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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ õîëîäíîãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ îáðàçöîâ èç âûñî-
êîõðîìèñòûõ æàðîïðî÷íûõ ñïëàâîâ, ïîëó÷åííûõ ìåòîäîì ñåëåêòèâíîãî ëàçåðíîãî ïëàâëåíèÿ ìåòàëëè÷åñêèõ
ïîðîøêîâ, íà ðàçìåð, êîëè÷åñòâî ïîð è ñòðóêòóðó ñïëàâîâ. Â ðåçóëüòàòå, ïðèìåíåíèå õîëîäíîãî èçîñòàòè÷åñêî-
ãî ïðåññîâàíèÿ ñïîñîáñòâóåò çíà÷èòåëüíîìó óìåíüøåíèþ êîëè÷åñòâà ïîð (~2 ðàçà), à òàêæå ðàçìåðà ïîð â ìàòå-
ðèàëàõ, ïîëó÷åííûõ ïî òåõíîëîãèè ñåëåêòèâíîãî ëàçåðíîãî ïëàâëåíèÿ (SLM). Ïðè èñïîëüçîâàíèè ðàññìàòðèâà-
åìîé òåõíîëîãèè âûÿâëåíî ïîâåðõíîñòíîå óïðî÷íåíèå ïðè êîìíàòíîé òåìïåðàòóðå äåôîðìàöèè SLM-ñïëàâà 316L.

Êëþ÷åâûå ñëîâà: ñåëåêòèâíîå ëàçåðíîå ñïëàâëåíèå, àääèòèâíîå ïðîèçâîäñòâî, õîëîäíîå èçîñòàòè÷åñêîå ïðåñ-
ñîâàíèå, ãîðÿ÷åå èçîñòàòè÷åñêîå ïðåññîâàíèå, âûñîêîõðîìèñòûå æàðîïðî÷íûå ñïëàâû.

Ââåäåíèå

Òåõíîëîãèè 3D-ïå÷àòè èñïîëüçóþòñÿ â ðàçëè÷-
íûõ îòðàñëÿõ ïðîìûøëåííîñòè: ìåäèöèíå, ìàøè-
íîñòðîåíèè, ñòðîèòåëüñòâå, à òàêæå â àâèàöèîí-
íîé è ðàêåòî-êîñìè÷åñêîé îòðàñëè. Ñ êàæäûì

ãîäîì òåõíîëîãèè 3D-ïå÷àòè âíåäðÿþòñÿ â ïðî-
èçâîäñòâî, â îñíîâíîì äëÿ ïðîåêòèðîâàíèÿ ñëîæ-
íûõ ïðîäóêòîâ, òàêèõ, êàê ñàìîëåòû, ñïóòíèêè, à
òàêæå äëÿ ïðîåêòèðîâàíèÿ êîðïóñîâ èëè äðóãèõ
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äåòàëåé [1]. Äî ñèõ ïîð êîìïàíèè èñïîëüçîâàëè
3D-ïðèíòåðû, ÷òîáû äåëàòü ïðîòîòèïû è ïðîäóê-
òû äëÿ òåñòèðîâàíèÿ. Ñåé÷àñ êðóïíûå ïðîìûø-
ëåííûå êîìïàíèè, íàïðèìåð General Electric,
EADS è Siemens, ïûòàþòñÿ èñïîëüçîâàòü íîâóþ
òåõíîëîãèþ íå òîëüêî â ëàáîðàòîðèÿõ, íî è â öå-
õàõ. Íåìåöêàÿ êîðïîðàöèÿ Siemens èñïîëüçóåò
3D-ïðèíòåðû äëÿ èçãîòîâëåíèÿ íåêîòîðûõ ÷àñòåé
ãàçîâûõ òóðáèí. Â Siemens óâåðåíû, ÷òî íîâàÿ
òåõíîëîãèÿ áóäåò ïîëåçíà â àâèàöèè è êîñìè÷åñ-
êîé ïðîìûøëåííîñòè, ïîçâîëèò ñíèçèòü ïîòåðè
ìàòåðèàëîâ. Ýòî âàæíî äëÿ îòðàñëåé, ãäå èñïîëü-
çóþòñÿ äîðîãèå ìåòàëëû [2].

Âîçðàñòàþùèå òðåáîâàíèÿ ê õàðàêòåðèñòèêàì
íîâûõ èçäåëèé ñâÿçàíû ñ óñîâåðøåíñòâîâàíèåì
êîíñòðóêöèè, ÷òî, â ñâîþ î÷åðåäü, ïðèâîäèò ê íå-
îáõîäèìîñòè ðàçðàáîòêè íîâûõ ìàòåðèàëîâ è òåõ-
íîëîãèé èçãîòîâëåíèÿ äåòàëåé. Ñîâðåìåííûå ìà-
òåðèàëû ïîçâîëÿþò ñóùåñòâåííî ïîâûñèòü ôóíê-
öèîíàëüíûå ñâîéñòâà èçäåëèé è îáåñïå÷èòü òðå-
áóåìóþ äëèòåëüíîñòü ýêñïëóàòàöèè, íî ÷àñòî çà
ñ÷åò ñóùåñòâåííîãî ïîâûøåíèÿ èõ ñòîèìîñòè.
Ïîýòîìó íàèáîëåå ýôôåêòèâíî èõ ñâîéñòâà áóäóò
èñïîëüçîâàíû ïðè ðàçðàáîòêå ìàòåðèàëîñáåðåãàþ-
ùèõ òåõíîëîãèé èõ ïîëó÷åíèÿ è îáðàáîòêè [3-5].

Îñíîâíîé îñîáåííîñòüþ ïîëó÷åíèÿ äåòàëåé ïî
òåõíîëîãèè ïîñëîéíîãî ëàçåðíîãî ñïëàâëåíèÿ
(SLM) ÿâëÿåòñÿ âîçìîæíîñòü ïðîèçâîäñòâà ìåòàë-
ëè÷åñêèõ èçäåëèé ñ ìèíèìèçàöèåé èñïîëüçîâàíèÿ
ìåõàíè÷åñêîé îáðàáîòêè. Äàííûé ìåòîä ïîëó÷å-
íèÿ äåòàëåé îñíîâûâàåòñÿ íà ïîñëîéíîì íàíåñå-
íèè ïîðîøêîâîãî ìàòåðèàëà â ñîîòâåòñòâèè ñ
ïðåäâàðèòåëüíî ðàçðàáîòàííîé CAD-ìîäåëüþ
[5—10]. Îïòèìèçàöèÿ òåõíîëîãè÷åñêèõ ðåæèìîâ
ëàçåðíîãî ñïëàâëåíèÿ ÿâëÿåòñÿ îñíîâíîé çàäà÷åé
ïîëó÷åíèÿ èçäåëèé ïî òåõíîëîãèè SLM [11, 12].

