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Èññëåäîâàíû îñîáåííîñòè ïðîöåññà ïîëçó÷åñòè æàðîïðî÷íûõ ìîíîêðèñòàëëè÷åñêèõ ñïëà-

âîâ íà íèêåëåâîé îñíîâå äëÿ ðàçëè÷íûõ êðèñòàëëîãðàôè÷åñêèõ îðèåíòàöèé â øèðîêîì

äèàïàçîíå òåìïåðàòóð è âðåìåí âûäåðæêè. Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ

èññëåäîâàíèé ïðîöåññîâ âûñîêîòåìïåðàòóðíîé ïîëçó÷åñòè, ïîëó÷åííûå äëÿ ðàçëè÷íûõ

ìîíîêðèñòàëëè÷åñêèõ ñïëàâîâ. Äëÿ ðàññìàòðèâàåìûõ äèàïàçîíîâ òåìïåðàòóð è óðîâíåé

íàãðóçîê íàáëþäàåòñÿ äîìèíèðîâàíèå III ñòàäèè ïîëçó÷åñòè. Ïðåäëîæåíû åäèíûå ìîäåëè

ïîëçó÷åñòè äëÿ îïèñàíèÿ I, II è III ñòàäèé ñ ó÷åòîì íàêîïëåíèÿ ïîâðåæäåíèé íà îñíîâå ñî-

îòíîøåíèé Íîðòîíà – Áåéëè è ñòåïåííîãî çàêîíà ýâîëþöèè äëÿ ñêàëÿðíîé ìåðû ïîâðåæ-

äåííîñòè Êà÷àíîâà – Ðàáîòíîâà. Â çàâèñèìîñòè îò íåîáõîäèìîñòè ó÷åòà I ñòàäèè ðàññìàò-

ðèâàåòñÿ èåðàðõè÷åñêàÿ ïîñëåäîâàòåëüíîñòü ìîäåëåé ïîëçó÷åñòè ðàçëè÷íîé ñòåïåíè ñëîæ-

íîñòè. Äëÿ îïèñàíèÿ òîëüêî II è III ñòàäèé äîñòàòî÷íî ìîäåëè ìàòåðèàëà, âêëþ÷àþùåé

øåñòü êîíñòàíò. Îäíîâðåìåííûé ó÷åò âñåõ òðåõ ñòàäèé ìîæåò áûòü îñóùåñòâëåí ñ èñïîëü-

çîâàíèåì äåâÿòèêîíñòàíòíîé ìîäåëè. Ïðåäïîëîæåíèå îá îòñóòñòâèè ïîâðåæäåíèé íà I ñòà-

äèè ïðèâîäèò ê ìîäåëè ìàòåðèàëà ñ äåñÿòüþ êîíñòàíòàìè. Ââîäèìûé äîïîëíèòåëüíûé äå-

ñÿòûé ïàðàìåòð õàðàêòåðèçóåò äëèòåëüíîñòü ïåðâîé ñòàäèè. Â ðàáîòå ïðåäëîæåíû ìåòîäû

èäåíòèôèêàöèè ïàðàìåòðîâ ââåäåííûõ ìîäåëåé íà îñíîâå ìåòîäà íàèìåíüøèõ êâàäðàòîâ

ñ èñïîëüçîâàíèåì ìåòîäà Íåäëåðà – Ìèäà äëÿ ðåøåíèÿ çàäà÷è ìèíèìèçàöèè ôóíêöèîíà-

ëà îøèáîê. Ïðåäñòàâëåíû ðåçóëüòàòû âåðèôèêàöèè ïðåäëîæåííûõ ìîäåëåé íåóïðóãîãî

äåôîðìèðîâàíèÿ ìàòåðèàëîâ äëÿ èñïîëüçóåìûõ íà ïðàêòèêå ðàçëè÷íûõ æàðîïðî÷íûõ ìî-

íîêðèñòàëëè÷åñêèõ ñïëàâîâ íà íèêåëåâîé îñíîâå. Ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå ìåæ-

äó ðåçóëüòàòàìè ýêñïåðèìåíòîâ è ðàñ÷åòîâ ñ èñïîëüçîâàíèåì âñåõ ïðåäëîæåííûõ ìîäåëåé

ïîëçó÷åñòè íå ïðåâûøàåò 10 %, ÷òî ïîçâîëÿåò ðåêîìåíäîâàòü ðàçðàáîòàííûé ïîäõîä äëÿ

îöåíêè óðîâíÿ íåîáðàòèìî íàêîïëåííûõ äåôîðìàöèé è äîëãîâå÷íîñòè ýëåìåíòîâ êîíñò-

ðóêöèé èç æàðîïðî÷íûõ ìîíîêðèñòàëëè÷åñêèõ ñïëàâîâ.
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Features of the creep process in single-crystal nickel-based superalloys are studied in a wide range of tem-

peratures and holding time for different crystallographic orientations. The results of experimental study

of high-temperature creep obtained for different single-crystal superalloys are presented. The dominance

of stage III of creep is observed for considered temperature range and loads. Uniform creep models de-

scribing I, II, and III stages, are proposed taking into account damage accumulation based on the Nor-

ton – Bailey relations and power law of evolution for the scalar damage measure of Kachanov – Rabotnov.

