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Ñïëàâû ñ ïàìÿòüþ ôîðìû, â ÷àñòíîñòè íèêåëèä òèòàíà, â íàñòîÿùåå âðåìÿ ïðèìåíÿþòñÿ â

ðàçëè÷íûõ îáëàñòÿõ òåõíèêè, ñòðîèòåëüñòâå, ìåäèöèíå, ÷òî îáóñëîâëåíî èõ óíèêàëüíîé

ñïîñîáíîñòüþ âîññòàíàâëèâàòü ïðè íàãðåâå çíà÷èòåëüíûå íåóïðóãèå äåôîðìàöèè. Ïëàñòè-

íû èç íèêåëèäà òèòàíà â êà÷åñòâå ýëåìåíòîâ êîíñòðóêöèé èëè èçäåëèé ìåäèöèíñêîãî íà-

çíà÷åíèÿ ïîäâåðãàþòñÿ ñëîæíîìó òåìïåðàòóðíî-ñèëîâîìó âîçäåéñòâèþ â ïðîöåññå ðàáîòû,

â ðåçóëüòàòå êîòîðîãî èçìåíÿåòñÿ íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå ìàòåðèàëà.

Íàïðèìåð, ïëàñòèíà, æåñòêî çàùåìëåííàÿ ïî îäíîé èç ñòîðîí, ñóùåñòâåííî ìåíÿåò êðè-

âèçíó ïîâåðõíîñòè ïðè òåðìîöèêëèðîâàíèè ïîä íàãðóçêîé èëè â ðåçóëüòàòå íàãðåâà ïîñëå

ïðåäâàðèòåëüíîé ïëàñòè÷åñêîé äåôîðìàöèè. Ïîäîáíûå ðåæèìû âîçäåéñòâèÿ íà ïëàñòèíó

ðåàëèçóþòñÿ â óñòðîéñòâàõ, â êîòîðûõ îíà èñïîëüçóåòñÿ êàê ÷óâñòâèòåëüíûé ýëåìåíò, íà-

ïðèìåð, äàò÷èêàõ òåìïåðàòóðû, ýëåêòðè÷åñêèõ êîíòàêòàõ, èíòåëëåêòóàëüíûõ ýëåðîíàõ è

ò.ï. Ïðè ïðîåêòèðîâàíèè äàííûõ ýëåìåíòîâ âàæíî ó÷èòûâàòü èçìåíåíèå òàêèõ äåôîðìà-

öèîííûõ ïàðàìåòðîâ, êàê êðèâèçíà, äåôîðìàöèÿ, êîýôôèöèåíò âîññòàíîâëåíèÿ ôîðìû,

÷òî äëÿ ïëàñòèí èç íèêåëèäà òèòàíà ìàëî èçó÷åíî. Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëü-

òàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ôîðìîâîññòàíîâëåíèÿ ïëàñòèíû èç íèêåëèäà òè-

òàíà êàê â ïðîöåññå èçîòåðìè÷åñêîé ðàçãðóçêè ïîñëå ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ, òàê è

ïðè òåðìîöèêëèðîâàíèè ïîä äåéñòâèåì ïîñòîÿííîé èçãèáàþùåé ñèëû. Ïîêàçàíî, ÷òî ïëà-

ñòè÷åñêîå äåôîðìèðîâàíèå ïëàñòèíû â èçîòåðìè÷åñêèõ óñëîâèÿõ ñ óâåëè÷åíèåì èñõîäíîãî

ðàäèóñà êðèâèçíû â 3,35 ðàçà ïîñëå ïñåâäîóïðóãîé ðàçãðóçêè ïðèâîäèò ê âîçðàñòàíèþ êðè-

âèçíû â 4,83 ðàçà. Óñòàíîâëåíî, ÷òî ýôôåêò ïàìÿòè ôîðìû ïîñëå èçîòåðìè÷åñêîãî èçãèáà

ïðÿìîóãîëüíîé ïëàñòèíû èç íèêåëèäà òèòàíà âîçðàñòàåò ïðè óìåíüøåíèè çàäàâàåìîãî ðà-

äèóñà êðèâèçíû. Ïðè ýòîì êðèâèçíà ïðè òåðìîöèêëèðîâàíèè ïîä ïîñòîÿííîé íàãðóçêîé

ñëîæíûì îáðàçîì èçìåíÿåòñÿ. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ïðî-

