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HccrenoBaHbl CBOMCTBA YIVIEPOJHBIX HAHOMATEPHAJTIOB, MONYYSHHBIX OCHOBAHHBIM HAa CO3/IaHUH
HEPAaBHOBECHOH IIa3Mbl METOJOM BBICOKOYACTOTHOM 3JIEKTPOPa3psaHONH 0OpabOTKH YIrIIeBOAOPOJ-
HBIX Ta30B IPY U3MEHEHHH YaCTOTHI U BUa oOpadaTbiBeMoro rasa. [IokasaHo, 4To B 3aBUCHMOCTH OT
BHJIa Ta3a BO3MOXKCH CHHTE3 KaK «IyKOBHYHBIX» (Onion-like) crpykryp, Tak u riao0ysispHBIX HAHO-
Pa3MepHBIX YacTHI[ yriepoaa C TypGoCTpaTHO! CTPYKTYpPOIL.
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ITOCTAHOBKA ITPOBJIEMbI

MaccoBoe TPOHM3BOJICTBO YIIICPOJICOCPKAIIHX
HaHoMarepuanoB [1], KOTOpble HAXOIT MIMPOKOE
MIPUMEHCHUE B PAa3IMYHBIX O0JACTSIX HAYKH U TEX-
HHUKH OJTarofapsi COYETaHUIO CBONCTB U MIapaMeTpoOB,
HEOOCTMIXKUMBIX JJId TPAAUIIMOHHBIX MOHO- U I1OJIU-
KPUCTAUTMYECKUX CTPYKTYp, CIEPKUBACTCS HECO-
BEPIICHCTBOM METOJIOB UX CHHTE3a.

CymiecTByeT OOJBIIOE KOJUYECTBO METOJOB
CHUHTE3a «JIYKOBUYHBIX» CTPYKTYp HaAHOYTJIEpPOJa,
win onnonoB (onion-like). OgHako cpean HUX Be-
IyIIee MeCTO 3aHUMAaloT TepMUYecKas o0paboTka u
00Jy4eHHE 3JICKTPOHHBIM IyYKOM HaHOAJIMa30B.
[lepBBIii METOJ COCTOMT B OOpa30BaHWU OHUOHOB
BCJIEJICTBUE TEPMUYECKON 0OpabOTKM 3apaHee TO-
JIYUCHHBIX YJIBTPAAHUCIICPCHBIX aJIMAa30B. Ilo JaH-
HBIM Pa3HBIX HCTOYHHKOB [2—7], ycrnoBus momyue-
HUS OHHOHOB TIpU 3TOM paznuuarotcs. CorimacHo
[2-7], oOpa3oBaHIe OHHOHOB MPOXOAUT ITyTEM Tpa-
¢duTH3aMK HaHOaMa3a. JTOT Mpolece HAYMHASTCS
Ha TOBEPXHOCTU U PACHPOCTPAHSICTCS K IICHTPY 4Ya-
CTHYKH. B pe3ymbrare TepMHUYECKOW 00pabOTKH
rpaUTOBBIE IJTACTHI UCKPUBISIOTCS U 3aMBIKAIOTCH,
00pazys BIOXEHHBIE OHA B OAHY (yJepeHonoa00-
HbIe 0007104KH. [TOCKONBKY HaHOAIMA3bl CKIOHHBI K
00pa30BaHUIO arjioMepaToB, TO B MeCTaX CTHIKA Ya-
CTHYeK B pe3ynbTare MU y3HOH MOJABHIKHOCTU
aTOMOB yIJiepoAa TOJ JeHCTBHEM TeMIeparyphbl
MOJKET TOSBUTHCS 00IIast 000I09Ka TSI HECKOJIBKIX
OHHMOHOB.

Jpyroii MeTos1 COCTOUT B O0Iy4YCHHH HaHOAJIMAa-
30B C(HOKYCHUPOBAHHBIM 3JCKTPOHHBIM MYYKOM B
KosoHHe Mukpockona [8]. IIpoaomKuTeTbHOCTh

00ITydeHHsT MOKET HaXOIUTHCSA B AHWAmna3oHe oT 15
1o 30 muH. [Tony4yeHnHslit poaykT coaepkut ot 10
1o 15 ciep. CunresupoBaHHbIE U B NEPBOM, H BO
BTOPOM CJTydae OHHOHBI XapakTepH3YIOTCs JedeKT-
HBIMH  000JIOUKaMH, HO MPEUMYIIECTBO BTOPOTO
METOJ]a 3aKJIIYaeTCs B TOM, YTO IPU YBEIMYCHUU
MPOAOKUTENIEHOCTA OOJTydeHUSI MOYKHO TIONYYHUTh
moutu 0e37eeKTHBIC CTPYKTYPHI.

PesynpTaTel MccnenoBaHWH 1O NPUMEHEHHIO
ANEKTPOPa3PSIIHBIX TEXHOJIOTUH U CUHTE3a HAaHO-
yriaepoaa u3 Ta3000pa3HBIX Cpel MOATBEPKIAI0T
BO3MOYKHOCTb TIOJTY4EHUSI YTIEPOIHOTO MaTepHala B
TBEPIOM COCTOSHHHU. [Ipu 3TOM yCTpaHAIOTCS TpY-
JIOEMKHE OIEpaly CYIIKH, OYHCTKH W pa3leeHus
M0 KayecTBEHHOMY U ()PaKIMOHHOMY COCTaBy IIO-
JY4EHHOT'O HaHOYyTJepoda. Y CTaHOBJIEHO, YTO JIs
CHHTE3a TOCJIETHETO M3 Ta3000pa3HbIX YTIEPOJCO-
JIepKaInX cpex HeoOXOauMO HCTOIh30BaTh HEPAB-
HOBECHYIO IJIa3My, TO €CTh CO3/IaBaTh CIEIHaIbHbIC
ycnosus [9].

B pa6orax [9, 10] moka3ana BO3MOKHOCTE TIOJIY-
YeHHUs yriepoansix Hanomarepuanos (YHM) ¢ mo-
MOLIBI0 METOJOB 3JIEKTPHYECKOTO MPOOOs YTIeBO-
JIOPOJTHBIX Ta30B. ODJEKTPOpa3psAHbIE METONbI SB-
JIAIOTCA TEPCHEKTUBHBIMU Mg cuHTe3a YHM, mno-
CKOJIbKY OHH HE TPeOYIOT BBICOKOT'O BaKyyMma H cIie-
[IUATBHOM ITOATOTOBKH UCXOIHOU CPEIBL.

B UHcTUTYyTE UMITYIBCHBIX MPOIIECCOB U TEXHO-
noruii HAH VYxpaunnbsl u300peTeH METOJ BBICOKO-
BOJIFTHOTO BBICOKOYACTOTHOTO Mpo00s YIieBOxo-
POJHBIX Ta30B, MO3BOJIAIONIUNA cUHTE3UpoBaTh Y HM
B KOJIMYECTBaX, HEOOXOAMMBIX JJIsI TIPOMBILIICHHO-
ro npumenenus [11]. Co3maHa sKcrepuMeHTaTbHAS
YCTaHOBKA I IJIa3MOXMMHYECKOTO CHHTE3a HaHO-
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yriepoja u3 ra3o00pa3HOr0 YIIepoJICoAepKaIlero
CBIPbSI TIOCPEJICTBOM €0 BBICOKOYACTOTHOM pas3psii-
HO-UMITYJILCHOW 00pabOTKH, KOTOpas IO3BOJIACT
CO3/IaBaTh YCJOBHS JJIsl CHHTE3a Marepuana ¢ 3a-
naHHbIMU cBoMcTBamu [12]. PaspabGorana cucrema
MOHHTOpPUHIA TIPOIleCCa CHUHTE3a HAHOYIJIEPO/a,
Onmaromapss KOTOPOW KOHTPOJNUPYIOT MapaMeTphl
MUTa3MOXUMHYECKON PEakIiy B PeaTbHOM BpEeMEHH,
dbopmupyioT 0a3bl JaHHBIX UISI TOCIEAYIOIIEH 00-
pabOTKH ¥ aHANM3a C 1eNbI0 CHHTE3a HaHOMaTepHa-
JIOB C 3aJJaHHBIMHU cBo¥cTBamu [13].

OCHOBHBIM TIpENSTCTBHEM Ha IYTH COBEpILIEH-
CTBOBAaHHUS 3JICKTPOPA3PATHOrO crocoba CHUHTE3a
HAHOYTJIEPO/a C 3aJaHHBIMH CBOWCTBAMH B IPO-
MBIIIJICHHBIX O6T)eMaX SABIISICTCS HEIOCTATOYHOC
KOJIMYECTBO HMCCJICIOBAHHMIA 3aBUCUMOCTH XHMUYE-
CKOTO COCTaBa, CTpoeHus, (Ha30BOro cocrana, Gpu3u-
KO-XUMHYECKHX CBOMCTB yIJIEpOJHBIX HAHOMATEPH-
AJIOB, IMOJIYYCHHBIX M3 Ira30BOT'0 ChIPpbA, OT BH/la rasa
U PEKUMOB PA3PSTHO-UMITYJIbCHON 00pabOTKH.

enb paboThl — MccIeJOBaHUE 3aBUCUMOCTH XU-
MHYECKOTO COCTaBa, CTPOCHUs, (ha30BOr0 cOCTaBa H
(PM3UKO-XUMUYECKHUX CBOMCTB yIJIEPOIHBIX HAHOMA-
TEPHUAIIOB, MOJYYCHHBIX M3 Ta30BOTO CHIPbS, OT BUIA
raza u peXUMOB Pa3psAIHO-UMITYIHCHOW 00pabOTKH
JUIS. TATBHEHIIIETO WCIOJb30BaHUS TPU OIpeaeie-
HUM YCJIOBUI CHHTE3a HAHOMATEPHUATIOB C 3aJIaHHBI-
MH CBONCTBaMH.

OKCIIEPUMEHT

Merton BeicokouactotHoi (BY) smexTpopaspsi-
HOM 00pabOTKM YIJIEBOJAOPOAHBIX Ia30B, HUCIOIH30-
BaHHBII B MPOBEICHHBIX HCCIENOBAHUIX, 3aKI0Ya-
ercs B caenyromem [11]. 3a cuer BHICOKOH 4acTOTHI
CJIEZIOBaHUS KOPOTKUX BBICOKOBOJIBTHBIX UMITYJIECOB
B cpele ra3000pa3HbIX YIIEBOAOPOIOB B MEKAIICK-
TPOAHOM DAa3psAHOM MPOMEKYTKE, 3al0JIHEHHOM
YTIEPOACOAEPKAIUM Ta30M, I'€HEpUpPYeTCs Hepas-
HoBecHas iazma (puc. 1). OOecrieueHrne BBICOKHX
IPaJMEHTOB TEMIIEPaTyp M JABICHHH Kak HEeoOXxo-
JUMBIX YCJIOBHH AJISI CHHTE3a yIJIEPOAHBIX HaHOMa-
TEpHUaJIOB OCYIIECTBIIAETCS 3a CUeT OOJIBIIOIN CKOpO-
CTH BBOJIa DHEPTUM B IJIa3MEHHBbIC KaHaibl. Hepas-
HOBECHasl IUIa3Ma, FeHepupyeMas pa3psiaaMu ¢ Ku-
JIOTEPLIOBOM YaCTOTOW CIIEZJOBaHUs, MO3BOJIIET BO-
BJIEKaTh B IPOILIECC CHHTE3a JOCTATOYHO OOJBIINE
0o0beMBI ra3a. B peakrope co crienuanbHBIMH 3JI€K-
TPOAHBIMU CHCTEMaMH INPH aTMOC(HEPHOM WM He-
CKOJIBKO IIOBBIIICHHOM IaBJICHUHW IIPOAYKTBI pEaK-
UMM KOHIEHCHPYIOTCS B Ta3000pa3Hoii cpeae BOJU-
3M IUIa3MEHHBIX KaHajoB. [l ompenenenus Buus-
HUS TTapaMeTpPOB 3JIEKTPOPa3psAIHON 00pabOTKH Ha
CBOWCTBa CHHTE3MPYEMOT0 HaHOYTJIEePOAa BbIOpaHBI
IBa 3HAYEHHMs YAacCTOTHl PAa3pSAAHBIX HMIIYJIbCOB
(tabm. 1).

IIpu onpeneneHUM BIUSHUS XUMUYECKOW IIPUPO-
Ibl MCXOJHOTO CHIPbSl HAa CTPYKTYPHOE COCTOSHHE

YHM paboueii cpenoii ciry>kat ra3000pa3HbIe yTie-
BOJIOPOJIbI, KOTOPBIE OTJIWYAIOTCS THUIIOM XUMHUYE-
CKOM mpUpo/bl (CTEMEHbI0 THOPUAN3AIMN U YUCIOM
aTOMOB YTJIEPO/Ia B MOJIEKYIIE):

— antermiier (CoHp) — OTHOCHTCS K KacCy aliku-
HOB, XapaKTepu3yeTcs Sp-THOpUAM3aIMedl aTOMOB
yriepoia B MOJICKYJIE;

— cMech npoman-6yrana (CsHg + C4Hy0) — oTHO-

CHTCS K KJIAcCy aJKaHOB,  XapaKTepHu3yeTcs
sp®-rubpuamzanmeii aToMoB.
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Puc. 1. Cxema sKcepuMeHTaNbHONH YCTaHOBKH: 1 — peakTop;
2 — MOIOBWXHBIM 3JEKTPOA; 3 — MPOTUBOANEKTPON, 4 — KaHal
MoJayy ra3a; 5 — KaHajx OTBOJAA ra3000pa3HBIX MPOIYKTOB Peak-
1y, 6 — yIoTHUTENH; 7 — BBICOKOBOJBTHBIA BBEICOKOYACTOT-
HBI HICTOYHUK ITUTaHUS JIEKTPHIECKOTO Pa3psza.

VYceaosus nonyuenuss YHM merogom BY snek-
TpOpa3psAIHOH 00pabOTKH ra3000pa3HBIX YIIIEBOIO-
POJIOB MpHUBEACHBI B Tab. 1.

Tao6auna 1. Yceanosus cunreza YHM

Ne | Pabouas cpena | Ctpykrypnas | U, f,
n/m ¢dopmyna kB k[
la | Iponan-O0yran | C3Hg + C4Hyg 3 15
2a | Ilpoman-6yran | CsHg + C4Hyg 3 7
3a | AneruieH C,H, 3 15

[Tpumeuanne. U — HampspkeHHE Ha 3JIEKTPOJax IJIa3Mo-
XUMHYECKOro peakrtopa; f— dacrora crieqoBaHus HM-
ITyJIbCOB.

PE3YJIPTATBI SKCIIEPUMEHTAJIBHbIX
UCCIEOAOBAHNU N OBCYXX/JIEHUE

CoryacHO TOCTaBJICHHBIM 3a/1a4aM, MPOBEICHBI
UCCIIEIOBAHUSl CTPYKTYPHI YIJIEPOIHBIX HaHOMATE-
pHAaNoB, CHHTE3UPOBAHHBIX METOJOM BBICOKOYA-
CTOTHOU DJIEKTPOpa3psSaHOd 00pabOTKH YTIEBOJIO-
POJIHBIX T'a30B (CMeCh MpOMaH-OyTaHa M AleTHJICH),
KOTOpbIE OTJIMYAIOTCS CTENEHbI0 THOpUAN3ALNH
aTOMOB yriepoja B MojekyJe. [Ipu 3ToM ucmosns3o-
BaJIMCh PEHTTEHOCTPYKTYPHBIH aHAIN3, METOJ paiu-
albHOTO  pacmpenenenuss aromoB, KP-cmekTpo-
CKOMHUS UM DJEKTPOHHAS MHUKPOCKOIHUS BBICOKOTO
paspenieHus.

VYraepoaHble HaHOMATEpUAIIbl, TTOJTyYECHHBIE Me-
TOJIOM BBICOKOYAaCTOTHOHM 3JEKTPOpa3psiAHON 00pa-
OOTKH YTJIEBOJIOPOJHBIX Ta30B, XapaKTEPHU3YIOTCS
MaJIo# HaChIMHO# mIoTHOCTHIO (13,4 Kr/M °) 1 OTHO-
CUTEIbHO OOMNBIIOW  yNENbHOW TOBEPXHOCTHIO
(Sget ~ 33-44 M7Ir).



Ha puc. 2 npuBeeHBl THIIMYHBIE MHKPOCTPYKTY-
pPBl TIPOIAYKTOB BBICOKOYACTOTHOM 3JIEKTPOpaspsi-
HOW 00pabOTKM aleTHlIeHa U CMECH MponaH-OyTaHa,
MOJTyYSHHBIE C TIOMOIIBIO PACTPOBOTO 3JIEKTPOHHOTO
MUKpockomna. [lo MHKpOCTpYKTypaM BHUJIHO, 4TO
CHUHTE3UPOBAHHBIE TOPOIIKM HMEIOT  CIIOKHYIO
HepapXUUuECKyI0 CTPYKTYpPY C Pa3BUTOH MOBEPXHO-
cThio. Ha puc. 2B mpuBeseH XMMHYECKHUH COCTaB
MOJTYYEHHOTO MOpOMIKa. [IpakTHUECKH CTOMPOICHT-
HOE COJIepKaHue YIIIepoJa B HPOJYKTax peakIuu
MOATBEPKIAET MEPCHEKTUBHOCTh ITaHHOTO METOAa
CHHTE3a aMOp(HOI0 HAHOYTJIIEPO/a, TaK KaK I03BO-
JIUT UCKJIIOYHTH OTNEPaIld OYHCTKH.

Puc. 2. Tunuunsie MuKpocTpykTypel YHM, nosxydeHHBIE METO-
nom BY anexrpopaspsianoii 06paboTku aneruieHa (a) U cMecH
npornad-Oyrana (6, B).

PeHTreHOCTpYKTypHBIE HCCIEAOBAaHUS HPOAYK-
TOB CHHTE3a MpPOBOAWJINCH Ha CTaHIAPTHOM IH-
¢pakromerpe IPOH-4 B MoK,—u3nydeHnn B OMBbI-
BAaIOIIEM ITyYyKe MO METOAWKe, omucaHHod B [14].
Tunwmunsie qudpakTorpaMMbl IPUBEICHBI Ha pHC. 3.
OHHM XapaKTepU3yHTCs HaTU4YMEeM HWHTEHCHBHOTO
IIMPOKOT0 AaCHMMETPUYHOIO MakCHMyMa B paloHe
20 ~ 11,7, XOTOPBIA MPHUCYII YIIEPOIAHBIM aMop(h-
HBIM CTPYKTypam.
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Puc. 3. Tunuunsle nudpakTorpaMmbl HPOAYKTOB IIEKTpOpas-

psanHoOil 00pabotku MoK, -u3mydenus: Ne la, Ne 2a — cmecu
nponaH-OyTaHa; Ne 3a — aneTueH.

Kak u3BecTHO, yrjiepoaHbIE HaHOMAaTEpHAllbl B
aMOp(GHOM COCTOSIHUM MOTYT XapaKTePHU30BaThCs
rpadUTOMONOOHBIM, anMa30MoOA00HBIM WM CMe-

IIAaHHBIM THITaMU OJMKHETO mopsinka. OJHAKO dKC-
IIEPUMEHTAIbHBIE PEHTTCHOCTPYKTYPHBIE JAHHBIE HE
OTpaXaroT TMOJHYI0O HH(POPMALHUIO O TOM, Kakou
MMEHHO THIT OJMKHETO IMopsaka IpeodiamaeT B
CTpyKType amopduoro yriepona. Ilostomy s
YCTAHOBJIEHUS] TpPeoOajarolero Tula OIMKHETO
MOpsIZIKa B CHHTE3WPOBAHHBIX MarepHraiiaXx ObLT HC-
MOJIF30BaH TPAAWIHOHHBINA CTHOCO0 HCCIIeOBaHUS
aMOP(QHBIX CTPYKTYP — METOJI PaIUualbHOTO pacipe-
JISIEHUs] aTOMOB. B ero OCHOBE JIEKUT 3aBUCUMOCTh
Mexny (yHKOHEH paanaIbHOTO —pacHpeneTeHus
aTOMHOM IIJIOTHOCTH M MHTEHCUBHOCTH KOT'€pCHTHO-
IO PaccesHus] pEHTI€HOBCKHX JTyUe.

[To oKcrmepUMEHTANbHBIM JAHHBIM PEHTTEHO-
CTPYKTYpPHBIX WCCIIEIOBaHUN W METOJUKE, TpHBe-
nennoit B [15, 16], paccunTaHbl CTPYKTYpHBINA (hak-
top (CD) u DyHKIMS pagHaNibHOTO pachpeieiCHus
atomoB (DPPA). Pesynbrathl pacuera ajis NpoIyK-
TOB CHHTE3a TIPUBENEHBI HA pUC. 4.
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Puc. 4. Ctpykrypubie ¢daxropsl (i (S)) IpoayKTOB 3IeKTpopas-
psnHoit obpabotku: Ne la, Ne 2a — cmecu npomnas-OyraHa;
Ne 3a — aneruies.

Ha C® (puc.4) yriaepoaHbIXx HaHOMATepHAJIOB,
MOJTYYEHHBIX B MIPOLIECCE CUHTE3a KaK U3 aleTUIICHa,
TaK ¥ CMECH IponaH-OyTaHa, IPUCYTCTBYEeT WHTEH-
cuBHas THHUS ¢ MakcuMyMoM Sy = 1,8 A koropas
M0 TOJIOKECHUIO COOTBETCTBYET TrpadUTONONOOHOM
cocTaBisiolIeil (CTaHAapTHOE 3HAYCHUE IS HIe-
anpHOM cTpyKTYpHI rpadura S; = 1,88 A™). Bropoit
MakcuMyM Ha C® i HOpOIIKa, IOIyYEHHOTO W3
cMecd MponaH-OyTaHa, 3aHMMaeT MOJO0XKEHHUE
s, = 3,056 A™. TIpu ucnons3oBanuy B kauecTse pado-
4yeil cpenbl aneTwieHa BTOpod MakcuMym Ha CO
3aHMMaeT nonoxkenue S,= 3,0 Al KOTOpOE OJIM3KO K



3HAYCHUIO
(s, =2,85 A™).

[To mupuHe mEepBOro MakCMMyMa Ha CTPYKTYp-
HOM (haKTOpe MOXHO OTPENCIUTh pazMep obdnacreit
yropsimodeHust Ry mo dopmyre, mpuBeaeHHON B pa-
oore [14]:

BTOPOTO MaKkCUMyMa rpagura

2
R, =1582% " o
AS

rae AS — mmpHHa MakCMMyMa Ha TIOJIOBHHE BBICO-
THI, HM ", h — HOpSHOK MakcuMyMa (WIS MEepBOTo
Makcumyma h = 1).

PesynbTathl pacuera i MPOJYKTOB CHHTE3a
MpeaCTaBiIeHbl B Ta0I. 2. M3 Tabauipl XOpOoLIo BUI-
HO, YTO pa3Mmep obmacrelt ymopsamodenus Ry yrie-
POIHBIX HAHOMATEPUAJIOB, CHHTE3UPOBAHHBIX U3
OJMHAKOBBIX Ta30B (CMecH MpoImaH-OyTaHa, 00pas-
el Ne 1a u Ne 2a), 3aBUCHT OT YacCTOTHI CII€AOBAHHS
BBICOKOBOJIETHBIX UMIYJILCOB B pa0oueii cpeje: npu
ygacrote 15 k['11 pazmep obnacrteii ynopsimodenus Ry
coctaBnser 38 A, a nmpu NOHIKEHHH YaCTOTHI 110
7 xI'1 ux pasmep pesko Bozpactaer 10 53,9 A,

Tabauma 2. 3aBHCHMOCTH CTPYKTYPHBIX IIapamMeTpoB
YHM or ycnoBuii cuHTE3a

Ne | PabGouas cpeza s, AT | AS, AT | Ry A

/i

la | IIpoman-OyTan 1,78 0,261 38
(CsHg + C4Hy)

2a | IIponan-Oyran 1,81 0,184 53,9
(CsHg + C4Hy0)

3a | Anermnen (C,Hy 1,8 0,182 54,5

CpaBHEHHE pa3MepoB 00JacTedl yHOpSIOYCHUS
MPOAYKTOB CHUHTE3a, MOIYYECHHBIX MPH OAWHAKOBOI
yacrore (15 kI'11) 0OpaboTku pasHbIX razoB (cMecH
nporman-0yTana — oopazer Ne la u ameruneHa — o6-
pasenr Ne 3a), mokasbIBaeT 3aBUCUMOCTb MX BEJIUYH-
HBl OT TuHa pabodedl cpedbl: Uil CMECH MpOIaH-
Oyrana Ry = 38 A, a s anerunena Ry = 53,9 A.

OyHKIMKM panuallbHOTO pachpesieeHus aTOMOB
YHM (puc. 5), nosny4eHHbIe B pe3ysbTaTe JIEKTPO-
paspsaaHOil 00paboOTKM Kak CMecH MpOoNaH-OyTaHa,
TaKk ¥ aneTwieHa, mpu uacrore f =15kl umeror
OJIMHAKOBBIE 3HAYCHUS MOJOXEHUIH TepBOro i H
BTOPOTO I, MAKCHMYMOB.

Takue mnonoxeHuss makcumymoB Ha DOPPA Tu-
UYHBI [T TpaduTa ¥ YKa3bIBAIOT HA TO, YTO TIOJY-
YEeHHBIE YTJIEPOJHBIC MaTEpUaNbl XapaKTePU3YIOTCS
rpadUTOMOAO0HBIM THIIOM OJIMKHETO TMOpPSAKa, Y4TO
XOPOIIIO KOPPETNPYET C BRIBOAAMH, CAEIIaHHBIMU Ha
OCHOBE aHaiM3a CTPYKTypHOro ¢akropa. OnpHako
MPH TIOHWKEHUW YaCTOTHI CIICJIOBAHUS HMITYJIHCOB
no f= 7 kl'1 monokeHWe MEpBOro MakcMMyma Ha
OPPA MmaTepuraioB, MOJyYEHHBIX U3 CMECH IPOIIaH-
OyTaHa, CMECTUJIOCH B CTOPOHY OOJNBIIUX 3HAUCHHH
(r; = 1,45 A) oTHOCHTEIBHO MONOXKEHNUS, XapaKTep-
Horo juist rpaduta (r; = 1,418 A), uto yxassiBaer Ha
nedopmariviio rpa)eHOBBIX CETOK.

47tr2p(r)

100 b Ne 1a
50 F
- 1.4
0
0?2
100 Ne 2a

100 Ne 3a

r, A

Puc. 5. OyHkms paananbHOTO paclpeneiicHHs] aTOMOB IIpO-
IYKTOB 3JIeKTpopaspsaHoi oOpabotku: Ne la, Ne 2a — cmecu
nporman-Oyrana; Ne 3a — areTuieH.

Hns ananuza YHM, monydyeHHBIX B pe3ynbTare
BBICOKOYACTOTHOW DJICKTPOpaspsAaHOH 00pabOTKH
cMecH MpomnaH-OyTaHa U aleTuiIeHa, OblT MIPUMEHEH
METOJI CIEKTPOCKONINH KOMOWHAIIMOHHOTO pacces-
uus ceeta (PamanoBckoit). KP-criekTpsl Xapakrepu-
3yloTca HanmuuueM G-Ioyiockl, CMEIeHHOH B CTOPO-
Hy OOJBIIMX 3HAYEHUH MO BOJHOBOMY BEKTOpY OT-
HOCHTEIbHO Tabimuuoro (~ 1570 cm™) u coorsert-
CTBYIOIIEH PaCTATUBAIONINM KOJEOaHWSIM aTOMOB C
SP’-rHOPUIN3HPOBAHHBIME BACHTHBIMH CBS3SIMH,
KOTOpBIE 00YCIIOBIICHBI aHTH()AZHBIMU KOJICOAHUSIMU
map aToMOB YIJIEpoJila B Pa3IUYHBIX AIIEMEHTax
cTpykTypbl (konbia, 1enu). Kpome G-mojockl Ha
KP-cniektpe mpucyTcTByeT HE MEHee MHTEHCHUBHas
D-nonoca  (Tabnu4yHOe  3HAYEHHWE  COCTABIIAET
~ 1350 cm), mpomcxokmeHHe KOTOPOH CBSI3AHO C
MpaBUIIOM OTOOpa 3a cYeT MalbIX o0JacTel ymops-
JIOYEHUS, Pa3InIHOTO poaa AePeKTOB W paszymnops-
JIOYEHUSI CTPYKTYPHI.

Jnsa neranpHoro ananusa KP-cniextpoB npoduins
D- u G-momoc 6w ommcan Qynkuueirt [aycca-
Jlopenma ¢ yuetom nuHeiliHoro (oHa. B cimydae
YHM, nony4yeHHBIX U3 cMecH IpomnaH-OytaHa, D- u
G-1onocel IMEIOT Pa3IUYHYIO TONYIIUPUHY H, KPO-
Me 3toro, D-monmoce mpucym acCHMMETPUYHBIA BH/T.
B mporuBononoxHocTh 3TOoMy D- u G-momocel Ha
KP-cnektpe YHM, cruHTE3upOBaHHBIX U3 alleTUIIE-
HA, UMEIOT MPAKTHYECKH CHMMETPUYHBIA BUJ U TIO-
yrn oauHakoByio moaymmpuny FWHM (full width
at half maximum). 3nauenus nonymupuasl FWHM
D- u G-nonoc npuBeeHs B Ta0MI. 3.



Ta6auua 3. 3Hauenune obnacreit ynopsioueHus L, B crpykrype cunre3upoBantbix Y HM

No G-mooca L,, M
o | Hentp, | FWHM, Is Hentp, | FWHM, I (Io/lg)™

em?t em?t em?t em?t
la 1578 84 2,70-10° | 1340 150 7,20-10° 0,37 6,0
2a 1576 93 2,83-10° | 1342 200 9,74-10° 0,29 4,6
3a 1574 72 1,80-10° | 1337 85 2,59.10° 0,69 11,1

W3 COOTHOWICHHS HHTErPaJbHBIX HWHTCHCHBHO-
creii monoc Ip/lg mo dhopmyse (2) 6buIH paccunTaHbI
pasMepsl obmacreit ynopsagoueHus L, Bmoms rpade-
HOBOU TJIOCKOCTH (IaHHbBIC TPUBECHBI B Ta0I. 3):

L(am) = 40( 1o 7 , 2)

4
SRS

rae £ — SHeprus 1a3epHOTo M3ITYYCHHS.

[TockoybKy HMCTOYHUKOM BO30YKIACHHUS CIYKHI
nasep ¢ AIMHOW BOJHBI A = 514 HM, To B dopmyne
(2) »ueprus masepHOro M3nyueHHs E; COCTaBJsET
2,41 5B. 3HaueHus pasmepa obmacteil ymopsjgoue-
HUS, PAacCUUTAHHBIE W3 COOTHOIICHUS HHTErpalib-
HbIX MHTeHCUBHOCTeH D- m G-mornoc, KoppenupyroT
CO 3HAYEHUSMH, TTOIYUYCHHBIMH 110 IIHUPHUHE TIEPBOTO
MakCUMyMa Ha CTpPyKTypHoM ¢aktope. Utak, uc-
ClelOBaHusA, MNOpoBeAeHHble ¢ mnomompo KP-
CHEKTPOCKOIIHH, TMOKAa3aJIH: MPOIYKTHl CHHTE3a SB-
JIAIOTCS. THIMAYHBIMU aMOP(HBIMU MaTepHaIaMH,
YTO MOATBEP)KAAET PE3yNbTaTbl PEHTTEHOCTPYKTYp-
HOTO aHaJIH3a.

Jiist ycTaHOBJIGHUS! CTPOSHHSI MHIMBUIYATBHBIX
yacTul ObLIM TPOBEJCHBI MCCIEJOBaHMS C HCIIOJb-
30BaHMEM DJICKTPOHHOW MHKPOCKOIIUH BBICOKOTO
paspemenus. Tunuaaele Mukpodororpadum yrie-
POIHBIX HAHOMATEPHAJOB, TOIYYEHHBIX 3JIEKTPO-
paspsagHoil o0paboTkoi cMmecu mpomaH-OyTaHa U
alleTUJICHa, TIPUBEICHBI Ha puC. 6.

U3 pucyHka BHAHO, YTO TIPU KCIIOJIH30BAHUH B
KadecTBe paboueil cpeapl cMecH NpomnaH-OyTaHa

yIJIepOIHbIE HAaHOMATepHaibl HMEIOT CIIOXKHOE
HEPapXUYECKOe CTPOGHHE U  XapaKTepU3yITCs
CTPYKTypoil THma «iykoBu4Hoi»  (onion-like)

(puc. 60): oTnenbHas YacTHIA COCTOMT M3 MHOTO-
CIIOMHBIX, YACTUYHO 3aMKHYTHIX Je(eKTHBIX rpade-
HOBBIX 000JI0YEeK HempaBuiIbHOW (opmbl. B cepe-
JMHE YacTUIBl HAXOAUTCS Pa3yHopAI0YeHHOE SIpO.
[Ipu 3TOM XOpOIIO BHJHO, YTO OTJCIHHBIC YACTHIIBI
coOpanbl B arnomepartsl (puc. 6a) u umeroT chepou-
nansHylo (opmy pasmepom ~ 5-10 HM, Mexmoc-
koctHoe paccrosiaue — 0,332 £ 0,001 am (MexrIoC-
KocTHOe paccrostaue rpadura — 0,3354 um). OTkII0-
HeHHe TpadeHOBBIX CIIOEB B YACTHLE OT HUACaIbHOM
cepuueckoi (HOpMBbI, XapaKTEpHON ATl «ITyKOBHY-
HBIX» CTPYKTYp, MOKHO OOBSCHUTH HE3aBEPIICHHO-
CThIO mpolecca cuHTe3a. Korma pabouedt cpemoit
CITy’KUT alleTHIIEH, B POLecce CHHTE3a 00pa3yloTcs
TaKXe TIOOYJSpHBIC YIIIepOoJHble HAHOMATEPUAIIBI
(puc. 6B). OgHaKko B OTJIMYKE OT MPEABIIYIINX OHU

XapaKkTePU3YIOTCS Pa3yIoPsAI0YCHHON CTPYKTYPOI,
KOTOpasi SIBJSIETCS TUIMYHOMW Ui TypOOCTpaTHOrO
amop¢Horo yriepona (puc. 6r).

Puc. 6. Mukpodotorpaduu npoaykros BU anekrpopaspsiiHOit
00paboTku razoobpasHbIx yriaesomopomos: (a), (6) — cmecu
npornan-6yrana; (B), (r) — aneTuieH.

[lo maHHBIM XMMHYECKOTO aHANHU3a, MPOIYKTHI
CHHTE3a, MOJyYEHHbIE METOJIOM BBICOKOYACTOTHOM
AIEKTPOPA3PSAHON  00pabOTKH  YTIIEBOIOPOIHBIX
ra3oB, IPAKTUYECKU HE COJIEPKaT MPUMECEH.

Ha puc. 7 moka3aHbl 3JIGKTPOHHBIC TUGPAKTO-
TpaMMBbl IJisl YIJIEPOIHBIX HAHOMATEPHAIIOB, CUHTE-
3UPOBAHHBIX U3 CMECHU IPOIaH-OyTaHa U aleTHIIeHa,
Ha KOTOPBIX NPUCYTCTBYIOT AM(QY3HBIE KOJIbLA U
He HaOmoaeTcss HU OJHOTO pedliekca, YTo yKa3bl-
BaeT Ha aMOpP(HYIO CTPYKTYpy IOJyYEHHOTO MaTe-
puana.

Jns yctaHOBKHM THIa ONIKHErO MOPSAIKa, KOTO-
pBIA XapakTepeH ISl 3THX YIVIEPOIHBIX CTPYKTYP,
Mo AUQPAKIMOHHBIM KapTHHAM OBUIM PACCUUTAHBI
3HAYEHUS MEXKIUIOCKOCTHBIX paccrosanii d (oHM
MpHUBeIeHB! B Ta0J. 4 BMECTE C COOTBETCTBYIOIIMMU
uHaekcamun Muntepa). Kak okasanock, paccuurtaH-
HbIE 3HAYEHHs PACCTOSHUI MEXAY KOJbLAMHU Tpak-
THYECKH COBMAIAIOT CO 3HaueHusMH d T KpHUCTAai-
nnueckoro rpagura. Vicxons U3 3TOro MOXKHO cKa-
3aTh, YTO TMONyYEHHBIM YTJIEPOJHBIM HaHOMAaTepHa-
JIaM TIPUCYII TPaPUTOIIOAOOHBIA THIT OJHUKHETO TIO0-
psnKa.



(©)

Puc. 7. Tunuyasle MHUKpOJAU(PAKLIHUH IPOAYKTOB BHICOKOYA-
CTOTHOH 3JIeKTpOpa3psaHol 00pabOTKH ra3000pa3HBIX YIIIEBO-
nopooB: (a) — cMech nponan-0yrana; (0) — aleTuiIeH.

Tadamua 4. MeXIUIOCKOCTHOE PacCTOSIHUE, PacCYMTaH-
Hoe st YHM mno pesynbraraM 3JIEKTPOHHOH MHKpPOAM-
¢bpakiyn

dhkly HM
Oo6paszerg 002 100 110
I'pacdut 0,3354 0,2131 0,1231
Ne 2a 0,3225 0,212 0,121
Ne 3a 0,336 0,211 0,122

BriBoa, cienaHHBII Ha OCHOBE IOJYYEHHBIX
JAHHBIX, XOPOIIIO COTJIACYETCS C pe3yibTaTaMH Me-
TOJIa PaJUAILHOTO PacIpe/Ie]ICHHs AaTOMOB.

BBIBO/IbI

[IpoBeneH KOMIUIEKC UCCIIEAOBAHUHN YTIIEPOAHBIX
HAaHOMATEPHAIOB, CHHTE3UPOBAHHBIX METOJIOM BBI-
COKOYACTOTHOH 3JEKTpopas3psiaHoil 00padOTKU yr-
JIeBOJIOPOIHBIX Ta30B (cMecu mpomnaH-OyTaHa, are-
THJICHA) C Pa3IMYHON CTENCHBIO THOPUAM3AIMU Ba-
JICHTHBIX 3JIEKTPOHOB aTOMOB YTJIEPO/a B MOJIEKYJIE.
IIo peHTreHOCTPYKTYpPHBIM AAHHBIM YCTaHOBJIEHO,
9TO B pE3yJbTaTe 3JIEKTPOPa3pAIHON 00pabOTKH
MOJTYYICH aMOP(HBIA yTICPO, XapaKTEPHU3YIOIIHICS
rpaduTONMOAOOHEIM THIIOM OJIDKHETO TOPSIKA.
MuKpocKomusl BBICOKOTO pa3pellieHns IoKa3ana,
YTO IPH UCIIOJIB30BaHUU B KauecTBe padoueil cpesb
cMecH mpomaH-OyTaHa ¢ SP -THOpHIM3alMell Ba-
JICHTHBIX 3JIEKTPOHOB B aTOMax YIJiepoja CHHTE3H-
pOBaHBI YIJIEpPOAHbIE HAaHOMAaTEPHAIbl CO CTPYKTY-
poil ThIa «IyKOBUYHON» — OHUOHBL. YHM, cunre-
3UpOBaHHBIC W3 alleTHICHA (SP-ruOpumu3anus Ba-
JIGHTHBIX DJICKTPOHOB), XapaKTepH3YIOTCS TII00y-
JSIpHOM Mopdonorueil OTAENbHBIX YacTHIl C Typ-
60CTpaTHON CTPYKTYPOH.

CornactHo MIPOBEACHHBIM HCCIIEIOBAHUSIM
CBOWMCTB YTJIIEPOJHBIX HAHOMAaTEpHAIOB, BBHICOKOYA-
CTOTHBIH METOH pPa3psSIHO-UMITYJIECHON 00paboTKH
ra3000pa3HbIX aKaHOB SBISETCS MEPCHEKTHBHBIM
JUTS TIPOMBIIINIEHHOTO TIOMYYEHHS <«JTyKOBHYHBIX»
CTPYKTYp ¥ TpeOyeT JalbHEHIIero pa3BUTHA.
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Iocne oopabomxu 14.01.14
Summary

The method for high-frequency electrical discharge
processing of hydrocarbon gases, based on the creation of

the non-equilibrium electrical discharge plasma due to the
high repetition rate of short voltage pulses for gaseous
hydrocarbons is developed. Studies of the properties of
carbon nanomaterials by the proposed method showed
that, depending on the type of gas, onion-like carbon and
globular carbon nanoparticles with the turbostratic struc-
ture may be formed.

Keywords: carbon nanomaterials, discharge pulse
processing, high-voltage high-frequency pulses.
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The electrochemical behavior and electroanalysis of N-acetyl-L-cysteine (NAC) were studied at a
glassy carbon electrode modified with B-cyclodextrin (B-CD) and carbon nanotubes
(B-CD/MWCNT/GCE). The B-CD/MWCNT/GCE displayed excellent electrocatalytic performance to
the catalytic oxidation reactions of NAC. Because NAC is selectively enriched by B-CD, the
B-CD/MWCNT/GCE can solve the problems of the signal attenuation caused by the adsorption of the
NAC oxidation product. The influence of the experimental conditions on the NAC electrochemical
behavior was also considered, when using a modified electrode. The mechanism and kinetics of the
catalytic oxidation reactions of NAC were monitored by the cyclic voltammetry and chronoampero-
metry. The catalytic oxidation rate constant k (4.21+0.05)x10> M™*S™ was calculated using electroche-
mical approaches. The results showed that in 1.0x10° M of potassium ferricyanide solution, the cur-
rent signals were proportional to the NAC concentration from 4.4x10™ M to 8.0x10 M [,(10°A) =
= 0.58412 + 5.38x10° ¢(M), R? = 0.9934], and the detection limit (S/N = 3) was 5.02x10> M. For
80 mM NAC, six successive measurements yielded R.S.D. of 3.4%, which shows that the sensor is re-
producible. The proposed method can be applied for the determination of NAC in routine analysis.

Keywords: chemical modified electrode, carbon nanotubes, cyclodextrin, N-Acetyl-L-cysteine,

electrochemical determination.
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INTRODUCTION

As a glutathione precursor, N-Acetyl-L-Cysteine
(NAC) is an important mercapto supplying agent,
which plays crucial roles in the anti-apoptotic drugs,
being an antitoxic, anti-oxidating agent that elimi-
nats free radicals and prevents radiation damage ef-
fects. Traditionally, NAC is used in the treatment of
respiratory tract diseases, but recently it has been
also found superior to the treatment of cancer, AIDS
and some other grave diseases [1]. The determina-
tion of NAC has received considerable attention due
to its pharmaceutical and clinical importance in such
areas as the protein characterization, analysis of
commercial tablets, and injection samples. Com-
monly used methods for the determination of NAC
include high performance liquid chromatography
[2], iodometric titration [3], chemiluminescence [4],
and electrochemical method. However, many of
them are insufficiently sensitive, time consuming
and employed in expensive instrumentations. Com-
pared to other options, an electro-analysis has the
advantages of being highly sensitive and easy to use.
Therefore, it is timely to explore and develop a sim-
ple and reliable electrochemical method for the de-
termination of NAC.

Currently, the electrocatalytic oxidation of NAC
has attracted much interest of researchers because of
its high overpotential on solid electrodes, such as
glassy carbon electrodes (GCEs) and metal elec-
trodes [5, 6]. Nowadays various modified electrodes
are used in the electrochemical studies on NAC oxi-
dation including a copper ferrocyanide modified
electrode [7], Fe,Os-CoHCF modified electrode [8],
and a pyrroloquinoline quinone modified electrode
[9]. Moreover, the electrolyte KsFe(CN)sg is found to
act as electron transfer medium in the electrocataly-
tic oxidation at a carbon paste electrode [10-12]. In
our previous paper, we reported a near-infrared lu-
minescence quenching method for the detection of
phenolic compounds using the NAC-protected gold
nanoparticles-tyrosinase hybrid material [13].

Recently, cyclodextrin and its derivatives have
been widely used in the design and synthesis of the
molecule selective chemical sensors. In addition,
electrochemical sensors based on cyclodextrins and
their inclusion complexes have been applied in the
electrochemical synthesis, batteries and anti-
corrosion chemistry. For instance, El-Hady [14] de-
signed a hydroxypropyl-p-cyclodextrin modified
carbon paste sensor applied successfully to the de-
termination of catechins. Lee et al. [15] coated the

© Jun Zhang, Yan Chang, Chuan Dong, Dnexrponnas o6pabotka matepuanos, 2015, 51(2), 8-15.



surface of the sensing element with a layer of
a-cyclodextrin for the tyrosine detection.

It is well known that multiwalled carbon nano-
tubes (MWCNT) have excellent performance in
promoting the electron transfer when they are used
as electrodes in electrochemical reactions. However,
if the carbon nanotubes are assembled with cy-
clodextrins, the result should be a new material sim-
ultaneously possessing unique properties of carbon
nanotubes and cyclodextrins, which will provide
excellent opportunities for applications as sensors
[16]. It is know from literature that a B-cyclodextrin
incorporated carbon nanotube modified electrode
has been proposed for the determination of norepi-
nephrine [17], of adenine, guanine, and thymine
[18], of rutin [19], as well as for identification of
cancer cells [20]. Karimi et al. [21-24] developed
several sensors for voltammetric determination of
NAC using a modified MWCNT electrode. In our
previous studies, MWCNTs/Nafion modified GCE
and its interaction with cyclodextrins were proved to
be good for the electrochemical behavior of several
dyes [25, 26]. Still, to the best of our knowledge, the
electrocatalytic oxidation and electroanalytical
methods of NAC at cyclodextrin-carbon nanotube
modified GCEs in the potassium ferricyanide elec-
trolyte still have not been reported so far.

In the present paper, a GCE was modified with
MWCNT and a B-cyclodextrin (B-CD) composite.
The modified electrode was used as the working
electrode for the electro-catalytic oxidation of NAC.
In addition, a novel, simple and sensitive electro-
chemical method with KsFe(CN)s as the catalyst for
the determination of NAC is described and speci-
fied. This method overcomes the contamination of
the electrode interface from the oxidation product of
NAC and makes it possible to achieve high sensitivi-
ty and selectivity.

EXPERIMENTAL
Instruments and Reagents

All chemicals were purchased and used as re-
ceived without any purification; aqueous solutions
were prepared with doubly distilled water.
MWCNTS (purity >90%) B-CD were obtained from
Chinese enterprises. All electrochemical experi-
ments were performed on a CHI660D electrochemi-
cal workstation (Chinese make) with a conventional
three-electrode cell. A bare or modified GCE was
used as working electrode. An Ag/AgCl electrode
and a platinum wire were used as reference electrode
and auxiliary electrode, respectively. A pH-meter
(Corning, Model 140) with a double junction glass
electrode was used to check the pH of the solutions.

Preparation of Electrode

A GCE was polished, in turn, with 1.0, 0.3 and
0.05 pm alumina powders on micro-cloth and then
thoroughly cleaned ultrasonically with ethanol and
double distilled water. MWCNT (1mg) was dis-
persed in 0.5 mL aqueous solution of B-CD (0.1M)
with the aid of ultrasonication to give a stable black
MWCNT suspension. Then 3 pL of the mixture
were cast onto the surface of the GCE and then dried
with an infrared lamp. Afterwards, a drop of 0.05%
alcohol diluted nafion solution was spread onto the
MWCNT/B-CD coated electrode to improve the
permeability and stability of the film. Besides, the -
CD/GCE and MWCNT/GCE were prepared in the
same way to be used for comparison purposes.

RESULTS AND DISCUSSION
Electrocatalytic oxidation of NAC with Ks;Fe(CN)g

In a potential range from -0.20 to 0.70V, the rep-
resentative cyclic voltammograms of GCE with and
without NAC or/and K3Fe(CN)s were obtained in
PBS containing 0.20M Na,SO, aqueous solution.
Curve a in Fig. 1 is the CV of the base solution,
whereas at the cyclic voltammogram of the suppor-
ting electrolyte at the B-CD/MWCNT/GCE neither
anodic nor cathode peaks appeared. Curve b in
Fig. 1 shows that when NAC was added into the
base solution, the oxidation peak current increased
gradually with the scan progresses, and an ill-
defined oxidation peak was displayed. This anodic
current probably resulted from a weak interaction of
carbon and sulfur atoms. Curve c in Fig. 1 is the cy-
clic voltammeter graph of 1.0x10° M K3Fe(CN)g in
the buffer solution system.

Curve d in Fig. 1 shows that when K;Fe(CN)s
was added to the buffer solution system containing
NAC, an obvious irreversible catalytic oxidation
peak appeared at about 0.2V and the oxidation peak
current significantly increased with the scan pro-
gresses, indicating good electrocatalytic properties
of K;Fe(CN)s to the oxidation of NAC, when
working  with  Na,SO, as electrolyte at
B-CD/MWCNT/GCE. In addition, the almost disap-
peared cathode peak current also indicates a strong
catalytic effect.

The differential pulse voltammetry (DPV) was
used to study the electrochemical behavior of NAC
at the B-CD/MWCNT/GCE. As shown in Fig. 2,
when the concentration of NAC increased, the oxi-
dation peak current was found to gradually increase,
suggesting a good electrochemical response of the
modified electrode to NAC. However, the oxidation



potential was found to shift negatively, which may
be due to the accumulation of an oxidized product of
NAC on the electrode surface.
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Fig. 1. CVs of (a) PBS; (b) PBS+8x10° NAC; (c) PBS+
1.0x10° M Kj3Fe(CN)e; (d) PBS+8x10% NAC+1.0x10° M
KsFe(CN)g at B-CD/MWCNT/GCE. Scan rate: 50 mV/s.
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Fig. 2. DPVs of B-CD/MWCNT/GCE in buffer, for different
concentration of NAC(x10™* M) (a) 0; (b) 3.2; (c) 6.4; (d) 8.0;
(e) 8.8; (f) 9.6. Scan rate: 100 mV/s. Inset: Plot of electrocataly-
tic peak currents vs. NAC concentration.
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Fig. 3. Chronoamperograms of 1x10° M KsFe(CN)g in the
absence (b) and presence (a) of 8x10% M NAC.
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Catalytic Oxidation Rate Constant k

Chronoamperometry was used to study the mass
transfer kinetics and to obtain heterogeneous cataly-
tic rate constant. Under the selected experimental
conditions, the potential of B-CD/MWCNT/GCE as
sensors for the NAC measurement was evaluated by
chronoamperometry, and the developed sensor was
applied to an aqueous solution of KsFe(CN)g with or
without NAC. The current-time curves of
B-CD/MWCNT/GCE in the absence and presence of
NAC are shown in Fig. 3, indicating a more
significant electrocatalytic effect of Ki;Fe(CN)s on
the NAC oxidation at this electrode.

Because K3Fe(CN)s can act as homogeneous me-
diator for the electro-oxidation of NAC, it should
follow a chronoamperometric equation as below:

lo/I = A2 [n %erf (A7) + exp (-1)/AM7] €N

where I¢ is the catalytic current in the presence of
NAC, 1. is the diffusion-limited current in the
absence of NAC, and A = kc’t (k is the catalytic rate
constant, c® — the bulk initial concentration of NAC)
is the argument of the error function. When X ex-
ceeds 1.5, the error function is almost equal to, the
reaction zone is in the pure kinetic region, and the
above equation can be reduced to

IC/IL: 7_[:1/2}\‘1/2 - 7_':1/2 (kCOt)1/2. (2)

The plot of A vs. t can be given by combining
Eg. (2) with the experimental data, and then one can
simply calculate the value of the catalytic rate con-
stant k from the slope (c° = 8x10° M). The
advantage of this method is that it is not necessary to
know the diffusion coefficient or the electrode area.
In this study, Ic and I were measured at t > 55 ms,
where Ic/l. > 1.5, and the catalytic oxidation rate
constant k (4.21+0.05)x10° M™S? was calculated.
This value of the catalytic rate constant is near the
value that was reported for the electrooxidation of
NAC on a palladized aluminum electrode covered
by the Prussian blue film [5]. The value of k explains
well the sharp shape of the peak observed for the
electrochemical oxidation of NAC in the presence of
KsFe(CN); on the surface of a GCE.

The pH of a solution can have more pronounced
effects on the catalytic activity of KsFe(CN)g. There-
fore, the electrochemical behavior of KsFe(CN)e at
the B-CD/MWCNT/GCE was investigated in the pH
range from 1 to 10. The results show that the peak
current decreases with the increase of the pH of the
aqueous solution. It is an indicator of the participa-
tion of protons in the electrode reaction of
KsFe(CN)s under these reaction conditions. The
findings of the current study are consistent with



those of Jahan [11]. However, in order to eliminate
the interference to NAC and improve the usefulness
and feasibility of the proposed method, it is neces-
sary to maintain the pH at normal physiological
conditions (when pH is around 7). Therefore, the pH
of 7.4 was chosen as optimum for the electrooxida-
tion of NAC on the CD/MWCNT/GCE surface.

0.00020
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0.00010 dy

0.00005 b

Y
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Fig. 4. DPVs of 3.2x10* M of NAC at bare GCE (a);
B-CD/GCE (b); B-CD/MWCNT/GCE (c); MWCNT/GCE (d).

Comparison of the Coating on Modified Electrode

In a phosphate buffer solution with the pH of 7.4,
differential pulse scans were registered from -0.2V
to 0.7V for bare GCE, B-CD/GCE, MWCNT/GCE,
and B-CD/MWCNT/GCE, respectively, and the re-
sults are shown in Fig. 4. Curve a in Fig. 4 shows
the DPV of NAC at bare GCE, which exhibits the
lowest oxidation current; for B-CD/GCE, a larger
oxidation current and a slightly better peak shape are
observed (curve b in Fig. 4). Curve d in Fig. 4 shows
that an electrochemical response of MWCNT/GCE
is really strong, but the peak shape is not well-
defined and the signal decreases gradually in a con-
tinuous scan. The reasons for this phenomenon may
be that the MWCNT interface layer plays an obvious
role in the catalytic oxidation of NAC, but NAC and
its oxidation products were irreversibly adsorbed on
the carbonaceous material, by which the active sites
of the electrode surface were plugged [27]. Obvious-
ly, a clear and distinct anodic peak with a relatively
good peak shape in the DPV is displayed for
B-CD/MWCNT/GCE (curve c in Fig. 4). This per-
formance is relative to the combination of carbon
nanotubes, and B-CD definitely improves the charac-
teristics of the NAC oxidation.

Fig. 4 used in conjunctions with Fig. 2, where the
oxidation potential shifted negatively, illustrates that
the B-CD/MWCNT/GCE showed an excellent elec-
trocatalytic effect on the oxidation of NAC. A high
electrocatalytic efficiency of the B-CD/MWCNT/
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GCE can be related to both the size and specific
structure of the material. When B-CD is mixed with
MWCNT in the case of ultrasonic agitation, they
would be adsorbed and attached to the wall of
MWCNT due to the steric hindrance and the binding
force. Moreover, MWCNTSs can be highly dispersed
by B-CD, allowing a very uniform coating film to be
formed on the electrode surface. The
B-CD/MWCNT film has been evenly distributed on
the surface of GCE. Therefore, MWCNTSs are fully
and easily accessible for NAC and, consequently,
can be readily and completely used as electrochemi-
cal sensing units. The SEM and TEM images of the
cyclodextrin-carbon nanotube composites show the
structure of stereo-porous interspaces [20, 28, 29].

It is well known that MWCNTSs have excellent
catalytic effects owing to their high surface activity
and electron conductivity. The roles of MWCNTSs
are: (i) to transfer electrons between the an electrode
surface and NAC based on the intrinsic property of
MWOCNT; (ii) to increase the conductive area based
on the high specific surface of MWCNT; (iii) to
dope B-CD into the modified layer since B-CD can-
not be easily modified at a bare GCE [28]. Further-
more, B-CD has a special cavity structure. When
MWCNTs were modified on the surface of GCE, the
rate of the electron transfer between NAC and elec-
trode surfaces rose significantly and the electroca-
talysis of NAC went up dramatically. In addition,
there was a synergistic electrocatalysis between the
B-CD and MWCNTS, which increases the oxidation
current as a response of NAC. That is, the electron
transfer rate between NAC and the electrode surface
raises, and the electrocatalytic activity of NAC is
improved by the B-CD-MWCNTs modified on the
GCE surface.

Furthermore, curve c in Fig. 4 demonstrates that
the signal intensity remains almost unchanged at
continuous scanning. As is well known, the
matching of the size and energy between B-CD and
guest molecules is essential to the formation of an
inclusion complex. The NAC molecule is well com-
patible with B-CD attributing it to a less steric hin-
drance and higher hydrophobicity of the mercapto
group on the alkyl chain portion of the NAC mole-
cule. That is to say, a NAC molecule penetrates
deeply into the hydrophobic cavity of B-CD and a
stable B-CD inclusion complex is formed. On the
contrary, the molecular size of the oxidation product
RS-SR is relatively large, and the hydrophilic groups
-COOH and -NH, are at the both ends of the mole-
cule. Namely, the RS-SR molecule is a poor match
for the B-CD in size and energy, so the inclusion
complex cannot be formed.



In brief, NAC is selectively enriched by the B-CD
attached at the surface of a carbon nanotube, which
plays an important role of selective filtration mem-
branes. As a consequence, it can be affirmatively
concluded that B-CD/MWCNT/GCE with excellent
performance including high electrocatalytic activity
is a promising anode for the determination of NAC.
Moreover, it is of particular significance that the
B-CD/MWCNT/GCE could be applied to solve the
problems of the signal attenuation caused by the
adsorption of the NAC oxidation product on
electrodes, in most cases.

A calibration curve of NAC

In order to develop a more simple and sensitive
sensing procedure for the analysis of NAC, am-
perometry technique was employed. As we know in
chronoamperometry, a higher working potential
tends to mean a larger anode current and a higher
sensitivity. But at higher potentials, the interference
from the oxidation of the coexisting substance is
inevitable in real samples. Therefore, 0.214V was
chosen as the potential of the working electrode for
the determination of NAC. Fig. 5 shows the current
response of B-CD/MWCNT/GCE to successive addi-
tions of 1x10* M NAC into a stirred PBS contai-
ning 0.20 M Na,SO, and 1x10° M KsFe(CN)g in a
chronoamperometric experiment. It was found that
after the concentration of NAC changes, the current
attains the dynamic equilibrium 3 min later. The
electrode response was quite rapid and proportional
to the NAC concentration (Fig. 5, Inset).
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Fig. 5. Performance of B-CD/MWCNT/GCE in amperometric
detection of NAC (1x10™ M) at 0.214V vs. Ag/AgCl. Inset:
calibration curve for NAC concentrations between 0.5 mM and

3 mM.

Under the above-described optimum conditions,
the determination of NAC at varying concentrations
was performed at p-CD/MWCNT/GCE. The results

show that the anodic peak current is linear to the
concentration of NAC from 4.4x10* M to
8.0x10% M. The linear regression equation is ex-
pressed as: i, = 0.58412 + 5.38x10°c, (ip (LA), c(M),
R? = 0.9934), and the detection limit for NAC is
5.02x10° M. Table 1 depicts a comparison between
the present results with other electrochemical studies
for the NAC oxidation. It is evident that
B-CD/MWCNT/GCE is stable, with a wide linear
range and low detection limit.

Table 1. Comparison of the present results with other
electrochemical studies for NAC oxidation

Linearity Detec- Refe-
Range tion rence
Electrode (M) Limit
(1M)
Nanoparticles of iron
(1) oxide core—cobalt
hexacyanoferrate shell- 20-432 0.0209 [8]
modified carbon paste
electrode
Palladized  aluminum
electrode modified by 2-40 0.54 [5]
Prussian blue film
Mercury Film Electrode 0.012-5.0 5000 [30]
GCE 200-4000 - [31]
10-Methylphenothiazine
Modified Carbon Paste 1.1-1300 0.8 [32]
Electrode
Multi-wall carbon nano-
tubes modified GCE 100-10000 20 [33]
Carbon paste electrode 80-1000 60 [34]
Iron nitroprusside modi-
fied graphite paste elec- | 60-14000 1050 [35]
trode
This
B-CD/MWCNT/GCE 440-80000 50.2
work

Recovery studies can show possible interferences
from common excipients used in the pharmaceutical
forms. To study the reproducibility and accuracy of
the proposed analysis method, recovery experiments
were carried out using the standard addition method.
In order to find out whether the excipients show any
interference with the analysis, the known amounts of
pure NAC were added to the pre-analyzed pharma-
ceutical formulations and the mixtures were ana-
lyzed by the proposed method. The recoveries of
NAC were calculated using the corresponding
regression equations of the respective previously
plotted calibration plots.

The accuracy of the method was checked by car-
rying out recovery studies. The modified
B-CD/MWCNT/GCE electrode was applied to detect
NAC in simulated samples of the PBS solution con-
taining 0.20M Na,SO, and 1x10° M KsFe(CN)g. In
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this procedure, 10 mM of the NAC standard were
added to pre-analyzed samples containing 10.0 mM
of NAC before determination by the recommended
method. When the relative error was +5%, the re-
coveries were approximately 94.7%-104.7% for the
method, as shown in Table 2.

Table 2. Determination of NAC in spiked samples
(n=3).

samples _¢ (NAC)/mM RSD | Recovery
Initial | Added | Found | (%) (%)
1 10.0 10 2094 | 4.2 104.7
2 10.0 15 25.77 | 3.9 103.1
3 10.0 20 2841 | 4.6 94.7

To evaluate the selectivity of the proposed elec-
trochemical method, the interference effects of
common ions, excipients in pharmaceutical prepara-
tions and common substances present in biological
fluids were checked under the optimized conditions
in a standard solution of 1.0x10° M NAC. The
tolerance of each foreign species was taken as the
largest concentration yielding less than +5% of the
error of the adoptive concentration of NAC. No
interference could be found in the presence of
250-fold glucose, sucrose, starch, Na*, K* Ca”,
Mg*, zn*, SO,5, PO,®, NOj, acetic acid,
propanone and ethanol. These results prove a good
accuracy of the proposed method and the absence of
interferences from common excipients, indicating
that the proposed method can be reliably used for a
routine analysis. Ease of application, sensitivity,
short analysis time, low cost and reliability are its
main advantages.

CONCLUSIONS

A CD/MWCNT/GC electrode has been applied
to effectively catalyze the oxidation of NAC in the
presence of KsFe(CN)s for its sensitive determina-
tion. A simple, rapid and economical electrochemi-
cal method for the determination of NAC has been
successfully developed and validated with satisfac-
tory results. The novel electrochemical sensor has
been manufactured using the CD/MWCNT/GCE and
the KsFe(CN)s medium. The results of the cyclic
voltammetry implied that the CD/MWCNT/GCE is
characterized by a high catalytic activity and fine
stability, superior to other electrodes. The proposed
electrode is reliable, simple, and rapid to prepare; it
is low cost, precise, and does not require an exten-
sive preliminary sample treatment. In conclusion,
the electrochemical sensor has the advantages of
good reproducibility and stability, and it is expected

to be used for clinical rapid analysis of the NAC
detection.
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DNEKTPOXUMUYECKOE TMOBEICHHE W DJICKTPOaHAIn3
N-aretun-L-tmcrenna (NAC) ObUTH M3ydYeHBI Ha CTEK-
JSIHHOM YTJIEPOTHOM 3JIEKTPOJE, MOAU(PUIIMPOBAHHOM C
ucnons3oBanueM B-uuknonexcrpuna (B-CD) u yrimepon-
HBIX HAHOTPYOOK (B-CD/MWCNT/GCE). B-
CD/MWCNT/GCE mnoka3bIBaeT XOpOINYIO 3JIEKTPOKaTa-
JIMTHYECKYIO aKTUBHOCTh MPH PEAKIUH KATAJIUTHYECKOTO
okucienns NAC. Tlockoneky NAC cenektnBHO oOora-
ned B-CD, B-CD/MWCNT/GCE moxeT pemurts mpo-
OieMbl 3aTyXaHWs CUTHANIA, BBI3BaHHBIE aICcOpOLHeEit

15

NAC. Bbuio Takxke paccMOTPEHO BIIHMSIHHE 3KCIICpPUMEH-
TAIBHBIX YCJIOBHH Ha 3JEKTPOXMMHYECKOE MOBEACHHE
NAC npu wuCHoNb30BaHUM MOAUMDUIIMPOBAHHBIX DIIEK-
TpoloB. MeXaHn3M M KHHETHKAa PEaKklUil KaTalnuThye-
ckoro okucieHns NAC KOHTPOTHUPOBAIUCH C ITOMOIIBIO
IUKJINYECKON BOJIBTAMIIEPOMETPHH U XPOHOAMIIEPOMET-
pun. KoHcTaHTa CKOPOCTH KaTalWTHYECKOTO OKHCIICHHS
k(4,21+0,05) x 10° M*C™ 6pina paccunrana ¢ ucmonb3o-
BaHMEM DJJICKTPOXMMHUYECKHX METOJOB. Pe3ynbrarhl mo-
kazami, uto B 1,0x10% M pactBope rexcammanogeppara
KaJust TOK ObLT npornoprpioHaneH konteHTparmu NAC ot
4,4x10" M 5o 8,0x10% M [l, (10° A) = 0,58412 +
+ 5,38x10° ¢(M), R? = 0,9934], u npezerom oGHapyxe-
uus (S/N = 3) 6suio 5,02x10° M. iz 80 mM NAC,
IIECTh TTOCIIEIOBATENbHBIX U3MEPEHUI OKA3aJId OTHOCH-
TEJIbHOE CTaHIapTHOe oTKIoHeHue 3,4%, 4TO TOBOPHUT O
TOM, YTO CEHCOP MMEET XOPOIIYyI0 TOYHOCTh U3MEPEHHUS.
IIpennosxeHHBI METOZ MOKET HMPUMEHSATHCS AJIs OIpe-
nenennst NAC npu kaxaoMm aHajusze.

Kmouesvie cnosa: xumuuecku moou@uyuposaHmwill
271eKmpo0, yeiepooHble HAHOMPYOKU, YUKIOOeKCMPUH,
N-ayemun-L-yucmeuna, snexmpoxumuyeckoe onpedene-
Hue.
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Co31aHne HHTePMETAJLIMAHBIX MOKPBITHH 3JIEKTPOUCKPOBBIM
0CaKJeHNEM TUTAHA U AJIIOMUHHUSA HA CTAJIBHYIO MOMJI0KKY

C. A. lIssyuHn, A. A. Bypkos

Dedepanvroe cocyoapcmeennoe 0100icemuoe yupeicoenue HayKu,
Hnemumym mamepuanosedenuss Xabaposcrkoeo nayunoeo yewmpa /lanbnesocmounoco omoenenusi PAH,
yi. Tuxooxeanckas, 153, 2. Xabaposck, Poccus, 680042, e-mail: pyachin@mail.ru

W3y4eHbl BO3MOXKHOCTH (POPMUPOBAHUS ANOMUHHIOB THTAHA B MOKPBITUAX, CO31aBAEMBIX METOIOM
JIIEKTPOMCKPOBOTO JIETUPOBAHUS, U HCCIEAOBAHUS UX CBOWCTB. [TOKPBITHS MOJIYYEHBI OCPEICTBOM
MOCITIEIOBATENILHOTO HAHECEHHST THTaHA M aIOMMHKS Ha CTaibh 35 B pasiM4HBIX Ta30BBIX cpenax (ap-
rOHE, BO3JyXe). YCTaHOBJIEHO, YTO B PE3yNIbTAT€ TAKOTrO JIETUPOBAHUS B MOBEPXHOCTHBIX CIIOSX
cranbHON oMok obpasyroress TiAl; u Al3Tig7sF€p 5, U CXeMa OCaKICHHST «THTaH-ATFOMHHHIA»
0oJiee NPeNOYTHTENbHA. B MOKPLITHAX, HAHECEHHBIX B BO3/IyXe 0€3 MCI0Ib30BaHMUs 3ALIUTHOIO T'a3a,
JIOTIOJIHUTEILHO IPUCYTCTBYIOT HUTPHU THTaHa U OKCH[ aJIOMHHHSA. 38 CYET HAHECEHUS JIEKTPOUC-
KpoBbIx Ti-Al mokpeITHii Ha cTanp 35 yaanock yBEJIWYIUTh €€ MUKPOTBEPAOCTh B 3—4 pasa, a kapo-

croiikocts — B 11-16 pa3s.

