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Ââåäåíèå

Îñîáåííîñòüþ ðàçðóøåíèÿ êîìïîçèöèîííûõ
ìàòåðèàëîâ (ÊÌ) íà îñíîâå ïîëèìåðíîãî ñâÿçó-
þùåãî ÿâëÿåòñÿ ìíîãîî÷àãîâîå îáðàçîâàíèå ïî-
âðåæäåíèé ìèêðîñòðóêòóðû ìàòåðèàëà ïðè âíå-
øíèõ âîçäåéñòâèÿõ, èõ ðàçâèòèå è ñëèÿíèå, ïðè-
âîäÿùèå ê ðàçðóøåíèþ èçäåëèÿ. Ðåçóëüòàòû ìíî-
ãî÷èñëåííûõ èññëåäîâàíèé ïîâðåæäàåìîñòè ñëî-
èñòûõ óãëåïëàñòèêîâ [1—7], øèðîêî ïðèìåíÿåìûõ
â êîíñòðóêöèÿõ îòâåòñòâåííîãî íàçíà÷åíèÿ, ïîêà
íå ïîçâîëèëè ñôîðìèðîâàòü ÿñíîå ïîíèìàíèå
ìåõàíèçìîâ ìíîãîóðîâíåâîãî (îò ìèêðî- äî ìàê-
ðîóðîâíÿ) ðàçðóøåíèÿ òàêèõ ìàòåðèàëîâ è ñîçäàòü
íàäåæíûå ïðîãíîñòè÷åñêèå ìîäåëè ïðî÷íîñòè.
Îäíîé èç ïðè÷èí, ñäåðæèâàþùèõ ñîçäàíèå íàäåæ-
íûõ ïðîãíîñòè÷åñêèõ ìîäåëåé, ÿâëÿåòñÿ êðàéíÿÿ
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 20.07.2020

Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ïðîöåññà ðàçðóøåíèÿ òîëñòîãî ñëîèñòîãî óãëå-
ïëàñòèêà ñ óêëàäêîé [0°/90°]4S ïðè îäíîîñíîì ðàñòÿæåíèè è òðåõòî÷å÷íîì èçãèáå. Âûÿâëåíû è îïèñàíû òèïû
ïîâðåæäåíèé âíóòðåííåé ñòðóêòóðû óãëåïëàñòèêà, ÿâëÿþùèåñÿ ïðåäâåñòíèêàìè òîòàëüíîãî ðàçðóøåíèÿ. Îöåíåíà
äëèòåëüíîñòü ïðîöåññîâ íàêîïëåíèÿ ïîâðåæäåíèé äî ïîëíîãî ðàçðóøåíèÿ ëàìèíàòà ïðè ðàñòÿæåíèè è èçãèáå.
Ïîâûøåíèå èíôîðìàòèâíîñòè ïðî÷íîñòíûõ èññëåäîâàíèé äîñòèãíóòî ñ ïîìîùüþ ïðèìåíåíèÿ êîìáèíàöèè àêó-
ñòè÷åñêèõ ìåòîäîâ — àêóñòè÷åñêîé ýìèññèè è àêóñòè÷åñêîé ìèêðîñêîïèè.

Êëþ÷åâûå ñëîâà: ñëîèñòûé óãëåïëàñòèê, ðàñòÿæåíèå, òðåõòî÷å÷íûé èçãèá, íàêîïëåíèå ïîâðåæäåíèé, ïðåäâå-
ñòíèêè ðàçðóøåíèÿ, àêóñòè÷åñêèå ìåòîäû.

îãðàíè÷åííîñòü èíñòðóìåíòàëüíûõ ñðåäñòâ, ïî-
çâîëÿþùèõ õàðàêòåðèçîâàòü ïîâðåæäåíèÿ îáúåì-
íîé ñòðóêòóðû â õîäå ýêñïåðèìåíòàëüíûõ èññëå-
äîâàíèé ïðî÷íîñòè.

Â ïðàêòèêå ðàçëè÷íûõ èñïûòàíèé ÊÌ è èçäå-
ëèé èç íèõ øèðîêî ïðèìåíÿåòñÿ ìåòîä àêóñòè÷åñ-
êîé ýìèññèè (ÀÝ), ïîçâîëÿþùèé îñóùåñòâëÿòü
íåïðåðûâíûé ìîíèòîðèíã ñîñòîÿíèÿ èññëåäóåìî-
ãî èçäåëèÿ è ðåãèñòðèðîâàòü ïàðàìåòðû âíåøíå-
ãî âîçäåéñòâèÿ, ïðè êîòîðûõ íà÷èíàåòñÿ íåîáðà-
òèìîå ïîâðåæäåíèå âíóòðåííåé ñòðóêòóðû ìàòå-
ðèàëà. Îäíàêî ýòîò ìåòîä íå ïîçâîëÿåò õàðàêòå-
ðèçîâàòü îáðàçîâàâøèåñÿ ïîâðåæäåíèÿ. Èìåþòñÿ
ðàáîòû, â êîòîðûõ ïðåäëàãàåòñÿ èñïîëüçîâàòü
ïàðàìåòðû ïðèíÿòûõ ñèãíàëîâ ÀÝ äëÿ èäåíòèôè-
êàöèè ïîâðåæäåíèé. Íàïðèìåð, àíàëèçèðîâàëèñü
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÷àñòîòû ÀÝ ñèãíàëîâ [8], ïîëó÷åííûõ ïðè èñïû-
òàíèè íà ðàñòÿæåíèå ñïåöèàëüíûõ îáðàçöîâ îä-
íîíàïðàâëåííûõ óãëåïëàñòèêîâ, ðàçðàáîòàííûõ
äëÿ ïîëó÷åíèÿ ðàçðóøåíèé îïðåäåëåííîé ìîäû.
Ïðè èñïûòàíèÿõ íà òðåõòî÷å÷íûé èçãèá ñëîèñòîãî
óãëåïëàñòèêà [9] áûëè âûäåëåíû òðè ñòàäèè ïðî-
öåññà íàãðóæåíèÿ è íà îñíîâå îáðàáîòêè ÀÝ ñèã-
íàëîâ ñäåëàíî çàêëþ÷åíèå î äîìèíèðóþùèõ ïî-
âðåæäåíèÿõ ñòðóêòóðû íà êàæäîé ñòàäèè. Â ïðè-
âåäåííûõ âûøå è ðÿäå äðóãèõ ðàáîò ñîîòâåòñòâèå
òèïîâ ïîâðåæäåíèé, îïðåäåëåííûõ ïî ïàðàìåòðàì
ÀÝ, ðåàëüíûì ïîâðåæäåíèÿì ñòðóêòóðû îïðåäå-
ëÿëîñü ëèáî ïî ïîâåðõíîñòè îáðàçöîâ, ëèáî ïîñ-
ëå ðàçðóøåíèÿ ïî èçëîìàì ìåòîäàìè êëàññè÷åñ-
êîé ìèêðîñêîïèè [8—11].

