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AHHOTALHS

Beeoenue. BricOKONOPHCTBIE KOMITIO3UTHI — METAJUTHYECKHE MEHBl — HAXOAAT IHPOKOE MPUMEHEHHE B CHITYy CBOHUX
MEXaHUYECKHUX CBOUCTB. B muTeparype npencTaBieHbl pa3InIHbIC METOIbI MX MATEMAaTHIECKOTO MOJICIIMPOBAHHUS, B TOM
YHCcIie, Ha OCHOBE MEPHOANYECKHX stacek [ mocona-Omou. [Ihe30aKTHBHBIE KOMIIO3HUTHI 00JIATAIOT PSIOM CBOMCTB, TAKUX
KaK BBICOKAsi YyBCTBUTEIHFHOCTh CEHCOPOB U IIMPOKAs MOJIOCA MPOITyCKAHHS. DTUM OOYCIIOBJICH HHTEPEC K UX MOJICIH-
poBanuto. OHAKO TPHU MOCTPOCHUM TAaKUX MOJENEH U3 MbE30KePaMHUUYECKHX MaTepualioB BO3HUKAET OMpesesieHHas
TPYAHOCTb, CBsI3aHHAsI C BEIOOPOM pacIpeesicHus NpeABapUTeIbHON moysipu3anuu. Cieayer OTMETHTh, YTO 3TOT BO-
IPOC, 0COOEHHO ISl BEICOKOTIOPUCTOHN MBE30KEPaMHKH, HEIOCTATOYHO H3Y4eH B nuTeparype. [loaTomy menpro ganHON
paboTHI ABISIOCH YCTAHOBIICHHUE BIMSHUS MOJAECIH MOJSPU3AIINHN HA XapaKTEPUCTUKH ITbE30aKTHUBHOTO KOMITO3HTA.
Mamepuanst u memoost. Matepnai KOHCTPYKIIMN — Nbe30kepaMuka PZT-4, momspuzaims KOTopoii CyIecTBEHHO 3aBH-
CHT OT YCIIOBHH €€ HaBeJeHHUs (T€OMETPUH MOJIEITH, PACIIOIOKEHHUS JIEKTPOAOB). MccirenoBanue pas3ieNieHo Ha JIBa Iara:
B IIEPBOM IIPOBOJIUTCS PacUeT OCTATOYHOM MOJSIPU3AIIH HA OCHOBE TEOPHUH N3BECTHOH B IUTEPATypE, PeaTn3amus KOTOpOi
ocymectsiieHa B makere ACELAN; Ha BTOpOM pelaeTcs psiji 3afay AJs sSiMeHKH KOMIIO3UTa U HaXOJUTCS 3aBUCUMOCTh €€
CBOICTB OT MOJIENTU NOJIsipy3aluu. B kauecTBe MeTo1a pelieHHsl COOTBETCTBYIOIIMX KPAeBbIX 3a/1a4 dJIEKTPOYIPYTOCTH IS
KyCOYHO-HEOAHOPOIHBIX TEJ UCIOJIBb3YETCS METO ] KOHEUHBIX 3JIEMEHTOB, peaiin3oBaHHbli B makete ACELAN.
Pezynvmamul uccnedosanus. Peuena 3aiadya onpeaesieHUs: HEOIHOPOAHOH MOJIIPU3ALIAY JUISL ABYX BUJIOB KOHCTPYKIUH
IUIOCKHUX SIYCCK BBICOKOMOPHCTOM Mbe30KepaMuku. OTMEUeHbI HEKOTOPBIE OCOOCHHOCTH IMOJIyUYECHHOTO PacIpe/IeICHHUs
TOJISIPU3AIIAY, B YaCTHOCTH, €€ HEOJHOPOIHOCTh M HaJM4YHE BCTPEUHOW MOJSIPU3AIMUA B HEKOTOPBIX pedpax. PemreHbt
3a/1a4d ONpEIeTICHUS COOCTBEHHBIX YaCTOT U GOPM KOJICOaHUH «BHYTPH STUEHKID M MX 3aBHCHMOCTB OT MOJIENIN MOJIIPH-
3anuu (OAHOPOTHON M HEOTHOPOIHOW). OTMEUaeTC s, YTO HEKOTOPBIE YacTOTHI oTirdaroTcs Ha 10 %, a hopmsbl koeba-
HUH KauyecTBEHHO coBMaaatoT. [IpoaHanm3upoBana 3aBUCHMOCTD HANPSKEHHO 1e(hOPMUPOBAHHOTO COCTOSIHUS U BBIXOJ-
HBIX XapaKTEPHUCTHUK OT IOJSIPU3AINH, Pa3HUIIAa HEKOTOPHIX 3HAYSHUH KOTOPHIX tocturaia 15 %.

