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Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ýëåêòðîôèçè÷åñêèõ ñâîéñòâ ôåððèò-äèý-

ëåêòðè÷åñêèõ êîìïîçèòîâ, â êîòîðûõ â êà÷åñòâå âêëþ÷åíèé âûáðàíû Mn-Zn- è Ni-Zn-ôåð-

ðèòû-øïèíåëè ñ îäèíàêîâîé íà÷àëüíîé ìàãíèòíîé ïðîíèöàåìîñòüþ (ìàðêè 2000ÍÌ è

2000ÍÍ ñîîòâåòñòâåííî), íî ðàçíûìè ýëåêòðè÷åñêèìè ñîïðîòèâëåíèÿìè. Â êà÷åñòâå ìàò-

ðèö äëÿ êîìïîçèòîâ èñïîëüçîâàëè ïîëèìåðíûå è êåðàìè÷åñêèå äèýëåêòðèêè ñ ðàçëè÷íûì

çíà÷åíèåì äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè: ïîëèñòèðîë (ÏÑ525), ïîëèâèíèëèäåíôòîðèä

(ìàðêà Ô2ÌÂ), öèðêîíàò-òèòàíàò ñâèíöà (ÖÒÑ-21), òèòàíàò áàðèÿ (ÒÁÊ-3). Ýêñïåðèìåí-

òàëüíûå îáðàçöû êîìïîçèòîâ ïîëó÷àëè ìåòîäîì ãîðÿ÷åãî (åñëè ìàòðèöà — ïîëèìåð) èëè

õîëîäíîãî ïðåññîâàíèÿ ñî ñâÿçêîé (åñëè ìàòðèöà — êåðàìè÷åñêèé ñåãíåòîýëåêòðèê). Ïîêà-

çàíî, ÷òî ðàäèîïîãëîùàþùèå ñâîéñòâà ïîëó÷åííûõ êîìïîçèòîâ âî ìíîãîì çàâèñÿò îò ýëåê-

òðîôèçè÷åñêèõ ñâîéñòâ äèýëåêòðè÷åñêîé ìàòðèöû è óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ íà-

ïîëíèòåëÿ. Íàèáîëüøåå îñëàáëåíèå ýëåêòðîìàãíèòíûõ âîëí 25 – 27 äÁ â äèàïàçîíå ÷àñòîò

4 – 5 ÃÃö íàáëþäàëè äëÿ ôåððèò-ïîëèìåðíûõ êîìïîçèòîâ ñ ïîëóïðîâîäíèêîâûì íàïîë-

íèòåëåì 2000ÍÌ ïðè òîëùèíå ðàäèîïîãëîùàþùåãî ìàòåðèàëà 6 ìì. Äëÿ êîìïîçèòîâ ñ íà-

ïîëíèòåëåì Mn-Zn-ôåððèò òàêæå ôèêñèðîâàëè âûðàæåííûé ñäâèã îáëàñòè äèñïåðñèè

ìàãíèòíîé ïðîíèöàåìîñòè, ÷òî â ñâîþ î÷åðåäü ìåíÿëî ÷àñòîòíîå ïîëîæåíèå ïèêîâîãî ðà-

äèîïîãëîùåíèÿ. Äëÿ êîìïîçèòîâ ñ ñåãíåòîýëåêòðè÷åñêîé ìàòðèöåé îáëàñòü ðàáî÷èõ ÷àñòîò

äëÿ îáîèõ íàïîëíèòåëåé ñìåùàëàñü â íèçêî÷àñòîòíóþ îáëàñòü (1 – 4 ÃÃö) ñ ìàêñèìàëüíûì

îñëàáëåíèåì äî 22 äÁ ïðè òîé æå òîëùèíå ìàòåðèàëà. Ýêñïåðèìåíòàëüíî áûëî óñòàíîâ-

ëåíî, ÷òî ïðè ìàññîâîé êîíöåíòðàöèè ôåððèòà Cm = 40 % ñ óâåëè÷åíèåì äèýëåêòðè÷åñêîé

ïðîíèöàåìîñòè ìàòðèöû óìåíüøàåòñÿ ÷àñòîòà öåíòðà ìèíèìóìà ïîãëîùåíèÿ fö è ìèíèìà-

ëüíîå çíà÷åíèå êîýôôèöèåíòà îòðàæåíèÿ íà ìåòàëëè÷åñêîé ïëàñòèíå Kîòð
ìèí äëÿ íàïîëíè-

òåëÿ ñ âûñîêèì ýëåêòðîñîïðîòèâëåíèåì 2000ÍÍ. Â ñëó÷àå êîìïîçèòîâ ñ íàïîëíèòåëåì

2000ÍÌ çàâèñèìîñòü Kîòð
ìèí (å� ìàòðèöû) ïðîõîäèò ÷åðåç ìèíèìóì. Ïîëó÷åííûå êîìïîçèòû

ìîæíî ðàññìàòðèâàòü êàê ýôôåêòèâíûå ðàäèîïîãëîùàþùèå ìàòåðèàëû äëÿ äèàïàçîíà

÷àñòîò 1 – 6 ÃÃö ñ ïèêîâûì îñëàáëåíèåì ýëåêòðîìàãíèòíîé âîëíû â äèàïàçîíå 14 – 27 äÁ è

ðàáî÷åé ïîëîñîé ÷àñòîò (ìåíåå 10 äÁ) â äèàïàçîíå 1,1 – 2,5 ÃÃö.

