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Ñòàòüÿ ïîñòóïèëà 24 ìàðòà 2023 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 8 ìàÿ 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 30 èþíÿ 2023 ã.

Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ïîëçó÷åñòè ïîëèìåòèëìåòàêðèëàòà (ÏÌÌÀ)

â òåìïåðàòóðíîì èíòåðâàëå îò 0 äî +30 °C ïðè ñêîðîñòÿõ äåôîðìèðîâàíèÿ îò 0,02 äî 2 %

â ìèíóòó è íàïðÿæåíèÿõ âûäåðæêè îò 48 äî 72 ÌÏà ïðîäîëæèòåëüíîñòüþ äî 100 ÷. Ðàñ-

ñìîòðåíî âÿçêîóïðóãîå ïîâåäåíèå ÏÌÌÀ ïðè íîðìàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè, äî íà-

÷àëà ïðîöåññîâ ïîâðåæäåíèÿ ìàòåðèàëà. Äëÿ ýòèõ óñëîâèé ïîëó÷åíà åäèíàÿ ñòåïåííàÿ çà-

âèñèìîñòü äåôîðìàöèè ïîëçó÷åñòè îò âðåìåíè äëÿ âñåãî ïåðèîäà âûäåðæêè, áåç ðàçäåëå-

íèÿ íà ñòàäèè íåóñòàíîâèâøåéñÿ è óñòàíîâèâøåéñÿ ïîëçó÷åñòè. Ïðåäëîæåíû ôîðìóëû

äëÿ àïïðîêñèìàöèè ðåçóëüòàòîâ èçîòåðìè÷åñêèõ èñïûòàíèé îáðàçöîâ ïðè ïîñòîÿííîé ñêî-

ðîñòè äåôîðìàöèè è ïðè âûäåðæêå ïîä ïîñòîÿííîé íàãðóçêîé. Ïîëó÷åíû çàâèñèìîñòè ïà-

ðàìåòðîâ àïïðîêñèìàöèè îò ñêîðîñòè äåôîðìàöèè, óðîâíÿ íàïðÿæåíèÿ è òåìïåðàòóðû èñ-

ïûòàíèé ÏÌÌÀ. Ñîïîñòàâëåíèå äèàãðàìì äåôîðìàöèè ïîëçó÷åñòè ïðè îäèíàêîâûõ íà-

ïðÿæåíèÿõ âûäåðæêè ïîñëå äåôîðìèðîâàíèÿ ñ ðàçëè÷íûìè ñêîðîñòÿìè ïîêàçàëî, ÷òî ýòè

äèàãðàììû ðàñïîëàãàþòñÿ ñî ñìåùåíèåì ïî âðåìåíè íà åäèíîé êðèâîé. Ýòî óêàçûâàåò íà

âîçìîæíîñòü îïèñàíèÿ ñîâîêóïíîñòè ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàííûõ åäèíûì

óðàâíåíèåì ñîñòîÿíèÿ, ñâÿçûâàþùèì ñêîðîñòü ïîëçó÷åñòè ñ íàïðÿæåíèåì è òåìïåðàòóðîé.

Äèôôåðåíöèðîâàíèå àïïðîêñèìèðóþùèõ ôîðìóë ïîçâîëèëî âûÿâèòü çàêîíîìåðíîñòè èç-

ìåíåíèÿ ñêîðîñòè ïîëçó÷åñòè â ïðîöåññå èñïûòàíèé, à ïîâòîðíîå äèôôåðåíöèðîâàíèå —

ïîëó÷èòü óðàâíåíèå óñêîðåíèÿ ïîëçó÷åñòè ïðè äåôîðìèðîâàíèè ñ ïîñòîÿííîé ñêîðîñòüþ è

èñêëþ÷èòü èç íåãî ïåðåìåííóþ âðåìåíè. Àíàëîãè÷íî ïîëó÷åíî óðàâíåíèå çàìåäëåíèÿ ïîë-

çó÷åñòè äëÿ óñëîâèé âûäåðæêè ïîä ïîñòîÿííûì íàïðÿæåíèåì, èç êîòîðîãî òàêæå èñêëþ-

÷åíà ïåðåìåííàÿ âðåìåíè. Â òàêîì âèäå ýòè äâà óðàâíåíèÿ ìîæíî ðàññìàòðèâàòü êàê ÷àñò-

íûå ñëó÷àè óðàâíåíèÿ ñîñòîÿíèÿ âÿçêîóïðóãîãî ìàòåðèàëà, ïîâåäåíèå êîòîðîãî íå çàâèñèò

îò ïðåäûñòîðèè íàãðóæåíèÿ. Ïîëçó÷åñòü ïðè íåïðåðûâíîì äåôîðìèðîâàíèè ïðåäñòàâëÿåò

ñîáîé ñóïåðïîçèöèþ äâóõ ïðîöåññîâ: óñêîðåíèÿ ïîëçó÷åñòè âñëåäñòâèå ðîñòà íàïðÿæåíèÿ è

åå çàìåäëåíèÿ ñ òå÷åíèåì âðåìåíè. Íà ýòîé îñíîâå ñôîðìóëèðîâàíî åäèíîå óðàâíåíèå

ñîñòîÿíèÿ âÿçêîóïðóãîãî ìàòåðèàëà äëÿ ïðîöåññà ñ ïðîèçâîëüíûì çàêîíîì ðîñòà äåôîð-

ìàöèè è íàïðÿæåíèÿ. Ïàðàìåòðàìè óðàâíåíèÿ ñîñòîÿíèÿ ÿâëÿþòñÿ òåìïåðàòóðà, ñêîðîñòü

è óñêîðåíèå ïîëçó÷åñòè, íàïðÿæåíèå è ñêîðîñòü åãî èçìåíåíèÿ. Íàêîïëåííàÿ äåôîðìàöèÿ

ïîëçó÷åñòè íå âõîäèò â ÷èñëî ïàðàìåòðîâ. Ïðèìåíèìîñòü ýòîãî óðàâíåíèÿ ïðè áîëåå ñëîæ-

íûõ óñëîâèÿõ íåìîíîòîííîãî òåðìîñèëîâîãî íàãðóæåíèÿ ìàòåðèàëà òðåáóåò äîïîëíèòåëü-

íîãî ýêñïåðèìåíòàëüíîãî îáîñíîâàíèÿ, à òàêæå èäåíòèôèêàöèè ïàðàìåòðîâ óðàâíåíèÿ.
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The results of studying creep of polymethyl methacrylate (PMMA) in the temperature range from 0 to

+30°C at a strain rate from 0.02 to 2% per minute and holding for up to 100 h under stress values within a
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range of 48 – 72 MPa are presented. The viscoelastic behavior of PMMA is analyzed under normal operat-

ing conditions before the onset of the material damage. A unified power dependence of the creep deforma-

tion on time was obtained for the entire holding period, without any division into the stages of the un-

steady and steady creep. Formulas to be used for approximating the results of isothermal tests of samples

at a constant strain rate and holding under a constant load are proposed. The dependences of the approxi-

mation parameters on the strain rate, stress level, and temperature of PMMA tests are obtained. A com-

parison of the creep strain diagrams for the same holding stress after deformation at different rates

showed that the diagrams lie on a single curve with a time shift. This indicates the possibility of describing

the totality of the experimental data obtained by a single equation of state linking the creep rate, stress

and temperature. Differentiation of the approximating formulas made it possible to reveal the regularities

of changes in the creep rate during testing and repeated differentiation allowed us to obtain an equation

for the creep acceleration upon deformation at a constant rate and to exclude the time variable from it.

