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(54) MetamaTepuan s yIpaBleHUs IPeIOMICHUEM U OTPaXXeHHEM JIIEKTPOMATHUTHOTO U3IIyYeHHS

(57) Pedepar:

Hcnonp3oBaHue: 1151 KCMIOTB30BAHUS B 00JIaCTH
pamuoTeXHUKH U GOTOHUKH. CYIITHOCTD U300 PETEHUS
3aKJIIOYaeTcss B TOM, 4YTO  OCOOEHHOCTHIO
3asBIIEHHOTO MeTamaTepualia s YIpaBIICHUS
MIPEIOMJICHUEM U OTPAXKEHUEM 3JIEKTPOMATHUTHOTO
U3IIYyUYEeHHUs, COCTOSIIIErO0 W3  3JEMEHTapHBIX
CTPYKTYPHBIX €IUHUIl, PACIIOIOXKEHHBIX NIPYT OT
Ipyra Ha pPACCTOSHWUM MEHBIE [JIMHBI BOJIHBI
9JIEKTPOMATHUTHOTO M3IIyYEHUs], SIBIISIETCS TO, YTO
B COCTaB KaXJOM €ro 3JIEMEHTApPHON CTPYKTYPHOU
€IMHUIIBI, CONIEPIKAIlel MPOBOISIINE 3JIEMEHTHI U3
KoJlel, Jyr WIM COMpalell U CTepIKHEl,
00€eCTIeUnBAIONUX OTPUNATEIFHYI0 MAarHUTHYIO U
AJIEKTPUYECKYI0 BOCIPHUUMUYHUBOCTH B pabodem
MAma3oHe JJICKTPOMATHUTHBIX BOJIH, BKJIIOUCH
MpeIBAPUTEIFHO HANPSOUKEHHBI KOMIIO3UTHBIN

Crp.: 1

9JIEMEHT W3 CIUlaBa ¢ 3QQPeKTOM mamsITH (GOpPMbI
(OII®), MexaHWYECKH TPOYHO COCAVMHCHHBIA C
JpYTUMU 3JIEMEHTAMH CTPYKTYPHOU €IWHMLBL.
KommosurtHsblii oniemenT ¢ D11 naer BO3MOXHOCTD

MHOT'OKPATHOTO, OOpaTUMOTrO,  YIPaBIISIEMOrO
TeMIIEPATyPHBbIM BO3JEMCTBUEM U3MEHEHUS
MPOCTPAHCTBEHHOW KOHQUTypaluu 3IIEMEHTOB

CTPYKTYpPHOM €IWHWIBI B BHAE KOJEN, Oyr WIH
CrMpasei s obecrieueHust M3MEHEHHST OTKIIMKA Ha
BO3JEACTBME  DJIEKTPOMATHUTHOM  BONHBI M
yIIpaBJIeHust paboYnM AMara30HOM BCEIO YCTPOMCTBA
B LeJOM. TeXHHYECKHI pe3yjIbTaT: pacIIdpeHHe
CIIEKTPAIBHOTO MAIIa30Ha pabOThI METAMATEPHATIA
U BO3MOKHOCTD VIIPABIICHHS €r0 MapaMeTPaMu. 3
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(54) METAMATERIAL FOR CONTROLLING REFRACTION AND REFLECTION OF ELECTROMAGNETIC

RADIATION

(57) Abstract:

FIELD: radio engineering; photonics.

SUBSTANCE: essence of the invention consists in
the fact that a feature of the disclosed metamaterial for
controlling the refraction and reflection of
electromagnetic radiation, consisting of elementary
structural units located from each other at distance less
than wavelength of electromagnetic radiation, is that
each of its elementary structural units, containing
conductive elements from rings, arcs or spirals and rods,
providing negative magnetic and electrical susceptibility
in the operating range of electromagnetic waves,
included is a pre-stressed composite element from an
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alloy with a shape memory effect (SME), which is
mechanically tightly connected to other elements of the
structural unit. Composite element with SME enables
multiplex, reversible change of spatial configuration of
structural unit elements in form of rings, arcs or spirals,
controlled by temperature effect, to provide a change
in response to the effect of an electromagnetic wave
and to control the operating range of the entire device
as a whole.

EFFECT: wider spectral range of metamaterial
operation and possibility of controlling its parameters.
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OO6nacTh TEXHUKH, K KOTOPOW OTHOCUTCSI U300peTeHue

N3006peTeHre OTHOCUTCS K PAAMOTEXHUKE U (POTOHUKE U MOKET OBITh MCTIOJIHB30BAHO B
Ka4yeCTBE YaCTOTHO-CEJICKTUBHOM MTOBEPXHOCTHOMN WIIM OOBEMHOM CTPYKTYPBI, JIJIs1 CO3IaHUS
CIIELMAJIBHBIX DKPAHOB OTCEYKM OTPAKEHHBIX CUTHAJIOB, PAAUOMACKUPYIOLIUX IIOKPBITUH, a
TaKKe JJ1s1 00ecreyeHus pa3BsA3KU MEXAY 2JIEMEHTAMU B aHTEHHBIX pelIeTKaX.

YpoBeHb TEXHUKU

B nocnenHue roapl fOKa3aHo, UTO U3 METAMATEPUAIIOB, B PAIMOYACTOTHOM, 4, BO3MOXKHO,
U B ONITUYECKOM Auana3zoHax DMB, npusiekast METOIbl TPAHCPOPMALMOHHON ONITHKHY,
CTAHOBUTCS BO3MOHBIM CO3JaHUE HEOJJHOPOIHBIX MATEPUATBHBIX ONITUYECKUX CPEL,
001aJAI0IIMX 3aJAHHBIMU, TOPOY BeCbMa K30 TUYECKUMU, PYHKIMOHATIbHBIMU CBOMCTBAMU,
KOTOPBIE IIPEBOCXOAAT BO3MOKHOCTH €CTECTBEHHBIX MATEPUAIIOB U TPAJULIMOHHBIX 2JIEMEHTOB
OINTUYECKUX MPUOOPOB U CUCTEM. B HaCTHOCTH, MPEIJIOKEHBI pA3IMUHbIE KOHCTPYKIUU
VHHOBALMOHHBIX ONITUYECKUX YCTPOMUCTB: YCTPOMCTBA ONITUYECKON MACKUPOBKH, IIOJIyYEHHE
N300paKeHHI CO CBEPXpPa3pEIICHUEM, KOHLEHTPATOPBI-KOJUIEKTOPbI CBETOBOM 3HEPIUH, U
JaTYUKH, UCTIOJIB3YIOIIME CBET HAa MacllITabax MeHee JUIMHbI BOJIHBI [1].