Êëþ÷åâûå ñëîâà: ôåððèò-äèýëåêòðè÷åñêèå êîìïîçèòû; Ni-Zn-ôåððèòû-øïèíåëè

2000ÍÍ; Mn-Zn-ôåððèòû-øïèíåëè 2000ÍÌ; ðàäèîïîãëîùàþùèå ìàòåðèàëû; ìàòðèöà;

íàïîëíèòåëü; ìàãíèòíàÿ ïðîíèöàåìîñòü; äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü; óäåëüíîå ýëåêò-

ðîñîïðîòèâëåíèå.
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The results of studying the electrical properties of ferrite-dielectric composites containing inclusions of

Mn-Zn and Ni-Zn spinel ferrites with the same initial magnetic permeability (grades 2000NM and

2000NN, respectively) and different electrical resistance are presented. Four matrix materials, polymer

and ceramic dielectrics with a different dielectric permittivity were used in the experiments: polystyrene

(PS525), polyvinylidene fluoride (grade F2MB), lead zirconate titanate (ZTS-21), and barium titanate

(TBK-3). Experimental samples of composites were obtained by hot (for a polymer matrix) or cold pressing

with a binder (in case of ferroelectric ceramic matrix). It has been shown that the microwave-absorbing

properties of the resulting composites significantly depend on the electrical properties of the dielectric ma-

trix and the electrical resistivity of the filler. The highest attenuation of electromagnetic waves of

25 – 27 dB in the frequency range 4 – 5 GHz is observed for ferrite-polymer composites with a semicon-

ductor filler of 2000NM with a thickness of microwave-absorbing material of 6 mm. For composites with

Mn-Zn ferrite filler, a pronounced shift in the dispersion region of magnetic permeability is also observed,

which in turn changes the frequency position of peak radio absorption. For the composites with a ferro-

electric matrix, the operating frequency range for both fillers shifted to the low-frequency region

1 – 4 GHz with a maximum attenuation of up to 22 dB at the same thickness. It was experimentally con-

firmed that at a concentration of ferrite Cm = 40 % wt., the value of the frequency of absorption peal cen-

ter fc and the minimum value of the reflection loss Kref for a filler with high electrical resistance of 2000NN

decrease with an increase in the dielectric constant of the matrix. As for the composites with a 2000NM

filler, the K ref
min (å� of the matrix) dependence passes through a minimum. The obtained composites can be

considered as effective microwave-absorbing materials for the frequency range 1 – 6 GHz with peak atten-

uation of the electromagnetic wave in the range 14 – 27 dB and frequency band (less than 10 dB) in the

range 1.1 – 2.5 GHz.

Keywords: ferrite-dielectric composites; Ni-Zn-ferrite-spinel 2000NN; Mn-Zn-ferrite-spinel 2000NM;

radio-absorbing materials; matrix; filler; magnetic permeability; permittivity; electrical resistivity.

Ââåäåíèå

Çàäà÷à ïîëó÷åíèÿ êîìïîçèòíûõ ìàòåðèàëîâ

àêòóàëüíà âñëåäñòâèå íåîáõîäèìîñòè ðàçðàáîòêè

íîâûõ ìàòåðèàëîâ ñ óíèêàëüíûìè ôóíêöèîíàëü-

íûìè è êîíñòðóêöèîííûìè ñâîéñòâàìè [1, 2].

Îäíè èç äîìèíèðóþùèõ â ïðîèçâîäñòâå è èçó÷å-

íèè êîìïîçèöèîííûõ ìàòåðèàëîâ — ïîëèìåðíûå

êîìïîçèöèîííûå ìàòåðèàëû (ÏÊÌ), â êîòîðûõ

ïîëèìåðû âûñòóïàþò â êà÷åñòâå ìàòðèö, ñâÿçû-

âàþùèõ ðàçëè÷íûå àðìèðóþùèå èëè ôóíêöèî-

íàëüíûå íàïîëíèòåëè â âèäå ñôåð, ýëëèïñîèäîâ,

íèòåé, ïëàñòèí, âîëîêîí è äð. [1 – 3]. Ðåçóëüòè-

ðóþùèå õàðàêòåðèñòèêè ÏÊÌ çàâèñÿò îò áîëü-

øîãî êîëè÷åñòâà òåõíîëîãè÷åñêèõ ïàðàìåòðîâ

ïîëó÷åíèÿ è îòäåëüíûõ ñâîéñòâ êîìïîíåíòîâ, íî

â ïåðâîì ïðèáëèæåíèè ìîæíî âûäåëèòü ñëåäóþ-

ùèå: ðàñïðåäåëåíèå âêëþ÷åíèé ïî îáúåìó ìàòðè-

öû è êîíöåíòðàöèÿ âêëþ÷åíèé.

Íåîáõîäèìîñòü ïîëó÷åíèÿ ÏÊÌ, ñïîñîáíûõ

ïîãëîùàòü èëè ýêðàíèðîâàòü ýëåêòðîìàãíèòíîå

èçëó÷åíèå (ÝÌÈ), î÷åâèäíà èç-çà ïðîáëåì ñ ýëåê-

òðîìàãíèòíîé ñîâìåñòèìîñòüþ êîìïîíåíòîâ â

ýëåêòðîííîé àïïàðàòóðå, ýëåêòðîìàãíèòíûì çà-

ãðÿçíåíèåì îêðóæàþùåé ñðåäû è äð. [3, 4].

Ôóíêöèîíàëüíûå ñâîéñòâà ðàäèîïîãëîùàþùèõ

ÏÊÌ â ÑÂ×-äèàïàçîíå ÝÌÈ (îñëàáëåíèå, ïîëîñà

ïîãëîùåíèÿ, ïèêîâîå çíà÷åíèå îñëàáëåíèÿ) çà-

âèñÿò îò òàêèõ ôèçè÷åñêèõ ïàðàìåòðîâ, êàê êîì-

ïëåêñíûå äèýëåêòðè÷åñêàÿ å* è ìàãíèòíàÿ ì*

ïðîíèöàåìîñòè, ýëåêòðîïðîâîäíîñòü ó. Àíàëè-

çèðóÿ ÷àñòîòíûå ñïåêòðû äàííûõ ïàðàìåòðîâ,

ìîæíî ñ ïðèåìëåìîé òî÷íîñòüþ ïðîãíîçèðîâàòü

ðàäèîïîãëîùàþùèå õàðàêòåðèñòèêè ìàòåðèàëà.

