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Áåçîïàñíîñòü è æèâó÷åñòü îáîðóäîâàíèÿ ðåãëàìåíòèðóþòñÿ ïðî÷íîñòíûìè õàðàêòåðèñòè-

êàìè åãî îòäåëüíûõ óçëîâ è ýëåìåíòîâ, â êîòîðûõ ìîãóò áûòü íà÷àëüíûå èëè ýêñïëóàòàöè-

îííûå äåôåêòû òèïà ïîâåðõíîñòíûõ ðàçíîîðèåíòèðîâàííûõ ïîëóýëëèïòè÷åñêèõ òðåùèí.

×èñëåííûå ìåòîäû ðàñ÷åòà ïîçâîëÿþò ïîëó÷èòü áîëüøèé îáúåì èíôîðìàöèè î íàïðÿæåí-

íî-äåôîðìèðîâàííîì ñîñòîÿíèè (ÍÄÑ) ýòèõ ýëåìåíòîâ ïî çàäàííûì àëãîðèòìàì ðàñ÷åòà

ñîîòâåòñòâóþùèõ ìîäåëåé ðàçðóøåíèÿ. Èçìåíåíèå âèäà ÍÄÑ âáëèçè êîíòóðà òðåùèí ïðè

ïåðåõîäå îò áîëåå ãëóáîêèõ òî÷åê ê ïîâåðõíîñòíûì çàâèñèò îò ñòåñíåíèÿ äåôîðìàöèé

âäîëü èõ ôðîíòà, ò.å. îò îáúåìíîñòè ÍÄÑ. Íà îñíîâå ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ è

÷èñëåííûõ ðåøåíèé ïðîâåäåíà äèàãíîñòèêà ôîðìîèçìåíåíèÿ äåôåêòîâ òèïà ïîâåðõíîñò-

íûõ ðàçíîíàïðàâëåííûõ ïîëóýëëèïòè÷åñêèõ ìàëîöèêëîâûõ òðåùèí. Äàííûå êîíå÷íî-

ýëåìåíòíîãî ìîäåëèðîâàíèÿ ðåàëèçîâàíû íà îñíîâå ìàêðîñîâ ïðîãðàììíîãî êîìïëåêñà

ANSYS. Èññëåäîâàíà çàêîíîìåðíîñòü íàïðàâëåííîñòè ðàçâèòèÿ óïðóãîïëàñòè÷åñêîãî ðàç-

ðóøåíèÿ ïðè ìàëîöèêëîâîì íàãðóæåíèè. Èçëîæåííàÿ ìåòîäîëîãèÿ ïîäòâåðæäåíà ïàðà-

ìåòðè÷åñêèìè óðàâíåíèÿìè êèíåòèêè ôîðìîèçìåíåíèÿ èññëåäóåìûõ òðåùèí ïðè ôðàê-

òîãðàôè÷åñêîì àíàëèçå ïîâåðõíîñòåé èõ ðàçâèòèÿ. Ïî ðåçóëüòàòàì èñïûòàíèÿ îáðàçöîâ

ñ ïîëóýëëèïòè÷åñêèìè òðåùèíàìè ïðè ìàëîöèêëîâîì íàãðóæåíèè ïðèâåäåí àíàëèç ïàðà-

ìåòðîâ ìîðôîëîãèè ïîâåðõíîñòåé ðàçâèâøèõñÿ äåôåêòîâ. Ïðåäñòàâëåíû ðåçóëüòàòû èçìå-

ðåíèé ïîëåé èíòåíñèâíîñòåé óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â âåðøèíå òðåùèíû è ãåî-

ìåòðè÷åñêèõ õàðàêòåðèñòèê ðàçâèòèÿ ïîâåðõíîñòåé ðàçðóøåíèÿ. Àíàëèç äèíàìèêè ëîêà-

ëüíîãî íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ âáëèçè êîíòóðà ðàçíîîðèåíòèðîâàííûõ

äåôåêòîâ â äåòàëÿõ è êîíñòðóêöèÿõ îáîðóäîâàíèÿ ïîêàçàë õîðîøåå ñîîòâåòñòâèå ìåæäó ýê-

