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PaccMoTpeHBsl 0COOCHHOCTH YKITAIKH M KOHTAaKTHPOBAHMS YacCTHIl TEPMHUYECKH PaCHIMPEHHOTO Ipa-
¢ura (TPI) pasHOW MUCIICPCHOCTH TPH €TO CKATHH M MPOAHATM3UPOBAHO BIHMSHHE MOP(OIOTHH
YIJIEPOAHOTO HANOJHHUTENS HA 3IEKTpodu3MUecKue CBOWCTBA HAHOKOMIIO3MLMOHHBIX MaTepHAajoB
(HKM) ¢ ¢ropomracroM. C MOMOIIBIO YE€THIPEX-, TPEX- U ABYXIJIECKTPOIHBIX CXEM M3MEPEHUI H3yde-
HBI 3JIEKTPOCONPOTHBIIEHHE M JUdJIeKTpuueckas npoHunaeMocts HKM. DkcnepuMmeHTanbHO yCTa-
HOBJICHO, YTO TIPH YBEJIMYECHHUH CpeIHero pasmepa mnomepeuHoro cedenust dactui TPI' ot 40 no
500 MKM MOpOT TIEPKOJISALIUH, ONPENEJICHHBIA M0 KOHIIEHTPALIMOHHBIM 3aBHCUMOCTSIM AJIEKTPOCOIIPO-
TUBJICHUS, CMEIIACTCsI B 00J1aCTh MEHBIIMX KOHICHTpanui HamomHuTenst ¢ 12,5 1o 5,2 06.%. Ilo atum
JTAaHHBIM OBUTH HalJIeHbl KPUTHYECKUE MHICKCHI t 1711 HAHOKOMITO3UIIMI M yCTaHOBJICHBI 3aKOHOMEp-
HOCTH 00pa30BaHMs IIEKTPONPOBOJIAIIETO KiacTepa B MOIMMEpHOI Marpuie. Takxke mokazaHo, 4TO
YMEHBIIECHHE TUCIIEPCHOCTU yriepogHoro kommnoHeHta B HKM Biusier Ha mpouneccsl NOospu3aliy
€r0 YaCTHI ¥ MPUBOANT K YBEIHUYEHHIO €r0 JUIIEKTPUIECKOM MPOHUIIAEMOCTH.

Kniouegvie cnosa: mepmunecku pacuwupennvii epagpum, pmoponiacm, HaHOKOMNOZUYUOHHBIIL Mame-
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Coznanye HANOJHEHHBIX YTJIEPOJOM MOJUMEp-
HBIX KOMIO3UIMOHHBIX MatepuanoB ([TKM) naer
BO3MOXXHOCTh ~ PacHIMpUTh cdepy TNpUMEHEHHUS
MIOJIMMEPOB 32 c4YeT (OPMHUPOBAHMS 33JaHHBIX
XapaKTEepUCTUK, B YaCTHOCTH MX 3JIEKTPONPOBOIHO-
ctu. IlepBbie W3 CO3AAHHBIX 3JIEKTPONPOBOIAIIUX
[NIKM ObLTH HaIOJIHEHBI CaXKel, MPUPOAHBIM rpadu-
TOM WIH TEXHHUYECKHUM YIJIEPOJAOM M HCIOIb30Ba-
JIUChH JJI U3rOTOBJIEHUs pe3uctopos [1]. B nacros-
mee Bpems s moyaerust [IKM ¢ ocoOsIMu d1ek-
TPOPU3NUECKUMH CBOMCTBAMH HCIOJB3YIOT LIEIYIO
raMmy yIJE€pOJHBIX HANOJHUTENIEH, B TOM YHCTE
HaHOpa3MepHBIX, a 00JIaCTH MX MPUMEHEHHS TOCTO-
sSHHO pactmpsitotes [2]. Huskuii yaenbHbI Bec,
BBICOKAsl KOPPO3HOHHAS CTOMKOCTh TaKUX MaTepHua-
JIOB JAIOT UM MPEUMYLIECTBA 110 CPABHEHUIO C KOM-
TIO3UIMSIMY, COAEPIKALUMHI METaJUINYeCKHe HaroJ-
nurenu. llpu sToM ¢opma, pazMepsl 4acTHIl Yriie-
POIHOTO KOMIOHEHTa, 0COOEHHOCTH €ro pacmpee-
JICHUS B MOJIMMEPHOM MaTpHULE CYIIECTBEHHO BIIUS-
IOT Ha 3JIEKTPOIIPOBOAHOCTh Marepuaina. Tak, sKkc-
MEPUMEHTANbHBIE 3HAYEHUS MOpora MEepKOISALUU
ITKM (kpUTHYECKON KOHIIEHTPAIIUK SJIEKTPOIIPOBO-
nsiaiero Hanonuutens (Cp), BbIIE KOTOPOH BO3HH-
KaeT JJIEKTpUYECKas MPOBOAMMOCTh MaTepHaa),
HATOJIHEHHBIX YTIEPOIHBIMA HAHOTPYOKaMH, MOXKET

Koie0aThCsl B IIMPOKUX MpEIesiax OT JoJiei mpo-
[IEHTa JI0 HECKONBKHUX MpoueHTORB [3]. DT0 00ycioB-
JIEHO Pa3MUYHBIM COOTHOIIECHUEM JUIMHBI U THaMeET-
pa HAHOTPYOOK, WX paclpeiesiCHHeM B MaTpUlle U
OCOOCHHOCTSIMH KOHTaKTHPOBAHHS.

Ceifuac MHOTO Hay4YHBIX HCCJIEIOBAaHUU coCpe-
JIOTOYEHO Ha CO3JaHUM psfa YIIEPOJHBIX HaHOHA-
MOJHUTEEH C JOCTYNHOW II€HOM, MMEHYEMBIX B
nuteparype kak «graphite nanoplatelets» (rpadwuro-
Bblc HaHoYeuryiiku) [4, 5]. OnHUM U3 MEpPCIEKTHB-
HBIX TIPEACTABUTENICH 3TOTO psfa SBISETCS TEPMH-
yecku pacumpennsiii rpapur (TPI). B ormiuume ot
MPHUPOTHOTO TpaduTa, KOTOPHIH WMEET THUITUYHYIO
CTOJIOUATYI0 CTPYKTYpPY TE€KCAarOHAIBHBIX ILIOCKO-
CTeH, Tae OTACIbHbIC TPadeHOBBIC CIOU OOBEIAMHE-
Hel B 3D kpucrami, HeKOTOpbie (parMeHThl YacTHI
TPT" paznenensl BO3AyIIHBIMHU Tpociiokikamu. bia-
rogaps CTPYKTYPHBIM OCOOEHHOCTSIM  YaCTHIIBI
005aal0T TUTACTUYHOCTHIO, TIOITOMY HCXOJIHBIN
TPI" nmerko npeccyercss U1 UMEET IOCTaTOYHO BHICO-
KYI0 aHH30TPOITUIO 3JIEKTPOIPOBOIHOCTH, KOTOpas
MOJKeT gpocturath 365 equnmuil [6].

Hecmotpst Ha MHOXecTBO paboT, MMOCBSIIEHHBIX
uccienoBanuoo ¢usnueckux cpoiicte [IKM ¢ rpa-
(UTOBBIMH  YeNIyHKaMH, TOJIPOOHOTO OIMUCAHUS
BIUSHYSI MOP(OJOTHH YacTHIl u3MenpdeHnoro TPT
Ha 0COOEHHOCTH MX KOHTAKTHPOBAHHS U YKJIAJKU B
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MaTpHIle MPaKTHYECKH HET. B 4acTHOCTH, HE BCTpe-
gaeTcs nHpOpMaIusI 0 BIHSHUH gucnepcHoct TPT
Ha MOPOT TEPKOJIAINHA U TUICKTPUUCCKYIO TPOHH-
1[aeMOCTh KOMITIO3UIIMOHHOTO MaTepHaia Ha OCHOBE
¢roporutacra. IlosTomy mens Hameii paboThl —
YCTAaHOBUTH 3aKOHOMEPHOCTH HM3MEHEHHsI 3JIEKTPO-
(bU3MYECKUX XapaKTEPUCTUK HAHOKOMITO3HUI[HOHHO-
ro marepuana (HKM) ¢roporutact 3 mapku B (PIT)
(Matpuria) — TPT' (HamoOJIHUTENH) TPH H3MEHEHUH
MOP(}OJIOTHH U AUCTIEPCHOCTH YaCTHIL HAIIOJHUTES.

MATEPUAJIbI U METO/{bI UCCJIEJJOBAHUI

Jls usrorornenus: oopasuos [IKM wucnonb3oBa-
nu nopouiku @IT u aucneprupoBannoro TPI'. Ilpu
pacuerax mpuHHMan miotHocts DI — 2,23 rlem®,
IOTHOCTH rpadura — 2 r/em’. VienbHas MOBepx-
Hocth mcxomnoro TP cocramser ~ 50 m/r [7].
HucneprupoBansusiii TPI' momywanu mnytem ero
MEXaHHYECKOTO M3MENbYeHHUsI U TOCIEAYIOLIETO
cenapupoBanus Ha ¢pakuuu (40-260 mkm). [Tocne
TIIATEIBFHOIO TEePEeMEIINBAaHMUs 3aJaHHbIX HPOIOp-
umii mopoikoB ®IT u TPT" cmecu criekanu B IUINH-
Ipuveckoi  mpecc-popMe  TpuU  TeMIepaTtype
(488+5) K u maBmenuun ~ 40 MIla. Ctpykrypy
[IOBEPXHOCTH 00pa3loB H3ydyald C IIOMOILBIO CKa-
HUPYIOIIEH JIEKTPOHHOW MHKPOCKOIHU Ha TPUOO-
pax GSM - 840 u JEOL JSM-6490 npu yBenuyeHun
x 50, x 100, x 500, B ornenpHbIX cmydasx — X 1000
u X 3000. M3mepeHue 37IEKTPOCOTIPOTHBIICHHS I10-
pomkos TPI' mpoBoaunu B crenuanbHOW s4eilke
JBYXAJIEKTPOIHBIM MeTo/IoM, a obOpasios [IKM - ¢
TMOMOIIBIO CTAHAAPTHOM YETHIPEXAIEKTPOIHOM cXe-
MBI J[M3NEeKTPUYECKyI0 MPOHHUIIAEMOCTb H3MEPSUTH
cornacao 'OCTy 22372-77 Ha MHUKpPOMETPUYECKOH
A4erKe, UCIOJIb3Ys TPEXIIEKTPOIHYIO CXeMy H3Me-
pEeHHSL.

PE3VJIbTATBI UICCJIEJOBAHHUIA

Jlo u3menbueHus ucxoaubie yactuilel TPI nme-
0T CBOWCTBEHHYI0 WM dYepBeoOpasHyr Qopmy
(puc. la). Panee npoBeaeHHBIE SKCIIEPUMEHTAIILHEIE
uccienoBanus [/] mokasand, 4TO BEPMHKYIISIPHBIC
gactuiel TPI' mpencraBisror co0oi CIOUCTHIN Ta-
KeT TpapUTOBBIX IUIACTHH, TOJNIIWHA KOTOPBIX H3-
MEHSeTCcs OT €AMHHUIBI IO COTEH HAaHOMETPOB, IPHU
9TOM PACCTOSHUE MEXKIYy HHUMH BapbUpPYyeTCs B Mpe-
nenax oT 10 am no 10 MxM.

Ilocrme gumcmeprupoBaHuss MOPGOIOTHS YACTHIL
TPI' wMenserca. B pesynbrare MexaHUMYECKOTO
HU3MENbUCHUS pa3pyluaeTcs: kapkac yepBsiukoB TPT,
MIPOUCXOANT (PparMEeHTAIMsl YacTHIl Ha YEHIyHKH.
ITpu sToM uyactuipl Gonbinero pasmepa (260 mkwm)
MIPENICTABISIOT COO0M WX OTHENBHBIC IEMEHThI WIH
ke Oec(OpMEHHBIE TIACTHHKH C PBAHBIMH KpasMHU,
B TO BpeMs KaK YacTHUIbl OOJBIIEH TUCHEPCHOCTH
(~ 40 MKM) TIOXOXXH Ha MHKPOJHCKH, (hopma KOTO-
PBIX CTPEMHTCS K paBHOOCHOI (prc. 16,B).

B pa6ore [8] mokazaHo, UTO ¢ YMEHBIIIEHHEM T10-
MEPEYHOTr0 CeueHUs JTUCTICPCHBIX YaCTHIL
(S) < 10 MKM TUTOTHOCTh WX YHAKOBKU U HACBITHOMN
Bec (D) yBemuumBaroTcs. ITO CBS3aHO ¢ W3MEHEHH-
eM MOp(hOJIOTUH YacTHUIl U C 00pa30BaHMEM M3 HHX
arperaroB. B ciyuae ucxoguoro TPI ¢ s > 260 mxm
HaOmoganmm o0paTHBI 3QQeKT. 31ech OTAENbHBIC
YaCTHIIBI YK€ MOXXHO pacCMaTpHUBaTh KaK arjioMepa-
Tbl TpauTOBBIX HaHouemyek. Ilpu cBoGOgHOMN
Hachlnke UcxoaHbll nmopomok TPI' 3aHumaer 3Ha-
YUTENBHBIH 00beM. Ero HachIITHOW Bec COCTaBIAET
0,015 r/cm®. C yMeHbIIEHHEM CpEmHEro pasmepa
YaCTHIl HACBITHON Bec yBenmuunBaetcs (puc. 2). Tak,
st gactul, TPI' ¢ S = 40 MKM OH yXe COCTaBIsieT
D = 0,19 r/cm®, uTo cBsi3aHO ¢ M3MeHeHHeM Mopdo-
JIOTHH €T0 YaCTHUI[ U YMECHBIIIEHHUEM MTOPUCTOCTH.

BaxxHO! XapaKTEpUCTHUKON IOPOIIKA, KOTOpas
ompezaensieTcss GOPMON ero 4acTHIl, TPaHyJIOMETPH-
YECKUM COCTaBOM MU pachpejieliecHHeM B 00beMe
sueiiku, sBiserca Kod(QUIMEHT 3arolHeHus, WIn
packing factor (F) [9]. Packing factor (koaddurm-
€HT 3aroJIHCHUS) OMpPECsSeT MPeaesT HATOIHEHHMS
cucteMbl. JlJiT MOHOAMCIIEPCHBIX CHEPUYSCKUX 4Ya-
CTHI] ITPH UX CTATUCTUYCCKH PABHOMEPHOM pacipe-
nenernu F = 0,64 [9]. Ecnu dopma wacTui otinya-
ercst ot cepryueckoit wim xe GopMUPYETCS CTPYK-
Typa W3 YaCTHI[ HAMOJHUTENS C UX paclpeiciicHH-
€M, OTIMYHBIM OT CTATUCTHYECKH PaBHOMEPHOTO,
HaIpuUMEp KapKacHas CTpyKTypa, BeiauuunHa F
YMEHBINIAETCST B Pe3yJbTaTe pocta o0bema Iop, a
MOJTUANCIIEPCHBI COCTaB YacTWI] yBenmnumBaeT F,
TaK KaK 4aCTHUIIbI MAJIbIX Pa3MEPOB PACIPEICIISIOTCS
MeXly OOJNBIIUMH, TO €CTh 3alONHSIIOT BO3IYITHOE
MPOCTPAaHCTBO. TakuM 00pazoM, BenHMuuHa KO0d(Pdu-
IUCHTA 3aTOJHCHUS XapaKTepU3yeT Kak (GopMmy 4Ya-
CTHII, TaK M MX MPOCTPAHCTBEHHOE pacIipelieIeHune,
TO €CTh TOMOJIOTHIO (ha3bl HAMOJHUTESA B KOMIIO3H-
IUH.

Hns vactuyg TPI' paznuyHOM OUCHIEPCHOCTH Me-
TOJIOM BHOPAIlMOHHOTO YIUIOTHEHUS B BO3IYIIHOW
cpeze ObuTH ompeenensl 3Hadenus F (puc. 2). Un-
TEPECHBIM SIBJIIETCS TO, YTO BenuuuHa F juis gactuig
ucxoanoro TPI" cocraBnsier Bcero 0,0076, uto o0y-
CJIOBJICHO aHW3OMETPUYHOCTHIO (POPMBI €T0 YaCTHII.
C yMeHbBIIEHHEM CpeJHero pasMepa 4YacTull J0
40 MKM Tpa(uTOBBIE YEHIYHKH JIydlle 3aroJHSIOT
nmopucToe mpoctpancTBo. [Ipm 3tom BenmuumnHa F
mopotika pacreT u cocrasiser 0,085.

Taoauua 1. Koaddunment 3anomHenHus gactur B 0opas-
nax u3 nopomka TPIT pa3nuyHON AMCIIEPCHOCTH, CKOM-
MAKTHPOBAHHBIX TOA AaBneHneM 7 Mlla
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260
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0,61

S, MKM 80
F 0,41

IIpu cxatuu nopomka TPIT pasHoil nucnepcHO-
ctu F-¢akrop cymecTBeHHO yBenuumBaercs. Ilpu
3TOM  JiIs  YacTWil  OOJbIIEH  JIHUCHEPCHOCTH
(s =80 mxm) BenmumHa F yke MeHbIme, ueMm s



10 um

Puc. 1. Mukpoctpykrypa TPI: (a) — ucxozanoro; (6), (B) — co cpeanumu pasmepamu yactur 260 u 40 M.
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Puc. 2. 3aBucuMocTh HachImHOTO Beca (1) u dakropa ynakoBku

(2) ot cpexnnero pasmepa yactur TPT.
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gactul ¢ S = 500 mxm (cm. Tabm. 1).

OmnpeneneHHYI0 KOPPEILNI0 M3MEHEHUH Belu-
YUHBI F MOXXHO Ha0JIIOJIaTh B CBS3M ¢ M3MCHCHUEM
3JEKTPOCONPOTUBICHUS.  bomipiie  yMeHblaeTcs
yIIEIBHOE 3JIEKTPOCONPOTUBIICHHE sSTUCHKHU (p) TIpH
CKaTUM B HEMl MeHee aucnepcHoro mopomka TPIY
(puc. 3). BaxubiM (HakTOPOM, CBS3aHHBIM C JIHC-
MEPCHOCTHIO MOPOILIKA U BIUAIOIINM Ha 3JIEKTpHUYE-
CKYIO IMPOBOJUMOCTb CHCTEMBI, SIBIISIETCSI HaJU4He
KOHTAKTHOTO COTIPOTHBIICHUS MEXIY YaCTHIIAMHU
[10]. TTpoBOAUMOCTH KOHTAKTOB BJIMSACT HA YCIOBHUS
MepeHoca 3apsija OT OJHOM YacTHIbl K JAPYrod u
ONpPENEIISIET 3JIEKTPONPOBOJHOCTh BCEH SUEUKH C
nopourkoM. [loHATHO, uTO peanbHble yacTuubl TPT,
Onmaromapsi cBoeil Mop(osoruy, UMErT IIepOXoBa-
TYI0 TIOBEPXHOCTH C MHUKPOBBICTYIIAaMHU M YTIryOJe-
HUSMH, U KOHTAKT MEXIY ABYMS YacTHIIAMH IIPOKUC-
XOJIUT B OCHOBHOM TOYEYHO MO OTAEIBHBIM MHUKPO-
BeIcTynam. [Ipu cxkaTtum mopormika gacTurs! aedop-
MHPYIOTCSI U KOHTAKTHBIC TOUYKH IPEBPAIIAIOTCS B
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Puc. 3. 3aBUCHMOCTH YICIBHOTO 3JIEKTPOCONPOTHUBIICHHS
sueiikn ¢ nopomkamu TPI  pasnuuHOi  AMCIIEpCHOCTH

s =40 (1), 120 (2), 260 (3), 500 (4) (MKM) OT MX IJIOTHOCTH
[PH CHKATHH.

KOHTaKkTHbIE IATHA. [Ipn 3TOM pacteT anekTponpo-
BOJHOCTDH siuekku. TakuMm 00pazoM, HHUCIAIAIONIHE
3aBUCUMOCTH (puC. 3) XapaKTepu3yrT MPOIECChI
YIAKOBKH U KOHTakTHpoBaHus yactul TPI' mpu ux
cxartun. Ha HavanbHBIX CTaOMSIX CKATHA HCXOJHOTO
TPI" mpoucxonsT yYIUIOTHEHHE Kapkaca IOPHUCTON
CTPYKTYpbl M YyMEHBIIEHHE pa3Mepa BO3IYIIHBIX
npocinoek. [Ipu sTom yepBeoOpasubie yactusl TPT
B OCHOBHOM XaOTHYHO pacHpeielieHbl B 0o0beMe
SYEHKH ¥ KOHTAaKTHPYIOT MEXIy CO00H MO MHUKpO-
BBICTyNIaM noBepxHocTell yactuu. [Ipu yBennuenun
CTENEHNW CXaTusd depBeoOpazHple dacTumsl TP
HAYMHAIOT PacCIavBaThCs HA YELIYWKH, TUIOCKOCTH
KOTOPBIX BBICTPaNBAIOTCS MEePIEeHANKYIISIPHO
HaIpaBICHUIO CKaTusA. MaTepualn yIuIOTHSETCS, 9YTO
B LIEJIOM CIIOCOOCTBYET YMEHBIICHHIO €r0 3JIEKTPO-
COMPOTHUBIIEHUS U POCTy MIOTHOCTU. C yBEIUYEHH-
em nucnepcHoctd TPI' n mpubmmxenneM ¢QopMel
YaCTHIl K PaBHOOCHOM YMEHBIIAETCS BEPOATHOCTH
X BO3MOYKHOTO PACCIOEHHUS INpH CXKATHUHU. YIIIOT-
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Puc. 4. 3aBucHMOCTH YIEIBHOTO 3JIEKTPOCONPOTHBICHHUS
saeiiku ¢ nopomkom TPI', m3MepeHnoro BIONS (p)) U momepex
(p+) manpaBnenust mpeccoBanusi (a), a Takxe pasHHIBI (Ap)
9TUX YJACIBHBIX 3JIEKTPOCONPOTUBICHHH (6) OT IUCIEPCHOCTH
HOPOILIKA.

HEHHUE MOPUCTON CTPYKTYPHI TUTABHO 3aKaHYUBAETCS
MPOIECCOM  YKIIAJKH M OPHEHTAIUU OTIEIbHBIX
YelryeK B IUIOCKOCTSX,  MNEPIEHAMKYISPHBIX
HaIlpaBJICHUIO JEHUCTBUS JaBieHUS. Tak, IIIOTHOCTh
CKOMITAaKTHPOBaHHBIX 00pa3noB wucxoaHoro TPI
cocrasisieT 1,4 F/CM3, B TO BpeMs KaK JJis 00pa3loB
TPI' co cpemnum pasmepom yactuil 40 MKM ee
Bexmunna ~ 0,94 r/em®. Kak M3BECTHO, 3IEKTPOCO-
MPOTHUBJICHUE BIOJb CIOECB Tpadura HebobInoe (10
10°® OM-M), a MepIEeHIUKYIAPHO CA0AM BO3pPACTAET
Ha HECKOJBKO MOPSAKOB. OTHOIICHHE 3THX DIICK-
TPOCOTIPOTUBJICHUN JUI MPUPOTHOTO Trpadura co-
craBmser ~ 10, 15 MckyccTBeHHOrO mMmpoNHTHUE-
cxoro ~ 10°. Ha puc. 4 npe/icTaBIeHbI 3aBHCHMOCTH
W3MEHEHUS Pa3HOCTH DIEKTPOCONPOTHBIICHUS TUEEK
C JUCIIeprupoBaHHBIM M ucxonHbiM TPI', cmpecco-
BaHHLIM 10 miaoTHocTh 1,4 F/CM3, HU3MEPEHHOTO B
JBYX B3aMMHO TNEPIEHAUKYISPHBIX HANPaBICHHUIX
OTHOCHTEIFHO HANpaBICHHUA CXKATHSA, OT JHUCIEpC-
HOCTH YaCTHII.

O4YeBHUIIHO, YTO C YBEIUYCHUEM JIUCIICPCHOCTU U
puOIrKeHHeM MOP(HOJIOTHN YaCTHIl K pABHOOCHOU
anusotpomnus cxaroro TPI' ymensinaercst Ha ~ 30%.
Kpome Toro, xapakTepHo, YTO OCHOBHBIC U3MEHEHHSI
AHU30TPOIINHU MTPOUCXOMST B JHAINIA30HE YBEITUICHUS
IDIOTHOCTH CXXFMAaeMOTO MOpOIIKa 10 BEITHYUHBI
~ (0,3-0,5) r/cm® (puc. 3), Tie yACIBHOE HIEKTPOCO-
MIPOTUBJICHUE STYCHKHU C TIOPOIIKOM MEHSETCS TpaK-
THYECKH Ha mopsaok (puc. 4).

YAEJIBHOE SJIEKTPOCOITPOTUBJIIEHUE
KOMIIO3UIIMOHHBIX MATEPUAJIOB ®II-TPI"

CorracHO TeoOpuH MepKoIAnun [3, 7], mpu MajbIx
KOHIICHTPAIIMIX HATIOTHHUTENS 3JIEKTPOIPOBOIHOCTh
KOMITO3UIIMH MaJIO OTJIMYAETCA OT DJIEKTPOIIPOBOJ-
HocTH MatpuIel. Ctpykrypa KM mpm sTom mpen-
CTaBJIAET COOOM MOIMMEP C U30JIUPOBAHHBIMU MEXK-
Iy OO0l YacTUIIaMK HATIOJIHUTEIIS UM JKE UX arpe-

p, OM M

C, 06. %
Puc. 5. KoHIeHTpalllOHHbIE 3aBUCHMOCTH YJEJIBHOTO 3JIEK-
tpoconpotusneHus [IKM ®II-crexkTpanbHO YHCTBI TpaduT
(1); HKM ®II-ucxoansiit TPT (2) u ®II-gTPT co cpexuumu
pasmepamu uyactuy TPT s = 260 (3); 180 (4); 80 (5);
40 (6) (MKMm).

rauuit. [Ipu nanpHeieM yBEeIWYEHUU KOHIIEHTpa-
uun HanonHuTtenss (C) M JIOCTHXKEHHH €10 Mopora
nepkossinuu C = Cp MPOBOIUMOCTb CHCTEMBI CKay-
KOOOpa3HO BO3pacTaeT, MaTepuaj CTaHOBUTCA 3JIEK-
TPONPOBOAHBIM. Pe3kuil nepexon U3 HEMpOBOMSILE-
ro B MPOBOJSIIEE COCTOSHUE NPOUCXOIUT BCIEI-
cTBHE O00pa3oBaHusi OECKOHEYHOro KjacTepa W3
gacTull HamoysHuTes1. OOpa3oBaHue OECKOHEUYHOTO
KJlacTepa WHTEPIPETUPYIOT Kak (OpPMUPOBaHHE B
[TIKM »snexTpornpoBoaamnux nyTeil B (haze HaromHH-
tend. IloaTroMy JnanbHelIee yBeIWYEHHUE KOHIEH-
TpPalUN dJIEKTPOIPOBOAHOTO KOMIIOHEHTa COIpPO-
BOXKAAETCS ITUIABHBIM POCTOM IPOBOJUMOCTH KOM-
no3uuuu. Ha puc. 5 mpencraBieHbl 3aBHCUMOCTH
BEJIMYHMHBI YJIENIHOTO 3JEKTPOCONPOTHBIICHUS IS
obpasioB OII-cnekrpanbHo uucteiii rpadut (CUI)
u ®II-nucneprupoBannsiii TPT (ATPT) ot koHIeH-
TpaLUH HAIIOJTHUTEIIS.

IIpencraBneHHble 3KCIEPUMEHTAIbHBIE 3aBUCH-
Moctu (puc. 5) UMEIOT MOPOTOBBINA XapakTep U MO-
T'yT OBITH ONIMCAHBI B paMKaX TCOPUH MepKoIsuuu. B
ujaeane, COIJIACHO TEOPHUM pELIeTYAThIX MOJeNel
y3noB [11], TmPOBOAMMOCTH OJKHA HM3MEHATHCS
CKaukoM (Ha HECKOJIBKO MOPAAKOB). B peampHOCTH
e, KaK 3TO BHIHO W3 IMOJyYCHHBIX KPHBBIX, aje-
HUE 3IIEKTPOCONPOTUBICHUS MPOUCXOIUT B HEKOTO-
poii y3KOW O0JIACTH KOHIIEHTpAluid, KOTopas Ha3bl-
BaeTcs 007acThio pa3Masku [12] wiu mupuHoit nep-
KOJIILIMOHHOT'0 nepexoza. JJIsi TAKUX CHCTEM MO>KHO
BBIZICNIUTH JIBa TIEPKOJSAIIMOHHBIX Tiepexoma Co u Cp*
(puc. 6). Axaponu [13] B cBoeil Momenu mokasain,
4T0 Bo3HUKHOBeHHE Cy U Cp* MOXKHO CBA3aTh C YUC-
JIOM KOHTAKTOB, NMPUXOISIIMXCS Ha OIHY YaCTHILY
HaronuuTens (nmpoBomsmeii (asbr). CormacHo 3Toi
mogeny, pu C = Cy Ha OHY YaCTHILy TPUXOAUTCS
OIMH KOHTAaKT, ¥ KOMIIO3HMLUS SIBISIETCS HEMPOBO-
JsIeil. YBenuueHHe 4Mcia 4acTHI BEAET K POCTy
KOJIn4ecTBa KOHTakToB, U mpu C = Cp* Ha oxHy



YacTULy MPUXOAMUTCS KaK MHHUMYM [Ba KOHTAaKTa,
YaCTHUIBI MOTYT 00pPa30BbIBATh IPOBOAALINE IIENIOY-
KU, U CHUCTEMa CTaHOBUTCS MpoBoAsauiei. To ecTh B
00JIaCTH TEPKOJSIIMOHHOTO Tepexo/a MPOUCXOTUT
pocT OECKOHEYHOro KiacTepa, KOTOPBIH CUMUTaeTcs
chopmupoBanaeiM mpu C = (Cp*. JanmpHeitmee
YMEHBIIEHHE 3JEKTPOCONPOTUBICHHUSA CBA3aHO C
POCTOM TMPOBOJISIINX BeTBEH OECKOHEYHOIO KJIacTe-
pa Mpu yBETHMUEHUN COACPKAHHS MPOBOISIIEH (asbl
B MaTepuae.

Puc. 6. KoHIeHTpaoHHAasl 3aBUCHMOCTh yIIEIBHOTO JIEKTPO-
comporuBieHuss KM OII-TPI'. BceraBka: norapudmudeckas
3aBucuMocTh p ot 1g(C-Co).

3aBucumoct  p(C) mis KM  ®I-aTPT' w
OI1-CUI” MOXHO pa3AenuTh HA TPU ydacTKa: BBICO-
KOOMHBIH, TI€ YACNbHOE JIIEKTPOCOMPOTHUBICHHUE
CHCTEMBI H3MEHSETCS C€i1abo, y4acTOK MaKCHMalb-
moro m3Mmenerus p(C) u IpoMexXyTok MUHHMAJIBHO-
r0 3JEKTPOCONPOTHBIICHHS, YTO TOJIHOCTHIO COOT-
BETCTBYET TEOPHUH MEPKOJSIUM M TO3BOJISET IPO-
aHAJIM3UPOBATh TPOIECC OOPa30BAHUS TEPKOJISAIH-
OHHOTO KJIacTepa B pacCMaTPHUBAEMBIX CHCTEMax. B
CBOIO OYepe/lb, HAa IKCICPUMEHTAILHBIX 3aBUCHMO-
ctax p(C) migs KM ®II-aTPT" BbICOKOOMHBIN yua-
CTOK OTCYTCTBYET, HabIf01aeTcsl MajieHne yaeabHO-
IO 3JEKTPOCOMPOTHBICHUS C TOCISAYIOIAM €ro
MHHUMAJIbHBIM ~ W3MEHCHHEM Ha  HH3KOOMHOM
ydacTKe KpUBOH. DTO, a TakkKe pasauyHas IMUpUHA
MEPKOIIAIIHOHHOTO  MEPEeX0ofa  PacCMaTPUBAEMBIX
CHCTEM CBS3aHBI C PA3INIHON MIOMAABI0 KOHTAKTOB
MEXKIY YacTHUI[AMH YTJIEPOAHOTO KoMioHeHTa [14]
W, KaK CJEICTBHE, Pa3HOH CIIOCOOHOCTBIO YaCTHIL
HATIOJIHUTENST 00Pa30BBIBATL MPOBOIAIINE [ETOYKH
B KOMIIO3UIIMOHHOMN CHCTEME.

IToporoBbie 3aBHCHMOCTH YICIBHOTO 3IICKTPO-
conpoTuBieHus (puc. 5) MOXKHO OmMUCaTh B paMKax
TEOPUH TEPKOJSAIUHA CKEHIMHIOBOW 3aBHCHMOCTBIO
[15]:

p(C)~p0(C—CO)I, 1)

A€ pp — YACIbHOE BJICKTPOCONPOTUBICHUE 3JICK-
TporpoBoHON KOMITOHEHTHI; C u Cy — TIPOU3BOJIIE-
Hasg U KPUTHUUECKAsT KOHIIEHTPAIMH DJICKTPOIIPOBOI-
HO¥ (pa3sl; t — KpUTHUYSCKUT HHJIEKC.

IMo 3aBucumoctssmM p(C) most  KOMIO3HITHIA
OI1-CUI” u OII-TPI" onpenenunu BEIUIUHY MIEPKO-
JsiuMoHHOro mepexona Cp Kak TOUKY HMepecedeHHs
OPSAMBIX JIMHHUH, anmpOKCHMHPYIOIIUX YOBIBAIOIINI
yuactok xapakrepuctukd p(C) U HU3KOOMHYIO
BETBb OKCIIEpUMEHTANBHON KpuBoil [14]. 3atem,
UCIIOJIb3Ysl MPUOIIKEHHOE 3HAYEHHE TOopora Iep-
KOJISIIIAK, TIOCTPOMJIM  3aBHCHUMOCTH  Jiorapudma
YIENBHOTO AJICKTPOCONPOTHBICHUS OT Jorapudpma
pasuunbl (C — Cp) (puc. 7). 3HaueHue p Opanu B
KOHIIeHTparronHoi oomactu C > Cy.

|
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Puc. 7. 3aBucuMOCTH jiorapupMa yAeIbHOrO 3JEKTPOCOIPO-

tusierust (Igp) or norapudma kouuenrpaunn (g (C-Cp)) st

obpasiio KM ®Il-cniektpanbHo uucThiii  rpadur (1),

OIT-ucxoausiii TPT (2) u HKM ®IT-aTPI" co cpentumu pazme-

pamu gactur TPI" s = 260 (3); 180 (4); 80 (5); 40 (6) (Mxm).

Hcnonb3yss MeTron HauMEHBIIMX KBaJIpaToB, C
MOMOUIBI0 JIMHEMHOW anmpoKCUMallMi 3aBUCUMO-
creit Igp = f(19(C — Co)) (puc. 7) onpenenuiau Kpu-
THYecKui uHJeKc t. Pe3ynbrarhl pacueToB NepKosi-
[MOHHBIX TMAPaMETPOB ISl KOMITIO3HIIMOHHBIX CH-
crem OII-CUI” u OII-nTPI" npuBenens! B Ta0I. 2.

Taéauua 2. [Topor nepkomAuy U KPUTHISCKUA WHICKC
KM @II-rpadur u ®II-mucneprupoBanusiii TP

IMopor Kputnueckmii
Hasanne HEPKOJISALMH HHIEKC
ITKM Co, 06.% t
@Il-rpadur 32 2,6
O®II-TPI"
(ucxoHbIH) 5.2 176
®II-TPT" (260 mkm) 6,5 1,78
@TII-TPT" (180 mkm) 75 1,96
®II-TPT (80 mkm) 9 1,81
®TII-TPT" (40 mxm) 12,5 2,3

3HaueHHe KpPUTHUYECKOTO wuHAeKca a1 KM
®II-ucxonusiii TPI" paBHo 1,76, 9YTO COOTBETCTBYET
MOJIEH TPEXMEPHOHN CETKH C IEKTPONPOBOIAINMHA
y3namu u3 yactull TPI" 1 610KMpOBaHHBIMU y31aMu
n3 vactun ¢roporutacta. [lpu yBenuyenuu auc-
nepcHoctn TPI' HaGmromanu pocT 3HAYEHHWH Kak
opora IMepKOJIAIUY, TaK U KPUTHYECKOIO MHJIEKCA
KOMITO3UIIMHA. DTO MOXXHO OOBACHHUTH YXyALICHUEM
HEINOCPEICTBEHHOIO  JJIEKTPUYECKOr0  KOHTAaKTa
MEXIy DJIEKTPONPOBOISIIMMH YacTHLAMHU HAIoJ-




HUTENA W, B CBOIO OYEpellb, HCKAKCHUEM TpexMep-
HOM DJIEKTPOTIPOBOTHON CETKH HAMIOJTHHUTEIS.

Tak kak B pe3ynbpTaTe AUCICPTUPOBAHUS H3MeE-
Haercs Mopdomorus dactun TPI, ux dopma mpu-
OmKaeTcss K paBHOOCHOH (MMOKa3aHO BBIIIE), TO MPU
9TOM HapyIIaeTCs PaBHOMEPHOCTH paclpeesieHHs
3JIEKTPONPOBOIHOTO KOMIIOHEHTa B MaTpuie [1KM,
YTO CBS3aHO C arJioMepanueil MEeNKHX YacTHIl
HamoJHUTENsT W 00pa3oBaHHEM  HM3OJALUOHHBIX
obxacreit 3 groporuiacta. CMmemieHne mopora mpo-
TeKaHWs B 0OJACTh OOJBIINX KOHIICHTPAITUH IS
ITKM ®II-TPT npu yMeHbIIEHUU CPEAHETO pa3Mepa
YacTHIl HAMOJIHUTENS CBSI3aHO C YXYALICHUEM CIIO-
COOHOCTH YacCTHIl OOJBINEH AUCIEPCHOCTH 00pa3o-
BBIBATh HEMPEPBIBHBIC 3JIEKTPOMPOBOISIIUE KIacTe-
pl. 1715t pemeTuaThIX MOJIENEH, Tae epeHoc 3apaaa
B OECKOHEYHOM KIIACTepe MOXHO pPacCMaTpHUBATh
KaK 3a/1a4y MPOTEKaHUs IMMOTOKA MO y3JIaM PEIIeTKH,
I'. lepom u P. 3ammerom [16] 6but0 TpeamoxkeHo
COOTHOIIIEHHE, TMO3BOJISAIONIEe CBA3ATh MO0 00be-
Ma, 3all0JIHEHHOTO cepamu, TPU KOTOPOU BO3HHKA-
eT IPOBOJIMMOCTb, C TapaMeTpaMu pemuietku [17]:

Co=Xc -F, 2

rae Xc — KPUTHYECKHH TapaMeTp, XapaKTepH3yro-
M TUN pacrpeneieHus MpoBosiiei (aszpl. DKc-
TIepUMEHTATbHAS 3aBUCUMOCTh Mexay F u Cy npen-
CTaBJICHa Ha puc. 8.

1,1
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1,0 F
R 80
=
lg. 09F 180
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2 260
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22 20 -1.8 -6 -14  -12  -10
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Puc. 8. 3aBucuMOCTh MOpOTa TEPKOISIME OT Kod(uimenra
YIUIOTHEHHSI YaCTHI] YIIIEPOAHOro KoMronenta. L{udpsl y Touek
COOTBETCTBYIOT AucnepcHocTr (Mkm) TPT.

Kak BuanHo, B norapupmMuuecKux KOOpAMHATAX
BennmunHa Cp pacTteT ¢ yBenuueHWeM 3HadeHus F.
KoaddumumenT mpomopruoHaaIbHOCTH TPH ATOM C
yMmeHbleHneM mucrepcHoctd  TPT or 40 no
500 mMxm yBenmuuuBaercs ~ ot 1,4 no 6. D10 3Haue-
HHE HaMHOTO mpeBbmaeT BenmamHy Xc = 0,25,
XapaKTepHYIO IJsl Mojelel 00BeMHBIX PEIIeTOK, U
COOTBETCTBYET CTATUCTHYECKOMY pacHpeeeHUI0
chep [16]. Hapymienue ypaBuenus (2) o0bsicHsAeTCS
TeM, uTo BenmuuHa F mis TPI cymecTBeHHO 3aBU-
cutT oT (HOpMBI YaCTHIl U, B CHIIy pa3BUTON Mopdo-
noruu TPI', F npuaumaer manbie 3Hadenns. B mpo-

mecce m3roToBiieHHs oOpa3ioB HKM mpoucxomst
neopmanyst U (parMeHTanusl YacTHIl HaroJHHUTE-
7, MX KOX(QQHUIMEHT 3aloNHEHHS 3HAYUTEIBHO
yBenuuuBaeTcs. FIMEHHO IIO3TOMY TIpH Y4YeTe BEIH-
YUHBI F U1 OmMcaHMsA TIPOLIECCOB IMPOTEKaHUS B
HKM c ucxonueiM TPI" HekoppeKkTHO Monb30BaThCA
MOJIEJISIMH, CBSA3BIBAIOIMMH IPOBOJUMOCTE C Mapa-
METPaMHU PEHIETKH.

JUDJIEKTPUYECKAS ITPOHULTAEMOCTD

DJIEKTPONPOBOIAIINE MTOTUMEPHBIE KOMITO3HITH-
OHHBIE MaTepHajbl 00JaJal0T YaCTOTHO-3aBUCHMOM
KOMIUTEKCHOM JTMAJIEKTPHUYECKOM MPOHUIIAEMOCTBIO
£(f), xoropast cocToMT U3 MEHCTBUTENBHON YacTH
¢'(f), mpencrasmnsromiei coboif OTHOCHTENBHYIO TH-
DIIEKTPUYECKYIO TMPOHUIIAEMOCTh Marepuaia, |
muuMoit vactu &"(f), mpuxopsmeiics Ha moTepu

[18]:
e(f)=¢'(f)+ie"(f).

OtHomieHue €'/e' = tg O sBIsAETCS TaHTCHCOM
yria JAUANIEKTPUYECKUX TOTeph, WM KO3 uUIneH-
TOM TIOTeph, KOTOPBIH XapaKTepu3yeT CTeleHb
TIOTJIOLIEHUSI SHEPTUU TIEPEMEHHOTO AIIEKTPUYECKO-
TO TOJISl B JUAJIEKTPHUKE, OOYCIOBICHHOTO HATMYHEM
pasHocTH a3 O Mexay KoieOaHWSIMH DJICKTpHUC-
CKOT'O CMEIICHHUS ¥ BHEITHETO oS E.

B cnydae HanmoJIHEHHBIX NOJIMMEPOB IUAIIEKTPH-
YECKHUE CBOWCTBA KOMITO3UIIUI OIPENEeNIIOTCS He
TOJILKO MEXaHU3MaMH IMOJISIPU3AINH B TUDIICKTPUKE,
HO W B3aMMOJCHCTBHEM JIOKAIBHBIX AJIEKTPUYECKUX
moJiel, CYIIECTBYIONIUX BOKPYT KaXKIIOW YaCTHUIIBI
HATIOJTHUTENS, ¥ HATHYHEM WHAYIUPOBAHHOTO 3aps-
Jla Ha TIOBEPXHOCTH MPOBOSIICH (a3bl.

YacTtoTHBIE  3aBUCUMOCTH  JAHAJIEKTPUYECKON
MPOHUIIAEMOCTH W TAHTEHC YIJIa AMAIEKTPUIECKIX
noreps HKM OII-nTPI", koTOpsle ObUIM H3MEpPEHBI
npd KOMHATHOH TeMmmepaType, NpeACTaBlICHB Ha
puc. 9. 3HaueHHWE IVIIEKTPUUYECKOW MPOHHUIIAEMO-
CTH YMEHBIIAETCS C POCTOM YaCTOTHL. Tak, s
HKM ®II-aTPI" ¢ konnentpanueii TPI' C = 3 00.%
u S(TPI) = 40 mxm (xpuBas 1) mpu dacToTe
f = 05 xI'm namomexTpHUYeckas MTPOHHIIAEMOCTH
cocrasiset 2,13, a ipu f = 50 xT'1g € = 2,06.

B HKM OII-TPI" wactunsl npoBonsiieii ¢assl B
pe3ynbTaTe BO3EHCTBHS BHEITHETO JIEKTPUIECKOTO
TOKa CTaHOBSATCS MAaKpOIUIONSAMH, TPUBEICHHBIH
(MHIYUMPOBAHHBIN) JHUIIOJIBHBIA MOMEHT KOTOPBIX
W3MEHSETCS B 3aBUCUMOCTH OT YaCTOTHI TIEPEMEHHO-
ro Toka. [Ipm STOM BcieACTBHE BO3HHKHOBEHHS
MHUKPOTOKOB B YaCTHIAX MPOHUCXOAUT MHIPALHOH-
Has momnspusarus [18]. Dusnueckod NPUYHHOMN
MOSIBIIGHUSI MHTPALlMOHHON TOJNSPHU3AINA SIBIAETCS
HaJIM4Me B HEOJHOPOJHBIX MaTepHalax 00bEeMHBIX
(a3 ¢ pa3mUUHON JEKTPONPOBOJHOCTHIO. DTO MPH-
BOJIMT K CTSATHBAHUIO CBOOOJIHBIX HOCHTENEH 3apsa
Ha rpaHMIax 0oJiee MPOBOSIIIEH (a3bl U CO3TaHUIO
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Puc. 9. YactoTHas 3aBHCUMOCTD JIHAJICKTPUYECKOH MpoHUIaeMocTr (a) M TaHIeHca yriia ITUdJeKTpudecKux moreps (0) mis HKM
@IT-xTPT ¢ xonuenrpauueir TPT' C = 3 06.% u aucnepcHocthio ero dactuil S = 40 (1), 80 (2), 120 (3), 260 (4) (mxm).

COOTBETCTBYIOIIMX Makponumnonedd. [Ipu BHeceHun
HEOJTHOPOJIHBIX MAaTEpUAJIOB B 3JIEKTPUUECKOE MOJIE
CBOOOJIHBIC 3JICKTPOHBI HAYMHAIOT MEPEMEIAThCS B
Ipeienax KakJIoro BKIIIOUEHUs, 00pa3ys Mospu30-
Barable oOmactn. B HKM O®II-nTPI" ¢ pocrom
cpennero pasmepa gactui TPT (40-260 mMkm) Koiu-
YECTBO KOHTakTOB Mexay udactuniamu TP yBenu-
YHBaeTcd B pe3ysibTaTe HW3MEHEeHWs MOophoyorun
YaCTHIl U MX PACCIIOCHHs B 00beMe rosiumepa. [lpu
STOM JJMHA MAaKpOIUIIONEH yBeIUYUBaeTCsa. A Tak
Kak AMAJIEKTPUYECKas MPOHULAEMOCTh U TaHIEHC
yIila AUBJIEKTPUUYECKUX MMOTEPh 3aBUCAT OT YaCTOTHI
MEPEMEHHOT0 TOKa, MOXHO YTBEp:KAaTh, YTO IPO-
LecC MOJSPU3alUU YaCTUL OTCTAET OT HU3MEHEHUS
YacTOTHI BHEMIHETO TIOJISA, IPHU STOM OOJIBIIKE 3aTpa-
THl SHEPTMHM WIYT Ha TOJSPU3ALUI0 OOJBIINX dYa-
ctun TPT.

Amnamu3 3aBucumMocteil (puc. 9) maeT BO3MOX-
HOCTh OIICHUTH BiusiHue Mopdonorun TPT Ha nu-
anektpudeckue xapakrepuctuku HKM (puc. 10).
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Puc. 10. 3aBUCHMOCTD THAIEKTPHIECKON mpoHuiaemoctu (1) u
TaHTeHCa yIila AUAJICKTPUYECKUX MOTephb (2) OT AUCIEPCHOCTH
gactun TPI" mst HKM ®II-TPT ¢ konuentpanueit TPI" 3 06.%
(f=0,5 k).

s o6paziioB HKM ®II-TPI' ¢ xoHneHTpanuei
HamonuuTens 3 00.%  ("4acToTa  HCHBITAHMMA

49.0x10° ®

k=

f = 0,5 kI'), mpu pocte cpeaHero pa3Mepa YacTHIl
TPI' ot 40 mo 260 mxm €& Bo3pactaet ot 2,1 mo 2,5
(puc. 10). IIpu 3TOM TaHTEHC yria AMIJIEKTpPHUYE-
CKHX IOTE€Ph M3MEHSETCS OT 5,5-10° 0 8,5-10%. To
eCTb U &, ¥ {g & yBENIHYMUBAIOTCS MPOMOPIHOHATBEHO
YMCHBIICHUIO JUCTICPCHOCTH HAMOIHUTENS. TO
OIIATH K€ MOYKHO CBSI3aTh C YBEJIHUCHHEM ILIOIIA N
MOBEPXHOCTH pasjeia MeXIy MaTpUIlel W HamoJj-
HHUTEJNEM, KOTOpPOE MPUBOIUT K YBEIHYCHHUIO MO-
BEPXHOCTHOW MOJSAPU3AIMH H, CIEIOBATENILHO, 00-
Jiee BBICOKMM JMIJIEKTPUIECKUM TIOTEPSM, XapaKTe-
PU3YIONIMM OOJBIIME 3aTPAThl SHEPTUU HA MOJSAPHU-
3aruto yactul] TPI" MeHblIel qucriepCHOCTH.

BBIBO/IbI

[IpencraBnenHsie B paboTe pe3ynbTaThl UCCIIE-
IOBaHWW JAlOT BO3MOXKHOCTh XapaKTepH30BaTh
CTPYKTYpHBIC W3MEHEHUS, MPOUCXOISAIINE B JIIEK-
TPOIIPOBOMIAIIEM YTJIEPOJHOM KIIACTepe MPH H3Me-
HeHusx aucnepcHoctw TPI. Tak, mopomxku TPI'
OoJbIlel AUCIIEPCHOCTH, (POpMa YACTHI[ KOTOPBIX
MpUOMIKAeTCsT K PaBHOOCHOW, TPH 3alOIHEHHUU
siYeHKU OoJiee TUIOTHO yrakoBbiBatoTcs (~ B 14 pa3)
o cpaBHEHHUIO ¢ yactuuamu ucxogHoro TPI'. Ilpu
cxatuu nopomka TPI' yBenuuuBaeTcsi IJIOTHOCTh
KOMIIAKTOB, TIPUYEM 3a CUYET Pa3HbIX MOP(OIIOrnye-
CKHX OCOOEHHOCTEW NWCIEPTHPOBAHHBIX YaCTHI] U
npu u3meHeHuu S ot 500 mo 40 MKM IJIOTHOCTH
CKOMNaKTHpoBaHHBIX Tpu P = 7 MIla o0Opasmos
yBenuuuBaercs ot 0,94 no 1,4 rlem’.

C yMEHBIIICHUEM CPEIIHET0 pa3Mepa MONepeyHo-
ro cedeHus sjekTpornpoBoasmux dvactui, TPIT B
I[NIKM ®II-TPT ot 500 g0 40 MM mopor mepKoJis-
muu Cp yBenmuuBaetcs ot 5,2 mo 12,5 06.%. Oto
CBSI3aHO C TE€M, YTO CIIOCOOHOCTH YaCTHUI] K 00pa3o-
BaHUIO TPEXMEPHBIX OCCKOHEYHBIX IEPKOJISIIUOH-
HBIX KJIaCTEpPOB B KOMIO3UIMH yMeHbImaeTcs. [loa-
TBEPXKJICHUEM 3TOMY CIIY)KUT POCT KPUTHYECKOTO
uHeKca ! Ipyu yMEHBIIEHUH ITUCTIEPCHOCTH YaCTHUIL
TPT.



JudnekTpuyeckass NPOHHUIAEMOCTh W TaHTEHC
yIiIa JUAIEKTPUUECKHUX MTOTEPh YBEIMYUBAOTCS IPU
YBEIUYECHUH CPEJHETO pa3Mepa 4acTUll YIIEpOIHO-
ro KOMIIOHEHTa, YTO CBA3aHO ¢ OoJblleil mossipusa-
el u OONBIIMMH 3aTpaTaMH 3HEPTHH, KOTOpHIE
AnyT Ha nosspuszanuio vactuy TPIT Menbmen nuc-
MEPCHOCTH.

TakuMm o00pa3oM, pe3yJabTaThl HCCIEIOBAHUS
BJIHMSHUS pa3mMepoB u mMopdonoruu dactull TPT Ha
NEKTPOPHU3NUECKHE XapAaKTEPUCTUKU CO3AaHHBIX
TIKM, yuuthiBasi ME€XaHHUYECKHE CBOMCTBa aHaJO-
TMYHBIX Kommo3uiwid [19], MOryT OBITH HCHOJNB30-
BaHBl MpU pa3pabOTKe M CO3AaHUM M3ICIUI 3JIeK-
TPOTEXHUYECKOTO Ha3HAYCHUS C 3aAaHHBIMH (HU3HU-
YECKUMH XapaKTEPUCTUKAMU.
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Summary

This work concerns the studies placing and contacting
features of thermally exfoliated graphite (TEG) particles
with different dispersion levels in compression as well as
the analysis of the effect of the carbon filler morphology
on electrophysical properties of nanocomposite materials
(NCMs) with fluoroplastic. The electrical resistance and
dielectric permittivity of the NCMs were studied using
four-, three- and two-electrode circuits. It has been found
experimentally that the percolation threshold, calculated
by the concentration dependencies of the electrical re-
sistance values, is shifted towards the area of lower filler
concentrations — from 12.5 to 5.2 vol.%, with the in-
crease of the mean value of TEG particles cross-section
from 40 to 500 micrometers. This data were used to find t
critical indices for nanocompasitions and to establish laws
of formation of a current-conducting cluster in the poly-
mer matrix. It has also been shown that a decrease in the
dispersion level of the carbon component in NCMs affects
polarization processes of its particles and leads to its
higher dielectric permittivity.

Keywords: thermally exfoliated graphite, fluoro-
plastic, nanocomposite material, resistivity, dielectric
permittivity.
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[TpesncTaBneHbl pe3ysbTaThl UCCIEAOBAHUS CTPYKTYpPbl, XHMUYECKOTO COCTaBa M OCHOBHBIX CITyKeO-
HBIX CBOWCTB HAaHOKOMIIO3UIIMOHHBIX TalbBAHNYECKUX MOKPHITHI XpoMa. OnpeneneHa HaHOJUCTIEPC-
Has (ha3a, MO3BOJISIONIAS YBEIMYUTH MUKPOTBEPIOCTh, N3HOCOCTOMKOCTh 1 KOPPO3HOHHYIO CTOHKOCTD
MOJTy4aeMbIX MOKPBITHHA. Y CTaHOBIEHO MPOLIEHTHOE COAEPKAaHUE OCHOBHBIX XMMHMUYECKHX JIEMEHTOB
HAaHOKOMIIO3UI[MOHHOTO TaJbBAaHUYECKOTO MOKPHITHS HA OCHOBE XpOMa.

Knioueswvie cnosa. HAHOKOMNO3UYUOHHbLE NOKPbIMUS, cAlb68AHUYECKUE NOKPbIMUAL, HaHO()ucnepCHbze
mamepuaibsl, Mukpomeepdocmb, M3HOCOCm011KOC‘mb, KOpPpPpO3UOHHAA CMOUKOCMb.

VK 621.9.047.7
BBEJIEHUE

B Hacrosmiee BpeMsi HHTCHCHBHO DPa3BHUBACTCS
TEXHOJIOTHS TOMYy4YEeHHUS] KOMIIO3ULIMOHHBIX TrajbBa-
HUYECKHX TOKPHITUH. Ee 0coOeHHOCTBIO SBISIETCS
TO, YTO BMECTE C METAJUIOM H3 TallbBaHUIECKON
BaHHBI Ha JIETAJIM OCAXAAIOTCA TUCIIEPCHBIE YacTH-
Ibl, BOJIOKHA U YCBI Pa3IMYHBIX KapOHUI0B, OOpHUIOB,
OKCHJIOB, CYJb(HIOB, TIOPOIIKOB MOJIMMEPOB H T.I.
BxuroueHue AUCIIEPCHBIX MaTepUaioB B MeTauInye-
CKYyI0 MAaTpHUlly 3HAUYUTEIbHO H3MEHSET CBOMCTBA
nony4yaeMbix MOKpbiTHid [1-3]. OHH MOryT coBMme-
marh B cebe XapaKTepUCTHKH DIEKTPOIUTHUECKU
OCaX/ICHHBIX METAIOB (JEKTPO- M TEIIOMPOBO/I-
HOCTh, W3HOCOCTOWKOCTb, MJIACTHYHOCTh H Jp.), a
TAKKE METAUIOB M HEMETaIOB (KapOCTOHKOCTb,
XMMHYECKasi CTOMKOCTh, TBEPIOCTE M JIp.), KOTOPHIE
MOTYT BKJIFOUAThCS B OCAJOK MPU HAJOKECHUU TOJIS-
PHU3YIOMIETO TOKA.

TEOPETUYECKOE ObOCHOBAHUE

s oOBbsicHEeHMsI MeXaHW3Ma YNPOYHEHUS KOM-
MO3UIMOHHBIX MOKPBHITUM OCHOBHOW TEOPETHUECKOI
0a30il SABISETCS TEOpPUS IUCIOKAIIMA W TPEIsT-
CTBHI. XOpOIIIO HM3BECTHO, YTO OCOOBIE AE(EKTHI,
Ha3bIBa€MbI€ JUCIOKALUSIMHU, TPUCYTCTBYIOT MOYTH
BO BCEX KpHUCTaJUax. Y CHIINS, IPUJIOKEHHbBIE K KpU-
CTaJUIMYECKOH pelueTKe, BhI3BIBAIOT JIBU)KEHUE JUC-
nokauuil. IlpensrcTBusi, HaxoAsUIMECs Ha NYTH
JBWOKCHUS JHUCIOKANWN, TPeOyIOT MPUIOKEHUS J10-
MOJIHUTEJIBHBIX HArpy30K JUIsl JajbHEHIIEro Ipo-
JBHOKCHUS JTUCIIOKAIIWA, CIIOCOOCTBYSI TIOBBIIICHUIO
CONPOTUBIISIEMOCTH MaTepuaja BHEIIHUM Harpys-
KaM. OQQEeKTHBHBIMH OapbepamMu Uil JBIKCHHS
JUCIIOKAITM MOTYT OBITh CPaBHHUTEIBHO paBHOMEp-
HO pAcHOpelelIeHHbIE B KaTOJHOM OCaJKe HaHO-
JIMCTIEPCHBIEC YacTULbl. BKIilloueHue B 0caJloKk HaHO-

JUCTIEPCHBIX YaCTHUI] HapyIllaeT YMopsaoYeHHe po-
crta ero kpucrawioB. Ilpu BcTpede ¢ yacTHIIAMU
CKOJIB3SIIIIAE JUCIIOKAIIMK OyAyT Oru0aTh IpersT-
CTBUS M OCTaBIATh HAa HUX 3aMKHYThIe meTiu. Eciu
MEXy YacTULAMH TPONUAYT M JAPYTHE IHUCIOKa-
MW, TO OHU OCTaBST BOKPYT YAaCTHIIBI HOBBIE TET-
mu Oonpurero pasmepa. [IpoxoxkaeHue mocienyro-
IIUX AMCIOKAIMA MEXAY YacTHIIAaMH B OONbIIEH
CTeTeH!n OynIeT 3aTPymHEHO, TaKUM 00pa3oM IIOo-
BBICUTCSl IUIOTHOCTh JMCJIOKAIMA W MPOU3OUIET
YIPOYHEHUE MOKPBITHS.

YacTuIlpl UTPAlOT B MOKPBITUU POJIb 0APHEPOB,
MPENSTCTBYIONUX BBIXOAY JHUCIOKAIMA Ha II0-
BEPXHOCTh OCaJKa W CHIDKCHHIO TJIOTHOCTH JHC-
nokanwuit [3-5].

OKoOJIO KaXKJI0i 9acTHUIIBI 00pa3yeTcs Mmoje ompe-
JIEJIGHHOTO HANPSHKEHHOTO COCTOSHHS MaTephala
MaTpullel. BeneacTBre 3Toro Ha MOBEPXHOCTH OCajl-
Ka BO3HHMKAIOT 30HBI, XapaKTePU3YIONIHECS Pa3iinud-
HOHM CIIOCOOHOCTHIO K OOpaTHMON MHUKPOIUTACTHYE-
cKkoll pedopmanuu, a IpU HU3HOCE TMOBEPXHOCTHBIX
coeB 00HAXKAKOTCS BCE HOBBIC CIIOM BBICOKOW MUK-
potBepaoctu. llpum paBHOMEpHOM pacrpeneieHun
YJaCTHI] B MOKPHITHH 00pa3yeTcsl CBOCOOPa3HBIA pe-
TYJSIpHBIN MUKpopenbed 1o Bceil ero Tomumae. 910
MPUHLIUITHAIEHO OTJIMYaeT MOJMydyaeMoe KOMIIO3H-
[MOHHOE TIOKPBITHE OT TPATUIMOHHBIX METOI0B
YOPOYHEHUS  JIeTaJiel, Takux KaK  XUMHKO-
TEPMHUYECKUHN, TEPMUYECKUNA U JIp., TMPH KOTOPBIX
MHUKPOTBEPIOCTh CHIDKAETCA 110 MEpe M3HOCAa TBEP-
JIBIX TIOBEPXHOCTHBIX CJIOCB.

Ha ynpouyHeHue 3JIEKTPOIUTHYECKOTO OCajKa
BIIUSIET TaK)Ke KOHTAKT YaCTHI[ C OCAJKOM, TPUBO-
mammii k o dexry Hakiena [1, 5]. Takum obpazom,
HaJU4YMe YacCTHI[ B DJCKTPOJMTE U HUX KOHTAKT C
KaToJIOM, JTake 0e3 BKIIOYCHUS B MOKPHITHE, MPU-
BOJST K YNPOYHEHHWIO MeTajula BCJIEJCTBHE TOTO,

© Cagonos B.B., uurypus C.A., Cémoukus B.C., 3axapesud A.M., DnekrponHas o6paborka marepuaios, 2015, 51(6), 9-15.
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YTO YACTHIIBI, BHEAPSSICH B OCAXKIACMbIH MeETaslI
WJIK KOHTaKTHPYS C €0 MOBEPXHOCTHIO, HCKaXAIOT
(GOpPMHUPYOLIYIOCS KPHCTAUIMYECKYIO PEIIETKY H
00pa3yioT neeKTHl.

AHau3 JTUTEpaTypPHBIX TaHHBIX [OKa3all, 4TO B
KaueCTBE YMPOYHUTENIEH MPUMEHSIOT YaCTHUIbI, BO-
JIOKHA U YChI Pa3IMUHbIX MaTEPHAIOB C pa3zMepaMu
or 200 um u Gonee [3, 5, 7]. 3apamuBanue uC-
HIEPCHBIX MaTepPHAIOB C TaKUMH pa3MepaMH oca-
KIAeMBIM METa/UIOM 3aTPYAHEHO H3-3a BBICOKOM
CKOPOCTH CEIMMEHTAIIMH YaCTHI[ W psja IPYTHX
¢baxropoB. OHAKO B HACTOSIIEE BPEMs MOSBHIHCH
TEXHOJIOTHH TIOMYYCHUSI YaCTUI[ HAHOMETPOBOTO
nuarnasona (puc. 1), B 4aCTHOCTH Crmoco0 IIa3MeH-
HO# epeKOH ICHCAIIMU UCXOJHOTO ChIphs [8, 9].

Puc. 1. Mopdomnorus HOoBEpXHOCTH HAHOAMCHEPCHBIX YACTHUI,
NPUMEHSEMBIX IS TOMy4eHHUsS HaHOKOMIIO3MIIMOHHOTO MOKPBI-
THS.

Kpome u3BECTHBIX YHHMKaIbHBIX CBOMCTB TaKHUX
YacTHI[, OHA OOJIAJAaIOT BBLICOKOW XMMHMYECKOH aK-
TUBHOCTBIO W TIOBBIIICHHOM CEIUMEHTAIIMOHHOMN
CTOWKOCTBIO B JKHIKOCTSIX, YTO OCOOEHHO Ba)XHO
MPH TONYYCHUH KaYECTBEHHBIX HAHOKOMITO3UIIMOH-
HbIX NOKpbITHH. [lupokas raMmma HaHOIUCIIEPCHBIX
MaTepHalioB, IPUMEHSEMBIX AJIS1 OJYYEHUS MOKPHI-
THH, JaeT BO3MOXKHOCTH 3a7laBaTh UM (H3UKO-
MeXaHHYECKHE CBOWCTBA B COOTBETCTBHH C TpebO-
BaHUSMU IPOU3BOJCTBA.

Jns momydeHWsT TaKMX HOKPBITHH BO3MOXKHO
MPUMEHEHUE PA3NIUYHBIX HAaHOAMCIEPCHBIX MaTEpH-
anoB: yucteix (Cu, Zn, Ni, Fe, MoS,, Al, BN), 6u-
mapusix (Cu-Zn, Cu-Ni, Cu-Sn, Cu-Pb), nerupoan-
weix  (Cu-Zn-P, Cu-Zn-S, Cu-Ni-P, Cu-Ni-S,
Cu-Sn-P, Cu-Sn-S, Cu-Pb-P, Cu-Pb-S) u xommo3u-
muonHeix (Cu-Al,Oz, Cu-BN, Cu-MoS;, Cu-ZnO,)
[10-12].

JloGaBisisi HaHOJUCIIEPCHBIE TOPOIIKH B 3IEK-
TPOJMTHI U PACTBOPHI, MOTYUYaAIOT MOKPHITUS C HEOO-
XOJUMBIMU (PU3UKO-MEXAaHHUECKUMU CBOWCTBAMH, a
MMEHHO MOBBIIIEHUE UX MUKPOTBEPIOCTH, U3HOCO-
CTOWKOCTH, aHTH(PPUKIMOHHBIX XapPaKTEPUCTHK,
KOPPO3UOHHOM CTOHKOCTH U T.J.

B cBs3u ¢ atum Ha kadenpe «HamexHocTts u pe-
MOHT MamnH» Caparockoro I'AY um. H.W. Basu-
JIOBa IMPOBOJATCA HUCCIEIOBAHUS IO ONPEIACICHUIO

BIUSHYSI HAHOAMCIIEPCHBIX 4YacTHUIl Ha (DHU3HKO-
MEXaHUYECKUE CBOMCTBA U CTPYKTYpy HAHOKOMIIO-
3UIIMOHHBIX TOKPBITUM Ha OCHOBE XpOMa, TaK Kak
OHH SIBIIIIOTCS HAanOOJee MEePCIeKTHBHBIMH JJIST CO-
3aHUST TBEPIBIX, U3HOCOCTOWKUX, aHTH()PUKIINOH-
HBIX U KOPPO3UOHHOCTOMKUX TOKphITHH [1, 2,
5, 13].

METO/IMKA ITPOBEJIEHU A
OKCITEPUMEHTOB

[lpu BBIOOpEe MaTepuana HAHOAMCIIEPCHBIX dYa-
CTHI] pyKOBOJCTBOBAJIUCH OCHOBHBIMH COOOpaKeHH-
SIMH, YTO YaCTHIIBI JOJIKHBI:

e 00MamaTh TOCTaTOYHOW TBEPIOCTHIO LIS yBe-
JTUYCHUS] MUKPOTBEPIOCTU MOKPHITHUSA;

e 00J1a/1aTh BBICOKON XMMUYECKOU CTONKOCTBIO U
XOpOIIEH CMauYuBa€MOCTBIO B 3JICKTPOJIUTE;

e o0ccreynBaTh IOBBIIICHHYIO KOPPO3HOHHYIO
CTOMKOCTh M U3HOCOCTOMKOCTD MOKPBITHH.

B cootBercTBHM ¢ ATUMH TPEOOBAHHMSAMH IS
MOJIYYCHHS] HAHOKOMITO3UIIMOHHBIX MOKPBITUN ObLIa
oToOpaHa TpyMIa HAHOJUCIEPCHBIX MOPOIIKOB!
Al,Os, SiC, TiC, WC [1, 5].

Meroauka TpOBEAEHUS HCCIEIOBAHUN Mpeay-
cMaTpuBaia:

e ompenencHue HambOosee 3Q(ekTHBHON HaHO-
nucriepcHoit Gasbl (3)(GEKTHBHOCTD OICHUBATH IO
MHKPOTBEPIOCTH MOTYyYCHHBIX TTOKPBITHIA);

® IIPOBEJCHUE HCCIEIOBAHUI CTPYKTYPHI H CO-
CTaBa MOJIYICHHBIX TIOKPHITHH;

® [IPOBEJICHUE UCTIBITAHUI HA U3BHOCOCTOMKOCTh U
KOPPO3UOHHYIO CTOMKOCTh MOJIYYEHHBIX OKPBITHIA.

CxeMa TEXHOJOTHYECKOTO MpOolecca MOMyUYeHUS
HAaHOKOMIIO3UIIMOHHBIX TIOKPHITUH Ha OCHOBE XpoMa
MPAKTUYCCKA HE OTIIMYACTCS OT OOMICTIPHHSATOMN
CXEeMBbl IpolLecca XPOMHUPOBAaHUSA B CTaHAAPTHOM
AJNIEKTPOIIUTE U COCTOHUT U3 CIEAYIOIINX OCHOBHBIX
onepanuin:

® TIpeBapUTENbHOE 00€3KUPUBaHHE;

® IIPOMBIBKA B TOpsiUEH BOIE,;

® MOHTaX JeTalieil Ha MOJABECKE U M3OJIAIUS MO-
BEPXHOCTEH, HE TOJIJISIKAIINX XPOMUPOBAHUIO,

® 00e3KMpPUBAHNE XUMHUECKOE;

® JICKalliPOBAHHUE;

® XpOMUPOBAHHE;

® 00€3BO/IOPOKUBAHUE.

Bapbeupyst coctaBoM 3JEKTpOJIUTa XPOMHUPOBa-
HUS, KOHIIEHTpanrued KOMIOHEHTOB, a TaKKe M3Me-
HSIS PEKUMBI, MOXKHO TIOJYYHUTh HAHOKOMITO3UIIHOH-
HbIE TIOKPBITUSL HA OCHOBE XpOMa C CaMbIMU Pa3lidy-
HBIMH (PU3UKO-MEXaHUYECKUMH CBOWCTBAMH B COOT-
BETCTBHUH C TPeOOBAHUSIMHU IPON3BOJICTBA.

Jlist monmydeHrnss HaHOKOMITO3MIIMOHHBIX TOKPHI-
THUH Ha OCHOBE XpOoMa ObUT BHIOPaH YHUBEPCAILHBIN
anextponut xpomupoBanus (CrO; — 250 1/m,
H,SO4 — 2,5 /). Takoii 37eKTpOIUT MIUPOKO pac-
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MPOCTPaHEH B PEMOHTHOM IPOM3BOJICTBE, TaK Kak
MO3BOJISIET TMOJTyYaTh KA4eCTBCHHBIE XPOMOBBIC II0-
KPBITHS c BBICOKOM MHUKPOTBEPAOCTHIO
(800-1000 HV). Kpome TOTO, OH JaeT BO3MOKHOCTH
B IIMPOKOM JHana3oHe M3MEHSITh (HPU3NKO-MEXaHH-
YECKUE CBOWCTBA MOKPBITUN MPU U3MEHECHUM PEXKH-
MOB XPOMHPOBAHHS, YTO OYEHb BAXKHO JJISI HCCIie-
JIOBaHUSI M CO3/IaHHsI HOBBIX H3HOCOCTOMKHMX TIOKPHI-
tiid [1, 5]. PexxuMbl HaHECEHUsI TOKPBITHS: ILIOT-
HOCTb TOKa — 55 A/1M°, TeMIepaTypa 31eKTpoIHTa —
50°C, nepemenBaHue — €CTECTBEHHOE, OTHOILICHHE
IUIOIIAA aHOJa K Iuromand karoxa — 1,5:1, mare-
pHa MOJUIOKKH — CTallb YTIIEPOJIHCTASL.

[lonyyeHHOE MOKpHITHE B mpolecce padoThl ie-
Tald MOXXET MOJBEPraThCs BO3IEHCTBUIO TeMIiepa-
TYpBl, MEXaHUYECKUX HArpy30K, Harpy3ok oT co0-
CTBEHHBIX HANpPSUKEHWH M APYTHX BHEIIHUX W BHYT-
penHux cun. Hambonee HanpsHKEHHBIM MECTOM SIB-
JIIETCS. TPAHMIIA MEXKIY IOKPHITHEM W OCHOBHBIM
METalIoM. B CBSI3M € 3TUM MPOYHOCTH CLETUICHHS
MTOKPBITHSI C OCHOBHBIM METAJIJIOM — OJUH W3 BaXK-
HeHmux (HaKToOpOB, OMPEICIAIONIUX BO3MOKHOCTh
NMPUMEHEHHUsI TajJbBaHUYECKUX TMOKpHITUH. B kaue-
CTBE METOJa MCIBITAHUS MOKPHITHH HAa MPOYHOCTH
CIETIEHUs] ¢ OCHOBOW OBLT BBIOpaH METOH W3ruoda.
OH TO3BOJISIET OICHUTHh MPOYHOCTH CIICTIIICHUS I10-
KPBITHS C OCHOBHBIM METAJUIOM. MeTOJ| 3aKIto4aeT-
Cs B OCa)XJICHUW METajUla Ha IUIACTHHY TOJIUHON
2 MM U B ociieayomieM ee u3rude nox yriaom 90° B
00e CTOpPOHBI 10 M3JI0Ma MIACTUHBL. B MecTe u3noma
MOKPBITUE HE JIOJDKHO OTCIIAUBATHCS.