Îòìåòèì, ÷òî âûñîêèå çíà÷åíèÿ å* è ì* ìîãóò

óêàçûâàòü íà èíòåíñèâíûå ïðîöåññû ïîëÿðèçà-

öèè è íàìàãíè÷èâàíèÿ, ïðè êîòîðûõ ÷àñòü ýëåê-

òðîìàãíèòíîé ýíåðãèè ðàñõîäóåòñÿ íà ïåðåîðè-

åíòàöèþ äèïîëåé. Âûñîêîå çíà÷åíèå ó ìîæåò

îáóñëàâëèâàòü âîçíèêíîâåíèå âèõðåâûõ òîêîâ â

ìàòåðèàëå, ÷òî òàêæå ñïîñîáñòâóåò óëó÷øåíèþ

ðàäèîïîãëîùàþùèõ õàðàêòåðèñòèê.

Ðàäèîïîãëîùàþùèå õàðàêòåðèñòèêè ÏÊÌ

ìåíÿþòñÿ ïðè íàëè÷èè âêëþ÷åíèé. Òàê, âêëþ÷å-

íèå â ñîñòàâ ÏÊÌ ìàãíèòíûõ îêèñëîâ — ôåð-

ðèòîâ [4, 5] — çíà÷èòåëüíî ïîâûøàåò ìàãíèò-

íûå ïîòåðè, îñîáåííî ïðè ÷àñòîòå åñòåñòâåííîãî

ôåððîìàãíèòíîãî ðåçîíàíñà (ÅÔÌÐ). Ôåððèòî-

âàÿ êåðàìè÷åñêàÿ òåõíîëîãèÿ ïîçâîëÿåò ïîëó-

÷àòü áîëüøóþ íîìåíêëàòóðó ðàçëè÷íûõ ñîñòàâîâ

ñ øèðîêèì äèàïàçîíîì ìàãíèòíûõ ñâîéñòâ [6],

÷òî äàåò âîçìîæíîñòü ñîçäàâàòü îãðîìíîå êîëè÷å-

ñòâî ðàäèîïîãëîùàþùèõ êîìïîçèòîâ (ÐÏÊ) ñ

âêëþ÷åíèÿìè èç ôåððèòîâ. Ñ èñïîëüçîâàíèåì êå-

ðàìè÷åñêîé òåõíîëîãèè ìîãóò ïðîèçâîäèòüñÿ êàê

ïîðîøêè, òàê è îáúåìíûå èçäåëèÿ, êîòîðûå ìîæ-

íî èçìåëü÷àòü (íàïðèìåð, áðàêîâàííûå èçäåëèÿ).

Êðîìå òîãî, íàíî÷àñòèöû èëè óëüòðàäèñïåðñíûå

÷àñòèöû ôåððèòîâ [7, 8] òàêæå ìîãóò èñïîëü-

çîâàòüñÿ â êà÷åñòâå âêëþ÷åíèé â ÐÏÊ íà îñíîâå

ïîëèìåðîâ. Çàìåòèì, ÷òî ñèíòåç íàíîìàòåðèàëîâ

â áîëüøèíñòâå ñëó÷àåâ äîñòàòî÷íî ñëîæåí, à èõ

ïðàêòè÷åñêîå ïðèìåíåíèå îãðàíè÷åíî èç-çà äî-
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ðîãîâèçíû è ñëîæíîñòè ïðîöåññîâ ïîëó÷åíèÿ

íàïîëíèòåëåé.

Ôåððèòû — âûñîêîñòàáèëüíûå, ñòîéêèå ê àò-

ìîñôåðíûì âîçäåéñòâèÿì è ýëåêòðîìàãíèòíîìó

èçëó÷åíèþ ìàòåðèàëû. Â êà÷åñòâå ïîëèìåðíûõ

ìàòðèö ÷àñòî ïðèìåíÿþò òåðìî- (ïîëèñòèðîë,

ïîëèýòèëåí, ïîëèâèíèëõëîðèä, ïîëèïðîïèëåí,

ïîëèâèíèëîâûé ñïèðò) è ðåàêòîïëàñòè÷íûå

(ýïîêñèäíàÿ ñìîëà) ïîëèìåðû ñ íèçêîé ýëåêòðî-

ïðîâîäíîñòüþ è âûðàæåííîé ãèäðîôîáíîñòüþ è

ñòîéêîñòüþ ê âíåøíèì âîçäåéñòâèÿì ñîîòâåò-

ñòâåííî.

Ýôôåêòèâíûì íàïîëíèòåëåì äëÿ ÐÏÊ ìîãóò

ñëóæèòü îêñèäíûå ñåãíåòîýëåêòðèêè, íàïðèìåð,

òèòàíàò áàðèÿ BaTiO3 [9, 10]. Â òàêèõ ìàòåðèà-

ëàõ ñóùåñòâîâàíèå ýëåêòðè÷åñêèõ äèïîëåé îáó-

ñëàâëèâàåò ïðîöåññû ïîëÿðèçàöèè, êîòîðûå ìî-

ãóò äàâàòü ñóùåñòâåííûé âêëàä â äèýëåêòðè-

÷åñêèå ïîòåðè. Ïðè ñìåøèâàíèè ìàãíèòíûõ èëè

ýëåêòðîïðîâîäÿùèõ äîáàâîê ñ ñåãíåòîýëåêòðè÷å-

ñêèìè âêëþ÷åíèÿìè âîçìîæíî âîçíèêíîâåíèå

ñèíåðãåòè÷åñêîãî ýôôåêòà ïîâûøåííîãî ðàäèî-

ïîãëîùåíèÿ.

Ïîèñê îïòèìàëüíûõ ñîîòíîøåíèé êîìïëåêñ-

íûõ äèýëåêòðè÷åñêîé è ìàãíèòíîé ïðîíèöàåìî-

ñòåé îñóùåñòâëÿþò ìàòåìàòè÷åñêè [11]. Âìåñòå ñ

òåì ýêñïåðèìåíòàëüíûå äàííûå çàâèñèìîñòåé

ðàäèîïîãëîùàþùèõ õàðàêòåðèñòèê îò äèýëåê-

òðè÷åñêîé ïðîíèöàåìîñòè ïðåäñòàâëÿþò èíòåðåñ

ïðåæäå âñåãî ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ.