Similarly, the time variable was also excluded from the creep deceleration equation obtained for holding

under constant stress. In this form, these two equations can be considered special cases of the equation of

state of a viscoelastic material which behavior is independent on the loading prehistory. Creep under con-

tinuous deformation is a superposition of two processes: creep acceleration due to the stress growth and

creep deceleration with time. On this basis, a unified equation of state for a viscoelastic material was de-

rived for a process with an arbitrary law of the strain and stress growth. The parameters of this equation

are the temperature, creep velocity and acceleration, stress and the rate of stress change. The accumu-

lated creep strain is not a parameter of equation. The applicability of this equation under more complex

conditions of a nonmonotonic thermopower loading of materials requires additional experimental justifi-

cation, as well as identification of the equation parameters.

Keywords: viscoelasticity; polymethyl methacrylate (PMMA); continuous deformation; holding under

load; equation of state; creep rate; creep acceleration.

Ââåäåíèå

Îäíà èç ïðîáëåì ðàçâèòèÿ òåîðèè ïîëçó÷åñòè

êîíñòðóêöèîííûõ ìàòåðèàëîâ ñâÿçàíà ñ íåäî-

ñòàòêîì îáúåìà è äîñòîâåðíîñòè ýêñïåðèìåí-

òàëüíûõ äàííûõ. Ïðè èçó÷åíèè ìåòàëëè÷åñêèõ

ñïëàâîâ íåîáõîäèìî ïðîâåäåíèå èñïûòàíèé ïðè

òåìïåðàòóðå â íåñêîëüêî ñîòåí ãðàäóñîâ. Äëÿ èñ-

ïûòàíèé íà ïîëçó÷åñòü òðåáóåòñÿ ñëîæíîå è äî-

ðîãîñòîÿùåå îáîðóäîâàíèå. Â ñâÿçè ñ ýòèì äëÿ

êàæäîãî èññëåäîâàííîãî ìàòåðèàëà êîëè÷åñòâî

èñïûòàííûõ îáðàçöîâ è âàðèàíòîâ óñëîâèé èõ

èñïûòàíèÿ, êàê ïðàâèëî, îãðàíè÷åíî. Â òî æå

âðåìÿ ðåçóëüòàòû, ïîëó÷àåìûå íà îäèíàêîâûõ

îáðàçöàõ ïðè îäíèõ è òåõ æå óñëîâèÿõ èñïûòà-

íèé, èìåþò çíà÷èòåëüíûé ðàçáðîñ. Ïîýòîìó èñ-

ñëåäîâàòåëÿì òðóäíî èñïîëüçîâàòü îïóáëèêîâàí-

íûå äàííûå ïðè ðàçâèòèè òåîðèè.

Â ñîâðåìåííûõ èññëåäîâàíèÿõ áîëüøîå âíè-

ìàíèå óäåëÿåòñÿ ðàçëè÷íûì ýêîíîìè÷íûì ìåòî-

äàì îïðåäåëåíèÿ âÿçêîóïðóãèõ ñâîéñòâ ìàòåðèà-

ëîâ [1 – 3], îäíàêî ìåòîäû îáðàáîòêè äàííûõ òðå-

áóþò, â ñâîþ î÷åðåäü, îáîñíîâàíèÿ ðåçóëüòàòîâ,

ïîëó÷åííûõ íà îñíîâå äëèòåëüíûõ ìåõàíè÷åñêèõ

èñïûòàíèé îáðàçöîâ, êîòîðûå îñòàþòñÿ íàèáîëåå

íàäåæíûì è èíôîðìàòèâíûì èíñòðóìåíòîì.

Ñòðåìëåíèå îõâàòèòü â ìîäåëè ïîëçó÷åñòè

âñþ ñîâîêóïíîñòü íàáëþäàåìûõ ÿâëåíèé ïðèâî-

äèò ê óâåëè÷åíèþ ÷èñëà ïàðàìåòðîâ, òðåáóþùèõ

ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ. Ýòî ñîçäàåò

ïðîáëåìû ïðè èäåíòèôèêàöèè ìîäåëè.

Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû

èññëåäîâàíèÿ ïîëçó÷åñòè ïîëèìåðíîãî ìàòåðèà-

ëà — ïîëèìåòèëìåòàêðèëàòà (ÏÌÌÀ) òîðãîâûõ

ìàðîê Plexiglas® GS 0Z10 è GS 0Z00. Ïðè åãî äå-

ôîðìèðîâàíèè ïîëçó÷åñòü íàáëþäàåòñÿ óæå ïðè

êîìíàòíîé òåìïåðàòóðå, à îñíîâíûå èçìåíåíèÿ

ðåîëîãè÷åñêèõ õàðàêòåðèñòèê ïðîèñõîäÿò â òåì-

ïåðàòóðíîì èíòåðâàëå îò 0 äî +50 °C. Ýòî äåëàåò

ÏÌÌÀ ïåðñïåêòèâíûì ìîäåëüíûì ìàòåðèàëîì

äëÿ èçó÷åíèÿ ïðîöåññîâ ïîëçó÷åñòè. Ïîëó÷åííûå

çàêîíîìåðíîñòè ìîãóò áûòü èñïîëüçîâàíû ïðè

èçó÷åíèè äðóãèõ ìàòåðèàëîâ, â òîì ÷èñëå ñòàëåé

è ñïëàâîâ.

Äîñòîèíñòâàìè ðåçóëüòàòîâ ýêñïåðèìåíòàëü-

íûõ èññëåäîâàíèé ïîëçó÷åñòè ÏÌÌÀ, ïðîâåäåí-

íûõ â ÍÈÖ «Êóð÷àòîâñêèé èíñòèòóò» è ÔÃÓÏ

«Êðûëîâñêèé ãîñóäàðñòâåííûé íàó÷íûé öåíòð»,

ÿâëÿþòñÿ áîëüøîå êîëè÷åñòâî èñïûòàííûõ îá-

ðàçöîâ, äëèòåëüíîñòü âûäåðæêè ïîä íàãðóçêîé

äî 100 ÷, ðàçíîîáðàçèå óñëîâèé èñïûòàíèé ïî

òåìïåðàòóðå, ñêîðîñòè è êîëè÷åñòâó öèêëîâ äå-

ôîðìèðîâàíèÿ. Íàðÿäó ñ èñïûòàíèÿìè ïðîñòûõ

îáðàçöîâ íà ðàñòÿæåíèå, ñæàòèå è èçãèá ïðîâåäå-

íû òàêæå íàòóðíûå èñïûòàíèÿ äîñòàòî÷íî ñëîæ-

íîé êîíñòðóêöèè èç ýòîãî ìàòåðèàëà.

