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Ââåäåíèå

Îñíîâíûì ìàòåðèàëîì, èç êîòîðîãî èçãîòàâ-
ëèâàþòñÿ äåòàëè ãàçîòóðáèííûõ äâèãàòåëåé (ÃÒÄ),
ÿâëÿþòñÿ æàðîïðî÷íûå íèêåëåâûå ñïëàâû, îòâå-
÷àþùèå âûñîêèì òðåáîâàíèÿì ïî äëèòåëüíîé
ïðî÷íîñòè, äîëãîâå÷íîñòè è íàä¸æíîñòè. Íîâûì
è ïåðñïåêòèâíûì ñïëàâîì â ýòîé îáëàñòè ÿâëÿåòñÿ
Inconel 738 [1—4]. Îí îáëàäàåò äîñòàòî÷íîé êîð-
ðîçèîííîé ñòîéêîñòüþ, âûñîêèìè ïîêàçàòåëÿìè
äëèòåëüíîé ïðî÷íîñòè, áëàãîäàðÿ ÷åìó ïîäõîäèò
äëÿ èçãîòîâëåíèÿ íàèáîëåå îòâåòñòâåííûõ äåòàëåé
— ëîïàòîê ãàçîâîé òóðáèíû. Èññëåäîâàíèå ïðè-
ìåíåíèÿ ëèòåéíîãî ñïëàâà Inconel 738 äëÿ àääè-
òèâíûõ òåõíîëîãèé (ÀÒ) ÿâëÿåòñÿ àêòóàëüíûì, òàê
êàê äàííûé ìàòåðèàë àêòèâíî ïðèìåíÿåòñÿ äëÿ
èçãîòîâëåíèÿ äåòàëåé ÃÒÄ òðàäèöèîííûìè ñïî-
ñîáàìè.

Ïîñëåäíèå 30 ëåò îçíàìåíîâàíû ïðîðûâîì â
îáëàñòè òåõíîëîãèé áûñòðîãî ïðîòîòèïèðîâàíèÿ.
Ðàçâèòèå àääèòèâíîãî ïðîèçâîäñòâà (ÀÏ) îòêðûëî
íîâûå âîçìîæíîñòè äëÿ ðåàëèçàöèè êîíñòðóêòîð-
ñêèõ ðåøåíèé â äâèãàòåëåñòðîåíèè, êàê íà ñòàäèè
ðàçðàáîòêè, òàê è â ïðîöåññå ïðîèçâîäñòâà ãîòî-
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Äàííîå èññëåäîâàíèå íàïðàâëåíî íà îïðåäåëåíèå ýôôåêòèâíîñòè ïðèìåíåíèÿ ãîðÿ÷åãî èçîñòàòè÷åñêîãî ïðåñ-
ñîâàíèÿ (ÃÈÏ) ñ öåëüþ óëó÷øåíèÿ ìèêðîñòðóêòóðû äåòàëåé, ïîëó÷åííûõ ìåòîäîì ñåëåêòèâíîãî ëàçåðíîãî ñïëàâ-
ëåíèÿ. Ïðîâåäåíû ýëåêòðîííî-ìèêðîñêîïè÷åñêèå è ðåíòãåíîñïåêòðàëüíûå èññëåäîâàíèÿ èñõîäíîãî ïîðîøêîâîãî
ìàòåðèàëà Inconel 738 è îáðàçöîâ, âûðàùåííûõ ìåòîäîì ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëåíèÿ ïðè ìîùíîñòè ëà-

çåðíîãî èçëó÷åíèÿ 325 Âò âåðòèêàëüíî è ïîä óãëîì 45° ê ïîäëîæêå, äî è ïîñëå âîçäåéñòâèÿ ÃÈÏ. Èññëåäîâàíî

âëèÿíèå õèìè÷åñêîãî è ôðàêöèîííîãî ñîñòàâà ïîðîøêà íà ìèêðîñòðóêòóðó îáðàçöîâ ïîñëå âîçäåéñòâèÿ ÃÈÏ.

Êëþ÷åâûå ñëîâà: æàðîïðî÷íûé íèêåëåâûé ñïëàâ, ìèêðîñòðóêòóðà, ñåëåêòèâíîå ëàçåðíîå ñïëàâëåíèå, ýëåêò-
ðîííàÿ ìèêðîñêîïèÿ, Inconel 738, ãîðÿ÷åå èçîñòàòè÷åñêîå ïðåññîâàíèå.