Kak u3BecTHO, PHU3MKO-MEXaHUYECKUE CBOWCTBA
MIOKPBITHIA SBJISIOTCS CIEACTBUEM (DOPMUPOBAHUS
OTIPENENICHHON  CTPYKTYPBl  DJIEKTPOJIUTUYCCKUX
ocakoB. Mopdosorus 1 XUMUYECKHIA IEMEHTHBIN
COCTaB TIOBEPXHOCTU TOJIYYCHHBIX TOKPBITUH HC-
CJICZIOBANTA C TOMOIIBI0 PACTPOBOTO DIIEKTPOHHOTO
mukpockormra MIRA 2 LMU mpousBoactBa (upMbl
Tescan (Yexwus), OCHAIIEHHOTO CHCTEMOMN 3HEPro-
mucriepcuonHoro Mukpoananusza INCA Energy 350.
JaHHBIN HcClieIoBaTeNbCKU KOMIUIEKC MpeHa3Ha-
YeH JUTS IOJTy4YeHUs] n300paxkeHus: MOp(HOJIOTHH T10-
BEPXHOCTH 00BEKTa C BBICOKUM MPOCTPAHCTBEHHBIM
paspelieHreM, a TakxKe HHPOPMAITUK 0 XUMHYCCKOM
JJIEMEHTHOM COCTaBE TOBEPXHOCTHBIX CJIOEB IIO-
KpBITHA. Pa3pemaromas cnocoOHOCTh MHKpPOCKOIA
nocturaet 1 HM, a YyBCTBUTEIBHOCTH JCTEKTOPA
INCA Energy — 133 5B/10 MM, 4To mO3BOISET
aHAITM3UPOBaTh XUMHUYECKUE DJIEMEHTHI OT Oepui-
aust 10 1rytoHus. Crocod® uccienoBaHus — dHEp-
rogucrepcuonnsiii (DJC). McceaemoBaHus IpoBO-
IWINCh B PEXKHME BBICOKOIO BaKyyma IMOpsIKa
107 Ia npu yckopsiromeM Hanpskernu 20 kB.

OfHUM U3 OCHOBHBIX CBOWCTB, XapaKTepU3YIO-
IIMX KayecTBO MaTepuaia jeraneii MarivH, pabora-
IOIUX B YCJIOBUSIX HMHTCHCHBHOTO HW3HAIIIMBAHUA,
SIBIISICTCS U3HOCOCTOMKOCTD. [Iporiecc M3HAIIMBAHUS

MaTepHajIoB 3aBUCUT OT MHOTHX (aKTOPOB U CBsI3aH
CO CJIOXHBIMU (U3NKO-MEXaHHYECKUMHU, CTPYKTYp-
HBIMH M XHMHYECKUMH HW3MEHEHUSIMH B TOBEpPX-
HOCTHBIX CIIOSIX, IPOUCXOISAIIMMHA TIpH TpeHuu. Mc-
MBITAHUS Ha U3HOCOCTOMKOCTD MOJTYYEHHBIX TOKPHI-
THA TpoBOMWIM Ha MammHe Tpermss MUW-1M mo
CXEeMe «pOoJIMK — Kosoaka». Koloaku u ponuku uz-
roraBnuBany w3 cramu 11IX15. TeepmocTs ponmka
cocramsuiia HRC 50-55. Ha kosnonaku HanocwId
HCClefyeMble MMOKPBITUS. VcTibITanus MpOBOAMIN B
JIByX cpelax. Ha YMCTOM JAW3EJIbHOM TOIUIMBE U Ha
IU3ETBHOM TOIUIMBE C J00aBIIEHMEM KBapIeBOTO
abpasuBa ¢ pa3MepaMy YacTHIl MEHee 5 MKM Mpu
KoHIeHTparuu 3% 1o mMacce. Peructpanuro MomeH-
Ta TPEHHs OCYIIECTBIIAIN CaMOIUIIYIIUM YCTpPOii-
CTBOM MamuHbl TpeHus. llepen mcmpiTaHWeM Tpo-
BOAMIN €€ TapupoBKYy. IIpoOMKHUTEIBHOCTh KaX-
JIOTO OTBITa — 6 4, YacTOTa BpAIlleHUs Bajla MAallTUHBI
tpenns — 300 mun, Harpyska Ha KooKy — 650 H.
[lepen mpoBeneHNeM HUCIBITAHUI 0Opa3Ibl AP Tpe-
HUS MpupabaThIBad B TeUEHHE 4 4 Ha pekKUMax Oc-
HOBHOTO HCITBITaHUs. VI3HOC 00pa3IoB onpeneisim
B3BEIIMBAHWEM Ha AaHAJIUTUYECKHUX BeCax MapKu
BJIA-200M ¢ TounocThIO M3Mepenns 1-10™r.

MHorue aeranu MamuH paboTalT B arpeccuB-
HBIX CpellaX ¥ MOJBEPraloTcsi KOPPO3NOHHOMY pas-
PYLICHUIO BCJIEJACTBHE XUMHYECKOTO U DIIEKTPOXH-
MHUYECKOTO B3aMMOJEWCTBUA C BHEIIHEN Cpenou
[13-15]. Tlom neiicTBHEM KOPPO3UH CHHIKAIOTCS
MPOYHOCTH M IUIACTHYHOCTH MOBEPXHOCTH METajIa,
YXyAMATCS (PUKIIMOHHBIE CBOWCTBA JeTajeil Ma-
muH. Ha ckopocTh KOppO3WH METaIOB 3HAYMTEINb-
HO BJIMSIOT BIQ)XXHOCTh BO3/AYyXa, COZEpkKAaHUE B HEM
3arpsi3HeHU (rasel, YaCTUYKH COJH U T.JI.) U BpeMs
npeObIBaHMs BJard Ha MOBEpXHOCTH MeTaiuia. Ilo-
9TOMY WCCJIEJIOBAaHUE BIMSHUS HAaHOANUCIEPCHBIX
YaCTHIl HA KOPPO3UOHHYIO CTOMKOCTH ITOTY9YaeMbIX
MOKPBITUN SIBISETCS BaXXHBIM BoIpocoM. HcmblTa-
HUs 00pa3loB C HUCCICAYEMbIMH IOKPBITUSIMHU Ha
KOPPO3HUOHHYIO CTOMKOCTh MPOBOIWIM TPH TOBBI-
LIEHHOW OTHOCHUTEIIBHOM BIAXKHOCTH W TEMIIEpATy-
pe. Ilpu npoBeieHHH UCTIBITAHUN AETaIu MpeBapu-
TETHHO B3BEIIMBAIM HA aHATUTHYECKUX Becax THUIIA
BJIA-200M u nmoMeniany B CIIEIUAEHYIO KaMepy, B
KOTOPOH CO3JaBaJIA COJIEBOM TyMaH IIyTEM pACIbI-
JICHUs pacTBOpa XJIOPUCTOTO HATpUs KOHLEHTpAIH-
eit 50 r/mm’. TemmepaTypa B Kamepe COCTaBiIsUIa
35°C. IIpomomxurtensHOCTh HcnbiTanuit 12 4. Kop-
PO3HOHHYIO CTOMKOCTH TOKPBITHIA OIICHUBAIH IIO
MoTepe Macchl 00pas3IoB IMOCIE yNAICHUS MPOAYK-
TOB Koppo3uu. [y 3TOoro o0pasusl mocie UCIbITa-
HUW ToMemianu B BaHHY ¢ 8% pactBopom NaOH, B
KOTOpPOW OHM Haxoawinch B TeueHue 30 MUH mpu
temneparype 20°C.

PE3VJIbTATHI OKCIITEPUMEHTOB

Ha mepBom srare mccienoBaHuii Oblia ornpee-
JieHa Haubosee 3¢ GeKTUBHAS yHpouHstomas (haza —
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HaHoaucnepcHeii mopomiok Al,O; W ero KoHIeH-
Tpalus B 3JIEKTPOJIUTE XPOMUPOBAHMS. Pe3ynbrarsl
WU3MEPEHHST MHUKPOTBEPAOCTH IMOJYYCHHBIX TOKPHI-
THH MpeACTaBICHbBI B TA0IHUIIE.

PesynbTaTsl U3MEpEeHUs MUKPOTBEPJOCTH
XPOMOBBIX IIOKPBITHH

Marepuan CpenHee 3HaUCHHE
HaHOMCIIEPCHBIX YaCTHUI] MuKpoTtBepaoctu, HV
- 1064
Al,O; 1386
SiC 1311
TiC 1360
wcC 1286

[ToBbIlICHHE MHKPOTBEPJOCTH TOKPHITHS TIPU
COOCQXJEHUH €r0 C HAHOJUCIEPCHBIM IOPOIIKOM
MPOUCXOANT BCJIEICTBHE CO3MAHHSI YacCTHIIAMU
0oJiee KECTKUX YCIOBHH 3JCKTPOKPHUCTALTU3AIUN
MeTallyla ¥ HapyIIeHUS TeM CaMbIM KpHCTalIn4e-
CKOM CTPYKTYpHI ¢ oOpasoBaHueM ne(ekToB (muc-
JIOKAITHii) B KPUCTAJUTHUECKON PEIIeTKE.

Bricokast MUKPOTBEPIOCTh MOKPBITHH, MOIYYEH-
HBIX TIpH coocaxaeHnn ¢ dacturamu Al,Oz, oObsc-
HSETCS HE TOJBKO BBICOKOM TBepA0CcThIO Al,O3, HO 1
teM, uto Al,O3; B oTarune ot 6OpHIOB, KapOHIOB H
HUTPUJOB OoJiee YCTOWYHMB K arpecCUBHBIM CpelaM
u tepmocroek. Kpome toro, Al,Os; mpu 0OBIUHBIX
YCIIOBUSIX HE pa3jiaracTcs ¥ HE MNPEBpaliacTcs B
Ipyrue coequHeHus. J[aHHBIA MMOPOIIOK MO CpaBHE-
HUIO C OCTAJIBHBIMH WMEET TOBBIMICHHBIH TEPHOT
WHIYKIMH, YTO YKa3bIBaCT HA BPEMs, B TCUCHUE KO-
TOPOTO EKTPOIUT-CYCIIEH3UsT HEUTPAITHU3YETCS WIN
paspymaercs [5, 7].

Jliig nmonydenus MakcuMmaiabHOro 3ddexra ot wuc-
MOJIL30BaHUs YaCTUIl HAHOJAUCIICPCHOW (ha3bl HaHe-
CeHHE TOKPBITHS HEOOXOMUMO TMPOBOAUTH TIpH
ONTHMAJTBHBIX PEXUMax, 00ecreunBalonX 3aJaH-
Hble (DU3MKO-MEXaHUYECKHE CBOWMCTBAa MOKPBITHSL.
OmnpeneneHue ONTHMAaJIbHBIX YCIOBHI HaHECEHUS
MTOKPBITHA W KOHIIEHTPAIIUN YaCTHUI] HAHOAMCIIEPC-
HOU (ha3bl B 3JCKTPOJIUTE CBA3AHO C OIMPECICHHBI-
MU TPYJIHOCTSMHU H3-32 CJIIOXKHOTO XapaKTepa B3au-
MOCBSI3U MEX]Iy OCHOBHBIMH pEXHMaMU HaHECEHUs
MTOKPBITHSI W KAa4eCTBOM IIOJIy9€HHOTO TOKPBITHA,
YTO U TpeOyeT MPOBEJICHUS 3HAYUTEIHLHOTO KOJINYe-
CTBa DKCIEPUMEHTOB. [[)1si CHIDKEHUS 3aTpar BpeMe-
HA W MaTepualbHBIX CPEACTB Ha BBHINIOJHEHHE
HCCIICIOBAHUN TPUMEHUIIH METO]l MAaTeMaTUIECKOrO
IUIAHUPOBAHUS JKCIIEpUMEHTa. B kadecTtBe mapa-
MeTpa ONTUMHU3AIUN OblIa TPUHITA MHUKPOTBEp-
JIOCTh TOJIYYEHHBIX MOKPBITHHA, TaK KaK OHA B 3Ha-
YUTEIBHOW MeEpe OIpeNeisieT CONPOTHBIICHUE IIO-
KpBITUS H3HOCY. B KadecTBe (hakTOpOB, OKa3bIBAFO-
X HanOOJIbIIIee BIMSHUE HA IMapamMeTp ONTHMH3a-
LMK, ObUIM BBIOPAHBI: TEMIIEpaTypa 3JICKTPOJIHUTA,
IDIOTHOCTh TOKA W KOHIEHTPAIUSl HAHOIUCTIEPCHOU
(hazer B anmekTponure. B pesympraTe MpoBEIEHHBIX

SKCMEPUMEHTOB OBIIM OIpPEIeNeHbl ONTHMAalbHbIC
PEXKMMBI HaHCCCHUA HOKpLITI/Iﬁ U KOHUCHTpalusd
HaHOAWCHEPCHON (a3bl B 3IEKTPONUTE, KOTOPHIE
MO3BOJIMIIA JTOCTUYh MHUKPOTBEPJOCTH TOKPBITHI —
1400 HV.

B pesynbraTe nmpoBenieHUs MCIBITAHUN Ha MPOY-
HOCTB CIEIUICHUS MTOKPBITHI C OCHOBHBIM METAIIIOM
METOJOM H3THba IIOCKOTO 00pa3Iia MOoJydeHHI clie-
QYOI Pe3yJIbTaThl, IPe/ICTaBICHHbBIC Ha pHC. 2.

Ha mpencraBienHbIx ¢ororpadusx BUIHO, YTO
MOKPBITHE XpoMa 0e3 HaHOAWCIEPCHBIX YacTHI[ B
MeCTe H3JIoOMa PacTPecKHUBaeTcs ¢ 0Opa3oBaHHEM
INIMPOKUX TPEIIUH U OTCIAWBAETCS OT OCHOBHOT'O
MeTaiuia. HaHOKOMIO3WIIMOHHOE TOKPBITHE XpoMa
TaKkXXe PacTPEeCKUBAETCs, HO C 00Opa3oBaHHEM Mell-
KOH CETKH TPEIIMH OTCIOCHUS METaJljia TOKPBITUS
OT OCHOBHOT'O METajyla B MECTe W3JI0Ma HE IPOWC-
XoIuT. B pesympTare 3TOro MOXKHO CHENATh BBIBO,
YTO MPOYHOCTH CHCIICHUSA HAHOKOMITO3UIITMOHHOTO
MOKPBITHSI C OCHOBHBIM METAJJIOM IPEBBIIIAET
MPOYHOCTH CIIOS XpoMa Ha pa3pbIB. Menkas ceTka
TPEeUIMH B MECTE H3JIOMa HaHOKOMIIO3UIIMOHHOTO
MOKPBITHS CBUACTEIBCTBYET O CHWKCHHUU BHYTPCH-
HUX HAINPsHKEHUH B TMIOKPBITHH XPOMa IIPH BBEACHUU
B HETO HAHOJMCIIEPCHBIX YaCTHII.

Ha puc. 3 npexacraBiens! ¢oTtorpadunu moBepx-
HOCTEH CcTaHAapTHOro (06a30BOro) M HAHOKOMITO3H-
LIMOHHOTO TOKPBITUH Xpoma. BuaHo, 4To HaHOAMC-
TMEPCHBIC YaCTUILIbl PaCHpCAC/IAIOTCA B IOKPBITHUU
JIOCTATOYHO PAaBHOMEPHO, pean3alus BHYTPEHHUX
HaNpsOKEHUH MPOUCXOANT MEXAY OIM3IeKalnMu
BKJIIOUCHHUAMH, HAHOKOMIIO3UIIMOHHOEC IIOKPBLITHE
nMmeet 0oJiee MENKYIO CETKY TPELIUH U OoJee MIoT-
HYIO CTPYKTYDY.

JIns BBISBIIEHUSI BEIIECTB, M3 KOTOPBIX COCTOSAT
WCCIIelyeMble TIOKPBITHS, OBIIN TPOBEICHBI HCITBI-
TaHHA 110 ONPENIEICHUI0 XHMUYECKOTO 3JIEMEHTHOTO
cocraBa. Ha puc. 4 npezcrapieHbl TuarpaMmmbl KO-
JIMYECTBEHHOT'O 3JIEMEHTHOTO COCTaBa HaHOKOMIIO-
3UIIMOHHOTO U cTaHaapTHOTrO (6a30BOT0) MOKPBITHIA
xpoma. BuaHO paznuune Mexay XUMHYECKUMHU CO-
cTaBaMu TOKpHITHI. B cocrase crammapraoro (6a-
3OBOFO) MOKPBITHUA XpOMa OCHOBHBIMHU 3JIEMCHTAMHU
SIBIISIFOTCS. XPOM, KaJbIIMid, YIJIepoJ U Kuciopon. B
HAaHOKOMITO3UITHOHHOM TIOKPHITUH KPOME OCHOBHBIX
3JIEMEHTOB MPHUCYTCTBYET JIIOMUHMM, KOTOPBIA SB-
JIA€TCd OCHOBHBIM 3JJICMCHTOM B MPUMCHACMOM
HaHOAWCIIEPCHOM MOpPOIIKe. YTJIepoJ, KaIbLUH H
KHCJIOPO/I, BBISIBIICHHBIE B XOJI€ MPOBEIEHHUS HCCIie-
JIoBaHUW Ha 000X 00pa3iax, BXOIAT B COCTaB ecTe-
CTBEHHBIX 3arps3HeHuit. OHU MOTYT OBITh OOHapy-
KEHBI TIPU JIIOOBIX HCCIICAOBAHUSIX METOJOM 3JICK-
TpOHHOI MUKpockonuu. CoenuHEHUs 3TUX DIIEMEH-
TOB B BHJIE 3aIPS3HCHUN MOTYT HPUCYTCTBOBATh KaK
Ha TOBEPXHOCTH CaMHUX 0O0pasloB, TaK U BHYTPHU
CKaHWUPYIOMIETO AJIEKTPOHHOTO MHUKpockoma. Komm-
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(a) (6)
Puc. 2. TIoBepXHOCTH XpOMa MOCJIE€ UCTIBITAHKS Ha MPOYHOCTH cueruienus (x80): (a) — rampBaHHYECKOE TIOKPHITHE XpOoMa 0e3 HaHO-
JMCTIEPCHBIX YacTull; (6) — HAHOKOMITO3UIIMOHHOE MOKPHITHE HA OCHOBE XpOMa.

200 pm

(©6)
Puc. 3. Mopdosorust moBepxHocTH Xpoma BO BTopuuHbIX (SE) (cieBa) u obparHo orpaxenHbix (BSE) (cmpaBa) snmektponax:
(a) — cranpaprHoe (6a3oBoe) NOKphITHE XpoMa; (0) — HAHOKOMIIO3UIIMOHHOE HOKpbITHE XpoMa. JIjist u3obpakenuii B SE n BSE: yse-
nyenue 1000 kpar, Bunumoe mnone 330,7 MM, yckopsioiee Hanpspkenne 20 kB.

- Cr96.68 ,-C1-95.54

C-1,14
0-1,32
Ca-0.86

c-0,92_// CAL1,12
0-1,78

Ca-0,64 =Cr= AluCam OnC

CamO mC
(a) (©)

Puc. 4. TIporieHTHOE COOTHOLICHHE XUMHYECKHX 3JIEMEHTOB B CTaHIAPTHOM (6a30BOM) (a) M HAHOKOMITO3HIIHOHHOM (0) MOKPBITHSIX.

m(Cro

YCCTBO O6H3.py>KCHHI:IX OJICMCHTOB 3aBHCHUT OT CTC- HpI/I HUCIIBITAHUKW Ha YHUCTOM JU3CIbHOM TOIIIMBEC

MIEHH 3arpsi3HeHus oOpasua u anmapatypsl. U3 BbI-
LIEU3JI0KEHHOTO MOXKHO CJHIENaTh BBIBOJ O TOM, YTO
HAHOJWCIEPCHBIE YaCTHIBl OKCHAA AJTIOMHUHHSA
BHEJIPSIFOTCS B OCAXKTaeMOe IMIOKPBITHE XpoMa.

B mponecce npoBeneHus TpUOOIOTHYECKUX HC-
CIIEIOBAaHUN MOJYYEHBl CIEOYIOLINE PE3yJIbTaThl.

MUHHMAJIbHBIC 3HAYCHHUS MOMCHTA TPCHHUSI COCTABH-
JI: HAHOKOMITO3UIIMOHHOTO TOKPBITHS M, =
= 4,5 H-M, ranpBaHUYECKOrO MOKPHITUS 03 HaHO-
JUCTIePCHBIX YacTul — M., = 7,3 H-m (puc. 5). IIpu
WCTIBITAHUM HA 3arPS3HEHHOM JU3EIbHOM TOILIHBE
MUHHUMAaJIbHbIE 3HAYEHHUS MOMEHTAa TPEHHUS. HaHO-
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MowmenT Tpenus, H-m

3 y 1 L L L L
0 1 2 3 4 5 6

Bpewms, u

Puc. 5. V3menenne MOMEHTa TPEHHS B MPOLECCE HCIBITAHHIMA:
1 — crangaprtHOe (0230BOE) MOKPHITHE, UCIIBITAHHOE HA YHCTOM
IU3e]IbHOM TOIUIMBE;, 2 — cTaHaapTHoe (0a30BOE) MOKPHITHE,
UCHBITAaHHOE HA 3arpsI3HEHHOM JIM3ebHOM TOIUTHBE; 3 — HAHO-
KOMIIO3UIIMOHHOE MTOKPBITHE, HCIBITAHHOE HA YUCTOM JIU3ElIb-
HOM TOIUIMBE; 4 — HAHOKOMIIO3UIIMOHHOE TTOKPBITHE, UCIIBITAH-
HOC Ha 3arpsI3HEHHOM [IM3eJIbHOM TOILIUBE.

KOMITO3HITMOHHOTO TTOKPBITHS M, = 51 Hwm,
raJlbBaHUYECKOTO TIOKPHITUS 0€3 HAHOAUCIEPCHBIX
vyactul — My, = 7,5 H-M. Cpennss BeauynHa U3HOCA
00pas3IoB ¢ HAHOKOMITO3UITHOHHBIM ITOKPBITHEM TIPU
HWCOBITAHMM HA YHCTOM JM3€JbHOM TOILIMBE B
2,0 pa3a, a Ha 3arpsA3HEHHOM JHM3CJILHOM TOILIUBE B
2,2 pa3a MEHbIIIe, YeM U3HOC 00pa3IOB C rajbBaHU-
YECKUM TOKPHITHEM O3 HaHOMCIIEPCHBIX YaCTHUIL
(puc. 6).

Bonee BEICOKAas H3HOCOCTOHMKOCTH HAHOKOMIIO-
3UIIMOHHOTO ITOKPHITHS Ha OCHOBE XpOMa OOBSICHS-
€TCA BBICOKONM MUKPOTBEPAOCTBIO TAaKUX MOKPBITHIA,
a TaKkKe 0COOCHHOCTAMHU CTPYKTYphl. K ocobeHHO-
CTSM CTPYKTYphl MOYHO OTHECTH 00Jiee MEIKYIO
CETKy MHKpPOTPEIIHH B TOKPBITHH, KOTOpas, IIO-
BUJIMMOMY, CIIOCOOCTBYET TOMY, YTO HE MIPOUCXOIUT
CKaJbIBAaHUS TOKPBITHS B PE3yJIbTATe B3aMMOJICH-
CTBUS ¢ aOpa3uBHBIMU YaCTHIIAMU. TakuM 00pazoMm,
MOKHO CJ€JaTh BBLIBOJ, YTO HAHOKOMIIO3UIIMOHHOE
MOKPBITHE HAa OCHOBE XpoMa I10 CPAaBHEHHIO C ralib-
BaHUYECKHM XPOMOM 0€3 HaHOJUCTIEPCHBIX YaCTHUIL
o0azaeT MOBBIIIEHHON M3HOCOCTOMKOCTBIO 3a CUET
6osiee BBHICOKOW MHUKPOTBEPAOCTH M 0oJiee MENKOH
CETKH TPEIUH B MOKPBITUH.

B pesynbpTare mpoBeICHHBIX HCIIBITAHUN HA KOP-
PO3UOHHYIO CTOWKOCTh OBLJIO YCTAaHOBJCHO, YTO
YMEHBIIIEHUE MAacChl O00pa3loB C HAHOKOMITO3UIIH-
OHHBIM  TIOKPBHITHEM B  CPEIHEM  COCTaBHIIO
0,32 r/M*u, a y 00pasloB, MOKPHITEIX XpoMoM 0e3
HaHOJUCIIEPCHBIX yacTuil, B cpeanem 0,58 r/MZ-tI,
4T0 B 1,8 pa3a meHsbIe.

BBIBO/IbI

BrlensnoxxeHHOe CBUIETENBCTBYET O TOM, YTO
npuMeHeHue HanomucnepcHelx 4actui Al,O; mpu
MOJTyYEeHUH HAHOKOMITO3UIIMOHHBIX IOKPBITHH Ha
OCHOBE XpOMa TO3BOJISIET YIYYIIUTh OCHOBHBIE

3
25 -
2 — —
=
=
g 15 -
=
l — -
0,5 - -
; a 0 0
0 a (
1 2 3 4

Puc. 6. M3HoC 00pa3uoB B mporecce HCIbITAaHUS Ha M3HOCO-
CTOWKOCTH C HCTIOJIB30BAHMEM YHCTOTO (a) U 3arps3HeHHOro (6)
IU3eNbHOTO TommBa: 1, 3 — oOpaslbl ¢ HAaHECCHHBIM HaHO-
KOMITO3UIIMOHHBIM TOKPBITHEM; 2, 4 — 00pa3lbl co cTaHIapT-
HbIM (06a30BBIM) HOKPBITHEM.

(1)I/I3I/IKO-MGX21HI/IT-ICCKI/IG CBOMCTBA MMoJIy4acMbIX I10-
KPBITUI (MHKPOTBEPAOCTB, M3HOCOCTOMKOCTB, KOP-
PO3HOHHYIO CTOMKOCTB). OONacCTh MPHUMEHEHHS Ta-
KHX MOKPBITUH JOCTaTOYHO pazHooOpasHa. OHU sB-
JSIFOTCS NEPCHEKTUBHBIMU HE TOJIBKO VIS yNPOYHE-
HUSI W BOCCTAHOBJICHHUA OTBCTCTBCHHBIX JleTaHefI
MallliH, PabOTaOIMX B YCIOBUSAX HHTEHCHBHOT'O
W3HAIIMBAaHUSA, HO M AJS HOBBIILIECHUS >KapOCTOWKO-
CTH JAeTalieH, 3alUThl OT KOPPO3UH B aTMOC(HEPHBIX
YCIIOBUSIX M arpeCCUBHBIX CPEAax, IOBBILICHUS CPO-
Ka CITy>KOBI MEPUTEIBHOTO U PEXYILEro HHCTPYMEH-
Ta, LITAMIOB, Ipecc-POopM U T.A.
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Summary

The results are presented related to the research into
the structure, chemical composition, and the basic service
properties of nanocomposite galvanic coatings of
chromium. The nanodispersed phase allowing to increase
microhardness, wear resistance, and corrosion resistance
of the formed coatings is determined. The percentage of
the basic chemical elements of nanocomposite galvanic
coatings based on chromium is established.

Keywords: nanocomposite coating, electroplating,
nanodispersed materials, microhardness, wear resistance,
corrosion resistance.



16

Synthesis and Characterization of Ni-P Coated Hexagonal

Boron Nitride by Electroless Nickel Deposition
K. A. Bello®", M. A. Maleque?, Z. Ahmad®

4Department of Manufacturing and Materials Engineering,
International Islamic University Malaysia
P.O. Box10, 50728, Kuala Lumpur Malaysia
®Department of Metallurgical and Materials Engineering,
Ahmadu Bello University Zaria, Nigeria
“e-mail: bellkamm@gmail.com

Electroless plating has been receiving a steady progress over the last decade on the modification of the
surface properties of ceramic materials in order to produce composite coatings with unique characte-
ristics for critical tribological systems. In this work, an electroless nickel deposition process was used
to deposit nickel-phosphorous (Ni-P) coating on hexagonal boron nitride (h-BN) particles via hypo-
phosphite-reduced acid bath solution. The substrate particles were initially subjected to series of pre-
treatment operation in order to ensure that the particles are cleaned and catalytically active prior to
electroless plating. The characterization of the as-received and Ni-coated powder was studied through
scanning electron microscopy (SEM), energy dispersive x-ray (EDX) spectroscopy and field emission
scanning electron microscopy (FESEM). The result reveals that the pretreatment of h-BN powder pro-
vides substrate particle surfaces with coarse and roughened structures which are normally considered
suitable for Ni-P deposition. Moreover, the result of the EDX analysis confirms the existence of
nucleating agents and Ni-P coating on the surface of the treated h-BN powder. The cross-sectional
microstructure of the coated powder shows that the h-BN particles were embedded in a continuous
matrix layer of Ni-P deposit. The EDX mapping profiles further indicate that the deposited Ni-P alloy
mass was uniformly distributed on the surface of the Ni-P codeposited h-BN particles (Ni-P-h-BN).
The successful development of Ni coated h-BN powder will raise the potential of h-BN as a high-

performance coating material.

Keywords: electroless deposition, h-BN particles, etching, Ni-P layer, surface modification.
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1. INTRODUCTION

Electroless nickel (Ni-P) plating process is gain-
ing wide acceptance in tribology community as a
surface treatment offering the possibility to produce
a wide range of metal-coated engineering compo-
nents [1, 2]. The potential of this technique has to be
related to its unique quality of combining hardness
and corrosion properties as well as capability to
generate uniformly distributed deposit, regardless of
geometrics, on various metallic and non-metallic
surfaces as demonstrated in pure metals and alloys
[2-3], plastics [4], ceramics [5-7], fibers [8] and
powders [9-13]. The electroless nickel plating pro-
cess basically involves the chemical reduction of
aqueous nickel cation on a catalyzed substrate sur-
face in the presence of a reducing agent [14]. On
comparing with the conventional electroplating
technique, the electroless plating process offers im-
pressive advantages in terms of lower processing
cost since no electricity is involved and the possibil-
ity of obtaining varying deposits with excellent
properties by easy adjustment of the pH, the temper-
atures and the compositions of an electroless bath
[2]. This breakthrough is probably accounted for the
growing importance of electroless plating among the

electrodeposition methods for the generation of
newer electroless composite coating having out-
standing attributes for critical tribological and
mechanical applications [14-15].

Over the years, a wide variety of micro and nano
hard particles (TiC, WC, SiC, SizN,, TiO; etc.) have
been successfully codeposited via the electroless
nickel deposition process to achieve a superior wear-
resistance [16—20]. Besides, some electroless code-
posits containing soft lubricating particles such as
polytetrafluoroethylene  [19-22],  molybdenum
disulphide [5], tungsten disulphide [23-24], carbon
nanotubes [6, 25] and graphite [9, 25] have been
developed to obtain self-lubricating electroless com-
posite coatings. Since most of these solid lubricant
coatings are normally employed for high tempera-
ture lubrication, the survey of the available reports
showed that the tribological performance of these
coatings are limited within the temperature range of
350°C to 500°C. A further increase in wear tempera-
ture will result to unsatisfactory wear performance
characteristics [2, 10, 14].

Hexagonal boron nitride (h-BN) is another im-
portant solid lubricant which has been proven to of-
fer high thermal stability and chemical inertness
combined with an excellent lubricating property.

© Bello K.A., Maleque M.A., Ahmad Z., DnekrpoHnas o6paboTtka Marepuainos, 2015, 51(6), 16-22.
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The h-BN lubricant is therefore a promising alterna-
tive candidate material for solid lubrication that
involves high temperature, a vacuum environment
and where it is difficult to use liquid lubricants and
other traditional solid lubricants [26]. However,
reports of relevant studies have shown that h-BN has
been relatively the least explored in tribology for
developing surface tailored composite coatings
owing to the accounts of its poor wettability with
metal/ceramic matrix as well as its inadequate ther-
mo-oxidative performance [27-28]. Moreover, h-BN
coatings have been demonstrated to exhibits poor
frictional control at operating temperature below
400°C which restricts their proposed application to
high-temperature lubrication [27]. Recent research
made by Liu et al [4], indicated that incorporation of
h-BN lubricant particles within matrix layer of
active metal such as nickel could be explored to
improve the wettability performance of h-BN. Based
on this perspective, it is of interest to improve the
physical and chemical behavior of h-BN via electro-
less nickel plating with a view to expanding its per-
formance window for the development of an effi-
cient tribo-composite coating system. Although a
study by Du et al [26] related the use of Ni-coated
h-BN for laser treated composite coating, a detail
insights on the electroless deposition of nickel
deposit on h-BN particles has remained a subject of
vast interest.

In the present work, therefore, electroless plating
technique has been explored to co-deposit h-BN par-
ticles with Ni-P coating. The deposition routes for
the pretreatment of h-BN particles and electroless
nickel deposition were reported in detail. Besides,
the surface morphologies and composition of the
Ni-P coated h-BN powder were investigated. It is
believed that this nickel plating has the potential to
improve the wettability of h-BN particles with
metallic and ceramic matrices.

2. EXPERIMENTAL
2.1. Surface preparation of h-BN powder

The hexagonal boron nitride particles (98% puri-
ty, 5 um) considered for electroless plating in this
investigation were supplied by MK Impex Corpora-
tion, Canada. Table 1 provides the details of the
properties of the h-BN lubricant particles. Since
h-BN particles are non-conductive and lack catalytic
surface, the as-received h-BN powder had to be acti-
vated through a series of pretreatment operation
which includes cleaning, chemical etching, sensitiza-
tion and activation. This step-by-step treatment was
performed to make the surface of the powder clean
and active before the electroless Ni-P deposition
[10]. In this work, the pure h-BN powder was first
ultrasonically soak-cleaned with detergents and fil-

tered using a microfilter paper. The powder retained
on the paper was thoroughly washed with distilled
water to achieve a pH of 7.0, rinsed in ethanol and
then dried in an oven at a temperature of 60°C for 2
hours. This surface cleaning step was considered in
order to remove the dust and any oxide films present
on the surface of the particles. Etching treatment was
subsequently conducted by dispersing the cleaned
powder in a strong oxidizing acid solution contain-
ing 40 ml/L hydrofluoric acid (HF), 80 ml/L nitric
acid (HNOg), 2 g/L ammonium fluoride (NH4F) and
distilled water. The operation was carried out under
an ultrasonic wave stirring for 15 min at 40°C in
order to produce particles with micro-roughened
surfaces. The roughened h-BN particles were then
rinsed with distilled water, which was then followed
by filtering and drying in an oven at a temperature of
60°C for 2 hours. Finally, a two-step sensitization
and activation processes was carried out at room
temperature in order to render the lubricant particle
surfaces catalytically active for the electroless nickel
deposition. The chemically etched samples were
then sensitized in an acid stannous chloride solution
(2 g/L of SnCl,, 40 ml/L of 3M HCI) followed by
distilled water rinse. Duration of 15 minutes was
adopted for the sensitization process. Afterwards,
the sensitized h-BN particles were ultrasonically
treated with palladium chloride solution (0.2 g/L
PdCl,, 40 ml/L of 3M HCI) for activating their sur-
face up to duration of 15 minutes. The palladium
activated h-BN particles were then filtered, rinsed
with distilled water several times and allowed to dry
in an oven at 60°C for 2 hours. The basic stages for
the pretreatment of the h-BN powder are summa-
rized as shown in Figure 1.

Table 1.Details of h-BN lubricant particles

Properties Details
Colour White
Chemical formula BN
Crystal structure Hexagonal
Density 2.3
Coefficient 0.15-0.7

of friction (CoF)
Temperature stability

1000°C (air), 1400°C
(Vacuum)
0.08 cal/cm.sec.k

Thermal conductivity

Cleaning

Aetiyation
| sielvalion

Detercent/ Immerse in Immerse in
T8 SnCl/HCI PdCI/HCI
acid wash . .
solution solution
Distilled Distilled Distilled
water rinse water rinse water rinse

Fig. 1. Typical steps during pretreatment of h-BN powder.
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2.2.Electroless plating of h-BN patrticles

After the pretreatment operations, palladium-
activated h-BN particles were introduced into an
acid electroless plating bath. The schematic repre-
sentation of the electroless coating bath system is
shown in Figure 2. The plating solution contains
sodium hypophosphite as the reducing agent and
nickel sulphate as the source of nickel ions. A com-
bination of sodium citrate and glycine was added as
complex agents in order to avoid spontaneous a
decomposition of the bath by exerting buffering
action and retarding the precipitation of nickel phos-
phites. Furthermore, drops of a cationic surfactant in
the form of Cetyl-Trimethyl Ammonium Bromide
(CTAB) were added to the bath solution in order to
ensure a uniform dispersion of the suspended parti-
cles. The plating process was performed for the
period of 3 hours and intermittently, it was agitated
in the present magnetic stirring. During the deposi-
tion process, the bath solution was continuously
monitored and kept at the temperature and pH of 85
(£ 2°C) and 4.6 (+ 0.1) by means of a Solotone pH
meter and a thermometer. The low pH was realized
through the addition of an aqueous solution of 1M
H,SO,. After plating, the electroless h-BN coated
powders were filtered, thoroughly, cleaned with dis-
tilled water and dried at a temperature of 60°C for 2
hours. All the chemicals used in this experiment
were analytical of a reagent (A.R) grade. The details
of the compositions and operating parameters used
for the preparation of the N-P/h-BN codeposited
powder are given in Table 2.

— —

Thermometer

Electroless bath
containing h-BN
powder

Magnetic stirrer

Digital hotplate

Fig. 2. Schematic representation of the electroless deposition
bath.

2.3. Particles characterization

The surface morphologies of the as-received and
the electroless coated powders were observed using
a JEOL-JSM-5410 scanning electron microscope
(SEM). The same equipment was also used to study
the cross-sectional microstructures of the coated par-
ticles. The samples for the cross-section studies were
sprayed on the epoxy, polished and gold sputtered to
reveal the network of the Ni-P around the h-BN par-
ticles. The energy dispersive X-ray (EDX) spectros-

copy was used to analyze the chemical compositions
of the powders. The elemental mapping analysis of
the Ni-P coated h-BN sample was observed by an
EDX attached to a field emission scanning electron
microscope (FESEM).

3.RESULTS AND DISCUSSION

3.1. As-received and pretreated
particles characterization

The surface morphology of the as-received h-BN
powder examined by scanning electron microscopy
is shown in Figure 3a. As can be observed from the
micrograph (Fig. 3a), the as-received h-BN powder
presents a smooth and near-spherical shaped parti-
cles. Figure 3b shows the SEM image of the pure
h-BN after the cleaning treatment. It is evidenced
from the SEM image that all the attached debris
(such as dust, oil, oxide layer) has been removed
when compared to the original powder. This feature
was considered beneficial for the successful surface
activation and plating processes which largely
depends on the removal of all such defects from the
substrate surface to ensure plated layer are absorbed
into the surface of the substrate and not to the
attached contaminations [13]. Figure 3c shows a
typical energy dispersive X-ray (EDX) pattern of the
untreated h-BN powder. The result of the EDX spec-
trum confirmed that the substrate particles mainly
compose of boron and nitrogen, an indication that
the ceramic particles used in this work are boron
nitride.

The results of the h-BN powder after the micro-
etching and activation treatments are presented in
Figure 4. It was found that the morphology of the
h-BN particles was changed from a spherical-like to
irregular sheets after these treatments. The purpose
of pretreatment operations was to achieve a lubricant
powder surface with an increased surface area, plus
good catalytic behavior. As evident from the micro-
graphs in Fig. 4a, the surface of the pretreated pow-
der became roughened through the creation of
desirable pits which by this means exposed their sur-
face area for more catalytic activities. Some
researchers have observed that the presence of these
large roughened surface areas on the pretreated
powder would promote the adsorption process of the
nucleating agents to the substrate as well as the con-
tinuous growth of the Ni-P layer on the substrate
particles during the electroless plating process
[12-13]. An EDX analysis of the tin and palladium
treated h-BN samples were given in Fig. 4b,c
respectively. The results revealed that the major
components in the treated layers are tin and palladi-
um and had no impurities. These finding clearly
demonstrate that the cleaning and chemical etching
stages were successful in allowing the surface
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Table 2. Compositions and operating parameters of electroless Ni-P deposition bath

No Bath Constituents Components Quantity (g/ltr)

1 Nickel sulphate, hexahydrate, NiSO,-6H,0 Nickel ions source 30

2 Sodium hypophosphite, monohydrate, Na,H,PO,-H,0 Reducing agent 20

3 Tri-sodium citrate, hexahydrate, NasC4HgO4-6H,0 Complexing agent 50

4 | Ammonium sulphate (NH,SO,) pH regulator 20

5 Glycin,CsHsNazO; Complexing agent 10

6 Lead nitrate, PbNO; Stabilizer 0.02

7 | Cetyl-trimethyl ammonium bromide, CTAB Surfactant 0.3

8 | Pretreated hBN powder content Substrate powder 5
Operating conditions

9 |pH 46+0.1

10 | Temperature (°C)

11 | Magnetic agitation rate (rpm)

12 | Duration (h)

£» ¢

&

.g =% um

a7

e

LY

(©

Fig. 3. Scanning electron micrographs of: (a) as-received h-BN powder before ultrasonic-assisted cleaning; (b) as-received h-BN
powder after ultrasonic-assisted cleaning and (c) EDX of as-received h-BN powder.

(b)

(©

Fig. 4. Scanning electron images of: (a) as-pretreated h-BN sample; (b) EDX spectrum result of h-BN sample after sensitization

treatment and (c) EDX spectrum result of h-BN sample after activation treatment.
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Fig. 5. Surface morphologies of h-BN particles after electroless nickel plating: (a) SEM micrograph of Ni-P deposited h-BN parti-
cles; (b) SEM cross-section micrograph of Ni-P coated h-BN particles and (c) High magnification of the marked region in (b).

adsorption of these nucleating agents on top of the
substrate surface. The colour of the substrate powder
changed from white to a brownish colour after the
pretreatment process.

3.2. Characterization of Ni-P coated h-BN particles

Figure 5 shows the SEM morphologies of the
h-BN lubricant particles after an electroless Ni-P
plating process. The appearance of the electroless
Ni-P coated particles in Fig. 5a reveals a uniform
distribution of the Ni-P deposits around the surface
of the h-BN particles indicating one of the best fea-
tures of electroless nickel plating. The area marked
with the arrow pointers in the micrograph (Fig. 5a)
indicates there were traces of some Ni and P parti-
cles freely formed on the surface of the coated parti-
cles. A similar result has been observed by Luo et al.
[13] in their electroless plating of CrsC, powders.
During the electroless deposition, a very vigorous
reaction was found to have occurred at the initial
stage of the plating reaction in the electroless bath.
This observation might be attributed to the evolution
of hydrogen gas which resulted from the catalytic
dehydrogenation of the hypophosphite reducing
agent during the electroless reduction of Ni** species
(from NiSO,4). The summaryof the overall reaction
on the plating process could be expressed by Eq.1
and Eq. 2:

NiZ* +2H,PO; +2H,0
+2H* +H,,
H,PO; +2H,0 + 2H? —Saiesrte b 4 AOH" 4+ 2H,,. (2)

—_—
As indicated in the reactions shown in equation (1),
the catalytic reduction and deposition of nick-

catalytic surface

—caaiesueee sy Nj° + 2H,PO; + 1)

el/phosphorous ions on the activated powder have
been initiated by the adsorbed H* from the aqueous
solution. The presence of Pd deposits on the pre-
treated powder surface serves as catalytic sites for
the initial deposition of Ni-P layers. Owing to the
self-catalytic nature of nickel particles, the just-
deposited nickel films, then acted as a nucleation
centre and catalyst for subsequent electroless deposi-
tion as the plating reaction continues based on the
equation (1) & (2). In this case, the nickel-
phosphorous layers continued to grow until the reac-
tion was completed and thus formed a dense Ni-P
coated layer on the h-BN powder.

The SEM cross-section morphologies of the elec-
troless coated h-BN particles are shown in Fig. 5b,c.
The surface analysis of the cross sectional view re-
vealed that the coated particles were successfully
isolatedwithin the island of cell-like structures which
were analyzed to consist of Ni and P particles
(Fig. 5a). It was observed from Fig. 5b (the high
magnification image of a marked box in Fig. 5a) that
the co-deposited particles are tightly bound to the
Ni-P matrix layers forming a compact structure.
Taking into account the fact that hBN particles
exhibits poor wettability with most metallic and
ceramic matrix to form an effective composite struc-
ture, this new finding therefore suggests that the
electroless plating process was beneficial to improve
the surface functionality of h-BN through the
existence of a highly active nickel deposit on the
substrate particles. The EDX pattern of h-BN parti-
cles after the electroless Ni-P plating is shown in
Figure 6. The spectra depicting the peak of the x-ray
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for nickel and phosphorous were observed other than
boron and nitrogen. This clearly confirms that the
major elements of the as-deposited coatings are Ni
and P. The quantification analysis of the coated
powder surface was estimated to contain approxi-
mately 88 wt.% Ni and 12 wt.% P (as shown in the
spectrum of Figure 6).

Fig. 6. EDX spectrum of Ni-P coated hBN powder.

Fig. 7. Elemental mapping profile of Ni-P coated hBN particles.

The SEM-EDX mapping analysis obtained for
the electroless Ni-P coated powder is given in
Figure 7. The map profile shows the presence of B,
N, Ni and P in the composite coated powder. It can
be observed that these elemental constituents were
uniformly distributed as measured from the respec-
tive colour intensities of each of the elemental con-
stituent. After the electroless plating, a visual obser-
vation showed that the colour of the activated pow-
der turned from brown to black.

4. CONCLUSION

Based on the results obtained in this study, it is
possible to the following conclusions:

1. The step-like pretreatment processes was
demonstrated to be effective in producing catalytic
centres on the surface of h-BN particles favouring
the adsorption of the nucleating agents as well as the
nucleation and growth of Ni-P layer during the elec-
troless plating.

2. Nickel-phosphorous coatings were satisfactori-
ly obtained on the h-BN substrate. The Ni-P deposit
was found to be dense and uniformly distributed on
the h-BN lubricant particles.

3. The existence of Ni layer on h-BN particles
would improve their wettability for efficient metal-
ceramic adhesion.

4. The success of Ni-P/h-BN codeposition could
be regarded as a stimulus to develop advanced tribo-

composite materials suitable surface-reinforced
coatings and powder metallurgical processes.
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B TedeHme mociemHEero NecATUIICTUS HaOronacs
YCTOHYMBBEIA MPOrpecc NMPUMEHEHHS XHUMHYECKOro oOca-
KIOCHUSA TOKPBITHH IJIs PelleHus 3ajad MoAM(PHMKALUN
MIOBEPXHOCTHBIX CBOHCTB KEPaMHYECKHX MAaTepHajloB ¢
LENbIO MOJYYEeHUs] KOMITIO3UIIMOHHBIX TMOKPBITHI C YHH-
KaJIbHBIMH XapaKTEePUCTUKAMHU Uil KPUTHYECKHX TPUOO-
JIOTMYECKUX cUcTeM. B 3Toll paboTe ObLI MCHONB30BaH
MPOLIECC XMMHYECKOTO OCKIEHHs HUKENs Uil HaHece-
Hus Hukenb-hocopubix (Ni-P) mokpeiTHii Ha yacTHIBI
reKkcaroHanpHoro Hutpuma 6opa (r-BN) u3 kucnoTHOTO
pacTBopa BaHHBI C HOHM)KCHHBIM COJEP)KaHHEM THIIO-
¢dochura. Yactumpr cyOcTpaTa OBUTH TIEPBOHAYAIBHO
TOABEPTHYTHI PsIy ONEpalMil MpeABapUTENIbHONW 00pa-
00TKH 11 00ecIedeHHs] OYUCTKU YaCTHIl U X KaTaJIUTH-
YeCKOH aKTHBHOCTH Iepell XHMMHYECKUM OCaKICHUEM
HOKPBITHA. XapaKTepu3alys YacTHI] MOPOLIKa B HUCXOJ-
HOM COCTOSHHM W C HUKEIEBBIM IOKPBITUEM IPOBOJIH-
JIaCh METOAAMM CKAaHUPYIOILEH 3JEKTPOHHOM MUKPOCKO-
mud  (SEM), peHTreHOBCKOH 3HEpro-IuCIepCHOHHON
crnektpockori  (EDX), aBTOIMHCCHOHHO# CKaHHpPYIO-
et anekTporHoi mukpockoruu (FESEM). Pesynpratst
WCCIIEJOBAHMS ITOKA3bIBAIOT, UTO MpeaBapHUTeIbHas 00pa-
00TKa MOpPOIIKa reKcaroHaJbHOro HUTpHIa Gopa obecre-
YHBAET MOIYyYCHHE YaCTHI] C IOBEPXHOCTSIMHU € TpyOOH 1
LIEPOXOBATOM CTPYKTYpO#l, KOTOpBIE, KaK MpaBWIO, CUU-
TAIOTCS MOAXOMSAIINMHE JUlsl HaHeceHus: mOKpeituii Ni-P.
Kpowme Toro, EDX ananm3 moarsepkaaeT CymecTBOBaHUE
3apozsiineodpasosareneit 1 Ni-P mokpeITust Ha TOBEpX-
HocTH oOpaboranHoro mnopouika r-BN. Anamm3 Mukpo-
CTPYKTYpBI HONEPEYHOT0 CEYEHUsI IMOPOIIKA C MMOKPBITH-
€M Tokazaj, 4ro 4acTuisl I-BN Obum BCTpoeHBI B He-
npepbiBHBIA MaTpuyHblii cioit ocamka Ni-P. TIpodunn
pacnipeneneHus aneMeHToB mno EDX-anammzy Ttaroke
TOKa3bIBAIOT, 4TO Macca ocaxzaeHHoro Ni-P cmaBa pas-
HOMEpHO pacIpelielieHa Ha noBepxHocTH r-BN wactui ¢
coocaxxneHHpiM Ni-P. YcmemHoe passutie mpomecca
nosydenus mopomika r-BN ¢ Ni mokpsitremM mo3Bosut
HOBBICUTh IIOTEHLMA] IPHMEHCHUS MNOpOIIKAa TI'eKcaro-
HaJBHOTO HUTpHAA Oopa B KauecTBE MaTepuaia AJs II0-
KPBITHH BBICOKOTO KaueCTBa.

Knouesvie crosa. xumuueckoe ocascoenue, 2-BN ua-
cmuywt, mpasienue, Ni-P cnoil, moougpurxayus nosepxmo-
cmu.
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Haiinensl aHanuTryeckue BbIpaXKEHUS JIsl HAIIPSKEHHOCTH 3JIEKTPUUYECKOIO MOJIs B OKPECTHOCTH OC-
UWJUTUPYIOLIEH 3apsyKEHHOW Karlld HEBA3KOW 3JIEKTPONPOBOAHOM HKUIAKOCTH U MHTEHCUBHOCTH 3JIEK-
TPOMArHUTHOTO M3ITyYeHHs OT HEe B JIMHCHHOM IO aMIUIATYJIC BO3MYIICHUs NpuoOmmkeHun. [Ipose-

JICHBI OLICHKHU IO NOPAAKY BEJINYINHBI.

Kniouesvie cnosa. cqbeputtecxa}z KanJjis, 3jzel<mpuuea<u12 3ap;10, OCYUWLIAYUU, U3TYUerHUue, daeKnmpomace-

HUMHbBLE BOTIHbL.
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BBEJEHUE

Hanuune 50eKTPOMArHUTHOTO W3IYYCHUS OT
OCIUIUTHPYIONINX 3apsDKEHHBIX OOJMaYHBIX M JIOXKIIe-
BBIX Karelib NPEJCTaBIsieT HHTEPEC B CBA3H C MPO-
OJleMaMH  paTUOJIOKAIIMOHHOTO  30HJAWPOBAHHS
METEOPOIOrHUecKknX 00bekToB [1-7]. Cama mpo-
O7eMa pacyeTa MHTEHCHBHOCTH JJICKTPOMArHHUTHO-
ro WU3JIy4YeHHUs OT KoyeOIomencs 3apsHKeHHON
Karli B JIMHEWHOM TO aMIUTHUTYJIE OCIMIIIAIUAN
npubamkennn O6puta copmymuposana B [5], Tam
e OBbUIM TNPHBEACHBI IEPBbIC OLEHKH HPUMEHH-
TeJbHO K oOakam. Vien [5] Obim pa3Buthl B [6-7].
B [8], onnako, 6buT0 0TMeYeHO, 4TO B [5] cooTBert-
CTBEHHO U B [6—7] npu pacuere HHTEHCUBHOCTHU pa-
JHOUTYUCHHSI OT OCHMIIIUPYIOMICH KAk AOMyIiie-
Hbl ONIMOKHW: B3s5ITa HEBEPHAs ACUMIITOTHKA JUIS
¢bynkuuit Xankens. B utore pacuerHas WHTEHCHB-
HOCTh PaJMOU3IYUYCHHUS] MOIYyYUSIach CYIIECTBEHHO
3aBBIIIEHHON. BaxHOCTh 00CyXJnaeMol 3amadu
OPHUBOJIUT K HEOOXOAMMOCTH PA3BHUTHUS TEOPETHYE-
CKHX TNPEICTABICHHM, a TAKXKE CYIISCTBEHHON KOp-
PEKTHPOBKH TONy4eHHbIX B [5—7] orenok. Haburo-
JICHHE TPOBEJEM IO CXEMe, HCIONb30BaHHON B
[6-7].

1. TIOCTAHOBKA 3ATAYU

Ilycte Hecymias 3apsg Q cdepuyeckas Karuis
paauyca R HeBsA3KOW HECKMMAaeMOU HIIEaIbHO TPO-
BOJSIIIEH JKUIKOCTH C IJIOTHOCTHIO P, KOAPHUIIH-
€HTOM MOBEPXHOCTHOI'O HATSDKEHUSI G HAXOJIUTCS B
HEBS3KOW HEC)KUMAEMOH cpelie C MPOHUIAEMOCTHIO
€ex ¥ TIIOTHOCTHIO Pj.

[Ipumem, 9TO B )KHIKOCTH M3-3a TEIJIOBOTO JIBH-
xeHust Monekyn [9] reHepupyeTcs KanWUIIPHOE
BOJIHOBOC JIBIXKCHHE BechbMa Majoil (TerioBoii)
aMIUTUTYIBI C XapaKTepHOW BBICOTOH TpeOHeH

£ ~~JxT s, tne x = 8,31-10" spr/(mMomp-°K) — Ti0-
crosinHast bosnbimana; T — abCoONMOTHAsT TeMIepaTy-
pa [9]. Tlpu TemmepaTypax MOpsaKa KOMHATHOMN

TEIJIOBas aMIUIMTyJa BOJH Il BCEX JKUIKOCTEH
MEHBIIIE aHI'CTpeMa. DTO BOJHOBOE JIBI)KEHHE MPaK-
TUYECKH OECKOHEYHO MaJod aMIUTUTYIbl (GOpMHPY-
€T UCKaKEHHE PAaBHOBECHOH cdepuueckoil (opMbl

xarm &(0, ¢, t). TTpmaem max|§(9,(p,t)| <<R.

Bynem pemath 3amauy B cepuveckoi cucreme
KOOpPJIMHAT ¢ HA4aJOM B LICHTPE Macc Kallld, orpa-
HUYMBAsICb  PAaCCMOTPEHHEM  OCECUMMETPUYHBIX
OCUMJUISIUMA. YpaBHEHHE BO3MYUIEHHON KalWusip-
HBIM BOJIHOBBIM [IB)KEHHUEM IIOBEPXHOCTH Karull
MO>KHO 3amnucaTh B BHJIE!

r(6,t)=R+&(6,t),

raoe §(0,t) — BOMHOBOE BO3MYIIEHHE ITOBEPXHOCTH
Kaluid.

JIBIKEeHHE JKUIKOCTH B Kalule W cpene Oyaem
HoJlarath MOTEHIUAIBHBIM. [IprMeM, YTO OIS CKO-

pocTel IBUKEHUS KUAKOCTH \7,- (F,t)(me 3HAYCHUE

HHJeKca | = 1 OTHOCHTCS K KamJe, a j = 2 — K cpefe)
MOJIHOCTBIO OMPEACISIOTCS (DYHKIIHSIMHU THIPOIH-
HAMUYECKHX [OTCHIIHANIOB (F,t) :

V,(F,t)=Vy,(T,t).
Matemarudeckast GOpMYITHUPOBKA 3aa4d HMEET
B
ij(f,t)zo;
1 0%E(Ft) . = .
= ——~ /- divE(r,t)=0;
C2 atZ ( )

AE(T,t)
r—0: y (F,t)>0;

r—o: y,(F,t)>0 E(F,t)—>0;

Pj(r’t)ZPJO(r)_ij;
f—RAE: (0,t) _ aw(F,t);

ot on

© T'puropees A.U., Kon6uesa H.1O., [llupsiesa C.O., DnekrpoHnas 06padorka marepuanos, 2015, 51(6), 23-31.



M)

31ech Pj (f,t) — THAPOAMHAMUYECKOE JaBIICHUE

P

B XXHUJIKOCTH U CPEAEL, jo ~ KOHCTAHTBI UHTCTPUPO-

BaHms, APy — mepemnayn maBieHU, E(F,t)— Hampsi-

JKCHHOCTb BHCKTpI/I'{eCKOFO I10JIs1 CO6CTB6HHOFO 3a-
0
sinf—

al
00

p;[ﬂ ; L = i_

sin® 20
paropa Jlamnaca B cQEpHUECKUX KOOpAMHATAX,
T — OpT KacaTeNbHOM K BO3MYILEHHON MOBEPXHOCTH
Kamjau. B kadecTBe manoro napamMeTrpa npuMemM OT-
HOMICHUE aMINIUTYObl BOJTHOBOI'O BO3MYILICHUA pPaB-
HOBECHOM TOBEPXHOCTH KaIUId K PaguyCcy KaIuiy;

J— yrioBas 4acCTb OIIC-

N, u N,— eAMHHYHBIE BEKTOPHI HOpMaieil Ha rpa-

HULIE pa3jiena, BHEIIHHUE MO0 OTHOUICHHUIO K KaIljie U
cpele COOTBETCTBEHHO. bynmem cumraTh, 4TO B O€3-
Pa3MEepHBIX MEPEMEHHBIX, B KOTOpHIX R=p =6 =1,
BEJIMYMHBI TMOJEH CKOPOCTENW TEUEHHUS >KUIAKOCTEH,
BbI3BAHHBIX KOHCG&HI/IHMI/I IMOBCPXHOCTHU, UMCIOT TOT
e MOPSIOK ManocTd. OpT HOPMAIH K MOBEPXHOCTH
Karuti N ¢ TOYHOCTBIO 10 MaJbIX TIEPBOTO MOPsIKa
OTIPE/IETISIETCS BRIPAKEHHEM:

_ . .10
n=VF/|VF||F=O=(er—e9Faeé(e,t)j;

F(0,t)=r—R-£(6,t)=0
rae € u €,— opThl chepHUECKON CHCTEMBI KOOP/IU-

HaT.

Jl1st 3aMBIKaHUS BBIMMCAHHON CHCTEMBI BBEIEM
YCJIOBHSI HEU3MEHHOCTH MOJHOrO obObema (ciea-
CTBHE HECKUMAEMOCTH JKUIKOCTH), HEIOABMIKHOCTH
LIEHTpa MacCc MpH OCHWULIIHUAX, a TaKXKe YCIOBUE

COXpaHCHHUS 3apsaa Karuiu.
£(6.t)

r2sin0drd 0 do = %nR3;

O t—y

R+&(6,t)) sin0d6=0;

1,E)-(R+&(0,t)) sin0d 0d 0=,

SGX

IIpou3BoaHbIE B TPAaHUYHBIX YCIOBUSX B JIMHEH-
HOM 10 |&|/ R NpUOMIKEHHH OTHECEM K HEBO3MY-
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MEHHOW TTOBEPXHOCTH Karumy ' = R, Kak 3TO MpUHS-
TO B TEOPUU BOJH OECKOHEYHO MAJIOH aMILIUTYIbI.

2. PEHIEHME TTEPBOI'O ITOPAJIKA MAJIOCTHU

IpencraBuM BO3MYIIEHHE PaBHOBECHOU cdepu-
yeckoil moBepxHocTH Karum &(O, t), cBsa3aHHOE C
KalmuJUIAPpHBIM BOJIHOBBIM JBWXCHHUEM, B BHUJC pAda
1o nosmHOoMam Jlexxanpa:

t):ganPn(

rIe @, — YacToTa KaNWULIPHBIX OCIMUISAIMA N-U
MOJIbI, B 00IIeM Ciy4ae KOMIUIEKCHasI; O, — Hadalb-
Hast aMIUTATYAa N-i MOJIBI OCIIMILISIIUHN aty ~ &(0).
AHaJOTHYHO B BHIE PSIOB IO MOIWHOMAaM
Jlexxanipa Hailiem pelieHus ypaBHEHUN 1)1l TUAPO-

)exp(—iwt); n=coso,

JAUHAMUYCCKUX TOTCHLUAJIOB, YAOBJICTBOPAIOMINC
T'paHUYHbIM YCJ'IOBI/IHM'

v, (r.0,t) ZAJ P,(n)exp(—io,t),

v, (r,0,t) ZB (n)exp(-ia,t). (2)

Koaq)(bHuHeHTH An u Bn SIBJISIFOTCSI MAJIBIMH TOTO
JKe MopsiIKa, 4To U o CBs3b Mexay koddduimen-
tamu A, By 1 o, merko maxomures u3 (1) (u3 xune-
MaTHYECKOTO YCJOBHS U YCIIOBHS PaBEHCTBA HOP-
MaJIbHBIX KOMIIOHEHT TIOJISI CKOPOCTEil Ha TpaHuIle
paszera cpen) B BHIE:

[0}
A\ =—-Q, .

n

Rn+2
(n +1)

=a,

) @)

I[JI}I BbIBOJAa AUCIICPCHUOHHOI'0 YPAaBHCHUSA 3a1a4n
npoauddepeHIupyeM JTUHAMHYECKOE TPAHUYHOE
ycioBre mo BpeMenu (mpu 6 = const), u ¢ yuerom
@ nonqu/IM:

-p +p N : (QT
! at2 o at 8me,, \ 1’
oy,
+¥(2+ L) p =0.

B nosy4eHHOM BBIPaKEHHH OCTAETCs HEOTPEIEICH-
HO#1 YacTHasl IPOU3BOJIHASI IO BPEMEHH OT JJIEKTPH-
YECKOro JaBj€HHs Ha TOBEPXHOCTH Karumd. Pacyer
HAPSKCHHOCTH AJICKTPUYECKOTO OIS, HEoOXO0u-
MOl ISl OmpeesieHHs JABICHHUS SJICKTPHYCCKOTO
noutsi, npuBesieH B «[Ipuiioskennn» (OKOHYATEIBHOE
BeIpakeHue jaet popmyna (2011)).

Ha ocHoBe momyuennoro Beipaxenus (20IT)
MOKHO HaliTH JaBJeHHE DJIEKTPHYECKOrO TOJsI Ha
MOBEPXHOCTH KaIUTH:

r=R+§(6,t): P =3

(8

. :
OrmpeziesieHHOE TakuM 00pa3oM JaBIICHHUE OIS

OTHOCHUTCS K BO3MYIICHHOW TOBEPXHOCTH KarlIu



r = R + & OpHako B TEOpHUU BOJH OECKOHEYHO Ma-
JOM aMIUTUTYIbl B JINHEHHOM NPHOJIMKSHUU JWHA-
MHYECKOE T'PAaHUYHOE YCIOBUE OTHOCAT K HEBO3MY-
HIeHHOH moBepxHocTy Kamu I = R. IToatomy pas-
JOKUM TOJYYEHHOE BBIPAKEHHE B OKPECTHOCTU
I =R ¢ TOYHOCTBIO /10 CIaraeMbIX MEPBOTO MOPSIKA
MAJTOCTH 10 OTHOMIEHHIO [E|/ R :

&
€ R4
Xﬁ; o, exp(—ia,t)(G (kR)n(n+1)+2)P, (u)];

hy? (kr)
(rh2 (kr))

rae hgz)(kr) — Bropas MoauduuupoBanHas chepu-

QZ

2 5
e, R

— SEX

q_87:

X

G(kR) =

)

r=R

yeckas Gpyukiusa beccens tpersero poaa [10]. Orme-
parop O, O3HA4YaeT B3STHE MPOW3BOMHON IO apry-
MEHTY .

IMpoauddepeHMpoBaB 3TO BEIPAKEHUE MO Bpe-
meru (mpu 6 = const) ¢ yuetom (2)—(3) u moacTaBuB
B JIMHAMHYECKOC TPAHUYHOE YCIOBHE, TOCIE He-
CIIOXHBIX TPeOOpa3OBaHUil MONYyYUM JTUCIIEPCHOH-
HOE ypaBHEHHE 3a/1a4H B BH/IE:

n(n+1)
{

2 _
w, =

—_ 7 X
(p2n+(n +1)p1)
(G(kr)n(n+1)+2)+
(2)
6(kR)=— (k)
o, (rh® (kr))
BanuceiBas  cepuueckyro QyHKIMK beccens
TPETHETO Poja B BHE cTereHHoro psaa [10]
e e (2N-M) 1
e i
mzo (n—m)!m!(2z)""

peacTaBUM G(Z) B CIIE/IYIOIEM BHJE:

4)
%;RG (n 1)(n+2)j,

R3

r=R

2

()
G( )_ a(zhgz)(z)) =
oz
mz nznmn:m' )m
UL >m”+m2f2'lni“3i§?r;”“)<m>m'

Ecnu pacnucare B 3TOM BBIPaKEHUU CYMMBI U
BBIJICIIUTD BEIIECTBEHHYIO U MHUMYIO 4acTH, TO IIPU
MaJIOM 3HAYeHWW Z OHU OYIyT MMETh CIIeAYyIOIue
ACUMIITOTHKHU!

Re[G,(z)]~ L

Im[ G, (z
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KoMmrmmiekcHyto 49acToTy KojieOaHWil N-H MOIBI
NPENCTaBUM KaK @, =Rew, +ilma,, tae Im o,
MHHMas 4acTh YacTOThI, KOTOpas 00yCJIOBJICHA 3a-
TyXaHWeM KOJicOaHMH H3-3a W3IYyUCHHs SJICKTPO-
MarHUTHBIX BOJH (MHOTO 3aTyXaHHs B HICATbHON
’KUJKOCTH OBITh HE MOYKET) M MaJia 110 CPAaBHEHHIO C
peanbHoit yacTeio (IM @, << @)} ). C yuerom sT0TO B

BBIPOKEHHH JUTS KBaJIpaTa 4yacTOThl KoJeOaHHid clie-

2
naeMm 3aMeHy o’ ~(Rew,,) +2Rew,Imaw,,. Torma

JUIsl pealbHOM M MHHMOM yacTteil dactotsl (4) mpu
MaJioM 3Ha4eHHHU apryMenTa Zo = kR momy4um:

n(n+1)(n-1)
(p2n+(n +l)p1)

% (0+2)]

(Rew,, )’ =

Ime. =

n

Q o
4ne R® e R R
2
(n+1) y
(pzn +(n +1)p1)
Q’ 1

2
e, R° {(Zn —1)!!} ‘
o n(n+1)(n-1)(n+2)
R® (pzn +(n +l)p1)
CTBEHHBIX KOJIEOAHMII HE3apsHKCHHOU cdepsl B Ma-
TEPHAIILHOU CpeJie.

(6)
1
2w,

2n+1
0

— YacToThl C€O0-

rac a)nzo =

— a)nO

Vuuteisas B (6), uro Z, R, ¥ TMOICTaBIIAA

BBIPpAXXCHUC JIS1 4aCTOTHI COOCTBEHHBIX KOJ'Ie6aHI/If/’I,
MNOJIYy4YuM MHHUMYIO YaCTb 4aCTOThI KOJIcOAHU B BH-
ae:

mo =2 | 1 |,

! 8nsex{(2n—l)!!} )
(n+1)”+2(n(n—1)(n+2))n o"

X Czn+1Rn+5'

(pzn +(n +l)pl)n+1
3. DJIEKTPOMATHUTHOE U3JIYUYEHUE

Muumas 9actb Im @, yactotsl Konebanuit (7)
OlpeieNseT AEKPEMEHT 3aTyXaHUs KalWULIPHBIX
BOJH M. Takum oOpaszom,

St 1 T

" 8re,, {(Zn—l)!!}
(n+1)"+2(n(n—1)(n+2))n 5"
X C2n+an+5'

(pzn +(n +1)pl)n+1

HOCKOJ’ILKY JKUJAKOCTb NPUHUMACTCA HHGaHBHOﬁ
U MEXaHHUYCCKOro TPCHHUA HET, TO IMOABJIICHUC [€-
KpEMCHTAa MOXET OBITH CBSI3aHO TOJBLKO C MOTEpAMHU
OHEPruM Ha HU3ITYUYCHUC IJICKTPOMAIHUTHBIX BOJIH

(cm. [5-6]).



BeIpakeHne Uil MOIIHOCTH H3JIyYeHHsS Ha dYa-
CTOTE @y, 3amuiieM B Buze [5]:

_dJg, _
dt
rae $, — SHeprus MOBEPXHOCTHBIX KoseOaHuil N-if
MO/IbI, KOTOPYIO MOKHO Ha OCHOBE T€OPEMbI BUpHA-
Jla IPEJICTaBUTh KaK YJBOCHHYIO CPEIHIOIO 32 MepH-

OJ1 IBIKEHUS XKUAKOCTH B KaIlie, CBSI3aHHYIO C N-i
MOJIOM.

nd

n?

_ ZRRspla)soai
~on(2n+1)

n

B wmrore 3ammmieM OKOHYATEIbHOE BBIPaXXCHHUEC
JUTSI MHTEHCUBHOCTHU 3JIEKTPOMArHUTHOTO M3TYUYCHUS
OT CIWHUYHOUN KOJICOTIOIICHCS 3apsHKEHHOW Karlau
UJeaJIbHOU KUJIKOCTH.

2
1Q* 1
=2 | =
4g, | (2n-1)n

() (n-1)(n+2)" o™,
(p2n+(n+1)pl)n+2(2n+1) C2n+1Rn+5 n*

HecmoxHo npenctaButh u3 (8), 4TO HHTCHCHBHOCTh
HU3ydeHUs] yObIBA€T C POCTOM HOMEpPa MOZbI, TaK
Kak KBajpaT (akropuaia, CTOAIIMA B 3HAMEHATEJIE,
pacTer ¢ yBelnuyeHHeM N ObICTpee, YeM CTeICHHAS
3aBHCUMOCTB, CTOSIIAsl B YUCIUTEE.

[TepBbiii BOBMOXKHBIH UCTOYHUK 3JIEKTPOMArHUT-
HOTO W3JIYYCHHS CBSI3aH C OCHWUISIUSIMH MEJKHX
Karenb W3 JWana3oHa HauOoliee YacTO BCTPEYArO-
nmxcst B odnake pasmepo oT 3 10 30 mxM. KoH-
[EHTpaIMs N TAaKUX Kareib B 00JIake ~ 10° em [11].
Ocuanuu 00JITaYHBIX Kalellb MOTYT OBITh BBI3Ba-
HBI Pa3IUYHBIMU TIPUYNHAMU. KOAryJsIueit; apoo-
JIeHWeM Ha 0oJyiee MEJIKHE B pPe3yJbTaTe CTOJK-
HYBIIHXCS [TPOLIECCOB HIIM PEaU3alui JISKTPOCTa-
TUYECKON HEYCTOMYMBOCTH; TUAPOJUHAMUIECKUM U
ANIEKTPUYECKUM B3aUMOJICHCTBHEM OJU3KO IpoJe-
TAIOIIUX Karejb; a’pOAMHAMHYCCKHM B3aUMOJICH-
CTBHEM C Pa3BHTOW MeJKOMAacIITa0HOH TypOyJeHT-
HOCTBIO, XapaKTepHOW Il TPO30BBIX OOJIAKOB.
AMITTUTY 16l KONeOaHuii 00JavHbIX Karelb, coriac-
HO JaHHBIM HATYpHBIX HaOmomenwmit [1-3], moryt
JIOCTUTATh JICCSATKOB MPOLIEHTOB OT pajryca KarllH.
WupiMu croBamu, otHouenue (o/R) MoXHO mpH-
HUMAaTh HE 3aBHUCSIIUM OT Paauyca U UMCIOIIUM Be-
JWYUHY TIOPSIIKA JECAThIX AoJiel eauHuipl [Ipu
HIDKECIICIYIONIMX OICHKax OyJeM IPUHUMATH 3TO
otHoumienue paBHeIM 0,1. Benmuumna mapamerpa W
JUIS Karelb B UMCIOMIUXCS B 00JIakax 3JIEeKTpoCcTa-
THYECKUX TIONIAX, cormacHo [12], MHOTO MeHbIIe
€JIMHHUILIBI, TO €CTH OOJIBIIIAS YaCTh O0JIAYHEIX KaIlellhb
HAXOJWTCS BEChbMa JAJICKO OT Tpejelia HeyCTONYH-

(8)
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BOCTH TI0 OTHONICHHIO K MOJSIPHU3AIUOHHOMY
3apsaay. B wrore mpu p; >> p; MHTCHCUBHOCTH
AJIEKTPOMArHUTHOTO H3IYYEHUS OT OCHIUINPYIO-
niel 00JIayHON Karuiid HauOoJiee CUIIBHO 3aBUCHT OT
HOMEpa MOJIBI N PEATU3YIOIUXCS OCIMIUIAINA U UX
OTHOCUTEIILHON aMIUIUTYbI. [IJisi YUCIIEHHBIX Olle-
HOK TIpUMEM &y = 1, N 2, o = 73 nun/cwm,
pp = 1 rlem?®, p2 = 1,3:10° rlem®, ap 0,1R,
R = 30 mxm, Q = 2,510° CGSE. Torma u3 (8)
HecnoxHo moxyunts | ~ 210" uW ma uwacrore
~ 100 k['n. Jdns xammm paguycom R = 8 MM mony-
upM 3Hauenue mHTeHcHBHOCTH | ~ 1.10"° pW Ha
yacrote ~ 1 MI'u. Ilpu paguyce xammm R = 3 MkMm
u3nyuenne coctapser | ~ 2.10™% pW na wacrore
~ 4,5 MI't (cm. puc. 1). I3 npoBeIeHHBIX OIIEHOK U
puc. 1 BHIHO, UTO C yBEIMYEHHEM paJinyca Kariu
Ha MOPSIOK MHTEHCUBHOCTh M3JIyUeHHUs yOBIBACT Ha
MATh TOPSIIKOB BeNWYWHBL. HawnOonbimmii BkIam B
W3JTy4YeHHE OT o0Jiaka JaayT KalUld MENKUX pa3Me-
POB.