Ïðè èññëåäîâàíèè ïðî÷íîñòè è èçó÷åíèè ìå-
õàíèçìîâ ðàçðóøåíèÿ èçäåëèé èç ðàçëè÷íûõ ìà-
òåðèàëîâ ÷àñòî èñïîëüçóþò êîìáèíàöèþ ÀÝ ñ
äðóãèìè ìåòîäàìè íåðàçðóøàþùèõ èññëåäîâàíèé
äëÿ îïèñàíèÿ ïîâðåæäåíèé ñòðóêòóðû. Äëÿ ëîêà-
öèè îáðàçîâàâøèõñÿ ïîâðåæäåíèé ïðèìåíÿþòñÿ
òðàäèöèîííûå ìåòîäû íåðàçðóøàþùåãî êîíòðî-
ëÿ (óëüòðàçâóêîâîé, òåïëîâîé, ðåíòãåíîâñêèé
è äð.), íî îíè íå ïîçâîëÿþò âûÿâëÿòü è îïèñûâàòü
ïîâðåæäåíèÿ ñòðóêòóðû ÊÌ íà ìèêðîóðîâíå. Ïðè-
ìåíåíèå ìåòîäà ðåíòãåíîâñêîé êîìïüþòåðíîé
òîìîãðàôèè (ÊÒ) äëÿ èññëåäîâàíèÿ êîìïîçèöè-
îííûõ ìàòåðèàëîâ ìîæåò áûòü çàòðóäíåíî â ñèëó
òåõíè÷åñêèõ ïðè÷èí, âêëþ÷àÿ íèçêèé êîíòðàñò,
îñîáåííîñòè ñòðóêòóðû è ãåîìåòðèè îáðàçöà è äð.
[12]. Ìèêðîïîâðåæäåíèÿ âíóòðåííåé ñòðóêòóðû
óãëåïëàñòèêîâ ìîãóò íàäåæíî âûÿâëÿòüñÿ ñ ïîìî-
ùüþ ñîâðåìåííûõ ðåíòãåíîâñêèõ ìèêðîòîìîãðà-

ôîâ (μCT). Îäíàêî îãðàíè÷åíèå ïî ðàçìåðàì èñ-
ñëåäóåìîãî îáðàçöà (10—20 ìì3) ñóùåñòâåííî ñó-
æàåò îáëàñòè ïðèìåíåíèÿ ìèêðîòîìîãðàôîâ äëÿ
èçó÷åíèÿ ìåõàíèçìîâ ðàçðóøåíèÿ êîìïîçèöèîí-
íûõ ìàòåðèàëîâ ïðè âíåøíèõ âîçäåéñòâèÿõ.

Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïðîöåññîâ ðàç-
ðóøåíèÿ ñëîèñòîãî óãëåïëàñòèêà ñ óêëàäêîé
[0°/90°]4S ïðè íàãðóæåíèè íà ðàñòÿæåíèå è òðåõ-
òî÷å÷íûé èçãèá. Èñïûòàíèÿ ñîïðîâîæäàëèñü íå-
ïðåðûâíûì ìîíèòîðèíãîì öåëîñòíîñòè ñòðóêòó-
ðû ìåòîäîì ÀÝ. Îïèñàíèå è îöåíêà ïîâðåæäåíèé
âíóòðåííåé ñòðóêòóðû óãëåïëàñòèêà (îò ìèêðî- äî
ìàêðîóðîâíÿ) îñóùåñòâëÿëèñü íåðàçðóøàþùèì
óëüòðàçâóêîâûì ìåòîäîì âûñîêîãî ðàçðåøåíèÿ —
àêóñòè÷åñêîé ìèêðîñêîïèåé (ÀÌ).

Êîìáèíàöèÿ íåðàçðóøàþùèõ àêóñòè÷åñêèõ
ìåòîäîâ ïîçâîëèëà îïðåäåëèòü ïàðàìåòðû íàãðó-
æåíèÿ, ïðè êîòîðûõ ïðîèñõîäèò îáðàçîâàíèå è
ðîñò íåîáðàòèìûõ ïîâðåæäåíèé âíóòðåííåé ìèê-
ðîñòðóêòóðû ñëîèñòîãî óãëåïëàñòèêà ïðè ðàñòÿæå-
íèè è èçãèáå, îöåíèòü äëèòåëüíîñòü íàêîïëåíèÿ
ïîâðåæäåíèé äî ðàçðóøåíèÿ, à òàêæå âûÿâèòü è
îïèñàòü òèïû ïîâðåæäåíèé, ÿâëÿþùèõñÿ ïðåäâå-
ñòíèêàìè òîòàëüíîãî ðàçðóøåíèÿ.

1. Ìàòåðèàë è îáðàçöû

Îáðàçöû áûëè âûðåçàíû èç ïàíåëè, èçãîòîâ-
ëåííîé ïî òåõíîëîãèè ïðåïðåãà (M21/35%/268/
T700GC, Hexcel). Õàðàêòåðèñòèêè ìàòåðèàëà ïðè-
âåäåíû â òàáë. 1. Òîëùèíà ñëîÿ ëàìèíàòà ñîñòàâ-
ëÿëà 270 ìêì (16 ñëîåâ), òîëùèíà îáðàçöà 4,32 ìì,
óêëàäêà [0°/90°]4S.

Òàáëèöà 1

Õàðàêòåðèñòèêè ìîíîñëîÿ ìàòåðèàëà M21/35%/268/T700GC

Ìîäóëü óïðóãîñòè âäîëü âîëîêîí, êãñ/ìì2 15080,0 

Ìîäóëü óïðóãîñòè ïîïåðåê âîëîêîí, êãñ/ìì2 1220,0 

Ìîäóëü ñäâèãà, êãñ/ìì2 480,0 

Êîýôôèöèåíò Ïóàññîíà (ïðè íàãðóæåíèè âäîëü âîëîêîí)  0,35 

Òîëùèíà ìîíîñëîÿ, ìì  0,27 

Ðàçðóøàþùèå íàïðÿæåíèÿ 

Ïðè ðàñòÿæåíèè âäîëü âîëîêîí, êãñ/ìì2 236,0 

Ïðè ñæàòèè âäîëü âîëîêîí, êãñ/ìì2 149,0 

Ïðè ðàñòÿæåíèè ïîïåðåê âîëîêîí, êãñ/ìì2 6,1 

Ïðè ñæàòèè ïîïåðåê âîëîêîí, êãñ/ìì2 18,3 

Ïðè ñäâèãå, êãñ/ìì2 9,7 

Ïëîòíîñòü ìàòåðèàëà, ã/ñì3 1,5 
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Íà ðèñ. 1 ïðåäñòàâëåíû ýñêèçû îáðàçöîâ äëÿ
èñïûòàíèé íà ðàñòÿæåíèå è òðåõòî÷å÷íûé èçãèá,
èçãîòîâëåííûå â ñîîòâåòñòâèè ñ ðåêîìåíäàöèÿìè
ÃÎÑÒîâ [13—15].

2. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ

Èñïûòàíèÿ îáðàçöîâ íà ðàñòÿæåíèå è òðåõòî-
÷å÷íûé èçãèá ïðîâîäèëè íà èñïûòàòåëüíîé ìàøè-
íå LFM-TOP50 (WALTER&BAI, Øâåéöàðèÿ).
Êâàçèñòàòè÷åñêîå íàãðóæåíèå îñóùåñòâëÿëè ñòó-
ïåí÷àòî. Âëèÿíèå ðàñòÿæåíèÿ è èçãèáà íà âíóò-
ðåííþþ ñòðóêòóðó îáðàçöîâ èçó÷àëè ïóòåì ñðàâ-
íåíèÿ àêóñòè÷åñêèõ èçîáðàæåíèé, ïîëó÷åííûõ
ìåòîäîì àêóñòè÷åñêîé ìèêðîñêîïèè äî èñïûòà-
íèé, â ïðîöåññå èñïûòàíèé è ïîñëå ðàçðóøåíèÿ
îáðàçöîâ. Èññëåäîâàíèÿ âíóòðåííåé ñòðóêòóðû â
ïðîöåññå èñïûòàíèé ïðîâîäèëè ïî ïîêàçàíèÿì
àêóñòè÷åñêîé ýìèññèè. Ïðè èñïûòàíèè îáðàçöîâ
áûëè ïîëó÷åíû äàííûå ïî íàãðóçêå, äåôîðìàöèè/
ïðîãèáó è ïàðàìåòðàì ÀÝ.

