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Ïðîâåäåí ôðàêòîãðàôè÷åñêèé àíàëèç ñëîèñòîãî ìåòàëëîïîëèìåðíîãî êîìïîçèòà àëîð íà îñíîâå îäíî-
íàïðàâëåííîé ëåíòû èç âîëîêîí ÑÂÌ è ýïîêñèäíî-êàó÷óêîâîãî ïë¸íî÷íîãî êëåÿ ÂÊ-41 ïîñëå èñïûòàíèé íà
òðåùèíîñòîéêîñòü ïî ìîäå I (â óñëîâèÿõ îòðûâà) è ìîäå II  (â óñëîâèÿõ ñäâèãà). Ïîêàçàíî âëèÿíèå ïðåäâà-
ðèòåëüíîé äåôîðìàöèè íà ðàñòÿæåíèå îòâåðæä¸ííîãî êîìïîçèòà íà ôðàêòîãðàôè÷åñêèå îñîáåííîñòè ìåæ-
ñëîéíîãî ðàçðóøåíèÿ ïðè èñïûòàíèÿõ íà òðåùèíîñòîéêîñòü. Îáíàðóæåíî, ÷òî ñ óâåëè÷åíèåì ñòåïåíè ïðåä-
âàðèòåëüíîãî ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ èçìåíÿåòñÿ õàðàêòåð ïîâåðõíîñòè ðàçðóøåíèÿ êîìïîçèòà àëîð
è ïîâûøàåòñÿ åãî òðåùèíîñòîéêîñòü íà îòðûâ è ñäâèã â 1,5 ðàçà. Ïîëó÷åííûå äàííûå ïîêàçàëè, ÷òî ïðåä-
âàðèòåëüíàÿ ïëàñòè÷åñêàÿ äåôîðìàöèÿ (äî 0,5 - 1,0%) îòâåðæä¸ííîãî ìåòàëëîïîëèìåðíîãî êîìïîçèòà àëîð
ìîæåò ñëóæèòü ýôôåêòèâíûì ñïîñîáîì ïîâûøåíèÿ åãî òðåùèíîñòîéêîñòè.

Êëþ÷åâûå ñëîâà: ñëîèñòûé ìåòàëëîïîëèìåðíûé êîìïîçèò àëîð, òðåùèíîñòîéêîñòü (ìîäà I, ìîäà II ),
ïðåäâàðèòåëüíàÿ äåôîðìàöèÿ, ôðàêòîãðàôèÿ.

FRACTOGRAPHIC ANALYSIS LAYERED METAL - POLYMER
COMPOSITES ALOR THE TEST FOR FRACTURE TOUGHNESS
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Fractographic analysis of layered metal-polymeric composite ALOR based on unidirectional tape of SVM fibers
and epoxy-rubber adhesive film VK-41 after fracture toughness tests in the mode I (in terms of separation) and
mode II (in a shift). Shows the effect of pre-strain in tension of hardened composite fractographic features interlayer
fracture when tested on crack. It is found that with increasing degree of preliminary plastic deformation changes
the character of the fracture surface of the composite ALOR increases its fracture toughness and the peel and
shear 1.5. The findings showed that the preliminary plastic deformation (0.5 - 1.0%) of hardened metal-polymer
composite ALOR can be an effective way to improve its fracture toughness.

Keywords: ALOR, fracture toughness (mode I, mode II), scanning electron microscopy, fractography,
torsions, preliminary plastic deformation.

1. Ââåäåíèå

Ïîâûøåíèå âûíîñëèâîñòè è æèâó÷åñòü ýëåìåíòîâ àâèàöèîííûõ êîíñòðóêöèé � ãëàâíàÿ çàäà÷à ïðè ðàç-
ðàáîòêå íîâûõ ìàòåðèàëîâ àâèàöèîííîãî íàçíà÷åíèÿ. Â ñâÿçè ñ âîçðàñòàíèåì òðåáîâàíèé ê ëåòíî-òåõíè-
÷åñêèì õàðàêòåðèñòèêàì ñàìîëåòîâ ïîñòîÿííî àêòóàëüíîé ïðîáëåìîé àâèàöèîííîãî ìàòåðèàëîâåäåíèÿ
îñòàåòñÿ óâåëè÷åíèå ïðî÷íîñòè ìàòåðèàëîâ ïðè îäíîâðåìåííîì ïîâûøåíèè âÿçêîñòè èõ ðàçðóøåíèÿ, ñòîé-
êîñòè ê ðàñïðîñòðàíåíèþ óñòàëîñòíûõ òðåùèí è âîçäåéñòâèþ âíåøíèõ ôàêòîðîâ [1-3].
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Àëîðû - ïåðâûå ñëîèñòûå ìåòàëëîïîëèìåðíûå êîìïîçèöèîííûå ìàòåðèàëû, ðàçðàáîòàííûå â ÂÈÀÌå
â 80-õ ãîäàõ ïðîøëîãî âåêà ñ öåëüþ êàðäèíàëüíîãî ñíèæåíèÿ ñêîðîñòè ðîñòà óñòàëîñòíûõ òðåùèí â îáøèâ-
êàõ àâèàöèîííûõ êîíñòðóêöèé [4]. Òðåùèíîñòîéêèå àëîðû, êàê è èõ çàðóáåæíûå àíàëîãè � ìàòåðèàëû òèïà
ARALL  [5], ñîñòîÿò èç ÷åðåäóþùèõñÿ, àäãåçèîííî ñîåäèíåííûõ ñëîåâ àëþìèíèåâîãî ñïëàâà è âûñîêî-
ïðî÷íîãî îðãàíîïëàñòèêà, àðìèðîâàííîãî àðàìèäíûìè âîëîêíàìè. Ïî ñðàâíåíèþ ñ àëþìèíèåâûìè ñïëà-
âàìè ñêîðîñòü ðîñòà óñòàëîñòíûõ òðåùèí â àëîðàõ ñíèæàåòñÿ â 5-100 ðàç, óñòàëîñòíàÿ äîëãîâå÷íîñòü
ïîâûøàåòñÿ â 1,2-10 ðàç, àêóñòè÷åñêàÿ âûíîñëèâîñòü � â 10 ðàç [5-7].

Ìåõàíè÷åñêèå ñâîéñòâà àëîðîâ ìîæíî ðåãóëèðîâàòü â øèðîêèõ ïðåäåëàõ ïóòåì âàðüèðîâàíèÿ ñîîòíî-
øåíèÿ êîìïîíåíòîâ, ñõåìû àðìèðîâàíèÿ è äð.Îñîáîå çíà÷åíèå äëÿ ñîïðîòèâëåíèÿ óñòàëîñòíîìó ðàçðóøå-
íèþ àëîðîâ ÿâëÿåòñÿ ðàñïðåäåëåíèå îñòàòî÷íûõ òåðìè÷åñêèõ íàïðÿæåíèé â ñëîÿõ ìåòàëëà è îðãàíîïëàñ-
òèêà. Äëÿ îïòèìèçàöèè îñòàòî÷íûõ íàïðÿæåíèé è ïîâûøåíèÿ ðåñóðñà àëîðîâ ðàçðàáîòàíû ðàçëè÷íûå òåõ-
íîëîãè÷åñêèå ïðèåìû: íàòÿæåíèå àðìèðóþùåãî íàïîëíèòåëÿ ïðè îòâåðæäåíèè, ïëàñòè÷åñêîå äåôîðìèðî-
âàíèå ãîòîâîãî îòâåðæäåííîãî ëèñòà àëîðà [8].

Ñòîéêîñòü ê ìåæñëîéíîìó ðàçðóøåíèþ � íåîáõîäèìîå óñëîâèå äëÿ îáåñïå÷åíèÿ ìîíîëèòíîñòè è ðàáî-
òîñïîñîáíîñòè ñëîèñòûõ êîìïîçèöèîííûõ ìàòåðèàëîâ ïðè ýêñïëóàòàöèè [9,10]. Èç-çà ñóùåñòâåííîãî ðàç-
ëè÷èÿ â ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâàõ îðãàíîïëàñòèêà è àëþìèíèåâîãî ñïëàâà (êîýôôèöèåíò Ïóàññîíà,
ëèíåéíîå òåðìè÷åñêîå ðàñòÿæåíèå, ìîäóëü óïðóãîñòè è äð.) ìåæñëîéíûå íàïðÿæåíèÿ â àëîðàõ ìîãóò âîç-
íèêàòü ïðè ðàçëè÷íûõ âèäàõ íàãðóæåíèÿ: ðàñòÿæåíèè, èçãèáå, ñæàòèè, à òàêæå ïðè äåéñòâèè ôàêòîðîâ âíåøíåé
ñðåäû, ïåðåïàäîâ òåìïåðàòóð, âëàæíîñòè è ò.ä. [11-13]. Áëàãîäàðÿ ìíîãîñëîéíîñòè ìàêðî- è ìèêðîñòðóê-
òóðû àëîðà ïðîöåññ åãî ìåæñëîåâîãî ðàçðóøåíèÿ ñîïðîâîæäàåòñÿ íà ðàçëè÷íûõ ñòðóêòóðíûõ óðîâíÿõ êàê
ïóòåì ïîÿâëåíèÿ íîâûõ ìàêðîïîâåðõíîñòåé â ñëîÿõ ìàòåðèàëà, òàê è ìèêðîðàññëîåíèé ñàìèõ àðàìèäíûõ
âîëîêîí [10, 14-15]. Èññëåäîâàíèå îñîáåííîñòåé äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ àëîðîâ ñâÿçàíî ñ àíàëèçîì
ïîâåðõíîñòåé, îáðàçóþùèõñÿ â ìàòåðèàëå ïðè ñèëîâîì âîçäåéñòâèè ïðè ïîëíîì åãî ðàçðóøåíèè.