WuTerpabHas MHTCHCHBHOCTH AJICKTPOMATrHUT-
HOTO M3ITyYeHUs u3 o0Jiaka TuaMeTpoM 5 kM Oynaer
yoKe 3HaunMTenbHOM: liy ~ 1.10% uW, ecmu npunsTh
JUTSL OIICHKH TI0 TIOPSAAKY BEJIUYMHBI, YTO BCE KAIUIH
UMEIOT OJMHaKoBBIA pasmep R = 30 mkm. HHTe-
rpabHas uHTeHCHBHOCTH |y ~ 9-10%° W npu pazny-
ce R =8 mxm iy ~ 1102 pW mst kamens pamiy-
coM R = 3 MM (puc. 2). B mpoBeieHHO# OIIEHKE MBI
NPUHUMAIH, YTO OCHIUISIIIAN BCEX Karelb CBSI3aHbI
C OCHOBHOHM MOJOM.

Ha puc. 3 u 4 npuBefieHbl XapaKTEPUCTHKH H3-
JYYCHUS] B 3aBUCHMOCTH OT 3apsAaa OCIUILUIHPYIO-
nied Karid, pacCYWTaHHBIE IS Kamellb pa3HbIX
pasmepoB. BumHo, 4TO ¢ yBenWueHHWEM 3apsna WH-
TEHCUBHOCTh M3JIYYCHUS OBICTPO YBEIMYHBACTCA.
ITpu yBenuueHuu 3apsna B 4 paza MHTCHCUBHOCTD
W3JTyYCHUS YBEITUUMNBACTCS HA TIOPSIIOK.

Ha puc. 5 npuBenieHbl 3aBUCHIMOCTH YacTOTHI M3-
aydeHust (YacTOThI OCHMIUIALMKA KaIllk) OT paauyca
Kari. BumHO, 4TO ¢ yBenWueHHEM pa3Mepa Karuid
4acTOTa U3ITyYeHUS ObICTPO CHUXKAETCS.

BTopoil BO3MOXHBII UCTOYHUK 3IEKTPOMArHUT-
HOT'O M3IYYEeHHUs CBsA3aH, coriacHo [5], co cBobomHO
NajaloliMMH B OOJIaKe THIPOMETEOpaMH, Koary-
JUPYIOMIUMU ¢ 00Jiee MEITKUMU KareabKaMu U T0-
TOMY HENPEPBIBHO KOJEOMIOMMMUCSA H, CIeA0Ba-
TeNbHO, u3nydaromumu. OnHako B [5] Ha poss u3-
TMyYaomX THIPOMETEOPOB TNpeAaraiuch 3aps-
JKEHHBIC Karmu pagumyca R = 1 MM, KOHIIEHTpaIus
KOTOPBIX B O0JIaKe, COTJIACHO JaHHBIM HaOIroJe-
mmii [11], BecbMa Mama: ~ 1 M°. B wurore oneHku
WHTEHCHBHOCTU 3JICKTPOMArHUTHOTO W3JYYEHUS W3
oOnaka, OCHOBaHHBIC Ha 00CYKJaeMOM MEXaHU3ME,
MPOBEICHHBIC I SKCTPEMATbHBIX YHCICHHBIX 3HA-



27

5 b
Y
=
g 37
=
- 2 F
] -
e e — e L ——
25 30
Puc. 1. 3aBHCHMOCTH HHTEHCHUBHOCTH OJICKTPOMAarHuTHOTO

W3TydeHNUs eIWHUYIHON 3apspKEHHOM Karuled oT paxuyca cde-
PUUECKOH KaIljld, pacCUHTaHHbIE NpU &y = 1, N = 2,
6 = 73 munlem, py = 1 rlem®, pp = 1,3:10° rfer®, o, = 0,1R.
Crnomnast mmHust cootserctByer Q = 8,3-10™° pC, mynkrup-
Hast muans — Q = 1,6-10° puC, ITPHXMyHKTHpHAS JTHHAS —
Q=3310°pC.

5
= 4
=
3 3
=
— 2
.-""/
.--’/
1r —
— — - — —
_a————" 1 1
1 1,5 2 2,5 3
Q. 10°uC

Puc. 3. 3aBUCHMOCTH WHTECHCHBHOCTH JIJICKTPOMATrHUTHOTO
W3JIyYCHUS CAMHWYHON 3apsDKEHHOW Karuiell ot e€ 3apsna,
paccyMTaHHBIC MPH TEX K€ 3HAYCHHAX (U3UUCCKUX BEJIUYUH,
4to U Ha puc. 1. CrutoniHas JUHUS COOTBETCTBYET R = 5 MKM,

MYHKTHPHAs JTHHUSA — R = 8 MKM, IITPUXIYHKTHPHAS JIHHHS —
R =10 mkm.

2,5

5 10 15 20 25 30
R, um

Puc. 5. 3aBHCHMMOCTH 4acTOTHI 3JIEKTPOMArHUTHOTO H3JTyYEHHS
e[IMHUYHON 3apsHKeHHOW Karuieil oT panmuyca chepryeckon
KaIlld, PacCUMTaHHbIE IIPU TeX K& 3HAYEHMAX (PU3MYECKuX
BelMuMH, 4To Ha puc. 1, Q = 8,3-10™° 1C.

YEeHUH 3apA70B ¥ KOHIICHTpaIHid Kamenb ¢ R = 1 mwm,
10 BCEM BUAMMOCTH, CYILIECTBEHHO 3aBbIIIEHBI. Tem
HE MCHEE caM MeEXaHW3M, MNpEeMIOKEHHBIH B [5],
HECOMHEHHO JIOJDKEH paboTarh, €ClIM B €r0 OCHOBY
[MOJIOKUTh Ha MOPSAOK 0oJiee MEJNKHE KaIuld ¢
R = 100 MxMm, KOHIIEHTpaIlMsl KOTOPBIX B OOJake,

5.
4t
Z
4 3r
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= 27

5 10 15 20 25 30

R, um

Puc. 2. 3aBHCUMOCTH HHTETPAITEHON MHTEHCUBHOCTH 3JIEKTPO-
MarHUTHOTO M3JIy4eHHs! TPO30BOro obyaka JUaMeTpoM 5 KM OT
panyca eAMHUYHON 3apsHKeHHOH ceprueckod Karuii, paccdu-
TaHHBIE TP TEX K€ 3HAYCHUSX (U3MYECKHX BEJIMYMH, YTO U Ha
puc. 1. CmnomHas JIMHHS COOTBETCTBYeT Q = 8,3-10'10 nC,
nyHkTHpHas JwEES — Q = 1,6:10° uC, wmrTpuxmyHKTHpHAS
mmHAs — Q = 3,3:10° pC.

102 uW

in?

|

g
0, 10°uC
Puc. 4. 3aBucumMoctu HHTerpaJ'[BHOﬁ HUHTCHCUBHOCTH DJICKTPO-
MAarHuTHOTO HU3JIy4YC€HHSA I'PO30BOTO oOJaka JAUaMETpOM 5 kM or

HANpPsHKEHHOCTH DJIEKTPOCTATHYECKOTO II0JIs, PAcCUUTAHHBIC
IPHU TEeX K& 3HAYCHUIX (QU3MYECKUX BEIWYMH, YTO U Ha puc. 1.
CrutomHast JUHUAS COOTBETCTBYeT R = 5 MKM, NyHKTHpHas
nuaus — R = 8 mkMm, mrpuxnynkTupHas nuanst — R = 10 M.

lo,xl =

-

, J1Or. MacuTao

10115 F
10714 F

IU-INR -

I

10217 |
10-2.‘1 -

Puc. 6. 3aBUCHMOCTH MHTCHCHBHOCTH DJICKTPOMarHHUTHOTO H3-
JIy4eHUs] €JUHUYHOM 3apsHKEHHOM Kalulell OT HOoMepa MOJbl,
pAacCUNUTAHHBIC NPH TEX K& 3HAYCHHMAX (U3UUECKHX BEJIUYMH,
yro Ha puc. 1, R = 100 mxm, Q = 1,6-107 pC.

corinacHo JaHHBIM HaOmoxenuit [11], mocraTouno
BoIcoka: ~ 10° M, a ckopocTh ux cBOGOIHOrO Tae-
HUS UMeeT Bennuuuy ~ 78 cm/c. Ipu Takoi#t ckopo-
CTH TaJIeHus CKBO3b O0JIAKO Kamelb ¢ pajguycaMu

or 3 10 30 MKM C MakKCHMyMOM KOHIIGHTpPAIIUH,
MPUXOJAIIMMCS Ha JMana3oH OT 3 10 / MKM, THJ-



pomeTreop OyIeT HCIBITHIBATH €KECEKYHIHO OKOJIO
22 CTOJNKHOBEHHUH, MPH KOTOPBIX B HEM OYIyT BO3-
Oyxmarbess Moael ¢ N € {2+30}. Ilpuammas s
omeHku o, = 0,1R [1-3], Q = 5-10* CGSE u n = 15,
HECJIO)KHO OLEHUTh 10 (8) MHTEHCHBHOCTH 3JIEK-
TPOMAarHUTHOTO H3JIyYeHHs EAWHHUYHOIO THUAPOME-
teopa: | ~ 410 uW, uacrora koroporo Gyzer
okono 510 kI't. Cronb Manasi ”HTEHCUBHOCTD U3JY-
YeHHs CBS3aHA C BBICOKUM HOMEPOM MOJBI, BO30YXK-
JIAroIeiicss TpPH CTOJKHOBEHWH THIPOMETEOpa C
00aYHbIMH KaIUIIMHM, OPUHSATHIMH TPU OLECHKAX.
3aBUCHMOCTh HHTCHCUBHOCTH M3JTy4EHHS OT HOMEpa
BO30Y KIaroIIeics MOZBI OCIMJUISAINIA TPUBEACHA Ha
puc. 6. BugHo, 4To oHa OBICTPO YMEHBIIAETCS C PO-
CTOM HOMepa MoIbl. B pacderax mokasaHo, 4To ¢
YBEIMYEHHEM HOMEpa MOJIbI Ha €IHMHUIY MOIIHOCTb
M3TyYeHHs YMEHbIIAETCs 110 MopsAaky Ha ~ 10™° u
Ha BBICOKMX MOJaX MHTEHCUBHOCTh M3IyUYECHHS €Ile
Oosiee He3HAUMTENbHA. 3aBUCUMOCTD 4aCTOTHI TE€HE-
pPUPYEMOTro M3Iy4eHHs OT HOMEpa MOJBI IPU ITOM
WIITIOCTPUpYETCs puc. 7.
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0.4
=
-
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&
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Puc. 7. 3aBUCHUMOCTH YaCTOTHI OJIEKTPOMArdHuTHOTO U3JIy4YCHUA
eﬂPIHPI'-IHOf?I Sapﬂ)KeHHOfI Karuiei ot HOMEpa MO/JbI, pacCHUTaH-
HBIC IIpU TEX XK€ 3HAYCHUAX (1)H3I/I‘IGCKI/IX BCJIIMYHH, 4YTO Ha
puc. 1, R = 100 mxm, Q = 1,6-107 pC.

WHTerpaibHyr0 WHTCHCHBHOCTH  3JIEKTpPOMAr-
HUTHOTO H3JIy4€HUS OT BCEX THAPOMETEOPOB U3
TPO30BOTO O0aKa THAMETPOM 5 KM JIETKO HaWTH:
li, ~ 3-10%% pW. 3aBHCHMOCTH WHTEHCUBHOCTH H3-
JIy4EHUS OT pajnyca Kalulid ¥ BEJIMYMHBI HATPSKEH-
HOCTH DJICKTPOCTATUYECKOTO TIONS aHAJIOTHMYHBI
mpuBeeHHbIM Ha puc. 1-4. O4eBHOHO, YTO Takas
WHTEHCHUBHOCTDH M3JIYUCHHS CIIHIIKOM MaJia JJIsl pe-
THCTPAIlK PAJHOJIOKAIHOHHBIME cpeacTBaMu [4].
Takum 00pa3oM, W3 JBYX BBIIIEPACCMOTPEHHBIX
BO3MOYKHBIX HMCTOYHHKOB JJICKTPOMAarHUTHOTO M3-
JIy4eHHS OCIHWUTMPYIOIIUX Kallelib B TPO30BOM 00-
JIaKe TIEPBBIH, CBA3aHHBIA C OCHMJUIALUSMU HU3KHX
MOJI MEJIKMX KarejieK, UMeeT OOJBIIYI0 WHTCHCHB-
HOCTb, YE€M BTOPOH, CBSI3aHHBIA C OCHWUISLUAMHU
BBICOKAX MOJI KPYIHBIX Kallelb, CBOOOJTHO Majaro-
mux B obyiake B 1mojie Cuil TsbkecTd (THApOMETeo-
pOB), U KpaiiHe cinabbiii. OnHAKO B 000UX CiTydasx
WHTEHCUBHOCTh JIMHEHHOI'O H3JIyYCHHS Maya, U

HENB3S 00bICHUTH Habmomaemoe [4] smekrpomar-
HUTHOE W3Jy4YCHHE I'PO30BBIX 0OsiakoB. HenwnHeii-
Hble pacuersl [13, 14] nator OGoniee aaeKBaTHYIO
HaOJII01aeMbIM 3HAUCHUSAM OIICHKY, HO OHH JIOJKHBI
OBITH YTOUHEHEI.

Bce mpoBeeHHBIE OIIGHKH OTHOCSATCS K HACallb-
HO TIPOBOASAMICH XUIKOCTH, TOITOMY CYIIECTBEHHO
3aBbliieHbl (MO KpaiiHed mepe, st Bozb). [list
HOJTy4YeHUs] 0oJiee PeaTMCTHYHBIX OLCHOK CIIEIyeT
YUUTHIBaTh KOHEYHYIO MPOBOIUMOCTh PEATBHBIX
xuakocrei [15]. Takas npobiaema moapasyMeBaer
pelIeHHe 3a/1a4H ISl BA3KOW JKUAKOCTH, TOCKOJIbKY
JUIIb B 9TOM CJydae MOXHO KOMIICHCHPOBATh
BO3HUKAIOIIME HM3-32 PEJaKCalliy 3apsja KacaTelb-
HbIC HAMPSDHKCHUSI HA TPAHUIIC pa3jiena cpe/l.

3AKJIIOYEHUE

ONEKTPOMArHUTHOE M3IyUCHUE 3apsSKEHHBIX 00-
JIAKOB €CTECTBEHHOI'O IPOUCXOKIACHUS MOXKHO JIHIIb
YaCTHYHO OOBSICHUTH W3IYYCHUEM B JIMHCHHOM IO
aMILTUTYIaM  MOJ| TPUOIDKEHHH KalWLISIPHBIMH
KOJICOaHUSIMH Karlellb, COCTaBISIIONIMX 00JaKo, Io-
3TOMY JOJDKHBI OBITH TMPOBEICHBI OIICHKU WHTCH-
CHUBHOCTH W3NYYCHHUS MPU HEIMHEHHBIX OCIHILIS-
USIX.

MNPUJIOKEHUE

PACYET HAIIPSDKEHHOCTHU
SJIEKTPUYECKOTO TTOJIS
Y IIOBEPXHOCTU OCLUJUINPVYIOIEN
3APSDKEHHOM KATUIA

Ji1 HaxOXKJeHMsI JIEKTPUYECKOTO IO, co3Ja-
BaeMOro BO BHEIIHEH cpele 3apsKEHHOH MPOBOAS-
mei chepudeckoi Kariei, TOBEpXHOCTh KOTOPOH
BO3MYIIl€Ha KallWJUIPHBIM BOJIHOBBIM JIBUKEHHEM,
HEOOXOOMMO PELINTh CHCTEMY YypaBHEHHUH, coaep-
JKAIlyl0 YCJIOBHE HEpa3pbIBHOCTHU 3JIEKTPUUECKOTO
TIOJIS, ¥ BOJTHOBOE ypaBHEHHE, KOTOPHIE MMEIOT BH/I!

b
divE =0; AE =iza—2E; (111)
c” ot

C 'paHUYHBIMHA YCJIOBHUAMHA

r—ow: E(F,t) >0,
r=R+&(6,t): (ZE(T.1))=0;
L (1, EW s =2

4m €
Haiinem pemenusi ypasaenuii (1I1) B chepuue-
CKHMX KOOpAMHATAX C Ha4YaJoOM B LIEHTPE MAcc Karuiu
B BUJIE CYNICPIIO3ULINH
E(F,t)=E”(r)+EY(r,0,1),
rae E© (r) — HaNPsDKEHHOCTh AJICKTPHYECKOTO MO-

cepsr,
E(l)(r,e,t) — nobGaBka K HaNpPsHKEHHOCTH ITOJIS,

JIA B OKPECTHOCTH HeBOSMymeHHOﬁ
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BbI3BaHHAA KallWJIJIAPHBIMU KOJICOaHHUSIMU IIOBEPX-
HOCTH KaIlsid, UMCrouiad TOT K€ MOpAAOK MaJIOCTH,

=(L
YTO ¥ BO3MYILIEHHE TIOBEPXHOCTH EW ~ |§|

B cuiny numeiinoctn ypaBHenuii (1IT) BeKTOpPHI

E®u EY 6ymyr peleHusaMu cucreM ypaBHeHwH,
aHanornyaex (117).

Pemienne 3a1aud HyJIEBOrO MPUOIMKEHHS HE
NPEJICTABIISIET TPYIHOCTH U XOpOIIO u3BecTHO. OHO
BBITJISIIAT KaK

2
€l
,Z[J'IH OTBICKaHUA HANPSAKECHHOCTU I10JId B IICPBOM

npuGmmkernn E” HeoGXOXMMO peIlmnTh CHCTEMY
yYpaBHEHHUH, COIECPIKAILYIO yCIOBHE HEPa3phIBHOCTU
JJIEKTPUYECKOTO TIONIS, U BOJNIHOBOE YpaBHEHHE, KO-
TOpbIC UMEIOT BUJI, aHAJIOTU4HbIH (1).
C rpaHUYHBIMH yCIOBHSIMHU
row: EY_ 0,
r=R+&(0,t): (EY(r,1))=0;
(n,EY)ds =o.
S
[pencraBum BeKTOp E(l)(F,t)B BUJIE Pa3JIoKe-

HUS Ha TPH OPTOrOHABHEIX BekTopa [16]:

EY(F,t)=N,@, (F,t)+
+N,®, (F,t)+ N, (F,t),

rae O, (F,t) — HEU3BECTHBIE CKAJSIPHBIC (YHKIIHH,

(210)

~

a BEKTOpHBIC OIepaTopsl-ipoekTopsr N
Buz [16]:
Nl =V, Nz =VxT, N3 EVX(VX F),
Ny =-V, Nj =FxV, N} =(FxV)xV
1 Y/IOBJICTBOPSIIOT YCIIOBUSIM OPTOTOHATBHOCTH
(R.R,), m 1, (3m

BEPXHHI CUMBOJ “+” 03HAYAET SPMHUTOBO COIPSIKE-
HHUE.

C yuerom csoiicta (3I1) ypaBHEeHHE HEpa3pHIB-
Hoctu 11 EY npeoGpasyercst B ypasuenue Jlammaca
st GyHKIUH @, (F,t):

(V, E(l)) — (_NI E(l)) —

:(_

(N
-N;, NlQ)l =(V,V®d,) = Ad, =0.

j HMCIOT

( D, +N,D, + N3®3)) = (4

Hecnoxno yGenutsest, uro omeparopsl N; kom-

MYTHUPYIOT ¢ omneparopoMm Jlamiaca,
N,A=AN;, Onarozapsi 4eMy BEKTOPHOE BOJIHOBOE

TO €CTh

ypaBHEHUE AJis EW npeoOpasyercss B CUCTEMY Tpex

CKAIIAPHBIX ypaBHEHHH mnd @ (F,t). ITonpcraBum

= (1
paznoxenue (2I1) B BOIHOBOE ypaBHEHHE JUIS EWn,
MOJB3YSACh CBOWCTBOM KOMMYTAaTHBHOCTH, HpHUBE-
JIEM €T0 K BUIY:

3. . 1 0°® (Tt
SR,[ a0, (1.0~ E00Y | o
o c ot

VMHOXast TIOJTy9€HHOE CJIEBA BBIPAKEHUE MOCIIE-
JIOBAaTEIbHO HA Nj U YYHTHIBas, YTO (N},Nj)iq

MOJIY4YUM TPpU CKAJSIPHBIX BOJIHOBBIX YPABHCHUS IJIA
@, (F,t):
1 0°0,(F,t)
¢t ot?
[TockompKky pemaeTcss 3amada 00 HW3ITyYCHHH
Karuien OJICKTPOMArdiuTHbLIX BOJIH, CCTECCTBCHHO

npuHsaTh O ~ exp(—ia)nt), rae i — MHUMas €IUHULA.

AD, (F,t) =0, j=1,2,3. (51

I[Tpu stom ypasuenus (511) cBemyTcst K ypaBHEHHSIM
I'enpmronena.
U3 ypaBuenus (5I1) npu 3HaueHnn uHaekca j = 1

u ypaHeHus (411) momyunm (a)f/ ﬁZ)CDl(f,t)zo,
¥ TIOCKOJIBKY 4acTOTa KONeGaHuil OTIMYHA OT HyJI,
TO,  ClENOBaTeNbHO,  CKadApHas  (QyHKIHS
O} (F,t) =0. Takum 006pa3oM, HaNpPsHKEHHOCTH
snekrpraeckoro mons EY(F,t), cosmaBaemoro ko-

NeO0aHUSMU TIOBEPXHOCTH HE3apsHKCHHON —KarliH,
OymeT YMCTO BHUXPEBOW M 3ANMIIETCS CIICTYIOITIM
BBIPOKCHUEM:

EY(F,t) = N, (F,t)+ N,@, (F,t).

B cdepudeckoii cucreme KoopauHAT KOMITOHEH-
TBI E(l)(r,t) HUMEIOT BUJ;

~ D. (T
Nchz(r,t)=0ér+_iaz—(r’t)ée—
sin6  do (610)
_ac1>2(r,t)é
op o
R, (7,t) = -2 Lo, (F.1)8, +
' (711)
10 00,(F,t)_ 1 8 0D, (Ft)_
+=—r € +—————r €.
ror 00 rsind or o0Q ¢

®ynkuun O, (F,t) u ®3(F,t) SIBJISIIOTCSL  pele-

HUSIMU ypaBHEHUM [ eIbMrosibiia, UMEIOIMUX BU!
2

v a)n v —
ACDq(I’,t)—C—Z q(r,t)zo, q—2|3- (8H)
B cuimy Toro WTO paccMaTpmBaeTCsS OCECHMMET-
puuHas 3amaua, B Beipaxkenusx (611) u (711) cneayer
OTOpPOCUTH CllaraeMble, COJCPIKaINe MPOU3BOIHBIC

o @, TOraa MOJIy4YuM:
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. oo, (F,t
N,®,(F,t)=- Za(e )w,
N3q>3(r,t)=—1|:cb3(r,t & +
' (o)
10 ac1>3(r,t)é
ror o0
Pemrenne ypapuenmit (8I1) mis  GyHKIumi

@, (,t)3anmmercs B Bue:
@, =Y D (kr)exp(-io,t)P, (cos®), (10M)

e hgz)(kr)— cheprueckas pyukius beccens Tpe-

THErO POJia, BhIOMpaeMast U3 TeX COOOpaKeHH, YTO-
Obl B acuMITOTHKE (I —»00) 3JIEKTPOMArHUTHAst BOJI-
Ha pacxoaunack; K = (@, /C) — BONHOBOE YHCIIO;
C — CKOPOCTb CBETA.

Henssectuble koncrautsl D' B pemennsix (101T)

ONPEIEISIIOTCS U3 TPAHUYHBIX YCIOBHM 3KBUIIOTEH-
[UATBHOCTH TIOBEPXHOCTH KAaIUTH U HEU3MEHHOCTH
e€ 3apsma. 3aMeTuM, YTO IS TOPOHMAAIBLHON KOM-

nonentsl mos EY (F,t), onpenensiemoit dymkimeii
@, (¥,t), 9TH TpaHMYHBIC yCIOBHS PUBEIYT K CIe-

AYIOIHM COOTHOIICHUSIM:
r(0,t)=R+&(0,t): (N,@,(r,t),7)=0, (111
$(N,@,(r,t),0)-ds =0, (121m)

e © U fi — €IMHUYHbIE BEKTOPHI KacaTeJbHOM M
HOPMAJTH K IOBEPXHOCTH KarlIH.

Beipaxenust (11I1) u (12I1) ny»Ho Opath Ha HO-
BEPXHOCTH Kartu rpu I = R, TIpu 3TOM BEKTOPOM 7
MOTYT CIIy’KHTbh OPThI C()EPHIECKON CUCTEMBI KOOP-
JWMHAT € M g, a BEKTOp HOpMauu ni Gyier coBma-
JIaTh ¢ OPTOM §, .

Cormacuo (911), TopougansHass KOMIIOHEHTA I10-
s (de)z (F,t)) MMEeT JIUIIb COCTABJISAIOMIYIO ~ €,
u, 3Hauwt, cootHomreHus (11I1) u (12I1) npu
T = €, yJIOBJIETBOPSAIOTCS TOXKJIECTBEHHO IPHU JIIOOBIX
KOHCTaHTax Dr(]z) B pemwenun (10I1). U3 ycnoBus
(111IT) mpm 7 = €, oIy nM!

oo, (F,t)

00
ITOCKOJIBKY 3TO COOTHOIICHHE JOJKHO OBITh

CIIPaBENIMBBIM TIpH JIFOOOM 3Ha4YeHWHW yria 0, To
HEOO0X0IUMO TIOTpeboBaTh oOpalieHUs] B HYJIb BCEX

KOHCTaHT Dr(f) B pemenun a1 D, (f,t). Takum
obpas3om, mose E(l)(F,t) MOJIHOCTBIO OIPEIENIACTCS
ckanspuoit pynkimeit @, (F,t):

EY (F,t) = N,@, (F,t) = Vx(VxF) D, (F,t)

nnu ¢ yaetoM (10IT) moxyumm:
EW (Tt = exp(—iant)x
n
x{ DI 1h@ (kr)n(n+1)P, (W8, +

+[ D¥rh (kr) + D oh@ (kr) ] oP, () ée} (1311)

or 00

Jns  ompeneneHuss HEU3BECTHOM KOHCTaHTHI
Dr(f‘) YYTEM, YTO IMOBEPXHOCTh MPOBOISALICH KaIliu

SKBUIIOTEHIMAILHA, TO €CTh MPOEKIUS BEKTOpa E Ha
OpT KacaTeIbHON K TOBEPXHOCTH T €CTh HYJIb!

(z.E(r.1))=0.

UroObl HalTH OpT T , CHayaja 3alUIleM OpT
HOPMaJIM K BO3MYIICHHOHN MOBEPXHOCTH KAILIH:
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=8 —=—£(0,1)8,.
=% raeé( )

(1410)

(1511)

B cuny oceBoii cummeTpuu 3amadd OpT Kaca-
TEJILHOW K IMapajuieNisiM COBIANaeT ¢ COOTBETCTBY-
IONUM OPTOM c(pepudecKkoil CHCTEMBI KOOPAWHAT
T,=€,. Opr KacaTelbHOW B MEPHIHOHATBHOM

HallpaBJICHHUU HakgeM, BOCIIOJIb30BABIINCH BEKTOP-
HBIM COOTHOLICHUEM.

Ty =NxT,.
C yderom (15I1) BeipakeHne Ui OpTa Kacarelb-
HOH 3alMLIETCs B BUAE:

L10g(et)

T T &
r oo

[Moacrasus (16I1) u (13I1) B (14I1), nepenuinem

YCJIOBHE DKBUIIOTEHITHAIIBHOCTHU MTPOBOIAIICH KaruTu
B BUJIE.

—6,. (1611)

01200 o R ()
“ro 0 |,

rae E”n E(gl)— KOMIIOHEHTBl BEKTOPOB HalpsDKEH-

0, (1710)

+EY

HOCTH TIOJISl HYJIEBOTO U [IEPBOTO MOPSIIKA MATIOCTH.
[MoncraHOBKa BBIpaKEHUH /IS Eél) u3 (1310),
Er(o) =E® u Bosmymenns moBepxHocTH Karmi &(6,

t) B Buge pspa no moiaumHoMam JlexkaHapa B BbIpa-
xenue (1711) mo3BonsieT ompenenuTh BBIPAKECHHE
JUIs. KOHCTaHTbI Df) 4yepes aMILUIATYAY Oip!

D = —a, Q !
Sesz Gr (rhr(]z) (kr))

. (1810)

r=R

[MToxcrasus (18I1) B (13I1), nonyyrM BeIpaKeHUE
JUSL  HAMpPsOKEHHOCTH — JJIEKTPHYECKOTO  MOJIS

E® (7.t):



w (2)
E<1)(r,t):—Lzzexp(—iwnt)an k)
eexR7r 13 ar(rhr(,z)(kr))‘
r=R
1911
ar(rh,(,z)(kr)) P (1) (191)
xn(n+1)P, (n)& + o €

6r(rh,(]2)(kr)) .

B wrore momHas HANPSHKEHHOCTH JJIEKTPHUIESCKOTO
oI, co3IaBaeMast Kariel, 3alnIeTcs B BUIE.

L Q. Q & _ h( (kr)
E(rt)= r T 5 —lo)ony——F— X
(F,1) Sexrze Seszrn;exp( iwt)o ar(rhﬁz)(kr))
r=R
o (P n) 4p (2010)
xn(n+1)P, ()8, + ((2) ) gf“)ée .
Gr(rhn (kr)) .
r=

B wacTtHOCTH, 3J€KTpUUECKOE MOJE MEPBOTO IO-
psallka MaJloCTU EW (F,t) , CO37aBaeMoe KallleH,

KoJeOuoIIeiics Ha OCHOBHO# Moze (N = 2) ¢ yacto-
TOU @), IPUMET CJICIYIOIIHNI BU!

ht?) (kr)
5, (rhgz)(kr))

r=R

Lzexp(—iwzt)
e RT

(o2}

Pz (l,l)ér +

o (rhgz) (kr)) (), (211)

a [

+
ar(rhgz)(kr))
r=R
Aemopwl svipasicarom 6Oaazodapuocme H.A. Boeamo-
8y, yKasasuwemy Ha owudKu, 0onyujeHHvle Pu Haxodxcoe-
HUU acumnmomux cgepuueckux @ynkyuii beccens mpe-
mbe2o poda & [5-6].

Paboma svinoanena npu noodepoicke epanmos PODU
Ne 14-01-00170-a u 14-08-00240-a.
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Summary

Via the carried-out calculations, analytical expressions
were found for the intensity of an electric field in a vicini-
ty of an oscillating charged drop of nonviscous electrical-
ly conducting liquid and the intensity of electromagnetic
radiation from it in linear on the indignation amplitude
approach. Estimates in the order of magnitude are carried
out.

Keywords: spherical drop, electric charge, oscillation,
radiation, electromagnetic waves.
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OO6cyxmaroTcsi cobBaTallMOHHBIE 3()(EKTHI, BO3HUKAIOIINE IPH PACTBOPSHUH MOHU3HUPYIOLIEH Mpu-
MECH WJIM MHXKEKLUH 3apAJI0B B )KMIKUN HETIONAPHBIN AUINEKTPHK. M3ararorcs TeopeTudeckue pac-
YeThl MOJSIPU3ALUOHHON SHEPTUU COJNbBATALMK 3aps/I0B B KOHTUHYaJIbHOM NPHOJIMIKEHUH CpPEIHEH
NOJISAPU3aLUK B O€3rpaHUYHOMN JKUJIKOCTH 1 BOJIN3M MMOBEPXHOCTH METAJLIA.
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CONLBAMAYUOHHBIL PAOUYC, CUNA UZ0OPANHCEHUS.

VJIK 537.58
BBEJIEHUE

OnHUM U3 TEPCIEKTUBHBIX HANIPABICHUH B 3JI€K-
tporuapoauHamuke (D[]]) sBiseTcs HUCMOIb30Ba-
HUE PEIOKC-CHCTEM, KOTOpblE MOTYT 00€CHeYuTb
JnocTtaToyHo Oonbmiod  pecypc  paborer  OIJI-
ycrporictB. Hampumep, Kuakne KpHUCTaIbl cTabH-
JM3UPYIOTCS. XUHOH-THIPOXMHOHHOM mpuMechio [1].
B OI'/l ucnonb3yroTcsi, Kak MPaBUIIO, HETIOJSPHBIE
XKHUJIKOCTH, KOTOPbIE HETOKCHYHBI U 00JIaJar0T Ipu-
EeMJIEMBIMH TETUIOPU3NUECKIMH XapaKTePUCTHKAMH.
[TosTOMY BO3HHMKAET psiA (PUBMKO-XMMUYECKUX MPO-
0neM, CBSI3aHHBIX C PAaCTBOPEHHEM COJICH W IOJISIp-
HBIX MpUMecel B HEMOJSPHOM pacTBopuTelne. Tak,
KpUCTAIIMYECKUI o/, OyIydd CHIBHBIM 3JIEKTPO-
HOAKLIENTOPOM, PacTBOPSIETCS B HEMOJSIPHBIX YIJie-
BOJIOpOJaX MOJEKYJSpHO [2—4], oOpa3ys MOHOMO-
neKyIsl |, u MoJeKysipHble KOMIUIEKCHI lo-1o, 1o-151;
u T.4. IIpu 3TOM cumTaeTcs, 4To HENMOJISPHBIA pac-
TBOPHTENb sBJsieTCs MHAU((EpPEHTHBIM, TO €CTh He
BCTYIIa€T B XMMHYECKYIO CBS3b C HOAOM MJIM MOHa-
Mu [2]. CIiupTHI e pacTBOPSIOTCS B HUX HE3HAYH-
TenbHO [5] 1 maske mpu HEOONBIIMX KOHIEHTPAIHAX
00pa3yloT MOJEKYJISIpHbIE KOMIUIEKCHI, KOTOpBIE
IIPUBOJAT K PACCIOCHHUIO WM CEJUMEHTAalluu pac-
TBOpa. [Ipomecc pacTBopeHust M1000ro BeliecTBa B
pacTBopuTesie MO CYLIECTBY SIBISETCS XUMHUYECKOI
peaknueli, B KOTOPOil NPOHUCXOASAT Pa3phlB MEKMO-
JEKYJISIPHBIX CBsi3edl u 00pa3oBaHHE HOBBIX — C MO-
JeKyJ1aMu mpuMecH. Monekynbsl mpumecu X, BCTY-
masi ¢ MOJIeKyJlaMH pacTBopuTensi M B XMMHUYECKYTO
CBsI3b, 00pa3yloT MOJEKYJISIpHbIE KOMIUIEKChl X-M
[2-4, 6]. Eciu mosiekyna X sIBISIETCS DIICKTPOHOAK-
[ENTOPOM, KakK, HalpuUMeEp, MOJEKYIAPHBIA Hox |y,
WK COICPIKUT IJIEKTPOHOAKIENITOPHYIO Tpymiy (B
apoMaTtHueckux yriesomopoaax — ato Cl, Br, I, B
CIMpTax — THAPOKCHWiIbHAsA Tpymma OH u T.1.), TO
MOJICKYJISIPHBII KOMIUTEKC MPHOOpeTaeT AUTOIBHBIN
MOMEHT 3a CYET HNPUTSDKEHHS 3JIEKTPOHOB JIEKTPO-
HOAKIIEITOPOM M 0003HAYaeTCsl Kak X‘5M+5, rae
0 — addexTuBHBIN 3apsa. ITOT ciaydail OTBedaeT
TOMOIIOJISIPHON CBSI3U B MOJIEKYJIAPHOM KOMILIEKCE.

[Tpu 3axBaTe 2MEKTPOHA AIEKTPOHOAKIETITOPOM 00-
pasyercsi TeTepornoisipHas CBsi3b. B 3TOM ciyuae
MOJICKYJISIPHBIN KOMITJIEKC TPEBpAIaeTcs B KOH-
TaKTHYI0 HOHHYyI0 mapy [X =, M *], kotopas moxer
MePEHTH B TaK HA3BIBAEMYIO PHIXIyI0 WiH Tuddy-
3MOHHYIO HOHHYIO mapy X ~M *, croco6Hyo aucco-
LIMHMPOBaThCA Ha cBOOOAHBIE HOHBI X , M *. Dtn
MPOIIECCHl CXEMATHYHO MOXKHO 3aIUCaTh CIEAYIO-
IIei memouKoit peakiuit [2—4, 7]:

X+M 5 X M? X, M T X’M*<;>X’+M*. 1)
u

Takum o0pa3oM, BO3HHMKaeT mpoOiemMa ompene-
JICHUS YCIIOBHH, IIPU KOTOPBIX IPOUCXOAUT HOHU3A-
U YKUKOTO TUBJICKTPUKA TIPU OOABICHHN B HETO
3IIEKTPOHOAKIENITOPHOH npuMecH. B nanHoit padote
00CyXIar0TCs COJbBATAIMOHHBIE 3PQPEKTH MPHMe-
HHUTEIIBHO K CJIA0OMOJSIPU3YIOIUMCS PAcTBOPUTE-
JSIM, KaKUMH SIBIISIIOTCSL  JKUAKHE IUDIICKTPUKH.
Beruucnsercs conbBaTallMOHHBIN NOTEHLMAN HOHA B
0e3rpaHUYHON Cpele M HOHA, PacIOOKEHHOIO
BOJIM3M MeTajula B KOHTHHYQJILHOM MPHOIKEHUH
CpeAHeH MoJsprU3aluy B COJIBBATHON 000I0UKe.

1. XUMHWYECKAS COJIbBBATALIA

HccnenoBanne XWMHUYECKOW COJBBATAIIMH IPO-
M3BOIAT KAJIOPUMETPHUYECKHM METOJOM, OCHOBAaH-
HBIM Ha M3MEPEHUH OSHTAJIBIIUU PACTBOPEHUS
AH, xan/moznb [8], KOTOPYIO CUHMTAIOT TONOXKUTEIh-
HOH, €CII pacTBOPEHUE MPOUCXOAUT C TOTJIOLICHH-
eM Teria (PHIOTEPMUYECKHI MpoLecc), U OTpUIa-
TENLHON C BBIAEIEHHEM TeIlia (3K30TEpPMHUUECKHIA
mpomecc). IIpu AH < 0 sHeprust CBS3M MOJIEKYI
NIPUMECH W PACTBOPUTENSl OOJIbIIE YHEPTUHU CBS3H
MEXIYy MOJEKyJIaMu pactBoputens, npu AH > 0 —
COOTBETCTBEHHO MEHBLIE.

OHEepruio CBsI3W TNPUMECHONM MoyeKynbsl X C
MOJIEKYJIaMHU pacTBOPUTENIs M MOXKHO OLIEHUTH Clie-
aytommM obpasoM. Ilpu MOCTOSHHBIX NABIEHUH H
00bEME pacTBOpa M3MEHEHUE SHTAJIBIIMU PABHO W3-
MeHeHHIo BHyTpeHHel sHepruum AH = AU. [lanee

© XKakun A.N., DnekrponHas 06paboTka matepuanos, 2015, 51(6), 32—-42.



IIPU PacTBOPEHUH NPUMECH, HAXOAAIIECHCS B KHI-
KOW WJIM KPUCTAUIMYECKON ¢aze, POUCXOIAT pas-
prIB cBs3eit X — X ¢ aHeprueit Ex _x 1 pa3pbIB cBs3eit
M — M c ameprueit Ey - v. 3aTem mpoucxomsar oopa-
30BaHME HOBBIX CBsI3eil ¢ aHeprueil Ex -y u peopra-
HU3aMa Mojekyn1 M, okpyxkatommx X, Ha 4TO 3a-
TpaunBaetcs dHeprus AU, (3Heprust conbBaTaINN).

B cnydae HeNONSPHBIX PacTBOpPUTENEH BeINYH-
ot AU moxHO mpeneOpeun [4], moatomy sHepre-
TUYECKHUH OanaHc 1aeT:

-AH =N,AE, AE=E, , -E, ,—E (2)
rae — AH — u3MeHeHue SHTANBIUKM TIPU PacTBOpeE-
HuHU 1-ro rpamM-modns npumecH; Na — unciao ABora-
Ipo.

ITo TUmy XMUMHUYECKOW CBSI3M MOJIEKYJI paCTBOPH-
TENsT U TPUMECH BBIJEISIOT PACTBOPHI C BOJOPOI-
HbIMH 1 0€3 BOJIOPOJIHBIX CBsizel. Hampumep, cmecu
CCly ¢ aneToHOM M apOMaTHYECKHMHU YTICBOAOPO-
JaMu, OEH301a ¢ alleTOHOM W JUATHIIOBBIM d(UPOM,
reKCaHa ¢ alleTOHOM SIBJISIOTCS MPUMEPAaMHU PaCTBO-
poB 0e3 BOAOPOIHBIX CBsi3ei. B Takux pacTBOpax
AH > 0 u wumeer mopsaka 400-500 xan/mMoib
(puc. 1la). Eciiu MOJIEKyJIbI PACTBOPHTEIIS COMEPIKAT
xuMuueckn akTuBHBIA drmement (B CCl, — xmop, B
JMOKCaHe — KHUCIIOPO), TO TPH PACTBOPEHUN B HUX
MOJIIPHBIX MPUMECeH, HalpuMep CIHUPTOB, 00pa3y-
€TCS XUMHYECKas CBsI3b, O YeM CBUJICTEIHCTBYET
CIIO’KHAsI 3aBUCUMOCTh AH OT KOHIIEHTpalMu Mpu-
mecu (puc. 1B,r). IIpuMepamMu cMeceil ¢ Bomopon-
HBIMU CBSI3IMHU SIBJISIOTCS PACTBOPBI HEMOJISPHBIX
yIJIEBOJ0POI0B (OEH301, TeKCaH U JIp.) CO CIIUPTaMu
(puc. 16).

B ¢usxummueckux [2-4] u OT'/] [9, 10] wuccre-
JIOBaHHUSAX YaCTO HCIOJB3YIOT PACTBOPHI TUJICKTPH-
YECKUX >KUIKOCTEH C MOJICKYJISIPHBIM HOJIOM, Tak
KaK B HHUX MPOIIECC NOHU3AIMH OIPEJIeIIsIeTCs] peak-
musvu (1), DHTadBNHA pacTBOpEHMs iHoma Beerna
oTpunatensHa (tabdn. 1), To ecTh B TAKUX PacTBOpax
BCerja 00pa3yroTCsl MOJIEKYJSPHbIE KOMILICKCHI H
HOHHBIE mapsl [11].

Ucnonw3ys maHHble Ta0u. 1, HAX0auM, 4TO SHEP-
rus cBsa3u |, ¢ Monekymamu O€H30Jia MPEBBIIIACT
SHEPTHUIO CBSI3M MEXIY MOJCKyJlaMH OcH30ia Ha
BenmunHy AE = 0,06 3B u cooTBeTCTBEeHHO THOKCA-
Ha — Ha AE = 0,15 »B. CymecTBoBaHUE MOHHBIX
nap |, — TOHOp MOATBEPkKAAETCS CIIEKTPAMH IOTJIO-
IICHHS, OO0YCIOBICHHBIMU 3JICKTPOHHBIMU IEPEXO0-
JaMU «KOHTAKTHAsl MOHHAS Mapa — MOJCKYISIPHbII
komruieke» [11], a Takke crekTpodoTroMeTprye-
CKHAMH ¥ KOHIYKTOMETPUUICCKHUMHU U3MEPCHUSIMHU.

Takum 00pa3oM, COJIbBATAI[MOHHBIC B3aWMOJICH-
CTBHS MOT'YT MPOUCXOJIUTH KaK C BBIJICJICHUEM, TaK H
¢ mornouieHueM Tteruia. J(H(EeKTUBHBIM COBPEMEH-
HbIM METOJIOM HCCJICIOBaHHS COJIbBATAI[MH WOHOB
SIBIISICTCSl UCCIICIOBAHUE TOJSI TEMIIEPATyp C MOMO-
II6I0 MUQPPOBEIX TEILIOBHU30POB. Tak, Ha puc. 2 Mo-

X=X M-M 1
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Ka3aHbl TEIUIOrPAaMMbl  HACBIIIEHHOTO pacTBopa
tpanchopmatoproro mMacina (TM) ¢ itfogom mnpu uH-
JKEKLUH OTPUIATEIbHBIX HMOHOB C KaTojAa, Mpei-

CTABISIIOLIETO  MEAHYIO IUIACTHHKY  TOJIIMHOMN
0,5 mm cormacHo peakuuu [9, 10]:
M-X+e >M-X". 3

Ha puc. 2 OKOHTYpeHBI yYacTKH, TeMIepaTrypa
koTopbix Ha ~ 0,1-0,9°C BbIIe OKpYyKarOIEeH KUI-
KocTd. BugHO, uTO BONM3M KOHUMKa Karoxa oOpa-
3YIOTCSI IBa HArPEeTHIX BUXPSA, KOTOPHIE Pa3AeliCHbI
XOJIOAHOW OTPHULATENBHO 3apsDKEHHOU CTpyel. DTo
HaOJIIOICHWE TIOKA3bIBACT, YTO B 00JACTH CTPYHHO-
0 TEYCHHUS OTPHUIIATEIHHBIE HMOHBI BMOPOXKCHBI B
JKUIKOCTh, MpuyeM B3aumojeicTBue ¢ TM Toabko
HoJIIpU3aIMOHHOe (TTONIAPU3AIMOHHAsT CObBATAIINS
¢ moromeHueM Teria). Ha rpaHumax ke BuUXpei
MMEET MECTO HarpeB, KOTOPBIM OO0YCIIOBIHMBAaETCS
BSI3KUM H JDKOYJIEBBIM TETUIOBBIICIICHUEM.

B coBpeMeHHBIX Teopusix (METOJ MOJICKYJISPHOIT
MUHAMUKH, Hanmpumep [12], cratuctuyeckuii MeTOx
MonTte-Kapno [13], HakoHell MeTOIbl KBAHTOBO
xumud [13, 14]), ucnonp3yroTcs MpencTaBieHns O
MHUKPOCKOITUYECKUX CTPYKTYypax pacTBOPOB, MO3TO-
MY 3TH TE€OPHH MO3BOJISIOT PACCUUTATH YHEPTHUIO KaK
XUMUYECKOM, TaK M MOJIIPU3ALMOHHON COJbBaTa-
UH, a TaKXKe OMPEACIUTh CTPYKTYPHI COJIbBATHBIX
obosiouek. Tak, pacdeTsl METOJIOM MOJIEKYJISIPHOU
JUHaMUKU [12] mokas3pIBarOT, 4TO OPUCHTAIUS MO-
nmekyn Mertanoida Me-OH B mepBoii combBaTHOM
000JI0YKe OTPULATENBHOTO HOHAa ClO, MPOUCXOaUT

Tak, 4yTo TuApokcuwibHas rpynna OH nHampasieHa
BJIOJIb PaJHalbHOTO HAmpaBlicHUs (B LEHTP HOHA,
puc. 3). JIMNONbHBIA MOMEHT MOJIEKYJbl METaHOJa
IIPU 3TOM HAIPABJIECH IOJ YIVIOM K paguaJbHOMY
HaIpPaBICHUIO.

2. IIOJIAPU3ALIMOHHAA COJIbBBATALIMA

Teopus MOJSIPU3ALMOHHOM COJIbBATALIH
JIOBOJIBHO CJIOKHA U JJOJDKHA CTPOUTHCA JUIS KaXKIO-
ro KOHKPETHOro pacTBoputend. B manHoM paznene
JlaeTcsl TIOCTaHOBKA 3aJ1adyl O BBIYMCICHHU SHEPTUH
COJIbBATALIMM HOHA B O€3rpaHMYHOM PAaCTBOPUTENE U
BOJIM3M TMOBEPXHOCTH MeTallla M BBIBOAMUTCS pac-
gyeTHast (OopMyJia SHEPIHH B3aUMOJEHCTBUS HOHA C
JTUIOJIIMU Cpelbl B KOHTHHYallbHON MOIENu cpen-
Hell MoNpU3alui B COJIbBATHOM 000I0UKe.

2.1. ITocmanosxa 3a0auu

ITpu BBIOOpPE MOJETH MOJSAPU3AIMUA PACTBOPHTE-
TSl WCXOAAT W3 DKCIEPUMEHTATBHBIX JaHHBIX 10
PACIPENIC/ICHUIO HAIPSHKEHHOCTH DJICKTPHYECKOTO
1oJiss B OKPECTHOCTH HOHA, THIHYHBIX pPa3MepoB
WOHOB U JJIMHBI XWMHYECKUX CBs3e# (TO ecTh pac-
CTOSHHUST MEXKAY LEHTPAMU aTOMOB B MOJIEKYJIE),
MpeaCTaBIeHHbIX B Tadm. 2. M3 Tabi. 2 BUAHO, YTO
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(a)
A T e 20°C ©®  AH,
KaJ1/Moa ~— KaJyi/Moil A
-~
300 3
S -
—poc 200
-~
200 1
100 100
(CHz)on 50 C6H14, MOJIb CGHG 50 100
(r) AH,
v AH, Kaj/MoJb 50°C
Kaj/MoJb
35°C 140 -
80 35°C
100
40 20°C
60
O (0]
— 40 20 0°C
CCly 50 CH30OH, momps % 0 -
— 40

C3H;0H 50 CCly, monb %

Puc. 1. Temmotsl cmemennst: (a) rekcana ¢ aneronom; (6) 6ensona co cnmpramu nipu 35°C: 1 — METHIIOBBIN; 2 — STWIIOBBIA; 3 — IPO-
mis1oBeIi; 4 — Gytuinossiid; (B) CCly ¢ MetunoBeim criuprom; (r) CCly ¢ mponuoBsM CEPTOM.

Tadmuua 1. Termiora 1 KOHCTAHTA PACTBOPEHHUSI MOJIEKYJIIPHOTO HO/1a B Pa3IMUHbIX pacTBopuTersx [11].

XKuakocts (IOHOP 3IEKTPOHOB) KOHCT?I}II;;}D;;}II:BGCM’ — AH, kkan/morb
Benson, CgHg 0,15 (25°C) 14
Tonyon, C;Hs 0,16 (25°C) 18
Huoxcan, C4HgO, 1,14 (17°C) 3,5
IMupuaun, CsHsN 270 (20°C) 7,8

A

3cMm

Puc. 2. Mudpakpacusie Gpororpaduu pactpeesicH s TeMIIepaTypbl IPH WHXKEKIIWH OTPULIATEIIBHBIX 3apsIIOB C KaToJa B HACBIIICH-
HbIi pacTBoOp Hona B TM; (a) — U = 10 kB; (6) — U = 20 kB.
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Me

Puc. 3. Moxens opuenrannn Monekyn meranona Me-OH B mepBoit conbBatHO# 060mouke nora ClO4 [12].
Ta6auua 2. Pactipenencrne HanpspkeHHOCTH ot E = e/ (4 ngorz), r= |f| B OKPECTHOCTH MOHA, TUIIMYHBIE pa3Mepbl

aTOMOB M JIJIMHA MEXATOMHBIX cBsizeil [5, 15]

r, aM 1 5 10 15
E, MB/cm 14 0,56 0,14 0,06
Tunu4YHbIC pa3Mepsl VYraepon C Kucnopox O Vo | Menp Cu
aToOMOB Iy, HM 0,077 0,066 0,133 0,128
c-C 015 O-H 0,096 N
TunuyHas JJIMHA CBI3€EH, HM C=C 0,13 C-0 0,14 -1 0 '266
0-0 0,12 '

TUTINYHBIE pa3Mephbl aTOMOB [y U JUIMHBI MEXXaTOM-
HBIX CBSI3€fl MMEIOT OIMH TOPSJAOK U COCTABJISIOT
0,1 uM, nosTOMy HamboJiee CHIILHOE BJIMSHUE OIS
MOHA TPOMCXOIUT Ha PACCTOSHUW OT IIEHTpa MOHA,
paBHOM Ry = 5-10 HM. DTOT paanyc ompenersieT TaK
Ha3bIBACMYIO0 KOOPJMHAIMOHHYIO  chepy  HOHa.
OTMeTnM, 9TO B DJIEKTPOXUMHUHU PACTBOPOB MpPHU-
HATO CUWTaTh, YTO WOH HMMEET, KaK IPaBUJIO, IBE
KOOPAUHAIMOHHEIE 060704k (Momeny Pdpanka u
Bena [2, 12, 17], puc. 2a). Takum obpa3om, MoJe-
KyJlbl U aToMbl B oObeme Vs (COTbBaTAI[MOHHBIN
00beM), B KOTOpOM I < Ry, monsipu3yroTcs, BooOIIe
TOBOpS, TI0 HEIMHCHHOMY 3aKOHY, TOTIa Kak IpH
r > R monspu3yercsl 1Mo JUHEHHOMY 3aKOHY C IO-
CTOSSHHOM OTHOCHUTEIBHOM IUAJIEKTPUUYECKOW MpO-
HHUIIAEMOCTEIO €!

P=g,(e-1)E (r>R,). (4)

OHeprus TONSIPH3ANMOHHOW CONbBATAIIMK HOHA
OTIpeJeNsAeTCs KaK SHEPTUsl B3aMMOJICHCTBUS HOHA C
aunomsivu W, =ed (0), rae @y(0) — cymmapubiii
MOTEHIMAJI IUTONEH B TOUKE HAXOXKJEHUs HOHA. B
(pM3XUMHHM PAcTBOPOB JHEPTHs MOJSAPU3ALUOHHON
conbBarauuu omnpezesnsiercs kak W, =0,5ed (0),

TO ecTb B 2 pa3a MeHble W, IlosBIeHue MHOXUTE-
a1 0,5 00yCIIOBJICHO TEM, YTO SHEPIHsl COJbBaTALIUU
BBICTyIIa€T B KauecTBE padOTHl IO TMOJSPU3ALUU
pacTBopHUTEId IPU BHEAPEHUM HOHA. JleficTBUTEND-
HO, B 9TOM cITy4yae dJieMeHTapHas paboTa ornpenens-
€TCS KakK dwsaﬂ :q)p (O)dq W AHTETPUPOBAHUE II0
3apsaay oT = 0 10 = € IPUBOJUT K IMOSBJICHUIO
muoxureis 0,5,

[ToxaxkeM pe3ynbTaThl pacueToB W, B KOHTHHY-

ATBHOM TPHUOIIKEHUH, KOT/Ia OTCYTCTBYET COIlb-
BaTHass 000JI0OYKA W TOJISPU3ANUAS CPEIBI ONPEaes-

ercs cornacHo (4) ¢ MOCTOSHHON OTHOCHTEIbHOMN
JMUBJICKTPUUYECKON MpoHMIaeMocThio & [13, 14].

Pacuer W:" 1T MOHHOI'0 KOMILIEKCA, COCTOSIIETO
13 N HOHOB, 1aeT CIIeyIOIIee BhIPaKCHUE!

_ 0 N N
W =& 12 (n+1)

2 =n+(n Jrl)gzZejek '

! j=1 k=1 (5)
(%) P

ro2n+1 n (COSOjk )’

rie lo — paauyc HOHa, €j, & — 3P (EeKTUBHBIE 3aps bl
j-r0 ¥ K-TO MOHOB, BXOMSAIINX B MOHHBIA KOMITUIEKC;
P, — nonunowmsl Jlexxanapa; O — yrisl, o0pazoBaH-
HbIC BCKTOPAMH [ M T, ONPEACISIOMIMHU TOTI0KE-

HUA J-X U K-X noHOB. B cityyae 0iMHOYHOTO MOHA C
3apsioMm € u3 (5) cnenyer popmyna bopha:

W = —li(l—lj. (6)

2T, €

B ciydae mossipHBIX cpell, KOrZa pacTBOPUTENh CO-
CTOUT W3 AMIOJIBHBIX MOJIEKYJ C JAMIOJBHBIMH MO-
mertamu [P, OHcarepom ObLIO IMONYYEHO CIICIYIO-

niee BeIpaxkeHue (Mojenb peakTuBHOTO o [16]):

. 1( 2(s -1)p? -
W =—=| =2, p=lp|. (7
2\ (2e+Dr,

B MHoroumcneHHbix paborax, Hampumep [2-4],
otMeuaercs, uto Gopmyisl (5)—(7) He Bcerma corna-
CYIOTCSI C IKCIIEPUMEHTAJIbHBIMUA JaHHbIMU. [Ipen-
MOJIAraloT, YTO OJHOW W3 TPUYUH PACXOKICHUS
SIBIISICTCSL HEJNIMHEWHAsT TOJSIPU3aIMs MOJIEKYN pac-
TBOPHUTENIA B COJIBBATHOW 00OJIOUKE, O YeM yOemu-
TEJILHO CBUJICTENLCTBYIOT NaHHbIE Tabm. 2. [ToaTomy
BO3HHMKAET BOMPOC O MOCTPOCHUHM TEOPHH MOJSPH-
3allMOHHOM COJIbBaTalliM HOHOB B HEJIWHEHHOU



MOCTAaHOBKE, KOTOPYH PACCMOTPHM HHXE B YIPO-
IICHHON MOJICITU CPeIHeN MOJISpU3aIlnu.

2.2. Convsamayus uona 8 be3epanuuhol cpeoe Ha
O0CHOBe MoOdenu cpednell NoIAPU3AYUU

VYrpoiieHHas Teopus NOMSIPU3aLUOHHOM CONbBa-
Tallid B KOHTUHYaJIbHOH MOJENU CpedHeil moyspu-
3allid OCHOBBIBaeTCA Ha KOMOMHAIIMK KOHTHHYaJb-
HOTO U MHUKPOCKONMYECKOTO MOAXOJ0B U CTPOUTCS
crenyromuM obpa3oM. PaccmarpuBaercs OAWHOY-
HBII MOH 3apsioM €, KOTOPBIA pamd ymoOcTBa BHI-
YUCJIEHUWA CUUTAETCS MOJOXUTENbHBIM. [loTeHuman
anekTpuueckoro nosust @ B npous3BoONbHON TOUKE M,
OIpeIeNIAEMO# paiyCOM-BEKTOpOM T (TeoMeTpuIo
1 0003Ha4YeHHs CM. Ha puc. 20), MOXKHO 3amucaTth
kak [18]:

B(F) = (1) + P, (F),

@) =03 P,

Bees @,(7), @,
Jiel pacTBOpa, CyMMUPOBAHHE PACTIPOCTPAHSIETCS Ha
BCE JMIIONHU C JHUIOIBHBIM MOMEHTOM [, OKpyXa-

1
o= .
4,

) — INOTCHIMAJIbl HOHA WU JHUIIO-

oe

D, (r) = r (8)

r

IOIHUE HOH, ﬁi :F—Fi — pagnyc-BEKTOp, COCOUHS-
OIUA -1 numons, Haxondiuuiics B Touke Mi, u
Touky M (puc. 20).

Beruncnenue @ () IpOBOAMM B KOHTHHYallb-

HOM TIPUOJMKEHUU U TIPEIIIOJI0KESHHUH, YTO TIOJISPH-
3alys B CONBLBATHOU 000m0uKe I < Rg siBIsIeTCS M30-
TPOIHOM, TO €CTh:

D (F) =D, (1) +D(F), ©
@ (F) = a(e -1)g, j %dvl, O (1) =af %dvl.

v v,
3nece @ (F)— moTeHuman, MHAyLUPYeMBIH IuIo-
JSIMH, HaXOJSIIMMHUCS B KOHTHHYaIbHOU obmactu V
JMHEHHOH TONspHU3aIny 110 3aKoHy (4); @ (F)— mo-

TEHIIUAJI JUIIONIEH, HaAXOMAIIUXCSI B COJBBAaTHOM

obomouke Vs ¢ 3aKoHOM moisApu3anuu  (MOIENb
CpelHel MosIpU3annm):
F3=P(E)E, (10)

rne P(E) — ycpenHeHHBIl BEKTOp MONAPH3ALMH,

KOTOpBIH B OOIIEM CiTydae JOJKEH BBIYUCIATHCS HA
OCHOBAaHUM MHKPOCKOIMUYECKHX Teopuit [11-16].

R=r-r, R= ‘ﬁ‘ , AHTETPUPOBAHUE ITPOUCXOAHUT I10

KOOpAMHATaM TeKylledl Touku Mj, monoxeHue Ko-
TOpOM oTpesensieTcs paanycoM-BEKTOPOM

=0, Y,2), Tak 4o dV, =dx,dy,dz,. Hcroms-

3ysl COOTHOIICHUE (HWKHHMN WHIeKC “1” o3Hauaer
nuddepeHIpOBaHKE IO KOOPIMHATAM T, )

M
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P-R P div,P

R® R R
u Qopmyny I'aycca-OcTporpaackoro, BbIpaKCHHE
(9) npeobpazyem k BuaY:

J

Si
rae S; — apexTuBHAs MOBEPXHOCTh NOHA; E; — 3Ha-
YEHHE HAPSHKEHHOCTH JIEKTPUUYECKOT0 MOJIs Ha S;.
Beipaxenue (11) umeer mpocToil (u3HYECKuii
CMBICJI: TOTEHIHAJ JIEKTPUIECKOTO IOJIs, MHIYLH-
pYeMBbIil IUIONAMH PAcTBOPUTENS, OIPEAENACTCS
CYMMOW TIOTCHIIMAJIOB CBSI3aHHBIX MOBEPXHOCTHBIX

q,., = P(E;) 3apszoB Ha Si M O0BEMHBIX (|, = divll3 B

=div,

1)

®,(F)=- P(Ei)d5+jd“’1p av, |,
R ;R

COJIbBATHOM 000JI0uKe. Eciu n3BecTHa 3aBHCUMOCTH
P(E),T0 (11) mo3BONSET BEMUCINTH ITOTCHIMAT

D () B 0001 Touke M. OTMETUM, YTO COOTHOILIE-

maue (11) Taxke MO3BONSIET YUYECTb, KPOME HEIH-
HEWHOCTH TIOJISIPU3AIIUU COJIbBATHOW 000JIOUKH, KO-
HEYHBII pazMep U GopMy HOHA.

PaccmoTpuM fBa TMpeeibHBIX Cliydas, KOTa
Touka M HaxoAuTCs Ha OOJBIIOM PACCTOSHUU OT
noHa I >> R, u B nieHTpe noHa r = 0.

B mepsom cmyuae (r >> R,)
o, (F)=- 4naRZP(E,)/r, tae Es— HanpsskeHHOCTH

nMECM

nonist ipu I = R,. Tlapamerp Rs MOKHO BBIOpATh Tax,
9TOOBI IpH ' = Ry BRIMOTHSIICS 3aKOH TOJSPHU3AIIAN

(4), B xoropom E =EE€,, E=¢'/(4ne,r*). 3nech
€ =T /r, €'— pe3yabTHPYIOLHMIA 3apsi, Ompeaess-

EMBIli CYMMOW 3apsijia MOHA U CBSI3aHHBIX 3apsOB B
COJIbBaTHOM 000JI04Ke e'=e+e,, rae

[P(E)ds - [div,PdV, =-47RP(E,). U3
S; vV,

3TUX COOTHOIIECHUU clienyer € =e/g, Tak 4TO Ha

eC(?

OOJIBIINX PACCTOSHUSX OT HOHA I >> Ry nMeeM:

-1

e A4mg,r’

¢ (12)

O, (F)=-

a JUIsi CyMMapHOTO MOTEHIMAa ToJydyaeM KIacCH-
YEeCKOEe BBIPAKEHHE!
= — = e
D(F) = D, (F) + D (F) R (13)
nee,r

OOpaTuM BHMMaHHE Ha TO, 4TO BhIpaxkeHus (12) u
(13) cmpaBemIMBEI IIPH JTFOOOM 3aKOHE HETHHEHHOMN
HOJISIPU3alMU B CObBaTHOM 000mouke (10).

Jns Beruncienus sHepruun W, Heo6xoaumo pac-
CMOTpPETh BTOPOH MpeIeNbHBIN CITydaidl BHIYUCICHUS
norenimana ®p(0) B mentpe mona r = 0. B stom
ciydae B ¢popmyine (11) B mepBom uHTErpane Oyaer
R = ro, BO BTOpOM — R = I, ¥ 1ociie MHTETrpupOBaHU
B CciIy4ae c(eprIecKoro HOHa paanyca o MoaydaeM:



RS

jP(E(r))dr

o

®,(0)=-—| RP(E)+

0

(14)

OTO BBIpOKEHUE HMEET OOIIMI XapakTep B TOM
CMBICIIC, YTO BEKTOP YCPEIHECHHOH MOJSpU3ALUU
I5(E) MPOU3BOJIBHBIM M NOJKEH ONPEAENAThCS IS
KaXJI0r0 KOHKPETHOro pacrtBoputens. Hampumep,
IIPU OTCYTCTBHU COJIbBATAlIMOHHON O000JIOUKH, KO-
IJla CIPaBe/IMB 3aKOH nonspu3anuu (4), To ecTh

e-1 e
P(E)=(e-1)¢,E =——,
E)=(c-Des,E="—_
u3 (13) momyusaem @ (0) __&1 e ,4TO C yue-
P € 4me,r,

Tom W, =0,5e®  (0) npuoaut x popmyne bopra
(6).

Hcnonb3yst TeopeMy o cpemdeM, dopmymy (11)
MOJKHO 3aMKcaTh B BUJIE!

®,(0) = —gi(RSP(ES)+ PR,-1)), (19

rae P — cpemHee 3HaueHHE BEKTOPA MOJAPHM3AIUU B
COJIBBATHOM 00OJIOUKE.

DTO COOTHOIICHHE MOKHO HCIIOJIb30BaTh B OIle-
HOYHBIX pacyerax. Tak, B Cllyyae IUIOTHBIX Ta30B,
HACBIIEHHBIX TPUMECHBIMH MOJIEKYJIAMH C MOCTO-
SIHHBIM JTHITOJIbHBIM MOMEHTOM Po W KOHIIEHTpAIHen
N, BEKTOp MOJSApU3aIMK ompemensercs kak [18],
P(E) = p,nL(&),rne L(&)=cth-1/5— bynkunus
Jlamxesena, &= p,E/(k;T); ks, T — nocrosiHHas

bonsiMana u abcomoTHas Temmeparypa. Ilpu Tu-
MMAYHBIX Py =~ 1D = 3,34-10% Kum, ro ~ 2A° naxe Ha
paccrosiHusx nopsaka 10 kanubpoB AuaMeTpoB MO-
nekyx (cM. Tabm. 2, E = 5,6-10" B/m mpu r = 50A°)
UMEET MECTO HACBIIICHUE 110 TOJSAPU3ANNH JUTIONCH
L(§) ~ 1. [TosTOMy ¢ yueTom

P~ p,n>>P(E,), R >>T,
MO>kHO oueHUTh Dp(0) Kax

@, (0) =—p,nR, /gy, (16)

rae mox R cieayeT MOHUMAaTh Paguyc KOPPEIannn
HOH-TUIONBHOTO B3amMoseiicTBusa. Popmyna (15)
MOXXET TakKXe OBITh OIEHOYHOW W I HWOHHO-
TUTIOIBHON COJBBATAIlMA B JKHUIKOCTAX, COZIepkKa-
X TOJISIPHBIE MOJIEKYJBI, KOTOPBIE MOTYT Bpa-
IAThCS.

2.3. Conveamayus UOHA 8OAU3U NOBEPXHOCTIU
memanna. [locmanogxa 3adaqu

Eciu noH HaxomuTcss BOJIM3H METAIMYECKOM
MOBEPXHOCTH, TO Ha €r0 COJIbBATAIMIO OYIET BIUAThH
HOBEPXHOCTHBIA 3apsjl MeTajia, 3JEKTPUUECKOE
[oJie KOTOPOro SKBMBAJIEHTHO MOJIKO 3apsiaa W300-
paxkenus (puc. 5). Pamu mpocToTs! Oyaem mperebpe-
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raTh afCOpPOIMOHHBEIM CJIO€M Ha TOBEPXHOCTH Me-
TaJjia S U CHUTATh, YTO COJbBaTallUs TOJIBKO ITIOJIS-
pu3anuoHHas. SICHO, YTO 3TO YCJIOBHE MOXET BHI-
MTOJIHATHCSI TOJBKO TOT/AA, KOT/JAa PACCTOSHHE OT
HMOHA J10 S OOoJble paguyca COJIbBATHOW 00O0JOUYKU
Zo > R, B IPOTUBHOM CJIy4ae CTPYKTypa COJIbBATHOU
000I109KH OyAET ONpeneNnaThcs He TOJBKO B3aUMO-
JIEMCTBUEM C MOHOM, HO ¥ C aToMaMH MmeTtainia. Jlis
HaXOXXICHUSI TOTCHIHANa dJEKTPUICCKOTO IO
®(F) B TOYKe M PacTBOPHUTEINS UCIIOIb3YEM METOJ

n300paxkenus, To ectb O (1) pasbickuBaeM B BHJE:

O(F) =D, (F) + D, (F), (17)
O, (7) = oe| =1 |.
0 RZO
o, (1) =af [Rav,+ [ qy, | a=—,
" R1 v, R; 4,
rac VJ - 06HaCTI/I, 3dHUMACMBIC paCTBOpHTeHeM

(i = 1) u meramiom (j = 2) (BKiIIOUAOIIHE COMBBAT-
Hble 000JI0YKN); P, — BEKTOPBI NOJAPH3ALMH B V.

OcranbHbIe 0003HAYEHNUSI YKa3aHbI Ha PHC. 5.
BekTopsl moysipu3aniy CBSI3aHbl MEXIy COOOit
CIIC/IYFOLIMM IIPABIIIOM: TSl KaXKIOTo 3apsiia [UIIo-
JI1 CTPOMTCSI €r0 H300paXkeHHE, B PE3yJbTAaTe Yero
noiaydyaeTcs: HM300pakeHHEe [UIONS B MeTallie
(puc. 5). U3 sroro mpaBmia CIEAyeT, 4TO Ha IIO-
BEPXHOCTH MeTaia S BBITOJTHSIETCS
P =P, ®(f)=0. PaBeHcTBO HyJII0 NOTeHUHaNa

clieyeT U3 TOro, 4To Ha S BeImonHAeTca Ry = Ry, a
CymMMa HHTErpanoB B @ (F) pasOuBaeTcs Ha JBa

OOVHAKOBLEIX I10 BEJIWYHHE CJIara€MbIX C PasHbLIMU
3HaKaMH, YTO JIA€T B PE3YJIbTATE HOIIb.

MeTOI{OM, OIMMMCAaHHBIM BBIIIC, HHTETpAJbl I10
obbemaM B @ () MOKHO mpeobpasoBaTh K BHLY,

a”anoruuHomy (11):

D, (F) =@, (F)+ D, (F), @, (F)=—aul,(F), (18)

div P, :
ds, + [ —1Lav,, (1=1.2). (19)

J
V.

P, -,

1. (F) —_—
i J g R,

ji

]
3mech fi, — BHEIUHME HOPMAIM K HOHHBIM IOBEPX-
HocTaM SjinoHa (j = 1) n ero uzobpaxenus (j = 2) —
cM. puc. 6. OcranbpHble 0003HAUYEHHS YKa3aHbl Ha
puc. 5. Hanomuum, 4to Rj — 3TO paccrosHHs OT
TEKYIIUX TOYEK WHTCIPUpOBaHUS M 10O TOYKH
M (F), B KOTOpO#l BBIYUCISIOTCS MMOTEHIHANBI, TaK

aro dV; =dx;dy;dz; (=1.2).

2.3.1. Mooenw auneiinotl noaapuzayuu.
Ipubnusicennoe peutenue

Jnst Beramcienus notenimana (17) Heobxomammo
3a/1aTh 3aKOH MOJSIPU3AINHU B COJIBBATHON 000JI0YKE
HoHa. PacCMOTpUM METOMKY pacdera NpH JIMHEH-



(a) ©)

Puc. 4. Tlonsipusanust Cpejibl MOJ0KUTEILHBIM HOHOM: (&) — MOJIeITb CONbBATHBIX 0000uek o Dpanky u Beny [12 ,17]; (6) — pac-
4yeTHast MOJIeNIb: V — 00J1aCTh KOHTHHYaJIbHON JTMHEWHOH nosipu3anun; Vs — COJIbBaTAMOHHBIN 00beM paanyca Rs, B KoTopoM mpo-

UCXOOUT HEJIMHEWHAs noJsipru3anus.

.
L

Puc. 5. Cxema conpBaTanuy HOHA BOJHM3H MOBEPXHOCTH MeTama: Vi, V, — 001acTH KOHTHHYaIbHOU JTUHEHHOH momspu3anud; Vi,

V,g — conbBaTaOHHBIE 00BEMBI HOHA M H300paXKeHHsI; S — MOBEPXHOCTh METAJLIA.

~0!

Puc. 6. Cpasb Mex1y AunonsiMu B pactsoputene P, n nx usobpaxenusmu P, B MeTaiute.

HO# nossipusaimu (4). B 9TOM ciiydae BEKTOp moJis-
pu3alii B PacTBOPHUTENIE 3alUCHIBAETCS — Kak
P, =yg,(E,+E,),rne x = ¢ — 1, E (E,) — nanps-
YKEHHOCTH 110JIs1 HOHA (M300paskeHus), a BTOPOM WH-
Terpai mo oobeMy coibBaTHOH 000104kH B (19) 06-
paiaercs B HOJb. J{jis onpeseneHus HanpsKEHHO-
CTed TOJIA MOJydYaeM CIIEAYIONLYI0 CHCTEMY HHTeE-
IPAJIBHBIX YPaBHEHUA:

= 08 = '+ E, _

E(F) = — Ry +yvj%dsl, ¥ =0eq,
0

Sy

(20)

Ez(r)z—s—fﬁzﬁyvjﬁdsz, (21)

20 Syi 2

rae HITpI/IX y HOpMaJIBHBIX KOMITOHCHT BHCKTpI/I'-Ie'
ckoro noyst E; , E), Ha MOBEPXHOCTAX S1i, Sy 03Ha-

YaeT, 4TO OHU OepyTcs B TeKymmx Toukax M, My,
10 KOTOPBIM NPOMCXOMUT MHTETPUPOBAHKE, TpaH-
eHT V Oeperca B TOuke M, KOOPAMHATHI KOTOPOIi
OMPEENSAIOTCS PAJANyCOM-BEKTOPOM T .

