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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ â êîíñòðóêöèÿõ àâèàöèîí-
íîé òåõíèêè øèðîêî ïðèìåíÿþòñÿ ïîëèìåðíûå
êîìïîçèöèîííûå ìàòåðèàëû (ÏÊÌ) [1—3]. Ýòî
ñïîñîáñòâóåò ñíèæåíèþ ìàññû è ïîâûøåíèþ ýêî-
íîìè÷åñêîé ýôôåêòèâíîñòè ëåòàòåëüíûõ àïïàðà-
òîâ. Â òî æå âðåìÿ áîëüøèì îãðàíè÷åíèåì ïðèìå-
íåíèÿ ÏÊÌ â ñèëîâûõ êîíñòðóêöèÿõ ÿâëÿåòñÿ èõ
íèçêàÿ óäàðîñòîéêîñòü. Ïðîáëåìà óäàðíûõ ïî-

ÏÎÐÎØÊÎÂÀß ÌÅÒÀËËÓÐÃÈß
È ÊÎÌÏÎÇÈÖÈÎÍÍÛÅ ÌÀÒÅÐÈÀËÛ

ÓÄÊ 629.7.025: 539.3 DOI: 10.34759/vst-2019-4-216-229

ÈÑÏÛÒÀÍÈß ÍÈÇÊÎÑÊÎÐÎÑÒÍÛÌ ÓÄÀÐÎÌ
ÐÀÇËÈ×ÍÛÕ ÊÎÌÏÎÇÈÖÈÎÍÍÛÕ ÌÀÒÅÐÈÀËÎÂ

Áåççàìåòíîâ Î.Í.*, Ìèòðÿéêèí Â.È.**, Õàëèóëèí Â.È.***

Êàçàíñêèé íàöèîíàëüíûé èññëåäîâàòåëüñêèé òåõíè÷åñêèé óíèâåðñèòåò èìåíè À.Í. Òóïîëåâà — ÊÀÈ,
ÊÍÈÒÓ-ÊÀÈ, óë. Ê. Ìàðêñà, 10, Êàçàíü, 420111, Ðîññèÿ

* e-mail: bezzametnovoleg@mail.ru
** e-mail: vmitryaykin@bk.ru

*** e-mail: pla.kai@mail.ru

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 02.07.2019

Äàííàÿ ðàáîòà ïîñâÿùåíà èçó÷åíèþ õàðàêòåðà óäàðíûõ ïîâðåæäåíèé ðàçëè÷íûõ ïîëèìåðíûõ êîìïîçèöèîí-
íûõ ìàòåðèàëîâ (ÏÊÌ). Äàíî îïèñàíèå òåõíîëîãèè èçãîòîâëåíèÿ îáðàçöîâ äëÿ èñïûòàíèé, èìåþùèõ ðàçëè÷íóþ
ïðèðîäó ìàòåðèàëà è òèï ïåðåïëåòåíèÿ. Îòðàáîòàíà ìåòîäèêà íàíåñåíèÿ è ðåãèñòðàöèè ïàðàìåòðîâ óäàðà íà ñòåíäå
ñ âåðòèêàëüíî ïàäàþùèì ãðóçîì. Ñ öåëüþ ñðàâíåíèÿ óäàðîñòîéêîñòè, áûëà âûáðàíà ýíåðãèÿ óäàðà 10, 20, 30 Äæ
äëÿ âñåõ èññëåäóåìûõ ìàòåðèàëîâ. Ðàçìåðû óäàðíûõ ïîâðåæäåíèé ðåãèñòðèðîâàëèñü âèçóàëüíî, à ãëóáèíà âìÿ-
òèí îïðåäåëÿëàñü öèôðîâûì èíäèêàòîðîì. Èññëåäîâàíû óëüòðàçâóêîâûì äåôåêòîñêîïîì ïëîùàäè âíóòðåííèõ
ðàññëîåíèé. Ïîñòðîåíû ãðàôèêè çàâèñèìîñòè ñðåäíèõ ïîêàçàòåëåé ïëîùàäåé âíóòðåííèõ ïîâðåæäåíèé îò ýíåð-
ãèè óäàðà äëÿ ðàçíûõ ìàòåðèàëîâ. Äëÿ ïîñëîéíîé îöåíêè õàðàêòåðà ïîâðåæäåíèé ïðèìåíÿëàñü ðåíòãåíîâñêàÿ êîì-
ïüþòåðíàÿ òîìîãðàôèÿ.

Êëþ÷åâûå ñëîâà: êîìïîçèöèîííûå ìàòåðèàëû, óäàðíûå âîçäåéñòâèÿ, ïîâðåæäåíèÿ, íåðàçðóøàþùèé êîíòðîëü,
óëüòðàçâóêîâîé ýõî-èìïóëüñíûé êîíòðîëü, êîìïüþòåðíàÿ òîìîãðàôèÿ.

âðåæäåíèé êîìïîçèöèîííûõ ìàòåðèàëîâ — îäíà èç
îñíîâíûõ ïðè îöåíêå ýêñïëóàòàöèîííîé ïðî÷íî-
ñòè ñîâðåìåííûõ ñàìîëåòîâ. Ýòè ïîâðåæäåíèÿ
âíåøíå ìàëîçàìåòíû, íî âûçûâàþò ñàìûå ðàçíûå
âàðèàíòû âíóòðåííèõ ðàçðóøåíèé è çíà÷èòåëüíîå
ñíèæåíèå ïðî÷íîñòè [4, 5].

Ñîãëàñíî òðåáîâàíèÿì íîðìàòèâíûõ äîêóìåí-
òîâ, óäàðíîå ïîâðåæäåíèå äîëæíî íàäåæíî îáíà-
ðóæèâàòüñÿ ïðè ñòàíäàðòíûõ ôîðìàõ îáñëóæèâà-
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íèÿ ëèáî íå äîëæíî ñíèæàòü ïðî÷íîñòü êîíñòðóê-
öèè íèæå ðàñ÷åòíûõ çíà÷åíèé [6]. Õàðàêòåð ïî-
âðåæäåíèé äëÿ ðàçëè÷íûõ êîìïîçèöèîííûõ ìàòå-
ðèàëîâ ñóùåñòâåííî ðàçëè÷àåòñÿ, ïîñêîëüêó ó êàæ-
äîãî ïðîèçâîäèòåëÿ ñîáñòâåííàÿ òåõíîëîãèÿ èçãî-
òîâëåíèÿ, êîòîðàÿ ñåðòèôèöèðîâàíà äëÿ êîíêðåò-
íîãî ëåòàòåëüíîãî àïïàðàòà. Â êà÷åñòâå ìåðû îá-
íàðóæåíèÿ ïîâðåæäåíèÿ â ÏÊÌ ïðèíèìàåòñÿ ãëó-
áèíà âèçóàëüíî íàáëþäàåìîé âìÿòèíû. Îáû÷íî çà
ðàçìåð BVID (ïîðîã âèçóàëüíîé êîíòðîëåïðèãîä-
íîñòè) ïðèíèìàþòñÿ ãëóáèíû îò 0,2 äî 0,5 ìì,
íàïðèìåð îò 0,3 äî 0,5 ìì ó Boeing. Ñ÷èòàåòñÿ, ÷òî
ýíåðãèÿ óäàðà ïðè âìÿòèíå ãëóáèíîé 0,3 ìì âûçû-
âàåò åäâà âèäèìûå ðàññëîåíèÿ, áåç ïðîáîÿ ìàòåðè-
àëà. Îäíàêî òåîðåòè÷åñêèå è ýêñïåðèìåíòàëüíûå
èññëåäîâàíèÿ [7] ïîêàçûâàþò, ÷òî äëÿ ÏÊÌ ðàç-
ìåðû âíóòðåííèõ ïîâðåæäåíèé ñëîåâ ìîãóò çíà÷è-
òåëüíî ïðåâûøàòü âèçóàëüíî îáíàðóæèâàåìûå ðàç-
ìåðû âìÿòèí. Ïîýòîìó íàèáîëüøóþ îïàñíîñòü
ïðåäñòàâëÿþò óäàðû íåáîëüøîé èíòåíñèâíîñòè, íå
îñòàâëÿþùèå âèäèìûõ ñëåäîâ íà ïîâåðõíîñòè, íî
ïðèâîäÿùèå ê âîçíèêíîâåíèþ ñóùåñòâåííûõ âíóò-
ðåííèõ ïîâðåæäåíèé (íàðóøåíèå ñòðóêòóðû ìàòå-
ðèàëà, ðàññëîåíèÿ, ðàçðûâû âîëîêîí è ò.ä.).

