
NOISE Theory and Practice 24

ÓÄÊ: 542.8

OECD: 1.03.ÀÀ

Äåìïôèðîâàíèå â òðåõñëîéíûõ êîíñòðóêöèÿõ

ìåòàëë-ïîëèìåð-ìåòàëë ñ òåðìîïëàñòè÷íîé ïëåíêîé èç

ïîëèâèíèëàöåòàòà

Ñÿòêîâñêèé À.È.1, Ðþòêÿíåí Å.À.2, À.Â. Êóäàåâ3∗
1 Ê.õ.í., äèðåêòîð ïî íàóêå ÎÀÎ "Ïëàñòïîëèìåð"

2 Ê.õ.í., Êàôåäðà õèìè÷åñêîé òåõíîëîãèè ïîëèìåðîâ, Ñàíêò-Ïåòåðáóðãñêèé
ãîñóäàðñòâåííûé òåõíîëîãè÷åñêèé èíñòèòóò

3 Ê.ò.í., äîöåíò êàôåäðû ¾Ýêîëîãèÿ è ïðîèçâîäñòâåííàÿ áåçîïàñíîñòü¿, Áàëòèéñêèé
ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò "ÂÎÅÍÌÅÕ" èì. Ä.Ô. Óñòèíîâà

1,2,3 ã. Ñàíêò-Ïåòåðáóðã, ÐÔ

Àííîòàöèÿ

Ìåòîäîì äèíàìè÷åñêîãî ìåõàíè÷åñêîãî àíàëèçà áûëè ïîëó÷åíû óíèôèöèðîâàííûå îáîáùåííûå

êðèâûå îïèñûâàþùèå èçìåíåíèÿ êîìïîíåíòîâ êîìïëåêñíîãî ìîäóëÿ óïðóãîñòè äëÿ ïîëèìåðíîé ïëåíêè

íà îñíîâå ïîëèâèíèëàöåòàòà ÂÏÑ-2,5 â øèðîêîì èíòåðâàëå òåìïåðàòóð è ÷àñòîò. Ýòè äàííûå áûëè

èñïîëüçîâàíû äëÿ ðàñ÷åòà ñîáñòâåííûõ ÷àñòîò ïåðâûõ òðåõ ðåçîíàíñîâ è êîýôôèöèåíòîâ ìåõàíè÷åñêèõ

ïîòåðü òðåõñëîéíûõ ñòðóêòóð ìåòàëë-ïëåíêà-ìåòàëë ñ ðàçëè÷íûì ñîîòíîøåíèåì òîëùèí âÿçêîóïðóãîãî

è àðìèðóþùåãî ñëîåâ. Ðàñ÷åòíûå äàííûå ñîïîñòàâëÿëèñü ñ ýêñïåðèìåíòàëüíûìè. Äîïîëíèòåëüíî

èññëåäîâàëèñü ïàðàìåòðû äåìïôèðîâàíèÿ â êîíñîëüíî çàêðåïëåííûõ òðåõñëîéíûõ ñòåðæíÿõ ñ

âíóòðåííèì ñëîåì èç ÂÏÑ-2,5. Ïîêàçàíî, ÷òî âûñîêèå äåìïôèðóþùèå ñâîéñòâà ìàòåðèàëà ÂÏÑ-2,5

ðåàëèçóþòñÿ â òðåõñëîéíûõ êîìïîçèòàõ ïðè òîëùèíàõ ïëåíîê 0,06-0.1 ìì.

Êëþ÷åâûå ñëîâà: òðåõñëîéíûå êîìïîçèòû, òåðìîïëàñòè÷íûå ïëåíêè, ïîëèâèíèëàöåòàò,

âèáðîäåìïôèðóþùèå ìàòåðèàëû.

Damping in three-layer structures metal-polymer-metal

with thermoplastic �lm of polyvinyl acetate

Syatkovsky A.I. 1, Ryutkyanen E.A. 2, Kudaev A.V.3
1 Ph.D. in Chemistry, Director of Science, JSC "Plastpolymer"

2 Ph.D. in Chemistry, Deputy Head of the Department for Academic A�airs, Department of Chemical
Technology of Polymers, St. Petersburg State Technological Institute

3 PhD in Technology, Associate Professor of the Department "Ecology and Industrial Safety",Baltic State
Technical University "VOENMEH" named after D.F. Ustinov

1,2,3St. Petersburg, Russia

Abstract

The method of dynamic mechanical analysis was used to obtain uni�ed generalized curves describing

changes in the components of the complex modulus of elasticity for a polymer �lm based on polyvinyl acetate

VPS 2.5 in a wide range of temperatures and frequencies. These data were used to calculate the natural

frequencies of the �rst three resonances and the mechanical loss coe�cients of three-layer metal-�lm-metal

structures with di�erent ratios of the thicknesses of the viscoelastic and reinforcing layers. The calculated data
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were compared with the experimental ones. Additionally, damping parameters were studied in cantilevered

three-layer rods with an inner layer from VPS 2.5. It is shown that the high damping properties of the VPS

2.5 material are realized in three-layer composites with �lm thicknesses of 0.06�0.1 mm.

Keywords: three-layer composites, thermoplastic �lms, polyvinyl acetate, vibration damping

materials

Ââåäåíèå

Îäíîé èç íàèáîëåå ýôôåêòèâíûõ òåõíîëîãèé âèáðîäåìïôèðîâàíèÿ ÿâëÿåòñÿ
èñïîëüçîâàíèå àðìèðîâàííûõ è ñëîèñòûõ êîìïîçèòíûõ ìàòåðèàëîâ, â êîòîðûõ
âÿçêîóïðóãèå ïîëèìåðíûå ñëîè ðàñïðåäåëåíû ìåæäó æåñòêèìè óïðóãèìè ñëîÿìè
ìåòàëëîâ èëè æåñòêèõ ïëàñòìàññ. Æåñòêèå ñëîè, èçãîòàâëèâàåìûå èç êîíñòðóêöèîííûõ
ìàòåðèàëîâ, âîñïðèíèìàþò ñèëîâûå âîçäåéñòâèÿ, â òî âðåìÿ êàê ìÿãêèå ñëîè èç
âÿçêîóïðóãèõ ýëàñòè÷íûõ ìàòåðèàëîâ (ÂÝÌ) îáåñïå÷èâàþò äèññèïàöèþ ýíåðãèè çà ñ÷åò
ñäâèãîâûõ äåôîðìàöèé, âîçíèêàþùèõ ïðè èçãèáíûõ êîëåáàíèÿõ â êîìïîçèòíîé ñòðóêòóðå
[1].