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ ìàññî-

âîé äîëè ôåððèòîâîãî íàïîëíèòåëÿ, åãî ýëåêòðè-

÷åñêèõ ñâîéñòâ íà ýëåêòðîìàãíèòíûå è ðàäèîïî-

ãëîùàþùèå ñâîéñòâà ôåððèò-äèýëåêòðè÷åñêèõ

êîìïîçèòîâ.

Ìàòåðèàëû, ìåòîäèêà

Â êà÷åñòâå èñõîäíûõ êîìïîíåíòîâ èñïîëüçî-

âàëè ïðîìûøëåííûå ôåððèòû ìàðîê 2000ÍÍ è

2000ÍÌ (õèìè÷åñêèå ñîñòàâû: Ni0,32Zn0,68Fe2O4 è

Mn0,58Zn0,26Fe0,16Fe2O4), â êà÷åñòâå ìàòðèö äëÿ

êîìïîçèòîâ — ïîëèñòèðîë ÏÑ525, ïîëèâèíèë-

èäåíôòîðèä (ÏÂÄÔ) Ô2ÌÂ è ñåãíåòîýëåêòðè÷å-

ñêóþ êåðàìèêó ÒÁÊ-3 (ñîñòàâ: Ba0,9Ca0,1TiO3 +

+ 0,5CoO) è ÖÒÑ-21 (ñîñòàâ: Pb(Zr0,4Ti0,6)O3).

Îòìåòèì, ÷òî ñîïîëèìåð ÏÂÄÔ ìàðêè Ô2ÌÂ (ñî-

ñòàâ: –[CH2–CF2]n–[CF2–CF2]m–, ãäå n = 71, m =

= 29), êàê ïîëèìåðíûé ìàòåðèàë, øèðîêî ïðèìå-

íÿþò ïðè ðàçðàáîòêå êîìïîçèòîâ, ïîñêîëüêó îí,

ïîìèìî ñåãíåòîýëåêòðè÷åñêèõ ñâîéñòâ, îáëàäàåò

âûñîêèìè êîíñòðóêöèîííûìè õàðàêòåðèñòèêàìè

[12 – 15].

Ýëåêòðîìàãíèòíûå è ðàäèîïîãëîùàþùèå

ñâîéñòâà êîìïîçèòîâ èññëåäîâàëè íà îáðàçöàõ â

âèäå êîëåö (âíåøíèé è âíóòðåííèé äèàìåòðû —

16 è 7 ìì, òîëùèíà — 6 ìì). Êîëüöà ñ ìàòðèöàìè

èç ïîëèìåðîâ èçãîòàâëèâàëè ñëåäóþùèì îáðà-

çîì: ïîðîøêè ïîëèìåðîâ è ôåððèòà ñìåøèâàëè

ìåõàíè÷åñêè äî ïîëó÷åíèÿ îäíîðîäíîé ñìåñè,

ñìåñü ïîñëå çàãðóçêè â ïðåññ-ôîðìó èç íåðæàâå-

þùåé ñòàëè ïðåññîâàëè äî äàâëåíèÿ 100 ÌÏà è

ïðîãðåâàëè â òå÷åíèå 10 ìèí ïðè òåìïåðàòóðå

200 °C (äëÿ ïîëèñòèðîëà — 90 °C). Â ñëó÷àå êîì-

ïîçèòîâ, â êîòîðûõ ðîëü ìàòðèöû âûïîëíÿë ïî-

ðîøîê ñåãíåòîýëåêòðèêà, ïîðîøêè ïüåçîêåðàìè-

êè è ôåððèòà ñìåøèâàëè ñî ñâÿçêîé èç âîäíîãî

ðàñòâîðà ïîëèâèíèëîâîãî ñïèðòà. Ïîëó÷åííóþ

ñìåñü òàêæå ïðåññîâàëè (áåç âîçäåéñòâèÿ òåìïå-

ðàòóðû) ñ ïîñëåäóþùåé ñóøêîé ïðè 60 °C.
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Ðèñ. 1. Âûñîêî÷àñòîòíûå ñïåêòðû äåéñòâèòåëüíîé å� (à) è ìíèìîé å�� (á) ÷àñòåé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè äèýëåê-

òðèêîâ ÏÑ525 (1), Ô2ÌÂ (2), ÖÒÑ (3), ÒÁÊ-3 (4)

Fig. 1. High-frequency spectra of the real å� (a) and imaginary å�� (b) parts of the dielectric permittivity of PS525 (1), F2MV

(2), CTS (3), TBK-3 (4) dielectrics



Îáñóæäåíèå ðåçóëüòàòîâ

Â êà÷åñòâå ìàòðèö èñïîëüçîâàëè äèýëåêòðè-

÷åñêèå ìàòåðèàëû — èçîëÿòîðû (ÏÑ525 — íåïî-

ëÿðíûé äèýëåêòðèê ñî ñëàáûì äèïîëüíûì ìî-

ìåíòîì) è ñåãíåòîýëåêòðèêè (Ô2ÌÂ, ÒÁÊ, ÖÒÑ).

Îêñèäû ñî ñòðóêòóðîé ïåðîâñêèòà èìåþò âûðà-

æåííûå ñåãíåòîýëåêòðè÷åñêèå ñâîéñòâà (ïîñëå

ïîëÿðèçàöèè êåðàìèêè), âûñîêîå çíà÷åíèå äè-

ýëåêòðè÷åñêîé ïðîíèöàåìîñòè è òî÷êó Êþðè

~120 °C [16].

×àñòîòíûå ñïåêòðû äèýëåêòðè÷åñêîé ïðîíè-

öàåìîñòè ïðèìåíÿåìûõ äèýëåêòðèêîâ ïîêàçàíû

íà ðèñ. 1. Âèäíî, ÷òî çíà÷åíèå äèýëåêòðè÷åñêîé

ïðîíèöàåìîñòè ïîëèìåðîâ â 10 ðàç ìåíüøå, ÷åì

ó êåðàìè÷åñêèõ îêñèäíûõ ñåãíåòîýëåêòðèêîâ

èç-çà íàëè÷èÿ äèïîëåé â êðèñòàëëè÷åñêîé ðåøåò-

êå, ñîçäàííûõ åå èñêàæåíèåì. Â ðàññìàòðè-

âàåìîì äèàïàçîíå ÷àñòîò âûðàæåííîé äèñïåðñèè

äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè íå íàáëþäàëè.

