


\\ ?
i g \'\
AuBapb PdeBpanb MapT R
Cp Yt Nr C6 Bc M Br Cp 4Yr Nr C6 Bc M Br Cp Yr Nt C6 Bc J
AN 5/ T 7 1 2 3 4 1 2 3 4 ~
8 9 10 11 12 13 14 5 6l =8 99 10 11 Sapr6 o8 9 10 M E B
15 16@l7 a8 19 20 21 12 13 14 15 16WEdZ 18 12 13 14 15 16 17 18
22 2324 25 26 27 28 19 20 21 22 23 24 25 19 20 21 22 23 24 25
\\ 29 30We31 26 27 28 26 27 28 29 30 31
‘ Anpenb Man NoHb
o M Br Cp YUr Nr C6 Bc M Br Cp 4YYr MNr C6 Bc MH Br Cp Yt MNr C6 Bc
1 1 2 3 4 5 6 1 2 3
':\ 4 2 3 4 5 6 7 8 7 8 9 10 11 12 13 4 5 6 7 8 9 10
9 10 M1 12 13 14 15 14 15 16 17 18 19 20 1 12 13 14 15 16 17
16 17 18 19 20 21 22 21 22 23 24 25 26 27 18 19 20 21 22 23 24
23 24 25 26 27 28 29 28 29 30 31 25 26 27 28 29 30
30
Uonb ABrycr CeHTAOpPL
M Br Cp UYr Nr C6 Bc M Br Cp 4Yr INr C6 Bc M Bt Cp Ut MNr C6 Bc
1 2 3 4 5 1 2
L,. = 2 3 4 £5NeyINT 8 6 7 8 9 10 11 12 3 4 5H'mem 7 8 9
9 10 11 12 13 14 15 13 14 15 16 17 18 19 10 11 12 13 14 15 16
16 17 18 19 20 21 22 20 21 22 23 24 25 26 17 18 19 20 21 22 23
23 24 25 26 27 28 29 27 28 29 30 31 24 25 26 27 28 29 30
30 31
_ OKTAOPL Hosn6pb Oekabpb
» MH Br Cp Yt Nr C6 Bc M Bt Cp Yr MNr C6 Bc M Br Cp Yt MNr C6 Bc
1 2 38 4% 6 7 1 2 3 4 1 2
10 11 12 13 14 5 6 7 8 9 10 11 3 4 5 6 7 8 9 3
17 18 19 20 21 12 13 14 15 16 17 18 10 11 12 13 14 15 16 b
24 25 26 27 28 19 20 21 22 23 24 25 17 18 19 20 21 22 23
31 26 27 28 29 30 24 25 26 27 28 29 30

: 2

#




AHOSMIMM

XHWKA

Tom 20. Ne 1 <> 2018

EXEMECSYHBIN MEXIUCIIUTUINHAPHBINA TEOPETUYECKUIN U IPUKIATHOM HAYYHO-TEXHUYECKHNM KYPHAI

JKypHan BKnio4YeH B MexayHapoaHsle 6a3bl faHHbIx Ha nnatchopme Web of Science: Chemical Abstracts Service (CAS), kotopaa Bxoaut B Medline,
1 Russian Science Citation Index (RSCI).

JKypHan nHaekcupyetca B cucteMe Poccuiickoro nHpekca HayyHoro uutuposanua (PYHL) n BknoyeH B mexxayHapoaHyto 6a3y INSPEC
11 B NEPeYeHb HayYHbIX 1 HAYHHO-TEXHIYECKUX n3nanuii BAK Poccumn no Hay4HbIM HanpasneHnam:
01.04.00 — chunsuka, 05.27.00 — anekTpoHuka, 02.00.00 — xummnyeckmne Hayku.
JKypHan BbIMyCKAETCA NPU HAy4YHO-METORMYECKOM pykoBoacTe OTOeNeHna HAHOTEXHONO WA U MHEPOPMALIMOHHBIX TEXHONOr Ui Poccniickoii akanemum Hayk
Cratbi umetot DOl 1 neyatatoTcA B XKypHane Ha pycCKOM 1 aHIMACKOM A3blKax

ISSN 1813-8586

I'naBHbIi pegakTop
Mabues I1. I1., o.1.H., pod.

3aMm. 1. peaakTopa

JlyuunuH B. B., a.1.H., npod.
IIyp M., n.cp.-Mm.H., poc. (CIIIA)

Pepakuuonnbliii coBer:

ApuctoB B. B., 1.¢.-M.H., ipod., wi.-kop. PAH
AceeB A. JI., n.¢.-M.H., ipod., akan. PAH

I'pubos b. I'., n.x.H., wi.-kop. PAH

KoBambuyk M. B., n.¢.-M.H., ipod., wi.-kop. PAH
Kympumn 1O. H., 1.¢.-M.H., pod., akan. PAH

Jlabynos B. A., n.1.H., tipod., akan. HAHB (benapycs)

Peokuii B. U., 1.d.-M.H., npod., wi.-kop. PAH
CaypoB A. H., n.T.H., ipod., akan. PAH
CuroB A. C., 0.¢.-M.H., ipod., akag. PAH
Yarmuteirus 0. A., n.1.H., npod., akan. PAH
IleBuenko B. Sl., n.x.H., mpod., akan. PAH

Pepakuuonnas Kosuierus:

AobpamoB U. U., n.¢.-M.H., ipod. (benapycn)
Annpees A., K.(.-M.H. (BemkoOputanust)
AcraxoB M. B., n.x.H., pod.

baknanos M. P., n.x.H., npod. (Kurait)
bacaeB A. C., K.(p.-M.H.

Bukynun B. B., K.X.H., I.T.H., Ipod.

Topues E. C., n.1.H., npod.

Kapsxun A. A., 1.X.H., Ipod.

JleonoBuu I'. U., o.1.H., ipod.

IManun I'. H., x.¢.-m.H., ipod. (IOxnas Kopes)
[Manny A. E., n.1.H., pod.

[Moxena K., n.¢.-m.H. (JIutsa)

Pooxuit M. B., n.1.H., pod. (SmoHust)
Canroc E. K. P., PhD, Ful. Prof. (bpasunus)
Tenen B. A., a.1.H., pod.

XabubymH P. A., K.p.-M.H.

Mamxuu B. U., 0.¢.-M.H., pod.

Illy6apes B. A., n.1.H., mpoc.

Penakums:

AnTtoHOB b. U. (mupexTop n3n-Ba)
JIbicenko A. B. (oTB. cexperapb)
['puropun-Ps6osa E. B.

YyryHosa A. B.

®okuH B. A., K.X.H. (pen. mepeBoaa)
Metnnkun . A. (caiir)

DOI: 10.17587/issn1813-8586

M3paerca ¢ 1999 r.

COLEPXKXKAHHUE

HAHOTEXHOJIOTUM Y 30HAO0BAA MUKPOCKOIIUA

VYcanos JI. A., Ckpunaas A. B., Acraxos E. U., Ioogun C. I0. Peructpa-
LMl HaHoIepeMelleHuit 30Haa OmuxHernoneBoro CBY mukpockona c
TOMOIIBIO TTOJNYIIPOBOMHUKOBOTO JIA3¢PHOTO aBTOAMHA . . . . . . . .

Bynapckuii C. B., lymun A. A., Jlakaqun A. B., Opaos A. I1., I1asios A. A.,
Pazanos P. M., Illamanaes A. A. Pa3orpeB OAMHOYHOI YIJIEPOIHOM
HAHOTPYOKY MpPH MPOTEKAHUM SMUCCUOHHOTO TOKA . . . . . . . . . .

MATEPUAJIOBEJYECKUE U TEXHOJOI'NMYECKHUE OCHOBbBI
MHCT

Cmoummn B. K. ITnenkun okcuaa repmanus (11): mpumensemoctp . . . .

Tuxonos P. JI., [TonomomuoB C. A., Amesnyes B. B., Hukonaesa H. H.,
T'openos JI. B., Kazakos 10. B., 3piouna 0. C., Knununkosa H. II. Vc-
cJeI0BaHUE XMMUYECKMX TMPOLIECCOB MPUTOTOBICHUSI XJIOPUIHOTO JIEKT-
poOJIUTa ISl SNEKTPOOCAKACHUSI TUIGHOK MepMasioss . . . . . . . . .

Kosanesckuii A. A., CtporoBa A. C., Illesuenok A. A., Koros [I. A.,
I'pambko C. B. [lpoueccel 3axuraHusi ¥ TOPEHUSI CMECEBOTO TBEPIOTO
TOILIMBA C YIbTPAAUCICPCHBIMM MOPOLIKAMU KPEMHMS . . . . . . . .

OJIEMEHTbBI MHCT

Mycradaes I'. A., Mycradaesa /I. I'., Mycradpaes M. I'. CHuxeHue
ne(eKTOB CTPYKTYPHl M ITOBBILIEHME HANEXKHOCTH WHTETPATBHBIX 3Je-
MEHTOB . . .« © v v v e v e e e e e e e e e e e e

Xmeapnnukmii U. K., Anekcees H. U., Bpoiiko A. I1., F'opoaunos B. B.,
Kanenos B. E., Kopaskos A. B., Jlarom A. B., JIyanaun B. B. Uccneno-
BaHue sjekTpomexaHnyeckux MIIMK-cencopoB . . . . . . . . . . .

10

19

26

40

52

crareit ¢ 1999 r.".

AHHOTAIIMU U CTaTbU Ha PYCCKOM M aHTJIMICKOM sI3bIKax JOCTYITHBI Ha caiiTe
xypHana (http://microsystems.ru; http://novtex.ru/nmst/) B pasmene "ApxuB

MOAIUCKA:

no karaiory Pocnesarn (nnnekc 79493);
no karaiory "Ilpecca Poccnn” (unmekc 27849)

107076 Mocksa,

Yupenurenn:
H3narenancrBo "HoBbie TeXHOIOTHA"

AApec AAS nepenmcku:

CTpoMbIHCKHiIi Tep., 1. 4
B pesakuun xypuaia (ten./dakc: (499) 269-55-10) e-mail: nmst@novtex.ru

© U3nparenbcTBo "Hosbie TexHosoruu", "HaHno- m MEKpocucTeMHas TexHuka", 2018



INTERDISCIPLINARY, SCIENTIFIC, TECHNIQUE AND PRODUCTION JOURNAL

NANO- and MICROSYSTEMS
TECHNOLOGY

(Title "NANO- I MIKROSISTEMNAYA TEKHNIKA")

ISSN 1813-8586

DOI: 10.17587/issn1813-8586
Vol. 20

CHIEF EDITOR
Maltsev P. P., Dr. Sci. (Tech.), Prof.

DEPUTY CHIEF EDITOR
Luchinin V. V., Dr. Sci. (Tech.), Prof.

DEPUTY CHIEF EDITOR
Shur M. S., Dr. Sci. (Phys.-Math.), Prof. (USA)

Editorial council:

Aristov V. V., Dr. Sci. (Phys.-Math.), Prof., Cor.-Mem. RAS
Aseev A. L., Dr. Sci. (Phys.-Math.), Prof., Acad. RAS
Chaplygin Ju. A., Dr. Sci. (Tech.), Prof., Acad. RAS

Gribov B. G., Dr. Sci. (Chem.), Cor.-Mem. RAS

Kovalchuk M. V., Dr. Sci. (Phys.-Math.), Prof., Cor.-Mem. RAS
Kuljchin Yu. N., Dr. Sci. (Phys.-Math.), Prof., Acad. RAS
Labunov V. A. (Belorussia), Sci. (Tech.), Acad. NASB

Ryzhii V. 1., Dr. Sci. (Phys.-Math.), Prof., Cor.-Mem. RAS
Saurov A. N., Dr. Sci. (Tech.), Prof., Acad. RAS
Shevchenko V. Ya., Dr. Sci. (Chem.), Prof., Acad. RAS
Sigov A. S., Dr. Sci. (Phys.-Math.), Prof., Acad. RAS

Editorial board:

Abramov I. I. (Belorussia), Dr. Sci. (Phys.-Math.), Prof.
Andreev A. (UK), Cand. Sci. (Phys.-Math.), Prof.
Astahov M. V., Dr. Sci. (Chem.), Prof.

Baklanov M. R., Dr. Sci. (Chem.), Prof. (China)
Basaev A. S., Cand. Sci. (Phys.-Math.)

Gornev E. S., Dr. Sci. (Tech.), Prof.

Karjakin A. A., Dr. Sci. (Chem.), Prof.

Khabibullin R. A., Cand. Sci. (Phys.-Math.)

Leonovich G. I., Dr. Sci. (Tech.), Prof.

Panich A. E., Dr. Sci. (Tech.), Prof.

Panin G. N., PhD, Prof. (South Korea)

Pozhela K. (Lithuania), Dr. Sci. (Phys.-Math.)

Ryzhii M. V., (Japan), Dr. Eng., Prof.

Santos E. J. P., PhD, Prof. (Brasil)

Shubarev V. A., Dr. Sci. (Tech.), Prof.

Shashkin V. 1., Dr. Sci. (Phys.-Math.), Prof.

Telets V. A., Dr. Sci. (Tech.), Prof.

Vikulin V. V., Cand. Chem. Sci., Dr. Sci. (Tech.), Prof.

Editorial staff:

Antonov B. 1. (Director Publ.)
Lysenko A. V. (Executive secretary)
Chugunova A. V.
Grigorin-Ryabova E. V.

Fokin V. A., Cand. Sci. (Chem.)
Shchetinkin D. A. (site)

2 HAHO- 1 MUKPOCHUCTEMHAS TEXHHMKA, Tom 20, Ne 1, 2018

The Journal is included in the international databases No. 1

of the chemical sciences — Chemical Abstracts Service (CAS) W
and of the engineering sciences — INSPEC, and it is also indexed

in the Russian Science Citation Index (RSCI) based on the Web of Science platform.
The Journal is included in the Russian System of Science Citation Index

and the List of Journals of the Higher Attestation Commission of Russia.

Its articles have DOI and are printed in the Journal in Russian and English languages.

The Journal is published under the scientific-methodical guidance of the Branch
of Nanotechnologies and Information Technologies of the Russian Academy of Sciences.

CONTENTS

NANOTECHNOLOGY AND SCANNING PROBE MICROSCOPY

Usanov D. A., Skripal A. V., Astakhov E. 1., Dobdin S. Yu. Record-
ing of the Nanoscale Displacements of the Probe of a Near-Field
Microwave Microscope by Means of a Semi-Conductor Laser Auto-
dyne . . . . . L L e 7

Bulyarskiy S. V., Dudin A. A., Lakalin A. V., Orlov A. P., Pavlov A. A.,
Ryazanov R. M., Shamanaev A. A. Heating of a Single Carbon
Nanotube under Flow of an Emission Current . . . . . . . . . . . 15

SCIENCE OF MATERIALS AND TECHNOLOGICAL BASICS
OF MNST

Smolin V. K. Germanium Oxide Films (II): Applicability . . . . . . 22

Tikhonov R. D., Polomoshnov S. A., Amelichev V. V., Nikolaeva N. N.,
Gorelov D. V., Kazakov Ju. V., Zybina Ju. S., Klinchikova N. P.
Study of the Chemical Processes for Preparation of Chloride Electro-
lyte for Electrodeposition of Permalloy Films . . . . . . . . . . . 35

Kovalevsky A. A., Strogova A. S., Shevchenok A. A., Kotov D. A.,
Granko S. V. Ignition and Combustion Processes of the Mixture of
Solid Fuels with the Superdispersed Silicon Powders . . . . . . . . 47

MICRO- AND NANOSYSTEM TECHNIQUE ELEMENTS

Mustafaev G. A., Mustafaeva D. G., Mustafaev M. G. Reducing
Defects of Structure and Increasing the Reliability of Integral Ele-
MENES . . . . v v . e e e e e e e e e e e e e 55

Khmelnitskiy I. K., Alekseyev N. 1., Broyko A. P., Gorodilov V. V.,
Kalyonov V. E., Korlyakov A. V. Investigation of the Electromechani-

cal IPMC-Sensors . . . . . . . . ... 62
Our: To subscribe, please contact with:
Web: www.microsistems.ru/eng; JSC "MK-Periodica":
e-mail: nmst@novtex.ru Tel: +7 (495) 672-7012

Fax: +7 (495) 306-3757
E-mail: import@periodicals.ru




Q'lAHOTEXHOAOrMM

U 30HAOBAA MUKPOCKOINA

ANOTECHNOLOGY

AND SCANNING PROBE MICROSCOPY

YK 531.715.1

DOI: 10.17587/nmst.20.3-9

. A. Ycanos, 1-p ¢u3s.-Mar. Hayk, npod., 3aB. kad., e-mail: usanovda@info.sgu.ru,

A. B. Ckpunains, 1-p ¢us.-mMaT. HayK, pod., 3aB. Kad., e-mail: skripalav@info.sgu.ru,

E. W. ActaxoB, accucteHT, e-mail: elisey.astakhov@gmail.com,

C. 10. Jooaun, xaHng. ¢pus.-Mar. HayK, A01Ll., e-mail: sergant1986@ya.ru,

CapaTtoBcKuil HallMOHAJIBHBII MCCIIeIOBAaTEIbCKIUI rocynapcTBeHHbIN yHUBepcuTeT uM. H. I'. YepHkIleBcKorO,

r. CaparoB

PETMCTPALIMS HAHOMEPEMELLEHUM 30HAA BAMXKHEMOAEBOTO
CBY MUKPOCKOIA C NMOMOILbLIO NMOAYIMPOBOAHMUKOBOIO

AA3EPHOIO ABTOAUHA

Ilocmynuna 6 pedakyuio 04.07.2017

Paccmompenwi 603modicHocmu aazeproti agmoduHHOU UuHmepghepomempuy 045 U3MepeHus HaHonepeMeueHUll 30H0a, 6x00:u,e20
6 cocmag baudicrnenonesoeo ckanupyrouweeo CBY muxpockona. Ilpusedens: sxcnepumenmanvrvie agmoouHHble OMKAUKY NOAYHPO-
B800HUK080U 1G3ePHOL cucmeMmbl npu 0gudicenuu 30Hda. /s peeucmpayuu HaHonepemeueHull 30H0a npednodicer memood onpede-
AeHUsi CMAYUOHAPHOU (Pa3bl a8MOOUHHO20 CUCHAAA HA OCHO8e AHAAU3A HU3KOYACHOMHO20 CHeKMpa NOAYHNPOBOOHUK08020 Aa3ep-
H020 asmoduna. O6OCHO8AHA MeopemuHecKy U NHOKA3aHA IKCHEePUMEHMAAbHO 603MONCHOCHYb U3MePeHUll HAaHONnepeMeueHUll 30H0a

npu MoK08ou MOOYAUUU OAUHBL BOAHBL A1A3EPHO20 ABMOOUHA.

Karoueevie caosa: aazepHuiti a6moouH, a8MOOUHHbIL CUCHAN, UHMEPDepOMempPuUs, HAHONepeMeueHUsl

BBenenune

BaxHbiM (hakTOpOM, OmNpeAcasiioluM 0COOEHHOC-
TH pabOThl 6ECKOHTAKTHBIX 30HIOBLIX MUKPOCKOIIOB,
SIBJISIETCSI KOHTPOJIb 3a30pa MeXAY 30HIOM U U3Mepsi-
eMoli TToBepxHOCThIO [1—7]. B 3aBucuMocTH OT Tumna
30HIOBOIO MUKPOCKOIIA U pexXuMa ero paboTel pac-
CTOSTHUE MEXIY 30HIOM W HM3MepsieMOil ITOBEPXHOC-
TBIO MOXET BapbUpOBATLCS OT JIOJIE HAaHOMETpa J0
coreH HaHoMmeTpoB [8—12]. CoBpeMeHHbIE CUCTEMBI
W3MepeHMsT HaHOIIepeMeIleHN I 30HIOBBIX MUKPOCKO-
OB YaCTO OCHOBaHbI HAa MCMOJb30BAHUU KAJTUOPOBOY-
HBIX 3aBHCHUMOCTEN KOHTPOJIHMPYEMOil (DU3NMIEeCKOM
BEJIMYMHBI OT PACCTOSIHUSI IO 30HAUPYEMOM IMOBEPX-
HocTH [13—16]. Cpenn MeTOI0B U3MEPEHMUS PACcCTOS -
HUS 10 30HAMPYEMOI MOBEPXHOCTU, HE MCHOJIb3YIO-
LIMX KATMOPOBOYHBIE 3aBUCUMOCTH, MOXXHO BBHIICIUTh
JIa3epHbIE METOJbI, OCHOBAHHbIC HA CPAaBHEHUU 3aBU-
CUMOCTU KOHTPOJUPYEMOi1 (pr3UUECKOIl BETUUUHBI C
JIJIMHOM BOJIHEI JIa3epHOTro nu3nydeHus [17—19]. OmgHa-
KO M3BECTHbIE JIa3epHbIE CUCTEMbl U3MEPEHUSI pac-
CTOSTHUS IO HACTOSIIETO BpeMEHW He HAIUIM HITUPO-
KOTO MPUMEHEHUS JIJIsI KOHTPOJISI HaHOTIepeMelleHU A
TPAHCISITOPOB 30HAOBBIX MUKPOCKOIIOB BBHUIY IpO-
MO3IKOCTU Y HEIOCTATOYHOI pa3pellalolieii crocod-
HOCTH JIa3epHBIX JaJIbHOMEPOB.

B cBs13u ¢ 3TUM TIpeACTaBIsSIET UHTEPEC UCIIOJb30-
BaHME JJIs1 KOHTPOJISI PACCTOSIHUSI MOJYITPOBOIHUKO-
BBIX JIa3€PHbIX aBTOAVUHOB, OTIMYAIOIINXCS KOMIAKT-
HOCTBIO, MAJIO¥ MacCOM M MPOCTOTOM SKCIUIyaTallWu.
s uaMepeHuss HAaHOCMEIEHU C MOMOIIBIO TAKMX
ABTOJMHHBIX MHTeP(GEPEHLIMOHHBIX JIA3€PHBIX CUCTEM
HCITOJIL3YIOT TIEPEMEHHYIO COCTABIISIIONIYIO MTPOIETEK-
TUPOBAHHOI'O CUTHAJIA, KOTOpas IOJy4aeTcs Mpu BO3-
OyXIeHMM B OTpaxaTesje BHOpaLMil C aMIUIATYION
OoJIbIIIE TTOJOBUHBI JJIVHBI BOJIHEI JIa3€PHOIO U3MY-
yenwus [20].

Hamu p1s uamepeHunst HAaHOCMEILEHW Mpeiara-
eTCs UCIOIb30BaTh TOKOBYIO MOIYJISILIMIO JJIMHEI BOJI-
HBI JlJa3epHOro u3iydeHus. [ToCKOJIBKY XOpOoIIo W3-
BeCTHas MUJI000pa3Has TOKOBask MOIYJISIIINS He He-
ceT MHGOPMAINY O CTAIMOHAPHOM (Da3e aBTOMMHHOTO
curHajga [21—23], Mbl MCMOJL30BAJIM TapMOHUYEC-
KYI0 MOIYJISIINIO JUTMHBI BOJTHBI JIA36PHOTO M3ITyICHUS.
B sToM ciyyae 3HaueHuMe HaHomepeMelleHWi Oymer
OIpeaessiTh 3HaUeHWe CTallMOHapHON (a3bl aBTOAMH-
Horo curHaja. Ha mpakTtuke TakuM oOpa3oM TIpen-
CTaBJIsIET UHTEPEC PacCMOTPETb BO3MOXKHOCTb ITpU-
MEHEHMsI aBTOAMHHOTO U3MEepUTeisl, padoTalolIero B
pekrMe TapMOHWYECKON MOIYISLIMU TUHBI BOJHBI
JIa3epHOTOo M3ydeHud [24, 25], mjist uaMepeHust HaHO-
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TepeMelleHN 30H1a CKAaHUPYIOIIETO OIMXKHEITOJIeBO-
ro CBY mukpockormna, 4To U COCTaBJISLIO 1ieJib HacTO-
el paboThI.

MeTton onpenesieHus CTAMOHAPHOI (a3bl ABTOAMHHOTO
CHTHAJIA HA OCHOBE AHAJIM3Aa HU3KOYACTOTHOTO CIEKTpa
JIa3epHO aBTOAMHHOM CHCTEMbI

B pa6Gorax [26—29] moka3zaHa BO3MOXHOCTb M-
CTaBJICHUS] aBTOAMHHOTO CUTHAJIa B BUIIE HEJIMHEWHO-
IO ypaBHEHHUS IJISI MOIIHOCTU M3TYyYSHUS ITOJYIIPO-
BOJHUKOBOIO Jla3epHoro aproauHa. [1pu monmynsiuu
JUTMHBI BOJTHBI M3TYYEHMS ITOJTYIIPOBOIHUKOBOTO Jia-
3epa MOLIHOCTb aBTOJMHHOIO CUIHajda MOXET ObITh
MpecTaBieHa B COOTBETCTBUMU C [24] B Bue pasioxe-
HUA B psan no ¢yHkuuaM beccend nepsoro poxa J,,
rae KospouumeHTsl C,, COOTBETCTBYIOIINE aMIUINTY-
JlaM CITEKTPaJIbHBIX COCTABJISIIONIMX PA3JIOXEHUS B PSIL
no pyukuusm beccens, umerot cienyromuit Bua [30]:

€y = 1) = PyJy(o)sin(0); (1)
Gy, = 2c0s(0) Py . J,,(0); 2)
s HedeTHelx - Gy, 4 | = 2sin(0) PyJy, 4+ 1(0), (3)

IJId YETHBIX n

rae Py — aMIIUTYHAs COCTaBJIAIOLIAsd MOLLHOCTH 13-
JlydeHus Jlazepa; /{ — aMIUIMTYIHbIA KO3(POUUUEHT;
6 = 0AT( (0 — IEBUALIMA YACTOTHI JIA3EPHOIO AMOJA,
T( — BpeMs 00X0/1a JIa3ePHBIM U3JIyYeHMEM BHELIHETO
pe3oHaTopa); 0 — crauuoHapHas ¢da3a aBTOAUHHOTO
CHUTHaIA.

CootHoueHus (1)—(3) xapakTepu3yioT CBA3b CIEKT-
PATbHBIX COCTABJISTIOIINX YaCTOTHO-MOMYJIMPOBAHHO-
ro aBTOJAMHHOIO curHana ¢ ¢pyHkiusamu beccens nep-
BOTO poIa.

Hs1 onpeneseHUs HAHOMIEPEeMEIIeHW oTpaXkare-
JIsSI yepe3 3HaYeHHe CTallMOHAPHOM (ha3bl aBTOMMHHOTO
CUTHaJIa MCITOJIb3yeM OTHOILIEHUS 21 U 2n + 2 WIv OT-
HoueHus 2n + 1 u 2n + 3 cneKkTpajibHbIX TAPMOHUK:

Con/ Cop + 2 = (D3(0))/ (2, + 2(0)), 4)
Czn + 1/C2n +3= (Jzn + 1(0))/(-]2,1 + 3(0))- ®))

Pewas ypaBHeHust (4) u (5) OTHOCUTENbHO HEW3-
BECTHOTO MapaMeTpa G, MOXHO 3aIlMCaTh BbIPAXXEHUE
IS OTIpeie/IeHUs] HAaHOTIepeMellleHU I oTpaXxaTes ue-
pe3 3HaueHue CTaloHapHOM (a3bl aBTONMHHOTO CUT-
HaJila O B BUIE:

Con/ Cop + 1 = (€08(0)(J,(0)))/sin(0) (43, + 1(0))),
NI

C2n+ 1J2n(c)j (6)

C2n']2n+ 1(6) '

[Ipunumasa Bo BHUMaHUe, 4TO T = L/c, THe L —
paccTosiHMe OT TOBEPXHOCTU JIa3epHOTro oObeKTa 10
JIN0J1a, MoJIydaeM COOTHOILLIEHYE AJIS ONpeaesIieHUs] Ha-
HOIlepeMelleHUI oTpaxarenst AL:

6= arctg(

AL = ewio, (7)
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Ie ®; — COOCTBEHHAs YacTOTa U3JIYYEHUs TOIYIpPO-
BOJHMKOBOTO JIa3¢pHOT0 AM0/a; ¢ — a0COJIOTHOE 3Ha-
YeHMEe CKOPOCTH PaCIPOCTPAHEHMST 3JIEKTPOMArHUT-
HBIX BOJIH.

Takum obpa3oM, mjisl onpeaeaeHUsI 3HaYeHUI Ha-
HOMNEPEeMEILCHUN OTpaxartessl Nph TOKOBOM MOIYJISI-
LIMU JUTMHBI BOJIHBI JIa3€PHOTO U3JTyYeHUsI IO aMILIATY-
JIaM aBTomMHHOTO curHaia Mypbe-crekTpa CoCTaBIsaIo-
wux G, G, 42, G, +1 1 G, + 3, UCIIONIB3YS ypaB-
HeHus (4) u (5), paccuuTbiBaeM 3HaYEHME MapaMeTpa c.
M3 cootHoleHus (6) onpenensieM 3HaYeHHE CTALIMO-
HapHOH ha3bl aBTOAMHHOTO CUTHaja 0, a UCHOJb3Ys
BeIpaxkeHue (7), ¢ y4eTOM MEPUOIUYHOCTU (PYHKIIUMN
arctg omnpenessieM 3HaU€HUE CMEIICHMST 30Ha.

DKCnepuMeHTAJIbHbIE ABTOMHHbIE OTKJIHKH
TIOJIyIPOBO/IHUKOBOM JIa3ePHOI CHCTEMBI
TpH JBUKEHUH 30HAA

M3mepenus TIpOBOAWIM C UCIIOJB30BAHUEM DJICK-
TpoMarHuTHoro tpaHciasitopa ¢pupmel STANDA Mo-
nenb SMVT40-13, BXxonsiiero B COCTaB AEHACTBYIOLIETO
MakeTa OJMKHerojeBoro ckanupyiomero CBY muk-
pockomna [31, 32]. OcHOBHBIE TTapaMeTPhI TPAHCIIATOPA:
paspemiene — 0,083 MM (TtosHbIi mar), 0,01 MKM
(1/8 wara); MakcuMalibHasl JUCTAHLIMS TepeMelle-
HUs1 — 13 MM, MakcUMaJibHasi CKOPOCTb IepeMelle-
aug — 0,416 MmM/c.

B cocraB n3amMepuTeTBEHOM YCTaHOBKH, TIPEICTABIICH-
HOM Ha puc. 1, BXOOAWIM 4YaCTOTHO-MOIYJIMPOBAHHbIN
TIOJTYTIPOBOAHWKOBBIN JTa3epHBII aBTOAVH Ha JIa3epHOM

Puc. 1. Bua skcnepuMeHTANbHOM YCTAHOBKH: /| — TIOJYTIPOBOIHU-
KOBBI Jlazep; 2 — mepxkaTeab 30HAa OmmkHenoneBoro CBY mux-
pockora; 3 — o0beKT; 4 — TpaHcisITop ommkHernoseBoro CBY muk-
pockormna

Fig. 1. Appearance of the experimental installation: 1 — semi-conductor
laser; 2 — probe holder of the near-field microwave frequency micro-
scope; 3 — object; 4 — compiler of the near-field microwave frequency

microscope




nnoge RLD-650(5) Ha xBaHTOBO-
pa3MEpHBIX CTPYKTypax ¢ Audpak-
LIMOHHO-OTPAHUYEHHON OAMHOYHOM
MPOCTPAHCTBEHHOM MOIOU C IJIu-
Ho#t BojHBI 650 HM (), 3aKperieH-
HBI Ha aepxarese OJMKHenoJeBO-
ro CBY 3onpa 2. U3nyyeHue momy-
MPOBOIHMKOBOTIO JIa3epa HalpasJisi-
JIOCh Ha O0BeKT 3, 3aKpernIeHHBIN
Ha TpaHCIATOpe 4 OJMKHEIOJIEBOTO
CBY mukpockona. Momysiius -
Hbl BOJIHBI U3JTyYE€HUsI TPOBOAMIACH
Ha yactote v; = 100 I'n mocpenc-
TBOM MOJYJISILIUU TOKA NMTUTAaHUS Ja-
3epa C MOMOIIbIO BCTPOEHHOTO B
JIabopaTOPHYIO CTAaHLUIO BUPTYallb-
Hbix mpubopoB NI ELVIS reneparo-
pa curHajioB. MisMeHeHUe ToKa IMu-
TaHUS JIA3€PHOTO IMOAA OCYIIECT-
BJISLIOCH ITyTeM M3MEHEHMSI Hampsi-
JKEHMSI TUTaHUsI, TOoJaBaeMOro Ha
MOJTYTIPOBOAHMKOBYIO CTPYKTYpPY OT
0J10Ka YIpaBjeHUSI TOKOM TUTAHMUS.
OTpaxkeHHOe U3JTydeHre HalpaBis-
JIOCh B pe30HaTOp Jiazepa, U3MEHe-
HUE MOIIHOCTU KOTOPOTO (PUKCU-
poBan ¢ortonpuemMHuk. Ilponerex-
TUPOBAHHBIA W YCWICHHBIA CUTHAI
¢ ¢oTonmpreMHUKA TTPOXOIUT Yepes
(GunbTp NEpeMEeHHOro CcurHajla u
MOCTYIIAJl Ha BXOJ aHAJIoro-udpo-
BOro nmpeodpa3oBaTesisi, BETPOEHHO-
ro B moayiab NI DAQmx (¢ yacrto-
ToM nuckpetusauuu 1,25 MI'), co-
eIMHEHHOTO ¢ KoMITbioTepoM. [lapa-
METp AeBUAIIMM YACTOThI U3TyUEHUSI
JIa3€pHOro IMoja ®, U3MEPSICH C
TTOMOIIIBIO CIIEKTPOMETPA BHICOKOTO
paspemrennst SHR.

Ha puc. 2 npuBeneH Bua aBTO-
JUHHOIO CUTHaja MNpU JABUXEHUU
3oH7a ¢ maroM 80 HM. Ha puc. 2 Ha-
OsromaeTcs y4acToK JUIMTEJIbHOCThIO
~100 Mxc, Ha KoTopoMm ¢dopma aB-
TOAMHHOIO CUTHaja OTIMYAeTcsl OT
TEOpEeTUYECKOil, 4YTO OOYCIOBJIEHO
HaJIOXXeHUEeM HEpaBHOMEPHOTO JIBY-
>KeHUS 30H1a Ha (DOpMY aBTOAUHHO-
TO CHUTHaJja TIPH €T0 TOKOBOI MOIy-
JISILIVU.

3a UCKIIIOUEHUEM YyJacTKa HepaB-
HOMEPHOTrO NBUXEHUs, Ha puc. 3
MpeACcTaBleH aBTOAMHHBINM CUTHAI
MpY TOKOBOW MOAYJSLIMU IJIUHBI
BOJIHBI JIa3€PHOTO W3Jy4YeHMUsI, IMO-
JIy4eHHBIN MPU OTpaXkeHUU OT 30H-
Jla, HaxXOsIIEerocsl Ha pacCTOSIHUU

Uty), rel. units

0 0.035 0.069 0.104 0.139 0.173 0.208 0.242 0.27

b :
[

Puc. 2. ABTOIMHHBII CHTHAJ NPH JABHXKEHHH 30HIA
Fig. 2. Autodyne signal during movement of the probe

0.44

&, —0.04

0 0.004 0008 0012 0016 002 002 0028 0032 003 00
ts

Puc. 3. ABTOAMHHBII CHTHAJ, NOJYYEHHBII NPH OTPAKEHNH OT 30HAA, HAXOAIIErocs Ha pac-
crosiud 10 cM oT m3myyarens

Fig. 3. Autodyne signal received due to a reflection from the probe, which was at the distance
of 10 cm from the radiator

0.04
0.03

, rel. units

0.02

Puc. 4. ®ypbe-CreKTp aBTOIMHHOTO CHTHAJA
Fig. 4. Fourier spectrum of the autodyne signal

Pe3yabTaTel H3MepeHHii U pacyeTa HAHONEPEMEINEHni 30H1a
Table of the measurements and calculation of the nanoscale displacements of the probe

CwMmelleHue Ammutyna . Amrutyna . 3HayeHue

Howmep 111aroBOro CNCKTPaJIbHOU CMCKTpaJIbHOU CMEUIEHU I

Hara | TpaHcsTopa, HM | COCTaBJISIOLIeH C, | cocraBnsromeit Cy 30HIA, HM

Step Displacement Amplitude Amplitude Value of the

number | of the step-by-step of the spectral of the spectral displacements of
compiler, nm component Cy component Cy the probe, nm

1 0 0,002 0,022 0
2 80 0,012 0,014 82
3 160 0,019 0,005 143
4 240 0,01 0,017 205
5 320 0,0017 0,023 308
6 400 0,012 0,015 378
7 480 0,016 0,0043 556
8 560 0,012 0,017 562
9 640 0,003 0,024 683
10 720 0,012 0,018 736
11 800 0,019 0,003 843
12 880 0,014 0,018 921
13 960 0,0003 0,025 1006
14 1040 0,013 0,017 1148
15 1120 0,019 0,003 1165
16 1200 0,011 0,0168 1251
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10 cM ot usnyuarens. Ha puc. 4 npeacrtasineH Dypbe-
CIEKTP 3apErMCTPUPOBAHHOIO aBTOAMHHOIO CUTHAJIA.

B Tabnuiie npuBeaeHbI pe3yabTaThl USMEPEHUI Ha-
HomepeMelleHuid 30H1a AL 1pu 3aJaHHOM 3HaYyeHUU
1ara 30HIOBOIro TpaHcisTopa. Ilpy 3ToM y4yuThIBa-
JIach MEePUOJAUYHOCTh UBMEHEHUSI CTallMOHApHOM (ha-
3bl aBTOAMHHOTO curHana. Kak ciemyer U3 pesysbTa-
TOB, MPUBEACHHBIX B TaOJMIIE, IMTOTPEIIHOCTh OIpe/e-
JIeHUsI HaHomnepeMelleHui AL 1o Habopy CHeKTpallb-
HBIX COCTaBJISIOIIMX CIEKTpa aBTOAMHHOIO CUTHalla
He TipeBbiiaet 15 %.

CrnenoBaTeibHO, IPUMEHEHUE MOMAYJSLMU JJITMHBL
BOJIHBI M3JIyYeHUSs MO3BOJISIET CO3MaTh JIA3€PHYIO aB-
TOAVMHHYIO CUCTeMY U3MEpPEHUs] HaHOCMellleHUi 0e3
HCTIOJIb30BaHUS HAJOXEHMST HAa OOBEKT TOMOJTHUTEb-
HBIX MEXaHUYECKUX BUOpaLUii, KaK 3TO ObLIO Mpeaio-
XeHo B pabote [33].

3akmouenue

Takum obpa3oM, moka3zaHa BO3MOXHOCTb IpUME-
HEHUsI TOJYIPOBOJHUKOBOIO JIAa36pHOTO aBTOAMHA C
TOKOBOI MOIYJISLIEN NIVHBI BOJTHBI U3IIydeHUS JJIsI
KOHTpPOJISI HaHOIepeMellleHUI1 30HAa, BXOMSILEro B
cocraB OmmxHernoneBoro CBY aBromunHa. BrepBrie
pa3zpaboTaHa TeOpHUs U3MEPEHUI CTalMOHAPHOM (ha3bl
aBTOAMHHOM CUCTEMBI IIpY TOKOBOM MOAYJISILIMU IV~
Hbl BOJIHBI 10 rapMOHMYeCKOMY 3akoHy. IlokazaHo,
YTO B CIEKTpPE aBTOOWHHOIO CHUTHAajIa HaOJIromaeTcs
Mepuoguueckoe M3MEHEHHWE aMIUIMTYH €ro CIIeKT-
paJIbHBIX COCTABJISIIOLIMX, OOYCIOBJIEHHOE CBOMCTBA-
MU CTOsSIYed BOJHBI BO BHEIIIHEM pE30HATOpE aBTO-
IUHHON cucTtembl. OmpeneieHa 00JacTh OJHO3HAY-
HOCTHM 3aBUCHMOCTH OTHOIIEHUS CIIEKTPaJbHBIX CO-
CTaBJISIIOIINX OT CMELIEHUS OTpaxkaTessl IIPpU TOKOBOM
MOIYJISIIAY JIa3€pHOTO IMOAA 10 CIIEKTPY aBTOAMHHO-
ro CUTHaja. DKCIIEpUMEHTAJIbHO IOJIydeH BUI aBTO-
IVWHHOTO CHUTHAaJIa TIPU TOKOBOM MOIYJISILIMM JJTMHBI
BOJIHBI U3JIyYeHUS U JBVXKEHUHU 30Ha ¢ 11arom 80 HM.
HM3mepeHbl 3HaYeHUSI HAHOCMELEHU 30Ha, BXOsI-
mero B coctaB ommkHernosieBoro CBY aBroguna. I1o-
Ka3aHO, 4YTO IOrPEelIHOCTb OMpenesieHUs 3HAYSHU
HaHOIIepeMEeIeHUH IT0 HAaOOPY CIIEKTpaJIbHBIX COCTaB-
JISIOIIMX CIEKTpa aBTOAMHHOIO CUTHAJIA MPEIIOXKEeH-
HBIM METOIOM He MpeBbilaer 15 %.

Paboma ewvinoanena npu ¢unancoeoli nodoepoicke
Munucmepcmea obpazosanus u Hayku P® (eocydapc-
meennoe 3adanue No 8.7628.2017/b4).
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The article presents opportunities of the laser autodyne interferometry for measurement of the nanoscale displacements of a probe,
which is a part of a near-field scanning microwave microscope, and the experimental autodyne responses of the semi-conductor laser
system during the movement of the probe. For recording of the nanoscale displacements of the probe the authors proposed the method
for determination of the stationary phase of an autodyne signal on the basis of analysis of the low-frequency spectrum of a semi-
conductor laser autodyne. They substantiated theoretically and demonstrated experimentally a possibility of measurement of the na-

noscale displacements of a probe during the current modulation of the wavelength of a laser autodyne.
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Introduction

An important factor, which determines the specific fea-
tures of operation of the contactless probe microscopes, is the
control of the gap between the probe and the measured sur-
face [1—7]. Depending on the type of a probe microscope and
the mode of its operation the distance between the probe and
the measured surface can vary from shares of a nanometer up
to hundreds of nanometers [§—12]. The systems for measur-
ing of the nanoscale displacements of the probe microscopes
are based on the use of the calibration dependences of the
controlled physical value on the distance to the probed sur-
face [13—16]. Among the methods for measuring of the dis-

tances to the probed surface, which do not use the calibration
dependences, we can single out the methods based on com-
parison of the dependence of the controlled physical value
with the wavelength of the laser radiation [17—19]. However,
the known laser systems for measurement of the distances are
not widely applied for control of the nanoscale displacements
of the compilers of the probe microscopes, because of the bulk-
iness and insufficient resolution power of the laser range finders.

In this connection, of great interest for the distance con-
trol purposes is the use of the semiconductor laser autodynes
distinguished by their compactness, small weight and simplic-
ity in operation. For measurement of the nanoscale displace-
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ments by means of such autodyne interferential laser systems,
a variable component of the prodetected signal is used, which
appears during excitation in the reflector of the vibrations
with the amplitude, bigger than half of the wavelength of the
laser radiation [20].

For measurement of the nanoscale displacements we pro-
pose to use the current modulation of the wavelength of a la-
ser radiation. Since the well-known sawtooth current modu-
lation does not bear information concerning the stationary
phase of the autodyne signal [21—23], we used the harmoni-
ous modulation of the wavelength of the laser radiation. In
this case the nanoscale displacements will determine the sta-
tionary phase of the autodyne signal. In practice it is inter-
esting to consider a possibility of application of an autodyne
measuring instrument in the mode of the harmonious mod-
ulation of the wavelength of the laser radiation [24, 25] for
measurement of the nanoscale displacements of the probe of
the scanning near-field microwave microscope, which is the
purpose of the present work.

Method for determination of the stationary phase
of the autodyne signal on the basis of analysis
of a low-frequency spectrum of the laser autodyne system

In [26—29] a possibility is shown to present an autodyne
signal in the form of a nonlinear equation for the radiation pow-
er of a semi-conductor laser autodyne. In case of modulation
of the wavelength of the radiation of a semi-conductor laser the
power of the autodyne signal can be presented in conformity
with [24] in the form of expansion in a row by Bessel functions
of the first kind J,,, where coefficients C,, corresponding to the
amplitudes of the spectral components of the expansion in a
row by Bessel functions, look like the following [30]:

Cy =1, = Py- Jy(o) * sin(6); (1)
For even n: G, = 2¢0s(0) * P, - J,,(0); )
For odd n: G5, 4 | = 2sin(0) * P+ J5, + 1(0), 3)

where P, — amplitude component of the radiation power of
the laser; /; — amplitude coefficient; 6 = wpty (0p — devi-
ation of the frequency of the laser diode, 1y, — time of bypass
of the external resonator by the laser radiation); 6 — station-
ary phase of the autodyne signal.

The correlations (1)—(3) characterize a bond of the spec-
tral components of the frequency-modulated autodyne signal
with Bessel functions of the first kind.

For determination of the nanoscale displacements of the
reflector through the value of the stationary phase of the au-
todyne signal we use correlations 2z and 2n + 2 or correla-
tions 2n + 1 and 2n + 3 of the spectral harmonics:

G/ Cop + 2 = (D(0))/(Jy,, + 2(0)); “
Con+1/Con + 3= (Jgp 4 1(0))/(Jpy + 3()). (5)

By solving the equations (4) and (5) in relation to the un-
known parameter o, it is possible to write down the expression
for determination of the nanoscale displacements of the re-
flector through the value of the stationary phase of the auto-
dyne signal 0 in the following form:

Con/ Cap + 1 = (€08(0)(S3,,(0)))/sin(0) (5, + 1(5))),
or

C2n+ 1J2n(6)] (6)

0= t; .
e g[c2n']2n+l(6)
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Taking into consideration that 7y = L/c, where L — dis-
tance from the surface of the object to the laser diode, we get
the following correlation for determination of the nanoscale
displacements of reflector AL:

AL=ew£0, (7)

where o) — the own frequency of radiation of the semicon-
ductor laser diode; ¢ — absolute value of the speed of prop-
agation of the electromagnetic waves.

Thus, for determination of the nanoscale displacements of
the reflector during the current modulations of the wavelength
of the laser radiation by the amplitudes of the autodyne signal
of the Fourier spectrum components C,,, C5,, 1 5, G5, + 1 and
(5, + 3, using the equations (4) and (5), we calculate the value
of parameter c. From the correlation (6) we will define the val-
ue of the stationary phase of the autodyne signal 6, while, using
expression (7), with account of the periodicity of function arctg,
we determine the value of the displacement of the probe.

Experimental autodyne responses of the semi-conductor
laser system during movement of the probe

Measurements were done with the use of the electromag-
netic compiler STANDA model 8MVT40-13, a part of the
operating breadboard model of the near-field scanning mi-
crowave microscope [31, 32]. The key parameters of the com-
piler are: resolution — 0.083 um (a full step), 0.01 um (1/8 of
the step); the maximal distance of movement — 13 mm, the
maximal speed of movement — 0.416 mm/s.

The composition of the measuring installation (fig. 1) in-
cluded a frequency-modulated semi-conductor laser auto-
dyne on a laser diode RLD-650 (5) on the quantum-dimen-
sional structures with the diffraction-limited single spatial
mode with the wavelength of 650 nm I/, fixed on the probe
holder of the near-field microwave frequency probe 2. Radi-
ation of the semi-conductor laser was directed to object 3,
fixed on the compiler 4 of the near-field microwave frequency
microscope. Modulation of the wavelength of radiation was
done on frequency vy = 100 Hz by means of modulation of
the supply current of the laser thought the instrumentality of
the built-in the laboratory station NI ELVIS virtual devices of
the signal generator. Variation of the supply current of the la-
ser diode was carried out by changing the voltage of the power
supply submitted to the semi-conductor structure from the
unit of control of the supply current. The reflected radiation
was sent to the laser resonator, the variation of the power of
which was recorded by a photodetector. The prodetected and
amplified signal from the photodetector passed through the
filter of the variable signal and arrived to the input of the an-
alogue-digital converter built in NI DAQmx module (with the
frequency of digitization of 1.25 MHz), connected to a com-
puter. The parameter of the deviation of the radiation fre-
quency of the laser diode w 4 was measured by means of a high
resolution SHR spectrometer.