ñïåðèìåíòàëüíûìè ïàðàìåòðàìè ãåîìåòðèè ôîðì ðàçâèâàþùèõñÿ òðåùèí è õàðàêòå-

ðèñòèêàìè, ïîëó÷åííûìè ÷èñëåííûìè ìåòîäàìè ðåøåíèÿ. Ïðåäñòàâëåííûå ïàðàìåòðè-

÷åñêèå óðàâíåíèÿ óòî÷íÿþò õàðàêòåðèñòèêè íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ, ïîçâîëÿ-

þùèå îöåíèâàòü è ïðîãíîçèðîâàòü æèâó÷åñòü è áåçîïàñíîñòü ðàáîòîñïîñîáíîñòè îòâåò-

ñòâåííîãî îáîðóäîâàíèÿ. Íà îñíîâå äåôîðìàöèîííûõ êðèòåðèåâ íåëèíåéíîé ìåõàíèêè

ðàçðóøåíèÿ ïîêàçàíà çàâèñèìîñòü ðàçâèòèÿ ðàçðóøåíèÿ îò îáúåìíîñòè íàïðÿæåííî-äå-

ôîðìèðîâàííîãî ñîñòîÿíèÿ, óêàçûâàþùàÿ íà íàïðàâëåííîñòü ãåîìåòðè÷åñêîãî ðàçâèòèÿ

ôîðìû ïîâåðõíîñòè ðàçðóøåíèÿ.

Êëþ÷åâûå ñëîâà: ïîâåðõíîñòíûå íàêëîííûå ïîëóýëëèïòè÷åñêèå òðåùèíû; óïðóãî-

ïëàñòè÷åñêèå äåôîðìàöèè è íàïðÿæåíèÿ; ìàëîöèêëîâîå ðàçðóøåíèå; îáúåìíîñòü íàïðÿ-

æåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ.
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Safety, survivability, and serviceability of the equipment are governed by the strength characteristics of

the separate units and elements which can contain initial or operational defects such as superficial differ-
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ently oriented semi-elliptical cracks. Numerical methods of calculation provide a large bulk of information

about the stress-strain state (SSS) of those elements proceeding from the given algorithms for calculating

the corresponding fracture models. Change in the type of the SSS near the crack contour when going from

the bulk to the surface depends on the constraint of deformations along their front, i.e., on the 3D charac-

ter of the SSS. Diagnostics of the form change of the defects (surface differently oriented semi-elliptic

low-cycle cracks) is carried out on the basis of experimental results and numerical solutions. The data of

the finite element modeling are implemented on the basis of macros of the ANSYS program complex. The

regularity of the directionality of developing the elastoplastic fracture under low-cycle loading is studied.

The proposed methodology is proved by the parametric equations of the kinetics of forming changes of the

cracks under study in the fractographic analysis of the surfaces of their development. The results of test-

ing samples with semi-elliptic cracks under low-cycle loading are used in analysis of the parameters of the

morphology of the surfaces of the developed defects. The results of measuring fields of elastoplastic defor-

mation intensity in the crack tip and geometrical characteristics of the fracture surface development are

presented. Analysis of the dynamics of the local stress-strain state near the contour of multi-oriented de-

fects in parts and structural units of the equipment showed a good agreement between the experimental

parameters of the geometry of developing cracks and characteristics obtained by numerical methods. The

presented parametric equations specify the characteristics of nonlinear fracture mechanics thus providing

reliable estimation and forecasting of survivability, and safety of serviceability of the critical equipment.

The deformation criteria of nonlinear fracture mechanics are used to demonstrate the dependence of frac-

ture development on the 3D character of the stress-strain state indicating to the directionality of the geo-

metric development of the fracture surface form.

Keywords: surface inclined semi-elliptical cracks; elastic-plastic deformations and stresses; low-cycle

fracture; 3D character of the stress-strain state.