Íàèáîëüøåå ðàñïðîñòðàíåíèå ïîëó÷èëè òðåõñëîéíûå êîíñòðóêöèè, ñîñòîÿùèå
èç äâóõ æåñòêèõ íåñóùèõ ñëîåâ è îáåñïå÷èâàþùåãî èõ ñîâìåñòíóþ ðàáîòó ìÿãêîãî
ñëîÿ. Âÿçêîóïðóãèé ïîëèìåð ìÿãêîãî ñëîÿ õàðàêòåðèçóåòñÿ íèçêèì ìîäóëåì ñäâèãà,
ïîðîæäàþùèì âûñîêóþ ñäâèãîâóþ ïîäàòëèâîñòü òðåõñëîéíîé êîíñòðóêöèè, ïðèñóùóþ
âñåì ðàáîòàþùèì íà èçãèá ìíîãîñëîéíûì ñòðóêòóðàì. Óâåëè÷åíèå òîëùèíû
âÿçêîóïðóãîãî ñëîÿ ïðèâîäèò ê ñíèæåíèþ æåñòêîñòè êîíñòðóêöèè, ÷òî íåæåëàòåëüíî,
à, â ðÿäå ñëó÷àåâ, è àáñîëþòíî íåäîïóñòèìî. Ðàöèîíàëüíûé âûáîð ìÿãêîãî ñëîÿ
âÿçêîóïðóãîãî ïîëèìåðà, åãî òîëùèíà è ðàñïîëîæåíèå ñðåäè àðìèðóþùèõ ñëîåâ
ïîçâîëÿåò óâåëè÷èòü äåìïôèðîâàíèå ñëîèñòîé ñòðóêòóðû ïî ñðàâíåíèþ ñ îäíîðîäíîé
êîíñòðóêöèåé áëèçêîé ìàññû, æåñòêîñòè è íåñóùåé ñïîñîáíîñòè [1-3].

Îáùåé îñîáåííîñòüþ ñýíäâè÷åâûõ êîíñòðóêöèé, ñîäåðæàùèõ âíóòðåííèå
âÿçêîóïðóãèå ïîëèìåðíûå ñëîè, ÿâëÿåòñÿ íàëè÷èå ýêñòðåìàëüíîé çàâèñèìîñòè
äåìïôèðóþùèõ õàðàêòåðèñòèê îò òåìïåðàòóðû è ÷àñòîòû âîçìóùåíèÿ. Ýôôåêòèâíîå
äåìïôèðîâàíèå äëÿ êàæäîãî êîíêðåòíîãî âèäà ïîëèìåðíîãî ñâÿçóþùåãî
ïðè ôèêñèðîâàííîé ÷àñòîòå äîñòèãàåòñÿ â íåêîòîðîì êîíêðåòíîì èíòåðâàëå òåìïåðàòóð,
âíå êîòîðîãî ýôôåêòèâíîñòü äåìïôèðîâàíèÿ ñíèæàåòñÿ. Ê òàêèì ìàòåðèàëàì
îòíîñÿòñÿ âÿçêîóïðóãèå ãîìîïîëèìåðû, ïðîÿâëÿþùèå âûñîêèå äèññèïàòèâíûå ñâîéñòâà â
ñðàâíèòåëüíî óçêîì òåìïåðàòóðíîì è ÷àñòîòíîì äèàïàçîíàõ [1,2].

Â òî æå âðåìÿ, ñ ðàñøèðåíèåì òåìïåðàòóðíî-÷àñòîòíîãî èíòåðâàëà
äåìïôèðîâàíèÿ, êàê ïðàâèëî, ïðîèñõîäèò ñíèæåíèå ìàêñèìàëüíîé âåëè÷èíû
êîýôôèöèåíòà ìåõàíè÷åñêèõ ïîòåðü [4], ÷òî â ðÿäå îòâåòñòâåííûõ òåõíè÷åñêèõ ïîçèöèé
íåæåëàòåëüíî. Äëÿ ýòèõ ïîçèöèé ïåðâîñòåïåííîå çíà÷åíèå èìåþò èìåííî âûñîêèå
êîýôôèöèåíòû ïîòåðü â êîíêðåòíîì, ñðàâíèòåëüíî óçêîì äèàïàçîíå òåìïåðàòóð è ÷àñòîò,
÷òî îòêðûâàåò, íà íàø âçãëÿä, äîïîëíèòåëüíûå ïåðñïåêòèâû äëÿ òîíêèõ ïëåíîê èç
òåðìîïëàñòè÷íûõ äåìïôèðóþùèõ ìàòåðèàëîâ íà îñíîâå ãîìîïîëèìåðîâ.

Â ïðàêòè÷åñêîì îòíîøåíèè, ïðè ïðîåêòèðîâàíèè è ñîçäàíèè âèáðîäåìïôèðóþùèõ
êîíñòðóêöèé, ñîäåðæàùèõ âíóòðåííèå ñëîè èç ÂÝÌ, äëÿ ñîçäàíèÿ êîððåêòíûõ
ìàòåìàòè÷åñêèõ ìîäåëåé íåîáõîäèìî èìåòü ïîëíóþ èíôîðìàöèþ î ôèçèêî-ìåõàíè÷åñêèõ
ïîêàçàòåëÿõ ïîëèìåðíîãî ñâÿçóþùåãî â øèðîêîì èíòåðâàëå ÷àñòîò è òåìïåðàòóð.
Îäíàêî, ïîëó÷åíèå òàêèõ äàííûõ â äîñòàòî÷íî øèðîêîì èíòåðâàëå ÷àñòîò è òåìïåðàòóð
ïðåäñòàâëÿåò ñîáîé íà ïðàêòèêå äîñòàòî÷íî ñëîæíóþ çàäà÷ó. Èñïîëüçîâàíèå ïðèíöèïà
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òåìïåðàòóðíî-÷àñòîòíîé ñóïåðïîçèöèè ïîçâîëÿåò ïî íàáîðó áàçîâûõ ýêñïåðèìåíòàëüíûõ
äàííûõ, ïîëó÷åííîãî â îòíîñèòåëüíî óçêîì äèàïàçîíå ÷àñòîò è òåìïåðàòóð, ðàññ÷èòàòü
òàê íàçûâàåìûå óíèôèöèðîâàííûå îáîáùåííûå êðèâûå äëÿ äàííîãî ÂÝÌ. Èç ýòèõ
óíèôèöèðîâàííûõ îáîáùåííûõ êðèâûõ, ïðåäñòàâëåííûõ â ñïåöèàëüíîé êîîðäèíàòíîé
ñåòêå, ìîãóò áûòü îïðåäåëåíû çíà÷åíèÿ ìîäóëÿ íàêîïëåíèÿ è êîýôôèöèåíòà ïîòåðü äëÿ
äàííîãî ÂÝÌ â çíà÷èòåëüíî áîëåå øèðîêîì èíòåðâàëå òåìïåðàòóð è ÷àñòîò [2,5].

