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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 08.04.2019

Ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ ìåæñëîåâîé ïðî÷íîñòè ìåòàëëîïîëèìåðíîãî êîìïîçèöèîííîãî ìàòå-
ðèàëà ÑÈÀËà, îáðàçîâàííîãî ñëîÿìè àëþìèíèåâîãî ñïëàâà è îäíîíàïðàâëåííîãî ñòåêëîïëàñòèêà. Èññëåäîâàíû
îáðàçöû, ñîñòîÿùèå èç 17 ñëîåâ, äëÿ êîòîðûõ îïðåäåëåíà êàæóùàÿñÿ ìåæñëîåâàÿ ïðî÷íîñòü ïî ðåçóëüòàòàì èñ-
ïûòàíèé íà òðåõòî÷å÷íûé èçãèá. Óñòàíîâëåíî, ÷òî äëÿ èññëåäîâàííûõ îáðàçöîâ ðåàëèçóåòñÿ ìåõàíèçìû ìåæñëî-
åâîãî ñäâèãà ïðè ñîîòíîøåíèè ðàçìåðîâ äëèíû ê òîëùèíå ìåíåå 10. Ëîêàëèçàöèÿ ðàçðóøåíèÿ ïðîèñõîäèò â çîíå
öåíòðàëüíîãî ñëîÿ, ÷òî ñîîòâåòñòâóåò òðåáîâàíèÿì ñòàíäàðòîâ íà ïðîâåäåíèå èñïûòàíèé ïî ìåòîäó êîðîòêîé áàëêè.
Îäíàêî òàêèå èñïûòàíèÿ ÑÈÀËîâ âñåãäà ñîïðîâîæäàþòñÿ âîçíèêíîâåíèåì çíà÷èòåëüíûõ ïëàñòè÷åñêèõ äåôîð-
ìàöèé, ñâÿçàííûõ ñ ïðèñóòñòâèåì àëþìèíèåâûõ ñëîåâ â ñòðóêòóðå ìàòåðèàëà. Ïðè óäëèíåíèè îáðàçöîâ áîëåå 10
â íèõ ðåàëèçóåòñÿ ìåõàíèçì ðàçðóøåíèÿ, ïðè êîòîðîì ïðîèñõîäÿò îòñëîåíèå è ïîòåðÿ óñòîé÷èâîñòè âíåøíèõ ñëîåâ
íà ñæàòîé ñòîðîíå îáðàçöà. Íà îñíîâå ïðåäëîæåííîé àïïðîêñèìàöèè ýêñïåðèìåíòàëüíûõ äàííûõ ïîëó÷åíà îöåíêà
äëÿ ôàêòè÷åñêîé ìåæñëîåâîé ïðî÷íîñòè ìàòåðèàëà, êîòîðàÿ ñîñòàâèëà ~60 ÌÏà.

Êëþ÷åâûå ñëîâà: àëþìîñòåêëîïëàñòèê, òðåõòî÷å÷íûé èçãèá, êîðîòêàÿ áàëêà, ìåæñëîåâàÿ ïðî÷íîñòü.

Ââåäåíèå

Ñëîèñòûå àëþìîñòåêëîïëàñòèêè (ÑÈÀË,
GLARE) ÿâëÿþòñÿ ïåðñïåêòèâíûìè êîíñòðóêöè-
îííûìè ìàòåðèàëàìè äëÿ ïðèìåíåíèÿ â êîíñòðóê-
öèÿõ ëåòàòåëüíûõ àïïàðàòîâ [1—5]. Ýòè êîìïîçè-
öèîííûå ìàòåðèàëû ïðåäñòàâëÿþò ñîáîé ñëîèñòûå
ïàíåëè, îáðàçîâàííûå ÷åðåäóþùèìèñÿ òîíêèìè
ñëîÿìè èç ñòåêëîïëàñòèêà è èç àëþìèíèåâûõ
ñïëàâîâ. Ïî ñðàâíåíèþ ñ ìåòàëëàìè ÑÈÀËû îá-
ëàäàþò ïîâûøåííîé óäåëüíîé ïðî÷íîñòüþ, äëè-
òåëüíîé ïðî÷íîñòüþ, îãíåñòîéêîñòüþ. Èññëåäîâà-
íèå çàâèñèìîñòè ìåõàíè÷åñêèõ ñâîéñòâ ÑÈÀËîâ îò

ïàðàìåòðîâ èõ àðìèðîâàíèÿ ïðåäñòàâëÿåò ñîáîé
âàæíóþ çàäà÷ó, ðåøåíèå êîòîðîé íåîáõîäèìî äëÿ
ïðîâåäåíèÿ ïðî÷íîñòíûõ ðàñ÷åòîâ è ïðîåêòèðî-
âàíèÿ îïòèìàëüíûõ êîíñòðóêöèé. Îäíîé èç âàæ-
íûõ õàðàêòåðèñòèê, îïðåäåëÿþùèõ êîíñòðóêöèîí-
íûå ñâîéñòâà ÑÈÀËîâ, êàê è äðóãèõ êîìïîçèöè-
îííûõ ìàòåðèàëîâ, ÿâëÿåòñÿ ìåæñëîåâàÿ ïðî÷-
íîñòü.

Èñïûòàíèå îáðàçöîâ íà òðåõòî÷å÷íûé èçãèá
ïî ìåòîäó «êîðîòêîé áàëêè» [6, 7] — îäèí èç íàè-
áîëåå ïðîñòûõ ìåòîäîâ îïðåäåëåíèÿ ìåæñëîåâîé
ïðî÷íîñòè êîìïîçèöèîííûõ ìàòåðèàëîâ [8], îí
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4) îñîáåííîñòÿìè çàâèñèìîñòè ìåæñëîåâîé
ïðî÷íîñòè îò ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ
[22].

