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Â ðàìêàõ íàó÷íî-òåõíè÷åñêèõ ðàáîò ïî ñîçäàíèþ ïåðñïåêòèâíûõ êîíñòðóêöèé ðåôëåêòî-

ðîâ êîñìè÷åñêèõ àíòåíí ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïîëèìåðíîãî êîì-

ïîçèòíîãî ìàòåðèàëà ñ ýôôåêòîì ïàìÿòè ôîðìû. Èññëåäîâàííûé ìàòåðèàë ñîñòîèò èç

òðåõ ñëîåâ óãëåðîäíîé áèàêñèàëüíîé òêàíè Ñò 12073, ïðîïèòàííûõ ïîëèìåðíîé ìàòðèöåé

Diaplex MP5510 íà îñíîâå ïîëèóðåòàíà. Äàííûé ìàòåðèàë ïðåäíàçíà÷åí äëÿ èçãîòîâëåíèÿ

øïàíãîóòà, ïðèìåíÿåìîãî â êîíñòðóêöèè ïðåöèçèîííîãî êîìïîçèòíîãî ðåôëåêòîðà êîñìè-

÷åñêîé àíòåííû. Øïàíãîóò ïðè ðàñêðûòèè ðåôëåêòîðà â òðàíñïîðòíîå ïîëîæåíèå ïðèíè-

ìàåò ðàíåå çàäàííóþ ôîðìó ïîñðåäñòâîì íàãðåâà, ÷òî ïîçâîëÿåò óâåëè÷èòü æåñòêîñòü îáî-

ëî÷êè ðåôëåêòîðà íà ïåðèôåðèè è ïîâûñèòü òî÷íîñòü îòðàæàþùåé ïîâåðõíîñòè. Äëÿ èçó-

÷åíèÿ ôóíêöèîíàëüíûõ è ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà øïàíãîóòà ïðè åãî èçãîòîâëå-

íèè è ðàçëè÷íûõ ðåæèìàõ ðàáîòû áûëè ïðîâåäåíû èñïûòàíèÿ îáðàçöîâ ñ ðàçëè÷íûìè

ñõåìàìè àðìèðîâàíèÿ: [03], [0/±60] è [0/±45]. Èññëåäîâàëè ñòåïåíü ôèêñàöèè, ñòåïåíü âîñ-

ñòàíîâëåíèÿ è ñêîðîñòü âîññòàíîâëåíèÿ ôîðìû â çàâèñèìîñòè îò ñõåìû àðìèðîâàíèÿ, ñêî-

ðîñòè äåôîðìèðîâàíèÿ è âðåìåíè âûäåðæêè â äåôîðìèðîâàííîì ñîñòîÿíèè. Äëÿ ýòîãî

áûëà ðàçðàáîòàíà ïðîãðàììà èñïûòàíèé îáðàçöîâ, êîòîðàÿ âêëþ÷àëà íåñêîëüêî ýòàïîâ.

Íà ïåðâûõ ýòàïàõ ïðîâîäèëè èñïûòàíèÿ íà ôèêñàöèþ è âîññòàíîâëåíèå ôîðìû ïðè òðåõ-

òî÷å÷íîì èçãèáå ïëîñêèõ îáðàçöîâ ïðè ñêîðîñòÿõ äåôîðìèðîâàíèÿ 1,5 è 10 ìì/ñ è âðåìåíè

âûäåðæêè â äåôîðìèðîâàííîì ñîñòîÿíèè â òå÷åíèå 24, 48 è 96 ÷. Ïî ðåçóëüòàòàì èñïûòà-

íèé ìàòåðèàë ñî ñõåìîé àðìèðîâàíèÿ [03] ïðèíÿò êàê îïòèìàëüíûé äëÿ èçãîòîâëåíèÿ

øïàíãîóòà, ïîñêîëüêó èìåë ìàêñèìàëüíûå ñòåïåíü è ñêîðîñòü âîññòàíîâëåíèÿ ôîðìû. Äëÿ

âûáðàííîãî ìàòåðèàëà íà çàêëþ÷èòåëüíîì ýòàïå èññëåäîâàíèé îïðåäåëÿëè ìîäóëü óïðóãî-

ñòè è ïðåäåë ïðî÷íîñòè ïðè ðàçëè÷íûõ òåìïåðàòóðàõ ýêñïëóàòàöèè øïàíãîóòà: –50, +20 è

+60 °C. Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî èññëåäîâàííûé êîìïîçèòíûé ìàòåðèàë

îáëàäàåò òðåáóåìûì ýôôåêòîì ïàìÿòè ôîðìû è ÿâëÿåòñÿ ïåðñïåêòèâíûì äëÿ èçãîòîâëå-

íèÿ øïàíãîóòà ïðè óñëîâèè ïðèìåíåíèÿ òåïëîèçîëÿöèè.
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íè÷åñêèå ñâîéñòâà.
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Experimental study of the shape memory polymer composite is carried out as a part of scientific and tech-

nological work aimed at development of the new promising reflectors for space antenna. The studied ma-

terial consists of three-layered carbon biaxial fabric St 12073 impregnated with a polyurethane-based

Diaplex MP5510 polymer matrix. This material is intended for manufacturing a frame used in the con-

struction of a precise composite reflector of space antenna. When opening the reflector to the transport po-

sition, the rim activated by heating recovers a previously specified shape thus increasing the rigidity of the
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reflector at the periphery and enhancing the accuracy of the reflecting surface. To study the functional

and mechanical properties of the rim material in manufacturing and operating conditions, experimental

tests were carried out on the samples with different schemes of reinforcement: [03], [0/±60] and [0/±45].