åêòèðîâàíèè óñòðîéñòâ, â êîòîðûõ èñïîëüçóþòñÿ ïëàñòèíû èç íèêåëèäà òèòàíà.
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Shape memory alloys such as titanium nickelide are currently used in different fields of engineering, con-

struction, and medicine, due to their unique ability to recover significant inelastic deformations upon

heating. Titanium nickelide plates as structural elements or medical devices are exposed to complex tem-

perature and force impacts during operation, which leads to a change in the stress-strain state of the ma-

terial. For example, a plate rigidly clamped on one side significantly changes the surface curvature during

thermal cycling under load or as a result of heating after preliminary plastic deformation. Similar expo-

sures are implemented in the devices in which the plate is used as a sensitive element, for example, tem-

perature sensors, electrical contacts, smart ailerons, etc. When designing these elements, it is important to

take into account changes in such deformation parameters as curvature, deformation, and shape recovery

coefficient. The lack of information on those parameters is observed for titanium nickelide plates. We pres-

ent the results of the experimental study of the shape reduction of a titanium nickelide plate both during

isothermal unloading after plastic deformation and during thermal cycling under the impact of a constant

bending force. It is shown that plastic deformation of the plate under isothermal conditions with an in-

crease in the initial radius of the curvature by 3.35 times leads to an increase in the curvature by 4.83

times after pseudoelastic unloading. It is shown that the shape memory effect after isothermal bending of
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a rectangular titanium nickelide plate increases as the prescribed radius of the curvature decreases. More-

over, the curvature under constant load changes during thermal cycling in a complex way. The results of

the study can be used in designing devices based on titanium nickelide plates.

Keywords: shape memory effect; titanium nickelide; plate; curvature; thermoelasticity; transformation

plasticity.

Ââåäåíèå

Ñâîéñòâà ìàòåðèàëîâ ñ ïàìÿòüþ ôîðìû äîñ-

òàòî÷íî õîðîøî èçó÷åíû, íî èõ ïðèìåíåíèå â

ýëåìåíòàõ êîíñòðóêöèé, ðàçëè÷íûõ óñòðîéñòâàõ

è ìåõàíèçìàõ ïðåäïîëàãàåò çíàíèå äåôîðìàöè-

îííîãî ïîâåäåíèÿ äåòàëè, óðîâíÿ âîçíèêàþùèõ

íàïðÿæåíèé â íåé â ïðîöåññå ðàáîòû. Âñëåäñòâèå

ýòîãî àêòóàëüíûìè ÿâëÿþòñÿ òåîðåòè÷åñêèå [1,

ñ. 723] è ýêñïåðèìåíòàëüíûå [2] èññëåäîâàíèÿ ïî

èçìåíåíèþ è ïðîåêòèðîâàíèþ ôîðìû, ðàçìåðîâ

äåòàëåé ïðè êîíêðåòíûõ òåìïåðàòóðíî-ñèëîâûõ

óñëîâèÿõ ðàáîòû. Îäíà èç âîçìîæíûõ ôîðì ðàáî-

÷èõ ýëåìåíòîâ ñ ïàìÿòüþ ôîðìû — ïëîñêàÿ ïðÿ-

ìîóãîëüíàÿ ïëàñòèíà èç íèêåëèäà òèòàíà, èëè

áèìåòàëëè÷åñêèé êîìïîçèò, ñî÷åòàþùèé òåðìî-

óïðóãèé è óïðóãèé ìàòåðèàëû [3, ñ. 52]. Ïðÿìî-

óãîëüíûå ïëàñòèíû ïðèìåíÿþò â ðàçëè÷íûõ îá-

ëàñòÿõ òåõíèêè è ìåäèöèíû, íàïðèìåð, â êà÷åñò-

âå ýëåìåíòîâ èíòåëëåêòóàëüíûõ ýëåðîíîâ [4,

ñ. 475], èìïëàíòèðóåìûõ îïîðíûõ ïëàñòèí [5,

ñ. 37], ïðè÷åì äåôîðìàöèîííûå ñâîéñòâà ïîäîá-

íûõ èçäåëèé çàâèñÿò îò ñîñòàâà è ÷èñëà ñëîåâ [6,

ñ. 88], ïðåäâàðèòåëüíîé òåðìè÷åñêîé è ïëàñòè÷å-

ñêîé îáðàáîòêè ìåòàëëà [7, ñ. 1665], à òàêæå óðîâ-

íÿ äåéñòâóþùèõ óñèëèé [8, ñ. 79].

