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Ðàññìàòðèâàþòñÿ ïðîöåññû óñòàëîñòíîé äîëãîâå÷íîñòè ïîëèêðèñòàë-
ëè÷åñêèõ êîíñòðóêöèîííûõ ñïëàâîâ ïðè ñîâìåñòíîì äåéñòâèè ìåõàíèçìîâ
ìàëî- è ìíîãîöèêëîâîé óñòàëîñòè. Ñ ïîçèöèè ìåõàíèêè ïîâðåæäåííîé ñðåäû
ðàçâèòà ìàòåìàòè÷åñêàÿ ìîäåëü, îïèñûâàþùàÿ ïðîöåññû ïëàñòè÷åñêîãî äå-
ôîðìèðîâàíèÿ è íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé. Ìîäåëü ìåõàíèêè
ïîâðåæäåííîé ñðåäû ñîñòîèò èç òðåõ âçàèìîñâÿçàííûõ ÷àñòåé: ñîîòíîøåíèé,
îïðåäåëÿþùèõ öèêëè÷åñêîå óïðóãîïëàñòè÷åñêîå ïîâåäåíèå ìàòåðèàëà ñ ó÷å-
òîì çàâèñèìîñòè îò ïðîöåññà ðàçðóøåíèÿ; óðàâíåíèé, îïèñûâàþùèõ êèíåòè-
êó íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé; êðèòåðèÿ ïðî÷íîñòè ïîâðåæäåííî-
ãî ìàòåðèàëà.

Âàðèàíò îïðåäåëÿþùèõ ñîîòíîøåíèé óïðóãîïëàñòè÷íîñòè îñíîâàí íà
ïðåäñòàâëåíèè î ïîâåðõíîñòè ìèêðîïëàñòè÷åñêîãî íàãðóæåíèÿ â ôîðìå Ìè-
çåñà è ïðèíöèïå ãðàäèåíòàëüíîñòè âåêòîðà ñêîðîñòè ïëàñòè÷åñêèõ äåôîðìà-
öèé ê ïîâåðõíîñòè â òî÷êå íàãðóæåíèÿ. Òàêîé âàðèàíò óðàâíåíèé ñîñòîÿíèÿ
îòðàæàåò îñíîâíûå ýôôåêòû ïðîöåññà öèêëè÷åñêîãî ïëàñòè÷åñêîãî äåôîðìè-
ðîâàíèÿ ìàòåðèàëà äëÿ ïðîèçâîëüíûõ ñëîæíûõ òðàåêòîðèé íàãðóæåíèÿ.

Âàðèàíò êèíåòè÷åñêèõ óðàâíåíèé íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé
îñíîâàí íà ââåäåíèè ñêàëÿðíîãî ïàðàìåòðà ïîâðåæäåííîñòè, áàçèðóåòñÿ íà
ýíåðãåòè÷åñêèõ ïðèíöèïàõ è ó÷èòûâàåò îñíîâíûå ýôôåêòû îáðàçîâàíèÿ, ðîñ-
òà è ñëèÿíèÿ ìèêðîäåôåêòîâ ïðè ïðîèçâîëüíûõ ñëîæíûõ ðåæèìàõ íàãðóæå-
íèÿ. Ïðåäëîæåíà åäèíàÿ ôîðìà ýâîëþöèîííîãî óðàâíåíèÿ íàêîïëåíèÿ óñòà-
ëîñòíûõ ïîâðåæäåíèé äëÿ ìàëîöèêëîâîé è ìíîãîöèêëîâîé óñòàëîñòè. Â êà÷å-
ñòâå êðèòåðèÿ ïðî÷íîñòè ïîâðåæäåííîãî ìàòåðèàëà èñïîëüçóåòñÿ óñëîâèå äî-
ñòèæåíèÿ âåëè÷èíîé ïîâðåæäåííîñòè êðèòè÷åñêîãî çíà÷åíèÿ.

Äëÿ îöåíêè äîñòîâåðíîñòè è îïðåäåëåíèÿ ãðàíèö ïðèìåíèìîñòè îïðåäå-
ëÿþùèõ ñîîòíîøåíèé ìåõàíèêè ïîâðåæäåííîé ñðåäû ïðîâåäåíû ÷èñëåííûå
èññëåäîâàíèÿ ïðîöåññîâ íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé ïî öèêëè÷åñ-
êîìó íåóïðóãîìó äåôîðìèðîâàíèþ è óñòàëîñòíîìó ðàçðóøåíèþ ñòàëè 20 è
ñòàëè 08Õ18Í12Ò ïðè îäíî÷àñòîòíîì íàãðóæåíèè ñ âûñîêîé ÷àñòîòîé è äâóõ-
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÷àñòîòíîì íàãðóæåíèè ñ ðàçëè÷íûìè àìïëèòóäàìè. Ïðîâåäåíî ñðàâíåíèå
ïîëó÷åííûõ ÷èñëåííûõ ðåçóëüòàòîâ ñ äàííûìè íàòóðíûõ ýêñïåðèìåíòîâ, êî-
òîðîå ïîêàçàëî, ÷òî ðàçðàáîòàííàÿ ìîäåëü ïîâðåæäåííîé ñðåäû äîñòîâåð-
íî îïèñûâàåò äîëãîâå÷íîñòü êîíñòðóêöèé ïðè äåéñòâèè ìåõàíèçìîâ ìàëî- è
ìíîãîöèêëîâîé óñòàëîñòè.

Êëþ÷åâûå ñëîâà: ìàëîöèêëîâàÿ óñòàëîñòü, ìíîãîöèêëîâàÿ óñòàëîñòü,
äåôîðìàöèÿ, íàïðÿæåíèå, ïîâðåæäåííîñòü, ìîäåëèðîâàíèå, ìåõàíèêà ïî-
âðåæäåííîé ñðåäû, äâóõ÷àñòîòíîå íàãðóæåíèå, ÷èñëåííûé è íàòóðíûé ýêñïåðè-
ìåíòû.

Ââåäåíèå

Ìíîãî÷èñëåííûå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ óñòàëîñòíûõ ïîâðåæäåíèé
ïîçâîëèëè ñäåëàòü âûâîä, ÷òî óñòàëîñòü ïðîèñõîäèò êàê ìèíèìóì â äâóõ îòëè÷àþ-
ùèõñÿ äðóã îò äðóãà îáëàñòÿõ öèêëè÷åñêîãî íàãðóæåíèÿ – ìàëîöèêëîâîé óñòàëîñòè
(ÌÖÓ) è ìíîãîöèêëîâîé óñòàëîñòè (ÌíÖÓ).

Ìàëîöèêëîâàÿ óñòàëîñòü õàðàêòåðèçóåòñÿ îáðàçîâàíèåì â ïðîöåññå öèêëè÷åñ-
êîãî íàãðóæåíèÿ ìàêðîñêîïè÷åñêèõ ïëàñòè÷åñêèõ äåôîðìàöèé â öèêëå íàãðóæå-
íèÿ. Óñëîâíî îáëàñòü ÌÖÓ îãðàíè÷èâàþò ÷èñëîì öèêëîâ äî ðàçðóøåíèÿ, íå ïðåâû-
øàþùèì 104 â ýêñïåðèìåíòàõ íà îäíîîñíîå ðàñòÿæåíèå-ñæàòèå ëàáîðàòîðíûõ îá-
ðàçöîâ. Ýòîò äåãðàäàöèîííûé ìåõàíèçì õàðàêòåðåí äëÿ çîí ñ êîíñòðóêòèâíûìè êîí-
öåíòðàòîðàìè íàïðÿæåíèé, òàêèìè êàê êîðåíü ñâàðíîãî øâà, ïåðåõîäû ñ ìàëûìè
ðàäèóñàìè ñêðóãëåíèÿ è ò.ï. ñ íîìèíàëüíûìè íàïðÿæåíèÿìè ïîðÿäêà (0,5–0,8)σT,
ãäå σT – ïðåäåë òåêó÷åñòè ìàòåðèàëà. Äëÿ ÌÖÓ õàðàêòåðíû ïðîÿâëåíèÿ ýôôåêòîâ
óïðî÷íåíèÿ è ðàçóïðî÷íåíèÿ ìàòåðèàëà, âûçâàííûå èçìåíåíèÿìè ìèêðîñòðóêòóðû
è ôàçîâîãî ñîñòàâà. Êèíåòèêà îáðàçîâàíèÿ è ðîñòà ìèêðîäåôåêòîâ è äîëãîâå÷íîñòü
ïðè ÌÖÓ â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿåòñÿ õàðàêòåðèñòèêàìè ïðîöåññà óïðóãî-
ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ êîíñòðóêöèîííûõ ìàòåðèàëîâ è èñòîðèåé èõ íà-
ãðóæåíèÿ [1–9]. Ìíîãîöèêëîâàÿ óñòàëîñòü õàðàêòåðèçóåòñÿ îáðàçîâàíèåì â ïðîöåññå
öèêëè÷åñêîãî íàãðóæåíèÿ ìèêðîñêîïè÷åñêèõ íåóïðóãèõ äåôîðìàöèé â öèêëå íà-
ãðóæåíèÿ. Óñëîâíî îáëàñòü ÌíÖÓ îãðàíè÷èâàþò ÷èñëîì öèêëîâ äî ðàçðóøåíèÿ îò
105 äî 107 ïðè îäíîîñíîì ðàñòÿæåíèè-ñæàòèè ëàáîðàòîðíûõ îáðàçöîâ.

Â îáëàñòè äîëãîâå÷íîñòåé îò 104 äî 105 öèêëîâ íàãðóæåíèÿ ðåàëèçóåòñÿ ñîâìå-
ñòíîå äåéñòâèå îáîèõ ìåõàíèçìîâ óñòàëîñòíîé äåãðàäàöèè ìàòåðèàëà.

