU JaJbHENH-
1eM yBeJinueHnr d TaKoro CMENEHUs B CIeKTPax
He HaGJII0/1aI0Ch. JTO CBU/IETENBCTBYET O TOM, UTO
pasMepbl OCTPOBKOB HAHOCTPYKTYPHPOBAHHOIO
KpeMHUsI He yMeHblnamch.) Habuogaemble pesax-
CAIlMIOHHDbIE CIIEKTPbI XapaKTePHU3YIOTCS MPUMEPHO
O/IMHAKOBbBIM BpeMeHeM pesakcaruu (0koso 18 He),
MIPUYEM 9TO BPEMS XapaKTEPHO [JIsT GOJIbIIeN YacTh
CIIEKTPAJIBHOTO JIUATIA30HA W HE 3aBUCUT OT MHTEH-
CUBHOCTH JIa3€PHOTO OGJIyUEHHs! B IIUPOKOM JHa-
1a3oHe SHEPTruil.

Ecmu cpaBuuBarh criektpbl DJI aasa paccemart-
pPUBAEMOTO CJiydast TIOJyYeHUs] HAHOCTPYKTYPHPO-
BAHHOTO KPEMHHUS CO CIIEKTPAMU KPEeMHUS, IMOJY-
YeHHOTO C MTOMOIIBIO 3JIEKTPOXUMHUYECKOTO TPaBJIe-
HUS, MOXKHO OTMETUTD, YTO B IIEPBOM CJIydae MaK-
CUMYyM CIEKTpa CIBUHYT B 00Jiee KOPOTKOBOJIHO-
ByI0 06sactb (0kos0 0,4 MKM), a OTHOIIIEHUE aMII-
JUTy] «(UONETOBOI» M «KpacHol» mosoc 6oJiee
YeM B 2,5 pasa IpeBbIIaeT npuBeneHHoe B [9].
ITO MOXKHO OODBSCHUTH TEM, UTO B MPOIIECCE OKMHC-
JIEHWSI ¢ yBeJIMYeHNeM TOJIIIMHDI OKCH/IA BeJNYNHA
IJIACTUYECKOH fedpopManuy B 11epexo/Hol o6Jiac-
TH YBEJUUUBAETCSI, YTO IIPUBOJNUT K CMEIIEHIIO MaK-
CUMyMa pacripefiesieHus pa3MepoB obJiacteit 6e3fie-
(peKTHOTO KpPEMHUS B CTOPOHY YMEHDBIIEHUS UX Pa3-
MEpPOB M K yBeJn4eHnio 3((EeKTUBHOHN TJIOMAIN
IIOBEPXHOCTU. B cOOTBeTCTBUU C KBAHTOBO-pa3Mep-
HON MO/IEJIbIO, YMEHbIIEHHE Pa3MepOB OCTPOBKOB
HAaHOCTPYKTYPUPOBAHHOTO KPEMHUSI IPUBOJIUT K
yYBEJMUEHWI0O KBAHTOBOTO 3a30pa MEX/Y KBAHTO-

BBIMU YPOBHSIMM U K CMEIIEHUIO «(uoaeToBoii»
oJiochbl B 60Jiee KOPOTKOBOJTHOBYIO 06jiacth. Bos-
MOJKHO, MeXaHU3Mbl OGHAPYKeHHOTO 3peKTa CBS-
3aHbl C BHYTPHIIEHTPOBOIl pexoMOuHaimeii (Ho He
SKCUTOHHOMH, T. K. /IS Hee XapaKTepHO BpeMsi 6oJiee
100 me [10]) B 06/1aCTH CHUIBHOTO UCKAYKEHUS KPUC-
TAJJINYECKON PENeTKH B MPUCYTCTBUU CHJIBHBIX
BCTPOEHHBIX 3JIEKTPUUECKUX T10JIeN. AKT U3JTydaTeib-
HOIl PEeKOMOMHAIIUM B KPUCTAJLJIAX Pa3MepoOM I0-
psaka 6—20 HM JOJDKEH MPOUCXOIUTh MeHee 4eM
3a 10712 ¢, T. e. IpaKTUYECKH MIHOBEHHO, €CJIM
YUYEeCTbh, YTO JIIMHA CBOGOIHOTO Mpo6Gera B KpeMHUH
npu temmeparype 293 K pocturaer 130 am. Oue-
BH/IHO, HanboJiee BEPOSITHBIM SIBJISIETCS MEXAHU3M
pexkoMGuHaiuu (DOTOHOCUTEJIEN HA PACCTOSIHUSIX,
PaBHBIX GOPOBCKOMY PajinycCy.