Knioueswvie cnosa: JJIEKMPOUCKPpOBOEe Jlecupoearnue, muman, CZJZIOMMHLHZ, uHmepmemaﬂﬂudbl, U3HOCO-

CMOUKOCMb, JHCAPOCMOUKOCb.

YK 537.523.4
BBEJEHUE

OpanM u3 3P PEeKTHBHBIX CIOCOOOB YIIYUIIICHHS
CBOICTB NOBEPXHOCTH METAIOB SIBIISIETCS HaHECe-
HUE YIPOYHSIOIMX U 3alUTHBIX NOKpBITUH. B mo-
clieTHee BpeMsi BO3pOC MHTEPEC K CO3JIAHUIO TIOKPBI-
THH, COJEpKAalMX ATIOMHHHUIBI TUTaHA, KOTOpHIE
00JIaIaf0T LENBIM PSIIOM YHUKAIBHBIX XapaKTepH-
CTUK, TaKUX KaK HU3Kas IUIOTHOCTb, BBICOKUII MO-
JyJb YIIPYTOCTH, BBICOKAsl TEMIIepaTypa IUIaBIeHHS,
’KapOIPOYHOCTh, CTOMKOCTh K OKHCIICHUIO M BO3TO-
panuio [1, 2]. [lnsg uX MONydYSHHUS UCTIONB3YIOT pa3-
JIMYHBIC METOJBI MMOBEPXHOCTHOTO MOJU(HUIIMPOBA-
HUS, OCHOBaHHbIE HA KOHJCHCAMM BEIIECTBA M3
nmapoBoit ¢assl B Bakyyme [3, 4], 6ombapaupoBke
MMOBEPXHOCTH YACTHIAMH MeTaiuioB [5-7], mepe-
IUIABJICHUM TMOBEPXHOCTHOTO CJIOSI TMOJJIOKKH C
Npe/IBapUTEIbHO HAHECEHHBIM Ha HEe BEIECTBOM
[8-10] u T.11.

B GobIIMHCTBE CiIy4acB co3/aBaeMble HHTEPMe-
TAJUTUJTHBIE TOKPBITUS UMEIOT CJIOMCTOE CTPOCHHE
WIN TIPEICTABISIOT COOOH CMeCh aTIOMHUHUIOB TH-
TaHA Pa3IMYHOTO CTEXMOMETPHYECKOTO COCTaBa.
[ToaToOMy C 1IENBI0 TOMOTEHHM3ALMH UX CTPYKTYpBI
HEOOXOIUM JIOTIONHHUTENbHBI OTXKHT. [lomyunTh
Ti-Al uHTEpMeTAIIMIHBIE TOKPHITHS MOXHO TaKKe
C TIOMOIIbIO TEXHOJOTHUH 3JIEKTPOUCKPOBOTO JIETH-
pOBaHus, KOTOpas OCHOBaHA Ha 3PO3UHM Marepuaia
aHoZA TIOJ AEHCTBHEM ODJIEKTPUYECKUX DPa3psloB B
ra3oBOil cpejie U MEepPeHOCce ero Ha MOBEPXHOCTh Ka-
toxa [11]. K nmpeumyiiecTBaM TaHHOTO MeTOIa OT-
HOCSITCSL TIPOCTOTA TIPOIIECCa OCAXKICHHUS, BO3MOXK-
HOCTh IIPUMEHCHHS B KayecTBE JICTHPYIOUIUX Be-
IIECTB JIIOOBIX TOKOMPOBOISAIINX MAaTEPHAIOB U 00-
pa3oBaHME OJHOPOJHOTO IO COCTAaBY HOKPBITHUS.
OnHAaKo C TETbI0 TMOMYYEeHUsS TIOKPHITHH YI0BIETBO-

PHUTENBHOTO KauyecTBa HEOOXOIUMO OSKCIEPUMEH-
TaJBHO T0A00paTh ONTHMAIBHBIC PEKUMBI HaHece-
HUS Ul KQXIOW Mapbl AJICKTPOIAHBIX MaTEPUAIIOB.
[TogoOHast mpoOsieMa BO3HUKAET M HPU CO3IAHHUU
HWHTEPMETAIUTHIHBIX TTOKPBITHH.

Crnenyer OTMETUTh, 4YTO WHTEPMETALIHIBLI B
AJIEKTPOMCKPOBBIX TOKPBITHSIX HAOMIONAIUCh |
paHbliie, TJIaBHBIM 00pa3oM MpPU OCAXKICHUH Mepe-
XOJIHBIX METAJUIOB Ha CTAJIM Pa3IMYHBIX Mapok [12].
Bo MHOrumx cny4asx WHTepMETAJUTHIHbBIC (a3bl B
MOKPBITHSIX TONy4alnd Olaroiaps JIETHPYIOIIEMY
MaTepHuanay CIUIaBOB, KOTOPhIE HX YK€ COICPIKAT.
[Ipu mepeHoce Ha MOBEPXHOCTh MOUIOKKH HHTEp-
METaJUIU/IBI, KaK MPaBHJIO, COXPAHSIOT CBOI COCTaB.
Cpemy COBpPEMEHHBIX HCCIIEIOBAHUMN, MPOBOJUMBIX
B JJAHHOM HAITPaBJICHUH, MOKHO YKa3aTh PabOTHI O
CO3MIaHMIO TOKpPHITHIT Ha ocHoBe FeAl u FesAl 3a
CUeT HAHECCHUs CIUIaBa JKele3a C aTlOMUHHEM B
(dopMe mpucagOYHOW TMPOBOJOKH HAa MOBEPXHOCTH
xpomcoepxamiei cramu [13]. AHanoruvHsie co-
eIMHEHUST OBLTU TONyYeHBI ITyTEeM HEMOCPeCTBEH-
HOTO HaHeceHus cios u3 FeAl marepMeTammnmaHOrO
CIlJlaBa Ha AayCTCHUTHYIO HEP)KaBEIOIUIYI CTallb
316L ¢ momompio 3IeKTporCcKpoBoro meroxa [14].
JlaHHBIC MOKPBITHS MOKA3AIH YIOBICTBOPUTEIBHYIO
KOPPO3UOHHYIO CTOMKOCTh. HaHOCTPYKTYpHOE 3JIeK-
TporckpoBoe mokpeiTre Ha ocHoBe Al u AlsNi 65110
MOJIyYeHO Ha OCHOBE IBTEKTHYECKOTO CIUIaBa ajio-
MHHUS ¥ HUKEJIsSl, N3TOTOBJICHHOTO JINTHEM B KOKHUJIE
[15]. Tem He MeHee 0COOBII HHTEpPEC MPEACTABIACT
W3yuYeHHe BO3MOXKHOCTH (DOPMHUPOBAHUS HHTEPME-
TATMIHBIX COCAMHEHHH HEMOCPEICTBEHHO B TIO-
BEPXHOCTHOM CJIO€ 3@ CYET OCAXKICHUS MeTasia
aHoJa W TIEPCIUIABICHUSI €ro C METaJUIOM KaToja.
Takuie uccrienIoBaHUs MPOBOJWUINCH HAMH paHee, B

© Isunn C.A., BypkoB A.A., DnekrponHas o6pabotka matepuanos, 2015, 51(2), 16-23.



X07Ie KOTOPbIX Ans co3fanus Ti-Al coemmHeHuit ¢
Pa3IMYHBIMA CTEXHOMETPHUYECKUMH COCTaBAMH Me-
TOJIOM DBJIEKTPOMCKPOBOTO JIETUPOBAHUS HAHOCHIIH
TUTaH Ha aJIOMUHWA W, HA0OOPOT, aTlOMUHUNA Ha
tutan [16]. YcTaHoBieHO, 4TO B 00OMX ClydYasiX,
Kak mpaBwio, obpasyercs TiAls. MHTepMeTamTUabI
TiAl u TisAl ¢ Gosee BEICOKMM COEPKAHUEM THTA-
Ha OBUIM IOJTy4YEHBI, KOT/Ia TMOBEPX ATOMHHHUEBOTO
NOKPBITHSI HA THTAHOBOW TOJUIOKKE OCaKIANHN BTO-
poii cioli TutaHa. llenp HacTosIIEH PabOTHI 3aKITFO-
yanach B aHAJIOTMYHBIX wucciefoBaHusx. C Toi
TG pa3HUIEH, 9TO HHTEPMETAIUTHAHBIE TTOKPBITHS
Ha OCHOBE ATIOMHHHS W THTaHa MPOOOBAIU TIOJY-
YUTEH HA CTAJILHOU MOIOKKE.

METO/bI ITOJIYYEHU A
N NCCIIEJOBAHUNA MATEPUAJIOB

Crepxau pasmepamu 3x3x30 MM U3 3IEKTpO-
TEXHHUYECKOI'0 AJIOMUHHMS M THUTAHOBOIO CILIaBa
BT20 6bumn McHoONb30BaHBI B KauecTBE aHOJOB, a
KaToasl OBUIM HM3TOTOBJICHBI M3 CpEAHEYTIIEPOIu-
croifi cramm 35 B BHIE IUIACTUH C pa3MepaMu
10x10%5 mM. [ToBepXHOCTH MOMIOXKEK MpEABAPH-
TeNFHO IUIM(OBATU U MOJIHPOBAIN aaMa3HOH mac-
TOH, a 3aTe€M IIPOMBUIN B 3TUIOBOM CIIUPTE U BBICY-
iy, TIoKpsITHS HAaHOCWIMCH C TOMOILBIO 3JIEK-
TpouckpoBoii ycranoBku IMES-40, pazpaboranHoii
B UHctutyte MatepuanoBeaenus XHII IBO PAH.
Ona o0ecneurBaeT TeHEPAUIO UMITYILCOB B IITHPO-
KHX JWara3oHax NepHoAa CIEeJOBaHUs U JIATEINb-
HOCTH Da3psioB C BO3MOXKHOCTBIO PETYJIHPOBaHUS
4acTOThl KOJIEOAHUI PYYHOTO 3JIEKTPOMArHUTHOTO
BUOpaTopa — JepkaTens aHoja. JTO II03BOJIAET
YMEHBIIUTh «CXBaThIBAHHUE» JIEKTPOJOB MPU OCTHI-
BaHUM PACIUIABIECHHBIX IOJ IEHCTBHEM pa3psioB
MeTa/uI0B. Bo BpeMsi ONBITOB 4acTOTa CiI€AOBaHUSA
umnyiabcoB Obuta 1 k', J[IUTEIsHOCTH paspsiioB
BeIOMpasiach u3 nuamazona 0,1-0,6 mc. AMrunTyaa
HMITyJIbCOB TOKa cocTaBistia 110410 A; mexoaiek-
tpogHoe HampspkeHne — 30£5 B. Cpemnsas mor-
HOCTb  pa3psaaHbIX UMITYJIECOB paBHsIACH
3,31£0,8 kBrt. [TokpbITHs HAHOCWIIA B CpeJe 3alllHT-
HOTO Ta3a — aprosa Ju00 B BO3AyXe aTMOC(EpPHOTo
JIaBIICHHSI.

JJist OLIEHKH KOJIMYeCcTBa NMEPEHECEHHOTo C aHo1a
Ha KaToJ BEILECTBA 3JEKTPOIbl B3BELIMBAIN YEpe3
KOKIyI0 MUHYTY DJIEKTPOUCKPOBOH 00pabOTKH Ha
Becax Vibra HT ¢ tounoctsio 10 r. MukpocTpyk-
Typa MOKPBITHH HCclenoBajach C MPUMEHEHUEM
ontudeckoro Mukpockorna MHUM-10 u pactpoBoro
anekTpoHHOro Mukpockona EVO 40HV. Muxkpo-
30HIOBBII BJIEMEHTHBIH aHAJM3 NPOBOAMICS IIO-
CPEACTBOM 3HEPrOAUCIEPCHOHHOIO CIIEKTPOMETpPa
INCA ENERGY 350, BCcTpOEHHOIO B 3JIEKTPOHHBIN
MUKpockon. Pa3oBblid aHAIU3 MOKPBITUI HcCIeno-
BJICS C MIOMOILBIO PEHTI€HOBCKOTO AU(PAKTOMETpPa
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JPOH-7 B Cu-Ka m3iyuennun. B nensx upentudu-
Kallu¥ JIMHAWA PEHTI'€HOBCKHUX CIIEKTPOB MPUMEHSLI-
cs mporpammusiid maker PDWin (HITO «bypesect-
HuK», Poccus). [ M3MepeHHsS MHKPOTBEPIOCTH
ucnonb3oBa Mukporsepaomep [IMT-3M. U3zno-
COCTOHKOCTB U TOJIIMHA MTOKPBITHH ONPENesuIuCh C
nomoiisio TpubomeTpa Calotester CSM instruments
10 CXEME «BPANIAIOUINICS MIAP-TUIOCKOCTH» C TPH-
MEHEHHEM IOPOIIKA OKCHAA aTIOMUHUS B KaueCTBE
abpaszuBHOro Marepuana. CTOHKOCTb IMOJTYYEHHBIX
00pasmoB K BEICOKOTEMIIEPATYPHON Ta30BOM KOPPO-
3un uccnenoBanu Ha aepuatorpade 1000-Q mo-
CPEACTBOM MX HarpeBa M M30TEPMHUYECKON BBIIEPXK-
ku ipu 800°C.

UCCJIEJJOBAHUE MOHOITIOKPBITUI

Ha mawanbHOM 3Tane OBUIH M3yYEeHBI OCHOBHBIC
3aKOHOMEPHOCTH (HOPMHUPOBAHUS IJICKTPOUCKPOBBIX
MOHOIOKPBITUM TUTaHa M AJIIOMUHUS HA CTAJIbHOU
MOJUTOKKE. AHAIN3 U3MEHEHHS MacC JJICKTPOJIOB BO
BpEeMsl HAHECEHHS METAJUIOB MOKa3all, YTo MPU BO3-
JNEHCTBUM AJICKTPUYECKHUX Pa3psfoB Macca aHoja
YMEHBIIAeTCd B pe3yjbTaTe €ro J3pO3WH, a Macca
KaToJ]a PacTeT 3a CYET OCAKACHUS SPOJUPOBAHHOTO
BemecTBa (puc. 1). Kunernka MaccornepeHoca 3aBu-
CUT OT MaTepHala, ra30BOH Cpelbl W MapaMeTpOB
paspsAAHbIX UMMYIbCcoB. CKOPOCTh  pa3pylICHUS
AMIOMHUHHUEBOTO aHOJIa HECKOJIbKO BBIIIE, YEM THTA-
HOBOT'O, YTO MOXET OBITh CBS3aHO C 0OoJiee HU3KOU
TeMIepaTypoii TiaBieHus amomMutus. Kpome Toro,
MIpH 3JIEKTPOUCKPOBOII 00paboTKe B aproHe 3po3us
JIAHHBIX METAJUIOB M MPHBEC KaToJa MEHBIIE MPH-
MEpHO B JIBa pa3a, 4eM B CIy4yasx HaHECCHUs I0-
KpPBITHI B Bo3myxe. Takke ObUTO yCTaHOBJIEHO, UTO
paspyllieHHe aHoJa W MPHUPALICHHE MAacChl KaToja
Ooyee MHTEHCUBHBI NPH BO3AEHCTBHU Ooliee Mpo-
JOJDKUTEBHBIX Pa3psIHBIX UMITYJI6COB. Hampumep,
C pOCTOM JJIMTEIbHOCTH wuMITysibcoB oT 0,3 10
0,6 Mc anekTpuyeckas 3po3usi TATAHOBOTO aHOAA B
BO3/lyX€ YBEIMYMBACTCSA, OJHOBPEMEHHO pACTET
(mpumepHoO B 2 pasa) u npuBec karoaa. HecMoTpst Ha
TO, YTO IPHU BIIEKTPOHCKPOBOH 00paboTKe BELIECTBO
aHoJla TEPEHOCUTCS Ha TMPOTHUBOMOJIOXKHBINA 3JICK-
TPOA, Macca Karojga YBEIWYMBAETCS TOJBKO JI0
OTIPEJICIEHHOTO IOPOTOBOTO 3HAYEHHUs, TOCIE JIO-
CTH)KEHHUSI KOTOPOTO HAYMHACT CHHXKATHCS BCIE-
CTBHE OTCIIAUBAHUSI TOBEPXHOCTHOTO CJIOS H3-32
HAKOIUBIIMXCS B HEM OCTAaTOYHBIX HAMPSHKSHUI
pacTATUBAIOIIETO XapaKTepa, MOp U MUKPOTPEIIUH
[12]. DTo cimyHUT OCHOBHOW TPHUYMHOW OrpaHUYe-
HUSI TOJIIIHAHBI 3JIEKTPOUCKPOBBIX MOKPBITHIA.

JL1st pa3HBIX Hap METAIOB U PEKUMOB 00paboT-
KM MOMEHT TOSIBJICHHS TIOpOra XpYyMKOIro paspylie-
HUS pa3inveH. B HaIMX OMbITaX yCTAHOBJIEHO, YTO
OH HacTymaeT nocine 1-2,5 mun/cM® OcaxIeHHs TH-
TaHa, a TOpPU HAHECCHHWU AIOMHHUS nocne
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Puc. 1. VI3MeHeHHE MAcCChl 3JIEKTPOJOB B MPOIECCE IEKTPOUCKPOBOTO HaHeceHUs anmoMuuust (a) u tutaHa (6) Ha cranb 35 mpu
Pa3IMYHON UTUTENBFHOCTH pa3psoB T, mc: 1 — 0,6, Bo3ayx; 2 — 0,3, Bo3ayx; 3 - 0,6, aprown; 4 — 0,3, apros.

1,5-3 MuH/CM®. Jns monmydeHuss KaueCTBEHHBIX TO-
KpBITHI HelenecooOpa3sHo TMPOBOIUTH JIIEKTPOHUC-
KpOBYI0 00paboTKy OoJiee MpOIOKUTEIBHOE Bpe-
M. B aprone mopor paspyiieHusi OKpbITHS BO3HU-
KaeT ObICTpee, YeM B BO3MAyXe, MI03TOMY CPEIHS
TOJIIIMHA OCAXKACHHBIX B aproHe MOKPHITUH MCEHB-
me. OHa paBHa y aJlOMHHHEBOrO MOKpHITHS 50 m
30 MkM, a y TuTanoBoro — 75 u 40 MKM COOTBET-
CTBEHHO.

MUKpPOCTPYKTYpa MOHOIOKDPBITUN AIFOMUHUS U
TUTaHa MoKa3aHa Ha puc. 2. [ToKpeITHS HEOTHOPOI-
HBl 110 TOJIIIMHE H3-3a OCAKICHUSA MeTajla Ipe-
HMYULIECTBEHHO Ha BBICTYIIaX, 00pa30BaBIINXCA NPH
npenpayux npoxonax. OmpeneneHHas mnocpen-
CTBOM 3JICKTPOHHOTO MMKPO30HIOBOI'O aHaNu3a
KOHIIEHTpAlMs aJIOMHUHHUS B OCaXIEHHBIX MOBEPX-
HOCTHBIX CJIOSIX JOCTATOYHO BBICOKA M JIOCTHTaeT
80 ar.%, aHaNMOTMYHO BEIMKO COJEpKaHUE TUTaHA B
TUTAaHOBOM TMOKPBITHH — 75 aT.%. OcoOeHHOCTHIO
IIOMUHHUEBOTO TIOKPBITHSA SIBIISIETCS €0 CTPOCHUE B
¢dopMe cTONMOYATHIX KPHUCTAUIMTOB, BBITSHYTHIX
HNEPIEHIUKYISPHO rpaHuLe KIIOKPBITHE—

IIOJUI0KKa», TO €CTh II0 HallPaBJICHUIO TEIUIOOTBOAA
B CTAJbHYIO OCHOBY. JleHApHUIBI UMEIOT TOJIINHY
nopsinka 0,5-1 MxM. B THTaHOBOM MOKpBHITHH TIO-
JOOHBIE CTPYKTYPBI OTCYTCTBYIOT.

Puc. 2. MuKpOCTPYKTYpa TMOKPBITHI amomMuHus (a) U TUTaHa
(6) na cramu 35.

MeToioM ~ PEHTTEHOBCKOW  IHU(PaKTOMETPHUH
YCTAHOBJIEHO, YTO B QIIOMHHHEBOM IOKPBITHH,
HAHECEHHOM B aproHe, KpoMe OCHOBHO# (ha3bl asro-
MUHHMS ~ TPUCYTCTByeT  uHTepMerammmn — FeAls
(puc. 3). Ha pentrenorpammax nuk Al(200) Ha yrie
20 = 44,34° obnagaer HanOOMNbINEH WHTEHCHBHO-

CTBIO, IOATBEPKAAs MPEUMYIIIECTBEHHOE HarpasJie-
HHE POCTa KPUCTALUTUTOB MEPHEHIUKYIIAPHO TIO-
BEPXHOCTH. Bce MUKU aTfOMHHHUS CMEIIEHBI B CTO-
POHY MAaJIbIX YIJIOB, YTO CBUJCTEILCTBYeT 00 yBe-
JTUYCHUM JIMHEWHOTO TapaMeTpa KyOHMYecKol pe-
merku Al 10 4,07 A, npepsimaromero stanonHoe
3nauenue Ha 0,7%.
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Puc. 3. PentrenoBckue AnQpakTorpaMMBbl MOKPBHITHH aTIOMH-

aus (1, 2) u turana (3, 4) ma cramm 35. TasoBast cpena:

1, 3 - aproH; 2, 4 — BO3IyX.

B moxpbiTuH, MOMy4YEeHHOM MNP HAHECEHUU B
BO3/yXe, AIFOMUHUHN TaKXKe SBISETCS Mpeodiamaro-
e ¢a3oif, OJHAKO aHU30TPOIMHMS POCTa KPUCTA-
JINTOB CHUKAETCA, U COOTHOLLIEHHE UHTEHCUBHOCTEMN
peduiekcoB amroMuHMS OIU3KO K 3Tanony. [lomumo
Al u uarepmerammuna FeAl; B HeGombIIOM KOHUeE-
ctBe mpucytctByeT okcun Al,O3. DnekTporckpoBoe
MOKPBITUE TUTAHA, OCAXKJICHHOE Ha CTalb B aproHe,
MpEeJICTaBIsAeT cO0O CMECh O-THTaHa, O-XkKele3a U
ux uarepmerauinaoB FeTi u Fe,Ti. [Ipu Hanecennn
TUTaHa B BO3AyX€ MPOMCXOAUT MHTEHCUBHOE B3au-
MojeiictBue Ti ¢ a30TOM, B pe3yibTare KOTOPOTO
(dbopMupyeMoe TOKPBITHE HACBHINIACTCS HHUTPHUIOM
trutada. CocTaBbl MOKPBITHH, MOYYEHHBIX TIPU Pa3-
HBIX 3HAUYEHUSAX JUIUTEIbHOCTH Pa3pslOB, MPaKTHYe-
CKH HE OTJINYAIOTCA.
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Taémuma 1. PexxuMbl HaHECCHUSI TBOWHBIX MTOKPBITHIA

IlepBrlii cnoi

Bropoii cnoit

O6o3HauCHNHE Tasosas [epuon Tepuon
cpena Ocaxpnaemsblit | cnemoBanusa | JmurensHocts | IIpomomkurensHocTs | Ocakmaembnid | cienoBanus | [InmurensHocTh | [IpoaomkuTensHOCTD
METaJII paspsmos, pa3psiIoB, MC OCaXKIEHU, C MeTaI pa3psiIos, pa3psaaoB, Mc OCaXKJICHUS, C
MC MC
Ct/AllTi(a) Apron AJFOMUHUN 1 0,5 90 Turan 1 0,3 90
Ct/Al/Ti(8) Bo3nyx | Amomunuii 1 0,5 60 Turan 1 0,4 60
C1/Ti/Al(a) Apron Turan 1 0,5 90 AmoMuHNI 1 0,3 90
Ct/Ti/Al(B) Bosznyx Turan 1 0,5 80 AnoMuHU 1 0,5 60
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UCCJIEJOBAHUE JBOVHBIX [TOKPHITUIA

Jst TonydeHus QIIOMHHHIOB THTaHA MOBEPX
ATFOMUHHUEBOTO TOKPHITHS ObLT HAHECEH TUTAaH, a Ha
TUTaHOBOE MOKPHITHE — COOTBETCTBEHHO aJIIOMHUHUI.
Jus uccnemoBanuii oTOMpauch 00pasibl, obianga-
IOlIMe HAaMMEHBIIECH IIEPOXOBATOCTHIO W HAMOOJb-
meld CIUIOIHOCTBIO. [lapaMeTpsl WX TONydYeHHS
yKa3aHbI B Ta0m. 1.

Kunernka wW3MEHEHHS Macc OSIEKTPOAOB IIPH
KOMOMHHPOBAaHHOM OC2XKJCHUH METAJUIOB HMeJa
0COOCHHOCTh, @ MMEHHO €CJIM HAaHECEHHE IEepPBOTO
CIIOSl M3 THTaHA WIN AJIOMUHMSA, KaK IPAaBUIIO, TIPH-
BOJIMIIO K YBEIMYCHHUIO MaccChl Karola, TO MPH Oca-
KIEHUH CJICIYIOLIETo CJIOs 3HAYUTENLHBIA HpUBEC
CTaNBHON MOUIOXKKKM He HaOmonancs (puc. 4). B
HEKOTOPBIX CIIydYasX HPOUCXOIWI OOpaTHBIA Mpo-
Lecc — Macca KaToJa CHIDKaJIach, XOTs MeTajul Ha
€ro MOBEPXHOCTh NMEPEHOCHIICSA, O YeM CBUJCTEIb-
CTBYIOT JaHHBIE XHMHYECKOTO aHaium3a. Makcu-
MaJIbHOTO TpHBeca KaToAa ylIalloch JAOCTUYb B CITy-
Yae CXeMbl OCAKICHHUS IEPBBIM CIIOW — THTaH, BTO-
poii cioit — amoMuHUKE» B Boznyxe. [Ipu aToMm cpen-
Hsisl TOJIIMHA TIOKPBITHS ObUIa B 2—4 pa3za Oosblie
0 CPAaBHEHHUIO C APYTUMH KOMOMHanusMH (Tabu. 2).

0r _e-Ti

—O0—Al

<1

H3meHeHHe Macchl, MT
I

30 60 90 120 150

HDOILOJ'I}KHTCJ'IBHOCTB HAaHCCCHHA, C

Puc. 4. I3mMeHeHne Macchl KaToa u3 cTainu 35 B mporecce Imo-
CIICIOBATENBEHOTO  OCAXJCHUS  THTaHa W QIIOMHHHS:
1 - C1/AITI (a); 2 — Ct/AlTi (8B); 3 — Cr/TilAl (a);
4 — Ct/Ti/Al (B).

Ta6auua 2. XapakTepUCTHKH MOTYYSHHBIX TTOKPBITHIA

No Cpennsis Cpennss H3Hoco-
. /;1 Ob6pazer TOJIIIUHA, MUKPOTBEp- CTOMKOCTB,
MKM nocts, TTla | 10° Mm*/(H-m)
1 C1/AllTi(a) 31 10,5 2,2
2 Cr/AllTi(8) 40 9,1 3.8
3 C1/Ti/Al(a) 21 7,9 34
4 C1/Ti/Al(B) 82 6,8 5,0

Ha COM wu300pakeHUSAX TONEPEUHBIX CCUCHHUH
MOJTY4YCHHBIX 06pa3u03 C TMOKPBITUAMU OTUYCTIUBO
BUJIHO, YTO OCQXJCHHBIC MOBEPXHOCTHBIC CJIOH IO
CTPYKType OTIUYAIOTCS OT Marepuaia OCHOBBI

(puc. 5). OmgHakKoO TOKPBITHS HE SBISIOTCH IBYX-
CIIOWHBIMH, XOTS OHHM CO3[aHbl B JIBa JTama Mpu
OC@K/ICHHU METAJUIOB Pa3HOM IUIOTHOCTH. DTO CBH-
JIETEIILCTBYET O JIOCTATOYHO MHTEHCHBHOM IepeMe-
IIMBAHUH METAIOB B PACIUIABJICHHOM COCTOSHHH,
HECMOTpsl Ha Myl IUIOLIaJb U KOPOTKYHO MpO-
JOJDKUTEIIBHOCTD KaXKIOTO aKTa 3JICKTPOPA3PSIHOTO
BozzeiicTBusl. [lo JaHHBIM BJIEKTPOHHOTO MHUKpPO-
30HJIOBOTO aHanu3a ocHOBHbIC 31eMeHTsl (Al, Ti u
Fe) pacmpeneneHsl 10 TyOWHE MPAKTHYECKH paB-
HOMEPHO, U JIHIIIb Y CAMOM TPAHUIIBI MEXIY MOKPbI-
THEM M OCHOBOIl MOKHO Pa3JIMuUTh HEOOJIBIIOE MMO-
BBIIICHHE COJCP)KAaHHs MeTajula KaK OCTATOYHBIN
npuU3HaK nepBoro cios (puc. 6).

Puc. 5. COM wusobpaxenus: ceuenuii oopasuos: 1 — Ct/AlTI
(a); 2 - Ct/AlITI (B); 3 — C1/Ti/Al (a); 4 — C1/Ti/Al ().

B mokpeituu Ct/Al/Ti(a) KOHIIEHTpaUH aTFOMU-
HUS U TUTaHa MpUMeEpHO oxuHakoBeie ~ 40 at.%. B
OCTaJIbHBIX MOKPBHITHAX KoHIeHTpauust Al coctasis-
et okojio 60-70 ar.%, uro B 2-6 pa3 Oonblie, yeM
Ti. Ha ceuenun nokpeituss Ct/Ti/Al(a) moxHO pa3-
auauth (puc. 5, GoTo 3) MENKO3EPHUCTYIO CTPYKTY-
py ¢ nomepeunsiM pazmepom 0,5-1 mxm. ITo cpas-
HEHUIO CO CJIOSIMH, MOJTYYCHHBIMH B aprOHE, MUKPO-
CTPYKTYpa 3JICKTPOUCKPOBBIX MOKPBITUH, OCaXICH-
HBIX B BO3/yXe, MEHee OfHOpoxHa. bomee TeMmHBIE
obnacty, m3zoOpaxeHHsie Ha puc. 5 (dporo 2, 4),
UMEIOT MEHBUIYIO IUIOTHOCTh U 1O XHMHUYECKOMY
COCTaBY COOTBETCTBYIOT OKCHIY aTIOMUHHSA, Ooiee
CBETJIBIE — HUTPUIY TUTaHA. B MOKPHITHAX HAOMIO-
JAFOTCS. MEKPOTPELIVHBI, KOTOphIe 00pa3yroTcsl TOA
JIECTBUEM OCTAaTOYHBIX HANPSDKEHUH, BO3HUKAIO-
IUX B HEOJHOPOJHOM Marephaje Kak CIIeICTBHE
BBICOKMX CKOPOCTEH HarpeBa U oxjaxnaeHus. Tpe-
IIMHBI  PAcIpOCTPAHSIOTCS, KaK MPaBWIIO, JHOO
BJIOJIb TPAHUIIBI MEKAY MOKPBITHEM M CTAJIBHOU OC-
HOBOI, JTNOO HAINPaBJICHbI K TOBEPXHOCTH 00pasla.

PeHTreHoBCKHE IU(PAKTOrpaMMbl ABOHHBIX IIO-
KpBITUIl IOKa3aHkl Ha puc. /. B pe3ynprare ux aHa-
JM3a YCTaHOBJIEHO, YTO NPH HAHECEHWH THUTAHA I10-
BEpX AIIOMHHHEBOTO CJIOSi B aproHe ooOpasyercs
amomunun tutaHa TiAl;. OmHako THTaH TPUCYT-
cryeT B mokpeitun CT/Al/Ti(a) xkak oTmenbHas dasa
W3-32 €ro IUIOXOH pacTBOPUMOCTH B  CIUIaBax
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Puc. 6. PactipeniernieHue 31€MEHTOB 110 TIyOUHE, IPUBEICHHOM K TOJIIMHE MOKpbITHS, B 00pasuax: 1 — CT/Al/Ti (a); 2 — Ct/AlITi (8);

3 - C1/TilAl (a); 4 - C1/Ti/Al (8).
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20, rpan.
Puc. 7. PentreHoBckue nudpaxrorpammsl nokpsituii: 1 — CT/Al/TI (a); 2 — CT/Al/TI (8); 3 — C1/Ti/Al (a); 4 — CT/Ti/Al ().

Fe-Al [17]. Kpome TOro, OT IEpBOTO CIIOSI OCTACTCS
amoMuHK xKene3a Fe,Als, Oam3Kuii o cocTaBy Hc-
xomHomy FeAl;. Ecium mpoBOIUTh aHAIOrHYHOE
OCaKJICHHE B BO3IyXe, TO IPH MEPEHOCEe THTAH aK-
TUBHO B3aMMOJICHCTBYET C a30TOM B YCIIOBHSX IPO-
TEKaHUsI JICKTPUUICCKUX Pa3psiioB, U hopMupyeMoe
MOKPBITUE CONCPKUT HUTPUI THTAHA. AJFOMUHHIIBI
tutana B Ct/Al/Ti(B) He ynanock 10cTOBEepHO OOHA-
PYXHTh C IMOMOIIBIO PEHTTEHOBCKOW JAU(PaKTOMET-
pHH, XOTSI COOTHOILICHHUE MEKIYy aTOMHOW KOHIICH-
Tpaluei aTfOMUHUSA ¥ TUTaHa Oiu3ko K 3 (puc. 6).
Ilpu apyroit mocneaoBaTeNbHOCTH OCAXKICHUS Me-
TaJUTOB, KOTJIa Ha CTajbh BHA4aje HAHOCST alIOMH-
HHIA, a 3aTeM — TUTaH, B IIOBEPXHOCTHOM cJioe 00pa-
3yloTcs uHTepMetamnuael TIAl; u ero ananor
Al3Tig75F€0 25, B KOTOPOM YacTh aTOMOB THTaHa 3a-
MEIIeHa JKelle30M. PeHTreHorpamMmbl — 00pas3IoB

Ct/TilAl(a) u Ct/Ti/Al(B) cxoxu. C Toit numib pas-
HUIIEH, YTO B IMOJYYCHHOM B BO3AyXE MOKPBITHH
JIOTIOJIHUTENIBHO TPHUCYTCTBYIOT HUTpUA TIN Hu OK-
cun Al,Os.

PE3YJIbTATBI UCIIBITAHUA
[TOJIYUEHHBIX ITOKPBITUU

MHUKpOTBepIOCTh ObllIa ONpeAeieHa 0 METOLY
Buxkepca npu Harpyske 0,5H Ha pa3audHBIX ydacT-
Kax IMOBEPXHOCTH O0OPa3IOB C MOKPHITUSIMH. Pe3yiib-
TaThl W3MEPEHUH MOKa3aldH, YTO MHKPOTBEPIOCTH
MOJYYEHHBIX MOKPHITUH B 3—4,5 pa3za BbIlle, 4eM Y
CTabHOM OCHOBBI (Tabu. 2). Haunbosbiiee 3HaueHne
HV wuMeer momudunmpoBaHHas TOBEPXHOCTH 00-
pasmia Ct/Al/Ti(a), B KoTOpOM cojepskaHHe THTaHa
Ooiee BBICOKOE 0 CPAaBHEHUWIO C OCTalbHBIMU. Mc-
MBITAHUS Ha MUKPOaOpa3sWBHBIA M3HOC TIO CXEMe
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Puc. 8. TepMorpaBUMETpPUYECKHE KpPHUBBIC H30TEPMHYECKOrO
okucieHus cranu 35 u o6pasos ¢ nokpertuamu: 1 — Ct/AITI
(a); 2 — Ct/Al/Ti (8); 3 — C1/Ti/Al (a); 4 — Ct/Ti/Al (B). Temme-
patypa — 800°C.

«mIap — TUIOCKOCTH» OBIIM BBITOJIHEHBI IPH CKOPO-
cru Bpamenus 90 o6/mun. M3HOCOCTOWKOCTH pac-
CUUTHIBANIACh HA OCHOBAaHHMU SKCIEPHMEHTAIBHBIX
JaHHBIX 0 (popmyte

W =AV/ (IN),

rae AV — 00beM M3HOLIEHHOTO y4uacTka; | — mmunHa
myTtr TpeHus; N — Harpy3ka. B mpoBeIeHHBIX HCITBI-
taausax N = 0,2H u | = 30 m. ITomydyeHHBIE 3HAYEHS
U3HOCOCTOMKOCTH MpPeACTaBICHbI B Taba. 2. 13 Hee
BHJTHO, YTO CO3J]aHHBIE B BO3/YyX€ MOKPBITUS UMEIOT
0oJiee BHICOKOE CONPOTHBIICHHE M3HOCY 1O CpaBHE-
HUIO ¢ 0oOpa3sliaMH, MOJy4YeHHbIMH B aproHe. JlaH-
HBIC PE3YJBTAThl MOXKHO OOBSCHHUTH HPUCYTCTBUEM
B HUX HHUTPHIA TUTaHA, KOTOPBIH IIHMPOKO HCIIONb-
3yeTcsl ISl TIOBBIMIEHUS CTOMKOCTH PEXYIIETO HH-
CTPYyMEHTA.

Haubomnee BBICOKOII M3HOCOCTOMKOCTBIO OOJIama-
JI0 TIOKPBITHE, TTOTy9eHHOE TyTEM OCAKICHHS THTA-
Ha Ha CTaJIb C MOCJICAYIONUM HAHECCHUEM aTFOMHU-
HUS B BO3JIyXe, OJJHAKO OHA ToJbKO B 1,5 paza mpe-
BBIIIIAIA W3HOCOCTOMKOCTh CTAbHOW ITOJJIOXKKH.
DT0 O0OBSCHAETCA TEM, YTO OCHOBY ITOJYICHHBIX
JIBOMHBIX MMOKPBITUH, KaK MPABUIIO, COCTABIISICT MH-
tepmetarmua TiAl;. OH MeHee TUTOTHBIN U TIPOYHBIH
CpeiM IPYyTHX HWHTEPMETAUIHIOB cucTeMbl Ti-Al,
takux kak TIAl u TizAl, 1 umeer GombIIyio IEH-
HOCTh B Ka4e€CTBE MarepHalia ISl 3alUThl OT BBICO-
KOTeMIlepaTypHoit kopposuu [1]. B xome Tepmuue-
CKUX HCIBITAHUH OBLJIO YCTAHOBJICHO, YTO MPH MPO-
JOJDKUTEIBPHOM HarpeBe 00pasllioB C MOKPHITHSIMU
npu Temrepatype 800°C B BO3AyIIHOW cpene uX
Macchl MocTeneHHo yBenauuuBaiuch (puc. 8). Kak
MmoKasaja peHTreHo(a30BbIil aHajaM3, NPHUPAIICHHUE
Macchl 00yCIIOBJICHO 00pa3oBaHHEM OKCHJA JKeye3a
(1), o uyemM CBHICTEIHCTBYET HAIUYHE COOTBET-
CTBYROIIUX pediexcoB Ha audpaKTorpamMmax BCeX
HCIBITaHHBIX 00pasnoB (puc. 9). Taxke 3amedeHo,
YTO TpPHU HArpeBe OO0pa3loB MPOUCXOIAT (ha30BbIC
W3MEHEHUs, B pe3yJibTare KOTOPHIX TPOWHOW WH-
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Puc. 9. PenrtreHoBckue audpakTorpaMMbl IOKPBHITHH MOCTE
Beiiepkkd B Teuenue 4 4 mpu 800°C: 1 — Ct/AlTi (a);
2 — Ct/AllTi (8); 3— Cr/Ti/Al (a); 4 — Ct/Til/Al (B).

tepmetamuan  AlsTigsFe2s Momudumpyercs B
amomunun Tutana TiAl;. B menom tepmuueckue
UCIIBITAHUS. TIOKA3aJ¥, YTO 3aIUTHBIC MOKPHITUSL
CHIDKAIOT CKOPOCTh OKHCIeHUst ctand B 3,4-6,5 pa-
3a, TIPH ATOM YCNBHBIA MPUPOCT MACCHI CHUYKACTCS
B 11-16 pa3. Haubomnee BBICOKOI 3KapOCTOUKOCTHIO
obmamaroT wmHTepMeTauTuaAnble TOKpeiTH Ct/Ti/
Al(a) u Ct/Ti/Al(B) u3-3a MOBBILICHHOTO COIEPIKA-
Hus uHTepMeTautuaa TiAlg.

BBIBO/IbI

B pesynbrare TpPOBEACHHBIX HCCIICAOBAHUI
YCTaHOBJICHO, YTO IPH 3JCKTPOMCKPOBOM HaHEce-
HUM ATIOMUHUSI B KAYECTBE MEPBOTO CJI0S M TUTAHA B
KauecTBe BTOPOTO Ha CTalb 35 B aproHe MepBOHA-
vanpHO (opmupyercs uHTepmerauna FeAls, a 3a-
tem — TiAls. TIpu oOpaTHO# KOMOMHAIMK OCaX[e-
HHS METaJUIOB BHauane obpasytorcs FeTi u Fe,Ti, a
MOTOM OCKACHUE ATIOMUHHS MOBEPX JAHHOTO TH-
TAHOBOTO IMOKPBITUSI TIPUBOJUT K 0OPa30BaHUIO HH-
tepmeTammuaoB TiAl; u AlsTigssFeg s, mpuuem B
OonblieM KonuuecTBe. TakuM 00pa3oM, B TONTy4YEH-
HBIX TIOKPBITUSIX KOJWYECTBEHHOE COOTHOILICHUE
MEXy ATIOMUHHEM U TUTAHOM CMEIIEHO B CTOPOHY
nepBoro. Jlns oOpa3oBaHusl APYrHX HHTEPMETAIITHU-
noB cucteMbl Ti-Al HeoOX0AMMO YBEIMYHTH KOH-
[CHTpAIMI0 TUTaHa B MOKpbITHAX. Ckopee Bcero,
3TOr0 MOXHO OyJeT JOOUTHCS, YBEIMYMB OTHOCH-
TENbHOE BpeMs HAHECCHHs THUTaHA JHOO MHOIO-
KpaTHO TIOBTOPHB IIMKII OCaXJICHHS TUTAHA W aJlio-
MUHHSA. JlaHHBIE MPEIIOoN0KEHHs TpeOYIoT IpoBep-
KU ¥ SIBISIFOTCS 1[EJIbI0 HAIIUX JaJTbHEHIINX HCCIIe-
JIOBaHUH.

ITpumeuaTensHO, uTo pachpeneneuune Ti u Al mo
IJyOWHE TMOKPBITHH JOCTaTOYHO OJHOPOIHO. DTO
CBHJICTEJILCTBYET 00 MX HWHTEHCHBHOM IEpPEMEIH-
BaHHH, HECMOTPS HAa TO YTO METAJUIBI OCAXKIAIKCH B
nBa dTana. J[JIs MOJyYeHHBIX B BO3IyXe HHTEpME-
TAJUTU/IHBIX TTOKPBITHI XapaKTEPHO HAMYHE HUTPH-



Ja THTaHa W OKCHAA AJTIOMHHHMSA, YTO ITOBBIIIAET
MHUKpPOTBEPIOCTh U H3HOCOCTOHKOCTH MOBEPXHOCT-
HBIX cnoeB. OOpasupl ¢ MHTEPMETAUIMAHBIMH I10-
KPBITHSIMH MMEIOT JKapOCTOMKOCTh, MPEBHIIAIONTYIO
xapocToikocTs ctanu 35 B 11-16 pasz, yTo roBoput
0 TEPCIEKTUBHOCTH HMX MPAKTUYECKOTO HCIOJB30-
BaHMSI.

Paboma evinonnena npu unancosoli noodepiicke
Ipesuouyma JIBO PAH (npoexm 12-1-118-02 «@usuko-
Xumuueckue 3aKOHOMEPHOCMU (opMuUposanus yiompa-
METKOOUCHEPCHBIX U HAHOCTPYKIMYPHBIX KOMHO3UYUOH-
HbIX MAMepuanos u NOKpulmuil Ha OCHO8e ATIOMUHUOOS
MUMAaHA U UCCIEO0BANUE UX CEOUCIEBY).
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Summary

This paper deals with the formation of titanium alu-
minide coatings by the electrospark deposition and the
investigation of their properties. The coatings were pre-
pared by the sequential deposition of titanium and alumi-
num onto steel 35 in various atmospheres (argon, air). It
has been established that intermetallics TiAl; and
Al;Tig 7sFeg 25 are formed as a result of the doping of the
surface layer on the steel substrate. The preferred deposi-
tion arrangement is "titanium-aluminum®. Titanium ni-
tride and aluminum oxide have been detected in the
coatings deposited in air. The protective coatings allowed
us to increase the wear resistance of the steel substrate
3-4 times and the heat resistance — 11-16 times.

Keywords: electrospark deposition, titanium, alumi-
num, intermetallic, wear resistance, heat resistance.
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Investigations presented in this paper were carried out using an originally designed rotary piezoelec-
tric motor of a standing wave tribotester. Test conditions, such as the normal force value in the friction
pair, the rotor stop torque value, and the test duration can be programmed and changed in a desirable
mode. The rotating speed, covered distance and loading torque of a piezo actuator were measured.
Two different coatings (WC-Co8 and TiC15-Co6) were tested as the rotor friction surface and the
wear of friction pairs (rotor, counter body) was evaluated after the tests. Investigations reveal an inci-
dental advantage of output parameters of the piezo actuator with the TiC15-Co6 coating on the fric-
tion pair. Besides, high hardness of carbide surfaces requires paying more attention to the wear
resistance of the frictional material of the counter body.

Keywords: piezo actuator, friction pair, coating, WC-Co8, TiC15-Co6, wear, rotating speed.
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INTRODUCTION

Piezoelectric actuators are considered to be
micro-engines of the 21* century. They are used in
precise positioning equipment where high accuracy
is required. This property is very important in such
application areas as medical technologies, measure-
ment techniques, space engineering, etc. Modern
high-tech technologies enable easy automation of
small-size and precise details manufacturing. As-
semblage of such components is taking place at the
scale of microns [1, 2].

Regardless of the application, the efficiency of
friction joints depends on the mechanical properties
(hardness, brittleness, and elasticity), surface rough-
ness and operation conditions (load, speed, presence
of lubrication, etc.). Tribological processes in the
friction contacts of such actuators are very im-
portant. Their investigation is complicated because
of high frequency vibrations — up to 500 kHz and
higher, [3] and low amplitude of motion — up to
10 pum [4, 5]. The efficiency of a piezoelectric actua-
tor friction pair is influenced by roughness and
hardness of surfaces in contact. The wear of the
counter-body is a very important characteristic for
the longevity of friction pair because piezoelectric
ceramic materials are very hard. When the counter-
body is too soft, its roughness reduces significantly
and a wear spot appears in the contact zone [6, 7].
Interaction of the friction pair materials in the con-
tact zone is worth studying with the aim of finding
efficient solutions of this problem.

Dynamic properties of piezoelectric ultrasonic
motors depend on the optimum frictional materials.
A piezo-ceramic contact with widely used materials,
such as steel, alumina, copper, bronze, cause the sur-
face wear of a softer counter-body [2, 8, 9, 10].
Interaction of such materials requires investigations
of tribological processes in the contact zone and
finding possible solutions of this problem by using
suitable coatings that can strengthen the friction sur-
faces. The surface roughness and hardness parame-
ters could be controlled by using metal carbides and
oxides, ceramic, and other tribo-active materials
[2, 8, 9].

Tungsten and titanium carbides, such as WC-Co8
and TiC15-Co6, have unique physical and mechani-
cal properties, which makes them attractive for the
manufacturing of electrodes used in the electro-
spark welding (ESW) for the formation of surface
layers of different functional purposes. This process
is based on the phenomenon of the polar transport of
the anode material (treating electrode) on the
cathode surface (workpiece), when the electrical
impulse discharges in the gas medium [11]. The
ESW is characterized by an opportunity of usage of
any conductive material, by easy implementation,
low power consumption, high adhesion strength of
the deposited layers to the substrate, etc. Compre-
hensive research was carried out on the processes of
formation of coatings, including the use of electrode
materials based on alloys of tungsten and titanium
carbides with the cobalt binder. Those coatings have
high hardness, wear, and abrasion resistance, but
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they have limited use in friction joints because of a
high friction coefficient [12, 13]. However, this
disadvantage apparently can be advantageous in cir-
cumstances where there is a need for a higher fric-
tion coefficient. Such operation surfaces are required
in piezoelectric actuators which can efficiently func-
tion at a high friction torque and are highly wear
resistant.

Tribological properties of rotary piezoelectric
motors of a standing wave type were investigated in
this study when the friction pair of a piezoelectric
actuator consists of the rotor surface with the
coatings of titanium (TiC15-Co6) and tungsten
(WC-Co8) carbides and that of the counter body — of
a composite frictional material.

EXPERIMENTAL DETAILS
Testing equipment and operation

The research was carried out using the originally
designed friction bench for investigations of tribo-
logical properties of a rotary piezoelectric motor of a
standing wave type. A conceptual diagram of the test
bench is presented in Fig. 1.

Fig. 1. Principal scheme of ultrasonic piezo actuator test equip-
ment: 1 — stator (holder of piezoelectric element); 2 — piezoelec-
tric element; 3 — pneumatic cylinder with load sensor; 4 — air
bearing; 5 — friction material element (counter body); 6 — rotor
(roller with special contact surface); 7 — revolution counter;
8 — torque sensor with non-contact break; 9 — frequency genera-
tor; 10 — voltage amplifier; PC — personal computer.

The sinusoidal current of the required amplitude
and frequency is supplied from the frequency gene-
rator 9 through an amplifier 10 to the piezoelectric
element 2, thus exciting there the standing wave ef-
fect. So the rotation torque appears in the friction
pair between the friction material element 5 and the
rotor 6 cylindrical surface.
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The optimal excited frequency can be selected
semi-automatically according to the maximum rota-
tion speed. To this end, the output of the exciting
frequency generator can be regulated using special
software by a required step from a selected initial
frequency. When the maximum rotating speed is
reached, the operation frequency must be adjusted
manually by entering a particular value.

The normal load in the friction pair of a piezo
contact can be adjusted and sensed automatically as
increasing or decreasing by selected steps, as well as
continuously during the testing time. The electrical
break of a rotor can be switched on/off automatical-
ly, so the rotating torque can be measured. The stop-
ping torque can be created by the required steps or
continuously, as well as till a deadlock, or in accor-
dance with the adjusted minimal rotating speed. All
test modes can be programmed and performed
automatically.

Materials of friction pair

The rotors surfaces were covered with two types
of carbides — TiC15-Co6 (79% WC + 15%
TiC + 6% Co) and WC-Co8 (92% WC + 8% Co)
deposited by the ESW. Such coatings are up to
100 um thick and have a heterogeneous structure.
Heterogeneity of the coating structure is accounted
for by the peculiarity of the formation process.
When electrical pulses are passing between the
anode (processing electrode) and the cathode (sur-
face), the material of both the vapor and liquid
phases is transferred from the anode to the cathode.
It intensively interacts with the cathode material and
the environment (nitrogen and oxygen), forming on
its surface a coating with the properties and structure
different from the material of the anode and the
cathode.

Fig. 2. Tribo-pair: 1 — rotor with coated surface; 2 — counter
body; 3 — piezoelectric element; 4 — airbearing; 5 — piezo ele-
ment holder.

The rotors surfaces were treated mechanically by
the diamond flattening after the coating deposition.
The Vickers hardness after the processing was
1250 MPa and 932 MPa of WC-Co8 and
TiC15-Co6, respectively. The picture of a tribo-pair
is presented in Fig. 2.
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A prism-shaped counter body 2 was made from a
composite frictional material of an automotive brake
system M5113. The geometrical dimensions of it
were: width — 1.5 mm, length — 2.5 mm and height —
1 mm. The Vickers hardness of the friction material
was 145 MPa, the elasticity modulus — 20 GPa.

Test conditions

The tests of a piezo actuator friction pair were
performed changing the normal load in a tribo-
contact and applying the rotor brake during testing.
Two tests on each of the two coatings were made.
An initial normal load of 500 mN was applied
during every test; after half of the testing time it in-
creased up to 1000 mN. The rotor brake was applied
four times with selected intervals and the run time
during every load. The aim of the rotor stopping was
to measure the maximum torque, which was per-
formed by the piezo actuator, and to evaluate the
rotation speed change at the given 2.5 mNm constant
stopping torque. Figure 3 illustrates the principal
scheme of test conditions.

Input parameters for the piezo actuator were: DC
current — 100 V, exciting frequency of piezo
element — 134.37 kHz, range of frequency — sinusoi-
dal, 90°.

| /I}’TB mNm
mN T
25
1500
1000 TRy
500
0 0
Ry, Ry, TRy,

Fig. 3. Principal scheme of test conditions: Ry, — idle running
interval; Ryg — loading torque running interval; Rg;, Rep, Res —
running with different normal force intervals; Tg — application of
the piezo actuator loading output torque; Fy — curve of applica-
tion of normal contact force.

During all tests the data on the normal contact
force, loading output torque, rotating speed, and
covered distance were recorded.

The microscopic surface analysis and hardness
tests were performed. Hardness tests were made
using a CSM micro hardness-scratch tester. The
changes of friction surfaces were evaluated visually
using an optical microscope Nicon Eclipse (magnifi-
cation rate from x50 to x1000).

RESULTS AND DISCUSSION

Output parameters, such as the speed and the
loading torque, were measured during the tribologi-
cal tests of a piezo actuator with different rotors

coated by WC-Co8 and TiC15-Co6. The wear of the
friction pairs was evaluated after the tests.

The analysis of the test results shows that the
speed and the output torque of a piezo actuator with
the rotor coated with the WC-Co8 carbide layer
were lower under the same test conditions compa-
ring to those with the TiC15-Co6 coating (Figs. 4
and 5).

The rotation speed was unstable for both coatings
under the normal force of the piezo contact
Fn = 500 mN. The rotation speed was increasing
steadily, up to 63 rpm, during the entire first phase,
at Fy = 500 mN, when using the coating WC-Co8
(Fig. 8a, the covered distance up to 760 m). The ro-
tation speed decreased to 54 rpm, when braking with
the normal force of Fy = 1000 mN was applied, and
later decreased to 48 rpm when the contact force
went up to Fy = 1500 mN. The rotation speed has
reached the maximal value of 80 rpm after 180 m
run of the initial phase, when using TiC15-Co6
coating (Fig. 9a). The rotation speed decreased to an
average value of 68-69 rpm after that, but it did not
decrease after applying a higher contact force and
remained stable at the level of 69-72 rpm. Only after
applying the normal force Fy = 1500 mN, the rota-
tion speed decreased to 64 rpm.

In both cases, a gradual increase of the speed up
to the maximum value can be explained by the sur-
face running-in phenomenon, which in many cases
depends on the initial roughness and the hardness
ratio of contacting surfaces. This period takes longer
for the harder surface of the WC-Co8 coating (up to
550-700 m covered distance) and shorter for the
softer surface of the TiC15-Co6 coating (200 m run).
Instability of the rotation speed during separate
loading phases could be related to the peculiarities
of a rotor with the ESW coatings, which are of high
roughness and disparities of the surface. It could also
be the cause of the irregularity of the output torque
(Figs. 4b and 5b).

The analysis of the rotor speed variation in
Figs. 4 and 5, when a zero or 2.5 mNm constant
loading torque of a piezo actuator (according to the
test conditions in Fig. 3) is applied, shows that those
speed fluctuations were not periodically recurring
during one full revolution. Therefore, it is possible
to conclude that the speed inequality and complete
stop of the piezo actuator is caused not by the
parameters of the piezo element but by the mechani-
cal-tribological factors in the friction pair.

This is why it was necessary to analyse the
speed/torque dependency curves at the period of the
actuation and release under the conditions of loading
of the piezo actuator. It contributes to clearing the
loading possibilities of a piezo actuator. Figure 6
presents the typical speed/torque curves at the loa-
ding of the piezo actuator with the rotor coated by
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Fig. 6. Change of rotating speed and loading torque during test of rotor with WC-Co8 at actuation and release moment of loading at

normal contact force of: (a) 500 mN; (b) 2000 mN.

WC-Co8, and Fig. 7 displays the speed/torque
curves of the rotor coated by TiC15-Co6.

The loading procedure and its recording are im-
portant for understanding of the rotation speed be-
haviour. At the beginning, loading is applied up to
reaching the maximal output torque, which is rec-
orded when the rotation decreases to a minimal
value (in this case, up to 18% of the maximum
speed). It means that it is not the maximal braking
output torque that is recorded, so the rotor should
not stop completely. A full stop of the rotor indicates
that a constant reliable contact is not assured
between the friction surfaces. This is illustrated also
by the fact that braking of the output torque has dif-
ferent values (see Figs. 6 and 7).

The tests of the rotor with the WC-Co8 coating
show that the piezo actuator begins to slow down
and then stops at the ca 1.3 mNm loading torque,

when the normal contact force is 500 mN. Releasing
the loading, the rotor begins to rotate at the 1.7 mN
loading torque value (Fig. 6a). At the 1000 mN nor-
mal contact force, the stop and start of the rotation
takes place when the output torque values start
ranging at about 2.25 mNm (Fig. 6b).

The values of the output braking torque were sig-
nificantly lower when the rotor with the TiC15-Co6
coating was loaded (Fig. 7). When the normal force
of a tribo-contact was 500 mN, the value of the
stopped rotor loading torque was 0.9 mNm. After
stopping, the rotor began to spin at a higher output
torque — on ca 0.7 mNm (Fig. 7a). When the normal
contact force is raised up to 1000 mN, the complete
stop of the rotor occurs when loading reaches
1.5-2 mNm, and rotation starts at the release of
loading up to 1-1.4 mNm (Fig. 6b).
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The period of a steady rise of the loading and its
correlation with the changing speed is an especially
important dependency for operation of a piezo actua-
tor. Figures 8 and 9 show that a steady rotation
speed does not depend on the applied contact load
and it is different for rotors with WC-Co8 and
TiC15-Co6 coatings. The unloaded piezo actuators
with WC-Co8 coating run at 50-53 rpm, while the
speed of the rotors with TiC15-Co6 coating is
70-75 rpm. However, at the increase of the loading
there is a limit until the output torque and the rota-
tion speed are stable. This limit is close to the
20 rpm rotation speed for all three versions of the
contact loading for both rotor coatings.

The graphs in Fig. 8 tell us that when using the
rotor with the WC-Co8 coating, the output loading
reaches the value of 0.9 mNm at the 500 mN contact
force and the 20 rpm rotation speed. At the ouput
loading at 1000 mN it is 1.4-1.6 mNm and at
1500 mN - 1.8-2.0 mNm. It means that it is possible
to increase the output torque twice when increasing
the contact force from 500 to 1500 mN. Taking into
account a higher reference speed, the increase of the
output torque is slightly lower, e.g., at 40 rpm the
same rise of the contact force causes the 60% higher
output torque.

Speed/torque graphs of the rotor with the
TiC15-Co6 coating (Fig. 9) demonstrate that at the
reference speed of 20 rpm the output loading is
0.6 mNm at the 500 mN contact force. The ouput
loading is 1.2 mNm at the 1000 mN contact force,
and 13-1.4 mNm at 1500 mN.

The trends of the rotation speed and loading
torque show that the unloaded piezo actuator with
rotor coated by TiC15-Co6 operates at 10-20%
higher rotation speed comparing with WC-Co8
coating rotor. However, the piezo actuator with
WC-Co8 coating rotor can be loaded 1.5 times more
in the range of the stable speed/torque at 20 rpm.

The analysis of the piezo actuator operation
shows that the normal contact force is inversely pro-
portional to the rotation speed. In the loading
regime, the output torque is directly proportional to
the contact force.

The microscopic analysis of friction surfaces
reveals that the surface of the counter body abraded
most significantly. Figures 10 and 11 are, in fact, 3D
pictures and profiles of the frictional material coun-
ter bodies with carbide coating surfaces. The wear
scars and riffles (axes pass through the rotation
direction of the rotor) are seen on the surface of the
frictional material. The profiles show an average
20 um depth pitting on the surface of the frictional
block when it operates with the WC-Co8 coating
(Fig. 10). The depth of pits is lower (10 um) when
the block operates with the TiC15 coating (Fig. 11).
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Fig. 10. Surface of counter body after friction test with
WC-Co8-coated rotor surface. Rotation direction is left to right.

T Oum

Fig. 11. Surface of counter body after friction test with
TiC15-Co6-coated rotor surface. Rotation direction is left to
right.

Surface pictures and profiles of WC-Co8 and
TiC15-Co6 coatings are displayed in Figs. 12
and 13, respectively. No wear traces were observed
on much harder rotor surfaces with the carbide coat-
ings. A common property of the surfaces of both
coatings is that they are not smooth. A peculiarity of
the ESW is that on the surface the craters are formed
that are not smoothened by the diamond flattening of
the surface. The craters depths were from 1 to 3 um
and diameters — 10-350 pum.

Fig. 12. WC-Co8-coated rotor surface. Sliding direction is from
right to left.

from right to left.

High asperities and presence of the craters on the
coating surface can explain the instability of the ro-
tation speed (Figs. 4a and 5a). The size of craters is
similar to the contact area of the counter body.
Therefore, the rotor surface was not always contac-
ting equally with the surface of the counter body.

Those coated surface irregularities cause the fluc-
tuations of the rotation speed and of the output
torque during the loading of a piezo actuator. The
number of craters on the surface of the WC-Co8
coating was higher and they were also wider
(Fig. 12). It could be the reason why the rotation
speed and the output torque were less stable with the
WC-Co8 rotor (Fig. 6) compared to the loading of



the rotor with the TiC15-Co6 coating under identical
conditions.

Comparison of the operation of differently coated
rotors show that the rotor with a harder and rougher
WC-Co8 coating ensures a higher output torque of
the piezo actuator (Fig. 8). However, such coatings
cause higher wear of the counter body (Fig. 9) and
instability of both the speed and the torque. Conse-
quently, the rotation speed is decreasing with the
covered distance. The TiC15-Co6-coated rotors can
achieve a more stable and longer-lasting rotation
speed due to lower wear of a counter body, but such
piezo actuators have lower loading possibilities.

CONCLUSIONS

An increase in both the speed and the output
torque up to their maximum values at the beginning
of the tests can be explained by the surface running-
in phenomenon, when the surfaces should run-in up
to the optimal contact area of the surfaces is formed.
It takes longer for harder surfaces (WC-Co8 coating)
and shorter for softer surfaces (TiC15-Co6 coating).

An unloaded piezo actuator with the TiC15-Co6-
coated rotor operates at a 10-20% higher rotation
speed compared with the WC-Co8-coated rotor. The
piezo actuator with the latter rotor can be loaded
1.5 times more in the range of a stable speed/torque
at 20 rpm. However, the structure of this hard and
rough coating causes higher wear of the counter
body, instability of the speed and the torque, and,
consequently, a decreasing trend of the rotation
speed.

Investigations show a promising use of carbide
coatings for the friction surface of the rotor of a pie-
z0 actuator. In future it is desirable to find best
coating materials which could ensure the optimal
ratio of the rotation speed and loading possibilities
of piezo actuators. In addition, a high hardness of
carbide surfaces is worth paying more attention to
the frictional material of the counter body, which
also should be wear resistant enough.
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B pabote mpexacraBieHbl pe3ysbTaThl UCCIEIOBAHUI
TPUOOJOTMYECKUX  XAPAKTEPUCTHK DJIEKTPOUCKPOBBIX
kapouaaeix nokpeituii (WC-C08, TiC15-Co6) Ha wucmbl-
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JBHTATENS CTOSYEH BOIHBL. DTOT CTEH MO3BOJISUT YIIPaB-
JATH Harpy3kod B IbE30KOHTAKTe, HAarpy3KoH Mbe3o-
npurarenst  (KpyTSALMIEM — MOMEHTOM), IPOJODKHUTENb-
HOCTBIO MCIBITAHUM, & TaKXe PErHCTPUPOBATH CKOPOCTh
BpaIlleHUs] U yTh poTopa. M3 UCIBITAHHBIX JBYX THIOB
KapOHMIHBIX MMOKPBITHI 00Jiee BHICOKHE TPHOOIOrHUECKHe
cBoifctBa moka3zanu nokpsitus TiC15-Co6.

Kniouesvie cnosa: nvezoonexmpuyeckas napa mpenus,
noxpuimue, WC-Co08, TiC15-C0o6, momenm nacpysxu,
CKOPOCMb 8PALYEHUSL.
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MyabTH(QPAKTAJIBHBIA AHAIU3 MUKPOCTPYKTYP
AJTIOMMHHUEBBIX CILIABOB, 00pa00TaAHHBIX
JIEKTPOTrUAPOUMITLYIbCHBIM METOA0M

B. B. Kapry3os?, 51 ¥O. Imurpumuna®

 Uncmumym npobrem mamepuanosedenus um. M.H. @panyesuua HAH Yrpauni,
. Kparcusreanoeckoeo, 3, 2. Kues, 03142, Vkpauna, e-mail: vwk@ipms.kiev.ua
bI/IHcmumym UMNYILCHBIX npoyeccos u mexnonozuti HAH Ykpaunut,
np. Oxmsbpockuil, 43-A, 2. Huxonaes, 54018, Vrpauna, e-mail: dpta@iipt.com.ua

[TpoBenen mMynbTH(PAKTAIBHBIA aHAIN3 U300paKEHNH MUKPOCTPYKTYP aJFOMUHHEBBIX CIUIaBOB, 00-
pabOTaHHBIX BIIEKTPOTHIPOUMITYJILCHBIM METOJIOM. BBISBIEHBI B3aMMOCBS3b MYJIbTU(PAKTAITBHBIX
XapaKTepPUCTHK C MEXaHMYECKHMH CBOMCTBAMHM M OOLIME TEHICHIMU B ()OPMHUPOBAHHU CTPYKTYP
IIOMHHHUEBBIX CIIABOB IIPH Pa3HBIX peXXHUMax M mapamerpax oOpaOoTku. IlomydeHHbIE pe3yibTaThl
yKa3bIBaIOT Ha BO3HUKHOBEHHE CTPYKTYPHBIX NMpeoOpa3oBaHMi B pacIulaBe B Ipoliecce JIEKTPOruI-
POUMITYJILCHOTO BO3JCHCTBHS M TIO3BOJISIIOT ONPEACIUTh NPUHIUIBI (HOPMUPOBAHUS CTPYKTYPHI

CIUIaBa B pe3yNbTaTe YKa3aHHOW O00pabOTKH.

Kniouegvie cnosa: snekmpocudpoumnyiscnas obpabomia, anomMuHuesvle CHIaAgvl, CMpPYKmypd,

MYToMUPPAKMATLHBIN AHATU3.
YK 519.2:621.9
BBEJIEHUWE

DjeKTporuApouMITyIbCHass obpaboTtka (DI'MO)
OTHOCHUTCSI K OJJHOMY H3 MEPCICKTUBHBIX HHCTPY-
MEHTOB BIIMSIHHSI HAa CTPYKTYPY U CBOMCTBa pacruia-
Ba Ha mpenpasnuBovHoi cramuu [1]. Ee 3amaua
3aKJIIOYAETCS B T€HEPUPOBAHUHU MEPUOIUIECKH T10-
BTOPSIOLIUXCS MMITYJIBCOB JIQBICHHS, CO31aBaEMbIX
[IPH BBICOKOBOJIETHOM Paspsizic B BOJE TMOCPEICTBOM
AIIEKTPOPA3PSIHOTO TEHEepaTopa YIpyrux Kojeba-
uuii (OPI'YK), u mepeiade 3THX MMIIYJILCOB B pac-
IUIaB Yepe3 BOJHOBOIHO-HM3JIYYaTeIbHYIO CHCTEMY

(pmc. 1).