Öåëü ðàáîòû — èçó÷åíèå ôîðìîâîññòàíîâ-

ëåíèÿ ïëîñêîé ïëàñòèíû èç íèêåëèäà òèòàíà â

óñëîâèÿõ èçîòåðìè÷åñêèõ è íåèçîòåðìè÷åñêèõ

ñèëîâûõ âîçäåéñòâèé.

Ïðîâåäåíî ýêñïåðèìåíòàëüíîå èññëåäîâàíèå

ïëîñêîãî èçãèáà ïðÿìîóãîëüíîé ïëàñòèíû èç íè-

êåëèäà òèòàíà â èçîòåðìè÷åñêèõ óñëîâèÿõ è ïðè

òåðìîöèêëèðîâàíèè ïîä ïîñòîÿííîé ñîñðåäîòî-

÷åííîé ñèëîé, à òàêæå ðàññ÷èòàíà âîçíèêàþùàÿ

ïðè ýòîì ëèíåéíàÿ äåôîðìàöèÿ.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Èññëåäîâàëè ïëîñêèé èçãèá ïðÿìîóãîëüíîé

ïëàñòèíû òîëùèíîé h = 0,60 ± 0,05 ìì, øèðè-

íîé b = 18,31 ± 0,08 ìì è äëèíîé l = 77,16 ±

± 0,08 ìì, âûïîëíåííîé èç ýêâèàòîìíîãî íèêå-

ëèäà òèòàíà ñ òåìïåðàòóðàìè ôàçîâûõ ïåðåõîäîâ

Mí = 62 °C, Mê = 30 °C, Aí = 44 °C, Aê = 72 °C.

Ìîìåíòû èíåðöèè ïðÿìîóãîëüíîãî ñå÷åíèÿ

Jz = bh3/12 = 0,33 ìì4 è Jy = hb3/12 = 306,93 ìì4,

à íàèìåíüøàÿ è íàèáîëüøàÿ æåñòêîñòè ñå÷å-

íèÿ ïëàñòèíû íà èçãèá ïðè ìîäóëå óïðóãîñòè

ìàðòåíñèòà Eì = 30 ÃÏà ñîñòàâèëè ñîîòâåòñòâåí-

íî EJz = 0,01 Í · ì2 è EJy = 9,21 Í · ì2. Ïëàñòè-

íó ïðåäâàðèòåëüíî îòæèãàëè ïðè òåìïåðàòóðå

500 °C â òå÷åíèå ÷àñà â çàíåâîëåííîì ñîñòîÿíèè

ìåæäó ïëîñêèìè æåñòêèìè áðóñêàìè.

Ýêñïåðèìåíò âûïîëíÿëè â ñëåäóþùåé ïîñëå-

äîâàòåëüíîñòè. Íà ïåðâîì ýòàïå (ñì. ðèñ. 1) ïëî-

ñêóþ ïëàñòèíó ïëàñòè÷åñêè äåôîðìèðîâàëè ïðè

òåìïåðàòóðå ~20 °C, ïðèæèìàÿ åå ñèëîé P ( 30 Í

ê öèëèíäðè÷åñêîé ïîâåðõíîñòè ðàäèóñîì ñ0, çà-

òåì ðàçãðóæàëè. Ïðè èçîòåðìè÷åñêîé (ïñåâäî-

óïðóãîé) ðàçãðóçêå ðàäèóñ êðèâèçíû äëèííîé

ñòîðîíû ïëàñòèíû èçìåíÿëñÿ äî ñ. Äàëåå ïëàñòè-

íó íàãðåâàëè ïðè ïîìîùè ýëåêòðîêàëîðèôåðà â

ñâîáîäíîì ñîñòîÿíèè ÷åðåç èíòåðâàë îáðàòíîãî

ìàðòåíñèòíîãî ïðåâðàùåíèÿ.

