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HNCCIEAOBAHUE 3ABUCUMOCTHU JIEKTPODPUSNYECKUX
XAPAKTEPUCTUK KOMITIO3UIIUOHHbBIX MATEPUAJIOB
OT BUJA ®YHKIIMOHAJIbHBIX HAIIOJIHUTEJEN
N KOHOEHTPAIIMXA KOMIIOHEHTOB
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B pabote npeacTaBiIeHbI pe3yIbTaThl UCCICTOBAHUS ICKTPOPH3NUSCKUX XaPAKTEPUCTUK KOMITO3UIIMOHHBIX Ma-
TEPUAIOB C Pa3IHMYHBIMU TUIIAMH (DYHKIIMOHAIBHBIX HAMIOJHHUTENEH B quanazoHe yactoT 8-12 [T, [Tokaszano, 9to
BapbUPOBAHNE KOHIIEHTPAIIUH U TUIA HATIOJHUTEIIS TO3BOJISET YIPABIATh JUIIEKTPUUECKUMH U MarHUTHBIMU TIapa-
MeTtpamu. Ocoboe BHIMaHHE yIeNeHOo dPPEKTy MepKOISIIH, 00eCIIeUNBaIONIEMY PE3KUI POCT MPOBOIUMOCTH U JIU-
ANEKTPUYECKUX TOTEPh MPH TOCTHKCHUN KPUTHUSCKON KOHIICHTpanuu. 3ydeHsl cBOMCTBa KOMIIO3UTOB C ITOPOIII-
KaMH{ HHUKEIs, KapOOHMIBHOTO kene3a, FesOs + TiO2, qrmokcnaa TuTaHa, yriIiepoaHOTO BOIIOKHA U BIIATOCOACPIKAIIIIX
MaTeprayioB. Pe3yIpTaThl HCIIOIB30BAHBI IS YHCICHHOTO MOAETHNPOBAHMUS FIEKTPOMArHUTHBIX XapaKTEPHUCTHK MHO-
TOCJIOMHBIX PaIUOIOTIIOMAIOMNX CTPYKTYp. [lomydeHHbIe fTaHHBIE JEMOHCTPUPYIOT OTEHIIUAN Pa3IMIHBIX KOMIIO-
3UTOB B CO3aHUM aJANITUBHBIX PAIUONIOTIIOTHTEIEH IS 3aIIUTHl PaJAH03JICKTPOHHON aliapaTypsl.

Knrwouesvie cnosa: paguoIiorIomaroImmue MaTe€prualbl; 3J'IeKTpO(1)I/ISI/I‘{eCKI/Ie XapaKTCPUCTUKU, NIEPKOJIALUA; KOM-
MO3UTBI; AUDJICKTPUYECCKAA NPOHUIIAEMOCTb; MarHuTHas MPOHUIACMOCTb, MHOT'OCJIOMHbBIC CTPYKTYPHI.
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The paper presents the results of a study on the electrophysical properties of composite materials with various
types of functional fillers. The research focuses on how the type and concentration of fillers affect the dielectric and
magnetic parameters of the composites in the frequency range of 8-12 GHz. A key emphasis is placed on the
percolation effect, where a sharp increase in electrical conductivity and dielectric losses occurs upon reaching a critical
filler concentration, significantly enhancing electromagnetic energy absorption. The materials studied include
composites based on nickel powder, carbonyl iron, a mixture of FesO4 and TiO., titanium dioxide, carbon fiber, and
water-containing sorbents. Nickel-filled composites exhibit strong percolation characteristics and combined
dielectric-magnetic loss mechanisms. Carbonyl iron provides a balanced response without sharp conductivity
transitions, while TiO»- and FesOa-based composites demonstrate high dielectric permittivity with low loss, making
them suitable for use as dielectric layers. Special attention is given to composites with water-containing matrices. Due
to orientational polarization of water molecules under microwave fields, such materials exhibit strong dispersion of
dielectric properties. An increase in moisture content from 10 wt.% to 50 wt.% results in a rise in the real part of the
permittivity from 3 to 30 and in the imaginary part from 0.5 to 10. The obtained data were used for numerical modeling
of multilayer absorbing structures. These findings confirm the potential of functional composites for developing
efficient, broadband, and adaptive electromagnetic shielding systems.

Keywords: microwave absorbing materials; electrophysical properties; percolation; composites; dielectric
permittivity; magnetic permeability; multilayer structures.

