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Ïðîãíîç çàïóñêîâ íàíîñïóòíèêîâ íà áëèæàéøóþ ïåðñïåêòèâó ïîêàçûâàåò óñòîé÷èâûé ðîñò, ïîýòîìó ðàçðà-
áîòêà òåõíîëîãèé óâîäà èñ÷åðïàâøèõ ðåñóðñ ÊÀ ñ îðáèòû ñòàíîâèòñÿ âåñüìà àêòóàëüíîé è âîñòðåáîâàííîé çàäà-
÷åé. Îñíàùåíèå íàíîñïóòíèêîâ CubeSat óñòðîéñòâîì óâîäà óâåëè÷èâàåò ñòîèìîñòü çàïóñêà äî 50%. Â íàñòîÿùåå
âðåìÿ ïðîâîäÿòñÿ èññëåäîâàíèÿ íîâûõ ìàòåðèàëîâ äëÿ äåòàëåé êîðïóñîâ è íîâûõ òåõíîëîãèé äëÿ óìåíüøåíèÿ
òðóäîåìêîñòè è, ñëåäîâàòåëüíî, ñíèæåíèÿ ñòîèìîñòè èçãîòîâëåíèÿ ïîäîáíûõ óñòðîéñòâ. Â äàííîé ñòàòüå ðàññìîò-
ðåíà òåõíîëîãèÿ èçãîòîâëåíèÿ êîðïóñà ìîäóëÿ 1U CubeSat ìåòîäîì ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëåíèÿ (ÑËÑ) è
îöåíåíû çàòðàòû íà åãî ïðîèçâîäñòâî, îòìå÷åíû ïðåèìóùåñòâà è íåäîñòàòêè äàííîé òåõíîëîãèè ïî ñðàâíåíèþ
ñ ìåõàíè÷åñêîé îáðàáîòêîé è òåõíîëîãèåé ïîëó÷åíèÿ êîìïîçèòíîé êîíñòðóêöèè.

Êëþ÷åâûå ñëîâà: êîñìè÷åñêèé ìóñîð, îêîëîçåìíîå êîñìè÷åñêîå ïðîñòðàíñòâî, íàíîñïóòíèê CubeSat, àääè-
òèâíûå òåõíîëîãèè, êîðïóñ êîñìè÷åñêîãî àïïàðàòà.

Ââåäåíèå

Â ðåçóëüòàòå òåíäåíöèè ê ìèíèàòþðèçàöèè
êîñìè÷åñêèõ àïïàðàòîâ (ÊÀ) è èñïîëüçîâàíèþ
ãðóïïèðîâîê ìàëûõ ñïóòíèêîâ âìåñòî îäíîãî
áîëüøîãî â ïîñëåäíåå âðåìÿ çàôèêñèðîâàí âçðûâ-
íîé ðîñò èíòåíñèâíîñòè çàïóñêîâ ÊÀ, ìàññà êî-
òîðûõ íå ïðåâûøàåò 10 êã, òàê íàçûâàåìûõ íàíî-

ñïóòíèêîâ (îò 1 äî 10 êã). Òðàäèöèîííî òàêèå ñïóò-
íèêè èñïîëüçóþòñÿ äëÿ îáó÷åíèÿ è îòðàáîòêè
íîâûõ òåõíîëîãèé, îäíàêî ñôåðà èõ ïðèìåíåíèÿ
ïîñòîÿííî ðàñøèðÿåòñÿ. Òèïè÷íûì ïðèìåðîì íà-
íîñïóòíèêîâ ìîãóò ñëóæèòü CubeSats [1—3], ñîñòî-
ÿùèå èç îäíîãî þíèòà â âèäå êóáèêà ñî ñòîðîíîé
10 ñì è ìàññîé íå áîëåå 1,33 êã èëè èç êðàòíûõ
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1,5x, 2x, 3x îäèíî÷íûõ ìîäóëåé, ñîñòûêîâàííûõ
äðóã ñ äðóãîì ïî îäíîé ëèíèè (ðèñ. 1).

Ïðîãíîç çàïóñêîâ íàíîñïóòíèêîâ [4] íà áëè-
æàéøóþ ïåðñïåêòèâó ïîêàçûâàåò óñòîé÷èâûé
ðîñò, à îáùåå ÷èñëî íàíîñïóòíèêîâ íà îðáèòå
ñîñòàâëÿåò íåñêîëüêî ñîòåí åäèíèö (ðèñ. 2).