Öåëü ðàáîòû — ñîçäàíèå òåîðåòè÷åñêèõ

îñíîâ è ïðîãðàììíîãî îáåñïå÷åíèÿ äëÿ ìîäåëè-

ðîâàíèÿ òåðìîíàïðÿæåííîãî ñîñòîÿíèÿ êîí-

ñòðóêöèé èç âÿçêîóïðóãèõ ìàòåðèàëîâ ìåòîäîì

êîíå÷íûõ ýëåìåíòîâ. Ìîäåëü ìàòåðèàëà äîëæíà

îáåñïå÷èâàòü àäåêâàòíîñòü åãî ïîâåäåíèÿ ïðè

ñëîæíîì îáúåìíîì íàïðÿæåííîì ñîñòîÿíèè è

ïðîèçâîëüíîì èçìåíåíèè íàãðóçîê è òåìïåðàòóð.

Ãëàâíîå âíèìàíèå óäåëåíî ðàáîòå ìàòåðèàëà ïðè

íîðìàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè (ïðè äåôîð-

ìàöèÿõ â ïðåäåëàõ 5 % è íàïðÿæåíèÿõ íèæå

ïðåäåëà âûíóæäåííîé ýëàñòè÷íîñòè ÏÌÌÀ), â

òîì ÷èñëå ïðè ìíîãîêðàòíîì íåèçîòåðìè÷åñêîì

íàãðóæåíèè. Ïðîâåäåí àíàëèç ðåçóëüòàòîâ èñïû-

òàíèé îáðàçöîâ â íàèáîëåå ïðîñòûõ èçîòåðìè-
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÷åñêèõ óñëîâèÿõ — ïðè ìîíîòîííîì äåôîðìèðî-

âàíèè ñ ïîñòîÿííîé ñêîðîñòüþ è ïîñëåäóþùåé

âûäåðæêå ïîä ïîñòîÿííîé îäíîîñíîé ñæèìàþ-

ùåé íàãðóçêîé. Îáëàñòü áîëåå çíà÷èòåëüíûõ äå-

ôîðìàöèé, ïðèâîäÿùèõ ê ïîâðåæäåíèþ è ðàçðó-

øåíèþ ìàòåðèàëà, òàêæå ïðåäñòàâëÿåò áîëüøîé

èíòåðåñ [4 – 6], íî âûõîäèò çà ðàìêè äàííîãî èñ-

ñëåäîâàíèÿ.

Ýêñïåðèìåíòàëüíûì èññëåäîâàíèÿì ïîëçó÷å-

ñòè ïîëèìåðîâ, â òîì ÷èñëå ÏÌÌÀ, ïîñâÿùåíî

áîëüøîå ÷èñëî ïóáëèêàöèé (íàïðèìåð, [7 – 10]).

Ïðè âûáîðå ôèçèêî-ìàòåìàòè÷åñêîãî àïïàðàòà

äëÿ îïèñàíèÿ ïîâåäåíèÿ ìàòåðèàëà íåîáõîäèìî

ñòðåìèòüñÿ ê ìàêñèìàëüíîìó óïðîùåíèþ ïðèìå-

íÿåìîé òåîðèè. Ýòî íå òîëüêî îáåñïå÷èâàåò íà-

äåæíóþ ðàáîòó ïðîãðàììíîãî îáåñïå÷åíèÿ, íî è

ïîçâîëÿåò ó÷èòûâàòü íîâûå îáíàðóæåííûå îñî-

áåííîñòè ïîâåäåíèÿ ìàòåðèàëà. Êàê ïîêàçàíî â

[11], ìîäåëèðîâàíèå íåêîòîðûõ ÿâëåíèé (íàïðè-

ìåð, ýêñòðåìóìà íà äèàãðàììå íàïðÿæåíèÿ ïðè

äåôîðìèðîâàíèè ñ ïîñòîÿííîé ñêîðîñòüþ) òðåáó-

åò ïðèâëå÷åíèÿ ñëîæíûõ íåëèíåéíûõ îïðåäå-

ëÿþùèõ ñîîòíîøåíèé âÿçêîóïðóãîñòè, îäíàêî â

áîëüøèíñòâå ñëó÷àåâ âîçìîæíî àäåêâàòíîå ìîäå-

ëèðîâàíèå â ðàìêàõ ëèíåéíîé òåîðèè.

Ïðèìåíåíèå ñòðóêòóðíûõ ìîäåëåé [12] è ðÿ-

äîâ Ïðîíè [13] îáëåã÷àåò îïèñàíèå ñëîæíîãî

êîìïëåêñà ýêñïåðèìåíòàëüíûõ äàííûõ. Ñòðóê-

òóðíûé ïîäõîä ðàññìîòðåí â ïóáëèêàöèè [14].

Íèæå ïðåäñòàâëåíà ìîäåëü ñ ìåíüøèì êîëè÷åñò-

âîì ïàðàìåòðîâ íà îñíîâå ãèïîòåçû óðàâíåíèÿ

ñîñòîÿíèÿ [13, 15]. Åå ïðåèìóùåñòâîì ÿâëÿåòñÿ

âîçìîæíîñòü ïðîãíîçèðîâàíèÿ ðàçâèòèÿ ïîëçó÷å-

ñòè ïî òåêóùåìó íàïðÿæåííî-äåôîðìèðîâàí-

íîìó ñîñòîÿíèþ, áåç íåîáõîäèìîñòè ó÷åòà ïðå-

äûñòîðèè ïðîöåññà.

Ñòàäèè ïîëçó÷åñòè

ïðè ïîñòîÿííîé íàãðóçêå

Ïðè èñïûòàíèè ìàòåðèàëà íà ïîëçó÷åñòü îá-

ðàçåö âûäåðæèâàþò ïîä ïîñòîÿííîé íàãðóçêîé â

òå÷åíèå äëèòåëüíîãî âðåìåíè (ðèñ. 1). Ïîëíàÿ

äåôîðìàöèÿ îáðàçöà å ñîñòîèò èç óïðóãîé äåôîð-

ìàöèè r, ïðîïîðöèîíàëüíîé íàïðÿæåíèþ, è äå-

ôîðìàöèè ïîëçó÷åñòè p. Âî âðåìÿ íàãðóæåíèÿ

ïåðåä âûäåðæêîé ñêîðîñòü ïîëíîé äåôîðìàöèè

ïîñòîÿííà, à ñêîðîñòü ïîëçó÷åñòè ðàñòåò (ñòàäèÿ

1). Â íà÷àëå âûäåðæêè íàáëþäàåòñÿ íåóñòàíî-

âèâøàÿñÿ ïîëçó÷åñòü ñ óáûâàþùåé ñêîðîñòüþ

(ñòàäèÿ 2), à çàòåì — óñòàíîâèâøàÿñÿ ïîëçó÷åñòü

ñ ïîñòîÿííîé ñêîðîñòüþ (ñòàäèÿ 3). Ïåðåä ðàçðó-

øåíèåì ìàòåðèàëà ñêîðîñòü ïîëçó÷åñòè âîçðàñ-

òàåò (ñòàäèÿ 4).

Ïðè íîðìàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè

ìàòåðèàë, êàê ïðàâèëî, íå äîñòèãàåò ñòàäèè 4

óñêîðåííîé ïîëçó÷åñòè. Íà ýòîé ñòàäèè ïðîèñ-

õîäÿò ëîêàëèçàöèÿ ïðîöåññà ïîëçó÷åñòè, ïîâðåæ-

äåíèå è ðàçðóøåíèå ìàòåðèàëà. Åå èçó÷åíèå

íåîáõîäèìî ïðè àíàëèçå ïðåäåëüíûõ ñîñòîÿíèé

ìàòåðèàëà.