The main goal of the study is to determine the degree and rate of the shape recovery, reinforcement

angles, deformation rate and exposure time in the strained state. The developed test program included

several stages. At the first stages, tests were carried out for fixing and restoring the shape upon three-

point bending of flat samples at a strain rate of 1, 5, and 10 mm/sec and exposure of the specimens in de-

formed state for 24, 48, and 96 h. According to the results the material with the reinforcement angles [03]

was accepted as optimal for the rim design, as it has maximal shape recovery parameters. For the selected

material at the final stage of the study, the elastic modulus and tensile strength were determined at oper-

ating temperatures –50, +20, and +60°C. The tests showed that the studied polymer composite material

has the desired shape memory properties and is promising for the rim manufacturing provided the heat

insulation during operation.

Keywords: composite material; shape memory; reflector; testing; mechanical properties.

Ââåäåíèå

Êîìïîçèòíûå ìàòåðèàëû íà îñíîâå ïîëè-

ìåðîâ ñ ïàìÿòüþ ôîðìû íàõîäÿò âñå áîëüøåå

ïðèìåíåíèå â ñîâðåìåííîé òåõíèêå [1, 2]. Ýòè

ìàòåðèàëû, èñïûòûâàÿ áîëüøèå äåôîðìàöèè,

ñïîñîáíû âîññòàíàâëèâàòü ôîðìó ïðè óïðàâëÿå-

ìîì àêòèâèðóþùåì âîçäåéñòâèè [3]. Àêòèâàöèÿ

ýôôåêòà ïàìÿòè ôîðìû äëÿ ðàçëè÷íûõ òèïîâ ïî-

ëèìåðîâ ñ ïàìÿòüþ ôîðìû ìîæåò ïðîèñõîäèòü

ïðè âîçäåéñòâèè òåìïåðàòóðû, ýëåêòðîìàãíèòíî-

ãî èçëó÷åíèÿ, õèìè÷åñêîãî âîçäåéñòâèÿ [4].

Â îòëè÷èå îò ìåòàëëè÷åñêèõ ñïëàâîâ ñ ïà-

ìÿòüþ ôîðìû, êîòîðûå èìåþò âûñîêîòåìïåðà-

òóðíóþ àóñòåíèòíóþ è íèçêîòåìïåðàòóðíóþ ìàð-

òåíñèòíóþ ôàçû, â ïîëèìåðàõ òåðìîàêòèâèðó-

åìûé ýôôåêò ïàìÿòè ôîðìû ðåàëèçóåòñÿ çà ñ÷åò

«çàìîðîæåííûõ» âûñîêîýëàñòè÷åñêèõ äåôîð-

ìàöèé. Ïðè íà÷àëüíîì äåôîðìèðîâàíèè â ìàòå-

ðèàëå çàïàñàåòñÿ óïðóãàÿ ýíåðãèÿ, êîòîðàÿ âû-

ñâîáîæäàåòñÿ çà ñ÷åò òåïëîâîãî âîçäåéñòâèÿ ïðè

òåìïåðàòóðå ñòåêëîâàíèÿ ïîëèìåðíîé ìàòðèöû,

÷òî ïðèâîäèò ê âîññòàíîâëåíèþ èñõîäíîé ôîðìû

òåëà [5].

Áëàãîäàðÿ ñâîèì ñâîéñòâàì ïîëèìåðíûå êîì-

ïîçèòíûå ìàòåðèàëû ñ ýôôåêòîì ïàìÿòè ôîðìû

ÿâëÿþòñÿ ïåðñïåêòèâíûìè äëÿ ñîçäàíèÿ ýëåìåí-

òîâ êîíñòðóêöèé êîñìè÷åñêèõ àïïàðàòîâ. Èõ

îòíîñèòåëüíî ìàëàÿ ïëîòíîñòü, âûñîêèå ìåõàíè-

÷åñêèå è ïðî÷íîñòíûå ñâîéñòâà ñîâìåñòíî ñî ñïî-

ñîáíîñòüþ âîññòàíàâëèâàòü ðàíåå çàäàííóþ ôîð-

ìó ïîçâîëÿþò ñîçäàâàòü óíèêàëüíûå òåõíè÷åñêèå

èçäåëèÿ, òàêèå êàê ýëåìåíòû ðàçâåðòûâàåìîé

ñòðåëû íà ñïóòíèêå, âêëþ÷àòåëè äëÿ ðàçâåðòû-

âàíèÿ ñîëíå÷íûõ áàòàðåé, ýëåìåíòû æåñòêîñòè

ðåôëåêòîðà êîñìè÷åñêîé àíòåííû, êàðêàñ íàäóâ-

íîãî ëóííîãî ìîäóëÿ [6 – 8]. Îäíî èç íèõ ïðèìå-

íÿåòñÿ â ïåðñïåêòèâíîé êîíñòðóêöèè ïðåöèçèîí-

íîãî êîìïîçèòíîãî ðåôëåêòîðà êîñìè÷åñêîé àí-

òåííû, ðàçðàáàòûâàåìîãî ÀÎ «ÈÑÑ» ñîâìåñòíî ñ

ÑèáÃÓ èì. Ðåøåòíåâà ïðè ó÷àñòèè ñïåöèàëèñòîâ

ÑÊÒÁ «Íàóêà» ÈÂÒ ÑÎ ÐÀÍ [9 – 11].