A hierarchical sequence of creep models of various degrees of complexity is suggested depending on the ne-

cessity of taking into account stage I. A material model including six constants is sufficient to describe

stages II and III. Simultaneous accounting of all three stages of creep can be carried out using model with

nine constants. The assumption on the absence of damage at the first stage leads to a material model with

ten constants. The entered additional tenth parameter characterizes the duration of the first stage. Identi-

fication methods for the parameters of the introduced models based on using the least-squares method

and Nedeler – Mead method for solving the problem of minimizing the error functional are proposed. The

results of verification of the proposed inelastic deformation models are presented for various nickel-based

single-crystal superalloys. The standard deviation between the experimental and computation results for

all the proposed creep models does not exceed 10%. This allows us to recommend the developed approach

for estimating the level of irreversible accumulated strains and durability of the structural elements made

of single-crystal superalloys.

Keywords: creep; single-crystal superalloys; generalized Norton – Bailey model; approximation of the

creep curve; damage.

Ââåäåíèå

Êàê èçâåñòíî, ïðîöåññû ïîëçó÷åñòè ïðè ïî-

ñòîÿííûõ ðàñòÿãèâàþùèõ íàïðÿæåíèÿõ ïîëè-

êðèñòàëëè÷åñêèõ ìàòåðèàëîâ íà æåëåçíîé è íè-

êåëåâîé îñíîâå õàðàêòåðèçóþòñÿ íàëè÷èåì òðåõ

ñòàäèé, èç êîòîðûõ ñòàäèÿ äâà (II) ïîñòîÿííîé

ñêîðîñòè ïîëçó÷åñòè ìîæåò çàíèìàòü áîëåå 50 %

âðåìåíè äî ðàçðóøåíèÿ. Ïðè áîëüøèõ äëèòåëü-

íîñòÿõ ñêîðîñòü ïîëçó÷åñòè íà ñòàäèè II íåðåäêî

óìåíüøàåòñÿ [1]. Ìîíîêðèñòàëëè÷åñêèå æàðî-

ïðî÷íûå ñïëàâû îáëàäàþò îïðåäåëåííîé ñïåöè-

ôèêîé ïîâåäåíèÿ ïðè ñòàòè÷åñêîé íàãðóçêå: ñòà-

äèÿ îäèí (I) çàíèìàåò, êàê ïðàâèëî, íå áîëåå 5 %

âðåìåíè äî ðàçðóøåíèÿ, à ñòàäèÿ òðè (III) —

áîëåå 80 %. Ïîýòîìó â ðàñ÷åòàõ íàïðÿæåííî-äå-

ôîðìèðîâàííîãî ñîñòîÿíèÿ êîíñòðóêöèé, èçãî-

òîâëåííûõ èç ìîíîêðèñòàëëè÷åñêèõ ñïëàâîâ, ñ

ó÷åòîì ïîëçó÷åñòè íåîáõîäèìî èñïîëüçîâàòü íå

çàêîí Íîðòîíà, à àäåêâàòíûå îïèñàíèÿ ïîëçó÷å-

ñòè íà âñåõ òðåõ åå ñòàäèÿõ. Âîïðîñû, ñâÿçàííûå

ñ îïèñàíèåì íåñêîëüêèõ ñòàäèé ïîëçó÷åñòè ïîëè-

êðèñòàëëè÷åñêèõ ìàòåðèàëîâ, ðàññìîòðåíû â ðà-

áîòàõ [2, 3].

Öåëü ðàáîòû — ñîçäàíèå íà áàçå ýêñïåðèìåí-

òàëüíûõ äàííûõ, ïîëó÷åííûõ äëÿ ðàçíûõ ìîíî-

êðèñòàëëè÷åñêèõ ñïëàâîâ, ìîäåëè ïîëçó÷åñòè ñ

ó÷åòîì íàêîïëåíèÿ ïîâðåæäåíèé è åå âåðèôèêà-

öèÿ ïðèìåíèòåëüíî ê ïîëçó÷åñòè ðÿäà ìîíîêðè-

ñòàëëè÷åñêèõ ñïëàâîâ.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Ðåçóëüòàòû ïðîâåäåííûõ èñïûòàíèé ñïëàâîâ