Ââåäåíèå

Ðåñóðñ îáîðóäîâàíèÿ îïðåäåëÿåòñÿ ïðî÷íîñò-

íûìè õàðàêòåðèñòèêàìè åãî îòäåëüíûõ óçëîâ è

äåòàëåé ïðè íàëè÷èè â íèõ íà÷àëüíûõ èëè ýêñ-

ïëóàòàöèîííûõ äåôåêòîâ òèïà ïîâåðõíîñòíûõ

ðàçíîîðèåíòèðîâàííûõ ïîëóýëëèïòè÷åñêèõ òðå-

ùèí. Ìåòîäû íà îñíîâå ïðåäëîæåííûõ àëãîðèò-

ìîâ ðàñ÷åòà ñîîòâåòñòâóþùèõ ìîäåëåé ðàçðóøå-

íèÿ äàþò âîçìîæíîñòü ïîëó÷èòü áîëåå ïîëíóþ

èíôîðìàöèþ î ðåçóëüòàòàõ ðàñïðåäåëåíèÿ îáú-

åìíûõ ïîëåé óïðóãîïëàñòè÷åñêèõ íàïðÿæåíèé è

äåôîðìàöèé. Êèíåòèêà âèäà íàïðÿæåííî-äåôîð-

ìèðîâàííîãî ñîñòîÿíèÿ (ÍÄÑ) âáëèçè êîíòóðà

òðåùèí çàâèñèò îò ñòåñíåíèÿ äåôîðìàöèé âäîëü

èõ ôðîíòà, ò.å. îò îáúåìíîñòè ÍÄÑ.