Otmetnm, uro unaTerpan B (20) siBiasieTcst CHHTY-
JSIPHBIM, TTO3TOMY An(depeHIUPOBaTh MO 3HAKOM
UHTEeTpana HeKoppekTHo. CremyrommMm marom
SBISICTCS. BBIOOp YIJIOB CEPUUECKON CHUCTEMBI
TakuM 00pa3oM, UYTOOBl YIPOCTUTH BBIYKCICHHE
uHTerpana B (21), To ecTh 3aMEHUTh MHTEIPHPOBA-



(©)

39

Yi=Y2

Puc. 7. Boibop cucteMbl KOOPAUHAT B OKPECTHOCTH n3o0pakenust (a) u nowa (0).

HHE TI0 Sy MHTETPHPOBAHUEM IO Sjj, HCIOJIB3YS
YCIIOBHSI CHMMETPHH.

ITyctp ucxomHas cuctema koopauHat K(X, Yy, z)
UMeeT Havajio B HeHTpe cdepbl Sy (puc. 70). Bre-
nem cuctemy Ki(Xi, Y1, Z1), KOTOpasi OJIy4aeTcs 1mo-
BopoToM cucteMbl K 0koito ocu Z Ha yroi & u fanee
cucremy Ka(Xo, Y2, Z2) myTeM moBopoTa cucteMbl Ky
OKOJIO OCH Y1 Ha yron 1. Yrisl &, 1 BbIOMparoTCs
TaK, 4YTOOBI TOYKa M Haxogwigack Ha OCH Xp
(puc. 76). Takum oOpa3oM, paanyc-BeKTOp (HUKCH-
poBanHOH Touku M B cucteme K, omnpenensercs Kak

I=rg, Tekymed Touku M, B BHJE

h=X,6,+Y,€,+Z,€, npuiemM OasncHblc Bek-

TOpHL €, ,,8 ,,6

x21€y21€55 CHUCTEMBI K2 BBIPpAXKAKOTCA 4€pe3

0a3MCHBIE BEKTOPHI €, €,, €, cHCTeMbI K kak:
€, =C0s 1 COS £ €, +cosn sing € +sinn €,
€,=-SINEE +cos &€, (22)

—sinm cos & €, €, +COosSNE,.

€, = —sinm sinég

AHaJ’IOI‘I/I'{HLIM o6pa30M BBOJUM CUCTEMBI KOOp-
quar K'(K,y,2), KO YLZ), K06, Y5.2))
1/1306pa>1<eH1/151 C Ha4YaJIOM B LIE€HTPEC HMOHA, I/I306pa)Ke-
HUA C yIIaMu IOBOPOTOB é',n' C TEM OTIIMYHEM, YTO

0Ch z' HampaBjieHa IPOTHBOIIOIOKHO ocH Z (puc. 7).
Jlanee BBOIMM C(EPHUYECKHE CHCTEMBI KOODIWHAT

"

(r, 0, ¢') B cucreme K, u r, 0", 9" B cucreme K.,
OTCUUTHIBASI TOJIAPHBIA YTOl @' OT OCH Xp, TaK UTO
B cucreme Kj. x,=rcos0d, Yy,=rsinfd'cose’,
z, =rsin®'sin’ u ananoruuno B cucreme K, s
TeKymen Touku A, . Ilocne aTux mocrpoenuii ycio-

BHE CUMMETPHYHOTO PACIIONIOKEHU Touek M1 u M

3aMuIueTcsl B BUJAEC PABEHCTBA MX KOOPAMHAT B CHU-
cremax Ky u K, uimM B TepMHHAX YI0B MOBOPOTA

0a3HMCHBIX BEKTOPOB B BUJIC
%! — &1 T]I — _n, eN — el, (P"
ey =

:—(p’, é; = éx,
(23)

VYcnoBus CHMMETPHU 711 HOPMAJIbHBIX KOMITOHEHT
HANPSHKEHHOCTEH MoNst Ha Syj, Sy B CHMMETPHYHBIX
TOYKAX 3aIUCHIBAIOTCS KaK

Elr (SZi) == E2r (Sli)’ E, (SZi) =-E, (Sli)'

Boruncnenne Ej , E) Ha S1j TPOM3BOAMTCS CIEIY-

(24)

fomuM obpazom. Ymuoxkas (20), (21) ckamspHo Ha

fi, A, COOTBETCTBEHHO C yueToM (22) u ycnoBumii

1
cummerpuu (23), (24), mociie BIYKMCIIEHHS HHTErpa-
JIOB U TIPEJICJIbHOTO TIepexo/ia TOUKU M K MOBEPXHO-

' .
ctu E],B Koropoii Oepercs fi, moly4um cleayro-

nl
LY CUCTEMY I/IHTeraJII:HBIX ypaBHEHUI:
E, + E'

£, ()= —Id fde' #sing,
Riz\/r2+r02—2rrocos 0, (25)
E, (F)= ——3e(R00056+r0)—
20 (26)
+E,
s _J‘d Ide’ er 2' 5ing’,

2

R, :\/RO +r2+17+2R (rcos 0 —r,cos 0,)—2rr,cos 0,

rae rp — paauyc chepsl Sy, Rg = 2Zp — paccrosHue
MEXy HOHOM U ero uzobpaxenueMm (puc. 5), 0, 6, —
yIibl MeXIy BekTopamu I, ' U OChIO Z COOTBET-
cteenno (puc. 76). B ypasuenusx (25), (26) yrox 6
MOCTOSIHHBIN, a COSO, BBIpaXkaeTcs depe3 yIibl CH-
cremsl K, Kak:



cos 6, = sinncos 0'+cos nsind'sing’.  (27)

Cootromrenust (25) u (26) mpeacTaBasioT coOoi
cCHCTeMy IBYX HHTerpoauddepeHInanbHbIX ypas-
HEHUH, IepBOe U3 KOTOPBIX SABISACTCS CHHTYIISIPHBIM,
TaK Ipu I — Fp 3HAMEHATeNb B MOJBIHTETPATEHOM
BelpakeHun (25) mpu 9’ =0cTpemurcs K HyIIO.
Pemenne 3TMX ypaBHEHWH NPENCTaBIISET HM3BECT-
HYIO TPYOHOCTb. IIpHONIKEeHHOE aHAIUTHYECKOE
pelIeHue B caydae JOCTaTOYHOU yJaJIeHHOCTH HOHA
OT MOBEPXHOCTH MeTamna p=r,/R; <<l MOXHO

MOJIy4YUTh aCUMIITOTHYCCKUM METOAOM, IIPEACTaB-
JIsisl pEIICHUE B BUAC ACUMIITOTUYCCKUX PSIOOB.

E, (r) = A, lvliz +A, Hil +

+A A L+ A P+,
E, (F)=B,+B pu+B, u’ +..

(28)

[Moacraensst (28) B (25) u (26) u coxpansist B (25)
wieHbl mopsaka L2, B (26) — wieHs mopszka 1,
HOJIYyYHM:

A,=

2n T
A .
+ do'| d6’—Zsing’,
y Rz YRo? r! @! R

2n V.4
B, =— ;—20039+yj d@'IdO' A', sinB'coso.
0 0 0

PemeHHe 3TUX ypaBHEHUI c Y4ETOM
=r: —jd Id@’sme =—4—7E MMEET BHL;
rO
o€ ae
A, =—, B =——c0s0, e=1+y. (29)
2 eRZ Y sRO x

OOpaTM BHMMaHHE Ha TO, YTO JHAJICKTpHYE-
CKas TPOHUIIAEMOCTh € BBIYUCIACTCS B MEPBOM
COJIBAaTHOH O00OJIOUKE MOHA, MOATOMY 3HAYEHHE €
MOXET OTJIMYAThCS OT €€ BEIMYHMHBI B 00BEME KHJI-
KOCTH Bianu oT WoHa. [Ipu BeMHCIEHHH DanbHEH-
IINX WICHOB PA3JIOKEHUS CIIEAyeT UMETh B BUILY,
9T0 COSO y IUTPHXOBAaHHBIX (DYHKUIMHA MOJ 3HAKOM
WHTETPAJIOB SIBIISIETCA TEpEeMEHHOW (QyHKIHMEH U
ompeenseTcs nMpaBoii yacteio Gopmyisl (27). Bei-
YHCIICHUS JIAIOT:

, =0, ——a—egcose
% RZ 3

0

Alzl‘*_e§(1 3cos’0), B, = e2 (3cos?6-1),
e eRZ5 eRy
B, —%eg(Scos 0 —3cos0),

0

ae
A, = x— (a,cos® 6 —b,cos0), (30)
eR;
rie a;, b; — KOHCTaHThI, BEIPAKAIOIIMECS YEPES €.
Haxonern, u3 (28)—(30) ¢ TOYHOCTBIO BIUIOTH [0
4IEHOB TOPSIKA W2 clieyeT mpu I = g
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E,r + B, = B — E5v,C080 + (3)
+UE,, v,(3cos® 0 —1) — u?E,, (acos’ 0 + bcos 0),
_e+2 _ 28+3 _ae _oe
Yl 38 ' YZ - 58 ’ 10 8[’02 ’ 20 c ROZ y
1
o= ,
4me,

rae a, b — KOHCTaHThI, ompeensieMble TOJIBKO €, KO-
TOpbIE BBIIUCHIBATH HE OyJeM, Tak Kak OHH B Jajlb-
HelmeM He OyayT QUrypHpoBaTh B (hOpMyIIax.

2.3.2. Bviuucnenue nomeHyuanios

Hcnone3ys (31) u3 (17), momydaem pacrpenere-
HHU€ MOTEHIHMAIa JJIEKTPUUECKOr0O MO B OKPECTHO-
CTH MOHA I > Iy, I' << Ry ¢ TOYHOCTBIO BILJIOTH JIO
YJICHOB IOpPsAAKa uz'

oe oe

O=—- +®@, (32)
er R,
N 5 2_ o2
(D :la_e ’erg Pl_ 2Y§r02 P2 +La_e Lpl-‘r r 22I’o ,
& r|3Rr 5R;r e Ry | Ry 2R
_e+2 v 2¢+3
Yl 38 l 2 58 y

P =cosb, P, = %(300526 -1,

rae Py, P, — monmmuaOMEI JIexkanmpa.
CootHortreHue (32) moka3siBaeT, YTO CyMMapHBIii

NOTEHIMANl COCTOMT M3 MOTEHUMANa HOHA ¢, = oe
er’
oe
MOTEHI[UANIa W300paKeHUS O, =— U COJIbBa-
eR
20

TALMOHHOTO NoTeHnuana ®,, KOTOPBI B CBOIO Oue-
penb coctouT U3 AByX udacted. IlepBoe ciaraemoe,
MPOMOPIUOHAILHOE COSO, MMEeT MOPSAIAOK L U O
CTPYKType ONM3KO K TMOTCHIMAIy IHIIONEH, obpa-
3YIOIIMXCS OKOJIIO MOHa W H300pakeHusa. Btopoe
MMeeT TOPSIOK [ ¥ GIM3KO MO CTPYKTYpe K KBaj-
pynosto. 13 (32) Takxke BHIHO, YTO TO Mepe MpH-
OMMKEHUsI MOHAa K TIOBEPXHOCTH MeTaia (yMeHb-
meHnu Ry) moreHnuan ®, BO3pacTaer, 4To FOBOPUT
00 yBEJIMYEHUH DPOJIM CONbBATALMM CHJIAMH H300-
paKEHHS TI0 Mepe NMPUOIIKEHHUS UOHA K TTOBEPXHO-
CTH MeTaa.

BbI3piBaeT WHTEpeC BBIYHMCICHUE ITOTCHIMAA
®(0), To ecTh B TOUKE HAXOXACHHWS HMOHA, TaK Kak
€ro BeJIMYMHA ONpeeIisieT SHEPTHIo cobBaTauu. B
3TOM citydae B cooTHommeHusx (17) Ry = ro u MOXHO
UCIIOJIb30BaTh CHEPUUECKYIO0 CHCTEMY KOOPJIWHAT B
cucreme K ¢ mossipabiM yriiom 0. Mcmons3ys (31) ¢
TOYHOCTBIO BILIOTH JIO WICHOB MOpsiaKa [°, momyda-
eM.

®(0) = —;—e+q>p(0),



e ae vy Iy

: (33)
&R, 3R]

e
® (0)=— 2+
() Xsro XSRO

910 BBIPpAXXCHHUE ITIOKAa3bIBACT, YTO B331/IMOILCI710TBHG
HOHA BONMHU3H NOBCPXHOCTU METAJlJIa OMPEACIIACTCA
QJICKTPOCTAaTUYCCKUM MMOTCHIHUAJIOM «TOJIOTO0>» 3aps-

Ja W300paKeHHS _oe IIOTEHIIAAIIOM B3aNMOJEN-

0
CTBHS MOHA C AWIIONSAMH TUDJIEKTPUKA M JUTIONSIMHU
m3obpaxennss ®p(0). B cBolo ouepenp moreHuman

®,(0) cocroutr u3 mnoreHuuanoB bopHa, WoHa
oe oe

®, = —y— ¥ ero H300paxeHHsI P, =y, @ TAKKE
el R,

MOTEHIIMANA B3aUMOJICHCTBHS HOHA C 3(PPEKTUBHBIM

JTIONEM  M300pakeHus :_Xﬁﬁu?To 4TOo
eR, 3

norennuan @j, IponoprroHaIeH r03, o0BsIcHIETCS

TEM, YTO JUIOJIBHBI MOMEHT YEINHEHHOTO IUIIOJS
U300paKeHUs TPOIOPIMOHANIEH Fy, a CyMMapHBII
JIMTIONBHBIA MOMEHT HW300paskeHUsI MPOIMOPIHOHA-
JIeH iomanu Sy. Pe3yabrar cyMMHpOBaHHs TIOJEN
JIMTIONS TIO TUTOIIAIH Spi TAET MPOMOPIMOHATBHOCTE
rp. OrmeTtum, uto dopmyna (33) yTouHAeT TEOPHIO

Bopra o monsApu3alMOHHOW COJIbBAaTAllMiM HMOHA
BOJM3M TMOBEPXHOCTH MeTallla B paMKaX JIMHCHHOH
KOHTHHyaHBHOﬁ MoJigpru3aluu.

3. IOTEHIUUAJI 1 CUJIA NU30BPAXEHU A

Wurepnperupyst (33) kak MOTEHIMAT B3auMO-
JIeWCTBUS MOHA M €T0 W300paKEHMs, ISl CHIIbI TIPH-
TSDKCHHST MOHA K MOBEPXHOCTH HAXOAUM BBIpayKe-
HHE!

e dd(0) __ e’ X 4oy,e* r_03

dR, 3 R
D10 BBIpaKECHHE VIS TOUYCUHbIX HOHOB (Fp = 0) coB-
majiaeT ¢ OOmIeNPUHATEIM BhIpakenueM [18]. Onna-
KO ITIPpU BBIYMCJICHHHU IMOTCHIHAJIA CUJIBI I/I306pa)Ke'
Hust [1j BO3HHKAIOT BOMPOCHI, CBSI3aHHBIE C €rO
omnpeerneHreM. OObIYHO MONB3YIOTCS BBIPAKEHHEM
F, =—dIT, /dz, [19, ¢c. 153]. Takoe onpenenenue

o0ycIoBJieHO TeM, uTo [1; ompenensercs kak padora
M0 YJaJCHUI0 TOYCYHOTO HMOHA, HAXOJAIIErOoCs Ha
paccTOSIHUM Zg OT MOBEPXHOCTH MeTaa, 10 0ecKo-
HEYHOCTH, 4YTO JACT.

FZ = eEZ = (34)

2
eR; ¢

ae?

Hi:—TFZdz:— :

35
4ez, (39

OTO BBIpaXEHHE OOBIYHO TPHHUMACTCS BO BCEX
pacuerax ¢ y4yaCTHEM CHJI M300pa)KCHUs, Hampumep
[10, 19, 20]. Onnako ecnu ucxoauth u3 (33), TO
SHEPrusl B3aUMOJCHCTBHS 3apsifia ¢ €ro h3o0paxe-
HUEM POBHO B 2 pa3za Oombiie mo Moayo [1;:

W = ed(0) = “j . (36)
€L,

Bo3Hukaer Bompoc: kKakoe u3 ABYX BbipaxeHui (35)
nnu (36) OpaTs B KauecTBe MMOTEHIMAIA B3aNMOIEH-
CTBHS HMOHAa C TOBEPXHOCThIO MeTayuia? Ha Hamn
B3MJISAZ, KOPPEKTHBIM SBJseTCS BbhipakeHue (36).
JelcTBUTENBHO, B CHIIy TOTO YTO B3aWMOJEHCTBUE
MOHA C TIOBEPXHOCTHIO 3KBHUBAJICHTHO B3aMMOJCH-
CTBHIO ¢ M300pakeHHEM, TO TIPHU BBIUYHCICHUH pabo-
o (35) crmemyer MMeTh B BHAY clieayromiee. Ecu
MOH CMEIIaeTcsl Ha paccTOsTHUE Az, TO H300pakeHue
TaKkK€ CMECTHTCA Ha Takoe K€ PacCTOSHWE, HO B
o0paTHOM HampaBJeHWH, TaK YTO CyMMapHOE pac-
CTOSTHHE MEXy HOHOM U H300paskeHHeM OyeT 2Az.
Mo sroii mpuumne unTerpan (35) cienyer yaBOUT,
yro npuBoauT K (36). IlostomMy moTeHmManm cui
n300paXeHUsI C yUYEeTOM KOHEYHOCTH pa3Mepa HOHa
CJIEIyeT, 110 HaleMy MHEHHIO, OIPE/IeISATh B BUJIE:

me_Y_X%_ X0€ (37)
'z, ezg ey
oe? ae’y,r} £+2 1

y=¢-1

Oco00 moguepKHeM, 4TO 3HauYeHHE AMDICKTPH-
9eCKON MPOHUIIAEMOCTH € JODKHO OpaThbCsi B COJb-
BaTHOW 0O0O0JI0YKE HOHA, KOTOPOE MOMKET CyIIe-
CTBEHHO OTJIMYAThCA OT COOTBETCTBYIOIIEIO 3Haye-
HMS € BIQJIM OT HOHA.

3AKJIIOYEHUE

1. B xugkux audnekTpukax dGGEeKTUBHBIA pa3-
Mep MOHOB OIPENENSIeTCS COJNIbBATAIMOHHBIM PaJIH-
ycoM Rs, KOTOpBIi B HECKONBKO pa3 IPEBBILIAET
KpHucTaiuiorpaguyeckuii pazmep HOHOB I Pazmep
R; ompenensieTcs MHTEHCUBHOCTHIO HOH-IUTIOIEHOTO
B3aMMOJICWCTBUSI Ha OCHOBAaHWH PEIIECHUS 33aJa4d O
B3aMMO/JICHICTBUH HOHA C MOJIEKYJIAMH PaCTBOPHUTEIS
B OKPECTHOCTH uHOHa (10 CyTH — KBaHTOBO-
MEXaHMYECKOM 3a1a1m).

2. B compBaTHOW 000JI0YKEe MOHA TOJSPHU3AIHS
KUIKOCTH HenmuHelHas. OJHAKO 3IIEKTPUYecKoe
MoJie BAAJIM OT MOHA HE 3aBHCHUT OT 3aKOHa MOJISIpH-
3aI[UH COJIbBATHON OOOJIOYKH M OTPEJeNseTCs Klac-
CHUYeCKON (OpMyJION, B KOTOPOIl MUAIIEKTpHYECcKas
MPOHUIIAEMOCTh OTIPEAETAeTCS 3aKOHOM JIMHEHHOU
MOJISIPU3AIMY 32 TIPEJIEJIOM COJIBBATHON O00IOUKH.

3. ConbBaTaniMoHHas 000J0YKa HOHA CyIIle-
CTBEHHO M3MEHSIETCS BOIU3U 3JIEKTPOa 3a CUET I0-
SBJICHUSI CHJI M300pakeHHUs. DTOT 3PQEKT TOoIKeH
YUUTBIBATBCS TPU PACCMOTPEHUHU 3JIEKTPOXHMHUYE-
CKHUX TPOIIECCOB Ha MOBEPXHOCTH AJIEKTPO/IA.

4. Konmenmus MOTCHIMANA CHJI H300pa’kKeHUS
JOJDKHA OBITH IEPECMOTpPEHA.



JINTEPATYPA

1. XKnanos C.W1., I'pauea H.I1. Dnexmpoxumus scuoxkux
kpucmanios. Kuoxue xpucmannvi. Ilom  pen.
C.HU. XXnanosa. M.: Xumus, 1979. C. 35-64.

2. ®uankos 10.41., XKuromupckuii A.H., Tapacenko FO.A.
Qusuyeckasn Xumus He8OOHbIX pacmeopos. J1.. Xumus,
1973. 376 c.

3. KpectoB I''A. Tepmoodunamuxa uonnwix npoyeccog 6
pacmeopax. J1.: Xumust, 1984. 272 c.

4. ®duankos 10.5. Pacmeopumenv kax cpeocmeo ynpas-
nenus xumudeckum npoyeccom. JI.. Xumwus, 1990.
220 c.

5. T'oponosckuii U.T., Hazapenko FO.I1., Hekpsiau E.®.
Kpamkuii  cnpasounux  no xumuu. (Usganue 4-e,
HCpaBlicHHOe W jgomojHeHHoe). Kues: Haykoa
Hymxa, 1974. 951 c.

6. TomunoB A.I'., Maiipanosckuii C.I'., ®uomrnn M.H.,
CmupHoB B.A. Dnexmpoxumusa opeanuueckux coeou-
nenuu. J1.: Xumus, 1968. 592 c.

7. WsmaitmoB H.A. Onexmpoxumus pacmeopos. M.:
Xumus, 1976. 575 c.

8. bemnoyco B.II., Mopauesckuii A.I'. Tenromwr cme-
wienus ocuoxkocmeti. M. Xumus, 1970. 256 c.

9. XKakua A.U. VoHHas 31€KTPONPOBOAHOCTE M KOMII-

JIeKcooOpa3oBaHKue B JKUAKHX JHMAJIEKTpUKax. Y®H.
2003, 173(1), 51-68.

10. XKakun A.W. TIpusnekTpojHbIe ¥ HNEPEXOAHBIC MPO-
IIECCHI B JKUIKUX JudiiekTpukax. Y@H. 2006, 176(3),
289-310.

11. Hparo P. @usuueckue memoow 6 xumuu. T. 1. M.:
Mup, 1981. 422 c.

12. Kanyrun O.H., Konecuuk 51.B., Bonodyes B.H. Muk-
POCKOMUYECKast CTPYKTYpa ¥ JMHAMHUKA YACTHUI] B HOH-
MOJIEKYJISIPHBIX CHCTEMax Ha OCHOBE alleTOHHTPHIIA,
JUMETHIICYIB(POOKCHIa U METaHOJA. MOJIEKYJISIPHO-

42

JUHAMHYECKOe MoIenupoBaHue. Hayuynoe macnedue
H.A. Wsmaiinosa u axmyanvhvie npodiemvl ¢husu-
yeckoti Xumuu. XapbKoOB. XapbKOBCKUII HaIHO-
HanbHbIH yHUBepcutet, 2007, 403-533.

13. CumkuH b.4., Hletixer U.M. Keanmoesoxumuueckas u
cmamucmuyeckas. meopus.  pacmeopos. Beiuucau-
menbHble Memoovl U ux npumenenue. M.. Xumus,
1989. 256 c.

14. byprep K. Corvsamayus, uonnvie peaxyuu u xomn-
Jlekcoobpazoearue 6 HegoOHuIX cpedax. M.. Mup,
1984. 256 c.

15. Topmon A., ®opn P. Cnymuux xumuxa. @usuxo-
XuMuyecKkue ceolcmed, mMemoouku, oubauozpagus.
M.: Mup, 1976. 546 c.

16. IllaxmaponoB M.U. Bsedenue 6 cospemenuyo meo-
puio pacmeopos. M.. Beictras mkona, 1976. 310 c.

17. KpecroB I'.A., HoBocenos H.II., Ilepensirua U.C.
Honnas conveamayus. M.: Hayka, 1987. 320 c.

18. Tamm M.E. OcHOBBI Teopum 3yeKTpHuecTBa. M.:
®dusmamiur, 2003. 616 c.

19. Jo6peuoB JI.H., I'omoronoBa M.B. Omuccuonnas
anexmponuka. M.. Hayka, 1966. 564 c.

20. Ilukun B.b., Monapxa O.I1. /[symepnvie 3aps-
arcennvle cucmemol 6 2enuu. M.: Hayka, 1989. 157 c.

Iocmynuna 18.06.14
Summary

The solvation effects in non-polar liquid dielectrics are
considered. Using a model of non-linear polarization in
injecting charges in the solvation sheath, the ionic size
and salvation ionic structure are discussed. Theoretically
calculated is the polarization energy of the charge solva-
tion in the continuous approximation of average polariza-
tion in infinite liquid or near the surface of the metal

Keywords: ion, dipole, polarization, dielectric permit-
tivity, solvation, solvation radius, image force.
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TemnepaTypHO-4aCTOTHbIE XAPAKTEPUCTHUKN KOMIIO3UTOB
C MOJIYNIPOBOHNKOBBIMH HANIOJHUTEIAMHA

3. M. Foxkaer®, P. A. Baiipamos®, P. A. AG6acos®

8 Azepbatioscanckutl mexHuuecKkull yHusepcumen,
np. I. Jlacasuoa, 25, 2. baxy, AZ 1073, Azepbaiioncanckas Pecnyonuxa, e-mail: geldar-04@mail.ru
®Fanoocuncruii 20CY0apCmMEeH blll YHUBEPCUmem,
ya. Xamau, 187, e. ['anooxca, Azepbatioxcanckas Pecnyonuxa

W35105%KeHBI pe3yJIbTaThl MCCIAEIOBAHMS TEMIIEPATYPHBIX M YACTOTHBIX 3aBUCHMOCTEM JUIJIEKTpHYE-
CKOM TMPOHHUIIAEMOCTH M TaHTEHCA yIila JUAJICKTPUYECKHX MOTEPh B TEMIIEPATYpPHOM HHTEPBAJIE
300-450K u B uacroraom auanazone 0—10 Tl KOMIIO3UIIMOHHBIX MaTepHuaoB — MOJIUATUIIEHA HU3-
KOM TUTOTHOCTH C HAIIOJHUTENEM Cyibhuma kaamust ([IOHIT/CAS) u monuaTHIeHa HU3KOM IOTHOCTH
¢ mamonuuteneM cenenuna wuaus (1) (IIDHIIIN,Sez). BoisBieHo, 4TO Bapuamueidl KOJHYECTBA
HAIOJHUTEIICH U BIUSHUEM BHEITHUX (DPAKTOPOB MOKHO TIOJYYUTH HOBBIC KOMITO3UIIMOHHBIE MaTEpH-
aItbl ¢ TPEOYEMBIMH THAICKTPHICCKIMH XapaKTEPUCTHKAMH.

Kuiouesvie cnosa: cymvgpuo xaomus CdS, cenenuod unous In,Ses, nonusmunen nuskoi niomuocmu,
OUDNEKMPULECKASL NPOHUYACMOCTb, OUIIIEKMPUUECKUE NOMePU, OUDJICKMPUYECKUE XAPAKIMEPUCTIUKLL.

YK 541.64:539.26:537.529

BBEJAEHUE

Coznanre KOMITO3UITHOHHBIX MaTEpHANIOB SIBIIS-
€TCsl OJTHIM M3 OCHOBHBIX HAIpaBJICHUH B pa3padoT-
K€ HOBBIX IEPCIICKTUBHBIX MaTepHaioB. B dactHo-
CTH, TpUJaHHUE TOJMITUICHY JSJIEKTPETHBIX Xapak-
TEPUCTUK BO3MOXKHO HATIOJHEHHWEM €T0 BBICOKOJIFIC-
MEPCHBIMUA HATIOJHUTEIISIMHU, TPU 3TOM BO3HUKAIOT
HOBBIC CTPYKTYpPHBIC JJIEMEHTHI, CIIOCOOHBIE CITy-
JKUTh JIOBYIIKAMH HOCHTENEW 3apsoB. TpaHHIA
pasnena ¢a3, pa3pbiXJeHHbIH a0COPOIMOHHBIN CIIOM
rmoJimMepa BOJM3M TIOBEPXHOCTU  HAIOJHUTEIIS.
HamonmueHne moimMepoB TPUBOANT K NU3MEHEHUSM B
XapaKTepUCTUKAaX HAIAMOJIEKYJSIPHOTO CTPYKTypO-
o0pa3oBaHUs M B IUIOTHOCTH YIAaKOBKH, TaK Kak
TBEpJIbIE BBICOKOUCIIEPCHBIE HATIOJHHUTEIH MOTYT
CIIy’)XHTh 00pa30BaTeIsIMH 3apOBIIIEH KPHCTAJUIOB
Wi ux HecoBepuieHCTB [1]. HamonnuTenn okasbl-
BAIOT 3HAYUTENLHOE BIMSHUE HA MOABMXXHOCTH pas-
JUYHBIX KWHETHYECKUX EIWHUI] TOoJHMepa W Ha
CIEKTp BPEMEHH €ro peliakcanui. YacThilel Haro-
HUTEIl UTPAOT POJb LIEHTPa CTPYKTYpooOpa3oBa-
HUS, U TIPUTPAHUYHBIN CIIOM TOJMMepa ¢ HaIOJIHH-
TeJIeM UMeeT 0COOYI0 CTPYKTypy HachimieHus. Llen-
TPHI 3aXBaTa C Pa3IMYHBIMHU 3HAYCHUSIMH JHEPTUU
AKTUBAIUH, B KOTOPBIX CTAOMIU3UPYIOTCS DIIEKTPO-
HBl, B pe3ylbTaTe YIy4IIalOT DJIEKTPOAKTUBHBIC
cBoiicTBa mosmMepoB. CremyeT OTMETHTh, YTO B
3aBUCHMOCTH OT IPHUPOJII, pa3Mmepa, GopMbl U xa-
pakTepa pacIpelneieHrs HAOJHUTENS ToIydaeMast
MOJTUMEpPHAsT KOMITO3HUIIHSI MOXET OBITh JJIEKTPO-
MPOBOASAIEH, AHTUCTATUYECKON WIIM K€ AUDIIEKTPU-
yeckoi [2-4].

B mocnenHne ronbl B Ka4ecTBE HAIIOIHUTENS Ya-
CTO HCITOJIB3YIOTCSI TIEPCIICKTHUBHBIC MOIYIIPOBOIHU-
KOBBIE COCAMHEHMS, U YK€ IMOIY4YEHBl MaTepUabl,

NPECTABISIONME HAYYHO-IPAKTHYECKUI HHTEPEC
[5]. BoisiBiIeHO, YTO ¢ UCHOJIB30BAHUEM HATIOIHUTE-
st TpoiiHbIxX coequnenuii tuna A"'B"C)' nHa ocnHoBe

MMOJIMOTUIIEHA MOKHO IOJYYUTHh HOBBIC KJIACChI
AIIEKTPETHBIX MATEPHANIOB C PEKOPIHBIM BpPEMEHEM
sKu3Hu [6].

B macrosimelt pabote cooOmarTCs pe3yIbTaThl
HCCIICIOBAHUS DIIEKTPUIECKUX CBOMCTB KOMITO3H-
MUOHHEIX MatepuanoB [IDHIT + x06.%CdS wu
TIDHII + x06.%In,Ses.

METO/IMKA OKCIIEPUMEHTA

B kauecTBe OOBEKTOB HMCCIETOBAHUS HCIIOJIB30-
Bamn kommo3utel [IDHII. Conepskanme MOHOKpH-
cTajuimdeckux nomynpoBoanukoB CdS u In,Se; B
KOMIIO3UTaxX BapbHUpOBajock B mpeneiax ot 0 mo
10 00.%. KoMIto3uThl TOMydaqd M3 TOMOTCHHOM
CMECH MOPOIIKOB KOMIIOHEHTOB C MIOMOIIBI0 PYYHO-
ro oborpeBaemoro mnpecca rnpu tremrneparype 150K u
nmasnenuu 15 Mlla. Pexxum kpucTamumm3auy 3aKai-
KH — OBICTpOE OXJIAKICHHE 00pa3lioB B CMECH BOJia-
nen. OOpasupl A U3MEPEHHsT TUCTIEPCUOHHBIX 3a-
BUCUMOCTEH JUAIIEKTPUUECKUX XapPaKTEPUCTUK B
MEPEMEHHOM DJIEKTPUYECKOM I10JI€ TOTOBUIIN B BUJIC
muckoB guamerpoM 20 MM M TONIIMHOW OKOJIO
170 mxm. HanexxHblid 37eKTpUYeCKi KOHTAKT AJIeK-
TPOJIOB M3 HEpKaBEIOMmeH cranu auameTpoMm 15 MM
obecrieunBaid MPUMEHEHHEM TPECCOBAHHBIX 3JICK-
TPOJIOB M3 ATFOMUHHEBOH (POJIBTY TOIIIUHONW 7 MKM.

H3MepeHus TU3IEeKTPUUECKON MPOHUIIAEMOCTH —
€ W TaHTeHca yria JUDIIEKTPUYECKUX MoTeph — tgod
npoBoAuiKchk B MHTepBajie Temneparyp 300-460K
MpH JIMHEHHOM POCTE TeMIepaTyp CO CKOPOCTBIO
2,5 rpan/mMuH Ha ycTaHOBKe, OJOK-CXeMa KOTOPOM

© T'omxaeB O.M., baiipamos P.A., A66acoB P.A., Dnekrponnas obpaboTka Marepuainos, 2015, 51(6), 43-47.
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mpencraBieHa Ha puc. 1. M3mepenwus aLth ocy-

IIECTBILUINCE ¢ moMmorbeio Mocta E8-7 mpum mepe-
MEHHOM Toke Ha 4vactore 1 k[l W H3MepuTeneM
ummutanca E7-20. O6paser; (2) ycraHaBiauBaeTCs
MeXIy AByMs snekrpomamu (1) B M3MepHTENbHYIO
sueiiky. 3aTemM oOpasel] HarpeBaeTcs B A4eiKe ¢ Io-
MoIbI0 HarpeBatelnsi (4), KOTOpBIi BMOHTUPOBaH B
KpBIIIKY sueiiku. Temneparypa oOpasna perucTpu-
pyercst ¢ momoIIpio Tepmomnapsl (3) cucremoit (6),
KoTopasi peryiupyer HarpeBarens (4). ITorpemno-
ctu m3MepeHus € u tgd cocrapmsm 5 1 9% cootert-
CTBEHHO.

E6-13A

=e)
=)

Puc. 1. Cxema yCTaHOBKH JUIs M3MEPEHUsSI AJIEKTPOPU3NUECKIX
napaMeTpoB.

PE3VYJIbTATBI U X OBCYXXJIEHUE

TemmepaTypHble 3aBUCUMOCTH € U g0 KOMITO3U-
toB I1DHIIICAS uccnemoBanuck mpu yactore 1 kI,
pe3yabTaThl UCCIENOBAHUS TPUBOJATCS Ha puc. 2.
Kak ciemyer u3 puc. 2a, AMANEKTpUYECKas MPOHU-
naemocthb uucroro [IOHII npu Hu3kMX Temmnepary-
pax B TemneparypaoM uaTepBaie 300—-390K u koMm-
nosuta [IDHIT + 1 06.%CdS Bo Bcem Temmepatyp-
moMm wuHTtepBaie (xkpuBeie 1, 2) B [IDHII +
+ 3 06.%CdS (kpuBas 3) B MHTEpBajie TeMIEPaTyp
300-390K ocraetcs moCTOSTHHOM.

s komnosuros [IDHIT + 5 06.%CdS, IIDHIT +
+ 7 06.%CdS (xpuBas 5) u [IOHII + 10 06.%CdS
(xpuBas 6) B TemmeparyproM uHTepBade 320-350K
HAOJIOZAeTCS HE3HAYUTENLHOE YBEJIMUCHUE €, B
temnepatypHoM wuHTepBasie 350-410K — otHOCH-
TEJILHO CHJIbHOE YMEHbBINICHHE, & B JAaTbHEHIIIEM He-
0OJIBIIIOE YMEHBIICHUE JTUDIICKTPUIECKONW TPOHHUIA-
€MOCTH.

U3 puc. 2a Takxke ClIeIyeT, 4To C YBEIUYCHHEM
ob6beMuoro comepkanus CdS B coctaBe KOMIIO3UTOB
MIPOUCXOJUT YBEJIUYCHUE 3HAUCHUS JUAJICKTpUYC-
ckoit mpouuraemoctu. [Ipu 10 06.%CdS € noctura-
eT 3HaueHus 8, uTo B 4 paza OobIe IUAIEKTPUYC-
ckoii mponunaemoctu I[IDOHII. Hamomumm, 4TO €
camorr marpunsl [IOHIT cocraBnser 2,28, a mns
Cds-9,3.

OTMeTHM, 4YTO B TEMIIEPATYpPHOH 3aBHCUMOCTH
JIMDIICKTPHYECKON moTepu Kommo3utoB [1DHIT/CAS

HAOIIOMAIOTCS cleayiomue usMeHenus (puc. 20):
it komnosuta IIDHIT + 1 06.%CdS B Temmepa-
TypHoM wuHTepBasie 320-370K, a mns kommosuta
IIDHIT + 3 06.%CdS B TeMIepaTypHOM HHTEpBAlE
320-355K tgd ocraeTcs TMOCTOSHHOW, a 3areM,
Ha4YMHAs C O3TOM TEMIEpaTyphl, YBEIUYHBACTCS.
VYBenuueHue AUANICKTPUIESCKON MOTEpU C yBeIHue-
aueM copepkanus CdS Takke sABIsSETCS XapakTep-
HOU 0COOeHHOCTRIO KOoMMO3uToB [TDHIIICAS. Jlns
koMmmosutos [IDHII + 5 06.%CdS, [IDHII +
+ 7 06.%CdS u IIDHIT + 10 06.%CdS B Temmepa-
TypHOM uHTepBaie 320-385K mpoucxomut ysenu-
yenue tgo, nanee — ymenniienue a0 420K u, naum-
Hasl C 3TOM TEMIIEPATYPhI, YBEITUUCHHE.

PesynbTarel HcclienoBaHHs TeMIIepaTypHOH 3a-
BUCUMOCTH  JIMAJICKTPUYECKOH  MPOHHUIIAEMOCTHU
kommo3utoB I1DHII/IN,Se; npuBeneHbl Ha puc. 3a.
Kak cnemyer u3 puc. 3a, quaneKkTpuyeckas MpOHU-
maemocth urcroro IIOHII u xomnosura [IDHIT +
+ 1 06.%In,Se; B uccnenoBaHHOM TeMIIEpaTypHOM
WHTEpBAJIE OCTAETCS MOCTOSHHOU. sl KOMIIO3UTOB
TIDHIT + 3 06.%In,Ses, IIDHIT + 5 06.%In,Se; n
TIDHIT + 7 06.% In,Se; (xpuBbie 3-5) muanektpu-
yeckasi POHUIAEMOCTh B TEMIIEPaTyPHOM HHTEpPBa-
ne ot 300 mo 330K yBenmumBaeTcs, B JaIbHEHIIIEM
no temneparypel 360K mpoucxomuT cuibHOE
YMCHBIICHUE €, & B TEMIIEPATypHOM HHTEpBAIlE OT
360 10 450K — He3HAUMTEIBPHOE YMEHBIIICHHUE €.

Hns xomnosuta [1DHII + 10 06.%In,Se; yBenu-
YCHUE TUDIICKTPUUCCKONW MPOHUIIAEMOCTH POUCXO-
mut B wumHTepBasie 300-320K, a B pambHeleM
HaOmroaeTcss ymenblenue €. OTMETHM, YTO B HC-
CIICIOBAHHOM TEMIIEPaTYPHOM WHTEpBaJie C yBEIH-
YCHHEM COJCPKAHUS HAIMOJHUTENS JAUAJICKTpUYC-
CKasi MPOHUIAEMOCTh yBemuuuBaercs. Camoe Mak-
CUMAJILHOE YBEIMYCHUE € HAOOJACTCS JIJIsT KOMIIO-
sura [IDHIT + 10 06.%In,Ses. 11 5T0T0 KOMITO3UTA
€ YBEINUYUBACTCA B TPH pa3a MO CPABHEHUIO C
gucteM [I1OHII.

UccnenoBanace u TeMIiepaTypHas 3aBHCUMOCTD
JIUAJIEKTPUUECKON MOTepu KoMio3utoB [IDHIT +
+ X.00.%In,Se;. Pe3ynpTaThl puBeeHE Ha puc. 30,
U3 KOTOPBIX cienyer, 4yTo ais uuctoro [IDHII tgo
OT TEMIIEPATYPHI HE 3aBHCHUT.

C yBenuueHHEM COJepKaHUS HAMOIHUTENS [0
300.%In,Se; nmporcxoaut yBenuueHue tgo B MHTEp-
Bane temneparyp 300-360K, a B nmanpHeimem ee
YMEHBIIICHUE. AHAIOTHYHBbIC TEMIICpATypHBIC 3aBU-
cumoctu tQ0 HaAOMIOJAIOTCS W Il KOMIIO3UTOB
IIDHIT + 5 06.%In,Se;, TIIDHIT + 7 06.%In,Se; u
IIDHII + 10 06.%In,Se;. 1y miepBOro KOMITO3uTa
yBenuueHne mnpoucxoaut B umHTepBasne 300-365K,
qutst BToporo — 300-360K, a st TpeThero KoMIosu-
ta — 300-352K. TemmepaTypbl, COOTBETCTBYIOIINE
Hayary yMeHbIeHus tgd, ¢ yBelmudeHHeM coepika-
HUS HATIOJHUTEJNIEH CMeIaloTcs B 00JIACTh HU3KUX
TEeMIEepaTyp.
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Puc. 2. TemiieparypHble 3aBUCUMOCTH JUAJIEKTPUIECKON MIPOHUIIAeMOCTH (a) M TaHTeHca yrila JUIJIEKTPUIECKHX oTeph (0) KOMITO-
3utoB [IDHIT + X06.%CdS: 1 -x=0;2-x=1;3-x=3;4-x=5;5-x=7;6 -x=10.
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Puc. 3. TemmeparypHble 3aBUCHMOCTH JUAIEKTPHIECKON IPOHUIIaeMOCTH (a) M TaHTeHCA yTila JUAICKTPHIESCKHX MoTepsh (0) KoMITo-
3utoB [IOHIT + X06.%In,Se5: 1 —x=0;2-x=1;3-x=3;4-x=5;5-x=7;6-x=10.

HccnenoBanuch 4YacTOTHBIE 3aBUCHMOCTH JIU-
JNEKTPUYECKON TMPOHUIIAEMOCTH W TUDJICKTpHUE-
CKoOIf oTepu KoMro3utoB [IOHIT + X06.%CdS. HUc-
CITEIOBaHUS MPOBOIMINCH B YaCTOTHOM JHAINa30He
10°-10" I'. Pesynprater uccnenosanus g(Inv) mpu-
BOJATCS Ha puc. 4a.

U3 puc. 4a crneayer, 9TO B HCCICIOBAHHOM Ya-
CTOTHOM HWHTEpBaJie, 3a HUCKIIOYCHHUEM YHCTOTO
I[IDHII, audnexkTpuyeckass MTPOHULIAEMOCTh IS
xomnosutoB IIDHII + 1 06.%CdS, IIDHII +
+ 3 06.%CdS, IIDHII + 5 06.%CdS, IIDHIT +
+ 7 06.%CdS u ITDHIT + 10 06.%CdS ymensIaeT-
cs, a ¢ yBenuueHueM copepkanve CdS yeemnuunBa-

ercs MO BelUYMHE. Pe3ynbTarsl HCCIEI0BaAHUS
YaCTOTHOW 3aBUCHMOCTH tQd mpuBOAsATCS Ha
puc. 46. XapakrepHoii ocobenHocThio tgd(Inv)

3aBHCUMOCTH SIBIISIETCA TO, YTO B YACTOTHOM HMHTEp-
Bane 10°-10" I'u tg8 yBenmumBaercs, B 4aCTOTHOM
untepsane 10'°-10" 'y IponCXOmuT yMeHbIICHHE,
a B mambHeifmeM 10 gactorsl 10 'y — yBennuenue.
C yBenuyeHHWEM COJEpKaHUS HAMOJHUTENS [0
1 00.%CdS B 4yacTOTHOM HHTEpBasC 10810 I'n
n3MeHeHus tgd ycunuBaroTcs. B 3Toit ke mocneno-
BaTEJIbHOCTH, TO €CTh C YBEJIMYEHUEM COAEPKaHMS
HATIOJIHUTENS, MPOMCXOAMT yBenudeHue {gd mo Be-
JMYHHE.

YacToTHBIE  3aBUCUMOCTH  JAMAJIEKTPUUECKOMN
NPOHHUIAEMOCTH  KOMITO3MLIMOHHBIX ~ MaTepHajioB
IIDHIT + X06.%In,Se; Takke WCCIEIOBaINChE B

uacrorHoM auamasone 10°-10" I'u, u ux pesymnbra-
ThI TIpUBEICHBI Ha puc. Sa. Kak cnenyer u3 puc. 5a,
B HCCIICJIOBAHHOM YacTOTHOM [HAMa30He TUIJICK-
TpUYecKas MPOHUIAEMOCTb, BKIOYAS YHCTHIN MOJHU-
STHJICH MPAKTHYECKH HE M3MEHSETCS C M3MEHEHUEM
YacTOTHI. A C YBEIHYCHUEM COJEPKAHUS HAIOJHU-
Tens IN,Se; mpoucXomuT yBenWYCHUE 3HAYCHHS JU-
AIIEKTPUIECKON MPOHHUIIAEMOCTH.

Pe3ynbraThl ucCClieZIOBaHUS YaCTOTHOW 3aBUCH-
MOCTH  JTUIJICKTPHUCCKONW TIOTEPH  KOMIIO3UITHIA
TIDHII + X06.%In,Se; mpuBoasTcs Ha puc. 56. Kak
cleflyeT U3 pe3yapTatoB (puc. 50), 3a HCKITIOYEHHEM
yrictoro 19, KOTOPhIH B UCCIETOBAHHOM YaCTOTHOM
JIUana30He OCTACTCs MOCTOSIHHBIM, B KOMITO3UTAaX C
HanojHuteasmu x = 1; 3; 5; 7; 10 B paitoHe yacToT
10° 'y maGmromaroTcsi c1abble MAKCHMYyMBI, B da-
crothom gmamazome 10%-10° TI'm MTPOUCXOAUT
YMCHBIIICHUE JUAIICKTPUICCKUX IMOTEPh, & B JAllb-
HeitmeM 10 ugactotsl 10 ' tgd ocraroTcs mocto-
sHHBIMU. C yBEJTHMUYCHHUEM COJICpIKaHUSI HAMOHHUTE-
JISl BO BCEM YaCTOTHOM JHANa30He MPOUCXOTUT YBe-
JMYCHUE 3HAYCHHUS AUDIICKTPUICCKON MOTEPH.

OBCYXXIEHUE PE3VYJIbTATOB

PesynbTaTel ucclenoBaHUs TeMIEpaTypHOH 3a-
BUCUMOCTH JUAJIEKTPUUYECKOW MPOHUIIAEMOCTH U
MADJIEKTPUUECKON TMoTepu Kommo3uTtoB [IOHIT +
+ X06.%CdS u IIDHIT + X06.%In,Se; nokasanu, 4To
B ONPEIEICHHOM TEMIEPATYPHOM HHTEpBANE IU3-
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Puc. 4. YacTOTHBIE 3aBUCHMOCTH JUAJIEKTPUUECKON MPOHHUIAEMOCTH (&) ¥ TAHTEHCA yIJIa JUIJIEKTPHIECKUX ToTeph (6) KOMIO3UTOB
TIDHIT + x06.%CdS: 1 -x=0;2-x=1;3-x=3;4-x=55-x=7;6 -x=10.

€
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Inv, 'n
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Puc. 5. YacToTHBIC 3aBUCHMOCTH HAIEKTPHIECKON MMPOHUIIAEMOCTH () M TaHT€HCa YIiia AUIICKTPUIECKHUX MOTeph (0) KOMIIO3UTOB
TIDHIT + x06.%In,5e3: 1 -x=0;2-x=1;3-x=3;4-x=5;5-x=7;6-x=10.

JIEKTpUYECKas MPOHUIAEMOCTh U THAJICKTPUUCSCKUE
motepu yBenawumBarorcs (puc. 2a, KpuBbie 4-6;
puc. 26, xpuBbie 2—6; puc. 3a, kpussie 3—6; puc. 30,
kpuBble 2-6). Temmepatypubie wusmeHenus ¢&(7),
t9d(7), no-BuaMMOMY, CBSI3aHBI C U3MCHEHHEM BpE-
MEHH penakcanuu (t) ¢ Temneparypoit. [Ipu HU3KuX
TeMIIepaTypax, KOrja T BEIMKO U 3HAYUTEIBHO Mpe-
BOCXOJUT MEPUOJ] U3MEHEHHUSI TI0JIsI, JUTIOJIA MaKpO-
MOJICKYJI TPAaKTHYECKH HE YCIEBAIOT OPUCHTHPO-
BAaThCsl, YTO SKBUBAJICHTHO KyNPYrOMY» OTKIIUKY.
Korma B pe3ynbraTe MOBBILICHUS TEMIICPaTyphl
BpeMsi peslakcalliy MagaeT [0 3HauYeHusl, OJIM3KOro K
NepUOy W3MeHeHus mojs, tgd (Wiu €) HauWHaer

pacTu. HpI/I BBITTIOJIHCHUU YCIIOBUA ¢ = 1 Ha KPUBBIX
T

g(7), tgd(7) nabmromaercs MakcumyM. Ilpu majb-
HEeWIIeM YBEIWYCHUH TEeMIIepPaTyphbl TMPOUCXOTUT
YMEHBIIIEHHE BPEMEHH penakcanuu U tgd yMmeHbIa-
ercsa. OTMETHM, YTO TIPU OTHOCHTEIBHO BBICOKHX
TEeMIIepaTypax IUAIEKTPUUECKUE MOTEPU CBA3AHBI
MPEUMYILIECTBEHHO C OPUEHTAIIME TUIoel 3a cueT
nepeMenICHUs] W TOBOPOTOB CETMEHTOB MaKpOMO-
nekys. [ToatoMy MokHO cka3zatk, uro mpu (7> 300)
B OCHOBHOM TMpOSBISIFOTCS  JAHMIOJIBHO—CETMEH-
TaJIbHBIE TUDJIEKTPUUECKUE TOTEPH.

OTnuune MeXay TEeMIepaTypHbBIMUA 3aBUCHMO-
ctamu tgd6 u € B uncrom [IDHIT u B KoMmo3uTax

IIDHIT + X06.%CdS u IIDHIT + X06.%In,Se; Hao-
JIFOJIAJI0CE B 00OMX THITaX KOMIIO3MTOB. B oTnmune
ot gucroro [IDHII, rae tgd u € B mccnenoBaHHOM
TEMIIEPaTypHOM HMHTEPBAJIC OCTAIOTCS MOCTOSHHBI-
MH, B ClIy4yae KOMIIO3UTOB IPU HU3KHX TEMIICPATY-
pax HabJoaeTCsl YBENUYCHHUE, & TIPH OTHOCHTEIBHO
BBICOKHMX TEMIIEpaTypax — yMeHblIeHue 1gd u e.
Crenyer OTMETHTb, YTO C YBEIMUYCHUEM KOHIICHTpA-
nuu In,Se; B MaTpuile cTeneHs pocra tgo yBeanuu-
BaeTcs, a TeMIeparypa, Mpu KOTOpoil HabmoaaeTcs
yMeHbIlleHHe (g0, cMmemaercs B CTOPOHY HHU3KHX
temneparyp. Takoi xox tgo(T) B kommo3uTax
TIDHIT + X06.%In,Se; 1 B MEHBIIEH CTENEHU B
IIDHIT + X06.%CdS cBs3aH ¢ TemmepaTypHbIM H3-
MEHCHHEM DJICKTPOIIPOBOJAHOCTH B IEPEMEHHOM
anekTpuieckoM mose. [logoOHOe MoBencHUE -
JNIEKTPUYECKUX XAPAKTEPUCTHUK B  MOJUMEPHBIX
KOMITO3UTHBIX MaTepHaliaX yKa3blBaeT Ha TEIJIOBYIO
MPUPOLy HEKOTOPOI'O KIIYCKOBOTO» MEXaHH3Ma €ro
MOJICKYJISIPHON TMOJBMKHOCTH M CBSI3aHO C OCOOCH-
HOCTSMU B JM3JICKTPUYCCKHUX CBOMCTBAX MarepHa-
108 [7].

VYBenuueHHe JUDICKTPUUICCKOW MPOHHIIAEMOCTH
u JIHDJICKTPUUYECKOMN MOTEpH KOMITO3HTOB
IIDHIT + x06.%CdS u [IDHII + x06.%In,Se; ¢ yBe-
JTHYCHUEM OOBEMHBIX COJCPIKAHHH HAMOTHUTEINCH
CdS u In,Se; B 3HAUNUTENLHON CTEMEHH ONPEICACT-
cs  MaKCBEJUI-BarHEpOBCKO#M momspusamuen  [1],
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MOBEPXHOCTHOM 3HEPryuei JUAJIEKTPUKA U HAIMOJTHU-
TeJs, TPOBOANMOCTBIO CHCTEMBI U €€ OJM30CTHI0 K
mopory mepkonsanuu. [Ipu Majplx KOHIEHTpAIHsIX
HaTOJTHUTENS B KOMMoO3uTe € U g pactyT 3a cuer
MaKCBEJUI-BarHEPOBCKOW TMOJISPU3AINH, OJHAKO C
POCTOM KOHIICHTPAIMH W3-3a PAa3HUIIBI TTOBEPXHOCT-
HOM DHEPruU KOMIIOHEHTOB HMX CTPYKTypa CTaHO-
BUTCS HeycToHunBoO# 1 gactunel CdS u In,Sez o6pa-
3YIOT KJIACTEepPhl, MOBEPXHOCTh KOTOPHIX MECHBIIIE,
YeM CyMMapHas IOBEPXHOCTh COCTABJIIONINX HX
YacTHUIl. YBETWYCHHE YHCIIa KJIACTEPOB C POCTOM
KOHIICHTPAIIMK  HAIOJIHUTEIS  COMPOBOXKIACTCS
YMEHBLIEHUEM JUAJICKTPUYECKON IMPOCIONKU MEXK-
Jly 4acTUIIAMU U MPUBOJUT K POCTY IJICKTPUUYCCKOU
eMKoCTH (3Ha4MT, ¥ K pocTy €). CieyeT OTMETHTS,
4TO MPOBOAMMOCTH Hanoiuuteneit CdS u Iny,Se; mo-
CTOsIHHA. V3MEHsIeTCs JNHIb WX pPACIpeeicHue B
o0beMe MaTpuilbl. 1 UIMEHHO 3TOT (pakT OKa3bIBaCT
ompeJesioniee BO3ACHCTBUE Ha MPOBOAUMOCTh U
JTUDIIEKTPUYECKYIO MPOHUIIAEMOCTh KOMIIO3UTOB, TO
€CTh YBEJIHMYCHHE OOBEMHOIO COJIEP)KAHHS HAIOJI-
HUTEJEeH CIocOOCTBYET MX yBenuueHuio [8].

AHanM3 3KCTIEpUMEHTAIBHBIX PE3yJIbTaTOB IIO-
Ka3bIBaCT, YTO B YACTOTHBIX 3aBUCHUMOCTSAX JTUDIICK-
TPUYECKOM MPOHULIAeMOCTH kommosuuuit [IDHIT +
+ X06.%In,Se3, IIDHIT + %06.%CdS 3ameTHOl nuc-
nepcun He OOHapyxuBaeTcs. [ KOMIO3UTOB
IIDHIT + X06.%CdS okomno wacrorer 10° 'y mpowc-
XOIUT HE3HAUMTENHHOE yMeHbIeHue & Kak wus-
BECTHO, IIPY BBEJAEHUU HAMOJHUTENICH MOJIMMEPHOU
MaTpHLBl 00Pa3ylOTCS YYaCTKH, COAEPIKaINe H30-
JTUPOBaHHBIE  CKOIUIEHHS  MOJYTPOBOIHHKOBBIX
YaCTHIl — MPOBOMAIINE KIACTEePhl, XaOTHUECKH pac-
npenenenHsie B marpuue [IOHII. C yBenuuenuem
CoOJlepKaHUs HAIIOJIHUTENIEH YBEITMYHUBAETCS YHCIIO
yacrull In,Se;, CdS, npuxoAsmuxcst Ha MONEPEYHOE
CeYeHHE KOMIIO3WTa M Ha OO0 B 0OMmIeH Toume
KOMITO3UTa. 3aMKHYTBIC JAPYT C IPYTOM KIacTepsl 1O
TOJIIIIMHE 00pa3lla MOXHO paccMaTpUBaTh KaK ak-
TUBHOE COIPOTHUBIICHUE, BKIIOYCHHOE MEXKAY DJICK-
tponamu. [Tockonbky Hamomuutenu In,Ses, CdS 06-
nafaT BbICOKOW Mo cpaBHeHuio ¢ IIOHIT mposo-
JTUMOCTBIO, TIOCTOJIBKY COMPOTHUBIICHHE KOMITO3UTOB
B OCHOBHOM OyJET ONPEEeNSIThCS KOHTAKTAMH MEX-
Jly yYacTulamMu HamnojHutened. Ha rpanuiax xna-
CTEpOB B MEPEMEHHOM JIIEKTPHYECKOM II0JIE TIPOHC-
XOIT HAKOIUIEHWE W TIepepaciipeielieHne CBOOO-
HBIX JJIEKTPUYECKUX 3apsIOB, KOTOPBIE HMCKAXKaIOT
HCXO/JHOE BHYTPEHHEE AJIeKTpUuieckoe moje. Ha BrI-
COKHMX YacTOTaX BHYTPEHHHE J3JIEKTPUUYECKHE OIS
pacrpeiensoTcss COOTBETCTBEHHO MPOBOIUMOCTSIM
U JUANEKTPUYECKUM TpoHHIaeMocTsM. CienoBa-
TEJIbHO, W3MEHCHHE IUPJCKTPUYECKOM MpOHHULIAe-
MOCTH B 3aBUCHMOCTH OT YaCTOTBI OIS OOBSACHICT-
Csl BOSHMKHOBEHUEM BHYTPEHHETO IIOJIsI B TIOJIYTIPO-
BOJIHUKOBBIX KjlacTepax.

3AKIIIOYEHUE

HccnenoBanusimu TEMIIepaTypHO-4acTOTHON
aucriepcur komno3utoB [IDHIT + Xx06.%CdS u

TIDHIT + X06.%In,Se; BBIABICHO, YTO HAIIOJHEHHBIE
MOJTYPOBOTHUKOBBIMHU COCAMHECHUSAMHU KOMIIO3HIIH-
OHHBIC MaTepHallbl BEChMa UyBCTBUTEIbHBI K TEM-
MEPATypHbIM M YaCTOTHBIM H3MEHEHHSIM M MOTYT
MPEJICTABNIATh MHTEPEC JJIS MPAKTHUECKOTO MPUME-
HEHUS, HAaIPUMEP B JJATYUKAX TEMIEPATyPhI U T.1I.
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Summary

This paper presents the results of the investigation of
the temperature and frequency dependence of the dielec-
tric constant and the tangent of angle, of the dielectric loss
of the composite materials — low-density polyethylene —
with solid fillers: LDPE/CdS and LDPE/In,Se; in the
temperature range 300-450K and in the frequency range
0-10™ Hz. It was revealed that by varying the amount of
fillers and the effects of external factors it is possible to
get new composite materials with the required dielectric
properties.

Keywords: CdS, In,Ses, low-density polyethylene, die-
lectric permittivity, dielectric loss, dielectric characteris-
tics.
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We carried out a series of experiments of metal sulfide deposition on glass and copper substrates by
the successive ionic layer adsorption and reaction (SILAR) technique. This technique based on the
cations adsorption process involves the presence of the van der Waals and electrostatic forces. Accor-
ding to the theoretical study discussed herein, the equilibrium separation between cations and the sub-
strate surface was lower in the case of a copper substrate than that of a glass one confirming the
observed experiments results obtained by the SILAR technique. The surface charge of the glass sub-
strate is strongly dependent on the solution pH. In the absence of the surface charge, the dominant
forces between cations in solution and the glass substrate were repulsive in contrast with the case of
the copper substrate in which attractive forces dominate even if the surface is somewhat positively
charged. This study enriches the knowledge on the optimization parameters for fabricating thin films
of metal chalcogenide of good adherence.

Keywords: thin films, successive ionic layer adsorption and reaction, adsorption, metal chalcogeni-

des, van der Waals forces, electrostatic forces.

YIK 541.138:539.216
INTRODUCTION

Thin films are widely used in electronic semi-
conductor devices and optical coatings. The chemi-
cal techniques used for thin films deposition, unlike
physical techniques, are inexpensive, however, the
thin films obtained are of poor quality compared
with those obtained by physical methods. The suc-
cessive ionic layer adsorption and reaction (SILAR)
method, one of the newest techniques for the thin
films deposition, is low-cost, low-temperature, and
eco-friendly, where neither sophistical equipment
nor a high vacuum chamber are needed. SILAR pro-
ceeds via a layer-by-layer fabrication of a thin film,
somewhat analogous to a molecular beam epitaxy
[1]. In addition, SILAR is a promising technique for
deposition of two-dimensional (2D) materials such
as MoS;, MoSe,, WS, etc., and their combinations —
materials which recently have been attracting high
interest due to their exotic electronic and optoelec-
tronic properties [2-6].

The SILAR technique is based on the cations
adsorption from a cationic solution on the substrate
surface by physical forces. The substrate immersed
in an electrolyte solution acquires a surface charge
due either to chemical dissociation of surface groups
or to adsorption or desorption of ions. lons involved
in the mechanism of surface ionization are called

potential-determining ions (PDI). In the case of a
metal oxide substrate, hydronium ions (H;O") are
the PDI [7] and the protonation or deprotonation
generate a surface charge, consequently, the surface
charge highly depends on the pH of the electrolyte
solution.

Quite a lot of researchers are focusing on the
study of SILAR deposition parameters such as the
effect of the rinsing steps, the immersion cycles, the
solution concentration, etc.[8-10]. In this paper, we
offer certain experimental results of some metal sul-
fide deposited on glass and copper substrates. We
discuss the adsorption effect on the thin films for-
mation and adherence basing on the interaction
model proposed by Malysheva, Tang, and Schiavone
[11]. Only at cationic solution with pH higher than
3.5, the interaction is attractive on a glass substrate,
whereas the equilibrium separation between cations
and the glass surface increased with decreasing the
pH of the cationic solution and the interaction ener-
gy increased, which means poor adherence of a thin
film to the substrate. In case of a very acidic cationic
solution, the repulsion forces between cations and
the glass substrate surface dominate. The cations
adsorption occurs on the copper substrate either in
the absence of a substrate surface charge or when it
is slightly positively charged.

© Abderrahmane A., Kaddouri M., Adnane M., Hamzaoui S., Dnexkrponnas o6paborka marepuanos, 2015, 51(6), 48-54.
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EXPERIMENTAL
Principle and technique automation

The SILAR technique is based on the successive
immersion of the substrate: first, in a cationic solu-
tion, washed in distilled water to remove the poorly-
adsorbed cations, then in an anionic solution in
which the anions react with the pre-adsorbed cati-
ons at the substrate surface forming the desired
compound semiconductor and finally in distilled
water to remove the loosely-reacted particles. These
four steps represent one cycle whereby only a mono-
layer can be formed with a typical thickness of 1-3A
[12]. This cycle is repeated many times in order to
obtain the desired thickness of the thin film.
Figure la depicts schematically the four steps of the
SILAR technique.

Roughly speaking, deposition of a thin film of
the thickness of a few micrometers requires hun-
dreds of cycles and therefore the automation would
be useful. Figure 1b shows a microcontroller-based
automatic system used to elaborate thin films of a
metal sulfide.

Substrate cleaning

Cleaning of the substrate is an important parame-
ter in the SILAR technique since no additional for-
ces, such as electric or thermal heating energies,
intervene to enhance the deposition and the adhesion
of thin films. In order to achieve good adhesion of
cations on a substrate, the surface must be hydro-
philic. Here, we used a glass micro-slides substrate
(75%25x1 mm). We used the following cleaning pro-
cess: the substrates were immersed in 20% HCI
solution, and then ultrasonically cleaned in beakers:
one containing distilled water and the other — a mix-
ture of ethanol: acetone 1:1 and distilled water. It
should be noted that each immersion has been car-
ried out during 20 min in each beaker. Finally, the
substrates were dried in a nitrogen gas flux. A cop-
per foil of 25 um thickness with a purity of 99.8%
was used as typical metal substrate.

Metal sulfide deposition parameters

Thiourea was used as anionic precursor; it dis-
solves in an alkaline solution according to the fol-
lowing chemical reaction:

CS(NH,),+20H" =8> +CH,N,+2H,0, (1)

The Table summarizes deposition parameters of
some elaborated metal chalcogenides. All cationic
solutions were prepared using distilled water without
adding a complexant. The pH values of cationic
solutions were not adjusted but the values shown in
the Table were due to the hydrolysis of metal ions in

water [13]. We observed the morphology of the
metal sulfides elaborated using S2500C scanning
electron microscope.

RESULTS AND DISCUSSION
Metal sulfides deposition

Figure 2a shows a thin film of copper sulfide
(Cu,S) deposited by SILAR on a glass substrate; the
value of the optical gap of Cu,S was about 1.62 eV,
a value that belongs to the theoretical value range
[10]. Figure 2b represents a 5K magnification SEM
image of the formed thin film. Some clusters on the
surface were formed due to poor cleaning steps.
Figure 3a shows a thin film of silver sulfide (Ag,S)
with different cycle numbers, the growth rate of
AQg,S is about 10 nm per cycle according to Kakade,
Nikam, and Gosavi [9]. The thin films were homo-
genous and uniform. Figure 3b depicts a SEM image
of a thin film of Ag,S annealed in air at 350°C,
showing the nanocrystals of Ag,S.

Figure 4 shows a zinc sulphide (ZnS) thin film
deposited by SILAR. After a few cycles, a thin
golden-yellow film was formed that became bright-
purple metallic with increased thickness. The same
was reported by Gao, Li, and Yu [14]. Figure 5a
shows a thin film of copper indium disulfide
(CulnS,). The concentrations of copper (1) chloride
dihydrate (CuCl;-2H,O) and indium (1I1) chloride
tetrahydrate (InClz-4H,0) were chosen in such a way
that the [Cu]/[In] was equal to 1.25, this value
showed stoichiometric composition [15]. Figure 5b
presents the top view of a SEM image of a thin film
where two phases were observed: a bright phase cor-
responding to In,S; and a dark one corresponding to
CusS. Figure 5c is a side view showing the thickness
of the studied thin films. The physical properties of
each metal chalcogenide elaborated here and
resumed in the Table will be discussed in detail
elsewhere.

Peeling of the thin films was observed in the case
of a glass substrate as shown in Fig. 2a and Fig. 3a,
but not in the case of a copper substrate. In other
words, in the case of a copper substrate, thin films
were more adherent and homogenous. In addition,
with the same CulnS, deposition parameters shown
in the Table, i.e. pH of the cationic solution around
3, the thin film formation did not occur on a glass
substrate but only on a copper substrate. Thereafter,
the pH dependence of the cations adsorption on the
glass substrate will be discussed.

Surface lonization

In aqueous solution, the glass substrate acquires a
surface charge due to its surface groups at which a
proton H* can be acquired, giving a positive charged
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(a) (b)
Fig. 1. The SILAR technique scheme showing adsorption, rinsing and reaction steps (a). Mechanism used in the SILAR
technique (b).
Table 1. Metal sulphides deposition parameters.
Precursors Adsorption | Reaction Rinsing
Compound Cationic solution Anionic solution | time (s) time (s) time () Cycles pH
_ 0,05M CS(NHy), N
Cu,S 0,025M CuCl,-2H,0 +0,1M NaOH 40 40 40 100-300 45
0,05M CS(NHy), 40 40 40 40-50 ~
AG:S 0,005M AgNO; +0,1M NaOH 20 20 30 118 !
0.02M 0,05M CS(NH,), _
Zns Zn(CH5C00),-2H,0 | +0,1M NaOH 40 40 40 120 6
0,01M CuCly-2H,0 + | 0,05M CS(NH,), N
CulnS, 0,008M InCly-4H,0 +0,1M NaOH 40 40 60 195 3

Fig. 2(a). Samples of Cu,S deposited by SILAR on glass sub-
strate.

cyclesu"cnf Cu,S deposited by
SILAR on glass substrate, magnification of 5K.

surface, or released, giving a negative charged sur-
face, depending on the solution pH. The point of
zero charge (PZC) is the pH value at which the sur-
face charge is equal to zero, this value is around 3 in
the case of a glass substrate [16]. The silanol groups
at the glass substrate surface dissociate according to
the chemical reaction [17]:

SiOH, —H" =SiOH = SiO +H". 2
The glass surface is charged positively at an
extremely acidic solution and negatively — when the

Fig. 3(a). Samples of Ag,S deposited by SILAR on glass sub-
strate.

Fig. 3(b). SEM image of 118 cycles of Ag,S deposited by
SILAR on glass substrate annealed at 350°C, magnification of
20K.

solution pH exceeds 3. Assuming that the glass sub-
strate surface is a Nernstian surface, then the surface
charge density is given by
6 ~—(2.303Cok T /q)ApH Where Co is the total

capacitance at zero charge, ApH is given by the
difference (pH — pzc), kg is the Boltzmann constant,
is the solution temperature and is the electron
elementary charge. The capacity value in the case of
SiO, is approximately equal to 88.4 uF/cm? [7].
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Fig. 4. Sample of ZnS deposited by SILAR on copper sub-
strate.

Fig. 5(b). Top view SEM imge 0f15 cycles of non-annealed
thin film of CulnS, deposited by SILAR on copper substrate,
magnification of 11K.

Adhesion between substrate surface
and charged particle in solution

The adsorption is a surface phenomenon in which
ions, or more generally particles, are attracted to the
surface by either physical or chemical forces or both.
The free energy between a particle in solution and a
charged substrate is the sum of the electrostatic free
energy measured from the electric potential created
by the particle-wall interaction and the van der
Waals energy according to the model proposed in
[11]. In this model, the effects of the Brownian mo-
tion, the hydrodynamic fluid flow, and gravity are
ignored.

Fig. 6. A particle of charge Q in electrolyte solution near a sub-
strate of initially uniform surface charge density o.

Let’s assume a cation of charge Q = n-q is located
at distance from a substrate of the surface charge
density o, as shown in Fig. 6, where is the total
charge number of the particle. The total dimension-
less free energy as given in [11] is:

For metal substrate:

n%e 2 nged
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Fig. 5(a). Sample of CulnS, deposited by SILAR on copper
substrate.

Fig. 5(c). Side view SEM image of CulnS, deposited by
SILAR on copper substrate showing the thin film thickness,
magnification of 5K.

and for dielectric substrate:
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where k*=1/kl,, d=d/l,, G=4rclZ/q and

L=L/1,,are the normalized quantities of the Debye

length, the particle-substrate distance, the surface
charge density, and the substrate thickness,
respectively. These quantities are introduced to
simplify the formalizm of the free energy. The
quantity 5 in Eq. (4) is defined by p =p-d. The term
€1 = &ley is the ratio of the permittivity of the
dielectric substrate on the dielectric constant of the
solution; g; = 80 and g, = 5.75 are taken as in [18].
N is the atoms number of a particle in the solution
and p; is the atom number density in the substrate.
The densities of the copper and the silicone dioxide
are 8.96 and 2.27 glcm®, respectively, while
researchers in [19-20] give atomic densities of
0.085 atoms/A® and 0.023 atoms/A3, respectively.
The last terms in eq. (3) and (4) correspond to the
van der Waals energy represented by the Lennard-
Jones formalism. The distance r, corresponds to the
minimum van der Waals energy and and it is in the

order of A; therefore the normalized distance T is

equal to 0.1429. The symbol is the energy well depth
that corresponds to the detached state, the value of ¢
is in the order of 10% to 10%° [11]. The energy well
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Fig. 7(a). Distance and pH dependence of the normalized free
energy of the cations Cu®* near a glass substrate.

Fig. 8(a). Distance and pH dependence of the normalized free
energy of the cations Ag” near a glass substrate.

depth was considered to be constant and equal to
2.79-10% J [21].

Cations-substrate interaction

The adsorption of Cu?* and Ag" cations on a glass
substrate under the deposition conditions shown in
the Table is discussed in details in this subsection.
The Debye length k* given by the equation
K :(4n|BZizfni°)'“2 was equal to 1.12 and 4.35 nm
in the case of Cu,S and Ag,S cationic solutions,
respectively. Ig is, the Bjerrum length, given by the

equation g/ 4neygk,T,and it is equal to 0.7 nm at
room temperature; z; and n’are the valence and bulk

number density of the i species of ions. Figures 7a
and 8a represent the normalized free energy as func-
tion of the cationic solution pH and the distance in
the case of [Cu*-glass substrate] and [Ag'—glass
substrate], respectively. The red lines in the same
Figures correspond to the cationic solution experi-
mental conditions. The surface charge densities were
-0.076 and —0.204 C/m? in the case of [Cu®*—glass
substrate] and [Ag'—glass substrate] interactions,
respectively. The corresponding minimum distances,
which correspond to the attached states, were 0.592
and 0.177 nm; and the normalized free energies were
-1.849 and —45.98 in the case of [Cu®*—glass sub-
strate] and [Ag’'—glass substrate] interactions,
respectively. In the absence of the surface charge,
the normalized free energy was positive and the

Fig. 7(b). Distance and surface charge dependence of the nor-
malized free energy of the cations Cu®* near a copper substrate.

