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[pencraBieHsl Pe3yIbTATH HCCIACIOBAHMS CTPYKTYPHI MOPHUCTHIX yriiepoaHbix marepuanos (ITYM),
MOJYYCHHBIX ITyTeM KapOOHHM3allMH PACTHTENBHOTO CHIPBS, a TaKke MOIM(PHUKALNK OKHUCICHHOTO
I100 TEPMHYECKH PAaCHIMPEHHOro rpadura. DKCIEPUMEHTAIBHO YCTAHOBICHO, YTO MCCIICAOBAHHBIE
MaTepuasbl MMEIOT NOPHUCTYIO CTPYKTYpY (paKTalbHOTO CTPOEHHs, CPEIHMI paauyc MHKpOIOp
KoTopoil nesxut B mpenenax ot 17 1o 37 A. OcHOBBIBasCh Ha 3TOM M Pe3yibTaTax MpeblAyIINX
HCCIIEIOBaHUN, €CTh CMBICI YTBEP)KAATh, YTO MHCCIIEIOBAHHBIE MaTepHalbl MOXKHO 3(PQEKTUBHO
HCIIOJB30BaTh B KAYECTBE 3JICKTPOAOB CYNEPKOHICHCATOPOB. MeTonoM aacopOunn/necopOouun napos
U BOAHOT'O PacTBOpa THJIOBOTO CHUPTA YCTAHOBIIEHO, YTO MOJIyYEHHbIE MaTepHallbl 10 PACCMOTPEH-
HOMY TIOKA3aTeNI0 HE XYXKE alTeYHOTO aKTHBHPOBAaHHOTO yrisl. [Ipm 3ToM KapOOHW3UpOBaHHAS
IIeTyXa CeMsH II0/ICOJTHEYHUKa Npu Temneparype 37°C B Tpu pa3a 0Oojiee JUIMTEIBHOE BpPEMs, YeM
AKTUBUPOBAHHBIA yTOJNb, YACPKUBACT afcopOar, 4To IMO3BOJSET HCIOIB30BATH €€ B MEIUIIMHCKIX
EIX.

Kniouegvie cnosa: nopucmoie y2nepoonvie mamepuansl, mepMuveck pacuupenusii epagum, wenyxa
cemsAH NOOCOIHEUHUKA, MUKPOCIPYKMYPA, cOpOyus.
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BBEJIEHHUE

Coznanve HOBBIX YITIEPOAHBIX MAaTEpUANIOB C
HAHOTIOPUCTOW CTPYKTYpOH OTKpBIBaeT IHUPOKHE
MEPCTIEKTUBBl HMX TEXHUYECKOI0 HCIONb30BaHNS,
HanpuMep B KadecTBe 3(P(PEKTUBHBIX DIEKTPOTHBIX
MaTEpUANOB I PA3INYHBIX XUMHYECKUX HCTOYHH-
KOB TOKa, B YaCTHOCTH CYINEPKOHJEHCATOpPOB, a
takxke agcopoentoB [1-4]. TlopucTeie yriaepoaHbie
marepuaibl ([ITYM) Onaromaps cBouM CBOWCTBaM
(pa3BuTOl y/AENBHOI MOBEPXHOCTH, CPABHHUTEIHHO
HEIUIOXO0H 3JIEKTPOIPOBOIHOCTH, BBICOKON XUMUUE-
CKOW H DJIJIGKTPOXMMHYECKOW CTaOWMIHLHOCTH, BO3-
MOHOCTH TOJYyYEHUS B IUCTIEPCHON U KOMIAKTHOM
¢dopmax, a TakKe OTHOCHUTEIFHO HHM3KOW CTOMMO-
CTH) CTAQHOBSTCS HE3aMECHMMBIMH BO MHOTUX 00Ja-
CTSIX COBPEMEHHOW Hayku M TexHUKH. K Tomy xe
Onarozapsi IMHUPOKOMY PacCHpPOCTPAHEHUIO YTIEPOJ-
COJIEpKAIMX MATEPHAIOB B MPHUPOJE 3HAYUTEIBHO
YIPOINAETCSI BO3MOXKHOCTh CO3JAHHA IIMPOKOIO
accoptuMenta I[IYM. Tak, Hanpumep, OCHOBHBIM
CBIPEM IPOMBIIUIEHHOTO MOJyYeHUs] aKTHBHPO-
BaHHOTO YIJIA CIIy’KaT JPEBECHBbIE OMMJIKH, KaMEeH-
HBIA yTojb, CKOpJIyIa OpexoB, (PpYKTOBBIE KOCTOU-
KM, a TaKXKe JIpyrHe MaTepHallbl OpPraHUYEeCKOrO
poucxoxaeHus. IIpy 3ToM O4YEBUAHO, YTO CBHIPHE,
[IOJIyYEHHOE U3 PACTUTENBHBIX OTXOJOB, SIBISIETCA
0oJiee HKOJIOTMYECKH YUCTHIM MO CPABHEHUIO C CHH-
TETUYECKUMH MOJIUMEpPaMH U IPUPOIHBIM YTIIEM.

Lens manHON paboOTH — ONTUMHU3ALUS CTIOCOO0OB
MIOJIy4EHHUSI HOBBIX IOPHUCTBIX YITIEPOAHBIX MATEpH-
aJIoB, ONHPAIOIIMUXCS Ha PE3yJIbTAaThl UCCIEAOBAHUS
UX MHUKPOCTPYKTYpHl U MOpPQOJIOrUH, OLEHKa
3¢ (HhEeKTUBHOCTH BO3MOXKHOTO UCTONBb30BaHus [IYM
B Ka4eCTBE aJCOpOCHTOB.

MATEPHAIJIbI U METOJIbl UCCJIE[JOBAHUN

HoBble mopHCTBIE  yIJIEPOAHBIE MaTepUABI
NOJyYadd CIEAYIOMHNMH CrocobaMu: MOAu(UKa-
el okucienHoro rpadura (OT), TepMmuuecku
pacumpennoro rpagura (TPI) [5], a Taxxke kap6o-
HU3aIMEH CBIPbS PACTUTEIBHOTO MPOUCXOKIACHUS.
Momudukanuio OI' ocymecTBIsIN IMyTeM €ro Mpo-
NHUTBIBAHWS HACHIIIEHHBIM BOAHBIM  PacTBOPOM
caxapo3sl Ha MPOTSHKEHHH 12 wacoB C moclieayto-
MM TEPMOJIU30M cMecH pu Temieparype 600°C B
teduenne 30 muH. [locie TOrO AN pacKphHITHS TIOP
moaudunuposanusiii OI' (OI'M) ob6pabarbiBain
koHIeHTpupoBannoi kuciaotoit HCl u 30% pactso-
POM a30THOW KHCJIOTHI C TIOCJIEAYIOIMIUM COJIBBOJIHU-
30M npoaykra. Momuduimpoannsiii TPT' (TPI'M)
MOJTyYal aHAJTOTUYHBIM Iy TEM.

O6pazupl [IYM Ha 0CHOBE paCTHTENLHOTO CHIPhS
NOJy4Yand M3 ULIeTyXH CEMSH MOJCOJHEYHHUKA.
[Tuponu3 ceIpbs MPOBOIAMIN B MEJHOM KOHTEHHEpE,
KOTOPBIIl yCTaHABIMBAIH B 11€4Yb C KOHTPOJIHPOBAH-
HbIM  3JeKTpoHarpeBoM. IIpuuem  KoOHTeliHep
MCKITIOYaJl BO3MOYKHOCTB JIOCTYIa BHEIITHEH CpelIbl K
CBHIPBIO BO BpeMms mporecca kapOonusanuu. IIpo-
JIOJDKUTENLHOCTh M30TEPMUUECKON BBIICPIKKU TIPH
KOHEYHOH  TeMIepaType TepMoiu3a, KoTopas
cocrasisuia 600°C, BapsupoBasiv ot 30 mo 45 muH,
TaK Kak JajJbHeWInas TepMooOpaboTKa 1mociae OKOH-
JaHUs Tporlecca MUPoin3a OblIa Herelecooopas-
Hoii. Tlociie TepmMuueckoit 00paboTKU KapOOHU3UPO-
BanHywo menyxy (KIL) mns packpbITusi mop OTMBI-
BaJM B KOHIeHTpupoBaHHOU comstHoi 1 30% a3ot-
HOM KUCJIOTax OT MUHEPAIBHBIX IPUMECEHN U 30JIbI.
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g uccnenoBaHus CTPYKTYpHBIX B Mopdomoru-
yeckux ocobennocreii ITYM HCIIOIB30Balli METOI
MaJIOYTJIOBOTO PEHTICHOBCKOTO paCCEsSHUs, KOTO-
PBIH TaeT BO3MOXXKHOCTH TOJXYYHTH IEHHYIO MH(OP-
MAaIlMI0 O TIOPUCTON CTPYKTypE MaTEpHUAJIOB. yIEihb-
HOH TMOBEPXHOCTH, O0IEM 00BbEeMe MUKPOIOp, X
pa3mepax, Qopme, paclpene’ieHnd MO pa3Mepam,
(dhpakTampHOM CTpyKType W T.I. [Ipm 3TOM M3Mepe-
HHUE CIIEKTPOB MAJIOYTIIOBOTO PACCESHHS TPOBO VM
Ha peHTreHoBckoMm mudpakromerpe HPOH-3 ¢
Cu-K,-m3nyuennem (A = 1,5418 A) B PEXKHME IIPO-
XOXKJICHUS TIyYKa PEHTTCHOBCKOTO M3ITyYCHUS Yepe3
oOpazern. [yis u3MepeHHs COpPOIMOHHBIX CBOWCTB
IIYM wucnons3oBaiy METOJ B3BEIIMBAHMS HAa aHa-
nutndeckux Becax BJIP-200r myrem ompeneneHus
W3MEHEHUs MacChl 00pa3slia, HACBIIEHHOTO 3TaHO-
JIOM, BO BpEMS IeCOpOLIHN.

PE3YJIbTATBI UCCJIEJJOBAHUI

Ha puc. 1 mpencraBiensr dororpaduu MUKPO-
CTpYKTypsl 00pasznoB KII n MomauduImpoBaHHBIX
Ol u TPT.

Oco0eHHOCTBIO CTPYKTYPBl KapOOHHU3UPOBAHHOM
MOJICOTHEYHOM MISTYXH SBJISCTCS TO, YTO MPOOKOBAsI
TKaHb (puc. 1a,0), U3 KOTOPOH OHA COCTOUT, HMEET
MOPUCTYI0 MUKPOCTPYKTYPY C TPOTSDKHBIMHU SUCii-
KaMH, MOXOXKUMH B pa3pe3e Ha COTHI.

Cuapysxu o6pasisl OI'M (puc. 1B) mpencrapis-
0T CcO0OW TEMHO-CEpyI0 TOPHCTYIO Maccy, TIe
MOXKHO Ppa3JeNiUTh OTACIbHBIC YEPBIKOMOIOOHbIC
gacturiel TPI, B To Bpemst kak oOpasuer TPI'M
(puc. 1r) UMEIOT BUI YEPHBIX CIICYCHHBIX arjioMepa-
toB u3 yactun TP [5].

CriekTpbl MAallOYTJIOBOTO PACCESHUS HCCIIEN0-
BaHHBIX 00pPAa3I0B MPHUBEACHBI HA puc. 2. OaUHAKO-
BB XapakTep MOBEICHUS MHTCHCHBHOCTH HaOIIO-
Jlancsl ISl BCEX THIOB YIVIEPOJHBIX MATEPHAIIOB:
KpUBBIE HWHTEHCHBHOCTH PACCESIHAS MOHOTOHHO
CHIDKAIOTCS BO BCEH yrioBoil obiacTd, 4TO CBHUE-
TEIBCTBYET O XaOTUYECKOM PACIPEICICHUHN PacCeu-
BAIOIINX HEOMHOPOAHOCTEH (IOp) WCCIeqyEMBIX
obOpasioB. Tak kak (opMa pacceHBarOIIUX IIEHTPOB
HEHM3BECTHA, TO AHAJIU3 MOJYYCHHBIX JKCIEPHMEH-
TAIBHBIX JAHHBIX MPOBOJHIHN, HCIONb3YysS MPHOIHU-
xenne ['mabe [6], TIe pasMep 4acTHI] XapaKTepPHU3y-
€TCAd OJHUM YHUBEPCAJIbHBIM I1APAMETPOM. pajguy-
COM HHepHuH (TUpAIHH).

CorracHo mpencTaBieHUsIM [WHBe B oOmacTu
MaJIBIX YIJIOB, MHTCHCHUBHOCTH MAJIOYTJIOBOI'O pac-
CEsIHUSI MOHOJIMCIIEPCHON CHCTEMBI OOBEKTOB OIH-
CBIBACTCS 32KOHOM:

1(@)=10)-exp(- 4" -Rg?), (1)

rae Rg — anexTpoHHBINH paguyc MHEpLHHU, XapaKTe-
pusytommid  mMacmTad (QIyKTyanuii 3IIeKTPOHHOH
miotHocTd; |(0) — MHTEHCHMBHOCTb paccesHus TPH

q =0, xapakTepusyeT o0Iee KOJIMIECTBO pPaccenBa-
IOIIero BemlecTBa. B jorapupmMudeckux KOopauHa-
tax ¢opmyina (1) npuHUMaET clieTyomunil BUA:

Inl(q):InI(O)—%-qz-Rgz. )

B xoopaunarax (Inl(q), °) mis Momoamcmepc-
HBIX CHCTEM 3aBHCHUMOCTb (2) MMeeT JIHMHEHHBIN
xapaktep. Ha puc. 3 mnpHBeneHsl 3aBHCHMOCTH
(Inl(q), ¢°) uccaenyemex o6bekToB. Kak BHAHO 13
3TOrO PUCYHKA, 3aBHCUMOCTH MMECIOT HEJIHHCHHBIN
XapakTep, YTO XapaKTepHO IS MOJUIUCHEPCHBIX
CHCTEM C IIMPOKUM PACIIpe/IeNICHHEM 1op 10 pa3me-
pam.

B 3TOM ciiydyae MHTEHCHBHOCTb PACCESIHUS MOX-
HO MPEACTAaBUTh KaK CYMMY COCTABJISIOIINX, KaXas
U3 KOTOPBIX COOTBETCTBYET PACCESHUIO OT IOp
OIpEeeICHHOrO pa3Mepa:

1(6)= X 1,(0)-exp(—5 a7 o). 3)

JIsi aHanmM3a MOJyYeHHBIX PEe3yJIbTaTOB HCIOJb-
30BaJIM METOJ KacaTeJIbHbIX, MPEJIOKEHHBIA B
pabore [7]. B obmacTy 3HaUEHHI BOJTHOBOTO BEKTO-
pa ¢° = (0,27...0,6) A kpussre Inl(q) = f(q°) mox-
HO OSKCTPANOJUPOBATh JIMHEWHBIMH (YHKIHSIMH.
HakiioH mpsiMBIX OnpenesisieT pa3Mepsl ONpeelieH-
Ho#t ¢pakimu mop (RQk), a opauHAaTa TOYKH Tepece-
yeHus npsimoii ¢ oceto Inl(q) maer 3nauenme 1,(0),
KOTOPOE TI03BOJISIET OMPEACIUTh OTHOCHTEIBHOE
KOJIMYECTBO PACCEHBAIOIINX YacTHI. Pe3ko BbIpa-
)KEHHBIII POCT WHTEHCHBHOCTH pPACCESHUS IPU
MaJblX yriax oOOYCIOBIICH CyIIECTBOBAaHHEM B
HCCIICIyeMbIX ~ MaTepuanax KpyImHOMAaCIITaOHBIX
HEOJHOPOJHOCTEH.

Ha ocnoBe dopmynsr (1) MOXKHO OIpemeInTh

BKJIaJ B HHTEHCHBHOCTh paccesHus OT TIop
HauMEHBILET0 pa3Mepa:
1
,(q) = |1(0)-9XI0(—§~Q2 ‘Rg,”). (4)

AwnanorndHo moiydaeM 3HaueHue Rgy, 1(0) mis
KaXA0H u3 ¢pakmuid mop. OnpeneneHne OCHOBHBIX
[apaMeTpoB KPHUBOW HHTEHCHBHOCTH II03BOJISIET
paccuuTaTh 0OBEMHYIO JOJIO MOp KaKAOH n3 Qpak-
LU

_(,(0)/Rg;) 5
™= > (1,0)/Rg}) ©

Ha puc. 4 npusenensl 3Hayenus M(Rg) B oTHO-
CHTEJIbHBIX €JMHHUIIAX, a KPUBbIE, TIOCTPOECHHBIE TI0
3TUM TOYKaM, TI0 CYTH, SBJISFOTCS NPUOIHKEHHBIMU
(GYHKIMSAME pacrpeeeHns PACCEMBAOMINX YaCTHUIL
mo pamuycam uHepuuu [8].

Kak BugHO u3 puc. 4, A BCEX HCCIETYEMBIX
o0pasIioB, HE3aBUCHMMO OT THMA YIJIEPOIHOTO
ChIpbsl, (DYHKIMH pPACIPENECICHUS HMEKT OJHY



(8) (r)
Puc. 1. ®ororpaduu mukpoctpykrypsl: (a) nosepxHocts KIII; (6) cpes KII; (8) OI'M,; (r) TPT'M.

Puc. 2. KpuBble ManoyrioBoro paccesHusi s yriaepoanbix Pue. 3. KpuBble MajoyrjioBOro paccesHusi, MOCTPOCHHBIC B
marepuanos: 1 — TPI'M; 2 — OI'M; 3 — KIIL koopauHartax ['mube st yriepomHslx obpasmos: 1 — TPI'M;
2-0I'M; 3 -KIII.

Puc. 4. Pacnipenenenue nop no paaunycam unepuuu 1t [IYM: 1 — OI'M; 2 — TPI'M; 3 — KIIL



0011yI0 0COOEHHOCTh, 2 UIMEHHO — OCHOBHOM BKJIa[
B MOPUCTYIO CTPYKTYPY HIAIOT MOPHI MEHBIIETO pas-
Mepa. Tak, mus IIYM Ha OCHOBE PAaCTUTEIBLHOTO
CBIPbSl OCHOBHOW BKJIaJ B TMOPHUCTYIO CTPYKTYpPY
BHOCSIT HaHOIIOPHI CO CPEIHUM DPATAYyCOM HHEPIIHH
25 A, a it OT'M u TPI'M 3Hauenue ROmin cocTas-
nser 8 1 5,6 A coorBercTBEHHO.

Tlomumo ompeneneHus MapaMeTpoOB MOPUCTOU
cTpykTypsl ITYM, MeTon ManoyrioBOro paccesiHug
(MVYP) maer BO3MOKHOCTh UCCIEIOBATh (HpaKTaib-
HyI0 CTPYKTYpy MOPHCThIX MaTepuanoB. CoriacHo
[9], uHTEeHCHMBHOCTH MAaJIOYIJIOBOTO pACCESHUS OT
(bpaKkTaNBbHBIX CTPYKTYP MOXHO TIPEJCTABHUTH B CTE-
IeHHOU (opMe:

[(a)=1,-97%, (6)

rae lp — KoHCTaHTa; 0 — MoKa3aTesb CTEeNeHH, Onpe-
JEeTSIOMUN  (QpaKkTaTbHYI0 pa3MEpHOCTh arperatos
(Dg); g — Bektop paccesiHusi. J[jisi MOBEPXHOCTHBIX
¢pakranoB 3 < o < 4, A7 MaccoBBIX (PpaxTaioB
1 < a < 3. [Ipu sToM dpakTaibHAS Pa3MEepPHOCTH
MaccoBoro (00beMHOT0) (pakTaga ONpeaesIeTCs
kak Df=oa, a ¢pakranbHas pa3sMEpHOCTb MOBEPX-
HOCTHOTO (ppakrana — D = 6—a.

Kpuste MYP nmns ¢pakrambHBIX MaTepHajioB
MOTYT XapaKTepPH30BaThCS HAJIMYMEM JBYX WIN
0oJyiee CTEMECHHBIX PEKUMOB M3MCHEHHS WHTCHCHB-
HOCTH | B 3aBUCHMOCTH OT BEJIMYHHBI BOJIHOBOTO
BEKTOpa ( TPH MPEACTABICHUU STHX BEIUYUH B
JBOIHBIX Jorapudmuyeckux koopaunatax log(l) =
= f(log(q)). Takas cuTyanus BO3HHKAET, €CIU Mac-
COBO-()paKTaNbHBIil arperar COCTOMT W3 YaCTHII,
MMEIOIINX HIEPOXOBATYI0 TOBEPXHOCTh, — MOBEPX-
HOCTHO-(paKTaTbHBIX YACTHII.

3aucumoctu | = f(q) mis ITYM B mBoiiHOM JIO-
rapupmudeckoM Maciitabe (puc. 5) momoOHBI U
JEMOHCTPUPYIOT HAJHMYUE TOJNBKO OJHOTO ydYacTKa
CTETICHHOH 3aBUCHMOCTH MHTCHCUBHOCTH OT BOJIHO-
BOT'0 BEKTOpA.

Puc. 5. 3aBuCHMMOCTh MHTEHCHUBHOCTH pacCesHHS PEHTTCHOB-
CKHX JIyuyel OT BOJIHOBOI'O BEKTOpa (, MOCTPOEHA B JBOMHBIX
norapupMuieckux koopauHatax 1t O M.

Hauwmnas ¢ HekoToporo 3HadeHUs (|; B UHTEpBAIE
(01, Qmax), 3aBHCHMOCTH HMEIOT JIMHEWHBIH Xapak-
Tep, MPUYEM WX HaKIOH MeHsercs oT 3,1 mo 4,2.
IMockompky mnst TPI'M u KU, xpome OI'M, 3Hadge-
HHE o IoIIalacT B MHTEpBAl 3<a<4, o 111 HUX B
JIAHHOM YTJIOBOUW 001acTh HaONIOMAaeTCs paccesHue
MOBEPXHOCTHO-(PPaKTaIbHBIMU  arperaTam, 4YTO
yKa3plBaecT Ha (OPMHUPOBAHHE ITOBEPXHOCTHBIX
(GpaKkTaJbHBIX CTPYKTYP, Pa3MEPHOCTb KOTOPBIX
paBua Df = 6—a. J[ns OT'M B unTepBane (qi, Qmax)
HAKJIOH 3aBUCHUMOCTH YBEIMUYUBACTCS 10 o = 4,2.
IMockonbKy 3HAYeHHWE ¢ TONMAZaeT B MHTEpBA
4 < o, < 6, TO MOJYYCHHBIH PE3yJIbTAT MOKET CBUJIC-
TENLCTBOBATh O HaMW4uu Iuddy3Hoi (pa3MbITON)
MOBEPXHOCTH pasnena (a3. OaHOH U3 BO3MOXKHBIX
NpUYUH (POPMHUPOBAHHS TAKOH MOBEPXHOCTH pa3jie-
J1a MOXET OBITh TO, YTO MHUKPOHEOIHOPOJHOCTH Ha
TpaHUIlaX UMEIOT pa3HbI XUMUYECKUM COCTaB, BO3-
HUKHOBCHHE KOTOPOro OOYCJIOBJICHO HEIOJHOU
JECTPYKIUEH W yAalleHHEeM HHTEpKallaHTa u3 00be-
ma OT.

JlaHHble O (pakTajibHON arperamuu HUccleaye-
MBIX MaTepPHAJIOB MPUBEICHKI B Ta0. 1.

Tab6auua 1. @pakranbHas pa3MepHOCTh MaTEPHAIOB

Haszpanue [IYM TPI'M OIM KII
D¢ 2,4 2,6

Takum o6Opazom, IIYM wuMe0T (pakTalbHYIO
CTPYKTYPY, COCTOSIIYIO M3 TMOBEPXHOCTHBIX (pak-
TaJIoB.

CornacHo 3akony Ilopoga [10], mpu Q—oo
MHTEHCHBHOCTh PAcCEsHHMs IPOIOPIHOHATBHA (.
DTO MOKHO MPEACTABUTH B BHIIC:

lim(a“1(@) =K, (7)

rae K, — xoncranrta Ilopona, KoTopas mpomnopiuo-
HaJbHA TMOJHOM IUIOIIAAX MOBEPXHOCTH TOp. Jlist
onpezneneHus K, KpuBble HHTEHCHBHOCTH OBLIH
nepectpoeHsl B koopmuHatax ('1(q) = f(q). Ilpu
3TOM B WHTEpBAJe 3HAYCHUN BOJHOBOTO BEKTOpA
(G, Omax) BemuunHa q'1(0) HAYMHACT OCHHILIAPOBATH
(wm ocraercst HEM3MEHHOM) BOKpyr mapamerpa K.
Jlpyras BakHasi XapaKTEPUCTHKA, KOTOpasi MPOIop-
[MOHAJIbHA 00BEMY MOpP, — 9TO UHTETPAIbHBIN HHBA-
puanT ITopona [10]:

Q =Tq2l (a)dg.

[lpuHKMass BO BHHMAaHHE TO, YTO, COIJIACHO
3akoHy Ilopona, npu ( > (g HFHTEHCHBHOCTB paccesi-
Hus 1(q) = (Kp/qo), nEBapranT Q MOXKHO 3amucarth B
BUJIC!

Q=[ad’1(@)dg+K, /.

Pe3ynbpTaThl NpOBENEHHBIX BBIYUCIECHUN
MeTpoB [lopona npuBeneHs! B Tab. 2.

napa-



Ta6auna 2. [Tapamerpst [Topoaa s pasusix [TYM

Hassarne TPIM OorM KIII
MaTrepuajia
QA3 41,92 47,53 34,6
Ky, A 1,65 35 1,15

IMo 3HauennsiM napamerpoB Q u K, MokHO ompe-
OenuTh 3QQPEKTUBHBIA pagnyCc MHUKPOIOp MO Ciie-
JYIOIEMY YpaBHEHHUIO:

Ry =
p

Kak BuaHo w3 tabn. 3, 3h¢eKTUBHBINA paguyc
mukporop ITYM nexut B unrepsane (17,3-36,7) A.
Ilpu >TOM i1 CpaBHEHHUS MOPUCTOW CTPYKTYpbI
YIJIEPOAHBIX MaTepHajoB Oblla oNpenesicHa BeIu-
YMHA YAENBHOM IUIOIAaM TOBEPXHOCTH TOp, Kak
OTHOILICHHE IUIOMAAN WX HOBEPXHOCTH K 00BEMY
[10]:

S _mK,

vV Q
Pe3ynbTarThl BBIUMCIIEHWE MMOKazamu (tabm. 3),
4TO uYeM OOJblllee 3HAYEHHE pajauyca IOp HMEET
Marepual, TEM MEHbIIE TIOJHAS IUIONIAdb €ro
MOBEPXHOCTH.

Tab6muna 3. Paguyc u ynenbHas MOBEPXHOCTh MUKPOTIOP

IIYM
Pamive 1o VY aenbHas
CopbeHt acd Ao P, noBepxHOCTh S/V,
Rp, M2/’
orm 17,29 0,231
TPI'M 324 0,123
KII 36,7 0,108
Tak, Hampumep, ob6pasusl OI'M  umeroT
HaVMEHbIIUN 3¢ GeKTUBHBIN paauyc nop

R, =17,29 A a yAenbHas UIOMAAb UX TIOBEPXHOCTH
o4t BrBoe Ooibiie B cpaBHenuu ¢ KIII, pammyc
nop KoTopoi cocrasnser R, = 36,7 A

Takum 00pa3oM, AaHHBIE MaJOyTIOBOTO pacces-
HUS JUIA BCEX HCCIEAYEMBIX YTJIEPOTHBIX 00pas3IoB
CBHUIIETENLCTBYIOT 00 MX HAHOTIOPUCTOH CTPYKTYpE.

B 1a61. 4 npuBenena copOMOHHAas cIOCOOHOCTD
TPI, OI'M, TPI'M, K, a Takke anTeqyHOTO aKTH-
supoBanHoro yris (TY 15.8-31557669-001-2004)
(AAY) npu nzorepmuyeckux ycnopusix (25°C).

MaxkcuManbHy0 COPOIMOHHYI0 €MKOCTh OTHO-
CHUTENTFHO TApOB OSTWJIOBOTO CIHUpPTa, KOTOpas
coctapnmsier ~ 20 n 12 wmacc.%, uMeroT 00pasibl
OI'M u KII. IIpn 3TOM pacTBOp 3THIOBOrO CHHPTa
B Boge (40%) myumre copOupyeT HeMOAU(PHUIMPO-
BauHeli TPI. Ero makcumanbHas COpOIMOHHAs
eMKocTh coctaBisier 5204 macc.%.

Bonpmme 3HaueHUs COpPOLMOHHON aKTHBHOCTH
MaTepHaoB TI0 XKHUKOCTH 00YCIIOBIICHBI pa3IHIeM
(u3nUecKuX MpOIEeCCOB, MPOTEKAIOMINX HA MOBEPX-
HOCTH MaTepuania Mpu copOIuu MapoB U COpOIUU

BOJIHOT'O pacTBOpa 3THIOBOTO crupTa. [lormormieHue
MapoB MPOMCXOIHUT ITyTeM aJcopOIUH MOJEKYII

CrUpTa Ha IMOBEPXHOCTH copOeHTa. B ciydae
MIOTJIONICHUS JKUIKOCTH, KpoMe aicopOomumu Ha
MOBEPXHOCTH,  MPEAMOYTHTCIHLHBIMH  SIBIISTFOTCS

KalWUIApHBIE SABJICHUS, TO €CTh MPOLECCHl MPOHHK-
HOBEHUs ajcopbara B OTKPBITHIE MOphL. [Ipu 3TOM
kamuispHoe tormomienne B (10-100) pas mpesoc-
XOIHUT afcopOuuio. ITO MO3BOJISET JIydIle OMHUCATh
copOIMIO  pa3MUuHBIX MaTepuanoB. Hampumep,
HemoauduiupoBanneiii TPI, Gmaromapst pa3BuTO
MOBEPXHOCTH W HAIMYHI0 MHOXKECTBA BO3IYIITHBIX
NPOCIOEK MEXAY NayKaMu TIpadeHOBBIX CJOEB,
pa3mep kotopsix Bappupyercs ot 10 am qo 100 mrMm
U KOTOpBIE HCIOJHSAIOT POJIb KAIMJUISPOB, Jy4Ile
MOTJIONIAEeT BOJHBIA PAacTBOP STHJIOBOTO CIIMPTA, B
oTinyue ot octanbHbIX [TYM.

Hecopbmust crimpTa OBICTpee OCYIIECTBISETCS B
TPT' (2-20 wmunyt). [Hombie (200-400 wmuHyT)
MpOTeKaeT JjecopOuuss B  KapOOHU3UPOBAHHOM
niegyxe ceMedeK MOJCOHEYHUKA C COJepKaHUEeM
okoso 80% moromieHHoro BemectBa (puc. 6).
Kpome Toro, xapakrepHoil 0COOEHHOCTBIO JecopO-
UM SBJISETCS TO, YTO JUIS BCEX MATePHaJIOB HanOo-
Jiee MHTCHCUBHAS OTJaya XHJIKOCTU MPOUCXOJWT B
HavyaJbHBI MOMEHT mpolecca ucnapenus. Tak,
Hanpumep, s OI'M B nepBeie 50 MuH ncnapeHus
CKOPOCTH IecopOITiu COCTAaBIISICT ~0,24
(macc.%/MuH), KOTOpas TMOCTENEHHO YMEHBINACTCS
nu yxe Ha 200 wmwmuyte pocturaer ~ 0,015
(macc.%/mun).  TIpomecc  mecopOIMM  BOIHOTO
pacTBopa 3THIIOBOTO CITUPTa COBEPIIAETCS MEJIeH-
Hee (puc. 60). 3TO 00YCIOBICHO TEM, YTO MPOUCXO-
JIT yaaleHue aacopbara He TOJNBKO C TIOBEPXHOCTH,
HO U u3 oObema aacopbenrta. [Ipu sTom, Mo Mepe
NpUONKEHHUsT K PAaBHOBECHOMY COCTOSIHHIO, CKO-
POCTh Iporiecca IecopOIMU TAKKE YMEHBIIIACTCS.

[Ipu m3yuennn mecopOituu mapoB crimpta u3 KIII
W anTeqyHoro yris OBUIO YCTaHOBJICHO, YTO JIeCOpo-
1y cniupra u3 AAY npu KOMHaTHO#H TeMreparype B
kommmyectee ~ 0,9 macc.% mnpoucxomur 3a ~ 5
MUHYT, a npu Temreparype 37°C Ha Takyro ke Be-
JUYUHY — MPaKTHUeCKH 3a ~ 1 munyty. IIpu 3TOM
npouecc aecopbunu npu 37°C menyxoi Ha Takyro
xe Bennunny (0,9 macc.%) mporekaeT MeIeHHee U
OCYILECTBISIETCSl 32 ~ 3 MUHYTBI, B TO BpeMsl Kak
ylaneHue aacopOeHTa Npy KOMHATHOW TeMIlepaType
3aamMaet 6osree 400 MUHYT.

Takum o6pazoMm, nmyteM moaudukaruu TPI, a
TaKKe KapOOHM3AIMEH HCCIIeIOBAaHHOTO (JICIICBOIO)
PACTUTETBHOTO CHIPhS MOXHO MOJYYHThH aJCOpOCH-
ThI, XapaKTEPUCTHKH KOTOPBIX JIydIlle anTEeYHOro
aKTUBHPOBAHHOTO yri. B 3aBHCHMOCTH OT menei
yKa3aHHbIC MaTEpUATbl MOTYT ObITh HCIOJL30BAHBI
HE TOJILKO B MEIUIIMHE, HO M B JIDYTHX OTPACIAX
HApOJHOTO XO3SIMCTBA, B YAaCTHOCTH B KauecTBe
3IIEKTPOJIOB ISl CYNIEPKOHIEHCATOPOB.



Tabauna 4. CopOoumoHHbIe XapakTepucTuku [ITYM

MaxkcumaibHast COpOIIMOHHAsS €eMKOCTh, Macc.%

Ha3zsanue matepuana HaceimHoii Bec, r/em® PacTtBopa atusioBoro
ITapos sTunoBOTO CiUpTa
crnuprta B Boze (40%)
TPI' 0,015 3,1 5204
TPTM 0,19 8,1 400
OorMm 0,05 19,9 722
KII 0,16 12,1 ~ 400
AAY 11,8 ~ 360

(a)

(©)

Puc. 6. 3aBucumocty aecopOuuu napos (a) u BOAHOro pactsopa (6) STUIOBOTO CIHMPTA OT BPEMEHH IS Pa3JIMUHBIX aJCOPOEHTOB:

1-0T'M; 2-AAY; 3-TPI'M; 4 - KIII; 5- TPT.
BbIBO/IbI

PazpaboTanHbie CITOCOOBI ITO3BOJISIOT IOJYYaTh
HOBBIC TIOPUCTHIC yriepoaHbie MaTepuansl ([TYM)
mytem Moaudukamuu OI', TPI', a Takxe u3 gemeso-
IO pacTUTENBHOTO CHIPBSl IIPU CPABHUTEIIHHO HEBBI-
COKMX TemmepaTtypax kapoOonusamuu (~ 600°C).
VYcranosineHo, uro nosiydeHHble [IYM umeror kak
MHUKpPO-, TaK ¥ HAHOMOPHUCTYIO CTPYKTypy ¢pak-
TaNbHOTO cTpoeHus. CpeTHUI paanyc UX MOp JEKUT
B mpenenax ot 17 mo 37 A

Metonom amcopOruu/necopOimy mapoB ¥ BOJ-
HOT'O PacTBOPa 3TUJIOBOIO CIHUPTA YCTAHOBIIEHO, YTO
MOJIYYCHHBIE MATEepPUATBl  SIBJSIIOTCS  XOPOIIHMH
(;ygre anTedHOr0 AKTUBHPOBAHHOTO YIJIsl) COPOCH-
Tamu. [lokazaHo, 4TO MpU KOMHATHON TeMIieparype
ITYM Ha OCHOBE pPACTUTEIBHOTO CBHIPhS XOPOIIO
yaepxkuBaer ancopbar. [Ipu sToM nmecopOuus mnpu
37°C mpoTtekaeT MOYTH B TPH pa3a MeIJICHHEE, YeM
JUIA anTeYHOTr0 aKTHBHPOBAHHOTO YTJIA, YTO MO3BO-
JSIeT PEKOMEHJOBaTh €ro B MEAUIMHCKUX IEJSX.
Kpome Toro, uccinegoBaHHble MaTepHallbl MOKHO
OyIeT WCIOoNIb30BaTh B KAdeCTBE AIIEKTPOJOB IS
CYTIEpKOH/IEHCATOPOB.
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Summary

This work presents the results of the research of struc-
ture of porous carbon materials obtained by carbonization
of plant raw materials, and modification of the
graphite oxide or thermally expanded graphite. It was
experimentally established that the studied materials have
a porous fractal structure, zverage micropore radius of
which ranges from 17 to 37 A. Based on this and previous
results, it can be argued that the investigated materials can
be effectively used as supercapacitor electrodes. By
adsorption/desorption of the vapors and an aqueous solu-
tion of ethyl alcohol it was also found that the received
materials are not worse than the pharmaceutical activated
carbon. At the same time, a carbonized husk of sunflower
seeds at 37°C keeps the adsorbate three times longer than
the activated carbon, which allows its use for medical
purposes.

Keywords:  porous carbon material, thermally
expanded graphite, husk of sunflower seeds, microstruc-
ture, sorption.



MexaHn4eCcKHe CBOHMCTBA KOMIIO3UTHOM CUCTEMbI THIIA
«CJIOH/TOAJIOKKA» . HAHOCTPYKTYPHbIE IJICHKH MeIH
Ha nmoasaoxkke LiF

“II. Tpa6ko®, K. Mpipuax®, J1. Cumny”, I'. Boaoguua®

aUncmumym npurxnaonoti pusuxu AH Mondose,
yi. Axademuueckas, 5, 2. Kuwunes, MD-2028, Pecnybnuxa Mondosa, e-mail: grabco@phys.asm.md

®Uncmumym snexmponnoii unocenepuu u nanomexnonoauii AH Mondosu,
yn. Akademuueckas, 313, 2. Kuwunes, MD-2028, Pecnybauxa Mondosa

Wzyuenne cepun xommnos3uTHbIX cTpykTyp KC-1, KC-2 u KC-3, mpuHamiexammx K THIy CHCTEM
KMSITKHIA CIOM/MSATKAs MOATI0KKa», BBIBIJIO MHOTO HOBBIX CBEACHUI OTHOCHUTEIBHO MEXAHHYECKUX
CBOMCTB JaHHBIX MaTepHanoB. OOHapyXeHbI OOLIMEe W OTIMYHUTEIBHBIE CBOMCTBA KOMITO3UTHBIX
cTpykTyp Kak BHyTpH cepuit KC-1, KC-2 u KC-3, Tak u co cBoiicTBaMu NCXOAHBIX MaTtepuanoB CU u
LiF. YcranoBimeHo, 9T0 B HIMPOKOM HHTEpBAlle HArPY30K NpPH HAHOMUKpoMHAeHTHpoBanmn KC
CU/LiF mpormecc mehopMUpoBaHus MPOXOIUT TPU ocHOBHBIE cTtamun: 1 — mpu B = h/t < 0,5 (h — ry-
OWHa oTIevaTKa; t — TONINHA CII0s) TUIACTHIECKas AeOpMaIlisi B OCHOBHOM COCPEIOTOUYCHA B 00be-
M€ IUICHKH, B IIOJUIOKKE MOTYT BO3HHKHYTH JIMIIb HeOoiblMe ymnpyrue naedopManuu; 2 — HpH
B~ 1,0 nedopmarusi IPOUCXOIMT B IJICHKE U B MHTepdeticHoit 30He A; 3 — mpu B > 1,0 nnactuueckas
nehopMariusi IPoCTHpaeTCsi B 00beM MOJIOKKH, 3aXBaThIBask BCE THITHYHBIC YPOBHH CUCTEMBI (ILICH-
ka—uHTep(deiicHas 30HA—TIOMIOKKA), 3aKOHOMEPHO YCIOXHSISACh MO Mepe YBEIMYCHHS HArPY3KH.
IMTokazano, uto KC Tuma «cio#/mouioskKka» sABISIOTCS CIOKHBIMA CHCTEMaMH CO CBOMMHU CYI'y0o
WH/IMBHUIyaTbHBIMHE CBOWCTBAMH JIa’Ke MPH OJJMHAKOBBIX XUMUYECKOM COCTaBE M CIOCO0E MOTyUeHHS,
OTJINYASICh JIHIIb OJHUM MapaMeTpoM (TONIINHON TICHKH t).

Kniouesvie cnosa: mexanuueckue ceoiicmea, cneyugura oegopmuposanust, CU/LiF, ounamuueckoe

queHmupoeaHue.

YK 539.9:539.2:539.5
BBEJIEHUE

Komnosutheie ctpykTypbl (KC) Tuma «cnoit/
MOJUTOKKa» SIBJISIFOTCS. Ha CETONHSIITHUN JeHb Mpe.-
METOM HHTEHCHBHOTO H3YyYEHHs C LIENbIO0 BBISCHE-
HUS TTOBEJICHUS STUX CTPYKTYP MPHU BO3ICHCTBUU Ha
HHUX BHEIIHEW JIOKAJIbHOW HAarpy3Kd, B YacCTHOCTH
IpU MHUKPO- U HaHouHaeHTupoBanuu [1-10]. OnxHa-
KO B OOJIBITMHCTBE pabOT OCHOBHOM aKIIEHT CTaBUT-
Cs Ha W3yYEeHHWE MEXaHWYECKHX CBOWCTB CIIOS W B
MEHBIIIeH CTENeHW — Ha BBISICHEHHE MPOYHOCTHBIX
coticte KC kak eIMHOTO 1EeNnoro, B TO BpeMs Kak
KC daxtrueckn mnpeacTaBisioT co00d HOBBIN
MaTepuan, yOpyrue ¥ IUIACTHYeCKHhe CBOWMCTBA
KOTOPOTO OTJIMYAIOTCS OT CBOMCTB KOMIIOHEHT, €T0
coctaBnsomux. Tak, B pabotax [6, 11] moka3aHo,
gyT0o TBepaocTh KC mpeBsImiaeT TBEPIOCTh KaK IMO-
JIOXKH, Tak ¥ ciost. B mpyrux paborax [5, 12] ycra-
HOBJIEHO, 4TO TBepAocTb KC MeHsieTcs B 3aBUCHUMO-
CTH OT BEIUYUHBI NPUI0XKEHHON Harpy3ku. IlosTo-
My TIpPH ONpEACICHUN TBEPIOCTH TOHKHX IUICHOK
METOJIOM MHJICHTUPOBAHUS OY€Hb BaXKHO YYUTHIBATH
BKJIaJ] TIOJIOKKH, TOCKOJNBKY HW3MepsiemMas TBep-
JOCTh SIBIISIETCSI KOMIUIEKCHOM BEJIMYMHOM, 3aBUCS-
el OT OTHOCHTENLHOW TNTyOWHBI OTIEeYaTKa M Me-
XaHWYECKUX CBOWMCTB KakK IUICHKH, TaK W IOJIOXKKH,
Y TIPEACTaBIsieT COOOW TaK HA3BIBAEMYIO «KOMIIO-
3UTHYIO TBepaocTh» [2, 7, 13].

B nwmrepaType CyIIeCcTBYIOT pa3Hble MHCHHS
OTHOCHTEIIbHO BEIMYMHBI KPUTUYECKOH HArpys3KH,
Hike kotopoil B KC THma «cioit/mooxka» Best
nedopManusi TMOA OTIEYaTKOM KOHIEHTPHPYETCS
TOJNILKO B CJIOE, a 10 €€ JOCTHKCHUU PacipoCTpaHs-
ercs U B 00beM o uTtokku. B pabote [6] mokasamo,
yro B cnydyae KC Tumna «Msrkuit cnoi/TBepaas moj-
JIOXKKa», ¥ MMeHHo mus  mapel Cu/Si, Bkmax mon-
JIO)KKA HAa4YMHAET 3aMETHO CKa3bIBAThCS Ha BEIH-
ypHe TBepaoctd KC mpu JAOCTHKEHUH OTIIEYaTKOM
rIyOWHBI, TPUMEPHO PABHOM TOJNIIMHE TUICHKH. J[iist
napbl «TBEPIbIH CIIOM/MATKAs TTOIOKKA», HIH TPU
ONMM3KMX 3HAYCHMSX TBEpAOCTH M Moayns HOHra
CNOSl U TIOAJIONKKH, BKIAJ TOAJIOXKKH HAOIIOMAeTCS
NpU TOpa30 MEHBIIMX TIyOMHaX OTHedaTtkoB. B
pabotax [7, 14] BBeneH mapamerp J — OTHOCHUTEIb-
Has riyouHa ormevatka: = h/t (rme h — riyOuna
oTrevarka, a t — TOJIIUHA CIT0sT), ¢ TIOMOIIBIO KOTO-
pOro aBTOPBI OIIEHUBAIOT BKJAJ TOJI0KKH B BEIH-
YHHY TBEPAOCTH CHUCTEMBI «CIOW/mommoxka». s
CHCTEM Pa3InYHOTO COCTaBa aBTOPHI MOKA3aJH, YTO
BJIMSIHUE TIOJJIOKKH HAYWHAET CKa3bIBAThCS HA 3Ha-
yeHusx [ =~ 0,35. pyrue aBropsl [2, 15] cuuraror,
YTO BJIMSHUE MOJUIOKKHA HAYMHACT MPOSBISTHCS YHKE
Ha TmybnHax = 0,1 1 9T0 Iy MpaBWILHOTO OIpe-
JICTICHUsI BEJMYHMHBI TBEPIOCTH CJIOS TITyOUHA OTIIe-
yaTka He noJpkHa mnpesbimath 10% oT ToNIUHBI
cnost. CieyeT OTMETHTh TIPU OTOM, YTO YKa3aHHEIC

© T'pab6ko 1., [Tsiprak K., Tumiy JI., Bonoxuna I'., DnekrponHas o6paboTka marepuaios, 2016, 52(4), 7-21.



HCCIIeIOBaHUsl 0a3UpyIOTCs, KaK MpaBWIo, HA U3Me-
peHusix TBepaocTH, Moayssi KOHra U OLeHKax Jpy-
rux (pU3HKO-MEXaHHUYECKUX TTapaMeTpoB.

Hapsiny ¢ atum nmMeeTcs psg paboT, B KOTOPBIX
0coOeHHOCTH co3JaHusi 1e(OPMUPOBAHHON 30HBI
moj oTmevyatkom uHaeHTopa B KC usyuarorcs Ha
JIUcIoKauoHHoM ypoBHe [16, 17]. Tak, ma KC
coctaBa GaN/Al,O; MeTomoM TpPaHCMUCCHOHHOM
JNIEKTPOHHOW MHKPOCKOMHHM  OBLTH  MPOBEACHBI
HCCIIEIOBAHUS JTUCIIOKAIIMOHHOW 30HBI TOJ OTIIE-
yaTtkoM mHaeHTopa B cioe GaN [16]; amamornunsie
nccaenoBanusg OputH BeImoaHeHbl Ha KC cocraBa
Al-Mg/Si [17]. Onnako aBTOpPBI 3THX padoT mpecie-
JOBANU IIeNb. H3YYUTh IUIACTHYECKHE CBOWCTBA
Cosl, @ HE KOMNO3UMHOU cmpyKmypul 6 yeiom. B
HamMxX mpeapaynmx padorax [9, 11] wusydeHo
nosenerne KC cocraa Cu/LiF u Cu/MgO npu kBa-
3HCTATUYECKOM MUKPOMHJCHTUPOBAHUU C HCIIOIb-
30BaHHEM B Ka4yeCTBE MHICHTOpPA YETHIPEXIPaHHON
anMasHod mupamuasl Bukkepca. B [9] Obuio
BBISIBJIICHO, YTO B OOJIACTH OTHOCHTEIHHO OOIBIIHIX
Harpy3ok (>>10) Bknang ciios B OTBETHYHO peak-
uio KC npu MUKpOUHICHTHPOBAHUH SIBIIETCS €IIIe
JOCTaTOYHO 3aMETHBIM, U UM HE CJIEAyeT mpeHedpe-
raTh TpPU W3yYECHHH MaTEPHAJOB THIIA <TOHKAs
wienka/moanoxka». Ha KC Cu/MgO 6bu10 mokasa-
HO, YTO B 00JaCTH MUKPOHHICHTUPOBAHUS TPH
neGOopMUPOBAaHUN MHICHTOPOM BuKkepca kKpuThye-
CKUMM Harpy3kaMd Ui BO3HMKHOBEHHS JHCITOKA-
[HOHHBIX 30H B TMOMJIOXKKE SBISIOTCS HArpys3KH,
KOTOpPBIM COOTBETCTBYyeT BenmumumHa [ ~ 0,5, a
OTKJIUK motokkn MgO Ha BHeApeHHe HHICHTOpA
CTaHOBUTCS omyTuMbIM mipu B > 1,0, xorga B moa-
JIOXKE CO3JIaeTCsl XOpouio chopMUpOBaHHAS JUCIIO-
KallMOHHAsl CTPYKTypa, MPHUBOJAIIAs K KadecTBEH-
HOW cmeHe MexaHm3ma paedopmammun KC. Ilpu
HAHOMHJCHTUpOBaHUU  cTpykTyp  CU/LINDO;,
Cu/SiO; u Cu/Si aBTOpHI yCTaHOBHIM peobIagaro-
K BKJIaJ NOMJIOXKKHA B BEIUYMHY HAHOTBEPIOCTH,
korzaa =~ 4,0 [4], rorna kak B pabote [2] yka3biBa-
eTcs, uto TBepAocTh KC COOTBETCTBYET TBEPAOCTH
nos1okku sk mpu B> 10,0. B [6] mokazano, uto
s KC tuma «Msrkuii croii/TBepas Mo IoKKa»
(Al/Si) mmactuyeckas nmedopmaiUs KOMIIO3UTA
COCPEZIOTOYCHA IOYTH UCKITIOYUTENBHO B clioe. B To
e BpeMs 00paTHOE PACIOJIOKEHHE KOMIIOHCHTOB
crpykrypsi (Si/Al), KC tuna «tBepasiii cioi/Msarkas
MOJITOKKAa», MIPUBOJIUT K TAKOMY OTKIIHKY KOMIIO3H-
Ta, B KOTOPOM ILIacTHYECKas IeopMarnsi CKOHIICH-
TPUPOBaHA TJaBHBIM 00Pa30M B MOAJOXKKE C HE3Ha-
YUTENBHOU TUIACTHYECKON 00NacThIO B CJIOE HETMO-
CPE/IICTBEHHO TIOJ OTmevyaTtkoM. Kak pe3ysbrart,
aBTOPBI JENAIOT BBIBOJ, YTO TMOAOOHAs creruduka
pacrpe/eNieHus MIACTUYECKOW 30HBI MPU WHICHTHU-
poBanuu KC CBHIETENBCTBYET O pa3IMyHOM Xapak-
Tepe npotekanus negopmarmu B KC tina «Mmsarkuit
CIo¥/TBEpIast TOUTOKKA» U KTBEPABIA CIION/MATKas

MTOTO’KKA», U ATOT PaKT HEOOXOIUMO UMEThH B BHILY
Npd M3YYEHHUH KOMITO3UTHBIX MAaTepHaOB THIIA
«CIIOM/MOATIOKKAY.

JlenaroTcsi HOMBITKY OLIEHUTh TEOPETUUIECKHU Clie-
muduky nepopmupoBanus KC kax edurnozo yenoeo,
UCIIOJIB3YSl METOJ KOHEYHBIX d3jeMeHtoB [18].
Hcnone3ytoTcs MoAenyw, C IOMOILBIO KOTOPBIX
MOXHO 00jiee TOYHO OIPEAEIUTh HAHOTBEPAOCTH
OTIENBHO TUIGHKM W TOIJIOKKH. DTO H3BECTHHIC
npubmmkennss Kunra, Yena m Bmaccaka, Papa c
coaBropamu, Caxa u Hukca, Xau-IO-Bnaccaka [3].
Opnako B pabote [2] memaercst MOIMBITKA OIEHUTH
TaK Ha3blBaEMYI0 «KOMIIO3UTHYIO TBEpAOCTHY,
KOTOpas MpeAroaraeTcs ObITh B IPOMEXKYTKE MEXK-
oy TBeprocThio «uucro-cnos»  (“film-only”) n
«gucTo-moutokkm» (“substrate-only”), u mpoBepuThH
€e Ha COOTBETCTBUE IIATH M3BECTHBIM MOZECIISIM
«KOMTIO3UTHOW TBepmoctu». 1 — J[oHCOHa-
Xormapka, 2 — bypHerra-Pukkbepu, 3 — Yuxor-
Jleccaxa, 4 — KopcyHckoro u 5 — Ilyqun-KaGpepa.
beuio Haiineno, 4ro 4-1 u 5-1 Mozenu HauOoiee
OJM3KO COOTBETCTBYIOT TMOJYYEHHBIM JKCIIEPUMEH-
TaJbHBIM JAHHBIM, YTO MOYKET MO3BOJUTH BHIACIUTD
Ha KpuBbIX H(B) Tpm ydacTka, KOTOpBIE YCIOBHO
MOTYT XapaKTE€pHU30BaTh TBEPIOCTh «YHCTO-CIIOS»,
KKOMIIO3UTHYIO TBEPAOCTBE» M TBEPAOCTh KUUCTO-
TIOJUTOKKI .

Takum 00pa3oM, TPOBEIEHHBIM aHAIN3 TPOIC-
MOHCTPHUPOBAJl HAJIMYHE BCEBO3MOXKHBIX MOJXOJIOB
K pEIIEeHHIO BOIIPOCca O KOPPEKTHOH OLIEHKE TBEPAO-
ctr KC trma «crmoii/momroxkka». OqHako, HECMOTPS
Ha OO0JIBIIOE KOJMYECTBO HAKOIUIEHHBIX B JINTEPATY-
pe cBemeHmit oTHocutenbHO AedopmupoBanus KC
Opyu  JUHAMHYECKOM MHKpPO- M HAaHOMHIEHTHPOBa-
HUM, Ha CErOAHSAIIHUM N€Hb OTCYTCTBYIOT MpsIMbIE
JIOKa3aTeNIbCcTBa 0 (PU3UKE TMpolecca Ha JTUCIOKAIU-
OHHOM ypoBHe. HensBecTHO, Korzia u KaKk HauMHAET-
Cs OTKJIMK IIOJUIOKKM Ha BO3JCHCTBUE BHEIIHEH
Harpy3ku Tpu Ae(QOpMHUPOBAHWUH HHIECHTOPOM
BepkoBnua B MHTepBaJie HArpy3okK, NMPH KOTOPBIX
OTHOCUTENbHAas [IyOWHa OTIeYaTka TBEPOOCTH
kosebnercss B mpenenax 0,1>$>10,0, xakoBa 3Bo-
JIOLMA Tpollecca B 3aBHCUMOCTH OT BEJIMYHHEI
Harpy3ku, npunoxxkeHHodl k KC. BrlicHeHue 3tux
BOIIPOCOB ¥ ABMIJIOCH 3aladyeil AaHHOT'O HCCIIEA0Ba-
HUSL.

METOUKA DKCITEPUMEHTA

B kauectBe o0OBeKTa uUcciaenoBaHus —Oblna
BbIOpaHa Kkommo3uTHas crpyktypa Cu/LiF Tuma
KMATKOE-HA-MSITKOM», KOMIIOHEHTBI KOTOPO HMEIOT
MHOTO OOIIMX CBOMCTB: MPUHAIIEKHOCTD K KyOHnue-
CKOH CTPYKType, OJIM3KHE 3HAYCHUS] MHKPOTBEPIO-
ctu (Hz~ 0,8 T'Tla mst Cu u Hz~ 1,1 T'Tla mns LiF),
JOCTaTOYHO BBICOKHME IUTIACTHYECKHE CBOMCTBA.
®dopMupoBaHHE TUCIOKAUOHHBIX PO3ETOK BOKPYT
orne4yatkoB B nojuoxke LIF mpu T, naer Bo3-



MOKHOCTh MPOBECTH aHAJHM3 OTKIIMKA TOAJOXKKH B
3aBUCUMOCTH OT BEJIMYMHBI HATPY3KH Ha WHACHTOP
OpU AMHAMHYECKOM BiaBiuBaHuHM B JaHHyro KC.
ITnenxkn CU OBITM HaHECEHBI Ha CBEKECKOJIOTYIO
HIOBEPXHOCTh MOHOKpHCTa/UIOB LiF MeTomom mar-
HETPOHHOT'O PACMBUICHHUS C HWCIOJIL30BAHUEM MpH-
6opa Magnetron Sputtering RF, B pexunme
P = 200W, T = 50°C. Beum noayuenst KC ¢ pas-
JIMYHOH ToaIMHON mieHok Cu: t; = 85; t, =470 u
t3 = 1000 am. [llepoxoBaToCTh MOBEPXHOCTH IICHOK
(R) Obuta oOIlEHEHa METOJAaMH aTOMHO-CHIJIOBOI
MUKpOCKOInu U cocTaBmsuia R = 15-20 am. ®da3zo-
BBl COCTaB M MHUKPOCTPYKTypa ToiydeHHbIX KC
OTIPENeSUINCh Ha PEHTTEHOBCKOM AH(PAaKTOMETpe
IOPOH-YM1 (Fe K, -u3myuenne, Mn-puastp,
©/26-meton). B0 mokasaHo, 4TO IJICHKH MEAN B
KC CU/LiF uMenu HaHOKPUCTAIIMYECKYIO CTPYKTY-
py ¢ Tekcrypoii kpuctamioB Cu o (111). OcHoBHast
4acTh KPUCTAJUIMTOB MEIW HMeJa OpPUEHTALHIO
(111) co cpeaHum pasMepoM HAHOKPHCTAIIOB
Dpiyy = 50 HM. HeOonbluas yacTh KpHUCTaJUIUTOB
nmena opueHtanuio (100) co cpeaHum pasmepom
HAHOKPHUCTAILIOB Dy1gg)= 8 HM.

UzydeHne MexaHHYECKUX CBOWCTB MPOBOIHIH
METOJIOM JMHAMHUYECKOTO WHACHTUPOBAHUS HA TPH-
o6ope Nanotester-PMT-NI-02, ocHamieHHOM WHACH-
TopoM bepkoBnua. MHKpOCTpYKTypa MOBEPXHOCTH
M3ydanach METOJaMH OINTHYECKOW MHUKPOCKOIUH
(OM) na npubopax XJL-101, Amplival, wuntepde-
pomerpe Jlunnuka MUU-4 u Ha aTOMHO-CHIIOBOM
mukpockorie Nanostation I1.

[Ipu ucnpITaHUSIX HA HAHO- U MUKPOWHAEHTHPO-
BaHHUE JJIsl KKIOTO 00pasiia BBITOIHIUCH CICAY-
OIIHE JTaIbL:

e [polecc «Harpy)keHue-pasrpyska» mns 18
MaKCUMaJIbHBIX HArpy3oK, Pma= 2+900 MH mo cie-
nytomiel cxeme: HarpykeHue — 20 ¢, BbIIEpKKa MPH
MaKCUMalbHOW Harpyske (Pmax) — 5 ¢, pa3rpyska —
20 c. Jlns xaxxmoit Harpy3ku HAaHOCHIIOCH TI0 5 oTIe-
4aTKoOB. Pe3ynbTaThl BBIUMCISUIACH KaK CpelHee
3HAYCHUE 5 UCTIBITAHUI:

® 3aTeM I KaKIoTro oOpasia OBIIN TOCTPOCHBI
CII/IYIOIIME 3aBUCHUMOCTH. KpHBasi Harpy3ka — Iiry-
ouna orneyarka, P(h); momyns IOHra — Harpyska,
E(P); tBepmocts — Harpyska, H(P). Ha ocnoBanum
aHaM3a KPUBBIX HAHO- U MUKPOHWHACHTHUPOBAHUS H
u3ydeHus MoOpQoNoruu  ehOPMUPOBAHHBIX 30H
BOKPYI' OTICYaTKOB OBUIM OICHEHBI OCHOBHEBIC
napamMeTpbl YIpyrocTH, MJIACTUYHOCTH M TPOYHO-
CTH,

® BBEIYKCIICHUS TPOBOAMIHNCH IO MeToay Onuse-
pa-®appa [19]. Bce BBIYMCIEHHS BBIMOIHSAINCE
ABTOMATHU3UPOBAHHO C TIOMOIIBIKD MPOrPAMMHOTO
obecrieueHus Ipudopa.

JIuHaMHUYEeCKHEe MHUKPO- ¥ HaHOTBepAOCTh (H)
BBIYHMCISUTUCH B COOTBETCTBHHU C HOPMYIION:

H = Foec (1)

A’nax

e Pmax — MakcuManbHash Harpy3ka Ha HHICHTOD
bepkoBrua; Amax — IUTOIIAAb MPOCKIIUU OTIIEYaTKA.
Monynb FOnra (E) ompenensiicss B COOTBETCTBHU C
dhopmynamu:
2 2
1 (1) (2-%) @)

— =
E E E,

r I

e__Yns 3)
" 2-A ()

3neck E; — npuBeneHHBII MOIYIIb YIIPYTOCTH, KOTO-
poiit onpenensiercss u3 Gopmynsl (3); E u v — coor-
BETCTBEHHO MOJYJh YIPYTOCTH H KOIPPHUIIHEHT
ITyaccona obpasna,; Ej u v, — Te xe xoddpunmeHTs!
it uaaentopa. ITapamerp S = dP/dh u HassiBaeTCs
KOHTAaKTHOH IECTKOCTBIO, KOTOpas ONpeleseTcs
Kak TaHreHc yria HakioHa kpuBoit P(h) B nauane
y4JacTKa pasrpyKeHus; B — MompaBoOYHBIH Kod(hdu-
nueHT Kunra juig mnaaeHropa bepkoBuua, paBHBII
1,034.

JUnst  BBIABIEHHS JWCIOKAIMOHHBIX CTPYKTYP
BOKpYI' OTIIEYaTKOB Ha momioxkax LiF wmcmons3o-
BaJICsl CTAHAAPTHBIN CENIEKTUBHBIA TPaBUTENb: cl1abo
KOHICHTPUPOBAaHHBI  BoxmHbIH  pactBop FeCls
(~ 15 wmun). IlpemBapuTelbHO C KOMIIO3UTHBIX
CTPYKTYp, Ha KOTODPBIX OBUIM HAaHECEHBI OTIEYATKH,
XAMHYECKUM TIyTeM ynamumm cioii Cu B KOHIL
HNO; (~ 1 ¢).

PE3VYJIBTATBI OKCIIEPMUMEHTA

Mexanuueckue ceoticmsa u ocobenHocmu 0eghop-
muposanus KC CU/LiF npu unoenmuposanuu

Jist pereHust ToCTaBIICHHOM 3a7ja9u OBLIN B3SITHI
KC tpex BUIOB, OTIMYAIOIIKECS MEXKAY COOON TOJ-
muHou ieHkn Cu: t; = 85; t, = 470 u t; = 1000 aM.
PaccMoTprM  TIO  OTHENBHOCTH — CcIiCH(PHUICCKUE
cBoiicTBa Kaxnoi u3 moaydeHusix KC CUu/LiF wu
CpPaBHHM HX MEXIy COOOU M CO CBOMCTBAMH KOMIIO-
HEHT WX cocTaBsaomux. [ sToro mpomenem
uccienoBanne kaxaoii m3z tpex KC Cu/LiF kax
OTIICIBHOTO HOBOT'O MaTepualia, a TaKkKe H3y4YUM
CTENEHb B3aMMHOIO BIMSHUSA IJIEHKH U MOMJIOXKKHU B
IIMPOKOM HHTEpPBaje MAaKCHMAaJbHBIX HArpy30K
(2+900 MH) u sBomronuto cBoiicts KC ¢ u3meneHu-
€M TOJIILMHEI IIJIEHKH.

1. KC Cu/LiF ¢ momwumnoi
naenxu meou ty = 85 um (KC-1)

N3yuyuM OCHOBHBIE MEXaHUYECKUE CBOICTBA U
cnenuuky aehopMUPOBaHUSI KOMIIO3UTHBIX CTPYK-
Typ MO TaKOU K€ CXeMe, KaK U IS UCXOIHBIX KOM-
noneHt Cu u LiF, uccnenoBannsix B padore [20].
ITpexe BCEro OTMETHM, YTO JUTSA JAHHOM TONIIMHBL
TUIEHKH JaKe camas MUHUMalbHas Harpys3ka 2 mH
(m3 18 Prax) co3maBajga OTIEYATOK, HMEIOIIHIMA



npenensHyo rmyouny h, =~ 160 uM, koTopas B 1Ba
pa3a mpeBblmaiga ToiammHy IuieHkdn Cu, To ecThb
B = h/t = 2,0. YuuteiBast, 9YT0 B COOTBETCTBHH C
paboramu [2, 7, 11, 14, 15] BiugHue MOMIOKKHA Ha
pasubie KC HaunHaeT MposBIATHCS YK€ Ha TIyOu-
Hax B = 0,1-0,5, mexanuveckue mapamerpsl, OIle-
HeHHbIe Tpu uHAeHTHpoBaHuu KC-1, OymyT otpa-
’)KaTb TOJIBKO CBOWCTBA KOMIIO3UTHOW CTPYKTYPbI
Kak memoctHoro Mmarepmana (integral material) ¢
peobaaaroeil 1oei BIUSHUS TOI0XKKH.

B cooTBeTcTBHHM €O CKa3aHHBIM XOJ KPHUBBIX
Exca(P) u Hgca(P) mns KC-1 (puc. 1) mo cBoemy
BHJy ObLI OJM30K aHAJOTUYHBIM KpUBEIM 11 CU 1
LiF: xpuBble TpOSBISUIN cIabyi0 3aBUCHMOCTH OT
Harpy3ku npu ee ymenbinenuu ot 900 mo 20 mH.
[Ipu nanpHeimeM yMeHbIIEHUH Prax pa3dpoc aaH-
HBIX s Egc, Bo3pactan. YBenwueHue pazoOpoca
JIAaHHBIX C YMEHbIIIEHUEM P B HEKOTOPOM CTETEHU
MOJKeT OBITh 00YCIIOBIIEHO HAaHO3EPEHHOI CTPYKTY-
PpOii TOBEpXHOCTH UIeHKH. [Ipu Gonbminx Harpys3kax
KOHTaKT WHAEHTOpa ¢ 00pa3ioM OXBATHIBAET CpPazy
HECKOJIbKO 3€pPeH, M 4YeM BBIIC Harpyska, TeMm
0oJIblllee KOJUYECTBO 3€pEH MPUHHMACT y4yacTHue B
nepopmary. C yMEHBIIEHHEM HArpy3Kd YHCIIO
3epeH B KOHTAKTe MHIEHTOP-00pa3el] pe3Ko yMeHb-
maercs, a IepBoe KacaHUe WHICHTOpa ¢ 00pas3IioM
MOJKET TPOU30MTH HWHOTJA MO BEpUINHE 3€pHA, a
HHOTZIA TI0 MeK3epeHHoMy yriuy6menuio [21]. Drto
BBI30BET pa3jiM4Me B COMPOTUBICHHHM MaTepHalia
BHEJIPCHUIO HHJICHTOpA M, KaK CIICJCTBHE, BO3pac-
TaHWe pa3dpoca TMONydYeHHBIX pe3ynsTaToB. llpm
3TOM cpelnHee 3HaueHue FExci OKa3aloch PaBHBIM
~ 105 I'lla, 3to Ha 20 I'lla MeHbIE, YeM 3HAYEHHUS
ELir u Ecy. 3Hauenue xe Hyc.q pu Prax = 4 MH pas-
ssutochk ~ 1,56 I'Tla, yBemmuusmmcs B 1,42 paza 1o
cpaBHenuio ¢ 1,1 I'Tla B unTepBase OOMBIINX HATpy-
30K, Pmnax = 100+900 MH. D11 n1aHHBIE HE3HAYNTEIB-
HO MEHbIIIE Pe3yJbTaTOB, MOTYyUYEHHBIX TPU TeX Ke
ycimoBusix Ha uwucroMm LiF, 1,6 TTla mis 5 MH u
(1,1+1,2) I'lla s GonpLIMX HArpy3KOK, M aHaJo-
TUYHO Ha TOJUKPHUCTAILTNIECKON MeTH.

Takum o6pazom, KC-1 mpomemoHCTpHpOBaia
HECKOJIbKO MEHBIIINE 3HAYCHUS MEXaHHYSCKUX Ta-
paMeTpOB B CPaBHEHHU C MOJUKpUCTaILHYecKoir Cu
u momiokkoi LiF, To ecTh MOXHO CKa3aTh, 4YTO
cucremMa KC-1 sBngercs 4yTh Oojiee MSTKHM Mate-
puasioM, 4YeM KOMIIOHEHTBI, €€ COCTaBIISAIOIIHE.
Hapsimy ¢ stum cucrema KC-1 mposBuna OGomee
BBICOKHE PEJIaKCAllMOHHBIC CBOMCTBA Ha 3Talle pas-
Ipy3KH, ueM ofHa u3 ee kommnoHeHt (CU): yuacTku
KpPUBBIX pa3rpy3Kd 3aMeTHEe OTKIIOHSIOTCS OT Iep-
MEHAVKYJISIpa IPH yIaJIeHUH WHASHTOpa u3 obpasia
KC-1 (puc. 2), uem na Cu (BKIabIIN Ha PUC. 2T), HO
OITU3KH 10 BUJY C TAKUMH ke Ha yucToM LiF.

IIpumeuatenbHOU 0COOEHHOCTHIO KPUBBIX
Harpy3ka-OTHOCHTEJbHAs IJIyOMHA OTIIEYaTKa»
P(B) siBnsiercst mosiBieHue Ooublioi “pop-in” cry-
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NEeHbKY, KOTJIa WHAEHTOP JOCTHIAeT BEIWYHHBI
B = 0,47-0,6 (puc. 3a). Pa3mep cTyneHbKH TPOCTH-
paercs 1o BenuuuHbl B =~ 1,3-1,4 u xopowo BUICH
Ha Trpadukax B UHTEpBaJE HArpy30K Ppax
2+50 mH. Ha rpajukax mnst Pp > 50 mH
“pop-in” cTyneHbKH MEHEe 3aMETHBI BBHIY YMCHB-
IIEHHOTO MaciuTaba, OJHAKO (HUKCHUPOBAIUCH NPHU
PETHCTpany YHCIIOBBIX TaHHBIX IPHOOpA.