Ïîëçó÷åñòü ÏÌÌÀ ïðè äåôîðìèðîâàíèè

ñ ïîñòîÿííîé ñêîðîñòüþ

Ðàññìîòðèì ðåçóëüòàòû èñïûòàíèÿ íà ñæà-

òèå öèëèíäðè÷åñêîãî îáðàçöà èç ÏÌÌÀ (ñì.

ðèñ. 1) ïðè òåìïåðàòóðå +20 °C è ïîñòîÿííîé ñêî-

ðîñòè äåôîðìèðîâàíèÿ ·
( = 0,18 %/ìèí (ðèñ. 2).

Äî òî÷êè M ìàêñèìóìà óñèëèÿ ñæàòèÿ (äî ïðåäå-

ëà âûíóæäåííîé ýëàñòè÷íîñòè ìàòåðèàëà) ïðî-

öåññ èäåò óñòîé÷èâî, ïîëå äåôîðìàöèè â ñðåäíåé

÷àñòè îáðàçöà îäíîðîäíî, ðàçâèòèå ïîëçó÷åñòè

ïðîèñõîäèò ïî ìåðå ðîñòà íàïðÿæåíèÿ. Ñíèæå-

íèå íàïðÿæåíèÿ ïðè ðîñòå äåôîðìàöèè ïîñëå

òî÷êè M îçíà÷àåò ëîêàëèçàöèþ äåôîðìàöèè ïîë-

çó÷åñòè è íà÷àëî ïîâðåæäåíèÿ ìàòåðèàëà (ïåðå-

õîä ê ñòàäèè óñêîðåííîé ïîëçó÷åñòè).
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Ðèñ. 1. Ñòàäèè ïîëçó÷åñòè ìàòåðèàëà

Fig. 1. Stages of the material creep
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Ðèñ. 2. Ðåçóëüòàòû îäíîîñíîãî ñæàòèÿ îáðàçöà (ëèíèÿ —

ýêñïåðèìåíò, òî÷êè — àïïðîêñèìàöèÿ)

Fig. 2. Results of the uniaxial compression of the sample

(line — experiment, dots — approximation)



Íà÷àëüíûé ó÷àñòîê äåôîðìàöèîííîé õàðàê-

òåðèñòèêè (äî òî÷êè L) ìîæåò áûòü àïïðîêñèìè-

ðîâàí óðàâíåíèåì ãèïåðáîëè÷åñêîãî òàíãåíñà

[14] (ñì. ðèñ. 2, ñâåòëûå òî÷êè)

ó(å) = óâ th(Eå/óâ). (1)

Âûðàæåíèå (1) îáåñïå÷èëî âûñîêóþ òî÷íîñòü

àïïðîêñèìàöèè (ñ ïîãðåøíîñòüþ ìåíåå 1 %) â

èçó÷àåìîì äèàïàçîíå íàïðÿæåíèÿ 0 < ó < 0,8óâ

äëÿ âñåõ èñïûòàííûõ îáðàçöîâ. Àïïðîêñèìàöèÿ

ãëàäêîé ôóíêöèåé ÿâëÿåòñÿ âàæíûì ýëåìåíòîì

ìåòîäèêè èññëåäîâàíèÿ, òàê êàê îáåñïå÷èâàåò

âîçìîæíîñòü äèôôåðåíöèðîâàíèÿ ýêñïåðèìåí-

òàëüíûõ äèàãðàìì äëÿ èçó÷åíèÿ ñêîðîñòåé èçìå-

íåíèÿ äåôîðìàöèè è íàïðÿæåíèÿ.

Ìîäóëü óïðóãîñòè E ðàâåí òàíãåíñó óãëà íà-

êëîíà êàñàòåëüíîé ê äèàãðàììå â íà÷àëå êîîðäè-

íàò, ïðè ïîñòîÿííîé òåìïåðàòóðå îí ñëàáî çàâè-

ñèò îò ñêîðîñòè äåôîðìàöèè ·.( Ñóùåñòâåííî çà-

âèñèò îò ·
( òîëüêî îäèí ïàðàìåòð óðàâíåíèÿ (1) —

íàïðÿæåíèå óâ, çíà÷åíèå êîòîðîãî áëèçêî ê ïðå-

äåëó âûíóæäåííîé ýëàñòè÷íîñòè ìàòåðèàëà. Òà-

êèì îáðàçîì, íàáëþäàåòñÿ ïîäîáèå äåôîðìàöè-

îííûõ õàðàêòåðèñòèê ïðè ðàçëè÷íûõ ñêîðîñòÿõ

äåôîðìèðîâàíèÿ (ðèñ. 3).

Èç óðàâíåíèÿ (1) ìîæíî íàéòè çàâèñèìîñòü

äåôîðìàöèè îò íàïðÿæåíèÿ —

(

� �

�

�
â

â

arth
E

(2)

è âðåìÿ äîñòèæåíèÿ óðîâíÿ íàïðÿæåíèÿ ó ïðè

ïîñòîÿííîé ñêîðîñòè äåôîðìàöèè ·
( —

t
E

� �

(

(

�

(

�

�
· ·

.
â

â

arth (3)

Èñïûòàíèÿ ïðîâîäèëè ñ ïîñòîÿííîé çàäàí-

íîé ñêîðîñòüþ ïåðåìåùåíèÿ çàõâàòîâ èñïûòà-

òåëüíîé ìàøèíû. Ïî ìåðå ñæàòèÿ è óìåíüøåíèÿ

äëèíû îáðàçöà ñêîðîñòü èñòèííîé äåôîðìàöèè â

íåì íàðàñòàëà. Íà ðèñ. 3 âîçëå êàæäîé êðèâîé

óêàçàíà ñêîðîñòü èñòèííîé äåôîðìàöèè (%/ìèí.)

ïðè óðîâíå äåôîðìàöèè 3 %.

Àïïðîêñèìàöèÿ ýêñïåðèìåíòàëüíûõ äàííûõ

àíàëèòè÷åñêîé ôóíêöèåé óïðîùàåò èõ äàëüíåé-

øóþ ìàòåìàòè÷åñêóþ îáðàáîòêó. Äèôôåðåíöè-

ðóÿ âûðàæåíèå (1), ïîëó÷àåì ôîðìóëû äëÿ ñêî-

ðîñòè óïðóãîé äåôîðìàöèè

·
· ·

·r
E E

E
� � �

�
� �

(

(

(

(

�

d

d
ch

â

2 (4)

è äëÿ ñêîðîñòè ïîëçó÷åñòè

· · · · · .p r
E

� � � �

�

�

�
�

�

�

�
�

( (

(

�

(

�

�

th

â â

2

2

(5)

Ïîñêîëüêó ïàðàìåòð óâ îäíîçíà÷íî ñâÿçàí ñ ·,(

ìîæíî ñäåëàòü âûâîä, ÷òî ñêîðîñòü ïîëçó÷åñòè

ïðè äàííîì èñïûòàíèè ÿâëÿåòñÿ ôóíêöèåé ñêî-

ðîñòè äåôîðìàöèè è óðîâíÿ íàïðÿæåíèÿ. Ñîãëàñ-

íî (1) è (3), ó ' óâ, à ·p '
·
( = const ïðè å ' �.