Ðàíåå ñîîáùàëîñü îá óñïåøíîì îïûòå èñïîëüçîâàíèÿ â ñîñòàâå ñýíäâè÷åâûõ
êîíñòðóêöèé òåðìîïëàñòè÷íîé ïëàñòèôèöèðîâàííîé ïëåíêè ÂÏÑ-2,5 íà îñíîâå
ïîëèâèíèëàöåòàòà (ÏÂÀ), îáëàäàþùåãî èñêëþ÷èòåëüíî âûñîêèì êîýôôèöèåíòîì
ìåõàíè÷åñêèõ ïîòåðü [6]. Ýòà ïëåíêà óñïåøíî èñïîëüçóåòñÿ êàê âèáðîïîãëîùàþùèé
ñëîé â ñîñòàâå ìåòàëëîêîíñòðóêöèé è ïðè ïðîèçâîäñòâå ëèñòîâûõ âèáðîäåìïôèðóþùèõ
ìàòåðèàëîâ, òàêèõ êàê ¾Âèïîíèò¿ è ¾ÂÒÏ-2Â¿ [7,8].

Öåëü ðàáîòû - ìåòîì äèíàìè÷åñêîãî ìåõàíè÷åñêîãî àíàëèçà (ÄÌÀ) ïðîâåñòè
èññëåäîâàíèå çàâèñèìîñòåé îò òåìïåðàòóðû è ÷àñòîòû ìîäóëÿ íàêîïëåíèÿ è êîýôôèöèåíòà
ìåõàíè÷åñêèõ ïîòåðü ïîëèìåðíîé ïëåíêè ÂÏÑ-2,5 ñ öåëüþ ïîñòðîåíèÿ äëÿ ýòîãî
ìàòåðèàëà óíèôèöèðîâàííûõ îáîáùåííûõ êðèâûõ êîìïîíåíòîâ êîìïëåêñíîãî ìîäóëÿ
óïðóãîñòè â øèðîêîì èíòåðâàëå òåìïåðàòóð è ÷àñòîò. Íà áàçå ïîëó÷åííûõ óíèâåðñàëüíûõ
îáîáùåííûõ çàâèñèìîñòåé ïðîâåñòè ðàñ÷åò òðåõñëîéíîé ñòðóêòóðû ìåòàëë-ïîëèìåð-
ìåòàëë ñ ðàçëè÷íûì ñîîòíîøåíèåì âÿçêîóïðóãîãî è àðìèðóþùèõ ñëîåâ. Ïóòåì
ñîïîñòàâëåíèÿ ðàñ÷åòíûõ äàííûõ ñ ýêñïåðèìåíòàëüíûìè îöåíèòü âîçìîæíîñòü
èñïîëüçîâàíèÿ ïëåíêè ÂÏÑ-2,5 â âèäå òîíêèõ ñëîåâ â ñîñòàâå ñëîèñòûõ êîìïîçèòíûõ
ìàòåðèàëîâ.

1. Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Èñõîäíàÿ ïëåíêà ÂÏÑ-2,5 ñîîòâåòñòâîâàëà ÒÓ 4515-001-00203521-93.

Ýêñïåðèìåíòàëüíûå âåëè÷èíû ìîäóëÿ íàêîïëåíèÿ è êîýôôèöèåíòà ìåõàíè÷åñêèõ
ïîòåðü îïðåäåëåííû íà äèíàìè÷åñêîì ìåõàíè÷åñêîì àíàëèçàòîðå ÄÌÀ Q-800 â ðåæèìå
ðàñòÿæåíèÿ, â äèàïàçîíå òåìïåðàòóð [−17 ÷ +34]◦C ïðè ôèêñèðîâàííûõ çíà÷åíèÿõ
÷àñòîòû êîëåáàíèé f = 1, 2, 5, 10, 20, 40 Ãö. Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ñîáñòâåííûõ
÷àñòîò f exp

i è ñîîòâåòñòâóþùèõ èì êîýôôèöèåíòîâ ìåõàíè÷åñêèõ ïîòåðü ηexpi äëÿ i -îé
ìîäû (i = 1− 3) êîëåáàíèé áåç îïîðíûõ òðåõñëîéíûõ ïëàñòèí îïðåäåëÿëèñü ðåçîíàíñíûì
ìåòîäîì ïðè T = 28◦C.

Ðàçíîâèäíîñòü êëàññè÷åñêîãî ìåòîäà Îáåðñòà äëÿ òðåõñëîéíûõ êîíñîëüíî-
çàêðåïëåííûõ ñòåðæíåé ñî ñâîáîäíûì êîíöîì [1,9] èñïîëüçîâàíà äëÿ èçìåðåíèÿ
ìåõàíè÷åñêèõ ñâîéñòâ ïëåíêè ÂÏÑ 2,5 â òîíêèõ ñëîÿõ. Îïðåäåëÿëèñü ñîáñòâåííûå
÷àñòîòû f exp

1 äëÿ ïåðâûõ ìîä êîëåáàíèé è ñîîòâåòñòâóþùèå èì çíà÷åíèÿ êîýôôèöèåíòîâ
ìåõàíè÷åñêèõ ïîòåðü ηexp1 . Äëÿ ïîâûøåíèÿ òî÷íîñòè êàæäîå èçìåðåíèå ïðîâîäèëîñü íà 6
ïàðàëëåëüíûõ îáðàçöàõ.

Ïëàñòèíû è ñòåðæíè èçãîòîâëÿëèñü èç ñòàëè (E = 2,05 ÃÏà,
γ = 0,29, ρ = 7700 êã/ì3), ãäå - ìîäóëü Þíãà, γ - êîýôôèöèåíò Ïóàññîíà, à ρ - ïëîòíîñòü.
Ãåîìåòðè÷åñêèå ïàðàìåòðû ïëàñòèí è ñòåðæíåé óêàçàíû â òåêñòå.
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2. Ðåçóëüòàòû

Äëÿ êîëè÷åñòâåííîé õàðàêòåðèñòèêè óïðóãèõ è äèññèïàòèâíûõ ñâîéñòâ ïîëèìåðîâ
èñïîëüçóþòñÿ àíàëèòè÷åñêèå çàâèñèìîñòè ñîñòàâëÿþùèõ êîìïëåêñíîãî ìîäóëÿ
ïðóãîñòè: âåùåñòâåííîé ÷àñòè êîìïëåêñíîãî ìîäóëÿ óïðóãîñòè (ìîäóëü íàêîïëåíèÿ)
ReE(f,T ) = E ′′(f,T ) è ìíèìîé ÷àñòè êîìïëåêñíîãî ìîäóëÿ óïðóãîñòè (ìîäóëü ïîòåðü)
ImE(f,T ) = E ′′(f,T ). Çäåñü f � ÷àñòîòà êîëåáàíèé, T � òåìïåðàòóðà. Îòíîøåíèå
ìîäóëÿ ïîòåðü ê ìîäóëþ íàêîïëåíèÿ îïðåäåëÿåò âåëè÷èíó êîýôôèöèåíòà ìåõàíè÷åñêèõ
ïîòåðü η(f,T ) = E ′′(f,T )/E ′(f,T ) [2]. Àíàëèòè÷åñêèå ïðåäñòàâëåíèÿ çàâèñèìîñòåé E ′(f,T ),
E ′′(f,T ), η(f,T ) íàõîäÿòñÿ ïóòåì àïïðîêñèìàöèè ýêñïåðèìåíòàëüíûõ äàííûõ, ïîëó÷åííûõ
â ïðîöåññå ïðîâåäåíèÿ äèíàìè÷åñêîãî ìåõàíè÷åñêîãî àíàëèçà.