BBenenue AJIEKTPOHHBIX YCTPOUCTB, CHCTEM CBSI3U U pa-

B3anmoneiicTBre 31€KTPOMarHuTHOTO U3- nuosokauuu. Paawonoriomaromuye Matepu-
nayuenust (OMMU) ¢ BemecTBOM JIEKUT B OC- anbl (PIIM) SIBISIFOTCS KITFOYEBBIM 3JIEMEHTOM
HOBE pa3pabOTKH CPEACTB 3aIHUTHl PaTUO- TaKux cuctem [1].
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HauGonbiree BHUMaHue B JaHHOW pabote
YAEJIEHO U3yueHUIo B3aumoaeiicteuss OMU ¢
KOMITO3UIIMOHHBIMU MaTepHaiaMu, 00J1a1ato-
OIMMU  IU3JIEKTPUYECKUMH TOTEPSIMU, Mar-
HUTHOW MPOHMUIIAEMOCTBIO U 3JIEKTPOMPOBO/I-
HocThi0. [loHMMaHue B3aMMOCBSA3HM 3TUX IIa-
paMeTPOB ¢ KOHLEHTPALIMENH W TUIIOM HaIloJ-
HUTEJS OTKPBIBACT IIMPOKHUE BO3MOKHOCTHU
JUI. MTHKEHEPHOTO MPOEKTUPOBAHUS MHOIO-
CJIOMHBIX W TPAJUEHTHBIX PaAUONOTIOTUTE-
Jed ¢ 3aJlaHHBIMU 3JIEKTPOMArHUTHBIMU Xa-
PaKTEpPUCTUKAMH.

Matepuanbl M MeTOIbI HCCJIEJOBAHUS

Jlist oLleHKH 2IIeKTPOPHU3UIECKUX Xapak-
TEPUCTUK KOMIIO3UTOB HCIOJIb30BaH ajro-
putM Huxoisicona-Pocca-Beliepa, Ha OCHOBe
U3MEpeHUl KOd(PPUIMEHTOB OTpaKEHUs U
nepeaaud B nuarnazone vactor 8-12 I'Tr ¢
IPUMEHEHHEM BEKTOPHOTO aHajau3aTopa Iie-
neit. U3yuanuce 00pasifsl ¢ pa3iMuHbIMU KOH-
neHTpanusaMu HanojgHuteneir (ot 10 mac.%
10 90 mac.%) B MONMMEpPHBIX MaTpULIAX
(3MOKCHIHOM, TTOJIMYPETAaHOBOM, KPEMHHUIOP-
TaHUYECKOM).

Pe3yabTaThl U MX 00Cy:KIEeHUE

Haubonee sipko BbIpaxeHHBbIE TPOBOJS-
IIFE€ ¥ MarHUTHBIC CBOMCTBA OBLTH TIOTYYEHBI
JUIsE KOMIIO3UTOB C TMOpoIikoM Hukens. [Tpu
MaKCUMaJIbHOM  KOHIIEHTpauuu  (OKOJIO
50 mac.% B 3MOKCUIHOM MaTpuIie) HaO01a-
eTcs pocT €” 10 2.4, uto cBsizaHo ¢ 3 dexkTom
NEepKONAUU:  (popMHUpPOBAaHHEM HEMPEPHIB-
HBIX [EMOYEK MPOBOJISAIINX YACTHII, oOecte-
yuBaroUMX 3 HeKTUBHOE MOTIIOIEHUE dHEP-
TUU 32 CYET OMUYECKUX MOTeph. [Ipu sTom €'
Bo3pacTaet ¢ 2.7 no 3.8. B noauypetaHoBoi
MaTpUIle aHAJIOTUYHBbIE KOHIICHTPALIMM TPHU-
BOAAT K OoJjiee BBHICOKMM 3HayeHHUsM &' (70
4.9) npu menbplux norepsax (¢” = 1.2), uro
o0BsicHsIeTCS 00JIee paBHOMEPHBIM pactpeie-
JICHUEM 4YacCTHUIl U MEHbIIEH arjoMepanuei.
MarHuTtHasi TPOHHUIIAEMOCTh Y HHUKENEBbIX
KOMITO3UTOB TaK»Ke€ IMOBBIIIAETCS: | JOCTH-
raet 1.58, a " —0.62, uto cozgaeT KOMOUHU-
pOBaHHBIN YPPEKT TUITESKTPUIESCKOTO U Mar-
HUTHOTO TOTJIOMIEHUS. DTH MaTepHAIbI 0CO-
OcHHO 3P PEKTUBHBI ISl MIUPOKOTOIOCHBIX

PIIM u KOHCTpyKIMH Ha METaUIMYECKHUX
MOJIJIOKKAX, BKIIIOYAsl YeTBEPTHBOJIHOBBIE IO-
riioturenu tama Comncoepu [2, 3].

