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Fig. 5. Possible transfer mechanisms
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Ilocmynuna 6 pedakyuio 07.09.2017

Paccmompenst usuueckue npuHyunsl pabomol cecHemosneKmpuyeckux mynHeavHoix nepexodos (CTII); npoanaiusuposarst
n00x00bl K nogvluieHuto pabouux xapakmepucmui cmpykmyp Ha 6aze CTII 6 achekme ux npumerenus 8 Kkauecmee 64308020 ne-
MEHmMAa SHepeoHe3A8UCUMOU NAMAMU.

Karoueevie caosa: CecHemosN1eKmpuvecKkue myHHeabHble nepexoabz, nepeKarn4eHue cConpomuenreHus

Baenenne MepeKJIIoUeHUs] U HU3KOoe 3HepronorpedieHue [3].
OpHako ganbHeliliee pa3putue FeRAM-texHonmoruu
OrpaHWYEHO TPaH3UCTOPHO-KOHAEHCATOPHOUN OpraHu-
3alMen STYEeUKU MaMsITh, YTO MPEISITCTBYET €€ Maclll-
TaOMPOBAaHMIO 1O HAHOMETPOBBIX Pa3MEpPOB U OTPaHU-
YyBaeT IJIOTHOCTh 3alMCU MHGOPMAIlMY ruradaiiTamu.
JpyruMm mpensiTcTBUEM K LIMPOKOMY pachpocTpaHe-
Huto FeRAM-TexHosOrMM SIBJSIETCSI HEOOXOAUMOCTh
nepe3anyucu MHGOPMALUKU MOCIe TPOolecca CUUThIBA-
HUs (IecTpyKTUBHOe cuuThiBaHue) [4]. I[lpu ymeHb-

CerHeTosIeKTpUYEeCKUEe MaTepuanbl 00JaaalT B
OIpEEeJICHHOM TEMIIEPATYPHOM UHTEPBAJIE CTIOHTAH-
HOI (CaMOIPOU3BOJIbHON) Mosipu3aliueil, OpueHTH -
POBaHHOW B JBYX WJIM HECKOJbKUX HaIpaBJEeHMUSIX.
SIBlieHWe CMOHTAHHOM BJEKTPUUYECKON MOISIpU3aluu
B OTCYTCTBME BHELIHUX T0JI€i 00YCIOBJIEHO CTPOEHU -
€M KPUCTALIMYECKOU SYEUKU CETHETOINEKTpUYEC-
kux (CD) marepuaaoB, a UMEHHO OTCYTCTBUEM LICHT-
pa UHBEpPCUH, T. €. ACUMMETPUEN PACTIOIIOKEHUS aTo-
MOB B 3jJieMeHTapHo# siueiike (puc. 1). OpueHTtanus L B

CIIOHTAaHHOM MOJISIPU3ALIMU MOXET OBITh M3MEHEHa | A SHeprus |
o, IeficTBUEeM 3yIeKTprudyeckoro mosst. Coiicto CO | Energy |
COXpaHsITh OCTATOYHYIO 3JIEKTPUUYCCKYIO IOJISIpU3a- : \ / Cﬁ?ﬁ:ﬁfe |
LIMIO TTO3BOJISIET MCITOJIh30BAaTh UX B KA4eCTBE CPEIbI | - > . |
IUIS1 XpaHEHUs MHPOPMaLUH. | U | m'sﬁé%?ﬁﬁ ont |

OnHoit 13 TexHOoJIOrui, ucnoab3ywlieit CO Mare- ! 4 "\ !
pUaBl I 3allMCH W XpaHeHUs ¢ poBoil MHGOP- | . “ @® i 0@ ® |
Mauuu, apisgercsa texHonoruss FeRAM (Ferroelectric | 4 Oe * | ‘ * &
random access memory) [1, 2]. B ee ocHOBe nexxur 3a- : + Py ®Pb % ;fa@ l :
much Jjorndeckux "0" u "1" myrem nossipusauuu CO IT Oq % ® 0% e 4!
cios (tonmuHoi 100 HM) B KOHIEHcaTope B 3a1aHHOM : - PS o * Ti Qle & :
WV TIPOTHUBOITOJIOXKHOM €My HaIlpaBJIEHUH C TIOMOIIBIO ! @ @. 4 * !

BHEILLHeTo 3iekTpuueckoro nois. [lepsag CO mamsth,
Puc. 1. DiaemeHTapHas sYeilka NEPOBCKHTA Ha mpuHMepe

unrerpuposattas 8 KMOII-ycrpoiicTso, Gblia npea- Pb(Zr ,Tijy g)O3. Ilokaszano cmemenne nona Ti niaa aByx Hampas-
craBieHa B 1987 r., ee eMKkocTb Obuta 256 6uT. Mac- Jenuil MoApU3aNUH, pasneleHnbX Gapbepom Uy

coBoe nmpoun3BoacTBo FeRAM-ycrpoiicTs Hauanoch ¢ Fig. 1. An elementary perovskite cell on the example of Pb(Zr ;Ti,) ¢ O3.
1992 r. K npenmyiiectsaM FeERAM MoXHO oTHeCTH Displacement of Ti ion is shown for two polarization orientation divided
BBICOKME CKOPOCTHU 3aIlCH, OOJBIIOE YMCIIO LIMKIIOB by U, barrier
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LeHUU ToarHbl CH cyios B KOHAEHCATOpe A0 €Au-
HUI[ HAHOMETPOB MPOBOJUMMOCTb CTPYKTYPhl PacTeT,
YTO OOYCJIOBJIEHO MposiBieHUeM 3¢ deKkTa KBaHTOBO-
MEXaHUYECKOI0 TYHHEJIMPOBAHMSI 3JIEKTPOHOB yepes
CD bapeep [5, 6]. YcTpoiicTBO, B KOTOPOM MEXAY IBY-
Ms 3JIEKTPOAAMU PACIIOJOXEH TYHHEJIbHO-Ipo3pay-
Hbiit CO clloif, MOJIyYrI0 Ha3BaHUE CETHETORIEKTPU-
yeckoro tyHHeJbHoro nepexoga (CTII). TynHeabHas
npo3payHocTb CTII cUABHO 3aBUCUT OT COCTOSIHMSI
noJsisipuzatuy B CHO, 3T10oT 3¢ heKkT noayyua Ha3BaHue
"TyHHeJbHOe 3yeKTpoconpotusieHue” (TOC). TOC
OIpeesieTcs Mo COOTHoLleHUIo corpoTuBaeHuit CTII
B BBICOKOOMHOM ( Ry, . ) 1 HUI3KOOMHOM (Rj, ;) cocTo-
AHUAX KaK TOC = [(Ry, o — Ryxn)/ Rixnl * 100 %. 3Ha-
yenne TOC moxer nocturats 10% % [7, 8].
®usmyeckasg konuenums CTII Obl1a npemioxeHa
BOcaku euie B 1971 1. [9], ogHako Oblia 3a0bITa Mpak-
THyecku Ha 30 JieT, MOCKOJbKY CUMTATIOCh, YTO CETrHe-
TORJIEKTPUUECTBO MponagaeT npu pasmepax CH Huxe
KpUTHYECKUX. B pesyabraTe paHHUX SKCIEPUMEH-
TaJbHBIX WMCCICOOBAHUII MHUKPO- W HaHOPa3MEepPHBIX
KpucTaiuToB Takux CO marepuanos, kKak NaNO,,
PbsGe;0,;, PbTiO5, BaTiO3, KNbO5 [10—14], xpu-
TUYeCKUe pa3Mephbl ObLIn omnpeneaeHsl Kak 10...100 HM.
OnHako pe3yabTaThl 0ojiee MO3AHUX paboT Ha TOHKO-
wieHoYHbIX CHO mokazaiu, YTO KpUTHUYECKHE pa3Mepbl
B TOHKHUX TUIEHKAX CWJIbHO Pa3iMyaroTcsl U MOTYT ObITh
OrpaHuYeHbI 3...4 31eMeHTapHbIMU styeiikamu [15, 16].
CoBeplLIEHCTBOBAHME TEXHOJOTUN CHUHTE3a TOHKHUX
TJIEHOK Mo3BoJIJI0 K 2000-M TIT. 3KCIIepUMEHTAIbHO Ha-
OsromaTh SIBJICHUE TIEPEKJIIOUeHUs TYHHEJIBHOTO DJIeK-
TPOCOTIPOTUBIICHUSI B CBEPXTOHKUX

C3 nnenkax [17]. HauuHas ¢ aToro e

MOMEHTa, pacTeT YWCJIO HCCIEA0- R 4
Banuit, mocBgmeHHbBIX CTII, koTo- %
pble paccMaTpUBAIOTCA KakK ajllbTep- v
HaTHBa dHEProHe3aBUCUMOU TMamsi-
3nekTpoa

™ Ha ocHoBe KMOII-TexHomoruu. erro

CerHetoanekTpuk 4 '] A
K TPENMYLLECTBAM HCTIO/Ib30BAHNS B Resinn
CTII B ycTpoiicTBax 3HEproHe3aBu- 0 = z

CUMOI TaMSITU OTHOCSITCSI Hepaspy-
1I1aollee CYUThIBaHME [8], CBEpXHU3-

CHHAarca B UICKYCCTBEHHOM HelipoHHOIi ceTu. OCHOB-
Hasl uaesl UCCleloBaHUs 3aKJII0YaeTcsl B TOM, YTO CO-
npotusnenue CTII onpenensieTcsi COOTHOLIEHUEM
yucia CO 1OMEHOB ¢ HalpaBJieHUEM OIS pU3aliu B
CTOPOHY BEPXHETro 3JIeKTpoJa CTPYKTYyphl K unciay CHD
JIOMEHOB C IIPOTUBOIIOJOXHBIM HaIllpaBJIeHUEM OIS -
puzaunu. TakuM o6pa3oM, yIIpaBisist JOMEHHOM CTPYK-
TypOii CBEPXTOHKOTIO cjiosi CH, MOXHO KOHTPOJIUPY-
eMo u3MeHsITh conporubieHue CTII, nmpu sToM aua-
na3oH udMeHeHus onpenensercs TOC.

Crarbsl OpraHM30BaHa CJIEAYIOLIUM O0pa3oM: Iep-
Bas YacTh CTaThbM IOCBSIICHA (U3NIECKUM OCHOBAM
CTII, Bo BTOpPOIi YaCTU paccMaTPUBAIOTCS TEXHOJIO-
TMYECKHE acMeKTHl, BIusoIne Ha cBorictBa CD TyH-
HEJIbHBIX CTPYKTYp, @ TPEThSl YaCTh MOCBSIIEHA BOII-
pocaM, cBsizaHHBIM ¢ mpuMeHeHneMm CTII.

Konuenuus cerHeTo3eKTpHIecKoro
TYHHEJIBHOTO TIepexo/a

Cxema CTII npusenena Ha puc. 2. CTII mpen-
CTaBJIsIET COOOI KOHIEHCATOP, B KOTOPOM B KaueCTBE
JUBJIEKTPUKA UCIIOJIb3yeTCsl CBEpXTOHKU CBD cloil.
OpHako B oTianuue oT CO KOHAEHCATOPOB, Ile TOK
YTEUKM YXYIIIAET XapaKTePUCTUKU YCTPOWCTBA, IPO-
BoaguMocTb CTII sBiseTcs: ero yHKIIMOHAIBHOM Xa-
pakTepucTukoit. B ocHoBe padorer CTII mexur >¢-
(bexT TYHHEIMpPOBAaHUS 2JIEKTPOHOB Yepe3 CBEPXTOH-
kuit CD 6apbep, a TakKKe 3aBUCMMOCTb TYHHEJbHOTO
TOKa OT HampabjieHus mnojspusdaunu C3. Kak ObL10
npeackazaHo Ocaku [9], MU3MeHeHMe MOJIIpU3aluu
CD Gapbepa 1o AeficTBUEM 3JIeKTPUIECKOTO MOJIs MO-

Ko3IpYy
aj h)

o

ThiBaHUM [18—20], BbIcOKAsT TIOT- e go
HOCTb 3anucu [21]. S S

B 2016 r. GbUIO TPOIEMOHCT- §§0
PMPOBAHO YCTPOMCTBO Ha Oase MmoJi- 8 3
HocTbio uHTerpupoBaHHoro CTII gg
mwiomansio 300 X 300 HM, 3Haue- e 3

Hem TOC ~ 2,7-10* % u BbIco- e

KOM TUIOTHOCTBIO TOKA CUMTHIBAHUS -1
(75 A/CM2), YTO TO3BOJISIET PacCUM-
THIBaTh Ha JajbHeHIee yMEHbIIE-
Hue pa3MepoB sueiiku [22]. B 2017 1.
Obuta onybaMKoBaHa padorta [23], B
kotopoii CTII ucrnonb3oBajcs B Ka-
YeCTBE DJIEKTPOHHOTO SKBUBaJICHTA
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Puc. 2. Cxema CTII (a, b). XapakrepHas 115 cBepXTOHKO# 1uieHKH netisi CO rucrepesuca (c)
u cooTBercTBylomas BAX B monynorapupmuyeckom macmrade (d)

Fig. 2. Schematic representation of FTJ device (a, b). FE hysteresis loop of an ultrathin FE film
(¢) and the corresponding current-voltage characteristics in a half-logarithmic scale (d)




JKeT BJIUATH Ha TPOBOIUMOCTh Oaph-
epa U NMPUBOJIUTD K MEePEKTIOUYECHUIO
€ro COIPOTUBJICHMS TIPU 3HAYEHU-
SIX TIPUJIOKEHHOTO 3JEKTPUYECKOTO
MOJIsI, COOTBETCTBYIOLLIUX KOBPIU-
TUBHOMY TIOJII0 CETHETOJIEKTPUKA.
B kauectBe HambOosiee BepOSITHBIX
MPUYMH, U3MEHSIOIINX IPOBOAM-
moctb CTII, paccmoTpum: 1) mbe3o-
anekTpuyeckuii 3ddexr; 2) oco-
OCHHOCTH 3KpaHUPOBAHUS IMOJSIPY-
3aIlMOHHBIX 3apsaaoB Ha MHTEepdeii-
cax CEerHeTOJIEKTPUK,/IIEKTPOI.
VIpollleHHO, BIMSIHUE TIbe30-
3JIEKTpUYECKOro 3(eKTa Ha CBOMC-
t8a CTII MOXHO mpencTaBUTh Clie-
IYIOIIMM 00pa3oM: OO0 MepeKIIIo-
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HanpsxeHne

-V,

Koapy|

BbicoTta
bapeepa

Barrier
height

E.+eV

HbKHWI eV E;
anekTpoa

BepxHuit
anekTpon

Oueprusa | Energy

Bottom
electrode

C3 Bapbep
FE barrier

To
e!ecfr%de

YeHUsI HaMpaBJIeHUs TMOJsIpu3aluu
(V< VKOSle
K03 OUILMEHT d33 SBISETCS OTPU-
LaTeJbHbIM, TaK KaK TPUJIOXKEHHOE
MoJjie HampaBlIeHO IPOTUBOIIOIOX-
Ho noasipuzauuu P. Tlocne mepe-
KJIIoYeHus mnoisipusauuu (V > VKoapu) NbE303JIEKT-
puyeckuii Koah@GUIMEHT U3MEHSIET 3HaK, YTO MpPU-
BOJUT K CKQUYKOOOpa3HOMY U3MEHEHUIO UPUHbL CO
6apbepa Ha BeuuuHy 8¢ = 2|d3;3 |Ey 0y, Mnpuna C3
Oapbepa, TaKUM 00pa3oM, UMEET TMCTEpPEe3UC B 3aBU-
CUMOCTH OT IIPUJIOKEHHOTo HampskeHus [24] (puc. 3).
TyHHETBbHBIN TOK 3aBUCUT OT IIMPUHEI bapbepa U, Ta-
KMM 00pa3zoM, TOXe OyaeT MEHSThCS MpU MepeKIoue-
Huu noasipuszauuu CTII. PesyabTaThl TeOpeTUUYECKUX
pacyeToB, BHITTOJTHEHHBIX B TIPEANOIOXEHUN JOMUHM -
pPOBaHUS MPSIMOrO BJEKTPOHHOTO TYHHEIUPOBAHMS
yepe3 bapbep, CBUIETEILCTBYIOT O TOM, YTO MEXaHM-
yeckMe HarpsiKeHMsl, BOZHMKAIOLIMEe B KPUCTAJUIM-
YECKOM peleTKe, BCIEACTBUE 00PAaTHOrO Mbe303¢hdek-
Ta, MPUBOASIT K U3MEHEHUIO BOJIbT-aMIIEPHBIX XapaKTe-
PUCTUK, HE TOJILKO M3-32 UBMEHEHUSI LLIUPUHBI Oapbe-
pa, HO 1 3a cYeT u3MeHeHUs 3(PPEeKTUBHOI MacChl
BJIEKTPOHA M CIABUTA Kpasl 30HBI IPOBOAUMOCTH [25].

KpaTko paccMoTpum BinsiHAUE OCOOEHHOCTEH 2K-
pPaHMPOBAHMS MOJSIPU3ALMOHHBIX 3apsIIOB HA UHTEP-
deticax CO/anexkTpon. Ha moepxHoctn CD 0OBIY-
HO TIPUCYTCTBYIOT MOJISIPU3ALIMOHHBIE 3apslibl, KOTO-
pbIe OYIYT OTTAJIKWBATh WJIM TIPUTSITUBATHL CBOOOIHBIC
2JIEKTPOHBI, HaXoAslIuecs B 2jeKTpoaax. B mpubiu-
sxxeHUn ToMmaca — PepMu ITMHA SKpaHUPOBAHUS T10-
JISIPU3ALIMOHHBIX 3apSIA0B ONPEAEISIeTCS TIJIOTHOCThIO
BJIEKTPOHHEIX COCTOSTHUIT BOIM3M ypoBHSI Depmm. s
METaJUIOB JUTMHA 3KPaHUPOBAHUS MOXET OBITh MEHbB-
e IeCSIThIX AO0Jeil HaHOMETpa; JUIsl TOJYIIPOBOIHU-
KOB JIOCTUTAeT AECATKOB HAHOMETPOB, MPUBOIS K He-
MOJTHOMY DKpaHKupoBaHuio. B pabote Stengel et al. [26]
ObLIO TTOKa3aHo, YTO 3(h(heKTUBHAs JAJIMHA SKPaHUPO-
BaHus B CTII Bo MHOroM oIpeaensieTcss MUKPOCKO-
MUYECKUMU O0COOEHHOCTSIMU uHTepdeiica CH/aneKT-

) TIbe303JIEKTpUUECKUM b mmmm— - - -

TonwwuHa / Thickness

Puc. 3. NnmocTpanus BAMsSHAS MeXaHWYeCKOii nedopmannu Ha Tommuny CD 6apbepa (B co-
orBercTBHH ¢ [5])

Fig. 3. An influence of strain on the thickness of the FE barrier (in accordance with [5])

pon. HemonHoe sKkpaHMpOBaHUE MOJSIPU3ALUMOHHBIX
3apsiIOB MPUBOAUT K JOMOJTHUTEILHOMY BKJIATy DJIEK-
TPOCTAaTMYECKOTO MOTeHIMAaja Ha rpaHuiie CH/3/1eKT-
pon (MOJOXUTEJbHOMY, €CIU IOoJsIpyu3alusl Hampas-
JIeHa B CTOPOHY TPaHUIIbI, M OTPULIATEILHOMY — TIPU
MPOTUBOIOJIOKHOM HampaBieHWU Mojsipusanun). o-
MyCTUM, YTO B ogHOM m3 3j1ekTponoB CTII monspusa-
LIMOHHBIN 3apsia dKpaHUpyeTcs: 0ojee 3(DPeKTUBHO
(n1eBbIlt 37eKTpoAd, pUc. 4, CM. BTOPYIO CTOPOHY 00-
JIOXKHU) M0 CPAaBHEHUIO C APYTUM (TIpPaBbIid 3JIEKTPO.,
puc. 4). Yem Oosbllie IIMHA SKpPaHUPOBAHUS, TEM
6oJIblIIe BKJIAI B CKAYOK 3JICKTPOCTATUIECKOTO ITOTEH-
nuana Ha rpanuue C3/snexktpon. Takum oOpasoMm,
MOJISIpU3allMOHHbIE 3apsiibl Ha MHTepdelicax MpUuBO-
JIAT K aCUMMETPUYHOMY M3MEHEHMIO pacrpeneieHust
aIeKTpocTaTudyeckoro noreHuuana saoas CTII Been-
CTBUE pa3HOil 3¢(GEeKTUBHON IJIMHBI 3KPAHUPOBAHUS
B asiekTpoaax. C usMeHeHHEeM HampaBjieHUs TOJSpU-
3auuu B CO Ha NMPOTUBOIOJI0XKHOE U3MEHSIETCS aCUM -
METpHSI pacipeneaeHus dJeKTPOCTaTUYECKOTO MOTEeH -
uuana [25, 27]. Takum obpa3zom, B ciiydyae, Koriaa mo-
JIIpU3allus HarpaBjieHa K JIEBOMY 2JIEKTPOY, CPEIHSISI
BbICOTa Oapbepa MoJsiydyaeTcsl Oosblie, YeM B cliydyae,
KOTAa MOJiIpu3allvs HallpaBjieHa B IPOTHBOIOJIOX-
HYIO CTOPOHY.

B GoablmHCTBE pabOT MO MCCIEAOBAHUIO CBOMCTB
CTII B xauecTBEe HUKHETO BJIEKTPOAA MCITOIbL3YIOTCS
CJIOXHBIE OKCHUIIBI. DTO CBSI3aHO C TeM, YTO POCT KHC-
Jopoaocoaepxaiux CO MICHOK JIyyllle BhIMOJHSTh B
atMocdepe Kucjiopoaa Jubo ¢ MOCAeAYIOIIUM OTXKU-
TOM B KMCJIOPOJIE, YTO HEBO3MOXHO 0€3 BIMSHUS Ha
rpaHully paszaena CO/Merann. [Tostomy B KauyecTBe
OIHOI M3 MPUYMH aCUMMETPUYHOTO paclpeaeaeHus
noreHuuana Ha rpaHuie CHD/"oKCUIHBIN 2jeKTpon”
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B HEKOTOPBIX TEOPETUUECKUX U IKCITEPUMEHTATbHBIX
pa6otax [5, 28, 51] paccMaTpuBaeTcsl BIMSHAE MOH-
HBIX CMEIIeHUI B OKCHIHOM DJIEKTPOAE CTPYKTYPHI
Ha 3(dEeKTUBHOCTb 3KPAaHUPOBAHUS MOJSIPU3ALIUN B
HeM. B atnx paboTtax TOBOPUTCS O TOM, YTO TIpH Tie-
peKJIIOUeHUM HarpapieHus: noaspusauuu B CH 1po-
HUCXOOUT CMeIIeHWe MOHOB Ha MHTepdeiice ¢ OKCUI-
HBIM 3JIEKTPOIOM, UTO MPUBOIUT K M3MEHEHUIO T10-
pUaM3aLMM aTOMHBIX OpOWTasieil U, KakK CleICTBUE,
B/IMsIET Ha KO3(M(PUIMEHT MPO3PavYHOCTH Oapbepa.

CTOUT OTMETUTh, YTO ACHUMMETPUYHOCTH MHTEp-
deiicHbix obnacteit B CTII HeoOs13aTeIbHO O0YCIOB-
JIeHa pa3HbBIM MaTepuaiioM 3J1eKTpoaoB. Ha pacripe-
JeJIeHUe 32JIEKTPOCTaTUYECKOTOo IOTEeHIIMaga MOTYT
OKa3bIBaTh BIMSHUE Takue (PaKTopbl, KaK "MepTBbIC"
(HecerHeToaeKTpuUYeCcKre) MPUIIOBEPXHOCTHBIE CJIOU
WIA KHACIIOPOIHBIC BaKaHCUM, CYIIECTBEHHO BIIHUSIO-
mue Ha QyHKUMoHanbHOCTh CH mueHok. Maes cy-
IIECTBOBAHUS TTOBEPXHOCTHOTO CJIOSI, OTIMYAIOLIETO-
cs1 IO CBOMM CBOMCTBaM OT oObeMa IUICHKHU, OblJIa
npenjnoxeHa Kenuurom B 1955 r. [29]. U3meHeHue
CBOMCTB TPUIIOBEPXHOCTHOTO CJIOS OOBSCHSIIOCH Ha-
JIMYMEM TIPOCTPAHCTBEHHOTO 3apsiia BOJIM3U TOBEpX-
HocTu CBO, BO3BHUKHOBEHHE 3apsiia 00YCIOBIEHO KUC-
JnopoaHbiMu BakaHcusimu [30]. CneayeT yrnoMsiHyTb
0 TIPEAIOJOXEHMSIX, CBs3bIBalolIMX "ycranocts” CHD
IUIEHOK C TiepepacripeieIeHueM KUCIOPOIHBIX BaKaH-
CHil B HUX TIpU MHOTOKPATHOM TEePEKITIOUCHIN.

Takum 00pa3oM, aCUMMETPUYHOE paclipeie/icHIe
3JIEKTPOCTATUYECKOTO MOTEHUMANIA BCIEICTBAE HEIK-
BUBAJICHTHOCTU UHTepdeiicoB CO/MeTann npuBOAUT
K U3MEHEHMIO CpemHell BBICOTHI Oapbepa I pa3HBIX
HanpaieHuii noaspusanuu B CTII.

[Ipsimoe TyHHenupoBaHUE 3JeKTpOHOB uepe3 CD
Oapbep HeJIb3s paccMaTpUBaTh B KAUECTBE €IMHCTBEH -
HO BO3MOXXHOTO MexaHu3ma repeHoca 3apsiga B CTII.
ABTtopamu paboTsI [31] paccMaTpuBarOTCSI TPU BO3MOXK-
HbIX MEXaHH3Ma B3JIEKTPOHHOI'O TPaHCIOPTa U BMS-
HHE Ha HUX TTOJISIPU3AIIMOHHEIX 3apsIIOB: TIPSIMOE TYH-
HenupoBanue (I1T/DT), rynHenupoBanue Maynepa—
Hopareitma (PHT/FENT), TepMO3JIeKTpOHHAS 3MHUC-
cust (TO/TI) (puc. 5, cM. BTOPYIO CTOPOHY OOJIOKKH).

OueBUAHO, YTO MPU HU3KUX HAMPSIKEHUSX, MPU-
knagbiBaeMbix K CTII, mpeobnagaetr mpsiMmoe TyHHe-
JIMpOBaHWE, TPU BBICOKMX — TYHHEJIMPOBaHUE IO
Mmexanusmy @aynepa—Hopareiima. C yBenrmueHHEM
IIUPUHBI Oapbepa, COTJIaCHO TPOBEACHHBIM pacyeTaMm,
BKJIaJ MPSIMOTO TYHHEJIMPOBAHUS SKCIOHEHUIHUATbHO
YMEHBIIIAeTCS U MEXaHU3M TEPMOIJIEKTPOHHOMN 3MUC-
CUU CTAaHOBUTCS AoMUHUpYOIIMM. 3HadeHue THOC
YBEJIMYUBAETCS TIpH paboTe B HU3KOBOJIBLTHOM PEXU-
Me (Vpe = 0,1 B) npu yBeauyeHUM LIMPUHBI Oapb-
epa [27, 31]. Ilpu oTHOCUTENHLHO OOJIBIION IIUPUHE
CO bGapwepa, Korma nepeHoc 3apsiga OCyIIeCTBIsIeTCs
BCIIEZICTBUE TEPMODJICKTPOHHON 3MUCCHUM, 3HAYCHMUS
THOC makcuMabHbI, OTHAKO P 3TOM CWIBHO YMEHb-
1IaeTcss TOK CUYMThIBaHMsI. Ha mpakTvke pa3iuyuTh
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Bkian B TOC Kaxaoro u3 BO3MOXHBIX MEXaHU3MOB I1e-
peHoca 3apsiaa KpaiHe TSKes10 U3-3a HaTu4ust 00JIb1IOo-
ro YKcCJia HEM3BECTHHBIX: AUBJIEKTPUIECKIX KOHCTAHT,
JJIMH 9KpaHUPOBaHUSI, BEICOT OapbhepOB Ha MHTEPdEi-
cax, 3¢ GeKTUBHBIX Macc HocuTenel 3apsaa. KocBeH-
HbI€ BBIBOAbI O BKJIaI€ KaxXXI0ro MexaHu3Ma B IIPOBO-
JIUMOCTh CTPYKTYPBI MOXKHO CleaTh, OIMpasiCh Ha pe-
3yJIbTaThl MCCIEA0BAHUI TeMIIepaTypHBIX 3aBUCHMOC-
Tel BosbT-amnepHbIX XapakTtepuctuk CTII. Tak, Tok,
00YCIIOBJIEHHBII TEPMODJIEKTPOHHOM 3MUCCUEH, T0JI-
KE€H CUJIbHO 3aBHUCETh OT TEMIEPATyphl, B OTIMYMUE OT
TOKAa, O0YCJIOBJICHHOTO IPSIMBIM TYHHEJIMPOBAaHUEM.

MHoroypoBHeBass MEMPHUCTHBHOCTD
B CErHETOIEKTPHIECKHX TYHHEJbHbIX Mepexoaax

Hauunas ¢ 2013 r. mossBuianch paboThl, B KOTOPHIX
9KCMEPUMEHTAIBHO JOKa3aHa BO3MOXHOCTb MHOIO-
YPOBHEBOIo IiepekioueHus conpotuBieHuss CTII.
Tak, Yamada et al. [7] moka3anu, 4TO B CTPYKTY-
pe Caj g¢Ceg 04MnO; (HmkHuit snekrpon)/BiFeO;
(4,6 uM — CB 06apbep)/Co—Pt (BepxHMIT 3]I€KTpOI)
MOXHO TIOJTYIUTh CTAOMIIBHOE MHOTOYPOBHEBOE TIEepe-
KJIIOYeHHEe C U3MEHEHUEM COIMPOTUBJIEHUST CTPYKTYPHI
Ha yeTbIpe nopsaka. CoriacHO MpUBEAEHHBIM dKCIIe-
PUMEHTAJIBHBIM pe3yabTaTaM MEXIy BbICOKOOMHBIM

(~109 OM) ¥ HU3KOOMHBIM (~104 OM) COCTOSTHUSIMU
CTPYKTYPHI CYIIECTBYeT BO3MOXHOCTb pPeali30BaTh
MIPOMEXYTOUHbIE CTaOMIbHBIE cocTostHus. Mccneno-
BaHUsI ToMeHHO# cTpyKTypbl CD GapwepoB B CTII,
MEMOHCTPUPYIOIIUX MHOTOYPOBHEBBIE COCTOSIHMUS,
MO3BOJISIIOT OOBSICHSITh UX BOBHUKHOBEHUE CJIEAYIO-
M obpasom. Ilepexmouenne CTII u3 cocrostHus
OFF (BbicokooMHOe) B cocTosiHue ON (HM3KOOMHOE)
MIPOVICXOIUT TIPY 3aJaHHOM 3HAYCHUU TTPUIIOXKESHHOTO
9JIEKTPUYECKOIO MOJisI, COOTBETCTBYIOLIEIO KO3PIIU-
TuBHOMY noyito CH. TIpu 3TOM HamnpaBieHUE TTOSIPU-
daumn no Bceit mowmaan CTII mepexkmovaeTcs Ha
MpoTUBOIoJoXHOe. Eciiu B mociieayonmx Hukiax ne-
PEKITIOUeHUS] K CTPYKTYype TIPUKJIAIbIBAaTh HaIlpsoKe-
HUE, MEHbIIIE YeM TO, IIPU KOTOPOM CTPYKTypa Iepe-
kmogaercs 1o Bcer mromanu CTII, To n3MeHeHme
HarmpapjeHUs MOJISIpU3alMu OyneT Hab I0maThCs JUIIb
B ompeneneHHbIX obiacTax CTII. "[lepekmoyeHHBIE"
00JIaCTU MPeACTaBIsIIOT o000l cTabuabHbie CD noMe-
HBI, B KOTOPBIX MOJIIPU3aIs N3MEHIIIA HaTIpaBJIcHHe
Ha IIPOTHUBOTIOJIOXKHOE IO AEHCTBHEM 3IEKTPUYECKO-
ro nojigd. B 3aBUCMMOCTH OT 2JIEKTPUYECKOTO TOJS,
MPWIOKEHHOTO K CTPYKTYpe, yAaeTcs IepeKIiovaTh
pasHble 1o mouaau obdjaactu CO Gapbepa. [1pu aToM
conpotusieHus CTII onpenensitoTcsi COOTHOIIEHUEM
YyuciIa JOMEHOB C ONHUM HarpaBieHUEeM MOJsIpyU3aluu
K YMCJIY JOMEHOB C IIPOTUBOTIOIOKHEBIM HaIIpaBJIeHM -
eM nossipuzauuu. B kadectBe momenu takux CTTI
npeajaraeTcsi pacCMaTpMBaTh JIBa MapaieIbHO BKIIIO-
YEeHHBIX CONMpPOTHBIIeHUs (puc. 6). OQHO U3 HUX ONU-
chIBaeT compotusiieHue dpakunu CHD gJ0OMEHOB () ¢




Puc. 6. Ynpomennas cxema conporusienusi CTII, xorga nomensi ¢
Pa3HbIMH HANPABJIEHUAMH NOJISIPH3ALMH PACCMATPHBAIOTCA KaK ma-
pajuIeNIbHO BKJIIOYEHHBbIE CONMPOTHBJIEHUs (B cooTBeTcTBHH C [7])
Fig. 6. A simplified representation of the resistance state of FTJ, when
the domains with different orientation of polarization are considered as
the resistances connected in parallel (in accordance with [7])

MOJISIpU3alIMEN, HANTPABJIEHHON K BEPXHEMY 3JIEKTPO-
1y cTpykTypsl (RT), Ipyroe — cOOTBETCTBYET COIPO-
TUBJICHUIO JOMEHOB C IMPOTHUBOIIOJOXHBIM HaIlpaBJie-
HueM nosstpusaiuu (RY). B 3Tom ciydae conpoTus-

1 _ s 1-s
nenue CTII (R) onpenensieTcs: Kak RRT + R
B pabore [32] ObIJ10 ITOKa3aHO, YTO COIPOTUBJICHU -
eMm CTII MoxXHO ynpaBisiTh, HE TOJIbLKO MEHSsISI HaIpsi-
JKeHUe, PUKJIaabiBaeMoe K CTPYKTYpe, HO I BApbUPYS
yuciao (ot 1 1o 250) win nauTeabHOCTD (B 1Mara3oHe
10...200 HC) MMITyIbCOB HAMPSDKEHUS TMEpeKIoue-
HUd. Jmama3oH IIaBHOTO M3MEHEHUSI COIPOTHUBIIC-
Hust CTII coctaBuia aBa nopsiaka. Ha ocHoBaHuu 1o-
JIyYEHHBIX B 3TOH paboTe MaHHbIX ObLI MpPemioXeH
MTOAXO, TTO3BOJISIIONINI CBSI3aTh KWHETUKY 00pa3oBa-
Hus 1 pocta COD gomeHOB ¢ cornporusiienneM CTII.
IIpu 3TOM &I ONMMCAaHWST KWHETUKU TIePEeKITIOUCHMS
CD nomeHOB B 6apbepe rcnoJib3oBaiachk Teopust Kos-
MoropoBa — ABpamu — HMimmbaim (KAW) [33]. Uc-
noyjb30BaHue JoMeHHo# Teopun KAW mompaszymena-
€T, UTO KMHeThKa pocta CD goMeHa onpenessieTcs He
npoiieccom oopazoBanus CD 3apojabiiia (HyKjieaus),
a JlaTepajJibHbIM POCTOM 00pa3oBaBLIErocsl TOMeHa.

TexHoJOrH4ecKue acneKkThl BbIpaliuBaHuA
CCTHETOJJICKTPHYCCKHUX TYHHECJ/IbHBIX NMEPEXO0I0B

OCHOBHBIM METOJOM POCTa TOHKOIUIEHOYHBIX MHO-
TOKOMIOHEHTHBIX KHCJIOPOACOAEPKAIIUX CEerHeTOo-
BJIEKTPUKOB SIBJISIETCSI METOA MMITYJIbCHOT'O JJa3€PHOTO
ocaxnenus (MUJ10). UJIO obecrnieymBaeT MOTOK 4Yac-
iy B quanasoe 0...102 5B, 4TO MOKpHIBaET AManas3o-
Hbl SHEPIUid TPOLIECCOB MOCIOMHOI0 poCcTa IJIEHKU U
SIUTAKCUAJILHOTO POCTa U MO3BOJISIET MOJydYaTh TOH-
KOIJIEHOUHbIE 00pa3libl BLICOKOTO KayecTBa (SMUTaK-
CUajibHble TIJIEHKM MPU COOTBETCTBUMU MapaMeTpOB
pellIeTOK OCaXIAEMOIro MaTepuasia M MOMJOXKH, Bbl-
cokasi anaresuvsi 0e3 TMOBPEXACHUSI MOBEPXHOCTU TIOJI-
JIOXKKHW U IIepeMellBaHKs c10eB). Bo3MOXHOCTh M3Me-
HEHUSI ¥ KOHTPOJISI TeMIIEpaTyphl MOMJIOXKH, TaBICHUS
B KaMmepe, CKOPOCTH pOCTa TUIEHKH, a TakKKe HaryckKa
PEaKTUBHBIX TA30B B KaMepy B MPOLIECCE OCAKACHUS

MO3BOJISIET 00ECIIeUnBaTh HY>KHBIM pPexkMM pocTa 00-
pasuos. CkopocTh pocta cocrasiser 0,05...0,5 A 3a
HWMITYJIbC, YTO TO3BOJISIET C BHICOKOM TOYHOCTBIO OIT-
peaeasaTh TOJIIMHBI ocaxaaeMbix cioeB. ToniuHa CD
IJIEHOK, KaK IMPaBUI0, KOHTPOJIUPYETCH in Situ B TIPO-
1iecce pocta METOI0M AUMpPaKIIMKU OBICTPBIX JEKTPO-
HOB, C TOYHOCTBIO IO OOHOM 3JIEMEHTAPHON SAYEUKU.
TexHonorus BbipalliMBaHUsl CBEPXTOHKMX CD IMIeHOK
XOpOIIO OTpaboTaHa, OCHOBHbIE YCUJIUSI HA JAHHBIN
MOMEHT HAIIPaBJISIOTCSI Ha TTOUCK CITOCO0O0B, TTO3BO-
JISIOIIMX TEM WM MHBIM CIOCOOOM yBeIMYUTh TOC
CTII. ITockoibKY OCHOBHBIMU MTPUYMHAMU, IPUBOISI-
IIUMHU K nepekiaodeHuto conpotusieHus B CTII npu
W3MEHEeHWUUW HalpaBjeHUs TOJsIpu3aliu, sBISIOTCS
aCUMMETPUYHOE paclipefesieHue 3JIeKTPOCTaTUYECKO-
ro MoTeHlnaaa BAOJb CTPYKTYpbl U U3MEHEHHUE TOJI-
wuHel CO Oapbepa, Ipeamnosaraercs, 4ro, Moaudu-
LIMPYSI TEM WJIM UHBIM CTIOCOOOM CBOMCTBA MHTEpdeii-
coB CD/amekTpoa, MoxXHO TTOBEICUTh TOC. B pabote
[36] mpoBemeHO B3KCIIEPUMEHTAJIBHOE MCCJICIOBAHME
BJIMSTHUSI MaTepuajia BEpXHEro 3JIeKTpoja Ha CBOMCTBa
CTII na 6ase BiFeO5. B xauecTBe BEpXHETO 2/1EKTPOIA
B CTII na 6aze BiFeO; ¢ HMXHUM 3]€KTpOIOM U3
Cay 96Ceg 04MnO3 ucnonszosancs W, Co, Ni u Ir.
bruto mokaszaHo, 4yTo BbICOTa Oapbepa yBeIUUMBACTCS
C yBeJIMYEHHWEM pPaOOThI BBIXOAA MeETajsla BEPXHETO
ajiekTpoaa. HecMoTpsi Ha TO YTO MCMOJb30BAHUE ME-
TaJIJIOB ¢ 60JbllIeil paboTOl BbIXO/A MTO3BOJSIET MOBbI-
cutb TOC, 3TO NPUBOAUT K YBEJIMYEHUIO HATIPSIKEHUST
nepexmoyeHuss CTII, yTo MOXeT MOCAYXUTbh MPUYK-
HOI1 ObICTpOIi gerpamanuu cioss CH.

B pabote [8] mpemiaraercs B Ka4yecTBE BEPXHETO
3JIEKTPOAA UCIIOIb30BaTh CUJIBHO JIETMPOBAHHBIN TMO-
JIYIIpOBOAHUK n-TuMNa (puc. 7). B aToMm ciyyae npu me-
PEKTIOYEHUM MOJIIPU3AILMU B CETHETORJIEKTPUKE OY-
JIeT U3MEHSThCS LIMpUHA OGapbepa 3a cueT 00eaHEeHUS
WX O0OTOIIEHUSI IPUKOHTAKTHOM 00JIaCTH MOIYIIPO-
BOJIHMKA OCHOBHBIMU HOcuTeIsIMU 3apsiaa. [1pu oben-
HEHMU TPUKOHTAKTHON 00JIACTH TIOJYIPOBOIHUKA
OCHOBHBIMHU HOCHUTEJISIMM 3apsia Ha rpaHuie CO/mo-
JIyIIpoBOAHUMK oOpa3syetrcsa Oapbep IllorTku. JlaHHBIH
MoaXo Mo3BoJWI MoBbIcUTh TOC Ha ABa Mopsiika B
CTII, roe B kauectBe CO Oapbepa MCMOJb30BAJICS
BaTiO;.

Hpyroii HMHTEPECHbI MOAXON K IOBBILIEHUIO
ypoBHs1 TOC npuBogutcd B pabote [34], B KOTOpoOi
MOKa3aHo, UTO MEePEeKIIOYCHNE TIOISIpU3alNU B CI0E
CO unaynupyeT (as3oBblii Mepexo] H30JSITOp/Me-
TaJUl B CBEPXTOHKOM cyioe Laj sCay sMnO; cTpykTyphl
Lay 7St sMnO;3/Lag sCag sMnO; (0,8 Hm)/BaTiO,/
Lag Sy sMnO5. Ha ¢asoBoii nuarpaMme MaHraHura
nanTaHa Kantbims La,Ca,_,MnO; Npu HU3KMX TeM-
neparypax x = 0,5 cOOTBETCTBYET T'paHUIIEC MEXIY Me-
Tajumueckor deppomarHutHou (x < 0,5) u aHTUdep-
pPOMarHUTHOM auasnekTpuyeckoin (x > 0,5) dazamu.
ITpu nepexmoyennn nonsipusauuu B BaTiO5 mpoucxo-
JIUT obeHeHre JTMO0 o0orailleHue HOCUTEISIMU 3apsiaa
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Hoctu CH. B pabGore [37] mokasa-

\\

Puc. 7. Cxema usmenenus Toamunbl COD 0apbepa npH MCHOJb30BAHMM B KAYECTBE OJHOIO

u3 aekTponos CTII moxynpoBoannka (B coorsercTBum ¢ [8])

Fig. 7. Scheme of the thickness changes of FE barrier in case, when a semiconductor is used

as one of the FTJ structure electrodes (in accordance with [8])

(B maHHOM ciydae nbipkamu) ciost Laj sCay sMnOs,
YTO SKBMBAJCHTHO CIBHMTY Ha (ha30BOit ’m/[arf)aMMe B
obmactb x < 0,5 nnm x > 0,5. CorylacHO MOJyYeHHBIM
B paboTe 3KCIepUMeHTaIbHBIM pe3yjabTaTaM Mpeaio-
KEeHHas KOHLENUUs Mo3BoJsieT yBenquuuth TOC Ha
IIBa TIOpsIIKA TIPY HU3KUX TeMIlepaTypax.
ITpuBnekaTeIbHON TPEACTABISIETCS Uaes yIIpaBiie-
Hus cBoiictBamu CTII myTem HampaBjleHHOIo co3ia-
HUSI MOHOMOJIEKYJISIDHBIX cJioeB Ha rpanuie CH 6a-
pbep/3JeKTPO A MoJydyeHus: uHTepdeiica ¢ 3apa-
Hee 3aJaHHBIMU CBOMCTBaMU. Ecii ydecThb, 9YTO YMCII0
MOJIEKYJI, pa3nyaloluxcs 1Mo pasmepam, dopme, au-
MOJIbHOMY MOMEHTY U APYTMM CBOMCTBaM, 10CTaTOYHO
BEJMKO, MOXXHO TIPEATNOJIOXUTh, YTO JAHHBIM MOIXO.
B Cjlydyae YCMEUIHOW peaau3alliy MO3BOJUT BapbUpO-
BaTh cBoiictBa CTII B mmpokoM auamnasoHe. OgHaKoO
B HACTOSIIIee BPeMsl MOJYUYUTh CTAOMIbHBIA MOJIEKY-
JIIpHBINA cioli Ha moBepXHOCTU CBOD B HOPMaJIbHBIX
YCJIOBUSIX TTOKA HE yIaeTcsl M3-3a HaJUYMsl MOBEPX-
HOCTHOTO ajcopOara, yallle BCEro MOJEKYJ BOJIbI,
BCJIEACTBUE YeTO BO3HMKAET HEOOXOAMMOCTh IMMOMCKA
Croco0OB CcTabWIM3aluu MOJIEKYJISIPHOTO CJIOSI 3a
CYEeT M3MEHEHUsI CBOMCTB BepxXHero sekTpona. OmnHa-
KO BEPXHUI BJIEKTPO/I, KaK MpaBUJIO, OCaXkKAaeTCs B yC-
JIOBMSIX BaKyyma, YTO MIPUBOIUT K JeCOPOLIMU MOJIe-
KyJisipHOro cjiosi. B pa6ote [37] npencraBieH croco0,
TMO3BOJISIONIAN BBOAUTHh MOJIEKYJISIPHBIN CJIOM Ha Tpa-
Huny CBO/31eKTpo Mpu UCHOJIb30BaHUU TpadeHa B
KauecTBe MaTepuaja 3JieKTpoja. AKTUBHBIE HCCe-
JIOBaHUS 1O TIPUMEHEHMIO IpadeHa B COBPEMEHHBIX
(YHKUMOHAJIBHBIX YCTPOMCTBAX Ha 0a3e CerHeTod/eK-
TPUKOB — CETHETORJIEKTPUUECKMX TTOJIEBBIX TPaH3UC-
TOPOB, BEAYTCS yXKe nocTtaToyHo maBHO [38—40]. Oc-
HOBHO€ BHMMAaHWE B 3THX MCCIETOBAHUIX YICIICTCS
MPOBOIUMOCTHU I'pacheHa B IJIOCKOCTU UHTep(derica ¢
C3. B CTII npeanaraercsl UCIOJb30BaTh MPOBOIU-
MOCTh rpadeHa B MEPHEHIMKYISIPHON IJIOCKOCTH.
IMTockonbKky rpadeH JIeTKo IPOHMIIAeM JIJIsI MHOTMX Ta-
30B U XuakocTeil [41—43], ero MOXHO MCHOJIb30BaTh
JUJI CTaOMJIM3aluKd MOJIEKYJISIDHBIX CJIO€B Ha MOBEPX-

200

JIEKYJISIDHOTO CJIOSI aMMMaKa.
ITomumo yBenuueHust TOC Bax-

! = Co H ¢ nony- + o =[EX nony- ! .

