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Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ íàïðàâëåíèÿ àðìèðîâàíèÿ êîìïîçèöèîííîãî ìàòå-

ðèàëà îòíîñèòåëüíî öèêëè÷åñêîé íàãðóçêè íà íåîäíîðîäíîñòü ðàñïðåäåëåíèÿ íàïðÿæåíèé

òåïëîâûì ìåòîäîì íåðàçðóøàþùåãî êîíòðîëÿ çà ñ÷åò òåðìîóïðóãîãî ýôôåêòà. Äàííûé ìå-

òîä øèðîêî ïðèìåíÿåòñÿ âî âñåõ îòðàñëÿõ ïðîìûøëåííîñòè äëÿ êîíòðîëÿ ýëåìåíòîâ êîí-

ñòðóêöèè è â èññëåäîâàòåëüñêèõ ðàáîòàõ. Ñòåïåíü íåîäíîðîäíîñòè íàïðÿæåíèé èñïîëüçó-

åòñÿ ïðè âûáîðå êîýôôèöèåíòîâ çàïàñà ïðî÷íîñòè, íåîáõîäèìûõ äëÿ îáåñïå÷åíèÿ áåçîïàñ-

íîñòè òåõíè÷åñêèõ îáúåêòîâ. Â ïðîâåäåííîì èññëåäîâàíèè òåïëîâûì ìåòîäîì çà ñ÷åò òåð-

ìîóïðóãîãî ýôôåêòà ïîêàçàíà âîçìîæíîñòü îöåíêè ëîêàëüíîãî ðàñïðåäåëåíèÿ íàïðÿæå-

íèé ïî òåìïåðàòóðíîìó ïîëþ îáúåêòà êîíòðîëÿ. Ïðè ýòîì òåìïåðàòóðà óïðóãîãî òåëà è ìå-

õàíè÷åñêèå íàïðÿæåíèÿ ñâÿçàíû ìåæäó ñîáîé ëèíåéíî. Îáúåêòû èññëåäîâàíèÿ — ëàìèíà-

òû èç êîìïîçèöèîííîãî ìàòåðèàëà, ñîñòîÿùåãî èç âîëîêíèñòîãî íàïîëíèòåëÿ (ñòåêëîâî-

ëîêíà) ñ ýïîêñèäíîé ìàòðèöåé. Èññëåäîâàíû ðàçëè÷íûå âàðèàíòû óêëàäêè âîëîêîí ïî îò-

íîøåíèþ ê íàïðàâëåíèþ íàãðóçêè. Ðàññìîòðåíû ÷åòûðå âàðèàíòà ëàìèíàòîâ: îäíîñëîé-

íûå [0] è [90]; òðåõñëîéíûå [0]3 è [90]3. Â ðàáîòå èñïîëüçîâàíû ñòàòèñòè÷åñêèå äàííûå è

îöåíêè êîýôôèöèåíòîâ âàðèàöèè, ìåòîäû êëàñòåðèçàöèè è óñðåäíåíèÿ ïî äëèíå ëàìèíà-

òîâ çíà÷åíèé ðàñïðåäåëåíèÿ òåìïåðàòóðû ïî ïîâåðõíîñòè ëàìèíàòîâ. Ïîëó÷åíû ÷èñëîâûå

õàðàêòåðèñòèêè ðàñïðåäåëåíèÿ ëîêàëüíûõ òåìïåðàòóð. Óñòàíîâëåíî, ÷òî èõ áîëåå îäíî-

ðîäíîå ðàñïðåäåëåíèå ïðîèñõîäèò ïðè àðìèðîâàíèè ìàòåðèàëà ïî íàïðàâëåíèþ íàãðóæå-

íèÿ äåòàëè. Ïðîâåäåíî ñðàâíåíèå èíòåãðàëüíûõ è ëîêàëüíûõ õàðàêòåðèñòèê ðàñïðåäåëå-

íèÿ òåìïåðàòóð â îáðàçöàõ. Âèçóàëüíî îòìå÷åíû îòëè÷èÿ â ëîêàëüíîì ðàñïðåäåëåíèè òåì-

ïåðàòóðû â çàâèñèìîñòè îò òîëùèíû ëàìèíàòà (îäíîñëîéíûå è òðåõñëîéíûå). Íàãðóçêà

ðàñïðåäåëÿåòñÿ áîëåå ðàâíîìåðíî ïðè àðìèðîâàíèè â åå íàïðàâëåíèè, à òàêæå ïðè óâåëè-

÷åíèè êîëè÷åñòâà ñëîåâ àðìèðîâàíèÿ. Ðåçóëüòàòû èññëåäîâàíèÿ ïîêàçàëè, ÷òî âûáîð çíà-

÷åíèÿ êîýôôèöèåíòà áåçîïàñíîñòè, îöåíèâàþùåãî óðîâåíü íåîäíîðîäíîñòè íàïðÿæåíèÿ,

çàâèñèò îò êîíñòðóêòèâíûõ îñîáåííîñòåé ëàìèíàòîâ. Â õîäå ýêñïëóàòàöèè èçäåëèé èç êîì-

ïîçèöèîííûõ ìàòåðèàëîâ ïðè íàëè÷èè çíà÷èòåëüíûõ íàêîïëåííûõ ïîâðåæäåíèé, êîãäà

íåðàâíîìåðíîñòü èõ ðàñïðåäåëåíèÿ óñèëèâàåòñÿ, ñëåäóåò êîððåêòèðîâàòü óðîâíè êîýôôè-

öèåíòîâ áåçîïàñíîñòè.
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The purpose of the article is to study the effect of the direction of reinforcement of a composite material

relative to the cyclic load on the inhomogeneity of stress distribution by the thermal method of non-de-

structive testing using the thermoelastic effect. This method is widely used in all industries for the control
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of structural elements and in research work. The degree of stress inhomogeneity is used when choosing

the safety factors necessary to ensure the safety of technical objects. In this study, the thermoelastic effect

is used to show the possibility of estimating the local distribution of stresses using the temperature field of

the test object, proceeding from the linear relation between the temperature of the elastic body and me-

chanical stresses. The results of studying composite laminates (fibrous filler (fiberglass) with an epoxy ma-

trix) with different laying of fibers with respect to the direction of loading are presented. Four laminate

samples were considered: single-layer [0] and [90], three-layer [0]3 and [90]3. Statistical data and esti-

mates of the coefficients of variation, methods of clustering and averaging over the length of the laminates

the values of the temperature distribution over the surface of the laminates. The numerical characteristics

of the distribution of local temperatures are obtained. It is shown that a more uniform distribution occurs

when reinforcing is directed along the direction of the material loading. The integral and local characteris-

tics of the temperature distribution in the samples are compared. The differences in the local temperature

distribution depending on the laminate thickness were noted visually for single-layer and three-layer sam-

ples. A more uniform distribution of the load is also observed in the direction of reinforcement and with an

increase in the number of reinforcement layers. The results obtained lead to the conclusion that the choice

of the value of the safety factor, which evaluates the level of stress inhomogeneity, depends on the design

features of the laminates. During operation of products made of composite materials in the presence of sig-

nificant accumulated damage, when the uneven distribution of stresses increases, the levels of safety fac-

tors should be adjusted.

Keywords: safety factor; thermogram; thermoelastic response; temperature; stress; strain; inhomo-

geneity; coefficient of variation.

Ââåäåíèå

Öåëü ñòàòüè — îöåíêà ìåòîäîì òåïëîâîãî

êîíòðîëÿ ëîêàëüíîãî ðàñïðåäåëåíèÿ òåìïåðàòóð

â òåðìîãðàììàõ êîìïîçèöèîííîãî ìàòåðèàëà (ïî-

ëèìåðà, àðìèðîâàííîãî ñòåêëîâîëîêíîì) ñ ðàç-

ëè÷íîé îðèåíòàöèåé àðìèðóþùèõ âîëîêîí ïðè

öèêëè÷åñêîé íàãðóçêå íà ðàñòÿæåíèå â ïðåäåëàõ

óïðóãîñòè. Çàäà÷åé òàêæå ÿâëÿëîñü ïîëó÷åíèå

÷èñëîâûõ õàðàêòåðèñòèê çàâèñèìîñòè òåðìîóï-

ðóãîãî îòêëèêà îò óêëàäêè àðìèðóþùèõ âîëîêîí

êîìïîçèöèîííîãî ìàòåðèàëà, õàðàêòåðèçóþùèõ

îäíîðîäíîñòü ïðî÷íîñòíûõ ñâîéñòâ ìàòåðèàëà.