Fig. 8(b). Distance and surface charge dependence of the nor-
malized free energy of the cations Ag* near a copper substrate.

repulsion forces dominate. Figures 7b and 8b repre-
sent the normalized free energy as function of the
surface charge and the distance d in the case of
[Cu*—copper substrate] and [Ag*—copper substrate],
respectively. To make a comparison between the two
substrates, we assumed that the copper substrate has
the same surface charge densities as the glass sub-
strate, i.e. —0.076 C/m’ in the case of [Cu®*—copper
substrate] interaction and —0.204 C/m? in the case of
[Ag*—copper substrate] interaction. The minimum
normalized free energies were deduced as —42.2 and
-56.4 at the minimum distances of 0.0364 and
0.0417 nm in the case of [Cu®*—copper substrate]
and [Ag*—copper substrate] interactions, respective-
ly. At the same conditions, both the normalized free
energies and the minimum distance were lower in
the case of the copper substrate compared with that
of the glass substrate. That is, the adsorption was
better on the copper substrate than on the glass one,
which explains the high adherence of the thin films
deposited on copper substrate. The normalized free
energies and the minimum distance at the non-
charged copper substrate were —33.1 and 0.0364 nm
in the case of [Cu?*—copper substrate] and -8.3 and
0.0418 nm in the case of [Ag'—copper substrate].
Therefore, contrary to the glass substrate case, the
dominant interaction forces between cations and the
copper substrate surface were attractive in the
absence of the surface charge density.

Note that the cationic solution pH is a very
important factor that affects the adsorption on metal



oxide substrates. For example, the equilibrium sepa-
ration between Cu?* and the glass substrate
decreased from 0.881 nm to 0.181 nm and the nor-
malized free energy decreased from -0.125 to
—-39.748 when the cationic solution pH increased
from 4 to 12. Finally, the cationic precursor solution
concentration is also an important factor that affects
the adsorption on metal oxide substrates. Ignoring
the effect of the cationic solution concentration on
the surface charge, the interaction between the cation
Ag" and the glass substrate is depicted in Fig. 9, and,
as we can see, the normalized free energy decreased
with decreasing the cationic solution concentration,
which means that better cations adsorption can be
obtained at lower cationic solution concentrations.

Fig. 9. Distance and cationic solution concentration of the nor-
malized free energy of the cations Ag™ near a glass substrate.

CONCLUSION

Adsorption phenomenon via the SILAR method
was studied on two kinds of substrates: a dielectric
(glass) substrate and a metallic (copper) one. A high
pH of the cationic solution increases the glass sur-
face charge density. Therefore, adding ammonia as
complexant to the cationic solution will increase its
pH and will enhance the cations adsorption. The me-
tallic sulfide depositions by SILAR on copper sub-
strates were better than on glass substrates. The ad-
sorption of cations was higher at a low cationic solu-
tion strength. The reaction steps and nucleation of
the reacted molecules on the substrate affect the ad-
herence of thin films, a subject which is interesting
as future research.
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IIpoBeneHa cepust JIKCIEPHUMEHTOB IO OCAXKICHUIO
cynb(huaa MeTallTa Ha CTEKIITHHBIX U METHBIX ITOJTOKKAX
METOLOM IIOCIEN0BATENLHOIO HAHECEHH TOHKHUX IUIEHOK
C TIOMOIIBI0 HMOHHOM amcopOiu u peakiu  (MeTox
SILAR). DtoT MeTo, OCHOBaHHBIM Ha mpoIecce ancopo-
MM KaTMOHOB, TMperoliaraeT Haludhe cuil Ban-aep-
Baanbca u anekrpocrarudeckux cuil. CoriacHO TeopeTH-
YECKOMY aHaliu3y, pacCMaTpHBaeMOMY B HACTOSIICH
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paboTe, paBHOBECHOE PACCTOSHHE MEXIYy KaTHOHAMH U
MOBEPXHOCTBIO ITOUIOKKH HIDKE B CIydae MEIHOM IOA-
JIOKKH, 4Y€M B Cliy4dac CTeMﬂHHOﬁ, YTO IOATBEPKIAACT
PE3YNbTAThl, MOJTYUYCHHBIC B OKCIICPUMECHTAX MO MECTOAUKE
SILAR. TloBepXHOCTHBIH 3apsia CTEKISHHON MOAJIOKKA
cuibHO 3aBucHT OoT pH pacrBopa. Ilpm otcyrcTBHM
MOBEPXHOCTHOTO 3apsijia, JOMHUHUPYIOIIME CHIIBI MEXIY
KaTHOHAaMH B PacTBOPE M CTCKJISIHHOM IOJUIOXKKOH SIBIISI-
IOTCSI OTTAJIKUBAIONIMMHU B OTIMYHE OT CIy4as ¢ MEIHOU
TIO/ITIO’KKOH, KOT/Ia CHITBI IPUTSHKEHUSI JOMUHHUPYIOT Jaxe,
€CJI TIOBEPXHOCTh MMEET HEKOTOPHIH ITONOKUTEIBHBINA
3apsan. DTo UCCleIoBaHue 000TaImaeT 3HaHUs O IapaMeT-
pax ONTUMM3ALMH IPU U3TOTOBIEHUHM TOHKHUX IIEHOK U3
XaJIbKOI'€HUJIOB METAJUIOB C XOPOILIEH anre3uei.

Knrouesvie cnosa: momnkue nieHku, mMemoo nocieoo-
8aMeNbHO20 HAHeceHUs Cloe8 UOHHOU adcopbyuel u
peaxyueil, adcopoyus, XanbKo2eHuobl Memdnios, CUibl
san-0ep-Baanvca, snexmpocmamuueckue cuiol.



55

Surface Morphology of Copper Deposits by Using Azine
Derivatives on an Ecofriendly Electroless Bath
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This article reports the effect of azine stabilizers such as pyridine, 2,2’-bipyridine and
1,10-phenanthroline during electroless deposition of copper. In this work, the biodegradable copper
methanesulphonate was used instead of the traditionally used copper sulphate and the environmentally
safe polyhydroxylic compound xylitol was used as the complexing agent. Commercial para-
formaldehyde was used as the reducing agent and potassium hydroxide (KOH) was used to optimize
the bath in alkaline medium at pH 13.25. Surface morphologies of the electroless coated copper (Cu)
substrates were investigated by atomic force microscopic (AFM) analysis. Crystallite size and
specific surface area of copper thin film were observed by x-ray diffraction (XRD). Electrochemical
characteristics were studied by cyclic voltammetry (CV) and Tafel polarization. The value of charge
transfer resistance and double layer capacitance were determined by impedance techniques. In this xy-
litol bath, 2,2’-bipyridine was found to act as an enhancer but the results are not very different from
the plain xylitol bath. Pyridine acted as a strong inhibitor and 1,10-phenanthroline was a good accele-

rator. All stabilizers provide high stability to the bath at 28 + 2°C with 1 ppm addition.

Keywords: azine stabilizers, copper methanesulphonate, crystallite size, surface morphology, xylitol.
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INTRODUCTION

Electroless plating is an autocatalytic process that
is being increasingly thought to be more useful than
electroplating for the deposition of metal coatings
and films because of improvements in solution sta-
bility, possibility of producing coatings with uniform
thickness, capability of depositing material even in
deep recesses, bores, blind holes, high selectivity,
possibility of producing very thin layers, excellent
step coverage, good filling capacity and absence of
need for electrical contacting of wafers during depo-
sition.

Although the method for polishing and silvering
plates for looking glasses/mirrors was described as
early as 1798 by S. Bernard [1], the first scientific
description of the electroless deposition process may
be attributed to German chemist Justus VVon Liebig
in 1835. Von Leibig reported the reduction of silver
salts to silver metal on glass surface, can be done by
using an aldehyde as the reducing agent [2]. In 1844,
Waurtz [3] observed that Ni?* ions can be reduced by
hypophosphite ions, what is now recognized as the
“electroless process”. However, he obtained only a
black powder.

The initial formulation of electroless plating is
credited to Brashear in 1880 [4]. This discovery can
be considered as the official pioneer of the electro-
less deposition process. In 1900, D.F. Weiskopf and
in 1907, F.D. Chattway plated copper on glass from
a solution containing copper and formaldehyde
[5, 6]. Since then, electroless coatings have been

reported by many workers such as P. Breteau
(1911), A. Silvermann (1915) and F.A. Roux (1916)
[7-9]. Controlled electroless plating process was
accidently discovered by Brenner and Riddell in
1946 [10], when they tried to electroplate Ni-W
alloy on the inner side of a steel tube using a citrate
bath.

In 1947, Narcus [11] reported and established an
optimum plating condition for electroless plating.
The first commercial applications of electroless dep-
osition were reported by A. Brenner (1959),
Cahill, (1957) and Wein, (1959) [12], [13]. The
theoretical basis of electroless copper deposition
process has been studied by Pearlstein, in
Lowenheims book reviewed by Saubestre, (1962),
Zeblisky, (1963), Lukes, (1964) and Goldie, et al.,
(1964) [14-17].

The advantages of electroless plating have resul-
ted in considerable research being conducted in the
field in recent years [18-21]. Of the forty six diffe-
rent processes regulated under metal finishing stan-
dards featuring different technologies, operational
steps, inputs, and outputs, electroless copper plating
has found widespread acceptance in many applica-
tions such as in the fabrication of decorative articles,
semiconductors, integrated circuits and through-hole
plating in printed circuit boards [22-25].

In 1966, M. Saito [26] reported that compounds
having planar and other structures with lone pairs of
electrons such as sulphur and nitrogen containing
hetero-organic compounds have been proposed as
stabilizers. These additives on copper surface
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decrease the plating rate, delocalized =-electron
enhances the plating rate and stronger the comple-
xing ability of additives with copper (I) than with
copper (1) stabilizer will be solution.

Xylitol has been proposed as ecofriendly chela-
ting agent to be used in methanesulphonic acid
(MSA) baths because it forms sufficiently stable
complexes with copper (Il) ions in alkaline solu-
tions. In this work, we report the texture of surface
morphology of copper deposits formed by electro-
less deposition from copper methanesulphonate, xy-
litol baths with pyridine, 2,2’-bipyridine and
1,10-phenanthroline as stabilizers. Use of these sta-
bilizers results in electroless copper deposits as
established by AFM, CV, Tafel, and XRD testing.

1. EXPERIMENTAL

An environmentally friendly bath for electroless
deposition of copper was prepared using me-
thanesulphonate, xylitol, para-formaldehyde, potas-
sium hydroxide (to vary the pH of the bath), pyri-
dine, 2,2’-bipyridine and 1,10-phenanathroline are
given in Table 1. The electroless copper deposition
was performed on a copper sheet (2.0 x 2.0
x 0.1 cm) in a 100 mL beaker. Before deposit, the
copper substrate was rinsed with double distilled
water after polishing with fine grid paper. A scoring
process was used to clean the precleaned substrates
using KOH solution. After rinsing with distilled wa-
ter, surface etching was performed using a solution
of KMnO, and H,SO, to remove any oxidised layer
on the surface. In order to improve the deposition
rate and adhesive properties of the copper thin film,
the surface was sensitized using SnCl, solution
(SnCl, mixed with HCI) and activated using HCI
solution of PdCl,.

Table 1. Bath composition of copper methanesulphonate
xylitol plain bath with stabilizers

Bath contains Plain bath Stabilizers
used bath
CuMS (I1) ion 3g/L 3g/L
contacting salt
Xylitol 20 g/L 20 g/L
HCHO 10 g/L 10 g/L
KOH (pH) 13.25 13.25
Temperature 28 + 2°C 28 £ 2°C
Stabilizers (pyridine, 0 ppm 1 ppm
2,2’-bipyridine and
1,10-phenanthroline)

About 50 g of copper carbonate was weighed and
transferred into 500 mL beaker. The copper car-
bonate was treated with 60 mL of methanesulphonic
acid until the evolution of CO, gas, and made up to
250 mL, using double distilled water. The solution
was filtered to remove all visible impurities and
stored in a standard measuring flask. The amount of
copper present in the stock solution was evaluated
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by adding 0.1N standard sodium thiosulphate solu-
tion to 1 mL of the stock solution and weighting the
copper deposited. All measurements were repeated
at least thrice.

The properties of the electroless copper thin film
were studied. X-ray diffraction (XRD) (X’Pert-Pro,
P-analytical) was used to identify the structural
properties such as crystallite size and quality of the
plated copper. The surface topography was evalua-
ted using atomic force microscope (AFM) (Nano-
Surf Easy Scan2, Switzerland) and the surface
roughness of the copper deposit was analysed.
Cyclic voltammetric curves were obtained by stan-
dard electrochemical analyser CHI 600D Austin
USA. The copper methanesulphonate solution was
deaerated with nitrogen gas. The counter electrode
was platinum wire and reference electrode was
Ag/AgCl with saturated KCI solution. The voltam-
mograms were recorded at room temperature
28 + 2°C in 0.1M Na,S0O, as supporting electrolyte.
Standard glassy carbon electrode was used as
working electrode and the voltammograms was
recorded in the range from -1.2 to +0.5 V at poten-
tial scanning rate 50 mV/s.

2. RESULTS AND DISCUSSION

2.1. Calculation for rate and thickness
of copper deposits

Electroless copper deposition was found to start
at pH of 12.5 in xyllitol bath, the rate of deposition
increased initially and then decreased with further
increases in pH. Through iterative experiments, the
bath compositions were optimized, the bath
containing 3 g/L of copper methanesulphonate and
10 g/L of para-formaldehyde was taken as the opti-
mum formulation. The xylitol bath showed an opti-
mum deposition rate of 3.24 um/h at pH 13.25.

The rate of deposition “T” was calculated using
the following relation. All measurements were
repeated at least thrice. The rate of deposition “T”
was calculated using the following relation:

T=W-10°/DAt. (1)

Where, “W” is the mass of the deposit (g), “D” is
the density of the film material (g/cm®), “A” is the
area of the film coated (cm?) and “t” is the coating
duration (h).

After electroless plating, the panel was washed,
rinsed, dried and weighed (w,). The electroless cop-
per coating was dissolved in 10-20% HNO; solu-
tion. The panel was then washed, rinsed, dried and
weighed (w;). The actual weight of the deposit was
calculated from the difference in weight before and
after plating (w; — w,). From the weight of the
deposit, total plated area and density of the copper,
thickness was calculated as follows.
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where, W = (w; — w,) = Weight of deposit in gram;

w; = Weight after plating; w, = Weight after strif-

ping; A = Total plated area of the substrate (cm?);

D = Density of the copper (g/cm®).

Thickness (um) =

Table 2. Deposition rate and thickness of copper deposits
on optimized methanesulphonate xylitol plain bath with
stabilizers
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S. No. Xylitol plain bath Deposition | Thickness
with rate (um)
stabilizers (um/h)
(1 ppm)
1 Plain bath 3.23 193.8
2 Pyridine 2.53 151.8
3 2,2’-bipyridine 3.56 213.6
4 1,10-Phenanthroline 3.73 223.8

The inhibiting or accelerating properties of the
stabilizers were compared in terms of the deposition
rate (um/h) of the electroless plating plain bath.
Table 2 shows that, when the rates of deposition
values were lower than that of plain bath, the stabi-
lizers were considered to be inhibitors and when
greater, as accelerators or enhancers.

2.2. Nanostructure — Atomic force
microscope (AFM)

Bright copper deposits seen in atomic force
microscopy (AFM) indicate better mechanical and
physical properties. Roughness values are inversely
propositional to smooth deposition. Table 3 and
Fig. 1 indicates the roughness values of the xylitol
plain bath and bath with the three stabilizers. The
xylitol plain bath produced maximum roughness
value of 303 nm. On using stabilizers the roughness
values decreased until 2,2’-bipyridine due to steric
factors then increased to 1,10-phenanthroline.

Fig. 1. AFM images of copper deposits on methanesulphonate
xylitol plain bath; topography of copper deposits (a), 3-D image
(b) and surface area (c); xylitol plain bath (1a, 1b, 1c), pyridine
bath (2a, 2b, 2c¢), 2,2’-bipyridine (3a, 3b, 3c),
1,10-phenanthroline bath (4a, 4b, 4c).

Table 3. Roughness value of copper deposits on xylitol
methanesulphonate plain bath with stabilizers from AFM

studies
S. No. Xylitol plain bath Roughness value
with stabilizers (nm)
(1 ppm)

1 Plain bath 303

2 Pyridine 156

3 2,2’-bipyridine 69

4 1,10-Phenanthroline 92

2.3. Quality and quantity — Cyclic voltammetry (CV)

The inhibiting and enhancing properties of stabi-
lizers can be understood from the anodic peak cur-
rent value, anodic peak potential value and peak ap-
pearance. Based on cyclic voltammetry studies, the
inhibiting properties of the stabilizer result in low
anodic peak potential values. The low-energy oxida-
tion process is enhanced by stabilizers. Figure 2 and
Table 4 shows that the appearances of the sharp
peaks indicate that the rate of oxidation is high. The
high anodic peak current value also indicates that the
stabilizer inhibits the deposition of copper. The low
anodic peak current, high peak potential and broad
peaks indicate the enhancing properties of the stabi-
lizers.

Fig. 2. Cyclic voltammogram for electroless copper me-
thanesulphonate xylitol bath at pH 13.25; 2,2’-bipyridine bath
(a), 1,10-phenanthroline bath (b), xylitol plain bath (c), pyridine
bath (d).

Table 4. Anodic peak potential and anodic peak current
values from cyclic voltammogram for electroless copper
methanesulphonate xylitol plain bath with stabilizers

S.No. | Xylitol plainbath | Ep.values lpa-1 Values
with (mV) (mA)
stabilizers
(1 ppm)
1 Plain bath -0.2275 5.924.10°°
2 Pyridine -0.4423 9.355-10°
3 2,2’-bipyridine -0.1987 2.980-10°
4 1,10-Phenan- -0.1200 6.251-10®
throline

2.4. AC electrochemical monitoring technique —
Electrochemical impedance spectroscopy (EIS)

The inhibiting and accelerating properties can
also be seen from the higher and lower resistance



values respectively, compared to the xylitol pain
bath. The Table 5 and Fig. 3 indicates that pyridine
shows the highest resistance value confirming the
inhibiting properties. 1,10-phenanthroline shows
good acceleration effects. 2,2’-bipyridine acted as
accelerator but the results are closer to xylitol plain
bath.

Fig. 3. Nyquist diagram of electroless copper methanesulpho-
nate xylitol bath in pH 13.25.

The following electrical equivalent circuit was

found to match the system
G, C
i

L
| |

Fig. 4. Electrical equivalent circuits for electrochemical
impedance spectroscopy.

ra

where, C; & C, — Double layer capacitances;
R; & R, — Charge transfer resistances

.S (3)
Rl RZ
Nyquist diagram {Im (Z) Vs Re (Z’)}
1 1
fc = and fc, = , 4)
o 21R.C, 2 21R,C,

Figure 4 show that two resistance and capaci-
tance values namely C,, C, and Ry, R, were obtained
by the following equivalent circuit.

Order C; < C,.

Table 5. Electrochemical impedance value of charge
transfer resistance and double layer capacitance for elec-
troless copper methanesulphonate xylitol plain bath with
stabilizers

S. Xylitol plain Double layer Charge trans-
No. bath Capacitance (Cy) | fer Resistance
with stabilizers |  (Cq) (UF/cm?) (R) (MQ/ecm?)

(1 ppm) Cr10° | C10° | Ry Ry
1 Plain bath 3474 | 0.1421 | 256 | 30.23
2 Pyridine 6.576 0.4706 554 | 75.12
3 2,2’-bipyridine 2.068 0.0916 245 | 24.52
4 1,10-Phenan- 2.309 0.1131 352 | 15.94

throline
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2.5. DC electrochemical monitoring technique —
Tafel polarization (TP)

Ohno et al., [27] showed that the rate of copper
deposits can be determined using deposition current
values obtained from the Tafel plots. The copper
deposition rate can be calculated using the following
“the American Society for Testing and Materials”
standard equation.

Corrosion current, corrosion potential, deposition
rate for electroless copper methanesulphonate xylitol
plain bath with stabilizers and the results are given
in Fig. 5 and Table 6.

deposition rate(um/h) =
i (5)
=3.7328x10™* {%}x Eq.wt

where, igp = Deposition current; D = Density of the
copper metal (g/cm®); Eq. wt = Equivalent weight of
the copper metal.

Fig. 5. Tafel polarization curve for electroless copper
methanesulphonate xylitol bath pH 13.25.

2.6. Phase composition — X-ray diffraction (XRD)

The crystal orientations and lattice parameters
were studied by XRD. Lee et al., [28] have earlier
reported that copper methanesulphonate bath results
in large quantities of copper ions, because of high
conductivity and solubility leading to (200) plane.
The crystallite size of the copper deposits can be
estimated by using Debye-Scherrer’s equation
[29, 30].

p=KL/Bcosh (6)
where, K is the Scherrer constant, “A” is the wave-
length of light used for the diffraction, “B” is the
“Full Width at Half Maximum” of the sharp peaks
and 0 is the angle measured. The Scherrer constant
(K) in the above formula accounts for the shape of
the particle and is generally taken to have the value
0.89.

Specific surface area of the copper deposits is
determined by the formula

g 6x10° (7
Dp
where, “p” is the crystallite size (nm) and “D” is the
theoretical density of copper (8.96 g/cm?).
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Table 6. Tafel polarization value of corrosion current, corrosion potential and deposition rate for electroless copper

methanesulphonate xylitol plain bath with stabilizers

S. No. Xylitol plain bath Ba Be Ecorr lcorr Deposition rate
with stabilizer (1 ppm) mV/decade mV/decade (mV) (mA) (um/h)
1 Plain bath 51.30 247.7 -441.77 41.01 0.543
2 Pyridine 84.91 263.7 - 456.61 16.39 0.217
3 2,2’-bipyridine 115.0 308.7 - 502.07 53.84 0.713
4 1,10-Phenanthroline 109.2 82.76 - 558.62 87.21 1.154

Crystallite sizes are proportional to the inhibiting
efficiency. Figure 6 and Table 7 shows that crystal-
lites were larger for pyridine, indicating inhibiting
effect of this stabilizer in the xylitol plain bath. But,
2,2’-bipyridine and 1,10-phenanthroline were found
to have better results than the plain bath. Baths with
pyridine to 1,10-phenanthroline resulted in a
decrease in crystallite size.

Fig. 6. XRD pattern of copper deposits on methanesulphonate
xylitol plain bath with stabilizers (1 ppm).

Table 7. Crystallite size and specific surface area of cop-
per deposits for electroless copper methanesulphonate
xylitol plain bath with stabilizers

S.No | Xylitol plain bath Crystallite Specific
with stabilizers size surface area
(1 ppm) (nm) (m*g)
1 Plain bath 126 5.315
2 Pyridine 158 4.238
3 2,2’-bipyridine 123 5.444
4 1,10-Phenanthroline 112 5.979

3. CONCLUSIONS

Deposition rate and micro thickness of the copper
deposits were found to increase from pyridine to
1,10-phenanthroline. This can be attributed to the
size, charged ion characteristics, complexation of
stabilizers, and effect of delocalized =-electron pre-
sent in heteroatoms, such as sulphur and nitrogen.
Surface roughnesses of copper deposits were
observed by atomic force microscope technique. The
complexation and steric factors of stabilizers may
have altered the roughness value. Xylitol based
methanesulphonate baths produced bright deposits.

Intensity counts, position of 2-theta and “full
width at half maximum” values were obtained by

x-ray diffraction studies. Crystallite size and specific
surface area of electroless copper deposits were cal-
culated by using Debye-Scherer’s equation. Because
of high conductivity and solubility of copper
methanesulphonate, the deposits of copper oriented
in the (200) plane.

To understand the electrochemical role of the
stabilizers in electroless copper deposition, cyclic
voltammetry studies were performed. The quality of
copper was determined by anodic peak potential
(Epa— value) and quantity of the copper deposits was
determined from the anodic peak current value
(I,a— value). The cyclic voltammetry data confirmed
that the inhibiting properties decreased from pyri-
dine to 1,10-phenanthroline.

Electrochemical interfacial charge transfer
between copper substrate and electroless copper
methanesulphonate bath was studied using impen-
dance measurements. Resistance value increased
from pyridine to 1,10-phenanthroline, and capaci-
tance value was lower than the xylitol plain bath.

The three organic azine compounds studied are
found to greatly stabilize the bath and extend its life.
They were found to modify the crystal structure with
the production of compact, dense, and high etching
resistant deposits. The physical and electrochemical
data clearly indicates that the xylitol bath produces
copper deposits that are finer and more compact.
Moreover, smooth and shiny deposits were obtained
on using 2,2’-dipyridyl to xylitol bath.
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B cratbe paccmarpuBaeTcsi BIHMSHHE Ha XHMMHYECKOE
OCaKJIeHHE MEIH a3WHOBBIX CTAOWIIN3aTOPOB, TAKHX Kak
mupuanH, 2,2'-6ummpunud u 1,10-penanTponun. B aroit
paboTe BMECTO TPaJHLHOHHO HCIOJIB3YyeMOro Cyibdara
MeIU HCIOJb30BaH OHopas3iaraeMplii MeTaHCYIb(oHAT
MeIN U B Ka4eCTBE KOMIUIEKCOOOPA3yIOIIero areHra Obl-
JIO HCIIONb30BAHO 3KOJOTHYECKH OE30IacHOE ITOJIUIHA-
POKCHIIBHOE coeinHeHne — KeuT. KoMMepueckuii napa-
(dbopmanbaerun ObLT UCIOIB30BaH B KAUECTBE BOCCTAHAB-
nuBaroniero arenra u rugpokcun kamus (KOH) 6bur mc-
MIOJIb30BaH ISl 00ECICYEHUSI ONTUMAJIbHON IIEIOYHOCTH
BaHHbI ¢ pH 13,25. Mopdonorust moBepxHOCTH XUMHYe-
CKH OCaXIEHHOro MOKpbITHsA Ha MenHoM (Cu) cybcrpare
OblTa MPOAaHATU3UPOBAHA C ITOMOMIBIO aTOMHO-CHIIOBOI
mukpockoruu (ACM). Pazmep KpUCTAIUIMTOB U yAETbHAS
TUIOLIAb IIOBEPXHOCTH TOHKOW MEIHOM IUICHKH Ompene-
JSTACh METOJIOM peHTreHoBckoi mudpakimu  (XRD).
DIIEKTPOXUMHUYECKNE XAPAKTEPUCTUKH OBUIH H3YYCHBI C
TOMOIIBI0  ITHKIMYecKoi  BombTamiiepomerpun (CV) u
Tadenesckoit monspuzanuu. BeaTUunUHBI COMPOTHBICHUS
NepeHoca 3apsia 1 eMKOCTH JIBOWHOTO CJI0sl ObUIM OIpe-
JIeNIeHbl MMIEJaHCHBIM METOAOM. bBBUIO ycTaHOBIIEHO,
YTO B 9TOM BaHHE C KCUIINTOM, 2,2-ONIHUPH/INH AEHCTBYET
B KauecTBE YCHJIUTEISI, HO PE3yJIbTaThl HE OYCHb OTIIMYa-
€TCs OT MPOCTOM BaHHOU ¢ KeunuToM. [Tupunun aeicTy-
eT KaK CHIBbHBIA mHTHOHUTOp, HO 1,10-eHanTponmH OBLI
XOpoImMid yckopuTens. Bee crabumimmsatopsl obecreunsa-
I0T BBICOKYIO YCTOWYMBOCTH BaHHBI nipu 28 * 2°C mpu
no0aBKe B KOJMYECTBE 1 MpoMMILIE.

Kniouegvie  cnosa. — asunogvle  cmabunusamopul,
Memaucyibponam meou, pasmep KpUCMALIUMOE, MOp-
@onozus nogepxnocmu, KCUnUmM.



61

AHan3 aKTUBHOCTH MMMOOMIN30BAHHBIX (JepMEHTATUBHBIX
NpenaparoB pebKH YePHOU METOI0OM CIIEKTPOCKOIUAU
JIEKTPOXUMHUYECKOr0 UMIIEIAHCA

E. . llepumna, M. O. Xoabikuna, K. A. Ka3nooun

Hucmumym obwetl u neopeanuueckoti xumuu um. B.1. Bepnaockoeo HAH Ykpaunui,
np. [anaduna, 32134, 2. Kues, 03142, Yxpauna, e-mail: kazdobin@ionc.kiev.ua

[Ipu uccnenoBaHny B3auMOAEUCTBUSI (DEPMEHTATHBHOTO Nperapara pPeAbKU YepHOil ¢ pa3iIMYHbIMU
HEOPTaHWYCCKUMH TMOIOKKAMU (KAOJHMH, a’poCHil, OEHTOHHT W €ro MOAHU(UIMPOBaHHAS (Gopma)
METOZOM CHEKTPOCKOIMHUH AJIEKTPOXUMHUYECKOT0 MMIIEJaHCa MOKa3aHO, YTO HAIWYHE CHUJIIBHBIX IPO-
TOHIPOBOJSIINX CBOMCTB MOJIOXKKH YCKOpSIET IpEeBpallieHne MPOTOHIOHOPHOTO cyOcTpaTa, a dJiek-
TPOH-TIPOBOJIAIINE CBOMCTBA BIMAIOT Ha MPEBpAIICHUE 3IEKTPOHIOHOPHOTO cyOcTpaTa. YCcTaHOBIIE-
HBI OCHOBHBIE NPUUUHBI, MO3BOJISIOIIUE LIEIEHANPABIECHHO YIPABISITh NEPOKCUIA3HON U OKCUIA3HOU

AKTUBHOCTHI0O HMMMOOHIN30BaHHOTO (bepMeHTa.

Kniouegvie crosa: gpepmenmamuenuiii npenapam peobKu YepHOU, aspociii, OEHMOHUM, KAOIUH, Cma-

6M/ZbHOCmb, CneKmpocKonus umMneoawnca.

YIK 544.723.2: 544.636/.638
BBEJIEHUE

Pacmupenne obnacreil MCOIB30BaHUS UMMOOH-
JIN30BAHHBIX PACTUTEIBHBIX PEIOKC-(PEPMEHTOB B
Pa3IUYHBIX TPAKTHUYSCKUX MPUITOKCHHUSIX SBISICTCS
MPEeMETOM MHOTOUYHUCICHHBIX HCCIICAOBAHHN TI0-
cnenHero Bpemenu [1, 2]. OcoOblii HHTEpEC BBI3bI-
BAlOT WCCIIEIOBAHHS MEXaHHU3MOB JJIEKTPOHHOTO
nepeHoca Mexay (epMEeHTOM, MOJIJIO0XKKOH H 3IeK-
TPOIOM, MOCKOJIBKY (DEPMEHT OTpeeNseT mepereK-
THBHOCTH HICITOJIB30BAHUS TAKMX MATEPHAOB B OHO-
JNIEKTpOKaTaan3e, U OCOOCHHO — B OHOCEHCOPHKE
[3]. D10 cBsA3aHO ¢ TeM, UTO (hepMEHTHBIE IEKTPO-
XMUMHYECKHE CHUCTEMBI CIIOCOOHBI OOJIeryath 3JeK-
TPOHHBIA  TpaHCHOPT Onarojgaps COOCTBEHHOI
CENIEKTUBHOCTH M PEJOKC-aKTHBHOCTH, KOTOpBIC
SIBIISTIOTCS. (PYHKIMEH SJIEKTPOHO- M MPOTOHOAKIIETT-
TOPHON CIMOCOOHOCTH OTACIBHBIX YYacTKOB MOJie-
kynel (epmenra [4]. TlosroMy u3MeHeHHEe 3HAKa
HOCHUTCJIA 3apdaa ABJISACTCA OOJHUM U3 OCHOBHBIX I10-
Kaszareneil OKUCIUTEIbHOW aKTHMBHOCTH (EepMEHTA.
[MonaratoT, 4YTO peNOKC-aKTHBHOCTb MOJOOHOI
CHUCTEMBI, 00pa30BaBIICICS B pPe3yIbTaTe MMMOOH-
au3anuu pepMeHTa Ha HOCHUTENE, 3aBUCUT OT peali-
3allUM COMPSDKEHHBIX B3aMMOJCHCTBUN M XHMHUYE-
CKOTO cpojicTBa (pepMEeHTa K TOJJIOKKE, TPHUBOJIS-
IIET0 K BBICOKOH MPOYHOCTH 0OPa3yroIerocss KoM-
mo3uta. OMHAKO HATMYHE COMPSIKEHHBIX B3aUMO-
JNEUCTBUM  (epMEHT/HOCUTENh MOXET HE TOJBKO
S3HAYUTCIIBHO CHUIKATL CCJICKTUBHOCTL U CyMMap-
HYI0 aKTHBHOCTh TAKOW CHCTEMBI, HO M HM3MEHSAThH
HANpPaBICHHOCTh €r0 JEHCTBUSA B 3aBUCHMOCTH OT
MIPUPOIBI HOCHUTEIS U cpesl [5].

B 10 Xke BpEMs IIpU UCCICAOBAHUHN DJICKTPOXU-
MHYECKHX CBOMCTB  OHOIIEKTPOKATATUTHUCSCKUX
CHCTEM UMEIOTCS HEKOTOPBIE HESICHOCTH MPU TPAaK-
TOBKE OTPHULIATENbHBIX 3HAYEHUN COMPOTHUBIICHUH,

MOSIBJIIONIUXCS B CIEKTPax HMMIICAAHCA HCCIEIye-
MBIX 00BeKkTOB. Tak, aBTopamu [6] mosBIeHHE
OTPHILIATEIILHBIX 3HAYCHUN COMPOTHBICHUNA B CIEK-
Tpax MMIIEIaHCA MUKPOOHOIOTHUYECKIX TOTUTMBHBIX
3JIEMEHTOB TPAKTYEeTCsl KaK MPOTEKAHUE PEIOKC-
peaKkiMyd Ha MONYNPOBOJHUKOBBIX aHOJAAX MPH
HYJICBOM 3HAYCHUU YacTOTHI TOKOBOW KOMITOHCHTHI.
Takoil BBIBOJI A€NIA€TCS UCKIIFOUUTENIBHO U3 aHaln3a
CIICKTPOB B KoopauHatax HaikBucra, garommx
TOJIBKO a0CONIOTHBIC 3HAYCHUS YACTOTHOTO JUara-
30Ha 0e3 yueTa ciBura (pa3oBOro yria B JaHHOW 00-
JIACTH YacTOT. DTO CO3/IaeT OIPE/ICICHHBIC OrpaHu-
YCHUS B aHAIN3E MOJyYaeMbIX SKCIIEPUMEHTATBHBIX
JAHHBIX. PacimpuTh 007acTh NMPUMEHEHUS CIICK-
TPOCKOIIMU DJICKTPOXUMHYECKOTO HUMIICAaHCa Ha
UCCIICJIOBAHUE  CJIOXKHBIX  MHKPOTETEPOTCHHBIX
(cycrieH3HOHHBIX M OMOXMMHYECKHX) CHCTEM MOXK-
HO, €CJIM Y4eCTh MOSBICHUE MarHUTHBIX 3(QdekToB
NpY JBIDKEHUH HOHOB B dJieKTpUueckoM moje [7]. B
3TOM CllydYae TMOJHBIA HMIENAHC TaKOW CHUCTEMBI
BBIpKACTCS KaK

(1)

rae R — akTuBHOE ((hapameeBCKOe COMPOTHBIIEHHUE);
XL — CONMPOTUBICHUE WHIYKTUBHOCTH; Xc — COMPO-
TUBJICHHE, BBI3BAaHHOE (POPMHPOBAHHEM JBOWHOIO
ANIEKTPUIECKOro CJI0si (EMKOCTHOE COMPOTHUBIICHUE)
U TPOTEKAaHWEM HIIEKTPOAHOW peakuuu. Takum
oOpa3oM, aHanu3 0a30BOTO ypaBHEHUsS 3JICKTPOXH-
MUYECKOTO HMMIIEJAaHCa MO3BOJSET 3aKJIIOYUTh, YTO
HaJU4HE MOJOKUTEIBHOTO 3HAYCHUSI MHUMOM YacTH
uMIenaHca B KoopjauHarax HallkBucrta cBsizZaHO C
MOSBJIICHUEM WHIYKTUBHBIX (MarHUTHBIX) 3)(HEKTOB.

B TakoM KOHTEKCTE€ HEKOTOpBIE 3IEKTPOXUMUYE-
CKHE CBOWCTBA MCXOJHBIX KOMIIOHCHTOB M 00pa3y-
IOIEHCS KOMIIOBUTHON CHUCTEMBI, B YACTHOCTHU IPH-
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poAa M 3HAK HOCHUTENS 3apsiia, MOLYT CIY>KUTh
Ka4ye€CTBEHHOM M KOJUYECTBEHHON OLICHKOW Harpas-
JICHHOW MMMOOWJIM3aLuH, MO3BOJIAIONIEH HE TOJIBKO
COXPaHsTh, HO U PETYJIUPOBATh CYMMapHYIO pEIJOKC-
aKTUBHOCTbH 3JIEKTPOXUMHUUYECKON cucrembl. IloaTo-
My HCIIONb30BAHNE HIIEKTPOXUMHUECKUX METOOB
WCCIIEIOBAHNS U UX pPa3BUTHE Ui Oosee TIy0oKoro
ITIOHUMAaHUS MEXaHW3MOB pPabOTHI CIIOXKHBIX (dep-
MEHTHBIX CUCTEM MPHOOPENH HOBBIE AKIEHTHI.

enr HacTOsIIErO UCCIENOBAHUS — ONPEEIICHUE
3HAKa HOCUTEJIS 3apsiia U yCIOBUN €ro U3MEHEHUS B
cucrteMax ()epMEHTATHBHBIX TPETNapaToB Ha OCHOBE
OKCHIOPEAyKTa3, IMMOOMIN30BAHHBIX HA TOAJIOXK-
Kax ¢ pa3JIN4YHbIMU KUCIOTHO-OCHOBHBIMH U PEIOKC-
CBOMCTBaMH METOJOM CIIEKTPOCKOIHH 3JIEKTPOXHU-
muyeckoro umnenanca (COU).

MATEPHAJIbI U METO/bI

OOBEKTOM W3y4YCHHUs SIBISJICS HATUBHBIA U
MMMOOMIIM30BaHHBII Ha BOJOHEPACTBOPHMBIX MO-
JOKKaxX (hpepMEeHTaTHBHBIM Tpermapar KOpHEIIIozaa
peabku yepHoil. [Iponenypa uMMoOMIM3aUK TPO-
BOJMJIACH aJICOPOLIMOHHBIM METOJOM M COCTOSJIa B
CMEIINBaHUH (PEPMEHTATHBHOTO Mpernapara U HOCH-
Tesl B ONTUMAJIBHBIX YCIOBHUSX, OTICICHUN HEpac-
TBOPUMOT'O KOMIIOHEHTa CMECH OT pPacTBOPHMOIO
nienTpudyruposanuem [8].

depMeHTaTUBHBIA Tpernapar MoIy4ald 3KCTpa-
TUPOBaHMEM M3 M3MEILYCHHOTO ChIphs npu PH 6,86
B (¢octhatHom Oydepe. Brinenenne npenapara mnpo-
Bomwiock B meHTpupyre CM-50 Ha ckopoctn
7000 o6/muH. IIpo3pauHyr0 HAIOCAJOYHYIO HKU-
KOCTh HCIIONIb30BAIM KaK HWCTOYHUK (epMeHTa
[9, 10].

B kadecTBe CyOCTpaTOB-BOCCTaHOBUTENEH IS
OLICHKH IIePOKCUIA3HON aKTHBHOCTH MPUMEHSIIN
THIPOXHUHOH KBATH(PHUKAIUK «XU», THOCYJIb(hAT
Hatpusi (cTaHOapT-TUTP), CyOCTpaT OKUCIUTENS —
MEPOKCH Boaopoaa ((hapMaleBTHUECKUH pacTBOp).
Bce aHamuTHYECKHE PACTBOPhl TOTOBWIM  Ha
JMCTHITUPOBAHHOW BOJIE.

CpenHsisi nepoKCHIa3Has aKTUBHOCTBH IOJYYEH-
HBIX (PepPMEHTATHBHBIX MPEMapaToB OICHUBAIACH
KAHETHYECKUM METOJOM [0 HAyallbHOW CKOPOCTH
peakiuy (pepMEHTATHBHOTO OKHCICHHS THAPOXUHO-
Ha (T = 10 mumn).

M3MeHeHHe KOHICHTpAlUH THAPOXHHOHA B HC-
CIIelyeMbIX CHCTeMaX KOHTPOJIHMPOBaIH (HOTOKOIIO-
PUMETPHYECKUM  METOJOM 10  peakuuum ¢
o-(eHaHTpOTHHOM B IpucyTcTBUM HoHOB Fe* [11].
3a eIMHMIly aKTHBHOCTH MPUHHMAIIU KOJIHYECTBO
OKHCIICHHOTO cyOcTpara (MKM), KaTamu3upoBaHHOE
1 mn ¢epMeHTaTHBHOrO TMpemapara B TEYCHHE
1 muH.

AXTHBHOCTb PaCCUHTBIBAIN 110 (hOpPMYyJIE:

C(ruapoxuHOHa) -V (peakLMOHHOM - CMecH, ) | (2)

A (aKTHBHOCTB ) =
( ) V (pepmenta, M) - t (MuH)
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_ MKMoub(cy6erpara)

le.a.
mi(pepmenTa) - MUH

B kauecTBe MOMJIOXKKH JJIsI WMMOOWIH3AIUN
(hepMeHTa MCIOIB30BaHbI HEOPraHUUECKUE MaTepH-
aJbl Pa3IMYHOTO MPOUCXONKACHHUSI, TPUPOIBI U CTPO-
enus (ta6m. 1).

UK-criektpbl  epMeHTaTUBHOTO  Mperapara,
MOJTOKEK M KOMITO3UTHBIX MATEPHATIOB CHSITHI Ha
cnekrpodoromerpe Specord M80 Karl Zeiss Jena,
BRD.

Omnpenenennie pH wu  okucnutensHoro Eh-
MOTEHI[MaIa MMPOBOAWIN Ha uoHoMmepe U-160M c
UCIIONIb30BaHneM xmopcepebpsaoro (DBJI-1M3.1),
creximsaaoro (9C-1) ¥ IMIATHHOBOTO JJIEKTPOJIOB.
Ommnbka n3MepeHuii coctaBuia + 2 MB.

HccnenoBanuss MEXaHU3MOB MPOBOJMMOCTH Ha-
TUBHOTO (JEPMEHTATHBHOI'O Mperapara u o0pasIioB,
UMMOOUTM30BAaHHBIX HA HOCHUTEISAX, OCYIIECTRIISIH
Ha OCHOBE aHaJM3a CIEKTPOB JIEKTPOXHUMHUYECKOTO
umnenanca 0,5% BOIHBIX CYCIEH3MH HATHBHOIO U
MMMOOHIIM30BaHHOrO MpenapaToB npu 22 + 2°C.

CriekTpbl UMIIEIaHCA CHUMAJIU B JIBYX3JICKTPO/I-
HOU stueiiKe C MIATHHOBBIMHU JJIEKTPOJAaMH IUIOIIA-
7610 10 1 cM® Ha paccTostHHE 1 CM Ha 3IEKTPOXH-
MHYECKOM MOJyJie Autolab-30 MOJICITN
PGSTAT302N Metrohm Autolab, ocHamensoM
monynem FRA (Frequency Response Analyzer), B
maTeppane  10%-10° 'y, YmpasieHne Moxyiem
OCYIIECTBISUIA ~ TPU  TOMOIINM  IPOrpaMMBbl
Autolab 4.9 mo crammaptHOU mporeaype ¢ mocie-
Iyromieit 06paboTkoit B makere Zview 2.0. Moxenu-
POBaHUE IEKTPOXUMHUECKUX PEAKIUi MPOBOIUIN
MO0 METO/IY SKBUBAJIICHTHBIX CXCM.

OBCYXXIEHUE PE3VYJIbTATOB

UccnenoBanust kuHeTuku n3Menenus pH u o0mna-
CTeH TOSIBICHUS TOUEK U303JIEKTPUUECKOTO CABUTA B
HAaTHBHOM ()EPMEHTHOM IIperapare MoKa3aid HaJH-
gyre 3()(HEKTOB, KOTOPhIE MPUBOAAT K IMOAABICHUIO
ANIEKTPOHIOHOPHBIX CBOWCTB (pepMEHTa U TOSBIIE-
HUIO M30BITKA MPOTOHOB B MEPBbIC 2 YaC KOHTAKTa
¢depmenta ¢ BomHou cpemorr (puc. 1). ITomoOHoe
MOBEIEHUE COOTBETCTBYET CTPOCHHIO (PepMEHTOB
OKCUJIOPEAYKTA3HOTO THIIA, MMEIOIMINX BH" u OH
rpynmel  [4], KOTOpble YOPAaBISIOT CyMMAapHOt
pemokc- akTHBHOCTHIO. [lo3Tomy smekTpoxmmude-
CKHE CBOMCTBa MPOTOHA MOTYT CIIY>KUTh TECTOM JIJIsI
OIICHKH OOIIeH pemoKc- aKTUBHOCTH JIOOBIX (dep-
MEHTHBIX CHCTEM.

YunuThIBas MONYYEHHBIE Pe3yJbTaThl, MPOBEIEH
MaTeMaTUYeCKUi aHaau3 uMIenanca GepMeHTHBIX
CHUCTEM Ha OCHOBAHWH IPEIIOJIOKEHUS 00 y4yacTuu
CBOOOHBIX TIPOTOHOB B (DOPMHUPOBAHUH OCHOBHBIX
HocHTenei 3apsiaa [12].

Crnegyss 92TOMy NPEANONIOXKEHHUIO, BBIpa3uM
YACTBHYI0 3JEKTPOIPOBOJHOCTh JAUCTHILTUPOBAH-
HOU BOJIBI:
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CprKTypHLIfI COCTaB HCITOJBb30BAHHBIX ITOJJIOXCK

Marepuan Cocras,%

Metox 00paboTKu Crpykrypa

Benronut (MecTOpOKIEHNE
JanrykoBka, YKpanHa)

SiO, — 68,64;
A1,05-11,50;
TiO, - 0,32;
Fe,0O3 - 1,56;
CaO - 1,46;
MgO - 0,50;
Na,O — 2,34;
K,O - 2,40.

Croucrasi.
Pa3smep 3epHa
50-110 um

OtMmyunBaHue
MEJIKOH (pakiuy B Bojie

BentonuT, MomuuIIpo-
BaHHBIN QocaT-nOHAMHU

SiO, — 68,64;
A1,05-11,50;
TiO, - 0,32;
Fe,O; - 1,56;
CaO - 1,46;
MgO - 0,50;
Na,O - 2,34;
K0 -2,40.
P205 — J0 5

Crnouncras.
Pa3mep 3epHa
50-70 am

HuskoremneparypHas
obpadorka H;PO,

Kaonuu (I'myxoBerikoe
MECTOPOXKICHHE, YKparnHa)

Al,O3 - 35,5;
SiO, - 62;
TiO, - 0,4;

Fe,0;-0,35;

MgO 0,18-0,9;

CaO -0,71,;

Na,O+K,0 0,18-1,6.

OTMy4HBaHHE METKOU
(pakuu B Boze

Crnowucras.
Pazmep 3epHa
50-70 am

Anspocuin — 300 SiO, — 100

amopdHast

(2a)
rzie € — sneMenTapHblit 3apan; [H'] — konnenTpanus
NPOTOHOB B €IMHHUIIE 00beMa; t, — MOIBMIKHOCTH
MPOTOHOB.

7,0

]

c= e[H*]t

6.5
6,0

5,5

pH

5,0

4,5

4,0

3‘5 1 1 1 L L
0

t, cyT

Puc. 1. Kuneruka usmenenus pH B docdarno-0ydepHom skc-
TpakTe HepMEHTATHBHOTO Mpernapara.

HpI/IHI/IMaSI BO BHMMAaHHE HaIU4Yue COOCTBEHHOIO
MAarouTHOro MOMCHTa Yy CBO60,Z[HOF0 IIpOTOHa, MO-
JIy4a€M BBIPpAXCHUEC 11 KOHCTAHTBI Xomna:

Ry =1/[H" ]e. 3)

Taxum 00Opa3oM, ¢ MOBBHIICHHEM KOHIICHTPAIIUH
OPOTOHOB CJICAYCT OXKUAATh YMCHBIICHUC 3HAUCHUA
MHOCTOSIHHOI Xonna, IMO3TOMY OTHOLICHHC IIOIIEpECYU-

HOM pPa3HOCTH MOTEHIMAJIOB K MPOJOJIBHOMY TOKY
OyZer yMeHbILIATHCS:

R, =

nonepevxoe

(4)
npoooavHoe

DTO COOTBETCTBYET MPAKTUIECKOMY OTCYTCTBHIO
CONPOTHUBIICHUS BJIOJb MPOJOJBHON JIMHHH TOKA.
Hanuuue Ttakux >(QQPEKTOB JIOMKHO COOTBETCTBO-
BaTh MOSIBJICHUIO HA CIIEKTpax MMIIEJaHca obmacreit
C HyJEBbIMH 3HAUECHUSIMH PEAKTHBHOTO COIPOTHB-
nenus (puc. 2).

IIpy HaIMYKUU MHIYKTHBHOM COCTaBISIONIEH 00-
I1[€€ CONPOTHUBIIEHHE CUCTEMBI IIPEICTABIAETCS KaK

Z=R+j[wL—i]=R+jx, )
wC
TO ecTh 3akoH OMa 3anuiieM B popme:

| =E/R+ jX. (6)

Ilpu R > jX 3R + jX Bceraa 6yaer > 0, mostomy,
UCTIONB3YS BEIPAKEHUE IS INTOTHOCTH TOKA
L @)
tS

HOJTyYaeM 3aBHCHMOCTH IS IUIOTHOCTH 3apsina, Ko-
TOpasi BXOJUT B YpaBHEHHUE IOCTOSIHHONW XoJuIa,
OTIpeeNAIoNIeH 3HaK HOCUTENS 3apsiaa:

epp,.,

1
R, =—, 8
U (8)
R :GZPR,,+52€RB 9)



(a)

(8)
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(©)

)

Puc. 2. Crexrpsl umnenanca 0,5% cycrieHsuii nepokcuaasbl, MIMMOOWIN30BaHHON Ha OexronuTe (a), Kaouuue (6), MoaudUIUPO-
BaHHOM OeHToHuTe (B) M aspocuiie — 300 (r): 1 — uCXOAHBINH MaTepHal MOUIOXKKH; 2 — TO e ¢ aIcOpOHPOBAaHHOM MEPOKCHIa301 Ha
nosioxke; 3 — uepe3 3 JHs BBIISPKKM UMMOOHIM30BaHHBIX 00pa3IoB B AUCTHIUIMPOBAHHOM BOJE.

CrnenoBaTenbHO, 3HAaK anreOpandeckod CyMMBbI
aKTHBHOTO M PEAKTUBHOI'O CONPOTUBIICHHH B CIIEK-
Tpax UMIeTaHca

Y =R+X (10)
MO3BOJISAICT OIIEHUTH 3HAK OCHOBHOTO HOCHTEJISI TOKA.

AHanmu3 CHEeKTpOB HMIIEJaHCa B KOOpAWHATAX
boze oOHapyXui HaTM4YKHe PE30HAHCHBIX YaCTOTHBIX
obmacreit caBuros (asosoro yria ® Bo Bcex uccie-
JIOBaHHBIX CHCTEMax, KOTOPbIe B COOTBETCTBUH C
ypaBHeHueM (5) BHIOpaHbI B Ka4€CTBE OCHOBHBIX 30H
IS TIOJTyY€HHsI 3HAUYCHUI aKTHBHOTO M PEaKTHBHO-
o0 CONpPOTUBIEHUN W JAJBHEWUIIEro pacyera CyM-
MapHOTO CONPOTHBIICHUS W THUIA HOCHTEIs 3apsja
(puc. 3, Tabmn. 2).

Hcnonb30BaHue mpeiaracMoil METOUKH OICH-
KU THIIAa HOCHTENS 3apsijia U 3HAUYCHHE ero cyMmmap-
HOTO WMIemanca, nojydeHHoe mo ¢opmyne (10),
00HapyKUII0 3aBUCHUMOCTh 3HAKa M 3HAYCHHS alred-
panuecKkoil CyMMBI PEaKTHBHOTO M aKTHBHOTO CO-
NPOTHBIICHUH OT TUTIA TIOUTOKKH, YTO YKa3bIBACT HA
CIIOCOOHOCTh TMOMJIOKKH BIHATH HE TOJNBKO Ha
peIoKC-CBOMCTBA (hepMEHTa MyTeM M3MCHECHUsI 3Ha-
Ka HOcUTeIs 3apsija (MPOTOHHAS M JIEKTPOHHAsI CO-
CTaBISIFOIINE), HO U HA CYMMapHOE KOJIMYECTBO HO-

cHUTesel 3apsia B HCCIENyEMBIX cucTeMax (Tabir. 2).
Bo Bcex aKCIepUMeHTax, 3a HCKIIOUEHHEM CHCTEM C
KaOJIMHOM, HAOIOMAeTCs MOBBIINICHHE MPOTOHHOM
AKTHBHOCTH KOMITO3HMTa, KOTOPAast JOCTUTAET MaKCH-
MyMa Ha mojoxke u3 adpocmia — 300. Dto cBuze-
TEJIBCTBYET O PE3KOM IOBBIIIEHUH OKHCIUTEIbHOU
aKTMBHOCTA CHCTEMBLI. B cHmcreMax ¢ KaoJWHOM
HaOIroaeTCs 00paTHAsT TCHICHITHS.

Puc. 3. CmekTpel umMmIenaHca HAaTUBHOTO (EPMEHTaTUBHOTO
nperapara B kKoopauHatax bBome (1), mommoxku — Moqubuim-
POBAHHOTrO OEHTOHKTA (2) U KOMITO3UTOB C MUMMOOHIIN30BAHHBIM
(hepMeHTOM B HaYaNbHBI MOMEHT BpeMeHH (3) u mociie 3 CyToK
BBIIEPIKKH B IUCTHIUTMPOBAHHO# Bojie (4).

ComnocTraBieHne  BEKTOPOB  HANPaBICHHOCTH
ANIEKTPOHHON M TPOTOHHOW 00JacTel MpOBOIUMO-
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Taéanua 2. OcHOBHBIE XapaKTEPUCTHKU PE30HAHCHBIX 00JIACTEH CIIEKTPOB MMIIEaHCA BOJHBIX CYCIEH3UH, CoepKalyx

(depmeHT
Cucrema R Casur Pe3onanc, HauannHoe Hauannnoe > =R+X
(azoBoro yacrota, ['11 3HAYCHHE, 3HAYCHHE,
yria, 0 Z”, Om Z, Om
Benronut mox.+ | 560,5 + 20 -61,773 0,27543 -5280,8 + 50 2834,8 + 20 -2446 £ 70
H,O
To xe + 3733 +20 -49,86 0,036308 -20665 + 50 17426 + 20 -3239£70
(hepmeHT
To xe + ep- 2492 £ 20 -51,591 0,052481 -15232 + 50 12077 £ 20 -3175+£70
MEHT 3 JHS
Bentonur 559 + 20 -14,602 1,1227 -1477,3 + 50 5671 + 20 +4193,7 £ 70
Benronur + 7435 + 20 -40,07 0,036308 -18234 + 50 21677 + 20 +3443 + 70
dbepMeHT
To xe, 3 nHA 3893 + 20 -44,545 0,020893 -20567 + 50 20896 + 20 +329 + 70
Kaonuna 2861 + 20 -61,78 0,043651 -23272 + 50 12489 + 20 -10783+ 70
Kaonun + 9976 + 20 -30,984 0,020893 -51518 + 50 85795 + 20 +34277 £ 70
(hepmeHT
To xe, 3 aHs 5100 £ 20 -46,524 0,036308 -22562 + 50 21393 + 20 -1169 £ 70
Anspocun — 300 - -42,004 0,075858 -79541 + 50 88326 + 20 +8785 + 70
Anspocun — 300 - -45,528 0,043651 -118730 £ 50 116560 * 20 -2170£70
+ gepmeHT
To xe, 3 AHs - -51,097 0,043651 -143580 + 50 115870 + 20 -27710x70

CTH MOKAa3aJI0 HAJIWYUE MPOJOIBHON M MONEePEUHOI
KOMIIOHEHT B [JBI)KCHHMH 3aps/IOB Pa3HOrO 3HaKa
(puc. 4). Tlpu >ToM OTpHUIATEIbHAS KOMIIOHEHTA
(;exTpoOHHAsT TPOBOAMMOCTB) B 3aBUCUMOCTH OT
MaTtepuala MOJJIOKKH OXBAaThIBACT OoJee MIMPOKHI
YAaCTOTHBIN JMANa30H, YeM TOJIOKHTeNbHAs (Ipo-
TOHHAs IPOBOAMMOCTb).

40000
[

30000 |
~ 20000}
-
3
i
= 10000}

0 2
-10000573 0,025 0,035 0,045 0,055

w, [’

Puc. 4. BexTopHast 3aBHCHMOCTb OTpHIATEIbHOM (1) 1 MOIO0XKH-
TeJIbHOM (2) TOKOBBIX KOMIIOHEHTOB OT YaCTOTHI.

OTcroga MOKHO 3aKIIOUHUTH, YTO HAJIUYHUE BBICO-
KHX TOJIOXKMTENbHBIX 3HadeHuit 2, = R + X (smek-
TPOHHOHM TPOBOJMMOCTH) OyAET MPUBOIUTH K MHH-
[HAIH JEKTPOHHON MPOBOJIUMOCTH UMMOOUIIA30-
BaHHOTO (pepMeHTa. TakuMm o0pa3oM, MaKCHMAaILHO
3¢ (HEeKTUBHON TOUIOKKOW Il UMMOOWIH3AINY
(epMEeHTATHBHOTO Tpernapara peabKd YepHOi, mo-
BBIMIAMOIIEH B MPUCYTCTBUH BOJBI JOJIO 3JICKTPOH-

HOW mpoBoxuMocTH, sBisiercs aspocut — 300. O6-
paTHOe BIUSHUE OyJeT OKa3bIBaTh MOJIOXKKA, 00JIa-
Jaromas BBICOKMM  OTPHLATEIbHBIM 3HAYCHHUEM
2. = R + X, TO ecTh BBICOKO# ITPOTOHHOM MPOBOJIH-
MOCTBIO.

IMosydueHHbIe pe3yabTaThl MO3BOJSIIOT yYeCTh CO-
NpsDKEHHBIE B3aUMOJICHCTBHSL (PepMEHTA U TOJLIOXK-
KH, & TaKXKe OIICHUTh CTA0MIBHOCTD 3JIEKTPOXHUMHUYE-
CKOTO TOBEJCHUs BO BPEMEHH BCEH CHUCTEMBI B
nenoM. [l TpOBEpKH TONYYCHHBIX BBIBOJOB |
OTpezieIeH!s BIMSHUS CTPYKTYPHBIX OCOOEHHOCTEH
MHUHEPAIFHON TMOUIOKKH Ha CTa0MJIBHOCTH PEIOKC-
AKTHMBHOCTH MMMOOWIM30BaHHOTO (hepMeHTa mapal-
JIeNBbHO ObLH CHATHI MIK—CIieKTphl Bcex HCCiieIoBaH-
HBIX MOTIOKEK (pHc. 5) u kKommo3uToB (puc. 6).

B cmektpe wuccnenyemoro OentonuTa (puc. 5,
Tabn. 3) uaeHTHOULIMPOBaHBI Bce HamOOlee Xapak-
TEpHBIC 11 MHUHEPaIoB J[alykoBCKOTO MECTOPOXKIC-
HUS TIOJIOCHI TIOTJIONICHHS, & HIMEHHO: TOJIOCHI TIOTJIO-
meHust ¢ makcumymamu 470, 1040 oOycnoBieHb!
konebanusaMu  Si-O ceazeit; 525 — Si-O-Al, kone6a-
Husg OH-Tpynn nposBIsifoTCs B BUIE TOJIOC TOTIIONIe-
Hust B 00macTsix1600-3200 u 3200-4000 cv™ [13-15].

MakcuMasbHy0 cTaOMIIbHOCTh BO BPEMEHHU MOKa-
3ama MOUIOKKa W3 MOAM(HUIUPOBAHHOTO Qocdar-
noHaMu OeHToHMTA (Tabm. 4). B cnektpe mccnemye-
MOT0 MOJU(PHUIIMPOBAHHOTO OCHTOHUTA HICHTU(H-
LMPOBaHbI Bce Hanboliee XapaKTepHbIE Il JaHHOTO
MHHEpaNa MoJ0oCkl moriorieHus. [loaockl mormorie-
Hus ¢ MakcumyMamu 470, 1037 oOycitoBiIeHbl KoJie-
Oanusimu Si-O cBsizeit; 525 — Si-O-Al, xonebanus

OH-rpymnit IpoOsBISAIOTCS B BH/E MOJOC MOTIONICHHS
B obmactsix 1600-3200 u 3200-4000 cv™ (tabu. 4,
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Puc. 6. UK-cnekrpel nepokcuaasbl, MMMOOWIH30BAaHHOH Ha

HUT; 2 — KaoiuH, 3 — MOAMGUIMPOBAHHEIH (ochaT-HOHAMH HEOPraHWYECKUX TMOAJOXKKax: 1 — OEHTOHHT, 2 — KaoONuH;
O0enTonut; 4 — aspocuin — 300. 3 - MoaudpunupoBaHHBIH  (ocdaT-noHaMH  OCHTOHUT;
4 — aspocur.
Tabémuua 3. [Tonoxenne nmonoc moromenus B UK-cnexrpe OeHTOHNTA
Yacrora KosebaHuii, emt
Tom ATOMHAas TpymIa
KoJIe0aHuiA [13-15]
benTonur bentonur + nepokcuiaza
3700 3710, 3640 3600 v -OH (ctpykTypH.)
3400 3400 3400 v H,0 (ancopbir.)
2320 2320 - v H,O
1640 - ) H,0
1627-1683 - 1630 ) C=0 (amuz I)
1498-1587 - 1500 Vv N-H B mmockoctu (amup 1)
1450 - ) -OH
1040 1040 1030 ) Si-O-Si
613-700 - 680 Vv 0=C-N B mnockoctu (amug V)
525 525 520 ) cmentanneie Si-O-Al u Mg-O
470 470 ) Si-O
470 430 430 ) Fe(111)-O B oKT. mo3umusx

Tabauna 4. XapakTepuCTHUECKUE UTHHBI BOJH MOTU(PHIUPOBAHHOTO (ochaT-noHaMH OCHTOHWTA U (HEPMEHTHOTO
KOMIIO3UTa Ha €r0 OCHOBE

Yacrora KosebaHuii, emt
Tun ATtoMHas rpynmna
6 Moz, Moj. OeHTOHUT + MepoKchIa3a Konebanii [13-19]
CHTOHHUT
3700 3625, 3575 3840, 3792 v -OH (cTpykTypH.)
3400 3437 3428 Vv H,0 (amcopbir.)
2320 - 2368, 2364, 2336, 2304 v H,0
1650 - ) H,0 (axc)
1575 - ) -OH
1627-1683 - 1654, 1648, 1642 Vv C=0 (amuz I)
1498-1587 - 1562, 1556, 1500 ) N-H B mmockoctu (amu 1)
1375 - ) -OH
1040 1037 1064 v Si-O-Si
613-700 - 694, 668 5 O=CN s mrockoctn
(amug V)
525 525 520 5 cmenannsie Si-O-Al u Mg-O
470 - 470 ) Fe(l11) B OKT.mO3UIIHSIX

puc. 5, 6) [13-15]. OnHako, OTHOCHTEIBHO UCXOIHO-
r0 MPUPOJHOTO MHHEpaia HAOI0IAeTCsl CMEICHHE
nuKa aacopOMpOBaHHOM BOIBI B OOJiee IMHHOBOJ-
HOBYIO 00JIacTh, a TPOSIBIICHHE CTPYKTYPHBIX

OH-rpynnn — B 0ojiee KOPOTKOBOJHOBYIO 0OO0JIACTb,
YTO B CyMME CHIDKAeT BOJIHOBOW jamama3oH B 1,5
pasa. CiieoBaTebHO, BO3MOKHO CHIDKCHHE DHEpre-
THYECKOTO Oaphepa MpH 0Opa3oBaHUM BOMOPOIHBIX
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cs3eii Mexny OH-rpynmmamm w Bojod WM
OH-rpynmnamMu ¥ TOJSIPHBIMH TpyImaMu (epMeHTa,
YTO JTOJDKHO MTPUBOJUTH K 00JIee CTa0MILHON PETOKC-
AKTUBHOCTH KOMIIO3HTA.

[pucyrcteue B UK-crektpe moaudunmpoBaH-
HOro OCHTOHHWTA, KOHTAKTUPOBABIIETO C PACTBOPOM
(epMEHTATHBHOTO Mpenapara, Mojoc, XapaKTepHbIX
i KojebaHmii aMuAHBIX Tpymm OenkoB (1654,
1648, 1642 — (v) C=0 (amun I), 1562, 1556, 1500 —
(6)N-H B mnockoctu (amuz 1), 694, 668 — (8) O=C-N
B wrockoctr (amun 1V)), moarsepaaeT copOIHOH-
HOE CBsI3bIBaHHE (hepMeHTa Ha mojuioxke. CABUT U
YMCHBIIICHUE WHTEHCUBHOCTU TIOJIOC MOTJIOIICHUS
amun—l ¢ 1650 mo 1640 u amun—Il ¢ 1520 8 1500
00b1yHO 00ycioBNIeHbl M3MeHeHusMH CN-koHbop-
Maruu 0enkoBoW Mousekyinsl [4]. B cBs3u ¢ otcyT-
CTBHEM TOJIOC TMOTJIONICHUS, XapaKTepHBIX I Ba-
nentHBIX KomeOammii rpymm C-N (amum — A, B) —
3300-3100 cm?, ¥ 3HAYUTEIBHBIMU HM3MEHEHHSMH
CIEKTpa B 00JIACTH BaJICHTHBIX KoJieOaHWN CBOOOI-
HBIX TUAPOKCUA-TPYII MOBEPXHOCTH MOAUGHUIIHPO-
BaHHOTO OCHTOHHWTA W aJCOPOMPOBAHHON BOJBI:
cMenienue monocs! 3437 1o 3428 e, a takke ne-
(hopMaIMOHHBIX KoJeOaHWH ancOopOLMOHHON BOIBI
(1650 cm™) u 1375 (8 — Terpasap Si-OH) cBumerens-
CTByeT 00 00pa30BaHUU MPOYHBIX XUMHUECKUX CBS-
3eil Monekyn (epMeHTa ¢ OEHTOHUTOM W MOITBEp-
KJIAeT HAIMYMe HeOOpPaTUMOTO CBS3BIBAHHS, YTO M
OnpeeNseT CTa0MIbHOCTh PEIOKC-aKTUBHOCTH TI0O-
JTYYEHHOTO KOMITO3HUTA.

Haubonpmryto HecTaOMIBHOCTH, 110 JaHHBIM
CEN, mokazan xaommn. Ha MK-cmektpax kaonwmHa
HaOJIO/IAIOTCS MOJIOCH! B TUAIIa30HAX, XapaKTEPHBIX
JUI  BAJICHTHBIX KOJEOaHWH THUAPOKCUA-aHHOHA
(3620-3700 cm™). Ilpu merambHO# pacuibpoBKe
CIEeKTpa OOHapy>KeH HEOOJIBIION MUK C MaKCUMY-
MoMm 1682 cm™, KOTOpBIH XapakTepeH I Koneba-
HHUA TIOBEpXHOCTHOM BOJBl B KOMIUIEKCE THUIIA
M-OH; u yka3piBaeT Ha claOy0 (DUKCAIHIO BOJBI
MMOBEPXHOCTHI0 MHUHEpaJia, a TaKKe Ha KOHKYPHPY-
IONIYIO acOpOLIo (hepMEHTa STUMHU TPYNIAMH MPH
umMMmoOmm3anuu pepmenTa Ha kaonuHe. OOHapy-
JKCHHBIE XapakKTepHbIE I KONeOaHWH aMHIHBIX
rpymn 6enkoB mosockl: (V) cBazu C=0 (amug 1), ()
N-H B mnockoctu (amuz 1), (8) O=C-N B miockoctu
(amung V) moarBepxkmaroT ciaaboe COpOIMOHHOE
CBsI3bIBaHUE (PepMEHTA Ha KaoiluHe. TakuMm oOpa-
30M, HaJu4We KOHKYPEHTHOH oOpaTHMoOi amcopO-
IMd W TPUBOJUT K HECTAOMUJIBHOCTH PEJOKC-
aKTUBHOCTHU Kommo3ura (Tabdi. 5, puc. 5, 6).

MakcuManbHO BBICOKAs 3JICKTPOHHAs MPOBOJIU-
MOCTh 3a(QHKCHPOBaHA Ha TMOJUIOKKE M3 adpocuia —
300, B MK-cnekTpe MCXOQHOTO a’pochiia HUACHTH-
(UIMPOBaHBI TMOJIOCH], OTBEYAIOIINE CICIYIONIM
BUJAM KOJICOAHWH MOBEPXHOCTHBIX THAPOKCHIIOR:
3752, 3744 o' — v-xoneGaumst OH-ocHOBHAs
(H-cBs3annas). Ilocme amcopOumu depMeHTa IIpO-

SIBIISIFOTCS XapaKTepHBIC [T OENKOB MOJoCkl amu/ |
u amuz |1 (1500-1700 cm™). TIpucyTcTBHe B Crek-
Tpe xapakTepHbIX nonoc amuf | u amun |l mo3Boss-
€T 3aKIIIOYHTh, YTO TPU aJCOPOIMH HE MPOUCXOUT
CYIIECTBCHHBIX H3MCHCHHMI BTOPHUYHON CTPYKTYPBI
6enkoBoit Mosekybl. OTHAKO MPH UMMOOMITH3AIUH
dbepmenTa Ha adpocuie B MK-criekTpe mosBISIOTCS
W3MCHEHUS B OOJIACTH BaJICHTHBIX KOJICOAHWIA CBS-
3aHHBIX BOJIOPOJHOM CBS3bI0 OCHOBHBIX THJIPOKCH-
JIOB TIOBEPXHOCTH a’pocuia (BOIOPOTHBIX CBsI3ei
(3400-3750 CM'l) U aJCOpPOIMOHHOH  BOJIBI
(1670-1640 cm™)). Tak, 3HAYHTEIBHO YMEHBIIACTCS
MHTEHCHBHOCTH mosockl 3750 cM™ 1 BOBCe HCUe3aeT
nonoca 1670-1640 cm™ (8 H,0 (axc)), uto, oueBua-
HO, CBfI3aHO C 0Opa30BaHHEM BOJOPOIHBIX CBSI3EH
0enKoBOil YacTH (epMEHTa C MOBEPXHOCTHIO MO/-
JIOXKKH, YaCTUYHO YACPKUBAOIMUX (HEPMEHT OT Jie-
cop6uuu (Tadi. 6, puc. 5, 6).

Anamu3 cnekTpoB umnenanca u HK-cnexTpos
MO3BOJIMIT  TIPEATIONIONKHUTE KOHCEpBHUpYHOIee JIei-
CTBHEC TOAJIOXKKH HA UMMOOWIH30BaHHbBIN (hepMeH-
TaTUBHBIN Mpernapar ¢ MoCJIeyIOIIe ero akTuBalu-
eil B BOAHOM cpelie. DTO HAILIO MOATBEP)KICHUE B
IKCTIEPUMEHTAX M0 HCCICIOBAHUIO OKUCIUTEIBHOM
aKTHBHOCTHU cucTeM (Taldi. 7).

NmmoOunm3anust (hepMEHTaTUBHOTO TIperiapara,
BBIJICIICHHOTO W3 KOPHEIUIOJAa pPEAbKM YEpHOW Ha
a’pocuiie, IpH KOHTAKTe C BOJOW yBEIHUYHMBAET €€
AKTHUBHOCTh OTHOCHTEIBHO CyOCTpaTa- BOCCTAHOBH-
tenst ruapoxuHoHa B 1,8 paza. Ilpu amurensHOM
KOHTaKkTe ¢ Bojoi (boinee 1 cyT.) cremeHb mpeBpa-
meHus TuapoxuHoHa Bospacraer ¢ 20 (cucrema 1)
10 29% (cucrema ). Micxoas u3 TpUHIKTIA HE3ABHU-
CHUMOCTH TMPOTECKAHUS OTICIbHBIX CTAJAUNA B CIOXK-
HBIX TIPOIIECCaX M COMOCTABIICHHS JAHHBIX MO aj-
COpOLMY TUAPOXWHOHA HA TMOJIOKKE, ObLIO ycTa-
HOBJICHO, 4TO 27% TpUXOAWTCS Ha TpeBparicHue
THIPOXUHOHA 3a cYeT mpolecca okucieHus, a 2% —
Ha aIcopOIHI0 THAPOXMHOHA HA a’pocuiie  (cucre-
ma |Il). Huskwmit BKimag afacopOLMH B KOHBEPCHIO
THJIPOXVHOHA TIOJITBEPXKAACT AKTUBHUPYIOIEE JICH-
CTBHE TMOJUIOKKH adpocuia Ha (epMEHTATHBHBIN
npenapar.

IMpu wuccneaoBaHUM TUHAMHKHA HWHAKTHBAIIUH
(depMeHTa TIPU KOHTAKTE C BO3JyXOM yCTaHOBJICHO,
YTO HATHUBHBIA (DEPMEHT TEpsieT CBOK aKTUBHOCTh
(ymeHnbImaetcs Ha 50%) B peakiuyl OKHUCICHUS TH-
POXHMHOHA B TEYCHHE MEPBBIX OBYX 4acoB (puc. 7).
ITpu 3TOM yMeHbINICHHE aKTUBHOCTH CUMOATHO KU-
HETHKE MOBBINIeHUs] pH cucTeMbl, 4To SBIISETCS JI0-
MOJIHUTEIBHBIM JIOKA3aTSIbCTBOM POJIM TPOTOHA B
YCTOMYMBOCTH W AaKTUBHOCTH (PEPMEHTATUBHBIX
npenapaTos.