Ìíîãîöèêëîâàÿ óñòàëîñòü ìåòàëëà ÿâëÿåòñÿ ñëåäñòâèåì ìèêðîñêîïè÷åñêîé äå-
ôîðìàöèè, âûçûâàþùåé ñîâîêóïíîñòü íåîáðàòèìûõ ïðîöåññîâ íà ìèêðî- è ìåçî-
óðîâíÿõ (öèêëè÷åñêàÿ âÿçêîñòü, âíóòðåííåå òðåíèå è òàê äàëåå) [3]. Â ïóáëèêàöèÿõ
[8–12] ñ ñîâðåìåííûõ ïîçèöèé ìåõàíèêè ïîâðåæäåííîé ñðåäû (ÌÏÑ) ðàçâèòà ìà-
òåìàòè÷åñêàÿ ìîäåëü [3, 13–16], îïèñûâàþùàÿ ïðîöåññû íàêîïëåíèÿ óñòàëîñòíûõ
ïîâðåæäåíèé â êîíñòðóêöèîííûõ ìàòåðèàëàõ (ìåòàëëàõ è èõ ñïëàâàõ) ïðè ìíîãî-
îñíûõ íåïðîïîðöèîíàëüíûõ ïóòÿõ ìàëîöèêëîâîãî òåðìîñèëîâîãî íàãðóæåíèÿ. Â
[17] ïðèâåäåí ýíåðãåòè÷åñêèé êðèòåðèé ÌíÖÓ è îñíîâíûå ýêñïåðèìåíòàëüíûå
ðåçóëüòàòû åãî îáîñíîâàíèÿ.

Íà ïðàêòèêå çíà÷åíèå èìåþò ñëó÷àè ñîâìåñòíîãî äåéñòâèÿ ïîâòîðíî-ñòàòè÷åñ-
êèõ íàãðóçîê ñ íèçêîé ÷àñòîòîé íàãðóæåíèÿ è âûñîêî÷àñòîòíûõ öèêëè÷åñêèõ íà-
ãðóçîê, îêàçûâàþùèõ ñóùåñòâåííîå âçàèìíîå âëèÿíèå íà ñîîòâåòñòâóþùèå õàðàê-
òåðèñòèêè ìàòåðèàëà ïðè ðàçäåëüíîì ïðèëîæåíèè ýòèõ íàãðóçîê (äâóõ÷àñòîòíîå
íàãðóæåíèå). Èçâåñòíî áîëüøîå êîëè÷åñòâî ðàáîò, ïîñâÿùåííûõ èññëåäîâàíèþ ñî-
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ïðîòèâëåíèÿ óñòàëîñòè ïðè äâóõ÷àñòîòíîì íàãðóæåíèè, â êîòîðûõ ïðåäëàãàþòñÿ
ðàçëè÷íûå àíàëèòè÷åñêèå çàâèñèìîñòè äëÿ îöåíêè äîëãîâå÷íîñòè ìàòåðèàëîâ â
óêàçàííûõ óñëîâèÿõ íàãðóæåíèÿ [4–7].

Â íàñòîÿùåå âðåìÿ íå ñóùåñòâóåò åäèíîãî íàó÷íî îáîñíîâàííîãî ïîäõîäà ê
îöåíêå äîëãîâå÷íîñòè ïðè äâóõ÷àñòîòíîì íàãðóæåíèè, áàçèðóþùåãîñÿ íà ýêñïåðè-
ìåíòàëüíî óñòàíîâëåííûõ ôèçè÷åñêèõ çàêîíîìåðíîñòÿõ, îòðàæàþùèõ ñâÿçü ìåæäó
ïàðàìåòðàìè íàãðóæåíèÿ è ñîïðîòèâëåíèÿ óñòàëîñòè â øèðîêîì äèàïàçîíå èçìå-
íåíèé àìïëèòóäíûõ è ÷àñòîòíûõ îòíîøåíèé.

Â áîëüøèíñòâå ïóáëèêàöèé ìåòîäèêè äîëãîâå÷íîñòè ïðè äâóõ÷àñòîòíîì íàãðó-
æåíèè îñíîâàíû íà ëèíåéíîé èíòåðïðåòàöèè íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäå-
íèé ïðè ñîâìåùåíèè ðàçíî÷àñòîòíûõ íàãðóçîê. Îäíàêî îáðàáîòêà ìíîãî÷èñëåííûõ
ðåçóëüòàòîâ èñïûòàíèé ìàòåðèàëîâ ïðè äâóõ÷àñòîòíîì íàãðóæåíèè ñâèäåòåëüñòâó-
åò îá îãðàíè÷åííîé ïðèìåíèìîñòè ãèïîòåçû ëèíåéíîãî ñóììèðîâàíèÿ ïîâðåæäå-
íèé äëÿ òàêîãî âèäà íàãðóæåíèÿ. Ñèñòåìàòèçèðîâàííûå ýêñïåðèìåíòàëüíûå äàí-
íûå, õàðàêòåðèçóþùèå çàêîíîìåðíîñòè öèêëè÷åñêîãî äåôîðìèðîâàíèÿ ïðè äâóõ-
÷àñòîòíîì íàãðóæåíèè, ñâèäåòåëüñòâóþò î ñíèæåíèè öèêëè÷åñêèõ ïðåäåëîâ óïðó-
ãîñòè è ïðåäåëîâ âûíîñëèâîñòè ïî ñðàâíåíèþ ñ îäíî÷àñòîòíûì íàãðóæåíèåì [18].

Îäèí èç ïîäõîäîâ, ïîçâîëÿþùèõ óñòðàíèòü ýòîò íåäîñòàòîê, áàçèðóåòñÿ íà èçó-
÷åíèè íåóïðóãèõ öèêëè÷åñêèõ äåôîðìàöèé êàê ïðè ðàçäåëüíîì, òàê è ïðè äâóõ÷àñ-
òîòíîì íàãðóæåíèè. Ýòî îñîáåííî âàæíî, ïîñêîëüêó â ðÿäå ïóáëèêàöèé îäíîçíà÷íî
áûëà ïîêàçàíà âçàèìîñâÿçü ïðîöåññîâ íåóïðóãîãî äåôîðìèðîâàíèÿ è óñòàëîñòíîãî
ïîâðåæäåíèÿ ìåòàëëîâ [6]. Îäíàêî ýêñïåðèìåíòàëüíîìó èçó÷åíèþ çàêîíîìåðíîñ-
òåé öèêëè÷åñêîãî ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ ìàòåðèàëîâ ïðè äâóõ÷àñòîòíîì
íàãðóæåíèè ïîñâÿùåíû ëèøü îòäåëüíûå ñòàòüè [7, 8].

Â íàñòîÿùåé ñòàòüå ìîäåëü ÌÏÑ îáîáùàåòñÿ íà ñëó÷àé ñîâìåñòíîãî ïðîòåêàíèÿ
ïðîöåññîâ ìàëî- è ìíîãîöèêëîâîé óñòàëîñòè ìåòàëëîâ, ïðîâîäèòñÿ îöåíêà äîñòî-
âåðíîñòè ìîäåëè ÌÏÑ ïóòåì ÷èñëåííîãî ìîäåëèðîâàíèÿ ýêñïåðèìåíòàëüíûõ ïðî-
öåññîâ è ñðàâíåíèå ïîëó÷åííûõ ÷èñëåííûõ ðåçóëüòàòîâ ñ îïûòíûìè äàííûìè [11].

1. Îïðåäåëÿþùèå ñîîòíîøåíèÿ ìåõàíèêè ïîâðåæäåííîé ñðåäû

Ìîäåëü ïîâðåæäåííîé ñðåäû, ðàçâèòàÿ â [10–12], ñîñòîèò èç òðåõ âçàèìîñâÿ-
çàííûõ ñîñòàâíûõ ÷àñòåé:

– ñîîòíîøåíèé, îïðåäåëÿþùèõ óïðóãîïëàñòè÷åñêîå ïîâåäåíèå ìàòåðèàëà ñ ó÷å-
òîì çàâèñèìîñòè îò ïðîöåññà ðàçðóøåíèÿ;

– ýâîëþöèîííûõ óðàâíåíèé, îïèñûâàþùèõ êèíåòèêó íàêîïëåíèÿ óñòàëîñòíûõ
ïîâðåæäåíèé;

– êðèòåðèÿ ïðî÷íîñòè ïîâðåæäåííîãî ìàòåðèàëà.
Îïðåäåëÿþùèå ñîîòíîøåíèÿ ïëàñòè÷íîñòè
Â óïðóãîé îáëàñòè ñâÿçü ìåæäó øàðîâûìè è äåâèàòîðíûìè ñîñòàâëÿþùèìè

òåíçîðîâ íàïðÿæåíèé è äåôîðìàöèé è èõ ñêîðîñòåé óñòàíàâëèâàåòñÿ ñ ïîìîùüþ
çàêîíà Ãóêà:

,3 ][ )( 0TTeK −α−=σ

,2 e
ijij eG ′=σ

,3 )( σ+α−α−=σ
K
KТТåK
&

&&&& (1)
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,2 ij
e

ijij G
GåG σ′+′σ′ =
&

&&

ãäå T – òåìïåðàòóðà, T0 – íà÷àëüíàÿ òåìïåðàòóðà, K(T ) – ìîäóëü îáúåìíîãî ñæàòèÿ,
G(T ) – ìîäóëü ñäâèãà, α(T ) – êîýôôèöèåíò ëèíåéíîãî òåìïåðàòóðíîãî ðàñøèðåíèÿ
ìàòåðèàëà, σ, e – ãèäðîñòàòè÷åñêèå ñîñòàâëÿþùèå òåíçîðîâ íàïðÿæåíèé è äåôîð-
ìàöèé, e

ije′  – äåâèàòîð òåíçîðà óïðóãèõ äåôîðìàöèé, σij – òåíçîð íàïðÿæåíèé.
Äëÿ îïèñàíèÿ ýôôåêòîâ ìîíîòîííîãî è öèêëè÷åñêîãî ìàêðî- è ìèêðîïëàñòè-

÷åñêîãî äåôîðìèðîâàíèÿ ïðè ÌÖÓ è ÌíÖÓ ââîäèòñÿ ïîâåðõíîñòü ïëàñòè÷åñêîãî
íàãðóæåíèÿ â ôîðìå Ìèçåñà (ρij – òåíçîð ìèêðîíàïðÿæåíèé, Cm – ðàäèóñ ïîâåðõíî-
ñòè ìèêðîïëàñòè÷åñêîãî íàãðóæåíèÿ):