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ôðàêòîãðàôè÷åñêèé àíàëèç îñîáåííîñòåé ìåæñëîéíîãî ðàçðóøåíèÿ
ïîäâåðãíóòûõ ïðåäâàðèòåëüíîìó ðàñòÿæåíèþ îòâåðæäåííûõ îáðàçöîâ àëîðà ïðè èñïûòàíèÿõ íà òðåùèíî-
ñòîéêîñòü ïî ìîäå I è ìîäå II . Ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì èññëåäîâàíèé òðåùèíîñòîéêîñòè ïîëèìåð-
íûõ êîìïîçèòîâ (óãëåïëàñòèêîâ) ïî ìîäå I è ìîäå II [16-17].

2. Îáúåêòû è ìåòîäû èññëåäîâàíèÿ

 Îáúåêòàìè èññëåäîâàíèé ñëóæèëè ìîäåëüíûå îáðàçöû àëîðà, ñîñòîÿùèå èç äâóõ ñëîåâ àëþìèíèåâîãî
ñïëàâà Ä16ÀÒ òîëùèíîé 0,5 ìì ñ àíîäíî-îêñèäíûì ïîêðûòèåì è îäíîãî ñëîÿ îðãàíîïëàñòèêà íà îñíîâå
ýïîêñèäíî-êàó÷óêîâîãî ñâÿçóþùåãî è îäíîíàïðàâëåííîé àðàìèäíîé ëåíòû èç âîëîêíà ÑÂÌ. Îáðàçöû àëî-
ðà èçãîòàâëèâàëè ìåòîäîì ïðåññîâàíèÿ ïðè òåìïåðàòóðå 120îÑ è äàâëåíèè 9 ÌÏà.

Èñïûòàíèÿ íà òðåùèíîñòîéêîñòü îáðàçöîâ àëîðà ïîñëå èõ ïðåäâàðèòåëüíîãî ðàñòÿæåíèÿ ñ ðàçëè÷íîé
ñòåïåíüþ äåôîðìèðîâàíèÿ (ε

â 
= 0%; 0,5%; 1,0%; 2%) ïðîâîäèëè ïî ìîäå I (â óñëîâèÿõ íîðìàëüíîãî

îòðûâà) â ñîîòâåòñòâèè ñ íîðìàòèâíûì äîêóìåíòîì ÑÒÏ 1-595-60-357-2001, à ïî ìîäå II  (â óñëîâèÿõ
ñäâèãà) - â ñîîòâåòñòâèè ñ ÌÌ 1.2.019-2002 «Êîìïîçèòû ñëîèñòûå ïîëèìåðíûå. Ìåòîä îïðåäåëåíèÿ
óäåëüíîé ðàáîòû ðàññëîåíèÿ (âÿçêîñòè ìåæñëîéíîãî ðàçðóøåíèÿ) ïðè ñäâèãå». Èñïûòàíèÿ â óñëîâèÿõ
íîðìàëüíîãî îòðûâà ïðîâîäèëè íà êîíñîëüíî çàêðåïë¸ííûõ â çàõâàòàõ ðàçðûâíîé ìàøèíû îáðàçöàõ,
ôèêñèðóÿ âåëè÷èíó íàãðóçêè, ñîîòâåòñòâóþùóþ ìîìåíòó ñòðàãèâàíèÿ òðåùèíû. Ïðè èñïûòàíèÿõ â óñ-
ëîâèÿõ ñäâèãà îáðàçöû èñïûòûâàëè íà òð¸õòî÷å÷íûé èçãèá. Â îáîèõ ñëó÷àÿõ èñïûòàíèÿ ïðîâîäèëè ïðè
ñêîðîñòè äåôîðìèðîâàíèÿ 2 ìì/ìèí.

 Äëÿ ôðàêòîãðàôè÷åñêèõ èññëåäîâàíèé ïîâåðõíîñòåé ðàçðóøåíèÿ, îáðàçîâàâøèõñÿ â ïðîöåññå èñïûòà-
íèé îáðàçöîâ àëîðà íà òðåùèíîñòîéêîñòü, ïðèìåíÿëè ìåòîä ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè (ÑÝÌ)
[18-20]. Èññëåäîâàíèÿ ïðîâîäèëè íà ðàçëè÷íûõ ñòðóêòóðíûõ óðîâíÿõ [21-23] ñ ó÷åòîì ìèêðîêîìïîçèòíîãî
ñòðîåíèÿ ïîëèìåðíîé ìàòðèöû è ìèêðîôèáðèëëÿðíîé ñòðóêòóðû àðàìèäíûõ âîëîêîí ÑÂÌ. Òèïîâûå ðàçðó-
øåíèÿ îáðàçöîâ àëîðà, èñïûòàííûõ íà òðåùèíîñòîéêîñòüïî ìîäå I è ìîäå II  ïîñëå èõ ïðåäâàðèòåëüíîãî
ðàñòÿæåíèÿ ñ ðàçëè÷íîé ñòåïåíüþ äåôîðìèðîâàíèÿ, ïðèâåäåíû íà ðèñóíêàõ 1-8.
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3. Ðåçóëüòàòû è èõ îáñóæäåíèå

Ôðàêòîãðàôè÷åñêèå èññëåäîâàíèÿ àëîðà ïîêàçàëè, ÷òî åãî ìåæñëîéíîå ðàçðóøåíèå ïðè èñïûòàíèÿõ íà
òðåùèíîñòîéêîñòü ïî ìîäàì I è II  â çíà÷èòåëüíîé ìåðå îïðåäåëÿåòñÿ ñòðóêòóðîé è õàðàêòåðîì ðàçðóøåíèÿ
àðàìèäíûõ âîëîêîí â ñëîÿõ îðãàíîïëàñòèêà. Ðàíåå ìåòîäîì ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè áûëî
ïîêàçàíî [15, 24], ÷òî âûñîêîïðî÷íûå âûñîêîìîäóëüíûå àðàìèäíûå âîëîêíà òèà ÑÂÌ èìåþò ìèêðîêîìïî-
çèòíîå ñòðîåíèå. Åãî îñíîâíûì ïðèçíàêîì ÿâëÿåòñÿ íàëè÷èå íåïðåðûâíîé, ìåíåå ñòîéêîé ê îêèñëåíèþ è
èîííî-ïëàçìåííîìó òðàâëåíèþ èçîòðîïíîé ñðåäû, íà 85-90% ïî îáúåìó «àðìèðîâàííîé» ôèáðèëëàìè è
ìèêðîôèáðèëëàìè. Ïîäîáíàÿ ñòðóêòóðà îáúÿñíÿåò îñîáåííîñòè ïîâåäåíèÿ ýòèõ âîëîêîí ïðè ìåõàíè÷åñ-
êîì è òåïëîâîì íàãðóæåíèè. Ïîëó÷åííûå äàííûå ÿâëÿþòñÿ êëþ÷åâûìè â ïîíèìàíèè îñîáåííîñòåé äåôîð-
ìèðîâàíèÿ îðãàíîïëàñòèêîâ íà îñíîâå àðàìèäíûõ âîëîêîí.

 Ïðè èñïîëüçîâàíèè àðàìèäíûõ âîëîêîí â êà÷åñòâå àðìèðóþùåãî íàïîëíèòåëÿ â êîíñòðóêöèîííûõ îðãà-
íîïëàñòèêàõ íà ìåæôàçíîé ãðàíèöå íàáëþäàåòñÿ âûñîêàÿ ïðî÷íîñòü ñöåïëåíèÿ ìåæäó âîëîêíàìè è ìàòðè-
öåé, â ðåçóëüòàòå ÷åãî ïðîèñõîäÿùåå ðàñùåïëåíèå âîëîêíà íà ôèáðèëëÿðíûå ýëåìåíòû ñóùåñòâåííî ïîâû-
øàåò òðåùèíîñòîéêîñòü àëîðà. Ýòî ñâÿçàíî ñ îñîáåííîñòüþ àðàìèäíûõ âîëîêîí òèïà ÑÂÌ, ïðèíöèïèàëüíî
îòëè÷àþùåé èõ îò äðóãèõ àðìèðóþùèõ íàïîëíèòåëåé, êîòîðàÿ çàêëþ÷àåòñÿ â ïðîíèöàåìîñòè ïîâåðõíîñò-
íîãî ñëîÿ âîëîêíà äëÿ ìîëåêóëÿðíûõ êîìïîíåíòîâ ñâÿçóþùèõ [24]. Â ðåçóëüòàòå äèôôóçèè è îñìîñà ÷åðåç
îáîëî÷êó âîëîêíà íèçêîìîëåêóëÿðíûõ ñîåäèíåíèé ïðîïèòàííàÿ ìîëåêóëÿðíûìè êîìïîíåíòàìè ñâÿçóþùå-
ãî îáîëî÷êà îðãàíîâîëîêíà îáðàçóåò ñâîåîáðàçíóþ «âíóòðåííþþ îáêëàäêó» äâóõñëîéíîé ìåæôàçíîé îá-
ëàñòè â îðãàíîïëàñòèêå. Ïîýòîìó ïîä äåéñòâèåì ìåõàíè÷åñêèõ íàïðÿæåíèé, íàïðèìåð, ïðè èñïûòàíèÿõ íà
òðåùèíîñòîéêîñòü ðàçðóøåíèå ïðîèñõîäèò êàê ïî îáîëî÷êå âîëîêíà, òàê è ïî âñåìó åãî îáúåìó.