Ðàäèóñ öèëèíäðè÷åñêîé îïðàâêè ñ0 èçìåðÿëè

ñ òî÷íîñòüþ äî 0,05 ìì; ðàäèóñ êðèâèçíû ñ ïîñëå

ðàçãðóçêè ðàññ÷èòûâàëè, èçìåðèâ ñîîòâåòñòâó-

þùèå èçîãíóòîé ôîðìå ïëàñòèíû õîðäó a è âûñî-

òó ñåãìåíòà c, ïî ôîðìóëå
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Êîíå÷íûé ðàäèóñ êðèâèçíû ïëàñòèíû ñâîñ îï-

ðåäåëÿëè òàêæå ïî ôîðìóëå (1), èçìåðèâ õîðäó è

ñåãìåíò ïðè òåìïåðàòóðå 90 °C, ïðåâûøàþùåé

òåìïåðàòóðó Aê.

Ïñåâäîóïðóãóþ äåôîðìàöèþ íàõîäèëè ïî

ôîðìóëå

�

) )
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h h

2 2
0

, (2)

äåôîðìàöèþ, îáóñëîâëåííóþ ýôôåêòîì ïàìÿòè

ôîðìû ïðè ïîñëåäóþùåì íàãðåâàíèè ïëàñòèíû
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Ðèñ. 1. Èçìåíåíèå ðàäèóñà êðèâèçíû ñ ïëàñòèíû

Fig. 1. Change in the radius of the plate curvature ñ



÷åðåç èíòåðâàë îáðàòíîãî ìàðòåíñèòíîãî ïðåâðà-

ùåíèÿ, — ïî ôîðìóëå
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. (3)

Â ñëó÷àå ðåàëèçàöèè ïðè íàãðåâàíèè ñîâåðøåí-

íîãî ýôôåêòà ïàìÿòè ôîðìû, êîãäà ñâîñ = *, ñî-

îòâåòñòâóþùàÿ äåôîðìàöèÿ ñîñòàâèò
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)
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Ââåäåì êîýôôèöèåíò âîññòàíîâëåíèÿ ôîðìû

ïëàñòèíû çà ñ÷åò ýôôåêòà ïàìÿòè ôîðìû:
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. (6)

Èñõîäíûé ðàäèóñ êðèâèçíû ñ0i öèëèíäðè÷å-

ñêîé îïðàâêè ïîñòåïåííî óìåíüøàëè â ñëåäóþ-

ùåé ïîñëåäîâàòåëüíîñòè: 41,09; 32; 20,67; 15,55;

12,26 ìì. Îïûò äëÿ êàæäîãî çíà÷åíèÿ ñ0 ïîâòî-

ðÿëè òðè ðàçà, îöåíèâàÿ ïîãðåøíîñòè äåôîðìà-

öèé åïó, åýïô.

Íà âòîðîì ýòàïå ïëàñòèíó ïîäâåðãàëè ïëîñ-

êîìó èçãèáó ïîä äåéñòâèåì ïîñòîÿííîé ñèëû P

ïðè èçìåíåíèè òåìïåðàòóðû â èíòåðâàëàõ ìàð-

òåíñèòíûõ ïåðåõîäîâ. Ïëàñòèíó çàùåìëÿëè æå-

ñòêî ïî îäíîé èç êîðîòêèõ ñòîðîí, íàãðåâàëè äî

òåìïåðàòóðû 90 °C, íàãðóæàëè ïîñòîÿííîé ñîñðå-

äîòî÷åííîé ñèëîé Ð, ïðèëîæåííîé ê ïðîòèâîïî-

ëîæíîìó íåçàêðåïëåííîìó êîíöó (ðèñ. 2), è îõëà-

æäàëè ïîä íàãðóçêîé äî òåìïåðàòóðû ~24 °C, çà-

òåì íàãðåâàëè äî 90 °C. Ïðèìåíÿëè ñëåäóþùèå

çíà÷åíèÿ íàãðóçêè Pi: 0,2; 0,4; 0,6; 0,8 è 1,0 Í.

Íàãðåâ âûïîëíÿëè ïðè ïîìîùè èíôðàêðàñíîé

ëàìïû ÈÊÇÊ ýëåêòðè÷åñêîé ìîùíîñòüþ 200 Âò.