Èçâåñòíî, ÷òî ïîëó÷àåìûé òåðìîóïðóãèé îòêëèê

(òåðìîãðàììà) ïðè íàãðóæåíèè ìàòåðèàëîâ ïðÿ-

ìî ïðîïîðöèîíàëåí èçìåíåíèþ ëîêàëüíûõ íà-

ïðÿæåíèé è äåôîðìàöèé.

Ïðè ðàñ÷åòå äåòàëåé ìàøèí íà ïðî÷íîñòü

ñðàâíèâàþò ôàêòè÷åñêèå íàïðÿæåíèÿ, âîçíè-

êàþùèå â ñå÷åíèè, ñ íåêîòîðûìè äîïóñêàåìûìè

íàïðÿæåíèÿìè, ðàññ÷èòàííûìè äëÿ äàííîãî ìà-

òåðèàëà è âèäà íàãðóæåíèÿ, ò.å. óô � [ó], ãäå óô —

ôàêòè÷åñêè äåéñòâóþùåå íàïðÿæåíèå; [ó] — äî-

ïóñêàåìîå íàïðÿæåíèå. Äëÿ îïðåäåëåíèÿ äî-

ïóñêàåìûõ íàïðÿæåíèé â ìàøèíîñòðîåíèè ïðè-

ìåíÿþò äèôôåðåíöèðîâàííûé è òàáëè÷íûé

ìåòîäû.

Ïðè îïðåäåëåíèè äîïóñêàåìûõ íàïðÿæåíèé

è çàïàñîâ ïðî÷íîñòè äèôôåðåíöèàëüíûì ìåòî-

äîì ó÷èòûâàþòñÿ íàäåæíîñòü ìàòåðèàëà, òî÷-

íîñòü ðàñ÷åòíûõ ñõåì, äåéñòâóþùèå íàãðóçêè,

ñòåïåíü îòâåòñòâåííîñòè äåòàëè è äðóãèå ôàêòî-

ðû, îïðåäåëÿþùèå óñëîâèÿ åå ðàáîòû. Íàïðè-

ìåð, äîïóñêàåìûå íîðìàëüíûå [ó] è êàñàòåëüíûå

[ô] íàïðÿæåíèÿ ïðè ñòàòè÷åñêèõ íàãðóçêàõ ðàñ-

ñ÷èòûâàþò ïî ôîðìóëàì

[ó] = ómax/[S],

[ô] = ômax/[S],

ãäå ómax è ômax — ïðåäåëüíûå íîðìàëüíûå è êàñà-

òåëüíûå íàïðÿæåíèÿ, ïðè äîñòèæåíèè êîòîðûõ

ðàññìàòðèâàåìàÿ äåòàëü âûõîäèò èç ñòðîÿ èç-çà

íåäîïóñòèìî áîëüøîé îñòàòî÷íîé äåôîðìàöèè

èëè ðàçðóøåíèÿ; [S] — íîðìèðîâàííûé êîýôôè-

öèåíò áåçîïàñíîñòè (çàïàñ ïðî÷íîñòè).

Ïðè ïîñòîÿííûõ íàãðóçêàõ â êà÷åñòâå ïðå-

äåëüíûõ íàïðÿæåíèé ómax è ômax äëÿ äåòàëåé ìà-

øèí èç ïëàñòè÷åñêèõ ìàòåðèàëîâ ïðèíèìàþò

ïðåäåëû òåêó÷åñòè óò è ôò, à äåòàëåé èç õðóïêèõ

ìàòåðèàëîâ — ïðåäåëû ïðî÷íîñòè (âðåìåííîå ñî-

ïðîòèâëåíèå) óâ è ôâ.

Îáùèé äîïóñêàåìûé êîýôôèöèåíò çàïàñà

ïðî÷íîñòè îïðåäåëÿåòñÿ ñëåäóþùèì âûðàæå-

íèåì:

[S] = [S1][S2][S3],

ãäå [S1] — êîýôôèöèåíò, ó÷èòûâàþùèé òî÷íîñòü

ðàñ÷åòíîé ñõåìû, äîñòîâåðíîñòü îïðåäåëåíèÿ

ðàñ÷åòíûõ íàãðóçîê è íàïðÿæåíèé; [S2] — êîýô-

ôèöèåíò, ó÷èòûâàþùèé êà÷åñòâî ìàòåðèàëà è

òåõíîëîãèþ ïîëó÷åíèÿ, îäíîðîäíîñòü ìåõàíè÷å-

ñêèõ ñâîéñòâ ìàòåðèàëîâ; [S3] — êîýôôèöèåíò

áåçîïàñíîñòè, âêëþ÷àþùèé ñïåöèôè÷åñêèå òðå-

áîâàíèÿ áåçîïàñíîñòè.

Ïðè íàçíà÷åíèè êîýôôèöèåíòîâ çàïàñà, à

çíà÷èò, è äîïóñêàåìûõ íàïðÿæåíèé, êðîìå ïåðå-

÷èñëåííûõ âûøå ñîîáðàæåíèé, íåîáõîäèìî òàê-

æå ó÷èòûâàòü è äðóãèå ôàêòîðû:

êà÷åñòâî è ñòåïåíü îäíîðîäíîñòè ìàòåðèàëà;

äîëãîâå÷íîñòü è çíà÷èìîñòü ñîîðóæåíèÿ èëè

ìàøèíû.

Ïîâûøåíèå íàäåæíîñòè ýëåìåíòîâ ñîîðóæå-

íèé è äåòàëåé ìàøèí ïðåäúÿâëÿåò âûñîêèå òðå-

áîâàíèÿ ê ïðîåêòíûì ðåøåíèÿì, ïîñêîëüêó êîí-
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ñòðóêöèÿ äîëæíà áûòü äîñòàòî÷íî ïðî÷íîé, à â

íåîáõîäèìûõ ñëó÷àÿõ — æåñòêîé è óñòîé÷èâîé,

à òàêæå èìåòü íàèìåíüøèå ìàòåðèàëîåìêîñòü,

òðóäîåìêîñòü èçãîòîâëåíèÿ è ñòîèìîñòü. Â çíà÷è-

òåëüíîé ìåðå ýòà çàäà÷à ìîæåò áûòü ðåøåíà çà

ñ÷åò ðàöèîíàëüíîãî ïðîåêòèðîâàíèÿ íà îñíîâå

ñîâðåìåííûõ ìåòîäîâ ïðî÷íîñòíûõ ðàñ÷åòîâ.

Çàäà÷à àêòóàëüíà è äëÿ êîìïîçèöèîííûõ ìàòå-

ðèàëîâ. Íåîáõîäèìîñòü äîñòèæåíèÿ ïðî÷íîñòíûõ

è ýêñïëóàòàöèîííûõ ñâîéñòâ òðåáóåò ïðîåêòè-

ðîâàíèÿ è ðàçðàáîòêè êîíñòðóêöèîííûõ è ôóíê-

öèîíàëüíûõ êîìïîçèòîâ ñ çàäàííûìè õàðàêòå-

ðèñòèêàìè.

Ê ÷èñëó íàèáîëåå ïåðñïåêòèâíûõ ñëåäóåò îò-

íåñòè êëàññ ìíîãîôàçíûõ êîìïîçèöèîííûõ ìàòå-

ðèàëîâ ñî ñëîèñòîé àíèçîòðîïíîé ñòðóêòóðîé

(ÑÊÌ). Â ñâÿçè ñ ýòèì âîçíèêàþò çàäà÷è ïðà-

âèëüíîãî âûáîðà ñîñòàâëÿþùèõ ôàç êîìïîçèòà,

åãî ñòðóêòóðíûõ ïàðàìåòðîâ, òåõíîëîãèè ïîëó÷å-

íèÿ, à òàêæå ìåòîäèê èññëåäîâàíèÿ è ïðîãíîçè-

ðîâàíèÿ ïðî÷íîñòè [1 – 5].

Ôóíäàìåíòàëüíîé çàäà÷åé àíàëèçà ðàáîòû

ëþáîé ñèñòåìû ÿâëÿåòñÿ îïðåäåëåíèå ðàñïðåäå-

ëåíèÿ â íåé âíóòðåííèõ íàïðÿæåíèé è äåôîðìà-

öèé ñ ó÷åòîì äåéñòâóþùèõ íà íåå âíåøíèõ ñèë.

