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Ñòàòüÿ ïîñòóïèëà 2 ñåíòÿáðÿ 2016 ã.

Ñîãëàñíî àâèàöèîííûì ïðàâèëàì (ÀÏ25.571) «îöåíêà ïðî÷íîñòè óðîâíÿ ïðîåêòèðîâàíèÿ è êà÷å-

ñòâà ïðîèçâîäñòâà äîëæíà ïîêàçàòü, ÷òî àâàðèéíîé èëè êàòàñòðîôè÷åñêîé ñèòóàöèè èç-çà óñòàëî-

ñòè, êîððîçèè, äåôåêòîâ ïðîèçâîäñòâà èëè ñëó÷àéíîãî ïîâðåæäåíèÿ ìîæíî èçáåæàòü â òå÷åíèå

âñåãî âðåìåíè ýêñïëóàòàöèè ñàìîëåòà». Ïîêàçàíî, ÷òî íàçíà÷åíèå ðåñóðñà ýêñïëóàòàöèè âîçäóø-

íîãî ñóäíà, êîòîðîå áàçèðóåòñÿ íà îïðåäåëåíèè ôèçèêî-ìåõàíè÷åñêèõ õàðàêòåðèñòèê ìàòåðèàëîâ,

è èñïûòàíèÿ ñàìèõ ìàòåðèàëîâ ñ ó÷åòîì êîíöåïöèè áåçîïàñíîé ïîâðåæäàåìîñòè äîëæíû ïðîâî-

äèòüñÿ íà îáðàçöàõ ïðè îäíîâðåìåííîì âîçäåéñòâèè ìåõàíè÷åñêèõ íàãðóçîê è âíåøíèõ ôàêòî-

ðîâ, âêëþ÷àÿ êëèìàòè÷åñêèå. Îöåíêà âëèÿíèÿ ïîñëåäíèõ ñâÿçàíà ñ ïðîâåäåíèåì äëèòåëüíûõ èñ-

ïûòàíèé íà ñïåöèàëèçèðîâàííûõ êëèìàòè÷åñêèõ ñòàíöèÿõ, ãäå â íàñòîÿùåå âðåìÿ èñïîëüçóþòñÿ

âèçóàëüíûå ìåòîäèêè ôèêñàöèè ìîìåíòà ðàçðóøåíèÿ îáðàçöà. Èçâåñòíî, ÷òî ìîìåíò íà÷àëà ðîñ-

òà äåôåêòà ñâÿçàí ñ âûäåëåíèåì ýíåðãèè, êîòîðàÿ ÷àñòè÷íî ïåðåõîäèò â òåïëîâóþ è âûçûâàåò çâó-

êîâûå êîëåáàíèÿ. Çâóêîâîé ñèãíàë, à ñëåäîâàòåëüíî, è ìîìåíò ðàçðóøåíèÿ, ìîãóò áûòü îïðåäåëå-

íû, â ÷àñòíîñòè, ñ ïîìîùüþ äàò÷èêîâ àêóñòè÷åñêîé ýìèññèè. Ïîýòîìó äëÿ ïîâûøåíèÿ òî÷íîñòè

çâóêîâîé ôèêñàöèè è ìîìåíòà ðàçðóøåíèÿ îáðàçöà ïðåäëîæåíî èñïîëüçîâàòü ìåòîä àêóñòè÷åñêîé

ýìèññèè.

Êëþ÷åâûå ñëîâà: ïîâðåæäàåìîñòü ìàòåðèàëîâ; êëèìàòè÷åñêèå ôàêòîðû; àêóñòè÷åñêàÿ ýìèññèÿ.

Êëèìàòè÷åñêèå èñïûòàíèÿ ìàòåðèàëîâ äëÿ îáåñïå÷å-

íèÿ áåçîïàñíîñòè ýêñïëóàòàöèè âîçäóøíûõ ñóäîâ è,

â ÷àñòíîñòè, çàùèòû äåòàëåé è êîíñòðóêöèé îò êîððî-

çèè — ïðèîðèòåòíîå íàïðàâëåíèå ðàçâèòèÿ ìàòåðèà-

ëîâ è òåõíîëîãèé [1, 2].

Êëèìàòè÷åñêèå ôàêòîðû (àòìîñôåðíûå îñàäêè,

ìîðñêîé òóìàí, ïûëü è ïåñîê, êîððîçèîííî-àêòèâíûå

àãåíòû ìîðñêîé âîäû è ïî÷âåííî-ãðóíòîâîé ñðåäû,

òåïëîâîé óäàð, àòìîñôåðíîå äàâëåíèå è ñîëíå÷íîå èç-

ëó÷åíèå è äð.) îêàçûâàþò ñóùåñòâåííîå âëèÿíèå íà

ñòðóêòóðó è ñâîéñòâà ìàòåðèàëîâ ïðè õðàíåíèè è ýêñ-

ïëóàòàöèè òåõíèêè [3].

Ïðîåêòèðîâàíèå âîçäóøíûõ ñóäîâ ïî ïðèíöèïó

«áåçîïàñíîãî ïîâðåæäåíèÿ» äîïóñêàåò ïîÿâëåíèå äå-

ôåêòîâ êîíñòðóêöèè è èõ ðàçâèòèå â ïðîöåññå ýêñ-

ïëóàòàöèè äî íåêðèòè÷åñêèõ ðàçìåðîâ. Ïîäîáíûé

ïîäõîä òðåáóåò òàêîé êîíñòðóêöèè (ñòàòè÷åñêè íå-

îïðåäåëèìîé), â êîòîðîé ñèëîâûå ýëåìåíòû ïîäñòðà-

õîâûâàþò äðóã äðóãà, à èñïîëüçóåìûå ìàòåðèàëû õà-

ðàêòåðèçóþòñÿ âûñîêèìè ïîêàçàòåëÿìè ñîïðîòèâëå-

íèÿ ðàçâèòèþ ïîâðåæäàåìîñòè è ðàçðóøåíèþ, ãàðàí-

òèðóþùèìè ìåæðåìîíòíûé ñðîê ýêñïëóàòàöèè.