M3BecTeH aHAIOr NpeuraracMoro TEXHUUECKOT'O PELIEHUS - METaMAaTEPUAII JUIsl YIIPABIICHUS
IIPEJIOMIIEHUEM U OTPAKEHUEM DJIEKTPOMATHUTHOTO U3JIYUYEHHUS, BKIIFOYAIOIIUI MHOXKECTBO
3JIEMEHTAPHBIX CTPYKTYPHBIX €AUHUL (TYEEK), PACIIOJIOKEHHBIX [IEPUOIAYECKU HA TIPSIMOI,
Ha IUIOCKOCTH WM B ITpocTpaHcTBe. Kaxknas suefika COCTOUT U3 IMAIIEKTPUYECKOM ITOTIOKKH,
VMIMEIOLLIEH IIEPBYIO U BTOPYIO MapalljielIbHbIE [IOBEPXHOCTH, U NIEPBBIA U BTOPOW IIPOBOJHUK
B (popme crimpanu. ITepBriit MPOBOTHUK HAXOAUTCS HA TIEPBOM IMTOBEPXHOCTH ITOIJIOKKH, a
BTOPOI - HAa BTOPOI MOBEPXHOCTH MOJIOKKH TAKUM 00pa30oM, UTO BTOPOI MPOBOJHUK
HAXOJUTCS CTPOTO MO/ (MJIM HAJ) IEPBBIM U UMEET C HUM 3JIEKTPOMATHUTHYIO CBSI3b.
MertamaTepuan U3 MHOKECTBA JIEMEHTAPHBIX siueeK 00J1aaeT OTPULATEIBHON MATHUTHON
1 2JICKTPUUECKON BOCIIPUMMYMBOCTHIO B paboueM Juana3oHe 3JIEKTPOMAaTrHUTHBIX BOJIH [2].

K HenmocraTkam aHaora MOKHO OTHECTHU: Y3KHMI YACTOTHBINA PaOOUuil IMana3oH u
HEBO3MOJKHOCTb YIIPABJICHUSI 3JIEKTPOMATHUTHBIMU [TapaMeTpaMu B IIpoliecce padoThI.

M3BecTeH Takke aHAIOr NpeaIaraéMoro TEXHU4ECKOTO PELIEHUs - METaMaTepral s
YIPABJIEHHUS NIPEIOMIIEHUEM U OTPAXKEHUEM 3JIEKTPOMATHUTHOTO M3ityuyeHus [3]. B atom
HUCTOYHUKE TAKXKE IIPEIIIOKEH METaMaTeprall, BKIIOYAIOIIUA MHOKECTBO 3JIEMEHTAPHBIX
CTPYKTYPHBIX €IMHMUI] (STYEEK), PACIIOIIOKEHHBIX IIEPUOAUYECKHU HA TIPSMOW, HA IIIOCKOCTH
WY B pocTpaHcTBe. Kaknas siueiika BKIIIOUAET MPOBOISIIME 2JIEMEHTHI B (popMe HUIIMHAPOB
WK civpalieil. MetamaTtepua U3 MHOKECTBA 3JIEMEHTAPHBIX sTUeeK 001agaeT OTpULATEIbHON
MAarHUTHOM U 3JIEKTPUYECKOM BOCIIPUMMUYMBOCTBIO B paboueM auana3oHe 3JIeKTPOMArHUTHBIX
BOJIH.

K HenmocraTkam 3TOro aHajgora Take MOKHO OTHECTH: Y3KUI YACTOTHBIN pabouunit
JIAATIA30H ¥ HEBO3MOKHOCTD YIIPABJIEHHUS 3JIEKTPOMATHUTHBIMU [TApaAMETPAMHU B IIpOLIECCe
paboTHL.

M3BecTeH Takke aHAIOT MpeAIaraeMoro TEXHU4ECKOro ycrporcTsa [4, 5]. B nanHoM
UCTOYHHUKE OIMUCAH AKTIOATOP WM HAOOP U3 MHOXKECTBA AKTIOATOPOB, B (hOPME ITACTHH UJIH
JIEHT, 00€CIeYnBAIOIIUX YIIPABIISIEMOE, MHOTOKPATHO 0OpaTUMOE U3MEHEHHUE UX (POPMBI OT
MIPSIMOJIMHEWHOM J10 IIWJIMHAPUUYECKOM IO IEMCTBUEM TEITOBOTO Bo3/eicTBusl. Ob6paTuMoe
n3MeHeHHe (OPMBI TOCTUTAETCSl BBITIOJTHEHUEM aKTI0ATOpa B BUJIE OMMETATUTMYECKOM
MJIACTUHBI, BKITIOUATOIIEH c1oi crutaBa ¢ apdextom namsatu hopmbl (IT1D) u cioit ynpyroro
Metaiuia. o coenuHenus ¢ ynpyrum cioem B ciioit ¢ 11D npeaapuTebHO pacTArMBalOT
MpY OXJIAKIECHUM Yepe3 TOUKY Mepexoa ayCTeHUT (BbICOKOTEMIIepaTypHas ¢as3a criaBa ¢
MaMsThIO (HOPMBI) B MAPTEHCUT (HU3KOTEMIIepaTypHas (a3a cruiaBa ¢ mamsTbio (hOpMBbI).
CoenuHeHue CII0eB MPOU3BOISIT IIPU TEMIIEPATYPE HUXKE TEMIIEPATYPhI 3aBEPILIEHUS IIEpexo1a
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aycteHuT-MapTeHcuT (s ciutaBa TipNiCu - mpu koMHaTHOM Temnepatype). [[pu noBbiieHun

TEMITepATYPBhl, BBIIIE TOUKH OOPATHOTO MapTEHCUTHOTO MEePeX0/ia MAapTEHCUT-ayCTEHHUT,
CJIOM ¢ MaMSThIO (OPMBI CKUMAETCS, U B PE3yJIbTaTe, OUMETAINTNICCKUI KOMITO3UTHBIN
MaTepuan oopatumo usrudaercsa. Takum o6pa3oM, hopMa MOBEPXHOCTH AKTIOATOPA
MHOTOKPATHO KOHTPOJIMPYEMO U3MEHSETCS OT INIOCKOMW 10 UWJIMHIAPUUYECKON.