Ïðè îõëàæäåíèè ïîä íàãðóçêîé ïëàñòèíà èçãèáà-

ëàñü â âåðòèêàëüíîé ïëîñêîñòè, èçìåíÿÿ êðèâèç-

íó, ïðè íàãðåâå ïîä íàãðóçêîé ïëîñêàÿ ôîðìà

ïëàñòèíû âîññòàíàâëèâàëàñü. Ïðè îõëàæäåíèè è

íàãðåâå èçìåðÿëè ñìåùåíèå íåçàêðåïëåííîé ñòî-

ðîíû ïëàñòèíû ïî ãîðèçîíòàëè x è âåðòèêàëè y

÷åðåç 2 °C.

Ïðè èññëåäîâàíèè áîëüøèõ ïåðåìåùåíèé

ïðè óïðóãîì èçãèáå òîíêîé ïëàñòèíû íèêàêèõ îã-

ðàíè÷åíèé íà èçìåíåíèå êîíôèãóðàöèè óïðóãîé

ëèíèè íå íàêëàäûâàåòñÿ, ïîýòîìó â îòëè÷èå îò

ñëó÷àÿ ìàëûõ ïåðåìåùåíèé íåëüçÿ ðàññìàòðè-

âàòü ïëàñòèíó êàê àáñîëþòíî òâåðäîå òåëî. Âñå

îïîðíûå ðåàêöèè (ñèëû è ìîìåíòû) áóäóò ñóùå-

ñòâåííî çàâèñåòü îò çíà÷åíèé èñêîìûõ ïåðåìå-

ùåíèé ïðè èçãèáå, ñëåäîâàòåëüíî, çàäà÷à îïðåäå-

ëåíèÿ âíóòðåííèõ óñèëèé, íàïðÿæåíèé è äåôîð-

ìàöèé ñòàíîâèòñÿ ñòàòè÷åñêè íåîïðåäåëèìîé

[10 – 11].

Äëÿ îïðåäåëåíèÿ ðàäèóñà êðèâèçíû ïëàñòè-

íû â êîíöå îõëàæäåíèÿ ïîä íàãðóçêîé èçìåðÿëè

ìàêñèìàëüíûå ñìåùåíèÿ ñâîáîäíîãî êîíöà ïëà-

ñòèíû xmax è ymax ïðè òåìïåðàòóðå ~22°, âû÷èñ-

ëÿëè äëèíó õîðäû a l x y� � �( ) ,max max
2 2 ïðåäïî-

ëàãàÿ, ÷òî äëèíà ïëàñòèíû l íå èçìåíÿåòñÿ è ðà-

äèóñ êðèâèçíû èìååò îäèíàêîâîå çíà÷åíèå ïî

âñåé äëèíå ïëàñòèíû. ×èñëåííûì ðåøåíèåì

óðàâíåíèÿ

360
2

lsin
+

– ðaá = 0 (7)

îïðåäåëÿëè óãîë á , (0, 360°), à çàòåì ðàäèóñ êðè-

âèçíû ïëàñòèíû

)

+

ò �

a

2 2sin( )
. (8)

Äåôîðìàöèþ, ñîîòâåòñòâóþùóþ ýôôåêòó ïëà-

ñòè÷íîñòè ïðÿìîãî ïðåâðàùåíèÿ, ðàññ÷èòûâàëè

êàê

�

)

�

h

2 ò

. (9)

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðè ïëàñòè÷åñêîì äåôîðìèðîâàíèè â èçîòåð-

ìè÷åñêèõ óñëîâèÿõ óâåëè÷åíèå èñõîäíîãî ðàäèó-

ñà êðèâèçíû ïëàñòèíû â 3,35 ðàçà ïðèâîäèò ê

âîçðàñòàíèþ ðàäèóñà êðèâèçíû ïîñëå ïñåâäîóï-

ðóãîé ðàçãðóçêè â 4,83 ðàçà. Ïñåâäîóïðóãàÿ äå-

ôîðìàöèÿ, îïðåäåëÿåìàÿ ïî ôîðìóëå (2), óìåíü-

øàåòñÿ â 0,68 ðàçà è íåçíà÷èòåëüíî çàâèñèò îò

ðàäèóñà ñ0 (ñì. ðèñ. 1). Äåôîðìàöèÿ ïëàñòèíû,

ñôîðìèðîâàííàÿ èçîòåðìè÷åñêè, âîññòàíàâëèâà-

ëàñü çà ñ÷åò ýôôåêòà ïàìÿòè ôîðìû è ðàññ÷èòû-

âàëàñü ïî ôîðìóëå (3). Çíà÷åíèå åýïô ñóùåñòâåí-
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ymax