Ôàêòîðû, âëèÿþùèå íà ðàáîòîñïîñîáíîñòü ýëå-

ìåíòîâ òåõíè÷åñêèõ óñòðîéñòâ, ìîãóò áûòü êëàññèôè-

öèðîâàíû ïî ñëåäóþùèì ïðèçíàêàì: âèä ìàòåðèàëà;

òî÷êà ìàêñèìàëüíîãî âîçäåéñòâèÿ è ïðîòåêàíèÿ ïðî-

öåññîâ, âûçûâàþùèõ èçìåíåíèå ñâîéñòâ è ñîñòîÿíèÿ

ìàòåðèàëà è ýëåìåíòà êîíñòðóêöèè; ýíåðãèÿ, îïðåäå-

ëÿþùàÿ õàðàêòåð ïðîöåññà; òèï ýêñïëóàòàöèîííîãî

âîçäåéñòâèÿ (âîçíèêàþùåãî òîëüêî â óñëîâèÿõ àêòèâ-

íîé ðàáîòû ýëåìåíòîâ èëè ñóùåñòâóþùåãî íåçàâèñè-

ìî îò òîãî, ðàáîòàþò îíè èëè âûêëþ÷åíû); ìåõàíèçì

ïðîòåêàíèÿ ïðîöåññîâ [6].

Ñðîêè ñëóæáû ïîëèìåðíûõ ìàòåðèàëîâ â èçäåëè-

ÿõ, âûïóñêàåìûõ àâèàöèîííîé ïðîìûøëåííîñòüþ,
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îïðåäåëÿþò â ñîîòâåòñòâèè ñ [7]. Ïðè èõ óñòàíîâëå-

íèè ó÷èòûâàþò óñëîâèÿ ðàáîòû è âíåøíèå âîçäåé-

ñòâóþùèå ôàêòîðû (ÂÂÔ).

Õàðàêòåðèñòèêè ìàòåðèàëà, èñïîëüçóåìûå äëÿ

ïðîãíîçèðîâàíèÿ ñðîêîâ åãî ñëóæáû â êîíñòðóêöèè,

äîëæíû îòâå÷àòü ñëåäóþùèì òðåáîâàíèÿì: ìîíîòîí-

íîñòü èçìåíåíèÿ ñâîéñòâ âî âðåìåíè è ÷óâñòâèòåëü-

íîñòü ê ïðîöåññàì êîððîçèè è ñòàðåíèÿ ïðè òèïîâûõ

óñëîâèÿõ ýêñïëóàòàöèè.

Çà äîïóñòèìûé óðîâåíü êðèòè÷åñêîãî ïîêàçàòåëÿ

(íàèáîëåå ÷óâñòâèòåëüíîãî ê ýêñïëóàòàöèîííûì è

êëèìàòè÷åñêèì ôàêòîðàì) ïðèíèìàþò òàêîå åãî ýêñ-

òðåìàëüíîå çíà÷åíèå, ïðè êîòîðîì ìàòåðèàë â äàííîì

èçäåëèè ïðè ðàñ÷åòíûõ ïàðàìåòðàõ ýêñïëóàòàöèè

ñîõðàíÿåò ñâîþ ñëóæåáíóþ ïðèãîäíîñòü, ñïîñîáåí

âûïîëíÿòü îñíîâíóþ ôóíêöèþ è íå ÿâëÿåòñÿ ïðè÷è-

íîé îòêàçà, äåôåêòà èëè ðàçðóøåíèÿ.

Äëÿ ó÷åòà ÂÂÔ â íàñòîÿùåå âðåìÿ ïðèíÿòû äâà

îñíîâíûõ âèäà êëèìàòè÷åñêèõ èñïûòàíèé èçäåëèé è

îáðàçöîâ ìàòåðèàëîâ: íàòóðíûå èñïûòàíèÿ íà îòêðû-

òûõ ïëîùàäêàõ, íàõîäÿùèõñÿ â ðàçëè÷íûõ êëèìàòè-

÷åñêèõ çîíàõ, è óñêîðåííûå (ëàáîðàòîðíûå), ïîç-

âîëÿþùèå îöåíèòü ñòîéêîñòü ñïëàâîâ è ïîëèìåð-

íûõ êîìïîçèöèîííûõ ìàòåðèàëîâ (ÏÊÌ) ïðè âîçäåé-

ñòâèè èñêóññòâåííî ñîçäàííûõ ôàêòîðîâ îêðóæàþùåé

ñðåäû.

Äëÿ óñòàíîâëåíèÿ ìåõàíèçìà ðàçðóøåíèÿ â ìåòàë-

ëè÷åñêèõ ìàòåðèàëàõ ïðè íàòóðíîé ýêñïîçèöèè íå-

îáõîäèìû äëèòåëüíûå (10 – 15 ëåò) èñïûòàíèÿ [8, 9].

Â óñëîâèÿõ óñêîðåííûõ èñïûòàíèé ðåçóëüòàòû ìîæíî

ïîëó÷èòü â òå÷åíèå 1 ãîäà [10]. Ïðè ýòîì, êàê ïðàâèëî,

çàíèæàåòñÿ ïðîãíîçíûé ñðîê áåçîïàñíîé ýêñïëóàòà-

öèè ìåòàëëà è ìåíÿåòñÿ ìåõàíèçì êîððîçèîííîãî ðàç-

ðóøåíèÿ. Îäíàêî áîëüøèíñòâî ïðîèçâîäèòåëåé îãðà-

íè÷èâàåòñÿ èìåííî ëàáîðàòîðíûìè èñïûòàíèÿìè

ââèäó íåîáõîäèìîñòè óñêîðåííîãî âíåäðåíèÿ íîâûõ

ðàçðàáîòîê.

Öåëü ðàáîòû — îöåíêà ïîâðåæäàåìîñòè ìàòåðèà-

ëîâ â óñëîâèÿõ êëèìàòè÷åñêîãî âîçäåéñòâèÿ ìåòîäîì

àêóñòè÷åñêîé ýìèññèè è îïðåäåëåíèå îïòèìàëüíîãî

êîíòðîëèðóåìîãî ïðè ýêñïëóàòàöèè êðèòåðèÿ ðàçðó-

øåíèÿ [4, 5].

Ðåñóðñ ñëóæáû ïëàíåðà âîçäóøíîãî ñóäíà (20

ëåò), â ïåðèîä åãî ýêñïëóàòàöèè ïðîäëåâàåìûé «ïî ñî-

ñòîÿíèþ» (ïðè óñëîâèè òùàòåëüíîé äèàãíîñòèêè è

ïðîâåäåíèÿ ðåìîíòíûõ ðàáîò â óñëîâèÿõ àâèàðåìîíò-

íîãî ïðåäïðèÿòèÿ), ìîæåò äîñòèãàòü 50 ëåò [10]. Äëÿ

ìàòåðèàëîâ, ïëàíèðóåìûõ ê ïðèìåíåíèþ â èçäåëèÿõ

âñåêëèìàòè÷åñêîãî èñïîëíåíèÿ [11], îòñóòñòâèå äàí-

íûõ ïî êëèìàòè÷åñêîé ñòîéêîñòè íå ïîçâîëÿåò ãàðàí-

òèðîâàòü ñîõðàíÿåìîñòü ñâîéñòâ ìàòåðèàëà â ïðîöåññå

äëèòåëüíîé ýêñïëóàòàöèè èçäåëèÿ.

