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P aspabomaH Hosebil crnocob gopmuposaHusi moHKoreHoYHo2o ZrO»-Y»O3 anekmponuma Ha Hecyu,em aHode
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3JIEKMPOHHbLIM  MY4YKOM,

a makxe obpasyos c¢ nokpbimuamu ZrOz-Y,03

asnekmponuma. [lonyyeHsl

80/1bMaMmepHbIE U MOWHOCMHLIE XapakmepucmuKU 3KCepUMeHmMarbHbIX SSHeEK MOornIugHo20 femMeHma.

This paper reports results producing anode-supported YSZ electrolyte thin films by magnetron sputtering method
for solid oxide fuel cell applications. Pulsed electron-beam treatment was used for preprocessing porous anode
substrates for the purpose reducing their surface porosity. Microstructures of the anode substrates before and after
electron-beam modification as well as samples with YSZ electrolyte films have been investigated. Current — voltage and
powered characteristics of experimental fuel cell was measured.
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BBEJEHUE

Pa3paboTke TBEpAOOKCHUAHBIX TOMJIMBHBIX 3J€-
MeHTOB (TOTD) ynensercst 6onpllioe BHUMaHUE B
psle BeAymUX CTpaH MHpa, B TOM 4YHCIE, U B
Poccun,. Ha cerogusmHuii 1eHb (aKTOpOM,
CACPKUBAIOIIMM LIHPOKOE PACIIPOCTPAaHEHUE 3TOTO
BHIA TOIJIMBHBEIX 31eMeHTOB (T3), sBisercss ux
BbICOKasg pabodas Temmeparypa ~ 800 — 1000°C.
Jns co3maHust KOMMEpUecKoro M 3¢QeKTHBHOIO
TOTD HeoOXOAMMO pEHINTh aKTYaJIbHEHIIYIO
3ajjadyy — CHU3UTH €ro pabouue TeMIepaTypbl A0
600 — 750°C, 9yT0 MOXET OBITH TOCTUTHYTO JH00 32
CU4eT  HCIOJB30BAHUS  HOBBIX  MaTepHaJoB
JNIEKTPONINTA, OOJaNalONMX BBICOKOH HOHHOM
MIPOBOANMOCTBIO TP MOHIKEHHBIX TeMIIepaTypax,
nu00 IyTeM YMEHBIIEHUS TOJNIIMHBI OCHOBHBIX
¢GyHKIMOHANBHBIX clloeB 1O, U, B IEpBYIO
ouepe/ib, TOMIUHBI nekTponuta [1, 2]. Ilocnemauit
MOZIXO/1 OBLT MCIONIB30BAH B JAHHOH padore.

B kadectBe MaTepuana s M3TOTOBJICHUS
anekrporuta TOTD wamie Bcero HCHONb3yeTcs
KOMITO3UIIMOHHAsl KepamMuka Ha ocHOBe ZrO;-Y,0;
(cTaOMIM3HPOBAHHBIA OKCHIOM HTTPUS HOKCH/I
nupkoHus: YSZ). TpeOGoBaHus, MpeabsBIsSeMbe K
JTAHHOMY MaTepuaiy, JOCTaTOYHO BBICOKU: OH
JOJDKEH OBITh MEXaHHYECKH IPOYHBIM U XUMH-
YeCKM CTOMKUM TIpH BBICOKUX TeMIlepaTypax,
UMETh MEXaHHYECKYI0 U XHMHUYECKYIO CTaOuib-
HOCTh BO BPEMEHH, 00JIa/laTh MAKCUMAIILHONH MOHHON
U MUHUMAQJIBHOW 3JIEKTPOHHOW NPOBOAMMOCTBIO, a
TaKke ObITh ra3oHeNnpoHHLaeMbIM. llaneHne Han-
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PSOKEHUSI Ha HEM JIOJDKHO OBITh MUHHMMAaJIBHBIM U
00yCIIOBIUBATHCS TOJIBKO OMHUECKUM COIPOTUBIIC-
HUEeM. BakHO OTMETHTbh, YTO yMEHBIIICHHE TOJIIIU-
HBI TUIEHKH 3JEKTPOJIUTA HE JOIKHO INPHUBOAUTH K
YXYILUICHUIO €€ Ta30HENPOHUIIAEMOCTH, YTO YaIlle
BCErO SIBJSIETCS PE3YJIbTATOM HAJIWYUs B IJICHKE
pasnuyHbIX He(EeKTOB, TaKHX, KaK TPELUIMHBI WU
TIOPBI, @ TAKXKE OTCIIAUBAHKE IJICHKU OT ITOJUIOKKH.
B xonctpykimn TOTD ¢ HecymuMm aHOAOM
TOHKOIUICHOUHBIN (TONIIMHON mopsiaka 1 — 3 MKM)
ra30IUIOTHBIN BJIEKTPOIUT HEOOXOAUMO MOIYYHUTh
Ha TIOBEPXHOCTH MOPHCTON IOAJIOKKH, KOTOpas
s obecriedeHuss crabwibHOW paboter TO, B
YAaCTHOCTH, ISl CHWIKEHHS KOHI[CHTPAIMOHHBIX
MOTepPh, 0OBIYHO MMeEET HMOPUCTOCTh mopsinka 40%
U pa3Mepsl IOp OT COTEH HAaHOMETPOB IO JIECSTH
MUKpPOH. [l [JOCTM>KEHUsI BBICOKOW TIa30He-
nponunaeMoctTd ZrO,:Y,0; MOKpBITUSA IIeJIeco-
00pa3HO MPOBOAUTH MPEABAPUTEIBHYIO IIOBEPX-
HOCTHYIO MOJU(HKALHUIO MOPUCTHIX aHopoB TOTD
UL co3iaHusg MOAU(UIMPOBAHHBIX W HWHTEp-
(helicHBIX CIIOeB HAa UX MOBEpXHOCTH [3—5].
[IpencraBnsiock 1enecoodpazHbIM  pa3pado-
TaTh CHOCO0 (OPMUPOBAHMS TOHKOIUIEHOYHOI'O
NIEKTpoiMTa Ha 0a3e NOPUCTOrO aHOAA IS
MPAaKTHYECKOTO HCIIONb30BAHUS JAHHOH CHCTEMBI
(aHOm — DMEKTPOIUT) B TBEPAOOKCUIHBIX TOILJIUB-
HBIX JJIEMEHTaX, pabOTaIOIIMX MPU MOHMKESHHBIX
(~ 600-750°C) Temmepatypax. JOCTHIKEHHE IOC-
TaBJICHHOH I1enM TpeOOoBaIo pemIcHHs psiia 3aaad,
TaKuX Kak: pa3paboTka crocoba INpeaBapUTENb-