Â ïîñëåäíèå ãîäû ïîÿâèëîñü áîëüøîå êîëè÷å-
ñòâî ðàáîò, â êîòîðûõ èññëåäóåòñÿ âîçìîæíîñòü
îïðåäåëåíèÿ ìåæñëîåâîé ïðî÷íîñòè ìåòàëëîïîëè-
ìåðíûõ êîìïîçèòîâ ïî ìåòîäó «êîðîòêîé áàëêè»
[12—17]. Â ÑÈÀËàõ ðàçðóøåíèå ïî ìåõàíèçìó
ìåæñëîåâîãî ñäâèãà ìîæåò ïðîèñõîäèòü êàê íà
ãðàíèöå êîíòàêòà ìåòàëëè÷åñêèõ è êîìïîçèòíûõ
ñëîåâ, òàê è âíóòðè êîìïîçèòíûõ ñëîåâ. Â ïåðâîì
ñëó÷àå, ôàêòè÷åñêè, ïî ðåçóëüòàòàì èñïûòàíèé
îïðåäåëÿåòñÿ àäãåçèîííàÿ ïðî÷íîñòü êîíòàêòà ìå-
òàëë/êîìïîçèò ïðè ñäâèãå, à âî âòîðîì – ñîá-
ñòâåííàÿ ìåæñëîåâàÿ ïðî÷íîñòü êîìïîçèòíûõ
ñëîåâ. Ñîîòâåòñòâåííî, â èñïûòàíèÿõ óäàåòñÿ îï-
ðåäåëèòü òîëüêî òó õàðàêòåðèñòèêó, êîòîðàÿ èìå-
åò ìåíüøåå çíà÷åíèå. Äîïîëíèòåëüíîé îñîáåííî-
ñòüþ, âîçíèêàþùåé ïðè èñïûòàíèè îáðàçöîâ ÑÈ-
ÀËà ïî ìåòîäó «êîðîòêîé áàëêè», ÿâëÿåòñÿ ïëàñ-
òè÷íîñòü ñëîåâ àëþìèíèÿ, êîòîðàÿ ïðèâîäèò ê ñó-
ùåñòâåííî íåëèíåéíîé äèàãðàììå íàãðóçêà-ïåðå-
ìåùåíèÿ, ÷òî, îäíàêî, íå ÿâëÿåòñÿ ïðåïÿòñòâèåì
äëÿ ïðèìåíåíèÿ îöåíêè êàñàòåëüíûõ íàïðÿæåíèé
ïî êëàññè÷åñêîé ôîðìóëå 3P/(4bh), êîòîðàÿ ñïðà-
âåäëèâà äëÿ ëþáûõ òèïîâ ìàòåðèàëîâ, êàê óïðó-
ãèõ, òàê è ïëàñòè÷íûõ. Ïîýòîìó îñíîâíîé çàäà÷åé
èññëåäîâàíèé ñ ÑÈÀËàìè ÿâëÿåòñÿ îïðåäåëåíèå
ñòåïåíè ïîãðåøíîñòè, êîòîðàÿ ðåàëèçóåòñÿ ïðè
èñïîëüçîâàíèè ìåòîäà «êîðîòêîé áàëêè» ïî îòíî-
øåíèþ ê áîëåå òî÷íûì, íî è áîëåå òðóäîåìêèì
ìåòîäèêàì èñïûòàíèé. Â ÷àñòíîñòè, æåëàòåëüíî
ïîëó÷åíèå îöåíîê äëÿ çíà÷åíèé «èñòèííîé» ìåæ-
ñëîåâîé ïðî÷íîñòè, íå çàâèñÿùåé îò ðàçìåðîâ
îáðàçöà.

Ýêñïåðèìåíòàëüíûå ìåòîäû

Äëÿ îöåíêè ìåæñëîåâîé ïðî÷íîñòè ÑÈÀËà ïî
ìåòîäó «êîðîòêîé áàëêè» áûëè èçãîòîâëåíû îá-
ðàçöû ñòðóêòóðû 9/8 ñ îäíîíàïðàâëåííîé ñõåìîé
àðìèðîâàíèÿ êîìïîçèòíûõ ñëîåâ (ðèñ. 1,à). Òîë-
ùèíà îáðàçöîâ ñîñòàâëÿëà 5,5 ìì, øèðèíà 7 ìì,
à äëèíà 20—170 ìì. Òîëùèíû ñëîåâ ñòåêëîïëàñ-
òèêà è àëþìèíèåâîãî ñïëàâà ñîñòàâëÿëè ~0,32 ìì.

Âûáîð óêàçàííîé ñòðóêòóðû îáðàçöîâ îáóñëîâ-
ëåí, âî-ïåðâûõ, èìåþùèìñÿ îáîðóäîâàíèåì è
äèàìåòðîì îïîð â èñïûòàòåëüíîé ìàøèíå, êîòî-
ðûå íå ïîçâîëÿþò èñïûòûâàòü ñëèøêîì êîðîòêèå
îáðàçöû, à ïðèìåíåíèå 17-ñëîéíûõ ÑÈÀËîâ òîë-
ùèíîé 5,5 ìì ïîçâîëÿåò èñïûòûâàòü îáðàçöû
äëèíîé 25—55 ìì (ò. å. ñ óäëèíåíèåì 5—10, ÷òî
ñîîòâåòñòâóåò ñòàíäàðòíûì òðåáîâàíèÿì) íà èìå-
þùèõñÿ îïîðàõ.