Ðàçâèòèå è âíåäðåíèå àääèòèâíûõ òåõíîëîãèé
îáóñëîâëåíî ðÿäîì èõ ïðåèìóùåñòâ ïî ñðàâíåíèþ
ñ òðàäèöèîííûìè ñïîñîáàìè ïîëó÷åíèÿ äåòàëåé
è èçäåëèé. Ïðèìåíåíèå àääèòèâíûõ òåõíîëîãèé
îáóñëîâëåíî íå òîëüêî âîçìîæíîñòüþ èçãîòîâëå-
íèÿ ñëîæíîïðîôèëüíûõ äåòàëåé, êîòîðîå ïðè
èñïîëüçîâàíèè òðàäèöèîííûõ òåõíîëîãèé çàòðóä-
íåíî, ñîêðàùåíèåì ñðîêà èçãîòîâëåíèÿ íîâûõ îá-
ðàçöîâ òåõíèêè, ñíèæåíèåì òðóäî¸ìêîñòè èçãî-
òîâëåíèÿ îñíàñòêè, íî è óìåíüøåíèåì îòõîäîâ äî-
ðîãîñòîÿùèõ ìàòåðèàëîâ. Êðîìå òîãî, îíè ïîçâî-
ëÿþò ïðèìåíÿòü íîâûå ìàòåðèàëû, èìåþùèå áî-
ëåå âûñîêèå ìåõàíè÷åñêèå ñâîéñòâà. Â íàñòîÿùåå
âðåìÿ ðàçâèòèå àääèòèâíûõ òåõíîëîãèé â îòå÷å-
ñòâåííîé íàóêå è ïðîìûøëåííîñòè çàíèìàåò
îñîáåííîå ìåñòî è ÿâëÿåòñÿ îäíèì èç âàæíåé-
øèõ íàïðàâëåíèé ñòðàòåãèè ñîâåðøåíñòâîâàíèÿ

ìàòåðèàëîâ è òåõíîëîãèé íà áëèæàéøèå ãîäû
[3—5, 13, 14].

Òåõíîëîãèÿ ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëå-
íèÿ SLM (Selective Laser Melting) ïîçâîëÿåò ïîëó-
÷èòü ãîòîâóþ äåòàëü èç ìåòàëëè÷åñêîãî ïîðîøêà
è ïðåäñòàâëÿåò áîëüøîé èíòåðåñ. Ïîëó÷åíèå èç-
äåëèÿ ïðåäñòàâëÿåò ñîáîé öèêëè÷åñêè ïîâòîðÿþ-
ùèéñÿ ïðîöåññ äî çàâåðøåíèÿ ïîñòðîåíèÿ äåòà-
ëè. Äëÿ ïðåäîòâðàùåíèÿ îêèñëåíèÿ ïðîöåññ ñèí-
òåçà âåäåòñÿ â ãåðìåòè÷íîé êàìåðå â ñðåäå èíåðò-
íîãî ãàçà. Îäíàêî øèðîêîå âíåäðåíèå òåõíîëîãèè
ñäåðæèâàåòñÿ ðÿäîì ôàêòîðîâ: îãðàíè÷åííûì
êîëè÷åñòâîì ïîðîøêîâ ñîáñòâåííîãî ïðîèçâîä-
ñòâà è íå âñåãäà äîñòàòî÷íîé ïðîðàáîòêîé òåõíî-
ëîãèè èçãîòîâëåíèÿ äåòàëè èç êîíêðåòíîãî ìàòå-
ðèàëà. Ïîñëåäíåå ïðèâîäèò ê ïîÿâëåíèþ òàêèõ
äåôåêòîâ, êàê ïîðû è òðåùèíû. Àíàëîãè÷íàÿ ïðî-
áëåìà ñóùåñòâóåò è ïðè ïðîèçâîäñòâå îòëèâîê.

Òåõíîëîãèÿ 3D-ïå÷àòè èìååò òàêîé íåäîñòà-
òîê, êàê ïîðèñòîñòü ñòðóêòóðû è íåäîñòèæåíèå íå-
îáõîäèìîãî óðîâíÿ ìåõàíè÷åñêèõ è ýêñïëóàòàöè-
îííûõ ñâîéñòâ. Â èçäåëèÿõ, èçãîòîâëåííûõ ïî òåõ-
íîëîãèè SLM, íàáëþäàåòñÿ àíèçîòðîïèÿ ñâîéñòâ.
Êëþ÷åâûì ôàêòîðîì, âëèÿþùèì íà ñâîéñòâà
ñèíòåçèðîâàííîãî ìàòåðèàëà, ÿâëÿåòñÿ íàëè÷èå
ïîðèñòîñòè, òðåùèí è íåðàñïëàâëåííûõ ãðàíóë
[15—27], â ñâÿçè ñ ÷åì çàòðóäíÿåòñÿ ïðèìåíåíèå
àääèòèâíûõ òåõíîëîãèé äëÿ èçãîòîâëåíèÿ äåòàëåé
îòâåòñòâåííîãî íàçíà÷åíèÿ, à òàêæå çàìåäëÿåòñÿ
ïîëíîöåííîå âíåäðåíèå èõ â âûñîêîòåõíîëîãè÷-
íûå îòðàñëè ïðîèçâîäñòâà.

Äàííàÿ ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ ñèí-
òåçèðîâàííûõ çàãîòîâîê, ïîëó÷åííûõ èç îòå÷å-
ñòâåííûõ ïîðîøêîâ ñòàëè 03Õ18Í12Ì2 è ñïëàâà
òèïà ÝÏ-648, èçó÷åíèþ âëèÿíèÿ òåõíîëîãèè õî-
ëîäíîãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ íà ìèêðî-
ñòðóêòóðó è ñâîéñòâà ñèíòåçèðîâàííîãî ìàòåðè-
àëà.

Îïèñàíèå ìåòîäà
ãîðÿ÷åãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ

Ãîðÿ÷åå èçîñòàòè÷åñêîå ïðåññîâàíèå (ÃÈÏ) —
òåõíîëîãè÷åñêèé ïðîöåññ, íàèáîëåå ðàñïðîñòðà-
íåííûé ïðîìûøëåííûé ñïîñîá ïðîèçâîäñòâà
ïîðîøêîâûõ çàãîòîâîê [28—31]. Â îòëè÷èå îò
îáû÷íîé ñõåìû ãîðÿ÷åãî ïðåññîâàíèÿ, êîãäà äàâ-
ëåíèå ïîðîøêîâîé çàãîòîâêå ïåðåäàåòñÿ âäîëü
îäíîé îñè, ïðè ÃÈÏ ðåàëèçóåòñÿ ñõåìà âñåñòîðîí-
íåãî ñæàòèÿ [28]. Òåõíîëîãèÿ êîìïàêòèðîâàíèÿ
ïîðîøêîâ ñ ïðèìåíåíèåì ÃÈÏ âêëþ÷àåò â ñåáÿ
ñëåäóþùèå îïåðàöèè: ïðîåêòèðîâàíèå è èçãîòîâ-
ëåíèå êàïñóë, çàñûïêó ïîðîøêà â êàïñóëû, âàêó-
óì-òåðìè÷åñêóþ äåãàçàöèþ è ãåðìåòèçàöèþ êàï-
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ñóë ñâàðêîé; âîçìîæíî ïðåäâàðèòåëüíîå óïëîòíå-
íèå êàïñóë â ãèäðîñòàòå èëè âèáðàöèåé è îêîí-
÷àòåëüíîå óïëîòíåíèå ïîðîøêà â ãàçîñòàòå â êàï-
ñóëàõ ïðè âûñîêèõ òåìïåðàòóðàõ è äàâëåíèÿõ; óäà-
ëåíèå îñòàòêîâ êàïñóë; ôèíèøíûå îïåðàöèè (ìå-
õàíîîáðàáîòêà, òåðìè÷åñêàÿ îáðàáîòêà è äð.).