Cremyer ykas3arh, 4TO HAKJIOH KPHBOW (yroma @)
Ha puc. 30 mocie “pop-in” CTYNEHbBKH HECKOJBKO
ymenbmaercs (¢, = 40°) mo cpasHeHHIO ¢ ee
HavyaJabHBIM y4acTKOM (@1 = 50°), 4TO MOXKeT yKa3bl-
BaTh Ha W3MEHEHHE MEXaHu3Ma Ie(hOpPMHPOBAHUS
KC B cTopoHy oOnerdyeHus MpOTEKaHHS IUIacTHYe-
ckoir gedopmanuu. [lpuHUMas BO BHUMAaHHUE, UYTO
Hayajuo  QopMupoBaHMs  “POP-IN”  CTYNEHBKU
HaOJIIoaeTcss TOraa, KOTJa BepIIMHA HWHICHTOpA
mocturaer ~ 50% Ttommuabl mienkn Cu (fy) ©
JUIATCA modTH 10 pocTkeHus 140% tc,, MOXXHO
MPEANONIOKUTh, YTO JaHHBIH “POpP-in” s ekt crs-
3aH ¢ JIeGopMHpPOBaHNEM HEPEXOAHON 30HBI MEKIY
HOJUIOKKOU M IUIeHKoM. Hamuyue 3TOI 30HBLI mOA-
TBEPXKAAeTCAd JAAaHHBIMH PEHTTEeHOAU(PAKTOMETPU-
YecKoro aHanmmza. Ha 3ToM ypoBHe KpHCTaIHye-
CKasl CTpyKTypa chopMHpOBaHa eIie HeZOCTATOUYHO
YeTKO, CIEICTBUEM YETO SBISIOTCA PE3KOE yMEHb-
IICHUE CONPOTHBIICHHS IUIACTHYECKOH aedopMaiuu
U JIOCTI)KEHHE OTIIEYaTKOM IIyOMH, B IBa pasa
MPEBBIIIAIONINX TONIIHHY TuieHKH CU.

[Tocne mpoxoxaeHust “pop-in” CTYHEHBKH TIIy-
OmHa mpoHUKHOBEeHHS HHAeHTOpa B KC paBHOMEpHO
BO3PACTAET, COXpaHsisi MOCTOSHHBIM Yroj HaKJIOHA
KpuBBIX. [lOCKONBKY Ha STOH cTaauu B TpoLecc
nedopmary BOBJICUEHA YK€ U MOJUIOKKA, TO MOXK-
HO CKa3aTh, 4T0 MexaHu3M nedopmupoBanns KC
yke OyIeT IpeAcCTaBisATh CO0OW cymMMy Tpex cie-
UUeCKNX MeXaHH3MOB nedopmaryu, XapakTep-
HBIX mia. 1 — HaHokpucTaummueckod tuieHku Cu,
2 uHTep(hEeNHCHON 30HBI  «CIION-TIOAIOKKA»
(interface region “film-substrate”) u 3 — mMoHOKpH-
craunueckoi moamoxkku LiF. C poctoM Prg Ha
kpuBbIX P(B) mosiBnsiercst Hebonbias “pop-in” cry-
nenbka ipu P =5 mH, h = 0,35 mxm u § = 4,2. Kak
clienyeT U3 puc. 3B, TMOCIE JTOH CTYNEHBKH YToil
HaKJIOHa KPHUBOW MEHSETCS CIeIyIomnM 00pa3oM:
@1 = 40°, @, = 32° u 3aTeM CHOBa BO3pacTaeT J0
(@3 = 43°, yka3piBasi Ha YBEJIMYCHUE CONPOTUBIICHUS
KC. Ilo Bce#t BEpOATHOCTH, HAa dTOM CTaIUW IHCIIO-
Kal[MOHHAsT CTPYKTypa B OKPECTHOCTH OTIeYaTKa
3aMETHO YCIIOKHSETCS, CO3/1aBasi JOMOJHUTEIbHOE
CONPOTHBIICHUE TIPOHUKHOBEHHIO MHAEHTOpa. [laib-
Helilliee BO3pacTaHWE MPUIOKEHHOM Harpy3ku He
MEHsSeT KaueCTBEHHO BHJ Ie(OPMALMOHHBIX KpH-
BbIX (pHc. 3r) BILIOTH 10 Prmax = 900 MH.

IlonTBepxneHWeM  BBICKa3aHHOM  THIIOTE3bI
MOTYT CIy)KUThb JBa SKCIHEPUMEHTAIBHBIX (haKTa.
Bo-mepBpiX, Hanmuuue OONBIIOTO CXOACTBAa BUAA
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Puc. 1. KC Cu/LiF (KC-1). 3aBucumoctu «mozyns FOura-narpyska» E(P) (a) u «tBepaocts-Harpyska» H(P) (6).

(a) (6)

(8) )
Puc. 2. KC Cu/LiF (KC-1). KpuBbie «HarpyxeHue-pasrpyska» P(N), moiydeHHble NpH pa3HBIX MaKCHMaJbHBIX Harpys3kax.
Prax = 2+900 MH. Ha Bruajpiiie puc. 2r npeacrasieHs! kpusbie P(N) 171 MOIMKPUCTAIINYECKOM MEH.

(a) (6)

(8) (r)
Puc. 3. KC Cu/LiF (KC-1). Kpuble «Harpyxenue-pasrpy3ska» P(h), moiydeHHble OpH pa3HbIX MAKCUMAIIbHBIX HArpy3Kax. Prmay, MH:
(a) 2; (6) 4; (8) 10; (r) 50. Ctpenkamu ykazansl “pop-in” 3pexThl Ha HAYAIBHBIX M TOCIIEAYIONINX CTaIUAX HATPYKCHHS.



(8) (r) ()
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Puc. 4. KC Cu/LiF, (KC-1). [TucnoxanoHHble po3eTKH Ha Toiokke LiF mocne ynanenus mienkn mead. Harpyska Ha MHICHTOD,
P, MH: (a) 2; (6) 7; (8) 30; (r) 70; (x) 200; (e) 700; () 900. YBenuueHue — ropu3oHTasbHAsE cTopoHa dorokanpa, Mrm: (a) — 30;
(6) — 40; (8) — 50; (r) — 65; (x) — 100; (e) — 180; (&) — 220. A — nmyuu Broab <100> COOTBETCTBYIOT BBIXOAAM INIOCKOCTEH CKOJIbKE-
nust auciokanuii {110},s, a nyun Bross <110> sBusirorcst BeixogaMu miockocteil ckobxenus {110}qg [22]. [annast opueHTanus

COXPpAaHACTCA U AJid BCEX IMOCICAYOIIUX q)OTOCHI/IMKOB.

Puc. 5. KC Cu/LiF, (KC-1). IlenTpansHasi 4acTh AMCIOKAIIMOHHBIX PO3ETOK Ha MOMIOKKe LiF mociie ynaneHus IUIEHKHA Me[u:
(a) 500 mH; (6) 900 MH; HaBeieHHE PE3KOCTH Ha LIEHTP AMCIOKALMOHHON po3eTkH; (B) ToT ke ornedarok 900 MH, HaBeneHue
PE3KOCTH Ha 30HY [MCIOKALMOHHOW PO3CTKH BOKPYr ILIEHTpA. YBEIMYCHHE — TOPU3OHTalbHAs CTOpPOHA (DOTOKAApa, MKM:

(a), (6), (8) — 150.

kpuBbix P(B) mmst KC Cu/LiF u xpucramna-
nomnoxku LiF [20], uro ykaseiBaeT Ha [eicTBHE
OJTMHAKOBBIX MEXaHHU3MOB JIe()OPMALUN B PACCMOT-
PEHHOM HHTEpBajie Harpy3ok. Bo-BTOpBIX, 3BOIIO-
OUsl  JUCIOKALMOHHBIX PO3ETOK B OKPECTHOCTH
OTIEYAaTKOB NPH BO3PAaCTaHUU Pmax B HHTEpBase
(2+900) mH, BBISBIEGHHBIX Ha MOBEPXHOCTH IIOJ-
noxku LiF mocne ynanenus cnost Cu (puc. 4), u ux
aHAJIOTHSI TIPH CPaBHEHUHM C HCIOKAMOHHBIMHU
pO3eTKaMH Ha MOBEPXHOCTH YHCTOT0 Kpucrayuia LiF
[20]. Kak moka3an SKCIEPUMEHT, 3apOJbIII THCIIO-
KaIlMOHHON PO3ETKH TMOABHIICA Ha mozmmoxke LiF
npu Pmax = 2 MH u B = 0,5 (puc. 4a). Dto Moxer
O3HauaTh, YTO NPH MOSBICHUH MEpBOH “pOp-in”
CTYNEHBKH NPOTSHKEHHOCThIO ~ 70 HM Ha KPHBBIX
nepopMupoBaHus 0 Hadama “pop-in” asddexTa
(hi = 45-50 um mnu B; = 0,5-0,6) Bcs mmacTuueckas
nedopManys COCpeOTOYMBACTCS B IUICHKE MEIH.
IIpu »TO¥1 Harpy3ke B MOJUIOKKE MOTJIM BO3HUKHYTh
JWIIb YIPYTHE HANPSDKEHHsI, KOTOPBIE TIOCIIEe yiae-
HUSl MHICHTOpPA MOTJIM PEeNaKCUPOBATh MOJHOCTHIO
win vactuuno. Kower “pop-in” cTymeHbkH HMeeT
mecrto mipu hj= 120 um wm B; =~ 1,41. CrenoBatens-
HO, yriyOJieHHe HWHIEHTOpA MPEBBICHIO IIOYTH B
MOJITOpPa pas3a TOJIIUHY IUICHKH, YTO IIPHBEIO K
BO3HUKHOBEHUIO OCTaTOYHOU IIAaCTUYECKON
nedopManyu B 00beMe TOUIOKKH TIOCHE yIAICHHSI
ungeHropa (puc. 4a). ITo Mepe yBelUUYCHHS MaKCH-
MaJIbHOW HArpy3KH AWCIOKAIMOHHBIE PO3ETKH yBe-
JUYUBAIOTCS B pa3Mepe M YCIOXKHSIOTCS 10 CBOEH
CTPYKType: JIy4d, OpHEHTHUpOBaHHBbIE Baoyb <110>

(m71s KPaTKOCTH HA30BEM HMX KPACBBIMU» JIy4aMH),
pasaBauBaioTCs, a ay4n BOoib <100> («BHHTOBBIE»
Jy4d) KOHLEHTPUPYIOTCS B IIEHTPAJIbHOW 4YacTh
po3etkH, GopMupys 30HY, OJIM3KYIO K opMe KBaj-
para (puc. 48—¢; 5a).

I[Ipu cameix OombmuX HArpy3kax Ppax =
= 300+900 MH mpoucxoaut maibHEHIIee YCIOKHE-
HUE JHCIOKAIIMOHHON CTPYKTYpBI, KpaeBbIC Iy4H
CTaHOBSITCS MHOTOPSIHBIMHU, MpHOOpeTas KIeIIHe-
0o0pa3Hyto GopMy € Pe3KO BO3POCIIEH MIOTHOCTHIO
JIMCIIOKALUI B ICHTPAILHOM YacTH; B CAMOM LICHTpPE
CTPYKTYpPBl MPOCMATPUBAETCsl CIeJl OTIevYaTrka Tpe-
yrojbHOU Qopmbl (puc. 5a). Ilpu narpyske 900 mH
LEHTpaJIbHAs YacTh JHCIOKALIMOHHOW PO3ETKU
TEPSIET CBOIO KPUCTATIOrPAdUUECKYIO OPUCHTAITHIO,
00pasys 30Hy OKpYTJiIoH (OPMBEI ¢ MEIKO pa3apoo-
JICHHOW CTPYKTYpOH, I/ie MPOTEKAIOT Camble CIIOX-
HblE JHCIOKAlMOHHBIE DEaKIWH, NPUBOAALINE K
TPaHCIISAUA MaTepualia, pOTAIMOHHBIM IMpoIeccaMm,
HaHO(pparMeHTAUN CTPYKTYPHI BIUIOTH JIO TPEIIU-
HooOpa3oBauus (puc. 50,8) [22, 23].

Takum 00pazoM, HCCIeIOBaHMS TTOKA3aH, YTO B
LIUPOKOM HHTEPBAJIE NPUIIOKCHHBIX HArpy30K IIPU
HaHOMUKPOWHICHTUPOBAHUU KC-1 rpouecc
JeOPMUPOBAHUS MPOXOJUT TPU OCHOBHBIC CTATUH:
1 - 1o P;=1,0 MH u B;= 0,5 mnactuueckas aedop-
Malus B OCHOBHOM COCpEOTOYeHa B 00bEME TICH-
KU, B MOJJIOXKKE MOTYT BO3HHMKHYTH JINIIb HEOOJb-
e ynpyrue aedopmanuu; 2 — B UHTepBalie Harpy-
30k P;i= (1,0-1,25) MH u B~ 1,0 nedopmarms mpo-
UCXOOUT B TMEPEXOAHOM 30HE CIIOU-TIOAJIONKKA;



3 — maumnas ¢ Harpy3ok P~ 1,3 MH u ;> 1,0, ma-
cThyeckas Jedopmanus MpocTupaeTcs B 00beM
MOJUIOKKH, 3aKOHOMEPHO YCIOXKHSACH IO Mepe
YBEIMYECHHUS HArpy3KH. DBOIOIHS PA3BUTHS JHCIIO-
KAaIIMOHHON CTPYKTYPHI B TOJUIOKKE B OOJBIION
CTETICHH TOBTOPSIET JBOJIOIMIO PA3BUTHS AUCIOKaA-
IUOHHBIX PO3ETOK Ha «uncTom» LIF, neMoHcTpupys
TG HEKOTOPOE OTCTaBAHWE B CTEIIEHU YCIOXKHE-
HUSI CTPYKTYpPBl M MEHEe BBIPaKEHHBIH CIeJ OT
ormeuatka [20].

2. KC Cu/LiF ¢ momwumnoi nienxu
meou ty= 470 nm (KC-2)

CrnenyromuM 3TanoM HCCIeIoBaHus ObBUIO H3Y-
YeHHEe MEXaHWYEeCKHX CBOWCTB U  CIeUUu(UKH
nedopmupoBanus oopasna KC-2, Tonuaa mieHKH
MeIu B KOTOpOM MpeBbimana B 5,53 pasza tommuny
IUICHKH TPEAbIAYINero o0pas3ia. YUYWThIBas 3TOT
GbakT, OXHAATOCh BBUIBUTH OONBIIYIO CTENEHb
BKJIaZla CBOMCTB IUICHKH B KOMIUIEKCHBIE CBOWCTBA
JJAaHHOM CHUCTEeMBbI Kak eIuHOro marepuana. 1 aei-
CTBUTEIILHO, pa3iHuue B CBOWCTBAaX OJTHX JBYX
CTPYKTYp TPOSBUIIOCH YXKE NPU OLICHKE OCHOBHBIX
MEXaHW4YEeCKUX IapamMeTpoB, ¥ HMEHHO MOy
IOnra u tBepmoctn. Tak, ycpemHeHHas BeTUYHMHA
Exc2 cocrapmiia 90 I'Tla, yMEHBIIUBIINUCH TIPUMEPHO
Ha 14% no cpaBHeHMIO C Exc 1 Ha 44% 10 cpaBHe-
Huto ¢ Ejr. TBepaocTh ke, COXpAaHUB 3HAYCHHE
Hyco= 1,1 I'lla B 005acTH BBICOKUX HArpy30K, MpH
Iepexo/ie K MallbiM Harpy3kaM A0 P« = 4 MH pesko
BO3pocia 1o 3HadeHud Hyc, = 1,78 I'Tla, To ecTh
yBenuuwiach B 1,62 pasza, mposiBUB CyIeCTBEHHBIH
pa3mepHnbiit apdekt (PD) (puc. 6).
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Puc. 6. KC Cu/LiF, KC-2. 3aBUCHMOCTb «TBEPAOCTh-HArPY3Ka»

H(P).

600 1000

Kak crenyer u3 puc. 7, oTnedaTkd Mpu pazind-
HBIX Harpy3kax MMEIOT IUIACTUYHBIA BUJI, JIUIb TTPU
Harpyske 900 MH oT yrioB oTme4aTkoB HpocTHpa-
IOTCSI TPEUIUMHB. BO3HUKHOBEHHE ATHUX TPEUIUH
BBI3BaHO (POPMHPOBAHHEM HABAJIOB BIOJb CTOPOH
oTnevyaTkoB. I[IOCKONBKY BBITECHEHHBIN MaTepual
MOJHUMAETCS 3HAUUTENBHO BBIIIE OCHOBHOI'O YPOB-
HS TIOBEPXHOCTH (pUC. 7%,3), B YIllaX OTICYATKOB
HaKaIUTUBAIOTCSI OOJIBIIINE PACTATUBAIONINE HAIIPS-
JKEHUs, KOTOpbIe MPUBOIAT K pa3phIBy IUieHKU. He
HCKIIIOYAeTCI M YaCTHYHOE OTCIOCHHWE IICHKH OT
TTOJTOKKH B Me(hOPMHUPOBAHHON 30HE BOKPYT OTITE-
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gaTKa. OTIUIUTETEHON 0COOEHHOCTRIO neopMupo-
Banusi KC-2 6bu10 oTcyTcTBHE “pOP-in” adhdexTa Ha
kpuBbIX P(B) mms cambix Maibix Harpy3ok 2 u 3 MH,
BMECTO KOTOPBIX Ha KpHUBBIX BO3HHKAld €/1Ba
3aMETHbIE TMepernObl Ha JTane  HarpyKeHHs
(puc. 8a). Spkumit “pop-in” sddext, MOIOOHBII
ToMy, Kakod Obln 3apeructpupoBaH misi KC-1, B
JAaHHOM CTPYKTYpe BO3HHK JHIID I P = 4 MH,
KOTJla TIyOWHA OTIeYaTKa HAaXOIWJIAch B Ipelenax
h; = 100-130 um (B; = 0,21-0,27) nnis pa3HbIX OTIE-
YaTKOB NPH  MaKCUMalbHOH  HMX  IiyOuHe
Nyaxe ~ 240 BM (Bmax ~ 0,5). DTO COOTBETCTBYET IIy-
OMHE OTIEYaTKOB, JTOCTUTLIMX YPOBHS NMEPEXOAHOM
30HBI.

Puc. 7. Ontuueckas mukpockomnus. Bux orneuatkoB bepkonua
Ha nosepxHocTd KC Cu/LiF, KC-2, nonmy4eHHBIX NpU pasHbIX
Harpyskax B pexume otpaxkeHus (a—T) U B pexxume uHrepde-
pentmu (n—3). P, MH: (a), (o) — 20; (6), (e) — 80; (8), (x) — 300;
(r), (3) — 900. Ha Bkiajpiie puc. 7a MokKasaH OTIEYATOK Ui
5 mH.

Haumnast ¢ Ppxx = 7 MH, Hapsamy ¢ mepBbIM
“pop-in” addekroM, Ha KPUBBLIX MOSIBUICS W BTOPOM
ad ekt B hopme neperuda, Mocie KOTOPOro yromi ¢
BO3POC, YTO yKa3blBae€T HA yBEIMYCHHUE COMPOTUB-
nernss KC-2 npoHUKHOBEHHIO HHIAEHTOpa. [lapa-
METpbl JTAaHHOTO Tepernba ObLIM OYEHb OJU3KUMU
nogoO6Homy meperu0y Ha KpuBbix KC-1, a nmeHHO
Pi =56 MH u h; = 0,35 mxm. [Jauusie “pop-in”
3¢ dexThl HAOIIOJAINCh 1ajiee Ha BCEX KPUBBIX JIO
Prax = 100 MH. OGe “pop-in” cTyneHbKH 3aKOHO-
MEpPHO TPHUCYTCTBOBAIA TpH JAe(GOopMHpPOBaHUU
o0pasmoB m Ooyiee BBICOKMMH HArpy3kaMH, HO
3pQpeKT He BHUIEH HAa KPHUBBIX BBHIY CXKATOTO
Macmrtaba. Hanmnare ananornn Mexay crenuduron
nehOpMHUPOBAHUS CHCTEM «CIION-moioxkka» KC-1
n KC-2 ykaspiBaeT Ha CXOJCTBO MEXaHU3MOB IlIa-
CTHYECKO# AedopManry, y4acTBYIOIIMX B MpoLecce
WHACHTUPOBAHUS B IIUPOKOM WHTEPBAJE HATPY30K.
Paszsuurie 3aKIIF0YaNIoCh B TOM, 4TO TEPBBIi “pop-in”
spdext B KC-1 nosBuiics npu Prax = 2 MH, xoraa
BepIIIMHA WH/ICHTOpa MPOHKKIIA B 00beM 00pasia 10
40 M, TO €CTh MPUMEPHO JIO MOJOBHHBI TOIIIUHEI
wienku Cu, Bi = 0,47. B obpazue KC-2 mnepsbrii
“pop-in” addexr Bo3HUK mpu Pma = 4 MH, xorga
BEpILMHA WHACHTOpA JOCTHUTIIA TITyOWHBI
h; ~ 120 um, uTo cooTBeTCTBYET 3HaueHuIO i ~ 0,26
U COCTaBJIACT NMPUMEPHO YETBEPTYIO YaCTh TOJIIU-
HBI TeHkn (puc. 9).
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(a) (©)

(8)

Puc. 8. KC-2. Kpuble «Harpyxenue-pasrpyska» P(h), monydeHHbIe Py pa3HbIX MAKCUMAJIBHBIX HAarpy3kaX. Pmay = 2+300 MH.

(a) (6)

(8)
Puc. 9. KC-2. Kpusbie «HarpyxeHue-pasrpy3ka» P(N), monydeHHbIE [MPH pa3HbIX MAKCHMAlbHBIX HArpy3kax. P, MH: (a) 3;
(6) 10; (B) 100. Oxpy>xHOCTH Ha puc. 9a 0bo3HAYaET Meperud, a CTPENKH yKa3pBaoT “POP-in” 3ddeKTsl Ha HAYATBHBIX U IOCIEIY-
IOIHX CTaJUsAX HArPYKCHHS.
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Puc. 10. KC Cu/LiF, (KC-2). ducnokauontsie po3eTku Ha momtoxke LiF mocie ynanenus menkn meau. Harpyska Ha HHISHTOP,
P, mH: (a) 3; (6) 4; (8) 10; (r) 30; (x) 100; (e) 500. VBenuuenne — ropuzoHTaibHas cTopoHa (orokaapa, Mkm: (a) — 18; (6) — 20;

(B) — 25; (r) — 40; () — 100; (e) — 200.

JlaHHBIN BBIBOJ TMOATBEPAWJICS W TPH aHAIU3E
JUCTOKAIIHOHHBIX ~ CTPYKTYp, TOSIBUBIIMXCS B
pe3ysibTaTe CEIEKTUBHOTO XMMHUYECKOTO TPABJICHHUS
Ha TIOBEpPXHOCTH mmomIokku LiF mocrme ynmamenwus
cinost Cu (puc. 10). BuaHo, 4To 3apoabliieBas TUC-
JIOKAIIMOHHAsE PO3E€TKa COOTBETCTBYET HArpys3Ke
Prmax= 3 MH, hpax ~ 120 M 1 Bmax = 0,26, uto cora-
CYETCsl C TeM, YTO MEPBbIA OTKIIHMK ITOJIOKKH B BHJIE
YOPYroro  CONPOTUBJICHUS  TPOSBUWICS  IpH
h; ~ 70 am, B; = 0,15, korma Ha kpusoii P(h) Bo3uuk
nepern6 (cM. mepern® Ha puc. 9a) W BeplIMHA
WHJICHTOpA MPOHUKJIA Ha TIyOHHY, MPUMEPHO paB-
Hywo 1/7t nnenku. Jlanee cTpykTypa AMCIOKAI[MOH-
HBIX PO3ETOK IOCJIEOBATEIBHO YCIOKHICTCS C
POCTOM Prax, TIOATBEPIKIAs SBOIOIHMIO JTUCIOKAIHU-
OHHBIX PO3ETOK, BEIIBIeHHYIO Ha KC-1 1 mommoxke
LiF.

3. KC CU/LiF ¢ monwunoit naenxu
meou t3=1000 nm (KC-3)

Tperest KC Tunma «cnoii-nmomiokka» (KC-3)
oTJMYanach OT JABYX MPEABLAYIIUX HAHOOIBIICH
ToNMHON rwieHku memu t3 = 1000 uMm, yrto B 2,13
pa3za Oomnbiie, yeM y KC-2, u B 11,76 pasa Ooubliie,
gem y KC-1. DroTt hakT MOXKeT MpUBECTH K OTpeie-
JICHHOMY M3MCHCHHUI0O MEXaHHUYECKUX CBOWCTB U
OTBETHOHM peakiMu JaHHBIX CTPYKTYp Ha BO3JCH-
CTBHE BHEIIIHEW JIoKaibHOW Harpy3ku. Kak moxazain
SKCHEPUMEHT, YCPEITHEHHOE 3HA4YCHHE MOJYJIs
IOnra, Exc3 COXpaHWJIO CBOE 3HAYCHHE U TaK Ke,
kak y KC-2, cocrasuno ~ 90 I'Tla. I3menenue TBep-
JOCTH ¢ Harpy3kod Hyc3(P) KauecTBEHHO OBLIO
ITOX0XKUM Ha XOJ aHAJIOTHMYHBIX KpWBBIX it KC-2,
KC-1 u LiF (puc. 11). BonbIoe cxoacTBO HaOIIIO-
JIAJIOCh U B MHUKPOCTPYKTYPE OTIICUATKOB: C POCTOM
HAarpy3Kd OTIIEYAaTKHA MPUOOpETaay BRIMYKIYIO (op-
My, & B peKHMe HHTep(GEPEHIIMU BBIICISINCh HaBa-
eI (puc. 12).

B unreprane Harpy30k Prax = 50-900 MH 3naue-
HUS TBEPIOCTH MPAKTUYECKU TMOCTOSHHBI, CJIETKa
BO3pacTas K OOJIBIIMM Harpy3Kkam, a MpH yMEHbIIle-
HuM Harpy3ku Hwke 50 MH TBepaocTh pe3ko Hauu-
HaeT BO3pacTarh, JOCTUTHYB 3HaueHus ~ 2,37 ['Tla.
Kak BuaMM, r1aBHBIM OOILIMM CBOWCTBOM TPEX H3Y-
yaembIx KC sBisiercs nosiBnenue 3ametoro PO npu

YMEHBIIEHUH HAarpy3Ku Pma < 50 MH, 4to xoppenu-
pyeT ¢ pesynbratramu pabor [24-26]. BosHukaer
BOIIPOC, KaKOBa IPHYMHA IOSBJICHHUS TaKOTO CTa-
OMIILHOTO 3aKOHOMEpPHOTO 3P dekTa.
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P, mH
Puc. 11. KC Cu/LiF, KC-3. 3aBUCUMOCTb «TBEpPIOCTH-

Harpyska», H(P).

Puc. 12. Onruueckas mMuxpockonus. Bux ormedatkoB Bepko-
Buya Ha nosepxHocth KC Cu/LiF, KC-3, moiyuyeHHBIX mpH
pasHBIX Harpy3kax B pexumax OTpaxkeHusi (a—x) U uHTEpde-
pentmu (e). P, MH: (a) — 20; (6) — 80; (8) — 300; (r) — 500, (x),
(e) —900.

U3 nutepatypsl u3BecTHO, 4TO PO MoxeT OBITH
BBI3BaH pasnuuHbiMKM (aktopamu [21, 27, 28].
['maBHBIMM W3 HHX, Ha Hall B3IJIAA, SIBISIOTCS
HapyIleHUe MPaBUILHOCTH CBSI3€i aTOMOB B peleT-
Ke B CJOsX, ONMHM3NIeXalnX K MOBEPXHOCTH, OTCYT-
CTBHE CHJI MEKaTOMHOU CBSI3U CO CTOPOHBI CBOOO-
HOW TIOBEPXHOCTH, aAcOpOIHsi aTOMOB M3 OKpYKa-
IolIel cpebl Ha TOBEPXHOCTH HCIIBITYEMBIX 00pas-
OB,  HAHOHEOJHOPOAHOCTh  (IIEPOXOBATOCTH)
MTOBEPXHOCTH, TNpHOOpHBIE d(hPexTsr u ap. OmHU
(axTOpBI NPUBOIAT K YBEJINUCHUIO TBEPAOCTH, APY-
THe, HalpoTHB, HMOHIKAIOT ee. B 3aBucumoctu ot
BKJIaJ[a TOTO WJIM MHOTO (haKTOpa 3HAYCHUS TBEPIO-
CTH MOTYT J0O BO3pacTaTh, JIMOO MOHMXKAThCS. B
paborax [21, 27-30] nokazaHo, 4TO TaHHBIE (AKTO-
pbl HAUMHAIOT BIHMATh HA 3HAYCHUS TBEPAOCTH,
Koryia Ti1yOuHa orneyatkoB N < 1 MKM W HX BITHSI-
HHUE BO3pacTaeT M0 Mepe JabHEHIIETr0 yMEHbIICHHS
TTTyOWHBI OTIEYaTKOB M COOTBETCTBCHHO yMEHbIIIE-



HUS BEJIUYUHBI Prax. B cllyyae n3ydaembix B JaHHOM
paboTe KOMIIO3UTHBIX CTPYKTYp KpUTHUECKAs
Harpy3ka ~ 50 MH, HIbke KOTOpO HAYMHAET MPOSB-
naTees PO, kak paz GopMupyeT OTHEYaTKu TiIyOu-
HOM 4yTh OoJbIie ogHOro MHUKpoHa. IIpuHHMas Bo
BHUMaHHUE, YTO HIEPOXOBATOCTH MOBEPXHOCTH HUCIIBI-
THIBAEMBIX MAaTEPHAJIOB ObLIA JOCTATOYHO BBICOKOU
(~ 15 uM), HeOB3S CHUMATH CO CYeTa BO3PACTAHHE
pa3dpoca JaHHBIX U HEKOTOpPOE yBENHUYCHHE 3Haue-
HUH TBEPJIOCTH M3-3a MIEPOXOBATOCTH MOBEPXHOCTH.
Omnako ¢enomMeH PD B ompemeneHHOW CTEeNeHH
MOJKET OBITh OOYCJIOBJICH M APYTMMHU CIerudpuye-
CKAMHU CBOMCTBaMH CYOMHKpPOHHBIX IPUIIOBEPX-
HOCTHBIX CJIOEB, TAKMMH KaK HapyIICHUE IMPaBHUIIb-
HOCTH CBsI3€ii aTOMOB B pELIETKE B CIOAX, Onm3ie-
KalUX K MOBEPXHOCTH, OCKOJBKY CJIOM MeIH, Kak
mokasan au(ppakTOMETPHUECKUH aHaNW3, WMeeT
HaHO3EPEeHHYI0 KPUCTAJUIMYECKYIO CTPYKTypy. Tak-
K€ He HCKIIIOYCHO BO3JEHCTBHE Takoro (akropa,
KaK OTCYTCTBHUE CHJI MEKATOMHOM CBS3H CO CTOPOHBI
CBOOOTHOW TIOBEPXHOCTH, TaK KaK pa3MEpHBIN
3¢ ¢exT ObLT OTMEYEH U NMPH WHACHTHPOBAHUH CBE-
KECKOJIOTOI TMOBEPXHOCTH MOHOKPHCTAINYECKOTO
LiF, kpuctramna-nomnoxku gms KC Cu/LiF, mepo-
XOBaTOCTb KOTOPOHM TOpSIKAa OJHOTO-IBYX HAaHO-
MeTpoB. OTMETUM, YTO aHAJIOTUYHBIN pa3MEepHBIN
s¢dekt ObUT BbIABIEH Ha MOHOKpHcTaulax LiF
aBTopamu pabotsl [24]. Kpome Toro, ciaemyer ydu-
TBIBaTh U CHEUUPHUKY AeHOPMHUPOBAHUS CTPYKTYD
TUIA «CIOH-TIOJUIOKKa», OTBETHAs peakUust KOTo-
pbIX Ha BO3JIEWCTBUE BHEIIHEHN JTIOKAJIbHOW HArpy3Ku
MOJUUHSETCS CBOMM OCOOBIM TIpaBWiiaM. TakuM
00pazoM, B COOTBETCTBHH C BBIIIECKA3aHHBIM MOX-
HO TIPEINOJOXHUTh, 4To PO, HaOmromaembiii mpu
HHIEHTHPOBAHUHM KOMITO3UTHBIX CTpykKTyp CU/LIF,
UMeeT MHOTO(aKTOPHYIO OCHOBY.

KpuBbie nedopMupoBaHus «Harpys3ka-nepeme-
menne» P(h) B OONBINONA CTENEHH MOBTOPSIOT 3BO-
JIIOIMIO, KoTopas Obuta BeissBieHa misi KC-2. B
KauyecTBe mpuMepa Ha puc. 13 moka3zaHbl 3aBUCUMO-
ctu P(h) B uHTepBane Harpy3ok Pma = 2-500 mH.
MOXHO BHIETh TPHCYTCTBHE OIHOTO WM JABYX
“pop-in” a¢pexToB HA KPUBBIX I Prax = 2—20 MH.
Jlns Gonee BBICOKUX HArpy30K “poOp-in” cTyMeHbKH
HE pasNuyaloTcs BBUAY Mayioro macmraba. bomee
4eTKo “POpP-iN” CTYNEHbKH IMPOCMATPHUBAIOTCS Ha
puc. 14.

Tak xe, kak ¥ B KC-2, ObIJIO OTMEYEHO OTCYT-
CTBHE SIPKUX “POP-in” 3¢ ekToB Ha HaYaIbHOU CTa-
oui KpuBBIX P(B) s caMBIX MalbIX Harpy3ok
2-4 mH; BMecTo HUX HAONIOMAIOTCS TEepPeruObl Ha
starre Harpyxkenms (puc. 13a u 14a). “Pop-in”
3¢ exTl, MoJo0HbIE TeM, KaKue ObUIH 3aperHcTpu-
posanbl aist KC-1 npu Prax = 2 MH, a B KC-2 nipu
Prax = 3 MH, B maHHON CTPYKType BO3HHKIH JIHIIH
npu Pmax = 5 MH, koraa riyOuHa oTedaTka Haxo-
munack B peaenax hj = 150-170 um (B = 0,15-0,17)

16

JUIL pasHbIX OTIIEYAaTKOB IPH MaKCHMalIbHOM HX
riayousne ~ 250 M (Bmax =~ 0,25). B Tabu. 1 moka3zaHbl
XapakTepHble 3HaueHus Harpy3ok (Pj), riyOHHBI
ormeuaTkoB (N;) ¥ OTHOCHUTENBHOM TIIyOWHBI OTIIE-
yatkoB (Bi) mis Harpy3ok P = 3 u 10 MH, npu
KOTOPBIX MOSBISUTUCH TIEperuObl U “pop-in” ¢ dek-
THI Ha HCCIIEyeMBbIX 00pa3iax.

W3 Tabnuisl IpOCIIeXUBAETCS BIMSHHUE TOJIIHU-
HBI TUTEHKH Ha BO3HHKHOBEHHE “POP-in” sddexra —
C yBEJIMYEHHEM TOJIIMHBI IUICHKH Memu 3ddekt
CMEIIaeTcsi B CTOPOHY 0ojee BBICOKHX Prmax H
YMEHBIIAETCS 110 CBOEH MPOTsKEHHOCTH. Tak, eciu
Ha KC-1 npu Pmax = 3 MH nipoTspkeHHOCTB “pOpP-in”
crynenpku h; = 80 mxMm, To Ha KC-2 u KC-3
“pop-in”  CTYNMEHbKH OTCYTCTBYIOT, BMECTO HHX
dopmupyetcss Tonpko neperud; Ha KC-2 “pop-in”
CTYNEHbKH MOSBISIOTCA NpU Pmax = 4 MH, a Ha
KC-3 — Tompko npu 5 MH. [[is aTuX aByX cucTeM
mpu Prax = 10 MH mpotsokernocts h; paBHa 45 u
10 MKM COOTBETCTBEHHO. DTOT BBIBOJI ITOJATBEPIK/Ia-
eTCs W DBOJIIOIMEH THCIOKAaIMOHHBIX CTPYKTYp Ha
MOBEPXHOCTH TOJJIOKKHU Tociie yaaneHus ciosi Cu
(puc. 15).

Ha mnoBepxnoctn momtoxku LiF  cTpykTypsr
KC-3 aucnokanroHHbIe PO3ETKH OT OTIEYATKOB 2, 3
u 4 MH He Obutn 3apeructpupoBansl. [lepBbie 3apo-
JBIIY TUCIOKAIMOHHBIX PO3E€TOK OBUTH BBISBIICHBI
or ormeuyarkoB 5 MH (pumc. 15a). CremoBaresnHo,
“pop-in” acddexr Ha KC-3, kak u va KC-1 u KC-2,
HampsIMyIO0 CBSI3aH C HA4aloM IUIACTHYECKOH [e-
dbopmanmm B moioxkke. Ha puc. 15 Taxke MOXKHO
BUJIETh 3aKOHOMEPHOE YCIIO)KHEHHE CTPYKTYDBI
JIUCIIOKAlMOHHBIX PO3ETOK C POCTOM Harpyskd, a
UMEHHO PE3KO€ YBEIMYCHHE IUIOTHOCTH HCIIOKa-
Ui B LEHTpambHON uvacTh poseTku (puc. 15r,1).
VYBenuueHne IUIOTHOCTH JAWCIOKAIlMA B CBOIO Oue-
pelb BBI3BIBAET yBEIMYEHHE CONPOTHBICHUS IPO-
HUKHOBEHHIO MHAEHTOpPa B KOMIO3UTHYIO CTPYKTY-
Py Kak eIMHOr0 MaTepHaja, 4YTO BBIpaKaeTCs B
s dexTe yNpouHEHHsT Ha KpPUBBIX JedOpMaluu
P(h).

Kpome Toro, obpamiaer Ha cebsi BHUMaHHE Kade-
CTBEHHOE pa3liMuue BHUAA AMCIOKAIMOHHBIX pPO3e-
TOK, (opmupyromuxcs B momiokkax LiF y KC-1,
KC-2, KC-3, a taxxe B «uuctom» LiF. Tak, ecnu Ha
«gucrom» LiF mmwHa kpaeBbIX aydel IUCIOKAIH-
OHHOM pO3eTKH NpUMEPHO B 3—3,5 paza mpeBbllIaeT
pasMep IUTIOTHOH IEeHTpajabHOM 30HEI (puc. 15¢), To
Ha LiF-nomnoxke KC-3 nnmuHa KpaeBbix Jydeit
coM3MepuMa C pa3MepoM LEHTPAIbHOH IUIOTHOM
JIMCIIOKaMOHHOM 30HBI (puc. 15r,1). Taxke, cpas-
HHUBasi MEXAY CO0OI AMCIIOKAIIMOHHBIE PO3CTKH Y
cucrem KC-1, KC-2, KC-3, ormeuyaem, 4To yBeH-
YeHHe TOJIMHBI IUIeHKH CU NPUBOAMT K 3aKOHO-
MEpPHOMY M3MEHEHHIO [UIMHBI U IIMPUHBI JHCIOKA-
IUOHHBIX Jy4el: ¢ yBeJndeHueM tc, JUCIOKAIMOH-
HBIE Jy4YH CTaHOBATCS Mpe U Kopode. [lo Hamemy
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(a) (©)

() (r)

Puc. 13. KC-3. Kpussie «HarpyxeHue-pasrpyska» P(N), moiydeHHbIe IpH pa3sHbIX MAKCHMAJIbHBIX HArpy3Kax. Puax = 2+500 MH.

(a) (6)

() (r)
Puc. 14. KC-3. KpuBble «Harpyxenue-pasrpyska» P(h), monyueHHbIC NMPH Pa3HbIX MaKCHMAIbHBIX HArpyskax. Ppa, MH: (a) 3;
(6) 5; (8) 20; (r) 40. Crpenkamu yka3ansl eperu0sr u “pop-in” a3 pexTp! Ha HAYATBHBIX ¥ HOCICAYIOIMX CTAANUAX HATPYKCHUSL.
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Tadauna 1. Xapakrepubie 3HaueHus Harpy3ok (P;), ryOunsl oTredatkos (N;) 1 OTHOCHTENBHOM TITyOUHBI OTIICYATKOB
(Bi) mpu Harpy3kax Pma =3 u 10 MH mist cucrem KC-1, KC-2 u KC-3

Oo6paserr P =3 MH P =10 MH
| “pop-in”/nepezub | “pop-in”/nepecub Il “pop-in”/nepecud

P, MH | hj, Mkm Bi=hit P;, MmH h;, am Bi= hit P;, MmH h;, am Bi= hit
KC-1 1,25 40-120 | 0,47-1,41 | 1,25 45-125 | 0,53-1,41 5,0 330 3,88
KC-2 1,25 60 0,13 1,75 80-125 | 0,17-0,27 6,0 330 0,7
KC-3 1,25 80 0,08 1,25 90-100 | 0,09-0,10 6,0 250-300 | 0,25-0,30

[Mpumeuanue. XKupabiM mpudToM 0603HAUEHBI “POP-iN” 3dEKTH, KyPCUBOM — nepecubni.
o L 7 3re 2 wrm :
@ © s ol B TS

*x X

() (r)

Puc. 15. KC Cu/LiF, (KC-3). [IucnokanuoHHble po3eTku Ha moatokke LiF mocne ynanenus ruenku mequ. Harpyska Ha HHAEHTOP
P, MH: (a) 5; (6) 10; (8) 50; (r) 500; () 900; (e), st cpaBHEHUs TOKa3aHa AUCIOKALMOHHAS PO3ETKA BOKPYT OTIHEYATKA, HAHECCHHO-
ro Ha MI0OBEPXHOCTh HCXOAHOr0 MOoHOKpHcTawia LiF npu Harpyske P = 300 MH. VBenuueHue — ropusoHTainbHas cTopoHa Gorokapa,

MKM: (a) — 18; (6) — 20; (8) — 45; (r) — 120; (x) — 160; (e) - 50.

MHEHHIO, 3TOT (akT OOYCIOBJICH HECKOIbKUMH
npuynHamu. Kak BugHO W3 puc. 16, oTmedaTkw,
NOJy4YEeHHBbIE TPH MajbIX Harpy3kax, y KOTOPBIX
riyOMHa CYIIECTBEHHO MEHBIIE TOJIIMHBI IUICHKH
(B < 0,5), xapakTepu3yOT MEXaHUYECKHE CBONCTBA
camux TwieHOK (Cramuss 1). Ilpum yBenuueHuu
Harpy3Kd, CO3Jaroleil oTIneyaTKy TIyOHHOM mops-
ka tommuHbl wieHku (h ~ t), B mponecc aedopmu-
POBaHMsI IOCTENIEHHO BOBJIEKAIOTCS U CIIOW MaTepH-
aNa-moJAjoKKH, TOCKOIBKY B MecCTe KOHTaKTa
WHJAEGHTOpa C KOMIIO3UTHOM CTPYKTYpOH IICHKa
MpOoTHOaeTCS W OMYCKAeTCs HIDKE OOIEero YpOBHS
mienku (ctaaus 2). B 3ToM ciydae TBEpIOCTh MpeI-
CTaBJSIET cOOOM y)Ke KOMILIEKCHYIO XapaKTEepPHCTH-
Ky, CYMMapHYI0 TBEpPAOCTb TUICHKH U TOAJIOXKKH.
UeMm riry0ke MPOHWKAET WHICHTOP B AePopMHUpYe-
MYIO CTPYKTYPY C POCTOM HAarpy3ku, Tem OOmblias
JOJsT KOMIUIEKCHOW TBEPIOCTH MPUXOAUTCS Ha
TBEPJIOCTh MOJUIOKKK. Kak mokaszany Ham ucclie-
JIOBaHUS, TMNpd camMoil  OONBIION  Harpyske
Prax = 900 MH makcumaneHas riryOvHa TPOHUKHO-
BeHus unaenropa B KC-1, KC-2 u KC-3 npeBsimana
TOJIIUHY TUIeHKH Meau B 65, 12 u 5,5 paza cooter-
CTBEHHO, a TBEPAOCTb KOMIIO3UTHBIX CTPYKTYD
CpaBHHMBAJIACh C TBEPJOCTHIO MOMIOKKH (cTamus 3).
3T0 yKa3bIBaeT Ha TO, YTO BKJIAJ TBEPJOCTH TUICHKH
B KOMIUIEKCHYI0 TBepaocTh KC  craHOBUTCS
HACTOJILKO HE3HAYUTENBHBIM, YTO €r0 MOXHO YXKe
HE Y4YUTBIBaTh. Ha »Toi cTammm medopMupoBaHHS
tBepaocth KC ompenmensiercss MOYTH IMOTHOCTHIO
BEJIMYMHON TBEPAOCTH TOATIOKKH.

OnHako, HECMOTpPS Ha 3TO, yYacTHEM IUICHKH B
nporiecce 1eGOpPMUPOBAHUS KOMIIO3UTHON CTPYKTY-

pBl HHKaK Helb3s TpeHeOperath. Jleno B TOM, 4TO
rieHka Cu, OyIydu JOCTaTOYHO TUIACTUYHBIM MaTe-
puanoM, oA IeicTBUEM HHACHTOpa AedopMupyer-
csl, YIUIOTHSETCS M WM3rubaercs, oOBOJIAKMBAs WH-
JICHTOP U CTIIQXHUBAsi OCTPOTY yIia Y €ro BepIIUHBI.
WupaeHTop BHEOPSIETCS B MOMJIOKKY Yepe3 MPOCIIOi-
Ky IUICHKH, (PaKTUYeCKH uMes Ooliee «3aTyIUICH-
HYI0» BEpIIUHY U BCIEJCTBUE 3TOrO ACHCTBYS Oonee
Marko. Ilpwaem dyem Tommie mieHka, TeM 3¢ dexT
«3aTyIUICHUS» BEPUIMHBI HWHAECHTOPAa CTAHOBUTCS
0oJee 3HAYUTEIHLHBIM.

Puc. 16. Cxemarnueckoe n300pakeHUE Pa3BUTHS TPEX OCHOB-
HbIX crazamii (1, 2, 3) mpouecca xeopMHUPOBaHHST KOMIO3UTHBIX
crpykryp Cu/LiF npu Bo3pactanuu Harpy3ku. A — ocobasi MH-
tepdeiicHas 30Ha, CBOMCTBa KOTOPOH OMPEACINSAIOTCS CyMMap-
HBIMH CBOMCTBAaMH CIIOSI M TIO[UIOXKH; P — Harpyska, mpuio-
JKEHHasl K HHJCHTOPY; t — TosmuHa ruieHku Cu.

Jleiicteue manHoro s¢ddexta BbIpaxkaeTcs B
WU3MEHEHUH (OPMBI JUCIOKAIOHHBIX PO3ETOK, Ha
YTO YKa3bIBAJIOCH BBINIE W UYTO HATISAHO MOYKHO
MpOCIenTh Ha pUc. 15 mupokue U KOPOTKHE JHUC-
JIOKaIMOHHBIE JIYYM y PO3ETOK Ha momainoxke LiF, B
OTJMYKE OT Y3KHMX M JUIMHHBIX Jy4eld Ha «IHCTOM
LiF. To ecth, kak MbI BHAUM U3 puc. 1511, mms
Harpy3ok Pmax = 500-900 mH mexanusm nedopmu-
POBaHUS KPUCTAILIA-TOIOKKH CYIISCTBEHHO OTJIH-
YyaeTcs OT MEXaHu3Ma Je(OPMHUPOBAHUS KUUCTOTO»
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(©)

(8)

Puc. 17. Cxemartnueckoe u300pakeHne (pOPMUPOBAHUS OTIIEYATKOB B KOMIIO3UTHBIX CTPYKTYPaX THIIA «CIION-TIOIIONKKA» C Pasiind-
Ho# TomuuHoi cios: (&) Cu/LiF, tcy = 85 um; (6) Cu/LiF, te, = 470 um; (B) CU/LIF, tc, = 1000 aM. COOTHOIIEHHE TOJILUHBL CIOS
(t1, to, t3) 1 rryGuHbBl nporukHOBeHuUst uHAeHTOpA (hy, hy, hs, hy) B KOMIIO3UTHBIE CTPYKTYpBI PH YeThIpeX Pra: 1) 2; 2) 10; 3) 100 u
4) 300 mH wmumioctpupyet otBetHyto peakiuio KC Ha Bo3elicTBie BHEIIHEH HATPY3KH.

Taduuna 2. Uagexc mactudHocT H/E Ui cepun n3yveHHBIX KoMro3uTHbIX cTpyktyp KC-1, KC-2, KC-3 u ucxon-
HBIX MaTePUAOB IS UX MMONMy4deHus: nonukpuctain Cu u moHokpucram LiF

Piax, MH HIE
Cu, LiF, Cu/LiF, CU/LiF, CU/LiF,
monuKpuctain | MoHOKpuctamn | tc,=85uM | tc, =470 M | tc, = 1000 aM

5 0,0128 0,0124 0,0145 0,0172 0,0177

40 0,0096 0,0111 0,0109 0,0131 0,0139

80 0,0074 0,0102 0,0097 0,0105 0,0140
200 0,0060 0,0094 0,0114 0,0111 0,0118
700 0,0046 0,0082 0,0105 0,0113 0,0115
900 0,0043 0,0072 0,0092 0,0124 0,0097

LiF; ecnu Ha «ancrom» LiF nedopmanust mpoctupa-
eTcst TIIyOOKO B 00beM 00pasiia 3a CYeT CKOIBbKEHUS
o tumockocTssMm {110} 45 <110> [31], To Ha momToK-
ke KC nedopmanmst Hocut Oojiee TMOBEPXHOCTHEIM
xapaktep 3a cueT akTtuBanuu tockocterd {110}qg
<110>.

[omBoast UTOT pacCMOTPEHHOMY HCCIIEIOBAHUIO,
MOKEM KOHCTaTUPOBaTh, YTO M3YyUEHHBIE TPU THIA
koMmo3uTHEIX cTpyKkTyp KC-1, KC-2 u KC-3 mpo-
JIEMOHCTPHUPOBAIM, C OXHOH CTOPOHBI, HaJIHIHE
OOIIMX CBOWCTB M 3aKOHOMEPHOCTEH NPOTEKaHHS
miactudeckor nedopmaryu. C apyroit — OTYETINBO
MOXHO OBUIO 3aMETHTh, YTO KaXkIasi U3 KOMIIO3UT-
HBIX CTPYKTYp MpOsiBHJIA CBOM cHenu(uvecKue,
TOJIBKO €H NMpHUCYIINE CBOWCTBA, KOTOPHIE XapakTe-
PH3YIOT €€ KaK OT/ENbHBIH, eJMHCTBEHHBI B CBOEM
pome MaTepHall cO CBOMMH KOHKPETHBIMH MEXaHH-
YeCKHMH NapaMeTpaMu, MOAYJIEM yIPYroCTH, HaHO-
U MHKPOTBEPJOCTBIO, COPOTUBICHHEM M OTBETHOMN
peakieil Ha BO3JEWCTBUE BHEIIHEW Harpys3Ku
(puc. 17). OT4eTnMBO BHIHO, YTO PU CaMOM Majoif
Harpy3ke (2 mH) B KC-1 rmy6una ormeuatka (h;)
IpeBBIIAaeT B 2 pas3a TONMIMHY ciod 1, a mpu
300 MH — B 40 pa3 (puc. 17a), B To BpeMsi Kak st
KC-2 »tm Bemnmuunbsl cocraBmaor 0,36 u 7,5
(puc. 176), a nnst KC-3 — 0,15 u 3,3 (puc. 178) npu
Prax= 2 1 300 MH cootBeTcTBEHHO. DTOT (PaKkT CBU-
JETENbCTBYET O CO3JAaHHM PA3IMYHOTO HampsHKEH-
HOTO COCTOSIHMSI B KOMIIO3UTHBIX CTPYKTypax Ipu
WHJICHTHPOBAaHWU M TPHIAHWN YHUKAJIBHBIX YIPY-
rOIUIACTUYECKUX CBOUCTB KaXKJI0H CTPYKTYypE.

B wnayunoii nureparype [32, 33] mis oueHku
COIIPOTHUBIICHNSI MaTepHalIOB IIACTHYECKOH nedop-
Mallu{ B IOCJIEAHEE BpeMs Hapsly C TPaJULMOH-
HbIMHM napaMmerpamu F m H paccMarpuBaeTcst enie
OllHA XapaKTEePUCTHKA, TaK HA3bIBAEMBIH «HHIEKC
IUTACTUYHOCTH», KOTOPBI KOHTPOJIUPYET COMpO-
TUBJICHHE MaTEpPHAaJOB TUIACTHYECKOHN IedopMaruu
Y BBIpAXKaeTCsl B BUJIE OTHOILCHHUS TBEPAOCTU MaTe-
puana k ero ympyromy moaymo H/E. Hamu 06bu10
IIPOBEJICHO CPaBHEHHE JJaHHOTO IlapaMmerpa CTpyK-
Typ KC-1, KC-2, KC-3 ¢ aHaloTHYHBIM TTapaMeTpoM
UCXOIHBIX MaTE€pHUaloB, MOCIYXUBLIMX O0a30H IS
HOJIYYEHUS! KOMIIO3UTHBIX CTPYKTYDP.

B Ttabn. 2 mpexacramiieHbl YHCIOBBIE 3HAYCHUS
BeNIMuMH H/E yKka3aHHBIX MaTepHaIoB JUIs LIECTU U3
18 wcnonmb30BaHHBIX HArpy30K, a Ha puc. 18 mus
HaIJBITHOCTH IIOKa3aH XapaKTepHBIA XOJ KPHUBBIX
HIE xak ¢yukius 15 varpysok, P, MH: 5, 7, 10, 20,
30, 40, 50, 60, 80, 100, 200, 300, 500, 700, 900. Kak
ClIeAyeT U3 MPEICTABICHHBIX JaHHBIX, 3HAYEHUS
WHJEKCAa TUIACTUYHOCTH [UIi BCEX MaTepUalioB
YMEHBIIAIOTCS C POCTOM HAarpy3Kd Ha HHICHTOP.
OTO 03HAYaeT, YTO CONPOTUBIIEHHE UCCIIEIOBAHHBIX
MaTepHaioB NMPOHUKHOBEHHIO HHICHTOpA CHUKAET-
Cs C BO3pacTaHHWEM TMPHWIOXKCHHOW Harpy3kd, W B
3TOM TMIPOSIBIAETCS UX 00IIee CBOMCTRO.

OpHAaKO MOKHO OTMETUTh M HEKOTOPOE Paszinyue
CBOICTB, @ UMEHHO, YTO KOMIIO3UTHBIE CTPYKTYPBHI
obmamaror Oosee BBHICOKMMHU 3HadeHusMH H/E 1o
CPaBHEHMIO C MaTepuasamy, Ha 0a3e KOTOpBIX JaH-
upie KC Obutn monyuensl. Tak, cambie Huzkue H/E
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OTMEYEeHBl Ul  TOJUKPHCTAIMYECKOH  Menu
(xkpuBas 1). Monokpucramun LiF mpomemoHcTpHpO-
BaJl 00Jiee BBHICOKOE COMPOTUBIICHHE IIACTHYCCKON
nedopmarn, ueM Menb (KpuBas 2), OIHAaKO B
OCHOBHOM YCTYIIA€T B 3TOM KOMITO3UTHBIM CTPYKTY-
pam (kpuBbie 3-5).

Puc. 18. XapakrepHble KpHBBIC, OTPXKAIOIIHEC H3MCHCHHE
HHJIEKCA TaCTHYHOCTH HIE tipy BO3pacTaHuy Harpy3ku (Pray)
Ha uHnentop ot 5 mo 900 mH. Kpussie: 1 — nonukpuctami Cu;
2 — monokpucramn LiF; 3 — Cu/LiF, tc, = 85 um; 4 — CU/LiF,
tcy = 470 uM; 5 — Cu/LiF, tc, = 1000 M.

B obnmactu Manbix Harpy3ok Pma = (5-20) mH
9TH KPHUBBIE HECKOJIBKO MEPEKPHIBAIOTCS, HO C yBe-
JMYCHUEM Harpy3Kd MPEHMYIIECTBO KOMITO3UTHBIX
CTPYKTYp CTaHOBHUTCsS Oosiee oueBUIHbIM. ClenoBa-
TEJIbHO, BBISBICHHBIC OCOOCHHOCTH YIPYTOILIACTH-
YECKOTO IMOBEICHUS KOMIIO3UTHBIX CTPYKTYp elie
pa3 yOemgurensHO goka3piBaioT, uro KC Tuma
«CJIOW/TIOTIOKKAY» SBIISIIOTCS CIIOKHBIMU CHCTEMaMHt
CO CBOUMH CyTy0O MHIMBHIYaJIbHBIMH CBOWCTBAMH
JIaXke IPU OJIMHAKOBBIX XMMHUYECKOM COCTABE U CIIO-
co0e MoJy4eHH s, OTIINYAsCh JIUIIb OJHUM ITapamer-
pOM, B HAILIEM CiTy4ae TOJLIMHOM TIeHKH (C1os).

3AKIIIOYEHUE

Takum 00pa3oM, U3ydeHUe CEpUN KOMITO3UTHBIX
ctpykryp KC-1, KC-2 n KC-3, npuHamiexanmmx K
THIYy CUCTEM <MSATKHH CIIOH/MSTKas ITOIOKKAY,
BBISIBUJIIO MHOTO HOBBIX CBEJCHHH OTHOCHTEIHHO
MEXaHWYEeCKHX CBOMCTB JaHHBIX MaTEpHANIOB, WX
OTBETHOM peaklMH Ha BO3JEUCTBUE BHEIIHEU
Harpy3ky, B3aUMOBIUSHHUS CIOS U TOJIOKKH U
YCTaHOBWJIO KPUTEPHUH 3TOTO B3auMOBIHsHUA. Cle-
IyeT pazIudaTh OOIINe W OTIMYUTENFHBIE CBOWCTBA
KOMIIO3UTHBIX CTPYKTYp BHYTpH cepuu KC-1, KC-2
n KC-3, a Taxke o01ue 1 OTJIMYUTENILHBIE CBOIICTBA
nmaaHeIX KC co cBoMcTBaMH MCXOIHBIX MaTEpHUATIOB
Cu u LiF. O0mumM i KOMIO3UTHBIX CTPYKTYp U
HCXOJIHBIX MAaTepHalloB SIBISIOTCS CXOJICTBO BHUIA
KpHuBEIX aehopmuposanus P(h), moseienne Ha Kpu-
BBIX “pOp-in” addexra u pasmepHOro sddekra
tBepaoctu (H). Pasnuumne mMposSBUIOCH B TOM, YTO
KOMIIO3UTHBIE CTPYKTYpBI TOKAa3aJd HECKOJBKO
6onee Huskue 3uHavyenust H u E, uvem Cu u LiF. B To
e Bpemst KC mpoaeMOHCTpUpOBAIy JIyUIIHE MOKa-

3aTeNy MHJIEKcA IUIACTHYHOCTH, YTO yKa3bIBaeT Ha
ux Ooyiee BBICOKOE COMPOTHBICHHE IUIACTUYECKOM
nehopMaIum.

BHyTpn cepum KOMIIO3UTHBIX CTPYKTYp YycCTa-
HOBJIEHO OOJBIIIOE CXOJACTBO B mapamerpax H, E u
HIE, B MUKpPOCTPYKTYpE OTIEYAaTKOB, B XapakTepe
KPUBBIX JlepopMalii U B MEXaHU3ME MPOTEKaHUS
macTudecko jgedopmaruu. Tak, B IIHPOKOM
WHTEpBaJie MPUIOKEHHBIX HArpy30K MPU HAHOMHUK-
pounnentupoBanuu KC Cu/LiF npouecc nedpopmu-
pOBaHMS TPOXOAWUT TPH OCHOBHBIE  CTaHH:
1- Pi=1,0wmH u p < 0,5 mnacruyeckas nepopma-
sl B OCHOBHOM COCpPEIOTOYEHa B 00beMe IUICHKH,
B TO/JIOKKE MOTYT BO3HUKHYTH JIHIIb HEOOJbIINE
ynpyrue aedopmaimu; 2 — B MHTEpBAJIE HAarpy30K
Pi=(1,0-1,25) MmH u B =~ 1,0 nedopmanus nporcxo-
IUT B TUICHKE W B MHTEpQeiicHoi 30He A; 3 — HauH-
Has ¢ Harpy3ok P; =~ 1,3 MH u B > 1,0, mnactuaeckas
negopManusi TpoCTUpaeTcs B 00BEM TOJJIOKKH,
3aXBaThIBasl BCE TUIIMYHBIC YPOBHU CHCTEMBI (IUICH-
Ka—uHTepdeiicHas 30Ha—MO/I0KKA), 3aKOHOMEPHO
YCIIOKHSISICh TIO MEpe YBEITUUEHHS Harpy3KH.

Pasnuuune nposiBUIOCH B BEIUUHUHE Pj, IpU KOTO-
poii oTMevancs mepBbIid “pop-in” 3¢ ekt U BO3HU-
KaJIi TIEPBUYHBIC TUCIIOKAIIMOHHBIE PO3ETKH B MOA-
noxke LiF. BbISBICHO BIMSHHE TOJIIMHBI TUICHKH
Ha mosiBIIeHHe “POP-in” addekra: ¢ yBenudeHueM tey
“pop-in” addekThl cMerIaTcI B CTOPOHY Oojee
BBICOKMX HAarpy3oK W YyMEHBLIAIOTCS IO CBOEGH
HPOTSHKEHHOCTH. OTMEYEHO CXOJCTBO B 3BOJIOINU
PasBUTHS JUCIOKALUOHHBIX CTPYKTYP B MOJJIOKKE,
OJJTHaKO HAONIOJaeTCs KAaueCTBEHHOE DPAa3IM4HMe HMX
BUia Kak BHyTpH cepur KC, Tak M mpu cpaBHEHUH
CO CTPYKTypaM# B MOHOKpHCTaIe-mo toxkke LiF.

Wrak, BBISBICHHBIE OCOOCHHOCTH YIIPYyTrOIUIa-
CTHYECKOTO TOBEACHUS KOMIIO3UTHBIX CTPYKTYD
eme pa3 yOemurensHO nokasamu, 4yro KC Tuma
«CIIOW/TIOTIOKKA» SBISIFOTCSI CIIOKHBIMUA CHCTEMaMu
CO CBOMMHU HHAWBUAYAILHBIMH CBOHCTBAMH Jaxe
IpU OIMHAKOBOM XMMHYECKOM COCTaBE M OJMHAKO-
BOM CIoco0e TOJTydeHHs, OTIINYasCh JIUIIb OJHUM
napaMeTpoM, a UMEHHO TOJIIUHON TICHKHU (CJI05).

Paboma svinonnena 6 pamkax HHCmumyyuonaipno2o
npoexma: CSSDT 15.817.02.06A (2015-2018).
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Summary

A study of a series of composite structures (CSs) such
as CS-1, CS-2 and CS-3 belonging to the type of systems
“soft film/soft substrate” revealed many new details
regarding the mechanical properties of these materials.
The general and distinctive properties of CSs within the
series CS-1, CS-2 and CS-3 and the properties of raw
materials of Cu and LiF, are considered. It is found that
the deformation process passes through three major steps
in a wide range of loads at the nano-microindentation of
Cu/LiF CSs: 1 — when B = h/t < 0,5 (h — indentation
depth, t — coating thickness), the plastic deformation is
mainly concentrated in the film and only a small elastic
deformation can take place in the substrate; 2 —at g =~ 1,0,
the deformation occurs in the film and in the interface
zone; 3 —when B > 1,0, the plastic deformation extends in
the substrate, capturing all typical levels of the system
(film-interface zone-substrate) naturally becoming more
complex as the load increases. The identified characteris-
tics of the elastic-plastic behavior of the studied CSs
proved that the CSs of the “film/substrate” type are
complex systems with their highly individual properties,
even with the same chemical composition and having the
same production method, differing by only one parameter
(the film thickness t).

Keywords: Cu/LiF coating/substrate, mechanical
properties, specificity of deformation, dynamic indenta-
tion.
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The Effect of Monomer and Clay Proportion on the

Formation of Polypyrrole Clay Intercalated Nanocomposite
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In this study, intercalated polypyrrole/montmorillonite nanocomposite was synthesized by a facile and
simple solution intercalation method. The method is based on the exchanging of pyrrole monomers
with sodium interlayer cations followed by polymerization by adding ammonium persulfate as
oxidant. To avoid the spontaneous polymerization of pyrrole outside the clay, the proportions of pyr-
role to clay and that of monomer to oxidant were varied. Several techniques have been used to study
the structure and conductivity of the obtained materials: Fourier transform infrared spectroscopy,
X-ray diffraction, Energy-dispersive X-ray spectroscopy analysis, scanning electron microscopy,
Brunaner-Emmet-Teller technique, impedance spectroscopy and ultraviolet-visible spectroscopy. It
was shown that it is not necessary to subject clay to organophilation with quaternary alkylammonium
or to ultrasonic activation, or to treat it thermally to form intercalated nanocomposite. By increasing
the amount of clay to that pyrrole, an intercalated polypyrrole clay nanocomposite is formed. The
evidence of the intercalation of polypyrrole is deduced from the X-ray diffraction and the Brunaner-
Emmet-Teller technique specific surface. Both the expansion of the basal interlayer distance to 14 A
and the decrease of the specific surface area from 78.2 for the clay to 48 m?.g™ prove the formation of
an intercalated structure. The conductivity has been measured using impedance spectroscopy. The dc
conductivity was in the range of 2-10% S/cm.

Keywords: nanocomposite, microcomposite, polypyrrole, montmorillonite, intercalation, conductivity.
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INTRODUCTION

Polypyrrole (PPy) is the subject of numerous
studies due to its good environmental stability and
high electrical conductivity. This conductive poly-
mer can be potentially used in batteries, supercapaci-
tors, sensors, anhydrous electrorheological fluids,
microwave shielding and corrosion control [1-3].
There are different approaches for preparation of
PPy. These includes polymerization of pyrrole (py)
in solution [4] or emulsion [5-6], electropolymeriza-
tion in the presence of inorganic materials [7], expo-
sure of oxidant-adsorbed host material to py vapour
[8] and grafting of PPy on the host material via func-
tional groups on inorganic particles [9]. In general,
PPy is brittle, insoluble and infusible, hence it is not
possible to process it. Over the last decades, a great
effort has been invested in both academic and
industrial areas into enhancing its processing poten-
tial. In order to improve its properties, a number of
PPy nanocomposites have been prepared [10-12].
The location of the PPy whether on the external sur-
face of the clay crystal or inside the interlayer space
has an important effect on the properties of the
obtained material complex. When PPy is
localized outside the clay interlayer it forms a con-
ventional microcomposite material. However, when
PPy chains are intercalated in interlayers of clay,

PPys with an ordered chain structure and better
properties can be obtained [13]. Biswas et al. have
prepared Montmorillonite (Mt)/PPy through the
polymerization of py with Mt containing iron redox
sites [14]. From the X-ray diffraction (XRD)
analyses, it was shown that PPy has not been inter-
calated into the Mt lamellale because of the sponta-
neous external polymerization of py. In order to
obtain the intercalated structure, several attempts
have been made in the literature based on the
organo-modification of clay or on its mechanoche-
mical or thermal treatment. Mravcakova and col-
leagues have studied the effect of the organic modi-
fication of clay on the chemical and electrical
properties of nanocomposite [15]. For the same rea-
son, Goa and colleagues have proved that a step of
ultrasonic and a decrease of the temperature to 0°C
IS necessary to ensure the formation of intercalated
nanocomposite [16]. Letaief and colleagues have
studied in detail the effect of the localization of iron
cation and the amount of iron on the spontaneous
polymerization of py outside or in the clay interlayer
[16]. They have shown that the ions of iron localized
in the clay interlayer induce the intercalation of PPy
and thus an intercalated nanocomposite is obtained,
however when iron is localized in the octahedral
sheet of clay, the spontaneous polymerization of py
outside the clay interlayer is more rapid than the dif-

© Zidi R., Bekri-Abbes 1., Srasra E., Diexrponnas o6paborka marepuaios, 2016, 52(4), 22-29.



fusion to the interlayer. In the same context, Faguy
and colleagues have used in situ the attenuated total
reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) to follow the evolution (in real time) of
the oxidative polymerization of py in Fe*-
montmorillonite [18], which indicated that the over-
all process consists of three steps: pre-concentration,
polymerization and py diffusion. This sequence
indicates that the polymerization is only initiated
after a certain amount of py is present in the medium
and it lasts until the oxidation capacity has been
exhausted.

From all these studies it follows that a spontane-
ous polymerization of py outside the clay interlayer
can be avoided by increasing the proportion of clay
to that of py. In this way, the pre-concentration of py
is blocked and a non-spontaneous polymerization
outside the clay is avoided. Thus a difference of the
present study compared to those reported in litera-
ture is that we investigate the preparation of an
intercalated PPy clay nanocomposite with high-
amounts of clay. It is important to mention that the
volume of ammonium persulfate is a major factor
that determines whether there is the intercalation of
PPy in the clay interlayer and the formation of
nanomaterial or not.

EXPERIMENTAL

Py monomer (98%, Aldrich) was distilled under a
reduced pressure. Ammonium persulfate (APS)
((NH4), S;04 oxidant) and hydrochloric acid were
purchased from Aldrich and were used without
further purification. Natural clay from Elfahs (North
West of Tunisia) consists mainly of an interstratified
illite-montmorillonite with minor kaolinite, quartz
and calcite impurities. Purified clay was obtained by
sedimentation, centrifugation and drying (method of
Van Olphen (1963) [19]. The chemical composition
of the montmorillonite was found to be as follows:
52.62% SiO,, 3.09% MgO, 18.44% Al,O0s3, 1.12%
K0, 0.52% CaO, 1.92% Na,O, 3.52% Fe,0;and
18.73% loss on ignition. The cation-exchange capa-
city (CEC) of the clay sample was 100 Meq per
100 g dry clay. Py/clay hybrid materials were pre-
pared by dispersion of Mt in 50 ml of distilled water
and by adding the py dispersed in water and stirred.
The share of py varied from 0.25 CEC to 4 CEC of
the clay. Py—-montmorillonite hybrid materials were
denoted as Mt-Py (n), where (n) indicated the ratio
of py to the CEC of the clay. Mt/PPy nanocompo-
sites were prepared by dispersing the Mt-Py (4)
hybrid material in an aqueous solution, and then
APS was added to the dispersion. The relative ratio
of APS/py varied, with the mole ratio ranging from
0.25 to 4. The resultant black suspension was centri-
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fuged with distilled water to remove the excess
monomer and impurities. The procedure was
repeated until the supernatant was colorless. The
black slurry was allowed to dry in the ambient
laboratory environment. The samples were denoted
Mt/PPy(R), where (R) indicated molar ratio of APS
to Py. The amount of py localized in the hybrid
material has been deduced from py concentration
released in the supernatant after purification of the
nanocomposite determined using PERKIN ELMER
(model LAMBDA 20) spectrophotometer.

The synthesized materials were examined by the
X-ray diffraction through a Panalytical diffractome-
ter using Cu radiation. The IR spectra were collected
with a Nicolet spectrophotometer model 560 in a
scanning range from 400 to 4000 cm™. The samples
were prepared as KBr pellet. The electrical conduc-
tivity was measured for different samples prepared
as pellets under a pressure of 10 Mg/cm? and coated
on both sides with silver paint using a Hewlett
Packard model 4192A impedance analyser in the
0.01 KHz-10 MHz frequency range. The conduc-
tivity of the samples was calculated from the impe-
dance data, using the relation:

1
R'xS’
where L and S are the thickness and face area of the
sample, respectively, and R’ was derived from the
low intersect of the high frequency semi-circle on a
complex impedance plane with the Re (Z) axis.