øèðîêî ïðèìåíÿåòñÿ ïðè èññëåäîâàíèè è ðàçðà-
áîòêå êîìïîçèòíûõ êîíñòðóêöèé, òàê êàê íå òðå-
áóåò ñëîæíîé ýêñïåðèìåíòàëüíîé îñíàñòêè è òåí-
çîìåòðèè. Â òî æå âðåìÿ ìåæñëîåâàÿ ïðî÷íîñòü
ÿâëÿåòñÿ âàæíûì ïàðàìåòðîì ñ òî÷êè çðåíèÿ ïðî-
åêòèðîâàíèÿ, òàê êàê îíà èñïîëüçóåòñÿ ïðè ôîð-
ìóëèðîâêå êðèòåðèåâ ïðî÷íîñòè êîìïîçèöèîííûõ
ìàòåðèàëîâ [8, 9], è â òîì ÷èñëå ïðè îöåíêå ïðî÷-
íîñòè êîíñòðóêöèé èç ÑÈÀËîâ. Âîçíèêíîâåíèå
ìåæñëîåâûõ òðåùèí ìîæåò ïðèâîäèòü ê ñíèæå-
íèþ íåñóùåé ñïîñîáíîñòè ýëåìåíòîâ êîíñòðóê-
öèé è çàòåì ê èõ ðàçðóøåíèþ, íàïðèìåð ïî ìåõà-
íèçìó ëîêàëüíîé ïîòåðè óñòîé÷èâîñòè [10, 11].

Îäíàêî ñòîëü ïðîñòîé ìåòîä, êàê èñïûòàíèÿ
íà òðåõòî÷å÷íûé èçãèá, èìååò è îïðåäåëåííûå íå-
äîñòàòêè, ñâÿçàííûå, â ïåðâóþ î÷åðåäü, ñ òåì, ÷òî
ïðè òàêèõ èñïûòàíèÿõ â îáðàçöàõ ðåàëèçóåòñÿ
ñëîæíîå íàïðÿæåííîå ñîñòîÿíèå, ò.å. âîçíèêàþò
íå òîëüêî íàïðÿæåíèÿ ìåæñëîåâîãî ñäâèãà, íî è
ðàñòÿãèâàþùèå/ñæèìàþùèå íàïðÿæåíèÿ, ïðèâî-
äÿùèå ê ïîãðåøíîñòÿì â îïðåäåëåíèè õàðàêòåðè-
ñòèê ìàòåðèàëîâ [8]. Ñëîæíîñòü, êîòîðàÿ âîçíè-
êàåò ïðè èñïûòàíèè îáðàçöîâ íà ìåæñëîåâîé
ñäâèã, ïîìèìî óêàçàííûõ ïîãðåøíîñòåé, ñâÿçàí-
íûõ ñ íåîäíîðîäíûì íàïðÿæåííûì ñîñòîÿíèåì
îáðàçöîâ, çàêëþ÷àåòñÿ òàêæå â òîì, ÷òî îïðåäå-
ëÿåìàÿ ìåæñëîåâàÿ ïðî÷íîñòü îêàçûâàåòñÿ íå
êîíñòàíòîé ìàòåðèàëà, à çàâèñèò îò ðàññòîÿíèÿ
ìåæäó îïîðàìè. Ýòà ïðîáëåìà, èçâåñòíàÿ è äëÿ
îáû÷íûõ êîìïîçèöèîííûõ ìàòåðèàëîâ [18—21], è
äëÿ ìåòàëëîïîëèìåðíûõ êîìïîçèòîâ [12—17],
îáúÿñíÿåòñÿ ñíèæåíèåì êàñàòåëüíûõ íàïðÿæåíèé,
ðåàëüíî äåéñòâóþùèõ â êîðîòêèõ îáðàçöàõ (ïî
ñòàíäàðòàì îòíîñèòåëüíîå óäëèíåíèå îáðàçöîâ
äîëæíî ñîñòàâëÿòü 5—10), ïî ñðàâíåíèþ ñ êëàñ-
ñè÷åñêèìè ìîäåëÿìè áàëîê, êîòîðûå ïðåäïîëàãà-
þò ïîñòîÿííîå çíà÷åíèå ïåðåðåçûâàþùåé ñèëû è,
ñîîòâåòñòâåííî, ïîñòîÿííûå çíà÷åíèÿ êàñàòåëü-
íûõ íàïðÿæåíèé (ñ òî÷íîñòüþ äî çíàêà) ïî äëè-
íå îáðàçöà. Òàêèì îáðàçîì, ïðèìåíåíèå îáû÷íîãî
ñîîòíîøåíèÿ äëÿ îöåíêè êàñàòåëüíûõ íàïðÿæå-
íèé, äåéñòâóþùèõ â áàëêå, ïî ôîðìóëå 3P/(4bh)
[6], ïðèâîäèò ê ïîâûøåíèþ êàæóùåéñÿ ìåæñëî-
åâîé ïðî÷íîñòè ìàòåðèàëà. Êðîìå ýòîãî, âëèÿíèå
äëèíû îáðàçöà íà ðåçóëüòàòû èñïûòàíèé íà ìåæ-
ñëîåâóþ ïðî÷íîñòü îáúÿñíÿåòñÿ:

1) êîíöåíòðàöèåé íàïðÿæåíèé âáëèçè îïîð,
äëÿ èñêëþ÷åíèÿ êîòîðîé ïðèìåíÿþòñÿ ñïåöèàëü-
íûå îñíàñòêè [19];

2) ñòàòèñòè÷åñêîé çàâèñèìîñòüþ ïðî÷íîñòè îò
ðàçìåðîâ îáðàçöà [20];

3) âîçíèêíîâåíèåì ìåæñëîåâûõ òðåùèí íå íà
íåéòðàëüíîé îñè îáðàçöà [21];
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Âî-âòîðûõ, âûáîð îäíîíàïðàâëåííîé ñòðóêòó-
ðû àðìèðîâàíèÿ ïîçâîëÿåò ñíèçèòü âåðîÿòíîñòü
îáðàçîâàíèÿ ðàññëîåíèé âíóòðè êîìïîçèòíûõ
ñëîåâ è, òàêèì îáðàçîì, îöåíèòü ìåæñëîåâóþ
ïðî÷íîñòü êîíòàêòà àëþìèíèé/êîìïîçèò. Èñ-
ïîëüçîâàíèå êàêèõ-ëèáî äðóãèõ ñõåì àðìèðîâàíèÿ
ïðèâåëî áû ê ïåðâè÷íîìó ðàññëîåíèþ íà âíóòðåí-
íèõ íàèáîëåå îñëàáëåííûõ ãðàíèöàõ ìåæäó ñëî-
ÿìè ñòåêëîïëàñòèêà ñ ðàçíûì íàïðàâëåíèåì àð-
ìèðîâàíèÿ. Ïðè ýòîì â ïðîöåññ ðàáîòû ïðåäïî-
ëàãàëîñü, ÷òî ñîáñòâåííàÿ ìåæñëîåâàÿ ïðî÷íîñòü
êîìïîçèòíûõ ñëîåâ èçâåñòíà ëèáî ìîæåò áûòü
îïðåäåëåíà ñòàíäàðòíûìè ìåòîäàìè.

Òðåòüèì ôàêòîðîì, âëèÿþùèì íà âûáîð ñõå-
ìû àðìèðîâàíèÿ îáðàçöîâ, ÿâëÿåòñÿ íåîáõîäè-
ìîñòü ëîêàëèçàöèè ìåæñëîåâûõ òðåùèí íà ãðàíè-
öàõ, ìàêñèìàëüíî áëèçêî ðàñïîëîæåííûõ ê íåé-
òðàëüíîé îñè îáðàçöà. Çäåñü âàæíî îòìåòèòü, ÷òî
ìåæñëîåâûå òðåùèíû â ÑÈÀËàõ, äàæå åñëè ïðî-
õîäÿò ïî öåíòðó îáðàçöà, âñåãäà îêàçûâàþòñÿ ñìå-
ùåííûìè íà ïîëîâèíó òîëùèíû ìåòàëëè÷åñêîãî
ñëîÿ, ðàñïîëàãàåìîãî íà íåéòðàëüíîé ëèíèè.
Ïîýòîìó èñïîëüçîâàíèå îáðàçöîâ áîëüøîé òîë-

ùèíû ïîçâîëÿåò ñíèçèòü îòíîñèòåëüíîå ñìåùåíèå
òðåùèíû îò íåéòðàëüíîé îñè è, ñëåäîâàòåëüíî,
óìåíüøèòü ïîãðåøíîñòè âû÷èñëåíèé ïî ñòàíäàð-
òíîé ôîðìóëå, êîòîðàÿ äàåò òî÷íûå çíà÷åíèÿ
òîëüêî â ñëó÷àå öåíòðàëüíîãî ðàñïîëîæåíèÿ ìåæ-
ñëîåâîé òðåùèíû:

3
,

4
P
bh

τ =                            (1)

ãäå P – äåéñòâóþùàÿ íàãðóçêà; b, h – øèðèíà è
òîëùèíà îáðàçöà.

Èñïûòàíèÿ ïðîâîäèëèñü íà óñòàíîâêå Instron
5969 (ðèñ. 1,á) ñ íèæíèìè îïîðàìè äèàìåòðîì
5 ìì è ñ âåðõíåé îïîðîé äèàìåòðîì 10 ìì. Ñêî-
ðîñòü èñïûòàíèé ñîñòàâëÿëà 1 ìì/ìèí. Èñïûòà-
íèÿ îñòàíàâëèâàëèñü ïðè ïàäåíèè íàãðóçêè áîëåå
÷åì íà 50% îò ìàêñèìóìà. Ðåçóëüòàòû èñïûòàíèé
îáðàáàòûâàëèñü íà îñíîâàíèè ôîðìóëû (1), â ñî-
îòâåòñòâèè ñ êîòîðîé îïðåäåëÿëàñü êàæóùàÿñÿ
(óñëîâíàÿ) ìåæñëîåâàÿ ïðî÷íîñòü.