Èçâåñòíî, ÷òî ïðîöåññ óñòàëîñòíîãî ðàçðóøåíèÿ

ñâÿçàí ñ ýâîëþöèåé ñòðóêòóðû ìàòåðèàëà. Óñòà-

ëîñòíîå ðàçðóøåíèå ïðåäñòàâëÿåò ñîáîé ìíîãî-

óðîâíåâûé è ðàçíîìàñøòàáíûé êèíåòè÷åñêèé

ïðîöåññ è õàðàêòåðèçóåòñÿ îáÿçàòåëüíûì ïðî-

õîæäåíèåì ñòàäèé îáðàçîâàíèÿ ðàçëè÷íûõ ñóá-

ñòðóêòóð, ìèêðîòðåùèí, ôîðìèðîâàíèåì ìàê-

ðîòðåùèí. Ïðîöåññ ðàçðóøåíèÿ ïðîèñõîäèò â ðå-

çóëüòàòå âçàèìîäåéñòâèÿ îáúåêòîâ, èìåþùèõ

ðàçíûé ìàñøòàáíûé óðîâåíü — îò àòîìíîãî äî

ìåçî- è ìàêðîñêîïè÷åñêîãî. Ïðîöåññ óñòàëîñòíî-

ãî ðàçðóøåíèÿ ÿâëÿåòñÿ ñëó÷àéíûì. Â ýòèõ ñòà-

äèÿõ ïðîÿâëÿþòñÿ ñâîéñòâà ëîêàëèçàöèè äåôîð-

ìàöèè, à ñëåäîâàòåëüíî, íàïðÿæåíèé.

Òåðìîóïðóãèé àíàëèç

Èññëåäîâàíèå ëîêàëüíîãî ðàñïðåäåëåíèÿ äå-

ôîðìàöèé è íàïðÿæåíèé ìîæíî ïðîâîäèòü ñ ïî-

ìîùüþ ìåòîäîâ òåïëîâîãî êîíòðîëÿ. Â òåïëîâûõ

ìåòîäàõ íåðàçðóøàþùåãî êîíòðîëÿ èñïîëüçóåòñÿ

òàêîé ïîêàçàòåëü, êàê óðîâåíü òåïëîâîé ýíåðãèè,

ðàñïðîñòðàíÿþùåéñÿ â îáúåêòå êîíòðîëÿ. Òåìïå-

ðàòóðíîå ïîëå ïîâåðõíîñòè îáúåêòà ÿâëÿåòñÿ èñ-

òî÷íèêîì èíôîðìàöèè îá îñîáåííîñòÿõ ïðîöåññà

òåïëîïåðåäà÷è, êîòîðûå, â ñâîþ î÷åðåäü, çàâèñÿò

îò ñòðóêòóðû ìàòåðèàëà, íàëè÷èÿ âíóòðåííèõ

èëè íàðóæíûõ äåôåêòîâ.

Ïðè íàðóøåíèè òåðìîäèíàìè÷åñêîãî ðàâ-

íîâåñèÿ îáúåêòà ñ îêðóæàþùåé ñðåäîé íà åãî

ïîâåðõíîñòè âîçíèêàåò íåîäíîðîäíîå òåìïå-

ðàòóðíîå ïîëå, õàðàêòåð êîòîðîãî ïîçâîëÿåò ïî-

ëó÷èòü èíôîðìàöèþ îá èíòåðåñóþùèõ ñâîéñòâàõ

îáúåêòîâ.

Èñïîëüçóþòñÿ ðàçëè÷íûå ìåòîäû àíàëèçà

òåðìîãðàìì. Íåáîëüøèå äåôåêòû ñëîæíî îáíàðó-

æèòü â èçîáðàæåíèÿõ òåðìîãðàìì. Èõ íàëè÷èå

ìîæíî îöåíèòü ñ ïîìîùüþ ñòàòèñòè÷åñêèõ äàí-

íûõ ðàñïðåäåëåíèÿ òåìïåðàòóðû â òåðìîãðàììå,

ìåòîäàìè ñåãìåíòàöèè, êëàñòåðèçàöèè è ìåòîäà-

ìè òåîðèè ôðàêòàëîâ.

Ðàññìîòðåí âîëîêíèñòûé êîìïîçèöèîííûé

ìàòåðèàë ñ ðàçëè÷íîé ñòðóêòóðîé àðìèðóþùèõ

âîëîêîí. Èññëåäîâàíû ëîêàëüíûå íàïðÿæåíèÿ è

äåôîðìàöèè ñ ïîìîùüþ òåðìîóïðóãîãî îòêëèêà

(òåïëîâîé êîíòðîëü) [6 – 10]. Â ñëó÷àå òåðìî-

óïðóãîãî îòêëèêà íà íàãðóæåíèå ñâÿçü òåìïå-

ðàòóðíûõ èçìåíåíèé ëèíåéíàÿ, ÷òî ïîçâîëÿåò

èõ ëåãêî ïåðåñ÷èòûâàòü â íàïðÿæåíèÿ è äàëåå —

â äåôîðìàöèè.

Ëîêàëüíîå èçìåíåíèå äåôîðìàöèè óïðóãîãî

òåëà âûçûâàåò ïåðåðàñïðåäåëåíèå åãî òåìïåðà-

òóðíîãî ïîëÿ. Ïðè ýòîì èçìåíåíèå ïîâåðõíîñò-

íîé òåìïåðàòóðû óïðóãîãî òåëà ëèíåéíî çàâèñèò

îò ñóììû ãëàâíûõ ìåõàíè÷åñêèõ íàïðÿæåíèé,

÷òî äàåò âîçìîæíîñòü èçìåðÿòü íåïîñðåäñòâåííî

ìåõàíè÷åñêèå íàïðÿæåíèÿ. Â ýòîì ñîñòîèò ïðå-

èìóùåñòâî ýòîãî ìåòîäà, ïîñêîëüêó áîëüøèíñòâî

äðóãèõ ìåòîäîâ îñíîâàíî íà èçìåðåíèè äåôîð-

ìàöèé, ïî êîòîðûì îïðåäåëÿþòñÿ ìåõàíè÷åñêèå

íàïðÿæåíèÿ.

Òåðìîãðàôè÷åñêèé ñèãíàë, ïî ñóòè, ÿâëÿåòñÿ

ôóíêöèåé ñðåäíåãî íàïðÿæåíèÿ è ìåõàíè÷åñêèõ

ñâîéñòâ ìàòåðèàëà è çàâèñèò îò âåëè÷èíû ìîäó-

ëÿ óïðóãîñòè.

Ìåõàíè÷åñêèå íàïðÿæåíèÿ îïðåäåëÿþòñÿ

òåðìîóïðóãèì ìåòîäîì ïóòåì èçìåðåíèÿ ïàðà-

ìåòðîâ òåìïåðàòóðíîãî ïîëÿ èññëåäóåìîãî îáú-

åêòà ñ ïîìîùüþ ÷óâñòâèòåëüíûõ èíôðàêðàñíûõ

ïèðîìåòðîâ (òåïëîâèçîðîâ), íàèáîëåå ñîâåðøåí-

íûå èç êîòîðûõ èìåþò ïîðîã ÷óâñòâèòåëüíîñòè

0,005 – 0,01 °C.

Òàêèì îáðàçîì, òåðìîóïðóãèé ýôôåêò ïîäðà-

çóìåâàåò ëèíåéíóþ çàâèñèìîñòü ìåæäó èçìåíå-

íèåì òåìïåðàòóðà òåëà è íàïðÿæåííûì ñîñòîÿ-

íèåì ïðè íàëè÷èè àäèàáàòè÷åñêèõ óñëîâèé. Ïðè

äàííîì ïîäõîäå ðàññìàòðèâàþòñÿ ñâîéñòâà ìàòå-

ðèàëà ïðè ïîñòîÿííîé òåìïåðàòóðå. Íåäîñòàòêîì

òåðìîóïðóãîãî ìåòîäà ÿâëÿåòñÿ íåâîçìîæíîñòü

ïîëó÷åíèÿ èíôîðìàöèè î êîìïîíåíòàõ è íàïðàâ-

ëåíèÿõ èññëåäóåìûõ äåôîðìàöèé, êàê îòìå÷åíî

ðàíåå, ïîñêîëüêó èçìåíåíèå òåìïåðàòóðû ïðî-

ïîðöèîíàëüíî ñóììå ãëàâíûõ äåôîðìàöèé è íå

çàâèñèò îò èõ íàïðàâëåíèÿ [10].

