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BBE/JLEHUE

B HacTosiIee BpeMsi yIipaBiisieMble MajiorabapUTHbIe
BaKyyMHbIe KOMMYTAaTOPbl IIPUMEHSIOTCS B TaKHUX
obnacTsix, rae onpemensilONUMU TpebOBaHUSIMU
SIBJISIIOTCSL OTCYTCTBHE HaKaJIbHBIX Lleller, MUHHA~
TIOPHOCTb, INHUPOKUM AHaNa30H KOMMYTHPYeMBbIX
TOKOB, YCTOMYHMBOCTD K BHEIIHUM BO3JeHCcTBUSM [1].
YBenuueHUe pecypca U CTabUIbHOCTH QYHKIIHO-
HUPOBAHHUS yKa3aHHBIX YCTPOMCTB — 3ajaua, KOTO-
pasi TpebyeT IOCTOSIHHOTO pemieHUsi. OLHO U3 IIpe-
OSATCTBUM Ha IYTH ee yCIIeIIHOro pelleHUs — 3po-
31 3/1eMeHTOB KOMMYTHPYIOIIEro yCTPOMCTBA IIOf
NenCTBHeM, B YaCTHOCTH, BBICOKHX TeMIIepaTyp,
JNOCTUTaeMbIX B BAKYYMHO-IyroBoM paspsie. Llenp
HacTosilern paboTsl - HM3ydeHHe Ipollecca 3po-
3UM 37IeMeHTOB KOHCTPYKI[MH MajaorabapHUTHOTO
BaKyyMHOTO0 Pa3psSfHHKA C HCKPOBBIM IOAKUIOM.
OcobeHHOCTb pabOTHI ~ UCII0B30BAHME PA3THIHBIX
I10 CBOeMY XapaKTepy U B3aHMMOJIOIOIHSIOIMUX METO-
JOB HCC/IeIOBaHUS.

KOHCTPYKL A U METOAbI UCCNIEAOBAHUA
TeoMeTPHIO KOHCTPYKLIMH MaorabaprTHOIO UCKPO-
BOTO Pa3psIHKUKA MOXHO IIPeACTAaBUTh B JABYX
BapHaHTax. B OHOM M3 HUX HHUIIUHPYIOI UK pa3-
PSL IIO IIOBEPXHOCTH AH3ITeKTPHKA IIPOUCXOLUT
[apayIeJIbHO OCH CHMMeTPHUH pa3psifHUKA (prc.la).
B ApyroMm - B HaIlpaBJIeHUH, [IePIIeHIUKYISIPHOM OCH
cuMMeTpuH (puc.1b).

ManorabapuTHble KOMMYTAaTOpPBE HpHUMe-
HSIIOTCSI IIPU OTHOCHUTE/IBHO HEBBICOKUX HAIIPsIKe-
HUSIX - 10 HECKOJIBKUX KUI0BOIBT. COOTBETCTBYIONIAS
[IPOTSI>KEHHOCTh JU3IeKTPHUYECKOM [TI0BEPXHOCTH,
10 KOTOPOM IIPOUCXOAUT UHULUUPYIOU UK pa3psil,
coctaBiser ~0,1 MM. B y3e HOAKUTA C IIPOSOIBHBIM
WHULIUHPOBaHHeM (pHC.1a) He0OXOLUMOCTb UCIIOTb-
30BaTh AU3AeKTPUK TOAMMUHOMN ~0,1 MM IIPUBOLUT
K TOMY, UTO IIpeAIIOuTeHHe OTAAeTCsI LUIIeKTPHUKAM,
ob1aJaroI MM JOCTaTOYHON TMOKOCTHIO, HO U B 60JIb-
IIel CTeIleHU IIOfBepP>KeHHBIX SPO3HU U IIPHU BO3/ek-
CTBHUH IIJIa3MBbI Pa3psiia B IIPOMeKyTKe KaTOJ-aHO[.
[TocnenHee 06CTOSTENIBCTBO 0OYCIIOBIEHO TEM, UTO
3Heprys, BKAaJblBaeMasi B KOMMYTHPYIOIHH pa3-
PSLI B IIPOMeSKyTKe KaTO[-aHOJ, 3HAaUNTeJIbHO IIpeBHI-
IaeT 3HEePTHI0, BKJIAJbIBAEMYI0 B HHUIIUH PY IO UK
paspsa. Hcrnonp3oBaHUe SKapPOIIPOYHBIX MATepHAJIOB,
OTJIMYAIOIMXCSI OMHOBPeMeHHO C 3THM KauyeCTBOM
TBEPAOCTBI0O U XPYIIKOCTHIO, CO3/IaeT yIPo3y HaJesxK-
HOoCTH npubopa. B y3ye MOAKUTA C IIONIEPEYHBIM
WHUIMHpoBaHMeM (prc.lb) kak pa3 HampalruBaeTcs
HCII0JIb30BaHHE JKAPOIIPOUHBIX MAaTepHaIoB, TaK KaK
TOJIIIMHA JU3IeKTPHKA B JAHHOM C/Iy4ae He CBsI3aHa
C IIPOTSIXKEeHHOCTBIO IIPOOKBaeMOro IIPOMesKyTKa.