HOI MOIU(UKAIIMHN TTOPUCTOW aHOIHOM MOMTOKKH,
paspaborka cmocoba (HOPMUPOBAHUS TOHKOILIE-
HOuHOrOo 3MekTponuta (ZrO,:Y,03) Ha OCHOBE MO-
TU(GUIIPOBAHHON AHOMHON MOIJIOKKH, HCCIENO-
BaHHE DSJICKTPUUYECKUX XapaKTEPUCTUK (popMupy-
eMOM CTPYKTYpBI «aHOH — 3JeKTponuT». s pe-
IIEHUS TIOCTaBJICHHBIX 3a7au OBUTM HCIIOIh30BAHBI
BaKyyMHbIE MOHHO — IUIa3MEHHbIE METOABI 00pa-
60Tk MartepuanoB. PopMUpOBaHHE TOHKUX ILIE-
HOK 3JIEKTPOJIUTA OCYLIECTBISIM METOIOM peak-
TUBHOTO MAarHeTpoHHOIO pacnbuleHus ZrY Mu-
meHd. Meron MMITyJIbCHOM 3JIEKTPOHHO-ITY4YKOBOM
00paboTkM BBIOpaH [UIsi TPOBEACHUS MpeiBa-
PUTENIBHON MOBEPXHOCTHOH MOJM(HUKALUH TTOpPHC-
TBHIX aHOJHBIX ITOIOMKEK.

METOAUKA S5KCIIEPUMEHTA

B kauecTBe MOIIOXKEK MCHONB30BAIN BOCCTA-
HOBJICHHBIC TIOPHCTBIC aHOIBI TBEPAOOKCHIHOTO
TOIUTMBHOTO 3JIEMEHTA, NPEACTaBIIIONME U3 ceds
METaJUIOKEPAMHUKY, COCTOSIIYIO M3 CMECH TPaHys
HUKENII ¥ JICTHPOBAHHOTO OKCHAOM HTTPHS
muokcuga 1mpkoHus (60 06.% Ni + 40 00.%
Z109Y0.101.95 (N1/YSZ)), nonydeHHbie B pe3yiib-
TaTe BBICOKOTEMIIEPAaTypPHOrO CIeKaHus (t
1450°C, 2 4 M30TepMHUYECKOIN BBIICPKKH) CBHIPOM
MOJIMMEPHOW JIGHTBI, HW3TOTOBJICHHOW METOAOM
HIUIMKEPHOTO JUThsA (Mpou3BoAcTBO ¢upmbl ESL
ElectroScience). AHoOIHbBIE IOJIOKKH IIPEICTAB-
JSUTH cO0O0M TBYXCIIOMHYIO KOHCTPYKIHIO THAMET-
poM 20 MM, COCTOSIIIIYIO U3 OCHOBHOTO (TOJIIHMHA
0.5 MM, pazmep mop 1.5 — 2 MKM) U QyHKIIMOHATB-
Horo (rommuHa 15 MKM, pasmep mop ~ 0.6 MxM)
crnoeB. ['azonponunaemocts (K) Takoit KOHCTPYK-
i ~ 770-10° em*/r-cex.