Takum 00pa3oM, paHee BBIIBUHYTOE MPEIIIONO-
JKEHUE O KOHCEPBUPYIOUIEH U aKTUBUPYIOLIECH posn
MOJIIOKKH Ha OCHOBE a3pPOCHIIa B MPUCYTCTBUH BO-
JIbI TIOTYYHIIO SKCIIEPUMEHTAIIbHOE TIOATBEPIKACHHE:
B pe3yJIbTaTe MMMOOWIH3aHH (DePMEHTATHBHOTO
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Taduuna 5. XapakrepycTHiecKye [UIMHBI BOJIH KaoJIMHa ¥ ()ePMEHTHOTO KOMIIO3UTA Ha €r0 OCHOBE

Yacrora KoNeGaHuil, cM Tun Atomuast rpyrma [13-15]
Kaomn Kaonus + pepment KoseOaHuit
3700 3780 3696, 3676, 3668, 3652 v “OH ceprienmiTa
(cTpyKTypH.)
3620 3640 3624 v -OH
3400 3465 3440 v H,0 (azc)
2320 2420 2368, 2324, 2320 v H,0
1640 1682 - ) H,0 (azc)
1627-1683 - 1644 v C=0 (amup |)
1498-1587 - 1536, 1500, 1492 ) N-H B mmockoctu (amug 1)
1472 - ) -OH
1100 1125 1104 Vs Si-O-Si
937, 1060 MOJIEKYJI TETPadIPOB,
850-1100 916, 964 \; COCTaBJIEHHLIX 13 aTOMOB O,
¢ aroMam#u Si BHYTpH
730-760 748,717 754, 730 v rpymst Si0,
613-700 - 696 N O=C-N B m1ockoCTH
(amuz 1V)
544,465,433 rpymmst SiO,
=500 568 o Si-O-AlY! — cBsizu
- 384 d Fe(l11) B okt mo3unmsix

Tabuauna 6. XapakTeprcTHYeCKHE [UTMHBI BOJIH a3pOCHIA U (PepMEHTHOTO KOMIIO3UTA Ha €r0 OCHOBE

YactoTa KoyeGaHHii, cM Tum AToMHas rpymnma
Aspocun Aspocun + hepMeHT KoJIe0aHmii [13-15]
3750 3750 3752, 3744 v -OH-ocHOBHas
(H-cBs3annas)
3400 3250-3500 3464 v H,0 (axac)
1900-1875 - d -OH
1627-1683 - 1636 v C=0 (amun I)
1670-1640 : 5 H,0 (azc)
1498-1587 1524 ) N-H B mmockoctu (amuz 1)
1100 1260 1116 Vi Si-0-Si
- 480 ) Fe(ll1) B okT o3uIUsIX

Tabdanna 7. AKTUBHOCTH (hepMEHTATUBHOTI'O Iperapara B HATUBHOM M NMMOOWIIN30BaHHOM Ha a’spOCHIIe CHCTEMax

Cucrema (o6umit 066ém V = 50 M)

CocTaB CUCTEMBI

I | IV (xouTponbHas)

Cyocrpar-
BOCCTAHOBHUTEJIb

Claq (CsH4(OH),) = 0,0005 momn/n

Cy0cTpar-oKUCIUTENh

C (H,0,) = 0,05 momns/x;

depMeHTaTUBHBIN (aopocu + CUJIMKaresib
P bepmeHT) V(¢. mpert.) =5 mn _ -
mpemnapar m=1r m=1r
C,om (CsHa(OH)z) M 0,00036; 0,00040; 0,00049 0,00050
CpenHsis CTeNeHb
IpeBpalieHus
CeH4(OH)5. (¢ = 10 mun) 29 20 0
N, %
CpenHsist MOJsIpHast
aKTHBHOCTS, 0,18 +£ 0,001 0,1+0,002 - -
A, ea.




Puc. 7. I[I/IHaMI/IKa U3MCHCHUA MO.]'ISIpHOfI AKTUBHOCTU OTHOCHUTCIBHO I'MAPOXHWHOHA HATHBHOI'O (bepMeHTaTI/IBHOFO Ipenapara npu

CTOSIHUM Ha BO3AYyXE.

Tabnuua 8. TlepokcuaasHas aKTHBHOCTb (DEPMEHTATHBHOTO Mperapara PeibKd YepHOM, WUMMOOHIM30BAHHOTO Ha
aspocuite (cucrema |, Bpemst xparenwust 30 cyT)

S 0,06
=T

0,10

0,08

«.i

0,04
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>

0,02
0

6 8 10

t, yac

Havanshas
Koneunas
OITHYECKAs onTHYeCKas] B B
CHaq (C6H4(OH)2) IJIOTHOCTh IJIOTHOCTD CKOHeqH (C6H4(OH)2) N, % 4,e¢a.
pactBopa
Do pactBopa D,
0,00050 momnb/i 0,185 0,148 0,00039 mouns/n 22 1,4+£0,001

mpernapaTa 3HaYUTENILHO YBEJIHYHIICS CPOK €ro Xpa-
Henus. Tak, B TeueHue 30 CyTOK CpeiHsisi MOJISIpHAS
aKTHUBHOCTh B CHCTeMe ¢ TUAPOXUHOHOM (l) ymeHb-
mmack ¢ 29 mo 22% (ua 7%) (Tabim. 8).
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IIPOTOHHOM MPOBOAUMOCTBIO, KOTOPHIE BIUSIOT Ha
OKHUCITUTENIbHBIE WM BOCCTAHOBUTEIHHBIE CBOWCTBA
BHOBb 00pa3oBaHHON cucTeMbl. [Ipumensis pacuer-
HBII METOJ Ha OCHOBE HCIOJBh30BAHHUS 3HAUYCHUH
AKTUBHOTO W PEaKTHBHOTO COTPOTHUBIIEHHH, B 00JIa-
CTH YacTOT c/IBHTa ()a30BOTO yIJia HA CIIEKTPaX UM-
MeJaHca HCCIENYEeMbIX CHUCTEM BO3MOXHA OLEHKa
BITUSTHUS MaTepualia TOJJIOKKH Ha PEIOKC- aKTHB-
HOCTh KOHEYHOTO KOMIIO3HTa M €ro CTaOHIbHOCTH
BO BpeMeHH. Hanuume BBICOKHMX MOJI0XKUTETBHBIX
3HayeHui Y, = R + X (3J71€KTpPOHHOU MPOBOAUMOCTH)
OyzeT NpUBOOUTH K MHUIMALMHU JIEKTPOHHOU MpO-
BOJIUMOCTH HWMMOOMIH30BaHHOTO depmerTa. OO0-
paTHoe BIMsiHHE OyJeT OKa3bIBaTh MOJUIOXKKa, 00Ja-
Jaomas  BBICOKMM  OTPULATEIbHBIM 3HAYCHHUEM
2= R+X, To ecTb BBICOKOI MPOTOHHOM MPOBOAUMO-
cThi0. CTaOMIBPHOCTh KOMITO3UTA BO BPEMEHHU 3aBU-
CUT OT BHJa ancopOIuu ¢pepMeHTa W HATUINSI KOH-
KypUpYIOLIeil aacopOLny BOIBL.
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Summary

While studying the interaction of the enzyme prepara-
tion on the basis of black radish with various inorganic
substrates (kaolin, aerosil, bentonite and its modified
form) by the electrochemical impedance spectroscopy it
was shown that the presence of strong proton-conducting
properties of the substrate accelerates the conversion of
proton-donor substrate and electron-conducting properties
affect the transformation of the electron-donor substrate.
It is thus possible to govern the peroxidase and oxidase
activities of the immobilized enzyme.

Keywords: enzyme preparation of black radish, aero-
sil, bentonite, kaolin, stability, impedance spectroscopy.
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3aMKHyTasi MaTeMaTH4YeCKass MOJeJb 3JIEKTPUIECKOr0
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JIEKTPOrHAPABIUYECKON YCTAHOBKHU
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Pa3paborana MaTeMaTH4ecKas MOJEIb JICKTPUICCKUX U MATHUTHBIX IOJICH B pa3psIHOM KOHTYpE U
pa3psAaHON Kamepe JIIEKTPOTUIPABINYECKOM YCTAHOBKH C YYETOM BIHUSHHUS THAPOIMHAMUYECKUX
MIPOLIECCOB Ha KaHal paspsiaa. HaiineH anropuTM pelieHrs noayuyeHHOW CUCTEMBbl YpaBHEHHUI Ha Oc-
HOBE YMCJIEHHBIX METOJI0B. MoJeupoBaHue paclIMpeHusl KaHala pa3psiia B BOJE BBINOIHEHO B I'€0-
METPUUYECKH HEJIMHEHHOW MOCTaHOBKE, HO Ha HEMOJIBUYKHOM KOHEUHO-Pa3HOCTHOM ceTke. [IpoBeaeHo
TECTUPOBAHME MAaTEMATUUYECKONH MOJEIN U AJITOPUTMA PELEHUS MOJyYeHHON CUCTEMbI YpaBHEHUH Ha
OCHOBE IKCIIEPIMCHTAIFHBIX JaHHBIX. BBITOTHEH aHANN3 3JIEKTPUIECKOTO M MATHUTHOTO TOJIEH pas-

PSAHON KaMephl IICKTPOTHAPABINYECKON yCTaHOBKH.

Kniouesvie cnosa: paspso 6 6ooe, paspsaoHvlii KOHMYP, PA3PAOHAsL KAMEPA, MAMeMamuyeckas Mooeib,
nepexooHbvie nPoYeccyl, IAEKMpUiecKoe noie, MAZHUMHOE NoJe, INeKMPOSUOPAGIUYECKAs YCMAHOBKA.

YK 537.8:621.7.044.4
BBEJIEHHUE

DekTpuuecKre pa3psabl B BOJAC HAXOAAT LIMPO-
KO€ NpPUMEHEHHE B HAy4YHBIX HCCICIOBAHUAX U
MPaKTHYECKUX MpUnokeHusx [1-4]. ns ocymiecTs-
JIeHHs pa3psioB B BOJE HCIOJNB3YIOT pa3HOOOpa3-
HBIC DJICKTPOTUAPABIMYCCKUE YCTAHOBKHU, OJJHUM U3
OCHOBHBIX 3JIEMEHTOB KOTOPBIX CIIYXKHT pa3psIHBIIA
KOHTYp. DIIEKTPHUYECKHUil pa3psa B BOJEC COMPOBOX-
JaeTCsl MOIIHBIM 3JICKTPOMATHUTHBIM HMITYJIBCOM.
JIst pacdeTa 3IEKTPUYECKOr0 ¥ MarHUTHOTO IMOJIei
HEOOXOMUM pacyeT MPOIECCOB, MPOUCXOAAIIAX B
pPa3psHOM KOHTYPE M BIMSIOIIMX HA THAPOAHMHA-
MHYECKHE MPOIECCHI B PaspsAHON KaMepe, KOTOpbIe
BO3JICHCTBYIOT HAa KaHAl pa3psjia, H3MEHAS €ro
ANEKTPUYECKUE U TEOMETPUICCKUE XaPAKTCPHCTHKH.
Ot 3¢ (heKTUBHOCTH Nepeiaun SHEPTUH 3apsiia KOH-
JICHCATOPHOM Oarapen KaHaly pa3psa 3aBHCHT Ka-
YCCTBO BLIIIOJHCHUA Pa3JIMYHBIX TEXHOJIOT'MYCCKUX
npoueccoB. [103TOMy M3y4YEeHUIO BIHMSHHS MapaMeT-
POB pa3psIHOrO KOHTYpa Ha Mpeobpa3oBaHue SHEP-
TMH B HEM IIOCBSAIIEH psin mccienoanuii [5-9]. B
3TUX PabOTax HCIOJIBb30BAIU TMPEINOI0KEHHE, YTO
KaHaJ paspsga uMeeT (GopMmy HPSIMOTO KPYTOBOTO
[IWJIMHPA, KOTOPBIA B IMpOIECCE PACIIMPECHUS HE
usmensier cporo popmy. Mccnenosanus [5, 10], mo-
CBSILIICHHBIC U3YYCHUIO TpaHchopMau GopMbl Ka-
Haja pas3psijia, CBUAETEIbCTBYIOT, YTO 3TO JOIYIIE-
HHME CIPAaBEIUBO TOJBKO JUIS KaHAIOB OOJbIIeit
JUTHHBI TI0 CPABHEHHIO C €0 MaKCHMAJIbHBIM PajHy-
coM. B ocTanbHBIX CIydasx OHO HE BCEra OmpaB/a-
HO. 3HAUWTEIHHOE BIHMSHHE Ha (HOPMY M pa3Mepbl
KaHaja pas3psia OKa3plBAIOT FeOMETPUYECKHE Mapa-
METpPbI BBICOKOBOJIBTHBIX AeKTpoaoB [11, 12]. Ox-

HAaKO IPHU BBINOJIHEHUH 3TUX UCCIENOBAaHUMN HE yUH-
THIBAJIN CBsI3b (JOPMBI KaHaja C MpoILeccaM B pas-
PSOIHOM KOHTYpE, CUMTasi BPEMEHHYIO 3aBUCHUMOCTh
BBIJICJIEHUS DHEPrUU B KaHale Heu3MeHHou. [loaro-
MY HCCJIEIOBAHUE BIUSHUS JIEKTPOJIHON CUCTEMBI U
pa3psaHONM KaMephl Ha pacIlpeHUe KaHala pa3psiaa
U TMPOLECCOB B Pa3psIHOM KOHTYPE aKTyallbHO B
Hay4YHOM M IMIPaKTUYE€CKOM OTHOLLICHHUSX.

Lenp paboTel — pazpaboTaTh 3aMKHYTYH Mare-
MaTUYECKYI0 MOJENb CUCTEMBI PA3PSIIHBIA KOHTYp—
pa3psiaHas KaMepa, MO3BOJIAIOLIYIO BBINOJIHATH MC-
CIIEIOBAaHUS D3JEKTPUUYECKUX M MAarHUTHBIX MOJEH,
CONPOBOXKIAMOIINX MIEKTPUUECKHUNA pa3psl B BOAE, U
aJTOPUTM pEUIEHUA IMOJYYEHHOW CHCTEMBI ypaBHe-
HHUI.

Jiis 3TOr0 HEOOXOIMMO PENIUTH CIeNyIoIne 3a-
Jlayu:

— pa3paboTaTh MaTeMaTHYECKyI0 MOJCIb CUCTE-
MBI Pa3psSAHBIA KOHTYp—pa3psaHas KaMepa 3JIeKTpo-
TUAPABINYECKON YCTaHOBKH;

— BBINOJHUTh TECTUPOBAHHE MATEMATHYECKOU
MOJENH,;

— pa3paboTaTh MaTeMaTH4YEeCKyl0 MOJIENb JIIEK-
TPUYECKOr0 U MArHUTHOTO MOJEH B pa3psAaHON Ka-
MEpE U 3a €€ IpeaeiiaMH;

— BBINIOJIHUTH OLEHKY OCOOCHHOCTEH 3JIEKTpUYe-
CKMX M MarHUTHBIX NOJEH BHYTPHU U 3a Opeleraamu
pa3psIIHOM Kamephl TPU KOAKCUAIIBHOW CXeMe IMO/I-
KJIFOYEHUS 3JIEKTPOJIOB K pa3psiIHOMY KOHTYpY.

ITOCTAHOBKA 3AJTIAYN

B nmammoit paboTe paccMaTpuBaeTcsi MaTeMaTH-
YECKOE MOJETUPOBAHUE DIEKTPOJIUHAMHUYECKUX

© Ilepba A.A., Kocernkos B.M., Berakos B.M., DiexrponHast o6paborka marepuaios, 2015, 51(6), 71-78.
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Puc. 1. CxeMa 3ameleHnss pa3psaHOTO KOHTypa M OCCCHMMETPHYHON pa3psimHON Kamepbl: 1, 6 — 3JIeKTpObI; 2 — H30JATOD;
3 — KopIyC pa3psaHoit Kamepsl; 4 — KaHal paspsaa; S — pa3psaHuK; / — BOja.

MIPOLIECCOB B pa3psiAHOM KOHTYpPE W THUAPOIUHAMMU-
YECKUX TPOIECCOB B pa3psiHON KaMmepe 3JIEKTpo-
THUAPABINYECKOW YCTaHOBKH IIPHU HCIOJIb30BAHUU
CXeMBI, IpUBeIeHHOHN Ha puc. 1.

B 3aBucuMocTH OT Ha3Hau€HUs 3NEKTPOTUAPAB-
JIMYECKHUX YCTaHOBOK UX pa3psaHbIE KaAMEPBI HMEIOT
paznuuHbie GOPMEI H pa3Mepbl. B psane npuioxeHuit
paspsaHbIe KaMepbl UMEIOT LWINHAPHYECKYIO (op-
MY M COOTBETCTBEHHO 00/1aJat0T OCEBON CUMMETPH-
eil. Pa3psaaHyro kamepy Takoro THIA BRIOpaJIA IS
MOJICIIMPOBaHUs B JOaHHOW paboTe, 4ToOBl yIpo-
CTUTH Pa3pabOTKy MaTeMaTH4ecKOH MOJAENH U aHa-
JU3 IPOLECCOB B pa3psoHOM KoHType. Cxema 3a-
MEIIEHUS Pa3psAAHOrO KOHTypa U pa3psAHON Kame-
pHI TIpescTaBieHa Ha puc. 1.

ONEeKTpUYECKUE U MATHUTHBIE MOJISA, COMPOBOXK-
JAIOINUE DIIEKTPUUECKUM paspsi B BOAE, MOYKHO
ONHCaTh Ha OCHOBE YpPaBHEHUI 3JIEKTPOJMHAMHKHU
[13], ucrosp3yst cKansIpHBINA ¥ BEKTOPHBINA MOTEHIIU-
aJbl 2JIEKTPOMArHUTHOTO oS, JlIMHA 31IeKTpomar-
HUTHOH BOJIHBI, FEHEPUPYEMOM B IIpoLiEcCE pa3psa,
CYLIECTBEHHO OOJIbIIE Pa3MEpOB pa3psAgHON Kame-
PBI, CIIEAOBATENBHO, MIEKTPOMAarHUTHOE MOJIE B JIFO-
00if MOMEHT BpEMEHHM MOXXHO CUHTaTh KBa3UCTATHU-
gyeckuM [13]. Torma B ypaBHEHHSX dICKTPOJANHAMHU-
KM HECTAllMOHAPHBIE POU3BOJHBIE MOKHO MPHHATH
PaBHBIMU HYJIIO, U ypaBHEHUS IS AJIEKTPHUUECKU
HEOJHOPOJHOM Cpenpl B LMIMHIPUUECKON cucTeMe
KOOpPAMHAT IPUMYT BHI!

1o(rah

Al O[1AI_ 5 1)
rorlpor) oz\poz
19 I’csa—(pj+2 Ga—(pj=0, )
ror or) oz\ oz

TOE (@ — DJIEKTPUYECKUNW CKAIAPHBIA MOTeHUuUan, B;
A - BEKTOPHBIN MoTeHua, B-¢/M; L — abcomoTHast
MarHUTHas OpoHHIaeMocTs, I'n/M; J — BekTOp
IWIOTHOCTH TOKa, A/M?, G — yIeTIbHas 3JIEKTPOIpo-
BOIHOCTE cpemsl, CM/M; I, Z — MPOCTPAHCTBEHHBIE
KOOPIHHATEHI, M.

Jst Toro 4ToOBI paccuMTaTh JIIEKTPUUIECKOE H
MarduTHOE TIOJIA 10 ypaBHeHusM (1, 2), Hamo ompe-

JICTIMTh HaNpsDKEHHE Ha BBICOKOBOJBTHOM 3JIEKTPO-
ne. Jns aTOro HEOOXOAMMO pEIINTh ypaBHEHHE
OayaHca HalpsDKEHHH, MOJMYYEHHOE 10 CXEeMe 3aMe-
meHus (puc. 1) [5] mist paspsaHOro KOHTYypa:

dl 1
L—+(Ry +Ry,)- 1 +=[1dt=U,, )
dt ‘ck sh C 0
0
rae L — uaaykTuBHOCTH KOHTYPa, ['H; | — cua Toka
B KOHTYpE, A; Rek, Rsh — COOTBETCTBEHHO COMPOTHB-
JICHUEC KaHalla paspsaaa U COIIPOTUBIICHUC OCTAJIBHBIX

3JICMCHTOB pa3psAJHOI0 KOHTYpa, OM, C — eMKoCTh

KOHJZIeHCaTOpHO# Oarapen, Mk®d; t — Bpems, c;
U, — HampspbkeHue 3apsiia KOHJCHCATOpHOU Oata-
pen, B.

Ecnu B 3ajaHHBIE MOMEHT BpPEMEHHM HU3BECTHBI
JaBJICHUE IJIa3Mbl B KaHaJe paspsga U ero o0neM,
TOT/Ia 3JEKTPUUYECKOE CONMPOTHUBJIEHUE KaHalla pas3-
psia MOXHO OINpPENEIUTh C MOMOUIbI0 YpaBHEHUA

[5]:

Az (y-1
R, ~ A=) 4
Pk'Vk
rne Py — naBmeHme B KkaHane paspsanga, lla;

Vi —o0beM KaHama paspsiga, M, | — paccrosue
MEXIY dJIeKTponamu, M; Y = 1,26 — s dexTuBHbIH
HoKa3aTenb aauadaThl IUIa3Mbl B KaHale paspsa,
A — uckposas noctosuHas [5], B c/mP.

JlaBieHue B KaHaie pas3psijia MOXKHO OIPEACIUTD
U3 ypaBHEHHs OajaHca YHEPrHH, B KOTOPOM YUHTHI-
BACTCsl M3MCHEHHE BHYTPEHHEH SHEpPTUH ILIa3MBl,
paboTHl pacmMpeHHs KaHajda paspsua M DKOyJeBa
HarpeBa IUa3Mbl OT MPOTEKAIOIIEro B HEil AIIEKTPH-
YeCcKoro Toka [5]:

1 d

1 d v _
y—1dt

dt

(RV,)+P, I2R,. )

UT0oO0BI OmpenenuTh 00heM KaHaIa paspsia, cie-
z[yeT BBIUUCIIUTHG UBMCHCHHUC €TI0 pamxlyca B npouec—
ce MPOTEKaHUs TI0 HEMY JJIEKTpUUeCcKOTo Toka. JIist
3TOro HEOOXOAMMO MOJIENHPOBATH MPOLECC PACIIH-
peHHUs KaHalla pa3psjia B BOJIE, 3alOJHAIONIEH pa3-
PpAIHYIO KaMepy.

B p63y.]'II>TaT€ aHaJIn3a CyH_IeCTBYIOIJ_II/IX Marema-
THUYCCKUX MOHGHeﬁ FH,HpOI[PIHaMI/ILIeCKPIX HpOHGCCOB
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B pa3psaaHoii kamepe [6, 12] BeiOpana Moens, B KO-
TOPOH MCHONB3YIOT MPEIIONIOKEHHE O MTOTCHINAIb-
HOM O€3BHXPEBOM JIBU)KCHUHU HJICATBbHOMN JKUIKOCTH.
l'unponuHaMuveckass Mozendb BKIOYaeT B ceOs
JIBYMEpHOE JnHelHoe nuddepeHnnanbHoe BOJTHO-
BOE ypaBHEHHE, KOTOPOE B IMJIMHIPUIECKON CHCTeE-
Me KoopauHaT umeer Bux [12]:

Py _ li(ra_‘lf}az_‘v , ©6)
ot? ror\ or) oz
IJie Y — MOTCHIIHAT CKOPOCTH, mele; ¢ — CKOPOCTh
3ByKa B JKHAKOCTH, M/C; I', Z — NPOCTPAHCTBEHHEIE
KOOPJUHATHI, M.

CKOpOCTB 3ByKa B XKHUAKOCTHU OHpeI[CJ'IHJ'H/I I10

dopmyne [8]:
b ()L | (2] L[| @
ci=cy —(x 1)8t 2(X+1) (8r] J{azj . ()

TJIe Cop — CKOPOCTh 3ByKa B HEBO3MYIIICHHOMN >KUIKO-
CTH, M/C; ) — SMIUPHUECKUH KOIPDHUIIUEHT, PaBHbIMH
7,15 g BogbL.
JlaBlieHrE B JKMJIKOCTH OMPEAENISIIA C TTOMOIIIbIO
JnuHeHoro unrerpaia Kommu-Jlarpanxa:
P=p—p¥, ©)
ot
rAe p — IVIOTHOCTb KUAKOCTH, kr/m®; Py — Hauais-
HOE JIaBlIeHUE B pa3psiaHoil kamepe, [1a.
CocraBmsionue BeKTOpa CKOPOCTH JKUAKOCTU U
CpaHUIIBI KaHajia pa3psia ONPECIsUId M0 TPAAUCHTY
MOTCHIIKANA!

vy 9)

,Z[JIH pacueTta rTMAPOAUHAMUYCCKUX IIPOLECCOB B
KaHaJIC pa3psja UCTI0JIb30BaJId YPAaBHCHUEC Jlannaca:
10 o
10, Yy, (10)
ror\ or) oz

OHO TIOJTYYEeHO KaK YaCTHBIA CITy9ail YpaBHEHUS
(6), yuuTbIBasi, 4TO CKOPOCTHh 3ByKa B IUIa3Me, 3a-
MIOJIHSAIONICH KaHal pa3psja, HAMHOI'O OOJbIle, YeM
B BOJIE.

B HauanpHBIT MOMEHT BpeMeHH (Ha4ajo aKTHB-
HOM CTaJuu pa3psaa) XKHUIKOCTh HAXOJUTCS B He-
BOBMYIICHHOM COCTOSIHHMHU, MO3TOMY 3HAYCHUA I10-
TEHIIMaja \y paBHBI HYJIIO, TaBJICHUE B KaHalle paBHO
Pyo, a TpaHuIla KaHanma IBWKETCS C HA4YaJIbHOW CKO-
pocteio Uyg, MOSIBUBIIEHCS B pe3yJbTaTe paciinpe-
HUs TpaHWbl Jgunepa. KoHmeHcaropHas Oatapes
3apsbkeHa 1o HampspkeHus Up, a cuila Toka B Lenu
paBHa HyI10. CKalsipHbIE U BEKTOPHBINA MOTCHIIUANBI
PaBHBI HYIIIO.

Ha rpanuue pasnmena AByX cpen 3HadeHHE IIO-
TEHIMaja \y HAXOJWIM U3 YCIOBUA, TIPU KOTOPOM

CTEHKa KaMepbl a0CONIIOTHO kecTkasd. [loatomy rpa-
JUEHT IIOTEHLIHAJIa II0 HOPMAald K IIOBEPXHOCTHU
CTEHKH (ﬁ) paBeH HYJIIO:

oy /o1 =0, (11)

Ha rpanunme kaHama paspsiia BBINOJHSIOTCS
yCJIOBHSI Ha KOHTaKTHOM pa3pbie [14]:

U= U, Pc=Py (12)
rae Ui — cKOpOCTh JKMIKOCTH Ha TpaHHIEC KaHaa,
Mm/c; Py — [aBieHWe OKMIKOCTH Ha TpaHUIlE
KaHaia, I1a.

[loTeHnman BBICOKOBOJBTHOIO AJIEKTPOJa paBEH
pPa3HOCTH NOTEHIHMAIOB MEXAY 3JIEKTpoJaMHu, a B
MecTe MOJKIIoueHHs Kalens K pa3psaHo Kamepe
JNEKTPUUYECKUM NOTEHLIHaN paBeH Hymwo. [Ipowus-
BOJHBIE CKAJSIPHOTO MOTEHLMANIA (¢ II0 HOPMAIHA K
OCH CHMMETPHU W BHEIIHUM TpaHHUIAM pacueTHOU
o0nacT TNpUHMMAaNN paBHbIMH Hymo. [Ipoumsson-
HYI0 BEKTOPHOI'O NOTEHIHAala M0 HOpMalld K OCH
CUMMETPUM NIPUHUMAIA PABHOW HYJIIO, a Ha BHEI-
HUX TpaHUIax pacuyeTHOH objacTH moTeHmuan A
TaK)Ke paBeH HyJIO.

METO/] PEILIEHUA 3AJJAYN

HenpepriBHYyI0  mpocTpaHCTBEHHO-BPEMEHHYIO
obnacTh perrenus 3anaqu (puc. 1) mpeodpazoBanu B
JMUCKPETHYTO, 3a/1aBas I1ar n3MeHeHns BpeMern At u
NPOCTPAHCTBEHHBIX KoopauHat Ar; m Az;. Homepa
BPEMEHHBIX CJIOEB AMCKPETU3AlMH 0003HAUWIN Tie-
pPEMEHHOM N, a HENOJBIKHBIE MPOCTPAHCTBEHHEIE
CIION 1O KOOpJMHATaM [ U Zj — IEPEMEHHBIMH | U |
COOTBETCTBEHHO. CxXemMa IUCKPETH3ANA Pa3psIIHON
KaMephl ToKa3aHa Ha puc. 2.

JluckpeTu3anuio pacyeTHo obJacTu B MHTEpBa-
max 0 < j < Ng u 0 < i < Ny BBIIONHAINA CETKOM C
paBHOMEpPHBIM IaroM Ar u Az.

Bo BHemHel o6acti B uHTEpBagax Nym < j <0,
Nz <J < Npy u Ny <i < NyKOOpIUHATHI CETKU i U Z;
3a/1aBalld C MEPEMEHHBIMU Iaramu Ar; u Azj, KoTo-
pBIE OTIPENENSITH TI0 CICAYIOMUM (POpMyTaMm:

Ar, =a-Ar_

1 K =T +AT,

Az, =a-Az, ,, 7,,=17,+Az, (13)

rae o — Ko3(pHUUUEHT, PaBHBIH OTHOILEHHUIO OOJIb-
IIETo IIara CETKM K MEHbIIEMY Ha COCEHUX MHTEp-
Bajax (o € [1; 1,1]).

Pemenne ypaBuenuit (3) u (5) BeImonHsIIM 1O
JIByXIIaropomy meroxy Jitmepa — Komm [15], ume-
OIIIEMY BTOPO# MOPSIIOK TOYHOCTH.

Ha sTane npeanKTop BEIYHCISUIA CONPOTHBIICHUE
KaHala paspszaa ﬁgk no ¢opmyine (4), ucnonb3ys
3HAYCHUS TIEPEMEHHBIX, BBIYMCICHHBIX Ha N-HOM
CIIO€ TI0 BPEMEHH.
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3

N zvm

0 1 J

Nze sz

Puc. 2. Cxema AuCKpeTH3alUH pa3psAHOIT KaMepkbl.

3areM Ompejielsid CHIy TOKa, HCIOJb3Ysl IIHC-
KPETHBIN aHajor ypaBHeHus (3):

[ - |”+?_t[ Ry +R)1"]-

A gn 1 at-1m), (14)
L

rae S" — uHTerpagbHas CyMMa Ha BPEMEHHOM CIIOE

n, BBIYUCJICHHAA 110 MeTOZ[y TpaHeuHﬁZ

S™ =S "L At-(I™+1")/2. (15)

W3 muckperHoro ananora ypaBHenus (5) Berumc-
JSUTY JaBJICHHUE B KaHAJe pas3psja:

n n-1
P _\%{AI-(y—l)-[N (t)- P”\%J+P

k

VJ (16)

roe N"(t)=(1")*-R},
JsieMOil B KaHase paspsiaa, Br.

HauanpHyr0 CKOpOCTh IEpEMEIICHHs TPAHHUIIbI
KaHajga paspsia MpH 3aJaHHOM HadalbHOM JaBiie-
Hun B KaHaie (Pyy) BRIUUCIAIN 110 popmyite [14]:

(17

— MOILHOCTh DHEPTUH, BbIIE-

U, = Po—FR .
p-C
IToTeHIan Ha MEPBOM H BTOPOM BPEMEHHBIX
CIIOSIX TOJIaralii PaBHBIM HYJIIO, & HA TPaHHIE KaHa-
Ja Ha BTOPOM CJIO€ OMNPEACIUIM W3 HHTEerpaia
Kommu-Jlarpamxka (8):

\Viz,j :\Vil‘j_(PkO_Po)At/po- (18)

Ha tperpeM W moclieAyromux CIOsIX BpPEeMEHHU
MIpeBapUTEIbHOE 3HAUEHHE MOTEHIMada CKOPOCTH
KHUIKOCTH Ha TpaHMLE KaHaja ONpEASIsIN MO JIaB-
JICHHIO, BBIYUCIICHHOMY 110 (hopmyiie (8):

=yl = (R =R)-At/p,. (19)

[IpenBaputensHO MoJe NOTEHIMANa CKOPOCTH BO
BHYTPEHHUX TOYKAaX JKUAKOCTH ONpEHCISIN U3
ypaBueHns (6) mo cxeme «kpect» [15], mmeromeit
BTOPOH MOPSAOK TOYHOCTH IO BPEMEHHOH U IHpo-
CTPAHCTBEHHONW KOOPAMHATAM U IPOCTOH aIrOpUTM
peanu3anuu:

ot 1 n n
lI’i,jlez'C2 —z(riﬂ"l/m,j 6oV~
2-Ar°., 20
n n n ( )
i Wi+l Wiy T '\Vi—l,j)+

T Vi =206y -

‘V:m _2"Vin,j +‘Vin,j—1
+ 2
Az

}FZ"V:;_‘VR?'

[lar 1o BpEeMEHH ONPEAENAIM M3  YCIOBUS
ycroiunBoct Kypanra-®punpuxca-Jlesu [15]:

At k-min (Az; Ar), (21)
TR
rne k<1 — koadduimeHT 3amaca yCTOHYHUBOCTH
cxemsl (uncio Kypanra).

[Tone moTeHIMana, BBIYUCICHHOE MO (opmyie
(20), obecmeyrBaeT MATYIO MOTPEITHOCTD BETHUNHBI
MOTEHIIMANA, HO OTHOCHTENILHO OOJBIIYIO TOrpel-
HOCTh €r0 MPOU3BOJHBIX IO BPEMEHU H TPOCTpPaH-
CTBEHHBIM KOOPIUHATAM, YTO MPUBOIUT K OOJBIIMM
JIMCTIEPCUOHHBIM MOTPEIIHOCTAM MOJNIeH IaBICHUS U
CKOpOCTH, OImpenensieMpx mo ¢opmynam (8, 9).
Yro6Bl YMEHBIIMTE 3Ty IMOTPEIIHOCTH 0 HEO0OXO-
JVUMOTO MHHHUMYMA, BBITIONHSINA PETYIISPU3AIIIO
nois MOTCHIMana ! 1[0 HESBHOH PasHOCTHOM

cxeme [15]'
n+1 - N+l - N+l
Vi, J‘At € {kl[ 2, O Vi, 5 Visg, -
i
~ N+l - N+l ~n+l
AR RN RN
\T;ml 2. ~n+1+‘pn+1
_n+l i, j+17 27V, J i, j-1
g ‘Vl 1 J+r Vi, J) ! 72 ! 1+ (22)

Ky [——— ( ‘If +r\u
2 2A i+l i+, § i+, j

n n n n
SR j—2'fi Wi, TV e Vi, Vi, Pt

n n n
LV 2V Y, iy o0
A22 L] L)
rae k; u k; — BecoBeie ko3 dunments (k; = 0,06;
k, =0,94).
Omnpenensiy CKOPOCTh TPaHMIBI KaHajia pas3psaa
BO BCEX TOYKAX MEPECeUCHUs KOOPAUHATHBIX JTIMHUM



Pa3HOCTHOI CETKH C ero MOBEPXHOCTBIO U3 YCIOBHS
Ha KOHTaKTHOM pa3psie [14]:

Urnr,j2015'(Urnik,j+urnik+1,j)+ (23)
n F~)|:+11_075(P|£J + Pi:+1,j)
p-c '

WuTerpupyss 1o BpEeMEHH CKOPOCTh KaHAaa,
onpeienuin ero paaguyc Ha N+l cinoe. MuaTerpupys
IUIOIIAAb TIOMEPEYHOr0 CEUYCHUs KaHala Mo ero
JUTHHE, TTONy4Imn 00béM KaHama Ha N+l crmoe. Ha
HEMOJBWKHBIX BHYTPEHHHUX IIOBEPXHOCTIX DPa3psii-
HOW KaMmephl MOTCHIUANT \J OTNPEACISUIH U3 YCIOBUS
HernpoTrekanus cteHku (11), 3aMeHssT TPOU3BOAHYIO
[0 HOPMAJIM K TPaHUIIC €€ JUCKPETHBIM aHaJOroM.
B pesynbraTe moTeHIMAN Ha CTCHKE PaBEH IMOTCH-
[Uany B COCEJHEM CO CTEHKOMW y3Jie pacueTHOW ceT-
KH.

Ha srane KoppekTop BBIYMCININ CONPOTUBIICHUE
KaHaja pa3psja:

1 1

1
Rn+1=—A'|2 =) —+———— (24)
ck 2 k (Y ) Pknvkn Pkn+:lvkn+l
" CUJIy TOKa B paspsaaHOM KOHType:
At "+
|n+l=|n+_U _Rn+1+R L
L |: 0 ( ck sh) 2 :| (25)

n [ n+l
st Attt
C 2

3aTreMm OIIPCACINIIN JABJICHUEC B KaHAJIC pa3psa.

n+ 0’5 n (| N+
R =—(At-(y-1)-(N"(t)+ N™(t) -
b (26)
nVn _Vn-l o \7n+l —\y" . .
R %_Pk lkA—tk)"‘Pk V),
CKOpOCTb I'paHUIIbl KaHaJa:
n+1 n n
Uik, =05 Ui j +Yrica, j) +
n+1 n n
. Pk, j =05 (B, j + Rk, j) (27)

p-c
U TIOTCHITMAJ Ha TpaHUIE KaHaila paspsga Ha N+l
BPEMEHHOM CJIO€!

vt =yl = (R =Ry)- At/ p,. (28)

ITo moTeHnMany BRIYUCIHIN TOJIe CKopocTei Vi,
V, u naBieHue B paspsiaHoil kamepe. [lomydeHHbie
XapaKTEPUCTHKU HCIONB30BAIN JJIS ONPEACICHHUS
T0JIsI CKOPOCTH 3ByKa Ha N+1 BpeMeHHOM ciioe 1o
dopmyne (7).

ITo ckOpoCTH IBHXKEHHS TPAHUIIBI KaHAA pa3psi-
Jia BBIYMCIIMJIA €r0 HOBOE MOJIOKeHHe Ha N+l Bpe-
MeHHOM cnoe (R/['). 3aTem ompenenmin pacroio-
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’KEHUE TPaHULBl KaHajga MO OTHOLICHUIO K y3JaM
JUCKpeTHOM ceTku. [Ipy HOBOM LMKJIE BBIYMCICHUHN
UCKITIOYAITH U3 Mpoliecca BBIYUCIECHUS 10 GopMyiam
(20) m (22) Toukm, OKa3zaBHIMECS BHYTpPH KaHaja
paspsna. bnaromaps 53ToMy mpueMmy  yAaiochk
BBIMIOJIHUTh PacyeT FUAPOAMHAMUYECKUX MPOLECCOB
B pa3psIHON Kamepe ¢ y4eTOM IOJBMXKHOCTH TIpa-
HULBl KaHaJla pa3ps/ia Ha HENOABMXKHON ceTke. B
TOYKaxX CETKH, PacloJIOKEeHHbIX BHYTPH KaHala, Io-
TEHIMaJl ¥ BBIYUCIISIY, pellast KpaeByro 3ajady s
ypaBHenus (10) Ha KaXAOM BPEMEHHOM CJIOE IO
METOJly TMOCJeA0BaTEILHON BEPXHEM penakcaiuu
[15]. Takum obpaszom, 3amgaua chopMyIupoBaHa B
(u3MYecKn M TeOMETPUYECKH HEIMHEHHOW MocTa-
HOBKE.
TECTUPOBAHUE
MATEMATHUYECKOK
MOJAEJIN

TectupoBaHue MaTEMaTHUYECKONM MoOAENU ISt
JIIEKTPOJANHAMUYECKUAX TPOIECCOB B  Pa3psAIHOM
KOHTYpE W THIPOJWHAMUYECKUX IMPOIECCOB B pas-
pSTHOW KaMepe BBITIONHWIA Ha OCHOBE PE3yJIbTaTOB
MOJIETUPOBAHMS, IPUBEIEHHBIX B pabore [6].

B [6] Obuin BeIOpansl paguyc kamepbl 200 MM u
mmHa 100 MmM. PaccTtosiHue MEXIy 3IEeKTpofaMH —
100 MM, paanyc 3IEKTPONOB MPUHAT PaBHBIM Paju-
ycy kamepsl. HanpshkeHue 3apsaa KOHICHCATOPHOM
OaTapen 50 kB, WHIYKTHBHOCTH 4 mxIH,
eMKOCTh KOHACHCAaTOpHOU Oarapem — 16 mMx®D, co-
nporusieHue koutypa — 0,04 OM, uckpoBasi mocTo-
sHas A npunsta pasHoit 10° B%c/m? [5]. Tomyuen-
HBIC PE3yJIbTaThl IPEJACTABICHBI HA PHUC. 3, U3 KOTO-
pOTO ClEAyeT, YTO MpearaeMas MaTeMaTHuecKas
MOJICITb YJIOBJIETBOPUTEIBHO COTTIACYETCS C JIAHHBI-
MU paboTel [6], HECMOTpsI Ha CETaHHBIC YITPOIIA-
OIIHE TPEIMOIOKCHUSI.

VY4UTHIBas, YTO TECTUPOBAHHUE MATEMATHYECKOM
Mojenu [6] BBHIMOMHEHO HA OCHOBE OCIHJLIOIPAMM
CHJIBI TOKA WM HATPSDKCHUS Ha KaHaNe pa3psaa U dKC-
MEPUMEHTATBHBIX JaHHBIX 0 M3MEHEHHIO Paanyca
000JIOYKH TOCTIE pa3psia, MOXKHO 3aKIIOYUTh, YTO
XapaKTEPUCTUKH, TOJYYCHHBIE II0 MpeljiaracMoun
MaTeMaTHYECKOH MOJICITH, TaKXKe COTrJacyloTcs C
JMAHHBIMU JKcrmepuMenTa. Ha puc. 3a,06 mokazaHo
COOTBETCTBEHHO U3MCHEHHE CHJIBI TOKA M HAIpshKe-
HUS B KaHale pas3psja, Ha puc. 3B — U3MEHEHHE pa-
JUyca KaHana. BumHo, 4To MakCHMManbHOE OTKIIOHE-
HUE pajiyca KaHalla paspsia, MOIy4YeHHOEe II0
mpeyaracMoii MOJAENH OT JaHHBIX pabotel [6],
cocrasisier 8-9%. Ha puc. 3r nokazaHo u3mMeHeHUE
JABJICHUS B KaHaje paspsaa. BuaHo, 4To BelnvuHA
Ha4yaJbHOrO aaBiicHUS Oosbine Ha 10% B mepBbie
4 MKcC, 3aTe€M pa3iuyus yMEHBIIAIOTCS.
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U, kB
5 L
0 L
-5 -
-10 | |
0 50 100 150
t, MKC
(6)
Py, MITa
300 1
200 -2 \
100 4/\
0 1 L
0 100 200 300 400 500
t, MKC
(r)

Puc. 3. Cuna Toka B KaHase paspsaa, KA (a); HanpspkeHue Ha KaHaye paspsiaa, kB (0); paxuyc kaHana paspsiia, MM (B); AaBJieHUE B

kaHaje paspsaa, MIla (r). YcioBHbie 0603Hayenus: 1 — qaHHbIe

5. 100e+003 e
BEICOKOBONETHBIH

AEKTPO

Hu3koBOIBTHBI
AEKTPOIL

5,100e+003
T
3,825e+003

dim:2
2.550e+003

145

193
1,275¢+003

241 0.000e+000

(a)

HuszkoBonsTHBI
AEKTPOIL

9.900e-+008

9,900 +08

TA25cy 08

BoicoOKkoBONLTHBIH
EKTPO

(8)
Puc. 4. PacnipesesnieHue 3IEKTPUIECKOTO CKAPHOTO IOTEHIMANA B Pa3psIHON Kamepe (a); pacmupeiesieHue HaNpsKEHHOCTH JIIEK-
TPUYECKOTO TIOJIsl B paspsjiHOi kamepe (0); pacmpeneieHne MOAYJS IUIOTHOCTH TOKa B paspsiaHOil kamepe (B); pachpenerncHue
HANPSHKEHHOCTH MarHUTHOTO OIS B pa3psiAHOi kamepe ().

PE3VYJIbTATBI MOJEJINPOBAHN A

Jnst pacueToB SJEKTPUUECKOTO M MArHUTHOTO
mosiell B JaHHOW paboTe OBLIM BHIOPAHBI CIENYFO-
IIMe TapaMeTpbl Pa3psIHON KaMepbl M pa3psaHOTO
KOHTYpa: pajguyc Kamepsl 200 MM, HHA
kamepsl — 100 MmMm. PaccTosiHue Mexay a3JeKTpoza-
Mu — 50 MM, pamuyc anektponoB — 50 MM. Dnektpo-
JIbI TIOIKJIFOYCHBI K Pa3psiIHOMY KOHTYpPY IO KOaK-

u3 [6]; 2 — pacuer 110 MoJIeNH, ONUCAHHOU B 9TOM paboTe.

5,55¢

HuskosonsTHEIH
WIEKTPOIL

BhicOKOBONLTHBIH

148 WIEKTPOI

HuskosonsTHbIH
EKT]

BLicoROBOARTHELT
WIEKTPOIL

169

()

cHaNbHON cxeme (puc. 2), TO ecTh OIUIeTKA MOJBO-
JsmIero kabenst IMoJIcoeIMHeHa K KOPIyCy paspsia-
HOW Kamephl cO CTOPOHBI, MOJKIIOYCHHOH K TOJIO-
KHUTEITBHOMY 3JIEKTPOXY JKHJIBI. TOJIIMHA CTEHOK
kamepbl — 10 mm. TommuHa U MWUpPUHA H30JITOpPA
cocraisier 35 MMm. Hampsbkenne Ha KOHAEHCATOp-
Hoii Oarapee — 50 kB, muaykruBHOCTE — 4 MKI'H,
E€MKOCTh KOHJIeHcaTopHOW Oarapen — 16 Mk®d, co-
nporuBienue koHTypa — 0,04 Owm, wuckpoBas
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0 0,05 0,1

0,25

I, M

Puc. 5. Pacnipenenenus HanpsHkeHHOCTH MATHUTHOTO TIOJIS BIIOJI OCH I' KAMEPBI.

nocrostHHas A npunsaTa pasHoit 10° B%-c/M?. TTomy-
YeHHbIE Pe3yJbTaThl MPEICTABICHBI B BHIE Tpadu-
KOB Ha puc. 4. 'paduku moaydeHs B MOMEHT Bpe-
MeHn 14 MKc, KOrga TOK COCTaBISieT MOpsAKa
77000 A, a Hanpspxenue — 5071 B.

Pacmipenernenue 31eKTPHYECKOTO CKAISIPHOTO MO-
TEHIMAJIA B Pa3psOHON Kamepe MpeICTaBICHO Ha
puc. 4a, BenmunHa HanpshkeHus coctasisier 5071 B.
Ha pwuc. 40 mokazaHo pacmpeneicHue MOMYIIT
HANpPSKEHHOCTH AJIEKTPHYECKOTO OIS B Pa3psiAHON
KaMepe, KOTOpoe JIOCTHraeT 3Ha4deHUH MopsjaKa
7-10° B/M B MecTax KOHIIEHTpAIINH, & UMEHHO BOJIH-
31 pebep BBICOKOBOJIBTHOTO 3JeKTpona. [ImoTHOCTS
Toka B Kanane (puc. 4B) cocrasmser 9,8-10° A/M% B
CTEHKaX paspsaaHoii kamepsl — oT 6,4-10° 1o
6,5-:10" A/M°. MoxylIb HAMPSDKCHHOCTH MATHUTHOTO
10JIst IOKa3aH Ha puc. 4r u coctasmser ot 2,5-10° 10
5,7-10° A/m. [ToBbIIICHHbIC 3HAYCHNS HAMPKEHHO-
CTH MAarHWTHOTO TIOJIS1 HAaOJIIOAIOTCSA B MECTe KOH-
TakTa KaHajia paspsjga ¢ ayekrponamu. Ha puc. 5
npeacTaBieH rpaduK pachpeaeieHus] HanpsbKeHHO-
CTM MarHUTHOTO TIOJIS1 BIOJIb OCH I' KaMephl B pas-
JWYHBIX ee MecTax. [ cpaBHEHHUS Ha pHc. 5 mMoka-
3aHBl U3BECTHBIE TOYHBIE PELICHUs] paclpelesieHHs
HAIPsHKEHHOCTH MAarHUTHOTO TIOJIS TS TIPOBOJHUKA
¢ TokoM. Ha puc. 5 mudpoii 1 o6o3nadeHa Harpsi-
KCHHOCTh MArHUTHOTO TIOJIS, BBIYUCICHHAS 10
(dopmyne ans MPOBOTHHMKA PagdyCOM, PaBHBIM pa-
auycy moaBomsiiero kabens (25 mm), mudpoit 5 —
MIPOBOJHHK C TAKHM XK€ PaJnycoM, KakK y 3JeKTpoza
(50 mmMm), a mudpoit 6 — MPOBOAHHK C pagUycoM
7 MM, paBHBIM paJHycy KaHaua pa3psga B MOMEHT
Bpemenu 14 mkc. Hudbpamu 2, 3, 4, 7 oTMEUCHBI JIH-
HHH, TOJYYCHHBIE B PE3yJbTaTe MaTEeMaTHYECKOTO
MozenupoBaHus. PacrpeneneHne HanpsHKEHHOCTH
MarHMTHOTO OIS JUIA KaOess Ha NpaBoOi TpaHHIe
pacdetHol obOnactu oTMmeueHo nupou 2. Pacmpe-
JeTICHNs] HalPSHKEHHOCTH MarHUTHOTO TIOJIS Ha Kpa-
SIX BBICOKOBOJIETHOTO DJIEKTPOJA M 3JEKTPOJa C Hy-
JICBBIM TOTEHIIMAJIOM OTMeueHbl nudpamu 3 u 4, a
uudpoit 7 0003HAUEHO paclpenelicHHe HampsHKeH-
HOCTH B IUIOCKOCTH, TEPIEHIUKYISIPHOUW KaHaIy

paspsiaa u MpoXoAsIlel Yepe3 CepeiuHy ero IINHBL.
MarnuTtHoe 1nosie B pa3psAIHON KaMepe KaueCTBEHHO
COTJIaCy€TCsd C MarHUTHBIM ITOJIEM IJId IMPOBOJHUKA
C TOKOM, HO 32 CYET CII0KHON T€OMETPHUH pa3psIHOM
KaMepbl U JJIEKTPOIOB IMPEBBHIIIAET €ro HampsKeH-
HOCTh Ha BEIMYMHY OT HECKOJIBKHUX IMPOIEHTOB B/a-
JM OT KaHaJla paspsijia U B JBa pa3a BOJM3M KaHaa
paspsina. Takum oOpasom, QopMmydy Ui pacdera
MarHATHOTO TIONISI BOKPYT TPOBOJHUKA C TOKOM
MOKHO HCIIOJIB30BaTh IJIAd HpI/I6JII/I)KeHHOI71 OLICHKU
HaMpsHKEHHOCTH MAarHUTHOTO TIONSL B pa3psIHOM
KamMepe.
BbIBObI

AHanu3 TNepexoJHBIX IMPOLECCOB B Pa3psIHOM
KOHTYpEe W THUAPOJWHAMHYECKHX IMPOLECCOB B IIH-
JIUHAPUYECKON pa3psHOM Kamepe, BBIINOIHEHHBIN
0 pa3pabOTaHHON MaTEMaTHIECKOW MOJCINH, TTOKa-
3ajJl, 4TO MAarHUTHOE TIOJI€ B pa3psHON Kamepe
COINacyeTcsd C MarHUTHBIM IIOJIEM NPOBOJHHKA C
TOKOM, HO 3a CUET CJIOKHOH I'€OMETPUH PA3PIAHOU
KaMepbl U JJIEKTPOIOB IMPEBBIINIAET €r0 HalpsKEeH-
HOCTb Ha HECKOJIBKO IPOLEHTOB BJAlIM OT KaHaja
paspsna U B IBa pa3za BOJIM3M KaHajla pas3psaa MpH
KOaKCHaJIbHOM IMOIKIIOUEHUN KabeJel pa3psaHoro
KOHTypa. Ilo3TOMy OLIEHKY Hamnps»KEHHOCTH Mar-
HUTHOTO TOJISL B paspsiAHON KaMmepe B HEKOTOPBIX
CIy4asx JOIYCTUMO MpPOWU3BOAWTHE Ha OCHOBAHHHU
¢dopMynbl UIsL pacyeTa MAarHWTHOTO IOJS BOKPYT
MIPOBOJHUKA C TOKOM.

HanpsbkeHHOCTh 3JIEKTPUYECKOTo MoJs MpH 3a-
JAaHHBIX IIapaMeTpax pa3psAla B MECTaxX €ro KOHIECH-
Tpauuy, BOJIU3U pedep BEICOKOBOIBGTHOTO 3JIEKTPOa
jocTHraet 3HaueHuit mopsiaka 7-10° B/m.
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IHocmynuna 06.11.14
Summary

A mathematical model of electrical and magnetic
fields in the discharge circuit and in the discharge cham-
ber of the electrohydraulic installation is developed, with
the account of the influence of hydrodynamic processes
on the discharge channel. An algorithm for solving the
obtained system of equations by numerical methods is
developed. Modeling of the expansion of the discharge
channel in water is made in a geometrically nonlinear
formulation yet on a fixed finite-difference grid. The
mathematical model and algorithm are tested by compari-
son with the experimental data. An analysis of the electric
and magnetic fields of the discharge chamber of the elec-
trohydraulic installation is fulfilled.

Keywords: water discharge, discharge circuit, dis-
charge chamber, mathematical model, transients, electric
field, magnetic field, electrohydraulic installation.
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This paper describes an attempt to develop anticorrosive siloxane coatings based on PrgO4;-TiO, com-
posite films for SS 304 substrate by sol-gel technique. We demonstrate for the use of praseodymium
oxide doped Titanium oxide (PrgO1;-TiO,) nanocomposites loaded in a hybrid sol-gel layer, to
effectively protect the underlying steel substrate from corrosion attack. The influence of PrgO,;-TiO,
gives the surprising aspects based on active anti-corrosion coatings. The silica sol was treated with
PrsO,:-TiO, to achieve different level of add-on i.e.) 0-1 wt% of nanocomposites. The influence of
different weight percent of nanocomposites on silica matrix for anticorrosion performance was inves-
tigated by Electrochemical Impedance Spectroscopy (EIS). PrgO;-TiO, nanocomposites loaded in a
hybrid sol-gel layer effectively protect the underlying substrate from corrosion attack. The results
showed significant improvement in anticorrosion property for higher add-ons up to the optimized per-
cent of nanocomposites. Furthermore, Transmission Electron Microscopy (TEM) and Scanning Elec-
tron Microscope Microscopy (SEM) were used to characterize the surface morphology of doped and
undoped coatings. The studied showed a synergistic effect between PrsO1;-TiO, and siloxane matrix

has leads to a self-healing coatings.

Keywords: sol-gel process, anticorrosion, nanocomposites, EIS.
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INTRODUCTION

In recent years considerable work has been done
on organic-inorganic hybrid materials for enhanced
coating properties like thermal stability, corrosion
resistance and scratch and abrasion resistance. The
sol-gel route is the most commonly employed
methods for the preparation of such hybrid coatings
at macro/micro-scale. In the sol-gel process, for syn-
thesis of inorganic part various organo metal precur-
sors based on silicone, titanium, aluminium, and zir-
conium have been widely used [1]. Titanium oxide
is a functional ceramic material that has attracted
much attention in the last a few decades due to its
unique properties [2-4]. In most cases, the material
is used in the form of thin films or coatings on vari-
ous substrates to study anticorrosive and light con-
duction properties [5]. In order to overcome the limi-
tation of single component oxide layer on coatings,
incorporation of nanocomposites may improve the
surface protection [6].

Many attempts have been made to modify TiO,
coatings by doping it with metallic and nonmetallic
ions. A well-known corrosion inhibitor, CeO, is a
promising choice to be incorporated into oxide films
for a composite coating [7]. Synthetic ceramic
coatings based on TiO, have been used to modify

the surface of austenitic stainless steels and other
biomedical metals. Titania coatings are demonstra-
ted to be hard, corrosion resistant and biocompatible
material with photo-induced hydrophilicity [8-10].
TiO, has excellent chemical stability, heat resistance
and low electron conductivity, making it an excel-
lent anti-corrosion material. But the pure TiO, films
are mostly used in catalyst chemistry while very few
have been reported for protective coatings on steel
substrate [11]. Organic-inorganic multilayer coating
containing organically modified silicates, epoxy
resins and TiO, nanocontainers loaded with
8-hydroxyquinoline was produced on AA2024-T3
substrates for anti-corrosion behavior [12].

One of the most important advantages of the sol-
gel method is the possibility of using simple coating
operations like immersion of the object in the solu-
tion followed by drying. The sol-gel deposition pro-
cedure requires relatively lower temperature when
compared to chemical vapor deposition and there-
fore it is considerably less expensive. Perhaps the
most important advantage of the sol-gel method is
the possibility to control microstructure of the films
[13].

In recent year’s praseodymium compounds have
attracted great attention as luminescent materials,
catalysts, high-k gate dielectric materials, and opti-
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cal filters [14]. This work reports the performance of
active anti-corrosion coatings by forming a core-
shell of SiO, @ PrgO4;-TiO, hybrid materials. The
light rare earth elements Cerium, Praseodymium,
and Neodymium have similar properties. The main
reason for the choice praseodymium oxide is that it
develops a green oxide coating when exposed air
and thus may show corrosion resistance. The PrgOy;
modified with TiO, could find a wider application in
the area of paints and coatings. The anti-corrosion
behavior of SiO, @ PrsO4;-TiO, hybrid coating on
steel substrates was investigated in 0.5M of NaCl
solution by electrochemical measurements. The
results were utilized to quantify the corrosion pro-
tection efficiency and estimate the extent of coating
degradation. To the best of our knowledge SiO, @
Prs01:-TiO, hybrid materials have not been reported
earlier. The synergistic effect of SiO, @
PrsO.1-TiO, renders a better anticorrosion behavior
on the surface of coated substrate.

MATERIALS AND METHODS
Materials

The chemicals used for the preparation of silica
sols using the precursors, such as
3—glycidoxypropyltrimethoxysilane (GPTMYS),
octyltriethoxysilane (OTES), N-[3-(trimethoxysilyl)
propyl]aniline (TMPA) and zirconium (IV) propo-
xide (TPOZ) from Aldrich®, 2-butoxy ethanol
(CeH1402),  Titanium  isopropoxide  (Ti(OCH
(CHa)2)4), isopropanol (C3H,OH) and hydrochloric
acid (HCI), from MERCK, praseodymium oxide
(PrgOy) from s. d. Fine CHEM. LIMITED, Mumbai
and double distilled water were used throughout the
experiments.

Substrate preparation

Stainless steel 304 (SS) with composition of
Fe-Cr-Ni is 70-20-10 wt% had cut into
4 cm x 2 cm pieces. The SS substrates were polished
with increasing grades of silicon carbide emery
papers from 140 to 1200, were sonicated in acetone
for 20 min, and were dried in oven.

Preparation of PrsOy;-TiO;

About 12.5 ml of Titanium isopropoxide and
80 ml of isopropanol were taken to form a homoge-
neous solution. To the latter solution, 0.243g of
PreO11 (9 wt%) was dispersed to get a dark brown
color solution. The above solution was stirred for 5h,
while stirring 1.5 mL of water (for hydrolysis) has been
added in drop wise and ensures the complete precipita-
tion. Then the mixture was transferred into a teflon
lined stainless steel autoclave, sealed and heated at
120°C for 12h at the pressure of 18 psi. Precipitated
titanium hydroxide along with praseodymium hydro-

xide was filtered, washed with distilled water and
ethanol, and dried in air oven at 90°C for 12h. The pre-
cipitate was sintered at 450°C for 4h in a muffle fur-
nace to get PreOq;1-TiO,.

Preparation of sol

The sol was prepared in two parts. In the first part
a mixture of GPTMS/TMPA/OTES/2-butoxy etha-
nol in the molar ratio of 1:0.5:0.5:6 were taken and
allowed to stir for 30 min at room temperature. The
second part, TPOZ/2-butoxy ethanol/H,O mixture
was taken in the molar ratio of 0.5:6:4 and HCI
(0.1M) was used as a catalyst and stirred separately
for 30 min in ice bath to control the exothermic reac-
tion. The part | was added drop wise into part Il with
constant stirring (To avoid agglomeration it must be
added in drop wise). The whole set was in ice bath to
avoid exothermic reaction.

The final sol was then stirred for 24h at room
temperature. The resultant sol was a clear and
homogeneous solution and referred as GPZ. GPZ
was divided into two parts. To the different portion
of the first part 0.25, 0.50, 0.75, and 1% by weight
of PrsO;; was added. Then to the second part
different concentration of PrgOy;-TiO, (0.25, 0.50,
0.75, and 1 wt%) was added. The above 8 composi-
tions were stirred for 30 min and coated on the
cleaned SS substrates by dip coating employing a
withdrawal speed of 7 mm/s. The withdrawal speed
above 7 mm/s, the coating gets peeled off while
drying because of more thickness. So with the opti-
mized withdrawal speed, films were dried at 150°C
for 1h. The coated substrate (SS 304) was tested for
corrosion and the composition was optimized. The
sol with 0.75 wt% of Pr¢O;; and 0.5 wt% of
PreO11-TiO, shows best results. These two samples
were characterized further and referred as GPZ-Pr

and GPZ-Pr-Ti are shown schematically in
Figure 1.

Prs0;, W% PrgO,-TiO, Wt%
025 J[os0 | [e7s ([ 1o | [o2s J[os0o | [o075 [ 1o |

J

|

| Corrosion Test, EIS I

| Corrosion Test, EIS |

! Optimized Optimized
0.75
Referred as Referred as
GPZ-Pr GPZ-Pr-Ti

Fig. 1. Preparation of GPZ-Pr and GPZ-Pr-Ti.
Characterization Methods

The morphology, size and structure of the syn-
thesized particles were characterized by Transmis-



sion Electron Microscopy (TEM) (JEOL TEM 2010
UHR model) and Scanning Electron Micro-
scope Microscopy (SEM, ZEISS, EVO MA15) were
employed to analyze the distribution of nanocompo-
sites in the silica network. The crystallographic pat-
terns of coated films were analyzed by X-Ray Dif-
fractometer (XRD) (Shimadzu, XD-D1 diffractome-
ter). Fourier Transform Infrared Spectroscopy
(FTIR) (Avatar 303) which gave the information
about various chemical bonds such as O-H, Si-C,
C-H and Si-O-Si of the coated films. X-ray Photoe-
lectron Spectra (XPS) of the catalysts were recorded
using an ESCA-3 Mark Il spectrometer (VG Scien-
tific Ltd, England) using Al Ko (1486.6 eV) radia-
tion as the source. Thickness of the films was
characterized by Mitutoyo absolute digimatic.
Polarization tests were carried out for SS 304 sub-
strates in 0.5M of NaCl solution. The potentiody-
namic measurements were taken within the range of
potential —0.5 to +2.5 mV. The salt spray technique
was carried out using 3.5 wt% of NaCl solution at
35°C, in a Salt Spray Chamber supplied by ATLAS.

RESULTS AND DISCUSSION
FTIR analysis

FTIR spectra of GPZ, GPZ-Pr and GPZ-Pr-Ti are
shown in Figure 2. From the figure it is clear that
after modifying the surface with the nanocomposites
adsorption band corresponding to O-H (around
3425 cm™) increases gradually because of the
hydrophilic nature of TiO,. The characteristic bands
at 1090 and 750 correspond to the stretching, and
bending of Si-O bonds respectively. The adsorption
peaks at 2927 cm™ and 2863 cm™ are associated with
C-H stretching modes which indicate the presence of
long alkyl groups in the silica network. The bands at
2926 cm™ and 2861 cm™ show the C-H asymmetric
and symmetric stretching frequencies, and that at
1462 cm™ and 694 cm™ correspond to C-H symmet-
ric and asymmetric bending, respectively. The O-H
band in GPZ-Pr-Ti got increased compared to GPZ
and GPZ-Pr, which confirms the hydrophilic nature
of TiO,. Because of the hydrophilic surface it’s used
for self-cleaning behavior. Peaks at 2926 and
2865 cm™ correspond to C-H stretching mode also
got increased compared to other peaks which con-
firms the good cross-linking between the nanocom-
posites and the silica network. The strong band
observed at 1107 cm™ indicates the presence of
Si-O-Si moiety. The wave number of 940-960 and
1080-1105 cm™ in Fig. 1 indicate the band for
Ti-O-Si and Si-O-Si bond, respectively. The band
for Ti-O-Si vibration is observed due to the higher
quantity of SiO,. The band intensity for Si-O-Si vi-
bration increases with an increase of the silica con-
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tent. This result suggests that the silica exists as a
segregated amorphous phase in the anatase titania
particles and some fraction of metal-O-metal
bonding are Ti-O-Si. The broad absorption peak ap-
pearing near 3400 cm™ relates to a stretching
vibration of Ti-OH and Pr-OH group. Bands at 778
and 1276 cm™ correspond to Si-CH5; groups where
the peaks got increased from GPZ to GPZ-Pr-Ti due
to increase in cross-linking.

Fig. 2. FTIR spectra of (a) GPZ; (b) GPZ-Pr and (c)
GPZ-Pr-Ti.

Fig. 3. XRD patterns of (a) GPZ; (b) GPZ-Pr and (c)
GPZ-Pr-Ti.
XRD analysis

The phase structures of different siloxane coa-
tings were investigated by X-Ray Diffractogram
(XRD) as shown in Figure 3. The SiO, @
PrsO.1-TiO, core-shell nanostructured present in
GPZ-Pr-Ti are compared with GPZ and GPZ-Pr. In
GPZ no diffraction regards nanocomposites, only
one broad peak around 20° corresponds to the typi-
cal diffraction of amorphous SiO, group [001]. In
Fig. 3b except the broad peak around 20°, all the
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other peaks can be attributed to the pure cubic phase
of PrsO1;. The 20 peaks at the values of 28.05,
32.62, 46.74 and 55.74° correspond to the diffraction
planes of [111], [200], [220] and [311] of the crys-
talline Pr¢O,; species respectively. The diffraction
peaks in Fig. 3c show the mixed patterns of TiO,
and PrgO,;. For TiO, at 25.22, 37.74, 47.93, 53.85,
55.13 and 62.73° corresponds to the diffraction
planes of [101], [004], [200], [105], [211] and [204]
of anatase TiO,, respectively. [(JCPDS Card
No. 71-1169]. Few peaks of PrgOy; absolutely match
with PrgO1;-TiO,@SiO,, but no intense peak of
PreOy; is shown in GPZ-Pr-Ti, this is probably due
to the low PrgOy; doping content and the data may
also imply that the PrgO,;-TiO, oxides are well dis-
persed within the SiO, phase. There is no remarka-
ble shift in the diffraction peaks, and the other crys-
talline impurities are not observed. After the addi-
tion of nanocomposites there is an increase in crys-
talline behavior of materials. It is important that the
increase in crystalline is the most exaggerated when
the concentration of nanocomposites increases
beyond the optimized ratio and it may cause defects
to the coating. Beside the crystallinity, stress and
strain are other important parameters in coating
characterization.

Fig. 4. TEM images of (a) Pr¢Oy-TiO,; (b) GPZ-Pr-Ti-
0.2 um; (c) GPZ-Pr-Ti-100 nm and (d) SAED pattern.

TEM

To visualize the core-shell structure of SiO, @
PreO4:-TiO, particles TEM was performed. Repre-
sentative TEM micrographs of the SiO, particles
coated by PrsO1:-TiO, shells are shown in Figure 4.
The structural morphology of pure PrgOy;-TiO,
nanocomposites in the absence of siloxane network
has shown in Figure 4a. The core-shell structure of
the SiO, @ PrgO;-TiO, particles can be seen clearly
due to the different electron penetrability for the
cores and shells (Fig. 4b,c). The cores are black
spheres with an average thickness of 450 nm (SiOy)
and the shells have gray color with an average thick-
ness of 45 nm (PrgO.;-TiO,). The electron diffrac-
tion rings with some disorder in Fig. 3d are shown,
just to demonstrate the coexistence of crystalline
phase (Pr¢O11-TiO,) and amorphous phase (SiO,) in
the interface region of the core-shell particles.

Selected area electron diffraction pattern (SAED)
from the SiO, matrix along with PrgOy;-TiO, is also
included in Figure 4d. The three rings that are clear-
ly visible in the diffraction pattern correspond to the
first three strongest reflections of Si that were
formed by reflections from the {111}, {220} and
{311} atomic planes with a spacing of 0.314, 0.192
and 1.64 nm respectively. The SAED pattern exhi-
bits a number of bright spots arranged in concentric
rings, which correspond to the {111}, {220} and
{311} planes of SiO,.
SEM

The surface morphology of the prepared sol-gel
composites was examined using FE-SEM analysis
was presented in Figure 5. The morphology of GPZ
shows the large particles of siloxane and GPZ-Pr
shows the large particles of siloxane with layered
flake structure due to Pr¢O;; was shown in Fig. 5a,b,
which are more loosely packed. It looks like a
unique body shape of a Sperm Whale (given in inset
Figure 5a). But in Fig. 5c,d, SiO; @ PrgO4;-TiO,
shows the more densely packed with the uniform
distribution of nanocomposites throughout the silo-
xane network. The surface morphology of
GPZ-Pr-Ti indicates the advantageous effect of SiO,
functionalization on surface structure. There is an
increased tendency for the presence of numerous
primary particles of small diameter in PrsOy;-TiO,
around SiO,. It is interesting to note that modifica-
tion with silicone practically restricted the tendency
for particle agglomeration. Energy dispersive spec-
troscopy is generally accurate up to trace amounts of
metal present in the surface of base materials. The EDS
recorded from the selected area (Fig. 5e) reveals the
presence of Si, Ti, Zr and O in the catalyst. Zirconium
appears due to the presence of zirconium (IV)
propoxide precursor present in the sol (Figure 5e).

Fig. 5. SEM images of (a) GPZ; (b) GPZ-Pr; (c) GPZ-Pr-Ti
(50 KX); (d) GPzZ-Pr-Ti (100 KX) and (e) EDAX for
GPZ-Pr-Ti.
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Fig. 6. XPS analysis of SiO, @ PrgO,;-TiO, matrix (a) survey spectrum; (b) O 1s; (c) Ti 2p; (d) Pr 3d and (e) Si 2p.

XPS analysis

XPS is a sensitive tool for the analysis of the
chemical compositions of materials and hence XPS
spectra of the SiO, @ PrsO1;-TiO, composites were
recorded in order to gain more structural information
as shown in Figure 6. The O 1s profile is asymmetric
and can be fitted to two symmetrical peaks o and
located at 530.8 and 532.8 eV, respectively, indica-
ting two different kinds of O species in the sample
(Figure 6a). The peaks o and 3 should be associated
with the lattice oxygen (Op) of TiO, and chemi-
sorbed oxygen (Oy) caused by the surface hydroxyl
[15] respectively. In Fig. 6b,c,d, the high-resolution
binding energy spectra for Ti, Pr and Si species are
shown, respectively. Two symmetric peaks at 459.6
and 464.8 eV in the high resolution XPS spectrum of
Ti 2p are assigned to Ti 2p3;, and Ti 2pyy, indicating
the existence of Ti?* in the PrgOy-TiO, (Fig. 6b)
[16]. Two symmetric peaks at 933.9 and 954.2 eV,
which represent the 3ds, and 3dsj, electrons of Pr,
(Fig. 6¢) respectively. According to the results of He
et al., we assign the signals at ca. 933.9 and
954.2 eV to Pr** [17]. There is an increase in the
values of the binding energy of Ti 2p and Pr 3d but a
slight decrease in the value of the binding energy of
Si 2p. So interaction should exist among TiO,,
PrsO4; and SiO, which cause the change of binding

energies of Ti, Pr and Si, i.e., it may confirm that
SiO, @ PrgOy;-TiO, thereby leading the interaction
to a certain extent among them.

Thickness measurements

Thickness of the silane/nanoparticles films was
estimated using Mitutoyo absolute digimatic. Nano-
particles has played an important role to increase the
viscosity of the sol (thickness is directly proposi-
tional to viscosity). The thickness of GPZ-Pr films is
higher than GPZ films (GPZ - 2.02 pum and
GPZ-Pr — 2.76 um). Moreover the formation of core-
shell (PrgO1:-TiOy) further increased the film thick-
ness to 3.55 um. These may be attributed to increase
in viscosity of the solution in presence of nanoparti-
cles, thus giving a thick coating at the same with-
drawal speed. Since no agglomeration of particles
was observed in the silane coating and it may be
concluded that, the coating is homogenous with
uniform thick films and make the way easier to pre-
vent it corroding.

Corrosion studies

EIS measurements were carried out to evaluate
the coating performance and corrosion resistance of
uncoated and coated SS 304 in 0.5M of NaCl solu-
tion. Nyquist plot for bare SS 304, GPZ, GPZ-Pr
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Fig. 7. Nyquist plots for Uncoated, GPZ, GPZ-Pr and GPZ-Pr-Ti.

