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Ïðåäëîæåí íîâûé ìåòîä èññëåäîâàíèÿ âëèÿíèÿ ìàëîöèêëîâîé óñòàëîñòè íà ýâîëþöèþ âå-

ëè÷èí ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ ïðè íàãðóæåíèè ïëîñêèõ îáðàçöîâ ñ êîíöåíòðà-

òîðàìè íàïðÿæåíèé. Ðàññìîòðåíû òðè ïðîãðàììû íàãðóæåíèÿ ñ ïîñòîÿííûì çíà÷åíèåì

ðàçìàõà íàïðÿæåíèé è ðàçëè÷íûìè êîýôôèöèåíòàìè àñèììåòðèè öèêëà, à òàêæå äâå ïðî-

ãðàììû ñ ïîñòîÿííûì êîýôôèöèåíòîì àñèììåòðèè è ðàçëè÷íûìè âåëè÷èíàìè ðàçìàõà

íàïðÿæåíèé öèêëà. Îäíà ïðîãðàììà — îáùàÿ äëÿ îáîèõ ñëó÷àåâ. Âñå ïðîãðàììû âêëþ÷à-

þò îäíîîñíîå ðàñòÿæåíèå-ñæàòèå. Êàæäóþ ïðîãðàììó ðåàëèçîâûâàëè ïóòåì èñïûòàíèÿ

ïàðòèè îäèíàêîâûõ îáðàçöîâ — îò ñåìè äî äåâÿòè â êàæäîé. Îäèí îáðàçåö èç ïàðòèè áûë

ïðåäíàçíà÷åí äëÿ îöåíêè äîëãîâå÷íîñòè. Â ðàìêàõ êàæäîé ïðîãðàììû îñòàëüíûå îáðàçöû

äîâîäèëè äî ðàçëè÷íûõ ñòàäèé ìàëîöèêëîâîé óñòàëîñòè. Ýêñïåðèìåíòàëüíûå äàííûå ïî-

ëó÷àëè äëÿ òðåùèí ðàçëè÷íîé äëèíû, êîòîðûå ìîäåëèðîâàëè ïîñëåäîâàòåëüíîñòüþ èç

òðåõ óçêèõ íàäðåçîâ, íà÷èíàþùèõñÿ îò ñêâîçíîãî îòâåðñòèÿ â ïðÿìîóãîëüíîì îáðàçöå. Äå-

ôîðìàöèîííûé îòêëèê íà ìàëîå ïðèðàùåíèå äëèíû íàäðåçà ïðè ïîñòîÿííîé âíåøíåé íà-

ãðóçêå èçìåðÿëè ñ ïîìîùüþ ìåòîäà ýëåêòðîííîé ñïåêë-èíòåðôåðîìåòðèè. Èñõîäíàÿ ýêñïå-

ðèìåíòàëüíàÿ èíôîðìàöèÿ — êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, êîòîðûå îáåñïå÷èâàëè

îïðåäåëåíèå òàíãåíöèàëüíûõ êîìïîíåíò ïåðåìåùåíèé íåïîñðåäñòâåííî íà áåðåãàõ íàäðå-

çà. Òàêèì îáðàçîì, âåëè÷èíû ðàñêðûòèÿ íàäðåçà îïðåäåëÿëè ïî ðåçóëüòàòàì ïðÿìûõ èçìå-

ðåíèé. Îò èçìåðåííûõ ïåðåìåùåíèé ê âåëè÷èíàì êîýôôèöèåíòîâ èíòåíñèâíîñòè íàïðÿ-

æåíèé (ÊÈÍ) è T-íàïðÿæåíèé ïåðåõîäèëè ñ ïîìîùüþ ñîîòíîøåíèé ìîäèôèöèðîâàííîé

âåðñèè ìåòîäà ïîñëåäîâàòåëüíîãî íàðàùèâàíèÿ äëèíû òðåùèíû, êîòîðûå îñíîâàíû íà

ôîðìóëèðîâêå Óèëüÿìñà. Ïîëó÷åíû ðàñïðåäåëåíèÿ ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ ïî

äëèíå íàäðåçîâ íà ðàçëè÷íûõ ýòàïàõ öèêëè÷åñêîãî íàãðóæåíèÿ. Íà ýòîé îñíîâå ïîñòðîåíû

çàâèñèìîñòè âåëè÷èí ðàñêðûòèÿ, ÊÈÍ è T-íàïðÿæåíèé äëÿ íàäðåçîâ ôèêñèðîâàííîé äëè-

íû îò êîëè÷åñòâà öèêëîâ íàãðóæåíèÿ. Óñòàíîâëåíî, ÷òî ýêñïåðèìåíòàëüíûå ðàñïðåäåëå-

íèÿ âåëè÷èí ÊÈÍ ïî ïåðèîäó äîëãîâå÷íîñòè ïðàêòè÷åñêè ñîâïàäàþò äëÿ âñåõ ÷åòûðåõ

êîìáèíàöèé ïàðàìåòðîâ öèêëà íàãðóæåíèÿ.
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We propose a new method for studying the effect of low-cycle fatigue on the evolution of the fracture me-

chanics parameters in conditions of loading plane specimens with stress concentrators. Three programs of

loading with a constant value of the stress range and different values of the stress ratio, as well as two pro-

grams with a constant value of the stress ratio but different stress ranges are considered. One program is

common for both cases. All the programs include uniaxial tension-compression. Each program was imple-

mented by testing a batch of the same specimens from seven to nine in each. One specimen from each

batch was assigned to assess the durability. The other specimens were brought to various stages of low-cy-

cle fatigue in each program. Experimental data were obtained for cracks of different length which were

modeled by a sequence of three narrow notches launched from a through hole in a rectangular specimen.

Each notch was exposed to constant external load of the same level. The deformation response to a small

increment in the notch length at a constant external load was measured at different stages of low-cycle fa-

tigue using electronic speckle pattern interferometry. The interference fringe patterns used as initial ex-

perimental data provided determination of the tangential components of in-plane displacements directly

on the notch sides and the values of notch opening were thus determined from the results of direct mea-

surements. The transition from measured displacement components to the values of the stress intensity

factor and T-stress was performed using the relationships of a modified version of the crack compliance

method based on Williams formulation. Distributions of the fracture mechanics parameters along the

notches were obtained at various stages of cyclic loading. The dependences of the crack mouth opening

displacement, the stress intensity factor and the T-stress on the number of loading cycles are constructed

for the notches of a fixed length at different stages of low-cycle fatigue. It is shown that experimental dis-

tributions of the stress intensity factor values over the life time practically coincide for all four combina-

tions of the loading cycle parameters.

Keywords: low-cycle fatigue; crack compliance method; fracture mechanics parameters; electronic

speckle pattern interferometry.

Ââåäåíèå

Èññëåäîâàíèÿ ïðîöåññîâ íàêîïëåíèÿ ïîâðåæ-

äåíèé, çàðîæäåíèÿ óñòàëîñòíîé òðåùèíû è åå

äàëüíåéøåãî ðîñòà, êîòîðûå ïðîèñõîäÿò â íåðå-

ãóëÿðíûõ çîíàõ ìåòàëëè÷åñêèõ êîíñòðóêöèé â

ïðîöåññå ìàëîöèêëîâîé óñòàëîñòè, ÿâëÿþòñÿ íå-

îáõîäèìûì çâåíîì ïðè àíàëèçå è îáîñíîâàíèè

êàê ñòàòè÷åñêîé, òàê è óñòàëîñòíîé ïðî÷íîñòè

[1 – 4]. Ìåòîäû ëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ

øèðîêî èñïîëüçóþòñÿ äëÿ àíàëèçà íàêîïëåíèÿ

ïîâðåæäåíèé è îöåíêè íà åãî îñíîâå äîëãîâå÷íî-

ñòè êîíñòðóêöèé [5].