Moan¢uKkaio MOBEPXHOCTHOIO CJOS  IIO-
PHCTBIX AHOIHBIX TOAJOKEK C IEIBI0 M3MEHEHUS
pasmepa Hop B IPUIOBEPXHOCTHOM CJIO€ OCYILECT-
BILSUTM C TTOMOIIBIO UMITYJIBCHON 3JIEKTPOHHO-IIYY-
KoBOil 00paboTku (JI10). DToT MeTom, OCHO-
BaHHBIII HAa WMIYJIbCHOM IUIABJICHUH M BBICO-
KOCKOPOCTHOHM 3aKaJIkeé U3 pacljaBa, I03BOJISET
(hopMHUPOBATh B IPUIIOBEPXHOCTHBIX CIOSX MHIIIE-
HEH M3 HEOpPraHWYEeCKUX MAaTepHalOB CYyOMHKpPO-U
HAHOKPUCTAJUIMYECKHE CTPYKTYPhl C YIy4IIEHBI-
MU cBolctBamu [6—8]. Mcrmonb3oBamu 31eKTPOH-
HBI HMCTOYHMK, I€HEPUPYIOIUNA HU3KOIHEPreTHY-
HbIM CUJIBHOTOYHBIM DJJIEKTPOHHBIM IIy4OK C
sHepruel 31ekTpoHoB 10 — 12 k3B, TokoM myuka ~
15 kA, nmamerpom mnyuka 70 80 MM u
JUTUTEIBHOCTBIO UMITyJIbca 2 — 3.5 Mxc. OOpaboTKy
IPOBOAWIM TpPHU CIEAYIOIIUX 3HAYCHUSAX IUIOT-
HocTu 3Heprum myuka: E; = 0.8; 1.5; 2.5;3.5u 4.5
JiK/cM”; KOTHYECTBO HMITYIbcoB (N) COCTAaBIISsIIO
or 1 10 9; ckOpoCTh 3aKaJKM W3 pacIulaBa Ha
MOBEPXHOCTH MHUINEHH JIOCTHTaNa ~ 10" K/c.
Pabouee naBieHue B KaMmepe COCTABIISIIO 3.8-10™
Topp. YacTe 00pa3ioB o0Iy4anu mpud HayalbHON
(«donoBoii») Temnepatype 600 — 700°C.

[Iponiecc IO ocymecTBIsIU ABYMS CIIOCO-
6aMu: IEepBbIi 3aKIII0Yacs B 00paboTKe HIIEKTPOH-
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HbIM IIy4KOM MCXOJHOM IIOPUCTOH aHOAHOU
MOJVIOXKKH, BTOPOH — B 00pabOTKe 3JIEKTPOHHBIM
IIyYKOM AaHOTHOH TOMIOXKKH C TIpelBapUTEIHHO
HaHECeHHbIM Ha Hee TOHKUM (0.5 — 2 MKM) mon-
CIIOEM 3JICKTPOJIUTA.

Jst GOopMUpPOBAaHUS TOHKOIUIEHOYHOT'O JIEKT-
ponuTa NPUMEHSUTH METO MAarHETPOHHOI'O PacCIIbl-
JICHHS, B KOTOPOM B Kau€CTBE MOJUIOKKHU CITY>KUIH
MonuuIupoBaHHble Topucthie anonsl TOTI. Ha-
IBIJICHHE TPOBOAMIM HAa BaKyyMHOH YCTaHOBKE,
OCHAIIEHHOH HecOallaHCHPOBAHHON MAarHETPOHHOMH
pacubUINTENBHON CUCTEMOM C IMCKOBBIM KaTOMIOM,
BBITNIOJIHEHHBIM U3 ZrogeY 0,14 CIUIaBa, JUAMETPOM
120 mm 1 TommuHoOM 8 MM. BakyymHas kamepa, B
KOTOPYI0O yCTaHaBIMBAJCA MAarHeTpOH, HMela
pasmepsr 600x600x600 MM®, B TypGOMOJIEKYIISp-
HBIM HAacOCOM CO3/JaBajiid B HEM OCTATOYHOE JaB-
nerne 6:107 Tla. DKCIEPUMEHTH! 110 HATBLICHHIO
IUIEHOK Y SZ »3nekTponuTa mpoBoawin B Ar/O;
aTMoctepe, paboune maBieHus cocraBmuim 0.2 —
0.3 Ila. TemmepaTypa IOMIOXKEK B IIpoLECCE
HaIbUICHHsI TOKPBITUH cocTaBisiia 550 — 600°C.