[l meTann = > 1 & NpOBOAHWMK Merann 1« LINPOBOAHMK| | HO, YTO CJIOM MOJIEKYJ aMMWUaxa,
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| / | et mnosbicuth TAC 10 6-10° %.
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HBIM C TOYKH 3PEHMS MOCICIYIOIeH
MHTETpaliu B YCTPOICTBA SHEPTrOHe-
3aBUCHMOM TTaMSITU SBJISIETCS BO3-
MOXHOCTb MHUHHUATIOpU3ALMHU Jia-
TepanbHbIX pasmepoB CTII. [lns
HUCCIENOBaHUS MacIITabMpyeMOCTH
CTTI B 1esx ux gajbHENIIEH NHTErpallii B YCTPOMCT-
Ba SHEProHEe3aBUCUMOI IaMsITU B pabote [44] udyua-
Jach 3aBUcUMOCTb TOC OT pazMepa BEpXHEro 3JeKT-
pona. lns storo B crpykrypax Co/BaTiO3/SrRuO;
ObLIU C(hOPMUPOBAHBI BEPXHUE JICKTPOIbI C pa3Mepa-
MU OoT 3 X 3 Mkm a0 200 x 200 oM. BHe 3aBucumMocTU
OT pa3Mepa BepXHEro 2JIeKTpoaa Haboaaauch ahhex-
Thl, cBsI3aHHble ¢ TOC, Mpu 3TOM cpenHee 3HauYeHMe
TOBC paBusocs 1,5 ¢ 10% %. CienyeT ynoMsiHyTb O He-
0OJIbIIIOM YKCJie HaOMI0AaeMbIX LIMKJIOB MepeKoye-
HuUs cornpotuBieHus: (Bcero 20) misi MccienyemMon
CTPYKTYpHI. JIaHHOE 00CTOSATEABCTBO OBLIO OOBSICHEHO
ocobeHHocTamu uHTepdeiica BaTiO;/SrRuO5. B pa-
6otre [7] OBUIO MPOAEMOHCTPUPOBAHO MEPEKIIOYE-
Hue ypoBHs TOC Ha yeTbipe MopsiiKa B CTPYKTypax
Co/BiFe03/Cay 96Ce( (4MnO; ¢ nnameTpom BepxHe-
ro ssnekTpoaa 180 um. I[Iposgsienne appexkra TOC Ha-
omopanock u B CTII na 6asze Ag/BaTiO;/SrRuO;, B
KOTOPBIX pa3Mep BEPXHETO dJeKTpoa COCTaBIsLI BCe-
ro 20 um [35].

OTaenbHO paccMaTpUBAIOTCSI BOIPOCHI, CBSI3aH-
Hele ¢ maTerpauueit CTII B yXe cylIeCTBYIOLIYIO TEX-
Hosiorno. OCHOBHBIM TIPETSTCTBUEM UISI 3TOTO SIB-
JISIeTCA WCIOIb30BaHNE B KaueCTBe HUKHETO DJIEKT-
poma mist CTII cnoxHbix okcumoB. B pabore [45]
ObLJIO MOKAa3aHO, YTO M3-3a YXYALIEHWS IPOBOIMMOCTU
Lag 7510 33MnO; npu peakTHBHOM MOHHOM TpaBJe-
Huu B Cl, miasme, HeBO3MOXHO UHTerpuposath CTII
C HUXHUM BJIEKTPOJIOM M3 3TOro matepuaia. B atom
CMBICJIE UCTIOIb30BaHNE B KAUECTBE MaTepralia HYKHE-
ro snektpona SrRuQO;, He MEHSIOILETO CBOMX CBOMCTB
Ha BCeX TEXHOJOTMYECKHUX DTarax, SBISeTCS Tpei-
MMOYTUTEILHBIM [46]. BepxHue 371eKTpoabl U3 KOOahb-
Ta MO3BOJISTIOT CTAOMIM3MPOBATh COCTOSTHUE TTOJISIPU-
3auuu B CD Gapbepe [32, 47]. B padore [24] neMoHc-
TpupyeTcsi Bo3MOXHOCTh co3faaHus CTII ¢ HuXHUM
9JIEKTPOIOM M3 MeTajyia. B KauecTBe MeTayaa mpes-
JlaraeTcsl MCIOJIb30BaTh IJIATUHY KaK WHEPTHBIN Ma-
TepHuaj ¢ MapaMeTpoOM PEIIeTKH, OJIM3KUM K TTapaMeT-
py peutetku BaTiOj.




IIpumMeHeHMe CerHETOAJEKTPHIECKNX
TYHHEJIbHbIX TEPEX00B

BosmoxHocTs MacmitabupoBanus CTII no pasme-
POB €IMHUII HAHOMETPOB, a TaKXKe MHTEIPUPYEMOCTh
B Y€ CYIIECTBYIOIIYIO TEXHOJIOTHIO TTO3BOJISIOT pac-
CUMTBHIBATh Ha YCHEIIHOE MX HCIOJIb30BaHUE B YCT-
poiicTBaX SHEProHe3aBUCUMON MaMsITU BbICOKOM TUIOT-
HoCcTU. EAMHCTBEHHOE OrpaHMYeHHE, 0 KOTOPOMY
CTII Ha cerogHslIHMI AeHb ycTymailoT FeERAM —
9TO YMCJIO LMKIIOB IMepekaoyeHus. B 0onbIIMHCTRE
pabot nokazaHo, yto CTII neMOHCTpPUPYIOT YCTOM-
YyMBOE MepekiadyeHue B TeueHue 10°, B To Bpems
Kak FeRAM ¢ eMKOCTHBIM INPUHIMUIIOM CYMUTHIBA-
HUS MHOPMAIUU CTAaOUJIBHO paboTaeT Ha MPOTSXKe-
Huu Gosee yem 10'* umkmos [49, 50]. B paGote [48]
MPUBEIEHBI PE3yIbTaThl MCCIENOBAaHUS HAJACXKHOCTU
u ycroiluuBoctu mnepekiaoueHusi CTII Ha mpumepe
Co/BiFeO5/ CaO’96CeO’O4MnO3 CTPYKTYPBI, B KOTOPOH
obuta chopmupoBaHa MaTpulia U3 50 BepXHUX BJIEKT-
POAOB CYOMUKPOMETPOBOIO pa3mepa. bblio mokasaHo,
yto BbeIXOH ToaHbix CTII cTpykTyp B Takoii maTpuiie
cocraBwi 90 %. Ymanoch yBeJIMYUTb YUCIO IIMKIJIOB
MepekIoYeHust ao 4 + 109. IIpu 3ToM, cornacHo mpo-
BEJICHHBIM OLIEHKaM, COCTOsAHME ¢ Ry .. 1 Ry, co-
xpaHsetcs g0 10 net. B aToli xke padboTe B KauecTBe OC-
HOBHOI MPUYMHBI CPABHUTEIHHO HEOOJBILIOTO YHCIIa
uukioB nepexiroyeHuss CTIT ykasbiBaeTcst He aerpa-
naius CO cBOMCTB TYHHEJbHOTO O0apbepa, a MUHHUHT
JIOMEHHO# cTeHKHU B HeM. [Ipenmonaraercs, 4To MUH-
HUHT JTOMEHHOW CTEHKHU IMPOUCXOAUT Ha NeceKTax B
CD meHke, TaKUX KakK KUCJIOPOAHbIe BaKaHCUU. Cun-
TaeTcs, 4YTO IPU MEPEeKTIOYEHUSIX COMPOTUBICHUS
MPOVCXOAUT OOpa3oBaHKe U MUTPALMST KUCIOPOIHBIX
BakaHcuii B CD TyHHeJIbHOM Oapbepe, YTO MPUBOIUT
crepBa K HEOOXOIMMOCTU YBEJIUUECHUS HATIPSIKEHMS
nepexinoyeHust CTII, a 3atem K AecTaOuan3alnyd HU3-
KOOMHOTO COCTOSIHUA (R;, ;). B KauecTBe BO3MOXHBIX
CITOCO0O0B, TTO3BOJIIONINX 3aMEIJTUTh MUTPALIMIO KHUC-
JjoponHbIX ITedekToB B CHD Oapbepe paccMaTpuBaeT-
ca BapuaHT JiernpoBanus BiFeO; santanom wnam
HUOOUEM.

Bo3moxHocTh KoHTpoaupyemoro cozgaHus B CTII
MIPOMEXYTOYHBIX MEXAY Ry, U Ry, cocTodHuii 3a
cueT M3MEHEHUsI TOMEHHOM CTpyKTyphl CO 0Oapbepa,
OTKPBIBAIOT OTPOMHBIN MOTEHIIMAJ UX UCTIOJIb30BAHMS
B MCKYCCTBEHHBIX HEMPOHHBIX CETSIX B KAUECTBE DJIEK-
TPOHHOI'O 9KBUBaJIeHTa cMHarica. B aToM ciyyae MHO-
TOYPOBHEBOCTb MOXHO paccMaTpuBaTh KaK OCHOBY
IUISL peanu3alliM MeXaHu3Ma CHUHAINTUYeCKOH Iuiac-
TUYHOCTH, T. €. UBMEHEHMS] YYBCTBUTEJIbHOCTU CUHATII-
ca. UMeHHO cuHanTuyeckas riacTU4HOCTb B HEMPOH-
HBIX CETSIX OTBEYAET 3a PeaIM3alvIo MaMsITU U o0yJe-
Hus. [Ipu 3TOM MexaHU3M, JiexXallluii B OCHOBE CH-
HaNTUYECKOW TJIACTUYHOCTHU, OMMCHIBAETCS MOJEIbIO
STDP (spike-timing-dependent plasticity). STDP-Mo-
JieJb Toapa3yMeBaeT M3MEHEHUE YYBCTBUTEIbHOCTHU

CHHAIICa B 3aBUCHUMOCTH OT BPEMEHHOI IOCienoBa-
TEJIbHOCTU 3JEKTPUYECKMX MMIIYJIbCOB (CIAKOB),
OPUXOASIIMX OT IPYyrux HeHpoHOB. B psine pabot Obl-
JIO TIPOIIEMOHCTPUPOBAHO, YTO HAa OCHOBE CTPYKTYD,
MePEKITIOYAIOIIMXCS MEXIY IBYMSI CTAaOWIBHBIMU CO-
CTOSTHUSIMU, MOTYT OBITh peaju30BaHbl MCKYCCTBEH-
Hble HEMPOHHBIE CETH, B KOTOPBHIX YCWICHHE CUHAIl-
TUYECKOM CBSI3U PeaTu3yeTcs] HU3KOOMHBIM COCTOSTHU -
€M CTPYKTYpbI, a BHICOKOOMHOE COCTOSIHUE OTBeYaeT
3a ocjabjieHue CUMHANTUYEeCKOU cBsI3u. TeM He MeHee
JUISI UHTErPpAlluM B UCKYCCTBEHHbIE HEUPOHHBIE CETH
CBOMCTB CHMHANTUYECKON TUIACTUYHOCTU Heobxoauma
BO3MOXHOCTb KOHTPOJMPYEMOTO M3MEHEHUSI COIMpO-
TUBJIEHUSI CTPYKTYPhI B IIMPOKOM Arana3oHe. Ycnell-
HO€ NpPUMEHEHHE MHOTOYPOBHEBBIX MEMPHCTUBHBIX
cocrostHuii CTTI g5t MmomenupoBaHust pabOTHl CHHAT -
ca OBIJIO TIPOAEMOHCTPHUPOBAHO B paboTe [23] Ha Ga3e
Co/BiFeO3/Ca 96Ce( 04MnO; cTpyKTYpEI.

3akimoyenue

B CTII HabmiogaeTcsl KOHTPOJIUPYEMOeE TMePeKIIIO-
YeHUE COMPOTUBIIEHUS 3a CUET U3MEHEHMST COCTOSTHUS
MoJiIpu3aluunu B cBepxToHKoi CO rueHke. PazHuua
MEXIy BBICOKOOMHBIM M HHU3KOOMHBIM COIPOTUBJIE-
HUSMU CTPYKTYPbl MOXET JOCTUraTh YEThIPEX MOpPsII-
KoB. HamnpapiieHHOe u3MeHeHUe CBOMCTB MHTepderica
CB mnenka/aaektpon B CTII mo3BojisieT yBeJIUYUTD
JMana3oH U3MEHEHUsT CONTPOTUBIIEHUSI CTPYKTYPHI 10
1IECTU TOPSIAKOB. JeMOHCTpUpPYEeTCsS BO3MOXKHOCTD
CO3MIaHUSI CTAOUJIbHBIX MPOMEXKYTOUHBIX (MEXIY BbI-
COKOOMHBIM M HU3KOOMHBIM) COCTOSIHUM, TaK Ha-
3bIBaeMasi MHOTOYPOBHEBAasi MEMPUCTUBHOCTD, 00yC-
JIOBJIEHHBIX KOHTPOJUPYEMBIM M3MEHEHHEM JOMEH-
Hoii cTpykTypbl CO miueHku. Conporusienne CTII B
3TOM CJiy4yae omnpejaesieTcs KWHeTukoi pocta CO no-
meHoB. M3meHsTh conpoTtuiieHne CTII moxHoO, me-
HsIs1 IMOO aMIUIMTYAY MPUKJIaAbIBaeMbIX K CTPYKType
HUMITYJIbCOB HANIPSIXKEHMS, JIMOO ux uncio. JlaHHoe 00-
CTOSITEILCTBO MO3BOJIsIeT Mcnob3oBaTh CTTI B KauecT-
Be aHajora cuHarca B HeiipoMopdhHbIX ceTsax. bonee
toro, CTII moka3nBalOT OBICTPBIE CKOPOCTHU IIepe-
KimoueHus conpotusieHus (~10 He). CoriiacHo npo-
BEIIEHHBIM OILIEHKAM COCTOSITHUSI C 3aJaHHBIM YPOBHEM
COMpPOTUBJIEHUST MOTYT XpaHUThcs 10 10 net. IIpouecc
cuntbiBaHus cocrossHus CTII He sBasieTCs OeCTPYK-
TUBHBIM. H13Koe 3HepromnorpedieHne, BO3MOXHOCTD
MacilTabupoBaHUs 0 €AVMHUI] HAHOMETPOB, a TaKXKe
COBMECTMMOCTb C CYLIECTBYIOLIMMM TE€XHOJOTUSIMU
MMKPO- U HAHORJIEKTPOHUKHU, TTO3BOJISIIOT pacCMaTpu-
Batb CTII B KayecTBe IepCHEKTUBHOrO KaHauaaTa
COBPEMEHHOI 3HeproHe3aBucumon mamsatu. K Hemo-
cratkam CTII Ha ceromHsIIHUIA JeHb OTHOCUTCS OT-
HOCUTEJIbHO HEeOOJIbIIIOE YMCIO LIMKIOB MepeKiioye-
HUsI CONpOTUBAeHUs. TeM He MeHee BeAeTCsl aKTUB-
HbII MOMCK CIIOCOOO0B, MO3BOJISIONIMX YBETUYUTh UMC-
JIO IIMKJIOB MEPEKITIOYEHMSI.
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Paboma no o630py ¢puzuueckux npunuyunoe CTII 6o~
noaHena npu uxancosoll noddepiicke epanma Ilpe3uden-
ma Poccutickoii Dedepayuu ons eocyoapcmeeHHol noo-
depacku Moa00bix poccutickux yyenoix MK-7005.2016.8;
paboma no aHaiu3y MexHoN02UHeCKUX ACheKmog npume-
nenuss CTII evinosnena npu puHarcosoil nodoepicke
Munucmepcmea obpasosanus u nayku Poccuiickoi @e-
depayuu (epanm No 16.2873.2017/4.6).
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Introduction

In a certain temperature range the ferroelectric materials
possess a spontaneous polarization oriented in two or several
directions. In absence of the external fields the phenomenon
of the spontaneous electric polarization is explained by the
structure of a crystal cell of the ferroelectric (FE) materials,
namely, absence of the centre of inversion, i.e. asymmetry of
the arrangement of the atoms in an elementary cell (fig. 1).

The orientation of the spontaneous polarization can be
changed under electric field application. The property of FE
to keep the residual electric polarization allows us to use it as
the environment for the storage of information.

One of the technologies, employing the FE materials for re-
cording and storage of the digital information, is the FeRAM
technology (ferroelectric random access memory) [1, 2]. It is
based on recording of the logical "0" and "1" by polarization
of the FE layer (with thickness of 100 nm) in the capacitor in

a set direction or opposite to it by means of the external elec-
tric field. The first FE memory integrated into a CMOS de-
vice was presented in 1987, and its capacity was 256 bits.
A mass production of FeRAM devices was begun in 1992.
Among the advantages of FeERAM are high speeds of record-
ing, big number of the switching cycles and low energy con-
sumption [3]. However, the further development of FeERAM
technology is limited by the transistor-capacitor organization
of the cell memory, which prevents with its scaling down to the
nanometer sizes and limits the data recording density by giga-
bytes. Other obstacle to a wide dissemination of the FeERAM
technology is the necessity to rewrite the information after the
reading process (destructive reading) [4]. With a reduction of
the thickness of the FE layer in the capacitor down to units
of nanometers, the conductivity of the structure grows,
which is caused by the appearing effect of the quantum-me-
chanical tunneling of the electrons through the FE barrier
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[5, 6]. The device, in which the tunnel-transparent FE layer
is located between the two electrodes, got the name of the
ferroelectric tunnel junction (FTJ). The tunnel transparency
of FTJ depends strongly on the state of polarization in FE,
and this effect was named as "tunnel electroresistance"
(TER). TER is defined by the correlation of FTJ resistances
in a high-resistance (Ry) and low-resistance (R,,) states as
TER = [(Ry — Ryn)/Ronl 100 % The value of TER can
reach 10* % [7, 8].

The physical concept of FTJ was introduced by Esaki back
in 1971 [9], however, during the subsequent 30 years it was
practically forgotten, because it was considered, that the fer-
roelectricity disappears, if the sizes of FE are below the crit-
ical levels. As a result of the early experimental research works
of the micro- and nano-sized crystalline particles of such FE
materials as NaNO,, PbsGe;0,,, PbTiO5, BaTiO3;, KNbO;
[10—14], the critical sizes were defined as 10—100 nm. How-
ever, the results of the later works concerning the FE thin-
film demonstrated that the critical sizes in the thin films dif-
fered strongly and could be limited by 3—4 elementary cells
[15, 16]. By the year 2000 improvement of the technologies
of synthesis of the thin films made it possible to experimen-
tally observe the phenomenon of switching of the tunnel elec-
troresistance in the ultrathin FE films [17]. From that time,
the number of the research works devoted to FTJ, considered
as an alternative to the non-volatile memory on the basis of
CMOS technology, has been growing. Among the advantages
of the use of FTJ in the devices of the non-volatile memory
are a nondestructive reading [8], an ultralow energy con-
sumption during reading [18—20], and a high density record-
ing [21].

In 2016 a device was demonstrated, which was based on
the completely integrated FTJ with the area of 300 X 300 nm,
the value of TER ~ 2.7 x 10* % and high density of the read
current of (75 A/cm2), which allows to expect the further re-
duction of the sizes of a cell [22]. In 2017 a paper was pub-
lished [23], in which FTJ was used as an electronic equivalent
of a synapse in an artificial neural network. The basic idea of
the research boils down to the fact that the resistance of FTJ
is defined by the correlation of the number of the FE do-
mains, with direction of the polarization towards the top elec-
trode of the structure, to the number of the FE domains with
the polarization in the opposite direction. Thus, by control-
ling the domain structure of the ultrathin layer of FE, it is
possible to control the variation of resistance of FTJ, at that,
the range of the variation is determined by TER.

The article is organized as follows, the first part of the ar-
ticle is devoted to the physical bases of FTJ, in the second part
the technological aspects influencing the properties of the FE
tunnel structures are considered, while the third part is de-
voted to the questions connected with application of FTJ.

The concept of the ferroelectric tunnel junction

FTJ scheme is presented in fig. 2. FTJ is a capacitor, in
which a ultrathin FE layer is used as a dielectric layer. How-
ever, unlike the FE capacitors, where the leakage current
worsens the characteristics of a device, the conductivity of
FTJ is its functional characteristic. At the heart of the work
of FTJ is the effect of tunneling of the electrons through the
ultrathin FE barrier, and also the dependence of the tunnel
current on the direction of polarization of FE. As it was pre-
dicted in [9], a change of polarization of the FE barrier under
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the influence of the electric field can influence the conduc-
tivity of the barrier and lead to switching of its resistance at
the values of the applied electric field, corresponding to the
coercive field of the ferroelectric. As the most probable factors
changing the conductivity of FTJ, we will consider 1) the pi-
ezoelectric effect, 2) the specific features of screening of the
polarizing charges on the ferroelectric/electrode interfaces.

In a simplified form, it is possible to present the influ-
ence of the piezoelectric effect on the properties of FTJ in
the following way: before switching the direction of the po-
larization (V < V) the piezoelectric coefficient d3; is
negative, because the applied field is directed oppositely
to the polarization P. After switching of the polarization
(V> Vo) the piezoelectric coefficient changes the sign,
which leads to an abrupt change of the width of FE barrier
by value 8¢ = 2|ds;|E, e, Thus, the width of the FE barrier
has a hysteresis depending on the applied voltage [24] (fig. 3).
The tunnel current depends on the width of the barrier and,
thus, it will vary, too, in case of switching of the polarization
of FTJ. The results of the theoretical calculations, done with-
in the assumption of the domination of the direct electronic
tunneling through the barrier, testify, that the mechanical
stresses arising in the crystal lattice due to the reverse piezo-
electric effect, lead to a variation of the /—V characteristics,
not only because of the change of the width of the barrier; but
also due to the change of the effective weight of the electron
and a displacement of the edge of the conductivity band [25].

Let us consider briefly the influence of the specific fea-
tures of screening of the polarizing charges on the FE/elec-
trode interfaces. Usually there are polarizing charges on the
surface of FE, which push away or attract the free electrons
from the electrodes.

In Thomas — Fermi approximation the length of the
screening of the polarizing charges is determined by the den-
sity of the electron states near the Fermi level. For metals the
screening length can be less than tenths of a nanometer; for
the semiconductors it can reach tens of nanometers, resulting
in an incomplete screening. In [26] it is demonstrated, that
the effective length of the screening in FTJ, in many respects,
is determined by the microscopic features of the FE/elec-
trode interface. Incomplete screening of the polarizing charg-
es leads to an additional contribution to the electrostatic po-
tential on the FE/electrode boundary (the positive one, if the
polarization is directed towards the boundary, and the nega-
tive one, if the polarization is in the opposite direction). Let
us assume that in one of the FTJ electrodes the polarizing
charge is screened more effectively (the left electrode, fig. 4,
see the 24 side of cover) in comparison with the other elec-
trode (the right electrode, fig. 4). The more is the length of
the screening, the greater is the contribution to the jump of
the electrostatic potential on the FE/electrode boundary.
Thus, the polarizing charges on the interfaces lead to an
asymmetric change of the distribution of the electrostatic po-
tential, length ways of FTJ, owing to the different effective
length of screening in the electrodes. With a change of the di-
rection of the polarization in FE for the opposite one, the
asymmetry of the distribution of the electrostatic potential
[25, 27] also varies. Thus, in the case, when the polarization
is directed to the left electrode, the average height of the bar-
rier turns out to be more than in the case, when the polari-
zation is directed to the opposite side.

In the most of the works concerning the research of the
FTJ properties the complex oxides are used as the bottom




electrode. This is connected with the fact that the growth of
the oxygen-containing FE films should be better implement-
ed in the atmosphere of oxygen or with the subsequent an-
nealing in oxygen, which is impossible without the influence
on the FE/metal boundary. Therefore, certain theoretical and
experimental works present the influence of the ionic dis-
placements in the oxide electrode structure on the efficiency
of screening of the polarization in it as one of the reasons for
an asymmetric distribution of the potential on the FE/"oxide
electrode" boundary [5, 28, 51]. The authors of those works
also assert that during switching of the direction of the polar-
ization in FE, a displacement of the ions occurs on the in-
terface with the oxide electrode, which leads to changes in the
hybridization of the atomic orbitals, and, as a consequence,
influences the coefficient of transparency of the barrier.

It is necessary to point out, that the asymmetry of the in-
terface areas in FTJ is not necessarily caused by different ma-
terials of the electrodes. The distribution of the electrostatic
potential can be influenced by such factors as "dead" (non-
ferroelectric) near-surface layers or the oxygen vacancies also
essentially influencing the functionality of the FE films. The
idea of the existence of the surface layer with its properties,
different from the volume of a film, was advanced in 1955
[29]. Change of the properties of the near-surface layer was
explained by the presence of a space charge near the surface
of FE, and the appearance of the charge was caused by the ox-
ygen vacancies [30]. We should also mention the assumptions
connecting the fatigue of the FE films with the redistribution of
the oxygen vacancies in them during the repeated switching.

Thus, an asymmetric distribution of the electrostatic po-
tential due to the nonequivalence of the FE/metal interfaces,
leads to a variation of the average height of the barrier for dif-
ferent directions of polarization in FTJ.

A direct tunneling of the electrons through the FE barrier
cannot be considered as the only possible mechanism of a
charge transfer in FTJ. The authors of the work [31] consider
three possible mechanisms of the electron transport and in-
fluence of the polarizing charges on them: direct tunneling
(DT), Fowler-Nordheim tunneling (FNT), and thermoelec-
tronic (thermionic) emission (TE) (fig. 5, see the 2™ gide of
cover).

It is obvious, that at the low voltages applied to FTJ, the
direct tunneling prevails, while at high voltages — the tun-
neling in accordance with the Fowler-Nordheim mechanism.
According to the done calculations, with an increase of the
width of the barrier, the contribution of the direct tunneling
decreases exponentially, and the mechanism of the thermi-
onic emission becomes dominating. The value of TER increas-
es during operation in a low-voltage mode (Vpc = 0.1 V) at
an increase of the width of the barrier [27, 31]. At a relatively
big width of the FE barrier, when a charge transfer is carried
out owing to the thermionic emission, the values of TER are
maximal, however, at that, the read current decreases con-
siderably. In practice it is extremely hard to distinguish the
contribution to TER of each of the possible mechanisms of
the charge transfer, because of a big number of the unknowns:
dielectric constants, lengths of screening, heights of the bar-
riers on the interfaces, effective weights of the charge carriers.
Indirect conclusions about the contribution of each mecha-
nism to the conductivity of the structure can be made on the
basis of the results of the studies of the temperature depend-
ences of /—V characteristics of FTJ. So, the current caused

by the thermionic emission, should depend strongly on the
temperature, unlike the current caused by the direct tunneling.

Multilevel memristivity in the ferroelectric tunnel junctions

In 2013 the works began to appear, which proved exper-
imentally a feasibility of a multilevel switching of the FTJ re-
sistance. Thus, in [7] it was demonstrated, that in the struc-
ture of Cagg4Ce 04MnO;3 (the bottom electrode)/BiFeO;

(4.6 nm — FE barrier)/Co — Pt (the top electrode) it was
possible to obtain a stable multilevel switching with a change
of the resistance of the structure by four orders. According to
the presented experimental results, between the high-resist-

ance (~109 Q) and the low-resistance (~104 Q) states of the
structure there is a possibility to realize the intermediate stable
states. Research of the domain structure of FE barriers in
FTJ, demonstrating the multilevel states, make it possible to
explain their appearance in the following way. Switching of
FTJ from the OFF state (high-resistance) to the ON state
(low-resistance) occurs at a preset value of the applied electric
field corresponding to the coercive field of FE. At that, the di-
rection of the polarization in all the area of FTJ is switched
to the opposite one. If in the subsequent cycles of switching
a voltage is applied to the structure, smaller than the one
causing a switch of the structure in all the area of FTJ, then
the change of the direction of the polarization will be observed
only in certain areas of FTJ. The "switched" areas are stable
FE domains, in which the polarization changed the direction
for the opposite one under the influence of the electric field.
Depending on the electric field applied to the structure, it is
possible to switch different by size areas of the FE barrier. At
that, the resistances of FTJ are defined by the correlation of
the number of the domains with one direction of polarization
to the number of the domains with the polarization in the op-
posite direction. As a model of such FTJ we suggest to con-
sider two resistances connected in parallel (fig. 6). One of
them describes the resistance of a fraction of the FE domains
(s) with the polarization directed to the top electrode of the
structure (RT), and another one corresponds to the resistance
of the domains with the polarization in the opposite direction
(RV). In this case the resistance of FTJ (R) is determined as:

1 _ s 1-s
R-RT T RL

In [32] it was demonstrated, that the resistance of FTJ can
be controlled not only by changing the voltage applied to the
structure, but also by varying of the number (from 1 to 250)
or duration (in the range of 10...200 ns) of the pulses of the
switching voltage. The range of a smooth variation of the re-
sistance of FTJ was about two orders of magnitude. On the
basis of the data received in this work an approach was of-
fered, allowing us to connect the kinetics of the formation and
growth of the FE domains with the FTJ resistance. At that,
for the description of the kinetics of switching of the FE do-
mains in the barrier the theory of Kolmogorov — Avrami-
Ishibashi (KAI) [33] was used. Employment of KAI domain
theory means, that the kinetics of growth of the FE domain
is determined not by the process of a FE domain nucleation,
but also by the lateral growth of the formed domain.

Technological aspects of growing
of the ferroelectric tunnel junctions

The basic method for growing of the thin-film multicom-
ponent oxygen-containing ferroelectrics is the method of the
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pulsed laser deposition (PLD). PLD ensures a flow of parti-
cles in the range of 0... 102 eV, which covers the energy ranges
of the processes of the layer-by-layer film deposition and the
epitaxial growth, and allows to receive thin-film samples of
high quality (when cell parameters of the film closely match-
ing to the substrate, high adhesion without a damage of the
substrate and hashing of the layers). A possibility of changing
and control of the temperature of the substrate, pressure in the
chamber, film growth rates, and also of introduction of the jet
gases into the chamber during the process of deposition allows
to ensure the necessary mode for growing of the samples. The
growth rate equals to 0.05...0.5 A per a pulse, which makes it
possible to determine the thickness of the deposited layers
with high accuracy. As a rule, the thickness of the FE films
is controlled in situ in the course of the growth by the method
of diffraction of the fast electrons with accuracy up to one el-
ementary cell. The technology of ultrathin FE films growth is
developed well enough, and at present the basic efforts are
concentrated on a search for the methods to increase the value
of FTJ TER. Since the principal reasons leading to the resis-
tive switching in FTJ at polarization reorientation are the
asymmetric distribution of the electrostatic potential along
the structure and variation of the thickness of the FE barrier,
it is expected, that due to the modification of the properties
of the FE/electrode interfaces it will be possible to raise TER.
In the work [36] the influence of the material of the top elec-
trode on the properties of FTJ based on BiFeO5; was experi-
mentally studied. W, Co, Ni and Ir were used as the top elec-
trode in FTJ structure based on BiFeO5 with the bottom elec-
trode from Ca 94Ce (4MnOs5. It was demonstrated that the
barrier height increased with an increase of the work function
of the metal of the top electrode. Despite the fact that the use
of the metals with higher work function allows us to raise
TER, it leads to an increase of the switching voltage of FTJ,
which can cause a fast degradation of the FE layer.

In [8] it is suggested to use a high doped semiconductor
of the n-type as the top electrode (fig. 7). In this case, switch-
ing of the polarization in a ferroelectric layer will cause var-
iation of the width of the barrier due to depletion or enrich-
ment of the near-contact semiconductor region with the ma-
jority charge carriers. In case of depletion of the near-contact
semiconductor region, the Schottky barrier is formed on the
FE/semiconductor boundary. The given approach allowed to
raise TER by two orders of magnitude in FTJ structure, where
BaTiO5 was used as the FE barrier.

Another interesting approach to the increase of the TER
level of FTJ structure is presented in [34], in which it is dem-
onstrated, that switching of the polarization in the FE layer
induces an insulator/metal phase transition in La, sCaj sMnO;
ultrathin layer of La().7Sr0.3MnO3/La0.5Ca0.5MnO3 (08 nm)/
BaTiO3/Lag ;Sr) sMnOj5 structure. In the phase diagram of
the lanthanum calcium manganite La,Ca;_,MnO; at low
temperatures x = 0.5 corresponds to the boundary between
the metal ferromagnetic (x < 0.5) and antiferromagnetic di-
electric (x > 0.5) phases. During polarization switching in
BaTiOj5 a depletion or enrichment of La, sCa; sMnOj layer
by the charge carriers (in this case, by the holes) occurs,
which is equivalent to a shift in the phase diagram to the area
of x < 0.5 or x > 0.5. According to the experimental results
received in the work, the proposed concept allows to increase
TER by two orders of magnitude at low temperatures.

An interesting idea is to control the properties of FTJ by
a controllable synthesis of the monomolecular layers on the
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boundary of FE barrier/electrode in order to obtain an inter-
face with the given properties. Taking into account, that the
number of the molecules differing by the sizes, forms, dipole
moments and others properties is great enough, it is possible
to assume, that in case of a successful realization the given ap-
proach will allow to vary the properties of FTJ structure in a
broad range. Now, however, it is still impossible to obtain a
stable molecular layer on the surface of FE layer at ambient
conditions, because of the presence of the surface adsorbate,
usually, the water molecules. This causes a necessity to seek
the ways of the molecular layer stabilization by changing the
properties of the top electrode. However the top electrode is
usually deposited in the conditions of vacuum, which leads to
desorption of the molecular layer. In [37] a method is pre-
sented, allowing to introduce a molecular layer on the
FE/electrode boundary using the graphene as the top elec-
trode material. The active researches in the field of graphene
application in modern functional devices on the basis of fer-
roelectrics — ferroelectric field transistors, have been con-
ducted already for quite a long time [38—40]. In these works
the special attention is paid to the in-plane conductivity of the
graphene at the interface with FE. In FTJ structure it is pro-
posed to use the out-of-plane conductivity of the graphene.
Since the graphene can be penetrated easily by many gases
and liquids [41—43], it is possible to use it for stabilization of
the molecular layers on the surface of FE layer. In [37] it is
demonstrated, that a layer of the molecules of ammonia, in-
troduced by means of the top graphene electrode, allows to
raise TER up to 6 x 10° %. In such FTJ structures a stable re-
sistive switching is obtained after ~4 X 103 cycles, which tes-
tifies the stability of the molecular layer of ammonia.

From the point of view of the subsequent integration into
the devices of the non-volatile memory, besides an increase
of TER, a miniaturization of the lateral sizes of FTJ is also
important. Within the framework of the research of the scal-
ability of FTJ with a view of their further integration into the
devices of the non-volatile memory, in the work [44] the de-
pendence of TER on the size of the top electrode was stud-
ied. For this purpose in Co/BaTiO3;/SrRuOj structures the
top electrodes with the sizes from 3 X 3 micrometers up to
200 x 200 nm were formed. Independently of the size of the
top electrode the effects connected with TER were observed,
at that, an average value of TER was equal to 1.5 X 104 %.
It should be mentioned a small number of the observable
cycles of resistive switching (20 in all) for these structures.
This circumstance was explained by the specific features
of BaTiO;/SrRuOj5 interface. The work [7] demonstrated
switching of the TER level by four orders of magnitude in
Co/BiFe03/Cay ¢sCe( 04MnO; structures with the diameter
of the top electrode of 180 nm. The TER effect was also ob-
served in FTJ on the basis of Ag/BaTiO3/SrRuQO3, in which
the size of the top electrode was only 20 nm [35].

The questions related to the integration of FTJ into the al-
ready existing technology are considered separately. The basic
obstacle for this is the use of the complex oxides as the bottom
electrode in FTJ structures. In the work [45] it was demon-
strated, that because of deterioration of the conductivity of
La 751 33MnO5 during a jet ionic etching in Cl, plasma, it
was impossible to integrate FTJ with the bottom electrode
made from this material. In this sense the use of SrRuO; as
the material of the bottom electrode is preferable, because it
does not change its properties at all the technological stages
[46]. The top electrodes from cobalt allow to stabilize the po-




larization in the FE barrier [32, 47]. In [24] the design of FTJ
structure with the metallic bottom electrode is presented. As
the metal it is proposed to use platinum, because it is an inert
material with the parameter of the lattice close to the lattice
parameter of BaTiOs.

Application of the ferroelectric tunnel junctions

A possibility of scaling of FTJ down to the sizes of units
of nanometers, and also their integrability in the already ex-
isting technology allow us to expect their successful applica-
tion in the devices of the non-volatile memory of high density.
Today the only limiting parameter by which FTJ structures
concede to FeRAM is the number of the switching cycles. In
most works it is shown, that FTJ demonstrates steady switch-
ing during 103 cycles, while FeRAM with its capacitor prin-
ciple of reading information works stably during more than
10' cycles [49, 50].

In [48] the results are presented of the research of the re-
liability and stability of switching of FTJ on the example of
Co/BiFe03/Ca 9¢Ce( (4MnOj5 structure, in which a matrix
was formed from 50 top electrodes of the submicrometer size.
It was shown, that the yield ratio of the FTJ structures in such
a matrix was equal to 90 %. The number of the switching cy-
cles was successfully increased up to 4 X 10°. At that, accord-
ing to estimates, the state with R, and R, is preserved for
the period up to 10 years. In the same work as the principal
reason for a relatively small number of the switching cycles of
FTJ they named not a degradation of the FE properties of the
tunnel barrier, but the pinning of the domain wall in it. It is
assumed that the pinning of the domain wall occurs on the
defects in the FE films, such as oxygen vacancies. It is con-
sidered, that during switching of the resistance, the formation
and migration of the oxygen vacancies in the FE tunnel bar-
rier occur, which leads, at first, to a necessity for an increase
of the switching voltage of FTJ, and then to a destabilization
of the low-resistance state (R,,). Among the possible solu-
tions, which could slow down the migration of the oxygen de-
fects in the FE barrier of doping of BiFeO; with lanthanum
or niobium is considered.

A possibility of a controllable creation in FTJ of the in-
termediate resistive states between R and R, states due to
a change of the domain structure of the FE layer opens a huge
potential for their use in the artificial neural networks as an
electronic equivalent of the synapse. In this case the multi-
level resistive states can be considered as a basis for realization
of the mechanism of the synaptic plasticity, i.e. a variation of
the sensitivity of the synapse. Exactly the synaptic plasticity is
responsible for realization of the memory and learning func-
tions in the neural networks. At that, the mechanism under-
lying the synaptic plasticity is described by the STDP model
(spike-timing-dependent plasticity). STDP model envisages
variation of the sensitivity of the synapse depending on the
time sequence of the electric pulses (spikes) coming from the
others neurons.

A some works it was shown, that on the basis of the struc-
tures, switched between two stable states, the artificial neural
networks can be created, in which strengthening of the syn-
aptic bond is realized by a low-resistance state of the struc-
ture, while the high-resistance state is responsible for weak-
ening of the synaptic bond. Nevertheless, for integration of
the property of the synaptic plasticity into the artificial neural

networks a possibility of a controllable variation of the resist-
ance of the structure in a wide range is necessary. A successful
application of the multilevel memristive states of FTJ for
modeling of operation of the synapse was demonstrated in
[23] on the basis of Co/BiFeO5/Cay 94Ce( (4MnO; structure.

Conclusion

In FTJ structures it is possible to observe a controllable
switching of the value of the resistance due to a variation of
the polarization state in the ultrathin FE film. The difference
between the high-resistance and the low-resistance states of
the FTJ structure can reach four orders of magnitude. A de-
signed change of the properties of the FE film/electrode in-
terface in FTJ allows to increase the range of variation of the
resistance of the structure up to six orders of magnitude. A fea-
sibility of creation of the stable intermediate resistive (be-
tween the high-resistance and the low-resistance) states, the
so-called multilevel memristivities, is demonstrated and is de-
termined by a controllable variation of the domain structure
of the FE film. In this case the resistance of FTJ is determined
by the kinetics of the growth of the FE domains. It is possible
to change the resistance of FTJ by changing either the am-
plitude of the pulses of the voltage applied to the structure, or
by their number. The given circumstance allows to use FTJ
structure as an analogue of the synapse in the neuromorphic
networks. Moreover, FTJ demonstrates fast speeds of switch-
ing of the resistance level (~10 ns). According to estimates,
the states with a set level of the resistance can be stored up to
10 years. The process of reading of the state of FTJ is non-
destructive. Low energy consumption, possibility of scaling
down to units of nanometers, and also a compatibility with
the existing technologies of the micro- and nanoelectronics
allow us to consider FTJ as a promising trend in the modern
non-volatile memory. Today, among the drawbacks of FTJ is
a relatively small number of the resistive switching cycles.
Nevertheless, an active search is going on for the ways to in-
crease the number of the switching cycles.

The work concerning the review of the physical principles of
FTJ was done with the financial support of a grant of the Pres-
ident of the Russian Federation for the state support of young
Russian scientists, MK-7005.2016.8; the work concerning the
analysis of the technological aspects of application of FTJ was
done with the financial support of the Ministry of Education and
Science of the Russian Federation (grant Ne 16.2873.2017/4.6).
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NMbE3OKOMIMO3UTbI CO CBA3HOCTbBIO TMINTA 1 —0—3
(CETHETO®A3A — BO3AYX — MOAUMEP)
N UX SAEKTPOOU3NHECKUE TTAPAMETPbI
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Paccmompenwt cnocobbl uzzomoenenust KOMRO3uyUoHHbIX noezomamepuanos (IIKM) co cessnocmoro 1 — 0 — 3, exarouarouue
HU3KOMEMNepamypHblll Memoo cunmesa yasmpaoucnepchsix nopouwkos gasz cucmemst LITC, uzeomognrenue nopucmoix aKmueHbIxX
anemenmos I[IKM, a makyce onepayuu coopku u noaspusayuu o6paszyos. Ilokazarno, umo smo no3eoasiem noewvicumso 3ghgpexmue-
HOCMb U IK0A02UMHOCIb npoyecca, 06semMHy0 0oato ceeHemoghasbl 6 paccmampueaemvix [IKM, a makaice ux ousnekmpuyeckyro
NPOHULAEMOCMb, COXPAHUE NPU IMOM EbICOKUE 00BeMHbIe Nbe30NaApPAMempbl MAMepudaios.

Karoueevie caosa: Nnbe30KomMno3umsl, C6A3HOCMb, y/zbmpaaucnepCHbte NOpPOUIKU, HU3KOmMemnepamypHbole Memoobl cuHmesa u

CNeKaHus, mexHoaocus CéOpKILl, 3/leicmpod)u3u'4ecxue napamempbol

Benenne

CoriacHO TEOpPEeTUYECKUM TIPEACTABICHUSIM IIbe-
303((PeKT B Mbe3037EKTPUUYECKON Cpelle MOXHO pac-
CMaTpUBaTh KaK €€ OTKJIMK Ha BHEILIHee MeXxaHUJec-
KO€ WIN 3JieKTpudeckoe Bo3uaeiictue [1—5, 11]. ITo-
9TOMY 3HA4YeHUs 2NeKTPOoGU3NUYECKUX MapaMeTpOB
(O®IT) m100BIX TUIIOB MTbe30MAaTEPUATIOB, OCHOBOI KO-
TOPBIX SIBJISIIOTCSI CETHETOJIEKTpUUecKue (asbl, ornpe-
JIEJITIOTCS HE TOJIbKO KPUCTALIOXMMUUYECKUM CTpOe-
HUEM U COCTABOM MOCJEIHUX, HO U MEXaHUYECKUMU
napamerpamu (MII) oOpa3uos. B cBoio ouyepens, 3Tu
MII takke 3aBHUCAT OT COCTaBa U CTPOEHHUS 6a30BOM
cerHeTo(as3pl, HO 0OJiee 3HAYMUTEIbHBIM BKJIal B UX
3HAYEHUSI BHOCUT CTPOEHME MUKPOYPOBHSI MaTepua-
soB. [lpu mepexome oT MOHOKpHCTaIa K KepaMHUKe
BapuabeJbHOCTh CUCTEMBI (C TOUKU 3PEHUST CTPOCHMUS
€€ MUKPOYPOBHSI) pe3KO BO3pACTaeT B CBSI3U C YBeE-
JIMYEHUEeM 4MCJia 3JEMEHTOB MUKPOYPOBHSI (3epHa,
IOpPHI, MeX3epeHHbIe rpaHUIIbl U T. A.). IIpu aTOM pac-
TeT U YUCJIO (TEXHOJIOTMYECKU JOCTUXKUMBIX) CIIOCOOOB
BapbUPOBAHUS CTPOCHUSI MUKPOCTPYKTYpPhl 00pa3lioB
KepaMuKu ((DMKCUPOBAHHOIO XMMMUYECKOI'O COCTaBa)
3a cYeT U3MeHeHUsT 00beMOB ((OPMBbI, TIPOTIKEHHOC-
TH) U B3aMMHOI OpPUEHTALIMU €€ 3JEMEHTOB (3epeH,
MeX3epeHHbBIX rpaHull U 1op). I1pu repexoae oT mbe3o-
KepaMuku K mbe3okommodutam (ITKM) npoucxonut
JNaJbHEUIIMKA poCT BapuabeJbHOCTU CHUCTEM, CBSI3aH-
HBIA C JOMOJHUTEIbHBIMUA BO3MOXHOCTSIMU U3MEHE-
HUSI ee MaKpOYPOBHS B CBSI3U C TMOSBJICHUEM B CUCTE-
MaX HOBBIX BUJOB Mbe30aKTUBHbBIX OOBEKTOB (MaKpoO-
9JIEMEHTOB), JIMHEHHbIE pa3Mepbl KOTOPHIX MOIYT B
COTHU pa3 MPEeBOCXOAUTb pa3Mepbl 3€peH KEepaMUKH.
Dt MakpossneMeHTsl [IKM Moryr mmMeTh BUI CTEPXK-
Hel, TJIACTUH WJIM BKJIIOYEHUM pas3iuyHbIX (GopM
(ITKM tuna 1 — 3,2 — 2 u 0 — 3), a Takke OopueH-

TUPOBAHHBIX ¥ HEOPUEHTHUPOBAHHBIX MUKPO- M MaK-
pornop (ITKM tuna 3 — 1,3 — 2,3 — 3, 3 — 0). Kpome
atoro, Bropas daza [IKM (rmonumep, CTeKIo U T. A.)
TakXke CTPYKTYpPUPYETCS M He TOJIbKO 3a CUYET MOBEepX-
HOCTHOTI'O B3aMMOJEMCTBUS C MaKpO3JeMEHTaMU Cer-
HeTodasbl (Ha rpaHulie pasnaesa ¢as), HO U B CBSI3U C
¢dopMmupoBaHUEM B €€ 00BbEME IOpP Pa3IUIHOTO O0b-
eMa U Gopmbl. TToaTomy mpu nepexoae uiaeabHbIN
MOHOKPUCTAJII — peaJbHBIIl MOHOKPHUCTAT —> Ke-
pamuka — ITKM npu popMaibHO OIMHAKOBOM CO-
cTaBe 0a30BOM cerHeTodasbl M3MEHEHMUE CTPOCHUS
MUKpPO- U MaKpOYpPOBHEH IMbe302JIEKTPUUECKON Ccpe-
Il BBI3BIBAET M3MeHeHUe 3HaueHuil ee MII, a crne-
JoBarelbHO, ¥ 3HaYeHnii DMII mbe3oMaTepruaioB yKa-
3aHHBIX TUIIOB.