The micro and nanostructure of nanocomposites
were identified by a Scanning Electronic Micro-
scope (SEM) Zeiss Supra 35 (back-scattered
electron mode) combined with an EDX LEO 1530,
thus allowing the identification of the different ele-
ments.

The specific surface area and the total pore
volume were measured by an automatic adsorption
instrument (Autosorb I); the amount of py monomer
intercalated was determined wusing UV-visible
absorption spectra (at a PERKIN ELMER (LAMB-
DA 20) spectrophotometer).

)

RESULTS AND DISCUSSIONS
Characterization of Mt-Py hybrid materials

The aim of the present section is to study the
interaction of a py monomer with a high amount of
clay containing redox sites and to visualize whether
or not the octahedral structural iron has induced a
spontaneous polymerization of py outside the clay
interlayer.

Figure 1 shows the FTIR spectra of Mt, py and
py/Mt hybrid materials for different proportions of



py to CEC of Mt that varied from 0.25 to 4. The
characteristic peaks for Mt were composed essential-
ly of broad hydroxyl and silanol bands at 3200-3700
and 900-1200 cm™, respectively [20], the peaks at
518 and 468 cm™ corresponded t0 vsio, and Bsi-o
[21]. The identification of vibration modes of py had
been assigned as in [22-23]. The bands localized at
1512-1530 and 1418-1449 were assigned t0 vc=c
symmetric and oC=N antisymmetric characteristic
vibration modes of the py molecule [23-24]. In
order to evaluate the mode of interaction of py with
the clay, it is necessary to study the Si-O stretching
of the clay and the H-O-H bending region of H,0;
the position of the vibration of Si-O stretching was
gradually shifting towards a higher frequency, this is
supposed to be due to the Coulomb interaction
between the nitrogen of the py layer and the partially
negatively charged surface of the clay [25]. In addi-
tion, with the intercalation of py, the intensity of the
band attributed to the H-O-H bending region of H,O
localized at 1610 cm™ decrease because of the partial
replacement of the H,O interlayer by py molecules.
Thus, it could be stated that the vibration peaks of py
were presented in the FTIR spectra of different hy-
brid materials with a slight shift resulting from the
interactions between the py functional groups and
the clay functional groups. From the FTIR analysis,
it can be concluded that the polymerization of py
induced by the redox active structural iron clay did
not take place. By decreasing the loading amount of
py compared to clay, it became possible to stop the
steps of pre-concentration and polymerization.
These results indicate that, in a similar way to that
observed by Faguy and colleagues [18], the
polymerization is only initiated when the monomer
concentration reaches a determined level.

518

468

pyrro

500 1500 2500 3500 ]
cm”
Fig. 1. FTIR spectra of Mt, Py and Mt-Py (n) hybrid materials
for different proportions of py to CEC of Mt.
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Table 1. Py content and basal spacing of clay samples
adsorbed to py for variable CEC

Py content dooz (A)
(mmol/100 g clay)
Mt - 12.1
0.25 17.3 14.6
0.5 40.8 14.63
1 43 15.22
2 162.3 15.10
3 164 15.16
4 202 15.32
5 200 15.12
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Fig. 2. XRD patterns of Mt and Mt-Py (n) hybrid materials for
different proportions of py to CEC of Mt.

Using Table 1 and Figure 2, it can be mentioned
that for all materials, the doo; basal spacing has shif-
ted toward higher values after adding of py, which
has proved a successful intercalation of py within
the clay layers. However the dg; changes its position
depending on the molar ratio of py to interlayer
sodium. Taking into account the thickness of the
silicate layer (9.6A°), a Adgy value varying from
5A° to 5.62A° was obtained for these composites on
adding py. The size of a py ring was calculated theo-
retically by the Complete Neglect of Differential
Overlap method or by molecular simulation is about
0.4 nm [26-27]. The Adys is compatible to an
arrangement in a monolayer with the py rings
extended parallel to the silicate layer. Considering
this model and the total amount of py retained by the
clay it could be admitted that for (n) corresponding
to 0.25, 0.5 and 1, the amount of retained py by clay
ranged from 17 to 43 mmol/100g of the clay thus py
has been intercalated in the clay galleries with a
monolayer arrangement located perpendicular to the
clay layers [28]. For (n) corresponding to 5, py
retained in the clay increases to reach a value of
200 mmol/100g of the clay. The supplementary
quantity of py is thought to be adsorbed on the clay
surface.



25

Characterization of Mt-PPy nanocomposite

To induce polymerization of intercalated py, APS
has been used. Similar to the polymerization mecha-
nism of most conducting polymers, py is first oxi-
dised to a polymer and then to a cationic form of
PPy doped with anions, with a positive charge on, at
most, every 3—-4 py units [29]. Scheme 1 demon-
strates the polyme-rization process of py; in theory
an APS/py ratio equal to 1 is required for a complete
oxidation of py to a fully doped polymeric form:

M\ a\
KN) — lm ,{/\N)\-!\ +2H"+2¢”

S,048 ¢ ————= 280,

{0 —

1128,0+¢” ————= S0,%

SO2HHT  — HSO/
Scheme 1. Polymerization of py.

Infrared spectra of different samples are given in
Figure 3. FTIR spectra can be used to investigate the
presence of PPy and its interactions with the Mt host
vibrations [25-30]. The band at 1550 cm™ is
assigned to the py ring, i.e., the combination of C=C
and C-C stretching vibrations. The peak at 1455 cm™
is associated to the C-N stretching vibration. The
peaks at 1309 cm™, 1185 cm™, and 920 cm™ are
attributed to the in-plain vibrations of C-H. A strong
broad band at around 3435 cm™ corresponds to the
N-H stretching vibration for PPy. The peaks at
780 cm™ and 670 cm™ are attributed to the out-of-the
plane deformation of the C-H bond [22]. For the
PPy-Mt nanocomposite, the spectrum clearly
exhibits the characteristic absorption peaks associa-
ted to PPy chains (Fig. 3e) and Mt (Fig. 3a) with
peak shifts indicating the presence of an interaction
between Mt and PPy. With an increase of the
amount of APS (R = 4), in Fig. 3b it can be seen that
there appeared a band around 1700 cm™ due to the
overoxidation of PPy and the disappearance of the
peaks localized at 1309 cm™, 1455 cm™ and
1550 cm™. The same observation has been made in
[17] when testing the adsorption of py in the clay
with a very high content of structural iron.

In Figure 4, the XRD diffractograms of PPy/Mt
nanocomposites are presented for different molar
ratio of APS to py (R). A doo, basal spacing shift,
depending on the R value, can be observed after the
adding of an oxidant, and this shift proves that the

structure has been changed. The basal spacing doo; is
localized at 14 A for the PPy/Mt (R = 0.25) sample
and it ranged from 13.1 to 13.4 A° for R within
0.5-4. Taking into account the thickness of the sili-
cate layer (9.6 A), an interlayer expansion of 4.2 A
was obtained for PPy/Mt (R = 0.25). However for
nanocomposites with R within 0.5-4, the interlayer
expansion is about 3.3-3.7 A.

Overoxydation of
polypyrrole
1

ﬁi}”?ét} + i to Hd )
050 thag 1 1399 14551550 3435
185
500 1000 1500 3000

40}00

cm
Fig. 3. FTIR spectra of: (a) Mt; (b) Mt/PPy (R = 4); (c) Mt/PPy
(R =1); (d) Mt/PPy (R = 1/4); (e) PPy.
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Fig. 4. XRD of Mt and Mt/PPy for: R = 1/4; R = 1/2; R = 1;
R=2;R=4.

Table 2. The dg; basal spacing cited in literature for
different PPy-clay nanocomposites

Nanocomposites Interlayer distance | References
after polymeriza-
tion (A°)
PPy/Mt 16.65 [31]
PPy/Mt 16 [5]
Cu()-PPy/Mt 16.10 [32]
[Cu()-PPy/Clay] 16 [33]
PPy/Mt 14.24 [34]

Comparing the values in Table 2 with those
obtained in [5, 31-34], it can be specified that the
intercalation of PPy in the clay causes an expansion
of the clay interlayer of about 4.6 to 6.4 A depen-
ding on the process and on the clay treatment. Thus,
it can be concluded that these expansions are in
accordance with the results obtained for the PPy/Mt
(0.25) sample proving the success of a reaction of
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Fig. 5. Main types of intercalated nanocomposite.
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Fig. 6. SEM micrographs for Mt, for Mt, PPy/Mt(R = 1/4); PPy/Mt(R = 1/2); PPy/Mt(R = 1); PPy/Mt(R = 2) and PPy.

Fig. 7. EDX analysis of Mt, PPy/Mt(R = 1/4); PPy/Mt(R = 1/2); PPy/Mt(R = 1); PPy/Mt(R = 2); PPy/Mt(R = 4).

polymerization in situ of py and the formation of a
PPy clay intercalated nanocomposite in this case.
However, for R within 0.5-4, the expansion is slight-
ly different, which presupposes that the structures in
this case are different. It is well known that the
morphology of PPy formed in Mt/PPy nanocompo-
sites depends on both rate of polymerization of py

and the sequence of py monomer diffusion. As men-
tioned above, although py monomers have been
intercalated in the clay gallery, it was shown that the
expansion of 3 nm did not correspond to a PPy ring;
thus polymerization has occurred outside the clay
interlayer, which proves that there are other factors
involved in the in situ polymerization reaction [17].



As reported by Letaief and colleagues [17], the py
polymerization kinetics is higher than the intercala-
tion reaction thus giving rise to micro-composites
instead of nanocomposites. In this way, PPy was
formed around Mt tactoids and it coated the Mt sur-
face rather than was inserted into Mt interlayers. To
ensure the formation of an intercalated structure,
Pourabbas and Peighambardoust [35] have
exchanged the clay with interlayer Fe** cations as
oxidant, thus ensuring the oxidant to be localized in
the clay gallery, so the in situ polymerization takes
place only when py is diffused into the Mt interlayer
where Fe* is present. The dgo; Obtained in this case
was 1.5 nm compared to values reported in literature
and corresponding to a monolayer of a PPy ring
[31-34]. In all these studies, a step of organophila-
tion of the clay with quaternary alkylammonium, or
thermal or ultrasonic activation are necessary to
form an intercalated nanocomposite. However,
sodium Mt without modification has been used; the
idea was to vary the ratio of a monomer and an
oxidant. Thus it has been proved that for a low
amount of APS the in situ polymerization is
possible. On the other hand, the obtained expansion
approaches that of a montmorillonite exchanged
with ammonium cations together with water mole-
cules gives rise to dgo; of about 1.2 nm [36].
Depending on R values, the morphology of PPy/clay
nanocomposite is shown in Figure 5.

The SEM micrographs in Fig. 6 demonstrate that
Mt exhibited flaky aggregates, while pure PPy
showed globular particles with a diameter of
400-600 nm. These types of morphologies of Mt
and pure PPy are common in previous publications
[20, 37-38]. On the contrary, the Mt/PPy nanocom-
posites (Fig. 6) had a completely different morpho-
logy compared with that of a pure PPy. An obvious
flake-like morphology was observed in the Mt/PPy
nanocomposite micrographs, and these flake sheets
became much looser and more separated with
respect to Mt.

The EDX analysis of nanocomposite Mt/PPy
(Fig. 7) shows the appearance of carbon, which
proves the py polymerization. A higher value of the
carbon proportion (31.8%) is obtained for R corre-
sponding to 1, which is in accordance with the
obtained rate of polymerization. As shown above
(Scheme 1), in theory, a molar APS/py ratio equal to
1 is required for a complete oxidation of py to a fully
doped polymeric form.

Table 3 reports the specific surface area and
micro-mesopore volume of Na-Mt. It can be seen the
values decreased dramatically to 48 m’g™ and
0.093 cm’g? for PPy/Na-Mt, respectively. This
could be explained in terms of covering or filling of
the pores by PPy [37-39].
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Table 3. Specific surface areas and specific micro-
mesopore volumes of the Mt and PPy/Na-Mt nanocompo-
sites

Sample Sger (M?/g) pore volume
(cm®g)
Mt 78.02 0.143
Mt/PPy(R = 1/2) 69.88 0.111
Mt/PPy(R = 1) 48.97 0.093
Mt/PPy(R = 2) 69.88 0.116

Mt composite was studied by plotting Z' against
Z" (Fig. 8), which depicts part of a semicircular arc.
Ideally, in the case of the impedance of the bulk
solid electrolyte, Nyquist’s diagram is a semicircle
with an equivalent circuit consisting of a resistance
and a capacitor in parallel. As this semicircle is most
commonly depressed, it is better to replace the
capacitor with a constant phase element (CPE). The
equivalent circuit can be expressed by a parallel
connection of an ohmic resistor R" and a CPE
(Fig. 8). The resistor (R’) and the conductivities for
all the composite systems are estimated and present-
ed in Table 4.

Fig. 8. The equivalent circuit and the Nyquist plots of:
PPy/Mt(R = 1/4); PPy/Mt(R = 1/2); PPy/Mt(R = 1); PPy/Mt
(R =2); PPy/Mt(R = 4).

Table 4. Resistor and current conductivity of PPy/Na-Mt
nanocomposites

APS/monomer 1/4 1/2 1 2 4

molar ratio (R)

conductivities 0.0911 0.611 2.1 0.912 0.0237
(10°®) Scm™

Resistor 14x10* | 1.6x10* | 3250 8400 | 24.5x10°
(Ohm)

As shown in Fig. 8 and Table 4, the higher the
APS content, the higher the conductivity, reaching a
value of 2.1-10° S-cm™ for R corresponding to 1,
then it reaches a plateau value after a threshold. It is
well known that the conductivity of Mt/PPy nano-
composites depends on the molar ratio of the oxidant
to monomer and the arrangement of polymer. The




findings are consistent with earlier reports that a
high oxidant concentration leads to a low conduc-
tivity in PPy [40] and the properties of the oxidant
solution influences the conductivity of PPy. This
result can be accounted for by the over oxidation of
a PPy chain, which leads to a later degradation and
decrease of conductivity.

CONCLUSIONS

In this study, a PPy clay nanocomposite has been
synthesized by a conventional solution intercalation
method using APS as oxidant. Two parameters: (i)
the amount of py to the cation exchange capacity of
the clay and (ii) the ratio of APS to the intercalated
py have varied. It was decided to increase the
amount of clay compared to py in order to avoid a
spontaneous external polymerization outside the
clay. It was shown, that depending on the monomer
clay ratio, py is inserted into the interlayer space of
the clay forming a monolayer arrangement. While
varying the ratio of the oxidant to py monomers, two
different structures were obtained: an intercalated
nanocomposite material for a low value of APS and
a conventional microcomposite material for a high
amount of the oxidant. The obtained structures are
explained in terms of the competition and
de-intercalation of py by the excess of ammonium
cations.

The values of conductivities obtained for
clay/PPy nanocomposites show clearly that electri-
cally insula-ting clay may be converted to an electri-
cally conducting nanocomposite material simply by
introducing electrically  conducting  polymers
together with mobile ions into their layer spaces.
The materials should find applications as battery
materials.
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B Hacrosimeld paboTte JIErKUM W HPOCTBIM METOJIOM
WUHTEPKAJAIMKA ObLT CHHTE3WPOBAH MOJNUMUPPOIa/MOHT-
MOPHJUIOHUT HAHOKOMITO3UT BHeIpeHUs. MeToa OCHOBaH
Ha oOMeHe MOHOMEPOB NHPpOJIa C KATHOHAMHU HaTpHs B
MEXKCIIOMHBIX MPOMEXYTKaX C MOCIEeRyIOIEel moIumepu-
3anuel mytem pgoOaBiieHMs Tiepcyibdara aMMOHUS B
Ka4yecTBe OKHUCIUTENSL. [ Toro, 4To0bI M30€XKaTh CIOH-
TAHHOM MOJUMEPHU3alMK MHPPOJIA BHE TIIIHHBI, MPOIOp-
LMY NUPpoJa K TIIMHE, a TaKXKe COOTHOIIEHHE MOHOMEpa
1 OKHCJIMTENS] BapbHUpPOBaIU. Psii METOmoOB OBLI HCIIOIb-

30BaH Ul U3Y4EHHs CTPYKTYPBHI M IIPOBOAUMOCTH MOINY-
yeHHbIX MaTepuanoB. MK-cmekTpockomus ¢ mpeobpaso-
BaHueM @Dyppe, aHaIU3 METOJOM PEHTICHOBCKOH
Judpakuny,  SHEProIUCIEpPCHOHHAsT  PEHTTEHOBCKas
CHEKTPOCKOIUS, CKaHUPYIOUIasi 3IEKTPOHHAsT MUKPOCKO-
nusi, Meron bpronepa-Ommera-Temnepa, umnenancHas
CHEKTPOCKOIHS U CIIEKTPOCKOIHS B YIBTpa(HoIeTOBOH 1
BUANMOH 00nacTy criekTpa. beuto mokasano, 4ro He HagO
MOJBEPraTh TIIMHY OPraHO(MWIANMH C YJIbTPa3ByKOBOH
aKTHBAIlEH WM aKTHBAlMEdl YEeTBEPTHYHBIM alIKWJIaM-
MOHHEM, HIIH K€ TEPMUUECKH 00padaTeIBaTh I 00pa3o-
BaHMS HWHTEPKAIMPOBAHHOTO HAHOKOMIIO3MTAa. 3a CYET
YBEIMUYCHUS] KOJIMYIECTBA TNIMHBI OTHOCUTEIBHO MHUPPOIA,
(dopmupyercsi  BHEAPCHHBI  MOJHITUPPOJI-TINHIHBINA
HAaHOKOMIIO3UT. J[0Ka3aTeNbCTBO HHTEPKAISALUM IOJIH-
MUPPOJIa OCHOBBIBAETCSI HA JAaHHBIX PEHTIC€HOBCKOTO
J(paKIMOHHOTO aHalu3a W OINpENeNIeHUs YAEIbHOU
MOBEPXHOCTH  MeTofoM  bpronepa-Ommera-Tennepa.
Pacmmpenne 0a3anbHBIX MEXKIUIOCKOCTHBIX PacCTOSHHUN
10 14 A, u ymeHsIneHue yenpHOl MUIOMAAN TOBEPXHO-
CTH OT 78,2 mis rimHel 10 48 M2t JTOKa3BIBAlOT 00pa3o-
BaHWE CTPYKTYpPHl BHEIPEHHSA. OJIEKTPONPOBOJHOCTH
ObUTa U3MEpEHa C MOMOIIBI0 UMIIEIAHCHOM CIIEKTPOCKO-
nud. 1IpoBOIMMOCTE TOCTOSIHHOTO TOKa HAaXOAWTCA B
nuanaszone ot 2-10° Cm/em.

Kniouesvie croea: HanokoMnosum, MuKpOKOMRO3UM,
NOIURUPPOT, MOHMMOPUTIOHUN, UHMEDKAIAYUS, NPOBO-
OUMOCHIb.



BausiHue mapamMeTpoB JIEKTPOUCKPOBOI0 pa3psaaa
HA IEPOX0BATOCTHL U MUKPOAOPA3UBHBIN U3HOC MOBEPXHOCTH
craau 45 nociae IUJI anekTpogamu Ha ocHoBe Ti1C
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B muteparype ummeercst OOJNBIIOE KOJTHMYECTBO
paboT TO BIUSHHUIO TAPAMETPOB SICKTPUYCCKUX
paspsaioB Ha (pOpMHUPOBAaHKE MOBEPXHOCTHOTO CIIOS
Ha 3JIEKTPOJIaX TP IJIEKTPONCKPOBOM JIETHPOBAHUU
(OWJI) [1-4]. Onmako srta mpobiaeMa aalneko He
rcyepnaHa W TMPEJCTAaBIsIeT HE TOJNBKO MpaKTHYe-
CKHMI ¥ HAyYHBIH MHTEPEC, OCOOEHHO IPH HCIIOIH30-
BaHUH JJIs UCCIICIOBAaHUN HOBBIX YCTAHOBOK C Pery-
JUPYEMBIMU TIapaMeTpaMH KCKPOBOTO pa3psia, a
TaK)Ke€ HOBBIX 3JIEKTPOIHBIX MATEPUAIIOB.

ITepcnexktuBapiM s DUJI crameit sBisercs
WCIIOJIb30BaHUE B KAYECTBE DJICKTPOIHBIX MarepHa-
o8B (OM) TBepibIX CIUIABOB HAa OCHOBE KapOuia
THUTaHa, KOTOPBIA XapaKTepu3yeTcsl BHICOKUMHU 3Ha-
YCHHUSIMH TBEPJOCTH, W3HOCOCTOMKOCTH, TYTOIUIaB-
KocTH ¥ T.1. M3BecteH psa pador [5-9] mo cosna-
HAIO DM u3 0e3BONBb(PPAMOBEIX TBEPABIX CIIABOB
kapbuma TuraHa co cesskamu  Ni-Mo, Ni-Cr,
Ni-Cr-Mo. Haubosnee paBHOMEpHBIH U H3HOCOCTOM-
KU CJIOW OBLT TONYYEH MPH JISTHPOBAHUU TBEPIIbI-
mu crutaBamu, comepkamumu  20-30%  cBs3KmM
Ni-Mo.

I[Ipu co3manmn OM HE0OXOMUMO YUYUTHIBATH
BITUSTHIE MEXDIJIEKTPOIHON Cpeasl M BO3MOXKHOCTD
oOpa3zoBaHusl KapOMIHBIX W OOpUIHBIX (a3 Hero-
CPEICTBEHHO B Tmporecce JerupoBanus. s
yMeHbIIIeHUs! 00pa30BaHUA OKCHIHBIX IUIGHOK B
(dbopMupyeMOl  MOBEpXHOCTH  LeecO00pa3HO B

COCTaB DJIEKTPOJA BBOJAUTH KOMIIOHEHTBHI, BBIIOJI-
Hsonme poib (urocoB (0Op, KpeMHHH, KabLHi,
Mapraseil, meloYHble MeTaIbl). B kauectBe (iro-
COB PalMOHATHHO BBEICHWE MUHEPATHHBIX aCCOIIH-
alyi, BBIMOJHSIOMNX OJHOBPEMEHHO POJIb MHKPO-
JETUPYIOMUX T00aBOK MOBEPXHOCTHOTO cios. Bae-
nIeHre Oopa TakXke Iesiecoo0pa3Ho C MENbI0 YMEHb-
LIEHUS  OPO3UOHHOM  CTOMKOCTH  JIETUPYIOLIHX
anextponoB [5, 10]. B aToM acriekTe mpeacTaBisieT
WHTEpeC WCIoNb30BaHNe B DM 100aBOK AAaTOJIUTO-
Boro koHueHrpara (JITK).

OKCIuTyaTallMOHHbIE CBOMCTBA JieTajel MallluH U
WX COCIWHEHWH 3aBHCAT OT CHCTEMBI MapaMeTpoB
KadecTBa padOYMX MOBEPXHOCTEH: T€OMETPUIECKIX
napaMeTpoB (OTKIOHEHHs (OpPMBI, BOJHUCTOCTh U
HIEPOXOBATOCTh TMOBEPXHOCTH); (PHU3HKO-MEXaHU-
YEeCKUX CBOWCTB (TOJIIMHA YIPOYHEHHOTO MOBEPX-
HOCTHOT'O CJIOsI, €r0 CTPOeHUE U (pa3oBbIii COCTaB).

OfHMM W3 TJaBHBIX HEJOCTATKOB TOKPBITUH,
CO3IaHHBIX METOJOM 3JIEKTPOHUCKPOBOTO JIETMPOBA-
HUSI, SIBJISIETCS IIEPOXOBATOCTh MOBEPXHOCTH, (op-
MUpYIOLIasics 3a CYET JIOKAIBHOCTH BO3ACUCTBHS
paspsioB W HEPABHOMEPHOCTU pacIpelleIeHus
MIEPEHECEHHOTO BEIIEeCTBA. IlepoxoBaTocTh
MOBEPXHOCTH SIBJIAETCS. OJIHOM W3 BaKHEHIIUX
SKCIUTyaTallMOHHBIX XapaKTCPUCTUK MaTepHUajoB U
BIMSIET HAa HM3HOCOCTOMKOCTH, KOHTAKTHYIO JKECT-
KOCTh, KOPPO3HOHHYIO CTOHKOCTb, KOI(QPHUIUEHT
TpeHHus W Jpyrue (PyHKIHOHAIBHBIC XapaKTepPHUC-
THKHA TIOBEPXHOCTH. HepOBHOCTH, SBISACH KOHIIEH-
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TpaTopaMu HAaINpPSDKEHUH, CHUKAKOT CONPOTUBIICHUE
yctamoctu  getaneil. Ha rpybo o0OpaboTaHHBIX
MOBEPXHOCTSX, OCOOCHHO B MECTaX KOHICHTPAILlH
HaIpspKeHUH, ObIcTpee BOSHUKAET W PaCIpOCTpaHs-
€TCsl KOppO3Usl METajila, COMPOTHUBIIEHHE YCTAIOCTH
B 9TOM CJIyyae CHM)KAeTCsl B HECKOJIbKO pa3 [11].
Henr mpoBOOMMBIX HCCIEOOBAHUN — H3y4ECHHE
BJIMSIHUSL M3MEHEHMS MMapaMeTPOB 3JIEKTPOUCKPOBO-
ro paspsiaa, a Takxke BiausHus conepxanud TK B
ANEKTPOAHBIX MaTepHalaXx Ha LIEPOXOBATOCTh MU
MHUKpPOaOpa3uBHBIA U3HOC TTOBEPXHOCTH IMMOKPBITHA.

METO/JHKA, ObOPYJIOBAHUE
N MATEPUAIJIbBI

Ipouecc DUJT puzrueckn 0CHOBaH Ha HCKPOBOM
paspsizie B ra30BOH cpene, Mpu KOTOPOM IMPOUCXOST
MPEUMYIIIECTBEHHO 3p0o3us Marepuana aHoaa (A) u
mepeHoc TpoaykroB sposuu Ha karonx (K). Ha
nmoBepxHocTH K obOpasyercst ciol ¢ CUIBHO MOJIU-
(buIMpoBaHHON CTPYKTYpPOH M COCTaBOM, YTO 00Y-

CIIOBJICHO KaK IIEpeMEICHHEeM Marepuaiia, TaKk M
JICUCTBUEM HUMITYJIbCHBIX TEIUIOBBIX M MEXaHHYe-
CKMX Harpy3oK, BO3HHMKAIOIIMX ITIPH BO3JICHCTBHU
HCKpOBOTO paspsina (puc. 1).

Puc. 1. [Ipurnunmansras cxema nponecca DWUJI: 1 — marepuan
OCHOBBI (Katox); 2 — aekTpos (aHox); 3 — IernpOBaHHbIN CIOH
(JIC); 4 — mnasma paspsiza; 5 — 30Ha TEPMHYECKOTO BIIMSHHS
(3TB); 6 — unepTHBIH ra3; 7 — BO31yX; 8 — IepiKaTeb IEKTPO-
na; YO — yaerpaduonerooe usnyuenue; UK — nadpakpacHoe
U3JIy4eHHeE.

HIuxty mis OM Ha ocHoBe TiC m3roraBIuBa M
U3 PEaKIMOHHON CMECH MOPOIIKOB THTaHA, HUKEI,
MOJMOAEHA, AATOJIMTOBOIO KOHLIEHTPaTa M CaXH
IyTEeM CMEIICHHs IIMXTHl B IIAPOBOW MENILHHIIE B
TedueHne 4 dvacoB. ['0TOByIO0 IUXTy (OpMOBAIU B
IIMHIPUYECKUE 3arOTOBKM B mpecc-Gpopme Ipen-
BapUTEJIBHOI'O MPECCOBAHUS. DJIEKTPOIBI MOIydaIH
B ycraHoBke miusi CBC-skcrpys3um (1aboparopus
CBC-skctpysun, UICMAH - 1. YepHOrosioBka).
Hmwke mnpuBeseHsl 0003HaYeHUS 3IIEKTPOIHBIX
MaTepHaJIoB Ha OCHOBE KapOuaa TUTaHa ¢ J0OaBKOH
Oopcozaepxaiero MuHepaibHoro ceipbs: J10 — 70%
TiC +30% (Ni +Mo); 12 - 70% TiC +29%
(Ni +Mo) +1,0% ATK; 4 — 70% TiC + 28%
(Ni —Mo) + 2,0% ATK.
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B mpomecce OUJI ompenensnocs H3MEHEHHE
Maccel Karoga — crajgu 45 W 3po3uHm aHOAOB OT
VJENBHOTO BPEMEHHW JIETHPOBAHUS C Pa3sTHYHBIMU
ANIEKTPUYCCKUMH MapaMeTpaMu.

O6paboTka Beach 3JIEKTPUUSCKUMH HMITYJIbCa-
MH OT CIeUUalbHO pPa3paboTaHHOTO TeHepaTopa
ummynscoB monmenu “IMES” ¢ B03MOXHOCTBIO
VIpaBJIeHHST OT BCTPOCHHOTO KOHTPOJUIEpA HIIH
BHEIITHETO KOMIIBIOTEPHOTO ycrpoiicta [12] mpu
JNMEKTPUUCCKUX MMapamMeTpax, MPeACTaBICHHBIX B
tabm. 1.

HccnenoBanu BpeMEHHBIE 3aBUCHMOCTH CyM-
MapHBIX U yIENBHBIX DPO3HMH aHONA, a TaKXKe CyM-
MapHBIX ¥ YIEIbHBIX TPHUBECOB KaToma. DhPexTus-
HOCTh TIporiecca (OPMUPOBAHUS JIETHPOBAHHOTO
cnos  (JIC)  paccuuthiBasach 1o  ¢opmyne
Y = ZAK (cM®/MuH). 31ECh t) — TOPOT XPYIIKOTO
paspymrenus JIC, To ecth BpeMs 00pabOTKH, TOCITe
KOTOpPO# BO3HUKAET OTPUIIATEIIbHBINA YACIbHBIA TTPH-
Bec Kartona, K., — Ko3hpuIneHT nepeHoca Marepua-
7na 3a Bpems ty, paBHbI oTHOmEHUIO K, = AJA,, T1e
A, m A, — ipuBeC KaToa 1 3po3us aHOAA 33 KAXKIYIO
MOCTIEAYIOUIYI0 MHUHYTY JIETHPOBAHHSL.

Jlis u3aMepeHuss MUKPOTIPOGUIIS UCTIONB30BAIICS
m3Mepurens mepoxoatoctd 1TR200 ¢upmer TIME
GROUP. TIlpodunomerp mo3BONAET ONPEAETUTH
OCHOBHBIE TTapaMeTPhl, XapaKTepH3yIOIIUe IIepOXo-
BaroCTh  IMOBEPXHOCTH U  MPEAyCMOTpPEHHEIC
I'OCTom 2789-73 [13]. JlnamazoH wu3MepeHUit
160 mxm. Matepuan nepa — anMa3s. Pannyc koHunka
nepa 5 MxM. CHrHai nepBUYHOTO PO MOABEp-
rajncst pUIBTPAIMU C IENbI0 YCTPAHEHHs BOJHUCTO-
ctu. Cpenusist TIMHKS BHIOUPATIACh C TOMOIIBIO allro-
pUTMa HaWMEHBIIMX KBajaparoB. VccienoBanu
napameTpsl R, (cpennee apupmernueckoe u3z abco-
JOTHBIX 3HAYECHUU OTKJIIOHEHWUH NpodHis OT cpeln-
Hell nuHuM), R, (MakcHUMalbHBIH Iepemnan BBICOT
MEXY CaMOW BEpXHEHW U HM)KHEH TOYKaMHU IIOBEPX-
Hoctu mpoduis); R, (cyMma cpemHuX abGCONIOTHBIX
3HAYEHUH BBICOT TISITH HAUOOJBIINX BBICTYMOB MPO-
¢buns ¥ rTyOrH NATH HanOONBIINX BHAaIUH MPOQUILS
B mpenenax ©OasoBoi mmmHBI), R, (HamOombmras
BBICOTA TPOQIIN), aCHMMETpuUs Tpoduist Sy, ormop-
Has AnuHa npoduis t, ¥ cpeqHuil mar HepoBHOCTEN
npodunst Sp. AHaTU3 MHKPOT€OMETPHH NpOduiIs
MPOBOMJIICS C TTOMOIIBIO TIPOTPAMMHOTO obecreue-
aus DataView for TR200. Ilepen 3amepom kaam6G-
poBKa mpubopa OblIa OCYIECTBICHA HA TpUiarae-
MOM K HeMy 00pasle IEepOXOBaTOCTH, OTKIOHEHHUE
cocrasuio 0,2%.

I'panynoMeTpuyeckuii aHaIM3 MPOJAYKTOB SPO3UH
OCYIIECTBIISUICA 0 MeTomuke [14] Ha MHUKpOCKOIE
MBC-10. HccnenoBanus JETUPOBAHHOTO CJIOSI Ha
MHUKpoaOpa3uBHBIA H3HOC MPOBOJWIN Ha MpHOOpe
CALOTEST CSM Instruments mytem BO3aeHCTBUS
BpaILIaOIIErocss CTalbHOTO INApUKa Ha IIIOCKHUMA
oOpazery ¢ moOaBIEHUEM O3MYJIBCHH, COJEpIKAIIEH
abpasuBHbIe YacTHIlbl [14].
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Ta6auua 1. DiexkTpuuecKkue mapaMeTpbl yCTaHOBKH AJIEKTPOUCKpOBOro Jeruposanus IMES

DHeKTpHYeCKHE TapaMeTpEL JIMATEIbHOCTH HCKPOBBIX Pa3PsI0B, MKC
20 40 60 80
I A 180 195 210 225
U B 40
YactoTta umMnynbcoB, ['1 400
CKBa)XHOCTh 125 63 42 31
E, Ik 0,144 0,312 0,504 0,72

Ipumeuanne. |, — pabounii Tox; U — HanpsikeHue; E — sHeprus eMHNYHOrO paspsja.

MertamnorpaduuecKiii aHaIu3 OUTU(OB JIETHPO-
BaHHBIX CJIOGB IPOBOJWICS Ha MHKPOCKOIE
MMP-2P, niopomMeTpuueckuii — Ha MHKPOTBEP.IO-
Mmepe [IMT-3M c narpy3skoit 50 H.

@a30Bplil COCTaB NOKPBITUM HUCCIAEAOBAIU C
MTOMOTIBIO PEHTTEHOBCKOTO IudpaKToMeTpa
JHPOH-7 B Cu Ko-uznydenuu. Jns pacmmgpoBKH
IdpakTorpaMM  UCIIOJIB30BAM  IPOTPAMMHOE
obecnieuenne PDWin. ®a30Bblit aHamM3 MpoOBOANIN
TaKXe C IOMOIIbIO MPOCBEYHBAIOLIETO 3JIEKTPOHHO-
ro wmukpockorna ZEISS Libra-120, ocnameHHOTO
HAADF-getrekTopom u SHEPreTUYECKUM
Q-punsrpom. UccnemoBaHusi NPOBOIWINCH B
peXUMax Ha MPOCBET, TEMHOTO TIOJIA U DJIEKTPOHHOM
MuKpoaudpakiui. O0pa3Isl sl MPOCBESINBAIOIEH
MHUKPOCKOITMM TIOATOTABIUBAINCHE METOAOM JIIeK-
TPOJIMTHYECKOH MOTUPOBKH U HOHHBIM TPaBJICHUEM.

Uccnenopanus JIC Ha Mukpoabpa3uBHBIA H3HOC
npoBoauian Ha npudbope CALOTEST CSM Instru-
ments myTeM BO3ACHUCTBHS BPALIAIOLIETOCS CTajb-
HOTO IIIapHiKa Ha IUIOCKWH o0paser] ¢ Jo0aBieHuEM
SMYJIBCHH, cojiep)Kamneld abpa3sWBHBIE YAaCTHIBL
HcnpiTanne Ha M3HOC MPOBOJIWIM IO CXEME «Iap—
IUIOCKOCTH» TIPU HAKJIOHHOM PaclOJIOKEHUH 00pas-
[la ¢ MpmKaTHeM K HeMy 3a cueT cOOCTBEHHOW mac-
CBI Bpamiaromierocs mapuka. M3noc obecrieunBaetcs
noOaBneHreM a0pa3uBHOM CyCIIEH3UH, COAepKalleil
B3BelieHuple B Maciae MC 20 uactuuxku Al,Oj
(dey = 6 MKMm). Tlocne mpoBeeHHS UCTIBITAHUN JHa-
METp SPO3UOHHOHN JYHKH WU3MEPSUIH, MPUMEHSS Ol-
tuaecknid Mukpockon MBC-10.

B pesynprare SKCIIEpUMEHTOB W 00pabOTKH
MOJMYYCHHBIX ~ PE3YyJbTAaTOB OBUTM  YCTaHOBJICHEI
3aBHCHMOCTH BEJIMYMHBI MIEPOXOBATOCTH U MHUK-
pP0abdpa3MBHOTO M3HOCA OT SHEPTUH U JINTEIbHOCTH
HUMITyJbCOB. Bee ocranbHble HaCTpauBaeMbIe PEXU-
MBI YCTAaHOBKHM OCTaBaJIHMCh IIOCTOSHHBIMU.

PE3VJIbTATBI U OBCYXJIEHUE

OddexruBrocTh nponecca DWUJI Tem Beie, yem
0oJIpIlIee KOTMYECTBO MaTepHala aHo/Ia Pa3pyIInTCs
U 3aKperuTCsl Ha MOBEPXHOCTH KaToja 3a €AUHUILY
BPEMEHHU.

Y4uuTteIBas, 4TO YCTAaHOBJIEHHE OOIIMX 3aKOHO-
MEpPHOCTEM SpO3UM METAIOB W  TYTOIUIaBKUX
coenuHeHnit mpu DUJI MeTaTUYECKUX MOBEPXHO-

CTel HEeBO3MOXHO Oe3 aHajm3a COCTaBa MPOIYKTOB
3pO3UH, OBUTH BBIMTOJHEHBI HCCIIECAOBAHUS MPOIYK-
TOB dpo3un Marepuanos cucremsl TiC-Ni-Mo-JITK,
MO3BOJIUBIIME ONPEICIIUTh XapakTep pa3pylICHUs
Marepuaia aHoja. B Tabn. 2 mokasaHbl JaHHBIE Tpa-
HYJIOMETPHUECKOTO COCTAaBA MPOIYKTOB 3p03un OM.
W3 manHbIX Tabm. 2 BuaHO, uto nipu DUJI cramm 45
MPOAYKTHI 3PO3UM B OCHOBE CBOEU MpEACTABICHBI
YACTHIIAMU XPYTKOTO Pa3pyIIeHHUsI.

ITpu stom BBemenne JATK mo 1-2% (J12, 14)
YBEJIMYUBACT MPOICHTHOE COACpKaHUE Kuakodas-
HOW COCTaBJISIFOIIEH MPOIYKTOB 3PO3WU B CpaBHE-
HuM co crmaBoM JI0, a Takke MOBBIACTCS KOJHYeE-
CTBO C(bepI/I‘IeCKI/IX qacTul C YBCIWYCHUEM [JIN-
TenbHOCTH UMITYIILCOB ¢ 20 10 80 MKc.

Uccnenysa Bnusnue cogepkanus ITK Ha kune-
TuKy mporecca DWJI, ycraHoBmiam, uto nobOaBKa
JIATOJIMTOBOTO KOHIIGHTpAaTa B 3JIEKTPOJIHBIA MaTe-
pHan CyImECTBEHHO BIHSIET HA XapaKTCPHCTHKH
Maccorepenoca (tabm. 3).

I cmmaBoB  cuctembl  TiC-Ni-Mo-JITK ¢
MOBBINICHUEM COJEPXaHUA J00aBKH CyMMapHast
9pO3MsI aHOJA W MPUBEC Karoja mopbimarTcs. Oue-
BUJIHO, YTO BBeJICHUE TOOABKU KOHIICHTpATa CHIDKA-
€T SPO3UOHHYI0 CTOWKOCTh crtaBoB TiC-Ni-Mo 3a
CYET OXPYIMYMBAIOIICTO BIUSHHUS OKCHIHBIX KOMIIO-
HEHTOB, KOTOPBIE CETPETHPYIOT MO TPAHUIAM 3epeH,
ocnabisis MEK3epeHHbIE KOHTaKThl. AHaJM3 mmapa-
METPOB MacCOIEPEeHOCca MOKa3al, YTo PU COACpKa-
uuu JITK no 2 macc.% noBsliiieHre nmpuBeca KaToa
OOBACHSIETCS YBEJIIMYCHUEM JIOJIA 3PO3UH AJICKTPOJIa
B XKHUJKOH (pa3e, YTO XOPOIIO KOPPEIUpyeT C JaH-
HBIMH O MPOJYKTaX 3PO3HH.

AHanu3 3HaYeHUH yIeTpHOro mprBeca Katoaa A,
U YJCIBHOM 3p0o3uu aHoAa A, mokaszal, 4To BO BCEX
clydasix HaOIOAaeTCsl TONOKUTEIbHOE 3HAYCHHUE
npuBeca KaToga. MakcuManbHbIe 3HAYCHHUS DPO3UU
aHoJla U TpuBeca KaToga HabmomaroTcs mpu OUJI ¢
BpeMeHeM JjermpoBanns 1 mum/cM® 0GpabaTbiBac-
MOM TOBepXHOCTH. IIpu TMOBBIIEHUH BpPEMEHU
JISTUPOBaHUS HAOJIOJACTCS 3aKOHOMEPHOE YMEHb-
[IEHNE 3HaAYEeHUN A, A,. DTO CBSI3aHO C TEM, YTO Ha
MOBEPXHOCTH aHOJa 00pa3yeTcsl YCTOWYHMBAsl «BTO-
pUYHas CTPYKTypa», CHWXKaroulas 3HaueHus A, u
COOTBETCTBEHHO A,. AHanu3 3aBucumocteit A, = f(t),
A, =f(t) cBUmETENBCTBYET O HUKIMYECKOM Xapak-



Tadauna 2. ['paHyIOMETpHUESCKHI COCTaB MPOAYKTOB PO3MHU 3JIeKTpoaHOro Marepuana cucremsr TiC-Ni-Mo-JITK

33

ipu DWJI cramm 45
Onextpon | JIWTENbHOCTS, Cpeanuii tuaMeTp 4acTull, MKM KonunuecrBennas KonuuectBennas
MKC chepruyeckux OCKOJIOYHBIX JIOJIs1 ChepUUCCKUX JIOJIST OCKOJIOYHBIX
yactul, % yactull, %
J0 20 11,02 33,14 18,1 81,9
J0 80 9,74 40,32 23,7 76,3
J2 20 8,17 24,62 254 74,6
J2 80 7,74 23,74 45,2 54,8
J14 20 10,66 22,17 17,9 82,1
J4 80 6,93 27,56 44,6 55,4
Ta6mmna 3. [Tapamerps! nporecca MexanusupoBanuoro DWJI cranu 45, yacrora 400 I'ryg
JmuTenbHOCTD, ZAkX10'4, oM’ ZAaX10'4, RS ty, K 1 yX10'4,
MKC 3a BpeMs ty 3a BpeMs ty MHH » MIH cM®/vun
Qnexrpon J0
20 1,13 7,59 9 0,16 1,63
40 1,42 10,21 10 0,14 1,99
60 2,13 1291 10 0,16 3,41
80 2,48 15,18 10 0,17 4,22
Onextpon J12
20 1,06 4,68 10 0,21 2,23
40 2,55 7,38 10 0,35 8,93
60 3,48 11,06 10 0,32 11,14
80 3,97 12,2 10 0,32 12,70
Onexrpon JJ4
20 2,24 6,98 10 0,32 7,17
40 3,75 10,63 10 0,35 13,13
60 6,97 15,35 10 0,45 31,37
80 7,12 19,47 10 0,37 26,34
Tabauna 4. XapakTepuCTHKH MOKPHITHH, oydeHHbIX pu DWJI cramm 45
Martepuan MuKpOTBEpAOCTh Hfo, TTla TommmuHa cios, Cruromr- *
3MeKTposIa Mm HOCTB, % P
Croit OcHoBa
J10 20 mke 7,83+1,31 255+0,1 0,02-0,035 72 3,07
cp. 0,012 + 0,002
J10 80 mkc 7,09 £ 0,95 2,46 £ 0,16 0,02-0,057 81 2,88
cp. 0,018 + 0,005
J2 20 mxc 8,23+0,15 2,33+0,1 0,02-0,037 82 3,53
cp. 0,009 + 0,002
J2 80 mxc 13,85+2,1 2,26 £0,15 0,02-0,105 91 6,13
cp. 0,020 + 0,006
J4 20 mxc 9,95+0,75 2,75+0,13 0,02-0,030 93 3,61
cp. 0,009 £ 0,001
J4 80 mxc 10,53 +£1,15 2,45+0,19 0,02-0,058 97 4,3
cp. 0,014 + 0,003

*
KY"P
" OCHOBBI COOTBECTCTBCHHO.

TEepe XPYIKOTO pa3pylIeHUs MaTepuala aHona.
[uxnnueckuii XxapakTep W3MEHEHUs 3pO3UU aHOJa
CBSI3aH C O0pa30BaHUEM «BTOPUYHOU CTPYKTYphI»,
KOTOpass C IIOBBILICHUEM BpPEMEHH OOpabOTKH
XapaKTEepHU3yeTCsl YBEIMYCHUEM IUIOTHOCTH OMCIIO-
Kauuii 1 o0pa3oBaHHMEM SKpaHupylomed ¢as3bl Ha
aHoje. DBHemHue TepMOMEXaHMUYECKHE BO3JEH-
CTBHS, a TAKXKE PENNAaKCAlAA HAIPSKEHUH NMPUBOIAT

— K03 (HIMEHT yIPOYHEHHs, PaBHBIH OTHOIWEHHIO H,,

"/ H, "™, tne H, — MEKPOTBEpIOCTb JISTHPOBAHHOTO CJIOS

K YBEJIHYCHHIO SPO3MOHHON CIIOCOOHOCTH 3JIEK-
TPOJHOIO MaTepHajia M Pa3pyLICHUI0 KBTOPUYHOU
CTPYKTYPBI».

W3 mannbix Tabn. 3 BumHo, uto mpu 1% JITK B
TiC-Ni-Mo yBemuumBaercs 3(pPEeKTHBHOCTE MPO-
necca npu jmatensHoctr 80 Mk B 3 pasa mo cpas-
HEHHUIO C TOH K€ JUIMTEILHOCTRIO s crasa JI0, a
npu ao06aBke 2% — B 6 pa3. [loBblllIeHHE YaCTOTHI



cnenoanus ummyiabcoB ¢ 20 mo 80 Mkc BO Bcex
CllydasiX yBEJHYHMBaeT MaccorepeHoc U d((eKTHB-
HOCTh nporecca DUJL.

Pesynbratel BnusHua JATK Ha xapakrepuctuku
0e3BOIB(GPAMOBBIX TTOKPBITHN MPUBEICHBI B TA0II. 4.
MertannorpaduecKkiii  aHaNIU3 MHUKPOCTPYKTYPHI
JIC, mnonyuennbix OUJI snexkrpomamu  TiC-Ni-
Mo-ITK, moka3am, 4YTO TOBBIIMICHUE COACPIKAHUS
JATK no 2% HECKOIbKO CHHMXKACT TBEPAOCTh M TOJ-
LIMHY CJI0Sl IPU AJUTENBHOCTH MMITYyJbCOB 20 MKC,
OJIHAKO HAJIM4Me KOHIIEHTpaTa B CIUIaBE CIIOCO0-
CTBYET yNYUIICHHIO XapaKTEPUCTHK (HOPMUPYEMOTO
cnosi (puc. 2). bojplieil CIUIONIHOCTBIO HAHECEHHO-
ro ciost obnazarT oOpas3ibl, JIETHPOBAaHHBIE CIUIA-
Bamu /12 u 14, mukpoteepaocts JIC HanbOonpmas y
cwiaBa /|2 mpu AIUTENbHOCTH MMITYJIbCOB 80 MKC.
Benprit cnoii (BC) mpencrtaBnsier coOoil ayCcTeHUT,
HACHIEHHBIN aucepcHBIMH  KapOumamu Ti, Cr,
Mo, Fe. Ilox aTuM coem HaAXOAUTCS 30HA TEPMUYIE-
ckoro BiusiHuA (3TB), sBistOImasics 30HOM OTIyCcKa
(rBepmocts 3TB Hmxke TBepaocTH ocHOBBI). Ilpen-
nonaraercsi, uto bC oOpaszyercs u3 xuakoil (hassl
MyTeM MepeMEIINBaHUs ¢ OCHOBOW M B3aUMOIPOHU-
karoreit nupdyzuu.

C nossimieHueM coaepxanust [JTK B Matepuaine
UIEKTPO/A YBEJINYMBACTCA COAEP)KAaHUE KPEMHHS U
Oopa. Kpemuuii BBI3BIBae€T OXpyM4YHBaHUE, 00pa3o-
BaHHE OKCHJOB; 00p, Oy/ly4l MOBEPXHOCTHO aKTHB-
HBIM 3JIEMEHTOM, paclojaraercsi B MOTPaHUYHBIX
o0xactsx, 3aTpynHss nuddys3uro yriepojia U Cro-
c00CTBYsI 00pa30BaHUIO HHTEPMETAIIIAIIOB.

Beenenne IATK B cmaBel crmocoGCTByeT yiryd-
mennto xapakrepuctuk JIC. Koadduiment ymnpod-
Henus K mnpexacraBieH B Tabna. 4. Buano, uro
HauOONpmUi APGEKT YyNpOUYHEHUS AOCTUTHYT MpPHU
OUJI crmaBamu J{2 m JI4 HA MakCHMalbHOU -
TEJNILHOCTH DJIEKTPUIECKUX UMITYJIbCOB.

Caoiictsa JIC ompenensitorcs ha30BbIM COCTaBOM
MOKPBITUNA, KOTOPBIM OTIMYaeTCs OT cOCTaBa mare-
puana snektposaa. [lo maHHBIM pPEHTTEHO(PA30BOTO
aHanm3a, MOKPBITHS, KpoMe OocHOBHOW ¢a3bl TIC,
cogepxat (asy FeNi. da3oBbiii aHATN3 TOKPBITHIA
YTOUHSUICS C IIOMOLIbIO IIPOCBEUMBAIOLICH 3IICK-
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(©)
Puc. 2. XapakrepHsiii Bun Mukpoctpykrypst JIC, momydennoro nocie DUJI cranu 45 marepuanoM Ha ocHOBe kKapOuza turana J12
npu rensHocTH (7007): (a) 20 Mkc; (6) 80 Mxkc.

TPOHHOM MHUKpOcKonuu. Ha MOBEpXHOCTH Katoja
00HapyKEeHBI UHTEPMETAJLIN B Ni-Mo-Fe,
FessMoyg, NisTirSi, NiySi;Tiy; u ap. Obpasosanue
WHTEPMETAIUTH/IOB ¢ YJYaCTHEM HHUKENsl, MOJMO/eHA
W JKele3a SIBJISETCS CIEJCTBUEM MUKPOMETAILTYPru-
YECKUX MPOIECCOB, NPOTEKAINIUX Ha KaToae B
pe3yJbTaTe MepeMENINBAHUS U XMMHUYECKOro B3au-
MOJICHCTBUSI KOMIIOHEHTOB JIETHPYIOIIETO CIIIaBa C
MaTepuajIoM Karola. OJEKTPOHHas JuQpaKIus
MOKa3ajia, YTO B MOKPBITHHU, IMOJYYEHHOM 3JIEKTPO-
nom ¢ 2% JITK, mosBisiroTcst GOpUABI TUTaHA pas-
nnyHO# ctexuomerpun — TiB; Ti,Bs. Kpome ocHoB-
Hoit aszer TiC mosiBisirorest daser NigTi u SiC
(puc. 3).

[MapameTpbl KadecTBa TOBEPXHOCTHOTO CIIOS
B3aMMOCBS3aHbl C SKCILIyaTal[MOHHBIMUA CBOMCTBa-
Mu. C yBEJIHYCHHUEM BBICOTHBIX TAPaMETPOB IEPO-
xoBatocTH (Ra, R;, Rmax, Rp) Bo3pacTaer xoadduiu-
SHT TPEHHMs, a IPU yBeIU4eHHuH t, u Sy, HaoOOpOT,
cHUXKaeTcs. M3HOCOCTOMKOCTh MOBEPXHOCTH TOBBI-
maeTcs ¢ yBeIUYEHHEM Hapamerpa ty, u ¢ ymeHsble-
HueM R,. KoHTakTHas eCTKOCTh 3aBHCHT OT Hapa-
MeTpos t, u Sy, [10].

Kak BumHO W3 puc. 4, 5 u Tabn. 5, mepoxosa-
TOCTh TIOKPBITHI BO3pAacTacT C YBEIWYCHHEM [UIU-
TENBHOCTH MMITYJIbca. Bo3pacTranue 1mepoxoBaTocTu
MOBEPXHOCTH OOBSACHACTCS TEM, YTO NPU yBEIUYe-
HUY JUIMTEIBHOCTH UMITYJIbCA YBEIMUUBACTCS SHEP-
THsI pa3psijia ¥ IPU OJHOBPEMEHHOM MEXaHUYECKOM
BO3JICHCTBUM M BBICOKOW CKOPOCTH OXJIaXICHHUS
MPOUCXOAUT 0OJNiee WHTCHCHBHOE TMEepeMEIINBaHUE
MaTepualioB aHoJa W Karojaa. YCTAaHOBWJIM, 4YTO
nobaska JATK B onekTpomHblii Marepuan cylie-
CTBEHHO BJIMSET HA XapAaKTEPUCTUKU IIEPOXOBATO-
ctu noBepxHoctu. [Ipu yBenmuuenuu JTK mo 1-2%
(J12, J14) yBenuuuBaeTCs MPOICHTHOE COMACPIKAHUE
KUIKO(PA3HON COCTABIAIOIICH MPOTYKTOB 3PO3HUH B
cpaBHeHnu co crmiaBoMm JI0, a Takke Bo3pacraeT
KOJIMYECTBO C(PEPHUUECKHX YACTHUI] C YBEJIWYCHUEM
JUTHTENBHOCTH UMITYJIbcoB ¢ 20 1o 80 Mkc, uTo crio-
COOCTBYyeT YIyUIICHUIO YCIOBUH (QOPMUPOBAHUS
JIC, mpuBOAIINX K YMEHBIICHHUIO [IEPOXOBATOCTH.

Brustaue gopmbl HEpOBHOCTEH Ha IKCILTyaTalu-
OHHBIC TIOKA3aTeNN KaYyecTBa ICTaIu napameTpom R,
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(a) (6)
Puc. 3. Dnexrponnast audpakrorpamma JIC, nonyuenHoro snekrpogom J14: (a) TiyBs; (6) SiC.
10,000 -4 J10 400 T'u -4 710 400 Tig
g A J12 400 T'n Z 7000 LA A2400Ty
= @ J14 400 T'ig = ® 14400Ty
Qf ':? /\
[l =
= £ 50,00
é 6,000 %
g 2 30,00 £
2 2
5] 7]
= =
2,000 L L ! 10,00 : L !
20 40 60 80 20 40 60 80
JAUTensHOCTDL HMITYIBLCA, MKC JMTenbHOCTE MMIYIIbCE, MKC
(a) (©)
Puc. 4. 3aBucnmocTs mapametpoB R, (a) u Ry (6) ot mmuTensHOCTH HMITyITbCA.
25,00 -4 J10 400 T & 10400 Ty
g A 12400 I'n z A 12400 T
E@ 20.00 ® 14400y g& @ 14 400 T
& o
E 15.00 g
]
£ 2 —
g 10,00 % ®
= =
5,00 1 1 ] 1 1 1
20 40 60 80 40 60 80
JUIHTENLHOCTE MMITYIIBCA, MKC JITUTENBHOCT MMITYITECA, MKC
(a) (©)
Puc. 5. 3aBucumocts napamerpos R, (a) u R, (6) oT amurensHOCTH HMITYIIBCA.
Tabauna 5. [TapameTpsl MUKPOT€OMETPHUH TOBEPXHOCTH
Obpazen Ra, MKM R;, MKkM Ry, MKM Rp, MKM Smy MKM Sk
J0 400 I'r 20 mMxc 5,382 13,150 48,040 14,970 0,222 0,245
J0 400 I' 40 mMxc 8,556 18,280 66,510 20,760 0,222 -0,637
J10 400 I'r 60 mMxc 8,900 20,490 60,880 25,180 0,222 0,888
J10 400 I'y 80 mkc 9,435 21,690 56,310 23,540 0,235 -0,154
J12 400 I'r 20 mMxc 2,981 9,005 27,340 8,895 0,160 0,354
J2 400 I'u 40 mxc 4,232 11,060 32,590 12,680 0,174 0,342
J2 400 I'r 60 mMxc 6,534 14,090 31,430 14,090 0,266 -0,885
J2 400 I'r 80 mxc 6,546 13,620 35,840 15,460 0,235 -0,047
J4 400 I'n 20 mMkc 2,111 6,813 11,640 6,013 0,126 0,230
J14 400 I'r 40 mMxc 3,794 9,039 24,840 10,980 0,200 0,024
J14 400 I'u 60 mkc 5,386 8,720 29,870 11,350 0,343 -0,764
J4 400 I' 80 mMkc 4,715 11,170 23,100 12,330 0,235 0,163

OJIHO3HAYHO OIEHUTh HEJb3s, TaK Kak MpH pa3iuy-
HBIX JOpMax HEpPOBHOCTEH 3HaUeHHs R, MOTYT OBITH
OJVHAKOBBIMU. s mydlliel OUEHKH CBOWCTB Iiie-
pPOXOBaTOCTH HEOOXOIMMO 3HATh €€ BHICOTHBIE, IIa-
rOBBIE MApaMeTpPhl U MapameTpsl GOPMBI KPHBOH t.
M3HOCOCTOMKOCTD, KOHTAKTHAS KECTKOCTh U IPYTHUE

IKCIUTyaTallMOHHBIE CBOWCTBA CBS3aHBI C (haKTHUe-
CKOH IUIOIIAZbI0 MX KOHTaKTa. M3 aHain3a KpUBBIX
A00oTa, IpUBEICHHBIX HA pUC. 6, BUIHO, YTO TpHU
yBemmueHnn J{TK mo 1-2% mpoucxoaut Bo3pacta-
HUE CPEJIHEW OTHOCUTENIbHOM ONMOPHOM JJIUHBI MPO-
(s Ha pa3HBIX YpOBHAX. B cBsi3u ¢ pocrom mapa-
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Puc. 6. Kpusast A66ora: (a) ¢ murenpHOCThIO uMiTysibeoB 20 Mkc; (6) ¢ anutenbHOCTRIO HMITYIbCOB 80 MKc; 400 — yacrora cieno-

BaHUs DJICKTPUYECKUX UMITYJIBCOB B FL[.
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B be3 nokpeiTHs
& 10 400 I'u 20 Mke
| (] 712 400 ' 20 mxe
W 14 400 T 20 Mke

it
[3e]

oo

B

HMzrococTolikocTs, * 103 Hv/vm3

[l

(a)

MmeTpa t, oTMeuaeTcs paclIMpeHue IIomaau GakTH-
YECKOTO KOHTaKTa, CIHOCOOCTBYIOIIEE MOBBIILICHHUIO
KOHTaKTHOM >KECTKOCTH.

IIpoananu3upoBaB [aHHBIE 1O ACHMMETPUHU
MpOGHUIA MOBEPXHOCTH MOKPBITHIA (Tabn. 5), moiy-
YA KakK IOJIOKUTENbHbIE, TaK U OTpUIATEeNbHBIC
3HaueHus. [lpu 3ToM 0OHapyX eHBI BBICTYIBI 0OIb-
1I0# BBICOTHI (pHc. 50), 4TO MOXKET MOCITYKUTh MPO-
pBIBY CMa304HON IUIEHKM M HENOCPEICTBEHHOMY
KOHTakTy MeTauioB. [loaToMy mepen dkcInyaTtaru-
el TOJy4YeHHBIX MOKPHITHM HEOOXOIUMO INPOBECTH
nporecc NPUPAOOTKH Uil yMEHBIIECHHUS 3HA4YeHUI
LIEPOXOBATOCTH, TaK KaK BBICTYIIBI IPUPaOOTaHHOI
[TOBEPXHOCTH MMEIOT 3HAYUTEIBHO MEHBIIYIO KpH-
BHU3HY B BEpIIMHAX, Y€M BBICTYIIBl HempHpaboTaH-
HOMW TMOBEPXHOCTH, & BIAJWHBI IPOQUISL MOTYT CIy-
JKUTHh KapMaHaMH U1 CMa304HOTO Macia.

UccnenoBanus JIC Ha MUKpoaOpa3sMBHBIN H3HOC
OpuBeACHBl Ha puc. /. BuaHo, 4To Hammydmieu
HM3HOCOCTOMKOCTBIO 00jamaeT MOKpeiTHE ¢ 2%
N00aBKOH, MOJY4YEHHOE INpPH YacTOTe CIEJOBAHMS
nmnynbeoB 400 I'n u amurensHocty 80 mxc. [Moy-
YeHHble JaHHble mpu ucciaepoBanun JIC Ha
MHUKpOaOpa3uBHBI HM3HOC XOPOLIO KOPPEIHPYIOT C
JaHHBIMH O IIEPOXOBATOCTH TNOBepxHocTH. Ilapa-
METpbl MUKPOaOpa3uBHOIO M3HOCA IIPHU [UINTEIIHHO-

600

B be3 nokpeitus

B 10 400 I'us 80 MK
450 | [1/12 400 I'ur 80 mkc
B /14 400 T'i; 80 mKc

300

150

Hznococroitkocts, x10% Hm/mm?

0

(©)

Puc. 7. Usnococroiikocts JIC Ha cramu 45 ¢ nokpertusiMu u3 criasos J[0 u J12, /14 ¢ 106aBKOii JaTONMTOBOrO KOHIEHTpara: (a) ¢
IUTHTENLHOCTBIO UMITYJIbCOB 20 MKC; (6) ¢ amurenbHOCTRIO UMITyIIbcoB 80 Mkc; 400 — yacToTa ClIeIOBAHMS SICKTPHYECKUX UMITYJIb-
coB B ['1I.

cti ummynbcoB 80 Mkc B 14 pa3 Bellne, 4yem mpu
mrensHocTy 20 MKC.

3AKIIIOYEHUE

Uzyuenne npouecca popmupopanus JIC Ha cra-
mu 45 ¢ momompo MexanmsupoBanHoro OUJL ¢
ucnonb3oBanueM osnektpogaoB u3z TIC ¢ Ni-Mo
00aBKOH MMO3BOJIMIIO YCTAaHOBHUTH, YTO TPU YBEJH-
YCHUU JJIMTCIBLHOCTH  HMITyJbCa  IOBBIIIACTCS
IIEPOXOBATOCTh MMOBEPXHOCTH MOKPBITUS. BBeneHue
B COCTaB 3JIEKTpOoaHOro Matepuana 1-2 wmacc.%
n00aBKH OOpCOAEpKAIEr0 MHHEPAIBHOTO ChIPhS
(maTomMTOBOrO KOHIIEHTpPATa) YMEHBIIAET IIEPOXO-
BarocTh nosepxHoctu JIC.

Taxkum oOpa3oM, co3maHHBIE Oe3BOIBGPAMOBHIC
KOMIIO3UIIMOHHBIEe DM Ha OCHOBE KapOuaa THTaHa C
HUKEJIhb-MOJIMOIEHOBON CBS3KOH U T0OaBKON Oopco-
JIepIKaIero MHHEPAIBLHOTO CHIPhS (IaTOJIUTOBOTO
KOHIIEHTpaTa) MO3BOJIAIOT IMOJyYaTh ITOBEPXHOCT-
HBIC CJIOW Ha cTaiu 45 BBICOKONH MHUKPOTBEPIOCTU
(10,53-13,85 I'Tla), mOBBILICHHON H3HOCOCTOMKOCTH
(B cotHu pa3 mo cpaBHEHHIO O cTanbio 45). Ipex-
CTaBJIAETCS TIEPCICKTUBHBIM UCIIOIB30BAHUE TEXHO-
gorun CBC-3kcTpy3un Aji1 MPOU3BOACTBA DJIEK-
TpomHbIX MarepuasioB mis OWJI. Taroke mepcrek-
THBHO HCIIOJIb30BaHUE B KaueCTBE JOOABKU B JICK-
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TPOAHBI MaTepruaj JaTOJIMTOBOTO KOHIICHTPATA,
KOTOPBIH MPUCYTCTBYET B HEM B BHJIC CTECKIO(hA3HI,
MOBBIIIAIOIICH TPUOOTEXHUYCCKHE XapaKTSPUCTUKU
MOKPBITHH.

Aemoper  6nazodapsm compyouuxog Hucmumyma
mamepuanogedenus XHL] JIBO PAH 3a nomows 6 npose-
OeHuu u 0bcyiHcoeHUU pe3yIbmamos IKCNePUMeHmos.
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Iocne oopabomru 04.09.15
Summary

The work is devoted to the study of the influence of
parameters of the electric-discharge and electrode materi-
als for the electrospark alloying using boron-containing
additives of mineral raw materials on the parameters of
micro-geometry and microabrasive wear surface coatings
obtained by electrospark alloying. It is found that the
longer the electric-discharge duration (from 20 ms to
80 ms), the higher the surface roughness. Injection of
1-2% raw boron improves the physic-chemical properties
of the alloyed layer, reduces the roughness, and increases
the wear resistance.

Keywords: electrospark alloying, electrode materials,
titanium carbide, datolite concentrate, roughness, wear
resistance.
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Ieab-xpomaTorpaguueckoe pasjiejieHue
OOp-TJIIOKOHATHOIO 3JIEKTPOJIMTA JIs MOJTyYeHUsI
HaHOKpucTajIndeckux Co-W nokpbITHIA:

COCTAB M YJIEKTPOXMMHUYECKASI AKTUBHOCTh KOMIIOHEHTOB.

Yacrte 1. Pa3nesieHue U coctaB KOMIIOHEHTOB

C. C. Bexescknii®, B. A. Bypaser?, C. I1. FOmenko®”, M. M. 3rapaan®, "A. H. Tukycap®”
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IIpumeHeHreM resb-xpoMarorpaduaeckoro (renb-(GHIbTPALMOHHOI0) METO/Ia OCYILIECTBICHO HUCCIIe-
JIOBaHUE COCTaBa OOP-TIIIOKOHATHOTO 3JIEKTPOJIUTA, MCIIOIb3YEMOro I MONTy4YeHHs HAaHOKPHCTAIIU-
yeckux CO-W MOKpHITHIT 1 ero JefeHne Ha (pakiMu M0 BeJIMYMHAM MOJIEKYJISIPHBIX Macc COCTaBIIsi-
forux. [TokasaHo, 4TO BBOAMMBIC B BIICKTPOIHT OopHas kucinorta (kak Oydepupyromas nobaBka) u
XJIOPU HATPHS (U151 TOBBIICHUSI AIEKTPOMPOBOTHOCTH) 0OPAa3yIOT C MIIFOKOHATOM COOTBETCTBYIOIINE
KOMIIJIEKCHI, IpHYeM OoJbIIel MOJEKyJIsipHOH Maccoil oOiajgaer TIIIOKOHAaTOOPHBIH KOMILIEKC.
BeineseHsl 3 (pakuny COSANHEHHI C pa3IMYHON MOJICKYJIAPHOI Maccol, BKIroYast Gpakiuy, coaep-
xkamue Co-rmrokoHaTOOpHBI W W-rimrokoHaTOOpHBINH KOMIUIeKcH. [loka3aHo, 4To oOpa3zoBaHHe
COOTBETCTBYIOIIUX BBICOKOMOJICKYJISIPHBIX KOMIUIEKCOB — IIPOIIECC MEIUICHHBIM, CIEICTBUEM Yero
SBIISCTCS 3aBUCUMOCTb OOBEMHBIX CBOHCTB 3JIEKTPONIUTA OT BPEMEHH.

Kniouesvie cnosa: aﬂekmpoocaofcdeﬂue,

UHOYYUpOBAHHOe  coocadcoeHue,

Co-W  nokpvimus,

00p-2NIOKOHAMMUDLY DNIEKMPOIUMN, 2eNb=-XPOMAMOSPADUSL, 2eNb-PUIbMmpPayusl.

YK 541.135 + 546-3

DNEKTPOIUTHYECKOE TTOYyYECHHE CIUIABOB METal-
JIOB TPYTIIHI JKeJe3a ¢ BOJIb(GPaMoM SABIISETCS OXHIM
U3 TPEHIOB COBPEMEHHOTO 3JCKTPOXHMHUYECKOTO
MaTepHaJOBEACHHUSI B CHIIy, C OJAHOW CTOPOHBI, Mep-
CIIEKTHBHBIX (YHKIIMOHAIBHBIX CBOMCTB MOJydae-
MBIX TOKPBITHH (MEXaHHYECKHX, aHTHKOPPO3UOH-
HBIX, MATHUTHBIX M Jp.), @ C JPYrod — MOCKOJbKY
OHH MOTYT OBITh aJIbTEPHATUBOM IIMPOKO HCIIOJIB3Y-
eMBIM B HACTOSIIEE BPEMs XPOMOBBIM ITOKPBITHAM
[1]. WUuTepec k uccienoBaHuio (yHIaMEHTATbHBIX
0CcOOEHHOCTEH TONXY4eHHs] TAKUX MOKPBITUH AUKTY-
eTCs elle W TeM, YTO IEKTPOOCAKACHHE CIUIaBOB
METaJJIOB TPYMIBI XKeJe3a ¢ TYroIUIaBKUMHU MeTaj-
damu (Bosb(ppamMoM, MOIHMOJCHOM, PEHHEM) OTHO-
CHUTCSI K KaTeropuy aHOMAaJbHOTO [2]. DieMeHTHBII
COCTaB IOJYYaeMBIX CIIO€B HEBO3MOXKHO IIpe]CKa-
3aTh Ha OCHOBE KJIACCHYECKHX DJIEKTPOXMUMUYECKUX
npencTaBIeHnii 0 (OPMUPOBAHUH COCTaBa CIUIaBa
npu snekTpoocakaeHun. Iporece amexTpoocaxie-
HUSI TOI00HOTO PO MOMYYHII Ha3BaHUE MHIYLUPO-
BaHHOTO coocaxaeHus [1-6]. YactHbiM ciyuaem
WHIYIHPOBAHHOTO COOCAXKACHHS METAIUIOB T'PYIIITBI
KeJe3a C TYTOTUIaBKUMH METaJUTaMU SIBJISIETCS dJIeK-
tpoocaxaenue CO-W HOKpBITHII U3 LUTPATHBIX U
[IIIOKOHATHBIX pacTBopoB [1-3, 7-24]. U3BectHO
TaKKe, YTO TaKUE TTOKPHITHSA, KaK MPABHJIO, SBIISIOT-
cs HaHokpucrautmueckumu [1, 8-10, 14, 15, 18,
20-23].