Îñíîâíûìè êîíñòðóêòèâíûìè ýëåìåíòàìè
ãàçîñòàòîâ ÿâëÿþòñÿ: ðàáî÷àÿ êàìåðà âûñîêîãî
äàâëåíèÿ (êîíòåéíåð) ñ íàãðåâàòåëüíûì óñòðîé-
ñòâîì; ñèñòåìû ñîçäàíèÿ âûñîêîãî äàâëåíèÿ ãàçà
â ðàáî÷åé êàìåðå; ñèñòåìû óïðàâëåíèÿ, êîíòðî-
ëÿ è àâòîìàòè÷åñêîé çàùèòû. Ïîñëå çàãðóçêè êàï-
ñóëû ñ ïîðîøêîì ðàáî÷àÿ êàìåðà ãàçîñòàòà çà-
êðûâàåòñÿ è èç íåå ïîñðåäñòâîì êîìïðåññîðà îò-
êà÷èâàåòñÿ âîçäóõ, ñîçäàâàÿ âûñîêîå äàâëåíèå â
êàìåðå. Çàòåì âêëþ÷àþòñÿ íàãðåâ è ïîäà÷à àðãî-
íà. Ïðè äîñòèæåíèè ðàñ÷åòíûõ çíà÷åíèé òåìïå-
ðàòóðà è äàâëåíèå ïîääåðæèâàþòñÿ íà ïîñòîÿííîì
óðîâíå â òå÷åíèå âñåãî âðåìåíè âûäåðæêè ñ ïîñ-
ëåäóþùèì îõëàæäåíèåì ñî ñíèæåíèåì äàâëå-
íèÿ. Âûñîêîå ãàçîâîå äàâëåíèå äåéñòâóåò ðàâíî-
ìåðíî âî âñåõ íàïðàâëåíèÿõ. Ïîðîøîê ïåðåä óï-
ëîòíåíèåì ïîäâåðãàþò äåãàçàöèè äëÿ óäàëåíèÿ
áîëüøåé ÷àñòè ãàçà, àäñîðáèðîâàííîãî ïîâåðõíî-
ñòüþ ÷àñòèö, è âèáðèðîâàíèþ äëÿ áîëåå ïëîòíîé
óïàêîâêè ÷àñòèö.

Ïðî÷íîñòü çîí êîíòàêòîâ ïî îêîí÷àíèè ïðî-
öåññà ÃÈÏ îáû÷íî ðàâíà ïðî÷íîñòè îñíîâíîãî
ìàòåðèàëà â òîì ñëó÷àå, êîãäà ñòðóêòóðà ýòîé çîíû
íå îòëè÷àåòñÿ îò ñòðóêòóðû îñíîâíîãî ìàòåðèà-
ëà. Îäíàêî â ðÿäå ñëó÷àåâ ìåæ÷àñòè÷íûå ãðàíè-
öû ó ìàòåðèàëà, óïëîòíåííîãî ÃÈÏ, ìîãóò áûòü
îñëàáëåíû îñòàòî÷íûìè ïðèìåñÿìè, ÷òî ñíèæà-
åò ïðî÷íîñòü è ïëàñòè÷íîñòü ïîðîøêîâîãî ìàòå-
ðèàëà.

Â [32] èññëåäîâàëîñü âëèÿíèå ðÿäà òåõíîëîãèé
íà ñâîéñòâà SLM-ìàòåðèàëà âûñîêîõðîìèñòîãî
íèêåëåâîãî æàðîïðî÷íîãî è æàðîñòîéêîãî ñïëà-
âà ÝÏ-648 (òàáë. 1), îáëàäàþùåãî õîðîøåé êîð-
ðîçèîííîé ñòîéêîñòüþ â àòìîñôåðíûõ óñëî-
âèÿõ è óäîâëåòâîðèòåëüíîé ñâàðèâàåìîñòüþ.

Ñïëàâ îòíîñèòñÿ ê óíèâåðñàëüíûì ìàòåðèà-
ëàì, êîòîðûå ìîãóò áûòü âîñòðåáîâàíû â ðàçëè÷-
íûõ îòðàñëÿõ ïðîìûøëåííîñòè è ïðèìåíåíû íå
â êàêîì-ëèáî îäíîì âèäå àääèòèâíîãî ïðîèçâîä-
ñòâà, à êîìïëåêñíî: äëÿ ïðîèçâîäñòâà äåòàëåé, èõ

ðåìîíòà è óïðî÷íåíèÿ êîíòàêòíûõ ïîâåðõíîñòåé.
Äëÿ òåõíîëîãèè SLM ãðàíóëîìåòðè÷åñêèé ñîñòàâ
ïîðîøêà íàõîäèëñÿ â äèàïàçîíå 10—60 ìêì.

Ïðîöåññ SLM ïîðîøêà ïðîâîäèëè â óñòàíîâ-
êå Concept Laser M2 Ñusing, îñíàùåííîé èòòåð-
áèåâûì âîëîêîííûì ëàçåðîì ñ äèîäíîé íàêà÷êîé
ìîùíîñòüþ 400 Âò è äëèíîé âîëíû 1069 íì, ñ
ðàáî÷èì ïðîñòðàíñòâîì çîíû ïîñòðîåíèÿ
250 × 250 × 280 ìì, â ñðåäå àçîòà, âûðàáàòûâàåìî-
ãî øòàòíûì ãåíåðàòîðîì N2 Midigas 2 ôèðìû
Concept Laser (Ãåðìàíèÿ) è àðãîíà (âûñøèé ñîðò,
ÃÎÑÒ 10157-79) ïðè îäèíàêîâûõ ïàðàìåòðàõ ñèí-
òåçà.

Òèïè÷íàÿ ìèêðîñòðóêòóðà ìàòåðèàëà ïîñëå
SLM ïðèâåäåíà íà ðèñ. 1, ãäå õîðîøî âèäíû ïî-
ïåðå÷íûå ñðåçû ñïëàâëåííûõ ëàçåðîì äîðîæåê
(òðåêîâ). Â îáúåìå îòäåëüíûõ òðåêîâ íàáëþäàþòñÿ
ïîðû è ñóáñòðóêòóðà, êîòîðàÿ ïðåäñòàâëÿåò ñîáîé
ÿ÷åéêè, îáðàìëåííûå êàðáèäàìè è ñêîïëåíèÿìè
äèñëîêàöèé.

Àíàëèç ìèêðîñòðóêòóð íà ðèñ. 2 ïîêàçûâàåò,
÷òî â ñèíòåçèðîâàííîì â àçîòå ìàòåðèàëå áîëüøîå
êîëè÷åñòâî ìèêðîòðåùèí è ìàêñèìàëüíûé ðàçìåð
ïîð â ñòðóêòóðå ìåíüøå ~2—2,5 ðàçà ïî ñðàâíå-
íèþ ñ ñèíòåçèðîâàííîì â àðãîíå. Âåðîÿòíî, ýòî
ñâÿçàíî ñ óâåëè÷åíèåì èíòåíñèâíîñòè òåïëîîòâî-
äà â ãàçîâóþ ôàçó èç-çà áîëüøåé (ïî÷òè â 1,5 ðàçà)
òåïëîåìêîñòè àçîòà.