Ìåòîä òàêæå ìîæíî ïðèìåíÿòü äëÿ èçìåðå-

íèÿ ïåðåìåííûõ ìåõàíè÷åñêèõ íàïðÿæåíèé,

åñëè èçìåíåíèå òåìïåðàòóðû çà ñ÷åò òåðìîóïðó-

ãîãî ýôôåêòà îòíîñèòåëüíî ìàëî è ìîæåò áûòü

îïðåäåëåíî òîëüêî âûäåëåíèåì ïåðåìåííîé ñî-

ñòàâëÿþùåé òåïëîâîãî èçëó÷åíèÿ íà ôîíå îáùå-
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ãî òåìïåðàòóðíîãî ïîëÿ èññëåäóåìîãî îáúåêòà.

Ïðè ýòîì îòíîñèòåëüíîå èçìåíåíèå òåìïåðàòóð

íå çàâèñèò îò ÷àñòîòû ìåõàíè÷åñêèõ íàïðÿæå-

íèé, à îïðåäåëÿåòñÿ òîëüêî ñâîéñòâàìè ìàòåðèà-

ëà è çíà÷åíèÿìè ìåõàíè÷åñêèõ õàðàêòåðèñòèê.

Ìåòîä àíàëèçà òåðìîóïðóãèõ íàïðÿæåíèé

(ÀÒÍ) â ðàáîòàõ [7 – 10] îïðåäåëÿåòñÿ êàê íàäåæ-

íîå ñðåäñòâî íåðàçðóøàþùåé îöåíêè îñòàòî÷íûõ

íàïðÿæåíèé â êîíñòðóêöèÿõ. Îí îñíîâàí íà íå-

áîëüøèõ èçìåíåíèÿõ òåìïåðàòóðû, êîòîðûå ïðî-

èñõîäÿò, êîãäà ìàòåðèàë ïîäâåðãàåòñÿ èçìåíå-

íèþ óïðóãîé äåôîðìàöèè å, îáû÷íî íàçûâàåìî-

ìó «òåðìîóïðóãèì ýôôåêòîì». Äðóãèìè ñëîâàìè,

ïðè öèêëè÷åñêîé íàãðóçêå íàïðÿæåíèÿ â êîí-

ñòðóêöèè âûçûâàþò ñîîòâåòñòâóþùèå èçìåíåíèÿ

òåìïåðàòóðû.

Â êîìïîçèòíîì ñëîèñòîì ìàòåðèàëå ñóììà

îñíîâíûõ äåôîðìàöèé ñâÿçàíà ñ íàïðÿæåíèÿìè

ñëåäóþùèì îáðàçîì:
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E
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y
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ãäå E — ìîäóëü óïðóãîñòè; í — êîýôôèöèåíò

Ïóàññîíà.

Èçìåíåíèå òåìïåðàòóðû ÄT â ïîâåðõíîñòíîì

ñëîå ìàòåðèàëà, âûçâàííîå äåôîðìàöèåé, ìîæíî

çàïèñàòü ïóòåì çàìåíû ïðàâîãî ÷ëåíà â óðàâ-

íåíèè (1):
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ãäå T — òåìïåðàòóðà ïîâåðõíîñòè ìàòåðèàëà;

ñ — ïëîòíîñòü ìàòåðèàëà; C
p

— óäåëüíàÿ òåïëî-

åìêîñòü ïðè ïîñòîÿííîì äàâëåíèè; á — êîýôôè-

öèåíò òåïëîâîé îòäà÷è. Èçìåíåíèå òåìïåðàòóðû

ÄT ñâÿçàíî ñ èçìåíåíèåì ïåðâîãî èíâàðèàíòà

íàïðÿæåíèé.

Ðàññìîòðèì îñíîâíûå ïîëîæåíèÿ âëèÿíèÿ

ñòðóêòóðû ìàòåðèàëà íà ëîêàëèçàöèþ íàïðÿæå-

íèé[11]. Ñ÷èòàåòñÿ, ÷òî ðàçìåð ñòðóêòóðíûõ ýëå-

ìåíòîâ äåôîðìèðóåìîãî òåëà îïðåäåëÿåò ðàçìå-

ðû çîí ëîêàëèçàöèè äåôîðìàöèè è ñîñòîÿíèå âå-

ùåñòâà â ýòèõ çîíàõ. Íà îñíîâàíèè ïðîâåäåííîãî

àíàëèçà ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ ðà-

áîò [12] ñôîðìóëèðîâàíû îáùèå çàêîíîìåðíîñòè

ðàçâèòèÿ äåôîðìàöèè:

1) ëîêàëèçàöèÿ äåôîðìàöèè — îñíîâíîé

ñòðóêòóðíî-ýíåðãåòè÷åñêèé îðãàíèçóþùèé ýëå-

ìåíò ðàçâèòèÿ óïðóãîé äåôîðìàöèè è ïëàñòè÷å-

ñêîãî òå÷åíèÿ òâåðäûõ òåë;

2) ëîêàëèçàöèÿ äåôîðìàöèè ôîðìèðóåòñÿ íà

ðàçëè÷íûõ ñòðóêòóðíûõ óðîâíÿõ äåôîðìèðóå-

ìûõ òâåðäûõ òåë;

3) äåôîðìàöèîííûå íåðàâíîâåñíûå ïðîöåñ-

ñû — ñàìîîðãàíèçóþùååñÿ ðåçîíàíñíîå ñîñòîÿ-

íèå ìàòåðèàëà, åãî ðåàêöèÿ íà âíåøíåå ìíîãî-

ôàêòîðíîå âîçäåéñòâèå.

Êàê îòìå÷åíî ðàíåå, âñå ýòè çàêîíîìåðíîñòè

ëîêàëüíîãî ðàñïðåäåëåíèÿ äåôîðìàöèé â íà-

ãðóæåííîì îáúåêòå ïðîÿâëÿþòñÿ ïðè òåïëîâîì

êîíòðîëå çà ñ÷åò òåðìîóïðóãîãî è òåðìîïëàñòè÷å-

ñêîãî ýôôåêòîâ, êîãäà ïðîèñõîäèò ïðåâðàùåíèå

ýíåðãèè ìåõàíè÷åñêîãî äåôîðìèðîâàíèÿ â òåïëî.

Ïðè íàêîïëåíèè ïîâðåæäåíèé â ñòðóêòóðå ìà-

òåðèàëà ðàñïðåäåëåíèå ëîêàëüíûõ äåôîðìàöèé

(íàïðÿæåíèé) èçìåíÿåòñÿ, â äåôåêòíûõ ìåñòàõ

òåìïåðàòóðû óâåëè÷èâàþòñÿ, ñëåäîâàòåëüíî, ïî-

âûøàþòñÿ íàïðÿæåíèÿ è äåôîðìàöèè.

Îáñóæäåíèå ðåçóëüòàòîâ

Èñïîëüçîâàííûå â ýêñïåðèìåíòàõ îáðàçöû

ÑÊÌ èçãîòàâëèâàëè èç îäíîíàïðàâëåííîãî ìàòå-

ðèàëà, ïðåäâàðèòåëüíî ïðîïèòàííîãî ýïîêñèä-

íîé ñìîëîé. Îáùèå ìåõàíè÷åñêèå è ôèçè÷åñêèå

ñâîéñòâà ÑÊÌ ñëåäóþùèå [13]: ìîäóëü óïðóãîñòè

E = 20,0 ÃÏà; êîýôôèöèåíò Ïóàññîíà í = 0,15;

êîýôôèöèåíò òåïëîîòäà÷è á = 10,59 Âò/(ì2 · Ê).