 Êàê ïîêàçàëè èññëåäîâàíèÿ ìèêðîñòðóêòóðû, âñëåäñòâèå âûñîêîé ïðî÷íîñòè ñöåïëåíèÿ ìåæäó âîëîê-
íàìè è ìàòðèöåé ðàçðóøåíèå àëîðà ïðè èñïûòàíèÿõ íà òðåùèíîñòîéêîñòü íà÷èíàåòñÿ â ñëîå îðãàíîïëàñòè-
êà ñ ðàñùåïëåíèÿ îðãàíè÷åñêîãî âîëîêíà, ñîïðîâîæäàþùåãîñÿ èíòåíñèâíûì ðàñïàäîì ôèáðèëë íà ìèêðî-
ôèáðèëëû. Ïîïåðå÷íûå ðàçìåðû ìèêðîôèáðèëë íàõîäÿòñÿ â äèàïàçîíå 0,04-0,07 ìêì, ÷òî ñîïîñòàâèìî ñ
ïîïåðå÷íûìè ðàçìåðàìè êðèñòàëëèòîâ â àðàìèäíûõ âîëîêíàõ [24]. Â ýòèõ ñëó÷àÿõ ôèáðèëëÿðíàÿ ñòðóêòó-
ðà âîëîêîí ïîäâåðãàåòñÿ äåôîðìèðîâàíèþ, ÷àñòè÷íîìó èëè ïîëíîìó ðàññëîåíèþ ïðè èõ îáðûâå, ÷òî ïðèâî-
äèò êàê ê ïîâûøåíèþ òðåùèíîñòîéêîñòè ìàòåðèàëà ïðè èñïûòàíèè ïî ìîäå 1 çà ñ÷¸ò ðàññåÿíèÿ óïðóãîé
ýíåðãèè, òàê è ê ñíèæåíèþ âåëè÷èíû G

2C
 çà ñ÷¸ò îáðàçîâàíèÿ òðåùèí ñêîëüæåíèÿ.

Àíàëèç ïîëó÷åííûõ ôîòîãðàôèé ìèêðîñòðóêòóðû ïîêàçàë (Ðèñ. 1), ÷òî ïðè èñïûòàíèÿõ íà òðåùèíîñòîé-
êîñòü ïî ìîäå I îáðàçöîâ àëîðà áåç ïðåäâàðèòåëüíîãî ðàñòÿæåíèÿ (äåôîðìàöèÿ ε

â
 = 0%) ðàçðóøåíèå ïðî-

õîäèò êîãåçèîííî ïðåèìóùåñòâåííî ïî ñëîþ îðãàíîïëàñòèêà. Ïîñëå èñïûòàíèé íà ïîâåðõíîñòÿõ ðàçðóøå-
íèÿ ïëàñòèêà îáíàðóæèâàåòñÿ áîëüøîå ÷èñëî ïîâðåæäåííûõ âîëîêîí ÑÂÌ. Â ýòîì ñëó÷àå íàáëþäàåòñÿ
ïðîäîëüíîå ðàñùåïëåíèå ïîâåðõíîñòíîãî ñëîÿ âîëîêîí ñ îòðûâîì îòäåëüíûõ ôèáðèëëÿðíûõ îáðàçîâàíèé è
èõ àãðåãàòîâ (Ðèñ. 1 à, ä, å), îáðàçîâàíèå â ñëîå ìàòðèöû ìåæäó âîëîêíàìè íåáîëüøèõ ëîêàëüíûõ ìèêðî-
òðåùèí è ñëàáîâûðàæåííûõ òîðñèîíîâ (Ðèñ. 1 á, ã, å). Êðîìå òîãî, â âîëîêíàõ íàáëþäàåòñÿ îáðàçîâàíèå
ïîëîñ ñäâèãà ïîä óãëîì 45î (Ðèñ. 1 â). Âñëåäñòâèå íèçêîé ïðî÷íîñòè âîëîêîí íà ïîïåðå÷íîå ðàñòÿæåíèå è
ïðîäîëüíûé ñäâèã â ñëîÿõ îðãàíîïëàñòèêà ïðàêòè÷åñêè íå íàáëþäàåòñÿ àäãåçèîííîãî ðàçðóøåíèÿ ïî ãðà-
íèöå âîëîêíî-ìàòðèöà. Îïèñàííûé õàðàêòåð ðàçðóøåíèÿ ïî ñëîþ îðãàíîïëàñòèêà, î÷åâèäíî, ñâÿçàí ñ òåì,
÷òî ïåðåðàñïðåäåëåíèå íàïðÿæåíèé â îáðàçöå ïðîèñõîäèò íå òîëüêî ïîñðåäñòâîì ïîëèìåðíîé ìàòðèöû îò
âîëîêíà ê âîëîêíó, íî òàêæå âñëåäñòâèå âçàèìîäåéñòâèÿ îòäåëüíûõ, â ðàçíîé ñòåïåíè íàïðÿæåííûõ ïó÷êîâ
ôèáðèëë âíóòðè îäíîãî ìàêðîíåîäíîðîäíîãî àðàìèäíîãî âîëîêíà [23]. Â ðåçóëüòàòå ìåæñëîåâîå ðàçðóøå-
íèå ïðîõîäèò ïî êîãåçèîííîìó ìåõàíèçìó ïðåèìóùåñòâåííî ïî ïîâåðõíîñòíîìó ñëîþ âîëîêîí ÑÂÌ ñ îò-
ùåïëåíèåì îò íèõ ôèáðèëëÿðíûõ îáðàçîâàíèé è ÷àñòè÷íî ïî ñëîþ ìàòðèöû íà ãðàíèöå ñ ìåòàëëîì, ãäå
îáðàçóþòñÿ íåáîëüøèå âûðûâû èç ëîêàëüíûõ îáëàñòåé ìàòðèöû. Âåëè÷èíà ìåæñëîåâîé òðåùèíîñòîéêîñ-
òè â óñëîâèÿõ îòðûâà äëÿ ýòîãî îáðàçöà íàõîäèòñÿ íà óðîâíå 1,26êÄæ/ì2.

 Äëÿ îáðàçöà àëîðà ñ íåáîëüøèì (ε
â 
= 0,5%) ïðåäâàðèòåëüíûì ðàñòÿæåíèåì õàðàêòåð ðàçðóøåíèÿ ïðè

èñïûòàíèÿõ íà òðåùèíîñòîéêîñòü íåñêîëüêî îòëè÷àåòñÿ îò âûøå îïèñàííîãî. Â ýòîì ñëó÷àå òèïè÷íîå
ðàçðóøåíèå ìåòàëëîïëàñòèêà ïðè èñïûòàíèÿõ ïî ìîäå I ïðîõîäèò ïî ñëîþ îðãàíîïëàñòèêà âáëèçè ãðàíèöû
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Ðèñ. 1. Ôðàêòîãðàôèÿ àëîð áåç ïðåäâàðèòåëüíîé äåôîðìàöèè (å
â
=0%) ïîñëå èñïûòàíèé íà òðåùèíîñòîéêîñòü ïî

ìîäå I (G
1C

=1, 26 êÄæ/ì2): à) òèïîâîé âèä ðàçðóøåíèÿ âîëîêîí ÑÂÌ íà ãðàíèöå ñ ìàòðèöåé; á) òèïîâîé âèä ðàçðóøå-
íèÿ ìàòðèöû íà ãðàíèöå ñ âîëîêíîì; â) ïîëîñà ñäâèãà â âîëîêíå; ã) ìèêðîòðåùèíû â ìàòðèöå ïîñëå îòðûâà âîëîêîí;
ä) îòðûâ ëåíòî÷íûõ ôèáðèëëÿðíûõ îáðàçîâàíèé îò ïîâåðõíîñòè âîëîêíà; å) ñêîë ìàòðèöû ìåæäó âîëîêíàìè è
âîëîêíî ñ îòîðâàííûìè îò íåãî ôèáðèëëàìè
Fracture surface of the ALOR without preliminary deformation (å

â
=0%) in measuring fracture toughness, mode I (G

1C
=1, 26

kJ/sq.m): a) typical failures surfaces of the fibers SVM on interface with matrix; b) typical failures surfaces of the matrix on
interface with fibers; c) shift strips in à fiber; d) microcracks in matrix after take-off of the filaments; e) separation of fibrillar
formations from fiber surface; f) matrix chip between fibers with torn off from them fibrills
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ðàçäåëà ìåæäó âîëîêíîì è ìàòðèöåé ñ îáðàçîâàíèåì ñèëüíî ðàçâèòîé ïîâåðõíîñòè âñëåäñòâèå îòðûâà
ôèáðèëëÿðíûõ îáðàçîâàíèé îò ïîâåðõíîñòè âîëîêîí ÑÂÌ (Ðèñ. 2 à). Êðîìå òîãî, íà÷èíàåò ïðîÿâëÿòüñÿ
ïëàñòè÷åñêàÿ äåôîðìàöèÿ ìàòðèöû (Ðèñ. 2 á) è â íåé îáðàçóþòñÿ ìèêðîòðåùèíû ïîñëå îòðûâà âîëîêîí
(Ðèñ. 2 â). Â ìàòðèöå, íàõîäèâøåéñÿ â êîíòàêòå ñ àðàìèäíûìè âîëîêíàìè, íàõîäÿòñÿ ìíîãî÷èñëåííûå
îòîðâàííûå îò íèõ ôèáðèëëû è èõ àãðåãàòû (Ðèñ. 2 ã). Ïðåäâàðèòåëüíîå ðàñòÿæåíèå àëîðà äî óðîâíÿ äå-
ôîðìàöèè 0,5% ïðèâîäèò ê íåêîòîðîìó óâåëè÷åíèþ ðàáîòû ðàçðóøåíèÿ è ïîâûøåíèþ âåëè÷èíû åãî ìåæ-
ñëîåâîé òðåùèíîñòîéêîñòè â óñëîâèÿõ îòðûâà ñ 1,26êÄæ/ì2 äî 1,41êÄæ/ì2.