Ðåçóëüòàòû

Ïî ðåçóëüòàòàì èñïûòàíèé áûëî óñòàíîâëåíî,
÷òî ìåæñëîåâîé ñäâèã ðåàëèçóåòñÿ â îáðàçöàõ ñ
óäëèíåíèåì íå áîëåå 7—8. Õàðàêòåðíûé ìåõàíèçì
ðàçðóøåíèÿ õîðîøî íàáëþäàëñÿ â ïðîöåññå èñïû-
òàíèé íà áîêîâûõ òîðöàõ âñåõ îáðàçöîâ (ðèñ. 2,à),
îäíàêî ïîñëå ñíÿòèÿ íàãðóçêè ìåæñëîåâûå òðåùè-
íû áûëè õîðîøî ðàçëè÷èìû òîëüêî â îáðàçöàõ ñ
óäëèíåíèåì áîëåå 6 (ðèñ. 2,á). Äëÿ îáðàçöîâ ñ óä-
ëèíåíèåì áîëåå 10 ìåõàíèçì ðàçðóøåíèÿ èçìå-
íÿëñÿ. Äëÿ òàêèõ îáðàçöîâ ðåàëèçîâûâàëèñü îò-
ñëîåíèå è ïîòåðÿ óñòîé÷èâîñòè ìåòàëëè÷åñêîãî
ñëîÿ â ñæàòîé îáëàñòè îáðàçöà âáëèçè îïîðû
(ðèñ. 3). Äëÿ î÷åíü êîðîòêèõ îáðàçöîâ ñ óäëèíå-
íèåì ìåíåå 4 ïðîèñõîäèëî ñìÿòèå îáðàçöîâ, ò. å.
ðåàëèçîâûâàëñÿ ìåõàíèçì ðàçðóøåíèÿ ñ áîëüøè-
ìè ïîïåðå÷íûìè äåôîðìàöèÿìè («èíäåíòèðîâà-
íèå»).

Õàðàêòåðíûé âèä äèàãðàìì íàãðóçêà-ïåðåìå-
ùåíèå äëÿ îáðàçöîâ ÑÈÀËà ïðåäñòàâëåí íà ðèñ. 4.
Âèäíî, ÷òî ïðè íàãðóçêå âûøå 1000 Í äèàãðàììà
ñòàíîâèòñÿ íåëèíåéíîé, ÷òî îáúÿñíÿåòñÿ âîçíèê-
íîâåíèåì ïëàñòè÷åñêèõ äåôîðìàöèé â ñëîÿõ àëþ-
ìèíèÿ. Ïðè ðàçðóøåíèè è âîçíèêíîâåíèè ìåæ-
ñëîåâîé òðåùèíû ïðîèñõîäèò ðåçêîå ïàäåíèå íà-
ãðóçêè, ÷òî îáúÿñíÿåòñÿ ñíèæåíèåì èçãèáíîé
æåñòêîñòè îáðàçöà [18].

Ïîëó÷åííàÿ â èñïûòàíèÿõ çàâèñèìîñòü ðàçðó-
øàþùåé íàãðóçêè îò ðàññòîÿíèÿ ìåæäó îïîðàìè
ïðåäñòàâëåíà íà ðèñ. 5. Çäåñü òî÷êàìè ïîêàçàíû
ýêñïåðèìåíòàëüíûå äàííûå, à ëèíèÿìè – òåîðå-
òè÷åñêàÿ àïïðîêñèìàöèÿ ïî ñîîòíîøåíèÿì, ïðè-

Ðèñ. 1. Îáðàçåö 17-ñëîéíîãî ÑÈÀËà (à) äëÿ ïðîâåäåíèÿ
èñïûòàíèé ïî ìåòîäó «êîðîòêîé áàëêè» (á)

á)

à)
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ðèñ. 3). Óðîâåíü íàïðÿæåíèé â ýòîì ñëîå èç-çà åãî
ìàëîé òîëùèíû ìîæíî ñ÷èòàòü ïîñòîÿííûì, è íà-
õîäèòü åãî ìîæíî ïî êëàññè÷åñêîé áàëî÷íîé òå-
îðèè. Ïîýòîìó â ìîìåíò ðàçðóøåíèÿ ìû èìååì
ðàâåíñòâî:

max
2

3
,

2

LP

bh
σ=

îòêóäà ñëåäóåò îöåíêà äëÿ ìàêñèìàëüíîé íàãðóç-
êè:

2

max

2
,

3
bh

P
L

σ=                    (2)

ãäå âñå âåëè÷èíû ÿâëÿþòñÿ èçâåñòíûìè, êðîìå
êðèòè÷åñêèõ íàïðÿæåíèé, âåëè÷èíà êîòîðûõ áûëà

Ðèñ. 2. Ìåæñëîåâîé ñäâèã â îáðàçöàõ ÑÈÀËà: à — ñìå-
ùåíèå ñëîåâ â òîðöåâîé çîíå îáðàçöà; á — îáðàçåö ïîñëå
ïðîâåäåíèÿ èñïûòàíèé

à)

á)

Ðèñ. 3. Ðàçðóøåíèå îáðàçöîâ áîëüøîãî óäëèíåíèÿ

Ðèñ. 4. Äèàãðàììà íàãðóçêà-ïåðåìåùåíèÿ, ïîëó÷åííàÿ
ïðè èñïûòàíèÿõ îáðàçöà ÑÈÀËà íà òðåõòî÷å÷íûé èç-
ãèá

Ðèñ. 5. Çàâèñèìîñòü ðàçðóøàþùåé íàãðóçêè ïðè èçãè-
áå îò îòíîñèòåëüíîãî ðàññòîÿíèÿ ìåæäó îïîðàìè, íîð-
ìèðîâàííîãî íà òîëùèíó îáðàçöà