OmHUMU W3 TEPCIEKTUBHBIX (IO COBOKYITHOCTHU
O®DII) nbe3oMaTepralioB, IPUMEHSIEMbIX ITPU U3TOTOB-
JIEHUM TUAPOAKYCTUUYECKMX IThe30Ipeodpa3oBareei,
JaTYMKOB MEAUIIMHCKON AMAarHOCTUKW, SMUCCHOH-
HOTO KOHTpoJs U T. O. aBasgtorcsa [IKM co cBs3Hoc-
Tbio TUMa 1 — 3. OHU XapaKTepU3ylTCs BHICOKUMU
3HAYEHUAMMU TPOJOIBHOIO NMbe30MOnyIA (d33), KO3d-
(DULMEHTOB 3JIEKTPOMEXaHNYECKOH cBaA3M (K33, K)), B
COYEeTAaHUM C HU3KWUMM 3HAYECHUSIMU TUIJICKTPUIEC-
KOU TIPOHULIAEMOCTH (8§3 /€() ¥ TIONIEPEYHOrO Ibe30-
Monyns (dz)). D10 03HAYaeT, YTO UX OOLEMHbIE NHE30-
napameTpbl (IIbe304yBCTBUTENLHOCTD (g,), MbE30MO-
ayib (d,), dakrop npuema (d, * g,)) MOTYT JOCTUTaTh
BBICOKMX 3HaueHuit [2—10].

Makpoctpykrypa I[TKM tuna 1 — 3 npeacrasisieT
co0oii cucTeMy akKTUBHBIX 3JeMEHTOB (AD) B Buie
cTepXHel (IIPOM3BOJBHOIO CEYEHMSI), PacCIIOIOXEH-
HBIX MapaJijIeIbHO APYT APYTY, HAIIpUMED, B ITOJIUMEp-
HO#1 MaTpulie, TOPLIEBbIE YACTH KOTOPBIX JIEKTpUYEC-
KM COeIMHEHBI MexXay coboit [2, 6, 7—10]. Beicokue
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3HAYEHUS Mbe303JIeKTpruuecKoro otkiuka y [IIKM Ttu-
na 1 — 3 cBsI3aHbI C HEOAHOPOJHOCTbIO MEXaHUUYECKUX
HanpsDKEHUH B MX 00beMe, BBI3BAHHBIX Pa3IMIHBIMU
3HauyeHussiMu MIT nmonumepa u AD, a Takxke Nepuo-
IUYEeCKUM PacIoJIOKEHUEM TOCIeNHUX B CHUCTEMaXx.
B upeanbHOM ciyvae (yrmpyras MogaTJUBOCTb CBSI3Y-
IOIIIer0 3HAYMTEJIbHO TIPEBBIIIAET 3HAYEHMST TOM Xa-
PaKTepUCTUKHU ISl AD, a SHeprusi aare3uu rnojumepa
K cerHerodase BbICOKA) MEXaHWUYECKOe HampsiKeHUe,
BosneiicTByoiee Ha [IKM, B 3HaUMTEIbHON CTEIIEHU
KoHLIeHTpupyeTcsl Ha AD. [lonmumepHas daza B 3ToM
cllyyae BBICTyMaeT KakK CBoeoOpa3Hasi aHTeHHa s
BO3HMKAIOLIMX BO BHEIIHEH cpene MeXxaHMYeCKUX KO-
JebaHuii, a pOCT ee OOBEMHON JOJU B CUCTEME CHHU-
JKaeT BEeJIMYMHY g§3 /€y KOMIIO3UTa U, KaK CJENCTBHUE,
TTOBBIIIIAET 3HAYCHUS eTo 00heMHBIX DPII.

H3sBectHbie TexHogoruu ITKM tuna 1—3 [2—10]
¢opMabHO IIO3BOJISIIOT BapbUpPOBaTh OOBEMHOE CO-
Jiep>kaHue TMbe30aKTUBHON (ha3bl B CUCTEME, TeOMEeT-
puio AD, KX B3aMMHOE paclojiokeHue B obpasle, Me-
XaHUYeCKHe CBOMCTBAa MaTpullbl 1 T. A. Bce aT0 maer
BO3MOXHOCTb (B HEKOTOPBIX Ipeneaax) U3MEHSTh 3Ha-
yeHUsT oTaeAbHBIX DI maHHBIX MaTepHaIoB U OINTH-
MU3UpOBaTh 3(HEKTUBHOCTH Ibe30Ipeodpa3oBaTeseit
TexX WAU MHBIX TunoB. B nutepatype [1—11] Takxke
paccMOTpEeHbI BOIPOCHI BIMSHUS 00bEMHOM 10JIU Cer-
HeTodasbl B CUCTeMaX, TeOMETPUU aKTUBHBIX JIEMEH -
TOB M CBOMCTB IOJMMEPHOM MaTpUlbl Ha 3HAYEHUS
ODOII kommosuToB Tma 1 — 3.

O6mmM HegocTaTKoM ykaszaHHbIX [TKM siBasieTcs
CJIO)KHOCTh M3BECTHBIX CIIOCOOOB WX H3TOTOBJICHUS,
YTO TIPUBOIUT K CHIDKEHMIO BocTpon3Boarmoctit DI
00pa3loB U OOBSICHSET MPOTUBOPEUYMBOCTDH JIMTEpa-
TYPHBIX TaHHBIX MO0 uX cBoicTBaMm [1—11]. T1pu saTOM
BBICOKHE 3HaUYeHUsI OObEMHBIX Mbe30I1apaMeTPOB OT-
Meuatorcest y atTux I[TKM TojabKo npu 00beMHOI foJie
AD B cucreme niopsaka 0,1...0,2, mpu ycioBUM pacro-
JIokeHusT AD B 00beMHO-CXKMMaeMOl MOJIUMEpPHOM
Matpuliie (mepexol K MaJoCKMMaeMOMYy MaTrepuany,
HampuMep K CTEeKITy, CHIDKAeT 3HAYeHUsI MX 00BEMHBIX
Mbe30IapaMeTpoOB B HECKOJIbKO pa3). [TosTomy BbICO-
koaddekTuBHbIe 00pas3ubl [TKM Ttuna 1 — 3 umeror
HU3KYI0 BEJTMUMHY 853 /€, UTO 3aTPYAHSET COINIAacOBa-
HHE M3TOTaBIIMBAaeMBIX HAa WX OCHOBE ITbe30Ipeodpa-
30BaTeieil ¢ APYTUMU KOMIIOHEHTAMU MbE303JIEKTPU -
yeckux cucreM. KpomMe atoro, Hu3Kast oObeMHasi 10J1s
AD B BricokoaPPekTuBHBIX [IKM Ttnma 1 — 3 mpe-
JOTIpeIesiIeT UX HU3KYI0 MEXaHMYECKYIO MPOYHOCTb.

Ha ocHoBe nutepaTypHbix AaHHbIX [1—11] MOXHO
cesiaTh BbIBOJ, YTO PELIEHMIO TTPEeICTaBIEHHBIX BhIIIIE
npooneMm IIKM tuma 1 — 3 MoXeT cmocoOCTBOBATh
CO3JlaHue KOMILIeKca TeXHOJIOIUi, 00ecreurBarox
BO3MOXHOCTb (popmupoBaHust ITKM, c 3agaBaeMbIM U
TEXHOJIOTUYECKH BOCIPOU3BOAMMBIM CTPOCHUEM HeE
TOJIbKO MaKpOypOBHsI 00pa3110B, HO U MUKPOYPOBHSI
KaxJI0ro oTaeJbHOro AD, a TakKe CTPOSHHMEM ITOJIM-
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MEpHOW MaTpuIilbl. DTOMY MOXET CIOCOOCTBOBAaTb U

U3MEHEHUE MUKPOCTPYKTYpbl AD: B YaCTHOCTH, POCT

MOPUCTOCTU AD IIpUBENET K MOBBIIIEHUIO UX YIIPYTroi

MOJATAMBOCTH, a TAKXKe K YBEJIMYECHUIO TIJIOIIAAN pa3-

nena ¢a3 B cucrteme. IlocienHee B coyeTaHUM C all-

MpeTUpoBaHUEM AD CIOCOOHO YBEJIUYUTH DHEPIUIO

aare3uy mojaumepa K AD, UTO TOBBICUT JIOKAJIbHYIO

MEXaHWYECKYI0 Harpy3Ky Ha OTAeJIbHbIE 3JIEMEHTHI.

B cBs13u ¢ 3TUM Lienblo JaHHOI paboThI OBLIO CO-
3IaHKUe TEXHOJIOTUYECKOr0 KOMILIeKCa, BKIIOYaoIIe-
ro HU3KOTeMIepaTypHble TEXHOJIOTUU U3TOTOBJICHUS:
e YIBTPAIMCIIEPCHBIX MOPOIIKOB cerHeToda3 CUCTe-

mbl LITC;

e TUIOTHBIX U TTIOpUCTHIX AD TTKM tumna 1 — 3, ¢ no-
pucroctbio ot 10 1o 50 06. %;

e IIKM co cBsizanHocThIO THHA 1 — 0 — 3 ¢ U3Me-
HSIIOLIENCS 00BbEMHOM J0JIe CTepXKHEM.
CozgaHre Takoro TEeXHOJOTMYEeCKOro KOoMILIeKkca

MpUBEJIO K pocTy Bocrpouspoaumoctu DPII TTKM

paccMaTpuMBaeMoOro TUMa, MO3BOJIUJIO BbISIBUTD B -

HUE MOPUCTOCTU AD M UX OOBEMHOI N0 Ha 3HaYe-

Hus ODII [TKM, a Takxe yCTaHOBUTD POJIb allpeTH-

poBaHMsT AD-cTepKHell Ha 3Tu napameTpbl. [Ipume-

HEHME XK€ HU3KOTEMITEPATypHBIX TEXHOJIOTUI (CUHTE3

VJIbTPAAUCTIEPCHBIX TOPOIIKOB CBHHELCOAEpPXKAILIUX

cerHeTtodas, crnekaHue AD) CIOCOOCTBOBAIO ITOBBI-

IIEHUIO 3KOJOrMYyHOCTH TexHojoruii ITKM manHoro

TUIIA TI0 CPABHEHUIO C U3BECTHBIMU TEXHOJOTUSIMU.

DKCnepUMEHTAJIbHAS YACTh

B nmanHO#T paboTe CHMHTE3 MOPOIIKOB COCTaBa
PbTig 4471 50Cdg 12W(.0203 BBINONHAICA METOLOM
cTpyKTypHOTO mono6us (MCIT) [12, 13]. MCII 6a3u-
pyeTcsl Ha B3aUMOACHCTBUU (TP HOPMaJIbHBIX YCJ10-
BUSIX) TIejeo0pa3HbIX MOJIMMEPHBIX HAaHOMATPHI, B
JaHHOM ciy4ae cocTaBa Tig 4671 540, - xH,O (umero-
LLI1X CXOOHOE CTPOEHUE CO C:[pOCHideM nonpererku (B)
(asel co CTPYKTYpO#l TUIIA TIEPOBCKUTA), C OKCHUIAMU
(PbO, CdO n WOs3). BzaumoneiictBue oCyLecTBIs-
Joch (B TeyeHre 30 MUH IIPU CTAaHIAPTHBIX YCIOBUSIX)
B IutaHeTapHoii MmenbHule (Pulverisette 5). O6paso-
BaBIIUICS aMOP(MHBIM MTPOIYKT PeaKIIMU KPUCTAIITHA-
3oBasics ripu temrepatype 450 °C B Teuenue 40 MUH,
YTO MO3BOJWIO CHOPMUPOBATH MOPOLIOK LEJIEBOM
cerHerodaspl ¢ aumamerpoMm 4vactull 150...200 HM.
B nanpHeliieM 3TOT MOpPOILLIOK 0OpadaThiBajCs BOJ-
HOW CyCIieH3uel, U3rOTOBIEHHOW MyTEM CMEUICHUS
rensg BiyO3-yH,O ¢ HachllleHHBIMM pacTBOpamMu
HUTpaATOB KaaMUsl U HUKeJs. COOTHOILIEHHWE MOHOB
Bi3*:Cd?":Ni*" s cycrieH3uu coctanisuio 2:0,25:0,75.
O6pabotanHbie nopoiku ¢asel LHTC cyumnm, a 3ateM
Ha 20 MMH TTIOMelayM B Iedb, Harperyio go 600 °C.
DTOT npuemM obecredyrnBal paBHOMEPHOE MTOKPHITUE T10-
BEPXHOCTH YACTHIL CeTHeTO(a3bl TOHKUM CJIOEM CTEK-
nodaser coctasa BiyCdy 55Nij 7504+, uTO Briocmenct-
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Puc. 1. IloBepXHOCTH MOACYWIEHHBIX CHIPBIX IUIEHOK Ha OCHOBe mopomkos a3 cocrasa: (0,98PbTiy 44Zry 5,Cdg ;W 9203 +
+ 0,02Bi;,Cdy 55Nip 7504 + ,) 1 Oensoiinoii kucoT (00beMHOE cooTHOMmEHKE 7:3): a — mocie oTnuBkM (CAM-L25); b — nocJie BabLeBaHMsl
Fig. 1. Surfaces of the dried crude films on the basis of the powders of phases (0.98PbTiy 447r 55Cdy goW 0203 + 0.02BiyCd ) ,5Niyy 7504 + ) and
benzoic acid (volume correlation of 7:3): a — after casting (CAM-L25); b — after rolling

BUU TTO3BOJIUJIO CHU3UTh TEMIIEpATypy ClieKaHUs Ballb-
1oBaHHBIX MIeHOK (0,98PbTi| 44Zr) 5,Cdg ;W 0203 +
+ 0,02Bi2Cd0,25Ni0’7504+x) 1o 950 °C.

AD IIKM tuna 1 — 3 OBLIM M3rOTOBJICHBI B BUJIE
TOHKMX Napajuieiaenuneaon Toamuaon 120...150 MM,
LIUPUHON 3 MM, BBICOTOI 5 MM. MIX IMJIOTHOCTB MOCIIE
CIIEKaHUSI B 3aBUCMMOCTH OT OObeMHOI TOJIM BBEICH-
HOTO B CUCTeMY IMopoo0Opa3oBareisi cocTaBisiia oT 50
10 90 % (or TeopeTMYECKM BO3MOXHOI). McxomHbie
JINTBEBbIE CYCIMEeH3UM (LIUITMKEp) AJIsI M3TOTOBJICHUS
CBIPBIX TUICHOK METOIOM IINTUKEPHOTO JIUThsI U3TOTAB-
JIMBaJIU CMELIEHUEM B ILLIAPOBBIX MEJIbHULIAX YJIbTpa-
IHCIIEPCHBIX TTOPOIIIKOB CerHeTO(ha3bl, KPUCTAJUTYEC-
KOl OEH30MHON KUCJIOTHI (MOopoodpa3oBartelib) U CBSI-
3yolIero (B 3agaBaeMOM OOBEMHOM COOTHOIIECHUU).
B coctaB cBsi3ylollero BXOAWIN MOJUBUHWIOYTUPAb,
HeroHoreHHbI [TAB, stTunauerar u sTaHoj. OLIEHKY
CeIMMEHTALIMOHHON YCTOMUMBOCTU IILIMKEpa MPOBO-
JUIN C YYETOM TIPEACTaBICHUI O Tpeesie TeKYyYeCTH,
JIOCTaTOYHOM JUISI yIAepXKaHUsl B CYCHEH3MU YaCTMII
MaKCUMaJlbHBIX pa3dMepoB [14, 15]. B ¢cBg3u ¢ TeM 4To
HeoOXxoAuMasi JJis pasjuBKM IUIOTHOCTb IIJIMKEpa
JIOJXKHA OBbITh 4,3...5,1 r/CM3 , 4 TUNIOTHOCTU JBYX TUIIOB
YacTuIll TBEpAbIX (a3 cocTaBisioT ~7 u 1,3 F/CM3 , IS
LIJIMKepa, ¢ HamojHeHHocThio 0,7...0,8, onTuManb-
HBI AMaMeTp YaCTUIl HATIOJTHUTEICH JIEKUT B TIpee-
nax 0,2...0,4 MkM. YKazaHHBII OIuaMeTp YacTUIl IO-
pOIIKOB ceTHeTo(da3pl 00eceynBaeTCsl ONMMCAaHHON
BbIllIe TEXHOJIOTUEH ee CUHTEe3a, a JAJIsl YacTuLl OeH3011-
HOM KWCJIOTHI OH (opMHUpyeTCsS B paMKax crocoba
JUCIIeprupoBaHus LuKepa. IlepemelnnBaHue LI~
Kepa Ha BO3AyXe IpHU JIOOBIX IapaMeTpax Iipollecca
MPUBOAUT K 00pa3oBaHUIO B €ro 00beMe Iy3bIPbKOB
raza, KOTOpbI€ 3aTPYIHSIOT U3rOTOBJIeHNE AD C 3amaH-
Hol1 o011eit mopuctocThlio. [ToaToMy mepen pa3InBKOK

LIJTMKEepa MPOBOIUIN €ro BaKyyMUPOBaHUE, YTO CIIO-
COOCTBOBAJIO YIYYIIEHUIO BCEX €ro TeXHOJOTMYECKUX
CBOWCTB: CHUIXAJIO BSI3KOCTh M TTO3BOJISIO YMEHBIINTD
coJiepXKaHMWe CBSI3KM B eauHuIe oobeMma [14, 15].

JIutbe mneHku tommuHou 150...180 MKM, ee mpo-
KaTKa Ha Bayiblax a0 ToaiuHbl 120...150 mxMm (puc. 1),
CYIIIKa U pe3Ka B pa3Mep OCYILECTBJISIMCh Ha YCTAHOB-
kax ¢upmbl "Kekoequipment” (CAM-L25, SD u SC
COOTBETCTBEHHO).

I1pu HarpeBaHUM CBHIPBHIX MJIEHOK MOJUMEPHBIC Be-
IIIeCTBA, BXOAMIIINE B X COCTAB, ITOIBEPTAIOTCST TEPMU -
YEeCKOM AeCTPYKIIMU, IO KOTOPO MOHUMAETCSl COBO-
KYITHOCTh IIPOIIECCOB pa3ioXeHus (C oOpa3zoBaHMEM
HU3KOMOJIEKYISIPHBIX JIETYYUX MPOIYKTOB) U OKMC-
JIeHus (BIUIOTH OO OCMOJICHMS M BEITOpaHUS aMOopg-
Horo yriepojaa). MIx mpoTekaHue MPUBOAUT K M3Me-
HeHHn1o obbema ((popMbl) 3arOTOBKM, a TTPU BBICOKOM
CKOpPOCTM HarpeBaHUsI BO3MOXHO €€ pas3pylleHue.
ITosTomy TIpoliecc crieKaHWsI TUICHOK ITPOBOIWUTCS B
paMKax MOJIUTEePMUUYECKOIo pexkuMma, rapaMeTpbl KO-
Toporo (ompenensieMble Ha ocHOBe maHHBLIX JITA u
TepMmorpaBuMerpudeckoro aHanuza (TTA) — nepusa-
torpacd Diamond T6/DTA (puc. 2)) u 3aBUCIT OT TOJI-
IIMHBI TUIEHKM, a TakXe OT JOJW M COCTaBa CBSI3KU
B oOpa3slax.

Ona mpoBedeHUS ONEpally CIEKAaHUs OTIUTHIC
TUIEHKU COOMpaay B MakKeT, B KOTOPOM (IJis MpeaoT-
BpalllcHHST TIPUTICKAHWST) OHU OTACICHBI APYT OT APY-
ra 3a cyeT NOACHINKHA TOHKO3EPHUCTOTO MOPOIIKA
210y nmu Zr 5Tij 50,. Ha puc. 3 nokasana MUKpo-
CTPYKTypa (pacTpOBBI BJAEKTPOHHBIA MUKPOCKOI
JSM-6390LA) ckonOB TUIEHKM, B3aMMHO TEPIEHIM-
KYJISIpHBIX ApYT Apyry. Hanuyue B cucreme GeH30iHOIM
KMCJIOThI, UTpaloLIel posib HOpooOpa3oBarelis, 03BO-
JIJIO BapbUpoBaTh MOPUCTOCTh AC B HEOOXOOUMBIX
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npenenax (puc. 4). I3 mpencraBieHHBIX JaHHBIX BUI-
HO, 4TO c1oco® MOArOTOBKY MOPOLIKOB cerHerodas K
crneKkaHuio (TMTOKPBITUE YACTULL CTEKI0(Ma30ii) He TOJb-
KO CIOCOOCTBYET AOCTUXEHHUIO BBICOKOW CKOPOCTHU
atoro mnporuecca pu 950 °C, HO U TTO3BOJISIET CHU3UTD
CKOPOCTb BTOPUYHON pEeKpUCTAUIU3AIMU 00pa3LoB.
Ha cnenytomem sTame B cneuMaibHOM OCHACTKe
TOpUBl AD METaUTU3UPOBAJIM, TTOCE Yer0 METOIOM

naku AD COenUHSIIA MEXIY OO0 ¢ TIOMOILBIO 1T -
HbI (MeaHast npoBoJyioka d = 0,7 mm) (puc. 5, b). U3-
TOTOBJICHHBIE TAKUM METOJOM KacCeThl TOJISIpU30Ba-
JIUChb WUMITYJIbCHBIM METOAOM (CHJIOKCAHOBasl KW/-
kocth, T= 110 °C) [16].

Hnga wusroropiaenuss IIKM wucrnons3oBaiu JBa
cnocoba. B pamkax cmocoba 1 u3 kaccet ¢popmMupo-
BaJIUCh 3aMKHYThIe (POPMBI B BUJIE IIPU3M, HaIIpUMep,
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Puc. 2. PesyabTaTsl muddepenmuanbioro tepmudeckoro ananusa (JITA) coipoii mienku cocrasa: TBepabie hassl — LITC u 6eH30iiHas Kucaora
(06BeMHOE COOTHOIIEHUE 8:2), CBA3YIOIIME — MOJMBUHWIOYTUPAIIb + STHIALIeTaT + 3TaHOJI (@); TEXHOJIOTMYECKUIA TeMIIepaTypHBIi IpohIb
00ura Toii e chipoit TuieHKu (cBs3ymoiee: 21 macc. %) (b)

Fig. 2. Results of the differential thermal analysis (DTA) of the crude film of the following compositions: solid phases — PZT and benzoic acid (volume
correlation of 8:2), binding materials — butyral resin + ethyl acetate + ethanol (a); technological temperature profile of annealing of the same crude
film (binding material: 21 % of the mass) (b)

\_ =,

oy Bn (Ted

20kV

Puc. 3. lannbie TOM (TpaHCMHCCHOHHAS 3JIEKTPOHHASI MUKPOCTPYKTYPa) MO CKOJIaM ILUICHKH HA OCHOBe 1IeJieBoii cerneTodaspl, CieYeHHOI npu
950 °C: @ — ckoJ nepneHANKYJISIPHO OCH BabLIEBAHMSI, TOJLIMHOMN 99,54 MKM (BUAHBI YACTHIIbI 3aCHINTKK HAa TIOBEPXHOCTH CIIEYEHHOM TJICH-
KW,); b — CKOJI Mmapajuie;IbHO OCU BaJIblIEBaHUS

Fig. 3. TEM (transmission electron microstructure) data on the chips of the films on the basis of the target ferroelectric phase sintered at 950 °C:
a — chip, perpendicular to the axes of rolling, thickness of 99.54 micrometers (particles of filling are visible on the surface of the sintered film,);
b — chip, parallel to the axis of rolling
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X2,200 10pm 0180 20kV

X1,500 10pm

20kV  X1,500 10pm

Puc. 4. Jannsie TOM (TPaHCMHCHOHHAS 3JIEKTPOHHASI MUKPOCTPYKTYpa) MoBepxHocTeil cneveHHsix (mpu 950°C) IIIEHOK HA OCHOBE HEJIeBOii

cernerohasbl ¢ pasHbiv 3nauennem obmeii nopucroctn (Iyg,): a — 11

o011

=20 06. %; b — Mgy, = 34 06. %; ¢ — Mg, = 49 06. %

Fig. 4. TEM (transmission electron microstructure) data on the surfaces of the sintered (at 950 °C) films on the basis of the target ferroelectric phase
with different values of the general porosity (Pogy): @ — Pogy = 20 % of vol.; b — Pogy = 34 % of vol.; ¢ — Pogy = 49 % of vol.

¢ BHelIHUM "nuameTpoM” ocHoBaHus 10, 8, 6 1 4,5 MM
(puc. 5, ¢). MakcuMaJlbHOE YMCJIO AaKTUBHBIX dJie-
MeHTOB ("OOKOBBIX TpaHEel") B 3THX MIPH3MaX COCTaB-
JISJIO, COOTBETCTBEHHO 8, 6, 5 u 3. KoHlieBble yacTu
IIWH cranBajin, a GopMBl (CBOMMM "OCHOBAaHUSAMU')
noMelagd Ha KpYIIyl0 MEAHYIO IIUHY IUaMEeTPOM
10...20 MM u Tommuuoit 0,7 MM, ITOBEPXHOCTh KOTO-

POl IpenBapUTEIbHO IOKPBIBAIM 3JIEKTPOIIPOBOIS -

JIEHUEe, HU3KUE 3HAUEHUS] TAHTeHCA YIyla IN3JIEKTpUIec-
KHX TOTEPh U JUBJIEKTPUUECKON MTPOHULIAEMOCTHU.
Ormepannio 3aJIMBKA TIPOBOAIIIN B TTOJMATUIICHO-
BOIl OCHAcTKe, KOTopas MpeAcCTaBIsieT co00i TOHKO-
cTeHHbIN (1 MM) CTaKaHYMK C BHYTPEHHUM JHaAMET-
poM 12...22 MM u BeicoTOil 6 MM. Ilo 3aBepieHUU
npolecca NojMuMepu3alui KOMIAayHIa THO OCHACTKU
U ee BepXHIOI 4acTb 00pe3aiu, ¢ BHELIHUX MEIHBIX

LIUM KJIEEM Ha OCHOBE 3MTOKCUIHOM
CMOJIbl Y BBICOKOJIMCIEPCHBIX IO-
poiuikoB meau u rpadura. Ilocme-
JIOBaTeJIbHOCTb COOPKM: MEHBILINE
no obbeMy (OpMbl BCTaBISIU B
OoJIbllIME TI0 MPUHLIMITY "MaTpell-
K1", IeHTpalbHasi OCb COOPKHU CO-
OTBETCTBOBAJa MEPHNEHAUKYISPY,
BBIXOJSIIEMY M3 IIEHTpa Kpyrjioit
LIAHBI.

ITpomexyTouHasi KOHCTPYKLIMS
CBepXy apMHPOBAIaCh BTOPOIT KPyT-
JIOW MEOHOM IUMHOM, KOTopas CO
CTOPOHBI KOHTaKTa CO CTEPXHSIMU
OblJla TIOKpbITA 3JIEKTPOIPOBOIS-
mwuM kieem (puc. 3, d, e). Ilocne
OKOHYAHMS TMOJMMEPU3ALMU Kiles
TMOBEPXHOCTH AaKTUBHBIX JJIEMEH-
TOB aIMpeTUPOBaIU CIIUPTOBLIM
pacTBOPOM MAaJIECMHOBOTO aHTHI-
puna (aas TMOBBILIEHUS] 3HEPIUU
anTre3ny CBS3YIOIIETO K CETrHeTO-
¢aze). Ilocae ucmapeHus crnupra
3aTOTOBKY OKYHaJdd B KOMITAyHI
"HeHTanaCT®—710", KOTOpbIi ObLI
BbIOpaH UCXOJS U3 €ro BJIEKTpUUec-
KUX W JUDJIEKTPUYECKUX CBOMICTB
(TY 2513-011-40245042—99): BbI-
cokoe (00beMHOE U TTOBEPXHOCTHOE)
VIEJBHOE 2JIEKTPUIECKOE COTIPOTUB-

~ 4 120- 150 s

a) b)

d)

Puc. 5. ITocaenosarenbHocTs coopku ITIKM 1 — 0 — 3: ¢ — 3aroToBka AD; b — nepBUYHAs
Kaccera; ¢ — croco0 aedopMaiiy IepBUYHOM KacceThl; d — GOpMUpPOBAaHME KPYTIIbIX ME-
HBIX LLIMH; e — 3aroToBKa IMepej 3aJIMBKOI KOMITayHAOM; f — IPYroil TUIT YKJIAAKU Iep-
BUYHBIX KacceT, B BUIE "CTyreHein"

Fig. 5. Sequence of assembly of CPM 1 — 0 — 3: a — workpiece of AE; b — initial cartridge;
¢ — method of deformation of the initial cartridge; d — formation of the round copper wires;
e — workpiece before pouring of the compound; f — another kind of packing of the initial
cartridges, in the form of "steps”
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Puc. 6. Vi3MeHeHue 3HAYEHMii: CieBa — MUAJIEKTPUUECKON MPOHMUILIAEMOCTH M CIipaBa — MonepedHoro nbe3omonyiss [IKM ot mopucrocT
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Fig. 6. Variation of values: left — dielectric permeability, and right — cross-section of CPM piezomodule depending on the porosity and volume fraction

of AE: P gen — general porosity

wH [TKM ynansim KomriayHa, a 3a30p MEXIy -
HaMU Y BHEIIHUM MOJUITUICHOBBIM LUJIMHIPOM JO-
MOJIHUTEJIbHO TePMETU3UPOBAJIHU.

MakcumaabHOe 4YMCIO aKTUBHBIX 3JEMEHTOB B
ITKM (B Bune nunuHapa nuaMmerpom 10 MM, U3TOTOB-
JICHHOTO OIMMCAHHBIM BbILIE CIIOCOOOM) COCTaBJISIET 24,
YTO COOTBETCTBYET MX OOBEMHON I0Jie B MaTepuae
nopsinka 15 %. B cBsa3m ¢ atum [TKM ¢ Gonee BBICO-
KOl 00beMHOI noJieit cerHeTodasbl coOMpaan CrIoco-
o6omMm 2. M3 kacceT nsrotaBimBaiu (GOpMEI B BUIIE "CTy-
MeHei" 3a cYeT UX MOCIeIoBaTeIbHOM AedopManuy B
JIIBYX B3aMMHO TIepNEeHAUKYJSIPHBIX HampaBJIeHUSIX
(puc. 5, f). DTO MO3BOJISIIO IPU CIIOCO0E YKIIATKHU CTY-
MEeHYaThIX KacceT, ITOKa3aHHOM Ha puc. 5, f, yBelu-
YUTh OOBEMHYIO OO0 aKTUBHBIX cTepxkHeil B ITKM
1o 41 06. %. INocuenyiolue onepauuu GopMUpPOBa-
Hust [IKM BTOpBIM U II€PBbIM METOJIOM aHAJIOTUYHBI.

Paznuuune cocTouT TOJBKO B TOM, YTO MPU U3TOTOB-
nenuu ITKM B pamKax BTOpOTo MeTO1a UCIIOJIb3YIOTCS
apMupylolle MeIHble IIWHbI B BUAE KBaIpaTOB WU
MPsIMOYTOJbHUKOB. Takyio xe popMy MMeeT U Moau-
STWJIEHOBAsI OCHACTKA, B KOTOPO MPOMCXOIUT 3aJIUB-
Ka KOMIIayHIOM IPOMEXYTOUHOM COOPKM.

M3MeHeHne O0ObeMHON OOJU CTEpXXKHEW B 000UX
metongax coopku ITKM mocturaercs 3a cuyeT uU3Me-
HEHUS PACCTOSIHUSI MEXIY CTePXKHSIMU B MEPBUUYHBIX
KacceTax M MEXIy MEepBUYHBIMU KacceTaMM B 00-
pasle.

Hccnenosanust OPIT [TKM ocyuiecTBiasim B co-
orBercTtBUM ¢ OCT 110444—87 (MaTepuanbl IIbe30-
Kepamuyeckue). TaHreHC yriaa IM3JIeKTPUYECKUX M0~
Tepb (tgd) TTKM, 3HaueHus ux a§3 /€y U d3 ompe-
JeJIST TIPU KOMHATHOM TeMIlepatype C MUCIoJb30Ba-
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Huem ycraHoBku "LIEH3YPKA-M" (mpou3BoacTBO
HKTB "Ilbe3onpudop”). Beamuuny dz3 00pasuos
[TKM oueHuBamm ¢ nMoMolIlbio ycTaHOBKH "Piezo dss
TestSystem" (CILLA), a 3HaueHUsI UX 0OBEMHON Tbe-
304YBCTBUTEJBHOCTU (Yy), MO KOTOPOW pacCuMThbiBa-
Joch 3HayeHue g, (g, = y/h, Tme h — BbICOTa IbE30-
BJIEMEHTA), ONpenesisuii Ha ycTtaHoBKax "[lackanp" u
"Mem6Opana" (HKTDB "ITsezomputcop").

Ananu3 maHHbIX o OPIT I[TKM Ttuna 1 — 3, us-
TOTOBJIEHHBIX cIlocobamMu 1 M 2, MOKa3bIBaeT, YTO MX
3HAYCHUS TIPU OOWHAKOBO 0OBEMHOM JOJIE CETHETO-
¢asnl B cucremax (0,1 u 0,15) nmpakTMyecku He 3aBU-
CSIT OT criocoba ux (popmupoBaHusi. B To xe Bpems 00-
pasubl ¢ o0beMHoM goneit AD go 0,15 TexHomoruyec-
KM TIPOILE M3TOTaBIMBaTh ciocodoMm 1, a ¢ Oosee BBI-
COKOI 00beMHOI goieit AD — crmocodom 2. [ToaTomy
MIpU JajJbHeHIeM MmocTpoeHnu 3aBucumocteit DDII
oT o0beMHOI gonu (V) AD B obpas3uax U Mx Mopuc-
TOCTH WCTIOJIB30BAJIMCh JaHHBIE IJIST 00pa3loB, U3ro-
TOBJICHHBIX crtocoboM 1 (mo V' = 0,15) u criocoboM 2
(mna V> 0,15).

3nauenus OPII TIKM ¢ TuUmoM CBSI3HOCTH
I — 0 — 3 (cerHeroaza — BO3AYX — IIOJMMED),
M3TOTOBJIEHHBIX Ha OCHOBE CerHeToda3bl COCTaBa
(0,98PbTig 44Zr 5,Cdy oW 0203 +
+ 0,02BiyCd, »5Ni 7504 + ,)  mpeacTaBieHBl  Ha
puc. 6—8. Ha 3Tux pucyHKax o ocu abCIycC MmoKa-
3aHO U3MeHeHue obuieit mopucroctu I g, AD TIKM,
a 3HaueHus1 V' AD B cucteme ykazaHbl UppamMu y OT-
JIEJIbHBIX JIMHUM.

Hdns onpeneneHusl BAMSHUS annmpeTUpoBaHus AD
Ha 3HayeHns DPIT I[TKM ¢ AD (rmopucrtocts 46 06. %)
¢ V=139 06. % B Tabiu1lc IPUBEACHBI XapaKTePUCTUKI
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Fig. 7. Dependences of variation of the values: left — longitudinal, and right — volume CPM piezomodule on the porosity and volume fraction of AE
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Fig. 8. Dependences of variation of values: left — volume piezosensitivity, and right — factor of CPM reception on the porosity of AE and their volume
fraction

DO@II [TIKM co cBaznocteio 1 — 0 — 3: (cerHerogasza — BO3ayX — mojuMep — cerHeTo()asa cocrasa:
(0,98PbTiy 44Zry 5,Cdy 92 W0,0203 + 0,02Bi,Cdy »5Nig 7504 + )

EPP CPM with connectivity 1 — 0 — 3: (ferroelectric phase — air — polymer — ferroelectric phase composition:
(0,98PbTig 447ry 50Cdy 02W,0203 + 0,02Bi,Cdy »5Nig 7504 + )

VAD B TIKM| Mogy  AD, 06.% £33 /2 —dyy, nK/H | ds3, 1K/H d,nK/H | g,-10°, B-m/H | d,-g,-10'%, M*/H
VAEin CPM\ p.,,"" AE, % of vol.| ¢ se, —d3, PK/N | d3 pK/N | dy, pK/N | g 10, Vem/ N dy g, - 1072, m?/N
39* 46 251 28 210 154 69 10,68
39 46 248 31 197 135 62 8,37

* AKTUBHBIE 3JIEMEHTHI aIllPeTUPOBaHbI
* Dressed active elements
** Tl gy, — OOLLIAs TIOPUCTOCTD

**Pgen — general porosity
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ITIKM Ha ocHOBe aIlIpeTUPOBAHHLIX U HE alIIPeTU-
poBaHHBIX AD. Kak cienyer 3 maHHBIX 3TOI TabJIM-
LB, anmpeTUpoBaHue AD MPaKTUYECKH HE U3MEHSET
3HAUCHUE 853 /&> HO CIIOCOOCTBYET POCTY 3HAYEHUI
nbee3onapameTpoB ITKM.

3akmouenue

Kaxk cremyeT wu3 mNpencTaBIeHHBIX TaHHBIX
(puc. 6—8, Tabnuma), usmeHenne OPI1 [TKM Ttu-
na 1 — 0 — 3 BeI3BaHO TeMM Xe (paKTopaMu, KOTO-
pble OMpeaesiioT 3HaueHUsT nbe3onapameTpoB [TKM
tuna 1 — 3 u 3 — 0. Tak, 3HaueHus £33 /5 y [IKM
JNIAHHOTO THWIA YMEHbBIIAIOTCA MO Mepe CHIXeHus V
AD B cucteMe M pocTa MOPUCTOCTU OTHAEIbHBIX AD.
ITosTOoMy OaMHAKOBBIE 3HAYECHMUS 853 /€y MOTYT OBITH
MOCTUTHYTHI TIPY pa3IMYHBIX 3HAUECHUIX V AD, T. e.
BIMsIHUE pocTa V' AD Ha s§3 /€( 00pa3LOB MOXET ObITH
CKOMITEHCUPOBAHO POCTOM TOPUCTOCTU OTIAEIBHbBIX
AD. 3HaueHust xe ds3, |—d3| u d, [IKM yBennuusa-
10TCS ¢ pocTOM V' AD M HECKOJIbKO CHMXKAIOTCS ¢ pOC-
ToM nopuctocti AD. B cBs3u ¢ TeM UTO npu (PUKCU-
pPOBaHHOM 3HaueHUM V AD BIUsIHUE MOPUCTOCTU AD
Ha £33 /g BbllUE, YeM Ha 3HaueHus d,, a g, = d,/e35,
pOCT MOPUCTOCTU AD CHOCOOCTBYET YBEIMYEHUIO
nbe304uyBcTBUTENbHOCTU [TKM nanHoro tuma. B 1e-
JIOM Xe pa3paboTaHHas COBOKYITHOCTb TEXHOJIOTHI
no3BojsteT aass [TKM tuma 1 — 0 — 3, u3roros-
JICHHBbIX Ha OCHOBE 0a30BOU cerHeTo(dasbl U KoMMa-
yHIa "HeHTaJIaCT®—710", U3MeHATh 3HayeHus1 DDII
TTKM: €35 /eg o1 72 10 412 (1. €. Ha 570 %); dy3 o1 115
no 238, T. . bosee yeM B 2 pasa; d, ot 91 1o 166, T. e.
Ha 180 %; g, ot 45 no 143, 1. e. Gosnee yeM B 3 pasa;
d,* g, ot 6,94 10 13,91, 1. e. Gonee yem B 2 pasa. [Ipu
3TOM BapbUMpOBaHME ABYX (haKTOpoB (3HaueHuit V AD
B IIKM u nopucroctu AD) mO3BOJISIET U3rOTaBINBATh
MaTtepuabl 1151 00beMHO-YYyBCTBUTEIbHBIX MbE30IPE-
oOpazoBarteseii, paboTallUX Kak Mo 3apsiay (BbICO-
KO€ 3HaueHue d,), TaK U IO HAIPSKEHUIO (BBICOKOE
3HaueHMe g,), BHIOMpas MpU 3TOM ONTUMATLHOE U
KOHKPETHOI'O YCTPOMCTBA 3HAYEHUE €33 /.

IIpencraBneHHbIe B paboTe pe3yabTaThl HO3BOJISIOT
B 3HAUYMTENLHONM CTETIEHN YMEHBIINUTh SKOJOTHUECKHE
IIpOOJIEMBI TThe30MaTepraIOB Ha OCHOBE CBUHEIICOAEP-
JKallMX cerHeTodas, Tak Kak CHIDKEHME TeMIlepaTypbl
cuHTe3a nx mopoikos ¢ 800 °C (TpaguLIMOHHAS TEXHO-
norust) go 450 °C (MCII) noHukaeT JaBJieHUE MMapoB
PbO nanm obpasuaMu Ha 1mecTh MopsiakoB [17—19] Ha
(oHe 3HAYUTEIHLHOTO CHMXXEHUS BPEMEHH IIpoliecca
(MuHuMyM B 3 pasza). [ToHMXXeHUE Xe TeMIlepaTypbl
cnekaHus obpasuoB ¢ 1250 mo 950 °C Takxke paer cy-
LIECTBEHHBI 3KOJOrHnYecKuil 3(PPeKT, CpaBHUMBII C
3 heKTOM, MoJydyaeMbIM IIPU CUHTE3E 1ieJIeBOM (pasbl.

Paboma evinoanena 6 pamxax 3adanus No Bulp-
11.5814.2017/8.9 na evinoanenue pabom 6 cgepe Hay4-
Hol desmenvHocmu enympennezo epanma KODY na obo-
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One of the promising materials, used in manufacture of the hydroacoustic piezoelectric converters, sensors for medical diagnostics
and emission control, efc., are composite piezoelectric materials (CPM) of 1 — 3 type based on the phases of the PZT system. Com-
mon disadvantages of these CPMs are the following: a) high laboriousness of the known manufacturing methods; b) low values of
the dielectric constant of high-efficiency samples and their low mechanical strength.

In order to solve these problems, a technological complex was created, including the low-temperature manufacturing technologies:
a) superdispersed powders of the phases of the PZT system; b) dense and porous active elements (AE), using the methods of film
casting and the methods of a low-temperature sintering of films; c) CPMs of 1 — 0 — 3 type, with a varying volume fraction of rods.

This increased the reproducibility of the electrophysical parameters (EPP) of the CPMs of 1 — 3 type, while the use of the low-
temperature technologies contributed to an increase in the environmental friendliness of the technologies of these CPMs. This com-
plex also made it possible to reveal the influence of the values of the porosity of AE and their volume fraction on EPP of CPMs
of 1—3 type and to establish the role of activation of the surface of the rods of the AE on these parameters. It was demonstrated,
that the proposed technologies allowed us to increase the volume fraction of the ferroelectric phase in CPMs and their dielectric per-
mittivity, while retaining their high volumetric piezo parameters of the materials.

Keywords: piezocomposites, connectivity, superdispersed powders, low-temperature methods of synthesis and sintering, assembly
technology, electrophysical parameters
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Introduction

According to the theoretical views, a piezoelectric effect in
the piezoelectric environment can be considered as a response
to an external mechanical or electric influence [1—5, 11].
Therefore, the values of the electrophysical parameters (EPP)
of any piezomaterials, the basis of which is of the ferroelectric
phases, are defined not only by a crystal-chemical structure
and composition, but also by the mechanical parameters
(MP) of the samples. In their turn, MPs also depend on the
composition and structure of the base ferroelectric phase, but
a more considerable contribution to their values is brought by
the structure of the microlevel of the materials. During tran-
sition from a monocrystal to ceramics the variability of a sys-
tem (from the point of view of the structure of its microlevel)
increases sharply in connection with the growth of the
number of elements of the microlevel (grains, pores, grain
boundaries, etc.). At that, the number (of the technologically
achievable) methods of variation of the structure of a micro-
structure of the ceramic samples (of the fixed chemical com-
pound) also grows due to variation of the volumes (forms,
lengths) and mutual orientation of its elements (grains, grain
boundaries and pores). During transition from the piezocer-
amics to the piezoelectric composites (CPM) a further growth
is observed of the variability of the systems, connected with
the additional possibilities of variation of its macrolevel due to
occurrence in the systems of new kinds of piezoactive objects
(macrocells), the linear sizes of which can surpass the sizes of
the ceramic grains in hundreds of times.