2.1. Èñïûòàíèå íà ðàñòÿæåíèå

Öåëüþ ýêñïåðèìåíòà áûëî èññëåäîâàíèå ïî-
âðåæäåíèé âíóòðåííåé ñòðóêòóðû óãëåïëàñòèêà
ïðè ðàñòÿæåíèè è îïðåäåëåíèå äåôîðìàöèè, ïðè
êîòîðîé íà÷èíàåòñÿ ôîðìèðîâàíèå è ðîñò íåîáðà-
òèìûõ ïîâðåæäåíèé â ìàòåðèàëå ïî ïîêàçàíèÿì

ÀÝ; âûÿâëåíèå è îïèñàíèå ïîâðåæäåíèé âíóòðåí-
íåé ñòðóêòóðû ñ ïîìîùüþ àêóñòè÷åñêèõ èçîáðà-
æåíèé. Ïðîöåäóðà ýêñïåðèìåíòà ñîñòîÿëà èç ñòó-
ïåí÷àòîãî íàãðóæåíèÿ ñ øàãîì ïî äåôîðìàöèè

( Δε = 0,05%) äî ïîëíîãî ðàçðóøåíèÿ îáðàçöà.

2.2 Èñïûòàíèå íà òðåõòî÷å÷íûé èçãèá

Öåëü èñïûòàíèÿ — ýêñïåðèìåíòàëüíîå èçó÷å-
íèå ïðîöåññà ïîâðåæäåíèÿ ñëîèñòîãî óãëåïëàñòè-
êà ïðè äåôîðìàöèÿõ èçãèáà; îïðåäåëåíèå ïðîãè-
áà, ïðèâîäÿùåãî ê íåîáðàòèìûì ïîâðåæäåíèÿì â
ñòðóêòóðå îáðàçöà, âûÿâëåíèå è îïèñàíèå íåîáðà-
òèìûõ ïîâðåæäåíèé, îáðàçîâàâøèõñÿ â çîíàõ ðà-
ñòÿæåíèÿ è ñæàòèÿ, ñðàâíåíèå ïîâðåæäåíèé â
ðàñòÿíóòîé çîíå ïðè èçãèáå è ïðè îäíîîñíîì
ðàñòÿæåíèè.

Ïðîöåäóðà ýêñïåðèìåíòà ñîñòîÿëà èç ñòóïåí-
÷àòîãî íàãðóæåíèÿ îáðàçöà ñ øàãîì ïî ïðîãèáó

îáðàçöà ( Δ = 0,1 ìì). Äëÿ óìåíüøåíèÿ âëèÿíèÿ
èíåðöèè ïðè îñòàíîâêàõ ñêîðîñòü ïåðåìåùåíèÿ
àêòèâíîãî çàõâàòà áûëà âûáðàíà ðàâíîé 1 ìì/ìèí.
Ïðè óñòîé÷èâîì ðîñòå ïàðàìåòðîâ ÀÝ áûëà ïðî-
èçâåäåíà ðàçãðóçêà îáðàçöà äëÿ èññëåäîâàíèÿ ñî-
ñòîÿíèÿ âíóòðåííåé ñòðóêòóðû óãëåïëàñòèêà ìå-
òîäîì ÀÌ. Äàëåå èñïûòàíèÿ áûëè ïðîäîëæåíû äî
ðàçðóøåíèÿ îáðàçöà.

Ðèñ. 1. Ýñêèçû îáðàçöîâ íà ðàñòÿæåíèå (à) è òðåõòî÷å÷íûé èçãèá (á)
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3. Íåðàçðóøàþùèå ìåòîäû èññëåäîâàíèé

3.1. Ìåòîä àêóñòè÷åñêîé ýìèññèè

Ïðèíöèïû ìåòîäà àêóñòè÷åñêîé ýìèññèè îïè-
ñàíû â [16—18]. Îñîáåííîñòè ìåòîäà çàêëþ÷àþòñÿ
â òîì, ÷òî èñòî÷íèêîì ñèãíàëà ÀÝ ñëóæèò ñàì
ìàòåðèàë, à ìåòîä îáíàðóæèâàåò ðàçâèâàþùèåñÿ
äåôåêòû è ïîâðåæäåíèÿ, à íå ñòàòè÷åñêèå íåîäíî-
ðîäíîñòè. Ïðè÷èíîé âîçíèêíîâåíèÿ àêóñòè÷åñêèõ
âîëí â ìàòåðèàëå ÿâëÿþòñÿ ïðîöåññû ïåðåðàñïðå-
äåëåíèÿ íàïðÿæåíèé â îáúåìå ìàòåðèàëà ïîä äåé-
ñòâèåì âíåøíèõ ôàêòîðîâ, ñîâåðøåíèÿ ðàáîòû ïî
ðàçðóøåíèþ âíóòðåííèõ ñâÿçåé (ðàçðóøåíèþ
ñòðóêòóðû ìàòåðèàëà) è âûñâîáîæäåíèÿ ýíåðãèè
â âèäå âîëí íàïðÿæåíèé. Àêóñòè÷åñêèå âîëíû
ðåãèñòðèðóþòñÿ ñ ïîìîùüþ ÀÝ-ïðåîáðàçîâàòåëåé,
óñòàíîâëåííûõ íà ïîâåðõíîñòè èçäåëèÿ. Àíàëèç
çàðåãèñòðèðîâàííûõ ñèãíàëîâ ïîçâîëÿåò ïîëó÷èòü
èíôîðìàöèþ î ôàêòå èçìåíåíèé âî âíóòðåííåé
ñòðóêòóðå è ðàçâèòèè ïîâðåæäåíèé â ïðîöåññå
íàãðóæåíèÿ èçäåëèÿ.

Äëÿ íåïðåðûâíîãî ÀÝ-ìîíèòîðèíãà ñòðóêòó-
ðû îáðàçöîâ â ïðîöåññå èñïûòàíèé èñïîëüçîâà-
ëàñü àêóñòèêî-ýìèññèîííàÿ ñèñòåìà DISP-8 ñ
àêóñòè÷åñêèì ïðåîáðàçîâàòåëåì R30 (Physical
Acoustics corp., ÑØÀ). Îñíîâíûå ïàðàìåòðû àï-
ïàðàòóðû â ýêñïåðèìåíòå: ÷àñòîòíûé äèàïàçîí
ïðåîáðàçîâàòåëÿ 100—300 êÃö, ïîðîã ÷óâñòâèòåëü-
íîñòè 40 äÁ. Â ðàçäåëå «Ðåçóëüòàòû èññëåäîâàíèé
è îáñóæäåíèå» ïðèâåäåíû âðåìåííûå ãðàôèêè
ýíåðãèè ÀÝ ïðè íàãðóæåíèè îáðàçöà íà ðàñòÿæå-
íèå è òðåõòî÷å÷íûé èçãèá.