Oobcyrcoenue u 3axnouenue. IIporiecc MoIsiprU3aluu BEICOKOIIOPUCTHIX ThE30KePaMUK UMEET Psii 0COOEHHOCTEH, KOTO-
pBIe HEOOXOAUMO YUUTHIBATH JUIS ITOJTyYCHHS JTOCTOBEPHBIX CBEIICHHI O €€ MEXaHHUECKOM H 3JICKTPUICCKOM ITOBEICHUH.
AyKCeTHYeCKHe CBOMCTBA, pa3HUIA B MEXaHHUYCCKOM U DJICKTPHUYCCKOM OTKITUKE PACCMATPUBACMOM SIUCHKU HAMIPSIMYIO
CBSI3aHBI C STUMH 0COOCHHOCTsIMH. TakuM 00pa3oM MOJICITb TOISIPU3AIMK OKa3bIBACT CYIIECTBEHHOE BIIMSHUE HAa XapaK-
TEPUCTHKH MMbE30aKTHBHOTO KOMIIO3HTA, YTO OMPEICIIAET BAXKHOCTh €€ MPAaBWILHOTO BbiOOpa. [TomyueHHbIC pe3ysIbTaThl
HAJ0 YYUTHIBATh IPU MOJEIHPOBAHUH IPEICTABUTEIBHBIX 00BbEMOB BEICOKOMOPHCTHIX MBE303IEKTPHUECKUX KOMITO3H-
TOB JIs1 OTIpeeeHuUs UX P (PEKTUBHBIX CBOHCTB, HA OCHOBE KOTOPBIX CTPOSITCS MOJIEIH [TbE303JIEKTPUUECKUX YCTPOHCTB
U PACCUUTHIBAIOTCS WX BBIXOJHBIE XapaKTEPHUCTUKH.

KiroueBble ciioBa: BBICOKOIIOPHUCTAA IMbE30KEPAMUKA, HEOJHOPOAHAA MOJIAPpU3AIINA, TITIOCKAs H‘IeﬁKa, MCTOO KOHCYHBIX
OJIECMCHTOB
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BuiarogapHocTH. ABTOpBI BBIPXAlOT OJarofapHOCTh pPEaKMKU JKypHajda W pEleH3eHTaM 3a BHHMATENIbHOE
OTHOIIICHHE K CTAThE.
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Abstract

Introduction. Highly porous composites — metal foams — are widely used due to their mechanical properties. The
literature presents various methods for their mathematical modeling, including those based on periodic Gibson-Ashby
cells. Piezoactive composites have a number of properties, such as high sensor sensitivity and a large bandwidth. This is
the reason for the interest in their modeling. However, when constructing such models from piezoceramic materials, a
certain difficulty, associated with the selection of the distribution of preliminary polarization, arises. It should be noted
that this issue, specifically for highly porous piezoceramics, has not been sufficiently studied in the literature. Therefore,
the objective of this work was to establish the effect of the polarization model on the characteristics of the piezoactive
composite.