.,02
ijijijmijijm SCSSF ρ−σ′==−= (2)

Äëÿ îïèñàíèÿ ñëîæíûõ öèêëè÷åñêèõ ðåæèìîâ äåôîðìèðîâàíèÿ â ïðîñòðàíñòâå
äåôîðìàöèé ââîäèòñÿ ïîâåðõíîñòü «ïàìÿòè». Óðàâíåíèå ïîâåðõíîñòè «ïàìÿòè»
èìååò âèä:

,0))(( 2
max =−ξ−ξ−= eij

p
ijij

p
ije aeea (3)

ãäå aemax – ìàêñèìàëüíîå çíà÷åíèå èíòåíñèâíîñòè òåíçîðà ïëàñòè÷åñêèõ äåôîðìà-
öèé 

p
ije  â ïðîöåññå íàãðóæåíèÿ, ξ ij – òåíçîð îäíîñòîðîííå íàêîïëåííûõ ïëàñòè÷åñ-

êèõ äåôîðìàöèé.
Ïðè ÷èñëåííîì ìîäåëèðîâàíèè êèíåòèêè íàïðÿæåííî-äåôîðìèðîâàííîãî ñî-

ñòîÿíèÿ ïðè ïëàñòè÷åñêîì äåôîðìèðîâàíèè íåîáõîäèìî ìàêñèìàëüíî òî÷íî îïè-
ñûâàòü ïðîöåññû óïðî÷íåíèÿ è ðàçóïðî÷íåíèÿ êîíñòðóêöèîííûõ ìàòåðèàëîâ, òàê
êàê ýòè ìåõàíèçìû èãðàþò îïðåäåëÿþùóþ ðîëü â òî÷íîñòè îöåíîê ðåñóðñíûõ õà-
ðàêòåðèñòèê. Ïðè óñòàëîñòè ñåðüåçíóþ ðîëü èãðàåò êîíêóðåíöèÿ ïðîöåññîâ óïðî÷-
íåíèÿ è ðàçóïðî÷íåíèÿ, âûçâàííûõ â ìàòåðèàëå ìåõàíèçìàìè èçìåíåíèÿ ôàçîâîãî
ñîñòàâà, ìèêðîñòðóêòóðíîãî ñîñòîÿíèÿ, èçìåíåíèåì ïëîòíîñòè äèñëîêàöèé, à òàê-
æå èçìåíåíèåì òåìïåðàòóðû.

Â äèàïàçîíå òåìïåðàòóð T, â êîòîðîì ìîæíî ïðåíåáðå÷ü ýôôåêòàìè îòæèãà,
ïðèíèìàåòñÿ, ÷òî èçîòðîïíîå óïðî÷íåíèå/ðàçóïðî÷íåíèå (ýâîëþöèÿ Cm) çàïèøåò-
ñÿ êàê:
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Çäåñü 0
mC  – íà÷àëüíûé ðàäèóñ ïîâåðõíîñòè ìèêðîïëàñòè÷åñêîãî íàãðóæåíèÿ; q1, q2,

qT – ìîäóëè ìîíîòîííîãî èçîòðîïíîãî óïðî÷íåíèÿ, ñîîòâåòñòâóþùèå ìîíîòîííûì
ëó÷åâûì ïóòÿì íàãðóæåíèÿ, èçëîìó òðàåêòîðèè äåôîðìèðîâàíèÿ íà 90° è òåìïåðà-
òóðíîìó èçìåíåíèþ ðàäèóñà ïîâåðõíîñòè òåêó÷åñòè; Q1χ, Q2χ, Q1ξ, Q2ξ – ìîäóëè
öèêëè÷åñêîãî èçîòðîïíîãî óïðî÷íåíèÿ/ðàçóïðî÷íåíèÿ, ñîîòâåòñòâóþùèå ïðîïîð-
öèîíàëüíîìó íàãðóæåíèþ è èçëîìó òðàåêòîðèè íà 90°; ac è aξ – ïîñòîÿííûå, îïðå-
äåëÿþùèå ñêîðîñòü ïðîöåññà ñòàáèëèçàöèè ôîðìû ïåòëè ãèñòåðåçèñà öèêëè÷åñêî-
ãî äåôîðìèðîâàíèÿ ìàòåðèàëà; Qsχ, Qsξ – ñòàöèîíàðíûå çíà÷åíèÿ ðàäèóñà ïîâåðõíî-
ñòè òåêó÷åñòè ïðè äàííûõ aemax, ξ è òåìïåðàòóðå T; monχ&  – ïðèðàùåíèå äëèíû òðàåê-
òîðèè ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ ìàòåðèàëà íà ìîíîòîííûõ ó÷àñòêàõ; cycχ& –
ïðèðàùåíèå äëèíû òðàåêòîðèè ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ ìàòåðèàëà íà ó÷àñò-
êàõ ñòàáèëèçèðîâàííîãî öèêëè÷åñêîãî äåôîðìèðîâàíèÿ áåç ñìåùåíèÿ öåíòðà ïî-
âåðõíîñòè ae; ξχ&   – ïðèðàùåíèå äëèíû òðàåêòîðèè ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ
ìàòåðèàëà íà ó÷àñòêàõ öèêëè÷åñêîãî äåôîðìèðîâàíèÿ ñî ñìåùåíèåì öåíòðà ïîâåðõ-
íîñòè ae.

Ïåðâûé ÷ëåí óðàâíåíèÿ (4) îïèñûâàåò èçîòðîïíîå óïðî÷íåíèå â ðåçóëüòàòå
ìîíîòîííîãî ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ, âòîðîé ÷ëåí – öèêëè÷åñêîå óïðî÷íå-
íèå/ðàçóïðî÷íåíèå ìàòåðèàëà íà ñòàáèëèçèðîâàííûõ ó÷àñòêàõ öèêëè÷åñêîãî äåôîð-
ìèðîâàíèÿ, òðåòèé ÷ëåí – öèêëè÷åñêîå ðàçóïðî÷íåíèå ìàòåðèàëà ïðè íåñòàáèëèçè-
ðîâàííîì öèêëè÷åñêîì äåôîðìèðîâàíèè, ÷åòâåðòûé – èçìåíåíèå ðàäèóñà ïîâåðõ-
íîñòè òåêó÷åñòè ïðè èçìåíåíèè òåìïåðàòóðû. Óðàâíåíèå (4) îïèñûâàåò ëîêàëüíóþ
àíèçîòðîïèþ ïëàñòè÷åñêîãî óïðî÷íåíèÿ â çàâèñèìîñòè îò ïàðàìåòðà A, õàðàêòåðè-
çóþùåãî îòêëîíåíèå âåêòîðà äîãðóçêè îò íîðìàëè ê ïîâåðõíîñòè òåêó÷åñòè â òî÷êå
íàãðóæåíèÿ. Ýâîëþöèÿ òåíçîðà ìèêðîíàïðÿæåíèé ρij ïðèíèìàåòñÿ â âèäå:
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),()()( cm fff χ+χ=χ (15)

),)(exp1(1)(),)(exp1(1)( 2111 c
cyccyc
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monmon

m kkfkkf χ−−+=χχ−−+=χ (16)

ãäå 
cycmoncycmonrpmrpm kkgg ,

2
,

1
,,

2
,,

1 ,,,  – ýêñïåðèìåíòàëüíî îïðåäåëÿåìûå ìàòåðèàëüíûå
ïàðàìåòðû.

Â ôîðìóëå (9) ïåðâûé ÷ëåí îïèñûâàåò ýâîëþöèþ òåíçîðà ρij, ñâÿçàííîãî ñ îáðà-
çîâàíèåì è ýâîëþöèåé ìèêðîïëàñòè÷åñêèõ äåôîðìàöèé; âòîðîé – ñâÿçàííîãî ñ îá-
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ðàçîâàíèåì ìàêðîñêîïè÷åñêèõ ïëàñòè÷åñêèõ äåôîðìàöèé; òðåòèé – ïðè îäíîñòî-
ðîííå íàêàïëèâàåìîé ïëàñòè÷åñêîé äåôîðìàöèè.

Çàâèñèìîñòü (9) ïîçâîëÿåò îïèñûâàòü îñíîâíûå ýôôåêòû àíèçîòðîïèè, âûçâàí-
íîé íåóïðóãèì äåôîðìèðîâàíèåì ïðè çíàêîïåðåìåííîì íàãðóæåíèè, à òàêæå ýô-
ôåêòû, âîçíèêàþùèå ïðè ðåàëèçàöèè æåñòêèõ («ïîñàäêà» ïåòëè ãèñòåðåçèñà) è ìÿã-
êèõ ðåæèìîâ íàãðóæåíèÿ («âûøàãèâàíèå» ïåòëè ãèñòåðåçèñà).

Âåñîâîé ìíîæèòåëü f (χ) â (10), (11) è (12) ïîçâîëÿåò îïèñàòü ýâîëþöèþ ρij ïðè
çàâèñèìîñòè ïàðàìåòðîâ rpmrpm gg ,,

2
,,

1 ,  îò äëèíû ïóòè ïëàñòè÷åñêîãî äåôîðìèðîâà-
íèÿ χ íà ó÷àñòêàõ ìîíîòîííîãî è öèêëè÷åñêîãî äåôîðìèðîâàíèÿ.