HampbiieHne  MOKPBITHH — OCYIIECTBISUIH €
HCTIOJIB30BAHUEM HMITYyJIbCHOIO HHUTAHUS Marte-
TPOHHOMU PaCHBUINTENIBHON CUCTEMBI € YacToToi 50
k['u. Pabouee HampspkeHHE M3MEHSUTH B IpeAenax
420 — 460 B, paboumii Tox — 3.2 — 3.6 A, Mor-
HOCTh MarHerpona — 1.5 kBT, mpu 3TOM cKOpocTb
pocTa MOKPHITHH cocTaBmIa 2.3 MKM/4ac.

W3MepeHuns razonpoHUIIaeMOCTH 00pa3IoB 110
U mocie uX oOpabOTKH 3JIEKTPOHHBIM IIYYKOM, a
TaKXke 00pa3IOB C HAHECEHHBIMU HAa HUX IOKPHI-
THSIMH 3JIEKTPOJIMTA TIPOBOJIHIIN, KaK OIMHCAHO B [9].

Jns  uccrnenoBaHUS 3NEKTPUYECKHX —Xapak-
tepuctuk TOTD ¢ TOHKOIIEHOUHBIM 3JIEKTPOJIH-
TOM M3TOTABJIMBAIN 3JIEKTPOXUMUYECKYIO SUCHKY,
MIPEJICTABIISAIONIYI0 cO00M cucTemy: BO3ayX (KHUCIO-
pOl]), Pt, Lao,7Sro,3MnO3/ ZI'OQIYQO:,/(Ni/ ZI‘OQIYQO:,),
Pt, H,.

Cxema dKcriepuMeHTa IIpUBeEIeHa Ha puc. 1.
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Puc. 1. Cxema ycTaHOBKH JIJIs1 ©3MEPEHUS DJIEKT-
pudeckux xapakrepuctuk TOTO: 1 — nnaTuHOBas
ceTKa; 2 — KaTof; 3 — aHom; 4 — pabouuii 00beM Ieuwu;
5 — TepMomnapa; 6 — IIaTUHOBHIE MPOBOJIA;

7 — amIOMUHHMEBBIC TPYOKH JUIS YCTAaHOBKHU
o0pa3iia; 8 — aHOMHOE YIUTOTHEHHUE; 9 — DIICKTPOJIHUT.
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HccenenoBanue 31eKTPHYECKUX XapaKTEPHCTHK
OCYIIECTBJISI B JIMana3oHe pabouyux TeMIieparyp
550 — 800°C. CropocTh U3MECHEHHSI TEMIIEPATYPhI
He npesbimana 300°C/4. B kauecTBe TorumBa Ajs
TOTD ucnonb30Baid BOIOPOJ, B KaUueCTBE OKHC-
JIUTENS — BO3AYX MM KHCIopod. B anogHoe mpoct-
PaHCTBO BOJOPOJ ITOJIABAIM HA MPOTSHKEHUU BCETO
JKCIEPUMEHTA C pacxoJoM 35 MJI/MHH, CKOPOCTb
MOJa4YM OKUCIHUTENS B KaTOJIHOE MPOCTPAHCTBO —
100-110 mn/MuH. McnpITaHus MEKTPHUCCKUX Xa-
PAKTEPpUCTUK TMPOBOJWIM B CICHHUAJIBHOM YCT-
poiictee — ProboStat™ dupmer NorECs, npexnas-
HAa4YC€HHOM JIA UBMEPCHUSA DJICKTPUUICCKUX CBOICTB
TOTD, uccnenoBaHusi XapaKTEPUCTHK SICKTPOIH-
Ta, MeXK(a3HBIX I'PaHUIl U INEKTPOIAOB B KOHTPO-

nupyeMoil aTMocepe HpH BBICOKHX TeMIepary-
pax.

B xopme ucnblTaHuil U3MEpSIM: HaIpsSKEHUE
xomoctoro xoxa (U;), BOINbTaMIIEpHYIO Xapak-
tepuctuky (BAX) U,=f(I). Ilo pe3ynbpraTam
n3MmepeHuss BAX paccuuThiBanu  CHMMaeMyo
3IEKTPUYECKYIO MIIIOTHOCTh MOIIIHOCTH Py

HccnenoBanuss MUKPOCTPYKTYpPEI U MOpQOII0-
UM 00pa3IoB Ha Pa3lUYHBIX dTanax o0paboTKH
MPOBOAMINCHE HAa CKAHUPYIOUIEM 3JIEKTPOHHOM
mukpockone (Philips SEM 515).

PE3YJIbTATbBI U UX OBCYXXJIEHUE

Omnmcanne o6Opas3mnoB, mapaMerpsl OIIO u
pe3ylbTaThl  HU3MEPEeHHH  Ta30IpOHHIIAEMOCTH
MpUBEACHHI B Ta0I. 1.