Materials and Methods. The design material is PZT-4 piezoceramics, whose polarization depends significantly on the
conditions of its guidance (model geometry, electrode arrangement). The study was divided into two steps: in the first,
the residual polarization was calculated based on the theory known in the literature, the implementation of which was
performed in the ACELAN package; in the second, a number of problems for a composite cell were solved, and the
dependence of its properties on the polarization model was found. The finite element method implemented in the
ACELAN package was used as a method for solving the corresponding boundary value problems of electroelasticity for
piecewise inhomogeneous bodies.

Results. The problem of determining nonuniform polarization for two types of flat cell designs of highly porous
piezoceramics was solved. Some features of the obtained polarization distribution were noted, in particular, its
nonuniformity and the presence of counter polarization in some edges. The problems of determining natural
frequencies and vibration modes “intra cell” and their dependence on the polarization model (homogeneous and
nonhomogeneous) were solved. It was noted that some frequencies differed by 10%, while the vibration modes
qualitatively coincided. The dependence of the stress-strain state and output characteristics on polarization, whose
difference in some values reached 15%, was analyzed.

Discussion and Conclusion. The process of polarization of highly porous piezoceramics has a number of features that
must be taken into account to obtain reliable information about its mechanical and electrical behavior. Auxetic properties,
the difference in the mechanical and electrical response of the cell in question are directly related to these features. Thus,
the polarization model has a significant impact on the characteristics of the piezoactive composite, which determines the
importance of its correct selection. The results obtained should be taken into account when modeling representative
volumes of highly porous piezoelectric composites to determine their effective properties, on the basis of which models
of piezoelectric devices are constructed, and their output characteristics are calculated.

Keywords: highly porous piezoceramics, nonuniform polarization, flat cell, finite element method
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BBenenue. OTHUM U3 TUIIOB BRICOKOTIOPHCTOTO KOMITO3HTA SIBIISICTCS MaTepHAIl, TOCTPOCHHBIN Ha OCHOBE siueek [ no-
coHa-Ouibu [1]. B padote [2] npoBeneHa orieHka a3 pekruBHOro Mo yst FOHra mopucToro TuTaHa ¢ OTKPBITHIMU TOPAMHU
Ha OCHOBE TPEXMEPHOT0 MACCHBA TaKHX siueeK. CpaBHECHHE MEXaHIMUYECKOTO IOBEJCHUS MOJICIICH TIeH, COCTABIICHHBIX U3
PETYJISPHBIX U HEPETYJSIPHBIX MAaCCHBOB OTKPBITHIX stueek [ 'mbcona—mdu ocyectsisercs B padore [3]. Ha puc. 1 a
MpEeICTaBlIcHa OTKPHITas sueiika, Ha puc. 1 6 u 1 6 — MomudunupoBanuble Moaenu [ MOCOHA-DIMION ¢ HAKIIOHHBIMH Pe-
Opamu Juts GYHKIIMOHAIBHO-TPAIMEHTHBIX PEIIeTYaThIX CTPYKTYp [4].

cell edge

a) 0) 6)

Puc. 1. Cxembl siueeK BHICOKOIIOPHCTOrO KOMIIO3HTA: @ — siuetika ['mbcona-Omon;
0 — s19eiika ¢ HaKJIOHHBIMH peOpaMu; @ — IUIOCKas siueiika ¢ HaKIIOHHBIMH pebpamu [4]