ÂÆÌ4-ÂÈ, ÂÆÌ5Ó è ÂÈÍ-3 ïðè ïîñòîÿííûõ

íàïðÿæåíèÿõ, ðàíåå îïóáëèêîâàííûå â [4, 5],

ïðèâåäåíû â òàáë. 1 ïðè ðàçëè÷íûõ óðîâíÿõ

íàïðÿæåíèé è òåìïåðàòóð. Äàííûå èñïûòàíèé

ñïëàâà ÆÑ36 áûëè îöèôðîâàíû (òàáë. 2). Ìà-

òåðèàë äëÿ èñïûòàíèé ýòîãî ñïëàâà ïîäâåðãàëè

äâóì âàðèàíòàì òåðìè÷åñêîé îáðàáîòêè — ñòàí-

äàðòíîé è âûñîêîòåìïåðàòóðíîé îáðàáîòêîé

ðàñïëàâà (ÂÒÎÐ). Ïîëó÷åííûå äàííûå îáðà-

áàòûâàëè ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ìîäåëåé

ìàòåðèàëà.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 1 ïðèâåäåíû õàðàêòåðíûå êðèâûå

ïîëçó÷åñòè ñïëàâîâ ÂÆÌ4-ÂÈ, ÂÆÌ5Ó è ÂÈÍ3

äëÿ òåìïåðàòóðû 1050 °C. Ïðåäñòàâëåííûå çàâè-

ñèìîñòè îòðàæàþò ïðîöåññû íàêîïëåíèÿ äåôîð-

ìàöèè ïîëçó÷åñòè âî âñåì âðåìåííîì èíòåðâàëå

âïëîòü äî ðàçðóøåíèÿ. Êðîìå òîãî, çäåñü èìååòñÿ

èíôîðìàöèÿ îá èçìåíåíèè ìèíèìàëüíûõ ñêî-

ðîñòåé äåôîðìèðîâàíèÿ íà ñòàäèè II ïðè ðàçíûõ

íàïðÿæåíèÿõ, à íà âñòàâêàõ ïîêàçàíû êðèâûå íà

ñòàäèè I.

Ñëåäóåò îòìåòèòü, ÷òî â ïðîöåññå ïîëçó÷åñòè

îáðàçöîâ ñ íåèäåàëüíîé êðèñòàëëîãðàôè÷åñêîé

îðèåíòàöèåé (ÊÃÎ) [001] íàáëþäàåòñÿ ýëëèïòè-
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÷åñêàÿ ôîðìà ïîïåðå÷íîãî ñå÷åíèÿ [6]. Äàëåå

ðàñ÷åò âåëè÷èíû îñòàòî÷íîãî îòíîñèòåëüíîãî

ñóæåíèÿ âûïîëíÿëñÿ ñ ó÷åòîì ýëëèïòè÷íîñòè

ñå÷åíèÿ.

Íà ðèñ. 2 ïðèâåäåíû ôîòîãðàôèè ðàçðóøåí-

íûõ îáðàçöîâ ñïëàâà ÂÈÍ3, ïî êîòîðûì âèäíî,

÷òî ïðè ïîëçó÷åñòè íàáëþäàþòñÿ ðàçëè÷íûå âà-

ðèàíòû îáðàçîâàíèÿ øåéêè, âêëþ÷àÿ îáðàçîâà-

íèå äâóõ øååê.

Óñòàíîâëåíî, ÷òî ó ìîíîêðèñòàëëè÷åñêèõ

ñïëàâîâ ÂÆÌ4-ÂÈ, ÂÆÌ5Ó ïåðâàÿ ñòàäèÿ ïîë-

çó÷åñòè íàáëþäàåòñÿ ïðè âñåõ òåìïåðàòóðàõ èñ-

ïûòàíèé îò 700 äî 1050 °C, à ó ñïëàâà ÂÈÍ3 ïðè

òåõ æå óñëîâèÿõ ïåðâàÿ ñòàäèè íå íàáëþäàåòñÿ.

Äëÿ ñïëàâà ÆÑ36 ìåòîäèêà ýêñïåðèìåíòà íå ïî-

çâîëèëà âûÿâèòü íàëè÷èå èëè îòñóòñòâèå ïåðâîé

ñòàäèè.

Ó ìîíîêðèñòàëëè÷åñêèõ ñïëàâîâ (â îòëè÷èå

îò ïîëèêðèñòàëëè÷åñêèõ æàðîïðî÷íûõ ñïëàâîâ)

îñíîâíîå âðåìÿ â èñïûòàíèÿõ äî ðàçðóøåíèÿ çà-

íèìàåò òðåòüÿ ñòàäèÿ ïîëçó÷åñòè [7 – 9 è äð.].

Çíà÷èòåëüíî ìåíüøåå âðåìÿ çàíèìàåò ñòàäèÿ

óñòàíîâèâøåéñÿ ïîëçó÷åñòè è, íàêîíåö, ïåðâàÿ

ñòàäèÿ íàáëþäàåòñÿ â òå÷åíèå ïðèìåðíî 1 % îò

âðåìåíè äî ðàçðóøåíèÿ. Ïîýòîìó ðåçóëüòàòû,

ïîëó÷åííûå â èñïûòàíèÿõ íà êðàòêîâðåìåííóþ

ïîëçó÷åñòü, íåëüçÿ èñïîëüçîâàòü êàê äëÿ ýêñòðà-

ïîëÿöèè â îáëàñòü íèçêèõ íàïðÿæåíèé, òàê è îï-

ðåäåëåíèÿ ýêñòðàïîëèðîâàííûõ çíà÷åíèé ñêîðî-

ñòè ïîëçó÷åñòè ïðèìåíèòåëüíî ê áîëüøèì äëè-

òåëüíîñòÿì íàãðóæåíèÿ.