Tabnuma 1. [TapaMeTpsl UMITYJILCHOM 3JIEKTPOHHO-ITYYKOBOH 00paboTKH 00pa3IoB U UX

ra30MpPOHUIIAEMOCTb.
[Tapamerpsr DI10 06paboTkH
062:’31121 Ormicanve o0pasia BHI;[;)I:I:;?;;T;M KonuuectBo TeMnepaTX)pa Faszl']lp (;)-Iéil/lclﬁlf/r_gcn
E., Jl/or’ uMmiyascoB, N mpu I110,°C
1 Ni/'YSZ - - 20 768
2 Ni/YSZ+3I10 0.8 3 20 140-180
3 Ni/YSZ+3I10 2.5 3-9 20 40-55
4 Ni/YSZ+3I10 2.5 3 700 35-40
5 Ni/YSZ+BI10 3.5 3 20 55
6 Ni/YSZ+3I10 4.5 3 20 70-85
7 Ni/YSZ+YSZ(0.5mMxm)+3I1O 2.5 3 700 35-40
8 Ni/YSZ+YSZ(1.5mMxm)+3I10 2.5 3 700 40
9 Ni/YSZ+DIO+Y SZ(2MKM) 0.8 1 20 7-11
10 Ni/YSZ+DIO+Y SZ(2MKM) 0.8 2 20 9
11 Ni/YSZ+DIO+Y SZ(2MKM) 0.8 2 700 3
12 Ni/YSZ+DIO+Y SZ(2MKM) 0.8 4 700 7-8
3 Y SZQ(SSZZ(SB“;‘:X))% 1o 0.8 2 700 1.23
Ni/YSZ+YSZ(2mxm)+3I10
14 +YSZ(§ MKM)) 0.8 2 700 1.98

VmnynbcHast 3J1eKTpOHHO-ITYYKOBast 00paboTKa
MTO3BOJISICT CYIIECTBEHHO H3MEHHUTh MHKPOCTPYK-
TYpYy IOBEPXHOCTH ITOPUCTHIX aHOAHBIX IOIOKEK.
B pesynbraTe 00mydeHus IPOUCXOINUT OIJIaBICHHUE
MTOBEPXHOCTHOI'O clIosi Ha rnyouny 1 — 1.5 MKM.
ITpu 3TOM riIyOMHA MOIUGHIMPOBAHHOIO CIIOS HE
HU3MEHACTCA C POCTOM IIJIOTHOCTHU SHEPIHUU IJICKT-
poHHOro Imyuka B nuamnaszone 0.8 — 4.5 JI)K/CM2, 4YTO
CBSI3aHO C OONBIION HOPUCTOCTBIO 00pa3moOB U
HU3KOH TEMJIONMPOBOTHOCTBIO KEPAMHUKH, BXOIS-
Il B UX COCTaB.

Ipu E, < 2.5 Jlx/em® u N < 3 omapienue
MMOBEPXHOCTHOI'O CJI0Od MNPUBOAUT K CHHIKXCHUIO
ra30NpOHMIAGMOCTH  aHOZOB o ~ 770-107
em*/rcex (mo obpaGotkm) mo (35 — 55)10°
em*/rcex (mocie AI10). Kpome TOro, mpoHCXOIUT
HEKOTOPO€ YMCHBIICHUIO MIEPOXOBATOCTH ITOBEPX-

30.0kV. x10200 1um ——

Puc. 2. MukpocTpykTypa IonepeyHoro u3jioma
aHozHOM motokky nocie D110 (oOpazer Ne 2).
CKaHHPYIOIIAs! SIEKTPOHHAS. MUKPOCKOITHSL.



HOCTH, KOTOpas, OIHAKO, OCTAeTCSl ITOCTATOYHO
pasBuTol (puc. 2). DTO 0OCTOSTETHCTBO JOKHO
DT0 OOCTOATENBCTBO JIOMKHO CHOCOOCTBOBATH
(bopMUpOBaHMIO Pa3BUTON Tpex(da3HONW TIpaHUIIBI
MEXIy MOJUI0KKON M HAMbUIAEMOM Ha Hee MIICHKOU
JNIEKTPOJINTA, YTO, B CBOIO O4Yepelb, BO3SMOXKHO,
OKaXKET TIOJIOKUTENbHOE BIHMSHUE Ha 3JIEKTPO-
XUMHYeCcKHe xapakrepucTuku TOTD.