Ðåøåíèå ýòîé ïðîáëåìû òðåáóåò ïðèâëå÷åíèÿ
ñîâðåìåííûõ óäàðíûõ ñòåíäîâ, âûñîêîòåõíîëîãè÷-
íûõ ñðåäñòâ ðåãèñòðàöèè óäàðà è íàèáîëåå ñîâåð-
øåííûõ ñðåäñòâ íåðàçðóøàþùåãî êîíòðîëÿ (ÍÊ)
ïîâðåæäåíèé. Â ðàáîòå ñ ïðèìåíåíèåì àêóñòè÷åñ-
êèõ ìåòîäîâ äèàãíîñòèêè, êîìïüþòåðíîé òîìîãðà-
ôèè óñòàíîâëåíà çàâèñèìîñòü îöåíêè çíà÷åíèé
èíòåíñèâíîñòè ýíåðãèè óäàðà ïî ðàçìåðàì íàíå-
ñåííûõ ïîâðåæäåíèé, êîòîðûå ìîãóò ñíèæàòü
ïðî÷íîñòü äåòàëåé èç êîìïîçèöèîííûõ ìàòåðèà-
ëîâ.

Òåõíîëîãèÿ èçãîòîâëåíèÿ îáðàçöîâ
äëÿ èñïûòàíèé

Â õîäå äàííîãî èññëåäîâàíèÿ áûëà ïðîâåäåíà
îöåíêà óäàðîñòîéêîñòè êîìïîçèòîâ ñ ðàçëè÷íûìè
êîíôèãóðàöèåé ñîñòàâà àðìèðóþùåãî ìàòåðèàëà,
òèïîì ïåðåïëåòåíèÿ è ñâÿçóþùåãî. Ìåòîäèêà ýê-
ñïåðèìåíòà ðàçðàáàòûâàëàñü ñ ó÷åòîì ÃÎÑÒ 33496-
2015 «Ìåòîä èñïûòàíèÿ íà ñîïðîòèâëåíèå ïîâðåæ-
äåíèþ ïðè óäàðå ïàäàþùèì ãðóçîì». Â êà÷åñòâå
îáúåêòîâ èññëåäîâàíèÿ áûëè âûáðàíû 14 òèïîâ
òêàíåé ñ ðàçëè÷íûìè ñõåìàìè ïåðåïëåòåíèÿ: ïî-
ëîòíî, ñàðæà, ñàòèí, ðîãîæà, ìóëüòèàêñèàëüíàÿ
òêàíü — è ïðèðîäîé âîëîêîí: ñòåêëîòêàíè, óãëå-
òêàíè, ãèáðèäíûå òêàíè, êåâëàð è âûñîêîìîëåêó-
ëÿðíûé ïîëèýòèëåí. Òêàíè ðàçëè÷àþòñÿ ïî òîëùè-
íå íèòåé è ñïîñîáó ïëåòåíèÿ. Îñíîâíûå õàðàêòå-
ðèñòèêè òêàíåé ïðèâåäåíû â òàáë. 1.

Ïðè ïîëîòíÿíîì ïåðåïëåòåíèè ïåðåêðûòèÿ

íèòåé èäóò ïîä óãëîì 90°. Òêàíè òàêîãî òèïà ÿâ-
ëÿþòñÿ ðàâíîïðî÷íûìè è èìåþò âûñîêóþ ïðî÷-
íîñòü è æåñòêîñòü, îáû÷íî ïðèìåíÿþòñÿ äëÿ àð-
ìèðîâàíèÿ ñèëüíîíàãðóæåííûõ ó÷àñòêîâ êîíñò-
ðóêöèè. Ñàðæåâîå («äèàãîíàëüíîå») ïåðåïëåòåíèå
ñîçäàåòñÿ ïåðåïëåòåíèåì îäíîãî èëè áîëåå ýëåìåí-
òîâ îñíîâû äâóìÿ èëè áîëåå ýëåìåíòàìè óòêà â
ïðàâèëüíîì ÷åðåäîâàíèè. Â ñàòèíîâîì ïåðåïëåòå-
íèè îäíà íèòü îñíîâû ïåðåêðûòà ÷åòûðüìÿ íèòÿ-
ìè óòêà ñâåðõó è îäíîé íèòüþ ñíèçó ñ îáðàçîâà-
íèåì íåðåãóëÿðíîãî ðèñóíêà. Ýòà òêàíü, èìåþùàÿ
âûñîêóþ ïëîòíîñòü ïî óòêó è îñíîâå, îáëàäàåò
ìàêñèìàëüíîé èçîòðîïíîé ïðî÷íîñòüþ â êîìïîçè-
òå. Ìóëüòèàêñèàëüíûå òêàíè – ýòî òêàíè, ñîñòî-
ÿùèå èç íåñêîëüêèõ ñëîåâ íèòåé, îðèåíòèðîâàí-
íûõ â ðàçëè÷íûõ íàïðàâëåíèÿõ â ñîîòâåòñòâèè ñ
çàäàííîé ñõåìîé àðìèðîâàíèÿ, îíè ïîçâîëÿþò
èçãîòîâèòü êîíñòðóêöèè ñ çàäàííûìè ìåõàíè÷åñ-
êèìè õàðàêòåðèñòèêàìè â îïðåäåëåííîì íàïðàâëå-
íèè.

Äëÿ îöåíêè âëèÿíèÿ òèïà íàïîëíèòåëÿ íà óäà-
ðîïðî÷íîñòü êîìïîçèöèîííûõ ìàòåðèàëîâ íåîáõî-
äèìî áûëî èñïîëüçîâàòü ýïîêñèäíîå ñâÿçóþùåå,
îáëàäàþùåå âûñîêîé òåõíîëîãè÷íîñòüþ [8]. Â ýòîì
ñëó÷àå â êà÷åñòâå ñâÿçóþùåãî áûëà âûáðàíà ýïîê-
ñèäíàÿ ñìîëà SICOMIN SR 8500 è îòâåðäèòåëü
SICOMIN SZ 8525. Äàííàÿ ýïîêñèäíàÿ ñèñòåìà
îáëàäàåò íèçêîé âÿçêîñòüþ, êîðîòêèì âðåìåíåì
îòâåðæäåíèÿ.