âîãî èçäåëèÿ. Âî âñåì ìèðå àääèòèâíûå òåõíîëî-
ãèè àêòèâíî âíåäðÿþòñÿ, ñîçäàþòñÿ ìàñøòàáíûå
ïðîèçâîäñòâà, â êîòîðûõ êîìïëåêñ òðàäèöèîííîãî
îáîðóäîâàíèÿ çàìåíÿòñÿ 3D-ïðèíòåðàìè. Â Ðîñ-
ñèè âåä¸òñÿ àêòèâíîå èçó÷åíèå ìåòîäîâ ÀÒ â íà-
ó÷íûõ öåíòðàõ è îáðàçîâàòåëüíûõ ó÷ðåæäåíèÿõ, íî
äîëÿ òðàäèöèîííîãî ïðîèçâîäñòâà îñòà¸òñÿ ïðå-
èìóùåñòâåííîé.

Ìåòîä ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëåíèÿ
(ÑËÑ) ñ ïðèìåíåíèåì ïîðîøêîâûõ ìåòàëëè÷åñ-
êèõ ìàòåðèàëîâ ÿâëÿåòñÿ íàèáîëåå âîñòðåáîâàí-
íûì ñðåäè äðóãèõ ìåòîäîì ÀÏ äëÿ èçãîòîâëåíèÿ
ðàçëè÷íûõ èçäåëèé àâèàöèîííîé ïðîìûøëåííî-
ñòè, â òîì ÷èñëå è äåòàëåé ÃÒÄ [5—7].

Òåõíîëîãèÿ ÑËÑ çàêëþ÷àåòñÿ â ïîñëîéíîì
ïîñòðîåíèè äåòàëè íà ìåòàëëè÷åñêîé ïîäëîæêå
ïóò¸ì ñïëàâëåíèÿ îòäåëüíûõ ãðàíóë ïîðîøêà ñ
ïîìîùüþ ëàçåðíîãî èçëó÷åíèÿ âûñîêîé ìîùíî-
ñòè. Ñðåäè ïðåèìóùåñòâ äàííîãî ìåòîäà âûäåëÿ-
þò âîçìîæíîñòü ñîçäàíèÿ èçäåëèé ñëîæíîé êîí-
ôèãóðàöèè, óïðîùåíèå ïðîòîòèïèðîâàíèÿ, à òàê-
æå îäíîâðåìåííîå ïðîèçâîäñòâî íåñêîëüêèõ äå-
òàëåé. Ê íåäîñòàòêàì ìåòîäà ÑËÑ îòíîñÿò íàëè-
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÷èå îñòàòî÷íîé ïîðèñòîñòè â ñòðóêòóðå âûðàùåí-
íîé äåòàëè, îãðàíè÷åíèå àññîðòèìåíòà èñïîëüçó-
åìûõ ìàòåðèàëîâ è ãàáàðèòîâ ñîçäàâàåìûõ èçäå-
ëèé [8, 9].

Òåõíîëîãèÿ ÑËÑ ïîñòîÿííî ñîâåðøåíñòâóåò-
ñÿ â íàïðàâëåíèè ñíèæåíèÿ ïîðèñòîñòè èçãîòàâ-
ëèâàåìûõ èçäåëèé ïóò¸ì ïðèìåíåíèÿ òàêîãî ìå-
òîäà ïîñòîáðàáîòêè, êàê ãîðÿ÷åå èçîñòàòè÷åñêîå
ïðåññîâàíèå.

Ìåòîä ãîðÿ÷åãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ
çàêëþ÷àåòñÿ â âîçäåéñòâèè íà îáúåêò, íàõîäÿùèé-
ñÿ â ñïåöèàëüíîé êàïñóëå, ãàçîâûì äàâëåíèåì
ïîðÿäêà 100—200 ÌÏà ïðè ïîâûøåííûõ òåìïå-

ðàòóðàõ, êîëåáëþùèõñÿ â èíòåðâàëå 900—2000 °Ñ.
Äëÿ êàæäîãî èçäåëèÿ ðåæèì ÃÈÏ ïîäáèðàåòñÿ èí-
äèâèäóàëüíî. Ãëàâíûì àñïåêòîì îöåíêè ýôôåê-
òèâíîñòè ïðèìåíåíèÿ ãîðÿ÷åãî èçîñòàòè÷åñêîãî
ïðåññîâàíèÿ äëÿ èçäåëèé, âûðàùåííûõ ìåòîäîì
ÑËÑ, ÿâëÿåòñÿ õàðàêòåð äåôåêòîâ ñòðóêòóðû
[10—14].