These macrocells of CPM can look like rods, plates or in-
clusions of various forms (CPM 1 — 3,2 — 2 and 0 — 3), and
also of the oriented and unoriented micro- and a macropores
(CPM3—1,3—2,3—3,3—0). Besides, the second phase
of CPM (polymer, glass, etc.) is also structured not only due
to the surface interaction with the macrocells of the ferroe-
lectric phase (on the section border of the phases), but also in
connection with formation in its volume of the pores of var-
ious volumes and forms. Therefore, during the transition of:
ideal monocrystal — real monocrystal — ceramics - CPM
at a formally identical composition of the base ferroelecric
phase, a change of the structure of the micro- and macrolevels
of the piezoelectric environment causes variation of values of
its MP, and consequently, and of the values of EPP of the pi-
ezomaterials of the specified types.

One of the promising (by a set of EPP) piezomaterials ap-
plied for manufacturing of the hydroacoustic piezotransduc-
ers, sensors, medical diagnostics, emission control, etc. are
CPM with connectivity of 1 — 3. They are characterized by
high values of the longitudinal piezomodule (d53), factors of
electromechanical bond (K33, Kj), in combination with low
values of the dielectric permeability (8;3 /¢) and cross-section
piezomodule (d3;). This means, that their volume piezopa-
rameters (piezosensitivity (g,), piezomodule (d,), reception
factor (d, - g,)) can reach high values [2—10].

Macrostructure of CPM 1—3 is a system of active ele-
ments (AE) in the form of rods (of any section), located in
parallel to each other, for example, in a polymeric matrix, the
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end parts of which are electrically connected among them-
selves [2, 6, 7—10]. The high values of the piezoelectric re-
sponse of CPM 1 — 3 are connected with the heterogeneity
of the mechanical stresses in their volume, caused by various
values of MP polymer and AE, and also by a periodic ar-
rangement of the latter in the systems. In an ideal case (elastic
pliability of the binding material considerably exceeds the val-
ues of this characteristic for AE, while the energy of adhesion
of a polymer to the ferroelectric phase is high) the mechanical
stress influencing CPM is mainly concentrated on AE. In this
case the polymeric phase acts as a kind of an aerial for the me-
chanical fluctuations arising in the external environment, and
the growth of its volume fraction in the system reduces the
value of &3, /€ composite and, as a consequence, raises the
values of its volume EPP.

The known technologies of CPM 1 — 3 [2—10] formally
allow us to vary the volume content of the piezoactive phase
in the system, geometry of AE, their relative positioning in a
sample, the mechanical properties of a matrix, etc. All this
gives a chance (within certain limits) to change the values of
separate EPP of the given materials and to optimize the ef-
ficiency of the piezotransducers of those or other types. In
[1—11] the questions of the influence of the volume fraction
of the ferroelectric phase in the systems, geometry of the ac-
tive elements and properties of a polymeric matrix on the val-
ues of EPP of composites 1 — 3 also are considered.

A common drawback of the specified CPM is complexity
of the known methods of their manufacturing, which results
in problems with the reproducibility of EPP samples and ex-
plains the contradictory literary data concerning their prop-
erties [1—11]. At that, high values of the volume piezoparam-
eters are observed in these CPM only at a volume fraction of
AE in the system of about 0.1...0.2, provided the AE are ar-
ranged in a volume compressible polymeric matrix (a transi-
tion to a little compressible material, for example, glass, re-
duces the values of their volume piezoparameters several
times). Therefore, highly effective samples of CPM 1 — 3 have
a low value of £33 /gy, which complicates coordination of the
piezotransducers made on their basis with the other compo-
nents of the piezoelectric systems. Besides, a low volume frac-
tion of AE in the highly effective CPM 1 — 3 predetermines
their low mechanical durability.

On the basis of [1—11] it is possible to draw a conclusion,
that the problems of CPM 1 — 3 presented above can be
solved due to development of a complex of technologies,
which ensure a possibility of formation of CPM with a set and
technologically reproducible structure not only of the mac-
rolevel samples, but also of the microlevel of each separate
AE, and also by the structure of a polymeric matrix. This can
also be promoted by variation of the AE microstructure: in
particular, a growth of porosity of AE will result in an increase
of their elastic pliability, and also in an increase of the area
of the phase boundaries in the system. The latter in combi-
nation with dressing of AE can increase the energy of adhe-
sion of a polymer to AE, which will raise the local mechanical
load on separate elements.

In this connection the purpose of the given work was cre-
ation of a technological complex including the low-temper-
ature technologies for manufacturing of:

e Superdispersed powders of the ferroelectric phases of PZT
systems;

e Dense and porous AE CPM 1 — 3 with porosity from 10
up to 50 % of volume;
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e CPM with connectivity of 1 — 0 — 3 and changing vol-
ume fraction of the rods.

Creation of such technological complex led to a growth of
the reproducibility of EPP CPM of the considered type, and
allowed us to reveal the influence of porosity of AE and their
volume fraction on the values of EPP CPM, and also to es-
tablish the influence of dressing of AE rods on these param-
eters. Application of the low-temperature technologies (syn-
thesis of the superdispersed powders, lead-containing ferroe-
lectric phases, sintering of AE) improved the ecological
standards of CPM technologies of the given type in compar-
ison with the known technologies.

Experimental part

In the given work the synthesis of
PbTij 4421 5,Cd 03W, 0203 powders was carried out by the
method of the structural similarity (MSS) [12, 13]. MSS is
based on interaction (under normal conditions) of the jellous
polymeric nano-matrixes, in this case of Ti 46Zr( 540, * xH,O
composition (having a structure similar to the structure of the
sublattice (B) of the phases with the structure of the perovskite
type) with the oxides (PbO, CdO and WO3). The interaction
was carried out (within 30 min under standard conditions)
in a planetary mill (Pulverisette 5). The formed amorphous
product of the reaction was crystallized at 450 °C during
40 min which made it possible to generate a powder of the
target ferroelectric phase with diameter of the particles of
150...200 nm. Then the powder was processed by a water
suspension made by mixing of Bi;O5. yH,O gel with the sat-
urated solutions of nitrates of cadmium and nickel. The cor-
relation of ions of Bi3*:Cd2":Ni%" in the suspension was
2:0.25:0.75. The processed powders of CPM phase were
dried and then placed for 20 min. in the furnace and heated
up to 600 °C. This method ensured a uniform covering of the
surface of the ferroelectric phase particles with a thin layer
of the glass phase of Bi,Cd,5Nij 7504 4+ , composition,
which subsequently allowed us to lower the sintering temper-
ature of the rolled films (0.98PbTi 4471 5,Cdg oW 0203 +
+ 0.02B12Cd0.25N10.7504 4 x) down to 950 °C.

AE CPM 1 — 3 were made as thin parallelepipeds with
thickness of 120...150 um, width of 3 mm, and height of
5 mm. After sintering their density, depending on the volume
fraction of the pore-forming material introduced into the sys-
tem, was from 50 up to 90 % (of the theoretical value). The
initial molding suspensions (slips) for manufacturing of the
crude films by the method of slip moulding were made by
mixing in the spherical mills of superdispersed powders of the
ferroelectric phase, crystal benzoic acids (pore-forming ma-
terial) and the binding material (in the set volume correla-
tion). The composition of the binding material included the
butyral resin, nonionic surface-active substance, ethyl acetate
and ethanol. Estimation of the sedimentation stability of the
slip was done with account of the ideas about the fluidity
limit sufficient for retention of the particles of the maximal
sizes in the suspension [14, 15]. Since the slip density, nec-
essary for pouring, should be 4.3...5.1 g/cm3, while the den-
sity of the two types of particles of the solid phases is ~7 and
1.3 g/cm3, for the slip with fullness of 0.7...0.8 the optimal
diameter of the particles of the fillers is within the limits of
0.2—0.4 um. The specified diameter of the particles of the fer-
roelectric phase powders is ensured by the described technol-
ogy of its synthesis, and for the particles of the benzoic acid




it is formed within the method of the slip dispersion. Hashing
of the slip in the air at any parameters of the process leads to
formation in its volume of the bubbles of gas, which compli-
cate manufacturing of AE with the set general porosity.
Therefore, before casting the slip was subjected to vacuumi-
zation, which improved all of its technological properties: re-
duced its viscosity and allowed to lower the content of the
binding material in a volume unit [14, 15].

Casting of a film with thickness of 150...180 um, its rolling
on the rollers down to the thickness of 120—150 um (fig. 1),
drying and cutting to the necessary size were carried out on
the installations from Kekoequipment Co. (CAM-L25, SD
and SC, accordingly).

During heating of the crude films the polymeric substanc-
es in their composition are exposed to a thermal destruction,
which is understood as a set of the processes of decomposition
(with formation of low-molecular volatile products) and ox-
idation (up to resinification and burning out of the amorphous
carbon). They result in a change of the volume (form) of a
workpiece, and at a high speed its destruction is possible.
Therefore, the process of sintering of the films is done within
the framework of the polythermal mode, the parameters of
which are defined on the basis of differential thermal analysis
DTA and thermogravimetric analysis (TGA) — Diamond
T6/DTA derivatograph (fig. 2), they and depend on the thick-
ness of a film and also on the share and composition of the
binding material in the samples.

For carrying out of sintering the cast films were collected
in a package, in which (for prevention of over sintering) they
were separated due to addition of a fine-grain powder of ZrO,
or Zr, 5Tiy 50,. Fig. 3 presents a microstructure (JSM-6390LA
scanning electron microscope) of the chips of the films, mu-
tually perpendicular to each other. The presence of the ben-
zoic acid in the system, playing the role of a pore-forming
material, allowed us to vary the porosity of AE within the nec-
essary limits (fig. 4). From the presented data it is visible, that
the method of preparation of the powders of the ferroelectric
phase for sintering (covering of the particles with the glass
phase) not only promotes achievement of a high speed of this
process at 950 °C, but also allows us to lower the speed of the
secondary recrystallization of the samples.

At the following stage in special equipment the end faces
of AE were metallized, then by the method of soldering AE
were connected among themselves by means of a wire (copper
wire d = 0.7 mm) (fig. 5, b). The cartridges made by this
method were polarized by the pulse method (siloxane liquid,
T =110 °C) [16].

For manufacturing of CPM two methods were used.
Within the framework of the first one the closed forms of a
kind of prisms were formed from the cartridges, for example,
with the external "diameter” of the basis of 10, 8, 6 and 4.5 mm
(fig. 5, ¢). The maximal number of the active elements ("the
lateral facets") in those prisms was, accordingly 8, 6, 5 and 3.
The end parts of the wires were soldered, and the forms
(by their "bases") were placed on a round copper wire with the
diameter of 10...20 mm and thickness of 0.7 mm, the surface
of which was preliminary covered by the electroconductive
glue on the basis of the epoxy resin and high-grained copper
and graphite powders. The sequence of the assembly was the
following: smaller by volume forms were inserted into bigger
ones by the "Russian dolls" principle, the central axis of the
assemblage corresponded to the perpendicular coming from
the centre of the round wire.

The intermediate design was reinforced from above by
the second round copper wire, which from the side of the
contact with the rods was covered by electroconductive glue
(fig. 5, d, e). After termination of the polymerization of glue
the surface of the active elements was dressed by a spirit so-
lution of maleic anhydride (for increasing the energy of ad-
hesion of the binding material to the ferroelecric phase). Af-
ter evaporation of the spirit the workpiece was dipped into
Pentalast®-710 compound, which was selected because of
its electric and dielectric properties (specification 2513-011-
40245042—99): high (volume and surface) specific electric re-
sistance, low values of the angle tangent of the dielectric losses
and dielectric permeability.

The operation of pouring was done in polyethylene de-
vice, which was a thin-walled (1mm) glass with the internal
diameter of 12...22 mm and height of 6 mm. After termination
of the polymerization process of the compound the bottom of
the device and its top part were cut off, the compound was re-
moved from the external copper wires of CPM, and the gap
between the wires and the external polyethylene cylinder was
additionally sealed.

The maximal number of the active elements in CPM
(in the form of a cylinder with diameter of 10 mm, made by
the method described above) is 24, which corresponds to their
volume fraction in the material of about 15 %. In this con-
nection CPM with a higher volume fraction of the ferroelec-
tric phase was assembled by method 2. Forms as "steps" were
made from the cartridges due to their consecutive deforma-
tion in two mutually perpendicular directions (fig. 5, f). This
made it possible using the method of packing of the step car-
tridges shown in fig. 5, f, to increase the volume fraction of
the active rods in CPM up to 41 % of the volume. The sub-
sequent operations of formation of CPM by the second and
the first methods were similar.

The difference was only in the fact that during manufac-
turing of CPM within the framework of the second method
the reinforcing copper wires were used in the form of squares
or rectangles. The polyethylene equipment, in which pouring
of the compound of the intermediate assemblages took place,
was of the same form.

Variation of the volume fraction of the rods in both meth-
ods of assemblage of CPM was reached due to a change of the
distance: between the rods in the initial cartridges and be-
tween the initial cartridges in a sample.

Research of EPP CPM was carried out according to
OST 110444—87 (piezoelectric ceramic materials). The tan-
gent of the angle of the dielectric losses (tgd) of CPM, their
values of ¢33 /g, and d3; were defined at a room temperature
with the use of TSENZURKA-M installation (manufac-
tured by NKTB Piezopribor). The value of ds; of CPM sam-
ples was estimated by means of Piezo ds; TestSystem in-
stallation (USA), and the values of their volume piezosen-
sitivity (y), by which the value of g, was calculated (g, = v/A,
where 2 — height of the piezoelement) was defined on Paskal
and Membrane installations (NKTB Piezopribor).

The analysis of the data on EPP CPM 1 — 3 made by
methods 1 and 2 shows that their values at identical volume
fractions of the ferroelectric phase in the systems (0.1 and 0.15)
practically do not depend on the method of their formation.
At the same time, the samples with the volume fraction of AE
up to 0.15 are technologically easier to manufacture by meth-
od 1, and with higher volume fraction of AE — by method 2.
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Therefore, during the further construction of the dependences
of EPP on the volume fraction (V') of AE in the samples and
their porosity the data were used for the samples made by
method 1 (up to V= 0.15) and method 2 (for V> 0.15).

Values of EPP CPM with the connectivity of 1 — 0 — 3
type (ferroelectric phase — air — polymer), made on
the Dbasis of the ferroelectric phase composition
(0.98PbTig 44210 55Cd 3 W0.0203 + 0.02Bi,Cd) 55Nig 7504+5)
are presented in fig. 6—8. In these figures the axis of absciss
shows variation of the general porosity of AE CPM, while the
values of V' AE in the system are presented by figures at sep-
arate lines.

For definition of the influence of dressing of AE on the
values of EPP CPM with AE (porosity of 46 % of the volume)
with V=39 % of the volume the table presents characteristics
of CPM on the basis of the dressed and not dressed AE. As
it follows from the data of this table, dressing of AE practically
does not change the value of £33 /g, but promotes the growth
of the values of CPM piezoparameters.

Conclusion

As it follows from the presented data (fig. 6—8, table), the
variation in EPP CPM 1 — 0 — 3 is caused by the same fac-
tors, which define the values of the piezoparameters of CPM
1 — 3 and 3 — 0. So, the values of &35 /gy in CPM of the given
type decline in the process of decrease of V' AE in the system
and the growth of the porosity of separate AE. Therefore, the
identical values of 35 /¢, can be reached at various values of
V AE, i.e. the influence of the growth of ¥ AE on £33 /g, of
the samples can be compensated by the porosity growth of
separate AE. The values of d33, |—d3;| and d,, of CPM increase
with the growth of V' AE and somewhat decrease with the
growth of porosity of AE. Since at a fixed value of V' AE the
influence of porosity of AE on &3, /€¢ is higher, than on the
values of 4, and g, = d,,/ 853 , the growth of porosity of AE
contributes to the increase of the piezosensitivity of CPM of
the given type. As a whole the developed set of the technol-
ogies allows CPM 1 — 0 — 3, made on the basis of the fer-
roelectric phase and Pentallast®-710 compound, change the
values of EPP CPM: 853 /gy from 72 up to 412 (i.e. by 570 %);
d33 from 115 up to 238, i.e. more than twice; d,, from 91 up
to 166, i.e. by 180 %; g, from 45 up to 143, i.e. more than
3 times; d,, * g, from 6.94 up to 13.91, i.e. more than twice. At
that, the variation of the two factors (the values of V AE in
CPM and porosity of AE) allows us to make materials for the
volume-sensitive piezotransducers, working both by a charge
(high value of d,), and by voltage (high value of g,), thus se-
lecting the optimal for a concrete device value of &33 /g

The results presented in the article allow us to reduce sub-
stantially the environmental problems of the piezomaterials
on the basis of the lead-containing ferroelectic phase, because
a decrease of the temperature of synthesis of their powders
from 800 °C (the traditional technology) down to 450 °C
(MSS) lowers the pressure of PbO vapors over the samples by
6 orders [17—19] on the background of a considerable de-
crease of the duration of the process (minimum 3 times). De-
crease of the temperature of sintering of the samples from
1250 down to 950 °C also gives an essential ecological effect,
comparable with the effect received during the synthesis of the
target phase.
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MEPCNEKTUBbI BICOKO3KOHOMMWYHOM 9KOAOTUYECKU YUCTOM
SHEPTETUKU — OCBOEHUE AAAUTUBHOM TEXHOAOTUM MPOU3BOACTBA
FA3OTYPBUHHbIX ABUTATEAEM M3 BbICOKOTEMIMEPATYPHbIX
KOHCTPYKUUOHHbIX KEPAMHUYECKNX MATEPUAAOB

Ilocmynuna 6 pedaxyuio 30.05.2017

Addumuenas mexnonoeus uze0moeaeHus ea30MypoOUHHbIX dgueamenell U3 Memaniu4eckux nopPoUK0o8bIX Mamepuaios no360-
JA5iem COKPamume CpOKU U CIOUMOCMb U320mosaenus, Ho e yayyuwaem KIIJI, maccoeabapumusie napamemposi u 3K0402UHHOCHb
66Udy pocma 3ampam Ha oxaadxcoeHue npomounou yacmu. Memaniokepamuueckue NOPOUKYU — 2apAHMUs HA0HCHOU IKCNAYa-
Mmayuu Heox1ancoaemozo Kepamuecko2o ea3omypouHHoeo ogueamensi, 00ecneeHus e2o GblCOKOU IKOHOMUHHOCIU, OMCYMCMBUS
8pednbix 8blopocos, ymenvuienus 6 100— 150 paz uucaa y3106 u demanei u 6 4—5 paz maccol dgueamens.

Karouesvle caosa: adoumuenas mexnonoeus, NOCA0UHOe AA3epHOe CHAAGAeHUe, 2A30MYPOUHHbIL 0gueamens, mypouHa, KOM-
npeccop, Kamepa ceopanusi, 6030yXon000epeeamens, KOHCMPYKUUOHHI KePAMUHECKULl MAmMepuan, Kepmem, peeeHepayus menia

B Hacrosiiiee BpeMsi sl TPOU3BOACTBA M3IEJIUIA
CO CJIOXHOU BHYTPEHHEW TIe€OMETpUEH IUMPOKO HC-
MoJib3yeTcsl aaauTuBHas TexHoJjorus (AT) rocnoiiHo-
ro jiazepHoro ruiasneHust (SLM-selective laser melting)
MeTajuimdeckux rmopomkos. IpemmyiiecrBa SLM oue-
BUITHBI:

e TIPOM3BOJCTBO aBTOMATU3UPOBAHO; PYYHOU TpyI
MPYU U3TOTOBJIEHUY U3ACJIUI OTCYTCTBYET; UepTEXKU
JieTajieii MOTyT OBbITh 3aTrpy>Ke€Hbl HETIOCPEACTBEHHO
B IIPOrpaMMy CTaHKa;

e M3TOTOBJIEHME BCEro U3AEaUS (C BHYTPEHHUMH MO~
JIOCTSIMU, KaHaJlaMU, CJIOKHOU reoMeTpue u T. 11.)
OCYIIECTBIISIETCS B X0 OTHOM OIepalluM;

e o00ecreunBaeTcs BBICOKasi TOYHOCTh IMPOM3BOICTRA,
OTCYTCTBYET HEOOXOIUMOCTh B ITOCTOOPAOOTKE MJIN
JIOBOJIKE M3IEIIHS.

B MupoBOoM MalIMHOCTPOEHUHU pa3padaThIiBaIOTCS,
MPOEKTUPYIOTCS M W3rOTaBJIMBAIOTCS BCE OCHOBHbBIC
ycTpoiicTBa ra3oTypobuHHbix aAuraresneii (I'T1) u3s me-
TaJUIMYEeCKMX MaTepUaioB, TPEOYIOIIUX YXKe Ipu pado-
yux Temreparypax csoiiie 1173...1373 K (900...1100 °C)
HETIPEePLIBHOTO OXJIAXKIEHUS LIMKJIOBBIM BO3IYXOM, UTO
CHUXKAET MX 3KOHOMMYHOCTb. [ToaToMy Heobxomu-
MocTb co3ganus kepamuueckux I'TH (KI'T), He Tpe-
oytommx oxiaxaeHnus no 1623 K (1350 °C), crana oue-
BugHOM [1—3].

Llenp HacTOSIIIETO MTPOEKTa — Pa3BUTHE IEIIEBOTO
"3eyieHOro" sHeproodecreyeHus (Teraio + 2JIeKTpU-
YeCTBO) HEOOJbILIMX MPOMBIIUIEHHBIX MPEeINPUSITUIA,
TOPOJICKOIO TPAaHCIIOPTa, CEJbCKOTO XO3IMCTBa, May-
HBIX YU4aCTKOB U JIp., 32 CYET MIPOU3BOACTBA KaK JIETKHX
HeoxJiaxnaeMbIX anekTpuueckux KIT/ MOIIHOCThIO
~2—500 kBT, Tak u mHoromoayiabHbix KI'TJI mro6oii
MOILIHOCTH ¢ pabodeii Temmepatypoii 1623 K (1350 °C),
CXKUTAIOIIUX TBEPAOE, KUAKOE WU ra3000pa3Hoe TOM-

JIUBO JUTSI KOJIOTUIECKN YMCTOM BEICOKOIKOHOMUIHOMN
(KT 45...52 %) skcmutyataliuy Ha JI00bIX pexXuMax.

HccnemoBaHus u mpuMeHeHUE KOHCTPYKITMOHHBIX
kepamuueckux matepuaioB (KKM) npakruyecku of-
HoBpeMeHHO Obl1i HavyaThl B 1988 r. B CIIIA, fAnoHun
n CCCP (puc. 1, 2, cM. 4eTBEpTYIO CTOPOHY OOJIOKKHU )
B COOTBETCTBUHU C MACIITaOHBIMY IPaBUTEILCTBEHHBI-
MU TporpammamMu cosganus K 2001—2005 rr. Heox-
JaxaaeMbix aKojiornyHbix KI'TI ¢ HayajnbHON TeM-
nepartypoit pabouero Tena 1623 K (1350 °C) u ¢ KITJ]
42...46 % |4, 7].

Kak cnenyet uz puc. 2 (CM. 4eTBEPTYIO CTOPOHY 00-
Joxxkun) Metaumueckue I'TJI mpoctoro (¢) u pereHe-
paTuBHOTO (M) UMKIa yKe B 1988 1. jocTurim mpe-
JIeJIbHO BO3MOXHOIO YpPOBHS 3(hGHeKTUBHOCTU. BbI-
cokuit KIT[ kepamuueckux I'TJI (puc. 2, a) noiydyeH
3a CUET JIMKBUAAIINM TIPOIIecca OXJIaKIeHUS TypOWH-
HBIX CTyNEHeH, a peanusauus HU3Koi smuccun NO,
(puc. 2, b) B Kamepax cropaHus ¢ "XoJogHBEIM" (ake-
JIOM o0ecIieunia 3KOJOrMYeCckKy YMCThIN BbIxJIoI [7, §].

OcBoenne AT MOCIOMHOrO Ja3epHOIO0 CHUHTE3a
(SLM + LLS, LLS — layer laser synthesis) n3nenuit u3
TTOPOIIIKOB, COMAEPXKAIINX KePaMUUECKHUE COCTABIISIO-
e, — CJOXHas 3ajaya. YueHble IpeacKa3biBaau
25-JIETHIOIO T1ay3y B OCBOEHUM CEPUIHOTO MPOM3BOJICT-
Ba KKM u KI'T/ [1], usroroBiasiuuxcsas B CCCP-
Poccun, CIIA, fmonun u EBpomne.

CreqyeT OTMETUTh TPU MOAXOJA K PELICHUIO 3TOM
3a1avu.

1. Mcnionb3oBaHue CYyCIIEH3UM, CoAepKallluX Kepa-
Muueckuit Matepuai (peanusoBaH B Institute for Non-
Metallic Materials, Technische Universitat Clausthal).
MeTon He obGecreunBaeT TOYHOCTh TEOMETPHUU U TIPH-
TOZICH TOJIBKO TSI CO3MaHMs MaKpoaeTajel ¢ rpyobIMu
TMOBEPXHOCTSIMMU.
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Puc. 3. HoBble MaTepuajioBemyeckne pemieHusl: ¢ — KCClieoBaTeibckoe obopynoBaHue: I — abcoponmoHHblil aHanmm3zatop NOVA 1200e
(CHIA); 2 — nasepubiit cenumenTorpad "Horiba" LH-950 (SInoHust); 3 — cKaHMpYIOLIMil 31eKTpoHHBI MHKpockon® Carl Zeiss Xradia
microXCT (I'epmanust); b — mMerayiokepaMuueckuii mopoiok [9]; ¢ — Hanoctpyktypsl KKM; CHsITME CKaHUPYIOILMM 2JIEKTPOHHBIM MUK-
POCKOIIOM; d — 3aBUCUMOCTHU BEPOSITHOCTH pa3pyllIeHMsI OT HanpsokeHus 6e3ycanouHbix KKM ¢ MOCTOSTHHBIMU CBOMCTBAMM 3KapOIIPOYHOCTH
¥ KapoCTOMKOCTH MPH U3MEHEHUU TeMIepatyphl B ananasone 273...1623 K (0...1350 °C): 1, 3 — sKcriepuMeHTaIbHBIE PE3YIbTaThl KEpaMu-
yecknx (coctaB Al,O;—BN—SiC) o6pasuos npu 1573 K (1300 °C) u 293K (20 °C); 2 — KpuBBIE anmpoKCUMaLNun

Fig. 3. New material-science solutions: a — research equipment: 1 — NOVA 1200e absorptive analyzer (USA); 2 — Horiba LH-950 laser
sedimentograph (Japan); 3 — Carl Zeiss Xradia micro XCT scanning electron microscope* (Germany); b — ceramic-metal powder [9]; c — CCM
microstructures filmed by a scanning electron microscope; d — dependences of the probability of destruction from a stress of the unshrinkable CCM
with the constant properties of the thermal stability and heat resistance during variation of temperature in the range of 273...1623 K (0...1350 °C):
1, 3 — experimental results of the ceramic samples (Al,03—BN—SiC composition) at 1573 K (1300 °C) and 293K (20 °C); 2 — approximation curves

2. IlpuMeHeHHe cMeceil KepaMUYECKUX TTOPOLIKOB
C OpPraHUYECKUM CBSI3YIOIIUM HE YCTpaHSIET HU3KYIO
MEeXaHUYECKYIO TTPOYHOCTh, ycanky 10 40 % Bo Bpemst

Puc. 4. Ooopyaosanne Phenix Systems PM100, moaepHu3upoBan-
Hoe i peaym3anun AT npon3BoncTBa Kak KepaMAYecKHX, TaK U Me-
Tajmyeckux usaenmii [10—16]

Fig. 4. Phenix Systems PM 100 equipment modernized for realization of
AT manufacture of both ceramic and metal products [10— 16]
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00XMra 1 YaCTUYHOE pa3pylleHre U3NeIuii B IpoLiec-
ce 3KCIUTyaTaluu.

3. Ilogxom, OCHOBAaHHBIM HAa YaCTUYHOM ILIaBJIEHUU
Kepamuueckoro matepuaina B npouecce AT (pa3pabo-
taH B Fraunhofer-Institut fur Lasertechnic, Aachen,
Germany), AaeT BO3MOXHOCTb IPOU3BOACTBA U3[e-
JIMH C YIPOILLEHHOM reOMETpUE, UMEIOIIUX JOBOJIBHO
3HAYUTENbHYIO MPOYHOCTh MPY KOMHATHO# TeMIepa-
Type M CYIIEeCTBEHHBIN HEAOCTAaTOK — OOJIBIIIOe KO-
YECTBO MUKPOTPEIINH.

K xonmy 2006 r. mis ocymectBiennss AT Gbut
chopMHUpOBaH KOMITJIEKC BBICOKOKIJIACCHOTO 000pY-
JoBaHUs (puc. 3, @) 1O MPOU3BOACTBY U IPOBEPKE
CBOMCTB MeTaJUIOKepaMUUeCKOTO Mopoiika (puc. 3, b)
C XapakKTepHOIl HaHOCTPYKTYpoil (puc. 3, ¢), KoTopas
BITOCJICACTBUY MOXET OBITh JOOKHCIICHA 10 KEPAMUKH
6e3 M3MeHeHus reoMeTpuun usnenuii (puc. 3, d) [9].

[MapamienbHO ObUIM MPOBEACHBI CYLIECTBEHHAS 110
3aTpaTaM M BPEeMEHU MOIEpPHU3AIMs 3apyOexXHOIo
obopynoBaHus (puc. 4), mepBoHAYaIbHO IpeAHa3HAa-
yeHHoro Jisl peanu3auuu AT TOJbKO MeTaTMYeCcKuX
u3nenuid, u pa3paborka, IpoBepka u npuMeHeHue AT
JUTST M3TOTOBJICHUS KEPaMUYCSCKUX Y3JIOB M JeTaieit
KI'TH B uenom (puc. 5, puc. 6) [10—16].

I1pu BbIMOJHEHUU MOJIEPHU3AIIMU OBbLIO MpOBee-
HO yBeJIMUEHVEe MOIIIHOCTHU Jlazepa (B 2 pa3a), 3aMeHa
MarepuanaoB paboyeit 30Hbl, UBMEHEHHUE CHUCTEM Ha-




d
\

Puc. 5. Tynneabnbie Kepamuyeckue typoomammunbl [14]: a — paGouee kosneco komipeccopa; / — Bxon; 2 — paboune KaHajbl, 3 — BBIXOI;
4 — OMNOpHBIN U 5 — YIMOPHBIA MOALIMITHUKY; 6 — GaiinacHoe coenuHeHue; b — nuddysop kommnpeccopa; 7 — Bxom; § — nudby30pHbIid
KaHaj; 9 — pabounii KaHai, /0 — Bbixoa; /1 — ONOpHbINA U 12 — YIOPHBII NOAIIMITHUKH, ¢ — COILIOBOI anmnapar TypOuHbI; /3 — U3 KaMepbl
cropaHusi,; 14— Bxon; 15— corioBoii KaHai, 16 — pabounii KaHaut; /7 — BeIxon; /8 — onopHbIi 1 19 — yrmopHbIi MOAIIUITHUKY; d — pabouee
KoJieco TypouHsl; 20 — Bxon; 21 — pabouue KaHajbl, 22 — BbIXOA; 23 — OMNOPHBINA U 24 — YIOPHBIA MOAIIMIHUKA, 25 — OaiiracHoe co-
eNMHEHME; e — MeTaJUIMYecKasi MoJesib poTopa KomIpeccopa; 26 — BXo[ (CJeabl yaapoB OT MecKa Ha MepeMbluKax MEXIy BXOTHBIMHU OT-
BepCTUSIMU); 27 — BBIXOA (BHYTPEHHsISI IOBEPXHOCTb KaHAJIOB 0e3 CJIeoB yaapoB oT mnecka) [7, 14]

Fig. 5. Tunnel ceramic turbomachines [14]: a — working wheel of the compressor; 1 — input, 2 — working channels; 3 — output; 4 — journal and
5 — axial bearings;, 6 — bypass connection; b — diffuser of the compressor; 7 — input; 8§ — diffuser channel; 9 — working channel; 10 — output;
11 — journal and 12 — axial bearings; ¢ — nozzle turbine device; 13 — from the combustion chamber; 14 — input; 15 — nozzle channel; 16 —
working channel; 17 — output; 18 — journal and 19 — axial bearings;, d — turbine blade wheel; 20 — input; 21 — working channels; 22 — output;
23 — journal and 24 — axial bearings; 25 — bypass connection; e — metal model of the compressor rotor; 26 — input (traces of the sand blows on

the crosspieces between the input apertures); 27 — output (the internal surface of the channels without traces of the sand blows) [7, 14]

HECEHUS U yIaJeHMs TTOPOILKa, OUMCTKU ONTUYECKO-

ro KaHaja, ONTUMU3ALNN PEeXKUMOB M MOCIEAYIOLICH

TepMOoOOpabOTKM, ITOCJIOHAsI BU3yaIu3alus U KOHT-

poJib mapameTpoB paboyero mpoliiecca, aBTOHOMHas

CUCTEMA CO3JaHUSI NHEPTHOU CPEIbI.

OcHoBHble cTaguu mnpouecca SLM-LLS crnenyto-
1Iue:

e TPUMEHEHUE MeTaJIOKePaMHUUECKUX ITOPOIIKOB
cucrembl Al,O3—BN—SiC, ¢pakuma yactun —
meHee 40 MKkM (10 pe3yibTaTaM Jia3epHO ceau-
meHTorpacduu, PCD analysis, Horiba LA 950), mak-
CUMYM 110 00beMy — 14 MKM, mosyyaeMblii mocye
MpOBeJEHMS ITOMOJIa ¢ MeXaHOaKTUBallMel B ILia-
HETapHOM IIapOBOM MeJIBHUIIE, BAKYYMHOTO OTKU-
ra, IpoOJeHKsI U TTOBTOPHOTO TTOMOJIA;

e 3aITyCK B MOPOIIKE ATIOMOTEPMUYECKON peakInu
oA NEeWCTBHMEM JIa3epHOTO M3AyYeHMST (CTAaHOK
Phenix PM-100 ¢ paGoynM CTOJIOM IMaMETPOM
100 mm (puc. 4) ObUI MOAUDUIIPOBAH IJISI UCIIOJIb-
30BaHMSI HE TOJIBKO METAUIMYECKUX, HO U MeTall-
JIOKEPaMUYECKUX TIOPOIIKOB; OCYIIEHHBI aproH;
KoMHaTtHas temmneparypa; 100 Br CO, nasep ¢ do-
KaJIbHBIM cABUTOM 50 %; ToMuHA cliost ~35 MKM);

e TPU HEOOXOAMMOCTU OCYIIECCTBISIOTCS MEXaHU-
yeckasg 00paboTKa TBEPOOCIIABHBIM WHCTPYMEH-
TOM 3arOTOBKM U3 KepMmeTa, I1uddy3noHHas cBap-
Ka, 2JIEKTPOIPO3UOHHAsT 00paboTKa;

e B pe3yJbTaTe MoJiyuaeM MeTaJIOKepaMHUUECKYIO
3arOTOBKY C IIPpUEMJIEMON MEXAHUYECKOW Mpo-
YHOCTBIO, KOTOpas MOCJe OKUCIECHHUs Ha BO3MyXe
npu 1523 K (1250 °C) B teuenue 100...200 4 mpe-
BpallaeTcss B Kepamuueckoe wuziaenue (CocTaB
Al,O;—BN—SiC) ¢ uaMeHeHMeM JIMHEHHbBIX pa3-
MepoB <0,3 % u mopucrocteio g0 15...20 % [17];
MOPUCTOCTb MOXET ObITh CHUXKeHa B 3—4 pa3a (1o
4—5 %) npu VICIIONb30BAaHMU XUMHYECKOTO MMII-
pPErHMPOBAHUS UTOTOBOTO KEPAMUYECKOTO U3ACIIUS
(cM. puc. 5).

Anpobalus pa3pabOTaHHOTO TEXHOJOTMYECKOTo
obopynmoBaHusl u mnpouecca AT M3roToBaeHUsT Kepa-
MUYECKMUX YCTPOUCTB (TypOOMaIIMHBI, KaMepa cropa-
HUsI, BO3IAYyXOIOIOIrpeBaresib, Topsune TPakThl U T. I.)
Mpoliia YCIEeIIHO.

ITo 3aka3zam eBpomeiCKUX HAYYHBIX U TTIPOU3BOJICT-
BEHHBIX opranu3anuii B reuenue 2008—2016 rr. 66Ut
M3TOTOBJIEHBI KaK OTAEIbHBIC Y3JIbl, TaK M MOJHOPA3-
MepHble asuratean KIT/I ¢ BCTpOEHHBIM 3JIEKTPOre-
HEPATOPOM MOIIHOCTBIO 1,5—2 KBt (puc. 6), a Takxke
KOMILIEKC CTeHIOB JUISl UX UCTbITaHUI. ToJbKO Npu-
MeHeHue He TpeOyrowux oxnaxaeHus KKM nnsa us-
TOTOBJICHUST BCEX BBICOKOTEMIIEPATYPHBIX 3JIEMEHTOB
npotoyHoit yactu KI'T]I 1Mo3BosIET CYIIECTBEHHO IO~
BeicuTh KIIJ 1MKiaa ¥ COOTBETCTBEHHO YMEHBIIUTH
pacxoj TOIUIMBA, YIIPOCTUTh KOHCTPYKIIMIO AeTaleil U
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406 K |
(133°C), | |
0,25MPa | |

83

572K (299°C), NOx (15°C)<5 mg/nm®,
COx (15°C)<5 mg/nm® 1417 K
(1144°C)

16,77/c, 785K
(15°C), 0,1 MPa

Puc. 6. Heoxnaxnaemsiii 1623 K (1350 °C), nerkwuii (1,2—1,5 r/cm3), anekrpuyeckuii (2 kBt) KT'T/ (KIIJ 29 %) (3aka3uuk EIFER, Tep-
manus, 2007—2010 rr. [15, 16]): I — paGouee kosneco u 2 — auddy3op kommpeccopa; 3 — TUTAHOBbIE TUCKU U 4 — MarHUTbl Sm-Co 351eK-
TporeHeparopa; 5 — pabouee KoJieco M COIIOBOII anmapar 6 TypOuHbI, 7 — 0OMOTKa 2JIeKTporeHeparopa; § — (ppoHTOBOE yCTPOMCTBO U Ha-
pyxHas 9 u BHyTpeHHss1 /(0 XapoBbie TpyObl; // — mMoABOA TOTUTMBA; /2 — 3amajibHOE YCTPOMCTBO; /3 — BO3MyXOMOMOTpeBaTEb

Fig. 6. Uncooled 1623 K (1350°), light (1.2—1.5 g/cm3), electric (2 kW) CGTE (coefficient of efficiency of 29 %) (customer — EIFER, Germany,
2007—2010 [15, 16]): 1 — working wheel and 2 — diffuser of the compressor; 3 — titanium disks and 4 — Sm-Co magnets of the electrogenerator;
5 — working wheel and nozzle device; 6 — turbines; 7 — winding of the electrogenerator; 8 — fiont device and external, and 9 — internal; 10 —

flame tubes; 11 — fuel supply; 12 — igniter; 13 — air heater

V3JI0B TOPSYETO TPaKTa, B pa3bl CHIXas mMaccoraba-
PUTHBIE TTapaMeTpPhl ABUTATENsI M TIPAKTUYECKHU T10JI-
HOCTBIO YCTpaHsIsl CoAepXXaHWe TOKCUYHBIX KOMIIO-
HeHTOB (NO, 1 CO) B BBIXJIONIHBIX Ia3ax.

B Onuxaiiiem OyayiiemM 3Ta TEXHOJIOIUS MOXKET
OBITH YCIIEITHO BHEAPEHA KaK JIJIT CEPUITHOTO TIPOMU3-
BOJCTBA, TaK WM ISl M3TOTOBJIICHUSI OTHEIBHBIX YCT-
POMCTB BBICOKOSKOHOMMYHBIX "3€JIEHBIX" JIelleBBIX
KTI'T]I mo60i1 MmotHOCTH, B 3—5 pa3 Oosiee JIeTKHNX, 4eM
MeTaJUTMYeckre aHajioru. B Hacrosiee Bpems Ipu-
meHenne KKM na ocHose cocraBa Al,O3;—BN—SiC
MO3BOJIIET O0ECIeUUTh HaAeXKHYI0 padoTy HeoXJaxK-
JaeMOM Ta30BOI TYpOWHBI BIIOTH OO TEMIIEPaTypHI
1623 K (1350 °C). KpuTuuecKuM y3jI0M MeTaUIMueC-
koro I'T/I, omnpenensioliMM €ro HaaeKHOCTb M 3KC-
IUTyaTallMOHHBIA pecypc, ABISETCS Kamepa CrOpaHMs
(KC), nng moaaepxkaHUsl TOMYCTUMOM TeMIIepaTypbl
CTEHOK KOTOpoii Tpebyercs 10 35 % obluero pacxona
Bo3ayxa. CMeIIeHHe 3TOT0 BO3IyXa ¢ OCHOBHBIM ITOTO-
KoM ¢ Temrreparypoit 1873...2073 K (1600...1800 °C) —
OHA M3 TIPUYMH HEPAaBHOMEPHOCTU TEMIIEPATypPHOTO
TTOJIST Ha BXOJE B TYpOWHY M BBICOKOW 3MUCCUU TOK-
CHYHBIX KOMITOHEHTOB BBHIXJIOIA.

B xepamuueckoii KC Ooblas yacTb BO3ayxa Ha-
MpaBJISIeTCS B 30HY TOPEeHUsI, yMEHbIIas ee TeMmIepa-

224 HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 20, Ne 4, 2018

Typy o 1673...1723 K (1400...1450 °C) Ha MakcUMaJb-
HBIX pexumax paborel. Ilpu sTom renepaums NO,,
Kak 3aBUCSIIAs OT TeMIlepaTyphl (akea, mpakTuyec-
K1 ycTtpaHsercs. Kpome Toro, Ha MUHUMAaJIbHBIX pe-
xkumax padotsl I'T/l TemmepaTypa MeTaaIIM4YeCKOM XKa-
POBOI TPYOBI CHMXKAETCS 10 TeMIepaTypbl OXJ1ax/a1aro-
IIETO BO3IyXa, CJIOM KOTOPOTO BOJM3M CTEHKU CTaHO-
BUTCS Bce Toille. B 3TOT XoMoaHBIN cllol TonmaaarT
yacTUykM TorinBa B Buae CO, HO TOXUTaHUS TOTIJIM-
Ba He MPOMUCXOAUT. Pe3ynbraT — BBICOKAsT SMUCCUS
CO Ha MUHUMAaJIBHBIX pexkuMax padotel I'T. B KI'T/I
Ha 3TUX pexXHMaX COXpaHseTCs CPaBHUTEIbLHO BBICO-
kag temnepatypa 1073...1173 K (800...900 °C), obec-
TeynBas MOJHOE OKMCJICHUE yIiiepona B MPUCTEHHOM
3oHe KC. I[IpuMeHeHHe KepaMUUECKOTO BO3AYXOIO-
Jorpesatesisi, Harpesalouiero mnoctynaioumii B KC
BO3ayx A0 TeMnepaTyphl 6osee 1273 K (1000 °C), Bo-
o61e cHuMaet rpoodiiemy amuccu CO Ha HOMUHAJIb-
HOM pexkuMe. BbIroHeHre OMOPHbBIX M YITIOPHBIX MO -
LIUITHUKOB TYpOUHBI 1 KoMmpeccopa nu3 KKM 3ame-
HSIET XXUAKYI0 CMa3Ky Ha BO3MYIIHYIO, TTOBBIIIAS T0-
>Kapo- U B3pbIBoOe3omnacHocTh KI'TII.

Buenpenvie AT mo3BossieT yaelieBUTb MPOU3BOI-
ctBo KI'T/l 3a cuer aBproMaruszauuu, yiaydyllleHUs Ka-
YecTBa M TOYHOCTU WU3TOTOBJICHMSI, MHOTOKPATHOIO




Puc. 7. AnnuTuBHOe H3roToBienne Jonatounsix (1176 neraneii) u rynneabnbix(8 ycrpoiicrs) KI'T/: a — xommpeccop (Temmneparypa Ha BXoze
B pabouee Kojieco komrpeccopa 288 K (15 °C); remnepaTypa Ha Bbixoze u3 nuddysopa kommpeccopa 406 K (133 °C); b — Bo3ayxoromo-

rpeBaTesib (DaBieHUe Ha BXome 2,5 KF/CMZ, crerneHb pereHepanmu 86 %, temmeparypa Ha Beixome 1276 K (1003 °C); ¢ — KC (temmeparypa
Ha Bxozie 1276 K (1003 °C), Temnepatypa Ha Beixofe 1623 K (1350 °C), smuccust NO, < 0+5 Mr/HM3 uCO~0 Mr/HM3); d — TypbOuHa (TeM-
reparypa Ha BXOJE B COIJIOBO armapar TypouHbl 1623 K (1350 °C),temneparypa Ha Bxoze B pabdoyee koyieco TypouHbl 1548 K (1275 °C)

Fig. 7. Additive manufacturing of the blader (1176 parts) and tunnel (8 devices) CGTE: a — compressor (temperature at the input of the working
wheel of the compressor — 288 K (15 °C); temperature at the output from the diffuser of the compressor — 406 K (133 °C); b — air heater (pressure

at the input — 2.5 kg/cmz, degree of regeneration — 86 %, temperature at the output — 1276 K (1003 °C); ¢ — CC (temperature at the input —
1276 K (1003 °C), temperature at the output — 1623 K (1350 °C), emission of NO,, < 0=5 mg/nm3 and of CO ~0 mg/nm3 '); d — turbine (temperature
at the input in the nozzle device of the turbine — 1623 K (1350 °C), temperature at the input of the blade wheel of the turbine — 1548 K (1275 °C)

(B cpeaHeM ~ B 150 pa3) yMeHbllIEeHUs HOMEHKJIATY-
pbl u3nenauit (puc. 7) M 3acTaBiseT KOHCTPyKTopa
00ecIeynTh HaaeXKHOCTh TEXHUKU B IMPOILIECCe DKC-
TUTyaTallii, co3aaBas MPUHLINITHATLHO HOBBIE MaTe-
pUaibl M1 KOHCTPYKLMHU, KOTOPble HEBO3MOXHO W3-
TOTOBUTH B pPaMKax CYIIECTBYIOIINX OOBIYHBIX TEX-
HOJIOTU.