Ñ ó÷åòîì ðàñ÷åòíî-ýêñïåðèìåíòàëüíûõ ðå-

çóëüòàòîâ è ÷èñëåííûõ ðåøåíèé ñõåìàòèçèðîâà-

íî ôîðìîèçìåíåíèå äåôåêòîâ òèïà ïîâåðõíîñò-

íûõ íàêëîííûõ ïîëóýëëèïòè÷åñêèõ ìàëîöèêëî-

âûõ òðåùèí. Ðåçóëüòàòû êîíå÷íî-ýëåìåíòíîãî

ìîäåëèðîâàíèÿ ïîëó÷åíû íà îñíîâå ìàêðîñîâ

ïðîãðàììíîãî êîìïëåêñà ANSYS. Ïðîâåäåíî ìî-

äåëèðîâàíèå çàêîíîìåðíîñòè íàïðàâëåíèÿ ðàç-

âèòèÿ óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ ïðè ìà-

ëîöèêëîâîì íàãðóæåíèè. Äàííàÿ ìåòîäîëîãèÿ

ïîäòâåðæäàåòñÿ ïàðàìåòðè÷åñêèìè óðàâíåíèÿìè

êèíåòèêè ôîðìîèçìåíåíèÿ èññëåäóåìûõ òðåùèí

ïðè ôðàêòîãðàôè÷åñêîì àíàëèçå ïîâåðõíîñòåé

èõ ðàçâèòèÿ. Äàí àíàëèç ïàðàìåòðîâ ìîðôîëî-

ãèè ïîâåðõíîñòåé ðàçâèâøèõñÿ äåôåêòîâ ïðè ìà-

ëîöèêëîâîì íàãðóæåíèè. Ðåçóëüòàòû ýêñïåðè-

ìåíòàëüíûõ èçìåðåíèé ïîëåé èíòåíñèâíîñòåé

óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â âåðøèíå òðå-

ùèíû è ãåîìåòðè÷åñêèõ õàðàêòåðèñòèê ðàçâèòèÿ

ïîâåðõíîñòåé ðàçðóøåíèÿ, à òàêæå äèíàìèêè ëî-

êàëüíîãî íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿ-

íèÿ âáëèçè êîíòóðà ðàçíîîðèåíòèðîâàííûõ äå-

ôåêòîâ â äåòàëÿõ è êîíñòðóêöèÿõ îáîðóäîâàíèÿ

ïîêàçàëè õîðîøåå ñîîòâåòñòâèå ñ ïàðàìåòðàìè,

íàéäåííûìè ÷èñëåííûìè ìåòîäàìè ðåøåíèÿ

[1 – 15]. Ïîëó÷åííûå ïàðàìåòðè÷åñêèå óðàâíå-

íèÿ óòî÷íÿþò õàðàêòåðèñòèêè íåëèíåéíîé ìåõà-

íèêè ðàçðóøåíèÿ, äàþò âîçìîæíîñòü îöåíèâàòü

è ïðîãíîçèðîâàòü æèâó÷åñòü è áåçîïàñíîñòü ðàáî-

òîñïîñîáíîñòè îòâåòñòâåííîãî îáîðóäîâàíèÿ. Íà

îñíîâå äåôîðìàöèîííûõ êðèòåðèåâ íåëèíåéíîé

ìåõàíèêè ðàçðóøåíèÿ ïîêàçàíà çàâèñèìîñòü ðàç-

íîíàïðàâëåííîñòè ðàçâèòèÿ ôîðìû ïîâåðõíîñòè

ðàçðóøåíèÿ èññëåäóåìûõ òðåùèí îò îáúåìíîñòè

íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ.

Öåëü ðàáîòû

Öåëü — èññëåäîâàíèå íà îñíîâå äåôîðìàöè-

îííûõ êðèòåðèåâ íåëèíåéíîé ìåõàíèêè ðàçðó-

øåíèÿ çàâèñèìîñòè ðàçâèòèÿ è íàïðàâëåíèÿ ïðî-

öåññà óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ îò îáúåì-

íîñòè íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ.

Ìåòîäû èññëåäîâàíèÿ

Â ðàáîòå èñïîëüçîâàíû êàê ðàñ÷åòíî-ýêñïåðè-

ìåíòàëüíûå ìåòîäû èññëåäîâàíèÿ êèíåòèêè ìà-

ëîöèêëîâûõ ïîâåðõíîñòíûõ ðàçíîîðèåíòèðîâàí-

íûõ ïîëóýëëèïòè÷åñêèõ òðåùèí, òàê è ÷èñëåí-

íûå ìåòîäû ðàñ÷åòà íà îñíîâå ïðîãðàììíîãî

êîìïëåêñà ANSYS ëîêàëüíûõ ïîëåé óïðóãîïëà-

ñòè÷åñêèõ äåôîðìàöèé è íàïðÿæåíèé ïî êîíòóðó

èññëåäóåìûõ òðåùèí.
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Ðåçóëüòàòû ðàáîòû, èõ îöåíêà,

ñîïîñòàâëåíèå ñ äàííûìè,

ïîëó÷åííûìè äðóãèìè ìåòîäàìè

Êàê èçâåñòíî, îïðåäåëÿþùåå óðàâíåíèå óïðó-

ãîïëàñòè÷åñêîé òåîðèè, ñâÿçûâàþùåå ïðèðàùå-

íèÿ òåíçîðà äåôîðìàöèé e
ij

p
è òåíçîðà íàïðÿæå-

íèé óij, èìååò âèä

de
f

hd f
ij

p

ij

�

�

�

�

	

, (1)

ãäå f — íåêîòîðàÿ ôóíêöèÿ íàãðóæåíèÿ; h —

ôóíêöèÿ óïðî÷íåíèÿ, çàâèñÿùàÿ îò ïëàñòè÷å-

ñêèõ äåôîðìàöèé è íàïðÿæåíèé, âåêòîðà íàãðó-

æåíèÿ è ïîâåðõíîñòè íàãðóæåíèÿ. Ïîëíîå ñîîò-

íîøåíèå ìåæäó íàïðÿæåíèÿìè è äåôîðìàöèÿìè

ìîæíî ïðåäñòàâèòü êàê

de
G

ds
f

hd f
ij ij

ij

� �

�

�

�

1

2 	

. (2)

Çàêîíîìåðíîñòè ðàçâèòèÿ è íàïðàâëåíèÿ

ïðîöåññà óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ ïðè

íàëè÷èè ìàëîöèêëîâûõ òðåùèí â ýëåìåíòàõ êîí-

ñòðóêöèé ÿâëÿþòñÿ ïðèîðèòåòíûìè ïðè îöåíè-

âàíèè èõ ýêñïëóàòàöèîííîãî ðåñóðñà.