(@)

(b)

Fig. 8. Bode plots showing the (a) absolute impedance and (b) phase angle.

and GPZ-Pr-Ti are shown in Figure 7. The bare
SS 304 showed a depressed semicircle which repre-
sents the surface heterogeneity and interfacial (cor-
rosion) process of the system, i.e., charge transfer
resistance due to metal corrosion and the double
layer capacitance of the liquid/metal interface [18].
Therefore, all coating systems have higher corrosion
resistance than the control (bare SS 304) which
demonstrates poor barrier properties resulting in in-
sufficient corrosion resistance. The highest re-
sistance value was obtained for the GPZ-Pr-Ti coa-
ting, followed by the lowest resistance values of un-
coated and GPZ. The incorporation of nanocompo-
sites allows homogeneous dispersion within the sol-
gel matrix resulting in a better integrity and stability
of the coating matrix. Furthermore, nanoparticles
Prs011 (GPZ-Pr) provide larger interfacial area be-
tween the sol-gel matrix and the nanoparticles sur-
face that allows the diffusion of aggressive electro-
lyte species towards the metal substrate. To make
the diffusion path small the Pr¢O.; were doped with
TiO, and make the core-shell around the SiO, parti-
cle then there will be a less interfacial area between
the sol-gel matrix and the nanoparticles surface.

Consequently, less diffusion paths are present in the
coatings GPZ-Pr-Ti which restrict the diffusion of
aggressive electrolyte species towards the metal sub-
strate. The good barrier properties of the coatings
with the nanocomposites (GPZ-Pr-Ti) give the good
inhibiting effect. The positive effect of the inhibiting
species relies on their release upon the onset of cor-
rosion. The release inhibitor molecules form a layer
on the metal surface, which terminate the corrosion
processes and restore partially the coating barrier
properties in the damaged coating area.

The impedance spectra of SS 304 coated with
intact sol-gel coatings containing nanocomposites in
0.5M of NaCl solution are represented in the form of
Bode plots in Figure 8. It could be visualized,
GPZ-Pr-Ti showed increases in maximal phase
angle value for better coating and barrier properties
(Figure 8b). The high frequency time constant can
be ascribed to the sol-gel coating capacitance and
the low frequency time constant to the capacitance
of the intermediate oxide layer at the metal-coating
interface. As a result, sufficient coating barrier
properties are revealed by good pore resistance
resulting in higher |Z| values measured for the



85

GPZ-Pr-Ti coatings, which account for the better
barrier properties than the other coatings
(Figure 8a).

The potentiodynamic polarization curves for Bare
SS 304, GPZ, GPZ-Pr and GPZ-Pr-Ti in 0.5M of
NaCl solution are shown in Figure 9. These polariza-
tion curves showed the positive shift in the corrosion
potential (E.r) and substantial reduction in corro-
sion current (leorr) UP t0 PrgOy;-TiO, @ SiO,. The
values of Eg,r increase from Bare SS 304 to
GPZ-Pr-Ti. If the concentrations of PrgO1;-TiO; in-
crease beyond optimized weight percent, there is
effect in the coatings due to the deterioration of the
integrity and there is a possibility for agglomeration
in nanocomposites at higher concentration. The pro-
tection efficiency (PE) of the coatings was calcula-
ted by using the formula (Equation 1):

corr,bare

corr, coated XlOO
corr, bare (1)

Where lcorr, bare @Nd leorr, coated @re the corrosion current
density for uncoated and coated SS 304, respective-

ly.

PE (%) =

Fig. 9. Potentiodynamic polarization scans for Uncoated, GPZ,
GPZ-Pr and GPZ-Pr-Ti.

Table. Electrochemical parameters obtained from the
polarization measurements in 0.5M of NaCl solution.

Sample Ecorr leorr Protection | Corrosion
(mV) | (uAlem?) rate
Efficiency (%) (mml/y)
Bare -370 5.626 - 0.063
SS 304
GPZ -229 4.987 11.35 0.055
GPZ-Pr -213 2.679 52.38 0.030
GPZ-Pr-Ti -132 0.126 97.76 1.414x10°

The polarization curves and the calculated Tafel
parameters of the samples after immersion in 0.5M
of NaCl solutions are summarized in Table. E.,, for
bare and GPZ were determined as -370 mV and
-229 mV, respectively. E., is @ measure of the ten-
dency of the sample to corrode and the protection
efficiency of coatings. As the value of E, becomes

more positive, the efficiency of protection increases.
The positive shift in Eg suggests an efficient
protection of stainless steel by sol-gel coatings.
Also, the measured corrosion for GPZ (i.e.,
4.987 pA-cm?) is lower than the corrosion current
for bare SS 304 (i.e., 5.626 pA-cm 2). After the addi-
tion of PrsO4;-TiO, nanocomposites, there is a posi-
tive shift in Eor value as well as a decrease in corro-
sion current. As shown in Table, the protection effi-
ciency for GPZ-Pr-Ti is calculated as 97.76%, which
is much higher than the protection efficiency of GPZ
(11.35%). The corrosion rate is known to signifi-
cantly decrease after the addition of the nanocompo-
sites (PrgO13-TiO,). These results show the effect of
preventing water from diffusing through the coating.
The surfaces are deprived of oxygen and thus, ex-
tend at which the cathodic reaction happens is very
limited. The protection efficiency and corrosion rate
results reveal that the GPZ-Pr-Ti coated on SS 304
effectively protects the substrate and improves the
corrosion resistance due to the homogeneous distri-
bution of nanocomposites and relatively less porous
surface of GPZ-Pr-Ti hindered the access of electro-
lyte to the substrate.

Fig. 10. Corrosion tested substrate after 480h in the salt spray
chamber (a) Uncoated SS 304; (b) GPZ; (c) GPZ-Pr and
(d) GPZ-Pr-Ti.

Salt spray test

The more traditional salt spray technique was
used to investigate the corrosion performance of the
SiO;, @ PrgO44-TiO, films coated on SS 304. The
coated plates were exposed in salt spray chamber for
480h (20 days) are shown in Fig. 10 (taped areas
were cropped and specifically corrosion affected
portions were taken). It can be clearly seen that
GPZ-Pr-Ti exhibits less corrosion and retains their
coating without any peel and crack on the surface.
The bare SS 304 on contrast exhibits early signs of
corrosion. The EIS results are in good agreement
with visual observation. Therefore, the data confirm
that Si0, @ PrgO4;-TiO, coatings have good anti-
corrosion behavior facilitating the corrosion inhibi-
tion comrade when compare to the other silane
coatings.



CONCLUSIONS

This work illustrates the encapsulation of
PreO4:-TiO, by SiO, layer to form core-shell micro-
structures. The superior performance can be attribu-
ted to the siloxane coatings combined with
PreO4:-TiO, to protect the substrate anodically. The
fabrication process was easily controlled by varying
the composition of nanocomposites. The results
indicated that the optimal composition of
PreO4;-TiO, (0.5 wt%)/SiO, showed an excellent
anticorrosion effect for SS 304 in 0.5M NaCl solu-
tion. In comparison, GPZ and GPZ-Pr deteriorate the
coating integrity by introducing diffusion paths for
aggressive electrolyte species, which results in a loss
of anti-corrosion efficiency. The best passive and
active corrosion resistances were provided by the
GPZ-Pr-Ti coating, as determined by EIS analysis.
To the best of our knowledge, SiO, @
PreO1:-TiO, hybrid materials have not been reported
earlier. It is believed that this offer an effective stra-
tegy and promising industrial application for fabri-
cating anticorrosion coatings on other metallic mate-
rials.
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Pedepar

B cratbe oOmMCHIBAacTCS MOMBITKA Pa3pabOTKH aHTH-
KOPPO3WOHHBIX MOKpbITHil i cranu SS 304 Ha ocHOBe
CHUJIOKCAHOBEIX KOMIIO3UIIMOHHEIX MIeHOK ¢ PrgOq;-TiO,
HAHOYACTHUIIAMH, TIIONy4ACMBIX 30JIb-TCIb  METOJIOM.



IToka3aHo, YTO MPH KCIOIB30BAHUH HAHOKOMIIO3UTOB M3
OKCHJa Tpa3eoanMa, JIETMPOBAHHOTO OKCHJOM THTaHa
(Pr¢O1;-TiO,), BHEAPEHHBIX B THOPHIHBIA 30Jb-TEJb
ciot, nocruraercs 3QdexTrBHas 3ammTa 0T KOPPO3HUU
HIDKETICXKAIICH CTaJIbHOI HOJJIOXKKH. Bnusuue
PreO.1-TiO, nmaer ynuBHTENbHBIE AaCHEKThI HA OCHOBE
AKTHBHBIX AHTHKOPPO3HOHHBIX MOKPBITUH. CHIMKA30Ih
obpabateiBaiu PrgOy;-TiO, 1i1st JOCTHKEHHS COJePIKaAHUS
0-1% wmac. HAaHOKOMITO3UTOB. BiusHHE pa3TMIHOTO
COJIepKaHUsl HAHOKOMITO3UTOB Ha MATPUILy M3 JTUOKCHJA
KPEMHUSI JIsl IOBBILICHHS aHTUKOPPO3MOHHOU CTOMKOCTH
HCCIEeOBAIN C TOMOIIBIO 3IEKTPOXUMUYECKONW HMIIe-
nauncuont  cnekrpockormun  (OUC).  HaHOKOMIOZHUTHI
PreO,1-TiO,, BHeApeHHBIE B THOPUIHOM 30J1b-T€NIb CIIOH,

87

3G(PEKTHBHO  3aIIUINAIOT TIOMJIOKKY OT KOPPO3UH.
Pe3ynpTaThl MOKa3aiy 3HAYUTENBHOE YIYYIICHHE AHTH-
KOPPO3MIMHBIX CBOMCTB C POCTOM COJepKaHHsl T0O0aBOK
BILIOTH A0 OHTI/IMH3HpOBaHHOﬁ KOHICHTpallu HAHOKOM-
mo3uToB. [ xapakrepusaiu MOP(HOJOTHH MTOBEPXHO-
CTH JIETHPOBAaHHBIX W HEJIETMPOBAHHBIX MOKPBITHH TpH-
MEHSIJIM ITPOCBEYHBAIOILYIO DJIEKTPOHHYI0 MUKPOCKOIIHIO
(TISM) U CKAaHUPYIOIIYIO 3JICKTPOHHYI) MHKPOCKOIHIO
(COM). UccnenoBanust mMoKa3ay, 4TO HAIMYUE CHHEpre-
traeckoro addexra mesxay PrgOy:-TiO, v cruitokcaHoBoi
MaTpHLEH NPUBOANT K CAMOBOCCTAHOBJICHHIO OKPBITHH.

Knrouesvie cnosa. 30np-2enw npoyecc, aHmuxKoppo3ust,
HAHOKOMNno3umesl, dNeKmpoxumudeckas UMNEOAHCHAs
CNEeKmpOCKonusi.



88

HccnenoBanne MexaHU3MOB Pa3BUTHsI DapbepHOro pa3psiia

B CUCTEMEC KHUIVIA-IIJIOCKOCTDB»

O. A. EmeansinoB, M. B. lllemet

Canxm-Ilemepbypeckuii nonumexnuveckuti ynusepcumem Ilempa Benuxozo,
ya. Honumexnuueckas, 29, 2. Cankm-Ilemepoype, 195251, Poccus, e-mail: oaemel@gmail.com

DKCIIepUMEHTATBFHO HCCIICIOBaHO pa3BuTHe OapsepHOro paspsaa (BP) Ha Tpex momemsix: «wria —
MOJMMEPHBII 0apbep — MIIOCKOCT», KUTJIa — CYOMIJLTMMETPOBBIN BO3/IYIIHBIH 3a30p — MOJIMMEPHBIH
0apbep — IUIOCKOCTh» U «HTJla — CYOMMJIZTMMETPOBBIA BO3JYLIHBINH 3330p — METAJUTMYECKUH ANUCK —
NOJIMMEPHBII O0apbep — mockocTh». [lepBas Mojenb XapakTepu3oBaiach HAIMYMEM HOBEPXHOCTHOM
¢assl BP, BrOpasi — HOBEepXHOCTHOW M 0OBEMHOH, a TPEThSI — TOJIBLKO 00BeMHOMN. B kauecTBe Oaphepa
WCIIONIb30BAJIACh TUIEHKa NonudTWwiIeHTepedTanara toamuaor 100 MkM. DkcnepuMeHTanbHas ycTa-
HOBKA M03BOJISLIA HAJEKHO U3MEPSTh OCHOBHBIE XapaKTEPUCTHKHU Pa3PsIAHOTO SBJICHUS: HAPSKEHUE
BO3HUKHOBEHUS pa3psilia; pa3psIHbIA MMITyJIbC TOKA; 3apsii, NEPEHECEHHBIN B LIEMU B MIPOLECCE Pa3-
psiia; MPOCTPAHCTBEHHOE paclpeaeiIeHie OBEPXHOCTHOH TUIOTHOCTH 3apsaja Ha Oapbepe. DKCIepH-
MEHTAJIFHO TTOKa3aHO, YTO OCHOBHYIO POJIb B IIporiecce pa3BuTHsa bP nrpaer moBepxHOCTHas ¢asza
paspsiaa. [lomydeHHbIE JaHHbBIE YKA3bIBAIOT HA TOT ()aKT, YTO PACIOI0KEHUE METAIIIUIECKOTO IUCKA C
IUIABAIOIIMM MOTECHIMAJIOM Ha MOBEPXHOCTH Oaphepa 00ECIEeYMBACT YCIOBHUS Ul BO3HMKHOBEHHS
TJICIOIIETO Pa3psiia aTMOC(EPHOTO AABICHHUS.

Kniouesvie cnosa: Oapvepmuviili paspsaod, maeowuil paspad ammocQepHozo 0aeieHus, Noaumep,

cmpumep.

VK 533.9
BBEJIEHUE

Bapoepubiii paspsn (BP) passuBaercs B ycnoBu-
X, KOTJa XOTS Obl OJMH U3 3JEKTPOJOB MOKPBIT
muaniekTpukoM. 3a nociennue 10-15 ner nabmrona-
ercsd pocT uucia ucciegoBanuit bP BciencTBue ero
[IMPOKOTO HCIIOJIb30BaHUS B MPAKTHYCCKHUX LEISX,
HarpuMep JUId TONYyYeHHS O30HA, MOIU(UKAINN
TTOBEPXHOCTH MaTepuaiioB, Hakauku CO, mazepoB u
Y®-5KkCUMEpHBIX JIaMI, CO3JaHMS IUIa3MEHHBIX
JMCIUIEEB, OYMCTKH, pa3pylleHHs JIETYYHX OpraHu-
yeckux coenunenuid [1, 2]. ITocnennue uccienona-
HUsI HAINpaBJICHbl Ha pa3BUTHE OHOMEIUIIMHCKUX
NPWIOKEHUH M CHCTEM YIPaBICHHUS BO3IYITHBIMU
motokamu [3, 4]. B 3aBUCHMOCTH OT MPaKTHIECKOTO
NPWIOKEHUST pa3Mep pPa3psaaHOro IMPOMEXKYTKa
Bapbupyercs B nuamnazone ~ 0,1-100 mm. B kaue-
CTBe MaTepuana Oapbepa OOBIYHO HCIONB3YIOTCS
CTEKJIO, KBapll, KepaMHKa, SMajlb WK MOJUMepsI [5].
B 3aBucumocTu oT pabouero rasa, MOBEPXHOCTHBIX
CBOMCTB NTMAJICKTPUKA W YCIOBUH pabOThI Oapbep-
HBII pa3ps] MOXKET CYIIECTBOBATH B JIBYX Pa3IHy-
HBIX peXuMax: AuGhy3HOM H (HHIaMESHTAPHOM.
Jubdy3Hblit pexxuMm paspsga MOXKHO THOJNYYHTh
TOJBKO TIPU COOJIOACHUH CIEUUAIBHBIX YCIOBUIA
[6, 7]. B nanHOM city4ae pa3psii MOXKET pa3BHUBAThCS
Kak B (opMe TIerIIero paspsiia, XapakTepu3yemo-
IO BBICOKMM KaTOJHBIM IMaJICHUEM MOTEHIIAANA, TaK
u B (opMe TayHCEHIOBCKOTO paspsjaa, Korjaa
MPOCTPAHCTBEHHBIA 3aps]] MPAaKTHYECKU HE OKa3bl-
BaeT BIMSHMA Ha BHeuHee noie [8]. dumamenrap-
HBIH peXHUM HaONIIOAaeTcsl MpH aTMOCPEpPHOM J1aB-

JICHUH B BHUJIE MHOXKECTBA CIIyd4aiiHO pacrpeiesicH-
HBIX 10 TOBEPXHOCTH JMAJICKTPHKA OJHHOYHBIX
MHKpOpPa3psiioB (Tak Ha3bIBAEMBIX TOKOBBIX (hHiIa-
MEHTOB) ¢ paanycoM Kanaia nopsiaka 0,1 Mm u au-
tenbHOCTHIO 1-100 He [9]. Cremyer OTMETHTH, YTO
MHKPOpPa3psii XapakTepusyercst IBymsi (azamu pas-
BuTHs. IlepBas (oObeMHas (aza) XapakTepU3yeTCs
CTPUMEPHBIM TPOOOEM Ta30BOr0 MPOMEXKYTKa, a
BTOpas (moBepxHOCTHas (ha3a) CBs3aHA C JabHEH-
IIUM Pa3BUTHEM CTPHMEPHBIX Pa3psiioB IO MOBEPX-
HOCTH Oaphepa. M3BeCTHO, 9TO OJHUM W3 YCIOBHI
BO3HHUKHOBCHHUS JIABUHHO-CTPUMEPHOTO Tepexojia
SBJISIETCS.  JOCTH)KEHHE  KPUTHYECKOTO  YHCiIa
EKTPOHOB B TONOBKE JaBWHEI mopsgka 10°
[cm., mamp., 10]. Ilpu nanpHeimeM pa3BUTHH CTPH-
Mepa YHCII0 HOCHTEINICH B TOJOBKE C1ab0 MEHsIETCH,
MOATOMY Ha MOBEPXHOCTH Oapbepa JO0JDKHO HAKO-
OUTBCS ~ HECKOJBKO  JICCATKOB  MHKO-KYJOHOB
(=10°%1,6-10™). Opmako paHee BBIIOTHEHHBIC
uccinemoanus [11, 12] mokasamm, 4YTO 3HAYEHHE
BEJIMYUHBI TTOBEPXHOCTHOTO 3apsiia MOXKET JIOCTH-
raTh €JWHHI[ HaHO-KYJIOHOB, IIPH 3TOM €ro Xapak-
TEpHBIH MPOCTPAHCTBEHHBIH MaciITad JEeXHT B
MIJUITAMETPOBOM ~ JMana3oHe W 3HAYUTENIBHO
OpEeBHIIACT  JUAMETP  CTPUMEPHOr0  KaHaia
(~ 0,1 mm). Takum 06pazoM, MOKHO TIPEIITOIOKHTD,
YTO OCHOBHOW BKJIaJl B pa3psiAHBIM TOK M IPOIlecC
HaKOIUICHHUS 3apsiia B BP 1aeT HMEHHO MOBEPXHOCT-
HBI paspsn (moBepxHocTHas (aza), a He mpoOOi
BO3IYIIHOTO MpOMeXyTka (oObemHas ¢asza). s
HNOATBEPXKICHUSL OTOM THIOTE3bl M  BBIICHCHUS
KOJMYECTBCHHBIX XapaKTCPUCTHK Pa3BUTHS 00BEM-
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HOH W TOBEpXHOCTHOW (a3 BP OBIIHM TpOBemEHBI
CTeIHANTbHBIE DKCIIEPUMEHTATbHbBIC HCCIICIOBAHUS,
Pe3yAbTATHI KOTOPBIX M 0OCYXKIAIOTCS B HACTOSIIEH
cTartbe.

1. METOAUKA ITPOBEAEHUA
OKCIIEPUMEHTA

DKCIEepPUMEHTAILHBIE MCCIIEIOBAHUS OBLTH IIPO-
BEJICHBI JUISI TPEX OKCICPUMEHTAIBHBIX MOJEICH
(puc. 1), xoHburyparms 3JEKTPOAOB  KOTOPBIX
MIPEICTaBIsIIa COOO0H CHCTEMY HTJIa — MIIOCKOCTH!

1) cucrema «uria — TOJMMEPHBIH Oapeep —
IJIOCKOCTB» — MTOJIbYATHIM 3JIEKTPOJ pacroarajics
BEPTHKAIIGHO HETIOCPEICTBEHHO Ha IOBEPXHOCTH
Oapbepa, TeM caMbIM oOecriednBas YCIOBHUS IS
pa3BUTHSL TOJBKO IMOBEPXHOCTHOTO paspsaa. ITy
CUTYaIlMI0 MOXHO paccMaTpUBaTh Kak (PU3UIECKOE
MOJIETTMPOBaHNE KacaHWs Oaphepa T'OJOBKOW CTpH-
Mepa;

2) cucTtemMa «Hrjla — BO3AYIIHBIN 3a30p — IMOJH-
MEpHBII 6apbep — IUIOCKOCTH» — UCCIIEOBAJICS Tpa-
JTUITMOHHBINA (unameHT BP B ycnoBusx HeoqHOPO-
HOTO TOJIA TPU HECUMMETPUYHON KOHQUTYpaluu
AJIEKTPOJIOB;

3) cucrema «uriaa — BO3AYIIHBIA 3a30p —
MeTalll — HOJUMEPHBIA Oapbep — MIOCKOCTH» — Ha
MOBEPXHOCTh Oapbepa HANBUIICS aTIOMHUHHEBBIN
AJIEKTPOJl IHUCKOBOW (opMbl. [[mameTp 3iekTpona
(D) cocrapmsin 2-11 mmM, a tonmmua — 20 HM. Wrina
pacroyiaranach HEMOCPEICTBEHHO HaJ IIEHTPOM
JIICKA, TIPH 3TOM MEXAy UIJod U OaphepoM ycTa-
HaBIIUBAJICSl TpeOyeMblil BO3MyIIHEBIN 3a30p. B nan-
HBIX YCJOBHSIX Pa3BUTHE MOBEPXHOCTHOIO paspsiaa
3aTpyIHEHO, TIOATOMY ONHCEIBaeMasi MOJIETh Xapak-
TEpHU30Bajach TOJBKO PA3BUTHEM pa3psiia B BO3-
JTyIITHOM TTPOMEXKYTKE.

BB uronsuarsrii
WIEKTPOIL

[1poboii BO3IYILIHOTO
HPOMEKYTKA

PN

Merannnueckuii
JIMCK
(D=2-11mm)

ToBepxHOCTHEIH
paspsjt

IocKuii anekTpos [Monuiepusiii Gapsep (IIITD 100 Mrm)

Monens 1 Monens 2 Monens 3

Puc. 1. DxciepuMeHTaNbHBIE MOJCIH: MOJENb 1 — TOBEPXHOCT-
weii  paspsag  (IIP); wmomens 2 GapbepHbIil  pa3psin;
Mozeib 3 — mpoboii BozayuHoro npomexyrka (I1B).

B kadecTBe 6apbepa, pacroaaraeMoro Hermocpe-
CTBEHHO Ha MOBEPXHOCTH TUTOCKOTO DJIEKTPO/A, IS
BCEX MOJIENIeH UCTOIb30BAJICS MOJUITHICHTepedTa-
sat tommHor 100 MKM.

Pamnyc 3akpyrieHust uribl coctaBmsul 40 MKM.
Pasmep Bo3mymuoro 3asopa (h) Bo BrOpoil M
tperbeii Momensax coctaBista 100 wmm 300 MmkwM.
V3MepeHusi OCHOBHBIX 3JIEKTPHYCCKHX XapaKTepH-
CTUK paspsina (HampspKeHUS BOSHUKHOBEHUS paspsi-
na (Ugp); paspsiiHOro MMITYJIbCa TOKA; 3apsjia, mpo-
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TEKIIEro B IIEMM BO BpeMsl paspsiyia;, MpOCTpaH-
CTBEHHOTO pacrpe/elieHus TIOBEPXHOCTHOU IIOTHO-
CTH 3apsja, HAKAIUTUBAKOIIETOCS Ha MOBEPXHOCTH
JUBJICKTPHUYECKOTO Oapbepa), MPOBOAMIKCEH B J1a00-
PaTOPHBIX YCIOBHUAX C TOMOIIBIO SKCIIEPUMEHTAIIb-
HOW YCTaHOBKH, MOJApOoOHO omucanHoi B [13].
[NapamienbHO AIEKTPOJHBIM CUCTEMaM BKIIHOYAIACh
eMKocTh cBsizu (95 nd), obecneunBaromas He0OXo0-
JUMYIO TTOJMTUTKY SHEPTHH JUIS Pa3BUTHS pa3psijia.

K anekrpoaam npukiaasBaioch JUHEHHO Hapac-
Talolee  HampsbkeHue  (CKOpPOCTh  ToabeMa
~ 100 B/c) mo mMoMeHTa BO3HMKHOBEHHsS paspsia.
[Mocne 3aBepiieHUs] pPa3psAHOTO TIpollecca OHO
OTKITIOYATIOCh. IMITyJIbC TOKA pa3psiia OMpeaescs
MO0 M3MEHEHHIO HANPSIKCHUS Ha MaJIOWHJTYKTHBHOM
HuszkoomMHoMm miyHTe (50 OM), TOIKITIOYEHHOM K
TUIOCKOMY DJICKTPOJy. 3HAUCHHE HANPSIKCHUSI PEru-
CTPUPOBAJIOCH ¢ TOMoIIbI0 ocimniorpada LeCroy
Wavelet-322 (2 I'pbib/c). MakcumainbHasi 4yBCTBU-
TETLHOCTHh MeToa peructpanuu Toka — 0,2 MA. Tlpu
3TOM 3HAYCHHUE IOCTOSHHOW BPEMEHU HW3MEPCHUS
UMITYJILCHOTO TOKa coctaBmio mopsinka 700 mc, uto
MO3BOJIMIJIO HA/ICKHO U3MEPSTH TPOILIECCH B HAHOCE-
KYHJHOM MaciiTabe BpeMeHH.

W3mepeHre  HAKOIJICHHOTO  TOBEPXHOCTHOTO
3apsifia OCYIIECTBISUIOCH ITOCPEICTBOM CKOHCTPYH-
POBaHHOTO EMKOCTHOTO BpAI[AIOIIErocss 30HIa C
IaMeTpoM CKaHupyromiero aekrpoaa 0,7 mm. Jlms
TTOBBINICHUS Pa3peNIaloiei crtocOOHOCTH 30HIOBOI
METOJHMKHN OBLTO pa3paboTaHO MporpamMMHOE obec-
MeyeHre, OCHOBAHHOE HAa METOJC perylsapu3aluu
TuxoHoBa.

2. PE3VJIbTATBI SKCHHEPUMEHTAJIbHBIX
NCCIIEAOBAHUN

Ha puc. 2 coBMecTHO TpencTaBiieHBl OCIHILIO-
rpaMMBbl pa3psiAHOTO TOKAa IJIsl TPEX HCCIEAYEMBIX
MOJICIICH.

0,75 ; ; : ; ; 60
{40
<
=
120
00 20 40 60 80 100 0
t, HC

Puc. 2. OcuuiorpaMmbl pa3psiiHOTO TOKa JUlsl TPEX HCCiemye-
MbIx wmogeneit: ITP (moBepxHocTHBI paspsx) — h = 0 mw,
Uzp = 1280 B; BP — h = 100 mxm, Ugp = 1440 B; TIB (mpoGoit
BO3ZYIIHOrO 3a30pa IPU HAIWYMH JUCKOBOTO DJIEKTPOAa) —
h =100 mxm, Ugp = 1140 B, D = 2,7 mm.

Buano, uto B cnydyae OapwepHoro (BP) wu
moBepxHocTHOTO (ITP) paspsmoB HMIIYIBCHI TOKa
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ONMU3KH IpyT Opyry. AMIDIUTYZa COCTaBHIIa OKOJIO
30 MA, a mmutensHocTh — mopsaka 100 He. DT1o
pencKa3yeMbiii pe3ynbrat. [Ipopactanue crpumepa
10 HaNpaBJIEHUIO K 0apbepy MOKHO pacCMaTpHUBAThH
KaK mepeMeleHne Uribl. [locine NOCTHKEHUs CTpH-
MEpPOM  JIMAJICKTPUKA WHUIIMHUPYETCS  pPa3BUTHC
MTOBEPXHOCTHOTO Pa3psa, 4To U OyJeT HaOIoaaTh-
Cs B Cllydae pacIloIOKEHHs WIJBI Ha Oapbepe, TO
€CTh B NepBOil Mojenu. JlanpHeliee pa3BUuTHe Mpo-
[ecca M ero mocjienyrollee 3aTyxaHue B 000uX Ciry-
YasX OMpPEEeNSIOTCS MOBEPXHOCTHBIMHI CBOMCTBaMU
Oappepa ¥ BETUUMHOW MPUIIOKCHHOTO HAIPSDKEHUS.
Takum 00pa3oM, OCHOBHBIM OTIHYMEM JUISL JBYX
MoJieJieil SBISAEeTCS OTCYyTCTBHE (pa3bl MpoOOs BO3-
JYIITHOT'O MPOMEXKYTKA, TO €CTh MEPECEUCHUsI MPOo-
MEXyTKa CTpuMepoM. J[lelicTBUTENBHO, pa3HUIA
BEJIMYWH TEPEHECEHHOT0 B IENH 3apsa Ha Hadailb-
HOM 9Tarne ot 3 g0 7 He cocraBmia ~ 80 nKu, uro
0M3K0 K 00BEMyY 3apsia, MEPEHOCHMOTO TOJIOBKOM
cTpuUMepa.

B Tperpem ciyuae, TO €cTh MPU HATHYUH JHCKO-
BOTO 3JIEKTpo/a Ha Oapbepe, MOJIYLIIMpUHA pa3psii-
HOTO WMITyJibca TOKa cocTaBwia 2-3  HC,
ammumatyna — 0,75 A. CTonb CyliecTBeHHBIE H3Me-
HeHUsI OOBSCHSIOTCS CMEHOW MexXaHW3Ma paspsia
BCJICJICTBUE HAIMYMS 3JCKTPOAa C IUIABAIOIIUM
MOTEHIIUAIOM,  O0CCIICYMBAIOIICTO  MPAKTHYECKU
MTHOBEHHBIA «OTTOK» OCEAIOIIero 3apsija OT OCH
paspsga. DTO  CHOCOOCTBOBAIO  CHEPIKUBAHHUIO
HapacTaHHWs OCEBOI'0 3alMpPaloIIero MOJs, KOTOpoe,
B CBOIO OYepe/lb, OKa3bIBACT OCHOBHOEC BJIMSHHUE Ha
3aTyXaHue pa3psja.

OtMernM, 49TO naHHBIM 3ddexT Habmomancs u
IIPH OTPUIIATETFHON TOJISIPHOCTH WTJIBL.

B kavecTBe mpuMmepa Ha pHc. 3 MPEICTABICHO
IIPOCTPAHCTBEHHOE paclperiesieHle MOBEPXHOCTHON
IDIOTHOCTH 3apsi/ia, HAaKOIUIEHHOTO TpH pa3BuTuu bP
B BO3AyIIHOM 3a30pe 100 MkmM.

a, nKn/em?

X, MM

Puc. 3. IIpocTpaHCTBEHHOE pacmpeneieHHe IOBEPXHOCTHON
IUTIOTHOCTH 3apsa, HAKOIUICHHOTO B pe3ynbTare pa3Butust bP
(h =100 mxM, Ugp = 1440 B).

Ha crnemnyromem rtpaduke (puc. 4) COBMECTHO
M300paKECHBI MaKCHMAJbHBIC paralibHbIe TPOQUIH
CEYCHUs] HAKOTUICHHOTO MOBEPXHOCTHOTO 3apsijia Ha

MOJIMMEPE U METAIUIMYECKOM TUCKOBOM JJIEKTPOJIE B
pe3yibTaTe pa3BUTHS pa3pslia B TPEX UCCIENLYEMBIX
mozensx (cimyuait BP coorBercTByer puc. 3).

40 T T T T T
I1p

I, MM

Puc. 4. Pagnansupie Npoduin ceueHns] HAKOTUIEHHOTO TOBEPX-
HOCTHOTO  3apsjia Ui TPEX  HUCCIEAYEMBIX  MOJeIe:
BP — h = 100 mxMm, Ugp = 1440 B; IIP (moBepXHOCTHBIA
paspsm) — h = 0 mm, Upp = 1280 B; TIB (npoGoii BO3aymiHOro
3a30pa OpH HATMYMH TUCKOBOTO 3mekrpoma) — h = 100 mkwm,
Upp=1140B, D = 2,7 Mm.

Pacnpenenenus B ciryuae 6apbepHOro U IOBEPX-
HOCTHOTO Pa3psiioB MOTYT OBITh yJIOBIETBOPUTEIb-
HO aIlmpoKCHUMHUpoBaHbl (yHKuueil [aycca, mpu
3TOM OHHM OYCHb OJM3KH, KaK M HMITYJIbCBHl TOKa.
TakuM 00pa3oM, MOKHO 3aKJIIOYUTh, YTO OCHOBHAS
yacTb TOKOBOro wummyisca bP  ompenensercs
MIOBEPXHOCTHOM CTanuel pa3BUTH pa3psia.

]5 T T T

0 5 10 15 20
t, HC

Puc. 5. l3meHenue co BpeMeHeM HOPMalbHOW IIOTHOCTH pa3-
psimaoro toka jy (momens 3 — IIB): cruromHast JUHUS —
h = 100 mxm, myuakrap — h = 300 mxm. udpsr xa rpadukax
COOTBETCTBYIOT JHaMeTpy MeTautindeckoro aucka (D).

DKCIEepUMEHTHI, IPOBEACHHbBIE C TPEThECH MojIe-
aet0 ([IB) mpu pasHbIX AMaMeTpax JIHUCKOBOTO
AIIEKTPO/IA, TIOKA3AIH, YTO aMILUTUTYAa TOKa pa3psaaa
U3MEHSIACh TMPSIMO  POMOPIUOHATIBHO TUIOIIAIN
nmucka. Ha puc. 5 ms 3a30poB 100 u 300 mxm mipen-
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3HayeHHsT OCHOBHBIX TApaMETPOB pas3psaa s CiiydaeB, H300paKeHHBIX Ha pHC. 5

h, Mmxm Uzp, B D, MM Iu, A ty, HC Q, uKn owm, HK/em®
100 1100 6,1 2,8 55 6,6 24,7
100 1130 10,4 6,9 8 20 234
300 1640 2,7 0,7 9 2,3 36,5
300 1510 59 3,2 9 10,3 36,6
CTaBJICHbl PAaCUETHBIE 3HAYEHUS HOPMAJIbHOU IIOT- JINTEPATYPA

HOCTH TOKa Jy, ONpEnensieMoll Kak OTHOIICHHE
MTHOBEHHOT'O 3HA4YCHHs TOKa K IUIOLIAIM JUCKA.
Ilpu >TOM, HE3aBHCHUMO OT JUaMETpa JUCKOBOTO
3JIEKTPOJIa M pa3Mepa BO3IYLIHOTO 3a30pa, MaKCH-
MaJbHOE 3HAYCHUE |y TPHOIU3UTEIHLHO COXpPaHSI-
nock Ha yposHe ~ 10 A/cm®. B Tabuiie npejcras-
JICHBbI 3HAYCHHSI OCHOBHBIX MMAapaMeTPOB paspsaa JJis
paccmatpuBaeMbix ciydaeB (ly — ammutyma Toka
paspsma; ty — JUIMTETBHOCTH HUMITyJbCa TOKA;
Q — HaKOIUICHHBIN HAa METAJUTHYCCKOM JTHUCKE 3apsi;
Om — MMOBEPXHOCTHAS TUIOTHOCTH 3apsjia, HAKOIUICH-
HOTO Ha jaucke). V3BeCTHO, 4UTO COXpaHEHHE BEIIH-
YHHBI HOPMAJILHOH MIOTHOCTH TOKA XapaKTePHO JIJIsI
KATOJIHOTO CJIOSI TJCIOIIErO Paspsia B PasIHYHBIX
ycioBusax [14-16]. Tak, B Bo3myxe arMocdepHOro
JIaBJICHHsI HOPMaJIbHAsl TJIOTHOCTh TOKA COCTABIISICT
~ 102 Alcm? [14], 4to cormacyercs ¢ mpecTaBICH-
HBIMH DKCIIEPUMCEHTAIBHBIMH JaHHBIMH. Kpome
TOrO, pacuersl aBTOpoB [17] mokassiBaroT, UTO MpH
JOCTIDKCHUH KATOJHO-HAMPABJICHHBIM CTPUMEPOM
MOBEPXHOCTH 3JIEKTPO/a MPOUCXOAUT 0Opa3oBaHUE
KaTOJIHOTO CJIOSi C OJIM3KUMHU K TJICIOLIEMY Pa3psiay
napaMeTpaMu. Takum 00pa3oM, MOXKHO MPEIII0IIO-
KHUTh, YTO B HaIIEM CJydYae IOCIe CTPUMEPHOIO
mpo0osi BO3AYIIHOTO MPOMEXKYTKA BO3HUKAET TIie-
ronmii paspsan armoceproro masnenus (APGD —
atmospheric pressure glow discharge) [18].

3AKIIIOYEHUE

B namnHOif paboTe TIpOBEIEHBI WCCIICIOBAHUS
OappepHOTO pas3psa B TPeX ISKCIEPUMEHTAIbHBIX
MOJIETSIX, OCHOBAHHBIX Ha CHCTEME 3JIEKTPOAOB
«HIJIa — TIOCKOCTH», B KOPOTKUX BO3AYLIHBIX MPO-
MEeXyTKax Impu atMochepHoM naBneHnn. OCHOBHBIC
pPe3yNbTaThl AKCHEPUMEHTOB MOXKHO CHOPMYIHPO-
BaTh CIIEAYIONIUM 00pa3oM.

1. B cucreme «uria — BO3AYILIHBIA 3a30p —
MOJIMMEPHBIH Oaphep — MIOCKOCTH» MPHU BOZHHKHO-
BEHHU CTPUMEPHOTO MPO0OS BO3MYIIHOTO MpOMeE-
JKyTKa OCHOBHYIO POJIb B IIPOLIECCE PA3BUTHS pa3psi-
Jla UTpaeT noBepxHocTHas (aza bP.

2. B cucreme «uria — BO3IYIIHBIA 3a30p —
MeTaJul — NOJIMMEPHBIH Oapbep — IIOCKOCTB» MOCTe
CTPUMEPHOTO TPO00S BO3IYIIHOTO TPOMEXYTKA
BO3HUKAET HAHOCEKYHIHBIN TICIOMIUI pa3psii aTMO-
chepuoro masnenus (APGD — atmospheric pressure
glow discharge).
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Summary

The study of the dielectric barrier discharge (DBD)
was conducted in three experimental configurations:
“needle — polymer barrier — plane”; “needle — sub-
millimeter air gap — polymer barrier — plane”, and
“needle — sub-millimeter air gap — metal disk — polymer
barrier — plane”. In the first case, only the DBD surface
phase occurred (i.e. surface discharge), in the second one
both surface and volume phases took place (i.e. typical
DBD), and in the third case only volume phase occurred
(i.e. air gap breakdown). A polyethylene terephthalate
film with a thickness of 100 um was used as a barrier.
During the experiments the breakdown voltage, the
discharge current, the transferred charge, and the spatial
distribution of accumulated charge were measured. It was
experimentally shown that the surface phase of the DBD
has a substantial impact on the whole discharge process.
The obtained data indicate that the placement of a metal
disk with a floating potential on the barrier surface caused
the atmospheric pressure glow discharge initiation.

Keyword: dielectric barrier discharge, atmospheric
pressure glow discharge, polymer, streamer.
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I/IMHEI[aHCHaﬂ CIICKTPOCKOIINA TCXHOJIOI'MYECCKOI'O Impomecca
TBEPAOro aHOAUPOBAHUA AJTIOMHUHUCBLIX CIIJIABOB

P.I'. ®appaxos, E. B. Ilapdenos, A. B. I'ycapos, /[. M. Jlazapes, A. P. ®aTkyJ1JIMH

@I'BOY BIIO «Ygumckuil 2ocyoapcmeenuviil asuayuontill mexnudeckuil yrusepcumem» (YIATY),
yi. Kapna Mapxkca, 12, 2. Ypa, 450008, Pecnybruxa bawxopmocman, Poccust, e-mail: pev_us@yahoo.com

PaccmatpuBaercst Meto in SitU THATHOCTHKH TPOIECCa TBEPAOr0 aHOMMPOBAHUS MO MMIICIAHCHBIM
CIEKTpaM, TIO3BOJISIOLIMIA OIIEHUBAThH TOJILIMHY (OPMUPYEMOro MOKPHITUS B Xo1e 00paboTku. [Ipen-
CTaBJIEHB! PE3yJIbTAThl aHAJIN3a HKCIIEPUMEHTAIBHBIX JaHHBIX IPU TBEPJIOM aHOIMUPOBAHUH ATIOMH-
HHUEBBIX CIUIABOB, NIPHUMEHSIEMBIX B aBHAIIMOHHOW NMPOMBIIUIEHHOCTH. PaccynTanbl mapaMeTphl 3KBH-
BaJICHTHOW DJIEKTPHUUECKOM CXEMBI 3aMEIICHNUS 3JIEKTPOJIN3EPa, BBISBICHBI 3aKOHOMEPHOCTH MX M3Me-
HEHUs, NPEAJIOKeHa TUarHOCTUYeCKash MOACNb M ToKa3aHa d()(EeKTUBHOCTh €€ NIPUMEHEHHs B YCIIO-

BUSIX CEPUIHHOTO ITPOU3BO/ICTBA.

Knrouesvie cnosa: meepdoe aHO&upoeaHue, UMNeOanCHast CneKmpocKonust, mojawjuHa nOoKpvimus,

AnNOMUHUEBDL cniae, OuUacHOCuKaA.

VK 621.35
1. BBEJIEHUE

Bospacraromnue TpeOOBaHUS K Ka4eCTBY JAeTaleit
JICNAIOT aKTyallbHOW 3a/adyy pa3BUTHS METOJOB
MOIU(PUIIUPOBAHUS TTOBEPXHOCTHBIX CIIOEB JICTAJICH
ABUAIIMOHHOW TEXHHWKH, IIOCKOJBKY BO MHOTOM
MMEHHO CBOMCTBA MOBEPXHOCTH OMPEICISIIOT JKC-
IuTyaTalyoHHble kadectBa uzgenus [1]. Omaum u3
HanboJee pacmpoCTPaHEHHBIX BUIOB MOTUPHUIUPO-
BaHMS MOBEPXHOCTHOTO CIOS M3ACIHN U3 allOMUHU-
€BBIX CIUIABOB  SIBIISIETCS TBEPJOE aHOAMPOBAHHE
(TA), mpu KOTOpOM 3a cYeT 0Opa3oBaHHs Ha
MOBEPXHOCTH CIJIaBa OKCUIHOW IJICHKU YITy4IIaoT-
Cs1 OKCITyaTallMOHHBIE CBOMCTBA MaTepuana: Koppo-
3MOHHAS1 CTOWKOCTh, W3HOCOCTOMKOCTH, TBEPJOCTh,
TEPMOCTOUKOCTD | T.1. [2, 3].

Bonpocam pasputusi Teopund U TexHosoruu TA
MOCBSIIIEHBI TPYABl MHOTMX YYEHBIX U TBOPYECKHX
KoJUIeKTHBOB [4, 5]. TIpoBOASTCS MCCIEIOBaHUS TIO
BIIMSHUIO (OPMBI 3JIEKTPOJIa Ha TBEPAOCTh U TOJ-
IUHY MOKpbITHs [6]. 3HauMTENbHOE YHCIO PaboT
MOCBSIICHO W3YUYCHHIO DPO3HMOHHON W KOPPO3MOH-
HOM CTOWKOCTH MOKpbITHii [7, 8], B TOM uuncie meTo-
JIOM BJEKTPOXUMHUYECKOM HUMIIEIaHCHOM CIEKTPO-
ckonuu [9, 10]. He3nauurensHOe KOIMYECTBO PabOT
HATpaBJICHO HA Pa3BUTHE TEOPHU U METOJONOTHH N
Situ mmarHocTHKH mporieccoB TA Ha OCHOBE aHaIM3a
JNIEKTPUYECKUX  XapaKTEPUCTHK,  ITO3BOJISIOMINX
OLIEHMBATh CBOIMCTBA MOBEPXHOCTH B XOJE AIIEKTPO-
XUMHYEeCKor 00paboTku. K TakuM paboTraM MOKHO
OTHECTH HCIIONB30BAHUE DJICKTPOXHUMUYECKOW 4Ya-
crotHOM Moaymsinuu [11] u uMnenancHoi criekTpo-
ckormmu [12]. B pabore [12] meton in Situ mmme-
JAHCHOW CHEKTPOCKOIIHU HCIIONB3YeTCs Ui U3yde-
HUS TIpoliecca MEpeHoca MOHOB B IPOLIECCE POCTa
AHOJHOW OKCHIHOM TUICHKU Ha aTIOMUHUH B CEPHO-
KHCIIOTHOM pacTBope. OJTHAKO B JUTEPAType OTCYT-
CTBYIOT JJaHHBIE O JIUATHOCTUKE TOJNIIMHBI OKCHIHO-
IO TMOKPHITUS B XOAE TBEPAOr0 aHOJUPOBAHUS,

HampUMep MeToMoM iN Situ MMITeaHCHOM CIEeKTPo-
cxomuu [13].

IIpontecc TA Haien MHUPOKOE NMPUMEHEHUE Ha
MPEINPUATUAX aBUAIMOHHOM IPOMBIIUICHHOCTH,
MPH 3TOM CYIIECTBYIOIINE TEXHOJOTUYCCKHE yCTa-
HOBKH MMEIOT Pa3jIMIHYI0 CTENEeHb aBTOMAaTH3AIINY,
OJIHAKO B HHUX HE IMPEIyCMOTPEHbI JIMArHOCTHKA
TOJIIIMHBI TIOKPBITUS B XOJ€ €ro (POPMHUPOBAHHS U
ABTOMAaTHYeCKOE OTKIIOYEHHWE HCTOYHUKA  I10
IOOCTIDKEHHNH 3amaHHoi Tommmusl [14, 15]. Peamn-
3alys TaKOH BO3MOXKHOCTH TIO3BOJIUT TIOBBICHTH
TOYHOCTh HW3TOTOBJICHHUS JETaliell, CHU3UTH JOJI0
Opaka W yMEHBIIUTH dHepromoTpednenue. [Ipemto-
JKeHHBIe B pabore [16] Teopermyeckre OCHOBHI iNn
SitU IMAarHOCTUKU 3JEKTPOTHUTHO-TIA3MEHHBIX TPO-
[IECCOB II0 HWMIIEAHCHBIM CIIEKTPaM TO3BOJSIOT
TaKKe aBTOMATHU3UPOBATh MPOIIECC TBEPIOTO aHO-
JMUPOBAHUS W OINPEACIATh TOJIIUHY TOKPBITHS U
JIPYTHE XapaKTEPUCTHUKU OOBEKTA.

Hens manHOW pPabOTBI — aHAIN3 HMMIICIAHCHBIX
CIIEKTPOB MPOIIecca TBEPIOTO aHOIUPOBAHUS, TIOY-
YEHHBIX Ha TEXHOJIOIMYECKOU ycTaHOBKe TA ¢ KoM-
MBIOTEPHBIM YIPABICHUEM M JHATHOCTUKOM TOJIIIH-
HBI TOKPBITHS, JUIS Pa3BUTUS METOAOJIOTHHU iN Situ
JIMATHOCTUKH XapaKTEPUCTUK MOBEPXHOCTHOTO CIIOS
B Xo7ie 00paboTKH.

2. OKCIIEPUMEHTAJIbBHAA YACTD

2.1. Memooonoeus in Situ ouaerocmuxu u
umnedancHol cnekmpockonuu npoyecca TA

OCHOBHBIMH KOHTPOJUPYEMBIMU TTapaMeTpaMHu B
xone mpormecca TA SBISIOTCS IUIOTHOCTh TOKA,
HanpsDKEHUE, TeMIlepaTtypa JJISKTPOJu3epa U JUIH-
TeTHLHOCTHh 00paboTku. [ITOTHOCTE TOKA 3amaeTcs 1Mo
nporpamMme, 3aJaHHOW B TEXHOJOTMYECKOH KapTe
cormacio [OCTy 9.305-84, B nuanaszone
0,5-2,5 Alnm? [17]. Tox ompenensieTcsi MIOIIAbIO

© ®dappaxos P.I'., [Tapdenos E.B., 'ycapor A.B., Jlazapes [I.M., ®arkymiun A.P., DnektponHnast o6padborka marepuanos, 2015,

51(6), 93-102.
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AaHONHMPYEMBIX neTanei. Temmeparypa cTaOWiIH3uU-
pyercs Ha 3amaHHoM ypoBHe -8...-5°C [18].
Hanpspkenue Ha siiekTpoiu3epe onpeaessieTcs: mpo-
BOJIMMOCTBIO OKCHJIHOHM TUIGHKH W pacTeT ¢ yBEIlu-
YeHHWEM ee TOJNINMHBI. B KadecTBe 3IIEKTPONIUTA
UCTIONB3YETCs BOIHBIA pPacTBOp CEpHOW KHCIIOTHI
300-380 r/mm® [17].

Ha ocHOBe wu3MepseMbIXx B Xome 0OpabOTKH
napaMeTpoB MOXKHO MPEIJIOKHUTh CIIEAYIOIINE Me-
TOJBI JIMATHOCTUKH TONIIMHBI MOKpbITUA. 1) uHTe-
TPAILHBIN 110 TUIOTHOCTH TOKA HA OCHOBAaHMH 3aKOHA
dapajiest; 2) OPOTOBEIH 0 3HAYCHHUIO HAMPSHKCHUS
Ha 2JeKTpojim3epe no 3akoHy Owma; 3) crekTpalib-
HBIH HA OCHOBE aHalM3a UMIICAAHCA dICKTPOIU3epa.
[lepBbie ABa MeToAa TPAIUIIMOHHO HCIOIB3YIOTCS
st KoHTpoist pouecca TA [19], mosTtomy B naH-
HOU paboTe OCHOBHOE BHHMaHHE YACICHO TPEThEMY
METOY.

Paspaborannbiii Meton in SitU  IHATHOCTHKH
INEKTPOXUMHUECKUX U 3JIEKTPOJUTHO-IIIIa3MEHHBIX
MPOIIECCOB IO HMIIEAaHCHBIM criekTpam [16, 20]
OCHOBaH Ha aHAJIM3€ HM3MEHSIONINXCS BO BPEMEHH
OLIEHOK KOMIUJIEKCHBIX YAaCTOTHBIX XapaKTEPUCTHK
(KUX) conpoTuBIIEHHS 3IEKTPOIU3EPA:

2t jo) =582, M
1(t, jo)
rie lA(t, jo) u Q(t, J®) — OpaKTUYECKH MOCTYII-
HbBIC OLICHKH MpeoOpa3zoBanusi Oypbe A CUTHAIOB
Toka i(t) u HanpsokeHus U(t) COOTBETCTBEHHO:

t+T/2 ‘
j u(r)e ' dr =

1
NFLREP @)

a(t)u(r)e ' dr,

Ut jo)=

1 +o0
For
rae j=+-1, @ — kpyroas yacrora, a(t) — addek-
THBHOE BPEMECHHOE OKHO, OTPaHUYECHHOE BPEMEHEM
n3mepenust T. MMiysabpconoo0Hasi B3BEIIMBAIOIIAS
¢yuknus okHa a(t) meHTprpoBaHa BOKPYT MOMEHTA
u3MepeHus t 1 He paBHa HYJIO B nipesenax t = £T/2,
W3 OGoxpmioro pasHOOOpasusi METOIOB  CIIEK-
TPAJFHOTO aHANW3a JJIs OIEHKH YaCTOTHBIX Xapak-
tepuctuk (UX) mporecca TA ObIT BEIOpaH MPSIMOit
METO]] FAPMOHUYECKOT0 aHaJIH3a, KOTOPBIN MPEAIo-
JaraeT NpHIOKEHHE K CHCTeME TECTOBOI'O CHUTHaja
Ha KaXJ0¥ hcCcleayeMOonl YacToTe wy.
BriOpannsiii monxox Tpedyer norapupmMudecKkoit
pa3BEepPTKU TECTOBOTO CUTHAja MO YacTOTE B HMCCIIe-
JyeMOM JIMara3oHe OT @y 70 @, CO CKOPOCTHIO [3:

Iog(co)=B(t—(m—%)T],m=1,2,...M. ©))

B nannoil pabote pa3BepTKa 4acTOTHI MPOUCXO-
WA CTYNEHYaTo 4Yepe3 MHTCPBAIBI BPEMEHU
ATy =1-2 ¢ mamd 9acToT Wy, NMEPHOTUICCKU H3Me-

HABIIMXCSA OT @y = 15708 ¢ 1o w, = 157 ¢ 3a
16,5 ¢ u mocnenyromieii mays3oit 15 ¢ (tadm. 1).

Tadaunua 1. [TapameTpsl pa3BepTKH 4aCTOTHI

k ATy, Mc fi, T'1y wy, €t
1 2000 2500 15708
2 1000 1500 9425
3 1000 1000 6283
4 1000 650 4084
5 1000 400 2513
6 1000 250 1571
7 1500 150 943
8 2000 100 628
9 2000 65 408
10 2000 40 251
11 2000 25 157
12 15000 0 0
Jlaee BBIOpaHHBIM TOIXOJ IOJApPa3yMeBaeT

(UIBTPAIMIO MTOJTYYEHHBIX CUTHAJIOB uepe3 psag u3 K
nonocoBbix GuibTpoB ¢ KUX Wy(jw) m momocoit
MPOMYCKAaHHs, ICHTPUPOBAHHOW  OTHOCHTEIHHO
KaKI0M wuccnenyemMol 4acTtoThl. OKOHYaTENbHAS
pekoHCTpyKIusa UX mpoucxoauT I KaKJIOro MO-
MEHTa BpeMeHHU u3MepeHus tp, (M3 obimero MHoKe-
ctBa M JOCTYIHBIX OTCUETOB BPEMEHH) M KaXKIOii
qacToThl @ (M3 obiero mMuoxectBa K MOCTYITHBIX
YaCcTOT) CIEAYIOINM 00pa3oM:

U(t,.0)
[t @)
k=1 2.K, m=1 2..M,

Z(t,, jo,) gt (4)

roe |I(t,, o) 4 U(tm,mk) — OLEHKH JAEUCTBYIOIIUX
3HAYEHUH JIsI OTOUIBTPOBAHHBIX CHTHAJIOB TOKA W
HanpsHKeHUsT COOTBETCTBCHHO, a ¢(t,,,,) — OLCHKH

capura ¢a3 MeXIy OTPUIFTPOBAHHBIMU CHUTHATIAMU
B MOMEHT BpeMEHH 1y 151 4aCTOTHI k.
st hopMHpPOBaHUS UMITYJIBCOB OBLI HCITONB30-
BaH METOJ] KBHUBAJIEHTHBIX CHHYCOHUJI, OCHOBAHHEII
Ha JOMYIICHNUH, 3aKIIIOYaIOIIEeMCs B UCIOIb30BaHUH
BMECTO 3KBUBAJICHTHOM CHHYCOUJIbI €€ UMITYJIbCHOM
aImpoOKCUMAINH, TOMYYCHHONH C MOMOIIBIO MPeod-
pa3oBaHus Yomuma. MIyabCHBIA CUTHAN COIEPHKHUT
JIBE 4acTU:. MOCTOSIHHOE cpenHee HampspkeHune U u
SKBUBAJICHTHYIO CHHYCOMAYy C amiumrynod U; u
pa3BepTKON 4aCTOTHI @ Mo popmyie (3):
u(t) = Ug+U;-sin(axdt). 5)
B pexxume Manoro curHaina cpejHee HanpspKeHue
JTIOJDKHO OBITh HAMHOTO OOJIBIIIE aMIUTHTY/ABI 3KBH-
BajieHTHOH cuHycounbl: Uy >> U;. B pesynbrare

UMITyJIBCHBIIl CUTHAJ B JJAHHOM pexxume (opmupy-
eTcs CIIEAYIOIUM 00pa3oM:

U (t) =U, + B, -U, -sgn(sin(, 1)), (6)

rae sgn(-) — curaym-¢pyuknus, a B; = n/4.
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Puc. 1. HpI/IMepr HUMITYJIbCOB TOKAa W HAIIPSI?KCHUS B aBTOMaTPBPIpOBaHHOﬁ YCTaHOBKE TA (‘laCTOTa JAUArHOCTUPYIOIUX UMITYJILCOB

=628 ¢,

Hns obecnieyenns: TpeGyeMOro OTHOIIEHHS CHT-
Haj-mryM 3HadeHne U; MOIDKHO OBITH OOJIBITIC BEITH-
YUHBI IIYMOB, BHOCHMBIX B CHUTHAJN HaNpsDKEHUS
HUCTOYHUKaMH nUTaHus. IlosTomy miIs MCTOUYHMKA,
UCTIONB3YeMOro B ycTaHoBke TA, aMIuuTyaa
HMITYJIbCOB MOXeT  OBITh CHIDKEHa  JI0
U, = (0,05-0,10) Uo.

CdopmupoBaHHBIT UMIYJIBCHBIN CUTHAJN 3arpy-
XKaeTcsi B TIEHEepPaTop MMILYJIbCHOro OJOKa CHeK-
tpaneHO#i mauarnoctuku MBC-20 [21]. IMpumepsr
UMIIyJbCOB  TNpEACTaBICHbl Ha puc. 1  amd
ws = 628 ¢'. Tak kak pa3BepTKa 4acTOTHI IPOHCXO-
IUT CTYIEHYaTO, TO B KAKJIOM KaJIpe CHCTEMBI c0o-
pa IaHHBIX NPUCYTCTBYET TOJBKO OJHA YacTOTa X,
YTO YMEHBINACT YTEUKy CIEKTpa II0 CPaBHEHHIO C
HEIPEPBIBHON Pa3BEPTKOM YacTOTHI, HCIIOIb30BaH-
HOH B pabotax [13, 16].

Cuctema cbopa HaHHBIX JODKHA 00OecIeuYnBaTh
Y4acTOTy AMCKpeTH3aluu fsx B COOTBETCTBHUHU C TEO-
pemoii B.A. KorenpHukoBa [22], mpudem s pas-
pereHns: ObICTPO BO3pacTalOKX (POHTOB UMITYJIb-
COB U BO3MOXXHBIX IIHKOB JOJDKHO BBINOJIHATHCA
yCIIOBHE:

f,\ >>max (ﬂj (7

n

Cucrtema JOJKHA COXpaHSITh JABa OJHOBPEMEH-
HBIX OTpe3Ka JIaHHBIX HAMNPSDKEHUS U TOKa C JIJTU-
TEIHHOCTHIO t; Kaxkabie t; cekyHn. B obmem ciyuae
t,>t, oqHAaKo JKenaTelIbHO, YTOObI t,—t;.

JlaHHO€ ycllOBHE OrpaHMYMBAETCS pPa3zMepoM
Oydepa mamsaTH cucTeMbl COOpa JaHHBIX:

Sb = tifsSap ,

(8)

TA€ Sap — Pa3psSAHOCTh BBIOPAaHHOTO AHAIIOTO-
mudpoBoro mpeodpazoBaTessl, a TaKXKe CIOCOOHO-
CTBIO CHCTEMBI PETUCTPUPOBATH IIOTOYHBIE TaHHBIE.

[Toce cOopa MaHHBIX K HUM OBLT IIPUMEHEH P
IUPPOBBIX (DUIBTPOB JJIsI BOCCTAHOBIICHHSI SKBUBA-
JICHTHBIX CHHYCOWJ] Ha KKIOH M3y4aeMol 4acToTe.
Koaddumnuentsr GuibTpoB ObLTH MOTYyYEHBI METO-
mom Kaiizepa [16]. ns MUHHMAaTbHBIX (Da3OBBIX
WCKa)KEHHH MPUMEHSUICS clloco0 IBOWHOIO MPOroHa
curHana dvepe3 ¢uibTp. JlelicTByromue 3HaueHUS
KKIOW SKBUBAJICHTHON CHHYCOWIBI M cIBHT (a3
PaCCUHUTBIBAIHCH 110 ONPENEIICHUIO, MOAYJb OLUEHKH
KYX — no 3akony Oma.

[IpencraBieHHblii METOA MO3BOISET MPOBOAUTH
JMUATHOCTHKY TOJIIMHBI TTOKPBITHS Tporecca TA ¢
MOMOIIBIO JKBUBAICHTHBIX JJIEKTPUYECKUX CXEM
3aMeIIeHns] TI0 METOAWKAM 3JeKTPOXUMHUYECKON
MMIIEJAaHCHON CHEKTPOCKONUU. J{aHHBIA METO[ pea-
JM30BaH B COCTaBE aBTOMATH3MPOBAHHOH CHCTEMBI
yIpaBJICHUsS] TEXHOJIOTUIECKUM MPOIIECCOM TBEPJIO-
ro anoxupoBanus (ACY TII TA), paccMOTpeHHOIA
Janee.

2.2. Aemomamusuposannas ycmaHoeKa
meepooco aHOOUPOBAHUSA

KOHCTpYyKIIMsST aBTOMATH3MPOBAHHOW yCTAHOBKH
TBEPJOr0 aHOAUPOBAHUS JIETAILHO ONHUCaHa B pabo-
te [23]. YcraHoBKa 00ObeqUHSICT B ceOC TOMEIICHHE
oreparopa, B KOTOPOM pa3MEIIAIOTCs OCHOBHBIC
0JIOKH yCTaHOBKH, ITyJIBT YIPABJICHUS B KOPPO3ZHOH-
HO-CTOMKOM HUCIOJHEHUH U BAHHY-3JIEKTPOJIU3ED.
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Puc. 2. Bun nmuneBoit nanenu nporpammel ACY TIT TA.

B nomemennn oneparopa pacrnoiokeHO aBTOMa-
THU3MPOBaHHOE pabodee MECTO, OCHAIIEHHOE YIPaB-
JISIIOIIUM KOMITBIOTEPOM, ABYMSI TIPOTPAMMHPYEMBbI-
MU MCTOYHUKAMU NHUTaHuss MOIHOCThIO 10 kBT s
BaHHBI-AJIEKTPOIIU3EPa, COCIUHEHHBIMHU Tapaslieib-
HO, UCTOYHHKOM MUTaHus 2,4 KBT ans uMIynbcoB
JUArHOCTUKY, HCTOYHMKOM mwuTaHus 24 B s
MyJIbTa YNPaBICHUS W UMIYJIbCHBIM  OJIOKOM
cnekTpaiabHoi auarnoctuku MBCJI-20.

[lyneT ynpaBieHHs pacmoiokeH BOIHM3H BaHHEI
U BKIIOYAET B Ce0s: KOHTPOJUICPHI-UHIUKATOPHI
TEMIEepaTyphl, TOKA, HANPSKEHUS W TOIIIUHBI
MOKPBITUS; KHOTKH 3allycka W OCTaHOBA; CUTHa-
JTU3UPYIOLINE CBETOBBIE MHAMKATOPHL IlynbT mos-
BOJISIET OTIEPATOPY BBIMOJHATH OINEPAlUU 3aMycKa U
OCTaHOBAa TEXHOJOTHMYECKOTO TMpoIlecca TBEPAOTO
aHoAMpOBaHUA. [IyJbT yIpaBIeHUs] OCYIICCTBIISET:

1) mudpoByIO HHANKAIMIO TOKA, HANpPSKEHHS,
TEeMIEepPaTyPhl U TONIIUHBI aHOJHOTO TTOKPHITHS;

2) U3MepeHHe TEMIIePaTyphl JICKTPOJIUTA B BaH-
HE-3JIEKTPOJIN3EPE,;

3) mepemavy JaHHBIX O TEMIEPaType B DJIEKTPO-
TM3epe M O TIePeceueHUM TIOPOTOBBIX YPOBHEH
IapaMeTpoB MpoIecca YIPaBISAIONIEMY KOMITBIOTEPY;

4) mepenady AaHHBIX O MEPECEUCHUM TOPOTOBBIX
YPOBHEH TeMIIepaTyphl JIEKTPOIUTA XOJIOUIEHOMY
arperary i BKJIFOYCHUS W BBIKJIFOUCHUS CHCTEMBI
OXJIaXKJICHHSI BAHHBI-3JIEKTPOJIN3EPa,

5) CBETOBYIO MHIUKAIUIO O COCTOSHUU yCTaHOB-
KW TBEPJIOTO aHOIUPOBAHUS,

6) cUrHaTM3aluI0 C TIOMOIIBIO CHPEHBI U CBETO-
BOTO WHIMKATOPa JOCTYIKECHUS LENCBOW TOJIIMHBI
AQHOJHOTO MOKPBITHSL.

[Iporpammuoe ob6ecrieuenne ACY TII TA 6puto
pa3paboTaHo B cpene rpaduaeckoro mporpaMMupo-
Bauus LabVIEW. TIporpamma ympaBieHHsT COCTOMT
U3 JIUIIEBON TMaHeIn M OJIOK-IuarpaMMbl, MpeacTaB-
nstromeit codoit rpadudeckuii ko nporpammel. Jlu-
1eBasi MaHelb pa3padOTaHHOW MPOTpaMMBI O0TOOpa-

’kKaeT paboTy OCHOBHBIX (YHKIMOHAILHBIX OJIOKOB
aBTOMATHU3UPOBaHHOI ycTaHOBKU (puc. 2). K Hum
OTHOCSITCSl BaHHA-’JIEKTPOJIU3EP C XOJOIMIBHBIM
arperaToM, IyJbT YNpPaBJICHHS, aBTOMATHU3HPOBAH-
HOe pabodee MecTo ornepaTopa. Takke Ha JTHUIEBOM
MaHeJH PACTIONOKEHbl HHAUKATOPHI, KOTOPbIE 0TO0-
paxalT B rpapuyeckoM BHIC 3aBUCHMOCTH TOKa,
HanpsOKeHHs, TOJIIUHBI TOKPBITUS OT BPEMEHHU
I = f(t), U = f(t), h = f(t), u rpadux mporpammuoro
M3MEHCHUS IUIOTHOCTH TOKa OT BPEMEHH.

PazpaboranHoe mporpaMmHoe obecrieyeHre mnos-
BOJISIET OMNEPaTOpy KOHTPOJIHMPOBATH (UIUUECKHE
napaMeTpsl, IPUHAMATh HEOOXOIMMBIC PEUICHHS U
OCYILIECTBIISTH JCHCTBUS IO YHPABICHUIO MpPOLEC-
com TA.

3. PE3YJIbTATBI U UX OBCYXXIAEHUE

Ha puc. 3 nmpencrasnena tunmaHas (Gororpadus
noriepevHoro nutuda anroMuHreBoro ciwiaBa AK6 ¢
aHOJTHBIM MOKPBITHEM, MOTYUYCHHBIM MTPH IJIOTHOCTH
ToKa 2,5 A/nm?. Meramtorpadaeckuii aHaIH3 Ipo-
BOIMIICSA Ha KOMIUTeKce Thixomet ¢ MHKpOCKOIOM
Zeiss, mukpotBepaoMepom Micromet u cuctemoit
noaroToBky nutndos Buehler. 13 puc. 3 BuaHO, uTO
OKCH/IHOE TIOKPBITHE — PAaBHOMEPHOE IO TOJIIIMHE
0e3 BUIUMBIX e(heKTOB | SIPKO BBIPAKCHHOU CTPYK-
Typbl COOTBETCTBYET TPEOOBaHHSIM TPEATPUSTHSI-
M3TOTOBUTEIIS.

Ha puc. 4 nman npumep pacdeta criekTpoB boje u
HaiikBucra B mponiecce TA mporpammoit ACY TIL
Cnextp HaiikBucra mpencrasisier coboii ronorpad
KUX u yka3piBaeT Ha HaJIU4HUE B CXEME 3aMEIICHUS
napaymenpHol RC — memnu, nzo0pakaeMoil BEpXHIM
MOYKPYTOM M COOTBETCTBYIOIIEH Tape «COMPOTHB-
JICHUE TMOKPBITHS — €MKOCTh TOKPBITHA», OKa3bIBa-
tomedt BiusHue Ha KYX B 005acTv CpeiHUX U BBI-
cokux 4vactot [24]. Kpome Toro, cieayer OTMETHTh
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Puc. 3. Ilonepeunsrit numnd craa AK6 ¢ aHOTHBIM MOKPBITHEM, ITOTYYESHHBIM MIPH TNIOTHOCTH TOKa 2,5 Alnv.

Puc. 4. Bun oxna criekrpansHoro ananu3sa nporpammel ACY TIT TA.

Yacrora, I'u

Bpems, MuH

(a)

0.
20000 .
2000
200

Hacrota, I'nt Bpewms, van

(©)

Puc. 5. I3MeHeHUE OIIEHOK MMIICAHCHBIX CIIEKTPOB B XOJI¢ TBEPAOro aHomupoBanus cruiaBa AK6 mpu mioTHocTH Toka 2,5 Alnm?:

(a) — moay1b; (6) — aprymeHr.

MEHBIIUN 110 pa3Mepy IOJYKPYr B HUXKHEH IOJy-
IUIOCKOCTH, YKa3bIBAIOIINN Ha HATWYKE Mapaielib-
Ho#t RL — memu, Bimstromeit Ha KUX B o0yacti Hu3-
KHUX 4YaCTOT U, IO pPa3JIN4YHbIM JaHHBIM, OTpaXXaro-
el mpouecc M3MEHEHMs KOHLEHTpalHuu aacopou-
POBaHHBIX MPOMEKYTOUHBIX MPOAYKTOB peaKIuit
WIA HaJW4YMe OTPULATEIBHON €MKOCTH, MOJCIHDPY-
oIIiel Tporiece mepepacnpeaeneHus 3apsaaos [12].
PaccMoTpuM 0OIIMiA BHJ HM3MEHEHHS OIICHOK
HAMIIEJAHCHBIX CIIEKTPOB BO BpeMeHH (puc. 5).

Monyne Z u3MeHsSeTCs BO BPEMEHHU MO-Pa3HOMY
B 00NacTH HU3KHMX M BBICOKHMX 4acToT. B oOmactu
HU3KUX YacTOT MOAYJb Z CHavajga Pe3Ko yMEHbIIa-
ercst ¢ 3,0-3,5 10 1,0-1,5 Om-am® 3a 20-30 MuHYyT,
3aTeM HAYMHACT IUIABHO TMOBBIATHCA. ApPryMEHT
0CTaeTCsl OTPHUIIATEIBHBIM JAJIS1 OOJBIIIMHCTBA YaCTOT
W yMEHbIIAeTcs 1Mo abCOMIOTHOMY 3HaueHuro. Takoe
MOBEJICHUE MOXET OBITh CBSI3aHO C BIHMSHUEM (op-
MUpPOBaHUS OapbepHOTO CJIOsI, €ro mnepexona B
TTOPHUCTHIN 3a cueT Au(Qy3un aTFOMHHHUS OT OCHO-
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BaHMA HOpP K CTEHKAM II0JI ACHCTBHEM AIIEKTPOILIa-
crrdeckoro 3¢ ¢ekra u AaibHEHIIero pocra MmopH-
croro cios [25]. B 00macTu BBICOKMX YacTOT MO-
IyJb ¥ apryMEHT 110 a0COJIOTHON BEIMYMHE MOHO-
TOHHO yBenuuuBarotcs or 0,5 mo 2,5 OM'I[MZ A OT
50 mo 90 rpamycoB COOTBETCTBEHHO, YTO MOKHO
CBSI3aTh C TOJIIIMHOM MOKPBITHS, TAK KaK YKa3aHHBIC
IapaMeTpsl CUIIBHO KOppelaupoBaHbl. Kak BuaHO U3
Taba. 2, K03 PUIHEHTHl MapHOW KOPPEJSIIUU TOJI-
IIMHBI TIOKPBITHSL C KOJHMYECTBOM JJIEKTPUYECTBA
JOCTATOYHO BBICOKH, YTO HE MPOTUBOPEUUT 3aKOHY
®apanes. Kpome toro, xoppensinus TOJIIMHBL IO-
KpBITHSI ¢ MOAyJieM uMnenadca Ha yactore 1500 I'a
HEHaAMHOTO cja0ee, CJIeI0BaTeNbHO, MPUBEICHHBIC
napameTpsl nporecca TA MOTYT OBITH UCIIONIB30Ba-
HBI JJISl AMATHOCTUKHU TOJIIIMHBI MOKPBITHS B XOJ€
(OpMUPOBaHHS TOKPHITHSL.

Tabauna 2. KodhdumuenTsr mapHoil KOppesimuy TOM-
mUHBl TOKphITHs h ¢ mapamerpamu mponecca TA s
PA3IMYHBIX CIUIaBOB

AK6 JI16T
Konnuectso 0,926 0,970
snektpuyectsa (q)
Mopnynbs umrneaanca 0,897 0,794
Ha yactote 1500 I'ty (Z1500)
Hanpsixerne (U) 0,909 0,838

CrnaifHOBas anmpoKCUMAIlMs OIICHOK HMIIe-
JMAHCHBIX CIEKTPOB TpeJACTaBlIeHa Ha puc. 6. Am-
MIPOKCUMAITHS TTPOBOIMIACH TAKUM 00pa3oM, 4TOOBI
neiicTBuTenbHas Z’ M MHMMas Z’/ 9acTH WMIIeIaHca
COOTBETCTBOBAIM  JINHEAPHU30BAaHHOW  CHCTEME,
obagaromel cBOWCTBOM MPUYUHHOCTH, YTO TPOBE-
psiercst o cooTHomeHusiM Kpamepca-Kponwura [26]:

Z'(w)—Z"() :%v.p.?%(xw)dx, ©))

rJie ) — IepeMeHHas HHTETPUPOBaHHUS, V.. — B3SATHE
HHTErpaya B CMbICIIE TTaBHOTO 3HavyeHus (mo Komm).