Ilo mepe yBenuyeHUs IJIOTHOCTH SHEPTHH
nyuka (E, > 2.5 JIk/cM>) I KOIHYECTBA HMITYJIbCOB
(N>3) omnaBiieHHE MMOBEPXHOCTHOTO CIIOS 3Ha-
YUTEIIBHO YCHJIMBACTCS, M IPOUCXOAUT MpaK-
TUYECKH TIOJIHOE CIIaKUBAHUE IIOBEPXHOCTH
00pasioB. MUKpOCTPYKTYpHBIE HCCIEIOBaHMS I10-
Ka3ajH, YTO NPHU TaKUX PeXHUMax OONydeHHUs Ha
MOBEPXHOCTH TIOSIBJIIETCA CETh MHUKPOTPEIIMH,
KOTOpBIE PACIpPOCTPAHSIOTCS Ha BCIO TIIIyOUHY
clos, 3aKaleHHOro m3 pacruiaBa. Kpome Ttoro, Ha
MTOBEPXHOCTAX 00pasloB, OOMy4YeHHBIX npu E, >
2.5 I[>I</CM2, HaOJII0JJAIMCh OJAMHOYHBIE MHKPO-
KpaTtepsl nuamerpoM jo 20 — 25 mxm. Tpemu-
HOOOpa3oBaHME CBSA3aHO C (HOPMUPOBAHHEM B
MIPUTIOBEPXHOCTHOM CJIO€, 3aKaJICHHOM U3 XKUIKOTO
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COCTOSIHHSI, TEPMUYECKUX U (Da30BBIX HANPSKEHUIL.
[losiBIeHME MHKPOKPAaTEpOB MOXKET OBITh CIEICT-
BHEM JIOKAJIBHOTO TTeperpeBa MaTepraa ImoII0KKI
B MECTax paclojOKEHUS BTOPHIX (a3 C IIOHU-
KEHHOH TEIUIONPOBOIHOCTRIO. ['a30MpOHUIIaeMOCTh
aHOZOB IMocie o0paboTKH B  pexHMax C
IUIOTHOCTBIO dHEpruM myuka E, > 2.5 J[x/em’
CHIKaeTcst 0 3HaueHn (55 — 85)-10° em”/r-cek.
O4eBUIHO, YTO TPEIIMHBI MUKPOHHOH LIMPHHBI U
MHUKpOKpaTepbl He OyayT 3akpbITBl Ta30He-
[IPOHUIIAEMOM IUIEHKOM 3JIEKTpOJIUTa TOJILHUHON
nopsiaka 1 — 3 MKM.

«®DOHOBBII» HarpeB AHOIHBIX IOUIOKEK [0
TemnepaTtypsl 600 700°C B mpomecce II1O
MO3BOJIICT HECKOJBKO  YMEHBIIUTH  TPEIIMHO-
00pa3oBaHrEe Ha TIOBEPXHOCTH OOIY4EeHHBIX 00pa3-
noB (puc. 3). Mbl OOBSCHAEM OTO CHUKECHUEM
TEMIIEPaTyPHBIX TI'PaJUEHTOB, (POPMUPYEMBIX IpPU
UMIIYTbCHOM HarpeBe. YMEHBIICHHE KOJHYECTBA
MHUKpPOTPEIINH KOCBEHHO HMOATBEPXKIACTCS YMEHb-
IICHUEM Ta30IpPOHHUIIAEMOCTH II0 CPAaBHEHHIO C
obpasiamu, OOJyYeHHBIMH NIPU KOMHATHOM TeM-
nepatype (cM. Taba. 1).

e RS

S < o

Puc. 3. Muxkpoctpykrypa rieHku anekrponuta ZrO,:Y,0; nocie JI10: (a) 6e3 «poHOBOro» Harpesa; (0)
¢ «(oHOBEIM» HarpeBoM. CKaHHMPYIOIIAs AEKTPOHHAS MUKPOCKOITHS.

Ha puc. 4a noka3zaHa MUKpPOCTPYKTYpa IoIepey-
HOTO CeYeHHsl (M3JI0OM) CHUCTEMBI TIOPHCTBIN aHO.-
QNIEKTPONUT. BuWAHO, 4YTO IUIEHKA DIEKTPOJHMTA
MMEeT CTOJI0UATYI0 CTPYKTYPY Y IEPEXOAHBIN CIIOMH

MEXIy MOMJIOKKOW U IIOKPBITHEM OTCYTCTBYET.
Jns cpaBHeHHs Ha puc. 40 Moka3aHa aHAJIOTHMYHAsS
CTPYKTypa, IOJyYeHHass Ha MOMIoKKe ¢ YSZ
noziciioeM, moaseprayTeiM JI10.