Äåôåêòíîñòü ñòðóêòóðû èçäåëèé, âûðàùåííûõ
èç æàðîïðî÷íîãî íèêåëåâîãî ñïëàâà Inconel 738,
îáóñëîâëåíà åãî ñëîæíûì ìíîãîêîìïîíåíòíûì
ñîñòàâîì è íåäîñòàòî÷íî âûñîêèìè ëèòåéíûìè
ñâîéñòâàìè. Â èçäåëèÿõ, ñèíòåçèðîâàííûõ ìåòî-
äîì ÑËÑ, ÷àñòî âñòðå÷àåòñÿ ïîðèñòîñòü — äåôåêò,
îáðàçîâàâøèéñÿ â ðåçóëüòàòå íåäîñòàòî÷íîãî
ñïëàâëåíèÿ ÷àñòèö. Êðîìå òîãî, â ñòðóêòóðå íà-
áëþäàþòñÿ òðåùèíû, ïðè÷èíîé êîòîðûõ ÿâëÿåò-
ñÿ óñàäêà ìàòåðèàëà ïðè îõëàæäåíèè [15—19].

Öåëü äàííîãî èññëåäîâàíèÿ çàêëþ÷àåòñÿ â
èçó÷åíèè âëèÿíèÿ ãîðÿ÷åãî èçîñòàòè÷åñêîãî ïðåñ-
ñîâàíèÿ íà äåôåêòíîñòü îáðàçöîâ, âûðàùåííûõ èç
æàðîïðî÷íîãî íèêåëåâîãî ñïëàâà Inconel 738 ìå-
òîäîì ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëåíèÿ. Îñíîâ-
íûìè çàäà÷àìè èññëåäîâàíèÿ ÿâëÿþòñÿ: èçó÷åíèå
ìîðôîëîãèè èñõîäíîãî ïîðîøêîâîãî ìàòåðèàëà,
àíàëèç ìèêðîñòðóêòóðû îáðàçöîâ ïîñëå ïðîöåñ-

ñà ÑËÑ, âûðàùåííûõ âåðòèêàëüíî è ïîä óãëîì 45°
ê ïîäëîæêå, èññëåäîâàíèå âëèÿíèÿ ÃÈÏ íà ìèê-
ðîñòðóêòóðó îáðàçöîâ ñ ðàçëè÷íûì óãëîì îñè
âûðàùèâàíèÿ.

Ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèé

Îáðàçöû äëÿ èññëåäîâàíèÿ áûëè èçãîòîâëåíû
íà óñòàíîâêå ñåëåêòèâíîãî ëàçåðíîãî ñïëàâëåíèÿ
ìåòàëëè÷åñêîãî ïîðîøêà SLM 280HL. Â äàííîì
èññëåäîâàíèè ðàññìàòðèâàëèñü îáðàçöû, âûðà-
ùåííûå ïðè ìîùíîñòè ëàçåðíîãî èçëó÷åíèÿ

325 Âò âåðòèêàëüíî è ïîä óãëîì 45° ê ïîäëîæêå,
à òàêæå îáðàçöû, ïîäâåðãíóòûå ïîñòîáðàáîòêå ìå-
òîäîì ÃÈÏ. Èç ïîëó÷åííûõ îáðàçöîâ èçãîòàâëè-
âàëèñü øëèôû â ïîïåðå÷íîì ñå÷åíèè íà àâòîìà-

òè÷åñêîé øëèôîâàëüíî-ïîëèðîâàëüíîé ìàøèíå
REMET LS250A.

Èññëåäîâàíèÿ ìèêðîñòðóêòóðû ïîñëå òðàâëå-
íèÿ ïðîâîäèëèñü íà ìåòàëëîãðàôè÷åñêîì ìèêðî-
ñêîïå ÌÅÒÀÌ ËÂ-31. Ýëåêòðîííî-ìèêðîñêîïè-
÷åñêèå èññëåäîâàíèÿ îáðàçöîâ è èñõîäíîãî ïî-
ðîøêîâîãî ìàòåðèàëà ïðîâîäèëèñü íà ðàñòðîâîì
ýëåêòðîííîì ìèêðîñêîïå TESCAN Vega SB. Õè-
ìè÷åñêèé ñîñòàâ èñõîäíîãî ïîðîøêîâîãî ìàòåðè-
àëà îïðåäåëÿëñÿ ñ ïîìîùüþ ìèêðîðåíòãåíîñïåê-
òðàëüíîé ïðèñòàâêè ê ìèêðîñêîïó INCAx-Act.

Àíàëèç äàííûõ, ïîëó÷åííûõ â õîäå ìåòàëëî-
ãðàôè÷åñêîãî èññëåäîâàíèÿ, îñóùåñòâëÿëñÿ ñ
ïîìîùüþ ïðîãðàììû àíàëèçà èçîáðàæåíèé
NEXSYS ImageExpert Pro 3.