3.2. Ìåòîä àêóñòè÷åñêîé ìèêðîñêîïèè

Â îñíîâå ìåòîäà ñêàíèðóþùåé àêóñòè÷åñêîé
ìèêðîñêîïèè ëåæèò çîíäèðîâàíèå îáðàçöà ñôî-
êóñèðîâàííûì ïó÷êîì âûñîêî÷àñòîòíîãî óëüòðà-
çâóêà (áîëåå 50 ÌÃö). Ìîäèôèêàöèè ìåòîäà ÀÌ
ñ èìïóëüñíûì âîçáóæäåíèåì ñèãíàëà íàèáîëåå
ýôôåêòèâíû ïðè èññëåäîâàíèè îáúåìíîé ìèêðî-
ñòðóêòóðû ìàòåðèàëîâ [19, 20]. Äèàìåòð ôîêàëü-
íîãî ïÿòíà âûñîêî÷àñòîòíûõ àêóñòè÷åñêèõ ëèíç
ñ íåáîëüøîé óãëîâîé àïåðòóðîé ñîñòàâëÿåò íå-
ñêîëüêî äåñÿòêîâ ìèêðîìåòðîâ. Çîíäèðóþùèé èì-
ïóëüñ ìàëîé äëèòåëüíîñòè îáåñïå÷èâàåò âûñîêîå
ðàçðåøåíèå ïî òîëùèíå îáúåêòà íàáëþäåíèÿ.
Ñëîèñòûå óãëåïëàñòèêè, èññëåäîâàíèþ êîòîðûõ
ïîñâÿùåíà äàííàÿ ðàáîòà, ñîñòîÿò èç îðèåíòèðî-
âàííûõ îïðåäåëåííûì îáðàçîì óãëåðîäíûõ âîëî-
êîí è íèòåé, óëîæåííûõ â ñëîè òîëùèíîé 250—
270 ìêì. Òàêèå ñòðóêòóðû âîñïðèíèìàþòñÿ âûñî-
êî÷àñòîòíûì óëüòðàçâóêîì êàê ñèñòåìà àíèçîò-
ðîïíûõ ñëîåâ, íà ãðàíèöàõ êîòîðûõ óëüòðàçâóêî-

âîå èçëó÷åíèå èñïûòûâàåò îòðàæåíèå. Ýòî ïîçâî-
ëÿåò âèçóàëèçèðîâàòü ñòðóêòóðíûå ñîñòàâëÿþùèå
ëàìèíàòà (ñëîè, ïó÷êè óãëåðîäíûõ âîëîêîí è äð.),
âûÿâëÿòü òåõíîëîãè÷åñêèå íåñîâåðøåíñòâà è äå-
ôåêòû âíóòðåííåé ñòðóêòóðû, à òàêæå åå ïîâðåæ-
äåíèÿ, îáðàçîâàâøèåñÿ â ðåçóëüòàòå âîçäåéñòâèÿ
âíåøíèõ ôàêòîðîâ êàê âíóòðè îòäåëüíîãî ñëîÿ,
òàê è â îáúåìå ìàòåðèàëà.

Èññëåäîâàíèå ñîñòîÿíèÿ âíóòðåííåé ñòðóêòó-
ðû îáðàçöîâ ïðîâîäèëè ñ ïîìîùüþ ñêàíèðóþùåãî
èìïóëüñíîãî àêóñòè÷åñêîãî ìèêðîñêîïà (ÑÈÀÌ-
2011, ÈÁÕÔ ÐÀÍ). Ïðèìåíåíèå àêóñòè÷åñêèõ
ëèíç ñ ðàáî÷èìè ÷àñòîòàìè 50 è 100 ÌÃö, óãëî-
âîé àïåðòóðîé 11° îáåñïå÷èëî ðàçðåøàþùóþ ñïî-
ñîáíîñòü ïðè âèçóàëèçàöèè èññëåäóåìûõ óãëåïëà-
ñòèêîâ ïîðÿäêà 50 è 100 ìêì ñîîòâåòñòâåííî. Äëè-
òåëüíîñòü çîíäèðóþùèõ èìïóëüñîâ 25—40 íñ áûëà
ìåíüøå âðåìåííîé çàäåðæêè ìåæäó èìïóëüñàìè
(150 íñ), îòðàæåííûìè îò ãðàíèö ñëîåâ â ëàìè-
íàòå.  Ýòî ïîçâîëèëî ðàçäåëÿòü ðåãèñòðèðóåìûå
ýõî-ñèãíàëû îò ïîâðåæäåíèé è ãðàíèö ñëîåâ ëà-
ìèíàòà. Ðåçóëüòàòû èññëåäîâàíèÿ ïðåäñòàâëåíû â
âèäå ïîñëåäîâàòåëüíîñòåé àêóñòè÷åñêèõ èçîáðàæå-
íèé ñ íåêîòîðûì øàãîì ïî ãëóáèíå (Ñ-ñêàíû), à
òàêæå â âèäå ïîïåðå÷íûõ ñå÷åíèé îáðàçöà (Â-ñêà-
íû).

4. Ðåçóëüòàòû èññëåäîâàíèé è îáñóæäåíèå

4.1. Èñïûòàíèå íà ðàñòÿæåíèå

Îáðàçåö ñëîèñòîãî ëàìèíàòà [0°/90°]4S ðàç-
ðóøèëñÿ ïðè äåôîðìàöèè ε = 1,11%. Ìàêñèìàëü-
íàÿ íàãðóçêà ñîñòàâèëà 63,97 êÍ, íîðìàëüíûå íà-
ïðÿæåíèÿ â êîíòðîëèðóåìîé çîíå ñîîòâåòñòâîâàëè
75,47 êãñ/ìì2. Äàííûå ïî ïîëó÷åííûì ïðî÷íîñ-
òíûì õàðàêòåðèñòèêàì îáðàçöà ïðåäñòàâëåíû â
òàáë. 2.

Íà ðèñ. 2 ïðåäñòàâëåíà êðèâàÿ íàãðóæåíèÿ
ëàìèíàòà [0°/90°]4S. Êðèâàÿ ðàñòÿæåíèÿ èññëåäó-

Òàáëèöà 2

Ýêñïåðèìåíòàëüíûå äàííûå ïî ïðåäåëüíûì
ïðî÷íîñòíûì õàðàêòåðèñòèêàì ñëîèñòîãî ëàìèíàòà

(M21/35%/268/T700GC)

Îïèñàíèå Ðåçóëüòàò 

Øèðèíà×òîëùèíà (Ø×Ò) 20,00×4,32 ìì 

Íà÷àëüíîå ñå÷åíèå (S0) 86,40 ìì2 

E-ìîäóëü (E) 67,18 ÃÏà 

Ïðåäåë ïðî÷íîñòè (Rm) 740,39 ÌÏà 

Ìàêñèìàëüíàÿ íàãðóçêà (Fm) 63,97 êÍ 

Äåôîðìàöèÿ ïðè ðàçðóøåíèè (At) 1,11% 
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åìîãî óãëåïëàñòèêà ïîêàçûâàåò ïðàêòè÷åñêè õðóï-
êîå ðàçðóøåíèå. Àíàëîãè÷íîå ïîâåäåíèå ñëîèñòî-
ãî óãëåïëàñòèêà [0°/90°]4S ïðè ðàñòÿæåíèè ïðèâî-
äÿòñÿ â äðóãèõ ðàáîòàõ [6].

Íà ðèñ. 3 ïðèâåäåíà âðåìåííàÿ äèàãðàììà
ýíåðãèè ñèãíàëîâ ÀÝ. Àêóñòè÷åñêàÿ ýìèññèÿ ðå-
ãèñòðèðóåòñÿ óæå ïîñëå äåôîðìàöèè 0,25%, íî åå
ýíåðãèÿ íå ïðåâûøàåò 1000 îòíîñèòåëüíûõ åäè-
íèö âïëîòü äî äåôîðìàöèè 0,7% (íàãðóçêà 38 êÍ).
Äàëåå íà÷èíàåòñÿ óñòîé÷èâûé ðîñò âñïëåñêîâ
ýíåðãèè ÀÝ îò 1000 äî 8000 îòí. åä. ïðè äåôîð-
ìàöèÿõ 0,8, 0,9 è 1,11%.