K HemocTaTky mpoTOTUINIA MOKHO OTHECTH HEBO3MOKHOCTh IPUMEHEHHUS B KAUECTBE
ONTUYECKOIr'0 WM PAAMOYACTOTHOTIO MeTaMaTepraia i YIPABICHUS IIPETOMIIEHUEM U
OTPAKEHUEM IEKTPOMATHUTHOTO U3JIYUEHHUS.

Haubomnee 651M3KUM TEXHUYECKUM PEIIEHUEM K MPEITI0KEHHOMY SIBJISIETCSI METaMaTepyall
JUTS YITPABJICHUS] ITPEJIOMIICHUEM U OTPAKEHUEM 3JIEKTPOMATHUTHOTO M3TydeHus [6]. [IpoToTun
MpPEACTABIISIET cOOO HAOOP YyIOPSATOYEHHBIX B IPOCTPAHCTBE, PACIIOI0KEHHBIX Ha
PACCTOSIHUA MHOTO OOJIbIIE JJIMHBI BOJIHBI 3JIEMEHTAPHBIX CTPYKTYPHBIX €/IMHUI], B KAUECTBE
KOTOPBIX MTPUMEHEHBI JIEBOCTOPOHHSISI U TPABOCTOPOHHSISI KAHOHWYECKHUe criupaiiu (dur. 1).
Kanonuueckas crivpalib mpecTaBiseT OO0l pa30pBaHHOE METATIIMYECKOE KOJIBLO C IBYMSI
OTPE3KaMU METAJUIMYECKON IPOBOJIOKH HA KpasiX 3a30Pa, KOTOPbIE NEPIEHIUKYIISPHBI
IJIOCKOCTH Koutblia. [1pu 06i1ydeHnn 351eKTpOMarHuTHON BOTHOM crivpaliert (rabapuTHbIE
pa3sMepbl KOTOPBIX TAKXKE BO MHOT'O pa3 MEHBIIIE [UIMHBI BOJIHBI) B HUX UHAYLUPYIOTCS TOKH,
KOTOPBIE TEHEPUPYIOT AJIEKTPUUECKUI TUIIOJIb (ITPOBOJIOYKH) U MATHUTHBIN JUITOJIb (KOJIBLIO).
[TyTem nonbopa napameTpoB crupaiu (paauyc KoJjbla, paanyc IpoOBOIOKH, JUTMHA
3JIEKTPUYECKOTO JIUIIOJISI) MOKHO JOOUTHCS OTPULIATENIbHON BOCIIPUMMYUBOCTU
2JIEKTPUYECKOI'O U MATHUTHOI'O OTKJIMKOB OT CIIMPAJIbHBIX YaCTHUI] HA OHOM YaCTOTE.

NM3BecTHBIN MeTaMaTepuas Ajs YIIPaBICHUS TPETOMIIEHUEM U OTPAKEHUEM
DJIEKTPOMATrHUTHOI'O U3JIYYEHUS UMEET I10 KpaHeN Mepe OAUH CYLLIECTBEHHBIN HEJOCTATOK:
Y3KYIO pa004yI0 MOJI0CY 3aMMpaHus (HECKOJIbKO MPOLEHTOB OT LHEHTPAIBHOM YaCTOTHI).

PackpbiTue uzoopereHus

3anaueit, peraeMoit u30OPETEHUEM, SIBJISIETCS CO3/IaHME MeTaMaTepyaa JJisl ypaBieHus
MPEIOMJICHUEM U OTPAKEHUEM 3JIEKTPOMATHUTHOTO U3JIyYEHHs, 00eCIeuynBaIoIIero
paclIMpeHue CIIEKTPAIbHOT0 IUara3oHa ¥ BO3MOKHOCTH YIIPaBJICHUS 3JIEKTPOMAarHUTHbIMU
rnapamMeTrpamMu o1 KOHTPOJIEM BHEIIHETO TENJIOBOTO BO3AEHUCTBHUS.

Vka3aHHbIN pe3yIbTaT JOCTUTAETCS TEM, UTO B METaMaTepuase 1jis yIpaBIeHUS
MPEIOMJICHUEM U OTPAKEHUEM IJIEKTPOMATHUTHOT'O U3JTYyYEHUS, TPEICTABIISIONIEM COOOM
MHOKECTBO OJMHAKOBBIX CTPYKTYPHBIX 3JIEMEHTOB YIIOPSAIAOUYEHHO PACIIOJIOKEHHBIX B
IIPOCTPAHCTBE WJIM HAa IIOBEPXHOCTH, pa3MePbl KOTOPBIX U pACCTOSTHUE MEXKY KOTOPBIMH,
MHOT'0 MEHbIIIE JIJTMHBI BOJIHBI DM B, mpuuem kaxaasi CTpyKTypHas €MHUIA BKIIOYAET B
ce0s1 MeTaJlJIMYeCKHe 3JIEMEHThI, UMetolre opMy CTep>KHEH, KOJIell WM CIIMpaliel, B COCTaBe
KQXIOM DJIEMEHTAPHON CTPYKTYPHOM €AUHULIE UMEETCS, I10 KpaHEeN Mepe, OOUH 3JIEMEHT U3
MIpeABaPUTEIIFHO HAIPSHKEHHOTO OMMOp(HOTO KOMITO3UTa ¢ 3 deKTOM NaMsITH (OPMBI, B
BH/JIE€ KOJIbL[A WJIM CIMPAJIK, OOECTIEUMBAIOLINNA MHOTOKPATHOE KOHTPOJIUPYEMOE U3MEHEHUE
€ro paauyca KpMBU3HBI B PE3YJIbTATE TEILUIOBOI'O BO3JICUCTBUS.