Ðåçóëüòàòû èññëåäîâàíèé

Ìèêðîðåíòãåíîñïåêòðàëüíûé àíàëèç ïîêàçàë,
÷òî õèìè÷åñêèé ñîñòàâ ïîðîøêà ñïëàâà Inconel 738
ñîîòâåòñòâóåò ñåðòèôèêàòó Q/AMC 4-2-10-2018
(òàáë. 1).

Ýëåêòðîííî-ìèêðîñêîïè÷åñêèé àíàëèç èñõîä-
íîãî ìàòåðèàëà ïîêàçàë, ÷òî ÷àñòèöû ïîðîøêà
èìåþò ñôåðè÷åñêóþ ôîðìó, õàðàêòåðíóþ äëÿ ìå-
òîäà ïîëó÷åíèÿ äèñïåðãèðîâàíèåì ðàñïëàâà. Ðàç-
ìåð ÷àñòèö âàðüèðóåòñÿ â äèàïàçîíå 15—53 ìêì
(ðèñ. 1,à). Íàáëþäàåòñÿ íàëè÷èå ñëèïøèõñÿ ÷àñ-
òèö — êîíãëîìåðàòîâ, ñðåäíèé ðàçìåð êîòîðûõ
ñîñòàâëÿåò 70 ìêì (ðèñ. 1,á). Ýòî îáúÿñíÿåòñÿ ðàç-
ëè÷íîé òåìïåðàòóðîé ïëàâëåíèÿ êîìïîíåíòîâ,
âõîäÿùèõ â ñîñòàâ ñïëàâà, è ñêîðîñòüþ èõ êðèñ-
òàëëèçàöèè [20, 21]. Íàëè÷èå òàêèõ ÷àñòèö íå âëè-
ÿåò íà êà÷åñòâî êîíå÷íîãî èçäåëèÿ, òàê êàê îíè
îòñåèâàþòñÿ íà ñèòàõ ïåðåä ñïëàâëåíèåì.

Òàáëèöà 1

Ðåçóëüòàòû õèìè÷åñêîãî àíàëèçà ñïëàâà Inconel 738

Ýëåìåíò 

Ñîäåðæàíèå 
(ìàññîâàÿ 

äîëÿ), 
% 

Ýëåìåíò 

Ñîäåðæàíèå 
(ìàññîâàÿ 

äîëÿ), 
%  

Ni Îñíîâà Ti 3,06 

Cr 15,60 Fe 0,07 

Co 8,57 Nb 0,82 

W 2,15 Ta 1,64 

Mo 1,92 Zr 0,38 

Al 4,06 Mn 0,05 
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Ìåòàëëîãðàôè÷åñêèé àíàëèç îáðàçöà, âûðà-
ùåííîãî âåðòèêàëüíî ê ïîäëîæêå ïðè ìîùíîñòè
325 Âò, ïîêàçàë, ÷òî ìèêðîñòðóêòóðà ïðåäñòàâëÿåò
ñîáîé ñîâîêóïíîñòü ñïëàâëåííûõ ÷àñòèö ïîðîø-
êà, êîòîðûå ÿâëÿþòñÿ ìèêðîñëèòêàìè è îáëàäà-
þò äåíäðèòíûì ñòðîåíèåì, õàðàêòåðíûì äëÿ ëè-
òîãî ìàòåðèàëà è îáåñïå÷èâàþùèì ñïëàâó òåðìè-
÷åñêóþ ñòàáèëüíîñòü [22—25]. Ìèêðîñòðóêòóðà
ïîïåðå÷íîãî ñå÷åíèÿ îáðàçöà õàðàêòåðèçóåòñÿ

íàëè÷èåì äåôåêòîâ — ìèêðîòðåùèí (ðèñ. 2,à).
Ìèêðîñòðóêòóðà ïðîäîëüíîãî ñå÷åíèÿ îáðàçöîâ
ïðåäñòàâëÿåò ñîáîé ñëîè ñïëàâëåííûõ ÷àñòèö
ïîðîøêà è òàêæå õàðàêòåðèçóåòñÿ íàëè÷èåì äå-
ôåêòîâ — òðåùèí (ðèñ. 2,á).