Íåîáõîäèìîñòü ðàçíîîáðàçíûõ ýêñïåðèìåí-

òàëüíûõ èññëåäîâàíèé ïðîöåññîâ íàêîïëåíèÿ óñ-

òàëîñòíûõ ïîâðåæäåíèé, îñîáåííî ïðè íàëè÷èè

ëîêàëüíûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé,

ìíîãîêðàòíî îáîñíîâàíà â ëèòåðàòóðå (ñì., íà-

ïðèìåð, [1 – 3]). Ìåòîäèêè, îñíîâàííûå íà îïòè-

÷åñêèõ è îïòèêî-èíòåðôåðåíöèîííûõ èçìåðåíè-

ÿõ, íàèáîëåå ýôôåêòèâíû äëÿ êîëè÷åñòâåííîãî

îïèñàíèÿ ýâîëþöèè óïðóãîïëàñòè÷åñêèõ äåôîð-

ìàöèé [6 – 8]. Ìíîãî÷èñëåííûå ìåòîäû èçìåðå-

íèÿ ïîëåé ïåðåìåùåíèé è äåôîðìàöèé èñïîëüçó-

þò äëÿ ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ ïàðà-

ìåòðîâ ìåõàíèêè ðàçðóøåíèÿ è îöåíêè íàêîïëå-

íèÿ ïîâðåæäåíèé [9 – 29]. Áîëüøèíñòâî èç ýòèõ

ïîäõîäîâ âêëþ÷àþò èçìåðåíèÿ òàíãåíöèàëüíûõ

êîìïîíåíò ïåðåìåùåíèé â îêðåñòíîñòè òðåùèíû

ïîñòîÿííîé äëèíû ïðè ïîøàãîâîì óâåëè÷åíèè

âíåøíåé íàãðóçêè.

Ñóùåñòâóåò, ìîæíî ñêàçàòü, àëüòåðíàòèâíûé

ïîäõîä ê ýêñïåðèìåíòàëüíîìó îïðåäåëåíèþ ïà-

ðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ. Ýòî ìåòîä ïî-

ñëåäîâàòåëüíîãî íàðàùèâàíèÿ äëèíû òðåùèíû

(ÏÍÄÒ) äëÿ èçìåðåíèÿ îñòàòî÷íûõ íàïðÿæåíèé,

ïåðâîíà÷àëüíî ïðåäëîæåííûé àâòîðàìè ðàáîò

[30, 31]. Â îòëè÷èå îò ïîäõîäîâ òðàäèöèîííûõ

ìåòîäîâ ýêñïåðèìåíòàëüíîé ìåõàíèêè ðàçðóøå-

íèÿ, â ìåòîäå ÏÍÄÒ èñïîëüçóþò èçìåðåíèÿ äå-

ôîðìàöèîííîãî îòêëèêà íà ìàëîå ïðèðàùåíèå

äëèíû óçêîãî íàäðåçà áåç èçìåíåíèÿ âíåøíåé

íàãðóçêè. Äðóãèìè ñëîâàìè, äàííûé ïîäõîä áà-

çèðóåòñÿ íà ðåëàêñàöèè èññëåäóåìîãî ïîëÿ íà-

ïðÿæåíèé ïîñëå ïîñëåäîâàòåëüíîãî íàíåñåíèÿ

íàäðåçîâ è ïîñëåäóþùèõ èçìåðåíèÿõ ñîîòâåòñò-

âóþùèõ äåôîðìàöèîííûõ îòêëèêîâ. Íà÷àëüíàÿ

âåðñèÿ ìåòîäà ÏÍÄÒ òðåáîâàëà ñëîæíîãî ìàòå-

ìàòè÷åñêîãî àïïàðàòà, áîëüøîãî îáúåìà âû÷èñ-

ëåíèé è áûëà íàïðàâëåíà òîëüêî íà îïðåäåëåíèå

îñòàòî÷íûõ íàïðÿæåíèé. Â êà÷åñòâå ñëåäóþùåãî

øàãà áûëà ïðåäëîæåíà áîëåå ïðîñòàÿ âåðñèÿ àíà-

ëèçà, êîòîðàÿ èñïîëüçóåò ñîîòíîøåíèÿ ëèíåéíîé

ìåõàíèêè ðàçðóøåíèÿ [32, 33]. Äàííûé ïîäõîä

îáåñïå÷èâàåò ïîëó÷åíèå êîýôôèöèåíòà èíòåí-

ñèâíîñòè íàïðÿæåíèé (ÊÈÍ) KI êàê ôóíêöèè

äëèíû íàäðåçà íåïîñðåäñòâåííî ïî ðåçóëüòàòàì

èçìåðåíèÿ äåôîðìàöèîííîãî îòêëèêà. Ìîäèôè-

öèðîâàííàÿ âåðñèÿ ìåòîäà ÏÍÄÒ äàåò âîçìîæ-

íîñòü âûñîêîòî÷íîãî îïðåäåëåíèÿ ðàñêðûòèÿ â

âåðøèíå íàäðåçà (CMOD), ÊÈÍ è T-íàïðÿæåíèé

[34]. Àíàëèç èçìåíåíèÿ âåëè÷èí ïàðàìåòðîâ ìå-

õàíèêè ðàçðóøåíèÿ, êîòîðûå îòíîñÿòñÿ ê íàäðå-

çàì îäèíàêîâîé äëèíû íà ðàçëè÷íûõ ýòàïàõ ìà-

ëîöèêëîâîé óñòàëîñòè, ìîæåò ñëóæèòü îñíîâîé

äëÿ êîëè÷åñòâåííîãî îïèñàíèÿ ñòåïåíè ïîâðåæ-

äåííîñòè ìàòåðèàëà. Åñòåñòâåííî, ÷òî ïîäîáíàÿ

èíôîðìàöèÿ íåîáõîäèìà äëÿ íåñêîëüêèõ ïðî-

ãðàìì íàãðóæåíèÿ, êîòîðûå îòëè÷àþòñÿ âåëè÷è-
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íàìè êîýôôèöèåíòà àñèììåòðèè öèêëà è ðàçìà-

õà íàïðÿæåíèé. Ïåðâûå ïîïûòêè ïðèìåíåíèÿ

ïîäîáíîãî ïîäõîäà ïðèâåëè ê âåñüìà èíòåðåñíûì

ðåçóëüòàòàì [35, 36].

Îñíîâíàÿ öåëü äàííîé ðàáîòû — ïîëó÷åíèå

íîâûõ ýêñïåðèìåíòàëüíûõ äàííûõ, êîòîðûå îïè-

ñûâàþò âëèÿíèå èçìåíåíèÿ êîýôôèöèåíòà àñèì-

ìåòðèè è ðàçìàõà íàïðÿæåíèé öèêëà íà ýâîëþ-

öèþ ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ äëÿ òðå-

ùèí ðàçëè÷íîé äëèíû, êîòîðûå ìîäåëèðóþòñÿ

ïîñëåäîâàòåëüíîñòüþ óçêèõ íàäðåçîâ, íà÷èíà-

þùèõñÿ îò ñêâîçíîãî îòâåðñòèÿ â ïðÿìîóãîëüíîì

îáðàçöå, íà ðàçëè÷íûõ ýòàïàõ ìàëîöèêëîâîãî

íàãðóæåíèÿ.

Ìåòîäû èññëåäîâàíèÿ

Èññëåäîâàëè ïëîñêèå îáðàçöû ðàçìåðàìè

180 × 30 × 4 ìì, èçãîòîâëåííûå èç àëþìèíèåâî-

ãî ñïëàâà 2024 (ðèñ. 1). Ìåõàíè÷åñêèå ñâîéñòâà

ìàòåðèàëà, êîòîðûå óñòàíîâëåíû ñòàíäàðòíûìè

èñïûòàíèÿìè íà ðàñòÿæåíèå, ñîñòàâëÿþò: ìî-

äóëü óïðóãîñòè E = 74 000 ÌÏà; êîýôôèöèåíò

Ïóàññîíà í = 0,33; ïðåäåë òåêó÷åñòè ó0,2 =

= 330 ÌÏà.

Âñåãî èñïûòàíî 32 îáðàçöà. Âñå îíè èçãîòîâ-

ëåíû èç îäíîé öåëüíîé çàãîòîâêè ïî îäèíàêîâîé

òåõíîëîãèè. Îòñóòñòâèå îñòàòî÷íûõ íàïðÿæåíèé

óñòàíîâëåíî íà îñíîâå ñîâìåñòíîãî ïðèìåíåíèÿ

ìåòîäà ñâåðëåíèÿ îòâåðñòèÿ è ýëåêòðîííîé

ñïåêë-èíòåðôåðîìåòðèè [37]. Âî âñåõ èññëåäó-

åìûõ êóïîíàõ âûïîëíåíû öåíòðàëüíûå ñêâîç-

íûå îòâåðñòèÿ äèàìåòðîì 2r0 = 3 ìì. Îáðàçöû,

ðàçäåëåííûå íà ÷åòûðå ãðóïïû, ïîäâåðãàëè îäíî-

îñíîìó ðàñòÿæåíèþ-ñæàòèþ ïðè ïîìîùè ýëåê-

òðîìåõàíè÷åñêîé èñïûòàòåëüíîé ìàøèíû Wal-

ter + Bai AG, Type LFM-Z 200 ñ äèàïàçîíîì íà-

ãðóæåíèÿ 0 – 200 êÍ ñîãëàñíî ïàðàìåòðàì öèêëà

íàãðóæåíèÿ, êîòîðûå óêàçàíû â òàáë. 1. Âåëè÷è-

íû ìàêñèìàëüíîãî íàïðÿæåíèÿ öèêëà ómax ñî-

ñòàâëÿëè 76, 61, 51 è 53 % îò ïðåäåëà òåêó÷åñòè

ìàòåðèàëà äëÿ ãðóïï T4_AA, T4_BB, T4_CC è

T4_XX ñîîòâåòñòâåííî (ñì. òàáë. 1).