âåäåííûì íèæå. Âî-ïåðâûõ, èç ïîëó÷åííûõ ðå-
çóëüòàòîâ ñëåäóåò, ÷òî íåñóùàÿ ñïîñîáíîñòü îáðàç-
öà ñíèæàåòñÿ ïðè óâåëè÷åíèè ðàññòîÿíèÿ ìåæäó
îïîðàìè, ÷òî êà÷åñòâåííî ñîîòâåòñòâóåò êëàññè-
÷åñêèì ðåøåíèÿì èç òåîðèè ñîïðîòèâëåíèÿ ìàòå-
ðèàëîâ. Â ÷àñòíîñòè, ñíèæåíèå ðàçðóøàþùåé
íàãðóçêè ìîæåò áûòü îáúÿñíåíî â ïðåäïîëîæåíèè,
÷òî ñóùåñòâóåò íåêîòîðàÿ êðèòè÷åñêàÿ âåëè÷èíà

ñæèìàþùèõ íàïðÿæåíèé σ , ïðèâîäÿùàÿ ê îòñëî-
åíèþ âåðõíåãî ìåòàëëè÷åñêîãî ñëîÿ (êàê íà
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ïîäîáðàíà äëÿ îïèñàíèÿ èìåþùèõñÿ ýêñïåðèìåí-

òàëüíûõ äàííûõ 1020σ =  ÌÏà.
Çàïèñàííàÿ îöåíêà (2) ÿâëÿåòñÿ êà÷åñòâåííîé

è ïðèáëèæåííîé, îäíàêî îíà ïîêàçûâàåò, ÷òî
ìàêñèìàëüíàÿ íàãðóçêà â òðåõòî÷å÷íîì èçãèáå
îáðàòíî ïðîïîðöèîíàëüíà óäëèíåíèþ îáðàçöà

( ) 1
max ~ /P L h

-  äëÿ óäëèíåíèé áîëüøå 10, è ýòà

çàâèñèìîñòü ïîäòâåðæäàåòñÿ ýêñïåðèìåíòîì. Äëÿ
ìåíüøèõ çíà÷åíèé óäëèíåíèé ýòîò çàêîí íå ðà-
áîòàåò, çàâèñèìîñòü ñòàíîâèòñÿ èíîé – ìåõàíèçì
ðàçðóøåíèÿ èçìåíÿåòñÿ íà ìåæñëîåâîé ñäâèã ïî
öåíòðó îáðàçöà (ðèñ. 2). Ðåàëèçàöèÿ òàêîãî ìåõà-
íèçìà è ÿâëÿåòñÿ çàäà÷åé ïðîâîäèìûõ èñïûòàíèé.
Îäíàêî èç ðèñ. 5 âèäíî, ÷òî ìàêñèìàëüíàÿ íàãðóç-
êà ïðè ìåæñëîåâîì ñäâèãå îêàçûâàåòñÿ òàêæå çà-
âèñÿùåé îò ðàññòîÿíèÿ ìåæäó îïîðàìè. Ýòîò
ýôôåêò èçâåñòåí äëÿ êîìïîçèöèîííûõ ìàòåðèà-
ëîâ, êàê áûëî îòìå÷åíî âûøå, îäíàêî îí âõîäèò
â ïðîòèâîðå÷èå ñ êëàññè÷åñêèì ðåøåíèåì òåîðèè
ñîïðîòèâëåíèÿ ìàòåðèàëîâ: ïðè òðåõòî÷å÷íîì
èçãèáå ïåðåðåçûâàþùàÿ ñèëà ïîñòîÿííà ñïðàâà è
ñëåâà îò ïðèëîæåííîé íàãðóçêè è, ñëåäîâàòåëüíî,
êàñàòåëüíûå íàïðÿæåíèÿ àíàëîãè÷íûì îáðàçîì
èçìåíÿþòñÿ âäîëü äëèíû îáðàçöà è íå çàâèñÿò îò
ýòîé äëèíû. Î÷åâèäíî, â ýêñïåðèìåíòå ýòîãî íå
íàáëþäàåòñÿ.

Äëÿ îïèñàíèÿ ïîëó÷åííîé çàâèñèìîñòè è äëÿ
îöåíêè èñòèííîé ìåæñëîåâîé ïðî÷íîñòè ïðåäëà-
ãàåòñÿ èñïîëüçîâàòü ìîäèôèöèðîâàííîå ðåøåíèå
çàäà÷è î òðåõòî÷å÷íîì èçãèáå, êîòîðîå ìîæåò áûòü
ïîëó÷åíî â ðàìêàõ ìîäåëè áàëîê, ïîñòðîåííûõ â
ðàìêàõ ãðàäèåíòíîé òåîðèè óïðóãîñòè [24, 25]. Ýòà
çàâèñèìîñòü îïðåäåëÿåòñÿ ñëåäóþùèì ñîîòíîøå-
íèåì:

( )
0

max

4
,

3 1 1 / ch / (4 )
P bh

L d

τ
=

-             (3)

ãäå 0τ  – èñòèííàÿ ìåæñëîåâàÿ ïðî÷íîñòü; d —

ìàñøòàáíûé ïàðàìåòð çàäà÷è, èìååò ðàçìåðíîñòü
äëèíû, è åãî çíà÷åíèå äîëæíî êîððåëèðîâàòü ñ
äèàìåòðîì îïîð, êîòîðûå ïðèìåíÿþòñÿ â èñïûòà-
íèÿõ. Â ÷àñòíîñòè, äëÿ î÷åíü òîíêèõ îïîð (d ~ 0)
ðåøåíèå (3) âûõîäèò íà êëàññè÷åñêîå ðåøåíèå (1).