Â [33] èññëåäîâàíèå ïîðèñòîñòè ñïëàâà ÝÏ-648
â ñîñòîÿíèè SLM â àòìîñôåðå àçîòà ïðîâîäèëè íà
íåòðàâëåíûõ øëèôàõ. Êîëè÷åñòâåííûé àíàëèç
ìèêðîïîð íà ïîâåðõíîñòè øëèôîâ ïðîâîäèëè,
àíàëèçèðóÿ 25 ïîëåé çðåíèÿ äëÿ êàæäîãî îáðàç-
öà ïðè óâåëè÷åíèè × 200. Ïëîùàäü êàäðà ïðè
óâåëè÷åíèè × 200 ñîñòàâëÿëà 640 × 480 ìêì =
= 30720 ìêì2 ≈ 0,3 ìì2. Ïëîùàäü, íà êîòîðîé ïðî-
âîäèëè êîëè÷åñòâåííûé àíàëèç íà êàæäîì îáðàç-
öå, ïðèáëèçèòåëüíî ðàâíà 0,3 ìì2 × 25 = 7,5 ìì2.
Èññëåäîâàíèå ïîðèñòîñòè ïîëó÷åííûõ çàãîòîâîê
ïîêàçàëî, ÷òî ñðåäíÿÿ îáúåìíàÿ äîëÿ ïîð â SLM-
ìåòàëëå ñîñòàâëÿåò 0,07%, ÷òî ñîîòâåòñòâóåò ëó÷-
øèì ðåçóëüòàòàì, ïîëó÷åííûì ïðè èñïîëüçîâàíèè
ïîðîøêîâ èìïîðòíîãî ïðîèçâîäñòâà. Îñíîâíûå ïà-
ðàìåòðû ïîð ïðåäñòàâëåíû â òàáë. 2 [4]. Íà ðèñ. 3,à
âèäíû ïîðû âíóòðè òðåêîâ, èìåþùèå ïðåèìóùå-
ñòâåííî ñôåðè÷åñêóþ èëè îêðóãëóþ ôîðìó, íà

Òàáëèöà 1

Õèìè÷åñêèé ñîñòàâ æàðîïðî÷íîãî ñïëàâà ÝÏ-648, % (ïî ìàññå)

Ni Cr Al Ti Nb Mo W C 

Îñíîâà 32–35 0,5–1,1 0,5–1,1 0,5–1,1 2,3–3,3 4,3–5,3 ≤0,1 
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ðèñ. 3,á îòìå÷àåòñÿ ïîðèñòîñòü óñàäî÷íîãî ïðîèñ-
õîæäåíèÿ, ðàñïîëîæåííàÿ âäîëü ëèíèè ñïëàâëå-
íèÿ òðåêîâ (âåðîÿòíî, íà ãðàíèöå ñïëàâëåíèÿ
îòäåëüíûõ ôðàãìåíòîâ).

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ñèíòåçèðîâàí-
íûõ îáðàçöîâ, ïðèâåäåííûå â òàáë. 3 â ñðàâíåíèè

ñ õàðàêòåðèñòèêàìè ëèòîãî ñïëàâà ïîñëå ïîëíîé
òåðìè÷åñêîé îáðàáîòêè (ÒÎ), èçìåðåíû ïðè êîì-

íàòíîé òåìïåðàòóðå (Òèñï = 20 °Ñ). Ïðè àíàëèçå
òàáë. 3 óñòàíîâëåíî, ÷òî ïðåäåëû ïðî÷íîñòè è òå-
êó÷åñòè â ìàòåðèàëàõ, ïîëó÷åííûõ ïî òåõíîëîãèè

Ðèñ. 1. Ñòðóêòóðà ñèíòåçèðîâàííûõ îáðàçöîâ ïîñëå SLM ïðè èññëåäîâàíèè íà ðàñòðîâîì ýëåêòðîííîì ìèêðî-
ñêîïå: à — × 1000; á — × 10000

à) á)

Ðèñ. 2. Íåñïëîøíîñòè â ìåòàëëå, ñèíòåçèðîâàííîì â àðãîíå (à) è àçîòå (á), ïðè óâåëè÷åíèè × 200

à) á)

Òàáëèöà 2

Ñâîäíûå äàííûå àíàëèçà ïîðèñòîñòè SLM-ìåòàëëà [4]

Ïàðàìåòð Çíà÷åíèÿ ïàðàìåòðà 

Îáùàÿ êîíöåíòðàöèÿ, % 0,0688 

Îáùåå êîëè÷åñòâî îáúåêòîâ, øò./ìì2 50,2971 

Ìèíèìàëüíàÿ êîíöåíòðàöèÿ, % 0,0296 

Ìàêñèìàëüíàÿ êîíöåíòðàöèÿ, % 0,1220 

Ìèíèìàëüíîå êîëè÷åñòâî îáúåêòîâ, øò./ìì2 23,6913 

Ìàêñèìàëüíîå êîëè÷åñòâî îáúåêòîâ, øò./ìì2 85,0350 
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SLM (êàê â àçîòå, òàê è â àðãîíå), ñòðåìÿòñÿ ê ïî-
êàçàòåëÿì ëèòîãî ìàòåðèàëà. Ïëàñòè÷åñêèå õàðàê-
òåðèñòèêè ìàòåðèàëà â ñîñòîÿíèè SLM ïðè ñèí-
òåçå â àðãîíå â 2—2,5 ðàç âûøå, ÷åì â àçîòå, ÷òî,
âèäèìî, ñâÿçàíî ñ áîëüøèì êîëè÷åñòâîì ìèêðî-
òðåùèí.

Ïðî÷íîñòíûå è ïëàñòè÷åñêèå õàðàêòåðèñòèêè
ñèíòåçèðîâàííîãî ìàòåðèàëà çíà÷èòåëüíî ïðåâîñ-
õîäÿò ïàñïîðòíûå õàðàêòåðèñòèêè ëèòîãî ìàòåðè-
àëà: íà 20—25 % ïî ïðî÷íîñòè è â 2,5—3 ðàçà ïî
ïëàñòè÷íîñòè. Ðåçóëüòàòû èñïûòàíèé íà äëèòåëü-

íóþ ïðî÷íîñòü ïðè òåìïåðàòóðå 800 °C è íàïðÿ-
æåíèè σ = 176 ÌÏà ìàòåðèàëîâ, ñèíòåçèðîâàí-
íûõ â àðãîíå è àçîòå, ïîêàçàíû íà ðèñ. 4. Êàê
âèäíî èç ðèñ. 4, ïðèìåíåíèå ãàçîñòàòèðîâàíèÿ áåç

ñòàðåíèÿ íå îáåñïå÷èâàåò íåîáõîäèìîãî óðîâíÿ
äëèòåëüíîé ïðî÷íîñòè. Ó ñîñòàðåííîãî ìåòàëëà
çíà÷åíèÿ äëèòåëüíîé ïðî÷íîñòè îáðàçöîâ ïîñëå
ÒÎ è ãàçîñòàòèðîâàíèÿ ñî ñòàðåíèåì íàõîäÿòñÿ
ïðàêòè÷åñêè íà îäíîì óðîâíå, ÷òî õîðîøî ñîãëà-
ñóåòñÿ ñ äàííûìè ðàáîòû [33].