xmax

Ðèñ. 2. Ñõåìà äåôîðìèðîâàíèÿ ïëàñòèíû â òåðìîöèêëå

ïîä íàãðóçêîé

Fig. 2. Scheme of the plate deformation in a thermal cycle

under load



íî çàâèñèò îò ðàäèóñà êðèâèçíû ñ0 è óìåíüøàåò-

ñÿ â 4,7 ðàçà. Ïðè ýòîì, êàê ïîêàçàíî íà ðèñ. 3,

êîýôôèöèåíò âîññòàíîâëåíèÿ ôîðìû kc (ôîðìó-

ëà 6) ðàâåí ïðàêòè÷åñêè åäèíèöå ïðè âñåõ ñ0, ò.å.

äåôîðìàöèÿ ïëàñòèíû ïðè íàãðåâå âîññòàíàâëè-

âàëàñü ïîëíîñòüþ.

Â ðåçóëüòàòå èçîòåðìè÷åñêîãî äåôîðìèðî-

âàíèÿ ñ ïîñòåïåííî óâåëè÷èâàþùåéñÿ êðèâèçíîé

ó ïëàñòèíû áûëè ñôîðìèðîâàíû íèçêîòåìïå-

ðàòóðíàÿ êðèâîëèíåéíàÿ ôîðìà è âûñîêîòåì-

ïåðàòóðíàÿ ïëîñêàÿ ôîðìà. Äàëåå ïëàñòèíó äå-

ôîðìèðîâàëè, ïðîâîäÿ òåðìîöèêë îò 90 äî 24 °C

è îáðàòíî ïîä ïîñòîÿííîé íàãðóçêîé. Íà ýòàïå

îõëàæäåíèÿ íàáëþäàëè èçãèá ïëàñòèíû âäîëü

äëèííîé ñòîðîíû è ñìåùåíèå íåçàêðåïëåííîé

êîðîòêîé ñòîðîíû âäîëü ãîðèçîíòàëüíîé è âåðòè-

êàëüíîé îñåé, êàê ïîêàçàíî íà ðèñ. 2.