Ðàçðàáîòêà òåõíîëîãèé «äåîðáèòèíãà» — óâî-
äà èñ÷åðïàâøèõ ðåñóðñ ÊÀ ñ îðáèòû — ñòàíîâèòñÿ
âåñüìà àêòóàëüíîé è âîñòðåáîâàííîé çàäà÷åé ñå-
ãîäíÿøíåãî äíÿ. Â ñèëó îñòðîòû ïðîáëåìû êîñ-
ìè÷åñêîãî ìóñîðà ìîæíî ïðåäïîëîæèòü [5], ÷òî

â áëèæàéøèå ãîäû òðåáîâàíèå îñíàùàòü âñå íà-
íîñïóòíèêè ñèñòåìàìè óâîäà ñ îðáèòû ñòàíåò
îäíîé èç íîðì ìåæäóíàðîäíîãî êîñìè÷åñêîãî
ïðàâà è âîéäåò â ñòàíäàðòû äåÿòåëüíîñòè êîñìè-
÷åñêèõ àãåíòñòâ âñåõ ñòðàí ìèðà. Òàêèå ìåðû
ïðåäóñìîòðåíû ñòàíäàðòàìè Åâðîïåéñêîãî êîñìè-
÷åñêîãî àãåíòñòâà ESA [6], Íàöèîíàëüíîãî óïðàâ-
ëåíèÿ ïî àýðîíàâòèêå è àñòðîíàâòèêå ÑØÀ NASA
[7] è ðîññèéñêèì ÃÎÑÒ [8].

Â ñòàòüå [9] áûëà ïðåäëîæåíà êîíöåïöèÿ àâ-
òîíîìíîãî óñòðîéñòâà äëÿ îñíàùåíèÿ íàíîñïóò-

Ðèñ. 1. Íàíîñïóòíèêè CubeSat 1U (à) è 3U (á)

à) á)

Ðèñ. 2. Çàïóñêè íàíîñïóòíèêîâ CubeSat (èñòîðè÷åñêèå äàííûå è ïðîãíîç Nanosatellite Database)
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íèêîâ CubeSat è äðóãèõ êëàññîâ ìàëûõ êîñìè÷åñ-
êèõ àïïàðàòîâ ñ öåëüþ èõ óâîäà c íèçêîîêîëîçåì-
íûõ îðáèò (ÍÎÎ) ïîñëå îêîí÷àíèÿ ñðîêà ýêñïëó-
àòàöèè èëè âûõîäà èç ñòðîÿ. Ãëàâíûì ýëåìåíòîì
óñòðîéñòâà ÿâëÿåòñÿ ñôåðè÷åñêàÿ îáîëî÷êà èç
òîíêîé ìåòàëëèçèðîâàííîé ïîëèìåðíîé ïë¸íêè,
êîòîðàÿ ïðîèçâîäèò òîðìîæåíèå ÊÀ çà ñ÷åò àýðî-
äèíàìè÷åñêèõ ñèë.

Ê óñòðîéñòâó äëÿ óâîäà íàíîñïóòíèêîâ CubeSat
áûëè îïðåäåëåíû ñëåäóþùèå òðåáîâàíèÿ:

1) óñòðîéñòâî ïðåäñòàâëÿåò ñîáîé àâòîíîìíóþ
óíèôèöèðîâàííóþ ñåêöèþ ñïóòíèêà CubeSat
îáúåìîì 1U;

2) ñëóæåáíûå ñèñòåìû óñòðîéñòâà èìåþò ðà-
öèîíàëüíûé ñîñòàâ ñ ó÷åòîì îãðàíè÷åíèÿ ìàññû
è ãàáàðèòîâ ìîäóëÿ CubeSat è ñîâìåñòèìîñòè ýëå-
ìåíòîâ êîíñòðóêöèè ìåæäó ñîáîé äëÿ ïðîãíîçè-
ðóåìîãî ñïóñêà ñïóòíèêà ñ îðáèòû.

Ïåðâîíà÷àëüíî íàíîñïóòíèêè CubeSat ïðåäïî-
ëàãàëîñü èñïîëüçîâàòü êàê îáðàçîâàòåëüíûå — ñ
ìèíèìàëüíûì âðåìåíåì ñîçäàíèÿ è óïðîùåííîé
àäàïòàöèåé ê ðàêåòå-íîñèòåëþ. Êîíöåïöèÿ áûëà
ðàçðàáîòàíà â òåõíè÷åñêèõ óíèâåðñèòåòàõ ÑØÀ è
ïðåäïîëàãàëà ðàçðàáîòêó è èçãîòîâëåíèå ñèëàìè
ñòóäåíòîâ ðàçëè÷íûõ ïî êîíñòðóêöèè è ñîñòàâó
áîðòîâûõ ñèñòåì ÊÀ, â ðàìêàõ òîëüêî ìàññî-ãåî-
ìåòðè÷åñêèõ îãðàíè÷åíèé ñòàíäàðòà. Ê íàñòîÿùå-
ìó âðåìåíè òàêîé ïîäõîä ïðàêòè÷åñêè íå èñïîëü-
çóåòñÿ, è ïîäàâëÿþùåå ÷èñëî ïðîãðàìì ÊÀ êàê â
óíèâåðñèòåòàõ, òàê è îñîáåííî êîììåð÷åñêèõ èñ-
ïîëüçóþò ïîêóïíûå êîìïëåêòóþùèå èçäåëèÿ ó íå-
ñêîëüêèõ âåäóùèõ ïðîèçâîäèòåëåé.