Èññëåäîâàíèÿ ïðîâîäèëè íà òðóá÷àòûõ îá-

ðàçöàõ ñ âíóòðåííèì è âíåøíèì äèàìåòðàìè

D = 50 ìì è d = 30 ìì èç àóñòåíèòíîé êîððîçè-

îííî-ñòîéêîé ñòàëè òèïà 08Õ18Í9, ñõåìà êîòî-

ðûõ ïðèâåäåíà íà ðèñ. 1. Äëÿ ýòîé ñòàëè ïðåäåë

óïðóãîñòè óy = 107,6 ÌÏà, ïðåäåë òåêó÷åñòè óò =

= 195 ÌÏà, ïðåäåë ïðî÷íîñòè óâ = 632 ÌÏà,

ñîïðîòèâëåíèå ðàçðûâó â øåéêå Sk = 1261 ÌÏà,

îòíîñèòåëüíîå ñóæåíèå øk = 71,1 %, ìîäóëü

óïðóãîñòè E = 2,1 · 1011 ÌÏà.

Íàíåñåíèå èñõîäíûõ íàäðåçîâ è èñïûòàíèÿ

ïðîâîäèëè ñîãëàñíî ìåòîäèêå è êðèòåðèÿì ðàáîò

[1 – 9]. Íà ðèñ. 2 ïðèâåäåíà çàâèñèìîñòü [7] îòíî-

øåíèÿ ïîëóîñåé ïîäðàñòàþùèõ ïîâåðõíîñòåé

ðàçðóøåíèÿ îò îòíîñèòåëüíîé ãëóáèíû äåôåêòà,

ãäå a è b — áîëüøàÿ è ìàëàÿ ïîëóîñè ïîëóýëëèï-

òè÷åñêîé òðåùèíû; ax
* — ïðîåêöèÿ ïîëóîñè ðàñ-

÷åòíîé ïîâåðõíîñòè íà îñü OX; t — òîëùèíà

ñòåíêè îáðàçöà. Ïðè ñîîòâåòñòâóþùèõ íîìèíàëü-

íûõ îòíîñèòåëüíûõ íàïðÿæåíèÿõ öèêëà íàãðó-

æåíèÿ 	 n
= ón/óò (ón — íîìèíàëüíîå íàïðÿæåíèå

â ñå÷åíèè îáðàçöà) è óãëàõ íàêëîíà ðàñ÷åòíîé

ïîâåðõíîñòè â* íàáëþäàåòñÿ ïðèîðèòåòíûé ðîñò

ìàëîé ïîëóîñè ñ óâåëè÷åíèåì ãëóáèíû òðåùèíû.

Ôóíêöèîíàëüíîå èçìåíåíèå íà îñíîâå [7] îïèñà-

íî ýìïèðè÷åñêîé çàâèñèìîñòüþ

b

a
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t
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ãäå óbi, óòi — ñîîòâåòñòâåííî ëîêàëüíûé ïðåäåë

ïðî÷íîñòè è òåêó÷åñòè ìàòåðèàëà â i-çîíå;

e e D I
fi c e� — îòíîñèòåëüíàÿ ðàçðóøàþùàÿ äå-

ôîðìàöèÿ â ëîêàëüíîé çîíå òðåùèíû; ec
— îòíî-

ñèòåëüíàÿ ðàçðóøàþùàÿ ìåñòíàÿ äåôîðìàöèÿ

äëÿ ãëàäêîãî îáðàçöà; De — êîýôôèöèåíò ñíèæå-

íèÿ ïðåäåëüíûõ ïëàñòè÷åñêèõ äåôîðìàöèé â

çîíå âåðøèíû òðåùèíû; I — êîýôôèöèåíò ïîâû-

øåíèÿ ïåðâîãî ãëàâíîãî íàïðÿæåíèÿ â çîíå âåð-

øèíû òðåùèíû çà ñ÷åò âîçíèêíîâåíèÿ îáúåìíî-

ãî íàïðÿæåííîãî ñîñòîÿíèÿ. Äëÿ ðàññìàòðèâàå-

ìîãî êëàññà ñòàëåé ïàðàìåòðû Ai (ïðè i = 1 – 6)