Çàâèñèìîñòè ñìåùåíèÿ êîíöåâîãî ñå÷åíèÿ ïî

ãîðèçîíòàëè îò òåìïåðàòóðû ïðè äâóõ çíà÷åíèÿõ

èçãèáàþùåé ñèëû ïðåäñòàâëåíû íà ðèñ. 4, à ïî

âåðòèêàëè — íà ðèñ. 5. Òåìïåðàòóðíûå êðèâûå,

ïðèâåäåííûå íà ðèñ. 4, ïîêàçûâàþò, ÷òî ìàêñè-

ìàëüíîå ñìåùåíèå ñå÷åíèÿ ïî ãîðèçîíòàëè âîç-

ðàñòàåò ñ óâåëè÷åíèåì ïðèëîæåííîé ñèëû. Òåì-

ïåðàòóðíûå èíòåðâàëû ìàðòåíñèòíûõ ïåðåõîäîâ

ñìåùåíû äðóã îòíîñèòåëüíî äðóãà äëÿ ïðåäñòàâ-

ëåííûõ íàãðóçîê. Èç ðèñ. 5 âèäíî, ÷òî âåðòèêàëü-

íîå ñìåùåíèå ñå÷åíèÿ ïðè íàãðóçêå P = 0,2 Í

â òåìïåðàòóðíîì öèêëå èçìåíÿåòñÿ ãèñòåðåçèñ-

íûì îáðàçîì. Ïðè íàãðóçêå P = 1 Í ïëàñòè÷-

íîñòü ïðåâðàùåíèÿ óìåíüøàåòñÿ ïî ñðàâíåíèþ ñ

ýôôåêòîì ïðè P = 0,2 Í, à íà ýòàïå íàãðåâà íà-

áëþäàåòñÿ ðåâåðñ ïåðåìåùåíèÿ âáëèçè òåìïåðà-

òóðû Aí. Ïðè îáðàòíîì ìàðòåíñèòíîì ïåðåõîäå

ïëàñòèíà ÷àñòè÷íî âûïðÿìëÿåòñÿ â ñòîðîíó ïðè-

ëîæåííîé ñèëû, ÷òî íà íà÷àëüíîì ýòàïå íàãðåâà

ïðèâîäèò ê óâåëè÷åíèþ âåðòèêàëüíîãî ñìåùåíèÿ

êîíöåâîãî ñå÷åíèÿ, ïî ìåðå äàëüíåéøåãî íàãðåâà

íàáëþäàåòñÿ âîññòàíîâëåíèå âåðòèêàëüíîé ñî-

ñòàâëÿþùåé èçãèáà. Ïî-âèäèìîìó, ñëîæíàÿ íå-

ìîíîòîííàÿ çàâèñèìîñòü y(t) îáóñëîâëåíà ïðåäâà-

ðèòåëüíî ñôîðìèðîâàííîé íà ïåðâîì ýòàïå èçî-

òåðìè÷åñêîãî äåôîðìèðîâàíèÿ êîëüöåâîé ôîð-

ìîé, ê êîòîðîé ïëàñòèíà ñòðåìèòñÿ âåðíóòüñÿ

ïðè îõëàæäåíèè.

Íà ðèñ. 6 ïðåäñòàâëåíû òðàåêòîðèè ïåðåìå-

ùåíèÿ íåçàêðåïëåííîãî ñå÷åíèÿ ïëàñòèíû ïðè

èçãèáå ïîä äåéñòâèåì ïîñòîÿííîé ñèëû, êîòîðûå
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Ðèñ. 3. Çàâèñèìîñòè ïñåâäîóïðóãîé äåôîðìàöèè, ýôôåê-

òà ïàìÿòè ôîðìû è êîýôôèöèåíòà âîññòàíîâëåíèÿ ôîð-

ìû ïëàñòèíû ïîñëå èçîòåðìè÷åñêîãî äåôîðìèðîâàíèÿ îò

ðàäèóñà êðèâèçíû

Fig. 3. Dependence of pseudoelastic deformation, shape

memory effect, and plate shape recovery coefficient on the

curvature radius after isothermal deformation
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Ðèñ. 4. Òåìïåðàòóðíûå çàâèñèìîñòè ãîðèçîíòàëüíîãî

ñìåùåíèÿ ñâîáîäíîãî ñå÷åíèÿ ïëàñòèíû â òåðìîöèêëå

ïîä ïîñòîÿííîé íàãðóçêîé

Fig. 4. The temperature dependences of the horizontal dis-

placement of the free section of the plate in the thermal

cycle under constant load
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Ðèñ. 5. Òåìïåðàòóðíûå çàâèñèìîñòè âåðòèêàëüíîãî ñìå-