KapTuHa 3pO3HUHU 3/1eKTPOJ0B (MOAKUTAMIIUHI
371eKTPOJ, KaTo/l, BBIIIOJTHEHHBIE U3 AJIOMHUHHUEBOTO

Puc.1. BakyymHble uckposble pa3psoHUKU pasAuvHol zeome-
mpuu: a - uHuyuupyrouull paspad 8doab (napanieabHo) ocu
cummempuu: 1 - nodxuzarowutl 3nexmpod, 2 - 00noAHUMeAb-
Hble Memanauveckue ecmasku, 3 — ousnekmpuyeckas waléa,
4 -aHod, 5 - kamod; b — uHuyuupyrowull paspsd nonepex (8 nep-
NeHOUKYASIPHOM HANpAdAeHuU) ocu cummempuu: 1 — kamod,
2 - dusnekmpuyeckas watiba, 3 — nodxkuzarouwul 31ekmpoo,
4 -aHoo

Fig.1. Vacuum spark gaps of different geometry: a - Initiating
discharge along (parallel) symmetry axis: 1 - ignition electrode,
2 - additional metal inserts, 3 - dielectric washer, 4 - anode,
5 - cathode; b - initiating discharge across (in perpendicular direc-
tion) symmetry axis: 1 - cathode, 2 - dielectric washer, 3 - ignition
electrode, 4 — anode

INTRODUCTION

Nowadays, controlled small vacuum commutators are
used in applications where the defining requirements
are: absence of filament circuits, miniaturization,
wide range of commutated currents and resistance to
external influences [1]. Increase of lifetime and opera-
tion stability of of the specified devices present a task
which is to be adequately solved. One of the obsta-
cles to its successful solution is erosion of commuta-
tor elements under the influence of high temperatures
achieved in the vacuum-arc discharge. The purpose
of the present work is to study erosion process in the
small-sized vacuum gap construction elements with
spark ignition. The peculiarity of the work is focused
on the use of different in nature and complementary
methods of research.

DESIGN AND RESEARCH METHODS

The geometry of the small-size spark gaps can be repre-
sented in two variants. In one of them, the initiating
discharge on the dielectric surface occurs parallel to
the symmetry axis of the gap (Fig.1a). The other takes
place in the direction perpendicular to the symmetry
axis (Fig.1b).
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YeeninyeHue 200X

300 MKm | pm Magnification

YBennyeHne 400X

100 micm | um Magnification

Puc.2. CocmosiHue 3nekmpodHoll cucmembl nocae 4 cpabamal-
8aHUll (CHUMOK NoAy4YeH ¢ NOMOLLbIO 3AEKMPOHH020 MUKPO-
ckona): 1 - nodxuzarouiuli 31ekmpod; 2 - Kosaposas 6CmasKa;
3 - dulnekmpuueckas watba; 4 - Kosaposas 8cmaska;
5 - mumaHosas scmaska; 6 = Kamod

Fig.2. Condition of the electrode system after 4 actuations (image
obtained by an electron microscope): 1 - ignition electrode;
2 -forging insert; 3 - dielectric washer; 4 - kovar insert; 5 - tita-
nium insert; 6 — cathode

CIlJIaBa, W JIOIOJIHUTe/JbHble BCTAaBKU U3 THTaHA
U KOBapa) U AHU3JIEeKTPHUUYeCKOMN manbsl, HabmIO-
fJaeMasi BU3yabHO, BRITISIAUT Tak, KaK IOKa3aHO
Ha puc. 2-5.