ïðèíèìàþò ñëåäóþùèå çíà÷åíèÿ: A1 = 1,61; A2 =

= 0,058; A3 = 0,647; A4 = 0,107; A5 = 0,852; A6 =

= 1,4 · 10–3. Äëÿ ïëîñêîãî íàïðÿæåííîãî ñîñòîÿ-

íèÿ ïëàñòèíû De = 0,610 è I = 1,10, à äëÿ ïëî-

ñêîé äåôîðìàöèè — De = 0,209 è I = 2,490. Ñïðà-

âåäëèâîñòü ôóíêöèè (2) ïîäòâåðæäàåòñÿ ôðàêòî-

ãðàôè÷åñêèì èññëåäîâàíèåì ìîðôîëîãèè ïîâåðõ-

íîñòè ðàçðóøåíèÿ [11].
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à

á

Ðèñ. 1. Ñõåìà òðóá÷àòîãî îáðàçöà ñ èñõîäíûìè íàäðåçà-

ìè (à) è èçîìåòðè÷åñêîå èçîáðàæåíèå ïîâåðõíîñòè òðå-

ùèíû, ïîäðîñøåé èç èñõîäíîãî ïîëóýëëèïòè÷åñêîãî íàä-

ðåçà ïðè â = ð/3 (á)

Ðèñ. 2. Ýêñïåðèìåíòàëüíûå òî÷êè è ðàñ÷åòíûå çàâèñè-

ìîñòè b/ax
* ïî óðàâíåíèþ (2) îò îòíîñèòåëüíîé ãëóáèíû

òðåùèíû äëÿ îáðàçöîâ ñòàëè 08Õ18Í9 c d/D = 0,6



Äëÿ óòî÷íåííîãî îáîñíîâàíèÿ ôîðìîèçìåíå-

íèÿ ïîâåðõíîñòè ðàçâèâàþùèõñÿ òðåùèí íà îñ-

íîâå ïðîãðàììíîãî êîìïëåêñà ANSYS [10] âû-

ïîëíåíû ÷èñëåííûå ðàñ÷åòû ÍÄÑ äëÿ òðåùèí

íîðìàëüíîãî îòðûâà, ðàçíîé ãëóáèíû è ãåîìåò-

ðèè. Ñõåìà ðàñ÷åòíîé êîíå÷íî-ýëåìåíòíîé ìîäå-

ëè ïðèâåäåíà íà ðèñ. 3.

Íà ðèñ. 4 ïðåäñòàâëåíî ðàñïðåäåëåíèå ëî-

êàëüíûõ îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ äå-

ôîðìàöèé âäîëü êîíòóðà òðåùèíû íîðìàëüíîãî

îòðûâà â = ð/2 ïðè íîìèíàëüíîé íàãðóçêå öèêëà

	 n
= 1,3, ãäå e

i
= ei/eò — îòíîñèòåëüíàÿ èíòåí-

ñèâíîñòü óïðóãîïëàñòè÷åñêîé äåôîðìàöèè; ei —

èíòåíñèâíîñòü óïðóãîïëàñòè÷åñêîé äåôîðìàöèè;

eò — ïëàñòè÷åñêàÿ äåôîðìàöèÿ íà ïðåäåëå òåêó-

÷åñòè; ö — ýëëèïòè÷åñêèé óãîë.