Êàê èçâåñòíî, ðåñóðñ — íàðàáîòêà îáúåêòà (èç-

äåëèÿ) îò íà÷àëà ýêñïëóàòàöèè èëè åå âîçîáíîâëåíèÿ

ïîñëå ñðåäíåãî èëè êàïèòàëüíîãî ðåìîíòà äî íàñòóï-

ëåíèÿ ïðåäåëüíîãî ñîñòîÿíèÿ [12]. Äëÿ ñàìîëåòîâ è

àâèàöèîííûõ äâèãàòåëåé ìåðîé ðåñóðñà ñëóæèò íàëåò

â ÷àñàõ, äëÿ àâòîìîáèëåé — ïðîáåã â êèëîìåòðàõ,

äëÿ ïðîêàòíûõ ñòàíîâ — ìàññà ïðîêàòàííîãî ìåòàëëà

â òîííàõ è ò.ä. Åñëè íàðàáîòêó èçìåðÿòü ÷èñëîì ïðî-

èçâåäåííûõ öèêëîâ, òî ðåñóðñ áóäåò ïðèíèìàòü äèñ-

êðåòíûå çíà÷åíèÿ [13 – 15].

Âðåìÿ ýêñïëóàòàöèè èçäåëèÿ â îáùåì ñëó÷àå

âêëþ÷àåò íå òîëüêî ïåðèîä åãî ïîëåçíîãî ôóíêöèîíè-

ðîâàíèÿ, íî è ïåðåðûâû, â òå÷åíèå êîòîðûõ ñóììàðíàÿ

íàðàáîòêà âîçðàñòàåò, à îáúåêò ïîäâåðãàåòñÿ âîçäåé-

ñòâèþ îêðóæàþùåé ñðåäû, íàãðóçêàì, âîçíèêàþùèì

ïðè òðàíñïîðòèðîâêå, è äð. Ïðè ýòîì ñâîéñòâà ìàòå-

ðèàëîâ ìîãóò ìåíÿòüñÿ. Òàê, êîððîçèÿ ñíèæàåò ïðî÷-

íîñòü, ñòàðåíèå óõóäøàåò õàðàêòåðèñòèêè ëàêîêðàñî÷-

íûõ ïîêðûòèé, âîçäåéñòâèå áàêòåðèé, ïëåñíåâûõ ãðè-

áîâ è âîäîðîñëåé (áèîëîãè÷åñêèõ ïðîöåññîâ) ïðèâî-

äèò ê ñåðüåçíûì ëîêàëüíûì ïîâðåæäåíèÿì.

Âàæíûé ïîêàçàòåëü ïðè ðàçðàáîòêå íîâîãî èçäå-

ëèÿ, íàïðèìåð, âîçäóøíîãî ñóäíà, — íàçíà÷åííûé ðå-

ñóðñ è íåïîñðåäñòâåííî ñâÿçàííûé ñ íèì ñðîê ñëóæ-

áû, îïðåäåëÿåìûé êàê ïðîäîëæèòåëüíîñòü ýêñïëóàòà-

öèè îáúåêòà äî åãî ñïèñàíèÿ è èçìåðÿåìûé â åäèíè-

öàõ êàëåíäàðíîãî âðåìåíè. Ñ ó÷åòîì çíàíèÿ èçìåíå-

íèÿ âî âðåìåíè õàðàêòåðèñòèê ïðî÷íîñòè

ïðèìåíÿåìûõ ïðè ñîçäàíèè èçäåëèÿ ìàòåðèàëîâ çàäà-

÷à ïðîãíîçèðîâàíèÿ ðåñóðñà ñâîäèòñÿ ê îïðåäåëåíèþ

âðåìåíè äî íàñòóïëåíèÿ ïðåäåëüíîãî ñîñòîÿíèÿ ìàòå-

ðèàëà.

Ñîãëàñíî àâèàöèîííûì ïðàâèëàì «îöåíêà ïðî÷-

íîñòè, óðîâíÿ ïðîåêòèðîâàíèÿ è êà÷åñòâà ïðîèçâîä-

ñòâà äîëæíà ïîêàçàòü, ÷òî àâàðèéíîé èëè êàòàñòðî-

ôè÷åñêîé ñèòóàöèè èç-çà óñòàëîñòè, êîððîçèè, äåôåê-

òîâ ïðîèçâîäñòâà èëè ñëó÷àéíîãî ïîâðåæäåíèÿ ìîæíî

èçáåæàòü â òå÷åíèå âñåãî âðåìåíè ýêñïëóàòàöèè ñà-

ìîëåòà» [16]. Óêàçàííûå ïàðàìåòðû âî ìíîãîì îïðå-

äåëÿþò òàê íàçûâàåìûé çàïàñ ïðî÷íîñòè äëÿ îòäåëü-

íûõ óçëîâ, àãðåãàòîâ è èçäåëèÿ â öåëîì. Åãî ñíèæåíèå

ïðèâîäèò ê çíà÷èòåëüíîìó óìåíüøåíèþ ìàññû âîç-

äóøíîãî ñóäíà è, êàê ñëåäñòâèå, ê óâåëè÷åíèþ ãðóçî-

ïîäúåìíîñòè è ïîâûøåíèþ ýôôåêòèâíîñòè ýêñïëóà-

òàöèè [17].

Ñíèæåíèå êîýôôèöèåíòà çàïàñà ïðî÷íîñòè çà ñ÷åò

ïîâûøåíèÿ òî÷íîñòè èçìåðåíèé õàðàêòåðèñòèê ìàòå-

ðèàëà — âàæíàÿ ñîñòàâëÿþùàÿ ïðè âûïîëíåíèè êëè-

ìàòè÷åñêèõ èñïûòàíèé.

Íà îñíîâå áîëüøîãî ìàññèâà äàííûõ [18] îöåíèëè

ïîãðåøíîñòü èçìåðåíèé. Îíà ñîñòàâèëà 10 – 23 %.