Êàê èçâåñòíî, ðåëàêñàöèîííàÿ ïîëÿðèçàöèÿ (äè-

ïîëüíàÿ, òåïëîâàÿ) â ñåãíåòîýëåêòðèêàõ è ïî-

ëèìåðàõ ïðèõîäèòñÿ íà äèàïàçîí 1 – 106 Ãö. Ïî

ýòîé ïðè÷èíå îòñóòñòâóþò çàìåòíûå ÷àñòîòíûå

èçìåíåíèÿ çíà÷åíèé å�. Èçìåíåíèå äèýëåêòðè-

÷åñêîé ïðîíèöàåìîñòè â äèàïàçîíå 2 – 7 ÃÃö ó

îáðàçöîâ ÒÁÊ-3 è ÖÒÑ-21 ñâÿçàíî ñ ðåçîíàíñ-

íûìè ïðîöåññàìè â èçìåðèòåëüíîé ÿ÷åéêå.

Àíàëèç ñïåêòðîâ ìàãíèòíîé è äèýëåêòðè÷å-

ñêîé ïðîíèöàåìîñòåé ïîêàçûâàåò, ÷òî ýëåêòðè÷å-

ñêèå ñâîéñòâà ôåððèòîâîãî íàïîëíèòåëÿ è êîí-

öåíòðàöèÿ íàïîëíèòåëÿ âëèÿþò íà âèä ÷àñòîò-

íûõ ñïåêòðîâ êîìïîçèòîâ è çíà÷åíèÿ å*, ì*. Ýòè

îñîáåííîñòè, â ñâîþ î÷åðåäü, îïðåäåëÿþò ðàäèî-

ïîãëîùàþùèå õàðàêòåðèñòèêè êîìïîçèòîâ.

Ýëåêòðè÷åñêèå ñâîéñòâà íàïîëíèòåëåé õàðàê-

òåðèçóþòñÿ òåì, ÷òî ïðèìåíÿåìûé Mn-Zn-ôåð-

ðèò ìîæíî îòíåñòè ê ïîëóïðîâîäíèêàì (ýëåêòðî-

ïðîâîäíîñòü íà ïîñòîÿííîì òîêå — 1 Ñì/ì), à

Ni-Zn-ôåððèò — ê äèýëåêòðèêàì (ýëåêòðîïðîâîä-

íîñòü íà ïîñòîÿííîì òîêå — 1,7 · 10–7 Ñì/ì). Ýòî
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Ðèñ. 2. Âûñîêî÷àñòîòíûå ñïåêòðû êîìïëåêñíûõ ìàãíèòíîé ì* è äèýëåêòðè÷åñêîé å* ïðîíèöàåìîñòåé (äåéñòâèòåëüíàÿ

(1) è ìíèìàÿ (2) ÷àñòè) ôåððèìàãíåòèêîâ 2000ÍÌ (à, á) è 2000ÍÍ (â, ã) ñîîòâåòñòâåííî

Fig. 2. High-frequency spectra of complex magnetic ì* and dielectric å* permittivity (real (1) and imaginary (2) parts) of

ferrimagnets 2000NM (a, b) and 2000NN (c, d), respectively



ñâÿçàíî ñ íàëè÷èåì â ñîñòàâå Mn-Zn-ôåððèòà

èîíîâ Fe2+, êîòîðûå óâåëè÷èâàþò ïðîâîäèìîñòü

(ïðûæêîâûé ìåõàíèçì Âåðâåÿ) [17].

Íà ðèñ. 2 ïðèâåäåíû ñïåêòðû äèýëåêòðè÷å-

ñêîé è ìàãíèòíîé ïðîíèöàåìîñòåé ôåððèòîâûõ

êîëåö 2000ÍÌ è 2000ÍÍ. Íåñìîòðÿ íà îäèíàêî-

âûå çíà÷åíèÿ íà÷àëüíîé ïðîíèöàåìîñòè, âûñîêî-

÷àñòîòíûå ìàãíèòíûå ïðîíèöàåìîñòè ñèëüíî

ðàçëè÷àþòñÿ. Óìåíüøåíèå ìàãíèòíîé ïðîíèöàå-

ìîñòè ñ óâåëè÷åíèåì ÷àñòîòû ÝÌÈ ñâÿçàíî ñ îò-

ñòàâàíèåì ñëåäîâàíèÿ ìàãíèòíûõ ìîìåíòîâ çà

ïåðåìåííûì ïîëåì. Îñîáåííî âûðàæåí ñïàä ïðè

ðåçîíàíñíîì ïðîöåññå (ÅÔÌÐ è ðåçîíàíñå äî-

ìåííûõ ãðàíèö).

Èçìåðåííàÿ íà÷àëüíàÿ ìàãíèòíàÿ ïðîíèöàå-

ìîñòü íà êåðàìè÷åñêèõ êîëüöàõ 2000ÍÌ è

2000ÍÍ ñîñòàâèëà 1755 è 2041 (êîýðöèòèâíàÿ

ñèëà ïî èíäóêöèè — ~15 À/ì, èíäóêöèÿ íàñûùå-

íèÿ — 0,24 è 0,16 Òë). Ðåçêèé ñïàä äèýëåêòðè÷å-

ñêîé ïðîíèöàåìîñòè å� äëÿ ôåððèòà 2000ÍÌ ìî-

æåò áûòü âûçâàí âëèÿíèåì âèõðåâûõ òîêîâ èëè

ïðåâûøåíèåì ÷àñòîòû ïåðåñêîêîâ ìåæäó èîíàìè

Fe2+ è Fe3+ [18]. Ïîñêîëüêó ôåððèòîâàÿ êåðàìèêà

õàðàêòåðèçóåòñÿ òàêèìè ïàðàìåòðàìè, êàê íà-

÷àëüíàÿ ìàãíèòíàÿ ïðîíèöàåìîñòü, èíäóêöèÿ

íàñûùåíèÿ, êîýðöèòèâíàÿ ñèëà, ìîæíî óòâåðæ-

äàòü, ÷òî èñïîëüçîâàëèñü ôåððèòîâûå ìàòåðèàëû

ñ ïðàêòè÷åñêè îäèíàêîâûìè ìàãíèòíûìè õàðàê-

òåðèñòèêàìè.