Íà ðèñ. 1 ïðèâåäåíû ýêñïåðèìåíòàëüíûå âåëè÷èíû ìîäóëÿ íàêîïëåíèÿ E1 è
êîýôôèöèåíòà ìåõàíè÷åñêèõ ïîòåðü η ïëåíêè ìàðêè ÂÏÑ-2,5, îïðåäåëåííûå ìåòîäîì
ÄÌÀ â ðåæèìå ðàñòÿæåíèÿ. Èç àíàëèçà ïðèâåäåííûõ íà ðèñ. 1 ðåçóëüòàòîâ ñëåäóåò,
÷òî äëÿ âñåõ ôèêñèðîâàííûõ çíà÷åíèé f ïðè òåìïåðàòóðå T ≤ −14◦C èçìåíåíèÿ
âåëè÷èí ìîäóëÿ íàêîïëåíèÿ è êîýôôèöèåíòà ìåõàíè÷åñêèõ ïîòåðü ìàëû (ìàòåðèàë
äåôîðìèðóåòñÿ ïî÷òè óïðóãî). Ïîýòîìó â äàëüíåéøåì ðàññìàòðèâàåòñÿ äèàïàçîí
èçìåíåíèÿ òåìïåðàòóðû: [−14÷+34]◦C

Ðèñ. 1. Çàâèñèìîñòè ìîäóëÿ íàêîïëåíèÿ E1 (1à) è êîýôôèöèåíòà ìåõàíè÷åñêèõ ïîòåðü η
(1á) îò òåìïåðàòóðû äëÿ ïëåíêè ÂÏÑ-2,5. Ñïåêòðû ñíÿòû ïðè ðàçëè÷íûõ ÷àñòîòàõ

f = 1; 2; 5; 10; 20; 40 Ãö. Ñòðåëêîé íà ðèñóíêå óêàçàí ïîðÿäîê ðàñïîëîæåíèÿ ñïåêòðîâ â
çàâèñèìîñòè îò èñïîëüçóåìîé ÷àñòîòû

Íà ðèñ. 2 ïðåäñòàâëåí ãðàôèê çàâèñèìîñòè êîýôôèöèåíòà ìåõàíè÷åñêèõ ïîòåðü
η îò àáñîëþòíîãî çíà÷åíèÿ êîìïëåêñíîãî ìîäóëÿ óïðóãîñòè EM = [(E1)2 + (E11)2]1/2,
ÿâëÿþùèéñÿ ñâîåãî ðîäà îöåíêîé êà÷åñòâà ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàííûõ [10].
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Ðèñ. 2. Çàâèñèìîñòü êîýôôèöèåíòà ìåõàíè÷åñêèõ ïîòåðü η îò àáñîëþòíîãî çíà÷åíèÿ
êîìïëåêñíîãî ìîäóëÿ EM ïðè ðàçëè÷íûõ òåìïåðàòóðàõ è ÷àñòîòàõ (îáîçíà÷åíèÿ

àíàëîãè÷íû èñïîëüçîâàííûì íà ðèñ.1)

Âñå ýêñïåðèìåíòàëüíûå òî÷êè ëåæàò íà ïëàâíîé êðèâîé, çíà÷èòåëüíîãî
ðàçáðîñà íå íàáëþäàåòñÿ. Ñëåäîâàòåëüíî, ïëåíêà ÂÏÑ-2,5 ìîæåò áûòü îòíåñåíà
ê òåðìîðåîëîãè÷åñêè ïðîñòîìó ìàòåðèàëó [11]. Â ýòîì ñëó÷àå ïðèìåíèì ìåòîä
òåìïåðàòóðíî-÷àñòîòíîãî ïðèâåäåíèÿ, êîòîðûé ïîçâîëÿåò óñòàíîâèòü áåçðàçìåðíóþ
ôóíêöèþ òåìïåðàòóðíîãî ñìåùåíèÿ [1,5,11].

Àïïðîêñèìàöèÿ ôóíêöèè òåìïåðàòóðíîãî ñìåùåíèÿ âûïîëíåíà äâóìÿ ñïîñîáàìè:
ñ èñïîëüçîâàíèåì àíàëèòè÷åñêîé ôóíêöèè è ýìïèðè÷åñêîãî óðàâíåíèÿ Âèëüÿìñà, Ëàíäåëà
è Ôåððè (ÂËÔ):

lgαT =
c1(T − TR)

c2 + (T − TR)

ãäå â êà÷åñòâå òåìïåðàòóðû ïðèâåäåíèÿ èñïîëüçóåòñÿ çíà÷åíèå TR = 16◦C.

Â êà÷åñòâå àíàëèòè÷åñêîé ôóíêöèè ðàññìàòðèâàëñÿ ïîëèíîì lgαT =
∑n

i=1 αi(T )n−i,
ïîðÿäîê êîòîðîãî óñòàíàâëèâàëñÿ èñõîäÿ èç óñëîâèÿ îáåñïå÷åíèÿ íàèìåíüøåãî îòêëîíåíèÿ
îò àïïðîêñèìèðóåìûõ äàííûõ.

Íàèëó÷øåå ïðèáëèæåíèå ê ýêñïåðèìåíòàëüíûì äàííûì îáåñïå÷èâàþò ñëåäóþùèå
ýìïèðè÷åñêèå ïàðàìåòðû: c1 = 14,14, c2 = 100,8; α1 = −1,26 · 10−6, α2 = 4,01 · 10−5,
α3 = 2,13 · 10−3, α4 = −2,14 · 10−1, α5 = 2,74.

Ïðè ïîñòðîåíèè óíèôèöèðîâàííûõ îáîáùåííûõ çàâèñèìîñòåé ìîäóëü íàêîïëåíèÿ
è êîýôôèöèåíò ìåõàíè÷åñêèõ ïîòåðü ðàññìàòðèâàþòñÿ êàê ôóíêöèè ïðèâåäåííîé ÷àñòîòû
fRi = fiαT (Ti). Çäåñü fi, Ti � ÷àñòîòà è òåìïåðàòóðà i-îé ýêñïåðèìåíòàëüíîé òî÷êè; αT (Ti)�
çíà÷åíèå ôóíêöèè òåìïåðàòóðíîãî ñìåùåíèÿ, ñîîòâåòñòâóþùåå òåìïåðàòóðå Ti.

