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Ââåäåíèå

Çàýâòåêòè÷åñêèé ñèëóìèí – ìåõàíè÷åñêàÿ
ñìåñü àëþìèíèÿ è êðåìíèÿ, ñîäåðæàùàÿ áîëåå
12 âåñ. % êðåìíèÿ [1]. Äàííûé ñïëàâ îòëè÷àåòñÿ
îòíîñèòåëüíî íèçêèì êîýôôèöèåíòîì ðàñøèðå-
íèÿ, âûñîêîé èçíîñî- è êîððîçèîííîñòîéêîñòüþ,
âûñîêîé æèäêîòåêó÷åñòüþ. Êðåìíèé îáåñïå÷èâàåò
âûñîêóþ òâåðäîñòü, íî âìåñòå ñ òåì, âûñîêóþ
õðóïêîñòü ñèëóìèíà. Ïðè îòëèâêå äåòàëåé èç íå-
ëåãèðîâàííîãî ñïëàâà â èçëîæíèöó ïðîèñõîäèò
îáðàçîâàíèå ïîð â ñâÿçè ñ ðàçíèöåé òåìïåðàòóð
êðèñòàëëèçàöèè àëþìèíèÿ è êðåìíèÿ (áîëåå ÷åì
â äâà ðàçà). Îñòûâàíèå âìåñòå ñ èçëîæíèöåé ñî-
ïðîâîæäàåòñÿ ôîðìèðîâàíèåì ïåðâè÷íûõ çåðåí
êðåìíèÿ ðàçìåðîì áîëåå 100 ìêì [1, 2]. Äàííûå
íåäîñòàòêè äåëàþò íåâîçìîæíûì ïðèìåíåíèå
ñïëàâà áåç èñïîëüçîâàíèÿ äîïîëíèòåëüíûõ ïðè-
ñàäîê, ÷òî çíà÷èòåëüíî óâåëè÷èâàåò ñòîèìîñòü
ìàòåðèàëà. Âûñîêîýíåðãåòè÷åñêèå ìåòîäû, ïîëó-
÷èâøèå ðàçâèòèå â ïîñëåäíèå äåñÿòèëåòèÿ, ïîçâî-
ëÿþò îñóùåñòâèòü ðåêðèñòàëëèçàöèþ ïîâåðõíîñ-
òíîãî ñëîÿ ìåòàëëè÷åñêèõ ìàòåðèàëîâ è, òåì ñà-
ìûì, ïîâûñèòü ôèçèêî-ìåõàíè÷åñêèå è òðèáîëî-
ãè÷åñêèå õàðàêòåðèñòèêè äåòàëè [3, 4]. Ñ ýòîé öå-

ÓÄÊ 669/713-048/25 DOI: 10.34759/vst-2021-2-216-223

ÑÒÐÓÊÒÓÐÀ È ÌÅÕÀÍÈ×ÅÑÊÈÅ ÑÂÎÉÑÒÂÀ ÇÀÝÂÒÅÊÒÈ×ÅÑÊÎÃÎ
ÑÈËÓÌÈÍÀ, ÎÁËÓ×ÅÍÍÎÃÎ ÈÌÏÓËÜÑÍÛÌ ÝËÅÊÒÐÎÍÍÛÌ ÏÓ×ÊÎÌ

Èâàíîâ Þ.Ô.*, Ðûãèíà Ì.Å.**, Ïåòðèêîâà Å.À.***, Òåðåñîâ À.Ä.****

Èíñòèòóò ñèëüíîòî÷íîé ýëåêòðîíèêè Ñèáèðñêîãî îòäåëåíèÿ Ðîññèéñêîé àêàäåìèè íàóê (ÈÑÝ ÑÎ ÐÀÍ),
Àêàäåìè÷åñêèé ïðîñï., 2/3, Òîìñê, 634055, Ðîññèÿ

* e-mail: yufi55@mail.ru
** e-mail: l-7755me@mail.ru

*** e-mail: petrikova@opee.hcei.tsc.ru
**** e-mail: tad514@yandex.ru

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 17.02.2021

Çàýâòåêòè÷åñêèé ñèëóìèí — ïåðñïåêòèâíûé ñïëàâ äëÿ èçãîòîâëåíèÿ ïîðøíåé è ïîäøèïíèêîâ ñêîëüæåíèÿ,
òðåáóþùèé äîïîëíèòåëüíîãî ëåãèðîâàíèÿ è îáðàáîòêè íà ýòàïå îòëèâêè. Îáðàáîòêà çàýâòåêòè÷åñêîãî ñèëóìèíà
ýëåêòðîííûì ïó÷êîì (17 êýÂ, (20—50) Äæ/ñì2, 200 ìêñ, 3 èìï., 0,3 ñ-1) ïðèâîäèò ê ïëàâëåíèþ è ïîñëåäóþùåé
êðèñòàëëèçàöèè ïîâåðõíîñòíîãî ñëîÿ ñ ôîðìèðîâàíèåì êðåìíèÿ ãëîáóëÿðíîé ôîðìû, ÷òî óñòðàíÿåò íåîáõîäè-
ìîñòü äîïîëíèòåëüíîãî âîçäåéñòâèÿ íà ñòðóêòóðó ñïëàâà. Ïîñëå ïðîâåäåíèÿ èñïûòàíèé íà ðàñòÿæåíèå îïðåäå-
ëåí ðåæèì, ïðèâîäÿùèé ê êðàòíîìó óâåëè÷åíèþ ïëàñòè÷åñêèõ ñâîéñòâ.