Êîíñòðóêöèÿ ðåôëåêòîðà ïðåäñòàâëÿåò ñîáîé

òîíêóþ êîìïîçèòíóþ îáîëî÷êó äèàìåòðîì 4 ì,

çàêðåïëåííóþ ïîñðåäñòâîì êðîíøòåéíîâ íà øåñò-

íàäöàòè ñïèöàõ (ðèñ. 1). Ïî ïåðèìåòðó îáîëî÷êè

óñòàíîâëåí øïàíãîóò ñ ïàìÿòüþ ôîðìû, êîòîðûé

ïðè ðàñêðûòèè ðåôëåêòîðà (ðàáî÷åå ïîëîæåíèå)

àêòèâèðóåòñÿ ïóòåì íàãðåâà è ïðèíèìàåò ðàíåå

çàäàííóþ ôîðìó. Ýòî ïîçâîëÿåò óâåëè÷èòü æåñò-

êîñòü îáîëî÷êè íà åå ïåðèôåðèè è, êàê ñëåäñòâèå,
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Ðèñ. 1. Êîíñòðóêöèÿ ðåôëåêòîðà êîñìè÷åñêîé àíòåííû: à — ðàáî÷åå ïîëîæåíèå; á — òðàíñïîðòíîå ïîëîæåíèå

Fig. 1. Design of the space antenna reflector: a — operating position; b — transport position



ïîâûñèòü òî÷íîñòü îòðàæàþùåé ïîâåðõíîñòè

ðåôëåêòîðà, ÷òî îáåñïå÷èâàåò íàèëó÷øèå ïîêà-

çàòåëè êà÷åñòâà ñèãíàëà.

Â êà÷åñòâå ìàòåðèàëà øïàíãîóòà ðàññìàòðè-

âàëè òðåõñëîéíûé êîìïîçèò. Ñëîè ìàòåðèàëà ñî-

ñòîÿëè èç áèàêñèàëüíîé òêàíè Ñò 12073 íà îñíî-

âå óãëåðîäíûõ âîëîêîí Torayca T 300 3K, ïðîïè-

òàííîé ïîëèìåðíîé ìàòðèöåé Diaplex MP5510.

Äàííàÿ ìàòðèöà èçãîòîâëåíà íà îñíîâå ïîëèóðå-

òàíà è îáåñïå÷èâàåò íåîáõîäèìûé ýôôåêò ïàìÿ-

òè ôîðìû. Îñíîâíûå ñâîéñòâà ïðèìåíÿåìûõ

êîìïîíåíòîâ ïðåäñòàâëåíû â òàáë. 1.

Ýôôåêò ïàìÿòè ôîðìû â ðàññìàòðèâàåìîì

ìàòåðèàëå ðåàëèçóþò â ïðîöåññå ïîýòàïíîãî ìå-

õàíè÷åñêîãî è òåðìè÷åñêîãî âîçäåéñòâèÿ. Íà ïåð-

âîì ýòàïå èçäåëèå èç ìàòåðèàëà ôîðìóþò ìåòî-

äîì ïðÿìîãî ïðåññîâàíèÿ ïðè íîðìàëüíîé òåìïå-

ðàòóðå äëÿ ïðèäàíèÿ òðåáóåìîé íà÷àëüíîé ôîð-

ìû. Íà âòîðîì ýòàïå èçäåëèå íàãðåâàþò äî òåì-

ïåðàòóðû âûøå òåìïåðàòóðû ñòåêëîâàíèÿ

ïîëèìåðíîé ìàòðèöû, äåôîðìèðóþò è â äåôîð-

ìèðîâàííîì ñîñòîÿíèè îõëàæäàþò äî íîðìàëü-

íîé òåìïåðàòóðû, òåì ñàìûì ôèêñèðóÿ åãî âðå-

ìåííóþ ôîðìó. Íà òðåòüåì ýòàïå èçäåëèå âíîâü

íàãðåâàþò äî òåìïåðàòóðû âûøå òåìïåðàòóðû

ñòåêëîâàíèÿ è âîññòàíàâëèâàþò íà÷àëüíóþ ôîð-

ìó, êîòîðóþ îíî èìåëî íà ïåðâîì ýòàïå. Íà îñíî-

âå äàííîãî ìåõàíèçìà ðàçðàáîòàí ïðèíöèï ðàáî-

òû øïàíãîóòà äëÿ ðåôëåêòîðà êîñìè÷åñêîé àí-

òåííû, êîòîðûé ñõåìàòè÷åñêè ïðåäñòàâëåí íà

ðèñ. 2.