Âìåñòå ñ òåì àíàëèç ñòàòèñòèêè êëèìàòè÷åñêèõ èñïû-

òàíèé è ðàñ÷åò ìèíèìàëüíîãî êîëè÷åñòâà ïàðàëëåëü-

íûõ îïûòîâ äëÿ ïîëó÷åíèÿ ñòàòèñòè÷åñêè çíà÷èìûõ

èíòåðâàëîâ âàðüèðîâàíèÿ ïîêàçàëè, ÷òî èíòåðâàëû

âàðüèðîâàíèÿ 10, 5, 2 è 1 % (íàïðèìåð, ïðåäåëà ïðî÷-

íîñòè ÏÊÌ ïðè èçãèáå [20]), ìîæíî ïîëó÷èòü ïðè 11,

51, 441 è 2163 ïàðàëëåëüíûõ èñïûòàíèÿõ ñîîòâåò-

ñòâåííî.

Ïîëó÷èòü òî÷íûå (ñ èíòåðâàëàìè âàðüèðîâàíèÿ

1 – 2 %) çíà÷åíèÿ ìåõàíè÷åñêèõ õàðàêòåðèñòèê ïðè

êëèìàòè÷åñêèõ èñïûòàíèÿõ ìîæíî â ðåçóëüòàòå
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óìåíüøåíèÿ ïîãðåøíîñòè èçìåðåíèé, íàïðèìåð, ïðè

èñïîëüçîâàíèè äëÿ ôèêñàöèè ðîñòà òðåùèíû â îáðàç-

öå ïðè ñòàòè÷åñêîì íàãðóæåíèè â êîððîçèîííîé àòìî-

ñôåðå âèäåîêàìåð èëè, ÷òî áîëåå ïåðñïåêòèâíî è ýêî-

íîìè÷åñêè öåëåñîîáðàçíî, äàò÷èêîâ àêóñòè÷åñêîé

ýìèññèè.

Âêëàä ìåõàíè÷åñêèõ îïûòîâ â ïîãðåøíîñòü íàõî-

äèòñÿ â ïðåäåëàõ 3 %, îñòàëüíûå 7 – 20 % çàâèñÿò îò

óñëîâèé ïðîâåäåíèÿ êëèìàòè÷åñêèõ èñïûòàíèé è ïîä-

ãîòîâêè îáðàçöà. Áîëüøóþ ðîëü èãðàåò ïåðèîä ñíÿòèÿ

è ïîñòàíîâêè îáúåêòà êîíòðîëÿ, òàê êàê îò ãîäà ê ãîäó

êëèìàòè÷åñêèå ïàðàìåòðû (òåìïåðàòóðà, âëàæíîñòü,

êîëè÷åñòâî îñàäêîâ, ñîëíå÷íàÿ ðàäèàöèÿ) ñóùåñòâåí-

íî ìåíÿþòñÿ.

Íà ðèñ. 1 ïðèâåäåíû ðåçóëüòàòû íàòóðíîé ýêñïî-

çèöèè îáðàçöà ÏÊÌ (ñòåêëîïëàñòèêà) âî âëàæíîì ñóá-

òðîïè÷åñêîì êëèìàòå. Âèäíî, ÷òî çíà÷åíèÿ ïðåäåëà

ïðî÷íîñòè ïðè ýêñïîíèðîâàíèè ïîä íàâåñîì è íà îò-

êðûòîì âîçäóõå â òå÷åíèå 10 ëåò çàìåòíî îòëè÷àþòñÿ.

Îöåíêà ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà ïðè êëè-

ìàòè÷åñêèõ èñïûòàíèÿõ â íàãðóæåííîì ñîñòîÿíèè íå-

îáõîäèìà ïðè ðàñ÷åòå êîíñòðóêöèé ñ ó÷åòîì òàê íàçû-

âàåìîé áåçîïàñíîé ïîâðåæäàåìîñòè. Íàèáîëåå âàæ-

íûé ïîêàçàòåëü ïðè òàêîì âèäå îïûòîâ — âðåìÿ íà÷à-

ëà ðîñòà êðèòè÷åñêîãî äåôåêòà (òðåùèíû).

Äëÿ âûâîäà êðèòåðèÿ ðàçðóøåíèÿ òâåðäîãî òåëà ñ

äåôåêòîì â âèäå òðåùèíû ðàññìîòðèì ðàñòÿãèâàåìóþ

èçîòðîïíóþ áåñêîíå÷íóþ ïëàñòèíó êîíå÷íîé òîëùè-

íû, â êîòîðîé äëèíà òðåùèíû 2l çíà÷èòåëüíî ìåíüøå

øèðèíû ïëàñòèíû b (ðèñ. 2) [21].

Ïðè ðîñòå òðåùèíû íà âåëè÷èíó äl óïðóãàÿ ýíåð-

ãèÿ â ïëàñòèíå, íàãðóæåííîé íàïðÿæåíèåì ó, ïðåîáðà-

çóåòñÿ â ïîâåðõíîñòíóþ ýíåðãèþ òðåùèíû. Íà îñíîâå

çàêîíà ñîõðàíåíèÿ ýíåðãèè çàïèøåì

äÃ + äW = 0 ïðè äl > 0, (1)

ãäå äÃ è äW — ïðèðàùåíèå ïîâåðõíîñòíîé è óìåíü-

øåíèå óïðóãîé ýíåðãèè çà ñ÷åò ðàçãðóçêè îáëàñòè îêî-

ëî òðåùèíû.

Ïðè ïðèíÿòûõ äîïóùåíèÿõ îá óäåëüíîé îáúåìíîé

ýíåðãèè óïðóãîé äåôîðìàöèè, ðàçãðóçêå è âûñâîáîæ-

äåíèè óïðóãîé ýíåðãèè â äåôåêòíîé îáëàñòè, âåëè÷è-

íå ñâîáîäíîé ïîâåðõíîñòè òðåùèíû [22 – 25] èç óðàâ-

íåíèÿ (1) ïîëó÷àåì âûðàæåíèå äëÿ íàïðÿæåíèÿ ðàçðó-

øåíèÿ ó:

 

!

�

�

2E

l
, (2)

ãäå E — ìîäóëü óïðóãîñòè; ã — ðàáîòà, çàòðà÷åííàÿ íà

îáðàçîâàíèå åäèíèöû íîâîé ïîâåðõíîñòè (ïîâåðõíî-

ñòíàÿ ýíåðãèÿ); l — ïîëóäëèíà òðåùèíû.

Ðàññìàòðèâàåìàÿ ìîäåëü ïðåäïîëàãàåò, ÷òî ðàçðó-

øåíèå — ñëåäñòâèå ðàçâèòèÿ òðåùèíû, îñíîâíàÿ õà-

ðàêòåðèñòèêà êîòîðîé — åå äëèíà (ëèíåéíûé ðàçìåð),

à âåëè÷èíà  l — êîíñòàíòà ìàòåðèàëà. Ðàçðóøåíèå

ïðåäñòàâëÿåòñÿ êàê äâóõñòàäèéíûé ïðîöåññ: ñíà÷àëà

ìåäëåííûé ðîñò òðåùèíû äî êðèòè÷åñêîé äëèíû, çà-

òåì (ïîñëå åå äîñòèæåíèÿ) áûñòðûé ðàñïàä.