Àíàëèç ëèòåðàòóðíûõ èñòî÷íèêîâ, â êîòîðûõ
ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé ñâîéñòâ
SLM-ìàòåðèàëîâ èç ñïëàâà ÝÏ-648, ïîçâîëèë óñ-
òàíîâèòü:

1. Îáðàçöû, ïîëó÷åííûå ñ èñïîëüçîâàíèåì
ïîðîøêîâûõ òåõíîëîãèé SLM èç ñïëàâîâà ÝÏ-648,
â èñõîäíîì ñîñòîÿíèè çíà÷èòåëüíî ïðåâîñõîäÿò
ïî ìåõàíè÷åñêèì õàðàêòåðèñòèêàì ëèòûå àíàëî-

Ðèñ. 3. Âíåøíèé âèä ïîð â ìåòàëëå â ñîñòîÿíèè SLM:  à – × 6000; á – × 5000
à) á)

Òàáëèöà 3

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ñïëàâà ÝÏ-648 â ðàçëè÷íûõ ñîñòîÿíèÿõ ïðè òåìïåðàòóðå Òèñï = 20 °Ñ

* Ïàñïîðòíûå õàðàêòåðèñòèêè.

Ñîñòîÿíèå îáðàçöà σâ, ÌÏà σ0,2, ÌÏà δ, % ψ, % 

SLM (N2) [4] 840 695 10,4 7 

SLM (N2) + ÒÎ [4] 965 665 7,0 8 

SLM (N2) + ÃÈÏ 1 000 545 35,0 32 

SLM (N2) + ÃÈÏ + ñòàðåíèå 1 120 725 19,0 20 

SLM (Ar) 870 605 27, 0 27 

SLM (Ar) + ÒÎ 1 090 655 24,0 22 

SLM (Ar) + ÃÈÏ 940 520 40,0 38 

SLM (Ar) + ÃÈÏ + ñòàðåíèå 1205 770 22,0 25 

Лèòîé + ÒÎ* [4] 785…880 585…690 4,0…7,0 4…7* 
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ãè è ëèøü íåçíà÷èòåëüíî óñòóïàþò îáðàçöàì,
ïîëó÷åííûì äåôîðìàöèîííûìè ìåòîäàìè.

2. SLM-ìàòåðèàë îáðàçöîâ ñïëàâà ÝÏ-648 õà-
ðàêòåðèçóåòñÿ çíà÷èòåëüíîé ìèêðîïîðèñòîñòüþ
(ðàçìåð ïîð äî 20 ~ 75 ìêì ) ñ íàëè÷èåì åäèíè÷-
íûõ ëîêàëüíûõ íåñïëîøíîñòåé íà ãðàíèöå ðàçäåëà
ñî ñôåðè÷åñêèìè ÷àñòèöàìè è çåðíîãðàíè÷íûõ
ðàñùåïëåíèé. ÃÈÏ ñïîñîáñòâóåò ïðàêòè÷åñêè
ïîëíîìó «çàëå÷èâàíèþ» ïîð è ìèêðîíåñïëîøíî-
ñòåé, ñîñðåäîòî÷åííûõ âî âíóòðåííèõ îáú¸ìàõ
ìåòàëëà.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ âûáðàíà
ñòàëü ìàðêè 03Õ18Í12Ì2, õèìè÷åñêèé ñîñòàâ
êîòîðîé (ñîäåðæàíèå ýëåìåíòîâ, % ïî ìàññå):
C — 0,03%, Cr — 18%, Ni — 12%, Mo — 2% è ñïëàâ
òèïà ÝÏ-648 (ñì. òàáë. 1). Îáà ñïëàâà ïîëó÷åíû
ïî òåõíîëîãèè SLM.

Ïðè ïîñòðîåíèè èçäåëèé âåñü ñëîé (òåêóùåå
ñå÷åíèå) äåòàëè ðàçáèâàåòñÿ íà îòäåëüíûå ôðàã-
ìåíòû êâàäðàòíîé ôîðìû, íàçûâàåìûå «îñòðîâêà-
ìè», êîòîðûå ëàçåð ñïëàâëÿåò. Ôðàãìåíòû ñïëàâ-
ëÿþòñÿ ïî çàðàíåå îïðåäåëåííîìó àëãîðèòìó,
ñîñòàâëåííîìó òàêèì îáðàçîì, ÷òîáû ëîêàëèçî-
âàòü âíóòðåííèå íàïðÿæåíèÿ ìåòàëëà íà íåáîëü-
øîì ó÷àñòêå, ÷òî ïîçâîëÿåò ïîëó÷èòü ìàêñèìàëü-
íî îäíîðîäíóþ è ïëîòíóþ ñòðóêòóðó ñ ìèíèìàëü-
íîé ïîðèñòîñòüþ [4]. Â êà÷åñòâå èíåðòíîé ñðåäû
èñïîëüçîâàëè àðãîí. Îñíîâíàÿ öåëü ïðè èñïîëü-
çîâàíèè òåõíîëîãèè SLM äëÿ èçãîòîâëåíèÿ äåòà-
ëåé è èçäåëèé çàêëþ÷àåòñÿ â ïîëó÷åíèè ñòðóêòó-
ðû, äîñòèãàþùåé ïëîòíîñòè ~100%. Ñèíòåçèðî-
âàíèå äåòàëè äîëæíî ïðîèçâîäèòüñÿ ñ ìàêñèìàëü-

íîé ñêîðîñòüþ. Ñïëàâû, ïîëó÷åííûå ñèíòåçîì ïî
òåõíîëîãèè SLM, èìåþò ïîðû ðàçíîé ïðèðîäû –
óñàäî÷íûå ïîðû, ôîðìèðóþùèåñÿ çà ñ÷åò íåïîë-
íîãî çàïîëíåíèÿ ïîëîñòåé æèäêèì ìåòàëëîì; ãà-
çîâûå, ñôåðè÷åñêèå ïîðû, ïðè÷èíàìè êîòîðûõ
ÿâëÿþòñÿ çàõâàòûâàíèå ãàçà âàííîé ðàñïëàâà ïðè
èçáûòî÷íîì ïåðåïëàâå è íåïðîïëàâëåííûå ó÷àñ-
òêè, îáðàçóþùèåñÿ èç-çà íåäîñòàòêà ýíåðãèè äëÿ
èõ ñïëàâëåíèÿ. Íåïðîïëàâëåííûå ó÷àñòêè ìîãóò
èìåòü âèä êàê íåñïëîøíîñòåé ñòðóêòóðû èç-çà íå-
äîñòàòêà ìîùíîñòè ëàçåðà, òàê è íåïðàâèëüíûõ
ñòðóêòóðíûõ îáðàçîâàíèé èç-çà èçáûòî÷íîé ñêî-
ðîñòè ñêàíèðîâàíèÿ. Ïîðèñòîñòü ñòðóêòóðû íà-
ïðÿìóþ âëèÿåò íà ïðî÷íîñòíûå õàðàêòåðèñòèêè
ìàòåðèàëà. Òàê, íàëè÷èå, â ïåðâóþ î÷åðåäü, êðóï-
íûõ ïîð â ìàòåðèàëå îáóñëîâëèâàåò íèçêèå ïðî÷-
íîñòíûå õàðàêòåðèñòèêè.