Meto/ipl TOMOTEHU3AIMH, KOTOPbIE HCIOJIB3YIOTCS MPH MOICIMPOBAHUHU S(P(PEKTUBHBIX CBOMCTB KOMIIO3UTOB pac-
cMmarpuBaroTcsi B MoHorpadusix [5, 6]. MccnenoBanust BBICOKOIIOPUCTHIX CTPYKTYP, TAKUX KakK, HIEHOOOpa3HbIE, KIIETOY-
HbIC, STYCHCTHIC M COTOBBIC MIPEACTABICHBI B MOHOrpadusax [7, 8], B 0030opax [9-12] u ap. B pabdote [13] sxcrepumen-
TaJIbHO ¥ TEOPETUUECKH pPacCMaTpHUBACTCs MOJSPHU3ALHSI IOPUCTON MTbE30KEPAMHUKH U Ha OCHOBE MOJIENIBHOTO IpHMepa
TEOPETHYECKU OOBSICHSIOTCS 0COOEHHOCTH HEKOTOPBIX ee 3((EeKTUBHBIX CBOMCTB, O YeM CKa3aHo Bhiiie. Bonpoc 06 3¢-
(PEeKTHBHBIX CBOHCTBaX BBICOKOIIOPHCTBIX ITBE30JIEKTPHUECKUX KOMITO3UTOB B HAy4YHOH JMTepaType M3ydeH HeJ0CTa-
TOYHO. DTO CBA3aHO B IEPBYIO OUEPEh C TEM, YTO OIPEACTICHHYIO TPYAHOCTb COCTABIISAET MPOIIECC OMMCAHUS MOJIIpH3a-
MU TaKUX CTPYKTYp. Llenpro nanHOH paboTHI SIBIJIOCH U3YUYCHUE BIMSHUS MOJCIH TOISPU3AIMHA Ha HATPSKCHHO-JIC-
(hopMHpOBaHHOE COCTOSIHUE STUEHKH 1 Ha 3 eKkTHBHBIE CBONCTBA TAKUX KOMIIO3UTOB. PaccMaTpuBaeTcs ABe MOJACIHU: B
TIepBOH TIpeoIaraeTcs OAHOPOIHAS MOJISIPU3ALNsl; BO BTOPOH — pacrpeesieHNe MOJISpU3alii pacCUNTHIBAETCSI C 110-
MOIIBIO W3BECTHBIX B IUTEPAType METOAOB U IPOTPAMMHOTO 0OecIieueH s, Cpeau pa3paboTINKOB KOTOPOTO €CTh OAHH
13 aBTOPOB AaHHOH paboThl. B paboTe nokazaHo, 4To BEIOOP MOJIEIH MOJISPU3ALMH CYIIECTBEHHO BIIMSET HA MEXaHHYe-
CKHE CBOMCTBA BRICOKOIIOPUCTHIX MHE303IEKTPHUECKIX KOMITO3UTOB.

MarepuaJjibl 1 METOAbI

Mamemamuyeckaa nocmanoska 3a0ayu. PaccMaTpuBalOTCS INIOCKHE STYSHKH, KOTOPBIE SBIISIOTCS 3JIEMEHTaMH KOH-
CTPYKILMH, IpeJCTaBIEHHBIX Ha puc. 1. MaTtepuan ssueex — nbe3okepamuka PZT-4, onuceiBaeMast B paMKax JTMHEHHON
TEOPHH AIEKTPOYyNpyrocTh [14], B 0AHOPOTHOM cilydae — MOISAPU30BAHHAS 110 BEPTUKAIBHON OCH, B HEOJAHOPOIHOM
cllyyae — pacrpeiesieHie NOoIIpU3aliK HaXOIUTCS IO TEOPUH, MPEIOKEHHOH B padoTte [15] n pealm30BaHHOI B KO-
HeuHo-dmeMeHTHOM makere ACELAN [16].

Mamepuanei. Ha puc. 2 a npencrasieHa reoMeTpus INIOCKOH STYEHKH, COOTBETCTBYIOIIAs CXEMe Ha puc. | a ¢ HaKIIoH-
HBIMHU pedpamu, TONIIHHA pedep coctasisier 1 MM, BHemHuE pasmep 10%10 mm. Ha puc. 2 6 npeacrasieHa cxema HEO-
HOPOJHOW HOJISIPU3ALNH ISl TAKOW KOHCTPYKIMH, KOT/a 3JIEKTPOABI PacIloiIoKeHbl Ha BHEIIHUX TOPLAX BEPXHEro M
HWDKHETO BEPTUKABHBIX pedep. OCOOEHHOCTHIO ATOH MOJISIPU3ALIMY SBIISIETCS €€ HEOJTHOPOIHOCTh Ha HAKJIOHHBIX pedpax
Y HAJIMYHME BCTPEYHBIX €¢ HalpaBIICHUA HAa BEPXHEM W HIDKHEM TOPU30HTAIBHBIX peOpax. Ha puc. 2 ¢ mpencraBnena
cXxeMa MOJIIPU3AINH ISl JIEMEHTa KOMIIO3UTa, IEPHOANTHOCTh KOTOPOTO OCYIIECTBIIICTCS Yepe3 BEPTHUKAIBHBIC U IO-
pu3oHTaIBbHBIE pedpa. OCOOEHHOCTHIO MOJSIPU3ALIMH ITOTO JIEMEHTA SBJISAETCS MPAKTHYECKN HETIOSPHU30BaHHbIE TOPH-
30HTaJIbHBIC pedpa.
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a) 0) 6)

