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Æèâó÷åñòü, ðåñóðñ è áåçîïàñíîñòü ýêñïëóàòàöèè êîíñòðóêöèé îïðåäåëÿþòñÿ ñòåïåíüþ èõ

ïîâðåæäàåìîñòè, êîòîðàÿ ïðåîáëàäàþùèì îáðàçîì ðåãëàìåíòèðóåòñÿ íàëè÷èåì è ðàçâèòè-

åì â ìàòåðèàëå äåôåêòîâ òèïà òðåùèí. Íà îñíîâå ðàñ÷åòíî-ýêñïåðèìåíòàëüíûõ äàííûõ è

÷èñëåííûõ ðåøåíèé ïðåäëîæåíû êèíåòè÷åñêèå çàâèñèìîñòè ðàçâèòèÿ ïîâåðõíîñòíûõ ðàç-

íîîðèåíòèðîâàííûõ ïîëóýëëèïòè÷åñêèõ òðåùèí ñ ó÷åòîì àíèçîòðîïèè ñâîéñòâ ìàòåðèàëà.

Ïîëó÷åíû ðåçóëüòàòû, íåîáõîäèìûå äëÿ èññëåäîâàíèé çàäà÷ êèíåìàòèêè íåëèíåéíîé ìå-

õàíèêè ñïëîøíîé àíèçîòðîïíîé ñðåäû. Ïðåäëîæåíû óòî÷íÿþùèå ïàðàìåòðè÷åñêèå óðàâ-

íåíèÿ ñîñòîÿíèÿ óïðóãîïëàñòè÷åñêîé äåôîðìàöèîííîé àíèçîòðîïèè. Ïðèâåäåíû ôóíêöè-

îíàëüíûå çàâèñèìîñòè ïàðàìåòðîâ êèíåòè÷åñêèõ äèàãðàìì ìàëîöèêëîâîãî ðàçðóøåíèÿ îò

ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà äëÿ øèðîêîãî êëàññà ñâàðíûõ ñîåäèíåíèé àóñòåíèòíûõ

íåðæàâåþùèõ öèêëè÷åñêè ñòàáèëüíûõ ñòàëåé òèïà 12Õ18Í10Ò. Èññëåäîâàíû ïðîöåññû

ðàçâèòèÿ íàêëîííûõ ïîâåðõíîñòíûõ ïîëóýëëèïòè÷åñêèõ òðåùèí â êîíòèíóóìàõ ñâàðíûõ

ñîåäèíåíèé ïðè íåëèíåéíûõ ãðàíè÷íûõ óñëîâèÿõ íàãðóæåíèÿ. Ïðîâåäåíû ðàñ÷åòíî-ýêñ-

ïåðèìåíòàëüíûå è ÷èñëåííûå èññëåäîâàíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ â

îêðåñòíîñòè êîíòóðà êàê ñòàöèîíàðíûõ, òàê è ðàñòóùèõ ïîâåðõíîñòíûõ ïîëóýëëèïòè÷å-

ñêèõ ïðîèçâîëüíî îðèåíòèðîâàííûõ â ïðîñòðàíñòâå òðåùèí ïðè óïðóãîïëàñòè÷åñêîì íî-

ìèíàëüíîì öèêëè÷åñêîì íàãðóæåíèè ñ ó÷åòîì àíèçîòðîïèè ñâîéñòâ ìàòåðèàëà. Ïîëó÷åíî

ôóíêöèîíàëüíîå ðàñïðåäåëåíèå ïàðàìåòðà íåîäíîðîäíîñòè ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðè-

àëà, âëèÿþùåãî íà íàêîïëåíèå ëîêàëüíûõ ïëàñòè÷åñêèõ äåôîðìàöèé è íà íàïðàâëåíèå

ðàçâèòèÿ óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ, ïðåäñòàâëåííîå â âèäå êèíåòè÷åñêîãî óðàâíå-

íèÿ íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ. Íà îñíîâå ñðàâíåíèÿ ýêñïåðèìåíòàëüíûõ ðåçóëü-

òàòîâ è ÷èñëåííûõ ðàñ÷åòîâ íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ïî êîíòóðó èññëå-

äóåìûõ òðåùèí ïðè íåëèíåéíûõ êðàåâûõ óñëîâèÿõ íàãðóæåíèÿ ïîêàçàíî õîðîøåå ñîãëà-

ñîâàíèå èíòåíñèâíîñòåé îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â èõ ïîâåðõíî-

ñòíûõ òî÷êàõ ñ ó÷åòîì äåôîðìàöèîííîé àíèçîòðîïèè. Ðàñ÷åòû íà ñîïðîòèâëåíèå óïðóãî-

ïëàñòè÷åñêîìó ðàçðóøåíèþ ýëåìåíòîâ îòâåòñòâåííîãî îáîðóäîâàíèÿ ñ ó÷åòîì ðàññìàòðè-

âàåìûõ ôàêòîðîâ íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ è íåîäíîðîäíîñòè ñâîéñòâ ïîçâîëÿò

ïîâûñèòü òî÷íîñòü îöåíêè èõ ïðî÷íîñòè, ýêñïëóàòàöèîííûõ ðåñóðñîâ è æèâó÷åñòè.