Ñ ïîìîùüþ ïðîãðàììû àíàëèçà èçîáðàæåíèé
NEXSYS ImageExpert Pro 3 óñòàíîâëåíî, ÷òî äëèíà
òðåùèí â ïîïåðå÷íîì ñå÷åíèè îáðàçöà âàðüèðó-
åòñÿ â äèàïàçîíå 1,92—11,55 ìêì, ñðåäíÿÿ äëèíà

Ðèñ. 1. Êîíôèãóðàöèÿ ÷àñòèö ïîðîøêà Inconel 738: à — âíåøíèé âèä; á — êîíãëîìåðàòû
à) á)

Ðèñ. 2. Ìèêðîñòðóêòóðà îáðàçöà, âûðàùåííîãî ïðè ìîùíîñòè 325 Âò âåðòèêàëüíî ê ïîäëîæêå: à — ïîïåðå÷íîå
ñå÷åíèå; á — ïðîäîëüíîå ñå÷åíèå

à) á)
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ñîñòàâëÿåò 4,15 ìêì, à â ïðîäîëüíîì ñå÷åíèè —
2,69—6,38 ìêì, ñðåäíåå çíà÷åíèå 4,22 ìêì. Òðå-
ùèíû, ÿâëÿÿñü êîíöåíòðàòîðàìè íàïðÿæåíèé,
óõóäøàþò ìåõàíè÷åñêèå ñâîéñòâà èçäåëèÿ. Èñïû-
òàíèÿ íà ðàñòÿæåíèå ïîêàçàëè, ÷òî ïðåäåë ïðî÷-
íîñòè ñèíòåçèðîâàííîãî Inconel 738 ñîñòàâëÿåò
1025 ÌÏà, â òî âðåìÿ êàê ïðåäåë ïðî÷íîñòè êîì-
ïàêòíîãî ìàòåðèàëà ñîñòàâëÿåò 1035 ÌÏà.

Ìåòàëëîãðàôè÷åñêèé àíàëèç îáðàçöà, âûðà-

ùåííîãî ïîä óãëîì 45° ê ïîäëîæêå, ïîêàçàë, ÷òî
ìèêðîñòðóêòóðà õàðàêòåðèçóåòñÿ áîëåå äëèííûìè
ìèêðîòðåùèíàìè (ðèñ. 3,à). Ìèêðîñòðóêòóðà ïðî-
äîëüíîãî ñå÷åíèÿ îáðàçöîâ òàêæå ïðåäñòàâëÿåò ñî-
áîé ñëîè ñïëàâëåííûõ ÷àñòèö ïîðîøêà è õàðàêòå-
ðèçóåòñÿ íàëè÷èåì äåôåêòîâ — òðåùèí (ðèñ. 3,á).

Ñ ïîìîùüþ ïðîãðàììû àíàëèçà èçîáðàæåíèé
NEXSYS ImageExpert Pro 3 óñòàíîâëåíî, ÷òî äëèíà
òðåùèí â ïîïåðå÷íîì ñå÷åíèè îáðàçöà âàðüèðó-
åòñÿ â äèàïàçîíå 1,86—13,84 ìêì, ñðåäíÿÿ äëèíà
ñîñòàâëÿåò 7,08 ìêì, à â ïðîäîëüíîì ñå÷åíèè —
2,07—11,79 ìêì, ñðåäíåå çíà÷åíèå 6,37 ìêì. Èñïû-
òàíèÿ îáðàçöîâ íà ðàñòÿæåíèå ïîêàçàëè, ÷òî ïðå-
äåë ïðî÷íîñòè ñîñòàâëÿåò 595 ÌÏà, ÷òî â 1,7 ðàçà
ìåíüøå, ÷åì ó îáðàçöà, âûðàùåííîãî âåðòèêàëü-
íî ê ïîäëîæêå.

Äëÿ ñíèæåíèÿ äåôåêòíîñòè ñòðóêòóðû îáðàç-
öû ïîäâåðãàëèñü ïîñòîáðàáîòêå ìåòîäîì ãîðÿ÷å-
ãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ.

Àíàëèç ìèêðîñòðóêòóðû îáðàçöîâ ïîñëå ÃÈÏ
â ïîïåðå÷íîì ñå÷åíèè ïîêàçàë, ÷òî ýôôåêòèâ-

íîñòü äàííîãî ìåòîäà ïîñòîáðàáîòêè äëÿ îáðàç-
öà, âûðàùåííîãî âåðòèêàëüíî ê ïîäëîæêå
(ðèñ. 4,à), âûøå ïî ñðàâíåíèþ ñ îáðàçöîì, âûðà-

ùåííûì ïîä óãëîì 45° (ðèñ. 4,á).
Ýëåêòðîííî-ìèêðîñêîïè÷åñêèé àíàëèç ïîêà-

çàë, ÷òî â ðåçóëüòàòå ïîñòîáðàáîòêè ìåòîäîì ãî-
ðÿ÷åãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ íàáëþäàåò-
ñÿ çàêðûòèå òðåùèí, íå èìåþùèõ êîíòàêòà ñ
âíåøíåé ñðåäîé, õàðàêòåðèçóþùååñÿ óìåíüøåíè-
åì òîëùèíû òðåùèí â 3—4 ðàçà (ðèñ. 5). Ïðèïî-
âåðõíîñòíûå äåôåêòû ñîõðàíÿþòñÿ ïîëíîñòüþ.
Äåôåêòû îáðàçöà, âûðàùåííîãî ïîä óãëîì, ìåíåå
ïîäâåðæåíû âîçäåéñòâèþ ÃÈÏ, òàê êàê ÿâëÿþò-
ñÿ íåçàìêíóòûìè.