Kommnoszutsl ¢ Hanonautenem Fe;Os + Ti0O:
npu KoHneHtpauuu 50 mac.% IEeMOHCTpPH-
PYIOT BBICOKYIO JUAJIEKTPUUECKYIO MPOHUIIA-
emMocTh (¢’ =5.7) npu yMepeHHbIX noTepsix (€”
= 0,7) 1 mpaKTUYECKH OTCYTCTBYIOIIEM Mar-
HUTHOM OTKJIMKE B 3TOM JMana3oHE YacTOT
(W =1, u" = 0). OT0 CBUIAETEIBCTBYET O JIO-
MUHHMPOBAHUU  JIMDJIEKTPUYECKOTO  MeXa-
HU3Ma TOTJIONICHHUS, YTO JieJIaeT JaHHbIe Ma-
TepUasibl NEPCHEKTUBHBIMU B KadyeCTBE M-
JNEKTPUYECKUX CIIOEB B MHOTOCIIONHBIX
PIIM, ocoGenno mpu HeoOXoaMMOCTH obec-
MEYEHUS BBICOKOU €' P MUHUMAJIBHOM TIPO-
BOJUMOCTH [4].

Jnokcua tuTaHa, 00JIamaroIIuid BBICOKOM
COOCTBEHHOWM JHUAICKTPUUYECKON TpOHUIIAe-
MOCTBbIO Ha HM3KHX 4acToTax [5], mpu KOH-
neHtpauun A0 90 mac.% coxpanser € Ha
ypoBHe 2.8 ipu €” < 0.1. TaHreHC qUAIEKTPU-
yeckux noreppb He npessimaet 0.018, ogHaxo
MEXaHUYECKHEe CBOWMCTBA MPU TaKUX KOHIICH-
TpaIusax yxXyamarTcs.

Kap6onunbHoe xene30 B KpeMHUHOpraHu-
4eCKOM CBs3yloleM oOecrieunBaeT cOanaH-
CUPOBaHHBIM POCT TUAIEKTPUUYECKUX M Mar-
HUTHBIX MapaMeTpoB O€3 BBIPAKEHHOTO IIO-
pora mnepkomsiuuu. Ilpu  KOHIEHTpanuu
50 mac.% &' ngocturaer 4.2, " — 0.6, p' — 1.3,
a n' — 0.2, mpu 3TOM tg & COCTABIAET OKOJIO
0.2, obecneunBasi mpeoOpa3oBaHUE SHEPTHH
OMMU B TemnoByro. Takue KOMIIO3UTHI IPUME-
HUMBI B KQU€CTBE YHUBEPCAIBHBIX PaJIUOIO-
TJIOTUTENIEH, B TOM YUCIIE B CJIOSX, COBMENIa-
IOIIUX TUAIEKTPUUIECKOE U MATHUTHOE MOTJIO-
IIEHUE B OJTHOU CTPYKType [6].

KoMno3uTs! ¢ yriiepoiHbIM BOJIOKHOM Jie-
MOHCTPHUPYIOT YMEPEeHHBIN pocT €' (110 1.8) u
€" (1m0 0.2) ¢ yBeIM4YEeHHEM KOHIEHTPAIUH 10
70 mac.%. DT Matepualibl MOAXOIAT JIJIs CO-
3aHMST yY3KOIOJOCHBIX PAaJUOINOTIIOTUTENEH
U B KayecTBE BCIIOMOTATENbHBIX CIOEB B pa-
JTUOTIOTJIOMIAIONIUX ~ KOHCTPYKUHUAX,  TJIe
BayKHA MaJiasi TOJIIMHA U CTaOUIBHOCT Mapa-
MeTpoB [7].