[ToslydyeHBbl 3KCIIEPUMEHTAJIbHbIe CBUETENlb-
CTBa YCTOMYHBOTO IIePBOHAYA/IbHOIO BO3HUKHO-
BeHU S KaTOJHOIO MSATHA B KICKPOBOM BakKyyMHOM
paspsifie 10 IOBEPXHOCTH JU3TeKTPHUKA B TPOHHOMU
TOUYKe Ha IPaHHIle TPex cpel: BaKyyMa, MeTasa
U OU3JeKTpUKa (puc.2-4). O Tom, uto obpaso-
BaHMe KAaTOAHBIX MATeH MPOM30IIJI0 UMEHHO
B JaHHON 06/1acTH, TOBOPUT HaIlpaBJIeHHUe
BbI6pOCa pacm/aaBIeHHOIO MeTajjla OT IPaHHUIEL
"MeTasI - [U3IeKTPUK'. Ha MOBEPXHOCTH KaToja
Habnomaercss popMUPOBaHHUe IPYII SIPKO BbIpa-
>KeHHBIX KpaTepos (puc.3, 5).

YCTaHOBJIEHBI Pa3/IMUKs B KaPTHHE 3PO3UU IIPU
IIPOJO/ILHOM U II0IIepeYHOM MHUIMUPOBAHUU KOM-
MYTallU{ KOPOTKOTO BaKYyMHOTO IIPOMe3KYyTKa.
IIpu NpoOAOIbHOM MHUIIMUPOBAHUU KOMMYTAallUHU
3pOo3Us AU3IeKTPUKA IPOUCXOAUT B pe3yabTaTe
pasorpesa TeImJjoIepegaueil 0T KaTOJHOTO ISTHA
B TPOMHOM TOUKE U KacaTeJlbHbIM ITIOTOKOM IIJIa3MBI
13 06J1aCTH OCHOBHOI'O pa3psja B IPOMeXyTKe
KaToA-aHoZA. IIpy momnepeuyHOM MHHULKMHPOBAHUU
NPUYHUHOMN 3PO3UHU AU3IeKTPHUKA HAPSILY C paso-
I'PeBOM SIBJISIETCSI MeXaHHUYeCcKoe BO3/IelCTBHE HOp-
MaJ/IbHO Ia/Ial0llero Ha OBePXHOCTh AH3TeKTPHUKaA
IIOTOKA IIJIa3MBI.
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Puc.3. CocmosiHue 3nexmpodHoll cucmembl nocae 20 cpabambi-
8aHUL (CHUMOK NOAYYeH C NOMOLLbIO 3AeKMPOHHO020 MUKPOCKO-
na): 1 - Kosapoaas 8cmaeka; 2 — mumaxosas cmaska; 3 — Ka-
mod

Fig.3. Condition of the electrode system after 20 actuations
(image obtained by an electron microscope): 1 - kovar insert;
2 - titanium insert; 3 - cathode

Small commutators are used at relatively low volt-
ages, up to a few kilovolts. The corresponding length
of dielectric surface over where the initiating dis-
charge occurs is ~0.1 mm. In the longitudinally initi-
ated ignition assembly (Fig.1a) the need to use a dielec-
tric of ~0.1 mm thickness leads to preference for dielec-
trics that are sufficiently flexible, but also more prone
to erosion by the discharge plasma in the cathode-
anode gap. The latter is due to the fact that the energy
invested in the switching discharge in the cathode-
anode gap is significantly higher than the energy
required for the initiating discharge. The use of heat-
resistant materials, which are both hard and brittle,
poses a threat to the reliability of the device. In the
cross-initiation ignition unit (Fig.1b), the use of heat-
resistant materials is desirable, as the dielectric thick-
ness in this case is not related to the length of the gap
to be punctured.

The visually observed erosion pattern of the elec-
trodes (ignition electrode, cathode made of alumin-
ium alloy, and additional inserts made of titanium and
kovar) and the dielectric washer is as shown in Figs.2-5.

Experimental evidence of a stable initial occurrence
of cathode spot in spark vacuum discharge on dielec-
tric surface in the triple point at the boundary of three
media - vacuum, metal and dielectric (Fig.2-4) was
obtained. The direction of molten metal ejection from
the metal-dielectric boundary indicates that the forma-
tion of cathode spots occurred in this area. The forma-
tion of groups of pronounced craters is observed on the
cathode surface (Fig.3, 5).
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IIp1 MCIONB30BAHUU C/IIOBL B IIEPBOM C/ydae,
npeobsafgamwIlUM BO3[eHCTBUEM, ONpefensio-
UM pecypc npubopa, siBlseTCs IepeHOC IIOTOKOM
IJIa3Mbl MaTepHasa 371eKTpofa (KaTosa) Ha IIOBepx-
HOCTb JU31eKTPHUKA, YTO NPUBOAUT K MNaJeHUIO
CONPOTHBIIEHHUS BIJIOTh /10 3aKOPauKMBaHUS IIPO-
Me>XXyTKa MeXXAy KaToAOM U MOAKHUIAIOIIUM 3JIeK-
TposoM. Bo BTopom ciyuae npeobiajsaeT Bo3pac-
TaHHe IPOTSIKeHHOCTH MPOMEXYTKa I10 MOBepX-
HOCTH JHM371eKTPUKA MeXJy KaToJOM U IOJKUTra-
IOIMM 3/1eKTPOZ0M BIIOTb 0 IPeKpallleHus Mpo-
6oeB mpoMeskyTKa (prc.6a). 3aMeTHON MeTallH3a-
LMY [TOBePXHOCTHU JAH3JIeKTPUKA He IIPOUCXOAHT,
BePOSTHO, IOTOMY, UTO MaJaloIHI [10 HOPMaIH
IIOTOK IIIAa3MBI B KaKJIOM paspsize 'coyBaer’, yHO-
CUT NPUIUIIIHUN IIepef 3STUM K JHU3TeKTPUYIeCKoH
[IOBEPXHOCTH MeTasll.