Èçãîòîâëåíèå ñòàíäàðòíûõ îáðàçöîâ ïðîâîäè-
ëîñü ñ ïðèìåíåíèåì ìåòîäà ïðåññîâîãî ôîðìîâà-
íèÿ, çàêëþ÷àþùåãîñÿ â ñæàòèè â ïîëîñòè ïðåññ-
ôîðìû îñíàñòêè ñ ôîðìóåìûì èçäåëèåì. Âàæíûì
ïàðàìåòðîì ôîðìîâàíèÿ êîìïîçèòîâ ÿâëÿåòñÿ ðå-
æèì íàãðåâà, äëÿ äàííîãî èññëåäîâàíèÿ áûë âûá-
ðàí åäèíûé òåìïåðàòóðíûé ðåæèì äëÿ âñåõ îáðàç-
öîâ â ñîîòâåòñòâèè ñ òðåáîâàíèÿìè ê óñëîâèÿì
ïîëèìåðèçàöèè ñâÿçóþùåãî (ðèñ. 1). Ïëàñòèíû
ôîðìîâàëèñü ñðàçó äëÿ ñåðèè èñïûòàíèé äëÿ òðåõ
óðîâíåé ýíåðãèè. Ðàçìåðû ôîðìóåìîé ïëàñòèíû:
950 × 330 × 4 ìì. Îáðàçöû äëÿ èñïûòàíèé ðàçìåðà-
ìè 150 × 100 × 4 ìì âûðåçàëèñü ôðåçîé è ëàçåðíîé
ðåçêîé [9, 10].

Ðåçóëüòàòû èññëåäîâàíèÿ ïàðàìåòðîâ óäàðà

Óäàðíîå âîçäåéñòâèå íà îáðàçöû îñóùåñòâëÿ-
ëîñü ñ ïîìîùüþ óäàðíîé ìàøèíû ñ âåðòèêàëüíî
ïàäàþùèì ãðóçîì Instron Dunatup 9250HV. Èñïû-
òàòåëüíàÿ ìàøèíà èìååò ðÿä õàðàêòåðíûõ îñîáåí-
íîñòåé, ïîçâîëÿþùèõ çíà÷èòåëüíî ïîâûñèòü êà÷å-
ñòâî ïðîâåäåíèÿ ýêñïåðèìåíòà, îíà îñíàùåíà âûñî-
êî÷óâñòâèòåëüíûì ïüåçîìåòðè÷åñêèì äàò÷èêîì íà-
ãðóçêè ñ óäàðíûì íàêîíå÷íèêîì äèàìåòðîì 16 ìì,
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Ðèñ. 1. Ãðàôèê òåõíîëîãè÷åñêèõ ïàðàìåòðîâ ïðîöåññà

Òàáëèöà 1

Îñíîâíûå õàðàêòåðèñòèêè òêàíåé è ñîñòàâ ïàêåòà îáðàçöîâ

¹  
ñåðèè 

Ïðèðîäà 
ìàòåðèàëà 

Íàèìåíîâàíèå 
Òèï 

ïåðåïëåòåíèÿ 

Ïîâåðõíîñòíàÿ 
ìàññà,  

ã/ì2 

Òîëùèíà 
ìîíîñëîÿ, 

ìì 

Êîëè÷åñòâî 
ñëîåâ n, 

 øò. 

1 

Ñ
òå

êë
îï

ëà
ñò

è
ê 

ÂÕ 450 
Ìóëüòè-

àêñèàëüíàÿ 
450 0,37 11 

2 TC-26Ï Ïîëîòíî 285 0,25 16 

3 ORTEX 360 Ïîëîòíî 330 0,286 14 

4 EE 106 Ñàòèí 105 0,095 42 

5 ЕЕ 380 Ñàðæà 375 0,333 12 

6 Ò-10-14 Ñàòèí 290 0,25 16 

7 Ò-13Ï Ïîëîòíî 285 0,25 16 

8 

Ó
ãë

åï
ëà

ñò
è

ê 

ÑÂÕ 300 6Ê 
Ìóëüòè-

àêñèàëüíàÿ 
300 0,364 11 

9 ÑÂÕ 301 12Ê 
Ìóëüòè-

àêñèàëüíàÿ 
300 0,364 11 

10 ÑÑ 201 Ïîëîòíî 194 0,25 16 

11 ÑÊ 204 Ñàðæà 203 0,286 14 

12 Êåâëàð Style 282 Ñàðæà 173 0,267 15 

13 Ãèáðèä Ïîëèýòèëåí + ÑÊ 204 Ñàðæà 280 - 13(4/9) 

14 ÏÝ ÂÌÏ Ïîëîòíî 220 0,5 8 
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êîòîðûé ðåãèñòðèðóåò íàãðóçêó ñ òî÷íîñòüþ ±1%,
ìàøèíà èìååò ïíåâìàòè÷åñêóþ ñèñòåìó ïðåäîòâ-
ðàùåíèÿ ïîâòîðíîãî óäàðà, íåîáõîäèìàÿ ýíåðãèÿ
óäàðà îáåñïå÷èâàåòñÿ ïîäúåìîì âçâåøåííîãî ãðó-
çà íà çàäàííóþ âûñîòó. Äèàïàçîí ýíåðãèé óäàðà ñî-
ñòàâëÿåò 4,6–945 Äæ. Îáðàçöû çàêðåïëÿþòñÿ â
ïðèñïîñîáëåíèè ñ ïðÿìîóãîëüíûì îòâåðñòèåì,
çàæèì îñóùåñòâëÿåòñÿ â ÷åòûðåõ óãëàõ. Â ñòàíäàð-
òàõ [11, 12] èñïûòàíèÿ ðåêîìåíäîâàíî ïðîâîäèòü
â äèàïàçîíå ýíåðãèé óäàðà îò 9 äî 40 Äæ.

Äëÿ íåêîòîðûõ îáðàçöîâ ïåðâîíà÷àëüíî íàõî-
äèëàñü ýíåðãèÿ èíèöèàöèè ïîâðåæäåíèÿ, êîòîðàÿ
ñîîòâåòñòâîâàëà åäâà âèäèìîìó ïîâðåæäåíèþ è
âìÿòèíå ãëóáèíîé ~ 0,3 ìì. Îíà íàõîäèëàñü â äè-
àïàçîíå 2,5—5 Äæ. Ïðè äàííûõ ýíåðãèÿõ óäàðà
ïðîèñõîäèëî ðàññëîåíèå ÏÊÌ áåç ïðîáîÿ ìàòåðè-
àëà. Ñ öåëüþ ñðàâíåíèÿ óäàðîñòîéêîñòè ðàçëè÷íûõ
ìàòåðèàëîâ, îáðàçöû èç êàæäîé ñåðèè áûëè èñïû-
òàíû íà óäàð ýíåðãèåé 10 20, 30 Äæ. ×àùå âñåãî

ïðè òàêèõ ýíåðãèÿõ ïðîèñõîäèë ïðîáîé îáðàçöîâ,
òîëùèíà êîòîðûõ ñîñòàâëÿëà 4 ìì. Íà ðèñ. 2 ïî-
êàçàíû õàðàêòåð âìÿòèíû ïîñëå óäàðà 2,0 Äæ ïî
îáðàçöó ñòåêëîïëàñòèêà íà îñíîâå òêàíè Ò10-14 è
îöåíêà ãëóáèíû îòïå÷àòêà ïîâðåæäåíèÿ öèôðîâûì
èíäèêàòîðîì, êîòîðàÿ ñîñòàâëÿåò 0,286 ìì.