Êëþ÷åâûå ñëîâà: ëîêàëüíûå óïðóãîïëàñòè÷åñêèå äåôîðìàöèè; àíèçîòðîïèÿ ñâîéñòâ ìà-

òåðèàëà; ñêîðîñòü ðàçâèòèÿ ìàëîöèêëîâûõ òðåùèí; ïîâåðõíîñòíûå íàêëîííûå ïîëóýëëèï-

òè÷åñêèå òðåùèíû; êîýôôèöèåíò èíòåíñèâíîñòè äåôîðìàöèé.
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Survivability, service life and operational safety of the engineering structures are determined by their

damage rate which is mainly regulated by the presence and development of the crack-like defects in the

material. Kinetic dependences describing the development of multidirectional semi-elliptic surface cracks
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with allowance for the anisotropy of the material properties are proposed proceeding from experimental

data and numerical solutions. The obtained results are required in studying kinematic problems in non-

linear mechanics of a continuous anisotropic medium. Refining parametric equations for elastoplastic

deformation anisotropy are proposed. Functional dependences of the parameters of the kinetic diagrams

of low-cycle fracture on the mechanical properties of the material are presented for a wide class of welded

joints of austenite stainless cyclically stable steels (12Kh18N10T). The processes of developing inclined

semi-elliptic surface cracks in the continuums of welded joints under non-linear boundary loading condi-

tions are studied. We have carried out combined computational, experimental and numerical studies of the

stress-strain state in the vicinity of the contour of stationary and growing surface semi-elliptic cracks ran-

domly oriented in space under elastoplastic nominal cyclic loading taking into account the anisotropy of

the material properties. The functional distribution of the inhomogeneity parameter of the mechanical

properties of the material, which affects accumulation of the local plastic strains and direction of develop-

ing the elastoplastic fracture is obtained and presented in the form of the kinetic equation of nonlinear

fracture mechanics. Comparison of the experimental results and numerical calculations of the stress-

strain state along the contour of the cracks under study in nonlinear boundary loading conditions revealed

a good agreement between the intensities of relative elastoplastic deformations at their surface points

with allowance for the deformation anisotropy. Calculations of the elastoplastic fracture resistance of the

critical elements of the equipment with allowance for considered factors of nonlinear fracture mechanics

and heterogeneity of the properties can improve the accuracy of evaluation of their strength, service life

and survivability.

Keywords: local elastic-plastic deformations; anisotropy of the material properties; low-cycle crack prop-

agation rate; inclined semi elliptical surface cracks; strain intensity factor.

Ââåäåíèå

Ýêñïëóàòàöèîííûé ðåñóðñ, æèâó÷åñòü, ïðî÷-

íîñòü è áåçîïàñíîñòü êîíñòðóêöèé ïðè íàëè÷èè â

íèõ ñâàðíûõ ýëåìåíòîâ îïðåäåëÿþòñÿ ñòåïåíüþ

ïîâðåæäàåìîñòè, êîòîðàÿ ïðåîáëàäàþùèì îáðà-

çîì ðåãëàìåíòèðóåòñÿ íàëè÷èåì è ðàçâèòèåì äå-

ôåêòîâ òèïà ïîâåðõíîñòíûõ ïîëóýëëèïòè÷åñêèõ

òðåùèí.

Öåëü ðàáîòû — èññëåäîâàíèå êèíåòèêè ðàç-

íîíàïðàâëåííîñòè óïðóãîïëàñòè÷åñêîãî ðàçðó-

øåíèÿ ïðè ó÷åòå àíèçîòðîïèè ñâîéñòâ ìàòåðèàëà

íà îñíîâå êðèòåðèåâ íåëèíåéíîé ìåõàíèêè ðàç-

ðóøåíèÿ.

Íà äàííûé ìîìåíò ìàòåìàòè÷åñêè çàâåð-

øåííîé òåîðèè ðîñòà òðåùèí â ñïëîøíîé ñðåäå

ñ ó÷åòîì íåîäíîðîäíîñòè ôèçèêî-ìåõàíè÷åñêèõ

ñâîéñòâ íå ñóùåñòâóåò.

Ïîëó÷åíû óòî÷íÿþùèå ïàðàìåòðû óðàâíå-

íèÿ ñîñòîÿíèÿ óïðóãîïëàñòè÷åñêîé äåôîðìàöè-

îííîé àíèçîòðîïèè è ôóíêöèîíàëüíûå çàâèñè-

ìîñòè ïàðàìåòðîâ êèíåòè÷åñêèõ äèàãðàìì ìàëî-

öèêëîâîãî ðàçðóøåíèÿ îò ìåõàíè÷åñêèõ ñâîéñòâ

ìàòåðèàëà äëÿ øèðîêîãî êëàññà ñâàðíûõ ñîåäè-

íåíèé àóñòåíèòíûõ íåðæàâåþùèõ öèêëè÷åñêè

ñòàáèëüíûõ ñòàëåé òèïà 12Õ18Í10Ò.