ùåíèÿ ñâîáîäíîãî ñå÷åíèÿ

Fig. 5. The temperature dependence of the vertical dis-

placement of the free section



ïîêàçûâàþò èçìåíåíèå êðèâèçíû ïëàñòèíû ïðè

îõëàæäåíèè è íàãðåâå. Íà íà÷àëüíîì ýòàïå îõëà-

æäåíèÿ íåçàêðåïëåííûé êîíåö ïëàñòèíû èíòåí-

ñèâíî ñìåùàåòñÿ ïî âåðòèêàëè y, ò.å. íàáëþäàåò-

ñÿ ïëîñêèé èçãèá, çàòåì óâåëè÷èâàåòñÿ ñêîðîñòü

íàêîïëåíèÿ ãîðèçîíòàëüíîãî ñìåùåíèÿ x, ïðèâî-

äÿùàÿ ê âîçðàñòàíèþ êðèâèçíû ïëàñòèíû, ÷òî

õîðîøî çàìåòíî íà òðàåêòîðèè ïðè óñèëèè

P = 1,0 Í. Â íà÷àëå îáðàòíîãî ìàðòåíñèòíîãî ïå-

ðåõîäà ïîä íàãðóçêîé P = 0,2 Í íàáëþäàåòñÿ âîñ-

ñòàíîâëåíèå ôîðìû ïëàñòèíû â ãîðèçîíòàëüíîì

íàïðàâëåíèè, çàòåì ñèíõðîííîå ôîðìîâîññòàíîâ-

ëåíèå ïî x è y. Â óñëîâèÿõ äåéñòâèÿ íàãðóçêè

P = 1,0 Í (ñì. ðèñ. 6) íà íà÷àëüíîì ýòàïå îáðàò-

íîãî ïåðåõîäà ïëàñòèíà âûïðÿìëÿåòñÿ, î ÷åì

ñâèäåòåëüñòâóåò ïîâûøåíèå êîîðäèíàòû y è ïî-

ñëåäóþùåå óìåíüøåíèå êîîðäèíàòû x.

Ñìåùåíèÿ êîíöåâîãî ñå÷åíèÿ ïëàñòèíû çà

ñ÷åò ïëàñòè÷íîñòè ïðÿìîãî ìàðòåíñèòíîãî ïðå-

âðàùåíèÿ ïî ãîðèçîíòàëè è âåðòèêàëè îò íà-

÷àëüíîãî ïîëîæåíèÿ â çàâèñèìîñòè îò äåéñòâóþ-

ùåãî óñèëèÿ ïîêàçàíû íà ðèñ. 7. Ãîðèçîíòàëüíîå

ñìåùåíèå âîçðàñòàåò ïðè óâåëè÷åíèè äåéñòâóþ-

ùåé ïðè îõëàæäåíèè íàãðóçêè P, âåðòèêàëüíîå

ñìåùåíèå ïðè ýòîì óáûâàåò â ñèëó òîãî, ÷òî ñâî-

áîäíûé êîíåö ïëàñòèíû ïðè íàãðóçêàõ áîëåå

0,6 Í ïåðåìåùàåòñÿ òàê, ÷òî ïëàñòèíà ñâîðà÷èâà-

åòñÿ â êîëüöî.

Ëèíåéíóþ äåôîðìàöèþ ðàñòÿíóòîé ïîâåðõ-

íîñòè ïëàñòèíû, îáóñëîâëåííóþ ïëàñòè÷íîñòüþ

ïðÿìîãî ïðåâðàùåíèÿ, âû÷èñëÿëè ïî ôîðìóëå

(9). Ýòà äåôîðìàöèÿ ìîíîòîííî âîçðàñòàåò ñ óâå-

ëè÷åíèåì ïðèëîæåííîé ñèëû (ðèñ. 8).

Çàêëþ÷åíèå

Ïðåäëîæåíà ìåòîäèêà ðàñ÷åòà äåôîðìàöèé

ïðè ôîðìîâîññòàíîâëåíèè ïëîñêîé ïëàñòèíû èç

íèêåëèäà òèòàíà â óñëîâèÿõ èçîòåðìè÷åñêèõ è

íåèçîòåðìè÷åñêèõ ñèëîâûõ âîçäåéñòâèé.

Ïîêàçàíî, ÷òî ýôôåêò ïàìÿòè ôîðìû ïðÿìî-

óãîëüíîé ïëàñòèíû èç íèêåëèäà òèòàíà ïîñëå

èçîòåðìè÷åñêîãî èçãèáà âîçðàñòàåò ïðè óìåíüøå-

íèè çàäàâàåìîãî ðàäèóñà êðèâèçíû.

Ïîêàçàíî, ÷òî êðèâèçíà ñëîæíûì îáðàçîì èç-

ìåíÿåòñÿ ïðè èçãèáå çàùåìëåííîé ïëàñòèíû ïó-

òåì òåðìîöèêëèðîâàíèÿ ïîä ïîñòîÿííîé íàãðóç-

êîé ÷åðåç èíòåðâàëû ìàðòåíñèòíûõ ïåðåõîäîâ.

Èç ïîëó÷åííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî ïëà-

ñòèíà èç íèêåëèäà òèòàíà — ïåðñïåêòèâíûé ýëå-

ìåíò êîíñòðóêöèé èñïîëíèòåëüíûõ ìåõàíèçìîâ,

äåéñòâóþùèõ â ðàçíîîáðàçíûõ ôóíêöèîíàëü-

íî-ìåõàíè÷åñêèõ óñëîâèÿõ.
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