Ìîìåíò íà÷àëà ðîñòà äåôåêòà ñîïðÿæåí ñ âûäåëå-

íèåì ýíåðãèè, êîòîðàÿ ðàñõîäóåòñÿ íà îáðàçîâàíèå íî-

âîé ïîâåðõíîñòè è ÷àñòè÷íî ïåðåõîäèò â òåïëîâóþ

ýíåðãèþ, âûçûâàÿ çâóêîâûå êîëåáàíèÿ. Çâóêîâîé ñèã-

íàë ìîæåò áûòü îïðåäåëåí ìåòîäàìè ôèêñàöèè ñ ïî-

ìîùüþ äàò÷èêà àêóñòè÷åñêîé ýìèññèè.

Ìåõàíèçì ðàçâèòèÿ äåôåêòà (òðåùèíû) — ïðåä-

ìåò èçó÷åíèÿ ìåõàíèêè ðàçðóøåíèÿ, ìîäåëüíûå ïî-

ñòðîåíèÿ êîòîðîé îñíîâàíû íà îïðåäåëåííûõ óïðî-

ùàþùèõ äîïóùåíèÿõ. Òàê, ëèíåéíàÿ óïðóãàÿ ìåõàíè-

êà ðàçðóøåíèÿ ïðåäïîëàãàåò, ÷òî ìàòåðèàë èìååò ëè-

íåéíî-óïðóãèå ñâîéñòâà è ïðåäñòàâëÿåò îäíîðîäíóþ

èçîòðîïíóþ ñðåäó. Òðåùèíà â èñõîäíîì ñîñòîÿíèè

ðàññìàòðèâàåòñÿ êàê ðàçðûâ ìàòåðèàëà, áîêîâûå ïî-

âåðõíîñòè êîòîðîãî (áåðåãà òðåùèíû) ðàçäåëåíû áåñ-

êîíå÷íî ìàëûì ðàññòîÿíèåì, à âåðøèíû èìåþò ïðå-

äåëüíî çàîñòðåííóþ ôîðìó. Â ñëó÷àå ìåòàëëîâ ïî-

ñëåäíåå âûïîëíÿåòñÿ ëèøü ïðèáëèæåííî, ïîñêîëüêó

ïðè íàãðóæåíèè â âåðøèíå òðåùèíû ïðîèñõîäèò ëî-

êàëüíàÿ ïëàñòè÷åñêàÿ äåôîðìàöèÿ. Èñïîëüçîâàíèå

ëèíåéíî-óïðóãîé ìîäåëè ïðèìåíèòåëüíî ê ìåòàëëè÷å-

ñêèì ìàòåðèàëàì âîçìîæíî, åñëè ðàçìåð çîíû ïëàñòè-

÷åñêîé äåôîðìàöèè çíà÷èòåëüíî ìåíüøå äëèíû òðå-

ùèíû.

Íà ðèñ. 3 ïîêàçàíû ïîãëîùàåìàÿ (–) è âûäåëÿåìàÿ

(+) ýíåðãèè (1 — ýíåðãèÿ, ïðèêëàäûâàåìàÿ ê îáðàçöó,

2 — âûäåëÿåìàÿ ýíåðãèÿ ïðè îáðàçîâàíèè íîâûõ ñâî-

áîäíûõ ïîâåðõíîñòåé â ïðîöåññå ðîñòà òðåùèíû, 3 —

ñóììàðíûé ýíåðãåòè÷åñêèé ýôôåêò, ïîçâîëÿþùèé

ãðàôè÷åñêè îïðåäåëèòü êðèòè÷åñêîå çíà÷åíèå äëèíû
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Ðèñ. 1. Ðåçóëüòàòû èçìåðåíèÿ ïðåäåëà ïðî÷íîñòè íà èçãèá îá-

ðàçöà ñòåêëîïëàñòèêà ïðè íàòóðíîé ýêñïîçèöèè â ñóáòðîïè÷å-

ñêîì âëàæíîì êëèìàòå íà îòêðûòîé (à) è çàêðûòûé (á ) ïëîùàä-

êàõ (êðàñíûé — ìèíèì., çåëåíûé — ñðåäí., ñèíèé — ìàêñèì.)

Ðèñ. 2. Ïëàñòèíà ñî ñêâîçíîé òðåùèíîé



òðåùèíû Lc, ïðè êîòîðîì íà÷èíàåòñÿ «ëàâèíîîáðàç-

íûé» åå ðîñò) ïðè ðîñòå äåôåêòà.

Óïðóãîïëàñòè÷åñêàÿ ìîäåëü äîïóñêàåò íå òîëüêî

íàëè÷èå áîëüøèõ ïëàñòè÷åñêè äåôîðìèðîâàííûõ çîí

â âåðøèíàõ òðåùèíû, íî è ïîëíîå ïëàñòè÷åñêîå òå÷å-

íèå ìàòåðèàëà [26]. Òàê êàê âÿçêîñòü ðàçðóøåíèÿ (òðå-

ùèíîñòîéêîñòü) ìåòàëëîâ è ñïëàâîâ ñèëüíî çàâèñèò îò

òåìïåðàòóðû è ñêîðîñòè äåôîðìèðîâàíèÿ, çà÷àñòóþ

ïðè èññëåäîâàíèè ïðèìåíÿþò ðàçëè÷íûå êîíöåïöèè

ìåõàíèêè ðàçðóøåíèÿ.

Èññëåäîâàëè êëèìàòè÷åñêóþ ñòîéêîñòü îáðàçöîâ

ñòàëåé ïðè âîçäåéñòâèè äèíàìè÷åñêèõ öèêëè÷åñêèõ

íàãðóçîê. Íà ðèñ. 4 ïðåäñòàâëåíà âçàèìîñâÿçü ïðå-

äåëîâ ïðî÷íîñòè è óñòàëîñòè äëÿ ðàçëè÷íûõ òèïîâ

îáðàçöîâ.