Puc. 4. Mukpoctpykrypa rieHok ZrO,:Y,0; a5eKkTponuTa, NoJy4eHHbIX Ha: a — HeMOAU(UIMPpOBaHHON
TIOPUCTOH MOJIOKKE; O — MOUTIOKKE C MOJICTI0eM, 00pabOTaHHBIM JIIEKTPOHHBIM ITydkoM (oOpaser Nel3).
CkaHUpYIOIIAs IEKTPOHHAS MUKPOCKOIHS.
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W3 mpuBeneHHOro H300pakeHUs BUIHO, YTO
¢dopMupyercsi AOCTaTOYHO OJHOPOAHAS IUIOTHAs
IUIEHKA 3JICKTPOJINTA, OTCYTCTBYIOT YETKHE I'paHH-
Bl U MEXIY MEJIKHUMH 3epHAMM, U MEXIy KpyIl-
HBIMHU 3JIEMEHTaMH CTPYKTYpbl. OOpaboTKa 3JIeKT-
POHHBIM TIyukoM ToHKOro ZrO;:Y,0O; mozacmos Ha
MepBOM 3Tane (pOpMHUPOBAHUS MIICHKU HIIEKTPOIHU-
Ta (puc. 5), IPUBOJUT K MEPEIUIABICHUIO CHCTEMBI
MOJIOXKKa—TUIEHKA, B pe3yJbTaTe UYero Ha IOBEpX-
HOCTH aHOJHOM ITO/UIOXKKH 00OpasyeTcs IUIOTHBIN
cioii crmaBa Ni ¢ ZrO,:Y,05 Tommmuoin 1 — 1.5
MKM, UMEIOIIUI TITaaKyl0 MOBEPXHOCTh, IPH 3TOM
cTonbuaTas CTPYKTypa OKAa3bIBACTCS IOIHOCTBIO
MOJJaBJICHA.

30.0kV._x10200

TR .

Puc. 5. MukpocTpykTypa NonepeyHoro
HM3JI0Ma aHOJHOU MOoIoKKH ¢ ZrO,:Y,0; moacioeM
nocie D10 (obpaser; Ne 7). CkaHupyromas
3JIEKTPOHHAST MUKPOCKOITHS.

Ha moBepxHocTH Takux 00pasnoB Oblna
OoOHapyKeHa CeTh MHKPOTPEIIMH INUPHHOW He
Oomee 1 MKM, KOTOpble, OAHAKO, HE PacHpoCT-
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2
MnoTHOCTb MOLWHOCTUN, MBT/cMm

passitoTcst Ha B TiyomHy Zr0O,:Y,0; momcnos,
00pabOTaHHOTO JJIEKTPOHHBIM IYYKOM, a HOCST
MOBEPXHOCTHBIN xapaktep. [Ipenapurensusiit («do-
HOBBI») HarpeB MOMJIOKKU ¢ moxcnoeM 1o 600 —
700°C mepen OI1O, kak ¥ B MpenbIAyIIeM clydae,
MO3BOJIMII  CYILIECTBEHHO YMEHBIIUTH TPELMHOOOpa-
30BaHUE Ha MOBEPXHOCTU. braromaps Ttakoil oOpa-
00TKe, MOCIEAYIOIHUNA POCT IUICHKH HJICKTPOINTA
OCYIIECTBIISIETCS HE C BEPIIMH I'paHysl MTOPUCTOMN
MOJUIOXKKH, a C IPaKTHYECKH TMAAKOH IOBepX-
HOCTH, 4TO 00yClIOBIHMBaeT (HOpMUPOBAHHE IJIOT-
HON cTpyKTyphl. M3MepeHusi razonmpoHUIIaeMOCTH
MOKa3aJIM, YTO TAaKOW pexumM odecredrst popMupo-
BaHME HamOojee ra3omioTHeiXx (K ~ 1.23-10°°
em/r-cex) Zr0,:Y,05 mokperrnit (oGpaser; Nel3)
IIpU TONIIKHE He Oojee 3 MKM.

Pe3ynpTaThl H3MEpeHUS IEKTPUUIECKUX Xapak-
TEPUCTUK DKCIEPUMEHTAJIBHOM S4YEWKH, U3rOTOB-
NeHHOM Ha 0aze oOpasma Ne 13, mpencraBiieHBI U
Ha puc. 6. Hanpsxenus pasomkHyTodl nenu Uy
TOILNIUBHBIX sueek cocrasisum 0.97 — 1.03 B npu
paboueit Temnepatype He Oonee 800°C. BAX Bcex
JKCIepuMeHTaNbHBIX siueek TOTD B mpenenax
M3MEpEeHUH ObUM ONMU3KKW K JIMHEHHBIM. DIIEKT-
pHYECKHE XapPaKTEPUCTUKH OKAa3aJUCh CTAOMUIIBHBI
B TEUEHHE BCEro BpeMeHHM u3MepeHus. Cruemyer
OTMETHUTh, YTO JJS BceX 00pa3loB Habmrogancs
CTPEMUTENBHBI POCT CHUMAeMOM MOIIHOCTH TpH
yBEIMYeHUH paboueld Temiepatypsl. Makcuma-
JIBHBIC TUIOTHOCTH MOITHOCTH (Py4y) 620 MB1/cM® 1
940 mBr/cM® momydenst ms oGpasma Ne 13 mpu
paboueit Temnepatype 800°C ¥ HMCHOIB30BAHUM B
Ka4yecTBE OKHCIHTENS BO3IyXa M KUCIOPOZIaA, CO-
otBercTBeHHO. [Ipu paboueii Temmnepatype 650°C
IUIOTHOCTH MOIIHOCTH Ui JaHHOro oOpasmna
cocrapmmn 220 MBt/cM” B aTmochepe Bo3ayxa u
270 MBt/cM’ — Ha KHCIIOpOJie