Â ðåçóëüòàòå èññëåäîâàíèÿ ðàçíîíàïðàâëåí-

íîñòè ïðîöåññîâ óïðóãîïëàñòè÷åñêîãî ðàçðóøå-

íèÿ â êîíòèíóóìå ñâàðíûõ ñîåäèíåíèé ïðè íåëè-

íåéíûõ ãðàíè÷íûõ óñëîâèÿõ íàãðóæåíèÿ ïðîâå-

äåíû ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå è ÷èñëåííûå

èññëåäîâàíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñî-

ñòîÿíèÿ â îêðåñòíîñòè êîíòóðà êàê ñòàöèîíàð-

íûõ, òàê è ðàñòóùèõ ïîâåðõíîñòíûõ ïîëóýëëèï-

òè÷åñêèõ ïðîèçâîëüíî îðèåíòèðîâàííûõ â ïðî-

ñòðàíñòâå òðåùèí. Ïðèâåäåíî ôóíêöèîíàëüíîå

ðàñïðåäåëåíèå ïàðàìåòðà íåîäíîðîäíîñòè ìå-

õàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà, âëèÿþùåãî íà

íàêîïëåíèå ëîêàëüíûõ ïëàñòè÷åñêèõ äåôîð-

ìàöèé è íà íàïðàâëåíèå ðàçâèòèÿ óïðóãîïëàñ-

òè÷åñêîãî ðàçðóøåíèÿ, ïðåäñòàâëåííîå â âèäå

êèíåòè÷åñêîãî óðàâíåíèÿ íåëèíåéíîé ìåõàíèêè

ðàçðóøåíèÿ.

Ñðàâíåíèå ýêñïåðèìåíòàëüíûõ äàííûõ è

÷èñëåííûõ ðàñ÷åòîâ íàïðÿæåííî-äåôîðìèðîâàí-

íîãî ñîñòîÿíèÿ ïî êîíòóðó èññëåäóåìûõ òðåùèí

ïîêàçàëî õîðîøåå ñîãëàñîâàíèå èíòåíñèâíîñòåé

îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé

â èõ ïîâåðõíîñòíûõ òî÷êàõ ñ ó÷åòîì äåôîðìàöè-

îííîé àíèçîòðîïèè.

Ìåòîäû èññëåäîâàíèÿ

Ïðè ðåøåíèè ïîñòàâëåííîé çàäà÷è èñïîëü-

çîâàëè ðåçóëüòàòû, ïîëó÷åííûå ðàñ÷åòíî-ýêñïå-

ðèìåíòàëüíûìè è ÷èñëåííûìè ìåòîäàìè íà îñ-

íîâå ïðîãðàììíîãî êîìïëåêñà ANSYS, â öåëÿõ

îïðåäåëåíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñî-

ñòîÿíèÿ ïî êîíòóðó íàêëîííûõ ïîëóýëëèïòè÷å-

ñêèõ òðåùèí ïðè íåëèíåéíûõ êðàåâûõ óñëîâèÿõ

íàãðóæåíèÿ.

Â äàííîì èññëåäîâàíèè ïðîâîäèëè èñïûòà-

íèÿ íà ðàñòÿæåíèå — ñæàòèå ïðè ñèììåòðè÷íîì

öèêëå íàãðóæåíèÿ òðóá÷àòûõ ñâàðíûõ îáðàçöîâ

(âíåøíèé äèàìåòð D = 50 ìì, âíóòðåííèé —

d = 30 ìì) ñòàëè òèïà 12Õ18Í10Ò ñ íàíåñåí-

íûìè íà âíåøíþþ ïîâåðõíîñòü ðàçíîîðèåíòè-

ðîâàííûìè ïîëóýëëèïòè÷åñêèìè òðåùèíàìè

(ðèñ. 1). Èñõîäíûå òðåùèíû íàíîñèëè ýëåêòðî-

ýðîçèîííûì ìåòîäîì è èññëåäîâàíèÿ ïðîâîäèëè

ñîãëàñíî ìåòîäèêå [1].
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Ðåçóëüòàòû ðàáîòû è èõ îáñóæäåíèå

Â ðàáîòàõ [2 – 10] ïîêàçàíî ìîäåëèðîâàíèå

ïîâåðõíîñòåé óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ

ïðè ìàëîöèêëîâîì íàãðóæåíèè. Íà ðèñ. 2, ñî-

ãëàñíî [8], ãðàôè÷åñêè ïðåäñòàâëåíà ðàñ÷åòíàÿ

ïîâåðõíîñòü ðàçðóøåíèÿ ðàçíîîðèåíòèðîâàííûõ

ìàëîöèêëîâûõ ïîëóýëëèïòè÷åñêèõ òðåùèí, à

òàêæå êîíå÷íî-ýëåìåíòíàÿ ìîäåëü ïîëóýëëèïòè-

÷åñêîé òðåùèíû è ïîëå óïðóãîïëàñòè÷åñêèõ äå-

ôîðìàöèé â åå ïîâåðõíîñòíîé òî÷êå ïðè îòíîñè-

òåëüíîì íîìèíàëüíîì íàïðÿæåíèè ðàñòÿæåíèÿ

�
ni

= 1,33, ïîëó÷åííûå ÷èñëåííûìè ðàñ÷åòàìè ñ

ïîìîùüþ ïðîãðàììíîãî êîìïëåêñà ANSYS [7].