Âèäíî, ÷òî íà÷èíàÿ ñ îïðåäåëåííîãî óðîâíÿ óâ,

ïðåäåë âûíîñëèâîñòè (óñòàëîñòè) íå ïîâûøàåòñÿ

ñ óâåëè÷åíèåì ïðåäåëà ïðî÷íîñòè, à â íåêîòîðûõ ñëó-

÷àÿõ äàæå óìåíüøàåòñÿ. Èç ýòîãî ñëåäóåò, ÷òî âî ìíî-

ãèõ ñëó÷àÿõ íåëüçÿ áåñïðåäåëüíî ïîâûøàòü ïðî÷íîñò-

íûå õàðàêòåðèñòèêè ïóòåì óâåëè÷åíèÿ ïëîòíîñòè

äèñëîêàöèé, ñòåïåíè ëåãèðîâàíèÿ, äèñïåðñèîííîãî

óïðî÷íåíèÿ, ïîëó÷åíèÿ óëüòðàìåëêîäèñïåðñíîãî ðàç-

ìåðà çåðíà, à òàêæå ðàçëè÷íûìè ìåòîäàìè ìåõàíèêî-

òåðìè÷åñêèõ è òåðìîìåõàíè÷åñêèõ îáðàáîòîê [28].

Ê ýôôåêòèâíûì ñðåäñòâàì ïîâûøåíèÿ íàäåæíî-

ñòè èçäåëèé, âêëþ÷àÿ ëåòàòåëüíûå àïïàðàòû, îòíîñÿò-

ñÿ íåðàçðóøàþùèå ìåòîäû âûÿâëåíèÿ íàðóøåíèé

ñïëîøíîñòè ÏÊÌ è íåïðîêëååâ â êëååíûõ êîíñòðóê-

öèÿõ [29 – 32], à òàêæå ìåòîäû òåõíè÷åñêîé äèàãíî-

ñòèêè, ïîçâîëÿþùèå îöåíèâàòü ôèçèêî-ìåõàíè÷åñêèå

ñâîéñòâà ìàòåðèàëîâ íåïîñðåäñòâåííî â êîíòðîëèðóå-

ìûõ äåòàëÿõ è êîíñòðóêöèÿõ áåç èõ ðàçðóøåíèÿ

[33 – 37].

Áîëüøîå ïðèìåíåíèå â âûñîêîíàãðóæåííûõ äåòà-

ëÿõ è àãðåãàòàõ àâèàöèîííîé òåõíèêè íàøëè óãëå- è

ñòåêëîïëàñòèêè. ×àñòî âñòðå÷àþùèåñÿ îïàñíûå

ìàêðîäåôåêòû ìîíîëèòíûõ äåòàëåé è êîíñòðóêöèé

èç óãëåïëàñòèêîâ — äåôåêòû, ñâÿçàííûå ñ íàðóøåíè-

åì ñïëîøíîñòè (ðàññëîåíèÿ, íåïðîêëåè, òðåùèíû,

êðóïíûå âîçäóøíûå èëè ãàçîâûå ðàêîâèíû, èíîðîä-

íûå âêëþ÷åíèÿ). Êðîìå òîãî, âîçìîæíû òàêæå äåôåê-

òû íà óðîâíå ìèêðîñòðóêòóðû (çîíû ïîâûøåííîé ïî-

ðèñòîñòè, îòêëîíåíèÿ îò îïòèìàëüíîãî ñîîòíîøåíèÿ

ìàòðèöû è àðìèðóþùåãî íàïîëíèòåëÿ, íèçêàÿ ñòåïåíü

îòâåðæäåíèÿ ñâÿçóþùåãî ïðè ôîðìîâàíèè, íàðóøå-

íèÿ îðèåíòàöèè âîëîêîí, ñêëàäêè, ñâèëè, ïîâåðõíîñò-

íûå ïîäìÿòèÿ è öàðàïèíû è äð.). Äåôåêòíûå çîíû õà-

ðàêòåðèçóþòñÿ ïîíèæåííîé ïðî÷íîñòüþ.

Äëÿ äåôåêòîñêîïèè è îöåíêè ôèçèêî-ìåõàíè÷å-

ñêèõ ñâîéñòâ ÏÊÌ ïðèìåíÿþò ñïåöèàëüíûå ìåòîäû

äèàãíîñòèêè. Îñíîâíûå èç íèõ (ïî ÷èñëó ðåøàåìûõ

çàäà÷) — óëüòðàçâóêîâûå (ÓÇ) ìåòîäû, êîòîðûå íå òðå-

áóþò ãðîìîçäêîé àïïàðàòóðû äëÿ ðåàëèçàöèè è ìîãóò

ïðèìåíÿòüñÿ íå òîëüêî â ëàáîðàòîðíûõ, íî è â öåõî-

âûõ (è äàæå ïîëåâûõ) óñëîâèÿõ. ÓÇ-ìåòîäû îñíîâàíû

íà âçàèìîäåéñòâèè óïðóãèõ êîëåáàíèé è âîëí øèðîêî-

ãî äèàïàçîíà ÷àñòîò ñ êîíòðîëèðóåìûì èçäåëèåì [38].

Àêóñòè÷åñêèå ìåòîäû íåðàçðóøàþùåãî êîíòðîëÿ

(ÍÊ) ïîäðàçäåëÿþòñÿ íà äâå áîëüøèå ãðóïïû: àêòèâ-

íûå è ïàññèâíûå. Àêòèâíûå îñíîâàíû íà èçëó÷åíèè è

ïðèåìå óïðóãèõ âîëí, ïàññèâíûå (âêëþ÷àÿ àêóñòèêî-

ýìèññèîííûé ìåòîä) — òîëüêî íà ïðèåìå âîëí, èñòî÷-

íèêîì êîòîðûõ ñëóæèò ñàì îáúåêò êîíòðîëÿ (ÎÊ).

Â îñíîâå àêóñòèêî-ýìèññèîííîãî (ÀÝ) ìåòîäà ëå-

æèò ðåãèñòðàöèÿ óïðóãèõ âîëí, âîçíèêàþùèõ â ðå-

çóëüòàòå àêóñòè÷åñêîé ýìèññèè — îáðàçîâàíèè

àêóñòè÷åñêèõ âîëí ïðè äèíàìè÷åñêîé âíóòðåííåé

ëîêàëüíîé ïåðåñòðîéêå ñòðóêòóðû ìàòåðèàëà ÎÊ.
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Ôîðìèðîâàíèå è ðàçâèòèå äåôåêòîâ â èçäåëèè ïîä íà-

ãðóçêîé [39] ñîïðîâîæäàþòñÿ àêóñòè÷åñêèìè êîëåáà-

íèÿìè, ôèêñèðóåìûìè ìåòîäîì ÀÝ.