Îòìåòèì, ÷òî ïî ñðàâíåíèþ ñî ñïåêòðàìè

ìàãíèòíîé ïðîíèöàåìîñòè ôåððèòîâîé êåðàìèêè

â êîìïîçèòàõ íàáëþäàåòñÿ ÷àñòîòíûé ñäâèã îá-

ëàñòè äèñïåðñèè ì*(f). Â êîìïîçèòàõ ñ âêëþ÷å-

íèÿìè èç Mn-Zn-ôåððèòà ïðè âûñîêèõ êîíöåí-

òðàöèÿõ (Cm > 60 %) òàêæå ôèêñèðóåòñÿ ñëàáî-

âûðàæåííàÿ äèñïåðñèÿ å*(f) [19 – 22].

Ñïåêòðû ìàãíèòíîé ïðîíèöàåìîñòè äëÿ

ñîñòàâîâ Ô2ÌÂ/2000ÍÌ è Ô2ÌÂ/2000ÍÍ ïðåä-

ñòàâëåíû íà ðèñ. 3. Âèäíî, ÷òî äëÿ êîìïîçèòà

ñ ìàãíèòíûìè âêëþ÷åíèÿìè èç 2000ÍÌ (ñì.

ðèñ. 3, á) ÷àñòîòà äèñïåðñèè, îöåíèâàåìàÿ ïî

ìàêñèìóìó çíà÷åíèÿ ì��, çàìåòíî ñìåùàåòñÿ â îá-

ëàñòü íèçêèõ ÷àñòîò. Çàìåòèì, ÷òî äëÿ êîìïîçè-

òîâ ñ ÏÑ525 îñîáåííîñòè ÷àñòîòíûõ ñïåêòðîâ
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Ðèñ. 3. ×àñòîòíûå çàâèñèìîñòè äåéñòâèòåëüíîé ì� è ìíèìîé ì�� ÷àñòåé ìàãíèòíîé ïðîíèöàåìîñòè êîìïîçèòîâ

Ô2ÌÂ/2000ÍÌ (à, á) è Ô2ÌÂ/2000ÍÍ (â, ã) (êîíöåíòðàöèÿ — 20 (1), 40 (2), 60 (3), 80 % (4))

Fig. 3. Frequency dependences of the real å� and imaginary å�� parts of the magnetic permeability of composites

F2MV/2000NM (a, b) and F2MV/2000NN (c, d) (concentration — 20 (1), 40 (2), 60 (3), 80% (4))



ñõîæè, îäíàêî èìååòñÿ ðàçëè÷èå â çíà÷åíèè ìàã-

íèòíîé ïðîíèöàåìîñòè.

Ýëåêòðè÷åñêèå ñâîéñòâà ôåððèòîâûõ âêëþ÷å-

íèé ìîãóò âëèÿòü íà âèä ñïåêòðîâ äèýëåêòðè÷å-

ñêîé ïðîíèöàåìîñòè. Êàê ïîêàçàíî íà ðèñ. 4, ÷àñ-

òîòíûå çàâèñèìîñòè äëÿ Ô2ÌÂ/2000ÍÌ äåìîíñò-

ðèðóþò ñëàáîâûðàæåííóþ çàâèñèìîñòü îò ÷àñòî-

òû â äèàïàçîíå 1 – 7 ÃÃö. Îñîáåííî ýòî ïðîÿâëÿ-

åòñÿ äëÿ âûñîêèõ êîíöåíòðàöèé.

Çàâèñèìîñòè ìàãíèòíîé è äèýëåêòðè÷åñêîé

ïðîíèöàåìîñòåé îò êîíöåíòðàöèè íà ÷àñòîòå

100 ÌÃö ïðåäñòàâëåíû íà ðèñ. 5. Äëÿ êîìïëåêñ-

íîé ìàãíèòíîé ïðîíèöàåìîñòè êîìïîçèòîâ ìîæ-

íî îòìåòèòü, ÷òî çíà÷åíèÿ ì� ðàçëè÷àþòñÿ ïðè

ôèêñèðîâàííûõ êîíöåíòðàöèÿõ èç-çà ðàçíîãî

çàïîëíåíèÿ îáúåìà âêëþ÷åíèÿìè è îñîáåííîñòåé

ðàñïðåäåëåíèÿ êîìïîíåíòîâ. Ïðè âûáðàííîì

ñïîñîáå ñìåøåíèÿ íå óäàåòñÿ ïîëíîñòüþ èç-

áåæàòü ñîïðèêîñíîâåíèÿ ìåæäó ñîáîé ôåððè-

òîâûõ âêëþ÷åíèé, ÷òî ïðèâîäèò ê ýëåêòðè÷åñêîé

è ìàãíèòíîé ïåðêîëÿöèè. Âñëåäñòâèå ýòîãî êî-

ëè÷åñòâî ñêâîçíûõ êàíàëîâ ÷åðåç òîëùèíó êîì-

ïîçèòà ìîæåò áûòü ðàçíûì, ÷òî âëèÿåò íà çíà-

÷åíèÿ ïðîíèöàåìîñòåé â ÑÂ×-îáëàñòè. Èç-çà áî-

ëåå âûñîêèõ çíà÷åíèé å� Mn-Zn-ôåððèòà â êîì-

ïîçèòàõ ñ åãî äîáàâëåíèåì íàáëþäàåòñÿ áîëåå

âûðàæåííûé ðîñò ýòîãî ïàðàìåòðà ñ óâåëè÷åíè-

åì êîíöåíòðàöèè.