Íà ðèñ. 3 ïîêàçàí ãðàôèê çàâèñèìîñòè êîìïîíåíòîâ êîìïëåêñíîãî ìîäóëÿ
óïðóãîñòè îò ïðèâåäåííîé ÷àñòîòû fR.
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Ðèñ. 3. Íîìîãðàììà ¾òåìïåðàòóðà- ÷àñòîòà- ïðèâåäåííàÿ ÷àñòîòà¿ äëÿ êîìïîíåíòîâ
êîìïëåêñíîãî ìîäóëÿ óïðóãîñòè ïëåíî÷íîãî ìàòåðèàëà ÂÏÑ-2,5

Ðàñïîëîæåííûå íà ãðàôèêå ïðÿìûå ëèíèè ïîñòîÿííîé òåìïåðàòóðû
(òåìïåðàòóðíûå ëèíèè Äæîóíñà), âìåñòå ñ ãîðèçîíòàëüíîé îñüþ ïðèâåäåííîé ÷àñòîòû
è âåðòèêàëüíîé îñüþ ÷àñòîòû ïðåäñòàâëÿþò íîìîãðàììó ¾òåìïåðàòóðà-÷àñòîòà-
ïðèâåäåííàÿ ÷àñòîòà¿ [1,5,10] äëÿ ïëåíêè ÂÏÑ-2,5. Çàìåòèì, ÷òî â êà÷åñòâå
àïïðîêñèìèðóþùèõ ôóíêöèé ìîãóò áûòü èñïîëüçîâàíû ïîëèíîìèàëüíûå çàâèñèìîñòè:

lgE ′(fR) =
N∑

m=0

pm(lgfR)(N−m), lgη(fR) =
N∑

m=0

qm(lgfR)(N−m),

êîýôôèöèåíòû â êîòîðûõ îïðåäåëÿþòñÿ òàê, ÷òîáû îáåñïå÷èòü íàèìåíüøåå
îòêëîíåíèå ñ ýêñïåðèìåíòîì â èññëåäóåìîì äèàïàçîíå ÷àñòîò (â íàøåì ñëó÷àå â
äèàïàçîíå [0.1 - 106] Ãö).

Åñòåñòâåííî, ÷òî â ðåàëüíûõ ðàñ÷åòàõ óäîáíåå ïîëüçîâàòüñÿ ïîëèíîìèàëüíûì
ïðåäñòàâëåíèåì êîìïîíåíòîâ êîìïëåêñíîãî ìîäóëÿ, ÷åì ñîîòâåòñòâóþùèìè íîìîãðàììàìè.

3. Äåìïôèðîâàíèå â ñòðóêòóðàõ ìåòàëë �ÂÏÑ-2,5 -ìåòàëë

Ðàññìàòðèâàåìûå âÿçêîóïðóãèå ïîëèìåðû èñïîëüçóþòñÿ ïðè ñîçäàíèè ñëîèñòûõ
ñòðóêòóð ñ âûñîêèì óðîâíåì äèññèïàòèâíûõ õàðàêòåðèñòèê. Ïðîñòåéøàÿ ñòðóêòóðà
ïðåäñòàâëÿåò ñîáîé òðåõñëîéíóþ ïëàñòèíó, îáðàçîâàííóþ äâóìÿ æåñòêèìè ñëîÿìè
èç ìåòàëëà è ìÿãêèì ñðåäíèì ñëîåì èç âÿçêîóïðóãîãî ïîëèìåðà. Ïîïåðå÷íûå
çàòóõàþùèå êîëåáàíèÿ òðåõñëîéíîé ïëàñòèíû ñ æåñòêèìè âíåøíèìè èçîòðîïíûìè
ñëîÿìè ðàâíîé òîëùèíû è ñðåäíèì ñëîåì èç âÿçêîóïðóãîãî ïîëèìåðà îïèñûâàþòñÿ
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ñèñòåìîé äèôôåðåíöèàëüíûõ óðàâíåíèé è åñòåñòâåííûìè ãðàíè÷íûìè óñëîâèÿìè,
ïîëó÷åííûìè êàê ÷àñòíûé ñëó÷àé áîëåå îáùåé çàäà÷è, ðàññìîòðåííîé â [12,13]. Äëÿ
ðåøåíèÿ êîìïëåêñíûõ çàäà÷ íà ñîáñòâåííûå çíà÷åíèÿ ïðèìåíÿëñÿ ìåòîä èòåðàöèé
òðåòüåãî ïîðÿäêà, îïèñàííûé â [14].

Ìàòåìàòè÷åñêàÿ ìîäåëü çàòóõàþùèõ êîëåáàíèé òðåõñëîéíîé ïëàñòèíû,
äîñòîâåðíîñòü êîòîðîé ïîäòâåðæäåíà â [12], èñïîëüçîâàëàñü äëÿ èëëþñòðàöèè
äîñòîâåðíîñòè àíàëèòè÷åñêîãî îïèñàíèÿ ñâîéñòâ âÿçêîóïðóãîãî ïîëèìåðà ñðåäíåãî ñëîÿ.
Äëÿ ýòîãî áûëè èçãîòîâëåíû ÷åòûðå îïûòíûõ òðåõñëîéíûå ïëàñòèíû, ãåîìåòðè÷åñêèå
ðàçìåðû êîòîðûõ ïðèâåäåíû â òàáë. 1, è ïðîâåäåíî ñîïîñòàâëåíèå ðàñ÷åòíûõ è
ýêñïåðèìåíòàëüíûõ çíà÷åíèé èõ ñîáñòâåííûõ ÷àñòîò è êîýôôèöèåíòîâ ìåõàíè÷åñêèõ
ïîòåðü. Ìÿãêèé ñëîé òðåõñëîéíûõ ïëàñòèí âûïîëíÿëñÿ èç âÿçêîóïðóãîãî ïîëèìåðà ÂÏÑ-
2,5. Â ðàñ÷åòàõ äëÿ âÿçêîóïðóãîãî ñëîÿ èñïîëüçîâàëèñü çíà÷åíèÿ γ = 0,5, ρ = 1290 êã/ì3,
ãäå γ - êîýôôèöèåíò Ïóàññîíà, à ρ - ïëîòíîñòü. Çíà÷åíèÿ ìîäóëÿ íàêîïëåíèÿ E1 è
η ïðè 28◦C áðàëèñü èç ïîëó÷åííûõ âûøå óíèôèöèðîâàííûõ êðèâûõ äëÿ êîìïîíåíòîâ
êîìïëåêñíîãî ìîäóëÿ (Ðèñ. 4).