Â îòëè÷èå îò äðóãèõ ìåòîäîâ ÍÊ, ïðèìåíÿåìûõ

äëÿ êîíòðîëÿ êîìïîçèòîâ, ìåòîä ÀÝ ïîçâîëÿåò ðåãè-

ñòðèðîâàòü ñèãíàëû íà íà÷àëüíûõ ýòàïàõ ðàçðóøåíèÿ,

êîãäà äåôåêòû âîçíèêàþò íà ìèêðîóðîâíå, à òàêæå

ïîëó÷àòü èíòåãðàëüíóþ êàðòèíó ëîêàëèçàöèè äåôåê-

òîâ, êëàññèôèöèðîâàòü ïîâðåæäåíèÿ ïî ñòåïåíè îïàñ-

íîñòè, îöåíèâàòü îñòàòî÷íûé ðåñóðñ êîíñòðóêöèè

[40 – 42].

Ïðè ïðîåêòèðîâàíèè ñîâðåìåííûõ èçäåëèé ïî

ïðèíöèïó «áåçîïàñíîãî ïîâðåæäåíèÿ» äîïóñòèìî íà-

ëè÷èå äåôåêòîâ êîíñòðóêöèèè èõ ðàçâèòèå â ïðîöåññå

ýêïëóàòàöèè äî íåêðèòè÷åñêîãî óðîâíÿ. Îñîáåííîñòü

êëèìàòè÷åñêèõ èñïûòàíèé ñîñòîèò â òîì, ÷òî îòñóò-

ñòâóþò ïîñòîðîííèå øóìû, ïîýòîìó ìîæíî ñ âûñîêîé

äîñòîâåðíîñòüþ îïðåäåëÿòü ñèãíàë èìåííî îò ÀÝ.

Èñïîëüçîâàíèå äàò÷èêîâ ÀÝ ïðè èñïûòàíèÿõ ìàòåðèà-

ëîâ è êîíñòðóêòèâíî-ïîäîáíûõ ýëåìåíòîâ â ñòàòè÷å-

ñêè íàïðÿæåííîì ñîñòîÿíèè ïîçâîëÿåò ñ äîñòàòî÷íîé

òî÷íîñòüþ (±1 ñ) îïðåäåëèòü âðåìÿ íà÷àëà ðîñòà äå-

ôåêòà, äèíàìèêó åãî ðîñòà è âðåìÿ äî ðàçðóøåíèÿ.

Òàêèì îáðàçîì, øèðîêî ïðèìåíÿåìûé â ïðîìûø-

ëåííîñòè è ðåãëàìåíòèðóåìûé ãîñóäàðñòâåííûìè è

ìåæäóíàðîäíûìè ñòàíäàðòàìè [43, 44] ÀÝ-ìåòîä, äà-

åò âîçìîæíîñòü îöåíèòü ðåñóðñ ðàáîòû ÎÊ â óñëîâèÿõ

âîçäåéñòâèÿ êëèìàòè÷åñêèõ ôàêòîðîâ.
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Assignment of the aircraft service life is based on the determination of the physical and mechanical char-

acteristics of materials. Testing of the materials with allowance for fail-safe concept should be carried out

under simultaneous exposure of the samples to mechanical loads and external impacts. To increase the

accuracy of experiments we propose to use acoustic emission for nondestructive testing of the samples.

Keywords: materials vulnerability; climatic factors; acoustic emission.

REFERENCES

1. Kablov E. N. Innovative development FGUP “VIAM” SSC RF on im-

plementation of the “Strategic directions of development of materials

and technologies of their reprocessing for the period till 2030” � Aviats.

Mater. Tekhnol. 2015. N 1. P. 3 – 33 [in Russian].

2. Kablov E. N. Aerospace materials � Vse Mater. Éntsikloped. Spravoch.

2008. N 3. P. 2 – 14 [in Russian].

3. RF State Standard GOST 26883–86. External influencing factors. Terms

and definitions. — Moscow: Izdatel’stvo standartov, 1992. — 10 p. [in

Russian].

4. Kablov E. N. The quality control of materials — guarantee of safety of

operation of aircraft equipment � Aviats. Mater. Tekhnol. Issue Metody

ispytanii i kontrolya kachestva metallicheskikh i nemetallicheskikh

materialov. 2001. P. 3 – 8 [in Russian].

5. Kablov E. N., Startsev O. V., Krotov A. S., Kirillov V. N. Climatic ag-

ing of composite materials aviation applications. III. Significant factors

of aging � Deform. Razrush. Mater. 2011. N 1. P. 34 – 40 [in Russian].

6. Melamedov I. M. Physical basis of reliability. — Leningrad: Énergiya,

1970. — 152 p. [in Russian].

7. Panshin B. I., Korovina I. A., Kotova L. P., Merkulova V. M.

Methods of forecasting of service life of polymeric materials in prod-

ucts. VIAM instruction N 1014–78. — ONTI VIAM, 1974. — 157 p. [in

Russian].

8. Kablov E. N., Kirillov V. N., Zhirnov A. D., Startsev O. V., Vapi-

rov Yu. M. Centers for climatic testing of aircraft PCM � Aviats.

Promyshl. 2009. N 4. P. 36 – 46 [in Russian].

9. Kablov E., Murashov V., Rumyantsev A. Diagnostics of Polymer

Composites by Acoustic Methods � Ultrasound. Kaunas: Tecnologija.

2006. N 2. P. 7 – 10.

10. Kurs M. G., Laptev A. B., Kutyrev A. E., Morozova L. V. Investiga-

tion of the corrosive destruction wrought aluminum alloys in outdoor

accelerated tests � Vopr. Materialoved. 2016. N 1(85). P. 116 – 126 [in

Russian].

11. RF State Standard GOST 15150–69. Machines, instruments and other

technical products. Performance for different climatic regions. Catego-

ries, conditions of use, storage and transportation of the impact of clima-

tic factors in the external environment. — Moscow: Standartinform,

2010. — 66 p. [in Russian].

12. RF State Standard GOST 13377–75. Reliability in technique. Terms and

definitions. — Moscow: Izdatel’stvo standartov, 1976. — 23 p. [in

Russian].

13. Akhiyarov R. Zh., Laptev A. B., Ibragimov I. G. Increase of industrial

safety of operation of oil production facilities in bizarrerie and the salt

precipitation method for complex processing of produced water �
Neftepromysl. Delo. 2009. N 3. P. 44 – 46 [in Russian].

14. Laptev A. B., Navalikhin G. P. Improving the safety of operation of

oil-field pipelines � Neftepromysl. Delo. 2006. N 1. P. 48 – 52 [in

Russian].