Ðåçóëüòàòû îáðàáàòûâàëèñü ñ ïîìîùüþ ïðî-
ãðàììíîãî îáåñïå÷åíèÿ «IMPULSÅ». Ïðè èñïûòà-
íèÿõ çàïèñûâàëàñü çàâèñèìîñòü êîíòàêòíîé ñèëû F
îò ïðîäîëæèòåëüíîñòè êîíòàêòà è âíåäðåíèÿ óäàð-

íèêà â îáðàçåö δ . Ñõåìàòè÷íîå èçîáðàæåíèå âíå-
äðåíèÿ óäàðíèêà â îáðàçåö ïðè íèçêîñêîðîñòíîì
óäàðå ïîêàçàíî íà ðèñ. 3,à.

Â õîäå èñïûòàíèé óñòàíîâëåíà ïîñëåäîâàòåëü-
íîñòü ðàçðóøåíèÿ îáðàçöîâ ïðè óäàðíîì âçàèìî-
äåéñòâèè.

Íà ïåðâîé ñòàäèè, â ìîìåíò êîíòàêòà ïàíåëè
è óäàðíèêà ïðîèñõîäèò óïðóãîå âçàèìîäåéñòâèå.
Îáëàñòü ïîä ìåñòîì óäàðà ïîäâåðãàåòñÿ óïðóãîìó

Ðèñ. 2. Õàðàêòåð âìÿòèíû ñòåêëîïëàñòèêà Ò10-14 áåç ïðîáîÿ

Ðèñ. 3. Ñõåìàòè÷íîå èçîáðàæåíèå âíåäðåíèÿ óäàðíèêà â îáðàçåö ïðè íèçêîñêîðîñòíîì óäàðå (à), ãðàôèê çàâèñè-
ìîñòè êîíòàêòíîé ñèëû îò ïðîäîëæèòåëüíîñòè êîíòàêòà óäàðíèêà (á)

à) á)
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èçãèáó. Ïðîäîëæèòåëüíîñòü ïåðâîé ñòàäèè çàâèñèò
îò æåñòêîñòè îáðàçöà è åãî äåôîðìàöèîííûõ
ñâîéñòâ. Çàâåðøåíèå äàííîé ñòàäèè õàðàêòåðèçó-

åòñÿ âíåäðåíèåì óäàðíèêà íà âåëè÷èíó δ  è âîç-
íèêíîâåíèåì ïîâðåæäåíèÿ îáðàçöà (ðèñ. 3,à), êî-
òîðîå ðåãèñòðèðóåòñÿ êàê ïèëîîáðàçíîå ïîâåäåíèå
êîíòàêòíîé íàãðóçêè F1 íà ãðàôèêå (ðèñ. 3,á).

Íà âòîðîé ñòàäèè óäàðíîãî íàãðóæåíèÿ ðàçâè-
âàåòñÿ ïîâðåæäåíèå. Óâåëè÷åíèå íàãðóçêè äî Fmax
îáúÿñíÿåòñÿ ðàñøèðåíèåì ìåñòà ïîâðåæäåíèÿ.

Òðåòüÿ ñòàäèÿ õàðàêòåðèçóåòñÿ ñíèæåíèåì êîí-
òàêòíîãî óñèëèÿ. Íà ýòîé ñòàäèè ïðåêðàùàåòñÿ
ðàçâèòèå ïîâðåæäåíèÿ è îñòàíàâëèâàåòñÿ âíåäðå-
íèå óäàðíèêà.

Íà ÷åòâåðòîé ñòàäèè óäàðà îáðàçåö ÷àñòè÷íî
âîññòàíàâëèâàåòñÿ. Êîíòàêòíàÿ íàãðóçêà è, ñîîò-
âåòñòâåííî, ñêîðîñòü âûõîäà óäàðíèêà çàâèñÿò îò
êîëè÷åñòâà óïðóãîé ýíåðãèè, íàêîïëåííîé îáðàç-
öîì âî âðåìÿ âíåäðåíèÿ óäàðíèêà.

Íà ðèñ. 4 ïðåäñòàâëåíû ðåãèñòðèðóåìûå äèà-
ãðàììû çàâèñèìîñòè íàãðóçêè è ýíåðãèè óäàðà îò

âðåìåíè äëÿ îäíîãî èç îáðàçöîâ ñòåêëîïëàñòèêà.
Êðèâàÿ íàãðóçêà—âðåìÿ (ðèñ. 4,à) ñâèäåòåëüñòâó-
åò î íàëè÷èè è õàðàêòåðå ðàçðóøåíèÿ â îáðàçöå:
ðîâíûé âîëíîîáðàçíûé ãðàôèê îçíà÷àåò íåïîëíîå
ðàçðóøåíèå. Íà ðèñ. 4,á ïîêàçàíû ãðàôèêè çàâè-
ñèìîñòè ýíåðãèè îò âðåìåíè ïðè óäàðàõ 10 è 30 Äæ.
Çíà÷åíèå ïîãëîùåííîé ýíåðãèè õàðàêòåðèçóåò çàò-
ðàòû íà âíóòðåííèå ðàçðóøåíèÿ îáðàçöà. Àñèììåò-
ðè÷íûé õàðàêòåð êðèâîé óêàçûâàåò íà ïîãëîùåíèå
ýíåðãèè óäàðà îáðàçöîì. Ïîãëîùåííàÿ ýíåðãèÿ
ñïîñîáñòâóåò èíèöèàöèè ïîâðåæäåíèé è âíóòðåí-
íèì ìåæñëîéíûì ðàçðóøåíèÿì.

Íà ðèñ. 5 ïîêàçàíû äèàãðàììû çàâèñèìîñòè
íàãðóçêè è ýíåðãèè óäàðà îò ïåðåìåùåíèÿ óäàðíè-
êà â îáðàçöå. Âèäíî, ÷òî ïîñëå äîñòèæåíèÿ òî÷êè
ìàêñèìàëüíîé íàãðóçêè óäàðíèê âîçâðàùàåòñÿ â
èñõîäíîå ïîëîæåíèå. Ãèñòåðåçèñ êðèâîé (ðèñ. 5,á)
òàêæå îáóñëîâëåí ïîãëîùåíèåì ýíåðãèè, çàòðà÷åí-
íîé íà âíóòðåííèå ðàçðóøåíèÿ îáðàçöà.

Ðåçóëüòàòû èñïûòàíèé íà óäàð äëÿ îòäåëüíûõ
îáðàçöîâ ïðèâåäåíû â òàáë. 2.