Ðèñ. 4. Ñîïîñòàâëåíèå ðàñ÷åòíûõ (ñïëîøíûå ëèíèè) è ýêñïåðèìåíòàëüíûõ äàííûõ
(òî÷êè) îò îòíîñèòåëüíîé òîëùèíû âÿçêîóïðóãîãî ñëîÿ h̄ ñîáñòâåííûõ ÷àñòîò êîëåáàíèé
f (4à) è êîýôôèöèåíòîâ ìåõàíè÷åñêèõ ïîòåðü η (4á) äëÿ ïåðâûõ òðåõ ìîä êîëåáàíèé

i = 1,2,3. Îáðàçöû 1 è 2 (òàáëèöà 1)

Òàáëèöà 1

Ãåîìåòðè÷åñêèå ðàçìåðû îïûòíûõ òðåõñëîéíûõ ïëàñòèí: äëèíà ïëàñòèí 400 ìì, øèðèíà
ïëàñòèí 50 ìì. h1 = h3 = h � òîëùèíà âíåøíèõ ìåòàëëè÷åñêèõ ñëîåâ, h2 � òîëùèíà
âíóòðåííåãî ñëîÿ èç ïëåíêè ÂÏÑ-2,5

� ïëàñòèíû Âh1 = h3 = h, ìì h2, ìì
1 3 0,35
2 3 1,2
3 2 0,5
4 2 1,2

Ãðàôèêè ðàñ÷åòíûõ çàâèñèìîñòåé ñîáñòâåííûõ ÷àñòîò êîëåáàíèé òðåõñëîéíûõ
ïëàñòèí f cal

i = f cal
i (h̄) è ñîîòâåòñòâóþùèõ ýòèì ÷àñòîòàì êîýôôèöèåíòîâ ìåõàíè÷åñêèõ
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ïîòåðü ηcali = ηcali (h̄) îò îòíîñèòåëüíîé òîëùèíû ñëîÿ âÿçêîóïðóãîãî ïîëèìåðà h̄ = h2/h
ñïëîøíûìè ëèíèÿìè ïðèâåäåíû íà ðèñ. 4 è ðèñ.5. Íà ýòèõ æå ðèñóíêàõ òî÷êàìè
èçîáðàæåíû ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ñîáñòâåííûõ ÷àñòîò f exp

i è êîýôôèöèåíòîâ
ìåõàíè÷åñêèõ ïîòåðü ηexpi (i = 1 − 3), ãäå i- ñîîòâåòñòâóþùèé íîìåð êîëåáàòåëüíîé
ìîäû. Ñîâìåñòíûé àíàëèç ðåçóëüòàòîâ, ïðèâåäåííûõ íà ðèñ. 4, 5 ñâèäåòåëüñòâóåò îá
àäåêâàòíîñòè àíàëèòè÷åñêîãî îïèñàíèÿ óïðóãèõ è äèññèïàòèâíûõ ñâîéñòâ, âõîäÿùåãî
â ñîñòàâ ñëîèñòîé êîíñòðóêöèè âÿçêîóïðóãîãî ïîëèìåðà â øèðîêîì òåìïåðàòóðíî-
÷àñòîòíîì äèàïàçîíå. Äëÿ ðàññìîòðåííûõ òðåõñëîéíûõ ïëàñòèí ñïðàâåäëèâû
íåðàâåíñòâà, ∆fi ≤ |10%|, ∆ηi ≤ |19%|, ãäå � ∆fi = [(f cal

i /f exp
i ) − 1] × 100%, à

∆ηi = [(ηcali /ηexpi ) − 1] × 100% âåëè÷èíû, õàðàêòåðèçóþùèå ðàñõîæäåíèÿ ìåæäó
çíà÷åíèÿìè ýêñïåðèìåíòàëüíûõ è ðàñ÷åòíûõ äàííûõ.

Ðèñ. 5. Ñîïîñòàâëåíèå ðàñ÷åòíûõ (ñïëîøíûå ëèíèè) è ýêñïåðèìåíòàëüíûõ äàííûõ
(òî÷êè) îò îòíîñèòåëüíîé òîëùèíû âÿçêîóïðóãîãî ñëîÿ h̄ ñîáñòâåííûõ ÷àñòîò êîëåáàíèé
f (5à) è êîýôôèöèåíòîâ ìåõàíè÷åñêèõ ïîòåðü η (5á) äëÿ ïåðâûõ òðåõ ìîä êîëåáàíèé

i = 1,2,3. Îáðàçöû 3 è 4 (òàáëèöà 1).

Ðàñ÷åòíûå è ýêñïåðèìåíòàëüíûå äàííûå, ïðåäñòàâëåííûå íà ðèñ.4 è ðèñ.5,
îòíîñÿòñÿ ê ñëó÷àþ áåç îïîðíûõ òðåõñëîéíûõ ïëàñòèí ñî ñâîáîäíûìè êîíöàìè. Äëÿ
ïðîâåðêè âîçìîæíîñòè ìàòåðèàëà ÂÏÑ-2,5 îñóùåñòâëÿòü ýôôåêòèâíîå äåìïôèðîâàíèå â
âèäå î÷åíü òîíêèõ ïëåíîê áûëè èññëåäîâàíû çàâèñèìîñòè êîýôôèöèåíòà ìåõàíè÷åñêèõ
ïîòåðü â òðåõñëîéíûõ ìåòàëë-ïîëèìåð-ìåòàëë, êîíñîëüíî-çàêðåïëåííûõ ñòåðæíÿõ ñî
ñâîáîäíûìè êîíöàìè îò òîëùèíû âíóòðåííèõ è âíåøíèõ ñëîåâ êîíñòðóêöèè (Òàáëèöà 2).
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Òàáëèöà 2

Ãåîìåòðè÷åñêèå ïàðàìåòðû òðåõñëîéíûõ ñòåðæíåé, ñîáñòâåííàÿ ÷àñòîòà 1 ìîäû f1,
êîýôôèöèåíò ïîòåðü íà ÷àñòîòå f1 äëÿ êîëåáàíèé êîíñîëüíî çàêðåïëåííûõ ñòåðæíåé
ïî ìåòîäó Îáåðñòà; h1 = h3 = h � òîëùèíà âíåøíèõ àðìèðóþùèõ ñëîåâ, h2- òîëùèíà
âíóòðåííåãî ñëîÿ èç ïëåíêè ÂÏÑ-2,5, äëèíà ñòåðæíåé 230 ìì, øèðèíà 8 ìì

� îáðàçöà h1 = h3 = h, ìì h2, ìì h2/h f1 η1
5 3 0,06 0,02 284 0,345
6 3 0,22 0,07 320 0,42
7 3 0,5 0,17 345 0,81
8 2 0,06 0,03 207 0,255
9 2 0,29 0,15 253 0,29
10 2 0,52 0,26 250 0,53
11 1,5 0,1 0,07 178 0,35
12 1,5 0,25 0,17 180 0,35
13 1,5 0,45 0,30 165 0,96

Èçâåñòíî, ÷òî çàâèñèìîñòü àáñîëþòíûõ çíà÷åíèé êîýôôèöèåíòîâ ìåõàíè÷åñêèõ
ïîòåðü îò ñîîòíîøåíèÿ òîëùèí âÿçêîóïðóãîãî è àðìèðóþùèõ ñëîåâ îïðåäåëÿåòñÿ êàê
ãðàíè÷íûìè óñëîâèÿìè â òðåõñëîéíûõ ñòðóêòóðàõ, òàê è ìîäîé ñîáñòâåííûõ êîëåáàíèé
[15, 16].