[Mpumep BanMganuu OIEHOK iN Situ wMIemaHc-
HBIX CIIEKTPOB C TIOMOINBIO COOTHOIIeHus1 Kpamep-
ca-Kponura st TBEpHOTO aHOAWPOBAHHUS CILIaBa
AKG6 npuBenieH Ha puc. 7, Tlie U3 3HAYCHUH MHUMOMU
4yacTu uMIle[anca Z” moimyueHa AewcTBuTeNnbHas Z”
C IOCTAaTOYHOW TOYHOCTHIO. PacxoxeHne rpadukoB
OOBSICHSICTCST 3aMEHOM OECKOHEYHBIX WHTEPBAJOB
unTerpuposanns B (9) Ha komeunbie, *+ 10° T
JanpHeWmuid anamu3 puc. 6 Moka3sIBacT, YTO UMIIE-
nmaHc mporecca TA MOXHO TOCTaTOYHO TOYHO OIH-
caTh TOCJeI0BaTeIbHO-TIapaIeIbHON IKBHBAJICHT-
HOM snekTpudeckod cxemoit Rj + Ry||C + Rsl|L
(puc. 8).

IlonyueHHble CHEKTpBI IOCHIE CIUIAHHOBOW am-
MPOKCHMAIIUU  aHAJM3UPOBAIKNCH B  MPOrpaMMe
Zview (Scribner Associates, Inc.). B npencraBneH-
HOH Ha puc. 8 cxeme 3neMeHT R; nMeeT pu3maecKuit

CMBICIT COTIPOTHBIICHHS JJIEKTPONUTA. Tak Kak B
TEXHOJIOTHYECKOH yCTAaHOBKE B KauecTBE 3JEKTPO-
JIUTA UCTIONIB3YETCS BOMHBINA PACTBOP CEPHOM KHCIIO-
TeI ¢ KoHneHtpanueii 300-380 r/m, mpoBOAUMOCTE
KOTOPOTO JIOCTAaTOYHO BEIUKA, CONPOTUBIICHHUE
anektponuTa R; He pasmuuumo Ha (oHEe IIyMOB,
MO3TOMY TMpH JAbHEHIIIEM aHau3e ObLIO MPHHSATO
R1 =0.

Ha puc. 9 mpezactaBieHo U3MEHEHHE BO BPEMEHH
napamMeTpPOB SKBUBAJICHTHOW AJICKTPUICCKON CXEMBI
3aMellleHnsT Mpoliecca TBEPIOrO AHOAMPOBAHHUS
crutaBa AK6 11 TATH TIOBTOPHBIX 3KCIIEPUMEHTOB
PasINYHON JTUTEIBHOCTH. 3HAYCHUS COMPOTHBIIE-
Hus R, m mHayktuBHOCTH L Bemyt cebs momoOHO
MOJIYJII0 UMITEanca |Z| Ha HM3KMX 9acTOTaX. CHava-
Ja TaaaroT, 3aTeM pPAcTyT. 3HAUEHHE COMPOTHBIIE-
HUSI R3 MOHOTOHHO BO3pacTaeT W 3HAYMTEILHO KOp-
peHMpYeT ¢ POCTOM TOJIIHHBI MOKPBITHS N, a Takxke
CO  3HAYCHHEM  EMKOCTHOI'O  CONPOTHBICHHUS
Xc = U(wC), yBenMUUBAIOIIETOCS ¢ YMCHBIIICHUEM
€MKOCTH TPH POCTE TOJIIMHBI TOKPBITHS N 1o ore-
HOYHOH (opmye:
€€g,S

h

rae S — miomaas MOBEPXHOCTH, €€y — AUAICKTPHYC-
CKasi MPOHMIIAEMOCTh TIOKPBITHS. B CBsI3U co 3HAYM-
TENBHOW TOPUCTOCTBIO TOKPBITHS (IHamMeTp Top
HOpsZIKAa JIECATKOB-COTEH HaHOMeTpoB [3]) oreHka
3G PEKTUBHONW MJIOIMAAN MMOBEPXHOCTH KpalHe 3a-
TpyaHeHa, osTomy Gopmyina (10) okaseiBaercs He-
HPUTOTHOM JJIsl TMarHOCTUKU TOJIIIUHBI TOKPHITHS B
YCIIOBHSIX ITPOHM3BOJICTBA.

Ha puc. 10 mpuBelieHO M3MEHEHHE DIIEMEHTOB
CXEMbI 3aMEIleHUsI BO BPEMEHHU ISl TBEPJOrO aHO-
JUpOBaHUs pa3nyHbiX ciuiaBoB: AK6, AK74, J116T,
U3 KOTOPOTO CIEAYET, 4TO Ui BCEX paccMaTphBaec-
MBIX CIIaBOB XapaKTep N3MEHECHUN OOMITHH.

[IpencraBieHHbI  BBIIE aHATH3  IO3BOJISET
3aKIIFOYUTh, YTO MO pe3yybTaraMm in Situ ummeaamc-
HOU CHEKTPOCKOIMH BO3MOXKHA OIIEHKA TOJIIWHBI
MOKPBITUSL 110 UArHOCTHYECKOW MOJEIH B XOJIe
TBEP/IOTO aHOJUPOBAHUSI.

Jlns paboThl aBTOMATU3UPOBAHHOW YCTAHOBKH
TA Ob1a pa3zpaboTaHa perpecCHOHHAs MOETb, 1103~
BOJISIFOLIAsl OICHUBATH TOJIIMHY MOKPHITUS N 1O
TEKYIUM 3HAYCHHSIM ODIICKTPUYECKUX MapameTpoB,
TakuX Kak HampsbkeHue U, KOMHMYecTBO dIeKTpUye-
CTBa (], @ TAK)KE MO MOIYJIIO MMIIEaHCa HA 4acTOTe
1500 I

C= (10)

h = bg+by-U+b,-q+bs- Z1s00. (11)

Koaddummentsl Mogenu paccyuTaHbl METOAOM
HaUMEHBIINX KBaJIpaToOB IJs pa3iMyYHBIX CIIJIAaBOB U
BcTpoeHbl B porpammy ACY TII TA.

Ha puc. 11 npencrasien rpaduk pocTa TONIIHHBL
MOKpbITHS B XoA€ npouecca TA. CrnonrHol TuHUEN
NOKa3aHa TOJIIMHA TOKPBITHA N, ompenensemas 1o
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Cnexrp Haiikeucra ConpoTHRICHHE N0 TICTORHHOMY TOKY (cpeinec sHasckie | C3)
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Puc. 6. CrtaiinoBas anmnpoKcuManus OIEHOK in Situ MMIIEaHCHBIX CIEKTPOB NPH TBEPAOM aHOAMpOBaHMM ciiaBa AK6 npu ruior-
HOCTH TOKa 2,5 Alnv?.
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Puc. 7. Ilpumep Banuganuu OLEHOK N SitU MMIEIaHCHBIX CIEKTPOB ¢ MOMOIIBI0 cooTHoleHust Kpamepca-Kponura mst TBepaoro

anozupoBanus cruiasa AK6 npy miotHocTH ToKa 2,5 Aliv? u1st BpeMenH ty = 40 MuH.

Puc. 8. DxBUBaNICHTHAS JIEKTPUICCKAS CXEMa 3aMEIICHHS IPOIIecca TBEPAOTo aHOAUPOBAHUS KaK IEKTPHICCKOH HArpy3KH.
3aBucuMocTh Ry=f{t) Japucumocts C—1{(t)
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Puc. 9. V3amenenne napaMeTpoB SKBUBAJICHTHON CXEMBI 3aMEIICHUS B X0/ TBEPIOro aHomupoBaHus cruiaBa AK6 mpu mioTHOCTH
Toka 2,5 Alnm?.
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Puc. 10. M3Menenne napaMeTpoB SKBUBAJICHTHON CXEMBbI 3aMEICHHs B X0/Ie TBEPJOro aHoaupoBanus ciuiaBoB: 1 — AK6; 2 — AK7y;
3-J116T.
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Puc. 11. PocT TONIIMHBI HOKPHITHS B XOJE TBEPIOro aHOqupoBanus cruiasa AK6 mpu mrotmoct: Toxa 2,5 A/aM% @ — o MeTaimio-

Fpa(I)I/ILIeCKI/IM IJ_IJ'II/I(baM; JIMHUA — 110 [[I/IaFHOCTI/I'-IeCKOﬁ MOJACIIN.
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Puc. 12. lnarpaMmbl paccestHUS T SKCIIEPUMEHTAIBHBIX 3aMEPOB TOJIIMHBI MOKPHITHS M 3HAYEHUH, TOTyIEHHBIX 110 THArHOCTH-
YeCKOM MOJICNH AJIsl aHOAUPOBAHHUS CEPUITHBIX JeTajIeii BEpTOIETOB U3 allOMUHUEBBIX cIuiaBoB: (a) — AK6; (6) — J16T.

MeToAay in Situ JuarHOCTHKU B Xone 0OpabOTKH, a
TOYKAMH yKa3aHa TOJIIUHA MOKPBITUS, H3MEpEeHHAasI
Mocjae aHOJUPOBAaHUS 1O MeTauIorpapuuecKIM
numdam. Ha puc. 12 mokazaHsl 1uarpaMMBbl pacces-
HUS I OKCIIEPUMEHTAIILHBIX 3aMEpPOB TOJIIHHBI
MOKPBITHSL ¥ 3HAYCHHUH, TIOY4YEHHBIX 110 JUATHOCTH-
YeCKOM MOy JUIsl aHOIUPOBAHUS CEPUIHBIX JeTa-
JIe BEPTOJIETOB U3 aalOMUHHEBBIX CcruiaBoB AK6 u
J16T. Kak BuaHO U3 puc. 12, TMarHoCTUPOBAaHHBIC

U DKCIIEPUMEHTAIbHBIC 3HAYCHHS TOJIIIMHBI TIOKPBI-
THS JIEKAT B 33JJaHHOM KOPHUOPE TOYHOCTH TUATHO-
CTUKH 15 MKM, 4TO MOITBEPXKIAET aJeKBaTHOCTh
MarHOCTUYECKOM MOJIEIH.

4. 3BAKJIIOYEHUE

B cratbe paccmoTpeH mMeTo in Situ THarHOCTHKH
mporiecca TBEPJOTO aHOAMPOBAHUS II0 HMITCAHC-
HBIM CIIEKTpaM, OCHOBAHHBIM Ha aHAIM3E OIICHOK
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M3MEHSIOIINXCST BO BPEMEHN KOMIUICKCHBIX 4acTOT-
HBIX XapaKTepUCTUK COTPOTHBIICHHS AJIEKTPOIIH3Epa
B xome oOpaboTku. IlpencraBneHbl pe3ynbTaThl
aNIpOKCHMAlK OIIEHOK HMIIETAHCHBIX CIIEKTPOB,
KOTOpBIE JIOCTATOYHO TOYHO OIMHUCHIBAIOTCS IOCTIE-
JOBaTeNbHO-TIAPaJIICIbHOW  SKBUBAICHTHON 3JIeK-
Tpudeckoit cxemoit R;+ Ry||C + Rg||L, xapaktepHoit
IUISL MHOTHX SJIEKTPOXHMHYECKHX CHCTeM. Paccum-
TaHbl MapaMeTpbl DKBHBAJCHTHON CXEMBI 3aMellle-
HHUS W YCTaHOBJICHO, YTO XapaKTep MUX WU3MECHCHHUS
uMeeT oOmuil BUI U Pa3INYHBIX ATIOMHHHEBBIX
CIUIaBOB. YCTaHOBIIEHa HWH(OPMATHBHOCTh HMIIE-
JAHCHBIX CIIEKTPOB, & UMEHHO MOJIYJS HMIIEAaHCa
Ha vactote 1500 ['1 m mapaMeTpoB SKBHUBAJIEHTHON
INEKTPUYECKON CXeMBbl 3aMelIeHus Tpolecca TBep-
JOTO aHOAMPOBAHHMS, TO3BOJIIOMINX HIACHTU(PHIINU-
poBaTh TOJILIMHY IOKPHITHS B XOAe mporecca. Pe-
3yJIBTaThl pabOTHl BHEJAPEHBI B POU3BOJCTBO JETa-
neit BepronetHoi Texuukn Ha OAO «Kymeprayckoe
aBHAIIMOHHOE ITPOM3BOICTBEHHOE MPEANPUSITHEY.

Asmopul  svipadicarom  6nazooaprocme  Munucmep-
cmey obpazosanust u nayku P® ([panm Ipezudenma PD
011 NOOOEPHCKU ~ MONOObIX — POCCULICKUX — VUEHbIX
Ne MJ]-2870.2014.8) u OAO «Kymepmayckoe aguayuon-
HOe Npou3so0CmeenHoe npeonpusmue» 3a QUHAHco8yIo
N000ePIHCKY UCCIeO08AHUIL.
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Summary

This article discusses an in situ method for the diag-
nostics of the hard anodizing process based on the
impedance spectroscopy, which allows for the estimation
of the coating thickness during treatment. The experi-
mental results are given for the hard anodizing of alumi-
num alloys used in the aircraft industry. Parameters of an
equivalent circuit of the electrolyzer were specified and
the regularities of their evolution were established. A
diagnostic model was proposed and its efficiency was
demonstrated for an industrial serial production.

Keywords: hard anodizing, impedance spectroscopy,
coating thickness, aluminum alloy, diagnostics.



103

BBICOKOBOJIbTHASI TEXHOJIOTUYECKAS] YCTAHOBKA
10 3JIEKTPOHHOM 00pad0TKe TEKYYHX MUILEBbIX
NMPOAYKTOB B NIOPUHUOHHOM PeKMMeE

2. 1. 'yp6anoB

OAO **A3epcy”,
Mockoeckuii npocnexkm, 67, 2. baxy, AZ 1012, Azepbatiosxcanckas Pecnybonuxa,
e-mail: KurbanovEJ mpei@mail.ru

Hccnenyercs pa3paboTka BBICOKOBOJIBTHBIX 3JEKTPOMMITYIbCHBIX YCTAHOBOK MO 3JIEKTPOHHO-HOHHOMN
00paboTKe TEKY4YHX MHIIEBBIX MPOAYKTOB B IOPLMOHHOM PEXUME B TOTOBOI YIaKOBOYHOM Tape Moj
BO3JEHCTBUEM CUIIbHBIX OJIEKTPOMArHUTHBIX IOJE€H C LEIbI0 HMHAKTUBALMM MHUKPOOPIraHU3MOB,
COZleprKalUMXCsA B HUX, U IIPOAJIEHUS CPOKOB UX XpaHeHus. [IpuBeneHa MeToauka pacuera U coriaaco-
BaHMS OCHOBHBIX MapaMETPOB HMITYJILCHOIO HCTOYHHMKA MUTaHWS M Harpysku (oOpabaTeiBaeMOro
MPOJYKTa B Tape) sl 6osee 3¢ PEeKTHBHOTO MPUIIOKEHHS SJHEPTUH HCTOYHUKA Ha Harpy3ke. Boisipie-
HO, 4TO C YMEHbIICHHEM (pOoHTa UMITyJbca (SAMHHUIBI HAHOCEKYH/) ¥ YBEJIMYCHHEM €r0 aMIUTHTYIbI
MOYKHO JOCTHYb ONTHUMAJBHBIX PEXHUMOB 00pabOTKH ¢ HAMMEHBUINMH yJEeIbHBIMU SHEPro3aTpaTaMu
6e3 mpeBapuUTEIbHOTO HarpeBa NPOayKTa B TEIUIOOOMEHHHUKE.

Kniouegvie cnoea: 6viCOKOGONbMHAA YCMAHOBKA, 2€HEPAMOP UMNYIbCHbIX HANPANCEHUL, @pPOHM
UMNYIbCa, ONUMENbHOCHb UMNYAbCA, MEKYUUll NUegoti NpoOyKm, d1eKmpoMazHumnuoe noe, pabo-
uas Kkamepd, paspAOHbIL RPOMEICYMOK, UHAKMUBAYUSL MUKPOOP2AHUIMOB, NPOOIEHUE CPOKOE Xpate-

HU:L.

VK 537.528
BBEJIEHUE

Ha coBpeMeHHOM 3Tare Hay4YHO-TEXHHYECKOTO
nporpecca Bce 0oJbllice BHUMAHHUE YACIACTCS pas-
BUTHIO BBICOKOTEXHOJIOTUYHBIX METOI0B 00paboTKH
Pa3IHUYHBIX Cpel M MaTepHajoB, CPEId KOTOPHIX
METO/IbI JICKTPOHHO-UOHHOM aKTHBAIMU CHIIbHBIMU
SIICKTPOMArHUTHBIMU TOJISIMH  3aHMUMAIOT TIPHOPH-
teTHOe monoxenne [1-3]. Oum 006IamaroOT MENTBIM
PSIIOM TOJIOKHUTEIBHBIX XapaKTEPUCTHK, TAKUX Kak
HHU3Kas TeMIieparypa HarpeBa o00OpabaThiBaeMOit
cpellbl, MAaKCUMaJIbHBIN BKJIAl SHEPTHUH B aKTHBAI[H-
OHHBIE TIPOIECCHl U COOTBETCTBEHHO HHU3KHE YIEib-
HBIC 9HEPro3aTpaThl, HE MPUCYIIUE IPYTHM OOIICH3-
BECTHBIM MeToziaM 00paboTku [4-6].

B 3TOM KOHTEKCTE Hay4HO-HCCIEIOBATEIbCKUE
paboThl, HampaBlICHHBIE IO Pa3pabOTKy BBICOKO-
BOJIBTHBIX BBICOKOUYACTOTHBIX AJICKTPOUMITYIbCHBIX
YCTPOKUCTB C MENbI0 dSHEPTOdhHEKTHBHOTO PEIICHHS
MHOTHX HPOMBIIUICHHBIX 33/1a4, BBI3BIBAIOT y yue-
HBIX OrpoMHbIi HHTepec. C ydacTuem aBTopa omyo-
JIMKOBAHO JIOCTATOYHOE KOJHMYECTBO paboT Mo
JNIEKTPOUMITYJIbCHOM OYHCTKE T'a30BBIX BBIOPOCOB
BPEIHBIX TPOU3BOJACTB, 00€33apaKUBAHUIO TTHThE-
BOW M CTOYHBIX BOJI, BOJOCOICPIKAIIUX CPE OT Ma-
TOTCHHBIX MUKPOOPTaHu3MoB [7—12].

HaGmogaemblii  mepexosi OT HH3KOYAaCTOTHBIX
METOJIOB 3JIEKTPOHHO-HOHHON 00pabOTKH pasind-
HBIX CpEll U MaTePHAIIOB K CBEPXBBICOKOYACTOTHBIM
BbI3BaH B CHJIy psijia TIPHYKMH, OCHOTOJIAratoniel u3
KOTOPBIX SIBJSIETCS MaKCHMAJIBHO MOJIE3HOE MPHUIIO-
’)KeHHE HPHEpPrMM HCTOYHUKA Ha Harpyske. B aToit
CBSI3M MPABUIIBHBIA YYET M COTJIACOBAHUE OCHOBHBIX

[apaMeTpoOB HMCTOYHHMKA SHEPTUM U HArpy3Kd IPH
pa3paboTke BBICOKOTEXHOJIOTHYHOTO 00O0PYIOBaHHUS
UMEIOT Ba)kHOe 3HaueHue. K duciay Takux ycraHo-
BOK MOXXHO OTHECTH TaKKe 000pyAOBaHKE IO BHICO-
KOBOJIBTHOW DIIEKTPOMMITYJILCHOW 00padoTKe TeKy-
YHX MUIIEBBIX IPOAYKTOB, IJI€ B KAUECTBE UCTOYHH-
Ka 3HEPIMu MPHUMEHSIOTCS BBICOKOBOJIbTHBIE I'€HE-
paTopbl UMITYJIBCHBIX HaNpsDKEHUH, a Harpy3ku —
pabodne KaMephl C MUIIEBBIM POTyKTOM.

B mpennaraemoii ctatbe paccMaTpHBarOTCs OCO-
OCHHOCTM  TEXHOJOTMYECKMX  IIPOIECCOB IO
AIIEKTPOHHO-UOHHOW 00paboTKe TEKY4HX MHUILEBBIX
MPOAYKTOB B TOPLIMOHHOM PEXHME C LIETbI0 HHAK-
TUBallUd B HUX NAaTOTEHHBIX MUKPOOPTAaHU3MOB H
MIPOJICHUS CPOKOB MX XPaHEHHs], a TAK)Ke METOHMKA
pacueTa OCHOBHBIX B3aMMOBJIMSIOIIHMX MapaMeTpoB
yCTaHOBKM. B KadecTBe Harpy3ku MMILYJIbCHOTO Te-
HepaTopa HCIOJIB3YIOTCS paboyhe Kamephl OpUTH-
HaJIbHOM KOHCTPYKIMH C COAEp)KalUMCs B HHX
00pabaThIBa€MbIM MUIIEBBIM TPOLYKTOM.

OKCIIEPUMEHTAIJIBHAA YACTb

B crathe paccMaTpuBarOTCS 1Ba BapHaHTa MOp-
IIHOHHOM DJICKTPOUMITYIHCHOW 0OpaOOTKH TEKYUHX
NHIIEBBIX TPOJYKTOB: a) PU HAJHYUU rajbBaHHYE-
CKOro KOHTaKTa (MPOBOMAIIETO DIIEKTPOMA) MEKIY
paspsAOHBIM MPOMEKYTKOM W 00padaThIBaeMbIM
HPOJIYKTOM U 0) TPH 3JIEKTPOUMITYJILCHOH 00paboT-
K€ YIAaKOBOYHOH Tapbl C COACPXKAIUMCS BHYTpPHU
MUIIEBBIM TPOAYKTOM. CXeMbl 00OMX BapHAHTOB
npezcTaBieHsl Ha puc. 1. B paccMaTpuBaeMbIx city-
YasX B KayecTBE WCTOYHUKA BBICOKOBOJBTHBIX

© T'ypbanos 3./1., DnekrponHas o6padorka matepuainos, 2015, 51(6), 103-107.
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(a)

(©)

Puc. 1. Cxema 3J€KTpOUMITYJILCHOM 00pabOTKM TEKyYMX MUIIEBBIX MPOIYKTOB B TOTOBOH YIMAaKOBOYHOH Tape Ha TEXHOJOTHYECKON

JIMHUMU.

AMITYJIbCHBIX BO3ICHCTBUIN NPHUMEHSIOTCSA pa3pabdo-
TaHHBIC HaMH TCHEPATOPbl MMITYJIbCHBIX HAIIPSKE-
HUH, UCTIOJHEHHBIE TI0 Pa3NIUYHBIM DIIEKTPHUIECKAM
CXeMaM: a) Ha OCHOBE BBICOKOBOJBTHOTO IMOBBIIIA-
fouiero Tpancopmaropa Ha MEPeMEHHOM Harpsike-
HUH C UCKPOBBIMY BO3AYIIHBIMHU pa3psIHUKaMU U 0)
Ha OCHOBE THPUCTOPHOTO T€HEpaTOpa M MMITYJIbCHO-
ro tpanchopmaropa ¢ 00OCTPSIOIINM MHOT'03a30p-
HBIM UCKPOBBIM Pa3psiIHUKOM Ha BBIXOJIC.
Paccmotpum BHauase 1-if BapuaHT TeXHOJIOTHYE-
CKO# JTMHUH, KOT/Ia MPOU3BOAMUTCS IIEKTPOUMITYIIb-
cHast 00paboTKa TeKyYUX MUIIEBBIX MPOAYKTOB IPH
HaJIMYUHM TaIbBAHUYECKOTO KOHTAaKTa MEXIYy pas-
PAOHBIM TPOMEXYTKOM W HCCIEAYEMBIM OOBEKTOM
(puc. la). Ilpu momoIM TpaHCIOPTEPOB paboune
KaMepbl ¢ 00pabaTbiBaeéMbIM MPOAYKTOM IMONAIOTCS
K DJIGKTPOJTHOWM CUCTEME Ha BBIXOJE BBICOKOBOJIBT-
HOTO TEHeparopa HWMITYyJIbCHBIX  HaNPsHKSHHMA.
Korga pabouas xamepa HaxoAWTCs B Ipenenax
AJIEKTPOTHOW CHUCTEMBI, OCYIIECTBISETCS Moiavya Ha
Hee BBICOKOTO WMITYJIECHOTO HANPSKEHHSI U B MEX-
9JIEKTPOJHOM TPOCTPAHCTBE 3a)KUTAETCS DIICKTPH-
yeckuil paspsn. Ilocne mpekparieHust 371eKTPOHHO-
MOHHOHN 00pabOTKH Tapbl C MPOAYKTOM TPaHCIOPTE-
pBI OTBOIAT pabouylo Kamepy ¢ MPOJYKTOM U3 pas-
PSAHOW 30HBI M TOABOAAT TyJa OYEpegHyIO0 pabo-
Yy KaMepy ¢ BOJOCOAepIKalleil cpenoil.
Ipencrasnennas mopuuoHHas obpaboTka (mpm
HaJIMYUHN TaJIbBAHUYCCKOI'O KOHTaKTa) OOBIYHO HC-
MOJIL3YETCS B 1a0OPaTOPHBIX MCCIEIOBAHUAX, KOT A
Tpebyercst 0O6padboTaTh Maloe KOJUISCTBO TOTO HITH
HWHOr'o IpOAYKTaA. OCHOBHBIM €€ MMpEeuMyICCTBOM

SIBJISICTCSI TO, 9TO TIOCTIE TaKOH OOpabOTKH MPOIYKT
MOJXKET CcojiepkaTbcs B paboueii kamepe, Kak B yra-
KOBKE, W ObITh U3BJIEUEH W3 Hee JIUIIb B TPeOyeMbIi
MOMEHT. /[ NpHMEHEHMsI NaHHON TEXHOJIOTMH B
MacCOBOM MaciTade HEOOXOAMMO PEIIUTh CIeIy-
IOIIUE 3a]IaUH:

— ONPENCTHUTLCS C MaTepHUanoM (JIOMKEH UMETh
BBICOKYIO DJICKTPHYECKYIO MPOYHOCTH) M €ro cebe-
CTOUMOCTBIO (C TpHEMJIEMOM IEHOH st mOoTpeOu-
TeNs);

— o0ecnieunTs MUHUMAIIbHBIE YAEIbHBIE SHEPTO-
3aTparthl NpU YCIOBUU OTCYTCTBUA AOIIOJIHUTCIBHBIX
TEIUIOOOMEHHUKOB, YTO SIBISETCS HEMPOCTOW 3aja-
yei;

— IPEJOTBPATUTh BTOPUYHOE 3aPaXKCHHE IHUIIC-
BOTO MPOJYKTa MHKPOOPraHU3MAaMU IPU IepeMe-
IIEHWU €TO B JIPYTOH COCYJ, €clid OmbITHAas pabouas
Kamepa He SIBJISIeTCSl yITaKOBOYHOM Tapoii;

— TPUHITH MEPHI 10 TPEAOTBPALICHHIO MPOOOs
BHEIIIHETO KOpITyca KaMephl MPH OTKIOHEHUH €€ OT
TpeOdyeMoro 0e30macHoro padodero MOJIOKCHHS B
3JIEKTPOTHOM MTPOMEKYTKE.

CxemMa  TEXHOJOTHMYECKOTO  Mpolecca o
AIEKTPOHUMITYIILCHOW 00pa0O0TKE TEKYYHX MHIIEBBIX
MPOJYKTOB B YIAKOBOYHOW Tape IMpeICTaBJIeHA Ha
puc. 16. JudnekTpuyeckas Tapa C HCCICAYSMBIM
TEKy4YHM THUIIEBEIM MIPOIYKTOM TIOJAeTCs B paspsii-
HBII TPOMEKYTOK (MEXIy TMIOCKOIapaieTbHBIMU
SHGKTpOI[aMI/I) BBICOKOBOJIBTHOT'O HUMIIYJIBCHOT'O
reHepaTropa, TJe MPOUCXOAHUT ee 00padoTKa CHIIb-
HBIMH JJIEKTPOMAarHUTHBIMH ToisiMu. [Ipm Takom
BO3IICI7[CTBPII/I Ha 00BEKT CHUIIbHBIE BLICOKOYACTOTHRIE
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JNIEKTPUYECKUE TIONST CIIOCOOHBI TPOHHKHYTH B
rmy0b  TPOAYKTa.  DIIEKTPOMATHUTHBIE  BOJHEI
COJepKaT IIMPOKHUK HEMPEePBIBHBIA CIEKTP 4acToT,
Omaromaps 4emy NUINEBOM MPOAYKT B AUDIEKTpHIE-
CKOW Tape MOXET JIOCTaTOYHO PaBHOMEpHO 00Opaba-
THIBAaTHCS 0€3 ero MepeMelIBaHus IMyTeM BCTPSAXHU-
BaHMS Taphl, TaK KaK pa3Hble YacCTOThl MMEIOT pa3-
JUYHYI0 TIyOMHY TPOHHKHOBEHHS B IPOIYKT.
Kpome TOro, moMuMo TpagullMOHHOTO BBICOKOYA-
CTOTHOTO M CBEPXBBICOKOYACTOTHOT'O HarpeBa IOsB-
JITeTCST HOBBIM JEUCTBYIOMHN (aKTOpP — BBICOKAs
HaNpPsHKEHHOCTh MMITYJIBCHOTO DIIEKTPUYECKOTO TI0-
75, KOTOpas TMO3BOJISIET CHU3UTH TPeOyemblil Ay
3¢ hekTrBHON 00pabOTKH HarpeB, a B Mpelere U
BOBCE €r0 UCKIIIOYHTh. MHOTOKpaTHAS TOJISIPU3AIIHS
U Jenosipu3anusi OMOMOJIEKYJI, OpTaHeNll MUKPOOp-
TaHU3MOB IIPH BO3JICHCTBHM KOPOTKHX IIHPOKOIIO-
JIOCHBIX UMITYJIbCOB CHIIBHOTO SJICKTPHYECKOTO TIOJIS
MOTYT OKa3aThCsl ()()EeKTUBHBIM HHAKTHBHPYIOLIAM
(hakTopom.

METOJIUKA PACYETA

st mpaBUIbHOM pa3paOOTKH BBICOKOBOJIBTHOTO
TEXHOJOTMYECKOTO O0OPYAOBaHUS MO 3JIEKTPOHHO-
HOHHOU 00paboTKe TeKyYuX MHUIIEBHIX MPOAYKTOB B
NPOTOYHOM H TOPIHUOHHOM PEXHMaxX CHIbHBIMH
ANIEKTPOMAarHUTHBIMU TIOJISIMH HYXKHBI YYeT U COTJIa-
COBaHME BCEX B3aUMOBJIMAIOLIMX I1apaMETPOB KaK B
BBICOKOBOJITHOM, TaK M B HU3KOBOJBTHOU (Harpy-
304YHOIT) 4acTH cXeMbl. B craThe MBI paccMOTpHM
OCHOBHBIE MapaMeTPhl TEXHOJIIOTHYECKON YCTaHOBKH
1o o0paboTKe MUILEBBIX MPOIYKTOB B TOTOBOM yma-
KOBOYHOHM Tape, y4eT KOTOPBIX HEOOXOJUM IIpH ee
paspadoTke.

CxeMa 3aMelleHHs] Pa3psSAHON LEenH MpH Halu-
YHH B Pa3psIHOM MPOMEXYTKE YIAaKOBOUHON Taphl C
MPOAYKTOM MpeacTaBieHa Ha puc. 2. [lpu pacuere
YUUTBIBAIOTCS KaK JJEKTpO(PU3MIECKUE TapaMeTphI
Tapbl, Tak U oOpabaTeiBaeMoro npoaykra. Ha cxeme
pabodas Kamepa 3amemiaeTcss KOHIEHCATOpOM, IH-
3JIEKTPUKOM KOTOPOTO CIYKHUT 00pabaThIBaeMBbIi
mpoaykT (puc. 2).

yi

| |
T'eneparop I
HUMITYTBCHBIX Cnp R
HaNpKeHHH [ P
[

yiu
Puc. 2. Cxema 3amentenus paspagHoii nemu:. C,, — eMKOCTh
CTEHKHM YIAKOBOYHOH Iu3IeKTpudeckod Tapel, R,, C,, — ak-
THBHOE COIPOTHBIICHHE ¥ EMKOCTh 00pabaThiBAEMOro MpoIyKTa
B Tape.

Beiensemast MOITHOCTD P B equHUYHOM 00BeMe
IPOJIYKTa OTpeaesieTcs u3 cootHormenus [13]:

2
P=2n-f-g,-E°-&' 103, D
rme f — wgacrora 3JEKTPOMArHUTHOTO  MOJIS;
E - HanpsoKeHHOCTh  3JIEKTPUYECKOrO  MOJIS,

€' — JCeUCTBUTENbHAS YacTh KOMILUICKCHOW JUAJICK-
TPUUYECKON TPOHUIIAEMOCTH Cpelbl; g0 — TaHreHC
yIiia TU3JIeKTPUUECKHUX MOTEPb.

ITo mepe pacmpocTpaHEHHUs SIICKTPOMAarHUTHOM
BOJIHBI OT TIOBEPXHOCTH BEIIECTBA B IIIy0Ob MPOAyKTa
MOII[HOCTh €€ YMEHBLIACTCS 0 IKCIOHECHIIHAIBHO-
My 3akoHy [14]:

P=P-e", (2)
rae Py — MOIIHOCTD Ha PacCTOSHHUM X OT ITOBEPXHO-
CTH BellecTBa; P — MOIIHOCTh Ha MOBEPXHOCTH Be-
IIECTBA; 0 — KOO GHUIHUEHT 3aTyXaHus:

1/2
' 2
0L:2_7t g'\yl+1tg°d -1 (3)

Ao 2 ’

r1e Ao — JUTHHA BOJIHBI B CBOOOTHOM ITPOCTPAHCTBE.

MomHocTs, pacceMBaeMas B €AMHHIE O0BEMa
MPOJAYKTa 3a CUET HAaBEIECHHBIX TOKOB IMPOBOJIHMO-
CTH, paccuuThiBaeTcs 1o ¢popmyie [13]:

P, = J,E; = VzEzzv (4)

rie E, — HanpsokeHHOCTh TMOJNS B TPOAYKTE;
J» — TUIOTHOCTh TOKA MMPOBOJUMOCTHU B MPOJYKTE.
®dusnka mnpolecca NOpU  IIEKTPOUMITYJIHCHOU
00pabOoTKe TEeKYyUUX MHIIEBBIX MPOAYKTOB B JTUAIICK-
TPUUYECKOM Tape CXOAHAa C TOW, YTO HUMEET MECTO
IpU 3IEKTPOUMITYJIbCHOW HHAKTUBALIUM MUKPOOP-
ranm3mMoB B Boze [9]. Ponb muromiazMaTuveckoi
(kmeTouHOM) MeMOpaHBI IS MPOAYKTAa MPU ITOM
Urpaer AudJeKTpuueckas tapa. OTiau4ue COCTOUT
JIUIIB B TOM, YTO €CJIH T0JIe BHYTPb Taphl HE MIPOHU-
KaeT, a MPUKIAABIBACTCA MOJHOCTBIO K HEH, TO mpo-
IyKT (B OTIIHYKE OT KJIETKH ¢ poOoeM MeMOpaHbI)
ocraercs HeoOpaboTaHHBIM (MM WCIOPYEHHBIM B
ciydae mpo0osi JHANEKTpUUYecKoi Taper). Kpome
TOTO, COOTHOIIIEHHE MEXIy TONIHHOHN d, MemOpa-
HBI U XapaKTepHBIM pa3MepoM KIeTKH d,, ¢ OIHOMN
CTOPOHBI, U TOJIIIMHOW CTEHKU JUBJIEKTPUYECKOUN
tapsl (OyTbUIKH) O, C €¢ XapaKTEepHBIM IIONEPEUHBIM
pasmepoM d,, ¢ Opyroi CTOPOHBI, MOXET OBITH
CYIIECTBEHHO pa3HbIM. [Ipu OMM3KUX K JEHCTBU-
temsuocty d,, ~ 108 M, d, ~ 10° m, dy, = 5.10° w,
dr ~ 7107 M momy4mm:
d,

d
—n_10?% <2 =7.102 (5)
d d,

K

IIpu d,, = (0,5-1) Mm HepaBeHcTBO (5) MpHOIMKaCT-
Csl K PaBEHCTBY:

9 S (6)
d. d,

Yem menbure ornomenus d,/d,, d,,/d7, Tem Gonbras
YacTh HaBEAEHHOTO BHENIHMM HMMITYJIBCHBIM DIIEK-
TPUYECKUM TIOJIEM HANpPSUKEHUs TPUKITAIBIBACTCS K
BHYTPEHHEMY COJEPKUMOMY KJIETKH M K HPOIYKTY
B YIIaKOBKE.
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Cpennsas momuocts N, BblIensemas B oOpaba-
THIBAEMOM IMPOJYKTEe 00BbeMOM Vo, onpenenseTcs u3
CJIEAYIOIIETO COOTHOIICHHS:

Ny =Vot, fPee =Vit, f

u o

(P+Py)= @

=Vt f

u o

(anso Elejtg,d +v,E; )

rae t, — IIMTENbHOCTh UMITYJIbCa; EZ — HAIpsKEH-

HOCTBH DJIEKTPUICCKOTO TOJsA B oOpabaTbiBaeMoit
cpene; Y2 — AMEKTPOIPOBOIHOCTD cpenbl; f — yactora
ummynbca ~1/t,; 19,0 — TaHreHe yria TUdaeKTpHue-

CKHX TIOTephb, paBHBIH ¢} /¢, ~0,1 [13, 15], rme

gg, 3'2 — MHHUMasg H ,E[eﬁCTBPITeJ'ILHaH JacTu KOM-

IJIEKCHON AMRJIEKTPUUECKONW MPOHUIIAEMOCTH TPO-
JIyKTa COOTBETCTBEHHO; f., — yacToTa ciemoBaHus
mmyiseos (f.,= 10° ¢). Torepsimu MommHOCTH 1PN
€€ pacmpoCTpaHeHWH B TIIyOb NPOAYKTa MOXKHO
npeHedpeyb.

U3 puc. 2 crmemyer, 4TO HE BCE HUMITYJIbCHOE
HaIlpsSDKEHUE OT FeHepaTopa UMITYJIbCOB MPUKIIAIbI-
BaeTcs K MPOAYKTY, Haxozsuemycs B Tape. [lei-
CTBUTEJIBHO:

U=2U,+U, ~ 2Ed, +E,d, = E,| 252d, +d, |, (8)
€

1

rae U;, U, — HanpspkeHus!, TPHIIOKCHHBIE K CTCHKE
. roo
YHAaKOBKH U K HPOAYKTY COOTBETCTBEHHO; ¢, ¢

JNEWCTBUTEIbHBIE YacTH KOMILIEKCHOH AWAIIEKTpH-
YEeCKOIl NPOHMLIAEMOCTH MaTepHaja YIaKOBKU U
HPOJyKTa COOTBETCTBeHHO. B (8) Benmuuna Hamps-
KCHHOCTEH MOJsl B AMANEKTPHUKE YNMAaKOBKH E; U B
npoaykre E, oOpaTHO MPONOPLUOHANBHA IUAJICK-
TPUYECKUM MPOHUIIAEMOCTSIM STHX BELIECTB.

OObmiee conpotuBieHne Z YNMAaKOBKH, 3alOJHEH-
HOW TMPOAYKTOM, M CPEAHIOI0 MOIIHOCTH, IIOCTYTIa-
IOUIYI0 B Z, MOXKHO ONPEAEIUTh U3 HIKECIEAYIO-
IUX COOTHOLIEHUI:

R

np

7 2 N oC,, 2+3R,,0C

oC, 1 .p oC(+RwC) ()

yn
np
oC,,

2+3R, -2nC I,
(2nC1t,)-(1+R,,-2nC/t,)’

Ny, =Lt f (10)
cp.Z 7 u cen’

CrnenyeT OTMETUTh, YTO CIIOKHOCTU TPU CO3]a-
HUM BBICOKOBOJBTHOTO HMITYJILCHOTO T€HEpaTopa
CBS3aHBI C TOJYYEHHEM HMITYyJIbCa C KOPOTKUM
(GpoHTOM (HAHOCEKYHJHOIO JAWara3oHa) U C He-
OOJBIION  BEIMYMHOW  COMPOTHUBIICHUS  CaMoOi
Harpy3ku (exuauiel OM). VBEIHYHTH MOIIHOCTE
reHepaTopa MOXKHO IyTEM YBEIHYECHUS aMILIUTYIbI
BBIXOJHBIX UMITYJbCOB IIPU TOM K€ YacTOTE UX Clie-

nosauus (f., ~ 10° c'l). B To0 e BpeMms yBenmuueHue
MOIIHOCTH TEHepaTropa OrPaHUYHUBAETCS MPOOHB-
HBIM HaNpsHKEHHEM IMIIEKTPUYECKON CTEHKH yIia-
KOBKH — Taphbl.

OTMETUM, YTO JJMHHBIC UMITYJIbCHI DJICKTPHUE-
ckoro o (t, > 50 HC) MpakTHYEeCKH He MPOHUKAIOT
BHYTPh 3aMKHYTOH JIMAIEKTPHYECKON 000I0UKM
Tapel ¢ 00pabaThIBAEMBIM MPOIYKTOM, a Ha CBEPX-
Beicokux gacrorax (f ~ 10 I'm, 1, ~ 10™° ¢) crano-
BUTCS 3aMEeTHBIM CKUH-3(ekT. [Ipu 3TOM rinyouny
MPOHUKHOBEHUST A (B MeTpax) 3JCKTPOMArHUTHOTO
HOJIE B TPOAYKT MOYKHO ONPEICIHTh M3 HHKECIe-
Iyroriero Beipakenus [13]:

~9,55.107
fJe'tgs

DKCIEepUMEHTATBHBIE PE3YIIbTATHI MOKA3BIBAIOT, UTO
MpU 3IEKTPOUMITYJILCHON 00paboTKe MPOAYKTOB B
JUDJICKTPUUYECKON Tape pallMOHANIBHBIM IPEICTaB-
JISIETCS BO3ZICUCTBHE HA CpPely HMITYJILCAMH C JUIH-
tenpHOCTRIO 1, = (1-10) Hc [9].

TexHomoruss 00pabOTKM MPOAYKTOB B IHAIICK-
TpUYecKoi Tape mpu momoinu kopotkux (t, = 1 Hc)
HUMITYJICOB HAXOMUTCS HAa HAYaIbHOM DTaIle CBOETO
pasBUTHSA, HO B TO € BpeMs SIBISIETCSI BeChMa Tep-
CIICKTUBHOM OJ1aromapsi COYETaHUIO TOCTATOUHO BBI-
COKOI HaBEJCHHOW HAMPSHKEHHOCTH B MPOAYKTE U
HAJIMYMIO BBICOKUX XapaKTepHBIX 4YacTOT B HeEMpe-
pbiBHOM cniektpe 0< f <0,35/t,,rae JUTeNbHOCTh

(11)

¢ponta t; < 0,5 HC MOxkeT 00eCHEYHTh BBICOKYIO
CTENEeHb MHAKTHUBAIMU 0€3 CyIIECTBEHHOTO Harpena
cpensl. [Ipu aToM He TpeOGyeTcsl HAIWYHUS JTOTIOJIHU-
TEIBHOTO TEIUIOOOMEHHUKA Ul HarpeBa MpOAyKTa
o cpasuennto ¢ CBU-o6paborkoii [16].

BbIBO/IbI

B mHacrosimiedt craThe mpHBeeHa METOJMKA pas-
pabOTKH BBICOKOBOJBTHBIX TEXHOJOTHYECKHX YCTa-
HOBOK IO 3JIEKTPOHHO-UOHHOW 00pabOTKe TeKydux
MHIIEBBIX MPOAYKTOB B IMOPLHUOHHOM PEXUME CHIIb-
HBIMH 3JICKTPOMAriuTHBIMU MOJIAMU C LCJIbIO MHAK-
THUBAIUH COJIEP)KAIINXCS B HAX MAaTOT€HHBIX MHUKPO-
OpPraHM3MOB W TPOJJICHHS CPOKOB WX XpaHEHHS.
[TokazaHo, YTO TOPLUMOHHBIA pEXHM O0O0pPaOOTKU
MUIIEBBIX MPOIYKTOB C TAIbBAHHYECKUM KOHTAKTOM
MEXIy pabouell KaMepol ¢ MPOAYKTOM H pa3psaHOM
30HOH MEPCHEeKTHBEH MpH MPOBEACHUH J1abopaTop-
HBIX UCCJIEJ0BaHUN. B TexHOIO0rnueckux mpoieccax
3 (PEKTUBHOCTh TIPUMEHEHHUS TAHHOW TEXHOJIOTHH
OyZIeT 3aBHCETh OT pEIIeHUs PA/la TEXHUIECKHUX 3a-
Jlav, yKa3aHHBIX B TEKCTE.

B craTthe ObLT TakKe pacCMOTPEH BapHaHT DJICK-
TPOUMITYJIECHOM 00pabOTKA TEKYYMX IHIIEBBIX
MMPOAYKTOB B I'OTOBBIX JUBJICKTPHUYCCKUX Tapax IJIid
HWHAKTUBAllUM COACPKAIIUXCA B HUX MHUKpOOpra-
HU3MOB W TIPOJUICHHUS CPOKOB WX XpaHeHus. lIpo-
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AHAIM3UPOBAHBl (PH3UYECKHE MPOIECCHI, IMPOUCXO-
oAue 1mpu BO3):[€I>'ICTBPIH CHUJIBHBIX J3JICKTPHUYCCKUX
MOJICH TPH Pa3jMyYHBIX MapaMeTpax HCCIeAyeMOro
00BEeKTa, W TOKa3aHa IEPCIEKTHBHOCTh JaHHOTO
MeTona o0paboTKM MaTepHajoB IO CPaBHEHUIO C
CYIIECTBYIOIUMH TEXHOJOTUAMU. B mensx sddek-
TUBHOTO TIPWJIOKEHUS DHEPrUM HWCTOYHHKA Ha
Harpy3Kke NpHBeJeHa METOJMKa pacdeTa OCHOBHBIX
B3aUMOBIIUAIOIINX QJICKTPUUYCCKUX nmapamMeTpoB
YCTaHOBKH W XapaKTepUCTHUK oOpabaThiBaeMoil cpe-
Ibl. BBISIBIIEHO, YTO B MEPCIEKTHBE C pa3pabOTKOM
BBICOKOBOJIBTHBIX IT'CHEPATOPOB UMITYJIbCHBIX HAIIPA-
KCHHH C TPEAeTbHO MHUHUMAIBHBIM (POHTOM U
MaKCUMaJbHON aMIUTUTYJIOW HMITylIbCca CBsI3aHa
BO3MOXHOCTb JOCTHUYb HCOGpaTHMOﬁ WHAKTUBaIlUH
MHUKPOOPTaHU3MOB B TEKYUYUX IMHUIIEBBIX MPOIYKTaxX
Y TIPOJUTATH CPOKH MX XPaHEHUs IPU MUHUMAIIbHBIX
YAENBHBIX dHEpPro3aTparax u 0e3 MpenBapuTeIs-HOrO
HarpeBa caMoro MpoayKTa.
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Summary

The present article deals with the development of
high-voltage electropulse installations for the electronic-
ionic batch-mode processing of packed fluid foodstuffs
under the influence of strong electromagnetic fields. The
purpose of such processing is to inactivate micro-
organisms in the processed foodstuffs, thus prolonging
their shelf-life period. The technique is suggested for the
calculation and coordination of the main parameters of the
pulsed power supply and loading (of the packed fluid
foodstuffs) for more effective application of the source
energy at loading. It is revealed that when reducing the
pulse front (nanoseconds) and increasing its amplitude it
is possible to reach the optimum processing regimes with
the lowest specific energy consumption without
preliminary heating of the product in a heat exchanger.

Keywords: high-voltage installation, generator of
pulsed tensions, pulse front, duration of pulse, fluid food-
stuffs, electromagnetic field, working chamber, discharge
interval, inactivation of microorganisms, extension of
shelf-life period.
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DJIeKTpUYecKas 00padoTKa *KUIKUX Cpe/l
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OOcyxnmaercsi posib HarpeBa IpH MUIA3MONIK3e. DKCIEPUMEHTAIBHO MCCIIEA0BAaH HArPeB AJIEKTPOIUTA
4yepe3 JUAJIEKTPUUECKH Oapbep MpH UCIIOJIb30BAaHUM PA3IMYHBIX UCTOYHHKOB MIEPEMEHHOIO TOKA M
HalpsDKEHUS YIbTPa3ByKOBOW 4acTOThl. OTMEUeHBl 0OCOOCHHOCTH M COIYTCTBYIOIINE HarpeBy 3¢ dex-
THI JJIS Pa3JIMYHBIX HICTOYHUKOB SHEPTUH U JJICKTPOJIUTOB.

Knioueswvie cnosa: NAA3MOJU3, DJIEKMPOaUnl, Hacpes, UCMOYHUKU MOKA U HANPAINCEHUSA, OCYULIocpaAM=

Mbl.

VK 664.1.033

Cpenn pa3HOBUAHOCTEH IJIA3MOJIN3a TTO3UTHUBHO
BBIJIETISIETCS TPOIIECC, TPOBOAUMEIN TPH dIEKTpUYe-
CKOM BO3JIEHCTBMM KaK B YacTH €ro Xopolleu
YIPaBISIEMOCTH, TaK U B TIOBBIIICHUU 3()HEKTHBHO-
CTH 00pabOTKH PaCTUTEIHHOTO CBHIPHSL.

Ha npotrsokeHuM TOCHenHUX JeCATHIETHH yJe-
JsieTcs  3acily’KeHHOE€ BHHMaHHE OCYIIECTBICHUIO
IJ1a3MOJIN3a Ha TIEPEMEHHOM, MOCTOSHHOM HaIpsi-
KEHUH W B UMIYJIbCHBIX MOisix. OXHUM W3 CIOp-
HBIX, HE PEMIEHHBIX BOMPOCOB OCTAIOTCS IPO3UST U
pPacTBOpPEHHME MaTepHaoB 3JEKTPOJOB U UX BIH-
HUE Ha Ka4eCTBO JKCTParupyeMbIX MPOAYKTOB. B
9TOW CBSI3U MPENCTABISIETCS HHTEPECHBIM M TIPAKTH-
YecKH Ba)KHBIM IIPOBEJIEHHE IpOIecca B YCIOBHSIX
UCKIIIOYEHHSI HEMOCPEICTBEHHBIX KOHTAaKTOB 0OO0pa-
OaTpIBaeMOM CpeIsl M AJIEKTPoIoB. Vcmomb3oBanme
HOBOTO TOAXO0Ja K HM3YYEHMIO IUIa3MOJH3a, B TOM
YHClie TEXHUYECKH, TOPOKIAeT HHTEPECHBIE 3a]1auH,
KOTOpBIE HE BCEr/la OYEBUIHBI, TOCKOJIBKY MPHHIIH-
MMMATbHO BaXXHO, KaK BBOAWTCA JIIEKTPHUYECKas
sHeprus. [logcunTarh KOIMYECTBO BBHIXOJHOTO MPO-
IyKTa U CIIeNaTh 3aKkitodeHne o0 agdexre nporecca
MpoOJIEMAaTHYHO, TOCKONBKY KaXKABIH BapHaHT
3JIEKTPOIIa3MOIM3HOM KaMephl U MCTOYHHUKA MHUTa-
HUS MPEICTaBIIeTCs] YHUKAJIbHBIM 1O HaOOpy ciy-
YaifHBIX TTapaMeTpoB. B cBoto ouepens, 3To 3aTpya-
HSET WIN JakKe UCKII0YaeT BO3MOKHOCTH HCIIONb30-
BaHUS pE3ylbTaTOB JPYIMX HCclefoBaTeNell |
MIPaKTUKOB, TIOCKOJIbKY HE W3BECTHO BIIHSHHE KaXK-
JIOTO M3 MHOTOYHCJICHHBIX TTapaMETPOB B OTIEIIbHO-
CTH.

[IpenmpuHATEIA aBTOpaMu MOAXOM K METO0JO-
THH TIpenrojiaraeT pacdyieHeHHe IIpoliecca Ha OT-
JIENIbHBIE COCTABJISAIOIINE M H3YYEHHE KaKJIOoW U3
HUX, YTOObl CHHTE3UPOBATH €r0 BHOBH ONTHMAllb-
HbIM oOpa3om. [locie mposicHEHWsT poNu KaKIou
COCTaBJIAIONIEN CIIETyEeT COCTaBUThH JKECTKWUU ayro-
PUTM 751 MH)KEHEPHOT0 pacuéTa U MPOEKTHPOBAHUS
BCEro TpoIecca B 3aBHCHMOCTH OT ITOCTAaBIIEHHOU
3amaun. B pabore paccMOTpeHBI JBE TPYHIBI KOM-

MOHEHTOB IJIa3MOJIM3a. HAarpeB M Te, KOTOpbIe He
NPUBOIAT K 3aMETHOMY HarpeBy, ¢ y4€TOM METOHO-
JIOTMX TOAXOJA M alIapaTypHOro OCHALICHHUS 3KC-
MIEPUMEHTOB.

HarpeB kuaKxoro celpbsi MpH IIA3MOJIH3E CIIO-
COOCTBYET YBEJIIMYEHHIO BBIXOJAa COKa M3 ME3TH U
SIBIISIETCS (PaKTOPOM, BIUSIOMIMM Ha 3PHEKTUBHOCTH
mporecca. C TOBBIIICHHEM TeMIiepaTypbl 3¢hdexT
YCHIJIMBAETCSI U OTHOBPEMEHHO C 3TUM B COKE MOTYT
NPOMCXOANTH HEraTUBHBIE U3MEHEHUS, B TOM YHCIIC
XHUMUYECKHEe B3aMMOJICHCTBUSI C MaTEpUAIOM JJIeK-
TPOAOB, TEM BeposATHEe, 4eM OoJblle 3ICKTpUYe-
CKHI TOK MPOXOIUT MO paboucit 30He. UTOOHI WC-
KIIIOYUTHh OTH SBICHUS W TPHOIMU3UTH SJICKTpHUe-
CKHMH HarpeB K TPaJULMOHHOMY HAarpeBy, KOTOPBII
UCIIOJIB3YETCSl TMPH MPUTOTOBICHUU THUIIHA, MOXKHO
W30JIUPOBATh 3JIEKTPOABI CJIOEM JUdJIEKTpuKa. B
KayecTBE MCTOYHMKA TEIUIOBOM BSHEPrUU ClIeAyeT
WCIIONIb30BaTh NMEPEMEHHBIM TOK, YTO JOJDKHO HC-
KIIOYUTH MEPEeHOC MaTepuania 3JeKTpoja B ME3Ty B
pe3ysbTaTe 3IEKTPOXMMUYECKUX MPOLIECCOB U MpO-
XOXKICHUS AM3NIEKTpudeckoro Oapeepa. s yBenu-
YeHUs JHepreTudeckoil 3PQPEeKTHBHOCTH TpoIlecca
nenecoodpasHo paboTarh Ha YJIBTPa3BYKOBOHM da-
cTOTe.

C wmenblo OOOCHOBAaHHOTO BBIOOpPa HMCTOYHHKA
JIEKTPUIECKON PHEPTUH CIIEAYET PACCMOTPETh Me3-
Ty KaK Harpy3Ky U 3aMEHHTb €€ 3JICKTPOJIUTOM, KaK
Om3KkUM U 60JIee TOYHO BOCTIPOU3BOIUMBIM OOBEK-
TOoM. [TONBITKY COCTAaBUTH SKBUBAICHTHYIO AJIEKTPHU-
YECKYI0 CXeMY Harpy3ku (KIOBETHI C DJICKTPOIUTOM)
C MOMOIIBIO U3MEPUTEIBHOTO MOCTa OKa3alIHuCh 0e3-
YCIIEHIHBIMHU, OCKOJIBKY 3JICKTPOIHBIC MOTCHIIUAIIBI
BHOCSIT CHJIbHBIE UCKAXEHUsI B MU3MepeHus. Mcmomnb-
30BJIUChH JIBA UCTOYHUKA HATIPSHKEHUS TIPSMOYTOITh-
HOW (pOpMBI U OJIM3KOM K CUHYCOUAAIBHON, B Kade-
CTBE 3JICKTPOJINTA CIIY>KWJI OJHOMOJBHBIN PacTBOP
XJIOpUZA Kajusl, B KadecTBE IUINEKTPUKA — CTEK-
JITHHBIE TIPOOUPKH.

© Aspnees A.A., Bonora M.K., Dnektponnas o0pabotka marepuanos, 2015, 51(6), 108-111.
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Ha ocmumnorpamMMax mMmoka3aHbBl HamlpsHKEHHUS U
TOKH Ui 0o0oux ciydaeB. [yt MpsSIMOYTOJIBHOTO
Hanpsbkenust (puc. 1) wacrora MeHsuach OoT 8 10
100 xI'm. Xapaktep ocCHWIIOTPaMM HE MEHSIICS.
BuaHo, 4T0 OCHMIIIOrpaMMBI TOKOB TNPENCTABIISIFOT
co00Oi MpPOM3BOAHBIE OT HampsbKEeHHH. VIMIynbChl
TOKa OYE€Hb KOPOTKHE M COBIIAJAIOT IO BPEMEHH C
(bpontamu Hanpspkenus. Ha puc. 2 mokaszaHa oc-
UJUIOTpaMMa, OJH3Kasi K CHHYCOUJE, OT HCTOYHHKA
HampsoKeHUs ¢ WHAYKTUBHBIM BBIXOmOM. Yacrtora
paera 10 xI'u. Kak BumHO (puc. 2), TOK omepeskaeT
HaNpsDKEHHe Ha 4eTBepTh nepuoja. O6a UCTOUYHUKA
paboTany Ha OIHY W Ty K€ KIOBETYy C OJHHM M TE€M
KE DIIEKTPOIIUTOM.

Puc. 1. OCHI/IJIJIOrpaMMa; HUCTOYHUK HAIIPSKEHUS C EMKOCTHBIM
BBIXOIO0M.

Puc. 2. OcummiorpaMma; HCTOYHUK HAMPSDKCHUS C MHIYKTUB-
HBIM BBIXO/IOM.

Hanee sxcrepuMEHTHI BEJIUCH C KIOBETOM, mpen-
CTaBIIAIONIEH COOOH TIIACTMAacCOBYHO TPYOKY C &M-
KOCTHBIMH BBOZAMH OOIBIION IIIOMIAIN MO0 KOHIIAM.
JuanexkTpuyeckuM OaphepoM CITyKuiia (QToporuia-
croBag Mu€HKa. Mcnosp30Baics pPEe30HAHCHBIM HC-
TOYHHK TOKa, KOTOPBIN MOAEPKUBAN TOK Ha MOCTO-
SHHOM ypPOBHE, B 3aBHCHUMOCTH OT HANPSDKEHUS -
TaHus. BonbT-aMrepHasi XapaKTepUCTUKAa MCTOUYHU-
Ka TOKa 00ecleuyrBallach €ro €CTeCTBEHHOW BBIXOJ-
HOM XapaKTepUCTUKON 0e3 NMPUMEHEHHS PEeryiIupo-
BaHUS 1 00paTHOM CBSI3M.

N3-3a cxeMHBIX OCOOEHHOCTEH TOK B HCTOYHHUKE
MMeJ 9acTOTy MPUMEPHO B TPH pasa OONBIIYIO, YeM
HanpsbkeHue. Takxke HaOmomaeTcss caBur (asbl
MEXAY TOKOM U HampsHKEHUEM B Hauaje KaxKIoro

neprona HampsokeHus. Ha puc. 3 Tok mpuHHMaer
¢dopmy ¢ uznomom. daza Toka coBnamaet ¢ (azoi
HanpsbkeHus. Hauanmo mepuoja HaXxomuTcsi B TOUKE
M3JI0Ma TOKa. DTO U3MEHEHHUE NPOMCXOIUT C YBEIH-
YeHHEM TEeMIepaTypbl dJeKTposnuTa. M3-3a pe3koro
YMEHBLICHHS TOKa MOIIHOCTb, BBOJMMAsl B 3JIEKTPO-
JWT, TAJAET, JJIEKTPOJIHUT OXJIAXKIACTCS, U PEKHM
BO3BpallaeTcs K II€PBOHAYATGHOMY BapHaHTY
(puc. 4). PexxuMbl MEHSIOTCSI PE3KO, MO3TOMY (-
(exT MOXKHO HaszBaTh 3(PPEKTOM TEIIOBOTO TPHT-
repa.

4,00us Menu
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5 200 1-Och-1421:16

Puc. 3. OcummiorpamMMa; HCTOYHHMK TOKA, HArpy>KCHHBIH Ha
aIeKTpoSIUT (MOpPCKast Boja) ¢ Temreparypoii Boime 40°C.

us VYN (W]
-~ CO000sY

Puc. 4. OcunnnorpaMMa; HUCTOYHUK TOKAa C MHAYKTHUBHBIM BbI-
XOZOM B HOMUHAJIIBHOM PEXKUME.

OKCHEpUMEHTHI NPOBOAMINCH C PA3HBIMHU 3JIEK-
TPOJIUTaMHU, B TOM YHCIE C MOpPCKOW BomoH. Ilpum
MPOIYCKaHUU TOKa OBUT BBISBICH MHTEPECHBIH (-
¢exr. ITocne HarpeBa snexTponuta Boie 40°C Tok
PE3KO YMEHBIIIAJCS.

Jnst mocnenuux ocuwwiorpamm (puc. 2-4) wc-
TOYHHK MO’KHO 3aMEHHUTH B IIEPBOM INPHOIMKEHUH
KoJieOaTeNbHBIM KOHTYPOM, KOTOPBIA Harpy»eH Ha
KIOBETY C 3JIEKTPOJIUTOM. MEXIY HCTOYHUKOM H
Harpy3koil HaxoguTcs EMKOCTb AURIEKTPUYECKOTO
Gappepa. Harpyska mpencrapiser co0oi éMKOCTD C
MapajuIeIbHBIM AKTUBHBIM CONPOTHUBIIEHUEM JJIEK-
Tposiuta. Yem Oosee BHITSIHYTA KIOBETA, TEM MEHbIIIE
EMKOCTh U OOJIbIlIe aKTUBHOE cOmpoTHBiIeHue. Jls
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ocIIuIorpaMMel (pric. 1) MCTOYHHMK MOXKHO 3aMe-
HUTH EMKOCTLIO U IIOCJICIOBATCIIbHBIM KIIFOUOM.

AHAJIN3 PE3VYJIbTATOB

Ha ocummiorpamme (puc. 1) TOK mpencraBisiet
co0Oi KOpOTKHE THKH, COBMaaarouue mo ¢ase c
(GpoHTaMU HAMPSHKCHUS, — TUIIHMYHAS KapTHHA MPO-
mudGepeHITMPOBAaHHOTO MPSIMOYTONBHOTO  HATIPSI-
xeHus. Ha M3BECTHBIX yCTAHOBKAaX IUIA3MOJIHM3a TOK
UMEeT TaKyro ke (GOpMYy U COBMAJaeT C MOMCHTAMU
OTKPBIBAHHS CHJIOBBIX KITFOYEH. IJTOT TOK MOXKET
BBIBECTU U3 CTPOSA MOINHBLIC TUPUCTOPHI, €CJIM MOIII-
HOCTb M €MKOCTh ceTn Oonbmme. CpeqHuil Harpes
MIPU TAKOM TOKE HE3HAYUTEIHHBIM.

Ha ocrimtorpammax (puc. 2 u 3) TOK orepeskaeT
HaMpsHKEHHE Ha YEeTBEPTh MEPHOJa TOKAa U TAKKe
SIBIISICTCS TPOM3BOIHOM OT HanpsbkeHus. [Tockonbky
9TH OCIHJUTIOTPAaMMBbI CHSTHI C HArpy3KH, Takoi xa-
pakTep OOBICHAETCS TUPPEPESHIUPYIONICH POJIBIO
JIdJIeKTprueckoro Oaprepa. Ha ocummmorpamme
(puc. 4) TOK ¥ HampspKEHHE HE COBIANAIOT 10 (hase
Ha 135 yrioBbIX Tpajayca, TO €CTh TOK HAXOIMTCS
cKopee B MpoTHuBO(da3e K HANPSHKESHHIO, YTO 00BsIC-
HSET ero Maiuyr BenuunHy. Tem Oojee 4TO TOK
HMeeT yXe He cCHHycounanbHyio (opmy. [Ipupona
IaHHOTO () (eKTa, M0-BUANMOMY, B CHCTEME UCTOY-
HUK-Harpy3ka. [IpuuuHoOi sddekTa siBIseTcs TeM-
nepaTypa AJIEeKTPOJIUTa, HO €ro JajbHellnee pa3Bu-
THE MMEeT CUCTEMHBIN xapakrep. Ha ocuumiorpam-
Mmax (puc. 3 u 4) WUTIOCTPUPYIOTCS TEMIIEPATyPHBIN
3¢ dexT oT Toka u ero (a3el. MOKHO OTMETHTH, YTO
3a Harp€B OTBCTCTBCHHA AaKTHBHAA YaCTb TOKa
HArpPy3KH, 4TO MOJATBEPIKIACTCS TEMITEPATYPHBIMU
HU3MEPEHUSIMHU.

W3 oTMeueHHBIX HAOIIOJEHHH, TTOTHOCTHIO COB-
NaJaoLMX C TEOPUEH, MOXKHO CHAENaTh MPaKTHYe-
CKHE BBIBOJIbI 00 MCTOYHMKAX muTaHus. Ecmu mpe-
clieyeTcsl 1lelib HarpeBa JJICKTPOJIUTA, HAJI0 WC-
MMOJIb30BaTh UCTOYHUK C MHAYKTUBHOCTHIO Ha BBIXO-
Je B ciydae TpaHchopmaropa, HarpuMep ¢ HHAYK-
TUBHOCTBIO paccesHus HEOOXOIMMOW BEITHMYUHEI.
Ecnmu HarpeBaTh 9JEKTPONUT HE IKelaTelbHO, HC-
TOYHHK Ha BBIXOJE JOJDKEH UMETh EMKOCTh U, Pasy-
MEeTCsl, CUIIOBOU KITIOY.

B cBsI3M ¢ M3NOXKEHHBIMH pPe3yJIbTaTaMH OTMe-
THM, 4TO B [1] mpuBOAsTCS HaHHBIC 00 yBEIHYCHUN
BbIXola coka mpu pabore or RC reneparopa.
[penmonoxxum, 9T0 B ME3ry BBOJMTCS HEOONbIIAS
MOPIUS SHEPTUHU € OOJIBIION cKOpocThi0. CKOPOCTh
HAMHOTO OOJIbIIIe, YeM KOHBEKIIHS U TeIUIonepeiada
HAa PACCTOSHHMS, CIIOCOOCTBYIONIME PABHOMEPHOMY
pacrpeneneHu0 dHepruu. Mexay dJIeKTpoaaMu
UMEIOTCS JJIEKTPUYECKOe MOJIE U aKKyMyJIHpPOBaH-
HBIH 3apsj] B EMKOCTSAX CETH U MCTOYHHKA, KOTOPBIHA
CHocoOCTBYeT paspsly Ha Harpyske. [locie OTKpbI-
BaHMS CHJIOBOTO KIFOYa DJIEKTPOABI CIIOCOOHBI OT-
JaTh B ME3Ty OMpeNeNEHHOE KOJIUYECTBO DIIEKTPHU-

yeckoil aHepruu. [IponucxoasT siBIEHUS IO aHAJIOTHUU
C TPO30BBIM PAa3psioM, HO TOJILKO B KUIKOW cpele.
[To mMepe MpoXOKAEHUS TOKA W HarpeBa B JIOKaJlb-
HOIt oOmactu oOpaszyercss mapoBas (aza. AHaorus
TONBKO YycWIIMBaeTcsi. Bo3HuKaeT mepenan aBiie-
HUsI, KaK IpU B3PBIBE, YTO, BEPOATHO, CIOCOOCTBYET
PaspyLICHNIO PACTUTEIILHOTO CHIPBSI.

DTa MOJENbh XOPOIIO MpPOopadOoTaHa BO MHOTHX
00acTsIX, HapUMep B TEXHUKE BBICOKUX HarpsbKe-
Hui. 3BECTHO, YTO IpHU TaKUX IpoLeccax MPOouc-
XOIST BBICOKOTEMIIEpATYpHBIE XMMUYECKUE peak-
U 00pa3oBaHHE 030HA W OKHUCIIOB a30Ta B TOM
yuciie [2], ¥ KayecTBO COKa IPH TAaKOM Mpolecce
yxynmaercs [1]. JIormuyHO AOMyCTHTH, YTO YBEIH-
YCHHE BBIXO/Ia COKa MPOMCXOAMT M3-3a JIOKAJIBHHOM
B3pBIBHOW BOJIHBI, 1 BO3HHKAET BOMPOC — HE JieT4e
T 00eCTIeYnTh AaHHBIH 3PQPEKT MpH MOMOIIH YiIb-
Tpa3Byka? B oTcyTcTBHE TOKa CHUMaeTCs mpobiema
XMUMHUYECKOTO B3aMMOJICHCTBUSI ME3TH C DIIEKTpOJia-
MU 1 00pa3oBaHME 030HA, OKHCJIOB a30Ta M APYTUX
TPYAHO KOHTPOJIMPYEMBIX XHMUYECKHUX COEIHUHE-
Huil. Pa3psa €MKocTH IOpOXKIAeT B3pBIBHBIE MPO-
LecChl He TOJIBKO B Me3re, HO U B DIEMEHTaX MCTOY-
HHUKa nuTaHus. OrpaHnYeHue KOPOTKUX EMKOCTHBIX
TOKOB CBOJUT K HYJIIO BO3MO>KHBIH ITOJIOKUTEIIbHBIH
3¢ QeKT yBeNIuUeHHs BBIXOA COKa OT MHUKPOB3PHI-
BOB B Me3re.

Henp3s He ymomsiHyTH TIa3000pa3oBaHUE MPH
Harpese syekTponuta. B wactHocTH, B [3] oTMeua-
eTcs OOJbILast PoJib PACTBOPEHHBIX T'a30B B MPHPO/I-
HOH BojJe. B HEKOTOPBIX CilydasX OTMEUYEHO BbIJE-
JIeHWe ra3a B Buze 3anaxa. [Ipu 3aMeTHOM Harpese B
TpyOKe € BJIEKTPOJIUTOM OOpa30BHIBAIUCH Ta30BbIC
My3bIpU. DJIEKTPOIUTHI M3TOTABIMBAINCH U3 XUMHU-
YEeCKH YUCTHIX PEaKTUBOB W JUCTHUILTMPOBAHHOHN BO-
Il Bo3amoxHO, 00MIIBHOE Ta3000pa3oBaHue CBsI3a-
HO ¢ Tpo0oeM IUIIEKTPHUUECKOrO Oaphepa U peak-
muelt ¢ anekrpogamu. B [3] BeiiBuHYyTA Haes o BO3-
MOKHOCTH KaBHMTallM{ IIPH HAIWYUU MHUKPOCKOIIHU-
YEeCKHUX ITy3BIPHKOB Ta3a U 3JCKTPOMArHUTHBIX II0-
neit. Takue MPoIECChl UMEIOT OOJIBIION IHEPreTH-
YeCKUH MOTEHIHAN 10 Pa3pyLICHUI0 OPraHuYecKUuX
000J109€K B BOIHBIX PACTBOPaXx.

OTMedeHHBIH TeIUIoBON AP QEKT TpUrTepa MOKET
OBITH CBsI3aH C 00pa30BaHKEM IMYy3BIPHKOB rasa, BO3-
MOYKHO, MHKPOCKOIIMYECKOro pasMmepa. B Bwimon-
HEHHBIX 3KCIIEPUMEHTAaX, HE MCKIYEHO, ObUIN /Ba
pasHbIx 3¢deKTa: B MOPCKOH BOJE — TEIUIOBOH, B
JIpyTUX 3JEKTPOINTaX — CBSA3aHHBI ¢ 00pa3oBaHU-
€M Ta30BbIX Iy3BIPHKOB, OTIMYAIOLUIMNCSA OT TEIUIO-
Boro 3¢ dexra XapakTepHbIM IIYMOM, CONPOBOXKIA-
IOLIMMCSI HEe CTaOMJIBHOH paboTOl M3MEpHUTENBHBIX
nprOOPOB MPH OTCYTCTBHM BHIUMBIX HPOLIECCOB H
HeOonbmoM HarpeBe mopsaka S50°C. DToT addekt
HeNb3d OTHECTH K IOpPOry, BBIIIE KOTOPOIO CTOM-
KOCTh Oapbepa HapylIaeTcs, OCKOJIBKY IIyM Hcue-
3aeT TpW AajbHEHIIEM YyBEIHMUCHHU HAIPSIKCHUS.
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Bo3moxHO, 3¢ (heKT cBsA3aH ¢ BHYTPEHHHUMH CBOW-
CTBaMHM UCTOYHHUKA TOKA HUJIU C Fa3006pa3OBaHI/IeM.

Takum 00pa3oM, TEIUIOBBIE COCTABISIOLIUC
I1a3MOJIM3a 3aCiIy’)KMBAalOT BHUMaHUS U TPEOYIOT
JETAIbHOTO UCCIICJ0OBAaHUS, KaK ¥ BOIPOCHI UCTOY-
HUKOB dHeprun. C MOCIeTHUMY TaK)Ke CBS3aHa MPO-
OJieMa COTJIaCOBaHUSl MCTOYHUKA M HArpy3Kd, MMe-
olIasi OTHOIICHUE HE TOJBKO K IUIa3MOJIU3Y, HO U K
UMITYJICHON 3JEKTPOXUMHUHU U 3JIEKTPUUECKON 00-
paboTKe B IIEKTPOJIUTAX BOOOIIIE.
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Iocmynuna 10.02.15
Summary

The role of heating at plasmolysis is discussed. The
heating of the electrolyte through the dielectric barrier by
using various sources of an alternating current and voltage
of the ultrasonic frequency is investigated experimentally.
The features and effects associated with heating for
different sources of energy and electrolytes are described.

Keywords: plasmolysis, electrolyte, heating, sources
of current and voltage, oscillogram.
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