TexHUYeCcKUM pe3yIbTaTOM NPEMIOKEHHOTO MeTaMaTepuaa Iy yIpaBIeHUS
MPEIOMIIEHUEM U OTPAKEHUEM 3JIEKTPOMATHUTHOTO U3JIYYEHUS SABIISIETCS] OOECIeueHUe
ympasJjeHus padbodeit nmosocoit 9MB npu co3ganum cpenl ¢ OTpUlATeIbHBIMUA 3HAUEHUSIMU
3JIEKTPUYECKON U MATHUTHOM MPOHUIIAEMOCTEN, T. €. MeTaMaTepUaIbHOU cpeabl. [ paHUIbI
pabouer MOJIOCHl ONMPEEISIOTCS MapaMeTpaMy CTPYKTYPHOTO 3JIEMEHTa MeTaMaTepuana, a
TaK)Ke IIapaMeTpamMu U IEPUOIOM UX PACIIOJIOKEHUS.

Cory1acHO COBPEMEHHBIM IIPEICTABIIEHUSIM, CBOMCTBA MeTaMaTeprasa ONpeaeIsitoTCs
CBOMCTBAMHU €r0 OTAEIILHOMN 3JIEMEHTAPHOU CTPYKTYPHOW €IMHULBI M UX IUIOTHOCTBIO [1-3].
M3BecTHBIE METaMaTEPUAIIBI BKITFOUYAIOT, YAIE BCETO 3JIEMEHTAPHYIO CTPYKTYPHYIO €IMHUILY,

Crp.: 6



10

5

20

25

30

35

40

45

RU 2819591 C1

BBITIOJTHEHHYIO M3 METAJUIMYEeCKUX 3J1eMeHTOB. Ha ¢ur. 1 mokaszan oO1uii BUI 3JIeMeHTapHON
CTPYKTYPHOW €AUHHULIBI METAMATEPUAIA, COTJIACHO MPOTOTHUITY [6], B KAUECTBE KOTOPBIX
MIPUMEHEHBI JIEBOCTOPOHHSISI U MPABOCTOPOHHSSI KAHOHWYECKUE cnupaiu. KanoHuueckas
CIUpajb MPeACTABIISIET COOOM Pa30PBAHHOE METAIIIUIECKOE KOJIBIO C ABYMS OTPE3KaMu
METAJUIMYECKOM TPOBOJIOKH HA KpasiX 3a30pa, KOTOPbIE MEPIIEHIUKYISIPHBI INIOCKOCTH KOJIbIA.
[Tpu o0OydeHnu 371eKTPOMArHUTHOM BOJIHOM crimpasieit (rabapuTHbie pa3Mepbl KOTOPBIX
TAaK>Ke BO MHOTO Pa3 MEHBIIIE [IJIMHBI BOJIHBI) B HUX UHAYLUMPYIOTCS TOKH, KOTOPBIE TEHEPUPYIOT
3JIEKTPUUECKUM JUMOIb (ITPOBOJIOYKH) U MATHUTHBIN AUIOJb (Koab10). [TyTem momxbopa
mapaMeTpOB CIIUPAIIH (PaIUyC KOJIbLIA, PAAUYC MTPOBOJIOKH, JJIMHA 3JIEKTPUIECKOTO JUIIOJIS)
MOYKHO JOOUTHCS OTPHUIIATETIHHOM BOCTPUUMYMBOCTH JIEKTPUUECKOTO M MATHUTHOTO OTKIIMKOB
OT CIMPAJIbHBIX YACTHUI] HA OJHOM YyacToTe. Pabouuii IMana3oH 4acTOT MeTaMaTepuaa
MOYKHO OIPEAETUTB IO rpadukaM 3aBUCUMOCTH MOJIIPU3YEMOCTH 3JIEMEHTAPHOMN CTPYKTYPHOMN
€IUHUIIBI OT YacTOThI (cM. ur. 2 u3 [6]). Ha rpadukax BUAHO, UTO 3aBUCUMOCTH MATHUTHOMN
Y IURJIEKTPUYECKOM MOJISIPU3YyEMOCTEN UIMEIOT PE30HAHCHBIN BUJl. BUTHO Tak:ke, 4TO B 001aCTH
BBIIIIE PE30HAHCA UMEETCS JUANa30H, B KOTOPOM M MAarHUTHAs M 3JIEKTpUUYECKast
MOJISIPU3YEMOCTHU - OTpuliaTeNbHbIe. TakuM oOpa3oM, pabouuii Juana3oH MeTaMmaTepuana
JUTSL YITPABJICHUS TIPEIIOMJIEHUE U OTPAKEHUEM JIEKTPOMATHUTHOI'O U3JIyUYEHUsI OTPAHUYEH
3TOM 00JIaCThIO.

Pacuer 3aBucHUMOCTelN, aHAJIOTUYHBIX TTPEACTABIICHHBIM Ha (QUT. 2, TPUBOIUTCS B PSJIE
paboT, HanpuMep B BuAe GopMYyIIbl (4) u3 paboThl [6]. DTa M aHATOTHUUHBIE (POPMYIIBI
CBSI3BIBAIOT FT€OMETPUUECKHUE MTAPAMETPBI CTPYKTYPHBIX €JUHUL] C MATHUTHOM U 3JIEKTPUUECKON
MOJISIPU3YEMOCTHIO0. [{J1s1 MOSICHEHUS TTPUHIMIIA pa0OTHI 3asIBIIIEMOTO YIIPABJISIEMOTO
MeTamaTtepualia, yio0HO BOCIOIb30BaThCS MPUOIMKEHHOM (hopMynoit (45) u3 cChlIku [3]
JUUTSL PE€30HAHCHOM YaCTOTHI 2JIEMEHTAPHOM siuetiku B (hopMe KOHIEHTPUUIECKUX KOJIel| UJn
criupanu. M3 aToit GopMyItsl clieayeT, uTo, MpUOIMKEHHO, pe30HAHCHAS YaCTOTa MAaTHUTHOMN

32 H, CJICO0BATCIIBHO, 6I)ICTpO BO3pacCTacT

BOCIIPUMMYHUBOCTH OOPATHO MPOMOPUMOHAIBHA T
C YMEHBIIIEHUEM paauyca r.