Fig. 2 presents a kind of an autodyne signal during move-
ment of a probe with a step of 80 nm. Fig. 2 presents a site
with duration of ~100 pcs, on which the form of the autodyne
signal differs from the theoretical one, which is explained by
imposing of a non-uniform movement of the probe on the
form of the autodyne signal at its current modulation.

Except for the section of the non-uniform movement, fig.
3 presents an autodyne signal at the current modulation of the
wavelength of the laser radiation, received due to a reflection




from the probe, which was at the distance of 10 cm from the
radiator. Fig. 4 presents Fourier spectrum of the recorded au-
todyne signal.

The table presents the results of the measurements of the
nanoscale displacements of probe AL at a set value of the step
of the probe compiler. At that, the periodicity of variation of
the stationary phase of the autodyne signal was taken into ac-
count. As it follows from the results presented in the table, the
error in definition of the values of the nanoscale displace-
ments AL for collection of a set of the spectral components of
the spectrum of the autodyne signal did not exceed 15 %.

Hence, application of the modulation of the radiation
wavelength allows us to create a laser autodyne measurement
system of the nanoscale displacements without imposing of
additional mechanical vibrations on an object, as it was of-
fered in [33].

Conclusion

Thus, a possibility was demonstrated of application of a
semiconductor laser autodyne with a current modulation of
the radiation wavelength for control of the nanoscale dis-
placements of a probe, which was a part of a near-field mi-
crowave frequency autodyne. For the first time a theory was
developed for measurement of the stationary phase of the au-
todyne system at the current modulation of the wavelength
according to the harmonious law. It was demonstrated, that
in the spectrum of the autodyne signal there was a periodic
variation of the amplitudes of its spectral components, caused
by the properties of a standing wave in the external resonator
of the autodyne system. The area was determined of the un-
ambiguity of the dependence of the relation of the spectral
components on the reflector displacement at the current
modulation of the laser diode by the spectrum of the autodyne
signal. As a result of the experiments an autodyne signal was
obtained at the current modulation of the radiation wave-
length and movement of the probe with a step of 80 nm. The
values of the nanoscale displacements of the probe, which was
a part of a near-field microwave frequency autodyne, were
measured. It was demonstrated, that the error in determina-
tion of the values of the nanoscale displacements for selection
of the spectral components of the spectrum of the autodyne
signal by the proposed method did not exceed 15 %.

The work was done with a financial support of the Ministry
of Education and Science of the Russian Federation (state order
Ne 8.7628.2017/BCh).
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! HMHCTUTYT HAHOTEXHOJIOIUM MUKPO3JEKTpOHUKU Poccuiickoit akanemuu HayK, MockBa
2 VIbIHOBCKMIA TOCYIapCTBEHHBIH YHUBEPCHUTET, YIIbSTHOBCK

3 Hay4HO-NpoM3BOACTBEHHBIA KOMILIKC "TeXHOoMornyeckuii ueHtp”, Mocksa

PA3OIPEB OAMHOYHOM YTAEPOAHOM HAHOTPYBKM
NMPU NPOTEKAHMN SMUCCUOHHOTIO TOKA

Ilocmynuaa é pedaxyuro 04.08.2017

Ilpu npomexanus moxa smuccuu yenepoorHas HaAHOMpYoOKa pazoepesaemcs, Y8eAuuueaemcs 004s MepmodINeKmpoHHO20 MOKa
N0 CPABHEHUID C ABMOINEKMPOHHBIM IMUCCUOHHBIM MOKOM. B cmamve anaiusupyromcs pazoepeé 00UHOUHOU YenepooHOU Ha-
HOMpPYOKU U YCA0BUS BO3HUKHOBEHUS MePMOABMOINeKMPOHHOU IMUCCUL, KOMOPAs NPUBOOUM K NOAGAEHUI0 OMPUUAMENbHO20
yuacmka 60abm-amnepHou xapakmepucmuxu. boiia pazpabomarna modens Haepesa yenepoOHoU HAHOMPYOKU U pacCHUmMaHa mem-
nepamypa nepeepega KoHya 3mou Hanompyoku. [loayuensi ycaoeus pazoepeea HAHOMPYOKU.

Karoueevie caosa: yeﬁepoahbte Haﬂompy6lcu, aemoSAeKmpOHHAA SIMUCCUA, MEPMOINEKMPOHHAA IMUCCUA

BBenenune

B nocnenHee BpeMs pacTeT UMCJIO HAyYHBIX padorT,
KOTOPBIE MOCBSIIEHBl U3YUEHUIO SIBJICHUSI aBTORJIEKT-
pOHHOI amMuccuu [1] 1 ee mpuMeHeHu1o. JlnamMeTp Ha-
HOTPYOOK MHOTO MEHbIIE UX IJIUHBI, BCIEACTBUE YETrO
BO3HUKAET 3HAUUTEIbHOE YCUJICHUE 3JICKTPUUYECKOTO
MOoJIs1 Y KOHIIA HAHOTPYOKM, YTO CIIOCOOCTBYET SMUC-
cuu 371eKTpoHOB. IlepBoe coobIeHre O BO3MOXHOCTHU
MOSIBJICHUS Y YIJIEPOAHBIX HAHOTPYOOK aBTO3JEKTPOH -
HOW BMHUCCHUM CHEJAHO IO PYKOBOJICTBOM aKaIeMMU-
ka 0. B. I'ynsieBa [2]. DTO sABlIeHME JIETII0 B OCHOBY
psiia BaXXHBIX C TOUKM 3PEHUSI MPAKTUKU MPUMEHe-
HUI: TUTOCKKX 9KPaHOB MOHUTOPOB [3], MUHUATIOPHBIX
PEHTTeHOBCKUX TPYOOK [4], cBeTOM3IydalolInX YyCT-
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POICTB [5], MUHMATIOPHBIX BAKYYMHBIX JIAMII [6], ycu-
JIUTENeN TeparepuoBoro auana3oHa [7].
Bonbr-aMnepHas xapakTepuCTHKA XOJOJHOIO Ka-
ToAa Ha ydyacTKe IMpeobjagaHusi aBTOJIEKTPOHHOIO
SMMCCUOHHOTIO TOKa, KaK IMPaBUJIO, OIMMChIBaeTCs (pop-
mynoii Maynepa—Hopareiima [8]. IlonpoGHbIl aHa-
JIU3 3TOI MOJENM U TIepeXoj ee B 00JacCTh TePMO3JICK-
TPOHHOM 3MUCCUU BBITIOJHEH B pabdore [9]. PacueTsl
TOKa aBTORJIEKTPOHHOI sMmuccun (AD) nasd yriepoa-
HBIX HAaHOTPYOOK NpHUBEIEHBI, HalpuMep, B paboTe
[10]. Cama 3aBmcumocts Daymepa—Hopareitma B
yIOOHOM IJIs1 MCIob30BaHuUs (popMe umeeT Bua [11]

J= _E exp(ﬁ_(p_nm 3/26(y)) (1)
2 3heE ’
8nhot ()




e f(y) = 1 + 0,1107y533; o(y) = 1 — yb%%; p =

¢ |ek ; m — Macca 2JIeKTpoHa (KT); e — dJIeMeH-
10) A’4Tt80

TapHblii 3apsn (Ki); g; — amekrpuyeckas mocTossHHas

(®/M); h — nocrossnHast [hranka (X - c); £ — Ha-

NPSKeHHOCTh 3JieKTpuueckoro nonst (B/M); ¢ — pa-

6ora BeIxoma dJekTpoHa (/[X); J — INUIOTHOCTh TOKa

AD (A/Mz); #(y) 1 6(y) — cnabo usmeHsioumecs: GyH-
KLU, KOTOpbIe MpU comnocTtaBieHun dpopmynsl (1) ¢
SKCMePUMEHTATbHBIMU JAHHBIMU MOTYT OBITH TIPUHSI -
THI paBHBIMU €IMHULIEC 0e3 YBeJIMUEHHS TTOTPEITHOCTH
B oIpeaeeHuU padoThl Beixoaa. Eciu nmpenedpeys cia-
00li cTeneHHOM 3aBUCUMOCTBIO (DYHKILMI #(y) u 0(y),
nmojioxkuB #y) ~ 1 u 6(y) ~ 1, To mocje MoACTAaHOBKU
BCeX KOHCTAaHT U TepeBofa paboThl BeIXoaa B 3B 1o-
JTy4aeTcsT BEIpaXKeHUe

2 9 3/2
J=154-10"0L exp(—6’83 - 10 /), )
[0} E
B KoTopoM [¢] = 3B, [E] = B/Mm, [J] = A/M2.

IIpn ucciaegoBanum AD ObLUIO OOHAPYXEHO, YTO
SMUTUPYIOLIMI KOHEL HAaHOTPYOKM pa30orpeBaeTcs B
Mpoliecce MPOTEKAHUsI SMUCCUOHHOTO TOKA, a €ro TeM-
rneparypa nporopluoHalbHa KBaJApaTy MIOTHOCTU TO-
Ka [12]. Pa3orpeB KoHIla HAaHOTPYOKM BeIeT K IOSIB-
JICHUIO TOKOB TEPMOJIEKTPOHHOM 3MUCCUU, KOTOPbIE
MOTYT ObITb OOJILIIMMM TPU BBICOKMX TJIOTHOCTSIX
TOKa W J1aXe IMPEeBOCXOAUTb TOKM aBTOJIEKTPOHHOU
amuccuu. Kpome Toro, HaHOTpyoKa obyiagaeT HeKO-
TOPBIM COMPOTHMBJIEHWEM, KOTOPOE BHOCHUT OTNpeje-
JICHHBIN BKJIaJ B BUJI BOJIbT-aMIIEPHOM XapaKTepUCTH-
KU, TIpUHUMAs TIpU OOJBIIMX TJIOTHOCTSIX TOKA 4acTh
HampsokeHus Ha ce0st. TakuM oOpa3oM, SKCIepruMeH-
TaToOpPhbI, OMNpeaessasi paboTy BbIXOJa C MCTOJIb30BAHU -
eM ToJbKo 3aBucumoctn Paynepa — Hopareiima, mo-
IMyCKAaIOT ABE CUCTeMaTHU4yeCcKue OLIMOKM: TIpeHeopera-
10T, BO-IIEPBBIX, TEPMONEKTPOHHON SMUCCUEN, a BO-
BTOpBIX, MaJCHUEM HAIpsKEHUsT Ha HAaHOTPYOKe.

B naHHOI1 paboTe 3KCNEepUMEHTAIBHO MCCea0Ba-
HBI SMUCCUOHHBIE TOKWU OIUHOYHON MHOTOCTEHHOU YT-
JIEpOAHOU HAHOTPYOKM B IIMPOKOM JMaria3oHe IioT-
HOCTE TOKa, BBISIBJIEHBI OTKJIOHEHUS BOJIbT-aMIlep-
HOM XapaKTepMCTUKU OT 3aBUcUMOcTH PDayiepa —
Hopareiima, mpoBeieH pacyeT TeMIlepaTypbl pa3orpe-
Ba HAHOTPYOKM, MpOaHaJM3UPOBAHbI YCJIOBUS, MPU
KOTOPBIX COMPOTUBIEHUE HAHOTPYOKU U TOK T€PMO-
BJIEKTPOHHOW 3MUCCHUM OKa3bIBAIOT CYILECTBEHHOE
BJIMSIHWE HA BUJ BOJbT-aMIEPHOM XapaKTepUCTUKHU, a
TaK>Xe MPUBEJEH AJITOPUTM pacyeTa NapaMeTpoB yrje-
pOAHOW HAHOTPYOKM, a UMEHHO: BJIEKTPUYECKOTO CO-
MPOTUBJIEHUS, 3aBUCUMOCTUA TEMIIEPATYPbl pa3orpesa
HAHOTPYOKM OT CUJIBI TOKA.

SKCﬂepHMeHTaJIbHHe pe3yabTaThl

Vrneponusie HaHoTpyoku (YHT) BhIpamiuBaiuch
MeTogoM xumuueckoro ocaxaeHus: (CVD) u3 razosoit

¢a3pl Ha KpeMHUEBOU MOMIOXKE, Ha KOTOPYIO OBbLI
HAHECEH KaTaJau3aTop, COCTOSIIUMM M3 NBYXCIOMHOM
METAJUIMYECKON TUIEHKU: TUTaH — 10 HM M HUKeJb —
2 um. KaTtanuzatop noKpbiBajacs OKCUIOM KpeMHUS, B
KOTOPOM BCKPbIBaJIMCh OKHA AuameTpom 0,7 Mmkm. Poct
YHT ocyuectsisiics B pexxume CVD B motoke aile-
TUJIeHA ¢ J00aBjeHMEM aMMuaka B OTHouleHuu 3:1.
Temmneparypa cunre3a coctasistiia 600 °C. Pesynbra-
TOM pOCTa SIBJISUINCh OAMHOYHbIE MHOTOCTEHHbIE YI-
JIEpOJHBIE HAHOTPYOKM BBICOTOM 2...3 MKM (puc. 1).

M3mepeHust mpoBOAWIM B BHICOKOM BaKyyMe B Ka-
Mmepe aByiyueBoit cuctembl FEI Helios NanoLab 650i.
15 u3MepeHuii BOJIbT-aMITIEpPHbIX XapaKTepUCTUK Ha
MOCTOSIHHOM TOK€ MNPUMEHSUIM IpOorpaMMUpyeMblii
JIBYXKaHaJbHBII UCTOUHUK-U3MepUTeNb Source Meter
2634B ¢upmbr Keithley. JanHbBI TTIpUOOP ONITUMMN3U-
pOBaH ISl U3MEPEeHUIi CTa0OTOUHBIX CUTHAJIOB BILJIOTh
10 10715 A 1 ocHaleH criennaTbHBIMI SKPAHUPOBAH-
HBIMM TPUAKCUATBHBIMU BBIBOAAMHU C (DYHKIIMEH KOM-
MeHcalMy CBEPXMAaJIbIX TOKOB. DKCIEpUMEHTaIbHAs
BOJIbT-aMIIepHasl XapakKTepUCTUKa SMUCCUOHHOIO TO-
Ka OJWHOYHOW MHOTOCTEHHOI HaHOTPYOKU (puc. 2)
SIBJISIJIACH MICXOMHOM ISt HajbHeuIeil oopaboTKu.

Ha BcraBke K puc. 2 mpuBeleHa 3JeKTpUyecKast
cxema 1Ielu, B KOTOPOi NMpoTeKaeT SMUCCUOHHBIN TOK.
DTOT TOK CKJIAABIBAETCSI M3 ABYX COCTaBJISIOLINX: aB-
TORJIEKTPOHHOM M TEPMOIJIEKTPOHHOM, MpUYeM Kax-
IIBIA TPOILIECC XapaKTePU3YeTCsI CBOMM HEJIWHECUHBIM
conporusieHueM (R p u Ryp). OOluee HanpsikeHue,
npwioxeHHoe K uenu (U), ckianabiBaeTcs U3 CyMMbI
HanpsDKeHUi, OMHO U3 KOTOPBIX MagaeT Ha COMPOTUB-
JeHuu HaHoTpyOku (Up), a 1pyroe — Ha HeEJIMHEN-
HOM COIPOTHUBJICHUM SMUTUPYIOIIETO KOHIIA HAHO-
Tpyoxu (Up).

HaHHasi cxema JUKTYeT CHAEAYIOIIUNA TOPSIOK
JNIEVICTBUM.

1. PaccuutbiBaeTcs ToK AD (pacueT IpuUBeleH B
[13]). IIpu 3TOM paboTa BeIXOAA MOIOMPACTCS TAKUM
o6pa3oM [14], 4ToObI aBTORJIEKTPOHHBIN TOK COBHAA

Puc. 1. @otorpadus uccieayemMoii IMUCCHOHHON CHCTEMbI
Fig. 1. Photo of the investigated emission system
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C HayaJbHBIM YYaCTKOM 3KCIIEPMMEHTAIbHOI BOJIBT-
aMIIepHON XapaKTepUCTUKU (puc. 2).

2. OTKJIOHEHME IKCTIepUMEeHTa OT pacyeta o0yCcI0B-
JIEHO TIAAECHUEM HAIPSAXKEHUSA Ha YIJIepOAHON HAHO-
TpyOKe. DTO MajeHue HAMPSKeHUST BBIYUCISIETCS KaK
Pa3HOCTh MEXIY SKCIEPUMEHTAIBHBIM U PACYETHBIM
3HAYECHUSIMU BMUCCUOHHOIO TOKa, YTO NAET BOJBT-
AMIIEPHYIO XapaKTEPUCTUKY CAMOI YIJIEPOAHOM HAHO-
TPYOKM ¥ BO3MOXKHOCTb OTIPEACJIEHUS €€ COMPOTUBIIE-
HuUs. BeluutaeM 13 oOllieil BOJIbT-aMIIEPHOM XapakTe-
PUCTUKM MAJCHUE HANPSKEHUS Ha €€ CONPOTUBIIE-

10°

10*

|
|
|
|
|
|
|
|
|
|
|
|
I 107
|
|
|
|
|
|
|
|
|
|
|
|
|

Puc. 2. Dmuccuonnsie Toku uccaenyemoit YHT: / — skcnepuMmeH-
tanbHast BAX; 2 — paccunTtaHHBIi TOK AD. Ha BcTaBKe — 3KBU-
BaJICHTHasl ayieKTpuyeckas cxema YHT

Fig. 2. Emission currents of the investigated CNT: I — experimental

VAC, 2 — calculated current of FE. On the insert — equivalent electric
circuit of CNT

10% |-

10° |~

Puc. 3. Dmuccuonnbie Toku uccaenyemoit YHT: / — skcnepumeH-
tanbHasg BAX; 2— paccunTaHHbIN TOK AD; 3 — cymMa TOokoBAD u TE

Fig. 3. Emission currents of the investigated CNT: 1 — experimental
VAC, 2 — calculated current of FE; 3 — sum of FE and TE currents
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HUU ¥ TI0JTy4aeM MpeoOopa3oBaHHYIO XapaKTePUCTUKY
(puc. 3). Ha naHHOM pUCYHKE BUIHO, UTO UMEET MeC-
TO TIOSABJICHHWE YJ9aCTKa C OTPUILATEIbHBIM COIPOTHUB-
JIeHMeM, KOTopoe OOYCJOBJIEHO pa3orpeBOM KOHIIA
HAHOTPYOKM U JEUCTBUEM SIBJICHUS TEPMOIJTEKTPOH-
Hoi amuccuu. Takum oOpa3oM, IIpU pa3orpeBe KOHIla
TPYOKHU 0 HEKOTOPOI KPUTUUECKOI TeMIlepaTyphl MO-
SIBJIIETCSI TOK TEPMOIJIEKTPOHHONW 3MMCCUU, HAMps-
KeHMe Ha smuTupyouieM KoHue (Up) nanaer. Bmecre
¢ 3TUM IamaeT ToK AD (kpuBasg 2). Takum oOGpa3oMm,
MPpY YBEJMYEHUH TJIOTHOCTU TOKA €ro TEPMOIJIEKTPOH -
Hasl COCTaBJIAIONIAs TOMUHUPYET, a TAKKe IMPOAOoJIKa-
eTCsl pa3orpeB KoHIla TpyOku. TemmepaTypa KOHILia
TPYOKU pacTeT U MOXKET NOCTUTHYTh HECKOJIbKUX ThI-
cs4y rpagycoB. Takast Temreparypa HaHOTPYOKM IpHU-
BOJUT K €€ pa3pylIeHUI0, 1 SMUCCUOHHBIN TOK aerpa-
nupyer. CaMo sIBJIeHUE Ierpagallii CBSI3aHO C Tepe-
IrpeBOM HaHOTPYOKM. Huxe mpoBoasTCs HeoOXOau-
MBI€ PacYeThl, YTOOBI BBISIBUTH YCIOBHS, TIPH KOTOPBIX
SMUCCUOHHBI Tpolecc OyaeT cTabUIbHBIM.

Pacuer TemmepaTypnl pa3orpeBa KOHIA
OIMHOYHOM YTJIEPOAHON HAHOTPYOKH

HanorpyOka pa3orpeBaeTcsl IIpu IIPOTEKAaHUU B
Hell ajekTpuueckoro Toka. Ee temmneparypa He SIBJisI-
eTcsl OJMHAKOBOM Ha ABYX ee KoHlax. IIpenmnosaraer-
Csl, YTO KOHEIl HAHOTPYOKHU, KOTOPBIA KOHTaKTUPYET
C MOMJIOXKOW, He HarpeBaeTcsl, U ero TemIiepaTrypa
OCTaeTCd PAaBHOU TEeMIIEpATYpe OKPYXKAIOLIEW Cpelbl.
TemmnepaTypa MpOTHUBOMNOJOXHOTO KOHIIa Oblia BbI-
yycjieHa B pe3yJibTaTe pelleHUs ypaBHEHWS TEIIo-
MPOBOJHOCTHU C YUYETOM PaIMALIMOHHOIO OXJIaXKIACHMUS
U BBIJEJIEHUS TEIIOTHI, KOTOpas o0yclIOBIeHa MPOTe-
KaHueM Toka [12]:

d dT) g — 4 Thax +
%hquuLu dnro(T* — To)dx

+ PR ae=o, 3)

rme S= rc(r2 - r(z)) — IUIOIIAAb MOIIEPEYHOTO CEYCHUS
YHT; r — BHewnuit paguyc YHT; ry — BHyTpeHHUi
paaguyc YHT; A(T) — xoadduiiueHT TerionpoBo/-
Hoctu Booib ocu YHT; T = T(x) — TemmepaTypa
Brojib ocu YHT; 7; — Temreparypa OKpyXaroluXx Te
(momnmoxkm); L — mmHa YHT; R(T)/L — snexrpu-
YecKOe COINPOTUBJICHUE eAruHULbI IMHbl YHT; n —
KO3 GUIUEHT CEpOCTU TeIuioBoro manydeHuss YHT
(n < 1), B HaleM ciay4ae npyuHUMaCs paBHbIM 0,9;
c = 5,67 1078 BT/(M2 . K4) — mnoctostHHast Creda-
Ha—bonblmana; I — Tok, npotekamiuii yepe3 YHT
(3MMCCUOHHBIA TOK).

I'paHnvHbBIE YCIOBUSI Uk ypaBHEHUsI (3) MMEIOT BUL

dI(L) — (4)
dx

B pa6orte [12] ObUIO MOJYyYEHO aHAIUTUYECKOE pe-
1IeHue ypaBHeHUs (3) B cllyyae OTCYTCTBMSI paauvaliy-

T0) = Tpy;




Puc. 4. 3aBucCHMOCTb TeMIIEPATypPbI eperpesa IMUTHPYIONIETO KOHIIA
YHT ot nporekatomero Toka qyisi YHT pa3noii jomnst: / — 0,5 MxMm;
2— 1,0 MmxMm; 3 — 1,5 MmxMm; 4 — 2,0 mxm; 5 — 4,0 MKM

Fig. 4. Dependence of the overheat temperature of the emitting end of
CNT on the flowing current for CNTs of different lengths: 1 — 0.5 um;
2—1.0um; 3 — 1.5 um; 4 — 2.0 um; 5 — 4.0 um

OHHOTO OXJIAXXIEHUS Y MPHU YCJIOBUHU, YTO KOIDDULIM-
€HT TEeTUIOTIPOBOIHOCTH A, a TAKXKe COMPOTUBIeHNE R
HAHOTPYOKM HE 3aBUCST OT TeMnepatypbl. OMHAKO 115
VHT umeer mecTo TeMmepaTypHasi 3aBUCUMOCTb A U R,
MMO3TOMY Pe3yJIbTaThl paboThI [12] HYKHO paccMaTpu-
BaTbh Kak MpuOauxeHHble. [Ipy BbICOKMX TeMmepaTy-
pax B CWJTy aHTapMOHM3Ma JUTMHHOBOJIHOBBIX KoJie0a-
HUM W APYTUX MPUUYMH TEIUIONPOBOAHOCTh TBEPIOIO
TeJia yobIBaet 1o 3akoHy 1/7, a umeHHo [15]:

—_+ 0
A XOT, %)
roe ® — temrieparypa ebast. Daeprust poHoHa Jlebas
yrIepoaHbIX HaHOTPYOOK paBHa 0,103 3B [16]. Coort-
BETCTBeHHO, TeMrnepatypa Jedas ©® = 1190 K. UmeH-
HO 3Ta 3aBUCHMOCTh TOMUHHUPYET B 00JACTH BBICOKMX
TeMIiepaTyp, KOraa BO3MOXXKHO BO3HUKHOBEHUE TEPMO-
BNIEKTPOHHOM sMuccuu. [loaromMy mist pacyeTa pa3o-
rpeBa HAaHOTPYOKM ObLIa BhIOpaHa MOJEJb, IIPpeaCcTaB-
JIeHHas1 B pabdote [15].

s oLIeHKW TeMIIepaTypbl SMATHPYIOIIETO KOHIIA
VHT uyucieHHO pellianoch ypaBHEHUE TEIUIOIIPOBO-
HocTH (3) ¢ TpaHUYHBIMU YCIOBUSIMU (4) ¢ TeMmepa-
TYPHOI1 3aBUCUMOCTBIO KO3¢(HULIMEHTA TEIIOIIPOBOI -
HocTu Buaa (5). 3HaueHUs1 TTapaMeTpOB ObUIU Cledy-
rowmmu: Ay = 140 Br/(m - K), ©® = 1190 K. Breunwii
(r = 20 HM) 1 BHYTpeHHMUIA (ry = 15 HM) paauychl oI-
peneNsINCh B pe3yJbTaTe M3MEPEeHUS C ITOMOIIBIO
MPOCBEUMBAIOIIETO 3JIEKTPOHHOIO MUKpocKorna. JauHa
HaHOTPYOKM TIpU pacyeTax TemIlepaTyphbl BapbHpOBa-
nack oT 0,5 mo 4 Mmxm. TemnepaTypa X0I0IHOTO KOHIIA
HaHOTPYOKM, KOHTaKTUPYIOILIETO C ITOMJIOKKOM, TPH-
Humanach pasHoit 7, = 300 K. IIpu BbIOpaHHBIX 3HA-
YeHUAX Ag U © B nHTepBase Temnepatyp 200...3000 K

KO3(pPULIMEHT TEIUIOIPOBOAHOCTU A JIEXKUT B IIpelie-
nax 830...55 Br/(M* K). OT0 cOOTBeTCTBYyeT JuTepa-
TYPHBIM JTaHHBIM, COTJIACHO KOTOPBIM A MOXET MU3Me-
Harbest ot 3000 oo 25 Bt/(Mm -« K) [8].

VYpaBHeHue (3) pemiajgoch Al pa3IdUHbIX 3HaUe-
HUWIA TOKa [, ¥ TeM caMBIM MOJIydajiach 3aBUCUMOCTD
T=f(I), tne T— TemnepaTypa SMUTUPYIOLIETO KOHIIA
(puc. 4).

Ha stom prcyHKe TIpoBeicHO COITOCTaBICHHE TOY-
HOTO pellleHus1 ypaBHeHUs (3) ¢ MpUOJIMXKEHHbBIM aHa-
JIATHYECKUM pEeIIeHUEM, TTOJydeHHBIM TIPU yCIOBUM
OTCYTCTBUSI PaIMallMOHHOTO OXJIAXICHUS W TI0CTO-
STHCTBAa KO3 PUIIMEHTA TEIUIOTIPOBOIHOCTH:

_I'R

L) — T ZXSL' 6)
YrpoleHHOe pellieHre SBISIeTCS CITPaBeUTMBEIM
MpW MaJbIX TeMmIlepaTypax IleperpeBa KOHIIA HaHO-
TpyOKkHu, korga neperpeB He mnpesbiaer 100 K. Tou-
HOE YHCJIEHHOE pellleHre TOJIKHO OBITh MCIIOJIB30Ba-
HO, KOTJla MeperpeB MpeBhIIIaeT 3T0 3HaYeHre. Pasm-
yye pe3yabTaToOB 3TUX IBYX IMOIXOAOB B MEPBYIO OYe-
peab ompenessieTcs TeMmIlepaTypHOH 3aBHMCHUMOCTBIO
Ko pULMEHTa TeIIoNpoBoAHOCTU (5). DTOT KO3(h-
(uLeHT cTouT B 3HaMeHarese hopMyJibl JJIs1 pacyeTa
TeMIiepaTyphl meperpeBa. Korma oH yMeHbIIIaeTcs, Tie-
perpeB yBeauuuBaercs. TemmepaTypa neperpesa pac-
TET TIPOITOPIIMOHANIBHO KBaApaTy TOKa SMUCCHHU. DTa
BEJIMYMHA CTAHOBUTCS 3HAYUTEIHLHOM IIPU TOKAX Yyepes
ONMHOYHYI0O HAHOTPYOKY TOpsIKa eIUHULl MUKPOAM-
nepa. B aToii 061acTy MOTYT MOSIBISTHCS TOKM TEPMO-

3JIEKTPOHHON 3MUCCHUMU.

O0cyxaenue pe3yabTaTOB

DekTpuyeckasi cxema IpOTEKaHUsSI TOKOB Ipel-
cTapyiieHa Ha puc. 2. B cooTBeTcTBUU C 3TOI cxemoli
TOK 3MHCCUU CKJIAABIBACTCS M3 ABTORJICKTPOHHON U
TEPMO3JICKTPOHHON COCTaBIISIIOIINX. DTOT TOK TIpe.-
craBjieH KpuBoil 3 Ha puc. 3. Tok AD npeacrasjicH Ha
3TOM PHUCYHKEe KpUBOi#l 2. OUeBUIHO, YTO IMPH MAKCH-
MAaJIbHOM 3HAUYEHWU HAIPsSDKeHUsI, TIPU KOTOPOM Ha-
YMHAETCS yY4aCTOK OTPUILIATEIILHOTO COIPOTUBJICHMUS,
TOKH aBTO3JIEKTPOHHOM U TEPMOBJIEKTPOHHOU 3MUC-
CHU IIPUMEPHO paBHBI. JJadbHEUIINUI pOoCT TOKa 00yc-
JIOBJIEH TEPMOXJIEKTPOHHOM COCTaBIISIIOlIEi, a aBTO-
BJIEKTPOHHBIN TOK YMEHBILIAETCSI, U3MEHSISICh TIPU 3TOM
MO KpUBOH 2.

Takum o06pa3oM, y4yacTOK OTPULATEBHOTO CO-
MPOTUBJICHUS BOJbT-aMIIEPHOI XapaKTePUCTUKU (CM.
puc. 3) oOyCJIOBJIEH TEM, YTO TOK TEPMO3JIEKTPOHHOM
SMUCCHM TIpeobIIagaeT Hajl aBTO3JIEKTPOHHBIM TOKOM.
[Ipu 3TOM KOHEII HAHOTPYOKHM YK€ TeperpeT A0 TaKok
CTEIEeHM, YTO OHA MOXET pa3pyluatbcs. HampsokeHue
U TOK, MPU KOTOPOM HAUYMHAETCSI YYaCTOK OTpUIIa-
TEJIbHOTO COIIPOTUBIIEHMSI, MOXHO CUMTATh IpaHUY-
HbIMU. Kak TOJIBKO CyMMAapHBIl TOK MpPEBBILLIAET 3TO
3HauUeHUE, SMUCCUSI CTAHOBUTCSI HECTAOMILHOM U Ha-
YUHAIOTCS MPOLECChl Aerpagaliuu.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 1, 2018 13



BaxxHo mpoBecTM OLIEHKY YCJIOBUA, TIPU KOTOPBIX
BO3MOXHA JIerpajaliys SMUCCUOHHbBIX TOKOB. CylliecT-
BYET YCJIOBHasl I'paHUIlAa TOKa, MPEBbILLIEHUE KOTOPOM
BBI3BIBAET OBICTPBIM MEPErpeB KOHIIA HAHOTPYOKU U
nerpagauuio smuccun. Ha caMoil rpaHulie MOJHBIA
TOK paBEH CyMMe€ TOKOB aBTO3JIEKTPOHHOU U TEpPMO-
3JIEKTPOHHOM amuccuii: I = Ipp+ I4p. B nanbueiiniem
npeobiagaeT TepMOd3JIeKTPOHHBIN TOK. [ToaTOMY B Ka-
YECTBE YCJIOBUS CMEHBI MEXaHU3Ma 3MUCCUU MOXHO
BBIOpATh paBEHCTBO TOKOB [ = I pumn [pp(T) = 1/2.
DTO ycaoBUE MO3BOJSIET OLEHUTb TIeOMeTpUuYecKue
pa3Mepbl YIJepoaHbIX HAHOTPYOOK KaToma Mpu (uK-
CUPOBAHHOM 3HAYE€HUU MPOTEKAIOIIETO TOKA, MPU KO-
TOPOM HAUMHAETCSI UX Pa3orpes.

Temneparypa pa3orpeBa KOHIA YIJIEPOAHOU Ha-
HOTPYOKM OIpeaesseTcss TOKOM TepMO3JIEKTPOHHOM
amuccuu (I7g) U reoMETpUYECKMMU Pa3MepaMu Ha-
HOTPYOKM, KOTOPbIE B KOHEUHOM UTOTE OMPENEISIIOT U
€e 2JIEKTpUYECKOe COIpoTHUBIeHME. i1 mpubIn3u-
TEJbHOW OLIEHKU TeMIIepaTyphbl Neperpena 10CTaTOYHO
OrpaHNYMUTLCSA hopMmyoii (6), KoTopasi, Kak MOKa3bl-
BalOT pe3yJbTaThl TOYHOTO pacyera, MPUBEACHHbIE HA
puc. 4, gBasoTCsl Xopollei annpokcumauueir. Co-
MPOTUBJEHUE HAHOTPYOKU OLICHUM MO (hopmynam

L S
R=p5. p=Rop!. (M

roe S = Tc(r2 - ré) — TJIOLIAAb MOIMEpPEeYHOro ceye-
Hus YHT. U3 skcriepuMeHTOB ObLIO BBIYMCIEHO:
Ry =10 MOM, S = 5,5:10% um?, Ly = 2,36 MKM,
p=2,33" 1073 Om - m. BoipaxkeHue 1j1s1 ToOKa TepMO-
9JIEKTPOHHON 3MMCCHUM MMEET BUI

4nm*

Irg = SCNT# (KT)%exp [*];(P—TJ : ®)
rae Senr = 2nr? — oA AMUTHUPYIOLLIEH TTOBEepPX-
Hoctu YHT (molanb moBepXHOCTH ToJychepsl); » —
BHeurHui paguyc YHT, my = 0,3my — spdexrusHas
Macca snexkrtpoHa B YHT; my — macca ¢BoOOIHOIO
9JIEKTpOHA; i — mocrosiHHas IlnaHka; k — TmocTostH-
Has boabiMaHa; T — abcomoTHas TeMmIiepaTypa; e —
3JIEMEHTAPHBIN 3apsl; &) — SIEKTPUYECKas MOCTOSH-
Has; ¢ — pabota Bbixonaa asekTpoHa u3 YHT. B BbI-
paxeHuU (8) He yYUTHIBAETCS MOHMXKEHHUE BBICOTHI Oa-
pbepa aaekTpuyeckum mojeMm (3hdekt IlorTkn).

VYcinoBHas rpaHulia iepexoja CTaOUILHOTO Mpoliec-
ca B HeCTaOWIbHbIN BeuuciseTcst u3 popmyn (7) u (8):

1y Zexp| - —2
5 1= SenrA(T(L)) exp[ kT(L)] ©)

IMoacrapnss (6) B (9), nmonydaem

2, 2\2
gl- =2A(TO+LP-LEJ exp| — ——L—— |.(10)
CNT 208 k{TO+I ELJ
WS
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Puc. 5. Cemeiicto 3aBucumocreii S(L), aas koropoix I7p(T) = 1/2.
3navenns Toka I: /| — 2 MKA, 2 — 3 MKA, 3 — 4 MKA, 4 — 5 MKA,
5 — 6 MKA, 6 — 7 MKA

Fig. 5. Family of dependences S(L), for which I7g(T) = I/2. Values of
current I: 1 —2uA, 2— 3 uA, 3—4puA, 4 — Sud, 5— 6 uA, 6 — 7 uA

®opwmyna (10) mo3BoisieT BBIUYUCIUTD TUIOLIAAb Ce-
YeHUs U JJIMHY, KOTOpble COOTBETCTBYIOT Hayaly Io-
ABJIEHUS TOKA TEPMOSJIEKTPOHHOI aMuccuu (I p) npu
3aJaHHOM 3Hauye€HWU TojHoro Toka I (puc. 5). BroT
PUCYHOK MpEICTaBsieT HEKOTOpble 00JacTU B MpO-
CTPaHCTBE IJMHA — IUIOIIAAL CEYEHMS YIJIEPOTHOM
HAHOTPYOKHU. DTO MPOCTPAHCTBO pa3aesieHO Ha obJac-
TU KPUBBIMU, KOTOPBIE PAaCCUMTAHbI IJIsI OMpeneaeH-
HBIX TOKOB. JIaHHbIE KpUBbIE OTPaXKalOT TPaHUILy, 3a
KOTOPOI HACTYIMAET PeXXUM TePMODJIEKTPOHHOI SMUC-
cuun u nerpagauun YHT. [Ing kaxnoit kpuBoid cripa-
BEIJIMBO YTBEPXKACHUE: €CIIU UTMHA HAHOTPYOKU OO0Jb-
1€, a IUIOIIaah MEHBIIE, TO MBI TIEPEXOINM TPaHUILY
U TornajgaeM B objacTh Aerpagaiuu. [Tpu oGpaTHBIX
COOTHOIICHUSIX MEXIY IapaMeTpaMu, a UMEHHO: JUTU-
Ha MeHbllle TPAaHUYHOM, a TJIoIaab O00Jbliie, momnaaa-
€M B 00J1aCTb CTaOUJIBHOCTH DMUCCHM.

3akiouyeHune

M3yyeHne sMIUCCUOHHBIX IPOLIECCOB C OJMHOYHOM
VHT nokasajo, 4To npu yBeJIUYEHUU TOKa IIPOUCXO-
JIUT pa3orpeB KOHILIA TPYOKM, SMUTHUPYIOLIETO DJICKT-
poHbl. B 3TOM cllydyae Hapsigy ¢ aBTO®MUCCHUOHHBIM
TOKOM TIOSIBJISIETCSI TOK TEPMO3JIEKTPOHHOI 3MUCCUM.
C yBenuueHUEM TOKa TemIlepaTypa reperpeBa yBelln-
YMBAETCSI, TOK OIPENe/sIeTCS IIPAKTUYECKHA TOJILKO
TepPMODJIEKTPOHHOI 3Muccueit. IIpu 3ToM cam mpo-
1IecC SMUCCUM CTAHOBUTCS HECTAOWIBLHBIM. Tak, TeM-
nepatypa neperpensa MoxeT npeBbicuTh 2000 °C, 1 Ha-
HOTpyOKa HayHEeT pa3pyllaThCsl.

g aHanmu3a 3TUX MPOLIECCOB B paboTe pazpaboTaH
aJITOPUTM, KOTOPBIM ONMpAETCS Ha YUCJICHHbBIE pacye-
TBl TOKA aBTORJICKTPOHHOM 3MUCCUM U TeMIEpaTyphl
neperpesa. IlokazaHo, 4YTo IIpu neperpeBe BO3HUKAET
Y4aCTOK OTPUILATEIIBHOTO CONpPOTUBIEHUS. B 3TOT
MOMEHT HayWlHaeT IpeodianaTh TePMOIJIEKTPOHHbII




TOK. BrIunciieHa cBsI3b MEXIy CUIOM TOKa, IJIMHOU 1
TUTOIAIbIO TIOTIEPEYHOTO CEYEHUS] HAHOTPYOKM, KOTO-
pasi TO3BOJIIET OLIEHUTb 00J1aCTH, TTPU KOTOPBIX MOTYT
pa3BUBATBLCS JErpajganusl Karoga U 3MUCCUS CTaHO-
BUTCY HEYCTOUYUBOIMA.

Paboma evinoanena npu noddepicke Munucmepcmea
obpaszosanus u Hayku PD e pamxax npoepammor Tocy-
dapcmeeHHOll N000ePICKU HAYUHBIX UCCAe008aHUI.
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A carbon nanotube is heated, when an emission current flows through it, increasing the share of the thermionic current in com-
parison with the field emission current. The article presents an analysis of the temperature rise of a single carbon nanotube and the
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Introduction

The number of the works devoted to studying of the field
emission and its applications is growing [1]. The diameter of
the nanotubes is considerably less than their length, owing to
which there is an important strengthening of the electric field
at the end of the nanotube, which promotes emission of elec-
trons. The first message concerning a possibility of occurrence
of the field emission in the carbon nanotubes appeared in [2].
This phenomenon made the basis for a number of applications,
important from the practical point of view: flat screens of mon-
itors [3], tiny x-ray tubes [4], light-emitting devices [5], tiny
vacuum lamps [6], and amplifiers of the terahertz range [7].

As a rule, the volt-ampere characteristic (VAC) of the cold
cathode in the section of the prevaling field emission current
is described by Fowler-Nordheim formula [8]. A detailed
analysis of this model and its transition to the area of the ther-
mionic emission is done in [9]. Calculations of the current of
the field emission (FE) for the carbon nanotubes are present-
ed, for example, in [10]. The Fowler-Nordheim dependence
itself in a convenient form looks like the following [11]

3.2 32
J= _¢€ Ez exp( 875@@17 9()’)) , )
8nhot (y) e

where (y) = 1+ 0,1107y"33%; 6(y) = 1 — y16%; y = € | €E
¢ N4dmeg

m — mass of an electron (kg); e — elementary charge (C),

g9 — electric constant (F/m), A — Planck constant (J - s), £ —

intensity of the electric field (V/m), ¢ — work function of an

electron (J), J — density of current of FE (A/m?), #(y) and
0(y) — weakly changing functions, which, when formula (1)
is compared with the experimental data, can be assumed as
equal to one without an error increase in the definition of the
work function. If we neglect the weak power dependence of
functions #(y) and 6(y) by assuming that #y) ~ 1 and 0(y) = 1,
then, after substitution of all the constants and transfer of the
work function into eV we will get the following expression:

2 9 32
J= 1,54-10_6%exp(76’83'}50 ). ©)

In which [¢] = eV, [E] = V/m, [J] = A/mz.

During research of FE it was discovered, that the emitting
end of the nanotube was warmed up during the flow of the
emission current, and its temperature was proportional to the
square of the density of the current [12]. Heating of the na-
notube leads to appearance of the currents of the thermionic
emission, which can be big at a high density of the current and
even surpass the currents of the field emission. Besides, the
nanotube has a certain resistance, which brings a certain con-
tribution to VAC, assuming a part of the voltage, when the
densities are high. Thus the experimenters, who determine the
work function using only the Fowler-Nordheim dependence,
make two system mistakes: they ignore, firstly, the thermoionic
emission, and, secondly, — a voltage drop in the nanotube.

The given work presents experimental studies of the emis-
sion currents of a single carbon nanotube in a wide range of
the current densities, the discovered deviations of VAC from
the Fowler-Nordheim dependence, the calculations of the
heating temperature of the nanotube, analysis of the condi-
tions, when the nanotube’s resistance and the current of the
thermoionic emission have a considerable influence on VAC,
and also an algorithm for calculation of the parameters of a
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carbon nanotube, namely, of the electric resistance, and the
dependence of the heating temperature of the nanotube on
the strength of the current.

Experimental results

Carbon nanotubes (CNT) were grown by the method of
chemical deposition (CVD) from the gas phase on a silicon
substrate, on which a catalyst from a two-layer metal film was
deposited: titanium — 10 nm and nickel — 2 nm. The catalyst
was covered by the silicon oxide, in which windows were
opened with diameter of 0.7 um. The growth of CNT was car-
ried out in CVD mode in a flow of acetylene with addition of
ammonia in relation 3:1. The synthesis temperature was 600 °C.
The results of the growth were single multiwall carbon nan-
otubes with the height of 2...3 um (fig. 1).

The measurements were done in high vacuum in the cham-
ber of the two-beam FEI Helios NanoLab 650i system. For
VAC measurements on a direct current the programmed two-
channel source-measuring instrument Source Meter 2634B
from Keithley Company was applied. The given instrument
was optimized for measurements of the low-current signals up
to 10715 A and equipped with special screened triaxial outlets
with the function of compensation for the super low currents.
Experimental VAC of emission current of a single multiwall na-
notube (fig. 2) was the initial version for the further processing.

The insert to fig. 2 presents an electric circuit, in which the
emission current flows. This current has two components:
field and thermionic ones, at that, each process is character-
ized by its nonlinear resistance (R,gand Rpp). The total volt-
age applied to circuit (U) is a sum of the voltages, one of
which is the resistance of the nanotube (Up), while the other
one is the non-linear resistance of the emitting end of the na-
notube (Ug).

The given circuit dictates the following precedence rule.

1. FE current is calculated (the calculation is presented in
[13]). At that, the work function is selected so [14] that the
field current coincides with the initial site of the experimental
volt-ampere characteristic (fig. 2).

2. A deviation of the experiment from the calculation is
due to the voltage drop on the carbon nanotube. This voltage
drop is calculated as the difference between the experimental
and calculated values of the emission current, which gives
VAC of the carbon nanotube itself and a possibility of defi-
nition of its resistance. We subtract the voltage drop from the
total volt-ampere characteristic on its resistance and we get a
transformed characteristic (fig. 3). In the figure it is visible,
that we have an occurrence of a site with a negative resistance,
which is due to the warming up of the end of the nanotube
and action of the phenomenon of the thermionic emission.
Thus, when the end of the tube is heated up to a certain crit-
ical temperature the current of the thermionic emission ap-
pears, and the voltage on the emitting end (Ug) drops. At the
same time FE current (curve 2) also decreases. Thus, at the
increase of the density of the current its thermionic compo-
nent dominates, and also the warming up of the end of the
tube continues. The temperature of the end of the tube grows
and can reach several thousand degrees. Such a temperature
of the nanotube leads to its destruction, and the emission cur-
rent degrades. The phenomenon of degradation itself is con-
nected with overheating of the nanotube. Below the calcula-
tions are presented, necessary to reveal the conditions, at
which the emission process will be stable.




Calculation of the temperature of heating of the end
of a single carbon nanotube

A nanotube is heated, when an electric current flows
through it. Its temperature is not identical on its two ends. It
is assumed that the end of the nanotube, which contacts the
substrate, is not heated, and its temperature remains equal to
the ambient temperature. The temperature of the opposite end
is calculated in accordance with the equation of heat conduc-
tivity taking into account the radiation cooling and allocation
of warmth, which is caused by the flow of the current [12]:

d dT o — 4 THadx +
sZ (x(z) dx) dx — 2nmo(T* — Tdx
+ 12¥) dx =0, 3)

where § = rc(r2 — ré) — area of CNT cross section, » — ex-
ternal radius of CNT, 1, — internal radius of CNT, A(T) — co-
efficient of heat conductivity along CNT axis, 7= T(x) — tem-
perature along CNT axis, 7; — temperature of the surrounding
bodies (substrate), L — length of CNT, R(7)/L — electric re-
sistance of a unit of length of CNT, n — coefficient of grey-
ness of the thermal radiation of CNT (n < 1), in our case it
was assumed as equal to 0.9, ¢ = 5,67 1078 BT/(M2 . K4) —
Stefan-Boltzmann constant, / — current flowing through
CNT (emission current).

The boundary conditions for the equation (3) look like the
following:

no =71y 4L =, 4)

In [12] we got an analytical solution to equation (3) in
case of absence of the radiation cooling and the condition that
heat conductivity coefficient A, and also resistance R of the
nanotube do not depend on temperature. However, for CNT
there is a temperature dependence of A and R, therefore the
results of the work should be considered as approximate. At
high temperatures due to anharmonicity of the long-wave fluc-
tuations and other reasons the heat conductivity of a solid body
decreases according to the following law of 1/7, namely [15]:

A=23, 5)

where ® — Debye temperature. The energy of Debye phonon
of the carbon nanotubes equals to 0.103 eV [16]. Accordingly,
Debye temperature is ® = 1190 K. Exactly this dependence
dominates in the field of high temperatures, when occurrence of
a thermionic emission is possible. Therefore, for calculation of
heating of a nanotube we selected the model presented in [14].