Ýòî îáúÿñíÿåòñÿ ðàñøèðåíèåì ÷èñëà óíèâåð-
ñèòåòîâ, ó÷àñòâóþùèõ â ñîçäàíèè íàíîñïóòíèêîâ
CubeSat è çà÷àñòóþ íå èìåþùèõ ñîîòâåòñòâóþùåé
òåõíîëîãè÷åñêîé áàçû, íåîáõîäèìîé ëåòíîé êâà-
ëèôèêàöèè êîìïëåêòóþùèõ äëÿ êîììåð÷åñêèõ
ÊÀ, à òàêæå æåëàþùèõ ñîêðàòèòü ñðîêè ïîäãîòîâ-
êè çàïóñêà. Â ñèëó âûøåóêàçàííûõ ïðè÷èí ñôîð-
ìèðîâàëñÿ ðûíîê êîìïëåêòóþùèõ äëÿ íàíîñïóò-
íèêîâ CubeSat. Â ÷àñòíîñòè, íà îôèöèàëüíîì ñàé-

òå [2] ïðèâåäåí ñïèñîê 37 ñåðòèôèöèðîâàííûõ ïî-
ñòàâùèêîâ [10]. Ê ÷èñëó îñíîâíûõ êîììåð÷åñêèõ
ïðîèçâîäèòåëåé òàêèõ êîìïëåêòóþùèõ ìîæíî
îòíåñòè ñëåäóþùèå êîìïàíèè:

1) Pumpkin, Inc., ÑØÀ;
2) ISIS — Innovative Solutions In Space, Íèäåð-

ëàíäû;
3) ÑÏÓÒÍÈÊÑ (ÎÎÎ «Ñïóòíèêîâûå èííîâà-

öèîííûå êîñìè÷åñêèå ñèñòåìû»), Ðîññèÿ.
Â òàáë. 1 ïðèâåäåíî ñðàâíåíèå öåí íà ýëåìåí-

òû êîíñòðóêöèè íàíîñïóòíèêîâ CubeSat, ïðåäëà-
ãàåìûå óêàçàííûìè îñíîâíûìè ïðîèçâîäèòåëÿìè,
ïî ñîñòîÿíèþ íà êîíåö 2019 ãîäà.

Ìèíèìàëüíûå çàòðàòû íà êîìïëåêòóþùèå èç-
äåëèÿ íàíîñïóòíèêîâ CubeSat ëåæàò â äèàïàçîíå
30…40 òûñ. åâðî. Çàòðàòû íà ýëåìåíòû êîíñòðóê-
öèè ñîñòàâëÿþò îò 5 äî 25%.

Ââåäåíèå îáÿçàòåëüñòâ îñíàùàòü íàíîñïóòíè-
êè CubeSat óñòðîéñòâîì óâîäà ïîñëå îêîí÷àíèÿ
ñðîêà ýêñïëóàòàöèè ïîâûøàåò ñòîèìîñòü èõ çàïóñ-
êà íà 30—50%, â çàâèñèìîñòè îò åãî ðàçìåðà.

Â íàñòîÿùåå âðåìÿ ïðîâîäÿòñÿ èññëåäîâàíèÿ
íîâûõ ìàòåðèàëîâ äëÿ êîðïóñîâ è ðàçðàáàòûâàþò-
ñÿ ìåíåå òðóäîåìêèå òåõíîëîãèè èçãîòîâëåíèÿ íà-
íîñïóòíèêîâ. Ïðîåêòèðîâàíèå êîñìè÷åñêèõ
ñòðóêòóðíûõ ñèñòåì — ýòî áàëàíñ ìåæäó ìàññîé,
ïðî÷íîñòüþ è æåñòêîñòüþ. Ñ îäíîé ñòîðîíû,
ïðî÷íîñòü êîíñòðóêöèè íåîáõîäèìà äëÿ îáåñïå-
÷åíèÿ íàäåæíîñòè ðàáîòû ïðèáîðîâ ÊÀ, à ñ äðó-
ãîé ñòîðîíû, çà ñ÷åò óìåíüøåíèÿ ìàññû êîíñòðóê-
öèè ìîæíî óâåëè÷èòü ïîëåçíóþ íàãðóçêó, ÷òî ñíè-
æàåò ñòîèìîñòü çàïóñêà ÊÀ. Êîíñòðóêòèâíàÿ ÷àñòü
ñïóòíèêà, êàê ïðàâèëî, ñîñòàâëÿåò áîëüøîé ïðî-
öåíò îò åãî ìàññû, è ïîýòîìó âàæíî âûáðàòü ðà-
öèîíàëüíûé ìàòåðèàë è êîíôèãóðàöèþ, ÷òîáû
ìèíèìèçèðîâàòü ìàññó.