B pesynbrate paspaboTaHbl, M3TOTOBJIEHbBI, UC-
clefIoBaHbl U BHEAPEHBI HEeoxJaxaaeMble BILJIOThb A0
1623 K (1350 °C) TyHHejbHbIE TypOOMAILMHBI, MAaT-
PUUHBIE TEIJIO0OOMEeHHUKH, OeccmecutebHble KC, BbI-
cokoTeMInepaTypHbie ra3oxoisl; nposeaeHsl HUOKP,
WCIBITAHUS W TepelaHbl, K COXaJIeHMIO, 3apy0ex-
HBIM 3aKa3uukam (CM. TaOJIuIly) FOTOBblE KepaMuyec-
Kkue usnenus u anekrpuueckue KI'T.

CrenyeT mom4epKHYTh, YTO TIPU COOTBETCTBYIOIIEM
(bvHaHCUPOBAHUM B TEUEHUE TPEX JIET MOTYT OBITH CO-
30aHbBl BBICOKOPKOHOMUYHBIE Oe3ycamouHble KKM
Ha OCHOBE OKCHUIOB TUTaHa W IUMPKOHUS, KOTOPLIE

obecrieyar HalexXHyo padoty Heoxmaxnaembix KIT/I
npu TeMrepaTypax paboyero Teja Ha BXOJ€ B COILIO-
BOI1 armapat TypOMHBI COOTBETCTBEHHO 1673—1723 K
(1400—1450 °C) m 1873—1923 K (1600—1650 °C). Co-
OTBEeTCTBYIOIIMI TakuM mapameTrpam KIT/ 53...59 %.

BriBoax M3 BBIIEM3IOKEHHOTO — Heob0xoauma
cKopefilliasi peaau3auusl alAUTUBHOIO U3TOTOBJIEHMUS
9KOJIOTUYECKN YHCTBIX, BHICOKOI(POEKTUBHBIX, Ha-
JeKHBIX, OUEHb JIETKMX, KOMITAKTHBIX U JEIIEBbIX TYH-
HenbHBIX KI'T]I, SBASIOMIMXCS aBTOHOMHBIMM LIEHT-
paTU30BaHHBIMU WCTOYHUKAMHU DJIEKTPUUYECKON U
TerIoBOM sHepruu. s peainzauuu cepuitHOro mpo-
u3BoactBa Takux KITJl mokHbI ObITH MOCJENOBA-
TEJbHO BBIMOJHEHBI CEAYIOLINE JeHCTBUS:

1. Co3nmanbl yuacTku (1iexa, 3aBoJibl) C 000OpyaIOBa-
HUEM JIJIT U3TOTOBJICHMS:

— MeTaJlJIoKepaMUYeCcKUX 0e3ycaJouyHbIX MOPOLI-
KOBBIX MaTepUaJIOB ISl aJJINTUBHOTO TIPOM3BOJICTBA
y3510B u yctpoiicte KI'T/I;
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— obopynoBaHus AT ¢ pasamepamu paboueil 30HbI
250x250%400; 500 % 500 650; 1000x 1000 % 1000 MM
1y uzroroBiaeHus KI'T moimHocthio ot 5 1o 500 xBT;

— HeoxJaXAaeMbIX BbICOKOA((EKTUBHBIX IKOJIO-
ruuecku yncThix KI'T/I momnocThIO OT 5 1o 500 kBT
MpX HadaJabHOM TeMmIieparype pabouero tema 1623 K
(1350 °C);

— KOMIUIEKCA IPOU3BOACTBEHHBIX CTEHIOB [IJIs
OCYILIECTBJIEHUS] BCeX HEOOXOOUMBIX MCIIbITAHUM (XO-
JIOTHBIX, TOPSTUMX, CAATOYHBIX, KOHTPOJIBHBIX, pECypc-
HBIX U Jp.) OTAEIbHBIX Y3JI0B, CUCTEM U YCTPOMCTB, U
KI'THA momHocThiO OT 5 10 500 kBT B 11e710M;

— UCMBITATENIbHBIX CTEHAOB IJII MPOBEACHUS Ha-
YUHBIX UCCIIEIOBAHUI TI0 pa3pabOoTKe HEOXJIaXKIaeMbIX
KI'TH npu teMnepatrypax pabouyero Tejia Ha BXOJe B
Typouny 1673...1923 K (1400...1650 °C) 1 conmyTcTBY-

IOIIMX MCIIBITAHUM OIBITHBIX OOpa3loB AeTajeil, y3-
JIoB, ycTpoiicTB U cucteM Takux KI'T/I B memom.

2. IIpoBeaeHbl LUKIIBI KOHTPOJIbHBIX TTEPBUUHBIX,
MOBTOPHBIX M PECYPCHBIX MCIIBITAHWM AeTaneit, y3-
JoB, yctpoiictB u cucreM KI'TJI ¢ BHeceHMeEM I10 MX
pe3ynbTaTaM HeOOXOIUMBIX KOHCTPYKTHMBHBIX H3Me-
HEHUN.

3. VI3roToBJieHbl U MPOBENEHbI MOHTaX, OCBOEHNE
YU OpraHu3alus CEpUMHOTO MPOU3BOACTBA HA OCHOBE
AT metajiokepamuueckux 6e3ycajouHbIX MOPOIIKO-
BBIX MaTepuanoB U odbopynoBanusi SLM-LLS anst us-
rotoBjeHus aetajieit u y3no KI'T/l MolHOCTbIO OT
5 1o 500 kBt npu TeMnepaTtype pabouero Tena Ha BXO-
e 1623 K (1350 °C).

ITocraBneHHbIe LI MOTYT OBITh peaJM30BaHbI, B
MepBylo ouepeb, Ha OCHOBE pa3pabOTKH, CEPUITHOTO

Ilepeyens padoT, BBIMOJHEHHbIX HayYHbiMH HeHTpamu "Kepamuueckue JIpuratenu” um. A. M. Boiiko"
u "CTeKJI0 W KepaMHKa" ISl MHOCTPAHHBIX NAPTHEPOB

List of the works done by Boyko Ceramic Engines research center and Glass and Ceramics research center for foreign partners

No O0BeKT pazpaboTKu Bpewms 3aBepiueHust 3aKa3uuk
) Object of research and development Time of termination Customers

1. | BHyTpeHHSsIs m1aMeHHasl TpyOa KOJbLIEBON KepaMUYeCKOW KamMepbl CTOPAHUS Mait 1996 r. "SOLAR" CILIA
Internal flame tube of the ring ceramic chamber of combustion May 1996 SOLAR, USA

2. | Kepamuyeckasi cekliisi peKynepaTuBHOTO BO3MYXOTIOJOTPEBATES Maii 1997 r. "ONERA" "PSA" ®panuus
Ceramic section of the recuperative air heater May 1997 ONERA, PSA, France

3. | KonbleBas kamMepa cropaHusi ¢ KepaMUUECKMMU TUIAMEHHBIMU TPyOamMu Jexabpp 1998 r. "ONERA" ®pannust
Ring combustion chamber with ceramic flame tubes December 1998 ONERA, France

4. | Hampapnsiomumii anmapat TypOMHBI ¢ KEpAMUIECKUMU HATIPABIISIONIUMU JIO- Jexabpp 1999 r. "ONERA" ®pannust
rnaTkaMu
Guide device of the turbine with ceramic guide blades December 1999 ONERA, France

5. | Pabouee Kojeco TypOMHBI C KEpaMUUYECKUMU pabOYMMM JIOMTaTKaMU Jexa6pp 2000 r. "ONERA" ®pannusa
Blade wheel of the turbine with ceramic working blades December 2000 ONERA, France

6. | Kepamunueckast TyHHe/bHast TypOuHa. Mojesb Maprt 2000 1. "EDF" ®panuus
Ceramic tunnel turbine. Model March 2000 EDF, France

7. | Kepamuyeckasi TyHHeJbHas TypouHa. [TpoekT Maprt 2002 1. "EDF" ®paHuus
Ceramic tunnel turbine. Project March 2002 EDF, France

8. | Kepamuueckas TyHHeJqbHast TypOuHa. ['a3oquHaMUYeCcKue UCTIBITAHUS CenTsi6pp 2005 T. "EIFER" I'epmanus
Ceramic tunnel turbine. Gas-dynamic tests September 2005 EIFER, Germany

9. | Kepamuueckasi TyHHeJIbHasi HAHOTYpOMHa MolHocThio 200 BT OkTs16pb 2005 T. "IEPENS" ®paHius
Ceramic tunnel nanoturbine with capacity of 200 W October 2005 IEPENS, France

10.| ITpoekT aBTOHOMHOI KepaMHUYECKOM MUKPOra3oTypOMHHOM YCTAHOBKU MOILII- Maprt 2010 1. "EIFER" I'epmanust
HocThIO 2 KBT
Project of an independent ceramic micro gas-turbine plant with capacity of 2 kW March 2010 EIFER, Germany

11.| M3roToBieHre aBTOHOMHOTO KepaMHUYECKOTO peKyrepaTopa IJisi KoreHepalu- JHexa6pp 2010 . "EIFER" I'epmanus
OHHOI YCTAaHOBKM Ha 0a3e OMOKOTJIa
Manufacturing of an independent ceramic recuperator for a cogeneration plant on December 2010 EIFER, Germany
the basis of a biocaldron

12.| ITocTaBKa aBTOHOMHOT'O KEpaMUUYECKOTO peKyIepaTopa Jisi KoreHepalmoOHHOM Jexabpp 2010 . "EIFER" I'epmanus
YCTaHOBKHU Ha 6a3e OMOKOTIIA
Delivery of an independent ceramic recuperator for a cogeneration plant on the basis December 2010 EIFER, Germany
of a biocaldron

13.| JleMoHcTpalus KOreHepallMOHHOM YCTAaHOBKM, COCTOSIIIEH U3 BOJOTPEIHOTO Jexa6ppb 2016 . "ARIAMIS" + "SILENE" +
KOTJIa TeTUIOBOM MOIIHOCTRIO 10 KBT, moyyaeMoii 3a CUeT CKUTaHUST IPEBECHOTO Vuusepcuretr "ENISE" +
TOIIMBA (TIEJUIETHI), U 3JIEKTpOTeHepaTopa MOIITHOCTEIO 1,5 KBT ¢ mpuBomgoM ot "LERMAB" ®panuus
KepaMU4eCKOi BO3MYIIHOW TypOUMHBI C HATPEBOM BO3/yXa B KEPaMUUECKOM
TEMJI000MEHHUKE
Demonstration of a cogeneration plant consisting of a water-heating caldron with December 2016 ARIAMIS + SILENE +
thermal capacity of 10 kW, generated due to burning of wood fuel (pellets), and an University ENISE +
electrogenerator with capacity of 1.5 kW with a ceramic air turbine drive and with LERMAB, France
air heating in a ceramic heat exchanger

226 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 4, 2018




TIPOM3BOACTBA U O0ECIeUeHUsT HAIEeXKHOM 3KCILTyaTa-
LUK HeoxJaxaaeMbix jerkux (1,2...1,5 F/CM3) BJIEKT-
puueckux KI'TJI ¢ HayanbHON TemIiepaTypoii pabo-
yeit cpeanl 1623 K (1350 °C), ¢ npuMeHeHHeM Jla3epo-
CIUIaBJISIEMbIX Oe3yCaJOuHbIX TTOPOILIKOB MpU (OPMU-
poBaHUM CTPYKTYphl U cBoiicTB KKM, ¢ BHeapeHuEeM
TexXHoJornueckoro odopynosanuss SLM-LLS npous-
BoacTtBa u3 KKM u peanuszanmeil mporpecCUBHBIX
KOHCTPYKTOPCKMX PEILIeHUI aeTaseil U ueabix hyHK-
muoHanbHbIX y310B KI'T, agantupoBaHHbIX 1mog AT
SLM-LLS.

BoiBoapl

1. PeanmuzoBanHas AT mo3Bojniia pelunTh CIeIyIo-
e MaTepHaIOBeAYeCKNEe M TEXHOJOTUIECKUE IIPO-
OJIeMBI:

— JIeBUTALlUU, OCOOEHHOCTU pacnpeneseHus u yi-
JIOTHeHUS TTopolikoB B SLM-LLS o6opynoBanuu e-
pel Jla3epHbIM CILUIaBIeHUEM;

— ONTUMU3ALMUKU COOCTBEHHO Ja3epHOTO ILIABJIE-
Hus (3pdekTuBHAS TemIieparypa, pa3mep "nsATHa", atT-
Mocdepa MHEPTHOTO Ta3a, CKOPOCTh CKaHWPOBAHMS
U T. 1.);

— HeoOXomuMMOCTH M30eratrh: yCaaKu MaTepuala,
BHYTPEHHUX HaIpsKeHW, HEA0CTaTOUHOW MeXaHU-
YeCKOM MPOYHOCTH MeTalJIOKepaMMUECKON 3aroToB-
KW, TMOPHUCTOCTU WUTOTOBOIO WM3JAENUS, TPYAHOCTU O0-
pabOTKH ero BHYTPEHHUX KaHaJIOB U MOBEPXHOCTEM.

2. Cosmannbie KI'T/I pa3paboTaHbl 1 U3TOTOBJICHBI
Ha OCHOBE peaibHbIX HAYyYHO OOOCHOBaHHbIX, 3KCIIe-
PUMEHTAJIbHO TIPOBEPEHHBIX M TPOIISAIINX HEO0OXO-
JIAMBIEe VUCTTBITAHNS IPUHIMITHAIEHO HOBBIX MaTepra-
JIOBETYECKMX, TEXHOJIOTUIECKUX U KOHCTPYKTOPCKMX
PELLUEHUIA:

— be3ycagounbie KKM ¢ mocTossHHBIMY CBOMCTBA-
MM KapoOMpPOYHOCTU U KAPOCTOMKOCTU MPU U3MEHE-
HMM TeMmIiiepatypbl oT 273 go 1623 K (1350 °C);

— peanu3alius TeXHOJOTMHU U3TOTOBJIEHUS 10 CXe-
Me: "MCXOmHBIE MaTepuanbl — KepMmeT — KKM", ¢
yCTpaHeHHWEeM TaKMX HEZOCTaTKOB B MpOIecce W3-
TOTOBJICHUST KepaMWUYECKUX W3IOEINi, KaK HHU3Kas
TPELIMHOCTONKOCTh, 00pabaThIBA€MOCTb aJIMa3HbIM
WHCTPYMEHTOM, BJIMSIHME MacluTabHoro ¢akropa Ha
CTPYKTYpY MaTepuaja, BEICOKAsT CTOMMOCTD;

— JIErKM€ MaTpUYHbIE BO3MYyXOMNOJ0IPEBATEM, Bbl-
MMOJTHEHHBIE B BUIIE €AWHOTO W3NS BMECTO COTEH
nmapajieJIbHbIX TpyOoK (puc. 7, b);

— bOeccMecuTeIbHbIE KaMepbl CrOpaHusi ¢ HU3KUM
TUAPABINYECKUM COMPOTUBJAEHUEM U C "XOJOZHBIM
dakenom", OOHYIUBILINE COAEPKAHME TOKCUUHBIX KOM-
MOHEeHTOB B BhIXJIONHBIX Tazax KI'TI u cocrogiiue
BCEro 13 Tpex y3Ja0B BMecTo 22 (puc. 7, ¢);

— M3roTaBiauBaeMble Ha ocHOBe AT TyHHeJIbHbIE
TypOOMAIlIMHBI, MHOTOKPAaTHO COKpaTUBIIWE YUCIO
V3JI0B 1 AeTalleil B TYpOMHOCTPOCHUH C MHOTHX COTEH
o nByx (puc. 7, a v puc. 7, d).

CymecTByoimye Bo3MOXHOCTU AT 1o3Boauau
n3rotoButh KI'TH MomHocTEIO 2 KBT (cM. puc. 6).
I1pu Takoii MOIIHOCTY OOBIYHbBIE MeTaInyeckue I TJ1
umetot KI1/ He 6onee 11...12 %, MOCKOIBKY IIPU TEM-
nepartype 1623 K (1350 °C) Ha BXome B TypOWHY IJTS e
oxnaxaeHuss nmorpedyercss 15...17 % pacxoma cxkuma-
€MOro KOMIIpeccopoM Bozayxa. IloaTomy mpumeHe-
Hue KKM no3Boiuio, Bo-nepBhiX, yBeanuuTh KIT
MuKpoasurarenss 10 29...30 %, BO-BTOPBIX, CHU3UTH
Maccy 1 00beM COOTBETCTBeHHO B 3—5 u B 15—20 pa3,
a B TPETbUX, YMEHBLIUTh 3MUCCUIO TOKCUYHBIX KOM-
MOHEHTOB Bbixyiona ao 0...5 Mr/HM3. I[Tomumo 3TOTO
co3gaHHble KI'TJI oTnnyaloTcsl 3HAUMTEBHO ITOBBI-
ILIEHHON HaleXHOCTbIO (DYHKIIMOHUPOBAHUS, YCTOM-
YUBOCTBIO K BHEIITHUM BO3IEUCTBYIOIIMM (DaKkTopaMm U
MHOTOPA30BbIM CHUXKEHUEM LIEHBI U3IeUSI.

JABurateynu, BbIIOJIHEHHbBIE IO OMMMCAHHOMN TEXHO-
JIOTUM, MOTYT HaWTU MpUMEHEHUE B DHEPreTuke,
TPaHCIIOPTE, MPOMBILUIEHHBIX O0BEKTaX MeTalIyp-
I'MU, TOPHOTO JieJia, CEJIbCKOM XO3SMCTBE Y Ha JaYHbIX
yJyacTKax, a Takke BO MHOTHX JIPYTUX 00JIaCTsIX, OCO-
OEHHO NMpPY CyMMapHOI MOIIHOCTHU TEIJIOBOM U 3JIeK-
Tpuyeckoil sHeprum 2...10 xBrT.

Peanuzauusa AT mo3BoJisieT o6ecneyuTb He TOJIbKO
BBICOKOE KayeCTBO M TOYHOCTb M3IEJWii, YCTPaAaHUTh
BO3MOXHOCTb M3MEHEHMSI MEPCOHAIIOM YTBEPXKACH-
HO# mpouenypsl, rapantuposBath 100 %-Hoe cobiio-
JieHe TOHKOCTel TeXHOJOrn4ecKoro rmpolecca, HO 1
BO MHOI'O pa3 YMEHBIINUTb CTOUMOCTh ITPOU3BOJICTBA,
TaK KakK YKCJIO COCTABJISIIOIUUX OOBEKT U3TOTOBJIEHUS
y3JI0B yMeHbl1aeTcs B 7—300 pa3. DTo CBSI3aHO C TeM,
YTO TMepeXxoi OT OObIYHBIX CTAHAAPTHBIX TEXHOJOIMMI
K AT ymeHblIaeT BpeMsl U3TOTOBJEHUSI U PacXojl UC-
MOJIb3yeMOI'0 MaTepuaja Ipu odoecrieueHU BhICOKOM
TOYHOCTHU Mpoliecca U3TOTOBJIEHUSI, HE 3aBUCSILEeH OT
KOHKPETHBIX Pa3MepoOB M3ACIHS M €r0 MOIIHOCTH.
910 1 orimyaeT AT OoT OOBIYHBIX TEXHOJIOTUM, KOTIa
coOuTIoieHe HEOOXOAMMOM TOYHOCTH B 5—6 pa3 yBe-
JIMYMBAET CTOMMOCTh n3rotoiieHus: KI'TI MoiHoc-
110 MeHblIe 100 kBt [18].
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The metal gas turbine engines (GTE) widely used in the mechanical engineering at the temperatures over 1275—1373 K
(1000...1100 °C) require continuous cooling by cyclic air, and this fact worsens their economic and environmental parameters. Ad-
ditive technology (AT), which reduces the timing and costs of manufacturing of GTE from metal powders, does not improve these
indicators. A solution to this problem is the use of Al,0,—BN—SiC metal-ceramic unshrinkable powders for AT, which ensure that
the properties of the heat resistance and heat strength of the resulting products of the construction ceramic materials (CCM) are con-
stant at temperatures from 273 up to 1623 K (from 0 up to 1350 °C). Such AT for temperatures from 273 up to 1623K (from 0 to
1350 °C) was realized on the PM 100 equipment from Phenix Systems after its cardinal modernization (doubling of the laser power,
replacement of the working zone materials, creation of an autonomous inertial system, and much more). The result was a cermet
billet with acceptable mechanical strength, which, after oxidation in the air at 1523 K (1250 °C) during 100—200 hours, turned
into a ceramic product (Al,0,—BN—SiC composition) with a variation of the linear dimensions of <0.3 %. With the appropriate
financing for three years, unshrinkable CCM based on the titanium and zirconium oxides can be created for a reliable operation
of the uncooled CGTE at the initial temperatures of the working fluid, respectively, of 1673...1723 K (1400— 1450 °C) and
1823...1873 K (1550—1600 °C).
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Products of complex inner geometry are manufactured
with a wide use of the adaptive technology (AT) of the layer-
by-layer laser melting (SLM — selective laser melting) of the
metal powders. The advantages of SLM are obvious:

— Their production is automated; no manual labor; the
drawings of the parts can be loaded directly into a machine
tool program;

— The product manufacturing (with the internal cavities,
channels, complex geometry, etc.) is carried out during one
operation;

— High precision of the manufacture is ensured, there is
no necessity for the postprocessing or final finishing of a
product.

In the world mechanical engineering of the gas-turbine
engines (GTE) all the basic devices are developed, designed
and manufactured from the metal materials, which already at
the working temperatures over 1173...1373 K (900...1100 °C)
demand a continuous cooling by the cyclic air, and this fact
reduces their efficiency. Therefore, a necessity for a ceramic
GTE (CGTE), not requiring cooling at temperatures up to
1623 K (1350 °C), became obvious [1—3].

The aim of the present project is development of an in-
expensive "green" energy supply (warmth + electricity) for
small industrial enterprises, municipal transportation, agri-
culture, country houses, etc., due to manufacture of both light
uncooled electric CGTE with capacity of ~2—500 kW, and
multimodular CGTE of any capacity with the working tem-
perature of 1623 K (1350 °C), burning solid, liquid or gaseous
fuel for an ecologically clean highly efficient (coefficient of
efficiency of 45...52 %) operation in any modes.

Researches and application of CCM were practically si-
multaneously begun in 1988 in the USA, Japan and the USSR
(fig. 1, 2, see the 4-th side of cover) in accordance with the
scale of the governmental programs for development of un-
cooled ecologically clean CGTE with the initial temperature
of the working body of 1623 K (1350 °C) and with the coef-
ficient of efficiency of 42...46 % [4, 7] by 2001—2005.

As it follows from fig. 2 (see the 4-th side of cover) the metal
GTE of the simple (#) and regenerative (m) cycles reached
the possible limits of their efficiency already in 1988. The high
coefficient of efficiency of the ceramic GTE (fig. 2, a) was
achieved due to elimination of the process of cooling of the
turbine steps, while the realization of a low emission of NO,
(fig. 2, b) in the combustion chambers with a "cold" torch en-
sured an ecologically clean exhaust [7, §].

Mastering of AT of SLM + LLS (LLS — layer laser syn-
thesis) products from the powders containing ceramic com-
ponents is a challenging task. Scientists predicted a 25-year
pause in mastering of a batch production of CCM and CGTE
[1] in the USSR-Russia, the USA, Japan and Europe. We
should outline three approaches to solving of this problem.

1. Use of the suspensions containing a ceramic material
(it was realized in the Institute for Non-Metallic Materials,
Technische Universitat Clausthal). The method does not en-
sure precision in geometry and is suitable only for manufac-
turing of the macro parts with rough surfaces.

2. Application of the mixes of the ceramic powders with
an organic binding does not eliminate the drawback of low
mechanical durability, shrinkage up to 40 % during annealing
and partial destruction of products in the process of operation.

3. The approach based on a partial melting of a ceramic
material in the course of AT (it was developed in Fraunhofer-
Institut fur Lasertechnic, Aachen, Germany) provides oppor-

tunities for manufacturing of the products of a simplified ge-

ometry, and with a rather considerable durability at a room

temperature, while its essential drawback is a big quantity of
microcracks.

By the end of 2006 a complex of high-class equipment
(fig. 3, a) was formed for realization of AT, and for manu-
facturing and testing of the properties of the metal-ceramic
powder with a characteristic nanostructure (fig. 3, ¢), which
subsequently could be additionally oxidized till the ceramics
without a change of the geometry of the products (fig. 3, d) [9].

Simultaneously, a considerable by costs and time mod-
ernization was done of the foreign equipment (fig. 4), origi-
nally intended for realization of AT of the metal products on-
ly; besides, the development, testing and application of AT
were undertaken for manufacturing of the ceramic units and
parts of CGTE as a whole (fig. 5, fig. 6) [10—16].

During the modernization the following things were done:
the laser capacity was increased (doubled), the materials of
the working zone were replaced, the systems were changed for
deposition and removal of the powder, cleaning of the optical
channel, optimization of the modes and subsequent heat
treatment, level-by-level visualization and control of the pa-
rameters of the working process, an independent system for
creation of an inert environment were implemented.

The basic stages of SLM-LLS process are the following:
e Application of the ceramic-metal powders of Al,O;—

BN—SiC system, the fraction of the particles — less than

40 um (by the results of the laser sedimentography, PCD

analysis, Horiba LA 950), maximum by volume — 14 um,

received after grinding with a mechanoactivation in a

planetary spherical mill, vacuum annealing, crushing and

a repeated grinding;

e Initiation in the powder of an aluminothermic reaction
under the influence of the laser radiation (Phenix PM-100
machine tool with a desktop of 100 mm diameter (fig. 4),
modified for the use of not only metal, but also ceramic-
metal powders; dry argon; room temperature; 100 W
CO, laser with focal shift of 50 %; thickness of the layer
~35 pm);

e If necessary, the following operations are carried out: me-
chanical processing of a cermet workpiece by a hard-alloy
tool, diffusion welding, electroerosive processing;

e As aresult we get a ceramic-metal workpiece with an ac-
ceptable mechanical durability, which after oxidation in
the air at 1523 K (1250 °C) during 100...200 hours turns
into a ceramic product (Al,O;—BN—SiC composition)
with variation of the linear sizes of <0.3 % and porosity up
to 15—20 % [17]; the porosity can be decreased three or
fourfold (down to 4—5 %) in case a chemical impregna-
tion of the final ceramic product is used (fig. 5).
Approbation of the developed technological equipment

and AT process for manufacturing of the ceramic devices

(turbomachines, combustion chamber, air heater, hot paths,

etc.) was successful.

In 2008—2016 to orders of the European scientific and in-
dustrial organizations both separate units, and full-size CGTE
engines with a built-in electrogenerator of 1.5...2 kW capacity
(fig. 6), and also a complex of stands for their testing were
manufactured. Only application of CCM not demanding
cooling for manufacturing of all the high-temperature ele-
ments of the air-gas channel of CGTE allows us to raise es-
sentially the coefficient of efficiency of the cycle and, accord-
ingly, to reduce the fuel consumption, to simplify the design
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of the parts and units of the hot path, many times reducing
the weight-size parameters of an engine and practically com-
pletely eliminating the content of the toxic components (NO,
and CO) in the exhaust gases.

In future this technology can be successfully introduced
both for a batch production, and for manufacturing of separate
devices of highly efficient "green" inexpensive CGTE of any ca-
pacity, and 3—35 times lighter than their metal analogues. Now,
application of CCM on the basis of Al,0;—BN—SiC compo-
sition allows us to ensure a reliable operation of an uncooled
gas turbine up to the temperature of 1623 K (1350 °C). A crit-
ical unit of a metal GTE, defining its reliability and opera-
tional resource, is the combustion chamber (CC), the support
of the admissible wall temperature of which requires up to
35 % of the air consumption. Mixing of this air and the basic
flow with the temperature of 1873...2073 K (1600...1800 °C)
is one of the reasons for non-uniformity of the temperature
field at the input in the turbine and high emission of the toxic
components in the exhaust.

In a ceramic CC most of the air goes to the combustion
zone, reducing its temperature down to 1673...1723 K
(1400...1450 °C) in the maximal operating modes. At that,
the generation of NO, as depending on the torch tempera-
ture, is practically eliminated. Besides, in the minimum op-
erating modes of GTE the temperature of a metal flame tube
decreases down to the temperature of the cooling air, the
layer of which near the wall becomes thicker and thicker.
Fuel particles in the form of CO get into this cold layer, but
fuel reburning does not occur. The result is high emission of
CO in the minimum operating modes of GTE. In CGTE in
these modes a relatively high temperature of 1073...1173 K
(800...900 °C) is preserved, ensuring a complete oxidation of
carbon in the near-the-wall zone of CC. Application of a ce-
ramic air heater, heating up the air coming to CC up to the
temperature over 1273 K (1000 °C) eliminates completely the
problem of CO emission in the nominal mode. Manufactur-
ing of the journal and thrust bearings of the turbine and the
compressor from CCM makes it possible to use air cooling in-
stead of the liquid lubrication, thus raising the fire- and ex-
plosion safety of CGTE.

Introduction of AT allows us to reduce the manufacturing
costs of CGTE due to automation, improvement of the qual-
ity and precision of manufacturing, and manyfold (on the av-
erage ~150 times) reduction of the product mix (fig. 7). It also
makes the designers ensure reliability of the products during
the period of service and develop essentially new materials
and designs, which cannot be made within the framework of
the already existing technologies.

As a result, the following technologies were developed,
made, investigated and introduced: uncooled up to 1623 K
(1350 °C) tunnel turbomachines, matrix heat exchangers, un-
mixed CC, high-temperature gas flues; the research and de-
velopment, and tests were done of the ready ceramic products
and electric CGTE, and the results, unfortunately, were
transferred, to the foreign Customers (table).

[t is necessary to underline that, if the corresponding
financing is provided during three years, highly efficient
unshrinkable CCM can be developed on the basis of the ti-
tanium and zirconium oxides, which will ensure a reliable
operation of the uncooled CGTE at the temperatures of
the working substance at the input in the nozzle turbine de-
vice of 1673...1723 K (1400...1450 °C) and 1873...1923 K

230 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 4, 2018

(1600...1650 °C), accordingly. The coefficient of efficiency
corresponding to such parameters will be 53...59 %.

The conclusion from the above-stated is the following: it
is necessary to undertake a prompt realization of the additive
manufacturing of the ecologically clean, highly effective, re-
liable, very light, compact and inexpensive tunnel CGTE, the
autonomous centralized sources of the electric and thermal
energy. For realization of a batch production of such CGTE
the following things should be consistently created:

1. Sites (shops, factories) with the equipment for manu-
facturing of:

— Ceramic-metal unshrinkable powder materials for the
additive manufacturing of the units and devices of CGTE;

— AT equipment with the sizes of the working zone of
250 x 250 x 400; 500 x 500 x 650; 1000 x 1000 x 1000 mm
for manufacturing of CGTE with capacity from 5 up to 500 kW;

— Uncooled highly effective ecologically clean CGTE
with capacity from 5 up to 500 kW at the initial temperature
of the working substance of 1623 K (1350 °C);

— Complex of industrial stands for all the necessary tests
(cold, hot, delivery, control, resource, etc.) of the separate
units, systems and devices, and CGTE with capacity from 5
up to 500 kW as a whole;

— Test beds for carrying out of the scientific research con-
cerning development of the uncooled CGTE at the temper-
atures of the working substance at the input in a turbine of
1673...1923 K (1400...1650 °C) and the accompanying tests of
the pre-production models of the parts, units, devices and sys-
tems, such CGTE as a whole.

2. Cycles of the control primary, repeated and resource
tests of the parts, units, devices and systems of CGTE should
be implemented with the introduction according to their re-
sults of the necessary design changes.

3. Assembly, mastering and organization of the batch pro-
ductions on the basis of AT ceramic-metal unshrinkable pow-
der materials and equipment of SLM-LLS should be done for
production of the parts and units of CGTE with capacity from
5 up to 500 kW at the temperature at the input of the working
substance of 1623 K (1350 °C).

The set aims can be achieved, first of all, on the basis of
the development, batch production and reliable operation of
the uncooled light (1.5...2.5 g/cm3) electric CGTE with the
initial temperature of the working environment of 1623 K
(1350 °C), with application of the laser-alloyable unshrink-
able powders during formation of the structure and properties
of CCM, with introduction of SLM-LLS technological
equipment for manufacturing from CCM and realization of
the progressive design solutions of the parts and whole func-
tional units of CGTE adapted for AT SLM-LLS.

Conclusions

1. The realized AT allowed us to solve the following ma-
terial-science and technological problems:

— Levitations, specific features of the distribution and
consolidation of the powders in SLM-LLS equipment before
a laser melting,

— Optimization of the laser fusion proper (effective tem-
perature, size of "the spot”, atmosphere of the inert gas, speed
of scanning, etc.),

— Necessity to avoid: shrinkage of a material, internal
stresses, insufficient mechanical durability of the ceramic-




metal work-pieces, porosity of the final product, problems
with processing of its inner channels and surfaces.

2. The created CGTE were developed and manufactured
on the basis of the real scientifically-proved, experimentally
tested, essentially new material-science, technological and
design solutions, which passed the necessary tests:

— Unshrinkable CCM with the constant properties of the
thermal stability and heat resistance at the variation of tem-
perature from 273 up to 1623 K (1350 °C);

— Realization of the manufacturing technology according
to the following scheme: "initial materials — cermet - CCM"
with elimination in the course of manufacturing of the ce-
ramic products of such drawbacks, as low crack-resistance,
workability by the diamond tools, influence of the scale factor
on the structure of a material, high costs;

— Light matrix air-heaters, made in the form of a uniform
product instead of hundreds of parallel tubes (fig. 7, b);

— No-mixing chambers of combustion with a low hydrau-
lic resistance and "a cold torch", which null the content of the
toxic components in the exhaust gases of CGTE and consist
of only three units instead of 22 (fig. 7, ¢);

— Tunnel turbomachines manufactured on the basis of
AT, which allowed us to reduced many times the quantity of
the units and parts in the turbine construction from many
hundreds of pieces down to two (fig. 7, a and fig. 7, d).

The existing potentials of AT allowed us to manufacture
CGTE with capacity of 2 kW (see fig. 6). The regular metal
GTE with such a capacity have the coefficient of efficiency
not more than 11...12 %, because at the temperature of 1623 K
(1350 °C) at the input in the turbine its cooling requires
15...17 % of the consumed air compressed by the compressor.
Therefore, application of CCM allowed us, firstly, to increase
the coefficient of efficiency of a micromotor up to 29...30 %,
secondly, to lower the weight and the volume, accordingly,
3—5 times and 15—20 times, and, thirdly, to reduce the
emission of the toxic components of the exhaust down to
0—5 mg/nm3. Besides, the created CGTE differ considera-
bly by their higher reliability of functioning, stability to the
external influencing factors and manyfold lower costs of a
product.

The engines manufactured by the described technology
can find application in the power engineering, transport, in-
dustrial enterprises of metallurgy, mining, agriculture and in
the country sites, and also in many other areas, especially at the
total capacity of the thermal and electric energy of 2...10 kW.

Realization of AT allows us to ensure not only high quality
and precision of the products, eliminate a possibility of
changing by the personnel of the approved procedure, and
guarantee 100 % observance of the subtleties of the techno-
logical process, but also to reduce manyfold the manufactur-
ing costs, because the number of the manufactured units-
components of an object decreases 7—300 times. This is con-
nected with the fact that the transition from the regular stand-
ard technologies to AT reduces the time of manufacturing and
the costs of the used material with preservation of the high
precision of the manufacturing process, not dependent on
the concrete sizes of a product and its capacity. This also dis-
tinguishes AT from the regular technologies, when adhear-
ance to the necessary precision increases fivefold or sixfold
the manufacturing costs of CGTE with capacity less than
100 kW [18].
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NMOAYINMPOBOAHUKOBDIE TA3OBbIE AATYHUKHU HA OCHOBE KOMITO3MLINU
OKCHUAA BOABOPAMA U OKCUAA MHAUA

ITlocmynuna 6 pedarxyuio 20.09.2017

Hccaedosarbvt noaynpoeooHuKosble 2a308bie 0amyuky OUOKCUOA A30Ma, U320MOBACHHbIE C NPUMEHEHUEM 2A304Y8CMEUMENbHOU
komnosuyuu W0O3;—In,03, noayuennoii 301b-eenb-memooom. Cmpykmypa, mopponoeus u ha3oesiii cOCmMag 2a304y6cmeumens-
HbIx Mamepuanog 6 unmepegane omucuea 200...900 °C 6viau uccre0o8aHsl ¢ HOMOUBIO: peHMeeH0pa308020 AHANU3A, I1EKMPOHHOO
NApamazHUMHOZ0 Pe30HAHCA, CKAHUPYIOWEU 1eKMPOHHOU MUKPOCKONUU, UMEPEHUS YOeAbHOU NOBEPXHOCMU NO Memo0y HU3KO-
memnepamyphou adcopoyuu azoma. C UCNONb306AHUEM KPEMHUEBHIX NOON0NCEK U320MOBACHbL 1YECMEUMENbHble 0amHUUKU OUOK -
cuda azoma c nompeboasemol MouHocmuro He 6oaee 29 mBm (mok Haepeea 51 MA) u 603MOHCHOCMbIO OOHAPYICEHUSA HUBKUX KOH-

yenmpayui okcuoa azoma 6 o3dyxe (menee I ppm).

Karoueevie caoea: 2azoewiil ceHcop, 304b-2eab-Memod, OUOKCUd a3oma, OKCuo 80ab@hpama, okcuod uHous

BBenenue

M3BecTHO, YTO OKCHUI MHIMUS U OKCUJ BoJbdpama
SIBJISTFOTCSI TIOJTYIIPOBOTHUKAMM A-THUIIA. DIIEKTPOIIPO-
BOJHOCTb TaKMX OKCHMJIOB YBEJIMYMBAETCS B MPUCYTC-
TBUU OKUCJUTENbHBIX T'a30B 1M yMEHbIIAETCs B IpH-
CYTCTBUM Ta3oB-BoccTaHoBuTeneil [1]. Oxkcua mHaus
HUMEET XOPOUIYIO SJIEKTPONPOBOJHOCTb U OTHOCUTEb-
HO BBICOKYIO I'a30BYIO0 UYBCTBUTEJbHOCTb, HO HEOO-
CTaTOYHYIO CeJIeKTUBHOCTD [2]. HampoTus, mpo okcun
BoJIb(hpamMa U3BECTHO, UTO OH MPOSIBISIET BHICOKYIO U3-
OMpaTebHYIO0 YYBCTBUTEIBHOCTb K PSIAY ra3oB, TaKUX
KaK OKCHMIBI a30Ta, aMMHUaK, OKCUJ yriepoda [3, 4].
IToaTOMy MOXHO MPEAIOJOXUTb, YTO KOMITO3UILIMS
YKa3aHHBIX OKCUI0B OYIET SIBJSITbCSI MOMYITPOBOIHU -
KOBBIM MaTe€pHaJiOM C A-TUIIOM TMPOBOAUMOCTH, 00-
JTagaImMM 0oJiee BEICOKUMU YYBCTBUTEIBLHOCTBIO U
CEJIEKTUBHOCTBIO IO OTHOLIEHUIO K OIpeaesIeHHbIM
razam.

W3yyenue nurepatypsl oKasajo, 4To GpU3MKO-X1-
MUYECKUE CBOMCTBA OKCUAHOM cructeMbl WO3—In,05
UCCIen0oBaHbl HeaocTaToyHO. CyllecTBYeT psAd pas-
PO3HEHHBIX MyOJIMKaLMi O BIMAHUU N00aBKU In,O5
Ha ra3ouyBCTBUTEJIbHbIE CBOMCTBA OKCUIA BOJIb(ppama
WO;, 0aHaKo B IIMPOKOM MHTEPBAJIE TEMIIEPATYP
(400...900 °C) u xoHIIeHTpaLuii 1o6aBku (5...75 % Mac.)
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yKa3aHHasi KOMIO3UIIMs UccienoBaiach Brnepsbie. He
O00HapyXeHO TakKe MyOJMKalWii, MOCBSILIEHHbIX WC-
CJICIOBAHUIO JAHHOW KOMITO3ULIMU, TTOJYYCHHOM 30JIb-
reJib-MeTomoM [35].

Ilenpio paboThI, pe3yabTaThl KOTOPOI IIPUBEACHLI B
cTaTbe, ObUIO U3YyYeHUE ra30uyBCTBUTEIbHBIX CBOCTB
KOMIIO3ULIMK OoKcuaa Bosnbppama WO53 1 okcuaa UH-
s In,Os, MONyYEeHHYIO 30J1b-TeJb-METOAOM. 30JIb-
reJib-MeTO/I MO3BOJISIET MOJyYyaTh HAaHOPa3MEePHbIE Ma-
TE€pUAJIbI C BBICOKOW OJTHOPOIHOCTBIO U OOJIBILION T1JTO-
1IaJbI0 TIOBEPXHOCTU, UTO OCOOEHHO BaXKHO JIJIsI Ta30-
YYBCTBUTEJIbHBIX OKCUIHBIX MAaT€pUaJIOB.

1. Meroauka 3KCnepuMEHTA
1.1. Cunmes

301b BOJILGPAMOBOM KHUCAOTHI TOJy4Yadud U3
1,23 M BogHOro pacTBopa BoJibhpamaTa HaTpusl
Na,WO;%x2H,0 nyrem KanejapHoro sauBanus B 12 M
pacTBopa a30THOM KWCJOTHI TIPU TTOCTOSTHHOM TIepe-
MmemmBaHuu. Hanoxkpucrammmyeckuit WO5 Obit mosy-
YeH B pe3yIbTaTe TePMUYECKOTO Pa3IOKEHUS BBICY-
LLIEHHOTO reJisl BoiabdpamMoBoii kuciaoTsl (200...850 °C).

Oxcun nuausa InyO5 moayyanu us 0,39 M BoaHBIX
pactBopoB In(NO3);x4,5H,0 mnyrem pobaBieHus
9,24 M BogHOTro pacTBopa amMMuaka. B pesynbrare ot-




xura kceporensa In(OH); B mnrepsane 200...850 °C
ObLI MMoJIy4eH HaHOKpUcTaynyeckuii In,O;.

IMopouiku, mosydeHHbIe MyTEM CYLIKM Ha BO3OYyXe
rejieii rTMAPOOKCUIA UHAUSI U BOJbGPaMOBO KHUCIIO-
THI, CMEIIMBAJIM B HEOOXOAUMBIX IIPOITOPILIMSX JIJIST
nmoyyyeHus marepuanos, cogepxawmux 0,0, 5,0, 25,0,
50,0, 75,0, 100,0 % mac. In,O5. [Topowku TiIaTeILHO
repeTupaim M TMOABEpPrajv OTXKUTY Ha BO3AyXe IpU
450 °C B TeueHUe OBYX YaCOB.

1.2. Cmpykmypubie u mopghosoeuueckue uccaedosanus

®a3oBBIl COCTAaB HAHOYACTHIL W CTEIIEHb KPUCTaJI-
JIMYHOCTY aHAJTM3UPOBAIA METOJIOM TTOPOIITKOBOI PEHT-
reHoBckoi audpakuuu (B qudpakromerpe JJPOH-3) ¢
ucnosib3oBaHueM Co-Ko-usnydenusa. Pasmep xpuc-
TaJJIMTOB onpenesisuiu o ¢popmyie lebas — Lleppepa.

Pasmepnl 1 Mopdosorusi HaHOYaCTUL, ObLIM HC-
CJIeIOBaHbI C MOMOILbIO CKAHUPYIOLIETO 3JIEKTPOHHO-
ro mukpockorna LEO 1420. YaenbHyl0 IOBEpXHOCTb
U3MEPSUTU METOJOM HU3KOTEMIEepaTypHOU aacopOLuu
azota (M3MepeHue KOJUYecTBa aacopOUPOBAHHOTO
azoTa M3 BO3AyXa Ha MOBEPXHOCTU MPOOBI MPU TEM-
neparype XUAKOTro a30Ta Mo U3MEHEHUIO JABJICHUS B
cucreme) [6].

1.3. Hamepenue snexmpuueckoeo conpomueienus

DIeKTpUYECKOe COMPOTUBIIEHEe 00pa31oB (Tabe-
TOK) OKCHJIA BOJTb()paMa ¥ KOMITO3UIINU OKCHAA BOJIb-
¢dpama ¢ In,O5 B unreppane 100...250 °C usmepsin
JIBYX30HIOBEIM METOIOM B KOPYHIOBON sTUeiiKe, TTO-
MEIIIEHHOW B TPyOYaTyIo MeYb, MOAKIIOUEHHYIO K Tep-
MoperyaaTropy. O6pasiibl B BUAE TabJeTOK (IuameTp
10 MM, TomuumHa 3,5 MM, Macca 0,7...0,8 ) mpeccoBa-
JIU U3 TIPEABAPUTEIbHO OTOXCKEHHBIX Ha BO3IyXe IO-
poukoB (400 °C, 2 4) c mpUMeHEHUEM OPraHUYECKOIo
CBs3yOLIEro (KaHuoJsib) Ha TMAPABIMYECKOM IIpecce
(maBneHue 150 xI1a) u criekanau Ha Boszayxe rpu 450 °C
(2 4). JIns yaydileHUsT KOHTaKTa Ha 00e CTOPOHBI 00-
pasiia HaHOCWJIU cepeOpsiHyIo racty. OOpasiibl, KOMIIO-
suumn WO;—In,05, conepxamue 25,0 % mac. In,03,
TaKkKe MOJyJyaau MyTeM BBLICYLIMBAHUS COBMEIIEHHBIX
30J1e#1 BOJTb(MPaMOBOIT KMCIOTH M THIPOOKCHIA WHIMS
¢ nocnenyoiuMm otrxurom 1pu 450 °C (2 4) u npu
600 °C (2 v).

I'azoBy10 cMech NpomycKaay 4epe3 TepMOCTaTUPO-
BaHHYIO TIPOTOYHYIO Kamepy B TedeHme 10 MWH co
CKOpPOCTBIO 2 JI/4, a 3aTeM C TOM e CKOPOCThIO Toja-
BaJId TIOTOK BO3[IyXa.

HAns uaMepeHust 2JIEKTPUIECKOro COMPOTUBICHMS
HWCHOJb30BaiM LMPpoBOoii ammepBoiabT™MeTp B7-40,
TeMIIepaTypy KOHTPOJIMPOBAIMN C TIOMOIIIBIO XpOMEJIb-
aJIoMeJIeBOM TepMoOIaphl, 3aKpeIJIeHHON Hemocpeac-
TBEHHO BOIM3M OOpasia.