 Ïðè äàëüíåéøåì óâåëè÷åíèè ñòåïåíè ïðåäâàðèòåëüíîãî ðàñòÿæåíèÿ àëîðà äî óðîâíÿ äåôîðìàöèè ε
â 
= 1,0%

çíà÷èòåëüíî èçìåíÿåòñÿ õàðàêòåð åãî ðàçðóøåíèÿ (Ðèñ. 3) � ðàññëîåíèå ïðîèñõîäèò ïðåèìóùåñòâåííî ïî
ãðàíèöå ìåæäó ñëîÿìè îðãàíîïëàñòèêà è àëþìèíèåâîãî ñïëàâà, â êîòîðîì ïîÿâëÿþòñÿ ìèêðîòðåùèíû â
ïîâåðõíîñòíîì ñëîå ëèñòîâ ìåòàëëà (Ðèñ. 3 à, á).

Â ýòîì ñëó÷àå âîçðàñòàåò äîëÿ ðàçðóøåíèÿ êàê ïî ãðàíèöå ìåæäó âîëîêíîì è ïîëèìåðíîé ìàòðèöåé,
òàê è ïî ñëîþ ìàòðèöû íà ãðàíèöå ñ ìåòàëëîì. Êðîìå òîãî, â ñëîå îðãàíîïëàñòèêà óâåëè÷èâàåòñÿ äîëÿ

Ðèñ. 2. Ôðàêòîãðàôèÿ àëîð ñ ïðåäâàðèòåëüíîé äåôîðìàöèåé íà ðàñòÿæåíèå (å
â
=0,5%) ïîñëå èñïûòàíèé íà òðå-

ùèíîñòîéêîñòü ïî ìîäå I (G
1C

=1,41 êÄæ/ì2): à) òèïîâîé âèä ðàçðóøåíèÿ ìàòðèöû è âîëîêîí ÑÂÌ; á) ïëàñòè÷åñêàÿ
äåôîðìàöèÿ ìàòðèöû; â) ìèêðîòðåùèíû â ìàòðèöå ïîñëå îòðûâà âîëîêîí; ã) ñêîë ìàòðèöû ìåæäó âîëîêíàìè ñ
îòîðâàííûìè îò íèõ ôèáðèëëàìè
Fracture surface of the ALOR with preliminary deformation (å

â
=0,5 %) on stretching in measuring fracture toughness,

mode I (G
1C

=1, 41 kJ/sq.m): a) typical failures surfaces of the matrix and of the fibers SVM; b) plastic deformation of the
matrix; c) microcracks in matrix after separation of fibers; d) matrix chip between fibers with torn off from them fibrills
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Ðèñ. 3. Ôðàêòîãðàôèÿ àëîð ñ ïðåäâàðèòåëüíîé äåôîðìàöèåé (å
â
=1,0%) íà ðàñòÿæåíèå ïîñëå èñïûòàíèé íà òðå-

ùèíîñòîéêîñòü ïî ìîäå I (G
1C

=1,82 êÄæ/ì2): à, á) ìèêðîòðåùèíû â àëþìèíèåâîì ñïëàâå íà ãðàíèöå ñ îðãàíîïëàñ-
òèêîì; â) èçãèá è ìåæôèáðèëëÿðíîå ðàñùåïëåíèå âîëîêíà; ã) ïîëîñà ñäâèãà â âîëîêíå; ä) ñêîë ìàòðèöû ìåæäó
âîëîêíàìè ñ îòîðâàííûìè îò íèõ ôèáðèëëàìè; å) ìèêðîòðåùèíà â ñëîå ìàòðèöû íà ãðàíèöå ñ âîëîêíîì
Fracture surface of the ALOR with preliminary deformation (å

â
=1,0 %) on stretching in measuring fracture toughness,

mode I (G
1C

=1, 82 kJ/sq.m): a, b) microcracks in aluminum alloy on interface with a organoplastiky; c) bend and interfibrillar
splitting of fiber; d) shift strip in a fiber; e) matrix chip between fibers with torn off from them fibrills; f) microcrack in matrix
layer on interface with a fiber
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ìåæôèáðèëëÿðíîãî ðàñùåïëåíèÿ è îáðûâîâ âîëîêîí, íà íèõ ïîÿâëÿþòñÿ ïîëîñû ñäâèãà è ó÷àñòêè ñ êðó÷å-
íèåì (Ðèñ. 3 â, ã). Â ñêîëå ìàòðèöû ìåæäó âîëîêíàìè îñòàþòñÿ ìíîãî÷èñëåííûå îòîðâàííûå îò èõ ïîâåð-
õíîñòè ôèáðèëëÿðíûå îáðàçîâàíèÿ (Ðèñ. 3ä), à â ñëîå ìàòðèöû íà ãðàíèöå ñ âîëîêíîì âèäíû ìèêðîòðåùè-
íû (Ðèñ. 3 å).

 Ïðè óâåëè÷åíèè äåôîðìàöèè ïðåäâàðèòåëüíîãî ðàñòÿæåíèÿ äî óðîâíÿ ε
â 
= 2,0% äîëÿ îòðûâà ïî ãðàíèöå

ìåòàëë-îðãàíîïëàñòèê çíà÷èòåëüíî óâåëè÷èâàåòñÿ (Ðèñ. 4). Â àëþìèíèåâîì ñïëàâå íà ãðàíèöå ñ îðãàíîïëàñ-
òèêîì ïîÿâèëàñü ñåòêà ïàðàëëåëüíî ðàñïîëîæåííûõ ìèêðîòðåùèí (Ðèñ. 4 à, á), øèðèíà êîòîðûõ äîñòèãàåò 10
ìêì. Ìèêðîòðåùèíû ðàñïîëîæåíû íîðìàëüíî ê íàïðàâëåíèþ ðàñòÿæåíèÿ ìàòåðèàëà ÀËÎÐ ïðè äåôîðìèðî-
âàíèè. Õàðàêòåð ðàçðóøåíèÿ ñëîÿ îðãàíîïëàñòèêà ñîõðàíÿåòñÿ ïðåæíèì - íàáëþäàåòñÿ áîëüøîå ÷èñëî ìåæ-
ôèáðèëëÿðíûõ ðàññëîåíèé âîëîêîí ÑÂÌ ñ îáðûâîì ôèáðèëëÿðíûõ îáðàçîâàíèé (Ðèñ. 4 â) è ïîÿâëåíèå â
âîëîêíàõ ïîëîñ ñäâèãà (Ðèñ.  4 ã). Â ðåçóëüòàòå òàêèõ îñîáåííîñòåé ðàçðóøåíèÿ àëîðà ïðè èñïûòàíèÿõ ïî
ìîäå 1 ïðîèñõîäèò äàëüíåéøåå óâåëè÷åíèå çíà÷åíèé ïîêàçàòåëÿ òðåùèíîñòîéêîñòè (äî G

1C
 = 2,06 êÄæ/ì2).

Ðåçóëüòàòû èññëåäîâàíèÿ ìèêðîñòðóêòóðû îáðàçöîâ àëîðà, èñïûòàííûõ íà òðåùèíîñòîéêîñòü ïî ìîäå
II , ïîêàçàëè, ÷òî ðàçðóøåíèå ìàòåðèàëà áåç ïðåäâàðèòåëüíîãî ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ (ñòåïåíü
äåôîðìàöèè ε

â 
= 0%) ïðîõîäèò ïðåèìóùåñòâåííî ïî ñëîþ îðãàíîïëàñòèêà ïî òîðñèîííîìó ìåõàíèçìó (Ðèñ.

5 à, á, â). Ðàçðóøåíèå ìàòðèöû íà ãðàíèöå ìåæäó âîëîêíàìè ïðîèñõîäèò ñ îáðàçîâàíèåì ìíîãî÷èñëåííûõ

Ðèñ. 4. Ôðàêòîãðàôèÿ àëîð ñ ïðåäâàðèòåëüíîé äåôîðìàöèåé (å
â 
= 2,0%) íà ðàñòÿæåíèå ïîñëå èñïûòàíèé íà òðåùè-

íîñòîéêîñòü ïî ìîäå I (G
1C

=2,06 êÄæ/ì2): à, á) ìèêðîòðåùèíû â àëþìèíèåâîì ñïëàâå íà ãðàíèöå ñ îðãàíîïëàñòèêîì;
â) ìåæôèáðèëëÿðíîå ðàñùåïëåíèå âîëîêîí è îáðûâ ôèáðèëëÿðíûõ îáðàçîâàíèé; ã) ïîëîñà ñäâèãà â âîëîêíå
Fracture surface of the ALOR with preliminary deformation (å

â 
= 2,0 %) on stretching in measuring fracture toughness,

mode I (G
1C

=2, 06 kJ/sq.m): a, b) microcracks in aluminum alloy on interface with a organoplastiky; c) interfibrillar splitting
of fibers and break of fibrillar formations; d) shift strip in a fiber
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Ðèñ. 5. Ôðàêòîãðàôèÿ àëîð áåç ïðåäâàðèòåëüíîé äåôîðìàöèè ïîñëå èñïûòàíèé íà òðåùèíîñòîéêîñòü ïî ìîäå II
(G

2C 
= 0,58 êÄæ/ì2): à, á) òèïîâîé âèä ðàçðóøåíèÿ ìàòðèöû íà ãðàíèöå ñ âîëîêíîì; â) òîðñèîíû â ñêîëå ìàòðèöû íà

ãðàíèöå ñ âîëîêíîì; ã, ä) ìåæôèáðèëëÿðíîå ðàñùåïëåíèå âîëîêíà è îáðûâ ôèáðèëëÿðíûõ îáðàçîâàíèé; å) ïîëîñû
ñäâèãà â âîëîêíå
Fracture surface of the ALOR without preliminary deformation on stretching in measuring fracture toughness, mode II
(G