Puc. 2. CxeMsblI s9€eK 1 MOJSIPU3AIMN BEICOKOTIOPHCTOTO KOMITO3HTA:
a — OJTHOPOIHASI MONAPU3aLUs; 6 — HEOTHOPOIHAS MPH SNEKTPOaX HAa HIDKHEM U BEPXHEM peldpax;
6 — HEOIHOPOIHAS TIPH JIEKTPOJaX BHU3Y U BBEPXY Ha BEPTHKAIBHEIX pedpax

Memooul. B xauecTBe MeTO/Ia pacueTa HanpsHKEHHO-1e(GOpPMUPOBAHHOTO COCTOSIHUS TYEEK HCIIOJIb3YETCSl METOM KO-
HevHBIX 35eMeHToB (MKD), peamm3zoBannsrii B makete ACELAN [16].

Pe3yabTaTsl nccienoBanus. Buavane nccneayorcst COOCTBEHHbIC YaCTOTHI U (JOPMbI KOJIEOAHHI «BHY TP SIYCHKH,
npezacraBieHHON Ha puc. 1 ¢ u 2 g. [Ipu 3TOM sideiika 3aKperisieTcs B yriiax 1o HOpMalid Ha TOJIHHY TOPU30HTAIBHBIX
U BEPTHKAIBHBIX pedep, 9YTO COOTBETCTBYET MEPHUOTUIHOCTH CTPYKTYPHI KoMIo3uTa. B Tabmure | mpeacraBieHsl co0-
CTBCHHBIC PE30HAHCHBIC YaCTOTHI ISl OJHOPOIHOW U HEOTHOPOTHOH Mosipu3anuy (puc. 2 6), Ha puc. 3—5 — coOCTBeH-

Hble opMBI KOIeOaHMi Ha ITUX YaCTOTaX.

Tabunumna 1
CoOcTBeHHBIC YaCTOTHI IS OTHOPOTHOM M HEOJHOPOIHOM MOJISPU3AITUH
CobcTBenHbIe YacTOTHI B 11
Howmep gactots! \ [lonspusanus

OnHoponHas Heomnopoxnas
1 0,43455 x 10° 0,41271 x 10°
2 0,47277 x 10° 0,47249 x 10°
3 0,54538 x 10° 0,49562 x 10°
4 0,61497 x 10° 0,58611 x 10°
5 0,67255 x 10° 0,67607 x 10°

Jlst HeomHOpOIHOM ToTsipu3aruu 1, 3 1 4 coOOCTBEHHBIE YACTOTHI HIKE, YEM TSI OJJTHOPOTHOM, HO POPMBI KoJIeOaHui
1-5 kauectBeHHO coBnaaaroT. [loaToMy Ha puc. 3—5 mpeacTaBiIeHbl COOCTBEHHBIE (POPMBI JUIS SUYEHKH C OJHOPOIHOU
nomsipu3anueii. Ha puc. 3 g, 6 mpencraBieHo pacpeeieHne TOPU30HTANBHBIX CMEIICHHN U BEPTUKAIBHBIX CMEIICHAN
T TIepBoii (hopMbl Konebaumid. Ha puc. 4 a, 6 mpencTaBieHsl pacpeIeieHus st BTOpor GOpMBI KoeOaHu TOPU30H-
TaJILHBIX CMEIEHUH U 1715 TpeThel (hopMbl KosieOaHNi BEpTUKAIILHBIX CMENIEHUH cooTBeTcTBeHHO. Ha puc. 5 @, 6 npen-
CTaBJICHO pacIpe/ielIeHne MOy CMEIIEHUI Ha YeTBEPTOH U IMATOM MOJ]aX COOTBETCTBEHHO.