For estimation of the temperature of the emitting end of
CNT the equation of heat conductivity (3) was numerically
solved with the boundary conditions (4) with the tempera-
ture dependence of the coefficient of conductivity of the
kind (5). The values of the parameters were the following:
Lo = 140 W/(m - K), ® = 1190 K. The external (» = 20 nm)
and internal (7, = 15 nm) radiuses were determined as a result
of measurement by means of a transmission electron micro-
scope. During the calculations of temperature the length of the
nanotube varied from 0.5 up to 4 um. The temperature of the
cold end of the nanotube, contacting with the substrate, was as-
sumed as equal to 7y = 300 K. At the selected values of A, and
® in the range of temperatures of 200...3000 K the coefficient
of heat conductivity is within the limits of 830...55 W/(m * K).

This corresponds to the literature data, according to which A
can vary from 3000 up to 25 W/(m - K) [8].

The equation (3) was solved for various values of current /,
and, thus, the dependence 7= f(/) was obtained, where 7 —
temperature of the emitting end (fig. 4).

In the figure a comparison is presented of the accurate so-
lution of the equation (3) with the approximated analytical
solution received under condition of absence of the radiation
cooling and constancy of the coefficient of heat conductivity:

_I'R

) — T, S L. (6)
The simplified solution is fair for the low temperatures of
overheating of the end of the nanotube, when the temperature
does not exceed 100 K. The accurate numerical solution
should be used, when the overheat exceeds this limit. The dif-
ference in the results of these approaches, first of all, is defined
by the temperature dependence of the coefficient of heat con-
ductivity (5). This coefficient is in the denominator of the for-
mula for calculation of the overheat temperature. When it de-
creases, the overheat increases. The overheat temperature grows
proportionally to the square of the current of emission. This val-
ue becomes considerable at the value of the currents flowing
through a single nanotube of about units of a microampere. In

this area currents of the thermionic emission may appear.

Discussion of the results

The electric circuit of the flow of the currents is presented
in fig. 2. According to this circuit the emission current con-
sists of the field and thermionic components. This current is
presented by curve 3 in fig. 3. In this figure FE current is pre-
sented by curve 2. It is obvious that at the maximal value of
the voltage, at which the section of the negative resistance be-
gins, the currents of the field and thermionic emissions are
roughly equal. The further growth of the current is determined
by the thermionic component, while the field current de-
creases, thus changing by curve 2.

Thus, the site of the negative resistance of VAC (see fig. 3)
is determined by the fact that the current of the thermionic
emission prevails over the field current. At that, the end of the
nanotube is already overheated to such a degree, that it may
collapse. The voltage and the current, at which the site of the
negative resistance begins, can be considered as the boundary
ones. As soon as the total current exceeds this value, the emis-
sion becomes unstable and the degradation processes begin.

It is important to estimate the conditions, at which a
degradation of the emission currents is possible. There is a
conditional boundary of the current, the excess of which
causes a fast overheat of the end of the nanotube and deg-
radation of emission. On the border itself the full current is
equal to the sum of the currents of the field and thermionic
emissions /= I+ 145 Subsequently the thermionic current
prevails. Therefore, as a condition for a change of the emis-
sion mechanism it is possible to choose equality of currents
17p(T) = I por Ipg(T) = 1/2. This condition allows us to es-
timate the geometrical sizes of the carbon nanotubes of the
cathode at a fixed value of the flowing current, at which their
warming up begins.

The temperature of heating of the end of CNT is defined
by the current of the thermionic emission (/75) and the ge-
ometrical sizes of the nanotube, which in the long run also de-
termine its electric resistance. For a rough estimate of the
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temperature of overheating it is enough to use formula (6),
which, as the results of the accurate calculation presented in
fig. 4 show, provides a good approximation. We will estimate
the resistance of the nanotube under the following formulas:

L hY
R=p§a p= L_(()]s

(7)

where §'= rc(r2 - ré ) — area of the cross section of CNT. The

following was calculated from the experiments: Ry = 10 MQ,

Sy =5.5-10> nm?, Ly =2.36 ym, p =2.33- 107> Q- m. The

expression for the current of the thermionic emission looks
like the following:

4nm;

Irg= Scnr e .

(kT')zexp [_%} , (8

where Senr = 2nr? — area of the emitting surface of CNT
(area of the surface of a hemisphere), » — external radius of
CNT, mj, = 0,3m — effective mass of an electron in CNT,
my — mass of a free electron, & — Planck constant, X —
Boltzmann constant, 7'— absolute temperature, e — elemen-
tary charge, &, — electric constant, ¢ — work function of an
electron from CNT. The expression (8) does not take into ac-
count lowering of the height of the barrier by the electric field
(Schottky effect).

The conditional border of the transition of a stable process
into an unstable one is calculated in accordance with formulas
(7) and (8):

31= ScarATL)exp| -7 . )

By substituting (6) in (9), we get

)i Pol?)
CNT 208
k[ T, + I__R__LJ
208

Formula (10) allows us to calculate the area of section and
the length, which correspond to the beginning of appearance
of the current of the thermionic emission (/7p) at a preset val-
ue of a full current 7 (fig. 5). This figure presents certain fields
in the space of the length — section area of CNT. This space
is divided into areas by curves, which were calculated for cer-
tain currents. The given curves reflect the border, beyond
which there is a mode of the thermionic emission and deg-
radation of CNT. For each curve the following statement is
fair: if the length of a nanotube is more, and the area is less,
we cross the border and get into the degradation area. At the
reverse correlations between the parameters, namely: the
length is less than the boundary one, and the area is more, we
get into the area of stability of emission.

Conclusion

Studying of the emission processes with a single CNT dem-
onstrated that an increase of the current causes warming up of
the end of the tube emitting the electrons. In this case alongside
with the autoemission current a current of thermionic emission
appears. With an increase of the current the overheat temper-
ature increases, the current is determined practically only by the
thermionic emission. At that, the process itself of the emission
becomes unstable. So, the overheat temperature can exceed
2000 °C, and the nanotube will start to collapse.
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For analysis of these processes an algorithm was developed,
relying on the numerical calculations of the current of the field
emission and the overheat temperature. It was demonstrated
that overheating caused an appearance of a site of a negative re-
sistance. At that moment the thermionic current began to pre-
vail. A bond between the force of the current, the length and the
area of cross-section of the nanotube was calculated, which al-
lowed to estimate the areas in which a degradation of the cath-
ode could develop and the emission would become unstable.

The work was done with support of the Ministry of Education
and Science of the Russian Federation within the framework of
the program of the State Support for Scientific Researches.
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Paccmompensr omdenvHovle xapakmepucmuku oxcuda eepmarus (I1) (Morookcud eepmanus), memoost ocaxcoerus, 06pabomxu
u moougpuxayuu. IIoKa3aHbl HA KOHKPeMHbIX NPUMEPAX B03MONCHbIe HANPABACHUS UX NPUMEHEHUS 6 PA3AUMHbIX npoyeccax gop-

MUPOBAHUA SNEMEHMOE MUKDPO- U HAHO31€KMPOHHbIX ycmpodcme.

Karoueeuvie caosa: eepmanuﬁ, MOHOOKCUD cepmaHus, mpaeneHue, KOHmaKkmHasa macka Moduqbuuupoeahue, HAHOKpucmanii, Ha-

HOKaacmep

Bsenenue

KpeMHuii siBisieTcss OCHOBHBIM MaTepUaJIOM COB-
PEeMEHHON 3JIEKTPOHUKU: Ha €ro OCHOBE M3rOTaBIM-
BatoTcs 95 % wHTErpajbHBIX cxeM U cBbiie 90 % mo-
JIyITPOBOJIHUKOBBIX TPUOOPOB U YCTPOUCTB. Pazputne
TEXHOJIOTMU MOJIYIPOBOAHUKOBBIX UHTEIPATbHBIX CXEM
B 3HAYMTEIBbHONM Mepe 00s13aHO TOMY (pakTy, YTO Ha
MOBEPXHOCTU KPEMHUSI MOXET OBbITh MOJYYEH TEPMU-
YEeCKMM OKHCJIEHUEM YCTOWYMBBIM MHOIOMYHKIIMO-
HaJIbHBIN OKCUA—INOKCUI KPeMHUSI, TIJIEeHKA KOTOPO-
ro MpUIoAHa KakK IJIsl OUDJIEKTPUYECKOM H3OJSIUU
3JIEMEHTOB CX€M, TaK W JJISI MaCKMpPOBAHUS B MpO-
neccax autorpaduu, auddy3uu, MOHHONH MMIUIAHTA-
MU ¥ TEPMOKOMITPECCHOHHOTO COCIMHEHMS TTOIJIO-
KeK (00oHIuHr). AHanornuHblii nuokeun (GeO,, ok-
cun repmanusa (IV)) Ha MOBEpXHOCTH IepMaHUsSI He
o0agaeT TakKMMU YHUKaJbHBIMU cBoMcTBamu [1, 2].
B mocnegHue rompl, oqHAaKO, MPEANIPUHUMAIOTCS MO-
MbITKKM (OPMUPOBAaHUS MO TUIAHAPHOK TEXHOJOIMU
TPaH3MCTOPOB C U3OJISILIMEN 3aTBOpA IJIEHKAMU Ha OC-
HOBE OKCUIOB repmanus [3].

Oxcun repmanus (IV) ucronb3yeTcss B OCHOBHOM B
KayecTBe ONTUYECKOIro MaTepuaa ISl CO3AaHus 11Iu-
POKOYTOJIbHBIX OOBEKTMBOB M B JIMH3aX OOBEKTHUBOB
ONTUYECKHX MUKPOCKOIIOB; ITpo3padyeH B MH(Ppakpac-
HOM AuarnasoHe criekrpa. CMech IMOKCUAa KPEMHUS U
ITUOKCHIA TepMaHUSI MCIOIB3YeTCS B Ka4eCTBE Mare-
pyana Ijisl ONTUYeCKUX BOJIOKOH [4]. Anokcua repMa-
HUS TIO3BOJISIET 3aMEHUTh JUOKCHU TUTaHA B Ka4eCTBE
JIETUPYIOLIEH MPUMECHU, YTO MUCKIIOYaeT HeoOXOoau-
MOCTb B MOCJIEAYIOllIEe TepMUUEeCKOK 00paboTKe, KO-
TOpas AejaeT BOJIOKHO XPYIIKUM [5].

Oxcua repmanus (IV) sBiasieTcs: MpoMeXXyTOUHbBIM
MPOAYKTOM IPU MPOU3BOJACTBE YUCTOTO repMaHusl U

€ro COeIMHEHUI, a TakXke MCIIONb3yeTCs] B KauyecTBe
KaTajM3aTropa MNpU TPOM3BOACTBE MOJMAITUICHTEPE-
dranoBoii cMobI [6].

ITneHku MoHOOKCcHAA repMaHus (OKCHIA TepMaHUsI
(IT)) HauwM cBOE MPUMEHEHKE B KOHCTPYKIIMSIX U CIO-
cobax 00pabOTKU 3JIEMEHTOB 3JIEKTPOHHOM TEXHUKM.

DJIEMEHTbl CTPYKTYP H3JEJIHii JIEKTPOHHONH TEXHUKH

B oTedecTBeHHOI 3JIeKTPOHNUKE MOHOOKCHT TepMa-
HMSI HayaJIM IIPUMEHSTD ¢ cepelrHbl 60-X rog0B B Ka-
YeCTBE AMBJICKTPUKA TOHKOIIEHOYHBIX KOHIEHCATO-
poB [7]. KonaeHcaTopHbie cTpyKTyphl Al—GeO—Al
npu ToiauwuHe nusjaektpuka 0,9...1,0 MKM umelor
yaesnbHy0 eMKoctb 107 d « cM™ 2, TaHTeHC yIiia -
anekTpryecknx morepb B npeaenax 0,001...0,006 (Ha
yactore 1kI'1), mpeneabHYyIO HaNpPSIKEHHOCTh 2JIEKT-
puueckoro mois (0,6...1,2) - 10° B - cm™ L. Mnenku mo-
HOOKCHIA TepPMaHMS TTOJIy4aoT B OCHOBHOM METOIOM
TEPMUUYECKOI0 UCHApeHUs B BaKyyMe MpU TeMIlepaTy-
pe nomtoxku rmopsaka 473 K 1 cKkopocTsx ocaxkaeHust
1..10 M- ¢ L.

ITo cpaBHeHUI0O ¢ MOHOOKCcHUAOM KpeMHHUs (SiO)
MOHOOKCH[ TepPMaHUsI XapaKTepu3yeTcs 6osiee HU3KOM
temneparypoit ucnaperus (1000...1150 K), uro cHu-
JKaeT BEPOSITHOCTb 3arpsi3HEHMs IUIEHKU B Mpoliecce
ocaxeHusl, a TakKe O0JIbllei TU3IeKTPUIECKOM Ipo-
HULAEMOCTBIO (6Goo = 10...12; gg;0 = 5...6,8) 1 BABOE
MEHBIIIMM pabOYMM HaIpsDKeHWEeM KOHIEHCATOPHBIX
CTPYKTYp TIPpY OAWHAKOBEIX TOJIIMHAX ITW3JICKTPUKA
[8]. B xoHmeHcaTopax c¢ auanekTtpukom SiO/GeO
yOaeTcs YBEJIWYUTh 3HAUYCHUs paboumMX HaTIpsSKeHUH
[9, 10]. ITpu ucnosb30BaHUU CYIEPMHOTOCIONHBIX
IUDJIEKTPUKOB, COCTOSIINX M3 HECKOJNBKUX IECITKOB
yepenytoiuxcs cioeB SiO u GeO (¢ TONIMHON Kax-
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JIOTO CJIOSl MEHEe JIMHBI CBOOOIHOTO mpobera HOCH-
TeJel 3apsiga), 00ecreunBaJoCh YBEJIMUYEHUE DJIeKT-
pUYECKOM TMPOYHOCTU U YMEHBILIEHHUE BEpPOSTHOCTU
JIJABUHHOTO MPpo00s MO0 CpaBHEHUIO C OAHOCIONHBIMU
IuaJieKTpukamu [11].

Hamu uccienoBanuch KOHAEHCATOPHI C JABYXCIOM-
HbIM auanekTpukoM GeO/GeO. bblUIo yCcTaHOBIEHO,
YTO KOHAEHCATOPbl, U3TOTABIUBABIINECS C PA3PbIBOM
LIMKJIOB OCaXKIEHUS AUBJIEKTPUKA, UMETU MpeAebHYI0
HaNpPsEKEHHOCTD 3JIEKTpUYecKoro mmos B 1,5...1,6 pasa
BBILLIE MO CPABHEHMIO C OMHOCIONHBIM AUBJIEKTPUKOM.
DTO 00YCIIOBIECHO, TO-BUAMMOMY, TEM, UTO 00pa30oBa-
HME MOP BO BTOPOM CJIOE MPOUCXOJUT HE3aBUCUMO OT
HAJIMYMS TIOP B MPEABIAYIIEM CJIO€ U BEPOSTHOCTh 00-
pa3oBaHMsI CKBO3HOM MOPHI B IBYXCIOMHOM IMINEKT-
pUKe CHIXKAeTCH.

MoHOOKCcHI repMaHUs UCTIONb3YeTCs B KQUueCTBe 3a-
LIUTHOTO CJI0S1 TOHKOILJIEHOYHBIX 3JIEMEHTOB ILIAT rep-
METUYHBIX MUKPOCOOPOK [12] M M30aMpyIolero cios
MEXIy COCTaBHBIMU 3JIeMEeHTaMM KOHCTpyKimii [13].

[ns coznaHust OpUeHTAMOHHOTO MOPSIIKA B XKW -
kux kpuctauiax (XKK) npu ux HaHeceHUU Ha TTOAJI0X-
KW W3AEIUI 2JIEKTPOHHOM TEXHUKHU MPUMEHSIOT OK-
cunbl MeTasioB [14].Opuentanust mojiekys KK mpo-
HUCXOJUT 3a CUET MX B3aUMOJAEMCTBUS C MPOCTPAHCT-
BE€HHOM MEePUOAUYECKON MUKPOCTPYKTYPOM OKCHUIA,
c(hopMUPOBaHHOU B Mpoliecce HamblieHWs. Bo3aMox-
HOCTb MOJYYeHUSI OMHOPOIHO OPUEHTHPOBAHHBIX CJIO-
eB KK ¢ momo1ipio KOCOHaNbUIEHHBIX TIJIEHOK BIEp-
BBIC TTIOKa3aHa B padote [135]. [IpakTuueckoe 3HaYeHUE
atoro metona aist ZKKK-ycTpoiCTB CTUMYJIMPOBAJIO UC-
CJIeIOBaHUsI OCOOCHHOCTE SIBJICHUSI OpMEHTAIlMU, KO-
TOpbI€ OTHOCWJIMCH IJIaBHBIM 00pa3oM K IieHkam SiO
n GeO [15—17].

Hcnoan3oBanue IJIEHOK HA OCHOBE
MOHOOKCH/IA TepMaHusl B Ka4ecTBe MACKHPYIOLIEr0
Marepuaia npu (pOpMHPOBAHHHE IJEMEHTOB CXEM

IIpoGaema XMAKOCTHOIO XUMUYECKOrO TPaBJICHUS
IUIEHOK MOHOOKCH/IAa FfepMaHUsl HE BBIXOIUT 32 paMKU
3aa4y XMMUYECKO 0O0pabOTKM MOBEPXHOCTU Iepma-
Hus. Bo-nepBbIX, peajibHasi TOBEPXHOCTbh MOHOKPUC-
Tajjga TepMaHus MPeacTaBiIsieT cOO00il KOMITO3UIIMIO
Ge—GeO,—GeO [18]. Bo-BTOpBIX, TPaBIEHKUE repma-
HUSI IIPOMCXOIUT B JIBa 3Tafa, B MEPBOM U3 KOTOPBIX
IIPOMCXOIUT 00pa30BaHNe MOHOOKCHIA, a 3aTeM — -
OKCHJa TepMaHUsl C MOCIEIYIOLINM YAaJleHUeM TIpo-
nykToB peakuuu [19]. duns oOpaszoBaHUs pacTBOpHU-
MBIX B BOJIE KOMILIEKCOB OOBIYHO MCMOJb3YIOT aHUO-
Hbl F win ruapokcun — non (OH). B ponu okucnu-
Tes Hanbosee yacto npumensaor HNO5 u H,0, [20].
Hanpumep, B padote [21] npuBeneH TpaBUTEb IIJICH-
ku GeO cocrasa H;PO,:HNO5:H,0, = 6:3:4.

IIpu mpoBeneHUM 3KCIEPUMEHTOB MO TPaBJICHUIO
MOHOOKCHMIa TepMaHWs HaMM ObUIM MCIIOJIb30BaHbI
TpaBUTEIM Ha OCHOBE MEPEKVCU BOIOPOAa, TaK KaK MpU
HUX HKCIIOJIb30BAHUM MOXHO AOCTUYb MUHUMAJbHBIX
3arpsi3HeHUil obpabaThiBaeMoii moBepxHOcTU. CKO-
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pocTh TpaBiaeHuUs eHok GeO B TpaBuTele, comep-
xkaBuieM oaHy yactb H,O, u Tpu vactu 10...15 %-ro
pacTBopa KapOOHOBOI KHUCIOTHI (Hampumep, IaBe-
JIeBOIT), cocTaBisieT 4...5 MKM * MI/IH_l, a B pacTBOpeE
H,0,:NH,OH = 3:1 ckopocTb TpaBeHUs B 1Ba pasa
MEHbIIE, OHAKO ITPY 3TOM o0ecIeurBaeTcsi 0oJiee Bbl-
COKOE KayecTBO mpoliecca. TpaBieHUe B MEPEKUCHBIX
pacTtBopax npoBoauTcs mpu Temneparypax 308...313 K.
CreqyeT OTMETHUTh, UTO TIEPEeKNCHO-aMMUAYHEIE pac-
TBOPBHI OTHOCSITCSI K Hanboyiee 4acTO MCIOJIb3yeMBIM
CpelcTBaM T O0E3XKMPUBAHUS TTOBEPXHOCTU TOM-
Jnoxex [22].

OTHocuUTeIbHAs MPOCTOTAa HaHECeHUsT U 00paboTKU
meHok GeO Mo3BOJIUIM UCIOJIb30BATh UX B KAUECTBE
MacCKMpYIOIIETO MaTepuaia B Impolieccax (popMmpoBa-
HUS TIICHOYHBIX 3JIEMEHTOB. BrlepBble KOHTaKTHasI
Macka Ha ocHoBe GeO Obl1a IpuMeHeHa 1t GopMu-
pOBaHMSA KOHTAaKTHBIX OKOH B cjioe SiO TONIIMHOMN
1,5...2,5 MKM Ha I1aTax ¢ IBYXYPOBHEBOI allOMUHMU-
epoit Mertayumzauuein [23]. Cinou GeO ToJILIMHONK
6...8 MKM HAaHOCWIHM B BaKyyMe 1073 Ma co CKOPOCTBIO
8...10 HM - ¢~ !, Vianenue KOHTaKTHON MacKu IIPOBO-
IWJIOCh B TeX K€ pacTBopax, 4To W (hopMUpoBaHUE
3JIEMEHTOB MacKM. TOYHOCTb BBIITOJHEHUsS] KOHTAKT-
HBIX OKOH pasmepamu 0,25 %X 0,25 MM Obl1a HE XyXe
20 MKM OpU HEpPOBHOCTU Kpast 2...3 MKM.

Macku Ha ocHoBe GeO ToauHON 2...4 MKM MC-
MOJTB30BAINCh TIpU  (DOPMUPOBAHUM  PE3UCTUBHBIX
2J1IeMEHTOB KepMeTHOro tumna Al + Al,O3 Ha nomnox-
Kax u3 amomookcuaHoit kepamuku (BK-100) npu ee
o6ayueHnn noHamn H wim He™ ¢ aneprueit 80 koB
u po3ax (3...8) - 107 vion - cm 2 [24]. MuHuUMaIbHbBIN
pasMep Pe3UCTUBHBIX JIEeMEHTOB cocTaBisl 100 MM,
a yHIeIbHOE COIPOTUBJICHHWE PE3UCTHUBHOIO CIIOS —
2...200 kOM Ha KBafgpar.

B nensx ynpoliieHus BU3yaJbHOTO KOHTPOJS dJie-
MEHTOB TIpeIIoXKeHa KOHTaKTHas MacKa Ha OCHOBE
GeO + PbO. Beeaenue PbO B McCXOaHBIN cOCTaB UC-
mapsieMoro Matepuana B KonudecTse oT 15 1o 40 % mno
Macce MO3BOJIsIeT CHU3UTD €T0 CTOMMOCTD 1 B 2...3 pa-
3a IIOBBICUThb IOKa3aTelb KOHTPAacTHOCTU. BniOop
OKCHJa CBMHIIA B KaueCTBe MOAMPUIMPYIOIICH H0-
6aBku oOycioBiaeH Onu3koit Kk GeO Temmeparypoi
TJTABJICHUS ¥ aHAJIOTUYHOCTBIO COCTAaBOB TpaBUTEJIEH
OKCHUJIOB CBMHILIA U repMaHusi. CKOPOCTbh TpaBJICHMS
mwieHok GeO + PbO, ocaxmeHHBIX HpU CKOPOCTSIX
1,8...2,2 am-c ! u Temriepatype nomioxku 373 K,
6bi1a B 1,6...5 pa3 MeHblie, yeM 1id ieHok GeO, mo-
JIyUEHHBIX MPU aHAJIOTMYHBIX YCI0BUSX [25].

I'eTTepupoBanue npuMeceil B KpeMHHMEBBIX MOJI0XKKAX
€ MCNOJIb30BAHMEM IJIEHKM MOHOOKCHIA TepMaHMs

I'etTepupoBaHue — 3TO MPOLECC PACTBOPEHUS He-
JKelnaTeJbHBIX MpUMeceill ¢ X Iocaenytolein nugaoy-
3Mell W TpeuuIuTalMeil B CleuuagbHO CO3IaHHBIX
00J1acTSIX TUIACTUHBI (TeTTep), Ie OHU He OKa3bIBalOT
BPEIHOIO BAUSIHUS Ha paboTy nmpuboposB. Paznuuator
BHYTPEHHEe M BHEIlIHee reTrepupoBaHue. BHelHee




reTTepupoOBaHUE OOBIYHO OCYIIECTBIISIOT IYTEM CO-

3MaHUs BHEITHETO MEXaHWYECKOTO TeTTepa, OCaXIe-

HUS TUIEHOK Pa3JUYHOro TUMa MO0 MOHHON UMILIaH-

Talueil U Ja3epHBIM BO3IEHMCTBIEM Ha OOpaTHYIO CTO-

pOHY TIIACTUHHI [26, 27].

B nmocienHee BpeMsi MUHTEpEC K BHEIIHEMY TeTTe-
PUPOBAHUIO BO3pPOC. DTO CBI3aHO C HECKOJBbKUMU
MIPpUIHAMMU:

e MCITOJIb30BAaHNEM MOHOKPHUCTAJUIOB C HU3KUM CO-
nepxanneM Kuciopoma <5-10'7 ar./em’, korma
MIPEUTIATALINS KACIOPOaa MPaKTUYEeCKH HE TIPO-
HUCXOJIUT;

e BHEApPEHUEM, C ONHOI CTOPOHBI, HU3KOTEMIEpa-
TYPHBIX TIPOLIECCOB, C APYTOM — MEePEXOI0M K OBICT-
pPBIM TEepMHUYECKUM IIpolleccaM, KOTraa aTOMHBIC
TepeMelleHUsI OCYILEeCTBIISIIOTCS Ha MaJible PacCcTo-
STHUST 32 MaJIble BpeMcHa,

e HCIIOJb30BAaHMEM TIPUOOPHBIX CTPYKTYP, TIe aKTHB-
HOI OOJIAaCThIO SIBJISIETCSI HE MPUIIOBEPXHOCTHBIA
CJIOi, a 00beM TUIACTUHBI, KaK 3TO MMEET MeCTO B
MIPUOOPHBIX CTPYKTYpax TSl CHITOBOI 3JIEKTPOHUKM.
DKCIEepUMEHTAIBHO YCTAaHOBJIEHO, 4YTO TUICHKA

GeO ToMMHON HEeCKOJIbKO MUKPOMETPOB, HAHECEH-

Has Ha MOBEPXHOCTbH MOHOKPHCTAJUTMYECKOTO KpeM-

HUSA M 3al1MileHHas cBepxy ciaoeM SiO uwmm SiO,, moc-

JIe OTXKUTa B BaKyyMe IIpu TemIieparypax rnopsiaka 870 K

OKa3bIBaeT CYIIECTBEHHOE BIMSHIE Ha TIPUMECHO-I¢e-

(beKTHBIN cOoCTaB MPUITOBEPXHOCTHOIO CJIOS TOUIOXK-

ku [28, 29]. D10 0OOYCIOBIEHO CICAYIOIIUMM SIBJIE-

HUSIMU, MPOTeKarolUMu B cTpykType Si—GeO—SiO

(SiO,) mpu TepmMooOpaboTKe:

e BO3HHMKAIOIIME MEXaHWYECKHE HAIIpSLKeHUs BOJIM-
3W TpPaHUIBI pasiesia, OOYyCIOBJICHHBIE CTPYKTYp-
HBIMHU Pa3IdYMsSIMU U HECOBIIAAEHUSIMU KO3 du-
MEHTOB TEPMHUYECKOTO PACIIMPEHUS TTOMTOXKN 1
MaTepuaaoB IJIEHOYHOW CTPYKTYpPbl, CTUMYJIUPYIOT
pacrmanm IpuMecHBIX aTMocdep BOIU3U 1e(EKTOB;

e MOHOOKCHI TepMaHMS SIBJISIETCS METAaCTaOMIbHBIM
COeIMTHEHNEM, KOTOPOE TIPU TTOBEIIICHHBIX TeMITe-
paTypax nepexoauT B IMOKCHI TepMaHUsI M YUCTHIN
TrepMaHWii, TIPY 3TOM IPOMCXOINUT 3aXBaT TUICHKOM
MpUMecei, MPexXae BCEro KUCaopoaa, 3 KpeMHUsI;
sammrTHas 1uieHka SiO (SiO,) axTuBMpyeT KaHai
reTTepUMpOBaHUsl MpUMeEcel U3 MOMIOXKKU, OJIOKM-
pys momnagaHue B akTUBHEIN cioit GeO mpumeceit
W3 BHEIIIHEW Cpelbl;

e TCHepalMs HEPaBHOBECHBIX TOUCYHBIX Ie(eKTOB,
00yCJIOBJIEHHAs] CTPYKTYPHBIMM MIPEBpaIeHUSIMU B
MOHOOKCH/IE TepMaHUsI, COITPOBOXIACTCST JIOKAIb-
HBbIMU U3MEHEHUSIMU T0JIeH YIIPYTUX HaMPSKeHUIH,
BO3HMKHOBEHHNEM YIIPYTUX BOJH W Tiepepaciipene-
JICHWEM MpUMeceit, B YaCTHOCTH, nuddy3ueit mpu-
Meceil OT 9KpaHUPYEMbIX UMH Ie(PEeKTOB.

Hcnoab3oBanue MjieHOK MOHOOKCHIA repManusa
JJid CO3JaHUA HAHOKPUCTAUIMIYCCKHUX CTPYKTYDP

I/IHTCPCC K HCCJICOOBAHUAM HAHOKJIACTEPOB ICP-
MaHUA B JUDJICKTPUKAX O6YCJ'IOBJIGH NEPCIICKTUBaAMU

HCITOJIb30BaHUS TaKUX CTPYKTYP B OMTOIIEKTPOHHBIX
MprOOpax M B YCTPOMCTBAX SHEProHEe3aBUCUMOI TTa-
MSITH.

Hng coszmanusi HaHoKpucTtauioB Ge B TJIEHKax
GeO, ucnonb30BaIOCh OCaXIECHUE U3 ra3oBoil (a3bl
IieHKu MoHookcupaa [31]. I'epmanmii ucmapsics B
cpene uHeptHoro rasa (Ar win He) c mpumecsamu Kuc-
Jiopoja U Boabl. B 30He ocaxmeHuss oOpa3oBaBIIUIACS
JIETYYU MOHOOKCHUJ FepMaHUs M3 OXJIaXIaloIerocs
raza-HOCHTeJIs1 ocaxaalics B Buae TBepaoil dhasbl. [1pu
oIpeAeICHHON TeMIiepaType IIPOMCXOIMIa JeKOMIIO-
3ULIMS TEPMUYECKU HEYCTOMYMBOrO TBepAoda3HOIo
MOHOOKCHUIA TepMaHMsI Ha TeTepodasHyio CHUCTeMY
Ge:GeO,. Momudukauusa pa3MepoB HaHOKPUCTAI-
JoB Ge B mpoliecce CUHTE3a OCYILECTBIIach 3a CUET
Bapyalldy TeMIIepaTyphl TTOMIOXKKN M CKOPOCTH KOH-
JeHcallMM MOHOOKCHIIA TepMaHusl.

B pa6orax [32, 33] mpoaeMOHCTpUpPOBAH CII0OCO0
co3IaH’s HaHOpPa3MEePHBIX TepMaHUEBBIX MPOBOJIOK Ha
MOBEPXHOCTU KPEMHUS TTOCPEICTBOM JIOKAJIBLHON MO-
IUGUKAIMA TBEpAOM TUICHKM MOHOOKCHIA TepMaHUsI
GeO ¢ noMollblo CKaHUPYIOLIEH 30HI0BOM MUKPO-
ckoruu. JIOKaJIbHBINM pacmag MeTacTaOMIBHON TUTeH-
k1 GeO Ha Ge u GeO, ocylIecTBIsAETCS TIPU TPOTE-
KaHUU 3JIEKTPUIECKOTO TOKA OOJBIIION INIOTHOCTH TIOJ
WTJION aTOMHO-CWJIOBOTO MUKpPOCKOIa. Takne CTpyK-
TYpBI, MO-BUAMMOMY, MOXHO HMCIIOJb30BaTh IJISI CO-
3[aHUSI MUHUATIOPHBIX AATYMKOB AaBiaeHus [34].

3akmouenue

AKTYaJIbHOCTb UCCJIEAOBAaHUI TeTepOCTPYKTYP, CO-
JIepXKalImx TepMaHUi M ero COeMMHEeHMsT, HECOMHEH-
Ha. HakomieHHBIN ONBIT MOJy4eHUsI, 0OpabOTKU U
Moau(UKaLIMU TJIEHOK MOHOOKCHIa TepMaHus, B 00-
LIMX YepTax U3J0XEHHbI B JAHHOU CTaThe, IEMOHC-
TPUPYET OOJIBbIIINE BO3MOXHOCTH UX TIPUMEHEHUS IS
CO3IaHUST CTPYKTYP MUKPO- U HAHODJIEKTPOHUKHM.
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Science of materials of the industrially produced compounds determines the prospects of their applicability. The article highlights
certain properties of germanium oxide (I1) (germanium monoxide), and the methods of its deposition, processing and modification.
Germanium monoxide films’ metastability makes it possible to create conditions for formation of nanocomposites with new char-
acteristics. Particular examples demonstrate its possible applications in various processes for production of the micro- and nano-elec-

tronic components.
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Introduction

Silicon is the main material of electronics: 95 % of the in-
tegrated circuits and over 90 % of the semiconductor devices
and instruments are made on its basis. Development of the
technology of the semiconductor integrated circuits is mostly
due to the fact, that by a thermal oxidation on the silicon sur-
face we can receive a steady multipurpose silicon oxide-di-
oxide, the film of which is suitable both for a dielectric insu-
lation of the circuits’ elements, and for masking in the proc-
esses of lithography, diffusion, ion implantation and thermo-
compression binding of the substrates (bonding). A similar
dioxide (GeO,, germanium oxide (IV)) on the surface of ger-
manium does not possess such unique properties [1, 2]. How-
ever, in recent years attempts have been made to form tran-
sistors by the planar technology with insulation of the gate by
the films based on germanium oxides [3].

Germanium oxide (IV) is used basically as an optical ma-
terial for creation of wide-angle lenses and lenses for optical
microscopes; it is transparent in the infra-red range of the
spectrum. A mix of silicon dioxide and germanium dioxide is
used for the optical fibers [4]. Germanium dioxide allows us
to replace the titanium dioxide as the alloying impurity, ex-
cluding necessity for a subsequent thermal processing, which
makes a fiber fragile [5].

Germanium oxide (IV) is an intermediate product in
manufacture of pure germanium and its compounds, and it is
also used as a catalyst in production of polyethylene tereph-
thalic resin [6].

Films of germanium monoxide (germanium oxide (II))
have found application in the designs and methods for
processing of the electronic technologies’ elements.

Elements of the structures of electronic technology products

In domestic electronics the germanium monoxide has
been applied since mid 1960s as a dielectric in thin-film con-
densers [7]. The condenser structures of Al—GeO—Al with
thickness of the dielectric of 0.9...1.0 um have specific capac-
ity of 10° pF- cm 2, tangent of the angle of dielectric losses
of 0.001...0.006 (on frequency of 1 kHz), and the limit inten-
sity of the electric field of (0.6...1.2) - 10° V-cm™L. Films of
germanium monoxide are mainly obtained by the method of
the thermal evaporation in vacuum at the substrate tempera-

ture of about 473 K and deposition speeds of 1...10 nm - s L

In comparison with the silicon monoxide (SiO), the ger-
manium monoxide is characterized by a lower temperature of
evaporation (1000...1150 K), which reduces the probability of
pollution of a film in the course of a deposition, and also by a
higher dielectric permeability (eg.q = 10...12; eg;0 = 5...6.8)
and twice lower working voltage of the condenser structures
with identical thicknesses of the dielectrics [8]. In condensers
with dielectric of SiO/GeO it is possible to increase the values
of the working voltages [9, 10]. When supermultilayer dielec-
trics were used consisting of several tens of alternating layers
of SiO and GeO (with the thickness of each layer less than the
length of a free run of the charge carriers), an increase of the
electric durability and reduction of the probability of an av-

alanche breakdown were ensured in comparison with the sin-
gle-layered dielectrics [11].

We investigated condensers with a two-layer dielectric of
GeO/GeO. It was established that the condensers made with
a rupture of cycles of the dielectric deposition had the limit
intensity of the electric field 1.5—1.6 times higher in com-
parison with a single-layer dielectric. This is probably due to
the fact that formation of pores in the second layer occurs ir-
respective of the presence of the pores in a previous layer, and
the probability of formation of a through pore in a two-layer
dielectric decreases.

Germanium monoxide is used as a protective layer of the
thin-film elements of the boards of the leaktight microassem-
blages [12] and as the insulating layer between the component
elements of the designs [13].

For creation of an orientation order in the liquid crystals
(LC) during their deposition on the substrates of products of
electronic technologies the metal oxides are applied [14]. Ori-
entation of LC molecules occurs due to their interaction with
the spatial periodic microstructure of the oxide generated in
the course of deposition. A possibility of obtaining of homo-
geneously orientated LC layers with the help of oblique-de-
posited films is presented in the work for the first time [15].
The practical value of this method for LC devices encouraged
research of the specific features of the orientation, which con-
cerned mainly SiO and GeO films [15—17].

Use of the films on the basis of germanium monoxide
as the masking material for formation of the circuit elements

The problem of a liquid chemical etching of the germa-
nium monoxide films does not go beyond the problems of the
chemical processing of the germanium surface. Firstly, the re-
al surface of the germanium monocrystal represents a com-
position of Ge—GeO,—GeO [18]. Secondly, etching of ger-
manium occurs in two stages, in the first of which there is a
formation of the monoxide, and then — of the germanium di-
oxide with the subsequent removal of the reaction products
[19]. For formation of the complexes, soluble in water, the
anions of F or hydroxyl — ions (OH) are usually used. The
role of the oxidizer is most frequently played by HNO; and
H,0, [20]. For example, the work [21] presents an etchant of
GeO films of the composition H;PO,:HNO5:H,0, = 6:3:4.

During carrying out of the experiments of etching of the
germanium monoxide we used etchants on the basis of hy-
drogen peroxide, because their use makes it possible to min-
imize pollution of the processed surface. The speed of etching
of GeO films in an etchant, containing one part of H,0, and
three parts of 10...15 % solution of carbolic acid (for exam-
ple, oxalic acid) equals to 4...5 um - min~ !, while in solution
of H,0,:NH,OH = 3:1 the speed of etching is twice less,
however, at that, a higher quality of the process is ensured.
Etching in peroxidate solutions is done at temperatures of
308...313 K. It should be pointed out, that the peroxidate-am-
moniac solutions belong to the most frequently used means
for degreasing of the surface of the substrates [22].

A relative simplicity of deposition and processing of GeO
films allowed us to use them as the masking material in the
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processes of formation of the film elements. For the first
time the contact mask on the basis of GeO was used for for-
mation of the contact windows in SiO layer with thickness
of 1.5...2.5 um on the boards with a two-level aluminum met-
allization [23]. GeO layers of 6...8 um were deposited in vac-
uum of 1073 Pa with the speed of 8...10 nm * s~ 1. Removal of
the contact masks was done in the same solutions, as the for-
mation of the mask elements. The accuracy of manufacturing
of the contact windows with dimensions of 0.25 X 0.25 mm?
was not worse than 20 um at the edge roughness of 2...3 um.

The masks on the basis of GeO with thickness of 2...4 um
were used for formation of the resistive elements of cermet
type Al + Al,O3 on the substrates from alumina ceramics
(BK-100) during its irradiation by ions of H' or He™ with en-
ergy of 80 keV and doses of (3...8) - 1017 ion - cm™2 [24]. The
minimal size of the resistive elements was 100 um, and the
specific resistance of the resistive layer — 2...200 kQ per a
square.

In order to simplify the visual control of the elements a
contact mask on the basis of GeO + PbO was offered. Intro-
duction of PbO into the initial composition of the evaporated
material in the quantity from 15 up to 40 % of the weight al-
lows us to lower its cost and to raise the contrast index 2 or
3 times. The selection of lead oxide as the modifying additive
is explained by a close to GeO temperature of fusion and sim-
ilar compositions of the etchants for the oxides of lead and
germanium. The speed of etching of GeO + PbO films de-
posited at speeds of 1.8...2.2 nm * s !and temperature of the
substrate of 373 K, was 1.6...5 times less, than for GeO films
received under similar conditions [25].

Gettering of impurities in the silicon substrates
with the use of a germanium monoxide film

Gettering is a process of dissolution of the undesirable im-
purities with their subsequent diffusion and precipitation in
the specially created areas of a plate (getters), where they do
not render any harmful influence on the operation of the de-
vices. There is a difference between the internal gettering and
the external gettering. The external gettering is usually carried
out by creation of an external mechanical getter, deposition
of films of various types, or ionic implantation and laser in-
fluence on the underside of a plate [26, 27].

Recently the interest to the external gettering has in-
creased. This is connected with the following reasons:

e Use of monocrystals with a low content of oxygen
<5-10"7 a‘[/cm3 when a precipitation of oxygen practical-
ly does not occur;

e Introduction, on one hand, of low-temperature processes,
and on the other — transition to the fast thermal process-
es, when nuclear movements are carried out at small dis-
tances during quick times;

e Use of the instrument structures, where the active area is
not a near-surface layer, but the plate volume as it takes
place in the instrument structures for the power electronics.
It was experimentally established, that GeO film with

thickness of several micrometers, deposited on the surface of

the monocrystal silicon and protected from above by a layer
of SiO or SiOz’ after annealing in vacuum at the temperatures
of about 870 K had an essential impact on the impurity-defect
composition of the near-surface substrate layer. This was due
to the following phenomena proceeding in Si—GeO—SiO
(Si0,) structure during a heat treatment:
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e The mechanical stresses arising near the section border,
caused by the structural distinctions and discrepancies of
the coefficients of thermal expansion of the substrate and
of the materials of the film structure, stimulate disintegra-
tion of the impurity atmospheres near the defects;

e Germanium monoxide is a metastable compound, which
at the raised temperatures transforms into germanium di-
oxide and pure germanium, at that, the film captures the
impurities, first of all oxygen, from the silicon; the pro-
tective film of SiO (SiO,) activates the channel of getter-
ing of the impurities from the substrate, blocking the ac-
cess for the impurities from the environment to the active
layer of GeO;

e The generation of the nonequilibrium dot defects caused
by the structural transformations in the germanium mon-
oxide is accompanied by the local changes of the fields of
the elastic stress, occurrence of the elastic waves and re-
distribution of the impurities, in particular, by diffusion of
the impurities from the defects shielded by them.

Use of the germanium monoxide films for creation
of the nanocrystal structures

The interest to the research of the germanium nanoclus-
ters in dielectrics is due to the prospects for the use of such
structures in the optoelectronic devices and in the devices of
non-volatile memory.

For creation of nanocrystals of Ge in GeO, films a dep-
osition of a monoxide film was done from the gas phase [31].
Germanium evaporated in the environment of an inert gas
(Ar or He) with impurities of oxygen and water. In the dep-
osition zone the volatile germanium monoxide forming from
the cooling gas-carrier was deposited in the form of a solid
phase. At a certain temperature there was a decomposition of
the thermally unstable solid-phase germanium monoxide into
the heterophase system of Ge:GeO,. Modification of the sizes
of Ge nanocrystals in the course of synthesis was carried out at
the expense of a variation of the substrate temperature and of
the speed of condensation of the germanium monoxide.

In [32, 33] the method is demonstrated for creation of the
nano-sized germanium wires on the silicon surface due to a
local modification of a solid film of germanium monoxide
GeO by means of the scanning probe microscopy. A local dis-
integration of the metastable film of GeO into Ge and GeO,
is carried out during passing of the electric current of high
density under the needle of an atomic-force microscope. Ap-
parently, such structures can be used for creation of tiny pres-
sure sensors [34].

Conclusion

The topicality of the research of the heterostructures con-
taining germanium and its compounds is doubtless. The ac-
cumulated experience of reception, processing and modifica-
tion of the films of germanium monoxide, presented in gen-
eral in the given article, demonstrates big opportunities for
their application in creation of the structures of the micro-
and nano-electronics.

The science of materials of the compounds of the chem-
ical elements, the production of which has been mastered by
the industry, determines the prospects for their use in prac-
tical applications. In the article separate characteristics of the
germanium oxide (II)) (germanium monoxide), methods of
its deposition, processing and modification, are considered.




The metastability of the germanium monoxide films allows us
to create conditions for formation of nanocomposites with
new properties.

Possible directions of their application in various process-
es for formation of the elements of the micro- and nano-elec-
tronic devices are demonstrated with concrete examples.
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MCCAEAOBAHUE XMMUYYECKUX MNMPOLIECCOB INMPUTOTOBAEHAA
XAOPUAHOI O SAEKTPOAUTA AAS DAEKTPOOCAXAEHNA

NMAEHOK MNMEPMAAAOA

Ilocmynuaa é pedaxyuro 14.07.2017

Paspabomana mexronoeusi 10KaAbHO2O 3NEKMPOXUMUHECK020 OCANCOCHUS U3 XAOPUOHO20 FNeKMPOIUMA U NOAYHeHbl NAeHKU
nepmannos NigiFe ;o c MaeHumMHbIMU CEOUCMBAMU, AHANOLUYHBIMU CBOUCMBAM 00BeMHbIX 00PA3U08, PABHOMEPHDbIE N0 MOAUUHE U
C MAALIMU HANPANCCHUAMU 0e3 GbICOKOMeMNepamypHo20 omycuea. OnmumansHole MAZHUMHbLE CEOUCMEA NACHOK NePMANL0SL C CO-
cmaeom Nig;Fe ;o noayuaromes npu yueme 6AUAHUA MASHUMHO20 NOASA 3eMAU U 21eKMPOOCAdNCOeHUU C 00PA306aHUEM HAHOCIPYK-
myp. B MaeHumonoaynpoooHUK08bix UHMe2PANbHbIX MUKPOCUCIEMAX NACHKU NepManios UCHOAb3YIOMCS 045 YCUACHUS MACHUM -
HO20 NOAS U NOBBIUEHUS. 4YECMBUMEAbHOCIU MASHUMOYYECMEUMENbHO0 INeMEeHMA.

Karoueevie caoea: /1eKmpoaum, nepMa/l/lmZ, NeKmpoxumu4eckoe ocamaeﬂue, MacHUmHble c8oUcmea

BBenenue

HccnenoBaHusi 3JeKTPOXUMUUYECKOTO OCAXKICHMUS
mwieHok mnepMasios NiFe SBISIOTCS MOMyIsSIpHBIMU
13-3a MAarHUTHBIX CBOMCTB CIjlaBa, UCTIOJb3yeMOIO B
KayecTBe MAaTHUTOMATKOTO MaTepuaia. IlepMamnoin —
MPELM3NOHHBIN CIUIaB, COCTOSIINN 13 Xeye3a U HUKe-
a5t ipu 45...82 % Ni. MarHuTHble XapaKTepUCTUKU —
WHAYKIUA HacbllleHns Bg M HayajabHas MarHUTHas
MIPOHUIIAEMOCTh Py — ciulaBoB Ni—Fe 3aBucar or
MPOLIEHTHOTO COJEPXaHUSI KOMIIOHEHTOB HUKEJS.
CrmnaB ¢ cogepxanueM 81 % Ni obiamgaer HaMBBICIIEN
MaKCUMaJIbHON OTHOCUTEJBHOM MArHUTHOW MPOHMU-
aemMocTtbio p~ 100 000, Manoil KOSPIUTUBHON CUIION
MeHee 1 O, HO MPOSIBISIIOTCS 3TU CBONCTBA B Y3KOM
JIurara3oHe udMeHeHus coctaBa. [lepMaiolii ¢ MoHU-
JKEHHBIM COAEpPXAaHUEM HUKEJS 00JIafaeT MEHbIIEeH
MarHMTHON MPOHMIIAEMOCTbIO, HO MOXET paboTaTh B
OoJiee CUJIBHBIX MAarHUTHBIX MOJISIX HAChIlIeHUsI. Mar-
HUTHbIE CBOMCTBA MEPMAJUIOS CUJIBHO U3MEHSIOTCS TPU
HaJIn4uM mnpumeceid B ciuiaBe. HeoO0XxomuMocTh IoJy-
YEHHS YMCTOrO CIIaBa ¢ 3aIaHHBIM COCTaBOM JAUKTYET
BBICOKME TPEOOBAHMUS K MPOLIECCY TOTYYEHUS TNIEHOK
nepmasios. B J1aHHOI cTaTbe ONMUCHIBAIOTCS pPE3yJib-
TaThl 3JEKTPOXMMUYECKOIO OCaXIEeHMSI IIJIEHOK U3
XJIOPUJHOTO 3JIEKTPOJIUTA C YYETOM XMMUYECKUX TIPO-
1IECCOB, MPOUCXOOSIIUX MPU MPUTOTOBJICHUU DJIEKT-
poJvTa co CreKTpohOTOMETPUUECKUM KOHTPOJIEM.