Cnmopa moj BO3JeMCTBHEM pa3psja HMCIycKaeT
3Ha4YMTeJbHOE KOJHMYeCTBO BellecTBa: KPUCTa-
TU3aIMOHHON BOABI M NPOAYKTOB ee paclaja,
NPOAYKTOB paclaja OKHCIOB KPeMHHS U Kalus.
Habniogaercs "my3sipeHue” u, fobaBUM, paciie-
IJIeHHe CAI/Jbl Iapajje/lbHO IJOCKOCTH CHAM-
HOCTH, B pe3yJbTaTe BblJeJeHHUS I0], IPOTPeTou
[0 JOCTATOYHO BBICOKOM TeMIlepaTyphl (BeposiTHO,
0KoJj10 1700 °C, Ipu KOTOPOM IPOMUCXOMHUT IJaBje-
HHe NBYOKHCH KPeMHHS HJIK [0 KpalHeH Mepe
OU3IeKTPUK IIpHobpeTaeT IaCcTUYeCKHe CBOKMCTBA)
ra3oobpa3HbIX IPOAYKTOB paclaja JU3NeKTPHUKa
TaKHX, KaK IIapbl BOABI.

[IpucyTcTBHEe COPOMPOBAHHOIO ra3a Ha IOBepPX-
HOCTH CJIIOABL U 3HAYUTEJIbHASI SMHUCCHUS IIPOAYK-
TOB 9PO3UH, KOTOpasi IPOJO/IKAETCS U ITOCTIe 3aBep-
IIeHHsI OCHOBHOM $a3bl MHULIMUPYIOLIEro paspsiaa,
C OMHOM CTOPOHBI, YCKOPsieT Pa3BUTHe paspsja
Ha HadaJIbHOM ero ¢pase (mpoboi), c APyrou - mNpu-
BOJMT K OBICTPOMY OXJIa’KJIeHHUIO IIa3MBI Pa3psza
Y 3aTyXaHHUIO CAaMOro pa3pafa. B ornuuue ot ciy-
Yasi Co CJIIO/IOM, IPUMeHeHHUe B y3JIe IIOJKUTra Kepa-
MHKHU BeJleT K HeJJOCTAaTKy IlJla3Moobpa3syomiero
BemecTBa. JJaHHOe 0OCTOSTeNbCTBO IMPHUBOJUT
K Pa3BUTHIO YCKOPUTEIBHBIX IIPOLIECCOB, GOPMHU-
POBAHUIO 3TeKTPOHHBIX IIYYKOB U SIPKO BBIPasKeH-
HBIX AaHOOHBIX IATeH. B 3ToM cinyvyae 3¢ PpeKTUB-
Hoe obpa3oBaHUe IIPOBOASIIEN CPe/ibl IPOUCXOAUT
3a cueT 3pO3MHU MaTepHaJja 31eKTPofoB (puc.6b).

[Ipu UCIIONB30BAHUU KEPAMHUKHU B pe3ysibTaTe
3pPO3UU MaTepHaa 31eKTPOAOB B y3Jie IMOAXKUTA
IIPOUCXOAHUT IIePEeHOC U OCa’kJeHHe 3HAUHTeNlb-
HOI'0 KOJIMYeCTBAa MeTajlJla Ha IIOBEPXHOCTD H30-
JATOPa B BUJle 3epPHUCTOMN CTPYKTYPHI, C BKpaIlie-
HUSIMU OTKPBITOM IIOBEPXHOCTH AU3TEKTPHUKA. ITO,
C OIHOM CTOPOHBI, a C APYTLOM — B 30HE 9pO3UU TOH-
KOIIJIEHOYHOT0 3/IeKTPoJa HabniogaeTcs mpeBpalie-
HUe CIIJIOIMIHOTO ITOKPBITHS B OTHe/IbHbIe OCTPOBKH,