Äèôôåðåíöèðîâàíèå ôîðìóëû (5) ïîçâîëÿåò

íàéòè âûðàæåíèå äëÿ óñêîðåíèÿ ïîëçó÷åñòè, âû-

çâàííîãî èçìåíåíèåì íàïðÿæåíèÿ ó ïðè ïîñòîÿí-

íîé ñêîðîñòè äåôîðìàöèè ·:(

·· ·
·

·
·

.p p� �2 2(

�

�

�

�

�

�â â

(6)

Óñêîðåíèå ïðîïîðöèîíàëüíî òåêóùåé ñêîðîñòè

ïîëçó÷åñòè ·p è îòíîñèòåëüíîé ñêîðîñòè ðîñòà íà-

ïðÿæåíèÿ ·
�/ó. Âàæíî, ÷òî â âûðàæåíèè (6) îòñóò-

ñòâóåò ·,( ÷òî îòêðûâàåò ïåðñïåêòèâû åãî èñïîëü-

çîâàíèÿ ïðè ïåðåìåííîé ñêîðîñòè äåôîðìàöèè.

Íåäîñòàòêîì ÿâëÿåòñÿ íåêîððåêòíàÿ ðàáîòà ôîð-

ìóëû (6) â íà÷àëå ïîëçó÷åñòè (ïðè ·p = 0), à òàê-

æå ïðè ïîñòîÿííîì íàïðÿæåíèè (ïðè ·
� = 0).

Ïðîâåäÿ ñåðèþ èñïûòàíèé ñ ðàçëè÷íûìè ñêî-

ðîñòÿìè äåôîðìàöèè (ñì. ðèñ. 3), ìîæíî ïîëó-

÷èòü çàâèñèìîñòü óâ îò ñêîðîñòè äåôîðìàöèè. Èñ-

ïûòàíèÿ ïðîâåäåíû ïðè òåìïåðàòóðàõ 0, +10,

+20 è +30 °C. Ïðåäñòàâëåíèå ðåçóëüòàòîâ â ëîãà-

ðèôìè÷åñêèõ êîîðäèíàòàõ (ðèñ. 4) ïîçâîëèëî âû-

ÿâèòü õàðàêòåð è îïðåäåëèòü ïàðàìåòðû ýòîé çà-

âèñèìîñòè (íà êàæäîì ãðàôèêå óêàçàíà òåìïåðà-

òóðà èñïûòàíèÿ ïî Öåëüñèþ). Ïðÿìûå ëèíèè íà

ðèñ. 4 ñîîòâåòñòâóþò ñòåïåííîé çàâèñèìîñòè

óâ = B(·
(/v)n. (7)

Âûáðàâ íîðìèðóþùèé ìíîæèòåëü v = 1 %/ìèí,

äëÿ êàæäîé òåìïåðàòóðû ïîëó÷èëè çíà÷åíèÿ ïà-
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Ðèñ. 3. Äåôîðìàöèîííûå õàðàêòåðèñòèêè ÏÌÌÀ ïðè
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Fig. 3. The deformation characteristics of PMMA at differ-

ent strain rates



ðàìåòðîâ B è n. Èõ çàâèñèìîñòè îò òåìïåðàòóðû

èñïûòàíèé ïðåäñòàâëåíû íà ðèñ. 5.

Ðåçóëüòàòû èñïûòàíèé óêàçûâàþò íà âîç-

ìîæíîñòü ðàñïðîñòðàíåíèÿ óðàâíåíèÿ (7) íà âåñü

èíòåðâàë êëèìàòè÷åñêèõ òåìïåðàòóð, à òàêæå íà

áîëåå øèðîêèé èíòåðâàë ñêîðîñòåé äåôîðìàöèè.

Ïîäñòàâèâ (7) â ôîðìóëó (5), ïîëó÷èì çàâèñè-

ìîñòü ñêîðîñòè äåôîðìàöèè ïîëçó÷åñòè îò ñêîðî-

ñòè ïîëíîé äåôîðìàöèè è óðîâíÿ íàïðÿæåíèÿ:

· · ·
·

·
·

p
B v
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. (8)

Ìîäóëü Þíãà E çàâèñèò îò òåìïåðàòóðû è

ñêîðîñòè äåôîðìàöèè (ðèñ. 6 è 7). Ïðè íåáîëü-

øîé ñêîðîñòè äåôîðìàöèè (äî 0,5 %/ìèí) åå

âëèÿíèåì íà ìîäóëü Þíãà ìîæíî ïðåíåáðå÷ü.

Ïîëçó÷åñòü ÏÌÌÀ ïðè âûäåðæêå

ïîä ïîñòîÿííîé íàãðóçêîé

Ïðè äåôîðìèðîâàíèè îáðàçöà ñ çàäàííîé

ñêîðîñòüþ ïðîèñõîäèò ñóïåðïîçèöèÿ äâóõ ïðî-

öåññîâ — óñêîðåíèÿ ïîëçó÷åñòè âñëåäñòâèå ðîñòà

íàïðÿæåíèÿ è åå çàìåäëåíèÿ ñ òå÷åíèåì âðåìå-

íè. Áîëåå ïðîñòàÿ êàðòèíà íàáëþäàåòñÿ ïðè âû-

äåðæêå îáðàçöà ïîä ïîñòîÿííîé íàãðóçêîé. Â

õîäå òàêîãî èñïûòàíèÿ îáðàçåö âíà÷àëå ñæèìàëè

ñî ñêîðîñòüþ ïðîäîëüíîé äåôîðìàöèè 2,2 %/ìèí

äî çàäàííîãî óðîâíÿ íàãðóçêè, à çàòåì âûäåðæè-

âàëè ïðè ýòîì óðîâíå â òå÷åíèå 100 ÷. Íà êàæäîì

óðîâíå íàãðóçêè áûëî èñïûòàíî ïî äâà îáðàçöà

(ñì. ðèñ. 1), âûðåçàííûõ èç ðàçíûõ ÷àñòåé îäíîé

ïëàñòèíû. Â ïðîöåññå âûäåðæêè îáðàçöà ïîä

ïðèëîæåííûì ïîñòîÿííûì óñèëèåì íàïðÿæåíèå

â íåì ïî ìåðå äåôîðìàöèè íåñêîëüêî èçìåíÿëîñü

(ñíèæàëîñü ïðè äåéñòâèè ñæèìàþùåé íàãðóçêè â

ñâÿçè ñ ðîñòîì ïëîùàäè ñå÷åíèÿ). Íà ðèñ. 8 íà

êðèâûõ îòìå÷åíû óðîâíè íàïðÿæåíèÿ (ÌÏà) â

êîíöå âûäåðæêè.

Óïðóãàÿ äåôîðìàöèÿ, êàê è íàïðÿæåíèå, â

ïðîöåññå âûäåðæêè èçìåíÿåòñÿ íåçíà÷èòåëüíî,

ïîýòîìó ïðèðàùåíèå äåôîðìàöèè îò íà÷àëà âû-

äåðæêè ïðîèñõîäèò çà ñ÷åò äåôîðìàöèè ïîëçó-

÷åñòè p.

Ñêîðîñòü ïîëçó÷åñòè â ìîìåíò íà÷àëà âû-

äåðæêè ìîæíî íàéòè ïî ôîðìóëå (7), îíà çàâèñèò

îò íàïðÿæåíèÿ âûäåðæêè ó è ñêîðîñòè äåôîð-

ìàöèè îáðàçöà ïåðåä âûäåðæêîé ·.( Â ïðîöåññå

âûäåðæêè ñêîðîñòü ïîëçó÷åñòè ìîíîòîííî ñíè-

æàåòñÿ. Õàðàêòåð ýòîãî ñíèæåíèÿ íå çàâèñèò îò

èñòîðèè äåôîðìàöèè îáðàçöà ïåðåä âûäåðæêîé.