Íà ðèñ. 6 ïîêàçàíû ñïåêòðû êîýôôèöèåíòà

îòðàæåíèÿ íà ìåòàëëè÷åñêîé ïëàñòèíå ïîëó÷åí-

íûõ êîìïîçèòîâ (òîëùèíà — 6 ìì). Äëÿ êîìïîçè-

òà ÏÑ525/2000ÍÍ îñëàáëåíèå íå ïðåâûøàåò
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Ðèñ. 4. ×àñòîòíûå ñïåêòðû äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè å� êîìïîçèòîâ Ô2ÌÂ/2000ÍÌ (à) è Ô2ÌÂ/2000ÍÍ (á) (êîí-

öåíòðàöèÿ — 20 (1), 40 (2), 60 (3), 80 % (4))

Fig. 4. Frequency spectra of the dielectric permittivity å� of composites F2MB/2000NM (a) and F2MB/2000NN (b) (concentra-

tion — 20 (1), 40 (2), 60 (3), 80% (4))
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Ðèñ. 5. Çàâèñèìîñòè ìàãíèòíîé è äèýëåêòðè÷åñêîé ïðîíèöàåìîñòåé îò êîíöåíòðàöèè C
m

â êîìïîçèòàõ Ô2ÌÂ (1), ÏÑ525

(2), ÖÒÑ-21 (3) è ÒÁÊ-3 (4) íà ÷àñòîòå f = 100 ÌÃö (íàïîëíèòåëü — ôåððèò 2000ÍÌ (à) è 2000ÍÍ (á))

Fig. 5. Dependences of the magnetic and dielectric permittivity on the concentration Cm in composites F2MV (1), PS525 (2),

CTS-21 (3) and TBK-3 (4) at a frequency of f = 100 MHz (filler — ferrite 2000NM (a) and 2000NN (b))



5 äÁ äëÿ âñåõ êîíöåíòðàöèé, ïîýòîìó ñïåêòðû

Kîòð(f) íå ïðèâîäÿòñÿ.

Ïîëó÷èëè, ÷òî íàèáîëåå âûðàæåííûìè ðà-

äèîïîãëîùàþùèìè õàðàêòåðèñòèêàìè îáëàäàþò

êîìïîçèòû: Ô2ÌÂ/2000ÍÌ, Cm = 40 % (Kîòð
ìèí =

= –26 äÁ, fö = 4,1 ÃÃö, Äf(– 10 äÁ) = 2,5 ÃÃö);

Ô2ÌÂ/2000ÍÍ, Cm = 80 % (Kîòð
ìèí = –14 äÁ, fö =

= 5,8 ÃÃö, Äf(– 5 äÁ) = 5,5 ÃÃö); ÏÑ525/2000ÍÌ,

Cm = 60 % (Kîòð
ìèí = –27,5 äÁ, fö = 4,3 ÃÃö,

Äf(–10 äÁ) = 2,5 ÃÃö); ÒÁÊ-3/2000ÍÍ (Kîòð
ìèí =

= –23 äÁ, fö = 3,5 ÃÃö, Äf(– 10 äÁ) = 1,1 ÃÃö).

Ñõîæèå ñïåêòðû êîýôôèöèåíòà îòðàæåíèÿ èìå-

þò êîìïîçèòû ÏÑ525/2000ÍÌ è Ô2ÌÂ/2000ÍÌ

ïðè Cm = 40 è 60 % ñîîòâåòñòâåííî. Îäíàêî îïðå-

äåëåíèå êàæóùåéñÿ ïëîòíîñòè êîëåö ïîêàçà-

ëî, ÷òî ïëîòíîñòü êîìïîçèòà Ô2ÌÂ/2000ÍÌ ñî-

ñòàâëÿåò 3,08, â òî âðåìÿ êàê ÏÑ525/2000ÍÌ —

3,4 ã/ñì3. Ó÷èòûâàÿ ýòî, ìîæíî óòâåðæäàòü, ÷òî,

êàê ðàäèîïîãëîùàþùèé ìàòåðèàë (ÐÏÌ), âûãîä-

íåå èñïîëüçîâàòü êîìïîçèò ñ ìàòðèöåé èç Ô2ÌÂ,

ïîñêîëüêó äëÿ ÐÏÌ ïðåäïî÷òèòåëüíî áûòü ìàê-

ñèìàëüíî ëåãêîâåñíûìè. Îòìåòèì òàêæå ñìåùå-

íèå öåíòðà ïèêà fö äëÿ êîìïîçèòîâ ñ ïðîâîäÿùèì

Mn-Zn-ôåððèòîì ñ óâåëè÷åíèåì êîíöåíòðàöèè.

Â ñëó÷àå Ni-Zn-ôåððèòà ñìåùåíèå ïèêà íå íà-

áëþäàëîñü.

Ñ èñïîëüçîâàíèåì ñïåêòðîâ êîýôôèöèåíòà

îòðàæåíèÿ íà ìåòàëëè÷åñêîé ïëàñòèíå äëÿ êîëåö

êîìïîçèòîâ ïîëó÷àëè çàâèñèìîñòè íåêîòîðûõ ïà-

ðàìåòðîâ ýòèõ ñïåêòðîâ îò äèýëåêòðè÷åñêîé ïðî-

íèöàåìîñòè ìàòðèöû. Çàâèñèìîñòè Kîòð
ìèí , Kîòð

ïðè ôèêñèðîâàííîé ÷àñòîòå 0,1 ÃÃö è ïîëîæåíèÿ

öåíòðà ìèíèìóìà ïîãëîùåíèÿ fö îò äèýëåêòðè÷å-

ñêîé ïðîíèöàåìîñòè å� ìàòðèöû ïðèâåäåíû íà

ðèñ. 7 (Cm = 40 %). Âèäíî, ÷òî ïèêîâîå çíà÷åíèå

Kîòð
ìèí ïðîõîäèò ÷åðåç ìèíèìóì, îäíàêî ïîëî-

æåíèå ìèíèìóìà ðàçëè÷íî äëÿ êîìïîçèòîâ ñ

Mn-Zn- è Ni-Zn-ôåððèòîì. Äëÿ çàâèñèìîñòè fö â

ñëó÷àå êîìïîçèòîâ ñ âêëþ÷åíèÿìè èç 2000ÍÌ

ïàäåíèå êðèâîé áîëåå âûðàæåíî. Îòìåòèì òàêæå,

÷òî â êîìïîçèòàõ ñ Ni-Zn-ôåððèòîì Kîòð ïðè ÷àñ-

òîòàõ >3 ÃÃö ñëàáî çàâèñèò îò å� ìàòðèöû, à äëÿ

êîìïîçèòîâ ñ Mn-Zn-ôåððèòîì íàáëþäàåòñÿ ñïàä

êðèâîé Kîòð(å�) ïðè ÷àñòîòàõ äî 1 ÃÃö.
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Ðèñ. 6. ×àñòîòíûå ñïåêòðû êîýôôèöèåíòà îòðàæåíèÿ K
îòð