Ïîëèìåðíàÿ êîìïîçèöèîííàÿ òêàíü ïðåä-

ñòàâëÿåò ñîáîé ñáîðêó äëèííûõ óãëåðîäíûõ âîëî-

êîí, àðàìèäà (ñèíòåòè÷åñêîãî âîëîêíà ñ âûñîêè-

ìè ïàðàìåòðàìè ïëîòíîñòè, óñòîé÷èâîãî ê ïåðå-

ïàäàì òåìïåðàòóð) èëè âîëîêîí ñòåêëà ëèáî èõ

êîìáèíàöèè. Èç ýòîé òêàíè ïðîèçâîäÿò ïëîñêèå

ëèñòû ñ îäíèì èëè íåñêîëüêèìè ñëîÿìè âîëîêîí.

Ñëîè ñêðåïëÿþòñÿ äðóã ñ äðóãîì ïóòåì ìåõàíè÷å-

ñêîé áëîêèðîâêè âîëîêîí èëè ñ ïîìîùüþ âòîðè÷-

íîãî ìàòåðèàëà — ýïîêñèäíîé ñìîëû. Â îäíî-

íàïðàâëåííûõ òêàíÿõ îñíîâíàÿ ÷àñòü âîëîêîí

ðàñïîëîæåíà â íàïðàâëåíèè 0° (âäîëü ðóëîíà),

ìåíüøàÿ ÷àñòü — â íàïðàâëåíèè 90° ê äëèíå ðó-

ëîíà, âîëîêíà ïðÿìûå, íå ïåðåêðó÷åííûå. Òàêàÿ

óêëàäêà âîëîêîí, óäåðæèâàåìûõ ýïîêñèäíîé

ñìîëîé, ïîçâîëÿåò ïîëó÷èòü âûñîêèå ñâîéñòâà

ìàòåðèàëà.

Â ïðîâåäåííûõ ýêñïåðèìåíòàõ ôèêñèðîâàëè

òåðìîãðàììû (ðèñ. 1) [13] è îáùèå äåôîðìàöèè

îáðàçöîâ ïî êîîðäèíàòàì x è y. Ðàñïðåäåëåíèå

òåìïåðàòóð â òåðìîãðàììàõ ïðîïîðöèîíàëüíî

óïðóãèì íàïðÿæåíèÿì è äåôîðìàöèÿì. Èìåþòñÿ

çíà÷èòåëüíûå ðàçëè÷èÿ â ðàñïðåäåëåíèè òåìïå-

ðàòóð (ÄT), ïîëó÷åííûõ îò ðàçíûõ îáðàçöîâ, ïðè

ýòîì îðèåíòàöèÿ ïîâåðõíîñòíîãî ñëîÿ è ðàñïîëî-

æåíèå ñëîåâ ïðîñìàòðèâàþòñÿ íà èçîáðàæåíèÿõ.

Ýòî óêàçûâàåò íà òî, ÷òî îòêëèê, ñêîðåå âñåãî, èñ-

õîäèò îò îðòîòðîïíîãî ñëîÿ, ïîñêîëüêó îðèåíòà-

öèÿ âîëîêîí â ïîâåðõíîñòíîì ñëîå õîðîøî âèäíà.

Òåðìîãðàììû ñâèäåòåëüñòâóþò î ðàçëè÷íîì

èçìåíåíèè òåìïåðàòóð îáðàçöîâ ÑÊÌ[0] è

ÑÊÌ[90], ÷òî ñâÿçàíî ñ ðàçíîé îðèåíòàöèåé ïî-

âåðõíîñòíûõ ñëîåâ. Òåðìîãðàììû ñòàíîâÿòñÿ íà-

ìíîãî îäíîðîäíåé ñ óâåëè÷åíèåì òîëùèíû ëàìè-

íàòà (òðåõñëîéíûå êîíñòðóêöèè).
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Â òàáë. 1 ïðåäñòàâëåíû õàðàêòåðèñòèêè íà-

ãðóæåíèÿ ëàìèíàòîâ, äåôîðìàöèè è ïðèðàùåíèÿ

òåìïåðàòóðû. Íàãðóæåíèå ëàìèíàòîâ ïîäáèðàëè

òàêèì îáðàçîì, ÷òîáû èõ äåôîðìàöèè áûëè îäíî-

ãî ïîðÿäêà. Òåìïåðàòóðíûå èçìåíåíèÿ çàâèñåëè

îò òîëùèíû ëàìèíàòà.

Ïîñêîëüêó íàãðóçêà òðåõñëîéíûõ ëàìèíàòîâ

áûëà óâåëè÷åíà ïðèìåðíî â òðè ðàçà, èõ äåôîð-

ìàöèè è òåìïåðàòóðíûå çíà÷åíèÿ íå ñèëüíî îò-

ëè÷àëèñü îò òàêîâûõ äëÿ îäíîñëîéíûõ ëàìèíà-

òîâ. Ïðè óâåëè÷åíèè ñëîåâ äåôîðìàöèÿ íåñêîëü-

êî ïàäàëà. Äåôîðìàöèè ïðîäîëüíûå è

ïîïåðå÷íûå îòëè÷àëèñü íåçíà÷èòåëüíî äëÿ âñåõ

òèïîâ ëàìèíàòîâ. Òåìïåðàòóðà èçìåíÿëàñü îò

0,097 äî 1,35 Ê. Òàêîé ðàçáðîñ ñâÿçàí ñ òåì, ÷òî â

áîëåå òîíêèõ ëàìèíàòàõ òî÷íåå îïðåäåëÿåòñÿ

òåìïåðàòóðà, ñâÿçàííàÿ ñ òåðìîóïðóãèì îòêëè-

êîì.

Óðîâåíü òåìïåðàòóðû â ÷èñëåííûõ ïðîöåäó-

ðàõ àíàëèçà òåðìîãðàìì îïðåäåëÿåòñÿ ãðàäàöèåé

óðîâíÿ ñåðîãî îòòåíêà ïèêñåëåé â èçîáðàæåíèè.

Ïîýòîìó äàëåå áóäåì ðàññìàòðèâàòü çíà÷åíèÿ

òåìïåðàòóð â ýòèõ åäèíèöàõ (îò 0 äî 255).

Íà ðèñ. 2 ïðèâåäåíû ãèñòîãðàììû ðàñïðåäå-

ëåíèÿ òåìïåðàòóð ïî òåïëîâîìó ïîëþ ïëàñòèí ñ

ðàçëè÷íîé ñòðóêòóðîé ïðè îäèíàêîâîé íàãðóçêå.

Îíè îòëè÷àþòñÿ ïî ñòàòèñòè÷åñêèì õàðàêòåðè-

ñòèêàì, êîòîðûå ïðèâåäåíû â òàáë. 2. Íàèáîëåå

îäíîðîäíî ðàñïðåäåëåíèå òåìïåðàòóð ïðè íàãðó-

æåíèè ëàìèíàòà ÑÊÌ[0]3, à ñàìîå íåîäíîðîä-

íîå — ïðè íàãðóæåíèè ïëàñòèíû ÑÊÌ[90]3. Îä-

íîðîäíîñòü îöåíèâàåòñÿ ïî çíà÷åíèþ êîýôôèöè-

åíòà âàðèàöèè [14], êîòîðûé äëÿ ëàìèíàòà

ÑÊÌ[0]3 ðàâåí 11,80 %. Íàèáîëüøèé êîýôôèöè-

åíò âàðèàöèè äëÿ ëàìèíàòà ÑÊÌ[90]3 — 17,26 %.