Çäåñü t — òîëùèíà ñòåíêè öèëèíäðè÷åñêîãî îá-

ðàçöà; b è a — ìàëàÿ è áîëüøàÿ ïîëóîñè ïîëóýë-

ëèïòè÷åñêîé òðåùèíû.

Ïîâðåæäåííîñòü çà ðåäêèì èñêëþ÷åíèåì íå

íàáëþäàëè è íå èçìåðÿëè, à èçìåíåíèå ìåõàíè-

÷åñêèõ ñâîéñòâ îáíàðóæèâàëè ïðè îòêëèêå òåëà

íà ðàçëè÷íûå âíåøíèå âîçäåéñòâèÿ.

Èçâåñòíî, ÷òî â ìåõàíèêå äåôîðìèðóåìîãî

òâåðäîãî òåëà ïðîöåññ ïîâðåæäåííîñòè ó÷èòûâà-

åò èçìåíåíèå ñâîéñòâ ìàòåðèàëà â ðåçóëüòàòå íà-

êîïëåíèÿ ðàçíûõ âèäîâ ïîâðåæäåíèé äëÿ ëèíåé-

íî-óïðóãîãî ìàòåðèàëà ñ ðàññåÿííûì ïîëåì ìèê-

ðîäåôåêòîâ èëè àíèçîòðîïèè ñâîéñòâ ñîãëàñíî

àñèìïòîòè÷åñêîìó çàêîíó óñòàëîñòíîãî ðîñòà

òðåùèíû [2]:

óij = Cijkløåij, (1)

ãäå óij, åij è Cijkl — êîìïîíåíòû òåíçîðà íàïðÿæå-

íèé, äåôîðìàöèé è íà÷àëüíîé æåñòêîñòè; ø —

ïîâðåæäåííîñòü.

Ïðè èçìåíåíèè ïàðàìåòðà ø ìîæíî ïîëó÷èòü

ôóíêöèîíàëüíóþ çàâèñèìîñòü ðîñòà óñòàëîñòíîé

òðåùèíû ïî çàêîíó

d

d

" �

" "N
c

c

m

n m
� �

�

�

�
�

�

�

�
� �

1
ïðè (óc # óthø

ã), (2)

ãäå N — ÷èñëî öèêëîâ; c, m, n (n > m), ã, óth —

ïîëîæèòåëüíûå êîíñòàíòû ìàòåðèàëà;

�c ij ij
s s�

3

2
,

sij = óij – ókkäij/3 — êîìïîíåíòû äåâèàòîðà íàïðÿ-

æåíèé.

Â ðåçóëüòàòå ñêîðîñòü ðîñòà òðåùèíû ìîæíî

îöåíèòü ôóíêöèåé

d

d

l

N
c K

ijk p
� �

$
, (3)

ãäå dlijk/dN — ñêîðîñòü òðåùèíû â ñîîòâåòñòâóþ-

ùåì íàïðàâëåíèè ïðîñòðàíñòâà; N — ÷èñëî öèê-

ëîâ íàãðóæåíèÿ; c = f(n, m, p, �
ij

, åij) — íåêîòî-

ðàÿ ôóíêöèÿ êîíñòàíò ìàòåðèàëà è óñëîâèé íà-

ãðóæåíèÿ; lijk — äëèíà òðåùèíû â ñîîòâåòñòâóþ-
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Ðèñ. 1. Ñõåìà íàíåñåíèÿ èñõîäíûõ íàêëîííûõ ïîâåðõíî-

ñòíûõ ïîëóýëëèïòè÷åñêèõ òðåùèí íà ðàçâåðòêå âíåøíåé

áîêîâîé ïîâåðõíîñòè öèëèíäðè÷åñêîãî ñâàðíîãî îáðàçöà

ñòàëè 12Õ18Í10Ò

Fig. 1. Scheme of applying initial inclined semi-elliptic sur-

face cracks on the involute of the outer lateral surface of a

cylindrical welded steel specimen 12Kh18N10T

à á

Ðèñ. 2. Ãðàôè÷åñêîå ïðåäñòàâëåíèå ðàñ÷åòíîé ìîäåëè

ïîâåðõíîñòåé ðàçíîîðèåíòèðîâàííûõ ìàëîöèêëîâûõ

ïîâåðõíîñòíûõ òðåùèí (à), ãäå A — ðàñ÷åòíàÿ ïîâåðõ-

íîñòü òðåùèíû; B — êîíòóð ðåàëüíîé ïîâåðõíîñòè òðå-

ùèíû; C — òî÷êè ðåàëüíîé ïîâåðõíîñòè òðåùèíû; % %b b1 2
=

= l
ijy

= 2a
y

= lijy
* ; a

1
a

2
= 2a

0
; ok = b*; ok

1
= bz

* = lijz
* ; ok

1
=

= b
o
; ob

1
= a*; b

1
d = r*; b

1
c = r (à), à òàêæå êîíå÷íî-ýëå-

ìåíòíàÿ ìîäåëü ïîëóýëëèïòè÷åñêîé òðåùèíû è ïîëå

óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â åå ïîâåðõíîñòíîé òî÷-

êå ïðè b/t = 0,15, b/a = 0,714, e
Ti

= 1,843 · 10–3, �ni
= 1,33,

ìàêñèìàëüíîé îòíîñèòåëüíîé èíòåíñèâíîñòè äåôîðìà-

öèè ei max
= 320 (á)