SJIBKTPOOC?DKIIBHI/[C CIUIaBa HUKEJIA H 2XKeEJjie3a

DeKTpoocaxXIeHUE CIUIAaBOB HUKEIS U Xelie3a
u3BecTHO Oosee 50 jmer. MexaHU3M OCaxXIeHUs XKe-
JIE30-HUKEJIEBOI'O CIJIaBa HOCUT aHOMAaJIbHBIN Xapak-
Tep [1] — MpoucxoauT NPerMYILIECTBEHHOE OCAXKICHUE

26 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 1, 2018

Xese3a, XOTsI UMeET OOJIbIIYIO 3JeKTPOOTPULIATEb-
HOCTb, 4YeM HUKeJb. CTereHb aHOMaJbHOCTH OCa-
KOB 3aBUCHUT OT TemIiepaTypsl, pH U ncnoib3oBaHuUs
pH-06ydepos. ITpocToii cyabdaTHBIN UM XJTOPUIHbBII
9JIEKTPOJIUTHl B MEPMAIJIOEBON BaHHE MOJIKHBI 9KC-
rtyatTupoBathbesl B auanazoHe pH ot 3 no 5. Huxke 3
3 (HEKTUBHOCTD 10 TOKY I1aJaeT 10 HeIOMYCTUMbIX 3Ha-
YeHU, a BbllIe 5 (POPMUPYIOTCS MTPELIUTUTATHI Fe3 +,
BBIITAIAIOININE B OCAIOK.

B paGote [2] moka3zaHa BO3MOXHOCTb ITOJIyYEHUS
rieHok nepmautoss NiggFe,, Tonmunoil 1o 1 MKkm
(puc. 1) u3 BogHOro Cyab¢haTHOIO 3JeKTPOIUTa MPU
pH = 4,8. Cocras anekrponuta, r/n: NiSO, 6H,0 —
112; FeSO4 7H,O — 5; mumonHas kucnota 75; K,SOy —
1,5; caxapun — 1; naypun cynbdat 0...0,4. AHOTOM
SIBJISIETCS TUTATWHA, a KaTOIOM CTEKJISTHHAS TTOIJIOXKA,
TTOKPBITAs CJIOSIMU XpoMa WK 30510Ta. OcakaeHue mpo-
Boauiaoch npu temmneparype 25...45 °C u IUIOTHOCTH
nepuoauveckoro Toka 7,5...18 MA/CM2 0e3 mepeme-

Puc. 1. 3aBucuMOCTb COCTaBAa MEPMAJLIOS OT TOJNIMIMHBI MUICHKH
Fig. 1. Dependence of the composition of the permalloy on the thickness

of a film




IIWBaHMUS dBJeKTpoiuTa. Mcroiab3oBaHWe JTUMOHHOM
KWCJIOThI MOBBICUJIO BpeMsl, B TeUEHUE KOTOPOTO IMPo-
LIeCC OCaXKAeHMs 11eJl Ka4eCTBEHHBIM 00pa3oM, ¢ 2 4.
J10 25 4. DNEeKTPOJUT 3TOTO TUIA HauboJjiee YacTo uc-
MOJIb3yeTCs.

Ha marHmTHBIE CBOICTBA IIJICHOK BJIMSIIOT ILIOT-
HOCTb TOKA U TeMIlepaTypa aJjekTposuTa [3]. st ocax-
JeHud craBa ¢ comepxanueM 80 % nukensa u 20 %
JKeJie3a aBTOpaMy peKOMEHIyeTCsl CyJib(haTHbBIN COCTaB
BJICKTPOJINTA, T/J: cynbdaT HuKens 60, cyabdar xe-
Je3a 2; 6opHas kuciora 25; caxapud 0,8; nmaypui-
cynbdatr Hatpus 0,4; pH = 1,8...2,0. Mcnoas3yercs
HUKeJeBbl KaToa. HemoctaTku cyibghaTHOTO 3JIEKT-
poJiMTa — TMOBBILIEHHAsI XPYNKOCTb CJIOEB U ILTOXas
anre3usi, TO3TOMY TIOJIyYeHHE TOJICTBIX TJIEHOK Tep-
MaJlJIOS CUMTAETCS TPYAHOM 3amayeid.

HeobGxonuMocTh yay4uieHUsi CBONCTB MOJYyYEH-
HBIX TIJICHOK W TIOBBIIIEHWE BOCIIPOU3BOIMMOCTHU
npoliecca OCaXKIEHUsT 3aCTaBJISIIOT MPOBOAUTL HOBBIC
ucciaenoBanus. Pekomennyercs [4], B 4aCTHOCTH, MC-
MOJIb30BaTh MUPOGochaTHHIN 31eKTPOJIUT COCTaBa, I/
FeCl; — 2...3; NiCl, — 65...75; K4,0,P, — 300...350;
C,HsNaO; — 10...30; caxapun — 3.

Tonkas ruienka nepmaiiost NigyFe,, ocaxnanach
[5] B ranpBaHMYecKOl BaHHE C IepeMEIIMBaHUEM M
KOPPEKTUPOBKOI COCTaBa 3JIEKTPOJIMTA, MMEIOIIETo
oTHoleHue coaepxxaHusi moHos Ni/Fe 1,8:1...24:1
npu rwioTHocTy Toka 10...200 MA/CM2 JIJISI CIUIOILIHOTIO
MOKpbITUSI UIKu cooTHolleHue Ni/Fe 25:1...85:1 mpu
IUIOTHOCTU Toka 2...110 MA/CM2 MPU OCAXIEHUM Ye-
pe3 macky. Konuenrpaumst nonos Fe?' cocrasisuia
0,3...1,0 /1, KOHLIEHTpallusl UOHOB NiZt — 17..44
r/n, temnepatypa sjaekrpoauta 20...35 °C. Bricokas
CKOPOCTb OCaxkAeHUs noJyydaetcs: npu 24,4 r/n Niz+,
1,05 r/n Fe?*, 25 r/n H3BO;, 0,2 r/1 caxapuna u pH
ot 1,0 1o 3,6. CoctaB nepmasiosi ¢ 19 % Fe moiyyai-
¢ M3 BJEKTPOJIMTA C OTHOIICHMEM KOHIICHTpAILWIA
nonoB Ni/Fe = 23 mpu miotHoctn ToKa 60 MA/CM2
(puc. 2).

B [6] mpoBeneHO cpaBHEHME IMEKTPOOCAKIEHNS U3
CyJb(aTHOrO U XJOPUIHOIO BJEKTPOJIUTOB TUIEHOK
NiFe npu temnieparype 28 °C u pH = 2; 3 nipu miort-
HocTu Toka J = 1...20 MA/CM2 Ha BpalllalolIuniics 30-
JIoYeHBIN muck. [IeHKn mepMasuios, TToTydYeHHEIe TIPU
BBIOpAaHHOM 3HAYEHUM TLJIOTHOCTU TOKA IJIsI XJIOPHUI-
HOTO 3JIEKTPOJIMTA UMEIOT MEHbIIIE COAepKaHUS XKeJie3a
10 CPABHEHUIO C CYJIb(PATHBIM 3JIEKTpoauTOM (puc. 3).
XJ10p NMpensaTcTByeT 00pa3oBaHUIO TUAPOKCUIA XKeJle-
3a Ha TIOBEPXHOCTU, CHUKAET COACpKaHUE XKejie3a B
IJIEHKaX W yJayylllaeT BHELIHWM BUJ TJICHOK. YBEIU-
YyeHue IJIOTHOCTU TOKAa MOBBIIIAET COAepXKaHMe XKee3a
B mieHkax. CHukeHue pH oObIMHO MPUBOAUT K CHU-
>KEHUIO CKOPOCTHU OCAXKIEHUS U YIIYUILIEeHUIO BHEIIIHE-
ro BUAa IUIEHOK. MeXxaHM3M aHOMaJbHOTO COOCaX-
neHus Fe n Ni u BeicoKoe coaepxaHue Fe B cruiaBe
cBA3bIBaIOT ¢ oopasosanueM Fe(OH), u ocankos run-
pOKCHA 3a CYUET JIOKaJIbHOro noBbilieHus1 pH Ha mo-
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Puc. 2. Vi3meneHne cocTaBa nepMajlios B 3aBUCHMOCTH OT IUIOTHOCTH
TOKA Ha KaToJe

Fig. 2. Variation of the composition of the permalloy depending on the
current density on the cathode
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Puc. 3. 3aBucumMocTb coepKaHus XKeje3a B IVIEHKAaX MEPMALIOA OT
IUVIOTHOCTH TOKA 1Jis CyIb(aTHOTO W XJIOPHIHOTO 3JEKTPOJIHTOB

Fig. 3. Dependence of the content of iron in the permalloy films on the
density of the current for the sulphatic and chloride electrolytes

BEPXHOCTH TIpH BBIIeJIeHNN Bomopoaa. Cuyurtaercs, 94To
aHOMAJIbHOE COOCaXKACHUE MPOUCXOIUT M3-3a IMOAaB-
JIEHUS pa3psijia MOHOB HUKeEJIsI Ni?*, KOTOpOe HabJIio-
JIaeTcs MPM JOCTAaTOYHO BHICOKOM pH moBepxHOCTH,
BbI3BIBAIOLIEM O0pa3oBaHUE TMAPOKCUAA XKese3a. Al-
copOIMs TUAPOKCHUIA Xejie3a MOMABISIeT OCaXIcHUe
HUKEJA, HO JOTYCKaeT BHICOKHMI YPOBEHb pa3psiia No-
HOB xese3a Fe?™.

Hcrionp3oBaHue comepXaliux cepy cojieil TpruBO-
JIUT K TOMY, YTO HEOOJIbIIIOE KOJIMYECTBO Cephl (10 He-
CKOJIBKHX TIPOIICHTOB) TIPUCYTCTBYET B OCAIKe M YXYI-
11aeT KOPPO3UMOHHYIO CTOMKOCTb, MEXaHWYECKUe U
MarHuTHble cBoiicTBa [7]. TlpoGieMa cTabMILHOCTH
3JIEKTPOJIUTOB BO BpEMEHU MPU OCAKIACHUM rajibBaHU -
YeCKUX MMOKPHITUI Ha OCHOBE 3KeJie3a CBsIi3aHa ¢ OKMC-
JIEHUEM HOHOB Fe2+, Fe3' u nocjaeayrmuM GopMu-
pPOBaHUEM CUJIbHBIX TMIPOKCUAHBIX KOMIUIEKCOB, KO-
TOpble NMPUBOIAT K oOpasoBaHuio ocanka Fe(OH)s.
Kommnekcoobpa3zyiolas cyjibhocaaulmnioBas KUcio-
Ta gBisieTcs: (popMUpoBaTeEIeM KOMILIEKCOB Fe3*, Go-
Jiee CWJIbHBIM, YeM TMAPOKCUIbI. DTa n1o0aBKa MO3BO-
JIIeT 3aMEeJTUTh MPOoILIecC 00pa30BaHUS TPEIIUTINTATOB
xenesa anst Fe3 * B anexrponure, r/m: NiSO, 7H,0 —
3,8; NiCl, 6H,0 — 0,05; FeSO, 7H,0 — 0,006;
H;BO; — 33,9; HO3S—C¢H;OH—COOH — 7,63;
(NaO35);C,yHg = 3,1 npu mynbcupyromnieM 3J1eKTpo-
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Puc. 4. U3menenne cnekTpo)oTOMETPHIECKHX JAHHBIX noraomenus T’
i pH ¢ Teyennem BpeMeHH XpaHeHHs CYJIbGATHOroO 3JeKTPOJIUTA
Fig. 4. Variation of the spectrophotometric data of absorption T and pH
in the course of time due to storage of the sulphatic electrolyte
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Puc. 5. Hamaranyennocts B, Ko3puutuBHas cuia Hc miieHOK KOH-
HEHTPATOPOB, NMOJYYEHHbIX NMPH PA3HOM BPEMEHH ! XPAHEHHSA CYJb-
(haT-xJI0pHIHOro JIEKTPOJIUTA MEPe NPOBEIeHHEM NPOIECCa 0CAK-
JIeHHs TUIEHKH epMaLiost

Fig. 5. Magnetization B, coercive force Hc of the films of the
concentrators received during different periods of time t of storage of the
sulphate-chloride electrolyte before carrying out of the process of
sedimentation of a permalloy film
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Puc. 6. 3aBucumocTb cOCTaBA IJIEHOK MEPMAJLIOA OT MATHUTHOTO NO-
a4 10 1 Ta npu ocaxaennu u3 dnekrpoaura, r/n: NiSO, - 7H,0 — 25,
FCSO4 7H20 — 3,5, C6H807 — 2, H3BO3 -9 pu pH = 4, T=298K
Fig. 6. Dependence of the composition of the permalloy films on the
magnetic field up to 1 T during sedimentation from the electrolyte, g/I:
NiSO4+ 7H,0 — 25, FeSO4* 7H,0 — 3.5, CdHO, — 2, H;B0; — 9
atpH =4, T=298 K
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ocaxaeHuu. Cynbdar-xJI0pUIHbIA SJIEKTPOIUT JaxKe
¢ J00aBKaMM CUJIBLHOIO KOMILIEKCOOOpa3oBaTesl He
cTabmiIeH BO BpeMEeHU 1 U3MEHSIET CBOM CBOMCTBA, KaK
MOKa3aHo Ha puc. 4 1 3aBUCUMOCTHU TorjonieHust 7'
OT BpEMEHU XpaHEHUsI 3JEKTPOJIUTA 1.

B pa6orte [8] cynbdaT-x10pUaHbBIN 3JIEKTPOJIUT C CO-
craBoM, r/m: NiSO4 7H,0 — 18, Fe,(SOy); 9H,0 —
8, NiCl, 6H,0 — 10, H3B0; — 5, C;H;SO4NO;S — 3
HCTIOJIB30BAJICS [JIS1 TIOJTYYeHMST MAarHUTHBIX KOHIIEH-
TpaTopoB U3 IJIEHOK mnepMaiuios. [Ipu xpaHeHUU
BJIEKTPOJIUT MEHSET 1IBET U3 CBETJIIOTO XKEJITO-3eIeHO-
rO Ha KOPUYHEBATHII C METALIUYECKUM OTIMBOM. O0-
pa3oBaHMe KOMIUIEKCOB HYXXHOTO COCTaBa ITPOMCXO-
JUT TOJIBKO MPU IJTUTENBHON BBIAEPKKE DJEKTPOJIUTA.
Hawnnydimme MarHUTHEBIE CBOMCTBA TTOJTYIeHBI TIPY BBI-
nepxke 9 mHel (puc. 5), 4TO MOATBEPXKIAeT HecTa-
OUJBHOCTb CyJbdaT-XJa0opuaHoro syekrpoiurta. Co-
cras 1uieHky Ha rwiato (Fe — 15,4 %, Ni — 82,4 %)
630K K cocTaBy niepmaitost (Fe — 19 %/Ni — 81 %).
Kpaii koHIIeHTpaTOpa HEMHOTO TOHBIIIE W COMEPKUT
oonbie xene3a (Fe — 51 %, Ni — 38 %). Hedexts
Ha TTOBEpPXHOCTH KOHIIEHTpaTopa TUIa "CHera" mMe-
10T MHoro xeje3a (Fe — 32 %, Ni — 55 %) u nono-
HurenbHbie puMmecu Si, Al, O, S, P, C, Cr, CI. Ha-
JIMYKME Cephbl B KOMIIOHEHTAaX 2JIEKTPOJIUTA TTPUBOIUT
K 00pa30BaHUIO 1IJIaMa OCaIKOB C KEJIe30M U Cepoi
(12,2 % S; 87,8 % Fe) Ha sneMeHTaX 3JIEKTPOJIUTH-
YeCKOI BaHHbI U XJIOMbEB, IMIABAIOIIUX B BJIEKTPOJIM-
Te, M K BBICAXXKMBAHUIO WX Ha TOBEPXHOCTHU TUICHOK.
HarpeB asnekTposnuTa nepen 3aIMBKON B 2JIEKTPOXU-
Muyeckyto sueliky a0 50...80 °C yayyiiaeT MarHUTHbIE
CBOIICTBA, a [JIABHOE, BEIPABHMBAET TOJIIMHY KOHILIEH-
TPaToOpPOB.

IInenku NiFe usrorosieHsl [9] MeTOIOM 3JI€KTPO-
ocaxkIeHUs U3 CyJb(GUIHOTO JIEKTPOJIUTA HA METHYIO
MMOTOXKKY B MarHUTHOM moJjie. MHTeHCUBHOCTb Mar-
HUTHOTO noJjs BapbupoBanuch ot 0 go 1,0 T, uto yBe-
JIMYUBAJIO 3(PHEKTUBHOCTD 110 TOKY OT 68 1o 87 % u
JaBajio riaakyto nosepxHocth NiFe mieHok ¢ Menaku-
MM Y TUIOTHBIMU YacTuliamu. [IpucyTcTBUe KOMILIEK-
coobpasyrouux coenuHenuii C¢HgO7 n H3;BO3 mpu
BBIOpPAHHBIX KOHLIEHTPALUSIX PUMeCcei B CyJIbhaTHOM
3JICKTPOJINTE W TNTIOTHOCTH TOKA 00eCITeunBaloT (puc. 6)
nojydyeHue cruiasa nepmaios Nig Fe g npu ucnosib-
30BaHMU MarHuTHoro nosist 0,4 To.

HMonnbie xuakoctu (MK — 1-butyl-1-methylpyr-
rolidinium dicyanamide (IL BMP-DCA)) Obuin uc-
nojb3oBaHbl [10] B KayecTBe 2J€KTPOIUTA ISl U3yde-
HUS 3J1eKTPO(OPETUUECKOIO MOBEACHUSI NOHOB Niz*
u FeZ+, BBeleHHbIX B 12K B Buae cojieil XJIoOpuaoB U
cynbparos. I1o cpaBHeHmIO ¢ BogHOIT cuctemoii B 2K
3HAYUTEIbHO YMEHBILIMJICS BOCCTAHOBUTEIbHBIN IO-
TEHLIMAl MEXIy NiZ" u Fe*. DJIeKTpoOoCcaXKIeHUE
criaBoB Ni—Fe Jjierko goctTuraercs ¢ moMollblo Moc-
TOSIHHOTO TIOT€HLIMaja MpU 3JEKTPOJU3e Ha MEIHOM
nomyioxke. OOBIYHO B BOAHOM pacTBOpe HaOJIogaeTCs
aHoMaJibHOE 3JeKTpoocaxneHue Ni—Fe, Torna Kak B




.7 I
I 6 P I
| J=5 mA/cm? :
5
e N :
| |
L3 ] I
[ 5 K '9'-0-0 I
1 J=1 mA/cm? :
| 1 L, mm |
‘ 0 T T T T T T 1 I
| |
| |

Puc. 7. pH npodunu Bom3u KaToaa B xoze ocaxaenus ciiasa Fe—Ni
(Fe?* — 0,2 mons/n, Ni¥™ — 0,8 M/x)

Fig. 7. pH profiles near the cathode during sedimentation of Fe— Ni alloy.
(Fe** — 0.2 molyl, Ni** — 0.8 mol/l)

MK mpoucxonuT mpocToe ToJydyeHue KOMIO3ULIMU
cruiaBa. KauectBo Moposiorum ocaakoB OCTaBIISIET XKe-
JIaTh JIy4llIero.

B pa6ore [11] mokazaHo, 4TO aHOMaJILHOE COOCaXK-
JeHUe TIPOUCXOIUT M3-3a TOAABJICHMS pa3psiga MOHa
HUKeJs MPU BBICOKOM 3HaueHuM pH moBepxHOCTH,
BBI3bIBAOIIEM 00pa3oBaHUE TMAPOKCUAA XKeje3a, KO-
TOPbIA HE OrPaHMUYMBACT BBICOKMM ypOBEHb paspsia
HMOHa XeJe3a.

DNeKTpoauT I ocaxaeHusa cruiaBa Fe—Ni moa-
rorosiieH [12] myrem pacrtBopenus FeSO, 7H,O u
NiSO4 6H,O0 ¢ KoHLIeHTpalneii MOHOB METAJLIOB B BO-
ne 1,0 Moab/a. C nomolbio cepHoit KuciaoTel pH Kop-
peKTHpoOBanach 10 3HaueHuil 1, 2 unu 3. DKcrepuMeH-
TaJbHO MOATBEPXKIEHO, YTO OKOJIO KaToja o0pasyercs
00J1acTh ¢ MOBBIIEHHBIM 3HaueHueM pH (puc. 7), Ko-
TOpOE COCOOCTBYET 00Pa30BaHMUIO THAPOKCUIA XKeJle-
3a, MPEMSTCTBYIOLLErO OCAXKIECHUI HUKEJIS.

AHoMasibHOE coocaxaeHue cruiaBa Fe—Ni 3aBu-
CHUT OT IIPOMEXYTOYHOTo aeiicTBus pH pacTBOpoB u
agcopOonumn FeOH" na ydyacTKax ocaxmeHus. Majibie
KOHCTaHTHl auccormarmu FeOH™ mo CPAaBHEHUIO C
NiOH" B MPOLIECCE MHOTOCTYIIEHYATOrO TMAPATUPOBA-
HUSI MOHOB XeJjie3a ONpeAesiioT OrpaHUYeHHUe Ocax-
JIEHUST HUKEJS.

M3-3a HecTaOWJIBHOCTU CYJb(haTHBIX 3JEKTPOJIU-
TOB U TPUCYTCTBUSI CE€pPbl B OCaaKaxX MCIIOJb30BaHUE
XJIOPUAHBIX JIEKTPOJIUTOB MpeACTaBisieTcs: 6ojee nep-
CTIEKTUBHBIM.

CBJIeKTpooca)lmeﬂne U3 XJIOPHAHOIO J3JICKTPOJUTA

B [13] paccMoTpeH IpolecC 3IEKTPOOCAXKICHUS
CIUlaBa HUKEJb-XKeJe30 M3 XJIOPUIOHON BaHHBI, CO-
crosweit us monp/n: 0,20 — NiCl,, 0,025 — FeCl, ¢
pH = 5 nipu xoMHaTHoOI1 TeMnieparype. s nogaBie-
HUS aHOMAJBHOTO COOCAXICHUS W TIOJydeHUs Tiep-
MaJUTIOEBBIX MJIEHOK ¢ cocTaBoM NisgFe,, mpennaraer-
Csl MCIOJIb30BaTh 100aBKU KOMILIEKCOOOpa3oBareei

sTHeHAMaMuHa B KonndecTBe ot 0,2 mo 0,3 Moab/n
(puc. 8).

DIEeKTpoocaxkIeHNEe W3 XJIOPUIHOTO 3JIEKTPO-
quta ¢ coctaBoM, Moab/n: NiCl, 6H,O 0,04;
FeCl, 4H,0 — 0,037; NH4Cl — 0,9; KBr — 0,15;
H;BO; — 0,48; Nay;C¢H;O0;, — 0,25; C4,O4Hg — 0
(0,67); HCOOH — 35 M/ 6b1710 M3y4eHO B padorte [14]
rpu pH = 3, remmiepatype 25 °C u Toke 0,5—2,0 MA/CM2.
IMpucyrcTBEe KOMIJIEKCOOOPA3YIOUIUX COESAUHEHUIA
TP BBIOPAHHBIX KOHIIEHTPALMAX TIPUMeCeil B 3JIeKT-
poJINTE U TIJIOTHOCTH TOKa He obecrieunBalor (puc. 9)
nojy4eHue crasa nepmamios Nig;Feqg.

M3MepeHUs mepexOomHBIX TOKOB WCITOJIL30BAaHBLI B
pab6ote [15] m1sa XxapakKTepUCTUKHM DJIEKTPOKPUCTAIIIIN-
3aiuu crjaBa Fe—Ni Ha miaTMHOBOM KaToje U3 XJ10-
punHoro pactBopa ¢ pH = 2 u 4. CrnmaBel Fe—Ni
0CaXXIaJnCh U3 paCTBOPOB C MOJIIPHBIM COOTHOIIECHM -
eMm 1:1, 10:1 u 1:10. Mcnonb3oBaHHast MOAENb IS
aHaJIN3a TTOKAa3bIBaeT, YTO MEXaHW3M HYKJICallud TH-
NUYHO TpPeXMEpPHbI 1Ji1 oboux 3HaueHuit pH mnpu
BCEX MOJIIPHBIX COOTHOILLICHMUSIX.

s 0.3 mol -EDA
4 p
-""‘N-..____

w

0,2 mol -EDA
2
0 mol -EDA
1
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5 10 15 20

Puc. 8. 3aBucuMoOCTb COOTHOIIEHHS HUKEJIS M JKeJjie3a B IUIEHKe nep-
MaJuI0sl IPU A00aBJIEeHNH B AJIeKTPouT dTHiaenanamuna (EDA)
Fig. 8. Dependence of the correlation of nickel and iron in a permalloy
film during addition of ethylenediamine (EDA) into the electrolyte
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Puc. 9. 3aBucuMocTh KOHIEHTPALMM HUKEJIS M 2KeJie3a B IIeHKe Mep-
MaJJIOsl MPH JJIEKTPOOCAKIEHUH U3 XJIOPHIAHOTO JJIEKTPOJIUTA

Fig. 9. Dependence of the concentration of nickel and iron in a permalloy
film during electrosedimentation from the chloride electrolyte
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ITnenku Ni—Fe moaydens [16] mpu amekTpoocax-
JNEHUY U3 XJIOPUIHOTO 3JEKTPOJUTA C MACCOBBIM CO-
orHowennem Ni2t/Fe?t =20,7; 13,8; 7,8, ¢ no6aBKoi
25 r/n H3;BO5 npu temnepatype 55,5 °C, pH = 2,5 u
IUIOTHOCTU ToKa 20 MA/CMz. CpenHsisi 3epHUCTOCTD
nmena 3HaueHus 20...30 HM. 2Keyne3o B IJIEHKE CO-
JIEPKUTCSI, COOTBETCTBEHHO MAacCCOBBIM COOTHOIIICHU-
am, 11; 13 u 31 %, a comepxaHue KHUCIOPOJA TOCTH-
raer 22,5 %.

[IpuMeHsieMble 3JEKTPOJUTBl  XapaKTEPU3YIOTCS
MOJISIPHBIM OTHOILIEHEM HMKEJISI U XKeje3a Kak 00Ib-
wuM [5] — 35,1, uem 4,26 mna cnnasa Nig Fe,g, Tak
u MeHbluM [1, 14] — 3,42. He cyuiecTByeT 2j1€KTpo-
JIUTA C OMMHAKOBBIM MOJISIPHBIM OTHOILIEHEM KOMIIO-
HEHTOB CIUIaBa B PacTBOpE M B OCAJIKe.

HccnenoBaHue npoliecca ocaxkaeHusl U3 XJIOPUIHOTO
BJIEKTPOJIUTA TIPOBeneHO B pabore [17] ¢ oTHOIIEHMEM
aromoB 4,26, kak B crutase Nig  Fe,q, r/1: FeCl, 4H,0 —
5,8; NiCl, 6H,0 — 28; H3BO; — 30; C(HgO; H,0 —
3, pH 3,5. 1o cpaBHeHUIO ¢ cyJb(haT-XJIOPUIHBIM DJIEK-
TPOJIUTOM TIPOUCXOAUT YBEIMYCHHE CKOPOCTU POCTA
U TOJILIMHKI TJIEHOK B 2...3 pasa. JlobaBieHue coJsi-
HO# KUCITOTHI peryaupyet pH anekTponmTa, ouninaeTt
BJIEKTPOJIUT OT IIJIaMa 1 JeaeT SJIEKTPOJIUT CTaOMIIb-
HBIM. B XJTOPMIHOM 3JICKTPOIUTE, COOTBETCTBYIOIIEM
[0 COIEPXKaHUIO Xejie3a u Hukens craBy NigFeq,
JIOCTUTAeTCs MOBBIIIEHWE KaTOJHOTO BbIXO/AA MPHU JA0-
6aBKaX OCHOBHBIX COJiell 6¢3 U3MEHEHUS MX COOTHO-
LIeHUs.

MeToauka NPUTOTOBJICHUA XJIOPHIHOIO 3JICKTPOJIHMTA

[TpuroroBieHue XJIOPUIHOTO JTEKTPOJUTA UCCTIE-
JIIOBAaHO ¢ mNoMoluplo crekTpogdoromerpa B-1100.
[TpoBeneHo ABe cepuy IKCIIEPUMEHTOB C MOCJIeI0Ba-
TEJbHBIM PACTBOPEHUEM COCTABJISIIOLIUX JIEKTPOIU-
Ta B BoJie coracHo puc. 10 U ¢ KOHTpOJIeM CIeKTPO-
¢oTorpamm.

Anexmpoaum muna 1. T1pu nocnenoBatebHOM BBe-
nenuu B Bogy Hasecok FeCl, 4H,O — 11 + 11 + 22 =
=44 1/1 (Cg, = 232 MMOJIb) NOJYYEHBI PACTBOPLI U
crhekTpaibHble KO3(hGULUMEHThI HANPaBJIE€HHOTO TPO-

: FeCl, 4H,0+H,0+H;BO; [Ipetmmurarsr (Precipitates )
: Fe(OH),, Fe(OH);. —>
NlClz 6H20+H20+H3BO3 +C7H4N3NO3S +HCl —> 1

FeC12 4H20+H20+C7H4N3NO3 S+HCI1 \

NiCl, 6H,0+H,0+C;H,NaNO;S+HC] -3 % II
Bonbmioit ocanox=(Large sediment)

Puc. 10. ITocaenoBaTeibHOCTh PACTBOPEHHS] KOMIIOHEHTOB JJIEKTPO-
JuroB Tima I n 11

Fig. 10. Sequence of dissolution of the components of electrolytes I and 11
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Puc. 11. 3aBucuMOCTbh ONTHYECKOTO NponycKanus 7 Ha JJIMHAX BOJIH
315—1050 am BogHOroO pacTeopa ¢ konnenarpanuavu FeCl, 4H,0 11,
22u44r/n

Fig. 11. Dependence of the optical transmission T in the wavelengths of

315—1050 nm of the water solution with the concentrations of
FeCl, 4H,0 of 11, 22 and 44 g/I
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Puc. 12. 3aBucUMOCTb ONTHYECKOTO MPONMycKanusi 7 Ha JUIMHAX BOJIH
315—1050 um Boanoro pactBopa ¢ konuentpammeii FeCl, 4H,0

44 r/n u ¢ nodaskamu 6opHoii kKucaorsl 55 10; 20; 40 r/n

Fig. 12. Dependence of the optical transmission T in the wavelengths of
315—1050 nm of the water solution with concentration of FeCl, 4H,0

of 44 g/l and with additives of the boric acid of 5; 10; 20; 40 g/!

ITyCKaHWS PaCTBOPOB C XJIOPUCTHIM KeJIe30M Ha CIeK-
tpodoromerpe B-1100 ¢ 10-MmummMeTpOBBIMA KIOBE-
TaMHM. 3aBUCHUMOCTh ONTHUYECKOTO IIPOITYCKAaHUs Ha
JrHaxX BojH 315...1050 HM BOJHOTO pacTBOpa OT KOH-
uenrpaunn FeCly 4H,O npencrasnena Ha puc. 11.

PacTtBOp MMeeT KeITO-KOPUIHEBBIN IIBET. 2KeaThIi
LIBET CMOTPUTCSI OCHOBHBIM, a KOPUYHEBBIH — OT-
6JIECKOM OT TIJIAaBaIOIINX B SKMAKOCTH YacTHIl. B oc-
HOBHOM XMIKOCTHU IIPUCYTCTBYET B3BECh B BUIIE CYC-
MEeH3UH, HEe KOaryJaupylolux NpeuunuTaToB.

CnekrpaiabHble KO3(G(GUIIMEHTH HaIlpaBJIe€HHOIO
MPOITYCKAaHUS TIPU TOCJIEeIOBATeIbHOM H00aBICHUU
HaBECOK I'MapaTa XJopuja xkeje3a B paCTBOp XapaKTe-
pU3YIOTCS TMKAMM TIOTJIONICHNWST CBeTa TIPpHM UTMHAX
BOJIH 345 u 945 HM.

ITocne moGaBKKM OOPHOI KMCJIOTHI CEKTpOrpaMma
U3MEHSIETCA B O0JACTSIX BHAIM OT ITMKOB ITOTJIOIIE-
Hus (puc. 12). PactBop uMeeT ci1adyio KUCIOTHOCTD
pH = 5,6. [1ocne orcTos B TeueHMe 7 AHEH 1IBET pac-
TBOpa M3MEHWICSI Ha KEJITO-3eJICHOBATBIM M BBHITIAI
KpacHOBaTO-KOPUYHEBBIN ocanok. PacTBop Obu1 OT-
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Puc. 13. 3aBucumMocTb ONTHYECKOTO MponycKanusi 7 Ha JJIMHAX BOJIH
315—1050 M pacTBOpPOB C KOHUEHTDPAIMSIMH OOPHOW KHCJIOTOM
40 r/n; 1 — FeCl, 4H,0 22 r/a; 2 — NiCl, 6H,0 112 r/a; 3 —
FeCl, + NiCl, + H;BO;

Fig. 13. Dependence of the optical transmission T in the wavelengths of
315— 1050 nm of the solutions with the concentrations of the boric acid
of 40 g/l and 1 — FeCl, 4H,0 — 22 g/I; 2 — NiCl, 6H,0 — 112 g/I;
3 — FeCly + NiCl, + H;BO;

(uIBTPOBaH M COCTaB OCaaKa MpoaHaIM3NpoBaH. BeI-
MajgaeT B 0Cago0K IMIPOOKCHU XKeJe3a.

N3meHeHune crieKTpajJbHbBIX KO3¢h(GUIIMEHTOB Ha-
MPaBJICHHOIO MPOMYCKaHUSI TMpPU MOCIeI0BaTe/b-
HOM BBEICHMH HaBECOK THIpara XJIOpHMIa HUKEJS
NiCl, 6H,O0 10 224 r/n B pacTBOp [aeT CIEKTPaIbHbIE
3aBUCUMOCTHU TIPONTYCKAHMUS CBeTa, MpPEICTaBICHHBIC
Ha puc. 13. ChnekrTpajibHble KO3(DOUIIMEHTH HaIlpaB-
JIGHHOTO TIPOITYCKaHUs TPU IOCIeI0BATEIHHOM JIO-
0aBJIeHNM HABECOK THApATa XJIOpHMIA HUKENIS B pac-
TBOP XapaKTEePU3YIOTCS NMMKaMU MOIJIOIICHUS CBeTa Ha
JnnvHax BoiH 3935, 725 u 985 uM. PacTBop ¢ nobaBkoit
6opHoil kuciaorel H3;BO5; 40 r/n1 umeer xenrto-3eJe-
HBII IIBET ¥ TEMHEET MPH YBEINICHUN KOHIICHTpAITNN
XJIOpUIA HUKEJISI, HO TPaKTUYEeCKHM He M3MEHSIET CITeK-
TpaIbHYIO XapaKTepUCTUKY. [locie oTcTos B TedeHMe
7 mHel 1BET He M3MEHSETCSI M OCAlOK He BhITamaer.

CMelBaHWe OXMHAKOBBEIX OOBEMOB PAaCTBOPOB C
JKeJIE30M, HUKeJIeM ¥ OOpHOI KMCJIOTOM AaeT XJIOpUI-
HBII 3JIEKTPOJIUT CO CITEKTPO(OTOrpaMMOI, TIPEICTaB-
JeHHoi Ha puc. 13. CrnexkrpanbHble KO3(MUIIUEHTbI
HaInpaBJIeHHOTO TIPOIYCKAHUS IIPY CMEITUBAaHUH pac-
TBOPOB XJIOPHUAA XeJle3a M HUKENS XapaKTepU3YIOTCS
MMKaMJ TIOIJIONIEHUS CBeTa Ha IIMHaX BojH 395, 725
1 985 HM, KOTOpbleé COOTBETCTBYIOT HUKEJIO, UMEIO-
meMy B 4,26 pa3a OOJIBIIYI0 KOHIIEHTPAIIUIO, YeM XXe-
J1e30. PacTBOpHI coneit HUKENST U Xejle3a MMEIOT 3Ha-
yenust pH = 5,5 u 3,6 cOOTBETCTBEHHO.

Ho6GaBka caxapuna 1,6 T/ B 3TOT 3JIEKTPOJIUAT U3-
MEHSIET XapaKTepUCTUKY, YMEHbIIAasl MPOIycKaHWe Ha
nmHax BojiH 500 1 900 HM B 00JIaCTSIX XOPOIIIETO IIPO-
MyCKaHUs CBeTa ISl pacTBopa xjiopuaa Hukens. Kuc-
JIOTHOCTb ToBblliaeTcss u pH = 3,17.

JlobGaBKa COJITHOI KUCJOTHI 2 T/ B 3TOT 3JIEKTPO-
JIAT U3MEHSIET XapaKTePUCTHUKY, YMEHbIIasl MOTJIOIIe-
HMe cBeTa Ha JyiHax BoyH 540 u 860 HM. Dtu obiactu

HaXoIsTCS BHE MUKa ITOTJIOIIEHMS CBeTa IJIsI pacTBO-
pPOB XJIopUJa Xejie3a U HUKeNsl. DIeKTPOJUT CTaHO-
BUTCS 3aMETHO cBeTJiee. B3Bech pacTBopsieTcst. Kuc-
JIOTHOCTb XJIOPUJIHOTO 3JIeKTpojuTa Tuna I co BceMu
nobaskamu pH = 1,73.

3aBUCUMOCTU ONTUYECKOTO MPOMYCKAHUST DJIEKT-
poauTta tuna I ¢ moGaBkoli caxapyHa U COJISTHOM KUC-
JIOTBI YKa3bIBAlOT HAa TO, YTO CaXapuH U COJIsTHasl KuC-
JIOTa B3aMMOJIEICTBYIOT C XJIOPUIAMU HUKEIIS 1 XKeJle-
3a, COCTaBJISIIOIIMU DJIEKTPOJIUT.

Daexmpoaum muna II. DTOT >IEKTPOIUT HMEET
BIBOE MEHBIIIYIO KOHIICHTPAIIUIO OCHOBHEIX IIPUMeECei
Kenesa u HuUKes1. Jlo6aBKM caxapruHa U COJISTHOM KHUC-
JIOThI HE UBMEHSIIOT ONTUYECKYIO XapaKTepUCTUKY pac-
tBopoB FeCl, 4H,0 u NiCl, 6H,0, xoTs1 pacTBOpbI
CTAHOBSITCSl 3aMETHO cBeTyiee U 3HaueHue pH msme-
HseTcd ¢ 5,6 Ha 1,64. BzanMopeiicTBre B3BecH Oypo-
ro 1BeTa IMAPOKCHUAA TPEXBaJEHTHOIO Xejie3a C COo-
JITHOM KUCJIOTO# IIPUBOAUT K €TI0 PAaCTBOPESHUIO U 00-
pPa30BaHUIO KEJITOTO PacTBOpA XJOPHUAA TPEeXBaJEHT-
HOTO XeJe3a.

OnrTuyeckoe TMpoIycKaHue XJOPUAHOTO 3JIEKTPO-
Juta tana II Ha puc. 14 xapakTepu3yroTcsl MUKaMu
MOTJIOLIEHUS CBeTa Ha JJIMHAX BOIH 395, 725 u 985 HM,
aHaAJIOTMYHO 3JIEKTPOJIUTY TUIIA I, HO OTJIMYaeTcsl BIBOE
0OJIBIIMM IIPOIyCKaHWEM CBeTa Ha IJIMHaxX BoJH 510
u 895 HM, ITOCKOJIbKY KOJIMYECTBO OCHOBHBIX MPUME-
ceii BaBoe MeHblie. [1ponyckanue 6oee 100 % cBu-
JIETeJIbCTBYET O MOJHOM BHYTPEHHEM OTPaXXCHMU Ha
TpaHUIIe SJIEKTPOJIUT — CTEKIIO KIOBETHI.

Puc. 14. 3aBucHMOCTbh ONTHYECKOTO NponycKanus 7 Ha JJIMHAX BOJIH
315—1050 mm: / — pacteopos xnopuna xenesa [FeCl, 4H,0

(22 r/n) + C;H4NaNO5S (3,2 r/m) + HCI (4/5 mn)]; 2 — xnopuna
nukenst [NiCly, 6H,O (112 r/1) + C;H4NaNO3S (3,2 r/m) + HCI
(4,5 mn)] u 3 — xnopuaHoro snekrposnuta tina I [Ni (56 r/n) + Fe
(111/1) + C;H4NaNO;S (3,2 r/1) + HCI (4,5 mi1) + H3BO5 (50 /1))

Fig. 14. Dependence of the optical transmission T in the wavelengths
of 315—1050 nm: 1 — solutions of the iron chloride [FeCl, 4H,0

(22 g/l) + C.HNaNO3S (3.2g/1) + HCI (4/5 ml)]; 2— nickel chloride
[NiCl, 6H,0 (112g/l) + C;H/NaNO3S (3.2g/1) + HCI (4.5 ml)] and
3 — chloride electrolyte II [Ni (56 g/I) + Fe (11 g/]) + C,H,;NaNO3S
(3.2g/) + HCI (4,5 ml) + H;BO; (50 g/1)]

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 1, 2018 31



Jlo6aBKa OOpHOII KMCIOThI BBOAUTCS IOCJe m00a-
BOK caxapuHa 1 coJisstHoi kucyiotel 1 pH = 1,34. Iloc-
Jie 14 nHeit xpaHeHUs TpU QUIbTPALIMK BbITIa]l CBET-
Jo-rony6oit ocanok. FeCl, n NiCl, MoryT Bbinanath B
0CaJIoK B BUJE KOMILIEKca ¢ 60pHoii kucnoroit H;BO;,
0 YeM CBMIETEILCTBYET HAJIMYME XJIOpa B KOJIMYECTBE
65,17 %, nuukens 21,95 % wn xenesa 5,88 %. 3 BBe-
JICHHBIX B pacTBOp 134 /1 XJIOpUIOB HUKEJIS U XKeJle3a
BblMagaeT B ocaaok 30 I, T.e. yaaisieTcss MHOTO HUKEJIsI
U Xeesa.

CpaBHEeHME ONTUYECKOTO TIPOIMYCKaHUs XJIOPHI-
HBIX 2JIeKTpouToB Tuma I u tumna Il mokaseiBaer, 4To
3JIeKTpouT TUIa [ uMeeT Gosibliiee MOTIOIIEHE CBeTa
C IJIMHOM BOJIHBI 345 HM, XapakTepHoe ISl XkeJe3a.

XuMHYecKne Mmpouecchbl
B PACTBOpe XJIOPHIA KeJjie3a

IIpn pacTBOopeHuu xjopuaa xeyie3a B Boxae [18] B
0CaI0K MOXeET BHITNIAAaTh THIPOOKCHI IBYXBaJIEHTHOTO
xkeje3a Fe(OH),, KOTOpblil B CBEXEOCAXIEHHOM BUE
MMeET CepoBaTO-3€JIEHYIO0 OKPAcKy, B BOAE HE PacTBO-
psieTcsl, ObICTPO TEMHEET BCAEACTBME OKMCICHMS, 00-
Jlagaer (Kak U BCE APYrUe€ COCAUHEHUS NBYXBAJICHT-
HOTO XeJie3a) BOCCTAHOBUTEIbHBIMU CBOMCTBAMU U B
npucyrcteun O, u H,O ¢ TeuyeHuem BpeMeHM IIpu
CTOSTHUM Ha BO3IyXe MEMJIEHHO OKHUCISIOTCS PacTBO-
DPEHHBIM KMCJIOPOAOM A0 IMAPOKCUAA TPEXBAJIEHTHOTO
KeJesa:

4Fe(OH), + O, + 2H,0 = 4Fe(OH);.

T'mapokcua TpexBaJeHTHOIO Xkeje3a ¢ (opMyson
Fe,O3; nH,O umeer KpacHOBAaTO-KOPUYHEBLINA LIBET,
HE pacTBOpPSIETCS B BOJE.

ConepxxaHue TpeXBaJeHTHOTO XeJie3a YKa3bIBaeTCsI
B ITacIopTe Ha XMMUKAT. B HalmeMm ciydyae mpumech
TpeXBaJIEHTHOTO keye3a coctabisgeT 0,2 % oT Macchl
TUIpaTa XJIopuaa Keesa.

BzanMopeiicTBre 6yporo ocagka ruIpOKCHIA TPEX-
BaJIECHTHOTO XeJjie3a ¢ KUCJIOTaMM, HAllpUMeEp C pac-
TBOPOM COJITHOM KMCJIOTHI, TIPUBOIUT K PACTBOPEHUIO
ocagka M o0pa30BaHMIO XKEJITOr0 pacTBoOpa XJIOpuUIa
TPEXBaJICHTHOTO KeJje3a.

Fe(OH); + 3HCI = FeCl; + 3H,0.

ITpoBepka AeiCTBUS COJISTHON KUCIOTHI HAa OCagoK
13 pacTBopa TUMa I mokasano Halm4ue UMEHHO TaKOTO
apdekra.

HectabuyibHOCTh IBYXBaJIGHTHOTO XKeJjie3a U Tepe-
XOJl B TPEXBAJIEHTHOE OIpEnessieT BCe CAOXKHOCTH I0-
JIyUeHHUs 3aJaHHOIO COCTaBa IJICHOK MepMaJlyiosl, Tak
KaK TPEeXBaJIEHTHOE XKEJe30 OCAXKIACTCS C OOJIbLION
CKOPOCTbIO 32 CUET OOJIbLIEro 3apsiia MOHA U YBEJIUYU-
BaeT coaepxKaHue Xene3a B IUIeHKe. [Ipu mobaBieHuun
COJITHOM KMCJIOTHI B 3JeKTpoiuT tura Il mo ¢puibt-
paunu Fe(OH); pactBopsercsa u nepexoaut B FeCls.

ITocne punbTpanyuy 3jeKTpoanTa TuIa I B Hem HeT
Fe(OH)5, 1 no6aBka cosHOM KUCIOTHI MoHMxaeT pH
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U TIPOCBETJISIET JIEKTpoauT. M3meHeHue cnekTpogo-
TOrpaMM IpY N100aBJICHUM B 2JIEKTPOJUT TUNa I caxa-
pUHA U COJISTHOM KUCJIOTHI IMIPOMCXOIUT, OYEBUIHO, 3a
CYeT B3aMMOJACHCTBUS STUX BEILIECTB C OYMILEHHBIM
pactBopoM xjopuiaa xenesa. [Tox oOlnM Ha3zBaHUEM
caxapyH IMPOAAIOTCS €r0 COJU, KPUCTALJIOTUAPAT ca-
xapuHata Hatpusa C;H4;NaNO;S 2H,0 (nHa anmmiic-
KoM s3bike sodium saccharin [19]). OtcyTcTBUE U3Me-
HEHMSI CIEKTpPOrpaMM MPU TexX ke N00aBKax B HEOUYU-
LLIEHHBIN 2yeKTponuT tuna Il cBuaeTeabcTByeT 00 OT-
CYTCTBMM PeaKIMU OYMILIEHUS B 3jeKTpoauTe Tuna Il.
bopHasi kuciora sIBisieTCs KOMILJIeKcooOpa3oBa-
TeJeM M BolaenseTr u3 pacrsopa FeCl, kpacHo-Ko-
PUYHEBBI 0CATOK, B COCTaB KOTOPOTO BXOAMT KeJe-
30 42,07 % w xnop 57,93 %. Ocanox ynansiercs: pu
dunpTpaimu. JlaHHbIe 110 COCTaBy (MIIbTpaTa MoJyde-
Hbl Ha 9HEProJMCIIEPCUOHHOM PEHTTEHOBCKOM MUK-
poananuzatope Philips XL 40. CogepxkaHue aTOMOB C
MaJIbIM aTOMHBIM BECOM He€ ompejaessieTcsl. ATOMHbIE
Beca: xesuesa 55,85; xiopa 35,45, a FeCl, umeer mMo-
JekyspHeiit Bec 126,75. FeCl, cocrout us 44 % xe-
ne3a u 56 % xiopa. DTU 3HaUYECHMS OYeHb OJIM3KU K 13-
MEepEeHHBIM TaHHbIM. Eciu mpoMbITh OCaioK BOJIOH, TO
XJIOPUJI Kejie3a pacTBOPSETCS M SHEePrOANCIICPCUOH-
HbIIA pEHTTeHOBCKUI CIIEKTP (PUIbTpaTa AAeT CIEayI0-
mmii cocras: Cl — 15,69 %, Fe — 81,27 %. Ilo cocra-
By OCaJIOK MMeEET XeJjie3a 3HAYUTEIbHO OOJbIIe, YeM
XJIOpUJ, Xeje3a, T.e. COASPXKUT TUIPOKCUIIBI XKee3a.