Èç ñðàâíåíèÿ êðèâûõ ïîëçó÷åñòè ñïëàâîâ

ÂÆÌ4-ÂÈ, ÂÆÌ5Ó ïðè 1050 °C, ÂÈÍ3 ïðè

1100 °C c îðèåíòàöèÿìè [001] âèäíî, ÷òî äåôîð-

ìàöèÿ ïîëçó÷åñòè, íàêîïëåííàÿ íà ïåðâîé è âòî-

ðîé ñòàäèÿõ, íàèìåíüøàÿ ó ñïëàâà ÂÆÌ4-ÂÈ,

íàèáîëüøàÿ — ó ñïëàâà ÂÈÍ3.

Äëÿ ìîäåëèðîâàíèÿ âñåõ òðåõ ñòàäèé ïîëçó-

÷åñòè ìîíîêðèñòàëëè÷åñêèõ ñïëàâîâ ïðè îäíîîñ-

íîì íàïðÿæåííîì ñîñòîÿíèè íà äàííîì ýòàïå

ïðåäëîæåíà ïðîñòåéøàÿ ìîäåëü, îáîáùàþùàÿ

ôîðìóëó óñòàíîâèâøåéñÿ ïîëçó÷åñòè Íîðòîíà íà
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Òàáëèöà 1. Ðåçóëüòàòû èñïûòàíèé íà ïîëçó÷åñòü ñïëàâîâ ÂÆÌ4, ÂÆÌ5Ó è ÂÈÍ3 ñ êðèñòàëëîãðàôè÷åñêîé îðèåíòà-

öèåé [001]

Table 1. Creep test results for superalloys VZhM4, VZhM5U, and VIN3 with crystallographic orientation [001]

Ñïëàâ
Òåìïåðàòóðà,

°C

Íàïðÿæåíèå,

ÌÏà

Âðåìÿ äî

ðàçðóøåíèÿ, ÷

Ñêîðîñòü

ïîëçó÷åñòè

íà ñòàäèè II, %/÷

Îòíîñèòåëüíîå

óäëèíåíèå, %

Îòíîñèòåëüíîå

ñóæåíèå, %

ÂÆÌ5Ó 1050 250 �22,17 0,0486 �15,5 �12,8

280 10,93 0,2010 11,9 54,4

320 6,92 0,3930 9,8 43,5

850 750 16,82 0,557 24,0 26,0

850 2,39 3,940 20,0 22,6

ÂÆÌ4 1050 250 �21,50 0,0666 �16,7 �15,9

280 �11,50 0,1750 �17,8 �23,2

320 6,70 0,3680 5,5 44,0

975 450 19,23 0,2590 20,6 2,3

ÂÈÍ3 1100 60 204 0,0412 65,0 53,8

70 66,6 0,053 88,0 56,4

70 64,4 0,0302 64,0 55,1

70 84,2 0,0396 56,0 48,2

75 53,5 0,0488 62,0 45,2

80 57,7 0,835 88,0 56,4

100 21,8 0,20 59,1 48,2

100 43,7 0,176 18,7 28,2

120 12,3 0,599 84,0 59,0

150 4,1 2,766 65,2 88,0

1050 100 �44,90 0,4070 �48,3 32,8

150 18,43 0,7740 47,4 �46,0

200 5,40 0,9790 7,6 7,4

250 2,22 6,9500 29,2 58,4

1000 250 9,83 1,9500 36,3 45,1
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ñëó÷àé ó÷åòà íåóñòàíîâèâøèõñÿ I è III ñòàäèé ïó-

òåì ââåäåíèÿ íåëèíåéíûõ àïïðîêñèìàöèé è ó÷å-

òà ñêàëÿðíîé ìåðû íàêîïëåíèÿ ïîâðåæäåíèé D.

Îáîáùåíèå íà ñëó÷àé òåíçîðíîé ìåðû ïîâðåæäå-

íèé (àíèçîòðîïíàÿ ïîâðåæäåííîñòü) ïðåäëîæåíî

â ðàáîòàõ [10 – 13]. Äëÿ âåðèôèêàöèè ïîëó÷åí-

íûõ ýêñïåðèìåíòàëüíûõ äàííûõ áûëè ðàññìîò-

ðåíû ñëåäóþùèå çàâèñèìîñòè:

îáîáùåííàÿ ìîäåëü Íîðòîíà – Áåéëè (â ôîð-

ìå òåîðèè óïðî÷íåíèÿ)4
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îáîáùåííàÿ ìîäåëü Ñîäåðáåðãà (â ôîðìå òåî-

ðèè òå÷åíèÿ) [14 – 16]
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, (2)

ãäå óðàâíåíèå ýâîëþöèè ïîâðåæäåíèé D ïðèíè-

ìàëîñü â âèäå [15]
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(3)