Ïðåäñòàâëåííûå íà ðèñ.4á, 5á è â òàáëèöå 2 ýêñïåðèìåíòàëüíûå äàííûå
ñâèäåòåëüñòâóþò î òîì, ÷òî, õîòÿ ñ óâåëè÷åíèåì òîëùèíû âÿçêîóïðóãîãî ñëîÿ
êîýôôèöèåíò ìåõàíè÷åñêèõ ïîòåðü óâåëè÷èâàåòñÿ, ïëåíêè ÂÏÑ-2,5 îáëàäàþò äîñòàòî÷íî
âûñîêèìè äèññèïàòèâíûìè ñâîéñòâàìè è ïðè òîëùèíàõ 0,06 - 0,10 ìì, ñîîòâåòñòâóþùèõ
ñîîòíîøåíèþ òîëùèí âÿçêîóïðóãîãî è àðìèðóþùåãî ñëîåâ h̄ ≈ 0,02.

Çàêëþ÷åíèå

Ïîëó÷åííûå â ðàáîòå ðåçóëüòàòû ïîçâîëÿþò ñôîðìóëèðîâàòü ñëåäóþùèå âûâîäû:

- ïîêàçàíî, ÷òî ïëåíêè èç âèáðîïîãëîùàþùåãî ìàòåðèàëà ÂÏÑ-2,5 îáëàäàþò
âûñîêèìè äèññèïàòèâíûìè ñâîéñòâàìè â ñëîÿõ òîëùèíîé 0,06 -0,1 ìì, ÷òî äåëàåò èõ
ïåðñïåêòèâíûì êîìïîíåíòîì äëÿ ìíîãîñëîéíûõ êîìïîçèöèîííûõ ìàòåðèàëîâ;

- äëÿ ÂÏÑ-2.5 ïîëó÷åíû óíèâåðñàëüíûå îáîáùåííûå çàâèñèìîñòè êîìïîíåíòîâ
êîìïëåêñíîãî ìîäóëÿ â øèðîêîì äèàïàçîíå ÷àñòîò è òåìïåðàòóð, ÷òî ïîçâîëÿåò
èñïîëüçîâàòü ýòè äàííûå ïðè ìàòåìàòè÷åñêîì ìîäåëèðîâàíèè è ïðîåêòèðîâàíèè
äåìïôèðóþùèõ êîíñòðóêöèé;

- êîððåêòíîñòü ïîëó÷åííûõ îáîáùåííûõ óíèôèöèðîâàííûõ êðèâûõ ïðîâåðåíà
ïóòåì ñîïîñòàâëåíèÿ ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ äàííûõ ïî ÷àñòîòàì ñîáñòâåííûõ
êîëåáàíèé è êîýôôèöèåíòîâ ïîòåðü äëÿ òðåõñëîéíîé ïëàñòèíû âèäà: ìåòàëë- ïëåíêà
ÂÏÑ-2,5- ìåòàëë.

Ñïèñîê ëèòåðàòóðû

1. Amr M.Baz.Active and passive vibration damping // John Wiley & Sons. 2018. P.
752. ISBN: 978-1-118-53760-2

2. Chakraborty B.C., Debdatta Ratna. Polymer for vibration damping applications
// Elsevier. 2020. P. 348. eBook ISBN: 9780128192535.



NOISE Theory and Practice 33

3. Nikbakt S., Kamarian S., Shakeri M. A review on optimization of composite
structures Part I: Laminated composites // Compos. Structures. 2018. V. 195. P. 158�185.
https: //doi.org/10.1016/j. compstruct. 2018.03.063

4. Hartman B.// Sound and Vibration Damping with Polymers: ACS Symp.Ser.Am.
Chem.Soc.Washington, DC, 1990. P.23-45.

5. Rouleau L., Pluymers B., Destem W. Characterization and modeling of the
viscoelastic behavior of a self-adhesive rubber using dynamic mechanical analysis test //
Journal of Aerospase Technology and Management. 2015. Vol. 7. No 2. Apr.-Jun. P. 200-208.

6. Ñêóðàòîâà Ò.Á., Êèðèëëîâ Ñ.Å., Ñÿòêîâñêèé À.È. Äèññèïàòèâíûå ñâîéñòâà
ïîëèìåðíûõ ïëåíîê è êîìïîçèòíûõ ìàòåðèàëîâ íà îñíîâå ïîëèâèíèëàöåòàòà // ÆÏÕ.
2019. Ò. 92. No 7. Ñ. 881�887. https//doi.org/ 10.1134/S0044461819070090

7. Êèðïè÷íèêîâ Â.Þ., Ñÿòêîâñêèé À.È., Øëåìîâ Þ.Ô. Âûñîêîýôôåêòèâíûå
ñðåäñòâà íèçêî÷àñòîòíîãî äåìïôèðîâàíèÿ ñ óïðóãèì ýëåìåíòîì èç ïîëèìåðíîé ïëåíêè
// Ñóäîñòðîåíèå. 2020. � 1. Ñ. 44-47.

8. Ïëàòîíîâ Ì.Ì., Øóëüäåøîâ Å.Ì., Íåñòåðîâà Ò.À., Ñàãîìîíîâà Â.À.
Àêóñòè÷åñêèå ïîëèìåðíûå ìàòåðèàëû íîâîãî ïîêîëåíèÿ // Òðóäû ÂÈÀÌ. 2016. Ò.
40. � 4. Ñ. 76�84. dx.doi.org/10.18577/2307-6046-2016- 0-4-9-9

9. Pravin P.Hujare, Anil D.Sahasrabudhe Experimental investigation of damping
performance of viscoelastic material using constrained layer damping treatment. Procedia
Materials Science, 2014, Vol.5, P.726-733. doi:10.1016/j.mspro.2014.07.32

10. ÃÎÑÒÈÑÎ 10112-2002 Ìàòåðèàëû äåìïôèðóþùèå. Ãðàôè÷åñêîå ïðåäñòàâëåíèå
êîìïëåêñíûõ ìîäóëåé óïðóãîñòè.