[TpuHIMT yripaBiIeHWE TEOMETPUIECKUME pa3MepPaMU IEMEHTOB STUEHKHU B (hOpME CITUPATTH
WM KOJIbIIA OCHOBAH HAa CBOMCTBAX MPEIBAPUTEIBHO HANIPSIKEHHBIX OMMETAINTMYECKUX
KOMITO3UTOB C 3¢hdexToM namsiti popmel (IT1D) 06paTiMo U3MEHSITH KPUBU3HY ITPY HATpeBe/
oxnaxaeHuu [4]. [Tpumep TaKOTo KOMIO3UTHOTO (DYHKIIMOHAJIBHOT'O MaTepuasia Ha OCHOBE

komrosuTa TioNiCu/Ni ¢ DI1D, koTopshlit 001a71a€T CIOCOOHOCTBIO YIIPABIIIEMbIM 00pa3oM

U3MEHSTh KPUBU3HY OT MPSMOJIMHEHHOM 10 IMIMHIPUYECKON U CIIMPAJIBHOM, JaH B padboTe
[5]. DTOT KOMITO3UT BBITIOJTHEH U3 ABYX CIIOEB (CM. (ur. 3), mpuueM CIioi 1 - BBIIIOJTHEH U3
crasa ¢ JI1D, a crnoii 2 - u3 npouHoro ynpyroro meraiia. J{o coenmHenus cioes, ciom 1,
MIPEABAPUTENBHO PACTATUBAIOT IICEBAOIUIACTUYECKH IIPU OXJIAXKICHUU YEPE3 TEMIIEPATYPY
TEPMOYIPYroro MapTeHcuTHoro nepexoaa. [Ipu remrnepatype HUKe TOUKM MAPTEHCUTHOTO
nepexo/a, st ObicTpo3akaieHHoro crutaBa TioNiCu - Huxke 40°, 3HaunTeIbHAS AedopManus

1-3% coxpaHsieTcst (OHa UMEHYETCS TICEBAOIIACTUYECKOM, TAK KaK HE CMOTPS HA
3HAYUTEIBHYIO BEJIMUMHY, ITOJIHOCTHIO BOCCTAHABIIMBAETCS IIPU HATPEBE BBIIIIE TOYKU
MapTEHCUTHOTO TepMoynpyroro nepexona). [locne atoro Ha cnot ¢ 11D HaHOCAT MM
MPUKJIEUBAIOT CIIOW YIIPYrOro METAJIA, HATPUMEP raJIbBAHUUECKOTO HUKES, HE MOBBIIIAS
TEMIIEpaTypy 3arOTOBKHU BBIILIE TEMIIEPATYPbI [IEPEX0a MapTEHCUT-ayCTeHUT ciiiaBa ¢ DI1D.
[Tocnenyrommii HarpeB ciuiaBa MPUBOAUT K cxkaTuio ciiaBa ¢ 11D, mexanuyeckomy
HAIPSHKEHUIO YIIPYTOTO CIIOST M U3MEHEHUIO (DOPMBI - U3TUOY KOMITO3MTA, KaK MOKa3aHo Ha
¢wr. 3. [Tpouecc nehopmaryvt KOMIo3uTa 3 - KOHTPOIUPYEMBIN, MHOT'OKPATHOM ITOBTOPSIEMBIIA.
Ha ocHOBe yKa3aHHOTO IMIPUHIMIIA MOKHO PEAIU30BATh PA3JIMYHBIE BUABI 3JIEMEHTAPHBIX
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CTPYKTYPHBIX €JUHUI] METaMaTepUaIoB, HAIIPUMED, IpeAcTaBleHHbIe Ha ¢ur. S u 6. Ha ¢ur.
5 NOKa3aH BapUaHT, ONMCAHHOM B IIPOTOTHIIE [6], TYEHKN B BUJIE€ KAHOHUYECKOW CITUPAIIH, B
KOTOPOW pa30pBAHHOE KOJIBLIO U3MEHSET 0OPATUMO CBOM painyc IIPU HArpeBe/OXIIaKICHUH,
rp<r; (ur. 5Sa u 6). Ha ¢ur. 6 mokazaH BapuaHT ClIMpaIbHON MHOTOBUTKOBOM CTPYKTYPHI,

onuvca”How B [3, cTp. 2079], BeinojHeHHOMN U3 KoMmiio3uTta ¢ 11D 3 B oxnaxx1eHHOM
(MapTEHCUTHOM) U HATPETOM (ayCTEHUTHOM) COCTOSIHUSX (pur. 6 a u 0).

Joctrxumast BeIMuMHa 0OpaTUMOTr0 U3MEHEHUS paauyca HUJIMHAPUUECKOU UIIU KOJIbLEBOMN
CTPYKTYPbI ONPEALIISIETCS KOHCTPYKLMEHN UCTioIb3yeMoro komnosuta ¢ TP [4]. Hanpumep,
B [5] nemaercs oueHka Juis paauyca KpUBU3HbI KOMITIO3UTA R:

R = h/2s, (1)

rjae h - TonmmHa, a € - OTHOCHTEIbHasE oOpaTumas nedopmanus criaBa ¢ 11D npu
MapTteHcuTHOM niepexone. s cruiaba TipNiCu ¢ OT1D tunuunoe 3HaueHue 8=1-3%. Eciu

BBIIIOJIHUTD CIUIAB B BUJE OBICTPO3aKaIeHHOMN JIEHTHI TOJMIIMHON 30 MKM, TO MUHUMAaJIbHBIHI
paauyc R MoxHO ouenuts kak 1-0,5 mm. CornacHo pacueram 1o ¢popmyiam [3, 6] 3To naer
pabouuii fMana3oH B Auana3zoHe HeckoabKuxX [T ¢ BO3MOXKHOCTBIO TOJACTPONKH IO KpalHeH
Mepe B 2 pasa.