OCOOCHHOCTBIO  AJICKTPOJIUTOB, HCIOJIB3YEMbIX
JUISL TIONyY€HHs CIUTaBOB (ABOWHBIX M TPOWHBIX
COCIIMHEHHUH METAJJIOB TPYIIIIHI JKele3a ¢ TYTroIJiaB-
KAMH METaJUTaMH), SIBIIAETCS HATUYHE KOMIUIEKCOB
MeTauioB. HecMOTpss Ha 3HAYUTETBHOE YHUCIIO
paboT, MOCBAIIEHHBIX KOMIUIEKCAaM METallIoB, 00pa-
3YIOIUMCS. B DJICKTPOJIMTAX JUIS MOJYYCHHS CILIa-
BOB (LMTPATHBIX W TIIOKOHATHBIX, CM., HampuMmep,
[1, 2, 25-27] u Op.) cocTaB KOMIUIEKCOB, M3 KOTO-
PBIX TIPOUCXOIUT OCAKACHUE, KaK MPaBUIIO, HEU3Be-
creH. B paborax [28, 29] Obu10 MOKa3aHO, YTO ITO
KOMIUIEKCHI U aCCOITMAThI C BBICOKOW MOJIEKYJISIPHOI
Maccoil. CiaeIcTBHEM 3TOTO MOTYT OBITH OCOOCHHO-
CTH HCTIONb30BaHMUS TaKHUX PACTBOPOB B KAueCTBE
JNICKTPONUTOB. B YacTHOCTH, WX  CBOMCTBa
(o71eKTPOIPOBOAHOCTE, BSA3KOCTH) MOTYT CHIBHO
HU3MCHATLCA IMPOCTO IIPU CTOAHUHU, O HCIOJIb30Ba-
HUs B KauecTBe anektponuta [30]. 310, B cBOKO OUe-
pellb, MOXET MPHBOJUTH K BIHSIHHUIO BpPEMEHH
BBIJICPKKH DJICKTPOJIHUTA IO DIEKTPOOCAKICHHS Ha
(bYHKIIMOHAIBHBIE CBOMCTBA MOKPBITHS (HAmpUMeD,
MukpotrBepaocts) [31]. MmeHHO cylecTBOBaHHE
KOMITJIEKCOB M acCOLIMATOB C BBICOKOH MOJEKYJISp-
HOM Maccoil MOXKET ABIAThCA (DaKTOpoM, 3aMe-
JISIFOIITM YCTAaHOBIICHHSI PABHOBECUM B pacTBOPE H,
KaK CJIC/ICTBHE, HAINYUIO TAKOTO HEOOBIYHOTO SIBIIC-
HUSI, KaK MaKpOCKOMHMYECKHH pa3MepHbIil 3ddekt
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MHUKPOTBEPAOCTH DJIEKTPOOCAKIEHHBIX citoeB [31].
Hann4ne Takux KOMIUIEKCOB B AJIEKTPOJIUTE B IPO-
Lecce ANEKTPOOCAKICHUS MOXKET TNPHUBOAMUTH K
MTOJIMMEPH3AIINU KOMIIOHEHTOB pacTBopa [32].

YkazaHHBIC BBIIIE OCOOCHHOCTH KOMILJIEKCHBIX
ANIEKTPOJIUTOB, HCIOJNB3YEMbIX JIJIS  IOJIy4CHUS
HAHOKPUCTAJUTMYECKUX CIJIABOB METAIIOB TPYIITBI
Keneza C TYTOIUIABKUMH —METaJlaMd, JHKTYIOT
METO/bI X uccienoBanusi. O4eBUIHO, YTO IS U3Y-
YEHHUSI TAaKHUX PACTBOPOB IENECOO0Pa3HO MpPUMEHE-
HHAE METOOB, OOBIYHO HCIOIB3YEMBIX B OEITKOBOM
XVMHUH, B YacTHOCTH, Telb-XpoMmarorpaduieckoe
pasnenenue u ucciaenosanue [28-30] B coueranuu ¢
BOJITAMIIEPOMETPUYCCKUMHU METOJaMHU  OTpe/elie-
HUsL DIeKTpoxumudeckoil aktuBHocTH. B [30] ¢
HCTIONB30BaHUEM Telb-XpOMaTOrpaMuecKoro pas-
JeNieHnsT ObUTO TI0Ka3aHO, YTO HWMEHHO (pakiuu
SJIEKTPOJIUTAa C BBICOKOM MOJIEKYJISIPHOW Maccoi
OTBETCTBEHHBI 32 W3MEHEHUE TaKUX €ro CBOWCTB,
KaK DJICKTPONPOBOTHOCTh U BSI3KOCTb.

Hacrosimasi pabora MOCBSIICHA NPUMEHEHHIO
HOBOW MOIU(HKAINU  HCIOJIH30BAHHOH  paHee
[28-30] renb-duabTpanMu W WMCCIEAOBaHUIO OOp-
[ITIOKOHATHOTO AJeKTposuTa ais noiyuenus Co-W
nokpbiTuid. [lens wuccnenoBaHusT — TPUMEHEHUE
3TOr0 METoJa AJsl ONpeAeICHUs] IPUPOABI BO3ZMOXK-
HBIX KOMIUJICKCOB W acCCOI[MATOB B pPAacTBOpPE Ha
OCHOBE pa3JielIeHHs DIIEKTPOIUTA C HCIIOIh30BaHUEM
rejb-XxpoMaTorpaduueckoii KonoHkH (1Mo pa3HHIEe
MOJICKYJISIPHBIX MACC KOMIIOHEHTOB) B COYCTAHUH CO
CIIEKTPOPOTOMETPHICCKON WX HACHTH(PHUKAIUEH C
MOCIEAYIONIAM OMpPECTICHUEM 3JIeKTPOXHUMUIECKOM
AKTHBHOCTH.

METOJMKA SKCIIEPUMEHTA

Hcnonb3oBaHHas METOIMKA Teslb-XpoMartorpadu-
YECKOTO PAa3leNiCHHs DJICKTPOIUTa Oblla OCHOBaHA
Ha omucanHoi B [28, 29], ogHaKo MO CpaBHEHHUIO C
Heil ObUIa CYIIECTBEHHO MOJU(HIIMPOBAHA.

Hzmepenue, cmaburuzayusi CKOpocmu nomoxa u
noozomoska snoenma. B Hactosmein pabore (Tak
ke, kak u B [28, 29]) remb-xpomarorpaduueckoe
pa3ziesicHue KOMIIOHEHTOB JJIEKTPOJIMTA OCYIECTB-
JSUTOCh Ha BEPTHUKAIBHO PACHOJI0XKEHHON KOJOHKE,
3armoJHeHHOW copOenToM (TpaHyIMpOBaHHBIN II0-
JUAKPUIAMKI) ¥ ITPOKAYMBAEMOM AITIOEHTOM (BOA)
¢ 3aaaHHON ckopocThio (1 miu/muH.). JleTrekTupoBa-
HUE TIPOJIYKTOB pa3[elieHus HCCIEAyeMON MpOObI
(0,5 M), moce BBemeHMs ee B Xpomarorpaduye-
CKYI0 KOJIOHKY, TMPOBOJWIOCH IIyTEM HW3MEpPEHHS
ONTHYECKOU TMJIOTHOCTH MCXOASIIET0 M3 KOJOHKH
pactBopa B Y® obusiactu nipu aiuHe BoyiHbI 230 HM.
[TockonbKy HMCXOAHBIA PAacTBOP coAep:Kajl KOMIIO-
HEHTbl C pa3IMYHOM MOJEKYJIApHOM MaccoH, a
(dbpaknuu, OTIMYAIOMINECS MOJIEKYJISIPHOH Maccoi,
XapaKTEepU3YIOTCS Pa3HbIM BPEMEHEM YAECPKaHUS B
XpoMaTorpapuueckoil KOJIOHKE, TO, COOCTBEHHO,
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XpOMaTorpaMma TMpeJCTaBIsia cOO0H 3aBHCUMOCTD
OINITUYECKOW TUIOTHOCTH OT O0BeMa JJII0CHTa, Mpo-
IE/INIEro 4Yepe3 KOJOHKY (MM BPEMEHH, TaK Kak
CKOpPOCTh TIOTOKA 3JroeHTa moctosuHa) [33]. Tou-
HOCTh M BOCIIPOM3BOJUMOCTb TAaKUX XPOMAaTOIpPaMM
B CHJIBHOW CTETIEHH 3aBUCAT OT TOUHOCTH (PUKCALIUH
CKOPOCTH TMPOKAYMBAHUS DIIFOCHTA Yepe3 KOJOHKY.
B macrosimielt pabote ¢ukcanus CKOPOCTH ITOTOKa
OCYIECTBISIACH ~ IPABUMETPHUECKHM  METOZIOM.
EmkocTh ¢ amroeHTOM (BOMOM) B3BEUIMBAIach Ha
aIIeKTpOHHBIX Becax BEL M1702l, conpspkeHHBIX C
KOMITBIOTEPOM, YTO 00ECIIEUNBAIIO aBTOMATHIECKYTO
perucTpaunuio u3MeHeHus Macchl. Perucrpanus 3Ha-
YeHUH Macchl MPOMYNICHHOTO PACTBOPUTENS OCY-
HIECTBISUIACH TI0 KOMaHJIE KOMIIBIOTEpa W TOYHO
COOTBETCTBOBAJIA 3HAUECHUIO ONTHYECKOH TIIOTHOCTH
pacTtBopa B TEKYIIUil MOMEHT. Takum oOpa3oM, MBI
MOJMYYHJIM HE YCPEJHEHHOE 3HAa4YeHUE CKOPOCTH
MPOKAYKK HOCUTEIISl, @ MTHOBEHHOE 3HaYCHUE KOJH-
4yecTBa MPOIICANIET0 PACTBOPUTENS ISl KaXKIOH
n3MepsieMord Touku. Takoil MoaxoJ MO3BOJIUJ 3HA-
YHUTENILHO IMOBBICHTH BOCIPOU3BOIUMOCTD IOJIOKE-
HUS 1 OPMBI XpOMATOTPAPUUECKUX TTHKOB.

JInist cTabuIM3aluy CKOPOCTH MPOKAYKH ITFOCHTA
yepe3 KOJIOHKY TepesT Hell B ciucTeMy ObLia BKITIOUe-
Ha JIaCTUYHAsl TPYOKa M3 TOHKOW PE3WHBI, KOTOpPas
urpana posib aemrdepa ¥ KOMIIEHCHPOBaa MmyJbca-
UM, BO3HHKABIINE B Mpoliecce paboThl MEPUCTAITh-
THYECKOTO Hacoca. B mporiecce nmpoBeneHus dKcrie-
PHMEHTOB B XpoMarorpaguyeckoil KOJOHKE HaKarl-
JIMBAJIOCh HEKOTOpPOE KOJHMYECTBO BO3JyXa, BbIjE-
JISIIOIETOCS M3 BOABI, YTO MPUBOJIUIO K (POPMHUPO-
BaHMIO BO3IYLIHBIX IOJOCTEH, HApyLIAIOMIUX HOP-
MaJIbHYI0 paboTy KOJOHKH. Pe3koe majeHue napiie-
HUSI pacTBOPHUTENS HA BBIXOJIE M3 XpoMaTtorpaduue-
CKOW KOJIOHKH TaKKe NPUBOJIUIO K BBIJCICHHIO
pPAcTBOPEHHOTO BO3AyXa M €ro MOCIEAYIOIIETo
HAaKOIUICHUIO B KIOBETE, UTO BBHI3BIBANIO HCKAKEHHUE
pealbHbIX 3HAYEHUM ONTHUYECKOM TIUIOTHOCTH U
COOTBETCTBEHHO MPHUBOAWIO K OIMOKaM NpU ee
peructpanuu. YToObl M30€kKaTh ITHX HETATHBHBIX
(haKTOpOB MPOBOIMIN JCadpallio BOIBI IIyTEM e
JUINTENIBHOTO KUISIYEHHS HEMOCPEICTBEHHO IMepen
9KCIEPUMEHTOM C TMOCIEAYIONIMM OXJIaXKICHHEM B
cocyJle ¢ MUHUMAIBHON CBOOOTHOM MTOBEPXHOCTHIO.

Cocmas copbenma xXpoMarorpaduaecKoi
KOJIOHKHM Tarke Obu1 m3menen. Copbenr Bio-Gel P-4
¢ aumamerpom Tpanyn 50-150 mem u «mpenenom
UCKJIIOUEHHUs» Moyiekya w3 rpanyn <3600 a.e.m.,
WCTONIb30BABINKIICS B MOpPEABLAYIIUX  paboTax
[28, 29], 6b11 3amenen Ha Bio-Gel P-2 ¢ menbimmm
nuamerpom rpanyi (200-400 memr) W MEHBIIMM
MPEIeIOM HCKITIOYCHUS» MOJICKYJ W3 TpaHy
(<1600 a.e.M.), 4TO TO3BOJIMJIO YJIYUIIUTh CTCMEHBb
JIETICHHS UCCIIETyeMOT0 PACTBOPA.

Cnocob uzmepenusi ONMUYECKOU NIOMHOCHU
pacTtBopa, NPOXOISAIIETO dYepe3 KONOHKY, ObLI
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Momudunuposan. Crnekrpodoromerp Specord M40
OB mepeobopyIOBaH IJISl KOMIBIOTEPHOM 3alucH
pe3yabTaTOB H3MepeHuil. B pexume peasbHOTO
BpEMEHH XpOMaTorpaMma 3amuchiBasiach B (ailn u
BbIBOJUJIACh Ha 3KpaH MOHHUTOpa B KOOpAHMHATax
«KOJIMYECTBO TPOMYIICHHOTO 3JI0eHTa (Bpems) —
OINTHYECKAS MIOTHOCTb.

JInst KOHTPOJISE BOCIIPOU3BOIUMOCTH PE3ybTaTOB
Y Ka4ecTBa JIEJICHUS XpOMAaTOrpaduuecKoll KOJIOHKH
B KaXIyK BHOCHMYIO B KOJOHKY MpOOY J100aBis-
nock 0,1 M BogHOrO pactBopa BSA (6bIumii chiBo-
POTOUHBIN anbOyMHH), HE B3aMMOICHCTBYIOLIECTO C
KOMIIOHEHTaMH PacTBOPa DJICKTPOJIUTA W BBITIONHS-
IOIIero posib pernepa. [lonokeHue miuka 3Toro oenka
COOTBETCTBYET CBOOOIHOMY O0BEMY KOJOHKH H
MO3BOJIIET CYAHTh O PabOTOCIOCOOHOCTH BCei
CHCTEMBI.

PE3VJIbTATBI U UX OBCYXJEHHNE

B 1abn. 1 mpuBeneHbl COCTaBbl HUCCIEIOBAaHHBIX
JNIEKTPONUTOB. bBUIM  HccienoBaHbl  GOP-TIIIOKO-
HATHBIH DJIEKTPOJIUT COCTaBa, MPUBEACHHOTO B Tal-
mune (nexktponut 9, pH = 6,5), [11-13, 23, 24,
29, 31], a Taxxke ero cocraBistoniue (JICKTPOTHUTHI
1-8 mpu ToMm sxe 3HaueHuu pH).

Ha puc. 1 mpencraBinena TunmuyHas XpomaTo-
rpamMMa OOp-TIIFOKOHATHOTO DJIEKTPONUTa (JIEKTPO-
vt 9).

Kak BHAHO W3 pHUCYHKA, NPH HCIOJIH30BAHUH
JAHHOTO METOJa pa3JleNICHNus] IMEEeT MECTO BbIJele-
HACe 3-X (PaKIUi COOTBETCTBYIONINX Pa3IMIHBIM
MOJICKYJSIPHBIM MaccaM KOMIOHEHTOB ((pakuuu c
Oosiee BHICOKUMH MOJICKYJIIPHBIMA MaccaMy BBIXO-
JSIT U3 KOJIOHKY PaHBIIE).

W3 pes3ynbTaroB, NpeACTaBICHHBIX Ha pHC. 2,
BUJIHO, YTO TJIIOKOHAT HATPHUsI 00pa3yeT coeTMHEHHE
¢ OOpHOHM KHCJIOTOW. DTO CleAyeT W3 HaJIu4yus Ha
XpoMaTorpaMMe 5JIEKTPOJHTa 5 chenu(u4eckon
obnactu mornomenus (puc. 20). Ilpudem Bpems
BBIX0/1a ATOTO KOMIUIEKCa M3 KOJOHKH MEHbIIE, YeM
YKCTOTO TIIFOKOHATA (JIEKTPONIUT 2, puc. 2a). A 3T0,
B CBOIO O4Ye€pellb, CBHICTEIBCTBYET 00 YBEINYCHUH
MOJIEKYJSIDHOH Macchl. XpoMmaTorpamma, COOTBET-
cTByIoIas anekrponuty 4 (puc. 20), cBHIACTEIb-
CTByeT 00 00pa30BaHUM JBYX TTIFOKOHAT-XJIOPHIHBIX
KOMIUIEKCOB C Pa3IMYHONM MOJIEKYJSPHOH Maccou.
OueBHIHO TaK)Xe, YTO MPU BBEJACHUU OOPHOI Kuc-
JIOTBHI B XJIOPUAHO-TIIOKOHATHYIO CMECh 00pa3yeTcs
WOH TJIIOKOHATOOPHOW KHCIIOTBI, aHAJIOTHYHBIN
XOpOILIO  M3BECTHOW  MaHHUTOOPHOW  KHUCIOTE,
HCIIONB3YEMOM B aHanmuTHdeckoi xumun [34]. Dta
peaKius CONMpPOBOXKIACTCS POCTOM MOJICKYISIPHON
Macchbl OpPraHMYeCKOH MOJEKYJbl, YTO BHIHO H3
puc. 26. B snekrponure 6 o0pa3yroTcs 2 TpyIbl
COEIMHEHUU C Pa3IMYHOM MONEKYJSIPHON MaccoH,
o1Ha U3 KOTOpHIX (¢ GOJbIIel MOJIEKYIIPHONM Mac-

COM) TpencTaBmsieT COOOM  TIFOKOHAT-OOPHBIN
KOMIUIEKC, a JpyTas — CMeCh TJIIOKOHATa U XJIOpH/Ia
(puc. 2B).

BugHo Takke, 4YTO TpEeTUH MUK HA TEllb-
xpomarorpamme puc. 1 mpezacrapnsier coboii cMech
TIIIOKOHATA C XJIOPUIOM U, BO3MOXKHO, MX IPOIYK-
TOB B3aUMOJCHCTBHUS, a NEPBbIA U BTOPOM BKIIO-
YJalOT aHWOH TIIFOKOHATOOPHOM KUCIOTHL. TakuMm 00-
pa3oM, BBEJCHUE B DIIEKTPOJIUT OOPHOM KUCIOTHI B
kauectBe Oydepupyromeit m00aBkH, a XJIopHia
HATPUS JUIA TTOBBIIICHHS €TO 3JIEKTPOIPOBOTHOCTH B
UTOTE MPUBOAUT K 00pa30BaHUIO COOTBETCTBYIOIINX
COCTMHEHHM ¢ OOJIBITICH MOJIEKYIISIPHON MacCOH.

PesynbTathl Tenb-xpomarorpaduueckoro pasnie-
JISHWs], TIPEJICTABICHHBIC HA PUC. 3, CBUICTEIBCTBY-
10T B TIOJIB3Y TOTO, YTO TIEPBBIH MUK HA XPOMAaTO-
rpamme puc. 1 cooTBeTcTByeT KoOalbTCOAEpIKa-
MM, a BTOPOH BOJBb(PaMCOIEPKAIIUM KOMILICK-
caM C TIIOKOHATOOPHBIM COEITMHEHUEM, B TO BpeMs
KaK TUPaTUPOBAHHBINA MOH KOOAIbTa HE TIOTJIOIAET
[IPY MCITOIB30BAHHOMN JTMHE BOJHEI (pHC. 2).

[onmy4yeHHble pe3yNnbTaThl MO3BOJIMIN MEPEUTH K
MperapaTuBHOMY  Pa3lIeICHUI0  COCTABIISOLINX
3NIeKTpoNUTa Ha TpHu Qpakuuu. Ha puc. 4 npencras-
JieHbl 00beMbl (hpakuuii OTOMpaBILIUXCS MPU AIIOU-
poBanuu. [Ipu mpenapaTHBHOM pa3feleHUH TepBas
W BTOpas (QpakUUH COCTABSLTM ~ 7 MJI, a TPEThA
~ 9 M. Beero 6put0 mipoBeneno 17 nenmenuii. Coor-
BETCTBYIOIIUE (QPaKIHH OT KAXKJIOrO IKCIIEPHMEHTA
00BEIUHANICE. 3aTeM KaxJas U3 Mpod KOHIEHTPH-
poBajach B POTOPHOM wHcraputene (00beM 10BO-
nuscs 10 ~ 50 Mi1), ¥ moTy4YeHHBIH pacTBOp MOABEP-
rajcsi aHalu3y Ha CcojAepkaHue Boib(ppamMa u
kobanbTa (MeToaMKa onpeeacHus onucana B [29]),
MOCJIe Yero MpOBOIMIIOCH HCCIIEOBAHUE AIIEKTPO-
XUMUYECKOW aKTUBHOCTH (PPAKITUHl METOIOM IIHK-
JIMYECKOH BOJIETAMIIEPOMETPHHU, PE3YIbTaThl KOTO-
poii OynyT npezactaBieHsl B coobmienuu |l.

PesynbTatel, npeacraBiieHHBIE B Ta0l. 2, TOKa-
3BIBAIOT, YTO €CIH IepBast (Qpakiusi MpeIcTaBiseT
c000lf KOOANThTOBBIE KOMITIEKCHI, «3arpsA3HCHHBICY
BoJIb(ppamMoOM, TO BTOpas U TPEThs (HPaKIH — BOJIb-
(bpaMOBbIe KOMIUIECKCHI, «3arps3HEHHBIC» KOOAIb-
toMm. Tak, Hampumep, | dpakmus cogepxkur ~ 70%
BCETo KoOaibTa, BBEJCHHOTO B KOJOHKY, a Il ¢pax-
mus ~ 75% Bcero Bomb(pama. CoorBercTtBeHHO ||
¢paxiyst conepxut ~ 3% Co u ~ 15% W. Jlanubie,
MpeJICTaBIIeHHbIe B Tall. 2, CBUAETENBCTBYIOT
TaKKe O TOYHOCTH aHanu3a (Hajauume OanaHca 1Mo
K00anbTy U BoJb(pamy). BuaHo, 4TO ¢ TOYHOCTBIO
2—7% Taxoli OaaHC MEXIly COJep)aHHeM KoOallbTa
U BoOJb(pama, BHECEHHOIO B KOJIOHKY U OOHapy-
JKEHHOTO  Toclie  (PpakIHMOHHOTO  pa3J/ieseHHs,
co0urogaercs.

B pa6orax [30, 31] OblI0 MOKA3aHO, YTO CBOWI-
CTBa HCIONB3YEMBIX ITUTPATHOTO H TIFOKOHATHOTO
AIIEKTPOJIUTOB M3MEHSIOTCS BO BPEMEHH TIOCIIE WX
NPUTOTOBJICHUS, CIEICTBHEM YETO SIBIACTCS U3Me-
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Tabauna 1. CoctaB 1 KOHIICHTPAIUS UCCIEA0BAHHBIX JIEKTPOJIMTOB

DNEKTPOIUT
1 2 3 4 5 6 7 8 9
CocraB, KOHII.
MOJIB/JT
Co0S0, 0,05 + - - - - - + - +
Na,WO, 0,05 - - - - - - - + +
T'mroxonar Na 0,55 — + - + + + + + +
H3;BO; 0,65 - - - - + + + + +
NaCl 0,51 - - + + — + + + +
04 r 0.12 L a) BSA (40 mn)
0,08 CoS0y Gl NaCl
0.3 0,04 wrem
o 02 A 0,05 +
0,04
0,1 0,06 F
0,05
0 . , - . ) ) ) 0,04
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
V, M V, M
Puc. 1. 'enp-xpomarorpamma Puc. 2. Tenb-xpoMarorpaMmbl COCTaBILSIFOLIMX JIEKTPOIUTA
GOpP-TIFOKOHATHOTO AJIEKTPOJTHTA. (snextponutsr 1-6).
: 0471 [ o| m
OnexTponur 8 — I
0.4 03 L 169-76un
’ I. 76 - 84 ma
I11. 84 - 93 mn
o 0.2
2 02¢f
nexrpoaut 7 0,1
0 1 1 1 1 L 1 1 0 1 ' 1 1 1 1 1
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
V, M V, M

Puc. 3. CpaBHeHHE Telib-XpOMATOTPAMM, COAEPXKALIUX TOJIBKO
coJIb K0OabTa ¥ TONBKO BOJb(pamMar Npy HaIUYUH B pacTBOPE

TaK)Ke OCTaJIbHBIX KOMIIOHEHTOB (3JIEKTPONIHTHI 7 1 8).

Puc. 4. Pa3nenenue >nekTpoianTa Ha QpaKiyu.

Tab6mma 2. Conepkanue BojabhpaMa 1 Ko0aapTa BO (PPaKIHsIX IMOCIIE Telb-XpOMaTOrpaduuecKoro pa3aeaeHus

Ddpakiust Co, Mr W, mr Co:W (ar.%)
| 6,64 3,02 6,8:1
1 2,66 23,82 1:2,9
1 0,32 4,70 1:4,7
CyMmmMa, Mr: 9,62 (93%) 31,54 (98%)
Bcero BHeceHo 10,33 322
B KOJIOHKY, MI'
HEHHE CBOMCTB OCaXJCHHOI'O CJIOS B 3aBHCHUMOCTH 04 L - ;’) gz{:}s 0
OT BPEMEHHU BBIIEPKKHU DJIEKTPOJIUTA ITOCIIE IIPUTO- ’ —— B) (244)
TOBJIEHUS, TO €CTb 0 Hadajla DJIEKTPOOCAXKIEHUS 03— ) (26 1)
> —— 1) (45u)

[31]. Pe3ynbraThl, npecTaBICHHbBIC HA PHC. 5, MOKa-
3bIBAIOT, 4YTO HAOIIOJacMble paHee W3MCHEHHUS
CBOWCTB SIBIISIIOTCS CJICAICTBUEM XHMHYECKUX MPO-
IECCOB, MPHUBOIIMX K YBEJIUYCHUIO ONTHYCCKON
IUIOTHOCTU (DpaKLHUif, COOTBETCTBYIOLIUX BBICOKO-
MOJICKYJISIPHBIM KOMTIOHEHTaM aniektponuTa ((pax-
it | u 11). [lprudeM B mepBBIE CYTKH HAET WHTEH-
CUBHBII pocT conepskanusi nepsoit (1) ¢pakuuu, a
Brociencteun — BTopoit (1) (puc. 5).

]
02
0,1
0 1 1 1 1 1 1 ]
30 40 50 60 70 80 90 100
V, Ma

Puc. 5. /lunamuika u3MeHeHUsT cocTaBa (PaKIUil 3JICKTPOJIHUTA
BO BPCMCHH.
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Peructpupyemsie muku (ppaximm) Ha XpoMaTo-
rpamMMmax, BepOsATHEE BCETO, SBISIOTCS CYIEpIO3H-
LUel CUTHAIOB TPYMIB KOMIUIEKCHBIX COEIMHEHHM
¢ ONMM3KMMHU MOJEKYJSIPHEIMH Maccamu. HanOoms-
M WHTEpec npeactasisioT ¢pakiuu | u 11, Tak
KaK UMEHHO B HHMX COJCPXHUTCS OCHOBHOE KOJHYe-
CTBO KOOanmbTa W BOJb(pama COOTBETCTBEHHO. K
COXAaJICHWIO, HA JAHHOM OJTale HUCCIeOBaHUM uc-
NOJB30BaHME METOAA Tellb-XpOMAaTorpaduuaecKoro
pasziesieHus: ¢ BHIOPAHHBIM COPOCHTOM HE MO3BOJIHU-
JI0 BBIACNHTH Gpaknuio, coxepxkamyo Co-W
KOMIIIEKC. Takoi KOMIIJIEKC MOXKET IIPUCYTCTBOBATh
B pacTBOpe, Kak 3TO MPEATNOJaraioch, HalpuMep B
[29], HO ero cylecTBOBaHKME HA OCHOBAHUU JAHHBIX
HACTOSIIETO WCCICIOBAaHUS HENb3s JIOKa3aTh, Tak
KaK OH He ObUI BBIJENCH B BHJAE YHCTOIO COEIHHE-
Hust (oTmenbHOU (pakimu). OMHAKO 3TO HE JOKA3bI-
BAC€T €ro OTCYTCTBHs (HEBO3MOXXHOCTH 0Opa3oBa-
HHSI), TIOCKOJIbKY CYIIECTBYIOT JBa (hakTopa, Ipe-
MATCTBYIOIIUX €r0 OOHAPYKEHUIO MPH HCIONIb30Ba-
HUM METOJIa Teb-XpoMaTorpaduu:

1. Cynepno3unusi. Ecim Co-W xomruiekc u
CYILIECTBYET B PaCTBOPE, TO €r0 CHTHAI (ITUK) MOXKET
OBITh MACKUPOBaH CHTHAJIOM OT JAPYTHX KOMILICKC-
HBIX COeMWHEHWH KoOaiabTa WM BOJb(ppama, UMe-
IOLIMX OJIM3KYIO MOJIEKYJIIPHYIO Maccy.

2. HeycroitunBocts C0-W xommnexca. I[Ipou-
Hocth CO-W KOMILIEKca HACTONBKO HHU3KA, YTO OH
MOJTHOCTBIO Pa3pylIacTcsi 0 Mepe MPOXOKICHHUS 0
KOJIOHKE U, KaK pPe3yJibTaT, Ha XpOMaTOrpaMMaXx, MbI
HaOIIF0[JTaéM TOJIBKO CHTHAJN OT Hambojee MPOYHBIX
€ro COCTaBHBIX 4YacTell (KOMIUICKCHBIX COEInHe-
HHUI), 4aCTh M3 KOTOPBIX IMOMAJAeT B NEpPBYIO (pak-
o (Cofepikalnyo KoOanbT), a OCTalbHBIC BO BTO-
pyro dpakimio (comepkainyr Boiabdppam). M3 saToro
cienyert, uto eciu Co-W komruieke u obOpasyercs B
pacTBope, TO KOHIICHTPAIMS €ro JOJDKHA ObITh 3HA-
YUTENFHO  MEHbBIIE HCXOJHBIX  KOHICHTpPAIUii
MeTaiuioB (kobanbTa /Bosib(hpama).

3AKIIIOYEHUE

Pe3ynbraTel mpoBeeHHOTO HCCIEIOBAaHUS TTOKa-
3BIBAIOT, YTO BBOJUMBIE B COCTAaB TJIFOKOHATHOTO
ANIEKTPOITUTA IS MTOTyYeHUS] HAHOKPUCTAIITHIECKIX
Co-W mnoxkperTrii 60opHast kuciora (kak Oydepupy-
fomasi 100aBKa) M XJIOPHI HATpUs (JIsI TIOBBIILICHUS
3JIEKTPOTPOBOJHOCTH) 00Pa3ylOT C TIIIOKOHATOM
HaTpUS COOTBETCTBYIOUINE KOMIUIEKCHI, TPHYEM
HauOOJbIIEH MOJICKYJIIPHONH Maccol 00JiaaeT IIito-
KOHATOOPHBIM KOMIUIEKC. [[puMeHeHne MOIuQUIIH-
POBaHHOTO METOJa Telb-XpOoMaTOrpaduIecKoro
pasznenenusi (renb-QuibTpanyu) MO3BOJSIET BbIIC-
JUTh 3 TPYMIBI COSAMHCHUN C OJIM3KUMHU MOJICKY-
JMSAPHBIMH MaccaMmH. VI Croiib30BaHHBIH COpPOEHT B
COYETaHHH ¢ MOTU(HUKANKEN BCe METOMUKH (KOH-
TPOJb CKOPOCTH IMOTOKA JJIIOEHTa, CIocod m3Mepe-
HUSI ONTHUYECKOW TUIOTHOCTH M JIp.) B CPaBHEHHH C

panee npuMmeneHHbM [29, 30] obecmeunBaeT Goiee
TOHKOE JielieHHne Ha (pakiuuu, HO HE II03BOJISET
3adukcupoBarh Hamuuume B pactBope Co-W
KOMIUIEKCA, XOTSI M MCKJII0YaTh €r0 CyIIECTBOBAHNE
B pacTBOpE MOKa HET OCHOBaHUW. Pe3ynbTaThl remb-
XpOMaTOrpauyecKoro pasieiieHus: AEMOHCTPUPY-
10T, 4TO 00pa3oBaHHE COOTBETCTBYIOUIMX BBICOKO-
MOJIEKYJISIPHBIX KOMIUIEKCOB — ITPOIIECC MEUICHHBIH,
CJIEZICTBUEM YE€TO SBISIECTCS 3aBHCUMOCTH OOBEMHBIX
CBOMCTB JIEKTPOJIUTOB (3JEKTPOIPOBOIHOCTH, BSI3-
KOCTH) OT BPEMEHH, YTO TNPOSBISIETCS TaKKe BO
BJIMSIHUM Ha MEXaHWYECKHE CBOMCTBA MOJTYYaeMBIX
MOKPBITUH.

Paboma evinonnena 6 pamkax uHCMUMyyUOHANLHO2O
npoexma «PuuKo-xumuiecKkue Memoosl U UHICEHEPHbIE
ACneKmvl NOAYYEHUs HOBbIX MAMEPUANO8 U NOBEPXHO-
cmell onst MHO2OMACWMAOHBIX MEeXHOI02UT»
(15.817.02.054), esponeiickozo npoexma Ne 295202 (Oil
& Sugar), a makdce 610024CEMHO20 PUHAHCUPOBAHUA
IIpudnecmposckoeo  20cyOapcmeeHHO20  YHUeepcumemda
um. T.I'. [lleguenxo.
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Summary

The research of boron gluconate electrolyte for obtai-
ning nanocrystalline Co-W coatings and its separation by
molecular weights components has been carried out by
gel-filtration. It is shown that the electrolyte is introduced
into boric acid (as bufferings agent) and sodium chloride
(to increase conductivity) to form appropriate gluconate
complexes in the solution. A gluconate-boron complex
has a larger molecular weight. Three fractions with
different molecular weights, including the fractions con-
taining the Co-boron-gluconate and W-boron-gluconate
complexes, are identified. It is shown that the formation
of the appropriate macromolecular complexes is a slow
process, resulting in the dependence of the electrolyte
properties on time.

Keywords: electrodeposition, induced codeposition,
Co-W coatings, boron-gluconate electrolyte, gel-chroma-
tography, gel-filtration.



44

HeycToM4MBOCTDH KAIJIU 1O OTHOLIEHUIO
K COOCTBEHHOMY WJIM MOJISIPU3AIMOHHOMY 3apAay

AL I'puropses, C. O. lupsesa, H. A. Ilerpymos

Apocnasckutl eocyoapemeennsiil yhusepcumem um. I1.1. Jlemuoosa,
ya. Cosemcxast, 14, 2. Apocnaenn,150000, Poccus, e-mail: grig@uniyar.ac.ru

W3ydeHsl 3aKOHOMEPHOCTH M3MEHEHHS MOTCHIMAIBHON SHEPIHU OCIHUUIHPYIONICH Chepruveckoil u
BUPTYaJIbHO C(EPOUIATBHON KaIIH Ha MOPOre MOTEPU YCTONYHUBOCTH 0 OTHONICHHUIO K COOCTBEHHO-
My 3apsay. s He3apsHKeHHOW Karjid B OJHOPOJHOM 3JIEKTPOCTATHUYECKOM IIOJIE, B KOTOPOM OHa
MIPUHAMACT PaBHOBECHYIO (hOpMY BBITSHYTOTO IO IMOJIIO cepora U Ui KOTOPOH HE CYIIECTBYET
MPOCTOTO BHIBOJIA KPUTEPHsI HEYCTOMUMBOCTH MO OTHOIIECHHUIO K MOJIAPU3ALUOHHOMY 3apsiay, Mpea-
JIOKCH MaTEMaTHYCCKH HECIOXKHBIA 1 (PU3UIECKU MIPO3PAYHBI METO OLIEHKH KPUTEPHS TI0 MTOPSAKY
BEJIMYMHBI, OCHOBAHHBIM Ha CPaBHEHHM MOTEHUUAIBHON SHEPTUU KANWJULIPHBIX U 3JIEKTPOCTAaTHYE-

CKHX CHII.

Knouesvie cnosa: cgepuueckas xanisi, 3apsao, 6bIMAHYMAA

cpepoudanvuas Kanisi, 0OHOPOOHOE

anleKmpocmamudeckoe noijie, OCYyuwuUIAYuu, Kpumudeckue ycioeus ycmoﬁuueocmu, NOMEeHYyUuaiIbHaA

9Hepeus.
YK 532.62: 541.24
BBEJIEHUE

B xonme XIX Beka mopa Paneit Teopermuecku
CTPOTO BBIBEN KPUTEPUH  3IEKTPOCTATUUECKOMH
HEYCTOMYMBOCTH 3apsKEHHON c(hepruecKor Karum
[1], xoTOpEI UMeET BH:

Q? S
=——2>(n+2),
" 4noR® ( )
rne W, — Oespa3mepHblii mapamerp (mapameTp

Parnes), XxapakTepu3yronui yCTOWIHBOCTb N-i MOJIBI
OCHMIUIALIME KaIuld M0 OTHOIICHHIO K COOCTBEHHO-
My 3apsaay; Q m R — 3zapsg um paguyc karmm,
G — KO3(PQHUIMEHT MMOBEPXHOCTHOTO HATSHKEHUS
KHUIKOCTH. DTOT KPUTEPUH MHOTOKPAaTHO MOATBEP-
KJIAICS OKCIEPUMEHTAIBHO Ha KaIuliX pa3HbIX
*Kuakocreit u pazmepos [2—-8]. M3noxkeHnue pacueToB
Pasnest 6b110 M3NHMITHE KOMIIAKTHO, HO HHTEPECOBAIIO
MHOTHUX, U B cepenrHe XX BeKa ero pacueTsl ObUIH
MOBTOpeHHI Ooee moapobHo [9]. U TeM He MeHee, ¢
(pm3nyecKol TOUKH 3pEHHUs, B U3JI0KEHUU ITOU MPO-
OJIEMBI OCTATHCH JIAKYHBI.

B uwactaocTH, m3BecTHO [10], 9TO B *XMIOKOCTH
BCErJa CYIIECTBYET TEIUIOBOE KANMUIIPHOE BOJHO-
BOE JBI)KEHHE M MMEET MECTO HCKaKEHHE PaBHO-
BECHOI MOBEPXHOCTH HIKOCTH BOJHAMHU BeChbMa

Manoi ammutynsl: & ~+/kT / 6,r1e K — MOCTOsIH-

Has bombnmana; T — aOcomroTHas TeMieparypa.
Ctporo roBopsi, TaKHE BOJHBI MOXXHO CUMTaTh Oec-
KOHCYHO MaJbIMH, TaK KaKk B paMKaX MOJeH
CIUIOLIHOM Cpebl UX aMIUIMTYJa MEHbIIE PA3MEPOB
MOJICKYJIBI, a TOPOXKIAIOTCS OHU YK€ TEILIOBBIM
JIBIDKEHHEM MOJICKYIT )KUAKOCTH.

[Ipu ompeeseHHbIX BHEIIHUX YCIOBHAX (TIpH
JIOCTATOYHO OOJIBIIIOM 3apsijie KaIllh, KaK TOBOPST,

KKPUTHYIECKOM») HEKOTOPbIE MOJBI TEIUTOBBIX BOJIH
CTAHOBSITCS HEYCTOWYMBBIMU: MX aMIUIATY]a HA4YH-
HAeT HEOTPAHWYCHHO HApacTaTh BO BPEMCHHU.
Bompoc B TOM: MmouyeMy CyIIECTBYET KPUTHUECKHI
3apsij1, CBOWM i Kax ol Moabl? UTto mpoucxomut ¢
MOTCHIMANIBLHOW OJHEprHed CUCTEMBbl Ha MOpOre
morepu ycroiumoctn? B [1, 9] orBeTsl Ha 3TH
BOTIPOCHI MMOPA3yMEBAIOTCSA, HO B HEABHOU (opme,
U UX I1e7Ieco00pa3Ho U3JI0XKUTh JIeTalbHee B 00Ile-
(GU3NUECKUX TePMUHAX, TaK KaK IOJXOJ, HUCIOIb30-
BanHbpli B [1, 9], ctpor MaTemaruuecku, HO He
H300UITyeT GU3HUSCKIUMU JTCTATSIM.

COEPUYECKAA 3APSKEHHA S KATTIA

[lycte chepuueckas kamns pamguyca R ¢
KO3 GUIIMCHTOM TOBEPXHOCTHOTO HATSIKCHHS O
Hecet 3apsaa Q. TemmepaTypa Karuiu u OKpy Karomien
cpempl TOCTOSIHHA, W 00BEeM KUAKOW (a3pl He
MeHSeTCs. B COOTBETCTBUMU ¢  BBIIICCKa3aHHBIM
paBHOBecHasi cpepuueckas OBEPXHOCTh JKUIKOCTU
BO3MYIIIEHA KaIWUIIPHBIM BOJHOBBIM JBHKCHHUEM
TEIUIOBOM TIpUpOAsl.. B cdepuueckoir cucreme
KOOpJWHAT C HayaJioM B IICHTPE Macc Karuld
YpaBHEHHE TPaHUIBI pa3jiela Cpell, BO3MYIIEHHON
OCECHMMETPUYHBIMU  KaNWUIIPHBIMA  OCIIHJUIA-
UMY, OyJIeT UMETh BUJI:

r=R+&(0,t), |¢<<R,

rae 6 — yrom Mexay OCbI0 CHMMETPHM U pajuyc-
BEKTOPOM TOYKH Ha TIOBEPXHOCTHU KaIlK B ceprue-
CKOIl cHUCTeME KOOpAMHAT C HayaloM B LEHTpe
chepsr.

Bynem pemats 3amauy 06 yCTOHYMBOCTH TaKoi
karm. [IpencraBuM ypaBHEHHE NOBEPXHOCTH Karl-
T B BUJE!

© T'puropses A.U., Hlupsiea C.O., ITerpymos H.A., DnekrponHas o6paborka marepuaios, 2016, 52(4), 44-49.
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r_a0+Za (cos®), 1)
rae I — paccTosHME OT Hayajga KOOpAWHAT [0
MOBEPXHOCTH; &, << 8,VN, Pn(cose) — MOJIMHOMBI

Jlexxanapa, a, — TOCTOSHHBIC KO3(PPHUIIMEHTHI,
MMEIOIINE CMBICT aMIUIUTY[ KalWUIIPHBIX BOJIH.
OtHourenus a,/ay BeCbMa Majibl (|an/a0|<<1) u

Y6LIBaIOT C YBCJIMYCHHUEM HOMEpa MOJbI N TaK, 4TO

|an/an+l|>1. Kak mokazano B [9], B NpPUHATHIX

0003HAYCHUAX PATUYC PABHOBECHOM C(epruuecKoit
Kam R MOXHO BBIPAa3UTh 4Yepe3 aMILIUTYIbI
KallWJUISPHBIX BOJIH &, B BUJE!

- =)
R~a,|1+ ) (2n+1)
n=1 ag
Inomans BOBMYHJCHHOIZ MMOBCPXHOCTHU KaIlIIA
IpHu 3TOM IIPUMET BU.

S=4n-R?+213 (n-1)(n+2)(2n+1)"
n=1

[loreHumanbHas SHepPrusi CUI MOBEPXHOCTHOTO
HATSDKEHHMSI paccMaTpuBaeMOW CHCTEMBI (IIOTECHITH-
ambHAs OHEPrUs, CBA3aHHAsA C BO3MYIICHHEM
MOBEPXHOCTH KAIlIM KaNWUISIPHBIMU OCIUIUIALIAS-
MH) paBHa MPOM3BEICHUIO KO3(D(HUINCHTA MOBEPX-
HOCTHOTO HATSHKCHUsI Ha TPHpalieHHe IUIOMaan
peanbHOl TMOBEPXHOCTH Kaluld IO CPaBHEHHIO C
UIOLIAbI0 cepbl (TO eCTh €M 3a HOJb MOTCHIH-
aJTbHOM YHEPrHH BHIOPATh MOTEHIIMAIBHYIO SHEPTUI0
cdepnl). Ecnmu 6 — koahunmeHT moBepXHOCTHOTO
HATSDKEHHs, TO TIOTCHIMANbHAsS DHEPrusl CHII
MOBEPXHOCTHOTO HATSDKCHUS, OTCUUTHIBAEMasi OT
MOTEHIMATBHOW YHEPTUU KAMMJUISIPHBIX CHJI PaBHO-
BECHOM cepsl, paBHa!

27:02 (n+2) a’. )
=, 2n +1)

OJeKTpUUYecKHi TOTEHLHANl Karlild HWMEET BUJ
(c coxpaHeHmMeM claraeMbIX BTOPOTO IOpSIKa
MAaJIOCTH):

R R32 2n+1 %

DnexTpocTaTnyeckas MOTeHIHATbHAS SHEPTHS
KaIuTd OTIPEIEISICTCS N3BECTHOMN (hOpMYITOH:

U, =Qd/2.
Ecou 3a Hy.]'[eBOfI YPOBCHbL OTCYETAa OJBHCPIruun

HNPUHATH AIEKTPOCTATUYECKYI0 HHEPTUI0 PaBHOBEC-
HOH cdepbl, TO MOKHO MOJIYIUTh COOTHOIIICHHE!

n 1
U, = 32 ) 22 3)

2R (2n+1)
3HaK «MuHYC» B (3) TMOKa3bIBaeT, 4TO DJIEKTPO-
CTaTUYCCKUC CHUJIBI HpOTHBOHCﬁCTBYMT CchuJiaM

MMOBEPXHOCTHOT'O HATSXKCHUA.

O0603Ha4YMM TIpUpPAIICHUE TTOJIHON MOTEHIINATh-
HOU SHEepruu Karm npu ee aedopmanuu yepe3 AU.
OTMeTHM, 4TO BO3MOXHBI TP BapHAHTA YUCICHHO-
ro s3uHauenus Bennunusl. AU < 0 (ycunenue medop-
Malll{ SHEPTreTUIEeCKU BBITOJHO CUCTEME, TaK KakK ee
ToJiHasg IMOTCHUHUAJIbHAA SHEPIrusa Mnpu 3TOM YMCHb-
nraetcst, kKaruis Heycrowunsa), AU > 0 (yBennuenue
neGopMaIi SHEPreTHYECKH HEBBITOJHO CHCTEME,
TaK Kak e¢ TOJHAas MOTCHIMANbHAS SHEPrHs MpH
9TOM yBEIHUYUBAETCs, Karmusl ycroiumsa), AU = 0
pasnensier 3T JBa KpaWHHUX COCTOSHHS (peKHM
0e3pa3IMYHOrO PAaBHOBECHS).

Haitmem cymmy (2) u (3), uro mact AU, u npu-
paBaseM AU Hymro, 4roObl HAWTH TOJOXKEHHE
CHCTEMBI, IPU CMELICHUH OT KOTOPOTO OHA CBAUTCS
K OTHOMY U3 Kpaﬁ}mx PEKUMOB:

-1)(n+2) (n-1)
AU =216y 21 /32 a’=
nz;‘ (2n+1) & 2R32 2n+1 &

DTO BBIPAKEHHE MOXKHO II€PErPYIIHPOBATH,
MpUBeE.IS K BUIY:

AU = 2miM[(n +2)-w,Jaz=0. (4

IMTockonbky psin (4) 3HAKOMOCTOSHHBINA, TO €ro
PaBEHCTBO HYJIO O3HAYaeT, YTO PaBHBI HYJIO BCE
4JICHBI psiIa, a 3TO MOXET HUMETh MECTO TOJBKO
TOTJa, KOrJa Uil BCeX N PaBHO HYJIO BBIPAXCHUE,
cTosIIee B KBaJIPATHBIX CKOOKaX:

W, —(n+2)=0. )

W3 ckazaHHOTO BBIIIE U U3 yciuoBus (5) kpurepuit
peanu3andyd HEyCTOWYMBOCTU N-H MOIBI OCLMILUIA-
LU Karuld IpUMeT BHUI!

W, >(n+2), (6)
YTO COBMAAET C MOJTyUYeHHBIM Paneem [1].

ITpexme BCcero OTMETHM, YTO, KaKk BUAHO u3 (2),
MpH TPUHATOM OECKOHEYHO MajoM BO3MYIICHHUH,
CBSI3aHHOM C JIIO00H MOIOM OCIHMLISAIMK (IIOCKONIb-
Ky COTJIaCHO NPWBEJIECHHOMY BBIIE, MOZBI HE B3aW-
MOJICHCTBYIOT MEKTY COOOM) MITH CO BCEMH MOJIaMH
cpa3zy, MOTCHIMANbHAS] SHEPTHs CUJI TTIOBEPXHOCTHO-
TO HATSDKEHUS TOJBKO YBEIWYMBACTCS, a TOTEHIIH-
anbHast SHeprus 3apsiaa kami (3) TONbKO YMEHbIIa-
ercs. Eciu yBennueHHe TMOTEHIMAIbHOM SHEPTuH,
BBI3BAaHHOE BO3MYIIEHHEM IOBEPXHOCTH KaIlId M
CBSI3aHHOE C CHJIAMHU IOBEPXHOCTHOTO HATSIKCHUS,
MEHbIIIE e¢ yMeHbIeHHus (Mo aOCOTIOTHOW Beu-
YHHE), CBA3aHHOTO C JJCKTPHUYSCKHM IOJieM CcOo0-
CTBEHHOTO 3apsjia, TO 0o0IIasi MOTeHINAIbHAS YHEP-
THsl YMCHBIIUTCS W KaIuld NPETEPIUT HEYCTOWYH-
BOCTb. UTOOBI HAWTH YCIIOBHS peaau3aluu HeYyCTOH-
YUBOCTH, HYXHO OIPEACIUTh BEIUYHMHY COOCTBEH-
HOTO 3apsina Q, Mpu KOTOPOM H3MEHEHHUE JIEKTPO-
CTATUICCKOW CBOOOIHOM SHEPTHH 1O aOCOTIOTHOM
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BEJIMYUHE MPEBLICUIO M3MEHECHUE CBOOOIHOM SHEP-
TUH KanWUIPHBIX cl. IMEHHO 3TO u OBLIO cliena-
HO BBIIIe, HO B O0e3pa3MepHOM BHE, OOBEIMHUIO B
omHOM Oe3pa3zmepHoM mapamerpe W 3apsin xarmmu Q
¢ ee paanycoM R u ¢ K03 HUITHEHTOM ITOBEPXHOCT-
HOTO HATSXKCHUS G, YTOOBI OXBATUTH BCE BO3MOXK-
HBIC 3apsiJibl, pa3Mephl Kareidb U BUJIBI KHIKOCTEH C
pa3auuHbIMA  KOA((QUIMEHTAMU TTOBEPXHOCTHOIO
HATSDKCHUS.

[IpoummocTpupyeM BBINIECKA3aHHOE PSIMBIMHU
pacueTramu Jiss OCHOBHOM MoJbl: N = 2. [IprmeM st
Ka4eCTBEHHBIX PACUCTOB (XOTS 3TO JaJeKO OT Jeii-
CTBHMTENBLHOCTH), 9TO O m3Mensiercs or O mo 0,1.
Torma B 0Oe3pa3MepHBIX MEPEMEHHBIX, B KOTOPBIX
R=0=p=1(2) u (3) u 6e3pa3zmepHbIii TapameTp
W OynyT BHITIIAIETH KaK

2
“Ea U =T w2 )

UG

Ha puc. 1 mpuBeneHbI pe3ynbTaThl pacuyeTa Mo

(7). Buano, uto ase moBepxHoctd Us(a,) (pemkas

cetka) 1 Ug(W, &) (uacras cerka) mepecekaroTcs
pu W = 4 mipu TF00BIX 3HAYCHUSIX aMITTUTY BT 8;.

Puc. 1. TToreHIMAaNbHAast SHEPTHs CHII TOBEPXHOCTHOTO HATSIKE-
Hus Ug(ap) (pemkas ceTka) W IOTCHIMANbHAS DHEPrHs
cobeTBenHoro 3apsiaa Ug(W, &) (dacTas cetka).

To >xe camoe MPOAEMOHCTPUPYEM Ha MpHUMEpe
nedopMarn 3apsHKCHHOW Karuid K ceponaaIbHOM
¢dopme. Uzsectno [11-13], uro B NuHEHHOM IpH-
OJIMKCHUHU 1O BeJIMYMHE JedopMalliu Karuiy, mpo-
MOPIMOHATIBHOM BTOpOMY monnHOMY Jlexanapa,
OHa TIpUHUMAET ceponnaibayto Gopmy. Ilpu s3TOM
BesMuuHy jaedopmanuu { (CTerneHb OTKIOHEHHS OT
chepuueckoii (POPMBI) MOKHO CBA3aTh B JIMHEHHOM
npubIvKeHNH 1o { ¢ KBaJAPaToOM DKCIIEHTPUCHTETA
cooTHOmIeHHEeM: € ~ B-{ (6oree TOUHOE BRIPaKEHHE
JUISL CBSI3M €% ¢ BeIMUMHOM chepormanbHoil xedop-
MalliK IPUBECHO B «[IPHIOKESHUN).

CrnenyeT OTMETHTh, YTO BTOpasi MOJA HMeEET
MUHHMANBHBIH CpeOu BCEX MOJA TIOpOT IOTEpH
YCTOWYMBOCTH W TIEPBOM CpPEIM HHUX MPETEPICBAcT
HEYCTOWYMBOCTh MO OTHOUICHUIO K COOCTBEHHOMY
3apsmy MPHU MOBBIMICHUU TOCIEAHETO. JTO, B YaCT-
HOCTH, O3HA4aeT, YTO MpPH TMOTEpPE YCTOHUYUBOCTH
Karuig aeopMupyeTcs K BRITAHYTOMY cepoumy.

COEPOUJAJIBHAS 3APSKEHHA S KATLJTA

[lycte Tenmepbh BUpPTyalbHBIM  00pa3oM B
pe3yJbTaTe ASHCTBHS CHUJ HEAJCKTPHUCSCKON MPHPO-
Il Karunsl mpuHsiia GopMy BEITSHYTOTO chepouma.
OHeprus CHJl MOBEPXHOCTHOTO HATSDKCHUS Karuld
npu cepouaanbHoit nedopmaryu (eciau 3a HyIeBoOi
YPOBEHb TIPUHUMATh YHEPTUIO CHJI MOBEPXHOCTHOTO
HaTsDKEHHsT c(epUuecKoil Karuii) OyIeT UMeTh BHI:

arcsine
2 | (8)

e(1-¢)
Ha puc. 2a 3Ta moBepXHOCTh HaHEeCeHa B Oe3pas-
MEpHBIX MTEPEMEHHBIX, B KOTOpHIXx R=0c =p =1.
ITomMecTrM Temeph HA KAIUTIO SICKTPUYUCCKUI
3apsan Q. CBoOomHAs SHEPTHS TIPH ITOM H3MEHHUTCS
(ecnu 3a HyNIEBOH YPOBEHb MPUHUMATE 3JEKTPOCTA-
THYECKYIO SHEPTHIO ChepUIeCcKOi Karuin):

U, =2nR%|(1-€?)" | 1+

2 (1—92)1/3 1+e
o _Q_ ~ 7 . In=—=-21. (9)
4R e 1-e

Ha puc. 26 3Ta HOBepXHOCTh HAHECEHA B yKa3aH-
HBIX 0e3pa3MEpHBIX MEPEMEHHBIX.

Haiinem cymmy (8) u (9) u npupaBHseM ee HyITO.
B Tex ke 0e3pa3MepHBIX MEPEMEHHBIX OHA MPHUMET
BUT

AU = (1—e2)1/3 1+—ezlris;2;/z -2 o)
_\% (1—ZZ)U3.|nit2_2 =0,

roe mapamerp W ompenensercs BeipakeHuem (7)
(nnu (4)). Ioeepxuoctu (8) u (9) nepecekaroTcs npu
W =4, kak u Ha puc. 1.

HHTEpecHO OTMETHTBH, YTO TIpH € << 1 MOXHO
3aIKcarh:

arcsine

1/3
U, =21R%| (1-¢’) 1+W —2|~ 1)

z%nR20e4 +O[ee];
_ Q? (1—e2)u3 -In1+e—2

2,4
e I b= B

90R

Cymmupys (11) u (12), nonydaem:

[ Q23 —4je4+0(e6):0
47R°c

WIM B YKa3aHHBIX BhIIIe Oe3pa3MepHBIX IepeMeH-
HBIX C TOYHOCTBIO 710 €° nomyunm: W, = 4.

Urak, mpu W < 4 u cdepounanbueix nehopma-
IUAX 3apsHKEHHOM KaIuTi ee MOJTHAs MOTeHINAIbHASL
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(a) (6)
Puc. 2. Ipupamenne Ge3pa3MepHON MOTCHUHMAIBHON KanmWULIPHOW sHeprud (a) u Ge3pa3sMepHOil MOTCHIMAIbHOW SHEPrUH
cobcreenHoro 3apsina (6).

(a) (©)

(8)
Puc. 3. [Ipupamienue moaHoM 6e3pa3MepHOil MOTEHINAIBHOM SHEPTrHU cHEPOUIAIBHOM KAIUIH: TP MAIBIX SKCIEHTpHCHTETaX (a);
MPH YMEPEHHbIX dKCIeHTpUucuTeTax (0); mpu GONBLINX SKCUEHTPUCHTETAX (B).

(a) (©)

Puc. 4. ITosepxuocts AU(e, W) B nuanazone 3nauennit W <4 u e < 0,8 (a); mpu MeHbIIHNX 3HAUYSHUSIX dKCIeHTpucurera (0).



SHEPrHs YBEIWYMBACTCS, M KaIUld BO3BpAIIacTCs B
ncxomuoe cocrostaue. [Ipu W > 4 monHas moTeHIn-
albHasi PHEPTUSl YMEHBIIACTCS, U KaIlIs MpeTepIie-
BAET HEYCTOUYHUBOCTD.

Ha puc. 3a-B mpuseznena 3aBucumoctb (10) B
Bune AU = AU(e, W). U3 puc. 3a BuaHO, 4TO MpH
W < 4 u ManbIx 3Ha4EHUSIX IKCLEHTPUCUTETA KAl
ycroiuuBa: nmockoibky GyHkuus AU(e, W) ocraercs
MOJIOKUTENFHON M YBEIMYHBAETCS MO aOCONIOTHOM
Benmuune. [Ipu W > 4 dynkuus AU(e, W) nepexo-
IUT B O0NAcTh OTPUIATENBHBIX 3HAUYCHHUH MIpU
KOHEYHBIX 3HAUCHHUSX €, CIIeOBATEILHO, KAILIs TIpe-
TepIeBaeT HEYyCTONYUBOCTD (CM. puc. 30—B).

Ha puc. 4a npuBeneH rpaduk Toi ke camoi
¢yukuuun AU(e, W) B auamasone 3Hauennii W <4 u
e < 0,8. Ha puc. 46 tot xe rpaduk mpuBeleH MpH
MEHBIINX 3HAYCHUSIX JKcleHTpucurera. CoriaacHo
ckazaHHOMY Bbimie, ipu W < 4 karuist 1oJKHa OBITh
ycroiunBa. Kak BumgHO M3 puc. 4, B pPEabHOCTH
npu OoNBIINX chEepONNaTbHBIX TedopMaIuaX Karis
TepsieT YCTOMYMBOCTH CKOpEE NPH MEHBILEM 3apsije
Ha karute (mpu W < 4), uem npu Maibix aedopmaiii-
SIX.

COEPONIAJIBHASA KAILJIA B OJHOPOJHOM
OJIEKTPOCTATUYECKOM I10JIE

HyCTL TCIICPb HEC3APS’)KCHHAA KallJlsl HAXOAUTCA B
OAHOPOAHOM JJICKTPOCTATUYCCKOM I10JIC€ HAIIPSIIKCH-

Hocthio E,. Xopomo mssectHo [11], uto Hesaps:-

JKCHHasA Kalljid B 3TOM IIOJIC HpI/I06peTaeT BLITﬂHy'
TYIO BIOJIb 10JIsE CEPOUIANBHYIO (GOpMY.
DIIEKTPOCTATHYECKYIO MOTEHIMAIBHYIO SHEPTHIO
KaIlJIk B I10JIC EO 3aIlIu1lIcM B BI/II[e:
3
e
U, =—E? v
8n(1—e2)(Arthe—e)
3.3
_ 2 R°e
=-F ,
6(1—e2)(Arthe—e)

rae V — HeM3MEHHBIN B MOJIEJIN HEC)KUMAEMOW KU
KoCTH 00BbeM Kamu. BunHo, uto ¢ yBenuuenueM Eg
(vnm €) Benmumumna Ug CHIDKaETCS.

I[Ipn e << 1, ecnu NOTEHIMAIBHYIO SHEPTHIO
HE3apsKEHHOHN KA B II0JIE€ OTCUMTHIBATH OT PaB-
HOBECHOTO BBITSHYTOTO cdeponsia, MOXKHO 3aIu-
caThb.

2n3 e’
AU =-E;R 5 ~
6(1—e )(Arthe—e)

(13)

- 29 5 3.4 6
~- o ER +0(e°).
KauecTBeHHO 3TO MpHUpalieHHe aHAIOTUYHO MPUBE-
JIEHHOMY Ha puc. 20.
Cymmupys (11) u (13), nomyumm:
29 8

—EZR%" - —nR%ce* =0.
175 45

48

NUmn

2
[EOR —&nje4 E(W—@n]e4 =0.

c 929 261

OTKyga C TOYHOCTBIO 10 €° CIemyer, dTo
W =~ 3,368. Pesynprar momywaercst OJM3KMM K HC-
THHHOMY W =~ 2,62 (OTHOCHTENbHAs MOTPEIIHOCTh
~ 0,3 M0 CpaBHEHHWIO ¢ HWCTHHHBIM), MOIYYEHHOMY
IKCIICPUMEHTAIBHO M YHMCICHHBIM pacyeToM B [14].
HaiinenHoe BbIIIe 3HaueHHWE Mapamerpa W cOBHa-
JlaeT ¢ HWCTHHHBIM IO TIOPSJKY BEJWYHUHBI, HO €ro0
JOCTOMHCTBOM SIBJISIETCS TO, YTO OHO IIOJIyY€HO B
IPOCTOH, He TPeOyIoIeH 3aTpaT BpeMEHH M JEHeT

MaTeMaTH4ecKod Tpolenype B  OTIHYHE  OT
[12, 14, 15].

3AKIIIOYEHUE

[IpoBenen aHanm3 QUINYECKUX 3aKOHOMEPHO-
CTEW peanu3aluy JIEKTPOCTAaTUYECKONW HEYyCTONYM-
BOCTH 3apsHKEHHOU chepHuecKoil u cheponaibHbIX
Kanejab WM He3apsKEHHOM KaIlld BO BHEIIHEM OJ-
HOPOJHOM 3JIEKTPOCTATUYECKOM II0JIe, MCXOJd W3
MPEICTABIICHNA O MUHUMH3AIIMH CBOOOIHOW 3HEp-
THY KOHEYHOT'O COCTOSHHS.

IMTPMJIOXKEHHUE.

CBSI3b MEXKJTY KBAJIPATOM
SKCLEHTPUCUTETA
U AMIUIUTY IO COEPOUIAJIBHOM
JIE®@OPMAILINH

ITo ompeaeneHHo IKCIEHTPUCUTETA UMEEM:

1-0,5-¢e? =1—(9) El—[ﬂ] ~
a 1+¢

e~3,0-525(" +7,5(°~9,75(* + O[ ¢’ |

VYuTeHo, 4TO BBITSAHYTHIN cepon] B JIMHEHHOM MpH-
OIMKEHHN 110 €° MPOTOPIMOHATICH BTOPOMY TOJMHOMY
Jlexxanapa ¥ MeHbIIas MONyoch cepouna BbIpakaeTcs

yepe3 aMmumTyny —Aedopmarum  ~ P, (COS 3) Kak

b=1-0,5(, a6ompmras —kak a=1+ .

Paboma evinonnena npu noodepocke epanmos PODOHU
MNe 14-01-00170-a u 14-08-00240-a.
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Summary

Regularities of a change of a potential energy of an
oscillating, spherical, and virtually spheroidal drop on a
threshold of a loss of stability in relation to its own charge
are studied. A simple and physically transparent mathe-
matical method is proposed for the assessment of the
criterion on the order of the size based on the comparison
of the potential energy of capillary and electrostatic forces
for an uncharged drop in a uniform electrostatic field in
which it takes the equilibrium form extended across the
field of a spheroid for which there is no simple conclusion
of criterion of instability in relation to a polarizing charge.

Keywords: spherical drop, charge, extended spheroi-
dal drop, uniform electrostatic field, oscillation,
emergency conditions of stability, potential energy.
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Undoped zinc oxide and iron-doped zinc oxide thin films have been deposited by the sol-gel
dip-coating method. The Fe/Zn nominal volume ratio was 5% in the solution. The effects of Fe incor-
poration on morphological, structural, and optical properties of ZnO films were investigated. The
scanning electron microscopy measurements showed that the surface morphology of the prepared thin
films was affected by Fe doping. The X-ray diffraction patterns of the thin films showed that doped
incorporation leads to substantial changes in the structural characteristics of ZnO thin films. The opti-
cal absorption measurements indicated a band gap in the range of 3.31 to 3.19 eV. The X-ray photoe-
lectron spectroscopy demonstrated that Fe is incorporated in the ZnO matrix with 6.5 atomic percent
(at.9%). The energy dispersive spectroscopy studies indicated the formation of ZnO with high
efficiency.

Keywords: sol-gel dip-coating, polycrystalline ZnO, Fe-doping ZnO, scanning electron microscopy,
X-ray diffraction, ultraviolet-visible spectroscopy, X-ray photoelectron spectroscopy, energy disper-

sive spectroscopy.
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INTRODUCTION

Zinc Oxide (ZnO) thin films have been exten-
sively studied due to their attractive electronic and
optoelectronic properties [1-3]. Doping of the ZnO
thin films by suitable elements can lead to significant
improvements of their optical, magnetic, and electri-
cal properties without any change in the crystalline
structure [4, 5]. Furthermore, ZnO thin films
attracted a lot of attention for a variety of potential
applications in both microelectronic and optoelec-
tronic devices such as solar cells, transparent con-
ducting oxides (TCO), ultraviolet (UV) and blue
light emitters and transistors. Recently, Fe-doped
ZnO has been in the focus of attention of researchers
and engineers because it can expand the applications
of ZnO in different domains [6-8].

In the last few years, the sol-gel deposition tech-
nigque gains high intension by scientists due to its
advantages such as low temperature processing. The
sol-gel technique is an adequate procedure for
homogeneous thin films of high purity [9, 10]; it is
also efficient for the preparation of nanostructure
metal oxides and it is a simple and quite low-cost
processing alternative to the vacuum deposition
techniques. This deposition technique is based on

the hydrolysis and the polycondensation of metal
organic precursors, such as metal alkoxides [9].

In this paper, we deal with the sol-gel technique
for the deposition of the undoped (u-ZnO) and
Fe-doped zinc oxide (ZnO:Fe) thin films. Their
morphological, structural, and optical properties
were investigated by the scanning electron micros-
copy (SEM) micrographs, X-ray diffraction (XRD)
data, ultraviolet—visible (UV-VIS) spectroscopy,
X-ray photoelectron spectroscopy (XPS) and ener-
gy-dispersive spectroscopy (EDS).

EXPERIMENTAL
Dip-coating process

The deposition of u-ZnO thin films was per-
formed using the sol-gel dip-coating method. A
starting solution with the concentration of 0.1 ML™
of zinc acetated dehydrated (Zn(CHsCOQ),-2H,0,
29088.29) dissolved in absolute ethanol (C,HsOH,
24103) was stirred at a speed of 250 rot./min., T
90°C for 3 hours in order to yield a transparent,
homogeneous, and stable sol. We used a glass
micro-slides substrate (75x25x1 mm, Super
Premium Microscope Slides); the substrates were

© Zegadi C., Abderrahmane A., Chaumont D., Lacroute Y., Abdelkebir K., Hamzaoui S., Adnhane M., DnekrpoHHast 06paboTka

marepuaios, 2016, 52(4), 50-57.
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cleaned in an ultrasonic bath for 10 min. and then
rinsed by ethanol [9]. The sol-gel dip-coating depo-
sition was performed onto the prepared glass sub-
strates at room temperature, according to the follo-
wing process: the glass substrate was coated in the
sol for 60 secs, the speed of immersion was
5 cmxmin™. After each deposition, the covered sub-
strate was heated to 100°C for 3 min. The coating
procedure was repeated ten times before post heated
at 580°C for 1 hour.

The deposition of ZnO:Fe thin films was per-
formed using the same process: to the same starting
solution  iron  (Ill)  chloride  hexahydrate
(FeCl3-6H,0, 44944) was added after 20 minutes,
the time needed to get a clear and homogenous solu-
tion. The atomic concentration of Fe was 5% of Zn
in the solution.

Characterization

The surfaces morphologies of the prepared
u-ZnO and ZnO:Fe were examined by a VEGA3
SEM. The structural characterization of the films
was analyzed using a Siemens X-ray automatic dif-
fractometer D500 series. The diffractometer reflec-
tions were taken at room temperature and the values
were swapped between 20° and 90° with the CuKaL
radiationand low scanning speed of 0.03°/min., with
an incident wavelength of 1.54056 A. The optical
transmittance measurements of the investigated thin
films were performed with UV-Visible Spectropho-
tometer (Thermo-electron corporation model), the
optical band gaps and Urbach energies were
deduced. For the optical transmittance with an
integrating sphere in the wavelength range from 190
to 900 nm, the valence states of the elements in ZnO
and ZnO:Fe were determined by VG Multilab 2000
XPS, and finally we used MET JEOL JEM 2100F
model for the EDS characterizations.

RESULTS AND DISCUSSION
Scanning electron microscopy

Figure 1 shows the SEM images of ZnO:Fe
(Fig. 1a and b) and u-ZnO (Fig. 1c and d). The sur-
face of the thin films is homogeneous in all scanned
areas of the samples. A ZnO:Fe film has shown an
increase in the crystallite size. SEM images clearly
showed that Fe-doping has an important role in
changing the structure and improving the crystallini-
ty of ZnO films [9, 11].

Wrinkles appeared in all samples with the same
thickness but were more distinct in doped ZnO. To
understand the origin of the wrinkles, both u-ZnO
and ZnO Fe- thin films were cut in transverse and
inclined at 45 degrees as shown in Figure 2. The
volumes and the surfaces of these layers were uni-

form, dense, and well sintered. Moreover, an inter-
connected structure of a thickness over 0.33
micrometers and a little peeling of the layer was
observed in the u-ZnO, caused by a compressive
stress near the surface. Furthermore, the layers of
ZnO:Fe were under a compression micro-stress
while the layers of u-ZnO had neither micro-
wrinkles nor stress. These observations were in good
agreement with the calculated stress by the XRD.

Additionally, cracks were observed in the end of
the layers surfaces due to an internal stress resulting
from the rapid cooling of the sample, i.e. a thermal-
shock. Crusts were observed in the surface of
ZnO:Fe as a result of the amorphous nature of the
substrates.