Fig. 2. Graphic representation of the calculation model of

the surfaces of multidirectional low-cycle surface cracks,

where A — calculated crack surface; B — contour of the real

crack surface; C — points of the real crack surface. % %b b1 2 =

= lijy = 2ay = lijy
* ; a1a2 = 2a0; ok = b*; ok1 = bz

* = lijz
* ; ok1 =

= bo; ob1 = a*; b1d = r*; b1c = r (a), as well as the finite ele-

ment model of a semi-elliptical crack and the field of

elastoplastic strains at the surface point at b/t = 0.15,

b/a = 0.714, eTi = 1.843 × 10–3, �ni = 1.33, the maximum

relative strain intensity ei max = 320 (b)



ùåì íàïðàâëåíèè êîîðäèíàòíûõ îñåé; �K
$

—

ðàçìàõ îòíîñèòåëüíîãî êîýôôèöèåíòà èíòåíñèâ-

íîñòè íàïðÿæåíèé; á — I, II, III ìîäåëè ðàçðóøå-

íèÿ. Ôîðìóëà (3) ïðè p = 2 ïî ñâîåé ñòðóêòóðå

àíàëîãè÷íà çàêîíó óñòàëîñòíîãî ðîñòà òðåùèíû

Ïýðèñà – Ýðäîãàíà.

Äëÿ ðîñòà óñòàëîñòíîé òðåùèíû ïðåäñòàâëå-

íî äîñòàòî÷íî ìíîãî âàðèàíòîâ ôóíêöèé, õîðîøî

îïèñûâàþùèõ äèàãðàììó óñòàëîñòíîãî ðàçðóøå-

íèÿ, íà îñíîâå àíàëèòè÷åñêîé çàâèñèìîñòè

d

d

r

N
= F(óij, r, C1, ..., Cj), (4)

ãäå r — ðàäèóñ-âåêòîð, ïðîâåäåííûé â òî÷êó êîí-

òóðà òðåùèíû; Cj — êîíñòàíòû.

Ïðè íåëèíåéíûõ ãðàíè÷íûõ óñëîâèÿõ íàãðó-

æåíèÿ ñêîðîñòü ðîñòà ìàëîöèêëîâûõ òðåùèí ñî-

ãëàñíî äåôîðìàöèîííûì êðèòåðèÿì ðàçðóøåíèÿ

[3 – 4] ìîæåò áûòü îïðåäåëåíà ÷åðåç ðàçìàõ îòíî-

ñèòåëüíîãî êîýôôèöèåíòà èíòåíñèâíîñòè äåôîð-

ìàöèé �K e
k
$

â ñîîòâåòñòâóþùåì ïîëóöèêëå íà-

ãðóæåíèÿ:

d

d

l

N
C K

ijk

i e

k
i

�
� $

&
�

� , (5)

ãäå C
ói = 1 2 2/ ;�e

fi
ã

ói = 2 — õàðàêòåðèñòèêè ìàòå-

ðèàëà â äàííîé åãî òî÷êå è ïðè îïðåäåëåííûõ óñ-

ëîâèÿõ íàãðóæåíèÿ, e
fi

= efi/eòi — èñòèííàÿ îòíî-

ñèòåëüíàÿ ðàçðóøàþùàÿ äåôîðìàöèÿ â ëîêàëü-

íîé çîíå âåðøèíû òðåùèíû (eòi — ëîêàëüíàÿ äå-

ôîðìàöèÿ íà ïðåäåëå òåêó÷åñòè â äàííîé òî÷êå,

efi — èñòèííàÿ ëîêàëüíàÿ ðàçðóøàþùàÿ äåôîð-

ìàöèÿ â òî÷êå îáúåìà).

Äëÿ óïðóãîïëàñòè÷åñêèõ òåë ñ òðåùèíîé â óñ-

ëîâèÿõ ðàçâèòîé ïëàñòè÷íîñòè ýíåðãåòè÷åñêèé

êðèòåðèé ðàçðóøåíèÿ (ò.å. óñëîâèå íà÷àëà ðàñ-

ïðîñòðàíåíèÿ òðåùèíû) — äîñòèæåíèè J-èíòå-

ãðàëà ñâîåãî ïðåäåëüíîãî çíà÷åíèÿ Jc, ÿâëÿþùå-

ãîñÿ õàðàêòåðèñòèêîé ìàòåðèàëà, ôîðìóëèðóåòñÿ

óðàâíåíèåì

1

2
2

1

� �
ij ij

C

i

i

cx T
u

x
s Jd d

'
�

(

(

� ,

ãäå Ti — ïðèëîæåííûå ê áåðåãàì òðåùèíû íà-

ãðóçêè; ui — ïåðåìåùåíèÿ.

Ñîãëàñíî äåôîðìàöèîííûì êðèòåðèÿì ðàçðó-

øåíèÿ [3 – 4], ðàçâèòèå òðåùèíû â òî÷êå åå êîí-

òóðà ïðîèñõîäèò â ìîìåíò äîñòèæåíèÿ èíòåíñèâ-

íîñòè óïðóãîïëàñòè÷åñêîé äåôîðìàöèè ei âåëè-

÷èíû èñòèííîé ðàçðóøàþùåé äåôîðìàöèè ef â

ýòîé æå òî÷êå, çàâèñÿùåé îò îáúåìíîñòè íàïðÿ-

æåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ â äàííîì

ìèêðîîáúåìå âåðøèíû êîíòóðà òðåùèíû:

ei = ef .