Íà ðèñ. 4 ïðåäñòàâëåíû àêóñòè÷åñêèå èçîáðà-
æåíèÿ âíóòðåííåé ìèêðîñòðóêòóðû óãëåïëàñòèêà
â èñõîäíîì ñîñòîÿíèè è ïîñëå äåôîðìàöèè
ε = 1,11%.

Íà àêóñòè÷åñêèõ èçîáðàæåíèÿõ îòîáðàæàåòñÿ
îðèåíòàöèÿ âîëîêîí â ñëîÿõ â âèäå òîíêîé ïîëî-

ñàòîé ñòðóêòóðû (ðèñ. 4, ñëåâà), â òîì ÷èñëå â âèäå
ïåðåñåêàþùèõñÿ ïîëîñ, åñëè îòîáðàæàþòñÿ äâà
ñëîÿ ñ âçàèìíî ïåðïåíäèêóëÿðíîé óêëàäêîé
(ðèñ. 4, ãðàíèöà 2-ãî—3-ãî ñëîÿ).

Ïîñëå ðàñòÿæåíèÿ èññëåäóåìîãî ñëîèñòîãî
óãëåïëàñòèêà áûëè âûÿâëåíû ïîâðåæäåíèÿ êàê â
ñëîÿõ ñ óêëàäêîé âîëîêîí [90°] (ïåðïåíäèêóëÿð-
íûõ íàïðàâëåíèþ ïðèëîæåííîé íàãðóçêè), òàê è
ñ óêëàäêîé [0°] (îðèåíòèðîâàííûõ âäîëü äåéñòâèÿ
íàãðóçêè).

Â ñëîÿõ ñ [0°] îðèåíòàöèåé âîëîêîí âûÿâëåíû
ïîâðåæäåíèÿ â âèäå ïîòåðè àäãåçèè ïî ãðàíèöàì
«âîëîêíî—ìàòðèöà». Òàêèå ïîâðåæäåíèÿ âûÿâëÿ-
þòñÿ çà ñ÷åò îòðàæåíèÿ çâóêà íà ãðàíèöå ñ âîç-
äóõîì, ÷òî ïðèâîäèò ê ñóùåñòâåííîìó ðîñòó àì-
ïëèòóäû ýõî-ñèãíàëà è ìàêñèìàëüíîé ÿðêîñòè íà
èçîáðàæåíèÿõ. Ïîâðåæäåííûå ó÷àñòêè íàáëþäà-
þòñÿ êàê ïðåðûâèñòûå ñâåòëûå ëèíèè, âûòÿíóòûå
âäîëü óêëàäêè âîëîêîí.

Â ñëîÿõ ñ óêëàäêîé âîëîêîí [90°] òàêæå íàáëþ-
äàþòñÿ èçìåíåíèÿ â ìèêðîñòðóêòóðå. Íà ðèñ. 4
(Ñ-ñêàíû, ãðàíèöà ñëîåâ [90°/0°]) ìíîãî÷èñëåííûå
íàðóøåíèÿ ñòðóêòóðû îòîáðàæåíû â âèäå äëèííûõ
òåìíûõ ïîëîñ ñ ìèíèìàëüíûì êîíòðàñòîì. Ýòî
òåíè, ñôîðìèðîâàííûå âåðòèêàëüíûìè òðåùèíà-
ìè â ñâÿçóþùåì ìåæäó íèòÿìè âîëîêîí [90°] ñëîÿ.
Òàêèå òðåùèíû íå ïîçâîëÿþò ñôîðìèðîâàòü çíà-
÷èòåëüíîå îòðàæåííîå/ðàññåÿííîå èçëó÷åíèå, êàê
â ñëó÷àå ñ ïîâðåæäåíèÿìè â 0° ñëîå, íî ïðåïÿò-
ñòâóþò ïðîõîæäåíèþ óëüòðàçâóêà, ôîðìèðóÿ çà
ñîáîé àêóñòè÷åñêèå òåíè, ÷òî ïîçâîëÿåò âûÿâëÿòü
òàêèå ïîâðåæäåíèÿ. Ñðàâíåíèå àêóñòè÷åñêèõ
èçîáðàæåíèé ðàçíûõ ó÷àñòêîâ îáðàçöà ñâèäåòåëü-
ñòâóåò îá óâåëè÷åíèè ïëîòíîñòè òðåùèí â [90°]
ñëîÿõ ïðè óäàëåíèè îò öåíòðàëüíîé ÷àñòè ê çàõ-
âàòàì. Ãàëòåëü ïåðåõîäà ê çàõâàòíîé ÷àñòè ÿâëÿ-
åòñÿ íåðåãóëÿðíîé ãåîìåòðè÷åñêîé çîíîé, èçìå-
íÿþùåé ðàñïðåäåëåíèå íàïðÿæåíèé â ìàòåðèàëå,
÷òî ìîãëî ïîñëóæèòü îäíîé èç ïðè÷èí, ïðèâåäøèõ
ê ðàçðóøåíèþ îáðàçöà â òàêîé çîíå. Ïîëíîå ðàç-

Ðèñ. 2. Êðèâàÿ íàãðóæåíèÿ ñëîèñòîãî óãëåïëàñòèêà
[0°/90°]4S. Çâåçäî÷êàìè îáîçíà÷åíû ìîìåíòû èññëåäî-
âàíèÿ âíóòðåííåé ìèêðîñòðóêòóðû – âõîäíîé êîíòðîëü
è ïîñëå íàãðóçêè 63,97 êÍ.

Ðèñ. 3. Âðåìåííàÿ äèàãðàììà ýíåðãèè ñèãíàëîâ ÀÝ ïðè êâàçèñòàòè÷åñêîì ñòóïåí÷àòîì ðàñòÿæåíèè ñëîèñòîãî
óãëåïëàñòèêà [0°/90°]4S
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ðóøåíèå îáðàçöà ïðîèçîøëî ïîñëå îáðàçîâàíèÿ
è ðàçâèòèÿ ðàññëîåíèé îò ñâîáîäíîé êðîìêè îá-
ðàçöà. Íà ðèñ. 5 ïðèâåäåíû èçîáðàæåíèÿ îáðàçî-
âàâøèõñÿ ðàññëîåíèé.

Ó÷àñòêè ðàññëîåíèé ñôîðìèðîâàëèñü â ñðå-
äèííîé ïî òîëùèíå çîíå îáðàçöà íà ãðàíèöàõ
7-ãî—8-ãî è 9-ãî—10-ãî ñëîÿ. Íà îñòàëüíîé ÷àñ-
òè îáðàçöà ïðîèçîøåë ðàçðûâ [0°] âîëîêîí è ðàç-
ðåæåíèå (ðàñõîæäåíèå) âîëîêîí â [90°] ñëîÿõ, ÷òî
âèäíî íà àêóñòè÷åñêèõ èçîáðàæåíèÿõ (ðèñ. 5) è
íàøëî ïîäòâåðæäåíèå íà îïòè÷åñêèõ ìèêðîôîòîã-
ðàôèÿõ îáëàñòè ðàçðóøåíèÿ (ðèñ. 6). Òàêèì îá-
ðàçîì, ðàçðóøåíèå èññëåäîâàííîãî ñëîèñòîãî óã-
ëåïëàñòèêà [0°/90°]4S ïðîèçîøëî â çîíå ñ ïîâû-
øåííîé ïëîòíîñòüþ ìàòðè÷íûõ òðåùèí â [90°]

ñëîÿõ è ðàçâèâàëîñü â âèäå ðàññëîåíèé îò ñâîáîä-
íîé êðîìêè îáðàçöà â ñðåäèííûõ ïî òîëùèíå ëà-
ìèíàòà ñëîÿõ.