Ñ öåëüþ óìåíüøåíèÿ ïîðèñòîñòè ñïëàâû ïîä-
âåðãàëèñü õîëîäíîìó èçîñòàòè÷åñêîìó ïðåññîâà-
íèþ (ÕÏ) íà ñïåöèàëüíî ðàçðàáîòàííîé óñòàíîâ-
êå. ÕÏ ïðîèçâîäèëîñü ïðè ñëåäóþùèõ ïàðàìåòðàõ:
äàâëåíèå — 2500 àòì., âðåìÿ âûäåðæêè — 24 ÷àñà,
ñðåäà — âîäà.

Ñèíòåçèðîâàííûå ñïëàâû èññëåäîâàëèñü äëÿ
îïðåäåëåíèÿ ïîðèñòîñòè. Ïîðèñòîñòü íåòðàâëåíûõ
øëèôîâ â ñîñòîÿíèè SLM è ïîñëå èçîñòàòè÷åñ-
êîãî ïðåññîâàíèÿ èññëåäîâàëàñü íà ìåòàëëîãðàôè-
÷åñêîì êîìïëåêñå «Leica DM2500» ñ ïîìîùüþ
ïðîãðàììû Leica Application Suite Interactive
Measurement. Ìåõàíè÷åñêèå ñâîéñòâà îáðàçöîâ
îïðåäåëÿëè ïî ñòàíäàðòíûì ìåòîäèêàì íà ñòàòè-
÷åñêîå ðàñòÿæåíèå íà ìàøèíå Shimadzu AGX
100êÍ. Ìèêðîòâåðäîñòü îïðåäåëÿëàñü íà ïðèáî-
ðå ÏÌÒ3ì.

Ðèñ. 4. Äèàãðàììà äëèòåëüíîé ïðî÷íîñòè ñèíòåçèðîâàííîãî ìàòåðèàëà â ðàçëè÷íûõ ñîñòîÿíèÿõ
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Ðåçóëüòàòû è èõ îáñóæäåíèå

Ðåçóëüòàòû ìåõàíè÷åñêèõ èñïûòàíèé êîððîçè-
îííîñòîéêîé ñòàëè 03Õ18Í12Ì2, ïîëó÷åííîé ïî
ðàçíûì òåõíîëîãèÿì, ïðåäñòàâëåíû â òàáë. 4.

Êàê âèäíî èç ïðèâåäåííûõ ðåçóëüòàòîâ, ñèí-
òåçèðîâàííûå ñïëàâû îáëàäàþò âûñîêèìè ïîêà-
çàòåëÿìè ïðî÷íîñòè, ïðåâûøàþùèìè ìåõàíè÷åñ-
êèå ñâîéñòâà ñïëàâîâ, ïîëó÷åííûõ ïî äðóãèì òåõ-
íîëîãèÿì. Ýòî ïîäòâåðæäàþò êàê äàííûå, ñîäåð-
æàùèåñÿ â ëèòåðàòóðå, òàê è òå, ÷òî áûëè ïîëó-
÷åíû â íàñòîÿùåé ðàáîòå.

Â ðåçóëüòàòå àíàëèçà ïîð â ñèíòåçèðîâàííîì
ìàòåðèàëå ïî òåõíîëîãèè SLM óñòàíîâëåíî, ÷òî
îñíîâíîå êîëè÷åñòâî ïîð èìååò óñàäî÷íîå ïðîèñ-
õîæäåíèå. Êîëè÷åñòâåííûé àíàëèç ìèêðîïîð íà
ïîâåðõíîñòè øëèôîâ ïðîâîäèëè, àíàëèçèðóÿ íå-
ñêîëüêî ïîëåé çðåíèÿ äëÿ êàæäîãî îáðàçöà ïðè
óâåëè÷åíèè × 100. Ïîâåðõíîñòè øëèôîâ âñåõ îá-
ðàçöîâ ïðîñìàòðèâàëè ïîëíîñòüþ ïðè óâåëè÷åíèè
× 100, äëÿ èññëåäîâàíèÿ âûáèðàëè ìåñòà ñ íàè-
áîëüøèì êîëè÷åñòâîì ìèêðîïîð, ìàòåìàòè÷åñêóþ
îáðàáîòêó âûïîëíÿëè ïðè ïîìîùè êîìïüþòåðíîé
ïðîãðàììû. Õàðàêòåð ðàñïðåäåëåíèÿ ïîð ïî ðàç-
ìåðàì â ñïëàâå ÝÏ-648 â èñõîäíîì ñîñòîÿíèè è
ïîñëå ÕÏ ïîêàçàí íà ðèñ. 5, à â ñïëàâå
03Õ18Í12Ì2Ò ïîñëå ÕÏ — íà ðèñ. 6.

Ðåçóëüòàòû àíàëèçà ïîð â èññëåäîâàííûõ ìà-
òåðèàëàõ ïðèâåäåíû â òàáë. 5.

Â ñèíòåçèðîâàííîì ñîñòîÿíèè â ñïëàâå ÝÏ-648
(îáðàçåö ¹1, ðåæèì ¹1) êîëè÷åñòâî ïîð îöåíè-
âàëîñü êîýôôèöèåíòîì çàïîëíåíèÿ, ðàâíûì äëÿ
ðåæèìà ¹1 îáðàáîòêè SLM 0,56%, è ïëîùàäüþ

ïîð 6440 ìêì. Ðàçìåð ïîð ïðè ýòîì íàõîäèëñÿ â
èíòåðâàëå 6,41— 42,3 ìêì. Ïîñëå õîëîäíîãî èçî-
ñòàòè÷åñêîãî ïðåññîâàíèÿ îáðàçöà ¹1 (ðåæèì
îáðàáîòêè ¹2) êîýôôèöèåíò çàïîëíåíèÿ ñíèçèë-
ñÿ â äâà ðàçà, ïëîùàäü ïîð óìåíüøèëàñü áîëåå ÷åì
â äâà ðàçà. Ïðè ýòîì íàèáîëåå ñóùåñòâåííî óìåíü-
øèëèñü ìèíèìàëüíûé äèàìåòð (ïðèìåðíî â äâà
ðàçà) è êîëè÷åñòâî ïîð ñ íåáîëüøèì çíà÷åíèåì
ýêâ. äèàìåòðà.

Àíàëèç îáðàçöà ¹2, ïîäâåðãíóòîãî õîëîäíî-
ìó èçîñòàòè÷åñêîìó ïðåññîâàíèþ ïîêàçàë, ÷òî
ïîðû áîëüøîãî äèàìåòðà (áîëåå100 ìêì) íåçíà-
÷èòåëüíî óìåíüøàþòñÿ ïðè ýòîé îáðàáîòêå, ÷òî
ñóùåñòâåííî óâåëè÷èâàåò çíà÷åíèå êîýôôèöèåíòà
çàïîëíåíèÿ. Ãîðÿ÷åå èçîñòàòè÷åñêîå ïðåññîâàíèå
òàêæå íå óñòðàíÿåò ïîðû òàêîãî ðàçìåðà [1]. Îá-
ðàçåö ¹3 (ñòàëü 03Õ18Í12Ì2Ò, ïîäâåðãíóòàÿ ÕÏ)
èìååò áîëüøèíñòâî ïîð ðàçìåðîì ìåíüøå 10 ìêì
è ìèíèìàëüíîå çíà÷åíèå êîýôôèöèåíòà çàïîëíå-
íèÿ 0,18, ÷òî, â òîì ÷èñëå, ñâèäåòåëüñòâóåò î ìåíü-
øåì êîëè÷åñòâå ïîð â èñõîäíîì ñîñòîÿíèè ìàòå-
ðèàëà è îïðåäåëÿåò âûñîêèå çíà÷åíèÿ ìåõàíè÷åñ-
êèõ ñâîéñòâ ñòàëè, ïîëó÷åííûå ïî òåõíîëîãèè