[a304yBCTBUTENBEHBIE MaTepHaIbl OBLIM HMCCIIEIO0-
BaHBI TAKXXe B COCTABE ABYX3JIEKTPOMIHBIX Ta30BbIX J1aT-
yuKoB (puc. 1). JlaTunku 6bUIM U3rOTOBJEHBI MO CTaH-

Puc. 1. Buemnnii Bua Si-nopyoxku ¢ Pt-Harpesarenem u msmepu-
TEJIbHBIMH JIEKTPOJAMH JJISl MAJIOMOIIHBIX FA30BbIX JATYHKOB (yBe-
JinYeHne, 0e3 YyBCTBUTEILHOIO CJIOS)

Fig. 1. Appearance of a Si substrate with Pt heater and measuring elec-
trodes for the low-power gas sensors (increased, without a sensitive layer)

JIApTHOM TEXHOJIOTUM clieAytolliuM odbpaszoM. IlnaTuny
ocaxaanu Ha Si-IOIJIOXKE METOJAOM MarHeTpOHHOTO
pacIblieHHsI. 3aTeM BBITTOJHSUTUCH TIpoliecchl (poTo-
natorpaduy, MOHHO-JIy4EBOTO TPaBJICHMS TUIATHHBI
JUTst (popMUpPOBaHMST HarpeBaTess U 3eKTpoaoB. [1oc-
Jie 3TOTO C TIOMOIIBIO TPABJIEHUS OCYIIECTBIISUIA pa3-
JeJeHue KPeMHUEeBOM IJaCTUHBI Ha KPUCTALIbI pas3-
mepom 1,3 X 1,3 MM, pa3Bapky B Kopnyc Pt-mukpo-
npoBoJioku auameTpom 20...35 MKM, HaHeCeHHEe YyBC-
TBUTEJBHBIX CJTOEB (KaIleJTEHBIM METOIOM C TTOMOIIBIO
MHMKPOI03aTopa), MPUKJIEUBAHNIE Ta30IIPOHUIIAEMOTO
KoJIMayka C CeTKOM W3 Hepxapewouleir ctanu. Ilocie
HaHEeCEeHMS Ha TTOBEPXHOCTh MOMTOXKKH 30JIsI HYy>KHOTO
COCTaBa YYBCTBUTEJIbHbIE CJOM ITOABEPrajiu OTXKUIY
pu Temrreparype 450...600 °C B TeueHue 72 u.

l'azouyBcTBUTENBHEIN OTKIUK (S, %) ompenensiu
no gopmyne S= (R, — Rg)/Ra x 100 %, nist ra30BBIX
cMmecelt, comepxammx CO, mMeTaH M IIPOIIaH, M IO
dbopmyne §= (R, — R)/R, > 100 % nns razoBbIX cMe-
ceif, coIepXKalluX JUOKCUL asora, rae R, u R, — co-
MPOTHBIICHUE CJIOSI HA BO3AYyXE W IIPU BO3ICHCTBUU Ta-
30BO3AYIIHONA CMECH COOTBETCTBEHHO.

2. O0cyxaenue pe3yJabTATOB

2.1. Cocmaeé u cmpykmypa nopouKoe
komnosuyuu WO3;—In,0;

OOHapyxeHo, uTo BeicylueHHbIH pu 20 °C Kcepo-
rejib, MOJIyYEHHBI W3 BoJb(pamaTa HaTpus, Mpel-
CTaBJISIET COOOM TIMAPATHUPOBAHHYIO BOJB(PAMOBYIO
kuciaory HyWO,xH,O (uneHTrduKauMOoHHbIE KaPThI
JCPDS 43—1035, PDF 87—2404), xoTopas mociie oT-
JKMTa TepsieT BOAY U KPUCTALIM3YETCs B MOHOKJIMHHOMN
crpykrypHoit Monupuxkannu WO5 (JCPDS 71—-2141)
¢ MmapaMeTpamu siueiiku a = 7,328 um, b = 7,527 HM,
¢ =7,732 um, B = 91,40°. dnsa BoabdhpaMoOBOit KUCIIO-
THI 3TH MMapaMeTphl paBHbI @ = 7,398 HM, b= 6,931 HM,
¢ =3,7176 um, B = 91,04°, COOTBETCTBEHHO.
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OTXHUT Kceporeisl TMAPOKCUAA WHOWS TPUBOIUIT
npu 200 °C (2 4) K oOpa3oBaHuIO Ky6rueckoro In,O5
(a=1,0118 um). C yBenuueHreM TeMIiepaTypbl OTKH-
ra HabJofaucs pocT 3HaUYeHUI 00J1aCTU KOTePEeHTHO-
ro paccessHusi (OKP), kotopbie Obliv paBHbl 10 HM
(200 °C, 2 9), 20 uM (300 °C, 2 u), 35 um (600 °C, 2 u),
50 um (850 °C, 2 4), COOTBETCTBEHHO.

PentreHorpaMMBl HAHOMOPOIIKOB KOMITO3UITAN
WO;—In,05 nocne orxura npu 800 °C (2 4) npen-
cTaBJIeHbl M 00CYyXIIeHbI B padote [5]. OTXuUr coBmecT-
Hoil komno3uuuu npu 800 °C M BbIlIE COMPOBOXK-
jnaetcs obpasoBaHueM a3bl BoJibhpaMaTa WHAUS
Iny(WOy4); (PDF 49-0337). Ilony4eHHbIE pa3MepBI
kpuctannuroB WO5 cocrasisaim 70 Hm (200 °C, 2 v),
100 M (350 °C, 2 uv), 110 um (450 °C, 2 u4), 160 HM
(650 °C, 2 ), 200 um (850 °C, 2 9), COOTBETCTBEHHO.
B xomnosuuun WO3;—In,05 (450 °C, 2 4) sT0T Na-
pameTp Obu1 paBeH 30...40 HM U He 3aBUCEN OT CO-
nmepxanust okcunga mHaud (5,0...75,0 % wmac.), mosTo-
My MOXHO clieJIaTh BBIBO, UTO J0OaBKa OKCUAA MHAMS
3ameuisAeT pocT 3epeH WO3 B COBMECTHOI KOMIIO3M-
LIMM C YBeIMYECHHUEM TeMIlepaTyphl oTkura. OOBIYHO ¢
YMEHbILIIEHUEM Pa3MepOB KPUCTAIUTOB IMIPUHSITO CBSI-
3bIBaTh YBEJIMYCHHUE Ta30BOM UYBCTBUTEIHLHOCTU U
CHUXeHMe paboueli TeMIlepaTypbl CEHCopa.

IMopowku komnosuuun WO3;—In,O5 orxuranuch
takke npu temneparypax 400 u 600 °C. Bo Bcex ciy-
yagx obpaszosaHue a3l Iny(WO,); He Habmona-
nock. Pednekcnl, otHocsammecs K In(OH);, B o6pas-
ax, oToxkeHHbIX TTpu 400 °C, OTCYTCTBYIOT, UTO CBU-
JETEIBCTBYET O 3aBepIICHUN JeTUAPATAIINN THIPOOK-
CHJla MHIAWS B JAHHBIX YCJIOBMSIX OTXKMUTA.

CoriacHO MCCIeIOBaHUSM C MOMOIIbIO CKaHUDPY-
IOLIEN 3JIEKTPOHHOM MMKpOCKomuM nopoiuku WO;,
In,O3 u cMelIaHHOW KOMITO3ULIMM MMEIU Pa3BUTYIO
VIOETBbHYI0O TOBEPXHOCTh. MopdoJI0THs IMOPOIIKOB
WO;—1In,05 He 3aBucena OT conepxKaHUsA OKCHUAA MH-
v InyOs. Iopouiku WO3;—In, O3 umenu paBHOMep-
HOE pacrpelejeHre TpaHyJl M0 pa3Mepy CO CPeIHUM
pa3mepoMm vactull 80...150 HM.

Bonee 3ameTHBIE MI3MEHEHUST HAOTIOAIHA TIOCITE OT-
xwura B uHtepBaie 800...900 °C. B atom ciyyae dop-
MupyeTcs TpexdasHasl CCTeMa, ComepKallast B TOTOJ-
HEHME K MCXOIHBIM OKcuaaM coearHeHune Iny(WOy);.
OmHOPOTHOCTH TTOPOIIKA ObIJIa HU3KAasl, OH COmepKal
KpynHble arimoMmepaTsl pa3mepom 0,2...1,0 MKM.

VaenbHass IOBEPXHOCTh KOMIO3MLUUU (OTXKUT
600 °C, 2 9) cHIKaeTcs C YBeIMUEHUEM COMEpKaHMS
okcuna uHaus, ot 44...47 M2/F IJ1s1 obpasua, comep-
xaniero 5 % Mac. okcunga uHIus, 1o 12...13 Mz/l“ TUTS
ob6pasuos, cogepxamumx 25,0...75,0 % mac. okcuia
uHausl. B To e BpeMsi YMCThI OKCUJ BoJibdpama,
OTOXCKEHHBIN B TeX K€ YCIOBUSAX, UMeJT YIETbHYIO TT0-
BepXHOCTh 23...25 M2/F.

WccnenoBaHHbIE TTOPOIIKM TIPUTOIHBI TSI M3T0-
TOBJICHUSI YyBCTBUTEJbHBIX 3JIEMEHTOB I'a30BBIX CEH-
COpPOB METOIOM TpadapeTHOU nmeyatu (IyTeM MpUIro-
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TOBJICHUSI TACThl U3 MOPOILKOB OKCUIHOM KOMIIO3M-
LIMM B OPTAHUYECKUX CBSA3YIOLINX).

2.2. Bausnue cocmaea komnosuuuu WO ;—In,0;
HQA 91eKMPUHECKYI0 NPOE0OUMOCHIb
U CEeHCOPHbIL OMKAUK

B coOTBEeTCTBUM ¢ OYEBUIHBIMU TIPEATIONIOKCHMS-
MM HauboJjiee BBICOKYIO 3JIEKTPONPOBOIHOCTh B MH-
tepBasie TemnepaTyp orxkura 200....900 °C nokazanu
o6pasuel InyO05, a Hanbonee HMU3KYI0 — 06pasubl WO;5.
Cwmemranneie o6pasusl WO3—In,O05 nokasanu npo-
MEXYTOUHbIE 3HAYEHMS MPOBOAMMOCTH MOCJIE OTXKUTa
npu 200...800 °C. CmemraHHble 00Opa3libl, OTOXKEH-
Hele B mHTepBaie 800...900 °C, apustoTcs Tpexda3HbI-
MH. WX areKkTpuyecKkas IpOBOAMMOCTL 3HAYMTEIBHO
HUXe, 4YeM Yy ABYX(a3HbIX 00pa3oB. DTO MOXET ObITh
O0OBSICHEHO YBEIMYEHUEM pa3Mepa KPUCTAJUIUTOB WC-
XOJTHBIX OKCHUJIOB B MPOIIECCE BEICOKOTEMIIEPATYPHOTO
OTXXMTA, a TaKXKe BOSHUKHOBEHHEM (Da3bl COETMHEHUS
In,(WO,);, obinamaroniero oyeHb c€1abOi 21eKTpuU-
YeCcKOi mMpoBoAMMOCThI0. OOpasell, MoayYeHHbBIH my-
TE€M BBICYIIMBAaHUS COBMEIIEHHBIX 30JIei BOJb(dpa-
MOBO# KMCJIOTHI ¥ TUAPOOKCHUIA UHIUS, UMEJI TOpa3-
no Oojiee BBICOKYIO MPOBOAMMOCTb, 4yeM obpasell,
umeromuii Takoir xe cocraB (WO;3 (75 % wmac.) —
Iny,O3 (25 % Mac.)), MPUTOTOBJIEHHBIN CMELIEHUEM
MOpPOILIKOB OKcHAOB. ITocKoIbKY 00pa3ubl HE ObLIU
ra3orIOTHbIMU, 37eCh pedyb He WIET 00 WCTUHHOM
VISTHHOI TTPOBOIMMOCTH MaTepuayioB. Ho aToT dakr
XOPOIIIO MJUTIOCTPUPYET BIUSHIE MOPDOJTOTUM YACTHUII
Ha IPOBOAVMMOCTbh 00pa3lOB.

YyBcTBUTENBHOCTL OKcuaa Bosnbppama WO; K
ra3oBBIM cMecaM, comepxkanmM CO, HauyMHAJA TTPO-
apnarecss npu 120 °C, a oxkcmpa uHaua In,O; —
npu 130 °C. TI'azoBasi 4yBCTBUTEJIbHOCTb KOMIIO3M-
uun WO;—In,O5 Obu1a BelllE 110 CPABHEHUIO C UH-
IUBUOYATBHBIMA OKCUIaMU BO BCEM TEMIIEPaTypHOM
uHTepBajie uamepenuit (150...242 °C). Ha puc. 2 nipen-
CTaBJIEHBl 3aBUCMMOCTH CEHCOPHOIO OTKJIMKa 00pa3-
1os komnosuuun WO;—In,05 kx 3000 ppm CO B 3a-
BUCHMOCTH OT conepxanusa In,O5 (% mac.) Ina nH-
IUBUIYaTbHBIX OKCHUIOB Hanbojee BRICOKMI OTKIMK
K 3000 ppm CO na6mopancs npu 242 °C. OTKIUK
okcuga Boabppama K 3000 ppm CO B Bo3nyxe cocTa-
Bua 100 %, B To BpeMsi KaK OTKJIMK OKCHUAA UHIUS —
52 %. Ilpu ucnoawpzoBanuu cmecu CO u a3oTa yka-
3aHHbIe OTKIMKK ObLIM 250 1 110 % cOOTBETCTBEHHO
(puc. 2, b). Cmewannsie WO3—In,03 xommnosuuun
rnokKasajayd 3HauYuTeJIbHO 0o0Jiee BBICOKMIA Ta30BbIN
otkiuk. Kommosnuust ¢ comepxanueM 25 % wmac.
In,O3 umena vyscrButenbHOCTh K 3000 ppm CO B
3 paza OoJiee BBICOKYIO, YeM MHAMBUAYaIbHBI WO;
(puc. 2, a, b).

Ha puc. 2, ¢ Takxxe MOXHO BUAETb, UTO TEMIIEpa-
Typa orxura oopasuos WO; 04eHb 3aMETHO OTpaxa-
€TCs1 Ha ra30BO YYBCTBUTEIbHOCTH, B YACTHOCTH, OT-
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Puc. 2. Cencopnblii OTKJIMK K ra30Boii cMec (Bpems nogayu raza 10 mun) oopasuos komnosuuun WO3;—In, 05 B 3aBucuMocTH 0T cocrasa (co-
aepxkanns In,03): a — 1 — CO/N,, 3000 ppm, 190 °C; 2 — CO/Bo3x., 3000 ppm, 242 °C; b — I — CO/N,, 3000 ppm, 242 °C; ¢ — I — WO,
1,1 ppm NO,/Bo31., 187 °C (npeasaputebHblil oTxur obpasua 600 °C, 2 u), 2— WO;, 1,1 ppm NO,/Bo3a., 187 °C (npeaBapuTebHbIi OTXUT

obpasua 450 °C, 2 v)

Fig. 2. Sensor response to a gas mix (time of gas supply — 10 min.) of the samples of WO ;—In,0 3 composition depending on the composition (content
of Iny03): a — 1 — CO/N,, 3000 ppm, 190 °C; 2 — CO/air, 3000 ppm, 242 °C; b — I — CO/N,, 3000 ppm, 242 °C; ¢ — 1 — WO;3, 1.1 ppm
NOy/air, 187 °C (preliminary annealing of the sample at 600 °C, 2 h), 2 — WOj3, 1.1 ppm NOy/air, 187 °C (preliminary annealing of the sample

at 450 °C, 2 h)

KK K 1,09 ppm NO, B Bo3nyxe Obu1 B 9 pa3 BblllI€ 11
obpasiua, oToxkeHHoro mpu 450 °C, Mo cpaBHEHUIO C
obpastioM, otoxckeHHBIM 1pu 600 °C (3TO COOTBETC-
tByeT n3meHeHnio OKP ot ~110 no =160 um). C yse-
JIMYEHNEM pa3Mepa KpUCTAJUTUTOB CHIDKAETCS Yaelb-
Has MMOBEPXHOCTh MaTepHuaia, a 3HAYUT, U YHUCIIO aK-
TUBHBIX LIEHTPOB ancopouyu. B coBMecTHOI KOoMIIO-
sauuun WO3—In,O3 pocT KpUCTAIIUTOB B MPOLECCE
TepMOOOpadOTKM 3aMeJIsIeTcs, M (haKTOp TeMIepaTy-
pBI OTKMTa He sBIIsieTcsl onpeaesionum. Bee odpas-
bl Komnosuunu WO3;—In,O3 npu 1eTeKTHpOBaHUU
1,09 ppm NO, nokazamu S>> 1000 %.

IToMUMO BBICOKOM YIEIBHOM IMOBEPXHOCTH, BaX-
HeHImuM (PaKTOPOM BBICOKOM T'a30BOM UYBCTBUTEJIb-
HOCTU OKCUIHOIO Martepuaja sipisieTcsl AeeKTHOCTb
€Tr0 CTPYKTYPHI, T. €. BUIbl U KOHIICHTPAIIUS CTPYKTYP-
HBIX Je(EeKTOB Ha IOBEPXHOCTU YYBCTBUTEJIbLHOTO
clos. YcinoxHeHue neeKTHOW CTPYKTYpbl OMHApHOM
komnozuunn WO;—In,O3, mosyyeHHOH! 30J1b-Trelb-
METOJIOM, TI0O CPAaBHEHMIO C MCXOMHBIMU OKCUIaMMU,
TIPOSIBIISIETCS] B BOBHUKHOBEHUM TTapaMarHUTHBIX JIe-
(hbeKTOB B MOpoOUIKaX COBMECTHON KOMITO3ULIMU C pa3-
JIMYHBIM coaepxkanueM In,O5 rmocie oTkura npu cpas-
HUTENBbHO HU3KMX TeMmepartypax (450...600 °C, 2 u),
KOTOpBIE (DMKCUPYIOTCS METOIOM 3JIEKTPOHHOTO Tia-
pamarHutHoro pe3zoHaHca (BI1P). B yactHocTu, B OT-
JIMYUE OT MHAMBUAYAIbHBIX OKCUI0B WO5 u In,0j5,
crnekTpel 00pas3uoB komnosuuun WO3;—In,05 conep-
Kanu curHajbl OITP maxe npu 298 K (mst o6pasua c
coaepxanuem 25 % mac. In,O5 curnansl ¢ g = 2,0011,
g = 4,3013). Bo3HUKHOBEHHE HOBBIX MTapaMarHUTHBIX
LIEHTPOB SIBJIIETCS BEPOSTHOM MPUIMHON M3MEHEHUS
OKpacKy TMOPOIIKOB OMHAPHON KOMITO3UIIUM ITOCIIEe
omxkura npu 450...600 °C. JIi1a okcuaa Bojbdpama
WO; nsmeHeHre OKpackKu HabJII01aJ10Ch MOC/IE OTXHU-
ra soiie 800 °C, mng In,O3 — Bbire 1100 °C.
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2.3. Jlamuuxu duoxcuda azoma Ha ocHOge
komnosuyuu WO3;—In,0;

IMonynmpoBOIHUKOBBIE CIIOM W3 WHIWBUIYATBHBIX
WO3 u In,O5 B cocTaBe Ta30BbIX JaTYNKOB Ha Si-1oz-
JIOXKKe IIpu paboueii Temneparype n0 250 °C nokazaiu
OIpeNeJEHHYI0O YYBCTBUTEIbHOCTh K PA3IUYHBIM ra-
3aM OKUCJIUTENbHON U BOCCTAHOBUTEIBbHOM MPUPOIIbI,
Bkmoyasg CHy, C3Hg, CO, NO,.

Ho6aska 3,0 % mac. In,O; kK WO; npuBozania K cy-
LIECTBEHHOMY BO3pacTaHuio OTKiIuKa K 4 ppm NO,
(>3 x 10° %) (puc. 3). DT0O 3HAUUTEIBHO GOJIee BHICO-

t,s

0 20 40 60 80 100 120 140 160 180 200

Puc. 3. 3aBucHMOCTb CEHCOPHOTO OTKJIHMKA OT BPeMEeHH NMOAAYM ra-
30Boii cmecu: / — WO;3 + 3,0 % mac. In,O3, 4 ppm NO,/B0311.; TOK

HarpeBa 51 MA; 2 — In,03, 4 ppm NO,/Bo31.; ToK Harpesa 71 MA;
3—WO; + 3,0 % mac. In,O3, 4 ppm NO,/Bo31.; TOK Harpesa 121 MA
Fig. 3. Dependence of the sensor response on the time of supply of a
gas mix: 1 — WOz + 3.0 % wt of In,03, 4 ppm NO,/air; heat current
of 51 mA; 2 — In,03, 4ppm NOy/air; heat current of 71 mA; 3 —
WO; + 3.0 % wt of In,03, 4 ppm NO,/air; heat current of 121 mA
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Puc. 4. N3venenne ceHCOPHOTO OTKJIMKA ABYXJIEKTPOAHBIX Ia30BbIX JaTYMKOB AHOKcHa a3oTa ¢ UD na ocnose kommnosuman WO3 + 3,0 % mac.
In,05: @ — B 3aBMCHMOCTH OT BpEMEHM MOJAuM ra30BO3AYLIHOM cMecH (Tok Harpesa 51 MA): 1 — 2 ppm NO,/Bo3n.; 2 — 4 ppm NO,/Bo31.;
3 — 11 ppm NO,/Bo31.; b — B 3aBUCUMOCTU OT KOHLIEHTpALIMU IMOKCHIA a30Ta (BpeMsl Mofauu ra3a 6 muH): 1 — 39 MA; 2 — 51 MA

Fig. 4. Variation of the sensor response of the two-electrode gas sensors of the nitrogen dioxide with SE on the basis of the composition of WOz + 3.0 % wt
of In,03: a — depending on the time of supply of the air-gas mix (heat current of 51 mA): 1 — 2 ppm NOy/air; 2 — 4 ppm NOy/air; 3 — 11 ppm
NOy/air; b — depending on the concentration of the nitrogen dioxide (time of supply of gas — 6 min): 1 — 39 mA; 2 — 51 mA

KMIA OTKJIMK, YeM YKa3aHHbIA B pabote [7] miIst KoM-
nosuunn WO;—In,O; aHaJlorMyHOro cocrasa, Ipuro-
TOBJIEHHBIN U3 KOMMepUYECKMX MOpo1IKoB. Kpome To-
ro, 00J1aCTh BHICOKOI YYBCTBUTEJbHOCTH CMELIAETCS B
CTOpPOHY 00Jiee HU3KUX TemIiepaTyp (MEHBIIEero ToKa
Harpesa). [IpeacraBieHHbIe JaHHbIE ObUIM MOJIYYEHbI
B pe3yJbTaTe U3MepeHNI, TPOBEACHHBIX HETTOCPEICT-
BEHHO IIOCJIE€ OTXKMra CBEXXENPUTrOTOBJIEHHBIX YYBCT-
BUTEJIbHBIX CJIOEB Ha MPOTSLKEHUM 72 4 ToKoM 140 MA.

Haubomee BEICOKYIO YYBCTBUTEIBHOCTD K THOKCH -
Iy a30Ta MMeJNU AaT4yuku, comepxkaiiue 3,0 % mac.
In,05. C yBennueHueM COAEpPXaHUSA OKCUAA WHANS
CHUXXAJIMCh YyBCTBUTEIBLHOCTb M CEJIEKTUBHOCTD CEH-
copoB K NO,. Bricokoe BpemMs BOCCTAHOBJIEHUS IS
5TUX JATYUKOB MOXKET OBITb COKpAIIIEHO TTPUMEHEHM -
€M CITeIIMAbHBIX PEXWMOB 3KCIUTyaTally, Harpu-
Mep, UMITYJIbCHOTO HarpeBa MM KpaTKOBPEMEHHOTO
OTXXMTa MPU MOBBIIIEHHBIX TeMIepaTypax. TeM He Me-
Hee gatuuku ¢ 3,0 % mac. InyO5 Takke IeMOHCTpU-
poBaIM BBICOKUI OTKJIMK K NO, npu HU3KUX pabounx
TeMIlepaTypax M UMeJN YIOBJICTBOPUTEIBHOE BpeMs
OTKJIMKa U BoccTaHoBNeHUs. [1pu comep:kaHUM B CO-
craBe komnosuuuu 25,0, 50,0, 75,0 % mac. In,04
MaTYMKW TIOKa3bIBAJIM 0oJiee HMU3KYI0 YYBCTBUTEIb-
HOCTb IO OTHOIIEHUIO K TMOKCHUIY a30Ta.

Komnosnumua WO5 + 3,0 % mac. In,O5 nokaseisa-
na oyeHb HM3KUU OTKIMK K 80 ppm CO u 20 ppm
C;Hg Bo BceMm nHTepBasie TokoB Harpesa (11...131 MA,
HauboJiee BEICOKUI OTKIIMK ObUT S'= 18 % npu 131 MA
111 CO u 3 % nna C3Hg mpu 111 MA).

JUTeTbHBINA OTKUT TaTYNKOB HAa OCHOBE KOMITO-
suunn WO3—In,05 ¢ conepxanuem In,O; npusoaun
K OYE€Hb CUJIbHOMY CHUXXEHUIO UYBCTBUTEJIBbHOCTU K
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auokcuny aszora (puc. 4). Tem He MeHee MoOcCie TOJ-
HOI cTabuaM3alluu TMapaMeTpoB OTKJIMK OCTaBaJCs
J0CTaTO4YHO BbIcOKUM (6osee 600 % k 11 ppm NO, B
Bozayxe). [1yTeM akcTpanonsiliMy AaHHbIX, PeACTaB-
JICHHBIX Ha pHUC. 4, MOXHO 3aKJIIOYUTH, YTO TaKHE
JaTYMKKU MOTYT YBEPEHHO OMNpPeAeJUTh HaTu4dre mpu-
Mecell TMoKcuaa a3oTa B BO3ayXe MpU KOHLIEHTPalM-
SIX 3HAUUTENIbHO MeHble 1 ppm (TOK HarpeBa 51 MA).
ITpu Gosee BBICOKMX TemIiepaTypax (HarpeB TOKamu
111...131 MA) JaTYNKKU HAYMHAIU MIPOSIBISATH YYBCT-
BUTEJIbHOCTb K MpPOIaHy, OKCHAY Yyrjepoia U BO-
nopony.

HccnenoBaHHBIE CEHCOpPHI OWOKCHIA a30Ta IIpU
pabouynx Tokax HarpeBa 35...51 MA OBbUIM CEJIEKTUB-
HBIMM T10 OTHOLIEHUIO K TMPOTaHy, OKCUIY Yrjiepojaa
u Bomopony. JdaHHbIi dakT BaxkeH ISl psaa Mpuio-
KEHUI, HAaTpUMeEp, IJIsl UCIIOJIb30BaHUSI CEHCOPOB B
COCTaBe YCTPOMCTB 3KOJOTMYECKOr0 MOHHUTOPHUHIA
BO3/yXa.

Bce uccinenoBaHHbIE CEHCOPBI TaKXKe XapaKTepH-
30BaJIMCh HU3KOW MOTpeOJIsieMOl MOIIHOCTBIO (Me-
Hee 29 MBT npu Toke Harpesa 51 MA).

ITosyyeHHbIE KCIIEpUMEHTaIbHbIE TaHHbIE MOKa-
3aJIM, YTO YYBCTBUTEJBbHBIC CJIOM Ha OCHOBE YHMCTOTO
WO; o61anaroT HEGOIBIIMM Pa3MEPOM 3€PEH U, COOT-
BETCTBEHHO, UMEIOT BbICOKYIO TJIOIIaAb TOBEPXHOCTH.
IToBepXHOCTHBIN CJIOI HAHOYACTHUIL] OKCHIA BOJIbppa-
Ma MMeeT HeCTeXMOMETPUUECKYIO CTPYKTYpY, Colep-
JKalllyI0 KMCJIOPOAHbIE BaKaHCUM, KOTOPBIE MPOSIBIIS-
10T ce0sl B KaueCTBe JIOBYILEK 3JIEKTPOHOB [1].

B yucTom okcuzae Boibdpama Mpu HU3KUX TeMIIe-
parypax (MeHee 100 °C) BbICOKasi YyBCTBUTEJILHOCTb K
NO, 00bIYHO CBA3BIBAETCH C 1€COPOLIMEN ONHO3aPSI-




HbIX yactull O, M 3aMelueHneM ux Mosekyiamu NO,.
Takoe 3ameleHue sIBsIETCS TMPUUYUHON CYIIECTBEH-
HOTO YBEJIMUEHUSI CONPOTUBIeHUs [7, 8].

PaBHoBecue ancopounn—aecopounu NO, cmelna-
eTcsl ¢ U3MeHeHUeM paboueil TeMmIepaTypbl JaTyuKa.
YBenuueHue padboueil TemrepaTypbl AaTyuKa (yBEJIU-
YyeHMe TOKa HarpeBa nomIoxXkKu ot 35 go 131 MA) npu-
BOIUT K CMEIICHUIO paBHOBECUST afcOPOLIMU—IECcop-
o6uun. CmellleHUe paBHOBECUS 3aMETHO CHUXKAeT OT-
KJIMK K TMOKCHIY a30Ta Mpu ToKax Harpea 71 MA u
BBIIIIE.

B pa6ote [7] ObUI cAaenaH BBIBOA O TOM, YTO YyBCT-
BUTEIBHOCTD 1aT4nKOB WO3—In,O5 npu 200 u 300 °C
K NO, u CO onpenensderca naedekramu, 1mopoxuae-
MBIX BKJIIOUEHHEM B CTPYKTYpy WO3 nipumecu MHAKS.
ABTOpPBI HACTOSIIIIEH CTaTbU HE HAIJIM BO BCEM KOH-
LIEHTPAIIMOHHOM MHTEpBaje MPU3HAKOB 00pa30BaHMSI
TBEPIBIX PACTBOPOB U COCIMHEHUIN OKCUIOB MHAUS U
Bosb(pama BwioTh 10 800 °C. IToaTomMy HEOOXOAUMO
WCKaTh NPYTUe TMPUINHBI YBEJIWUCHUS UYBCTBUTEIh-
HOCTU CMEIIIAaHHOM KOMITO3MILIMY K JUOKCHUAY a30Ta U
OKCUJy yIJiepoja.

PentrenorpamMmel nopoikos komnosuuuu WOz;—
In,O5 ¢ comepxanuem 5,0 % mac. In,O; He oOHapy-
JKMBAIOT KaKOro-jaubo cMellleHUs] TMKOB OT UX HOp-
MaJIbHOTO moJiokeHusi. [1o3ToMy Heslb3sl TOBOPUTH O
KaKoOM-JIN0O 3aMETHOM PacTBOPEHUU OKCHIA MHIUS B
peuieTke okcuaga Boabgpama. COOTBETCTBEHHO, HET
OCHOBAHUI CBSI3bIBATh BOBHMKHOBEHUE UPE3BBIYATHO
BBICOKOI YYBCTBUTEJBbHOCTU K AUOKCHUIY a30Ta ¢ 00-
pa3oBaHWEM HOBOI'O SHEPreTMYEeCKOTo YpOBHS B 3a-
npeweHHoi 30He WOj3, CBA3aHHOIO C BHEAPEHUEM B
KPUCTAJUINYECKYIO CTpyKTYpy WO3 aromoB uHAMA,
KaK 3TO ObUIO cIesaHo B padbote [7].

CTaOuau3UpyIOLIUNA OTXKUT CEHCOPOB IPOBOAUIU
ripu 400...600 °C, 4T0 COOTBETCTBYET (POPMUPOBAHUIO
reTeporeHHoro AByx¢asHoro Marepuania, coaepxalie-
ro xkyonueckuit In,O; n MoHoknMHHblE WO5. Pasa
coenuHeHus Iny(WOy); B aTOM Cilydyae He oOpasyeTcs.
BepositHo, MexaH13M OOHapPYKEHUST MOXKET OBITh CBSI-
3aH ¢ pasneneHueM peuentopHoit (WOs) u npeobpa-
3oBaresbHOM (InyO3) byHKUMIA ceHcopa MexXay oTae-
JIbHbIMU (pazamu. Kpome TOro, CyliecTBEeHHOE IOBbI-
IIEHUE Ta30BO YYBCTBUTEIBHOCTH MOXKET OBITh CBSI-
3aHO C pa3jiMuvMeM B YAEJbHON MOBEPXHOCTU YHCTHIX
okcuaa BojbdpamMa M OKCUAAa WMHAWUS M IIOPOIIKOB
kommnosuuuu WO;—In,O5 npu HeGOIbLIOM comepxka-
Huu In,O05 (5 % mac.), ¢ HaMuMeM aTOMOB BoJIb(pa-
Ma B BBICOKOOKWCJIIEHHOM COCTOSTHUM (W3+—W5+),
MPOSIBJISIIONIMX CBOMCTBO crieliMUIECKOi ancopoiuu
NO,, a Takxe OTMEUEHHOE BbILIE (110 CIIEKTPAM JIEK-
TPOHHOTrO MapaMarHUTUBHOIO pe30HaHca) odlee yc-
JIOKHEHUE AeDEKTHOM CTPYKTYpbl OMHAPHOU KOMIIO-
3ULIMMU.

XapakTep KOHIIEHTPAIMOHHOMW 3aBUCUMOCTH OT-
KJIMKa (3aBUCMMOCTHU OT COAEePKaHUsl JOOaBKM OKCHUIA

WHINS) TBYX3JIEKTPOMHBIX TaTYMKOB OJIM30K IJIST BCEX
TUNOB ra3oB. Haubosbliiasi 4yBCTBUTEIBLHOCTh Ha-
Oromaach sl JaTYMKOB Ha OCHOBE OKCHJIa BOJIb(pa-
Ma, coaepXKallrux HeOONbIIyIO 100aBKYy OKCHIA MHIUS
(3 % mac.). OTHOCUTEIPHO HU3KUI OTKJIMK IJIs JaT-
4yuKoB Ha ocHOoBe WO3;—In,0O5 ¢ BBICOKMM conepxa-
HMeM okcuaa uHmus (25, 50, 75 % mac.) Koppeaupyet
C JAHHBIMU MO YAEJIbHON MOBEPXHOCTU KOMITO3ULIMIA.
OOHapyXeHO pe3Koe CHIXEHHE yIeIbHOl MOoBepX-
HOCTH TOPOILIKOB KOMMO3ULIMY TIPU COAEPKAHUU OK-
cuga nHaud 25,0 % mac. u 6oree.

Kak yxe OBLIO OTMEYEHO BEILIE, MOCAEe OKOHYA-
TeJbHON CTA0WIM3alMM MapaMeTpoOB JAaTYMKOB B pe-
3yJIbTaTe MPOAOKUTEIIBHOTO BEICOKOTEMITEPATYPHOTO
ortxkura oTkiIMK K 4 ppm NO, 3HAYUTENIBHO yMEHb-
LIWJICS TI0 CPaBHEHUIO C TIepBOHAYAIbHBIM. JlanbHel -
11ee CHUXXEHHE Topora YyBCTBUTEJIbHOCTU, MOMUMO
MPUMEHEHUS CTICIIMATBHBIX PEXXUMOB PabOTHI, TT0 MHE-
HUIO aBTOPOB, YMECTHO CBSI3bIBaTb C MPUMEHEHUEM
MOUTOKEK, M3TOTOBJIEHHBIX, HAIIPUMEp, U3 MUKPOIIO-
PUCTOTO aHOAWPOBAHHOIO OKCHJA aJTIOMUHUSIL.

BpeMs BoccTaHOBIEHUST 3aBUCUT OT pexxuma pabo-
Thl ceHcopa U cocTtapiseT oT 30 ¢ 1o 5 MUH U Gosee
MpU ONpeaeeHUH TUOKCHUIA a30Ta B TIOCTOSIHHOM pe-
KMMe HarpeBa ceHcopa. IIpu ompemeieHUM ra3oB-
BOCCTAHOBUTENEH 3TO BpeMsl He npeBbiiaio 20 c. s
YMEHBIIIEHYSI BpeMEeHU BOCCTAHOBJIEHMS TaTYMKOB MPU
ONpeNe/eHUM AUOKCUAA a30Ta PEKOMEHAYEeTCSl MC-
MOJIb30BaTh UMITYJILCHBIM PEXXUM Harpesa.

3akmoueHue

lazoBas 4yBCTBUTENLHOCTL KoMnosuuuu WO;—
In,O3 3HaUNTENLHO MPEBBIILAET YYBCTBUTETBHOCTD UC-
XOIOHBIX OKCHIOB. BBICOKAsi 4yBCTBUTEIBHOCTD K V-
OKCHJY a30Ta MO3BOJISIET C(hOPMUPOBATh UYBCTBUTEb-
HBII 3JIEMEHT CEJIEKTUBHOIO ra3oBoro garunka NO, ¢
HU3KHUM MOporoM obHapyxkeHusi (ppb-auamnasoH) U C
paboueii remmnepatypoii MmeHee 100 °C. ITo cpaBHeHUIO
¢ ynuctbiMu WO3 u In,O3 GuHapHas KOMIO3ULIKA 00-
JlagaeT 3HAYMTEIbHO 00Jiee BBICOKON YyBCTBUTEIBLHOC-
TbIO U CENEKTUBHOCTLIO K NO, U CyllecTBEHHO OoJiee
HU3KOI paboueil TeMmnepaTrypoid.

Bce  ob6pasubt  kommosuuuun  WO3—In,03
(c 5,0...75,0 mac. % In,03) nokazanu 60j1ee BEICOKYIO
YyBCTBUTEJIbHOCTb K CO 10 CpaBHEHUIO C UCXOIHBbI-
MU okcuaamu. HanGonblinit OTKIMK K OKCUAY YIjie-
pona noka3san coctaB WO;—In,05 ¢ 25,0 mac. % In,O4
(242 °C).

Ha ocHose xomnosuuun WO5 + 3 % mac. In,O5 ¢
HCII0JIb30BaHUEM Si-TIOII0XEK M3TOTOBJIEHBI Majo-
MOILHbIE TaTYNKU C BOBMOXHOCTbIO J€TEKTHPOBAHMS
HU3KKUX KoHueHTpauuit NO, (meHee 1 ppm B raso-
BO3AYIIHBIX CMECSX), HEUYBCTBUTEIbHbIE K ra3zam-
Boccranosurenam (CO, C3Hg, H,) n norpebisgemoit
molirHocTbio MeHee 30 MBT mpu Toke HarpeBa 51 MA.
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The formation of the tungsten oxide WOj; crystal structure and its compositions with the indium oxide at 400—900 °C were
investigated. Both the tungsten oxide and the indium oxide, as well as their compositions, were prepared by the sol-gel method.
A heterogeneous material with predominance of In(WO,) ; phase during annealing at §00—850 °C was formed. The gas sensing
properties of the pure and indium-doped tungsten oxide thick layers of nanoparticles were studied. The composition had higher gas
sensitivity as compared with the initial oxides. Furthermore, the authors observed a high sensitivity shift to lower temperatures. The
composition can be used as a sensitive layer of NO, sensors in the air portable analyzers, allowing the detection of the nitrogen di-
oxide at 90 ppb or lower. The maximal power consumption for identification of the nitrogen dioxide did not exceed 29 mW (heating
current of 51 mA). The recovery time at a constant heating depended on the operating mode of the sensor in the range from 30 seconds
up to 5 minutes or more, when the nitrogen dioxide was detected. The detection time of the reducing gases did not exceed 20 seconds.
For reduction of the relaxation time of the sensor the pulsed heating method can be used.
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Introduction

As is known, the indium oxide and the tungsten oxide are
semiconductors of n-type. Electroconductivity of such oxides
increases in the presence of the oxidizing gases and decreases
in the presence of the reducing agents [1]. The indium oxide
has good electroconductivity and relatively high gas sensitiv-
ity, but an insufficient selectivity [2]. The tungsten oxide
demonstrates a high selective sensitivity to a number of gases,
such as nitrogen oxide, ammonia, and carbon oxide [3, 4].
Therefore, it is possible to assume, that a composition of the
specified oxides will be a semi-conductor material with the n-
type of conductivity possessing higher sensitivity and selec-
tivity in relation to certain gases.
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The properties of WO3;—In,05 oxide system have not
been investigated sufficiently enough. There are publications
about the influence of In,05 additive on the gas-sensitive
properties of the tungsten oxide, WO3, however, in a wide
range of temperatures (400...900 °C) and concentration of
In,0O5 additive (5...75 % wt) the specified composition was
investigated for the first time. No publications were found de-
voted to the research of the given composition received by the
sol-gel method [5].

The aim of the work, the results of which are presented in
the article, were studying of the gas-sensitive properties of the
composition of the oxides of tungsten, WO5 and indium,
In, 03, received by the sol-gel method. The method allows us
to receive nano-sized materials with high homogeneity and a




big area of the surface, which are especially important for the
gas-sensitive oxide materials.

1. Experimental Technique
1.1. Synthesis

Sol of the tungsten acid was received from 1.23 M water
solution of sodium tungstate Na,WO3x2H,0 by a drop in-
jection into 12 M nitric acid solution during a constant hash-
ing. Nanocrystalline WO; was received as a result of a ther-
mal decomposition of the dried up gel of the tungsten acid
(200...850 °C).

Indium oxide, In,O; was received from 0.39 M water
solutions of In(NO3); ><4j5H2O by adding 9.24 M water so-
lution of ammonia. As a result of annealing of the xerogel of
In(OH); in the range of 200...850°C the nanocrystalline
In,O5 was received.

The powders, received by drying of the gels of the indium
hydroxide and the tungsten acid in the air, were mixed in the
necessary proportions for obtaining of the materials contain-
ing 0.0, 5.0, 25.0, 50.0, 75.0, and 100.0 % wt of In,O5. The
powders were grinned carefully and subjected to annealing in
the air at 450 °C during two hours.

1.2. Structural and morphological researches

The phase composition of the nanoparticles and their de-
gree of crystallinity were analyzed by the method of the pow-
der X-ray diffraction in DRON-3 diffractometer, with the use
of Cog,,; radiation. The sizes of the crystalline particles were
defined under the Debye-Scherrer formula.

The sizes and the morphology of the nanoparticles were
investigated by means of LEO 1420 scanning electron micro-
scope. The specific surface was measured by a low-tempera-
ture adsorption of nitrogen (measurement of the quantity of
the nitrogen adsorbed on the surface of a sample from the air
at the temperature of liquid nitrogen by variation of pressure
in the system) [6].

1.3. Measurement of the electric resistance

Electric resistance of the samples (tablets) of the tungsten
oxide and the composition of the tungsten oxide with In,05
within the range of 100...250 °C was measured by the two-
probe method in a corundum cell placed into a tubular fur-
nace, connected to a thermoregulator. The samples in the
form of tablets (with diameter of 10 mm, thickness of 3.5 mm,
weight of 0.7...0.8 g) were pressed from the powders, prelim-
inary annealed in the air (400 °C, 2 hours) with application
of the organic binding material (rosin) in a hydraulic press
(pressure of 150 kPa) and sintered in the air at 450 °C
(2 hours). For a better contact a silver paste was deposited
on both sides of a sample. The samples containing 25.0 % wt
of In,O3, were also received by drying of the combined sols
of the tungsten acid and the indium hydroxide with the sub-
sequent annealing at 450 (2 hours) and at 600 °C (2 hours).

The gas mix was let through a temperature-controlled
flow-type chamber during 10 min. with a speed of 2 1/h, and
then a flow of air was let through with the same speed.

For measurement of the electric resistance B7-40 digital
ampere-voltmeter was used, the temperature was controlled
by means of a chromel-alumel thermocouple fixed just near
the sample.

The gas-sensitive materials were also investigated in the
composition of the two-electrode gas sensors (fig. 1). The sen-

sors were manufactured by a standard technology in the fol-
lowing way. Platinum was deposited on a Si substrate by the
method of magnetron sputtering. This was followed by the
processes of photolithography, ion-beam etching of the plat-
inum for formation of a heater and electrodes. After that, by
means of etching a silicon plate was divided into crystals with
the size of 1.3 X 1.3 mm, fit for the case with diameter of
20...35 micrometers, the sensitive layers were deposited (by
the drop method with the help of a microdispenser), and a
gas-permeable cap with a grid from stainless steel was glued.
After deposition of the necessary composition on the sol sub-
strate surface the sensitive layers were subjected to annealing
at temperature of 450...600 °C during 72 h.

The gas-sensitive response (5, %) was determined under
the formula S = (R, — Rg)/Ra x 100 %, for the gas mixes
containing CO, methane and propane, and under the formula
S= (R, — R)/R, * 100 % for the gas mixes containing ni-
trogen dioxide, where R, and Rg — resistance of the layer in
the air and under the influence of an air-gas mix, accordingly.

2. Discussion of the results

2.1. Composition and structure of the powders
of WO3—In,03 composition

It was revealed, that the xerogel dried up at 20 °C and re-
ceived from the sodium tungstate, was a hydrated tungsten ac-
id HyWO4xH,O (identification cards JCPDS 43—1035,
PDF 87—2404), which after annealing lost water and crys-
tallized in the monoclinic structural modification of WO;
(JCPDS 71 — 2141) with the following cell parameters:
a ="7.328 nm, b=7.527 nm, ¢ = 7.732 nm, = 91.40°. For the
tungsten acid these parameters are the following: a = 7.398 nm,
b =6.931 nm, ¢ = 3.7176 nm, B = 91.04°, accordingly.

Annealing of the xerogel of the indium hydroxide at
200 °C (2 h) led to formation of cubic In,O53 (¢ = 1.0118 nm).
With an increase of the temperature of annealing a growth of
values was observed in the area of coherent scattering (ACS),
which were equal to 10 nm (200 °C, 2 h), 20 nm (300 °C, 2 h),
35 nm (600 °C, 2 h), and 50 nm (850 °C, 2 h), accordingly.