OcoObIif UHTEpeC MpeACcTaBIseT MPUMEHE-
HUE BJIArOCOJEPKAIINUX KOMITO3UIIMOHHBIX
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MaTepHUaJIOB B KAU€CTBE CJIOEB C BBICOKOM -
ANEKTPUYECKON poHUIlaeMocThio. OpueHTa-
LIUOHHAs TOJSAPHU3aALUSg MOJIEKYJT BOABI B
YCIIOBUSIX BO3JICHCTBUSI CBEPXBBICOKOYACTOT-
HOTO JJIEKTPOMArHUTHOTO W3JIy4YeHUs o0y-
CJIaBJIMBAET BBICOKUE 3HAYEHUSl IUDJICKTPHU-
YECKOM NPOHUIIAEMOCTH BJIAroCOAEPIKALIUX
MarepuanoB. C yBEIMUEHHUEM BIIArOCoOIepKa-
Hug (0T octatroyHoro B pazmepe 10 macc. %
1o 50 macc. %) BiarocoepkaIiero mopori-
KOBOro copOeHTa HaOromaeTcs paBHOMEp-
HbI POCT KOMIUIEKCHOW JTUAJICKTPUYECKOU
nponunaemoctu: ¢ 3 1o 30 nus € u ¢ 0.5 no
10 gg g”.

[Nomyyennble AmeKTpoU3MIECKHe XapaKTe-
PHUCTHKH KOMITO3UTOB OBLITH HCIIONIb30BAHBI IS
Pa3pabOTKH MOJIeNeil MHOTOCTIOMHBIX PaJnoNo-
TJIOTUTENeH ¢ MUHUMAIIBHBIM KO3 GHIIMEHTOM
OTpaXkeHus1 B quarna3one yactot 8-12 I'Tw.

XapakTtepuctuka koddduirenta oTpaxe-
HUS IOCTUTAETCsI BLIOOPOM KOHCTPYKIIUHU pa-
JTUOTIOTJIOTUTEN S, KOJMYECTBA M KOMOUHAIINH
CJIOEB, UX TOJIIUHBI M JJIEKTPOPUINIECKUX
napametpoB. Ha pucynke 1 moka3ana xapak-
TEPUCTHKA KO (UIIMEHTA OTPaKEHUS TpeX-
CJIOWHOTO PaJUONOIIOTUTENS CO CTyIleHYa-
TBIM yBEITUYCHUEM JUDJIEKTPUUECKUX
CBOICTB CJI0€B, C MUHUMAJIbHBIM 3HAYEHHEM
kodpdunmenta orpaxenuss —37.3 nb Ha ua-
crore 11.63 I'T'y u mmpuHON paboueird mo-
JOCBHI YacTOT (C BETMYMHOW KOX(pPHUIMEHTA
otpaxxenus meree —10 nb) 2.16 I'T'.

s

945 16 105 2". 11‘ S

Yacrora, I'Tn
Puc. 1. Xapakrepuctruka Kod(hQpHUIHEHTa OTpasKeHUS
MOJI€TH MHOTOCJIOHOTO pajuoNOrIOIaoIEro MaTe-
pHana mpyu W3MEHEHHWH BEJIMYMHBI JUAJIEKTPHYCCKOH
MIPOHUIIAEMOCTH BTOPOTO ¢J10s ¢ 5 10 20 (mmar 2), €'1=3;
¢'3=30. Beigenennas auHug — 2 =9

3akirouenue

[IpoBeneHHBIN aHATU3 TIOKa3all, YTO Baph-
UPOBAaHME COCTaBa KOMITO3UIIMOHHBIX MaTe-
pHAJIOB MO3BOJIIET YIPABIATH MEXaHU3MaMHU
MOTJIONICHHSI  DJIGKTPOMArHUTHOTO H3JTyde-
Hus. [lomydeHHbIE NaHHBIE HUCIOIb30BAHBI
JUTSE MOJISITHPOBAHMSI MHOTOCIIOMHBIX PaJIno-
MOTJIOUIAIOIINX CTPYKTYp C MPOTHO3HpYe-
MBIMH XapakTepucTukamu. [IpeacraBieHHbIe
MaTepuaibl MOTYT OBITh 3PHEKTHBHO MPUME-
HEHBI B PA3IMYHBIX KOH(MUTYpAIUSIX PaUO-
MOTJIOTUTENIEH, BKIIIOYas INUPOKOMOJIOCHBIE U
Y3KOIOJIOCHBIE CHCTEMBI, B 3aBUCUMOCTH OT
TpeOyeMoro auana3oHa 4YacTOT U YCJIOBHIA
JKCIUTyaTalUu.

PaGora BhINONIHEHA MPU MOAJIEPIKKE TOCY-
JapCTBEHHOU MPOTPaMMBI HAYYHBIX UCCIIEIO-
Bannii PecnyOimku benapych «DoTtoHuka u
ANIEKTPOHWMKA JUIS WHHOBalWi» (3agaHue
6.2.10).
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