Ðåçóëüòàòû ïîêàçûâàþò, ÷òî ïðè ðàñòÿæåíèè
óãëåïëàñòèêà ñ óêëàäêîé [0°/90°]4S ïîâðåæäåíèå
ñòðóêòóðû íà÷èíàåòñÿ ñ ìèêðîðàñòðåñêèâàíèÿ
ñâÿçóþùåãî â [90°] ñëîÿõ (ïåðïåíäèêóëÿðíûõ äåé-
ñòâèþ íàãðóçêè). Íà àêóñòè÷åñêèõ èçîáðàæåíèÿõ
òàêèå äåôåêòû â âèäå ïðîòÿæåííûõ òåìíûõ ïîëîñ
íàáëþäàþòñÿ ïî âñåìó îáúåìó îáðàçöà – â öåíò-
ðàëüíîé ÷àñòè è âáëèçè çàõâàòîâ. Ïðè äàëüíåéøåì
íàãðóæåíèè ïðîèñõîäÿò ëîêàëüíûå îñëàáëåíèÿ
àäãåçèè ïî ãðàíèöàì «âîëîêíî—ìàòðèöà» â [0°]
ñëîÿõ (âäîëü íàïðàâëåíèÿ íàãðóçêè). Ïðè ýòîì
ïîëèìåðíàÿ ìàòðèöà ëîêàëüíî òåðÿåò ñâîþ ôóíê-

Ðèñ. 4. Àêóñòè÷åñêèå èçîáðàæåíèÿ âíóòðåííåé ñòðóêòóðû âåðõíèõ ñëîåâ îáðàçöà [0°/90°]4S äî è ïîñëå ðàñòÿæå-
íèÿ ( ε = 1.11%): 1 — òðåùèíû â ìàòðèöå âäîëü óêëàäêè âîëîêîí, ïåðïåíäèêóëÿðíîé íàïðàâëåíèþ íàãðóçêè;
2 – íàðóøåíèå àäãåçèè ïî ãðàíèöå «âîëîêíî—ìàòðèöà» âäîëü íàïðàâëåíèÿ íàãðóçêè. Ïîëîæåíèÿ Â-ñêàíîâ îò-
ìå÷åíû ñòðåëêàìè Â-Â. Ðàáî÷àÿ ÷àñòîòà 100 ÌÃö, ïîëå ñêàíèðîâàíèÿ 33 × 21 ìì (1100 × 700 DPI)
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Ðèñ. 5. Àêóñòè÷åñêèå èçîáðàæåíèÿ ìåæñëîåâûõ ïîâðåæäåíèé ïîñëå ðàñòÿæåíèÿ îáðàçöà èç óãëåïëàñòèêà [0°/90°]4S.
Íîìåðà ñëîåâ ëàìèíàòà îáîçíà÷åíû öèôðàìè. Ðàññëîåíèÿ îáðàçîâàëèñü íà ãðàíèöå: 7-ãî—8-ãî ñëîÿ íà ãëóáèíå
1,89 ìì (Ñ-ñêàí); 9-ãî—10-ãî ñëîÿ íà ãëóáèíå 2,43 ìì (Ñ-ñêàí). Ïîëîæåíèå ïîïåðå÷íîãî ñå÷åíèÿ (Â-ñêàíà) îò-
ìå÷åíî ñòðåëêàìè Â-Â íà Ñ-ñêàíå. Ðàáî÷àÿ ÷àñòîòà 50 ÌÃö, ïîëå ñêàíèðîâàíèÿ 45 × 21 ìì (750 × 350 DPI).

Ðèñ. 6. Îïòè÷åñêèå ìèêðîôîòîãðàôèè îáëàñòè ðàçðóøåíèÿ



99Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹4

Ïðî÷íîñòü è òåïëîâûå ðåæèìû ëåòàòåëüíûõ àïïàðàòîâ Strength and thermal conditions of flying vehicles

öèþ ñâÿçóþùåãî â êîìïîçèòå. Ïðîèñõîäèò ïåðå-
ðàñïðåäåëåíèå íàãðóçêè ñðåäè ïðîäîëüíî îðèåí-
òèðîâàííûõ àðìèðóþùèõ ýëåìåíòîâ, ïðèâîäÿùåå
ê ðàçðóøåíèþ ïåðåãðóæåííûõ âîëîêîí, ôîðìè-
ðîâàíèþ ïðîòÿæåííûõ ðàññëîåíèé è ðàçðóøåíèþ.
Â ðàáîòå [3] ðàñ÷åòíî-ýêñïåðèìåíòàëüíûì ïóòåì
áûëî ïîêàçàíî, ÷òî ïðè ðàñòÿæåíèè äîìèíèðóþ-
ùèì ðàçðóøåíèåì ëàìèíàòà [(S)/90n]S, ãäå ñëîé
(S) áîëåå æåñòêèé ïî ñðàâíåíèþ ñ [90n], ÿâëÿåò-
ñÿ ðàññëîåíèå, íà÷èíàþùååñÿ îò ñâîáîäíîé ãðà-
íèöû â çîíå ñ âûñîêîé (êðèòè÷åñêîé) ïëîòíîñòüþ
ìàòðè÷íûõ òðåùèí â [90°] ñëîÿõ. Â èññëåäóåìîì
ëàìèíàòå [S] ñëîåì ÿâëÿåòñÿ [0°] ñëîé, æåñòêîñòü
êîòîðîãî âûøå [90°] ñëîÿ.

4.2. Èñïûòàíèå íà òðåõòî÷å÷íûé èçãèá

Îáðàçåö ïðîøåë äâà öèêëà êâàçèñòàòè÷åñêî-
ãî ñòóïåí÷àòîãî íàãðóæåíèÿ íà èçãèá:

íàãðóæåíèå ¹1:
(0—3,10 êÍ), ïðîãèá 1maxω = 2,58 ìì,

1maxε = 1,55%;
íàãðóæåíèå ¹2:
(0—3,50 êÍ), ïðîãèá x2maω  = 3,0 ìì,

x2maε = 1,75%.

Ðàñ÷åò ìàêñèìàëüíûõ äåôîðìàöèé maxε  â íàè-

áîëåå ðàñòÿíóòîé çîíå îáðàçöà âû÷èñëÿëñÿ íà
îñíîâå áàëî÷íîé òåîðèè [21].

Èñïûòàíèÿ áûëè çàâåðøåíû ïîñëå ðàçðóøå-
íèÿ ïîâåðõíîñòíûõ ñëîåâ îáðàçöà â çîíå äåéñòâèÿ
íàãðóæàþùåãî ïóàíñîíà (îáëàñòü ñæàòèÿ).

Íà ðèñ. 7 è 8 ïðåäñòàâëåíû ýêñïåðèìåíòàëü-
íûå äàííûå ïî íàãðóæåíèþ è ÀÝ-ìîíèòîðèíãó
ñîîòâåòñòâåííî, à íà ðèñ. 9 — ðåçóëüòàòû èññëå-
äîâàíèÿ ïîâðåæäåíèé âíóòðåííåé ñòðóêòóðû îá-
ðàçöà â ñðàâíåíèè ñ èñõîäíûì ñîñòîÿíèåì.