Ïðîãðàììû íàãðóæåíèÿ âûáèðàëè èñõîäÿ èç

ñëåäóþùèõ ñîîáðàæåíèé. Öèêë íàãðóæåíèÿ äëÿ

ãðóïïû T4_AA ñîîòâåòñòâóåò ìàêñèìàëüíîìó

ðàñòÿãèâàþùåìó íàïðÿæåíèþ ómax = 250 ÌÏà è

ìèíèìàëüíîìó ñæèìàþùåìó ómin = –83,3 ÌÏà.

Â ýòîì ñëó÷àå ñîãëàñíî äàííûì ÷èñëåííîãî ìîäå-

ëèðîâàíèÿ íà êîíòóðå îòâåðñòèÿ ìàêñèìàëüíàÿ

âåëè÷èíà îêðóæíîé äåôîðìàöèè å
ömax = 0,01.

Äëÿ èñïîëüçóåìîãî àëþìèíèåâîãî ñïëàâà òàêîé

äèàïàçîí íàãðóçêè ïðèâîäèò ê çíà÷èòåëüíûì

ïëàñòè÷åñêèì äåôîðìàöèÿì íà êîíòóðå îòâåð-

ñòèÿ â òå÷åíèå íåñêîëüêèõ ïåðâûõ öèêëîâ è ïî-

ñëåäóþùåìó óïðî÷íåíèþ ìàòåðèàëà â îêðåñòíî-

ñòè ñêâîçíîãî îòâåðñòèÿ èç-çà âëèÿíèÿ ýôôåêòà

êîíöåíòðàöèè íàïðÿæåíèé [8]. Äëÿ îòâåðñòèÿ

äèàìåòðîì 2r0 = 3,0 ìì â ïðÿìîóãîëüíîé ïëàñòè-

íå øèðèíîé w = 30 ìì òåîðåòè÷åñêàÿ âåëè÷èíà

êîýôôèöèåíòà êîíöåíòðàöèè íàïðÿæåíèé Kt =

= 3,04. Îòìåòèì, ÷òî ïàðàìåòðû öèêëà Äó =

= 333,3 ÌÏà è R = –0,33 ñîîòâåòñòâóþò íàèáî-

ëåå æåñòêîé ïðîãðàììå íàãðóæåíèÿ, êîòîðàÿ ìî-

æåò èìåòü ìåñòî ïðè ýêñïëóàòàöèè áîëòîâûõ èëè

çàêëåïî÷íûõ ñîåäèíåíèé àâèàöèîííûõ êîí-

ñòðóêöèé. Ñèììåòðè÷íûé öèêë (R = –1,0) ïðåä-

ñòàâëÿåò ñîáîé íèæíèé ïðåäåë ðåàëüíîé âåëè÷è-

íû êîýôôèöèåíòà àñèììåòðèè öèêëîâ. Öèêë ñ

ïàðàìåòðàìè Äó = 333,3 ÌÏà è R = –0,66 èìååò

ïðîìåæóòî÷íûé õàðàêòåð.

Äàííûå äëÿ îäíîãî èç îáðàçöîâ (T4_09), îá-

ùåãî äëÿ âñåõ ãðóïï, ïîëó÷åíû â èñõîäíîì ñî-

ñòîÿíèè áåç ïðèëîæåíèÿ çíàêîïåðåìåííîãî ðàñ-

òÿæåíèÿ-ñæàòèÿ. Öèêëè÷åñêîå íàãðóæåíèå îá-

ðàçöîâ T4_A0, T4_B0, T4_C0 è T4_X0 (ñì.

òàáë. 1) — ñëåäóþùèé ýòàï ïðîãðàììû ýêñïåðè-

ìåíòàëüíûõ èññëåäîâàíèé. Íà ýòèõ îáðàçöàõ îï-

ðåäåëÿëè äîëãîâå÷íîñòü êàê êîëè÷åñòâî öèêëîâ

NF äî ïîëíîãî ðàçðóøåíèÿ. Îñòàëüíûå îáðàçöû

òèïîâ T4_AA, T4_BB, T4_CC è T4_XX ïîäâåðãà-

ëè ïåðèîäè÷åñêîìó ðàñòÿæåíèþ-ñæàòèþ ñ ðàç-

íûì êîëè÷åñòâîì öèêëîâ (òàáë. 2 – 5). Ïîñëå öèê-
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Ðèñ. 1. Ãåîìåòðè÷åñêèå ïàðàìåòðû èññëåäóåìûõ îáðàçöîâ

Fig. 1. Geometric parameters of the specimens under study

Òàáëèöà 1. Íîìåíêëàòóðà îáðàçöîâ è õàðàêòåðèñòèêè öèêëîâ íàãðóæåíèÿ

Table 1. Nomenclature of specimens and parameters of the loading cycles

Òèï îáðàçöîâ
Ðàçìàõ íàïðÿæåíèé

Äó, ÌÏà

Êîýôôèöèåíò

àñèììåòðèè R

Ìàêñèìàëüíîå

íàïðÿæåíèå ó
max

, ÌÏà

Ìèíèìàëüíîå

íàïðÿæåíèå ó
min

, ÌÏà

T4_AA 333,3 –0,33 250 –83,3

T4_BB 333,3 –0,66 200,8 –132,5

T4_CC 333,3 –1,00 166,65 –166,65

T4_XX 233,3 –0,33 175,4 –57,9



ëè÷åñêîãî íàãðóæåíèÿ, êîòîðîå îáåñïå÷èâàåò íà-

êîïëåíèå ïîâðåæäåíèé â îêðåñòíîñòè îòâåðñòèÿ,

ïðîâîäèëè îïòè÷åñêèå èíòåðôåðåíöèîííûå èç-

ìåðåíèÿ ëîêàëüíîãî äåôîðìàöèîííîãî îòêëèêà

íà ìàëîå ïðèðàùåíèå äëèíû íàäðåçà. Îáðàçöû ñ

ðàçëè÷íîé ñòåïåíüþ ïîâðåæäåííîñòè ïîñëåäîâà-

òåëüíî óñòàíàâëèâàëè â çàõâàòàõ èñïûòàòåëüíîé

ìàøèíû Walter+Bai AG, Type LFM-L 25, ñ äèà-

ïàçîíîì íàãðóæåíèÿ 0 – 25 êÍ. Íàãðóæàþùåå

óñòðîéñòâî âêëþ÷åíî â îïòè÷åñêóþ ñõåìó èíòåð-

ôåðîìåòðà (ðèñ. 2). Â êàæäîì îáðàçöå âûïîëíÿëè

òðè ïîñëåäîâàòåëüíûõ íàäðåçà ïðè ïîñòîÿííîé

âíåøíåé íàãðóçêå, êîòîðàÿ ñîîòâåòñòâîâàëà íî-

ìèíàëüíûì ðàñòÿãèâàþùèì íàïðÿæåíèÿì ó =

= 53,1 ÌÏà. Ñõåìà íàíåñåíèÿ íàäðåçîâ è âîçíè-

êàþùèå ïðè ýòîì êàðòèíû èíòåðôåðåíöèîííûõ

ïîëîñ ïîêàçàíû íà ðèñ. 3 — èíòåðôåðîãðàììû

ïîëó÷åíû äëÿ îáðàçöà T4_23 èç ãðóïïû BB ïîñëå

ïðèëîæåíèÿ N = 2571 öèêëîâ.