Puc.4. KapmuHa 3po3uu 8 y3Ae nodxXuz2a ¢ UHUUUUpYOUWUM
paspsi0om 800Ab OCU CUMMempUU
Fig.4. Erosion pattern in the ignition assembly with the initiating
discharge along the symmetry axis

Yeenun4yeHne 400X

100 MKM | pm Magnification

Puc.5. KapmuHa 3po3uu Ha kamode
Fig.5. Erosion pattern on the cathode

Differences in erosion pattern for longitudinal and
transverse commutation initiation of the small vac-
uum gap have been established. At the longitudinal
commutation initiation the dielectric erosion occurs as
a result of heat transfer from the cathode spot in the
triplet point and tangential plasma flow from the main
discharge area in the cathode-anode gap. In transverse
initiation, the cause of dielectric erosion, along with
the heating, is the mechanical effect of the plasma flux
normally falling on the dielectric surface.

When mica is used in the first case, the predominant
influence, determining the device life, is the transfer
of plasma flow of the electrode material (cathode) to
the dielectric surface, which leads to a drop of resis-
tance up to shorting of the gap between the cathode
and the ignition electrode. In the second case the gap
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SneKTpOHHOE n3obpaxkeHue 1

600 MKM | pm Electronimage 1

SneKTpoHHOe n3obpaxeHue 1

600 MKM | pm Electronimage 1

Puc.6. KapmuHa 3po3uu nodxuzarowieli cucmembl: a = Ha N08epPXHOCMU CAt00bl; b — Ha nogepxHocmu Kepamuku
Fig.6. Erosion pattern of the ignition system: a — on the mica surface; b - on the ceramic surface

OKPYy>KeHHBbIe y4aCTKaMHU C ropaszo 6oyee ToH-
KHM CJI0eM MeTajjla Ha KepaMH4YeCKOH II0J/I0KKe.
Takol xapaKTep 3pO3UHU AenaeT TPYAHO IMpeacKa-
3yeMBbIM CONPOTHBIEHHE IPOMEXYyTKa MeXAy
KaTOMOM U IOJKUTAIIUM 371eKTposioM (pHC.6b).

TakuMm obpasom, BelGOp MaTepHana gU3IEK-
TPHUKa, IO IMOBEPXHOCTH KOTOPOIO MPOTeKaeT
HCKPOBOM Pa3psiji, BeCbMa 3aMeTHBIM 006pa30oM CIIo-
cobeH BIHATH Ha XapaKTep COIPOBOKAAIONUIUX €ro
3PO3HMOHHBIX IIPOLeCCOB. IIpe/cTaBIeHHEIM BhIIIe
aHa/lH3 JlaeT BO3MOXHOCTb OOBSCHUTH Pa3iu-
yMs B HabnogaeMon KapTHHe CBeYeHHUs paspsaza
10 TOBEPXHOCTH CIIOAbl U KepaMHUKH. Kak 6bI10
CKa3aHo, B CJlydyae pa3psijia 10 IOBEPXHOCTH Kepa-
MHKH B KauecTBe IJIa3Mo0o6pa3yoliero sgeMeHTa
B 60/IbIIIel CTeleHHU AOIKHBI ObITh 33/ ICTBOBAHBI
IOBEPXHOCTH 3/IeKTPOJIOB, a JJIs CJIIOJ I — ITOBEPX-
HOCTb CJIIOZBI.

HM3ydyeHHe KapTUHBI 9pO3HUH KaTOJa B BAKYYMHO-
LyTOBOM paspsijie CBUJeTeIbCTBYeT O TOM, UTO
npouecc o6pa3soBaHUsl U MUTPALIUHU KAaTOLHOIO
NSTHA I10 IIOBEPXHOCTH KaToja obHapy>KHUBaeT
INPUCYTCTBHE JBYX KOHKYPHUPYIOIIHUX MeXaHH3-
MOB. OLMH, MOXHO CBSI3aTh C 3/IeKTPUUYECKUM
B3PBIBOM MHKPOOCTPHUI Ha ITIOBEPXHOCTU MeTajaa
Y pa3bpbI3THBaHHEM MeTaja B KUAKOMN dase.
BTopol MoskeT ObITH CBSI3aH C NPUCYTCTBHEM
OU31eKTPUYeCKON OKHCHOM IIJIEHKH (OKCH/Ia a0~
MUHUS) Ha IIOBEPXHOCTH KaTofa. Takum obpa-
30M, IIPOSIB/ISIETCSI SKTOHHBIM MexaHH3M obpaso-
BaHMS KaTOAHOTO ISITHA B UICKPOBOM U JyrOBOM
paspsane [2].
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between the cathode and the ignition electrode increases
in the dielectric surface until the gap is closed (Fig.6a).
Noticeable metallization of the dielectric surface does not
occur, probably because the plasma flux falling along
the normal in each discharge "blows away" the metal
adhering to the dielectric surface.