Puc. 1. Cxema OI'MO. 1 — reHepatop MMIyJIbCHBIX TOKOB Ha
OCHOBE €MKOCTHOTO HAKOIHUTEJIs; 2 — 3JIEKTPOPa3pAAHbIi reHe-
paTop ynpyrux konebaHuil; 3 — BOJIHOBOA; 4 — KOBII C pacIuia-
BOM; 5 — 30HBI TypOyJIU3alUM THAPOAUHAMHYECKHX TEUCHUII;
6 — 30Ha pa3BUTOH KaBUTAIUN.

OI'MO oTHOCHTCS K KaTeropuu MHOTO(AKTOp-
HbIX M MHOTOINAPaMETPHUYECKUX TEXHOIOTUICCKHUX
METOZIOB MaTepHaJOBeACHUS. OTO CYIIECTBEHHO
YCIIOXKHSET WCCIEeIOBAHUE €ro BO3JICHCTBUS Ha
CTPYKTYPY U CBOWCTBA PacIliaBa, a B UTOTe — JTUTOI'O
U3JIENHs, YCIOXKHICT BBIOOp MPHHIIMIIOB yIpaBie-
HUS TIPOIIECCAMU TONYYCHHs KaueCTBEHHBIX OTIIH-
BOK. [IpUHIUI 3IEKTPOTUAPOUMITYJILCHOM 00paboT-

KH paciiiaBa MOXET OBITh MPEICTaBICH CIETYIOINM
oOpa3oM. AKycCTHYeCKoe Tojie, TeHepupyemMoe
OPI'VK, mopoxmaer B paciiaBe THAPOJUHAMUYE-
CKH€ TE€YEeHHUS W MOIIHbIE aKyCTHYeCcKre BOJHBI. [1o-
CJICIHUE BBI3BIBAIOT TEpernaj MaBICHUN B IMOCIEN-
HEM, 4YTO NPHUBOAMT K JIOKAJBHBIM pa3pbiBaM
CIUTOIIHOCTH XHUJIKOMETAITMYECKON CpeNbl, TO €CTh
00pa3oBaHMI0 AKyCTHYECKOW KaBHTamuu. PocT u
CXJIOTIBIBAHUE KaBUTAIMOHHBIX IY3bIPHKOB, KaK W
TypOyIHu3aus TUAPOANHAMUYECKHX TEeUeHHH, CIIo-
CcOOCTBYIOT 0OJiee MHTEHCHBHOHN MHUCCHIIAIINN JYHEP-
MM B MECTaX WX JIOKAJIU3aI[MH, O YeM CBHJICTENIb-
CTBYEeT CKa4yKoOOpa3HOE€ M3MEHCHHE CTPYKTYpPBI
OJIMKHETO TOPSIKA W CBOMCTB aTFOMHHHEBBIX pac-
maBoB nocie DI'MO [2].

I[JISI N3YUCHHA CIIOXKHBIX CTOXaCTHYCCKHX IIPO-
LIECCOB, B TOM YHUCJIE U MPOLIECCOB, MPOUCXOIAIIUX
Bo Bpems DI'MO, damie BCero MpUBIEKAIOTCS pas-
JUYHBIE BEPOATHOCTHBIE IOAXOIB.. B WX OCHOBe
JIe)KaT METOMABI CTAaTHCTUYECKOTO aHalii3a Ciydaii-
HBIX BeNTMUUH U QyHKIMA. B mocieqnue roasr Haps-
Iy C 3TUMH METOJaMU B MaTCPUAIIOBSACHUU IS
aHaJlM3a CJIO0XHBIX HEPABHOBECHBIX CHCTEM U HX
CTPYKTYp HCIONB3YIOTCS METOIBl (PpaKTaIbHOH W
MYJIbTH(PPAKTATEHON TapaMmerpu3anuu. OHU M03BO-
JIAKIOT YIIPOCTUTH OMMHCAHUE CJIOKHBIX CHUCTEM C IIO-
MOII[FI0 MaTEMAaTUYECKOTO ammapara (pakTaabHOU
reoMeTpud. MynbTU(paKTAIBl OTIUYAOTCS HEKO-
TOPBIM CIIEKTPOM (PpaKTaNbHBIX pa3MEpHOCTEH U
KaKk HMH()OPMAIMOHHBIE AJIEMEHTHl XapaKTepU3YIOT
IPOLIECCEI CTPYKTYPHBIX IIEPECTPOEK, IIPOUCXOI-
IIMX TOJ] NIEHCTBUEM BHEITHHUX YCIOBUH.

[MpuHIUTEI MyTBTHGPAKTATBFHONW MTapamMeTpu3a-
MU CTPYKTYP JOCTATOYHO TOJIHO OIMHUCAHBI aBTOPA-

© Kaprysos B.B., Imutpuinna 5.1O., DiaexrponHas o6paborka marepuaios, 2015, 51(2), 31-35.
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Mmu [3], mosTOMY B paMKax JaHHOM pabOThI M3IaraTh
UX TOAPOOHO HET HEOOXOAUMOCTH.

Lens paboThl — mpoaHATU3UPOBATh B3aUMOCBSI3b
MyJIbTH(PAKTATFHBIX XapaKTEPUCTHK MHUKPOCTPYK-
Typ amromuHueBoro cruraBa AKSM2 ¢ pexumamu
OI'MO m MexaHHYECKMMM CBOWMCTBAMH, a TaKXKe
yCcTaHOBJICHHE (HAa OCHOBE MPOBEICHHOTO aHAIIN3a)
HaTU4Hs JINOO OTCYTCTBHS CTPYKTYPHBIX IpeoOpa-
30BaHUIl B 00pabOTaHHOM CIIaBe€ U OIpEeNIeHUN
MPUHIUIIOB (OPMUPOBaHUS CTPYKTYpPBHI paciiaBa
mpu SI'1O.

METOJIMKA UCCJIEJIOBAHUI

OmmieM XapakTepHCTHKHA TeHepaTopa UMITYJIbC-
Horo Toka (['MT), ompexpensiomue mnapaMeTpbl
Harpy’>kKeHus paciuiaBa Ha Topie BoiHoBona [1]. Ot
HamnpspKeHus Ha oOKkimankax konaencaropa Uy (xB) u
ero emxocti C (MKk®D) 3aBHUCHT 3aIlaceHHas SHEPTHS
paspsja Kak IOJIOBHHA TPOU3BEICHUS €MKOCTH Ha
KBaJIpaT HaNpspDKeHUs. BennunHa MexXdIeKTpoaHOTO
MIPOMEKYTKA ONpPENeIsieT PEKUM BBIACIEHHS JJIEK-
TPUUYECKON SHEPTHM TpU paspsie. KoieOaTeNbHBIH,
COTJIAaCOBAHHBIM WJIM anepUOIUYECKUi. DTH PexH-
MBI ipu Wy = CONSt OTJIMYArOTCS TIPEKAE BCETO CKO-
POCTSMH BBIJCICHUS SHEPruH (MOILIHOCTBIO pa3psi-
J1a), 4TO SIBJISIETCS BaXKHBIM (DAaKTOPOM IIPU T€HEPH-
POBaHUHM HMITYJIbCHBIX IIPOIIECCOB, B TOM 4YHCIIE
snexTpopaspsaaueix [4]. YacToTa ClieoBaHHSA HM-
nynbcoB T (I'n) BMecte ¢ aneprueit Wy, ¢ 01HO# cTO-
POHBI, BIHMSET HAa MOIIHOCTH JIIEKTPOPA3PSIHOTO
anekTpoTexHndeckoro kommekca N = f-Wy, a ¢
IPYTroil — Ha COBOKYITHOCTH MMITYJIbCOB, KOTOPBIE B
CBOIO OUY€peb MOTYT MOBJHSTH HAa pellaKCAIIHOHHBIC
MIPOIIECCHI B pacIljiaBe.

HccnenoBamick  MHUKPOCTPYKTYpHI — 00pa3moB
amomuHueBoro cruaBa AK5M2, moaseprayrtoro
nepen pasnuBkoil OI'MO. B skcnepumente Bapbu-
pOBAJICh YacTOTa MOCBUIKM HMMIYJbCOB (oT 1 1o
7 I'uy ipu Hanpspkenuu 30 kKB v BennyrHe MexX3IIeK-
TpoaHOro npomexyTka 20 MM), HanpsDKEHUE paspsi-
na (ot 25 no 50 kB npu ywacrore 1 't 1 Benmuuune
MEKIIIEKTPOIHOTO MpoMekyTka 20 MM) ¥ BEJTHYHHA
MEXKIIIEKTPOTHOTO TPOMEXKYTKa B 3JIEKTPOPa3psia-
HOM TreHeparope ympyrux konebanuit (ot 10 no
30 MM mpu vactore 1 't u Hampsokenun 30 kB).
EMKocTh KOHIEHCATOpPa BapbUpOBAaliach TaK, YTOOKI
SHEpTusl, 3amacaeMas Ha OOKIJIJKax IIOCIIEIHETO,
cocraBmsna 1,25 k/[x. Macca obpabareiBaeMoro
metamia — 800 .

AHanu3 HOJy4YeHHBIX KOHTPACTHBIX M300pake-
HUH MUKPOCTPYKTYpHI pazmepoM 850x850 mukceneit
(pmc. 2) ocCymIeCTBISIICS € TIOMOIIBIO TIPOTPaMMEI
MFRDrom [4].

PesynpraTroM KOMIBIOTEpHOH OOPabOTKH 3IeK-
TPOHHO-MHUKpPOCKONINYeCKuX (ororpaduii sBisercs
NOJy4YeHUEe KAaHOHMYECKHX CIEKTPOB U 0000IIeH-
HBIX pa3MepHOCTel PeHbu AJs uccineayeMbIX CTpyK-

Typ. C IOMOLIBIO 3TUX CHEKTPOB ONPENENEHBI Clie-
JyIOIKe MyJIbTH(paKTalIbHbIe XapakTepucTuku [3]:

— KO3(QQHULIUEHT YMOPSIIOYECHHOCTH CTPYKTYPBI
OTpa’kaeT OTHOCUTENBHYIO CTENEHb YIIOPSA0YEHHO-
CTH M HapylieHus (hpaKTalbHOW CHMMETPHH IS
o0mieli KOHPUTYpaLUK HCCIEeoyeMOH CTPYKTYpHI B
LIEJIOM; YKa3bIBaeT HA KOJHMYECTBO IEPHOANYECKOM
COCTaBJISIIOIIEH;

— KO3 HUIUEHT OIHOPOJHOCTH CTPYKTYpBI —
MIOKa3aTeNlb CTEMEeHU OXHOPOAHOCTU HCCIEAyEeMOi
CTPYKTYPHI;

— ¢pakranpHas pasMepHocTh Dy — 310 pasmep-
HOCTb aHAJIM3UPYEMOM CTPYKTYPHI;

— (pakranbHas pa3MepHocTh D; — 310 pasmep-
HOCTh, OCHOBaHHasi Ha dHTponuu llleHHOHa, yKa3bI-
BaeT Ha Mepy OecropsiKka MO OTHOLICHHWIO K Mac-
mraly pazouenus m3ooOpaxeHus. Takxke D; MoxHO
OTIPEIETNTH KaK KOJUIECTBO MH(POPMAIIUU, HEOOXO-
JUMOE JUIsl YCTaHOBICHHS MECTOPACIIONOKEHHUS
TOYKHU B HEKOTOPOH 3JIEMEHTapHOU sUeiiKe.

(©)
Puc. 2. KonrtpactHble n300paKeHHss MUKPOCTPYKTYp HPH yBe-
myennn x125: (a) — omsiTHbI 06paserr; (6) — KOHTPOJIBHBI.

OBCYXXJIEHME PE3VYJIbTATOB

Ha puc. 3 u 4 nokazaHbsl KOppeIALUN MeXaHHue-
CKUX CBOWCTB M MYJbTU(PAKTAIBHBIX XapaKTepH-
CTHK HCCIICIOBAaHHBIX 00pasIoB ¢ pexkuMamMu obpa-
00TKH. MOXHO 3aMETUTh, YTO MYJbTU(PpAKTATHLHEIC
XapaKTePUCTUKH, KaK M MEXaHWYEeCKHE CBOWCTBA,
HaXOoIATCA B HETMHEWHON 3aBUCHMOCTH OT PEXKUMOB
1 mapameTpoB o0paboTku. [Ipu 3ToM Hambosee BbI-
TOJHOE COYCTAaHWE MEXaHMYECKHX CBOWCTB (Iocra-
TOYHO BBICOKHH KOA(PQHUIHUEHT OTHOCHUTEIHHOTO
VAJNWHEHHS Ha (OHE TOBBIIICHHOTO ITOKAa3aTels
npezenia NPOYHOCTH) COOTBETCTBYET CHIDKCHHUIO KO-
s duIeHTa OJHOPOIHOCTH U TOBBIIICHUIO KO3(-
¢dunreHTa yrnopsi0ueHHOCT! CTPYKTYPHI.

Ha puc. 5 mpencraBnena B3anMOCBsI3b (pak-
TaJIBHBIX Pa3MEPHOCTEH MUKPOCTPYKTYPHI 00pa3ioB
C HUX MEXaHWYeCKUMH cBoiicTBamu. (0600mas
pHC. 5a—B MOXXHO 3aKJIIOUHTh, YTO pasMepHOCTh Dy,
OTpa’KaroIasi CTENEeHb XAOTUYHOCTU CTPYKTYDHI, B
pe3ynbTaTe 00paboTKK Bceraa Bo3pacraeT ¢ 1,65 1o
1,95 u nepkuTCSI MPUMEPHO HA TOM K€ YPOBHE IPH
manpHelimeM Bo3nperictBuu OI'MO. DTo o03Haudaer,
4TO CTPYKTypa 00pabOTaHHBIX 00pasoB copmu-
pOBaHa B HEPABHOBECHBIX YCIOBHAX C IOBBIIIEHHON



225
215
205
195
185
175
165
155
145

(a)

215

33

205
195
185
175
165
155
145

()

20 30

MM

Puc. 3. Bausuue napamMeTpoB 00paboTKi Ha MexaHUYeCKue cBoicTBa cmiaBa AKSM2: 6 — mpeaen nmpouHOCTH; & — KO3 QHUITUCHT
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Puc. 4. Biusaue napaMeTpoB 00pabOTKH Ha MyJIbTU(PAKTAIBHBIE XapaKTEPHUCTUKH.

sHTponueld. PpakTallbHas pa3MEPHOCTb CTPYKTYPHI
Dy ¢ pocTomM konuuecTBa pa3psOHBIX HMITYJIbCOB
YBETUUMBACTCS HE3HAYMTEIHHO, OJHAKO HAYMHAET
npeBbImarh 2 (puc. 5a), 9T0 MOXKET CBHIETEIBCTBO-
BaTh O €€ YCJIO)KHEHHUHU II0 CPaBHEHHIO CO CTPYKTY-
poii n300pakeHusI KOHTPOJIBHOTO 00pasia.

Hanuune xapakTepHBIX HeperuOoB Ha puc. 3a U
4a sBiseTcsS TPHU3HAKOM CTPYKTYPHBIX TIpeoOpazo-
BaHMii B pacruiaBe B pesynbrate OI'MO. Haubonee
YIOPSAAOYEeHHBIE M HEOTHOPOAHBIE CTPYKTYpBI, 00-

JIaIalolMe MOBBIIIEHHBIM YPOBHEM MEXaHHYECKHX
CBOHCTB, 4epeIyIOTCsl CO CTpyKTypaMu 0ojiee OIHO-
POIHBIMHM U HEYIOPSIOYEHHBIMH C 3aMETHO Ooiee
HU3KMMH MEXaHHMYeCKHMH CBONCTBaMH. OJTO O3Ha-
YaeT, YTO COCTOSIHUS, COOTBETCTBYIOLINE ITOBBIIICH-
HOMY YPOBHIO MEXAaHHYECKHUX CBOWCTB, JIOCTHUTrae-
MBbI€ NpH paznuuHbIX napamerpax OI'MO, Heycroii-
YUBBI U SBISIFOTCS JIOKaJIbHBIMU. COTJacHO MPUHIIN-
Iy JIOKAIBHOrO paBHOBecusi [5] sBomrorms Takoi
CHCTEMBI MOXKET OBITh PacCMOTpPEHa KaK Mepexon
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Puc. 5. Bnussaue napametpoB 00paOOTKH Ha (QpaKTaIbHEIE pa3MEPHOCTH.

yepes psii KBa3UPaBHOBECHBIX COCTOSIHUM U ONMCaHa
B paMKax ypaBHEHMI KJIACCUYECKOW TepMOJIUHAMMU-
KM JUIi OSCKOHEYHO MAJbIX DJIEMEHTOB CHCTEMBI,
HanpUMep Ha CyOMUKPO- W/HITH ME30YPOBHE.

CooTHOIIEHNST KOJMUYECTBA pPa3pAIHBIX HMIIYJIbCOB C
IUIOTHOCTBIO 3HEPTUH, 3aIlaCCHHON B KOHJAEHCATOpe, KO-
TOpBbIEe HEOOXOMUMBI ISl JOCTHIKEHHS CTPYKTYPHBIX TIpe-
BpallleHUH

[TnoTHOCTH
Wo, m, n, 0,
kJ[x KT PHEPITHH, IIT. kJIK- UMIT-KT
kJDK/Kr
0,75 0,3 2,5 160 400
1,25 0,8 1,5625 180 281,25
1,25 0,4 3,125 90 281,25
18 100 0,018 900 16,2
1,8 200 0,009 1500 13,5
2,5 7,5 3 135 405
2,5 800 0,003125 | 1800 2,25

st BeIABNICHUST OOIIMX TEHAEHIMH B M3MEHEHUH
MEXaHHYECKHX CBOHCTB U MYJIbTU(PAKTAIBLHBIX Xa-
PaKTEPHUCTUK CTPYKTYPHI aFOMUHUEBBIX CIIABOB B
pesyabrate IO unccnenoBanbl MyibTUGPAKTAIIb-
HBIE XapaKTEPHCTUKU AIIOMHUHHMEBBIX CILIAaBOB, 00-
paboTaHHBIX MPH pa3HBIX 3HAYCHUSIX 3alaceHHOW B
xoumgencarope osueprum Wo (0,75, 1,25, 1,8 u
2,5 kJx). HeoOX0aMMO OTMETUTH, YTO PE3YIBTATHI
WCCIIEIOBAHNN KaK IS Pa3IMYHBbIX AFOMHHUEBBIX
CIJIaBOB, TaK M JJISl YUCTOTO AIOMUHHS YKa3bIBAIOT
Ha BO3ZHHKHOBEHHE CTPYKTYPHBIX NpPeoOpa3oBaHUM.
Jnst pa3HbIX 3HAYEHUM 3alaceHHON HHEPIuu 3TH
peoOpa3oBaHUs HACTYNAIOT MPU Pa3IMYHOM KOJIH-

YeCTBE Pa3psAHBIX UMIYJbCOB. OYEBUIHO, YTO LIS
pa3HOW IUIOTHOCTH 3alaceHHOW HSHEPrHH CYIIeCT-
BYIOT OIpEJe/ICHHbIE COOTHOLICHUs (0003HAYMM HX
() KOJNMYECTBA pa3psgHBIX HMIYJIbCOB N (IIT.) ¢
IUIOTHOCTBIO DHEPIHH, 3aIIaCCHHOI B KOHICHCATOPE,
KOTOpbIC HEOOXOIUMBI JJIsl JTIOCTHIKCHHUSI CTPYKTYP-
HBIX IPEeBpalleHUH:

¢=W,-n/m. (D)

s kaxaoW IJIOTHOCTH IHEPTUM ONPENENIMM 3TU
COOTHOIIEHHUS (CM. TabJIHILY).

Ha puc. 6 Toukamu moka3zaHbl 3aBUCMMOCTU He-
00X0AMMOr0 Ui CTPYKTYPHBIX NpeoOpa3oBaHMi
KOJIMYECTBA UMITYJIbCOB OT TUIOTHOCTH 3alaceHHOM
sHeprud  (cM. TaOmMIly), IOTPUXOM O00O3HAYCHA
npezrnonaraeMasi Heaai3upoBaHHasl 3aBUCUMOCTb.
W3 pucyHka ciefyer, 4To ¢ YBEJIMYEHUEM ILIOTHO-
CTH 3allaCeHHON DHEPruu KOJIUYECTBO HMITYJIbCOB,
HEOOXOJUMBIX ISl JOCTHXKEHUSI CTPYKTYPHBIX Tpe-
o0Opa3zoBaHMl{, YMEHbBILIAETCS, HO 3Ta 3aBHCUMOCTb
He JMHelHa, a Togo0Ha 3KCIoHeHMaIpHoi. Konu-
YEeCTBO MMIIYJICOB BO3PACTaeT HE MPOMOPLHOHAIB-
HO Ui OONBIIMX M MallbIX Macc pacmiasa. M 3rto
CBUETENHCTBO TOTO, YTO IPPEKTUBHOCTH 00paboT-
KU 0OYCIIOBJICHA aKTHBAIMEel TaKUX MPOIECCOB, KaK
KaBUTalusi W TypOynu3amus THIPOIUHAMUYECKUX
TEUEeHU B JIOKAJIbHBIX 30HaX paciuiaBa. Hampumep,
KaBUTAlWs, KaK TOKa3ald HCCIEeNIOBaHUs B padoTe
[6], cranoBuTCH Gojyiee pa3BuTOM TPH 0OPabOTKE
00JIbIINX 00BEMOB pacIliaBa.
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Manslie 00BbeMBI

[MnorHocTs 3Hepruu, k/x/Kr

Puc. 6. OTHOImIEHNE KOIMYIECTBA PA3PSAHBIX UMITYJIECOB, HEOO-
XOIUMBIX JUISL JOCTIDKEHUS CTPYKTYPHBIX IpeoOpa3oBaHUil B
paciuiaBe, K IUIOTHOCTH 3aIIaCEHHOM HEPIuiu.

BBIBO/IbI

[lpu ananuze MynbTH(PaAKTAIBHBIX XapaKTepu-
CTMK MHKPOCTPYKTYp  aJIOMHHHEBOIO  CIUIaBa
AKSM2, 00paboTaHHOTO 3JICKTPOTUIPOUMITYJIbC-
HBIM METO/IOM, YCTAHOBJIEHA B3aUMOCBS3b ATHX Xa-
PaKTEpUCTUK C MEXaHWMYECKHMMH CBOWCTBAMH B 3a-
BHCHUMOCTH OT MapaMeTpoB 00paboTku. CTPYKTYpHI,
COOTBETCTBYIOIINE COYETAHUIO MOBBIIIEHHBIX MeXa-
HUYECKUX CBOWCTB, HambOoyiee YNOPSIOYCHBI U He-
OJTHOPO/IHBI.

XapakTepHble nepernObl Ha rpadukax puc. 30,
46 u 50 CBHIETENHCTBYIOT O HAJIMYUU CTPYKTYPHBIX
npeoOpazoBannii Bo Bpems OI'MO. Uepemosanwue
YOOPSIOYEHHBIX W HEOJHOPOAHBIX CTPYKTYp C
HEYIOPSI0UYEHHBIMA ¥ OJHOPOAHBIMU B 3aBHCHMO-
CTH OT YacTOThl NOCBUIKH Pa3psAOHBIX HMITYJIECOB
CBHJETEJILCTBYET 00 yCTAaHOBJICHUH B PacIlIaBe JIO-
KaJbHOTO PaBHOBECHSI.

HccnenoBanue MyabTH(PaKTaIbHBIX XapaKTepH-
CTHK AJIOMUHHEBBIX CILIABOB, 00pPa0OTaHHBIX IPH
pa3HBIX 3HAYCHUSAX TUIOTHOCTH 3allaCEHHOM YHEPruH,
MI0Ka3aJ0 CYLIECTBOBaHUE O0JacTeil CTPYKTYpPHBIX
npeo0pa3oBaHMi Al Pa3iIM4YHBIX Macc paciuiaBa
IIPU PA3HOM KOJMYECTBE PA3PSIHBIX HMILYJIbCOB.
[lonmy4yeHHbIE 3aBUCUMOCTH YKa3bIBalOT Ha HEOJHO-
3HAYHYI0 POJIb TPOLECCOB, BO3HHUKAIOLUIMX IPH
OI'MO (kaBuranus, TypOyIH3aIisl THIPOHHAMUYIC-
CKHX TEUeHHH), B (HOPMUPOBAHUM YIIOPSIOUYCHHBIX
CTPYKTYp C TOBBILICHHBIM YPOBHEM MEXaHHYECKUX
cBolicTB. TakuMm o00pazoMm, JaHHbIE MyIbTH(paK-
TaJILHOTO aHalli3a MHKPOCTPYKTYP aJFOMHHHEBBIX
CIJIAaBOB IO3BOJISIIOT BHIOpPAaTh NPUHLMIIBI ONKCAHUS
IBOJIIOIMU UX (JOPMHUPOBAHUS C LIENBIO AajJbHEHIIe-
IO M3Y4EHHUs U BBUIBJIEHHS CIIOCOOOB YIPaBJICHUS
CTPYKTYpOH U, CIeJOBaTEIbHO, SKCILTyaTallHOHHbI-
MU CBOICTBaMH JIUTOTO METajIa.
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Summary

Multifractal analysis of the aluminum alloys micro-
structure treated by the electrohydropulse method is per-
formed. The correlations between the multifractal charac-
teristics with mechanical properties and general trends in
the structure formation of aluminum alloys under
different conditions and processing parameters are identi-
fied. The results indicate the occurrence of structural
changes in the melt during electrohydropulse treatment
and allow determining principles of the structure for-
mation of the alloy resulting from the said processing.

Keywords: electrohydropulse treatment, aluminum
alloys, structure, multifractal analysis.
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BiMsiHue YHUIIOJISIPHOT0 KOPOHHOIO pa3ps/ia HA CBOMCTBA
HEJJII0JIO3HO-0YMAKHBIX MATEPHUAJIOB

A. A. llepenenkuna, M. ®@. I'anmxaunos, JI. P. Mycuna

Kaszanckuii nayuonanbHulil uccie008amenbCKull mexHoa02UdecKull yuugepcumen,
yi. K. Mapkca, 68, 2. Kazanw, Poccus, e-mail: aelita.p@mail.ru

HccnenoBaHa BO3MOXKHOCTD ITOJYYEHHS LEJUTIOI03HO-0yMa)KHOTO MaTepHaja ¢ MOBBIIIEHHBIMU 3KC-
IUTyaTallHOHHBIMH CBOWCTBAaMH C ITIOMOILBIO IPOIECCOB 00pabOTKM OymMard B MHOJIE€ YHHIOJSPHOTO
KOpOHHOTO paspsiaa. IlokazaHo, 4TO NOBBINIEHHE (HU3MKO-MEXAaHMYECKUX CBOMCTB IEJUIIOJIO3HO-
OyMa)XKHOTO MaTepHaia NPy BO3ACHCTBUY IEKTPHUYESCKOTO MOJIsl 00YCIIOBICHO OpHUCHTALMEH 31eMeH-
TOB €ro CTPYKTYPBI W YCHJICHHEM CBS3CH MEXIy LEIUTIOJIO3HBIMHA BOJOKHAMH NPH HX B3aUMHOM
cOmDKeHNH. YBeIUeHe OaphepHBIX XapaKTepUCTHK OyMard mpu oOpaboTKe B YHHUIOISIPHOM KO-
POHHOM pa3psizie 00BACHACTCS BOSHUKHOBEHHEM SHEPIeTHYECKOro Oapbepa, Ha MPeo0IeHHe KOTOpO-
I'0 pacXxoAyeTcs ABWKYIIAsCS CHJIa PACTEKaHUs KUAKOCTH II0 IOBEPXHOCTH MaTepHaa.

Kniouesvie cnosa: yenntonosno-oymasichulii. mamepuan, dymaea, YHUNOAPHGINU KOPOHHBIU pA3pAo,

mepmoobpabomxka.

VJIK 676.014
BBEJIEHUE

B HacTosimee BpeMsi OIHUMH M3 CaMBIX BOCTpe-
OOBaHHBIX MAaTEpPUANIOB OCTAIOTCS LEJUIIOJIO3HO-
OyMa’KHBIE, TAKHE KaK DIIEKTPOTEXHUYecKas Oymara,
ropokapToH, yMakoBOYHAas Oymara, mNaTpoHHas
OyMmara u T.n., o0JIafjaroIiye ONTUMAIBHBIMEA (PYHK-
UOHAJIBHBIMHA XapakTepucThkamMu. OHU MpHBIIEKa-
IOT CBOEH JIeIIeBU3HOH, JIETKOCTHIO, YHUBEPCAIBHO-
CTbBIO, yIOOCTBOM P HpOoLEccax TPAaHCIIOPTUPOBKH
n nepepadbotkn. OCHOBHBIM HEIOCTATKOM IICIITIO-
JI03HO-OYMaKHBIX MAaTEpUAIIOB CUUTAIOTCS HHU3KHUE
[IOKa3aTeId MEXaHMYEeCKOH MPOYHOCTU. DTO 3HAUU-
TEJIbHO CHIKAeT cdepy X IPUMEHEHHUS B T€X CIy-
Yasx, Korjaa TpedyeTcs coXxpaHeHHe MPOYHOCTH Ma-
TepHaia npu OOJIBIIUX Harpy3kax [1-3].

OTnuuuTenbHON OCOOCHHOCTBIO HAyYHBIX HC-
CJIEZIOBaHUN B JAaHHOM HAIPABICHUM SIBIAIOTCS pa3-
paboTKa U MpUMEHEHHE MPOTrPECCHUBHBIX METONOB B
Ipolecce U3roTOBJICHUS U 00pabOTKU LIEIIII0JIO3HO-
OyMa)KHBIX MaTE€pHalIOB C IEJbI0 YIYYILICHUS TeX
WIN UHBIX UX XapaKTepucTuk [4-6]. OnHuMu u3 my-
TEil TOBBINICHUS KauyecTBa OYMa)KHBIX MaTEpUAIIOB
MOTYT OBITh pa3iIMyHble PU3NUECKHE BO3AECHCTBUS —
TepMuyeckas o0paboTka, o00paboTka 3JeKTpude-
CKUM IIOJIEM BBICOKOTO HANIPSDKEHUS, PaJHaIlOH-
HbIC U MUKPOBOJIHOBBIC M3Iy4YeHHs U T.IL. [3].

B Hacrosimee Bpems i MOOU(UKALUU CTPYK-
TYpBl U CBOMCTB JIMCTOBBIX U IUICHOYHBIX Marepua-
JIOB 3a4aCTyI0 UCIOJIB3YIOT KOPOHHBIA paspsii, oc-
HOBaHHBI Ha MepeHoce 3apsga M3 001acTH 3JeK-
TPUYECKOr0 paspsiia B BO3AYLIHOM 3a30pe Ha IIO-
BEpXHOCTh AwdJekTpuka. OOpasyromuecs B KOpOH-
HOM paspsifie pa3iuyHble WOHbI U MOHHBIE TPYIIIBI
YCKOPSIFOTCSL JIEKTPUYECKUM I0JIeM KOPOHBI U B3a-
HUMOJICUCTBYIOT C MOBEPXHOCTHIO MaTepuaioB. He-
KOTOpbIE U3 HUX PEKOMOWHHUPYIOTCS Ha TIOBEPXHO-

CTH, BBI3bIBas PA3JIMYHBIE XUMHUYECKUE M3MEHEHUS,
TOTZIa KaK OCTaBINHECS WOHBI MPOHUKAIOT B OOBEM
MaTepI/IaJIa, Imoraagas B TaK HA3bIBACMBIC 3H€pI‘€TI/I-
yeckue J0BYHIkd [7—9]. TIoNOKUTETBHO HUIA OTPH-
[aTeIbHO 3apsHKCHHBIC KHUCIOPOIOCOISPIKAIIAE HO-
HBI, OCaXJaeMble Ha TOBEPXHOCTH, MOTYT 00pa3o-
BBIBaTh MOCTOSIHHOE AJICKTPUYECKOE T0JIe B 00beMe
MaTepuana, 4To CO37aeT IOMOJHUTENBHOE pacIpe-
IeJICHUE 3apsfoB WM OPHCHTAIMIO IOJISIPHBIX
CTPYKTYp B €ro o0beMe.

Llenp HacTOsMIEH paOOTHI — UCCIIEOBaHUE BITUS-
HUS BO3JEUCTBHSI TIOJIST KOPOHHOTO paspsiga Ha dKC-
ITyaTallOHHBIC CBOMCTBA IIEJLTIONO3HO-OYMaKHBIX
MaTepUAJIOB.

OKCIIEPUMEHTAIJIBHAA YACTb

B kadyecTBe 0O0BEKTOB HCCIENOBaHUSI OBUIH BBI-
Opanbl ymakoBo4Has Oymara mapok M-70 u M-78
(TOCT 2228-81) mnotroctbio 70 u 78 r/M? u THIIO-
rpadckas Oymara (IOCT 9095-89) mioTHOCTEIO
60 /M.

CtpykTypa Oymaru u3ydayiach Mo dJIeKTPOHHBIM
CKaHHPYIOIIMM MHKPOCKOIIOM C 3JEMEHTHBIM aHa-
mzom EVEX Mini SEM SX-3000.

Tepmudeckyto 00pabOTKy 00pas3IioB MPOBOIMIH
B Tepmomnkady npu 80°C B teuenune 600 c. Dnek-
TPUYECKHM TII0JIeM Ha Oymary BO3/€iHCTBOBAIM B
OTpHLIATETILHOM KOpoHHOM paspsiae 60 wm 120 c
npu HanpspkeHun 35 kB.

IMTokazaTensMu kKauecTBa OyMaru CITy>KWIH. pas-
pymatomee ycuiaue npu pactskenuun o, (FOCT
30436-96); compoTuBIEHHE NPOJABIUBAHUIO Gy
(TOCT 13525.8-86); moBepXHOCTHAs BITUTHIBAE-
MOCTh mpu oxHoctopoHHeMm cmauuBanuu (I'OCT
12605-97); kpaeBoit yroa cmaunBaHus 0 BOIOM, xa-
paKkTep pacTeKkaHUs BOABI 0 NMOBEPXHOCTH Oymar.

© Tlepenenkuna A.A., TanuxanoB M.®., Mycuna JI.P., Dnekrponuas o6paborka matepuanos, 2015, 51(2), 36—40.
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Ommbka W3MEpPEHUS IPOYHOCTHBIX W OaphepHBIX
CBOMCTB OyMaru He TipeBbliiaia 5%.

Jlnst ompeenieHust KpaeBoro yriia CMaylBaHHs Ha
MOBEPXHOCTh OyMaru HaHOCWJIACh KaruIs JUCTHILIU-
poBaHHOHM Bonbl 00bemMoM 0,2 M, pazmep KOTOpPOii
(dukcuposaau yepe3 60 ¢. 3HaueHus O paccuuTHIBa-
JIUCH C TIOMOIIBIO (POPMYJIBI

Cos 0 = r’—h?/r’+h?,

rae I — BeicoTa Karud; h — ocHoBanue karuu [10].
XapakTep pacTeKaHusl Kami no Oymare (ukcu-
pOBaiCsl ONTHYECKHM MHUKPOCKOIIOM CO BCTPOEHHOM
uuppoBoii kamepoi. [l HariasSAHOCTH BOJA TOJ-
KpalBanach MeTHICHOBBIM roiyobiM (0,2%).

PE3VJIbTATBI U OBCYXJEHUA

Uccnenoanns mokasanu, 4To 00paboTka Oymaru
B YHUIIOJSIPHOM (OTPHIATETIBHOM HJIM MOJOKHUTEIb-
HOM) KOPOHHOM paspsie BIMSCT Ha 3HAYCHHUS e
pa3pylIaloero HanpsHKeHUsl TPU PacTSHKEHUH, HO
He cymiecTBeHHO (Tabm. 1).

Tadanua 1. Paspymaroniee HarpsokeHUE IMPU PaCTsKe-
HUM MCXOAHOW Oymaru u OymarH, oOpabOTaHHOH B KO-
POHHOM pa3spsizie

Bymara G,, MIla W3menenue
G, %0

M-70 6,86 -

M-70, oOpaboraHHas

B KOPOHHOM paspsiie:

-60c¢ 7,32 +6,7

-120 ¢ 7,47 +8,8

M-78 6,79 -

M-78, obpaboraHHas

B KOPOHHOM paspse:

-60c 6,98 +2,8

-120 ¢ 7,20 +6,1

Buano, uro o0paboTka OyMarn B OTpHLATENb-
HOM KOPOHHOM pa3psiié YBEIHMYUBACT 3HAYCHUS
pa3pymIaoNIero YCHiIHs Ipu pacTsbkennn Ha 3—8%.
OTO0 CBS3aHO C T€M, UTO MPH BO3ACUCTBUU DIIEKTPHU-
YEeCKOTO TOJsI MOTYT HPOHCXOIHMTH OpPUCHTAIHS
3IIEMEHTOB  CTPYKTYpPHl  LIEJIII0JIO3HO-OyMa)XHOTO
MaTepuaia (HampuMep, CErMEHTOB MaKPOMOJEKYI
[EJUTIONIO3bI WM Kpaxmaja) W YCHIICHHE CBs3ei
MEXIy CBOOOJHBIMH ITOBEPXHOCTHBIMH THIPOK-
CHJIBHBIMH TPYIIIAMH [EJUTFOJIO3HBIX BOJIOKOH MPH
WX B3aUMHOM COJIMDKEHUH, YTO MPUBOJAUT K YIIPOY-
HEHUIO MaTepHualia. BeposSTHOCTh peann3anuu Tako-
o MeXaHU3Ma TOBBIIIEHIS TPOYHOCTHBIX U are3H-
OHHBIX XapaKTEePHUCTUK  MEJUTIOJI03HO-OyMaKHBIX
MaTepuanoB o0cyxaanach u panee [4].

Taxke U3BECTHO, YTO CBOWCTBOM PAaCTUTEIEHOTO
BOJIOKHA, CaMOIPOU3BOJIGHO TIPOSIBIAIONINM ceO,
sIBIIsieTCsl 00pa3oBaHWE JBOWHOTO AJIEKTPUYECKOTO
cnost (JI9C) Ha MOBEpXHOCTH CBOOOHBIX CETMEHTOB
BOJIOKOH M B KOAryJSIIMOHHBIX KOHTaKTax. OIIEK-

TpokuHeTHIeCKuH moreHnuan JI2C moxer u3Mme-
HATbCS MOJ nelicTBueM pH, BUlla U KOHLIEHTpAlluu B
OyMa)xHOW Macce XUMHUYECKHMX BellecTB (0COOCHHO
MOHOTEHHBIX), BHa BOJIOKHHCTOTO MoiyhabpuKara
(uemmrono3a, apeBecHas Macca, BTOPUYHOE BOJIOK-
HO) M CTEMEHH ero THApATAIlH, BO3ICHCTBUS dIICK-
TPUUYECKOTO TIOJIS, a TaKKe psAga Ipyrux (pakTopos
[11-13]. 3uaunt, npu 06paboTKe GymMard B yHHIIO-
JIPHOM KOPOHHOM pa3pslie MPOUCXOIUT yBEIHUC-
HUE TOTEHIHada JBOWHOTO DJIEKTPUYECKOTO CIOf,
TO €CTh yCHWJICHHE B3aHMMOIEHCTBUS MEXKIy BOJIOK-
HaMd. JTO BIOJHE BO3MOYKHO, YUUTHIBAs, YTO B OT-
pUIaTeIhbHONH KOPOHE Ha BO3/IyXe 00pa3yrTCs HOHBI
0,7, CO3, (H,0),CO3", xoTOpBIE OCAKAAIOTCS HA
MOBEPXHOCTH 00pabaTsiBaeMoro marepuana [9].

[Ipu BEepHOCTH NAHHBIX PACCYXKACHUU IMOJIOXKH-
TEIhHOE BIIMSHUE YHUTIOJISPHOTO KOPOHHOTO pa3ps-
Jla Ha OyMary IOJDKHO TIOATBEPXKAAThCSA M MPH APY-
TUX MEXaHWYECKUX WCIBITAHUSIX, HAmpuMep IMpH
OTIpEeNeTICHNH  CONPOTHBIICHUS  MPOAABIMBAHUIO.
Buano (tadm. 2), uro HabmromaeMble 3aKOHOMEPHO-
CTU COXPAHSIOTCS M AJI1 3TOM MPOYHOCTHOM Xapak-
TEPUCTUKHU TEILTFOIO3HO-0yMaXXHOTO MaTepUala.
Tabauna 2. ConpoTHBIEHHE NPOAABINBAHUIO NCXOIHON
Oymaru u Oymaru, oOpaOOTaHHOM TEPMHYECKH U B KO-
POHHOM paspsie

Bymara G, Klla H3menenue
Gy Y0

M-70 292 -

M-70, obpaboTaH-

Hasi B KOPOHHOM

paspsize:

-60c 297 +1,7

-120¢ 327 +11,9

M-70, obpaboTaH-

Hasi TePMUYECKU 298 -

M-70, obpaboTan-

Hasg TCPMHUYECCKU U

B KOPOHHOM pa3-

paze:

-60c 319 +7,0

—-120¢ 322 +8,0

M-78 293 -

M-78, obpaboTaH-

Hasi B KOPOHHOM

paspsize:

-60c 299 +2,0

-120¢ 305 +14,2

M-78, obpaboTaH-

Hasi TEPMHUYECKH 267 -

M-78, obpaboTan-

Hasg TCPMHUYECCKU U

B KOPOHHOM pa3-

paze:

-60c 312 +6,4

-120¢ 287 +7,4

Oxa3sbIBaeTcs, MpH BbIIEp)KKe Oymard B moie Ko-
POHHOIO paspsifa 3HAYEHUE €€ G,, IMOBBIIIACTCS.
[lpuuem eciu mpuU MalbIX BpeMeHaxX OOpabOTKH
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HaOJr01aeMOe TIOBBIIIICHUE TPOYHOCTHBIX CBOWCTB
MOJKET HAXOJWUTHCSA B Mpejeiax OIIUOKU SKCIEpH-
MEHTa, TO TpHU OOJBIICH MPOJOKUTEILHOCTH BO3-
NEHCTBUSA dJeKTpudeckoro mojst 3ddext cymre-
CTBEH.

Kak yxe ormeuanoch, mMomudukanus Oymaru
BO3MOXXHA U TEPMUYECKUMH Metonamu. J[ns Bblsic-
HEHHS CTENICHHW BIUSHHS TEMIepaTypbl Ha MpodY-
HOCTHBIC XapaKTEPUCTUKH IIEJUTIOJIO3HO-0YMaKHOTO
MaTtepuansa 4acTb 00pasloB Oblua BhIICpKAHA B
tepMomikady. [Ipu 3ToM MOXKeT He3HAYUTENHEHO U3-
MEHSTHCSI COMPOTUBIICHUE MPOIABIUBAHUIO OyMmar,
YTO CBSI3aHO C yJaJCHHUEM BJIard M3 CTPYKTYPHI Ma-
Tepuana, TO eCTh U3 MEKBOJOKOHHOTO MpPOCTPAaH-
cTBa. JlaHHBIC U3MEHEHMS TIPUBOASAT K CONMIKSHHUIO
BOJIOKOH, M3MEHCHUIO WX CIOCOOHOCTH IPOTUBO-
CTOSITh Pa3pyMIANIUM HATPY3KaM H, KaK CJICACTBUE,
CTETICHH JKECTKOCTH OyMaru. J[JuTenbHoe KOHIUIIH-
OHHUPOBaHUE OyMaru BeAET K BOCCTAHOBJICHHUIO 3Ha-
YeHUI e¢ BIIAKHOCTH W 3HAYCHHH COMPOTUBIICHHS
MIPO/IaBIIMBAHUIO.

3avacTyro 00pabOTKy pa3jMYHBIX MaTCPUAJIOB B
KOPOHHOM pa3psijic COYETAT C MPEIBaPUTEIHHBIM
MPOTPEBOM, UYTO CHOCOOCTBYET YIYYIICHHUIO KOM-
IJieKkca WX CBOMCTB. MIHTEpEeCHO OBLIO MPOCIICTUTH
COBMECTHOE BIUSTHUE JICHCTBHS MOBBINICHHONH TEM-
nepaTypbl 1 KOPOHHOTO pa3psijia Ha cBoiicTBa Oyma-
ri. BumgHo (Tabs. 2), 9To BBIMIEONHCAHHOE TIOI0KHI-
TEbHOE BIUSHHE KOPOHHOTO pa3psijia Ha COMPOTHB-
JICHWE TMPOJABIMBAHUIO OyMaru COXpaHSCTCS U B
cIydae TPUMEHEHHsI TepMOOOpabOTKH, XOTS W HE
CTOJIb 3HAYUTENbHO. Tak, moJ AeHCTBUEM KOPOHHO-
ro pa3psaga Ha TepMooOpaboTaHHbIe 00pa3nsl Oyma-
ru B Teuenue 60 ¢ ux c,, noseimaercs Ha 6,5-7,0%,
B Teuenne 120 ¢ — na 7,5-8,0%.

KpoMe mpoYHOCTHBIX XapakTepHCTHK, OOJbIIOE
3HAYEHHE MPHU OKCIUTyaTallud pPa3jIMYHBbIX BHUIOB
LIEJUTION03HO-0YMaXKHBIX MaTEpUAIOB UMEIOT Oaph-
€pHBbIC CBOWCTBA, B YACTHOCTH MO OTHOIICHHUIO K
Bnare. [IpOHHUKHOBEHHE BOJBI B MEKBOJOKOHHOE
IIPOCTPAHCTBO OyMaru MPOUCXOAUT U3-3a TOTO, YTO
BOJIOKHA HE MPUJIETaoT BIUIOTHYIO APYT K JPYTY, a
obpasytor mopel (puc. 1). Korma sto cBoGomHoe
MIPOCTPAHCTBO 3aIOJHICTCS BOJOM, MOJICKYJIbI HKH/I-
KOCTH HaYMHAIOT pPa3iBUraTh BOJIOKHA, 00pa3ys HO-
BbIe MYCTOTHI, KOTOPbIE CHOBA 3aIOJHSIOTCS BOIOM.
[170THOCT,  MOJICKYJIIPHOTO  B3aMMOJCUCTBUS B
CTPYKType OyMaru 3HAYUTEIHHO CHUXKACTCS, 4YTO
MPUBOIUT K CHIDKCHHIO €€ MPOYHOCTHBIX XapakTe-
puctuk. CIEIyIOM 3TalloM pabOoThl CTAJIO M3yde-
HUE BJIMSHUSA KOPOHHOTO pa3psia Ha OapbepHbIC
CBOWCTBA  NEIUTIOJIO3HO-OYMaKHOTO — Marepuaia
(tabm. 3).

Boisicamiioch, uTto 00paboTka Oymard B KOPOH-
HOM pa3psi/ic YMCHBIIACT €€ BIUTHIBAEMOCTh Ha
5-11%. Hns moAaTBep KISHHsS YBEITUYEHUS THIPO-
¢dobHOCTH MaTepuana OBUTH H3MEPEHBI KpaeBOM

yroJ CMAa4MBaHMS MCXOIHOTO IEIUTIOI03HO-OyMax-
HOT'O Marepuayia BOJOH M XapakTep pacTeKaHHs BO-
Ibl IO TIOBEPXHOCTH HCXONHOW Oymarum u Oymarw,
00paboTaHHOW B TOJE YHHIIOISIPHOTO KOPOHHOTO
paspsina (tadu. 4, puc. 2).

(6)
Puc. 1. ®ororpadun moBepxuoct 6ymaru M-70 mpu yBenuue-
nuu: (a) — x300; (6) — x1000.

Ta6muua 3. [loBepxHOCTHAs BIUTHIBAEMOCTHh HCXOIHOU
Oymaru u Oymaru, oOpaboTaHHON B OTPUIATEITHHOM KO-
POHHOM pa3psiie TIPA OJHOCTOPOHHEM CMadWMBaHHUH BO-
nou

Bymara IloBepxHOCTHAs N3mene-
BIIUTBIBAEMOCTDb HCHMUCE I10-
IIPU OIHOCTOPOH- | Ka3zared,
HEM CMa4YMBaHHUHU, %
r/m?

M-70 12,2 -

M-70, obpaboran- 11,6 -4.,8

Hasi B KOPOHHOM

paspsize 60 ¢

M-78 13,1 -

M-78, obpaboTaH- 11,7 -10,8

Hags B KOPOHHOM

paspsiae 60 ¢

Tabéuuua 4. KpaeBoil yron cMaunBaHUs BOJIOW HCXOTHOM
Oymaru u Oymaru, 00pabOTaHHOM B KOPOHHOM pa3psae

Bymara 0,° N3menenue
0, %

M-70 61 -

M-70, oOpabGoraHHas B

KOPOHHOM paspsizie:

-60c 67 +9

-120¢ 70 +14

M-78 62 -

M-78, oOpabGoraHHas B

KOPOHHOM paspsizie:

-60c 68 +9

-120¢ 72 +16
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(©)
Puc. 2. dororpadun mMOBEPXHOCTH HCXOJHOH TUIOrpadCKoi
Oymaru (a) u O6ymaru, oGpaboTaHHOM B KOPOHHOM paspsje (0)
yepe3 20 cekyH[ mocie pacTekaHus 1o Heil Boabl: 1 — oGiacThb
cyxoit Oymary; 2 — ob6aacTp OyMard, CMOYCHHO BOIOH.

CToUT OTMETHTH, YTO M3Y4YECHHE KPaeBOTo yria
CMaYMBaHUS KaWULIPHO-TIOPUCTHIX MaTephaIoB
Pa3IMYHBIMU SKHIKOCTSIMU TIPEACTABISIET OIpesie-
JICHHBIC CIIOKHOCTH — JJISi HUX HEBO3MOXHO JIOCTH-
JKCeHHWEe paBHOBecus Kamiu. [loaTomy pacdersl mo-
BEPXHOCTHBIX CBOWCTB (Hampumep, HOBEPXHOCTHOTO
HATSDKEHUS) TOJOOHBIX MAaTEPHAIOB 110 HCIONb3ye-
MO METOJMKE HE NOMyCTUMBI. B mpencTaBieHHBIX
JaHHBIX YTOJ CMa4yMBaHHs MEIIOYHOW Oymaru BO-
JI0¥ MCHOJIB3YeTCs JINIIb KaK CPaBHUTEIbHAs XapaK-
TEPUCTHKA, HATAJHO WIIIOCTPHPYIOIIAs JEeHCTBUE
KOPOHHOTO pa3psiia Ha IeJUTI0JI03HO-OyMaXKHBIN
Marepuai.

Ha puc. 2a narnsano BugHO, 4to K 20-# cexyH-
Jie KaIuIsi BOABI MOJHOCTBIO pacTekiach MO MOBEPX-
HOCTH THHorpadckoil Oymaru, mpH 3TOM pPaccyH-
TaHHAsl CPEAHSAS CKOPOCTh PacTEKaHUs BOZBI COCTa-
Buia 2,26 mM/c. B TO ke BpeMs HO TMOBEPXHOCTU
Oymaru, 00paboTaHHOI B KOPOHHOM paspsijie, Karis
pacrekaercs Topasfo MemieHHee — 1,73 mm/c.
K 20-ii cexynze (puc. 20) OTYSTIMBO BUICH KOHTYP
KaIuti BOJABL. JTO OOYCIIOBJIEHO TEM, YTO Iepeme-
IIEHUE MOJIEKYJI KHIKOCTH MO IOBEPXHOCTH Oymaru
3aTPpyAHEHO MMEIOIINMCSI DJIEKTPOCTATHYECKHM B3a-
HMOJICHCTBHEM, BEIYIIMM K YBEIHMUYCHHIO PabOTEHI,
KOTOPYIO HEOOXOIMMO COBEPIIHTH Karjie BOJIBI MPO-
THB ITOBEPXHOCTHOTO HATSHKEHHS Ha TPAaHHIE TBEp-
oW M XuAKod (a3 BciencTBHE CKadyka dIIEKTpUYe-
CKOTO MOTEHIMaNa Ha 3TOW rpanuue. Jpyrumu cio-
BaMmH, 00paboTka Marepuansa B KOPOHHOM paspsie
NPUBOJUT K BO3HHKHOBEHHIO DHEPreTUYECKOro 0Oa-
peepa, Ha TMPEOAOJICHHE KOTOPOTO pAacXOLyeTcs

JBIDKyIIasica cuia pactekanus. IlogoOHyo KapTHHY
HaOII0a paHee MpPU M3YYEHUH pPACTEKaHUs paz-
JMYHBIX JKUAKOCTEH MO MOBEPXHOCTH MOJIUMEPHBIX
IUICHOK, OOpaOOTaHHBIX B DIEKTPHUCCKOM TIOJIE
[14-16].

Takum o0pa3oM, BO3IEHCTBHE JIIEKTPUYECKOTO
MOJIs1 YHUIIOJISIPHOTO KOPOHHOT'O pa3psiaa Ha LEeJJIo-
JI03HO-OyMa’KHBIE MaTepUasbl BEJET K MOBBIIICHHIO
UX TPOYHOCTHBIX CBOMCTB. DTO 00YyCIIOBJIEHO OpH-
EHTalMed »JJIEMEHTOB CTPYKTYpPHl LEIUIIOJIO3HO-
OyMa)KHOTO MaTepHaja U yCWICHHEM CBA3EH MEXIy
[EJUTIONIO3HBIMHA ~ BOJIOKHAMH TIPU  UX B3aMMHOM
COMDKEHHH, B TOM 4YHCJE 3a CUET BO3pacTaHHS
JJIEKTPOKMHETHYECKOT0  MOTEHIHajda  ABOMHOTrO
JIIEKTPUYECKOTO CJIOsl. YBEIHUeHHE OaphepHBIX Xa-
paKTepuCcTUK Oymaru mpu oOpabOTKe B YHHITOJP-
HOM KOPOHHOM pa3zpsie OOBSICHACTCS BO3HHUKHOBE-
HHEM 3HEPreTHYEeCKOro Oapbepa, Ha NPEOAOJICHHE
KOTOpOTO pacxoayeTcsl IBWKYIIAsCS CHJIa pacTeKa-
HUSl KHUIKOCTU IO MOBEPXHOCTH Marepuana. 3Has
3aKOHOMEPHOCTH JEUCTBUS MOJII KOPOHHOIO pa3psi-
Jla Ha LEJUTI0NI03HO-0yMa)kHbIe MaTepuaisl, B Oymy-
mieM MOXHO OyZeT ympaBisTb YpoBHEM (pu3uKo-
MEXaHMYECKHX CBOMCTB Oymaru u KapToHa. MO>KHO
TaKKe MPEeITOKATD dP(HEKTUBHYIO TEXHOJIOTHIO TI0-
Jy4eHUS  YOPOYHEHHBIX  BUAOB  LIEJUIIOJIO3HO-
OyMa)KHOH MPOAYKLUH, BKIIOYAIOLIYIO CTaIHIO 00-
paboTKK MaTepuana B JEKTPHUECKOM II0JIE.
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Summary

We have studied a possibility of producing pulp and
paper materials with an improved performance by means
of unipolar corona discharge treatment of the paper. An
increase of physical and mechanical properties of the
electric-field-treated material was shown to occur due to
its structural elements orientation and bond strengthening
between the cellulose fibers during their mutual approach.
A barrier performance increase of the unipolar corona
discharge treated paper was caused by the energy barrier
appearance, on overcoming of which the moving force of
the liquid spreading on the surface of the material is
spent.

Keywords: pulp and paper material, paper, unipolar
corona discharge, heat treatment.
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[IpencraBneHpl OCHOBHBIE TOCTIDKEHUS B OOJNIACTH WCCIEIOBAHWN KPUOTCHHOM MBUIICBON IDIa3Mbl U
0030p COCTOSIHUS IPOBEICHHBIX UCCIICAOBAHUN B JaHHOU 001acTi. PaccMOTpeHBI 0COOEHHOCTH KPHO-
TEeHHOM TIJIa3Mbl Ta30BBIX pa3psiOB, BIUSIOMIME HA MPOIECCH CaMOOPTaHM3AIUH  IIJIa3MEHHO-
MBIJIEBBIX CTPYKTYp. [lokazaHo, 4TO HUCcIenoBaHNe KPHOTCHHOW MBIICBON TUTa3MBbI SIBIISETCS TIEPCIICK-
THUBHBIM HAaIlpaBJICHUEM IS pAa pa3fenoB (yHIaMEHTAIbHOW U MPUKIATHON (H3UKH, B TOM YHCIIE B

00JIaCTH HAaHOTEXHOIOTHH.

Kniouesvie cnosa:. nwvinesas nuiasma, KpuoecernHbvle memnepaniypsl, Kilacmepbl, NAAZMOXUMUYECKULL

CUHme3, HaHOYACMUYbl, HAHOMEXHOIOUU.
YK 533.922, 537.525

1. CHHEPTETUKA ITbIJIEBOM
IIJIA3SMbBI I'A30OBOI'O PA3PA A

[lox cuHepreTWkol TMIA3MBI IMOHMMAETCS B3au-
MOCBSI3b JTHHAMHYCCKUX W JUCCUIIATHBHBIX IPOIIEC-
COB B ILJIa3Me, MPOUCXOIAIINX MPHU Mepexoe BKIa-
IBIBAEMOM H3BHE B IUIa3My OJHEPTHH B JHEPTHUIO
dJIEMEHTAPHBIX U KOJUISKTHBHBIX ITPOIIECCOB €¢ ca-
Moopranuzanuu. K razopaspsaHoil mia3me I0IBO-
JUTCS. DHEPTUs OT UCTOYHMKA TOKA WM HarmpskKe-
HUS, C TIOMOIIBIO KOTOPHIX (hOpMHPYETCS TUIa3Ma U
00eCneunBarOTCs YCIOBHS €€ O ICPIKaHuUs.

M3MeHeHHE
~tf—( napametpor BoHOROH

TIJ1a3MBI

€aMOOpraHu3aLus
ILUIEBLIX CTPYKTYP

MBLIIEBBIX
HaCTHIL

TIBIIEBBIX
JACTHLL

tazosbie
TIepexoyibl g

napameTpoB
TIa3MeHHOH
JIOBYIIIKH

CaMOOPraHHU3aIMA
ra30BOTo paspsaa

napameTpoB
paspsaa

Puc. 1. CunepreTrka NbUIEBOH TJIa3MBI Fa30BOTO paspsiza.

B3anMocBs3s Hambosee 3HAYMMBIX IIPOIECCOB,
OTIMCHIBAIONIASs] CHHEPTreTUKY WBUICBOM IIJIa3MBI B
ra3oBOM paspsjie, oka3aHa Ha puc. 1. B oOmiem Bu-
Jie 3TH TPOIIECCHl MOXKHO MPEJCTABUTH CIEAYIOIIUM
obpazom. Camoopranmzaius IUIa3MEHHO-ITEUICBBIX
CTPYKTYp HaOIr0IaeTCs, KaK MpaBuiio, B IIa3MEHHO-
MBUIEBBIX JIOBYILIKAaX, KOTOPHIMHU B TICIOLIEM pa3psi-
JIe SBIIAIOTCS CTPAThl ITOJIOXKHUTEIBHOTO CTO0A.
B3aumojeiicTBHe MBUICBBIX YaCTHUI] MEXKAY COOOW U
C IJIa3MOM OTIpeNessieTcs UX 3apsioM, KOTOPbIi 00-
pasyeTcsl BCICICTBHE THOCTH DJICKTPOHOB M MOHOB
Ha TBUIEBBIX YacTUIAX. Y CIOBHUE paBHOBECHS IIbLJIE-
BOH CTPYKTYPBI ONpPECNIACTCs OallaHCOM CHJI DJICK-

TPUYECKOTO TOJIs, HOHHOTO yBIICUeHHs, TepModope-
3a W rpaBUTanUH. JlomoMHHUTENbHAS THOCTD YaCTHIL
TUIa3MBI Ha MBUIEBBIX YAaCTHUIAX BBI3BIBACT HapyIle-
HUE PaBHOBECHUS B MOJOXKUTEIBLHOM CTOJI0€ paspsaa
MEXly HOHH3AIHeH 1 THOCNBIO 3apsKCHHBIX YaCTHI]
Ha CTEHKE pa3psAIHOTO YCTPOHCTBA, KOTOpOE MpHU
HU3KUX JABJICHUSAX XOPOIIO OMHCHIBACTCS B paMKax
nmuddy3nonHo-aperihoBoro mpubmmkeHus. [ ndens
MOHOB U 3JIEKTPOHOB HA MBUIEBBIX YaCTHIAX IPHBO-
IUT K POCTY BEIMYUHBI MPOAOJIBHOTO JIIEKTpUYe-
CKOTO IIOJIs, YTO OIpeneNsieTcsl yCIOBUEM COXpaHe-
HHS TIOJTHOTO TOKa pa3psija.

C poCTOM >IEKTPUYECKOTO IOJSI PACTeT TeMIle-
patypa 3JeKTPOHOB, BCIEICTBHE YEro pacTeT WOHU-
3alMs TUIa3Mbl. V3MeHeHue KOHLCHTpPAIMU dJeK-
TPOHOB NPUBOJNUT K M3MEHECHHUIO ITapaMeTpoB IIIa3-
MEHHOW JIOBYIIIKH, YTO MOYET MPUBECTH K M3MEHE-
HHUIO CaMOOpPTaHU3alUK TBUICBOH CTPYKTYphI (pa3-
Mepa, Gopmel, ($a3oBOro M CTPYKTYpPHOTO COCTOS-
HHS) WM TOBJIMSATH HA CAMOOPraHU3ALHUIO pa3psjia;
W3MEHHTH MEPUOJ CTpaT, BBI3BaTh pa3BUTHE Oery-
IIUX CTpaT, WIN BBI3BATh MEPEX0] K OJHOPOIHOMY
CBEUYCHHUIO IOJIOKUTEIBHOTO CToJ0a paspsnia, WiIn
NpPUBECTH K TOracaHuio paspsga. Paszeutie He-
YCTOWYMBOCTEH paspsaa WM Mepexo] K OJHOPOI-
HOH (opMe MOKET WHHIUHPOBATH BBHICHIIIAHUE IIBI-
JIEBBIX YACTHI[ M TIEpeXOoJ]l K aBTOKOJIECOATEILHOMY
paspsny. M3meHnenue Toka paspsna NPUBOIHUT K U3-
MEHEHHIO TEIUIOBBIICJICHHS B IUIa3Me, YTO BIIUSET
Ha paBHOBECHE CTPYKTYp B paIualibHOM Harpaslie-
HUH Yepe3 U3MEHEHHE BEJIMYUHBI CUIIbl TepModope-
3a. V3MeHeHHe YCIIOBUII paBHOBECHs NPHBOIUT K
M3MEHECHHUIO PaJInalibHBIX pa3MepOB IBUICBOH CTPYK-
TYpBI, TNIOTHOCTH YacTHUI] 1 0Opa30BaHUIO TEIUIOBBIX
BOWMIOB, YTO B CBOIO OYepelnb MpPU ONpEACICHHBIX
IUIOTHOCTSIX MBUICBBIX YaCTHI] M MapameTpax (hoHo-
BOM TIJIa3MBl MOXKET U3MEHHUTH YCIIOBHS TPOTEKAHUS
TOKa U 3apSAAKH MbIICBBIX YaCTHLI.

© Tonsxos JI.H., Bacumsk JI.M., [llymosa B.B., Dnekrponnas o6paborka matepuanos, 2015, 51(2), 41-49.



IIpy mnomydeHUM M HCHOJNB30BAHUU IBUIEBOU
IUTa3Mbl TIPH HU3KUX TEMIIEpaTypax HEOOXOIMMO
YUYUTBIBATh CJIOXKHBIE IIPOLECCHI, MPOUCXOIAIIUE B
KPHUOT€HHON ra3opaspsanHoil miasme. Paccmorpum
ponb HamboJiee W3BECTHBIX SIBICHHH, KOTOpPBIE MO-
TyT BIMATh Ha KHHETHKY IPOLIECCOB B KPHOTEHHBIX
pa3psigax ¢ nbUIeBOM KOMIIOHEHTOM.

2. OCOBEHHOCTU KPMOI'EHHOM
IIJTABMBI I'A30OBbBIX PA3PAIOB

Kpuorennass mia3sma ra3oBBIX Pa3psiioB HCCIie-
JoBajlack B OCHOBHOM B T€JINH, a30Te U HeoHe [1-5].
[pu Ttemneparypax no 4,2K wu3yuyeHol cBOHCTBa
KpHOTeHHOH T™azmbl Teiusa. OcoOeHHOCTH KpHoO-
TeHHOH TUIa3Mbl 3aKJIFOYAOTCS B TOM, YTO TPH HH3-
KOU TeMIlepaType ra3a Ha XapakTEepUCTHUKH MbUIEBOM
IUIa3MBI CYIIECTBEHHOE BIIMSHHE MOTYT OKAa3bIBAaTh
MeTacTaOWIIBHBIE aTOMBI M MOJICKYJbI, KOTOpBIE
HaKaIUTMBAIOTCS B pa3psizie, CBA3aHHBIE ¢ HUMH MPO-
neccel nonm3armu [1, 3-6] W ux JOMONHUTETBHAS
rubesb Ha MBUICBBIX YacTHLaX. Hampumep, B KuHe-
THKE KPUOTEHHOH IUIa3Mbl TeNUS 3HAYUTEIBHYIO
pOJIb UTPAIOT METACTAOMIIBHBIC aTOMBI MOCIIEIHETO,
KOHLICHTpPAIMsl KOTOPBIX MPU YMEHBIICHHU TEeMIIe-
paTypsl pe3Ko BO3pacTaeT HM3-3a CHW)KEHHsS CKOpPO-
CTH WX pa3pylLIEHHs aTOMaMH B OCHOBHOM COCTOS-
HUU U YMEHBIICHUS CKOPOCTH Mu(y3ur MeTacTa-
OWIBHBIX aTOMOB. [lapHbIE CTOJIKHOBEHHUSI METacTa-
OMIBHBIX aTOMOB TeNUs, HAallpUMep, B MpoIecce ac-
COIMAaTHBHON MOHMW3AIIMH, NPUBOAAT K MHXEKIHHA B
I1a3My 3JIEKTPOHOB ¢ 3Heprusmu ot 15 no 17,6 3B,
3aMETHO BO3JICUCTBYS Ha (PyHKLHUIO pactpeiesieHus
9JIeKTPOHOB [4]. DTM (PakTOM MOKHO OOBSICHUTH, B
YaCTHOCTH, HaOJII0aeMoe CHIKEHHE MPHUBENEHHOU
HaIPsHKEHHOCTH  DIICKTPHYECKOTO IMOJIS TICIOLIETO
paspszma B TeaMH B OOJAacTH MajbIX TOKOB
(I < 0,5 MA) u puBeieHHBIX TaBiicHui (Be3me aa-
nee no tekcry) P > 7 Topp mpu temmepatypax 77
[5] u 4,2K. Dddekr anomansHOoro nmoseneHus BAX
(yMeHbIIIeHHE TPUBEACHHON HAMpPSKEHHOCTH DJICK-
TPUYECKOTO TIOJIS MPU TMOHVKCHUH TOKA), CBSI3aH-
HBII ¢ KMHETHKOH MeTacTaOWIBHBIX aTOMOB, 3ape-
THCTPHPOBAH TAaKXKe Al HEOHA IIPH TEMIIepaType
77K mis P > 14 Topp u | < 0,1 MA [5]. B aprone u
HEOHE INPH MOHWKEHWH TeMIepaTyphl ra3a HalJro-
TaeTcsl YMEHBIICHNE TIPUBEACHHON HANpsHKEHHOCTH
ANEKTPUYECKOro mnois (puc. 2), 4To OOBICHACTCS
yMEHbIIEHHEeM aMOUTNONApHON TudQy3un 3apsKeH-
HBIX YaCTHI[ Ha CTEHKU paspsaHoil TpyOku [5]. B
3TOM CiIydae IS TOJAEpKaHus paspsanaa TpeOyroTces
MEHBIIAsi CKOPOCTh 00pa3oBaHMs 3apsDKCHHBIX Ya-
CTUI] U COOTBETCTBEHHO MEHbIIAs BEIMYMHA DJIEK-
TPUYECKOTO TI0JIS B paspsze, HeoOXxomaumasi st BOC-
MOJTHEHUS TU(PPY3HOHHBIX MTOTEPb.