E)JIBKT])OXI/[MH‘[CCKOB O0CAXKJICHHE IUICHOK NEPpMAJIIoA

[IpoBeneHne MPOLIECCOB OCAXIECHMS IUICHOK Iep-
MaJuIosl M3 XJIOPUIHOTO 3JIEKTPOJIUTA ITOKA3aJI0 Clie-
ayloliee.

DIIeKTPOJUT TUHA | JaeT CKOpPOCTh OCAXKICHMS
0,3 MKM/MUH IJIEHKM NepMaiuios ¢ coctaBoM Nig; Fe g
rocJie J00aBIeHUs XJI0pUIa XKeJje3a sl KOMIIEHCALUU
MPEeuMYIIECTBEHHOTO ocaxaeHus1 Hukesas (puc. 15).

Fe, % (FeNi)

21

Jo6asku FeCl,
19

Additives
17

15

13 T T T T T T T 1
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Puc. 15. 3aBucumMocTb cocTaBa IIEHOK MEPMAILION OT TOKA Mpouecca
ocaxIeHus U3 JeKTpouTa THna I ¢ no0aBKaMu XJI0pUIOB Kele3a
U HUKeJS

Fig. 15. Dependence of the composition of the permalloy films on the
current of the process of sedimentation from electrolyte I with additives
of the chlorides of iron and nickel
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Puc. 16. 3aBuCMMOCTb CKOPOCTH OCAXKAECHHSA IJICHOK MEPMAJLIONA OT
TOKA MPOLEcca 0CAKAEHUs U3 3JIeKTpoauTa Tuna I

Fig. 16. Dependence of the speed of sedimentation of the permalloy films
on the current of the process of sedimentation from electrolyte |

CocTaB TUICHOK OIpenenseTcs, Kak I0Ka3aHOo Ha
puc. 16, cocraBoM 3JyIeKTposMTa TUMa | 1 mMano 3aBu-
CUT OT peXMMa OCaXIeHUs MO TOKY. 3a Ba Mecsla
WCITOJIb30BAaHUS 32JIEKTPOJUTA Tuna | TpoBeneHO
24 mpouecca ocaxaeHus ¢ o01ei TOJIIMHON TJIEHOK
167 MKM. DJIEKTPOJIUT HE UCTOIIACTCSI U HE M3MEHSIET
CBOMX CBOMCTB. XJIOPUIHBINM 3JEKTPOJIUT C OUMCTKOM
OT TPEXBAJIEHTHOTO XeJje3a U CO CTabuIn3aluen co-
JISTHOU KUCJIOTOM SIBJISIETCS] CTAOUIbHBIM U obecTievyu-
BAa€T BOCIPOM3BOJAMMBIN MPOLIECC OCAXKIAECHUS.

Bnekrponmut timna Il ¢ pH = 1,6 maer ckopocTh
ocaxpaeHus 0,13 MKM/MWH TJIEHKU TTEPMaJUIOS C CO-
craBoM Nig,Feg.

Takum 006pa3oM, OYEBUIHO MPEUMYILIECTBO 3JIEKT-
poauta tMna I ns ocaxaeHus TJIEHOK MepMaslios.

MarnuTHble CBOMCTBA IUIEHOK MEPMAaJLION

B pa6ore [20] paccMoTpeH Mpouecc JOKaIbHOIO
BJIEKTPOXUMUYECKOTO OCAXICHUS W3 XJIOPUIHOTO
QJIEKTPOJIMTA U TIOJy4Y€eHbI IUIEHKM Tiepmajiios Nig;Fe g
C MarHUTHBIMHU CBOMCTBAMM, aHAJIOTUYHBIMU CBOMCT-
BaM 0O0BbEMHBIX 00pa3L0B, paBHOMEPHEIE 110 TOJIIIMHE
7 ¢ MaJILIMU MeXaHNYeCKNMH HaTIPSLKEHUSMUI 0e3 BhI-
CcOKOTeMIlepaTypHOTo oTxkura. [IneHku mepMaiios,
ocaxaeMble UCCJIeIyeMbIM METOIOM, IpeaHa3Haye-
HBI IUTSI YCUJIEHUST MAarHUTHOTO TIOJIST M TTOBBITIICHMS
MarHMTHON YYBCTBUTEJIBHOCTHM 3J€MEHTAa B MarHWUTO-
TTOJTYTIPOBOTHUKOBEIX MHTETPATbHBIX MUKPOCUCTEMAX.

OnTuManbHble MarHUTHBIE CBOMCTBA TJIEHOK TIep-
Majuios ¢ coctaBoM Nig,Fe g monyuarorca mpu yuere
BJIMSTHUST MAaTHUTHOTO TOJIST 3eMJIU B 3JIEKTPOOCAXKIE -
HUM ¢ oOpa3oBaHMEM HaHOCTPYKTYp [21]. Bapsupona-
HHE MAaTHUTHBIX CBOWICTB IUIEHOK IIEPMAaJUIOs TTO3BO-
JIleT ONTUMM3UPOBATh UX TPUMEHEHHE B KOHLEHTpa-
TOpax MarHUTHOTO TIOJII B COYETAHWM WX C MarHUTO-
YYBCTBUTEJbHBIMU 3JIEMEHTaAMU.

WccrenoBaHbl MAaTHUTHEIE CBOMCTBA TUIEHOK TIEpP-
MaJIJI0sI, U3TOTOBJICHHBIX IO TEXHOJOTMHU JIOKAJTbHO-
ro 3JIEKTPOXMMUUYECKOTO OCAXIEHUS U3 XJIOPUIHOTO

ayeKkTpoauta [22]. OnpenesaeHbl 3aBUCUMOCTU HaMar-
HUYUBAaHUS OT PeXMMa OCaxIeHHs, COCTaBa U Ieo-
METPUM JIOKAJIBHOTO OCaXXIEHMS. YCTAHOBJIEHO, YTO
HaMarHu4yMBaHWE MHOTO3JIEMEHTHBIX KOHIIEHTPATO-
POB J1a€T BO3MOXHOCTb PACIIUPUTh AUANa30H MarHuT-
HOTO TTOJISl 10 BbIXOJa B HachllleHue. Kcroiab3oBaHue
TUIEHOK TepMaJlIosl C pa3HbIM COAEPXKaHMEM XeJie3a
MO3BOJISIET YIPABJISITh XapaKTepPUCTUKAMU HaMarHu-
yrBaHUs. B MarHUMTONOJYyNpPOBOAHUKOBBIX MUKPO-
CHCTeMaX MCIOJB3YIOT TJICHKM TepMaJiios Uil KOH-
LIEHTPATOPOB MAarHUTHOTO IOJIs1, TOBBIIIAIOIIMX YYBC-
TBUTEJIBHOCTb.

VYcaoBus monyyeHus TJIEHOK, U B TIEPBYIO ouepeb
COCTaB BJIEKTPOJIUTA ONPENEIISTIOT COCTAB TUIEHOK M UX
MarHuTHbIe cBolicTBa (puc. 17).

IIpoliecc ocaxxaeHUs U3 XJIOPUIHOTO BJIEKTPOJIUTA,
MPUTOTOBJIEHHOTO C (PUbTpaLIMei MPELUIIUTATOB XKe-
Jie3a ¢ OOpHOM KKUCJIOTOM U C MOCeAYIOlIei cTa0uIn-
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Puc. 17. Hamarnmyusanue njieHO4YHbIX KOHIEHTPATOPOB U3 NepMaJi-
1051 ¢ cocTaBoM Nigy g Fe g ; TonmuHoii 5,6 MKM € KO3pUHTHBHOI CH-
aoii He = 0,49

Fig. 17. Magnetization of the film concentrators from the permalloy with
composition of Nigy g Fe 9 5 with thickness of 5.6 um and coercive force
He = 0.4 Oe
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3alyen COJISTHOM KMCJIOTOM 1aeT HOBbIE CBOMCTBA —
HE3aBUCUMOCTb COCTaBa OT MJIOTHOCTU TOKA U IPEBHI-
LIIEHNE OCAXACHUS HUKEJIST Hall KeJIe30M. DTO OTKPbI-
Ba€T HOBBIE BO3MOXKHOCTH JUISI MOJIYYEHUST HYXKHOTO
COCTaBa W MArHUTHBIX CBOMCTB IUICHOK ITepMaios
MpY 3aJaHUM COCTaBa 3JIEKTPOJIMTA, KOTOPHIA KOHT-
poJIMpyeTcsl CeKTPO(POTOMETPOM.

3akioueHue

Ha mpomecc ocaxkaeHWs TUIEHOK TEpPMaiosT Cy-
IIECTBEHHOE BJMSHME OKAa3bIBA€T METOMMKA IPUIO-
TOBJICHHST XJIOPMIHOTO 3JICKTPOJINTA, YIUTHIBAIOIIAS
B3aMMOJENWCTBIUE OCHOBHBIX U BCIIOMOTATEJIbHBIX CO-
crapsouMx xumukaroB. [lomaBieHue obpaszoBaHMsI
1oHOB xesne3a Fe3' 1 ouncrka snekTposuta ot npe-
LIMIIUTATOB TPEXBAJIEHTHOIO ejie3a obecreyrBaloT
KOHTPYSHTHOE OCaXICHWE U MAIOT OCHOBAaHME YTBEPK-
JIaTh, YTO aHOMAaJbHOE OCaXIEHUE OmpenessieTcs] Ha-
JINYMEM Y KeJle3a CBOMCTBA M3MEHSITh BaJICHTHOCTD C
JIBYX OO TpeX. YIajJeHue TMIpaToB xKeje3a Fe’" u3
pacTBopa ¢ TOMOIIBIO OOPHOM KUCIOTH M (pUIBTpa-
LN TIO3BOJISIET PEIIMTh MPo0IeMy aHOMAJTBHOTO OCaXK-
JIEHUST U TIOJTyYUTh BOCIIPOU3BOIMMOE TMOJTyYeHUE TUIe-
HOK C COCTaBOM, COOTBETCTBYIOIIUM 3adaHHOMY CO-
CTaBy 2JIEKTPOJIMTAa — KOHTPYDIHTHOE BJIEKTPOXUMMU-
YeCcKOe OCaxKIeHHUe.

HccaemoBadue TONIWHBI TUICHOK TICPMAJUTOST W
MAarHUTHBIX CBOMCTB MPOBOAUIOCH C MCITOIb30BaHUEM
obopynoBaHms LleHTpa KOJMJIEKTUBHOTO MOJB30BAHMS
HKIT "®yHKIMOHANBHBI KOHTPOJIb M TUAarHOCTHUKA
MUKpO- 1 HaHocucteMHol Texuuku" HITK "TexHoio-
ruyeckuii meHTp”. TonnHa TUIeHOK KOHIIEHTPATO-
pPOB M3Mepsilach C MIOMOILBbIO MUKPOUHTEPGhepoMeTpa
anaymm3aTopa mukpocucteM MSA-500. UcciaegoBanue
MarHUTHBIX XapaKTePUCTUK KOIPLIUTUBHON CHMIIBI U
ITOTOKA MarHUTHOTO TIOJIS, ONpeAeIsieMOro HaMarHu-
YEeHHOCTBIO KOHLIEHTPATOPOB B COCTaBe IUIACTUH TPO-
BEJCHO Ha aHaaM3aTOpe MarHUTHBIX CBOMCTB IJIEHOK
MESA-200.

Hccaedosanue cocmaea naeHOUHbIX KOHUEHMPAmMo-
D08 MACHUMHO20 NOASL NPOBEJeHO C NOMOUbIO dHEP20OUC-
NEePCUOHHO20 PEHM2eH08CK020 MuKkpoanasuszamopa Philips
XL 40 llenmpa xoarekmueHo2o noav3oeanus "luaenoc-
muka u moouguxayus MUKpoOCmMpykmyp U HaAHo00seK -
mos" (LIKII IMMH) MUST.
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Introduction

Research of the electrochemical deposition of Ni—Fe pe-
rmalloy films is popular because of the magnetic properties of
the alloy used as a soft magnetic material. Permalloy is a pre-
cision alloy consisting of iron and nickel, with 45...82 % of Ni.
The magnetic characteristics — the induction of saturation Bg
and the initial magnetic permeability py of Ni—Fe alloys de-
pend on the percentage content of nickel. The alloy with the
content of 81 % of Ni has the highest maximal relative mag-
netic permeability pu ~ 100 000, small coercive force less than
1 oersted, but these properties are revealed in a narrow range
of variation of the composition. Permalloy with the lowered
content of nickel possesses smaller magnetic permeability, but
it can work in stronger magnetic fields of saturation. The
magnetic properties of permalloy change radically in the pres-
ence of an impurity in the alloy. The necessity for reception
of a pure alloy with a set composition dictates high demands
to the process of obtaining of the permalloy films. The article
presents the results of the electrochemical deposition of the
films from the chloride electrolytes taking into account the
chemical processes occurring during preparation of an elec-
trolyte with a spectrophotometric control.

Electrodeposition of a nickel-iron alloy

Electrodeposition of the alloys of nickel and iron have been
known for more than 50 years. The mechanism of deposition
of an iron-nickel alloy has an abnormal character [1] — a dep-
osition of iron primary takes place although it has higher elec-
tronegativity, than nickel. The degree of anomality of the sed-
iments depends on temperature, pH and pH-buffers. Simple
sulphatic or chloride electrolytes should be used in a permalloy

bath within the range of pH from 3 up to 5. If it is below 3, the
efficiency on a current drops down to the inadmissible values,
and if it is above 5, the precipitates of Fe3* are formed.

A possibility for obtaining of NigyFe, permalloy films with
thickness up to 1 pm (fig. 1) from a water solution of a sulphate
electrolyte at pH = 4.8 is demonstrated in [2]. The composition
of the electrolyte, g/l, is the following: NiSO, 6H,0 — 112;
FeSO, 7TH,0 — 5; citric acid — 75; K,SO4 — 1.5; saccha-
rin — 1; lauryl sulfate — 0...0.4. The anode is of platinum, and
the cathode is a glass substrate covered with layers of chrome
or gold. Deposition was implemented at 25...45 °C and the den-
sity of the periodic current of 7.5...18 mA/cmz, without hashing
of the electrolyte. Use of the citric acid raised the time, during
which the deposition process went in a qualitative way, from 2
up to 25 h. This type of electrolyte is used most frequently.

The magnetic properties of the films are influenced by the
density of the current and the temperature of the electrolyte
[3]. For deposition of an alloy with the content of 80 % of
nickel and 20 % of iron the authors recommend the following
sulphatic composition of the electrolyte, g/1: sulphate of nick-
el — 60, sulphate of iron — 2; boric acid — 25, saccharin — 0.8;
sodium lauryl sulfate — 0.4; pH = 1.8...2.0. A nickel cathode
is used. The drawbacks of the sulphatic electrolyte are a higher
fragility of the layers and bad adhesion, therefore, reception
of thick films of permalloy is considered a difficult problem.

The necessity for improvement of the properties of the re-
ceived films and increase of the reproducibility of the deposition
process encourage new research works. It is recommended [4]
to use, in particular, the pyrophosphate electrolyte of the fol-
lowing composition, g/l,: FeCl; — 2..3; NiCl, — 65...75;
K40,P, — 300...350; C;HsNaO5; — 10...30; saccharin — 3.
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A thin film of NigyFe,, permalloy was deposited [5] in
a galvanic bath with hashing and correction of the compo-
sition of the electrolyte, which had a correlation of the con-
tent of ions of Ni/Fe of 1.8:1...24:1 at the current density of
10...200 mA/cm2 for a continuous covering, or a correlation
of Ni/Fe 25:1...85:1 at the current density of 2...110 mA/cm?
in case of deposition through a mask. The concentration of
Fe2* jons was 0.3...1.0 g/1, the concentration of Ni2" ions was
17—44 g/1, the temperature of electrolyte was 20...35 °C.
High speed of deposition occurs at 24.4 g/1 of N12+, 1.05 g/1
of Fe*, 25 g/1 of H3BO;5, 0.2 g/1 of saccharin and pH from
1.0 up to 3.6. The composition of the permalloy with 19 % of
Fe turned out from the electrolyte with the correlation of the
concentration of ions of Ni/Fe = 23 at the current density of
60 mA/cm? (fig. 2).

A comparison was done in [6] of the electrodeposition of
NiFe films from the sulphate and chloride electrolytes at 28 °C
and pH = 2; 3 at the current density J = 1...20 mA/cm2 on
a rotating golden disk. The permalloy films obtained at the set
value of the current density for the chloride electrolyte have
a lower content of iron compared with the sulphate electrolyte
(fig. 3). Chlorine prevents formation of iron hydroxide on the
surface, decreases the content of iron in the films and im-
proves appearance of the films. An increase of the current
density raises the content of iron in the films. A decrease of
pH usually leads to a decrease of the speed of deposition and
improvement of appearance of the films. The mechanism of
an abnormal coprecipitation of Fe and Ni and high content
of Fe in an alloy is connected with formation of Fe(OH), and
hydroxide deposits due to a local increase of pH on the sur-
face during allocation of hydrogen. It is believed, that a co-
precipitation occurs because of suppression of the discharge of
ions of nickel Ni2+, which is observed at a rather high level
of pH on the surface, causing formation of the iron hydroxide.
Adsorption of the iron hydroxide suppresses deposition of nick-
el, but admits a high level of discharge of the ions of iron Fe2*.

The use of the sulphur containing salts leads to the fact
that a small amount of sulphur (several percent) is present in
a deposit and worsens the corrosion resistance, the mechan-
ical and magnetic properties [7]. The problem of stability of
the electrolytes in time during deposition of the galvanic cov-
erings on the iron basis is connected with oxidation of the ions
of Fe2t, Fe3" and the subsequent formation of strong hydrox-
ide complexes, which lead to formation of deposit of Fe(OH)s5.
The complex forming sulfosalicylic acid is the former of Fe3*
complexes, stronger, than the hydroxides. This additive al-
lows us to slow down the process of formation of the pre-
cipitates for Fe3' in an electrolyte, g/1: NiSO, 7H,0 — 3.8;
HO3;SCH;0H—COOH — 7.63; (NaO35);C;oHg = 3.1 in
case of a pulsing electrodeposition. The sulfate-chloride elec-
trolyte even with the additives of a strong complex former is
not stable in time and changes its properties (fig. 4) for the de-
pendence of absorption 7 on the time of electrolyte storage .

In [8] the sulphate-chloride electrolyte with composi-
tion, g/1, of: NiSO, 7H,O — 18, Fe,(SOy); 9H,0 — 8,
used for reception of magnetic concentrators from the per-
malloy films. During its storage the electrolyte changes its
color from light yellow-green for brownish with a metal tint.
Formation of the complexes of the necessary composition oc-
curs only at a prolonged endurance of the electrolyte. The best
magnetic properties are received at endurance of 9 days (fig. 5),
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which confirms instability of the sulphate-chloride electrolyte.
The film composition on a plateau (Fe — 15.4 %, Ni —
82.4 %) is close to the composition of the permalloy (Fe —
19 %/Ni — 81 %). The edge of the concentrator is a little bit
thinner and contains more Fe — 51 %, Ni — 38 %. The de-
fects of a "snow" type on the surface of the concentrator have
a lot of iron (Fe — 32 %, Ni — 55 %) and additional impu-
rities of Si, Al, O, S, P, C, Cr, Cl. Presence of sulphur in the
electrolyte components leads to formation of slime of deposits
with iron and sulphur (12.2 % of S; 87.8 % of Fe) on the ele-
ments of the electrolytic bath and flakes floating in the electro-
lyte, and to their appearance on the surface of the films. Heat-
ing of the electrolyte before pouring it in an electrochemical cell
up to 50—80 °C improves the magnetic properties, and, the
main thing, levels the thickness of the concentrators.

NiFe films were made [9] by electrodeposition of a sul-
phidic electrolyte on a copper substrate in the magnetic field.
The field intensity varied from 0 up to 1.0 T, which increased
the efficiency of the current from 68 up to 87 % and ensured
a smooth NiFe surface of the films with small and dense par-
ticles. The presence of the complex-forming compounds of
CgHgO7 and H;BOj5 at the selected concentrations of impu-
rities in the sulphatic electrolyte and current density (fig. 6)
ensure obtaining of the permalloy of Nig,; Fe ¢ during the use
of the magnetic field of 0.4 T.

Ionic liquids (IL — 1-butyl-1-methylpyrrolidinium dicy-
anamide (IL BMP-DCA)) were used [10] as an electrolyte for
studying of the electrophoretic behavior of the ions of Ni2*
and Fe’", introduced in IL in the form of chlorides and sul-
phates. In comparison with the water system in IL the regen-
erative potential between Ni2t and Fe?* decreased consider-
ably. Electrodeposition of Ni—Fe alloys is easily reached by
means of a constant potential during the electrolysis on a cop-
per substrate. Usually, in a water solution an abnormal elec-
trodeposition of Ni—Fe is observed, whereas in IL there is a
simple reception of an alloy composition. The quality of the
morphology of the deposits leaves much to be desired.

In [11] it is demonstrated, that an abnormal codeposition
occurs because of suppression of the discharge of the ion of
nickel at a high pH of the surface, causing formation of iron hy-
droxide, which does not limit the high level of an ion discharge.

The electrolyte for deposition of Fe—Ni alloy was prepared
[12] by dissolution of FeSO4 7H,0 and NiSO, 6H,0 with a
concentration of the ions of metals in water of 1.0 mol/l. By
means of the sulfuric acid the level of pH was corrected up to
1, 2 or 3. It was experimentally confirmed, that an area with
a raised level of pH was formed around the cathode (fig. 7),
which promoted formation of the iron hydroxide interfering
deposition of nickel.

An abnormal codeposition of Fe—Ni alloy depends on the
intermediate action of pH solutions and adsorption of FeOH™"
on the deposition sites. Small constants of dissociation of
FeOH" in comparison with NiOH™ in the course of a multi-
stage hydration of the ions of iron determine a restriction for
the deposition of nickel.

Because of instability of the sulphatic electrolytes and
presence of sulphur in the deposits, the use of the chloride
electrolytes seems to be more promising.

Electrodeposition from the chloride electrolytes

In [13] the process is considered of the electrodeposition
of a nickel-iron alloy from a chloride bath consisting of mol/I:




0.20 — NiCl,, 0.025 — FeCl, with pH = 5 at a room tem-
perature. For suppression of an abnormal codeposition and re-
ception of the permalloy films with composition of NijgFe,, it
is proposed to use additives of the complex-forming ethylen-
ediamine in quantity from 0.2 up to 0.3 mol/I (fig. 8).

Electrodeposition from chloride electrolytes with the
composition, mol/l,: NiCl, 6H,0 — 0.04; FeCl, 4H,0 —
0.037; NH4Cl — 0.9; KBr — 0.15; H;BO; — 0.48;
Na3;C¢H;0; — 0.25; C4,O¢Hg — 0 (0.67); HCOOH — 35 ml/1
was studied in [14] at pH = 3, temperature of 25 °C and cur-
rent of 0.5—2.0 mA/cmz. Presence of the complex-forming
compounds at the selected concentration of impurities in the
electrolyte and current density do not ensure (fig. 9) obtaining
of permalloy of Nig,Feq.

Measurements of the transitive currents were used in [15]
for characterizing electrocrystallization of Fe—Ni alloy on a
platinum cathode from a chloride solution with pH = 2 and 4.
Fe—Ni alloys were deposited from the solutions with the mo-
lar correlation of 1:1, 10:1 and 1:10. The model used for the
analysis shows, that the mechanism of nucleation was typi-
cally three-dimensional for both values of pH at all the molar
correlations.

Ni—Fe films were received [16] during electrodeposition
from the chloride electrolyte with the mass correlation of
Ni2t/Fe?t = 20.7; 13.8; 7.8, with the additive of 25 g/l of
H;BO; at 55.5 °C, pH = 2.5 and the current density of
20 mA/cmz. An average grain was of 20...30 nm. The share
of iron in the film, according to the mass correlations, was 11;
13 and 31 %, while the content of oxygen reached 22.5 %.

The applied electrolytes were characterized by the molar
correlation of nickel and iron, sometimes bigger [5] — 35.1,
than 4.26 for Nig,Fe g alloy, and sometimes smaller [1, 14] —
3.42. There is no an electrolyte with the identical molar cor-
relation of the components of an alloy in a solution and in a
deposit.

Research of the deposition from chloride electrolyte was
done [17] with the correlation of atoms 4.26, as in Nig;Feq
alloy, g/I: FeCl, 4H,0 — 5.8; NiCl, 6H,0 — 28; H;BO; —
30; C¢HgO; H,O — 3, pH 3.5. In comparison with the sul-
phate-chloride electrolyte, the increase of the growth rate and
of the films’ thickness occurs 2—3 times faster. Addition of
the hydrochloric acid regulates pH of the electrolyte, cleans
the electrolyte from the slime and makes the electrolyte sta-
ble. In a chloride electrolyte, which corresponds by the con-
tent of iron and nickel to Nig;Fe g alloy, an increase of the
cathodic output is reached due to the additives of the basic
salts without a change of their correlation.

Technique for preparation of chloride electrolyte

Preparation of the chloride electrolyte was investigated by
means of B-1100 spectrophotometer. Two series of experi-
ments were done with a consecutive dissolution of the com-
ponents of the electrolyte in water according to fig. 10 and
with a control of the spectrophotograms.

Electrolyte I. As a result of a consecutive introduction in
water of portions of FeCl, 4H,O — 11 + 11 + 22 = 44 g/]
(Cge = 232 mmole) the solutions and spectral coefficients of
the directed transmission of the solutions with the chloride
iron with 10 mm ditches were received. The dependence of
the optical transmission on the wavelengths of 315...1050 nm
of a water solution on the concentration of FeCl, 4H,0 is
presented in fig. 11.

The solution has yellow-brown color. Yellow color looks
like the basic one, while the brown color looks like a reflection
from the particles floating in the liquid. In the basic liquid a
form of suspension is present, but not coagulating precipitates.

The spectral coefficients of a directed transmission at a
consecutive addition of portions of hydrate of chloride of iron
into the solution are characterized by peaks of light absorption
on the wavelengths of 345 and 945 nm.

After adding of boric acid the spectrogram changed in the
areas far from the absorption peaks (fig. 12). The solution
had a low acidity of pH = 5.6. After the sedimentation, within
7 days, the color of the solution changed for yellow-green and
a red deposit appeared. The solution was filtrated and the
composition of the deposit was analyzed. Iron hydroxide pre-
cipitated.

Change of the spectral coefficients of the directed trans-
mission at a consecutive introduction of portions of the hy-
drate of nickel chloride NiCl, 6H,O up to 224 g/l into the so-
lution gives the following spectral dependences of the light
transmission, presented in fig. 13. The spectral coefficients of
the directed transmission at a consecutive adding of portions
of hydrate of nickel chloride into the solution are character-
ized by the peaks of light absorption on the wavelengths of
395, 725 and 985 nm. The solution with the additive of boric
acid H;BO5 of 40 g/1 has a yellow-green color and it becomes
darker, when the concentration of the nickel chloride is in-
creased, but it practically does not change its spectral char-
acteristics. After the sedimentation during 7 days the color did
not change and no precipitation was observed.

Mixing of the identical volumes of the solutions with iron,
nickel and boric acid gives a chloride electrolyte with the
spectrophotogram presented in fig. 13. Spectral coefficients of
the directed transmission during mixing of the solutions of the
chlorides of iron and nickel are characterized by peaks of light
absorption on the wavelengths of 395, 725 and 985 nm, which
correspond to nickel, which has 4.26 times higher concentra-
tion than iron. The solutions of the salts of nickel and iron,
have, accordingly, pH = 5.5 and 3.6.

The additive of saccharin of 1.6 g/l in the electrolyte
changes its characteristics, reducing the transmission on the
wavelengths of 500 and 900 nm in the areas of good light
transmission for the solution of the nickel chloride. The acid-
ity raises and pH = 3.17.

The additive of the hydrochloric acid of 2 g/1 in the elec-
trolyte changes its characteristics, reducing the light absorp-
tion on the wavelengths of 540 and 860 nm. These areas are
out of the peak of light absorption for the solutions of the
chlorides of iron and nickel. The electrolyte becomes much
lighter. The suspension is dissolved. The acidity of the chlo-
ride electrolyte I with all the additives is pH = 1.73.

The dependences of the optical transmission of electrolyte
I with the additive of saccharin and hydrochloric acid point
to the fact that the saccharin and the hydrochloric acid in-
teract with the chlorides of nickel and iron, the components
of the electrolyte.

Electrolyte I1. This electrolyte has a twice as small con-
centration of the basic impurities of iron and nickel. The ad-
ditives of saccharin and hydrochloric acid do not change the
optical characteristic of the solutions of FeCl, 4H,O and
NiCl, 6H,0, although the solutions become considerably
lighter and the value of pH changes from 5.6 to 1.64. Interac-
tion of the brown suspension of the hydroxide of the trivalent
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iron with the hydrochloric acid results in its dissolution and for-
mation of a yellow solution of the chloride of the trivalent iron.

In fig. 14 the optical transmission of the chloride electro-
Iyte II is characterized by peaks of absorption of light in the
wavelengths of 395, 725 and 985 nm, this is similar to elec-
trolyte 1, but differs from it by twice as big transmission of
light in the wavelengths of 510 and 895 nm, because the quan-
tity of the basic impurities is twice as little. The transmission
of more than 100 % testifies to the total internal reflection on
the border of the electrolyte—glass of the cuvette.

An additive of the boric acid was introduced after the ad-
ditives of saccharin and hydrochloric acid, and pH = 1.34. Af-
ter 14 days of storage with a filtration a light-blue deposit pre-
cipitated. FeCl, and NiCl, can precipitate as a deposit in the
form of a complex with the boric acid H;BO; to what the
presence of chlorine in the amount of 65.17 %, 21.95 % of
nickel and 5.88 % of iron testifies. Out of 134 g/1 chlorides of
nickel and iron introduced into the solution, 30 g, precipitate,
i.e. a lot of nickel and iron are removed.

A comparison of the optical transmission of chloride elec-
trolytes I and II shows, that electrolyte I has bigger absorption
of light with the wavelength of 345 nm, characteristic for iron.

Chemical processes in a solution of the iron chloride

During a dissolution of the iron chloride in water [18] a
hydroxide of bivalent iron Fe(OH), can precipitate, which in
a fresh form has a grey-green coloring. It does not dissolve in
water, quickly darkens owing to oxidation, possesses (just like
all compounds of the bivalent iron) regenerative properties
and in the presence of O, and H,O in the air eventually is
slowly oxidized by the dissolved oxygen up to the hydroxide
of the trivalent iron:

4Fe(OH), + O, + 2H,0 = 4Fe(OH);.

The hydroxide of the trivalent iron with the formula of
Fe,O0; nH,0 has a red-brown color, and it does not dissolve
in water.

The content of the trivalent iron is specified in the passport
for the chemical. In our case the impurity of the trivalent iron
makes 0.2 % of the weight of the hydrate of the iron chloride.

Interaction of the brown sediment of the hydroxide of the
trivalent iron with acids, for example, with a solution of the hy-
drochloric acid, leads to a dissolution of the sediment and for-
mation of a yellow solution of the chloride of the trivalent iron.

Fe(OH); + 3HCI = FeCl; + 3H,0.

Check of action of the hydrochloric acid on the sediment
from solution I showed the presence of such an effect.

Instability of the bivalent iron and its transition into the
trivalent one defines all the complexities of reception of a set
composition of the permalloy films, because the trivalent iron
is deposited with a higher speed due to a bigger ion charge and
this increases the iron content in a film. When the hydrochlo-
ric acid is added to the electrolyte of type Il before filtration
of Fe(IT); it dissolves and transforms into FeCl;.

After filtration of electrolyte I, there is no Fe(IT); in it,
and additive of the hydrochloric acid lowers pH and clarifies
the electrolyte. Change of the spectrophotograms due to ad-
dition of the saccharin and the hydrochloric acid into elec-
trolyte I occurs, obviously, because of interaction of these
substances with the cleaned solution of the iron chloride. Un-
der the common name of the saccharin, its salts, crystalline
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hydrate of sodium saccharin of C;H4;NaNOsS 2H,0 are on
sale. Absence of changes in the spectrograms at the same ad-
ditives in the crude electrolyte Il testifies to absence of reac-
tion of clarification in electrolyte 1I.

Boric acid is a complex-forming agent and it allocates
from FeCl, solution a red-brown sediment, the composition
of which includes 42.07 % of iron and 57.93 % of chlorine. The
sediment is removed during filtration. The data concerning the
filtrate composition were received on Philips XL 40 energy-dis-
persing x-ray microanalyzer. The content of the atoms with
small nuclear weight is not defined. Nuclear weights: of iron —
55.85; chlorine — 35.45, while FeCl, has the molecular weight
of 126.75. FeCl, consists of 44 % of iron and 56 % of chlo-
rine. These values are very close to the measured data. If we
wash well the sediment with water, the iron chloride will be dis-
solved and the energy-dispersing x-ray spectrum of the filtrate
will gives the following composition: Cl — 15.69 %, Fe —
81.27 %. In its composition the sediment contains much
more iron, than the iron chloride, i.e. it contains hydroxides.

Electrochemical deposition of the permalloy films

Carrying out of the processes of deposition of the permal-
loy films from the chloride electrolyte demonstrated the fol-
lowing.

Electrolyte I ensures the speed of sedimentation of 0.3 mi-
crometers/min. of the permalloy film with composition of
Nig, Fe g after addition of the iron chloride for compensation
of the primary deposition of nickel (fig. 15). The composition
of the films is determined, as it is shown in fig. 6, by the com-
position of electrolyte I and depends little on the deposition
mode by the current. During two months of the use of the
electrolyte of type I there were 24 processes of deposition with
the total thickness of films of 167 um. The electrolyte was not
exhausted and did not change its properties. The chloride
electrolyte, cleaned of the trivalent iron and with the stabili-
zation ensured by the hydrochloric acid is stable and provides
a reproducible process of deposition.

Electrolyte II with pH = 1.6 ensures the speed of sedi-
mentation of 0.13 pm/min. of a permalloy film with compo-
sition of Nig,Feg.

Thus, the advantage of electrolyte I for deposition of per-
malloy films is obvious.

Magnetic properties of the permalloy films

In [20] we considered the process of a local electrochem-
ical deposition from a chloride electrolyte, and permalloy films
of Nig;Fe g were obtained with the magnetic properties sim-
ilar to the properties of the volume samples, uniform by their
thickness and with small mechanical stresses without a high-
temperature annealing. The permalloy films deposited by the
investigated method are intended for strengthening of the mag-
netic field and increase of the magnetic sensitivity of an element
in the magnetic-semiconductor integrated microsystems.

The optimal magnetic properties of the permalloy films
with composition of Nig; Fe g are obtained, when we take into
account the influence of the magnetic field of the Earth and
electrodeposition with formation of the nanostructures [21].
Variation of the magnetic properties of the permalloy films al-
lows us to optimize their application in the magnetic field
concentrators in their combination with the magnetosensitive
elements.




The magnetic properties of the permalloy films, made by
the technology of a local electrochemical deposition from the
chloride electrolyte [22] were investigated. The dependences
of the magnetization on the mode of deposition, composition
and geometry of the local deposition were defined. It was es-
tablished, that the magnetization of the multielement con-
centrators makes it possible to expand the range of the mag-
netic field before the saturation. Use of the permalloy films
with different contents of iron allows us to control the mag-
netization characteristics. In the magnetic-semiconductor
microsystems the permalloy films are used for the concentra-
tors of the magnetic field raising the sensitivity.

The conditions for reception of the films and, first of all,
the composition of the electrolyte define the composition of
the films and their magnetic properties (fig. 17).

The process of deposition from the chloride electrolyte
prepared with filtration of the precipitants of iron with boric
acid and the subsequent stabilization by the hydrochloric acid
ensures new properties — independence of the composition of
the current density and excess of the deposition of nickel over
iron. This opens new opportunities for reception of the nec-
essary composition and the magnetic properties of the per-
malloy films in setting the composition of the electrolyte,
which is controlled by the spectrophotometer.

Conclusion

The process of deposition of the permalloy films is essen-
tially influenced by the method of preparation of the chloride
electrolyte, taking into account the interaction of the basic
and auxiliary component chemicals. The suppression of for-
mation of the ions of iron Fe3* and cleaning of the electrolyte
from the precipitants of the trivalent iron ensure a congruous
deposition and give the basis to assert, that an abnormal dep-
osition is determined by the iron’s property to change its va-
lency from two to three. Removal of the hydrates of iron Fe3*
from the solution by means of the boric acid and filtration al-
lows us to solve the problem of an abnormal deposition and
to obtain a method for a reproducible reception of films with
the composition corresponding to the set composition of the
electrolyte — congruous electrochemical deposition.

Research of the thickness of the permalloy films and of the
magnetic properties was done with the use of the equipment
of the Center of Collective Use TsKP Functional Control and
Diagnostics of the Micro- and Nanosystem Technologies of
NPK Technological Centre. The thickness of the films of the
concentrators was measured by means of the microinterfer-
ometer of the analyzer of microsystems MSA-500. The re-
search of the magnetic characteristics of the coercive force and
of the flow of the magnetic field determined by the magnetiza-
tion of the concentrators, components of the plates, was done
on MESA-200 analyzer of the magnetic properties of films.

The research of the composition of the film concentrators of
the magnetic field was done by means of Philips XL 40 energy-
dispersive x-ray microanalyzer of the Center of Collective Use
"Diagnostics and Modification of the Microstructures and Na-
noobjects” (TsKP DMMN) of MIET.
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! Benopyccknit rocyrapcTBeHHbII YHIBEpPCHTET MH(OPMATHKI 1 PaLMO3IeKTPOHNKH, MuHCK, Benapych
ZTHY "MHCTATYT TTOpOIKOBOM MeTautyprun’, MuHCK, bemapych

NMPOLECCbHI 3AXUTAHUA U TOPEHNUA CMECEBbBIX TBEPAbIX BUAOB
TOMNAMBA C YABTPAAUCIIEPCHbIMU MOPOLWKAMWN KPEMHUA

Ilocmynuna e pedaxyuro 07.06.2017

IIpedcmaesaensi pe3yromamol AHAAU3A BAUSHUS YAbMPAOUCHEPCHBIX NOPOUKO8 KDEMHUS HA 3AKOHOMEPHOCMU 2OPeHUs cMece-
8blX MBepOobIX U008 MONAUBA C NEPXA0PAMOM U NePMAHeAHAMOM KAAUs 8 Ka4ecmee OKUCAUMENs U ePYNNbl Memanios 6 Kauecmee
Kamaauzamopa. OueneHo eAusHUe Pa3Mepa Yacmuy, U CO0ePICAHUSA NOPOUIKA KPeMHUS HA CIAYUOHAPHYIO CKOPOCHb 20PEeHUs CMe-
cegoeo maepdoeo monausa (CTT) eemepocennbix kondencuposannuvix cucmem (I'KC). [lokazana 603moicHocme pe2yaupoeanus 6
WUPOKUX npedenax 3ppeKkmugHocmu 20peHuss U npeoesbHblX YCA08ULL B0CNAAMEHeHUs cMecel.

Karouesnie caoea: Muxpo- u HaHOpasmepHvie NOPOUIKU, CMecesoe meepooe MonAUB0, 8PeMs 3A0ePICKU 3aHCUSAHUSL, KOIPPu-
yuenm sppexmueHocmu, y0eavHas HOBEPXHOCMb YAbMPAOUCHEPCHBIX YaACMUY, MeMNepamypa 60CHAAMEHeHUS]

Beenenune

HaHopa3mepHble YaCTULIbl META/UIOB HAILLIU 1LIUPO-
KO€ MPMMEHEHME B Pa3IMYHbBIX 00JIACTSIX a3POKOCMMU-
YECKOU MPOMBIIIJIEHHOCTA U DHEPIETUKE B KA4yeCTBE
KaTaJJUTUYECKUX N00aBOK, yaydllaroiux 3¢hGheKTrB-
HOCTb CrOpaHUs OOBIYHBIX BUAOB TOIUIMBA U TOJAB-
JISoIKUX o0pa3zoBaHKWE BPEIHBIX BEIIECTB B dHepre-
TUYECKUX ycTaHoBKax [1—4]. Bmecre ¢ TeM mpous-
BOJICTBO U UCIIOJIb30BaHE HAHOPA3MEPHBIX MOPOIIKOB
BCErJa COMPSIKEHO C OMACHOCTHIO UX CaMOBOCILIaMe-
HEHUSI M PACNpPOCTPAHEHUEM TOpPEHUs, OCOOEHHO B
AKTUBHOUW OKUCJIIUTEJIBLHOU Cpelie.

B cBoto ouepenb, MOBBILIEHUE SHEPTETUYECKUX Xa-
PaKTepUCTUK reTepPOreHHbIX KOHIEHCUPOBAHHbBIX CUC-
teMm (I'KC) B nocnenHue roabl CBA3aHO ¢ UCIOIb30Ba-
HUEM TTOPOILIKOB METAJJIOB, B YACTHOCTU aJIOMUHUSI,
B KauecTBE OJHOTO M3 OCHOBHBIX KOMIIOHEHTOB, CO-
Jiep>kaHue KOTOpOro B CMECEBOM TBEpPIOM TOILIMBE
(CTT) mocturaet 20...25 macc. %. ONbIT UCIOIB30-
BaHUs, a TaKXXe€ OOILIMPHBIE 3KCIIEPUMEHTAIBHBIE U
TeoOpeTUUYECKrEe UCCeOBAaHUS TaKUX BUIOB TOILJINBA,
npoBoauBluecss B Poccuun, CIIA, 3anagHoit EBpo-
ne, SAnoHuu u Kurae, BBISBUIM psifi UX KPYIHBIX He-
JIOCTaTKOB, OOYCJIOBJIEHHBIX HEJOrOpaHWEeM METaslia,
JIByX(a3HbIMU TIOTEPSIMU YIAEAbHOTO UMIMYJbCa TSTU
JIBUTATENISI U 3PO3UOHHBIM BO3[CHCTBMEM Ha CTEHKU
corutoBoro 6j0ka. CKOOpAMHUPOBAHHAsl COBOKYIM-
HOCTb (DYHIAMEHTAJIbHBIX U MPUKJIAAHBIX UCCIEA0BA-
HUIA B 00J1aCTH CO3AaHUs NTEPCHEKTUBHBIX BUJOB CMeE-
ceoro TBepaoro torinBa (CTT) reteporeHHbIX KOH-
neHcupoBaHHbIX cucteM (I'KC) Ha ocHoBe HaHOpa3-
MEpPHBIX TMOPOILIKOB METAVIOB MOXET o0ecneyuTh B
OnvkaiiieM OyaylieM TMOSIBJEHVE U IIIMPOKOE BHEM-
penue 'KC ¢ nprHUUNIMATIBHO HOBBIM YPOBHEM 3HEP-
FeTUYECKUX XapaKTepucTuK. IIpuMeHeHre HaHopas-
MEPHBIX METAUIMYECKMX TMOPOUIKOB B COYETAHUU C
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HaHOpa3MepPHbIMU MOPOLIKAMU KPEMHUS U YIJIepoaa B
CTT I'KC npuBOIMT K YBEIUUYECHUIO SHEPTreTUUECKUX
XapaKTEepUCTUK TOIUIMBA WM COCTABOB B3PbIBYATHIX
BEILECTB 32 CYET BLICOKOM TEIUIOThI CTOpaHUsI, CHIKE-
HMIO arjioMepalr Ha TIOBEPXHOCTY TOPEHMSI, TIOBBIILIE-
HUIO YI€JIbHOTO UMIYJIbCA, TUIOTHOCTH TOTLIMBA, YCTOM -
YUBOCTU BHYTPMKAMEPHBIX MPOLIECCOB, IMOBBIIIEHUIO
MOLIHOCTH B3PbIBYATHIX COCTaBOB [1—3].

B HacTosi1iee BpeMsi B OTKPBITOM TeyaTu onyoJm-
KOBaH psii paboT MO XapaKTepUCTUKAM 3aXKUTaHUS U
ropeausi 'KC, comepxalumx yabTpaaucliepcHbIe TMO-
pouiku (YIIT) amomuHus. AHaau3 3TUX paboOT Io-
Ka3blBaeT, 4YTo Haubosbliuit o0O6beM HH(oOpMaLUu
MOJIyYeH 3KCIepUMEHTAIbHO JJIsI XapaKTEepUCTUK CTa-
uuoHapHoro ropenusi 'KC B pasimyHoMm auamnasoHe
JaBJeHUI ra3oBoit cpebl. Borpockl, cBsI3aHHbIE € TO-
PEHUEM IPYIUMX METAUIOB, B TOM YMUCJIE€ U KPEMHMUS,
M3y4YeHBI B JIMTEPAType B TOpPa3d0 MEHBIIEH CTEIeHU.
B yacTHOCTH, BOTIpOCaM 3aKUTAHUS MOCBSIICHBI €T~
HUYHbIEe TTyOJIMKALlUU, OTHOCSIIMECS] K CUCTeMaM, CO-
JepKalluM AUCIEPCHBbIE TOPOIIKY MarHusi, KpeMHMUS,
XKeneza u meau [5—8]. B To ke BpeMsI mpoliecchl 3a-
xuranus u ropenust CTT, comepxallero KpeMHMUIA,
MIPEACTABISIOT HAyYHBIM MHTEPEC C TOYKU 3PEHUS pa3-
BUTUSI TEOPUU TOPEHUSI KOHAEHCUPOBAHHBIX CUCTEM
U TMPaKTUYECKYI0 3HAYUMOCTb MPU MHULIMUPOBAHUU
I'KC 1 ux KOMIOHEHTOB, TNPMU OLEHKE IO0Xapo- U
B3pbIBOOE30MACHOCTU TEXHOJOTUU MX MPOM3BOJCTBA.

B cBs131 ¢ 5TUM NpoBeieHe KOMIUIEKCHBIX 9KCITe-
PUMEHTAIbHBIX UCCIEAOBAHUN MPOLIECCOB 3KUTAHUS
u ropenus CTT, comepxalllero IOpOIIOK KpPeMHUS
pa3HO OUCIIEPCHOCTH, YYWUTHIBAIOIINX BIUSHUE Pa3-
Mepa 4acTUll U COAepXKaHUs METaUIMYECKOro ropio-
yero B coctaBe I'KC, gpisercst akTyajabHOM TTpo0Jie-
MO, KOTOpasi MO3BOJIUT pa3paboTaTh TeXHOJIOTMYeC-




KVe TIPUHIIMIBI UCITOJIb30BaHMS HAHOPa3MEPHBIX T0-
POLIKOB KpeMHUs B cocTaBe HoBoro nokojieHust I'KC.

Ilenb paboThl COCTOUT B KOMIUIEKCHOM 3KCMEpU-
MEHTAJIbHOM HUCCJIEIOBAHUM TPOIIECCOB 3aKUTAaHUST U
TOPEHUSI CMECEBBIX TBEPAOTOIJIMBHBIX KOMITO3ULIMH,
cofepKaIIiX MOPOIIKI KPEMHHMST U METAJIJIOB Pa3HOTO
IPaHyJOMETPUYECKOr0 COCTaBa, TaAKMX KaK aJllOMU-
HUI, TUTaH, XeJle30, HUKeIb, Mellb, a TAKXe YIepo
(HaHOYTOJb).