Ðàñïðåäåëåíèå ýòèõ ëîêàëüíûõ ðàçðóøàþ-

ùèõ äåôîðìàöèé íà êîíòóðå ïîâåðõíîñòè òðåùè-

íû è ôîðìèðóåò òðàåêòîðèþ åå ðàçâèòèÿ â ïðî-

ñòðàíñòâå [1, 4 – 6, 8 – 9].
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Ðèñ. 3. Çàâèñèìîñòè ñêîðîñòè ðîñòà ìàëîöèêëîâûõ íà-

êëîííûõ ïîëóýëëèïòè÷åñêèõ òðåùèí â ñâàðíîì ñîåäèíå-

íèè îáðàçöà ñòàëè 12Õ18Í10Ò îò ðàçìàõà èíòåíñèâíîñòè

ëîêàëüíûõ óïðóãîïëàñòè÷åñêèõ îòíîñèòåëüíûõ äåôîðìà-

öèé â èõ ïîâåðõíîñòíîé òî÷êå ïðè ö = 0 è ã = 0.

Fig. 3. Dependences of the growth rate of low-cycle in-

clined semi-elliptic cracks in the welded joint of a

12Kh18N10T steel sample on the magnitude of the intensity

of local elastoplastic relative deformations in the tip at

ö = 0 and ã = 0.

óni = 1,33

= 1,41 · 10

= 1,843 · 10

e

å

ò0

–3

ò

–3

Ðèñ. 4. Ýêñïåðèìåíòàëüíûå âåëè÷èíû óïðóãîïëàñòè÷å-

ñêèõ äåôîðìàöèé â çàâèñèìîñòè îò ðàññòîÿíèÿ îò òî÷åê

âåðøèíû êîíòóðà ïîëóýëëèïòè÷åñêîé òðåùèíû, íàõîäÿ-

ùåéñÿ â çîíå òåðìè÷åñêîãî âëèÿíèÿ (òî÷êè), è àíàëîãè÷-

íûå ÷èñëåííûå çàâèñèìîñòè (ëèíèè)

Fig. 4. Experimental values of elastoplastic deformations

depending on the distance from the tip of the semi-elliptic

crack located in the heat-affected zone (points), and corre-

sponding numerical dependences (solid lines)



Îñíîâíîå óðàâíåíèå êèíåòèêè ðàçâèòèÿ ìà-

ëîöèêëîâîãî ðàçðóøåíèÿ [3 – 4] íà îñíîâå (5)

èìååò ñëåäóþùèé âèä:

d

d

l

N
C e

ijk

ej i

n
ej

� � , (6)

ãäå �e
i

= Äei/eòj — ðàçìàõ èíòåíñèâíîñòè îòíîñè-

òåëüíûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé íà

êîíòóðå òðåùèíû; eòj — äåôîðìàöèÿ íà ïðåäåëå

òåêó÷åñòè â äàííîé òî÷êå ñâàðíîãî ñîåäèíåíèÿ;

Cej è nej — õàðàêòåðèñòèêà ìàòåðèàëà è óñëîâèé

íàãðóæåíèÿ. Ïðè ðàçâèòûõ óïðóãîïëàñòè÷åñêèõ

äåôîðìàöèÿõ óðàâíåíèå (6) õîðîøî îïèñûâàåò

ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé

(ðèñ. 3) ïðè ïàðàìåòðå nej = 2.

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå óïðóãîïëà-

ñòè÷åñêèå äåôîðìàöèè â ïîâåðõíîñòíûõ òî÷êàõ

íàêëîííûõ ïîëóýëëèïòè÷åñêèõ òðåùèí õîðîøî

ñîãëàñóþòñÿ ñ äàííûìè ÷èñëåííûõ ðàñ÷åòîâ

(ðèñ. 4), ïðîâîäèìûõ ñ ïîìîùüþ ïðîãðàììíîãî

êîìïëåêñà ANSYS [7].

Íà ðèñ. 3 ïðèâåäåíû êèíåòè÷åñêèå äèàãðàì-

ìû ìàëîöèêëîâîãî ðàçðóøåíèÿ — çàâèñèìîñòè

ñêîðîñòè ðîñòà ìàëîöèêëîâûõ ïîëóýëëèïòè÷å-

ñêèõ òðåùèí â ñâàðíîì ñîåäèíåíèè îáðàçöà îò

ëîêàëüíûõ óïðóãîïëàñòè÷åñêèõ îòíîñèòåëüíûõ

äåôîðìàöèé â èõ ïîâåðõíîñòíûõ òî÷êàõ ïðè

ö = 0.