Â ñîîòíîøåíèÿõ (1) – (3) A, B, C, K, k, l, m, n,

p, q, r, s — ïàðàìåòðû, îïðåäåëÿåìûå ýêñïåðè-

ìåíòàëüíî è äîïóñêàþùèå çàâèñèìîñòü îò ñîñòà-

âà ñïëàâà, òåìïåðàòóðû è êðèñòàëëîãðàôè÷åñêîé

îðèåíòàöèè ìîíîêðèñòàëëà. Ïðè ôîðìóëèðîâêå

ìîäåëåé (1) è (2) ïðåíåáðåãàëè âðåìåíåì èíêóáà-

öèîííîãî ïåðèîäà, èíîãäà íàáëþäàåìîãî ó ìîíî-

êðèñòàëëè÷åñêèõ ñïëàâîâ [17].

Èñïîëüçîâàíèå óðàâíåíèÿ ýâîëþöèè ïîâðåæ-

äåíèé D â ôîðìå (3) ïðèâîäèò ê ñóùåñòâåííûì

ñëîæíîñòÿì èäåíòèôèêàöèè ïàðàìåòðîâ ìîäåëè,

â ñâÿçè ñ ýòèì íà äàííîì ýòàïå ïðèìåíÿëè óïðî-

ùåííûé âèä ýòîé ôîðìóëû:
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Âåðèôèêàöèþ ìåòîäà ïî ïîëó÷åííûì ýêñ-

ïåðèìåíòàëüíûì äàííûì ïðîâîäèëè ñ èñïîëü-

4 Â äàííîé ôîðìå (áåç ó÷åòà ïîâðåæäåííîñòè) óðàâíåíèå

ïðåäëîæåíî âïåðâûå â ðàáîòå Íàäàè â 1936 ã., â ëèòå-

ðàòóðå áåç ññûëîê òàêæå âñòðå÷àåòñÿ â êíèãàõ Ðàáîòíî-

âà 1966 ã. è Òàéðû 1979 ã. Ñòåïåííûå çàâèñèìîñòè ñêî-
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ñèìî Íîðòîíîì â 1929 ã. è Áåéëè â 1929 ã. Ðîññèéñêèì

àâòîðàì óðàâíåíèå (1) èçâåñòíî òàêæå ïîä íàçâàíèåì

«ìîäåëü Òàéðû».



çîâàíèåì âûðàæåíèé (1) è (4á). Â ýòîì ñëó÷àå äëÿ

îïèñàíèÿ ïðîöåññà ïîëçó÷åñòè íà âñåõ òðåõ ñòà-
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ïåðåïèñàíî â âèäå
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(8)

Äëÿ óïðîùåíèÿ èäåíòèôèêàöèè ïàðàìåòðîâ

ìîäåëè (8) â äàííîì èññëåäîâàíèè ðàññìàòðèâà-

ëè âàðèàíò n = l ñ ñîîòâåòñòâóþùèì óìåíüøåíè-

åì ÷èñëà ïàðàìåòðîâ äî øåñòè.

Â öåëÿõ óäîáñòâà îïðåäåëåíèÿ ïàðàìåòðîâ

ìàòåðèàëà óðàâíåíèå (8) ìîæíî çàïèñàòü êàê

åc = {Aóx[1 – (1 – K1ó
pt)í]}u, (9)

ãäå

A
m

l q

B

K q
� �

� � �

1
1 1 1( ) ( )

, x = l – p,

K1 = K(1 + q), í = 1
1

�

�

l

q
, ì =

1

1 � m
.

Ñ èñïîëüçîâàíèåì ââåäåííûõ îáîçíà÷åíèé

óðàâíåíèå (7) ïðèìåò âèä

t
K

f p
�

1

1
	

. (10)

Êîððåêòíîñòü îïðåäåëåíèÿ êîýôôèöèåíòîâ A

è x óðàâíåíèÿ (9) ìîæíî ïðîâåðèòü ïðè ïîìîùè

óñëîâèÿ ðàçðóøåíèÿ

åc(t = tf) = Aóx. (11)

Ïðàêòèêà ïîêàçàëà, ÷òî äëÿ íàõîæäåíèÿ ïà-

ðàìåòðîâ ìîäåëè (9) äîñòàòî÷íî îïðåäåëèòü êî-

ýôôèöèåíòû A, x, K1, p èç óñëîâèé (10) è (11),

à êîýôôèöèåíò í âçÿòü â ïðåäåëàõ 0 – 1. Îòêëî-

íåíèå àïïðîêñèìàöèîííîé êðèâîé ïîëçó÷åñòè,
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Ðèñ. 1. Êðèâûå ïîëçó÷åñòè ñïëàâîâ ÂÆÌ5Ó (à), ÂÆÌ4

(á) è ÂÈÍ3 (â) ïðè T = 1050 °C

Fig. 1. Creep curves for superalloys at T = 1050°C: a —

VZhM5U, b — VZhM4, c — VIN3



ïîëó÷åííîé íà îñíîâå èñïûòàíèé äî ðàçðóøå-

íèÿ, îò êðèâîé, ïîñòðîåííîé ïî óðàâíåíèþ (9), íå

ïðåâûøàåò 5 – 10 %, ÷òî ïîçâîëÿåò ñ áîëüøîé

òî÷íîñòüþ èäåíòèôèöèðîâàòü ñâîéñòâà ïîëçó÷å-

ñòè ìîíîêðèñòàëëè÷åñêîãî ñïëàâà, îñíîâûâàÿñü

ëèøü íà êîîðäèíàòàõ òî÷êè ðàçðóøåíèÿ.