o,
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Puc. 6. BonbTaMIiepHble U MOLIHOCTHBIE XapaKTEPUCTUKU SKCIIEPUMEHTAIBHOMN STYEHKH TOMIUBHOTO
snmeMeHTa Ha 0ase obpasia Ne 13, moyueHHbIC Ha BO3yXe U KUCIOPOIE
(1 -550°C; 2 - 600°C; 3 —650°C; 4 —700°C; 5 — 750°C; 6 — 800°C).

3AKIIOYEHUE
COBOKYIHOCTh TPEJCTABICHHBIX PE3YJIbTATOB
MUKPOCTPYKTYPHBIX ~ MCCJIEIOBAHMM  ITOPUCTHIX

AHOIHBIX IMOJJIOXKEK OO0 U IIOCIC UX MOI[I/I(I)I/IKaHI/II/I
1 00pasioB ¢ nokpeitueM Zr0;:Y,0; 31eKTponuTa,

55

a TaKkKe M3MEPEHHUs] Ta30lMpPOHUIIAEMOCTH 3STHX
00pa3oB mokaszanu 3IPPEKTHBHOCTb  HCIOIb-
30BaHMA  METOJa  HUMIIYJIBCHOM  3IEKTPOHHO-
IIyYKOBOM 00pabOTKH Il MOAM(UKAIIMU TIOpPHC-
THIX aHOMHBIX moanoxek TOTD ¢ menpio ympas-
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JICHUS TIOPUCTOCTHIO M Pa3MEpOM IIOp MX HOBEpX-  IO3BOJNSET YMEHBIIUTH TpPEUIMHOOOpa3oBaHHE Ha
HOCTHOT'O CIIOsI, a Takke i1 0OpabOTKH TOHKHX  MOBEPXHOCTH OOIYYEHHBIX 00pa3IloB.

wieHok Zr0,:Y,0; ¢ 1enpio GpopMUpoBaHUS ILIIOT- O¢dPeKkTUBHOCTE  MPEUIOKEHHOTO  METOoIa
HOHM CTPYKTYpBI dJIeKTpoiiuTa. Ha OCHOBaHWM MMONy-  MOATBEPXKICHA HCCISIOBAaHUAMH BOJIbTAMIICPHBIX
YEHHBIX pe3yJbTaTOB OBUIM OIpENeNieHbl ONTH- M MOLIHOCTHBIX XapakKTepUCTHK. [loiyueHHbIe

ManbHble apamerpsl Takoi JI10. Iloka3aHo, 4T0O ~ HaMH 3HAYEHHs IUIOTHOCTH MOIIHOCTH HAXOIATCS
MaKCHMaJIbHO Ta30IJIOTHBIC IUICHKH JJICKTPOJWTA  Ha YPOBHE JIYUIIUX MHPOBBIX PE3yIbTATOB.
7r0,:Y,03; monywatotrcs mnpu IO cucrtemsl

«mopuctast aHomHas mnommoxkka — Zr0;:Y,0; Aemopvr  6nacodapsm K.B. Kapauxa 3a
MOJICIION», Tpu 3ToM ToimuHa Zr0,:Y,0; moacnos obnyuenue obpazyos u B.Il. Pomwmeiina 3a
JIOJIKHA COCTABIATh ~ | MKM, IUTIOTHOCTb SHEPTUU  00CYJICOeHUe Pe3yibmamos.

nyuka ~ 0.8 — 2.5 ]1>K/CM2, YHUCJIO UMITYJIBCOB — | — Paboma  evinonmena  npu  unancogou
3. YcraHOBIEHO, YTO TNpEIBAPHTENbHBI HAarpeB  nooddepoike PedepanibHOZ0 A2eHMCMEa no HAyKe u
aHOJHBIX moanoxek nepex D110 mo temmnepatypsl  unnosayusm (I'ocyoapcmeennwiii kowmpaxm Ne
600 — 700°C mpu mpoYux OAMHAKOBBIX YCIOBHSX — (02.513.11.3455).
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