Òàáëèöà 4

Ìåõàíè÷åñêèå ñâîéñòâà ñïëàâîâ 316L è ÝÏ-648

Âèä òåõíîëîãèè 
ïîëó÷åíèÿ  

è îáðàáîòêè 
Ìàðêà ñïëàâà Òâåðäîñòü HV20 σâ,ÌÏà σ0,2 ÌÏà δ,% 

Лèòüå1 

03Õ18Í12Ì2 

- 485 - 40 

Ïðîêàò2 200 570 - 70 

Ïðåññîâàíèå3 - 578 - 58 

SLM4 - 660 - 67 

SLM5 241 680 114 40 

SLM6 315 - - - 

SLM7 
ÝÏ-648 

290 - - - 

SLM8 365 - - - 

1,2,3 [14];  

4 - õîëîäíîå èçîñòàòè÷åñêîå ïðåññîâàíèå+ýêñòðóçèÿ) [14]; 

5-8 - íàñò. ðàáîòà; 

5,7 - SLM; 

6,8 - SLM+ õîëîäíîå èçîñòàòè÷åñêîå ïðåññîâàíèå. 
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Ðèñ. 5. Ãèñòîãðàììû ðàñïðåäåëåíèå ðàçìåðîâ ïîð â ñïëàâå ÝÏ-648: à — îáðàçåö ¹1 — (SLM)+èñõîäíîå ñîñòî-
ÿíèå; á — îáðàçåö ¹1 — (SLM)+õîëîäíîå èçîñòàòè÷åñêîå ïðåññîâàíèå; â — îáðàçåö ¹2 — (SLM)+õîëîäíîå
èçîñòàòè÷åñêîå ïðåññîâàíèå. Îáðàçöû ¹1 è ¹ 2 ïîëó÷åíû ïî ðàçíûì ðåæèìàì SLM; n/N –îòíîøåíèå êîëè÷å-
ñòâà ïîð îïðåäåëåííîãî ðàçìåðà ê îáùåìó êîëè÷åñòâó ïîð

à)

á)

â)
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SLM (ñì. òàáë. 4). Ñôåðè÷åñêèå ïîðû, ñâÿçàííûå
ñ ïîâûøåííîé ãàçîíàñûùåííîñòüþ, ïðèñóòñòâó-
þò â ìèíèìàëüíîì êîëè÷åñòâå.

Íà îáðàçöå ¹3 (ñòàëü 03Õ18Í12Ì2Ò) îïðåäå-
ëÿëîñü ðàñïðåäåëåíèå ìèêðîòâåðäîñòè ïî ñå÷åíèþ

îáðàçöà äèàìåòðîì ~ 5 ìì (ðèñ. 7). Ìèêðîòâåð-
äîñòü èçìåðåíà íà ÏÌÒ-3ì ñ íàãðóçêîé 20 ãñ è
âûäåðæêîé 20 ñ, ñ øàãîì èçìåðåíèÿ 153 ìêì.
Ïðèâåäåíî ñðåäíåå çíà÷åíèå ïî òðåì èçìåðåíè-
ÿì â øàãå â 39 çîíàõ èçìåðåíèÿ. Ìàêñèìàëüíûå

Ðèñ. 6. Ãèñòîãðàììà ðàñïðåäåëåíèå ðàçìåðîâ ïîð â ñòàëè 03Õ18Í12Ì2Ò. Îáðàçåö ¹3 — (SLM)+õîëîäíîå èçîñ-
òàòè÷åñêîå ïðåññîâàíèå

Òàáëèöà 5

Ðåçóëüòàòû àíàëèçà ïîð â èññëåäîâàííûõ ìàòåðèàëàõ

Ðèñ. 7. Ðàñïðåäåëåíèå ìèêðîòâåðäîñòè ïî ñå÷åíèþ îáðàçöà ñòàëè 03Õ18Í12Ì2Ò (SLM + õîëîäíîå èçîñòàòè÷åñ-
êîå ïðåññîâàíèå)

¹  
ðåæèìà  

è îáðàçöà 
Ìàòåðèàë 

Âèä  
îáðàáîòêè 
ìàòåðèàëà 

Ìàêñè- 
ìàëüíûé  
ðàçìåð  
ïîðû 

D, ìêì 

Ìèíè- 
ìàëüíûé  
ðàçìåð  
ïîðû 

D, ìêì 

Ìàòåìà-
òè÷åñêîå 
îæèäàíèå 

Ïëîùàäü  
ïîð, 
ìêì 

Êîýôôèöèåíò 

çàïîëíåíèÿ,% 

1,1 

ÝÏ-648 

SLM 42,3 6,41 15,1 6440 0,56 

2,1 SLM +ÕÏ 34,1 3,42 10,5 2630 0,27 

3,2 SLM +ÕÏ 158 3,34 13,3 2450 2,5 

4 03Õ18Í12Ì2 SLM +ÕÏ 34,1 5,72 12,8 1710 0,18 
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çíà÷åíèÿ òâåðäîñòè ïîëó÷åíû â ïîâåðõíîñòíîì
ñëîå ñòàëè, ÷òî õàðàêòåðíî äëÿ òåõíîëîãèè ÕÏ.

Íà ïîâåðõíîñòè îáðàçöà (ãëóáèíà óïðî÷íåííî-
ãî ñëîÿ ~1,5 ìì) ìàêñèìàëüíûå çíà÷åíèÿ ìèêðî-
òâåðäîñòè  HV20 = 280—200, â ñåðåäèíå òâåðäîñòü
ñíèæàåòñÿ äî óðîâíÿ HV20 = 150—190. Èññëåäî-
âàëàñü ìèêðîñòðóêòóðà ñïëàâà ïîñëå èçîñòàòè÷åñ-
êîãî ïðåññîâàíèÿ.

Ìèêðîñòðóêòóðà àóñòåíèòíîé õðîìîíèêåëåâîé
ñòàëè â çîíå èçìåðåíèÿ òâåðäîñòè, òèïè÷íàÿ äëÿ
ìàòåðèàëà ïîñëå SLM, ïðåäñòàâëåíà íà ðèñ. 8, ãäå
âèäíû ïîïåðå÷íûå ñðåçû ñïëàâëåííûõ ëàçåðîì
äîðîæåê (òðåêîâ).

Ðàçáðîñ çíà÷åíèé ìèêðîòâåðäîñòè (ñì. ðèñ. 7)
è ðàçìåðîâ îòïå÷àòêîâ (ñì. ðèñ. 8,à) ñâèäåòåëü-
ñòâóåò î íåîäíîðîäíîñòè õèìè÷åñêîãî ñîñòàâà
òâåðäîãî ðàñòâîðà (ñíèæåíèå òâåðäîñòè äî çíà÷å-
íèé HV20 ìåíåå 150) è, âåðîÿòíî, î âûäåëåíèè íå-
áîëüøîãî êîëè÷åñòâà äèñïåðñíûõ ôàç (ïîâûøå-
íèå çíà÷åíèé òâåðäîñòè HV20 äî 320). Ðàñøèôðîâ-
êà äèôðàêòîãðàìì è ïîñòðîåíèå äèôðàêòîãðàììû
ïî èíòåíñèâíîñòÿì ïðîâîäèëèñü íà ìíîãîöåëåâîì
ðåíòãåíîâñêîì äèôðàêòîìåòðå Rigaku Ultima IV,
îñíàùåííîì ïðîãðàììíûì îáåñïå÷åíèåì PDXL.
Ìîæíî ïðåäïîëîæèòü, ÷òî äèñïåðñíûìè ôàçàìè
â ñïëàâå ÿâëÿþòñÿ êàðáèäû ìîëèáäåíà.