2C 
= 0,58 kJ/sq.m): a, b) typical failures surfaces of the matrix on a interface with fibers; c) torsions in a matrix on interface

with a fiber; d, e) interfibrillar splitting of fibers and break of fibrillar formations; f) shift strips in a fiber
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òîðñèîíîâ, ðàñïîëîæåííûõ íîðìàëüíî èëè ïîä íåêîòîðûì óãëîì ê ïîâåðõíîñòè âîëîêíà (Ðèñ. 5 â). Êàê
âèäíî èç ìèêðîñòðóêòóð íà ðèñóíêå 5 ã, ä, å çîíà ðàçðóøåíèÿ ñëîÿ îðãàíîïëàñòèêà çàïîëíåíà îáðûâêàìè
ñïóòàííûõ âîëîêîí. Ïðèâåäåííûå ìèêðîôîòîãðàôèè ïîêàçûâàþò, íàñêîëüêî âåëèêè íåîáðàòèìûå ïëàñòè-
÷åñêèå äåôîðìàöèè âîëîêîí, ðàñïîëîæåííûõ â çîíå ðàçðóøåíèÿ. Îáðàùàåò íà ñåáÿ âíèìàíèå áîëüøîå
÷èñëî îáîðâàííûõ è èçëîìàííûõ âîëîêîí (Ðèñ. 5 ã, ä). Çíà÷èòåëüíîå êîëè÷åñòâî âîëîêîí ïîòåðÿëè ñâîþ
ïåðâîíà÷àëüíóþ ôîðìó è ïåðåïóòàíû ìåæäó ñîáîé (Ðèñ. 5à, â). Òèïè÷íûìè ÿâëÿþòñÿ ðàñùåïëåíèÿ âîëî-
êîí íà ôðàãìåíòû ðàçëè÷íîãî ðàçìåðà, îáðàçîâàíèå ïîëîñ ñäâèãà, ïî-âèäèìîìó, â ðåçóëüòàòå âîçäåéñòâèÿ
îáðàòíîé óäàðíîé âîëíû ñæàòèÿ, âîçíèêàþùåé ïðè ðàçðûâå âîëîêíà (Ðèñ. 5 å). Âåëè÷èíà ìåæñëîåâîé òðå-
ùèíîñòîéêîñòè ýòîãî ìàòåðèàëà áåç ïðåäâàðèòåëüíîãî ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ â óñëîâèÿõ ñäâèãà
íàõîäèòñÿ íà óðîâíå 0,58 êÄæ/ì2

.

Ñ ïîìîùüþ ôðàêòîãðàôè÷åñêîãî àíàëèçà ïîâåðõíîñòè ðàçðóøåíèÿ îáðàçöà àëîðà, ïîäâåðãíóòîãî ïðåä-
âàðèòåëüíîìó ðàñòÿæåíèþ äî óðîâíÿ äåôîðìàöèè ε

â 
= 0,5%, ïîñëå èñïûòàíèé íà òðåùèíîñòîéêîñòü ïî

ìîäå II  óñòàíîâëåíî, ÷òî ðàçðóøåíèå ïðîèñõîäèò êàê ïî ñëîþ îðãàíîïëàñòèêà, òàê è ïî åãî ãðàíèöå ñ àëþ-
ìèíèåâûì ñïëàâîì (Ðèñ. 6 à, á). Â ñëîå îðãàíîïëàñòèêà ðàçðóøåíèå ïðîÿâëÿåòñÿ â âèäå èçãèáà è ðàñùåï-
ëåíèÿ ïîâåðõíîñòè âîëîêîí íà ôèáðèëëÿðíûå îáðàçîâàíèÿ, èõ îòðûâà îò ïîâåðõíîñòè è âîçíèêíîâåíèÿ ïî-
ëîñ ñäâèãà â âîëîêíàõ (Ðèñ.6 â, ã, ä, å). Â ìàòðèöå ïîñëå îòðûâà âîëîêîí âñòðå÷àþòñÿ ìíîãî÷èñëåííûå
òîðñèîíû (Ðèñ. 6 à) è íåáîëüøîå ÷èñëî ìèêðîòðåùèí (Ðèñ. 6 ã). Íà îòñëîèâøåéñÿ îò îðãàíîïëàñòèêà ïî-
âåðõíîñòè àëþìèíèåâîãî ñïëàâà ïîÿâèëèñü îòäåëüíûå ìèêðîòðåùèíû (Ðèñ. 6 á). Ìåæñëîåâàÿ òðåùèíîñ-
òîéêîñòü ýòîãî ìàòåðèàëà â óñëîâèÿõ ñäâèãà ñóùåñòâåííî óâåëè÷èëàñü è ñîñòàâëÿåò G

2C
 = 0,70 êÄæ/ì2

.

 Óâåëè÷åíèå ïðåäâàðèòåëüíîé äåôîðìàöèè íà ðàñòÿæåíèå àëîðà äî óðîâíÿ ε
â  
= 1,0% ïðèâîäèò ïðè èñïû-

òàíèÿõ íà òðåùèíîñòîéêîñòü ïî ìîäå II  ê ðàçðóøåíèþ ìàòåðèàëà ïðåèìóùåñòâåííî ïî ãðàíèöå ìåæäó
ñëîÿìè îðãàíîïëàñòèêà è àëþìèíèåâîãî ñïëàâà. Íà ïîâåðõíîñòè ñïëàâà îáðàçîâàëàñü ñåòêà ìíîãî÷èñëåí-
íûõ ïàðàëëåëüíî ðàñïîëîæåííûõ ìèêðîòðåùèí ñ øàãîì 8 � 12 ìêì (Ðèñ. 7 à, á), àíàëîãè÷íûõ ïîêàçàííûì
íà Ðèñ. 4 ïðè èñïûòàíèÿõ íà òðåùèíîñòîéêîñòü ïî ìîäå I. Íà ïîâåðõíîñòè ðàçðóøåíèÿ ñëîÿ îðãàíîïëàñòèêà
íàáëþäàþòñÿ ìíîãî÷èñëåííûå òîðñèîíû è ìèêðîòðåùèíû â ñëîå ìàòðèöû ìåæäó âîëîêíàìè (Ðèñ. 7â),
ìåæôèáðèëëÿðíîå ðàñùåïëåíèå âîëîêîí ñ îòðûâîì îò íèõ ôèáðèëëÿðíûõ îáðàçîâàíèé (Ðèñ. 7 ã, ä) è ïëàñ-
òè÷åñêàÿ äåôîðìàöèÿ ìàòðèöû (Ðèñ. 7å). Âñëåäñòâèå îïèñàííîãî õàðàêòåðà ðàçðóøåíèÿ òðåùèíîñòîé-
êîñòü ýòîãî ìàòåðèàëà ïîíèçèëàñü äî G

2C
 = 0,56 êÄæ/ì2

.

 Õàðàêòåð ðàçðóøåíèÿ îáðàçöà àëîðà, ïðåäâàðèòåëüíî ðàñòÿíóòîãî äî óðîâíÿ äåôîðìàöèè ε
â 
= 2,0% ïðè

èñïûòàíèÿõ íà òðåùèíîñòîéêîñòü ïî ìîäå II  (Ðèñ. 8) âî ìíîãîì ïîäîáåí õàðàêòåðó ðàçðóøåíèÿ ïðåäûäó-
ùåãî îáðàçöà àëîðà, ðàñòÿíóòîãî äî äåôîðìàöèè ε

â 
= 1,0% (ñì. Ðèñ. 7). Â äàííîì ñëó÷àå ðàçðóøåíèå

ñëîèñòîãî ìåòàëëîêîìïîçèòà èäåò ãëàâíûì îáðàçîì ïî ãðàíèöå ìåæäó ñëîÿìè îðãàíîïëàñòèêà è àëþìèíè-
åâîãî ñïëàâà. Íàèáîëåå òèïè÷íûìè èçìåíåíèÿìè ñòðóêòóðû àëîðà ÿâëÿþòñÿ ìèêðîòðåùèíû â àëþìèíèå-
âîì ñïëàâå íà ãðàíèöå ñ îðãàíîïëàñòèêîì (Ðèñ. 8 à, á, â), ïîëîñû ñäâèãà â âîëîêíàõ (Ðèñ. 8 ã, ä) è îòîðâàí-
íûå îò âîëîêíà ôèáðèëëû è òîðñèîíû â ìàòðèöå ìåæäó âîëîêíàìè (Ðèñ. 8 å). Â ðåçóëüòàòå îáðàçîâàíèÿ
áîëüøîãî ÷èñëà ìèêðîòðåùèí â ïîâåðõíîñòíîì ñëîå ñïëàâà çíà÷åíèå òðåùèíîñòîéêîñòè ýòîãî ìàòåðèàëà
îñòàëîñü ïðàêòè÷åñêè íà óðîâíå ïðåäûäóùåãî îáðàçöà è ñîñòàâèëà G

2C
 = 0,54 êÄæ/ì2

.