Ïðàêòèêà ïîêàçàëà, ÷òî èñïîëüçîâàíèå (1) è

(3) íå ïîçâîëÿåò îïèñàòü íåóñòàíîâèâøóþñÿ ïåð-

âóþ ñòàäèþ ïîëçó÷åñòè. Ýòî ñâÿçàíî ñ òåì, ÷òî

ïåðâàÿ è ïîñëåäóþùèå ñòàäèè ïîëçó÷åñòè èìåþò

ïðèíöèïèàëüíî ðàçíóþ ôèçè÷åñêóþ ïðèðîäó.

Òàê, íà ïåðâîé ñòàäèè ïðîèñõîäèò ïåðåðàñïðåäå-

ëåíèå íàïðÿæåíèé â îáðàçöå, òîãäà êàê íà ïîñëå-

äóþùèõ ñòàäèÿõ êëþ÷åâóþ ðîëü èãðàåò ïîâðåæ-

äåííîñòü. Â ñâÿçè ñ ýòèì ðàññìîòðèì íåñêîëüêî

ìîäèôèêàöèé (9):

åc = A tx

1

1
1	

� + {Aóx[1 – (1 – K1ó
pt)í]}u, (9.1)
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(9.2)

ãäå tI — âðåìÿ, ñîîòâåòñòâóþùåå êîíöó ïåðâîé

ñòàäèè.

Óðàâíåíèå (9.1) ïîäðàçóìåâàåò ñîâìåñòíûé

âêëàä ïðîöåññîâ ïåðåðàñïðåäåëåíèÿ íàïðÿæåíèé

è ïîâðåæäåííîñòè íà âñåõ ó÷àñòêàõ êðèâîé ïîë-

çó÷åñòè, (9.2) — íåçàâèñèìîñòü ïðîöåññîâ, ïðîèñ-

õîäÿùèõ íà ïåðâîé è ïîñëåäóþùèõ ñòàäèÿõ.

Óðàâíåíèå äëÿ äåôîðìàöèè â ôîðìå (9.1)

èìååò ðÿä íåäîñòàòêîâ — íå íóëåâóþ ïîâðåæäåí-

íîñòü íà íà÷àëüíîì ýòàïå, âïðî÷åì, êàê ïîêàçàë

âû÷èñëèòåëüíûé ýêñïåðèìåíò, åå óðîâåíü äîñòà-

òî÷íî ìàë è ïîñòîÿíñòâî ïàðàìåòðîâ ìàòåðèàëà

âî âðåìåíè, òîãäà êàê ðàçíûå ñòàäèè ñóùåñòâåí-

íî îòëè÷àþòñÿ ïî ñâîåé ïðèðîäå.
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Òàáëèöà 3. Ïàðàìåòðû ìîäåëè ïîëçó÷åñòè â ôîðìå (9)

Table 3. Parameters of the creep model in form (9)

Ñïëàâ ÊÃÎ
Òåðìè÷åñêàÿ

îáðàáîòêà
T, °C A, ÌÏà–x x K

1
, (ÌÏàp · ñ)–1

p í ì ÑÊÎ, % R

ÂÈÍ3 001 Ñòàíäàðòíàÿ 1100 4453 0,01 8,16E–14 4,06 0,003 1 17 0,88

1050 10658 1,25E–6 4,95E–8 2,08 2,47E–5 1,16 0,03 0,98

ÂÆÌ4-ÂÈ 001 Ñòàíäàðòíàÿ 900 2010 1,39E–6 1,58E-13 5,63 9,6E–4 1,83 0,9 0,99

ÂÆÌ5Ó 001 Ñòàíäàðòíàÿ 1000 929 4,99E–5 1,12E-12 5,01 2,66E-3 1,51 1,8 0,96

ÆÑ36 001 ÂÒÎÐ 900 207,17 –0,72 1,23E-15 5,53 0,25 1 21 –0,009

001 Ñòàíäàðòíàÿ 900 1,715 0,64 2,47E-14 4,67 0,251 1 40 0,47

1000 349,16 –0,70 1,99E-11 3,61 0,27 1 47 0,74

111 Ñòàíäàðòíàÿ 900 301,25 –0,50 7,48E-21 8,44 0,4 1 7,8 0,61

1000 209,5 –0,87 1,8E-15 6,28 0,3 1 27 0,45

60 ÌÏà 70 ÌÏà

70 ÌÏà 75 ÌÏà

80 ÌÏà

120 ÌÏà 150 ÌÏà

100 ÌÏà

Ðèñ. 2. Ôîòîãðàôèè îáðàçöîâ ñïëàâà ÂÈÍ3 ïîñëå èñïûòàíèé íà ïîëçó÷åñòü âïëîòü äî ðàçðóøåíèÿ ïðè T = 1100 °C