Íà ðèñ. 9 ïîêàçàí íà÷àëüíûé ó÷àñòîê ýêñïåðè-

ìåíòàëüíîé äèàãðàììû ïîëçó÷åñòè ïðè âûäåðæ-

êå ïîä ñæèìàþùèì íàïðÿæåíèåì 57 ÌÏà ïîñëå

äåôîðìèðîâàíèÿ ñî ñêîðîñòüþ 2,2 %/ìèí (ñì.

ðèñ. 8). Àíàëîãè÷íûå äèàãðàììû ïîëó÷åíû ïðè

òîì æå íàïðÿæåíèè âûäåðæêè ïîñëå äåôîðìèðî-

âàíèÿ ñ ìåíüøèìè ñêîðîñòÿìè (0,45; 0,17; 0,039 è

0,018 %/ìèí). Èç ðèñ. 9 âèäíî, ÷òî ïåðåíîñ íà÷à-

ëà êîîðäèíàò ïîçâîëÿåò ïîëíîñòüþ ñîâìåñòèòü

âñå ýòè äèàãðàììû. Îíè ëîæàòñÿ íà åäèíóþ êðè-

âóþ è îòëè÷àþòñÿ òîëüêî ïîëîæåíèåì íà÷àëüíîé

òî÷êè íà ýòîé êðèâîé.

Òàêîå ïîâåäåíèå ìàòåðèàëà ïîçâîëÿåò ïðè

îïèñàíèè ïðîöåññà âÿçêîóïðóãîñòè ÏÌÌÀ â

óñëîâèÿõ èçîòåðìè÷åñêîé âûäåðæêè ïîä ïîñòî-

ÿííûì íàïðÿæåíèåì èñïîëüçîâàòü ãèïîòåçó
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Fig. 4. Dependence of ós parameter on the strain rate
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Ðèñ. 5. Âëèÿíèå òåìïåðàòóðû èñïûòàíèé íà ïàðàìåòðû
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Fig. 5. Effect of test temperature on parameters B (a) and

n (b)



óðàâíåíèÿ ñîñòîÿíèÿ [13, 15]. Ñîãëàñíî ýòîé ãè-

ïîòåçå, ñêîðîñòü ïîëçó÷åñòè ÿâëÿåòñÿ îäíîçíà÷-

íîé ôóíêöèåé ïàðàìåòðîâ òåêóùåãî ñîñòîÿíèÿ

(óðîâíÿ íàïðÿæåíèÿ, äåôîðìàöèè ïîëçó÷åñòè,

òåìïåðàòóðû) è íå çàâèñèò îò ïðåäûñòîðèè íà-

ãðóæåíèÿ:

Ô( · ,p ó, p, T) = 0. (9)

Äèàãðàììû íà ðèñ. 8, ïðåäñòàâëåííûå â ëîãà-

ðèôìè÷åñêèõ êîîðäèíàòàõ (ðèñ. 10), óêàçûâàþò

íà ñëîæíûé õàðàêòåð çàâèñèìîñòè p = f1(t). Îä-

íàêî ïîäáîð ñìåùåíèé ïî êîîðäèíàòíûì îñÿì t0,

p0 ïîçâîëÿåò ïðèâåñòè äèàãðàììó p + p0 =

= f2(t + t0) ê ëèíåéíîìó âèäó, ÷òî ñâèäåòåëüñòâó-

åò î ñóùåñòâîâàíèè åäèíîé ñòåïåííîé çàâèñè-

ìîñòè äåôîðìàöèè ïîëçó÷åñòè îò âðåìåíè â òå÷å-

íèå âñåãî ïåðèîäà âûäåðæêè:

p
C

m

t t t
m m

�

&�

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

0 0

* *

. (10)

Ñîïîñòàâëåíèå ñìåùåííîé äèàãðàììû f2 ñ ýêñïå-

ðèìåíòàëüíîé äèàãðàììîé (ñì. ðèñ. 9) ïðåäñòàâ-

ëåíî íà ðèñ. 11. Â ôîðìóëå (10) ô = 1 ñ — íîðìè-
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Ðèñ. 8. Ðàçâèòèå ïîëçó÷åñòè ïðè ðàçëè÷íûõ íàïðÿæåíèÿõ âûäåðæêè

Fig. 8. The creep development at different holding stresses
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Ðèñ. 9. Ðàçâèòèå ïîëçó÷åñòè ïðè 57 ÌÏà ïîñëå ðàçëè÷-

íûõ ñêîðîñòåé äåôîðìèðîâàíèÿ

Fig. 9. The creep development at 57 MPa after various

strain rates

2800

3000

3200

3400

3600

0 0,5 1 1,5 2 2,5

Ñêîðîñòü äåôîðìàöèè, %/ìèí

Ì
î
ä
ó
ë
ü

Þ
í

ã
à
,
Ì

Ï
à

Ðèñ. 7. Çàâèñèìîñòü ìîäóëÿ Þíãà îò ñêîðîñòè äåôîðìà-

öèè ïðè òåìïåðàòóðå +20 °C

Fig. 7. Dependence of Young’s modulus on the strain rate

at a temperature of +20°C
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Ðèñ. 6. Çàâèñèìîñòü ìîäóëÿ Þíãà îò òåìïåðàòóðû ïðè

ñêîðîñòè äåôîðìàöèè 0,15 %/ìèí

Fig. 6. Temperature dependence of Young’s modulus at a

strain rate of 0.15%/min



ðóþùèé ìíîæèòåëü, m è C — ïàðàìåòðû ìàòå-

ðèàëà, çàâèñÿùèå îò òåìïåðàòóðû è íàïðÿæåíèÿ

ïðè âûäåðæêå. Îò ñêîðîñòè äåôîðìàöèè îáðàçöà

ïåðåä âûäåðæêîé çàâèñèò òîëüêî ïàðàìåòð t0, çà-

äàþùèé ðàñïîëîæåíèå íà÷àëüíîé òî÷êè îòñ÷åòà

âðåìåíè íà åäèíîé êðèâîé (ñì. ðèñ. 9).

Äèôôåðåíöèðîâàíèå âûðàæåíèÿ (10) ïîçâî-

ëÿåò ïîëó÷èòü çàâèñèìîñòü ñêîðîñòè ïîëçó÷åñòè

îò âðåìåíè âûäåðæêè (ðèñ. 12):

· .p
C t t

m

�

&�

�

�

�

�

�

�

* *

0

1

(11)

À äèôôåðåíöèðîâàíèå ôîðìóëû (11) ïðèâî-

äèò ê âûðàæåíèþ äëÿ óñêîðåíèÿ ïîëçó÷åñòè, èç

êîòîðîãî ìîæíî èñêëþ÷èòü âðåìÿ âûäåðæêè è

ïîëó÷èòü çàâèñèìîñòü óñêîðåíèÿ îò ñêîðîñòè

ïîëçó÷åñòè (ðèñ. 13):

·· ( )
p
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(12)

ãäå q =
m

m

�

�

2

1
, D =

C m v

C

q
( )

.
1

2

� �

�

�

�

�

�

*

*

Íà ðèñ. 14 ïðåäñòàâëåíû ñìåùåííûå äèà-

ãðàììû ïîëçó÷åñòè (ñì. ðèñ. 10, êðèâàÿ 2) ïðè

ðàçëè÷íûõ íàïðÿæåíèÿõ âûäåðæêè (ñì. ðèñ. 8).