Óâåëè÷åíèå ñëîåâ àðìèðîâàíèÿ â ëàìèíàòå

ÑÊÌ[90]3 íåñêîëüêî ïîâûøàåò êîýôôèöèåíò âà-

ðèàöèè. Ìàñøòàáíóþ íåîäíîðîäíîñòü è åå âëèÿ-

íèå íà ñòðóêòóðó òåìïåðàòóðíîãî ïîëÿ ìîæíî îï-

ðåäåëèòü ñ ïîìîùüþ àíàëèçà ìóëüòèôðàêòàëü-

íûõ ñïåêòðîâ [15 – 17].
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à á â ã

Ðèñ. 1. Òåðìîãðàììû òåðìîóïðóãîãî îòêëèêà îáðàçöîâ

îò öèêëè÷åñêîãî íàãðóæåíèÿ â 10 Ãö: à — ÑÊÌ[0]; á —

ÑÊÌ[90]; â — ÑÊÌ[0]
3
; ã — ÑÊÌ[90]

3

Fig. 1. Thermograms of thermoelastic response of samples

under 10 Hz cyclic loading: a — LAS[0]; b — LAS [90]; c —

LAS [0]3; d — LAS [90]3

Òàáëèöà 1. Õàðàêòåðèñòèêè íàãðóæåíèÿ, äåôîðìàöèè è èçìåíåíèÿ òåìïåðàòóðû

Table 1. Characteristics of loading, deformation, and temperature changes

Îáðàçåö Íàãðóçêà, êÍ

Äåôîðìàöèÿ Ïðèðàùåíèå

òåìïåðàòóðû ÄT, Êå
x

å
y

ÑÊÌ[0] 0,55 0,001949 –0,000296 0,135

ÑÊÌ[0]
3

1,55 0,001750 –0,000209 0,106

ÑÊÌ[90] 0,55 0,001993 –0,000312 0,125

ÑÊÌ[90]
3

1,55 0,001750 –0,000209 0,097

Òàáëèöà 2. Ñòàòèñòè÷åñêèå äàííûå ïî ðàñïðåäåëåíèþ òåìïåðàòóðû â òåïëîâîì ïîëå ëàìèíàòîâ

Table 2. Statistical data on the temperature distribution in the thermal field of laminates

Ñòàòèñòè÷åñêèå äàííûå

Âàðèàíò ëàìèíàòà

ÑÊÌ[0] ÑÊÌ[90] ÑÊÌ[0]
3

ÑÊÌ[90]
3

Ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå 21,060 21,645 17,059 22,355

Ìàòåìàòè÷åñêîå îæèäàíèå 131,149 129,285 144,544 129,465

Ìîäà 130,0 118 163 115

Êîýôôèöèåíò âàðèàöèè, % 16,05 16,74 11,80 17,26

Èíòåðâàë ðàçáðîñà îêðàøåííîñòè ïèêñåëåé 120 167 100 159

Îòíîøåíèå T
max

/M[T] 1,49 1,47 1,28 1,83



Äëÿ èëëþñòðàöèè ðàñïðåäåëåíèÿ ëîêàëüíûõ

òåìïåðàòóð ïðîâåäåì êëàñòåðèçàöèþ òåðìî-

ãðàìì ìåòîäîì K-ñðåäíèõ [18]. Àëãîðèòì îñíîâàí

íà ðàññìîòðåíèè ñïåêòðîâ, èçâëåêàåìûõ èç îáú-

¸ìíûõ äàííûõ (âûñîòà ðåëüåôà èçîáðàæåíèÿ).

Àëãîðèòì èíèöèàëèçèðóåòñÿ ñëó÷àéíûì âûáî-

ðîì K (çàäàííîå ÷èñëî êëàñòåðîâ) òî÷åê èç èìåþ-

ùåãîñÿ íàáîðà ñïåêòðîâ â êà÷åñòâå öåíòðîâ êëà-

ñòåðîâ. Çàòåì ïðèìåíÿåòñÿ îáû÷íûé äâóõñòàäèé-

íûé àëãîðèòì: êàæäàÿ òî÷êà ðàñïðåäåëÿåòñÿ ïî

êëàñòåðàì òàêèì îáðàçîì, ÷òîáû îíà ïðèíàäëå-

æàëà êëàñòåðó, öåíòð êîòîðîãî áóäåò áëèæå âñåãî

ê íåé, çàòåì ïåðåìåùàþòñÿ öåíòðû êëàñòåðîâ.

Ðåçóëüòàòû ïîñëåäíåé èòåðàöèè âîçâðàùàþòñÿ â

âèäå èçîáðàæåíèÿ ðàñïðåäåëåíèÿ êëàñòåðîâ ïî

òåïëîâîìó ïîëþ.

Äëÿ êëàñòåðèçàöèè òåðìîãðàìì âûáðàíî 30

òåìïåðàòóðíûõ óðîâíåé. Ïîëó÷åíî ñëåäóþùåå

êîëè÷åñòâî êëàñòåðîâ äëÿ ëàìèíàòîâ ñîãëàñíî

ðèñ. 1, à – ã — 25, 30, 22 è 24 ñîîòâåòñòâåííî.

Íàèìåíüøåå èõ ÷èñëî (22 êëàñòåðà) ïîëó÷åíî

äëÿ ëàìèíàòà ÑÊÌ[0]3. Ïðè óâåëè÷åíèè ñëîåâ â

ëàìèíàòàõ ïîÿâëÿþòñÿ ëîêàëüíûå îñòðîâêè ñ ìè-

íèìàëüíûì ðàçáðîñîì íàïðÿæåíèÿ. Îäíîñëîé-

íûå ëàìèíàòû ðàçäåëåíû íà ìåëêèå êëàñòåðû ñ

îäèíàêîâîé òåìïåðàòóðîé (25 è 30), òîãäà êàê

ìíîãîñëîéíûå — íà ìåíüøåå ÷èñëî (22 è 24) áî-

ëåå êðóïíûõ êëàñòåðîâ.

Ðàññìîòðèì ëîêàëèçàöèþ òåìïåðàòóð (íàïðÿ-

æåíèé, äåôîðìàöèé) âäîëü ëàìèíàòîâ, óñðåäíèâ

òåìïåðàòóðó ïî èõ øèðèíå (ïî îñè x). Çíà÷åíèÿ

òåìïåðàòóðû, êàê îòìå÷àëîñü ðàíåå, îïðåäåëÿþò-

ñÿ óðîâíåì ñåðîãî îòòåíêà ïèêñåëåé, ïîýòîìó çà-

ìåíåíû çíà÷åíèÿìè îò 0 äî 1,0 (p/255), ãäå p —

òåêóùàÿ ãðàäàöèÿ îòòåíêà ñåðîãî ïèêñåëåé èçî-

áðàæåíèÿ (ðèñ. 4). Íàèìåíüøèé ðàçáðîñ óñðåä-

íåííîé òåìïåðàòóðû õàðàêòåðåí äëÿ ëàìèíàòà

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 3 67

à á

â ã

Ðèñ. 2. Ãèñòîãðàììû ðàñïðåäåëåíèÿ òåìïåðàòóðû â òåðìîãðàììàõ ëàìèíàòîâ: à — ÑÊÌ[0]; á — ÑÊÌ[90]; â — ÑÊÌ[0]
3
;

ã — ÑÊÌ[90]
3

Fig. 2. Histograms of temperature distribution in thermograms of laminates: a — LAS[0]; b — LAS[90]; c — SCM[0]3; d —

LAS[90]3

à á â ã

Ðèñ. 3. Êëàñòåðèçàöèÿ ìåòîäîì K-ñðåäíèõ ðàñïðåäåëå-

íèÿ òåìïåðàòóð â ëàìèíàòàõ: à — ÑÊÌ[0]; á — ÑÊÌ[90];

â — ÑÊÌ[0]
3
; ã — ÑÊÌ[90]

3

Fig. 3. Clustering by the method of K-averages of tempera-

ture distribution in laminates: a — LAS[0]; b — LAS[90];

c — SCM[0]3; d — LAS[90]3



ÑÊÌ[0]3. Â òàáë. 3 ïðèâåäåíû çíà÷åíèÿ äëÿ ñðåä-

íèõ âåëè÷èí íàïðÿæåíèÿ.

Êîýôôèöèåíòû âàðèàöèè, âû÷èñëåííûå ïî

óñðåäíåííûì çíà÷åíèÿì, çíà÷èòåëüíî (â ðàçû)

ìåíüøå êîýôôèöèåíòîâ, íàéäåííûõ áåç óñðåäíå-

íèÿ äàííûõ. Ïðè ýòîì òðåõñëîéíûå ëàìèíàòû ïî

óñðåäíåííûì çíà÷åíèÿì èìåþò áîëåå áëèçêèå êî-

ýôôèöèåíòû âàðèàöèè. Äëÿ ëàìèíàòà ÑÊÌ[0]

ýòè êîýôôèöèåíòû çíà÷èòåëüíî îòëè÷àþòñÿ.