Íà ðèñ. 5 ïîêàçàíî ðàñïðåäåëåíèå ëîêàëüíûõ

ïîëåé îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ íà-

ïðÿæåíèé âáëèçè ñàìîé ãëóáîêîé òî÷êè òðåùèíû

ö = ð/2 ñ ñîîòíîøåíèåì ïîëóîñåé b ax/ * = 0,789 è

îòíîñèòåëüíîé ãëóáèíîé b/t = 0,45. Ïðè ýòîì

	
i

= ói/óò — îòíîñèòåëüíàÿ èíòåíñèâíîñòü óïðó-

ãîïëàñòè÷åñêèõ íàïðÿæåíèé; ói — èíòåíñèâíîñòü

óïðóãîïëàñòè÷åñêèõ íàïðÿæåíèé; 	
1

= ó1/óò,

	
2

= ó2/óò, 	
3

= ó3/óò — ãëàâíûå îòíîñèòåëüíûå

óïðóãîïëàñòè÷åñêèå íàïðÿæåíèÿ; ó1, ó2, ó3 —

ãëàâíûå íàïðÿæåíèÿ; r — ðàññòîÿíèå îò âåðøè-

íû òðåùèíû; ax
* — ðàñ÷åòíàÿ ïîëóîñü ýëëèïñà.

Íà ðèñ. 6 ïðèâåäåíû äëÿ ñðàâíåíèÿ ýêñïåðè-

ìåíòàëüíûå äàííûå è ðåçóëüòàò ÷èñëåííûõ ðàñ-

÷åòîâ ðàñïðåäåëåíèÿ ëîêàëüíûõ óïðóãîïëàñòè÷å-

ñêèõ äåôîðìàöèé âáëèçè ïîâåðõíîñòíîé òî÷êè

ïîëóýëëèïòè÷åñêîãî äåôåêòà ö = 0 ïðè â = ð/2.

Çàâèñèìîñòè îòíîñèòåëüíûõ èíòåíñèâíîñòåé

óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé îò â, 	 n
è îáú-

åìíîñòè íîìèíàëüíîãî íàïðÿæåííî-äåôîðìè-

ðîâàííîãî ñîñòîÿíèÿ ïðè çàäàííûõ ãðàíè÷íûõ

óñëîâèÿõ îïèñûâàþòñÿ [7] ýìïèðè÷åñêèìè ôóíê-
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A = 1,18 –

�
�17 10 3, · .e

f
Äëÿ àóñòåíèòíûõ íåðæàâåþùèõ

öèêëè÷åñêè ñòàáèëüíûõ ñòàëåé êëàññà 08Õ18Í9:

f1 = � 0181, 	 m
– 0191 2, 	 m

+ 0 083 3, ;	 m
f2 = – 1,5 +

� 0 33, ;	 m
f3 = 3 645 0 29, ( ) ;,

	 m
� f4 = �

�1 319 0 156, ( ) .,
	 m

Ñîãëàñíî ðèñ. 4 è 6, ýêñïåðèìåíòàëüíûå ðåçóëü-

òàòû è ÷èñëåííûå ðåøåíèÿ õîðîøî ñîãëàñóþòñÿ.

Ôîðìîèçìåíåíèå ðàçâèâàþùèõñÿ ïîâåðõ-

íîñòåé ñóùåñòâåííî çàâèñèò îò íàïðÿæåííî-äå-

ôîðìèðîâàííîãî ñîñòîÿíèÿ â ñîîòâåòñòâóþùåì

ìèêðîîáúåìå ëîêàëüíîãî ðàçðóøåíèÿ. Íà îñíîâå

äåôîðìàöèîííûõ êðèòåðèåâ ðàçðóøåíèÿ [2 – 3]

÷èñëåííûìè ìåòîäàìè ðàñ÷åòà îïðåäåëÿëè îò-

íîñèòåëüíûå ðàçðóøàþùèå äåôîðìàöèè â ñîîò-
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Ðèñ. 3. Ðàñ÷åòíàÿ ñõåìà êîíå÷íî-ýëåìåíòíîé ìîäåëè ïî-

ëóýëëèïòè÷åñêîé ïîâåðõíîñòíîé òðåùèíû

Ðèñ. 4. Ðàñïðåäåëåíèå ëîêàëüíûõ îòíîñèòåëüíûõ óïðó-

ãîïëàñòè÷åñêèõ äåôîðìàöèé âäîëü êîíòóðà òðåùèíû íîð-

ìàëüíîãî îòðûâà â = ð/2 ïðè íàãðóçêå öèêëà 	n
= 1,3

Ðèñ. 5. Ðàñïðåäåëåíèå ëîêàëüíûõ ïîëåé îòíîñèòåëüíûõ

óïðóãîïëàñòè÷åñêèõ íàïðÿæåíèé äëÿ ñàìîé ãëóáîêîé òî÷-

êè òðåùèíû ö = ð/2 ñ ñîîòíîøåíèåì ïîëóîñåé b/ax
* =

= 0,789 è îòíîñèòåëüíîé ãëóáèíîé b/t = 0,45
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� , (5)