Ðèñ. 4. Äèàãðàììà çàâèñèìîñòè íàãðóçêè (à) è ýíåðãèè (á) óäàðà îò âðåìåíè
à) á)

Ðèñ. 5. Äèàãðàììà çàâèñèìîñòè íàãðóçêè (à) è ýíåðãèè (á) óäàðà îò ïåðåìåùåíèÿ
à) á)
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Òàáëèöà 2

Ðåçóëüòàòû èñïûòàíèé íà óäàð äëÿ îòäåëüíûõ îáðàçöîâ

Îáðàçåö 
Ýíåðãèÿ 

óäàðà,  
Äæ 

Ïîãëîùåííàÿ 
ýíåðãèÿ, Äæ 

Ñêîðîñòü 
óäàðà, ì/ñ 

Ìàêñè-
ìàëüíàÿ 

íàãðóçêà, 
Í 

Îñòà-
òî÷íûé 
ïðîãèá, 

ìì 

Ýíåðãèÿ 
èíèöèàöèè 

ïîâðåæäåíèÿ, 

Äæ 

Ïðîãèá  
ïðè ìàêñè-

ìàëüíîé 
íàãðóçêå, 

ìì 

ÂÕ 450 

9,705 2,859 1,894 4304,100 0,574 3,353 4,663 

19,579 5,158 2,690 6785,000 0,757 6,242 6,269 

29,305 7,734 3,292 8742,800 0,956 9,576 7,637 

ÒÑ-26Ï 

9,790 2,652 1,903 4476,000 0,493 3,149 4,515 

19,579 5,158 2,690 6785,000 0,757 6,242 6,269 

29,695 13,343 3,313 8137,500 1,349 15,167 7,561 

ÅÅ 380 

9,621 2,307 1,886 4446,100 0,456 2,816 4,672 

19,348 6,185 2,675 6426,300 0,735 7,289 6,354 

29,058 13,006 3,278 7412,700 1,121 14,704 7,307 

Ortex 
360 

9,595 2,354 1,883 4222,000 0,528 2,874 4,921 

19,356 5,664 2,675 6209,600 0,679 6,848 6,743 

29,061 14,002 3,278 7367,900 1,165 15,927 7,669 

Ò10-14 

9,486 1,817 1,873 4797,300 0,339 2,307 4,267 

19,099 6,119 2,657 6785,000 0,665 7,226 5,888 

28,797 12,210 3,263 7666,800 0,949 13,834 6,366 

ÅÅ 106 

9,673 1,956 1,891 4939,300 0,250 2,467 4,141 

19,547 9,537 2,688 5574,500 0,869 10,476 4,665 

28,445 18,410 3,243 6284,400 1,475 19,965 6,879 

Ò-13Ï 

9,524 2,808 1,876 4296,700 0,545 3,299 4,588 

19,149 6,896 2,661 6291,800 0,839 8,000 6,354 

28,768 13,377 3,261 7405,200 1,409 15,030 7,549 

ÂÌÏ 

9,732 6,106 1,897 2802,200 3,123 6,644 7,922 

19,623 12,708 2,693 4386,300 4,546 13,712 10,354 

29,380 18,133 3,296 6052,700 5,302 19,595 11,705 

ÑÂÕ300 

9,982 4,389 1,921 4700,200 0,557 4,789 3,425 

20,159 13,551 2,730 5245,700 1,529 14,294 3,838 

30,352 29,638 3,350 4991,600 5,659 30,872 3,630 

ÑÂÕ 301 

10,011 2,348 1,924 5723,900 0,349 2,818 3,589 

20,206 7,871 2,733 7158,600 0,667 8,819 5,105 

30,338 15,966 3,349 8712,900 1,204 17,502 6,250 

ÑÑ-201 

10,019 5,601 1,925 3870,700 0,568 6,083 2,563 

20,201 13,197 2,733 4139,800 1,053 14,181 2,560 

30,359 20,304 3,350 3967,900 1,362 21,681 2,439 
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Èññëåäîâàíèå ïîâðåæäåíèé
ìåòîäîì óëüòðàçâóêîâîãî êîíòðîëÿ

Äëÿ êîíòðîëÿ êà÷åñòâà ìîíîëèòíûõ èçäåëèé èç
ÏÊÌ â Ðîññèè è âî âñåì ìèðå â íàñòîÿùåå âðåìÿ
øèðîêî èñïîëüçóþòñÿ óëüòðàçâóêîâîé ýõî-èìïóëü-
ñíûé ìåòîä íåðàçðóøàþùåãî êîíòðîëÿ [13, 14]. Â
Ðîññèè íà ïðåäïðèÿòèÿõ äëÿ ðåàëèçàöèè äàííîãî
ìåòîäà êîíòðîëÿ ÏÊÌ â îñíîâíîì èñïîëüçóþòñÿ
îáû÷íûå ðó÷íûå äåôåêòîñêîïû ñ îäíîýëåìåíòíû-
ìè ïüåçîýëåêòðè÷åñêèìè ïðåîáðàçîâàòåëÿìè. Îá-
ùèé íåäîñòàòîê ýòèõ ïðèáîðîâ çàêëþ÷àåòñÿ â ñðàâ-
íèòåëüíî íèçêîé ïðîèçâîäèòåëüíîñòè è íåâûñîêîé
äîñòîâåðíîñòè ðåçóëüòàòîâ êîíòðîëÿ. Ñþäà òàêæå
ìîæíî îòíåñòè ñëîæíóþ èíòåðïðåòàöèþ ðåçóëüòà-
òîâ êîíòðîëÿ. Â äàííîé ðàáîòå äëÿ îöåíêè ðàçìå-
ðîâ óäàðíûõ ïîâðåæäåíèé ïðèìåíÿëñÿ ìåòîä óëüò-
ðàçâóêîâîãî êîíòðîëÿ íà ôàçèðîâàííûõ ðåøåòêàõ è
ðåíòãåíîâñêîé êîìïüþòåðíîé òîìîãðàôèè [15, 16].

Çîíà ïîâðåæäåíèé îáðàçöîâ îöåíèâàëàñü óëü-
òðàçâóêîâûì òîìîãðàôîì. Ðåçóëüòàòû ñêàíèðîâà-
íèÿ ïîçâîëèëè îïðåäåëèòü ïëîùàäü ðàçðóøåíèé
ïðè ðàçëè÷íûõ ýíåðãèÿõ óäàðà. Ýêñïåðèìåíò ïðî-
âîäèëè ïðè ïîìîùè êîìïëåêñà íåðàçðóøàþùåãî
ïîëóàâòîìàòè÷åñêîãî êîíòðîëÿ Olympus OmniScan
MX2 ñ äàò÷èêîì 3.5 ÌÃö ñ ôàçèðîâàííûìè ðåøåò-
êàìè (64 ýëåìåíòà). Äàííûé êîìïëåêñ îñíàùåí

ñèñòåìîé 2-êîîðäèíàòíîãî ïîçèöèîíèðîâàíèÿ äàò-
÷èêà Glider, êîòîðûé ïîçâîëÿåò òî÷íî îïðåäåëèòü
ïîëîæåíèå äåôåêòà.

Ïðè îáðàáîòêå ìàññèâà À-ñêàíîâ ñòðîÿòñÿ ñëå-
äóþùèå 2-êîîðäèíàòíûå ïðîñòðàíñòâåííûå ñêàíû
(ðèñ. 6): Ñ-ñêàí (âèä ñâåðõó); S-(D-)ñêàí (âèä ñ
òîðöà); Â-ñêàí (âèä ñáîêó).