ACELAN R 8 Beta ( Build 0.8.5.6 ) Frequency: 434552726 ACELAN R 8Beta (Build 0.85.6 ) F

3,73E+00 | ] 2,17E+00
2,80E+00 1,64E+00 -
1,88E+00 | '1,10E+00
9,57E-01 | 5,71E-01
g 3,36E-02 | 3,76E-02
§ ~8,90E-01 | ~4,96E-01
z ~1,81E+00 | ~1,03E+00
= —2,74E+00 __ ~1,56E+00 | ~ I
2 3,66E+00 | 2,10E+00
£ a) 6)
=

Puc. 3. IlepBas popma xoxeOaHHil OMHOPOIHAS HONSIPU3ALNUS: ¢ — PACIIPENeIeHHe TOPU30HTAIBHBIX CMEIIeHHH;
6 — pacmpezieIeHre BEPTUKATBHBIX CMETICHIH
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IACELAN R 8 Beta ( Build 0.8.5.6 ) Frequency: 47276,787759738

4.42E+0 424E+00
3,85E+00 3,68E-+00
3,28E+00 3,13E+00
2,71E+00 2,57E+00
2,15E+00 2,02E+00
1,58E+00 1,46E+00
1,02E+00 9,05E-01
4,53E-01 3,50E-01
_1,14E-01 2,05E-01

a) 0)

Puc. 4. ®opmsl koneGaHMi OTHOPOIHAS TOJSIPH3ALMS: @ — BTOpPasi, paclpe/ielIeHIe TOPU30HTATBHBIX CMEICHHH;
6 — TpEThs, PacIIpeeIeHNe BEPTHKAIBHBIX CMEIICHIH

[ACELAN R 8Beta (B 8.5.6 ) Frequency: 61497,350967936 [ACELAN R 8 Beta ( Build 0.8.5.6 ) Frequency: 67254,842831949

3,84E+0 3,40E+00
3,36E+00 2,97E+00
2,88E+00 2,54E+00
2,40E+00 2,11E+00
1,92E+00 1,70E+00
1,44E+00 1,27E+00
9,60E-01 8,48E-01
4,80E-01 —_— 424E01
0,00E+00 “ 0,00E+00
a) 0)

Puc. 5. ®opmbl konebaHUii ¢ pacpeeieHHeM MOAYJIS IIEpEeMEIIeHHH T OMHOPOIHOHN MO PU3AIIIH:
a — JeTBepTasi Mofia; 6 — IATas MoJa

[Ipu pooIIFHOM B BEpTHKAIBHOM HAIPABICHUN PACTSHKEHUN-CKATUH ITOH SUEHKH B CTPYKType KOMITO3HUTa (MOze-
JUpyeTcs cBOOOIHOM Beeil BepXHei MOBEPXHOCTHIO U MPUIIOKEHHEM PABHOMEPHOTO JaBJICHHs Ha BEPXHUI TOpel Bep-
THKAJIBHBIX pedep) CMeIIeHNe B cIydae oJHOPOAHON nossipu3anmu Ha 15 % Oosbre (puc. 6 a). [lotreHnman Ha cBoOO-
HBIX 3JIEKTpojax Ha 3 % Oosblie B cilyyae HEOAHOPOIHOM mossipusanuu. CiaegyeT OTMETHTh, YTO KacaTelIbHbIE Halps-
xeHust (puc. 6 0) B ciryyae HeoTHOpoHOH rossipu3anyy 6onbire Ha 10 %. Koaddumment snexrpomexanndeckoit cBs3n
Juts 7-0it MoJibI KostebaHuii (puc. 6 6) Ha 14 % npoueHTOB OOJbIIIE IS OJJHOPOTHOM MOISAPU3ALUH TUCHKH.