X-ray diffraction spectroscopy

The crystallinity and the preferred crystal orienta-
tion of both the u-ZnO and ZnO:Fe thin films were
analyzed by the XRD. Figure 3 shows the XRD
patterns of u-ZnO and ZnO:Fe thin films. In all
samples, the peak position agrees well with the
reflections of a hexagonal quartzite type structure of
polycrystalline ZnO (JCPDS Card No. 36-1451). We
noticed the absence of the iron oxide phase such as
iron (I1) oxide (Fe,O;) or others phases in the
Zn0O:Fe.

Where dyy is the lattice spacing, 6y is the angle
of the incidence or the Bragg diffraction, A is the
wavelength of the radiation, and n is the diffraction
order (n = 1, 2,...). The lattice constants were
deduced from the XRD results using the following
equation:

2d,,, sin6,,, = nA. (1)

The lattice constants a and ¢ of the u-ZnO and of the
ZnO:Fe thin films are reflected in Table 1 and
Table 2, respectively. The lattice constants are in
agreement with the standard value from the CPDS
Card No. 36-1451, where a, = 3.249 A and
Co = 5.202 A. From equation (2), we deduce the cell
volume using equation (3):

2 2 2
FAEeL e
V= ?azc =0.866a°C. (3)

The lattice spacing (d), intensity (1) of a plane
(hkl) and the angle of diffraction (20) at the phases
identified along with (hkl) planes of the thin films
are given in Table 1 and Table 2 for the u-ZnO and
Zn0O:Fe, respectively.
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Fig. 1. SEM images of (a) and (b) ZnO:Fe thin films with magnification of 5,000 and 75,000, respectively, and (c) and (d) of u-ZnO
thin films with magnification of 5,000 and 75,000, respectively.

100 nm

100 nm

Substrate

100 nm
—

100 nm

Fig. 2. SEM images of (a) and (b) ZnO:Fe thin films with magnification of 110,000 and 180,000, respectively; and (c) and (d) —
u-ZnO thin films with magnification of 100,000 and 120,000, respectively.

Fig. 3. XRD patterns of u-ZnO and ZnO:Fe films.
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Table 1.The diffraction angle (26), lattice spacing (d), intensity (1) and crystallite size (D) of u-ZnO thin films

(k) | 20) | dA) | DA | BO | 1@u) | 200)* | dA** | lueo** | A0C)
(100) | 3173 | 282 | 4710 | 0173 | 754 | 317771 | 2813 | 564 | 00471
(002) | 3442 | 260 | 4239 | 0194 | 1754 | 344329 | 2.601 | 414 | 0.0129
(101) | 3622 | 220 | 4134 | 0200 | 2236 | 36.2641 | 2475 | 999 | 0.0441
(102) | 4751 | 191 | 4092 | 0210 | 549 | 47.5543 | 1.1 216 | 0.0443
% (110) | 5658 | 162 | 3556 | 0251 | 536 |56.6118 | 1.624 | 312 | 0.0318
(103) | 6283 | 147 | 3344 | 0275 | 776 | 628785 | 1476 | 275 | 0.0464
(200) | 6635 | 141 | 3967 | 0237 | 104 | 66.3964  1.406 41 0.0464
(112) | 6796 | 138 | 3867 | 0245 | 440 | 67.9695| 1.378 | 222 | 0.0095
(201) | 69.08 | 136 | 3981 | 0240 | 176 | 69.081 | 1.358 | 109 | 0.0281

*20(%), is the theoretical value of the diffraction angle, **d(A) is the theoretical value of the lattice spacing, and

***|1eo IS the theoretical value of the intensity.

Table 2. The diffraction angle (20), lattice spacing (d), intensity (I) and crystallite size (D) of ZnO:Fe thin films

(k) [ 200) | d&) | DA) [ O | I@u) | 2000 | dA)* | lue* | 40()
(100) 31.65 2.825 502.2 0.162 400 31.7771 2.813 564 0.1194
(002) 34.33 2.605 498.5 0.160 2002 34.4329 2.601 414 0.0911
(101) 36.16 2.482 250.5 0.330 2427 36.2641 2.475 999 0.0921
2 (102) 47.38 1.917 490.5 0.170 833 47,5543 1.910 216 0.1576
(2 (110) 56.40 1.632 356.7 0.250 339 56.6118 1.624 312 0.2016
N (103) 62.69 1.481 414.2 0.220 1057 62.8785 1.476 275 0.1724
(200) 66.21 1.410 521.3 0.180 62 66.3964 1.406 41 0.1682
(112) 67.76 1.382 495.4 0.190 547 67.9695 1.378 222 0.2010
(201) 68.88 1.362 500.0 0.190 229 69.1081 1.358 109 0.2182

*20(°), is the theoretical value of the diffraction angle, **d(A) is the theoretical value of the lattice spacing, and

***|heo IS the theoretical value of the intensity.

The mixing of the dopant with the host matrix of
ZnO is clearly indicated by the variation of the lat-
tice constants and by the slight shift of the diffrac-
tion peaks. In addition, this slight displacement is
related to a state of stress of materials. The residual
stress (s) in the thin films plane can be calculated
using the biaxial strain model along the c-axis direc-
tion according to equation below as in [12]:

s(GPa):—233C;C° :

0

233

(4)

where  the  constant is to

[2C%-Cy(Cy+Cy) ]/ 2C,,.

CJCPDS = Co = 5.202 A, Cll = 209.7 GPa,
Cin 121.1 GPa, Cy; 105.1 GPa, and
C33 = 210.9 GPa are the elastic stiffness constants of
the bulk zinc oxide. The lattice constant (C) is com-
pressed, indicated by the negative values of the
residual strain of the thin films (see Table 3). Con-
sequently, the layers are under a compressive stress,
due to the nature of the substrate.

The average grain size was calculated using the
Debye Scherrer’s equation [9] and is given in
Table 3. We remark here that the crystallite size
increases in the u-ZnO from 35 nm to 40 nm after
iron incorporation in the zinc oxide thin films. The
crystallite size measurements agree well with the
SEM observation.

equal

Optical characterization

The reflectance spectra of both u-ZnO and
ZnO:Fe thin films are shown in Figure 4.

The reflectance was less than 20% in the visible

region. The absorption (o) of the thin films was
measured from the transmittance spectra, and the
optical band gap Eg; was deduced from the following
equation:
. (®)
where hv is the photon energy, E, is the band gap,
A is the edge parameter and n = 1/2 in the case of
ZnO which is one of the most important multifunc-
tional n-type direct band gap semiconductors [13].
The optical band gaps E4 of both u-ZnO and ZnO:Fe
films are illustrated in Figure 5.

The band gap for the u-ZnO thin films was
3.31 eV and for the ZnO:Fe ones — 3.19 eV. The
change of the optical band gap of ZnO:Fe may be
attributed to the band shrinkage effect because of
increasing carrier concentration.

It is also assumed that the absorption coefficient
near the band edge shows an exponential depen-
dence on the photon energy as is given by equation
(6) asin [9]:

a=A(hv-E,)

a=o,exp(E/E,), (6)
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Table 3. Structural parameters of u-ZnO and ZnO:Fe thin films

a(A) c(A) V‘(’/':\”J)“e Sigg'zﬂ | c/a S(GPa)
U-Zno 3.262 5.206 47.92 35 15941 | -0.179162
ZnO:Fe 3.254 5.211 4778 40 16014 | -0.403114
ZnO JCPDS card | 3.249 5.202 4759 - 16.023 _

Fig. 4. Reflectance of u-ZnO and ZnO:Fe films.

where E is the photon energy, oy is a constant and Ey
is the Urbach energy which refers to the width of the
exponential absorption edge. The Urbach energy is
the width of the bands of localized states in the band
gap. The Urbach energys Ey of both u-ZnO and
ZnO:Fe films are illustrated in Figure 6.

Fig. 6. Urbach plots (inset plots) of u-ZnO and ZnO:Fe films.

Table 4. Optical parameters of u-ZnO and ZnO:Fe thin
films

Transmission (%) | Eg(eV) | Ey(meV)
u-ZnO 88.5 3.31 401.606
ZnO:Fe 87.2 3.19 344.827

The Ey values were in the range of the previously
reported values (0.1-0.6 eV) [14]. Our results
showed a decrease in the Urbach energy due to the
donor levels of zinc atoms interstitial. The optical
parameters of the u-ZnO and ZnO:Fe thin films are
summarised in Table 4.

Fig. 5. Plots of (ahv)? versus (hv) of u-ZnO and ZnO:Fe films.

X-ray photoelectron spectroscopy characterization

The element bonding of ZnO:Fe films was exa-
mined by the XPS and is-shown in Figure 7. The
high-resolution scanning information provided in
Fig. 8a,b and c is for the separate analysis of three
elements: oxygen, zinc, and iron, respectively.

The corresponding XPS results of the annealed
ZnO:Fe thin film shows the high-resolution XPS
spectra of Zn2p, O1s, and Fe2p. The binding energy
of the Zn2ps, remains to be 1020.48 + 0.10 eV. This
shows that Zn exists only in the oxidized state [9].
The O1s peak can be consistently fitted by three
components centered at 52948 + 0.10 eV,
531.04 £ 0.10 eV, and 529.11 + 0.10 eV, respective-
ly. A low binding energy component centered at
529.48 £ 0.10 eV of the O1s spectra is attributed to
O? ions on the quartzite structure of a hexagonal
Zn* ion array, surrounded by Zn atoms with their
full complement of nearest-neighbor O* ions [15].
A high binding energy component located at
531.04 £ 0.10 eV is probably attributed to the
presence of loosely bound oxygen on the surface of
ZnO:Fe thin films and a low binding energy
529.11 £ 0.10 eV s attributed to the diatomic anion
OH [9].

Figure 7 shows that the binding energy values of
Fe2p are 710.47 + 0.10 eV and 723.62 = 0.10 eV.
The component centered at 723.62 eV based on the
Gaussian fitting achieved with 5 at.% iron concen-
tration and heat treatment at 580°C in the ambient
air, was a characteristic of Fe** [16]. This characte-
ristic confirmed that Fe** ions were introduced into
the ZnO crystal lattice because the Fe ions (0.55 A)
have shorter ionic radii than Zn ions (0.74 A). The
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Fig. 7. XPS survey spectrum of ZnO:Fe thin films.

Fig. 8. XPS spectrum data of narrow scan: Zn2p3/2 (a), O1s (b), and Fe2p3/2 (c) of ZnO:Fe films.

major Fe ions in ZnO:Fe polycrystalline are con-
firmed by the XPS studies. No metallic iron peak
centered at 72.7 £ 0.06 eV appeared in the XPS
results. This is in good agreement with the resultant
of no Fe,Os3 or other second phase obtained. The Fe
content is estimated to be about 6.5 atomic percent
(at.%) from the analysis of the XPS spectra. Fur-
thermore, to determine the concentration in these
samples, the EDS analysis was performed and traced
in detail.

Energy-dispersive spectroscopy characterization

In order to determine the elements of the pre-
pared samples of u-ZnO and ZnO:Fe thin films, the
EDS analyses were performed and the results are
shown in Figure 9.

The EDS spectra indicate that the films
as-prepared mainly contain three elements: Zn, O,
and Fe. This is good agreement with the results of
the XPS spectra. Apart from that, the Cu and C
peaks in the EDS originate from the TEM
micromesh grid. The Al, Si, K and Ca elements
presented in Table 5b originated from the nature of
the glass substrate used.

The characteristic peaks of O appeared at 0.5 keV
in u-ZnO and at 0.54 keV in ZnO:Fe while the
characteristic peaks of Zn appeared at 1.06 keV in
u-ZnO and at 1.1keV in ZnO:Fe [17]. The results
clearly showed that the films were mainly composed
of zinc and oxygen, the atomic ratio ([O] / [Zn]) was
1.17 for undoped layers and 1.47 for doped ones. In
addition, these high ratios indicated that the films
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Fig. 9. EDS spectra of u-ZnO and ZnO:Fe thin films.
Table 5a. The EDS analysis of u-ZnO and ZnO:Fe pure ZnO thin films

Element AN series [wt.%] N.wt%* | N.at%* Error wt.% *
Oxygen 8 K-series | 19.87151 | 19.87151 | 50.12324 0.475557
Silicon 14 K-series | 2.973969 | 2.973969 | 4.273327 0.106216
Zinc 30 K-series | 69.89081 | 69.89081 | 43.13408 1.456861
Tin 50 L-series 7,263704 | 7.263704 2.46935 0.206076
Sum 100 100 100
Table 5b. The EDS analysis of ZnO:Fe thin films
O Al Si Cl K Ca Fe Zn
Position 1 53.666 0 1133 | 2.240 | 1.050 | 0.244 | 5296 | 36.372
Position 2 51.123 | 0.041 | 1.659 | 1.047 | 0.737 | 0.420 | 3.096 | 41.883
Position 3 52.049 | 0.733 | 3.039 | 4532 | 2156 | 0.464 | 5.694 | 31.332
Position 4 40.787 | 0905 | 3.668 | 3.675 | 1.416 | 0.652 | 5.438 | 43.459
Mean value 49.406 | 0.420 | 2.374 | 2.873 | 1.340 | 0.445 | 4.880 | 38.262
Sigma 5.8417 | 0.4669 | 1.1789 | 1.5414 | 0.6106 | 0.1677 | 1.2036 | 5.5292
Sigma mean 2.9208 | 0.2334 | 0.5895 | 0.7707 | 0.3053 | 0.0838 | 0.6018 | 2.7646

were rich in oxygen. The Fe peaks were observed in
ZnO:Fe polycrystalline at 1.25 keV and 6.38 keV,
which indicates that a ZnO:Fe semiconductor was
successfully synthesized by the sol-gel method and
Fe** ions occupied the place of the Zn?* ions in the
sample, as is confirmed by the XPS studies, XRD
data, and UV-spectra. The solutions' dosage and the
doping of the films have been demonstrated by the
EDS studies and the values of the EDS analysis are
resumed in Table 5a and Table 5b.

To sum up, the EDS results indicated that thin
films of a high quality of both u-ZnO and ZnO:Fe
were obtained.

CONCLUSIONS

Both u-ZnO and ZnO:Fe thin films have been
prepared by a sol-gel process using the technigue of
coating. The doping has displayed its important role
in changing the structure and improving the crystal-
linity of polycrystalline ZnO whose the layers of the
as-grown films were under a compressive stress, as
was supported by the SEM and XRD analyses. The

mixing of the dopant with the host matrix of ZnO
was clearly illustrated in the optical transmittance
measurement (UV-VIS) via decreasing the optical
band gap and expanding the Urbach tail, which was
confirmed by the XPS studies. The solutions dosage
and the doping of the films have been demonstrated
by the EDS studies that indicated a high quality of
both u-ZnO and ZnO:Fe thin films.
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Pedepar

ToHKHME TIEHKHM HENErnpoBaHHOTO OKCHIA LIMHKAa U
OKCHJIa LIHKA, JISTUPOBAHHOTO KEJIC30M, OCaXKIalH 30J1b-
TEJIEBBIM METOJOM TIOJYYCHHUS IOKPBITHS OKYHaHHEM.
Homunanehoe otHomenne Fe/Zn B o6beme pacTBopa
6buto 5%. Brumm mccnenoBansl 3 QexTsl BKIOUeHNS Fe
Ha MopdoJoTHYeCKUe, CTPYKTYPHBIE M ONITHYECKHE CBOI-
CTBa IJICHOK OKCHJA IIMHKA. MI3MepeHust MeToI0M CKaHH-
pYIOIIEeil 3IeKTPOHHOW MHKPOCKOITMH TOKa3ald, 4To Ha
MOP(OJIOTHIO TIOBEPXHOCTH TOJYYEHHBIX TOHKHX TUICHOK
BJIMSUIO JIONTMPOBaHME Jkelie30M. PeHTrenosckue qudpak-
TOTpaMMbI TOHKMX IUICHOK IOKAa3aJld, YTO JIETUPOBaHHE
MIPUBOJIUT K CYIIECTBEHHBIM H3MEHEHHSIM B CTPYKTYPHBIX
XapaKTepUCTUKaX TOHKUX IuieHOK ZnO. W3mepeHus
ONTHYECKOTO TIOTJIOIICHUS. YKa3blBAIOT Ha IIHPHUHY
3alpemieHHon 30HbI B jamama3oHe ot 3,31 mo 3,19 sB.
PenTreHoBcKo# (HOTOANEKTPOHHOM CHEKTPOCKOIHNH TTOKa-
3aHo, 4yro Fe Brmouyen B marpuiy ZnO c¢ 6,5 ar.%.
UccnenoBanuss METOIOM 3HEProAMCIIEPCUOHHOM CIIEK-
TPOCKOMHMU TMOKa3zanu obpazoBanre ZNO ¢ BBICOKOM
3¢ HEKTHBHOCTHIO.

Kniouesvie crosa: 301b-2enegvle NOKPuIMUsL OKYHAHU-
em, nonuxpucmaniuveckur ZnO, Fe-reeuposannvii ZnO,
CKAHUPYIOWAst IAEKMPOHHASE MUKPOCKONUS, DEHM2eHO8-
cKkas Qudpaxyusi, ONMUHecKasi CHeKmMpOCKONUsl, peHmae-
HOBCKASL (DOMOINIEKMPOHHAS CHeKMPOCKONUSL, IHEP2OOUC-
NePCUOHHASL CHeKIMPOCKONUSL.
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[IpencraBneHa HOBast yIPOIICHHAS MOZEH 3JIEKTPUIECKOro BeTpa B Bo3ayxe. [lomydeHo BeIpaxke-
HUE JJI CKOPOCTH U3MEHEHUS TTOTOKa AJIEKTPOHOB Ha BHEUTHEH rpaHuIle Yyexiia KOpOHHOTO pa3psiaa.
[TokazaHo, 4To A1 MOACTUPOBAHUS IEKTPUUECKOTO BETPaA MPU OTPUIIATEIHHON MOJISPHOCTU BBICO-
KOBOJITHOTO DJICKTPOAa HEOOXOAMMO YYHTHIBATH BO BHEIIHEH 30HE HE TOJBKO OTPHUIIATCIBHBIC
HOHBI, HO U 2JIeKTpOoHBI. [IpoBeneHo comocTaBiieHue NPEeAoKEHHON U TPaAULIMOHHON KOMIIBbIOTEP-
HBIX MOJIEJIeH IEKTPUUECKOTO BETPA B CUCTEME UIJIA-TOP.

Knrouesvle cnosa: kopounvlil paspso, s1ekmpudeckuti 6emep, YHUROIAPHOE RPpUbIudICeHue, opetigho-
60-0Updy3uonHOe NPUOUICEHUE, KOMNLIOMEPHOE MOOETUPOBAHUE.
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DJeKTpUUECKUi BEeTep — TEUCHHE ra3a, BbI3BaH-
HOe KOpoHHBIM paspsiom [1]. Kak mpasumo, 310
TOHKas WHTCHCHUBHAs CTpPys, HalpaBlICHHAs OT
BBICOKOBOJITHOTO 3JICKTPO/Ia K 3a3€MIICHHOMY.

O dekTsl, cBI3aHHBIE C ANEKTPUICCKUM BETPOM,
UTPAlOT CYIIECTBEHHYIO POJb B MPOMBIIUICHHBIX
snexkrpodmasTpax [1]. UccmemayroTes BO3MOKHOCTH
IPUMEHEHUsSI AJICKTPHUYECKOTO BETpa ISl OXJIaxIe-
HHsL TBEPIbIX MOBepxHOCTe#l [2-5], co3manus nera-
TENbHBIX ammapatoB [6—7]. MMeroTcs sKkcnepuMeH-
TaJbHbIE CBHICTEILCTBA TOTO, YTO IJIEKTPUUCCKUI
BETEp MEHSET MPOQHIb OOTEKaHHs Pa3IMYHBIX TEIl.
Tak, B pabote [8] MeToOM J1a3epHON aHEMOMETPHU
mo m3obpakennsm uacturr (“Particle Image Veloci-
metry”) ObLIO MHPOJEMOHCTPHPOBAHO  BIIUSIHUE
KOPOHHOTO pa3psiia B CUCTEME 3JIEKTPOJIOB MPOBOJ-
IJIOCKOCTh HAa TIOTOK, OOTEKalomuil IuiacTuHy. B
OpPOJOIDKEHHE 3TOro ucciemoBanus [9] skcnepu-
MEHTAJIbHO M3y4Yallach BO3MOXHOCTh PEryJIHPOBAThH
NOTOK HaJ IUIOCKOH IUIACTHHOW IOCPEIACTBOM
KOpOHHOTO paspsga. B paborax [10-13] mposeneno
KOMITBIOTEPHOE ~MOJICIUPOBAHHUE  DJICKTPUICCKOTO
BETpa B YHHUITOSIPHOM MPHUOIMKEHUH JUTS HCCIIEI0-
BaHMs BJIMSIHUS KOPOHHOTO paspsiia Ha oOTeKaHue
BO3JyXOM pa3auuHbIX Tei. B pabote [14] mpoana-
JU3UPOBAHA POJIb HJIEKTPHYECKOrO BETpa B CHCTEME
OYHMCTKH BOJBI OT OPraHMYECKHUX 3arps3HEHHI.
ITokazaHo, 4TO ANIEKTPUYECKHUII BETEP CYLIECTBEHHO
YBEJIIMYMBACT CKOPOCTh TMPOHUKHOBEHHsS O030HA,
IPOU3BOJMMOIO B YeXJie KOPOHHOTO paspsaa, B
BOIY W, KaK CJIEJCTBHE, BIHUSICT Ha CKOPOCTh OYHCT-
KH BOJIbI OT 3arpPsI3HCHHUSL.

Pacuer snekrpuyeckoro Berpa TpedyeT ormmca-
HHS KaK a’pOJAMHAMHUKH BO3/yXa, TaK M Pa3psiIHBIX
MpPOLIECCOB. DTH MPOLECCHl UMEIOT CYIIECTBEHHO

pa3Hble MPOCTPAHCTBEHHBIM M BPEMEHHOM MacIlTa-
OBl, B CBSI3U, C YeM YHCICHHBIA pacyer 3agadd o0
ANEKTPUIECKOM BETpe TpeOyeT 3HAYUTEIBHOTO Bpe-
MeHH 1 00bemMa mamsaTH. [loaToMy akTyasieH BOIIpoc
00 yIIPOIIEHHBIX MOJICTISX STIEKTPHIECKOTO BETPA.

I'PAHUYHBLIE YCIIOBUA
JJI YHUITOJIAPHOI'O ITPUBJIMDKEHU A

Paccmorpum ciayuyall OTpULIATENBHOM IOJIIPHO-
CTU BBICOKOBOJBTHOTO 3JiekTpoja. KopoHHbIN pas-
PSAA AETUT MEXINEKTPOIHBIA MPOMEXYTOK Ha JIBE
HepaBHble oOmactu. K ocTpHio BBICOKOBOJIBTHOTO
AJNIEKTPOJAa MPUJIEraeT 4eXojd, B KOTOPOM BBICOKA
KOHLIEHTpalUsl 3JIEKTPOHOB U IOJOXKUTENbHBIX
WOHOB M HAYT MOHH3ALMOHHBIE MPOIECCHI, Xapak-
TEPHBIM pa3Mep 4Yexia ropa3fgo MEHbIIE MEXIIIEK-
TpogHOTO pacctosiHus. OCTaBIIylOCSd YacTb MeEX-
3NEKTPOJTHOTO TIPOMEXYTKa 3aHUMAaeT BHEIIHSA
30Ha, B KOTOpPOH KOHILIEHTpPAlUs OTPHULATEIbHBIX
HMOHOB 3HAUUTEIbHAS, a JIEKTPOHOB U MOJOKUTEIb-
HBIX HOHOB IOYTH HET.

OOBIYHO YTIpOIEHNE AOCTHIAeTCs 3a CYET Iepe-
X0/a K T.H. YHHUIIOJISIPHOMY MPHOINKEHUIO, B KOTO-
POM OTKa3bIBalOTCSI OT PACCMOTPEHHS HMOHOB, MPO-
THUBOIOJIOKHBIX IO 3HAKy KOPOHHUPYIOIIEMY 3JIEK-
TpOIy, U 3NEKTpOoHOB. [Ipu 3TOM 00BEMHAsT 00J1ACTh
Yyexja KOPOHBI 3aMEHSIETCS TPaHUYHBIM YCJIOBHEM
Ha KOPOHUPYIOUIEM JIEKTPOJE, KOTOPOE OMUCHIBAET
MOHU3aIMI0 B 4exiie. Mcnonp3yioT pasHble QOpMEI
3TOr0 rPaHUYHOIO yCJIOBUS. B OCHOBHOM MpHUMEHS-
forcs nBa moaxona (B o63ope [15] mpuBenen mpen-
CTaBUTENBHBIA CHHCOK paboT MO MOIENHUPOBAHHUIO
JJIEKTPUYECKOTO BETpa C yKa3aHHUEM HCIIOIb30BaH-
HOT'O THIIA TPAHUYHBIX YCIOBHUH).

[IepBbIil TOAX0 COCTOUT B UCHOJB30BAHUH JKC-
MEPUMEHTAIBHON BOJIBT-aMIIEPHOH XapaKTEPUCTH-
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ku. OmHuM U3 Hamboyee PacIpOCTPaHEHHBIX MOI-
XOJIOB SIBJISICTCS TOT, NMPH KOTOPOM 33JaeTCs IUIOT-
HOCTh MOTOKA OTPHUIIATENLHBIX HOHOB j. KaKk (PyHK-
UsI HANPSDKEHHOCTH 1mos E:

J(E) = C-(E-Eo). M)

Koucrantet C u E; mogOuparor Tak, 4TOOBI
MOJ€eNbHas BOJIbT-aMIIepHas XapaKTepUCTHKA
(BAX) coBmaznana ¢ sKCriepuMeHTaIbHOU. OTMETHM,
YTO, XOTS CBSI3b TOKA M HampsbkeHHOCTH Tons B (1)
siBisieTcst muHenHo, BAX B Takoit Monenn kBaapa-
taunas: | = AU(U-Ug) — mpu COOTBETCTBYIOIIEM
BbIOOpE KOHCTaHThI C HAMPSDKEHHOCTH IMOJIS OCTaeT-
Csl Ha YPOBHE, He CHIIbHO TipeBbImatomeM Ey. Heno-
CTaTKOM JaHHOI'O IMOJAXO0Ja SIBJISICTCS, OYEBUIHO, TO,
yro mpu Jt000H Momudukanuu reomerpun BAX
W3MEHUTCS U TMPUIETCS CHOBA U3MEPSTH €€ B IKCIIE-
pumenTe u moabupate 3Hadenus C u Eo.

Bropoii moaxos 3akiro4yaeTcs B HCIOIb30BaHUU
YCIIOBHUS TIOCTOSIHCTBA HANPSKCHHOCTH Ha TOBEPX-
HOCTH aKTUBHOTO 3JIEKTPOJIA!

E = const.

()

B KauyecTBe KOHCTAHTBI HCIIOJB3YIOT 3HAYCHUS,
OM3KHE K KPUTHIECKON HAMPSHKCHHOCTH B BO3IyXE
(25 xB/cm), aas THIMHAPHYECKOTO 3IEKTpoaa 6epyT
tdopmyny ITuka [16]. Ycmosue (2) B 0bmeM ciyuae
HE TPHUMEHHMO JUIAi BCEr0  BBICOKOBOJBTHOI'O
3IIEKTPOIa, MOITOMY HEOOXOAUMO 3aBEIOMO BhIJIE-
JIUTh KOPOHHPYIOUIYI0 00JAaCTh HA HEM, YTO TpPE-
CTaBJIAIET IPOOIIEMY.

Takke NPUMEHSIOTCS AHATUTHYECKHE OICHKH
JUTSI KOHKPETHBIX (hOPM 3JIEKTPOJIOB, OCOOCHHO IS
UIHHApHYEecKoro 3ektpona [17]. CymecTtByoT u
NPUHIUIAAIBGHO JpPyTrue Mmoaxoiasl. Hampumep, B
[18] samaercs MIOTHOCTH OOBEMHOTO 3apsijia Ha
KOPOHHUPYIOIIEH MOBEPXHOCTH DIIEKTPOIA.

Takum 06pa3oM, ecTh HECKOJBKO IIUPOKO YIIO-
TpeOJIIEMBIX METOJIOB, OJHAKO y KaKIOTO M3 HHUX
MMEIOTCsI CYIEeCTBEHHbIE HemocTaTku. Jlanee Oyner
NpeioKeHa HoBas (GopMa TI'PaHUYHOTO YCIIOBHS,
KOTOpas MOXET HOCHTh 0oJiee yHHUBEpPCAIbHBIN
Xapakrep.

I'PAHUYHOE YCJIOBUE
HA CKOPOCTb U3BMEHEHU S [IOTOKA

PaccmoTpum npeiidoo-auddysznonnoe npudiu-
KEHUE, Jaioliee YAOBICTBOPUTEIBHOE OMHCAHUE
CTPYKTYpBI HE TOJBKO BHELIHEH 30HBI, HO M YexJia
[19]. D10 mpubIMKEHHE YACTO WMCIOIB3YETCS IS
pacyeToB pa3psAHBIX MPOLECCOB, B T.4. KOPOHHOTO
paspsna [20-22]. ByaeM paccMmaTpuBaTh KOPOHHBIH
pa3ps Ha BBICOKOBOJBTHOM OJJIEKTPOAE OTPHIla-
TEJIbHOW MOJISIPHOCTH.

Yexon — o0macTb KOPOHHOTO paspsijaa, Tae
HANpPSHKEHHOCTh AJIEKTPUYECKOTO TOJIS HPEBBIIAET
KpPUTHYECKOE ISl BO3ayxa 3HaueHue, 25 kB/cm, u
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MPOIECCH MOHM3AINY TOMHHHAPYIOT HaJ MpoIecca-
MU npununanus. [losToMy KOHUEHTpauuen oTpuia-
TENBHBIX MOHOB B 4YeXJIE MOXKHO MpeHeOpedb Mo
CPaBHEHHIO C KOHIIEHTPALWSMH ITOJIOKUATEINBHBIX
WOHOB M 3JIeKTpOHOB. [IpeHedpeskeM Takke mporec-
caMH pekoMOuHanmu, AUPQY3HOHHOH M KOHBEK-
THBHOW KOMIIOHEHTaMH TIOTOKOB 3apsiKEHHBIX
gacturl. C ydYeToM OTOBOPEHHBIX MPHOIKEHUH
cucreMa ypaBHeHHH JpelihoBo-nTupPy3HOHHOTO
MpHOIKEHNST B YeXJie KOPOHHOTO paspsijia hMeeT
CIEYIOUNN BUI:

%+div[—peneEJ=a(E)peneE @)
6nt+ + div[+p+n£] =a(E)p,n,E;

31€Ch N4, Ne — KOHIOEHTPALIMU MOHOB M DJICKTPOHOB,

E - 3JIEKTPUYECKOTO  TOJIS;
ey He MOJBWXHOCTH HWOHOB U 3JICKTPOHOB,;
o — K03 (HUIMEeHT HOHU3AIINH.

IIpu 3TOM rpaHu4HOE YCIOBUE IJIsl YPAaBHEHHUS
HepHucra-Ilnanka Ha KOPOHUPYIOIIEM KaTOJe UMEET
ClenyOLnN BUL!

Je =7i+; 4)

371eCh Y — KO PUIMEHT BTOpHYHON smuccuu [1],
Je M ]+ — aOCONIOTHBIC BEJWYUHBI IUIOTHOCTH TOKA
HIIEKTPOHOB U TIOJIOKHUTEILHBIX HOHOB.

Janee Mbl OyneM cuuTaTh, YTO paclpeaeicHHue
HaNpsHKEHHOCTH B YeXJIe KOPOHHOTO paspsjia ocTa-
€TCsl IOCTOSIHHBIM BO BPEMEHH, XOTSI KOHIICHTPAINU
HOHOB U 3JICKTPOHOB MOTYT MEHSThCs. Takoe mpe-
MOJIOKEHUE OMHMPAETCs] Ha W3BECTHOE CBOWMCTBO
TIOCTOSIHCTBA HAIPSHKEHHOCTH MOJIS B YeXJie KOPOH-
HOTO paspsga NpH BapHallMM HANPSDKEHHUA. IJTO
yCIIOBHE, B YacTHOCTH, HCIONB3YETCS B MOJEIH
Jeiiua-TTonkoBa [1]. Ilpu sToM pacmpeneneHue
HaNpsHKEHHOCTH SIBIISICTCS. HEOJHOPOJHBIM B MPO-
CTpaHCTBE.

IToCKONBKY WHe>>[4, XapaKTepHOE BpeMs ycTa-
HOBJICHHSI pACIpECTICHUs] DIICKTPOHOB B deXJie
ropa3zio MEHBIIE, YeM AaHAJIOTHYHOE BpeMs It
TIOJIOKUTENBHBIX MOHOB. [lo3TOMY Oyaem cuuTath
pacrnpeneneHne dIeKTPOHOB KBa3HUCTAI[HOHAPHBIM.
PaccMOTprM a0COJIOTHBIE BEJIMYUHBI TOTOKOB je, j+
KaK MCKOMbIC (DYHKIINH:

HaIlpsAKECHHOCTh

div[+j.&]=a(E) ]

1 9 . . .
Jt*+d|v[—j+eE]=a(E)Je;

) ()

pE 0
3Mech IS yAoOCTBAa BBEIEH CIMHUYHBIA BEKTOP,
HaIpaBJICHHBIM BIOJb CWJIOBOW JMHUU DJIEKTpUYE-
CKOr0 TOJIA B CTOPOHY OT KOPOHHMPYIOLIETO 3JIEK-
Tpona:

~-EJE.

IIyctb S — KoOpaWMHATa BAOJb CUJIOBOM JMHUU
QJICKTPUYCCKOI'O IOJIA. C)ICJ'IaCM CJICOAYIOIIYO 3aMe-
HY UCKOMBIX (yHKITHH:

é.E



Je (s.t) =1, (s,t)exp{—j‘ds' div éE}x
0 (6)

j+(s,t)=J+(s,t)exp{—j;ds'div éE}.

OU3NUECKU CMBICIT 3aMEH MOXXHO MOSICHHTB,
UCIIOJIB3Ys TOHsATHE TPyOKH Toka (puc. 1). Paccmot-
pUM CeueHHE TPYOKH TOKa B HEKOTOPOH MPOMEKY-
TOYHO Touke S (ceueHue S,). IlmoTHOCTH TOKa
Jer+(S) — oTHOWIEHKE TOKA B TPYOKE le+(S) K mutomau
ceuenust Tpyoku Sy(S). @yukims Je+(S) — oTHOMIIE-
HHE TOKa B TpyOke l¢+(S) B cedenun S; x momann
CEeYCHMs] TaHHOW TPYOKHM y HOBEPXHOCTH KOPOHH-
PYIOILIETO 3JIeKTpoaa Si.

fit.

Puc. 1. K BeiBOmy rpannuHoro ycnoBwus. “f.t.” — TpyOka Toka,
“C.e.” — KOPOHUPYIOIIHUIA ITEKTPO/I.

MaremaTtryecku 3ameHa (6) Mo3BOJSET MEPEUTH
B ypaBHeHHAX (5) OT IUBEPTEHIMH K IPOM3BOIHOM
BJIOJIb CHUJIOBOM JIMHHUH DJIEKTPUYECKOTO TOJIS:

%za(E)Je(s,t),
1 a8l (st) & (st
wE(s) ot os

VYpasuenue (7.1) naterpupyercs:
J.(s,t)=3.(s= O,t)expﬁ'ds'a(E(s'))}. ©)

Jnst uHTerpupoBaHus ypaBHeHus (7.2) caenaem
3aMeHYy IepEMEHHBIX!

{s.t} —>{y(s,t)=s, e(s,t)=t—zu+g—s('sl)}

3nech b — rpaHmia yexma KOpOHBI, TO €CTh TOYKA,
rJIe HATPSDKEHHOCTH TIOJISl paBHa KpUTHYECKOH. Du-
3MYECKHH CMBICI MEpPEeMEHHOM 0 cieayromuii: ecinu
HOH B MOMEHT BPEMEHH { HAXOAUTCS B TOYKE S, TO B
Touke b (To ecTh Ha rpaHUIIE YeXiIa) OH HAXOIMICH B
MoMeHT BpeMmenu 0. [Ipu IBMKEHUHM HOHA 3HAYCHHE
ero mepeMeHHOU 0 ocraeTcs HeM3MeHHbIM (pHC. 2),
to ecthb nunus O(t, S) = const — Tpaekropus HOHA B
{s, t}-xoopauHaTax.

B HOBBIX MepeMeHHBIX ypaBHeHHE (7.2) ¢ yueToM
IPaHUYHOTO YCIOBHS (4) BBINISIIUT CIIETYIOIHM
obpazom:

(7.1) @

) ()3, (s.0)

(7.2)

23 (y,0)=
Y (v.0) )

y . ya(Ey'))dy'
=—a(E(y))¥, (o,e ju Jej e

ITI
—_
<

~

60

xtornal .
Xigma: 2one

a

|
m

Sheath boundary

9 =const

Sheath
l =const
C athodc
0

Puc. 2. 3amena nepemennbix {S, t}—{y, 0} u TpaeKTopnn
HOHOB U 3JIeKTPOHOB B {S, t}-koopaunaTax.

Vpasuenue (9) UHTETpUPYETCS, U C YUETOM TOTO,
yto ipu Y = b J; = 0 (HET MOJOKUTEIBLHBIX HOHOB,
MPUXOASAIIMX U3 BHEIIHEH 30HBI B YEXOJI), IMOJTyYa-
eM.:

-J,(y=06)=
b y' dy" Ta(E(y"))dy"
——[dy'a(E(y") y\]+(0,9— — et :
Jore(=0 | 00T e
[Tepexomst K MOTOKY 3JIEKTPOHOB TIPU MOMOLIH
coortHoienuii (4), (6),(8), monygaem:

je (b't):
b ) y! dy" J’ (E(y")d
=|dy'a(E(y") yj{b,t— — e’
Jore(E0r| o[
WurerpansHoe ypaBHenue (10) umeer pemienue

Buna jo(b, t) = exp[vt]. Tapametp v sBAsIeTCS peiie-
HHEM ypaBHEHHS:

- (10)

_vJy'“ gy’ - Jy'a(E(y‘))dy‘

(y))re e

b

1=[dya(E (11)
0

AHanmuTHYecKoe BBIpaKCHUE IS V MOKHO TIOJY-
YUTH TOJBKO B Tpe/esie MaybiX v (TO €CTh MEIIICHHO
MEHSIOILETOCS TOTOKAa HOHOB). /711 3TOTO BBIACIHM
B (11) mon wHTErpasoM OBICTPO PACTYIIYIO (QYHK-
U0 — DKCIIOHEHTY OT uuciaa woHwmsammit g(y), a
OCTaBIIINECS COMHOKHUTENN 0003Ha4nM Kak f(y):

b
1=[dy f (y)e®
0

Y dy'

f (y) _ y(x( E ( y))efvng(y') ;

g(y)=fa(E(y'))dy'-

0
OTMmeTuM, YTO, TOCKOJIBKY Ha TpaHHIE 4exja
y = b sdpdexkTuBHBI KOIPPHUIUCHT HOHU3ZAUK O
obpamaercs B 0, numeeMm:
t(0)=0; 99 (p)-=o.
dy
B cooTBeTCTBHM ¢ aCHMNTOTHYECKHM pa3iioxke-
HHEM MOJJOOHBIX HHTErpaioB [23]:

L)

t d
dy f(v)e?” =~ ei® WY
! y f(y)e o




B pesynbraTe nonyyaem:
-1

b dy’ z“(E(V'))dy'

v=|[———] Invye ~
ng(y')
5 ? dy’ B eiu(E(y'))dY' _1
ol [——| |v .
o, E(y")

IlycTe Teneps pacnpeneneHue Hanps>)KEHHOCTH, a
BMECTE C HUM U V, MOXKET IIJIaBHO MEHATHCS BO Bpe-
MeHHU. B 3TOM ciy4ae v ecTh OTHOIIEHUE CKOPOCTH
U3MEHEHHS TOTOKA 3JIEKTPOHOB K CAMOMY IIOTOKY.
ITosToMy monydaeMm ciefyrollee ypaBHEHHE Ha CKO-
POCTb U3MEHEHUS IIOTOKA:

dj. (b,t) . (b,t)YeM -1,

_ = _—

ot T
? dy' . (12)

M =ia(E(y'))dy'.

XapakTepHOe BpeMsi H3MEHEHHsI pacIpe/ieieHust
SIIEKTPUYECKOTO TMOJIS JOJKHO OBITh HPH 3TOM
CyLIECTBEHHO Oomnbine tT. OTMETHM Cleayromue
cBoiictBa ypaBHeHus (12): cranuoHapHOE pelleHHe
COOTBETCTBYEeT COOTHOIIEHHIO Y€ = 1, To ecTh
W3BECTHOMY YCJIOBHIO BO3HHKHOBEHHS CaMOCTOSI-
TENBHOTO paspsaa [24]; crarpoHapHOe pelieHue He
3aBUCUT OT Kod(duieHTa 1. MOKHO OLEHUTH IMO-
PSIIOK BEJTMYMHBI T. XapaKkTepHasi TOJIIMHA YeXjia
KOPOHHOTO paspsiza b, ~ 107 M [19], xapakrepHsie
HAMPSHKEHHOCTH B YeXJie KOPOHHOTO —paspsia
E.~ 10°+ 10 B/m [19], mOABHKHOCTD MOJIOKUTEIb-
HBIX MOHOB 1. ~ 10™ + 10 M%/(B-c) [24]. Orciona
T~ b "Ect ~ 10 + 10°° ¢. Ecin xapakrepHoe Bpe-
MSI U3MEHEHHS HANpsHKEHHs CYIIECTBEHHO OOJIbIIe
T, PCUICHHE CTAHOBHUTCS KBAa3UCTAI[MOHAPHBIM, TO
ecTh COOTBETCTBYeT ycinoBmio ye¥ = 1. B atom ciy-
Yyae JONyCTHMa 3HAYWTENbHAs IOTPEIIHOCTh B
OIpE/ICIICHHH T.

[NOCTAHOBKA 3AJAYN

3a mpenmenamu dYexJia HANPSODKEHHOCTh Malaet
HIDKE KPUTHYECKOTO YDPOBHS, CYIIECTBEHHBIM CTa-
HOBHTCS TIPOLIECC PUIHIIAHHS, ¥ TIOTOK 3JIEKTPOHOB
OBICTPO MEPEXOAUT B HOTOK OTPULIATEIBHBIX HOHOB.
HIupoxo pacrpocTpaHEeHbl MOZENH, B KOTOPBIX CUH-
TaeTcsl, 4YTO BO BHEIIHEH 30HE BJIEKTPOHOB BOOOIIE
HET, TO €CTb JJIMHY 30HBI, HA KOTOPOH MOTOK 3JIeK-
TPOHOB MEPEXOIUT B MOTOK OTPULATENbHBIX HOHOB,
MOXKHO CYMTaTh TNpeHeOpexxumo Manoil. HazoBem
Takou moaxod “I”’-MoAenpio — B HEW CUMTAETCsl, YTO
BO BHEIIHEH 30HE NMPHCYTCTBYIOT TOJIBKO OTPHILA-
TeJIbHBIE MOHBI. Takxke paccMOTpuM OoJiee MOJIHYIO
“I+E”-monenp, B KOTOPO#l yUUTHIBAETCS KOHEYHOCTh
4acTOTHl NMPHUJIMIAHUS M BO BHEIIHEH 30HE MpPUCYT-
CTBYIOT KaK OTPHUIIATEJIbHBIE MOHBI, TaK U JIEKTPO-
HBL.
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Takum obpazom, B “I+E”-Momenn ympomeHHas
cHUCTeMa YpaBHEHUN UMEET CIEAYIOIINI BU/I!

A= _e(”i;”e); (E=-vo); (3.9

E
[E.va _a(E), 132) 13
p%ﬂ)(\rv)\i =-VP+nAV —e(n,+n,)E; (13.3)
divw =0; (13.4)
% + div[—DiVni —nu,E + ni\ﬂ =4V, N, 13.5)
%+div[—DeVne ~npE+nV|=-v,n.  (136)

PaccmotpuM  monpoOHee ypaBHEHHS CHCTEMEI
(13). Ypauenue (13.1) — ato ypaBuenue IlyaccoHa;
(¢ — DNEKTPUYECKUH MOTEHIMAl, € — a0CONoTHAs
BEJIMUMHA 3apsaa dJieKkTpoHa. YpasHenue (13.2)
CITyXHT U1 HaXOoXJeHus OezpazMepHoro ko3ddu-
ueHTa M — KonmyecTBa MOHM3AIMOHHBIX COyape-
HHUM B COOTHOIIEHHH ¢ ypaBHenueM (12). Ypasme-
Hus Hasbe-Crokca (13.3-13.4) 3amucanbl B NpH-
ONMMKEHNH HEC)KUMAEMOCTH; V — CKOPOCTh BO3YXa;
N — [HIWHaMU4Yeckas BS3KOCTh; P — naBieHwue;
p — IUIOTHOCTh BO3AyXa. YpaBHeHus HepHcra-
ITnanka (13.5-13.6): Nne, Nj — KOHIEHTPALUU SJICK-
TPOHOB M OTPHUIATEIbHBIX HOHOB; De, Dij — cooTBeT-
crBytome kodddumumentsl muddyzum; pe, Wi —
MOJBMKHOCTH; Vit — Y4CTOTA MTPHITHIIAHHSL.

Ecnmn mpeneOpeur Hanmmumem 53JIEKTPOHOB BO
BHemHe# 3oHe (“I”-Mopmens), cuctema ypaBHEHHI
COIEPXKHUT Ha OJHO ypaBHEHHE MeHblIe (0003Haye-
HUS aHATOTHYHEI cucTeMe (13)):

Ap = —?; (E=—ve); (14.2)
(E.vjm —a(E); (142) (14

p%+p(\7 VIV =-VP+naV —enE; (14.3)
divw =0; (14.4)
on,

E+div[—DiVni -nwE+nV]=0.  (145)

Janee OyayT mpeiCTaBICHbl HEKOTOPHIC PE3yJib-
TaThl PACyYeTa 110 U3BECTHON YHHUIIOISPHOU MOJIENH C
JMHEHHON 3aBHCUMOCTBIO IUIOTHOCTH TOKA HOHOB OT
HANMpPsHKEHHOCTH B KA4eCTBE T'PAHUYHOTO YCIIOBHS:
Ji(E) = C(E-Ep). Koadduuuents: C u Ey mondupa-
I0TCS TaK, dYTOObI pacuyeTHas BOJBT-aMIIEpPHAS
XapaKTEepPUCTHKa COOTBeTCTBOBaTa BAX “I+E”-
mozenu. Hazosem a1y moaens “j(E)’-momens. B
o0beMe ISl TaHHOW MOJENH PEIIAIOTCSA yPaBHEHUS
(14.1), (14.3-14.5) (To ecThb ypaBHEHHUS CHCTEMbI
(14) 3a uckIMOYEeHNEM ypaBHEHHUS Ha YUCIO HOHM3A-
[IMOHHBIX CTOJKHOBEHHH M, MOCKONBKY 3Ta (hyHK-
st B “j(E)”-Momenu He ucnonb3yercs). [ paHnuHbie
yemoBuss  “j(E)”-momenu anamormunsr “I”-momenu,



Tabéauua. I'paHuvHbBIC yCIOBUSA
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BricOKOBOJIBTHBIH 3a3eMIIeHHBII Husnextpuyeckast
Ochb cummeTpun
NIEKTPOJ AIIEKTPOJ CTEHKA
v V=0 (V-g)=0 V=0 V=0
¢ o=-U (E-&)=0 ¢=0 (E-n)=0
M (“I”-moness, -
“I+E”-Moznenn) B B M=0 B
“J(E)"-monens ji= C(E-Eq)
ey aj 'YeM _1 H = -
n: I”-mMonens L= .-6)=0 - n-j;)=0
' ot T ' ! ) ( ) )
“I+E”-monenb (ﬁ' Ji ) =0
o, ve" -1. — -
ne (“I+E”-monens) 9 _¥e 2 i Je er) =0 - (n ’ JE) =0
ot T
€MHCTBEHHOE OTJIMYHE — B YCJIOBHM Ha TOTOK TAaJBHBIX JAaHHBIX JIJIS MOJIEIUPOBAHUS HE TpeOyer-
OTPULATEIBHBIX HOHOB HAa  BBICOKOBOJIBTHOM  CA.
JIIEKTPOJE. I'paduku HA puc. 5 AEMOHCTPUPYIOT MPUUHHY

I'pannunbie ycnoBust s cucteM (13-14) mpu-
BeJIeHbI B TaOJIHILE.

B pacuere uCmosp30Banach MOABHKHOCTh OTPH-
narensHblx noHoB 2,8:10% M%/(B-c) [1], moaBmx-
HOCTB JIEKTPOHOB cunTanach paBroii 0,06 m%/(B-c)
(xapakTepHasi BeIMUYMHA JUIS TOJICH HUKE KpUTHYE-
ckoro 3HaueHus — 25 kB/cm [24]). Yacrora npuiu-
nauus  cumramack pasHoit 2-10° ¢t [24] npm
E < 25 xB/cM, mpu Oombineidl HapsHKEHHOCTH
Y4acTOTa NPHINIAHKS IPUHUMAIIACh PABHOW HYJIIO.

MopenupoBanue OBUIO TPOBEICHO B CHCTEME
3MeKTPOo0B Hria-top (puc. 3). Pacuer ocyecTBieH
METOZIOM KOHEYHBIX JJIEMEHTOB B MHPOrPAMMHOM
nakere Comsol Multiphysics.

COIIOCTABJIEHUE MOJIEJIEM

Pesynbratel pacuera mo “I”- u “j(E)”-momensm
OKa3bIBAIOTCS CXOXKUMHM, TOTJa KaK pe3ysbTar pac-
geta o “I+E”-Mozmenn cymiecTBeHHO OT HHUX OTIIH-
qyaercs. Kak Bumno u3 puc. 4, B “I”- u “j(E)”-
MOJIENISIX Ha OCH CTPYH HabIIoAaeTcs ropasuo oomnee
pe3Kkwmii MK ckopocTH, 4eM B “I+E”-momenu. Otcro-
71a MOXKHO 3aKJIIOYHUTH, YTO Y4eT HAIUYHUS SIEKTPO-
HOB ((axrop, oTmuuaronmid “I+E”-moznens ot “I”- n
“J(E)”-mMomeneii) BaxeH Ui KOPPEKTHOrO pacuera
TEYeHUs dIeKTpudyeckoro Berpa. OrTmeruM, YTO
“I”-momenp umeer mnpemmymiectBo nepen “j(E)”-
MOJICJIBIO: JUIA pacyera He TpeOyercs NpeaBapH-
TENIbHOE IOJTyYeHHE BOJIBT-aMIIEPHOH XapaKTepH-
CTHKH, €CJIM HW3BECTCH KOX(PQUINEHT BTOPUYHOM
OMHUCCHHU JUISl OBEPXHOCTH KOPOHHPYIOIIETO HJICK-
Tpoga. B ciydae, ecam Kod(pQHUIMEHT BTOPUYHOU
SMHCCHU HEW3BECTEH, OH MOXKET OBITh OIpeeseH
JUISL TAHHOTO DJIEKTPO/a B OJHOM DKCIIEPUMEHTE,
3aTeM MNpU BapbHPOBAHWU T€OMETPHYECKUX Mapa-
METPOB CHCTEMBI JONOJHHUTENBHBIX 3KCIEPHMEH-

BIIUSTHYSI 3JIEKTPOHOB BO BHEIIHEH 30HE Ha 3JICKTPH-
geckuii Betep. OOpa3oBaHHE 3apsHKCHHBIX YaCTHIL
MPOUCXOANUT 3a CYET yJapHOH HMOHHU3AIMU B 4YEXJIC
KOPOHHOTO pa3psiia, U3 KOTOPOrO BO BHEUIHIOIO
30HY IOCTYIAEeT MOTOK JJIEKTPOHOB. 3aTeM B pe-
3yJibTaTe MPWIUNAHAS DJIEKTPOHOB K HEUTPaIHHBIM
MOJIEKYJIaM BO3HHUKAIOT OTPHIIATEIbHBIC HOHBL. [Ipu
3TOM CpeJHee BpeMs KU3HH 3JIEKTPOHA 10 OTHOIIIE-
HHUIO K mpwinnanuio B moysix ~ 10 kB/cm cocras-
qsier ~ 0,1 MKC — 3a 3TO BpeMs JIEKTPOH yCIIEBaeT
npozapelidoBath Ha paccrosiHMe ~ 1 MM OT uyexa.
Takum o0pa3zoMm, Ha BEIXOJE HM3 YeXja KOPOHHOTO
paspsiia HMMEETCS TIOTOK JJICKTPOHOB, KOTOPBIU
MOCTENEHHO MPeoOpa3yeTcs B IOTOK OTPHIIATENb-
HBIX HWOHOB. [IOJABMKHOCTH D3JIEKTPOHOB Topa3zio
BBIIE  TIOABIDKHOCTH  OTPUIATENBHBIX  HOHOB,
MO3TOMY IPH PABHBIX MOTOKAX KOHIEHTPAIUS DJICK-
TPOHOB TOpa3no Huxe. COOTBETCTBEHHO MEHBIIE U
nx o0beMHBIH 3apsa. [losTomy B ciydae “I”-momenn
HEIOCPEICTBEHHO Yy aKTUBHOTO 3JICKTPOaa Ha0JI0-
JaeTcst 001aCTh 3HAYUTENBHON BEIUYUHBI 00BEMHO-
ro 3apsizia 1 00BEMHOM CHIIBI, JBUKYIIEH BO3aAyX. B
ciaydae ke “I+E”-Momenn mmeeTcs 3a30p MEXITY
AKTUBHBIM 3JICKTPOJOM M OOJIACTBIO COCPEIOTOYe-
HUS KYJIOHOBCKOW CHIIBI B HECKOJIBKO JIECATHIX MUJI-
JAMETpa. DTOT 3a30p MEXKITy 00JaCTBIO COCPEMOTO-
YeHHUs: 00bEMHON CHIIBI U DJIEKTPOJIOM 00ECIIeunBaeT
pasHUIly B CKOPOCTSAX B MPHOCCBOW YacTH CTPYyHU
Mexay “l1+E”-monensto u “1”-, “j(E)”-Mmonensamu.
OTMmeTuM, YTO MaKCUMyM OOBEMHOW CHIIBI B
“I+E”-Momeny HaXOMUTCS Ha MOBEPXHOCTH AKTHB-
Horo snekrpona (kak u B “I”-momenu). OmgHaKo 3TOT
MaKCHMyM Ype3BBUaiiHo y30Kk (puc. 6) u wuHTe-
TpanbHas BeJIMYWHA CHIIBI B 3TOW 00JIACTH HEBEIH-
ka. Tak, nuHelHbIi rpaduk ckopocTh (puc. 6) moka-
3BIBAET, YTO MAKCHMYM CKOPOCTH JOCTUTAETCS IPH-
MEPHO Ha PacCTOSIHMM 1 MM OT OKOHEYHOCTH MIJIbI —
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Puc. 3. Teomerpus cHCTEMbI 3JICKTpOAOB: “A” — aKTHUBHBIA (BBICOKOBOJBTHBIM) 3JIEKTpoA-uria; “S” — och CHMMETpPHH,;
“G” — 3a3eMJICHHBIH 3JIEKTPO-TUIOCKOCTD; “T” — 3a3eMIICHHBIH 3JIeKTpoA-TOp; “E” — BHEIIHsS CTEHKA.
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Puc. 4. Tlonepeunoe (a) u oceBoe (0) pacrpejieneHuss CKOPOCTH B CHCTEME DJIEKTPOJIOB Uria-Top. llomepedHoe pacrpeeieHne
moctpoeHo st Z = 5 mm. Hanpsoxerne 13 kB, Tok 14 MkA. [IpuBeieHbI pacueTHbIC TaHHBIC IS Pa3HBIX MOJIEICH.

101 o i T T 3 0,1 T T M3
E —— DNeKTPOHBL ] ok L X107
- ’ — — Houm 1 max: 2,0E17
AN J 0.1+ 4 1.6
1 02+ | 14
& 1017 g z 03+ 4 1,2
i 4 -
- ] N 04F 1 :
] 05F 1 0.8
0.6+ 1 0.6
1016 g
E 0.7F . 04
] I+E
0.8 : : 02
4 0 02 04 06 o
T, MM
0,1F % ) D1ET T T 1 M3
0 x100 0.1 n; %1017
or 1 4
0,1+ L i
! 0,1 35
- S <
02 0.2 3
g 03r z 03r | 2s
N 04F N 04F E )
05k 05k Elif .
1.5
0,61 0.6F il 0
0.? - U.T r T 0 5
0,8 0,8 d
0 02 04 06 0
r, MM
-0.1 U 7 H/em? 0.1 Fat I I H/em?
0? I 1 032 00 I iﬁo.ss 1 0,32
A 1 At 1
o 0,28 o 0,28
n.3 024 3 o
] o 02 g 031 i 02
~ 0'5 0.16 ~ :’)4 0,16
” 0,12 ol i 0,12
06r 1 0,08 061 l 0,08
0.7 1] 0,04 07r HE | 0,04
0.8 L L 08 : : g
0 02 04 06 0 0 02 04 06 0
r, MM r, MM

Puc. 5. PacnpeneneHuss KOHIEHTPALUMHM DIEKTPOHOB (Ne), KOHIEHTPALMU OTPHUIATENLHLIX HOHOB (N.), OOBEMHON CHIIBI,
neicteyrommei Ha Bo3ayx (f). Comnocrasnenue ogHokoMIOREHTHON (“1”) M IBYXKOMITIOHEHTHOW MOJENIEH, YUNTHIBAIONIMX SJIEKTPOHBI
(“I+E”). Hanpsixenue 12,2 xB.
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Puc. 6. OceBble pacnpeaenenus 06beMHoM cuisl f,, ckopoctu Bozayxa V,. “I+E”-monens. Hanpsokenne 12,2 kB.
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Puc. 7. Pacmpenenenue ckopoctd Bo3myxa V (LBETOM IIOKa3aHa BEIMYHHA CKOPOCTH, CTPEIKAaMH — BEJIMYHHA CKOPOCTH B
norapu(MUUECKOM MaciuTabe W ee HalpaBJieHHE), paclpeleeHHe KOHLCHTPALMH OTPULATENbHBIX MOHOB N; (LBETOM IOKa3aHa
BEJIMYMHA KOHIIEHTPAIIWH, CIUIONIHBIMY JIMHASMA — JIMHHH TOKA OTpULATENbHBIX noHOB). Hanpsokenue 12,2 kB; Tok 15,4 MKA.
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Puc. 8. Pacnpe):[eneHI/Ie HaIPsKECHHOCTU T1OJISL E u mmotHOCTH TOKA 3JIEKTPOHOB je Ha IMOBCPXHOCTU BBICOKOBOJIBTHOI'O JJICKTPOJa

1Py pasHbIX HAIPAXKCHUSIX.
B 001aCTH, TJ€ KYJIOHOBCKAs CHJIa CO3JJAeTCs 3a CUET
00BEMHOT0 3apsiaa HOHOB.

Takum o00pa3zoM, 11 KOPPEKTHOI'O pacueTa
TEUEHMsI SJIEKTPUUYECKOTO BETpa BAXKCH YYET 3JICK-
TPOHOB BO BHEILIHEH 30HE KOpOHHOTO paspsana. Cie-
IOyeT OTMETHTh, 4TO, XOTS YUCIO YpPaBHEHHH B CH-
creMe “lI+E”-monmenu Oombine, uemM B “l”-Momenu,
BpeMs pacdera Ul 3THX MOJECIEH OTINYaeTcs, He
CIIMIIKOM CHUJIBHO, U B 00OHMX CIy4asx OHO CyIle-
CTBEHHO MEHbIIIE, YeM B OoJiee MOJTHON MOCTaHOBKE
9TOH 3amaun — B ApeidoBo-TuPPy3nOHHOM TpU-
ommxennd. J[edo B TOM, YTO OCHOBHOW MPUYUHON
BBICOKOIl PECypCOEMKOCTH JTOTO MPHOIMKEHUS
SIBIISIETCSL HEOOXOMMOCTh ydeTa yJapHOW HOHHW3a-
uun B o0beme. Bo Bcex Tpex paccMaTpUBAcMBIX B

JaHHOM paboTe YHPOIICHHBIX MOJEIIX yAapHas
MOHM3AIMSA B 00bEME HE YUMTBHIBACTCS, IIOITOMY 10
pPECYpPCOEeMKOCTH pacyeTa OHH OJIM3KH.

AHAJIN3 PE3YJIbTATOB

Jlanee mnpeacTaBICHBI PE3yNbTAThl pacuera B
“I+E”-monmemu. TloToku MOHOB W BO3AyXa WAYT B
pasHbIX HampaBieHUsIX (pPUC. 7). HOHBI IBHKYTCA K
TOPY W TOTJIOIIAIOTCS HAa JTOM D3JICKTPOJC; CTPYs
BO3/yXa HAET BIOJb OCH CHUMMETPHH M CBOOOJIHO
MPOXOIUT CKBO3b TOP.

DNeKTpUYeCKUii TOK COCPEJOTOYEH B Y3KOM
MSTHE HA TMOBEPXHOCTH BJIEKTPOJA-WIIIBI, MPHUYCM
pacripefie/icHie TOKa CYIIECTBEHHO YK€, 4eM pac-
npezeneHne HanpsDkeHHocTH mois (puc. 8). I'paduk
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Puc. 9. Bonbr-amnepnas xapakrepucruka |(U) (a), 3aBHCHMOCT MAKCHMAIIBHON CKOPOCTH BO31yXa Ve OT TOKa | (6), 3aBHCHMOCTH
pacxoza Bo3ayxa Q ckBo3b oTBepcTHE TOpa OT Toka | (B), 3aBUCHMOCTD Z-KOMITOHEHTBI HMITYJIbCa BO3IyXa, MEPEHOCHMOTO CKBO3b
OTBepcTHe Topa 3a eauHuIly Bpemenu, F ot toka | (r). “Simulation” — pe3ynsraThl KOMIBIOTEPHOTO MOAEIUPOBaHUS; “APProx.:.” —

anmnpoKCUuManuu.

Ha pUC. 8 IEMOHCTPUPYET CBOMCTBO IOCTOSIHCTBA
HAMpPSHKEHHOCTH TIOJIT Ha MOBEPXHOCTH KOPOHHUPY-
OIIero aexkTpoaa [1], HanpsKeHHOCTD TTOAHUMAET-
Csl TOJIBKO JI0 MOMEHTAa BO3HMKHOBEHHSI KOPOHHOT'O
paspsizia, a 3aTeM IOYTH [IEPECTaeT PacTH.

Mojenb BOCIPOU3BOIUT HEKOTOPHIE HW3BECTHBIE
3aKOHOMEPHOCTH, MPUCYIIHE DICKTPHIECKOMY BET-
py. Tak, B MOjenu mojy4deHa KBaJpaTHYHAs 3aBH-
CHMOCTh TOKAa OT HANpsDKEHHs, XapakKTepHas I
KOpoHHOTO paspsma (puc. 9a) [1}. MaxkcumMasbpHas
CKOPOCTh TPOIOPIHOHATbHA He |7°, KaK yKa3aHo B
[1], a I*® (puc. 96). ABTOpPaM HEH3BECTHBI SKCIICPH-
MEHTaJIbHbIE HCCJICIOBaHUs, B KOTOPBIX HaOIIO1a-
Jach Obl MMEHHO Takas CTENeHHas 3aBUCHMOCTb.
Ckopee BCero, 3TO pasiHyHe CBS3aHO C TEM, YTO
JIOKAJIbHO BOJIM3HM OCTPHsI CTPYH, 1€ M HaOIomaaeT-
Csl MAKCMMYM CKOPOCTH, OTHCBIBAeMast YIPOIIECHHAS
MOJIeJTb HeTOYHA. [Ipr 3TOM pacxoj Bo3ayxa B CTpye
OKa3bIBa€TCs  IPOMOPIMOHANCH  MMEHHO |
(puc. 9B), TO ecTh B Gojiee IMIMPOKOM MPOCTPaH-
CTBCHHOM MacmTabe MOJeNlb BOCIPOM3BOIHUT W3-
BECTHBIC OIKCIIEPUMEHTAJBbHBIE 3aKOHOMEPHOCTH.
CyMMapHbIii UMITYJIbC CTPYH, BBIHOCHMBIN M3 MEX-
AIIEKTPOJHOTO TMPOMEXKYTKAa B CAWHUILY BpPEMEHH,
MPOIMOPIMOHAJICH TIEPBO#i cTeneHu Toka (puc. 9r).

BbIBO/IbI

N3 cucteMbl ypaBHEHUH, ONMUCBHIBAIOIIEH Y€XOJI
KOpPOHHOTO pa3psna B aApeiidoBo-auddy3noHHOM

npuOIMKEHNH, BEIBeeHO cooTHomenue (12), ycra-
HABJINBAIOIIEE CBSI3b MEXKIY CKOPOCTHIO M3MEHEHHUS
NOTOKA 3apsHKEHHBIX YaCTHI[ HA TpPaHUIE YeXJia
KOPOHHOTO pa3psiia U PacrpeesiCHHeM JIICKTpHYe-
CKOr0 TOJsI B BO3ayxe. JlaHHOE COOTHOIICHHE
MOKET CITY)KHMTh IPAHUYHBIM YCIIOBHEM B YIIPOIIEH-
HOM MoOJelu KOPOHHOro paspsiia. OHO COAEPKUT
TOJBKO OJIMH MMapaMeTp, 3aBHCAIIAA OT CHCTEMBI
BIIEKTPOIOB, — KOA(P(HUIMEHT BTOPUYHOU IMUCCHU
KOPOHHPYIOIIETO 3JICKTPOIa, KOTOPBIA MOXKET OBbITh
HaliJIeH B JIUTEpaType WIH TOJYyYeH B OJHOKPATHOM
JKCIepUMeHTe. B oTimmyme OT JApyrux crocoGoB
3aMEIICHUs] MOHM3AI[MOHHBIX MPOLECCOB B 00BeMe
Yyexjia TPaHUYHBIM YCJIOBHEM, MpPEaIaraeMoe COOT-
HOLIICHUE He TpeOyeT MONy4YeHUsl HKCIEPHUMEHTAIb-
HBIX JAHHBIX TPH KaKIOM H3MEHEHUH T€OMETPUU U
B TO JX€ BpeMs MPHUMEHUMO Ui KOPOHHPYIOIIHX
AIEKTPOIOB JIt000# HOPMEL.

[Toka3aHo, YTO MpPEHEOPEKEHUE DIICKTPOHAMH,
JIOTyCKaeMoe B OOJIBIIIMHCTBE YIPOIIECHHBIX MOJE-
Jeii  KOPOHHOTO pa3psiia, CYIIECTBEHHO HCKaKaeT
KapTUHY TEYEHHs SJIEKTPHIECKOTO BETpa B 00IACTH
OCHOBHOH CTPYH.

Takum 006pa3oM, Ha OCHOBE TPAHHYHOTO YCIOBHSI
(12) mpemmokeHa HOBas YIPOIIEHHAS MOJIETD
KOPOHHOTO pa3psiia C YYeTOM DJIEKTPHYECKOTO
BETpa, BKIIOYAIONIass HE TOJBKO OTPHUIIATEIbHBIC
WOHBI, HO M AJICKTPOHBI. JaHHAS MOJIEITh TPUBOIMT K



0oJiee TOYHBIM pe3yJIbTaTaM | SIBIISICTCS Oojiee yHU-
BEpCAIBHOW, YeM TpPaAWIHUOHHO WCIOIb3yeMbIe
Moznenu. [Ipu 3ToM Bpems pacueTa ocTaeTcs cylle-
CTBEHHO MEHBIIIMM 10 CPABHEHHIO ¢ 00Jiee TIONHBIM
npeiigoBo-audQy3noHHBIM MPHOIHIKEHUEM.

Hccnedosanue evinonneno npu noooepoicke PODU,
npoexm No 14-02-31263 «mon_a»; ¢ ucnonvzosanuem
obopyodosanust  Pecypcnozo  yeuwmpa — «l eomooenv»
Canxm-Ilemepbypeckozo 20cy0apcmeeHH020 YHUBEPCU-
mema.

JIUTEPATYPA

-

. Bepemarun W.II. Kopounwiii paspsd e annapamax
9NEeKMPOHHO-UOHHOU mexHono2uu. M.. DHeproaTom-
n3nar, 1985. 160 c.

. Yang F., Jewell-Larsen N.E., Brown D.L., Pendergrass
K., et al. Proceedings of the International Symposium
on High Voltage Engineering. Delft, Netherlands.
25-29 August 2003. 1-4.

Go D.B., Garimella S.V., Fisher T.S., Mongia R.K. J
Appl  Phys. 2007, 102(5), 053302. doi:
10.1063/1.2776164

Chen 1.Y., Guo M.-Z., Yang K.-S., Wang C.-C. Int J
Heat Mass Tran. 2013, 57, 285-291.

5. Ongkodjojo A., Abramson A.R., Tien N.C. J Heat
Trans. 2014, 136, 061703. doi: 10.1115/1.4026807

3.

4,

6. Siswanto W.A., Ngui K. AJBAS 2011, 5(9),
1433-1438.

7. lanconescu R., Sohar D., Mudrik M. J Electrostat.
2011, 69(6), 512-521.

8. Léger L., Moreau E., Artana G., Touchard G. J
Electrostat. 2001, 51-52, 300-306.

9. Léger L., Moreau E., Touchard G. J Electrostat. 2006,

64(3-4), 215-225.

10. Baraxun A.b., Jluxtep B.A., Yubiobiues K.E. H3zsec-
must PAH. Mexanuxa scuokocmu u 2aza. 2012, (2),
78-86.

11. El-Khabiry S., Colver G. Phys fluids. 1997, 9,
587-599.

12. Colver G., El-Khabiry S. IEEE transactions on
industry applications. 1999, 35, 387-394.

66

13. Vilela Mendes R., Dente J.A. J Fluid Eng-T ASME.
1998, 120, 626-629.

14. Takeuchi N., Takubo K. I J PEST. 2015, 9(1), 2-6.
15. Adamiak K. J Electrostat. 2013, 71, 673-680.

16. Kaiser S., Fahlenkamp H. Proceedings of the Inter-
national Symposium on Electrohydrodynamics.
Gdansk, Poland. 23-26 September 2012. 101-107.