Çàêëþ÷åíèå

Êàê âèäíî èç òåðìîãðàìì, ïðèðàùåíèÿ òåì-

ïåðàòóðû ÄT, ïîëó÷åííûå äëÿ îáðàçöîâ ëàìèíà-

òîâ ñ ðàçëè÷íîé îðèåíòàöèåé óêëàäêè îòíîñè-

òåëüíî íàãðóæåíèÿ, îòëè÷àþòñÿ. Çíà÷èòåëüíî

ðàçëè÷àþòñÿ òåðìîóïðóãèå èçìåíåíèÿ òåìïåðà-

òóðû äëÿ îáðàçöîâ ÑÐ[0] è ÑÐ[90] — èç-çà ðàçëè-

÷èé â îðèåíòàöèè ñëîÿ óêëàäêè àðìèðóþùåãî

ìàòåðèàëà. Îðèåíòàöèÿ 0° ñëîåâ àðìèðîâàíèÿ

ïðèâîäèò ê áîëåå îäíîðîäíîìó ðàñïðåäåëåíèþ

òåìïåðàòóð (íàïðÿæåíèé).

Ìàòåðèàë ëàìèíàòà, ñîñòîÿùåãî èç íåñêîëü-

êèõ ñëîåâ, íàèáîëåå îäíîðîäåí.

Ïîëó÷åííûå äàííûå ïîêàçûâàþò, ÷òî ïðè îï-

ðåäåëåíèè êîýôôèöèåíòà çàïàñà ïðî÷íîñòè, ñâÿ-

çàííîãî ñ íåîäíîðîäíîñòüþ ìàòåðèàëà è òåõíîëî-

ãèåé åãî èçãîòîâëåíèÿ, íóæíî îðèåíòèðîâàòüñÿ

íà íå èíòåãðàëüíûå õàðàêòåðèñòèêè ómax è ômax, à

íà ëîêàëüíûå íàïðÿæåíèÿ ómax i
è ómax i

. Êàê ïî-

êàçàëè ïðèâåäåííûå ÷èñëîâûå õàðàêòåðèñòèêè

ðàñïðåäåëåíèé ëîêàëüíûõ äåôîðìàöèé (íàïðÿ-

æåíèé), ïðè áëèçêèõ çíà÷åíèÿõ èíòåãðàëüíûõ

äåôîðìàöèé äëÿ âñåõ ëàìèíàòîâ, èçìåðåííûõ

äàò÷èêàìè, êîýôôèöèåíòû âàðèàöèè îêàçàëèñü

ðàçíûìè ïî âåëè÷èíå.

Òàêèì îáðàçîì, ïðè ýêñïëóàòàöèè èçäåëèé â

íèõ íàêàïëèâàþòñÿ ïîâðåæäåíèÿ, ÷òî ïðèâîäèò ê

âîçíèêíîâåíèþ ïîâûøåííûõ íàïðÿæåíèé â îá-

ëàñòè òðåùèí è ïåðåðàñïðåäåëåíèþ ëîêàëüíûõ

íàïðÿæåíèé è äåôîðìàöèé, êîòîðûå ìîæíî îöå-

íèòü ñ ïîìîùüþ òåïëîâîé äèàãíîñòèêè â õîäå

ýêñïëóàòàöèè. Ýòî ïîìîæåò îïðåäåëÿòü òåêóùåå

ñîñòîÿíèå êîíñòðóêöèîííîãî ìàòåðèàëà.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñèðîâàíèè ïî
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Ðèñ. 4. Ñðåäíÿÿ îòíîñèòåëüíàÿ âåëè÷èíà òåìïåðàòóðû

(íàïðÿæåíèÿ) ëàìèíàòîâ ïî äëèíå: à — ÑÊÌ[0]; á —

ÑÊÌ[90]; â — ÑÊÌ[0]
3
; ã — ÑÊÌ[90]

3

Fig. 4. Average relative temperature (stress) of laminates

along the length: a — LAS[0]; b — LAS[90]; c — SCM[0]3;

d — LAS[90]3

Òàáëèöà 3. Óñðåäíåííûå çíà÷åíèÿ òåìïåðàòóðû T â îòíîñèòåëüíûõ çíà÷åíèÿõ óðîâíÿ ãðàäàöèè ñåðîãî îòòåíêà ïèêñå-

ëåé èçîáðàæåíèÿ

Table 3. Average temperature values T in relative values of the grayscale level of image pixels

Îáðàçåö

Óñðåäíåíèå ïî øèðèíå îáðàçöà Óñðåäíåíèå ïî äëèíå îáðàçöà

Ìàòåìàòè÷åñêîå

îæèäàíèå

Ñðåäíåêâàäðàòè-

÷åñêîå îòêëîíåíèå

Êîýôôèöèåíò

âàðèàöèè, %

Ìàòåìàòè÷åñêîå

îæèäàíèå

Ñðåäíåêâàäðàòè-

÷åñêîå îòêëîíåíèå

Êîýôôèöèåíò

âàðèàöèè, %

ÑÊÌ[0] 0,9778 0,007756 0,97 0,9778 0,03073 3,142

ÑÊÌ[90] 0,9316 0,03648 3,90 0,9316 0,03037 3,295

ÑÊÌ[0]
3

0,9896 0,00722 0,73 0,9896 0,005201 0,525

ÑÊÌ[90]
3

0,9445 0,03007 3,20 0,9445 0,02431 2,572



4. Àíòîíîâ Â. Ì., Àëü-Íàêäè È. À. Âëèÿíèå àðìèðîâàíèÿ íà

õàðàêòåð íàïðÿæåíèé â ïåñ÷àíîì îñíîâàíèè / Âåñòíèê íàóêè

è îáðàçîâàíèÿ Ñåâåðî-Çàïàäà Ðîññèè. 2020. Ò. 20. ¹ 1.

Ñ. 20 – 27.

5. Ìàòâèåíêî Þ. Ã., Âàñèëüåâ È. Å., ×åðíîâ Ä. Â. Èññëå-

äîâàíèå êèíåòèêè ðàçðóøåíèÿ îäíîíàïðàâëåííîãî ëàìèíàòà

ñ ïðèìåíåíèåì àêóñòè÷åñêîé ýìèññèè è âèäåîðåãèñòðàöèè /

Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ. 2019.

Ò. 85. ¹ 11. Ñ. 45 – 61.

DOI: 10.26896/1028-6861-2019-85-11-45-61

6. Íåñòåðóê Ä. À., Âàâèëîâ Â. Ï. Òåïëîâîé êîíòðîëü è äèà-

ãíîñòèêà. Ó÷åáíîå ïîñîáèå äëÿ ïîäãîòîâêè ñïåöèàëèñòîâ I, II,

III óðîâíÿ. — Òîìñê: Èçäàòåëüñòâî ÒÏÓ, 2007. — 104 ñ.

7. Ìîéñåé÷èê À. Å., Ìîéñåé÷èê Å. À. Îñíîâû òåïëîâîãî

êîíòðîëÿ íåñóùèõ êîíñòðóêöèé ñ èñïîëüçîâàíèåì äåôîðìà-

öèîííîãî òåïëîîáðàçîâàíèÿ / Íåðàçðóøàþùèé êîíòðîëü è

äèàãíîñòèêà. 2014. ¹ 3. Ñ. 3 – 19.

8. Ìîéñåé÷èê À. Å. Èññëåäîâàíèå è ðàçðàáîòêà ìåòîäà òåïëî-

âîãî íåðàçðóøàþùåãî êîíòðîëÿ ñòàëüíûõ êîíñòðóêöèé íà

îñíîâå ìåõàíèçìà äåôîðìàöèîííîãî òåïëîîáðàçîâàíèÿ:

äèñ. ... äîêò. òåõí. íàóê. — Íîâîñèáèðñê, 2018. — 377 ñ.

9. Robinson A. F., Dulieu-Barton J. M., Quinn S., et al.

A Review of Residual Stress Analysis using Thermoelastic Tec-

hniques / 7th International Conference on Modern Practice in

Stress and Vibration Analysis IOP Publishing. Journal of Phy-

sics: Conference Series. 2009. 181 (012029). — 8 p.

10. Daiki Shiozawa, Takahide Sakagami, Yu Nakamura, et

al. Fatigue Damage Evaluation of Short Carbon Fiber Reinfor-

ced Plastics Based on Phase Information of Thermoelastic

Temperature Change / Sensors. 2017. N 17. P. 1 – 9.

11. Êåíæàëèåâ Á. Ê., ×åðíîãëàçîâà Ò. Â., Ìîôà Í. Í. è äð.

Ëîêàëèçàöèÿ ïëàñòè÷åñêîé äåôîðìàöèè è íåðàâíîâåñíûå

ñòðóêòóðíî-äåôîðìàöèîííûå ïðåâðàùåíèÿ. — Àëìà-Àòû:

Èçäàòåëüñòâî «Êîìïëåêñ», 2004. — 271 ñ.