Äëÿ îïèñàíèÿ ýêñïåðèìåíòàëüíûõ äàííûõ
áûëè ïîäîáðàíû çíà÷åíèÿ óêàçàííûõ ïàðàìåòðîâ
ðåøåíèÿ (3):

— èñòèííàÿ ìåæñëîåâàÿ ïðî÷íîñòü 0τ = 60,4 ÌÏà;

— ìàñøòàáíûé ïàðàìåòð d = 2.7 ìì (ò. å. ïðè-
áëèçèòåëüíî ðàäèóñ íèæíèõ îïîð, â çîíå êîòîðûõ
è ïðîèñõîäèò ðàçðóøåíèå).

Ïîëó÷åííàÿ çàâèñèìîñòü ïðåäñòàâëåíà íà ðèñ.
5 ñïëîøíîé ëèíèåé. Âèäíî, ÷òî â ñëó÷àå ìàëîãî
óäëèíåíèÿ îáðàçöîâ è ìåõàíèçìà ðàçðóøåíèÿ ïî
ìåæñëîåâîìó ñäâèãó ðåøåíèå (3) ëó÷øå îïèñûâàåò
ýêñïåðèìåíòàëüíûå äàííûå ïî ñðàâíåíèþ ñ ðåøå-
íèåì (2), à òàêæå, î÷åâèäíî, è ïî ñðàâíåíèþ ñ
êëàññè÷åñêèì ðåøåíèåì, êîòîðîå òðåáóåò íåçàâè-
ñèìîñòè íåñóùåé íàãðóçêè îò ðàññòîÿíèÿ ìåæäó
îïîðàìè ïðè ìåæñëîåâîì ñäâèãå. Íàãðóçêà, ñîîò-
âåòñòâóþùàÿ ïîñòîÿííîé (èñòèííîé) ìåæñëîåâîé
ïðî÷íîñòè 60,4 ÌÏà, ïîêàçàíà ãîðèçîíòàëüíîé
ïóíêòèðíîé ëèíèåé íà ðèñ. 5.

Çàâèñèìîñòü êàæóùåéñÿ ìåæñëîåâîé ïðî÷íî-
ñòè îò ðàññòîÿíèÿ ìåæäó îïîðàìè ìîæåò áûòü
ïîëó÷åíà êîìáèíàöèåé ôîðìóë (1) è (3) â ñëåäó-
þùåì âèäå:

( )
0 .

1 1 / ch / (4 )L d

τ
τ =

−                  (4)

Ýòà çàâèñèìîñòü ïðåäñòàâëåíà íà ðèñ. 6
(ñïëîøíàÿ ëèíèÿ). Òî÷êàìè íà ýòîì ðèñóíêå ïî-
êàçàíû ýêñïåðèìåíòàëüíûå äàííûå, ïîëó÷åííûå
ïóòåì îáðàáîòêè ðåçóëüòàòîâ èñïûòàíèé (ñì.
ðèñ. 5) ñ èñïîëüçîâàíèåì ôîðìóëû (1). Ãîðèçîí-
òàëüíûé ïóíêòèð – âû÷èñëåííàÿ èñòèííàÿ ìåæ-
ñëîåâàÿ ïðî÷íîñòü. Îòêëîíåíèå ñîîòíîøåíèÿ (3)
îò ýêñïåðèìåíòà äëÿ ñàìûõ êîðîòêèõ îáðàçöîâ ìî-
æåò áûòü ñâÿçàíî ñ èçìåíåíèåì ìåõàíèçìà èõ ðàç-
ðóøåíèÿ. Êàê áûëî ñêàçàíî, â òàêèõ îáðàçöàõ ïðè
ðàçðóøåíèè âîçíèêàþò áîëüøèå ïîïåðå÷íûå íå-
óïðóãèå äåôîðìàöèè.

Ðèñ. 6. Çàâèñèìîñòü êàæóùåéñÿ ìåæñëîåâîé ïðî÷íîñ-
òè îò îòíîñèòåëüíîãî ðàññòîÿíèÿ ìåæäó îïîðàìè â èñ-
ïûòàíèÿõ ïî ìåòîäó êîðîòêîé áàëêè. Òî÷êè – ýêñïåðè-
ìåíò, ñïëîøíàÿ ëèíèÿ – ôîðìóëà (4)
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Âûâîäû

Ïðåäëîæåíà ñõåìà ïðîâåäåíèÿ èñïûòàíèé îá-
ðàçöîâ ÑÈÀËà íà ìåæñëîåâîé ñäâèã ïî ìåòîäó
êîðîòêîé áàëêè. Â èñïûòàíèÿõ èñïîëüçóþòñÿ îá-
ðàçöû ñ áîëüøèì ÷èñëîì ñëîåâ è ñ îäíîíàïðàâ-
ëåííîé ñõåìîé àðìèðîâàíèÿ, ÷òî ïîçâîëÿåò ñíè-
çèòü ïîãðåøíîñòü ýêñïåðèìåíòîâ ïðè èñïîëüçî-
âàíèè ñòàíäàðòíîãî îáîðóäîâàíèÿ. Ïî ðåçóëüòà-
òàì èñïûòàíèé îïðåäåëåíà êàæóùàÿñÿ ìåæñëîå-
âàÿ ïðî÷íîñòü îáðàçöîâ, çàâèñÿùàÿ îò ðàññòîÿíèÿ
ìåæäó îïîðàìè. Íà îñíîâàíèè ðàñ÷åòîâ ïîêàçà-
íî ñîîòâåòñòâèå ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ
äàííûõ è òåîðåòè÷åñêèõ îöåíîê. Ðàññ÷èòàííîå
çíà÷åíèå ìåæñëîåâîé ïðî÷íîñòè ÑÈÀËà ñîñòàâè-
ëî ~ 60 ÌÏà, ÷òî ñîîòâåòñòâóåò òèïè÷íîìó óðîâ-
íþ ìåæñëîåâîé ïðî÷íîñòè ïîëèìåðíûõ êîìïîçè-
öèîííûõ ìàòåðèàëîâ, îäíàêî â èñïûòàíèÿõ ðàçðó-
øåíèå ðåàëèçîâûâàëîñü íà ãðàíèöå êîíòàêòà ìå-
òàëëè÷åñêèõ è êîìïîçèòíûõ ñëîåâ, è ýòî ïîçâîëÿ-
åò óòâåðæäàòü, ÷òî íàéäåííîå çíà÷åíèå ìåæñëîå-
âîé ïðî÷íîñòè ÿâëÿåòñÿ õàðàêòåðèñòèêîé êîíòàêòà
ìåòàëë/êîìïîçèò, ðåàëèçóþùåéñÿ â ÑÈÀËå.