Ha Bo3MoOXHOe BIHMSHHE 3IEKTPOHOB, 00pa3o-
BAHHBIX IIPU MAPHBIX CTOJKHOBEHUSIX METacTaOMIIb-
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HBIX aTOMOB HEOHAa, Ha (DYHKIUIO pacrpeeieHus
AJIEKTPOHOB TIO DHEPTHsIM B IUIa3M€ KPHUOTEHHOTO
TJICIOUIETO pa3psiia B HEOHE YKa3bIBAIOCH TAKXKE B
paborax [2, 6]. HakoruieHHe MeTacTaOWUIBHBIX Ua-
CTHUI] TIPH TIOHW)KEHHUU TEMIIEpaTypbl MPOUCXOIUT
TaK)ke BCJCACTBHUE TOTO, YTO UX AU dy3us oOpaTHO
MPOMOPLIUOHANIEHA KBAaJPaTHOMY KOPHIO W3 TeMIIe-
patypbl raza. Hampumep, Iisl renvs yMEHBIICHUC
kod(pummenta nuddy3un MeTacTaOMILHBIX aTOMOB
Haburo1aeTcst BIUIOTH 10 Temmeparyp 10K [3].

LD
Sr ® 05MASOK
2 2 0—0.,5 MA-273 K
F4%e A—0.5 MA-77 K[5]
S %) A—0,5 MA-273 K[5]
b
1016 :!
- ‘ 293K
B I ..
i i A T gA LT A..
PRI S U1 S A "
0 5 10 15 20 25 30
Pr, Topp-cMm

Puc. 2. IlpuBeneHHas HaNpsDKEHHOCTH AJICKTPHYECKOTO OIS
E/N B monoxurensHOM cTonGe TICIOIIECTO paspsiia B HEOHE B
3aBHCHMOCTH OT IIPUBEJEHHOTO AaBiIeHUs Pr py KpHOTeHHOH U
KOMHATHO#l TemmepaType, npu Toke paspsaa | = 0,5 MA cos-
MECTHO € JaHHbIMHU u3 pabotsl [5]. Crpenkamu moKa3aHbl MpH-
MEepHbIE IPaHHLBI CYIIECTBOBAHMUS IIBIICBOIT IIIa3MBl.

3. [TIPOUECCBI CAMOOPI'AHM3ALINN
B KPUOI'EHHOMU ITBIJIEBOU TTJIIASME

Ecnu meineByro minazMy B ra3oBoM paspsje 00-
Hapy>Xuj HoOeneBckuit naypeat Upsunr Jlenrmrop ¢
coaBropamu eme B 1924 roxy [7], To kpuoreHHyo
TUIa3My C MBIJICBBIMH YACTHIIAMH BIIEPBBIC SKCIICPH-
MEHTAIBHO TIOJIYYHIH aBTOPhI JaHHOW CTaThU CPaB-
HUTeNpHO HemaBHO [9]. Kprorennas meieBas mias-
Ma ObUIa HCCIIEJIOBaHA MPHU TEMIIepaType KHUIICHHUS
xuakoro azora (77K) B TieromeM u BHICOKOYAaCTOT-
HOM paspsiax B Bo3ayxe [8-10, 15]. beun oOHapy-
JKEHbI CBEPXIUIOTHBIC MBLUIEBBIC 00Pa30BaHUs C pac-
CTOSTHUSIMUA MEXIY TBUICBBIMH YaCTHIAMH, OJIM3KU-
MH K HOHHOMY pamunycy [ebas (10-30 mxm), mpu
pa3Mepe MBLUICBBIX YacTHIl HECKOJIbKO MHKPOH. Do-
Torpadusi TUIOTHOW CTPYKTYPBI, TIONYUYECHHON B MBI
JICBOH I1a3Me BBICOKOYACTOTHOTO pa3psia B BO3MY-
xe 1pu Temneparype 77K B skcrepumenrax [8-10],
npejcTaBiIeHa Ha puc. 3a.

B Tneromem paspsize oOHapyKeHbl HeperyJisip-
HBIC TIBUICBBIC KIJIACTEPhI, COCTOAIINE U3 HECKOJIBKUX
MBUIEBBIX YACTHII, C PACCTOSHUSIMHU MEXIY MOCIE-
aHnmu B kimacrepax 30-80 mxm m 100-200 mMxm —
MEXIy KimactepamMd u dactunamu (puc. 36). Obua-
PYXKEHO, 4TO YMCHBIICHHE JaBJCHUS Ta3a B TICHO-



IeM pa3psjie IPUBOAMUIO K pa3OMEeHHIO MPOTSHKEH-
HOM MBUIEBOM CTPYKTYphl Ha CIIOM TONIIMHON
700 mMkM (puc. 4). B BBICOKOYACTOTHOM pa3psie
YMEHBIIIEHHE JaBJICHUS ra3a COINPOBOXKIAIOCH 00pa-
30BaHUEM MEPHOAMYECKON CTPYKTYpBI M3 CJIOEB
tonmHoi 150 MKM, KaXIbIl CIIOM KOTOPOM COCTO-
ST U3 TPEX MPOJOJBHBIX CJIOEB TBUIEBBIX YacCTHII.
W3mepeHHass cKOpocTh MBLIEBOTO 3ByKa B 2—3 pasa
MIpEBBIIIANIa CKOPOCTh 3ByKa NP KOMHATHOM TEM-
epaType M COOTBETCTBOBaJa CKOPOCTH 3ByKa B
CTPYKTYpE C IOJy4aeMOW IUIOTHOCTBIO IIBUIEBBIX
YaCcTHLI.

100 pm =

(a) (6)
Puc. 3. ®dparMeHTH XapaKTEpHBIX H300paKEHHH IBLICBOTO
obuaka (akcHaabHOE CeUeHre) B KPHOTSHHOM I1a3Me B BO3/IyXe:
B BbIcOKOuYacToTHOM (a) u Tieromem (0) paspsaax. Kpyxkamu
00BEICHBI KJIACTEPHI.

Puc. 4. ®parMeHT H306paKEHHs CIIOMCTHIX TBUIEBBIX CTPYKTYP
B KPUOI'CHHOII [U1a3Me B BO3ayxe B TieromeM paspszae (6) u BU
paspsize (a).

OKCIepUMEHTaIbHO OBIJI0O 00HAPYKEHO, YTO MPH
CaMOOpPraHM3alMK TUTa3MEHHO-TIBUICBBIX CTPYKTYP
(mpu ompeqeNeHHBIX pasMepax MBUIEBBIX YaCTHIl U
mapamerpax IUia3Mbl) 3HAYUTENBHYIO POJb HUIPAIOT
tepmodopeTrueckue cuibl [11, 12]. Mukpouacrtuiia
B T'a3¢ WM IUIa3Me C TPaJUECHTOM TEMIIePaTyphl HC-
MBITBIBACT JICHCTBUE CHIIBI, Ha3bIBAEMOU TepMOQo-
pETHYECKO# CUJIOH, B Cily4ae, KOTJa SHEPrusl Moj-
BOJIUTCS K YACTHIIC CPEIHUM TEIUIOBBIM JIBUKCHUEM
MOJICKYJI OKpy»Karomero rasza. TepmodopeTnyeckas
CWJIa BBI3BIBACT JIBUKCHHME YaCTHUIIBI OT OoJiee Terl-
JBIX K OOJiee XOJOJHBIM 00JacTsAM Ta3a, TO €CTh
BO3HUKAET MO/ BO3JCHCTBUEM TEMIEPATYPHOIO
rpaauenTa [13, 14]. C noMomp0 MpoIoasHOTO Ipa-
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JMeHTa Temreparypsl mopsaka 10 K/em mmst gactu
MHUKPOHHOTO pa3mMepa MOXKHO Pealn30BaTh JOBYIIIKH
HOBOTO THMa — TeroBsie [15]. B padote [15] mony-
yena nporsokenHas (30 cMm) mbelIeBas CTPYKTypa B
KPHOTEHHOM TICIOIIEM pa3psje, yIepKuBaeMmas B
DIIEKTPOCTATHYECKH-TEIJIOBOM JIOBYIIIKE B BEPTH-
KaJbHOM HaTpPaBJICHHH.

B mocaenyromux paborax Oblia moiaydeHa M ¥C-
cllefioBaHa KpPHOTEHHAs TbIIeBas Ia3Ma B TIICHO-
IeM paspsiie B Teiuu mpu temneparypax 77 u 4,2K
[16-19]. Monyuena [18] 3aBHCUMOCTh MEXYaCTHY-
HOT'O PACCTOSHHS OT TEMITEPaTyphl CTEHKH 7, pas-
psHOTO ycTpoiicTBa. KprorenHas meuieBas miasma
B PaJIMOYACTOTHOM pas3ps/c B TEIMU MPH TeMIepa-
typax 77 u 4,2K ucciaemosana B [20, 21], ruae npu-
BEJIEHBI DKCIIEPUMEHTAIBHBIE 3aBUCHMOCTH 3apsia
MBUIEBBIX YACTUI[ OT Temmeparypsl. OOHapy) eHO
YMEeHBIIIEHHUE 3apsia MeIIEBBIX YacTull eZ (Z — 3aps-
JIOBOE YHCIIO, € — 3JIEMCHTApHBIH 3apsi/l AIEKTPOHA)
NpU YMEHBIIIEHHH TEMIepaTyphl Trasa, HampuMmep
i yactun auamerpom 0,4 MKM MpH MOHWKECHHU
temrrepaTypsl ot 300 go 77K 3apsiix yMEHBIIUICS OT
1100 mo 600 e, w ;g dYacTHIl JUAMETPOM
0,75 mxm — or 1600 no 600 e, mpu NOHWKEHUU
temrepatypbl oT 300 no 4,2K coorBercTBeHHO. [lo-
KazaHo [22], uTo, Korma pasmep MBIIEBON YaCTHIIBI
CpaBHHUM C J1e0aeBCKUM paJnycoM, HEOOXOIMMO
YVYUTHIBATh KBAHTOBBIC YP(EKThI U MONAPH3ALUOH-
HBIE MEXaHW3MBI B MOJENSAX 3apsIKH IBIJICBBIX Ya-
ctuil. OGHAPYKEHHOE YMEHbBIIICHUE CTEIICHU 3apsi/-
KU TIBUIEBBIX YACTHII B TEIHEBO MIa3mMe 00BICHSCT-
csl KOHJIGHcanued renmusi ¢ oOpa3oBaHHEM ILICHKH
JKUJIKOTO TeJIHsI Ha TIOBEPXHOCTH YaCTHUIl. JTO SIBIIE-
HHUE OTPAHUYMBACT 3aPS/IKY TBUICBBIX YACTHUI] JICK-
TPOHAMH TUIA3MBI, TAK KaK TellieBas IUICHKA sSBIISIEeT-
Csl MAJIOTIPOHHUIIAEMOH ISl JJIEKTPOHOB [22].

Puc. 5. YnopsinoueHHsle kiactepbl (0OBeICHBI KpY)XKaMH) B
Heone mpu 7, = 89K.

B HeoHe KpHOTEHHYIO TBUICBYIO IUIa3My BIIEp-
BBIC IKCIICPUMEHTAIBHO MOJYYHIA TIPH TEMIIepary-
pe kunenus xxuakoro azora T = 77K [23]. O6napy-
KEHO, YTO PACCTOSHUSI MEX/Y MbUICBHIMU YaCTHIA-
MH, BHIBI U (OPMBI IBUICBBIX 00pa30BaHUI UMENN
CIIO)KHYIO 3aBHCHMOCTh OT TEMIIEPaTyphbl TSDKEION
KOMITOHCHTBI, JIaBJICHHS ra3a M MapaMeTpoB paspsi-



na. OxJaxAeHue NHUICBOW IUTa3Mbl MPHUBOAMIO K
YMEHBUICHHIO PACCTOSHHUS MEXKAY NBUICBBIMUA Ya-
cruniamu [24]. beutn oO6HapyxeHsl (a3oBble Tepe-
XO/Bbl M YIOPSOYCHHAs KIACTePU3aIMs IBUICBBIX
CTPYKTYp TIpH YMCHBIIEHHH TEMIIEpaTyphl Tas3a
(puc. 5, 6) [25-27].

[MonyyeHa 3aBUCHMOCTH PACCTOSHHS MEXIY IIbI-
JICBBIMH YaCTHUIAMH OT TEMIIEpaTypbl CTCHKH pas-
PSTHOTO YCTPOWCTBA B JAHMANa3oHE TEMIIEPaTyp
77-295K [24, 25] (puc. 6). M3mepeHHbIE MUHH-
MAaJIbHBIE PACCTOSIHUS MEKAY IBUIEBBIMU YaCTULAMH
(25-40 mkMm) 6mu3ku Kk 3HaueHUIO panuyca Jlebas.
[TpononbHBI TpagMeHT TeMIlepaTypbl, BO3HUKaB-
MU IPH OXJIAKACHUU TUIa3Mbl pas3psijia, TPHBOIHIT
K Pa3BHTHIO NPOJIOIBHBIX KOJIEOAHUH IBUIEBBIX da-
CTHII.
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Puc. 6. 3aBucumocThb paCCTOHHI/Iﬁ MEXKAY NbUIEBBIMU YacTHULA-
MU OT TEMIICPATypbl CTCHKH pPa3psaaHOTO yCTpOﬁCTBa (HeOH,

P = 0,63 Topp, | = 0,61 MA) u pasnuyHbie HAPaBJIECHUS CAMO-
OpraHU3alMH MBUIEBBIX CTPYKTYD.
800
B O Tennii, Tnerommii paspsa [16, 18, 19] O
700 X Bosuyx, mieomuii paspan [9, 10]
| ¥ Bosayx, paauouactoTHeIif paspsan [8, 9]
600 | O Heon, meloumii paspsx [23-25]
500 0]
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Puc. 7. PaccTossHUS MEXy MBUICBEIMH YaCTHIIAMH B 3aBHCAMO-
CTH OT TEMIIEpaTyphbl CTEHKH pa3psiIHOr0 yCTPOWCTBA, IOJIY-
YEHHBIE Pa3HBIMHU aBTOPaMHU.

Ha pwuc. 7 mokaszaHbl 3KCIepUMeHTaJIbHBIE JaH-
HbIE Pa3HBIX aBTOPOB 1O HM3MEPEHHUIO PACCTOSHUN
MEXIy TBUIEBBIMH YaCTUIIAMH B KPHOTEHHOH ILTa3-
M€ pa3HYHbIX Ta30B (BO3IyX, HEOH, I'eJHMi) U pa3-
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JUYHBIX TUIOB 3JIEKTpUUYECKOro paspsga. Bo Bcex
9KCTIIEPUMEHTax HaOII0aI0OCh YMEHbBLICHHUE PAacCTo-
SIHUI MEXIy TBUICBBIMH YacTULAMU C YMEHbBIICHU-
€M TeMIeparypsl ra3a (mpuHuMaeTcst paBHOH 7).

4. HEUAEAJIBHOCTb 1 ®A30BBIE
AUATPAMMBI KPUOT'EHHOH
[NBIJIEBOU ITJIA3MBbI

OCHOBHOW XapaKTEPUCTHKOW CHCTEMBI B3aMMO-
JIEHCTBYIOIIUX YaCTHUIl B TJIa3Me SBIISIETCS apaMeTp
HEUJCANbHOCTH, PaBHbIA OTHOLICHUIO MOTEHLUAJb-
HOW 3HEPruu KyJIOHOBCKOI'O B3aUMOJEHUCTBHUS MEXK-
Iy COCEAHUMH YaCTULAMU K UX CPEAHEH KUHEeTHue-
ckoit sueprum 1= (€Z)*/akT [28], rue eZ — 3apsina
TBIICBBIX YaCTHIY, & = Ng - — CpelHEE pacCTOsIHUE
MEXAY YacTUIlaMH;, Ny — KOHIICHTPAIUs IBUICBBIX
JacTull, 1 — KUHETHUYeCKas TeMIlepaTypa IbUIEBhIX
yactull; K — koncranra Bonpumana. J[ns mbLieBoi
KPUOT€HHOM IUIa3Mbl MapaMeTp HEUJEalbHOCTU MO-
’KET JOCTUTATh PEKOPIHO BBICOKUX 3HAYCHHUH (CBBI-
me 10°).

106

10°

104

102

mzr..p
0 1 1 1 1 1 1

Puc. 8. O6nacTu cyiiecTBOBaHMS MBLUICBOH II1a3Mbl Ha (azoBoit
JUarpaMMe CUCTEM C SKPaHHPOBAHHbBIM KYJIOHOBCKHM ITOTCHIIU-
anoM Ui paspsanoB B pasHbIX raszax: 1-5 — omenku skcmepu-
MeHTanbHbIX AaHHbiX [8-10, 15] mms Bo3myxa; 6-8 — ouenku
OKCIIepUMEHTANBHBIX maHHbix [18, 19, 28, 34] mnst remus;
9-11 — OLEHKH DKCICPUMEHTAIBHBIX JTaHHBIX [23-27] nust He-
oHa; 12-14 — gyycieHHBIN pacyeT TpaHHMI] IIepexosa MexIy ¢a-
3amu [33].

BonpmMHCTBO T€OpH, OMUCHIBAOIIMX IBUIEBYIO
jaasMy, HUCIOJB3YHOT MOICIIb B3aHMOH€ﬁCTBHH
MEX]ly 4acTUIlaMH, TJI€ 3TO B3aUMOJEHCTBHUE OIpe-
ACIECTCA NOCPEACTBOM HM30TPOIMHOI'0 3KPpaHUPOBAH-
HOTO KYJIOHOBCKOTO TmoOTeHIHana Jlebas-Xiokkemns
U = (e2)’exp(-K)/a mo paccrosanii (3-5)Ap, KOTO-
pbIC Ha6J'IIOI[aIOTCH B IJIa3ME MCXKAY MNBUICBBIMU Ya-
crunamu [28] (K = a/Ap — mapameTp sKpaHHpOBa-
HUsl, Win Oe3pa3MepHbBIl CTPYKTYpHBIH Hapamerp;
Ap — mebaeBckas aauHa). [t SKpaHUPOBAHHOTO KY-
JIOHOBCKOTI'O IMOTEHIIMAJIA MapaMETp HECUACAIIbBHOCTU
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[MTapameTphbl MBLICBOH MIIa3MbI B TICIOIIEM pa3psiie B refud (Ha3BaHUEe CTPYKTYP B3STHI U3 LIUTUPYEMBIX padoT)

IIeineBsle CTPYKTYpBI T, K Api, MKM z a, MKM HcTtounuk
AnmzoTpornHble  Kpuctayumueckue u3 | 300 40 - [28]
BEPTUKAJIBHO OPHUEHTUPOBAHHBIX LEMO- 60-80 - 500-750 [18]
YEK YaCTHIL] 293 37 3701, 6558 [19]
XaoTHUECKHU ABUTAIOLIMECS YACTUIIBI 300 - - 250-300 [34]
YHopsio4eHHbIe [ENOYKH YacTHll, OpH- 20 - [28]
SHTUPOBAHHBIX B BEPTHKAILHOM 30-40 - 200-250 [18]
HAIPaBJICHAH 77 21 2752 [19]
[{unuHapuyueckoe MblIeBoe 00Nako ¢
MOBEPXHOCTHBIM HATSHKCHHEM 77 15 - 20 [34]
Bubpupytomast chepa 4,2 4 - a~Api=4 [28]

- <20-30 [18]
C BHHTOBBIM BpAIllEHHEM 4,2 3-4 - 10 [18]
C BUXPEBBIM JIBUKEHUEM 4,2 3-4 2009 30 [19]
Bpammarormasicst cdepa 42 4 20 5-6 mpu

(a/hoi)a2x = (& hoi) 77k [34]

[/ p 3anuceIBaeTCs ¢ KYJIOHOBCKOM IONPABKOM, ydu-
TBHIBAIOIIEH, YTO B3aMMOJCHCTBHE MBIJICBBIX YACTHII
JIpyr ¢ JPYroM oclaOJeHO SKPaHUPYIOUIUM Jei-
CTBHEM TMPUTATHBAIONIMXCS K OTPULATENBHO 3apsi-
’KEHHBIM ITBUICBBIM YaCTHIIAM HOHOB, U /b= [ oxp(-K)
[29], xoTopbIi I KPUOTCHHOM MBUICBOI IIa3MBbI
cocrapister BemmuuHy ~ 10°—10°. CrbHOE Mesxda-
CTUYHOE KYJIOHOBCKOe B3ammojetictBue / > 1 mo-
KET NPHUBOAWTH K 0Opa30BaHHUIO YNOPSIOYEHHBIX
MBIJICBBIX CTPYKTYP — KYJIOHOBCKHX JKHIKOCTEH, a
npu [” > 106 — KyJnoOHOBCKHX KpuCTaioB [28].
CBoiicTBa TaKMX CHUCTEM HCCIEIOBAHBI METOJAMHU
YHCJICHHOT'O MOJICIIUPOBAHHUS, U3 PE3yJIbTATOB KOTO-
poro cienyer, uro (a3oBble MEPEXObl ONMpeess-
I0TCs ABYMs1 Oe3pasmepHbIMU nlapamerpamu — I u K
[30-32]. TIpumepHEBIe 00IaCTH, 3aHUMAaEMBIE KPHO-
TEHHOW IBbIIEBOH IIa3MOM U MBLIEBOH MIa3MOM IIpU
KOMHATHOM TeMIepaType, MoJNyuYeHHbIC HAMU MyTEM
OILICHOK MO SKCHEPHUMEHTAILHBIM JIAHHBIM Pa3HbIX
aBTOPOB, M JaHHBIC YHCICHHBIX PacueToB Mexdas-
HBIX TpaHull, B3sATbIe U3 padotsl [33], HaHEceHBI Ha
(a3oByI0 IHArpaMMy MbIICBO# Ma3Mel (puc. 8).
Ob6nactu 1-5 modydeHbl B pe3yibTaTe OLEHOK
napaMeTpoB MBUIEBOW MJIa3Mbl MO Pe3yJbTaTaM dKC-
nepumentoB [8-10, 15] B Bo3ayxe: 1 — Tneromuit
paspsa mpu /7K (mis dactMip B KiacTepax);
2 — tneromuit paspsan npu 7 7K; 3 — Tnerommii pas-
psan mpu 295K; 4 — BY pazpsn npu 77K; 5 — BU
paspsn npu 295K. [l pe3ynsTaToB, IOMTYYCHHBIX B
TeNIMEeBOM TIIa3Me, XapakTepHbl CHIIBHBIH pa30opoc
npeaiaraeMbIX apaMeTpOB U Pa3IMUHbIC OIMHCAHUS
HAOJIOIAEMBIX TBUIEBBIX CTPYKTYp (CM. TaONHILy).
[TosTOMYy TTapaMeTpsl 171 OCTPOCHHMSI o0racTelr 6—-8
MBIJICBOM IUIa3MbI JJIsl TIICIOLIETO pa3psiia B TelUH
BBIOpaHBl TaK, YTOOBI ATH 00JacTH MEHee BCEro
MPOTHBOPEYMIIA OMHCAHHUAM (Ha30BOTO COCTOSHHUS
[18, 19, 28, 34] oTHOCHTENBHO (hA30BOM THATPAMMEL
no paHHbiM [30-32]. O6nactu 6-8 moctpoeHsl 1O

SKCTIIePUMEHTANIBHBIM JaHHBIM U3 padot [18, 19] ¢
Y4ETOM pacueTa 3aps/ia MbUIEBBIX YacTUI] U3 pabOoThI
[19] u ouenox u3 [18] s Ap Ui SKCIEPUMEHTOB B
TieromeM paspsae B rexun: 6 — nmpu 300K; 7 — npu
77K; 8 — npu 4,2K (cM. Tabmuiy). Ob6mactu 9-11
MOJYYEHBI B pe3yJIbTaTe OLICHOK MapaMeTpOB IbLie-
BOW IUIa3MBl 10 pe3yJbTaTaM HKCIIEPUMEHTOB
[23-27] B Tnetomem paspsne B Heone: 9 u 11 — mpu
295 u 89K cootBerctBenno, 10 — npu 89K mist ya-
crui B kinacrepax. 12 [30], 13 u 15 [31], 14 [32] -
YHCJICHHBIH pacyueT IpaHul] Iepexona Mexnay ¢asa-
mu, tae bee (body-centered cubic) — TBepaas dasa ¢
00BEMHO-IICHTPUPOBAHHON KyOMYeCKOW pemeTKoH,
u fcc (face-centered cubic) — TBepnas dasa ¢ rpane-
IEHTPUPOBAHHON KyOwWueckoit pemeTrkoit. U3 mua-
rpaMmbl (puc. 8) BHIHO, YTO B KPUOTECHHOM IbLIC-
BOU IUIa3Me Peau3yI0TCsS PEKOPJHO BBICOKUE Mapa-
METpPbI HeUIeaTbHOCTH. B 3TOM citydae MeX4acTHd-
HOE B3aMMOJICHCTBUE, IPUBOAAIICE K CTPYKTYPHOMY
YIOPSIOYCHUIO, HAa TOPSIKH MPEBOCXOJHUT paspy-
IIAIOIee CTPYKTYPY TEIUIOBOE JBIIKCHHE C Xapak-
TepHoii sHeprueii KT.

Ha puc. 9 npuBeseHa aumarpamMMa COCTOSHHS
KPUOTE€HHOM MBIJIEBOM IJIa3Mbl B TJICIOLLEM pa3psiae
muamerpoM 16,5 MM B HEOHE MpH TeMIeparype
T = 89K B amanazone gasnenuit P = 0,14-1,4 Topp
mpu Tokax pazpsma | = 0,01-3,2 MA, e moka3zaHbI
o0mactu (pa30BBIX MEPEXOJ0B B MBUIEBBIX CTPYKTY-
pax [23]. O6HapykeHo, 4TO CTPYKTypHbIe (ha30BbIe
HepPEeXObl yMOPSTOYCHHBIC KIACTePbl — OAHOPO-
HBIC CTPYKTYPBI» OMPEACISIOTCS B OCHOBHOM JaB-
JICHHEM T'a3a, a IUIaBJIeHUE CTPYKTYp, COCTOSIINX U3
KJIaCTEPOB, U Pa3pyIICHHE KIaCTEPOB HAOIIOIAIOTCS
OpU YBEIMYCHUU PA3PSIHOTO TOKa, TO €CTh HPHU
YBEIMYCHHH DHEPrOBKIIA/IAa B IUIa3My, COMPOBOXKIA-
IOIIEMCsl HArPEeBOM Ta3a M YBEIMUCHUEM 3apsia IIbl-
neBBIX gactuil [24-27] (puc. 9). DKclepuMeHTaIBHO
HaOJII0AaI0Ch, YTO OT TeMIIepaTyphl ra3a TaKke 3a-



BUCHT HAalpaBIeHUE CTPYKTYpHBIX I€PEX0J0B
TUIa3MEHHO-TIBIICBBIX 00pa3oBaHusx [24-27].

I'panuua nepexoja K HopMalbHOMY Tietomemy paspaay (1T=89 K)
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Puc. 9. lnarpamMmma cocTOSHUSI KpUOTEHHOW MBIICBOM IJIa3MbI B
Heone npu 89K B TieromieM paspsae auameTpom 16 M.
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Puc. 10. Pactipenenenust paanaisHON KOMIIOHEHTHI SJIEKTpHAYe-
ckoro nons npu Toke 0,5 MA, maBnenun Heona 0,35 Topp u
Pa3INYIHBIX 3HAYECHHUAX KOHIICHTpaIHi MHUKPOYACTHI]
(nd-lO5 om®1-0;2-24;3- 3,8) Ha ocu paspsina.

5. BJIMAHUE ITbUJIEBBIX YACTULL
HA XAPAKTEPUCTUKU ITJIA3MBI

Bormpocsr BIusSHNS TBHUIEBBIX YaCTHIl HA IOJIO-
JKUTEBHBIA CTOJIO TICIOMIETO pa3psga HpU KOM-
HAaTHOW M KPHOTCHHOW TEeMIIepaTrypax paccMOTpe-
HBI, HampuMmep B paborax [35-37]. OGHapyxeHO,
YTO YBCJIMYCHHUEC INIOTHOCTU NBUICBBIX YaCTHUIl IIPU-
BOJAWT K WHBEPCHUU PAJAMATBHOTO JJIECKTPHUSCKOTO
TI0JI. ¥ BO3HUKHOBEHUIO YIUIOTHEHUS YaCTHII BOJIH-
3W TPAHUIIBI MBUIEBOI CTPYKTYPHI, KOTOPOE BBHI3BA-
HO JICHICTBHEM DIICKTPUYECKOM CHUIIbI, HAIlpaBIICH-
HOM OT ee LeHTpa. JTa Cuja, HallpaBJIeHHAs U3 TIbI-
JICBOM CTPYKTYphl Hapy»Ky, COBMECTHO C CHJIOU
AJIEKTPUYECKOTO TIOJIsA, HANpPaBIEHHOH K IEHTPY
MBUICBOW CTPYKTYPBI, YACPKHUBACT U CXKHUMACT I10-
CIICIHIOI B paauanbHOM HampasieHuu (puc. 10) u
MOBBIIACT IJIOTHOCTH NBLJICBBIX YaCTUI[ HA €€ I'pa-
Hure. C yBelIMYCHHEM KOHIEHTPAIUU TBLIICBBIX
YaCTHUI[ KOHIIEHTpaIUs 3JEKTPOHOB B 00NacTH, 3a-
MTOJTHEHHON THUIEBBIMH YaCTHIIAMH, YMEHBIIAETCS.
ITeuteBoe 00J1aKO ¢ KOHIIEHTpaIuell MUKPOYACTHIL

46

Ng = 3,8:10° cm® cHIDKaeT paBHOBECHYIO KOHIICH-
TPAaIMIO 3JICKTPOHOB HA OCH pa3psiaa Oosee yeMm B 3
pasza, B pe3yJbTaTe 4ero HaAnpsHKEHHOCTh MPOJIOIb-
HOTO DJIEKTPUYECKOTO TIOJISI Bo3pacTaer Ooyiee 4em
Ha 50% [36].

Teopus Tieromero paspsjaa Mpu HU3KUX JaBlie-
HUSX U KOMHATHBIX TeMIIepaTypax raza moKa3blBaeT
cnabyIo 3aBHCHMOCTh €r0 CBOMCTB OT TeMIIepaTyphl
ra3a npu COXpPaHCHHWU IUIOTHOCTH, TOTJa Kak MpU
mepexo/ie K KpUOTEHHBIM TeMIIepaTypaM dIEKTPH-
YECKHE XapaKTePUCTHKH TaKOTO pa3psAna, Kak yKa-
3BIBAJIOCH BHIIIE, IIPETEPIICBAIOT B PsJC ra30B CyIlle-
cTBeHHbIe M3MeHeHus [1, 5]. Peus umeT B mepByro
odepeslb O pPOJI METacTaOMIBHBIX aTOMOB, KOTOPBIE
NpH HHU3KUX TEMIIEPATypax SBISIOTCS JIOTIOIHH-
TEIbHBIM WHTCHCHBHBIM HMCTOYHUKOM CBOOOJHBIX
AJIEKTPOHOB, KOMITIEHCUPYIOIINM WX THOETh B 00be-
Me IUIa3Mbl U Ha CTEHKax Pa3psaHOTO YCTPOMCTBA.
OTH NONOTHUTEIBHBIE 3JCKTPOHBI, H3MCHSSI TOTOKU
B TIBUICBBIE YAaCTHUIIBI, U3MEHSIOT HX 3apsi, TeM ca-
MBIM BJIHSIFOT Ha MapaMeTp MEeXYaCTHIHOTO B3aW-
MopeiicTBus. OnHOBpeMEeHHO yMmeHblieHue auddy-
3MOHHOW THOENM YacTHll, CBI3aHHOE C YMCHBIICHH-
€M TeMIIepaTypbl, W YBEIHYEHHE KOHIEHTPAIIUU
CBOOOJIHBIX 3JIEKTPOHOB MOTYT HPUBOJIUTH K CYIIE-
CTBEHHBIM H3MCHEHUSM HANPSIKCHHOCTH DJICKTPH-
YEeCKOTo TOJISl B pa3psijie, 9TO B CBOKO OYepeab MpH-
BOJWT K W3MEHEHHWIO TEeMIIepaTyphl 3JEKTPOHOB W
COOTBETCTBCHHO K M3MCHCHHIO MOHU3AIMU B ILIA3-
MeHHOM oObeme. VI3MeHeHue mapamMeTpoB OHOBOU
IJIa3MbI BIIEYET 3a 000 M3MEHEHUEe CBOUCTB obOpa-
3VIOIINAXCS TBUIEBEIX CTPYKTYP ((ha3oBBIe MEPEXO0 bl
W Tp.) U HAMpPAaBJICHHUS MPOIECCOB MX CaMOOPTaHU-
3anuu. llpm »TOM mocnenHee BiedeT HW3IMEHEHHE
CBOWCTB (hOHOBOM TUIA3MBI (IJIEKTPUUECKOTO ITOJIS,
KOHIICHTpAIIMK 3apsHKCHHBIX YACTHII, TEMIIEPATypPhl
JJICKTPOHOB, (YHKIIMH pacmpeneNieHuss u Tp.)
[35, 36]. B aT0if B3aNMOCBSI3H MIPOIIECCOB 3aKIIFOYa-
eTCs CHHEPreTHYHOCTh MbUIeBOW 1uia3Mbl  [35].
HanpsokeHHOCTP  TIPUBEIEHHOTO — AJIEKTPHUYECKOTO
monst E/N sBrsieTcss oHOM M3 BaKHEHIINX XapakTe-
PHUCTHK IIJIa3Mbl, KOTOpas OIpeJNeNseT BEIUYHHY
AJICKTPOHHON TEMIEPaTypbl U COOTBETCTBEHHO HH-
TEHCHUBHOCTh HOHH3AIIMOHHBIX MIPOIIECCOB B ILIa3Me.
N3yveHne M3MEHEHHUS 3JCKTPUYECKOTO TOJS B IIbI-
JICBOM TIa3Me — BAXKHBIN MHCTPYMEHT B HCCJIEIOBA-
HUU CBOMCTB NBUJICBON IIa3Mbl M aHAJIM3E TPOIIeC-
coB ee camoopranmsaiuu. B pabore [38] paccmar-
pUBaJIOCh MOBEAEHUE MPUBEACHHON MPOJOIBHOMN
HANPsHKEHHOCTH dyiekTpudeckoro mois E/N B 3aBu-
CHMOCTH OT TOKa paspsiia W TeMrepaTypsl raza. O6-
HapykeHo yMeHbiieHne E/N B MOMOXHTEIHHOM
cTonbe paspsiaa Npy YBEIHYCHUH OOIIEro HampsiKe-
HUS Ha paspsjie NpH oxXJaxaeHun raza. Okasaiocs,
YTO OOJIACTH CYIIECTBOBAaHUS YIOPSIOYEHHBIX Kila-
CTEPOB U CTPYKTYPHOTO IEPEX0/1a XapaKTEPU3YyIOTCS
0oJiee BRICOKUMU 3HAYEHUSIME TPUBECHHON HAIpS-



YKEHHOCTH IIPOJOJIBHOTO 3JIEKTPUYECKOTO OIS, YEM
00JIacTH X IUIaBJICHUS W 00JacTH mepexona K of-
HOPOJHBIM CTPYKTYypam.

6. TEXHOJIOTMYECKUE ACIIEKTBI
HPUMEHEHWA KPHOT' EHHOU IIJTABMBI
C I[IBJIEBOU KOMITOHEHTOU

HccnenoBanne meleBOi MIa3Mbl IPH OXJIaxIe-
HUM [0 KPUOTCHHBIX TEMIIEpaTyp IPEACTaBISET
(yHIaMeHTanbHBI HMHTEpec A (PU3UKK HHU3KO-
TEeMIIEpaTypHOH IUIa3MBl C TOYKU 3PEHUS U3yUCHHS
CHIIbHOHEHICabHbBIX cucTeM [28] u Gusuku HykIe-
arnmu [39]. Kak oTMeuanoch Bbillle, CBOHCTBA IbLIe-
BOH IJIa3Mbl BO MHOT'OM OIPEAENSIOTCS BETHYHHOM
napamerpa HeuzgeanbHOCTH. OXNaxIeHHe NbLIEBOU
IUTa3Mbl 0 KPUOTE€HHBIX TEMIIEPaTyp HPUBOIUT K
YMEHBIICHUIO TEMIepaTypbl TSOKENBIX YacTUI] H
paccTosHUM MEX1y IbUIEBBIMU YaCTHLIAMH, a TaKXKe
K 3HAYUTEIbHOMY YBEIMUYCHHIO HEUACAIBHOCTH
mwiasmbl [8]. [lnazsmMoxumuyeckue MpOIEecChl MpU
TOMOTCHHOW HyKJI€alllH, MPUBOAALINE K oOpa3oBa-
HUIO TBUIEBOM IUIa3Mbl, WIM T'€TEPOreHHON HyKiea-
UM TpH ra30o(a3HOM OCaXICHUU CTUMYJIMPOBAH-
uoit wiasmoit (PECVD), noguuHsroTCs TepMOIMHA-
MHYECKOMY MPUHIMITY HOABHKHOTO paBHOBecus Jle
[[Tatenbe—bpayHa. I'paHuila paBHOBECHS MEXITY
CHHTE30M TPOJYKTOB PEAKIUU U HX PaclaJoM HOJ-
YUHSETCS TeMIIepaTypPHOH 3aBUCHUMOCTH. 31€Ch HC-
KJIIOYUTENbHO BaKHBI (yHAAMEHTalIbHas M IIpU-
KJIaJHasi CTOPOHBI BOTIPOCA, CBSI3aHHBIE C KWHETUKOM
¢azoBoro nepexona. [Ipoueccs! azoBoro mepexoaa
MEPBOro0 poAa HAYMHAIOTCS C BOSHUKHOBEHUS KpH-
THUYECKOI'0 3apoAblllia HOBOW (a3bl, U3yUECHUE pas-
BUTHS KOTOPOTO SBJSIETCS OCHOBHOHM (yHIaMeH-
TaNbHOM 3amaueil B Qu3uke Hykieanuu. KuHernka
PasBUTHS 3apoAblllla ONpPEAEsIeT XOA IPOLECCOB
arjoMepalyy 1 pacraja KJIacTepoB, YTO BaXKHO MPH
pa3paboTKe TEXHOJOTHH, HCIOJB3YIOINX peryJu-
PYEMYIO KOHACHCALUIO IPU HAHECEHUH KIIACTEPHBIX
U HaHOMOKPBITUH. 31ech HEOOXOIMMO YIIPaBISATh
CKOPOCTBIO HYKJICAIMH, TIOCKOJIbKY OHa OKa3bIBaeT
BIMSHUE Ha BHUJI (DYHKIMHU paclpeleseHus Mo pas-
MepaM OCAXAAIOIIMXCA KIAacTepoB M, KakK Ciel-
CTBHE, Ha XapaKTEPUCTHKH MOTYYaeMOTO TOKPBITHS
WM BBIPALICHHOW MUKPOYACTUIIBI.

OKCHEpUMEHTAIIBHOE IOJATBEP)KICHUE 3aBUCH-
MOCTH KWHETUKH HYKJICAIIMd B TOMOTE€HHBIX XHUMHU-
YEeCKHX PeakUusIX B IMBUICBOHM IU1a3Me MpH Hpolec-
cax IUIa3MOXHMMHMYECKOTO CHHTE3a HAHOYACTHL[ OT
TEMIIepaTypsl rasa mojaydeHo B paborax [39, 40].
3n1ech u3yyanach KWHETHKa TOMOTEHHON HyKJIealuH
KpEMHHUS ¥ 00pa30BaHUsI HAHOYACTHL KPUCTAJITHYe-
CKOTO KPEMHHS IpH IUIa3MEHHO-XUMHYECKOM Da3-
noxeHun cmecu cuiana (Ar/SiH;) B pagmoyactoT-
HOM pa3psiic TIpM HM3MEHEHHMH TeMIepaTypbl rasa.
Hauano BpemeHu 3apobliieoOpa3oBaHUsT KPEMHUS

MPUHATO 32 HMHJUKATOP Pa3BUTHUS KUHETUKU TIpU
W3MEHEHUH Ta30BOi Temmeparypsl. [lokazaHo, 4to
YBEIUUCHHUE TEMIIEPaTyphl ra3a MPUBOIAUT K IKCIO-
HEHIMAJILHOMY 3ala3/IbIBaHui0 Havana (azoo0pa3o-
BaHUS. YMEHbIIIEHNE TEMIIEPaTyphl 1 COMPOBOXKIA-
eTCsl YBEIMUCHUEM pajyca YacTHIl HUTPOMETAaHa,
SIBJISTFOIIIMIXCSL 3apOABIIIIAMU KPUCTAIIU3AIUNA KPEM-
HUsl. DTOT pajinyC 3aBUCHT OT TEMIIEPATypbl, Kak
1/T, 49ro mpencKa3aHoO B COOTBETCTBHH C TEOpHEi
TOMOTEHHOW HYKJICAIlUH, U OBICTPO YBEIUYHBACTCH,
KOrjla ra3oBas Temmeparypa craHoBurcs Huxke 0°C.
Takoil xapakTep 3apOJbIIIC00pPa30BaHUsI COOTBET-
CTBYET TEOPHWH HYKJICAIMH TICPCHACHIICHHBIX CH-
CTeM, I'/ie KpUTHUECKHUI painyc COOTBETCTBYET MaK-
CUMaIIbHOMY CBOOOJHOMY TEIUIOCOACPKAHUIO, U
YBEITMIMBACTCS, KOTJ]a TEMIIEpaTypa YMEHBIIACTCS.

B cinywae oxnaxmeHus paBHOBECHE IPOIECCOB
CHHTE3a U pacmaja CMEUIaeTcsl B CTOPOHY yBeJIHUYe-
HUS BBIXOJIa MPOJIYKTOB CHHTE3a, YTO TaK)Ke HaOJIro-
JTaeTCsl TPHU YBEIWMYCHUU IABJICHHS. DTO CBA3aHO C
YBEJIIMYCHUEM TUIOTHOCTH Ta3a MPH MOHUKCHUU €ro
Temnepatypsl. [loaToMy uccnenoBaHue, Hampumep,
MPOIIECCOB TIA3MOXUMHIECKOTO CHHTE3a MIPH KPHO-
TCHHBIX TEMIIepaTypax SBISCTCS BEChMa IEPCIICK-
TUBHOW (pyHIaMEHTaIbHOHN 3a7jaueil, MOTEHIMAIHLHO
BKJIFOYAIOIIe B ce0s1 MHOYKECTBEHHBIE TE€XHOJIOI'H-
YeCKHe acmeKThl. Hampumep, B TEXHOJOTHUSX MOIY-
YeHHUsST OPUCHTUPOBAHHBIX TMOKPBITUH, TIe HEOOXO-
JIUMO YIIpaBIIeHHE MIpolleccaMy KOHJeHcauu: oopa-
30BaHUs 3apojbliieii HOBOM (ha3bl M pOCTa KiacTe-
poB. YmpaBlieHHE CKOPOCTHIO HYKIJICAlUU MO3BOJIUT
MONTy4aTh HEOOXOMUMBIA pa3Mep OCAKIAIOUINXCS
KJIACTEPOB M YIIPABIIATH IPOIIECCAMU MX arjomMepa-
MY, YTO COOTBETCTBEHHO OYIET 3aJaBaTh HEOOXO-
JIUMBIC XapPaKTEPUCTUKU TOIYYaeMbIX MOKPBITHIA U
CBOICTBAa CHHTE3UPYEMBbIX MHUKpouactull. M3meHe-
HUEM TEMIIepaTyphl TAK)KE MOXXHO U3MEHATH (a3o-
BBIC COCTOSIHHS TOJTy4aeMbIX MMOKPBITHH, HAPUMEP
B PECVD mpoueccax TeTeporeHHOTO OCa)IeHUS
aMOp(HBIX KPEMHHUEBBIX M YTJIEPOJHBIX IMOKPBITHI
[41].

[TonydeHnue OMHOPOMHBIX THUOO OPUEHTHPOBAH-
HBIX MMOKPBITUH HEOOXOMUMOW TOJIIUHBI, HAIPUMEDP
Ha TIBUIEBBIX YaCTUIAX, U pealn3anus MaKCHMab-
HOTO BBIX0JIa TIOPOIIIKOBBIX MAaTEPHAJIOB C 3a/1aHHEI-
MU TOBEPXHOCTHBIMU CBOMCTBAaMH 3aBHCAT, B 4acT-
HOCTH, OT TEXHOJOTMYECKU AOIMyCTUMOW KOHIICH-
Tpalyy THUIEBBIX YaCTHUI[, 3aBUCAIONINX B PEaKIly-
OHHOM 00BEMe, KOTOpas OIpeNeNsieT BO3MOXHOCTh
OJTHOBPEMEHHOTO HAaHECEHUS TIOKPHITHI Ha MHOXE-
CTBO MHUKPOYACTHII. ITa KOHIICHTPAIUS 3aBUCUT OT
MPOCTPAHCTBECHHON (HOPMBI IIa3MEHHO-TIBUICBOTO
obOnaka ¥ 3a/laeTcsl CpelHell IIOTHOCTHIO YaCTHII,
KOTOpas 3aBUCUT M OT TeMIlepaTyphl ra3a. M3mene-
HUAC TEMIIEpaTyphl PEakIUOHHOTO 00bheMa, HaIpH-
Mep OXJIAXKIACHHE O KPUOTEHHBIX TEMIIEpaTyp, Mmo3-



BOJISIET YIPABISATH TUNIOTHOCTBIO YaCTHIl B IBUIEBBIX
cTpykTypax [42].

Taxum oOpa3om, mbIIeBas IIa3Ma MOXET OBITh
UCIIONIb30BaHA JUIS pealM3aliii TPUKIAIHBIX 3a/ad
B Pa3IMYHBIX OOJNACTAX TEXHHKH U TEXHOJOTHH.
Hampumep, 11 m1a3MOXMMHYECKOTO CHHTE3a dYa-
ctull (C YHUKaJIbHBIMH (DU3UUSCKUMH CBOWCTBAMH),
B oOnactu HaHoTexHojoruit [39, 43] u mMukpossiek-
tpouuku [41, 44], a Tak)Ke HAHECCHUS OPUEHTHPO-
BaHHBIX TOKPEITHIT [44-48].

3AK/IIOYEHUE

HccnenoBanue KpUOTEHHOW MBUICBOM ILIa3Mbl
ABIACTCA NEPCIECKTUBHBIM HaIllpaBJICHHUEM UIA pAda
pasnenoB (GpyHIAMEHTaIbHOW W TMPUKIAJHOW (pu3u-
ku. Ou3nyueckue MpenrnochUIKY, OIpeneIsieMble pe-
3yJIbTaTaMH U3Yy4YCHUA KpHOFeHHOfI IJ1a3MBbI U IIBLJIC-
BOH IJIa3MBl B KPUOTEHHBIX Ta30BBIX pa3psaax, Ja-
I0OT OCHOBaHHWE JUIsI UX BO3MOXKHOT'O NPUMEHEHHS B
JIOCTATOYHO Ba)KHBIX OOJIACTAX, B MEPBYIO OYepenb
HCIOJIB3YIOIINX HAHOTEXHOJIIOTHYECKHE ITPOIIECCHI.
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Summary

The main achievements in the field of cryogenic dusty
plasma research and the review of the status of the study
in this area are represented. The features of the cryogenic
gas discharge plasmas affecting the self-organization pro-
cesses of dust structures in dusty plasma are considered. It
is shown that the study of cryogenic dusty plasma is a
promising direction for a number of branches of funda-
mental and applied physics, including application in nano-
technologies.

Keywords: dusty plasma, cryogenic temperature, clus-
ter, plasma-chemical synthesis, nanoparticle, nanotech-
nology.
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B3aumoneiicTBue MOPUCTHIX MaTepHaIOB C BIla-
O 9acTO MPOUCXOIUT IO/ BIUSHHEM DJIEKTpUYe-
CKUX TOJIEH MPHUPOAHOTO W MPOMBIIIIEHHOTO MpO-
UCXOXkAeHus. MaccooOMeH Kak B NOPHCTOH cpene,
TaK U Ha MOBEPXHOCTH TBEPJAOTO Tella OMpe/eIsieT
KHHETUKY MHOTHUX TEXHOJOTHYECKHX IPOIECCOB.
Heoanoponuoe anextpudeckoe mojie (HOIT) moxer
CYIIIECTBEHHO BIIMATH Ha TUHAMHKY MaccoOOMeHa B
KamUIAPHO-TIOPUCTBIX TENax 3a CYET CHIIOBOTO
BO3/ICHCTBHS HAa MUKPOOOBEM JKHIKOTO JAUDIICKTPH-
Ka M JUIOJBHBIE MOJEKYJbl mapa. B uactHocTH,
MIPUMEHEHHUE DIIEKTPUYECKUX TIOJEH SIBIIACTCS Iei-
CTBEHHBIM METOJIOM HHTEHCU(UKAIIMH Tpolecca
KOHJICHCAllUM TapoB KaK OUAJIEKTPHYECKHX, TaK M
AIEKTPOTIPOBOAIINX KHUIKOCTEH, BKIIOYAs BOJY,
YTO OTKPHIBA€T BO3MOXKHOCTBH TIOBBITIEHHUS dDdek-
TUBHOCTH  pabOThl  3JEKTPOTHAPOINHAMUYECKUX
TeHepaTOpPOB 3a CUET MCIIOB30BAaHUS aTMOC(epHOU
Braru. OcoOeHHO 3aMETHO BIHUSHHE DJIEKTPHYECKO-
'O MOJISl Ha YKHUJKYIO ¥ Ta30BYI0 (as3bl IpH IMOBHIIIIE-
HUM €r0 HaNpsDKEHHOCTH W HEOAHOPOTHOCTH: B Ta-
KHX YCIIOBUSIX HEOAHOPOIHOE TOJIE BHI3BIBACT HH-
TEHCHBHOE AMCIEPrHPOBAHHME KHIKOW TUICHKH |
M3MEHEHHE ee TOJIIHHEI [1, 2].

[TonTBepkaeHHEM STOTO SIBISIFOTCS PE3yJIBTAThI
MOJIETHHBIX HCCIIEIOBAaHUH MacCOOOMEHa B KaIlWiI-
Nsipax, 3amoHEHHBIX JKUIKOCTHIO HE TIOJHOCTBIO.
VYcranoBneno [3], uto B o0xacTu OOJBLIMX TpajH-
€HTOB JJIEKTPUIECKOTO TOJI CMadMBAIOIIAs TUICHKA,
KOTOpasi MOKPHIBAET CTCHKH KaIMJUISIPOB, CTAHOBHT-
csl HepaBHOBeCHOH. BosHukarome ¢uykTyanuu ee
TOJIIIMHBI TMPUBOIAT K CMBIKAHHIO XKUAKOCTU. [lpn
9TOM HaOJIOAAeTCs AIEKTPOMHIPALMs HepaBHOBEC-
HBIX IUIEHOK M CTOJIOMKOB KaNWUIAPHOH KUIKOCTH
B 005acTh OOJBIIEH HEOTHOPOAHOCTH TOJs. TakuMm
00pa3zoM, MOTYT OBITH CO3/IaHBI YCJIOBHS, 00eCIIeun-
BAIOIIME TMOJTSITUBAHUE YXHIKOCTH K TOBEPXHOCTH
JUCIIEPCHOTO MaTepraa, YTo MO3BOJISAET IPUMEHSTh
HOII ans pa3paboTky ¥ COBEPIIIEHCTBOBAHUS METO-

JIOB yIaJIeHWsl BIIaTH, HE CBSI3aHHBIX C ee mpeobpa-
30BaHUEM B ITap.

Jns  onmcaHWs HECTalMOHAPHBIX IPOIIECCOB
TEIUIOMACCOIIEPEHOCa, KaK WM3BECTHO, CIIy)KaT CH-
creMbl TU(GEpEeHITUATBHBIX yYpaBHEHUH C y4eToM
OCHOBHBIX 3aKOHOMEPHOCTEH TEPMOJMHAMUKH HE-
oOparuMbIx mponeccoB. [IpakTuueckue pacueTs
COTIPSKEHBI 37IeCh C OOJBIIUMHU TPYAHOCTIMH, 00Y-
CJIOBIIGHHBIMH  HEJIMHEHHOCTRIO muddepeHnnas-
HBIX YpaBHEHH, a TaK)KE OTCYTCTBHEM HAJCIKHBIX
JIAHHBIX TIO0 TEIUIOBJIAYKHOCTHBIM XapaKTEPHCTUKAM
n (azoBeM mepexomam. IloaTomy mns mccmemoBa-
HUSI 0COOCHHOCTEH MeXaHW3Ma MaccooOMEeHa B IIO-
PUCTO cpefie BBIOMPAIOT KANWJUIAPHBIE MOJIEIN
Pa3IMYHON CIOKHOCTH.

[locTosiHHBIE W TEpeMEHHBIE HEOTHOPOIHEIE
JJIEKTPUYECKHUE TOJII MOTYT CYIIECTBEHHO BIIHATH
Ha MaccoOOMeH B KamWLISAPax, SBISTIOMUXCS MOJIe-
JBI0 MOpPOBEIX CTpyKTyp [4,5]. Cuiossle mons
HauOosiee 3PQPEKTUBHBI B Clyuyae MCIIOJIb30BAHUS
JKUJIKOCTEH C JIOCTaTOYHO BBICOKOW IHIJICKTpUYEC-
CKOH MPOHUIIAEMOCTHIO U KOTJa OOBIYHEIE ITPOIECCHI
MaccooOMeHa TPOTEKAT MeyieHHO. llomydeHHbIe
pe3yNbTaThl MOKA3bIBAIOT, YTO C TIOMOIIBIO T'Paju-
EHTHBIX TIOJeH MOXHO YCKOPSATh yBIIAXXHEHHE, Ka-
MWUISIPHYIO TPONMTKY WM CYIIKY JHCIEPCHBIX
MaTepHalioB, CYIIECTBEHHO CHHUXAs IUTEILHOCTH
YKa3aHHBIX OTepalyii. JDTO CHOCOOCTBYET CHUKE-
HUIO DHEPTeTHYCCKUX 3aTPaT U MOBHITICHUIO Y dek-
TUBHOCTHU PA3JIMYHBIX TEXHOJIOTHIECKUX MPOIIECCOB.

B pabote [6] Ha ocHOBaHMM MAHHBIX MO CKOPO-
ctu Teuenuss B HOII miieHOK >KUOKOCTH Ha MOBEpX-
HOCTHU KalWUISIPOB PA3JIMYHBIX PATUYCOB MOJYUEHBI
M30TEPMbl PACKIMHHUBAOIIETO JABJICHUS CMa4HMBa-
IONUX IUICHOK, a TaKXKe 3aBUCHUMOCTH TOJIUHBI
TUIGHOK OT TeMIepaTyphl. 3aciTy’)KNBaeT BHUMAaHUS
uccinenopanne B HOIl OCHOBHBIX XapaKTepUCTHK
TOHKHUX TPOCIIOCK KXUJKOCTH, KOTOPBIC TIPU ONpe/Ie-
JICHHBIX YCIOBHSX Pa3beIUHSIOT MOBEPXHOCTh Ka-
MUUISpa U CTOJOMK 3aMOPOKEHHOM KamWJUIApHOU
JKUJIKOCTH.

© Kapnosuu 1.H., DnekrponHas o6paborka marepuaios, 2015, 51(2), 50-54.
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CocTosiHUE U XapaKTEPUCTHKH BIIAXHBIX IIOPH-
CTBIX TeN (CTPOHMTENIbHbIC MaTepHalbl, TPYHTHI, aji-
COPOCHTHI) MPH OTPHULATEIBHBIX 3HAYCHHSX TEMIIC-
paTypbl B 3HAYUTEIBHOW CTEHNCHHU OINPENEIIIOTCS
(ha30BBIM COCTaBOM M CBOWCTBAaMH PacTBOpa, KOTO-
pBIi 3amonHseT mopel. Mcrmons30BaHuE OTAETBHBIX
KBapLEBbIX WJIN CTEKJISHHBIX KallWUIIPOB KaK MO-
Je IIOpPOBOTO IPOCTPAHCTBA IIO3BOJISIET BECTH
HEIOCPE/ICTBEHHBIE ONTHYECKHEe HaOIIoIeHusT 3a
[poleccaMy TEIUIOBOTO PACIIMPEHUs] MM KpHUCTal-
JU3alMU TIOPOBON >KUAKOCTH U IUIABJIEHHEM 0O0pa-
3yeMOro JIbJa.

B cooTBeTCTBHM ¢ MCCIENOBaHUSIMHU [7] CHIBHOE
CLICIUIEHHUE JIbJIa CO CTCHKaMU KBApLEBBIX KaIlMJIIS-
POB, KOTOpOE HabOIrofaeTcs NpH TeMIIEpaType HUXKe
-20°C, MOXeT YBEeJMYHMBaTh MPOYHOCTH MOPHCTOTO
MaTepHaia. JTO COTiacyercsl ¢ U3BECTHBIMU (pakTa-
MU IOBBILICHUS IPOYHOCTH MPOMEP3LINX OETOHOB U
mmH. [Ipu temmeparype, mpesbimaromieit -20°C,
MIPOMCXOANT OCJIa0JIeHUe aAre3uH JibJla K ITOBEPXHO-
cTi TBepaoi ¢a3el. [lpu manpHelIIeM MOBHIICHUU
TEeMIIEpaTypsl BO3MOXKHO 00pa3oBaHHE TOHKOM
KHUIKOW TPOCIOWKH MEXIY MOBEPXHOCTBHIO JIbAa M
CTeHKaMH KanwuripoB. IlonumMonexkyspHble >Xua-
KHE€ TUICHKH TOSBISIIOTCS, Kak ObUIO MOKa3aHo psi-
JIOM aBTOpoB, ipHu t > -5°C. B wactHOCTH, MO AaH-
HBIM [8], mpwm 3TOl Temmeparype TONIIMHA >KHIKUX
IUIEHOK COCTaBJIIET OKOJIO TPEX CIIOEB MOJIEKYIL.

B pactBOpax, ONM3KHMX MO cOCTaBy K IOPOBOI
Biare OETOHOB, CLEIUICHHE JIbJA CO CTEHKAMHU KBap-
LEBOr0 KamMUIApa TMOJHOCTHIO TEPSIeTCsl TMPH TEM-
repaType, mpeBbImarmei -5...-7°C. MoxHO cuu-
TaTh, YTO TMpPH O3TOM TeMmepaType obOpa3yercs
CIUIOLIHAS JKUAKAs NPOCIOHKAa MEXIY IOBEPXHO-
CTSIMU KBapla  JbJa. Bo3HMKHOBeHHE XHUIKO(a3-
HOH INIPOCIJIOMKH BBI3BIBAECT IMOSIBIEHUE HOPMAJIBHOMN
K IOBEPXHOCTH KBapla COCTABISIOIICH IaBICHUS,
00YyCJIOBIEHHOTO  PAaCKJIMHHUBAIOLUINM  JEHCTBHEM
xuakoit rwieHku [9]. TIpu MOBBIICHUU TeMITEpaTypbl
TOJILMHA JKUIKOTO CJIOS PAacTeT, CIEAO0BaTeIbHO,
PacKIMHMBAIOLIEE AaBJICHNUE MOXKET YMEHBIIATHCS.

METOJUKA SKCIIEPUMEHTA

Jlns  wccnenoBaHus DICKTPOMHUTPAIMH TOHKHX
MIPOCIIOEK KUAKOCTH MEKIY JbIOM K IIOBEPXHO-
CTBHIO KBaplia KamwuLsip ATUHON 4-5 cM ¢ 3amopo-
JKEHHBIM CTOJIOMKOM kuakocTy mmmHou 0,5-3,5 MM
[TOMEMIAJICS B HEOTHOPOIHOM 3JICKTPUYCCKOM I10JIE
(puc. la). HOII co3ngaBanock ¢ MOMOIIBIO MIOJIbYa-
TOTO 3JIEKTPOJIa C PaIUyCOM 3aKPYTJICHUS OCTpUs
R = 0,1 MM, Ha KOTOpHIH MOIABaJIOCh TOCTOSHHOE
HanpsokeHue U OT BBICOKOBOJIBTHOTO MCTOYHHUKA, U
IUIOCKOTO METaJNIMYeCKOro JJIeKTpoja B (opme
Kpyra auameTpoM 6 cM, 3a3eMIICHHOTO 4epe3 MUK-
poammepmetp. 3HaueHre U B pa3HBIX OMBITaX MOTJIO
m3mensaTbes oT 0 1o 10 kB, a MexanekTpogHoe pac-
cTosiHue — OT 2 710 5 cM. Croco0 KaaTuOpOBKH, IM03-

BOJISIIOIIMI paccUuTaTh pachpe/iefieHne 3HadyeHHU
2EVE = V(E?) (E — HanpsuykeHHOCTh SIEKTPHYECKO-
ro nonsg u VE — rpanuent HanpspbkeHHoctr HOIT)
Kak (hYHKIIHIO PAacCTOSHUS OT 3JIEKTPOJIOB, TOIPOO-
Ho omucan panee [10]. Ha puc. 16 B kauecTBe mpH-
Mepa MOKa3aHo paciipelelieHne 3HaYeHHi £ 1o mpo-
MONBHOW OCH  HCCIEAYyeMOTO Kamwuisipa s
U =6 kB, R = 0,1 MM 1 MeX?3JIEKTPOIHOTO PacCTOsI-
HUS 3 cM. 3a Hayajuo oTcyeTa MPUHATO IOJI0KEHHE
BEPXHET0 KOHIIA CTOJIOWKA JIh/IA.

TemnonHEepIMOHHBI CHEMHBIH OJOK CO BCTPO-
EHHBIMH 3JICKTPOJIAMU M KAIUISIPOM TOMEIAd B
CIENUAFHYI0 KaMmepy, 00OpYIOBaHHYIO AJIEKTPOH-
HOM cuctemMoil TepMocTabmmm3anuu. Kammmsip
MPOXOIWJI Yepe3 OTBEpCTHE AWAMETPOM 2 MM B
TUIOCKOM 3JIEKTPOAE M 3aKpeIUIsuICs B JepikaTele,
KOTOPBIA C TOMOIIbI0 MHKPOBHHTA, MPHBOIMMOIO
BO BpalllcHWE OT DIIEKTPOJBUTATENsl, MOT IepeMe-
IIaThCSl TakUM OOpa3oM, YTOOBI CMEIAIOIIUICS
CTONOWK JbJla BCE BpeMsl HaXOAWJICS Ha OJHOM U
TOM K€ PacCTOSHMH OT 3JeKTpoaoB (puc. 16). D10
MO3BOJISIIIO  TIOAJICPKUBATh TMOCTOSIHHOE 3HAYCHHE
V(E?) B X011¢ H3MEpCHHil.

MoienbHBIMI OOBEKTAaMU CITY>KWIH WIAHIPHU-
YecKhe KBapIleBble KaNMILISAPhI, U3TOTOBIEHHBIE 110
METOJMKE, paspaboraHHOi B MHCTHTYTE Qu3nde-
ckoit xumun PAH [11]. Kanwuispel, moixydeHHbIE
OBICTPBIM PACTSATHBAaHHEM pa30TrPEeTOTO ydacTKa
TpyOKM U3 KBapia BEICOKO# urcToTsl (6omee 99,99%
SiO;), UMenu BBICOKYI0 XHMMHUYECKYIO CTOHKOCTh U
INIJKYI0 FOBEHWIBHYIO MOBEPXHOCTh. Pammyc Ka-
MWLISIPOB  M3MEPSIICS ONTUYECKHUM METOJoM. Mx
KOHYCHOCTb He mpeBbimana 107,

CHavana CTOJIOWK >KUAKOCTH BBOJWIA B KaIlWJI-
JSp ¥ KOHIIBI TOcienHero 3amnauBaid. [locie sToro
€ro TOMeEIIaTd B MOPO3HWIbHYIO Kamepy (mpu Tem-
nepatype -26°C) He meHee ueMm Ha 24 daca. [lpu
TaKuX YCIOBUAX YUCTas Boja (OMIUCTHILIAT) 3aMep-
3aeT MOJHOCTBIO, TOCKOJIBKY, KaK U3BECTHO, 00bEM-
Has BOJa HE MOXKET OBITh B PaBHOBECHU CO IIBIOM
npu Temneparype Hixke -22°C.

CbeMHBIN OJIOK C 3aKpeIICHHBIM KaIMIIIIPOM,
coJiep KalluM CTOJIOWK JIbJa, BBIBOJMJICS Ha OIpe-
JICJICHHBI TEMIEPAaTYpPHBIA PEKUM. 3aTeM KOHIIBI
KaIlmuisipa BCKPBIBaIH, W OJIOK IEPEHOCHIIN B KaMe-
py-Tepmocrtar. Bxiouanoce HOII m HaumHammch
HaOJIoeHUs 3a TepEeMEIICHUEM CTOJIOMKa JIbJa,
KOTOpPO€ MPOUCXOAMIIO B pe3yNbTaTe BTATUBAHUS
KHUIKOCTH B 30HY OOJBIIEH HANPSIKEHHOCTH MO,
OpU  TOCTENIEHHOM  TIOBBIIICHUH  TEMIEpaTyphl.
CMmelieHre BepXHEero KOHIa CTOJIOWKa OTHOCHUTEIb-
HO HENOJBM)XHOTO Kammuisipa (QUKCHPOBAIIOCH C
TOYHOCTHIO 5 MKM (C momoribio karetomerpa KM-6)
yepe3 OKHO B KaMmepe NIpu OOKOBOM OCBEIICHUH
KaHaja kamwuipa. [lepememnienus cronOuka ypaa
0e3 HamoxkeHns HOII He mpowmcxommiio, 9To CBUIE-
TENLCTBYET O IMJIMHIPUYHOCTH KaIWuIspa Ha
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yuactke u3MepeHuil. [locne okoHYaHUA OMBITA IO
u3BeCcTHOM Meromuke [12] ompenmensics paamyc
Kanuusipa.

3navenne V(E?) M3MEHSUIH MyTeM peryjIHpoBa-
HUS HaIlpsDKEHUsT Ha BBICOKOBOJIBTHOM 3JIEKTPOJE.
Jlnst kaxaoro 3uauenust V(E?) M3Mepsiii CKOPOCT
repeMeInieHus cToouka V, xoTopas mpu (GpuKcHpo-
BAaHHOM TeMIepaType OCTaBalach IOCTOSHHOM.

CMmernieHne CTOJIOWKA JIbJIa TMPOUCXOJIUT BCIEI-
CTBUE MEPEMEIICHUS KUIKOW MPOCIONHKH, KOTOpast
WrPAET POJib «cMazku». i onpeznesneHus peoaoru-
YECKMX CBOMCTB MPOCIOWKH HCIOJIB3YEM MOJENb
BSI3KOILJIACTUYECKOTO TeNa. 3aluIleM YpaBHEHUE
IUTS HaIlpsDKEHMs caBura B Buze [13]:

t=0+n(dv/dx), (1)
rae O — mpenenbHOE HANpPSDKCHUE CIOBHTA; M — IUia-
CTUYeCKas BA3KOCTh; dU/UX — rpalueHT CKOPOCTH.

HampspkeHue T MpUII0KEHO K MPOCIONKE TOJIIHU-
HOH h co cropoHsl nmuHapa isaa. [Ipu oTtcyTcTBHN
JIpyrux Ccuia T = CONst W HEe 3aBUCUT OT
X - KOOPJMHATHI 10 HOPMAJIH K MOBEPXHOCTH KaIlHII-
aspa. [IpuHsB 6 U 1) MOCTOSHHBIMH, TTOJTYYHM

do/dx =const=V/h, (2

rae V = dz/dt — ckopocTh JBIKESHUSI CTOJIOUKA JIbJIA.