Èõ ñîâìåñòíàÿ îáðàáîòêà ïîçâîëÿåò ïîëó÷èòü çà-

âèñèìîñòè ïàðàìåòðîâ ôîðìóë (10) – (12) îò íà-

ïðÿæåíèÿ âûäåðæêè ó. Ïîêàçàòåëè ýêñïîíåíò

ñëàáî çàâèñÿò îò íàïðÿæåíèÿ âûäåðæêè, èõ ñðåä-

íèå çíà÷åíèÿ â èíòåðâàëå îò 48 äî 72 ÌÏà ñî-

ñòàâëÿþò: m � 0,15, q � 2,18 (ðèñ. 15).
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Ðèñ. 10. Äèàãðàììû ïîëçó÷åñòè ïðè âûäåðæêå ïîä íà-

ïðÿæåíèåì 57 ÌÏà: f1 — èñõîäíàÿ, f2 — ïîñëå ñìåùåíèÿ

íà÷àëà êîîðäèíàò

Fig. 10. The creep diagrams at holding under stress of

57 MPa: f1 — initial, f2 — after the shift of the origin of coor-

dinates
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Ðèñ. 11. Àïïðîêñèìàöèÿ äèàãðàììû ïîëçó÷åñòè ïðè âû-

äåðæêå

Fig. 11. Approximation of the creep diagram upon holding
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Ðèñ. 12. Ñêîðîñòü ïîëçó÷åñòè â íà÷àëå âûäåðæêè ïðè

57 ÌÏà

Fig. 12. Creep rate at the beginning of holding at 57 MPa
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Ðèñ. 13. Óñêîðåíèå ïîëçó÷åñòè â ïðîöåññå âûäåðæêè ïðè

57 ÌÏà

Fig. 13. Creep acceleration during holding at 57 MPa



Çàâèñèìîñòè îò íàïðÿæåíèÿ ïàðàìåòðîâ t0 è

C áëèçêè ê ëèíåéíûì. Çàâèñèìîñòü ïàðàìåòðà D

îò íàïðÿæåíèÿ âûäåðæêè ìîæíî îïèñàòü ýêñïî-

íåíöèàëüíîé ôóíêöèåé (ðèñ. 16).

Óðàâíåíèå ñîñòîÿíèÿ

äëÿ ïðîöåññà ïîëçó÷åñòè ÏÌÌÀ

Àíàëèç ðåçóëüòàòîâ èñïûòàíèé ïðè ðîñòå íà-

ãðóçêè (ôîðìóëà (6)) è âûäåðæêå (ôîðìóëà (12))

ïîêàçûâàåò, ÷òî óðàâíåíèå ñîñòîÿíèÿ äëÿ ýòèõ

äâóõ óñëîâèé èñïûòàíèé äîëæíî èìåòü âèä

Ô( ··, · , , ·, ) .p p T� ( � 0 (13)

Â ýòî óðàâíåíèå, â îòëè÷èå îò (9), íå âõîäèò

íàêîïëåííàÿ äåôîðìàöèÿ ïîëçó÷åñòè p.

Â îáùåì ñëó÷àå ïðè÷èíîé èçìåíåíèÿ ñêî-

ðîñòè ïîëçó÷åñòè ÿâëÿåòñÿ ñóììèðîâàíèå äâóõ

ïðîöåññîâ: óñêîðåíèÿ ïîëçó÷åñòè ïðè ðîñòå íà-

ïðÿæåíèÿ ( ·· )p
�

è åå çàìåäëåíèÿ ñ òå÷åíèåì âðåìå-

íè ( ·· ):pt

·· ·· ·· .p p pt� &
�

(14)

Â óñëîâèÿõ âûäåðæêè (ïðè ·
� = 0) ··p

�
= 0, òîãäà

(14) ñîâïàäàåò ñ (12):

··
·

.p D
p

v
t

q

� �
�

�

�

�

�

� (15)

Â óñëîâèÿõ ðîñòà íàïðÿæåíèÿ (ïðè ·
� > 0), êàê è

ïðè âûäåðæêå, ïðîèñõîäèò çàìåäëåíèå ïîëçó-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 1 79

0,1

1

10

1 10 100 1000 10000 100000 1000000

Âðåìÿ âûäåðæêè, ñ

Ä
å
ô

î
ð

ì
à
ö

è
ÿ

ï
î
ë
ç
ó
÷
å
ñ
ò
è

,
%

72 ÌÏà

64

61

57

48

Ðèñ. 14. Ðàçâèòèå ïîëçó÷åñòè ïðè ðàçëè÷íûõ íàïðÿæåíèÿõ âûäåðæêè

Fig. 14. The creep development under different holding stresses
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Ðèñ. 15. Çàâèñèìîñòü ïàðàìåòðà q îò íàïðÿæåíèÿ âû-

äåðæêè ïðè +20 °C

Fig. 15. Dependence of q parameter on the holding stress

at +20°C
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Ðèñ. 16. Çàâèñèìîñòü ïàðàìåòðà D îò íàïðÿæåíèÿ âû-

äåðæêè ïðè +20 °C

Fig. 16. Dependence of D parameter on the holding stress

at +20°C



÷åñòè ·· ,pt
ïðè ýòîì ñóììàðíûé ýôôåêò îò äâóõ

ïðîöåññîâ ñîîòâåòñòâóåò (6):

·· ·· ·· ·
·

.p p p pt� & �
�

�

�

2 (16)

Îòñþäà ìîæíî íàéòè ñîñòàâëÿþùóþ óñêîðåíèÿ

ïîëçó÷åñòè, ñâÿçàííóþ ñ ðîñòîì íàïðÿæåíèÿ:

·· ·· ·· ·
· ·

.p p p p D
p

v
t

q

�
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�

� � � &
�

�
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�

�2 (17)

Îáðàáîòêà ðåçóëüòàòîâ èñïûòàíèé ÏÌÌÀ â

óñëîâèÿõ íåïðåðûâíîãî äåôîðìèðîâàíèÿ ïîêàçà-

ëà, ÷òî çàâèñèìîñòè îòíîøåíèÿ A = ·· ··p p
�

îò

óðîâíÿ íàïðÿæåíèÿ áëèçêè ê ëèíåéíûì, êàê ýòî

âèäíî íà ðèñ. 17. Çäåñü âîçëå êàæäîé êðèâîé, êàê

è íà ðèñ. 3, óêàçàíà ñêîðîñòü èñòèííîé äåôîðìà-

öèè (%/ìèí) ïðè óðîâíå äåôîðìàöèè 3 %.