 Òàêèì îáðàçîì, ïðîâåä¸ííûå ìåòîäîì ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè èññëåäîâàíèÿ îñîáåí-
íîñòåé ìåõàíèçìà ðàçðóøåíèÿ ñëîèñòîãî ìåòàëëîïîëèìåðíîãî êîìïîçèòà àëîð ïðè èñïûòàíèÿõ íà òðåùè-
íîñòîéêîñòü ïî ìîäåI è ìîäå II  ïîçâîëèëè îöåíèòü âëèÿíèå ñòåïåíè ïðåäâàðèòåëüíîé ïëàñòè÷åñêîé äåôîð-
ìàöèè (ε

â
) íà åãî ôðàêòîãðàôèþ. Îáíàðóæåíî, ÷òî ñ óâåëè÷åíèåì ñòåïåíè ïðåäâàðèòåëüíîé ïëàñòè÷åñêîé

äåôîðìàöèè èçìåíÿåòñÿ õàðàêòåð ïîâåðõíîñòè ðàçðóøåíèÿ ìàòåðèàëà. Ïðè íèçêèõ äåôîðìàöèÿõ (ε
â
=0÷0,5%)

?àçðóøåíèå àëîðà ïðîèñõîäèò ïðåèìóùåñòâåííî áåç ÿâíî âûðàæåííîé äåôîðìàöèè ïî ãðàíèöå ðàçäåëà
ìåæäó âîëîêíîì è ìàòðèöåé è ñ íåáîëüøèì ÷èñëîì îòðûâîâ ôèáðèëëÿðíûõ îáðàçîâàíèé îò ïîâåðõíîñòè
âîëîêíà ÑÂÌ. Ñ ðîñòîì âåëè÷èíû ïëàñòè÷åñêîé äåôîðìàöèè äî 1-2% ìåõàíèçì ðàçðóøåíèÿ ãèáðèäíîãî
êîìïîçèöèîííîãî ìàòåðèàëà èçìåíÿåòñÿ è ðàçðûâ ïðîèñõîäèò êàê ïî ãðàíèöå âîëîêíî-ìàòðèöà, òàê è ïî
ãðàíèöå àëþìèíèåâûé ñïëàâ � ìàòðèöà ñ îòðûâîì áîëüøîãî ÷èñëà ôèáðèëëÿðíûõ îáðàçîâàíèé îò ïîâåðõ-
íîñòè âîëîêíà ÑÂÌ, à òàêæå îáðàçîâàíèå ìèêðîòðåùèí â îêñèäíîì ñëîå ìåòàëëà è â ïîëèìåðíîé ìàòðèöå.
Ïîâûøåíèå òðåùèíîñòîéêîñòè ñ ðîñòîì ε

â 
ñâÿçàíî, âåðîÿòíî, ñ óâåëè÷åíèåì çàòðàò ýíåðãèè ðàçðóøåíèÿ íà
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Ðèñ. 6. Ôðàêòîãðàôèÿ ÀËÎÐ ñ ïðåäâàðèòåëüíîé äåôîðìàöèåé (å
â 
= 0,5%) íà ðàñòÿæåíèå ïîñëå èñïûòàíèé íà

òðåùèíîñòîéêîñòü ïî ìîäå II (G
2C

=0,70 êÄæ/ì2): à, á) òèïîâîé õàðàêòåð ðàçðóøåíèÿ îðãàíîïëàñòèêà íà ãðàíèöå
ñ àëþìèíèåâûì ñïëàâîì è ìèêðîòðåùèíà â ñïëàâå; â) èçãèá è ðàñùåïëåíèå ïîâåðõíîñòè âîëîêíà íà ôèáðèëëÿðíûå
îáðàçîâàíèÿ; ã) îòîðâàííûå ôèáðèëëû è ìèêðîòðåùèíû â ìàòðèöå ïîñëå îòðûâà âîëîêîí; ä, å) ïîëîñû ñäâèãà â
âîëîêíàõ è îòðûâ ôèáðèëëÿðíûõ îáðàçîâàíèé îò èõ ïîâåðõíîñòè

Fracture surface of the ALOR with preliminary deformation (å
â 
= 0,5 %) on stretching in measuring fracture toughness,

mode II (G
2C

=0,70 kJ/sq.m): a, b) typical failures surfaces of the matrix on interface with fibers; c) flexion and interfibrillar
splitting of fibers on fibrillar formations; d) break of fibrils and microcracks in matrix after separation of fibers; e, f) shift
strips in fibers and separation of fibrillar formations from a fiber surface
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Ðèñ. 7. Ôðàêòîãðàôèÿ ÀËÎÐ ñ ïðåäâàðèòåëüíîé äåôîðìàöèåé (å
â 
= 1,0%) íà ðàñòÿæåíèå ïîñëå èñïûòàíèé íà

òðåùèíîñòîéêîñòü ïî ìîäå II (G
2C

=0,56 êÄæ/ì2): à, á) ìèêðîòðåùèíû â àëþìèíèåâîì ñïëàâå íà ãðàíèöå ñ îðãàíî-
ïëàñòèêîì; â) òîðñèîíû â ñêîëå ìàòðèöû ìåæäó âîëîêíàìè; ã, ä) ìåæôèáðèëëÿðíîå ðàñùåïëåíèå âîëîêíà è îáðûâ
ôèáðèëëÿðíûõ îáðàçîâàíèé ìèêðîòðåùèíû â ñëîå ìàòðèöû; å) òîðñèîíû â ìàòðèöå ìåæäó âîëîêíàìè è ïëàñòè÷åñ-
êàÿ äåôîðìàöèÿ ìàòðèöû
Fracture surface of the ALOR with preliminary deformation (å

â 
= 1,0 %) on stretching in measuring fracture toughnesss,

mode II (G
2C

=0,56 kJ/sq.m): a, b) microcracks in aluminum alloy on interface with a organoplastiky; c) torsions in matrix
between fibers; d, e ) interfibrillar splitting of fiber and break of fibrillar formations; f) torsions in a matrix between fibers
and plastic deformation of a matrix
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Ðèñ. 8. Ôðàêòîãðàôèÿ àëîð ñ ïðåäâàðèòåëüíîé äåôîðìàöèåé (å
â 
= 2,0%) íà ðàñòÿæåíèå ïîñëå èñïûòàíèé íà

òðåùèíîñòîéêîñòü ïî ìîäå II (G
2C

=0,54 êÄæ/ì2): à, á, â) ìèêðîòðåùèíû â àëþìèíèåâîì ñïëàâå íà ãðàíèöå ñ
îðãàíîïëàñòèêîì; ã, ä) ïîëîñû ñäâèãà â âîëîêíàõ; å) îòîðâàííûå îò âîëîêíà ôèáðèëëû è òîðñèîíû â ìàòðèöå
ìåæäó âîëîêíàìè
Fracture surface of the ALOR with preliminary deformation (å

â 
= 2,0 %) on stretching in measuring fracture toughness,

mode II (G
2C

=0,54 kJ/sq.m): a, b, c) microcracks in aluminum alloy on interface with a organoplastiky; d, e) shift strips in
fibers; f) break of fibrils and torsions in a matrix between fibers
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îáðàçîâàíèå íîâûõ ïîâåðõíîñòåé ðàçðûâà: âîëîêíî-ìàòðèöà, ìåòàëë-ìàòðèöà, ìåæôèáðèëëÿðíîå ðàñùåï-
ëåíèå àðàìèäíîãî âîëîêíà ÑÂÌ, ïîâåðõíîñòåé ìèêðîòðåùèí.

4. Âûâîäû

1. Ïðîâåäåí ôðàêòîãðàôè÷åñêèé àíàëèç ñëîèñòîãî ìåòàëëîïîëèìåðíîãî êîìïîçèòà àëîð, ñîñòîÿùåãî èç
äâóõ ñëîåâ àëþìèíèåâîãî ñïëàâà Ä16ÀÒ è îðãàíîïëàñòèêà íà îñíîâå îäíîíàïðàâëåííîé ëåíòû èç àðàìèä-
íûõ âîëîêîí ÑÂÌ è ýïîêñè-êàó÷óêîâîãî ïë¸íî÷íîãî êëåÿ ÂÊ-41, ïîäâåðãíóòîãî ïðåäâàðèòåëüíîìó ðàñòÿ-
æåíèþ äî óðîâíÿ äåôîðìàöèè 2%, ïîñëå èñïûòàíèé íà òðåùèíîñòîéêîñòü ïî ìîäå I (â óñëîâèÿõ îòðûâà) è
ìîäå II  (â óñëîâèÿõ ñäâèãà).

2. Èññëåäîâàíî âëèÿíèå ïðåäâàðèòåëüíîé äåôîðìàöèè íà ðàñòÿæåíèå àëîðà íà ôðàêòîãðàôè÷åñêèå îñî-
áåííîñòè åãî ìåæñëîéíîãî ðàçðóøåíèÿ ïðè èñïûòàíèÿõ íà òðåùèíîñòîéêîñòü. Óñòàíîâëåíî, ÷òî ñ óâåëè÷å-
íèåì ñòåïåíè ïðåäâàðèòåëüíîãî ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ èçìåíÿåòñÿ õàðàêòåð ïîâåðõíîñòè ðàçðó-
øåíèÿ àëîðà è ïîâûøàåòñÿ åãî òðåùèíîñòîéêîñòü â óñëîâèÿõ îòðûâà.

3. Ïîêàçàíî, ÷òî ïðè ìàëûõ äåôîðìàöèÿõ (ε
â 
= 0÷0,5%) ðàçðóøåíèå àëîðà ïðîèñõîäèò ïðåèìóùåñòâåííî

áåç ÿâíî âûðàæåííîé äåôîðìàöèè ïî ãðàíèöå ðàçäåëà ìåæäó âîëîêíîì è ìàòðèöåé è ñ íåáîëüøèì ÷èñëîì
îòðûâîâ ôèáðèëëÿðíûõ îáðàçîâàíèé îò ïîâåðõíîñòè âîëîêíà ÑÂÌ. Ñ ðîñòîì âåëè÷èíû ïëàñòè÷åñêîé äå-
ôîðìàöèè äî 1-2% ìåõàíèçì ðàçðóøåíèÿ ãèáðèäíîãî êîìïîçèöèîííîãî ìàòåðèàëà èçìåíÿåòñÿ è ðàçðûâ
ïðîèñõîäèò êàê ïî ãðàíèöå âîëîêíî-ìàòðèöà, òàê è ïî ãðàíèöå àëþìèíèåâûé ñïëàâ � ìàòðèöà ñ îòðûâîì
áîëüøîãî ÷èñëà ôèáðèëëÿðíûõ îáðàçîâàíèé îò ïîâåðõíîñòè âîëîêíà ÑÂÌ, à òàêæå îáðàçîâàíèå ìèêðîòðå-
ùèí â îêñèäíîì ñëîå ìåòàëëà è â ïîëèìåðíîé ìàòðèöå.