Äëÿ àíàëèçà ïëîùàäè ïîâðåæäåíèé îáðàçöîâ
ïîñëå óäàðà ðåãèñòðèðîâàëñÿ Ñ-ñêàí, êîòîðûé îòî-
áðàæàåò îáëàñòü ñêàíèðîâàíèÿ ïîä äàò÷èêîì. Äàí-
íûé òèï ñêàíà îáëàäàåò êîîðäèíàòíîé ëèíåéêîé
äëÿ òî÷íîãî îïðåäåëåíèÿ ìåñòîïîëîæåíèÿ äåôåêòà
è åãî ãåîìåòðè÷åñêèõ õàðàêòåðèñòèê. Ïðè íàëè÷èè
âíóòðåííèõ ðàçðóøåíèé íà ñêàíå ïîÿâëÿåòñÿ îá-
ëàñòü ñ öâåòîâûì ãðàäèåíòîì èçìåíåíèÿ óðîâíÿ
àìïëèòóäû ÓÇ ýõî-ñèãíàëà. Íà ðèñ. 7 ïðåäñòàâëå-
íû ðåçóëüòàòû ñêàíèðîâàíèÿ îáðàçöîâ, èìåþùèõ
ðàçëè÷íóþ ñõåìó ïåðåïëåòåíèÿ âîëîêîí, ïîñëå
óäàðà 20 Äæ: à – ñòåêëîïëàñòèê íà îñíîâå òêàíè
ñàòèíîâîãî ïåðåïëåòåíèÿ Ò10-14; á – óãëåïëàñòèê
ÑÂÇ-300 íà îñíîâå òêàíè ìóëüòèàêñèàëüíîãî ïå-
ðåïëåòåíèÿ; â – óãëåïëàñòèê íà îñíîâå òêàíè ñàð-
æåâîãî ïåðåïëåòåíèÿ Ñ204.

Ðåçóëüòàòû îïðåäåëåíèÿ ïëîùàäåé ïîâðåæäå-
íèé îáðàçöîâ ïîñëå óäàðíîãî âîçäåéñòâèÿ ïðèâå-
äåíû â òàáë. 3.

Îêîí÷àíèå òàáë. 2

Îáðàçåö 
Ýíåðãèÿ 

óäàðà,  
Äæ 

Ïîãëîùåííàÿ 
ýíåðãèÿ, Äæ 

Ñêîðîñòü 
óäàðà, ì/ñ 

Ìàêñè-
ìàëüíàÿ 

íàãðóçêà, 
Í 

Îñòà-
òî÷íûé 
ïðîãèá, 

ìì 

Ýíåðãèÿ 
èíèöèàöèè 

ïîâðåæäåíèÿ, 

Äæ 

Ïðîãèá  
ïðè ìàêñè-

ìàëüíîé 
íàãðóçêå, 

ìì 

Style 282 

9,913 4,752 1,914 3661,500 1,154 5,250 4,840 

20,020 13,065 2,721 4588,100 2,058 14,107 7,518 

29,986 21,327 3,330 4349,000 3,041 22,531 8,651 

Êåâëàð+
óãîëü 

9,747 5,885 1,898 2802,2 1,194 6,272 3,381 

19,599 20,104 2,692 3205,7 10,210 20,539 4,904 

29,475 21,964 3,301 2966,6 18,830 20,109 3,530 

ÑÊ 204 

9,768 4,285 1,900 3915,600 0,538 4,716 4,320 

19,737 12,323 2,701 4102,400 1,263 13,174 6,245 

29,674 21,119 3,312 4117,300 2,263 22,309 7,136 

ÂÌÏ+ 
ÑÊ204 

9,700 4,903 1,894 4094,900 0,979 5,349 4,351 

19,563 10,592 2,689 5843,500 1,526 11,587 6,322 

29,457 15,565 3,300 7704,100 2,144 17,192 7,916 
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Èññëåäîâàíèå ïîâðåæäåíèé ìåòîäîì
ðåíòãåíîâñêîé êîìïüþòåðíîé òîìîãðàôèè

Â äàííîé ðàáîòå äëÿ íåðàçðóøàþùåãî êîíòðîëÿ
óäàðíûõ ïîâðåæäåíèé ïðèìåíÿëàñü êîìïüþòåðíàÿ
òîìîãðàôèÿ (ÊÒ).

Ïðèíöèï ÊÒ îñíîâàí íà ðåêîíñòðóêöèè è âè-
çóàëèçàöèè âíóòðåííåé ñòðóêòóðû òîíêèõ ñëîåâ
êîíòðîëèðóåìûõ èçäåëèé ïîñðåäñòâîì âû÷èñëè-
òåëüíîé îáðàáîòêè íàáîðà òåíåâûõ ïðîåêöèé, ïî-
ëó÷åííûõ ïðè ðåíòãåíîâñêîì ïðîñâå÷èâàíèè
îáúåêòà êîíòðîëÿ.

Ðèñ. 7. Ðåçóëüòàòû ñêàíèðîâàíèÿ îáðàçöîâ, èìåþùèõ ðàçëè÷íóþ ñõåìó ïåðåïëåòåíèÿ âîëîêîí, ïîñëå óäàðà 20 Äæ

à) á) â)

Ðèñ. 6. Ñõåìàòè÷íîå èçîáðàæåíèå ñêàíîâ ÓÇÊ
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Âëèÿíèå ñêðûòûõ äåôåêòîâ è ñòðóê-
òóðíûõ íåîäíîðîäíîñòåé íà ïðî÷íîñòíûå
õàðàêòåðèñòèêè êîìïîçèöèîííûõ ìàòåðè-
àëîâ è êîíñòðóêöèé îòëè÷àåòñÿ íåîïðåäå-
ëåííîñòüþ. Òîìîãðàôè÷åñêèå èññëåäîâà-
íèÿ îáðàçöîâ, ïîäâåðãàþùèõñÿ ìåõàíè-
÷åñêèì èëè èíîãî ðîäà íàãðóæåíèÿì, ìî-
ãóò äàòü âàæíóþ èíôîðìàöèþ î ñïåöèôè-
êå ïðîöåññîâ äåôîðìèðîâàíèÿ, ðàçðóøå-
íèÿ è ïðåäðàçðóøåíèÿ èíòåðåñóþùèõ íàñ
îáúåêòîâ [17].

Èññëåäîâàíèÿ ïðîâîäèëèñü íà ñèñòå-
ìå ðàäèîãðàôè÷åñêîãî àíàëèçà è ðåíòãå-
íîâñêîé êîìïüþòåðíîé òîìîãðàôèè NSI
(ÑØÀ), ìîäåëü Õ5000. Îíà ïðèìåíÿåòñÿ
äëÿ îïåðàòèâíîãî è âûñîêîïðîèçâîäèòåëüíîãî ïî-
èñêà äåôåêòîâ â èçäåëèè, âèçóàëèçàöèè âíóòðåí-
íèõ äåôåêòîâ îáúåêòà. Äàííàÿ ñèñòåìà îñíàùåíà
ðåíòãåíîâñêîé òðóáêîé ñ ìàêñèìàëüíûì óñêîðÿþ-
ùèì íàïðÿæåíèåì 450 êÂ ìîùíîñòüþ 1500 Âò.
Ñú¸ìêà ïðîâîäèëàñü ïðè óñêîðÿþùåì íàïðÿæåíèè
213 êÂ è òîêå 3,3 ìA. Ðàçðåøåíèå ïðè ñú¸ìêå –
100 ìêì.