ACELAN R 8 Béla (B

3,80E 3.27E+00
2,10E100
1,33E+00

8,76E-11
5,73E-01

I7,67E11 2,86E+02

6,57E-11 1,92E+02

5,48E-11 ~ 9,75E+01

438E-11 3,46E-+00 ~1,85E-01
3,29E-11 ~9,06E+01 ~9.43E-01
2,19E-11 1,85E+02 ~1,70E+00
1,09E-11 —2,79E+02 \ 2,84E+00
0,00E+00 _3,73E+02 | B

Puc. 6. [Ipu neiicTBUN BEPTUKAIBHOTO JAaBICHHS paCTIpeIeIICHHE:

02

Mexanuka

a — BEPTUKAJIBHOTO CMELICHUs; 6 — KacaTelIbHBIX HANlPsDKEHUH;
6 — paclpe/ieleHue BEpTHKAIbHOTO CMELIEHUS Ha 7 Mozie KoJaeOaHui
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Pacyersl i sUelKH, MPEACTABICHHON HA pHC. 2 @ U 2 6, TIOKa3ajM, YTO BEPTHKAIbHOE cMelieHue (puc. 7 a) mpu
JEHCTBUU JaBIICHHUS HA TOPEI] BEPXHETO CTEPXKHS B CIy4ae HEOTHOPOIHOM nomsipusanyu Ha 11 % Gonpme. B crartuke,
TIpH ACWCTBUH PA3HOCTH OTSHIIMAIOB Ha HIDKHEM U BEpPXHEM TOpIIaX, SUeiKa MPOSBIIET CBOMCTBA ayKCETHKA, YTO CBS-
3aHO CO BCTPEUHOU morsipu3anueii (puc. 2 6) Topu30oHTAIBHEIX pedep. Ha puc. 7 6 u 7 ¢ puBeieHbI pacipeIeieHus Bep-
TUKAJTBHOTO W TOPH30HTAIBFHOIO CMEIICHUH. BUAHO, 9TO MpH paCTSDKECHUH 10 BEPTHKAIN MPOUCXOMUT PAaCIINpPCHHE
SIYCHKH U TT0 TOPH30HTAITH.

e -
9,57E-10 j * 3,51B-08 [T ——
[8,20E-10 T 2,97E-08
6,84E~10 Z 2,43E-08
5,47E-10 ﬁ 1,89E-08
4,10E-10 : 1,35E-08
2,736-10 1 T ol 8,10E-09 +
1,37E-10 ; | 0,00E+00 ~i§
0,00E+00
a) 0)

9,36E-09

6,24E-09

1,55E-09

~1,58E-09

~4,70E-09

~7,83E-09

1,14E-

Puc. 7. Pactipenenenue: @ — BEpTHKAIBHOTO CMEUICHNUS MPH AEHCTBUU BEPTUKAIBHOTO IABJICHUS; 6 — BEPTHKAIBHOTO CMELICHUS
MIPY JEHCTBUU PA3HOCTH MOTEHIUAIIOB; 8 — T'OPU30HTAIILHOTO CMEIICHUS IIPU JACHCTBUHM Pa3HOCTHU TIOTEHIIMAJIOB

O6cy:xaenne u 3akiaouenne. Takum oOpa3om, Ha ocHoBe 3Toro H/IC Haxomarcs 3¢ ¢deKTHBHBIE CBOWCTBA KOMIIO-
3UTOB, KOTOPBIE HCIIOJIB3YIOTCS IPU MOAEIUPOBAHUH NbE303JIEKPUUECKUX YCTPOMCTB, IOATOMY UCCIEAOBAHUE BIUSIHUSL
Buja nossipusanuu Ha HJIC BEICOKOIIOPUCTOrO Mbe30aKTUBHOTO MAaTEpUaa BECbMa aKTyalbHO.