[TosiBienne nnactuyeckoii gepopmaiuu Ha Tpa-
HUIle pasjiesla «OKCUJ KPEeMHHSI — KpeMHUil» B
MpoIlecce OKUCIEHUS MOXKHO TTPEACTaBUTD CJIEAYTO-
M o6pasom. [Ipu masioii Tosmune oKCua Kpem-
s (IOpsIKa HAHOMETPOB) OTHOCHUTE/IbHAS ILIa-
ctryeckast ecdopMalius BOBHUKAET BCJIE/ICTBHE Pas-
JINYUS TIOCTOSTHHBIX PENIETKH U TEPMUYECKUX KO-
appurnmeHToB KpeMHUS U OKCU/Ia KPEMHUS U JIO-
cturaetr 3Hauenuut 0,01 —0,02 oTH. eguHUIl. ITOT
IIPOIIECC COTTPOBOXK/IaeTCsT 06pa30BaHMEM Ha TPaHU-
e pasjiesia MOJUKPUCTAIIMYECKON CTPYKTYPbI U
obJyiacTi, cojiepsKaiieii ucjaoKamnuonnbie cetku. C
YBEJMYEHUEM TOJIIIUHBI OKCH/IA KPEMHUST BO3PACTAET
BKJIQJ[ B BeqnuuHy jedopMaliii COCTABJISIONIEN,
3aBUCSIIEN OT TOJIIMHBI OKCHIA KPEMHHMS, a BKJIAJ
COCTaBJIAIONICH, 3aBUCALLEH OT IIapaMeTpOB KpeM-
HUS U OKCH/IA KPEMHUST, OCTAETCS TIOCTOSTHHDBIM, [Ipu
3TOM C YBEJWYEHUEM TOJIIIMHBI OKCH/IA KPEMHUS
YBeTMUUBAETCS TIacTUYecKas AedopMaliusg u ocy-
HIECTBJISIETCS TIEPEXO/] OT TPAHCKPUCTAJJIUTHOTO Me-
XaHu3Ma IJIACTUYECKON fedopMalui K HHTEPKPU-
CTAJIJTUTHOMY, UTO U IPUBOJIUT K YMEHBIIIEHUIO Pa3-
MEPOB OCTPOBKOB HAHOCTPYKTYPUPOBAHHOTO KPEM-
Hus. Korjma ToJmmuHa oKcuja KPeMHHS JTOCTUTAET
3HaYeHuH mopsgaka 1,5 MKM, HaKOILJIeHHbIe HATIPS-
JKEHUST PEJIAKCUPYIOT ¢ 00Pa30BaHUEM JOTIOTHUTEb-
HOIT TIIacTHYecKol edopMalui, Kotopasi He Mpu-
BOJIUT K JIaJIbHEUIIIEMY YMEHbIIEHUIO PA3MEPOB OC-
TPOBKOB HAHOCTPYKTYPUPOBAHHOTO KPEMHUS. IJTO
TFOBOPUT O TOM, YTO MEXAHMU3M ILJIACTUYECKON Je-
dopmatiuy U3MEHUJICS OT UHTEPKPUCTAJIIUTHOTO K
POTAIMOHHOMY, T. €. SHEPTUsl HANIPSKEHUI Pacxo-
JlyeTcsl Ha BpallaTeJbHOE JBUXKEHHE OCTPOBKOB
KpemHusi. Pa3Mepbl OCTPOBKOB TpH JajibHEHIIEM
YBEJIMUEHUU TOJIIUHBI OKCU/Ia KDEMHUS He U3Me-
HSIIOTCST BCJIEJICTBHUE TOTO, YTO ITOPOT IJIACTUYHOCTH
HAHOCTPYKTYPUPOBAHHOIO KPEMHUS YK€ JOCTUT
npejeabHo Bbicokoro suavenuss (mopszaka 0,1 or
moxysst IOura [11]), a BemunHa HanpsKeHUs Ha
TpaHUIle pas/iesia OCTAETCS MEHbBIIE 9TOTO MOPOra.

® kR
Takum o6pazom, MeTo]1 (DOTOJTIOMUHECIICHITHH

[I03BOJIMJI U3YYUTh MEXAHU3MBbI IJIACTUYECKOU Jie-
dopmanmn, AeHCTBYIONTIE TIPU PA3JIMYHON TOJIIN-

TexHOJIOrNS 1 KOHCTPYHPOBAHUE B 3JIeKTPOHHOIT anmaparype, 2012, Ne 2

49



MATEPUAJIbI 3JTEKTPOHUKU

He BBIPAINIEHHOTO OKCUa KPeMHUSA mpu (hOpMUpo-
BaHUU TIJIOTHBIX MacCHBOB HAHOCTPYKTYPHPOBAH-
HOTO KpeMHMA. Cle[yeT OTMETUTD, YTO TIPEIJIOKEH-
HBIH JlepopmaninoHHbIil MeTo/l (POpMUPOBAHUS Ha-
HOCTPYKTYPHUPOBAHHOTO KPEMHUS TIO3BOJISIET TTOJTY-
4aTb MOPUCTBIM HAHOKPEMHUI C 33/IaHHON TOIIOJIO-
rUeil TpW BapbUPOBAHUU TAaKUX TapaMeTpoB, Kak
TOJIIIMHA BBIPAINIEHOTO OKCHUAA KPEMHUS U BPEMS
XUMHUYECKOH 00paGOTKH.
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