ITpu paBroMepHoM nBrkenuu (V = const) cuia,
KOTOpasi JICHCTBYeT Ha JICAIHOW LWIMHID, YPaBHO-
BEIIMBACTCSl CHIIOW, MPHIOKEHHOHW K ero OOKOBOM
MOBEPXHOCTH. V3 yCIOBUsS paBeHCTBA 3THX CHII,
yuuThIBas cooTHomeHus (1) u (2), umeem

v =%(gvp—ej, ®)

rae VP — rpaguent maBneHus; I — paanyc Karuiuii-
pa.

st mepemerieHusl >KUIKON IUIEHKH, KOTOpas
CIIy’)KHT TPAHCIIOPTHBIM CPEACTBOM I CTOJIOWKA
JbAa, MOXET OBITh HCIOJB30BAHO HEOJHOPOJIHOE
anekTpuueckoe mnone. Kak wusectHo, B HOII Ha
eMHUITy 00beMa KHUIKOTO IUIJIEKTPUKA JIEHCTBYET
MTOH/IEPOMOTOPHASI CHJIa, KOTOPas BBI3BIBAET BTATH-
BaHHC XHUAKOCTH B 00JIaCTh OOJBIIEH HANPSKEHHO-
ctu snekTpuueckoro mons [14]. Torma ckopocTb
MepeMenIeHnsT CTOJMOWKa JhJa MOXKHO HAlTH u3

ypaBHEHUS
vV :E(MVEZ_Q} 4
n 4

TAC €y U € — AUIJICKTPUYCCKAA IMPOHHUIACMOCTb Ba-
KyyMa U )XUAKOCTU COOTBETCTBEHHO.

OBCYX/EHUME PE3VJIbTATOB

Ha puc. 1 moka3aHbl HEKOTOpBIE U3 HKCIICPHMEH-
TaJIbHO  IMOJIYYCHHBIX 3aBUCHUMOCTEN CMCUICHUA
CTOJIOMKA JIbJIa Z OT BpeMeHH { [T BOJIBI B KAITHILIISI-

pe r = 47,4 mxm nipu Temnepatype -0,6°C mon Bnus-
HueM HOII. Kak BUIHO U3 puUCYHKa, mepeMelieHue
CTOJIOMKA MPOMCXOJNUT C MOCTOSTHHON CKOPOCTHIO V,
3HAYEHUs] KOTOPOH pacTyT C yBEIMUYEHHEM IpaaneH-
Ta HANpPSKEHHOCTH mons. M3menenne 3uaka V/(E?)
NP M3MEHEHHH PACIIOJIOKEHHS JIEKTPOJOB BBI3HI-
BajJla JIMIIb H3MCHEHHE HANPABICHUS [BYDKEHUS
CTOJIOHKA.

Z, MM

o

1 E109,Bim

0,8
0,6
0.4

0,2

()

t, MUH

0 2 4 6

Puc. 1. 3aBucumocTh CMeLICHHS CTONOMKA JblJa UIMHOM
I = 2,9 MM oT Bpemenu B Kamwuisipe I = 47,4 MKM [IpH pa3iny-
HBIX 3HAYCHMSX TpaJMeHTa KBajapaTa HampspkeHHoctn HOII
V(E?)-10™ B%m® 1-5;2-7;3-9;4-10;5-12 (a) u cxema
pacnonoxenus kammuipa B HOIT (6).

Ha puc. 2 npencrasiens! 3asucumoct V(VE?),
paccuuTaHHBIE Ha OCHOBE HKCIICPHUMEHTAIBHBIX
JAHHBIX, MOJIyYEHHBIX MPU TEMIEpaType CTOJIOMKa
npaa -0,6°C. Hcnons3yst cootHouieHue (4), MOXHO
HalTH TPEJCIIbHOC HANPSIKCHUE CJABHra IKUIKOU
MPOCIONWKN O M OIIEHUTh 3HAYeHHe OTHOMmeHUs h/m.
Jns nuHEeMHOro y4acTka KpUBOM OHO COCTaBJISIET
1,2-10° M*/(H-c). Onpenenenne 3Ha9CHMIT TOMIUHEL
npocioiiku h u ee maacTUueckoi BA3KOCTH M B OT-
JICNBHOCTH TPEOYyeT JOMOJHUTEIbHBIX HCCICI0BaA-
auit. OmHaKoO C ydYeToM JaHHbIX paborer [15]
(h = 2,5-10° M) momyunm n = 2,1-10° IMa-c. Paccun-
TaHHBIC HA OCHOBAaHWH JKCICPUMCHTAILHBIX JaH-
HBIX 3HAYCHHUS BS3KOCTH HE3aMOPOKEHHOI'O CJIOs
JKUJIKOCTH 3aMETHO MPEBBIIIAIOT 3HAUCHUS BI3KOCTH
00bEeMHON BOJBI TIPH TOH JK€ TeMIiepaType. OTa
0COOCHHOCTh OTMEYallaCh MHOTHMH aBTOpPaMHU Kak
OJTHA U3 TIPUYUH, 3aMeJUISIoNIas MepeMEICHUE JTbaa
Y He3aMep3IlIed Bllard B MOPUCTHIX Tenax. [loBbirre-
HUE TEMIIEPATypbl MPUBOJUT KaK K YBEITHUCHUIO
TOJIIMHBI )KHJIKAX TPOCIIOCK, TaK U K CHUKCHHIO MX
BSI3KOCTH.

HenunellHocTh HayanbHOTO y4yacTKa KpUBOU Ha
pHC. 2 TIOATBEPIKAAET BEIBOIBI aBTOPOB paboTs [7] 0
TOM, YTO HE3aMOPOXKECHHBIC CJIOM BOJbI OTJIUYAIOTCS
OT HBIOTOHOBCKUX JHUakocTeidl. Mcmonb3ys TOuKy
MEPeCeUCHUs MPOAOKECHUS JIMHEHHON YacTH rpa-
¢buKa ¢ OChIO aOCIHCC, MOXKHO HAWTH MPENENbHOE



HanpsDKeHUe caBura. PaccuntaHHOe M3 ypaBHEHHUS

(4) mpu temmeparype -0,6°C npenenbHOe HanpsKe-
2

Hue casura 0 cocrasisger 5 H/M”.

y, MKM/C

1 I 1 1

0 4 8 12

VE2-10714, B2/M3

Puc. 2. 3aBHCUMOCTh CKOPOCTH CIBHIra CTOJOMKA JIbAA UTHHOM
| = 2,9 MM OT rpazmenTa KBagpaTa HanpsukenHoctn HOIT VE? B
kamwuisape ¢ = 47,4 mxm nipu Temmnepatype -0,6°C.

[IpuBeneHHBIE pe3yabTaThl COTTIACYIOTCS CO 3Ha-
YeHUAMH 0, TIONyYeHHBIMKE B pabote [16] mns ToH-
KHX TPaHWYHBIX CIIOCB BOJABI B TJIMHAX M KEpaMUKe
IpU HCCICNOBAaHUM AHOMAIIM 3JIEKTpoocMoOca H
¢bunbTparuu. ABTopamu [17] ycTaHOBIEHO, YTO
0o0pa3zoBaHNe JKUIKOH MPOCIOMKH MEXAY JBIOM H
MOBEPXHOCTHIO KaMMJUIspa HAOIIOIAeTCsl HE TOJBKO
Ui OWIUCTHIUIMPOBAHHOW BOJIBI, HO W B CIIy4ae
PacTBOPOB 3JIEKTPOIUTOB. bonee Toro, ecmm s
YHCTOW BOABI aAre3us JbJla K MOBEPXHOCTH KBaplie-
BBIX KallMJUISIPOB PE3KO YMEHBLIAETCS IPH TeMIlepa-
type -3,5°C, To mjisi OpOBOW Biard OETOHOB 3TO
MPOUCXOAMT TpH -4...-6°C.

B BBINOJHEHHBIX pacueTax HCIIOJIL30BAHEI
ycpenHeHHble 3HadeHus E u VE B cBszu ¢ oTCcyT-
CTBHEM peajJbHBIX 3HAYEHWH ATHX BEIUYHWH BHYTpPHU
KBaplEeBbIX KammwuIipoB. s yrouneHus perreHnit
HEoOX0MMO Takxke uccienosaTh BnusiHue HOI Ha
KpaeBoil yron cmauyuBaHus. VHTEpecHO OLIEHUTH
POJb ANEKTPU3AIUH AUIICKTPUIECKON KUAKOCTH U
INEKTPUIECKON 3apsKi TOBEPXHOCTH KalMJuIsIpa
[18, 19], xoTOpble MOTyT OKa3blBaTh BIMSHHE Ha
CBOMCTBA KUIKOU IUICHKH.

Taxum ob6pazoM, pa3paboTaHHAsE METOJHMKA IT03-
BOJISIET TIPOBOJMTH MCCIIEOBAaHMS TPAHUYHOTO CIIOS
IIpH  Pa3NUYHBIX Temriieparypax. lKcmnonp3oBanue
TOHKMX KalWDIIPOB JAaeT BO3MOXKHOCTH TIONYYHTH
0oJiee OOIIMPHYIO U YOSAUTENbHYIO HH()OPMAITUIO O
CBOMCTBAxX JKUAKHX CJIOEB, MMOCKOJNBKY 31eCh 3HAYH-
TENBHO TPOIIE TEOMETPUsS MOBEPXHOCTH CKOIBXKE-
HUSL.

Aemop  evipadicaem  b6razodaprHocmes  npogeccopy
Posencrozo cocydapcmeennoeo eymanumapuoz2o ynusep-

cumema M.C. Ilanuenxo 3a codep.?fcameﬂbﬂble cosembvl U
nomowib npu opeanusayuu U npoee()eﬂuu IKCnepumen-
moe.
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Summary

The data on the speed of movement of a column of ice
in cylindrical capillaries under the influence of the inho-
mogeneous electric field has been used as the base for the
estimations of viscidity of a thin layer of liquid between
the ice and the surface of quartz.

Keywords: adhesion, liquid layer, capillary, inhomo-
geneous electric field.
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B texHOMOTMN MTPON3BOACTBA OHOITAHOIIA PACCMOTPEHO BO3/ICHCTBHE IEKTPOMArHUTHOTO U3ITYUCHUS
MUJLUTUMETPOBOTO ananaszona (OMU MMJI) Ha TeXHOXUMHUYECKUE MOKa3aTelId COPaKMBAHUS MEJIacc-
HOTO cyclia OOJy9YeHHBIMU 3aCEBHBIMU JIPOXKIKAMH. DKCIEPHUMEHTAIFHO OMpEeeNieHbl ONTHMAIbHBIC
napaMeTpsl o0nydenuss B auamasone 53-55 I'T'm kynaeTypel aposokein Saccharomyces cerevisiae
M-09. B crupToBOii OpaXkke MOBBICHIOCH (IO CPaBHEHHIO C KOHTPOJIEM) HAKOIIEHHE OMOMACCHI,
CIIUPTA, KOJUYECTBO BBLACIECHHOTO AMOKCHAA yriepoaa. OJHOBPEMEHHO YMEHBIIWIOCH KOJIUYECTBO
HECOpPOXCHHBIX YrieBonoB. Jddekr ot merictuss DMU MMJI Ha 3aceBHBIC JPOXKH COXPAHSIICS
MPUMEPHO B TCUCHHE YCTHIPEX MEPECEBOB JIPOXKIKEH U MOCTEIICHHO CIIA0EN, YTO MOXKET OBITh CBSI3aHO
¢ amanranuei Saccharomyces cerevisiae k BAMAHHIO BHENTHUX (aKTOpPOB.

Kmiouesvie cnosa: IMU MMJ], 6uosmanon, oposicoicu, 6podicerue.

VJIK 577.3.04
BBEJIEHUE

CoBpeMeHHBI HHTepec K OHOPHEepreTHKe Kak
QIBTEPHATUBHOMY IYTU TOJYYEHUS SHEPTUU CTH-
MYJIIPOBaJ MOMCKH HOBBIX HCTOYHHKOB BO30OHOB-
nsieMOoi OMOMAacChHl M HOBBIX METOJIOB OMOTEXHOJIO-
run. CyliecTBeHHas pojib 37€Ch OTBOJIUTCS pas-
JUYHBIM MHUKpOOpraHuzMam. Tak, IpoXoKd pac-
CMaTPUBAIOT KaK MPOAYIEHTH OMO3TaHONA, MHUK-
POBOIOpOCH — JUNHUIOB st  Ouoju3ens, OakTe-
puu — OMOAreHTHI IS JeTpaialliil OpraHHYECKUX
MPOAYKTOB (TOHKOW XHMHUYECKOW (hepMEHTAIUH).
Jua  yBenwueHWs TPORYKTUBHOCTH MPHUMEHSIOT
pa3IUYHBIC METOMbI CTHMYJISIIUN POCTa U yCKOpe-
HUS MeTabOJMYECKUX TIPOIECCOB y MHKPOOpra-
HU3MOB. OUH W3 TaKUX METOJOB MPEeIyCcMaTpHUBa-
eT 00paboTKy OMoMaTepuasia 3JCKTPOMArHUTHBIM
U3IyYeHHeM MHUTUMETpoBoro auamazoHa (OMU
MM/]I).

OddekTsl  BO3ACHCTBHS  CIIA0OMHTCHCUBHOTO
OMU MM/] Ha kuBbIe KJIETKH 00HAPYKEHbI TOYTH
nonBeka Hazan [1-3]. MccimemoBaHO T0CTATOYHO
MHOTO OHOJOrHYecKnX 00beKTOB (OakTepuit, mpo-
CTEHIINX, OJJHOKJIETOYHBIX TPUOOB, TKAHEBBIX KJIE-
TOK), Ha KOTOPBIX B TOW MJIM WHOM CTEMEHH MPOSB-
msmochk  Bozaeiicteue OMU MMJI. BeposTHo,
Haubosee MEepPCHEeKTUBHBIMU B CMBICIE JIOCTOBEP-
HOM BOCHPHMMYHBOCTH K CIa0OMHTEHCHUBHBIM
BOJIHAM MUJUTMMETPOBOTO JHATNa30HA CIEAYeT CUH-
TaTh KyJIbTYPy ApoxoKei Saccharomyces cerevisiae
(S. cerevisiae). Pe3ynbTaThl KIIACCHYECKHUX IKCITE-

pumentoB ['pronmnepa u Kanbmana [4] HeomHo-
KpPaTHO BOCHPOM3BOIMINCH B PAa3TUYHBIX MOJIH-
¢bukanusax. B YacTHOCTH, HaMH TOATBEPKACHBI
3HAYCHUS 9aCcTOT, 0OyICHHE KOTOPHIMHU CIIOCOOHO
YCKOPSTh WM yTHETaTh POCT KIETOK [5—7], mops-
JIOK BEIUYMHBI MOPOTOBOM MOIIHOCTH, OKa3bIBaIO-
meii 6uonornueckoe Boszeiicteue [8]. EcTh man-
HBIC O «PE30HAHCHOM» JCHCTBUM Ha JAPOXIKU JIPY-
rux vactor OMU MMJ] [9, 10]. Tlonyuenusie
pe3yIbTaThl MO3BOJSIOT TOBOPUTH O MEPCIEKTHBAX
MIPaKTUIECKOTO HCITOJIB30BaHUSA OOydeHUs B OWO-
TEXHOJIOTHH.

Ienb naHHOW PabOTHI — UCCIICOBAHNE BIUSHUS
HETETUIOBOTO  3JICKTPOMArHUTHOTO HU3TYYCHHUS B
nmuana3one 4actoT 53-55 I'T'm Ha mpou3BoOACTBEH-
HYI0 KyJIbTypy CHOHPTOBBIX Apoxoked Saccha-
romyces cerevisiae pacer M-09. PaccMoTpeHBI Te-
HepaTHBHAS AKTUBHOCTH KYJIBTYPHl M BaXKHBIC JJIS
TEXHOJIOTHH OMO3TaHOJIA TEXHOXUMHUECKHE MOKa-
3aTenu cOpakMBaHUS MenaccHoro cycna. IIpoe-
PEHO COXpaHEHHME M3MCHEHUH B 3THUX IMOKA3aTEeNsIX
IpU MOCIIEAYIONIMX TepeceBax OONyYCHHON Kylib-
Typel. TlonydeHHbIE Pe3ybTaThl OOCYXIAOTCA B
paMKax KOHIICTIIUK PE30HAHCHONH OMOCTUMYIISIIUU
BOJTHAMU MHJUTMMETPOBOTO JHANA30HA.

METOJJMKA SKCIIEPUMEHTA

Hccnenoanusi mpoBOAWIA C KYJIbTYpOH CIUP-
TOBBIX Jposkokeit S. cerevisiae pacsr M-09, kotopas
OTJIMYAETCS BBICOKON pEreHepaTUBHOU CIIOCOOHO-

© SkynoB A.B., Hmxenbckas A.U., Mapunuenko JI.B., Mapunuenko B.A., Makapa B.A., Dnekrponnas o0paboTka Marepua-

1B, 2015, 51(2), 55-60.



cThI0 U ocMobuIsHOCTRIO [11]. s mpurorosite-
HUS 00pa3loB YHUCTYIO KYJIBTYPY, BBIPOCIIYIO B
npoOUpKe CO CKOLIEHHBIM arapoM, NepeceBajld B
IPOOHPKY CO CTEPHIBHBIM MEJACCHBIM CYCJIOM C
KoHIeHTpanueil cyxux BemectB (CB) 10% u wun-
kyoupoBanu 24 u npu +30°C. Cozepxumoe mpo-
OUpPKH MEPEeHOCWIN B KOJOY CO CTEPWIIBHBIM CYyC-
soM (23% CB) u cOpakuBanm ero 24 d, ocIe 4ero
JIPOXKH OTHUIBTPOBBIBAIN, Pa3BOAMIA CTEPUIH-
HO¥ Bonoit B mpomnopumu 1:10 n oxnaxnanu B Tep-
moctare 10 +4°C. OTCyTCTBHE MHUTATCIbHBIX BE-
IIECTB B Cpele W OXJIaXICHHE IOBBIAIOT 4YyB-
CTBHUTEJIFHOCTh KJIETOK K BO3JCHCTBHIO claboro
BHelIHero mous [12].

OO6myueHue KyJabTypbl HPOBOIWIN BBICOKOYA-
CTOTHBIM reHeparopoM [4-142. JIucCKpeTHOCTD
yctaHoBKkH 4acToThl coctaBmsma 0,01 I'Tua. Uzmy-
YeHHe OT TeHepaTopa depe3 BOTHOBOJ C IIOMOIIBIO
pyIopa nojaBaiy CHH3Y Ha IJIOCKOE JTHO CTEKJISH-
HOM KOHUYECKOH KOJIOBI C IPOAOIKEBOI CyCIICH3HEH.
[TpenBapuTENbHO IPOXOKH OCAXKIAIHCH POBHBIM
ciioeM TOoNIMHOW okojo 0,3 MM, onTUMAanbHOH ¢
TOYKU 3PEHHS BOJHOBOTO COIJIACOBAHHS C BBIXOA-
HeIM m3nydatenem (pymopom) [13]. MorHocTh
MaJafonIero W OTPaXEHHOTO W3IIYyYeHUs dYepes
HAIpaBJICHHbIC OTBETBUTEIM KOHTPOJIMUPOBAIH W3-
mepureiem M3-22A. CoracoBaHHE OTBEYAIO MH-
HAMyMY OTpakeHHOU sHeprum OMMU. PacuerHas
cpenHsii 00bEMHas IJIOTHOCTh  IOTJIOIICHHOM
MOIIHOCTH B CJI0O€ KJIETOK COCTaBjsla TMOpsSAKa
10™ BT Ha KJIETKY, 4TO B HECKOIBKO a3 MPEBbI-
[IaeT MOpPoOroBoe 3HaueHue dHHEKTUBHON MOIIHO-
cru [8].

OOyyeHne TPOBOIWIN Ha HECKOJIBKHX YacTO-
Tax B auamnazoHe 53-55 I'Tm. AKTHBHOCTB 3TOrO
JIara3oHa JKCIIEPUMEHTANBHO TMOATBEPKICHA B
padote [9]. s uccnemoBaHusi BBIOpAHBI YaCTOTHI
53,77; 54,17, 54,20 n 54,57 I'T'm1.

Okcno3unus cocrapisia 10 MUH, 4TO SBISETCS
ONTHMAIBHBIM JUIS CTUMYJSILMUA KYJIbTYphl [7].
OOyyeHHBIE ¥ KOHTPOJIBHBIE OOpa3lbl APOMIKEH
UCIIOJIL30BAIN [T COPayKUBAHUSI METACCHOTO CyC-
na (23% CB) metonom «OpoamibHON mpoOb» [14]
B K0J0ax ¢ cepHOKHCIbIMU 3aTBopamu nipu +30°C
B TeUYeHHeE /2 .

Addexror Boznmeticteuss MU MM/J] Ha Kynb-
Typy S. Cerevisiae oueHUBamM MO PSAAY TEXHO-
XMMHYeCKuX mokasareneii [11, 14]. JlunaMuxy BBI-
JeTIeHNs] JIMOKCHIA YTIJIepoAa W KOHICHTPAIMIO
Ouomacchl JposoKed mocie (QUiIbTpauuu ompene-
7511 BecoBbIM MeTozioM [15]. Coneprkanue aTaHo-
JIa B 3peNioi Opaxkke U3MepsiIn pedpakToMeTpude-
CKMM METOJIOM, a HECOpPOKEHHBIX YIJIEBOJOB (ca-
XapoB) — (hOTOIIEKTPOKOIOPUMETPUIECKIUM METO-
JIOM C PEe3OpIMHOBEIM peakTuBoM [16]. Bromaccy
JPOOKEH OIpeneNsui mocie (QUIbTpalud Beco-
BEIM MeTomoM. OOliee KONMMYECTBO IPOXKIKEBBIX
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KIETOK M KOJIMYECTBO MEPTBEIX KIIETOK (C OKpa-
[IMBAHHEM CYCIEH3MH METHIICHOBBIM  CHHHM)
B 1 cM® CpeIBbl BBIUUCISIN METOJO0M MPSIMOTO
mojcuera B kamepe I'opseBa [14]. Kommuectso
npuMecedl B OpakHOM JUCTHILISTE — METOJOM Ta-
30BOi1 xpomarorpaduu Ha xpomatorpade Agilent
technologies 6890N ¢ mIaMeHHO-HOHH3AIHOHHBIM
JIETEKTOPOM.

[MonmydeHHble AaHHBIE 00padaThIBAIU C MOMO-
MEI0  METOJOB MAaTeMaTHYECKOM CTaTHUCTHKH.
OreHKa JOCTOBEPHOCTH Pa3ivudil MPOBOAMUIACH C
momMonieio t-kputepus CThIOJICHTAa TIPH YPOBHE
3Hauyumoctu 0,05. OnbIThl MPOBOAMIIN, KaK MUHH-
MYM, B TPEX MOBTOPHOCTSIX JJISI KAXKIOH CEpUH.

PE3VYJIbTATBI 1 OBCYXIEHUE

Hammvu  mpempiaymuMu — MCCIIEOBaHUSMU
ObUTH YCTAHOBJICHBI TOJIOCA «AKTHBHBIX» YaCTOT
OMU MMJI - 41,75-41,78 ITu, oOmydeHue
KOTOPBIMH 3aC€BHBIX JAPOXOKEH NPUBOAWIO K
CTUMYJISIIIMM ~ POCTa  JIPOXOKEBBIX  KYJBTYp
Saccharomyces cerevisiaeé u  YMCHBIICHHIO
HECOpOKEHHBIX CaxapoB B 3pejioil Opaxke, U
OITUMaJIbHasg NPOAOJIKUTECIBHOCTD 06nyquH;1 JJIs
00paboTku o00pasuoB cycnensuun — 8-10 mwuH
[5,7, 17].

[IpencraBnsercss BaKHBIM MPOBEPHUTH BIIHSIHUE
OMU MMJI napyrux H3BECTHBIX «aKTHBHBIX» dUa-
ctoT [9] Ha mapaMeTpHl KUIHEAEATETLHOCTH 00Ty~
YEHHOU JIPOXIKEBOU KYJIbTYPBHI.

B tabn. 1 npuBeneHpl MoKa3aTeNu T€HEPATHB-
HOW aKTHUBHOCTH JPOXOKEH, OONy4YeHHBIX Ha pas-
HBIX YaCTOTax, M0 OTHOIICHUIO K KOHTPOJIIO (BCETO
BeinosHeHo 10 cepwmii skcniepuMeHToB). Bpemst 00-
nmyuyeHust cocraBmiio 10 muH.

HccnenoBanusi  reHepaTUBHOW  aKTHMBHOCTH
IpoXoKel mokasano 3HauuMblid 3¢dekt yBennye-
HUsI OMOMACCHI ¥ KJIETOK ITPH OOJTyYEeHUH 3aCEBHBIX
npoxokedt Ha yactote 54,20 I'T'u. IlporentHoE co-
OTHOILICHHE 3TUX TOKa3aTellell OTiIu4aeTcs, MOo-
CKOJIBKY KJIETKH MOTYT MUMETh DPa3Hyl0 Maccy Ha
pasHBIX cTamumsx pocTa. Ecnu ydects, uTto 00myue-
HUE 3aCeBHBIX Japoxokedt Ha dactote 54,20 I'Tip
MPUBOANT K YBEIWYCHHWIO CKOPOCTH [EJIEHHUsS, TO
MOHATHO, YTO HAaKOIUIEHHE OMOMACCHI OKa3bIBAETCS
MeHbIe, 4eM kiieTok. OO0 yBeNTWYeHWH TeHepaThB-
HOW aKTUBHOCTH CBHJIETEIILCTBYET M CHU)KCHHE
KOJIMYECTBA MEPTBBIX KIIETOK.

C mpakTHUeCKOW TOYKH 3pEHHS Leeco00pa3Ho
OBUIO HCCIEeNOBaTh BO3MOXKHBIE METa0OJMYECKUe
HN3MCHCHUA, KOTOPBLIC HEMIPEMEHHO IPOHUCXOAAT B
JKUBBIX KJIETKax, pearupymoomux Ha OMU MM/I. B
TalOIl. 2 IpHUBEIeHl CPAaBHUTEIbHBIE TEXHOXUMUYE-
CKHe TIOKA3aTeu 3peyioi OpaKkW, MOIYyUEHHOUW C
UCIIOJIb30BaHUEM JAPOXOKEH, OONYyYeHHBIX Ha pas-
HBIX YaCTOTAaX, [0 OTHOILIEHHIO K KOHTPOJIO (BCEro
BeImonHeHo 10 cepwmii skcrepuMeHToB). Bpemst 06-
JydeHust cocTaBiisiio 10 MuH.
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Tabauna 1. [Tokazarenu reHepaTHBHON aKTUBHOCTH IpOxoKel, 00mydeHHbIX BOmm3n 54 '

YacrorTa, Kietkn, 3menenune buomacca, N3menenne MepTtBbIE N3menenune
ITx MiH/cM3 K KOHTPOJIIO, r/om3 K KOHTPOJIIO, KJIETKH, K KOHTPOJIIO,
% % % %
KonTtposan 2975+ 20 - 15,4+0,2 - 295+0,5 -
53,77 310,5+20 4.4 159+0,2 3,2 2,77+05 -6,1
54,17 318,5+ 20 7,1 16,2 £0,2 5,2 247+05 -16,3
54,20 405,5 + 20 36,3 176 £0,2 14,3 1,09+0,5 -63,1
54,57 306,5 £ 20 3,0 15,7+0,2 1,9 299+05 +1,4
Tadanua 2. TexHOXUMUYECKUE TOKa3aTeNn 3pesiodl Opakkd, COpPOKEHHOW 3aCeBHBIMH JPOMOKAMH, O0JIy4YEeHHBIMH
BOsm3u 54 I'T'1x
YacrorTa, BreigenuBmuiicst | M3MeHenue DTaHoI, N3menenne Hecb6poxennsie N3menenne
I'To JIHOKCHU]T K KOHTPOJIIO, % 00. K KOHTPOJIIO, YTJICBO/IBI, K KOHTPOJIIO,
yIiepoja, r % % r/100 cm3 %
KonTposn 13,78 + 0,01 — 9,0+0,1 - 0,25+ 0,01 -
53,77 13,82 + 0,01 0,3 90+0,1 0 0,25+ 0,01 0
54,17 13,90 + 0,01 0,9 90+0,1 0 0,24 + 0,01 -4,0
54,20 14,02 + 0,01 1,7 91+0,1 1,1 0,19+ 0,01 -24,0
54,57 13,79+ 0,01 0,1 90+0,1 0 0,25+ 0,01 0

Bunano, uro obiaydenue kiaetok SMU MMJI Ha
yacrote 54,20 I'T1y oka3mpiBaeT OHOCTHUMYJIHPYIO-
mee, TO eCTh YCKOpsIoIee MeTaboJM3M, BIMSIHHUC
HA TaKMe TEXHOJIIOTHUCCKUE TTapaMeTphl OPOKECHUS,
KaK KOJIMYECTBO BBIJCIUBIIEIOCS TUOKCHAA yTiie-
pona (mokaszareslb XapaKTepU3yeT HHTCHCHBHOCTh
OpOKEeHUA) W CHHTE3WpOBaHHOTO 3TaHona. Cyiie-
CTBEHHBIM MOXHO Ha3BaTh YMEHBIIICHHUE KOJUYE-
CTBa HECOPOXKEHHBIX YIJIEBOJOB B Opaxke (3TOT
MOKAa3aTeNlb XapaKTepU3yeT MOJHOTY HCIOJIb30Ba-
HHUS cyOCcTpara pacTymie KymbTypoi), 4To TakKe
CBUJICTEIBCTBYET 00 YBEJIHUYCHUH T'CHEPATHBHOMN
AKTHBHOCTH U SIBISICTCSA BaXKHBIM TEXHOJIOTHYE-
CKUM TIOKa3aTelleM MPOM3BOJCTBA CIUPTA U3 Me-
naccel. COTJIaCHO MPHUBEICHHBIM JaHHBIM, BOJIU3U
gacToThl 54,0 I'T11 cymecTByeT 3aBUCHMOCTh OHO-
Joruueckoro 3ddekra OT YaCTOTHI OOIydCHHUS
OMU MM/T.

3naucHue «axtuBHOM» wacTtoThl (54,20 I'T'nm)
Oomm3ko k ompenenenHoir B [9] wactore DMU
(54,17 I'T), obay4eHne MPH KOTOPO TPUBOIIIO
K YBEJIMUYCHHUIO CKOPOCTU Pa3MHOMXKEHHS JPOIIKEH.
Ha cocennux uactrorax OmocTUMyIHpyromme 3¢-
(bexThl He BhipakeHs! (Tabu. 2). B [10] mis gactoT-
HOW 3aBUCUMOCTH CKOPOCTH Ta30BBIICICHHS CYC-
TICH3UU JPOXKKEH OOHAPYIKEH JOBOJIHHO IIUPOKUN
MakcuMyM Ha gactorte 55 ['T'm.

Panee mamu Obuto mokazano [17], uto omHO-
KpaTHOE HEMPOJIOIDKUTEIBHOE OOMy4YeHHE IPOK-
ket OMM MMJI Ha aKkTHBHOM  YacTOTe
41,76 I'T'T IpUBOIUT K IOJTOBPEMEHHBIM ITOCIIEI-
CTBHUSIM. U3MEHCHHS B CKOPOCTH Pa3MHOXKEHHUS CO-
XPaHSIOTCS B TCUCHHE €IIC HECKOJIBKUX TIEPECCBOB.
B nanHOl paboTe mocne[CTBUS OOMydYeHHs OIpe-
JeTSUTA JUTS BBISIBJICHHOW HaMU CTHMYJIHPYIOIICH
gactoTsl 54,20 I'T.

B tabn. 3 mpencraBieHbl pe3yNbTaThl BIHSHUS
o0myuenust Ha yactore 54,20 I'T'y npu HECKONBKHUX
mepeceBax. M3 TOMydeHHON Opa’kKKM BBIICISIN
JIPOXOKU M UCTIONTB30BANIM UX B KAUECTBE 3aCEBHBIX
IUIsl cOpakMBaHMS TaKUM K€ 00pa3oM elle HECKO-
JIBKO pa3s.

Kak BumHO w3 TabmuIel, NpHOOpPETCHHBIC
JPO’XKaMHU CBOWMCTBA MO HAKOTUICHHIO OMOMACCHI U
COJIep’KaHUIO HECOPOKEHHBIX YTIIEBOIOB COXPAaHS-
JUCH 110 TAToi reHepanuu. CoaepxaHue CIupTa B
Opakke, ompelelneHHOe pedhpakTOMETPUIECKH, He
MOKa3aJ10 3HauYUMBIX oTiInYuid. OHAaKO U3MEHEHUe
Ha 0,1% oObemMa gBIsIETCS OYEHH BECOMBIM IS
TexHonoruu. [locreneHHoe «yracaHue» 3HAYMMBIX
pa3nuuuii mokasarenaeil B KOHTPOIBHOM U OIIBITHOM
oOpa3ax MOXET CBHUIETENhCTBOBATH O Mepenade
M3MEHEHHBIX (YHKIHMI Ha YpPOBHE BHEXPOMOCOM-
Hoit /IHK, nu3ameHeHveM CUrHaJUIMHIa U MOCTENEH-
HOTO «BBIPOXKAEHUS» 3dPdeKrTa. ITO TOCTATOYHO
pacmpocTpaHeHHOE SIBJICHNE JUII MyTareHHBIX (hak-
TOPOB, K KOTOPBIM, BO3MOXHO, HEOOXOJMMO IPH-
qucauTh U BiugHue OMU MMJ[ HeKkoTophIX 4a-
CTOT.

CormacHO pe3yJibTaTaM HCCIICOBaHUI 00Tyde-
HUE IpoxkeBbIX kieTok OMU MMJI npuBoauT K
IIMPOKOMY CIEKTPY TIOJE3HBIX C TOYKH 3PEHUs
MPOMBIIIUIEHHOTO ~ TIPUMEHEHHS OWOIOTHIECKHX
apdexToB. B wactHocTH, Xpomarorpaduueckue
UCCIIEIOBaHUS AUCTHIUIATOB OpaKKH, COpPOKEHHOM
OOJy4eHHBIMH Ha aKTHBHOW YacTOTE 3aCEBHBIMHU
IpOXOKaMH, TIOKa3ald YBEIMYEHHE KOJIUYeCTBa
npuMeceld 0 CPaBHEHUIO C KOHTPOJBHBIM 00pa3-
oM. DTo, O€3yCIOBHO, CBS3aHO C YBEIMYCHUEM
CHHTE3a IPOXOKEBBIX KIETOK W MOXKET CITyKHUTh
MO3UTUBHBIM (HaKTOPOM UTS MPUMEHEHHUs1 00myye-
HUA 3aceBHBIX Apoxoked OMU MMJI B TexHouo-
TUU TIPOM3BOJICTBA OWOlTaHOJda. Bce paspaboraH-
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obmyuenus 3aceBHBIX aposxokeit (54,20 I'Tir; 10 muH)

Hpoxoxu BoiaeneHHbli buomacca, OraHo, HecOposxenHbie MeptBble
JTUOKCHI /v % 00. YTIIEBO/IBI, JIPOXKKEBBIC
yriepoa, r/100 cm3 KJIETKH,
r %
IlepBhlii 3aceB

O0yueHHbIe 14,02 + 0,01 176 +0,2 91+01 0,19+0,01 1,09+0,5

KonTpons 13,78 + 0,01 154 +0,2 90+0,1 0,25+0,01 29505
Bropoii nepeces

O0yueHHbIe 14,00 + 0,01 17,3+0,2 91+01 0,19+0,01 197+0,5

KonTpons 13,73+0,01 154 +0,2 90+0,1 0,25+0,01 4,03+0,5
Tperuii nepeces

OO0syueHHbIe 13,92 +0,01 17,0+0,2 90+0,1 0,21+0,01 2,04+0,5

KonTpons 13,73+0,01 152+0,2 90+0,1 0,25+0,01 401+05

YerBepThlii HEpeceB

OO0syueHHbIe 13,83 +0,01 17,0+0,2 90+0,1 0,21+0,01 2,14+05

KonTpons 13,73+0,01 15,0+0,2 90+0,1 0,25+0,01 3,92+0,5
IIsThIii NEepeceB

OO0syueHHbIe 13,74 +0,01 16,3+0,2 90+0,1 0,23+0,01 3,73+0,5

KonTpons 13,51 +0,01 152+0,2 90+0,1 0,25+0,01 3,92+0,5
IllecToii nepecen

O0iyueHHbIe 13,64 + 0,01 16,2+0,2 90+0,1 0,29+0,01 413+05

KonTposs 13,46 + 0,01 148+0,2 90+0,1 0,30 +0,01 443+05
CenbMoii nepecen

O0iyueHHbIe 13,38+ 0,01 146+0,2 89+0,1 0,22 +0,01 415+0,5

KonTposs 13,21 +0,01 143+0,2 89+0,1 0,32 +0,01 451+05

HBIC M BHEJIPEHHBIE CIIOCOOBI CIIUPTOBOTO COpaXKu-
BaHUs METACCHOTO CYCJia HAMpaBJICHBI HA MOJyde-
HUE MaKCUMAJIbHOTO KOJUYECTBA STHIOBOTO CITUP-
Ta NP MUHUMAITBHOM KOJIMYECTBE JAPONOKEH U 3a-
TpaT caxapa Ha WX Pa3BHTHE M CHHTE3 OMOMACCHI.
Taxke BakeH MUHHMMANBHBIA pacxoj| caxapa Ha
CHUHTE3 MOOOYHBIX W BTOPUYHBIX MPOIYKTOB OpO-
xeHus [11], KOTOpbIe YXyALIAOT KAYECTBO CIUPTA.
HaoGopoT, B TeXHONOTWH NPOM3BOACTBA OHOATa-
HOJIAa YBEJMYCHHE CONEPXKAHUSA MOOOYHBIX TpPUME-
Ceid, TMOMYYCHHBIX BO BpeMsi OpOXKEHHsS, a UMEHHO
CITOKHBIX 3(HUPOB U BBICHIMX CITUPTOB (CHBYIIHBIX
KOMIIOHEHTOB), TMO3BOJSET YBEIUYUTh CTOHKOCTh
CMECEBBIX OCH3MHOB OT PACCIIOCHHUS, B TOM YHCIE
Y B XOJIOJIHbIN 3UMHUI NIEpUOJ.

U3 cpaBHeHHs C pe3yJIbTaTaMH, MOJYYCHHBIMU
panee [17], BumnHO, 4TO OOGNydYEeHHE KYJIBTYPHI
CIIUPTOBBIX Iposokeit S. cerevisiae pacet M-09 Ha
yactotax 41,76 u 54,20 I'T'y npu mpoynx paBHBIX
YCIIOBUAX BBI3BIBACT MOX0XHe 3 dekThl. [ToBbIra-
eTcs BeIxoz Gromaccer (Ha 23,2 u 14,3% cootBer-
CTBEHHO), yBeJIW4HMBaeTcs BeIxox crupra (Ha 1,2 u
1,1%), nuokcuna yriepoaa (Ha 7,8 u 1,7%) no ot-
HOIIICHUIO K KOHTPOJII0. Y MEHBIIAETCSI KOTUYECTBO
HecOpokeHHBIX yriaeBonoB (Ha 18,5 u 24%). Un-
TEPECHO, YTO SIBHO BHIPAYKCHHBIC U3MEHEHUS B CITO-
COOHOCTH HAaKaljIMBaTh OWOMAaccy W COUPT TPHU
Bo3zeiictBun uactotel 41,76 I'Ti coxpaHsuuch
TOJILKO JI0 TPETHETO MepeceBa KyIbTYPHI, a AAJIbIIIC
HAOMIOIAIOCh JaKe HEKOTOPOE YrHETeHHUE OMOCHH-

te3a. Ilpu pevictBuu yactotel 54,20 I'T'n Havasb-
HbIe () ()EKTH MEHbLIE, HO COXPAHSIOTCS 0 MATOTO
nepeceBa. [103TOMy HeNnb3s TOBOPHTH O CaMOM
«3(ppexTrBHON» YacTOTE, HEOOXOMUMO TTOAOHpPaTh
BO3/ICHCTBHE TIO ONIPENICIICHHYO 3a/1a9y.

K cnemmduueckum yepram KIETOYHBIX 3 dek-
ToB OMU MM]I oTHOCATCS: HU3Kas (HETEIIOBas)
WHTEHCHBHOCTb OOJyYeHHUs, YHHBEPCAIbHBINA, Kak
NpaBUJIO, ONArONPUATHBIN XapakTep BO3ACHCTBUS,
OJIM3KHE KOJMYECTBEHHBIC TOKa3aTrenn O0modddex-
TOB. [ToX0XHUM 110 XapakTepy u KOHeUHOMY 3P dek-
Ty BO3ACHCTBUSI Ha OMOCHCTEMY SIBJISICTCS BIIUSIHUC
HU3KOMHTCHCHUBHOTO JIa3€PHOTO HM3IyUYCHHs, TaK
HaspIBaeMas JjasepHas Owoctumyssuus [18]. Or-
METHM, YTO B OOOMX CIIydasX HET YETKOro IOHU-
MaHus (PU3UUSCKUX MEXaHU3MOB NpeoOpa3oBaHUs
AJIEKTPOMATHUTHON SHEPTHU B KJIETKE.

Cpeny BO3MOXHBIX TIEPBHYHBIX PELEHTOPOB
OMU MMJI paccMmaTpuBaroTCsl BHYTPHKJIETOUHAsS
Boma [19], memOpansl [20], MeTamnocoaepkaiue
OenkoBBIE KOMIUTEKCHI [21], cBOGOIHBIE pagnuKaIbl
[22] u np. OgHako yHMBEpCAIBHBIH XapakTep Aei-
ctBust OMU MM/ Ha pa3HooOpa3Hble Onomornye-
CKHE CHUCTEMBI CTABUT IOJ] COMHEHHE CYIIECTBOBA-
HHUE €JMHOI0 TIEPBUYHOTO pelenTopa MOJEKYJsIp-
HOro ypoBHsa. Ta e cuTyauusi xapakTepHa JUis
nazepHON OHocTUMyIsiiy. HecMOTpsi Ha TOTMBITKH
OTBICKATh EIUHYIO0 MOJIEKYISIPHYIO MHUIleHb [23],
OOJIBIIMHCTBO HCCIIEAOBATENEH CUUTAIOT, YTO pas-
JUYHBIX (QU3NYECKUX U XUMHUYCCKUX MEXaHH3MOB



peoOpa3oBaHus DHEPTHUU JIA3EPHOTO H3ITYUCHUS,
BIIUSIONIMX HA (DYHKIMOHAIBHOE COCTOSHHE KH-
BBIX CHUCTEM, MOKET OBITh MHOKECTBO U JAJTIEKO HE
BCE M3 HUX U3BECTHEL.

B 060oux cioydasx pedb MOXKET UATH O CIOXKHOU
LIEMIOYKE CBS3aHHBIX (PU3UKO-XUMUYECKHX TPOIIEC-
COB, KOTOpBIE PEaTU3yIOTCS MO OJHOMY M3 MHOTO-
YUCIIEHHBIX PETYJISITOPHBIX MEXaHWU3MOB, U C TIO-
MOIIBIO KOTOpBIX OMMU nmaHHOTO CHEKTPaIbHOTO
JMara3oHa OPTaHU3YeT OMpeeIeHHbIe OHMOXHMH-
YECKHUE PEeaKilvu.

3AKJ/IIOYEHUE

B pabote BBISBICHO CTUMYIHPYIOIIEE BIHSHAEC
OMU MMJI B guanasone 4vactoT 53-55 I'T'r mis
apoxokeir Saccharomyces cerevisiae pacet M-09,
HCTIONIb3YEMBIX B KAUECTBE 3aCEBHBIX B TEXHOIOTUH
MIPOW3BOACTBA OMOdTaHONA. BhIOpaHHBIC IS HC-
CIICZIOBaHUS TTAPAMETPhl OTPAKAIOT TEXHOXUMHYE-
CKHE TOKa3aTel OMOTEXHOIOTHYECKOTO Mpoliecca
U OJHOBPEMEHHO SIBJSIFOTCS BaXKHBIMH C TOYKH

3peHus]  XapakTepUCTHKU  HKU3HEIEATEIbHOCTU
KYJBTYPHI.
HccnenoBaHusi  IeHEPaTUBHOM  aKTUBHOCTH

JIpOXOKeH TIOCiie TPEXCYTOYHOTO pocTa IMOKa3alld
yBenuueHue Ouomacchl (Ha 14,3%) u xonmdecTBa
knetok (Ha 36%) npu oONyYeHHH B TEUYCHHUE
10 MumH 3aceBHBIX JPOXOKEH Ha  9acToTe
54,20 I'Tu. KonnyecTBO MEPTBBIX KJIETOK B KYJIb-
Type CHH3MI0Ch Ha 63%.

W3ydeHne TEXHONOTHYECKUX ITapamMeTpoB Opo-
JKEHHUsS TI0Ka3alio, 4To oOiydeHwe KieTok OMU
MM]] na uactrote 54,20 I'T1y oka3piBaeT OHOCTH-
MYJIAPYIOIEe, TO €CTh YCKOPSIOIIee, MeTadOoInu3M
BrusHUE. KoMM4ecTBO BBIAETMBIIETOCS IUOKCHAA
yriaepoaa yBenuumioch Ha 1,7% W CHHTE3MpOBaH-
Horo staHona Ha 1,1%, konmuecTBO HecOpOXKEH-
HBIX YIJIEBOIOB B Opakke yMEHbIIHIOCh Ha 24%,
YTO SBISETCS Ba)KHBIM TEXHOJOTHYECKHM TIOKa3a-
TEJIEM MPOU3BOJICTBA CIIUPTA U3 MEJACCHI.

B nuanazone 53-55 I'T'm cymiecTByeT 3aBHCH-
MOCTb OuoJioruueckoro 3¢ ¢exra OT 4acTOThI 00-
aygenuss OMMU MM/: naunbonee «aKTUBHa»
gactora 54,20 I'Th, a Ha yacrorax 53,77, 54,17 u
54,57 I'T'it bumoctumMysiust ciadee.

[IpnoOpereHHble  IpOAOKaMU  CBOWCTBA 110
HaKOIUICHUIO OMOMAacChl M COJEPIKaHUI0 HecOpo-
JKEHHBIX YTJIEBOJOB COXPAHAINCH JI0 IMATOW TeHe-
pamuu. I[loctenenHoe «BbIpoXkAeHUE» 3hdekTa —
JOCTaTOYHO paclpoCTpaHEHHOE SIBICHUE AT MY-
TareHHBIX ()aKTOPOB, K KOTOPHIM, BO3MOXHO, Cle-
IyeT MpUauciuTh U Biusane MU MM/] HekoTo-
PBIX 4acTOT.

Takum 00pa3oM, OMOCTHUMYJISIHS JPOMXOKEBOH
KyJapTypel OMU MM/l B TEXHOIOTMH MPOU3BOI-
cTBa OMO3TaHOJIA MOXKET MPUMEHSATHCS IJISl MTOBBI-
LICHUS] BBIXOJA OHMOMACCHI, YBEIMYEHHs BbIXOJa
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CIUpTa, TOBBIIICHUS YTWIM3AalMd cyOcTpara
(yMeHbIIEHHSI KOJTUIECTBa HECOPOIKEHHBIX YTIIEBO-
JIOB), & TAKXKE YBEIMYCHHUS KOJTMUYECTBA MOOOYHBIX
MPOAYKTOB — OKCUT'€HATOB I ONTHMHU3AINN TEX-
HOJIOTUYECKOT0 TIpoIiecca.
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Hocmynuna 15.10.13
Ilocne dopabomku 23.12.13
Summary

The influence of microwave irradiation on the tech-
nical and chemical indicators of molasses worth fermen-
tation by the irradiated seed yeast has been investigated
in the technology of bioethanol production. The opti-
mum irradiation parameters of the microwave EMR in
53-55 GHz band for the yeast culture Saccharomyces
cerevisiae M-09 were experimentally determined. In the
alcoholic brew fermented with the irradiated yeast the
accumulation of biomass, alcohol and the amount of
carbon dioxide emissions increased compared to the
control. At the same time, the quantity of residual carbo-
hydrates decreased. The effect of the microwave EMR
action on the yeast culture was saved for six generations
and only gradually weakened, which may be connected
with the Saccharomyces cerevisiae adaptation to the
influence of external factors.

Keywords: microwaves, bioethanol, yeast, fermenta-
tion.
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NHayKIMOHHBIA HATPEB IAPUKOBbBIX BHIBOI0B
NPHUIos JJisi MOHTAaKa kopnycoB BGA
B. JI. Jlanun, U. U. Cepraues, B. T. XoTrbkuH

Benopyccruil 20¢y0apcmeenblil yHUSepcumem unpopMamuKy u paouod1eKmpoHUK,
ya. I1. Bposxu, 6, 2. Munck, 220013, Pecnybiuxa Berapycw, e-mail: vlanin@bsuir.by

Hccnenoan mpouecc HHAYKIMOHHOTO HAarpeBa Mpu (JOPMUPOBAHUH MIAPUKOBBIX BBIBOJIOB MPUIIOS M3
NPUIOIHOM NMacThl Ha KOHTAKTHBIX IUIOMIA/IKaX NeyaTHBIX IiaT. [IpuMeHeHne KOJIbIIeBOro HHIYKTOpa
C BHYTPEHHHM MarHMTOIPOBOJOM W3 (eppuTa MO3BOJMIO CKOHIICHTPUPOBATH CHWJIOBBIC JIMHUH Mar-
HHUTHOTO TT0JIs1 B paboueii 30He U 00ECIIeYNTh ONTHMAIBHBIN TeMIlepaTypHbIi Tpoduib HarpesBa Ipu
MoHTaxe kopiycoB BGA co ckopocthio 40-50°C/c.

Kniouesvie cnosa: unoykyuonmwlil Hazpes, 8b1800bl Npunos, moumasic, kopnyca BGA.

VK 621.396.6
BBEJIEHUE

B coBpeMEHHBIX AJIEKTPOHHBIX MOAYJSX Bce 00-
Jiee MIMPOKO MPUMEHSIOTCS MHTETPalIbHbIE MHKPO-
cxeMsbl B kopnyce BGA, 4To maetT BO3BMOXXHOCTH TO-
BBICUTh TUIOTHOCTH KOMIIOHOBKH DJIEMEHTOB W 3a
CUeT COKpAIICHUs UIMHBI BBHIBOJOB 3HAYMTEIBHO
MOBBICUTh OBICTPOJCHUCTBHE 3JICKTPOHHOW CXEMBI.
Jus maiiku koprrycoB BGA Ha KOHTaKTHBIX ILIO-
maaKax IIaThl HE00XO0AUMO CPOPMHUPOBATH MATPH-
1y IIAPUKOBBIX BHIBOJOB U3 HpHIos [1].

[Ilapuku TpUMOs HAa MEYATHOW IUIATE MOXKHO
(dbopMHpOBaTh HMHAYKIMOHHBIM HarpeBoM. WHIyK-
IMOHHBII HArpeB MEPEMEHHBIM 3JIEKTPOMArHUTHBIM
MOJIeM TO3BOJISIET OCYLIECTBIATH C BEICOKOW MPOU3-
BOJUTEIBHOCTBIO  PA3IUYHBIC  TEXHOJIOTHUECKHUE
MPOIIECCHl: TePMOOOPabOTKYy, TUIaBKy, CBapKy, Maid-
Ky, BhIpall[MBaHNE KPUCTAIOB U T.J. BUXpeBbIe TO-
KA B paciiiaBax BbI3bIBAIOT MOHICPOMOTOPHbBIE CH-
JIBI, KOTOpBIE YIYy4YIIAIOT pacTeKaHWe MO MaseMbIM
MOBEPXHOCTSIM W IEPEMEIIUBAIOT MHOTO(a3HbIe
CTPYKTYPBI B )KHIKUX cpenax [2].

[IpoOneMbl MOBBIIEHUS SHEPTETHUYECKUX TTOKa-
3areneid U dOOEKTUBHOCTH MPUMEHEHUS SBIISIOTCS
aKTYaNbHBIMHU JUTS BCEX YCTPOMCTB MHIYKIIMOHHOTO
HarpeBa. MHOTOBUTKOBBIE WHAYKTOPBI COJICHOU-
JATBHOTO THUMA XapaKTEePHU3YIOTCS 3HAYUTEIHHBIM
pacceMBaHMEM MarHUTHOTO moToka, Hu3kuMm KII/I,
HEOOXOIUMOCTBIO JJICKTPUUECKON U TEMJIOBOW H30-
JSIIAW OT HarpeBaeMbIX JeTalieii U BOJSHBIM OXJia-
KICHUEM BO BpeMsi paboThl. briaromapst MHIyKIH-
OHHBIM HarpeBaTesiM Ha MAarHUTOMPOBOAAX MOXKHO
MOBBICHTh JIOKAJILHOCTh HArpeBa, CHU3UTH MOTPEO-
JSIEMYIO MOIITHOCTbB, M30aBUTHCS OT BOASIHOTO OXJIa-
KICHUS M OT U3O0JISALUHM HarpeBacMbIX JEeTalei, Of-
HAKO 30HA HArpeBa B JAHHOM cCJydYae OrpaHHucHa
pasMepamu 3a30pa MarHuTonpososa [3].

[Ilapuku mpUIOS HAa KOHTAKTHBIX IUIOIIAJKAX
(GOpMHPYIOT TakKe HWHAYKIMOHHBIM HArpeBOM B
JJIEKTPOMAarHUTHOM TI0JIe KOJIBIIEBOTO HMHIYKTOpa
(puc. 1) [4]. OmnaBiaeHne TPHUIION 33 CUET CEJICKTHB-
HOCTH HHAYKIIMOHHOTO HarpeBa MO3BOJSIET H30e-
KaTh HETaTUBHBIX 3()(EKTOB, MPUCYIIUX TPATHUIIU-

OHHBIM MeTonaM. Ilepen MHIYKIIMOHHBIM OILIABIIC-
HUeM mapuku npumos Sn3,5Ag nuamerpom 0,76 MM
3aKpEIUISIFOTCSI Ha KOHTAKTHBIX IUIOMIAJIKAX ILIATHI
n3 crexiorekcronura FR4 tommunoii 0,4 mm. Kon-
TaKTHBIC IJIONIAJIKM BCKPBIBAIOT OT MAasjIbHOW Mac-
ku ¢ pazmepom okHa 0,6 mm. [Tpu Toke B MHAYKTOpE
o 29 A u gacrore 300 k['11 onnaBieHne MIAPUKOB
mpunost mpoucxoawio 3a 2-3 c¢. [IpaBmwibHas reo-
MeTpudeckas (opma MIapuKoB obOecrednBaia Xo-
poliee KauecTBO MasHBIX coennHeHnit BGA.

Puc. 1. CxemMa WMHIYKIHOHHOTO Harpesa Uil (hOPMHPOBAHHS
LIAPUKOB MpUMost: 1— MHAyKTOp; 2 — mapuK; 3 — KOHTAKTHas
iomanaka; 4 — miara.

OnHako U MAasUIBHBIX MACT, KOTOPBIE COCTOST
13 TOPOIIKa MPHUIOSA ¢ AuaMeTpoM dactui] 50 MkM
WIN MeHee, pacipeie]IeHHBIX Bo Qurtoce, 3hdhexTHs-
HOCTh MHAYKIMOHHOTO HarpeBa HE3HAUNTENbHA U HE
NPUBOIUT K ormaBieHuio. HecmocoOGHOCTE K 3¢-
(eKTUBHOMY PACIUIaBJICHUIO MAsUIBHON MACThl OTpa-
HUYMBACT NPUMCHUMOCTH 3TOM TEXHOJIOTUH B Ce-
PUIHHOM IPOU3BOJCTBE.

Lenp paboTel — ONTUMM3ALKUS NApaMETPOB WH-
OYKLIMOHHOI'O HarpeBa KOJIBIEBBIM HHAYKTOPOM C
BHYTPEHHUM MarHUTOIPOBOAOM Uil (POPMHUPOBAHUS
[IaPUKOBBIX BBIBOJOB IPHIIOSI U3 MASUIBHOW MACTHI
Ha KOHTAKTHBIX IUIOINAAKAaX II€4aTHOW IUIaThl B
QJICKTPOHHBIX MOYJIAX.

© Jlanuu B.JL., Ceprayes U.U., Xotekun B.T., Dnekrpornas ob6paboTka marepuanos, 2015, 51(2), 61-65.



MOJIEJIMPOBAHMUE ITAPAMETPOB
MHAYKIMOHHOI'O HATPEBA

Hnst apdexTuBHON pabOThl KOJBLEBOTO HHAYK-
TOpa ¢ BHYTPEHHUM MarHUTOIIPOBOJIOM HEOOXOAMMO
ONTUMM3HUPOBATh YaCTOTY M aMIUIUTYIy TOKa BO3-
OyXIeHus!, a TaKKe MOJYUHUTh paclpelieiecHue BUX-
PEBBIX TOKOB B HAarpeBaeMbIX OOBEKTaxX M MEpEMEH-
HOTO MarHUTHOTO MOJs B mpocTpaHcTBe. ONTHMU-
3UpOBaTh HEOOXOAUMBIE MTapaMETPbl HHIYKIIMOHHOM
CHCTEMBl MOXXHO C IOMOIIBIO COBPEMEHHBIX IPH-
KJIaIHBIX [TAKETOB MOEIMPOBAHUs, OCHOBAHHBIE HA
METO/€ KOHEYHBIX 3JIEMEHTOB.

Jns mMozmenupoBaHMsT MHAYKLMOHHOIO YCTpPOM-
crBa BbIOpan maker ANSOFT MAXWELL, kotopsrii
MO3BOJISIET PACCUUTHIBATH TAPMOHMYECKHE SIIEKTPO-
MarHUTHbIE M 3JIEKTPUYECKUE IO, a TaKKe Iepe-
XOAHBIe mpouecchl. Hamumuue Momyns pacuera pac-
MpeIeNieHns BUXPEBBIX TOKOB, HaBEIEHHBIX Mepe-
MEHHBIM 3JIEKTPOMAarHUTHBIM IOJIEM, AaeT BO3MOXK-
HOCTh MOJEJHMPOBaTh paboTy YCTPOWCTB MHIYKIIHU-
oHHOro Harpesa [5].

Metonuka  MOAENMPOBaHMUSA  PacCIpeesICHUs
3JIEKTPOMArHUTHBIX IIOJICH B JaHHOM ITPHUIIOKEHUH
BKJIIOYAET. CO3AaHUE I€OMETPUYECKOH MOAENH, 3a-
JaHWE CBOMCTB Marepuasa, HCTOYHHKA BO30YXkKIe-
HUS, TPaHUYHBIX YCJIOBHM, HACTPOMKY OIIMUI pac-
4yeTa W CETKH, peIIeHHe 3aJaud paclpeieneHus,
MIPOCMOTP W aHaJK3 pPe3ynbTaTtoB. [ MoxenupoBa-
uus B nakere ANSOFT MAXWELL nocrpoena reo-
MeTpryecKass MOJIeNIb MHIYKIIMOHHOT'O YCTPOWCTBA,
KOTOpasi COCTOsIa M3 KOJIBIIEBOrO HMHIYKTOpa W3
MenHoU TpyOKku nuamerpom 5,0 MM U MarHUTOIPO-
BoJla (QeppuTOBOrO. 3aJaHbl TI'pAaHUYHBIE YCIIOBHS
HENPEPHIBHOCTU. N0JIe /1 HENpephIBHO NpH Iepece-
YeHUH TpaHull 00BEKTOB; ycioBue Helimana Ha rpa-
Hulle 001acTH MOAEIMPOBaHUs — none / He mepece-
KaeT TpaHMLBl 00JacTH MoJeaupoBaHus. BeiOpaHsl
napamMeTpsl MOCTPOCHUSI CETKH KOHEUYHBIX 3JIeMEH-
TOB U MOJENb pa30UTa Ha KOHEYHBIE JICMEHTHI.

B ocHOBy pacueToB mporpamMMmbl 3aJI0XKEHbI QyH-
JaMEHTaJIbHbIE YpPaBHEHHsI 3JIEKTPOMArHUTHOTO TIO-
ast [6]. IepBoe ypaBHeHne MakcBemia (3aKOH IMOJI-
HOTO TOKa) — M3MEHSIOIIeecs BO BpeMeHHU t arek-
TPHYECKOE T0JIE B TIPe/Ieax dJIEMEHTa MOBEPXHOCTH
dS co3gaer MarHuTHOE MOJIeE:

¢, Hdl = [ ads +j@ds,
S S at

rre H HaNpsDKEHHOCTh MarHUTHOTO — TOJIS;
D — snektpuueckoe cMenieHne; J — IOTHOCTh TOKa.

Bropoe ypaBHenue MakcBemia (3aKOH 3JIEKTPO-
MarHUTHOM WHIYKIWH) — W3MECHCHHWE MarHUTHON
WHAYKIIMHA BO BPEMEHHU CO37AeT IJIEKTPUUECKOe IMO-
Je:

1)

e=<j>Ed|=-§!Bd|, )

rae B — maruuTHas HHIYKIUS, E - HAaIMpPsA’KECHHOCTDb
OJICKTPUYCCKOI'O I10JIA.
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BaxxapiM akTOpoM, BIUSIONINM Ha XapakTep U
3¢ PEKTHBHOCTh HHAYKIIUOHHOTO HArpeBa, SIBJISETCS
Hanmuuue CKUH-3Q¢exTa. CKUH-CION OmpeneseTcs
paccTtosiHEeM O, Ha KOTOPOM BENIWYHHA BUXPEBBIX
TOKOB yMeHbIlaeTcsi 10 l/e oT cBoero mnepBoHa-
YaJIbHOT'O 3HAUCHUS U PACCUUTHIBACTCS KaK

(3)

rIe p — yIeIbHOE DICKTPHYECKOE CONPOTHBICHHE;
M — MarHUTHas IPOHMIAEMOCTb; [o — OTHOCHTEIb-
Has MarHWUTHas MPOHUIAEMOCTh, ® — MarHUTHas
yriioBas yactora; f—gacrora.

[ToBepXHOCTHAs! IJIOTHOCTh AKTHBHOW MOIIHO-
CTH, BBIJCISAEMOW B METaJJIe B CPETHEM 3a MEePHOJ
T, onpenensiercs: BeIpakeHueM [7]:

[T E(0)H(0)dt=210" (104 out , (4)

rae |, — metictBytromee 3HadueHue Toka; Wy — miot-
HOCTb HAMOTKH BUTKOB (1/m).

[Ipr MOJETMPOBAHUHU TPHHSITO, YTO KOHBEKTHB-
HBIH TEIUNIOOOMEH B PACIUIAaBIICHHBIX IIAPHKaX IpH-
10si MOXKHO MPOUTHOPHPOBATh M3-3a €ro HE3HAYH-
TENBHOTO BIIMSHHS Ha Paclpe/ieieHUe TeMIIepaTypbl
B JIAaHHOM HCCIICZIOBaHHH, CKpbITas Teriora (a3oBo-
ro mepexoja IapUKOB MPUIOs YUYUTHIBACTCS, a BCE
Marepuaibl U30TPOIMHBI. MaTeMaTuieckoe ypaBHe-
HHE SHEPrud /Ui pacyera TeMIepaTypHOro MOJis
HaKeTa BBINLSIIUT CIIEAYIOIUM 00pa3oM:

Po

rje p — IOTHOCTh Marepuana; C, — yJaenbHas Ten-
JIOEMKOCTbh; A — TEIUIONMPOBOJHOCTD; (] — IJIOTHOCTh
SHEepPrHHM HWCTOYHWKA TeIUla, KOTopas TeHepHpyeTcs
HMHAYIUPOBAHHBIMU BUXPEBBIMU TOKAMHU.

[I1OTHOCTH TEMJIOBOTO TMOTOKA, CO3/1aBAEMOI0
BHUXPEBBIMH TOKaMH,

q=B(T-T,), (6)
rae T u Tp — TeMnepaTypbl IOBEPXHOCTH M OKpYyIKa-
IOIIel cpelbl COOTBETCTBEHHO, f — KO3 QHUUIUEHT
TETUIONIEPEaYH.

B pesynbraTe MoJenupoBaHuUs Mpolecca WHIYK-
OUOHHOTO HAarpeBa KOJBIEBBIM HHAYKTOPOM C
BHYTPEHHUM ()EPPUTOBBIM MATHHUTOMPOBOJIOM MPH
TOKE B 0OMOTKaX BO30OYXICHHs B mpezenax or 1 1o
2 A Ha yactore 2 MI'Il Hody4YeHO pacmpeaesieHue
TEMIIepaTyp B IIAPUKOBBIX BHIBOJAX Ha MEYaTHOU
miate (puc. 2). Hcmonb3oBaHne MarHHTOIPOBOA
no3BossgeT Aoctuyb Ha 60% Oonee paBHOMEPHOTO
nporpeBa BCeX INAPUKOB MPHIOS HA TMEeYaTHOU Tia-
T€, a TaKXKe BBICOKON CKOPOCTH HArpeBa Mo cpaBHe-
HUIO C BapuaHTOM 0e3 MarHuTomnpoBoaa. Mojemu
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(©)

Puc. 2. TernoBele mouis B HIapUKOBBIX BBIBOAAX ITPUIIOA HA TeYaTHOM I1aTe Py UHAYKIIMOHHOM Harpe€Be KOJBICBbIM HHIYKTOPOM C

MarauTornpoBozioM (a) u 6e3 Hero (0).

(a)

TeMIIepaTypHbIX Mojiel B mapukax npumos (puc. 3)
CBHJICTEIILCTBYIOT O TPEUMYIIECCTBEHHO MOBEPX-
HOCTHOM XapaKTepe BBICOKOCKOPOCTHOTO WHIYKIIH-
onnoro Harpepa [8]. Ilpy HaTUYHU MarHHTOIPOBO-
J1a, KOHIIGHTPUPYIOIIEr0 MarHUTHOE IOJIC€ B MHIYK-
TOpEe, CKOpOCTh HarpeBa MoxeT pocturatb 50°Clc

(puc. 4).

340
300
260 1
220
180
140

Temmneparypa, °C

100 2
60

20

0 2 4 6 8 10 12 14 16 18
Bpewms, ¢
Puc. 4. TemreparypHble 3aBHCHMOCTH B 30HE HAarpeBa KOJbIIe-
BOT'0 HHAYKTOpa ¢ MarHutorpoBoaom (1) u 6e3 Hero (2).
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240

256
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180
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Puc. 3. Mogenu pacnpeneneHus TEMIEPATYPbI IIPH HHAYKIIMOHHOM HarpeBse miaThl (a) u mapuka opumos (0).

METOJNKA OKCIITEPUMEHTA

Pa3zpaboTtaHo WHAYKIHMOHHOE YCTPOMCTBO JUIS
(GbopMHUPOBaHMS IIAPUKOBBIX BBIBOJOB U3 MAasUIbHON
MAcTHl Ha KOHTAKTHBIX IJIOMIA/IKaX IE€YaTHOM IIaTHl,
coJieprkaliiee KoJbLeBOW HHAYKTOpP 1 M BHYTPEHHUH
MarHuTonpoBon 2 (puc. 5). MHayKInOHHOE YCTPOii-
CTBO MOJKIIIOYATIOCh K BBICOKOYACTOTHOMY T€Hepa-
topy BUI" uepe3 koHAEHCATOPHBIN OJIOK COTIacoBa-
Hust BC peakTMBHOTO CONMpPOTHUBIEHHUS WHAYKTOpa C
reaeparopoM. lllapukoBbie BBIBOABI W3 MpUNOS 3
(OpMHPOBANNCH HA KOHTAKTHBIX TUIOIIAAKAX ILIATHI
6, 3aKpemyIeHHOW Ha TEIUIOM30JSILIMOHHOM OCHOBA-
Huu 4. Temneparypy B pabodeii 30He HarpeBa u3me-
psiau ¢ noMmouipro Tepmonapsl XK, NpUKpEIUICHHON
BHYTpPb ILIAPUKOBOTO BBIBOJA M COCIMHEHHOH C
mUQpOBEIM H3MepHTeneM Temmepatypsl TPM 210.
JJ1s KOHTPOJISL TEMITEPaTyPHOTO NPOQHIs UHIYKIN-
OHHOI'O HarpeBa M 4acTOTHI 'eHepaTopa MPUMEHSIICS
MePCOHABHBIA KOMITBIOTEDP, UMEIOIINHA CIIeIyIoIIne
xapaktepuctuku: OS Windows XP, CPU Intel
Pentium Dual-Core E5400 2700MHz, RAM 2,0 T'6.