Äëÿ âåëè÷èí B, çàêëþ÷åííûõ â óãëîâûå ñêîáêè, âûïîëíÿþòñÿ óñëîâèÿ:

⎩
⎨
⎧

≥
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=〉〈
.00
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ïðè
ïðè

B
BB

B

Êîìïîíåíòû òåíçîðà ñêîðîñòåé ïëàñòè÷åñêèõ 
p
ije&  äåôîðìàöèé ïîä÷èíÿþòñÿ çà-

êîíó ãðàäèåíòàëüíîñòè:

.ijp
p
ij Se λ=& (17)

Âëèÿíèå íàêîïëåííîé ïîâðåæäåííîñòè ó÷èòûâàåòñÿ ÷åðåç ýôôåêòèâíûå çíà÷å-
íèÿ ãèäðîñòàòè÷åñêîé è äåâèàòîðíîé ÷àñòè òåíçîðà íàïðÿæåíèé, êîòîðûå â ñâîþ
î÷åðåäü îïðåäåëÿþòñÿ ÷åðåç ýôôåêòèâíûå çíà÷åíèÿ ìîäóëåé óïðóãîñòè [11]:

[ ],)89(/)126(1)1(~)(~
1 GKGKG

GF ji
jijiji +ω+−ω−
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σ′=σ′ωσ′ ==

,
)34/()1(4~)(~

2 ω+ω−
σ

=σ=σω=σ
KGGK

KF (18)
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)( rpmnF n
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n
ij =ρω=ρ

ãäå F1,2 (ω) – çàâèñèìîñòè Ìàê-Êåíçè [11].
Ýâîëþöèîííûå óðàâíåíèÿ íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé ïðè ìàëî- è

ìíîãîöèêëîâîé óñòàëîñòè
Óðàâíåíèÿ íàêîïëåíèÿ ïîâðåæäåíèé áàçèðóþòñÿ íà ñâÿçè âåëè÷èíû ïîâðåæ-

äåííîñòè ñ ìàêðîñêîïè÷åñêèìè ïàðàìåòðàìè, êîòîðûå ìîãóò áûòü ýêñïåðèìåíòàëüíî
îïðåäåëåíû. Â íàñòîÿùåå âðåìÿ íàèáîëåå ôèçè÷åñêè îáîñíîâàííûì è àïðîáèðî-
âàííûì ÿâëÿåòñÿ ýíåðãåòè÷åñêèé ïîäõîä ïðè îïðåäåëåíèè ðåñóðñíûõ õàðàêòåðèñ-
òèê ïîëèêðèñòàëëè÷åñêèõ òåë [19–24]. Â.Â. Íîâîæèëîâûì [19] áûëî ïîêàçàíî, ÷òî
ïðè ìàëîöèêëîâîé óñòàëîñòè ýíåðãèÿ, çàòðà÷åííàÿ íà îáðàçîâàíèå äåôåêòîâ ïðè
íåñòàöèîíàðíîì óïðóãîïëàñòè÷åñêîì äåôîðìèðîâàíèè, õîðîøî êîððåëèðóåò ñ ðà-
áîòîé Wp òåíçîðà ìèêðîíàïðÿæåíèé ρij íà ïëàñòè÷åñêèõ äåôîðìàöèÿõ :p

ije

., ∫ρ=ρ= p
ijijp

p
ijijp deWeW && (19)

Ïðè îïðåäåëåíèè ðåñóðñíûõ õàðàêòåðèñòèê ïðè ÌíÖÓ èñïîëüçóåòñÿ ïîäõîä
[25], îñíîâàííûé íà ýíåðãåòè÷åñêîì êðèòåðèè, êîòîðûé çàïèñûâàåòñÿ âûðàæåíèåì:
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ãäå ΔW0 – îïàñíàÿ ÷àñòü ðàññåÿííîé ýíåðãèè çà öèêë íàãðóæåíèÿ, êîððåëèðóþùåé ñ
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ýíåðãèåé, èäóùåé íà îáðàçîâàíèå ìèêðîäåôåêòîâ; ΔWi – ïîëíàÿ ðàññåÿííàÿ ýíåð-
ãèÿ çà öèêë íàãðóæåíèÿ; ΔWR – ðàññåÿííàÿ ýíåðãèÿ çà öèêë íàãðóæåíèÿ ïðè íàïðÿ-
æåíèè, ðàâíîì ïðåäåëó âûíîñëèâîñòè.

Ðàññìîòðèì âûðàæåíèå (20) äëÿ îäíîãî öèêëà íàãðóæåíèÿ â âèäå:
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WWWW Δ−Δ=⎟⎟
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⎜⎜
⎝

⎛
Δ
Δ

Δ−Δ=Δ
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(21)

ãäå ΔWH = ΔWR( ΔWi /ΔWR)α
 – íåîïàñíàÿ ÷àñòü ðàññåÿííîé ýíåðãèè çà öèêë íàãðó-

æåíèÿ, ñâÿçàííîé ñ ôàçîâûìè ïåðåõîäàìè, ñòðóêòóðíûìè èçìåíåíèÿìè è ïðîöåñ-
ñàìè òåïëîâûäåëåíèÿ.

Þ.Ã. Êîðîòêèõ äëÿ ðåãóëÿðíîãî öèêëè÷åñêîãî íàãðóæåíèÿ îáîáùèë ñîîòíîøå-
íèå (21) â âèäå [25]:
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e fWW σσ=γγ−Δ=Δ (22)

ãäå σu – èíòåíñèâíîñòü äåâèàòîðà íàïðÿæåíèé; 
R
uσ – èíòåíñèâíîñòü äåâèàòîðà íàïðÿ-

æåíèé, ñîîòâåòñòâóþùàÿ óñëîâíîìó ïðåäåëó âûíîñëèâîñòè ìàòåðèàëà ;R
uσ  f (γ) –

ôóíêöèÿ, õàðàêòåðèçóþùàÿ ñòåïåíü âëèÿíèÿ ìåõàíèçìà ÌíÖÓ íà êðèâóþ óñòàëîñòè.
Íà îñíîâå (20) è (22) âûðàæåíèå äëÿ îïàñíîé ýíåðãèè çà öèêë íàãðóæåíèÿ ïðåä-

ñòàâèì â âèäå:
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Ôóíêöèÿ f (γ) ó÷èòûâàåò îòíîñèòåëüíóþ âåëè÷èíó íåîïàñíîé ýíåðãèè â ïîë-
íîé ðàññåÿííîé ýíåðãèè, çàòðà÷åííîé íà ïëàñòè÷åñêîå äåôîðìèðîâàíèå è çàâèñÿ-
ùåé îò ïàðàìåòðà γ, õàðàêòåðèçóþùåãî îòíîñèòåëüíûé óðîâåíü äåéñòâóþùèõ ìàê-
ñèìàëüíûõ íàïðÿæåíèé â öèêëå íàãðóæåíèÿ:
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Â âûðàæåíèè (25) 
∗σu

~
 – íîðìèðîâàííàÿ èíòåíñèâíîñòü äåâèàòîðà òåíçîðà íà-

ïðÿæåíèé; 
∗σhcf

~
 – íîðìèðîâàííîå çíà÷åíèå èíòåíñèâíîñòè íàïðÿæåíèé, ïðè êîòî-

ðîì ïðîèñõîäèò ïåðåõîä îò ìåõàíèçìà ÌÖÓ ê ÌíÖÓ ñ ó÷åòîì ïðîöåññîâ óïðî÷íå-
íèÿ/ðàçóïðî÷íåíèÿ êîíñòðóêöèîííîãî ìàòåðèàëà (òî÷êà ïåðåãèáà íà ïîëíîé êðè-
âîé óñòàëîñòè).

Äëÿ îïðåäåëåíèÿ ðåñóðñíûõ õàðàêòåðèñòèê êîíñòðóêöèîííûõ ìàòåðèàëîâ (ìå-
òàëëîâ è èõ ñïëàâîâ) ïðè äåãðàäàöèè ìàòåðèàëà ïî ìåõàíèçìó ÌÖÓ è ÌíÖÓ â êà-
÷åñòâå ýíåðãèè ïîâðåæäåíèÿ ïðèíèìàåòñÿ ñîîòíîøåíèå:
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Ôóíêöèÿ f (γ) çàâèñèò îò ïàðàìåòðà γ = σu /Cp, õàðàêòåðèçóþùåãî îòíîñèòåëü-
íûé óðîâåíü äåéñòâóþùèõ íàïðÿæåíèé â öèêëå íàãðóæåíèÿ:
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Íà ðèñ. 1 ïðèâåäåí âèä ôóíêöèè f (γ) (ÃÖÓ – ãèãàöèêëîâàÿ óñòàëîñòü).

Âëèÿíèå íåïðîïîðöèîíàëüíîñòè íàãðóæåíèÿ, ïðè êîòîðîì êîìïîíåíòû òåíçî-
ðîâ íàïðÿæåíèé è äåôîðìàöèé ìåíÿþòñÿ íå â ôàçå (ãëàâíûå ïëîùàäêè òåíçîðîâ
âðàùàþòñÿ), à òåíçîðû íàïðÿæåíèé è ïëàñòè÷åñêèõ äåôîðìàöèé íå ñîîñíû, çàêëþ-
÷àåòñÿ â ñëåäóþùåì:

– ôîðìà òðàåêòîðèè äåôîðìèðîâàíèÿ ÿâëÿåòñÿ ïàðàìåòðîì, ñóùåñòâåííî âëèÿþ-
ùèì íà óñòàëîñòíóþ äîëãîâå÷íîñòü;

– êîíñòðóêöèîííûå ìàòåðèàëû äåìîíñòðèðóþò ñëîæíîå öèêëè÷åñêîå ïîâåäå-
íèå â óñëîâèÿõ ìíîãîîñíîãî íåïðîïîðöèîíàëüíîãî íàãðóæåíèÿ – äîïîëíèòåëüíîå
öèêëè÷åñêîå óïðî÷íåíèå èëè ðàçóïðî÷íåíèå;

– ïðè íåïðîïîðöèîíàëüíîì öèêëè÷åñêîì íàãðóæåíèè êðèòåðèé ýêâèâàëåíòíûõ
äåôîðìàöèé èëè èíòåíñèâíîñòè äåôîðìàöèé íå ÿâëÿåòñÿ êðèòåðèåì ýêâèâàëåíòíî-
ñòè è ìîæåò ïðèâåñòè ê íåêîíñåðâàòèâíûì îöåíêàì.