Ñòàíäàðòèçèðîâàííûé êîðïóñ ìîäóëÿ CubeSat
ðàçðàáàòûâàåòñÿ â ñîîòâåòñòâèè ñî ñïåöèôèêàöè-
åé CubeSat Design Specification rev.13 è èìååò
ìàññîãàáàðèòíûå îãðàíè÷åíèÿ è òðåáîâàíèÿ ïî
æåñòêîñòè. Íàèáîëåå ðàñïðîñòðàíåííûìè ìàòåðè-

Òàáëèöà 1

Öåíû êîìïëåêòóþùèõ èçäåëèé äëÿ íàíîñïóòíèêîâ CubeSat

¹  
ï/ï 

Òèï èçäåëèÿ 
Цåíà, åâðî 

Pumpkin [11] ISIS [12] ÑÏÓÒÍÈÊÑ [13] 

1 Êîðïóñ 1U 7500 2500 1500 

2 Êîðïóñ 2U 8375 3150 - 

3 Êîðïóñ 3U 8750 3900 3000 



222 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹3

Èííîâàöèîííûå òåõíîëîãèè â àýðîêîñìè÷åñêîé äåÿòåëüíîñòè  Innovative technologies in aerospace activities

àëàìè êîðïóñà ÿâëÿþòñÿ ñïëàâû Al 6082 è
Al 7075.

Â òàáë. 2 ïðåäñòàâëåíû âíåøíèé âèä, ãàáàðèò-
íûå ðàçìåðû è âåñ êîðïóñîâ ôîðìàòà 1U, 2U è 3U
ïðîèçâîäñòâà êîìïàíèè AÀC clyde space [14].

Ïåðñïåêòèâíûé êëàññ ìàòåðèàëîâ äëÿ êîñìè-
÷åñêîãî ïðèìåíåíèÿ ïðåäñòàâëÿþò êîìïîçèòíûå
ìàòåðèàëû. Èõ ïðèìåíåíèå èìååò ïðåèìóùåñòâà
â ìàññå è ïðî÷íîñòè, à òðåáóåìàÿ æåñòêîñòü ìî-
æåò áûòü äîñòèãíóòà ïóòåì ñîîòâåòñòâóþùåãî âû-
áîðà òèïîâ âîëîêîí è èõ îðèåíòàöèè. Êðîìå òîãî,
åùå îäíîé õàðàêòåðèñòèêîé êîìïîçèòîâ ÿâëÿåò-
ñÿ íèçêàÿ òåïëîïðîâîäíîñòü, êîòîðàÿ ìîæåò áûòü
ïîëåçíà äëÿ òåïëîèçîëÿöèè íèçêîòåìïåðàòóðíûõ
äåòàëåé.

Â ðàáîòå [15] áûëî ïðîâåäåíî èññëåäîâàíèå ïî
èñïîëüçîâàíèþ êîìïîçèòîâ â ñòðóêòóðíûõ êîíñò-
ðóêöèÿõ äëÿ CubeSats èëè äðóãèõ íåáîëüøèõ ñïóò-
íèêîâûõ ýëåìåíòîâ.

 Ïî èòîãàì ïðîåêòèðîâàíèÿ êîíñòðóêöèè äëÿ
ïåðâîãî ãðå÷åñêîãî CubeSat áûëà ðåàëèçîâàíà
êîìïîçèòíàÿ ñòðóêòóðà UPSat èç ìàòåðèàëà T300-
5208 Carbon ýïîêñèäíûé îäíîíàïðàâëåííûé ïðî-
èçâîäñòâà Hexcel (ðèñ. 3).

Ìàññà êîìïîçèòíîé ñòðóêòóðû ïî ñðàâíåíèþ ñ
àëþìèíèåâîé áûëà óìåíüøåíà ïî÷òè íà 35%, áåç êà-

êèõ-ëèáî âûðåçîâ â êîìïîçèòíîé ñòðóêòóðå, è ïðî-
èçîøåë ïðèðîñò 1-é ñîáñòâåííîé ÷àñòîòû [15-16].

Â äàííîé ðàáîòå ðàññìîòðèì èñïîëüçîâàíèå
òåõíîëîãèè ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëåíèÿ
(ÑËÑ) äëÿ èçãîòîâëåíèÿ êîðïóñîâ ìîäóëÿ 1U íà-

íîñïóòíèêîâ CubeSat; êîíñòðóêöèÿ èçäåëèé áûëà
ðàçðàáîòàíà ñ ó÷åòîì âîçìîæíîñòåé ýòîé òåõíî-
ëîãèè.

Èçãîòîâëåíèå êîðïóñà íàíîñïóòíèêà CubeSats
ìåòîäîì ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëåíèÿ

Ñåëåêòèâíîå ëàçåðíîå ñïëàâëåíèå (Selective
Laser Melting, SLM) ÿâëÿåòñÿ ìåòîäîì àääèòèâíî-
ãî ïðîèçâîäñòâà è ïîäðàçóìåâàåò èñïîëüçîâàíèå
îäíîãî èëè íåñêîëüêèõ ëàçåðîâ äëÿ ñïëàâëåíèÿ
÷àñòèö ïîðîøêîîáðàçíîãî ìàòåðèàëà (äèàìåòð
÷àñòèö 50—100 ìêì).