4. Óâåëè÷åíèå òðåùèíîñòîéêîñòè ìåòàëëîïîëèìåðíîãî êîìïîçèòà àëîð â óñëîâèÿõ îòðûâà â 1,5 ðàçà ïðè
ïðåäâàðèòåëüíîì äåôîðìèðîâàíèè ïðè òåìïåðàòóðå âûøå òåìïåðàòóðû ñòåêëîâàíèÿ ìàòðèöû (êëåÿ ÂÊ-41)
ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî ïðåäâàðèòåëüíàÿ ïëàñòè÷åñêàÿ äåôîðìàöèÿ ìîæåò ñëóæèòü ýôôåêòèâíûì ñïî-
ñîáîì ïîâûøåíèÿ ïðî÷íîñòè ìåòàëëîïîëèìåðíîãî êîìïîçèòà.

Áèáëèîãðàôè÷åñêèé ñïèñîê
1. Êàáëîâ Å.Í. Ñîâðåìåííûå ìàòåðèàëû � îñíîâà èííîâàöèîííîé ìîäåðíèçàöèè Ðîññèè. Ìåòàëëû Åâðàçèè. 2012.

¹3. Ñ. 10�15.
2. Êàáëîâ Å.Í. Èííîâàöèîííûå ðàçðàáîòêè ÔÃÓÏ «ÂÈÀÌ» ÃÍÖ ÐÔ ïî ðåàëèçàöèè «Ñòðàòåãè÷åñêèõ íàïðàâëåíèé

ðàçâèòèÿ ìàòåðèàëîâ è òåõíîëîãèé èõ ïåðåðàáîòêè íà ïåðèîä äî 2030 ãîäà». Àâèàöèîííûå ìàòåðèàëû è òåõíîëîãèè.
2015. ¹1 (34). Ñ. 3�33.

3. Êàáëîâ Å.Í. Ìàòåðèàëû è õèìè÷åñêèå òåõíîëîãèè äëÿ àâèàöèîííîé òåõíèêè. Âåñòíèê Ðîññèéñêîé àêàäåìèè íàóê.
2012. Ò. 82. ¹6. Ñ. 520�530.

4. Ìàøèíñêàÿ Ã.Ï., Æåëåçèíà ÃÔ. Àëîðû. Áîëüøàÿ Ðîññèéñêàÿ ýíöèêëîïåäèÿ. Ì.: Íàó÷íîå èçäàòåëüñòâî «Áîëüøàÿ
ðîññèéñêàÿ ýíöèêëîïåäèÿ. 2005. Ñ. 518.

5. Vogelesang L.B. Development of a new hybrid material (ARALL) for aircraft structure. Ind. Eng. Chem. Prod. Dev. 1983.
Vol. 22. ¹3. 492-496.

6. Ãóíÿåâ Ã. Ì., Æåëåçèíà Ã. Ô., Èëü÷åíêî Ñ. È. Ñëîèñòûå ìåòàëëîïîëèìåðíûå êîìïîçèòû íà îñíîâå àëþìèíèåâûõ è
òèòàíîâûõ ñïëàâîâ. Àâèàöèîííûå ìàòåðèàëû è òåõíîëîãèè. Âûï. «Ïîëèìåðíûå êîìïîçèöèîííûå ìàòåðèàëû». Ì.:
ÂÈÀÌ. 2002. Ñ. 50�58.

7. Æåëåçèíà Ã.Ô., Ãóëÿåâ È.Í., Êàçàêîâ È.À., Ïîñòíîâ Â.È., ßïïàðîâ Â.Ì., Èëüèí Â.À. Îïûò ïðèìåíåíèÿ ñëîèñòûõ
ìåòàëëîïëàñòèêîâ (àëîðîâ) äëÿ ðåìîíòà îáøèâîê ïëàíåðà ñàìîëåòà Àí-124. Àâèàöèîííûå ìàòåðèàëû è òåõíîëîãèè. Âûï.
3 «Ðåìîíòíûå òåõíîëîãèè â àâèàñòðîåíèè». Ì.: ÂÈÀÌ. 2001. Ñ. 54–57.

8. Mashinskaya G.P., Zhelezina G.F., Senatorova O.G. Laminated fibrous metal-polymer ñomposities. Metal matrix composites.
Soviet Advanced Composities Technology Series. åds. Fridlynder I.N., London: UK. Chapman & Hall, 1995, Vol. 3, 487-570.

9. Ìåæñëîéíûå ýôôåêòû â êîìïîçèöèîííûõ ìàòåðèàëàõ. Ïîä ðåä. Í. Ïýéãàíî. Ì.: Ìèð. 1993. 243 ñ.
10. Ãðàáèëüíèêîâ À.Ñ., Ìàøèíñêàÿ Ã.Ï., Æåëåçèíà Ã.Ô., Çèíåâè÷ Î.Ì., Äååâ È.Ñ. Ìåæñëîéíàÿ òðåùèíîñòîéêîñòü

ãèáðèäíîãî êîìïîçèöèîííîãî ìàòåðèàëà ÀËÎÐ. Ìåõàíèêà êîìïîçèòíûõ ìàòåðèàëîâ. 1994. Ò. 30. ¹ 2. Ñ.196-208.
11. Æåëåçèíà Ã.Ô., Âîéíîâ Ñ.È. ×åðíûõ Ò.Å., ×åðíûõ Ê.Þ. Íîâûå àðàìèäíûå âîëîêíà Ðóñàð ÍÒ äëÿ àðìèðîâàíèÿ



175

Òîì 7 (Volume 7) ¹ 3
2015

Êîìïîçèòû è íàíîñòðóêòóðû
COMPOSITES and NANOSTRUCTURES

êîíñòðóêöèîííûõ îðãàíîïëàñòèêîâ. Âîïðîñû ìàòåðèàëîâåäåíèÿ. 2015. ¹1(81). Ñ. 60-70.
12. Tikhonov I.V., Tokarev A.V., Shorin S.V., Shchetinin V.M., Chernykh T.E., Bova V.G. Russian aramid fibres: past-present-

future . Fibre Chemistry. 2013. ¹5. 1�8.
13. Øóëüäåøîâà Ï.Ì., Æåëåçèíà Ã.Ô. Âëèÿíèå àòìîñôåðíûõ óñëîâèé è çàïûëåííîñòè ñðåäû íà ñâîéñòâà êîíñòðóêöè-

îííûõ îðãàíîïëàñòèêîâ. Àâèàöèîííûå ìàòåðèàëû è òåõíîëîãèè. 2014. ¹1. Ñ. 64�68.
14. Òðîñòÿíñêàÿ Å.Á., Ãðàáèëüíèêîâ À.Ñ., Êîìàðîâ Ã.Â. Èññëåäîâàíèå îñîáåííîñòåé ðàçðóøåíèÿ êëååâûõ ñîåäèíåíèé

íà îñíîâå æåñòêèõ è ýëàñòèôèöèðîâàííûõ êëååâ. Ìåõàíèêà êîìïîçèòíûõ ìàòåðèàëîâ. 1985. ¹3. Ñ. 443-448.
 15. Ñêóäðà À.Ì., Ïåðîâ Á.Â., Ìàøèíñêàÿ Ã.Ï., Áóëàâñ Ô.ß., Äååâ È.Ñ. Ìèêðîñòðóêòóðíûå îñîáåííîñòè ðàçðóøåíèÿ

îðãàíîïëàñòèêîâ è èõ âëèÿíèå íà ïðî÷íîñòü. Êîìïîçèöèîííûå ìàòåðèàëû. Ì.: Íàóêà. 1981. C. 284-287.
16. Äååâ È.Ñ., Êîáåö Ë.Ï., Ðóìÿíöåâ À.Ô. Ôðàêòîãðàôè÷åñêèå èññëåäîâàíèÿ ýïîêñèäíûõ óãëåïëàñòèêîâ ïîñëå èñïûòà-

íèé íà òðåùèíîñòîéêîñòü ïî ìîäå I. Êîìïîçèòû è íàíîñòðóêòóðû. 2013. Ò. 5. ¹2. Ñ. 2-12.
17. Äååâ È.Ñ., Êîáåö Ë.Ï., Ðóìÿíöåâ À.Ô. Ôðàêòîãðàôè÷åñêèå èññëåäîâàíèÿ ýïîêñèäíîãî óãëåïëàñòèêà ïîñëå èñïû-

òàíèé íà òðåùèíîñòîéêîñòü ïî ìîäå II. Êîìïîçèòû è íàíîñòðóêòóðû. 2014. Ò.6. ¹2. Ñ. 2-12.
18. Äååâ È.Ñ., Êàáëîâ Å.Í., Êîáåö Ë.Ï., ×óðñîâà Ë.Â. Èññëåäîâàíèå ìåòîäîì ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè

äåôîðìàöèè ìèêðîôàçîâîé ñòðóêòóðû ïîëèìåðíûõ ìàòðèö ïðè ìåõàíè÷åñêîì íàãðóæåíèè. Òðóäû ÂÈÀÌ. 2014. ¹7. Ñò.
06 (www.viam-works.ru/ru/articles).

19. Äååâ È. Ñ., Êîáåö Ë. Ï. Èññëåäîâàíèå ìèêðîñòðóêòóðû è ìèêðîïîëåé äåôîðìàöèé â ïîëèìåðíûõ êîìïîçèòàõ
ìåòîäîì ðàñòðîâîé ýëåêòðîííîé ìèêðîñêîïèè. Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ. 1999. Òîì 65. ¹4.
Ñ. 27-34.

20. Äååâ È. Ñ., Êîáåö Ë. Ï. Èññëåäîâàíèå ìèêðîñòðóêòóðû è îñîáåííîñòåé ðàçðóøåíèÿ ýïîêñèäíûõ ïîëèìåðîâ è
êîìïîçèöèîííûõ ìàòåðèàëîâ íà èõ îñíîâå. Ìàòåðèàëîâåäåíèå. 2010. ¹5. Ñ.8-16 (íà÷àëî). 2010. ¹6. Ñ.13-18 (îêîí÷àíèå).