Âíà÷àëå ýêñïåðèìåíòàëüíîé ïðîöåäóðû èç-

ìåðÿëè ðàñêðûòèå óçêîãî íàäðåçà øèðèíîé Äb =

= 0,17 ìì ìåòîäîì ýëåêòðîííîé ñïåêë-èíòåðôå-

ðîìåòðèè [34]. Äàëåå ïåðåõîäèëè îò âåëè÷èí ðàñ-

êðûòèÿ ê çíà÷åíèÿì ÊÈÍ è T-íàïðÿæåíèé äëÿ

íàäðåçîâ òðåõ ðàçëè÷íûõ äëèí. Èçìåðÿåìûå âå-

ëè÷èíû ïîêàçàíû íà ðèñ. 4. Ïîëó÷åííûå äàííûå

ïîçâîëÿþò ïîñòðîèòü ðàñïðåäåëåíèÿ ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ ïî ñóììàðíîé äëèíå íàä-

ðåçà íà ðàçëè÷íûõ ñòàäèÿõ ìàëîöèêëîâîãî íàãðó-

æåíèÿ, ïðèâåäåííûõ â òàáë. 2 – 5. Äëÿ äîñòèæå-

íèÿ ïîñòàâëåííûõ öåëåé çà÷åòíûå îáðàçöû (8, 6,

9 è 5 øòóê èç òàáë. 2 – 5 ñîîòâåòñòâåííî) ïîäâåð-

ãàëè îäíîîñíîìó öèêëè÷åñêîìó ðàñòÿæåíèþ-ñæà-

òèþ ñ çàäàííûì äëÿ êàæäîãî îáðàçöà êîëè÷å-

ñòâîì öèêëîâ íàãðóæåíèÿ. Ïîñëå ýòîãî ïðîâîäè-

ëè ðåãèñòðàöèþ è âèçóàëèçàöèþ êàðòèí èíòåð-

ôåðåíöèîííûõ ïîëîñ äëÿ òðåùèí ðàçëè÷íîé äëè-

íû â îêðåñòíîñòè îòâåðñòèÿ íà ðàçëè÷íûõ ýòàïàõ

ìàëîöèêëîâîãî íàãðóæåíèÿ. Ïåðåä âûïîëíåíèåì

ïåðâîãî íàäðåçà âñå îáðàçöû íàõîäèëèñü ïîä äåé-

ñòâèåì íîìèíàëüíûõ ðàñòÿãèâàþùèõ íàïðÿæå-

íèé ó = 53,1 ÌÏà. Íà÷àëüíûå òî÷êè öåíòðàëü-

íûõ ñèììåòðè÷íûõ íàäðåçîâ ðàñïîëîæåíû â òî÷-

êàõ ïåðåñå÷åíèÿ êîíòóðà îòâåðñòèÿ ñ öåíòðàëü-
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Òàáëèöà 2. Ýòàïû ïðîâåäåíèÿ èçìåðåíèé äëÿ îáðàçöîâ òèïà T4_AA

Table 2. Stages of the measurement procedure for the specimens of T4_AA group

Íîìåð îáðàçöà

T4_09 T4_28 T4_29 T4_25 T4_26 T4_19 T4_20 T4_27 T4_A0

Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ N 0 100 1000 1412 2477 2900 3500 4025 5228

Äîëãîâå÷íîñòü, % 0 1,9 19,1 27 47,4 55,4 67 77 100

Òàáëèöà 3. Ýòàïû ïðîâåäåíèÿ èçìåðåíèé äëÿ îáðàçöîâ òèïà T4_BB

Table 3. Stages of the measurement procedure for the specimens of T4_BB group

Íîìåð îáðàçöà

T4_09 T4_21 T4_30 T4_23 T4_24 T4_31 T4_22 T4_B0

Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ N 0 780 1800 2571 3474 4600 5450 6948

Äîëãîâå÷íîñòü, % 0 11,2 26 37,0 50 67 78,4 100

Òàáëèöà 4. Ýòàïû ïðîâåäåíèÿ èçìåðåíèé äëÿ îáðàçöîâ òèïà T4_CC

Table 4. Stages of the measurement procedure for the specimens of T4_CC group

Íîìåð îáðàçöà

T4_09 T4_10 T4_11 T4_12 T4_13 T4_14 T4_15 T4_16 T4_17 T4_18 T4_C0

Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ N 0 100 500 1000 1800 2500 3300 4500 6000 7000 8912

Äîëãîâå÷íîñòü, % 0 1,1 5,6 11,2 20,2 28,1 37,0 50,5 67,3 78,5 100

Òàáëèöà 5. Ýòàïû ïðîâåäåíèÿ èçìåðåíèé äëÿ îáðàçöîâ òèïà T4_XX

Table 5. Stages of the measurement procedure for the specimens of T4_XX group

Íîìåð îáðàçöà

T4_09 T4_X3 T4_X1 T4_X2 T4_X5 T4_X4 T4_X0

Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ N 0 2378 5350 9314 13277 15060 19816

Äîëãîâå÷íîñòü, % 0 12 27 47 67 76 100



íûì ïîïåðå÷íûì ñå÷åíèåì, ïåðïåíäèêóëÿðíûì

ëèíèè ïðèëîæåíèÿ íàãðóçêè, êàê ýòî ïîêàçàíî íà

ðèñ. 2 è 4. Íà âñåõ èññëåäîâàííûõ ýòàïàõ öèêëè-

÷åñêîãî íàãðóæåíèÿ ïîñëåäîâàòåëüíî âûïîëíÿëè

òðè íàäðåçà, ìîäåëèðóþùèå òðåùèíû ðàçëè÷íîé

äëèíû. Ïîëíûé íàáîð äàííûõ — îáÿçàòåëüíîå

óñëîâèå ïîñòðîåíèÿ çàâèñèìîñòåé ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ îò êîëè÷åñòâà öèêëîâ íà-

ãðóæåíèÿ äëÿ íàäðåçîâ ôèêñèðîâàííîé äëèíû,

êîòîðûå ÿâëÿþòñÿ íåîáõîäèìûì çâåíîì äëÿ êî-

ëè÷åñòâåííîãî îïèñàíèÿ âëèÿíèÿ êîýôôèöèåíòà

àñèììåòðèè öèêëà è àìïëèòóäû íà íàêîïëåíèå

ïîâðåæäåíèé.

Èñõîäíàÿ ýêñïåðèìåíòàëüíàÿ

èíôîðìàöèÿ

Â ðàìêàõ äàííîé ðàáîòû ïîëó÷åíî 87 íàáîðîâ

èíòåðôåðîãðàìì, êàæäûé èç êîòîðûõ ñîñòîèò èç

øåñòè êàðòèí èíòåðôåðåíöèîííûõ ïîëîñ äëÿ 29

îáðàçöîâ (ñì. òàáë. 2 – 5). Âñå êàðòèíû ïîëîñ îò-

ëè÷àþòñÿ âûñîêèì êà÷åñòâîì è ïðèãîäíû äëÿ íà-

äåæíîé êîëè÷åñòâåííîé îáðàáîòêè è èíòåðïðå-

òàöèè â òåðìèíàõ òàíãåíöèàëüíûõ êîìïîíåíò

ïåðåìåùåíèé. Èíòåðôåðîãðàììû, êîòîðûå ñî-

îòâåòñòâóþò ïåðâîìó íàäðåçó äëÿ îáðàçöà T4_09

â èñõîäíîì ñîñòîÿíèè, ïðèâåäåíû íà ðèñ. 5.

Òèïè÷íûå êàðòèíû ïîëîñ, ïîëó÷åííûå äëÿ ïåð-

âîãî íàäðåçà íà ðàçëè÷íûõ ýòàïàõ ìàëîöèêëîâî-

ãî íàãðóæåíèÿ, ïîêàçàíû íà ðèñ. 6 – 9 äëÿ ãðóïï

T4_AA, T4_BB, T4_CC è T4_XX ñîîòâåòñòâåííî.

Ðåçóëüòàòû îáðàáîòêè êàðòèí èíòåðôåðåíöè-

îííûõ ïîëîñ â òåðìèíàõ òàíãåíöèàëüíûõ êîìïî-

íåíò ïåðåìåùåíèé u è v äëÿ âñåõ èññëåäîâàííûõ

îáðàçöîâ ïðåäñòàâëåíû â íàáîðå ñîîòâåòñòâóþ-

ùèõ òàáëèö äëÿ êàæäîãî èññëåäîâàííîãî îáðàçöà.

Â ýòè òàáëèöû âêëþ÷åíû òàêæå ñîîòâåòñòâóþ-

ùèå âåëè÷èíû ÊÈÍ è T-íàïðÿæåíèé.