Ó÷èòûâàÿ ïîëó÷åííûå ðåçóëüòàòû, îáùóþ ñòðóêòóðó ýâîëþöèîííûõ óðàâíåíèé
íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé â ýëåìåíòàðíîì îáúåìå ìàòåðèàëà ïðè ñî-
âìåñòíîì äåéñòâèè ìåõàíèçìîâ ìàëî- è ìíîãîöèêëîâîé óñòàëîñòè ìîæíî ïðåäñòà-
âèòü â âèäå:

   .)()()( 321 pppp WWfff && ωβ=ω (28)
Â (28) ââåäåíû ôóíêöèè:  f1(β) – ôóíêöèÿ, ó÷èòûâàþùàÿ âëèÿíèå «æåñòêîñòè»

íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ;  f2(ωp) – ôóíêöèÿ, ó÷èòûâàþùàÿ âëèÿ-
íèå íàêîïëåííîãî óðîâíÿ ïîâðåæäåííîñòè íà ñêîðîñòü íàêîïëåíèÿ ïîâðåæäåíèé;
f3(Wp) – ôóíêöèÿ òåêóùåãî îòíîñèòåëüíîãî óðîâíÿ ðàññåÿííîé ýíåðãèè, èäóùåé íà
îáðàçîâàíèå ìèêðîäåôåêòîâ:
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ãäå êîíñòàíòà èíòåãðèðîâàíèÿ c ≈ 0,806.

Ðèñ. 1. Ãðàôè÷åñêîå ïðåäñòàâëåíèå ôóíêöèè  f (γ)
γ*                                1              γ

f
1

0
ÌÖÓÌíÖÓÃÖÓ
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Ïðèíèìàåòñÿ, ÷òî êèíåòèêà íàêîïëåíèÿ ïîâðåæäåíèé ñîñòîèò èç äâóõ ñòàäèé –
ñòàäèè çàðîæäåíèÿ ìèêðîäåôåêòîâ è ñòàäèè èõ ñëèÿíèÿ. Ýòè ñòàäèè ðàçãðàíè÷èâà-
þòñÿ çíà÷åíèåì âåëè÷èíû ðàññåÿííîé ýíåðãèè .a

pW  Îáðàçîâàíèå ìàêðîäåôåêòà ïðî-
èñõîäèò ïðè äîñòèæåíèè âåëè÷èíîé ðàññåÿííîé ýíåðãèè çíà÷åíèÿ .f

pW
Êðèòåðèé ïðî÷íîñòè ïîâðåæäåííîãî ìàòåðèàëà
Èíòåãðèðóÿ ýâîëþöèîííîå óðàâíåíèå (28) äëÿ âåëè÷èíû ïîâðåæäåííîñòè ñî-

âìåñòíî ñ îïðåäåëÿþùèìè óðàâíåíèÿìè öèêëè÷åñêîé ïëàñòè÷íîñòè (1)–(15) ïðè
èçâåñòíîé èñòîðèè íàãðóæåíèÿ ìîæíî ïîëó÷èòü óñëîâèå îáðàçîâàíèÿ ìàêðîñêîïè-
÷åñêîé òðåùèíû (êðèòåðèé ðàçðóøåíèÿ). Ïðè ýòîì â ìîìåíò äîñòèæåíèÿ âåëè÷è-
íîé ïîâðåæäåííîñòè êðèòè÷åñêîãî çíà÷åíèÿ ω = ωf ìàòåðèàë â ðàññìàòðèâàåìîì
ýëåìåíòàðíîì îáúåìå íàñòîëüêî ïîâðåæäåí, ÷òî ëþáîå äàëüíåéøåå íàãðóæåíèå ïî
ñóùåñòâó íåâîçìîæíî áåç òîãî, ÷òîáû íå ïðîèçîøëî ðàçðóøåíèå îáúåìà ìàòåðèàëà
íà ìàêðîñêîïè÷åñêîì óðîâíå.

Ó÷èòûâàÿ âûøåñêàçàííîå, â êà÷åñòâå êðèòåðèÿ îêîí÷àíèÿ ôàçû ðàçâèòèÿ ðàñ-
ñåÿííûõ ìèêðîïîâðåæäåíèé ìîæíî ïðèíÿòü óñëîâèå äîñòèæåíèÿ âåëè÷èíîé ïî-
âðåæäåííîñòè ω ñâîåãî êðèòè÷åñêîãî çíà÷åíèÿ ω = ωf  ≤ 1.

2. ×èñëåííûå ðåçóëüòàòû

Â ñòàòüå [24] ïðåäñòàâëåíû ýêñïåðèìåíòàëüíûå äàííûå î öèêëè÷åñêîì íåóïðó-
ãîì äåôîðìèðîâàíèè è óñòàëîñòíîì ðàçðóøåíèè ñòàëåé 20 è 08Õ18Í12Ò ïðè îäíî-
÷àñòîòíîì íàãðóæåíèè ñ íèçêîé ÷àñòîòîé, îäíî÷àñòîòíîì íàãðóæåíèè ñ âûñîêîé
÷àñòîòîé è äâóõ÷àñòîòíîì íàãðóæåíèè ñ ðàçëè÷íûìè ÷àñòîòàìè. Èññëåäîâàíèå óñ-
òàëîñòè ìåòàëëîâ êàê ïðè îäíî÷àñòîòíîì, òàê è ïðè äâóõ÷àñòîòíîì ðåæèìàõ íàãðó-
æåíèÿ ïðîâîäèëè íà óñòàíîâêå ÌÈÐ-ÑÒ, ïðåäíàçíà÷åííîé äëÿ èñïûòàíèé ìåòàëëè-
÷åñêèõ îáðàçöîâ íà óñòàëîñòü ïðè îäíîîñíîì ðàñòÿæåíèè-ñæàòèè â óñëîâèÿõ ñèì-
ìåòðè÷íîãî è àñèììåòðè÷íîãî öèêëîâ íàãðóæåíèÿ.

Èñïûòûâàëèñü ãëàäêèå öèëèíäðè÷åñêèå îáðàçöû êîíñòðóêöèîííûõ ñòàëåé –
ñðåäíåóãëåðîäèñòîé ñòàëè 20 (â óñëîâèÿõ ïîñòàâêè) è àóñòåíèòíûõ ñòàëåé 08Õ18Í12Ò
(1) (èñõîäíîå ñîñòîÿíèå) è 08Õ18Í12Ò (2) (ïîñëå ýêñïëóàòàöèîííîé íàðàáîòêè).

Êàæäûé èç âûøåïåðå÷èñëåííûõ ìàòåðèàëîâ èññëåäîâàëè ïðè ñëåäóþùèõ ðå-
æèìàõ íàãðóæåíèÿ:

– ðåæèì íàãðóæåíèÿ 1 – îäíî÷àñòîòíîå âûñîêî÷àñòîòíîå (34 Ãö) íàãðóæåíèå
ïðè ñèììåòðè÷íîì öèêëå;

– ðåæèì íàãðóæåíèÿ 2 – îäíî÷àñòîòíîå âûñîêî÷àñòîòíîå (34 Ãö) íàãðóæåíèå
ïðè àñèììåòðè÷íîì öèêëå (ñðåäíåå íàïðÿæåíèå öèêëà σm = 50 ÌÏà);

– ðåæèì íàãðóæåíèÿ 3 – îäíî÷àñòîòíîå íèçêî÷àñòîòíîå (ìàëîöèêëîâîå – ÷àñòî-
òà 0,082 Ãö) íàãðóæåíèå ïðè àñèììåòðè÷íîì öèêëå (σm = 50 ÌÏà);

– ðåæèì íàãðóæåíèÿ 4 – äâóõ÷àñòîòíîå íàãðóæåíèå ïðè ïåðåìåííîé àñèììåò-
ðèè öèêëà, èçìåíÿþùåéñÿ â ïðåäåëàõ îò 0 äî 100 ÌÏà.

Â ðåçóëüòàòå èññëåäîâàíèÿ óñòàëîñòíîé äîëãîâå÷íîñòè ñïëàâîâ ïðè óêàçàííûõ
ðåæèìàõ íàãðóæåíèÿ áûëè ïîëó÷åíû êðèâûå óñòàëîñòè â êîîðäèíàòàõ «àìïëèòóäà
íàïðÿæåíèÿ – ëîãàðèôì ÷èñëà öèêëîâ äî ðàçðóøåíèÿ».

Â òàáëèöàõ 1–5 äëÿ ñòàëåé 20, 08Õ18Í12Ò (1) è 08Õ18Í12Ò (2) ïðåäñòàâëåíû
îñíîâíûå ôèçèêî-ìåõàíè÷åñêèå õàðàêòåðèñòèêè è ìàòåðèàëüíûå ïàðàìåòðû ÌÏÑ,
îïðåäåëåííûå ïî ðåçóëüòàòàì ýêñïåðèìåíòà è èñïîëüçóåìûå â ðàñ÷åòàõ.
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Òàáëèöà 1
Îñíîâíûå ôèçèêî-ìåõàíè÷åñêèå õàðàêòåðèñòèêè

è ïàðàìåòðû ìîäåëè ÌÏÑ êîíñòðóêöèîííûõ ñòàëåé

Õàðàêòåðèñòèêè Ìàòåðèàë
08Õ18Í12Ò (1) 08Õ18Í12Ò (2) Ñòàëü 20

K, ÌÏà 166667 166667 166667
G, ÌÏà 76923 76923 76923
Cm

0, ÌÏà 85 90 82
g1

m, ÌÏà 400000 400000 200000
g2

m 5600 5600 2000
g1

p, ÌÏà 24090 24090 19000
g2

p 289 289 224
g1

r, ÌÏà 4000 4000 1200
g2

r 0 0 0
aξ 5 5 6
Wa, ÌÄæ/ì3 0 0 0
Wp

f, ÌÄæ/ì3 2900 2884 13980
(2/3)1/2σhcf 180 196 229
γ* 0,8182 0,8400 0,7473
n 1,55 3,1 1,05

Òàáëèöà 2
Çàâèñèìîñòü ìîäóëÿ ìîíîòîííîãî èçîòðîïíîãî óïðî÷íåíèÿ q1 îò äëèíû òðàåêòîðèè

ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ χ äëÿ ñðåäíåóãëåðîäèñòîé ñòàëè 20 (q2 = 0)
χ 0 0,0006 0,0012 0,0024 0,0042 0,006 0,0102 0,0132 0,015
q1, ÌÏà 0 0 –11709 –11170 –10360 3200 280 120 0

Çíà÷åíèÿ ìîäóëåé ìîíîòîííîãî èçîòðîïíîãî óïðî÷íåíèÿ q1 è q2 äëÿ ñòàëåé àóñ-
òåíèòíîãî êëàññà 08Õ18Í12Ò (1) è 08Õ18Í12Ò (2) ïðèíÿòû íå çàâèñÿùèìè îò χ è
ðàâíûìè íóëþ.