Öåëü ðàáîòû è ìåòîäèêà èññëåäîâàíèé

Äëÿ èçó÷åíèÿ ôóíêöèîíàëüíûõ ñâîéñòâ

øïàíãîóòà ïðè ðàçëè÷íûõ ðåæèìàõ ðàáîòû è

òåõíîëîãè÷åñêîì ïðîöåññå èçãîòîâëåíèÿ, à òàêæå

îïðåäåëåíèÿ åãî îñíîâíûõ ìåõàíè÷åñêèõ ñâîéñòâ

áûëè ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâà-

íèÿ ðàçëè÷íûõ îáðàçöîâ ìàòåðèàëà øïàíãîóòà.

Çàäà÷à èññëåäîâàíèé — óñòàíîâëåíèå ïîêàçàòå-

ëåé ïàìÿòè ôîðìû ïðè ðàçëè÷íûõ ñòðóêòóðå àð-

ìèðîâàíèÿ êîìïîçèòíîãî ìàòåðèàëà, ñêîðîñòè

äåôîðìèðîâàíèÿ è âðåìåíè âûäåðæêè â äåôîð-

ìèðîâàííîì ñîñòîÿíèè. Ïî ðåçóëüòàòàì èññëåäî-

âàíèé ïðèíèìàëè îïòèìàëüíóþ ñòðóêòóðó àðìè-

ðîâàíèÿ ìàòåðèàëà, äëÿ êîòîðîé îïðåäåëÿëè ìî-

äóëü óïðóãîñòè è ïðåäåë ïðî÷íîñòè ïðè ðàçíûõ

òåìïåðàòóðàõ.

Ó÷èòûâàÿ îïûò, ïðåäñòàâëåííûé â ðàáîòàõ

[12 – 14], à òàêæå ïðèíöèï è óñëîâèÿ ðàáîòû

øïàíãîóòà äëÿ ðåøåíèÿ äàííîé çàäà÷è, ñîâìåñò-

íî ñ ÑèáÃÓ èì. Ðåøåòíåâà ìû ðàçðàáîòàëè ìåòî-

äèêè ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé, âêëþ-

÷àþùèå ïðîâåäåíèå ñëåäóþùèõ èñïûòàíèé ìà-

òåðèàëà øïàíãîóòà:

1) íà òðåõòî÷å÷íûé èçãèá ïðè êîìíàòíîé

òåìïåðàòóðå äëÿ îïðåäåëåíèÿ ïðåäåëüíîãî ïðî-

ãèáà, ñîîòâåòñòâóþùåãî ðàçðóøåíèþ îáðàçöà;

2) íà ôèêñàöèþ è âîññòàíîâëåíèå ôîðìû

ïðè òðåõòî÷å÷íîì èçãèáå äëÿ âûáîðà îïòèìàëü-

íîé ñòðóêòóðû àðìèðîâàíèÿ ìàòåðèàëà è ñêî-

ðîñòè äåôîðìèðîâàíèÿ;

3) íà ôèêñàöèþ è âîññòàíîâëåíèå ôîðìû

ïðè òðåõòî÷å÷íîì èçãèáå ïðè ðàçëè÷íîì âðåìåíè
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Ðèñ. 2. Ïðèíöèï ðàáîòû øïàíãîóòà ñ ïàìÿòüþ ôîðìû: à — ôîðìîâàíèå øïàíãîóòà; á — êðåïëåíèå øïàíãîóòà ê ôîð-

ìîîáðàçóþùåé; â — ôèêñàöèÿ âðåìåííîé ôîðìû â òðàíñïîðòíîì ïîëîæåíèè; ã — âîññòàíîâëåíèå ôîðìû â ðàáî÷åì ïîëî-

æåíèè

Fig. 2. The operating principle of the shape memory rim; a — molding of the rim; b — mounting to the reflector shell; c — fix-

ation of the temporary form in a transport position; d — shape recovery in operating position

Òàáëèöà 1. Ñâîéñòâà êîìïîíåíòîâ ìàòåðèàëà øïàíãîóòà ñ ïàìÿòüþ ôîðìû

Table 1. The properties of the components of shape memory material

Êîìïîíåíò
Ïëîòíîñòü,

ãì/ñì3

Ñîäåðæàíèå

ïî îáúåìó, %

Ìîäóëü

óïðóãîñòè, ÃÏà

Ïðåäåë

ïðî÷íîñòè, ÌÏà

Òåìïåðàòóðà

ñòåêëîâàíèÿ, °C

Óãëåðîäíîå âîëîêíî Torayca T 300 3K 1,76 50 230 3530 —

Ïîëèìåðíàÿ ìàòðèöà Diaplex MP5510 1,21 50 1,80 52 55



âûäåðæêè â äåôîðìèðîâàííîì ñîñòîÿíèè (ñî-

ñòîÿíèè âðåìåííîé ôîðìû);

4) íà ðàñòÿæåíèå ïðè òåìïåðàòóðàõ –50, +20

è +60 °C äëÿ îïðåäåëåíèÿ ìîäóëÿ óïðóãîñòè è

ïðåäåëà ïðî÷íîñòè â ðàçëè÷íûõ óñëîâèÿõ ðàáîòû

øïàíãîóòà.