Îáùèé ïðèíöèï òåõíîëîãèè ÑËÑ ìîæíî êðàò-
êî îïèñàòü ñëåäóþùèì îáðàçîì.

Â íà÷àëå ïðîöåññà ñîçäàåòñÿ öèôðîâàÿ 3D-
ìîäåëü äåòàëè — èñïîëüçóåòñÿ ÑÀÏÐ èëè äàííûå
ñêàíèðîâàíèÿ. Ñïåöèàëüíîå ïðîãðàììíîå îáåñïå-
÷åíèå «ðàçðåçàåò» ìîäåëü íà òîíêèå ñëîè îò 20 äî
100 ìêì. Óñòðîéñòâî äëÿ íàíåñåíèÿ è âûðàâíèâà-
íèÿ ïîðîøêà ðàâíîìåðíî ðàñïðåäåëÿåò åãî ïî
ïîâåðõíîñòè ðàáî÷åãî ñòîëà. Ïîñëå ÷åãî ëàçåðíûé

Òàáëèöà 2

Êîðïóñà ôîðìàòà 1U, 2U è 3U ïðîèçâîäñòâà êîìïàíèè AAC clyde space

Îáùèé âèä 

 

 

 

Фîðìàò ìîäóëÿ 1U 2U 3U 

Ãàáàðèòíûå 
ðàçìåðû, ìì 

100x100 x113.5 100x100 x227 100x100x340.5 

Ìàññà, ã 155 235 394  
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ëó÷ èçáèðàòåëüíî ïëàâèò ïîðîøîê ïóòåì ñêàíè-
ðîâàíèÿ ïîïåðå÷íîãî ñå÷åíèÿ, ñãåíåðèðîâàííîãî
èç 3D-ìîäåëè. Ïî îêîí÷àíèè ñïëàâëåíèÿ ïîðîø-
êîâîãî ñëîÿ ïëàòôîðìà ñ èçãîòàâëèâàåìûì èçäå-
ëèåì îïóñêàåòñÿ íà ãëóáèíó, ñîîòâåòñòâóþùóþ
çàäàííîé òîëùèíå ñëîÿ. Ïðîöåññ ìíîãîêðàòíî ïî-

âòîðÿåòñÿ, ïîêà äåòàëü íå áóäåò çàêîí÷åíà [17, 18].
Ñõåìà óñòàíîâêè ÑËÑ ïðèâåäåíà íà ðèñ. 4.

Âåñü ïðîöåññ ÑËÑ ïðîõîäèò â çàùèòíîé ñðå-
äå èíåðòíûõ ãàçîâ — àçîòå èëè àðãîíå, ïðåäîòâ-
ðàùàþùèõ îêèñëåíèå ïîðîøêà. ×àñòèöû ìîãóò
ðàñïëàâëÿòüñÿ ïîëíîñòüþ èëè ÷àñòè÷íî (ïî ïîâåð-
õíîñòè). ÑËÑ — åäèíñòâåííàÿ òåõíîëîãèÿ òðåõ-

Ðèñ. 3. Êîìïîçèòíàÿ ñòðóêòóðà UPSat: à — ñîåäèíåíèå ïàíåëåé êîðïóñà; á — îáùèé âèä êîðïóñà; â — ìàññà êîðïóñà

Ðèñ. 4. Ñõåìà óñòàíîâêè ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëåíèÿ
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ìåðíîé ïå÷àòè, êîòîðàÿ íå òðåáóåò îòäåëüíîãî ìà-
òåðèàëà ïîääåðæêè. Âìåñòî ìàòåðèàëà ïîääåðæ-
êè èñïîëüçóåòñÿ ñàì ïîðîøîê. Òàêîé ïîäõîä ïî-
çâîëÿåò äîáèòüñÿ ïðàêòè÷åñêè íåîãðàíè÷åííîé ãåî-
ìåòðè÷åñêîé ñëîæíîñòè èçãîòîâëÿåìûõ ìîäåëåé.

3D-ïðèíòåðû äëÿ ÑËÑ ïðåäñòàâëåíû íà ðûíêå
ñàìîé ìíîãî÷èñëåííîé ïî ïðîèçâîäèòåëÿì è ðàç-
íîîáðàçíîé ïî ìîäåëÿì ãðóïïîé, â íàñòîÿùåé
ðàáîòå èñïîëüçîâàëñÿ 3D-ïðèíòåð SLM 280 HL.
Îäíîé èç îñíîâíûõ ÷àñòåé â óñòàíîâêàõ äëÿ ÑËÑ
ÿâëÿåòñÿ ëàçåðíàÿ ñèñòåìà, â êîòîðîé èñïîëüçó-
þòñÿ äâà èòòåðáèåâûõ âîëîêîííûõ ëàçåðà
400+400/1000 Âò. Îáùèé âèä óñòàíîâêè ïðèâåäåí
íà ðèñ. 5.