Jlnsi aBTOMAaTH3UPOBAHHOTO U3MEPCHHUS MapaMeTPOB
npudop TPM210 moxximrodancss K HepCOHATHPHOMY
KOMITBIOTEPY TIOCPEACTBOM BCTPOSHHOTO MHTEP(Eii-
ca RS-485 ¢ wucnosib3oBaHMEM aBTOMATHYECKOI'O

npeoOpaszoBarenss  uHTepdeiicos  USB/RS-485
OBEH ACA4.
BC |« BUl'
1
\\
Y
5BM
)
TPM 210

Puc. 5. Cxema HarpeBa KOJBLEBBIM HHIYKTOPOM C BHYTPEHHUM
MarHuTONpoBogoM: 1 — HHAYKTOpP; 2 — MAarHUTONPOBOJ,
3 — mapux mpunos; 4 — pabounii cronuk; 5 — TepMmonapa,
6 — nevyarHas 1ata.

BBICOKOYACTOTHBIM TEHEPATOPOM CIYXKHI JIaM-
moBEIi TenepaTop BUI'2-1/1,76, npenHasHaueHHbIH
JUISL TIMTAHUSI TEXHOJIOTHYCCKUX YCTPOWCTB HMHIYK-
[IMOHHOTO HAarpeBa Ha pPa3IMYHBIX TEXHOJIOTHYE-
CKHUX omepanusx. ['eHepaTop uMeer IIaBHYIO Tepe-
CTpPO¥KyY 4acToThl B quanazone 1,0-2,0 MI'n, pery-
JIUPOBKY MOIIIHOCTH HArpeBa W 3alllUTy 10 MaKCH-
MaJbHOMY TOKY.

MHAYKUMOHHBIA HarpeB MOXHO TaKXe€ OCy-
IIECTBISATh C TIOMOIIBI0 HACTOJBHBIX TPAH3UCTOP-
HBIX T€HEpaTOpOB MOMNIHOCTHIO 10 5,0 kBT, Hanpu-
mep R5001 AKTAH.

s dopMupoBaHUS IIAPUKOB MPHUIIOS HCIIONb-
3oBaiach masuibHas macra SEV-V9511X-9 KOKI
KOREA, kotopas HaHocuiack gozaropom I1I1-341]
win pakeiaem ¢ tpadaperom. llapuku popmupoa-
JIMCh Ha TIEYATHOW IIaTe C IAroM KOOPAWHATHOM
cetku 1,5, Ha KOTOpPOW MMeNach MaTpUIA KOHTAKT-
HBIX TUIONIAJIOK MMeYaTHON TaThl. JIJis X MoJAroToB-
K K HaHECCHHWIO IaCThl HCIOJb30BAJICS IKHUIKHUN
¢mroc FluxPlus EFD. KauecTBo u pa3Mepbl miapu-
KOB TpuIios B muamnazone muametpoB 0,4-0,76 mm
KOHTPOJIMPOBATIUCH MOCPEICTBOM CTEPEOMHUKPOCKO-
na Carton NSWT-620.PFM-X ¢ 10- u 30-kpaTHbIM
yYBEIUYCHHUEM.

PE3VJIbTATBI OKCIIEPUMEHTA
N NX OBCYXJIEHUE

AHanmu3 TeMIepaTypHbIX MpoduiIe Harpesa Ia-
PHKOBBIX BBIBOJIOB TpHmos (puc. 6) mokaszan, 4To
CKOpPOCTh POCTa TEMIIEPATyphl B 3HAYUTEIHHON CTe-
[IEHU 3aBHCHT OT MOIIHOCTH HAarpeBa M MOXKET J0-
cruratb 40°C/c u Oonee. Opmnako mpu OOJbLICH
CKOPOCTH HarpeBa TPyAHO O00ECTIeUUTh 0OJee MoJIo-
T Y9aCTOK MIPH TEMIEepaType IUIaBIeHUsS PUTOA,
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KOTJIa TPOUCXOJAT CMadyMBaHWE TAaseMbBIX IOBEPX-
HOcTell M pacTekaHue mpumnos. OTCyTCTBHE 3TOTO
y4acTKa B YCJIOBUSIX MHTEHCHBHOTO HarpeBa IMpUBO-
IUT K IPEeXIEBPEMEHHOMY HCIIapeHHIo Quiroca, Ie-
perpeBy NpuUMos U, Kak CJIEICTBUE, K YXYJIICHUIO
KayecTBa (POPMHUPYEMBIX [IAPUKOBHIX BBIBOIOB. B
pesyibTaTe 3aKkumaHus (Iroca MMEeT MECTO pas-
OphI3TUBaHUE NIPUIIOS B BHUJEC MEJIKHX LIAPUKOB Ha
MTOBEPXHOCTH ILIATHI.

T! OC rrrrrrrrrr T T T T T 1T T°1
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Puc. 6. TemmeparypHble TpOGOWIM MIAPHKOBBIX
MIPUIIOS TIPH MOIITHOCTH Harpesa, kB: 1 —1,2; 2-0,9.

BBIBOJIOB

IMpoBepka kavecTBa cHOPMUPOBAHHBIX MAPUKOB
npunos Ha Mukpockore Carton NSWT-620.PFM-X
NOKa3aJia, 4To pa3dopoc 3HAUCHHUIl MO AUAMETPy Ia-
puka 0,76 mm coctaBuin 10—20 MKM, 9TO CBUACTEIb-
CTBYET O TOM, YTO MX Pa3orpeB B mpoiiecce Gpopmu-
poBaHuUs ObUI I0CTATOYHO PABHOMEPHBIA.

CKOpoCTh HarpeBa JJICKTPOMATHUTHBIM MOJEM
pacTeT MPOMOPIMOHATBHO YHEPTUU OJHOPOIHOTO
MarHUTHOTO IIOJIsI, CO3[]aBa€MOT0 KOJIBIICBBIM HH-
JYKTOPOM:

212
W=, NS 7)
21
TJie [l — MarHWTHAas MOCTOSIHHAS, |\ — OTHOCHTEIb-
Has MarHWTHas MPOHHUIAEMOCTh MAarHUTOIPOBOJA;
N — uncno BUTKOB MHAYKTOPA; | — cHia Toka B WH-
IYKTOpe; S — TUIOIIA/b CEUSHHs TOJsl BHYTPH HH-
nykropa; | — minHa HaMOTKH.

C yBelnWYEeHHEM 4YHCIa aMIIeP-BUTKOB B WHIYK-
TOpE U MarHUTHOW MPOHHUIIAEMOCTH MarHUTOMPOBO-
Jla YBEIWYMBACTCS SHEPTHsS MAarHUTHOTO TIOJS, pac-
TET MJIOTHOCTh BUXPEBBIX TOKOB, HABOJHMBIX DIICK-
TPOMArHUTHBIM TOJIEM B YACTHIAX TPHIIOS B TACTE.
Jns manykropa ¢ 10 Butkamu guametpom 40 MM u
BHYTPCHHHUM MAarHMTONPOBOJOM C OTHOCHTEIbHOMN
MarHuTHOW mnpoHumaeMocteio 100 Ha dacToTe
2 MI't ckopocTh HarpeBa coctasisiia 40-50°Cle.

BbIBO/IbI

Jl1st GOpMHUpPOBaHHS MIAPHKOBBIX BBIBOIOB IPHU-
1os, NpeAHA3HAUYEHHBIX Ui MOHTa)Ka HHTETpajib-
HBIX DJIEKTPOHHBIX KOMITOHEHTOB B Kopmyce BGA,
3¢dexTrBeH HMHIYKIMOHHBII HarpeB KOJIbIIEBHIM
UHIYKTOPOM C BHYTPEHHHM MAarHUTONPOBOIOM.
[IapukoBble BBIBOABI MPHIOS 33JaHHBIX pa3MepOB



00pa3yloTcs OIUIaBICHHEM MAasyIbHOW MAcThl, HAHe-
CEHHOI Ha KOHTAKTHBIE TUIOUIA KU TTIEYaTHON TIIATHI.
Hns unaykropa ¢ 10 Butkamu auamerpoM 40 MM u
BHYTPEHHUM MAarHUTOIIPOBOJOM C OTHOCHTEIHHOU
MarHuTHOW mpoHunaemocteto 100 Ha wacrote
2 MI'u ckopocth Harpesa gocturaet 40-50°C/c.
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Hocmynuna 12.12.13
Summary

The investigation has been performed of the process
of the induction heating at the formation of solder balls
from solder pastes on printed-circuit board contact pads.
Application of the ring inductor with an internal magnetic
circuit from ferrite has allowed us to concentrate the
magnetic field power lines in the working zone and pro-
vide an optimum temperature profile of heating during
mounting of the BGA packages with the speed of
40-50°C/s .

Keywords: induction heating, solder balls, mounting,
BGA package.
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MaremaTnueckoe MoOeJTUPOBAHUE NEPEXOAHBIX MPOLECCOB
B Pa3psiIHOM KOHTYpe U pa3psiAiHOi KaMepe
3JIEKTPOTrUAPABJINYCCKONA YCTAHOBKH

B. M. Kocenkos, B. M. boiukoB

Huemumym umnynscuwix npoyeccoe u mexuvonozuti HAH Yxpaunur,
np. Oxmsbpockuil, 43-A, . Huxonaes, 54018, YVrpauna,
e-mail: v.m.kosenkov@gmail.com

Pa3paboranbl MaTemMaTuuecKas MOJEINb IEKTPOJMHAMUYECKUX MIPOLIECCOB B Pa3psIHOM KOHTYPE H B
pa3psiHON Kamepe 3JIEKTPOTHJIPABINUECKON YCTAHOBKH, a TAaKKe aJTOPUTM pelleHHs MOJYyYeHHOU
CHCTEMBI YPaBHEHHH Ha OCHOBE YHCJIECHHBIX METOA0B. MoaenpoBaHue paclIupeHus KaHana paspsjaa
B BOJE BBHINOJIHEHO B I€OMETPUUYECKM HETMHENHOW MOCTAaHOBKE, HO HAa HEMOJBMKHOH KOHEYHO-
pasHocTHOU ceTke. MaTeMaTHueckass MOJENb M aIrOPUTM TECTHPOBAHBI Ha MPHUMEpPE PELICHUs Io-
JIOOHBIX 33734 U ITyTE€M CPaBHEHMS C HKCIIEPUMEHTAIBHBIMU JaHHBIMH. [IpoaHam3upoBaHbl BIUSHNC
KOHEYHOT'O JTMaMeTpa 3JIEKTPOJIOB HA MEPEXOIHBIE MPOLECCHl B Pa3pAJHOM KOHTYype M JWHAMHKA

pacuMpeHus KaHana paspsja.

Kniouesvie cnosa: paspso 6 ode, paspsaouvili KOHMYp, MAMeMAmuyecKds MoOeilb, nepexooHbvle

npoyeccsl.

YK 519.87:537.528

BBEJIEHUE

DJeKkTpuyecKre pas3psiipl B BOAE HAXOIST IIUPO-
KOe TMpHMEHEHHWE B HAYYHBIX HUCCICIOBAHUSX U B
NpaKTHYeCKUX mpuitoxkenusx [1-4]. dnst ocyruecTs-
JIeHHsl pa3pagoB B BOJE MCHOIB3YIOT pa3sHOOOpas-
HBIC JJICKTPOTHPABINYCCKHE YCTAHOBKH, OJJHUM H3
OCHOBHBIX DJIEMEHTOB KOTOPBIX SIBISIETCS Pa3psii-
HBIH KOHTYP. OT 3¢ (eKTUBHOCTH Tepeaun SHEPTHH
3apsiia KOHACHCATOPHOW OaTaper KaHaly paspsaa
3aBHUCUT Ka4eCTBO BBIMOJIHECHUS PA3IMYHBIX TEXHO-
JIOTHYECKHX TporeccoB. [loaToMy H3ydeHUIO BiHs-
HUS TIapaMeTpoB Pa3psAHOTO KOHTYypa Ha mpeoOdpa-
30BaHHME DHEPIMH B HEM IMOCBAIICHO MHOTO HCCIIE-
noBauuii (Hampumep, [5-8]). B artux paborax BbI-
CKa3bIBaJIOCh NPEATIONIOKEHNE, YTO KaHal pas3psaa
MPEJCTAaBISIET COOOW MPSIMOW KPYTOBOW IIMIIMHJP,
KOTOPBI B TIpollecce PACHIMPEHUS HE HM3MEHSET
cBoro opmy. Hccnenoanus [5, 9] 00 u3yueHun
TpaHchopmaiuu (GOpMbI KaHaNa paspsga CBUJIE-
TEJNILCTBYIOT, YTO OTO JIOMYIIEHHWE CIPABEINBO
TOJIBKO Uil KaHAJIOB OOJNBINONW UIMHBI MO CpaBHE-
HUIO C €r0 MaKCUMAaIIbHBIM paguycoM. B ocTanbHBIX
cllydasix OHO He Bcerja omnpasaaHo. bonbiioe Bis-
HUe Ha (opMy M pa3Mepbl KaHalla paspsiia OKasbl-
BalOT T€OMETPHUYECKHE MapaMeTpbl BBICOKOBOJIBT-
HBIX 97eKkTpoioB [10-12]. OxHako Npyu BHIMOIHEHUH
9THX HWCCIIEJOBAHUH HE YYUTHIBAIU CBS3b (DOPMEI
KaHaJla ¢ IPOIIeCCaMH B pa3psiTHOM KOHTYpE, CUUTAas
BPEMEHHYIO 3aBHCUMOCTb BBIJCNICHHS DJHEPIHU B
KaHaje Heu3MeHHOU. IloaToMy u3yueHue BIUSAHUS
ANIEKTPOJHONW CHCTEMBI M pa3psgHON Kamepbl Ha
pacupeHre KaHana paspsa M IpPOLECCOB B pas-
PSATHOM KOHTYpE aKTyalbHO B HAYYHOM U MPaKTH-

4yeckoM OTHomeHud. ClenoBaresbHO, OOBEKTOM
paccMOTpeHHUs] AOJDKHA OBITh CHCTEMA, BKIIOYAIO-
mas B ce0s pa3psAHbIN KOHTYP U 3alIOJTHEHHYIO BO-
JIOW pa3paaHyIo KaMmepy.

Lenp paboTel cocTouT B pa3paboTKe MaTeMaTH-
YecKOW MOJIeNH CHUCTeMBI pPa3pAOHBIA  KOHTYp—
paspsHas Kamepa, MO3BOJISIOIIEH BBIMONHATH HC-
CIIEIOBaHHS MEPEXOJHBIX IPOLECCOB, IMPOUCXOMA-
IMX B TEYCHHE DIIEKTPHUYECKOTO paspsiia B BOJE.
s 3TOro BOCHONB30BATUCH YHCICHHBIMH METOa-
MU HCCIIEI0BAaHU MaTeMaTHUECKON MOAETH.

[TIOCTAHOBKA 3AJTIAYN

Pa3psimHBIii KOHTYp WMIIYJNBCHBIX 3JEKTPOTHI-
PaBIMYECKUX YCTAHOBOK COJIEPIKUT CIIEAYIOIIUE OC-
HOBHBIE JIEMEHTHI: KOHJEHCATOPHYIO OaTapero, pas-
PAIHUK, 3JEKTPOAHYIO CHCTEMY M KaHal paspsaa
MeXIy 3JeKTpoJaMu. B 3aBHCHMOCTH OT Ha3zHaYe-
HUSl DJIEKTPOTHAPABINYECKHX YCTAHOBOK HX pas-
pSAAHbIE KaMmephbl, B KOTOPHIX pPa3MENIAeTCs 3JIeK-
TPOAHAS CHUCTEMa, HMMEIOT pas3lnuHble (QOPMBI H
pasmepsl. B psajie npuiiokeHud OHU UMEIOT IUJIUH-
JpUYECKyI0 (QOpMy H COOTBETCTBEHHO O0JanaroT
0CeBOH cumMmeTpued. PaspsaHyro kaMmepy Takoro
THTIA BEIOpaNIM ISl MOJISTUPOBAHUS B JaHHOH pabo-
Te, 4TOOBI YIPOCTUTH pa3pabOTKy MaTeMaTHIeCKOn
MOJIENH U aHaJIU3 MPOLIECCOB B Pa3psIHOM KOHTYpE.
Cxema 3aMemnieHnst pa3psagHOro KOHTypa W paspsii-
HOM Kamephl mpencraBiieHa Ha puc. 1. CormacHo
STOW CXeMe Uil OCYIIECTBICHHUS 3JIEKTPUYECKOrO
paspsiga Mexay snekTpogamu 1 u 6 KoHmeHcatop-
Hyro Oatapero C 3apspKaroT 10 3aJJaHHOTO HaIpshKe-
Hus Uy, [1o Mepe 3apsna u yBennueHHs HapsHDKEHUS
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Ha KOHJCHCATOPHOMW Oarapee MPOWCXOAMT IPoOOoit
raza B pa3psIHUKE 5 W Ha BBHICOKOBOJBTHBIM DJICK-
Tpoa 1 momaeTcsi HaNpsHKEHKE, MPUBOJIAIICE K DJICK-
TPUUECKOMY TPOOOIO CIIOS BOIBI MEXIY AJIEKTPOa-
mu 1 u 6. [To 06pazoBaBiIEMyCsl 3JIEKTPOIPOBOIHO-
My KaHany 4 B Bojie, 3alOJHSIONICH Pa3psIHYIO Ka-
Mepy 3, HauMHAeT MPOTEKaTh DIEKTPUYECKHH TOK,
MIPUBOJSIINN K pa30TpeBy BEIIECTBA B KaHAJe C 00-
pPa30BaHMEM HU3KOTEMIIEpaTypHOH Iia3Mbl. To ecTh
KaHaJ paspsjga 4 mpencTaBiseT co0O0l MPOBOIHUK,
COTIPOTHBJIEHHE KOTOPOTO CYIIECTBEHHO HM3MEHSET-
csl B IIpoIlecce paspsa MpH pa3orpese miaa3Mbl U e
pacmpeHud. B mpornecce paspsia 3jeMeHTHl pas-
PSTHOTO KOHTYpa, 32 UCKIIFOUEHUEM KaHaja pas3ps-
Jla, TIPaKTUYECKH HE M3MEHSIOT CBOMX XapaKTepH-
ctuk. [loaTromy oOIIas MHAYKTUBHOCTh L M akTuBs-
HOE COINPOTHUBJICHUE Rgy ATHX AIEMEHTOB OCTAIOTCS
MOCTOSHHBIMHU. JIJIsI AJIEKTPUUYECKON U3OJSALHUU CTep-
JKHSI BBICOKOBOJIBTHOTO 3JIeKTpoaa 1 oT kopmyca

pa3psAgHOI KaMepbl HCIONb3YEeTCS U30JISATOD 2.
C L
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Puc. 1. Cxema 3ameleHus1 pa3psiiHOro KOHTypa U OCECHMMET-
PpUUHOH pa3psaIHOI KaMephl.

I'mapoauHaMUYECKHe MPOLECChl, KOTOPbIE BO3-
HHUKAIOT BO BPEMs 3JIEKTPUYECKOTO paspsizia B BO/IE,
BO3JICHCTBYIOT Ha KaHal pa3psjia, H3MEHsS €ro
ANEKTPUUYECKUE U TEOMETPUUCCKUE XapPAKTEPUCTHKH.
[TosToMy Ui MOJETMPOBAHHS AICKTPOJMHAMHYE-
CKHX TIPOLIECCOB B Pa3psHOM KOHTYpE dJIEKTPOTUI-
PaBIMYECKUX YCTAHOBOK HEOOXOJHMMO YYHTBIBATh
HE TOJIBKO IapaMeTpbl CaMoro KOHTYpa, HO M BIIHS-
HHE BOJIbI, 3aIOTHSIONICH pa3psIHyI0 KaMepy.

JInst MomenupoBaHUsl TPOLECCOB B Pa3psiIHOM
KOHTYpE HCIOJb30BaHO ypaBHEHHE OanaHca Harmps-
KEHHI, TOJydeHHOe 1Mo cxeme 3amenienus (puc. 1)

[5]:
L9, R, +R )i+ L fidt=U @)
dt ck sh C b 0’
rae L — MHAYKTUBHOCTD KOHTYpa, ['H; | — cuia Toka
B KOHTYpE, A; Rek, Rsh — COOTBETCTBEHHO CONPOTHUB-
JICHWE KaHajla pa3psla U OCTAJIbHBIX 3JIEMEHTOB
paspsaHoro KoHTypa, OM; C — eMKOCTh KOHJICHCa-
TopHO# O6arapen, Mk®D; t — Bpems, c; Uy — Hampsixke-
HHUE 3apsaa KoHAeHcaTOpHOM OaTapew, B.
DNEKTPUYECKOE COMPOTUBIICHHUE KaHala pa3psja

MOYKHO OIIPECIUTH C TOMOUIBIO YpaBHEeHUS [5]:

o _ARGD

ck Pk .Vk ! (2)
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roe Py JaBlIeHNEe B KaHale paspsnga, lla;
Vi —o0beM KaHama paspsiga, M, | — paccrosue
MEXIY dJeKTponamu, M; Y = 1,26 — s dexTrBHbIH
HOKa3aTenb aquadaThl IUIa3Mbl B KaHale pas3psja,
A — uckposast octosunas BZ-c/m? [5].

ConpoTuBIieHHE KaHalla pa3psiia MOKHO BBIYHC-
auTh 10 opmyiie (2), ecnu B KaXIbIii MOMEHT Bpe-
MEHHU M3BECTHBI JaBJICHHE B IIOCIECTHEM H €ro 00b-
eM.

JlaBiieHue B KaHaiie pas3psijia MOXKHO OIPEACIINTD
U3 ypaBHEHHs OaaHca YHEPTHH, B KOTOPOM YYHUTHI-
BaeTCs M3MEHEHHE BHYTPEHHEH DHEPrHH IIIa3MBl,
paboThl pacuIMpeHHs KaHaja pas3psua H DKOyJIeBa
Harpesa IUIa3Mbl OT MPOTEKAIOMIETO Yepe3 Hee dJIeK-
Tpu4YecKkoro toka [5]:

®3)

Li(Pka)+ P dl =i’R,.
y—1dt dt

UroOpl ompenenuTh 00BEM KaHala paspsja,
HEOOXOMMO BBIYMCIHTh U3MEHEHHE €ro paanyca B
mporecce MPOTEKaHUS MO HEMy DIEKTPHYECKOTO
ToKa. JI7s 3TOr0 HEOOXOMUMO MOAETHPOBATH IPO-
[lecC pacUIMpeHHs KaHaja paspsjga B BOJE, 3aIoi-
HSIIOLIEN pa3psAIHYIO KaMepy.

B pesynbrare aHanmsa CymecTBYIOIIUX MaTeMa-
TUYECKUX MOJENeH THAPOIUHAMUIECKUX MPOLECCOB
B paspsiaHoOi kamepe [6, 7, 9—12] BriOpaHa Mozemb,
B KOTOPOH HCIOJB3YIOT MPEANONIOKEHHE O MOTEH-
oUanbHOM  Oe3BUXPEBOM  JIBHIKEHUHM  HICaIbHOU
KHUAKOCTH. ['MapoauHaMuYecKkasl MOJIeNb BKIFOYaeT
B cebs nmByMepHoe nuHeHHOe nuddepeHnnanTsuoe
BOJIHOBOE YpaBHEHHE TUNEPOOIMYECKOTO THIIA B
YaCTHBIX MIPOU3BOIHBIX. J{JIs1 IPUHSTHIX AOMYIICHUHA
BOJIHOBOE YPaBHEHHE B IWIMHIPUYECKOH CHCTEME
KoopauHat uMeet Bup [12]:

v _ 2|10 0wy, Py
ot2 =C {rar(rar)JraZ (4)

e Y — MOTEHIHAN CKOPOCTH, M2/C; ¢ — CKOPOCTb
3ByKa B BoOje, M/C; I, Z — MPOCTPAHCTBEHHBIE KOOP-
JTIUHATBI, M.
CKOpOCTH 3ByKa B BOJIEC OIpeaessuIn o Gopmyire
v 1 AN

[12]:
(-2 211 (arj2+(azjz ©)

TA€ Co — CKOPOCTb 3ByKa B HEBO3MYILEHHON JKHIKO-
cTH, M/C; y — SMIIUPUYECKHN KOIPPHULIUCHT, PaBHBIN
7, 15 s Bogpl.

JlaBeHHEe B KHIKOCTH ONPEIENSIN C IIOMOIIBIO
nuHenHoro unrerpana Komu—Jlarpanxa:

oy 1

¢t =c —

P=Py-p %, ©)
rae p — IVIOTHOCTh XKUAKOCTH, kr/m>; Py — Havais-
HOE JIaBJIEHHE B pa3psiAHoi kamepe, [1a.

CocraBasolnue BEKTOpa CKOPOCTH >KHIKOCTU U
TpaHMIIBI KaHajla pa3psaia ONpeessuin M0 TPaueHTy
MOTEHIMAIIA!
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,Z[J'IH pacueTta ruAPOAUHAMUYCCKUX IIPOLECCOB B

KaHaJIC pa3psaga HUCIIOJIb30BaJid YpaBHCHUC Jlammaca
[12]:

10(.0y), 0%y _
rar{rar]ﬁ_aZZ"O' ©)

OHO MONyYeHO KaK YaCTHBIN ciy4ail ypaBHeHus (4),
C Y4eTOM TOrO, YTO CKOPOCTh 3ByKa B ILIa3Me, 3a-
MOJNTHSIFOIICH KaHall pa3psiaa, HAMHOTO OOJIbIe, YeM
B BOJIE.

B HauyanpHBIT MOMEHT BpeMeHHU (Ha4ajao aKTHB-
HO# CTajmu paspsaa) KUAKOCTh HAXOAMUTCS B He-
BO3MYIIIEHHOM COCTOSIHUH, TO3TOMY 3HAYCHHUS I10-
TEHI[Maa \y PaBHBI HYJI0. B Hayaje akTHBHOM cTa-
JIMU paspsiaa JaBlieHHE B KaHajie paBHO Py, a rpa-
HHUIA KaHajga [BIKETCS C Ha4YaJIbHOW CKOPOCTHIO
Uyo, TOsBUBILIEHCA B pe3yJbTaTe pacUIMpeHus rpa-
HuLbl uaepa. KongeHcatophas Gatapes 3apsukeHa
1o Hanpsbkeruss Up, a cujia TOKa B II€NM paBHA HY-
JTHO.

Ha rpanuie pasmena ABYX cpell 3HAYCHHE TIO-
TEHIIMAIA HAXOIMIN U3 YCJIOBHS, YTO CTCHKA Kame-
pbI a0COIOTHO KecTKast. [109TOMy rpagieHT MOTeH-
[[Majia o HOPMaJId K MOBEPXHOCTH CTEHKH N paBeH
HYJIIO:

N _y (10)
on

Ha rpanume KkaHama paspsia BbIMOJHSIOTCS
YCITOBHS Ha KOHTaKTHOM paspbise [9]:

u, =U,, (11)

Pk = Pf , (12)
rae U — CKOpOCTh JKHIKOCTH Ha TpaHHWIle KaHala,
M/c; Ps — omaBlaeHHWe OJKHIKOCTH Ha TPaHHUIE
KaHaJa, [1a.

METO/1 PEIIEHM A 3AJJAUYN

HemnpepblBHYyI0 ~ IPOCTPAaHCTBEHHO-BPEMEHHYO
obnacth penienus 3amadd (cM. puc. 1) mpeobpaso-
BAIM B JIMCKPETHYIO, 3a[aBas IIar M3MEHEHHs Bpe-
MeHH Al B POCTPaHCTBEHHBIX KOOpPAWHAT Al u AZ.
Homepa BpeMeHHbBIX CIOEB JUCKPETH3ALUH 0003HA-
YUIA TUCKPETHOH NEepeMEeHHOW N, a HemoABMKHBIC
MPOCTPAHCTBEHHBIE CIIOW 10 KOOpAWHATaM I U Z —
JUCKPETHBIMU MEPEMEHHBIMH | U | COOTBETCTBEHHO.
Cxema IUCKpeTH3aluH pa3psaHON KaMmephl IoKasa-
Ha Ha puc. 2.

Pemenne ypaBuenuit (1) m (3) BBHIIOJHSAIM 1O
JByXIIaropomy wmeroxy Oiinepa—Komu [10, 11],
MMEIOIIEMY BTOPOH MOPSIIOK TOYHOCTH.
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-1 i+l 7
Puc. 2. Cxema TUCKpeTH3ALHHN pa3psIHOI KaMepEL.

Ha sTane npeanKTop BBIYHUCIISIINA COMPOTHBICHUE
KaHaja paspsaa no gpopmyne (2):

2
=Bl )
I:)k Vk
3aTeM OMNpeNeNsuld CUIY TOKA, MCIIOIb3YS JIHC-
KpeTHBIH aHanor ypasuenus (1):
=i+ AU, - (R + RN
L (14)
_ AU gn4at-in,
C-L

rae S" — uHTErpanbHas CyMMa Ha BPEMEHHOM CIIOE
N, BBIYMCIICHHAS! [I0 METO/Y TpAIeLHil.

W3 muckperHoro aHajora ypaBHeHus (3) Bbrdmc-
JISUTM IaBJICHHE B KaHAJe pa3psija:

SN+ 1
P, l=V—n(At-(y—1)x

k

n nVn_Vn& n
x(N"(t) - B %)Jr RV

(15)

rae N"(t)=(i")*- R} — MOIIHOCTb SHEPIHH, BBIIEIIsA-
€MOM B KaHalie pa3psaa, BT.

HauanbHyro CKOpOCTH MEepeMeleHHs] TPaHHIIbI
KaHaJla pa3psja Opu 3aJaHHOM HAyalbHOM JaBlie-
HUHU B KaHalie Py BeIUUCIsLIH 110 popmyste [13]:

P,—F
— _koO 0
U, =Pe=Fo (16)
p-C

[loreHunan Ha mEPBOM U BTOPOM BPEMEHHBIX
CJIOSIX ITOJIaraJld PaBHBIM HYJIO, a HA IPaHMLE KaHa-
Ja, Ha BTOPOM CJIO€, OIpENeNsuld W3 HWHTerpaja
Komm—Jlarpanka (6):

‘I’iz,j :\Vil,j — (P —R)At/p,.

Ha TperbeM W MHOCIEAYIOMIMX CIIOSX BPEMEHH
NpeBapUTEIbHOE 3HAYEHUE MOTEHIMANA KUIKOCTH
Ha TPpaHMIE KaHajla ONpPEAEIISUIM 1O JaBJIEHHIO, BbI-
yrciaeHHoMy 1o Gopmyie (6):

A7)

~ N+l n SN+l
Vi = —(R™ —R,)-At/p,.
[penBapuTENbHO TOJIE MOTEHIMANA BO BHYTPEH-
HHUX TOYKAX >KHUIAKOCTH OMNPEACIUIA U3 YPaBHCHHUS
(4) mo cxeme «xpect» [14], mMeroreii BTOpOit Opsi-

(18)



JIOK TOYHOCTU TI0 BPEMEHHOW M MpPOCTPaHCTBEHHOM
KOOpJWHATAM U npOCToﬁ AJTOPUTM pEaTH3AIUN:

S

I,jf [

(g W|+1 ith ‘|’|+1 i~
f

n n n n 19
*ri+1"i’i,j*Z'ri"Vi,j*ri—l"i’i,j”i—l“"i—LjJr 49

n n n
Vi, 4172V Y e

2 ]+2'\Vn

i j

n-1
i

n
+ri.wi_lj)+ “Vi,

Az
[Iar mo BpeMeHH ONpenessIi U3 YCIOBHS yCTOHYH-
BocTu Kypanta—®punpuxca—Jlesu [11]:
K -min(Az; Ar)

PR
rme k<1 — xoadduimenT 3amaca yCTOHYHUBOCTH
cxemsl (uucio Kypanra).

[Tone moTeHIMana, BBIYUCICHHOE MO (opMyIie
(19), obecrieurBaeT MaIyIO MOTPEITHOCTE BETHUHHEI
MNOTEHIIMAa, HO OTHOCHTEIBHO OOJNBINYIO MOrperI-
HOCTbh €r0 MPOU3BOAHBIX MO0 BPEMEHH M IPOCTpPaH-
CTBCHHBIM KOOPJHHATAM, YTO MPHBOIHUT K OOJIBIIAM
JUCTICPCUOHHBIM MOTPEIIHOCTSM TIOJIeH TaBICHUS U
CKOpOCTH, ormpeaensemMbix 1mo (opmynam (6)—(8).
YT10OBl YMEHBIIHUTH 3Ty MOTPEITHOCTH JIO HEOOXO-
JAUMOTO MHHHMYMa, BBIMOJHSUIH PEryJISIPH3AIHIO

MOJIST TIOTEHIAalIa \ylnjl M0 HESBHOH Pa3HOCTHOH

cxeme [14]:

At = (20)

~ n+1
Vi, j

n+l

N (N G

~N+1
~ N+l
Vi, j

~ N+l -+l
HioVia, i

n+1 ~ N+l
1\|1|J+r1\yllj+r )+
~ N+l N+l on+l
WI T2V Y A

: (21)

1+
Az

1 n n n
+K, X [——=—(F 1 - v; A =Gy s —
2 2 L YL ) T YL ) L L)

2-Ar”-r,

n n n n
20V Y i, Y, P
n n n
.Wirl'+1_2'wi’j+wi-1'—1 2.y n-1
| A2 2w =i

rae k; u k, — Becoseie koaddurmentsr (k;= 0,06;
ko= 0,94)

Omnpenensin CKOPOCTh MPaHMIIBI KaHajla paspsia
BO BCEX TOYKAX IEPECCUCHUS KOOPANHATHBIX JIMHUN
Pa3HOCTHOM CETKH C €ro MOBEPXHOCTHIO U3 YCIIOBHS
Ha KOHTaKTHOM pa3psie [13]:

Urn:;(l]_05 (Ur|k1+Urn|k+1])+
n+ n 22
Plkjl 05(Ik]+F)Ik+1J) ( )
p-c

WnTerpupyss mo BpeMEHH CKOPOCTh KaHaia,
oIpenenIn ero paauyc Ha N+l cinoe. UuTerpupys

69

IUIOMAAs TIOTIEPEYHOT0 CEUEHHUS KaHajla II0 €ro
JUTHHE, ONpeIe I 00bEM KaHana Ha N+1 croe.

Ha »stame «koppekTop» BBIYMCIUIN COMPOTHUB-
JICHWE KaHaja pa3psja

1 1
Ri'==A-1(y-1 s 23
ck 2 k (Y )( Pknvkn Pkn+1vkn+1 j ( )
U CUITy TOKA B Pa3psJHOM KOHTYpE
1 o AL e i"
I ! =1 +T|:U0_(Rckl+Rsh) 2 :|_
At (24)

B Sn -n+i“n+1 .
-C 2

3arem onpez[em/mn JaBJICHUE B KaHaJIe pa3ps/a;

R = Vi (At (y—=1-(N"(®)+N"*(t) -
Vi
n_ n-1 7 n+l n (25)
_Pkn Vk Vk Pn+1V Vk )+ Pn V )
At
CKOPOCTb I'PaHUIIBI KaHaa.
n+1
Urik i =0,5- (Urlk i +Ur|k+l j)+
n+1 0 5 ( n ) (26)
|k j k+l j
p-c

¥ TIOTEHLMal Ha TpaHMIle KaHana paspsia Ha N+l
BPEMEHHOM CJIOE:

1
\Vin,j _(Pkn+ - Po)’At/po-

vl =
[To moJyYeHHBIM MOTEHIMATAM BBIYUCIHIN TI0JIC
ckopocteit Vi, V; 1 naBineHue B pa3psaHOil Kamepe.
[TonyueHHbIE XapaKTEPUCTUKH HCIIOIb30BAIH ISt
OIpeIeNieH s MOJIsl CKOPOCTH 3ByKa Ha N+1 BpemeH-
HOM citoe 110 popmyie (5).

ITo cKOpOCTH IBMKCHHUS TPAHUIIBI KaHaIa pas3psi-
Jla BBIYUCIHJIM €ro HOBOE MOJIOKeHHWe Ha N+l —
Bpemenrom cioe (Ry;"™"). 3atem ompenemuu pac-
MOJIOKCHHE TPAaHMIBl KaHajla M0 OTHOMIEHHUIO K y3-
JaM JUCKpeTHOH cerku. Ilpu HOBOM UuKIE nei-
CTBUH HCKJIIOYAJIM W3 TPOIECCa BBIYMCICHHS II0
dopmynam (19) u (21) ToukH, KOTOpPBIE OKAa3aJIHCh
BHYTpHM KaHaia paspsiaa. biaromapst aToMy mpuemy
YAAI0Ch BBITIONIHUTh PacyeT THAPOJANHAMUYCCKUX
IPOLIECCOB B Pa3psIHON KaMepe ¢ Y4eTOM MOIBHXK-
HOCTH TPaHUIIBI KaHajda paspsiaa Ha HEMOIBHKHOM
cerke. B TOuUKax CETKH, PACIONOKEHHBIX BHYTPH
KaHaja, MOTEHIMA BBIYUCISUIM, pelIas KpaeBYIO
3amauy aias ypaBHenus (9) Ha KaXIOM BPEMEHHOM
CJI0€ TI0 METOJTy TOCJeA0BaTEIbHON BEpXHEN pelak-
canmu [14]. Takum obpaszom, 3amada cHOPMYIHPO-
BaHa B (DU3UYECKM W T€OMETPHYECKH HETMHCHHON
MIOCTaHOBKE.

(27)

TECTHPOBAHHE
MATEMATHUYECKOU MOJEJIN

TecTupoBaHre MaTEMaTUUYECKONH MOJENH BBINOJ-
HUJIM HA OCHOBE PE3YJITATOB MOJCIUPOBAHUS, IIPU-
BEJICHHBIX B padore [6].
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Puc. 7. Pamuyc xanana paspsiia.

B [6] 6bu1 BRIOpaH pamuyc kamepbl 200 MM u
mHa 100 mM. PaccrosiHue MExy 3JeKTpoAaMu —
100 MM, paanyc 37EKTPOJIOB MPUHSAT PABHBIM Pay-
ycy kKamepsl. Hampsbkenue 3apsiga KOHAEHCATOPHON
Oarapen — 50 kB, umuaykruBHocth — 4 MkI'H, eM-
KOCTh KOHJIeHCATOpHOW OaTtapen — 16 mx®, compo-
tuBieHne kKoHrypa — 0,04 OM, uckpoBas MOCTOSH-
Has A [5] npunsta pasnoit 10° B?-c/m%. ITlomyuen-
HBIC pe3yJIbTaThl MPEJCTaBICHBI HA pHC. 3-8, Ha KO-
TOpBIX 1M poii 1 oTMeueHb! nanuble u3 [6], undpoit
2 — pacyer 1o MOJENH, ONMCAHHOI B JaHHOW pabo-
te. Kak ciemyer W3 3THX PHUCYHKOB, Ipeuiaraemas
MareMaThdeckas MOJENb YIOBJIETBOPUTEIBHO CO-
rjaacyercs ¢ AaHHbIMH pabothl [6], HecMoTpsi Ha
ClICJITaHHBIE YTIPOIIAIOIINE PEIIOI0KECHUS.

YuuTeiBasi, 4TO TECTUPOBAHUE MATEMATHYECKOU
Mozenu [6] BBINOJIHEHO Ha OCHOBE OCHHJUIOTPAMM
CHJIBI TOKA M HANpsDKEHUs HA KaHale pa3psaa U dKc-
MEePUMEHTAIBHBIX JaHHBIX 110 U3MEHEHHUIO paauyca
000JI0YKH TOCcTIe pa3psda, MOXKHO 3aKITIOYHTh, YTO
XapaKTepUCTHKH, IIOJMyYEeHHbIE IO IpeiaraeMon
MaTeMaTHYeCKOH MOJENH, TaKkKe COINacyloTcs ¢
JAHHBIMHU SKCIICPUMEHTA.

PE3VYJIbTATBI UCCIIEJOBAHUA

PaccMmoTpen mpuMep BIHUAHHUS OU(paKIuy yaap-
HBIX BOJIH, TEHEPUPYEMBIX OSJCKTPHUCCKUM paspsi-
JIOM B BOJe, BOJH3M KpPYrOBOW T'PAHHUIIBI TOPIIOB
9JIEKTPOJIOB Ha MEPEXOIHBIE MIPOIECCH B Pa3PAIHOM
KOHTYypE co CIIEAYIOIINMHU napaMeTpamu:
C=2mvx®, L=1mxl'H, Ug=50kB, Iy = 25wmmMm,
Rsy = 0,01 OM. Pagmyc paspsaHOi KaMepbl COCTaB-
aan 200 MM, a eé mmHa — 75 mMm. Ucnonb3oBanu
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Puc. 6. HampspkeHne Ha KaHaie paspsia.
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Puc. 8. [laBnenue B kaHaie paspsiza.

t, MKC

ANEKTPOABl IMIMHAPUIECKOW (POPMBI € TIIOCKHMMHU
TOpPLIAMH. BBINONHEHO CpaBHEHHE XapaKTEPUCTUK
JIBYX Pa3psIHBIX KOHTYPOB, OTIIMYAIOIIUXCS PAIHY-
camu onektpoaos, paBHbiMa 200 u 10 Mm
(puc. 9-12).

W3 momydeHHBIX pe3ylbTaTOB CIEAYET, YTO
YMEHBIICHUE paanyca 3JEKTPOJOB OKa3bIBaeT 3a-
METHOE BIIMSIHAE HAa XapaKTEPUCTHUKH Pa3psIHOTO
KOHTYpa. JTO BIMSHHE MPOSBICTCS Yepe3 MmpoMme-
JKYTOK BPEMEHH, B T€UEHHE KOTOPOTO yIapHbIE BOJI-
HBI B BOJIC JIOCTHTAlOT KpaéB TOPIIOB 3JIEKTPOJIOB U
BO3BPAIIAIOTCS K KaHAIy pas3pszia B BUIE BOJH pa3-
PEKEHHS, BOBHUKAIOMINX B pe3ylibTare IUPpaKIum
(puc. 9).

Pammyc kxaHama BO3Je TOPLIOB JIEKTPOJOB YBe-
TUYrBaeTcs OBICTpee, 4eM mocepeanHe. B merom
CKOPOCTb PACIIMPEHHUs] KaHala CTAaHOBUTCS OOJIbIIE.
BcenenctBue storo ObicTpee yBenuumBaeTcs 00bEM
KaHaja ¥ YMEHbBIIAETCs AaBjieHue mia3msel (puc. 11,
1 — snexrpoa 200 mm, 2 — 10 mMm).

ITocite aToro Mmomenta Bpemenu (=~ 10 mkc) dop-
Ma KaHajia pa3psiia HAUMHAeT OTIMYAThCS OT IPSIMO-
ro mwmHapa (puc. 10).

B pesynprare mpousomiequInX H3MEHEHHH CO-
NPOTHBICHUE KaHala HAaYMHACT YBEIMYHUBATHCS
ObIcTpee TpH MEKTpoax pajanycom 10 MM, dem mpu
aneKTpoaax Ooisbinoro pamuyca (puc. 12, 1 — snek-
tpox 200 mym, 2 — 10 mm). U3 dopmyisl (2) criemyer,
YTO JaBJiCHHE IJIa3Mbl yYMEHBIIAeTcs B OOJbIIEH
CTEIICHH, YeM yBeJIM4yuBaeTcsi 00bEM KaHama paspsi-
Jla. DTO COOTBETCTBYET aauabaTHIeCKOMy MPOIEeCCy
pacuMpeHusi TUIa3Mbl € TOKa3aresieM anuabaTl,
oonpmuM  equHUIbl (Y = 1,26), U maHHBIM PaboOT
[15, 16].
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Puc. 11. [laBienue B kaHae.
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Pa3zpaboTtansl mMaremaTmdeckas MOAETh W alro-
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Summary

A mathematical model of the electrodynamic proces-
ses in the discharge circuit and the discharge chamber of
an electro hydraulic assembly is developed. In addition,
the algorithm of the solution of the obtained system of
equations on the base of numerical methods is proposed.
The simulation of the discharge channel expansion in
water is realized in a geometrically nonlinear model, but
on the finite difference scheme for a stationary grid. Both
the mathematical model and the algorithm developed
have been tested after the example of similar problems
solution a well as by the comparison with the experi-
mental data. The influence of the finite diameter of the
electrodes on transient processes in the discharge circuit
and the dynamics of the discharge channel expansion
have been analyzed.

Keywords: discharge in water, discharge circuit,
mathematical model, transient processes.
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High temperature corrosion of metals and alloys can be controlled by the use of inhibitors. In this work,
the role of a superficially applied CeO, coating to combat high temperature corrosion of some superal-
loys such as Superfer 800H (Alloy A), Superco 605 (Alloy B) and Superni 75 (Alloy C) has been inves-
tigated. An accelerated corrosion testing of the coated as well as bare superalloys was done in a molten
salt environment (Na,SO,~60%V,0s) at 900°C for 50 cycles. The weight change, X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM) and Electron Probe Micro-Analysis (EPMA) of the ex-
posed specimens were carried out to characterize the oxide scales. The percentage decrease in the weight
gain in alloys A, B and C, with superficially applied CeO,, was found to be 23, 35 and 68%, respective-
ly. It was concluded that ceria (ceric oxide) was most effective in reducing the corrosion rate in alloy C.

Keywords: superalloys, hot corrosion, inhibitors, oxide additives.
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INTRODUCTION

Metals, alloys, and ceramics may sometimes ex-
perience accelerated oxidation when their surfaces
are covered with a thin film of a fused salt in an oxi-
dizing atmosphere at elevated temperatures. This
mode of attack is called hot corrosion or high tem-
perature corrosion. High temperature corrosion can
be defined as the deposit modified gas-induced deg-
radation of materials at high temperatures [1].

Many very important engineering systems opera-
ting at high temperatures (650-1100°C) involve a
contact of metallic or ceramic materials with com-
bustion gases containing inorganic impurities, e.g.
gas turbines, steam generators, incinerators and nu-
merous petrochemical process vessels. As the gases
are cooled, fused salt films may condense on the
hardware to generate a highly corrosive condition
analogous to the aqueous atmospheric corrosion re-
sulting in an accelerated degradation [2]. “Because
of its high thermodynamic stability in the mutual
presence of sodium and sulphur impurities in the
oxidizing gas, Na,SQ, is often found to be the com-
mon or dominant component of the salt deposit. Sul-
phur is a principal impurity in fossil fuels, and sodi-
um is introduced into the combustion air — usually in
an aerosol originating from seawater.”[1] “During
the combustion of certain low—grade fossil fuels,
vanadium compounds such as NaVO; and V,0s,
may also be deposited in the salt film” [1].

Iron, nickel- and cobalt-based superalloys are
commercial alloys commonly used for the manufac-
ture of components exploited in aggressive environ-
ments of gas turbines, steam boilers etc, where these

alloys are subject to the hot corrosion degradation.
There are numerous inhibitors commercially availa-
ble that are intended to reduce the severity of oil ash
corrosion (hot corrosion), such as Mg- and
Mn-based additives. CaO, MnO,, Al,Os, ZnO, BaO,
PbO, SiO,, BaO, Ba(OH),, Ca(OH),, CaCOs;, as well
as oil soluble Ni, Al, Fe and other compounds [3].
However, in this paper, the effect of a relatively less
studied oxide additive, namely CeO,, on the high
temperature corrosion behavior of some superalloys:
Superfer 800H (Alloy A), Superco 605 (Alloy B) and
Superni 75 (Alloy C), has been investigated in a mol-
ten salt environment of Na,SO,—60%V,0s under cy-
clic conditions. Further, the hot corrosion results pre-
sented in this paper using CeO, inhibitors have been
compared with other inhibitors, namely MnQ,, Y,03,
Sn0O, and ZrO, from the previously published data.
The comparison of the hot corrosion behavior of dif-
ferent inhibitors used on the three alloys would pro-
vide a useful database for researchers.

EXPERIMENTAL

The Fe-, Ni- and Co-based superalloys under in-
vestigation, namely Superfer 800H, Superco 605 and
Superni 75, were procured from Mishra Dhatu
Nigham Ltd. (MIDHANI), Hyderabad (India). The
alloys were in the rolled sheet form with varying
thicknesses (1.4-4.0 mm). For convenience, these
alloys are designated as A, B and C, respectively,
and their chemical compositions are reported in
Table 1.

The alloy sheets were cut into rectangular sam-
ples of 20 mm x 15 mm. The specimens were polis-
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Table 1. Nominal composition of the superalloys used

Alloy Alloy Midhani Grade Chemical Composition (wt.%)
Designation (Similar grade)
Fe Ni Co Cr Ti Al W Mn Si C
A Superfer 800H
(Incoloy 800H) Bal | 32.0 - 21.0 | 0.3 0.3 - 15 1.0 0.1
B Superco 605
(KC20WN/L 605) 3.0 | 10.0 | Bal | 20.0 - - 150 | 15 0.3 0.08
o Superni 75
(Nimonic 75) 3.0 | Bal - 195 | 0.3 - - - - 0.1

hed down to 1200 grit using silicon carbide papers
and finally a cloth wheel polished with the alumina
powder (1 um). These were then washed with dis-
tilled water and cleaned with acetone. The physical
dimensions of the samples were recorded carefully
with a Sylvac digital vernier calliper (resolution
0.01 mm) to evaluate their surface areas. These
superalloy samples were exposed to an accelerated
corrosion testing in a Silicon Carbide Horizontal
Tube Furnace (Digitech) in Na,SO4,~60%V,0s, as
well as in Na,SO,~60%V,05+CeO, environments
for 50 cycles at 900°C. Each cycle consisted of one
hour heating in the furnace followed by 20 minutes
cooling in the ambient air. The detailed procedure
for oxidation studies is reported elsewhere [4, 5],
which is reproduced here also for easy understan-
ding.

Before starting the oxidation studies in the fur-
nace, samples were prepared in the following way.
For oxidation studies in the Na,SO,~60%V,0s5 envi-
ronment, the samples were heated in an oven to a
temperature of 250°C, followed by application of a
salt mixture of Na,SO,~60%V,0s on all surfaces of
all samples with a camel hair brush. The amount of
the salt coating varied from 3-5 mg per cm? of the
surface area of the samples. This salt coating was
provided only once at the start of the oxidation
studies and no salt was applied during the oxidation
studies. These salt coated samples were then dried
(~ 110°C) for 2 hours in the oven. Whereas for the
Na,S0,-60%V,05+CeO, environment, the samples
were first coated with a thin layer of CeO, mixed in
distilled water (1-2 mg/cm?) and then heated in the
furnace at 900°C for 8 hours to improve the adhe-
rence of the coating. A thin layer of
Na,S0,—60%V,05 was then applied on these CeO,
coated warm samples as explained earlier; the total
amount of the salt (Na,SO,~60%V,05+Ce0,) coa-
ting ranging up to 5-6 mg/cm?. These samples were
also dried in the oven for 2-3 hours. This is how the
samples were prepared for the cyclic oxidation
studies in the furnace [4, 5].

All the prepared samples were subsequently sub-
jected to the accelerated corrosion tests for 50 cycles
at 900°C. During the experiment, each sample was
kept in an alumina boat and the weight of the boat

and specimen was measured, which was taken as the
initial weight for the concerned sample at the start of
oxidation cycle number 1. The alumina boats used
for the studies were preheated at a constant tempera-
ture of 1200°C for 6 h, and it was assumed that their
weights would remain constant during the exposure
to the high temperature cyclic oxidation in this
study. The assumption was confirmed with the help
of a pilot experiment on a boat, with the temperature
of the experiment being 900°C for 50 cycles. Then
the boat containing the sample was inserted into the
hot zone of the Silicon Carbide Tube furnace set at
900°C. The furnace was calibrated to an accuracy of
+ 5°C using Platinum/Platinum-13% Rhodium ther-
mocouple fitted with a temperature indicator of
Electromek (Model-1551 P). The holding time in the
furnace was one hour in still air at an isothermal
temperature of 900°C after which the boat along
with the specimen was taken out and cooled at am-
bient temperature for 20 minutes. At the end of each
cycle, the weight of the sample along with the boat
(in their original condition) was measured to evalu-
ate the total rate of corrosion. The corrosion pro-
ducts found in the boat, if any, were included in the
weight change measurements. However, when sput-
tering of the scale occurred, the corrosion products
went out of the boat, too. All the weight change
measurements were taken with an electronic balance
having an accuracy of 0.01 mg. The weight change
values were plotted with respect to the number of
cycles to approximate Kinetics of the corrosion.
Visual examination of the exposed samples was
made after each cycle for their colour, lustre,
adherence, spalling tendency and presence/absence
of the unreacted salt, etc. [4, 5].

The average oxide scale thickness values of the
specimens after exposure at 900°C were obtained
from the BSE images of the well polished sectioned
samples using Robinson Back Scattered Detector
(RBSD) attached with Scanning Electron Micro-
scope (LEO 430VP). For the identification of different
phases formed during hot corrosion studies, X-ray dif-
fractometry (XRD) was carried out using Diffractome-
ter PW1140/90 Phillips with the copper target and
nickel filter at a voltage of 35kV and a current of
15 mA. Surfaces of the exposed specimens were also



examined using the same Scanning Electron Micro-
scope LEO 435VP. The exposed samples were sec-
tioned with the help of a diamond cutter, mounted
and polished for the electron probe micro-analysis
(EPMA) using the JXA-8600M microprobe. The
mounted samples were carbon coated before per-
forming the EPMA analysis. The elements selected
for X-ray mapping were as per the composition of
the base sample, type of coating and environment of
study [4, 5].

RESULTS
Visual Examination

After the accelerated cyclic hot corrosion in the
Na,S0,—60%V,0s environment, the bare alloy A
indicated the formation of a dull oxide scale on its
surfaces, which was observed to be intact during the
initial cycles [4-5]. After cycle number 5, a loose
scale was observed at a few places on the surfaces,
however, there was no spallation. An marginal
amount of spallation started after the 12" cycle and
the colour of the scale changed to dark black. There
was some more lose of this loose and fragile scale
from one corner of the specimen after the 17" cycle.
After 50 cycles, the oxide scale was shinning black
in appearance. For alloy B, the colour of the sample
changed from dark brown to dark grey during the
first two cycles. The phenomenon of spallation of
the oxide scale followed by the fresh scale formation
was observed repeatedly throughout the experiment.
After 50 cycles, the scale was dull grey with black
patches on the surface. Whereas, for alloy C, the
colour of the sample changed to silver grey after the
1% cycle. The coating was observed to be adherent
till the end of the 12" cycle, with gradual increase in
the weight gain, while suddenly spalling occurred
during the 13" cycle. After spalling of the scale, the
colour of the sample was black. However, there was
only a marginal tendency of spallation during the
remaining period of the study [4, 5].

After the deposition of the superficial CeO, coa-
ting, the scale on alloy A showed a grey shinning
scale. A white coating was visible on the surface till
the 15" cycle after that the colour changed to dark
black, and spalling started though the amount of the
spalled scale was very low. The final scale on alloy
B showed black adherent lustrous mass although
spalling was continuous after 25 cycles. In case of
alloy C, the surface was dull, compact, with whitish
and grey areas and black patches indicating the pre-
sence of an unreacted thick salt film on the surface
of the sample.

Kinetics of High Temperature Corrosion

The weight change data for alloys A, B and C,
with and without the CeO, coating when exposed to
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Na,S0,~60%V,0s at 900°C under cyclic conditions,
are presented in Fig. 1. The plot for alloy A with
CeO, coating shows an increase in the weight gain
up to the 20™ cycle, then a decreasing trend has been
observed up to the 50" cycle. The maximum weight
gain is about 7.8 mg/cm? but the final weight after
50 cycles decreased down to 5 mg/cm?. In alloy B, a
similar trend is observed and in this case the weight
also increases up to the 20" cycle and then decreases
gradually to about 5 mg/cm® But the maximum
weight gain is 15 mg/cm?. In case of alloy C, a very
slight change is noticed but it is evident from the
Figure that an increasing trend is followed up to the
20" cycle, after which it remains nearly constant.
Overall weight change is very low, just 1/4™ of that
without CeO,. It may be concluded from the weight
change trends that all of the CeO, coating were suc-
cessful to reduce the weight gain of the alloys.
& Superni 75, Na;S04-60%V,05

O Superni 75, Na;S04-60%V,05+CeQ
A Superfer 800H, Na;S0,4-60%V,05+Ce0;
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Fig. 1. Weight change vs. number of cycles plots for alloy A
(Superfer 800H), alloy B (Superco 605) and alloy C (Superni
75) subjected to cyclic oxidation in Na,SO,-60%V,0s and
Na,S0,~60%V,05 + CeO, environments at 900°C for 50 cycles.

X-ray Diffraction Analysis

The XRD data for the Na,SO,~60%V,05 corro-
ded alloys A, B, and C are compiled in Table 2. The
prominent phases identified in alloy A are a-Fe,03,
Cr,03 NiCr,04 NiFe,O, and FeV,0,4. Alloy B has
been found to have Cr,0;3, NiWO,, Co0304, NiO,
CoCr,04, NiC0,04 and Co3V,0g phases in its scale.
In the nickel-based alloy C, the main phases identi-
fied are Ni(VOz3),, NiO, Cr,0O3 and NiCr,04 [4, 5].

Table 3 presents the XRD data for the CeO, coa-
ted alloys A, B and C exposed to Na,SO,~60%V,0s
environment at 900°C for 50 cycles in air. In case of
alloy A coated with Ceric oxide in
Na,S0,-60%V,0s5 environment, the main peaks of
FeS, Cr,0O3 NiCr,04, NiFe,O4, FeV,0., Fe,03 and
(Cr, Fe),03 have been identified. In the Co-based
alloy B, the main peaks of CoCr,0,and NiCo,0,
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Table 2. XRD analysis data for the superalloys after exposure for 50 cycles at 900°C in Na,SO,~60%V,0s environment

[4, 5]
Alloy “d” Values Phases Identified
A 2.9558 FeV,0,, Nicr204
(Superfer 800H) 2.5257 a-Fe,03, FeV,04, NiCr,O4, NiFe,0,4, Cry03

2.1103 a-Fe, 03, FeV,0,
1.7137 a-Fe,0s5, FeV,0,
1.6189 FeV,0,, NiCr,04, NiFe,0,, Cr,03
1.4864 a-Fe,05, NiCr,0,, NiFe;04, Cr,05
1.2765 Q-FeZOg, CI’203
10870 Q-FeZOg, CI’203

B 3.7035 Cr,04

(Superco 605) 2.8996 NiWQ,, NiCo,0,4, Co30,4

2.4785 N|W04, Cr,04, NiCOZO4, CoCr,04
2.4267 Co0, Co30,4, NiO
2.1009 Co0, Cr,04, Co3V,0g, NiO
2.0555 Co3V,0g, CoO, Cr,04
1.6732 NiWQ,, WO,
1.5808 CoCr,0,
1.4907 Co0, CoCr,04, NiO
1.4530 Co0, Co3V,0g, C030,, NiC0204

C 2.9088 Nl(VO3)2, Nin204

(Superni 75) 2.4785 NiCr,0y4, NiFe,O4, Ni(VO3),, Cr,03

2.3893 NiO
2.0734 Ni(VO3),, Cr,03
1.6903 NiFe,04, Ni(VO3),, Cr,03
1.5933 NiFe,04, NiCr,O4, Cr,04,
1.4695 NiCr,0y4, Cr,03, NiO
1.2606 NiCr204, NiO, Cr,0;
1.0768 NiCr204, Cr,04

Table 3. XRD analysis of data for the CeO, coated superalloys

Na,S0,-60%V,05

after exposure for 50 cycles at 900°C in

Alloy “d” Values Phases Identified
A 3.6145 aFe,03, (Cr, Fe),03, Cr,03
(Superfer 800H) 2.9181 FeV,0,, Fe,03, FeS
2.6641 (Cr, Fe),03, Cr,03, FeS
2.4918 NiCr,04, NiFe,O4, FeV,0,, Fe,0,,
2.3893 (Cr, Fe),03
2.0644 NiO
1.8220 FeS, NiO, Cr,03
1.6903 FeV,0,, (Cr, Fe)203
1.6009 (Cr, Fe)203, FeV,0,, FeS
1.4695 NiCr,04, NiFe,Oy, (Cr, Fe),03, Fe,03, Cr,05
1.4490 NiCr,04, NiFe, 04, FeV,0,, Fe,03, Cr,0;3
1.2677 (Cr, Fe),03
FeV,0,
B 3.7035 WO; CoWO,
(Superco 605) 2.8996 C0304, NiC0,0,4, NiWO,, CoWO,

2.4785 NiC0204, N|W04, C0304, CoCr,0Q4, Co0, Cr,03
2.3651 NiO
2.1009 Co3V,0g, WO3, CoO, NiO
2.04665 NiCo0,0,4, WO3, Cr,03, NiO
1.6817 NiWQ,,
1.5833 C0,03, CoCr,04, Cr,03
1.4907 WQO,, CoCr,0,4, CoO
1.4530 NiC0204, C030,, Cr,03

C 3.1828 CeO,

(Superni 75) 2.9751 Ni(VOs),, NiS

2.7111 CeO,, CeVO,, Cr,03
2.5465 Ni(VOs3),, NiCr,0O4, NiO, NiS
2.4267 NiO, Ni(VO3),, Cr,03
2.0917 NiO, Ni(VO3),, Cr,03
1.9119 Ce0,, CeVO,, NiS
1.6401 CeO,, Cr,03
1.4779 NiO, NiCr204, Cr,04
1.2080 NiCr,04, NiO, Cr,04
1.1045 NiCr,O4, NiO




have been identified and other possible phases may
be WO3 COWO4, C0304, Cr203, NIWO4 and
Co3V;0s. In the Ni-based alloy C (Superni 75), the
main phase identified is NiO. Whereas CeO, may
possibly be present along with other phases such as
NlS, CI’203, NiCr204 and Nl(VO3)2

Scale Thickness Measurements

Oxide scale thickness values after exposure to the
Na,S0O,~60%V,0s environment at 900°C in air for
50 cycles were measured from the back scattered
images for alloys A, B, and C. The scale was having
maximum thickness in the case of alloy B and
minimum in alloy C; the values measured were 63,
78 and 39 um for alloys A, B, and C, respectively
[4, 5]. Whereas, the average thickness values for the
scales of the CeO, coated alloys A, B and C were
50, 42, 25 um, respectively. Evidently, the oxide
scale thicknesses have reduced after the deposition
of the CeQ; coating.

SEM Analysis

In alloy A in Fig. 2a, there is a massive scale
showing craters and the presence of some crystalline
phases on the top surface of the scale. The surface
Energy Dispersive X-Ray Analysis (EDAX) of the
same alloy in Fig. 3a and Table 4, corresponding to
different points on the scale surface, indicates the
presence of Fe, Ni and Cr in the scale. Ceric oxide is
randomly distributed at some points in the scale. In
area 2, where mainly CeO, is present, Ni is absent
but Fe and Cr are present though in smaller amounts.
In case of alloy B, the SEM micrograph in Fig. 2b
and the SEM/EDAX analysis at the points marked in
Fig. 4, corresponding to this alloy and given in
Table 5, both indicate the formation of nodules of
the Co-rich phase containing mainly Co, Cr and a
low amount of Fe. V is present in the scale surface at
all points, with chromium and cobalt at points 1 and
3, whereas at point 2, 46% of V is present with 69%
of ceric oxide. The SEM micrograph for alloy C in
Fig. 2c shows that the scale consists of a matrix
having coarse grains with nodules across the scale.
The SEM morphologies for alloys A, B, and C, ex-
posed to the Na,SO,~60%V,05 induced corrosion
without any additive, have been reported in the ear-
lier publication of the authors [4].

EPMA and SEM/EDAX Analyses

In case of alloy A, the EPMA results shown in
Fig. 5 indicate the formation of a thick dense scale
which consists mainly of Cr, Ni and some Fe. A thin
layer above the interface is poor in Ni and Cr but
rich in Fe; in the areas depleted of Fe silicon is pre-
sent in a higher concentration throughout the scale.
The EDAX analysis of the alloy across the scale
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shown in Fig. 3 and Table 4 indicates an outer scale
rich in Fe and containing Cr and Ni. Ceric oxide is
indicated as trace element near the substrate scale
interface. Internal oxidation is indicated where main-
ly Ti is oxidized along the grain boundaries. V is
present throughout the scale.

Alloy A

L e STIN

Fig. 2. SEM micrographs showing the surface morphology of
alloy A (Superfer 800H), alloy B (Superco 605) and alloy C
(Superni 75) subjected to cyclic oxidation at 900°C for 50 cycles
in Na,S0O,~60%V,05 + CeO, environment.

Sup r oR)
o
g

Fig. 3. Back scattered image of alloy A (Superfer 800H) after
cyclic hot corrosion in Na,SO,-60%V,05+CeO, at 900°C.
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Table 4. Wt. % of elements corresponding to points marked in Fig. 3, BSE image of alloy A (Superfer 800H)

Point of Weight % of Elements
Analysis _ _ _
0 Cr Fe Ni Mn Ti Al Si V Na Ce
1 35 17 33 13 1 1 0.22 1 — - -
2 32 15 31 18 1 - 0.13 2 2 - -
3 32 19 36 10 1 1 0.11 — 1 0.05 -
4 31 24 32 11 1 1 — — 1 - 0.06
5 24 18 23 15 1 10 2.65 5 — 0.01 -
6 0 12 42 44 - 1 0.11 1 — - 0.06
BSEI of alloy C
(Superni 75)
Coated with CeO,
7 6%
10 pm
/
Fig. 4. Back scattered image of alloy C (Superni 75) after cyclic hot corrosion in Na,SO,~60%V,05+ CeO, at 900°C.
Table 5. Wt. % of elements corresponding to points marked in Fig. 4, BSE image of alloy C (Superni 75)
Point of Weight % of Elements
Analysis 0 Cr Fe Ni Ti Ce v
1 24 — - 1 - 74 1
2 24 8 - 66 - 2 1
3 18 5 - 22 - 51 4
4 28 35 1 36 1 - 1
5 28 26 - 45 1 - 1
6 26 23 - 51 - — -
7 - 17 - 83 - - -

BSEI

Fig. 5. BSEI and X-ray mappings of the cross-section of alloy A Fig. 6. BSEI and X-ray mappings of the cross-section of alloy B
(Superfer 800H) subjected to cyclic oxidation at 900°C for (Superco 605) subjected to cyclic oxidation at 900°C for
50 cycles in Na,SO,~60%V,05 + CeO, environment. 50 cycles in Na,SO,-60%V,05 + CeO, environment.




The EPMA analysis for alloy B, Fig. 6, indicates a
thick dense scale consisting mainly of Cr and Co. Ni is
present in smaller amounts where Cr is absent, Co is
present in a high concentration throughout the scale.
There is no internal oxidation indicated. There is a thin
layer all along the alloy/scale interface rich in nickel.
Oxygen is present throughout the scale.

Fig. 7. BSEIl and X-ray mappings of the cross-section of alloy C
(Superni 75) subjected to cyclic oxidation at 900°C for 50 cycles
in Na,S0,~60%V,05 + CeO, environment.

The EPMA of alloy C, Fig. 7, indicates the for-
mation of a scale consisting mainly of Ni and Cr.
There is indication of the growth of crystals rich in
Ni-Cr, which suggests the spinel formation. Ceric
oxide is present in a high concentration in the scale
and at same places it is co-existing with V. The bot-
tom of the scale contains mainly Cr and Ni. V is pre-
sent in both the top and bottom layers.

The EDAX analysis along the cross-section of
alloy C, coated with CeO, exposed to
Na,S0,-60%V,0s at 900°C shown in Fig. 4 and
Table 5, indicates the presence of the unreacted ceric
oxide on the top surface as point 1 shows the pres-
ence of mainly Ce and oxygen. Vanadium is present
all along the cross-section. The inner scale contains
mostly oxides of Ni and Cr. Ti is also present
throughout the cross-section along with Ni, Cr, and
oxygen. Fe is present in the scale though in small
amounts.