Íà îñíîâå ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ è

÷èñëåííûõ ðåøåíèé ïðåäëîæåíà ýìïèðè÷åñêàÿ

çàâèñèìîñòü ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ

ïàðàìåòðà Cej â îáúåìå ñâàðíîãî ñîåäèíåíèÿ îò

îòíîøåíèÿ ïðåäåëà ïðî÷íîñòè óâi ê ïðåäåëó òåêó-

÷åñòè ìàòåðèàëà óòi â ñîîòâåòñòâóþùèõ òî÷êàõ

ñîåäèíåíèÿ:

Cej = a1(óâi/óòi) – a2, (7)

ãäå a1 = 5 · 10–9 ì/öèêë; a2 = – 5,75 · 10–9 ì/öèêë.

Äëÿ îñíîâíîãî ìåòàëëà 12Õ18Í10Ò èññëåäóå-

ìîãî ñâàðíîãî ñîåäèíåíèÿ ïðåäåë òåêó÷åñòè óò0 =

= 280 ÌÏà, ìîäóëü óïðóãîñòè E0 = 1,98 ×

× 105 ÌÏà, ïðåäåë ïðî÷íîñòè óâ0 = 578 ÌÏà,

ïðåäåë òåêó÷åñòè eò0 = 1,41 · 10–3.

Òàêèì îáðàçîì, íà îñíîâàíèè ðåçóëüòàòîâ

ïðîâåäåííûõ èññëåäîâàíèé è ðàáîò [3 – 21] îñ-

íîâíîå óðàâíåíèå ðàçâèòèÿ ìàëîöèêëîâîãî ðàç-

ðóøåíèÿ ñ ó÷åòîì ôèçèêî-ìåõàíè÷åñêîé íåîäíî-

ðîäíîñòè ìàòåðèàëà øèðîêîãî êëàññà àóñòåíèò-

íûõ íåðæàâåþùèõ öèêëè÷åñêè ñòàáèëüíûõ ñòà-

ëåé ìîæåò áûòü çàïèñàíî â âèäå

d

d

â

ò

l

N
a a e

ijk i

i

i
� �

�

�

�

�

�

�

�

�1 2

2 2
�

�

)( sin ) ,* *
� (8)

ãäå â*, �e
i
* — ðàñ÷åòíûé óãîë íàêëîíà ìîäåëèðî-

âàííîé ïîâåðõíîñòè ðàçðóøåíèÿ è ðàçìàõ èíòåí-

ñèâíîñòè îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ äå-

ôîðìàöèé â êîíêðåòíîé òî÷êå ñâàðíîãî ñîåäèíå-

íèÿ íà êîíòóðå òðåùèíû.

Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ðàçìàõîâ èí-

òåíñèâíîñòåé ëîêàëüíûõ îòíîñèòåëüíûõ óïðóãî-

ïëàñòè÷åñêèõ äåôîðìàöèé �e
i
* = �e e

i i
*

ò
ïîëó÷å-

íû ñ ó÷åòîì ìàòåìàòè÷åñêîé ìîäåëè ïðîñòðàíñò-

âåííîãî ðàñïðåäåëåíèÿ ïðåäåëà òåêó÷åñòè â ñâàð-

íîì ñîåäèíåíèè óòi = f(x, y, z) [6].

Ïðåäñòàâëåííàÿ â ðàáîòå [9] ìàòåìàòè÷åñêàÿ

ìîäåëü ðàñïðåäåëåíèÿ ìåõàíè÷åñêèõ ñâîéñòâ ìà-

òåðèàëà èññëåäóåìûõ ñâàðíûõ ñîåäèíåíèé äëÿ

øèðîêîãî àóñòåíèòíî-íåðæàâåþùåãî êëàññà ñòà-

ëåé òèïà 08Õ18Í10Ò è 12Õ18Í10Ò ïîçâîëÿåò èñ-

ïîëüçîâàòü îáúåìíûå ïîëÿ èõ ðàñïðåäåëåíèÿ.

Ôóíêöèè èçìåíåíèÿ îòíîñèòåëüíûõ íàïðÿæåíèé

òåêó÷åñòè �
ò i

= óòi/óò0 è ïðî÷íîñòè �
âi

= óâi/óâ0 â

ðàçëè÷íûõ òî÷êàõ îáúåìà ïðåäñòàâëåíû íèæå.

Òàê, �
ò i

ïî îáúåìó ñâàðíîãî øâà (ñø), âêëþ÷àÿ

åãî ëèíèþ (çîíó) ñïëàâëåíèÿ (ëñ), — óðàâíåíèåì
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, (9)

â çîíå òåðìè÷åñêîãî âëèÿíèÿ (ÇÒÂ) ñâàðíîãî

øâà — óðàâíåíèåì
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1, (10)

ãäå çíà÷åíèÿ êîýôôèöèåíòîâ Ai è Bi, ãäå

i = 1, 2, 3, 4, çàâèñÿùèõ îò ìíîãî÷èñëåííûõ ïà-

ðàìåòðîâ ñâàðêè, ïðèâåäåíû â [6]; X, Y, Z, t — ñî-

îòâåòñòâåííî êîîðäèíàòû òî÷êè ñâàðíîãî ñîåäè-

íåíèÿ è åãî òîëùèíà.