Òàê êàê èçäåëèÿ, âûðàùåííûå ìåòîäîì ÑËÑ,
ïîäâåðãàëèñü ÃÈÏ áåç ïîìåùåíèÿ â ñïåöèàëüíóþ
ãåðìåòè÷íóþ êàïñóëó, ïîëíîãî «çàëå÷èâàíèÿ» äå-
ôåêòîâ äîáèòüñÿ íå óäàëîñü. Ïðèïîâåðõíîñòíûå
äåôåêòû ñîõðàíèëèñü ïîëíîñòüþ, à âíóòðåííèå
óìåíüøèëèñü ïî ñå÷åíèþ, íî ïîëíîãî «çàëå÷èâà-
íèÿ» èõ íå ïðîèçîøëî. Ýòî îáúÿñíÿåòñÿ íàëè÷è-
åì îêèñëîâ õðîìà, îáðàçîâàâøèõñÿ íà ïîâåðõíî-
ñòè ÷àñòèö ïîðîøêà ïðè âûñîêîòåìïåðàòóðíîì
ñïëàâëåíèè. Ýòî ïîäòâåðæäàåòñÿ ðàçëè÷èåì ñîäåð-
æàíèÿ êèñëîðîäà âíóòðè êîìïàêòíîãî ìàòåðèàëà
è íà èçëîìå (òàáë. 2).

 Âûõîäÿùèå íà îòêðûòóþ ïîâåðõíîñòü äåôåê-
òû, à òàêæå ãàçîâàÿ ïîðèñòîñòü â íàèìåíüøåé
ñòåïåíè ïîääàþòñÿ «çàëå÷èâàíèþ» ñ ïîìîùüþ
ÃÈÏ.

Ðèñ. 3. Ìèêðîñòðóêòóðà îáðàçöà, âûðàùåííîãî ïðè ìîùíîñòè 325 Âò ïîä óãëîì 45° ê ïîäëîæêå: à — ïîïåðå÷íîå

ñå÷åíèå; á — ïðîäîëüíîå ñå÷åíèå

à) á)
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Ìåõàíè÷åñêèå ñâîéñòâà îáðàçöîâ ïîñëå ÑËÑ
è ÃÈÏ ïðåäñòàâëåíû â òàáë. 3.

Òàêèì îáðàçîì, ïîñëå âîçäåéñòâèÿ ÃÈÏ ïðå-
äåë ïðî÷íîñòè îáðàçöà, âûðàùåííîãî âåðòèêàëüíî
ê ïîäëîæêå, óâåëè÷èëñÿ íà 108 åäèíèö, îòíîñè-
òåëüíîå ðàñòÿæåíèå óâåëè÷èëîñü â 6 ðàç. Ìåõàíè-

÷åñêèå ñâîéñòâà îáðàçöà, âûðàùåííîãî ïîä óãëîì,
ñíèçèëèñü. Ýòî ãîâîðèò î òîì, ÷òî íàïðàâëåíèå

îñè âûðàùèâàíèÿ ïîä óãëîì 45° íå îáåñïå÷èâàåò
äîñòàòî÷íûõ ìåõàíè÷åñêèõ ñâîéñòâ â íàïðàâëåíèè
ïðèëîæåííîé íàãðóçêè.

Ðèñ. 4. Ìèêðîñòðóêòóðà îáðàçöîâ, âûðàùåííûõ ïðè ìîùíîñòè 325 Âò ïîñëå îáðàáîòêè ÃÈÏ: à — âåðòèêàëüíî ê

ïîäëîæêå; á — ïîä óãëîì 45° ê ïîäëîæêå

à) á)

Ðèñ. 5. Ìèêðîñòðóêòóðà îáðàçöîâ, âûðàùåííûõ ïðè ìîùíîñòè 325 Âò âåðòèêàëüíî ê ïîäëîæêå: à — äî ÃÈÏ;
á — ïîñëå ÃÈÏ