Èñïûòàíèÿ ïðîâîäèëè â Èíæåíåðíî-èñïûòà-

òåëüíîì öåíòðå ÈÂÒ ÑÎ ÐÀÍ è â Èíñòèòóòå ãèä-

ðîäèíàìèêè èì. Ì. À. Ëàâðåíòüåâà ÑÎ ÐÀÍ. Äëÿ

èñïûòàíèé ñîãëàñíî ï. 1 ïðèìåíÿëè óíèâåðñàëü-

íóþ èñïûòàòåëüíóþ ìàøèíó Tinius Olsen 100ST,

îáîðóäîâàííóþ âèäåîýêñòåíçîìåòðîì. Äëÿ èñïû-

òàíèé ïî ïï. 2 – 4 èñïîëüçîâàëè óíèâåðñàëüíóþ

èñïûòàòåëüíóþ ìàøèíó Zwick/Roell Z100, îáîðó-

äîâàííóþ òåðìîêðèîêàìåðîé, âèäåîýêñòåíçîìåò-

ðîì, êîíòàêòíûì ýêñòåíçîìåòðîì è òåðìîïàðàìè

äëÿ èçìåðåíèÿ òåìïåðàòóðû îáðàçöîâ.

Ïðèìåíåíèå âèäåîýêñòåíçîìåòðà îáóñëîâëå-

íî íåîáõîäèìîñòüþ èçìåðÿòü ïðîãèá îáðàçöîâ

áåñêîíòàêòíûì ñïîñîáîì ââèäó èõ ìàëûõ ðàçìå-

ðîâ. Äëÿ ýòîãî ïåðåä èñïûòàíèåì íà îáðàçöû

ñíèçó íàêëåèâàëèñü êîíòðàñòíûå ìåòêè äèàìåò-

ðîì 5 ìì (ðèñ. 3). Â ïðîöåññå äåôîðìèðîâàíèÿ

ïðîâîäèëè âèäåîçàïèñü ïåðåìåùåíèé ìåòîê c îá-

ðàáîòêîé â ðåàëüíîì âðåìåíè ìåòîäîì êîððåëÿ-

öèè èçîáðàæåíèé. Ñóòü äàííîãî ìåòîäà çàêëþ÷à-

åòñÿ â ñðàâíåíèè íà÷àëüíîãî è òåêóùåãî ïîëîæå-

íèé ìåòêè íà âèäåîêàäðàõ ïîñðåäñòâîì ñïåöè-

àëüíîãî ïðîãðàììíîãî îáåñïå÷åíèÿ è îïðåäåëå-

íèè åå ñìåùåíèÿ [15]. Â ðåçóëüòàòå ôèêñèðóþò

âåðòèêàëüíîå ñìåùåíèå ìåòêè â çàâèñèìîñòè îò

âðåìåíè è ñòðîÿò äèàãðàììó ïðîãèá — âðåìÿ, êî-

òîðóþ çàïèñûâàþò íà æåñòêèé äèñê êîìïüþòåðà.

Äëÿ èñïûòàíèé íà òðåõòî÷å÷íûé èçãèá ñî-

ãëàñíî ïï. 1 – 3 ïðèìåíÿëè ïëîñêèå ïðÿìîóãîëü-

íûå îáðàçöû äëèíîé 50, øèðèíîé 10 è òîëùèíîé

0,6 ìì. Ðàññòîÿíèå ìåæäó îïîðàìè ñîñòàâëÿëî

40 ìì, ðàäèóñ çàêðóãëåíèÿ îïîð è íàãðóæàþùåãî

ïóàíñîíà 5 ìì. Îáðàçöû èçãîòîâëÿëè â òðåõ âà-

ðèàíòàõ — ñ ðàçëè÷íûìè ñõåìàìè àðìèðîâàíèÿ:

[03], [0/±60] è [0/±45]. Äëÿ èñïûòàíèé íà ðàñòÿ-

æåíèå ïî ï. 4 ïðèìåíÿëè ïðÿìîóãîëüíûå ïëîñêèå

îáðàçöû ñ íàêëàäêàìè ñ äëèíîé ðàáî÷åé ÷àñòè

50, øèðèíîé 16 è òîëùèíîé 0,6 ìì.

Ïî ðåçóëüòàòàì èñïûòàíèé ï. 1 áûë îïðåäå-

ëåí ïðåäåëüíûé ïðîãèá äëÿ âñåõ âàðèàíòîâ àð-

ìèðîâàíèÿ ìàòåðèàëà øïàíãîóòà. Ñðåäíåå çíà÷å-

íèå ïðîãèáà ñîñòàâèëî 7,6 ìì, îíî è áûëî ïðèíÿ-

òî â êà÷åñòâå íàãðóçêè ïðè èñïûòàíèÿõ ïî ïï. 2

è 3. Íàãðóæåíèå ïðîâîäèëè ïðè ðàçëè÷íûõ ñêî-

ðîñòÿõ — 1, 5 è 10 ìì/ñ. Îáùàÿ ïîñëåäîâàòåëü-

íîñòü èñïûòàíèé ïî ïï. 2 è 3 ñîñòîÿëà èç ñëåäó-

þùèõ ñòàäèé:

íà îáðàçöû ïðèêëåèâàëè ìåòêè äëÿ áåñêîí-

òàêòíîé ôèêñàöèè ïðîãèáà ïîñðåäñòâîì âèäåî-

ýêñòåíçîìåòðà;

îáðàçöû ðàçìåùàëè â òåðìîêðèîêàìåðå íà

îïîðàõ äëÿ èçãèáà;

ê îáðàçöàì ïîäâîäèëè òåðìîïàðû, è íàãðåâà-

ëè îáðàçöû äî òåìïåðàòóðû 70 °C, ïðåâûøàþ-

ùåé òåìïåðàòóðó ñòåêëîâàíèÿ ìàòðèöû;

îáðàçöû íàãðóæàëè â íàãðåòîì ñîñòîÿíèè íà

âåëè÷èíó ïðîãèáà, ðàâíóþ 7,6 ìì, ñ çàäàííîé

ñêîðîñòüþ;

îáðàçöû, íàõîäÿùèåñÿ ïîä íàãðóçêîé, îõëàæ-

äàëè äî êîìíàòíîé òåìïåðàòóðû;

îáðàçöû ðàçãðóæàëè è âûäåðæèâàëè ïðè êîì-

íàòíîé òåìïåðàòóðå äî ìîìåíòà ôèêñàöèè âðå-

ìåííîé ôîðìû;

ïðè èñïûòàíèÿõ ïî ï. 3 îáðàçöû äîïîëíè-

òåëüíî âûäåðæèâàëè â ñîñòîÿíèè âðåìåííîé

ôîðìû â òå÷åíèå 24, 48 è 96 ÷;

îáðàçöû íàãðåâàëè äî òåìïåðàòóðû 70 °C è

âûäåðæèâàëè ïðè äàííîé òåìïåðàòóðå äî ìîìåí-

òà âîññòàíîâëåíèÿ íà÷àëüíîé ôîðìû.

Â ïðîöåññå èñïûòàíèé ôèêñèðîâàëè äèàãðàì-

ìû âðåìÿ — ïðîãèá. Ïðèìåðû ïîëó÷åííûõ äèà-

ãðàìì, ñîîòâåòñòâóþùèõ ýòàïàì íàãðóæåíèÿ,

ôèêñàöèè è âîññòàíîâëåíèÿ ôîðìû, ïðåäñòàâëå-

íû íà ðèñ. 4.

Ïî ðåçóëüòàòàì îáðàáîòêè äèàãðàìì îïðåäå-

ëÿëè ñòåïåíü ôèêñàöèè ôîðìû Rfix, ñòåïåíü âîñ-

ñòàíîâëåíèÿ ôîðìû Rr è ñêîðîñòü âîññòàíîâëå-

íèÿ ôîðìû vr ïî ñëåäóþùèì ôîðìóëàì:

R
y

y
fix

fix

load

� · %,100 (1)

R
y y

y
r

fix r

fix

�

�

· %,100 (2)

v
y y

t
r

fix r
�

�
90

90
�

, (3)

ãäå yload, yfix, yr — âåëè÷èíû ïðîãèáà (ìì) îáðàçöà

ïðè íàãðóæåíèè, ïîñëå ôèêñàöèè âðåìåííîé

ôîðìû, ïîñëå âîññòàíîâëåíèÿ ôîðìû ñîîòâåò-

ñòâåííî; yr90 — âåëè÷èíà ïðîãèáà, ñîîòâåòñòâó-

þùàÿ 90 % âîññòàíîâëåííîé ôîðìû; Ät90 — âðå-
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Ðèñ. 3. Îáðàçåö ñ ìåòêîé ïîñëå ôèêñàöèè âðåìåííîé

ôîðìû

Fig. 3. The specimen with a mark after fixing the tempo-

rary form



ìÿ (ñ), çàòðà÷åííîå äëÿ âîññòàíîâëåíèÿ 90 %

ôîðìû.

Îáñóæäåíèå ðåçóëüòàòîâ

Îáîáùåííûå ðåçóëüòàòû èñïûòàíèé, ïðîâå-

äåííûõ ñîãëàñíî ï. 2, ïðåäñòàâëåíû íà ðèñ. 5.

Â ïðîöåññå èñïûòàíèé áûëî âûÿâëåíî, ÷òî îäíîé

èç âàæíûõ ÿâëÿåòñÿ ñòàäèÿ ôèêñàöèè âðåìåííîé

ôîðìû. Ðåçóëüòàòû ïîêàçûâàþò, ÷òî ñòåïåíü

ôèêñàöèè ôîðìû íå äîñòèãàåò 100 %, à èçìåíÿ-

åòñÿ â äèàïàçîíå îò 86 äî 92 %. Ýòî ñâÿçàíî ñ òåì,

÷òî óñèëèå, âîçíèêàþùåå â îáðàçöå, çíà÷èòåëüíî

èçìåíÿåòñÿ â ïðîöåññå íàãðóçêè è îõëàæäåíèÿ.