Ïîëó÷åííûå äàííûå ïîçâîëèëè ñ âûñîêîé òî÷-
íîñòüþ îïðåäåëèòü ðàçìåðû ïîâðåæäåíèÿ îáðàçöà.
Ðàçìåðû âèçóàëüíî ðåãèñòðèðóåìîé âìÿòèíû íà
ïîâåðõíîñòè çíà÷èòåëüíî ìåíüøå çîíû ðàçðóøå-
íèÿ âíóòðè îáðàçöà. Òàì íàáëþäàþòñÿ ðàçðóøåíèå
âîëîêîí, ïîâðåæäåíèå âîëîêîí ñ ðàññëîåíèÿìè,
ðàññëîåíèÿ áåç ïîâðåæäåíèÿ âîëîêîí. Âñå ýòè ïî-
âðåæäåíèÿ èçìåíÿþò ñòðóêòóðó ìàòåðèàëà, ïîâû-

øàþò ïîðèñòîñòü â çîíå ïîâðåæäåíèÿ, ÷òî ñíèæàåò
ìåõàíè÷åñêèå õàðàêòåðèñòèêè.

Â õîäå ýêñïåðèìåíòà áûë óñòàíîâëåí õàðàêòåð
èçìåíåíèÿ ïóñòîòíîãî ïðîñòðàíñòâà ïî òîëùèíå
îáðàçöîâ. Íà ðèñ. 8 ïðåäñòàâëåíà 3D-ðåêîíñòðóê-
öèÿ òîìîãðàôè÷åñêîãî èññëåäîâàíèÿ îáðàçöà ñòåê-
ëîïëàñòèêà ÅÅ380 ïîñëå óäàðà 20 Äæ.

Íà ðèñ. 9 ïîêàçàíû òîìîãðàììû îáðàçöîâ ñòåê-
ëîïëàñòèêà â ïðîäîëüíîì ñå÷åíèè. Âèäíî ÿâíîå
óâåëè÷åíèå ïëîùàäè ïîâðåæäåíèÿ îáðàçöà â çàâè-
ñèìîñòè îò ãëóáèíû ñêàíèðîâàíèÿ. Ïî íàéäåííûì
ðàçìåðàì ïîâðåæäåíèé âîçìîæíî ïðîâåñòè ðàñ÷åò
íàïðÿæåííî-äåôîðìèðîâàííîãî è ïðåäåëüíîãî
ñîñòîÿíèÿ êîíñòðóêöèè èç ÏÊÌ ïðè ðàçëè÷íûõ
óñëîâèÿõ ýêñïëóàòàöèè [18—20].

Íà ðèñ. 10 èçîáðàæåíû òîìîãðàììû îáðàçöîâ
ñòåêëîïëàñòèêà â ïîïåðå÷íîì ñå÷åíèè.

Ðèñ. 8. 3D-ðåêîíñòðóêöèÿ èññëåäóåìîãî îáðàçöà

Òàáëèöà 3

Ðåçóëüòàòû îïðåäåëåíèÿ ïëîùàäåé ïîâðåæäåíèé îáðàçöîâ ïîñëå óäàðà

Òèï  
ìàòåðèàëà 

Ïëîùàäü ïîâðåæäåíèÿ ïîñëå óäàðà, ìì2 

Ýíåðãèÿ óäàðà 

10 Äæ 20 Äæ 30 Äæ 

ÑÂÕ-300 233,95 479,831 673,505 

ÑÂÕ-301 137,87 410,221 482,091 

Ñ204+ñåòêà 330,042 821,679 1118,268 

ÑÊ204 351,718 469,634 707,914 

ÑÑ201 340,976 1001,646 1261,985 

ÅÅ 106 86,989 313,906 486,12 

Ò10-14 94,037 137,381 302,982 

ÂÕ 450 307,44 314,414 420,459 

Ortex 360 97,59 192,247 262,16 
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Ñðàâíèòåëüíàÿ îöåíêà óäàðîñòîéêîñòè
êîìïîçèöèîííûõ ìàòåðèàëîâ

Ýíåðãèÿ èíèöèàöèè ïîâðåæäåíèÿ — ïðåäåëü-
íîå çíà÷åíèå ýíåðãèé óäàðà, êîòîðîå ìîæåò âûäåð-
æàòü ìàòåðèàë áåç ïîâðåæäåíèÿ, ò.å. îíà ÿâëÿåòñÿ
îäíèì èç êðèòåðèåâ îöåíêè óäàðîñòîéêîñòè. Äàí-
íûé ïàðàìåòð âàæåí ïðè ðàñ÷åòå íåñóùåé ñïîñîá-
íîñòè ïëàñòèíû. Ïîãëîùåííàÿ ýíåðãèÿ — êîëè÷å-
ñòâî ýíåðãèè, êîòîðîå ïëàñòèíà îòáèðàåò ó óäàð-
íèêà íà ñâîå ïîâðåæäåíèå, ò.å. ôàêòè÷åñêàÿ ýíåð-
ãîåìêîñòü.

Ðèñ. 10. Òîìîãðàììû îáðàçöà ñòåêëîïëàñòèêà â ïîïåðå÷íîì ñå÷åíèè: à – ðàññòîÿíèå äî âíóòðåííåãî ðàçðóøå-
íèÿ 1,9 ìì; á — ðàññòîÿíèå îò ìåñòà óäàðà äî êîíöà îáðàçöà 4,7 ìì; â — ãëóáèíà âíóòðåííåãî ðàññëîåíèÿ 1,8 ìì

à) á) â)

 Íàèáîëüøóþ ýíåðãèþ èíèöèàöèè ïîâðåæäå-
íèÿ ïîêàçàëè îáðàçöû èç ãèáðèäíîé òêàíè, à èìåí-
íî îáðàçåö ñ ñîñòàâîì àðìèðóþùåãî ìàòåðèàëà
êåâëàð — óãîëü. Ýòî óêàçûâàåò íà âûñîêèé óðîâåíü
ñòîéêîñòè ê óäàðó äàííîãî òèïà ìàòåðèàëà. Íàè-
ìåíüøóþ ýíåðãèþ èíèöèàöèè ïîâðåæäåíèÿ ïîêà-
çàëè îáðàçöû èç ñòåêëîòêàíè, ìèíèìàëüíóþ —
îáðàçöû, âûïîëíåííûé èç òêàíè BX 450.