17. Talaie M.R., Taheri M., Fathikaljahi J. J Electrostat.
2001, 53, 221-233.

18. Nouri H., Zebboudj Y. Eur Phys J-Appl Phys. 2010,
49, 11001.

19. Zubkov T.N., Samusenko A.V., Stishkov Y.K. Surf
Eng Appl Electrochem. 2013, 49(6), 474-479.

20. Sakiyama Y., Graves D.B., Stoffels E. J Phys D Appl
Phys. 2008, 41, 095204, doi: 10.1088/0022-
3727/41/9/095204.

21. Meziane M., Eichwald O., Sarrette J.P., Ducasse O.,
Yousfi M. | J PEST. 2012, 6(2), 98-103.

22. Cagnoni D., Agostini F., Christen T., Parolini N.,
Stevanovi¢ 1., De Falco C. J Appl Phys. 2013,
114(23), 233301. doi: 10.1063/1.4843823

23. ®enoprok M.B. Acumnmomuxa: unmezpanst u psovl.
M.: Hayka, 1987. 544 c.

24. Paiizep HO.I1. @usuxa easzosoco paspsoa. Honro-
npynasii: Uaremtexr, 2009. 736 c.
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Summary

A new simplified model of the ionic wind in air is
proposed. An expression for the rate of variations of
electrons flow on the corona sheath external boundary is
derived. It is revealed that to simulate the ionic wind at
the negative polarity of a high voltage electrode, in the
corona discharge external zone not only negative ions but
also electrons should be taken into consideration. A tradi-
tional and the proposed computer-simulated models of the
ionic wind in the point-thorus electrodes system are com-
pared.

Keywords: corona discharge, ionic wind, unipolar
approximation, drift-diffusion approximation, computer
simulation.
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Investigation of Structural Features of As,S;-Se Multilayer
Nanostructure by Raman Spectroscopy

V. Abaskin?, “E. Achimova? A. Meshalkin?, A. Prisacar?, G. Triduh?,
M. Vlcek®, L. Loghina®, I. Voynarovich®

AInstitute of Applied Physics, Academy of Sciences of Moldova,
Academiei str. 5, MD-2028, Chisinau, Moldova, “e-mail: achimova@phys.asm.md
"Department of General and Inorganic Chemistry,
Faculty of Chemical Technology, University of Pardubice, 53210 Pardubice, Czech Republic

The focus of this research is on the investigation of structural changes in the As,Ss-Se multilayer
nanostructure and on the examination of a relative contribution of As,S; and Se layers to
nanostructuring by measuring the Raman spectra. The formation of the As,S;-Se nanostructure by an
alternate As,S; and Se layers deposition was applied. The diffraction efficiency dependence on the
exposure of a CW DPSS laser were monitored in a transmission mode of the1® order diffracted beam
intensity and measured in real-time at the normal incidence of the laser diode beam (A = 650 nm).
From the comparison of these dependences for a set of samples we have chosen the multilayer
nanostructure As,S;-Se with optimal recording properties meaning maximum both the value and the
rate of diffraction efficiency. Our results are found to be of practical interest as they allow a
significant improvement of the diffraction efficiency of the directly recorded relief gratings.

Keywords: chalcogenide glasses, nanostructures, Raman spectroscopy, surface grating.

YK 535.4; 538.958; 538.975
INTRODUCTION

In the last two decades, much research work has
been focused on the formation of a nanostructure
suitable for micro- nano-electronics and photonics
applications. Glasses are promising materials for
these areas for two reasons. First, the control of
nanostructures could give the information about
their glassy structure. Unlike crystalline materials, in
which we can prepare atomically controlled
surfaces, the amorphous structure is disordered at
the atomic level. Second, the glass nanostructure
may yield a wider variety than the crystalline one
because the bonding constraints of crystals do not
exist in glasses [1].

A growing interest in the research of
chalcogenide glasses (ChGs) can be currently
witnessed, which, to a large extent, is caused by
newly opened fields of applications for these
materials. Among glasses, chalcogenides possess
unique characteristics different from those in oxide
and halide glasses, i.e., molecular (low-dimensional)
structures and semiconductor properties. ChGs
appear to be attractive materials for the investigation
of nano-structural properties mainly due to photo-
induced changes in their structure and properties.
Their unique photo-structural properties allow
processing of optical elements upon irradiation with
sub-bandgap light through direct writing or
holographic methods [2, 3].

The interplay between a micro-structure and
desirable properties of devices may be illustrated in
micro nanostructures suitable for usage in high

performance diffraction optical elements (DOE).
These require a broad transmittance optical window
and light switching capabilities which must be
compatible with the current system configurations,
have both broadband linear and nonlinear indices of
refraction, as well as low volume losses. ChGs are
considered promising as they exhibit properties
compatible with the mentioned above [4, 5].

The reason why ChGs exhibit many kinds of
photo-induced phenomena can be ascribed to their
unique electronic and atomic structures [6].
Electronically, ChGs are a kind of a semiconductor
with the energy gap of 1-3 eV, and accordingly, it
can be photo-excited by visible light. In addition,
excited carriers are localized in disordered and
defective glass structures, and the carriers undergo
strong electron—lattice interaction. Structurally,
ChGs have a moderate atomic connectivity, which is
not as rigid as in oxide glasses nor as flexible as in
inorganic polymers.

Raman spectroscopy permits to investigate the
structure  of  amorphous materials  through
measurements of lattice vibration modes. In
principle, each Raman scattering peak can be
associated with a vibration of a specific structural
unit [7, 8]. This intrinsic nano-probing makes
Raman spectroscopy very sensitive to short and
medium-range structures — including in glassy
materials, and offers a “bottom-up” approach to
nanostructured materials that comes as a good
complement to methods like the transmission
electron microscopy or X-ray diffraction. However,
studies on nano-chalcogenides are still at an early

© Abaskin V., Achimova E., Meshalkin A., Prisacar A., Triduh G., Vicek M., Loghina L., Voynarovich ., Dnekrponnas

obpaborka marepuanos, 2016, 52(4), 67-73.
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(b)

Fig. 1. (a) Photograph of As,S;-Se MN sample on polished glass substrate (75x75 mm?). White circles point of Raman spectra
measurements locations. (b) Radial fragment of cross-section of 4 As,Szand 4 Se nanolayers formed of nanostructure on substrate (as
an example). Horizontal arrows (in Fig. 1a,b) point to the same part of the sample. The vertical arrow indicates total thickness

DASZS
stage and need to be further extended to cover more
ChGs, which is due to the primary remarkable
results obtained in their nanostructure forms.

The aim of the present work is to extend the
research of nanostructuring properties of the
As,S3-Se  multilayer nanostructure (MN) on the
dimensions of constituent layers by measuring the
Raman spectra. The purpose of this research is to
investigate the structural changes in the As,S;-Se
MN and, in particular, to examine the relative
contribution of As,S; and Se to nanostructuring. We
have selected Se and As,S; nanolayers as
components for the As,S;-Se MN because of their
known parameters and well-developed deposition
technology. In addition, while chalcogens are good
glass formers over a wide range of composition, a
large majority of studies have focused on the
stoichiometric chalcogenide As,S; due to its good
stability. Nevertheless, the formation of a nano-
structure such as As,S;-Se is of much interest as the
addition of Se nanolayer allows us to tune and
change the optical transparency and to improve the
recording properties.

METHODS OF STRUCTURE
PREPARATION AND MEASUREMENTS

The bulk samples of As,S; were synthesized by
the melt-quenching technique from the components
heated in evacuated quartz ampoules at T = 900°C
for 30 hours.

ChG nanomultilayers were prepared by the
computer controlled cyclic thermal vacuum
successive deposition of two materials from two
separated boats on a continuously rotated glass
substrate at room temperature in one vacuum
deposition cycle [9]. The technology allows thin
films deposition with a thicknesses from 0.005 up to
3.0um. The control of the total film thickness was
carried out during the thermal evaporation by the
interference thickness sensor at A = 0.95 um. The
thickness of one layer was calculated dividing the
total measured thickness on number of cycles. On

and D, and thicknesses of one layer d, o and of one layer of ds, respectively.

the Figure 1 the photograph (Fig. 1a) and the cross-
section (Fig. 1b) of the samples are shown. The
overlapping part of the samples contains alternating
nanolayers of Se and As,Ss, i.e. two wide rings are
overlapped in the central part of the substrate
forming MNs. Qutside and internal rings of the
layers on the substrate contain pure compositions of
As,S; and Se, respectively. Pure compositions of
As,S; and Se layers here do not differ from those of
the same kind of materials during deposition on a
standard motionless substrate. Such control layers of
As,S; and Se we used to check the composition and
calculate the ratio of the sub-layer thicknesses in one
modulation period A (the total thickness of one
As,S; and one Se nanolayers). As a result, MN
samples of the As,Ss;-Se type structures with the
total thickness of 1.5-2.5 um, the total number of
nanolayers up to 100, the modulation periods of
15-50 nm range were obtained. The wide band-gap
material As,S; (Eq = 2.4 eV) was an optically
transparent barrier and the active material Se had a
narrower band-gap (E = 1.8 eV).

Such approach to the samples layers
configuration is aimed at an effort to answer
research questions, namely, size restriction of the
constituent ChG layers of the samples. One
deposition process gives a possibility to compare
optical and Raman spectra of the constituents of
As,S; and Se layers separately, as well as to
demonstrate the influence of thickness on the MN
features.

Structural changes in differently exposed samples
were studied by Raman spectroscopy. FT-Raman
spectra were measured on a Bruker IFS 55 with a
Bruker FRA 106 Raman module [10]. Near-IR
Nd:YAG laser with a wavelength of 1064 nm
(E = 1.17 eV) was used as excitation source. All
measurements were performed at room temperature
in back-scattering geometry.

An interferometric holographic recording was
used to expose linear grating on the As,S; film [11].
The period of the grating d = A/(2sina), where A is



the wavelength of a laser beam, o is the angle
between the incidence laser beams. A CW DPSS
single mode laser operated at 532 nm and a spot
power density of 350 mW/cm? was used for
recording. The holographic gratings with a period of
d = 1000 Ip/mm were recorded by two symmetrical
angled laser beams with respect to the sample
surface normal. The intensity ratio of the recording
beams 1:1 was used in order to achieve the
maximum visibility of interference fringes. Inter-
fering beams with S-S polarization of recording
laser beams was used for gratings formation. The
experimental set up is sketched in Figure 2.

Recording
% Sample " PD
I .
7]
&
B M/ /

LD 50
532 nm 0 )
N~ 7
BS
SF L P

Fig. 2. Optical arrangement for holographic grating recording
with real-time measurement of diffraction efficiency by
photodetector. DPSS laser (532 nm, 50 mW), M — mirror; SF —
spatial filter; L — collimating lens; BS — beam splitter; LD — laser
diode (Aeg = 650 nm) for monitoring recording process;
PD - photodetector.

RESULTS AND DISCUSSION

Inelastic scattering of light or Raman
scattering — from elementary excitations in a
material yields structural and dynamic information
on a molecular level. The Raman spectrum can be
analyzed in terms of the molecular components or
the functional groups thus providing a “fingerprint”
of the molecule. A distinct advantage over other
approaches that use the visible range of the spectrum
is the ability to obtain the Raman spectrum of
photosensitive compounds without interference from
photoreactions caused by the probe beam. In ChGs
the shifting of the excitation wavelength to 1064 nm
(below the bandgap) allows one to obtain high
quality Raman spectra and to correlate the
underlying structure with optical properties.

The material of interest is the As,S;-Se MN with
three modulation periods A pointed in Table 1. The
examination of the Raman spectra of the As,S;-Se
MN were carried out with the Raman spectra of
separated As,S; and Se non-overlapping layers.

The Raman spectra of three different As,S; films
corresponding to three modulation periods of the
MNs are shown in Figure 3. Each Raman spectrum
was fitted using a series of Gaussian peaks with a
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width appropriate for glasses. Table 2 provides a list
of frequency as assignments of the known structural
units in the As,S; glass. These assignments were
used to perform the peak-fitting analyses and to
compare the relative contribution of each structural
unit of As,S;. The Raman spectra reveal two main
vibration bands located at 130-250 and
310-390 cm™ (Fig. 3) which can be assigned to the
vibration of the As-As containing units, such as
As,S,, together with an additional band with maxima
at 495 cm™ [12]. These two bands indicate that S-S
containing structural units such as -S-S-chains are
present and connect individual S-S chains
(495 cm™). Appearance of these structural units
containing homopolar bonds in the structure of the
evaporated As,S; can be explained by the thermal
dissociation reaction during evaporation, where a
non-stoichiometric As;S4 unit contains a homopolar
As-As bond. A weak band near 495 cm™ indicates
small numbers of S-S bonds. Due to fast
condensation of vapours on the cold (at room
temperature) substrate these structural units are
frozen and thus responsible for the photosensitivity
of these films.

Table 1. Multilayers nanostructure As,Ss-Se thicknesses

Test1 Test 2 Test 3
Total 2.5 um 2.5 um 1.5 um
thickness
Number of 50 100 100
nanolayers
A 50 nm 25 nm 15 nm
A s, 30 nm 15nm 8 nm
dse 20 nm 10 nm 7 nm
Dass, 1.5pum 1.5um 0.8 um
Dse 1.0 ym 1.0 ym 0.7 pm

From Figure 3 it is clear that the peak positions
coincide for three different As,S; parts of the
samples and correspond to results of other authors
[14]. The intensities of all peaks are maxima for the
maximal thickness of As;Ss d, ¢ = 1.5 pm. In test 2

and test 3, the curves of Raman spectra are very
close, but the plot of the sample with Aaes, = 1 um

(test 2) lies lower than that for the sample with
Aaes, = 0.8 um (test 3).

Figure 4 shows the Raman spectra of separated
Se parts of films constituents in MN (tests 1, 2,
and 3). For all MN the Raman spectra of pure Se
films exhibit a strong band at 251.1 cm™ and weaker
bands at 110 cm™ and 131.5 cm™, which are specific
for Seg rings and fragments of Seg rings containing
5 and 6 Se atoms [15]. The shoulder near 233 cm™
corresponds to Se chains and is clearly seen for the
thinnest MN test 3. It is known that Se is a not stable
material, but for the crystallization to occur, the size



Table 2. Vibrational mode frequencies
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Peaks As,S; Peak assignments

from Figure 3 from [13]
135.4 As-ASs units
145.0 145.7, a(B)-AssS,
169.1 171.4, p-AssS,
189.4 182.6, a(B)-AssS,
223.1 221.0, o(B)-AssS,
233.7 238.4, p-As;S,
274.2 271.0, o(B)-AssS,
344.6 341.5, o(B)-AssS,

363.0, As-As units;

362.0 o(B)-AsaSs
495.0 495.0, S-S chains

of Se films (clusters) should be greater than that of
crystallites, which is probably 5-20 nm [16]. This
requirement may be satisfied in the spatially-
restricted test 1 and test 2, unlike test 3.

1.0 1

Se 2511 —
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L ™ e / \
P —— s N3
00 1 1 i
100 150 200 250 300
Raman shift, em-!
Fig. 4. Raman spectra of Se from three MNs.
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Fig. 5. Raman spectra of As,S;-Se MN with modulation period
A =50 nm (test 1), A =25 nm (test 2), A = 15 nm (test 3).

Figure 5 gives the Raman spectra of the As,S3-Se
MN for three types of the samples under test. As is
seen, the Raman spectrum for the MN incorporates
of Raman spectra of separated films constituent of
the As,S; and Se MNs. The position and shape of
the peaks and their number says in favour of this.
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0.8 | Test 2
L e Test3
=
:ﬂ__ 06 A A L noL
z v A
s L A
204 M n
a I \ \\‘7{“’ ,f; \\\
0.2 , "\-\‘ f“‘} 1\\!} % \
A \ ! N
r.o s Ay
0.0 M L Yowurnaty [T L
100 150 200 250 300 350 400

Raman shift, em-!
Fig. 3. Raman spectra of As,S; from three MNs.

From the comparison of the Raman spectra for the
MNs with different modulation periods, it is clear
that the MN with A = 15 nm (test 3) has sharp and
high-intensity peaks. These parameters of spectra
(the peak sharpness and the arbitrary intensity)
decrease with the modulation period increasing. This
feature may be explained by the ordering of the MN
structure. Lower the layer thickness leads to higher
the degree of order of each constituent of the MN
layers.

The Raman spectra of the As,;S;-Se MN
measured after illumination by 525 nm during
20 min are shown in Figure 6. The behaviour of
Raman spectra after illumination is opposite the one
before illumination in sense of the ordering of
constituent layers. The peaks of the MN with larger
modulation periods are of higher intensities and
sharper. Note that no new peaks appear so no new
structural units are formed.

L0 MN As,S;-Se
after illumination
0.8F 4— Test | I
Test 2 l
;@ 06 —e—Test 3
2
E
k= 04
0.2
0.0k .

200 250 300 350 400

Raman shift, cm-!
Fig. 6. Raman spectra of As,S;-Se MN with modulation period

A =50 nm (test 1), A = 25 nm (test 2), A = 15 nm (test 3) after
illumination with wavelength 525 nm.

To demonstrate clearer the Raman spectra
modifications under light, we plotted the subtraction
of the Raman spectra before and after illumination
(Figure 7). Each Raman spectrum was normalized
by the area under the curve, and differential spectra



Fig. 7. The results of subtraction spectra for MN As,Ss-Se.
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Fig. 8. The diffraction efficiencies n of gratings for MN
As,S3-Se for different tests.
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Fig. 9. Typical AFM view of recorded grating on As,S;-Se MN (test 2), (a) — 3-D view; (b) — 2-D view; (c) — surface profile.

for each NM were obtained by subtracting the
appropriate spectra for the exposed and as-deposited
sample (Figure 7). As can be seen from Raman
subtracted spectra, the largest changes appeared in
the spectra of sample 3 mainly due to the decrease of
intensity of the Se main band at 252 cm™. Also in

the exposed sample the bands get narrower in
120-240 cm™ range and the band at 360 cm™,
connected mainly with a “wrong” As-As bond in the
As,S, cages, and at the same time in the subtracted
spectra a new band appeared at 228, 240 and
270 cm™, which is very close to a band for the AsSe;



pyramidal units in the As,Se; glass [14]. There is no
measurable change discovered for a broad band at
495 cm™ connected with the S-S bonds.

Changes in the Raman spectra for the exposed
NMs allow us assuming that photostructural changes
under exposition occur mainly due to a decrease in
the amount of the Se rings, which means the inter-
diffusion on the interface As,S;-Se of the NM and
creation of new As-Se bonds. Decreasing the
amount of “wrong” As-As bonds and appearing of
new 228, 240 and 270 cm™ bonds confirm this
process and also could be connected with photo-
polymerization of the As,S; sublayers. From this
point of view, the efficiency of photostructural
changes in a NM should depend on the amount of
the As,S;-Se interfaces, that is why the observed
photoinduced changes are larger for a NM with a
smaller periodicity. In addition, these photo-
structural changes are favoured in chalcogenides
because of a rapid localization of photo-excited
carriers, a low energy of the valence alternation of
pair defects and the freedom of low-coordination

atoms to change their positions and bond
configurations [17].

The diffraction efficiency changes were
monitored in transmission mode during the

recording time by the laser diode (LD) beam
(Aread = 650 nm). The diffraction efficiency n was
measured in real-time at normal incidence of the LD
beam by monitoring the intensity of the 1% order
diffracted beam. Figure 8 shows the diffraction
efficiency dependence on the exposure of a CW
DPSS laser. It is seen that only for Test 3 the
saturation of the diffraction efficiency value takes
place. For other As,S3;-Se MNs (Test 1, 2) and pure
As,S; we observed a constant rise of n but at a
different rate. From the comparison of these
dependences for different samples we can conclude
that Test 2 has optimal recording properties meaning
the maximum of both the value and the rate of the
diffraction efficiency.

For pure Se we did not observe the gratings
record because the recording wavelength
Arec = 532 nm is absorbed in a thin (less than 10 nm)
Se layer. Note the absorption coefficient of Se
o> 10° cm™ for a wavelength of 525 nm, i.e. it is the
region of high absorption for Se. The suppression of
this irradiation takes place in a thin d < 10 nm
selenium layer [9]. The active volume of the total
MN structure is limited only in the near-surface
layers. It is very important to underline that unlike
many communications about the relief grating
formation in the ChG films in our experiment no wet
etching is needed for that.

The atomic-force microscopy (AFM) investi-
gations of the recorded gratings allow the direct
viewing of the relief surface. The surface of the
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holographic grating recorded on the As,S;-Se MN is
shown in Figure 9a,b. It can be seen that the grating
recording with the use of the As,S3;-Se MN provides
a high optical quality of the obtained relief with the
depth of the grating surface about ~120 nm, at the
total structure thickness of 2500 nm and the
modulation period of layers 25 nm.

The grating profile is shown in Figure 9c. It can
be seen that the depth of the grating surface is
~110 nm and the profile of the gratings obtained
with the use of the As,S;-Se MN is close to the
sinusoidal one.

CONCLUSION

The computer assisted cyclic thermal vacuum
depositions of nanomultilayers process was tested.
The technology allows depositing thin films with a
nanometric monolayer thickness from 0.005 pum up
to the total MN sample thickness of 3.0 um. An
alternate deposition of two materials from two
separated boats on a continuously rotated glass
substrate at room temperature in one vacuum
deposition cycle was developed. Such approach for
the samples layers configuration is aimed at
investigating the size restriction of the constituent
ChG layers of the samples. One deposition process
gives a possibility to compare the Raman spectra of
the constituent ChG layers and to study the influence
of the constituent ChG layers thicknesses at the MN
recording properties.

Three kinds of the MN As,S;-Se specimens have
been prepared (see Table 1). These scaled samples
have modulation periods covering one, two and
three molecular and cluster dimensions for As,S;
and Se, which is characteristic to the so called
medium-range order in glasses. This coincides with
conclusions from paper [1].

We have established that the Raman spectra of
the separated As,S; and Se films are similar to those
reported in literature [4-8]. For the as-deposited
samples, the interfaces, which are the great fraction
of the total volume of a sample, do not affect peak
positions for both materials. It indicates that no new
bonds are formed in comparison with the films
prepared by conventional vacuum deposition
methods. The changing of the peaks intensity, more
pronounced in the Se film, is caused by a higher
ordering of structure.

It was found that the photoinduced changes are
larger for the NM with a shorter modulation period
A =15 nm (test 3), which is determined by the
number of the As,S3-Se interfaces.

For the application perspective, the As,S;-Se MN
with a modulation period of A = 25 nm is the most
attractive, having the maximal diffraction efficiency
(30%) at direct surface recording. A possible
explanation of such behaviour of the MN may be the



presence of, at least, two processes influencing the
recording. The first one is photo-diffusion taking
place at the As,Sz-Se interfaces, which is proved by
the Raman spectra under illumination. The second
one is the size restriction in the MN with the
thickness of constituent layers around 2 medium
range orders.
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Llenpt0 DaHHOTO HCCIENOBAHUS SBISCTCS HM3y4YCHHE
CTPYKTYPHBIX HM3MEHEHMH B MHOTOCIOMHOM HaHO-
cTpykType AS;S3-Se u BeIsICHEeHUe BKIIana cioeB AS,S;
Se B HAaHOCTPYKTYpHPOBAaHHE C IOMOIIBIO HM3MEPEHUS
crektpoB  Pamana. ®opmupoBaHHE HAHOCTPYKTYpbI
AS,;S3-Se TIpOBOAMIIOCH MOCIICAOBATCIBHBIM HAHECCHUEM
HaHocoeB AS;S3 u Se. 3aBHCHMOCTh JU(PPAKIMOHHON
a¢dexTrBHOCTH OT 10361 ocBemeHust CW DPSS nazepom
HaOJOlANIach 10 [PONYCKAHWIO HWHTeHCHBHOCTH 17
JU(paKIMOHHOTO MaKCMMyMa W H3Mepsulach B PEKUMeE
pealbHOrO0 BpPEMEHH U HOPMAJbHOTO IaJCHUS Jyda
nmazepuoro gumoma (A = 650 wmum). W3 cpaBHeHMs
TIOJTyYCHHBIX 3aBUCHMOCTEH Uil cepuu 0oOpasloB ObLia
BBIOpaHa MHOTOCIIOWHAs HAaHOCTPYKTypa C ONTHMAJb-
HBIMH XapaKTEePUCTHKAMH 3allUCH, TO €CTh MaKCUMaJIbHAs
BeIMYMHA M CKOPOCTh HapacTaHWs AU(PPaKIHOHHON
s dexTuBHOCTH. JlaHHBIE pe3yIbTaTHl MMEIOT MPAKTH-
YEeCKUil HMHTepec, TaK KakK IO3BOJIIIOT CYLIECTBEHHO
YBEIMYHUTh AUPPAKIHOHHYIO (P (HEKTUBHOCTD pebeHbIX
peIIeToK, cChOPMHUPOBAHHBIX MPSMOM ToJorpaduyecKoit
3aIKChIO.

Kniouesvie crosa: xanvkozenuouwvie cmekia, HAHO-
cmpykmypul, chekmpockonus Pamana, nosepxnocmmuas
peuwiemxa.
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3ﬂeKTpO}IHble MaTepuajJabl HA OCHOBC
HHTCPMCETAJVINA0OB TUTAHA. ITOJYYCHHUC H CBOMCTBA
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W3ydeH mpolece MOTyYSHHUs SIICKTPOIHBIX MaTepuaioB Ha ocHoBe Ti3Al MeTomaMu MOpOMIKOBOI
Mmetantyprud. [lokasaHo, 4TO NPH MCIIOIB30BAaHUU TPOIAYKTOB MEPEPAOOTKH OTXO/0B ITPOM3BOICTBA
THTaHA — TUTAHOBOIl CTPYXKKH — BO3MOXKHO HoJTydeHue TpoiHoi cuctembl Ti-Al-N, Tak Ha3piBaeMoit
MAX-da3s1. UccnenoBano BiaMsHHE PEXXUMOB CIIEKaHMS Ha MPoIecchl (a3o- U CTPyKTypooOpa3oBa-
HUsI, COCTaB M CBOHCTBA METAJUIOKEPAMHYECKOT0 MaTepHaa.

Kniouegvie crosa: mumanosas cmpysicka, anOMuHUObl MUMAna, NOPOWKOBASL MEMALYpeUs, Clou-
cmule mpotiHbie COeOUHEHUsl, COCMA8, MEXHON02UsL, CIMPYKIMYpd, C80UCEA.

YK 621.9.047
BBEJIEHHUE

B HacTosimee BpeMsi IepCIIeKTUBHBIMU SIBIISTFOTCSI
CIJIaBbl HA OCHOBE MHTEPMETAJUIUIOB, B YaCTHOCTH
ATIOMUHHAIB THTaHAa, OOJIAfaroIe YHUKaJIbHON
KOMOMHAILIMEH BBICOKHX (U3UKO-XUMHUYECKUX H
MEeXaHHMUYECKMX CBOWCTB, YTO JAelaeT UX BECbMa Mpu-
BJIEKATEIFHBIMU U Pa3IHYHBIX oOjacTedl mpume-
Henns [1-4]. CrmaBel Ha OCHOBE WHTEPMETAILIHIOB
TUTaHA MOXXHO HUCIIOJIb30BaTh B aBHAa- M aBTOMOOU-
JECTPOCHUH, a TakKe I CO3IaHus 3allUTHBIX
MOKpbITUHA. ECTh CBelleHHs O MPUMEHEHUHU CIIEeYEH-
HBIX HWHTEPMETAJUIMIHBIX CIUIABOB B KAaueCcTBE
MHUIICHEeH (KaToMOB) Uil HAHECEHHsS HOHHO-TLIA3-
MEHHBIX TOKPBITHH [5] U KaTomoB i 3IEKTPOUC-
KPOBOTO JIETHPOBAHHS TIOBEPXHOCTEH MaTepHalioB
[6]. Bnaromapst MOKpBITHAM JOCTUTArOTCS OCOOBIC
CBOMCTBa pabouell MOBEPXHOCTH U3ZCTHHA (M3HOCO-
CTOMKOCTb, >KapOCTOMKOCTb, XKapOMPOYHOCTH, KOp-
PO3HOHHAsT CTOMKOCTh U JIp.), SKOHOMSTCS Aedu-
LUTHBIE W JOPOTOCTOSIIIUE METAJUIBI, HCIIONB3YIO-
mecst it 00beMHOTO JierupoBaHus. Cpenu mep-
CTIIEKTUBHBIX METOJIOB HAHECCHHUS MIOKPBITUH MOYKHO
Ha3BaTb METOJ JJIEKTPOHCKPOBOTO JIETHPOBAHUS
(ONJI), koTOpBIi 00MamacT PAAOM MPEUMYIICCTB U
OCHOBaH Ha TIOJSIPHOM IEpPEeHOCe MaTepraia Karonua
Ha aHOJ NPW UMITYJIbCHOM BO3JCHCTBHH JIEKTpHUE-
CKUX pa3psioB ¢ (hOPMUPOBAHUEM OJHOPOIHOTO II0
COCTaBY MOBEPXHOCTHOTO CIIOSl C BHICOKOM ajre3ueit
K 1momioxke. IlokasaHo, yro texHomorus OWJI
CTajel, TUTAHOBBIX CILJIABOB IIO3BOJISIET MOBBICHTH
HUX KOPPO3HOHHYIO CTOMKOCTB, a TaKKe >KapOCTOU-
kocth [7, 8]. Tak, merogom DUJI na cramu 30 u
20X13 ObuIM HAaHECEHBl HHTEPMETAJUIUAHBIE CIUIABBI
HUKeJs, amoMUHuS U Thtana [9]. VceranosneHo, 4To
mokpeiTHe Ha ocHoBe crumaBa 79%Ni-20%Al o6ia-
JIaeT BBICOKHMH >KapOCTOMKOCTBIO U CIUIOITHOCTBIO.
HanocTpykTypHOE 3JIEKTPOMCKPOBOE IOKPBHITHE HA
ocuoBe Al u AlzNi momyuwian, BOCIOIB30BABIINCH

IBTEKTHYCCKUM CIUIABOM ATIOMHHHUS M HHKEJH,
H3rOTOBJICHHOTO JUTheM B Kokmie [10].

JInst co3maHusi 3JEKTPOIHBIX MAaTEpPUAlIOB pas-
JUYHBIX KJIACCOB, a HMMEHHO WHTEPMETAJLIH/IOB
TUTaHa C QJIIOMHHUEM [PHMEHSIOT pPa3IH4YHbIC
MeTobl. MHTepMeTaUTUIHBIC 3JEKTPOJHBIC MaTe-
pHabl, MOJTyYaeMble JTHUTCHHBIMH METOIaMH, OTIIH-
YalTCs HHM3KOH IUIACTUYHOCTBIO, IUIOXOW 00paba-
TBIBACMOCTHIO TPH  HOPMAJIBHOM  TeMmIeparype
(TpynHOOOpabaTEIBaEMbIE MAaTE€PHaiIbl), YTO MPHUBO-
JIUT K CIIOKHOCTSIM IPU M3TOTOBJICHHU 3JIEKTPOJIOB.
DNeKTpO/bl, MOJTy4aeMble METOJaMHU IOPOIIKOBOM
METaJUTypPIUsi, HIMEIOT PSIl IPEUMYIIECTB: MCIIOJIB30-
BaHUE TEXHUYECKHUX MPUEMOB (POPMHUPOBAHHS BBICO-
KOHEPAaBHOBECHBIX MAaTepUajoB B IOPOLIKOBOM
METaJUTYPIUi HHTEPMETAJUTHYECKUX COCTUHEHHI Ha
OCHOBE THTaHa TO3BOJISIET CO3/[aBaTh MaTepUasbl C
HEOOXOAMMON CTPYKTYypOl M 3aJaHHBIMH CBOMCT-
BaMH.

MATEPUAJIBI U METOJJUKU

B kauecTBe MCXOMHBIX MaTEpPHAJIOB HCIIOIH30Ba-
JUCh CTPY)KKa TexHudyeckoro tutaHa BT1-0 u
nopomuok amomunus (FOCT 6058-73).

Cpeny WHTEpPMETAITMAHBIX CIUIABOB HA OCHOBE
Ti-Al mambonsmuii mHTEpec mpeactaBiseT TisAl,
UMEIOIINA HauOOJBIIYI0 TBEPAOCTh BCIEACTBHE
HaJU4us CUJIbHOM KOBajeHTHOU cBs3u. Ilpu mpose-
JEHUH OHKCHEPUMEHTOB TIPH CTEXHOMETPUIECKOM
coorHommennd 3Ti:Al momydanu st cuctemst Ti-Al
¢aswl Ha ocHOBe TizAl

HccnenoBanmst (ha30BOro cocraBa 0Opas3IioB mMpo-
BOJIMIIM METOZOM PEHTTEHOBCKOW TUPPAKTOMETPUH
(P®A) ¢ wucmonp3oBaHMeM  IU(paKTOMETpa
JAPOH-7 B Cu-K,m3nyuenun. Pa3smep uacTum
OTIpeIeTSUIA Ha JIa3epHOM MHUKPOAHAIN3aTOpe paz-
MmepoB dactuil «Analysette 22». Meramtorpaduye-
CKH€ WCCIIeIOBAHUS TONYYCHHBIX 00pa3IoB, MMOCIe
BEISIBIIGHHS WX CTPYKTYPHl TpaBlieHHEM IO CTaH-

© Epmiosa T.B., Tecnuna M.A., Bnacosa H.M., Acramnos U.A., Dnexrponnas o6paborka marepuanos, 2016, 52(4), 74-78.



JAapTHOM METOAMKE, NPOBOAWINCH C IOMOIIBIO
Mukpockorna MUM-10, ¢ ucnonb3oBaHueM HU(Ppo-
BOM KaMephsl «AIbTaMH», Ha aTOMHO-CHJIOBOM
mukpockorie HT-MJT «Hurterpa Ilpuma» mnoiny-
KOHTAKTHOM METOJMKOW CKaHMPOBAHUS MOBEPXHO-
CTH. MHUKpPOTBEPAOCTh ONpEAEIach C MOMOUIBIO
mukporBepaomepa [IMT-3 no craHmapTHOW MeTO-
JUKE.
PE3VYJIbTATHI 1 OBCYXXJIEHUE

TutaHoBasi CTpyXKa pa3MmajbiBajach B ILUIaHE-
tapHoi maposoit menpHHIIe PM 400 B atmocdepe
aproHa Jo cpenHero pasmepa dvactunm 10 MKwm.
IMopomkoBeie cmecu cocraBa 3Ti-Al (mons) cme-
muBayivck B PM400 B Tedenue 4 yacoB B atMocdepe
aproHa MpH COOTHOIICHWH MACC MENIONIMX Tel K
oOpabaTteiBaeMoMy Matepuany 13:1 mpu yacToTe
Bpaienus 250 06/muH. M3 MexaHOAKTUBHPOBAHHOM
CMECH CIpeccoBalid 00paslbl W CHEKald HUX B
unrepsane temneparyp 1000-1400°C B TeueHue
1-6 wacoB B Bakyyme 107 I1a u aprome ¢ mociexny-
IOIUM OXJIaKIeHUEM I1eublo. Da30BEIl COCTaB HC-
XOJIHBIX TIOPOLIKOB MPE/CTaBIeH Ha puc. 1.

Hcxomuplil TOPOIIOK ATIOMUHHS MO Pe3ybTaTam
peHTreHoda3oBoro aHamM3a COCTOWT TOJIBKO U3 (ha-
3bl ATFOMHUHUS, @ TIOPOIIOK, TTOJYYESHHbIH U3 THTAHO-
BOU CTPYKKH, coepkuT a3y Ti (kak OCHOBHYIO), a
takxe ¢assl TIN u TiO (TiO,) (o yciIoBHBEIM KOH-
HeHTpanusaM B cymme He Menee 30—35%).

HccnenoBana »Bomonus (a3oBOro cocraBa H
MUKPOCTPYKTYPHBI CIIJIaBOB Ha ocHoBe TizAl B 3aBu-
CHMOCTH OT PEKUMOB criekanus (tabim. 1).

Penrtrenoga3oBeiii aHamu3 00pa3LOB, MOJIYYEH-
HeIX pu 1000°C, mokasai, 4To OHH UMEIOT CIIOXK-
HOe MHOro(asHoe CTPOCHHE: HACHTU(HUIUPOBAHBI
ucxoausie KoMmroHeHTbl (Ti) ¥ HOBble (a3bl —
uarepmeramanbie  Gaser  TisAl, TiAl, HuTpHa
Ti,AIN, okcun Al,O3. VBenuueHne mpoIoHKATEh-
HOCTH criekaHus oT 1 10 3 4acoB MPUBOIUT K U3Me-
HEHUSIM JIMHEHMHBIX TapaMeTpoB KPHUCTAIMYECKOMN
pELIeTKH OCHOBHBIX (a3, OHAKO OTHOCHUTEIBHOE X
COOTHOILICHUE B 00pa3lie MPAaKTHYECKH HE MEHSCTCS
(puc. 2).

Hammume B mopomike TtuTana ¢assl Ti (Kak
ocHOBHOI1), a Takke pa3 TIN u TiO (TiO,), cBsa3an-
HBIX C TPOIIECCOM MEXaHHYECKON 00pabOTKH THTa-
HOBBIX CIUTaBOB (IO YCIIOBHBIM KOHIICHTpAIUSM B
cymme He MeHee 30-35%), OTKpbIBaeT BO3MOXKHO-
CTH TIONYyYEHHUS] HOBBIX KJIACCOB COCAMHEHHH
Ti,AIN, Tak HassiBaeMbIx MAX-(ha3, IS KOTOPBIX
XapaKTepHbI BBICOKAsI TEPMOCTAOMIBHOCTh M JKapo-
croiikocts B aprore (mo 1700°C) m Ha BO3myxe
(mo 1200-1500°C) [11], BBICOKas TEILIOMPOBOJI-
HOCTh M Xopolrass o0padaThiBaeMOCTh Ha METaJlJIO-
pexyiem o0opynoBaHMHM 03  HCIOJIb30BaHHS
CMa304HBbIX MaTepuanoB [12], B oTnHuYue OT HUTPH-
JIOB ¥ KapOu0B. Mcnonp3oBaHue MOPOIIKAa TUTAHA,
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HOJyYeHHOTO U3 CTPYXKKH, pelIaeT MpodieMy yTH-
JM3alMKA CTPYXKKH, a HaJM4YHe B MOPOIIKE THTaHA
¢a3bl TIN oTKpbIBaeT MEPCIEKTUBBI IS pa3paboTKu
MPOCTOM M  JENIeBOM TEXHOJIOTHU  TOJY4YEHHUS
MAX-c¢a3sr Ti,AIN.

HccnenoBaHue CIEYEHHBIX TPH  Pa3IMYHBIX
Temmeparypax (puc. 2) 0o0pa3loB MOKa3alo, YTO
mporecc (¢azoobpazoBanus nHTEpMeTaHaa TizAl
u MAX-¢as3sl coctaBa TiAIN HaumnHaercs mnpu
temneparype 1000°C u Beiaepkke 2 waca. OmgHaKo
MOJyYeHHBINT MaTepHasl SBISACTCS MHOTO(a3HBIM.
Kpome stux nByx a3z, Takxke HASHTU(PULIHPYIOTCS
¢aser Ti, Ti,Al, Al,O;. Marepuan o0pasioB nmeer
XPYIIKOE TTOPHCTOE CTPOCHHE, B CTPYKTYpPE BBISBIIS-
I0TCSI OTAETbHBIC METaUTMUECKUE YaCTHIBI pa3Me-
pom 19-65 mxm. IIpu Temmepatype 1000-1100°C
HayMHAeTCsl mporecc o0pa3oBaHHsS HHTEPMETAIUIH-
JIOB, OJJHAKO OHAa HEJOCTAaTOYHA JJIS HOJHOTO IIPO-
TekaHus mpolecca (azoodpazoBanus. [Ipu Temre-
patype cnekanus 1100°C mpeobnagarommmu dasa-
mu cra"ossTea TiLAIN u TizAl

Marepuail, NOJYyYEHHBII IPU TEMIIEpaType clie-
kauns 1200-1300°C, mo manueiM PDA, cocTout us
nByx a3z — Ti,AIN u TizAl (puc. 3). Marpuna npen-
craBnena 3epaamu Ti,AIN. To Teny 3epHa u rpaHu-
[[aM 3epeH PACIOJIOKEHBI JUCIIEPCHBIC BKIFOUYCHUS
uHTepMeraumaa TiAl.  Pasmepsl  mucnepcHbIX
BKIIFOUEHHI cocTaBisior 1,5-3 Mxm (puc. 3a), onHa-
KO Pe3yJIbTaThl MCCIIEOBAaHUS MHUKPOCTPYKTYpPhI Ha
aTOMHO-CHJIOBOM MHKPOCKOIIE CBHICTEIBCTBYIOT U
0 HAJINYUM BKIIOYeHHil pasmepom okoio 0,1 Mkm
(puc. 36). MukpocTpykTypa 00pasiioB, CIIEYEHHBIX
npu Temnepatype 1200°C, npakTudecku MOTHOCTHIO
Ipe/CTaBIeHa BKIIOYeHHEeM HHTepMeTauuaa TisAl.

OcuoBabiMu (azamu sisrorest T AIN u TizAl,
IIPYU ATOM OTHOCHTENbHAs (pacdyeTHas) KOHIIEHTpa-
st ¢asel TizAl B 5ToM ciiyyae MakcHManbHa MO
CPaBHEHMIO C COJCp)KaHWEM ee B 00pasIlax, IMoIry-
YEHHBIX MPU APYrUX pexumax. Kpome storo, oOHa-
py’xeHo Hebombioe KomrnuecTBO (aszbl Al,Os.

VBenau4yeHne MpOJODKUTEIBHOCTH CIICKaHUS 10
3 4acoB MPUBOIMT K 3aMETHBIM MHUKPOCTPYKTYPHBIM
U (a30BbIM U3MEHEHHUSIM: NPOUCXOHUT PE3KHH POCT
Colep)KaHUsl OKCHOHOW (a3, pasMepoB TOp U
MeTaUIM4ecKnx dactuil. [lo maHHBIM peHTreHoda-
30BOr0 aHanm3a, cojaepkanme ¢aszer Al,O; 3Haun-
TenbHO Bo3pacTaeT (mo 1/3 oObema MO yCIOBHBIM
KOHIIeHTpanusaM), a ¢asza TizAl yxke He sBiIseTCs
JoMUHMpyomer. JlJiss yMEeHbIIEHHS MpPOILECCOB
OKHCIICHHSI KOMIIaKTHbIE 00pa3libl MHTEPMETAJLIH-
OB 00pabaThIBAINCh B HAYTJICPOKEHHOH Cpene,
CO371aBaeMoi TaOJIETKaMH aKTHBHPOBAHHOTO YTIISA.
[Toka3ano, yTo (a30BbIii COCTaB 0OPA3LOB MPAKTH-
YeCcKH He MeHsercs. TakuMm o0pa3oM, yBeIMUCHHE
okcuga Al,O3z cBsA3aHO He ¢ HaTEKaHMEM KHCIOPOZa
B BaKyyMHYIO KaMepy, a ¢ KACIOPOJIOM, aicopOupo-
BaHHBIM HCXOHBIMHU MOPOIIKAMH, & TAKIKE C KUCIIO-
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Ta6auna 1. PexxuMsbl criekaHust 00pasios

Howmep Temmneparypa cunekanust (°C) / Howmep Temmneparypa cunekanus (°C) /
obpasma MIPOJIOJKUTENBHOCTE CIIEKaHus (1) obpasia TPOJIOJKATELHOCTD CIIEKAHuUS (1)

1 1000/1 9 1200/3

2 1000/2 10 1300/1

3 1000/3 11 1300/2

4 1100/1 12 1300/3

5 1100/2 13 1400/1

6 1100/3 14 1400/2

7 1200/1 15 1100/3
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Puc. 1. ®a3oBblii cocTaB HCXOAHBIX HOPOLIKOB: 1 — MOPOMIOK
AIIOMUHUS; 2 — CTPY)KKA TUTAHOBas; 3 — MOPOLIOK TUTaHA U3
cTpy*KH; 4 — cMech cTexuomerpuueckoro cocrasa 3 Ti: 1 Al,
300 06/muH, 1 yac: m — Al; A — Ti; A-TiO; o — CaCO;3 (mare-
pHUa Ul 3aKPETUICHUST CTPYIKKH).

(a)

(8)

poIlOM, conepKalMMcd B Topax npeccoBok. llpu
MTOBBIIIICHUN TEeMIIEPaTyphI CTIIEKaHU bi(s)
1300-1400°C (puc. 3B,r) B CTPYKTypE MOSIBISIIOTCSI
KpyIHBIE YYacTKH, CBOOOJHBIE OT JUCHEPCHBIX
BKJItoueHH. Kpome 3T0ro, u3MeHsieTcsi pacioioxe-
HUE JUCIEPCHBIX BKIIOYEHWH — B OCHOBHOM OHHU
pacrmonaraloTcss MO TpaHMIAaM 3€peH MAaTpPHILBI.

Puc. 2. Tudpakrorpammsl 00pasLioB, CIEKaeMbIX IPH TEMIIC-
parypax 1000-1400°C, mpoJomKHUTeIbHOCTD CIIEKaHus 2 Jaca:
- T|3A|, o— leAIN, ao- A|203.

WEM

)
Puc. 3. Mukpoctpykrypa vactui: (a) — 1200°C, 3 gaca; (6) — 1200°C, 2 uaca, mojydeHHas Ha aTOMHO-CHJIIOBOM MHKPOCKOIIC
HT-M/AT «Huterpa [Ipuma» MolyKOHTAKTHOM METOIMKOM cKaHUpoBaHus moBepxHocTH; (B) — 1300°C, 3 yaca; (r) — 1400°C, 1 uac.

PesynbTathl MeTamiorpaduyeckoro Hccie0BaHUs
COTJIACYIOTCSI C IAHHBIMH PEHTTeHO(]a30BOr0 aHAIH-
3a, W3 KOTOPBHIX CJEQyeT, YTO OTHOCHUTEIbHOE
cozmepkanue asbl TisAl yMEHBIIHIOCH, @ OCHOBHOM
dazoif  ABISAETCS CIOWCTHIM TPOWHON  HUTPHUI
Ti,AIN. Conepxanne dassr Al,O3 yBennurBaercs B
3aBUCHUMOCTH OT MPONOJDKUTENBHOCTH CIIEKaHUs U
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Tab6umuua 2. MUKpOTBEpAOCTh 00Pa3II0B

Ob6paszen Muxkpotsepaocts H = 20 r (pa3bpoc 3HadyeHui, cpenree 3Haucnue), I'Tla
(Temmnepatypa crekanusi, °C / marpuia (TiAIN) Martpuna 6e3 KpyIHBIX BKIIOYSHUH
BpEMs CIICKaHU, ‘i) C BKJIIFOUCHUSIMU
(TizAl
1000/2 (3,8-8,4); 5,7 -
1100/1 TemHble o0nactu (4,8-5,7); 5,4 -
cBerible obnacru (2,2-4,3); 2,9
1200/2 (4,9-6,7); 55 (7,3-9,7); 8,76
1200/3 (4,6-8,8); 5,6 (4,3-11,9); 7,6
1300/1 (5,1-8,0); 6,1 (4,6-8,8); 6,6
1300/2 (3,6-7,3); 5,0 (7,3-9,7); 8,5
1300/3 - (2,9-8,0); 5,5
1400/1 - (4,0-8,0); 5,4

nocturaer Makcumyma ~ 40-45% mo ycnoBHBIM
kouueHrparusam npu 1400°C. Obpa3oBaHue oKcHaa
QTIOMHUHKS  OOYCIIOBJICHO HaJM4YMeM B COCTaBe
UcXogubIX koMnoHeHnToB T10-TiO..

[IpoBogumock  M3MEpEeHHE  MHKPOTBEPIOCTH
MOJy4YeHHBIX 00pasioB (Tabi. 2). C yBeandyeHHEM
TEMIepaTypbl © TMPOAODKUTEIBHOCTH —CIICKAHMUS
MHUKPOTBEPAOCTh  O0pasioB  yMeHblmaercsi. B
MEPBYI0 OYepellb 3TO CBSI3aHO C YMEHBIICHUEM
KOJIMYECTBA TUCICPCHBIX BKIIOYCHHI B Tele 3epHa
MaTpUIbl U PACIOJIOKCHUEM WX B OCHOBHOM IIO
IpaHMIaM 3epeH MAaTPHIbl MpHU OoJiee BBICOKUX
TeMreparypax. 3HaueHHs MHKPOTBEPIOCTH COrJa-
CYIOTCSL C JAaHHBIMH O MHUKPOTBEPAOCTH MaTepUaioB
Ha ocHoBe MAX-(a3sl cuctemsr Ti-Al-C 6e3 kakux-
mibo mpumeceit u cocrasisor 4,0-4,5 T'TIa [13].
[ToBBIIIEHHYIO MHKPOTBEPIOCTh Marepuaia o00y-
CIIOBITUBAIOT JMCIIepCHbIe BKimoueHus TisAl, Haxo-
JSIIUecs B CTPYKType MaTepHara.

[MonyueHHbIe MaTepUalbl ObLIM MCIOJIB30BAHBI B
Ka4eCTBE AJICKTPOJHBIX JJIsI CO3aHHs M3HOCOCTOM-
KHX U )KapOCTOMKKX MOKPBITUI Ha cTaisx [6].

BBIBO/IbI

1. HccrnemoBana 5SBOJIIOIHS COCTaBa, MHKPO-
CTPYKTYpBHI M CBOMCTB CIIaBOB Ha ocHOBe TizAl B
Pa3MYHBIX TEMIIEPAaTypPHO-BPEMEHHBIX YCIOBUSIX.
[TokazaHo, YTO MHTEpMETAJUTU/IBI HAYMHAIOT O0pa-
30BbIBaThCa npu 1000°C 1 UMEIOT CI0KHOE MHOTO-
¢ba3HOe CcTpoeHME. HICHTH(OUIMPOBAHBI MCXOIHBIC
komroHeHTsI (Ti) 1 HOBBIE (ha3bl — HHTEPMETAILIHI-
Hbie pasbl TizAl, TiAl, cioucTslit TpoiHOH HUTPHUI
Ti,AlIN, okcun amromunug Al,Os.

2. Vcnionb30BaHMEe TUTAHOBOW CTPYXKKH B Kade-
CTBE OJIHOTO M3 KOMITOHEHTOB MPHUBOJIHUT K 00pazo-
BaHHUIO CJIOMCTOTO TpoiHoro mutpuaa TiAlN, Tak
HazpiBaemMoli MAX-da3el, KOTOpas CTAaHOBHTCS
OCHOBHOW (ha30d INpH YBEIMYECHUH TEMIIEPaTypBHI,
IPU 3TOM OTHOCHUTENBHOE cozaepxanue ¢asbr TizAl
YMEHBIIAETCs. Y CTAaHOBJICHBI ONTHMAJIbHBIC PEKH-
MBI CIEeKaHHA OOpa3loB IS TIONYYECHUS MaKCH-

MaJILHOTO COJIEpaHUSl WHTEPMETAIHIHON (a3bl
TizAl: Temneparypa cnekanus 1200°C, mponosmku-
TENLHOCTh CIICKaHus 2 Jyaca.

3. BEISBIICHBI 3aBUCHUMOCTH (PH3UKO-XUMHIECKHIX
U MEXaHHYECKUX CBOWCTB HHTECPMETAILTHIHBIX
CIUIaBOB OT pa3Mepa 3epHa, HAIW4HS 0P U BKIIOUE-
HUM. YCTaHOBJIEHO, YTO MUKPOTBEPJIOCTH UHTEPME-
TAUIMIHOTO CIUIaBa ONpEAeysieTCs] KOJMYECTBOM H
pacrpeqeeHueM AWCIEPCHBIX BKIIOYEHUH HHTEp-
MetarmuaHou ¢asel TisAl B Tene marpuisr TiAIN:
npu Temnepatype 1200°C mucnepcuas ¢aza pacro-
jaraercsi Mo Tely 3epHa MaTpHibl M TpaHulaM
3epeH, NMPH YBEINYCHUH TEMIIEPATypbl OTHOCHUTEIh-
Hoe conepkaHue ¢as3bl TisAl ymeHbinaeTcs u oHa
pacrionaraetrcss TOJBKO IO TpaHUIAM 3€peH, 4YTO
MPUBOIUT K OOIMIEMY CHIDKCHHIO MHKPOTBEPIOCTH
Marepuara.
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Summary

Under study was the process of producing an alloy
based on TisAl by the powder metallurgy methods. It is
shown that the use of waste products from the production
of titanium — titanium chips makes it possible to obtain
the ternary system Ti-Al-N, the so-called MACH-phase.
The effect of the modes of sintering on the processes of
phase and structure formation, composition and properties
of the sintered material is investigated.

Keywords: titanium swarf, titanium aluminides,
powder metallurgy, layered ternary compounds, composi-
tion, technology, structure, properties.
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[TocTossHHOE COBEpIICHCTBOBAaHHE TEXHUKH U
TEXHOJIOTUH TpeOyeT MPHUMEHEHHS KOHCTPYKIIHOH-
HBIX MaTepHajoB, CHOCOOHBIX OTBEYaTh YKECTKUM
TpeOOBaHHUAM OKCIUTyaTallMd. OTH 3aJadd MOTYT
OBITh pEHIeHBI, CPeAH IPOYETO, HCIIOIb30BaHUEM
COBPEMEHHBIX 3aIIUTHBIX MOKPHITHHA.

B HacTosiiee BpeMs mpakTHYecKH JH000e H3Jie-
JUe WIA y3ell BKJIIOYaeT 3HAYMTENbHBIA TepeveHb
Jetaneidl ¢ TeMH WM WHBIMA (QYHKIHOHAIBHBIMH
3aIIUTHBIMU MOKPHITUSIMH, MOBBIIIAIOIIUMU SKCILTY-
aTalMOHHBIC XapaKTEPUCTUKH (KayecTBO, HAIEK-
HOCTb, JOJITOBEYHOCTh). B 3aBHCHMOCTH OT Tpebo-
BaHWH, TPOJUKTOBAHHBIX YCIOBUSAMU PAaOOTHI U3/e-
TI¥sl, TIOKPBITHS MOTYT yIIydIIaTh ONTHYECKHE CBOW-
CTBa, TIOKa3aTeNd COMPOTHUBIECHUS KOPPO3UU U
W3HOCY, TMOBBIIIATh TEPMOCTOUKOCTh, 00ECIIEUNBATh
3NEKTPOM30IAIMIO U JIp. Ecnu mpu skcrutyaTanun
HabOmoqaeTcs OTHOBPEMEHHOE BO3/IeIICTBHE
HECKOJIBKMX HeONarompuatHeiX (akTopoB, TO K
MOKPBITHSM TPENBSABISIETCd KOMIUIEKC CIIEHUaNb-
HBIX TpeOOBaHUH.

Bonbiioit uHTEpEC MPEACTABISIOT NEPCHEKTUB-
HbIE METO/BI MOyUYEHHs] TOKPHITHHA ¢ TPUMEHEHHEM
COBPEMEHHBIX BaKyyMHBIX TEXHOJIOTHH, TaKUX Kak
BaKyyMHOE€ HalblJIeHHE M Ta30(a3sHoe OCaKIeHHE
XUMHUYECKUX coequHeHnid. OHM 4YacTo HEe HMEIOT
aNnbTEPHATUBBI, C MX IOMOIIBIO MOXHO TOJIy4aTh
TTOKPBITHSI TIPAKTUYECKH U3 JIFOOBIX HEOPTaHUIECKHIX
¥ HEKOTOPBIX OpraHrYecKux mMarepuanoB. [Ipu atom
OOJIBIIMHCTBO 3THUX METOJOB 110 OCHOBHBIM TEXHH-
KO-DKOHOMHYECKUM II0Ka3aTeIsiM OTBEYaloT Tpebo-
BaHHUSM COBPEMEHHBIX TEXHOJOIWH, a CBOMCTBa
HaNBUISIEMBIX MOKPBITHHA YJIOBJIETBOPSIOT CaMbIM
JKECTKUM YCIIOBHUSIM KCILTyaTaIlUH H3IEITHA.

BAKYYMHOE HAIIBIJIEHUE ITOKPBITHI

BakyymHoe HambuieHHe Tpynma MEeTOIOB,
00BEIMHEHHBIX OOIIMM IPUHITAIIOM CO3IaHUS TPH
MOHIKEHHOM JIaBIICHHH TOTOKA KOPIYCKYJISIPHBIX
qacTuI (aTOMBI, MOJICKYJIbI, HOHBI) U UX OCAXKICHUS
Ha HambUIIEMYIO MOBEPXHOCTh. BakyymHOe Hambl-
JICHUEC MIUPOKO HCHOJB3YCTCA IJId IOJYUYCHUA
(GYHKIIMOHAIBHBIX 3aIlUTHBIX MOKPBITHI (M3HOCO-
CTOMKHMX, KOPPO3UOHHO-3AIIUTHBIX, TEPMOCTOMKHUX
U Jp.) HA PAa3IUYHBIX MOATOXKKAX (METATHYECKUX,
Kepamudeckux u ap.). Ha puc. 1 npuBenena oOras
cxema BaKyyMHOTro HarbuieHus [1].
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Puc. 1. O6mas cxema BakyyMHOTo HambuleHHs: 1 — BakyyMHast
KaMmepa; 2 — HalbUIIeMbIH MaTepHal; 3 — HalbUIIeMbIC YaCTH-
1bl; 4 — HanbUIAEMas OBEPXHOCTh; 5 — MOKpbITHE; 6 — HaTeKa-
Tenb; 7 — 3kpaH [1].

Hpouecc BAaKYYMHOI'O HAalIbJICHUS BKIIIOYACT TPHU
OCHOBHBIC CTaAWU.

— MEPEeBOJ] HAMBLIIEMOr0 MarepHaja B Ia3000-
Pa3HOC COCTOSIHUE,

- (I)OpMI/IpOBaHI/IC IIOTOKAa HalbLIACMBbIX YaCTHIl U
WX TPAHCIIOPTHPOBKA K HAIBUIAIEMON IMTOBEPXHOCTH

© Bacun B.A., Kpur B.JI., Comos O.B., Copokun B.A., ®pannkesny B.I1., Dnensdensa A.B., DnexrpornHas 06paboTka MaTepu-

anos, 2016, 52(4), 79-84.



(HIT). ITpu sTOM >KenmaTeabHa MaKCHMalbHAs HOHH-
3allis HAMBUIIEMBIX YACTHIl ]IS TOBBIIMICHUS HX
SHEPTUM U 00ECIICUYCHUsI BO3MOXKHOCTH YIPABJICHUS
9TUM TIOTOKOM C TIOMOIIbIO 3JIEKTPUUECKHUX H/UIN
MAarHUTHBIX TOJIEH;

ocakaeHne (KOHJCHCAIMS) HAMBUIAEMBIX
yactuil Ha HIT B Buie mOKphITHI (TUICHOK).

B ocHOBe BakyyMHOTO HambIICHHS JIEXKAT TPO-
[IECCHI TEPMHUUYECKOTO HCmapeHus (pe3sUCTHBHEIN,
JTUCKPETHBIN, 3IIEKTPOHHO-ITYYEeBOH, BHICOKOYACTOT-
HBIH MHAYKIMOHHEBIN, IyroBoil HarpeB), HOHHO-
JYy4YeBOTO WM HMOHHO-IUIa3MEHHOTO PacHblICHUS
(mromHas, BBICOKOUYACTOTHAS, TPHOJAHAS, MarHe-
TPOHHAS CXEMBbI) HAMBIISIEMOr0 MaTepuana B Bakyy-
me (10°+10" ITa) i moTyYeHHS TOTOKA HAMBUIIEMBIX
YacTHUI[ C 33JIaHHBIMH TTapaMeTpaMu. TepMOBaKyyM-
HOE WCIapeHHe 3aKI0YaeTCs B HArpeBe HaIbLIse-
MOTO MaTrepuaja B BaKyyMme IO TeMIIepaTypbl, MpH
KOTOPOH JaBJICHHE MapOB HANBUISIEMBIX YACTHII HAJ
ero moBepxHocThi0 aocturaer 1,33 Ila m Gornee,
JlaJIbHEUIlIeM ero UCMapeHWH W TMOCIeAyIoNeld KOH-
ngeHcauuu Ha HIIL. Ilpn MOHHOM pacHbLIEHUHM YCKO-
pEHHBIE TIOJIOKUTEIbHBIC HWOHBI paboyero rasa
(vame Bcero Ar) 6oMOapMPYIOT MHIICHL U3 HAllbI-
JIIEMOTO MaTepuaia, AUCIEPTUPYS €€ MOBEPXHOCTH,
C TOCJHenyIolel KOHJEHCAlMeld  HambUISIEMBIX
yactul, Ha HII. HemocpenctBeHHo mepen Bakyyw-
HbIM HaIlbUIEHUEM ISl TIOBBIIICHUS MPOYHOCTH
cueruieHust nokpeitus ¢ HII, kak nmpaBuio, mpoBo-
JIATCSL €€ WOHHAs OYUCTKa (TpaBiieHHE) YCKOPEHHBI-
mu noHamu Ar’ B Tieronem paspsaze [2].

B coBpeMeHHBIX BaKyyMHBIX TEXHOJOTHSIX BCE
yaie NPUMEHSIOT TaK Ha3bIBaeMOE HOHHOE OCaKIe-
HUE, 3aKiIIovaroleecss B HOHU3AIUN TIOTOKAa Harlbl-
JSEMBIX YaCTHI], YTO TO3BOJSIET YCKOPATH WX TIO
HanpaBneHnio kK HII u akTMBHM3MpOBATH MPOIIECCHI
3apOK/JICHUS U POCTa MOKPHITHA C BRICOKOM aare3uei
K moamoxkke. Ha puc. 2 mpuBeneH mpuMep CXEMBI
HOHHOTO OCaXICHUS C WHIAYKIIMOHHBIM HarpesoM 4
ucnapsiemoro matepuana 10. McmapeHue mpoucxo-
IUT B TJICIOIIEM paspsiae 6 B cpexe Ar, mocTymaro-
IEero B BaKyyMHYI0 Kamepy 1 depe3 Harekatenb 9.
[Ipu »TOM HampuIIeMas TOBEPXHOCTh [ CIYXHT
KaToJIOM, a TUTCIbHBIA HCIAPUTEIh 3 — aHOIOM
TICIOUIETO pa3psna, 3aKUTaeMOro ¢ MOMOIIBIO BbI-
COKOBOJIFTHOTO UCTOYHHKA nutaHus 2. [locne npex-
BaputesibHOW MoHHOW ounctku HIT cpasy HaunHaert-
Csl HaHECeHHE TIOKPBITHS, TIPH ATOM COBMEIIECHHE Ha
paHHEH CTaauu MPOIECCOB PACTIBUIICHUS W HArbLIe-
HUS TI03BOJISIET C(OPMUPOBATH MEPEXOIHBIA CIIOH,
KOTOpPBIN 00ecredrnBaeT BHICOKYIO MPOYHOCTD CIIEl-
JICHUSI TIOKPBITUS C OCHOBOM.

TTokpbITUS M3 XMMHUYECKUX COEAUHEHUM, KOTO-
pbie HE MOTYT OBITh MOJYYCHBI OOBIYHBIM BaKyyM-
HBIM HalbUICHHEM (TaK Kak MPOMCXOIUT UX pasjio-
JKEHHE TP UCIAPEHUH WIH PACIBUICHHH), MOKHO
[OJTy4aTh C TIOMOINBIO PEAKTUBHOTO BAaKyyMHOTO
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HanbUIeHHus. J[s 3Toro B pabo4yro KaMepy B Mpo-
[IECCe HAMbBUICHUSA BBOIAT JIO3MPOBAHHOE KOJHYE-
cTBO akTUBHBIX Ta30B (N,, O, CO), koTOpHIE, BCTY-
masi B XMMHYECKYIO0 PEaKIUI0 C HambUIIEMbIMU
yacTULAMH, oOecmeunBaroT ocaxneHue Ha HII
TOTOBBIX XUMHUYECKHMX COECIUHCHMI (COOTBETCTBEH-
HO HHUTPHIOB, OKCHIOB, Kapoumos). ITpu atom st
CO3/MaHUsl TMOTOKA HAMBUIAEMBIX YaCTHI[ MOTYT

WCIIOJBb30BaThCA JIFOOBIE CIOCOOBI TEPMOBAKYyM-
HOIO HCIApeHus WIM HOHHO-IUIAa3MEHHOI'O pAaCIIbI-
nenus [3].
/\,..-—-—-’?
g M/ =5
RNy
. '/("-M\f) 15k
Ve 2 A
\'\. ,/! = .:3
T R o I S
. 1o Iu—-—_ -
[ 0 __— |
[
L—
L L LAl
Lo Orkauxa

Puc. 2. CxemMa MOHHOI'O OCAXACHHS C MHAYKIHOHHBIM Harpe-
BoMm. 1 BaKyyMHas Kamepa; 2 WCTOYHHMK ITUTAHMS,
3 — TurespHBII UcapUTENb; 4 — BEICOKOYACTOTHBIA HHIYKTOD;
5 — TOTOK HambUISEeMBIX 4YacTWL; 6 — TICImuil pa3psn;
7 — HambUIsieMasi IOBEPXHOCTh; 8 — MOKphITHE; 9 — HATEKATEIb;
10 — ucnapsiemblii MaTepHal.
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Puc. 3. CxemMa peakTUBHOTO BaKyyMHOTO HAIBUICHHS C JIyTO-
BbIM HarpeBoM (karoaHasi popma ayru): 1 — ucrapsiemblii Mate-
puai (katox); 2 — MeIHbINA BOJOOXJIAXKIAEMbBIH aHOI; 3 — CHJIO-
BOM MCTOYHMK NMTaHMA, 4 — CTaOMIM3MpYIOIUAs KaTyllKa;
5 — nyroBoii paspsin; 6 — BomsHOE OXJaXICHUE; { — UCTOYHUK
MUTaHUS BBICOKOBOJIBTHBIN; 8 — XOJUIOBCKHE TOPLEBBIE YCKOPH-
Tend, 9 - mHarekarens, 10 HambUIIEMasi MOBEPXHOCTD;
11 — mokpeiTHe; 12 — MOTOK HambUISEeMbIX YacTull, 13 — Baky-
yMHasI Kamepa.

PeaknimoHHOMY HaHECEHHIO KOHACHCALMOHHBIX
MTOKPBITUHA TIOCBSAIICHO OOJBINOE KOJIHYECTBO IyO-
nukanui. Tak, MepCrneKTUBHBIA METOJ IIa3MOXHU-
MHUYECKOT'O CHHTE3a B YCIIOBUSIX MOHHOW OOMOapau-
pPOBKH (HETEPMHYECKOW aKTHUBAIIMH) PACCMOTPCH B
pabore [4]. Ha puc. 3 mpuBeneH NPUMEP CXEMBI
PEaKTUBHOI'O BaKyyYMHOTO HANBUICHUS MPU TYTOBOM
HarpeBe (karomnas ¢opma ayru). CHayama mpoBoO-
nat uoHHyro ouuctky HII npu mojmaue Ha Hee



HaIpPsOKEHNUS 0 HECKOIBKUX KHJIOBOJBT OT BBICOKO-
BOJIETHOTO UCTOYHMKA NuTaHus 7. [locie cHUKeHUs
HanpspkeHust 10 nopsaka 100 B naumnaeTcs KoH-
JeHcanus Hanbuigsembix yactun Ha HIL. s momy-
YCHHS MOKPBITHA W3 HUTPUIOB, OKCHJIOB WJIM Kap-
O0unoB yepe3 HaTekaTenb 9 B BakyyMHYI0 Kamepy 13
MOAAIOT COOTBETCTBYIOLIUI aKTUBHBIN ra3. J(aHHbII
Croco0 BaKyyMHOTO HAIbUICHUS OOECIeYnBacT
BBICOKYIO IUIOTHOCTH IMOTOKA HAIBLISIEMBIX YaCTHIL
(o 10% cm?c™), 4TO CpaBHHMO C DIEKTPOHHO-
Jy4eBBIM  TEPMOBAKyYMHBIM  HCmapeHueMm  (J10
10% CM'Z-C'l). IIpu 3TOM AHocTUTraeTcs MOBBIIICHUE HA
JIBA TIOPsIIKa BETMYMH CTETIEHN HOHU3AIUH IIOTOKA U
sHeprun gacturl (mo 90% u 40 B mporus 1% wu
0,5 3B), 4TO MO3BONSET MOJY4YaTh KaueCTBEHHBIC
MOKPBITUSL C BBICOKOH MPOYHOCTBIO CLEIJICHUS C
OCHOBOH.

B kauecTBe mpuMmepa MOKHO NPHUBECTH HaHece-
HUE METOJIOM HCIapEHUsI-PACIIBIICHUS] C HCIOMb30-
BaHHEM KaTOJHOW (DOPMBEI IyTH Kapo- U IPO3UOHHO-
CTOWKUX TOKPHITUH Ha JIOMATKH TYpOWH aBHUAIIMOH-
HbIX nBurateneii. OCHOBOW IJISI TaKMX IMOKPBITHIA
SIBJISIETCS JKapoCTOikuid HuKeneBblid cruaB (10-15%
Al; 5-10% Cr), Ha TIOBEPXHOCTH KOTOPOTo 00pasy-
€TCsl OKCHJ AIIOMHUHHS, 3alIUTHBIE CBOHCTBAa KOTO-
poro coxpanstorcs mo 1200°C. MakcumanbHas
Temreparypa paboThl JIOMATOK TYpOMH aBUAIMOH-
HeIx auratened gocturaet 1100°C Ha rpakiaH-
ckux camosierax u 1200°C — Ha BoeHHBIX [1].

Br16op MeToa BaKyyMHOTO HaIlbIJICHUS OTIpe/ie-
nsercs TpeOOBaHUSAMH K MOKPBITHIO C YY4E€TOM IIPO-
W3BOJUTENHHOCTH  TpOIEcca,  AKOHOMHUYECKON
3G PEeKTHBHOCTH U Apyrux (akropoB. B 3TOM cMbIc-
Jie OJTHUM U3 MEPCIEKTHBHBIX BaKyyMHBIX METOJOB
MOJTyYeHUs] TIOKPHITUH W3 XUMHYECKUX COCIMHEHUN
C BBICOKMMH DJKCIUTYyaTallHOHHBIMH XapaKTEePHCTH-
KaMU SIBJISIETCSl METOJI Ta30(ha3HOr0 OCaXIECHHS Kap-
OMIOXPOMOBBIX IIOKPBITHH.

'A3B0®A3HOE OCAXIEHHE
KAPBMOXPOMOBBIX ITOKPBITUN

IepcniekTHBBI MeTOma Ta3odasHoro (IHPOIUTH-
YEeCKOT0) OCAKAECHHUS C WCIOIB30BAHHEM METALIO-
opranmnueckux coequnenuit (MOC) B kauecTBe pac-
XOJHOU pabouelt )KUIKOCTH OOYCIIOBJICHBI BHICOKOU
TEXHOJIOTUYHOCTBIO Tporiecca MPH €ro IMOJHOH
aBTOMAaTH3allHH, BO3MO>KHOCTBIO MOy YSHUS
MOKPBITUA C 3apaHee 3aJaHHBIMU CBOWCTBAMH U
BBICOKMMH 3KCIUTyaTallUOHHBIMUA XapaKTEepUCTHKA-
mu [5].