Ïå÷àòü äåòàëåé êîðïóñà CubeSat ïðîèçâîäè-
ëàñü èç îòå÷åñòâåííîãî ïîðîøêà ñïëàâà ÀÑÏ-40
AlSi10Mg ïðîèçâîäñòâà ÎÊ «ÐÓÑÀË». Âûáðàííûé
ìàòåðèàë ñîîòâåòñòâóåò òðåáîâàíèÿì ÊÄ ïî ñëå-
äóþùèì ïàðàìåòðàì:

• ïëîòíîñòü, îáåñïå÷èâàþùàÿ ìèíèìàëüíóþ
ìàññó èçäåëèé;

• ìåõàíè÷åñêèå ñâîéñòâà (íà 15% âûøå ëèòåé-
íûõ àëþìèíèåâûõ ñïëàâîâ);

• êîððîçèîííàÿ ñòîéêîñòü;

• òåõíîëîãè÷íîñòü;
• ýëåêòðîïðîâîäíîñòü;
• óñòîé÷èâîñòü ê öèêëè÷åñêèì èçìåíåíèÿì

òåìïåðàòóðû;
• ñîõðàíåíèå ýêñïëóàòàöèîííûõ ñâîéñòâ ïðè

âîçäåéñòâèè ôàêòîðîâ âíåøíåé êîñìè÷åñêîé ñðå-
äû.

Êîíñòðóêöèÿ êîðïóñà ðàçðàáîòàíà ñ ó÷åòîì
âîçìîæíîñòåé 3D-ïå÷àòè íà ïðèíòåðå SLM
280HL; ñïîñîáîì òðàäèöèîííîé ìåõàíè÷åñêîé îáðà-
áîòêè äåòàëè êîðïóñà èçãîòîâëåíû áûòü íå ìîãóò.

Â ïðîöåññå ïîäãîòîâêè ê èçãîòîâëåíèþ áûëà
ðàçðàáîòàíà êîíñòðóêöèÿ êîðïóñà CubeSat ñ ó÷å-
òîì âîçìîæíîñòåé 3D-ïå÷àòè íà ïðèíòåðå SLM
280HL, îòðàáîòàíû âàðèàíòû ðàñïîëîæåíèÿ äåòà-
ëè íà ðàáî÷åì ñòîëå 3D-ïðèíòåðà, êîëè÷åñòâî è
âèäû òåõíîëîãè÷åñêèõ ïîääåðæåê, óòî÷íåíû ðå-
æèìû ïîñòðîåíèÿ. Ðàçìåðû ïëàòôîðìû è êàìå-
ðû ïîñòðîåíèÿ ïîçâîëÿþò îäíîâðåìåííî èçãîòàâ-
ëèâàòü âîñåìü êîðïóñîâ (ðèñ. 6).

Ïîñòðîåíèå äåòàëè îñóùåñòâëÿëîñü íà ñòàí-
äàðòíûõ äëÿ âûáðàííîãî ìàòåðèàëà ðåæèìàõ.
Ïðîöåññ èçãîòîâëåíèÿ îäíîãî êîðïóñà ñîñòàâèë 10
÷àñîâ, áûëî èçðàñõîäîâàíî 240 ã ïîðîøêà. Ìàñ-

Ðèñ. 5. 3D-ïðèíòåð SLM 280 HL [19]
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ñà èçãîòîâëåííîãî êîðïóñà ñîñòàâèëà 216,0 ã.
Îáùèé âèä êîðïóñà CubeSat ïîêàçàí íà ðèñ. 7.

Ñòîèìîñòü èçãîòîâëåíèÿ îäíîãî êîðïóñà ñî-
ñòàâèëà 32000,0 ðóáëåé, èëè 500 åâðî. Öèêë èçãî-
òîâëåíèÿ — ÷åòûðå äíÿ.

Ñðàâíåíèå ìàòåðèàëîâ äëÿ èçãîòîâëåíèÿ
êîðïóñîâ ìîäóëÿ CubeSat

Ïðè ñðàâíåíèè ìàòåðèàëîâ, êîòîðûå áûëè
èñïîëüçîâàíû äëÿ èçãîòîâëåíèÿ êîðïóñîâ, îäíî-
íàïðàâëåííûé óãëåïëàñòèê îêàçàëñÿ ïî÷òè â äâà