MeToauka 3KcnepuMeHTa

HccnenoBanue mpounecca 3axuranust CTT Harpe-
TBIM TEJIOM TPOBOIWIM B YCJIOBUSIX KOHAYKTUBHOTO
HarpeBa Ha ropsyeil MeTain4yeckKoil miaatdopme B
BO3MyX€ MPY HOPMATbHBIX YCJIOBMSIX B IMana3oHe TeM-
nepatyp 923...1223 K. Uccnenyemsrii oopazeun CTT
KPEIWIU K 1ITOKY, KOTOPbIii CBOOOIHO NepeMeIiancs
B BEpPTUKAJbHOM HaMpaBJIC€HUW MO HaIlpaBJsiolleii
mtanre. [ MCKITIOUeHUs TEIUIOBOTO BIMSIHUS ILTO-
Ka, Ha KoTopoM Kpenuics uccaenyembiii CTT, mate-
pual 1ITOKA BbIOMpaad TaKMM OOpa3oM, UTOOBI ero
Tero¢pU3nYeCcKrue XapaKTepUCTUKU ObLIM OJIM3KU K
COOTBETCTBYIOLIMM 3HaueHusIM xapakTepuctuk CTT
(acooueMeHTHast Kommnosuius). Oopazen, CTT npuxku-
MaJjiy K HarpeToi MeTaJlInYeCKOi miaT¢popMe ¢ CUION
3,0...3,5 H. MomenT 3axuranusi CTT ¢uxkcupoBanu
MO TOSIBJEHUIO TJIaMeHM. 3a BpeMsl 3aIePXKM 3aXKU-
FaHUA T,; IPUHUMAINA TTPOMEXYTOK BPEMEHU OT MO-
MEHTa COMPUMKOCHOBEHUS o0paslia ¢ HarpeToil riarT-
¢dopMolt 10 mMosIBAEHUS BUAUMOro TuiameHu. W3-
MepeHHe TeMIepaTypbl IMOBEPXHOCTU ILIAT(HOPMBI
MPOBOAMJIM C TTOMOLIBIO TIATUHO-TLIATUHOPOAUEBOM
TepPMOIIaphl C TOUHOCTHIO +1°.

HononnurenbHo 3axuranue CTT ocyllecTBIsIN C
MOMOIIBIO BOJILMPAMOBOIl MPOBOJOYKU C BEPLIMHbI
KOHyca obpa3iioB. Temrieparypy IjiaMeHu Mpu rope-
HUU U3MEPSIIU C TIOMOLIBIO ONITUYECKOTO TUPOMETPA
Chino Work LTD (Japan), a Takxe omnpenesiivd Io
STAJIOHHBIM TEPMOMETPUUYECKUM IIBETOBBIM TEPMO-
rpammaM TutameHu [9, 10] myreM BUIEOCHEMKHU Ter-
nosu3opom Mmapku Jade J530SB B nuH(dpakpacHoOIt 00-
JIacTu cmekTpa 2,5...2,7 MKM B BO3[IyXe IPU HOPMaJlb-
HBIX YCJIOBUSIX.

CocTaB OCTaTOYHBIX ITPOAYKTOB TOPEeHHs OLIeHUBA-
JI1 ¢ TIOMOLLbI0 Macc-criekrpomerpa UITHO-2.

CraunoHapHyto ckopoctb ropeHust CTT onpenensi-
JIW, UCTIOJBb3ysl 00pasibl TOPLEBOrO TOPEeHUs TUaMET-
pom 10 u BeicoToit 30 MM, OpPOHMPOBAaHHbBIE IO OOKO-
Boi1 moBepxHocTu. M3mepeHue ckopoctu ropeaust CTT
MPOBOIWIN B KOJIOPUMETPUUECKOM OOMOE TTOCTOSIHHO-
ro gasieHus B-08 MA B cpene aproHa npyu KOMHAaT-
HO TeMmepaType METOJOM CropalolluX MPOBOJIOYEK.

IIponecc ropeHnst GUKCUPOBAJICS C TIOMOIIBIO BU-
neokaMmepsl Motion BLITZ Cube 3-3, koTopasi 1103Bo-
JISIeT TMIPOBOMTh CheMKY € yacToToit 10 120 Thic. Kau-
pPOB/C, HakarMBaTh BUAEOMH(MOpPMAIIMIO B TeUeHHE
3 ¢ 1 3aTeM aHAJIM3UPOBATh €€ B 3aMEUICHHOM PEXU-
M€ WJIY IO OTAEJbHBIM KaJapam.
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Puc. 1. TepmorpaMmbl caMopa3orpeBa NOPOLIKOB KPEMHHUS C TBEPIABIMH
OKHCJIMTEJISIMH B TIPOIIECCE 323KATAHNS W ropenns B Bo3ayxe (s = 0,95).
Mukpopa3smepubie (2—7 Mkm) (a), Hanopa3mepubie (10—50 um) (b)
NOPOIIKH KpeMHusi ¢ TBepabiva okucmTensvu: /| — Si + KCIO, + S;
2—Si+KClOy; 3—Si+ S

Fig. 1. Thermograms of self-heating of the silicon powders with solid
oxidizers in the process of ignition and burning in the air (s = 0.95).
Micro-sized (2—7 micrometers) (a) nano-sized (10—50 nm) (b) silicon
powders with solid oxidizers: 1 — Si + KCIO,+ S; 2 — Si + KCIO
3—Si+S

TunuyHble TEPMOTPAMMBI IIPOLIECCA 3AXKUTAHUS U
TOPEHUs KCCIeAYEMBIX ITOPOIIKOB KPEMHMUS, MOJYy-
YeHHBIE C TTOMOIIBIO 00PabOTKM MTPOrPaMMHBIM KOM-
mrekcoM Altair, mpeacrtasieHbl Ha puc. 1.

Pe3yabTaThl HcclieI0BAaHUS

C yuyeToM 0COOEHHOCTEl MacIITaOMPOBAHUS MO-
POILLKOB OBbLIO MCCIAEAOBAHO BIMSHHUE pasMepa IIO-
POILLIKOB KPEMHHUSI C MOPOLIKAMU METaJIOB U HeMe-
TaJIJIOB Ha 3aKOHOMEPHOCTU TOPEHUSI CMECEBOTO TBEP-
JIOTO TOIJIMBA MPEUMYILIECTBEHHO C MepXJopaToM Ha-
TpUSl, KaJIUsI U CEphbl B KaUeCTBE OKUCIUTENS1. [opeHne
obpasnoB HaHopasmepHoro (10...50 HM) mopoiika
KpeMHUsI U MUKpOpa3MepHOro mopoiuka (4...7 MKM)
KpeMHUS (pucC. 2) MPOTEKaIO B IBE CTaaWM.

IlepBast cragust rOpeHMsI, COTJIACHO pe3yabTaTaM
TETIJIOBM3MOHHBIX M3MEpEeHUI, NpeAcTaBisuia coboit
MPOLIECC pacIpoCcTpaHeHUsT (DPOHTA TOPEHUST OT BEp-
LIMHBI KOHYCa K OCHOBaHWIO ¢ HU3KOW MHTEHCUBHOC-
ThIO CBeUeHUs (MOBEpXHOCTHOE ropeHue). ITocie mpo-
XOXIEeHUSI MEePBOU CTaAUM TOPEHUS W JOCTHXKEHUS
TeMIlepaTypbl IUIABJIEHUSI MUKPOPa3MEPHBIX MOPOLI-
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Puc. 2. YnakoBka u pa3mepsl MUKPO — (@) 1 HaHOPa3MepHbIX (b) MOPOIIKOB KPEeMHUS
Fig. 2. Packing and dimensions of the micro- (a) and nano-sized (b) silicon powders

koB kpeMHus 1683 K, a HaHOpa3MepPHBIX IMOPOLIKOB
1591 K Habnroganoch pe3Koe yBeJIMUeHUe TeMIepaTy-
DBI, COIPOBOXKIABIIIEECS IPKUM CBEUCHUEM, KOTOPOE
OXBaThIBAJIO BeCh 00beM Iopollka (puc. 3).

Ha Bropoii cramum mocTturajgach MaKCHMajbHasl
TeMIlepaTypa, IOCJIe YeTO HAaYMHAJIOCh MeEIICHHOE
oxJlaxaeHue oopasuos (cMm. puc. 1). Bpemst mporpesa
no Havana BosropaHusi CTT u3 HaHOpa3MepHBIX
(10...50 HM) TTOPOLIKOB KPEeMHHUSI B BO3IyXe MPU HOP-
MaJIBHBIX YCJIOBHUSIX B 3aBUCMMOCTH OT OKHMCIIUTEINS B
COCTaBe ITOPOIIKOB TP TeMIlepaType IUIOCKOTO Ha-
rpeBatenst 1073...1173 K cocTaBisio misi COCTaBOB
Si + KCIO4 +S5¢, Si + KCIO, 10cu Si + S 15¢;
ang CTT u3 MUKpopa3MEpHOTo IOpOIIKAa KPEeMHUS
TaKnX ke coctaBoB — 15, 25 1 30 ¢, cOOTBETCTBEHHO,
MpU TeMIlepaTtype miockoi miargopmbl 1173...1223 K.
Muxkpopa3MepHble MOPOIIKM KpeMHMSI >43 MKM He
3aKUTaloTCs M He MOJIePKMBAIOT CaMOpPacpOCTpaHsI -
Iolerocs Mexanuama ropeHus. Ha mepBoit ctanuu ro-
peHUsT MaKCUMaJIbHAasI TeMITepaTypa MUKPOITOPOIIIKA C
yacTuliamMu pasmepoM <7 mMkMm paBHa 1300...1400 K.
Ha BTOpoit cTamum ropeHHs B peXHMME TEILIOBOTO
B3pbIBA MaKCUMaJbHasl TeMIlepaTypa HaHOPa3MePHbBIX
1 MUKPOPa3MEPHBIX TTOPOIIKOB KPEeMHHUS OTIMYIACTCS
Ha 150...200 K'. 1151 HaHopa3MmepHbIX (30...50 HM) 110-

Puc. 3. l'openne B pexxuMe TEILIOBOr0 B3PbiBA MOPOIIKOB KPEMHHSA C
pa3mepom vactun 2...7 MKMm (a) u ¢ pa3mepom yactun 10—50 um (b)
Fig. 3. Burning in the mode of a thermal explosion of the silicon powders
with the size of particles of 2...7 micrometers (a) and with the size of the
particles of 10—50 nm (b)
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POIIIKOB KPEMHMSI OHAa IOCTUTAeT
2400 K 1 MUKpOpa3MeEPHBIX (<7 MKM)
nopoiwkoB — 2250 K. ITomxyyeHsl
3aBUCUMOCTU BpeMEHHU pa3orpena u
saxkuranuss CTT, comepxaluiux mo-
POIIKM KPEeMHHS U IPYTUX KOMIIO-
HEHTOB TaKOW e JIUCHEePCHOCTU
(cMm. puc. 1), oT 3amaHHOM TemIiepa-
Typbl MOBEPXHOCTH Ha ropsiyeii Me-
TaJUTMYECKOM TuIaTopMe B BO3MYXE
MpU HOPMAJIbHBIX YCJIOBUSIX (KOH-
IYKTUBHBIA HarpeB). OrnpeneieHbl
3HAUEHMSI TeMIlepaTyp Ha IOBEpX-
HOCTHM PeaKIIMOHHOTrO CJIOS JUISl UC-
crnenyeMbIx coctaBoB CTT B MOMEHT ITOSIBIIEHUS BU-
JMMOro TIJIaMEHM, a TakKe KOHCTAaHTbl XUMUYECKOM
KMHETUKU IIpolecca ropeHus (puc. 4).

Kak TOJBbKO KOJMYECTBO MOABOAUMOI TETLIOThHI
CTAHOBUTCSI HEAOCTATOYHBIM IJISI HOPMAJIbHOTO XOIa
9K30TEPMUYECKHUX peakiivii, TopeHue MpeKpalaeTcs.

Ha ocHoBaHuM 3KCNEepUMEHTAIbHBIX JTaHHBIX YC-
TaHOBJIEHO, YTO MPOLECC TOPEHUSI MUKPOPA3MEPHOTO
(£7 MKM) TOpoOLLIKa KpeMHUs 0e3 100aBOK APYIUX Me-
TAUIOB Y OKUCIUTEJEW XapaKTePU3YETCS SHEPrUci
aktuBauuu 729,1 kxx/Moib). BBeaeHue B cocTaB 1o-
POIIIKOB KPEMHUSI OKMCIUTENEH TTPUBOAUT K CHUXKE -
HUIO TeMIlepaTypHOW 3aBUCMMOCTM Ipoliecca rope-
HUSI, O YEM CBUACTEJILCTBYET YMEHbIIEHUE DHEPruu
aktusauuu E,  (puc. 4).

IIpu BBeaeHMM B COCTaB MOPOIIKOB KPEMHUS Ta-
KMX TBEPJbIX OKUCIUTENEH, KaK cepa (S): 115 MUKPO-
JMCIIEPCHBIX MopowKoB £, = 111,7 kJIxX/Moib; 1is
HaHOAMCIEPCHBIX MopowkoB E, = 104,3 xJIx/Mob;
nepxyopar Kanud (KCIOy): m1sg MUKpOIMCIIEPCHBIX
nopowkoB £, = 132,8 k/Ix/M0Jb; 111 HAHOAUCTIEP-
CHBIX opowikoB £, = 80,3 k/Ix/Moib, KaK 1Mo ote-
JIBHOCTHU, TaK U COBMECTHO, MPUBOAUT K CHUXECHUIO
TeMIIepaTypbl MTHULIMUPOBAHMS, a COOTBETCTBEHHO, K
YMEHBIIEHUIO SHEPTUM aKTUBALIMU, YTO TOBOPUT O CHU-
KEHUM TeMnepatypHoii 3aBucuMmoctu ropeHust CTT.

PacyeT sHeprum akTMBallMM MPOBOAWIM MO ypaB-
HeHnuto Bant-T'opda — AppeHuyca:

7
2,31g| 2
E,=-83-1073 !
o ’ (_1_ _ _1_) 104
r, T

rae V| — ckopocTb ropeHus Ipu TeMIIEpaType MHU-
uuupoBanus Ty, r-c °; V5 — CKOPOCTb TOpeHUs NpU
TeMIlepaType UHULUMUUPOBaHUA 15, T* c_l; Hhul, —
KOHeYHas M HavajibHas TemIiepaTypa WHUIIMMPOBa-
Hus, K.

OKCNepUMEHTaIbHOE UCCIEN0OBAaHUE TIpolLecca 3a-
JKMT'aHUS TPOBOAMIM TJaBHBIM 00pa3oM Ha cocTaBax
CTT, cocTosdiuux M3 IOPOILIKOB KPEMHMS, CEpHI,
nepxJjiopata U epMaHraHara Kajaus pa3jdyHoOil auc-
nepcHoctu (ot 43 mxkm mo 10...50 Hm). B kauectBe
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Puc. 4. 3aBucumocTb CKOPOCTH ropeHus 1Jid MUKPO- U HAHOpa3mMep-
HBIX MOPOIIKOB KPEMHHA H HX cMeceil ¢ OKHCJIUTENSIMA

Fig. 4. Dependence of the speed of burning for the micro- and nano-sized
powders of silicon and their mixtures with oxidizers

METAJJINYECKOTO TOPIOYEro MCIOJb30BAIM MHUKPO-
pasMepHble MOPOILIKM KPEMHHUS C pa3MepoOM YacTuIl
Ry,c = 2...7 MKM ¥ HaHOpa3MepHbIE TIOPOLIKN KPEMHHUS
¢ pasmepoM yactul R, = 10...50 HM, comepkaHue KO-
TOPBIX BapbupoBasioch B auarasoHe 20..90 macc. %.
Kpowme Toro, B uccnenyemsriii coctaB CTT BBogmIM Ta-
KHe KaTaJu3aTopbl, KAK HAHOYTOJIb, MOPOILIKU TaHTa-
J1a, BoJab(dpama, aTlOMUHMS, TUTAHA, XeJle3a, HUKes,
MeIv, MOJMOAeHa, CPEeAHUI pa3Mep YacTUIl KOTOPBIX
<70 HM, a Takke MOPOLIKM Mepxjopara Kajius, nep-
MaHraHaTa Kajus, Cepbl KaK OKUCJIUTEJU B KOJIUYEC-
tBe oT 10 1o 50 macc. %. Bausinue no6aBKM HaHOpPA3-
MEpHOTrO IMOopolliKa MeTajljla B KaueCTBe Karaau3aTopa
B CTT oueHuBaIu 10 BpeMEHU 3a1ePKKU 3aKUTaHUS,
T.€. TIPOMEXYTKY BPpEMEHU MEXIy HauaJloM IMOKura-
HUSI TOIUIMBA WJIM KOHTaKTUPOBAaHUEM CaMOBOCILIA-
MEHSIIOLIMXCSI KOMIIOHEHTOB TOIUIMBA W €ro BOCILIa-
MEHEHHEM, XapaKTepu3yeMbIM TMOBBILLIEHWEM TeMIle-
paTyphl B 30HE peakliu C MOSIBJIEHUEM TJIaMEHU U KO-
apduLeHTOM dPHEKTUBHOCTH K, ), T.€. OTHOLICHHEM
BPEMEHU 3aEPXKKU 3AXKUTAHUSA T, METAIM3UPOBAH-
HOTO cocTaBa 0e3 100aBKM KaTajiu3aTopa K BpeMeHU
3aJIepXKM 3aXUraHus 1., coctaBa CTT ¢ nobaskoii
KaTanuzaropa. MccnenoBaHusi NpOBOJAMIIM Ha COCTaBe

CTT, comepxkallieM HaHOpa3MepHbI€ ITOPOLIKN MeTaj-
JIOB M KpeMHUs. B KadyecTBe MeTauTMYECKOro Toplo-
Yero UCIOJIb30BaIu HaHopa3MepHblii (10...50 HM) 1o-
POIIIOK KPEeMHUS, KOJUUECTBO KOTOPOTO COCTABIISIIO
40 macc. %. BnusitHre HaHOpa3MEPHBIX ITOPOIIIKOB Me-
Tajula Ha XapaKTePUCTUKM 3aKUTaHWSI 0a30BOTO CO-
craBa CTT npu Temnepatype HHULIMMPOBAHMST (3aKU-
ranus) 1123 K npuBeneHs! B Tada. 1.

AHanu3 pe3ybTaTOB MCCIIEAOBaHUSI IOKa3ajl, YTo
HauboJsee 3(pPeKTUBHOM 100aBKOM KaTalM3aTopa B CO-
ctaB CTT ¢ HaHOpa3MepHBIM TTOPOIITKOM KPEMHHS SIB-
JIIeTCSl HaHOpa3MEepPHBIN MOPOIIOK TaHTana. Tak mpu
collep>xaHnM 2 Macc. % HaHOpPa3MEpHOTO TOPOIIKa
TaHTaJa MPpY HAJTMYMKU B KQUECTBE OKUCIUTEIS TIEPXJIO-
para xamua (KCIO,4 + S) B xommuectse 58...50 mace. %
B HaHOpa3MEepHOM MOPOIIKEe KPEeMHHUsI, KaK 0a30BOM
coctaBe CTT, BpeMsI 3amepKKI 3aKUTaHUSI YMEHbIIIa-
eTcd B 2,2 pasa. Beenenue 1 macc. % HaHOpa3MEepHOIO
nopolka Bojbppama B 0a3oBeiii coctaB CTT cokpa-
IIAeT BpeMs 3alePKKU 3aXkKuTaHus Ha 15 %, BBeneHUe
5 Macc. % HaHOpa3MepHOIO IOPOILIKa BoJbdpama —
Ha 50 %. Karanutuueckass akTUBHOCTh HaHOpa3Mep-
HBIX TIOPOIIKOB META/UIOB IO OTHOIIEHWIO K MOPOII-
KaM KpeMHHsI YMEHbIIaeTcs B psagy Ta > W > Al >
> Ti > Co > Fe > Cu > Mo (cm. Taba. 1 u puc. 5). Bse-
neHue 4 Macc. % MUKpOpa3MepHOIo MOPOIIKa Xeje3a
B 0a3oBbiii coctaB CTT HaHOpa3MepHOIo IOpOIIKa
KPEeMHMST YMEHbBIIIAeT BpeMs 3aJepKK1 3aKUTaHMs Ha
20...25 %. Takum obGpa3oM, ¢ YMEHbIIIEHUEM pa3Mepa
YaCTUIL MOPOIIKOB METAJJIOB BpeMsl 3aIepPKKHU 3aKH-
ranust CTT ymeHbIIaercs.

OrnpenesieHbl OCpeIHEHHbIE 3HAYCHUS TeMIlepaTyp
Ha TIOBEPXHOCTU PEaKIIMOHHOTO CJIOS HMCCIIETyeMBIX
CTT B MOMEHT NOSIBJIEHUsI BUIMMOTO TJIAMEHU C TO-
MOIIBIO TETJIOBU3MOHHON CHEMKU TIPU ITOCTOSTHHOM
3HAYeHUN Ko3(pDUIIMeHTa U3ITYIeHHUST TTOBEPXHOCTH
obpasuoB s = 0,95. YcTaHOB/IEHO, YTO 3axKUraHUE
CTT, conepxaiero yabTpanucrnepcHbsie (10...50 HM)
TMOPOIIKU KPEMHUS U QJIIOMUHUSI, TPOMCXOIUT BOJIU3U
TIOBEPXHOCTH KOHIEHCUPOBAHHOM (Da3bl TIpU TeMIle-
patype ~1023 K ¢ oOpazoBaHMEM XMIKOTO BCICHEH-
Horo cjios (puc. 6, a). [1osiBneHre BUAMMOTO IJIaMEeH!
MpU 3aKUTaHWM COCTaBa, COAEPXKALIEro MUKpOpas-

Ta6auua 1
Table 1
BausHue THNA KaTaIM3aTOPA HA BPEMS 3aJ€PXKKH 32KHTAHUSA
cMeceBoro Teepaoro Tommsa B cocrase Si + KCIO, + S
(HaHOpa3MepHbIe MOPOIKN KPEMHH, MEPXJIOPATA KAJMA U Cepbl)
Influence of a type of the catalyst on the period of ignition delay
of the mixture of solid fuels in the composition of Si + KCIO4 + S
(nano-sized silicon powders, perchlorate of potassium and sulfur)

BDneMeHT

Xapaxre- Elements

PUCTUKU
Characteristics Si | Tal W| AI| Ti| Cr| Co| Fe | Cu

C, macc. % 40| 2| 5| 10 4 5 5 4 4
C, % of mass
T, C 11| 5(55/64(72|74]78] 8 |86
Ty S

Ky 2,2 2,0| 1,72 1,53] 1,49 1,41| 1,375| 1,28
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Puc. 5. ®parmentsl ropennss CTT B cocTaBe HaHOpa3MepPHBIX MOPOMIKOB KPeMHHs, MEPXJIOPATA HATPHSA, HAHOYIJISI M CePbl C PA3JMYHBIMH Ka-
Tamu3zaropamu: @ — Ta; b — W; ¢ — Al; d — Ti; e — Co; f— Fe; g — Cu; h — Mo
Fig. 5. Fragments of burning of MSF in the composition of the nano-sized powders of silicon, sodium perchlorate, nanocoal and sulfur with various catalysts

MepHbIe (2...7 MKM) MOPOLIKY KPEMHUSI 1 aTIOMUHUS,
MMPOUCXOAUT MpPHU TemIiepatype nosepxHoctu 1183 K.
VYcraHOB/IEHO, YTO BpeMsl MporpeBa peaklMOHHOTO
CJI0S1 M TIOSIBJIEHUS TIJIaMEHU CYILIECTBEHHO OOJIbliie

Puc. 6. 3axxuranne CTT, cogepxamero yibTpaaucnepcHbie NOPOIIKH
KPEMHHS ¥ ATIOMHHHS C 00PA30BAHMEM JKUIKOTO BCIEHEHHOTO CJIOS
(a) v MUKpopa3MepHbie mopomKu Kpemuus (b)

Fig. 6. Ignition of MSF, containing the superdispersed powders of silicon
and aluminum with formation of a liquid foamed layer (a) and micro-
sized powders of silicon (b)

Puc. 7. Boictporeunoe ropenue nHanopa3mepusix 30...50 aM (@) u
10...30 um (b) MOPOIIKOB KPEMHHUS

Fig. 7. Quick burning of the nano-sized 30...50 nm (a) and 10...30 nm
(b) silicon powders
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(puc. 6, b), 4eM IJI cocTaBa C YIAbTPaAUCIICPCHBIMU
MOPOIIIKAMU, KOTOPbIE TO3BOJISIOT CHU3UTH OCPEI-
HEHHYIO TeMIlepaTypy Ha MOBEPXHOCTU PEaKIIMOHHOIO
cnost oopaszua CTT mo 1033 K.

IMosgsnenue Buaumoro mamenn CTT ¢ HaHOpa3-
MepHBIMU nopoiukamMu KkpemHus 10...30 HM npoucxo-
JUT TIPY OCPEIHEHHOM TeMIlepaType MOBEPXHOCTU pe-
aKIMOHHOro ciost 923 K.

OO0GHapyXeHO, YTO MOPOILIKHU KPEMHMUSI, CTAOUIU3U -
pPOBaHHEBIE CEPO WM BOTOPOIOM, C Pa3MEPOM YACTHII
10...30 M Gonee 3 HEKTUBHEI, YeM ITOPOILIKU C pa3-
mepoM vactull 30...50 um (puc. 7), a 6o1ee TOoro, yem
MUKpOpa3MepHbie MOPOILIKU. DTOT pe3ybTaT Mpe-
CTaBJIIETCS BaXKHBIM TPU CO3MaHUM OBICTPOTOPSIILETO
BBICOKORHepreTnyeckoro torumea (BI'BOT).

Oco60 cineayeT OTMETUTh BIMSHUE Ha IIPOLECC Io-
perust CTT no0GaBoK yJabTpaauCHEPCHBIX MOPOIIKOB
MOJMOAeHA U TMApUIA Kalblusl. AHAINU3 Pe3yJIbTaTOB
HcclenoBaHus TToKas3aj, 4yTo J100aBKa yJabTpaaucnepc-
HBIX TOPOLIKOB MOJUOACHA W THAPUAA KalblLUs MPU
T,,; = 1073 K B coctas, coaepxallinii HAHOpa3MepHbIA
MOPOIIOK KPEMHUSI, YBEJIMUYMBAET BpeMsl 3aIepKKHU B
1,1—1,2 paza. Pe3ynbrarhl TEII0BU3MOHHON ChEMKU
nokKaszaju, 4TO OCpeJIHEeHHasl TeMreparypa IOBepX-
HocTU peaklioHHOro ¢jiost CTT B MOMEHT IOSIBICHUS
BUAMMOTO IuiaMeHu yMeHbliiaeTcst Ha 113 K nipu BBe-
JIeHUM B 6a30BbIi cocTaB 1 % mopolika MoaubaeHa 1
Ha 193 K nipu BBeigHUU TUAPUIA KATbLIMSI.

O} PeKTUBHOCTD BAWUSHUS BCEX MCCAEAYEMbIX TO-
pouikoB Ha 3aaepxky 3axuranusi CTT Bospacraer ¢
yBeJMYEHUEM pa3Mmepa yacTull (Tabdiu. 2). YMeHble-
HUE CpeJHEro pa3Mepa YacTUll OKUCIUTENs BEAET K
TOBBIIIEHUIO CKOPOCTU TOpeHUs. XapaKTepHO, 4TO
OHOBPEMEHHO TOBBILLIAETCS TeMIlepaTypa TOpeHus,
NpUOIMKAsACh K CBOEMY TEOPETUYECKOMY 3HAUEHMUIO.
DTO 03HAYAET, YTO C YMEHbIIIEHUEM pa3Mepa YaCTHULIbI
OKUCJIUTEJIS YBEJIMUMBAETCS MTOJTHOTA BhIAEACHUS TeI-




Tabauia 2

Table 2
BiausiHMe cocTaBa M pasMepa YacCTHIl OKHCJIMTEISA HA BPEMS 3aJePXKKH 32)KHTaHUsI CMECEBOro TBEPAOro TOIIMBA,
B COCTABE HAHOPa3MepHble MOPOIIKH KPEMHHS, AJIOMHHHUS, TUTAHA U yriepoaa (Hanoyroas) (Si + Al + Ti + C)
Influence of the composition and sizes of the particles of the oxidizer on the time of delay of ignition of the mixture of solid fuels
in the composition of the nano-sized powders of silicon, aluminum, titanium and carbon (nanocoal) (Si + AI + Ti + C)
OKUCIUTENb
[TapameTpsl Oxidizers
Parameters
KC[O4 NaClO4 NH4C]O4 KNO3 S
Ry HM 30...50 10...30 30...50 10...30 30...50 10...30 30...50 10...30 100
Rwac’ nm
Tys, € 11 3,6 11,5 3,8 12 4 12,8 4,27 28
T3 S
Ky 1 3,05 1 3,02 1 3,0 1 3,01 0,39

JoThI [5]. BBeneHue B cocTaBbl HA OCHOBE pacCMaTpU-
BaeMbIX OKHUCIUTENel yIbTpaluCIIepCHbBIX MOPOIIKOB
METaJUIOB TMPUBOAUT K 3HAUYMTEJbHOMY YBEJIMYEHUIO
HUX CKOPOCTU TOPEHUSI 1, KaK CJeICTBUE, K CHUXEHUIO
MOTEPh Ha arjoMepaluio KpeMHHUs Ha ropsiieil mo-
BEPXHOCTH.

Camast BbicoKasi 3¢(eKTUBHOCTb TOpeHUsT HAOII0-
JaeTCs JJIs1 MOPOIIKOB KPEMHMUSI, CTA0MIM3UPOBAHHBIX
BomopoaoM (tabma. 3).

MexaHn3M BIUSHUS MacIITaOMpPOBAHUS TTOPOIII-
KoB Ha mnpouecc 3axuranusi CTT onpenensieTcst BO3-
MOXHOCTbIO MHTEHCUBHOI'O OKHUCJIEHMS YacCTUIL MO-
pollIKa Ha MOBEPXHOCTU PEaKIMOHHOIO CJIOS WU B
HEMOCpeACTBEHHOI Oim30ocTu OT Hee. Ecau mpouecc
OKHUCJIEHUST YaCTHLl MOPOILIKA MPOUCXOAUT B Mporpe-
TOM CJIO€, TO BOBMOXXEH aHOMAJIbHBIN PEXMM 3aKHTa-
HUSI, COMPOBOXKIAIOLIMIACS PE3KUM 3BYKOBBIM 3(hhek-
TOM, pacTpeCKUBaHUEM ITOBEPXHOCTHOTO CJIOsI, €ro
Jipo0yieHreM 1 BbIropaHueM (puc. 8).

O creneHu BIUSTHUSI 100aBKU YJIBTPAAUCIIEPCHBIX
rnmopolkoB MeTtamna B coctaBe CTT cBUIETENbCTBYIOT
3HauYeHUS Ko3(pPpuiimeHToB 3(h(PeKTUBHOCTU TOPEHUS
(tabn. 1—3). AHanu3 pe3yabTaToB MoKa3all, UTo C YBe-
JIMYEHNEM TeMIIepaTyphl TTOBEPXHOCTH MeETaJLTAJec-
Kol maTgopMbl 3(pGEeKTUBHOCTL T00aBKM HaHOpa3-
MEPHBIX MIOPOIIKOB METAJJIOB B KAYECTBE KaTaIM3aTO-
pa Bo3pacTaeT 3a MCKJIOUEHUEM YJIbTPaAuCIEPCHOrO
MopollKa HuKens (Tadn. 4). YcTaHOBJIEHO, YTO TIpU
Temriepatype uHuuurpoBaHus 1023 K Bpems 3amepk-
KU1 BOCIUIAMEHEHUS B cliy4yae 100aBku 4 Macc. % amo-
MUHHUS coctaBisieT 12 ¢, mus 5 mace. % turana 12,5 ¢
u s 4 Macc. % HuKens 14 ¢. YBeaudeHue TeMIiepa-
TYpbl MTHUIIUAPOBAHUS CYIIICCTBEHHO M3MEHSIET KapTH-
Hy ropenus CTT. YBennuyeHue comepaHus yabTpa-
JIUCIIEPCHOIO IOpOIIKa Xejie3a A0 4 Macc. % mpuUBO-
IUT K yBeJWYeHUo Koadduimenta 3¢pGeKTUBHOCTU
K, o 1,375. Ckopee Bcero Ipolecc KOHAYKTUBHOTO
axuranusg CTT numutupyeTcs 3K30TepMUUYECKUMU
peakiusIMu B KOHIAEeHCHUpOoBaHHOM (aze [11, 12].

Hccnenosanue mpouecca 3axuranus CTT T'KC
MokKazajo, 4To 100aBKM HaHOpPa3MEPHbIX MOPOIIKOB
MeTaJlJla YCKOPSIIOT MPOLECC TePMUUYECKOro pas3yioxke-
HUSI OKUCJIUTEJISI B POTPETOM CJI0€ KOHAEHCUPOBAH-
HOI (ba3bl 3a cUeT BHICOKONH XMMHUUYECKON aKTMBHOCTU

U pa3BUTON yIEJIbHOU IIOIIAAN IIOBEPXHOCTU MOPOILI-
koB. Kak m3BectHo [13—15] must yacTuil yabTpaguc-
MePCHOTO [Mana3oHa pa3sMEpoOB PE3KO BO3pacTaeT
pojb ToBepxHocTU. Pa3BuTasi MOBEPXHOCTb YJbTpa-
JUCTIEPCHBIX CUCTEM B COUETAaHUU C OCOOBIM, BO30YXK-
JEHHbIM COCTOSIHMEM MTOBEPXHOCTHBIX aTOMOB U BJIeK-
TPOHOB, MPEAONPELISET BHICOKYIO PEAKIIMOHHYIO CITO-
COOHOCTb M KaTAJIUTUYECKYIO aKTUBHOCTD YJIbTPaIMC-
MEePCHBIX YacThll. ISl yabTpaaucIepCHBIX MOPOIIKOB
¢ yactuamu guameTpoM <25...30 HM HauYMHAIOT WH-

Tabauua 3
Table 3

BiansiHne cTa0Mam3aTopa M pasmMepa YacTHll HA K03¢(UIMeHT
addexTusnoctn ropennss CTT, B cocTaBe HaHOpa3MepHbie
NOPOLIKM KPEMHHS, AMIOMHHHUA, TUTAHA, yriiepoa (HAHOYrOJb)
n nepxaopara kams (Si + Al + Ti + C + KCIOy)
Influence of the stabilizer and sizes of the particles on the coefficient
of efficiency of burning of MSF in the composition of the nano-sized
powders of silicon, aluminum, titanium, carbon (nanocoal)
and potassium perchlorate (Si + AI + Ti + C + KCIO,)

Crabunuzarop
MapameTpsI Stabilizers
Parameters Cepa Bomopon Cepa Bonopon
Sulphur | Hydrogen Sulphur | Hydrogen
R,y HM 10.30 | 10.30 | 30.50 | 30..50
thllc. nm
T 3.6 12 9,2 3.8
Ty S
Kad) 3,05 3,8 3,02 3,5
Tabauua 4
Table 4

BansHue TeMnepaTypbl KOHIYKTHBHOIO 3aKUIaHusl Ha Ko3(ypuumeHT
3¢ eKTHBHOCTH ropeHns (3aKUTAHAST) CMECEBOTO TBEPIOTO TOILIHBA,
B COCTaBe HAHOPa3MepHbIe MOPOIIKH KPEMHHUs, MEPXJI0PATA KATUA
u cepol (Si + KCIO4 + S)

Influence of the temperature of the conductive ignition on the coefficient
of efficiency of burning (ignition) of the mixture of solid fuels
in the composition of the nano-sized powders of silicon,
potassium perchlorate and sulfur (Si + KCIO, + S)

DyIleMeHT

IMapameTpb FElements
Parameters

Ta Al Ti Ni
C, macc. % 2 10 5 4
C, % of mass
T 'K 102311231223 1123|1223 (112312231123 1223
T C 1]55[25|64|34]72](365| 16| 18
T, S
Ky 20 | 44 |1.88]3.53]1,74|3.42|088]0.78

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 1, 2018 45



TEHCUBHO WM3MEHSTBLCS TPAKTUYECKH BCE OCHOBHBIC
TepMOAMHAMUYECKUE U PU3NIECKIE CBOICTBA: TTOBBI-
1IAaeTCs CBOOOIHASI SHEPTHSI, CHUKAETCS TeMIlepaTypa
WCTapeHus, TUIaBJICHMSI, PEKPUCTAJUITM3ALNN Ha JIe-
CSITKU UM Jaxe COTHU rpaaycoB. IIpu pasMmepe yacTuil
VIBTPAIUCTIEPCHBIX ITOPOIIKOB KaK METAJIOB, TaK U
HeMmeTauioB 10...15 HM dopMmupyercs 1o CTPyKType
COBEpPIIEHHO IPYTOe BEIIECTBO C HOBBIMU YCTONYMBHI-
MM TepMOAMHAMWYECKUMU M (PU3NYECKUMH CBOMCT-
Bamu. He uckimovaeTcs BIUSHUE OKCHUIOB METAIOB,
KOTOpBIE SIBJISTIOTCS ITMPOKO M3BECTHBHIMU KaTaIN3aTo-
pamu iponiecca ropeHust ' KC Ha ocHOBe Tiepxiopara u
TIepMaHTaHaTa HATpWs, M KaJIusd, M HUTpaTa aMMOHMSL.

HccnenoBaHo BIMSTHAE AWCIIEPCHOCTH TOPOIIKA
KPEMHHSI Ha MpOLECcC CTAllMOHAPHOIO TOpeHus Ha
6azoBom coctaBe CTT I'KC, comepxkaiiem HaHOpa3-
MepHEIe TTopomku amoMuHusa (10 mace. %), TuraHa
(4 macc. %), nanoyrisa (4 macc. %), iepxjaopara Kajius
n oyrunkaydyka (12 macc. %). ComepskaHue TTOpOIIIKa
KpeMHHUS BapbupoBajioch B auamasoHe 10...40 macc. %,
Kak ¥ Tepxjopara Kanus. Ha Kaxkmyio sKCriepuMeH-
TaJbHYI0 TOYKY MPOBOAWIM MO TpH ombiTa. OTHOCH-
TeJIbHas TTOTPEITHOCTh M3MEPEHUI CKOPOCTH TOPEHUS
CTT I'KC npu moeputeabHoit BepositHocTu 0,95 co-
craisiia S...7,5 %. Pe3ynbTarhl 3KCIIEPUMEHTOB IIpE-
CTaBJieHbI B TabJ. 5.

ITpu comepxanuu HaHopaszmepHoro (10...30 HM)
nopouika kpemMHus B coctaBe CTT I'KC B KonuuecTBe
10...40 macc. % oTMe4YeHO yBETMYEHUE CKOPOCTU To-
peHust 6omee yeM B 5 pas 1o cpaBHeHUo ¢ CTT I'KC
C MUKpOpa3MepHbIMU (2...7 MKM) MOPOIIKAMU KpeM-
HUS NPU ONMHAKOBBIX YCIOBUSIX.

AHau3 MOJIyUeHHBIX pe3yJbTaTOB IOKa3aj, 4To
C BBEIEHHWEM HAHOPa3MEPHOTO ITOPOINKA KPEeMHMS
B 0OazoBbiii coctaB CTT MakcumanbHOe 3HAUYeHUE
Viop HAOIIOMAETC NpPU COAEPXKAHUU HaHOpa3Mep-
Horo (10...30 HM) mopoIlIKa KpeMHHUsI B KOJIUYECTBE
20...30 macc. %.

Oco6ennoctu ropenuss CTT T'KC, copepxkaiieii
MMOPOIIOK KPEeMHUS PasHOM AMCTIIEPCHOCTH, MOXKHO
OOBSICHUTh MCXOASl U3 3aBUCHMOCTU TEPMOAMHAMM-
YeCKUX M (PU3NIECKUX CBOMCTB M MeXaHM3Ma OKUCIIe-
HUA yacTull [6, 11, 12, 16].

Puc. 8. PacrpeckuBanme, 1podjieHHe ¥ BHITOPaHHE NMOBEPXHOCTHOTO
cios CTT B cocrase Hanopasmephbix (10...30 HM) NOpomIKOB KpeMHUS
Fig. 8. Alligatoring, crushing and burning out of the surface layer of MSF
in the composition of the nano-sized (10...30 nm) silicon powders
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Tabauua 5
Table 5

Dd¢eKTHBHOCTD BIMSHAS CONEPKAHUSA NOPOINKA KPEMHUS
Ha ckopoctb ropennsi CTT I'KC Ha ocHoBe mepxjiopaTa Kajaus
u Oyruikayuyka (6asosbiii cocras Si + Al + Ti + C + KCIO4 +
+ OyTHIKay4yK)

Efficiency of the influence of the content of the powder of silicon on the
speed of burning of MSF HCS on the basis of potassium perchlorate
and butyl rubber (basic composition of Si + Al + Ti + C + KCIO, +
+ butyl rubber)

IMapameTpsl SiHaHO (10...30 Hm) SiMl/le() (2...7 Mxm)
Parameters Styano (10...30 nm) Siyuipo (2.7 um)

C, macc. % 10| 20 | 30 | 40 | 10 | 20 | 30 | 40

C, % of mass

Ty € 4 |512) 64| 72| 74| 18 8 8,6

Ty S

Ky 2,75 2,15| 1,72 1,53 | 1,49| 1,41 1,375| 1,28

Viops MM/ 95| 124 11,7] 96 | 15| 1,38| 1,32 | 1,2

Voopr mm/s

Ecau yactuiibl KpeMHUST ObICTPO BOCIUIAMEHSIIOTCS
U cropatot Bonm3u nopepxHoctu oopasua CTT I'KC, to
ckopoctb ropeHusi CTT I'KC Oyner Bo3pacrtath. s
3TOr0 HEOOXOAUMO, YTOOBI pa3Mep YaCTHUIIbI ObLT 10CTa-
TOYHO MaJjl, a TeMIepaTypa U COCTaB IIPOAYKTOB ra3u-
¢uxkanym CTT I'KC Oblti 1ocTaTOUHO OJ1aronpyUsITHBI-
MU JIJI1 BOCIIAMEHEHUSI M TOPEHUSI YaCTUL KPEMHUSI.

VBenuueHue CKOPOCTU TOPEHMS] MpU BBEAEHUU B
kauectBe KommmoHeHTa CTT HaHOpa3MepHBIX TTOPOL-
koB kpeMHUs B coctaB ' KC cBsizaHO ¢ yBeIM4YeHUEM
CKOPOCTH XMMMYECKMX PEaKIMil 3a CYET YBEIMYCHUS
TeMIlepaTypbl TopeHusi B ra3oBoil (aze. IIpoucxoaut
ropeare I'KC c Bemyieil ctagueil B ra3oBoii pase u
In(pGYy3MOHHBIM MEXaHU3MOM TOPEHHUSI 4YacTHUll I10-
pollIKa KpeMHUSI B 30He rasodasHbix peakuuii. [1pu
BBeaeHuU B coctaB ' KC B KauecTBe METANIMYECKOTO
TOPIOYEro MOpollKa KPeMHUsI TIOSIBJISIETCS TETJIOBbI-
JIeJIeHUe 3a CYET reTepOreHHOI peaKlMu rOpeHusl Ha
MOBEPXHOCTU YacTull. B mpearnonoxeHud TOro, 4To
TOMOTe€HHasi M TreTeporeHHasi peakiMyd TOPeHUsI KOH-
JIeHCHUPOBAaHHOI CUCTEMBI M YAaCTUL KPEMHMUS IIPOTE-
KaloT B ra3odas3Hoil 30He, CKOPOCTb TOPEHUST MeTal-
mm3upoBaHHoi I'KC ompenessieTcs: cocTaBOM, TeMIIe-
paTypoil M pa3MepoM YacTull MOpOoILKa.

3akmoueHne

3ameHa MuKpopasMmMepHoro (<43 MKM) MoOpollKa
KpeMHHUsI Ha HaHopa3MepHbliid (10...50 HM) mopoiok
kpeMHus B coctaBe CTT I'KC npuBoauT K CHUXKEHUIO
BpeMeHM 3aJepKKU 3axuranusa B 1,5...5,5 paza. CHu-
KeHue BpeMmeHU 3aaepxku 3axuranus CTT 'KC npu
YBEJIMYEHUU JUCTIEPCHOCTU MOPOIIKA KPEeMHUST CBSI-
3aHO C OCOOEHHOCTSIMM WHTEHCUBHOTIO OKMCJICHMS
YIBTPAIUCIIEPCHBIX TTOPOLIKOB KPEMHUS U CTPYKTYPO-
obpazoBaHus peakuuoHHoro ciaost CTT I'KC.

VabTpanucnepcHble MOPOLIKM TaHTaja, BoJib(hpa-
Ma, alIOMUHMS, TUTaHa, KobanabTa, XXeje3a, Meau U
MonubaeHa B KonndecTBe oT 1 mo 10 macc. % moryT
OBbITh MCIIOJB30BaHbI B KauyeCTBE KaTaJlu3aTOPOB B
npoiieccax 3axuranus u ropeHust coctaBos CTT I'KC
Ha OCHOBE HaHOpPa3MEPHBIX IOPOIIKOB KPEeMHUS,




AJIIOMUHMUS, TIEPXJIOPATOB U MEPMAHTaHATOB HATpUS,
Kajaus u oyTuiakaydyka. DpdeKTUBHOCTb BAUSHUS 10-
0aBKM JaHHBIX TOPOIIKOB META/JIOB Ha MPOLIECCHI 3a-
xkuranusi u ropeHusi CTT I'KC Bo3pacraer ¢ yMeHb-
LIEHUEM MX JUCTIEPCHOCTH W JUCIIEPCHOCTU ITOPOLI-
KOB KpeMHUs. YBenuueHue ckopoctu ropeHusi CTT
I'KC 00ycJioB€HO BBICOKO# YIeIbHOM TUIOIIAABIO IO~
BEPXHOCTM YaCTHUIl U UX XMMMYECKON aKTUBHOCTBIO.
DTO NPUBOIUT K TOSIBJIEHUIO JTOMOJHUTEIbHOTO TeM-
JIOBBIICJCHUS B pEAaKLIMOHHBIN CJIOM 3a CUET 3K30Tep-
MUWYECKOTO OKMCJIEHUSI YacTUll KPeMHUs, K yBeauye-
HUIO CKOPOCTM PEaKlMM MPOAYKTOB rasudpukalunu B
pesyJbTare o0l11ero NoBbILLIEHUS TeMIlepaTypbl B 30HE
TOPEHUsS W KAaTAIMTUYECKOTO BIUSHUS OKCHUIHOTO
CJIOSl YaCTULL KPEMHUSI Ha TEPMUYECKOE pas3iokeHne
MEepXJIOPATOB U MEPMAHTAHATOB HATPUS U KaJusl.
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Introduction

The nano-sized particles of metals find their applications
in the space industry and power engineering as the quality cat-
alytic additives, which improve the efficiency of the combus-
tion of fuel and suppress formation of harmful substances in
the power plants [1—4]. At the same time, the manufacture
and use of the nano-sized powders involves risks of their
spontaneous ignition and burning, especially in the active ox-
idizing environments.

In its turn an increase of the power characteristics of the
heterogeneous condensed systems (HCS) is connected with
the use of the powders of metals, aluminum in particular, as
one of the basic components, the content of which in the mix-
ture of solid fuels (MSF) reaches 20—25 % of mass. Experience
with their use, and also extensive experimental and theoretical
research works of such fuels done in Russia, USA, Western Eu-
rope, Japan and China, revealed a number of their big draw-
backs connected with an incomplete burning of metals, two-
phase losses of the specific impulse of the engine thrust and the
erosive influence on the walls of the nozzle block. Coordinated
fundamental and applied research works in the field of devel-
opment of the promising kinds of a mixture of solid fuels (MSF)
of the heterogeneous condensed systems (HCS) on the basis of
the nano-sized powders of metals can ensure occurrence and
introduction of HCS with essentially new level of the power
characteristics. Application of the nano-sized metal powders in
combination with the nano-sized silicon and carbon powders in
MSF HCS fuels leads to improvement of the power character-
istics of the fuel or compositions of the explosives, due to a high
temperature of combustion, lower agglomeration on the surface
of burning, higher specific impulse, density of the fuel, stability
of the intrachamber processes and increase of the power of the
explosive compositions [1—35].