Ðàñïðåäåëåíèÿ ïàðàìåòðîâ ìåõàíèêè

ðàçðóøåíèÿ ïî äëèíå íàäðåçà

íà ðàçëè÷íûõ ýòàïàõ

ìàëîöèêëîâîãî íàãðóæåíèÿ

Ïîëíûé íàáîð ýêñïåðèìåíòàëüíûõ äàííûõ

äàåò âîçìîæíîñòü ïîëó÷èòü çàâèñèìîñòè ïàðà-
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Ðèñ. 2. Ñõåìà èíòåðôåðîìåòðà: 1 — äèîäíûé ëàçåð; 2 —

ìèêðîîáúåêòèâ; 3 — ëèíçà; 4 — ìîáèëüíûé ìîäóëü; 5 —

îáðàçåö â çàõâàòàõ èñïûòàòåëüíîé ìàøèíû; 6 — èñïûòà-

òåëüíàÿ ìàøèíà; 7 — âèäåîêàìåðà

Fig. 2. Scheme of the interferometer: 1 — diode laser, 2 —

microlens, 3 — lens, 4 — mobile module; 5 — specimen, 6 —

testing machine, 7 — video camera

Ðèñ. 3. Ñõåìà ïîëó÷åíèÿ êàðòèí èíòåðôåðåíöèîííûõ

ïîëîñ ïðè ïîñëåäîâàòåëüíîì óâåëè÷åíèè äëèíû íàäðåçà

Fig. 3. Scheme of obtaining the interference fringes pat-

terns corresponding to a sequential increase in the notch

length

Ðèñ. 4. Ñõåìà íàíåñåíèÿ íàäðåçîâ è îáîçíà÷åíèÿ ñîîò-

âåòñòâóþùèõ ýêñïåðèìåíòàëüíûõ âåëè÷èí ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ

Fig. 4. Schematic drawing of the notches and correspond-

ing notations of experimental values of the fracture mechan-

ics parameters



ìåòðîâ ìåõàíèêè ðàçðóøåíèÿ îò äëèíû íàäðåçà

(òðåùèíû) ~an
(n = 1, 2, 3) íà ðàçëè÷íûõ ýòàïàõ

öèêëè÷åñêîãî íàãðóæåíèÿ. Òèïè÷íûå ãðàôèêè

ðàñïðåäåëåíèÿ âåëè÷èí ðàñêðûòèÿ â âåðøèíå

òðåùèíû (CMOD) ~ ,vn�1
êîýôôèöèåíòîâ èíòåí-

ñèâíîñòè íàïðÿæåíèé
~
K n

I
è T-íàïðÿæåíèé

~
Tn

ïðåäñòàâëåíû íà ðèñ. 10 äëÿ îáðàçöîâ ãðóïïû

T4_BB.

Òàêèå ðàñïðåäåëåíèÿ, ïîëó÷åííûå íà ðàçëè÷-

íûõ ýòàïàõ ìàëîöèêëîâîãî íàãðóæåíèÿ, äàþò

âîçìîæíîñòü ïîñòðîèòü çàâèñèìîñòè âåëè÷èí ïà-

ðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ îò êîëè÷åñòâà

öèêëîâ íàãðóæåíèÿ. Ïîêàæåì, ÷òî çàâèñèìîñòè

âåëè÷èí ÊÈÍ ìîæíî èñïîëüçîâàòü äëÿ êîëè÷åñò-

âåííîãî îïèñàíèÿ ïðîöåññà íàêîïëåíèÿ ïîâðåæ-

äåíèé. Îòìåòèì, ÷òî ñêðûòàÿ ñòàäèÿ íàêîïëåíèÿ

ïîâðåæäåíèé â ñëó÷àå ìàëîöèêëîâîé óñòàëîñòè

ìîæåò áûòü î÷åíü áëèçêà ê âåëè÷èíå äîëãîâå÷-

íîñòè îáðàçöîâ. Èìåííî òàêàÿ ñèòóàöèÿ íàáëþ-

äàëàñü äëÿ îáðàçöîâ âñåõ ÷åòûðåõ ãðóïï. Êîðîò-

êèå, íî ðåàëüíî âèäèìûå òðåùèíû (äëèíîé ìå-

íåå 0,5 ìì) ïîÿâëÿëèñü ïðè N, ðàâíîì 4900, 6100,

7200 è 14 300 öèêëîâ, ÷òî ñîîòâåòñòâóåò 94, 88,

81, 72 % äîëãîâå÷íîñòè äëÿ îáðàçöîâ òèïîâ

T4_ÀÀ, T4_BB, T4_CC è T4_XX ñîîòâåòñòâåííî.
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à á

Ðèñ. 5. Îáðàçåö T4_09: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (à) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2,0 ìì (ñëåâà) è �a1

� = 2,14 ìì (ñïðàâà)

Fig. 5. Specimen T4_09: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.0 mm (left) and �a1

� = 2.14 mm (right)

à á

Ðèñ. 6. Îáðàçåö T4_19: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (a) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2,14 ìì (ñëåâà) è �a1

� = 2,28 ìì (ñïðàâà)

Fig. 6. Specimen T4_19: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.14 mm (left) and �a1

� = 2.28 mm (right)



Âëèÿíèå êîýôôèöèåíòà àñèììåòðèè

öèêëà íà ýâîëþöèþ ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ â îêðåñòíîñòè

êîíöåíòðàòîðà íàïðÿæåíèé

Äëÿ êîëè÷åñòâåííîé îöåíêè âëèÿíèÿ êîýô-

ôèöèåíòà àñèììåòðèè öèêëà R è ðàçìàõà íà-

ïðÿæåíèé Äó íà ïåðåðàñïðåäåëåíèå ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ â îêðåñòíîñòè îòâåðñòèé

íåîáõîäèìî ïðåäñòàâèòü ïîëó÷åííóþ ýêñïåðè-

ìåíòàëüíóþ èíôîðìàöèþ â âèäå çàâèñèìîñòåé

îïðåäåëÿåìûõ âåëè÷èí îò êîëè÷åñòâà öèêëîâ íà-

ãðóæåíèÿ äëÿ ôèêñèðîâàííûõ äëèí íàäðåçîâ.

Íàèáîëüøèé èíòåðåñ â ýòîì ñìûñëå ïðåäñòàâëÿ-

åò ïåðâûé íàäðåç äëèíîé ~ ,a1
êîòîðûé ðàñïðî-

ñòðàíÿåòñÿ îò êîíòóðà îòâåðñòèÿ: âî-ïåðâûõ, îí

çàòðàãèâàåò ó÷àñòîê, íàèáîëåå ïîäâåðæåííûé

óïðóãîïëàñòè÷åñêîìó äåôîðìèðîâàíèþ, âî-âòî-

ðûõ, ýòîò íàäðåç âûïîëíÿåòñÿ â ñïëîøíîì ìàòå-

ðèàëå, ãäå íà íàêîïëåíèå ïîâðåæäåíèé íå âëèÿ-

þò ïðåäûäóùèå íàðóøåíèÿ ñïëîøíîñòè ìàòå-

ðèàëà. Äàííûå, íåîáõîäèìûå äëÿ ïîñòðîåíèÿ òà-

êèõ çàâèñèìîñòåé, ïîëó÷åíû â ïîëíîì îáúåìå

äëÿ îáðàçöîâ âñåõ ãðóïï.

Çàâèñèìîñòè ýêñïåðèìåíòàëüíûõ âåëè÷èí

ðàñêðûòèÿ â âåðøèíå ïåðâîãî íàäðåçà (CMOD)

�
~vn�1 , ÊÈÍ

~
K n

I
è T-íàïðÿæåíèé

~
Tn îò ïðîöåíòà

58 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9

à á

Ðèñ. 7. Îáðàçåö T4_23: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (a) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2,24 ìì (ñëåâà) è �a1

� = 2,10 ìì (ñïðàâà)

Fig. 7. Specimen T4_23: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.24 mm (left) and �a1

� = 2.10 mm (right)

à á

Ðèñ. 8. Îáðàçåö T4_15: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (a) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2.07 ìì (ñëåâà) è �a1

� = 2,17 ìì (ñïðàâà)

Fig. 8. Specimen T4_15: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.07 mm (left) and �a1

� = 2.17 mm (right)



äîëãîâå÷íîñòè äëÿ ðàçëè÷íûõ êîýôôèöèåíòîâ

àñèììåòðèè R è ïîñòîÿííîãî ðàçìàõà íàïðÿæå-

íèé Äó = 350 ÌÏà ïðåäñòàâëåíû íà ðèñ. 11. Ýòè

ãðàôèêè îòðàæàþò ïðîöåññ ïëàíèðîâàíèÿ ýêñïå-

ðèìåíòîâ. Äðóãèìè ñëîâàìè, èçìåðåíèÿ âåëè÷èí

ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ â êëþ÷åâûõ

òî÷êàõ ïðîâîäÿò ïðè îäèíàêîâîì ïðîöåíòå äîëãî-

âå÷íîñòè äëÿ âñåõ òð¸õ òèïîâ îáðàçöîâ.