Fig. 2. Photos of the samples of VIN3 alloy after creep tests up to failure at T = 1100°C



Óðàâíåíèå (9.2) îáëàäàåò ñóùåñòâåííûìè íåäîñòàòêàìè — íåâîçìîæíîñòüþ òî÷íîãî îïðåäåëåíèÿ

òî÷êè ïåðåõîäà ìåæäó ñòàäèÿìè, à òàêæå îòñóòñòâèåì ó÷àñòêà âçàèìíîãî âëèÿíèÿ ïðîöåññîâ, ïðîèñõî-

äÿùèõ íà ïåðâîé è âòîðîé ñòàäèÿõ. Ýòî ìîæåò áûòü ó÷òåíî ââåäåíèåì äîïîëíèòåëüíîé («áóôåðíîé»)

çîíû ìåæäó ó÷àñòêàìè êðèâîé ïîëçó÷åñòè, îäíàêî âîçíèêàåò âîïðîñ îïðåäåëåíèÿ åå ãðàíèö.

Èñïîëüçîâàíèå óðàâíåíèé (9.1) è (9.2) ñîâìåñòíî ñ (3) ïðèâîäèò, ê ñîæàëåíèþ, ê î÷åíü ãðîìîçäêèì

âûðàæåíèÿì äëÿ ïîâðåæäåííîñòè, à èìåííî:
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Ðèñ. 3. Ýêñïåðèìåíòàëüíûå êðèâûå ïîëçó÷åñòè (òî÷êè) è èõ àïïðîêñèìàöèÿ (ëèíèè) íà îñíîâå (8) äëÿ ñïëàâîâ: à —

ÂÈÍ3, T = 1100 °C, ÊÃÎ #001$; á — ÂÈÍ3, T = 1050 °C, ÊÃÎ #001$; â — ÂÆÌ4, T = 1050 °C, ÊÃÎ #001$; ã — ÂÆÌ5Ó,

T = 1050 °C, ÊÃÎ #001$; ä — ÆÑ36 ÂÒÎÐ, T = 900 °C, ÊÃÎ #001$; å — ÆÑ36ÂÍÊ ñòàíäàðòíàÿ, T = 900 °C #001$; æ —

ÆÑ36ÂÍÊ ñòàíäàðòíàÿ, T = 1000 °C, ÊÃÎ #001$; ç — ÆÑ36ÂÍÊ ñòàíäàðòíàÿ, T = 900 °C, ÊÃÎ #111$; è — ÆÑ36ÂÍÊ ñòàí-

äàðòíàÿ, T = 1000 °C, ÊÃÎ #111$

Fig. 3. The experimental creep curves (dots) and their approximation (lines) based on Eq. (8) for alloys: a — VIN3,

T = 1100°C, KGO #001$; b — VIN3, T = 1050°C, KGO #001$; c — VZhM4, T = 1050°C, KGO #001$, d — VZhM5U, T = 1050°C,

KGO #001$; e — ZhS36 VTOR, T = 900°C, KGO #001$; f — ZhS36VNK standard, T = 900°C #001$; g — ZhS36VNK standard,

T = 1000°C, KGO #001$; h — ZhS36VNK standard, T = 900°C, KGO #111$; i — ZhS36VNK standard, T = 1000°C, KGO #111$



Ïàðàìåòðû ìàòåðèàëà îïðåäåëÿëè ïðè ïîìî-

ùè ìåòîäà íàèìåíüøèõ êâàäðàòîâ. Ìèíèìèçèðî-

âàëè ñëåäóþùóþ öåëåâóþ ôóíêöèþ:

L t t
i j i j

j

k

i

n

� � %

��

&& [ ( , ) ( , )] min.� 	 � 	
ðàñ÷ 2

11

(13)

Äàííàÿ öåëåâàÿ ôóíêöèÿ èìååò ñëîæíûé, íå-

ëèíåéíûé âèä è áîëüøîå êîëè÷åñòâî ëîêàëüíûõ

ýêñòðåìóìîâ. Äëÿ åå ìèíèìèçàöèè ïðèíÿëè ðå-

øåíèå èñïîëüçîâàòü îäèí èç ìåòîäîâ ïîèñêà ãëî-

áàëüíîãî ýêñòðåìóìà — ìåòîä ñêîëüçÿùåãî äî-

ïóñêà [18]. Åãî äîñòîèíñòâàìè ÿâëÿåòñÿ âîçìîæ-

íîñòü ðåøåíèÿ çàäà÷ êàê ñ ëèíåéíîé, òàê è ñ íå-

ëèíåéíîé öåëåâîé ôóíêöèåé è îãðàíè÷åíèÿìè.