Òàáëèöà 3
Çàâèñèìîñòü Q1ξ îò ìàêñèìàëüíîãî çíà÷åíèÿ èíòåíñèâíîñòè òåíçîðà

ïëàñòè÷åñêèõ äåôîðìàöèé äëÿ ñòàëè àóñòåíèòíîãî êëàññà 08Õ18Í12Ò (1) (Q2ξ = 0)
aemax 0 0,00015 0,000162 0,000165 0,000192 0,000248 0,000350
Q1ξ, ÌÏà 25 30 39 54 78 84 85

Òàáëèöà 4
Çàâèñèìîñòü Q1ξ îò ìàêñèìàëüíîãî çíà÷åíèÿ èíòåíñèâíîñòè òåíçîðà

ïëàñòè÷åñêèõ äåôîðìàöèé äëÿ ñòàëè àóñòåíèòíîãî êëàññà 08Õ18Í12Ò (2) (Q2ξ = 0)
aemax 0 0,00024 0,000266 0,000284 0,000331 0,00035 0,0004
Q1ξ, ÌÏà 25 32 43 61 77 82 90

Òàáëèöà 5
Çàâèñèìîñòü Q1ξ îò ìàêñèìàëüíîãî çíà÷åíèÿ èíòåíñèâíîñòè òåíçîðà
ïëàñòè÷åñêèõ äåôîðìàöèé äëÿ ñðåäíåóãëåðîäèñòîé ñòàëè 20 (Q2ξ = 0)

aemax 0 0,0004 0,000451 0,000508 0,000591 0,00075 0,0001
Q1ξ, ÌÏà 30 52 55 65 70 74 78
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Íà ðèñ. 2, 3 ïðèâåäåíû ðàñ÷åòíûå êðèâûå îäíîîñíîãî ðàñòÿæåíèÿ äëÿ ñòàëè 20
è ñòàëåé 08Õ18Í12Ò (1), 08Õ18Í12Ò (2).

Íà ðèñ. 4–6 ïðèâåäåíû ðåçóëüòàòû ñðàâíåíèÿ ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ
êðèâûõ óñòàëîñòè äëÿ ñòàëåé 08Õ18Í12Ò (1), 08Õ18Í12Ò (2) è ñòàëè 20. Çäåñü øòðè-
õîâûìè ëèíèÿìè îòìå÷åíû îñðåäíåííûå îïûòíûå äàííûå, êðóãëûìè êðàñíûìè
ìàðêåðàìè – ðåçóëüòàòû ðàñ÷åòîâ ïî ïðåäëîæåííîé ìîäåëè ÌÏÑ, à ÷åðíûìè ìàð-
êåðàìè – ýêñïåðèìåíòàëüíûå òî÷êè. Âèäíî, ÷òî â îáëàñòè ÌÖÓ è â ïåðåõîäíîé
îáëàñòè ðàñ÷åòû ïî ìîäåëè ÌÏÑ êà÷åñòâåííî è êîëè÷åñòâåííî ñîãëàñóþòñÿ ñ îïûò-
íûì äàííûìè.

Ðèñ. 2. Ðàñ÷åòíàÿ äèàãðàììà ðàñòÿæåíèÿ

Ðèñ. 3. Ðàñ÷åòíûå äèàãðàììû ðàñòÿæåíèÿ
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Íà ðèñ. 7–9 ïðèâåäåíû ðåçóëüòàòû ñðàâíåíèÿ ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ
êðèâûõ óñòàëîñòè ïðè äâóõ÷àñòîòíîì íàãðóæåíèè äëÿ ñòàëåé 08Õ18Í12Ò (1),
08Õ18Í12Ò (2) è ñòàëè 20 â öèêëàõ ñ âûñîêîé ÷àñòîòîé.
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Ðèñ. 7. Êðèâàÿ óñòàëîñòè äëÿ ñòàëè 08Õ18Í12Ò (1) ïðè äâóõ÷àñòîòíîì íàãðóæåíèè
â öèêëàõ ñ âûñîêîé ÷àñòîòîé
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Íà ðèñ. 10–12 ïðèâåäåíû ðåçóëüòàòû ñðàâíåíèÿ ðàñ÷åòíûõ è ýêñïåðèìåíòàëü-
íûõ êðèâûõ óñòàëîñòè ïðè äâóõ÷àñòîòíîì íàãðóæåíèè äëÿ ñòàëåé 08Õ18Í12Ò (1),
08Õ18Í12Ò (2) è ñòàëè 20 â öèêëàõ ñ íèçêîé ÷àñòîòîé.
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Ðèñ. 8. Êðèâàÿ óñòàëîñòè äëÿ ñòàëè 08Õ18Í12Ò (2) ïðè äâóõ÷àñòîòíîì íàãðóæåíèè
â öèêëàõ ñ âûñîêîé ÷àñòîòîé
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Çäåñü øòðèõîâûìè ëèíèÿìè îòìå÷åíû ÷èñëåííûå äàííûå ïðè îäíî÷àñòîòíîì
íàãðóæåíèè, ñïëîøíîé ÷åðíîé ëèíèåé îòìå÷åíû ÷èñëåííûå äàííûå ïðè äâóõ÷àñ-
òîòíîì íàãðóæåíèè, à êðóãëûìè ÷åðíûìè ìàðêåðàìè – ýêñïåðèìåíòàëüíûå ðåçóëü-
òàòû ïðè äâóõ÷àñòîòíîì íàãðóæåíèè. Âèäíî, ÷òî ðàñ÷åòû ïî ìîäåëè ÌÏÑ êà÷å-
ñòâåííî è êîëè÷åñòâåííî ñîãëàñóþòñÿ ñ îïûòíûìè äàííûìè.

Çàêëþ÷åíèå

Äëÿ ìîäåëèðîâàíèÿ óñòàëîñòíîé äîëãîâå÷íîñòè ïîëèêðèñòàëëè÷åñêèõ êîíñò-
ðóêöèîííûõ ñïëàâîâ ïðè ñîâìåñòíîì äåéñòâèè ìåõàíèçìîâ, ñî÷åòàþùèõ ìàëî- è
ìíîãîöèêëîâóþ óñòàëîñòü, à òàêæå äâóõ÷àñòîòíîñòè íàãðóæåíèÿ ïðîâåäåíà îöåíêà
äîñòîâåðíîñòè îïðåäåëÿþùèõ ñîîòíîøåíèé ÌÏÑ ïóòåì ñîïîñòàâëåíèÿ ðåçóëüòà-
òîâ ÷èñëåííûõ ýêñïåðèìåíòîâ ñ îïûòíûìè äàííûìè ïî íàêîïëåíèþ óñòàëîñòíûõ
ïîâðåæäåíèé â ðÿäå êîíñòðóêöèîííûõ ñïëàâîâ (08Õ18Í12Ò (1), 08Õ18Í12Ò (2),
ñòàëü 20) ïðè öèêëè÷åñêîì äâóõ÷àñòîòíîì íàãðóæåíèè, êîòîðàÿ ïîäòâåðäèëà ïðà-
âèëüíîñòü ìîäåëèðîâàíèÿ è îïðåäåëåíèÿ ìàòåðèàëüíûõ ïàðàìåòðîâ.
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×èñëî öèêëîâ



125

Ñïèñîê ëèòåðàòóðû

1. Êîëëèíç Äæ. Ïîâðåæäåíèå ìàòåðèàëîâ â êîíñòðóêöèÿõ. Àíàëèç. Ïðåäñêàçàíèå. Ïðå-
äîòâðàùåíèå. Ì.: Ìèð, 1984. 624 ñ.

2. Ðîìàíîâ À.Í. Ðàçðóøåíèå ïðè ìàëîöèêëîâîì íàãðóæåíèè. Ì.: Íàóêà, 1988. 279 ñ.
3. Òðîùåíêî Â.Ò. Äåôîðìèðîâàíèå è ðàçðóøåíèå ìåòàëëîâ ïðè ìíîãîöèêëîâîì íàãðó-

æåíèè. Êèåâ: Íàóêîâà äóìêà, 1981. 343 ñ.
4. Ëýìáà Ã.Ñ., Ñàéäáîòòîì Î.Ì. Ïëàñòè÷íîñòü ïðè öèêëè÷åñêîì äåôîðìèðîâàíèè ïî

íåïðîïîðöèîíàëüíûì òðàåêòîðèÿì. ×. 1. Ýêñïåðèìåíòû ñ öèêëè÷åñêèì óïðî÷íåíèåì, ïðè-
ñïîñîáëÿåìîñòüþ è ïîñëåäóþùèì äåôîðìàöèîííûì óïðî÷íåíèåì. Òðóäû Àìåðèêàíñêîãî
îáùåñòâà èíæåíåðîâ-ìåõàíèêîâ. Ñåðèÿ Ä. Òåîðåòè÷åñêèå îñíîâû èíæåíåðíûõ ðàñ÷åòîâ.
1978. Ò. 100. ¹1. Ñ. 108–117.

5. Ìàêäàóýëë Ä.Ë.. Ýêñïåðèìåíòàëüíîå èçó÷åíèå ñòðóêòóðû îïðåäåëÿþùèõ óðàâíåíèé
äëÿ íåïðîïîðöèîíàëüíîé öèêëè÷åñêîé ïëàñòè÷íîñòè. Òðóäû Àìåðèêàíñêîãî îáùåñòâà èí-
æåíåðîâ-ìåõàíèêîâ. Ñåðèÿ Ä. Òåîðåòè÷åñêèå îñíîâû èíæåíåðíûõ ðàñ÷åòîâ. 1985. ¹4. Ñ. 98–
111.

6. Îõàñè È., Êàâàè Ì., Êàèòî Ò. Íåóïðóãîå ïîâåäåíèå ñòàëè 316 ïðè ìíîãîîñíûõ íåïðî-
ïîðöèîíàëüíûõ öèêëè÷åñêèõ íàãðóæåíèÿõ ïðè ïîâûøåííîé òåìïåðàòóðå. Òðóäû Àìåðèêàí-
ñêîãî îáùåñòâà èíæåíåðîâ-ìåõàíèêîâ. Ñåðèÿ Ä. Òåîðåòè÷åñêèå îñíîâû èíæåíåðíûõ ðàñ÷å-
òîâ. 1985. Ò. 107. No 2. P. 6–15.