Ãèáðèäíûå òêàíè òàêæå ïîêàçàëè âûñîêèé óðî-
âåíü ïîãëîùåíèÿ ýíåðãèè, ÷òî ìîæåò îòðàçèòüñÿ íå
ëó÷øèì îáðàçîì íà îñòàòî÷íîé ïðî÷íîñòè äàííîãî

Ðèñ. 9. Òîìîãðàììû îáðàçöîâ ñòåêëîïëàñòèêà â ïðîäîëüíîì ñå÷åíèè íà ðàññòîÿíèè îò ïîâåðõíîñòè óäàðà:
à – 2,3 ìì; á – 2,8 ìì; â –3,5 ìì

à) á) â)
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òèïà ìàòåðèàëà. Ýòîò ôàêò ïîäòâåðæäàåòñÿ è îò-
íîñèòåëüíî áîëüøèìè ïëîùàäÿìè ïîâðåæäåíèÿ
âíóòðåííåé ñòðóêòóðû ãèáðèäíûõ òêàíåé. Íàè-
ìåíüøèé óðîâåíü ïîãëîùåííîé ýíåðãèè ïîêàçàëè
îáðàçöû èç ñòåêëîòêàíåé.

Âñå îáðàçöû ïîñëå íàíåñåíèÿ óäàðà èññëåäîâà-
ëèñü íà íàëè÷èå ðàññëîåíèé è ïîâðåæäåíèé ìåòî-
äîì óëüòðàçâóêîâîãî êîíòðîëÿ. Íà ðèñ. 11 ïðåä-
ñòàâëåíû ãðàôèêè çàâèñèìîñòè ñðåäíèõ ïîêàçàòå-
ëåé ïëîùàäè ïÿòíà ïîâðåæäåíèÿ îò ýíåðãèè óäà-
ðà îáðàçöîâ èç ñòåêëî-, óãëå- è ãèáðèäíîé òêàíè.

Áûëî òàêæå ïîêàçàíî âëèÿíèå ñõåìû óêëàäêè
âîëîêîí íà ïîâåäåíèå ìàòåðèàëà ïðè óäàðå. Íà
ðèñ. 12 èçîáðàæåíû äèàãðàììû çàâèñèìîñòè ýíåð-

ãèè èíèöèàöèè ïîâðåæäåíèÿ îò ýíåðãèè
óäàðà ó îáðàçöîâ èç òêàíåé ðàçëè÷íîãî
ïåðåïëåòåíèÿ.

Íàèáîëüøèé óðîâåíü ýíåðãèè èíèöè-
àöèè ïîâðåæäåíèÿ ïîêàçàëè îáðàçöû èç
òêàíåé ñàðæåâîãî è ìóëüòèàêñèàëüíîãî
ïåðåïëåòåíèÿ. Íàèìåíüøèé ïîêàçàòåëü
ýíåðãèè èíèöèàöèè ïîâðåæäåíèÿ èìåþò
îáðàçöû èç ñàòèíîâîé òêàíè.

Âûâîäû

Îáðàçöû ìàòåðèàëà, èìåþùèå ãèá-
ðèäíóþ ñõåìó ïàêåòà, à èìåííî ñî÷åòà-
íèå âîëîêîí êåâëàðà è óãëÿ, ïîêàçàëè
âûñîêèå çíà÷åíèÿ ñòîéêîñòè ê óäàðíûì
âîçäåéñòâèÿì âî âñåì äèàïàçîíå ýíåðãèé.

Íàèìåíüøàÿ ïëîùàäü ïîâðåæäåíèÿ ó
îáðàçöîâ, èçãîòîâëåííûõ èç ñòåêëîòêàíè.
Òàêîé ðåçóëüòàò ìîæåò ïîëîæèòåëüíî

ñêàçàòüñÿ íà îñòàòî÷íîé ïîñòóäàðíîé ïðî÷íîñòè
ìàòåðèàëà.

Õàðàêòåð ðàñïðîñòðàíåíèÿ ïîâðåæäåíèé â îá-
ðàçöàõ çàâèñèò îò òèïà ïåðåïëåòåíèÿ âîëîêîí êîì-
ïîçèòà.

Ïîñëîéíûé àíàëèç îáðàçöîâ êîìïîçèòà ìåòî-
äîì ðåíòãåíîâñêîé êîìïüþòåðíîé òîìîãðàôèè
ïîêàçàë, ÷òî ðàçìåðû âèçóàëüíî ðåãèñòðèðóåìîé
âìÿòèíû íà ïîâåðõíîñòè çíà÷èòåëüíî ìåíüøå
çîíû ðåàëüíîãî ðàçðóøåíèÿ âíóòðè îáðàçöà. Òàì
íàáëþäàþòñÿ ðàçðóøåíèå âîëîêîí, ïîâðåæäåíèå
âîëîêîí ñ ðàññëîåíèÿìè, ðàññëîåíèÿ áåç ïîâðåæ-
äåíèÿ âîëîêîí.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå
ÐÔÔÈ (ïðîåêò 19-08-00577).

Ðèñ. 11. Ãðàôèêè çàâèñèìîñòè ñðåäíèõ ïîêàçàòåëåé ïëîùàäè ïî-
âðåæäåíèÿ îò ýíåðãèè óäàðà îáðàçöîâ ñòåêëîòêàíè, óãëåòêàíè è
ãèáðèäíîé òêàíè

Ðèñ. 12. Äèàãðàììû çàâèñèìîñòè ñðåäíèõ ïîêàçàòåëåé ýíåðãèè èíèöèàöèè ïîâðåæäåíèÿ îò ýíåðãèè óäàðà ó îá-
ðàçöîâ èç òêàíåé ðàçëè÷íîãî ïåðåïëåòåíèÿ
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Abstract

The purpose of the study consists in technique
development for detecting impact damages character
of composites with various nature of reinforcing
material and interlacement type. A series of
experiments on the presence of internal defects after
impact damages inflicting was conducted while this
work performing. The samples based fourteen fabric
types were selected as the subject of the study, including
fiberglass cloth, hybrid materials, Kevlar® and high
molecular polythene. Temperature mode was
developed, and technology for plates manufacturing by
the compression molding technique was worked out.

The experiment technique was being developed
with regard for the international Standards
recommendations for damage resistance testing while
the falling load impact. Evaluation of criteria on impact
resistance was performed within the energy range of 10,
20 and 30 J. Initially the dent depth was determined
with digital detecting head. The internal damages areas
were being estimated by the semi-automated ultrasonic
NDT complex with phased array. This technology
allows obtaining scanning results in the form of
projections onto three planes, namely C-scan (top
view), S-scan (end view) and B-scan (side view). To
analyze the damages areas of samples after the impact,
the C-scan, depicting the scanned area below the
sensor, was registered. The layer-by-layer studying of
the samples damages character was performed by the
X-ray computer tomography method. This method
allows visualize the sample internal structure by
processing shadow projections obtained while the object
X-raying.

The obtained results allow determine optimum
characteristics of the composite material pack content
while developing the structure with the set requirements
to the impact resistance. The nose part elements and
high lift devices of an aircraft, helicopter blades and
transmission shafts, moving parts of jet engines may be
among these structures.

Based on these works results graphs of the damages
areas dependence on the impact energy of each
material were plotted. The less damage area was

demonstrated by the fiberglass samples, while the
greatest one belonged to the fabrics of hybrid content.
To evaluate the impact resistance criteria the energy
of the damage initiation, maximum load of impact and
absorbed energy were registered. Maximum value of the
damage initiation energy was demonstrated by the
samples from hybrid fabric material, and the least one
by the fiberglass samples. This criterion reflects the
limiting value of the impact energy which a material
can sustain without being damaged.

Keywords: composites, impact actions, damage,
NDT, ultrasonic pulse-echo flaw detection, computed
tomography.
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