Under the influence of the discharge mica emits
significant quantities of matter: crystallized water,
the products of its decomposition and the products of
silicon and potassium oxides decomposition. There is
"bubbling" and splitting of mica parallel to the plane
of cleavage as a result of release of gaseous dielectric
decomposition products such as water vapour under
heated to a sufficiently high temperature (probably
around 1,700 °C, at which silicon dioxide melts or at
least the dielectric acquires plastic properties).

Presence of sorbed gas on mica surface and signif-
icant emission of erosion products which continues
after the main phase of the initiating discharge, accel-
erates, on the one hand, the development of the dis-
charge in its initial phase (breakdown), on the other
hand it leads to rapid cooling of the discharge plasma
and attenuation of the discharge itself. In contrast to
the case of mica, the use of ceramics in the ignition
unit leads to a lack of plasma-forming substance. This
leads to the development of acceleration processes,
formation of electron beams and pronounced anode
spots. In this case, the effective formation of the con-
ductive medium is due to erosion of the electrode
material (Fig.6b).

With ceramics the erosion of the electrode mate-
rial at the ignition point results in the transfer and
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BblBO/1bl

Ha NnoBepxHOCTHU aJIOMHHHUS, COIPHKACaBIIEHCS
c aTMocPepHBIM BO3[yXOM, 00s3aTe/lbHO MPHUCYT-
CTBYyeT IIJIEHKA OKMCJ/IA aJIIOMHUHU S, SBISIONIET0CS
IH371eKTPUKOM. PeHTIeHONMIOMHUHHUCLIEHTHBIK aHAJIH 3
3JIEMEHTHOI'0 COCTaBa II0BEPXHOCTH HCII0/Ib3YeMOI0
KaToJa 0 Hayalia ero 3KCIIyaTalluu JaeT Caeayo-
KUK pe3ynbTaT. PerucTpupyeMasi MaccoBas A0S
AJIIOMMHHKS B COCTaBe IIOABEPrHYTOro aHaAIM3y MaTe-
puaa cocraBisgeT 73%. OCTAaTOK IIOYTH IIOJTHOCTBIO
IIpUHAAJIEKUT KUCIOPOLY, 33 UCKIKYeHHeM He3Ha-
YHTEJIBHOI0 KOJIMYEeCTBA MapraHiia 1 Cjiefj,0B HEKOTO-
PBIX CIyYaMHBIX IPHUMeceH. B IIpesIo/oskeHUH, YTO
aHaIHU3HMPyeMbIH MaTepHaJl COCTOUT U3 MOJIEKYJI Tpex-
OKMCH aJIIOMHMHHKS U aTOMOB aJIIOMUHMSI, MOKHO pac-
CYMTAaTh, YTO Ha OAHY MOJIEKY/IY OKHMC/Ia IIPUXOJUTCS
NPUMepPHO TPU aToMa aalOMHUHUS. [ybuHa cro4,
M3 KOTOPOTO PErUCTPHUPYETCS XapaKTepUCTHYeCKoe
PeHTreHOBCKOe H3/ly4yeHHe, COCTaB/sgeT 2-5 MKM [3].
TakuM 06pa3oM TONIIHHA JU3IeKTPUUECKOTO CJI0SI
Al,0; Ha IOBePXHOCTH IPOBOLHHUKA MOXKET COCTa-
BUTb IpHMepHO 0,5-1 MKM. [IeliCTBUTe/IbHO, Ha H30-
OpaskeHHSIX, I10JyUeHHBIX C [IOMOIIBIO 3JIeKTPOHHOIO
MHMKPOCKOIIa, HHOTAA YAAeTCs Pa3sIMYUTh TPeLUIUHbI
Ha [I0BePXHOCTH KaToJa, He II0[Beprilemcsl 3HaAYH-
TeJIbHOM 3PO3UHU. BeposiTHO, 3TH TPelIMHBI 06pa3oBa-

JIMCh KMEHHO B CJI0€ OKHCJIa, [IOKPhIBAIOIIEro MeTalll.

deposition of a significant amount of metal onto the
insulator surface in the form of a granular structure,
with inclusions of the exposed dielectric surface. This
is on the one hand, and on the other hand, in the ero-
sion zone of the thin-film electrode there is a transforma-
tion of the continuous coating into separate islands sur-
rounded by areas with a much thinner layer of metal on
the ceramic substrate. Such kind of erosion makes the
resistance of the gap between the cathode and the igni-
tion electrode difficult to predict (Fig.6b).