Äàííûé ìåòîä íå èñïîëüçóåò ïðîèçâîäíûõ.

Â òàáë. 3 ïðèâåäåíû ðåçóëüòàòû èäåíòèôèêàöèè

ïàðàìåòðîâ ìîäåëè ïîëçó÷åñòè â ôîðìå (9) äëÿ

ñïëàâîâ ÂÆÌ4-ÂÈ, ÂÆÌ5Ó ïðè 1050 °C,

ÂÈÍ3 — ïðè 1100 °C ñ îðèåíòàöèÿìè #001$ è

ÆÑ36 — ïðè 900 °C è 1000 °C c îðèåíòàöèÿìè

#001$ è #111$.

Íà ðèñ. 3 ïðåäñòàâëåíû ýêñïåðèìåíòàëü-

íûå êðèâûå ïîëçó÷åñòè è èõ àïïðîêñèìàöèÿ íà

îñíîâå (8) äëÿ ñïëàâîâ ÂÆÌ4-ÂÈ, ÂÆÌ5Ó ïðè

1050 °C, ÂÈÍ3 — ïðè 1100 °C ñ îðèåíòàöèÿìè

#001$ è ÆÑ36 — ïðè 900 °C è 1000 °C c îðèåíòà-

öèÿìè #001$ è #111$.

Â òàáë. 4 ïðèâåäåíû ðåçóëüòàòû èäåíòèôèêà-

öèè ïàðàìåòðîâ ìîäåëè ïîëçó÷åñòè ñ ó÷åòîì ïåð-

âîé ñòàäèè ïîëçó÷åñòè â ôîðìàõ (9.1) è (9.2) äëÿ

ñïëàâà ÂÆÌ4-ÂÈ, à íà ðèñ. 4 — ýêñïåðèìåíòàëü-

íûå êðèâûå ïîëçó÷åñòè è èõ àïïðîêñèìàöèÿ íà

îñíîâå (9.1), (9.2), ó÷èòûâàþùàÿ âñå ñòàäèè ïîë-

çó÷åñòè äëÿ ñïëàâà ïðè 1050 °C c îðèåíòàöèåé

#001$.

Çàêëþ÷åíèå

Ìîäèôèöèðîâàííàÿ ìîäåëü ïîëçó÷åñòè Áýé-

ëè – Íîðòîíà â ôîðìå òåîðèè óïðî÷íåíèÿ ñ ó÷å-

òîì ïîâðåæäåíèé ïîçâîëÿåò íå òîëüêî àïïðîêñè-

ìèðîâàòü ýêñïåðèìåíòàëüíûå äàííûå ïî ìîíî-

êðèñòàëëè÷åñêèì ñïëàâàì, íî è ïðåäñêàçûâàòü

èõ ïîâåäåíèå â óñëîâèÿõ ïîëçó÷åñòè äëÿ ðàçëè÷-

íûõ íàïðÿæåíèé. Ñîïðîòèâëåíèå òåðìè÷åñêîé

óñòàëîñòè ýòèõ ñïëàâîâ îïèñàíî â [19 – 21]. Ïîëó-

÷åííûå â äàííîé ðàáîòå ðåçóëüòàòû öåëåñîîáðàç-

íî èñïîëüçîâàòü â ðàñ÷åòàõ òåðìîóñòàëîñòíîé

äîëãîâå÷íîñòè äåòàëåé, èçãîòîâëåííûõ èç ýòèõ

ñïëàâîâ, ñîâìåñòíî ñ äàííûìè èñïûòàíèé íà òåð-

ìè÷åñêóþ óñòàëîñòü.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæ-

êå ãðàíòà ÐÔÔÈ (ïðîåêò ¹ 19-08-01252).
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Ðèñ. 4. Ýêñïåðèìåíòàëüíûå êðèâûå ïîëçó÷åñòè (òî÷êè) è èõ àïïðîêñèìàöèè (ëèíèè) íà îñíîâå óðàâíåíèé (9.1) (à) è

(9.2) (á) äëÿ ñïëàâà ÂÆÌ4-ÂÈ

Fig. 4. Experimental creep curves (dots) and their approximations (lines) based on equations (9.1) and (9.2) for VZhM4-VI

superalloy

Òàáëèöà 4. Ïàðàìåòðû ìîäåëè â ôîðìàõ (9.1) è (9.2)

Table 4. Parameters of the creep model in form (9.1) and (9.2)

T, °C
A

1
,

( )ÌÏà ñx 1 1 1
'

��
x

1
ì

1 A, ÌÏà–x x
K

1
,

(ÌÏàp · ñ)–1
p í ì ÑÊÎ, % R

(9.1) 900 2,86E–10 4,69 0,589 25 694 2,81E–3 2,50E-13 5,45 6,62E–5 2,72 8,4 0,99

(9.2) 900 1,61E–10 4,83 0,609 25 200 2,47E–2 2,37E-13 5,48 4,28E–5 3,01 9,3 0,99
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