15. Akhiyarov R. Zh., Matveev Yu. G., Laptev A. B., Bugai D. E.

Resource-saving technologies prevent biosurgery formation waters of

oil production � Neftegaz. Delo. 2011. N 5. P. 232 – 242 [in Russian].

16. Akhiyarov R. Zh., Laptev A. B., Movenko D. A., Belova N. A.

The study abnormally low corrosion resistance of pipe steel heat ex-

change equipment for oil refining � Neft. Khoz. 2016. N 1. P. 118 – 121

[in Russian].

17. Erasov V. S., Nuzhnyi G. A., Grinevich A. V., Terekhin A. L. Fracture

toughness of aviation materials in the process of fatigue testing � Trudy

VIAM. 2013. N 10. Art. 06 [in Russian].

18. Erasov V. S. Physico-mechanical characteristics as the main integral

indicators of the quality of aviation structural materials. — Moscow:

FGUP «VIAM», 2011. — 16 p. [in Russian].

19. Kablov E. N. (ed.). Aviation materials. Reference book. — Moscow:

VIAM, 2015. — 270 p. [in Russian].

20. Laptev A. B., Barbot’ko S. L., Nikolaev E. V., Skirta A. A. Processing

of the results of climatic testing of fiberglass � Plast. Massy. 2016.

N 3, 4. P. 58 – 62 [in Russian].

21. Erasov V. S., Grinevich A. V., Senik V. Ya., Konovalov V. V., Tru-

nin Yu. P., Nesterenko G. I. Calculated values of the strength character-

istics of aircraft materials � Aviats. Mater. Tekhnol. 2012. N 2. P. 14 – 16

[in Russian].

22. Griffith A. A. The Phenomenon of Rupture and flow in solids � Roy.

Soc. London. 1921. Vol. 221. Ser. A. P. 163 – 198.

"! 
��������������������������������������	�������� ������ �� !"��# !



23. Erasov V. S., Bairamukov R. R. The role of the time factor in conduct-

ing mechanical tests, data processing and presentation of results �
Aviats. Mater. Tekhnol. 2013. N S2. P. 62 – 67 [in Russian].

24. Erasov V. S., Podzhivotov N. Yu. Methods of assessment of calculated

values of the strength characteristics of aircraft materials in Russia and

abroad � Vse Mater. Éntsikloped. Spravoch. 2013. N 12. P. 2 – 8 [in

Russian].

25. Erasov V. S., Nuzhnyi G. A., Grinevich A. V. On the assessment of

damage to metal materials by mechanical testing � Deform. Razrush.

Mater. 2015. N 3. P. 42 – 47 [in Russian].

26. Erasov V. S., Oreshko E. I., Lutsenko A. N. Damage of materials un-

der static tension � Aviats. Mater. Tekhnol. 2015. N 4. P. 91 – 94 [in Rus-

sian].

27. Hempel M., Hillnhagen E. Dauerschwingverhalten unterschiedlichher-

gestellter Schmelzen des Walzlagerstahles 100Cr 6 � Arhiv f'r das

Eiasenhuttenweisen. 1965. Vol. 36. N 12. S. 877 – 885.

28. Terent’ev V. F., Bitsofen S. Ya., Korableva S. A., Slizov A. K.,

Ashmarin A. A. Analysis of structural changes of trip steel VNS-9Sh

under cyclic deformation � Deform. Razrush. Mater. 2013. N 6. P. 16 –

20 [in Russian].

29. Murashov V. V. Nondestructive testing of adhesive joints � Klei.

Germet. Tekhnol. 2008. N 7. P. 21 – 28 [in Russian].

30. Murashov V. V. Attestation of Glued Articles by Acoustic Impedance

Method � Polymer Sci. Ser. D. Glues Sealing Mater. 2010. Vol. 3. N 4.

P. 267 – 273.

31. Murashov V. V. Control of Laminated Structures by the Acoustic Free

Vibration Method � Polymer Sci. Ser. D. Glues Sealing Mater. 2012.

Vol. 5. N 4. P. 341 – 345.

32. Murashov V. V. Nondestructive Testing of Glued Joints � Polymer Sci.

Ser. D. Glues Sealing Mater. 2009. Vol. 2. N 1. P. 58 – 63.

33. Bakunov A. S., Murashov V. V., Sysoev A. M. Control of the propeller

blades by means of low-frequency acoustics � Kontrol’. Diagn. 2012.

N 6. P. 72 – 74 [in Russian].

34. Murashov V. V., Generalov A. S. Control multilayer adhesive construc-

tions of low-frequency acoustic methods � Aviats. Mater. Tekhnol. 2014.

N 2. P. 59 – 67 [in Russian].

35. Murashov V. V., Rumyantsev A. F. Defects in parts of monolithic and

multilayer structures made of polymer composite materials and methods

for their detection. Part 1. Defects in monolithic parts and multilayer

constructions made of polymeric composite materials � Kontrol’. Diagn.

2007. N 4. P. 23 – 31 [in Russian].

36. Karabutov A. A., Murashov V. V., Podymova N. B., Oraevsky A. A.

Nondestructive Characterisation of Layered Composite Materials with a

Laser Optoacoustic Sensor � Nondestructive Evaluation of Materials

and Composites II. San Antonio: Published by SPIE — The Interna-

tional Society for Optical Engineering. 1998. Vol. 3396. P. 103 – 111.

37. Ermolov I. N., Lange Yu. V. Ultrasonic control. Non-destructive test-

ing: Reference book. — Moscow: Mashinostroenie, 2006. — 864 p. [in

Russian].

38. Ivanov V. I., Vlasov I. É. Acoustic emission Method. Non-destructive

testing: Reference book. — Moscow: Mashinostroenie, 2005. — 340 p.

[in Russian].

39. Gupta A., Duke Jr. Investigation of the process of destruction of items

from the right-acoustic-emission method � Mater. Eval. 2012. Vol. 70.

N 4. P. 461 – 469.

40. Bolotin V. V. Forecasting of resource of machines and structures. —

Moscow: Mashinostroenie, 1984. — 312 p. [in Russian].

41. Ivanov V. I., Bigus G. A., Vlasov I. É. Acoustic emission: manual. —

Moscow: Spektr, 2011. — 192 p. [in Russian].

42. RF State Standard GOST R ISO 12716–2009. Nondestructive testing.

Acoustic emission. Dictionary. — Moscow: Standartinform, 2010. —

12 p. [in Russian].

43. RF State Standard GOST R ISO 22096–2015. Monitoring and diagnos-

tics of machines. The method of acoustic emission. — Moscow: Stan-

dartinform, 2016. — 8 p. [in Russian].


��������������������������������������	�������� ������ �� !"��# ! "&