Òàêèì îáðàçîì, óðàâíåíèå ñîñòîÿíèÿ äëÿ ïðî-

èçâîëüíûõ óñëîâèé íàãðóæåíèÿ ÏÌÌÀ ìîæíî

ïðåäñòàâèòü â âèäå

·· ·· ·· ·
· ·
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2 (18)

Îáñóæäåíèå ðåçóëüòàòîâ

Ðàçðàáîòàííàÿ ìåòîäèêà îáðàáîòêè ýêñïåðè-

ìåíòàëüíûõ äàííûõ ïîçâîëèëà ïðîâåñòè äèôôå-

ðåíöèðîâàíèå ïî âðåìåíè ýêñïåðèìåíòàëüíûõ

äèàãðàìì ïîëçó÷åñòè è ïîëó÷èòü çàâèñèìîñòè

ñêîðîñòè ïîëçó÷åñòè îò âðåìåíè ïðè ðàçëè÷íûõ

ñêîðîñòÿõ äåôîðìèðîâàíèÿ è óðîâíÿõ íàïðÿæå-

íèÿ âûäåðæêè. Ïî ýêñïåðèìåíòàëüíûì äàííûì

ïðîâåäåíà èäåíòèôèêàöèÿ ïîëó÷åííûõ çàâèñè-

ìîñòåé. Èõ ïàðàìåòðû ïðåäñòàâëåíû â âèäå äèà-

ãðàìì è àïïðîêñèìàöèé äëÿ øèðîêîãî èíòåðâàëà

òåìïåðàòóð, ñêîðîñòåé äåôîðìèðîâàíèÿ è íàïðÿ-

æåíèé âûäåðæêè.

Îñíîâíîå âíèìàíèå â ðàáîòå óäåëåíî óñëîâè-

ÿì íîðìàëüíîé ýêñïëóàòàöèè ÏÌÌÀ, îãðàíè÷åí-

íûì ïî óðîâíÿì íàïðÿæåíèÿ è äåôîðìàöèè (äî

íà÷àëà íåîáðàòèìîãî ïîâðåæäåíèÿ ìàòåðèàëà).

Óñòàíîâëåíî, ÷òî ïðè ýòèõ óñëîâèÿõ ëþáàÿ äèà-

ãðàììà ïîëçó÷åñòè ÏÌÌÀ ïðè âûäåðæêå ìîæåò

áûòü îïèñàíà ïðîñòîé ñòåïåííîé çàâèñèìîñòüþ

îò âðåìåíè âûäåðæêè. Òàêèì îáðàçîì, íåò îñíî-

âàíèé äëÿ ðàçäåëåíèÿ ïðîöåññà íà ñòàäèè íå-

óñòàíîâèâøåéñÿ è óñòàíîâèâøåéñÿ ïîëçó÷åñòè,

êàê ïðåäëîæåíî â áîëüøèíñòâå èçâåñòíûõ ðàáîò

[16, 17]. Ýòî ïîçâîëÿåò èñïîëüçîâàòü ìåíåå äëè-

òåëüíûå âûäåðæêè ïðè ýêñïåðèìåíòàëüíîì îï-

ðåäåëåíèè ïàðàìåòðîâ ïîëçó÷åñòè ÏÌÌÀ.

Ñîïîñòàâëåíèå äèàãðàìì ïîëçó÷åñòè ïðè

îäèíàêîâûõ íàïðÿæåíèÿõ âûäåðæêè ïîñëå äå-

ôîðìèðîâàíèÿ ñ ðàçëè÷íûìè ñêîðîñòÿìè ïîêàçà-

ëî, ÷òî ýòè äèàãðàììû ëîæàòñÿ ñî ñìåùåíèåì ïî

âðåìåíè íà åäèíóþ êðèâóþ. Äàííîå îáñòîÿòåëü-

ñòâî óêàçûâàåò íà âîçìîæíîñòü îïèñàíèÿ ñîâî-

êóïíîñòè ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàí-

íûõ åäèíûì óðàâíåíèåì ñîñòîÿíèÿ, ñâÿçûâà-

þùèì ñêîðîñòü ïîëçó÷åñòè ñ íàïðÿæåíèåì è òåì-

ïåðàòóðîé.

Ïîâòîðíîå äèôôåðåíöèðîâàíèå ïîçâîëèëî

ïîëó÷èòü óðàâíåíèÿ óñêîðåíèÿ ïîëçó÷åñòè è èñ-

êëþ÷èòü èç íèõ ïåðåìåííóþ âðåìåíè. Â òàêîì
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Fig. 17. Dependence of A ratio on the stress level at +20°C



âèäå èõ ìîæíî ðàññìàòðèâàòü êàê óðàâíåíèÿ

ñîñòîÿíèÿ âÿçêîóïðóãîãî ìàòåðèàëà, ïîâåäåíèå

êîòîðîãî íå çàâèñèò îò ïðåäûñòîðèè íàãðóæåíèÿ.

Â ýòè óðàâíåíèÿ íå âõîäèò íàêîïëåííàÿ äåôîð-

ìàöèÿ ïîëçó÷åñòè. Â êà÷åñòâå ãëàâíîãî ïàðà-

ìåòðà ñîñòîÿíèÿ âûñòóïàåò òåêóùàÿ ñêîðîñòü

ïîëçó÷åñòè.

Ôîðìà óðàâíåíèÿ (6) äàåò îñíîâàíèå äëÿ åãî

ïðèìåíåíèÿ íå òîëüêî äëÿ ìîíîòîííîãî äåôîð-

ìèðîâàíèÿ ñ ïîñòîÿííîé ñêîðîñòüþ, íî è äëÿ ñòó-

ïåí÷àòîãî íàãðóæåíèÿ, ïðè ïåðåõîäå íà ñëåäó-

þùóþ ñòóïåíü.

Ãèïîòåçà î ïðèìåíèìîñòè óðàâíåíèÿ (12) â

óñëîâèÿõ ïåðåìåííîãî íàïðÿæåíèÿ âûäåðæêè

ïîçâîëèëà îáúåäèíèòü óðàâíåíèÿ (6) è (12) è

ïîëó÷èòü åäèíîå óðàâíåíèå ñîñòîÿíèÿ (18) äëÿ

ïðîöåññà ñ ïðîèçâîëüíûì çàêîíîì ðîñòà äåôîð-

ìàöèè è íàïðÿæåíèÿ. Ïðè ïîøàãîâîì ìîäåëè-

ðîâàíèè ïðîöåññà ïîëçó÷åñòè ïî çíà÷åíèÿì ó, ·
� è

·p â íà÷àëå øàãà ïðîâîäèòñÿ ðàñ÷åò óñêîðåíèÿ

ïîëçó÷åñòè ïî ôîðìóëå (18), à çàòåì, â êîíöå

øàãà, — ðàñ÷åò ñêîðîñòè ïîëçó÷åñòè, äåôîðìà-

öèè è íàïðÿæåíèÿ.

Íåîáõîäèìà âåðèôèêàöèÿ äàííîãî óðàâíåíèÿ

è èäåíòèôèêàöèÿ âõîäÿùèõ â íåãî ïàðàìåòðîâ â

óñëîâèÿõ ïåðåìåííîé ñêîðîñòè äåôîðìèðîâàíèÿ

è ïðè ñòóïåí÷àòîì íàãðóæåíèè.

Â ïîñëåäóþùèõ ïóáëèêàöèÿõ áóäåò ðàññìîò-

ðåíî ïðèìåíåíèå íàéäåííûõ ñîîòíîøåíèé äëÿ

óñëîâèé ðàçãðóçêè è öèêëè÷åñêîãî íàãðóæåíèÿ.
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