Ïðè òðåõòî÷å÷íîì èçãèáå â êîìïîçèöèîííîì
ìàòðèàëå âîçíèêàþò ñëîæíûå äåôîðìàöèè, âêëþ-
÷àÿ ëîêàëüíûå äåôîðìàöèè ðàñòÿæåíèÿ, ñæàòèÿ,

Ðèñ. 7. Êðèâûå «íàãðóçêà—ïðîãèá»: 1 – ïåðâîå íàãðó-
æåíèå; 2 – âòîðîå íàãðóæåíèå. Çâåçäî÷êàìè îáîçíà÷å-
íû ìîìåíòû èññëåäîâàíèÿ âíóòðåííåé ìèêðîñòðóêòó-
ðû îáðàçöà

ñäâèãà. Îáðàçîâàíèå è ðîñò ïîâðåæäåíèé ïðè
èçãèáå, êàê è ïðè ðàñòÿæåíèè, ïðîèñõîäèò â ïîñ-
ëåäîâàòåëüíîñòè: ïåðåðàñïðåäåëåíèå íàïðÿæåíèé,
ðàçðóøåíèå âíóòðåííèõ ñâÿçåé, âûñâîáîæäåíèå
ýíåðãèè, ðåãèñòðèðóåìîå ÀÝ-àïïàðàòóðîé.

Ïåðâîå íàãðóæåíèå îáðàçöà ïðîõîäèëî ïðàê-
òè÷åñêè ïðè îòñóòñòâèè ÀÝ. Ïðè ïðîãèáå 2,42 ìì
(F = 2,96 êÍ) ïðîèçîøëî ïàäåíèå íàãðóçêè è áûë
çàôèêñèðîâàí âñïëåñê ýíåðãèè ÀÝ äî 2500 åä.
(ðèñ. 7). Äàëüíåéøåå óâåëè÷åíèå ïðîãèáà äî
2,58 ìì (F = 3,10 êÍ) ñîïðîâîæäàëîñü åäèíè÷íûì
íåçíà÷èòåëüíûì âñïëåñêîì ýíåðãèè. Ïîñëå âû-
äåðæêè ïðè íàãðóçêå 3,10 êÍ áûëà ïðîèçâåäåíà
ðàçãðóçêà îáðàçöà è èññëåäîâàëàñü âíóòðåííÿÿ
ìèêðîñòðóêòóðà. Áûëè îáíàðóæåíû (ðèñ. 9) îáðà-
çîâàíèå ìàòðè÷íûõ òðåùèí âäîëü âîëîêîí [90°] â
ðàñòÿíóòîì îáúåìå îáðàçöà è ðàçðóøåíèå âîëîêîí

Ðèñ. 8. Âðåìåííûå äèàãðàììû ïðîãèáà îáðàçöà è ýíåðãèè ÀÝ: à – ïåðâîå íàãðóæåíèå; á – âòîðîå íàãðóæåíèå
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â âåðõíèõ ñëîÿõ ïîä íàãðóæàþùèì ïóàíñîíîì
(îáëàñòü ñæàòèÿ).

Ïðè âòîðîì íàãðóæåíèè îáðàçöà ïðè ïðîãè-
áå 3,5 ìì áûë çàôèêñèðîâàí íåçíà÷èòåëüíûé
âñïëåñê ýíåðãèè ÀÝ. Äàëåå ïðîèçîøëî ïàäåíèå
íàãðóçêè, êîòîðîå ñîïðîâîæäàëîñü çíà÷èòåëüíûì
âñïëåñêîì ýíåðãèè ÀÝ äî 6000 åä. (ðèñ. 8,á), à òàê-
æå òðåñêîì — ïðîèçîøëî ðàçðóøåíèå ïîâåðõíî-
ñòíûõ ñëîåâ â çîíå ïðèëîæåíèÿ íàãðóæàþùåãî
ïóàíñîíà (îáëàñòü ñæàòèÿ).

Èññëåäîâàíèå âíóòðåííåé ñòðóêòóðû îáðàçöà
(ðèñ. 9) ïîñëå âòîðîãî íàãðóæåíèÿ âûÿâèëî îáðà-
çîâàíèå ðàññëîåíèÿ ïî ãðàíèöå 3-ãî—4-ãî ñëîÿ,
ïðèëåãàþùåãî ê ïîïåðå÷íîìó èçëîìó âåðõíèõ ñëî-
åâ â îáëàñòè ñæàòèÿ, à òàêæå óâåëè÷åíèå ïëîòíî-
ñòè ìàòðè÷íûõ òðåùèí âäîëü âîëîêîí [90°] â îá-
ëàñòè ðàñòÿæåíèÿ.

Îñîáåííîñòüþ ïîâðåæäåíèÿ ëàìèíàòîâ [0°/90°]S
ïðè èñïûòàíèè íà èçãèá ÿâëÿåòñÿ îòíîñèòåëüíî
âûñîêàÿ ñêîðîñòü ðàçâèòèÿ ïîâðåæäåíèé [1].
Â ðàñòÿíóòîé çîíå èññëåäîâàííîãî ëàìèíàòà ïðî-
èñõîäèëî îáðàçîâàíèå è íàêîïëåíèå ìàòðè÷íûõ
òðåùèí â [90°] ñëîÿõ, îäíàêî êðèòè÷åñêàÿ ïëîò-
íîñòü òðåùèí íå áûëà äîñòèãíóòà, êàê â ñëó÷àå ñ
îäíîîñíûì ðàñòÿæåíèåì (ñì. ðèñ. 4 è 9). Ðàçðó-
øåíèå íà÷àëîñü ñ ðàçëîìà âîëîêîí â ïîâåðõíîñ-
òíûõ ñëîÿõ â çîíå ìàêñèìàëüíîãî ñæàòèÿ. Óâåëè-
÷åíèå íàãðóçêè ïðèâåëî ê ðàçðóøåíèþ âåðõíèõ
ñæàòûõ ñëîåâ è îáðàçîâàíèþ ðàññëîåíèÿ îò êðàÿ
èçëîìà ïî ãðàíèöå ñ íèæåëåæàùèì ñëîåì, è äà-
ëåå ïðè äîñòèæåíèè êðèòè÷åñêîãî óðîâíÿ íàãðóç-
êè ïðàêòè÷åñêè ìãíîâåííî ïðîèçîøëî ðàçðóøå-
íèå îáðàçöà.

Ðèñ. 9. Àêóñòè÷åñêèå èçîáðàæåíèÿ ñòðóêòóðû îáðàçöà â çîíå ðàñòÿæåíèÿ è ñæàòèÿ äî è ïîñëå íàãðóæåíèÿ ¹ 1 è
¹2. Ïîëîæåíèÿ Â-ñêàíîâ â çîíå ñæàòèÿ îáîçíà÷åíû ñòðåëêàìè Â-Â. Ðàáî÷àÿ ÷àñòîòà 100 ÌÃö, ïîëå ñêàíèðîâà-
íèÿ 25 × 21 ìì (830 × 700 DPI)
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Âûâîäû

Ïðîöåññû ðàçðóøåíèÿ ñëîèñòîãî óãëåïëàñòè-
êà [0°/90°]4S ïðè îäíîîñíîì ðàñòÿæåíèè è òðåõòî-
÷å÷íîì èçãèáå îòëè÷àþòñÿ äëèòåëüíîñòüþ íàêîï-
ëåíèÿ ïîâðåæäåíèé, ïðèâîäÿùèõ ê ïîëíîìó ðàç-
ðóøåíèþ ëàìèíàòà. Ïðè ðàñòÿæåíèè àêòèâíîå
îáðàçîâàíèå è íàêîïëåíèå ïîâðåæäåíèé ïðîèñõî-
äèëî â äèàïàçîíå 55—100% ïðåäåëüíîé äåôîðìà-
öèè. Ïðè èçãèáå ïðîöåññ îáðàçîâàíèÿ è íàêîïëå-
íèÿ ïîâðåæäåíèé äî ðàçðóøåíèÿ áûë çíà÷èòåëü-
íî êîðî÷å — îò 85 äî 100% äåôîðìàöèè â îáëàñ-
òè ðàñòÿæåíèÿ.