12. Ïàíèí Â. Å., Åãîðóøêèí Â. Å. Äåôîðìèðóåìîå òâåðäîå

òåëî êàê íåëèíåéíàÿ èåðàðõè÷åñêè îðãàíèçîâàííàÿ ñèñòåìà /

Ôèçè÷åñêàÿ ìåçîìåõàíèêà. 2011. Ò. 14. ¹ 3. Ñ. 7 – 26.

13. Sambasivam S. Quinn, Dulieu-Barton J. M. Identification

of the source of the thermoelastic response from orthotropic la-

minated composites. School of Engineering Sciences, Universi-

ty of Southampton, Highfield, Southampton SO17 1BJ, United

Kingdom. https://www.researchgate.net/publication/

240641936_Identification_of_the_source_of_the_thermoelastic_

response_from_orthotropic_laminated_composites [ïðîöèòè-

ðîâàíî 11 àïðåëÿ 2023].

14. Äþêèíà Ò. Î. Ìîäèôèöèðîâàííûé êîýôôèöèåíò êîððåëÿ-

öèè. Òðóäû XIX Ìåæäóíàðîäíîé êîíôåðåíöèè «Àíàëèòèêà

è óïðàâëåíèå äàííûìè â îáëàñòÿõ ñ èíòåíñèâíûì èñïîëü-

çîâàíèåì (DAMDID / RCDL’2017)», Ìîñêâà, Ðîññèÿ, 2018.

Ñ. 10 – 13.

15. Ïàâëîâ À. Í., Àíèùåíêî Â. Ñ. Ìóëüòèôðàêòàëüíûé àíà-

ëèç ñëîæíûõ ñèãíàëîâ/ Óñïåõè ôèçè÷åñêèõ íàóê. 2007.

Ò. 177. ¹ 8. Ñ. 859 – 876.

16. Àõìåòõàíîâ Ð. Ñ., Øóëüæåíêî À. À. Ýëåêòðîïðîâîäíîñòü

è ôðàêòàëüíûå ñâîéñòâà óãëåðîäíûõ íèòåé / Ïðîáëåìû ìà-

øèíîñòðîåíèÿ è íàäåæíîñòè ìàøèí. 2019. ¹ 6. Ñ. 85 – 91.

17. Êàáàëäèí Þ. Ã., Àíîñîâ Ì. Ñ., Øàòàãèí Ä. À. è äð.

Îöåíêà óñòîé÷èâîñòè ñòðóêòóðíîãî ñîñòîÿíèÿ ìåòàëëè÷å-

ñêèõ ìàòåðèàëîâ ïðè èõ äåôîðìàöèè íà îñíîâå ïîäõîäîâ íå-

ëèíåéíîé äèíàìèêè è ôðàêòàëüíîãî àíàëèçà / Óñïåõè ñîâðå-

ìåííîé íàóêè. 2016. Ò. 4. ¹ 9. Ñ. 100 – 107.

18. Klapetek P., Neèas D., Anderson Ch. Ðóêîâîäñòâî ïîëüçî-

âàòåëÿ. wyddion. http://gwyddion.net/download/user-guide/

gwyddion-user-guide-en.pdf [ïðîöèòèðîâàíî 11 àïðåëÿ 2023].

REFERENCES

1. Tatus N. A., Polilov A. N., Vlasov D. D. Influence of holes on

the strength reduction of composite specimens with different fi-

ber placement / Industr. Lab. Mater. Diagn. 2022. Vol. 88. N 4.

P. 58 – 65 [in Russian].

DOI: 10.26896/1028-6861-2022-88-4-58-65

2. Tyumentsev V. A., Fazlitdinova A. G. Investigation of the

structure of fibrous carbon materials by X-ray diffractometry /

Industr. Lab. Mater. Diagn. 2019. Vol. 85. N 11. P. 31 – 36 [in

Russian]. DOI: 10.26896/1028-6861-2019-85-11-31-36

3. Bitkina O. V., Bitkina E. V. Analysis of technological residual

stresses arising in multilayer composite panels with an asym-

metric structure of the composite package in thickness / Izv.

Samar. NTs RAN. 2012. Vol. 14. N 4(2). P. 561 – 567 [in Rus-

sian].

4. Antonov V. M., Al-Nakdi I. A. Influence of reinforcement on

the nature of stresses in a sandy base / Vestn. Nauki Obrazov.

Sev.-Zap. Rossii. 2020. Vol. 20. N 1. P. 20 – 27 [in Russian].

5. Matvienko Yu. G., Vasiliev I. E., Chernov D. V. Study of the

kinetics of destruction of a unidirectional laminate using acous-

tic emission and video recording / Industr. Lab. Mater. Diagn.

2019. Vol. 85. N 11. P. 45 – 61 [in Russian].

DOI: 10.26896/1028-6861-2019-85-11-45-61

6. Nesteruk D. A., Vavilov V. P. Thermal control and diagnos-

tics. Textbook for training I, II, III level specialists. — Tomsk:

Izd. TPU, 2007. — 104 p. [in Russian].

7. Moiseichik A. E., Moiseichik E. A. Fundamentals of ther-

mal control of load-bearing structures using deformation heat

generation / Nerazrush. Kontrol’ Diagn. 2014. N 3. P. 3 – 19 [in

Russian].

8. Moiseichik A. E. Research and development of a method of

thermal non-destructive testing of steel structures based on the

mechanism of deformation heat generation. Doctoral Thesis. —

Novosibirsk, 2018. 377 p. [in Russian].

9. Robinson A. F., Dulieu-Barton J. M., Quinn S., et al. A Re-

view of Residual Stress Analysis using Thermoelastic Tech-

niques / 7th International Conference on Modern Practice in

Stress and Vibration Analysis IOP Publishing. Journal of Phys-

ics: Conference Series. 2009. 181 (012029). — 8 p.

10. Daiki Shiozawa, Takahide Sakagami, Yu Nakamura,

et al. Fatigue Damage Evaluation of Short Carbon Fiber Rein-

forced Plastics Based on Phase Information of Thermoelastic

Temperature Change / Sensors. 2017. N 17. P. 1 – 9.

11. Kenzhaliev B. K., Chernoglazova T. V., Mofa N. N., et al.

Localization of plastic deformation and non-equilibrium struc-

tural deformation transformations. — Almaty: Izd. “Complex”.

2004. — 271 p. [in Russian].

12. Panin V. E., Egorushkin V. E. Deformable solid body as a

nonlinear hierarchically organized system / Fiz. Mezomekh.

2011. Vol. 14. N 3. P. 7 – 26 [in Russian).

13. Sambasivam S. Quinn, Dulieu-Barton J. M. Identification

of the source of the thermoelastic response from orthotropic

laminated composites. School of Engineering Sciences, Univer-

sity of Southampton, Highfield, Southampton SO17 1BJ,

United Kingdom. https://www.researchgate.net/publication/

240641936_Identification_of_the_source_of_the_ thermoelastic_

response_from_orthotropic_laminated_composites [accessed

April 11, 2023].

14. Dyukina T. O. Modified correlation coefficient/ Proceedings

XIX International “Analytics and data management in areas

with intensive use (DAMDID/ RCDL’2017)”, Moscow, Russia,

2018. P. 10 – 13 [in Russian].

15. Pavlov A. N., Anishchenko V. S. Multifractal analysis of

complex signals / Usp. Fiz. Nauk. 2007. Vol. 177. N 8. P. 859 –

876 [in Russian].

16. Akhmetkhanov R. S., Shulzhenko A. A. Electrical conduc-

tivity and fractal properties of carbon threads / Probl. Mashi-

nostr. Nadezhn. Mash. 2019. N 6. P. 85 – 91 [in Russian].

17. Kabaldin Yu. G., Anosov M. S., Shatagin D. A. Evaluation

of the stability of the structural state of metallic materials dur-

ing their deformation based on approaches nonlinear dynamics

and fractal analysis / Usp. Sovr. Nauki. 2016. Vol. 4. N 9.

P. 100 – 107 [in Russian].

18. Klapetek P., Neèas D., Anderson Ch. User Guide. wyddion.

http://gwyddion.net/download/user-guide/gwyddion-

user-guide-en.pdf [accessed April 11, 2023].

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 3 69