Thus, the choice of dielectric material, over the surface
of which the spark discharge takes place can influence
the nature of the accompanying erosion processes in a
very noticeable way. The above presented analysis makes
it possible to explain the difference in the observed pat-
tern of discharge glow on the mica and ceramic surfaces.
As it was mentioned, in case of discharge on the ceramic
surface the electrode surfaces should be more involved as
a plasma-forming element, while for mica - it is the mica
surface.

The study of cathode erosion pattern in vacuum arc
discharge shows that the process of cathode spot forma-
tion and migration of the cathode spot across the cath-
ode surface reveals a presence of two competing mech-
anisms. One can be attributed to electrical explosion
of micro points on the metal surface and metal sputter-
ing in the liquid phase. The second mechanism can be

M3OATEJNIbCTBO «TEXHOC®EPA» NMPEOCTABIAET KHUI'Y:

Camoxun A.B.
OBBEMHBIE CUHT'Y/IAPHBIE
i MHTEI'PAJIbHBIE YPABHEHMA
o INEKTPOIMHAMMKHA
v o pa M.: TEXHOCPEPA, 2021. - 218 c. ISBN 978-5-94836-618-0. Hena 840 pyd.

0...

B kHHIe ¢ NOMOIBI CHHIYIAPHEIX MHTEIPATBHBIX YPABHCHMI PACCMATPHBAIOTC PasIHYHBIE
KAacchl 3aad anexTpoguiaMukd. Monorpadua coctont Mz gpyx vacrei. B nepeoii yactn Bu-
BOIATCA O LEMHBIE CHHIYIAPHBIE HHTEIPAIbHBE YPABHEHHA, OIHCHIEAIME 321a4H PACCEAHHA
HEKTPOMATHHTHBIX. BOMH HA TPEXMEPHBIX HEOIHOPYIHBIX M AHHIOTPOINHBIX CTPYKTYPAX, 4 TAKKE
CHHIY/PHBE YPABHEHHA C 3al1A3/bIBAHMEM [10 BPEMEHH, OIIMCRBAILINE 331341 BE3aUMOIefCTBIA

HECTALIHOHAPHOTO NOMA € OMPAHIHCHHON MATCPHAnbHOR cpenof. C MCNONbIOBAHHEM HONYHEHHBX YPABHCHIN JOKA3H BAOTCE TCOpeMbl
CYUIECTROBAHMA M ¢IMHCTECHHOCTI PELICHIA PA3IHIIX KIIACCOR 3134 PACCCSHIUA BO/IH, Bo BTOPOI 4acTh HANATAIOTCH HTCPALMOHHBIC
METOjIB! UL PEIICHIS YPARHCHII, MATCMATHHECKH CTPOTD 000CHOBBIBACTCH IIPHMCHEHNE MeTojia [aneprmba i MeToja KOnAoKaLMN JU1A
HHMCAEHHOTO PELICHIS YPABHEHNH, ONNCHIBAMINX 3a/[8 0 PACCCAHNA BOMH HA TPEXMEPHBIX HEOIHOPOJHBIX 1 aHHAO0TPOIHLIX CTPYK-
typax. [Tpepnarawren ek THBHBIC ANTOPHTMB MHCICHHOTO PCIICHUA CHHTYIAPHLIX YPABHCHMA.

KAK 3AKA3ATE HALUM KHUMW?

125319, Mocksa, alf 91; Ten.; +7 495 234-0110; chawxc: +7 495 956-3346; e-mail; knigi@technosphera.ru; sales@technosphera.ru