7. Tanaka E., Murakami S., O–oka M. Effects of strain path shapes on nonproportional cyclic
plasticity. Journal of the Mechanics and Physics of Solids. 1985. Vol. 33. Iss. 6. P. 559–575.
DOI:10.1016/0022-5096(85)90003-1.

8. Taleb L., Cailletaud G., Saι.. K. Experimental and numerical analysis about the cyclic behavior
of the 304L and 316L stainless steels at 350 °C. International Journal of Plasticity. 2014. Vol. 61.
P. 32–48. DOI: 10.1016/j.ijplas.2014.05.006.

9. Ìèòåíêîâ Ô.Ì., Êàéäàëîâ Â.Á., Êîðîòêèõ Þ.Ã. è äð. Ìåòîäû îáîñíîâàíèÿ ðåñóðñà
ßÝÓ. Ì.: Ìàøèíîñòðîåíèå, 2007. 448 ñ.

10. Âîëêîâ È.À., Êîðîòêèõ Þ.Ã. Óðàâíåíèÿ ñîñòîÿíèÿ âÿçêîóïðóãîïëàñòè÷åñêèõ ñðåä ñ
ïîâðåæäåíèÿìè. Ì.: Ôèçìàòëèò, 2008. 424 ñ.

11. Âîëêîâ È.À., Èãóìíîâ Ë.À. Ââåäåíèå â êîíòèíóàëüíóþ ìåõàíèêó ïîâðåæäåííîé ñðå-
äû. Ì.: Ôèçìàòëèò, 2017. 304 ñ.

12. Âîëêîâ È.À., Èãóìíîâ Ë.À., Êîðîòêèõ Þ.Ã., Êàçàêîâ Ä.À., Åìåëüÿíîâ À.À., Òàðàñîâ
È.Ñ., Ãóñåâà Ì.À. Ïðîãðàììíàÿ ðåàëèçàöèÿ ïðîöåññîâ âÿçêîïëàñòè÷åñêîãî äåôîðìèðîâà-
íèÿ è íàêîïëåíèÿ ïîâðåæäåíèé â êîíñòðóêöèîííûõ ñïëàâàõ ïðè òåðìîìåõàíè÷åñêîì íàãðó-
æåíèè. Ïðîáëåìû ïðî÷íîñòè è ïëàñòè÷íîñòè. 2016. Ò. 78. ¹2. Ñ. 188–207. DOI: 10.32326/
1814-9146-2016-78-2-188-207.

13. Ìóðàêàìè C. Ñóùíîñòü ìåõàíèêè ïîâðåæäåííîé ñðåäû è åå ïðèëîæåíèå ê òåîðèè
àíèçîòðîïíûõ ïîâðåæäåíèé ïðè ïîëçó÷åñòè. Òðóäû Àìåðèêàíñêîãî îáùåñòâà èíæåíåðîâ-
ìåõàíèêîâ. Ñåðèÿ Ä. Òåîðåòè÷åñêèå îñíîâû èíæåíåðíûõ ðàñ÷åòîâ. 1983. ¹2. Ñ. 44–50.

14. Ëåìåòð Æ. Êîíòèíóàëüíàÿ ìîäåëü ïîâðåæäåíèÿ, èñïîëüçóåìàÿ äëÿ ðàñ÷åòà ðàçðóøå-
íèÿ ïëàñòè÷íûõ ìàòåðèàëîâ. Òðóäû Àìåðèêàíñêîãî îáùåñòâà èíæåíåðîâ-ìåõàíèêîâ. Ñåðèÿ
Ä. Òåîðåòè÷åñêèå îñíîâû èíæåíåðíûõ ðàñ÷åòîâ. 1985. Ò. 107. ¹ 1. Ñ. 90–98.

15. Áîäíåð Ñ.Ð., Ëèíäõîëì Ó.Ñ. Êðèòåðèé ïðèðàùåíèÿ ïîâðåæäåíèÿ äëÿ çàâèñÿùåãî îò
âðåìåíè ðàçðóøåíèÿ ìàòåðèàëîâ. Òðóäû Àìåðèêàíñêîãî îáùåñòâà èíæåíåðîâ-ìåõàíèêîâ.
Ñåðèÿ Ä. Òåîðåòè÷åñêèå îñíîâû èíæåíåðíûõ ðàñ÷åòîâ. 1976. Ò. 100. ¹2. Ñ. 51–58.

16. Chaboche J.L. Constitutive equation for cyclic plasticity and cyclic viscoplasticity.
International Journal of Plasticity. 1989. Vol. 5. No 3. P. 247–302. https://doi.org/10.1016/0749-
6419(89)90015-6.

17. Òðîùåíêî Â.Ò. Ðàññåÿííûå óñòàëîñòíûå ïîâðåæäåíèÿ ìåòàëëîâ è ñïëàâîâ. Ñîîáùå-
íèå 3. Äåôîðìàöèîííûå ýíåðãåòè÷åñêèå êðèòåðèè. Ïðîáëåìû ïðî÷íîñòè. 2006. ¹1. Ñ. 5–31.

18. Õàìàçà Ë.À., Êîâàëåíêî Â.À. Ñîïðîòèâëåíèå ìåòàëëîâ óñòàëîñòíîìó ðàçðóøåíèþ è
äåôîðìèðîâàíèþ ïðè äâóõ÷àñòîòíîì íàãðóæåíèè. Ñîîáùåíèå1. Ìåòîäèêà è ðåçóëüòàòû èñ-
ñëåäîâàíèÿ óñòàëîñòè è íåóïðóãîñòè ìåòàëëîâ ïðè äâóõ÷àñòîòíîì öèêëè÷åñêîì íàãðóæå-
íèè. Ïðîáëåìû ïðî÷íîñòè. 1989. ¹10. Ñ. 7–18.



126

19. Íîâîæèëîâ Â.Â. Î ïåðñïåêòèâàõ ôåíîìåíîëîãè÷åñêîãî ïîäõîäà ê ïðîáëåìå ðàçðóøå-
íèÿ. Ìåõàíèêà äåôîðìèðóåìûõ òåë è êîíñòðóêöèé. Ì.: Ìàøèíîñòðîåíèå, 1975. Ñ. 349–353.

20. Ìèòåíêîâ Ô.Ì., Âîëêîâ È.À., Èãóìíîâ Ë.À. è äð. Ïðèêëàäíàÿ òåîðèÿ ïëàñòè÷íîñòè.
Ì.: Ôèçìàòëèò, 2015. 284 ñ.

21. Âîëêîâ È.À., Èãóìíîâ Ë.À., Òàðàñîâ È.Ñ., Øèøóëèí Ä.Í., Ïè÷êîâ Ñ.Í., Ìàðêîâà
Ì.Ò. Ìîäåëèðîâàíèå ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ ïîëèêðèñòàëëè÷åñêèõ êîíñòðóêöèîí-
íûõ ñïëàâîâ ïðè áëî÷íûõ íåñèììåòðè÷íûõ ðåæèìàõ ìÿãêîãî ìàëîöèêëîâîãî íàãðóæåíèÿ.
Ïðîáëåìû ïðî÷íîñòè è ïëàñòè÷íîñòè. 2019. Ò. 81. ¹1. Ñ. 63–76. DOI: 10.32326/1814-9146-
2019-81-1-63-76.

22. Áîëüøóõèí Ì.À., Çâåðåâ Ä.Ë., Êàéäàëîâ Â.Á., Êîðîòêèõ Þ.Ã. Îöåíêà äîëãîâå÷íîñòè
êîíñòðóêöèîííûõ ìàòåðèàëîâ ïðè ñîâìåñòíûõ ïðîöåññàõ ìàëîöèêëîâîé è ìíîãîöèêëîâîé
óñòàëîñòè. Ïðîáëåìû ïðî÷íîñòè è ïëàñòè÷íîñòè. 2010. Âûï. 72. Ñ. 28–35.

23. Âîëêîâ È.À., Êîðîòêèõ Þ.Ã., Ïàíîâ Â.À., Øèøóëèí Ä.Í. Ìîäåëèðîâàíèå ïðîöåññîâ
íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé â êîíñòðóêöèîííûõ ñòàëÿõ ïðè áëî÷íîì ìàëîöèêëî-
âîì íàãðóæåíèè. Âû÷èñëèòåëüíàÿ ìåõàíèêà ñïëîøíûõ ñðåä. 2014. Ò. 7. ¹1. Ñ. 15–22.

24. Âîëêîâ È.À., Èãóìíîâ Ë.À., Êîðîòêèõ Þ.Ã. Ïðèêëàäíàÿ òåîðèÿ âÿçêîïëàñòè÷íîñ-
òè. Í. Íîâãîðîä: Èçä-âî ÍÍÃÓ, 2015. 317 ñ.

25. Àíòèïîâ À.À., Ãîðîõîâ À.Í., Ãîðîõîâ Â.À., Êàçàêîâ Ä.À., Êàïóñòèí Ñ.À. Ýêñïåðè-
ìåíòàëüíî-òåîðåòè÷åñêîå èññëåäîâàíèå óñòàëîñòè ìàòåðèàëîâ è êîíñòðóêöèé â óñëîâèÿõ
âûñîêîòåìïåðàòóðíûõ ìíîãîöèêëîâûõ íàãðóæåíèé. Ïðîáëåìû ïðî÷íîñòè è ïëàñòè÷íîñòè.
2014. Âûï. 76. ×. 1. Ñ. 26–38. DOI: 10.32326/1814-9146-2014-76-1-26-38.

References

1. Collins J.A. Failure of Materials in Mechanical Design: Analysis, Prediction, Prevention.
New Jork. JohnWiler & Sons. 1981. 672 p.

2. Romanov A.N. Razrushenie pri malotsiklovom nagruzhenii [Failure under Low-Cycle
Loading]. Moscow. Nauka Publ. 1988. 279 p. (In Russian).

3. Troshchenko V.T. Deformirovanie i razrushenie metallov pri mnogotsiklovom nagruzhenii
[Deformation and Fracture of Metals under High-Cycle Loading]. Kiev. Naukova dumka Publ.
1981. 343 p. (In Russian).