ðàçà ëåã÷å è â òðè ðàç ïðî÷íåå, ÷åì àëþìèíèé.
Òàêèì îáðàçîì ïîëó÷àåòñÿ, ÷òî óäåëüíàÿ ïðî÷-
íîñòü îäíîíàïðàâëåííîãî óãëåïëàñòèêà, ïî ñðàâ-
íåíèþ ñ àëþìèíèåì, â 6 ðàç âûøå âäîëü âîëîêîí.
Â ïîïåðå÷íûõ íàïðàâëåíèÿõ ñâîéñòâà óãëåïëàñòè-
êà íà ïîðÿäîê íèæå. Äåòàëè èç ïîðîøêà ñïëàâà
ÀÑÏ-40 AlSi10Mg è èç àëþìèíèÿ áóäóò ïðèìåð-
íî îäèíàêîâû ïî ìàññå, íî ìåõàíè÷åñêàÿ ïðî÷-
íîñòü äåòàëåé, èçãîòîâëåííûõ èç ïîðîøêà, áóäåò
â 2 ðàçà íèæå. Ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèà-
ëîâ, èñïîëüçóåìûõ äëÿ èçãîòîâëåíèÿ êîðïóñîâ ìî-
äóëÿ ÑubSat, ïðåäñòàâëåíû â òàáë. 3.

Ïðè ñðàâíåíèè èçãîòîâëåííûõ ïî òðåì òåõíî-
ëîãèÿì êîðïóñîâ CubeSat îáúåìà 1U ñàìûì ëåã-

Ðèñ. 6. Ðàçìåùåíèå êîðïóñîâ íà ïëàòôîðìå ïîñòðîåíèÿ

Ðèñ. 7. Îáùèé âèä êîðïóñà CubeSat

Òàáëèöà 3

Ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëà, ïîëó÷åííîãî èç ïîðîøêà ïî òåõíîëîãèè ÑËÑ

Ïîêàçàòåëü 

Çíà÷åíèå  

ÀÑÏ-40 
AlSi10Mg 

[20] 

Al 7075 
[21] 

T300-5208 
Carbon îäíîíàïðàâëåííûé [15] 

âäîëü 
âîëîêîí 

ïîïåðåê 
âîëîêîí 

Ìîäóëü óïðóãîñòè, ÃÏà, íå ìåíåå 65 71 181 10,3 

Âðåìåííîå ñîïðîòèâëåíèå ðàçðûâó σâ, 
ÌÏà, íå ìåíåå 

325 560 - 

Ïðåäåë òåêó÷åñòè σ0,2, ÌÏà, íå ìåíåå 220 500 - 

Ïðåäåë ïðî÷íîñòè σ, ÌÏà, íå ìåíåå - - 1500 40 

Îòíîñèòåëüíîå óäëèíåíèå δ, %, íå ìåíåå 11 7 0 0,6 

Ïëîòíîñòü, êã/ì3 2680 2710 1600 
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êèì ÿâëÿåòñÿ êîðïóñ èç êîìïîçèòíîãî ìàòåðèàëà
T300-5208. Åãî ìàññà ñîñòàâëÿåò 104,5 ã ïðîòèâ
155 ã ó êîðïóñà, ïîëó÷àåìîãî ïî òðàäèöèîííîé
òåõíîëîãèè ìåõàíè÷åñêîé îáðàáîòêè èç ñïëàâà
àëþìèíèÿ 7075. Êîðïóñ, èçãîòîâëåííûé ëàçåðíûì
ñïåêàíèåì, ÿâëÿåòñÿ ñàìûì òÿæåëûì (216 ã), îä-
íàêî åãî ìàññà ìîæåò áûòü ïðèáëèæåíà ê âàðè-
àíòó èç êîìïîçèòà çà ñ÷åò óìåíüøåíèÿ òîëùèíû
ñòåíîê èëè âûðàùèâàíèÿ «ñåò÷àòîé» ñòðóêòóðû,
áåç ñóùåñòâåííîé ïîòåðè â æåñòêîñòè.

Âûâîäû

Â ðåçóëüòàòå ðàáîòû áûë èçãîòîâëåí êîðïóñ
äëÿ ýêñïåðèìåíòàëüíîãî îáðàçöà óñòðîéñòâà àýðî-
äèíàìè÷åñêîãî òîðìîæåíèÿ íàíîñïóòíèêîâ
CubeSat ïðè ïîìîùè òåõíîëîãèè ñåëåêòèâíîãî
ëàçåðíîãî ñïåêàíèÿ. Ïðåèìóùåñòâîì äàííîé òåõ-
íîëîãèè ÿâëÿåòñÿ âîçìîæíîñòü êîíñòðóêòèâíîãî
ïîñòðîåíèÿ êîðïóñà è åãî êðåïåæíûõ ýëåìåíòîâ
äëÿ ñëóæåáíîé àïïàðàòóðû, êîòîðûå íåâîçìîæíî
èçãîòîâèòü òðàäèöèîííîé ìåõàíè÷åñêîé îáðàáîò-
êîé, è ãèáêîãî âàðüèðîâàíèÿ êîðïóñà ìîäóëÿ
îáú¸ìîì äî 3U. Òàêæå ïðè ïîñòðîåíèè äåòàëè
êîðïóñà ìîæíî ðàññ÷èòàòü âëèÿíèå êîñìè÷åñêîé
ðàäèàöèè è óâåëè÷èòü òîëùèíó ñòåíêè â îáëàñòè
íàèáîëüøåãî âëèÿíèÿ. Çàêðûòàÿ êîíñòðóêöèÿ ñ
òîëùèíîé ñòåíîê 1,8 ìì â ðàçû óñèëèâàåò çàùè-
òó îò êîñìè÷åñêèõ èçëó÷åíèé, ÷òî óâåëè÷èò ðåñóðñ
ýëåêòðîííûõ ýëåìåíòîâ è ñðîê àêòèâíîãî ñóùå-
ñòâîâàíèÿ íàíîñïóòíèêà.