Íà ïîâåðõíîñòè íàáëþäàþòñÿ íåðàâíîìåðíî
ðàñïðåäåëåííûå ëèíèè ñêîëüæåíèÿ, âûòÿíóòûå â
ðàçíûõ íàïðàâëåíèÿõ, ïîÿâëÿþòñÿ âîëíèñòûå
ëèíèè è èõ ïåðåñå÷åíèÿ, ÷òî ñâÿçûâàþò ñ ïîïå-
ðå÷íûì ñêîëüæåíèåì âèíòîâûõ äèñëîêàöèé [34]
(ñì. ðèñ. 8,á).

Ðèñ. 8. Ìèêðîñòðóêòóðà îáðàçöà SLM-ñïëàâà 03Õ18Í12Ì2Ò ïîñëå õîëîäíîãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ:
à — îòïå÷àòêè çàìåðîâ ìèêðîòâåðäîñòè; á — ëèíèè ñêîëüæåíèÿ

à) á)

Â ðåçóëüòàòå ñèíòåçèðîâàíèÿ ïî òåõíîëîãèè
SLM â ìàòåðèàëå ïðîèñõîäÿò âûñîêèå òåìïåðàòóð-
íûå èçìåíåíèÿ, ÿâëÿþùèåñÿ ïðè÷èíîé âîçíèêíî-
âåíèÿ âíóòðåííèõ íàïðÿæåíèé, âåäóùèõ íå òîëüêî
ê èçìåíåíèþ ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà, íî
è ê ïîÿâëåíèþ òðåùèí. Òàê, çàìåð ìèêðîòâåðäî-
ñòè â öåíòðå îáðàçöà ñïëàâà ÝÏ-648 íà îñíîâå
íèêåëÿ ïîêàçàë ïîÿâëåíèå òðåùèíû â çîíå îòïå-
÷àòêà. Ââèäó âûøåèçëîæåííîãî íåîáõîäèìî îöå-
íèâàòü íàëè÷èå è âåëè÷èíó âíóòðåííèõ íàïðÿæå-
íèé, âîçíèêàþùèõ â ìàòåðèàëå ïðè ñèíòåçèðîâà-
íèè èçäåëèÿ, à òàêæå ïðåäóñìàòðèâàòü äîïîëíè-
òåëüíóþ îáðàáîòêó, ñïîñîáñòâóþùóþ èõ óìåíüøå-
íèþ è óñòðàíåíèþ.

Âûâîäû

1. Ïðîâåäåíû èññëåäîâàíèÿ ñòðóêòóðû, õàðàê-
òåðà, âèäà è ðàçìåðîâ ïîð îáðàçöîâ ñïëàâà òèïà
ÝÏ-648 è ñòàëè 03Õ18Í12Ì2Ò, ïîëó÷åííûõ ñ
èñïîëüçîâàíèåì òåõíîëîãèè ïîñëîéíîãî ëàçåðíîãî
ñïëàâëåíèÿ.

2. Èçó÷åíî âëèÿíèå õîëîäíîãî èçîñòàòè÷åñêîãî
ïðåññîâàíèÿ íà ðàçìåð è êîëè÷åñòâî ïîð â SLM-
ñïëàâàõ.

3. Ïîêàçàíî, ÷òî äëÿ SLM-ñïëàâîâ ïðèìåíå-
íèå õîëîäíîãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ ïî-
çâîëÿåò ñóùåñòâåííî (~ â äâà ðàçà) ñíèçèòü êîëè-
÷åñòâî è ðàçìåð ïîð.

4. Âûÿâëåíî ïîâåðõíîñòíîå óïðî÷íåíèå ïðè
êîìíàòíîé òåìïåðàòóðå äåôîðìàöèè SLM-ñïëà-
âà 316L, îáíàðóæåííûé ýôôåêò ìîæåò áûòü ñâÿ-
çàí ñ äåôîðìàöèîííûì óïðî÷íåíèåì.
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Abstract

Escalating requirements to the new products
characteristics are associated with improvements in
design, which in its turn leads to the need of new
materials and technologies developing for parts
manufacturing. The present-day materials allow
substantial improvement of the products functional
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properties and required service life, but very often due
to drastic increase in their cost. Thus, their properties
would be employed most effectively while developing
material-saving technologies for their preparation and
processing. Selective laser melting (SLM) technology
is one of the most effective technologies for metal
products manufacturing without machining. A layer-
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by-layer application of metal powder of the specified
grain-size composition on the forming-up platform
and laser hatching of the current section according to
the pre-developed CAD-model are performed while
the installation operation. The process is being
cyclically repeated until completion of the part
forming process. To prevent oxidation, the synthesis
process is performed in the sealed chamber in the inert
gas medium.

The 3D-printing technology has a defect such as
the structure porosity and unattainability of the
required level of mechanical and operational
properties. Anisotropy of properties is being observed
in the products manufactured by the SLM technology.
The key factor affecting the properties of the
synthesized material is the presence of porosity, cracks
and unmelted granules. With this regard, additive
technologies application for the critical parts
manufacturing is being complicated, and their full-
scale implementation in high-tech industries is being
retarded.

While products shaping the whole layer (current
section) of the part is being divided into separate
square-shaped fragments called “islets”, each of which
is fused by the laser. The fragments are being fused
according to a predetermined algorithm, developed in
such a way as to localize the internal stresses of the
metal in a small area, which allows obtaining
homogeneous and dense structure with minimum
porosity. Argon was used as an inert medium. From
the viewpoint of the process parameters optimization,
it is necessary to achieve density of the part being
synthesized close to 100% with maximum printing
speed. Pores of the alloys obtained by the synthesis
employing the SLM technology are of different nature,
such as shrinkage pores formed due to incomplete
cavities filling with liquid metal; gas, spherical pores,
caused by the capture of gas in the bath melt at the
excessive overmelting; as well as non-melted areas
formed due to lack of energy for their fusion. The
unmelted areas may have the shape of the structure
discontinuities due to the laser power deficiency and
irregular structural formations due to excessive
scanning speed. The presence of large pores in the
material herewith leads to degradation of the material
strength characteristics.

The alloys were being subjected to the cold
isostatic pressing on the specially developed
installation for the porosity reduction.

The article presents the results of the studies of the
impact on the size, pores number and alloys structure
of the cold isostatic pressing of the samples fabricated
from the heat-resistant alloys, obtained by the selective

laser melting technique of metal powders. It
demonstrates that cold isostatic pressing application
with the SLM-alloys allows substantial (about twice)
reduction in pores size and number. The effect of the
316L SLM-alloy hardening manifesting in the
hardness increase of the surface layer at the room
temperature was revealed.

Keywords: selective laser fusion, additive
manufacturing, cold isostatic pressing, hot isostatic
pressing, high-chromium heat-resistant alloys.
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