Vor.15No.6 2022 NANO INDUSTRY



OBOPYAOBAHME A/11 HAHOUHAYCTPUM

B BakyyMe IoJ BO3/leHiCTBHEM II0TOKa I1JIa3MBI IIPO-
HCXOOUT HaKOIIJIeHHe 3apsi[ia Ha BHeIIHel I10BepX-
HOCTU [JH3JIeKTPUUYeCcKON MJIeHKH. B pesynbraTe
B MeCTax pa3phliBa IIJIGHKH Ha ee Cpe3e MOI'yT BO3HHU-
KaTh Pa3HOCTH II0TeHIHaIa ropsiaka 10% B u, cooTBeT-
CTBEHHO, 3JIeKTPHYECKHeE I10/15 C HAIIPSISKeHHOCTHIO
nopsifka 108 B/m [4]. Pa3pblB IIEHKU MOXKET [IPOKCXO-
JUTh IIPU HarPeBaHUM Ha CTaJAUH IIpeJBapPHUTEILHOrO0
nporpesa 1 obe3ra>kMBaHUS pa3psiAHUKA 3a CUeT pas-
TUYHS TeMIIePATyPHBIX KO3QPHUIIHEeHTOB IMHEHHOIO
pacHIMpeHUs IIJIEHKH U MeTa/I/IM4eCKOM IO I0KKH
(y IIJIeHKH TeMIIepaTypHBIHN KO3QPUIILEeHT THHEKHOIO
pacIIHpeHHUs B 4-6 pa3 MeHbIlle, YeM y MeTasaa [5]).
[Ipy TaKHX YCJIOBUSIX IPOMCXOAUT MPo6OK 110 Kpato
OH371eKTPUYecKol IIJIEHKH U MOosIBJIeHHe TaK Ha3bIBa-
@MOro MHUKPOIIA3MEHHOI0 pa3psja y>ke Ha MeTaje
c obpa3oBaHHeM 06/71aCTU IJIOTHOM I1JIa3Mbl pa3me-
pom 1-100 MKM. Bo3zericTBHe II/1a3Mbl MUKPOIIIa3-
MEHHOTO0 pasps/ja Ha MeTajljl HPUBOIMT K II0SIBJIEHUIO
B KOHTAKTHOM CJIO€ 3JIeKTPHUYECKOTO I10Jis HaIlps-
>KeHHOCTBIO ~2x 10 B/M, KOTOpOe BbI3bIBAET Ilepexof,
K B3PBIBHOM 3/IeKTPOHHOK SMHUCCHH [6].

NHOOPMALLUA O PELLEH3UPOBAHUHK

Pemakuus 61arogapuT aHOHKMMHOIO pelleH3eHTa
(peLieH3eHTOB) 3a UX BKJ/Ia[, B PelleH3UPOBaHUe 3TOk
paboThl, a TakKe 33 pa3MelleHHe CTaTel Ha canTe
SKypHaJla 4 Ilepefavy UxX B 3JIeKTPOHHOM Bue B HOb
eLIBRARY.RU.

Hekaapauus o KoH$AUKMe UHMepecos. ABMOpbl 3a28A5K0M
06 omcymcmeuu KOHPAUKITIO8 UHMEPecos UAL AUYHBIX 0MHO-
wieHuil, Komopble moz2Au bbl nosAusme Ha pabomy, npedcmas-
AeHHYt0 8 daHHOU cmambe.
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related to the presence of a dielectric oxide film (alumin-
ium oxide) on the cathode surface. In this way the ecton
mechanism of cathode spot formation in spark and arc
discharge can be recorded [2].

CONCLUSIONS

An aluminium oxide dielectric film is necessarily pres-
ent on the surface of aluminium in contact with atmo-
spheric air. X-ray fluorescence analysis of the elemen-
tal composition of the used cathode surface prior to
its operation yields the following result. The recorded
mass fraction of aluminium in the analysed material is
73%. The remainder is almost entirely oxygen, with the
exception of a small amount of manganese and traces
of some random impurities.

Assuming that the analysed material consists of alu-
minium trioxide molecules and aluminium atoms, it
can be calculated that there are approximately three
aluminium atoms per one oxide molecule. The depth
of the layer emitting the characteristic X-ray radia-
tion comprises 2-5 pm [3]. Thus, the thickness of AL,O,
dielectric layer on the conductor surface can be about
0.5-1 pm. Indeed, the electron microscope images
sometimes show cracks on the cathode surface which
have not undergone significant erosion. It is likely that
these cracks have been formed in the oxide layer cov-
ering the metal. In vacuum, under the influence of
plasma flux, a charge accumulates on the outer surface
of the dielectric film. As a result, potential differences
of about 10% V and, accordingly, electric fields with
intensities of about 108 V/m can arise in places of film
rupture at its cut-off [4]. Film rupture can occur during
heating at the stage of preheating and degassing of the
gap due to difference in the linear expansion temper-
ature coefficients of the film and metal substrate (the
film has 4-6 times smaller thermal coefficient of linear
expansion than the metal [5]). Under such conditions,
a breakdown at the edge of the dielectric film occurs
and the so-called microplasma discharge appears on
the metal with the formation of a dense plasma region
of 1-100 pm in size. The impact of microplasma dis-
charge on metal leads to appearance of electric field of
~2x10° V/m in the contact layer which causes transition
to explosive electronic emission [6].
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