21. Øïåéçìàí Â. Â., Ïåñ÷àíñêàÿ Í. Í. Ìíîãîóðîâíåâûé õàðàêòåð äåôîðìàöèè ïîëèìåðîâ. Ôèçèêà òâ¸ðäîãî òåëà.
2011. Ò. 53. Âûï.6. Ñ. 1169-1174.

22. Òàìóæ Â. Ï., Êóêñåíêî Â. Ñ. Ìèêðîìåõàíèêà ðàçðóøåíèÿ ïîëèìåðíûõ ìàòåðèàëîâ. Ðèãà: Çèíàòíå. 1978. 294 ñ.
23. Machinskaya G. P., Deev I. S., Kobetz L. P., Gladkova L. G., Michailova V. A., Chermashentseva V. M. Pyrolysis processes

and structure of high-strength aramid fibers. MICC 90. Moscow international composites conference. Eds. I. N. Fridlyander, V.
I. Kostikov. Elsevier applied science. London & New-York. 1990. 147-150.

24. Êîáåö Ë. Ï., Äååâ È. Ñ., Æóêîâà Ç. Í. Ñòðóêòóðíî-ìåõàíè÷åñêèå ñâîéñòâà àðàìèäíûõ âîëîêîí è ìåæôàçíîå
âçàèìîäåéñòâèå â ýïîêñèäíûõ îðãàíîïëàñòèêàõ. Ìàòåðèàëîâåäåíèå. 2006. ¹ 3. Ñ. 24-36 (íà÷àëî), ¹ 4. Ñ. 10-15
(îêîí÷àíèå).

References
1. Kablov E.N., Modern materials are basis of innovative modernisation of Russia. Metally Åvrazii - Metals of Eurasia.2012.

No. 3. pp. 10-15 (in Russian).
2. Kablov E.N., Innovative development of Federal State Unitary Enterprise «VIAM» of GNTs Russian Federation on

realization «Strategic directions of development of materials and technologies of their processing for the period till 2030».
Aviatsionnye materialy i tekhnologii -The aviation materials and technologies, 2015, no. 1 (34). pp. 3-33 (in Russian).

3. Kablov E.N. Material and chemical technologies for aviation engineerin. Vestnik rossijskoj akademii nauk - The Messenger
of the Russian Academy of Sciences. 2012. v. 82.no. 6. pp. 520-530 (in Russian).

4. Alory. Bolshaya rossijskaya entsiklopediya. [Large Russian encyclopedia] Moscow, Publ.: «Bolshaya rossijskaya
entsiklopediya». 2005. p. 518 (in Russian).

5. Vogelesang L.B. Development of a new hybrid material (ARALL) for aircraft structure. Ind. Eng. Chem. Prod. Dev. 1983.
Vol. 22. ¹3. pp. 492-496.

6. Gunyaev G. M., Zhelezina G. F., Ilchenko S. I. Layered metalpolymeric composites on the basis of aluminum and titanium
alloys. Aviatsionnye materialy i tekhnologii Vyp. «Polimernye kompozitsionnye materialy»- Aviation materials and
technologies. «Polymeric composite materials». M: VIAM. 2002. pp. 50-58 (in Russian).

7. Zhelezina G. F., Guljaev I.N., Cossacks of I.A., Postnov V. I., Yapparov V. M., Ilyin V.A. Experience of application of layered
metalplastics (alor) for repair of coverings of glider of the airplane AN-124 . Aviatsionnye materialy i tekhnologii. Vyp. 3 -
Aviation materials and technologies. v.3 «Repair technologies in aircraft industry». M: VIAM. 2001. pp. 54-57 (in Russian).

8. Mashinskaya G.P., Zhelezina G.F., Senatorova O.G. Laminated fibrous metal-polymer composities. Metal matrix composites,
Soviet Advanced Composities Technology Series, ed. by Fridlynder I.N., London: UK , Chapman & Hall. 1995. 487-570.



176

Òîì 7 (Volume 7) ¹ 3
2015

Êîìïîçèòû è íàíîñòðóêòóðû
COMPOSITES and NANOSTRUCTURES

9. Under the editorship of N.M. Pejgano. Mezhslojnye effekty v kompozitsionnykh materialakh [Interlaminar effects in
composite materials]. -M.: World. 1993. 243 p. (in Russian).

10. Grabilnikov A.S., Mashinskaya G.P., Zhelezina G.F., Zinevich O.M., Deev I.S. Fracture toughness of hybrid composite
material ALOR. Mekhanika kompozitnykh materialov - Mechanics of composite materials. 1994. v.30. ¹2. pp. 196-208 (in
Russian).

11. Zhelezina G.F., Vojnov S.I. Chernykh T.E., Chernykh K.Yu. New aramide fibers Rusar NT for reinforcing constructional
organoplastiks. Voprosy materialovedeniya - Questions of materials science. 2015. No. 1 (81). pp. 60-70 (in Russian).

12. Tikhonov I.V., Tokarev A.V., Shorin S.V., Shchetinin V.M., Chernykh T.E., Bova V.G. Russian aramid fibres: past-present-
future .Fibre Chemistry. 2013. ¹5. pp. 1-8.

13. Shuldeshova P. M., Zhelezina G. F. Influence of atmospheric conditions and environment space content on properties
constructional organoplastiks. Aviation materials and technologies - Aviation materials and technologies. 2014. No. 1. pp. 64-
68 (in Russian).

14. Trostyansky E.B., Grabilnikov A.S., Komarov G.V. Investigation mosquitoes of features of destruction of glued joints
on the basis of rigid and elastifitsirovanny glues. Mekhanika kompozitnykh materialov - Mechanics of composite materials.
1985. No. 3. pp. 443-448. (in Russian).

15. Skudra A.M., Perov B.V., Mashinskaya G.P., Bulavs F.Ya., Deev I.S. Mikrostrukturnye osobennosti razrusheniya
organoplastikov i ikh vliyanie na prochnost /V sb. Kompozitsionnye materialy. M.: Nauka. 1981. S. 284-287 (in Russian).

16. Deev I.S., Kobets L.P., Rumyantsev A.F. A study of the fracture surface of carbon-fibre/epoxy-matrix composites after
testing measure fracture toughness (mode I). Composity I Nanostructury - Composites and Nanostructures, 2013,v. 5 no 2,
pp. 2-12 (in Russian).

17. Deev I.S., Kobets L.P., Rumyantsev A.F. A study of the fracture surface of carbon-fibre/epoxy-matrix composites after
testing measure fracture toughness (mode II). Composity I Nanostructury - Composites and Nanostructures. 2014. v. 6. ¹2. pp.
2-12 (in Russian).

18. Deev I.S., Kablov E.N., Kobets L.P., Chursova L.V. [Research by method the scanning electronic microscopy of deformation
microphase structures of polymeric matrixes at mechanical loading]. Trudy VIAM. 2014. ¹7. Available at: http://www.viam-
woks.ru/ru/articles (in Russian).

19. Deev I. S., Kobets L. P. Research of microstructure and microfields of deformations in polymeric composites by method
the scanning electron microscopy. Zavodskaya laboratoriya. Diagnostika materialov - Factory laboratory. Diagnostics
of materials. 1999. Volume 65. No. 4. pp. 27-34 (in Russian). 

20. Deev I.S., Kobets L.P., Research of a microstructure and features of destruction of epoxy polymers and composite materials on
their basis. Materialovedenie - Materials science. 2010. ¹ 5. pp. 8-16; ¹6. pp. 13-18 (in Russian).

21. Shpejzman V. V., Peschanskaya N. N. Multi-level nature of deformation of polymers. Fizika tverdogo tela -
Solid state physics. 2011. v. 53. ¹ 6. pp. 1169-1174 (in Russian).

22. Tamuzh V. P., Kuksenko V. S. Mikromekhanika razrusheniya polimernykh materialov [Mikromekhaniks of fracture of
polymeric materials]. Riga: Zinatne. 1978. 294 p. (in Russian).

23. Machinskaya G. P., Deev I. S., Kobetz L. P., Gladkova L. G., Michailova V. A., Chermashentseva V. M. Pyrolysis processes and
structure of high-strength aramid fibers. MICC 90. Moscow International Composites Conference. Ed. by I. N. Fridlyander & V. I.
Kostikov. Elsevier applied science. London and New York. 1990. pp. 147-150.

24. Deev I.S., Kobets L.P., Zhukova Z. N. Structure and mechanics properties of aramid of fibers and interphase reaction
in composite materials of base epoxy polymers Materialovedenie - Materials science. 2006. no. 3. pp. 24-36; no. 4. pp. 10-15
(in Russian).

Ñâåäåíèÿ îá àâòîðàõ
Äååâ È.Ñ.*): êàíä. òåõí. íàóê, ãëàâíûé íàó÷ûé ñîòðóäíèê ÔÃÓÏ «Âñåðîññèéñêèé íàó÷íî-èññëåäîâà-

òåëüñêèé èíñòèòóò àâèàöèîííûõ ìàòåðèàëîâ» ÃÍÖ ÐÔ, 105005, Ðîññèÿ,
ã. Ìîñêâà, óë. Ðàäèî, ä.17, e-mail: deevis@viam.ru, òåë. 89031244824.

Ã.Ô.Æåëåçèíà: êàíä. òåõí. íàóê, íà÷àëüíèê ñåêòîðà ÔÃÓÏ «Âñåðîññèéñêèé íàó÷íî-èññëåäîâàòåëüñ-
êèé èíñòèòóò àâèàöèîííûõ ìàòåðèàëîâ» ÃÍÖ ÐÔ, 105005, Ðîññèÿ, ã. Ìîñêâà, óë. Ðàäèî, ä.17.

*Êîíòàêòíîå ëèöî