The roentgenograms of the nanopowders of WO;—In,05
compositions after annealing at 800 °C (2) were presented and
discussed in the work [5]. Annealing of the combined com-
position at 800 °C and over was accompanied by the phase
formation of indium tungstate In,(WO,); (PDF 49-0337).
The received sizes of the WO; crystalline particles were 70 nm
(200 °C, 2 h), 100 nm (350 °C, 2 h), 110 nm (450 °C, 2 h),
160 nm (650 °C, 2 h), and 200 nm (850 °C, 2 h), accordingly.
In WO3;—In,05 composition (450 °C, 2 h) this parameter was
equal to 30...40 nm and did not depend on the content of the
indium oxide (5.0...75.0 % wt), therefore, it is possible to
draw a conclusion, that addition of the indium oxide slows
down the growth of WO; grains in the combined composition
with an increase of the temperature of annealing. As a rule,
a decrease of the sizes of the crystalline particles is associated
with an increase of the gas sensitivity and a decrease of the
working temperature of a sensor.

The powders of WO;—In,05; composition were also an-
nealed at 400 and 600 °C. In all cases formation of In,(WOy)5
phase was not observed. The reflexes related to In(OH); in
the samples annealed at 400 °C were absent, which testified
to termination of the dehydration of the indium hydroxide in
the given conditions of annealing.
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According to the research done by means of the scanning
electronic microscopy, the powders of WOj3, In,O5 and of
the mixed composition possessed developed specific surfac-
es. The morphology of WO3;—In,03 powders did not depend
on the content of the indium oxide, In,05. The powders of
WO3;—In,03 had a uniform distribution of the granules by
their sizes with the average size of the particles of 80...150 nm.

More appreciable changes were observed after annealing in
the range of 800...900 °C. In that case a three-phase system was
formed containing In,(WO,); compound in addition to the in-
itial oxides. Uniformity of the powder was low, and it contained
large agglomerates with the sizes of 0.2—1.0 pm.

The specific surface of the composition (annealing at
600 °C, 2 h) decreased with an increase of the content of the
indium oxide from 44...47 m2/g for the sample containing
5 % wt of the indium oxide down to 12...13 mz/g for the sam-
ples containing 25.0...75.0 % wt of the indium oxide. At the
same time pure tungsten oxide annealed in the same condi-
tions had the specific surface of 23...25 mz/g.

The investigated powders were suitable for manufacturing
of the sensitive elements of the gas sensors by the stencil print-
ing method (by preparation of a paste from the powders of the
oxide composition in the organic bindings).

2.2. Influence of the structure of WO 3—1In;03 composition
on the electric conductivity and the sensor response

In accordance with the obvious suppositions, the highest
electroconductivity in the range of the annealing temperatures
of 200....900 °C was demonstrated by the samples of In,O3,
while the lowest one was demonstrated by the samples of
WO;. Mixed samples of WO3;—In,05 demonstrated interme-
diate values of conductivity after annealing at 200—800 °C.
The mixed samples, annealed in the range of 800—900 °C,
were three-phase ones. Their electric conductivity was much
lower, than that of the two-phase samples. This can be ex-
plained by an increase of the size of the crystalline particles
of the initial oxides in the course of a high-temperature an-
nealing, and also by appearance of a connection phase of
Iny,(WOy);, possessing a very weak electric conductivity.
The sample received by drying of the combined sols of the
tungsten acid and the indium hyroxide had a much higher
conductivity, than the sample of the same composition
(WO3 (75 % wt) — In,O5 (25 % wt)), prepared by mixing of
the powders of the oxides. Since the samples were not gasproof,
here we do not talk about true specific conductivity of the ma-
terials. But this fact illustrates well the influence of the mor-
phology of the particles on the conductivity of the samples.

The sensitivity of the tungsten oxide, WO3’ to the gas mix-
es containing CO became visible at 120 °C, while that of the
indium oxide, InyO; — at 130 °C. The gas sensitivity of
WO;—In,05; composition was higher in comparison with the
individual oxides in all the temperature range of measure-
ments (150...242 °C). Fig. 2 presents the dependencies of the
sensor responses of the WO;—In,05 composition samples to
3000 ppm CO on the content of In,O5 (% wt). For individual
oxides the highest response to 3000 ppm CO was observed at
242 °C. The response of the tungsten oxide to 3000 ppm CO
in the air was 100 %, while the response of the indium oxide
was 52 %. When a mix of CO and nitrogen was used, the spec-
ified responses were 250 and 110 %, accordingly (fig. 2, b).
Mixed WO;_In,05 compositions demonstrated much higher
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gas response. The composition with the content of 25 % wt of
In,O5 had sensitivity to 3000 ppm CO three times higher,
than an individual WO; (fig. 2, a, b).

In fig. 2, c it is also possible to see, that the temperature
of annealing of WO3 samples influences the gas sensitivity very
considerably, in particular, the response to 1.09 ppm NO, in
the air was 9 times higher for the sample, annealed at 450 °C
in comparison with the sample, annealed at 600 °C (this cor-
responds to variation of ACS from ~110 up to =160 nm).

With an increase of the size of the crystalline particles the
specific surface of a material decreased, and so did the number
of the active centers of adsorption. In the combined compo-
sition of WO3;—In,05 the growth of the crystalline particles
in the course of a heat treatment slowed down, and the tem-
perature factor of annealing was not determinative. During
detection of 1.09 ppm NO, all the samples of WO3—In,0;
composition demonstrated .§ > 1000 %.

Besides a high specific surface, a major factor of high gas
sensitivity of an oxide material is deficiency of its structure,
that is, the kinds and concentration of the structural defects
on the surface of the sensitive layer. Complication of the de-
fective structure of the binary composition of WO3—In,0;
received by the sol-gel method, in comparison with the initial
oxides, is revealed in occurrence of the paramagnetic defects
in the powders of the combined composition with various
contents of In,O5 after annealing at rather low temperatures
(450...600 °C, 2 h), which are fixed by the method of the elec-
tron paramagnetic resonance (EPR). In particular, unlike in-
dividual oxides of WO3 and In,05, the spectra of the samples
of WO3—In,03 composition contained EPR signals even at
298 K (for the sample with the content of 25 % wt of In,0;
the signals were with g = 2.0011, g = 4.3013). Appearance of
new paramagnetic centers was the probable reason for varia-
tion of the coloring of the powders of the binary composition
after annealing at 450...600 °C. For the tungsten oxide WO;
a change of coloring was observed after annealing at over
800 °C, for In,O5 — over 1100 °C.

2.3. Sensors of nitrogen dioxide on the basis
of WO3—In,03 composition

The semiconductor layers from individual WO5 and In,04
in the composition of the gas sensors on Si substrate at the
working temperature below 250 °C demonstrated certain sen-
sitivity to various gases of the oxidizing and regenerative char-
acter, including CH,4, C5Hg, CO, and NO,.

Addition of 3.0 % wt of In,O53 to WOj; led to an essential
increase of the response to 4 ppm NO, (>3 x 10° %) (fig. 3).
This was a much higher response, than the one specified in [7]
for WO3;—In, 05 of a similar composition, prepared from the
commercial powders. Besides, the area of high sensitivity was
displaced to lower temperatures (smaller current of heating).
The presented data were received as a result of the measure-
ments done directly after annealing of the freshly made sen-
sitive layers during 72 hours by current of 140 mA.

The highest sensitivity to the nitrogen dioxide was dem-
onstrated by the sensors containing 3.0 % wt of In,05. With
an increase of the content of the indium oxide the sensitivity
and selectivity of the sensors to NO, decreased. Long time of
restoration for these sensors can be reduced due to application
of special operating modes, for example, pulse heating or
short-term annealing at higher temperatures.




Nevertheless, the sensors with 3.0 % wt of In,O5 also
showed a high response to NO, at low working temperatures,
and had a satisfactory response time and restoration time. At
the content in the composition of 25.0, 50.0, 75.0 % wt of
In,05 the sensors demonstrated a lower sensitivity in relation
to the nitrogen dioxide.

The composition of WO5 + 3.0 % wt of In,O5 showed a
very low response to 80 ppm CO and 20 ppm of C3Hjg in all
the range of the heat currents (11...131 mA, the highest re-
sponse was S = 18 % at 131 mA for CO and 3 % for C3Hg
at 111 mA).

A pronged annealing of the sensors on the basis of
WO3;—In,05 composition with a content of In,O3 led to
very strong decrease of the sensitivity to the nitrogen dioxide
(fig. 4). Nevertheless, after a full stabilization of the param-
eters, the response remained high enough (more than 600 %
to 11 ppm NO, in the air). By extrapolation of data, it is pos-
sible to conclude, that such sensors can confidently detect
the presence of impurities of the nitrogen dioxide in the air
at concentrations considerably less than 1 ppm (heat current
of 51 mA). At higher temperatures (heating by currents of
111...131 mA) the sensors started to demonstrate sensitivity to
the propane, carbon oxide and hydrogen.

At the working heat currents of 35...51 mA the investigated
sensors of the nitrogen dioxide were selective in relation to the
propane, carbon oxide and hydrogen. The given fact is impor-
tant for a number of applications, for example, for the use of the
sensors in the instruments for ecological monitoring of the air.

All the investigated sensors also were characterized by low
power consumption (less than 29 mW at the heat current of
51 mA).

The received experimental data demonstrated, that the
sensitive layers on the basis of pure WO; had small grain sizes
and, accordingly, big area of the surface. The surface layer of
the nanoparticles of the tungsten oxide had a non-stoichio-
metric structure containing the oxygen vacancies, which
played the role of traps for the electrons [1].

In pure tungsten oxide the high sensitivity to NO, at low
temperatures (less than 100 °C) is usually connected with de-
sorption of the single-charge particles of O, and replacement
of them with NO, molecules. Such a replacement is the rea-
son for an essential increase of the resistance [7, 8].

The balance of the adsorption-desorption of NO, is dis-
placed with a change of the working temperature of the sen-
sor. An increase of the working temperature of the sensor
(increase of the heat current of the substrate from 35 up to
131 mA) leads to displacement of the balance of adsorption-
desorption. Displacement of the balance considerably re-
duces the response to the nitrogen dioxide at the heat cur-
rents of 71 mA and over.

In [7] a conclusion was made that the sensitivity of the
WO;—1In,05 sensors at 200 and 300 °C to NO, and CO was
determined by the defects, generated by the inclusion of an
indium impurity into the structure of WOj5. In all the con-
centration range the authors of the present article found no
signs of formation of solid solutions and compounds of the
oxides of indium and tungsten up to 800 °C. Therefore, it is
necessary to search for other reasons for an increase of the
sensitivity of the mixed composition to the nitrogen dioxide
and the carbon oxide.

The roentgenograms of the powders of WO3;—In,05 com-
position with the content of 5.0 % wt of In,O5 did not show

any displacement of the peaks from their normal positions.
Therefore, it was impossible to talk about any appreciable dis-
solution of the indium oxide in the lattice of the tungsten ox-
ide. Accordingly, there were grounds to connect the appear-
ance of an extremely high sensitivity to the nitrogen dioxide
with formation of a new energy level in the forbidden zone of
WO;3, connected with introduction of the indium atoms into
the crystal structure of WO3, as that was done in [7].

The stabilizing annealing of the sensors was done at
400...600 °C, which corresponded to formation of a heteroge-
neous two-phase material containing cubic In,O; and mono-
clinic WOj;. In this case the phase of connection of Iny(WO,);
was not formed. Possibly, the detection mechanism could be
connected with the division of the receptor (WO3) and trans-
forming (In,03) sensor functions between the separate phas-
es. Besides, an essential increase of the gas sensitivity can be
connected with the difference in the specific surface of the
pure tungsten oxide and the indium oxide, and the powders
of WO3;—In,05; composition at a small content of In,0O5
(5 % wt), presence of the atoms of tungsten in a highly oxi-
dized state (W3+—W5+), demonstrating the property of the
specific adsorption of NO,, and also mentioned above (by the
spectra of the electron paramagnetic resonance) general com-
plication of the defective structure of the binary composition.

The character of the concentration of the dependence of
the response (dependence on the content of the indium oxide
additive) of the two-electrode sensors was close to the de-
pendence for all the types of gases. The greatest sensitivity was
observed for the sensors on the basis of the tungsten oxide, con-
taining a small additive of the indium oxide (3 % wt). The rel-
atively low response for the sensors on the basis of WO3;—In, 05
with a high content of indium oxide (25, 50, 75 % wt) cor-
related with the data on the specific surface of the composi-
tions. A sharp decrease of the specific surface of the powders
of the composition was discovered at the content of the in-
dium oxide of 25.0 % wt, and over.

As it was already mentioned, after a definitive stabilization
of the parameters of the sensors, as a result of a prolonged
high-temperature annealing a response to 4 ppm NO, de-
creased considerably in comparison with the initial one. Ac-
cording to the authors, the further decrease of the threshold
of sensitivity, besides application of special operating modes,
would be pertinent to connect with application of the substrates
made from the microporous anodized aluminum oxide.

The time of restoration depended on the operating mode
of the sensor and equaled to from 30 s up to 5 minutes and
more during identification of the nitrogen dioxide in a con-
stant mode of heating of the sensor. During identification of
the gases-reducers this time did not exceed 20 s. For reduc-
tion of the time for restoration of the sensors during identi-
fication of the nitrogen dioxide it was recommended to use a
pulse mode of heating.

Conclusion

The gas sensitivity of WO;—In,05 composition consider-
ably exceeds the sensitivity of the initial oxides. High sensi-
tivity to nitrogen dioxide allows us to generate a sensitive el-
ement of the selective gas sensor of NO, with a low threshold
of detection (ppb range) and with the working temperature
less than 100 °C. In comparison with pure WO3 and In,0; the
binary composition has a much higher sensitivity and selec-
tivity to NO, and essentially lower working temperature.
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All the samples of WO;—In,O; composition (with
5.0—75.0 % wt of In,O3) demonstrated higher sensitivity to
CO in comparison with the initial oxides. The greatest re-
sponse to the carbon oxide was demonstrated by WO3—In,05
composition with 25.0 % wt of In,05 (242 °C).

On the basis of the composition of WO53 + 3 % wt of In,0;
with the use of Si substrates small-power sensors were man-
ufactured capable to detect low concentrations of NO, (less
than 1 ppm in the gas-air mixes), insensitive to the gasses-re-
ducers (CO, C;Hg, H,) and with the power consumption less
than 30 mW at the heat current of 51 mA.
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UIMK-AKTIOATOP: MOAEADb, PACHET U AHAAW3 TTIPOLIECCOB

Ilocmynuna 6 pedaxuuro 04.07.2017

[Ipeodnoicena snexmpomexanuueckas mooeab aKmMIOAMOpA HA OCHOBe UOHHO20 HNOAUMED-MeMAaiIuecKkoe0 KOMNO3Uma
(UIIMK), 6 coomeemcmeuu ¢ KOmopol NOOBUIICHbIE UOHBL BHYMPU NOAUMEPHOU MeMOPAHbL nepemMeuiaromcs noo delcmeuem 31ex-
mpu4ecko2o noas, co30a6as 31eKmpooCMOMU4ecKUull nNomoK 6 mamepuane u coomeemcmeyrujee 0sudiceHue aKkmoamopa. Jmu
@usuueckue sgpgexmol paccmampugarOmes 8 HeCMayUoOHAPHOM pedcume U modeaupyromesi 6 npoepammuom nakeme "COMSOL
Multiphysics". Anaausupyemcs mMexaHu3m aKkmoayuuu, 0aromces pekomendayuu 04s nPoOeKmupo8anus MUKpopoOOmMomexHU4ecKux

cucmem Ha OCHoee aKkmramopoe danHO20 muna.

Karouegvie caosa: UIIMK-axkmwoamop, uoHoobmeHHas memopana Naﬁon® 117, M®-4CK, modeas

BsBenenune

AKTI0OQTOp Ha OCHOBE MOHHOIO IMOJUMep-MeTall-
nmumueckoro kommnosuta (MIIMK-akTioaTop) mpen-
CTaBJ/IsIET COOO MHOTOCJIOWHYIO CTPYKTYpPY, COCTOSI-
LIYIO0 U3 MIOHOOOMEHHOM MEeMOpPaHbI (Naﬁon® 117 unn
M®-4CK) 1 HaHeCceHHBIX Ha Hee C ABYX CTOPOH Me-
TAJIJIAYECKUX 3JIEKTPOIOB.

HNIIMK-akTioaTopsl 00/Ia1aI0T CASAYIOIINMMI YHU -
KaJlbHBIMU cBolicTBamu [1—3], [7—11]:

e BO3MOXHOCTb paOOTHI U B BOAHOM, ¥ B BO3AYIIHOMI
cpene;

e BO3MOXHOCTh PEAJIM30BbIBATh MPAKTUYECKU JIIO-
0oii BUI IBMXEHMS, BapbUpysl KOHCTPYKLMENH aK-

TI0OATOPA;
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e BBICOKASS M3HOCOCTOWKOCTh W 3AIlUIICHHOCTb OT
BO3ICVWCTBUM BHEIIHEN Cpenbl BBUAY OTCYTCTBUSA
BPAIIAIONIMXCS W CKOJB3SIINX YaCTCH.

IMpunnun padoret MITMK-akTioaTopa OCHOBaH
Ha mnepepacnpenejeHud HOHOB B HMOHOOOMEHHBIX
MeMOpaHax MojA JAEWCTBUEM 3JEKTPUYECKOrO MOJIs
(puc. 1). ITpu 3TOM NPOUCXOASAT ClEaYyIOlIUE MTPOLEC-
chl [4, 5]:

e JIBUKEHME MOHOB OJIHOTO 3HaKa B MeMOpaHe moj
JIEUCTBAEM BHEIIHETO BJIEKTPUYECKOTO MOJIST PU-
BOJIUT K MOSIBJIEHUIO 3JIEKTPOOCMOTUYECKOTO TTOTO-
Ka XUJKOCTH OT aHOAa K KaTo#dy;

e Y OOHOIO M3 JJICKTPOAOB CO34aCTCA U30BITOUHOE
JaBJICHUC XKUIKOCTHU,




yacTtull. CyMMapHBbIi TOTOK KMOHOB,
JIBVKYIIAXCH TTACCUBHO W HE3aBU-
CUMO B TakKOi TOMOTE€HHOM cpene,
MPOMOPILIMOHANIEH KOHIEHTPalUn
WOHOB, UX MTOABUXKHOCTU U AEHCTBY-
oleil Ha Hux cuje. Takum oOpa-
30M, TPAHCIIOPT 3apsI)KeHHBIX Yac-
TUIL B MOHOOOMEHHBIX MeMOpaHax

MOZHO OIUCATb ITIOTOKOM KaTuoO-

Puc. 1. Ipunmun padorer UTIMK-akTioaTopa: / — KOHTaKTHBIC 3JIEKTPOJBI; 2 — TIIaTH-
HOBBIE 3JIEKTPOJIbI; 3 — MOHHBINA TOJIMMEp; 4 — TUTATUHOBBIE YACTUIIBI, 5 — MOHHBIN O~
JIUMeEp; 6 — MOHHBIN TOJIMMEp
Fig. 1. Principle of operation of an IPMC actuator: 1 — contact electrodes; 2 — platinum
electrodes; 3 — ionic polymer; 4 — platinum particles; 5 — ionic polymer;, 6 — ionic polymer

e DA3HOCTh JABJAEHUI Ha 3JEKTPOAaX MPUBOIUT K Ae-
¢dopma MeMOpaHbI U IIepeMEIeHUIO KOHIIA aK-
TI0AQTOpA.

ITocTanoBka 3amaun

Ilenp paboThl — MCCIIEIOBAaHUE U KOMILIEKCHBIN
aHanu3 mpolieccoB paborel MTTMK-akTtioaTopa. Ero
OCHOBHBIM T1apaMeTpOM SIBJISIETCS 3aBUCMMOCTb aMII-
JIUTYABI TIepeMelleHUsT OT YIPaBISIOLIET0 HampsiKe-
HUS B CTAllMOHAPHOM M HECTAIlMOHAPHOM pPeXMMax
pabotnl [4—7]. 3agaya ompeneieHUsT 3TOro IiepeMe-
IIEHUST COCTOUT M3 TPEX COIMPSLKEHHBIX 3amad:

1) pacnpeneneHre KOHLIEHTpaUM MOHOB B MEMO-
paHe (mnddy3noHHasT 3ama4a);

2) pacnpeneiieHUe B MeMOpaHe 3JISKTPUYSCKOIO
MOTeHLIMAaNa;

3) u3rub KOHCOJIbHOM OalKu (3agaya 0 MeXaHU4eC-
koM asuxeHun MITMK-akTtioaTopa).

IIpu oObenuHeHnM 3aga4 1 1 2 MOXHO rOBOPUTH 00
aJIeKTpoAn(GGy3MOHHOI MOAEIN.

HByxmepHas monenb MITMK-akTioaTopa aisi pe-
IIEHUs TMOCTaBJICHHOW 3amayu TMoKa3aHa Ha puc. 2.
ITpuemieMocTb IByXMEPHOM MOCTAaHOBKU OOYCIIOBIIE-
Ha MaJIBIMU TIepeMEIIeHUSIMU aKTIoaTopa B HaIlpaBJie-
HUM 0Z 110 CpaBHEHUIO C TIepeMelleHUSIMU B HaIMpaB-
neHussx 0X u 0Y.

Onmucanue nIpoueccoB 1 MaTeMaTuyeCkasa MoaeJib

B pamkax asnekrpoanddy3uoHHON MOAEIU WOH-
HOOOMEHHYI0O MeMOpaHy MOXKHO paccMaTpuBaTh Kak
HeIpepbIBHYIO TOMOTEHHYIO Cpely, B KOTOpOM Mpo-
ucXomuT T dy3usT TOYSYHBIX B3aMMOAEHCTBYIOIINX

HOB, KOTOpBII (opMupyeTcss Kak
pe3yJibTaT MPOLIECCOB ABYX TUIIOB:
MUTpallMi 3a CYET IPUIOXKEHHOTO
BHEIIHEro 3JIEKTPUYECKOTo MOoJs U

g dy3nn:

jdlfz —DV C,
raie 7 — BaJIeHTHOCTh MOHaA; F —

yucno Mapanest; D — kKoadpduieHT
auddysun; C — KOHLEHTpaLus Ka-
TUOHOB; | — TOABUXHOCTb KaTHO-
HOB; V¢ — pacrpeneaeHue MOTeH-
uasna.

[ns onucaHus HECTallMOHAPHOTO TpaHCHOpTa Ka-
tMoHOB B MITIMK-akTioaTope HCIIOJb3yeTCsl ypaBHE-
Hue HepHcra—IInaHka:

aa_f + V(=DVC — zuFCVe) = 0. (1)

Hnst onucanus audgy3um UCIOIb3yeTCs CUCTeMa
JIByX YPaBHEHUW, OMHO U3 KOTOPBIX SIBJISIETCS ypaB-
HeHueM HepHcra—IInaHka, BTopoe — ypaBHEHUEM
ITyaccoHa, onuchIBalOLIEM paCIIpEAEICHUE TTOTEHIIN-
ana Vo:

Pe

—vip= ¢, )
880

Iae p, — IUIOTHOCTb 3apsifia, € — OTHOCUTEIbHAA NN~
SJICKTPpUYICCKaAsdA NMPOHULAEMOCTb CPEIbI; €y — 3JICKT-
prnyecCKada nmoCTosAsHHasd.

2
£ 7
! /
Fd L.
—

Puc. 2. [Isyxmepnas mogens UIIMK-akTioaTopa: / — noHooOMeH-
Has MeMOpaHa; 2 — MeTalTM3aLus

Fig. 2. Two-dimensional model of an IPMC actuator: 1 — ion-exchange
membrane; 2 — metallization
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B paccmarpuBaemMoMm citydae AJisl peleHusl ypaBHe-
Husa (1) ucronas3yercs NPUOIKEHNE TTOCTOSHHOTO
ITOJIST — TIOAXOM, OCHOBAHHBIN Ha TIPEAMOIOXEHUH O
JIMHEWHOCTU M3MEHEHUS 3JIeKTPUUECKOro MOTeHIIMA-
JIa MW TIOCTOSTHCTBA HAIIPSDKEHHOCTH TIONST TI0 Beelt
TOJIIMHE MeMOpaHbI (¢/0x = const), YTO COOTBETCT-
BYET ypaBHeHUIO (2).

KpaeBble ¥ HauyaJabHBIE YCIIOBUS [JIST pELIECHUS
nuddepeHIManbHbIX YpaBHeHU (1) 1 (2) UMEIOT BUA:

C|t=0 = Cp; (P|y=o =V (p|y:h = V+;

o —p. o —p — 0

¥y -o x|, _ ¢ I
y=n x=1 x=1

TakuMm oOpa3oM, Npu pelieHUuU daeKTpoauddysu-
OHHOM 3a1a4yy MOXHO CUMUTATh, YTO B HAUYaJIbHBII MO-
MEHT BPEMEHM KOHUEHTPALMs KaTMOHOB paBHa (), K
MeMOpaHe TIPUIOXKEH 2JIEKTPUUYECKU MOTeHIHAT ¢ U
MOTOKA 3apsSIKEHHBIX YAaCTULL Uepe3 rpaHUILIbI MeMOpa-
HBI HET, T. €. AUPQPy3UsT YaCTULl IIPOUCXOIUT UCKITIO-
YUTEJIbHO BHYTPU MEeMOpPaHBbI.

3agaua 3 — 3amaya 00 M3rube KOHCOJIbHOM Oas-
KU — CBOJAUTCS K PELICHUIO YpaBHEHUsI MEXaHUYecC-
KOT'0 JIBMXKEHMSI KOHCOJIM U3 U30TPOITHOTO MaTepuaa:

2
pZL —v(svn =0, 3)
2
ot
rne p — IMJIOTHOCTh MaTepuajia MeMOpaHbl; S — TeH-
30p YIPYIOCTH; F — TepeMellleHue.
KpaeBble M HavaiabHble YCAOBUS ISl PELICHMS
ypaBHeHUS (3) BBITJISINT CIEAYIOLIUM 00pa3oM:

or
"|z=o=0§ "|x=o=0; x =0
x=1
or or
S, — = Fyw, S, — =—Fyw
yy Vs Pyy 4
ayy:h ayy:O

rae Fy — o0beMHas cujia; w — LIMPUHA MEMOPAHBI.

Takum obpazoM, mpU pellieHUM 3aJa4u O MEXaHU-
yeckoM asmxkeHnn MITMK-akrioatropa MoXHO pac-
CMaTpUBaTh €ro KakK KECTKO 3aKPeIICHHYIO C OTHOM
CTOPOHbI OaJIKy (KOHCOJIb), HA KOTOPYIO IeiCTBYeT
pacrpeneneHHas cujia, BbI3BaHHAsI 00ObeMHBIMU CHJIA-
MM, BO3HUKAIOLUIMMU BCIEACTBME Iepepacrpesene-
HUS KaTUOHOB TOJ JEMCTBUEM BHELIHETO 3JEKTPU-
YeCKOro moJisl.

CornpsxeHne 2JeKTpoaud@y3noHHOM 3amauu ¢
3agavyeil o mexaHnvyeckom arxxeHun MITMK-akrio-
aTopa OCYILECTBIISICTCSI 32 CUET BBEICHUSI OObEMHOM
CWUTBL:

Fy = flp,) = ap, = aF(C— ().

3Ha4yeHue U crocob 3amanus cuibl F), 00CyXkaamor-
cg B paborax [4, 5].

244 HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 20, Ne 4, 2018

Pe3yJ1bTaTl>I MOJCIHPOBAHUA
H IKCNCPUMEHTAJIBHBIX HMCCIIeI0BAHUM

BoruvciieHrsI TpOBOAMIIA METOIOM KOHEUHBIX 3JIe-
MEHTOB C OMOIIIbIO ITporpaMmmHoro mnakera "COMSOL
Multiphysics”. TTapaMmeTpbl Momean MeMOpPaHBI TIpEI-
CTaBJICHbI HILKE:

[lIuprHa aKTIOATOPA . . . o o v v e e e e e n s 5 MM

JITHA aKTI0ATOPA . . v v v v v v v e e e e e ns 20 MM
TonuuHa MoMMMEpHOt MEMOPaHBL . . . . . . . 183 Mxm
TommuyHa SJIeKTPOIA . . o . v o v e v e e e et 8 MKM
[IpoBOAMMOCTD 3MEKTPONA . . . o o v v v e e . 8,9 100 CMm/m
BaneHTHOCTD MOHOB . . . ... ............ 2
Koadpdpunment mnddy3nm KaTuoHOB . . . . . . 0,31 107° CM2/C
HauanbHast KOHUEHTpAIMsI KATUOHOB . . . . . . 0,1 monb/n
TemrmepaTypa Cpembl . . . .. ..ovvv e, 293 K
KoadhpuimeHT nponopuuoHaabHOCTH . . . . . 1074 H/Kn
Mopynb FOHra momumepa .. ............ 249 MIla
Koadpumuent ITyaccona monumepa . . . . . . 0,478
[TnoTHOCTE MOMMMeEpPA . . . o o vt 1978 Kr/M3

Db dexTuBHAS IMIEKTPUUYECKAs TIPOHUIIAe-
MOCTb TTOJIUMEPA . .« o v v vveee e e e e e 2 MO/Mm

Ha puc. 3 npencraBieHo cpaBHEHUE PACUETHBIX U
SKCIIepUMEHTATbHBIX JAHHBIX JIJISI MOJEJIM C TTapamMeT-
paMM, MpUBEIEHHBIMU Bbillle. BUIHO, 4TO OHU CXO-
JSITCS B Mpenesiax MOTPelIHOCTH, He TpeBbIliatoliei
7 %. Taxkoii pa3dpoc BKCIIEPUMEHTAILHBIX JAHHBIX
00yC/IOBJIEH OLMOKOI, BO3HUKAIOIIEH IPU IepecyeTe
HAIpsDKEHMS Ha BBIXOXE Jia3epa B MEPEMELIECHUE aK-
TI0aTOpA.

3asucumocms MaKCUMAIbHO20 CMEUeHUS OM AMN-
aumyost ynpaeasouezo cuenaaa. [1py ncroab30BaHUN
HMIIMK-akT0aTOpoB B ABMXKYIIMXCS (TLJIaBaIOLIMX)
MUKPOPOOOTEXHUUYECKUX YCTPOMCTBAX, OMHUM M3 BaXK-

JATATA AT

X, mm

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
19,5 20,0 :
|

Puc. 3. BpeMeHHasi 3aBHCHMOCTb NiepeMeleHnst aKTIoaTopa (Cioni-
Hasi JIMHUSA — PacyYeTHbIE JaAHHbIE, TOYKH — IKCIIePMMEHTAJIbHbIE pe-
3yabTaThl): X — TlepeMellleHre KOHIIAa aKTioaTtopa; ¢t — BpeMst

Fig. 3. Time dependence of the actuator displacement (solid line —
calculation data, points — experimental results): X — displacement of
an end of the actuator; t — time




Puc. 4. BpeMeHHble 3aBUCHMOCTH AMILIMTY/bI NlepeMelIeHns aKTIO-
aTopa moj JeiicTBHEM NepeMeHHOro curHaja yactoroi 1 I'm pa3nbix
amMmuuTyn: X — nepemenieHde KOHLA aKT0aTopa; ¢ — Bpems: | —
U= 0,5sin(2n?); 2 — U = 1,5sin(2rt); 3 — U = 3sin(2n?)

Fig. 4. Time dependences of the displacement amplitude of the acuator
under the influence of a variable signal with the frequency of 1 Hz of
different amplitudes: X — displacement of the end of the actuator; t —
time: 1 — U = 0.5sin(2nt); 2 — U = 1.5sin(2nt); 3 — U = 3sin(2nt)

HBIX ITOKa3aTeJiei, HalpsSIMYIO BIMSIOIIMX Ha TTOABUXK-
HOCTb YCTPOMCTBA B KUIKOW Cpefle, SIBISIeTCS MaKCH-
MaJIbHOE TepeMellleHre KOHIIa aKTI0aTopa, KOTOPhIii B
TaKMX YCTPOMCTBAX BBIMOJIHSET POJb TJIaBHUKA.

[Ansa ompeneneHUss 3aBUCMMOCTA MaKCHUMaJbHOTO
nepeMelleHUs] OT aMIIUTYIbl YIIPaBISIOLIEro Hampsi-
JKeHUs ObLTa TIPOBeleHa CepysT YMCICHHBIX KCIEepH-
MEHTOB C aMIUTUTYJaMU YIIPaBJISIIOIIETO HAIPSIXKEHUS
0,5...3 B npu ¢puxcupoBanHoii yactore 1 I'ty (cunycou-
JanbHbIiA curHai). B pesynabrare ObLIO MOJy4eHO Ce-
MEMCTBO KPUBBIX, WLTIOCTPUPYIOIIMX BPEMEHHYIO 3a-
BUCUMOCTb MPU CHUTHajJaxX ¢ pa3HbIMU aMIUIUTyAaMu
(puc. 4).

BuaHo, 4To mpu NnepBbIX IBYX-TpeX MepHogax CUT-
Hajla aMIUIUTyaa MNepeMelleHUs] 3HAUUTEIbHO BbIllIe
(mo 200 %), yeM Tipu MocIeAyIOIMX. [1pMIMHOI 53TOTO
MOXeT ObITb paBHOMEpPHOE paclipele/ieHue MOHOB
BHYTPU MeMOpaHbl B HaYaJbHbIi MOMEHT BpPEMEHHU.
IIpu 5TOM B TIepBBIE MOMEHTHI SKCIIEPUMEHTa Cpei-
HUU MyTb, KOTOPbINA AOJKHBI MPOWTHA KAaTUOHBI OT UX
HMCXOTHOTO ITOJIOXEHUS J0 2JIEKTPOIa, COCTABIISAET T10-
JIOBUHY BBICOTHI MeMOpaHbl (//2) Tpu yCJIOBUM, UTO
CyMMa BpEMEHM 3aIepXKM OTKJIMKa aKTioatopa (t) u
BpeMEHU, HEOOXOAMMOro Ha MPeoIoJeHUE 3TOr0 MyTU
(tg), Oyner He OGonblie nepuona curnana 17y

T+ ISS TU’

rne Ty = 1/f.
ITpy uM3MEHEHUMM CUTHAJIA KATUOHBI BBIHYXIECHBI
CMelaThcsl K MPOTUBOMOIOXHOMY 3JIEKTPOAY, TPU-

YyeM B 3TOM Cjy4yae UX IyTh OyAeT MPUOIU3UTEIBHO
paBeH /. COOTBETCTBEHHO, He BCe KATMOHBI OYAYT 10-
CTUTaTh 3JEKTPOAa, BCJAEACTBUE Yero u3rud OyaeT
yMEeHbIIAThCsI. MOXHO MPEeanoyioXUTh, YTO Tak OyneT
MPOIOJIKATHCS IO TEX TTOP, ITOKa CUCTEMAa He TIPUJIET B
CTallMOHAPHOE COCTOSIHUE, ITPU KOTOPOM UYUCIIO KaTU-
OHOB, JOCTUTAIOIIMX JIEKTPOIOB, OYIET MOCTOSTHHBIM.
Ecnu aT0 nipeanooxeHue BEpHO, TO ITPU HU3KOM yac-
TOTe cuUrHazia (mpu OOJbIIOM IEePUO/ e YIIPABIISIOLIETO
CHUTHaja) TaKoro MOBedeHUs] HaOI0aaThCcsl He OyaeT:
BCE KaTHOHBI C CaMOro Hayayia OyayT ycreBaTh MpoXo-
JUThb OyTh [, T. €. OyAET BBIMOJHATHCS YCIOBUE

‘E+ts<< Tu.

[nst mpoBepKu HAAHHOTO MPEATONOXEeHUST ObLI
MPOBENEeH YUCICHHBIN SKCIIEPUMEHT C YIIPABIISIOLIEM
curHajiom 1,5 B u yactoroii 0,1 ' (puc. 5); BpeMst 3K-
crnepuMeHTa coctaBuiio 80 ¢ (8 mepuogoB curHana).

BuaHO, 4TO 3KCIIEpUMEHT NOATBEPAUI MPEATIONO0-
KEeHHe O Ipupole JaHHOro 3¢dexra: Mmpu 4acToTe
0,1 I'u u ammutyae curHana 1,5 B addekt He Ha-
OmomaeTcsi. DTy OCOOEHHOCTh HEOOXOAMMO YYUTHI-
BaTh MpPU CO3JAaHUU YCTPOMCTB, BKIIOUAIOIIUX B ceOsl
MIIMK-akTi0aTOpHI.

Hcxonst u3 ckazaHHOIO BbIllIe, HEOOXOAUMO pac-
CMaTpUBaTh ABA 3HAUYCHUS TepeMelleHUs aKTioaTopa:

— MakcHMaJbHOe MepeMelleHre KOHIIA aKTioaTopa
BO BpeMsI IIepBOro neproaa (MakcuMajibHast aMIUTUTY-
Jla OTKJIOHEHUSI);

— TepeMelleHUe KOHIIA aKTiaTopa B YCTAHOBMB-
1IeMcsl pexxume (CpeaHsisi aMIUIMTYIa OTKJIOHEHUS]).

ﬂ

X, mm

Puc. 5. Bpemennas 3aBHCHMOCTDb AMILIUTY/IbI lepeMeEIEHHs AKTIOA-
TOpA NPH CHHYCOUJAJILHOM CHrHaje ammautynoi 1,5 B u yacroroii
0,1 I'm: X — nepemeleHre KOHIIA aKT0aTopa; ¢ — BpeMs

Fig. 5. Time dependence of the displacement amplitude of the actuator
at a sinusoidal signal with the amplitude of 1.5 V and frequency of
0.1 Hz: X — displacement of the end of the actuator; t — time
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Ha ocHoBe mosry4eHHBIX JaHHBIX OBLITN TTOCTPOESHBI
rpacuyeckre 3aBUCUMOCTH MaKCUMaJIbHOI aMILIUTY-
IIBI OTKJIOHEHUSI W CpedHEel aMIUIMTYIbl OTKJIOHEHUS
OT aMILIUTYIbI YIIPABJISAIONIEro curuaia (puc. 6).

BunHo, 4yTo 1 MakcUMalbHasl, U CPEIHSIST aMILIATY-
JIbl OTKJIOHEHUSI MOHOTOHHO BO3PacTaloT C yBeJluue-
HUEM aMIUTUTYIbl YIPABISIONIETr0 CUrHaga. Xapakrep
3aBUCUMOCTEN OJIM30K K JIMHEHOMY B paccMaTpuBa-
€MOM Juana3oHe HampsoKeHU MpU 4acToTe CUTHaja
I T'u. DT0 MOXHO OOBSICHUTD TEM, UTO C YBEJIMUEHUEM
Pa3HOCTH MTOTEHIIMATIOB MEXIY 3JIEKTPOIaMU MTPOTIOP-
LIMOHAJILHO BO3PacTalOT CUJIbI B3aUMOACHCTBUS MEX-
Iy 3JeKTPOIaMU M 3apsSLKeHHBIMA MOHAMMU.

3aeucumocmo amnaumydvl OMKAOHEHUS OM HACMO-
mot cuenaaa. J11s1 onpeneneHus: 3aBUCUMOCTH MaKCH-
MaJIbHOOM aMIUTUTYIbI OTKJIOHEHUsI OT YaCTOTHI CHT-
Haja Oblja TMpoBeleHa CepUsl BbIYMCIUTEIbHBIX 3KC-
MMEPUMEHTOB C PA3TWYHBIMM YaCTOTaMM B IWaria3oHe
ot 0,5...7 T'u npu (pMKCUPOBAHHON aMIUIUTYAE YIIpaB-
Jsroniero curdana 3 B (puc. 7).

BunHo, yTo MakKcHMaJIbHAas U CPETHSST aMIUTUTYIbI
OTKJIOHEHUsI OOpaTHO IPOMOPLIMOHAIbHBI YacTOTE
CHMTHaJIa, YTO CBSI3aHO C WHEPIIMOHHOCTBIO TIpollecca
nepeHoca KaTuoHOB. IIpu yMeHbIIIEHUM YacTOThl Ha-
OnrogaeTcsl pe3KUil poCcT aMIUIMTYH OTKJIOHEHUs, a
MpU YBEJIMYEHUM YaCTOThl — YMEHbIIIEHUE aMIUTUTY
OTKJIOHEHUS (KaTUOHBI He YCIeBalOT MUTPUPOBATh K
3JIEKTPOAY). DTy OCOOEHHOCTh HEOOXOAMMO YYMTHI-
BaTb MpPU TPOEKTUPOBAHUM MUKPOPOOOTOTEXHUYEC-
KMX YCTPOMCTB, TaK KakK IPU IJIMTEIbHOM BO3IEHCT-
BUU YIPaBJISIONIEr0 CUrHaaa (MOCTOSIHHOIO MJIM KBa-
3UMOCTOSIHHOTO) BO3MOXHO MEXaHUYeCKOe paszpyle-
HUE JIEKTPOIOB.
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Puc. 6. 3apucumocTu MakcuMaibHoii () 1 cpeueii (2) aMnimMTyn oT-
KJIOHEHHS OT aAMIUTUTYAbI YNPABJISIOMIET0 cUrHana: X — rnepemelie-
HUE KOHIIA aKTI0aTopa; A — aMIUTUTYa yIPaBJsIIOIIEeTro CUTHAIA
Fig. 6. Dependences of the maximal (1) and average (2) deviation
amplitudes on the amplitude of the control signal: X — displacement of
the end of the actuator; A — amplitude of the control signal
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Puc. 7. 3aBUCHUMOCTH MaKCHMAJbHOW M CpPeJHEl aMIUIMTYX OTKJIO-
HEHHS OT YaCTOTHI CHHYCOMIAJBHOTO CHIHAJA aMIuaTyaoi 3B: X —
nepeMelleHre KOHIA aKTioaropa; f — JacTora; / — MakKCUMaJbHOE
OTKJIOHEHUE; 2 — CPEIHSS aMIUIUTYAa CMEIEHIUS

Fig. 7. Dependences of the maximal and average deviation amplitudes
on the frequency of the sinusoidal signal with the amplitude of 3V: X —
displacement of the end of the actuator; f — frequency; 1 — maximal
deviation; 2 — average amplitude of displacement

3adepixcka OMKAOHEHUA OMHOCUMEABHO YNPABASAIO-
wezo cuenaaa. Ilpu cozmaHuu 11000ro ynpapisieMoOro
YCTpOMCTBa HEOOXOAUMO 3HATh, KaK OBICTPO OHO Oy-
JET OTKJIMKAThCSA Ha YIPaBISIOMINI curHai. Jnsa Ko-
JINYECTBEHHOTO OMMCAHUSI 3TOM XapaKTepUCTUKU MOX-
HO MCIT0JIb30BaTh BPEMEHHYIO 3alepPXKKYy OTKJIOHEHMUS
M0 OTHOLIEHUIO K YIpaBIsiolIeMy CurHany. B ¢Bsizu ¢
9TUM pelllajlach 3ajaya OIpeacsieHUuss BpeMEeHHOM 3a-
JNEep>XKKW OTKJIOHEHUSI OTHOCUTEJIbHO YIPaBJISIIOIIETO
HanpsDKeHUsI. DTy 3aJepXKKy MOXHO OIpPEACIUTh IO
rpadrueckrM 3aBUCUMOCTSIM YIPaBJISIONIEro CUTHA-
Jla U OTKJOHEHHUsI OT BpeMeHu. JlaHHBII TMapamMeTrp
JIOJIKEH 3aBUCETh OT YaCTOThl BBUIY MHEPLIMOHHOCTHU
npouecca. s pelieHus 3Toil 3aga4yu ObUIM UCIIOJb-
30BaHbBI MOJTyYeHHBIE paHee pe3yIbTaThl ¢ J0OABICHN-
€M 3aBUCUMOCTEH BXOMHOIO HAIpPSXKEHMST OT BpeMe-
Hu. Ha puc. 8§ mpeacraBieH mpumep onpeaeeHust
3a1ePKKHU.

Ha puc. 9 npeacrapieHa 3aBUCUMOCTb 33JA€PXKKH OT
YacTOTHI CUTHAaJA.

BuaHo, uTo 3amepxkKa oOpaTHO IPONOpLIMOHAIbHA
YacTOTe CUTHAJIa, 3TO BEPOSTHO, SIBJISIETCS CIEICTBUEM
WHEPIMOHHOCTU Tpoliecca: TPU BBICOKMX YacTOTax
HOHBI HE YCIIeBAalOT MUTPUPOBATh OT OJHOTO 3JIEKT-
pomaa K Ipyromy, O3TOMY OHM MPOJETbIBAIOT MaJlbIi
MyTh 3a BpeMmsl, 0J11M3Koe K Mepuoay curHaia. Takum
ob6pazom, ajst yactot 0,5...7 'l M aMIIIATY I yIIpaBsi-
touiero HanpstkeHust 0,5...3 B nipu yBeimyeHuU yac-
TOTBI HAOIIOAAETCS YMEHbIIIEHUE 3aAePXKU U aMILIU-
TYJbl OTKJIOHEHMUSI.

Ha 3aBucumoctu (puc. 10) aMuinuTyasl epemelntie-
HUS OT BpeMeHHU (B KojiebaTeIbHOM peXkuMe) BhISIBIIE-




Ha 00J1acTh, B KOTOPO# BCJIENCTBHE MHEPIMOHHOCTH
JNIBUKEHUSI KaTUOHOB B MeMOpaHe HaOJiomaeTcsl He-
CUMMETPUYHOCTDb 3HAYEHUI aMIUTATYIbl OTHOCUTEb-
HO MOJOXeHUsI paBHOBecus. Brixom Ha paboumii pe-
XKuMm npoucxoaut nocie 10...15 neprnogoB KojeOaHUIA.
PesynbTaThl MomeaMpoBaHMS MOKa3adud HAJIMYME 3a-
JIep>KKUA peaklUM akTaTropa Ha ~1/5 mepuoma oTHO-
CUTEJILHO YIIPaBJISIOIIETO CUTHAJA.