Èçìåíåíèÿ îòíîñèòåëüíûõ íàïðÿæåíèé ïðå-

äåëà ïðî÷íîñòè â ñîîòâåòñòâóþùèõ òî÷êàõ îáú-

åìà ìàòåðèàëà [6] îïèñûâàþòñÿ ñëåäóþùèì îá-

ðàçîì:

äëÿ ìåòàëëà øâà è ëèíèè ñïëàâëåíèÿ —

óðàâíåíèåì
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äëÿ çîíû òåðìè÷åñêîãî âëèÿíèÿ, âêëþ÷àÿ ëèíèþ

ñïëàâëåíèÿ, — óðàâíåíèåì
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ãäå ïàðàìåòðû Di (ïðè i = 1 – 6), B0 è óâ ïðèâåäå-

íû â [6].
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Óðàâíåíèå (8) îïèñûâàåò êèíåòè÷åñêóþ äèà-

ãðàììó ìàëîöèêëîâîãî ðàçðóøåíèÿ ñâàðíûõ ñî-

åäèíåíèé ïðè íàëè÷èè íàêëîííûõ ñ ïðåîáëàäà-

þùèì ïåðâûì ãëàâíûì íîìèíàëüíûì íàïðÿæå-

íèåì ïîâåðõíîñòíûõ ïîëóýëëèïòè÷åñêèõ òðåùèí

ñ ó÷åòîì àíèçîòðîïèè ñâîéñòâ. Ýêñïåðèìåí-

òàëüíûå ðåçóëüòàòû ïîñòðîåíèÿ êèíåòè÷åñêîé

äèàãðàììû óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ

òàêæå ïîêàçûâàþò, ÷òî èñõîäíûå îñòàòî÷íûå

íàïðÿæåíèÿ ñâàðêè íå îêàçûâàþò ïðèíöèïè-

àëüíîãî âëèÿíèÿ íà ðàçâèòèå òðåùèí ïîñëå íå-

ñêîëüêèõ äåñÿòêîâ öèêëîâ óïðóãîïëàñòè÷åñêèõ

íàãðóæåíèé.

Ïðåäñòàâëåííûå íà ðèñ. 4 ðåçóëüòàòû ïîêà-

çûâàþò õîðîøåå ñîãëàñîâàíèå ðàñ÷åòíî-ýêñïåðè-

ìåíòàëüíûõ è ÷èñëåííûõ çàâèñèìîñòåé îòíîñè-

òåëüíûõ èíòåíñèâíîñòåé óïðóãîïëàñòè÷åñêèõ äå-

ôîðìàöèé e
i

âáëèçè êîíòóðà ïîëóýëëèïòè÷åñêîé

òðåùèíû, íàõîäÿùåéñÿ â çîíå òåðìè÷åñêîãî

âëèÿíèÿ, îò îòíîñèòåëüíîãî ðàññòîÿíèÿ îò òî÷åê

âåðøèíû êîíòóðà r/t (r — ðàññòîÿíèå, t — òîëùè-

íà ñòåíêè îáðàçöà) äëÿ øèðîêîãî äèàïàçîíà ãåî-

ìåòðèé òðåùèíû; �
ni

= óni/óòi — íîìèíàëüíîå îò-

íîñèòåëüíîå íàïðÿæåíèå.

Íà îñíîâå àíàëèçà ïðîâåäåííûõ ýêñïåðèìåí-

òàëüíûõ è ÷èñëåííûõ èññëåäîâàíèé ïîëó÷åíû

êîëè÷åñòâåííàÿ îöåíêà êèíåòèêè ïîëåé ëîêàëü-

íûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â òî÷êàõ

êîíòóðà ôðîíòà èññëåäóåìûõ òðåùèí [1 – 21] è

îáîáùåííàÿ äèàãðàììà ìàëîöèêëîâîãî ðàçðóøå-

íèÿ ñ ó÷åòîì äåôîðìàöèîííîé àíèçîòðîïèè

ñâîéñòâ ìàòåðèàëà.

Âûâîäû

Ïîëó÷åíû íîâûå ðåçóëüòàòû ðàñ÷åòíî-ýêñ-

ïåðèìåíòàëüíûõ è ÷èñëåííûõ èññëåäîâàíèé

ïðîöåññà èçìåíåíèÿ óïðóãîïëàñòè÷åñêîé äå-

ôîðìàöèîííîé àíèçîòðîïèè, êîòîðûå õîðîøî ñî-

ãëàñóþòñÿ.

Ñôîðìóëèðîâàíà ôóíêöèîíàëüíàÿ çàâèñè-

ìîñòü âëèÿíèÿ àíèçîòðîïèè ìåõàíè÷åñêèõ

ñâîéñòâ ìàòåðèàëà íà ïàðàìåòðû êèíåòè÷åñêîé

äèàãðàììû ìàëîöèêëîâîãî ðàçðóøåíèÿ â òðåõ-

ìåðíîé êîíôèãóðàöèè òðåùèí.

Ðåçóëüòàòû, ïðåäñòàâëåííûå â äàííîé ðàáî-

òå, íà îñíîâå íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ

ìîãóò áûòü èñïîëüçîâàíû äëÿ áîëåå òî÷íîãî

ïðåäñêàçàíèÿ ïðî÷íîñòè, áåçîòêàçíîé ðàáîòû è

æèâó÷åñòè îòâåòñòâåííîãî îáîðóäîâàíèÿ è êîí-

ñòðóêöèé.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæ-

êå ãðàíòà ÐÔÔÈ ¹ 18-08-00572-à.
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