OTMeTHM, YTO C MOMOIUIBIO CO3/IaHUSI KOMITO3UTAa MOXHO JOOUTHCS HE TOJIBKO MEPEXo1a
MIPSIMOJIMHEWHBIA-U30THY ThI KOMIIO3UT, HO U IIEPEX01a OT KOMIIO3UTA C KPUBU3HOM I| K

KPUBU3HE 12, UCTIOJIB3YsI TEPMOMEXaHUUECKYI0 00paboTKy. [IprMep Takoi TeXHOJIOTUN
onucas B pabdote [7].

Henasuue paboTsl 110 CO3IaHNI0 HAHOKOMIO3UTOB ¢ DITM nokaszanu BO3MOKHOCTh
U3TOTOBUTH HAJIEKHO YIIPAaBIsieMble KOMIIO3UTHI C TOJIIMHON aKTUBHOTO ciiosi ¢ II1D 100
HM U MeHee [8]. ITo ¢popmyrte (1) MOXKHO 3aKITIOUUTh, YTO PAIMYC HAHOKOMITO3UTA MOXKET
0Ka3aThCsl B IMANTA30HE JIECITKOB MUKPOH, a yIpaBiisieMasi pabouast 4acToTa - B TepareprioBoMm
nuanas3ose. [Ipy u3rorosieHny ynpasinsieMoro MeTamaTepuaia s 3aJaHHOTO IhaIa3oHa
DOMB MmoxeT noTpedboBaThCs COTJIACOBAHUE TOBEPXHOCTHON MPOBOAUMOCTH 3JIEMEHTOB
CTPYKTYPHOU €AMHULBI B paboyeM auarnazoHe. st 3Toro BO3MOKHO TPUMEHEHHUE IICHOYHBIX
IIOKPBITUI U3 METAIUIOB C BBICOKOM TPOBOAUMOCTBIO, HAITPUMED, 30J10TA.

Ornucanue Guryp

Ha ¢wur. 1 mokazanbl ¢poTorpadguu 31eMEeHTOB MeTaMaTepualia Jijis yIpaBICHUS
MIPEJIOMIIEHUEM U OTPAKEHUEM 3JIEKTPOMATHUTHOTO U3JIYYEHUS B BUAE KAHOHUUYECKUX
cripalier, COrJIaCHO MPOTOTHILY [6].

Ha ¢wur. 2 nokazanbl 4aCTOTHBIE 3aBUCUMOCTU MATHUTHOM W TU3JIEKTPUUECKOM
MOJISIPU3YEMOCTHU IJIEMEHTAPHBIX IUE€EK MeTaMaTepuaa, CorjiacHo nmporotumny [6]. Pabouuit
JIMana3oH 4acTOT MeTaMaTepuaa ONpPeaeIsIeTCs] IEPECEUEHUEM MHOKECTB 4acCTOT, IPU
KOTOPBIX IENCTBUTEIbHBIE YACTH MATHUTHOW U AUBJIEKTPUUECKOH MTOJISIPU3YEMOCTH SIBIISIIOTCS
OTPULIATEIIbHBIMU.

Ha ¢wur. 3 nokazana npuHIMnua€bHasi cxema OMMETaNIMYeCKOro MpeiBapUTeIbHO
HAIPSHKEHHOTO KOMITIO3UTA, COTJIACHO [4].

Ha ¢wr. 4 npeacrasieH oOmwmii BUa OMMETaNIMIECKOTO KOMIIO3UTa C 3 (HEKTOM MamsITh
(dbopMbl, BeITTOJIHEHHOTO U3 ciutaBa Ti,NiCu (aktuBHbI ciioti ¢ DTID) u criost Hukens (ynpyrui

CJION) B OXJIAXKAEHHOM COCTOSIHUUA (CHUMOK BBEPXY) U HATPETOM COCTOSIHUM (CHUMOK BHU3Y)
[5].

Ha ¢wur. 5 npeacraBiieH 3CKU3HBINM YepTeX IMprUMepa JJIEMEHTAPHOM CTPYKTYPHOM €TUHUIIBI
(TyerKKn) MeTaMaTepuasa JJisl yIPaABICHUS ITPETOMIIEHUE U OTPAKEHUEM SJIEKTPOMATHUTHOTO
W3JIyUYEHMSI, COTJIACHO MPEAI0KEHHOMY TEXHUYECKOMY PEIIEHMIO, B BUI€ KAHOHUYECKOM
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CIIMPAJIH, IIPEJICTABIISIONIEN PA30PBAHHOE METAJIIIMYECKOE KOJIBLIO C ABYMS METAJUIMYECKUMU
WIMHIPAMU, TIPUYEM KOJIbLO BBIMOJIHEHO U3 KoMmmno3uTa ¢ DI1D. (a) - KOMIO3UT B
OXJIXKJIEHHOM MapTEHCUTHOM COCTOSIHUM, (6) KoMIO3UT ¢ DI1D - B HATpeTOM, ayCTEHUTHOM
COCTOSIHUHU.

Ha ¢wur. 6 mpeacTaBiieH 3CKU3HBINM YepTeX MprUMepa AJIEMEHTAPHOM CTPYKTYPHOM €TUHUIIBI
(sT4eriK) MeTaMaTepuaa Jijis ypapIeHUs TPEIOMIIEHUEM U OTPAKEHUEM 3JIEKTPOMATHUTHOTO
U3JTyYEHUsI, COTJIACHO MPEI0OKEHHOMY TEXHUYECKOMY PEIICHUIO, B (hopMe IMITUHIPUUIECKOM
MHOTOBUTKOBOM CITUPAJIU, HA OCHOBE OMMETAJIIIMUECKOTO MPEIBAPUTEIHHO HAMPSIKEHHOTO
koMmno3zura ¢ II1D. (a) - oxJtaxkAeHHOE, MAPTEHCUTHOE COCTOsIHUE KoMmmo3uTa ¢ DI1D.

(6) - HarpeToe, ayCTEeHUTHOE coCcTOosiHUE Kommo3uTta ¢ DI1D.