In the open press a number of works were published con-
cerning the characteristics of ignition and burning of HCS,
containing the superdispersed powders (SDP) of aluminum.
An analysis of the works shows that the greatest volume of the
information related to the characteristics of the stationary
burning of HCS in a wide range of pressures of the gas envi-
ronment was received experimentally. The questions con-
nected with burning of the other metals, including silicon,
were studied considerably less. In particular, only single pub-
lications were dedicated to the ignition questions in the sys-
tems, containing the dispersed powders of magnesium, sili-
con, iron and copper [5—S8]. At the same time the processes
of ignition and burning of MSF containing silicon are of sci-
entific interest from the point of view of development of the
theory of burning of the condensed systems, and they are also
of practical importance for initiation of HCS and their com-
ponents, and estimation of the fire- and explosion-proof as-
pects of the technologies for their manufacture.

In this connection, carrying out of complex experimental
researches of the processes of ignition and burning of MSF
containing the silicon powder of different dispersions and tak-
ing into account the influence of the size of the particles and
content of the metal fuel in the composition of HCS, is a top-
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ical problem, which will help us develop the technological
principles of the use of the nano-sized powders of silicon in
the composition of a new generation of HCS.

The aim of this work is the complex experimental research
of ignition and burning of the mixtures of the solid fuel com-
positions containing powders of silicon and metals of different
granulometric composition, such as aluminum, titanium,
iron, nickel, copper, and also carbon (nanocoal).

Experiment technique

Research of ignition of MSF by a heated body was done
in the conditions of conductive heating on a hot metal plat-
form in the air in normal conditions within the range of
923...1223 K. The investigated sample of MSF was fastened
to a rod, which moved freely in the vertical direction via the
directing bar. In order to exclude the thermal influence of the
rod, to which the investigated MSF was fastened, the material
of the rod was selected so that its thermalphysic characteristics
were close to the corresponding characteristics of MSF (asbes-
tos-cement composition). The sample of MSF was pressed to
the heated metal platform with the force of 3.0...3.5 N. The
moment of ignition of MSF was recorded by occurrence of
the flame. As the ignition delay t,, the time interval was ac-
cepted from the moment of a contact of the sample with the
heated platform up to occurrence of a visible flame. The
measurement of temperature of the surface of the platform
was done with the help of platinum — platinum-rhodium
thermocouple with the accuracy of *1 K.

An additional ignition of MSF was done by means of a
tungsten wire from the top of the cones of the samples. The
flame temperature during burning was measured by means of
the optical pyrometer from Chino Work LTD (Japan). It was
also determined by the reference thermometric color thermo-
grams of flame [9, 10] by means of Jade J530SB video thermal
imager in the infra-red area of 2.5...2.7 um in the air, in nor-
mal conditions.

The composition of the residual products of burning was
estimated by means of IPDO-2 mass spectrometer.

The stationary speed of burning of MSF was determined
by using the samples of the face burning with diameter of 10 and
height of 30 mm, armored on the lateral surface. Measure-
ment of the speed of burning of MSF was done by B-08 MA
colorimetric bomb of constant pressure in the argon environ-
ment at the room temperature by the method of burning wires.

The process of burning was recorded by means of Motion
BLITZ Cube 3-3 videocamera, which ensured filming with
the frequency up to 120 thousand frames/s, stored informa-
tion during 3 sec. and then made it available for analysis in a
slowed down mode or by separate frames.

The typical thermograms of the process of ignition and
burning of the investigated powders of silicon, received by
means of processing by Altair software complex, are presented
in fig. 1.

Results of the research

With account of the specific features of scaling of the pow-
ders the influence was studied of the size of the silicon pow-




ders with the powders of metals and nonmetals on the regu-
larities of burning of the mixture of solid fuels mainly with
perchlorate of sodium, potassium and sulfur as the oxidizer.
Burning of the samples of the nano-sized (10...50 nm) powder
of silicon and of the micro-sized powder (4...7 um) of silicon
(fig. 2) proceeded in two stages.

The first stage of burning, according to the results of the
thermal image measurements, was the process of propagation
of the front of burning from the top of the cone to its basis
with a low intensity of luminescence (surface burning). After
the first stage of burning and achievement of the temperature
of melting of the micro-sized powders of silicon of 1683 K,
a sharp rise of temperature was observed, accompanied by a
bright luminescence, which embraced the whole of the vol-
ume of the powder (fig. 3).

At the second stage the maximal temperature was reached,
after which a slow cooling of the samples (fig. 1) began. The
time of heating up to the beginning of ignition of MSF from the
nano-sized (10...50 nm) silicon powders in the air in normal
conditions depending on an oxidizer in the composition of the
powders at the temperature of a flat heater of 1073...1173 K
was for the compositions of Si + KCIO, + S — 55, for
Si + KCIO4 — 10 s and for Si + S — 15 s; for MSF from a
micro-sized powder of silicon of the same compositions — 15,
25 and 30 s, accordingly, at the temperature of the flat plat-
form of 1173...1223 K. The micro-sized powders of silicon of
>43 pum did not catch fire and did not support the self-prop-
agating mechanism of burning. At the first stage of burning
the maximal temperature of a micropowder with the particles
with the size of <7 pm was 1300...1400 K. At the second stage
in the mode of a thermal explosion the maximal temperature
of the nano-sized and micro-sized powders of silicon differed
by 150...200 K. For the nano-sized (30...50 nm) powders of
silicon it reached 2400 K, and for the micro-sized (<7 pm)
powders — 2250 K. Dependences were obtained of the time
of heating and ignition of MSF, containing powders of silicon
and other components of the same dispersion (see fig. 1), on
the set temperature of the surface on a hot metal platform in
the air, in normal conditions (conductive heating). The values
of the temperatures were obtained on the surface of the reac-
tionary layer for the investigated compositions of MSF at the
moment of occurrence of a visible flame, as well as the values
of the constants of the chemical kinetics of burning (fig. 4).

As soon as the quantity of the supplied warmth became in-
sufficient for a normal course of the exothermal reactions, the
burning stopped.

On the basis of the experimental data it was established,
that the burning process of the micro-sized (<7 pum) silicon
powder without additives of other metals and oxidizers was
characterized by the activation energy of 729.1 kJ/mol. In-
troduction of the oxidizers in the composition of the silicon
powders led to a decrease of the temperature dependence of
the process of burning, to which the reduction of the activa-
tion energy testified £, (fig. 4).

Introduction into composition of the silicon powders of
such solid oxidizers as sulphur (S5): for the microdispersed
powders E; = 111.7 kJ/mol; for the nanodispersed powders
E, = 104.3 kJ/mol; potassium perchlorate (KCIO,): for the
microdispersed powders E,, = 132.8 kl/mol, for the nano-
dispersed powders E,, = 80.3 kJ/mol, both separately, and
jointly, leads to a decrease of the temperature of initiation,
and, accordingly, to a reduction of the energy of activation,

which means a decrease of the temperature dependence of
burning of MSF.

Calculation of the energy of activation done by equation
of Vant-Hoff — Arrenius:

where V| — speed of burning at the temperature of initiation
T, g s L V, — speed of burning at the temperature of ini-
tiation 75, g+ s_l; T, and T} — final and initial temperature
of initiation, K.

The experimental research of ignition was done mainly on
the compositions of MSF consisting of the powders of silicon,
sulphur, perchlorate and permanganate of potassium of var-
ious dispersions (from 43 micrometers up to 10...50 nm). As
the metal fuel the micro-sized powders of silicon were used
with the size of the particles of R, = 2...7 um and the nano-
sized powders with the size of the particles of 10...50 nm, the
content of which varied within the range of 20...90 % of mass.
Besides, such catalysts were introduced into the composition
of MSF as nanocoal, powders of tantalum, tungsten, alumi-
num, titanium, iron, nickel, copper, and molybdenum, the
average size of the particles of which was <70 nm, and also
the powders of potassium perchlorate, potassium permanga-
nate, sulfur as the oxidizers in the quantity from 10 up to 50 %
of mass. The influence of an additive of the nano-sized pow-
der of metal as the catalyst in MSF was estimated by the time
of delay of ignition, i.e. the time interval between the begin-
ning of burning of the fuel or contacting of the self-igniting
components of the fuel and its ignition characterized by a rise
of the temperature in the zone of reaction with appearance of
a flame (1,,) and coefficient of efficiency K.y, i.e. the relation
of time of delay of ignition ,, of the metallized composition
without an additive of the catalyst to the time of a delay of ig-
nition 1, of MSF composition with a catalyst additive. Re-
search was done on MSF composition containing the nano-
sized powders of metals and silicon. As a metal fuel the nano-
sized (10...50 nm) silicon powder was used, the quantity of
which was 40 % of mass. The data concerning the influence
of the nano-sized metal powders on the ignition characteris-
tics of the base composition of MSF at the initiation temper-
ature (ignition) of 1123 K are presented in table 1.

An analysis of the results demonstrated, that the most ef-
fective catalyst additive in MSF composition with the nano-
sized silicon powder was the nano-sized tantalum powder. So,
at the content of 2 % of mass of the nano-sized tantalum pow-
der at the presence of potassium perchlorate (KCIO4 + S) as
an oxidizer in the quantity of 58—50 % of mass in the nano-
sized silicon powder as the base composition of MSF, the
time of delay of ignition decreased 2.2 times. Introduction of
1 % of mass of the nano-sized powder of tungsten into MSF
composition reduced the time of delay of ignition by 15 %,
introduction of 5 % of mass of the nano-sized powder of
tungsten — by 50 %. The catalytic activity of the nano-sized
powders of metals in relation to the powders of silicon de-
creased in the row of Ta > W > Al > Ti > Co >Fe > Cu > Mo
(see table 1, fig. 5). Introduction of 4 % of mass of the micro-
sized powder of iron into the base composition of MSF of the
nano-sized silicon powder reduces the time of delay of igni-
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tion by 20...25 %. Thus, with a reduction of the size of the
particles of the powders of metals the time of delay of ignition
of MSF decreases.

The averaged values of the temperatures on the surface of
the reactionary layer of the investigated MSF at the moment
of occurrence of a visible flame were determined with the help
of a thermal image filming at a constant coefficient of radi-
ation of the surface of the samples of s = 0.95. It was estab-
lished that ignition of MSF containing the superdispersed
(10...50 nm) silicon and aluminum powders, occurred near
the surface of the condensed phase at the temperature of
~1023 K with formation of a liquid foamed layer (fig. 6, a).
Occurrence of a visible flame during ignition of the compo-
sition containing the micro-sized (2...7 um) silicon and alu-
minum powders, occurred at the temperature of the surface
of 1183 K. It was established that the time of warming up of
the reactionary layer and occurrence of the flame was essen-
tially longer (fig. 6, b), than that for the composition with the
superdispersed powders, which allowed to lower the averaged
temperature on the surface of the reactionary layer of the
sample of MSF down to 1033 K.

A visible flame of MSF with the nano-sized silicon pow-
ders of 10—30 nm appeared at the averaged temperature of
the surface of the reactionary layer of 923 K.

It was discovered that the powders of silicon stabilized by
sulphur or hydrogen, with the size of the particles of 10...30 nm
were more effective, than the powders with the size of
30...50 nm (fig. 7), and even more than the micro-sized pow-
ders. This result is obviously important for development of a
quick-burning high-energy fuel (QBHEF).

It is especially important to point out the influence of the
additives of the superdispersed powders of molybdenum and
calcium hydride on the process of burning of MSF. An anal-
ysis demonstrated that the additive of the superdispersed pow-
ders of molybdenum and calcium hydride at 1073 K in the
composition containing the nano-sized powder of silicon, in-
creased the delay time 1.1—1.2 times. The results of the ther-
mal image filming demonstrated that the averaged tempera-
ture of the surface of the reactionary layer of MSF at the mo-
ment of occurrence of a visible flame decreased by 113 K dur-
ing introduction into the base composition of 1 % of the
powder of molybdenum and by 193 K in case of introduction
of the calcium hydride. The efficiency of the influence of all
the investigated powders on the delay of ignition of MSF grew
with an increase of the size of the particles (table 2). Reduc-
tion of the average size of the particles of an oxidizer leads to
an increase of the speed of burning. Typical, that the burning
temperature raises simultaneously, approaching its theoretical
value. This means, that with a reduction of the size of a par-
ticle of an oxidizer the completeness of allocation of warmth
[5] increases. Introduction of the superdispersed powders of
metals into the compositions based on the considered oxidiz-
ers leads to a substantial growth of their speed of burning and,
as a consequence, to a decrease of losses caused by the silicon
agglomeration on the burning surface.

The highest efficiency of burning was observed for the
powders of silicon stabilized by hydrogen (table 3).

The mechanism of influence of the scaling of the powders
on the process of ignition of MSF is determined by a possi-
bility of an intensive oxidation of the particles of a powder on
the surface of the reactionary layer or in the immediate prox-
imity to it. If the process of oxidation of the powder particles
occurs in the heated layer, then an abnormal mode of ignition
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is possible, accompanied by a sharp sound effect, alligatoring
of the surface layer, its crushing and burning out (fig. 8).

The values of the effectiveness of the coefficients of burn-
ing testify to the degree of the influence of the additive of the
superdispersed powders of metal in the composition of MSF
(tables 1—3). An analysis of the results demonstrated that
with an increase of the temperature of the surface of the metal
platform, the efficiency of the additive of the nano-sized pow-
ders of metals, as catalysts, increased, except for the superd-
ispersed powder of nickel (table 4). It was established, that at
the temperature of initiation of 1023 K the time of delay of
ignition in case of the additive of 4 % of mass of aluminum
was 12 s, for 5 % of mass of the titanium — 12.5 s and for 4 %
of mass of nickel — 14 s. An increase of the temperature of
initiation essentially changed the picture of burning of MSF.
Increase of the content of the superdispersed powder of iron
up to 4 % of mass led to an increase of the coefficient of ef-
ficiency K¢ up to 1.375. Most probably, the process of the
conductive ignition of MSF was limited by the exothermal re-
actions in the condensed phase [11, 12].

Research of ignition of MSF HCS demonstrated that the
additives of the nano-sized metal powders accelerated the
process of the thermal decomposition of the oxidizer in the
heated layer of the condensed phase due to a high chemical
activity and the developed specific area of the surface of the
powders. As is known [13—15], for the particles of the super-
dispersed range of the sizes the role of the surface increases
sharply. The developed surface of the superdispersed systems
in combination with a special, excited state of the surface at-
oms and electrons predetermines a high reactionary ability
and catalytic activity of the superdispersed particles. For the
superdispersed powders with the particles with diameter of
<25...30 nm practically all the basic thermodynamic and
physical properties start to change intensively: the free energy
raises, the temperature of evaporation, fusion and recrystal-
lization decreases by tens and even hundreds of degrees. At
the size of the superdispersed powders, of both metals and
nonmetals, of 10...15 nm another substance by its structure is
formed with absolutely new steady thermodynamic and phys-
ical properties. The influence of the metals’ oxides, which are
widely known as catalysts of the process of burning of HCS
on the basis of perchlorate and permanganate of sodium and
potassium and ammonium nitrate, is not excluded.

The influence was investigated of the dispersion of the
powder of silicon on the process of the stationary burning on
the base composition of MSF HCS containing the nano-sized
powders of aluminum (10 % of mass), titanium (4 % of mass),
nanocoal (4 % of mass), potassium perchlorate and butyl rub-
ber (12 % of mass). The content of the powder of silicon, as
well as that of potassium perchlorate, varied within the range
of 10...40 % of mass. Three experiments were made on each
experimental point. A relative error of measurements of the
speed of burning of MSF HCS at the confidence probability
of 0.95 was 5...7.5 %. The results of the experiments are pre-
sented in table 5.

At the content of the nano-sized (10...30 nm) silicon
powder in the composition of MSF HCS in the quantity of
10—40 % of mass, a more than 5 times increase was observed
in the speed of burning in comparison with MSF HCS with
the micro-sized (2...7 um) silicon powders in the identical
conditions.

An analysis of the results demonstrated that with intro-
duction of the nano-sized silicon powder into the base com-




position of MSF, the maximal value of Vrop was observed at
the content of the nano-sized (10...30 nm) powder of silicon
in the quantity of 20...30 % of mass.

The specific features of burning of MSF HCS containing
the powder of silicon of different dispersions can be explained
proceeding from the dependence of the thermodynamic and
physical properties and the mechanism of oxidation of the
particles [6, 11, 12, 16].

If the silicon particles are quickly ignited and burn down
near to the surface of the sample of MSF HCS, then the speed
of burning of MSF HCS will increase. For this purpose it is
necessary, that the size of a particle should be small enough,
while the temperature and the composition of the products of
gasification of MSF HCS should be favorable enough for ig-
nition and burning of the particles of silicon.

The increase of the speed of burning during introduction
of the nano-sized silicon powders as a MSF component in the
composition of HCS is connected with the increase of the
speed of chemical reactions due to a higher temperature of
burning in the gas phase. Burning of HCS proceeds with the
leading stage in the gas phase and the diffusion mechanism of
burning of the particles of the silicon powder in the zone of
the gas phase reactions. During introduction of the silicon
powder as a metal combustible into the composition of HCS
a thermal emission appears due to the heterogeneous reaction
of burning on the surfaces of the particles. In the assumption
that the homogeneous and heterogeneous reactions of burn-
ing of the condensed system and silicon particles proceed in
the gas phase zone, the speed of burning of the metalized
HCS is determined by the composition, the temperature and
the size of the particles of the powder.

Conclusion

Replacement of the micro-sized (<43 um) silicon powder
with the nano-sized (10...50 nm) powder in the composition
of MSF HCS leads to a 1.5...5.5 times reduction of the time
of delay of ignition. The decrease of the time of delay of MSF
HCS during an increase of dispersion of the silicon powder is
connected with the specific features of the intensive oxidation
of the superdispersed powders of silicon and structurization of
the reactionary layer of MSF HCS.

The superdispersed powders of tantalum, tungsten, alu-
minum, titanium, cobalt, iron, copper and molybdenum in
the quantities from 1 up to 10 % of mass can be used as cat-
alysts in the processes of ignition and burning of the compo-
sitions of MSF HCS on the basis of the nano-sized powders
of silicon, aluminum, perchlorates and permanganates of so-
dium, potassium and butyl rubber. The efficiency of the in-
fluence of the additive of the given powders of metals on the
processes of ignition and burning of MSF HCS increases with
a decrease of their dispersion and the dispersion of the silicon
powders. The increase of the speed of burning of MSF HCS
is due to a high specific area of the surface of the particles and
their chemical activity. This leads to occurrence of an addi-
tional thermal emission in the reactionary layer due to the ex-
othermal oxidation of the particles of silicon, to an increase
of the speed of reaction of the products of gasification as a re-
sult of the total rise in temperature in the zone of burning and
catalytic influence of the oxide layer of the particles of silicon
on the thermal decomposition of the perchlorates and per-
manganates of sodium and potassium.
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BBenenune

JI1st IpennpusITUiA MprUOOPOCTPOSHUS XapaKTePHbBI
CJIOXXHOCTb, 0OJIbIIOE YUCIIO (PU3UYECKUX U XUMUYEC-
KHX Omepauuii B TEXHOJOTMYECKOM IpOLecCce U3ro-
TOBJICHUSI MHTErpajbHBIX 3JIeMeHTOB (D), Gonblias
YYBCTBUTEIBHOCTb K OTKJIOHEHUSIM B MIPOBEAECHUU TEX-
Hosornueckux mnpoieccon [1, 2]. CooTBeTcTBUE Mapa-
METPOB TIpU M3roToBiaeHuU MDD ompenensieTcs TOY-
HOCTbBIO BBIMIOJIHEHMST Y TEXHOJOTUYECKMMU PEeXUMa-
MU TIPOBEIEHNS OTepalnid.

B xopme wusroroBneHuss MO mnpou3BoACTBEHHOMY
MpoLiecCy MPeabsBIISIIOTCS BbICOKHE TPeOOBaHUS K TOY-
HOCTHU TEXHOJIOTMYECKUX IPOLECCOB U YCIOBUSAM HX
BbIMOJIHEHUS. boJibllioe pasHOOOpa3ue MpuMeHsIeMbIX
METOAOB U MPHUEMOB 00PaOOTKM MPUBOAUT K HEOOXO-
ITAMOCTH pPelIeHUs 3amay ITOBBIIICHUS HaIeXXHOCTHU
WHTErpajJibHbIX 3JeMEHTOB. PellieHMe OCHOBBIBAETCS
Ha B3aMMOCBSI3M MEXIy IapaMeTpaMM U3IeIUil, 0COo-
OEHHOCTSIMU TE€XHOJIOTUM MX M3rOTOBJIEHUS U Xapak-
TEPUCTUKAMU TEXHOJOTMYECKOro 000pyI0BaHus, C MO-
MOIIIbIO KOTOPOTO PeaIM3YyeTCsl 3Ta TEXHOJIOTHUSI.

ITpu mpousBoACTBe U3NEIUI PaaUO3JIEKTPOHHOTO
MPUOOPOCTPOCHUST TEXHOJIOTMYECKUE PEXUMBI OCY-
LIECTBISIOTCS TPU LIMPOKOM MAIAa30HE BIUSIOLIAX
dakropoB. CToJib IUPOKUE AHUATIa30Hbl BHI3BAHbI HE-
00XOIMMOCTBIO TIPOBEICHUSI C UCXOJHBIMUA MaTepua-
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JJaMU Pa3IUYHbIX (PU3UKO-XMMUYECKHUX MPOLIECCOB, a
Tak>Xke HEOOXOIUMOCThIO 00eCIeueHUsI TPeOyeMbIX Xa-
PaKTePUCTUK U3,

CHizkeHne Yuciaa ae(eKToB CTPYKTYpPbI
B TEXHOJIOTHYECKOM Mpoluecce Nponu3BOACTBA
HHTETPaJbHBIX 3JIEeMEHTOB

AHan3 TeXHOJOTMYECKOro IMpoliecca MPOU3BOAC-
TBa UHTETPAJIbHBIX 2JIEMEHTOB MTOKA3bIBAET, YTO UMEET
MECTO HECKOJIbKO BUIIOB Je(eKTOB, KOTOPbIE BIUSIOT
Ha KauyeCTBO U3JIENI, HO TPE00IaiatolluM BUIOM SIB-
JisieTcs aedekT Metauin3auud. OCHOBHBIMU MEXaHU3-
MaMM Opu jAedekTe MeTa/IM3aluu SIBJISIIOTCS MPO-
LECChl XMMUYECKOM U 3JIEKTPOXUMHUUYECKON KOPPO3UU
WK 371eKTpoauddy3un, KOTOpble BOZHUKAIOT BCEIC-
TBUE 3arpsA3HeHUI MOBEPXHOCTH KPUCTAJLJIAa U HAJIU-
yus Bjaru. BosHukHoBeHUE TUPPY3UOHHBIX Aedek-
TOB METAJUIM3ALUU U UX XapaKTep 3aBUCAT OT UCITOJIb-
3yEMbIX MaTEPUAIOB U CTPYKTYpbl KOHTaKTa. [Tprum-
HaMM Je(PeKTOB MeTalJIM3alluU SIBJISTIOTCSI BBITOpaHe
METALTU3UPOBAHHBIX JOPOXEK B MECTaX MOBBILLIECH-
HOW TJIOTHOCTHM TOKAa, a TakKXXe KOPOTKUE 3aMbIKaHMSI
yepe3 OTBEPCTUSI B OKCUAE WJIM 3aMblKaHue Oyiu3ie-
Kalux JOPOXKeK.

BoaneiicTBue TOBBIIIEHHOW TEMIIEpaTypbl MPUBO-
JUT K BO3HUKHOBEHUIO MEXaHUYECKUX HaMpsLKeHUH
BCJIEACTBUE PA3IUUMsI TEMIIEpaTypHbIX KO3 hUIIMeH-




TOB PaCIIUPEHMS TIPUMEHSIEMbIX MaTepHAJIOB B TEXHO-
Jioruu npousBoiacTBa UD. MMeroT MecTo Takke oTKa-
3bl B COCOMHEHMSIX M KOHTAKTax MPU U3TOTOBJICHUU
M3. K BO3MOXHBIM UCTOYHMKAM OTKa30B MOXHO OT-
HecT IUMGY3UI0 HEKOHTPOJIMPYEMbIX TpUMeced B
MaTrepurajax, XAMIIECKYIO peakIiio Ha TpaHuIlax pa3-
nena, neekTbl MCXOMHOTO MOHOKPUCTAJLIa U Hapylile-
HUS B TexHoyioruu MD.

Haubonrbliiee BausiHMe Ha KAYECTBO M HAJEXKHOCTh
MDD B TeXHOIOIMM U3rOTOBJIEHNUS OKa3bIBAIOT Ae(heK-
Thl B UICXOJIHOM MaTepualie 1 orepaluu, IpoXoasiine
IpU BBICOKOI TeMmepatype [3, 4].

ITpoueccyl 1 sBJIeHUS, TTpOTEKaOIe TPU U3ro-
ToBJAeHUU D 1 UX 3KCIUTyaTallMy B COCTaBe arrapa-
TYpPBI, MOTYT MPUBECTH K U3MEHEHUSIM CBOWMCTB MaTe-
puaja MOBEPXHOCTU U B 00beMe MaTepuasa, KOTOphie
BBI3BIBAIOT YTEUKHU, 3aMBIKAHMS, YXYIIIIEHUE CBOWICTB,
YTO 3HAUYMTEIBbHO CHUXXaeT HalexXHocTh UD u yBenu-
YHBaeT BEPOSITHOCTb OTKA30B. B liefsax CHUXEeHUS OT-
Ka30B MPUMEHSIOT KOHCTPYKTUBHO-TEXHOJOTMYECKIE
METO/Ibl OBBILIEHMST HAJIEXKHOCTU MHTErPaJbHBIX dJIe-
MEHTOB [5].

CocTosiHMEe TOBEPXHOCTU IOJYNMPOBOIHUKOBBIX
MOJUTOKEK OKa3bIBaeT CYIICCTBEHHOE BIWSHHUE Ha
sneKTpudeckue mapameTpsl UD [6, 7] 1 Ha mpaBUIIb-
HOCTb UX (DYHKIIMOHUPOBAHUSI.

ITpu wusroroBneHun MO mNpeabsBAsIOT XeCTKUe
TpebOBaHUS K KayecTBY IMOJYIPOBOAHUKOBBIX IMOJI-
JIOXXEK 10 TeoMeTpuYeCKUM TNapamMeTpaM U KauyecTBY
MOBEPXHOCTU. BbIOOp reoMeTrpryeckux napaMeTpoB
MMOUTOKEK 3aBUCUT OT CIIOXHOCTH TEXHOJIOTUIECKOTO
npoiiecca U MPUMEHSIEMOro TeXHOJOIMYeckKoro obo-
pynoBaHUsl, TpeOOBAaHUI MEXaHMYECKOH IIPOYHOCTH,
JKECTKOCTU U TEPMOMEXaHUYECKOI CTOMKOCTH.

C ymenbleHueM pa3zmepoB D yxecTouatorces Tpe-
0OBaHHUS K KayeCTBY ITOBEPXHOCTU U K YUCTY nedek-
TOB Ha MOBEPXHOCTH TOMIOXKKHU, KOTOPbIE OMpeaesi-
IOTCSI KQ4eCTBOM MCXOIHOTO MaTepuaia, ITOATOTOBKOM
MOBEPXHOCTU U 3(P(HEKTUBHOCTHIO OYMCTKU, BIUSIO-
IIAX Ha TEXHOJOTMYECKUE XapaKTePUCTUKN TOTOXKEK.

JJ1s1 MOBBILLIEHUS] YUCTOTHI MOBEPXHOCTH TMOIIOXEK
B TEXHOJOTMM M3roTOBIeHUST D MpUMEHSIOT CIloco-
Obl, YIOBJIETBOPSIOLIME TPEOOBAHUSIM UHEPTHOCTH T10
OTHOUIEHMIO K oOpabaThiBaeMOMY MaTepuany, MUHU-
MaJIbHOM TOKCWYHOCTH, BBICOKOIM CTETIEHW YHCTOTHI
MPUMEHSIEMBIX XMMPEAKTUBOB, Fa30B U BOJbI, a TAKXKE
pa3nInyHbIE CIOCOOBI MHTeHCUdUKALMK (HarpeB, Ku-
MsIYEHUe U T.1.), OCJIe0BaTeIbHOCTb UCHOIb30BAHUS
OUMIIAIOIINX M OYEePETHOCTb MPUMEHEHUST TEXHOJIO-
T'MYECKUX PaCTBOPOB.

ObecneueHne Ka9eCTBA W HAJIEKHOCTH MHTETPATBHBIX
3JIeMEHTOB B MPOM3BOJCTBEHHOM Iponecce

ITpu mpou3BoOACTBE U3NEAUIN TEXHOJIOTUUECKUE pe-
SKMMBI OCYILLIECTBIISIIOTCS] B IIIMPOKOM JMarna3oHe TeM-
rnepaTyp U Npu pasinvyHbIX gaBjieHusx. CToiab MMpo-
K€ Jrana3oHbl BbI3BaHbI HEOOXOMMMOCTBIO MPOBe/Ie-

HUS C UCXOJHBIMU MaTepralaMy pa3InyHbIX (PU3UKO-
XUMHWYECKUX MPOLIECCOB, a TakKxXe HEOOXOIMMOCTBIO
obecrieyeHUsT TpPeOyeMbIX XapaKTepUCTUK W3IeNIUi
[8, 9].

IToBblllieHHBIE TpeOOBaHUSI K KauyecTBY U HajexX-
HOCTU COBPEMEHHOM ammapatypbl MPpUOOPOCTPOECHUS
pa3IUYHOro Ha3HauYe€HMs BbI3bIBAIOT HEOOXOAUMOCTh
obecrneyeHusl KauyecTBa U3AEIUii ¢ Havyajaa pa3padboT-
KU — BbIOOpAa MCXOMHBIX MAaTepUaIOB, CTPYKTYPHI,
KOHCTPYKLIMU, TTPUHLIMIIOB ITIOCTPOSHUSI U TIPOBENCHUS
TEXHOJIOTUUYECKOTO Tpoliecca. PaboTel o obecrieueHno
KayecTBa MPOBOMSIT Ha BCEX CTAIMSIX U3TOTOBJIEHUS U3-
JIeINiA, BKIJIIOYAsh KOHTPOJIb, UCTIBITAHUS U aHAJIU3 pe-
3yJIbTaTOB AKCIUIyaTallMi B COCTaBe allmnapaTryphbl.

KoHcTpykliuy uzaennii ¥ npuMeHeHue TPYMITOBbIX
METOJIOB 00paboTKu (0COOEHHO MpU IPOU3BOJACTBE
WHTETPaJIbHBIX 3JIEMEHTOB) OIPEAEIISIIOT OCOObII MO~
X0 K 00ecIeuyeHUuIo KayecTBa MpU MPOeKTUPOBAHUU
MPOIIECCOB UX M3TOTOBJICHUS: HEPA3PbIBHOCTh KOHC-
TPYKUMU U3AEIUU U TEXHOJIOTUUYECKOTO Mpoliecca Ux
W3TOTOBJICHUSI; B3aMMHasi KOPPEsilusl MapamMeTpoB
WU3JEMii; B3aMMOCBSI3b TEXHOJOTUYECKUX MOTEPh C
BO3MOXHBIMHM OTKa3aMM IpH 3kciryarauuu [10].

ObGecneyeHre KayecTBa M3AEJUN B TEXHOJOTMYEC-
KOM MPOIECCEe MOXHO JOCTUYD ITyTEM aHAJIM3a KOHCT-
PYKTUBHO-TEXHOJIOTMYECKMX OCOOCHHOCTE WM3Aeanit
C YYETOM:

— OIpejeNieHUs] TOMYyCKOB Ha mapaMeTpbl (hU3u-
YECKOM CTPYKTYpbl MU Ha T€OMETPUYECKUE DPa3MEPBI
5JIEMEHTOB;

— ONTUMM3ALMM UX Pa3MEPOB MO MOKa3aTessiM
3P HEKTUBHOCTY TEXHOJIOTMYECKOTO MPOIIeCcCa;

— ONTUMM3ALIMU TapaMETPOB PEXMMOB TEXHOJIO-
TMYECKMX OTIEpalIMiA U TEXHOJOTMYECKOTO TPOLIecca;

— OIpeaeeHus BIUSHUSI Ha UX MapaMeTpbl 9KC-
TUlyaTallMOHHBIX (DaKTOPOB;

— omnpeneseHrs BO3MOXHOCTH YIPABJIEHUS TEXHO-
JIOTUYECKUMU OTEePaLUSIMU.

KauecTBo 1 HaaeXXHOCTb U3neNUil obecrieunBaeTCs
BbIOOPOM OTpabOTAaHHOU KOHCTPYKLIMW W OpraHu3a-
LIMeR TeXHOJIOormyeckoro mpoiiecca. OpraHuzaus Tex-
HOJIOTMYECKOTO Mpoliecca MPOM3BOJACTBA U3NEIUN —
3TO TOCJIEOBATENbHOCTh TEXHOJOTUUECKUX U KOHT-
POJIBHBIX OMEpAlluii HaJ WCXOJHOW BXOMTHOW CTPYK-
TYypO#, MPUBOAAILIASA K CO3IaHUIO TPeOyEMOU BBIXO/I-
HOM CTPYKTYpPbI U3NEIWNA, UMEIOLIEH SKCIUTyaTallMOH-
HbIe XapaKTepUCTUKMU, JiexXalllle B 3alaHHbIX TManaso-
Hax. B mpouecce 06paboTKM CTPYKTYpPhI HA ITapaMeTphl
Kak/I0i TEXHOJOTMYECKOU orepalivu, a TakxKe Ha BXO/I -
HbI€ W BBIXOJHbIE MapaMeTpPbl CTPYKTYPbl HaKJIadbl-
BalOTCSl TEXHOJOTMYECKHWE OTpaHWYEHUs WU JOIyC-
KW, ONpPEAENSIONIMe BEPOSITHOCTh MOMAJaHUs Xapak-
TEPUCTUK U3MAEJUI B 3alaHHbIe AuMana3oHbl. Jomycku
Ha BXOJHBIE U BBIXOJHbBIE MapaMeTphbl CTPYKTYPhI 10 U
[OCJIe KaXI0M TEXHOJOTMYECKOW OIlepaluy OIIpeac-
JISIIOTCSI Ha KOHTPOJIBHBIX OTepaliusix.

Peanuzanust npuHUMIIA COOTBETCTBUS (haKTUYEC-
KHUX MapamMeTpoB U3JAeNUN TpeOyeMbIM M UX KaueCTBO
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JIOCTUTAETCS IyTeM YCTAHOBJIEHHMS IOITyCKOB Ha OC-
HOBHBIE TTapaMeTPhl B MIPOIIECCE M3TOTOBJICHUS KPUC-
TaJUIOB M MaTepHaJIOB, PeareHTOB, YHEPTOHOCHUTEIEH,
TEXHOJIOTUYECKUX Cpel W IMoMmelleHuit. OTCyTCTBUE
TEXHOJIOTMYECKHX MOITyCKOB Ha OIpEAeICHHYIO TPYII-
My MapaMeTpoB JiejlaeT MpoLecC MPOM3BOACTBA U3/e-
JINIA HEKOHTPOJMPYEMbIM M 3aBUCUMBIM OT CyObeK-
TUBHBIX MIPUYMH — OIbITA U TOOPOCOBECTHOCTU TEX-
HOJIOTOB 1 OIepaTopoB, U CIyYalHbIX TPUUUH — UC-
TOYHUKOB ChIPbSI U IPYrux (hakTOPOB.

OcCHOBHbIE ONepaluyd IMPOLECCOB M3rOTOBJICHMUS
WU3IEIUIA OCYLIECTBIISIIOTCS Ha OCHOBE T'PYIIIIOBOM TeX-
HOJIOTUM, KOIJa OMHOBPEMEHHO 00pabaThIBAIOTCS 2JIe-
MEHTbI Ha TJIaCTUHE, Ha HECKOJIbKUX TIaCTUHAX, 00b-
€MHEHHBIX B MapTUIO, WU Ha MJACTUHAX HECKOJIbKUX
nmaptuid. s rpynmnoBbIX onepauuit 00o0IIaloIIUM
roxasarejieM KauecTBa UX MPOBeAeHUs sSIBJSETCS pac-
npejejeHne 3HAYeHUN BJIEKTPUUYECKUX MapaMeTpoOB
WJIM OLIEHKM MO BHEIIHEMY BUIY Y BCEX OMHOBPEMEH-
HO 00pabaThIBa€MbIX 3JIEMEHTOB Ha IIaCTMHAX B Tap-
in. U3MeHeHs B COCTOSTHUH oIlepalluy OyIayT OoTpa-
>KaThCsl HA CBOMCTBAX 3TOrO paclipelesieHUs], Ha 3Ha-
YEHUSIX €T0 YKCJIOBBIX XapaKTepUCTUK, TAKUX KaK Ma-
TeMaTUYeCKOe OXMIaHWE U CpelHee KBaJApaTU4YeCcKoe
OTKJIOHEHUE WJIM pacCesiHUe.

IMapaMeTpsl — MaTeMaTHYECKOE OKUIAHNE U pacce-
STHAE — y Pa3HBIX TTAPTUI MOTYT Pa3IMYaThCs, OTpaxkast
M3MEHEHMST KauyecTBa TPOBEACHUS MCCIIeIyeMOI oTe-
panuu. DTUMU Ke mapaMeTpaMi MOXHO OXapaKTepH-
30BaTh W MIPOXOXICHUE TTAPTH TTOCIIEe OTHCITBHBIX OITe-
panuii, BEITTOTHAEMbBIX WHANBULYATHLHO UIST KasKIOTO
n3nenst. TeXHOIOTMYECKHI MPOIIECC MO3BOJISIET U3T0-
TaBJIMBATh TTAPTUU U3IEINI, XapaKTePUCTUKH KOTOPHIX
TTOAUMHSIOTCST pacIipeie]IeHNIO, OTpeaeisieMoOMY 3Ha-
YEeHUSIMI MaTeMaTUYeCKOTO OXWMIAHWUS W PacCesTHUS.

IIpocTpaHCTBO TIpHEMIIEMOTO KadyecTBa IIPEICTaB-
JIsIeT coboif AMarta3oH pacripefe/ieHus, JIeKalluili B
paMKax BHIOOPKH, MCITOIb3YeMOil 71T OLICHKH HaIeX-
Hocth. lllnprHa M moiloXXeHWe KPUBOW pacripenese-
HUS OLIEHUBAIOTCS CICAYIOLINMU BEIMIMHAMU: TIOJIO-
SKEHUEM CpeTHero 3HaUCHMS pacTpeaeacHNs; MaTeMa-
THYECKUM OXWIAHUEM; XapaKTepUCTUKON OTKIIOHE-
HUS pacTipeie]IeHNsT OT MaTeMaTHYeCKOTO OXUIAHUS.

CBs3b XapaKTepHUCTUK paclIpeiesIeHUs ¢ XapaKTe-
PUCTHKAMU TIPOIIECCOB ITPOM3BOICTBA yCTAHABIMBACT-
csl ¢ MoMolIbl0 KO3 GULIMEHTA BO3MOXHOCTEN TIPO-
M3BOJICTBA, KOTOPHII CBSI3aH ¢ MHIEKCOM BOCITPOM3BO-
THUMOCTH TIpoliecca. 3HaYeHUE MHIEKCa BOCITPON3BOIN-
MOCTH TIpoIlecca XapaKTepM3yeT OTHOILIEHME IOITycKa
(paccestHusI), YCTaHOBJEHHOTO B TEXHOJOTMYECKOM
Tpoliecce, K AMAMa3oHy, B KOTOPBIN IPU HOPMaJIbHOM
pacIpefieIeHUN YKJIaabIBAalOTCS BCce 3HAYECHWs BEJ-
yuH. MHIEKC BOCTIPOM3BOIUMOCTH TIpoliecca CBSI3bI-
BaeT BapuallMM XapaKTEPUCTUK U3ACIUNA U TEXHOJO-
TUYECKUX mporeccoB. KoahdUmeHT BO3MOXKHOCTEM
MMPOU3BOACTBA YYUTHIBAET TOYHOCTH HACTPONKM W CTa-
OomIbHOCTE Tipollecca. ObecrnieyeHWe MaHHBIX TTapa-
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METPOB B TEXHOJOTMYECKOM MPOIIECCE MO3BOJISIET W3-
TOTOBUTb U3JeNusl TpeOyeMOro KauecTna.

s ipolieccoB, B KOTOPBIX MaTeMaTUUECKOE OXM-
JTaHV€ 3HAYEHUST KOHTPOJIMPYEMOI BEJIMUYMHBI CMEIIE-
HO OTHOCHUTEJbHO CEpeIMHbl IMOJis NOoMyckKa, WU Tpu
CcpedHeM MX 3HAaYeHUU PaBHOW YCTaHOBJIEHHOM, MaK-
cUMaJIbHOE 3HauyeHue Ko3(¢uimeHTa BO3MOXHOCTEH
paBHO 3HAYEHUIO UHIEKCA BOCIIPOU3BOAMMOCTH TPO-
1ecca. B ciyyae, koraa BbIOpaHHBIN O YCIIOBUSM H0-
nmyck Oynmet OoJibllle, COOTBETCTBEHHO OyIeT yBeJM-
YyUBaTbCcs M KO3(MDOUIMEHT BO3MOXHOCTEH NpPOMU3-
BOJICTBA.

B texHon0rMYECKOM TIpOliecCe CTPEMSITCS JOCTUYb
ONTUMAJIbHOTO YPOBHS BbIXOJA TOAHBIX u3neauid. Or-
penesieHUe ONTUMAIbHOTO YPOBHS IMO3BOJISIET HAMETUTD
MyTU JaJbHENILEero COBEPIIEHCTBOBAHMUSI TEXHOJOTUU
Mpou3BoACTBa UzAeauid. C oNTUMaJIbHBIM YPOBHEM BbI-
X0J1a TOAHBIX U3/IEJINIA HEOOXOAMMO OIPEIETUTh TAKXKe
U JOCTUKMMBIN YPOBEHb BbIXO/a FOJHBIX U3AEIUI TTpU
CYIIIECTBYIOLIMX TEXHOJIOTMUECKUX METOJAX U YCIOBU-
siX. JOCTUXKMMBIM ypOBEHb YKa3bIBaeT Ha BO3MOXKHbIM
pe3epB MOBBILIEHUS BbIXOJA FOJHBIX U3NeaUil O3 pa3-
pabOTKM HOBBIX TEXHUYECKUX U IKOHOMMYECKUX pe-
LIEHW, T.€. HanboJiee SKOHOMUYHBIM CIIOCOOOM.

st obecnneyeHnst kauectsa MO mpoBoauTces mpo-
U3BOJCTBEHHbIN KOHTPOJIb P HACTPOMKE TEXHOJIOIU -
YECKOTO Mpoliecca U MpY BBOAE B 3KCILTyaTallMio HOBBIX
€IVHUIL TEXHOJIOTMYeCcKoro obopymnoBaHus. I[Ipouns-
BOJCTBEHHbBIA KOHTPOJIb OOECIeYrMBaeT CBOEBPEMEH-
HYI0 OTOPAaKOBKY M3[EJMI Ha Pa3IMYHbIX CTAAUsIX W3-
TOTOBJIEHUSI U TpeOyeMoe KauyeCTBO W3AENMI MyTeM
BBISIBJICHUS SIBHBIX JAe(MEKTOB U CHMXKAIOLIUX HaaeX-
HocTh uanenuit. IToonepallOHHBIM MPOMU3BOACTBEH-
HBIl KOHTPOJIb JaeT OLEHKY KauecCTBa BbIITOJHEHMUS
OTpENECTICHHBIX Olepaluid IPU U3TOTOBJIEHUU CTPYK-
Typsl 1D, TeXHOIOTMYECKUX PEXMMOB U Cpel, MC-
MOJIb3yEMbIX Ha JAHHOM OomNepaluu, 4YTo O0ECTIEUMBAET
MPUHSATHE COOTBETCTBYIOLIMX MeP /ISl KOPPEKIIMHA Ma-
paMeTpPOB TEXHOJOIMYECKOIo Ipoliecca.

ITpu npowusBonctBe MO obecrnieyeHue KavyecTBa U
COOTBETCTBME TapaMETPOB U3MEIUN TpeOyeMbIM OCY-
LIECTBISIETCS MYTEM KOHTPOJUPOBAHUS, PETYJIUPOBA-
HUSI IPOLIECCOB U MPUHSATUEM Mep 0 CHUXKEHUIO Jie-
(eKTOB CTPYKTYPHI.

7151 oBBIIEHNST KaYeCTBA, HAIEKHOCTHA U BBIXOMIA
rogHeix 1D MCIOIB3YIOT TaKXKe OpraHM3allMOHHO-TEX~
HUYECKUE MEPOMNpUsITUS: OobecrieueHue 3JIeKTPOBaKy-
YMHOIA TUTHMEHBI; 00paboTKa IUIACTUMH IIPYU MUHUMAIb-
HOM MEXXOIEepallMOHHOM XpaHEHUU; CUCTEMATUYECKUI
TEXHOJIOTUYECKMI KOHTPOJIb KauecTBa; CUCTEMATUYEC-
KO€ MOBBILLIEHWE YPOBHS TOATOTOBKU M IMEPETOAro-
TOBKM KaJpOB.

CocrapnsiioliuMu - obecriedeHus HaaexxHoctu UMD
SIBJISIIOTCSl YETKOE BBITTOJTHEHUE TEXHOJIOTMYECKUX Olle-
paiuii, cooJIoIeHUE OTepallMOHHbBIX PEXKUMOB, TpeOo-
BaHWI KOHCTPYKTOPCKO-TEXHOJOTMYECKOM TOKYMEHTA -
LIMW, MOJIETUPOBAHUE U ITPOTHO3UPOBAHNE HAIEXKHOC-
TU C YYETOM PEaIbHBIX YCJIOBMI aKcIIyaTauuu U3.




3akioueHune

B texHnonoruu npousBoactsa MO obecneueHue Ka-
YecTBa U COOTBETCTBUE MapaMeTpOB U3JEIUI Tpedye-
MBIM OCYIICCTBIISIETCS ITyTeM KOHTPOJMPOBAHUS, Pe-
TYJIMPOBAaHUS TPOLIECCOB U MPUHSITUSI MEP MO CHUXKE-
HUIO 1e(EKTOB CTPYKTYPHI.

Peanuzaiiyst TeXHOJIOTMYECKUX TTOAXOI0B U OpraHu-
3allMOHHO-TEXHUYECKUX MEPOIPUITUIl obecreunBa-
eT (hOpMUPOBaHUE BBICOKOKAYECTBEHHBIX MPUOOPHBIX
CTPYKTYp, COOTBETCTBME MapaMeTPOB MHTErPabHbIX
3JIEMEHTOB U TIPUHSTHE MEp N0 CHUXKEHUIO Ne(heKTOB
CTPYKTYPbI B TEXHOJIOTMU U3TOTOBJICHUS U3AEIUIA, Ka-
YEeCTBO U HAZIEXKHOCTb MHTETPAJIbHBIX 3JIEMEHTOB KakK B
TEXHOJIOTUYECKOM Tpoliecce UX MPOU3BOJCTBA, TaK U
B IIpOLIECCe IKCIUTyaTalluu X B COCTaBe armapaTyphl.
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The article presents the requirements and approaches ensuring compliance of the parameters of the integral elements, and the
measures taken to reduce the structural defects in the technology for manufacturing of products. It demonstrates that in the tech-
nological process of production of the integral elements, the necessary quality and conformity of the products’ parameters to the re-
quired standards are ensured by the control and regulation processes and due to the organizational and technical measures. An anal-
ysis was done of the causes of various types of defects and measures were taken to reduce them. The constituents ensuring the quality
and reliability of the integral elements of the manufacturing process are presented.
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Introduction

The instrument making enterprises are characterized by
complexity, big number of the physical and chemical opera-
tions in the technological process of manufacturing of the in-
tegral elements (IE), and high sensitivity to deviations in car-
rying out of the technological processes [1, 2]. The conform-
ity of the parameters during manufacturing of 1E is defined by
the accuracy of performance and the technological modes of
the operations.