ãäå I = 1 / ;	
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ìåñòíàÿ äåôîðìàöèÿ äëÿ ãëàäêîãî îáðàçöà, îïðå-

äåëÿåìàÿ ÷åðåç ñóæåíèå â øåéêå;
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2 2 1

� , 	 	 	
3 3 1

� , kd = 1,2.

Ñ ó÷åòîì âûøåèçëîæåííîé èíôîðìàöèè íà

ðèñ. 7 ïîêàçàíà êèíåòèêà ôîðìîèçìåíåíèÿ ðàñ-

ñìàòðèâàåìîé òðåùèíû è ïðèâåäåíî èçìåíåíèå

îòíîøåíèÿ îòíîñèòåëüíîé ðàçðóøàþùåé äåôîð-

ìàöèè â ïîâåðõíîñòíîé òî÷êå êîíòóðà ( )e
f ��0

ê

îòíîñèòåëüíîé ðàçðóøàþùåé äåôîðìàöèè â ñà-

ìîé ãëóáîêîé òî÷êå ( ) ,
/

e
f � �� 2

ò.å.

~
/

( ) ( / )

e e e
f f f

�
� �� � �0 2

(7)

îò îòíîñèòåëüíîé ãëóáèíû òðåùèíû b/t (
~
e

f
— èç-

ìåíåíèå îòíîñèòåëüíîé ðàçðóøàþùåé äåôîðìà-

öèè â çîíå âåðøèí òðåùèíû).

Âûâîäû

Ïîëó÷åííûå ðåçóëüòàòû îáúÿñíÿþò ýêñïå-

ðèìåíòàëüíûå ôàêòû áîëüøåé ñêîðîñòè ðîñòà

òðåùèíû â íàïðàâëåíèè åå ìàëîé ïîëóîñè (ñì.

ðèñ. 2 è ðèñ. 7, à) è áîëüøåé èíòåíñèâíîñòè äå-

ôîðìàöèé âäîëü áîëüøîé ïîëóîñè ýëëèïñà â ñè-

ëó ñóùåñòâåííî áîëåå âûñîêîãî óðîâíÿ ðàç-

ðóøàþùåé äåôîðìàöèè â ïîâåðõíîñòíîé òî÷êå

òðåùèíû.

Êîìïëåêñ ìàòåìàòè÷åñêîãî ïðåäñòàâëåíèÿ

÷èñëåííûõ è ðàñ÷åòíî-ýêñïåðèìåíòàëüíûõ èñ-

ñëåäîâàíèé ïðè íåëèíåéíûõ óñëîâèÿõ íàãðóæå-

íèÿ ìîæåò ðàññìàòðèâàòüñÿ êàê áîëåå òî÷íîå ìî-

äåëèðîâàíèå êèíåòèêè ôîðìîèçìåíåíèÿ ãåîìåò-

ðèè ïîâåðõíîñòíûõ èñõîäíûõ ðàçíîîðèåíòèðî-

âàííûõ äåôåêòîâ è ðàçâèâàþùèõñÿ òðåùèí ñ

ó÷åòîì ëîêàëüíûõ õàðàêòåðèñòèê ÍÄÑ, êðèòåðè-

åâ íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ. Íà åãî îñ-

íîâå ìîæíî óòî÷íÿòü ýêñïëóàòàöèîííûé ðåñóðñ,

ïðî÷íîñòü, æèâó÷åñòü è áåçîïàñíîñòü ðàáîòîñïî-

ñîáíîñòè îáîðóäîâàíèÿ.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåð-

æêå ãðàíòà ÐÔÔÈ ¹ 18-08-00572-à.
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