B mpouecce nmuponutuueckoro ocaxaenus MOC
MIEPEBOANTCS B TapooOpa3HOE COCTOSIHHE U IIPH
koHTtakTe ¢ HII, HarpeToii 1o onpeneiaeHHoN Temie-
paTypsbl, pazjaraercs C BBIICICHHEM MeTalla HId
HeoOXxoauMoro coenuHenus. OOpasyromuecs Mpu
ATOM Ta3000pa3HbIe MPOAYKTHI MUPOJIA3A YIAJISIOT-
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Cd U3 30HBI PEAKIIMU U KOHJICHCUPYIOTCS B a30THOU
JoBymike. B olmmiem ciydae mporecc MUpOIUTHYC-
CKOTO OC&XJCHMsI W3 TapoBOW (ha3bl Ha HATrpETOU
nojyioxkke — HIT — MoxkHO mpencTaBuTh B BUE psiga
MOCJIeIOBATEbHBIX CTaui [6]:

— JIoCTaBKa ra3000pa3HbIx peareHToB K HIT,

— ux agcop6uust Ha HIT,

— XHMHYECKHE peakiuu #u (QopMUpOBaHHE
MTOKPBITHUSA;

— ecopOuHs MPOAYKTOB MUPOITN3a,

— OTBOJ T'a3000pa3HBIX MPOIYKTOB OT PEAKIIHOH-
HOM MOBEPXHOCTH M MX KOHJEHCAlUS B a30THOU
JIOBYIIIKE.

B ocnoBe wMmeroma ra3zodazHOro OCaKIEHUS
JIEKUT XUMUYECKas peakius pazioxenus MOC:

RM—->M +nR, @

rne T - Ttemmeparypa, N — KO3(QQUINEHT;
M - wmeramn, R — opraHmYeckuwii paauKal WA
Mornekyna. Ilpomecc mpoBOAsST B BakyyMe WIH
aTMoc(epe HHePTHOTO Ta3a, YTO CBSI3aHO C OMACHO-
ctbto okuciienrss MOC u BBIIEIAIOMMXCS M3 HUX
METaJIJIOB KHCIIOPOJOM BO3yXa.

Jis monydeHusT METaJUTMYECKUX WU KapOWJIHBIX
MOKPBITHA, coluepkammx MeTtauibl VI rpymnms
TabmuIl MeHieneeBa, UCIOIb3YIOT OHC-apeHOBBIC
WIH apeH-TPUKapOOHWIBHBIE COEAWHEHUS JTHX
MeTauioB. OCHOBHOW peakmuer TepMHUIECKOTO pas-
JIOXKeHHsI OWC-apeHOBBIX KOMIUIEKCOB XpoMa THIIA
Aren,Cr sBisieTcss WX MOJCKYJSPHBIM pacmag ¢
0o0pazoBaHMEeM MeTalljla U apOMAaTHYECKHUX YIJIEBO-
JIOPOJIOB!

Aren,Cr—2C_, Cr + 2Aren. (2)

Hapsiny ¢ apoMaTH4YecKMMH YIIeBOAOPOJAMH
00pasyroTcs HeOoIbIIMe KOIHMYeCTBa NapapuHOBBIX
YIJIEBOIOPOIOB M BOJOpoX. Takoi coctaB razoo0-
pasHBIX TPONYKTOB H HAIMYME yriepojaa B
OCaXJICHHOM XpOMe OOYCIIOBIICHBI YaCTUYHBIM pas-
pylIeHHEeM OEH30JILHOTO KOJbIla apeHOBOIO KOM-
TUIeKCa M TOCIEAYOIIMMHU MTOOOYHBIMH PEAKIIUIME.

B mocnennue rogsl Bce Oosee MUPOKOE MpUMe-
HEHHE HaXOIAT MHPOJIUTHYECKUE KapOHIO0XPOMO-
Boie mokpeiTHst (ITKXIT). s nomyuenns TTKXIT
UCTIONIE3YIOT OWC-apeHOBBIE COCTUHEHHUS XpOMa B
HelTpanpHO ¢dopme ¢ obmet dhopmymoit Aren,Cr
(rme Aren — GeH30I, STHUIOCH30JI, TOIYOI, KCHIIOI,
KyMONn M T.1.). YacTh OMC-apeHOBBIX KOMIUICKCOB
xpoMa (Hampumep, OHC-3THIOEH30J, OHC-KyMOJI-
XPOM) SIBIISIFOTCS KHUIKHMHU U [IPU ITOM JOCTATOYHO
YCTOMUYMBEIME (ITEPEXOAAT B MapoBylo (aszy 0e3
paznoxxenus). [103TOMy OHU TPEACTABIIAIOT OCOOBIH
MPAKTUYCCKUI HHTEPEC IS TEXHOJOTHH IOy UCHHS
MUPOJIUTUICCKUX KapOUTOXPOMOBBIX TOKPBITHH.

[Ipn momydeHnn mOKpHITHA wucxomHEIM MOC
ABJSIETCS.  NMPOMBILNUICHHAS ~ XPOMOOPTraHHYeCKast
xuakocth  «BAPXOC»  (cMech  OHC-apeHOBBIX
MPOU3BOJHBIX XpOMa, B OCHOBHOM OWC-3TWII- H
TUIOeH30I NI THIIOeH301XpoMa) (TY-1149-78).



s wanecenns I[IKXII nambonpmiee pacmpo-
CTpaHCHUEC MMOJTYYNIIN OABC TEXHOJIIOTMYCCKUEC CXEMBI.
¢ aBTOHOMHBIM ucnapeHueM MOC u nocnenyromei
TPAHCIIOPTUPOBKON TApOB B 30HY OCAXKIACHUS
(puc. 4) u ¢ muHamMudeckoi nogaueir MOC B Kua-
KOH (a3ze B 30HY OCAKICHUS WU MOCIECAYIOIIUM €T
WCMapeHueM BOJU3M OT TMOKPBIBAEMOTIO HW3JIENHUS
(puc. 5) [7, 8].

Puc. 4. Cxema nHanecenns [IKXII ¢ aBTOHOMHBIM HCIIapeHHEM
MOC: 1 - peakrop, 2 — momIoXKa, 3, 5 — HarpeBareiny;
4 — ucrapuTenb.

Eme 6omee adhekTUBHBIN TIPOIIecC — OCaKICHUE
MTOKPBITHIA W3 paBHOBecHOW ra3oBoi ¢azer MOC.
[Ipu 5TOM paznuuaroT 1Ba THIA YCIOBHUH: CTaTUue-
CKME M JIWHAMUYECKHEe, B KOTOPHIX MOXET Haxo-
JIMThCS KOHIICHCUpOoBaHHas (0ObIYHO JkujKas) (asa
MOC, paBHOBecHass ¢ mapoBoil. B crarmuecknx
YCIIOBUSIX paBHOBECHas mapoBas (asa coszmaercs
ucrnapeHueM Teepaoro uim xkujpkoro MOC, Heno-
JBIDKHO PACHONI0KEHHOTO BHYTPH HUCHAPUTEIS.

Ha puc. 5 mpencraBieHbl CXeMBbl HAHECCHHS
TIKXII ¢ munamuueckor momaueii MOC B KuOkoii
(haze. OcaxxneHre MOKHO OCYIIECTBISITH TOAadeit
xkugakoro MOC caMOTekoM 110 HampaBIISIOIMIEMY
NPUCIIOCOOJICHHIO BJIOJIb TTOKPHIBAEMOH ITOBEPXHO-
ctu wm3zgenusi (puc. 5a,0), OIHAKO 3TO CBS3aHO C
oonpmmM nepepacxogoM MOC. Bonee sxoHoMHuYHA
CXeMa OCaXKICHHWS C NPUMEHEHHEM BCTPOCHHBIX
WCTIApUTENIeH, pacloiaraeMplX HaJ  W3JEIUEM
(puc. 58,r). Mcnapurenb MOXKET HArpeBaThecs Kak 3a
CUeT TEeIUIOU3NIydYeHus: oT u3zaenus (puc. 5B), Tak u
OT JIONIOJIHUTENBHOTO Harpesares (puc. 5r).

IIpouecc dopmupoBanus [IKXIT mporekaer
yepes psll CTaIui:

— ucnapeane MOC — XpoMOOpraHUYECKOW KHUJI-
KOCTH. MOXET IPOUCXOIUTh KaK aBTOHOMHO B CIIe-
IUaTbHOM HCHapHuTese, Tak M 3a CYeT M3JIydyaeMoii
SHEPTUM HArPeTOro M3AENHs, MPH IUHAMAYECKOU
nogaue MOC B xunkoit dase;

— TparcnopTapoBka mapo MOC k HII,

— azgcopbums  (pusmyeckas U XeMOCOpOIHS)
napos Ha HII;

— MUPOJIH3 METAJUIOOPTaHUYECKUX COCTUHEHHN
XpoMa Ha TOBEPXHOCTH H3AENUs ¢ 00pa3oBaHHWEM
KapOuga XpoMa ¥ Ta3000pa3HBIX  IPOTYKTOB
pacnana,;
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— oOpa3oBaHuEe M POCT 3apOJbIIIeH KapOumIoXpo-
MoBOro nokpsitus Ha HIT;

— JlecopOIHs Ta3000pa3HBIX MPOAYKTOB pacmaja;

— OTBOJI Ta3000pa3HBIX NPOAYKTOB pacrajga u
HEpa3JIOKUBIIEHCA  4YacTU  XPOMOOPraHUYECKOHN
sxuakoctu ot HIT.

VYerpotictBo anst Hanecenus [IKXII npencrasie-
HO Ha puc. 6 [9].

IIKXII uMeroT cleayomnue XapakTepUCTHUKH:
cpennsisi mukporepaocts [IKXIT go 25 I'Tla; ton-
mmHa [TKXIT B untepBane 10-500 Mxm npakTuue-
CKH{ HE BJIHSIET HA €T0 MUKPOTBEPOCTh; OTKIIOHCHHE
MHKDPOTBEPAOCTH He mpeBbimmaer 1-2%; pa3HOTO-
MUHHOCTH TOKphITHS mpu TommuHe 0,1-200 Mxm
COCTaBIIACT 5—7%); MPOYHOCTH CIIETUICHUS C OCHOBOM
0nMu3Ka K MPOYHOCTH OCHOBHOTO METajlla, W3HOCO-
CTOWKOCTh — OTCYTCTBHE H3HOCA B Tape TpUOOCO-
npsprkeHuit « I TKXTI-TTKXII»; cTOMKOCTh B yCIOBUSX
COBMECTHOTO BO3JIEHCTBHUS HECKOJBKUX (DaKTOPOB
(mampumep, KOppO3HMHK U U3HOCA); THAPOGOOHOCTD, a
TaK)Ke OTCYTCTBUE CMAYMBaHUS BCEMU W3BECTHBIMU
JKUIKOCTSAMH, B TOM YHCJE pacIulaBaMU; IJIacTHY-
HOCTh — nedopmarus 1o 10% He HapymmaeT Cruiom-
voctu [IKXII; mpounocts Ha cxarue go 0,5 I'la;
XMMHUYECKasi CTOWKOCTh — IPEBBIIIACT KOPPO3UOH-
HYH0 CTOWKOCTbH TPAIUIIMOHHBIX XPOMOBBIX M TBEp-
JBIX  KJIACTEPHBIX XPOMOBBIX TaJIbBAHUYECKHX
MOKPBITHHA, TPU 3TOM TIOJHOCTBIO OTCYTCTBYET
«KOHTaKTHAas KOpPPO3Ws», XapakTepHas s Tap
«cTaJb-HepKaBeroIas CTalIb», «cTajgb-MeIb
(maTyHb, OpOH3a)», «CTANb-HUKEIb» U T.II.

Hannume nanubix cpoiictB y [IKXII oOycmosie-
HO COCTaBOM TMOKPBITHS, MHKPOTBEPJIOCTHIO M €ro
crpykrypoil. B coctaBe ctpykrypsl IIKXII, nomy-
geHHoro mnuponu3oM «bAPXOC», mpucyTCTBYIOT
MeTaJUIMYecKhii  XpoM, Kapouabl xpoma (CrsC,,
Cry3Cq, Cr;Cs3), cBOOOMHBIN yriiepon, KHCIOPOA B
Buze Cr,03. [TokpeITHE UMEET CIOUCTYIO CTPYKTYPY
[5].

MexanusM 00pa3oBaHUSI TaKOH  CTPYKTYpHI
OOBSICHSCTCS  CHEIU(PUUIESCKUMU  O0COOCHHOCTSMU
mporecca  TEPMHUUYECKOTO PAa3JIOKEHUs Owmc-ape-
HOBBIX KOMITJIEKCOB XpOMa, B YaCTHOCTH, N3MEHEHH-
eM konteaTpanuy MOC u IpoAyKTOB €ro pacnaaa B
peakrope w/unu Herocpeacteentno y HIT. Komuue-
CTBO CJIOCB B IMOKPBITUU 3aBHCUT OT CXEMbI OCaXJIe-
HUS W TEXHOJOTHYECKHX TapaMeTpoB IIporiecca.
BunmHo, uyTo Mexmy CTampHOW MOMIOXKOH 1 m
IKXII 3 pacmosaraeTcs mepexoausiii auddhy3noH-
HO-OKCHIHBII cJio# 2 (puc. 7).

Jnddy3noHHO-OKCUAHBIA CJIOH, COCTOSIIMNA B
ocHoBHoM u3 Fe,Oy, Qopmupyercs B pesynbrare
aKTHBAIMU (KUCIOTHOTO TPABJICHUS) MOBEPXHOCTH
CTAJILHOTO M3CIUS C TMOCICAYIONIMM BaKyyMHBIM
OTXKUTOM B peaktope. [IpomomKiTensHOCTh OTXKHTA
¢ HempepbiBHOW oTKaukoil (or 1 mo 12 gyacos npu
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Puc. 5. Cxemsr Hanecennst [IKXII ¢ nunammdeckoit mogadeit MOC B xuakoii daze: 1 — peakTop; 2 — ucnapurenb; 3 — HarpeBaTelb;
4 — u3penue.
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Puc. 6. YerpoiictBo st Hanecenus [TKXIT: 1 — HIDKHSAS 9acTh Kopiryca; 2 — BEpXHsSI 4acTh Kopmyca, 3 — croi; 4 — maTpy0oxk;
5 — pabounii cronuk; 6 — snekTpoaBHraTenb; / — 3KpaH; 8 — TpybompoBox oxnaxaeHus; 9 — koxyx; 10 — snmexTpoHarpeBarels;
11 — ucnapurens; 12 — Tepmonapa; 13 — ruapoumnuuap; 14 — cucrema no3upoBanHou noaayn; 15 — BakyymHas cuctema; 16 — Baky-
yMHBIe TpyOonpoBosl; 17 — noxxurarens; 18 — azotHas snoBymka; 19 — necop6ent; 20 — cOopHUK KOHIeHCcaTa; 21 — aBTOMaTH3UPO-

BaHHas CUCTEMA KOHTPOJIA U YIIPABJICHUS.
Fs

Puc. 7. MuKpoCTpyKTypa MOKPBITHs Ha oOpasie u3 ctamu 40X: 1 — cranpHas HOANOXKKA; 2 — iepexonHblit cioif; 3 — [TKXTI.



nocrenenHom pasorpese ot +20 mo +460°C) ompe-
JeTsieT TONIIMHY cJIosi. 3aTeM B Mpollecce HaHece-
uus [IKXII B auddy3noHHO-OKCHAHOM cJI0€ TpoTe-
KaeT peakmus oOMeHa ¢ oOpa3oBaHHWEM Xeie3a U
OKCHJIa XpOMa!

Fe,Oy + Cr — Fe + Cr,0s. 3

[lepememBanue xene3a, XpoMa u UX OKCHUIOB B
ciioe OOECIeYMBAET BBICOKYIO IPOYHOCTBH CIIEILIe-
HUS NOKPBITUS C OCHOBOW. Y CTaHOBJIEHO, YTO OITHU-
MaybHas TommuHa Au(Py3nOHHO-OKCHIHOTO CIIOS,
obecrieunBaroIiero MakcuManbHyto anresuto [TKXIT
K IOUIOXKKE, Haxomurcsa B auanaszoHe 0,3+1 MkMm
[10].

Takum 00pa3oM, MOKPHITHUS, MOy9aeMble BaKy-
YMHBIMH METOJaMH, BEChMa IEPCHEKTUBHBI IS
MPUMEHEHUSI B PA3IUYHBIX OTPACIAX MPOMBIILICH-
HOocTH. B wacTHOCTH, mmponuTHYeCKHe KapOumo-
XPOMOBBIE TIOKPBITHS O0JIafaf0T BHICOKUMH MHUKPO-
TBEPJIOCTHIO, U3HOCO- U 3PO3UOHHOM CTOHKOCTHIO,
COTIPOTUBJICHHEM KOPPO3UU U TEPMOCTOUKOCTHIO.
OHU TIPaKTUIECKH OCCTIOPUCTHI U UMEIOT XOPOIIYIO
MIPOYHOCTH CIIETUICHHSI C OCHOBOH, UTO 00YCIIOBIICHO
X 0COOBIMH COCTaBOM U CTPYKTYPOU MEPEXOHOTO
CJIOSl Ha TPaHUIIE C TIOJIOKKOM.
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Summary

The article describes up-to-date vacuum deposition
and chemicals gas-phase deposition technologies for the
protection of an object surface, in particular — the pyroly-
tic deposition of chromium carbide coatings using
organometallic compounds as precursors.

Keywords: vacuum deposition, gas-phase deposition
of chemicals, pyrolytic chromium carbide coatings.
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A glassy carbon electrode (GCE) modified by copper-doped titanium dioxide nanoneedles has been
fabricated and used for the electrochemical detection of ascorbic acid (AA) in KCI solution. Two pairs
of peak currents on quasi-reversible electrochemical cyclic voltammogram peaks (cvps) are located at
+0.16 V, -0.03 V (cvp 1 and cvp 2) and +0.01 V, -0.44 V (cvp 1’ and cvp 2'), respectively. The
relationship between the peak current and AA concentration is linear in the concentration range from
0.0005 to 2 mM. There is also a linear relationship between the peak current and the scan rate. The
detection limit is 0.37 uM and 0.25 uM for cvp 1 and cvp 2, respectively, at a signal-to-noise ratio
of 3. A GCE maodified by copper-doped titanium dioxide nanoneedles exhibts good stability and has

promising characteristics for the detection of AA.

Keywords: ascorbic acid, copper-doped titanium dioxide nanoneedles, electrochemical detection,

glassy carbon electrode.
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Ascorbic acid (AA), also called vitamin C,
belongs to inhibitory neurotransmitters and has an
important effect on the functioning of the renal,
central nervous, hormonal, and cardiovascular
systems [1]. In addition, AA is a vital component of
the human diet and is clinically used in the
prevention of scurvy. It can also help to produce
collagen, a protein for the maintenance and
development of cartilage, joint linings, bones, teeth,
gums, skin, and blood vessels [2]. Therefore, the
detection and investigation of AA is very important
for biomedical chemistry and neurochemistry.

Electrochemical detection of organic biological
molecules is a quite simple process, it requires a
simple apparatus, it is a low-cost and fast analysis
[3, 4]. Different electrodes have been proposed for
the electrochemical detection of AA by the cyclic
voltammetry. Pandey et al. [5] reported on the
functionalized  ormosil ~ modified electrodes
developed for this purpose. The ormosil modified
electrodes were fabricated by encapsulating
potassium ferricyanide/potassium ferrocyanide with
an ormosil film derived from the composition of
3-aminopropyltrimethoxysilane, 2-(3,4-epoxycyclo-
hexyl)ethyl trimethoxysilane and phenyltrimethoxy
silane with Nafion/crown ether. The detection limit
was 0.5 uM without any interference effect. Florou
et al. [6] reported the electrochemical detection of
AA based on a glassy carbon electrode (GCE)
modified with a cellulose acetate polymeric film
bearing 2,6-dichlorophenolindophenol (CA/DCPI-
CME). The linear range was 0.02-1 mM and
0.1-6 mM AA for the CA/DCPI sensor hydrolyzed
in KOH and ZnCl, solutions, respectively. A
molecularly imprinted polypyrrole-modified pencil

graphite electrode [7] and an a-MnO, modified
carbon black microelectrode [8] have also been
developed for the electrochemical detection of AA.
The linear range and detection limits were
0.25-7.0 mM, 0.074 mM and 0.001-4 mM, 0.6 uM,
respectively, at a signal-to-noise ratio of 3. A
Cuy(OH)sSO, nanorods modified biosensor exhi-
bited good electrochemical properties for the AA
determination with the linear range of 0.017-6 mM
and the detection limit of 6.4 uM, [9]. Keeley et al.
[10] reported the electrochemical determination of
AA at the graphene nanosheets (GNSs) immobilised
on the pyrolysed photoresist film (PPF) electrode.
That electrode showed a linear range of 0.4-6 mM
with a 0.12 mM detection limit. The electrochemical
sensor for simultaneous detection of AA and other
biological molecules was also reported using
different electrodes, such as an activated roughened
GCE [1], a mesoporous silica [11] and an L-cysteine
self-assembled gold electrodes [12]. However, the
detection of AA is often suffering from a low
detection limit, selectivity, and low sensitivity.
Therefore, it is essential to develop a reliable and
efficient electrode with enhanced characteristics for
the effective detection of AA.

At a modified GCE, Cu ions can be continuously
recovered Dby the electrochemical oxidation or
reduction processes, which mediates the final
chemical oxidation or reduction of the target
materials. In our previous research, a GCE modified
by Cu germanate nanowires exhibited good electro-
chemical performance for the AA detection in
neutral solutions [13]. The linear range was
0.01-5 mM and the detection limit was 8.6 uM, at a
signal-to-noise ratio of 3. In addition, Cu vanadate
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86

nanobelts have been synthesized by us by a simple
hydrothermal process and used as the GCE modified
materials for the electrochemical determination of
AA [14]. The linear range and the detection limit
were 0.001-2 mM and 0.14 puM and 0.38 uM for
cyclic voltammogram peaks (cvp 1 and cvp 2),
respectively. The results reveal that nanomaterials
with Cu ions show great application potential for the
electrochemical detection of organic molecules. It is
these reasons that stimulated our interest for the
synthesis and electrochemical detection of orgainc
molecules using nanomaterials with Cu ions. In the
present paper, a GCE modified with the Cu-doped
TiO, nanoneedles was used for the electrochemical
detection of AA. It is worth noting that copper-
doped titanium dioxide nanoneedles have an
intrinsic electrocatalytic activity. The detection limit,
linear range, and correlation coefficient for the AA
detection have been established.

MATERIALS AND METHODS

Copper-doped titanium dioxide nanoneedles were
obtained via a simple hydrothermal process. In a
typical synthesis procedure, Cu acetate, titanium
butoxide (CyeH3cO4Ti, AR grade), and sodium
dodecyl sulfate, with a definite mass percentage,
were dissolved in 60 mL of deionized water, under
vigorous stirring. The mass ratio of Cu and titanium
dioxide was 5:95. Then, the mixture was placed in a
100 mL autoclave with a Teflon liner. The autoclave
was kept at 180°C for 24 h. Then the autoclave was
cooled naturally. The light grey precipitates were
filtered, washed several times with deionized water
and dried at 60°C. Finally, light grey powders were
obtained.

Suspension of copper-doped titanium dioxide
nanoneedles was prepared by dispersing 10 mg of
copper-doped titanium dioxide nanoneedles in
10 mL of dimethylformamide solvent. Prior to being
modified by copper-doped titanium dioxide
nanoneedles, a GCE with a diameter of 3 mm was
polished to a mirror-like surface using polish paper
with alumina pastes of 0.5 um, and then cleaned
thoroughly in an ultrasonic cleaner with alcohol and
water, respectively. A GCE modified by copper-
doped titanium dioxide nanoneedles was prepared
by dipping 10 pL of copper-doped titanium
suspension onto the surface of the GCE and dried at
room temperature.

The morphology of the surface of the thus-
modified GCE was analyzed using JEOL JSM-
6490LV scanning electron microscopy (SEM).
Electrochemical cyclic voltammograms (CVs) of
AA were measured using CHI6046D electro-
chemical working station in the potential range of
-1.0 to 1.0 V, with the scan rate of 50-200 mVs™ in
0.1M KCI and AA with different concentrations.

The thus-modified GCE, a saturated calomel
electrode (SCE), and a platinum plate served as the
working electrode, reference electrode, and counter
electrode, respectively. All potentials were reported
with respect to the SCE.

RESULTS AND DISCUSSION

The morphology of the surface of the thus-
modified GCE is shown in Figure 1. A dense film
composed of copper-doped titanium dioxide
nanoneedles can be formed on the surface of the
GCE. The length of a nanoneedle is about 10 um. Its
diameter vividly decreases from about 250 nm at the
initating terminal to 20 nm at the end. Their surface
is smooth. Therefore, the substrate of the GCE has
no role in the electrochemical responses of AA at the
GCE modified by copper-doped titanium dioxide
nanoneedles.

Fig. 1. SEM image of GCE modified by copper-doped titanium
dioxide nanoneedles.
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Fig. 2. CVs of nanoneedles-modified GCE in different solution
with scan rate 50 mVs™. (a) 0.1M KCI solution without AA;
(b) mixed solution of 0.1M KCl and 2 mM AA.

The electrochemical activities of AA at the
modified GCE are analyzed in KCI solution using
the scan rate of 50 mVs™. The CVs of the GCE
modified by copper-doped titanium dioxide
nanoneedles in KCI solution of 0.1M with and
without 2 mM of AA are shown in Figure 2. No CV
peaks are observed from the CV at the nanoneedles-



modified GCE without AA (Fig. 2a) suggesting that
the copper-doped titanium dioxide nanoneedles have
no electrochemical activities in KCI solution of
0.1M without AA. The electrochemical activities at
the GCE modified by copper-doped titanium dioxide
nanoneedles in KCI solution without AA are similar
to those at GCEs modified by Cu germanate
nanowires and Cu vanadate nanobelts [13, 14].
Unlike the CV at the modified GCE, recorded in the
absence of AA, two pairs of quasi-reversible CV
peaks are observed from the CV curve at the
nanoneedles-modified GCE in 0.1M KCI and
2 mM AA solutions (Figure 2b). Two anodic
electrochemical CV peaks: cvp 1 and cvp 2, are
located at +0.16 V and -0.03 V, respectively. Two
cathodic electrochemical CV peaks: cvp 1' and
cvp 2, are located at +0.01 V and -0.44 V,
respectively. Generally speaking, an irreversible CV
peak, or a pair of quasi-reversible CV peaks, is
observed from the electrochemical responses of AA
at different electrodes. For example, only an
irreversible oxidation CV peak at +0.16 V was
observed from the CV of AA at an activated
roughened GCE in a buffer solution with the pH of
1.98 [1]. Zhang et al. [8] reported an irreversible
oxidation CV peak located at 0.0 V at the a-MnO,
modified carbon black microelectrode in AA
solution. The irreversible oxidation CV peak was
located at -0.017 V in a buffer (phosphate-buffered
saline) solution of 0.1M toward the oxidation of
0.5 mM AA at the GCE modified by Cus(OH)sSO,
nanorods [9]. However, no reproducible electrode
response was obtained because of the fouling of the
electrode surface by the adsorption of the oxidized
product of AA. An irreversible oxidation CV peaks
located at +0.33 V and +0.11 V were also observed
at the bare Au electrode and L-cysteine Au
electrode, respectively [12]. A pair of quasi-
reversible CV peaks with the anodic peak at -0.55 V
were observed from the CV of 0.5 mM AA in ionic
liquid [15]. Different from the above reports, two
pairs of electrochemical CV peaks were observed
from the CV of AA at the modified GCE. The
electrochemical CV peaks can only be observed
from the mixed solution with KCI and AA at the
GCE modified by copper-doped titanium dioxide
nanoneedles showing that the CV peaks originate
from AA.

AA can be reduced to form dehydroascorbic acid
which was reported by Florou et al. [6]. Others
reported that AA can be reduced on a platinum
electrode in [bmim][BF,] ionic liquid [15]. Hager et
al. [16] analyzed the adsorption and desorption
behavior of cysteine showing the adsorption and
desorption processes of cysteine and cystine at the
surface of a gold electrode at -0.45 V and -0.65 V,
respectively. In our earlier research, two pairs of CV
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peaks were observed from the CV of AA in KCI
solution at the GCE modified by Cu germanate
nanowires [13]. Two anodic CV peaks (cvp 1 and
cvp 2) were located at 0.202 V and 0.017 V, and two
cathodic peaks (cvp 1' and cvp 2') were located at
0.068 V and -0.406 V, respectively. Similar to the
electrochemical responses of AA at the GCE
modified by Cu germanate nanowires — cvp 1 and
cvp 1’ contribute to the oxidation-reduction process
between AA and dehydroascorbic acid. Cvp 2 and
cvp 2' can be assigned to the adsorption-desorption
process of AA and dehydroascorbic acid.

The electrochemical behavior of biological
molecules at modified electrodes can be greatly
affected by adjusting the scan rate. Figure 3 shows
the CVs of 2 mM AA in 0.1M KCI solution at the
GCE modified by copper-doped titanium dioxide
nanoneedles using the scan rate in the range of 25 to
200 mVs™. With increasing the scan rate from 25 to
200 mVs?, the intensities of the electrochemical CV
peaks also increase. The relation curve between the
intensities of the CV peaks and scan rate is shown in
the bottom-left part of Figure 3. There is a linear
relationship between the intensities of the CV peaks
and the scan rate. The correlation coefficients are
0.997 and 0.995 for cvp 1 and cvp 2, respectively.
The results suggest that the electrochemical process
between AA and dehydroascorbic acid can be
controlled by adsorption [14, 17].

The electrochemical detection parameters
including a correlation coefficient, a linear range and
a detection limit have been analyzed in KCI solution
with AA of different concentrations. Figure 4 shows
the CVs of AA with the concentration range from
0.0005 to 2 mM at the nanoneedles-modified GCE.
The relationship between the intensities of the CV
peaks and AA concentration is shown in the bottom-
left part of Figure 4. With the increase of the AA
concentration, the intensities of the CVs of AA at
the nanoneedles-modified GCE increase greatly. The
regression equation, detection limit, correlation
coefficient, and linear range are listed in Table 1.
The linear range is 0.0005-2 mM. The correlation
coefficients are 0.994 and 0.997 for cvp 1 and cvp 2,
respectively. Solutions with low concentrations must
naturally have an increasingly higher error. The
correlation coefficients are 0.929 and 0.945 for
cvp 1 and cvp 2, respectively, in the AA
concentration range of 0.0005-0.1 mM. The
detection limits are 0.37 uM and 0.25 uM for cvp 1
and cvp 2, respectively, at a signal-to-noise ratio
of 3. Comparing with the electrochemical detection
for AA at other electrodes [8-15], the GCE used in
the present research shows a lower detection limit
and a quite broad linear range.

The stability of the nanoneedles-modified GCE
has been analyzed by the repeated measurements
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Fig. 3. CVs of nanoneedles-modified GCE in mixed solution of
0.1M KCI and 2 mM AA using different scan rates. The inset in
the bottom-left part is the relation between the scan rate and
intensities of CV peaks.
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Fig. 4. CVs of AA with different concentrations at the
nanoneedles-modified GCE: KCI, 0.1M, scan rate, 50 mVs™.
The inset in the bottom-left part is the relation between the
intensities of the CV peaks and AA concentration in the
concentration range of 0.0005-2 mM. The inset in the upper-
right part is the relation between the intensities of the CV peaks
and AA concentration in the concentration range of
0.0005-0.1 mM.

Table 1. Analytical data of AA at the nanoneedles-modified GCE

CV peaks | Regression equation® | Correlation coefficient (R) Linear range (mM) Detection limit (uM)°
cvp l I,=11.263+28.737C 0.994 0.0005-2 0.37
cvp 2 I, = 20.895+54.053C 0.997 0.0005-2 0.25

#Where I, and C represent the peak current (uA) and AA concentration (mM).
b The detection limit of AA was analyzed using a signal-to-noise ratio of 3 (S/N=3).
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Fig. 5. CVs of nanoneedles-modified GCE in mixed solution of 0.1M KCI and 2 mM AA recycling for the 1st and 20" time,

respectively, with scan rate 50 mVs™.

using the same modified electrode. Figure 5 shows
the CVs of 2 mM AA at the nanoneedles-modified
GCE for the repeated measurements of the 1% and
20" time, respectively. The relative standard
deviations are 4.29% and 2.39% for cvp 1 and cvp 2,
respectively. The nanoneedles-modified GCE can be
firmly adsorbed to the surface of the GCE. The
nanoneedles-modified GCE can be used at least two
weeks with only a slight decline of the
electrochemical signal, hence demonstrating good
stability.

In practice, a GCE modified by copper-doped
titanium dioxide nanoneedles has been used for the
determination of AA in tap water samples. The AA
concentration in tap water was 5, 20 and 40 pM,
respectively. The real sample measurements were
performed at room temperature. The measured
values were obtained from five separate measu-
rements. The recoveries of AA were determined by
standard addition. The results are listed in Table 2
suggesting that the nanoneedles-modified GCE is
reliable and sensitive for the determination of AA.
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Table 2. Electrochemical determination of AA using nanoneedles-modified GCE in tap water

Sample Amount added Amount found (uM) Recovery
(Tap water) (M) (average of five times) (%)
1 5 4.85+0.12 97.5
2 20 19.82 £ 0.26 99.2
3 40 41.21+0.31 105.1

CONCLUSIONS

To sum up, a GCE modified by copper-doped
titanium dioxide nanoneedles has been used for the
electrochemical detection of AA in KCI solution.
There are two pairs of quasi-reversible
electrochemical CV peaks in the CV of AA in KCI
solution at the nanoneedles-modified GCE. The
anodic CV peaks (cvp 1 and cvp 2) are located at
+0.16 V and -0.03 V, respectively. The cathodic CV
peaks (cvp 1’ and cvp 2') are located at +0.01 V and
-0.44 'V, respectively. The linear range is
0.0005-2 mM. The detection limits are 0.37 uM and
0.25 puM for cvp 1 and cvp 2, respectively.
Comparing with the electrochemical detection for
AA at other electrodes, the GCE used in the present
investigation shows a lower detection limit and a
broad linear range.
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Bbln  M3rOTOBJIIEH  CTEKJIOBUIHBIA  YIVIEPOIHBIM

anektpoa (CYD), MoanpHUIMPOBAHHBIA HAHOWUTIAMHU U3
JIUOKCHJIa TUTAaHA JIETHPOBAHHOTO MEJbI0 U UCIIOJIb30BaH
JUISL DIIEKTPOXMMHUYECKOTO OIpPEAEIeHHsT acKOpOWHOBOU
kucnotsl (AK) B pactBope KCI. JIBe mapsl IHKOB TOKa Ha
KBa3MOOpaTHUMON  DJIEKTPOXMMUYECKOW  HUKINYECKOU
Bojpramneporpamme mukoB (LIBIT) pacmosioxeHnsl B
+0,16 B, -0,03 B (LIBII 1 u IIBII 2) u +0,01 B, -0,44 B
(UBIT 1' m LBII 2'), coorBercTBeHHO. CBSI3b MEXIY
MUKOBBIM TOKOM U KoOHUeHTpauuel AK nuneliHa B
JquanaszoHe koHueHtpauuit or 0,00056 mo 2 MM.
CymiecTByeT Takke JIMHEHHas 3aBUCHMOCTb MEXIY
MUKOM TOKa M CKOPOCTH CcKaHMpoBaHus. llpenen
obonapyxenust cocrapisier 0,37 MM u 0,25 mMxM s
IBIT 1 u IIBIT 2, cOOTBETCTBEHHO, MPU COOTHOIICHHH
curHai-ym 3. CYD, MoaudunupoBaHHBI HAHOWTJIAMU
U3 TUOKCHJA TUTaHA JIETUPOBAHHOTO MEJbI0, IIOKA3bIBACT
XOpOIIYI0 CTAaOWIBHOCTh M HMMEET MHOT0OOEIIaroIHe
XapaKTepPUCTHKN sl TPUMEHEHHS MpPU OMNpEACICHUN
conepxxkanusa AK.

Kniouesvie cnosa: ackopbunoeas xucioma, uenvl
ouokcuda Mumana Jae2UpoBaAHHO20 Meobio, JJIeKMpo-
XuMuyeckoe onpeodeiieHue, CMEKIOBUOHbILL Y2aepOOHbLIl
21eKmpoo0.
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Nitrogen Concentration and Temperature Dependence of

Ag/SiN/p*-Si Resistive Switching Structure
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In this study, resistive switching behaviors of Ag/SiN/p*-Si device were investigated by adjusting
nitrogen concentration and layer thickness. The device with a nitrogen concentration of 50% and a
thickness of 10 nm has a typical bipolar resistive switching behavior with a low forming voltage
(~ 4 V), a high on/off ratio (~ 10%), an excellent endurance (>10?) and a long retention time (>10°s).
According to I-V characteristics analyses, electric transports in both a high resistance state and a low
resistance state are dominated by hot electron emission which is caused by the electron trapping and
detrapping through immovable nitrogen-related traps. The temperature dependence of a resistive
switching behavior not only illustrates the existence and importance of the traps, but also discovers a
new phenomenon of the transition about the polar of a resistive switching method. Surely, more efforts
need to be made for deeper understanding of the carrier transport in SiN thin films.

Keywords: silicon nitride, resistive random access memory, temperature dependence of resistive

switching behavior.

VIK 621.311.
INTRODUCTION

Recently, resistive random access memories
(RRAMS) based on various kinds of materials have
attracted great interest for their potential applications
in the next generation nonvolatile memories [1-7].
As early as 1982, the resistive switching (RS) beha-
vior in silicon-based thin films was studied [8]. In
recent years, many investigations about silicon-
based RS memory have focused on the intrinsic
amorphous Si and various doped Si-based thin films
due to their compatibility with the standard comple-
mentary metal-oxide-semiconductor (CMOS) tech-
nology [9-13]. To be exact, Chang and colleagues
investigated the resistive switching characteristics
and mechanism in active SiOy-based resistive
switching memory [9]. Then, Kim and colleagues
discovered and reported different sides of SiN-based
RS memory. An obvious RS phenomenon in
Ag/SisNg/Al memory was observed in 2010 [10],
and a fully transparent SiN-based memory cell was
fabricated using ITO/SIN/ITO capacitor in 2012
[11].

In 2008, Jo and colleagues designed a nanoscale
RS memory structure based on planar silicon, which
shows the excellent potential of application for
RRAM with high vyield, fast programming speed,
high on/off ratio, excellent endurance, long retention
time, and multibit capability [14]. Hong and
colleagues studied the effect of the work function
difference between top and bottom electrodes on the
resistive switching properties of SiN films [15].

Nitride-based RS memory is characterized by a
low-voltage operation, a high thermal conductivity,
good insulating properties, and a wide optical
bandgap [16]. Moreover, there are a lot of nitride-

related traps in silicon nitride, which may be more
suitable for application in RRAMs among various
Si-based RS materials [16]. In our previous work
[1], the growth condition of a dielectric layer was
studied by changing the sputtering atmosphere,
growth temperature, sputtering power, sputtering
time, etc. Therefore, we employed a similar method
to study the effect of nitrogen concentration and
layer thickness in SiN thin films. Then, we chose the
device with the best RS properties among
Ag/SiN/p*-Si devices to investigate the conduction
mechanism in a low resistance state (LRS) and a
high resistance state (HRS). Finally, the temperature
dependence of RS characteristics was investigated
for a better understanding of a switching mecha-
nism.
EXPERIMENTAL DETAILS

A single crystal silicon wafer with a thickness of
~ 300 um and a resistivity of ~ 0.0015 Q.cm was
used as the substrate and the bottom electrode. The
schematic diagram of the Ag/SiN/p*-Si device is
shown in Figure 1. After being cleaned by the
standard RCA cleaning technology [17], a SiN thin
film was deposited by a radio frequency (RF) reac-
tive magnetron sputtering method. The base pressure
of the vacuum chamber was better than 3.0x10° Pa.
The deposition was implemented in the argon and
nitrogen pressure of 1.0 Pa with the sputtering power
of 100 W and the growth temperature of 500°C.
During the sputtering, the total flow of the gases was
30 sc/cm, and argon and nitrogen worked as working
gas and doped gas, respectively.

The deposition rate was about 2.0 nm per minute.
Finally, Ag, the top electrode, was defined by depo-
siting an Ag film (~ 500 nm) using a thermal evapo-
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rator system through a shadow mask with a diameter
of 1.0 mm to complete the full device structure.
More information about the device is given in
Table 1. The electrical measurement of the
Ag/SiN/p*-Si devices was performed using a digital
sources tester (Keithley 2601), with the temperature
range from 77 K to 300 K. During the electrical test,
the bias voltage was applied on the top electrode
while the bottom electrode was always grounded.

Fig. 1. Schematic diagram of Ag/SiN/p*-Si device.

Table 1. Other deposition conditions for Ag/SiN/p*-Si
devices

Sample Nitrogen Content Layer Thickness

number (No/Ar+N,) (nm)
Sample 1 60% 20
Sample 2 50% 20
Sample 3 40% 20
Sample 4 30% 20
Sample 5 50% 10
Sample 6 50% 30

RESULTS AND DISCUSSIONS
Nitrogen concentration

Figure 2 shows the forming process (the insula-
ting HRS changes into a stable reversible switching
state) of devices with SiN thin films deposited at
different nitrogen concentration. The forming
voltage obviously increases with a higher nitrogen
concentration. When the nitrogen concentration is up
to 30% (N2/(N+Ar)), the forming voltage is higher
than 8 V. It is well known that a high forming
voltage is harmful to devices because a complex
external circuit is needed to be designed so as to
protect devices. The inset in Fig. 2 shows the statis-
tical distributions of the forming voltage for four
devices. In order to illustrate the relative fluctuation
of the forming voltage, we define a function (o/p),
where o is the standard deviation, u the mean value.
The values of o/p are 18.6%, 15.3%, 17.5%, 27.6%
for Samples 1, 2, 3, and 4, respectively. Obviously,
Sample 2 has the lowest values of the forming
voltage and of o/p.
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Fig. 2. Forming process of Ag/SiN/p*-Si devices deposited at
different radios of N,/Ar: 12/18, 15/15, 18/12, and 21/9 for
Samples 1, 2, 3 and 4, respectively. The inset shows the statisti-
cal distributions of the forming voltage for four devices.

During the electrical measurements, different
devices with different nitrogen concentrations show
different yields (a possibility for devices to have
stable bipolar RS behaviors), and the result is shown
in the inset in Figure 3. It is worth mentioning here
that Sample 2 with a nitrogen concentration of 50%
has the highest yield. In addition, we compare the
RS behaviors of Samples 1, 2, 3 and 4 in the form of
I-V curves. All the four devices show typical bipolar
RS behaviors. The value of Vser (the threshold
voltage which transforms the device state from a
HRS to a LRS) increases from 2.05 V to 4.58 V,
with the nitrogen concentration decreasing from
60% to 30%. Also, the resistance in a LRS similarly
increases from 883.6 Q to 3497.6 Q. During the
endurance tests (not shown here), we found that
Sample 2 with a nitrogen concentration of 50% can
endure more than 100 stable DC voltage sweepings.
Therefore, it is enough for us to assume that
Sample 2 with a nitrogen concentration of 50% is
worth being a subject for a deeper research among
those four devices.

Fig. 3. Typical bipolar RS behaviors of Ag/SiN/p*-Si devices
with different nitrogen concentrations. The inset shows the yield
of four devices.



Thickness of silicon nitride thin films

The thickness of SiN thin films plays an
important role in RS behaviors [16]. Figure 4a
shows a bipolar switching response for the three
devices with different thicknesses of SiN thin films.
With the thickness increasing from 10 nm to 30 nm,
the Vger increases from 1.85 V to 3.5 V and the
Veeser decreases from -0.63 V to -1.7 V. This is
similar to the phenomenon of the Ag/SisN4/Al
memory cells [16]. Kim and colleagues consider this
phenomenon to be attributed to the increasing num-
ber of vacant traps for a thicker SisNg film.
Endurance tests of three devices are shown in
Figure 4b. The stability of resistance in a HRS and a
LRS for Sample 5 is much better than that of
Sample 2 or Sample 6. For Sample 2 and 6, the
resistance in a HRS of both devices has a greater
change after 60 switching cycles. The on/off ratio
for the three devices is nearly 10% 10° and 10%
respectively, and the retention time of Sample 2 is
larger than 10°s. Afterwards, Fig. 4c is used to illus-
trate the statistical distributions of the resistance in a
HRS and a LRS. From Fig. 4 it is clear that
Sample 2 has the smallest fluctuation of resistance in
a HRS and a LRS, when comparing the values of
o/u among the three devices.

Among the investigated devices, Sample 2 shows
the best RS behaviors. Consequently, Sample 2 was
chosen to analyze the conduction mechanism, and
the fitting analyses of -V curves are shown in
Figure 5. The slope of the fitting line in a LRS is
about 0.899 as shown in Figure 5a. On the other
hand, the experimental data of a HRS can be well
fitted with the Schottky emission and the Poole-
Frenkel emission as in Figure 5b. The slope is ~ 7.62
and ~ 4.93 for the two models when the bias voltage
sweeps from 0 V to Vger. Based on the Schottky
emission and the Poole-Frenkel emission, a hopping
process about the electron trapped in nitride-related
traps is dominated due to the existence of a large
number of nitride-related traps in SiN thin film [16].
When an electrical field is applied on the devices, a
large number of electrons are injected from the bot-
tom electrode into the SiN thin film. Then, electrons
with enough energy jump over barriers, but some
electrons get trapped by defects in the film. The dif-
ference of the Ag/SiN/p*-Si device compared to the
SiOy-based memory device is in the conductive
behavior in a LRS [9]. The conduction mechanism
of the SiO,-based memory device in a LRS invaria-
bly obeys the Ohmic law due to the continuous hop-
ping between oxygen vacancies. Therefore, the
Poole-Frenkel conduction mechanism is ascribed to
the distribution of immovable nitride-related traps
no matter with or without the help of an electric
field.
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Temperature dependence of SiN-based RS device

In order to understand the RS mechanism of the
Ag/SiN/p*-Si device, the temperature dependence of
the RS behavior was investigated. During the
cooling process, the Ag/SiN/p*-Si device (Sample 5)
had a traditional bipolar RS behavior at temperature
above 205 K. But it switched from a bipolar mode
into a unipolar mode at 205 K, as shown in
Figure 6a. For a negative bias voltage sweeping
(0 V to -2 V), the initial resistance state is a HRS,
and the device switches to a LRS when the voltage
is higher than -1.13 V. When the voltage sweeps
back, the device has the reset process at -1 V, which
is different from that at room temperature. The
device needs more than two bias voltage sweepings
to switch the resistance state successfully, and it still
has a unipolar RS behavior in the negative bias if the
measurement temperature is lower. The same phe-
nomenon can also be observed in the low tempera-
ture electrical measurement of Samples 2 and 6, as
shown in Figs. 6b and c, respectively. The transfor-
mation temperature is 210 K and 215 K for the two
devices, respectively. So far, this phenomenon has
not been reported, but we guess it is caused by an
interior electric field in the SiN thin film.

Guan and colleagues inferred that the resistive
switching behavior of the ZrO,/Au/ZrO; structure is
ascribed to the electron trapping and detrapping in
nc-Au dispersed in ZrO,, with an interior electric
field built in the ZrO, layer [18]. However, the
details and mechanism of the interior electric field
have not been clear enough. Figure 7 shows the
schematic diagram of the electrons transport
behaviors for the Ag/SiN/p*-Si memory device.
When the negative bias voltage is applied on the
Ag-TE in a low range, electrons are injected and
trapped by the immovable nitrogen-related traps.
Owing to high barriers in the interface between the
SiN thin film and p*-Si, few electrons could jump
over the barriers to be collected by the bottom
electrode, and the device stays in a HRS. When the
nitrogen-related traps near the interface collect
enough electrons and this part comes into a negative
state, an interior electric field begins to be created.
Then, the device does not turn into a LRS until the
applied voltage counteracts the interior electric field,
and the hopping conduction is dominated in the SiN
thin film. In addition, a set process will happen if the
applied voltage can not help the electrons pass
through the interior electric field. This theory can
explain this phenomenon well enough for Samples 5
and 2. But further studies need to be done to work
out the problem of Sample 6.

Figure 8 shows the temperature dependence of
resistance in a LRS and a HRS for the Ag/SiN/p*-Si
devices. It is clear that the resistance in a LRS
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Fig. 4. (a) 1-V curves of Ag/SiN/p*-Si devices measured at room temperature. Thicknesses of SiN thin films of Sample 5, 2 and 6
deposited at the same atmosphere were 10 nm, 20 nm and 30 nm, respectively; (b) endurance characteristics of three devices;
(c) statistical distributions of resistance in HRS and LRS for three devices.

Fig. 5. (a) I-V curve for LRS of Sample 2 fitted by Poole-Frenkel at room temperature; -V curve for HRS of Sample 2 fitted by (b)
Schottky emission and (c) by Poole-Frenkel.
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Fig. 6. I-V curves of Ag/SiN/p*-Si devices in low temperature electrical measurement at 205 K, 210 K, and 215 K for Sample 5, 2,

and 6, respectively.

Fig. 7. Schematic diagram of electric transport behavior for Ag/SiN/p*-Si device.

Fig. 8. Temperature dependence of resistance in (a) LRS and (b) HRS for Sample 5. Insets in Fig. 8 (a) and (b) are Arrhenius plots
for the current-temperature curves measured in LRS and HRS, respectively.

decreases with the temperature raising and the rela-
tionship in a HRS between the resistance and tem-
perature obeys the same law. This fitting line of the
resistance decreasing with temperature strongly sup-
ports the idea that a semi-conduction is the dominant
mechanism driven by nitrogen-related traps in the
RS layer [19-20]. The temperature dependence of
the current in a semiconductor is given by

| = Ioexp(%} 1)

where k is Boltzmann constant, ¢, the thermal activa-
tion energy and T the absolute temperature. ¢; can be
extracted to be 111 meV and 25 meV from the
slopes of the Arrhenius plots for a LRS and a HRS,
as shown in the inset in Figs. 8a and b, respectively.
From the analyses of the temperature dependence of

the resistance in a HRS and a LRS, the hopping con-
duction based on the electron trapping and detrap-
ping by nitrogen-related traps is dominated in a HRS
and a LRS, and the barrier heights are 25 meV and
111 meV, respectively.

CONCLUSIONS

To sum up, we report the studies of the optimal
nitrogen concentration and layer thickness of the
Ag/SiN/p*-Si devices fabricated by the RF reactive
magnetic sputtering method. Based on the properties
of typical RS behaviors, the device with a nitrogen
concentration of 50% and a thickness of 10 nm
shows an excellent potential of application in the RS
memory device which has a low forming voltage
(~ 4 V), a high on/off ratio (~ 10%), an excellent
endurance (>10%), and a long retention time (>10°s).
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For the conduction mechanism, the Schottky and the
Poole-Frenkel emissions are the main behaviors for
the electronic transport in a HRS. Also, Poole-
Frenkel is still dominating in a LRS. Consequently,
the switching mechanism of the Ag/SiN/p*-Si device
is attributed to the electron hopping based on the
immovable nitrogen-related traps in the SiN thin
film. Besides, the discovery of the transition from a
bipolar mode to a unipolar mode at a low tempera-
ture is beneficial for deeper understanding of the
physical mechanism of the carriers transport in the
SiN thin films; however, more efforts need to be
done to clear the blurry pictures.
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[oBeneHre pe3UCTUBHOIO MEPEKIFOYAIOIIETO YCTPOii-
crBa Ha ocHoBe AQ/SiN/p*-Si uccnenosanu B ycioBHAX
pEryJIMpOBaHUsl KOHLECHTPALMU a30Ta M TOJIIHHBI CIIOSL.
VYerpoiictBo ¢ koHmeHTpamnuend azora 50% u ToNIMHOMN
10 EM mMeeT THUNHYHOE OHWMONAPHOE IOBEICHHUE pPE3H-
CTUBHOTO MEPEKIIoYeHHsT ¢ (OPMUPOBAHUEM HHU3KOTO
HanpsokeHust (~ 4 B), BBICOKOTO OTHOIICHHE BKJI/BBIKI
(~ 10°), otnmunas BeiHOCIMBOCTE (> 10%) M wmMTenBHOE
Bpems yaepxkusanms (> 10° ¢). B cooTBeTCTBHH C aHANH-
3amMu BAX, mepeHOC 3JeKTpUYeCcTBa, KaK B COCTOSIHUH
BBICOKOTO COMPOTHBICHHS, TaK ¥ B COCTOSHHH HH3KOTO
CONPOTHBIICHUsI OOecreynBaeTCs MpU  MpeodiIagaHuu
ropsiueii SMUCCHUH SJICKTPOHOB, BCIEICTBHE SJICKTPOHOB
3axBaTa U MX BBICBOOOXKICHHH HA HEMOJBM)XUMBIX, CBSI-
3aHHBIX C a30TOM JIOByIIeK. TeMIeparypHas 3aBUCHMOCTh
TIOBENICHUSI TP PE3UCTUBHOM IIEPEKITIOUCHUH HE TOJBKO
WLTIOCTPHPYET CYIISCTBOBAHUE M BAKHOCTH JIOBYILIEK, HO
U OOHapy)XMBaeT HOBOE SBJICHHE MEepeXofia IPH HCIIONb-
30BaHMU PE3UCTHBHOIO MeToda KOMMyTanuu. KonedHo,
HEOOXOIMMBI JTOTIOTHUTEIBHBIE YCHIINS U Ooee rry0o-
KOTO MOHMMAaHHS MEPeHOCa HOCHTENEH 3apsiia B TOHKHX
rienkax SiN.

Kmouesvie cnosa. Humpud KpemHusi, pe3ucmusHdasi
namMsims ¢ NPOU3BOTILHLIM OOCHYNOM, MeMNepamypHas
3A6UCUMOCTIb PE3UCMUBHO20 NOBCOCHUSI NEPeKIodame-
net.
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HoBble 10Kka3aTe/ibCTBA CYIIECTBOBAHMS SABJICHUS
($ha3000pazoBaHus JTEKTPOOCAKIAEMBIX METAJLIIOB
yepe3 CTAAMIO )KUAKOT0 cocTosanus. Yacrp 1

O. b. I'upun

Yrpaunckuii 20cy0apcmeentblil XumMuKo-mexHoI02ULecKuil ynugepcumen,
np. F'azcapuna, 8, 2. /[nenponemposck, 49005, Vrpauna, e-mail: girin@ua.fm

KpaTko paccMOTpPEHO COBPEMEHHOE COCTOSIHHE HPOOJEMBI POCTa KPUCTAJUIOB IIPH BIIEKTPOJIH3E.
CdopmynupoBana HOBasi KOHIENIUs (Ha3000pa3oBaHUs AIEKTPOOCAKTaeMbIX MeTaynioB. [Ipencras-
JICHBI SKCIIEPUMEHTANIbHBIE (DAKThI, YCTAHOBICHHBIE AaBTOPOM paHee, KOTOpBIE JOKa3bIBAIOT CyIIe-
CTBOBaHME sIBIE€HHA (Ha3000pa30BaHUS IJIEKTPOOCAKIAEMBIX METAUIOB Uepe3 CTAIUIO JKHIKOTO
COCTOSAHMUA. FeHepaanaﬂ naca [[aHHOﬁ pa60TI)I 3aKJIro4yajiacb B TOM, YTO NMpUHIOUIIHATIbHAA pasHUIIA
MEXIY TBEPJABIM U KHUIKHUM METAJIOM COCTOHT B Pa3sHOM ero CIOCOOHOCTH M3MEHSThH CBOIO (hopmy n
CTPYKTYpPY IOJ JICHCTBHEM BHEIIHEH CHJIBI CPaBHUTEIHLHO HEOOJNBIION BenMuuHBL. C LENbI0 Jallb-
HeHIel MPOBEPKH CYIIECTBOBAHMS 00CYKJaEMOT0 SIBJIICHHS BBIITOJIHEH KOMIUIEKC 3KCIIEPUMEHTOB 110
BBISBJIICHUIO TPEICKAa3aHHBIX OCOOCHHOCTEH CTPYKTYpbl METaIOB, IOIBEPTHYTHIX B MpOLEcce
ANIEKTPOOCAXKICHHS BHEITHEMY CHIIOBOMY BO3JICHCTBHIO HE3HAYHMTEIBHON BEIMYMHBL. B nepBoii yactu
paboThl TpeCTaBICHBl PE3yJbTaThl CTPYKTYPHBIX HMCCICIOBAHUNA METAJLIOB, 3JIEKTPOOCAMXKICHHBIX
IPY BIWSHUM BHEIIHEH CHIIBI, HAaIlPaBJICHHOH MapauienbHO GPOHTY KPHCTAUIM3AMU. Y CTAHOBJICHO
(opMHEpOBaHUE aHU30TPOIHON KOH(HIYpalUH OCAAKOB IEKTPOOCAKAAEMBIX METAIOB, YMEHbLIE-
HHE IIePOXOBATOCTH M CIIIKUBAHHE MOP(OJIOTHH HX ITOBEPXHOCTHU IOJ ACHCTBHEM HE3HAYUTENbHOH
BHEIIHEH CHJIbI, HANPABJICHHOW Mapaiie’bHO (POHTY KpHcTayuiu3auuu. [lomydeHHble SKCIepUMEH-
TaJbHBIC PE3yJIbTAaThl JOKA3bIBAIOT CYIECTBOBAHUE SIBICHHS (a3000pa30BaHUs IEKTPOOCAKAACMBIX
METaJUIOB Yepe3 CTAAUI0 KUAKOTO COCTOSHUSL.

Kniouesvie crosa. qba3006pa306aHue, QﬂeKmpoocaofcdaeMblﬁ memaiii, JrcUoKOe COCMmoAHUe, 6HEeUHAA
cuia, M0p¢0ﬂ021/l}l noeepxnocmu, utepoxoeamocnio.

VK 669.268
BBEJIEHUE

Cunraercs, 9TO «...0CHOBHBIM B IpoOIeMe pocTa
KPHUCTAJUIOB TIPH DIIEKTPOJN3E SIBISIETCS BOIPOC O
Iy TsIX, KOTOPBIMU HOH, MOJBEPTaOLIUIACS Pa3psy,
[OMaJaeT B KPUCTAILUIMYECKYIO pemerky» [1].
JleiicTBUTENBHO, BBIACHEHHE 3TOTO BONPOCA HMEET
MIPUHIXITHANBHOE 3HAYEHHE HE TOJIBKO JIJISl BBISBIIE-
HUS OO0meH KapTUHBI  CTPYKTypOoOOpa3oBaHUS
AIEKTPOOCAKIAEMBIX METAIIOB, HO U ISl HAYYHOTO
obocHOBaHUS dJ(PPEKTUBHBIX IMyTEH IMOIYICHHS
JJIEKTPOXUMHUYECKUX IOKPBITUM C YIy4IIEHHBIMU
CBOWCTBaMHU.

[loBpImIeHWE  CBOWCTB  3JEKTPOXUMHUYECKHX
MOKPBITUNA MyTEM YNpPaBJIEHUS UX CTPYKTYpOil BO3-
MOXXHO KakK (DOpMHPOBAaHUEM OIPEIIEIICHHOTO THUIIA
CTPYKTYPBI B OCXKJIAEMBIX CJ0sAX (HAampumep, HaHO-
KpHUCTaUTMIECKOH, aMopdHON OO0 OpHEHTHPOBAH-
HOW CTPYKTYPBHI), TaK W CO3MaHHEM HOBBIX THIIOB
KOMITO3UITMOHHBIX MOKPBITHI (HampuMep, TEKCTyp-
HO-HaHOKpUCTaUTHYecKnX) [2]. Takue KOMIO3HITH-
OHHBIE TOKPBITHS, COCTOSIIHE W3 KOMOMHAIWN
Pa3IMYHBIX THUIIOB CTPYKTYPBI, OTIMYAIOTCS BBICO-
KHM YPOBHEM CBOMICTB, YTO IIO3BOJISIET YMEHBIINTH
OOIIyl0 TONIIUHY TOKPBITHH, CHH3WB cebecTon-
MOCTP WX ITOJTy9EHUSI.

Pa3paboTka TeXHONOTHI MONYYEHHUS DIEKTPOXHU-
MUYECKUX MOKPBITHHA C YIY4IICHHBIMUA CBOMCTBAMHU

0azupyeTcs, MpexJe BCEro, Ha MPEJCTAaBICHUSAX O
¢dopmupoBaHUH (a3 U CTPYKTYPHI IJIEKTPOOCAKIAC-
MBIX METa/IOB. [103TOMY BBIJIBUKCHUE HOBBIX U
pa3BUTHE CYMIECTBYIONUX KOHIENIHi (ha3000pazo-
BaHUA OJJICKTPOOCAXKIAACMBIX MCTAJJIOB SABJIAIOTCA
aKTyalbHOW 3a7adell XUMHUUECKOT0 MaTepUalloBeie-
HUSI.
COCTOSHUE ITPOBJIEMbI

CoryacHO  CYIIECTBYIOIIUM  TMPEJCTABICHUSIM,
(hazo00pazoBaHuEe 3IEKTPOOCAKTAEMOT0 MeETalia
MPOUCXOMT MyTEM «BCTPAUBAHUSA» B €r0 KPUCTAI-
JMYECKYI0 PElIeTKy HOHOB M3 BOJHOTO pPacTBOpa
WIN aTOMOB, 0Opa3yIOMIMXCS Ha €ro MOBEPXHOCTH.
Paznuune B CyHIECTBYIONIMX KOHIEHIMIX COCTOUT
TOJBKO B TOM, B KaKOM MeECT€ Ha MOBEPXHOCTH
pacTymero ocajaka MPOUCXOAUT pa3psia uoHa. Tak,
COTJIaCHO KOHIenimu [3-6], mpenMyliecTBEHHbIH
paspsii HMOHa TPOUCXOAUT HEMOCPEJACTBEHHO B
«MECTEe pOCTa», TO €CThb B MECTE «BCTPAHUBAHUSA»
WOHA B KPUCTAJUTMYECKYIO pelIeTKy ocaaka. Ilo
npyroit konunenmuu [/-10], npemmMymiecTBEHHBINH
paspsi HOHA TIPOUCXOIUT B MIPOU3BOJIHLHOM MECTE Ha
MOBEPXHOCTH KaToxa (ocamka) ¢ MOCIeIyroIei
MOBEpXHOCTHOH nuddy3ueil aTtoMa K «MecTy
pocTa».

Bmecte ¢ TeM HHM OfHA W3 3THX KOHIIEMIIHH,
BBIJIBUHYTHIX €€ MMOJIBEKAa TOMY Ha3aj, 10 CUX IOp

© Tupun O.B., DnekrponHas 06paboTka matepuanos, 2016, 52(4), 96-102.



HE TONyYHia YAOBIETBOPHTEIHHOTO 3KCIIEPUMEH-
TaNBHOTO JIOKa3zaTenbcTBa. B camoMm pene, coBep-
LIEHHO OTCYTCTBYIOT OTBETHI Ha BOTIPOCHI, KAKUM K€
o0pa3oM HOH MeTajjla, HaXOIAIIUNACA B KHIKOH
¢daze ¢ amopdHOH CTPYKTYpOH OJHOTO BEILECTBA
(BomHOTO pacTBOpa), HEMOCPEICTBEHHO «BCTpAHMBa-
eTcs» B TBepAyl a3y ¢ KPHUCTAUIMYECKOH CTpPYK-
Typol Jpyroro BemecTBa (9JEKTPOOCAKIACMOTO
MeTasia) U Kakue MpU 3TOM MPOUCXOAT (Ha3oBbIC U
CTPYKTypHBIE U3MEHEHHSI OCaIKa.

HesicHo Taxoke, B KAKOM arperaTHOM COCTOSIHUH
HaXOAWTCSA AIIEKTPOOCAKIAEMBIN METall, aTOMBI
koToporo nupGHyHAUPYIOT MPH KOMHATHOW TeMIIe-
patype Ha 3HAYHTENBHBIE PACCTOSHHSA K «MecTam
pocTa», ¥ KaKOBBI TOJDKHBI OBITH 3HAYECHUS] SHEPTUU
aKTHBAaLWHU M KO3 HUIKMEHTa TaKol HU3KOTEeMIIepa-
TypHOH aud¢ys3un. HecMOTpsi Ha THIIOTETHYHOCTD
paccMaTpuBaeMbIX KOHIETIWK, OHW BOIUIM, Kak
HEOCTIOPUMBI HaydHBIH (akT, B KIIaCCHYECKHE
yueOHuKM 1o snekTpoxumuu [11-14] u B coBpe-
MeHHble MoOHorpadgum mo  (pa3zo00pa30BaHHIO
aIeKTpoocaknaeMbix MetawtoB [15-19]. Cneru-
aNbHBIE pa3/iesbl 0 TaHHOW TeMaTHKe B MHOTOYHC-
JICHHBIX Y9eOHBIX IMOCOOMIX M MPAKTUIECKUX PYKO-
BOJICTBAX TakK)Ke OMMPAIOTCS Ha 3TH K€ JKCIEepH-
MEHTAaJIBHO HEI0Ka3aHHbIC KOHIICIIIHH.

Crienyer OTMETHTB, YTO K HACTOSILEMY BPEMEHH
HAKOIMJIOCh MHOTO Hay4dHbIX (hakToB (Hampumep,
o0pazoBaHHE MPOMEKYTOUHBIX MOAU(UKALU B
ANIEKTPOOCAKIAEMBIX ~ MOTUMOPQPHBIX — MeTallIax;
(hopMupoBaHUE MPOMEKYTOUHBIX (a3 B MeTaJLTHYe-
CKMX DJJIEKTPOOCAXKIAEMBIX CIUIaBaX, HaJIM4ue B
ANEKTPOOCAKICHHBIX MeETallllaX aHOMAJIbHO BBICO-
KON KOHIIEHTpAallM{d BaKaHCHIii), KOTOpPBIE TPYIHO
O0O0BSCHUTH Ha 0a3e CYIIECTBYIOIIMX MPEICTaBICHUH
0 ($a3000pa3oBaHUN ANEKTPOOCAKIAEMBIX METa-
JIOB.

Kpome TOro, momy4eHsl SKCHEpHUMEHTaJIbHbBIE
JaHHbIe (HarmpuMep, YBEINYEHHE IUIOTHOCTH METaj-
JIOB, 3JEKTPOOCAKNAEMBIX TPH HE3HAYUTEIHLHOM
BHEIITHEM CHJIOBOM BO3JIEHCTBHH MEPIEHIUKYISIPHO
(hpOHTY KpHCTAUIM3AINK, BOJIHOOOpA3HOE TEUCHHE
MTOBEPXHOCTHBIX CIIOEB 3JIEKTPOOCAKIAEMBIX METa-
JIOB 1O BIMSHUEM HE3HAYUTEIIbHOM BHEIIHEH
CHJIBI, HAIIPAaBJICHHOW MNapajieNbHO (POHTY KpH-
CTaJUIM3alK; O00pa3oBaHHE DJBTEKTHK B CIUIaBaxX
JIBYX COBMECTHO 3JIEKTPOOCAXKIAEMBIX METAJLJIOB),
KOTOpbIE MPOTHUBOPEYAT COBPEMEHHBIM BO33PEHHSIM
Ha (opmupoBanue a3 U CTPYKTYphl METAJUIOB MPH
ANEKTPOOCAKICHHU.

B cBsi3u ¢ 3TUM HMEIOMIKECS TPENCTAaBICHUS O
(ha3000pa3oBaHUN IJIEKTPOOCAKIAEMBIX METAIIIOB
TpeOyIOT YTOYHEHHUS W Pa3BUTHUS Ha aJbTePHATHB-
HOW TuIaTopMe C BBIIBMKEHHEM W peaiu3aluci
HOBBIX HJIEH U TIOAXOI0B.
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HOBAS KOHIEIIIWA ®A300BPA30OBAHN A
OJIEKTPOOCAXJIAEMbBIX METAJIJIOB

Ha ocHoBe 0000mIcHUST PE3yIbTATOB DKCIEPU-
MEHTANBHBIX U TEOPETUUECKUX HCCIEIOBAHUN CpaB-
HUTEJIBHO HEABHO YCTAHOBJICHO HEHU3BECTHOE PaHEee
sBIIcHUE (pa3000pa30BaHUS  IJIEKTPOOCAKITAEMBIX
METAJVIOB 4epe3 CTaAMI0 KHIKOTO COCTOSHHS
[20-37]. CyTh 3TOrO SIBIEHHS COCTOUT B TOM, UYTO
OpU JJNEKTPOXUMHUYECKOM OCaXIECHHHM MeTajlla B
BOJIHOI cpejie Ha TBepbIi KaTo/A MPOUCXOIAT 00pa-
30BaHME CHUJIBHO TIEPEOXIIaKIACHHONW METaJUINYeCKOM
JKUJIKOCTH B BHJIE MHOXKECTBA XHIKUX KJIacTEpOB
aTOMOB, BBIJCIAIONINXCS JTABUHOOOPA3HO B pasiuy-
HBIX MecTax BOJIM3M KaToJla I PACTYIIEro 0CajKa,
U cBepxObICTpOe ee 3aTBepJeBaHUE MMpPU TeMIepa-
Type OCKACHUS B BHIC KPUCTATUTUYCCKOH, aMop(h-
HOU MM KBa3HKpUCTaJIIMdecKon ¢aszsl [20-25].

VYCTaHOBICHHOE SBJICHHE OOYCIOBICHO OYCHb
ObICTpbIM  (B3PBIBHBIM) XapaKTEPOM  BBIICICHUS
MeTajyla BCJICACTBUE LIETTHOW PEaKUUU BIIEKTPOXH-
MHUYECKOr0 00pa3oBaHMsi aTOMOB W MEPEXOJI0M
KJIACTEPOB aTOMOB W3 JKHJIKOTO COCTOSIHHS B Oolee
crabunbHOE TBepaoe [23, 25].