Ðàñïðåäåëåíèÿ, ïðèâåäåííûå íà ðèñ. 11, êî-

ëè÷åñòâåííûì îáðàçîì îòðàæàþò âëèÿíèå êîýô-

ôèöèåíòà àñèììåòðèè öèêëà íàãðóæåíèÿ íà ýâî-

ëþöèþ ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ, êîòî-

ðûå îòíîñÿòñÿ ê ïåðâîìó íàäðåçó. Íåñîìíåííî,

÷òî âñå ýòè çàâèñèìîñòè ñâÿçàíû ñî ñòåïåíüþ ïî-

âðåæäåííîñòè ìàòåðèàëà. Òåïåðü âûÿñíèì, êà-

êàÿ èç ýòèõ çàâèñèìîñòåé íàèáîëåå ïðèãîäíà äëÿ

êîëè÷åñòâåííîãî îïèñàíèÿ ïðîöåññà íàêîïëåíèÿ

ïîâðåæäåíèé.

Ðàñïðåäåëåíèÿ âåëè÷èí �
~v0

ïî ïðîöåíòàì

äîëãîâå÷íîñòè (ðèñ. 11, à), êîòîðûå ñîîòâåòñòâó-

þò íà÷àëüíûì ýòàïàì ìàëîöèêëîâîãî íàãðóæå-

íèÿ (N � 0,15NF), âûÿâëÿþò çíà÷èòåëüíîå âëèÿ-

íèå óïðî÷íåíèÿ àëþìèíèåâîãî ñïëàâà âñëåä-

ñòâèå âûñîêîãî óðîâíÿ ïëàñòè÷åñêèõ äåôîð-

ìàöèé â îêðåñòíîñòè îòâåðñòèÿ äëÿ R = –0,33, òî-

ãäà êàê ýòîò ýôôåêò ìåíåå çàìåòåí äëÿ R = –0,66

è ïîëíîñòüþ îòñóòñòâóåò äëÿ R = –1,0. Ýòà òåí-

äåíöèÿ âïîëíå î÷åâèäíà — ÷åì âûøå óðîâåíü

ìàêñèìàëüíîãî íàïðÿæåíèÿ öèêëà ómax, òåì

ìåíüøå âåëè÷èíà ðàñêðûòèÿ �
~ ,v0

êîòîðàÿ ñîîò-

âåòñòâóåò îäèíàêîâûì íîìèíàëüíûì íàïðÿæå-

íèÿì ó. Âñå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû ïî-

ëó÷åíû ïðè ïîñòîÿííîé ðàñòÿãèâàþùåé íàãðóçêå

ó = 53,1 ÌÏà, ÷òî ñîîòâåòñòâóåò 15 % îò ïðåäåëà

òåêó÷åñòè ìàòåðèàëà ó0,2 = 330 ÌÏà. Ìàêñè-

ìàëüíûå íàïðÿæåíèÿ öèêëà ómax ðàâíû 250,

200,8 è 166,7 ÌÏà, ÷òî ñîîòâåòñòâóåò 76, 61 è

51 % îò ïðåäåëà òåêó÷åñòè äëÿ ãðóïï îáðàçöîâ

T4_ÀÀ, T4_BB è T4_CC ñîîòâåòñòâåííî. Âñëåäñò-

âèå ýòîãî ìàêñèìàëüíûå îêðóæíûå äåôîðìàöèè

â îêðåñòíîñòè îòâåðñòèÿ, âûçâàííûå êîíöåíòðà-

öèåé íàïðÿæåíèé ïðè äåéñòâèè âíåøíåé

ðàñòÿãèâàþùåé íàãðóçêè, â îáðàçöàõ, îòíîñÿ-

ùèõñÿ ê ãðóïïå T4_ÀÀ, çíà÷èòåëüíî áîëüøå, ÷åì

àíàëîãè÷íûå äåôîðìàöèè â îáðàçöàõ ãðóïï

T4_ÂÂ è T4_ÑÑ. Ýôôåêò êîíöåíòðàöèè äåôîðìà-

öèé è åãî âëèÿíèå íà óïðî÷íåíèå ìàòåðèàëà îñî-

áåííî çàìåòåí íà íà÷àëüíûõ ñòàäèÿõ ìàëîöèêëî-

âîé óñòàëîñòè. Äàííûé ôàêò äëÿ àëþìèíèåâîãî

ñïëàâà õîðîøî ñîãëàñóåòñÿ ñ äàííûìè ðàáîòû

[8]. Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû, ïîëó÷åííûå

äëÿ ðàçìàõà íàïðÿæåíèé Äó = 350 ÌÏà è êîýô-

ôèöèåíòà àñèììåòðèè R = –0,52, ñâèäåòåëüñòâó-

þò, ÷òî ïåòëÿ ãèñòåðåçèñà â êîîðäèíàòàõ ìàêñè-

ìàëüíàÿ îêðóæíàÿ äåôîðìàöèÿ íà êîíòóðå îò-

âåðñòèÿ å
ömax — íîìèíàëüíûå íàïðÿæåíèÿ ó ïðå-

âðàùàåòñÿ â ïðÿìóþ ëèíèþ ïîñëå ïðèëîæåíèÿ

100 öèêëîâ ê ïðÿìîóãîëüíîìó îáðàçöó ñ öåí-

òðàëüíûì îòâåðñòèåì. Îòëè÷èÿ â ýêñïåðèìåí-

òàëüíûõ çàâèñèìîñòÿõ ðàñêðûòèÿ �
~v0

îò êîëè÷å-

ñòâà öèêëîâ íàãðóæåíèÿ, ïîëó÷åííûõ äëÿ ðàç-

íûõ çíà÷åíèé R, âûçûâàþò çàòðóäíåíèÿ ïðè êî-

ëè÷åñòâåííîì àíàëèçå ïðîöåññà íàêîïëåíèÿ ïî-

âðåæäåíèé. Ýêñïåðèìåíòàëüíûå çàâèñèìîñòè

âåëè÷èí T-íàïðÿæåíèé
~
T1

îò ïðîöåíòà äîëãîâå÷-

íîñòè (ðèñ. 11, â), ïîëó÷åííûå äëÿ ðàçëè÷íûõ

çíà÷åíèé êîýôôèöèåíòà àñèììåòðèè öèêëà R,

èìåþò áîëåå âûñîêóþ ñòåïåíü ñîâïàäåíèÿ. Îäíà-

êî íåîáõîäèìî ó÷èòûâàòü, ÷òî ïîãðåøíîñòü îïðå-

äåëåíèÿ T-íàïðÿæåíèé ñîñòàâëÿåò 15 % îò àáñî-

ëþòíîé âåëè÷èíû [34], à ïîãðåøíîñòü îïðåäåëå-
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Ðèñ. 9. Îáðàçåö T4_17: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (a) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2.10 ìì (ñëåâà) è �a1

� = 2.17 ìì (ñïðàâà)

Fig. 9. Specimen T4_17: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.10 mm (left) and �a1

� = 2.17 mm (right)



íèÿ âåëè÷èí K
I

1 â áîëüøèíñòâå ñëó÷àåâ íå ïðå-

âîñõîäèò òðåõ ïðîöåíòîâ. Òàêèì îáðàçîì, èñ-

ïîëüçîâàíèå âàðèàöèé ÊÈÍ ïî êîëè÷åñòâó

öèêëîâ íàãðóæåíèÿ âûãëÿäèò áîëåå ïåðñïåêòèâ-

íûì äëÿ îöåíêè ñòåïåíè ïîâðåæäåííîñòè ìàòå-

ðèàëà.