4. Lamba H.S., Sidebottom O.M. Cyclic plasticity for nonproportional paths. Part 1.
Cyclichardening, erasure of memory, and subsequent strain hardening experiments. J. Eng. Mater.
Technol. 1978. Vol. 100. No 1. P. 96–103. DOI:10.1115/1.3443456.

5. McDowel D.L. An experimental study of the structure of constitutive equations for
nonproportional cyclic plasticity. J. Eng. Mater. Technol. 1985. Vol. 107. No 4. P. 307–315.
DOI:10.1115/1.3225824.

6. Ohashi Y., Kawai M., Kaito T. Inelastic behavior of type 316 stainless steel under
multiaxialnonproportional cyclic stressings at elevated temperature. J. Eng. Mater. Technol. 1985.
Vol. 107. No 2. P. 101–109. DOI:10.1115/1.3225781.

7. Tanaka E., Murakami S., O–oka M. Effects of strain path shapes on nonproportional cyclic
plasticity. Journal of the Mechanics and Physics of Solids. 1985. Vol. 33. Iss. 6. P. 559–575.
DOI:10.1016/0022-5096(85)90003-1.

8. Taleb L., Cailletaud G., Saι.. K. Experimental and numerical analysis about the cyclic behavior
of the 304L and 316L stainless steels at 350 °C. International Journal of Plasticity. 2014. Vol. 61.
P. 32–48. DOI: 10.1016/j.ijplas.2014.05.006.

9. Mitenkov F.M., Kaydalov V.B., Korotkikh Yu.G. Metody obosnovaniya resursa yadernykh
energeticheskikh ustanovok [Methods of Substantiation of the Resource of Nuclear Power Plants].
Moscow. Mashinostroenie Publ. 2007. 448 p. (In Russian).

10. Volkov I.A., Korotkikh Yu.G. Uravneniya sostoyaniya vyazkouprugoplasticheskikh sred s
povrezhdeniyami [Equations of State of Viscoelastic Plastic Media with Damage]. Moscow. Fizmatlit
Publ. 2008. 424 p. (In Russian).

11. Volkov I.A., Igumnov L.A. Vvedenie v kontinualnuyu mekhaniku povrezhdennoy sredy
[Introduction to the Continuum Mechanics of a Damaged Medium]. Moscow. Fizmatlit Publ. 2017.
304 p. (In Russian).



127

12. Volkov I.A., Igumnov L.A., Korotkikh Yu.G., Kazakov D.A., Yemelyanov A.A., Tarasov
I.S., Guseva M.A. Programmnaya realizatsiya protsessov vyazkoplasticheskogo deformirovaniya i
nakopleniya povrezhdeniy v konstruktsionnykh splavakh pri termomekhanicheskom nagruzhenii
[Software implementation of viscoplastic deformation and damage accumulation processes in
structural alloys under thermal-mechanical]. Problemy prochnosti i plastichnosti [Problems of
Strenght and Plasticity]. 2016. Vol. 78. No 2. P. 188–207. DOI: 10.32326/1814-9146-2016-78-2-
188-207

13. Murakami S. Notion of continuum damage mechanics and its application to anisotropic
creep damage theory. J. Eng. Mater. Technol. 1983. Vol. 105. Iss. 2. P. 99–105.

14. Lemaitre J. A continuous damage mechanics model for ductile fracture. J. Eng. Mater.
Technol. 1985. Vol. 107. No 1. P. 83–89. DOI: 10.1115/1.3225775.

15. Bodner S.R., Lindholm U.S. An incremental criterion for time-dependent failure of
materials. J. Eng. Mater. Technol. 1976. Vol. 98. No 2. P. 140–145. DOI:10.1115/1.3443356.

16. Chaboche J.L. Constitutive equation for cyclic plasticity and cyclic viscoplasticity.
International Journal of Plasticity. 1989. Vol. 5. No 3. P. 247–302. https://doi.org/10.1016/0749-
6419(89)90015-6.

17. Troshchenko V.T. Rasseyannye ustalostnye povrezhdeniya metallov i splavov. Soobshche-
nie 3. Deformatsionnye energeticheskie kriterii [Disipated fatigue damage to metals and alloys.
Message 3. Strain energy criteria]. Problemy prochnosti [Problems of Strength]. 2006. No 1. P. 5–31
(In Russian).

18. Khamaza L.A., Kovalenko V.A. Resistance of metals to fatigue failure and deformation
during two-frequency loading. Report 1. Test methods and results on the fatigue and inelasticity
ofmetals during two-frequency cyclic loading. Strength of Materials. 1989. Vol. 21. Iss. 10.
P. 1285–1292.

19. Novozhilov V.V. O perspektivakh fenomenologicheskogo podkhoda k probleme razrushe-
niya [On the prospects of a phenomenological approach to the problem of destruction]. Mekhanika
deformiruyemykh tel i konstruktsiy [Mechanics of Deformable Bodies and Structures]. Moscow.
Mashinostroenie Publ. 1975. P. 349–353 (In Russian).

20. Mitenkov F.M., Volkov I.A., Igumnov L.A. et al. Prikladnaya teoriya plastichnosti [Applied
Theory of Plasticity]. Moscow. Fizmatlit Publ. 2015. 284 p. (In Russian).

21. Volkov I.A., Igumnov L.A., Tarasov I.S., Shishulin D.N., Pichkov S.N., Markova M.T.
Modelirovanie plasticheskogo deformirovaniya polikristallicheskikh konstruktsionnykh splavov
pri blochnykh nesimmetrichnykh rezhimakh myagkogo malotsiklovogo nagruzheniya [Modeling
plastic deformation of polychrystalline structural alloys under block-type nonsymmetrical regimes
of soft low-cycle loading]. Problemy prochnosti i plastichnosti [Problems of Strenght and Plasticity].
2019. Vol. 81. No 1. P. 63–76. DOI: 10.32326/1814-9146-2019-81-1-63-76 (In Russian).

22. Bolshuhin M.A., Zverev D.L., Kaidalov V.B., Korotkikh Yu.G. Otsenka dolgovechnosti
konstruktsionnykhmaterialov pri sovmestnykh protsessakh malotsiklovoy i mnogotsiklovoy ustalosti
[Assessing theservice life of structural materials under combined processes of low-cycle and high-
cycle fatigue]. Problemy prochnosti i plastichnosti [Problems of Strength and Plasticity]. 2010.
Iss. 72. P. 28–35 (In Russian).

23. Volkov I.A., Korotkikh Yu.G., Panov V.A., Shishulin D.N. Modelirovanie protsessov
nakopleniya ustalostnykh povrezhdeniy v konstruktsionnykh stalyakh pri blochnom malotsiklovom
nagruzhenii [Modeling of fatigue damage accumulation in structural steels under low-cycle block
loading]. Vychislitelnaya mekhanika sploshnykh sred [Computational Continuum Mechanics]. 2014.
Vol. 7. No 1. P. 15–22 (In Russian).

24. Volkov I.A., Igumnov L.A., Korotkikh Yu.G. Prikladnaya teoriya vyazkoplastichnosti
[Applied Theory of Viscoplasticity]. Nizhny Novgorod. UNN Publ. 2015. 318 p. (In Russian).

25. Antipov A.A., Gorokhov A.N., Gorokhov V.A., Kazakov D.A., Kapustin S.A. Eksperi-
mentalno-teoreticheskoe issledovanie ustalosti materialov i konstruktsiy v usloviyakh vysoko-
temperaturnykh mnogotsiklovykh nagruzheniy [Experimental and theoretical studies fatigue of
materials and structures under high-temperature and high-cycle loading]. Problemy prochnosti i
plastichnosti [Problems of Strength and Plasticity]. 2014. Iss. 76. Pt. 1. P. 26–38 (In Russian).
DOI: 10.32326/1814-9146-2014-76-1-26-38.



128

MODELING OF THE FATIGUE DURABILITY OF STRUCTURAL ALLOYS
UNDER TWO-FREQUENCY LOADING

Shishulin D.N., Boev E.V.

Research Institute for Mechanics, National Research Lobachevsky State University
of Nizhny Novgorod, Nizhny Novgorod, Russian Federation

The processes of fatigue life of polycrystalline structural alloys under the combined action of low-
and high-cycle fatigue mechanisms are considered. From the standpoint of damaged medium
mechanics (DMM), a mathematical model has been developed that describes the processes of
plastic deformation and the accumulation of fatigue damage. The DMM model consists of three
interrelated parts: relations that determine the cyclic elastoplastic behavior of the material, taking
into account the dependence on the fracture process; equations describing the kinetics of fatigue
damage accumulation; criterion for the strength of the damaged material.
Variant of the constitutive relations for elastoplasticity is based on the concept of a microplastic
loading surface in the von Mises form and the principle of the gradient of the plastic strain rate
vector to the surface at the loading point. This version of the equations of state reflects the main
effects of the process of cyclic plastic deformation of the material for arbitrary complex loading
trajectories.
A variant of the kinetic equations for the accumulation of fatigue damage is based on the introduction
of a scalar damage parameter, is based on energy principles and takes into account the main effects
of the formation, growth and fusion of microdefects under arbitrary complex loading conditions. A
unified form of the evolutionary equation for the accumulation of fatigue damages for low-cycle
and high-cycle fatigue is proposed.
As a criterion for the strength of the damaged material, the condition for reaching the critical value
of the damage is used.
To assess the reliability and determine the limits of applicability of the constitutive relations of the
DMM, numerical studies of the processes of accumulation of fatigue damage by cyclic inelastic
deformation and fatigue failure of steel 20 and 08Õ18Í12Ò were carried out under single-frequency
loading of the upper frequency and two-frequency loading with different amplitude ratios. And the
comparison of the obtained numerical results with the data of field experiments is carried out. The
results of comparing the calculated and experimental data showed that the developed model of the
damaged environment reliably describes the durability of structures under the action of low- and
high-cycle fatigue mechanisms.

Keywords: low-cycle fatigue, high-cycle fatigue, deformation, stress, damage, modeling, mechanics
of a damaged medium, two-frequency loading, numerical and full-scale experiment.