The process of manufacture of IE presents high demands to
the accuracy of the technological processes and the conditions
of compliance to them. A big variety of the applied methods
and processing methods lead to a necessity for solving of the
problems of a higher reliability of the integral elements. The so-
lution is based on the interconnection between the parameters
of the products, specific features of the technologies for their
manufacturing and characteristics of the technological equip-
ment, by means of which this technology is realized.
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In the manufacture of the products of the radio-electronic
instrument making the technological modes are implemented
at a wide range of the influencing factors. Such wide ranges are
due to the necessity of carrying out of various physical and
chemical processes with the initial materials, and also the ne-
cessity to ensure the demanded characteristics of the products.

Decrease of the number of the structural defects
in the technological process for manufacture
of the integral elements

An analysis of the technological process for manufacture of
the integral elements shows that there are several kinds of de-
fects, which influence the quality of products, but the prevailing
kind is the defect of metallization. The major mechanisms caus-
ing the defect of metallization are the processes of the chemical
and electrochemical corrosion or electrodiffusion, which ap-
pear due to pollution of the surface of a crystal and presence of
moisture. Appearance of the diffusion defects of metallization
and their character depend on the applied materials and the
contact structure. The causes for the defects of metallization are
burning out of the metallized paths in the places of higher cur-
rent density and, also, short circuits through the apertures in the
oxide or short circuits of the nearby paths.

Influence of a higher temperature leads to occurrence of the
mechanical stresses owing to the differences in the temperature
coefficients of expansion of the materials applied in IE tech-
nologies. Failures in connections and contacts also take place
in manufacturing of IE. Among the possible sources of failures
are diffusion of the uncontrollable impurities in the materials,
chemical reaction on the section borders, defects of the initial
monocrystal and violations of IE technologies.

The greatest influence on the quality and reliability of IE
in the manufacturing technologies is rendered by the defects
in the initial materials and the operations done at high tem-
peratures [3, 4].

The processes and phenomena proceeding during manu-
facturing of IE and their operation as parts of equipment, can
lead to changes of the properties of the material of the surfaces
and in the volume of the material, causing leaks, short cir-
cuits, and deterioration of the properties, which reduces con-
siderably the reliability of IE and increases the probability of
failures. In order to decrease the number of failures, the de-
sign-technological methods for improvement of the reliability
of the integral elements are applied [5].

The state of the surface of the semi-conductor substrates
has an essential impact on the electric parameters of 1E [6, 7]
and on the correctness of their functioning.

Manufacturing of 1E presents rigid demands to the quality
of the semiconductor substrates by the geometrical parame-
ters and to the quality of the surface. The choice of the geo-
metrical parameters of the substrates depends on the com-
plexity of the technological process and of the applied tech-
nological equipment, on the requirements to the mechanical
durability, rigidity, and the thermo-mechanical resistance.

The smaller are the dimensions of I1E, the tougher are the
requirements to the quality of the surface and to the number
of the defects on the surface of the substrates, which are de-
termined by the quality of the initial material, preparation of
the surface and the efficiency of cleaning, influencing the
technical characteristics of the substrates.

In order to increase the cleanliness of the surface of the sub-
strates in the manufacturing technologies of 1E, the methods
are applied, which meet the requirements of inertness in rela-
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tion to the processed material, the minimal toxicity, high degree
of cleanliness of the applied chemicals, gases and water, and al-
so various ways of intensification (heating, boiling, etc.), and
the sequence of use of the cleaning and technological solutions.

Guaranteeing of the quality and reliability of the integral
elements in the production process

During manufacture of the products the technological
modes are carried out within a wide range of temperatures and
at various pressures. Such wide ranges are explained by the ne-
cessity of carrying out of various physical and chemical proc-
esses with the initial materials, and also by the necessity of guar-
anteeing of the demanded characteristics of the products [8, 9].

The increased requirements to the quality and reliability of
the modern equipment of various purpose instrument making
dictate the necessity for high quality of the products from the
beginning of their development — selection of the initial ma-
terials, structure, design, principles of designing and carrying
out of the technological process. The works aimed to ensure
quality are done at all the stages of manufacturing of the prod-
ucts, including control, tests and analysis of the results of their
operation as a part of equipment.

Designs of the products and application of the group
methods for processing (especially in manufacture of the in-
tegral elements) determine a special approach to guaranteeing
of the quality during designing of the processes for their man-
ufacturing: indissolubility of the designs of the products and
the technological processes for their manufacturing; mutual
correlation of the products’ parameters; interrelation of the
technological losses with possible failures during operation [10].

The quality of the products in the technological processes
can be ensured by an analysis of the design-technological fea-
tures of the products with account of:

— determination of tolerances for parameters of the phys-
ical structure and for the geometrical sizes of the elements;

— optimization of their sizes by the efficiency indicators
of the technological process;

— optimization of the parameters of the modes of the
technological operations and technological processes;

— determination of the influence of the operational fac-
tors on their parameters;

— determination of a possibility of control over the tech-
nological operations.

The quality and reliability of the products are ensured by
selection of a proven design and organization of the techno-
logical process. The organization of the technological process
for manufacture of the products is a sequence of the techno-
logical and control operations over the initial input structure,
leading to creation of the demanded output structure of the
products possessing the operational characteristics within the
set ranges. In the course of the structure processing, the tech-
nological restrictions or the admissions defining a probability
of compliance of the characteristics of the products with the
set ranges are imposed on the parameters of each technolog-
ical operation and also on the input and output parameters of
the structure. Admissions on the input and output parameters
of the structure before each technological operation are de-
termined during the control operations.

Realization of the principle of conformity of the actual pa-
rameters of the products to the demanded ones and their
quality are achieved by introduction of admissions on the key
parameters in the course of manufacturing of the crystals and
materials, reagents, energy carriers, technological environ-




ments and premises. Absence of the technological admissions
on a certain group of parameters makes a process of manu-
facture of the products uncontrollable and dependent on the
subjective causes — experience and conscientiousness of the
technologists and operators, and accidental causes — sources
of the raw materials and other factors.

The basic operations of the processes of manufacturing of
the products are carried out on the basis of a group technol-
ogy, when the elements on a plate are processed simultane-
ously, on several plates integrated in a batch, or on plates of
several batches. For the group operations a generalizing in-
dicator of the quality of their implementation is the distribu-
tion of the values of the electric parameters or estimation by
appearance of all the simultaneously processed elements on
the plates in a batch. Changes in a state of operation will tell
on the properties of this distribution, on the values of its nu-
merical characteristics, such as mathematical expectation and
root mean square deviation or scattering.

The parameters — the mathematical expectation and scat-
tering — can differ for different batches, reflecting the chang-
es in the quality of carrying out of the investigated operation.
The same parameters can also characterize the passage of
batches after the separate operations, carried out individually
for each product. The technological process allows us to make
batches of products, the characteristics of which comply with
the distribution determined by the values of the mathematical
expectation and scattering.

The space of the acceptable quality is the range of the dis-
tribution within the limits of the selection, used for estimation
of reliability. The width and position of the curve of the dis-
tribution are estimated by the following values: position of the
average value of distribution, mathematical expectation, and
characteristic of the deviation of the distribution from the
mathematical expectation.

A connection of the characteristics of the distribution with
the characteristics of the manufacturing processes is estab-
lished by means of the coefficient of the production oppor-
tunities, which is connected with the index of reproducibility
of the process. The value of the index of reproducibility of the
process characterizes the relation of the value of tolerance
(value of scattering), established in the technological process,
to the range, to which all the values fit in case of a normal dis-
tribution. The index of reproducibility of the process connects
the variations of the characteristics of the products and the
technological processes. The coefficient of the manufacturing
opportunities takes into account the accuracy of adjustment
and the stability of the process. Compliance with the given
parameters in the technological process allows us to make
products of the demanded quality.

For the processes, in which the mathematical expectation
of the controllable value is displaced in relation to the middle
of the tolerance zone, and at their average value equal to the
set one, the maximal value of the coefficient of opportunities
is equal to the value of the index of reproducibility of the
process. In case, when the tolerance, selected by the condi-
tions, is more, the coefficient of the manufacturing opportu-
nities will increase accordingly.

In the technological process the aim is to achieve the opti-
mal level of the output of the accepted articles. Determination
of the optimal level allows us to plan the ways for the further
perfection of the production technology. Besides the optimal
level of the output of the accepted articles it is also necessary to
determine the achievable level of the accepted articles at the ex-

isting technologies and conditions. The achievable level points
to a possible reserve allowing us to increase the output of the ac-
cepted articles without development of new technological and
economic solutions, i.e. in the most economic way.

In order to ensure quality of IE, an industrial inspection is
done during adjustment of the technological process and during
commissioning of new units of the technological equipment.
The industrial inspection ensures a timely scrapping of the
products at various stages of manufacturing and the demanded
quality of the products by identification of the obvious defects,
which reduce the products’ reliability. The functional industrial
inspection ensures estimation of the quality of implementation
of certain operations during manufacturing of IE structure,
technological modes and environments used in a given opera-
tion, which guarantees taking of the corresponding measures for
correction of the parameters of the technological process.

During manufacture of IE the necessary quality and con-
formity of the parameters of the products to the demanded
standards is carried out by control and regulation of the proc-
esses, and actions for decreasing of the number of the struc-
tural defects.

For improvement of the quality, reliability and output of
the accepted IE, the following organizational-technical ac-
tions are also used: electrovacuum hygiene; processing of the
plates at the minimal interoperational storage; regular tech-
nological quality control; regular improvement of the level of
training and retraining of personnel.

The constituents ensuring reliability of IE are accurate re-
alization of the technological operations, compliance to the
operational modes, requirements to the design-technological
documentation, modeling and forecasting of reliability taking
into account the real conditions of operation of IE.

Conclusion

In the technology for production of IE the quality and
conformity of the products’ parameters to the demanded
standards are ensured by the control and regulation of the
processes, and by the measures for decreasing of the number
of the structural defects.

Realization of the technological approaches and of the or-
ganizational-technical actions ensures formation of high-
quality instrument structures, conformity of the parameters of
the integral elements, and taking of measures for decreasing
of the number of the structural defects in the technologies for
manufacturing of the products, and it also ensures the quality
and reliability of the integral elements, both in the techno-
logical process of their manufacture, and in the process of
their operation as a part of the equipment.
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NMCCAEAOBAHUE SAEKTPOMEXAHUYECKUX UTTMK-CEHCOPOB

Ilocmynuaa é pedaxyuro 14.08.2017

Paspabomanbsi cencopbr Ha ocHoge uoHHbIX noaumep-memaniuveckux komnosumos (UIIMK) u uccaedosanvl ux xapakmepuc-
MUKy 6 6030YyWHOU U 600HOU cpedax. Yemanoeneno, umo UITMK-cencop xapaxmepuyemcs AUHEUHbIM OMKAUKOM HA MeXaAHU-
ueckoe gozdeticmeue 6 duanazone nepemewerui 0,1...1 mm. Koagpguuyuenm uyecmeumenvnocmu HITMK-cencopa pazmepamu
2 %X 0,5 X 0,02 cm cocmasasem 0,072 mB/mm. Yem kopoue cerncop, mem 60avuie amnaumyoa Kore6aHui 8biX00H020 HANPSINCEHUSL.
JlanHble 3aKOHOMEPHOCMU CNPABeOAUsbl U 015 8030VUIHOU cpedbl, U 015 600HOU. Bpems nenpepbigHoll pabomul ceHcopa Ha 8030dyxe

He npeevluiaem 08yxX Hedenb.

Karoueevie caosa: uonnvie noaumep-memannuyeckue komnosumsi, UITMK-cencopot, Nafion, snekmpoaxmuersie noaumepeol,

ANeKmpomexanu4ecKue CeHcopbl

BBenenune

CoszaaHue HeIOpPOruX U 3HEProd(PeKTUBHBIX MUK-
POMEXaHMIECKUX CEHCOPOB IO TEXHOJIOTUSM M3IETH
MMKpPO- MU HAHOCUCTEMHOM TEXHMKMU CEroJHsSl OYeHb
aKTyaJIbHO.

CyliecTByeT HECKOJBKO THUIIOB TaKUX CEHCOPOB:
MAarHMTORJIEKTPUUYECKUE, DJIEKTPOMATHUTHbIE, MAaTHU -
TOCTPUKIIMOHHBIE, eMKOCTHBIE, TThe303JICKTPUUECKIE,
TepMOMeXaHW4YecKue, 3MeKTpeTHble. Ocoboe BHUMA-
HUe pa3pabOTYMKOB MPUBJIEKAIOT CEHCOPHI HA OCHOBE
9JIEKTPOAKTUBHBIX MOJUMEPOB, OTIMYAIOIIAEC IIIM-
POKUM IMAINa30HOM MEXaHUYEeCKUX OTKJIOHEHU MeM-
OpaHbl U XOpolleil paboTOCIIOCOOHOCThIO B BOIHOI
cpene [1]. B wacTHOCTH, MOHHBIE MOIMMEP-METaIN-
yeckue kommo3utsl (MIIMK) 3apekomeHmnoBanu cedst
Kak MPeBOCXOAHbIE MaTepUabl IJIs1 CO3NaHUSI MUKPO-
MEXaHWYECKUX CEHCOPOB M3ruda, UCMHOoIb3YIOIIMXCS B
MUKPOPOOOTOTEXHUUECKUX CUCTeMax [2—35].

LensMu paHHON pabOThl SIBISIMCH pa3padoTKa
MNIIMK-ceHCOpOB 1 HCCIeA0BaHUE UX XapaKTEPUCTUK
Npu padboTe B BO3AYIIHOW U BOJHOM Cpenax.

OcHoBy MIIMK-ceHcopa cocraBiager mopucrtas
MeMOpaHa U3 MOHHO-OOMEHHOTO ITOJIMMepa, ITOKPhI-
Tasi ¢ 00eUX CTOPOH METALIMUYECKUMMU 2JIEKTPOAAMU.
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B xauecTBe MaTepuana Takoii MeMOpaHbI UCIIOJIb30Ba-
Jach tuieHka "Nafion 117" ToawuHou 175 MKM, Ha o~
BEPXHOCTbh KOTOPOI HAHOCUJIUCH IMJIATUHOBBIC 2JIEKT-
POIBI XUMUYECKAM BOCCTAHOBJIEHWEM M3 pacTBOpPaA CO-
JIA TIATUHBI (METOAMKA HaHEeCEHUs DJIEKTPOIOB IO -
pobHO omnucaHa B pabore [6]).

Ilepen Hayamom pabOTHI CEHCOpP BbhIMAYMBAIU B
0,1 M pactBope cynbdaTa Meau, YTOOBI 3aMEHUTh HO-
Hbl Bomopoxa Ha moHbl Cu®’. TTockosbKy mommmep
COJICP>XUT 3aKPEIUICHHBIE KUCIIOTHBIE OCTAaTKU SOE,
Ha €ero MOBEPXHOCTHU IOCJie MPONUTHIBAHUS BOJHBIM
pacTBOpOM 00pa3yeTcsl ABOMHON 3JIeKTPUIECKUIA CIOi
U B DJEKTPOJMTE BHYTPU MEMOpaHbI MpeobagaloT
CBOOOJHbBIEC TTOJOXUTEIbHBIE UOHBI, TTIO3TOMY JIBUXKE-
HUE MOHOB B MeMOpaHe Moj AeHCTBUEM 3JIeKTpuyec-
KOTO TOJISl SIBJISIETCSI OAHOCTOPOHHMM. [IpuHIMn pa-
6otel UTIMK-ceHcopa 3akitodaeTcsl B Iiepepaciipe-
JIeJICHUM UOHOB B MOHOOOMEHHOU MeMOpaHe Tpu ee
nedopmalnu, BCASACTBUE YETo Ha 2JIEKTPOJaX BO3ZHU-
KaeT pa3HOCThb IMoTeHIanoB [7—10].

ITpy BHelIHEM M3rMOalIeM MEeXaHUYECKOM BO3-
JNEMCTBUM Ha 3JIEKTPOJAX CEHCOpa BO3HMKAET pa3-
HOCTb JABJICHUI, YTO MPUBOJUT K JBUXKEHUIO MOTOKA
3apsIKEHHOM KUAKOCTU B MEMOpaHe OT OTHOTO 3JIeK-




Puc. 4. 3aBucumMoCTh nepeMenieHns myna oT HANPSIKEHHs reHepa-
Topa B nuana3one yactot 0,1...40 I'g

Fig. 4. Dependence of the displacements of the probe on the voltage of
the generator within the range of frequencies of 0.1...40 Hz

Tpojaa K IpyroMmy. 3To, B CBOIO OY€pelb, IPUBOAUT K
BO3HMKHOBEHUIO Ha 3JIEKTPOAAX Pa3HOCTU MOTEHIIMA-
JIOB, Ha3bIBaeMoOU noTeHiuanom teuenus [11] (puc. 1,
CM. TPEThIO CTOPOHY OOJIOKKH).

Pa3paGoTka cTeHma Ajig WCCIeT0BAHASA
HUIIMK-ceHcopoB

Ilepen uccnemoBanueM MIIMK-ceHcopbl pasme-
poMm 20 X 5 x 0,2 mMm BeiaepxxuBaiu B 0,1 M pacTBope
cynbpara Meau B TeUeHMUE 8 U JJIs1 HACHILLIEHUS MEM-
OpaHbl pacTBOPOM 3JIEKTPOJIUTA.

s mpeaBapUTETHbHOTO U3MEPEHMSI YYBCTBUTEIb-
HOCTU CEHCOp (PMKCUPOBAIM U3MEPUTETbHBIMU 30H 1A~
MU (1ynamu KenabBrHA), MOAKIIOYEHHBIMU K MYJIbTH-
MeTpy Agilent 34410A. 3aTeM Ha ceHCOp OKa3bIBalu
BHEIlIHee M3rubarollee MeXxaHMYeckoe BO3/lelCTBUe U
onpenesisid BOSHUKIIYIO Pa3HOCTh TTOTEHIIMAJIOB.

Ha puc. 2 (cM. TpeTblo CTOPOHY OOJIOXKKM) TIpe-
CTaBJieHa 3aBUCHMMOCTb BBIXOJHOI'O HAIPSLKEHUs OT
BPeMEHU MPU OJHOKPATHOM BO3IEUCTBUU Ha CEHCOP
(oTKJIOHEHMEe CBOOOTHOIO KOHIIA CeHCOopa OT MepBO-
HavyaJIbHOTO MOJIOKEHUSI COCTaBJISLIO 5 MM).

Hns yBenuyeHUs1 3HAUEHU U3MepsieMOTo CUTHaJIa
ObUI UCITOJIb30BaH JBYXKACKaaHBIN YCUIUTENb C KO3(h-
¢duLeHTOM ycuneHus 248.

dna wm3MepeHUs BBIXOOHBIX  XapaKTePHCTUK
MIIMK-ceHcopa HeoOXOAMMO OKa3biBaTb Ha HEro
BHEIIIHEE MEXaHUYECKOE BO3ICHCTBUE ONMPEICIEHHOMU
YacTOThI ¥ aMILUIUTYAbI. B ¢BsI3u ¢ 3TUM ObLT pa3pabo-
TaH 3KCIEPUMEHTAIbHbIA cTeH (puc. 3, CM. YeTBep-
TYI0O CTOPOHY OOJIOXXKM), B KOTOPOM [JisI M3MEPEHUS
YYBCTBUTEJIbHOCTU CEHCOpa HCIOJIb3YETCS MYJIbTHU-
MeTp Agilent 34410A, a B KauecTBe YyBCTBUTEJIbHOIO
aJIeMeHTa — HcCclieAyeMblii ceHcop. B kauecTBe aje-
MEHTa, OKa3bIBAIOIIIETO Yepe3 AUIEKTPUUECKUMN 1ILyTT
BHEIIHME MeXaHMYeCKUe BO3AEHCTBUS Ha CEHCOP, UC-
MOJIb3yeTCsl AMHAMUK, MOJAKIIOUEHHBIM K reHepaTopy
curHana Aligent 33500B, crtocoOHOMY BBI3BIBAaTh pa3-
JIMYHBIE TI0 YaCcTOTE M aMIUIUTYAE KoJieOaHUsl.

I'panynpoBKy U3MEPUTENIBHOTO CTEHAA BBITTOIHSIIN
M0 3aBUCUMOCTHU aMILIUTYbI MepeaaBaeMblX MEXaHU-
YECKUX TepeMelleHN OT TTepeMeHHOTO HaIlpsLKEeHUST
yactoroir 1 I', mogaBaeMoro Ha AuHaMuK (puc. 4).
BunHo, 4To B McchemyeMoM AMaria3oHe HampssKeHUH
nepeMelleHyue 1yna JUHEHHO YBEJIMIMBAeTCs C yBe-
JIMYEeHNEM aMIUTUTYIBI HallpsDKeHMS, TTogaBaeMoro Ha
IUHAMUK.

PazpaboTraHHbIll cTeHA ObLT UCIIOJb30BaH IJI UC-
cnepoBanuss MUTIMK-ceHcopoB B IByx cpemax: BO3-
JIYLIHON W BOOHOM.

Hccaenosanue UIIMK-cencopoB B BO3AYIIHOM cpeae

Bbu1u rcciaenoBaHbl 3aBUCUMOCTU BBIXOJHOTO CHUT-
Haja CEHCcopa OT aMIUIMTYIbl U YaCTOThl MOAABAEMbIX
MexaHuuyeckux Boaaeicteuid. Ha puc. 5 nmpeacrasieHo
CEMENCTBO 3aBUCUMOCTEM BBIXOJHOTO HANPSIKEHUS OT
BpPEMEHU ISl Pa3HbIX aMIUIUTYJ MEXaHUYEeCKUX BO3-
JIEUCTBUM.

Ha ocHoBaHUM MOJYyYE€HHBIX 3aBUCUMOCTEN OBLIN
oITpeIeIcHBI aMITIUTYIbI BEIXOMHOTO CUTHaJA (pHC. 6).

briio nmokazano, uro MITMK-ceHcop xapakrepu-
3yeTcs JIMHEWHBIM OTKJIMKOM B BBIOpAaHHOM JAMara3o-
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Puc. 5. 3aBucumocTn BbixoaHoro Hanpsxkenus UIIMK-cencopa ot
Bpemenn npu yacrote 10 ' 1 pasHbIX aMIUIMTYAaX MeXaHHYECKHX
BO3JeHCTBHI

Fig. 5. Dependences of the output voltage of IPMC sensor on time at the
frequency of 10 Hz and different amplitudes of the mechanical influences
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Puc. 6. 3aBucumocts BbixoaHoro Hanpspkennsi UTIIMK-cencopa ot
nepememenus npu yacrore 10 I'ig

Fig. 6. Dependence of the output voltage of IPMC sensor on
displacements at the frequency of 10 Hz
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He aMIUIMTY[ MeXaHUYeCKUX IepemelneHuil. Koagdu-
LIMEHT YYBCTBUTEJLHOCTU CEHCOPA, OINpeaeIeHHbIN Mo
3TOI 3aBUCHUMOCTH, cocTaBmi 17,9 MB/MMm ¢ ydeTom
ycunenus curdana u 0,072 mB/mMMm 6e3 yderta ycuieHuUSL.

Kpome Toro, GbIJ1a MICClIeqOBaHa YacTOTHAS 3aBU-
CHMOCTh aMIUTATYIbI BEIXOAHOTO CUTHAJIA TIPH TTOCTO-
sSHHOM cMmeuleHuu 0,5 MM. MUHMManbHasl 4acToTa,
IIpY KOTOPOU HAOJOJAeTCs CUTHAJI OT CeHCcopa, CO-
crasiger 0,5 I'.

IIpu yBenuueHuu vactoThl a0 5 'y HaGMomaeTcs
YBeJIMYCHWE aMIUIMTYIBI BEIXOMHOTO CUTHaia. B mua-
ma3oHe 5...18 'l aMrmuInTyna BEIXOMHOTO CUTHAJIA TIpaK-
TUYEeCKM He MeHsieTcsl (puc. 7), M IIpu 3TOM 3aBUCH-
MOCTb BBIXOJHOTO CHUTHajJia OT BPEMEHM IpEeNCTaBIsIeT
€000l CUHYCOUAY C TMOCTOSIHHOW aMITIUTYA0H (puc. 8).

ITpu yBenmyeHuu yactoThl Bbile 18 I'ti HaGIO0a-
€TCs YMEHbIIIEHUE aMIUIUTYIbl U MOSIBISIETCS MOMY-
Jnsauus curHana (puc. 9). CHuXXeHUe aMIUIUTYAbl TpU
BBICOKMX YaCTOTaX MO-BUIAMMOMY MOXET OBbITh CBSI3a-
HO C HU3KON CKOPOCTHIO TTepeMEIeHUS KUIKOCTH
BHYTPU MeMOPaHBI TIOJT BHEIITHUM BO3ACHCTBUEM U, KaK
CJIECTBUE, C 3ala3NbIBAaHUEM BBIXOJHOIO CHUTHaJIA.
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Puc. 7. 3aBucumocts Bhixoanoro Hanpsukenus UIIMK-cencopa ot
yactotsl (ammmryaa 0,5 mm)

Fig. 7. Dependence of the output voltage of IPMC sensor on frequency
(amplitude of 0.5 mm)

Puc. 8. 3aBucumocts Boixoanoro Hanpsikenus UIIMK-cencopa ot
pemenn (10 T'u, amnautyna 0,5 mm)

Fig. 8. Dependence of the output voltage of IPMC sensor on time (10 Hz,
amplitude of 0.5 mm)
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Puc. 9. 3aBucuMOCTb BBIXOAHOro Hampsikenus ot Bpemenn (35 I,
ammmtyaa 0,5 mm)

Fig. 9. Dependence of the output voltage on time (35 Hz, amplitude of
0.5 mm)
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Puc. 10. 3aBHCHMOCTD BBIXOIHOrO HANPSIKEHHA OT JUTMHBI CEHCOpa
Fig. 10. Dependence of the output voltage on the sensor’s length

Ha puc. 10 mpuBeneHa 3aBUCHUMOCTb BBIXOTHOTO
HaIpsKeHUs OT JAJIMHbI CEHCOpa, U3 KOTOPOi BUAHO,
YTO YeM KOpOdYe CEHCOp, TeM OOJIbIlle aMILIUTYIa BbI-
XOIHOTO HAIPSIKEHUSI, TTIOCKOJIBKY TeM MEHBIIEe pagnyc
KPMBUM3HBI U3r10a Mpu OAMHAKOBOM IE€pEeMEILCHUH.

MembOpana WIIMK-ceHcopa coaepXXWUT BOIHBIN
PpacTBOP BJIEKTPOJIMTA, KOTOPBII MOXET BEICHIXaTh TP
paboTe B BO3AYLIHON Cpele, YTO MOXET IPUBOAUTH K
CHIDKEHHWIO BBIXOTHOTO cuTHama. B ¢BsI3u ¢ 3TMM O~
HOI U3 3a/1ay JaHHOTO MCCJIEAOBAaHUS OBLIO OIpeje-
JIEHMEe BpeMeHM HeIlpepbIBHOI pabOThI CEHCOpa B BO3-
IyIIHOM cpene. BbL1o ycTaHOBIEHO, UTO Yepe3 1 JeHb
BBIXOJHOI CUTHAJ yMeHbInaeTcss Ha 10 % or Havaib-
HOTO 3Ha4YeHWusI, a yepes 2...3 nHs — OoJiee yeM Ha I10-
psnok. IlTpu aToM Ij1s1 pa3HBIX 00pa3LoB BpeMsl pabo-
TBI CeHCOpa Ha BO3IyXe MOXET CUJIbHO OTJIMYAThCS
(111 HEKOTOPBIX OHO MOXET JOCTUraTh IBYX HEIEsb).

HUccaenosanue UIITMK-cencopoB B BOJAHO# cpeje

Hns uccnenoBanusi MIIMK-ceHcopoB B BOAHOI
cpele U3MepUTENbHbI CTeHA ObLT MOAM(ULIMPOBAH.
Ha mitaTuB 6bu1a ycTaHOBJIEHA EMKOCTh € BOIOMH, B KO-
TOPYIO OMyCKaiu M (UKCUPOBAIM Ha IHE MCCIeaye-
MBIl CEHCOp C MPUIasiHHBIMU MPOBOAAMU, U30JIUPO-
BaHHBIMU cMoOJIoi (puc. 11, cM. YeTBEPTYIO CTOPOHY
O0JIOKKM).
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Puc. 12. 3aBHCMMOCTH BBIXOAHOIO HANPSIKEHHS OT MEpPeMeIleHus
Fig. 12. Dependences of the output voltage on displacements
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Puc. 13. 3aBHCHMOCTH aMILIATY/bl BBIXOJAHOTO CHTHAJIA OT YaCTOTHI
(ammmaryna 0,5 mm)

Fig. 13. Dependences of the amplitude of the output signal on frequency
(amplitude of 0.5 mm)

Briu vccnenoBaHbl 3aBUCUMOCTU BBIXOJHOTO CUT-
HaJla ceHcopa OT aMIUIUTYABl M YaCTOTHI MEXaHUJeC-
KUX BO3IEUCTBUIA.

bruto mokazano (puc. 12), uro npu padbore B BOJI-
Hoii cpene MTIMK-ceHcop ToxXe xapaKTepu3yeTcs JIr-
HEMHBIM OTKJIMKOM B BBIOpAHHOM AWana3oHe aMIUIu-
Tyl MEXaHUYECKUX IepeMelleHuii. OnHako koaddu-
LIMEHT YyBCTBUTEIBLHOCTU, OMpeaesseMblii 0 HaKJIO-
HY TIpSIMOM, B BOIHOU CpeNe OKa3aJiCsd HUXE, YeM B
BO3IYLIHOM.

bbina Takke ucciaegoBaHa YacTOTHAsl 3aBUCUMOCTh
aMIUIMTYIbl BBIXOAHOIO CHMTHaJIa MPU TOCTOSTHHOM
cmewmenun 0,5 Mm. MuHMManbHas 4acToTa, IIpU KO-
TOPOIl HaOIIOmaeTcsl CUTHaA OT CeHcopa, CHU3WIACh
MO CpaBHEHMIO ¢ Bo3aylIHOi cpenoit (o 0,1 T'u). [Tpu
yBeJUYEHUU 4YacToThl 10 2 'l HabaromaeTcsl yBeau-
YeHUe aMIUIUMTYAbl BBIXOMHOTO curHaia. B nuamaszone
2...20 'y aMIIMTyaa BHIXOJHOTO CUTHAJIA MpakTUYecC-
KU He usMeHseTcst (puc. 13), u mpu 3TOM BBIXOZHOM
CUTHAaJ TIpeJCTaBIIsieT cO00 KBAa3MCUHYCOUIY C MOC-
TOSSHHOM aMIUIUTYIOM.

Ha yactorax 6onee 20 'ty aMmiuTyaa yMmeHbIIaeTCst
1 TIOSIBIIIETCSI MOAYJISILIMST CUTHAJIA. YMEHbBIIICHUE aM-
TJIATYIbl HAa BBICOKMX YacTOTaxX B BOJHOM cpene o0yc-

JIOBJIEHO TEMU 3Ke MPUYMHAMHU, YTO U B BO3AYLIHON
cpele. YBelMueHNe TUara3oHa JJMHEWHOM 3aBUCHMOC-
TU MOXET OBbITh CBSI3aHO C BO3PAaCTAHMEM ILUIOTHOCTH
Cpelbl M COMPOTUBIIEHUSI CEHCOopA.

[TocKONBEKY CEHCOp B BOTHOM Cpelie He BBICBIXAET,
BpEMsI €r0 HeIpPephIBHOI pPabOThl 3HAUYUTEILHO YBE-
JIMYUBAETCS TI0 CPAaBHEHWIO ¢ paboOTON B BO3MYLIHOM
cperne.

3akmouenne

Pazpaboran creHn mis1 ucciaegoBaHus MITMK-
CEHCOPOB B BO3IYIIIHOW M BOAHON cpemax. YCTaHOB-
sneHo, yto MIIMK-ceHcop xapakTepu3yeTcsl JIMHEl-
HBbIM OTKJIMKOM Ha MEeXaHMYeCKOe BO3/IeiICTBUE B AUa-
nazoHe nepemeiienuii 0,1...1 mMm. KoadduimueHr ero
yyBcTBUTENbHOCTU cocTaBisieT 0,072 MB/mwm. [Tpu me-
XaHUYECKUX BO3AeWCTBUAX ¢ yacTtoTamu 5...18 T B
BO3AylLIHON cpeae u 2...20 'l B BOAHOM cpele aMILIu-
TyJa BBIXOJHOTO CHUTHaJIa MPAKTUYECKU HE MEHSETCs,
U TIPY 3TOM BBIXOAHON CUTHAJI UMeeT (popMy CUHYCO-
Wbl C TIOCTOSIHHOM aMIIIuTynoi. Yem Kopode ceHcop,
TeM OOJIbllle aMIUIMTyAa KojeOaHUIl BBIXOZHOTO Ha-
npsikeHust. JJaHHble 3aKOHOMEPHOCTH CIIPAaBEAIMBLI U
JUISL BO3AYIIHOM Cpeabl, U AJIsI BOOHOM.

HUccnedosanue evinosneno 6 pamxax epauma PHO
(npoexm No 16-19-00107).

Cnmcok JurepaTypbl

1. Kanenos B. E., Bpoiiko A. II., Kopaskos A. B., XmeJb-
nuuknii Y. K. u 1p. MUKpOABYXKUTEIN UISI MUKPOPOOOTOTEX-
Huku // HaHo- u MmukpocucremHas texauka. 2013. Ne 12 (161).
C. 41—46.

2. Shahinpoor M., Kim K. J. Ionic polymer-metal compos-
ites: I. Fundamentals. Smart Mater. Struct. 2001. Vol. 10.
P. 819—833.

3. Shahinpoor M., Bar-Cohen Y., Simpson J. O. et al. Ionic
polymer-metal composites (IPMCs) as biomimetic sensors, ac-
tuators and artificial muscles — a review // Smart Mater. Struct.
1998. Vol. 7, iss. 6. P. 15—30.

4. Shahinpoor M., Kim K. J. Ionic polymer—metal compos-
ites: 1. Fundamentals. Smart Mater. Struct. 2001. Vol. 10.
P. 819—833.

5. Kopaskos A. B., Xmeasanukmii U. K., Bpoiiko A. I1. u a1p.
Pa3paboTka MUKpPOAKTIOATOPOB HA OCHOBE 3JIEKTPOAKTUBHBIX
TOJIMMEPOB TSI OMOMMMETUIECKUX POOOTOTEXHUYECKUX CHUC-
tem // BuorexHocdepa. 2015. Ne 6. C. 41—47.

6. Kopaisikop A. B., JIyunnun B. B., Xmensnuukuii U. K.,
Bpoiiko A. Il. 1 np. AKTIOATOPHI HA OCHOBE MOHHBIX MTOJIMMEP-
METAJUTMYECKNX KOMTIO3UTOB // HaHO- 1 MUKpOCUCTEMHasl TeX-
nuka. 2016. T. 18. Ne 5. C. 277—285.

7. Bhandari B., Lee G. Y., Ahn S. H. A review on IPMC ma-
terial as actuators and sensors: fabrications, characteristics and
applications // International Journal of Precision Engineering
and Manufacturing. Vol. 13, Iss. 1. 2012. P. 141—163.

8. Nemat-Nasser S., Li J. Y. Electromechanical response of
ionic polymer-metal composites // J. Appl. Phys., 2000. Vol. 87.
N. 7. P. 3321—3331.

9. Bar-Cohen Y., Zhang Q. Electroactive Polymer Actuators
and Sensors // MRS Bulletin. 2008. Vol. 33, N. 3. P. 173—181.

10. Pugal D., Jung K. M., Aabloo A., Kim K. J. Ionic poly-
mer-metal composite mechanoelectrical transduction: review
and perspectives // Polym. Int., 2010. Vol. 59, N. 3. P. 279—289.

11. Kype xosutounnoii xumuu / Ionm pen. 1. A. ®punpuxc-
oepr. Uzn. 4-e, ucnp. u pon. CII6.: Jlans, 2010. 410 c.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 1, 2018 61




I. K. Khmelnitskiy, Ph. D., Senior Researcher, khmelnitskiy@gmail.com,

N. L.
V. V.

Alekseyev, D. Sc., Leading Researcher, A. P. Broyko, Ph. D., Senior Researcher,
Gorodilov, Student, V. E. Kalyonov, Engineer, A. V. Korlyakov, D. Sc., Director of Nanotechnologies,

A. V. Lagosh, Specialist in Electronics, V. V. Luchinin, D. Sc., Director of ITs TsMID
St. Petersburg State Electrotechnical University "LETI" named after V. 1. Ulyanov (Lenin), Russia

Corresponding author:
Khmelnitskiy Ivan K., Ph. D., Senior Researcher, khmelnitskiy@gmail.com, St. Petersburg State Electrotechnical
University "LETI" named after V. 1. Ulyanov (Lenin), Russia

Investigation of the Electromechanical IPMC-Sensors

Received on August 14, 2017
Accepted on September 15, 2017

The basis of IPMC sensor is a porous membrane of the ionic-exchange polymer, covered with metal electrodes on both sides.
As the membrane material the Nafion 117 film was used with thickness of 175 um, on the surface of which the platinum electrodes
were deposited by a chemical reduction from a solution of the salt of platinum. Sensors based on ionic polymer-metal composites
(IPMC) were developed and their characteristics in air and aqueous media were investigated. For measurement of the output char-
acteristics of IPMC sensor it was necessary to exert an external mechanical influence of a certain frequency and amplitude on it.
In this connection an experimental stand was developed. It was found that IPM C-sensor characterized by linear response to a me-
chanical impact in the travel range of 0.1 to 1 mm. Coefficient of sensitivity, IPMC-sensor with dimensions 2 X 0,5 X 0.02 cm is
0,072 mV/mm. Shorter sensor has greater the amplitude of the output voltage. These regularities are also valid for the air envi-
ronment and water. Time of continuous operation of the sensor in air not exceed 2 weeks.
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Introduction

Development of inexpensive and energy-efficient micro-
mechanical sensors based on micro- and nano-system tech-
nologies is very topical.

There are several types of such sensors: magnetoelectric,
electromagnetic, magnetostrictive, capacitive, piezoelectric,
thermomechanical, and electret ones. A special attention is at-
tracted to the sensors on the basis of the electroactive polymers,
distinguished by a wide range of mechanical deviations of the
membrane and good operability in the water environment [1].
In particular, the ionic polymer-metal composites (IPMC)
proved themselves as excellent materials for the micromechan-
ical bend sensors used in the microrobotic systems [2—5].

The aim of the given work was development of IPMC sen-
sors and research of their characteristics in the air and water
environments.

The basis of IPMC sensor is a porous membrane of the
ionic-exchange polymer, covered with metal electrodes on
both sides. As the membrane material the Nafion 117 film was
used with thickness of 175 um, on the surface of which the
platinum electrodes were deposited by a chemical reduction
from a solution of the salt of platinum (the method for dep-
osition of the electrodes was described in detail in [6]).

Before the beginning of its operation the sensor was
soaked in 0.1 M solution of copper sulphate in order to re-
place the hydrogen ions with the ions of Cu?™. Since the pol-
ymer contains fixed acid residual of SO5 , a double electric
layer is formed on its surface after washing it in a water solution,
while in the electrolyte, inside the membrane, free positive ions
predominate, therefore, the movement of ions in the mem-
brane under the influence of the electric field is one-way.

62 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 1, 2018

The principle of operation of the IPMC sensor consists in
a redistribution of ions in the ion-exchange membrane during
its deformation, owing to which a potential difference appears
on the electrodes [7—10].

Due to an external bending mechanical influence, on the
sensor electrodes a difference of pressures appears, which sets
in movement a flow of the charged liquid in the membrane
from one electrode to another. This, in turn, leads to occur-
rence of a potential difference on the electrodes dubbed as a
flow potential [11] (fig. 1, see the 3-rd side of cover).

Development of a stand for research of IPMC sensors

Before the research, IPMC sensors with the size of
20 x 5 x 0.2 mm were kept in 0.1 M solution of copper sul-
phate during 8 h for saturation of the membrane with the elec-
trolyte solution.

For a preliminary measurement of the sensitivity a sensor
was fixed by the measuring probes (Kelvin probes), connected
to Agilent 34410A multimeter. Then, an external bending me-
chanical influence was applied to the sensor and the arisen
potential difference was measured.

Fig. 2 (see the 3-rd side of cover) presents the dependence
of the output voltage on time in case of a single impact on the
sensor (the deviation of the free end of the sensor from the in-
itial position was 5 mm).

In order to strengthen the measured signal a two-cascade
amplifier with the amplification coefficient of 248 was used.

For measurement of the output characteristics of IPMC
sensor it was necessary to exert an external mechanical influ-
ence of a certain frequency and amplitude on it. In this con-
nection an experimental stand was developed (fig. 3, see the
4-th side of cover), in which for measurement of the sensor’s




sensitivity Agilent 34410A multimeter was used, while the in-
vestigated sensor was used as the sensitive element. As the el-
ement rendering the external mechanical influences on a sen-
sor through a dielectric probe, a loudspeaker was used con-
nected to Aligent 33500B signal generator, capable to cause
fluctuations, various by their frequency and amplitude.

The graduation of the measuring stand was done by the
dependence of the amplitude of the mechanical displace-
ments transferred from an alternating voltage frequency of 1
Hz supplied to the loudspeaker (fig. 4). It is visible, that in the
investigated range of voltages the displacement of the probe
increases linearly with an increase of the amplitude of the
voltage submitted to the loudspeaker.

The developed stand was used for research of IPMC sen-
sors in two environments: air and water.

Research of IPMC sensors in the air environment

The dependences of the output signal of the sensor on the
amplitude and frequency of the exerted mechanical influences
were investigated. A family of the dependences of the output
voltage on time for different amplitudes of the mechanical in-
fluences was presented (fig. 5).

On the basis of the received dependences the amplitudes
of the output signal (fig. 6) were determined.

It was demonstrated that the IPMC sensor was character-
ized by a linear response in the selected range of the ampli-
tudes of the mechanical displacements. The coefficient of
sensitivity of the sensor, determined by this dependence, was
equal to 17.9 mV/mm with the account of the amplification
of the signal and 0.072 mV/mm without account of the am-
plification.

Besides, the frequency dependence of the amplitude of the
output signal was investigated at the constant displacement of
0.5 mm. The minimal frequency, at which a signal from the
sensor was observed, equaled to 0.5 Hz.

At the increase of the frequency up to 5 Hz, an increase
of the amplitude of the output signal was observed. Within the
range of 5...18 Hz the amplitude of the output signal practi-
cally did not vary (fig. 7), while the dependence of the output
signal on time was a sinusoid of the signal with a constant am-
plitude (fig. 8).

When the frequency was increased over 18 Hz, a reduction
of the amplitude was observed and a signal modulation ap-
peared (fig. 9). The decrease of the amplitude at high frequen-
cies, apparently, can be explained by a low speed of displace-
ment of the liquid inside the membrane under the external in-
fluence and, as a consequence, with a delay of the output signal.

Fig. 10 presents the dependence of the output voltage on
the length of the sensor, from which it is visible, that the
shorter is the sensor, the bigger is the amplitude of the output
voltage, because the shorter is the radius of the bend curvature
at the identical displacements.

The membrane of IPMC sensor contains a water solution
of the electrolyte, which may dry up during operation in the
air environment, which can lead to a decrease of the output
signal. In this connection one of the aims of the given re-
search was determination of the time of a continuous opera-
tion of a sensor in the air environment. It was established that
in 1 day the output signal decreases by 10 % from the initial val-
ue, and in 2...3 days it decreases more than 10 times. At that,
for different samples the operating time of the sensor in the air
can differ radically (for certain samples it can reach two weeks).

Research of IPMC sensors in the water environment

For research of IPMC sensors in the water environment the
measuring stand was modified. A capacity with water was
placed on a support, and the investigated sensor was fixed at the
bottom of it with the soldered wires insolated by pitch (fig. 11,
see the 4-th side of the cover).

The dependences of the output signal of the sensor on the
amplitude and frequency of the mechanical influences were
investigated.

It was demonstrated (fig. 12) that during operation in the
water environment IPMC sensor, too, was characterized by a
linear response in the selected range of the amplitudes of the
mechanical displacements. However, the coefficient of sen-
sitivity determined by the inclination of a straight line, in the
water environment appeared to be lower, than in the air.

Also, the frequency dependence of the amplitude of the
output signal was investigated at a constant displacement of
0.5 mm. The minimal frequency, at which the signal from the
sensor was observed, decreased in comparison with the air en-
vironment (down to 0.1 Hz). In case of growth of the frequency
up to 2 Hz an increase of the amplitude of the output signal was
observed. Within the range of 2...20 Hz the amplitude of the
output signal practically did not change (fig. 13), at that, the
output signal was a quasi-sinusoid with a constant amplitude.

On frequencies over 20 Hz the amplitude went down and
a signal modulation appeared. The reduction of the amplitude
on high frequencies in the water environment was caused by
the same reasons, as in the air environment. The increase of
the range of the linear dependence could be connected with
the growth of the density of the environment and the sensor’s
resistance.

Since in the water environment a sensor does not dry up,
the time of its continuous operation increases considerably in
comparison with its operation in the air environment.

Conclusion

A stand was developed for research of IPMC sensors in the
air and water environments. It was established, that IPMC sen-
sor was characterized by a linear response to the mechanical in-
fluences within the range of displacements of 0.1...1 mm. The
coefficient of its sensitivity was 0.072 mV/mm. At mechanical
influences with the frequencies of 5...18 Hz in the air envi-
ronment and 2...20 Hz in the water environment the ampli-
tude of the output signal practically did not vary, and thus the
output signal had the form of a sinusoid with a constant am-
plitude. The shorter was the sensor, the more was the ampli-
tude of fluctuations of the output voltage. The given regular-
ities were fair both for the air environment and for the water.

The research was done within the framework of RSF grant
(project Ne 16-19-00107).
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Puc. 1. llpuaipmn padorst MIIMK-cencopa
Fig. 1. Principle of operation of IPMC sensor

Puc. 2. 3aBrcHMOCTD BBIXOJIHOTO HATIPSDKEHHSI OT BpeMeHH: BpeMsI 3aTyXaHHsI CATHAJIa
¢ = 356 Mc; Make. aMIUMTY/Ia BbIXojHoro curiana y = 0,9 mB

Fig 2. Dependence of the output voltage on time: time of the signal attenuation
t=356 ms; max. amplitude of the output signal y= 0.9 mV
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Puc. 3. Crenn 01s n3mMepenuii 4yBCTBHTETbHOCTH CEHCOpPa:

1 — mnAaMUK; 2 — KOHTaKThI TIOBOMAMOTO HAaITPsDKCHUSA ¢ TeHepaTopa curHasia Agilent 33500B;
3 — KOHTaKThI MOJBOANMOTO HaNpsHKCHUsA ¢ reHepaTopa curnaiia Agilent 33500B; 4 — UTIMK-cencop; 5 — myn

Tican 2018, ToNt Z@o

Fig. 3. Stand for measurement of the sensor’s sensitivity:
1 — loudspeaker; 2 — contacts of the supplied voltage from Agilent 33500B signal generator;
3 — contacts of the supplied voltage from Agilent 33500B signal generator; 4 — IPMC-sensor; 5 — probe

MHAARTEXH

Puc. 11. Crena ayist H3MepeHuii 4yBCTBUTeIbHOCTH
ceHcopa B BOHOI cpefe:
1 — UTIMK-cencop; 2 — mytr;
3 — Beixox Ha MysibTUMeTp Agilent 34410A

Fig. 11. Stand for measurement of the sensor’s
sensitivity in the water environment:
1 — IPMC-sensor; 2 — probe;
3 — outlet to Agilent 344104 multimeter




	obl_NMST1_2018-1pl
	obl_NMST1_2018-2pl
	mc0118_web
	obl_NMST1_2018-3pl
	obl_NMST1_2018-4pl


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesET
    /TimesET-Bold
    /TimesET-BoldItalic
    /TimesET-Italic
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.08000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [637.795 765.354]
>> setpagedevice