Pacuer mons mpenBapuUTENbHON MOJSAPU3AIMM B s4eiike BBICOKOIOPHCTOTO MaTepHaja IO0Kasajl, YTO OHO Cylie-
CTBEHHO 3aBHCHT OT €€ TE€OMETPHHU M PACIIOJIIOKEHHUS 3JEKTPpo1oB. K 3THM 0COOEHHOCTSIM OTHOCHUTCSI TO, YTO HEKOTOPBIE
pebpa NpakTUYecKH He IOJIIPU30BaHBI, IPyTUe MOISIPU30BaHbl B OJJHOM HANPaBJICHUH, HO HEOJHOPOIHO M, HAKOHEL,
MOTYT TMOSIBUThCS pedpa co BCTPEUHOM mossipu3anyeil. Pacdyer MEXaHHYECKOTro M DJIEKTPHYECKOTO OTKIIMKA SYCHKH U
COOCTBEHHBIX PE30HAHCHBIX YaCTOT MOKAa3aJl, YTO yUET HEOJHOPOIHOCTH MOJIIPU3ALMN IPUBOAUT K TOMY, YTO BEJTMUMHA
PacX0oXXIEHUS 3THX PE3YNbTaTOB C pe3ybTaTaMH I MOJEIH ¢ OJHOPOJHOM momspusanuen pocruraer 15 % u 10 %
COOTBETCTBEHHO. A stueiika, ¢ peOpamMu Ha KOTOPHIX €CTh BCTPEYHAs MMOJISIPU3ALNS, IPOSBISIET ayKCETHIECKNE CBONCTBA.
B pabore noka3zaHo, 4To B 331a4ax onpeneseHus: 3PPEKTUBHBIX CBOHCTB BEICOKONOPHUCTBIX MbE303JIEKTPHIECKUX KOM-
IIO3UTOB Ha OCHOBE ITOCTPOCHUSI IPE/ICTABUTEIBHBIX 00BEMOB M3 €T0 sTYEEK CYIECTBEHHBIM SIBIISIETCS] yUET COOTBETCTBY-
IOLIEH UX CTPYKTYpe HEOAHOPOAHON MOISAPU3ALIH.

HpaKTl/I’-IeCKaH 3HAYUMOCTD IOJYUYCHHBIX PE3YJIbTAaTOB CBA3aHa C TEM, UTO C IMOMOIIBIO 3(b(beKTI/IBHbIX CBOMCTB KOM-
IO3UTOB HaA 3TAIIC IMMPOCKTUPOBAHUA MMTPOBOAUTCA MOACIIMPOBAHUE, PACUCT U ONITUMU3ALNA PA3JINYHBIX ITbE303JICKTPHUUC-
CKUX YCTPOICTB (JaTYMKOB, U3TyyaTeseil 1 NPUEMHHUKOB aKyCTHUECKUX BOJH, MMbe303JIEKTPUIECKUX T€HEPAaTOPOB U Ap.).
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3asnenenHblil 6K1A0 ABMOPOB:

A.H. Cosi0oBbeB: GOpPMYITHPOBKA HICH U HCCIIEIOBATENECKUX LIENeH 1 3a1a4, IPUMEHEHHE MaTEMaTHIECKUX METOIOB
aHaM3a ¥ CHHTE3a JaHHBIX HCCIICIOBAaHU, pa3paboTKa BCIIOMOTAaTEIEHBIX aJlTOPUTMOB.

M.C. I'epmaHuyK: NpoOBEACHHUE UCCIEIOBATENBCKOTO MpOIlecca, 8 UIMEHHO, POBEACHUE YUCICHHOTO IKCIIEPUMEHTA
B makete ACELAN, noArotoBka u co3iaHue YepHOBHUKA PYKOIIHCH, TOPabOTKa TEKCTA.

Konghnuxm unmepecog: apTopbl 3asiBJSIOT 00 OTCYTCTBHH KOH()JIMKTA HHTEPECOB.
Bce asmopbl npouumanu u 0000punu 0KOHYamebHbLI 6APUAHM PYKORUCU.
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