à) á)
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Âûâîäû

Èññëåäîâàíî âëèÿíèå ïîñòîáðàáîòêè ìåòîäîì
ãîðÿ÷åãî èçîñòàòè÷åñêîãî ïðåññîâàíèÿ íà ìèêðî-
ñòðóêòóðó äåòàëåé, âûðàùåííûõ ìåòîäîì ñåëåê-
òèâíîãî ëàçåðíîãî ñïëàâëåíèÿ âåðòèêàëüíî è ïîä

óãëîì 45° ê ïîäëîæêå.
 Ïîêàçàíî, ÷òî ïîñëå ñåëåêòèâíîãî ëàçåðíîãî

ñïëàâëåíèÿ íàáëþäàþòñÿ äåôåêòû â âèäå ìèêðî-
òðåùèí. Íà îñíîâàíèè ìåòàëëîãðàôè÷åñêîãî àíà-
ëèçà îáðàçöîâ óñòàíîâëåíî, ÷òî îðèåíòàöèÿ îñè
âûðàùèâàíèÿ íîðìàëüíî ê ïîäëîæêå ïîçâîëÿåò
ïîëó÷èòü ìåíåå äåôåêòíóþ ñòðóêòóðó.

Ìåõàíè÷åñêèå èñïûòàíèÿ îáðàçöîâ ïîêàçàëè,
÷òî íàèáîëåå âûñîêèå ìåõàíè÷åñêèå ñâîéñòâà
îáåñïå÷èâàåò íàïðàâëåíèå îñè âûðàùèâàíèÿ âåð-
òèêàëüíî ê ïîäëîæêå, â ýòîì ñëó÷àå ïîñòîáðàáîòêà
ìåòîäîì ÃÈÏ óâåëè÷èâàåò ïðåäåë ïðî÷íîñòè íà
108 åäèíèö. Ìåõàíè÷åñêèå ñâîéñòâà îáðàçöà,

âûðàùåííîãî ïîä óãëîì 45° ê ïîäëîæêå, ïîñëå
âîçäåéñòâèÿ ÃÈÏ ñíèæàþòñÿ, â ÷àñòíîñòè ïðåäåë
ïðî÷íîñòè óìåíüøèëñÿ íà 75 åäèíèö. Ýòî ñâÿçà-
íî ñ òåì, ÷òî äàííîå íàïðàâëåíèå îñè âûðàùèâà-
íèÿ íå îáåñïå÷èâàåò äîñòàòî÷íûõ ìåõàíè÷åñêèõ
ñâîéñòâ â íàïðàâëåíèè ïðèêëàäûâàåìîé íàãðóç-
êè.

Ýôôåêòèâíîñòü ãîðÿ÷åãî èçîñòàòè÷åñêîãî
ïðåññîâàíèÿ â îáîèõ ñëó÷àÿõ ðàçëè÷íà. Ýëåêòðîí-
íî-ìèêðîñêîïè÷åñêèé àíàëèç ïîêàçàë, ÷òî äåôåê-
òû çàìêíóòîãî òèïà, íå èìåþùèå ñâÿçè ñ âíåø-
íåé ñðåäîé, ïîñëå âîçäåéñòâèÿ ÃÈÏ çàêðûâàþò-
ñÿ, ÷òî âûðàæàåòñÿ â óìåíüøåíèè èõ ðàçìåðîâ ïî
ñå÷åíèþ â 3—4 ðàçà, ïðè ýòîì ïðèïîâåðõíîñòíûå
äåôåêòû ñîõðàíÿþòñÿ ïîëíîñòüþ. «Çàëå÷èâàíèÿ»
òðåùèí äîáèòüñÿ íå óäàëîñü. Ýòî îáúÿñíÿåòñÿ
íàëè÷èåì îêèñëîâ õðîìà íà ïîâåðõíîñòè ÷àñòèö
ïîðîøêà, îáðàçîâàâøèõñÿ ïðè âîçäåéñòâèè âûñî-
êèõ òåìïåðàòóð âî âðåìÿ ñïëàâëåíèÿ, è ïîäòâåð-
æäàåòñÿ ðàçëè÷èåì ñîäåðæàíèÿ êèñëîðîäà âíóò-
ðè êîìïàêòíîãî ìàòåðèàëà è íà èçëîìå â 11 ðàç.