Èñïîëüçîâàíèå òåõíîëîãèè ÑËÑ óìåíüøàåò
òðóäîåìêîñòü èçãîòîâëåíèÿ êîðïóñîâ ïî ñðàâíå-
íèþ ñ òðàäèöèîííîé ìåõàíè÷åñêîé îáðàáîòêîé,
÷òî ñíèæàåò ñòîèìîñòü èçäåëèÿ. Ïîñëå ïîëó÷åíèÿ
ëåòíîé êâàëèôèêàöèè äëÿ èñïîëüçîâàíèÿ â íàíî-
ñïóòíèêàõ CubeSat ñòîèìîñòü îäíîãî êîðïóñà
îáúåìîì 1U ïðè ìåëêîñåðèéíîì ïðîèçâîäñòâå ñî-
ñòàâèò îêîëî 750 åâðî, ÷òî â äâà ðàçà äåøåâëå, ÷åì
ó ðîññèéñêîé êîìïàíèè «ÑÏÓÒÍÈÊÑ».

Íåäîñòàòêîì äàííîé òåõíîëîãèè ÿâëÿåòñÿ
ìåíüøàÿ ïðî÷íîñòü äåòàëåé ïî ñðàâíåíèþ ñ îá-
ðàáîòàííûìè ìåõàíè÷åñêèì ñïîñîáîì, îäíàêî
ïëàíèðóåòñÿ ïðîâåäåíèå öèêëà íàçåìíûõ èñïûòà-
íèé, â òîì ÷èñëå è âèáðîäèíàìè÷åñêèõ, äëÿ ïîä-
òâåðæäåíèÿ äîñòàòî÷íîñòè ïðî÷íîñòè êîðïóñà ìî-
äóëÿ íàíîñïóòíèêà CubeSat, èçãîòîâëåííîãî ëà-
çåðíûì ñïëàâëåíèåì, ïðè âûâåäåíèè íà îðáèòó
ïðè ïîìîùè ðàêåòû-íîñèòåëÿ.
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Abstract

The forecast of the nanosatellite launches in the
near future reveals steady growth. The development
of technologies for removing spacecraft, exhausted
their resources, from the working orbit is an urgent
task. Equipping the Cubesat nanosatellites with a
retraction device increases launch costs by up to 50%.
The structural elements expenses are up to 25%. Thus,
the works on studying new materials for the hulls and
technologies for their manufacturing to reduce labor
intensity are underway. Design of space structural
systems is a balance between the weight, strength and
rigidity. The standardized housing of the CubeSat
module is being developed in accordance with the
CubeSat Design Specification rev.13 and has mass-
and-size limitations and rigidity requirements. The
most common housing materials are Al 6082 or Al
7075 alloys. The UPSat composite structure from
T300-5208 Carbon Hexcel unidirectional epoxy for
the first Greek CubeSat is also known. Our work
employs selective laser melting technology to
manufacture the housing of the 1U module of
CubeSats nanosatellites. When comparing the the
three housings of the 1U volume, manufactured from
these three materials, the lightest one is the housing
made of composite material T300-5208. Its weight is
104.5 g versus 155 g obtained from an aluminum alloy
7075. The housing fabricated by the laser sintering is
the heaviest, 216 g. However, the mass can be
comparable with the composite version by reducing
the wall thickness or growing a “mesh” structure. Parts
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from the ASP-40 AlSi10Mg powder alloy will be two
times worse by the mechanical strength than
aluminum ones. The specific strength of the
unidirectional carbon fiber, compared with aluminum,
is six times higher along the fibers. In the transverse
directions, the properties of carbon fiber are lower by
the order of magnitude.

The advantage of the SLM technology consists in
the possibility of structural formation of housing and
its fasteners for the servicing equipment, which cannot
be fabricated by conventional machining. Besides,
when developing a housing part, the effect of space
radiation can be computed, to increase the wall
thickness in the area of its maximum impact. The
closed structure with the walls thickness of 1.8 mm
enhances many times protection from the space
radiation, which will increase electronic elements
resource and the term of the nano-satellite active life.

Keywords: space debris, near-Earth space,
CubeSat nanosatellite, additive technologies,
spacecraft hull.
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