B xone nccienoBaHusT MEXaHMYECKUX XapaKTepuC-
THUK aKTI0aTOPOB C MOMOIIILIO YUCIEHHOTO MOAEINPO-
BaHug B nakete "Comsol Multiphysics®" OBIIIA TTOJTY-
YeHBI alMIpPOKCUMAIlMOHHBIE 3aBUCUMOCTH, TTO3BOJIS-
JOIIMEe PacCYUTaTh MaKCUMaJIbHOE CMeEIleHNe aKTioa-
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Puc. 8. IIpumep ucnosib3oBanus rpadpuyeckoro MeToaa onpeaeieHuns
3aJIepPIKKH 10 32aBUCHMOCTH AMILTHTY/IbI OTKJIOHEHHS 1 YIIPABJISAIOMIETO
CHIHAJIA OT BpeMeHH: / — OTKJIOHEHME KOHLA aKkTioaTopa; 2 — yIi-
PAaBJISIOIINIT CUTHAT

Fig. 8 An example of the use of a graphic method for definition of a delay
by the dependence of the deviation amplitude and the control signal on
time: 1 — deviation of the end of the actuator; 2 — control signal
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Puc. 9. 3aBucumocTb 3a/1epXKKM OT 4aCTOTbl CHTHAJIA aAMILUIMTYHOM
3 B: f— yacroTa; t — 3amepXKa

Fig. 9. Dependence of a delay on the frequency of the signal with the
amplitude of 3 V: f — frequency,; t — delay
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Puc. 10. BpemenHas 3aBHCHMOCTb TepeMelleHHS AKTI0ATOPa
(cruIomHAS JIMHASA) MO AeHCTBHEM YNPABJISIONEro CUTHAJMA (IITPH-
X0Basl JMHHA): X — TepeMelleHre KOHLA aKTioaTopa; ¢ — BpeMs;
Ds — ympaBmsiiolmnii CUuTHaI

Fig. 10. Time dependence of the displacement of the actuator (solid line)
under the influence of the control signal (dashed line): X —displacement
of the end of the actuator; t — time; Ds — control signal

TOpa TPpU Pa3IMUYHBIX 3HAUYeHUSIX KoadduiimeHTa
I dy3ud U HaYalbHOM KOHLIEHTpPALMKU KaTHUOHOB.

3akimouenue

BoinonHeHHbI KoMIuieKCHbIN aHanu3 MTIMK -ak-
TI0ATOPOB, BKJIIOYAsi MOJIEIUPOBAHUE U IKCIIEPUMEH-
TaJbHbIE UCCIEIOBaHUsI, TO3BOIMI MOJYYUTh OLIEHKU
3aBUCUMOCTH aMIUTUTYIBI OTKIIOHEHUS OT aMTITATYIBI
M YacTOTHI YIIPAaBJSIONIETO CUTHANIA, a TAKXe OLIEHUTh
WHEPIIMOHHEIE CBOMCTBA aKTioaTopa (3amepKKy Iepe-
MEIIeHUSI OTHOCUTEIbHO cUurHaia). O6o01as pesyb-
TaThl, BaXXHBIC IJII WHXEHEPHOTO IPOCKTUPOBAHUS
MMKPOPOOOTOTEXHUUYECKUX YCTPONCTB, UCIIONb3YIOLIMX
MIIMK-akT0aTOphl, HEOOXOAMMO OTMETUTh CJIEIY-
olee:

— B auarmaszoHe HanpspkeHuit 0,5...3 B mpu yactore
1 T'o ¢ yBeIMYeHUEM aMIUIMTYAbl YIIPABISIONIETo Ha-
TIPSDKeHUS aMILTATYIA OTKJIIOHEHUSI aKTI0aTopa MOHO-
ToHHO Bo3pacTaeT: 0,5 mm ipu 0,5 B u 5,8 MM ipu 3 B;

— B auamasoHe vactor 0,5...7 I'u nmpu ammuryne
yhpasJsolero curdania 3 B ¢ yBeqruyeHreM 4acTOThl
aMIUTUTYIa OTKJIOHEHWSI MOHOTOHHO YMEHBIIAeTCS:
16 mM mipu 0,5 ' m 0,9 MM mipu 7 T'x (ITocite 4acTOTHI
2 'l aMnIMTya OTKJIOHEHUST YMEHbIIaeTCsl He3HaUM -
TEJIbHO);

— 3amepXXKa OTKJIMKA aKTI0aTopa YMEHBIIAeTCs C
poctoM yacToThl: 220 mc ripu 0,5 'y u 40 mc ipu 7 T

CreqyeT OTMETHTDL BBICOKYIO CTeTICHh COOTBETCT-
BUS Pe3yJIbTaTOB AKCIIEPUMEHTAIbHBIX UCCICIOBAHUM
W PacUYETHBIX Pe3yJbTaTOB B paMKaxX pa3paboTaHHOM
MaTeMaTUYECKON MOIIEIIN.

Hccnedosanue evinoaneno 6 pamkax epanma PHO
(npoexm No 16-19-00107).
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The authors propose an electromechanical model of the actuator based on an ionic polymer-metal composite (IPMC), according
to which the mobile ions inside a polymeric membrane move under the influence of the electric field, creating an electroosmotic flow
in the material and corresponding movement of the actuator. These physical effects are considered in a non-stationary mode and
modeled in COMSOL Multiphysics software package. The mechanism of the actuation is analyzed and recommendations are given
Jor designing of the microrobot-technical systems on the basis of the actuators of the given type.
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Introduction

Actuator based on the ionic polymer-metal composite
(IPMC actuator) is a multilayered structure from an ion-ex-
change membrane (Naﬁon® 117 or MF-4SK) and two metal
electrodes deposited on it from two sides.

IPMC actuators have unique properties [1—3], [7—11]:
e Operability in the water and air environment;

e Possibility to realize practically any kind of movement by
varying the design of the actuator;

e High wear resistance and protection from the environ-
ment due to absence of the rotating and sliding parts.
The principle of operation of IPMC actuator is based on

a redistribution of the ions in the ion-exchange membranes

under the influence of the electric field (fig. 1). At that, the

following processes take place [4, 5]:

e movement of the ions of one sign in the membrane under
the influence of the external electric field leads to appear-
ance of an electroosmotic flow of a liquid from the anode
to the cathode;

e asuperfluous liquid pressure is created at one of the elec-
trodes;

e the pressure difference on the electrodes leads to a defor-
mation of the membrane and displacement of the end of
the actuator.

Problem statement

The aim of the work is research and complex analysis of
the processes of operation of an IPMC actuator. Its key pa-
rameter is dependence of the amplitude of displacement on
the control voltage in the stationary and non-stationary op-
eration modes. The problem of definition of this displacement
consists of three interlinked problems:

1) Distribution of the concentration of the ions in the
membrane (diffusion problem);

2) Distribution of the electric potential in the membrane;

3) Bend of the console beam (the problem of mechanical
displacement of IPMC actuator).

In case of integration of problems 1 and 2 it is possible to
talk about an electrodiffusion model.

A two-dimensional model of IPMC actuator for solving of
the set task is presented in fig. 2. Acceptability of the two-di-
mensional version is due to the small displacements of the ac-
tuator in the direction of 0Zin comparison with the displace-
ments in the directions of 0.X and 0Y.

Description of the processes and a mathematical model

Within the framework of the electrodiffusion model the
ion-exchange membrane may be considered as a continuous
homogeneous environment, in which a diffusion of the dot
interacting particles takes place. The total flow of the ions,
moving passively and independently in such an environment,
is proportional to the concentration of the ions, their mobility
and the force exerting influence on them. Thus, the transport
of the charged particles in the ion-exchange membranes can
be described by a flow of the cations, which is formed as a re-
sult of the processes of two types: migration, due to the ap-
plied external electric field, and diffusion:

jmig = _Z“FCV(Pa

where z — valency of an ion; F — Faraday constant; D — dif-
fusion coefficient; C — concentration of the cations; u — mo-
bility of the cations; V¢ — potential distribution.

For description of a non-stationary transport of the cati-
ons in IPMC actuator the Nernst-Planck equation is used:

‘96_? + V(=DVC — zuFCVe) = 0. (1)

For description of the diffusion, a system of two equations
is used, one of which is the Nernst-Planck equation, and the

second is the Poisson equation describing the distribution po-
tential of Ve:

i =Le, b))
€€

where p, — charge density; ¢ — relative dielectric permeabil-
ity of the environment; g, — electric constant.

In the considered case for solving of the equation (1) the
approach of a constant field is used — the approach based on
the assumption of linearity of the variation of the electric po-
tential or constancy of the field intensity in all the thickness
of the membrane (d¢p/0x = const), which corresponds to the
equation (2).

The edge and initial conditions for solving of the differ-
ential equations (1) and (2) look like the following:

Cli=o=Cp ohy=o=V7 oly=yp=V"

aC
oy

aC
T ox

y

=0 =0
y=nh =1/

X
X

Thus, during solving of the electrodiffusion problem it is
possible to assume that in the initial moment of time the con-
centration of the cations is equal to C, electric potential ¢ is
applied to the membrane and there is no flow of the charged
particles through the borders of the membrane, i.e. the diffusion
of the particles occurs exclusively inside the membrane.

Problem 3 — the problem of a bend of the console beam
boils down to solving of the equation of the mechanical move-
ment of the console from the isotropic material:

62
P — V(SVA) =0, (3)
ot

where p — density of the material of the membrane; S — ten-
sor of elasticity; » — displacement.

The edge and initial conditions for solving of the equation
(3) look like the following:

or
rli=o=0; rly=9=0; o 5
x=1
or or
S, — =Fw, S, =— =—Fyw,
yyayy:h 4 yyayy:0 4

where Fj, — volume force; w — width of the membrane.
Thus, for solving of the problem of the mechanical move-
ment of [IPMC actuator it is possible to consider it as a beam
(console) with a rigidly fixed its one end, influenced by the
distributed force caused by the volume forces, arising due to
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a redistribution of the cations under the influence of the ex-
ternal electric field.

Interface of the electrodiffusion problem with the problem
of the mechanical movement of IPMC actuator is carried out
due to introduction of the volume force:

Fy=flpp) = ap, = aF(C = Cp).

The value and the method of setting the force Fy are dis-
cussed in [4, 5].

Results of modeling and experimental research

Calculations were done by the method of the finite ele-
ments by means of COMSOL Multiphysics software package.
The parameters of the membrane model are presented below:

Width of the actuator . ............... 5 mm
Length of the actuator . .............. 20 mm
Thickness of a polymeric membrane . . . ... 183 pm
Thickness of an electrode . ............ 8 um
Conductivity of an electrode ........... 8.9-10° S/m
Valency ofions . ................... 2

Diffusion coefficient of the cations . ... ... 0.31-107° cmz/s
Initial concentration of the cations . ... ... 0.1 mole/I
Temperature of the environment . ....... 293 K
Coefficient of proportionality .. ......... 1074 N/C
Young modulus of the polymer ......... 249 MPa
Poisson ratio of the polymer ........... 0.478
Polymer density .................... 1978 kg/m?>
Effective dielectric permeability of the

polymer . .......... .. .. .. .. .. ..... 2 mF/m

Fig. 3 presents a comparison of the calculation data and
the experimental data for the model with the parameters pre-
sented above. It is visible, that they converge within the limits
of an error, which does not exceed 7 %. Such a spread of the
experimental data is due to the error arising during recalcu-
lation of the laser output voltage in the displacement of the
actuator.

Dependence of the maximal displacement on the amplitude
of the control signal. When 1PMC actuators are used in the
moving (floating) micro-robot devices, one of the important
indicators directly influencing the mobility of the device in a
liquid environment is the maximal displacement of an end of
the actuator, which plays the role of a fin in such devices.

For determination of the dependence of the maximal dis-
placement on the amplitude of the control voltage a series of
numerical experiments were carried out with the amplitudes
of the control voltage of 0.5...3 V at the fixed frequency of
1 Hz (sinusoidal signal). As a result a family of the curves il-
lustrating the time dependence at signals with different am-
plitudes (fig. 4) was received.

It is visible, that in the first two or three periods of the sig-
nal the displacement amplitude is considerably higher (up to
200 %), than in the subsequent ones. The reason for this can
be a uniform distribution of the ions inside the membrane
during the initial moment of time. At that, during the first
moments of the experiment the average way, which the cat-
ions had to pass from their starting position to the electrode,
equals to a half of the height of the membrane (//2), provided
that the sum of the time of delay of the actuator’s response (1)
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and the time necessary to overcome this way (Zg), is not more
than the period of signal T

T+ th Tu,

where Ty = 1/f.

In case of a signal variation the cations are compelled to
be displaced to the opposite electrode, and in this case their
way will be approximately equal to /. Accordingly, not all the
cations will reach the electrode, owing to what the bend will
decrease. It is possible to assume, that this will last until the
system comes to a stationary condition, at which the number
of the cations, reaching the electrodes, will be constant. If this
assumption is true, at a low signal frequency (at a big period
of the control signal) such a behaviour will not be observed:
from the very beginning all the cations will have enough time
to pass the way /, i.e. the following condition will be satisfied:

For verification of the given assumption a numerical ex-
periment was done with the control signal of 1.5 V and fre-
quency of 0.1 Hz (fig. 5); the experiment time was 80 s (8 sig-
nal periods).

It is visible, that the experiment confirmed the assumption
about the nature of the given effect: at the frequency of 0.1 Hz
and signal amplitude of 1.5 V the effect was not observed. This
feature should be taken into account in the development of
the devices incorporating IPMC actuators.

Proceeding from the above, it is necessary to consider two
values of the actuator’s displacement:

— The maximal displacement of the end of the actuator
during the first period (the maximal amplitude of deviation);

— Displacement of the actuator’s end in the established
mode (average amplitude of deviation).

On the basis of the received data the graphic dependences
were constructed of the maximal amplitude of deviation and
the average amplitude of deviation on the amplitude of the
control signal (fig. 6).

It is visible, that the maximal and average amplitudes of
deviation monotonously increase with an increase of the am-
plitude of the control signal. The character of the dependenc-
es is close to the linear one in the considered range of voltages
at the signal frequency of 1 Hz. This can be explained by the
fact that with an increase of the potential difference between
the electrodes the forces of interaction between the electrodes
and the charged ions increase proportionally.

Dependence of the amplitude of deviation on the signal fre-
quency. For definition of the dependence of the maximal am-
plitude of deviation on the signal frequency a series of com-
puting experiments were done with various frequencies in the
range from 0.5...7 Hz at the fixed amplitude of the control sig-
nal of 3 V (fig. 7).

It is visible, that the maximal and average amplitudes of
deviation are inversely proportional to the signal frequency,
which is connected with the lag effect of the cations transfer
process. Reduction of the frequency causes a sharp growth of
the amplitudes of deviation, while an increase of the frequen-
cy causes a decrease of the amplitudes of deviation (the cat-
ions have no sufficient time to migrate to the electrode). This
feature should be considered in designing of the micro-robot-
ic devices, because in case of a prolonged influence of the




control signal (constant or quasiconstant) a mechanical de-
struction of the electrodes is probable.

Delay of deviation in relation to the control signal. During
development of any control device it is necessary to know,
how quickly it will respond to the control signal. For a quan-
titative description of this characteristic it is possible to use a
time delay of deviation in relation to the control signal. In this
connection the problem of definition of a time delay of de-
viation in relation to the control voltage was approached. This
delay can be defined by the graphic dependences of the con-
trol signal and deviation on time. The given parameter should
depend on the frequency because of the lag effect of the proc-
ess. For solving of this problem the results received earlier
with addition of the dependences of the input voltage on time
were used. Fig. 8 presents an example of definition of a delay.

Fig. 9 presents dependence of a delay on the signal fre-
quency.

[t is visible, that a delay is inversely proportional to the sig-
nal frequency, which, probably, is a consequence of the lag
effect of the process: at high frequencies the ions have no suf-
ficient time to migrate from one electrode to the other one,
therefore, they make a small way in the time close to the pe-
riod of the signal. Thus, for the frequencies of 0.5...7 Hz and
the amplitudes of the control voltage of 0.5...3 V in case of an
increase of the frequency a reduction of the delay and of the
amplitude of deviation are observed.

In the dependence (fig. 10) of the amplitude of displace-
ment on time (in the oscillatory mode) an area was discov-
ered, in which, owing to the lag effect of the movement of the
cations in the membrane, an asymmetry of the values of the
amplitude in relation to the balance position is observed. The
operating mode occurs after 10...15 periods of fluctuations.
Results of modeling demonstrated presence of a reaction de-
lay of the actuator for ~1/5 of the period in relation to the
control signal.

During research of the mechanical characteristics of the
actuators by means of a numerical modeling in Comsol Mul-
tiphysics® package the approximation dependences were re-
ceived, allowing us to calculate the maximal displacement of
the actuator at various values of the diffusion coefficient and
the initial concentration of the cations.

Conclusion

The implemented complex analysis of the IPMC actua-
tors, including modeling and experimental research, allowed
us to receive estimations of the dependence of the deviation
amplitude on the amplitude and frequency of the control sig-
nal, and also to estimate the inertial properties of the actuator
(a delay of displacement in relation to the signal). General-
izing the results, important for engineering designing of the
micro-robot devices using IPMC actuators, it is necessary to
underline the following:

— In the range of voltages of 0.5...3 V at the frequency of
1 Hz with an increase of the amplitude of the control voltage
the deviation amplitude of an actuator monotonously increas-
es: 0.5 mm at 0.5 Vand 5.8 mm at 3 V;

— In the range of frequencies of 0.5...7 Hz at the ampli-
tude of the control signal of 3 V with an increase of the fre-
quency the deviation amplitude decreases monotonously:
16 mm at 0.5 Hz and 0.9 mm at 7 Hz (after the frequency of
2 Hz the amplitude of deviation decreases insignificantly);

— The response delay of an actuator decreases with the
growth of the frequency: 220 ms at 0.5 Hz and 40 ms at 7 Hz.

We should point out a high degree of correspondence of
the results of the experimental research and the calculation
results within the framework of the developed mathematical
model.

The research was done within the framework of RNF grant
(project number 16-19-00107).
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METOAOAOIMA TECTUPOBAHUA MOMC-AATHNKOB BAAXKHOCTU

HA OCHOBE NOAMUMUAA

Ilocmynuna 6 pedakuyuro 04.12.2017

MOMC-0amuuxu éraxcHocmu 045 UCCAe008AHUS AMMOCHepbl Hacmo 00NYCKarom OWUOKU UBMEDEHUS 8 HCECIMKUX YCA0BUSX
OKpyXcaroweli cpedvl. Imo mpebyem nPuHAMUS HAOACHCAUWUX Mep 0451 YMEHbULCHUS HUCAA OWUOOK, BO3HUKWUX NPU MHOSOKDAN -
HOM Mecmuposanuu, U 0becneveHus NOBMOPeMOCmU pe3yibmamos. B 0anHoi pabome npednodceHa memoouKa UCHbIMaHul, Ko-
mopasi MoJjcem NPUBECMU K NOBbIUEHUIO NPOU3B00UMENbHOCMU 0amYUKA ¢ MOUKU 3PeHUS. AUHEHHOCMU U NO8MOPAEMOCU pe-
3yabmamos usmepernud. Ilpouecc uzeomosnenus dam4uxa pazoenen Ha PasHvle 3manst U NPO8ooumcs: NOOPOOHbII AHAAU3 CXEMbl
nocae0o8amenbHOCmu UCHbIMAHUL. Dmo obecnevusaem MUHUMUZAUUIO OULUOOK, NOOMEePICOeHHYH0 OaHHbIMU PAdU030HO08 npu

noziemax Ha eo30yum0M wape.

Karoueewie caoea: MOMC, damuuk eraxcHocmu, XapaKkmepucmuka, no8MmMopsemocms

BBenenune

Panuvo3ona Ha BO3AYUIHOM IIape MPOTrHO3UPYET
noBeJeHWe atMochepbl B €e BEPXHUX CJIOSIX Ha BbI-
cote okosio 30 kM, obecreurBasi JaHHbIE O JaBJICHUHU,
BJIAXKHOCTH, TeMIlepaType M CKOpOCTH BeTpa. TodHoe
MPOTHO3MPOBaHUE aTMOchephl SIBISIETCSI HEOOXOAM-
MbIM YCJIOBMEM ISl OTIPEAEIEHUS] TTIOTOJHBIX YCIOBUMA
C BBICOKOM TOYHOCTHIO [1].

TpanuIIOHHBIE METOIbI, MCITOIb3YeMBbIE IUISI 3TOM
11eJ11, HECKOJIBKO TPOMO3JIKU, TOPOTOCTOSIIIN U CKJIOH -
HHI K o1irbxaM, ogHako tenepb MOMC-(MUKpoaaek-
TPOMEXaHWYECKHUE CUCTEMbI) TaTYUKHU, UCTIOJIb3yeMble
IUIST TIPOTHO3MPOBAHUS aTMOC(EPHBIX YCIOBHUIA, UMe-
0T HEOOJIBILION pa3Mep U 00ECHeYMBaOT XOPOIIYIO
MOBTOPSIEMOCTh pe3yJbTaToB u3MepeHuii. MOMC —
9TO TEXHOJIOTUSI CO3AaHWSI MUHUATIOPHBIX MeXaHU-
YECKUX YCTPONCTB MJIM CUCTEM PE3UCTUBHOTO, JUOO
€MKOCTHOIO TUIIA.

BiaxxHocTb Bo3ayXa SIBISIETCSI OMHUM M3 OCHOBHBIX
rnmapamMeTpoB aTMoc(hepbl, KOTOPbIA ILIMPOKO MUCITOJIb-
3yeTCsI B METEOPOJIOTUH, CETLCKOM XO3SHCTBE U TIPO-
n3BoAcTBe [2]. OObIUHBIC AATYMKM BIIAXKHOCTU CTOSIT
JIOpOro 1 rpoMo3aKku, Ho MOMC-IaTuyuku BiaaXXHOC-
TU Ha OCHOBE KPEMHUSI COBMECTUMBI CO CTaHIAPTHOM
texHosorueit uzrotrosineHuss KMOIT UC u oTtHOCU-
TeJIbHO JIeLIeBbl 3a CUYET CEPUMHOTO MPOM3BOACTBA.
OTU JaTYMKU OCHOBaHBI Ha U3MEHEHUU AUBJIEKTPU-
YeCKOM MPOHUIIAEMOCTH 32 CYET MPOHUKHOBEHMSI BJia-
I'M, MPUBOASIIEH K UBMEHEHUIO eMKOCTHU. EMKOCTHBIE
JIaTYUKU BJIAXKHOCTU, B OCHOBE KOTOPBIX JieXaT MoJIu-
WMUIHBIE TUDJIEKTPUIECKUE CIIOU, SBISIIOTCS TIPEaIoy-
TUTEJIbHBIMU BCJIECTBME HU3KOTO 3HEpromnorpeodJe-
HUSI, TMHEHHOIO OTKJIMKA Y HU3KOTO TEMIePaTypHOTO
koahduumerTta. IToTMUMUAHBINA TUTT TUTPOCKOMUYEC-
KOro Marepuaja, MMesl BbICOKHME YYyBCTBUTEIbHOCTb,
TEPMUYECKYIO CTAOWUJIBHOCTb, COMTPOTUBIIEHHE K OO0JIb-
INUHCTBY XMMUKATOB, COBMECTHM CO CTaHIAPTHOM Tex-
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Honorueil usrotosieHnss KMOIT UC. JlaTuyuk Biaax-
HOCTHU Ha €eMKOCTHOM OCHOBE MOXET OBbITh peali30BaH
MyTeM YKJIQIKU 3JIEKTPOIOB TOPU3OHTAILHO WU Bep-
TUKaJIbHO. BepTukanabHast CTpyKTypa AaeT JIydllue pe-
3yJbTaThl C TOYKW 3pEHUSI HOMUHAJIBLHON €MKOCTU U
YYBCTBUTEJIIbHOCTU. DTa CTPYKTypa BKJIIOUYAET Ba Me-
TAJJIMYECKUX CJI0SI, U1 eMKOCTb PEryJIupyeTcsl TOJILIM-
HOM MmoaumMmuaa v nepdopamnueii B BEpXHEM DJIEKT-
poxe [3].

[aHHas cTaThsl OCHOBaHa Ha JETAJIbHOM 3KCIIepU-
MEHTAJIbHOM HCCJIeIOBAaHUM, MPOBEACHHOM B LIEISIX
aHajM3a IOBeACHUS AaTYMKa BJIaXXHOCTHU, IIPUMEHsIe-
MOTO IJIsl aTMOC(EPHBIX UCCISAOBAHUN, U METOAUKU
TECTUPOBAHUS JIJIsI YIIYIIIEHUS IMHEMHOCTUA U YMEHb-
LIEHUSI TTOBTOPSIEMOCTU OILIMOOK JaTYMKa. DKCIIepu-
MEHTaJIbHbIE JaHHBIE COOpAaHBI IO pe3yJbTaraM JIeT-
HBIX UCTIBITAHUI JATYUKOB BJIAXKHOCTU Ha OOpTYy pa-
JMO30HI0BOI0 BO3AYLIHOTO 11apa. JlaHHble cobupanu
B pa3Hble BpeMEeHHbIC MHTEPBAJIbl M HA Pa3HBIX BHICO-
Tax JUIs aHaJu3a MOBeIeHUS AaTINKa U OINpeaeIeHUs
MOrpelIHOCTA U3MEPEeHUit, OoJIblel TpeOyeMoro 3Ha-
YEHMUSI.

CTpyKTypa ceHcopa

JaTynK cCOCTOUT U3 BEPTUKAIBHOTO KOHAEHCATOpa
(MeTa/ul — JOMBJAEKTPUK — MeTajll), CTPYKTYPhbI CO
BCTPOEHHBIM TMTAaHOBBIM MUKpOHAarpeBaTeieM, Kak
MokKa3zaHo Ha puc. 1 (CM. TpeTblO CTOPOHY OOJIOXKKH).
YyBCTBUTENbHBIN CJIOK COCTOUT U3 MOJUUMUAA, KOTO-
pBIii U3MEHSIET IMANIEKTPUUICCKYIO ITPOHUIIAEMOCTh B
3aBUCUMOCTH OT COJEpXKaHUs Bjlaru. MuKpoHarpeBa-
TeJTb BCTPOEH B NAaTYMK BIAXKHOCTH IUISI YCKOPEHUS
BpPEMEHM OTKJIMKA Y MOATOTOBKU K CJIEAYIOLIEMY 13-
MepeHuto [3]. HarpesarenbHble 371€MEHThI MOJ AaT-
YUKOM WHUIMATM3UPYIOTCS IS yIaJeHUS TTOTJIONIeH-
HOM M 3aMOpPOXEHHOU Biard. OTHOCUTEIBHYIO IH-
9JIEKTPUYECKYIO MPOHUIIAEMOCTh MOJTUUMUIHON TJIeH-
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BJIAXKHOCTH pa3pabOTaHHBIX JaT4yy-

KOB COCTaBJIsIeT OT 5 10 95 % w Bpe-

M1 OTKJIMKA MeHee 5 c. JlaTuuk obec- e

neymBacT TOYHOCTD, HHHeﬁHOCTb, Puc. 2. 300paxeHue MIacTHHBI

IOBTOPSIEMOCTb U rUcTepe3uc <5 % Fig. 2. Mapping of the
B JIIOOBIX YCJIOBUSIX.

Kpemuuenas mactuHa ¢ MOMC-naTyukamMu BlIax-
HOCTU Ha OCHOBE MOJUMMUJA MOKa3aHa Ha puc. 2.

OcHoBHasg npodjiemMa JaTYMKa — 3TO OLIMOKU TIpU
MOBTOPHOM HW3MEPEHUM M MJIsI UX MUHUMU3ALUU
JOJKHBI UCIIOJIb30BATHCS IPYIU€ BapUAHTbI, IOMUMO
CTaHJAPTHONW KOPPEKUMUU CUTHAJIOB U KaJUOPOBKH.
KputnyeckuM acrekToM, OTBETCTBEHHBIM 3a OIIMOKY
U3MEPEHUI, SIBJIIETCS HeJIMHEeTHOe MoBeAeHUe MOJIu-
MMMIHOIO CJIOSI TIPY YPOBHE BJaXHOCTU 85 %, Korma
MPOUCXOAUT BHE3AIMHOE HEJIMHEHOE YBEeJIMUeHUE Bbl-
XOIHOTO HaIpsiKeHUs.

MeTtonpoJiorust TECTHPOBAHUA

KanubpoBka u TemreparypHasi KomreHcamus (0T
0 mo 50 °C) mpuGOpPOB OCYIIECTBIISIIOTCS C TTOMOIIBIO
koMmepueckoit MC. Ha puc. 3 (CM. TpeTbiO CTOPOHY
00JIOXKM) TlOKa3aHa peakiius JaTyvuka A0 M I0ocCje
KOMITeHCAllMU NIPY Pa3IMYHON TeMIlepaType OKpyxkKa-
IOLIEN Cpeabl.

HMcnbiTaHus MOKa3blBalOT, UYTO AATYMKU HMEIOT
npeiid 6osee 15 % B pealbHBIX YCIOBUSIX. DTO CBUJE-
TEJbCTBYET O TOM, YTO KOMIIEHCALUsl, OCYLIECTBIIsIe-
Masg Ha 3eMJie, He OOEeCIIeUYMBaeTCsl YCIAOBUSIMM IKC-
mayatauvu. beul mpoBeaeH MOAPOOHbBIN aHATU3 MpPU-
YUH apeiica mokaszaHUil, HA OCHOBE KOTOPOIo cAeIaH
BBIBOJ, O TOM, YTO OCHOBHBIM MCTOYHUKOM 3TOTO SIB-
JIeHus sBjsieTcs noauuMmun. [1poBeaeHbl pa3aTnyHbIe
TeCTHI I TTOJIMMMUIA, TaKue Kak B pabote [6]: BBI-

wafer

COKOTEMIIEpaTypHOe XpaHeHWe, TeMITePaTypHbIN LINKII,
BbICOKOTEMIIepaTypHasi 3KCILTyaTalusl.

B xome KaxXmoro MCHbITaHUS TOJIUUMUI TIOIBEP-
rajicsl ClieKaHU1o 1 peruaparauuu. Temmeparypa cre-
kanust 80 °C compoBokmaeTcs peruapataimeit Ha 70 %
MpU KOMHATHOM TeMIlepaType, KoTopasi BbIOpaHa JJisl
crabuimnzauuu nonuumuaa. Ilocne npoBeneHus: yka-
3aHHBIX TeMIIEpaTyPHBIX UCITBITaHWI, 6oee yeM 50 %
YCTPOMCTB MOKa3bIBAIOT IOrPeIHOCTh >5 %. [IponeHT
OLIMOOK 3HAYUTEJBbHO YBEJIMYMBAETCSI MOCIE LIMKIIA
cTabmimu3alyu, Kak mokaszaHo Ha puc. 4. Ha cienyro-
1IeM 3Talle CHOBa IMPOBOISITCS MCIbITAaHUSI C OoJiee
JUTUTEJIbHON MPOAOIKUTEIBHOCTBIO 1 OOJIBILIMM YHUC-
JIOM TeMIlepaTypHbIX LIMKJIOB MO CPAaBHEHMIO C Mpe-
apuaymuMu. Ilocine 3TUX UCHIBITAHWA TOBTOPSIETCS
LIMKJI CIIEKAHUSI U pervapaTaliuy, Ha3blBa€Mblil 1IUMK-
JoM ctabwiuzanuu. Lukn crabuiauzanuu MoMoraeT
MOJTUMMMIY BBIAEPXKATh BO3ACHCTBUE BBHICOKOM TeM-
nepaTyphbl.

YcTpoiicTBa, KOTOpBIE ITPOXOIAT ¢ onokoi <5 %,
BBIOMpAIOTCS [IJ1s1 NaIbHEMIIMX MCTIBITAHUI, TTO3BOJISI-
IOLLMX MOJYYUTh BBIXOH TOOHBIX >50 % U COOTBETCT-
BYIOIIIMX TPeOYyeMbIM XapaKTepUCTUKAM TPU BbICOKOM
BJIAXKHOCTH.

Crabdmim3anuoHabie MPOLexypbI

B cBsI131 C TIOBBILIEHHON TTOTPEITHOCTHIO TTOBTOPSI-
eTcsl CTAOMJIM3ALMOHHBIN LIUKJT IJIs1 YBEJIMYEHMUSI TIPO-
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ITOBTOPSIIOIIEICS TMOIPELIHOCTH U3~
MepeHuii. OTCYTCTBHE CPEICTB MO-

*

JIEJIMPOBAHMSI, CITOCOOHBIX MpeAcKa-

3aTh peaklUio MPU OIMpeaeIeHHbIX
VYCIIOBUSIX OKpYKalolllell Cpemsl,

CTaBUT OrpaHUMUYEHHE Ha KOPpPEeK-
TUPOBKY MOKa3aHW C IOMOIIIbIO

KOMIIEHCALIMOHHOM QJIEKTPOHUKMH.
QKCHCpMMCHTaﬂbHO HUCIbITAHO HE-

S BN W s WV O
L
L J

Puc. 4. HauanbHas aparpaMma omuo0K (@) M yBeJinyeHne OIMOOoK MocJie nepBoro NuKJa cra-

onamzanuu (b)

Fig. 4. Initial error plot (a) and error enhancement after first stabilization cycle (b)

LIEHTHOTO BBIXOJA YCTPOMCTB IMOCJIE IMePBOHAYATBHBIX
HCIBbITAHUI. BBIMOIHSIOTCS pa3ivuyHbie CTabuUIn3a-
LIMOHHBIE TIPOLIETYPHI, UCCICAYIOTCS MX XapaKTepUC-
TUKHU. [IpOBOISTCS CITEAYIOIIME TECTHI: BHICOKAS TEM-
rmepatypa XpaHeHMsI, TEMITEPaTYPHbIN IUKJI, BbICOKAsI
TeMIIepaTypa pabOTHI IIPA OTHOCUTEIBHON BIaXHOCTH
ot 20 1o 90 % c BpemeHeM BeiAepXKU 30 muH. [Tocie
KaXXIOrO MCIIBITAHUS ITPOBOIUTCS CIIEKAHUE U PETHII-
pataiuss. OTMeYaeTcsl, YTO IJIMTENbHBIE CIEKAHUE U
perumpaius He 00eCIIeYNBAIOT XKEJTAeMOTO CHIKEHMS
MOrPELIHOCTH, ITO3TOMY IIJIaH UCIIBITAHUI TepecMaT-
pUBAETCS U BBIMOJIHSIETCS OMUH U TOT XKe CTabuIn3a-
LMOHHBINA LIMKJI ABaXKIbl, YTO 3HAYUTEIHLHO CHIUKAET
ITOrPELIHOCTh 32 CYET IPABUIBHON HACHIILIEHHOCTH
MOJIMUMMIA, KaK MTOKa3aHO Ha puc. 5.

Ob6cyxnenue

B paborte moapoOHO paccMaTpuBaeTcsi MeToauKa
CHIDXKEHHUS CYIIECTBYIOIIUX OLIMO0K MOMC-gaTuu-
KOB BJIAXXHOCTH Ha OCHOBE ITOJMUMMAA IJIS aTMOC-
(epHbIX M3MepeHUii. [1oBeaeHNE TOIMUMUIHBIX CEH-
COpPOB HEJIMHEWHO TIPHU OIpEeHeICHHBIX YPOBHIX OT-
HOCHUTEIbHOM BJIaXXHOCTH, YTO MPUBOIMUT K OOJIBIION

Final Error plot
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Puc. 5. YMeHbleHue OIMOKH B CBSI3U C NMPEJI0KEHHbIM HUKJIOM CTa-
ounM3anMu

Fig. 5. Error reduction due the proposed stabilization cycle
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CKOJIbKO YCTPOMCTB Ha 3eMJie B yC-
JIOBUSIX, OJMM3KHUX K TMOBEAEHUIO B
atmocdepe. Tem He MeHee HabJI0-
JIaeMblil aApeiic mokazaHUl HAMHO-
ro BbIllI€ YKa3aHHbIX 3HAYEHU.
BHenpenue npemiaraeMoro crabu-
JIM3AIMOHHOIO 1MKJIa TMOBbILIAET
MPOU3BOIUTENLHOCTh YCTPOMCTBA, MPUBOJAS K 3HAUM-
TEJIbHOMY YMEHBILIEHUIO ApeiOBOro 3HaUeHUs OLIKUO-
ku. IloseTHble UCTIbITAaHUST YKa3bIBalOT Ha (PhEeKTUB-
HOCTb JJaTYMKOB TMOCJIE UCIONIb30BaHUS TIPEATOKEHHO-
ro mertona crabuiusauuu. [lpemnaraemass MeToamka
MOXET BapbUPOBATHCSI B 3aBUCUMOCTH OT IPOU3BOJIC-
TBa W BbIOOpA MOJUMMUAA. ABTOPHI CUMTAIOT, YTO Ta-
KO aHalIu3 ONPpUBEAET K ropasno Jydylleid TOYHOCTHU,
Kak TMpaBUJI0, CBSI3aHHOM ¢ MPUMEHEHNEM MOJTUUMU/I -
HOTO IaTyKKa BJAaXXHOCTU, U3TOTOBJIEHHOTO C UCITOJb-
30BaHUeM TexHojoruu MEMS.

Aemoput 6aaeodapam pazauunvix cneyuasucmos DOS,
ocobenno IlI. Camsanapasua, komopuiii noddepican smy
pabomy, u 3amecmumens OUpeKmopa u OupeKmopa 3a ux
NOCMOSIHHYIO 3a00MY.
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MEMS based humidity sensors for atmospheric studies are prone to repeatability errors at stringent environmental conditions.
This needs a proper methodology to be adopted overcoming the errors encountered in multiple testing and ensuring repeatability of
the results. This article proposes characterization procedure and deduces the methodology that can result in better performance of
the sensor in terms of linearity and repeatability. The characterization of the sensor process is segregated into different stages and
detailed analysis is carried out before charting out the test sequence. This results in the minimization of the errors which is further

corroborated with the flight data.

Keywords: MEMS, humidity sensor, characterization, repeatability

For citation:

Kamaljeet Singh, Sinha N. Methodology for Overcoming Repatability Errors in Polyimide Based Mems Humidity Sensor,
Nano- i Mikrosistemnaya Tekhnika, 2018, vol. 20, no. 4, pp. 252—256.

Introduction

Balloon based radiosonde predicts the atmospheric behav-
iour in upper atmosphere within an altitude of around 30 km
providing the data of pressure, humidity, temperature and
wind velocity. Accurate atmospheric prediction is pre-requi-
site for predicting the weather conditions with high accuracy
[1]. Traditional techniques employed for the same are bulkier,
costlier and are prone to errors so now a days MEMS (micro-
electro mechanical system) based sensors are employed to
predict the atmospheric conditions which are having small
size and repeatable. MEMS is a method to create miniatur-
ized mechanical devices or systems and are primarily either
resistive types or capacitive type. Humidity is one of the basic
atmospheric parameter and are widely used in application re-
lated to meteorology, agriculture and manufacturing areas [2].
Conventional humidity sensors are expensive and bulkier but
MEMS based silicon humidity sensors are compatible to
standard CMOS IC processing and are relatively cheaper due
to batch fabrication. These sensors are based on the permit-
tivity variation due to humidity sensing resulting in capaci-
tance change. Capacitive based humidity sensors, which are
based on polyimide dielectric layer, are preferred due to low
power consumption, linear output response and low temper-
ature coefficient. Polyimide is a type of hygroscopic material
having the inherent advantages of high sensitivity, high ther-
mal stability, high resistance to most chemicals and compat-
ibility with the standard IC fabrication technology. Capacitive
based humidity sensor can be realized by laying the electrodes
horizontally or vertically. The vertical structure gives better
results in terms of nominal capacitance and sensitivity. This
structure involves two metal layers and capacitance is gov-
erned by the thickness of the polyimide and the perforation in
the top electrode [3].

This article is based on the detailed experimental study
carried out to analyze the behaviour of humidity sensor em-
ployed for atmospheric studies and purposes test methodology
to improve the linearity and repeatability errors encountered

in the sensor. Experimental data is collected from the flight
trials of the humidity sensors on board the radiosonde balloon
for carrying out the atmospheric studies. The data is collected
at various time intervals and at various heights to analyze the
behaviour which shows repeatability error more than the
specified value. The article is segregated into various sections
such as sensor structure, testing methodology, error analysis
and proposed plan.

Sensor Structure

The sensor consists of vertical capacitor (metal insulator
metal) structure with an inbuilt titanium microheater as
shown in Fig. 1 see the 3™ side of cover. The sensing layer
consists of a polyimide which changes its dielectric constant
with moisture content. Micro heater is incorporated in the
humidity sensor to improve the response time [3]. The heater
elements underneath the sensor are initialized to remove the
absorbed and frozen moisture from the sensor. The relative
dielectric constant of the polyimide film can be described us-
ing Looyenga’s empirical equation [4]

es= e = ¢/ + &P,
where v is the fractional volume of water in the film, ¢, the
dielectric constant of polyimide and ¢,, is the dielectric con-
stant of water.

The structure is fabricated with the standard CMOS proc-
ess and both sputtering and evaporation techniques are used
for metallization [4]. The analytical calculations predict the
nominal capacitance to be 22...24 pF with the overall yield of
> 80 % using the developed process [5]. The main parameters
of the sensors are range, resolution, accuracy and response
time. Range of the developed sensor is from 5 to 95 % and re-
sponse time of less than 5 s is achieved. Accuracy of the sensor
encompasses linearity, repeatability and hysteresis which
should be <5 % in all conditions.

Fig. 2 shows mapping of the wafer.
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The main concern in the RH sensor device is the repeat-
ability error for which methodology to be charted out to min-
imize the effect of the sensor variation apart from the correc-
tions in the signal conditioning. The critical aspects respon-
sible for the repeatability error are the non-linear behaviour
of polyimide sensing layer at the humidity level of 85 % where
there is a sudden increase in output which is highly non-linear.

Testing Methodology

Calibration and temperature compensation (0 to 50 °C) of
the devices are carried out with the commercial available IC.
The graph on fig. 3, see the 3" side of cover, shows the re-
sponse of the devices before and after compensation at am-
bient temperature.

The trials show that the sensors drift more than 15 % in
actual conditions which indicates that the compensation car-
ried out at ground is far from actual conditions which needs
to be analyzed. To overcome this phenomena, a detailed
cause analysis is carried out which indicated polyimide ben-
haviour reponsibler for this phenomena and various tests are
charted out such as [6]: high temperature storage, tempera-
ture cycling, high temperature operation.

Each test is followed by the baking and rehydration before
proceeding with next testing. Baking temperature of 80 °C is
followed by room temperature re hydration at 70 % which is se-
lected for polyimide stabilization. After carrying out the above
plan more than 50 % devices shows error of >5 % as shown in
fig. 4. Error percentage is considerably increased with the sta-
bilization cycle. Next stage is again repeating the environmental
tests with longer duration and more temperature cycles com-
pared to the earlier one. These tests are followed again by the
baking and rehydration cycle termed as stabilization cycle. The
stabilization cycle helps the polyimide to tolerate the elongated
exposure to high temperature and high humidity

The devices are segregated and those devices passing with
the error <5 % is chosen for further trials for which yield is
achieved around >50 % meeting the desired specifications.

Stabilization Procedure

Due to the above phenomena of increased error the sta-
bilization cycle is revisited to increase the pass percentage of
the devices after initial tests. Various stabilization treatments
are given to the devices and their performances are examined.
The following tests such as: high temperature storage, tem-
perature cycling, high temperature operation with humidity
cycling from 20 to 90 % RH with 30 min dwell time is pro-
vided to the devices. After every test baking and rehydration
is carried out. The same stabilization cycle along with baking
and re-hydration is performed twice to ensure polyimide sat-
uration. It is noted that prolong baking and rehydration is not
having desired error reduction so the plan is revisited and
same cycle twice is carried out which reduced the error con-
siderably due to proper saturation of the polyimide as shown
in Fig. 5.

Discussions

The article details the methodology to overcome the in-
herent errors in polyimide based MEMS humidity sensors for
atmospheric applications. Polyimide sensing behavior is non-
linear at certain relative humidity levels resulting in huge error
which is non-repeatable. Further lack of simulation tools
which can predict the response at certain environmental con-
ditions put constraint to correct the performance with the
compensation electronics. Authors collected the data from
multiple trials and replicating at ground to predict the device
behavior. Multiple devices are experimentally tested at
ground with the conditions co-relating with the atmospheric
behavior. It is observed that the error occurring after com-
pensation is primarily due to polyimide behavior for which
stabilization cycle to be provided. Still the drifts observed are
far above the specified values. Introduction of the proposed
stabilization cycle improves the device performance resulting
in the considerable improvement in the drift value. Flight tri-
als indicate the sensors performance at par with the imported
one after the introduction of the proposed plan. The proposed
plan is specific to the process and may vary with the foundry
and the selection of the polyimide. Authors believe that this
analysis will result in much better accuracy generally associ-
ated with the polyimide based humidity sensor using MEMS
technology.

Authors thank various people in DOS particularly Sh Saty-
anarayan who supported this activity and specially Deputy Di-
rector and Directors for all the encouragement.
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Fig. 1. Top (a) and cross section view (b) of the humidity sensor [5]
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Puc. 1. CymecrBymonue KOHCTPYKIIHOHHBIEe peineHusl. Biok Bbicokoro jasieHusi Heoxyaxkgaemoro KI'TJL
momHocTeio 2,5 MBt, 7=1623 K (1350 °C), Munrasnpom, Poccus [4-6], mi3 KKM w#3rorosiens:
a — COITOBBIE JIOMATKH, b — 3JIeMeHTH pabounX JIOMATOK, ¢ — BXOJAHAA YIHTKa, d — OOJIMIIOBKA ra30X0I0B
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Fig. 1. The existing design solutions. The unit of a high pressure of an uncooled CGTE with capacity
of 2.5 MW, T=1623 K (1350 °C), Mingazprom, Russia [4—06], the following parts are made from CCM:
a — nozzle blades; b — elements of the working blades; ¢ — input snail; d - facing of the gas flues
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Puc. 2. Cpasnenne: sdppexrnsroctn (K1 n) (@) n oxosornunoct (omucenst NO ) (b) metasumrieckux 1T n
KI'T/: I — Solar Turbine, Centaur 508, 6e3 BII; 2 — Kawasaki, CGT-302 ¢ metammaecknm BII; 3 — I{entp
boiiko, KI'T/I-2,5 ¢ kepammaeckmm BI1 ( @ — mpoctoii muakit (6e3 BIT), m — muxa ¢ BIT)

Fig. 2. Comparison of the efficiency (coefficient of efficiency n) and ecological compatibility (emission
of NOx) (b) of the metal GTE and CGTE: I — Solar Turbine, Centaur 508, without VP; 2 — Kawasaki,
CGT-302 with a metal VP; 3 — Boyko Center, CGTE-2.5 with a ceramic VP ( ® — simple cycle (without
VP) m — cycle with VP)
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