Íà ðèñ. 6 ïðåäñòàâëåí ïðèìåð ñîîòâåòñòâóþùåé

äèàãðàììû óñèëèå – âðåìÿ. Äèàãðàììà ïîêàçû-

âàåò, ÷òî ïîñëå íà÷àëà îõëàæäåíèÿ îáðàçöà óñè-

ëèå ñî âðåìåíåì âîçðàñòàåò, ïîñêîëüêó âíóòðåí-

íèå ìåõàíè÷åñêèå è òåìïåðàòóðíûå íàïðÿæåíèÿ

â îáðàçöå ñòðåìÿòñÿ âåðíóòü åãî ïåðâîíà÷àëüíóþ

ôîðìó, ÷òî óìåíüøàåò îñòàòî÷íûé ïðîãèá îáðàç-

öà yfix.

Ñðàâíåíèå ðàçëè÷íûõ ñõåì àðìèðîâàíèÿ ïî-

êàçûâàåò, ÷òî îïòèìàëüíûìè ñ òî÷êè çðåíèÿ èñ-

ñëåäóåìûõ ïàðàìåòðîâ ïàìÿòè ôîðìû ÿâëÿþòñÿ

îáðàçöû ñî ñõåìîé àðìèðîâàíèÿ [03] ïðè ñêî-

ðîñòè íàãðóæåíèÿ 1 ìì/ñ, òàê êàê îíè èìåþò ìàê-

ñèìàëüíóþ ñòåïåíü è ñêîðîñòü âîññòàíîâëåíèÿ

ôîðìû. Ïðè ýòîì ñòåïåíü ôèêñàöèè ôîðìû íå

èìååò âûðàæåííîé çàâèñèìîñòè îò ñêîðîñòè íà-

ãðóæåíèÿ è ñõåìû àðìèðîâàíèÿ. Òàêèì îáðàçîì,

ìàòåðèàë ñî ñõåìîé àðìèðîâàíèÿ [03] ïðèíÿò êàê

íàèáîëåå ïåðñïåêòèâíûé äëÿ èñïîëüçîâàíèÿ â

êîíñòðóêöèè øïàíãîóòà. Ðåçóëüòàòû èñïûòàíèé

îáðàçöîâ èç äàííîãî ìàòåðèàëà ñîãëàñíî ï. 3.

(ðèñ. 7) â öåëîì íå ïîêàçàëè âûðàæåííîé çàâèñè-

ìîñòè ñâîéñòâ ïàìÿòè ôîðìû îò âðåìåíè âû-

äåðæêè â äåôîðìèðîâàííîì ñîñòîÿíèè. Äàííûå

çàêëþ÷èòåëüíûõ èñïûòàíèé ïî ï. 4 ïðåäñòàâëå-

íû â òàáë. 2.
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Ðèñ. 4. Äèàãðàììû ïðîãèá — âðåìÿ íà ñòàäèÿõ íàãðóæåíèÿ (à), ôèêñàöèè ôîðìû (á) è âîññòàíîâëåíèÿ ôîðìû (â)

Fig. 4. Deflection vs. time diagrams: a — loading stage; b — shape fixation; c — shape recovery

Ðèñ. 5. Îáîáùåííûå ðåçóëüòàòû èñïûòàíèé

Fig. 5. The summarized results of testing

Ðèñ. 6. Äèàãðàììà èçìåíåíèÿ óñèëèÿ ïðè ôèêñàöèè âðå-

ìåííîé ôîðìû

Fig. 6. The load diagram during fixation of the temporary

form



Âûâîäû

Êàê ïîêàçûâàþò ðåçóëüòàòû, ìåõàíè÷åñêèå

ñâîéñòâà ìàòåðèàëà øïàíãîóòà èìåþò âûðàæåí-

íóþ çàâèñèìîñòü îò òåìïåðàòóðû. Ìîäóëü óïðó-

ãîñòè è ïðåäåë ïðî÷íîñòè äîñòèãàþò ìàêñèìàëü-

íûõ çíà÷åíèé ïðè îòðèöàòåëüíîé òåìïåðàòóðå è

ìèíèìàëüíûõ — ïðè ïîâûøåííîé. Ýòî îáóñëîâ-

ëåíî ðàçìÿã÷åíèåì ìàòðèöû ïðè òåìïåðàòóðàõ,

áëèçêèõ ê òåìïåðàòóðå ñòåêëîâàíèÿ èëè âûøå,

âñëåäñòâèå ÷åãî íàðóøàåòñÿ ñâÿçü ìåæäó àðìè-

ðóþùèìè âîëîêíàìè ìàòåðèàëà, ñíèæàþòñÿ åãî

æåñòêîñòü è ïðî÷íîñòü.