11. Ferry J.D. Viscoelastic Properties of Polymers. 3rded. New York, NY: Wiley, 1980.
641 p.

12. Ðÿáîâ Â. Ì., ßðöåâ Á. À., Ïàðøèíà Ë. Â. Ñâÿçàííûå êîëåáàíèÿ âÿçêîóïðóãèõ
òðåõñëîéíûõ êîìïîçèòíûõ ïëàñòèí. 1. Ïîñòàíîâêà çàäà÷è // Âåñòíèê Ñàíêò-
Ïåòåðáóðãñêîãî óíèâåðñèòåòà. Ìàòåìàòèêà. Ìåõàíèêà. Àñòðîíîìèÿ. 2020. Ò. 7
(65). Âûï. 3. Ñ. 469-480.

13. Ðÿáîâ Â. Ì., ßðöåâ Á. À., Ïàðøèíà Ë. Â. Ñâÿçàííûå êîëåáàíèÿ âÿçêîóïðóãèõ
òðåõñëîéíûõ êîìïîçèòíûõ ïëàñòèí. 2. ×èñëåííûé ýêñïåðèìåíò // Âåñòíèê Ñàíêò-
Ïåòåðáóðãñêîãî óíèâåðñèòåòà. Ìàòåìàòèêà. Ìåõàíèêà. Àñòðîíîìèÿ. 2021. Ò. 8 (66).
Âûï. 1. Ñ. 88-100.

14. Ïàðøèíà Ë.Â., Ðÿáîâ Â.Ì., ßðöåâ Á.À. Ðàññåÿíèå ýíåðãèè ïðè êîëåáàíèÿõ
íåîäíîðîäíûõ êîìïîçèòíûõ ñòðóêòóð. 2. Ìåòîä ðåøåíèÿ // Âåñòíèê Ñàíêò-
Ïåòåðáóðãñêîãî óíèâåðñèòåòà. Ìàòåìàòèêà. Ìåõàíèêà. Àñòðîíîìèÿ. 2018. Ò. 5
(63). Âûï. 4. Ñ. 678-688.

15. Sher B.R., Moreira R.A.S. Dimensionless analysis of constrained
damping treatments // Composite Structure 2013. Vol.99, P.241-254.
http://dx.doi.org/10.1016/j.compstruct.2012.11.037

16. Akoussan K., Boudaoud H., El Daya M.,KoutsawaY.,Carrera E.// Sensitivity
analysis of the damping properties of viscoelastic composite structure according to the layers
thicknesses. Composite Structures.2016. Vol.49, P.11-25

References

1. Amr M.Baz. Active and passive vibration damping // John Wiley & Sons. 2018.
P. 752. ISBN: 978-1-118-53760-2

2. Chakraborty B.C., Debdatta Ratna. Polymer for vibration damping applications
// Elsevier. 2020. P. 348. eBook ISBN: 9780128192535.



Ñÿòêîâñêèé À.È., Ðþòêÿíåí Å.À., Êóäàåâ À.Â.
Äåìïôèðîâàíèå â òðåõñëîéíûõ êîíñòðóêöèÿõ ìåòàëë-ïîëèìåð-ìåòàëë

ñ òåðìîïëàñòè÷íîé ïëåíêîé èç ïîëèâèíèëàöåòàòà 34

3. Nikbakt S., Kamarian S., Shakeri M. A review on optimization of composite
structures Part I: Laminated composites // Compos. Structures. 2018. V. 195. P. 158�185.
https: //doi.org/10.1016/j. compstruct. 2018.03.063

4. Hartman B.// Sound and Vibration Damping with Polymers: ACS Symp.Ser.Am.
Chem.Soc.Washington, DC, 1990. P.23-45.

5. Rouleau L., Pluymers B., Destem W. Characterization and modeling of the
viscoelastic behavior of a self-adhesive rubber using dynamic mechanical analysis test //
Journal of Aerospase Technology and Management. 2015. Vol. 7. No 2. Apr.-Jun. P. 200-208.

6. Skuratova T.B., Kirillov S.E., Syatkovsky A.I. Dissipative properties of polymer
�lms and composite materials based on polyvinyl acetate // ZhPKh. 2019. V. 92. No 7. S.
881-887. https//doi.org/ 10.1134/S0044461819070090

7. Kirpichnikov V.Yu., Syatkovsky A.I., Shlemov Yu.F. Highly e�ective means of low-
frequency damping with an elastic element made of a polymer �lm // Shipbuilding. 2020. No.
1. S. 44-47.

8. Platonov M.M., Shuldeshov E.M., Nesterova T.A., Sagomonova V.A. Acoustic
polymeric materials of a new generation // Proceedings of VIAM. 2016. V. 40. No. 4. S.
76-84. dx.doi.org/10.18577/2307-6046-2016-0-4-9-9

9. Pravin P.Hujare, Anil D.Sahasrabudhe Experimental investigation of damping
performance of viscoelastic material using constrained layer damping treatment. Procedia
Materials Science, 2014, Vol.5, P.726-733. doi:10.1016/j.mspro.2014.07.32

10. GOST standard ISO 10112-2002 Damping materials. Graphical representation of
complex moduli of elasticity.Ferry J.D. Viscoelastic Properties of Polymers. 3rded. New York,
NY: Wiley, 1980. 641 p.

11. Ferry J.D. Viscoelastic Properties of Polymers. 3rded. New York, NY: Wiley, 1980.
641 p.

12. V. M. Ryabov, B. A. Yartsev, and L. V. Parshina, Coupled vibrations of viscoelastic
three-layer composite plates. 1. Statement of the problem // Bulletin of St. Petersburg
University. Maths. Mechanics. Astronomy. 2020. Vol. 7 (65). Issue. 3. S. 469-480.

13. V. M. Ryabov, B. A. Yartsev, and L. V. Parshina, Coupled vibrations of viscoelastic
three-layer composite plates. 2. Numerical experiment // Bulletin of St. Petersburg University.
Maths. Mechanics. Astronomy. 2021. Vol. 8 (66). Issue. 1. S. 88-100.

14. Parshina L.V., Ryabov V.M., Yartsev B.A. Energy dissipation during vibrations of
inhomogeneous composite structures. 2. Method of solution // Bulletin of St. Petersburg
University. Maths. Mechanics. Astronomy. 2018. V. 5 (63). Issue. 4. S. 678-688.

15. Sher B.R., Moreira R.A.S. Dimensionless analysis of constrained
damping treatments // Composite Structure 2013. Vol.99, P.241-254.
http://dx.doi.org/10.1016/j.compstruct.2012.11.037

16. Akoussan K., Boudaoud H., El Daya M.,KoutsawaY.,Carrera E.// Sensitivity
analysis of the damping properties of viscoelastic composite structure according to the layers
thicknesses. Composite Structures.2016. Vol.49, P.11-25.