Äëÿ ñëó÷àÿ ðàñòÿæåíèÿ è ðàñòÿíóòîé çîíû ïðè
èçãèáå îáðàçöà õàðàêòåðíî îáðàçîâàíèå è íàêîï-
ëåíèå âåðòèêàëüíûõ (ïîïåðå÷íûõ) ìàòðè÷íûõ
òðåùèí, îðèåíòèðîâàííûõ âäîëü âîëîêîí â [90°]
ñëîÿõ. Äîñòèæåíèå êðèòè÷åñêîé ïëîòíîñòè òàêèõ
òðåùèí ïðèâîäèò ê îáðàçîâàíèþ ðàññëîåíèé,
íà÷èíàþùèõñÿ îò ñâîáîäíîé êðîìêè ëàìèíàòà, è
ïîñëåäóþùåìó ðàçðóøåíèþ îáðàçöà.

Ïðè 3-òî÷å÷íîì èçãèáå ïëîòíîñòü ïîïåðå÷íûõ
ìàòðè÷íûõ òðåùèí â [90°] ñëîÿõ íå äîñòèãëà êðè-
òè÷åñêîãî çíà÷åíèÿ. Äåôîðìàöèè ñæàòèÿ îïðåäå-
ëèëè õàðàêòåð ðàçðóøåíèÿ ëàìèíàòà. Â çîíå äåé-
ñòâèÿ ïóàíñîíà ïðîèçîøåë ðàçëîì âîëîêîí â ïî-
âåðõíîñòíûõ ñëîÿõ, äàëåå ïîñëåäîâàëî ðàçðóøå-
íèå ñëîåâ è îáðàçîâàíèå ðàññëîåíèÿ îò êðîìêè
íèæíåãî ðàçðóøåííîãî ñëîÿ. Îáðàçîâàâøèåñÿ
ìàêðîïîâðåæäåíèÿ ïðèâåëè ê ïîëíîìó ðàçðóøå-
íèþ îáðàçöà.

Ïðèìåíåíèå êîìáèíàöèè äâóõ íåðàçðóøàþ-
ùèõ àêóñòè÷åñêèõ ìåòîäîâ (àêóñòè÷åñêîé ýìèññèè
è àêóñòè÷åñêîé ìèêðîñêîïèè) ïîçâîëèëî âûÿâèòü
è îõàðàêòåðèçîâàòü ìíîãîóðîâíåâûå ïîâðåæäåíèÿ
âíóòðåííåé ñòðóêòóðû ñëîèñòîãî óãëåïëàñòèêà ïðè
ðàñòÿæåíèè è èçãèáå. Óñòàíîâëåíû ìèêðîïîâðåæ-
äåíèÿ âíóòðåííåé ñòðóêòóðû, ðàçâèòèå è íàêîï-
ëåíèå êîòîðûõ ïðèâîäèò ê îáðàçîâàíèþ ðàññëî-
åíèé è ïîñëåäóþùåìó ðàçðóøåíèþ ëàìèíàòà.
Òàêèå ìèêðîïîâðåæäåíèÿ ÿâëÿþòñÿ ïðåäâåñòíè-
êàìè ïîëíîãî ðàçðóøåíèÿ êîìïîçèöèîííîãî ìà-
òåðèàëà, à èìåííî:

— îáðàçîâàíèå çîíû ñ âûñîêîé (êðèòè÷åñêîé)
ïëîòíîñòüþ ïîïåðå÷íûõ ìàòðè÷íûõ òðåùèí â [90°]
ñëîÿõ;

— îñëàáëåíèå/ïîâðåæäåíèå àäãåçèè ïî ãðàíè-
öå «âîëîêíî—ìàòðèöà» â [0°] ñëîÿõ,

— íàëè÷èå ëîêàëüíûõ ðàçðóøåíèé âîëîêîí.

Ðàáîòà âûïîëíåíà ïðè ÷àñòè÷íîé ôèíàíñîâîé
ïîääåðæêå ÐÔÔÈ (ïðîåêò 18-2917039).
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Abstract

A feature of polymer fiber-reinforced composites
(PFRC) destruction is multi-focal point damages
formation of microstructure under external impacts,
their growth and coalescence, resulting in macro-
damages formation and sudden destruction of a
product. One of the factors impeding creation of the
multi-level prognostic models of the PFRC destruction
consists in limitation in non-destructive means,
allowing study mechanisms of their internal structure
damaging from micro- to macro-level.

A combination of two non-destructive acoustic
methods was employed to study the multilevel damage

of a thick laminated carbon fiber-reinforced plastic
(CFRP) with the [0°/ 90°]4S stacking under loading on
uniaxial stretching and three-point bending. The
acoustic emission (AE) method allows continuous
monitoring of the internal structure integrity of the
tested material and loading parameters recording while
the damage initiation and growth. Multilevel
visualization of the material internal structure, acoustic
microscopy (AM), allows identification and
characterization of its damages from micro- to macro-
level.

The samples being tested were cut out of a panel
of the 4.32 mm thickness, fabricated by the prepreg
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technology (M21/35%/268/T700GC, Hexcel) with
the [0°/90°]4S stacking and layer thickness of 270 μm
(16 layers). The step-type uniaxial stretching and
three-point bending of the samples were performed.

It was revealed that the both loading types of the
laminated CFRP [0°/90°] led to numerous damages
forming in the material microstructure. While
stretching, local weakening and adhesion damages
along the “fiber-matrix” boundary occur in the layers
with fibers stacking along the load action ([0°] layers).
The polymer matrix herewith locally loses its binding
function in composite, which leads to load
redistribution and destruction of overloaded fibers.
Delaminations forming and total laminate destruction
hereafter is plausible. In the layers with fiber stacking
across the of the applied load direction ([90 °] layers),
numerous vertical (transverse) cracks are being formed
in the binder between the fibers. Under stretching, the
sample demonstrated brittle fracture, which occurred
in the area with high transverse crack density.
Accumulation of transverse cracks was accompanied
by delamination forming off the free edge of the
sample and subsequent complete destruction.

Complex deformations, including local stretching,
compressive and shearing strains, occur in the
composite at bending loading. Formation and
accumulation of the transverse matrix cracks in the
[90°] layers is prevailing in the area of the sample
stretching. The fibers destruction under the loading
punch occurred in the compression area. Further,
destruction of the three upper layers, and formation
of delamination between the third and the fourth layers
took place.

The fracture process of the laminated PFRC with
[0°/90°]4S stacking under uniaxial stretching and three-
point bending differ in the duration of damages
accumulation, resulting in complete destruction of the
composite. While stretching, active damages forming
and accumulating occurred within the range of 55—
100% of ultimate deformation. At bending, active
damages forming and accumulating process was three
times shorter, namely from 85 to 100% of strain of
destruction in the stretching area.

Application of the two non-destructive acoustic
methods combination (acoustic emission and acoustic
microscopy) allowed identifying and characterizing
multilevel damages of the internal structure of the
laminated PFRC under uniaxial stretching and three-
point bending. Micro-damages of the internal
structure, which development and accumulation result
in delamination formation with subsequent laminate
destruction, were identified. These micro-damages are

the harbingers of the full destruction of the material,
namely:

- zones with high (critical) density of transverse
matrix cracks in [90°] layers,

- the adhesion weakening/damaging along the
“fiber-matrix” interfaces in [0°] layers,

- local fibers fractures.

Keywords: laminated carbon fiber-reinforced
plastic, stretching, three-point bending, total failure
harbingers, damages accumulation, acoustic methods.
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