êîìïîçèòîâ Ô2ÌÂ/2000ÍÌ (à), Ô2ÌÂ/2000ÍÍ (á),

ÏÑ525/2000ÍÌ (â), ÒÁÊ-3 è ÖÒÑ-21 ïðè C
m

= 40 % (ã) (êîíöåíòðàöèÿ — 20 (1), 40 (2), 60 (3), 80 % (4))

Fig. 6. Frequency spectra of the reflection coefficient of composites F2MV/2000NM (a), F2MV/2000NN (b), PS525/2000NM

(c), TBK-3 and CTS-21 at Cm = 40% (d) (concentration — 20 (1), 40 (2), 60 (3), 80% (4))



Çàêëþ÷åíèå

Àíàëèç ýëåêòðîôèçè÷åñêèõ è ðàäèîïîãëî-

ùàþùèõ ñâîéñòâ ôåððèò-äèýëåêòðè÷åñêèõ êîì-

ïîçèòîâ ïîêàçûâàåò, ÷òî ýëåêòðîìàãíèòíûå ñâîé-

ñòâà òàêèõ êîìïîçèòîâ â çíà÷èòåëüíîé ñòåïåíè

îïðåäåëÿþòñÿ ýëåêòðîôèçè÷åñêèìè ñâîéñòâàìè

ôåððèòîâûõ âêëþ÷åíèé. Âûñîêàÿ ýëåêòðî-

ïðîâîäíîñòü Mn-Zn-ôåððèòà îáóñëàâëèâàåò âû-

ðàæåííóþ çàâèñèìîñòü å� îò êîíöåíòðàöèè âêëþ-

÷åíèé è ÷àñòîòíûé ñäâèã îáëàñòè äèñïåðñèè ìàã-

íèòíîé ïðîíèöàåìîñòè. Äàííûå îñîáåííîñòè

ýëåêòðîìàãíèòíûõ õàðàêòåðèñòèê, â ñâîþ î÷å-

ðåäü, âëèÿþò íà ðàäèîïîãëîùåíèå â ïîëó÷åííûõ

îáðàçöàõ. Âìåñòå ñ òåì ðàäèîïîãëîùàþùèå ñâîé-

ñòâà êîìïîçèòîâ çàâèñÿò òàêæå îò äèýëåêòðè-

÷åñêèõ ñâîéñòâ ìàòðèöû. Ìîæíî óòâåðæäàòü, ÷òî

äëÿ êîìïîçèöèé ñ 2000ÍÍ è 2000ÍÌ èìååòñÿ îï-

ðåäåëåííîå çíà÷åíèå äèýëåêòðè÷åñêîé ïðîíèöàå-

ìîñòè ìàòðèöû, ïîçâîëÿþùåå ìàêñèìèçèðîâàòü

ðàäèîïîãëîùàþùèå õàðàêòåðèñòèêè. Äëÿ êîìïî-

çèòîâ ñ íàïîëíèòåëåì èç Mn-Zn-ôåððèòà ïðè äè-

ýëåêòðè÷åñêîé ïðîíèöàåìîñòè ìàòðèöû 2,5 – 3 è

ìàññîâîé êîíöåíòðàöèè Cm = 40 – 60 % ïèêîâîå

îñëàáëåíèå ìîæåò äîñòèãàòü 25 äÁ íà ÷àñòîòå

4,2 ÃÃö. Ñ óâåëè÷åíèåì êîíöåíòðàöèè ôåððèòà

ìàðêè 2000ÍÌ è ðîñòîì äèýëåêòðè÷åñêîé ïðîíè-

öàåìîñòè ìàòðèöû ðàäèîïîãëîùàþùèå ñâîéñòâà

êîìïîçèòîâ óõóäøàþòñÿ. Äëÿ êîìïîçèòîâ íà îñ-

íîâå 2000ÍÍ ïðè çíà÷åíèÿõ å� ìàòðèöû 2,5 – 3

âûðàæåííûìè ðàäèîïîãëîùàþùèìè ñâîéñòâàìè

õàðàêòåðèçóþòñÿ òîëüêî êîìïîçèòû ñ Cm = 80 %.

Îòëè÷íûìè õàðàêòåðèñòèêàìè îáëàäàåò êîìïî-

çèò ÒÁÊ-3/2000ÍÍ, ó êîòîðîãî ìèíèìàëüíûé êî-

ýôôèöèåíò îòðàæåíèÿ äîñòèãàåò – 22 äÁ íà ÷àñ-

òîòå 3,5 ÃÃö. Òàêèì îáðàçîì, ñåðèè ïîëó÷åííûõ

êîìïîçèòîâ ìîæíî ðàññìàòðèâàòü êàê ðàäèî-

ïîãëîùàþùèå ìàòåðèàëû äëÿ äèàïàçîíà ÷àñòîò

1 – 6 ÃÃö ñ ìàêñèìàëüíûì îñëàáëåíèåì ýëåêòðî-

ìàãíèòíîãî èçëó÷åíèÿ â äèàïàçîíå 14 – 27 äÁ è

ðàáî÷åé ïîëîñîé ÷àñòîò (ìåíåå 10 äÁ) â äèàïàçî-

íå 1,1 – 2,5 ÃÃö.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà çà ñ÷åò ñðåäñòâ ïðîåêòà

Ê7-2022-053 (ïðîãðàììû ðàçâèòèÿ ÍÈÒÓ «ÌÈ-

ÑÈÑ» íà 2021 – 2030 ãã. è ñòðàòåãè÷åñêîãî àêàäå-

ìè÷åñêîãî ëèäåðñòâà «Ïðèîðèòåò-2030»).
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