Â îòëè÷èå îò çàâèñèìîñòåé �
~v0

(ñì. ðèñ. 11, à)

è
~
T1

(ñì. ðèñ. 11, â), ýêñïåðèìåíòàëüíûå ãðàôèêè

K
I

1 (ñì. ðèñ. 11, á) èìåþò î÷åíü áëèçêóþ ôîðìó

äëÿ ðàçëè÷íûõ âåëè÷èí R. Äàííûé ôàêò ïðåä-

ñòàâëÿåòñÿ âåñüìà çíà÷èòåëüíûì ñ òî÷êè çðåíèÿ

êîëè÷åñòâåííîãî îïèñàíèÿ âëèÿíèÿ R íà ïðîöåññ

íàêîïëåíèÿ ïîâðåæäåíèé. Äîñòàòî÷íî î÷åâèäíî,

÷òî äîëæíî ñóùåñòâîâàòü ðàçëè÷èå â ñêîðîñòè

íàêîïëåíèÿ ïîâðåæäåíèé äëÿ îáðàçöîâ òðåõ ðàç-

ëè÷íûõ ãðóïï.

Âëèÿíèå ðàçìàõà íàïðÿæåíèé

íà ýâîëþöèþ ïàðàìåòðîâ ìåõàíèêè

ðàçðóøåíèÿ â îêðåñòíîñòè

êîíöåíòðàòîðà íàïðÿæåíèé

Çàâèñèìîñòè ýêñïåðèìåíòàëüíûõ âåëè÷èí

�
~ ,vn�1

~
K n

I
è

~
Tn îò ïðîöåíòà äîëãîâå÷íîñòè, êîòî-

ðûå ïîëó÷åíû ïðè èñïûòàíèÿõ îáðàçöîâ ñ îäèíà-

êîâûì êîýôôèöèåíòîì àñèììåòðèè öèêëà R =

= –0,33, íî ðàçëè÷íûìè ðàçìàõàìè íàïðÿæåíèé

Äó, ðàâíûìè 333,3 è 233,3 ÌÏà, ïðåäñòàâëåíû

íà ðèñ. 12.

Ðàñïðåäåëåíèÿ ÊÈÍ (ñì. ðèñ. 12, á), êàê è â

ñëó÷àå âàðèàöèè êîýôôèöèåíòà àñèììåòðèè R

(ñì. ðèñ. 11, á), ïðåäñòàâëÿþò îñîáûé èíòåðåñ,

òàê êàê îíè èìåþò ïðàêòè÷åñêè îäèíàêîâóþ ôîð-

ìó. Òàêîå áëèçêîå ñîâïàäåíèå ïîçâîëÿåò êîëè÷å-

ñòâåííî îïèñàòü âëèÿíèå ðàçìàõà íàïðÿæåíèé

Äó íà ïðîöåññ íàêîïëåíèÿ ïîâðåæäåíèé.

Çàêëþ÷åíèå

Ïîëó÷åíû íîâûå ýêñïåðèìåíòàëüíûå äàí-

íûå, êîòîðûå îïèñûâàþò âëèÿíèå èçìåíåíèÿ êî-

ýôôèöèåíòà àñèììåòðèè R è ðàçìàõà íàïðÿæå-

íèé öèêëà Äó íà ýâîëþöèþ ïàðàìåòðîâ ìåõàíè-

êè ðàçðóøåíèÿ äëÿ òðåùèí ðàçëè÷íîé äëèíû.

Òðåùèíû ìîäåëèðîâàëè ïîñëåäîâàòåëüíîñòüþ

óçêèõ íàäðåçîâ, íà÷èíàþùèõñÿ îò ñêâîçíîãî îò-

âåðñòèÿ â ïðÿìîóãîëüíîì îáðàçöå, ïîñëå äîñòè-

æåíèÿ ðàçëè÷íûõ ñòàäèé ìàëîöèêëîâîé óñòàëî-
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Fig. 11. Dependences of �
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1 (b), and

~
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Ðèñ. 10. Ðàñïðåäåëåíèÿ âåëè÷èí ðàñêðûòèÿ â âåðøèíå òðåùèíû Äv
n – 1

(à), K n
I

(á) è T-íàïðÿæåíèé
~
Tn

(â) ïî äëèíå íàäðå-

çà íà ðàçëè÷íûõ ýòàïàõ öèêëè÷åñêîãî íàãðóæåíèÿ äëÿ îáðàçöîâ ãðóïïû T4_BB

Fig. 10. Experimental values of CMOD �
~
vn�1

(a), SIF K n
I

(b)
~
Tn (c) as a function of total notch length for the specimens of

T4_BB group



ñòè. Íàäðåçû âûïîëíÿëè ïðè ïîñòîÿííîé âíåø-

íåé íàãðóçêå, îäèíàêîâîé äëÿ âñåõ îáðàçöîâ.

Èññëåäîâàíèÿ ïðîâåäåíû äëÿ òðåõ ïðîãðàìì íà-

ãðóæåíèÿ ñ îäèíàêîâûìè âåëè÷èíàìè ðàçìàõà

íàïðÿæåíèé Äó, íî ðàçëè÷íûìè çíà÷åíèÿìè êî-

ýôôèöèåíòà àñèììåòðèè öèêëà R, à òàêæå äëÿ

äâóõ ïðîãðàìì íàãðóæåíèÿ ñ îäèíàêîâûì R, íî

ðàçëè÷íûìè Äó. Èçìåðåíèå äåôîðìàöèîííîãî

îòêëèêà íà ëîêàëüíîå óäàëåíèå ìàòåðèàëà â ôîð-

ìå óçêîãî íàäðåçà ïðîâîäèëè ìåòîäîì ýëåêòðîí-

íîé ñïåêë-èíòåðôåðîìåòðèè. Èñõîäíûå ýêñïå-

ðèìåíòàëüíûå äàííûå, ïðåäñòàâëÿþùèå ñîáîé

àáñîëþòíûå âåëè÷èíû ïëîñêèõ êîìïîíåíò ïåðå-

ìåùåíèé íà áåðåãàõ íàäðåçà, ïðåîáðàçîâûâàëè

â âåëè÷èíû ÊÈÍ è T-íàïðÿæåíèé. Ïîëó÷åíû

ðàñïðåäåëåíèÿ âåëè÷èí ðàñêðûòèÿ âåðøèíû

íàäðåçà (CMOD), ÊÈÍ è T-íàïðÿæåíèé ïî äëèíå

òðåùèíû, êîòîðàÿ ðàñïðîñòðàíÿåòñÿ îò êîíòóðà

ñêâîçíîãî îòâåðñòèÿ, íà ðàçëè÷íûõ ýòàïàõ ìàëî-

öèêëîâîãî íàãðóæåíèÿ ñ ðàçëè÷íûìè âåëè÷è-

íàìè R è Äó. Ýòè äàííûå îáåñïå÷èëè ïîñòðîåíèå

çàâèñèìîñòåé ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ

äëÿ íàäðåçîâ ôèêñèðîâàííîé äëèíû îò ïðîöåíòà

äîëãîâå÷íîñòè îáðàçöîâ, êîòîðûå îòðàæàþò ïðî-

öåññ íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé.

Â ñëåäóþùåé ñòàòüå áóäåò ïîêàçàíî, êàê ïîëó-

÷åííûå ðàñïðåäåëåíèÿ âåëè÷èí ÊÈÍ ïî ïåðèîäó

äîëãîâå÷íîñòè ìîæíî èñïîëüçîâàòü äëÿ ïîëó÷å-

íèÿ ÿâíîãî âèäà ôóíêöèè íàêîïëåíèÿ ïîâðåæ-

äåíèé.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà â ðàìêàõ Ïðîãðàììû ñî-

âìåñòíûõ ôóíäàìåíòàëüíûõ èññëåäîâàíèé ïî

àâèàöèîííî-êîñìè÷åñêèì òåõíîëîãèÿì ÔÃÓÏ

«ÖÀÃÈ» è èíñòèòóòîâ ÐÀÍ íà 2019 – 2020 ãã., à

òàêæå ïðè ïîääåðæêå Ðîññèéñêîãî íàó÷íîãî ôîí-

äà (ïðîåêò ¹ 18-19-00351).

ËÈÒÅÐÀÒÓÐÀ (REFERENCES)

1. Makhutov N. A. Deformation criteria of fracture and structu-

res elements strength analysis. — Moscow: Mashinostroenie,

1981. — 271 p. [in Russian].

2. Osgood C. C. Fatigue Design, 2nd edition. — Oxford, UK: Per-

gamon Press, 1982. — 606 p.

3. Collins J. A. Failure of Materials in Mechanical Design: Analy-

sis, Prediction, Prevention, 2nd edition. — NY, Chichester, Bris-

bane, Toronto, Singapore: John Wiley & Sons, 1993. — 672 p.