The EPMA analysis for the bare alloys corroded
in the Na,S0O,-60%V,05 environment at 900°C for
50 cycles has been reported elsewhere [4].

DISCUSSION

In the studied environment the maximum weight
gain was observed in alloy B and minimum in alloy C.
The sequence of hot corrosion rates based on the over-
all weight gain after 30 cycles is as follows:
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Alloy B > Alloy A > Alloy C.

The superior resistance of Ni-based alloys to the
given environment is, perhaps, due to the formation of
a protective layer of Cr,0s and of nickel vanadate. The
same has been reported by Kerby and Wilson [6] in
their study on the Ni- and Fe-based alloys in
Na,SO,~V,0s. A detailed discussion on the hot corro-
sion of these alloys has been reported in the earlier
publication of the authors [4].

In case of the CeO, coated samples, a thick scale
is observed in alloys A and B, whereas it is of a me-
dium size in alloy C. The scale thickness values are
50, 42, 25 um for alloys A, B, and C, respectively.
But there is an indication of reduction in the rate of
corrosion for all of the alloys. The weight gain has
also decreased to some extent in all of the alloys.
This decrease is 23% in alloy A, 35% in alloy B, and
68% in alloy C. Thus it can be inferred that ceric
oxide is effective in case of all alloys but it is most
effective in alloy C.

A thick dense scale mainly containing Cr, Ni and
Fe is indicated in alloy A (Fig. 5). There is penetra-
tion of the scale into the substrate where mainly Si is
getting oxidized along the grain boundaries. Such
findings have also been reported by Roy et al. [7] in
their study on the superficially ceric-oxide-coated
AISI-347 grade stainless steel. The internal oxida-
tion of silicon along the alloy grain boundaries and
formation of such phases have been also reported in
[7]. Roy and co-authors have observed Si concen-
trated at the alloy/oxide interface and the Si-rich
subscale well extended as stringers into the underly-
ing alloy along the grain boundaries. The XRD pat-
tern from the outer surface of the scale formed re-
veals the formation of NiCr,0,, FeV,0, Fe,0s;,
Cr,03, and (Cr, Fe),03. The EDAX of the surface
and cross-section has indicated the presence of ceric
oxide in the scale, even though the EPMA analysis
failed to detect it probably due to its low concentra-
tion. The inhibiting effect of the superficially ap-
plied CeO, in the aggressive environment of
Na,S0,-60%V,0s may be due to the presence of
ceric oxide in the scale and a thin continuous layer
of Cr,03 present at the margin of the scale, aboun-
ding the substrate and thus impeding the transport of
species.

In case of alloy B, the maximum weight change
is nearly 1/3“ of that without ceric oxide in
Na,S0,-60%V,0s. Cobalt, tungsten and chromium
are seen in the scale. But W is mainly present in the
form of elongated streaks where Cr is absent, which
indicates a stepwise formation of a scale where first
Cr gets oxidized, and in the Cr-depleted area below
it the concentration of W increases, so W gets oxi-
dized and then just beneath this concentration of Cr
increases and so it also gets oxidized. The thus-
formed Cr,03 may be responsible for lowering the
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Table 6. Reactions of Ceric oxide with vanadium compounds [9]

Conditions of Reaction Reaction
1 50 m/o CeO,—NazVO, for 54h at 700°C No reaction
2 35 m/o CeO,—NaVO; for 92h at 700°C No reaction
3 66 m/o CeO, in V,0s in 2h at 700°C, 2Ce0,+ V,05 =2CeVO, + 1/2 O,
4 40 m/o CeO,- 20 m/o V,05 — 40 m/o NaVO; heated for 24h at 700°C CeVO, was formed
5 50 m/o CeO, — 25 m/o V,05 — 25 m/o Na,SO, heated for 17h under air | V,Os reacted preferentially with CeO,.
at 700°C
6 35 m/o CeO, in NaVO; and Producing CeVO,.
7 20 m/o CeO, - 38 m/o NaVO3; — 42 m/o Na,SO,4 under 50 + 10 Pa of SO;in | CeO, + NaVO; (in Na,SO,) +
air at 700°C SO;=CeVO,

While CeO, and NaVO; do not react directly, CeO, is converted to CeVO,

reaction of NaVO; and SOs.

if V,05 is produced in the melt by the

Superni 75
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Fig. 8. Schematic of the oxide scale for alloy C (Superni 75) subjected to cyclic oxidation in Na,SO,~60%V,05 environment at

900°C for 50 cycles.
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Fig. 9. Schematic of the oxide scale for alloy C (Superni 75) subjected to cyclic oxidation in Na,SO,~60%V,0s5 + CeO, environment

at 900°C for 50 cycles.

extent of corrosion. The XRD also indicates the
presence of CoCr,O4 NiC0,04, C0,0; C030,,
Cr,03, and NiWO, compounds on the surface scale
after the hot corrosion run.

In alloy C, a thick Cr,0O3 continuous layer has
been observed in EPMA, which is, perhaps, contri-
buting to decreased corrosion rates. The formation
of CeVO, may be suggested at places where Ce and
V are co-existing. The presence of CeO, in alloy C
is indicated by the XRD analysis, where the for-
mation of CeVO, is also established from the EPMA
micrographs. Thus the presence of CeO; on the sur-
face and possibly the formation of CeVO, may be
contributing to the reduction of the corrosion attack

in alloy C. Reidy and Jones [8] have suggested that
ceric oxide is chemically inert to the molten
NaVO03;-SO; system at 1073K for the SO; partial
pressure up to 3 x 10 atm. But at a higher SO; par-
tial pressure, CeO, with V,0s components of the
melt react to form CeVO,. The conditions of the re-
action are captured in Table 6 as reported by Jones
et al. [9] Further, Ecer et al. [10] in their study have
reported that the rates of oxidation of both the Ni-
and Fe-based alloys were markedly reduced by the
superficial application of CeO, powder on the alloy
surface and also the scale adherence was improved,
which resulted in marked changes in the oxidation
morphology. Seal and co-authors in [11] and [12]
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Table 7. Comparison of results of different inhibitors used on the three superalloys (Alloy A, Alloy B and Alloy C)

* (After 30 Cycles) mg/cm? ¢ (After 50 cycles in most of the alloys) um

Environment

Alloy

*Weight
Change

tScale
Thickness

XRD

SEM/EDAX/EPMA

Na,SO,—
60%V,05
[4]

8.77

62.5

Q'FEZO3, FeV204,
NiCr,04, NiFe,0,,
Cry04

Cavities visible on the surface showing spalled
regions, a thick scale having horizontal cracks,
and the top layer rich in Ni and Fe. A discontinu-
ous Cr-rich layer is present near the
scale/substrate interface. A nickel-rich continuous
layer is present just above the substrate.

20.34

78

NiWO4, Cr,0s,
NiC0,0,, CoCr,0y,
Co0304, NiO, Co0,

Co3V,04

A thick multilayer scale is formed, consisting of
the Fe- and Ni-rich scale at the top, which also
contains Co and Cr. A thick layer having W fol-
lows it, containing Fe and Cr. But the areas rich
in W are poor in Cr. The Cr-rich subscale is pre-
sent just above the interface. Vanadium is distrib-
uted throughout the scale. A higher concentration
of S is indicated just above the substrate where
Mn is also present in a higher concentration indi-
cating the MnS formation just below the W-rich
scale.

8.34

38.5

NiCr204, NiO
NiFe204,
Ni(VOg)z, Cr,04

A medium size scale shows a Cr-rich layer near
the substrate, V is present throughout the scale. Ti
present as a thin irregular layer above the sub-
strate and S at the top. The Cr-rich layer is just
above the substrate. In this area, Ni and Fe are
also occurring with Cr .V is also indicated in the
scale and V is occurring in the layer, just above
the substrate where Ni, Fe and Cr are present.

Na,SO,—
60%V,05+
CeO,

6.78

50

NiCr204, Cr,03,
NiFezo4, FesS,
FeV,0,, Fe,03 and
(Cr, Fe),03

A massive scale showing craters and presence of
some crystalline phases is revealed by SEM.
EDAX of the surface scale shows the presence of
Fe, Ni and Cr. Ceric oxide is randomly distribu-
ted at some points in the scale. EDAX of the
cross-section also reveales that the top scale is
rich in Fe and contains Cr and Ni. Ceric oxide is
indicated as trace element. EPMA shows a thin
continuous layer of Cr,O3 present at the margin
of the scale. The scale mainly consists of Cr, Ni
and some Fe. Si has got oxidized along the grain
boundaries.

13.23

415

NiC0,0,4, NIWO,,
C0304, COCrZO4,
Co0, Cr203, NiO

The surface EDAX indicates nodules of the Co-
rich phase containing mainly Co, Cr, a little
amount of Ceric oxide, etc. V is seen at some
places in the matrix, present in large concentra-
tion with Ceric oxide. EPMA revealed a thick
dense scale mainly consisting of Cr and Co. Co is
present in a high concentration throughout the
scale and the internal oxidation is indicated.

2.66

25

NiO, FeS, NiCr,0,4
Ni(V0Os), and CeO,

A SEM micrograph for alloy C shows that the
scale consists of a matrix having coarse grains
with nodules across the scale. EPMA reveals the
growth of Ni-Cr rich crystals indicating the spinel
formation. Ceric oxide is present in a high con-
centration in the scale and at same places it is co-
existing with V indicating a probable formation
of CeVO,.

Na,SO4—
60%V,0s5+
MnO; [15]

7.37

30

FeV,0,,
Fe,03, FeS, NiCrZO4,
NiFe,O4, and
NiCrMnO,

SEM indicated a massive scale formation. The
EPMA indicates formation of a medium size
scale, which is mainly rich in iron at the top. Al
and S are also present in the outer scale. The
scale just above the substrate is Cr-rich where Ni
and Mn are absent. Penetration of the scale into
the substrate due to the internal oxidation of Cr is
indicated. Ti is also present in the scale just above
the substrate/scale interface.
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13.47

535

C0304, Co3V,0s,
NiCOZO4, Cr203, Co0,
NiWO4Y Co,Mn0O,

Two distinct layers are seen in SEM, the upper
layer indicates partial melting but the inner scale
is dense. EPMA indicated a thick scale consisting
mainly of W, Cr, Fe and a little amount of Ni.
Wherever W is present, areas are Cr-depleted.
There is a nickel-rich layer at the interface; S is
present in the outermost scale and also as a thin
layer along the interface between the scale and
the substrate. MnS is located near the interface.
The EDAX analysis reveales also the presence of
Co, Cr and W in the outermost scale. At the
alloy/substrate interface the amount of W is lower
and the amount of Cr is higher. The presence of
Na, V and S, as well as of Mn, is indicated along
the cross-section of the scale.

5.35

20.5

NiCr,04, Ni(VO3),,
NiS, NiCrMnO,, NiO,
Mn304, Cr203, F6203

There is a large-sized crystal growth in alloy C.
The scale is relatively thin and consists mainly of
Cr with some amount of Ni and Ti. The layer
beneath the Cr-rich scale is rich in Ni but poor in
Cr. Mn and V are co-existing throughout the
scale. The outer scale above the Cr,05 scale is
rich in Fe.

Na,SO,—
60%V,05+
Y203 [5]

1.15

20

FeV204, Fezog,
Cr,04, FeS, CrS,
Y203

SEM shows the presence of sulphurous com-
pound. A thin scale is formed that has a band rich
in Cr, which is continuous. The presence of an
unreacted salt is indicated on the surface of the
sample. MnS is present in the substrate. Y is co-
exiting with V in the scale, indicating a possible
formation of YVO,.

7.40

30

Co3V,0g, Cr,03,

NiWOy,, NiC0,0,,

C0304, Cr,03 and
CoCr,04

The spongy scale observed from the SEM micro-
graph having pores indicates the release of some
gas or vapour. EPMA shows that the scale is rich
in chromium and cobalt. EDAX of the cross-
section reveales the presence of Y in the scale at
some spots where V is also present in a higher
concentration indicating the formation of YVO,.
The scale just above the substrate is
Cr-depleted.

3.39

16.5

NiCr,04, NiO, NiS,
Cr,03, NinzS4, T|02
and Y505

SEM indicates unreacted salt crystals. A thin
scale is observed that contains mainly Cr and Ni.
Y is present as a thin layer along with V and S on
the top of the scale.

Na,SO,~
60%\V,05+
Sno, [16]

7.26

32

Fe,0s3, FeV,0,,
NiCr,04, NiFe,0,4
Cr,03, FeS,

(Cr, Fe),0zand SnO,

A thick scale is formed and on the top of this scale
the unreacted SnO, is seen. The scale mainly con-
tains Ef and Cr as revealed by their respective
X-ray images. There is a thin Cr-rich continuous
band above the substrate. The presence of SnO, is
even obvious from the crystalline growth observed
by the SEM analysis of the top surface of the
scale. The presence of this refractory SnO, on the
scale is possibly helpful in decreasing the rate of
corrosion

6.96

52

C0,05, Co30,,
Co3V,0g, CoCry0y,
NiCr204, N|W04

SEM indicates a massive scale with intergranular
cracks and irregular shaped craters in the scale.
The medium size scale is formed mainly consis-
ting of Co. Cr that is present in the top layer in
the W-depleted areas and a band type Cr-rich
thick layer present above the substrate. S is indi-
cated at the top of the scale and sulphide specs
seen near the interface. Presence of MnS is indi-
cated at the interface between the substrate and
scale.

421

34

SnO,, Cr,03 and NiO

SEM indicates crystalline phase indicating SnO,
presence on the surface. Elemental X-ray map-
ping reveals that the scale is mainly containing Cr
and lesser amount of Ni. Sn is present in higher
concentration at top of the scale where as V is
present in the main scale indicating formation of
nickel vanadates.




Na,SO,— A
60%V,05+
ZrO, [4]

7.83 43

Fe,03, Zr0,, FeV204,
NiFe204, Cr,03, NiO,
(Cr, Fe)203, NiCr204

Crystalline and globular structure is being
revealed by SEM. EDAX showed that the scale is
rich in iron and contains Cr, Ni and Zr with V and
S. As we proceed inwards, it remains basically
Fe-rich scale and V is seen across the scale. S
also penetrates up to the substrate. Internal oxida-
tion is indicated. EPMA confirms the presence of
Cr, Ni, and Fe in the scale. V and Zr are also
present in the scale. Ni enrichment is observed
along the alloy/scale interface. Al and Ti are also
there in the scale.

B 10.94 58

CO30,, CO3V,0s,
Co,NiQy4, CoCr,04
and NiWO,

Trans-granular cracks and granular structure indi-
cating some porosity in the grains is observed in
the scanning electron micrograph. BSEI and
X-ray images showed the formation of a thick
scale having distinct layers. The top layer is rich
in chromium and Co followed by the middle lay-
er, rich in W and where W is present but Co is
absent. The inner layer is Cr rich. Nickel is also
present in the upper layer and areas rich in Ni are
poor in Cr.

C 2.51 17.5

Zr0y,
Cr0; & NiCr204

A dense scale with large size nodules which on
higher magnification show the crystal growth
with directionality indicating oxidation of inter-
metallic phases. EPMA shows a very thin scale
mainly consisting of chromium and iron and
some patches with a higher concentration of S. V
is incorporated in the scale as well as a small
amount of Zirconium.

have also reported that superficially applied CeO,
not only reduced the rates of scale growth for all of
the three varieties of steel but also imparted an im-
proved scale adhesion to the respective alloy sub-
strates. Similar reporting has also been made by
Mitra et al. [13] in their study on the superficially
applied CeO, coating on the 304 stainless steel.
They assumed that such improvement could be due
to the change in the mechanism of the scale growth
from the scale/gas interface to the alloy/scale inter-
face and faster attainment of the steady state Cr,Os-
rich scale along with the complex spinel formation.
Schematic representation of the corrosion mecha-
nism for the superficially coated ceria in case of
alloy C is shown in Fig. 8.

The main reason for reducing the attack of the
corrosive environment in alloy C may be the
presence of an unreacted CeO, on the surface. The
presence of the Cr,0O; layer in the scale and of the
very highly concentrated Cr,Oj3 thin layer above the
substrate/scale interface may also be a contributing
factor for the protection of those alloys. The CeO,
coated alloy B, i.e. Superco 605, gave the thinnest
scale (see Fig. 9). The presence of the Cr,O3 thin
layer near the substrate may be contributing to
lowering the extent of corrosion. Ceria has been
identified on the top of the scale in alloys A and B
by the SEM/EDAX analysis. The presence of ceria
might have also led to better adhesion of the scale
and affected the scale growth mechanism. Internal
oxidation of silicon in alloy A has been observed by
EPMA; these internal oxide stringers may be con-
tributing to better adhesion of the scale. A similar

observation has also been reported by Roy et al.
[14]. The formation of CeVO, could not be con-
firmed by XRD whereas both Ce and V are
co-existing in the scale of all the alloys. A compari-
son of results of the hot corrosion behavior of the
three superalloys (Alloy A, B, and C) using different
inhibitors is given in Table 7. The data presented in
that Table were published in the previous works
elsewhere [4, 5, 15-16].

CONCLUSIONS

The deposition of the CeO, coating on the super-
alloys A (Superfer 800H), B (Superco 605) and C
(Superni 75) led to the decrease in corrosion rates
during the first 30 cycles. The scale thickness values
also indicate that this additive could be effective in
providing protection to the alloys in the aggressive
environment of Na,SO,~60%V,0s.

On the basis of the total weight gain measure-
ments (around 30 cycles), the following conclusions
can be drawn:

¢ In Na,SO,-60%V,0s the corrosion rate is sig-
nificant and follows the trend Alloy B > Alloy A >
Alloy C.

e CeO; is most effective in alloy C where it has
reduced the weight gain to about 1/3. In the other
two alloys the extent of inhibition is lower, but near-
ly the same in both.

¢ When the Ceric oxide is a superficial coating,
the main reasons for reducing the attack of the cor-
rosive environment in alloy C may be the presence
of the unreacted CeO, on the surface. The presence



of the Cr,03 layer in the scale and of the very highly
concentrated Cr,O; thin layer above the
substrate/scale interface may also be a contributing
factor for the protection of these alloys.

¢ A better inhibiting behavior of alloy B may also
be ascribed to the band type Cr-rich thick layer pre-
sent just above the substrate.

e Among the superalloys, alloy C, i.e. Superni
75, gave the best resistance to the attack by
Na,S0,-60%V,0s; and nearly all the inhibitors, in
particular, CeO,, SnO,, ZrO,, and Y,0; are most
effective for inhibiting the hot corrosion in the above
environment. The Superco-605, Alloy B, has been
found to have the lowest resistance to the given
environment; also, in it the inhibiting effect is
comparatively lower with all inhibitors used.

e The most beneficial effect of superficial coa-
tings of CeO,, Y,0s, SnO, and ZrO, is a considera-
ble improvement in the scale adherence to the alloy
substrate as minimum spalling was observed with
these coatings, and even the coating remained intact
in most of superficially coated samples, which has
been confirmed by visual observations.
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Pedepar

Koppo3noHHbIe CBOWCTBA METAJUIOB M CILIABOB HPHU
BBICOKHX TEMIIEpPaTypax MOTYT ObITh MOAM(DHULIMPOBAHEI C
UCIIOJIb30BaHNEM HWHIHOMTOpOB. B Hacrosmied pabote
HCCIIEIOBAHO BIIMSIHME HAaHECEHHBIX MOKpwiTHi u3 CeO,
Ha IOBEPXHOCThH CYNepCIUIaBoB, Takux kak Superfer 800H
(cua A), Superco 605 (crua B) u Superni 75 (crag C)
C LENIBI0 MPENOTBpALICHHsT BHICOKOTEMIICPATypHOU KOp-
pO3UH. YCKOPEHHBIC KOPPO3HOHHBIC HCIBITAHUS CYyIep-
CIUIABOB C MOKPBHITHSAMHU W 0Ge3 HHX OBLIM BBHINOJIHEHBHI B
coneBoM pacriaBe Na,SO,~60%V,05 npu 900°C B Teue-
Hue 50 NUKIOB. AHANIN3 OKCHUIHBIX IUICHOK Ha HCIIBITAH-
HBIX 00pasiax ObUI BBINONHEH C NPUMEHEHHEM METOIOB
OLIEHKM TIOTEPU BECa, PEHTTCHOCTPYKTYpPHOTO aHAJIU3a,
CKaHUPYIOIIEH 3JIEKTPOHHOW MHKPOCKOIHMH, JHEProIuc-
HEepCUOHHOM criekTpomeTpuu. [Ipupoct Maccel Ha criaBax
A, B u C ¢ nanecennbm nokpsitreM CeO, ObUT MEHBIIIE HA
23, 35 u 68% cootsercTBeHHO. Clle0BaTENBEHO, TIPUMEHE-
HHUE OKcHIa mepus HanOonee 3(peKTHBHO IS YMEHBIIIe-
HHS CKOPOCTH Koppo3uH ciuiaBa C.

Knrouesvle crosa: scaponpounvle cniasvl, 6biCOKO-
memnepamypHas Kopposusi, UHeubumopbsl, 000aeKu OKCu-
00s8.
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Ten3oconporuB/ieHNe KAK UCTOYHUK MHPOpMau
0 mapameTpe aHH30TpoNuH noaBUKkHOCTH K = 1) /Py
B MHOTOJ0JIUHHBIX MOJYIIPOBOAHUKAX U HEKOTOPbIE HOBbIE
BO3MOKHOCTH 1e(OPMANUOHHOM METPOJIOTHH
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B MHOTOmOMMHHBIX CIA00JIETHPOBAHHBIX MOYIIPOBOIHAKOBEIX MOHOKpHCTaIax N-Ge u n-Si mero-
JIOM TEH30CONPOTHUBIICHUS HCCIIEJOBaHA aHU30TPONHS MOJBI)KHOCTH OCHOBHBIX HOCHTENEH 3apsaa
npu 7= 77,4K, v pu yKka3aHHBIX yCJOBHSIX IOJY4YEHbl 3HAUCHHS ITapaMeTpa aHW30TPOIHH IOJBIIK-

Hoctu: K = p,/py = 15,6 — B n-Ge u K =5,89 — B n-Si.

Kniouesvie crosa. KPEMHL{L?, eepmaHmZ, men3oconpomuesierue, napamemp aHuzomponuu NOOBUINCHO-

cmu.
YK 621.315.592
BBEJIEHUE

TUNHYHBIMA MHOTOJIOTMHHBIMH TIOJYIIPOBOJIHU-
KaMmHd, HanOoJiee MHUPOKO UCTIOIb3yEeMBIMH B COBpE-
MEHHOH DJIEKTPOHHOW TEXHUKEe, OE3yCIIOBHO, SIBIIS-
I0TCSI KpeMHHUW M repMmanuid. IIpuMeHeHne MOHO-
kpuctannoB Si u Ge B TaKuX 3KCTPEMANbHBIX yCIIO-
BHISIX, KaK OOJIBIIHE HATPY3KH, OBICTPO MEHSIOITHECS
TeMIepaTypHble PEXHUMBI, 3HAYUTENbHbIE IIEKTPH-
YecKue, MarHUTHbIE M PaAHaliOHHbIC TOJA, IMPH
HEYKJIOHHOM TOBBIIICHNH KECTKOCTH SKCILTyaTallH-
OHHBIX YCJOBHH IO COBOKYMHOCTH psiia BO3JEH-
CTBHH TpeOyeT BCECTOPOHHETO AETalbHOTO H3yue-
HUS BIHMSHUS BBHIIICYTIOMSHYTHIX (PAaKTOPOB Ha (u-
3WYECKHE CBOWCTBA KPEMHUS M TEPMaHUSI.

Hanpasnennsie nedopManoHHbIE BO3ACHCTBHS
Ha KPHUCTAJUIBI, BIHAIONIME KaK HAa MEXaTOMHBIC
paccTosHUS, TaK ¥ Ha CAMMETPHIO PEIIETKH, TIPHUBO-
IIT K CYUIECTBEHHBIM H3MEHEHHUSM O3JIEKTPOHHOU
MOJICUCTEMBI MHOTOZI0JIMHHBIX TOJIYIIPOBOJAHUKOB.

M3ydenne TeH302(p(EKTOB B 00JACTH CHIIBHBIX
OJHOOCHBIX YIPYTUX Je(OpMaIfii BBITOJAHO OTIIH-
yaeTcs Cpelu APYTHUX METOAOB C TOUKU 3pEHHS HC-
CJIEIOBAHUS AHU3OTPOINU PATUANMOHHBIX Je(eK-
ToB. OCOOCHHOCTH W3MEHCHUS TIPH HaIpaBIICHHOMN
neopMaIi SHEpruyl MOHU3AIMKA OCHOBHBIX paju-
AllMOHHBIX N1e(EKTOB, HHAYIHPOBAaHHBIX Y-00IIy-
YeHHWEM B IepMaHUU M KPEeMHUH N-TUMa, 00yCIOB-
JICHHbIE paJUallMOHHBIMU HApYIICHUSMH, BHOCAT
IyOOKHWE YpPOBHH B BEPXHIOIO MOJIOBHHY 3aIlpe-
IIEHHOW 30HBI MOJIYNpoBOogHHUKOB [1-3]. Dddek-
TUBHOCTH BO3JCHCTBUS ATHX TITyOOKUX ypOBHEH 3a-
BHCHUT OT TEMIIepaTypbl, HHTEHCUBHOCTH OCBEIIe-
HUS, U3MEHEHUsl TTyOWHBI 3ajeranus ux ¢ aedop-
Manuel. Hanmnune riryOOKMX SHEPreTHUeCKUX YpoB-
Hell B KpHcTayulax, Hampumep N-Si, MO3BOJSIET B
[IMPOKHUX Tpe/eNax yNpaBiIsATh TEH304yBCTBUTEIb-

HOCTBIO MHOTOJIOJIMHHBIX TOJYIPOBOJHUKOB. [lo-
OTOMY PE€3YyJbTAThl 10 U3MCHCHUIO BCJIMYUHBI DOHEP-
TEeTUYECKOU IMETH MEXIy TIyOOKMMHU JHEpreTude-
CKMMHU YPOBHSIMHU M 30HOHN NPOBOAMMOCTH B MOHO-
KpuCTaiax N-Si MOTYT MMETh MPAKTHYECKOE MPH-
MEHEHHUE B TEH30CCHCOpaXx.

Uzyuenne sddexra mpoIoIbHOTO TEH30COIPO-
TuBNeHUsT U 3¢ ¢ekta Xoama B MOTYNPOBOIHUKAX
MO3BOJISIET TIONY4YaTh IEHHYI0 HHPOPMAIUIO KaK O
CTPYKTYPE 30HBI MIPOBOAUMOCTH M BAJIEHTHOM 30HBI
MOJTYIPOBOTHUKOB, TaK M O MIPUMECHBIX COCTOSHHSIX
B HUX. [lockombKy 3(GGEKT TEH30COMPOTUBICHHS
BeCbMa YyBCTBHUTEJEH K HAIMYUIO TITyOOKHX YPOB-
HEH, TO OCOOCHHO MEPCHEKTHBHBIMU W pPe3yibTa-
THUBHBIMH CYMTAIOTCS UCCIICTOBAHUS MPH OJHOOCHO
ynpyroi nehopMaliui KPUCTAIIIOB € TMPHUMECHBIMH
LOCHTpPpaMH, KOTOPLIEC MMCIOT I‘JIYGOKI/IC OHEpreTuyde-
CKHE ypOBHH B 3ampellneHHol 30He [4]. M3yuenue
MTOBEJICHUST TIIyOOKWX IIEHTPOB Tpu nedopmaruu
obecrieurBaeT MOJTYYCHUE BAKHBIX CBEJCHUHA O Xa-
pakTepe CBSI3U JIOKATbHBIX 3JIEKTPOHHBIX COCTOSIHUN
3THX LIEHTPOB C OJIKAWIIMMHU 30HAMH, yKa3bIBaeT
Ha THTl CHMMETPHUH AedeKTa, CTeNeHb nedopmariiu
BHYTPEHHUX CBs3el B pemeTke. [loaToMy BOIpOCH!,
CBSI3aHHBIC CO CTPYKTYPOH M SHEPreTUYESCKUM CIIEK-
TPOM IIEHTPOB CHJILHOW JIOKAITU3AIlMU DIIEKTPOHOB,
SABJIAIOTCA AKTyaJIbHbIMM KaK B IIPAKTUYECKOM
TUTaHe, TaK U B TIO3HABATEIILHOM OTHOIIICHHUH.

Hcnonb3oBaHue MeTOJla TEH30COMPOTUBIICHUS
AJI1 U3y4YCHUS KPUCTAJIJIOB I'€pMaHusd C FHY6OKI/IMH
SHEPreTUYCCKUMH YPOBHSIMU JIe()eKTOB paJUaIliOH-
HOT'O M TEXHOJOTMYECKOTO MPOUCXOXKICHHS TMO3BO-
JSIET JIeNIaTh BBIBOJBI O MPHUPOJE MCCICTYyEMBIX Jie-
¢dexroB U ux anusorponuu [5]. Hamuuue B 3ampe-
HnieHHOHW 30He N-Ge rIyOoKOro YpOBHS 30510Ta
(E. - 0,2 5B) 3HaYMTENBHO W3MEHSET IPU TEMIIEpa-
Typax €ro WOHHM3alUK XapaKTep 3aBUCHMOCTEH

© Taiinap I'.I1., DaexrponHas o6paborka marepuaios, 2015, 51(2), 85-92.



YAETHHOTO COMPOTHBIICHUS OT MPIJIOKEHHBIX MeXa-
HUYECKHUX HANpPsHKCHUH BIOJb TJIaBHBIX KPUCTAILIO-
rpaduueckux Hanpasienuit [4]. [Ipumenenue oaHO-
OCHOTO CXKaTHsl U MCCIIeIOBAaHNE CMEIICHUS JHepTe-
THYECKOTO ITOJIOKEHUS TITyOOKOTO YPOBHS IIPU 3TOM
JUIS. OCHOBHBIX KPUCTAJUIOrpadU4eCcKuX Harpasie-
HUH KpUCTaUIa Jal0T BO3MOXHOCTh HEIOCPE-
CTBEHHO IOJTyYaTh NMEHHYI0 HMH(OpPMAaINIo O Xapak-
Tepe CBS3H JIOKAIM30BAHHOTO IEHTPa C pa3pelieH-
HBIMH 30HAMH, O €ro cumMMeTpuu [4, 6].

[Ipn BBIpamMBaHUM TOJIYTPOBOAHUKOBEIX KpH-
CTAJUIOB B JIPYTHX IUIOCKOCTSX, MEPICHAUKYISPHBIX
K HAIpPaBICHUIO OCH POCTa JICTUPOBAHHBIX CIIHTKOB,
Bcer/ia HaOIIoIaeTCs pa3HoOe M0 KOHIIEHTPAILUU pac-
MpeJieieHne MPUMECH B HUX, TO €CTh BIOJIb KPH-
CTajula TOSBIISIIOTCS YEPeAYIOIIMECs CIOU C MOYTH
MEPHOTUYECKUM pacipeeieHieM npumecu [7]. 1o
HCKa)KaeT pe3yJIbTaThl ONpeIeTIeHNs Psiaa OCHOBHBIX
napamMeTpoB KpUCTaJIa U IPUBOJHUT K HEOOXOMMO-
CTH y4YeTa BJIMSHUS YKa3aHHBIX HEOJHOPOJHOCTEH
Ha DJIEKTPUYECKHE W Jpyrue (U3NYecKhe CBOWCTBA
noixynpoBogauka [8, 9]. OcoOblii wHTEpec mpen-
CTaBJIICT U3YyYCHHE BO3MOXKHOCTEH YIpaBJICHUS
BO3JIEMICTBHEM CIIOUCTBIX IEPHOAMYECKUX HEOIHO-
pOMHOCTEH Ha KUHETHYecKHe 3(PQeKThl, oaHOU U3
KOTOPBIX MOXET OBITh HCIIOJIb30BaHUE Y-O0IyIeHHUS
[8, 10] wm y-06sydeHHs ¢ OCIEAYIONIMM JAeHCTBH-
€M Ha 00pa3Ibl OCBEUIEHHS Pa3TUYHON MHTEHCHB-
Hoctu [11,12], 4TO MOXET HAWTH MPAKTUIECKOE
MIPIMEHEHUE B TBEPAOTEILHOW MHKPOAIIEKTPOHUKE
P HM3TOTOBJICHUW DPA3INYHBIX ITOTyTPOBOTHIKO-
BbIX NMPUOOPOB M JaTYUKOB HA OCHOBE ITHX KpPH-
CTaJLJIOB.

Pacmipenenenue nerupyromei IpuMecH B CIOSX
pocTa MOyHIPOBOJHUKOBBIX KPHCTAJUIOB TOCTE WX
BhIpaiuBanus (HE3aBUCHMO OT METO0/1a) XapaKTepu-
3yeTcs OOBIYHO MaJIOW pa3HUIed MaKCUMAaIbHOH U
MUHUMAJIBHON KOHIIEHTPALlUU €€ M0 CPaBHEHHIO CO
CpPeIHUM 3HAueHHEM. B Takux ciydasx OyIer He-
3HAYUTEIHHBIM BIIMSHUE CIOUCTBIX MEPUOIUICCKIX
HEOQHOPOTHOCTEH Ha (QHU3NIECKHE CBOWCTBA KpHU-
ctautoB. OHAKO TPHU OMPEACIEHHBIX J03aX 00Iy-
YeHHMS, KOTJ]Ja KOMIICHCAIIMSI CTAHOBUTCS 3HAYUTEIIb-
HOH B CJOSIX ¢ MUHUMAJIbHOM KOHLEHTpaLUenl Mmpu-
MECH, BIHSHHE CIIONCTHIX MEPHOTUIECKUX HEOIHO-
ponHocTel Ha KHHeTH4ecKue dQPEKTh 3HAYNTETBHO
Bo3pactaer [5]. DKCIepHMMEHTAILHO YCTaHOBJICHO
[11], uro mms N-Si ¢ wWCXOmHOMW KOHIEHTpanueit
IpUMecH 2,7-1013 cM® Takag go3a  cOCTaBJgeT
1,6-10" em™.

Ocobennoctr  aeopMartioHHBIX 3(PQPEKTOB B
NOJTYNPOBOAHUKAX, OOYCIOBICHHBIE CMEUICHUEM TIO
SHEPTUM PA3TUYHBIX SKCTPEMYMOB 30HHOTO CIEKTpa
U ero NepecTpoiikoi mpu nehopMaiiy, XapaKkTepH-
3YIOTCSI KOHCTaHTaM# Ae(OopMallMOHHOTO TOTEHIIH-
ana [13]. Pa3paboTka MeTOJOB HAJEKHOTO ONpe.e-
JeHUsT KOHCTAaHT Je(hOpMAIMOHHOTO MOTEHIAIa
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SIBIISICTCSL OJHOW W3 BaXHBIX 3a7a4 JKCIEPUMEH-
TaIbHOW (PU3MKK MOIYNPOBOJIHUKOB. 3HAYCHHS
KOHCTAaHT Je()OpPMAIMIOHHOTO TIOTEHIUANa, IOJy-
YEHHBIC DKCIEPUMEHTAIBHBIM MyTEeM, MPUMEHSIIOT
JUIsL pacyeTra SHEPreTHYeCKHX CABUTOB COOTBET-
CTBYIOLIMX SKCTPEMYMOB B YCIIOBUSIX DPa3IMYHOTO
pona nedopmanmii. Takke UX UCTIOIB3YIOT TIPH pac-
4YeTe BEpOSTHOCTEH IMepexoia HpH pacCesHUH Ha
aKyCTMYECKHX KOJICOAHUSIX PELICTKH, KOTOpbIS
OIIPECISAIOT BEIMYUHY MOABMKHOCTH HOCUTENIEH
TOKa M 0COOCHHOCTH aHU30TPOITHBIX XapaKTEPUCTUK
KMHETHYECKUX SBJICHUI NpU TakoMm paccesHun. Oj-
HAaKO CYIIECTBEHHBIH pa30poc 3HAa4eHHH KOHCTaHT
ne(hOpMALMOHHOTO MOTEHIMANA, MONYyYeHHBIX pa3-
HBIMH METOJIaMH, CBHICTEIBCTBYET O HEOOXOIMMO-
CTH B JJOCTaTOYHO HPOCTOM ¥ HAJEKHOM CIIOCO0e
omnpeeneHus Takoi (yHIaMEHTaIbHON XapaKTepH-
CTUKH MHOTOJOJIHHHBIX IOJIYIIPOBOJHUKOBBIX MO-
HOKpuctaios [14-16].

B pa6orax [17, 18] Ha ocHOBe M3MepeHHii Mpo-

JOJBHOTO  TEH30CONPOTHBJIEHHMS  JJI  CIydas
X || J|I[100] (X — MexaHWuYeCcKOe HANpPSHKEHHE,
J — TOK) M TEOpHMHM aHU3OTPOIHOIO PACCETHHS

HalIeHbl KOHCTaHTHI Je()OPMAIIMOHHOIO TOTEHIIHA-
ma E,=9233B u E4=-2,123B B y-00myueHHOM
n-Si. IToka3aHo, 4TO MpU OMpPEICICHUN MapaMeTpa
AQHU30TPONHUU BPEMEH penakcanuu ajast N-Si ¢ riry-
OokuM dHepreTmyeckuM ypoBHem E.— 0,17 2B
HEOOXOJMMO YUYHUTHIBATh 3aBUCHUMOCTh KOHIICHTpPA-
MM WOHU3MPOBAHHBIX TIYOOKHMX ILIEHTPOB OT Je-
dhopmaruu.

[Mpemnoxennsiii B padore [18] meton mo3sosser,
BO-TIEPBBIX, OMPECIUThL 00€ KOHCTaHTHI Aedopma-
IIMOHHOTO MOTEHINANA = U E4 IPU 0THOBPEMEHHOM
JICHCTBUM Pa3UYHBIX MEXaHH3MOB TEH30COMPOTHUB-
NeHusi. Bo-BTOPBIX, YCTAHOBHTH COOTBETCTBYIOIIUC
KOHCTAHTBI MPHU TPOU3BOJLHONW KOHIICHTPAIMH Kak
MEJKHX, TaK M TIyOOKHX ILEHTPOB B KpUCTaJLIaxX
KPEMHUSI, UTO SBJISICTCS BaXXHBIM IPU U3TOTOBJICHUU
Pa3IMYHOTO THIIA JATYMKOB M CEHCOPOB JIABJICHHS C
3apaHee MPOTHO3MUPYEMBIMH  XapaKTECPUCTHKAMHU.
[IpennoxxeHHbli METOJT ONpPENEIeHUs] KOHCTAHT Je-
(hopMaIMOHHOTO TOTEHIHAIa MOXXHO OBbLIO OBI, IO
MHEHHIO aBTOpoB [18], anpoOupoBath 11 OTBICKA-
HUSI COOTBETCTBYIOIIMX KOHCTAHT TAKUX TEXHUUYCCKH
B2)XHBIX MHOTOJIOJMHHBIX TOJYIPOBOJIHUKOB, Kak
Ge, GaAs, GaSb, CdSb u apyrux.

B pa6ore [19] npuBeneHbl pe3ynbTaThl TEXHOIO-
THYECKUX Pa3pabOTOK, C MOMOIIBID KOTOPBIX (hupmMa
Intel Corporation momy4yaet 0JJHOOCHOE JaBJICHUE B
kaHamax p- u N-MOII (MeTaI-oKUCE-TOIYIIPO-
BOJIHUK) TPAH3UCTOPOB. IIPUMEHSIOTCS TPH 3TOM
SMUTAKCHATIbHBIC TEXHOJOTHH, TTO3BOJISIONIME TOJY-
YaTh COBEPILICHHBIC CJIOW CIUIABOB Pa3IMYHBIX II0-
aynposoxuukos (Siy.,Cy, SiiGe,) [20, 21] u cTpyk-
Typ TOJYNIPOBOIHKUK Ha u30jsATOpE [22].
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Taxoke B [19] paccMOTpeHO BIHSHME OHOOCHOTO
JaBJICHUA Ha IOABHXKXHOCTH HOCHTEJIEH TOKa B KpHu-
CTa/ylaX KpeMHHs N- W P-TUNA TPOBOIAUMOCTH.
YCTaHOBIGHBI MEXaHHU3Mbl H3MEPEHHBIX MPOIOJIb-
HBIX W TIONIEPEYHBIX TEH30PE3UCTUBHBIX 3(DPEeKTOB
Kak B P-Si (a7 TIaBHBIX KPUCTALUTOTpadQUUECKUX
manpasnennii X || [100], X || [110], X | [111]),
Tak ¥ B N-Si (s KprcTamiorpaguyeckoro Hanpas-
nennst X || [100]).

HccnenoBanue siBIEHUN 3JIEKTPOHHOTO MEpEHOCa
B HAHOCTPYKTypax M HAaHOOOBEKTaX HA COBPEMEH-
HOM 3Tare pa3BUTHS MOJYIPOBOJHUKOBOTO MaTEpPH-
AIOBEJICHUST CTUMYIIUPYET TIOUCK HaJIeKHBIX 3HAYe-
HUM 5(Q(QEeKTHUBHBIX Macc, BPEMEHH pellaKcalluy,
KOHCTAHT Je(OPMAIIMOHHOTO MOTEHIMANA U IPYyTUX
BaKHBIX I HAHO(PM3WKHM IapaMeTpoB [23-25].
Tak, Hanpumep, B [26, 27] moka3aHo, 4TO yMeHbIIIe-
HHE Pa3MEPHOCTU CHCTEMBI CYIIECTBEHHO BIIHSCT HE
TOJBKO Ha BENWYHMHY TMOJBMXKHOCTH HOCUTENCH 3a-
psiia, HO U Ha BEIIMYMHY KOHCTAaHT Je(OopMalroH-
HOT'O MOTEHIMAaIa KPEMHHUEBBIX MOJIYPOBOIHHKOB.

Ha cerongnss BbicOkHMe TpeOOBaHUS B 007aCTH
TEXHUKH OTHOCHTEJIFHO HaJIC)KHOCTH B padoTe To-
JYTIPOBOAHUKOBBIX MPHUOOPOB M HX PaTUAIIMOHHON
CTOMKOCTH TMOOYKIAIOT UCCIeI0BATENCH TPHMEHSTh
MeTO/Ibl (Cpear KOTOPBIX BEAyIlee MECTO IO MpaBy
3aHMMaeT ae(opMaloHHAsT METPOJIOTHS), JArOLIHe
HauOoJiee TOYHBIC M OJHO3HAYHBIC PE3yJbTAThI MPU
OTpeeICHUH OCHOBHBIX MapaMeTpOB MAaTEPUANIOB B
NIMPOKUX WHTEPBajaxX W3MEHEHUs BHENIHUX YCJO-
Buil. Tak, 3HaunTeNbHAs HHHOPMATUBHOCTH METO/A
TEH30COMPOTHUBIICHUS MO3BOJISIET ¢ BBICOKOH CTere-
HBIO JJOCTOBEPHOCTH M3y4YaTh OCOOCHHOCTH 30HHOI
CTPYKTYpBl TOJYMPOBOJHUKOB, aHU30TPONHIO (hu-
3MYECKUX CBOMCTB, HAIEKHO yCTAHABIWBATH Mapa-
METPBI U BEINYHMHBI, XapAKTEPHU3YIOIINE MEXaHU3MBI
paccesiHus Hocuteneit 3apsiaa [14, 16, 17, 28, 29].

Llens naHHOM pabOTBHI — MCCIEIOBAaHHE AHHU30-
TPOTIHMHU MOJBHUKHOCTH OCHOBHBIX HOCHUTENCH 3apsia
B MHOTOJIOJIMHHBIX CIIA00JIETUPOBAHHBIX IOYIPO-
BOJTHMKOBBIX MOHOKpHcTaax N-Ge u N-Si Mmetomom
NPOJOJIBHOTO  TEH30CONPOTHBICHHS B  00IacTu
CMEIIaHHOTO PACCESIHUS.

PE3VJIBTATBI 1 OBCYXX/JIEHUE

Ha npumepe c1abosierupOBaHHBIX KPUCTAIUIOB Si
n Ge n-tuna ¢ KOHUEHTpauued HOCHUTeNeH 3apsia
Ne = N; ~ (3-5)-10"° cm®  paccmotpuM  HekoTOpBIE
0COOEHHOCTH TEH30CONPOTUBICHUS B HUX, B YacCT-
HOCTH CBf3b MPOJOJBHOIO TEH30CONPOTHBIICHUS
px/po ¢ Takoi QyHIAMEHTANbHONW XapaKTEPUCTHKOM
9THX KPHUCTAIOB, KaK MapaMeTp aHU30TPOIHH TO-

Ky _py My @ B OTIEJbHO

Kooy me ()
I/I303HepreTI/ILICCKOM

IOBIDKHOCTH K —

B3ATOM samnuncoune  (rae

*HOH npeoeflebZM 3HAYeHUuem meH30ConpomueietHusl 6yneM IIOHHUMATh 3HAYCHHUC

Kmn = my/m, — mapamerp anuzorpornuu 3GheKTHBHON
Macchl; My 1 M, — 3(deKTuBHBIE MacChl HOCHTENEH
3apsaa Ui OTAENBHO B3STOTO M303HEPTEeTHYECKOTO
3JUIUTICOMAA BHOJb OOJBIION OCH M TEPHEHANKY-
JIAPHO K HEH COOTBETCTBEHHO; K, =<1, >/<1, > —

HapaMeTp aHU30TPONUM PACCESIHUS, T U T, — KOM-
MTOHEHTHI TEH30pa BPEMEHH peNlaKkcaliy MpU OTCYT-
CTBHM MAarHUTHOTO TOJNS B JIMHEHHOM NpHOJIIKe-
HHMHM, 1y, W, — TOJIBMIKHOCTU HOCHTENeH 3apsna
BJIOJIb U MOTIEPEK [UIMHHON OCH N303HEPreTHIECKOro
SJUTHIICOM/IA COOTBETCTBEHHO). DTOT MapamMerp CBs-

3aH C TpeaebHBIM  3HAYEHHEM  TEH30COIpO-
tuBienus coortHorrennem [30]:
_3pt 1 (1)
2 p 2
e [i k1] — JBM = amn n-Ge o - yrensroe
[100] - gms n-Si
COMPOTHUBIICHHE HEICHOPMUPOBAHHOTO KPHCTAILIA.
[Tapamerp K — 95TO ompeaeseHHOE YHCIO MpPU

N = ne = const, rzae N, — MOJNHAsE KOHIIEHTPALUs HO-
cuTerel 3apsja B KpUCTaJlie, KOTOpas COBMANACT C
KOHIIEHTpalluen JEerupyromieil IpuMecu B yCIOBUSIX
UCTOLICHHSS ¥ HE 3aBHCUT OT MEXaHHYECKOIro
HampsoKeHus X.

CBs3b TIpe/ieIbHBIX 3HAYCHUH TEH30COMPOTHBIIE-
HHS C TTapaMeTPOM aHU30TPOIUH TTOJBMKHOCTH ISt
KpHUCTa1a, Ae(OPMUPYEMOTr0 B PA3IMYHBIX KpH-
cTayutorpauvueckux HampaBleHHUAX, OE3YCIIOBHO,
pasnas. Hanpumep, B ciydae N-Si uis KpucTauio-
rpadudeckux Hanpasinenuit [100] u [110] atu cBs3u
3agaroTcs cootHomenusmu [30]:

[100]

P 1ok, 2
ol 3

po[cllo] _ E [2 K +1j (3)
p 3UK+1)

B cnyuae n-Ge, koraa (B otinuume ot N-Si) u3o-
SHEPreTHYECKHUE IIIMIICOUIB! ATMHHONW OCBIO OpH-
SHTHUPOBAHEI BIOJIL 00BEMHBIX IUAroHajeh KyOude-
CKOH 3JIEMEHTapHON SIYEHKH, aHAJIOIMYHOE COOTHO-
meHne (Ui KprcTauorpaguyeckoro HarpaBiIeHHs,
B KOTOPOM 3((EeKT TEH30CONMPOTUBIICHHUS CHKATHS
MakcuMmaibHbiil) umeet Buj [30]:

[111]
P: :1(8K+1+1j. (4)
o8 4 3

PaccuntanHoe mo ¢opmyne (4) U dKCEepUMEH-
TaTbHBIM JaHHBIM 17 pl*/p = f (X) (puc. 1), mo-

JMy4deHHBIM B ombItax mpu T = 77,4K ¢ kpucrammamu
n-Ge ¢ yAeNbHBIM  CONPOTHBICHHEM P =
= 11,20m-cm (ogHOOCHO YympyroaedopmMupoBaH-
HBIMH B KpHCTAJUIOTpAaUYECKOM HANpPaBICHUU

lim p(X) _ piikl] , T0 ectb p(X)/po mpu Takux 3HaUe-

G ) Po

HUSIX MEXaHHYECKOT0 HAIpPSDKEHHs X, IPH KOTOPBIX BCe HOCHTENH 3apsia (IpH yciaoBun 7' = CONSt) mepexosiT U3 SJUIUIICOMIOB, MOJHH-
MAIOIIUXCs BBEPX MO LIKale YHEPIUH, B JIUIUIICOM b, OIYCKAIOIUECS BHU3.



[111]), 3sHaueHMe mMapaMeTpa aHU3OTPOIIHMH TOIBHK-
HoctH K = p,/py = 15,6 B mpenenax TOYHOCTH MPOBE-
JICHHBIX SKCIIEPUMEHTOB COBIAJIAET C BHIUMCICHHBIM
3HaueHueM K., = 16,1 no popmynam Teopun aHu-
3oTporHoro paccesuus [31] (cm. Tpunoxenmue).

o

Po

11

2

1 1 1 1 1 1 1 |

0o 01 02 03 04 05 06 07
X, I'la
Puc. 1. 3apucumocts pl /5 = f (X) Ansan-Ge
(po=11,2 Om-cm) nipu T = 77,4K.

AgTtopsl [32] mokasanu, 4To 3HAUCHHE, TTOJTYUYCH-
HOe M3 BbIpakeHus (3), HE YIOBIETBOPSET PaBEH-
ctBy (2), o ects KM = K 51y ocobernocts
TEH30CONPOTHUBIICHHS, KaK U MOSBICHHE IMPOIOIIb-
HOTO  TEH30CONPOTHBJIEHHS B  HAlpaBJICHHU
X || I ]I [111] & n-Si [33], aBTOpPBI COOTBETCTBYIO-
mux padot [32, 33] cBsA3bIBaNM C MPOSIBICHUEM JIe-
¢dopmarmu craura, Kotopas (kak ObUIO MOKa3aHO B
OMBITaX C IUKJIOTPOHHBIM pe3oHaHcoM [34]) B ciy-
yae N-Si XapakTepHa I KPHCTAUIOTPa(QUIECKUX
Hanpasienuii [110] u [111], HO He mposiBIsIeTCS B
Harnpasienuu [100].

Bo3HUKan BOIPOC, MOXHO JIM TIPU TaKHX YCIIO-
BUSIX COXPAHUTh COOTHOIIEHHE (3) Is onpeesieHus
napameTpa anuzotporuu K, cBOOOJHOTrO OT BIHS-
HUsl AedOpMaly CIBHra, W €CIU Ja, TO KaKuM
AMEHHO 00pa3oM 5TO MOXKET OBITh JOCTUTHYTO?
[TonoxuTeNnpHOE PEIIeHuEe 3TOr0 BOMPOCA OTKPBLIO
Obl BO3MOKHOCTh HCIOJIB30BaHMUs COOTHOLICHHUS (3)
IUIsL U3yYeHHsI TIPOSIBIICHHUSI OCOOCHHOCTEH TEH30C0-
IPOTHBJICHUS] OTHOCUTEJILHO HANPaBICHUS OCH PO-
CTa KpUcTajuia (a cieIoBaTelibHO, U CIOEB POCTa) B
yeaosusax X || J || [110], a taxxke mocayKuio Ob
HE3aBUCHMBIM O0OCHOBaHHEM TOTO, YTO OOHapy-
xennoe B [32] nepasencrao KM = KM pejicrpu-
TEIBHO CBSI3aHO C MPOSIBICHUEM Je(opMaluy CBH-
ra, Kotopasi obecreunBaeT AehOpMaIHOHHYIO TIepe-
CTPOIKY H309HEPreTUYECKOro JJUIMIICOUAA Bpale-
HHSL B TPEXOCHBIN JUTHIICOUI.

OrmBITHI 1O ONpPE/ICTICHUIO HapaMeTpa aHU30TPO-
nuy MOABIKHOCTH K = i/ (aHAIOTHYHBIE MPOBE-
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JeHHBIM ¢ N-GE) ObUIM BBIIOJHEHBI TAKKe C KpPH-
cTajiaMu N-Si, OpUEHTUPOBAHHBIMHU KaK BIIOJb KPH-
crajworpapuueckoro HampasieHus [100], Tak u
Baoib [110] ¢ OCHOBHBIMH MapaMeTpamu, MpUBeE-
JIeHHBIMH B TaOmume. Pe3ynmpTaTsl 3THX SKcIepH-
MEHTOB TpelcTaBieHbl KpuBbiMu 1 u 2 (puc. 2) co-
OTBETCTBEHHO.

VuuteiBasi BBIIECKAa3aHHOE, a TaKkxke OOHapy-
keHHble B [34] u3meHeHus 3Ha4deHuit 3 dexTHBHON
Macchl HOCUTEJIEH TOKa MPH POCTE MEXaHUYECKOTO
Hanpsokenust X || [110] ma xpucramie, HeoGXoau-
MO, TpEeXIe BCEro, OTKa3aThCs OT TPaIUIMOHHOTO
UCIIOJNIb30BaHUS Ul BBIUMCIeHHs K ¢ TOMOIIbIO
¢dopmynsl  (3) 3HaYeHHH  TEH30COMPOTHBICHHUS

p[m]/ po B 00NACTH TUIHMYHOTO HACHIMIEHHS (KOTO-

poe JocTUraeTcsi Ha 00pasiiax TaKoro THIA JIETUPO-
Banus npu X =~ (0,8-0,9) I'T1a), tak kak (B CBsI3U ¢
m, =m, (X)=const-X ) Bce 3HauCHUs plol /o p

P
npeaenax 0< X <X, OyayT mpomopuuoHaibHO X
HU3MEHEHHBIMU (3aHMKCHHBIMHU).

Kpome sToro, ¢ yderoM mnpenplnylliero yTBep-
KIEHU 3HAUY€HHE TEH30COIPOTUBIICHUS B 00NACTH
«IIaTO», KOTOpOE MpaBuibHee ObUI0 OBl Ha3BaTh
«pacTSHYTBIM MO OCH a0CLIUCC MaKCUMYMOM», CJie-

JyeT 0003Ha4MTh, HAaIpPUMED, (p[ilo]/po)* U Ccuu-

TaTh 3 QPeKTHBHBHIM. HeoOxoauMoe e 3HaveHHE
[110]

P
30BaHMsA B KauecTBe IJieBoi yactu (opmyisl (3))
MOYXHO HaWTH, TONBKO CYNIECTBEHHO PACIINPHB
JIMana3oH 3HAYCHU MEXaHWYECKOro HampspkeHus X
JI0 SIPKO BBIPAXKEHHOTO JTMHEHHOTO Craaa KPUBOif 2
(puc. 2), sKCTpamnoaupyst 3TOT OTPE30K MPSIMOU JI0
HepeceueHus C OChIO OPANHAT B TOUKE L.

N306paxass rpaduuecku paccunTanuyo mo (3)
[110]

o0

/po (mpuromHoe juisi 0OOCHOBAHHOTO MCIOJIb-

3aBUCHMOCTL p.~ 1 /p, oT K mpu usmenenun K B

npeaenax ot 3 g0 7 (puc. 3) u mepeHocs 3HAYCHHUE

pliol

puc. 3), B Touke L" maxoamm sHauenme K =59.
ITpakTUYecKH Takoe K¢ 3HAYCHHE Mapamerpa aHH-
30Tponuy NoABwKHOCTH K =p | /=589 s n-Si

Ipo ¢ Touku L B Touky L' (Ha och opaunar

OBUIO TOJYYEHO C MOMOIIBI0 COOTHOMICHUs (2) ¢
UCIIOJIb30BAHUEM BEIMYMHBI TEH30CONPOTHBICHUS

p[onL I/ py = 4,27, KOTOPOE COOTBETCTBYET 3HAUECHHIO

TEH30CONPOTHUBIICHHS B OOJACTH HACBHINECHHUS KpPH-
Boii 1 (puc. 2).

W3 Toro xe cinuTKa KpeMHHs ObLIH MOATOTOBIIE-
HBI 00paslbl, OPUCHTHPOBAHHBIC CBOCH IJTMHOW B
KpUCTAJUIOTpaUiIecCKoOM  HampaBICHHU [110].
Hatinmennas B ombITax ¢ 3TUMH oOpas3iiaMu KpuBas 2
(puc. 2) xapakTepu30BaNach HaJIMIMEM MaKCHMyMa
bynxman pl*/p = (X)) B o6mactu (0,7-0,8) I'Tla

¢ HeKOTOpBIM cragoM 1pu X > (0,7-0,8) I'Tla.
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OCHOBHBIC TTapaMeTPhI UCCIIEIOBAHHBIX KPUCTAILIOB N-Si

- T = 300K T=774K
apameTp = - - -
X || J |1 [200] X |l J |1 [110] X || J ]I [200] X |l J |1 [110]
p, OM-cMm 123,4 133 8,38 8,82
Ne, CM 3,49-10% 3,28:10% 3,47-10% 3,54-10%
1, em?/(B-cm) 1450 1430 21510 20010
5L
[110]
pli00] pll10] oL
Py Po 1 125 F Po A
4 13
I
Ll o f o __2 '
MRTZIfoz=-oas 2 , :
- M---------—
3 k1,2 2 : :
1,20 1 |
1 {
2 b1, | i
: I
i ;
! I
M!“ L"'
1 ] ] ] ] 1 ] 1 1,15 " 1 ML s 11 \ 1
00 02 04 06 08 10 12 14 16 3 4 5 6 7
X, I'la K=Km/K¢
Puc. 2. 3aBuCHMMOCTM TPOIOJBHBIX TeH30conpoTuBieHud Puc. 3. KpuBas A COOTBETCTBYET pPacUCTHOH 3aBHCUMOCTH
p[)%oo] / po H p[ilo] Ipo=f (X) OT MEXaHMYECKOro Hampsi- lelo] Ipy=f (X) OT BeNMWYMHKI mapamerpa K, KOoTopbIi u3-

keHust X Ha kpucrasuiax. M3mepenust nposouiucs npu 77,4K
Ha obpasuax N-Si pas3HO# KpucTamwiorpadHyecKoil opHeHTa-
war: 1 - X || J [1[200]; 2 - X || J || [110]. Touxa L coor-
BETCTBYeT IEPECEUCHUIO IPOJOJDKCHMSI  MPSMOIHHEHHOTO
yuacTka KpuBOH 2 ¢ ocbio opauHart. [Ipsimast M2" — kacareinb-
Has K KpuBOii 2 B ee Makcumyme. [Ipsimas L2' — mapaiiensHas
K npsimoid M2".

ITo HaksIoHY KpuBoii 2 (B obiactu X > 0,8 I'Tla),
9KCTPAIOJIUPOBAHHON JI0 MEPECEUECHHUs C OCBIO Op-

MHaT, Haiieno sHauenne pl°l/p =124, KoTopoe,

Oyy4d HCIIOJB30BAHHBIM BMECTE C COOTHOIICHH-
em (3), npuBoaut k Benmuunune K = 5,88. Tlomyuen-
HOe 3HaueHrne K KOMMYECTBEHHO COBIAIAET C BEJIH-
quHO# 3Toro mapamerpa (K = 5,89), onpenenennoro
C UCIOJIb30BAHUEM BEJIMUYMHBI TEH30COMPOTHBICHHUS

p[Q(E]w/ po=4,27 B 00NaCTH HACBILECHHUA KPHUBOH 1

(puc. 2).

OnHako aHaNOTMYHAs OINepalus C MePeBOJOM
toukn M B Touky M" (mo mytu M — M'—> M")
npuBoguT K 3HaueHuro K =4,63, kortopoe cymie-
CTBEHHO OT/IMYaercid Kak oT BeauumHbl K = 5,89,
MOJYYEHHOHW HENOCPEJCTBEHHO C MOMOIIBIO BEIH-
ymnpr pl%/ p, (B HacelmeHnu kpuBoii 1 Ha puc. 2),

TaK W MyTEeM JKCTPAIOJIAIIMOHHON 00paboTKH 3aBH-
cumoctu ™/ p = f(X) KpuBoii 2 (puc. 2).

Wrak, mnosnydeHHblE pe3ylbTaThl ITOKA3bIBAIOT,
4T0!
1) cymecTBeHHOE pazIn4Ke 3HAYCHUH ITapameTpa

anmsorpormn  mogemwkuoctn KM = wi/y  oT

MeHsuIcs (KaK apryMEeHT BBIYMCIIUTENLHOM (QYHKINK) B TIpee-
jax ot 3 10 7.

KI = 4 /py, momyueHHBIX myTeM TpamMIHOHHOI

00paboTKu 3HAYCHUMN TEH30COMPOTHBIICHUSI
pgm] Ipo ¥ pl*™/p = f(X) (B 00macTy HACBILICHIS)

COOTBETCTBEHHO, JICHCTBUTENHHO CBSI3aHO C BIIHS-
HHeM aedopMaluu cABUra Ha (GOpMy H309HEPreTH-
YeCKHUX DJUTHIICOMIOB (a ClieloBaTelibHO, M Ha -
(eKTHBHYIO Maccy HOCHTENEil TOKa M MX IMOIBHXK-
Hocts) npu yeaosuun X || J || [110] u orcyrcTBHEM
TaKOro BIIMSHHUS Ha CBOMCTBa 00pa3liOB TOro e
YPOBHSI JICTHPOBAHKS M U3TOTOBJICHHBIX U3 OJHOTO U
TOTO XK€ CIIMTKA, HO IPYroi Kpuctamuiorpaduueckon
opuentamuun X || J || [100];

2) BBIXOJsI ~ OpH  H3MEpEHHsX  (YHKIUH
pl /g = f(X) 3a TpeieNbl HACBILIEHHUS, YTO Tpa-

JIMIMOHHO JOCTHTAeTCs B 3TUX OMbBITAX, U HUCIOJb-
3ysl IPEIVIOKEHHBIN BBINIE METOA Ae(DOPMAIIMOHHO-
00YCIIOBJIEHHON DKCTPAIOJALMH, MOXKHO TIOJTYYUThH
JaKe I KPUCTAUIOrpaUuecKoro HampaBieHUs
[110] (m1st xKoTOpOrO XapakTEpHO IPOSBIEHHUE J€-
opmanmu ciBura) 3HaYEHUE MApaMeTpa aHU30TPO-
mun momsmkaoct KM9, koropoe (B mpenemax mo-
IPENIHOCTH SKCIIEPMMEHTA) COBNAAET CO 3HAUEHHU-
em KM% nonyuaememv B yemosmsix X || J || [100];



3) B OIIBITAX C TEH30COMPOTUBIIEHHEM B N-Si (mipu

X || J|I[110] u T= 77,4K) momyd4eHo IONOJIHH-
TENbHOE MOJATBEPIKICHUE MEPECTPOUKU H30IHEpre-
THYECKHUX DIUTHIICOUIOB IO BIHsHHEM Aepopma-
[[MM CIIBUTa, YTO HEOOXOIAMMO YYHMTHIBATh MPHU aHA-
JM3e  CHUMMETpPHHHO-3aBUCHMBIX  3(dekroB B
HAaIPaBICHHO-1e(OPMHUPOBAHHBIX MHOTOIOTHHHBIX
TIOJTyIPOBOJHUKOBBIX KPHCTAIaX CO CTPYKTYpOi
9HEPreTUYECKOTO CIEKTPa, MOJOOHOr0 TOMY, KOTO-
PBIM XapaKTepPHU3yIOTCS KPUCTAILIBI N-Si.

Crietyer 3aMETHTD, YTO MPAKTHYECKYIO [ICHHOCTD
MPEACTABIAIOT He TOIBKO coorHomenus (1)—(4),
KOTOpPBIC MO3BOJISIOT 10 M3MEPEHUSIM TEH30COMPO-
THBJICHHUS HAXOJWTh MApaMeTp AHU30TPOIHH TI0-
apmwxkaoctH K. Ho, MOJIyYWB OMHCAHHBIM ITyTEM
3HayeHne K, MOXHO TOJIBKO MO MpEaebHOMY 3Ha-
YEHHUIO TEH30COMPOTHBIICHHSI HANTH BEIHYMHY Mar-
HUTOCOIIPOTUBIICHHUSI B KJIIACCHYECKU CHUIILHOM (He-

KBaHTYOIIIEM) MarHUTHOM I10JIe (ﬂ >>1), BOC-
c

[I0JIb30BABIIKCh, coriacHo [35],
MarHuTO- U TEH30COMPOTHBICHUECM:

CBS3bIO MCIKAY

H(e) _ K +8 0 (5)
P Tk 2"
rne H — HanpsHKeHHOCTh MArHUTHOTO TOJIS.

[MpusnekarensHOCT cooTHOmenus (5) B mpax-
THKE Hay4YHO-HCCIIEAOBATEIbCKON padOThl 3aKiIroya-
€Tcsl B MEPBYIO OYepeb B TOM, YTO OHO OOECIeyn-
BaeT MHGpOpPMaLUed 0 MarHUTOCOIPOTHBIICHUH IIO-
JyTIPOBOAHHKA 0€3 HEOOXOIUMOCTH HCITOIH30BAHUS
MarHuTHOTO TOJs B paboTe, HaNpaBiIeHHON Ha
olpefeNicHHe HM3MEHEHHsI €ro CONpPOTHUBICHUS B
KJIACCHYECKH CHJIBHOM (HEKBAHTYIOIIEM) MAarHUT-
HOM TIOJIE.

Ho maxe Gonee BaXHBIM, 4YeM BBIIICYKa3aHHOE,
SIBIISIETCS. TaK)Ke TO, YTO BEIMYMHA MAarHUTOCOINPO-
THUBJICHUS], TT0JIydaeMasi [0 JaHHBIM TEH30COIPOTUB-
JIeHUsI Tipu ucnonb3oBaHuu Gopmyisr (5), mpakTu-
YeCKH CBOOOZHA OT BIIMSIHHMSA OCTaTOYHBIX HEOIHO-
POIHOCTEH B paclpelesIeHHH JIETUPYIOIIUX pUMe-
ceil B 00beMe KpUCTailia, K KOTOPBIM, KaK XOPOIIO

u3BecTHO  [7], MarHurocomporusnenue  pf (=)

(HeTOCPEICTBEHHO M3MEPsEMOE B MArHMUTHOM TOJIE,
a He pacCUMTaHHOE I10 BEJTMYMWHE TEH30COMPOTHBIIE-
HUSI) TOpa3ao 0ojiee 4yBCTBHTEIBHO B OTHOIICHHU
OCTAaTOYHBIX HEOJHOPOJHOCTEH 10 CpPaBHEHHUIO C
TEH30COMPOTHBIICHUEM.

3AKIIIOYEHUE

Jnst xpuctamnoB Ge u Si N-Tuma ¢ MOMOIIBIO
AQHAIUTHYECKUX BBIPAKCHUH, KOTOPBIC CBS3BIBAIOT
TEH30CONIPOTHBIIEHHE, M3MEpsieMoe Ha KpHCTaIax
pa3IUYHON KpHCTAUIOrpauuecKoll OpHEHTAINH, C
HapaMeTpOM aHM30TPOIHMHU MOABMXXHOCTH K = p,/y,
HaWIEHO 3HAYCHHE 3TOTO IapaMeTpa Mo U3MEpeHH-
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SIM TEH30CONPOTHBIICHUS B OOJIACTH BBICOKUX MeXa-
HUYECKHX Harpy30k X — oo, BEIBOAALIUX UCCIIELye-
myto gynxumio pli*!l/p  Ha nacbimenne. 3naueHus

3TOTO MapaMeTpa B 007aCTH CMEIAHHOTO PacCesTHUsI
okazanuch cnepytormmmu: K = 156 — ana n-Ge u
K = 5,89 — qys n-Si.