Èç ïðîâåäåííûõ èññëåäîâàíèé ñëåäóåò, ÷òî

ðàññìàòðèâàåìûé êîìïîçèòíûé ìàòåðèàë øïàí-

ãîóòà îáëàäàåò òðåáóåìûì ýôôåêòîì ïàìÿòè

ôîðìû. Ïîëó÷åííûå çíà÷åíèÿ ñâîéñòâ ôèêñàöèè

è âîññòàíîâëåíèÿ ôîðìû ïîçâîëÿþò ñ÷èòàòü äàí-

íûé ìàòåðèàë ïåðñïåêòèâíûì ïðè ñõåìå àðìèðî-

âàíèÿ âîëîêîí [03]. Îäíàêî ñëåäóåò ó÷èòûâàòü

ñóùåñòâåííîå âëèÿíèå òåìïåðàòóðû íà ìåõàíè-

÷åñêèå ñâîéñòâà ìàòåðèàëà. Äëÿ îáåñïå÷åíèÿ ñòà-

áèëüíîñòè åãî ñâîéñòâ è óïðàâëÿåìîé òåìïåðà-

òóðíîé àêòèâàöèè â óñëîâèÿõ êîñìè÷åñêîãî ïðî-

ñòðàíñòâà öåëåñîîáðàçíî ïðèìåíÿòü òåïëîèçîëÿ-

öèþ â êîíñòðóêöèè øïàíãîóòà ðåôëåêòîðà êîñ-

ìè÷åñêîé àíòåííû.

Áëàãîäàðíîñòè

Ðàáîòà âûïîëíåíà â õîäå ðåàëèçàöèè êîì-

ïëåêñíîãî ïðîåêòà ïðè ôèíàíñîâîé ïîääåðæêå

Ïðàâèòåëüñòâà Ðîññèéñêîé Ôåäåðàöèè (Ìèíè-

ñòåðñòâà îáðàçîâàíèÿ è íàóêè Ðîññèè). Äîãîâîð

¹ 02.G25.31.0147.

ËÈÒÅÐÀÒÓÐÀ (REFERENCES)

1. Meng H., Li G. A review of stimuli-responsive shape memory

polymer composites / Polymer. 2013. Vol. 54. N 9. P. 2199 –

2221.

2. US Pat. 5128197. Kobayashi K., Hayashi S. Woven fabric made

of shape memory polymer.

3. Nelson A. Stimuli-responsive polymers: engineering interac-

tions / Nat Mater. 2008. N 7. P. 523 – 525.

4. Leng J., Lan X., Yanju Liu Y., Du S. Shape-memory po-

lymers and their composites: Stimulus methods and applica-

tions / Progress in Materials Science. 2011. Vol. 56. N 7.

P. 1077 – 1135.

5. Mather P., Luo X., Rousseau I. Shape Memory Polymer Re-

search / Annu. Rev. Mater. Res. 2009. N 39. P. 445 – 471.

6. Liu Y., Du H., Liu L., Leng J. Shape memory polymers and

their composites in aerospace applications: a review / Smart

Materials Structures. 2014. Vol. 23. N 2. P. 23001 – 23022.

7. Keller P., Lake M., Codell D., Barrett R., Taylor R.,

Schultz M. Development of Elastic Memory Composite Stiff-

eners for a Flexible Precision Reflector / 47th AIAA/ASME/

ASCE/AHS/ASC Structures, Structural Dynamics, and Mate-

rials Conference. 2006.

8. Lake M. S., Beavers F. L. The fundamentals of designing de-

ployable structures with elastic memory composites / 43rd

Structures, Structural Dynamics, and Materials Conference.

2002.

9. Goldobina Y. L., Shalkov V. V. Perspective large-sized trans-

formable reflector of umbrella type / Proc. 19th Inter. Sci. Conf.

“Reshetnev readings”. 2015. N 19. P. 99 – 101.

10. Okhotkin K. G., Vlasov A. Yu., Zakharov Yu. V., An-

nin B. D. Analytical modeling of the flexible rim of space an-

tenna reflectors / Journal of Applied Mechanics and Technical

Physics. 2017. Vol. 58. N 5. P. 924 – 932.

11. Moskvichev E. V., Khakhlenkova A. A. Surface accuracy

analysis of rigid reflector in mechanical and thermal loading /

AIP Conf. Proc. 2017. Vol. 1915.

12. Zhang C. S., Ni Q. Q. Bending behavior of shape memory poly-

mer based laminates / Compos. Struct. 2007. N 78. P. 153 – 161.

13. Merline J. D., Reghunadhan Nair C. P. Carbon/Epoxy Resin

Based Elastic Memory Composites / Eurasian ChemTech Jour-

nal. 2012. N 14. P. 227 – 232.

14. Abrahamson E. R., Lake M. S., Munshi N. A., Gall K.

Shape Memory Mechanics of an Elastic Memory Composite

Resin / Journal of Intelligent Material Systems and Structures.

2003. N 14. P. 623 – 632.

15. Sutton M., Orteu J., Shreier H. Image correlation for shape,

motion and deformation measurements: basic concepts, theory

and applications. — Springer Science + Bussines media,

2009. — 321 p.

56 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 1

Ðèñ. 7. Ðåçóëüòàòû èñïûòàíèé ñîãëàñíî ï. 3

Fig. 7. The results of testing at stage 3

Òàáëèöà 2. Ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëà øïàí-

ãîóòà ñî ñõåìîé àðìèðîâàíèÿ [0
3
] ïðè ðàçëè÷íûõ òåìïå-

ðàòóðàõ

Table 2. The mechanical properties of the rim material

with the reinforcement scheme [03] at various temperatures

Òåìïåðàòóðà, °C
Ìîäóëü óïðóãîñòè,

ÃÏà

Ïðåäåë ïðî÷íîñòè,

ÌÏà

–50 54,37 459

+20 49,50 349

+60 30,06 290