4. Makhutov N., Matvienko Yu., Chernyakov S. A unified

methodological approach to calculation analysis of the stages of

nucleation and growth of low-cycle fatigue cracks / Mater. Sci.

1993. Vol. 29. N 2. P. 109 – 114.

5. Zerbst U., Klinger C., Clegg R. Fracture mechanics as a tool

in failure analysis — prospects and limitations / Engineering

Failure Analysis. 2015. Vol. 55. P. 376 – 410. DOI: 10.1016/j.eng-

failanal.2015.07.001.

6. Chiang F.-P. Moiré and speckle methods applied to elastic-plas-

tic fracture studies / Experimental Techniques in Fracture

mechanics. 3rd edition // J. S. Epstein, Ed. — NY: VCH, 1993.

P. 291 – 325.

7. Post D., Han B., Ifju P. High Sensitivity Moiré. Exp. Analysis

for Mech. and Mat. — Berlin: Springer Verlag, 1994. — 444 p.

8. Shchepinov V. P., Pisarev V. S., Novikov S. A., Bala-

lov V. V., Odintsev I. N., Bondarenko M. M. Strain and

Stress Analysis by Holographic and Speckle Interferometry. —

Chichester: John Wiley, 1996. — 483 p.

9. Lee C. et al. Determination of plastic strains at notches

by image-processing methods / Exp. Mech. 1989. Vol. 29. N 2.

P. 214 – 220.

10. Steckenrider J., Wagner J. Computed speckle decorrelation

(CSD) for the study of fatigue damage / Optics & Lasers in

Engineering. 1995. Vol. 22. N 1. P. 3 – 15.

11. Diaz E. V., Kaufmann G. H., Armas A. E., Galizzi G. E.

Optical measurement of the plastic zone size in a notched metal

specimen subjected to low-cycle fatigue / Optics & Lasers in

Engineering. 2001. Vol. 35. N 6. P. 325 – 333.

12. Diaz E. V., Armas A. E., Kaufmann G. H., Galizzi G. E.

Fatigue damage accumulation around a notch using a digital

image measurement system / Experimental Mechanics. 2004.

Vol. 44. N 3. P. 241 – 246.

13. Hamam R., Hild F., Roux S. Stress intensity factor gauging

by digital image correlation: Application in cyclic fatigue /

Strain. 2007. Vol. 43. P. 81 – 192.

14. Backman D. et al. The use of digital image correlation in a

parametric study on the effect of edge distance and thickness on

residual strains after hole cold expansion / J. Strain Analysis.

2008. Vol. 43. P. 781 – 789.

15. López-Crespo P. et al. The stress intensity of mixed mode

cracks determined by digital image correlation / J. Strain Anal.

for Eng. Design. Vol. 43. P. 769 – 780.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9 61

à

á

â

Ðèñ. 12. Çàâèñèìîñòè âåëè÷èí ðàñêðûòèÿ âåðøèíû íàäðåçà �
~
v0

(à), ÊÈÍ K I
1 (á) è T-íàïðÿæåíèé

~
T1

(â) äëÿ ðàçëè÷íûõ

çíà÷åíèé ïàðàìåòðà Äó îò ïðîöåíòà äîëãîâå÷íîñòè

Fig. 12. Dependences of CMOD �
~
v0

(a), SIF K I
1 (b), and

~
T1

(c) on the lifetime for different stress range Äó



16. Razumovskii I. A. Interference optical methods of deformable

solid mechanics. — Moscow: Izd. MGTU im. N. É. Baumana,

2007. — 240 p. [in Russian].

17. De-Matos P. F. P., Nowell D. Experimental and numerical in-

vestigation of thickness effects in plasticity-induced fatigue

crack closure / International Journal of Fatigue. 2009. Vol. 31.

P. 1795 – 1804.

18. López-Crespo P. et al. Some experimental observations on

crack closure and crack-tip plasticity / Fat. Fract. Eng. Mater,

Struct. 2009. Vol. 32. P. 418 – 429.

19. Backman D., Cowal C., Patterson E. Analysis of the effects

of cold expansion of holes using thermoelasticity and image cor-

relation / Fatigue & Fracture of Engineering Materials & Struc-

tures. 2010. Vol. 33. P. 859 – 870.

20. Mathieu F., Hild F., Roux S. Identification of a crack propa-

gation law by digital image correlation / International Journal

of Fatigue. 2012. Vol. 36. P. 146 – 154.

21. Mathieu F., Hild F., Roux S. Image-based identification pro-

cedure of a crack propagation law / Engineering Fracture Mech-

anics. 2013. Vol. 103. P. 48 – 59.

22. Zanganeh M., López-Crespo P., Tai Y. H., Yates J. R. Loca-

ting the crack tip using displacement field data: a comparative

study / Strain. 2013. Vol. 49. P. 102 – 115.

23. Yusof F., López-Crespo P., Withers P. J. Effect of overload on

crack closure in thick and thin specimens via digital image

correlation / International Journal of Fatigue. 2013. Vol. 56.

P. 17 – 24.

24. López-Crespo P. et al. Overload effects on fatigue crack-tip

fields under plane stress conditions: surface and bulk analysis /

Fatigue and Fracture of Engineering Materials and Structures.

2013. Vol. 36. P. 75 – 84.

25. Withers P. J. et al. 2D mapping of plane stress crack-tip fields

following an overload / Frattura ed Integrità Strutturale. 2015.

Vol. 33. P. 151 – 158. DOI: 10.3221/IGF-ESIS.33.19.

26. López-Crespo P., Moreno B., Lopez-Moreno A., Zapate-

ro J. Characterisation of crack-tip fields in biaxial fatigue based

on high-magnification image correlation and electro-spray tec-

hnique / International Journal of Fatigue. 2015. Vol. 71.

P. 17 – 25.

27. Vasco-Olmo J. M., Díaz F. A., Patterson E. A. Experimental

evaluation of shielding effect on growing fatigue cracks under

overloads using ESPI / International Journal of Fatigue. 2016.

Vol. 83. P. 117 – 126.

28. Mokhtarishirazabad M. et al. Optical and analytical investi-

gation of overloads in biaxial fatigue cracks / International

Journal of Fatigue. 2017. Vol. 100. P. 583 – 590. DOI: 10.1016/j.

ijfatigue.2016.12.035.

29. Mokhtarishirazabad M. et al. Evaluation of crack-tip fields

from DIC data: a parametric study / International Journal of

Fatigue. 2016. Vol. 89. P. 11 – 19.

30. Vaidyanathan S., Finnie I. Determination of residual stres-

ses from stress intensity factor measurement / Journal of Basic

Engineering. 1971. Vol. 93. P. 242 – 246.

31. Cheng W., Finnie I. Measurement of residual hoop stresses

in cylinders using the compliance method / ASME Journal of

Engineering Materials and Technology. 1986. Vol. 108. P. 87 –

92.

32. Schindler H. J. Determination of residual stress distributions

from measured stress intensity factors / International Journal

of Fracture. 1995. Vol. 74. P. R23 – R30.

33. Schindler H. J., Cheng W., Finnie I. Experimental determi-

nation of stress intensity factors due to residual stresses / Expe-

rimental Mechanics. 1997. Vol. 37. P. 272 – 277.

34. Pisarev V. S., Matvienko Y. G., Eleonsky S. I., Odin-

tsev I. N. Combining the crack compliance method and speckle

interferometry data for determination of stress intensity

factors and T-stresses / Engineering Fracture Mechanics. 2017.

Vol. 179. P. 348 – 374.

35. Pisarev V. S., Matvienko Y. G., Eleonsky S. I., Odin-

tsev I. N. Effect of Low-Cycle Fatigue on Fracture Mechanics

Parameters According to Speckle Interferometry / Zavod. Lab.

Diagn. Mater. 2016. Vol. 82. N 6. P. 44 – 56 [in Russian].

36. Matvienko Yu. G., Pisarev V. S., Eleonsky S. I. The effect

of low-cycle fatigue on evolution of fracture mechanics para-

meters in residual stress field caused by cold hole expansion /

Frattura ed Integrita Strutturale. 2019. Vol. 47. P. 303 – 320.

DOI: 10.3221/IGF-ESIS.47.23.

37. Pisarev V. S., Odintsev I. N., Eleonsky S. I., Apalkov A. A.

Residual stress determination by optical interferometric mea-

surements of hole diameter increments / Optics & Lasers in

Engineering. 2018. Vol. 110. P. 437 – 456.

62 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9