CymectBoBanue  siBieHUs — (a3000pazoBaHUs
3IIEKTPOOCAKAAEMBIX METAJIIOB Yepe3 CTAJUIO KH[-
KOTO  COCTOSIHHSI ~ JIOKa3bIBa€TCA  CIEAYIOLUIMMHU

9KCIIEPUMEHTAIBHBIMA (haKTaMu:

— (1) dbopmupoBaHHEM B TIPOIECCE DIEKTPOXH-

MHUYECKOTO OCAXKJICHUS METaUIOB TU(PPAKIIMOHHON
KapTHUHBI aMOP(HOI0 COCTOSHHUSA M HW3MEHEHHEM ¢
Ha JAU(PAKIMOHHYIO KapTHHY KPHUCTATHYECKOTO
cocTosiHus 6e3 moiBeieHus TeruioThl [20-23];
(2) yBemuueHWeM IUIOTHOCTH METAJIOB,
ANEKTPOOCAKIAEMBIX TPU HE3HAYUTEIHHOM BHEIII-
HEM CHJIOBOM BO3JEHCTBHM MEPIIEHINKYIISPHO
(GpPOHTY  KpUCTAJUIM3AIMH,  COMPOBOXKIAIOIIUMCS
YMCHBIIICHUEM WX TOPUCTOCTH W  CHUKCHHUEM
WHTEHCUBHOCTH JU(PPAKIMOHHBIX PEHTTEHOBCKHUX
MakcUMyMoB [26, 271];

— (3) BomHOOOPA3HBIM TEUEHHEM TIOBEPXHOCTHBIX
CJIOEB AJIEKTPOOCAKIACMBIX METAJIOB T10J] BIIMSHH-
€M HE3HAUYUTEIbHON BHEIIHEH CUJIbl, HAIIPABJICHHOU
napajuiedIbHO (POHTY KPHUCTAUIM3ALNM, BKIIOYAs
BBITMOAHKME BOJIH MEXaHUYECKUMH MPENSATCTBUIMH U
BO3HHKHOBEHUE TICHBI HA TPEOHIX BOJH [26, 27];

— (4) u3meHenueM (GOpPMbI 0CAJKOB 3JIEKTPOOCA-
JKIA€MBIX METAJIJIOB IMPU HE3HAYHUTEIIBHOM BHEIIHEM
CHJIOBOM  BO3ACWCTBHMU  MapajuleNbHO  (QPOHTY
KpUCTAJUTM3AlMK, BKIIIOYas YTOJIICHHE, Acdopma-
U0 W YAJIUHCHHE OCaJKOB B HAlpaBICHUU
nercTBus cuibl [27, 28];

— (5) mpeuMyIeCTBEHHBIM Pa3BUTHEM OCAJKOB
AIEKTPOOCAKIAEMBIX METAIJIOB 332 KpaeM Karoja B
HalpaBJICHUM BHEIIHEW CHJIbI HE3HAYUTENbHOMN
BEIMYMHBI, JEHCTBYIOUICH NapalieIbHO (POHTY
KpucTayum3anm [28];
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— (6) momaBeHMEM IIpoIlecca TEKCTYpooOpaso-
BaHHA DJEKTPOOCAKAAEMBIX METAIIOB BIUIOTH O
MOJTHOTO  Pa3ymopsAOYeHUs]  KPUCTAJUIMYECKUX
pEIIETOK 3€peH MoJa JAEHCTBHEM HE3HAYUTEIbHOU
BHEIITHEW CHJIbI B HAMPABIICHHH, TPOTHBOIIOIOKHOM
OCH TEKCTYpBl, U YCHJIIEHHEM 3TOT0 Mpolecca Mo
JEHUCTBUEM TaKOM € CHJIbl, HAIPABJICHHON BAOJIb
ocH TeKCTyphl [29];

— (7) dopmupoBaHHEeM B 3JIEKTPOOCAKITACMBIX
MeTajulax aMop(HOW CTPYKTYphl 3aTBEepiACBIICH
METaJUIMYECKOH >KUIKOCTH MpPU MPeJOTBPAIICHUH
nporecca kpuctaumzanuu [30, 31];

— (8) oOpasoBanueM B 3JIEKTPOOCAKTACMBIX
MeTaulax  BBICOKOME(MEKTHOW  KPUCTAIUTHIECKOM
CTPYKTYpHI, OTBEUAIOIIEH MeTajiaM, 3aKaJeHHBIM
U3 xKuaKoro cocrostaus [31, 32];

— (9) dopmupoBaHHEM B DIEKTPOOCAKIACMBIX
MONIMMOP(GHBIX MeTajulaX IMPOMEXYTOUYHBIX MOJIH-
(mkanmit, XapakTepHBIX IS MOJIUMOP(HBIX MeTall-
JIOB, 3aKaJICHHBIX M3 KUIKOTO COCTOSHUS [32—34];

— (10) oOpazoBaHMeM HHTEPMETAIHIOB B
3NIEKTPOOCAKIAAEMBIX CIUIaBaX IBYX METaJUIOB pas-
HOI BaneHTHOCTH [35];

— (11) popmupoBaHueM KapOUIOB ¥ THAPHIOB B
ANEKTPOOCAKIAEMBIX TEPEXOIHBIX MeTaiax, JIeTH-
POBaHHBIX YIIEPOJOM W BOIOPOJOM COOTBETCTBEH-
Ho [35];

— (12) obOpa3oBaHneM IBTEKTHK B CIUIABaxX JIBYX
COBMECTHO 3JIEKTPOOCAKIaeMbIX MeTaiioB [35];

— (13) nporekannem B3auMHOI nuddy3un aro-
MOB D3JIEKTPOOCAXKTAEMOT0 MeTallla M MeTajinde-
CKOTO KaToja IMpH KOMHaTHOU TeMnepatype [36];

— (14) BO3HMKHOBEHHEM XHMHYECKHX COEIHHE-
HUI Ha rpaHUIE pa3/iena MeXIy TBEPIbIM METaJlIu-
YECKHM KaTOAOM U DJIEKTPOOCAKAAEMBIM METaIIOM
[33, 36];

— (15) BO3HHMKHOBEHHEM B CIIOSIX JJIEKTPOOCA-
KTaeMbIX METAJUIOB, IPUJIETAIONINX K KaTroay, cde-
POJMTOB W TEHTArOHAIBHBIX KBa3WKPHCTAILIOB,
XapaKTEePHBIX IS METAJUIOB, MOJYYEHHBIX NpHU
CBEpXOBICTPOM 3aTBEpPACBAHUH CHJIBHO IIepeoXxJia-
YKJICHHOM ®UIKOW MeTajundeckoi ¢assl [36];

— (16) oOpaszoBaHMEM B 3JIEKTPOOCAXKTAEMBIX
MeTaJlaX CTPYKTYPHOTO COCTOSIHHS, HMEIOILIETO BCE
0COOEHHOCTH, XapaKTEepHbIE Ul METaUIOB, 3aTBEp-
JEBIINX W3 CHIBHO MEPEOXJKICHHON MeTainde-
ckoii xxunkoctH [31, 33, 36];

— (17) BO3HHKHOBEHHMEM B DJIEKTPOOCAKIAEMBIX
METaJUIax IOPUCTOM CTPYKTYpbl, HMMEIOIIEH BCe
0CcOOEHHOCTH, XapakTepHBIE ISl TMOPUCTOH CTPYK-
Typbl METAJIOB, 3aTBEPAEBIINX U3 KHIKOTO COCTO-
SITHAS B HACBIIIIEHHOU cpene Bomopoa [37];

— (18) xpucrammmzanueil IEKTPOOCAKITAEMOTO
MoNMMOP(HHOT0 MeTajula B BHJE MPOMEXYTOYHOM
Momu(UKanmuy,  MAEHTUYHOM  MPOMEXYTOYHOU
MoOAU(UKAIMKA TMOTUMOPGHOTO MeTaia, 3aTBep-

JICBILIETO W3 JKUJIKOTO COCTOSHHS B HACHIICHHOM
cpene Bogopona [37];

— (19) ycunenuem MOpUCTOCTH METalIa C yBEJH-
YeHHWEM HACBHIIEHUS €ero BOJOPOJOM B Mpolecce
anekrpoocaxaeHus [37].

Ob6cysxnaemMoe SIBICHUE TMPOSBIAETCS B 3aKOHO-
MEPHBIX U3MEHEHHSX CYOCTPYKTYphl [24], mopdo-
Jioruu noBepxHocTu [24, 31], CTPYKTYpPHOTrO COCTO-
saust [24, 32], kpucraimiorpaguyeckoil TEKCTYphI
[24, 33], medheKTOB KPUCTAUIMYECKOTO CTPOCHUS
[31] m crpykrypHOii HeomHOpomHOcTH [33, 36]
METAJUIOB C YBEIMYCHUEM CTEIECHH IepeoxJIaxKe-
HUS [IPU UX DJIEKTPOOCAKICHHH.

HEJIb 1 OCHOBHAA N/JIESI PABOTbI

Lens pabGoThl — JaNbHEWIIAS DKCIICPUMEHTANH-
Has TPOBEPKA CYIIECTBOBAHMS YCTaHOBICHHOTO
SIBICHUS Ha OCHOBAHHWH aHalU3a MpEACKa3aHHBIX U
BEISBJIICHHBIX OCOOEHHOCTEH CTPYKTYpHI METaJUIOB,
MOJBEPTHYTHIX B TMPOIECCE DIEKTPOOCANKICHUS
BHEIIHEMY CHJIOBOMY BO3JIEHCTBHIO IapauIeibHO,
MEPICHANKYJISIPHO U MO/ YIVIOM K (PPOHTY KpHCTa-
JIU3AIUY.

I'enepanbHas uaest pabOTHI 3aKIOYANACh B TOM,
YTO TPUHIWITHANBHAS pa3HUIA MEXIY TBEPABIM U
JKUJIKAM COCTOSIHHUSIMH METallla COCTOUT B Pa3sHOU
€ro CrocOOHOCTH M3MEHSTh CBOIO (OPMY U CTPYK-
Typy TOJ JACHCTBUEM BHEIIHEH CHIIBI CPAaBHUTEIHHO
HeOONBIION BenuunHbL. Tak, ecnu 1 popMons3Me-
HEHHS TBEPJOTO MeTajlla COBEPIIEHHO HEIOCTaTOd-
HO BIIMSHHSI BHEITHEW CHIIBI HEOOBIION BETHYUHBI,
a HeoOXO0IMMO 3HAYUTEIILHOE CHIIOBOE BO3ICHCTBHE
(mampumep, KOBKa, INTAMIIOBKA WM MPOKATKA), TO
M3MEHEeHHEe (QOpPMBI ITOTO K€ MeTallla B KUIKOM
COCTOSSHUH TpeOyeT CpaBHUTEIBHO HEOOJBIIIOTO
ycunug. Kpome Toro, BIWAHHE HE3HAYUTEIHLHOM
CHJIBI Ha METaJII B TBEPJIOM COCTOSTHUHU HE BBI3BIBACT
TaKUX CYIICCTBCHHBIX H3MCHCHHUU B €r0 CTPYKTYpE,
KaKhe TPHUCYIIH METaJuly, 3aTBEp/ACBAOIIEMY U3
XKHUIKOTO COCTOSTHHS M UCTIBITHIBAIONIEMY TIPH ATOM
TaKoe k€ CHJIOBOE BO3AEHCTBIE.

Ecnmu  (azoobpa3oBaHue 3IIEKTPOOCAKIACMOTO
MeTaljia ACUCTBUTEIIBHO MTPOUCXOIUT Yepe3 CTaTUI0
KHUJIKOTO COCTOSIHHSA, TO TIPY BIMSHUW Ha 3aTBepjie-
BAaIOIIMI AJIEKTPOOCAJOK BHEIIHEH CHIIOW HEeOOIb-
mo# BemuuuHbl (HaIlpuMep, MEHTPOOEKHON CHIIOH)
CIemyeT OXKHUIATh TPOSIBICHUSI CTPYKTYPHBIX OCO-
OCHHOCTEH, XapaKTePHBIX JJIs TBEPACIOINEH MeTa-
JUYECKON JKUIKOCTH TOJ CHIIOBBIM BO3JIEHCTBHEM.
B cBsi3u ¢ 3TUM OCOOCHHOCTH CTPYKTYPBI AJIEKTPO-
OCKACHHBIX METaJUIOB, SBISIONINECS XapaKTepHBI-
MM JJIsl 3aTBEpAEBLIEH MpPU CUIOBOM BO3AEHCTBUU
METAJTMYECKOM KUAKOCTH, OYIyT CIIY)KHUTh JOKa3a-
TEIhCTBAMU JOCTOBEPHOCTH 0OCYKIaeMOro sBIe-
HUSL.



B mepBoif yacti pabOTHI MpEACTaBICHBI CTPYK-
TypHBIE OCOOCHHOCTH METaJIOB, TOABEPTHYTHIX B
MIpOLIECCE IEKTPOOCAKACHUS BHEUIHEMY CHUIOBOMY
BO3JIEHCTBHIO TAapajuIeIbHO (PPOHTY KpPUCTAIIIH3A-
. Bo BTOpoitl yactu OyayT ocBemeHsl 0COOEHHO-
CTHU CTPYKTYPBI METAJIIOB, JIEKTPOOCAKICHHBIX IIPU
BJIVSTHAM BHEITHEH CHIIBI, HAIPaBJICHHOW MepIeH N~
KYJSIpHO (POHTY KPUCTAJUIM3alHU. A TPEThs 4acTb
OyIleT mocBsAIIeHa 00CYKICHUIO CTPYKTYPHBIX OCO-
OCHHOCTEW, BO3HHUKIIUX B 3JEKTPOOCAKIAEMBIX
MeTalylaX TPU BHEIIHEM CHJIIOBOM BO3IEHCTBHU
NEePICHIUKYJSIPHO WM IOJ YIJIOM K (POHTY KpH-
CTaJUTU3AIIIH.

OKCITEPUMEHTAJIBHBIE JIOKA3ATEJIbCTBA
CYINECTBOBAHUIA ABJEHUA

Hoes sxcnepumenma

M3BecTHO, YTO riaBHOE pa3iMuyue TBEPIOTO U
JKUJKOTO COCTOSIHUM METajula 3aKJII04YaeTcsl B BEU-
gyuHe Tekydectn [38]. Tekydects ompenensercs
CKOpPOCTBIO AedopManuy Tena Moj BO3ACHCTBUEM
CTaTUYECKOMN cIBUTOBOU cuiibl. [Ipu aTOM BennunHa
TEKYUYECTH, BBIPa)KE€HHAsl B BUJIEC BSI3KOCTH, OTJIMYA-
€TCS MEXAY TBEPAbIM MU KUAKUM COCTOSHHUSIMU
metanna B 10%° pas [38].

ITosTomMy ecimm (azooOpazoBanue MeTaia IpH
SJEKTPOOCAKACHUN TIPOXOIUT CTAIUI0 IKHUIKOTO
COCTOSIHUA, TO CIENYEeT 0KUIAaTh U3MECHECHUU KakK B
KOH(UTypalui Ocaika, Tak U B IIEPOXOBATOCTH H
MOp(}OJIOTHH €ro TMOBEPXHOCTU TPU HE3HAUUTEIIb-
HOM BHEIIIHEM CHJIOBOM BO3JEHCTBHM NapajuIeIbHO
(bpoHTy KpucTanmu3anuu. JlefcTBUTENHHO, BCIEN-
CTBUE TEKYy4ECTH METAJUIMYECKON >KUIKOCTH, KOTO-
pas TIOCTOSTHHO OOHOBISIETCSI B MHKPOYYacTKax
BOJIM3M MOBEPXHOCTH 3JIEKTPOOCAKAAEMOTO METal-
Jla 1 OTHOBPEMEHHO UCIBITHIBAET BHEIIHEE CUIIOBOE
BO3MICHCTBUE, [OJDKHBI TIPOSIBUTHCS —CIICTYIOIIHC
0COOCHHOCTH oOcajka. Bo-mepBbIX, KOHGUTYpanus
c(hOpMUPOBAHHOTO OCafKa MOJDKHA MMETb aHM30-
TPONHYI (hOPMY, BBITSHYTYIO B HAIIPABJICHUH CHJIO-
BOTO BO3IeHCTBUA. M, BO-BTOPBIX, MOPGOIIOTHI
MOBEPXHOCTH TaKOTO OCajKa JOJDKHAa OBITh Ooiee
CTJI&KEHHOM, a €ro MOBEPXHOCTb UMETh MEHBIIYIO
HIEPOXOBATOCTh IO  CPAaBHEHHIO C  OCAIKOM,
ANIEKTPOOCAXKICHHBIM B OOBIYHBIX yCIOBUSIX.

dopMHUpoBaHHE aHWU3OTPOIHON KOH(PUTYpaIluu
0CaJIKOB 3JIEKTPOOCAXKTACMBIX METAJIOB, YMCHBIIIE-
HUE IIEPOXOBATOCTH W CIIIAXKUBaHHE MOPHOIIOTHH
X MOBEPXHOCTU NOJ ACHCTBUEM HE3HAUUTEJIbHOMN
BHEIIHEH CHJIBI, HAIPaBJICHHOHN NapayieabHo (GpoH-
Ty KPUCTAJUIM3ANWU, OYIyT CIYKUTh JO0Ka3aTelb-
CTBOM JIOCTOBEPHOCTH PacCMaTPUBAEMOTO SBIICHUSI.

Mamepuanvl u Memoovt Uccied08ans

He3nauuTenbHOE BHEIIHEE CHIOBOE BO3ACHCTBHE

Ha BJ'IGKTpOOC&)KZ[aCMHﬁ MCTAJJI  IapaljiCJIbHO
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GpOHTY  KpUCTAIM3alMA  OOECIIeYHWBaId  C
MTOMOIIBIO IIEHTPOOEKHOW YCTAaHOBKH, ONMKMCAHHON B
pabote [39]. B ycraHOBKe MpemyCMOTPEH IOIBO.I
MOCTOSHHOTO TOKa K BPAIIAOIIUMCS  JIEKTPO-
XMUMHUYECKUM  siueiikaM 1eHTpudyrd, a  OJoK
YIpaBJCHHs YCTAHOBKOM OCHAIIEH JAaTYUKOM YHCIIa
000pOTOB poTopa IeHTpUudyru. YcraHoBKa odecre-
YyuBaja JCHCTBUE LEHTPOOCIKHON CHIIBI, MPOIOP-
[MOHATBHON HOpMabHOMY yckopenuto Kg (rme K —
K03 (PUIHEHT Teperpy3kn) B UHTEpBAje 3HAUCHHI
or 1 mo 1256 g (Y4TO COOTBETCTBOBAJIO YHCITY
obopoToB poropa neHTpudyru B MuHyTy oT 0 10
3000 o6/muH) [39].

Jisi TIpOBEpKH  BBIMICH3IOKEHHOW waen ObUH
pa3paboTaHbl U W3TOTOBJICHBI AJIEKTPOXUMHUYECKUE
STUEHKU C TMePEroOpOIKON MEXIy KaTOJIOM U aHOJIOM,
UMEIOIIeH TOPU30HTAJIBHYIO INENh B BEpXHEH ee
vactu (puc. 1). Hanudne Mexmy KatooM ¥ aHOJOM
TaKOH TEPeropoJKd C IIENIbI0 W UCIOIh30BAHUC
JNIEKTPOJIUTA C HHU3KOH pacceuBarolieil CHOCOOHO-
CThIO0 OOecrieunBany (OPMHPOBAHUE Ha KATOME MPH
AIIEKTPOOCAKICHUU HEOOJBIOTO MO pa3Mepy ocal-
Ka MeTaJa.

L

Puc. 1. CxeMa 3JICKTPOXUMHUYCCKON SUCHKH C TEPEropoaKoi
MEXIy KaToJOM W aHOJOM, HMelolmed mens. 1 — crakaH
ueHTpudyry; 2 — siueiika; 3 — karon; 4 — anon; 5 — neperopojka;
6 — mienp B meperopoike; 7 — KIEMMBbI TOKOIOABOAA; 8 — KpbILI-
Ka suelkd; 9 — PE3UHOBBIC TEPMETH3UPYIOIIME HPOKIIAIKH;
10 — BHHTHI KpeTJICHUS.

KoHcTpyKTHBHBIE OCOOEHHOCTH INEKTPOXUMHIYE-
CKUX SYCEK IMOJHOCTHIO HCKIIOUMIM BO3MOXKHOCTh
JIBUKCHUS DIJIEKTPOJIWTAa OTHOCHTCIBHO KaToja B
MpoIiecce AeKTpoocakaeHnss Metamia. [lpu padorte
HeHTpU(yru sSueika Bpalaiach BMECTE C POTOPOM,
HAXOJsICh B TOPU3OHTAJIbHOM TNoOJOXeHuH. Karton
3aKpeIUIIA Ha CTEHKE STYSHKHU MapajielbHO €€ OCH,
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MI03TOMY TIPH BPAIICHUH STYEHKN KaTOJ pacrojarai-
Csl TapaJuleNIbHO pamuycy potopa. Tak Kak IIeHTpo-
Oe)kHasi CHJIa IPU BPAIICHHH BCET/a HalpaBJIeHa 110
pagmycy poTopa OT LEHTpa OKPYKHOCTH, TO IIPH
TAKOM PAacloOJIOKEHUH Karoja 00ecleYnBaioch
BHEIIIHEE CHIJIOBOE BO3JCHCTBHE HA 3JEKTPOOCAXKA-
eMbIi MeTall MapajuiebHO (POHTY KPHCTAILIH3a-
M.

B xagecTBe MOIETFHOTO MeTaJIa BRIOpAIIU IIUHK,
KOTOPBI  JJIEKTPOOCAXKIATH B DJIEKTPOIHUTE
crenyromero cocraBa: ZnSO4-7H,O — 450 r/n u
Aly(SO,);5-18H,0 - 30 r1/n. Beibop 31OTO
9NEKTPOJINTa OOYCIOBIEH TEM, YTO €ro pacceu-
BaroINas CIIOCOOHOCTh COCTaBIISAET, MO maHHbIM [40],
Bcero 24%. Pe3ynbpTarhl  WCHBITAHUH — 3TOTO
3JIEKTPOJINTA Ha siueiike XeppuHra-biatoma nmoarsep-
WM €r0 HHU3KYI0 PacCEeHBAIONIYI0 CIOCOOHOCTD
(24%) npu nnotHOCTH ToKa 8,0 A/nM?, Temmepatype
20°C u xucnoraoctH 3aekrponura 4,0 pH. I[Tostomy
0CaJKi IUHKAa ToNmuUHON 10 MKM monyyanu mpu
YKa3aHHOM pEXUME, YTO BIOJHE OTBEYalIO YCIO-
BUSIM ~ pEAIM3alli¥l  BBIMICH3IOKECHHOW  WJICH.
Pa3mepsl DIEKTpOIOB W 00BeM SUEHKH obecrre-
YHBaJIM OOBEMHYIO TUIOTHOCTh TOKa B Hell He Oonee
1 Alnm?, uto6bl M36ekKaTh HArpeBa JIEKTPOIHTA B
IpoLecce MEKTPOOCAKICHUS.

Kondurypanuio ocaakoB u MOpPQOJIOTHIO HX
MOBEPXHOCTH HM3YYall C HCIOJb30BAaHHUEM pacTpo-
BOTO 3JIEKTPOHHOTO MuKpockona POM-106U, pabo-
TAIOIIETO B PEXUME IIONyYEHHsS] H300paKeHHS BO
BTOPUYHBIX 3JeKTpoHax. [IpenenpHoe ocTaTO4HOE
JIaBJIeHHE B KOJIOHHE MHKpOcKona (B 00JlacT ImyIi-
kn) He mpesbimano 6,7-107 ITa, TOK mymKH cocTas-
nsut 98 MA. HccnenoBanue mepoxoBaTOCTH OCAIKOB
BBITOJIHSUIN C IPUMEHEeHneM npoduiorpada-npodu-
joMerpa 252 myTeM OINpeaeieHUs BEIHMYUHBI R, U
HOCTpoeHusT nipoduiiorpaMM (FOPU30OHTAIBHOE yBE-
nandeHue cocranisuio x50, BeprukanbHoe — x200).

Pesynomamut sxcnepumenma u ux obcyscoenue

B pesynbraTe BBINOJHEHHBIX UCCIICIOBaHUMN
YCTaHOBWJIM, YTO IIMHKOBBIE OCAJKH, IOJyYCHHBIC
IpH OOBIYHBIX YCIIOBHMSAX, TO €CTh Ipu K = 1, B
3JIEKTPOJIUTE C HHU3KOM pacceuBarolieil Ccrocoo-
HOCTBIO MMEIOT KOH(Hrypamuio siunca. Hampu-
Mep, Ha pUC. 2a IOKa3aH AILTHIICO00Pa3HbIA 0CalOK,
ClerKa BBITSHYTbII B TOPU30HTAJIBHOM Halpas-
JICHUH TPOTOPIIMOHAILHO TOPH30HTAIBHON IIETH B
MIEPEeTOpPOJIKE MEXAY KaTOIOM M aHOIOM. Takas
KoH(purypammst ocagka ObUIa BIIOJTHE IIPOTHO-
3upyeMoll, ¥ oOHa OOYyCIOBIIEHA YCJIOBUSAMHU
JKCIIEPUMEHTA.

XapakTepHOW OCOOCHHOCTBIO OCAJKOB ITWHKA,
OJICKTPOOCAKACHHBIX B OTCYTCTBUC BHCIIHETO CHUJIO-
BOTO BO3JICHCTBHS, SIBUJIACH HEOIHOPOJHOCTH WX
Mopdomorny TOBepXHOCTH. Tak, IeHTpasibHas
4acTh OCaJika COCTOsIa M3 TJI00YJISPHBIX 00pa3oBa-

HUH, WMEIONNX pPa3BEeTBIEHHYIO JIETIECTKOBO-
JIeHApUTHYIO Mopdooruio (puc. 26). B oTnnune ot
LEHTPaNbHON TiepudepuitHas 4acTh OCajKa Xapak-
Tepu30Bajiach 0Oojee IHUCIIEPCHOM MOPQOIOTHEH.
Crnenyer mpu 3TOM OTMETHTh, YTO KaK LEHTPalb-
Has, Tak u nepudepuiiHas yacTh ocajgKka UMENU
0JIMHAKOBOE MOP(HOIIOTHYECKOE CTPOCHHUE.

Pesynprarel ompeneneHusl MEpoOXOBaTOCTH pas-
JUYHBIX YacTel ocajKa MoKa3ajH, YTO HEHTpallbHas
4acTh 0CaJika uMesia OOJBIIYIO MEPOXOBATOCTh, YeM
niepudepuitHasg. Tak, eciu cpenHee 3HAUCHUE BEIH-
4YuHbl R, B ICHTPaJIbHOW YacTH OCajKa COCTaBIILIO
3,75 MkM, To Ha mnepudepHilHOW €ro yactum -
2,01 MxM, TO ecTh PUMEPHO B J[BAa paza MEHbIIE.
[Ipodunorpammel 3TUX YacTel OcajKa TaKXKe CBH-
JIEeTEIbCTBOBAIM O TOM, 4YTO IIEPOXOBATOCTD
LEHTPaNbHOM YacTh ocaaka (puc. 3a) 3HAYMTEIBHO
OoNpIlle 1O CPaBHEHHWIO C IIEPOXOBATOCTHIO €ro
nepudepuitHoit yactu (puc. 30).

Bo3snelicTBue BHeENHEN cUI0il HEOOBIIION BEJIU-
YUHBl TAapaJUICIBHO (POHTY KPHUCTAUIM3allUU B
MPOIECCE DIEKTPOOCAXKICHUS LHWHKOBBIX OCaJIKOB
MPUBOIMIO K 3HAYUTEIFHOMY YMEHBIIEHHIO WX
niepoxoBaroctd. [IpuyeM IIEpoXoBaTOCTh TaKUX
0CaJIKOB OblJla MPaKTUYECKH PABHOMEPHOM MO Bcel
UX TJIOMWaH, mpoduiorpaMMsl Obuid Oojee cria-
*eHHbIMU (puc. 3B), a cpeiHee 3HAUCHHUE BEITMYMHEI
R4 cocrasisio Bcero 0,58 Mxm.

JleiicTBUTENBHO, KaK BUIHO M3 pHC. 4a, KOoH(DU-
rypamys IHHKOBOTO 0CaJIKa, 3JEKTPOOCaAKICHHOTO B
YCIIOBUSIX BHEITHETO CHUJIOBOTO BIUSHHUS Mapajlielib-
HO (DPOHTY KPUCTAJUTM3AIHNH, HMEJIa aHU30TPOITHYIO
(opMy, BEITSIHYTYIO B HaIllpaBIIEHUH JICHCTBYS CHJIBI.
Mopdoorusi MOBEepXHOCTH TaKOTO 0CaJIKa XapakKTe-
pHU30Baach CriaKEeHHBIMH (opMamMu, HMEIOIIUMU
Oonee monorue kpas (puc. 40). OTIMYUTENBHBIM
MPU3HAKOM  OCaJIKOB, D3JEKTPOOCAXJICHHBIX TMpHU
BIUSHUM BHEIIHEH CWIIBI, SBUJIACh OJHOPOIHOCTH
MOP(OJIOTHUHN MTOBEPXHOCTH 110 BCEH MX IIOIIAIH.

OO6Hapy>xeHHble 3(Q(EeKTsl B M3MECHEHHH KOH(U-
rypauuy, IIepoXOBaTOCTH U MOPQOJIOTUH MOBEPX-
HOCTH OCaJKOB IPH BHEIIHEM CHJIOBOM BO3ZCH-
CTBUHM OBUTH TaKXe IOATBEPXKICHBI TPHU DIIEKTPO-
OCaXIICHHN KaJMHS B CEPHOKHCIIOM JJIEKTPOJIUTE C
HU3KOM paccemBaroie crmocoonoctsio (28%).

dopmupoBaHHe aHWU3OTPOIHON KOH(HUTYpaIUH
OocajJKka B HAINpAaBJICHUU [CHUCTBHs BHEILIHEH CHIIBI,
CrIaKUBaHWE ero MOPQOJIOTUH TMOBEPXHOCTH H
YMEHbBIIIEHUE MIEPOXOBATOCTU TIPU BHEIIHEM CHIIO-
BOM BO3/IEWCTBHU B IPOIECCE DIEKTPOOCAKICHUS
MOYHO OOBSICHUTh Ha OCHOBAaHHHU BBIIBUHYTOW KOH-
HEeMIUMH  TPOXOXKAEHHUS  DJIEKTPOOCAKIAEMBIMH
MeTalIaMH CTaaudd JKUAKOro cocrosHus [20-25].
JleficTBUTEIBHO, B CBSI3U C OYCHBb OBICTPHIM IPOTE-
KaHHEM aKTa B3PEIBHOrO pocta (mpumepHo 107 ¢), B
Te4eHrne KoToporo oOpasyrorcs B cpemnem 40-60
aTomoB [23, 25], mocnenHue He ycreBaroT chopMu-
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(a)

(©)

(6)
Puc. 2. PacTpoBble 3JIEKTPOHHO-MHUKPOCKOIMYECKHE U300PAKEHHSA 0CAIKA DIIEKTPOOCAKAEHHOTO [IUHKA, TOJYIEHHOrO NpU 00bIY-
HbIx yenoBusx (K = 1): (a) — oOuwmii Bua ocanka; (6) — MOpHOIOrUst HOBEPXHOCTH €r0 HEHTPAIBHOMN YACTH.

_/\MW_\M

(8)

Puc. 3. IIpopuiorpaMMsl UIMHKOBBIX 0CaiKoB: (a) — NpoduiIorpaMma LEHTPAIbHON YacTH 0CalKa, HOJIYUYCHHOTO B OOBIYHBIX YCIIO-
BusixX; (0) — mpoduiorpamMma nepuQepritHOi 9acTH OCajKa, MOMYYEHHOTO B OOBIYHBIX YCIOBHsX; (B) — mpoduiorpamma ocajxa,
NOJIy4EHHOTO [PU BHEIIHEM CUJIOBOM BO3/ICHCTBHH B POLIECCE AIEKTPOOCAKICHHUSL.

—
/ 5 mm

pOBaTh CTPYKTYPY C JAITBHUM TOPSJIKOM B MX pac-
MOJIOKEHUH. MHOXKECTBO JKUAKHX KIACTEPOB aTo-
MOB, BBIICIISIOMINXCSA JaBHHOOOPAa3HO B PaziIMYHBIX
MecTax BOJIM3M MOBEPXHOCTH KaToa WM pacTyIle-
ro ocajKa, TPEICTaBISIOT COOOH JKUAKYIO (azy
3NIEKTPOOCAKIAEMOTO METajla, HaXOISIIyloCcs B
CHJIBHO TIEPEOXJIAKIEHHOM COCTOSIHUH [23, 25].
IMockonbKky TpPH 3JIEKTPOOCAKICHUU MeTaia
nporecc OOpa3oBaHUSl TaKHX KIIACTEPOB aTOMOB
MIPOUCXOANT HEMPEPHIBHO, TO OHH, MCIBITHIBAS
BHEILIHEE CUJIOBOE BO3ACHCTBHE, OOBEAMHSIOTCS B
Oosiee KpynHble 00pa3oBaHUs, NeQOPMUPYIOTCS H
MEepeMEIaloTCs. B HalpaBlIeHUH JEHCTBUS CHUIIBL.
3atBepAeBas C OYEHb OOJBIION CKOPOCTBIO, 3TH

(6)

Puc. 4. PacTpoBbie 3JIEKTPOHHO-MUKPOCKOIMYECKUE U300PAXKEHHS OCA/Ka JIEKTPOOCAKACHHOTO [IMHKA, IIOIYYCHHOrO IIPY BHELL-
HEM CHJIOBOM BIIMSHUH MapaiensHo Gppouty kpucraummsanuu (K = 1256): (a) — o6mmit Bux ocanxa; (6) — Mopdosorus moBepxHo-
CTH OCaJIKa; CHJIa HAIPaBJIeHA CBEPXY BHU3.

o0pazoBaHMsi aTOMOB (OPMHPYIOT B pe3yJIbTaTe
nepeMenenns 1 aedopManuyd aHU30TPOIHYIO KOH-
¢durypanmio ocagka 3JIEKTPOOCaKIAEMOTO MeTallia
C YMCHBIICHHOW NIEPOXOBATOCTBIO W CIIAXKCHHOW
MOPQOJIOTHEH ero TOBEPXHOCTH.

Ecnu mpunsaTh, uro (azoobpa3oBaHHEe MeTaia
MpPU  ONEKTPOOCAKICHUU  TPOHMCXOAUT  MYTEM
BCTPAaWBaHUS» B €r0 KPHUCTALIHYECKYIO PEIIETKY
WOHOB W3 BOJHOTO pacTBOpa HJIM aTOMOB, 00pazy-
fonmxcs Ha ero mosepxHoctu [3-10], To ecth 6e3
YYaCTHS MTPOMEKYTOUHOMN KUIKOU (Ha3bl, TO HAOIIO-
nmaeMbix 3(@dekToB He cymiecTBoBaio Obl. OTO
OOBSICHACTCS TEM, YTO BEJIMYMHA BHEIIHETO CHUJIO-
BOIO BO3JCHCTBHs (B AaHHOM CiydYae IEHTPOOEK-
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HOM CHIIBI) IBHO HEJOCTATOYHA, YTOOBI MIIACTHYECKH
nehopMHUpOBaTh TBEPABIC IMOBEPXHOCTHBIC CIIOU
3JIEKTPOOCAKAAEMOT0 METaslIa.

3AKIIIOYEHUE

Takum 00pazoM, (OpMHUpPOBAHHE AHU3OTPOITHOMN
KOH(QUTYpallMd  OCAJKOB  3JIEKTPOOCAKTAEMBIX
METaJUIOB, YMEHBIICHHUE IIEPOXOBATOCTU U CIIIAXKU-
BaHHE MOP(}OIOTrMU HMX TMOBEPXHOCTH TOJ JEHCT-
BHEM HE3HAYUTEJIbHOW BHEIIHEH CHIIbI, Hampas-
JIEHHOW TmMmapauiensHo (GPOHTY KPUCTAILIU3AIINY,
JTIOKa3bIBAIOT CYIIECTBOBAHWE sIBICHUSA (Hha3000pa-
30BaHUSI  DJIEKTPOOCAXKJTAEMBIX METAUIOB  4Yepe3
CTAJIHIO JKHUIKOTO COCTOSHHSA.
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Hocmynuna 11.06.15
Summary

A brief overview of the current state of the issue of the
electrolytic crystal growth is given. A new concept of a
phase formation in electrodeposited metals is articulated.
Earlier experimental findings by the author are presented
that prove the existence of the phenomenon of phase for-
mation in electrodeposited metals via a liquid state stage.
The general idea of this study was that the fundamental
distinction between solid and liquid metal state consists in
the difference in the metal respective capacity to change
its shape and structure when exposed to a relatively small
external force. With a view to further verify the existence
of the phenomenon in point, a set of experiments was
carried out to confirm the predicted structural features in
metals exposed to a minor external force during electro-
deposition. This part of the research presents the results of
structure examination in metals electrodeposited under the
action of an external force directed in parallel to the crys-
tallization front. Occurrence of an anisotropic pattern of
deposits of electrodeposited metals, smoothing out of the
deposits surface morphology and reduction in their
roughness arising from an exposure to a minor external
force parallel to the crystallization front have been estab-
lished. The obtained experimental results prove the
existence of the phenomenon of phase formation in
electrodeposited metals via a liquid state stage.

Keywords: phase formation, electrodeposited metal,
liquid state, external force, surface morphology, rough-
ness.
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CpaBHuresbHas 3G PeKTUBHOCTH HHPPAKPACHBIX
HCTOYHUKOB HATPeBa IJI1 MOHTAKA U IEMOHTAKA
3JIEKTPOHHBIX MOAYJIEH

“B. JL Jlanun, A. U, Jlanno

Benopyccruil 20¢y0apcmeenblil yHUSepCumem unpopMamuKy u Paouodi1eKmpoHUK,
ya. I1. Bposxu, 6, 2. Munck, 220013, Pecnybauxa Berapycw, e-mail: vlanin@bsuir.by

Ouenena ((heKTHBHOCTh KOPOTKO- U CpeaHeBOIHOBBIX HH(MpakpacHbix (UK) uCTOYHHKOB Harpesa,
NPUMEHSEMBIX I8 MOHTaXa M JIeMOHTaXa JJIEKTPOHHBIX MOIYNeH. AHann3 Mojenedl TeIUIOBBIX
nosieit mokaszan, uto s rajgorenHoit MK mammer HakanuBanus KI'M 30/300 HepaBHOMEpPHOCTH
HarpeBa me4yaTHOW mmiatel coctaBwia 45-55°C, a HepaBHOMEPHOCTh TEMIIEPATyphl KOPIYCOB
aneKkTpoHHbIX KoMmoHeHToB — 90-100°C. Jlns kepamudeckoro MK warpesarens Elstein SHTS/4
HEpaBHOMEPHOCTh HarpeBa redaTHoH Iatel coctaBmia 8—-13°C, remmnepatypa koprmycoB SMD kowm-
MIOHEHTOB OTJIMYaeTcsi oT Temneparypsl miatel: BGA na 28-32, QFP — 24-26 u SMD - 5-20°C.
[IpuMeHeHHe CpeIHEBOIHOBBIX KEPaMHYECKUX WH(PAKPACHBIX UCTOYHUKOB ITO3BOJISIET JTOCTHYH 00-
Jiee BBICOKOI paBHOMEPHOCTH HarpeBa B paboueii 30He 1 00eCIeYnTh ONTHMAaJbHBII TeMIepaTypHbIiH
npodUIb IPY MOHTaXKE U JIEMOHTAXKEe OBEPXHOCTHO MOHTUPYEMBIX SJIEKTPOHHBIX KOMIIOHEHTOB.

Kniouesvie cnosa. qubpaKpacyoe usnyyenue, uCmovYHuKu Hazcpesa, MOHmasic, aeMOHma.?lC, OJ1eEKMpPOH-

Hble MOOYJIU.
YK 621.365 (075.6)
BBEJIEHUE

Ipumenenne uHppakpacHbx (MK) MCTOYHHKOB
MO3BOJISIET OCYIIECTBUTH JIOKAJIBHBI HArpeB IIpH
MOHTaX€ BJIEKTPOHHBIX MOAYJEH, YMEHBIIUTh Bpe-
MsI HarpeBa U3JENHsl U CHU3UTh PUCK MOBPEKICHUS
3JEKTPOHHBIX KOoMIIOHEHTOB. Harpes UK uznyuenu-
€M HMEET psi TEXHOJOTHYECKUX IPEUMYIIECTB,
OIHAKO HUX pealu3alusi 3aBUCUT OT MPaBUIBHOTO
BBIOOpa MCTOYHWKA HarpeBa M KOHCTPYKIMH YCTa-
HoBku UMK HarpeBa. B HacTosiee Bpemsi MIMPOKOE
MPUMEHEHUE B TEXHOJIOTMUECKHUX MpPOIeccax IMOy-
g aBa Buaa MK marpesa: nokambHEIN cokycH-
pPOBaHHBIM M NPELU3UOHHBIA paccesdHHbIi. B 3aBu-
CUMOCTH OT KOHKPETHBIX YCJIOBHM UCIOIB3YIOT pas-
JUYHBIE TI0O TeoMeTpuH pediexTopsl, (GpopMupyro-
IIHeE TEIIOBOE TI0JIE B 30He Harpesa [1].

Texnonoruss MK maiiku, 3apekoMeHI0BaBIIas
ce0st psiIOM JTOCTOMHCTB, TakuX Kak [2] BeICOKas
CKOpOCTh W W30HMpaTEeNBbHOCTh HArpeBa, BO3MOXK-
HOCTh YIpaBJICHUs TepMONpoduiieM, TpeOyeT naib-
HEWIIEero pa3BUTUA JJISl TOBBIILICHUSI KaueCTBa MOH-
Ta)a U JEMOHTa)Ka OBEPXHOCTHBIX KOMIIOHEHTOB B
3JIEKTPOHHBIX MOJYJISIX C IJIOTHOM KOMIIOHOBKOM.
Jns  obocHoBaHHOTO BbIOOpPa ucTOYHHMKOB WK
HarpeBa HEOOXOAWMBI aHajlN3 TeIUIOBBIX IOJIer
HarpeBaeMbIX OOBEKTOB, OIEHKA BIHSHHS PacCTOS-
HUS OT HarpeBaTelNs NI0 MEeYaTHOM IIaThl Ha PaBHO-
MEPHOCTb M CKOPOCTh Harpesa [3].

Ha ceromusmuamii neHbs HanOoJee COBEPIICHHBIM
sBisieTcst MeTo tokansHoro MK marpesa [4], koto-
pBIii  TIPOU3BOAMTCS C(HOKYCHPOBAHHBIM ITYYKOM
MH(MPAKPACHOTO M3ITyYEHHUS TOJIHKO B MECTaX MalKH.

OO0s3arenpHas Mpoleaypa MpH 3TOM — IOAOTPEB
TUTaThl CHU3Y JAJIS IPeAOTBpAaIleHHs ee AepopMalnu.
UK kepamuueckue HarpeBaTeld 3a cUeT OOJBIION
TEeMIEpaTyphl HAarpeBa M BBICOKONW MHEPIUOHHOCTH
MOJIEPKUBAIOT CTaOMJIBHYIO TeMIlepaTypy, dYTO
OYEHb BaXXHO I OeccBuHIOBOM maiiku. B UK
NAasUIBHBIX CTaHOMSAX MPUMEHAIOT H3JIy4aTeld, C
MOMOIIBIO KOTOPBIX BO3MOYKHO IOCTHXKEHHE BBICO-
KOH TeMIiepaTypbl 3a MUHUMAJIbHOE BpeMsl.

OcHOBHBIM (pakTOpOM, OOECIEUNBAIOIINM Kaue-
CTBO MasHBIX COEAWHEHUH IMOBEPXHOCTHO MOHTHPY-
€MBIX KOMIIOHEHTOB B TIpOIlecCeé MOHTaxa H
COXPAHHOCTH PEMOHTHPYEMOTO H3JENUs BO BpeMs
JIEMOHTa)ka HEHCIPAaBHOTO KOMIIOHEHTA, SBISETCS
MIpaBWJIBHBIA BBIOOp MCTOYHMKA Harpesa. [Ipumene-
Hue MWK HCTOYHMKOB T1O3BOJIAET OCYILIECTBHUTH
JIOKAJIBHBIA HArpeB, YMEHBIIWTh BpeMs Harpepa
PEMOHTHUPYEMOTO M3JENNS U CHU3UTHh PUCK IOBpE-
KJIEHUS SJIEKTPOHHOTO KOMIIOHEHTA.

Lenp pabotel — onenka 3 (HEeKTUBHOCTH KOPOT-
KO- U CPEIHEBOIHOBBIX MH(PAKPACHBIX UCTOUHUKOB
HarpeBa, IPUMEHAEMBIX I MOHTaXa U JeMOHTaKa
JIEKTPOHHBIX MOJYJIEH, a Takke ONTHUMH3ALMS TEM-
nepaTypHbIX nOpoduield HarpeBa IOBEPXHOCTHO
MOHTHPYEMBIX 3JIEKTPOHHBIX KOMIIOHEHTOB.

MOJIEJIMPOBAHME TEIJIOBBIX ITOJIEN
NHOPAKPACHBIX HCTOYHUKOB

VHTEeHCUBHOCTh CHEKTpaJbHOrO u3MyueHus |
HCTOYHMKA 3aBUCUT OT TeMIIEpaTypshl 7, AJTUHBI BOJI-
HBI A M CIEKTPAJIFHON CTETIEHN YePHOTHI M3ITydaTels

[5]:

© Jlanuu B.JL., Jlanmmo A.W., Dnexkrponnast o6padorka marepuanos, 2016, 52(4), 103-108.



I, =&, CA° (" -1, 1)
rae C1, C, — nocrosaublie Ili1anka, COOTBETCTBEHHO
paeubie 3,74 MBt/kB-M 1 0,1439 m-K; €, — oTpaxka-
OII[as CTIOCOOHOCTH M3ITydaTedsl.

JITuHy BOJIHBI, TIPU KOTOPOM IIOTHOCTH MOTOKA
W3TYYEeHUS] YEPHOTO TeNa JOCTHraeT MaKCUMAallbHO-
ro 3Ha4YeHUs AJIsl JaHHOW TEeMIIepaTyphl, ONpesess-
0T u3 3akoHa IlmaHKa MOCPEICTBOM BBITIONHEHHS
ycIoBui MakcumymMa [6]:

dE, d C,

a _ 0| & —o0, @
ddh| 2® (e -1)

T =const
rae Fj — IIOTHOCTh MOTOKA CIIEKTPAIbHOTO U3ITyue-
HHSL YE€PHOTO TeJia mpu Temmeparype 7.

Pemrenne ypasuenus (2) maer ¢Gopmyiy 3akoHa
cMenieHus Buna:

A T =2,898:107°m K, (3)
I1I€ Amax — JUTHHA BOJIHBI, IPH KOTOPOM JOCTUTACTCS
MaKCHMyM MOHOXPOMATHYECKO# TIIOTHOCTH MOTOKA
U3JTy4EHHs YEPHOIO TeNa ¢ TeMIepaTrypoi 7.

Takum oOpa3oM, Ooiee BBICOKAas TEMIIEpaTypa
u3JIyyaresisi TMPUBOIUT K 0ojiee KOPOTKOM JUTHHE
BOJIHBI U, KaK PE3yJIbTAT, — K YBEIHYCHHUIO TEIJIOBOM
amuccud. B coorBerctBHM ¢ 3akoHoM Credana-
BonbliMaHa W3Iy4aeMoe C €IMHMIBI TTOBEPXHOCTH
TEIUIO OTIpeIenseTcs, Kak B [5]:

QZFS~S'G'S”-(T”4—TS4), (4)

rne Fs — yrmoBoit koaddunueHt (BeIOMpaeTcs u3
puc. 1 B 3aBUCHMMOCTH OT COOTHOLICHHUSI pa3MepoB
HarpeBarenieil U obnactu naiku (puc. 2)); € — usmy-
yarenpHas CIOCOOHOCTh Tela; G — MOCTOSHHAA
Credana-bonpumana; S, — momans Harpesa;
T, — Temmeparypa HarpeBaTens;, [s — TeMmIeparypa
HarpeBaeMoi IIOBEPXHOCTH.

Puc. 1. 3aBucumoctu ¢pakxtopa Fs OT pacCcTOsSHHN OT HCTOYHUKA
0 TIOBEPXHOCTH M pa3MepoB oOmacteld HarpeBa: 1 — Mexmy
HEOOJIBLINM HCTOYHHKOM M KBaJpaTHOW obnactbio (puc. 2a);
2 — MeXAy JMHEHHBIM HCTOYHHKOM M IPSIMOYTOJIBHOW 00ia-
creio (puc. 26); 3-5 — Mexy HPSIMOYTOJbHBIM HCTOYHHKOM H
NpsIMOYToJIbHOW obuylacTeio C pasmepamu LxL, Lx2L, m Lx5L
COOTBETCTBEHHO (pHC. 2B—1).
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Y

(r) (n)
Puc. 2. Pacnonoxxenue HarpeBareieldl OTHOCHUTENBHO oOiacTel
Harpesa.

s mopenupoBanus mnpouecco MK Harpesa
NPUMEHEH METOJ KOHEYHBIX 3JIEMEHTOB, IO3BOJI-
IOIIMA  TOCTPOUTH MOJEIN CHCTEM, HMEIONINX
CIIOXHYIO T€OMETPUYECKYI0 KOHPUTYPAIHIO U Hepe-
rynapHylo ¢usndeckyto ctpykrypy. dmst UK narpe-
Ba paccMaTpUBAETCsl TOJNLKO WHTETPAIbHOE, TO €CTh
CyMMapHoe, 10 BCEM [UIMHAM BOJH H3Iy4YCHHE.
W3nyyaronme TemIo MOBEPXHOCTH 3aJaroTcsi abco-
JIOTHO YEPHBIMH, a0COIOTHO OENBIMU MM HJIeaib-
HO CEpbIMH, TaK YTO B COOTBETCTBUH C 3aKOHOM
JlamOepTa ux m3nydeHue mpennoiaraercs auddys-
HBIM, TO €CTh C HE3aBUCSILEH OT HAIIPaBJICHUS U3ITY-
YeHus1 ApKoCThio. HauanbHble yCIOBUS 3alal0TCs C
momomipto  Wizard wmomyns  Flow  Simulation
nporpammHoro komruiekca SolidWorks 2012. K vum
OTHOCSITCS: CUCTEMa €IMHMI] M3MEPeHHs, TUIl aHa-
T34, TN OKPYXKaloIleH cpelbl, MaTepHai o yMoJI-
YaHWIO, MapaMeTphl  TEIUIoOOMEHa,  3HaYeHHS
HAYaJIbHBIX M OKPYXKAIOIIUX YCIOBUH, TOYHOCTH
MOJETNPOBAHYSL.

[TapameTpbl  pagMallMOHHBIX  [TOBEPXHOCTEH
(Radiative surfaces), ncrounnkos m3nygenuns (Radi-
ative sources) u ncrounukos terua (Surface source),
TaKue KaK W3JTy4aloliue MOBEPXHOCTH, TEMIIEpaTypa
U3JTydaronieil MOBEpXHOCTH, a TaKkKe Marephaibl
JUIT Ka)XJOro KOMIIOHEHTa B MOJYJe, 3aJaloTcs
JIOTIOJIHUTEIILHBIMUA HAaCTPOHKAMHU.

B kauectBe MojenM MCHOIb30Baack 4-cioiHast
neyatHas Iulata C rabapuTHBIMH — pa3MepaMu
40x40 MM 1 yCTaHOBJICHHBIMH Ha HEH KOMIIOHEHTa-
Mu B kopnycax BGA, QFP u SMD - 0805, 1206,
1210. PaccrostHMEe OT HarpeBaTeIbHBIX DJIEMECHTOB
1o Tutatel coctaBisuio 20 MM. PesynmbpratroM Mozenu-
POBaHUS SBJISIOTCS TEIUIOBBIC MOJISI HA TOBEPXHOCTH
MOJYJISl C YCTAaHOBJICHHBIMH Ha HEM ITOBEPXHOCTHO
MOHTHPYEMBIMH KOMIIOHEHTaMH [7].

AHanmu3 TemIoBBIX TOJNEH MOKa3bIBaeT, YTO IS
rajgoreHnoir K mammbr Hakanusanuss KI'M 30/300
(puc. 3a) HEpaBHOMEPHOCTH HArpeBa I€YaTHOM IIjIa-
THI coctaBuia 45-55°C, oCHOBHOM HarpeB cocpeno-
TOYEH B LIEHTpPE, I/Ie TOCTHIaeT MMUKa TEeMIICPaTyphl
B 200-205°C, Torma Kak K KpasM HE IPEBBIIIACT
140°C. Ha xopmycax 3JIEKTPOHHBIX KOMIIOHEHTOB
HEPaBHOMEPHOCTh TeMIepaTypsl COCTaBIISIET
90-100°C. Hnst kepammueckoro WK HarpeBarens
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(a)

()

Puc. 3. TerioBsie HOJISI HA TIOBEPXHOCTH 3JIEKTPOHHOTO Moayist: (a) — ranorentnas UK namma KI'M 30/300; (6) — kepamuueckuit K

Harpesareinb Elstein SHTS/4 (monenuposanue).
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Puc. 4. TemneparypHo-BpeMeHHbIe 3aBucuMocTH: (a) — ranorenHas MK namma KI'M 30/300; (6) — kepamuueckuit UK Harpesaressb
Elstein SHTS/4 npu paccrosiausx no miatel, mM: 1 —10; 2 — 20; 3 — 30; 4 — 40.

Elstein SHTS/4 (puc. 30) HepaBHOMEPHOCTh Harpe-
Ba meuaTHOW muiatel cocraBiser 8-13°C, temmepa-
Typa KOPIIyCOB TMOBEPXHOCTHO MOHTHPYEMBIX
KOMITOHEHTOB OTJIHMYAETCsl OT TeMIepaTyphl IedaT-
Hoit mumatel: BGA ma 28-32°C, QFP - 24-26°C u
SMD - 5-20°C.

[na ontummzaumm mnapamerpoB MK Harpesa
MPOBEICHO MOJICTUPOBAHUE CKOPOCTH HArpeBa Hu
pacrpe/ielieHus TETUIOBBIX MOJeH B 3aBUCUMOCTU OT
PacCTOSIHUSL MKy HarpeBaTesIbHBIM DJICMEHTOM H
9NEKTPOHHBIM ~ MoayleM. Ha  TemmeparypHo-
BpPEMEHHBIX 3aBUCUMOCTAX (puc. 4) BHIHO, YTO C
YBEITUYEHUEM PACCTOSHHS JI0 IIEKTPOHHOTO MOTYJIS
CKOPOCTh HarpeBa CHIKAeTCS B 2 pa3a Ha KaxIble
10 MM 1 KOPOTKOBOJIHOBBIX HarpeBateseil (rajo-
rennas MK mamma) u B 1,5 pasa 11 cpeHEBOJIHO-
BbIX (KepaMHUYECKHHl HAarpeBaTeNbHBIA JJIEMEHT).
IIpu paccrosaum 6omee 20 mm MK HarpeB craHo-
BUTCSI paBHOMEPHBIM, pa30opoC TeMIIEepaTypsl He
npebiaer 3-5% s KOMIOHEHTOB U 5—7% — amst
MEYATHOH TMIATHI.

METOJUKA SKCIIEPUMEHTA

Uccnenoannsie MK HarpeBaTenu BCTPOCHHBI B
MasyIbHYI0 CTAHIWIO I TIPOBEIACHUS MOHTaka M
JEMOHTaKa IMOBEPXHOCTHO MOHTHPYEMBIX KOMIIO-

HEHTOB B Pa3JIMYHBIX KOPITycaxX Ha MEYaTHYIO IUIaTy.
UK craHIust COCTOUT U3 CHCTEM BEPXHETO M HIKHE-
ro Harpema, OXJaXIeHHUs, OJOKa yTpaBiIeHHUA U
YCTpPOMCTBa HMHAMKAUUU. B KOHCTpYKIUH mpeny-
CMOTPEHO MEPEMEHHOE HUCIOJIb30BAaHUE JBYX THUIIOB
BEPXHUX HArpeBaTeIbHBIX OJIOKOB C BO3MOXKHOCTHIO
ux OBICTPOM 3aMeHBl. YCTaHOBKa HarpeBaTesel
NPOM3BOJMUTCS TaK, YTOOBl MX HarpeBaromas Io-
BEPXHOCTh pacroyiaraiach Haja 30HOW maiiku. Hux-
HUM HarpeBaTelb, NMpeJHa3HAYEHHBINH ISl mpelBa-
PUTETHHOIO HarpeBa MeYaTHOM IUIAaThl 10 TeMIiepa-
Typbl 130-170°C ¢ menpro 3amuThl MOHTHPYEMBIX
KOMIIOHEHTOB U IUTATHl OT TEPMOYyAapa, BKIOYAeT B
ce0s naBe ramorenHele Jiammel KM 220-1000,
OoTpaXkaTenb M TEMJIOPACCEHBAIOLIYI0 IUIACTHHY.
Cucrema OXJIaXIEHUS COCTOHUT W3 TPEX BEHTHIISATO-
POB, /1Ba M3 KOTOPBIX pa3MeIleHbl Ha MOBEPXHOCTU
Kopryca A OXJaXKACHHA MasgeMOoro MOAyJas u
BEPXHET0 HArpeBaTellsd U OJUH yCTaHOBIIEH BHYTpPHU
KOpITyca IJisl OXJIXJCHWS HWKHETO HarpeBaTellb-
HOTO 0JI0Ka. MUKPOKOHTPOJUICPHBIN OJIOK yrpase-
HUsl 00eCTIIeunBaeT aBTOMATH3UPOBAHHBIA KOHTPOIb
MpoIecca HarpeBa W MOAAEpKaHHUE 33JaHHOTO TEeM-
nepaTypHOro npouis, 4To B CBOIO OYepeab 3HAYUU-
TEJBHO IMOBBIIACT KayecTBO maiiku. MHadopmanus o
pexxuMe paboThl HarpeBaTelnell U TeKyIei Temrepa-
type BeBoauTcs Ha KK skpan (puc. 5).



106

Puc. 5. YcranoBka UK maifku ¢ BepXHUM CpEIHEBOJIHOBBIM
KEepPaMHIECKHM H3ITydaTeIeM.

KonTtpons Temmneparypsl obecrieumBaeTcs C
TIOMOIIBIO TEPMOIJICKTPHUECKOTO TpeoOpazoBaTes
(repmomapa tuna XK, TXK), curnam ¢ kKoTtoporo
yepe3 YCHIHNTENIb MOCTOSHHOTO TOKAa HAa OCHOBE
OTIEPAlUOHHOTO YCHIIUTENS TOCTYIaeT Ha MHKpO-
koHTpOosiep. C momouipio BcTpoeHHOro 10-0utHOTO
aHaIOro-uu(ppoBOro Mpeodpa3oBaTeliss H3MEPEHHBIN
QHAJIOTOBBI CHI'HAJ MPEoOpa30BBIBACTCS B JIBOWY-
Hyo ¢opmy. [ns MUHMMH3aUMK OLIMOKU H3Mepe-
HUS YCHWJICHHBIH CHTHAl TEpPMOIAphl H3MEpSeTCs
20 pa3 B CeKyHIy C MOCIEIYIOIINM BbIYUCICHUEM
CpEeIHEero 3HaveHUs. ANTOPUTM BBIYHMCICHUH OITH-
MU3UPOBAH JAJISl BHIMOJHEHHUS Ha MHKPOKOHTpOJLIE-
pax cemeiictea MSP430. C yueToM paccuMTaHHOU
TEMIIepaTypbl MPOU3BOAMTCS YIPaBICHUE 3JIEKTPO-
MarHUTHBIMU pelie, YNPaBISIOIIMMH BEPXHUM U
HIDKHUM HarpeBatelsiMu. l3mepeHHas Temmepary-
pa, a TakXkKe TEKyIINe COCTOSHHS pelie 0TOOpakKaroT-
Cs1 Ha )KUIKOKPHCTAUTMYESCKOM JIUCTIIICE.

Uccnenosanbr Tepmonpodunu K maiitku SMD
KOMITOHEHTOB TIPH MOIIHOCTH HIDKHETO Harpesa
1000 Bt c¢ mnpumenenuem WK HarpeBareneii B
ommxueit UK obnactu (0,7-1,5 MkMm) — rajoreHHas
UK namna nakanusanuss KI'M 30/300 u B cpenueit
obmactu (2-10 MxMm) — kepamuueckuit UK Harpesa-
tenb Elstein SHTS/4. JIns aBromaruzaumu oOpa-
OOTKM JaHHBIX MPUMEHEHBI M3MEPUTEIb-PETyIISTOp
OBEH TPM210 u nepcoHalIbHbIH KOMIIBIOTED.

PE3VYJIbTATHI OKCIIEPUMEHTA
N NX OBCYXIEHUE

Tepmonpodunu naiiku rajgorennoit UK mammoit
nHakamuBanuss KI'M 30/300 u xepammueckum WK
HarpeBarenem Elstein SHTS/4 nokasansl Ha puc. 6.
Ha »srame mnpenBapuTenbHOro HarpeBa (OpPMEI
TepMorpoduieil OMU3KK Apyr ApYyry. D10 00bsICHS-
eTcs TeM, YTO Ha JaHHOM JTalle HarpeB OCYIIECTB-
JSIeTCsl TOJBKO HIDKHMM HarpeBaTelsieM, KOTOPBIH B
X0J€ PKCIEepUMEHTa He MeHscsd. Jid rajoreHHoi
UK nammel xapaktepHa Oonbiunas — Ha 71-74% —
CKOPOCTb HarpeBa Mo CPABHEHUIO C KEPAMUUECKUMHU
HarpeBaTeNsiMH, YTO JIaeT OCHOBaHHWE sl BBIOOpA
JaHHOTO HCTOYHHKA KaK OCHOBHOT'O HarpeBaTelbHO-
ro 3J€MEHTa B aBTOMAaTHU3MPOBAHHBIX IPOU3BOI-

CTBEHHBIX JIMHUSAX C BBICOKOM IIPOU3BOAUTEIIB-
HOCTBIO.

Puc. 6. Tepmonpodunu naiiku npunoem [I0C61: 1 — ranoren-
nas UK mamma KIT'M 30/300; 2 — kepamudeckuii UK Harpesa-
tens Elstein SHTS/4.

Puc. 7. Tepmonpodunu naiikn kepamuueckum MK Harpesarte-
nem Elstein SHTS/4, mm: 1 - 10; 2 — 30.

Anamu3 TepMmonpoduiielt maliku kopmycoB BGA
WK muarpesarenem Elstein SHTS/4 (puc. 7) Ha
paccrosiun 10 1 30 MM moKasal, 4To MpH yBeJIn4e-
HUM PAaCcCTOSHUS B TPHU pa3a CKOPOCTh HArpema Jio
TeMIlepaTyphl TaWKW yBenwdmiach B 2-3 pasa.
®dopma U30TEepM T0JIeH HarpeBa rajJoreHHON JaMITbl
HakajuBaHus (puc. 8a) CBUACTEIBCTBYET O BHICOKOM
HEpaBHOMEPHOCTH Tpolecca NalKd, TAC MaKCH-
MajibHasi CKOpocTh HarpeBa, paBHas 20-22°Clc,
3aduKCHpOBaHa Ha INIOMIATN 10 6—7 MM 10 ocH X U
4-5 MM — mo ocm V, mamee depes 3-4 MM 1O
HaIpaBJICHUIO K OCSIM CKOPOCTh HarpeBa CHUKAETCS
1o 13-15°Cl/c, a 3arem — g0 8-10°C/c uyepe3 4-5 mm.

Kepamuueckuit UK Harpesatens (puc. 86) nmeet
CPaBHUTEJBHO BBICOKYIO PaBHOMEpPHOCTh HArpena,
(OpMBI TETUIOBBIX MOJIEH CUMMETPUYHBI U HE 3aBH-
ciat ot Hampasienus. CkopocTb coctaBmia 3—4°Clc
Ha paccTosiHUU 25 MM OT 1eHTpa, npu 30 MM cHu-
xaetcst 1o 2—3°C/c u mpu 35 mm — 10 0,5-1°C/c.

[To pesynbTaraM MOIEIUPOBAHUS B MPOTPAMM-
HoM komiiekce SolidWorks 2012 TemnoBsix mosieit
JUTsL HarpeBaTenel B OmmkHel u cpenneit UK obna-
CTH ObUIM TIOJYYEHBI pachpeseicHUus HepaBHOMEp-
HOCTH TMpOTpeBa TICYATHOW IUIATBI M KOPIYCOB
YCTaHOBJICHHBIX KOMIIOHEHTOB, KOTOPbIE COCTABHJIM:
34-36% u 26-44% s Ommxueir UK obOmiacty,
3-4% u 8-12% — nmist cpedHel COOTBETCTBEHHO.
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X, MM

(6)
Puc. 8. Teruossie mosst ckopoctu UK marpesa, °C/c: (a) — KI'™ 30/300; (6) — Elstein SHTS/4.

(©)

Puc. 9. Kauecrenubie nasiabie coequaenust: (a) — SMD kongencaropsr; (6) — MUKpOCXeMa C IIIOCKHMMH BBIBOJAMHL.

Jlyume XapaKTepUCTHKH HarpeBa IO pe3yibTaTam
MoJenupoBanusl ObUIM TonydeHbl B cpeaned UK
obmactu, OommkHsAs MK obmacts nMeeT mpenmyiiie-
CTBO TOJBKO II0 CKOPOCTH HAarpeBa, Tak, A0 TEMIIe-
paTypsl maiiku Ha paccTosHuM B 30 MM 10 MOBEpX-
HOCTH TuiaThl BpeMs coctaBwio 30 ¢ mporuB 60 ¢
CPEIHEBOJIHOBOro u3imydartens. OnNTUManbHOE pac-
CTOSTHHE OT MOBEPXHOCTH MOJAYJIS JI0 HarpeBaTeib-
HOTO 3JIEMEHTA JIOJIKHO OBITh B mpenenax 20-25 mm,
IpY KOTOPOM HEPaBHOMEPHOCTh HAarpeBa COCTaBIIs-
er 3-5% nuga kommoHeHTOB U 5-7% — g 1meyar-
HOMH ILIATHI.

HccnenoBanne teMmnepaTrypHBIX IOJEH IajoreH-
HOM JIaMITbl HaKaJIUBaHUS CBHUJICTEIBCTBYET O BHICO-
KOH HepaBHOMEPHOCTH Mpolecca, KOTJa MaKCH-
MainbHasi ckopocTh HarpeBa 20-22°C/c nocturaercs
Ha pacCTOSHUU 4—7 MM OT IIEHTpa HCCISTyEeMOTO
negatHoro moxyis. Kepammueckuit MK nHarpesa-
TeNb TOKa3ajl B CPEIHEM OJMHAKOBYIO CKOPOCTb
HarpeBa Ha ypoBHe 3—-4°C/c Ha paccTosHuu 25 MM
OT LIEHTPa, HO IPU 3TOM CKOPOCTh HAarpeBa CHHU3H-
7ack B 5—7 pa3 B cpaBHeHNH ¢ ranorerHon MK mam-
oM.

B mpornecce MOHTaxa MOBEPXHOCTHO MOHTHpYe-
MBIX KOMIIOHCHTOB OBUIM TIOJyYeHbl KOHTAKTHBIC
COeIMHEHHUS, Psill KOTOpbIX umen Aedekrtsl. [lapuku
TIPUIIOS, TpeACTaBIsIoNme coboil cepruyeckre 00-
pa3oBaHUsl, BISABICHBI BO3JIC KOHTAKTOB TPaH3HCTO-

poB u KoHAeHcaTopos. [IpuunHoN oOpa3oBaHus ne-
(exTa MOTH ObITH HENPAaBUIIBHBIN BEIOOpP PEKUMOB
Maiiki ¥ WHTEHCHBHOE HCIIAPEHHE PACTBOPUTEINS Ha
CTaanu TpeaBapuTenbHOro Harpepa. Ilocie mpose-
JIeHUs1 JonoJiHuTeNbHOW HacTpoiiku MK craniuu
MPOU3BEJIEH IMOBTOPHBIH MOHTaX ITOBEPXHOCTHO
MOHTHPYEMBIX KOMIOHEHTOB B PAa3JIMYHBIX KOPITY-
cax. M3yuynB masHble COCTUHEHUS YCTAaHOBJICHHBIX
komroHeHToB (puc. 9) mon mukpockormom Carton
NSWT-620.PFM-X, MOXHO caenarh 3akKJIIOUYEHHUE,
9TO OHH COOTBETCTBYIOT cTaHmapty IPC-A-610D.

BBIBO/IbI

AHanu3 MoJieNiell TEeIJIOBBIX IMOJIeH MOKa3bIBaeT,
yto It ranoregnoit UK mamnel Hakanusanuss KI'M
30/300 HepaBHOMEPHOCTH HArpeBa IMEYATHOMN IIIATHI
cocraBmia 45-55°C, a Ha KopITycax 3JIEKTPOHHBIX
KOMITOHCHTOB HEPaBHOMEPHOCTh TEMITEPaTyphl —
90-100°C. Hns xepammyeckoro MK Harpesartens
Elstein SHTS/4 mepaBHOMEpPHOCTH HarpeBa Ieyat-
HOW Tuiatel cocraBisier 8—13°C, TemmnepaTtypa Kop-
mycoB SMD KOMITIOHEHTOB OTJIMYAeTCsl OT TeMIIepa-
Typbl miatel: BGA mna 28-32, QFP - 24-26 u
SMD - 5-20°C.

dopma IKCIIEpUMEHTAILHBIX H30TEPM HarpeBa
TaJIOTEHHOW JIaMIIbl HAaKaJHBaHUS CBUAETEIHCTBYET
0 HEPaBHOMEPHOCTH TEIJIOBBIX MOJICH, e MaKCH-
ManbHast ckopocts Harpesa 20°C/c cocpemoroueHa
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Ha muiomany, pasHoit 120 Mm% Kepammuecknii UK
HarpeBaTellb UMeeT 0oJiee BHICOKYIO0 PABHOMEPHOCTD
HarpeBa, HO €ro NMPHMEHEHHUE CHIDKaeT B 5—7 pas
CKOpocTh HarpeBa B cpaBHeHun c¢ WK mammnoii,
kotopast coctaBuina 3—4°C/c. TloaToMy rajoreHHbie
UK namrmer ¢ 6oJbIei CKOPOCTHIO HATPEBa SIBJISIOT-
Csl OCHOBHBIM HarpeBaTeIbHBIM JJIIEMEHTOM B aBTO-
MaTHU3WPOBAaHHBIX JIMHUSAX MOHTaXXKa C BBICOKOM MPO-
W3BOJIUTEIBHOCTHIO.

[Ipumenenue kepamuueckux MK ucTouHHKOB
cpenHero auanaszoHa ontuMmaibHO B MK craHnumsax,
MpeIHa3HAYCHHBIX i1 peMoHTa m3aenuii ¢ SMD
KOMITOHEHTaMH, TOCKOJbKY Ui HUX Tpedyercs
BBICOKAass PaBHOMEPHOCTh HarpeBa IOBEPXHOCTH
U3JICNIS BO BpPeMs MPOBEACHUS MOHTaXHBIX padoT,
a 3a CYeT YBEJIMUYCHHS BPEMEHU HarpeBa CHIKAIOTCS
TEPMHUYECKUE HANPSDKEHUS B 00heME KOMIIOHEHTOB
W3S
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Summary

The efficiency of short — and mean-wave IR sources
of heat applied to mounting and demounting of electronic
modules is sized up. The analysis of the models of ther-
mal fields shows that for IR lamps, the irregularity of
heating of the printed-circuit board is of 45-55°C, while
for electronic components, the irregularity of temperature
is 90-100°C. For ceramic IR radiator Elstein SHTS/4, the
irregularity of heating of the printed-circuit board makes
up 8-13°C, the temperature of the SMD components
packages differs from the plate temperature: in BGA by
28-32°C, in QFP — 24-26°C, and in SMD - 5-20°C.
Application of mean-wave ceramic IR sources allows
attaining higher uniformity of heat in a working area and
ensuring an optimal temperature profile at mounting and
demounting of the surface-mounted electronic compo-
nents.

Keywords: infrared radiation, heat sources, mounting,
demounting, electronic modules.
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