OcymiecTBiieHre U300 PETEHUS

Llenbo 3asBIsIEMOTr0 TEXHUUECKOTO PEIICHMS SIBJISIETCS pacliupeHre paboydero quamna3oHa
4acTOT MeTamMaTtepuaia Jyisl yIpaBiIeHUs TPETOMIEHUEM U OTPAKEHUEM 3JIEKTPOMATHUTHOT'O
U3JIy4YEHUsI U 00eCrieYeHUEe BO3MOXKHOCTH YIIPABJICHUSI €T0 MapaMeTpaMu MyTeM TETIOBOTO
BO3/ICHCTBUS HA 3JIEMEHTHI MeTamatepuaia. [IpoToTur npeanoxeHHOro TEXHUYECKOT O
pelieHus [6] UCKIIIoYaeT BO3MOKHOCTh PEryJIMPOBKU T€OMETPUUYECKUX TTAPAMETPOB
3JIEMEHTAPHBIX ueek MeTamaTtepuala. [1oaToMy a1s co31aHus 3JIEMEHTAPHOM STYSHKH
MpeIaraeTcs UCIoIb30BaTh ObICTpO3aKaeHHYIO JIeHTY Ti,NiCu, Tonmmuomn 30-40 MKM,

IIMPUHON 1-2 MM, U3TOTOBJIEHHYIO METO/IOM OBICTPOV 3aKaJIKW U3 pacIylaBa HA METHOM
O6apabaHe U 06pabOTaHHYIO OTXKUIOM, COTJIacHO paboTe [5]. 3aTeM JIEHTY MEXaHUYECKU
pactsruBatoT cuiion 3-10 H, nmpu oxnaxaenuu ot 50°C (ayCTE€HUT) 10 KOMHATHOMN
TeMIIepaTypbl (MapTeHCUTHas (pasa cruiaBa). B pesynbraTe ncepaoruiacTudeckas (BoO3BpaTiMast
pu Harpese) aedopmaiys cocTaBuT 1-3%. 3aTeM He MoBbIIIAs TeMrepaTypy Boiie 30°C,
Ha HEe raJIbBAHUYECKUM METOJIOM HAHOCST CIION HUKEISI ¢ OAHOU CTOPOHBL. [IpakTrueckuit
pe3yIbTaT MOKa3aH Ha (ur. 4a, /i€ MPSIMOJIMHENHBIN OTPE30K KOMIO3UTa U3 JIeHThI TioNiCu/

Ni chororpadupoBas B oxitaxxaieHHOM (MapTeHCUTHOM) cocTostHud. Ha ¢ur. 46 mokaszan
o0pa3zel KOMIIO3UTa B HATPETOM COCTOSIHUM, TPUHSBIIUHI (opMy Kojbla. M3 Takoro orpeska
BBITIOJTHSIETCS sTUEMKa MeTaMaTepraia B KOH(DUTYpaIUy YIIPABISIEMOTO KaHOHUYECK O
CIIUPAJIU C OTPE3KAMU MEIHBIX MPOBOJI0YEK TOIIMHON 0,1 MM (cM. ¢ur. 5a u 6). VI3 neHTsI
LIMPUHOM 5 MM U3TOTOBIISETCA 3JIEMEHT METaMaTepuala B BUJIE CBEPHYTON yIIpaBiIsieMOn
criupai (¢ur. 6a u 0).

[Tpu u3rotoBieHun oOpasua MeTamaTepuana Jjs yIpaBiIeHUs TPeIOMIICHUEM U
OTpaXCHUEM JJIEKTPOMATHUTHOTO M3IIy4YEeHHUsI HEOOX0IMMO CPOPMUPOBATH U3 MHOKECTBA
3JIEMEHTAPHBIX STYEEK JIMHEUKY, IIIOCKOCTh WIX 00BEM, B KOTOPOM 3JIEMEHTaPHbIE
CTPYKTYPHBIE €IMHULIBI 3aKPEIJIEHBI TPOYHO, C YUETOM MoJIsipu3anuu padoueit OMB. [l
YCIIEITHOTO KOHTPOJISl YAaCTOTHOTO AMarna3oHa HeoOXoAuMa TepMOCTaOUITIM3alsl BCErO
MeTaMmaTepualia MpyU TEMIIEPATYPE HECKOIBKO BbIIIE KOMHATHOMW C IPUMEHEHUEM TEPMOCTATA.
TouHOCTh MOAEPkKAHUS TEMIIEPATYPHI [0 00BEMY MeTaMaTepHUaia JOJKHA OTBEYATh
HEO0XO0IMMOV OTHOPOAHOCTH IMOKAa3aTelsl MPETOMIIEHUSI MeTaMaTepUaibHOM Cpebl s
OMB B pabouem nuanazoHe 4acToT. JJIsi MpaKTUYeCKOTro MpUMepa U3roTOBIIEHUS
MeTamartepuaa u3 KomnosuToB ¢ 1D Ti,NiCu/Ni pabouunii 1uana3oH TeMrepaTyp MOKET

cOCTaBJIATh 35-56°C, a TOUHOCTh MOAJIEPIKAHUS IO BCEMY 00BEMY MeTaMaTepuaia U BO
BpeMeHHu He xyxe 1°C.

CnmMcok nuTepaTyphl

1. Kunpaumes A.B. [llanae B.M. TpaHnchopmainonHas oNTUKa U MeTaMaTepUaIb.
VY®H. 2011, T. 181, Ne;1, ctp. 60.

2. ITaTent US 8780010, k1. HO1Q 15/10, ony61. 15.07.2014 1.

Crp.: 9



10

5

20

25

30

35

40

45

RU 2819591 C1

3.J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart Magnetism from Conductors
and Enhanced Nonlinear Phenomena. IEEE TRANSACTIONS ON MICROW AVE THEORY
AND TECHNIQUES, VOL. 47, NO. 11, NOVEMBER 1999, p. 2075.

4. PM. I'peuntikuf u ap. AKTIOATOP, CUCTEMA AKTIOATOPOB U CIIOCOO €r0 U3rOTOBJICHUSI.
ITatent P® Ne23058754. MITK HOILI 61/04. Ony6:1. 10.09.2007. B Ne25.