Ipeamoxken Meton aehopMauOHHO-00YCIOB-
JICHHOW OKCTPAmoAIWH, MO3BOJSIOIUN MpHu Je-
¢dopmanmu N-Si maxke B KpUCTAIOrpadUUECKOM
nanpasnennu [110] (mpu X || J || [110]), xapakre-
PHU3YIOIIMMCST TIPOSBICHUEM AedopMalliu CIBHra,
MOJYYHUTh 3HAUEHHE MapaMeTpa aHu30TPOIHH II0-
memxaoct KM kotopoe (B mpenemax morpemHo-
CTH dKCIIeprMenTa) coBragaet co suadeHnem KM%,
MOJy9YaeMbIM MPH OTCYTCTBHU TPOSBICHUs aedop-
Maiu casura, To ects ipu X || J || [100].

I[MPUJIOKEHUE

3HavyeHUe mapamerpa aHH30TPOIHHU TOJBHXKHO-
ctu K (u1st mpor3BONIbHON KOHIIEHTPAIMH, KOTOpast
HE TPHBOAWUT €IIe K BBIPOXKICHUIO DIIEKTPOHHOTO
ra3a mpu TeMIIepaType M3MEPEHUI TeH30COMPOTHB-
nenust ~ 77,4K) MoxHO paccumTarh Kak mjis N-Ge,
Tak u i N-Si mo GopMmysiaMm Teopur aHU30TPOITHO-
ro paccesaus [31]:
K=Ho_Ma b
woomoay
rae My 1 M, — 3¢ peKTUBHBIE MACChI Ul OTAEIBHO
B3STOTO HM303HEPreTHYECKOTO JIUIATICOU/A BJOJb
OO0JIBIION OCH M MEePHEeHIUKYJSPHO K HE COOTBET-
CTBEHHO.

m,=1580m, | ygn-Ge s Mi=0910My | g nosi
m, =0,082m, 1, =0,191m,

rae mp — Macca CBO6OZ[HOFO OJICKTPOHA.

a,= 3,40-10" spr’*.K-c
a, = 2,84.1077 3pr1/z-K-c

s N-Ge u

a= 3,09-10" spr¥?-K-c
= 4,67-10" 3pr1/z-K~c

1A N-Si.
OO6mmii Bux uaTerpanos |y u I, g n-Ge u n-Si:
0

N 2 '
2,65-10° a*,)[s«z,onnTn.XH, 2610 TZXJ s n—Ge;

©

x dx l-e‘xx dx,

b, - N .
9,68-10° a‘+3 2, 0+In—x+10‘”_|_2 J st N—Si:
2 |
323100 &N (3],0+InT +2,8-10% ] s n—Ge;
bl_ T3 T2x
3.47.10° &N [314+In+],46 102 ] s n—Si;
X



N =Ng+ N; — o0mas KoHIEHTpanus TpUMEcCEeH B
kpuctaie; N'=Ng— N, (Ipu OTCYTCTBUH KOMIICH-
cupyromux npumeceit N, =0 u n' =n, = N). Buaso,
uyto by u by 3aBucAT OT TemmepaTypbl, oOmUICH KOH-
IIEHTpaIlMy TpUMEceil B KpHUCTaJUIe, CTEMEHH WX
KOMIICHCAIIUU ¥ Pa3TuyHb! a7t N-Ge u n-Si.
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Hocmynuna 21.01.14
Summary

In the many-valley weakly doped semiconductor sin-
gle crystals n-Ge and n-Si the anisotropy of mobility of
majority charge carriers at 7=77.4K was investigated
and under these conditions the values of the anisotropy
parameter of mobility were obtained: K = p,/py = 15.6 -
in n-Ge and K = 5.89 — in n-Si.

Keywords: silicon, germanium, tensoresistance, the
anisotropy parameter of mobility.
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For the first time an attempt was made to eliminate problems of irreversible charging in the first cycle
when a new lithium-ion battery is set to work. The research work was based on an artificial lithiation
of the carbonaceous anode via three lithiation techniques: the direct electrochemical method, lithiation
using FeCl; as mediator, and via a direct contact with metallic Li. The cycling ability and specific
capacity were the criteria of suitability, the contact with metal lithium was found to be the most
efficient one. The battery grade carbon and/or expanded graphite were used as anode materials.

Keywords: lithium, graphite, irreversible capacity, battery, electrode.

YK 544.6:544.72
1. INTRODUCTION

The capacity losses in initial charge-discharge
cycles, which arise on a negative electrode, are
caused by the irreversible capacity of graphite.
During the first formatting cycle, the potential
capacity of a lithium-ion battery is reduced from
15% up to 45%. These losses depend on the
formation of a Solid Electrolyte Interface (SEI) thin
film on the solid-liquid electrode interface. During
the first charging the redox reactions between
lithium cations (Li+) and molecules of a solvent
occur. These reactions proceed on the electrode
surface, and the magnitude of losses depends on the
specific surface area of the graphite material. The
SEI layer is composed of the products of redox
reactions, for example, Li,CO3, LiO,, C,Hy, CO57,
LiCHs, and other inorganic or organic molecules.
The exact composition of the SEI layer depends on
the kinds of solvents used, the mixture of dimethyl
carbonate (DMC) and ethylene carbonate (EC) being
the most usual. The lithium salt LiPFg was added to
DMC/EC mixture to obtain the 1 mole electrolyte,
this electrolyte was used in our experiments. The
SEIl layer has a specific conductive property: it
works as membrane that is transparent for Li atoms
but nonconductive for electrons. This characteristic
property of the SEI layer ensures the lithium-ion
battery a very low self-discharge rate. In our
research, two types of the crystalline graphite,
natural and expanded, have been used. Their main
properties are described in Table 1. These two
graphite types represent the most widely used
materials for the negative electrode in lithium-ion
batteries. Our idea has been to prepare a graphite
electrode that already contains Li atoms before the
first charging cycle. These Li atoms can be used in
the formation of the SEI layer. The entire capacity of

the positive electrode is preserved and its Li atoms

can be used for the charge transfer [1-5].

Table 1. The basic parameters of graphite materials.

Type Particle Specific Sheet
Diameter Surface Distances
[um] [m*g™] [hm]
Natural <11 10 0.336
Expanded <150 68 1.2

2. EXPERIMENTAL WORK
2.1. Materials and procedures

Three different lithiation methods (A, B and C)
are described further in this paper. Method A
represents chemical redox process of inorganic
compound n-butyllithium and graphite. The
n-butyllithium acts as lithium donator for graphite
structure. Method B builds on method A, it use iron
(1) chloride as a catalyst that improves a transfer
process of lithium atom between n-butyllithium and
graphite. In contrast to methods A and B the method
C represents electrochemical process, where the
lithiation transfer is ensured by open-circle potential
of the half cell. This potential effects constrained
transport of lithium atoms to graphite structure. All
these methods should provide prelithiated graphite
material which can be used as the precursor for
preparing of electrodes. The first part deals with the
use of n-butyllithium as donor of Li atoms. The
measurements showed that n-butyllithium is able to
hand over the Li atoms to graphite material, i.e., to
insert Li atoms between graphite sheets. The second
part of research is based on the results obtained
during the first part. In second part of experiment the
ionic compound FeCl; was used to support the
insertion of lithium. According to our assumption of
the reaction n-butyllithium and graphite, the ionic
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molecule had to tear off the Li atom from the butyl
chain. The separated Li atom could be easier
inserted into or bonded to the graphite structure. The
third part is a description of a special lithiation
process based on the conductive connection between
the graphite electrode and the metallic Li. If is the
graphite electrode is dipped in an aprotic electrolyte
together with the metallic Li, then we get the half-
cell with the electrochemical potential of appro-
ximately 2.5V. Thus prepared half-cell can be short-
circuited via an outer conductor; in this case, the
electric current begins to flow through the
conductor. When the electrode steps into the
reduction reaction between Li cations and electrons
on the graphite; we call this process an electroless
lithiation [6-9].

2.2. Process of lithiation

This paragraph describes the steps of usage of the
lithiated graphite. All steps were carried out under
the inert argon atmosphere. The solution of
n-butyllithium contained 2.5 molar concentration of
n-butyllithium dissolved in n-hexane. The Li salt
solution of 1 molar concentration of LiPFg [10, 11]
was used in procedures B and C described next in
the paper.

A. Steps of lithiation with n-butyllithium.

1. Graphite material was dried at the temperature
of 150°C for 12 hours in a vacuum chamber to
remove the residual moisture from graphite.

2. Then n-butyllithium was added into graphite in
the molar ratio; it corresponded to one Li atom per
six carbon atoms and resulted in the formation of
LiCs.

3. Next, the mixture of n-butyllithium and
graphite was stirred for 24 hours under room
temperature.

4. Then the mixture was filtered. The lithiated
graphite blend, which we got, was purged by the
n-hexane solvent in order to remove n-butyllithium
residues from it. The mixture was stirred with
n-hexane for 6 hours. After the purging step, the
mixture was filtered again.

5. After filtering, the lithiated graphite should be
in its final state (as precursor for preparing the
testing electrode), without any residues.

During this experiment, an unexpected event
happened an exothermic reaction while
synthesizing graphite and n-butyllithium. That
reaction was accompanied by the formation of a gas
and, as a result, there was initiated an explosion in
the glove box. We assume it could be caused by the
reaction of the remaining humidity in graphite and
n-butyllithium. Therefore, to avoid this trouble, it is
necessary to dry the graphite precursor from the
residual water.
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B. Steps of lithiation with n-butyllithium and iron
(111 chloride (FeCly).

1. The graphite material was dried at the
temperature of 150°C for 12 hours in a vacuum
chamber.

2. The FeCl; compound was also dried in a
vacuum chamber at the temperature of 150°C but for
24 hours. It is very important to remove the residual
moisture from FeCl; powder.

3. Then, both dried components (graphite and
FeCl;) were mixed together in the ratios calculated
in relation to the hexagonal unit (C¢) of graphite per
one FeCl; molecule. The two prepared ratios of the
components were: (a) ten carbon atoms per one
FeCl;, molecule, ratio 10:1; and (b) six carbon atoms
per one FeCls;, molecule, ratio 6:1. Each composition
of two ratios was being stirred with n-hexane for 24
hours, thus making the compositions more
homogeneous.

4. Next, the mixture was filtered and dried in
order to remove n-hexane.

5. After that, n-butyllithium was added into the
mixture. The molar ratio was calculated as one Li
atom per six carbon atoms — LiCs.

6. At the end, the steps like those in Section A
(steps no. 4 to 5) followed.

C. Electroless lithiation.

1. Graphite material was dried at the temperature
of 150°C for 12 hours in a vacuum chamber.

2. To the graphite material 10 wt% of binder
(polyvinylidenefluoride — PVDF) was added so as to
improve the material properties, and a negative
electrode was prepared from the dried graphite
material.

3. The electrode material was coated onto the
cooper foil (thickness 35 um) and then sintered at
the temperature of 50°C for 24 hours.

4. Next, the prepared electrode was connected to
the system shown in Fig. 7. During this step, the
electrode material was being reduced by Li ions for
48 hours, from potential 2.5V to 100 mV.

5. In the last stage of this process, the electrode
material was stripped off from the cooper collector
and dried out under room temperature. That lithiated
material was used as precursor for preparing the
testing electrode.

3. EXPERIMENTS AND RESULTS
3.1. Graphite lithiation with n-butyllithium

Here we describe manufacturing of the negative
electrode from the pre-lithiated graphite. The pre-
lithiated graphite material was obtained as described
in Section A. Steps of lithiation with n-butyllithium.
Through the manufacturing steps, we have obtained
the lithiated graphite material in a powder form. The
lithiated graphite powder was mixed with the PVDF
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binder. The binder was calculated as 10 wt% of the
lithiated graphite material and it had to be dissolved
in the N-methyl-2-pyrrolidone (NMP) solvent. The
electrode mixture was stirred for 24 hours, then the
mixture was deposited on the cooper foil (thickness
35 um). The wet thickness of the coating layer was
80 pum. After that, the coating mixture was sintered
for 12 hours at the temperature of 50°C. Similar to
the final step of the electrode manufacturing process
described above, small rounded electrodes with the
diameter of 18 mm were cut off. Those electrodes
were subject to the pressure of 2 tons per cm® The
electrodes were subsequently measured on a
potentiostat/galvanostat in the half-cell system. The
arrangement of electrodes was as follows: the
working electrode (WE) was connected to the
analysed electrode and metallic Li served as the
counter electrode (CE). At the beginning of our
experiments, two types of graphite were measured
and compared (see Fig. 1). The graph in Fig. 2
shows the measured characteristics of the expanded
graphite, illustrating the comparison of the
characteristics of the lithiated and non-lithiated
materials. The electrode made from the non-lithiated
material (dashed curve) had the capacity of about
20% higher than that from the lithiated one (solid
line).

The graph in Fig. 3 shows the measured
characteristics of the natural graphite. The electrode
made from the non-lithiated material (dashed curve)
has a higher capacity than that from the lithiated one
(solid line), as in the previous case. Natural graphite
did not show the difference of capacity as big as in
the case of the expanded graphite [12, 6].

Both types of graphite electrodes (lithiated and
non-lithiated) demonstrated an approximately
similar irreversible capacity. The non-lithiated
natural graphite material has the irreversible
capacity around 24% and the lithiated natural
graphite has the irreversible capacity around 23%
(see Fig. 3). A more noticeable difference is in the
case of the expanded graphite (Fig. 2). The non-
lithiated electrode material has the irreversible
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capacity around 82% and the lithiated one — around
77%. The summarized results of lithiation
(A. Steps of lithiation with n-butyllithium) are listed
in Table 2. There LITHI means the lithiated graphite
material and NON LI means the initial graphite
material without any Li atoms.
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Fig. 3. Charge-discharge characteristics of natural graphite
(COND 5995) without lithiation treatment.

Table 2. Properties of lithiated graphite materials

Type Stabilized Irreversible
Capacity [mA-h/g] Capacity [%]
LITHI. | NONLI | LITHI. | NONLI.
Natural 188 203 23 24
Expanded 27 28 77 82

3.2. Graphite doped by iron (111) chloride (FeCly)

The experiments discussed in this Section are
based on the results from Section 3.1. Graphite
lithiation with n-butyllithium. From Table 2 it is
clear that the expanded graphite has poor capacity
characteristics. Based on these results, had been
proceed to advanced lithiation process. Following
experiments was carried out with natural graphite
CR 5995. In terms of irreversible capacity, only
slight difference between lithiated and non-lithiated
graphite material was observed. There is a missing
intercalation reaction between n-butyllithium rea-
gent and graphite material.



In the other experiments was used ionic
compound, iron (I11) chloride (FeCls). FeCl; belongs
to halides group, halides are binary compounds, of
which one part is a halogen atom and the other part
is an element which is more electropositive. The
halide group contains these significant compounds
copper (I1) chloride (CuCl,), manganese (I1) chloride
(MnCly) and cobalt (II) chloride (CoCly). All of
these compounds are suitable for using in lithiation
process. Was decided to use FeCl; due to its three

(58%) than electrode material with ratio 6:1, see
Fig. 4. The material with the ratio 6:1 has the stable
capacity around 160 mA:-h/g and the irreversible
capacity 15%, see Fig. 4. This marked difference of
material characteristics is evident from Fig. 6 and
Table 3.

The differences of capacity characteristics are
displayed in Fig. 6. Measured results of that
experiment are given in Table 3 and Table 4.
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The obtained results show the capacity
characteristics of measured specimens. The
electrode material with ratio 10:1 (ten carbon atoms
per one atom of FeCls) has lower stable capacity
(around 85 mA-h/g) and higher irreversible capacity

steady material capacity. This Section considers a
simple lithiation method based on the potential of
electrochemical cell. The electrochemical potential
is formed between the graphite electrode (material
based on graphite with additives deposited on the
copper collector) and the electrode from metallic Li
[9, 13, 14]. This half-cell is connected through a
wire that serves as an outer conductor of electrons,
which system it sketched in Fig. 7. The system in
Fig. 7 was used for the manufacturing of the



electrode material. As an electrolyte, 1M
concentration of LiClIO, salt (dissolved in the
mixture of DMC and EC) was used. This process is
described in Section C, 2.1. The material thus
prepared was deposited on the electrode collector
through the steps described in C. The capacity
characteristics of the pre-lithiated graphite are
shown in Fig. 8.
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- Cu collector
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Lithium cations

@
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Fig. 7. Conception of electroless lithiation system.
Electroless lithiated natural graphite (CR5995)
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Fig. 8. Capacity characteristics of pre-lithiated natural graphite
(COND CR 5995).
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Fig. 10. Capacity characteristics of lithiated natural graphite
material.

The values of the irreversible capacity and steady
capacity, which were measured through the
electroless lithiation process, showed a significant
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improvement of the characteristics just mentioned.
This lithiation process fully saturated the graphite
structure by Li atoms. These atoms are used during
electrode formatting (they are consumed to creation
SEl layer on heterogeneous interphase elect-
rode/electrolyte), also they preparing the positions
inside the graphite structure for the other Li atoms in
the following charge-discharge cycles.

In Figs. 9 and 10 is shown the comparison of
natural graphite capacity characteristics. Figure 9
shows non-treated natural graphite capacity during 5
cycles, the Fig. 10 shows the same material treated
by pre-lithiation process.

4. CONCLUSIONS

In the first part of our experimental work
(3.1 Graphite lithiation with n-butyllithium) the
lithiation process with n-butyllithium reagent is
described. In experiments we used two kinds of
graphite: expanded and natural one (more in
Table 1). Figures 2 and 3 show the comparison
between lithiated and non-lithiated materials. Low
capacity characteristics of expanded graphite may be
caused by the distance extension of graphene sheets
with the following exfoliation, which occurred
during lithiation. The natural graphite does not show
this  pronounced  difference  in  capacity
characteristics. The irreversible capacity of natural
graphite slightly improved — from 24% to 23%.
N-butyllithium is a too feeble reduction agent for
graphite. The atoms of Li+ are not able to leave the
n-butyl chain and get the intercalation to graphite.

The second part of our work (3.2 Graphite doped
by iron (111) chloride (FeCls)) uses the iron (1)
chloride ionic compound and shows a higher
irreversible capacity suppression. The obtained
results are listed in Table 3, which says that the most
suitable ratio of iron (lI1) chloride is 1:6, i.e. one
molecule of FeCls per six carbon atoms (similar to
the non-stoichiometric compound LiCg). The
experiment with the ionic compound resulted in a
decrease of the irreversible capacity from 24% to
15%. The last part of our work (3.3 Electroless
lithiation) brought the expected results, reflected in
Fig. 8. The irreversible capacity of natural graphite
decreased from 24% to 2%.The overall results are
summarized and compared in Table 4. Our
experiments confirm that the idea to diminish the
irreversible capacity by using pre-lithiated graphite
material is workable. The electroless lithiation
method used for preparing of a pre-lithiated
electrode material is a theme for futher discussions.
Its utilization and commercialization could be
difficult but it can bring about higher capacities and
better characteristics of lithium-ion batteries.
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Pedepar

BriepBeie Obula IpEANpPUHSTA IONBITKA YCTPAHHUTh
npo0JieMbl HEOOPATUMOH 3apsIIKK B IEPBOM LIMKJIIE, KOT/Ia
HOBBIIl JTUTHHA-UOHHBIA aKKyMYJISITOp YCTAHABIUBACTCS B
pabouyem pexxume. OCHOBOH HCCIIEOBAHUS MOCIYKHIIO
HCKYCCTBEHHOE JICTUPOBAaHUE YTJIEPOJHUCTOrO aHojia ¢
WCIIOJB30BaHUEM TPEX METOAOB JICTHPOBAHMS: MPSIMOU
SNEKTPOXUMHUYECKUIA METOH, JISTHPOBAaHUE C ITOMOLIBIO
FeCl; xak mepeHocYnKa, U TPU HEHOCPEJACTBEHHOM KOH-
takte ¢ MmeramtndeckuM Li. Kpurepusmu sddexrnro-
CTH OBUIM. BO3MOXKHOCTb LMKIMYECKMX M3MEHEHUH U
ylienbHask IPOU3BOANUTENBEHOCTD, ATl KOTOPBIX KOHTAKT €
METaIMYECKUM JIMTHEM OKazaicsi Haubonee 3ddexTus-
HBIM criocoOoM. B xauecTBe MaTepuana Jyis aHOZAA aKKy-
MyJIITOpA HCHOJIB30BANH YIIEPOAUCTYIO CTalb u/uin
BCITy4€HHBIH TpaduT.

Kmouesvie cnosa: aumuil, epagum, neobpamumas
emMKocmy, bamapest, 21eKmpoobl.
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OO0 ncnoJIb30BaHUHU 3JIEKTPOPA3PSAHBIX TEXHOJIOT il
IJIA WAEHTH(PUKAIUU TUIJIEKTPUIECKHUX
U METAJIMYECKUX U3/1eJ NI
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yi. Axademuueckas, 5, 2. Kuwunes, MD-2028, Pecnybauxa Mondosa, e-mail: sasha.covali@mail.ru

[Ipoanannu3upoBaHsl MHOHEPCKHE PAOOTHI O MCHOJIB30BAHUIO MOLIHBIX JIEKTPOHHBIX MOTOKOB IJIA
(hopMHUpPOBaHHS METAIMYECKUX U TUIEKTPUIECKUX MoBepxHOCTeH. OOCYXKIatoTCsl HEKOTOpPHIE 00-
IHe 3aKOHOMEPHOCTH UX MMITYJIbCHOTO Bo3aeHcTBHA. OOOCHOBaHA SKOHOMUYECKAs Helellecoodpas-
HOCTb IPUMEHEHHUST YCKOPHUTEIIEH ISl MICHTU(PHUKAMOHHBIX TeXHOoJIoTnil. [IpuBeieHbl HOBBIE Pe3yib-
TaThbl 1O UCIIOJB30BAHUIO BJICKTPOPA3PATHBIX TEXHOJIOTUM JJIA CO3JJaHrd YHUBEPCAJIBbHBIX I/I)Z[CHTI/I(i)I/I-

KalfMOHHBIX MCTOK.

Kniouegvie cnosa: udenmugurayust, 31ekmpopaspsioHvle MeXHON02UU, UCKPOBbLE 6bICOKOBOIbMHbIE
Paspsiovl, NOBEPXHOCMHbIE PA3P0bl, MAMPUYA, UOCHMUDUKAYUOHHASL MEMKA.

VK 621.35+621.9.047
BBEJIEHUE

Pa3BuTHEe BBICOKOBOIBTHOW MMIYJBCHON TEXHU-
KH TIPUBENIO K CO3/[aHUI0 MMITYJIBCHBIX CHIIBHOTOY-
HBIX yckoputeneir snekrporoB (MCYD) co B3phI-
BOAMUCCHOHHBIMHU KaTOJaMU IOJIHOM 3HEprueil mum-
nyisca 1o 100 JIx u mMomsocTsio 1o 10%° Br [1-3].
CunbHotounsle 3ekTponuse myuku (COIT) ¢ ompe-
JICIICHHBIM JIMANa30HOM MapaMeTPOB CTATH MPUME-
HATH B PA3IHYHBIX 00JIACTAX HAYKH, TEXHUKU U TEX-
mojorusax [4-9]. DKcrmepuMeHTAaTOPHI MOy YHIIH
YHUKAQJIBHBIA WHCTPYMEHT, TTO3BOJISIFOIIUN HUCCIIEI0-
BaTh MOBEJICHUE BEIIECTBA B DKCTPEMAIBHBIX, HEO-
CTYIHBIX paHee yCIOBUSIX.

HckpoBoii paspsin MeHee 3HEProeMKHH, 4YeM
MyYKH CUJIBHOTOYHBIX YCKOPHUTEJICH JIJIEKTPOHOB C
SHEpPrueil UMIyJbca B CIUHMILI JDKOYJICH W JTH-
TENLHOCTSIMH CYIIECTBEHHO OoJiee TPOIOIDKUTEINb-
weiMu (mopsimka 10° ¢). Mexay ucrmons30BaHHeM
CHJIbHOTOYHBIX UMITYJIBCOB 3JICKTPOHOB U DIIEKTPO-
pa3psAIHON TEXHOJOTHEH MOXHO OOHApYKHUTh MHO-
ro oOIIMX 3aKOHOMEPHOCTEH.

W3HayaibHO ¢ TMOMONIBID  3JCKTPOPa3PAIHOMH
TEXHOJIOTUM 00padaThlBAIM H3JACIHS W3 MeTajlia

[10-11].
O/HaKO CO BPEMEHEM Y BIICKTPOPa3psIHON TeX-
HOJoTMH ObIa OOHapyXeHa HoBasg 00JacTh

MPUMEHEHUST — UACHTH(UKAIMS OYMaKHBIX JTOKY-
MEHTOB, B TOM YHCJIe W JJIsI UHGOPMAIMOHHOM 3a-
IIUTHl HAIMOHANBHOU BamoThl [12-14] u pemieHus
psna mpo0iieM, CTOSIINX Tepes OaHKOBCKOW CHCTe-
Mo#t [15]. [lyns aToro Ha 3aimumaeMoM OyMakHOM
JIOKYMEHTE C ITOMOIIbI0 HCKPOBOT'O pa3psijia PsIOM C
UGPOBEIM KOJOM H3JCTHS HAHOCUJICS HA0Op mep-
dbopanuii ¢ TOCIEAYIOIMUM CHITHEM U COXPAHECHHEM
nHpOpMaIu o TwIoMaan U GopMe ITHX Tepdopa-
I,

Pesynpratel pabdor, nposenennsix B.M. Onemko
B TOMCKOM IOJIMTEXHHYECKOM YHUBEPCUTETE C UM-
NyJbCaMH  MOIIHBIX  AJIEKTPOHHBIX  TOTOKOB,
HalpaBJICHHBIX Ha MeTauimdeckue wusgenus [6]
(puc. 1), uaumuupoBanu 6ojiee MHUPOKOE MPUMEHE-
HUE UMITYJIbCHBIX TEXHOJIOTHH.

Puc. 1. mnynscHOE BO3AEHCTBHE MOLIHBIX 3JIEKTPOHHBIX IO-
TOKOB, HaIpaBICHHBIX HA METaUIMYecKoe m3penue. 1 — mecto
MOTIA/IaHMS DJIEKTPOHHOTO Iy4Ka B METalll; 2 U 3 — Maloe U
Oompmioe  MHTEP(EPEHIOHHBIE  KOJBIA  COOTBETCTBEHHO,
4 — paguanpHBle JIy4w; S5 — IOPOXKKH M3 MOCIEIOBATEIHHO-
JUCKPETHBIX MCHApHBIINXCS Y4acTKOB Merayuia. Juamerp ¢u-
Typsl — 8 MM.

KapTussl, nony4eHHbsle IpU 3TOM, HMEIOT pajau-
aNbHBIC JTY4YH, aHAJIOTUYHBIE TEM, YTO HAOIIOJaNCh
OT BO3JEUCTBHs METEOpUTOB Ha Mepkypuu, JIyHe u
JIpyTuX IJIaHeTax. JTO MO3BOJIAET Mpearnonarats 0o
0o0ImUX 3aKOHOMEPHOCTSX MMIIYJIbCHOTO BO3JEH-
CTBUS MOIIIHBIX MTOTOKOB HEPruM Ha Marepuio. Ilpu
00JIly4eHHH MOIIHBIMH HAHOCEKYHAHBIMU HMITYJIb-
CaMH OJJIEKTPOHOB 3aperHCTPUPOBAHBI BETBUCTHIC
paspsimel udsiekTpukoB [6] (puc. 2). DTO0 MOXHO
paccMaTpuBaTh Kak OAMH U3 MyTel TEXHOJOTUH H3-
TOTOBJICHUS HACHTU(PHUKALNOHHBIX METOK.

N3BecTHO, 4TO B KBAaHTOBOM MEXaHUKE BEPOAT-
HOCTB IMOTAJIaHKs OTICIBHOTO AIIEKTPOHA (IIpU Mmpo-

© NIxunes B.[., [Tapamonos A.M., Kosais A.B., Diekrponnas o6paborka marepuaios, 2015, 51(2), 99-105.
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XOXKICHUH depe3 IBe INEeNIH) B Ty WM MHYIO YacTh
MHILIEHU ONMCBIBACTCS CYNEPHO3ULUEN COCTOSHUM.
DTO 03HAYAET, YTO AJIEKTPOH (TOUYHEE, IITEKTPOH HE
KaK JIOKAJIBHBIH OOBEKT, a KaK KBAaHTOBAs CYIEPIIO-
SHITUS PA3TMYHBIX KOMITOHEHT BOJHOBOW (DYHKIIHH)
MOKET OJHOBPEMEHHO MTPOXOJUTD YEPE3 [IBE 1IEIIH B
HEMpo3pauyHoM 3KpaHe. Cynepno3UIOHHbBIE COCTO-
SITHUSI OTIMCBHIBAIOTCS MOCPEACTBOM TaK Ha3blBaeMOil
BOJTHOBOW (PYHKITMH, KOTOPYIO TakKKe HAa3BIBAIOT
BEKTOPOM COCTOSHUSI B THIIEOEPTOBOM MPOCTpaH-
ctBe. Ha mumieHu Mbl 1mojiydaeM HE CyYMMY JBYX
BEPOSATHOCTEW OT MPOXOXKJIEHHUS OTAEJbHBIX LIENEH,
a UHTePPEePEHIIHOHHYIO KAPTHHY OT ABYX (HECKOJIb-
KMX) ILIeIIeH.

Puc. 2. BerBucreie paspsaabl B JUIJICKTPUKE, MOJIYUYCHHBLIE 1101
HeﬁCTBHeM MOLIHBIX HAHOCEKYHIHBIX IIyYKOB JJIEKTPOHOB.
Pa3mep 30ub1 — 30-60 MKM.

T'unoresa o TOM, 4TO IPUYMHON BO3HUKHOBEHHS
WHTEPPEPEHLIMOHHBIX BOJH Ha MUILEHH SBISETCS
B3aMMOJECHCTBUE HIIEKTPOHOB MEXIY COOOH, AaBHO
SKCIIEPUMEHTAJIBHO OIPOBEPrHYyTA. [I€HCTBUTENBHO,
KOIJla Ha MHUUIIEHb BBITYCKAJIHCh OTAEIBHBIE AJIEK-
TPOHBI C MHTEPBAJIOM B TPHIUATh MHUHYT (TO €CTh
BbIOMpAIOCh BpeMs, 3a KOTOPOE€ OTHENbHBIN 3IeK-
TPOH TapaHTUPOBAHHO JOJIETUT OT UCTOYHMKA DIICK-
TPOHOB JI0 MHIICHH), HAa HEl BO3HHUKajla MHTEpQe-
PCHLIMOHHAs KapTHHA.

Bosnukaer wHTepdepeHIMs, Kak  IOKazal
B.U. Oneuixo [6], u npu ummynbce, KOrja B IIydke
JETAT OAHOBPEMEHHO MMJUIMAPABI  BJIEKTPOHOB.
AHanoruyHble pe3yIbTaThl ObUIM U IIPU 3JICKTPOUC-
KPOBOM JIETUPOBAaHUU MeTasuia [7].

OpHako 3adUKCHpPOBaHHBIE HMHTEP(EPEHIHOH-
HBIE KOJIbIA (pHc. 3) HE UMETH IOJDKHOTO OOBICHE-
Hust. [IpuMmedaTenbHO, 94TO y OOHApYKEHHBIX MOp-
(onoruyeckux pasMuuil B LEHTPE NOMaJaHHs HUC-
KpOBOTO paspsia W Ha mnepudeprun pa3ziuyHas KpH-
CTaJUIMYECKasi CTPYKTypa, YTO TaKXKe MOXKET OBITh
HCTIONB30BaHO B KaueCTBE YCTOMYMBBIX HIECHTU(U-
KalMOHHBIX NMpHU3HaKoB. OJHAKO BO MHOTHX CiIyda-
AX JOCTaTOYHO OIPAaHMYHUTHCS BU3YalIbHOW KapTu-
HOW MaTpUIIB], TaK KaK OHA JOCTaTOYHO CTOXACTHY-
Ha. [{ng 0co00 LEHHBIX M OTBETCTBEHHBIX W3ICIIHA
MO’KHO BOCIIOJIB30BaThCi M UACHTH()UKAIMOHHBIMU
MpU3HAKaAMH Ha OCHOBE JJIEMEHTHOTO M (pa3oBoro
COCTaBOB METOK, B TOM YHCJIE U C TIOMOLIbIO TPUMe-
HEHHUS HW3HOCOCTOWKHX IOKPBITUH WM HOKPBITHS

METOK IPO3pavyHbIM MaTepuaioM. B wacTHOCTH, B
OCHOBY TaKOT0 IIOJIXO/Ia MOXHO TIOJIOKUThH CIICK-
TpPaJbHBIA CMOCO0 HIACHTH(HUKAINY, TOTYYUBIIAN
€Bpa3UUCKUM MaTEeHT.

Puc. 3. UuTepdepeHIMOHHBIE KOJIbIAa HA METallie, BO3HUKAIO-
Iye TIPH SJIEKTPOUCKPOBOM JIETUPOBAaHMU: 1 — mEHTp momana-

HHS ICKPOBOTO paspsiaa; 2 — nepudepuiHbIil yqacTok.

HeCMOTpH Ha MHOYKECTBO ITOJIy4acMbIX HIACHTHU-
(UKAIMOHHBIX TPU3HAKOB, IJIS LeNed MONydYeHHs
UICHTU(HUKAMOHHBIX METOK TEXHOJOTHH, OCHO-
BaHHBIC Ha WCIIOJBb30BAaHUU YCKOPHUTENCH, Malo-
MPUMEHUMBI XOTSI OBl TI0O IKOHOMHYECKHUM coo0pa-
KESHUSIM.

OKCIIEPUMEHTAIJIBHA A YACTD

Hccnenopanue B o6sacTi MH(GOPMALIMOHHON 3a-
HIMTBl METATMYECKUX HM3AENUNA C MOMOIIBIO 3JICK-
TPOpa3pSAHBIX TEXHOJOTHH COCpPKUBAJIOCH W3-32
HEOTIPEIETICHHOCTEH PEerucTpanuyl TPaHUIBI ISATEH
Ha WACHTHU(QHUIUPYEMOH JeTalli U HE TO3BOJISIONINX
TOYHO ONPENeIIATh IUIOoImans U popMy mnepdopanuii.
BeIcokasi TOYHOCTH CHATHS TPAaHHIBI PEATH3YeTCs
MpY CKaHWpOBaHMU Tepdopanuii Ha npocset. C me-
PEX0I0M Ha IUIEHOYHbIE METaJUINYecKre uaeHTHdu-
KaI[MOHHBIE METKH YacTh TaKUX MpoOsieM ObLIa CHsI-
ta. O/HAKO IPH 3TOM BO3HHUKIH TPYAHOCTH C HaHe-
CEHHMEM HAHOIUICHOK Ha METAIMYECKHE MaCCHBHBIC
m3nenus. Ilpy  wmcmonb3oBaHWMM  OoJiee  TOJICTHIX
(cBeimie 30 MUKPOH) METAIIMYECKHUX TUIEHOK BO3HM-
KaeT apyras npobiema — HCKpOBOH pa3psin He obec-
MICYMBACT HY)KHOTO KOJMYECTBA HACHTU(PHKALIHMOH-
HBIX IIPU3HAKOB M3-3a TOTO, YTO OH HOIAJaeT B OTHO
u 1O *e Mecto. OnHa, Jake OTHOCHTENBHO O0Ib-
mras1, nepdopanus He odecrieunBaeT TpeOyeMoi uH-
(opManMOHHO# 3aIIUTHI N3AEIHS.

[Ipu 06paboTke OyMakKHBIX TUICHOK DIIEKTpHYe-
CKHM pa3psoM o0pasyercs MHOXXECTBO 3JIEKTpPO-
paspsimabix niepdopanuit (puc. 4). Hammuwe 100
nepdopanuii Ha Twomaau B 1 cM® obecrieunBaeT
BepOATHOCTH oBTOpeHus B 10°°°°, uto moxrBepia-
eT OECKOHEYHYI0 HEMOBTOPHMOCTh TAaKOH MeETKH.
Kax mpaBmino, Takoe KoaudecTBo mepdopanmii yaa-
BaJIOCh CJIeNaTh 3a 5—7 MUHYT. DTOT ypPOBEHb UACH-
TU(UKAIMU yKE JOCTUTHYT Ha OYMaKHBIX HOCHTE-
asx [12-14], a o0nacTei0 MpUMEHEHHs TAaKOW TeX-
HOJIOTHM MOKET CTaTh HMH(OPMAIMOHHAs 3alUTa
(MHAHCOBBIX JOKYMEHTOB, BKJIIOYAs IIPOHM3BOJICTBO
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HaLIPIOHaJ'ILHOfI BaJIIOTHI, BeKceneﬁ, KOMMCPUYCCKUX
KOHTPAKTOB U T.H.

Puc. 4. DnexrpopaspsiiHas MaTpuLa Ha OyMa>KHOM HOCHTEIE C
nepopanusiMy, MONTyYeHHass OT MHOXKECTBA MCKPOBBIX paspsi-
JI0B.

JKenanue nmosly4uTh aHaJIOTMYHBIN PE3yJIbTaT Ha
METaJUIMYECKUX IUICHKaX IMpPHUBEIO K 00paboTKe
3NEKTPUYECKUM pa3psAoM 3THUX IUIEHOK C ABYCTO-
POHHUM AMAIEKTPUYECKUM MTOKPBITHEM.

IlepBblil e OAVMHOYHBIMN UCKPOBOW pa3psl, BO3-
Oy KIalouil pa3BETBICHHBIA OaphepHBIA pa3psi Ha
METAINIMYECKON IUIEHKE C JIBYCTOPOHHHM JHDIIEK-
TPUUYECKUM MOKPHITHEM, 00YCIIOBHII CO3JaHNE HEIO-
BTOPHUMOM MaTpuIlbl, U3 KOTOPOH MOYKHO MOIY4HUTh
MHOXECTBO METOK C YHHKaJbHBIM HaOOpOM HIEH-
TU(QHUKAMOHHBIX TPU3HAKOB. BMecto mepdopanuii
ObUl TONy4eH HA0Op TOYEUHBIX M TOJIOCYATO-
JUCKPETHBIX UCIAPUBIIMXCS YYaCTKOB Ha METAUIH-
YECKOMU IUICHKE.

OKCHEpUMEHT INPOBOAWICS Ha cXeMe, H300pa-
JKEHHOH Ha puc. 5.

LHBH

Puc. 5. Cxema 3KCTIEpUMEHTANBHON YCTaHOBKH ISl U3YUYCHUS
GapbepHOTO paspsma: 1 — MeTaumyeckas MOUIOKKaA; 2 — CTEeK-
J10; 3- JUDJICKTPUYCCKas IJICHKA, 4 — MeTalIH4ecKas IICHKA,
5- JUDBJICKTPUIECKas TUICHKA (HOCI/ITGJ'II: COCTOMT U3 DJICMCHTOB
3-6 — KOJIBLICBOM 3JIEKTPO.); 7 — BBICOKOBOJBTHBIN KOHJCHCA-
TOp; 8 — BBICOKOBOJIGTHBIH LIAPOBOH 31E€KTPO; 9 — MCTOUYHHK
BBICOKOI'O HAIPsKEHUS. EMKOCTh BBICOKOBOJIETHOI'O KOHJIEHCA-
Topa — 1000 n®.

3a cuMTaHHBIC CEKYHIbl MOJKHO M3TOTOBHUTH Ji€-
CATKM MAaTpUIl IS WACHTU(UKALMOHHBIX METOK.
JpyruMu cioBaMu, IpU TaKOM MOJIXOZAE MPOH3BO-
JUTENBHOCTh TPH CO3JaHUM HIACHTHU()HUKALNOHHBIX
METOK BO3pacTaeT B THICSIUM pa3. Ha puc. 6 mpuse-
JleHa OJHa U3 JECATKOB MAaTpHUILl, U3rOTOBICHHBIX
IIpY OJWHOYHOM HMCKPOBOM paspsiie, BO30yxzaaro-
IIeM pa3BETBIEHHBIN OaphepHBIN pa3psa Ha MeTal-
anyeckod ruieHke. JaHHbId 3¢ QeKT SKBUANCTAHT-
HOCTH IPOSBIIAETCA HA NECATKaX METOK, IOIY4YEH-

HBIX TP OAMHOYHOM pa3psijie, W HaOIIOJaeTcs OT
IKCIIEPUMEHTA K DKCIICPUMEHTY.

Puc. 6. UnenTudukanyonHas MaTpHIia, MOTyYeHHAs: IPH OJU-
HOYHOM HCKPOBOM paspsijie, B030yXIalolieM pa3BeTBICHHbIN
GapbepHbI pa3ps Ha METaJUIMYECKOW IUleHKe: 1 — ToueyHble
UCHApeHus; 2 — IO0J0CYATO-AUCKPETHbIE YYAaCTKH HCIApEHHUS,
3 — TOYeYHbIC UCHAPEHUs Ha MOJIOCYATO-JUCKPETHBIX Y4acTKax

ucnapenus (x20).

[Momumo WAEHTU(DUKANMOHHOTO TMOAXO0JA, 3TOT
MPOIIECC MPEACTaBIseT WHTEpeC A oOmedu3nde-
CKOI'0 TIOHMMAHWS SHEPTOBBIICICHUS TIPU DIICKTPO-
TEXHOJIOTHSX, YTO MOTPEeOyeT JOMOIHUTEIbHBIX UC-
CJI€JOBaHUH.

MeTtononorusi MAEHTUPUKATMOHHBIX TOIXOMIO0B,
OCHOBaHHasl TOJbKO Ha IU(PPOBBIX MOIX0AAX, JABHO
He SIBJISETCA CepPhe3HOW Mperpamoi Ijs MpeicTaBh-
Tenel TeHeBoi SkoHoMuKH. OHH, 3aKymas yCTaHOB-
KM JUIss HaHeCeHHs NHUQPOBBIX KOJOB, YCIICUIHO
HAHOCAT MX Ha BCIO CBOIO KOHTPA(aKTHYIO MPOAYK-
ruto. [lo cyTr, 3T0 BCero MUIIb UMUTAIUS UICHTH-
¢dukanuu. VictuHHas uaeHTU(GUKAIUS HAYUHACTCS C
W3TOTOBIICHUS METKH, KOTOPYIO HEIb3s MOBTOPHUTH
NBAXIBI JaKke pa3paboTuuky TexHomoruu. W Takas
UAeHTH(UKANNSA CTPOUTCS Ha €IUHCTBE BOCIIPOM3-
BOAMMOTO IU(POBOTr0 KOJa U HEBOCIPOU3BOIUMON
MaTpHIlbl, MOJIy4YaeMOM C MOMOIIBIO OAMHOYHOTO
paspsina.

OIUHOYHBIN Pa3psi COMPOBOKIAICS MPOTEKAHU-
€M TOKa OCHOBHOI'O pa3psja 1mo 0oJyiee 3JIEKTPOIpo-
BOJISIIUM Y4acTKaM M 3apSAIKON MPIIIETAOIUX 30H
MUDIIEKTPHYECKON TUIGHKH U TOCIEAYIOIM 00pa-
30BaHHEM HCIAPUBIINXCA CIEAOB OT MHUKpOpas3ps-
JIOB C TIOSIBJICHHMEM Ha METAJUTUYECKOH IJICHKE MHO-
KECTBO KaK TOYEYHBIX, TaK W MPOTSHKEHHBIX JTMHEH-
HBIX ToJ0¢. OCcOoObBIil MHTEpEC BHI3BIBAIOT TOUECYHBIE
0o0pa3oBaHHs OT DHEPrOBBIICICHUS Ha JMHEWHBIX
nmonocax. PexuMm wucmapeHdss MeTaJUIMYeCKUX Iuie-
HOK HOCHUT KBaHTOBBIN XapakTep. OKa3bIBAETCs, U4TO
HCIIAPCHUIO SHEPreTUYECKU BHITOJHEE PEaTU30BHI-
BaThCS HE B PEXHME CO3JAHHS CIUIOIIHOW HCIa-
PHBIIIEHCS TMOJOCH], a IMCKPETHO ([TOTOYEYHO, TO
€CTh KBaHTOBO).

MHoroobpa3ue 3IIeKTpOpa3psIHbIX TEXHOJIOTHI
AT BO3MOXXHOCTH pa3padoTaTs NPUHIUIHAIHEHO
HOBBIE HMICHTH(UKAIIMOHHBIE TeXxHoNoruu. [losBie-
HUE METAJUTMYECKUX HBIPSIONIMX IJICHOK Ha MHOTHX
JIEHeXKHBIX KYIIOpax, B TOM YHCJe M Ha €BpO, I03-
BOJISIET CO3/IaBaTh 0a3bl MaHHBIX Ha Oojiee yCTOWYH-



Boi wH(pOpMaMoHHON ocHOBe. Kak wm3BecTHO, ¥y
OYMa)KHOTO HOCHUTENs, HMEIOIEero nepopanuy,
€CTh CYIICCTBEHHBIH HENOCTaTOK — Tnepdopanuu
00J1aaI0T CBOMCTBOM 3aTHpAaThCa. B 3TOM cMbIcie
MeTaJUIM4YecKasi IMJeHKa — Oosee HaJeXHbII HOCH-
TeNb UH(OPMAIUH.

[Tpu 0OpaboTke METAIIHYECKON TUIEHKH C OJHO-
CTOPOHHUM JIHIJIEKTPUYECKUM MOKPHITHEM OKa3a-
JIOCh BO3MOKHBIM pEaIN30BaTh IOBEPXHOCTHEIN
paspsii C YAMBHUTENBHO Pa3HOOOpPa3HBIM HAOOPOM
WCTIAPUBIIINXCS YIaCTKOB.

IIpu sTOM wHCHONB30BaNaCh CXE€Ma YCTAHOBKH,
MIPEJICTaBJICHHOM Ha puC. 7.

LHBH

6
5 ?/

Puc. 7. Cxema SKCIepUMEHTANBHON YCTAaHOBKHU ISl HCCIIEIOBA-
HHUA TIOBEPXHOCTHOTO pa3pﬂ11a: 1 — crexasHHAs TOJJIOXKKA,
2 — pmudJNeKTpUuecKas INIeHKAa, 3 — MeTaluIMdecKas IUICHKA,
4 - KOHbHeBOfI 3J'[eKTp0£I; 5 — BBICOKOBOJIBTHBIH HIapOBOfI DJICK-
TpoX; 6 — NCTOUYHHK BBICOKOTO HAIPSDKEHUSI; / — BBICOKOBOJIBT-
HBII KoHIeHcaTop. EMKocTh KoHzeHcaTopa Mensutach ot 470 1o
1000 .

IIpu OMMHAKOBBIX DHEPTrETUUCCKUX U TE€OMETPH-
YECKUX MapaMerpax 00paboTKa IJICHKU W3 OJHOTO
MaTepualia JaBaja MPUHIHUIHUAIBHO JIPYTOd pHUCY-
HOK OT TIOBEPXHOCTHOTO paspsaa (puc. 8).

CrnenyeT nuis Ha MaTpUIly HaHECTH LU(POBOI
KOA H BHPTYalIbHYIO WH(GOPMAIMOHHYIO CETKY
(puc. 9). MeTKy ¢ TakuM HaOOPOM TPU3HAKOB MOXK-
HO WCIIOIB30BaTh I CO3/IaHUs 0a3bl NaHHBIX MHO-
TOMHMIJITHOHHBIX OOBEKTOB W HM3TOTaBIMBATH B TOM
YUCIIe TPUHIMIHAIGHO HOBBIE TOKYMEHTHI M OaH-
KOBCKHE KApTOYKH C BKJIAMBIINIEM, COICPKaIIIM
YHUBEPCAIBHYIO METKY. B oTinume oT 0aHKOBCKHX
KapTO4YEeK C MarHUTHOW JICHTOW M YUIIOM, KOTOpas
MOJIBEPracTcsi, 0COOCHHO B IOCJEIHES BpeMs, Xa-
KEpCKUM aTakaM C IPUMEHEHHEM CUHUTHIBAIOIINX
YCTPOMCTB, CHATh MH(POPMAIMIO C TaKOW 3JIEKTPO-
pa3psaHON METKM HEBO3MOXKHO. IIOCKONBKY Takas
MeTKa IIPOBEPSETCS Ha UCTUHHOCTH depe3 0a3y naH-
HBIX, & €€ CaMy HEBO3MOXHO MOBTOPUThH IBaXIbI,
TEXHOJIOTHS TMPEJCTaBIISIET UHTEPEC NI OCYIIECTB-
neHus: OaHKOBCKUX omeparnuii. MoKHO OTMETHUTH,
YTO MICHTU(HUKAIMOHHAS METKa OO0JaJacT TaKuM
0OJIBIINM KOJIMYECTBOM HEBOCIIPOU3BOIUMBIX UJICH-
TA(QHUKAITMOHHBIX TPU3HAKOB, YTO €€ MOXKHO pa3-
OuTh Ha OoJiee MEIKUE METKH, a 0a3y JaHHBIX CTPO-
WUTh HE Ha MEIKUX WICHTU(UKAITMOHHBIX METKaX, a
Ha OO0OOIEHHBIX MAaTPHIAX, COACPIKAIIMX ITOT
Habop. Menkue ueHTHPUKAIIMOHHBIC METKU HYKHO
TaKXKE COBMEIATh C HOBBIM HAOOpOM IUGDPOBBIX
KOJIOB.

102

B nmpotuBHOM citydae B 6a3e JaHHBIX MOXKET BO3-
HUKHYTBH Tpo0JieMa, CBSI3aHHAS C IOMCKOM HYXHOTO
00BEKTa TOJBKO 1O ero obpa3y. Cam mpouecc UaeH-
TH(UKAIUKH OCHOBAaH Ha COBMEIIEHUH BOCIPOM3BO-
MUMBIX HU(GPOBBIX KOJOB U HEBOCIPOU3BOIMMBIX
ANEKTPOPa3psIIHBIX MaTpuil. B 6a3y JaHHBIX BXOIAT
mo uuppoBoMy KOy, a Mpolecc HUACHTU(DUKAINUN
OCYIIIECTBIISIETCA MTyTeM MOOMUTOBOTO CpaBHEHUS He-
BOCIIPOU3BOJAMMON AJIEKTPOPA3PSAHON MaTpHLBl Ha
00BEKTE C TOH K& MaTpuIlei B 0a3e maHHBIX. [Ipu ux
COBMAJIEHUN OOBEKT MPU3HAETCS JIETAIBHBIM IIPO-
JIIYKTOM, a B Clly4ya€ MeJbYalllluX PACXOXKIAECHUH,
KOTOPBIE PErUCTPUPYIOTCS aBTOMATUYECKU, IPU3HA-
eTcst KoHTpadakTHeIM. ['ocynapcTBeHHas 0aza naH-
HBIX OOBEKTHON HICHTH()HKAILMHU CTPOUTCS IMyTEeM
cocTaBcHHS 0a3 NAaHHBIX MPEANPHUSITUSIMU, BBITYC-
KaIIUMH CBOIO TPOMBIIUICHHYIO TMPOIYKIHIO U
YCTaHaBIHMBAIOIIMMHA Ha HEe HEBOCIPOW3BOIUMBIC
UICHTU(UKAIMOHHBIE METKH. ABTOMAaTH3WPOBAHHAS
CHCTEeMa YIpaBIeHHs TOCYIapCTBEHHON Oe30IacHo-
cTd W (WHAHCOBOW NHUCHIHUILIMHBI, ICHCTBYIOIIAL
CerofHs BO MHOTHX CTpaHaX, COJAEPKUT TOJIbKO
BHEIIHUW KOHTYP YIPAaBICHHs], COCTOSIIUN U3 0a3bl
JAHHBIX: CePTU(UKATOB COOTBETCTBHSA, 3aIIMTHBIX
TOproBeix Mapok, SMART-kapT u BbIIIycKa IpoO-
IyKIUM Ha mnpeanpustusx. OIHAKO H3-32 OTCYT-
CTBHSI BHYTPEHHEIO KOHTypa ympaBieHus (OCHO-
BaHHOTO HAa HEBOCIPOM3BOAMMBIX HISHTH(pHUKAIIH-
OHHBIX TEXHOJIOTHAX) W COTJIACOBAHUS BHEINHETO M
BHYTPEHHUX KOHTYPOB YIIPAaBICHUS CHUCTEMa CIIO-
cobHa 00eCIeYnTh TOJBKO YPOBEHb JTOKYMEHTAJIh-
Holl uneHTuukanuu. K coxanaeHuro, TOT YpOBEHb
JOCTYTICH sl palibCU(PUKAIUU TCHEBBIMU CTPYKTY-
pamu, 4TO JeaeT BCIo cucTeMy Manod(h(eKTHBHOIA.

UTto KacaeTcsi JOKYMCHTaIbHOU HICHTH(OHUKAITHIH,
TO 3TO COINPOBOXKIAIOILINE MaTepUANbHBIN pecypc
JIOKYMEHTBI, TIOJIJIeNTKa KOTOPHIX HE SBJSETCS Tpe-
MATCTBUEM JUISI TEHEBOW CTPYKTyphl. OOBEKTHBHAS
uaeHTu(UKanus — 3To0 WHOpMaIys, MoixydaeMas
HETOCPEICTBEHHO OT MaTepUaJbHOTO pecypca B BU-
ne ero (a3oBOro MOPTPETa WA HEBOCIPOU3BOMIH-
MO# uaeHTH()UKAINOHHOH MeTKu (cM. puc. 9). s
HaBEJICHUS TMOpPSIAKAa B SKOHOMHUKE TMpeAsiaracTcs
ABTOMATU3WPOBAaHHAS CHCTEMa YIPaBJICHUS TOCY-
JMAapCTBEHHOW 0€30mMacHOCTH M (PMHAHCOBOW IHCIIH-
TUTHHBI, COZIepIKaIias BHEITHUA KOHTYP YIIPaBICHUS,
cocTosiui u3 0a3bl JAaHHBIX: CEPTU(UKATOB COOT-
BETCTBHS, 3alIUTHBIX TOPTOBBIX MapOK, CMapT-KapT
1 BBINTYCKA MPOIYKIMK HA TPEANPUITHIX.

Oco0eHHOCTh TIpejyIaraeMoii aBTOMaTH3UPOBaH-
HOW CHUCTEMBI YTpaBJIICHUS COCTOWT B TOM, YTO Ha
0a3ze HEBOCIPOU3BOIUMBIX HIACHTH(DUKAITHOHHBIX
METOK CO3/1a€TCsl BHYTPEHHUN KOHTYp YIpaBiCHHUS,
OCHOBaHHBIA Ha MPUMEHEHHWH YHHBEPCAIBHBIX
UACHTU(UKAMNOHHBIX METOK, a KOHTPOJIb U y4eT
MaTepUalbHBIX PECYPCOB OCYIIECTBIISIOT MTyTEM CO-
MOCTaBJICHUS HMH(POPMAIMU 1O JOKYMEHTAIHLHOU
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Puc. 9. I/II[CHTI/I(l)I/IKaHI/IOHHa METKa OT OAMHOYHOI'O ITOBEPX-
HOCTHOTO pa3psiza: 1 — marpuma, moiaydeHHas C ITOMOIIBIO
YHHUKaJIbHOTO MOBEPXHOCTHOTO paspsga; 2 — OyKBEHHO-
mudpooit kox; 3 — nHdopmaronHas cerka. Pasmep msarHa —
5-7 mm.
UICHTU(DUKALIMY, [UPKYJIUPYIOIICH IO BHEUTHEMY
KOHTYPY YIpaBieHusi, ¢ MHPoOpManuend 1mo oObek-
THBHOW HWICHTUGHUKANNH, HUPKYJIHPYIOMEH 10
BHYTPEHHEMY KOHTYPY yIpPaBICHUSI.

Ha npowusBeneHHoil mpennpusiTueM MOPOIYyKIUU
JOJDKHA CTOSTh YHUBEpcajbHas WIACHTH()HUKAINOH-
Has METKa, a TpH cJjaue oT4yera 00 oObeMe mpon3Be-
JICHHON MPOJYKIIMK OJHOBPEMEHHO CJiaBaTh 0a3y
JMAHHBIX HISCHTH(PHUKAIMOHHBIX METOK B TOCyHaap-
CTBEHHYIO cHucTeMy. Jlaeko He BCSIKOE Mpeapus-
THE MOXXET TMO3BOJHUTH ce0e TaKyl0 TEXHOJIOTHIO.
CTaBUTH TaKyl0 METKY Ha KaXJblii KOPOOOK CITMYEK
HeT cMbIiciia. OOBEKTOM TaKOW CHUCTEMBI HIACHTH(U-
KaIliH B TMEPBYIO OYEPElb TOJDKHBI CTaTh MPEAIpus-
THSl, BBIIYCKAIOMIKE JOPOrocTosiiee 000pyI0BaHue,
YCTAHOBKA Ha KOTOPOM 3TOH METKU IMPAKTUUYECKU HE
CKQXKETCS Ha €ero crouMmoctd. IlepBplM mmIarom B
JAHHOM HaIpaBJICHUH MOXXET CTaTh HABEIIEHUE I0-
psAaka B obmacTH KOHTPOIS 0a3bl JaHHBIX CTPEIKO-
BOI'O OPYXHUs B TOCYAAPCTBE.

B cnyuyae ocymiecTBieHUsI HECKOJIBKHUX IOBEPX-
HOCTHBIX Pa3psioB Ha OJHOM U TOH ke MeTajuinye-
CKOH IIEHKE Ha ToCJIeTHeH 00pa3yeTcs HECKOJIBKO
Y4acCTKOB C Pa3BETBIEHHOW 3JIEKTPOPa3pAIHONA Mat-
pureii (puc. 10), 4TO MO3BOJSIET KAKAYIO U3 HHUX
HCTIONB30BaTh KaK OCHOBY Oynmymiedt uaeHTH(]HKa-
IMOHHON METKH.

NneHTn(hUKaMOHHYI0 METKY MOXKHO CO3/1aBaTh
U HEMOCPEACTBEHHO HAa METAITIMYECKOM u3aenuu. B
TaKoOM cilydae MaTpuia GopMHUpPYeTCs ¢ HEKOTOPBIM
yriyOlieHneM B MeTautndeckoM u3nenun (puc. 11).
Takoe yramyOneHue BecbMa IOJIE3HO MO MPOCTOH
MPUYHMHE — 3TO MOJOKUTENBHO CKa3bIBAETCS HA Xpa-

(©)

Puc. 10. VpentudukanuonHas MaTpHIia OT HECKOJIBKHX II0-
BEPXHOCTHBIX pa3psoB. 1-4 — MaTpHIBI, UCHONB3yeMBIE UL
YeThIpeX pa3HbBIX HICHTU(QUKAMOHHBIX METOK. Pa3mep
IsITHA — 8 MM.

HeHUM MH(OpMAIlMU Ha Marpuile. B ciydae TpeHus
yIrIyONeHHBI y4acTOK COXpaHseT BCH HHQopMa-
[UI0 B HEMPHUKOCHOBEHHOCTH. [IpH XHMHYECKOM
BO3NIEHCTBUM 3TO YTIyOJeHHE MOXKHO 3alOIHUTH
MPO3pavYHbIM MAaTEPHATIOM, HAIPUMED U3 XUMHUECKU
CTOWKOTO CTEKJIa, COXPAaHHUB BO3MOXHOCTh CHATHS
nHGOPMAIMK Yepe3 ITOT MPO3PAYHBINA MaTepHall.
Awnanmu3 sroit Martpunbl (puc. 11) mokassiBaer,
YTO BHYTPU €€ IUIOIAAKU HICHTH(PUKAIIMOHHBIC
NpPU3HAKK TPYIHO YHTaeMble, 3aTO Ha TPaHUIE C
MOBEPXHOCTHIO U3JIENHUS MX OTPOMHOE KOJIUYECTBO
(puc. 12). Ha puc. 11 nByms crpenkamu 0003HAUEH
YYaCTOK TPAHHUIIBI MATPHUIIBI, KOTOPHIA YKPYITHEH U
npuBesieH Ha puc. 12. Bech mepumerp TrpaHUIIEI
MaTpHUILI MOKHO pa3ouTh Ha N y4acTKOB, KOTOpBIC
MOTYT OBITh WCIIOJIb30BAHBI B KauecTBe HJICHTU(U-
kanuonHoi Matpunibl s N m3nenuii. N unentudu-
KaI[MOHHBIX MaTPHUIl MOKHO YCTAHOBUTH U HA OJTHOM
U3JIeNMK M3 MeTayia. B 3TOM ciy4ae kaxjaas mart-
pHIla JOJDKHA UMETh CBOW WHAWBUAYATbHBIN 1UQ-
poBoil koa. Takol TOIXO0J MOMET OBITH MOJIE3EH,
€CIIM METAITMYECKOe U3ACITUE MPOXOAUT Pl TEXHO-
JIOTMYECKHMX OTEpaIiii (3aKajaka, OTIYCK, HOJTHPOB-
Ka u T.J1.). [Ipy TakoM Moaxoje BCS TEXHOJIOTHYE-
CKas JIOKYMEHTAIl¥sl, co3[aBaeMasi CerojHs Ha Oy-
Ma)XHOM HOCHTEJe, MOXKET OBbITh IepeHeCceHa Ha Me-
TaJUTHYECKOE U3JIene, a B IM(PPOBOM KOJIe OTpaxkKe-
Ha WHGOpPMAIMSI O CPOKE HCIIOJIHEHHUS OIEpallvH,
HOMepe Opurajabl, OCYIICCTBJISBIICH €€, M Jaxe
TEMIepaType BBIACPKKH W3NS, HApUMEp MPH
OTXKUTE WM 3aKaike. /IpyruMu cioBaMu, C MOMO-
b0 WICHTU(UKAIMOHHBIX IOAXO00B MOXHO CY-
IIECTBEHHO TIOBBICUTH TEXHOJOTHMUYECKYIO JUCIIH-
TUTHHY Ha MPOU3BOJICTBE, ITIOCKOJIBKY CTaHET U3BECT-
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Puc. 11. DnekrpopaspsiaHasi Matpuia, cHOpMUPOBAHHAS HEIO-
CPEICTBEHHO Ha U3Jeiuu 13 Metaa (x20).

HBIM NE€PCOHAIBHO KaX/IbIl Y4aCTHUK U3TOTOBJICHUS
n3enud. B aToMHON NPOMBINIIEHHOCTH HpPU OCY-
LIECTBJIEHUH JIF000T0 CBapHOTO IIBA B TEXHOJIOTHYE-
CKYyIO KapTy BHOCSTCA (paMUIIMs CBapIIUKa U HOMEp
CMEHBI, IPY KOTOPOi ObliIa MpoU3BEJeHa 3Ta OIepa-
nusl. AHaJIOTHYHBIE ONEpaliiy BHEAPSIOTCS U B IPY-
THUX OTPAacisX TNPOMBIIIJIEHHOCTH, H3TOTaBINBaIO-
LIel CIIOYKHBIE U OTBETCTBEHHBIE OOBEKTHI.

OTOT pe3ynbTaT, KOTOPBIM HENb3sl MOBTOPHUTH
JBAXK]IBI, TIO3BOJIUT MO-WHOMY IOJONTH K CO3/IaHHUIO
HOBBIX TEXHOJIOTHMH MO HW3rOTOBJIEHUIO WHAMBHIY-
aNbHBIX IITPUX KOAOB. B Hacrosee Bpems IITpUX
KOZBI NpENHA3HAYCHBl TOJIBKO Ul OLIEHKH Kiacca
TOBapa U JJIsl yCKOPEHHOTO pacyera 3a ToBap, HO He
CHOCOOHBI OTPa3UTh UHIUBULYaJIbHOCTD U3/ACITHS.

ITocTpoenne nueHTH(OUKAITMOHHON 0a3bl TaHHBIX
JIOJDKHO COIIPOBOXKJIATHCSI TPOBEIECHUEM 3KOHOMHU-
yeckoro anaimsa. OJHaKo mpeBpamaTh IH00YI0
HWACHTH(QHUKALMOHHYIO JIa0OpaTOpPHIO Ha 3aBOJE B
HAy4YHO-HUCCIIEJOBATENbCKU HMHCTUTYT € JOpOro-
CTOSIIIUMH MTPUOOPaMU SKOHOMHUYECKH HEIeTIeco00-
pasHo. HyxHa MeToanka 3KOHOMHYECKOTO 00OCHO-
BaHUs IPUMEHEHUS UACHTU(PUKALMOHHBIX METOK CO
CTOUMOCTBIO, He mpeBblmaromeid 1% croumocTu
H3TrOTOBJICHUS METAUTMYECKOT0 U3AETHSL.

IIpuBeneHHBIE NaHHBIE IOKa3bIBAIOT, YTO HAayKa
HAYMHAETCSI HE TOJBKO C BOCIIPOM3BOJMMOIO 3KCIIe-
PUMEHTa, TOCKOJIBKY 3JIEKTPOpa3psiiHbIe TEXHOJIO-
MM JAI0T BO3MOXHOCTH Ul BHEIIHE aOCOJIOTHO
OJIMHAKOBBIX YCIIOBHM MOIy4aTbh COBEPIIEHHO pa3-
Hble pe3yabpTaThl. JUIs pa3psaHbIX TEXHOJIOTUH
MPENMOYTUTENBHO TOIb30BAThCAd APYTUM TE3UCOM
m3BecTHOTO (hrmocoda I'epakiura: «JIBakabl B O1I-
Hy U Ty K€ PEKy BOUTH HEBO3MOXKHO», KOTOPBII
MIPEKPACHO [OTOJIHAETCS HE MEHEE W3BECTHBIM B
KBaHTOBOW MEXaHMKe MPpUHLUIIOM 3anpera [Taymm.

BBIBO/IbI

1. YCTaHOBIEHO, YTO BHICOKOBOJIBTHBIN MOBEPX-
HOCTHBIN UCKPOBOU pa3ps]l BAOJb TUAJIEKTPUUECKOM
MOBEPXHOCTU € MCTANIMYCCKUM HAIBUJICHUEM Ha
MIPOTUBOIIONIOKHON CTOPOHE pPacXOIyeT 3HEPTHI0
KaK Ha caM pas3psiji, TaKk U Ha TOBHIIICHNE TTOTEHITHA-
Ja AUDJIEKTPUKA B 30HAX, MPUJIETAIONIMX K KaHAITY
paspsina.

T e e
Puc. 12. Yacth rpaHuUIlbl DIICKTPOPA3PSAAHON MATPHIIBI, ChHOp-
MHPOBAHHOM HEMOCPEICTBEHHO HA W3ICIMM M3 MeTalia

(x400).

2. DHeprusl, 3amaceHHas B AUDIIEKTPUKE, Pacxo-
IyeTrcst Ha OapbepHble paspslbl, MPUBOASIINE K HC-
MAapEeHUI0 METAUINYECKON INIEHKU B BUJE TOYEYHBIX
Y TI0JI0CYaTO-TUCKPETHBIX YYACTKOB.

3. ITomocyaro-auCKpeTHBIE YYaCTKH UCTIapHBILIE-
rocsa MeTajla paclolararoTcs SKBUAUCTAHTHO OTHO-
CUTENBHO JPYT JApyTa.

4. Tlomy4yeHHBIE pe3yNbTaThl MOTYT OBITH HC-
MOJIb30BaHbl MPH  CO3JAAHHU HETOBTOPSIOLINXCS
YHHBEPCATBHBIX HICHTU(PUKAIIMOHHBIX METOK.
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Summary

This paper analyzes the pioneering works on the use
of powerful electron beams in the formation of metal and
dielectric surfaces. Some general regularities of pulsed
effects of high-power fluxes of energy are discussed.
Economic inexpediency of the use of accelerators for
identification technologies is shown. New results on the
use of electric discharge technologies to create universal
identification marks are presented.

Keywords: identification, electric discharge technolo-
gy, spark high-voltage discharges, surface discharges,
matrix, identification mark.
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