Ïîâûñèòü ýôôåêòèâíîñòü ÃÈÏ â äàííîì ñëó-
÷àå âîçìîæíî ïóò¸ì ïîìåùåíèÿ îáðàçöîâ â ñïå-

Òàáëèöà 2

Ðåçóëüòàòû õèìè÷åñêîãî àíàëèçà îáðàçöà ïîñëå ÑËÑ

Òàáëèöà 3

Ìåõàíè÷åñêèå ñâîéñòâà îáðàçöîâ ïîñëå ÑËÑ è ÃÈÏ

Îáðàçåö 

Ìåõàíè÷åñêèå 
ñâîéñòâà 

σâ, ÌÏà δ, % 

Âåðòèêàëüíî 
ÑËÑ 1025 3,7 

ÃÈÏ 1133 22,9 

Ïîä óãëîì 45° 
ÑËÑ 595 - 

ÃÈÏ 520 6,6 

öèàëüíóþ ãåðìåòè÷íóþ îáîëî÷êó è ïðåäîòâðàùå-
íèÿ îáðàçîâàíèÿ îêèñëîâ õðîìà íà ÷àñòèöàõ ïî-
ðîøêà, èñêëþ÷èâ êîíòàêò ìàòåðèàëà ñ êèñëîðî-
äîì íà ïðîòÿæåíèè âñåãî òåõíîëîãè÷åñêîãî ïðî-
öåññà.
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Abstract

Selective Laser Melting (SLM) is an additive
manufacturing technology intended for metal powders
fusion by the high-power laser. Powder materials
application ensures in this case more steady chemical
composition over the product cross-section and zonal
segregation absence.

One of the most important and complex trends in
this technology consists in heat-resisting alloys
powders application, since this particular is employed
for the most critical parts manufacturing. Among the
SLM technology benefits are the following:

- the possibility of manufacturing parts of any
configuration complexity;

- the possibility of simultaneous growth of several
samples;

- high materials utilization ratio, and products
prototyping simplification

Disadvantages of the technology under
consideration include the presence of residual
porosity, restrictions on the employed materials and
laser radiation sources s, as well as sizes of the products
being fabricated.

The hot isostatic pressing (HIP) technique is
applied to eliminate residual porosity. It consists in
processing a part, set in a special capsule, by the gas
pressure about 100–200 MPa at elevated temperatures.
The purpose of the presented research is studying the
HIP impact on the samples structure, grown of heat
resisting Inconel 738 alloy by the SLM technique.

The samples being studied were fabricated on the
SLM 280L installation for selective laser fusion of
metal powder. They were synthesized both
perpendicularly and at the angle of 45 degrees to the
substrate at the laser radiation power of 325 W. The
samples were being subjected to the HIP in the gas
thermostat. After etching, the studies of microstructure
were conducted with METAM LV-31 metallographic
microscope. Electron-microscopic analysis of the
samples and original powder material was performed
with TESCAN Vega SB electron-scan microscope.
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Chemical composition of the original powder material
was being determined by INCAx-Act energy dispersive
X-ray spectroscope. The microstructure analysis was
performed with NEXSYS ImageExpert Pro 3 image
analysis program. X-ray microanalysis revealed that
chemical composition of the original powder of the
heat resisting alloy complies with the Q/AMC 4-2-10-
2018 certificate.

Original powder substance chemistry researched
on an INCAx-Act energy dispersive X-ray
spectroscope. Microstructure analysis was carried out
using the NEXSYS ImageExpert Pro 3 image analysis
program. X-ray microanalysis showed that the original
powder substance chemistry corresponds to the
Q/AMC 4-2-10-2018 certificate.

The results of electron-microscopic analysis of the
original material allowed revealing that the powder
particles were spherically shaped, characteristic to the
technique for molten dispersing. Metallographic
analysis of the sample grown vertically to the substrate
at the laser radiation power of 325 W allowed
establishing that microstructure represents an aggregate
of fused powder particles, which were micro-ingots of
the dendrite structure. After the SLM process, the
microstructure of the sample cross-section is
characterized by the defects such as micro-cracks. The
microstructure of the sample cross-section, grown at
45 degrees to the substrate, is characterized by the
presence of the same defects, but differs by their larger
outstretch.

Metallographic analysis of the samples after HIP
revealed that the structure defectiveness after the post-
processing decreased. Since the products were
subjected to HIP without setting into the special
capsule, healing of defects could not be attained. All
surface defects remained in full, and internal ones
reduced by the cross-section. The ineffectiveness of
HIP application in this case is explained by the
presence of chrome dioxide on the surface of powder
particles, having formed under the impact of high
temperatures while fusing.
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Thus, the HIP technique application allowed
decrease the structure defectiveness, due to micro-
cracks size reduction along the cross-section, but the
full healing of defects was not attained. HIP
effectiveness increase in this case is possible by placing
the samples into the special airtight shell, and
excluding chrome oxides forming on the powder
particles by excluding metal-with-oxygen contact
during the entire technological process.

Keywords: nickel-base super alloy, microstructure,
selective laser melting, electron microscopy, Inconel
738, hot isostatic pressing.
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