5. Upxak A.B., Kanamnaukos B.C., Konengos B.B., Kyunn J1.C., JIebenes I'.A., Jlera I1.B.,
IMuxtun H.A., Tapacos 1.C., lllaspos B.I'., llenskos A.B. 'urantckue oOpaTumeie
nedhopMalyu KOMIO3UTHOTO MaTepuana ¢ apdextom mamstu popmel. [Tucema B sxxypHai
TexHuueckoi ¢pusuku. 2010, BeIm.7, cTp. 75.

6. A.B. Bosuanosa, M.K. Xomsuixuii. MACKHWPYIOIEE ITOKPBITUE HA OCHOBE
CITUPAJIBHBIX PEBOHATOPOB. HayuHo-TexH1ueckuii BECTHUK UH(POPMAIMOHHBIX
TEXHOJIOTHH, MeXaHUKH U oltTukH, 2012, Ne4 (80). C.28-33.

7. Grechishkin, R. M., Il'yashenko, S. V., Istomin, V. V., Kalashnikov, V. S., Koledov, V. V.,
Kuchin, D. S., ... & Shavrov, V. G. (2009). Two-way shape memory in a nanoscale sample of Ti
49.5 Ni 25.5 Cu 25.0 alloy with a partially ordered structure. Bulletin of the Russian Academy of
Sciences: Physics, 73(8), 1076-1078.

8. Irzhak, A. V., Lega, P. V., Zhikharev, A. M., Koledov, V. V., Orlov, A. P, Kuchin, D. S.,

... & Pushin, V. G. (2017, January). Shape memory effect in nanosized Ti,NiCu alloy-based

composites. In Doklady Physics (Vol.62, No. 1, pp. 5-9).

(57) ®opmyna uzoopeTeHus

1. MetamaTepuas 1jis yIpaBlIeHUs MPETOMIIEHUEM U OTPAXKEHHUEM AJIEKTPOMATHUTHOTO
U3JTyYEHUsI, TIPEACTABIISIIOIINI COOON MHOXKECTBO 3JIEMEHTAPHBIX CTPYKTYPHBIX €IUHMII,
YIOPSAOYCHHO PACIOIOKEHHBIX B IIPOCTPAHCTBE WU HA TTOBEPXHOCTH, pa3Mepbl KOTOPBIX
U PACCTOSTHUE MEX/Ty KOTOPBIMU MHOT'O MEHBIIIE ITTUHBI 3JIEKTPOMATrHUTHOMW BOJIHBI, IIPUUEM
KaXkaasi CTpPyKTYpHasl €[IMHUIA BKITIOUAET METAJUTMUECKUE AIEMEHTBI B BUJIE CTEPKHEH, KOJIEIl
WIH COIUpaJiel, a UX MATHUTHAS U 3JIEKTpUUecKast BOCIIPUUMYUBOCTD K 3JIEKTPOMATHUTHOMY
TIOJIFO UMEET OTPULATENBHBIN 3HAK, OTJIMYAFOLLUICS TEM, UTO B COCTABE KAXKIOM DJIEMEHTAPHOMN
CTPYKTYPHOM €IMHUIIBI UMEETCS 110 KpaiHe! Mepe OJIUH 3JIEMEHT U3 IPEIBAPUTEIIHHO
HaMPsSHKEHHOTO OMMOPGHOT0 KOMITO3UTA U3 CIuiaBa ¢ 3dekToM nmamsatu Gopmabl,
00€eCTIeUunBaIONI MHOTOKPATHOE KOHTPOJIMPYEMOE U3MEHEHHUE €T0 paaruyca KPUBU3HBI B
pe3ysibTaTe TeIIOBOTO BO3/IEHCTBUSI.

2. MeramaTepuan Jijis yIpaBIICHUS MTPEIOMIICHUEM U OTPaKEHUEM SJIEKTPOMATHUTHOTO
W3JTYYEHUS T10 1. 1, OTIIMYAIOLIUICS TEM, UTO JIEMEHTAPHAS CTPYKTYpHAas €IMHHUIIA BBIMOJTHEHA
B BUJIE PA30MKHYTOTO KOJIbIA C IIUJTMHAPUUECKUMHU METAJTTUYECKUMHU 3JIEMEHTAMH Ha KOHIIaX
KOJTbIIA M3 KOMIO3UTa ¢ 3 (HeKTOM MaMsATi (POPMBI, C BOZMOKHOCTBIO YIIPABIISIEMOTO
W3MEHEHHUSI paiyca KOJIbla MPY MTOMOIIHU TeTIOBOT'O BO3/IEHCTBUSI.

3. MeramaTepuan Jijis yIpaBIICHUS MIPEIOMIICHUEM U OTPaKEHUEM SJIEKTPOMATHUTHOTO
U3JTYYESHUS T10 1. 1, OTJIMYAIOLIUICS TEM, UTO JIEMEHTApHAS CTPYKTYpHAs €[IMHHUIIA BBITOJTHEHA
B BU/IE IIWJIMHIPUYECKOTO CIIMPATBHOTO 3JIEMEHTA U3 KOMITO3UTa € 3 (HEeKTOM aMsITh (PopMBbI,
C BO3MOYHOCTBIO YITPABIIEMOr0 U3MEHEHHS paJinyca U KOJIMYECTBA BUTKOB CIIMPAIH ITPU
TTOMOIIIY TEIJIOBOTO BO3ACHCTBUSI.

4, MetamaTepual T yIIPaBIICHUS MTPETOMIICHUEM U OTPakeHUEM SJIEKTPOMATHUTHOTO
U3JTyYEHUs 110 MII. 1-3, OTJIMYAIOIIUICS TEM, UTO 3JIEMEHT U3 MMPEIBAPUTEIILHO HAITPSHKEHHOTO
O6uMopdHOTO KOMITO3UTa U3 CcIIaBa ¢ 3G GeKToOM mamsTu Gopmbl, 00eCIICUNBATOIIHI
MHOTOKPATHOE KOHTPOJIUPYEMOE U3MEHEHHUE €T0 Payca KPUBU3HBI B PE3yJIbTATE TEINIOBOTO
BO3/IEICTBUS, BBITIOTHEH U3 ciiaBa TioNiCu, MOJIydeHHOTO B BUJIE JICHT METOJAO0M OBICTPOI

3aKaJIK{ U3 pacIjlaBa Ha BpalllalommeMcs: MeJHOM Oapabane.
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