Îáðàçöû ÑÈÀËà èçãîòîâëåíû â ðàìêàõ ðåàëèçà-
öèè êîìïëåêñíîãî íàó÷íîãî íàïðàâëåíèÿ 6.2: Ñëîèñ-
òûå òðåùèíîñòîéêèå, âûñîêîïðî÷íûå ìåòàëëîïîëè-
ìåðíûå ìàòåðèàëû («Ñòðàòåãè÷åñêèå íàïðàâëåíèÿ
ðàçâèòèÿ ìàòåðèàëîâ è òåõíîëîãèé èõ ïåðåðàáîò-
êè íà ïåðèîä äî 2030 ãîäà») â ÂÈÀÌ. ×àñòü èññëå-
äîâàíèé, ñâÿçàííàÿ ñ ïðîâåäåíèåì èñïûòàíèé è ðàñ-
÷åòîâ, âûïîëíåíà çà ñ÷åò ãðàíòà Ðîññèéñêîãî íà-
ó÷íîãî ôîíäà (ïðîåêò ¹ 17-79-20105) â ÌÀÈ.
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Abstract

Laminated aluminum-glass plastics (GLARE,
SIAL) are promising structural materials for
application while aircraft structural elements
manufacturing These composite materials represent
layered panels formed by thin layers of fiberglass and
aluminum alloy. Compared with metals, SIALs possess
increased specific strength, long-term strength and fire
resistance. Studying the dependence of SIALs
mechanical properties on the parameters of their
reinforcement is an important task, which solution is
necessary for the structures’ design and strength
computation. One of the important characteristic,
determining the SIALs structural properties, as well as
the other composite materials, is interlaminar strength.

The samples testing on the three-point bending by
the “short beam” technique is one of the simplest
techniques for determining the interlayer strength of
composite materials. This method is widely used in
composite structures research and development, since
it does not require the application of complex
experimental equipment and strain gauges. At the same
time, the interlayer strength is an important parameter
from the designing viewpoint, as it is used in
formulating the strength criteria of composite materials
The interlaminar cracks occurrence may lead to a
decrease in the bearing capacity of structural elements,
and further to their destruction, for example, by the
local buckling mechanism.
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However, such a simple method as testing on
three-point bending holds certain disadvantages
associated primarily with the fact that during such tests
a complicated stress state is realized in the samples,
that is, not only the interlaminar shear stresses occur,
but the also tensile / compressive stresses arise as well,
leading to errors in determining the materials
characteristics. Besides the above mentioned errors
associated with non-uniform tensed-state of the
samples, the complexity, occurring while samples
testing on the interlaminar shear, consists in the fact
that the interlaminar strength being determined while
testing proves to be not a constant of the material, but
it depends on the distance between the supports. This
problem is known both for conventional composite
materials and for metal-polymer composites. It is
explained by a decrease in the tangential stresses
actually acting in short samples (according to the
standards the samples relative elongation shoul be of
5 to 10),  compared to the classic beams models. These
models assume the constant value of the shearing
force, and, correspondingly, constant values of
tangential forces (up to sign) along the sample length.
Thus, application of the traditional relation for
estimating transversal shear stresses acting in a beam,
according to the formula 3 P / (4 b h), leads to the
increase in the apparent interlayer strength of the
material. Besides, the sample length impact on the
results of the tests on the interlaminar strength is
explained by:

1) Stress concentration nearby the supports;
2) Statistical dependence of strength on the sample

size;
3) The interlaminar cracks occurrence not on the

neutral axis of the sample and
4) Special dependence of interlayer strength on the

parameters of fracture mechanics.
The article proposes a scheme for SIAL testing on

the interlaminar shear strength by the short beam
technique. These tests employ the samples with the
large number of layers and unidirectional
reinforcement scheme, which allows reduce the error
of experiments while employing the standard
equipment. The samples apparent interlaminar
strength, depending on the distance between the
supports, was determined by the results of the tests.
Based on the calculations, the accordance of the
obtained experimental data and theoretical estimates
is demonstrated. The calculated SIAL interlayer
strength value was of ~ 60 MPa, which corresponds
to the typical interlayer strength of polymer
composites. However, while testing the destruction was
being realized at the contact boundary of metal and

composite layers, which allows affirm that the found
interlayer strength value is a characteristic of the metal
/ composite contact.

Keywords: GLARE, three-point bending, short
beam, interlaminar strength.
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