Êëþ÷åâûå ñëîâà: ñèëóìèí çàýâòåêòè÷åñêèé, äåôîðìàöèÿ îäíîîñíûì ðàñòÿæåíèåì ïëîñêèõ îáðàçöîâ, ïðåäåë
òåêó÷åñòè, ïðåäåë ïðî÷íîñòè, ñòðóêòóðà ïîâåðõíîñòè èçëîìà.

ëüþ äîâîëüíî ÷àñòî èñïîëüçóåòñÿ ñåëåêòèâíàÿ
ëàçåðíàÿ ïëàâêà äëÿ ñîçäàíèÿ ñïëàâîâ íà îñíîâå
àëþìèíèÿ è êðåìíèÿ, íî äàííûé ñïîñîá ïðèìå-
íÿþò ïðåèìóùåñòâåííî ê ýâòåêòè÷åñêèì è äîýâ-
òåêòè÷åñêèì ñèëóìèíàì [5—7]. Äëÿ ìîäèôèêàöèè
çàýâòåêòè÷åñêèõ ñèëóìèíîâ óñïåøíî èñïîëüçóþò
ìåòîäû, îñíîâàííûå íà èçìåíåíèè ñïîñîáà îòëèâ-
êè. Ê ïðèìåðó, ìåòîä öåíòðîáåæíîãî ëèòüÿ ïîçâî-
ëÿåò ïîëó÷èòü ñòðóêòóðó ñèëóìèíà ìèêðîðàçìåð-
íîãî äèàïàçîíà [8].

Â ðÿäå ðàáîò [9—12] áûëî ïîêàçàíî, ÷òî îáëó-
÷åíèå çàýâòåêòè÷åñêîãî ñèëóìèíà èíòåíñèâíûì
èìïóëüñíûì ýëåêòðîííûì ïó÷êîì ïðèâîäèò, â
ðåçóëüòàòå ïëàâëåíèÿ è âûñîêîñêîðîñòíîé êðèñ-
òàëëèçàöèè, ê ôîðìèðîâàíèþ ìíîãîñëîéíîé
ñòðóêòóðû òîëùèíîé äî 100 ìêì, ñâîáîäíîé îò
ïåðâè÷íûõ ãðóáûõ âêëþ÷åíèé êðåìíèÿ è èíòåð-
ìåòàëëèäîâ, èìåþùåé ñòðóêòóðó ÿ÷åèñòîé êðèñ-
òàëëèçàöèè. ß÷åéêè êðèñòàëëèçàöèè ñóáìèêðîí-
íûõ ðàçìåðîâ (òâåðäûé ðàñòâîð íà îñíîâå àëþìè-
íèÿ) ðàçäåëåíû íàíîðàçìåðíûìè ïðîñëîéêàìè
âòîðîé ôàçû, îáîãàùåííûìè ëåãèðóþùèìè ýëå-
ìåíòàìè (êðåìíèé, ìåäü, íèêåëü, æåëåçî). Ñëåäóåò
îæèäàòü, ÷òî ñòîëü ñóùåñòâåííîå ïðåîáðàçîâàíèå
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ñòðóêòóðû ïîâåðõíîñòíîãî ñëîÿ ïðèâåäåò ê èçìå-
íåíèþ ïëàñòè÷åñêèõ ñâîéñòâ ñèëóìèíà.

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ àíàëèç
ðåçóëüòàòîâ, ïîëó÷åííûõ ïðè ìåõàíè÷åñêèõ èñïû-
òàíèÿõ, âûïîëíåííûõ â óñëîâèÿõ îäíîîñíîãî ðà-
ñòÿæåíèÿ ïëîñêèõ ïðîïîðöèîíàëüíûõ îáðàçöîâ
ñèëóìèíà çàýâòåêòè÷åñêîãî ñîñòàâà, îáëó÷åííûõ
èìïóëüñíûì ýëåêòðîííûì ïó÷êîì.

Ìàòåðèàë è ìåòîäèêà èññëåäîâàíèÿ

Â êà÷åñòâå ìàòåðèàëà èññëåäîâàíèÿ áûë èñ-
ïîëüçîâàí ñïëàâ ñîñòàâà (Al-(20—24) âåñ. % Si),
íàõîäÿùèéñÿ â ëèòîì ñîñòîÿíèè. Èñïûòàíèÿ ñè-
ëóìèíà íà ðàñòÿæåíèå îñóùåñòâëÿëèñü íà ïëîñ-
êèõ ïðîïîðöèîíàëüíûõ îáðàçöàõ â âèäå äâóõñòî-
ðîííèõ ëîïàòîê â ñîîòâåòñòâèè ñ ÃÎÑÒ 1497-84
[13]. Îáðàçöû äëÿ èñïûòàíèé âûðåçàëè ìåòîäàìè
ýëåêòðîýðîçèîííîé ðåçêè èç ìàññèâíîãî ñëèòêà.
Ïîëó÷åííûå çàãîòîâêè ïîäâåðãàëè ïîëèðîâêå àë-
ìàçíûìè ïàñòàìè ðàçëè÷íîé äèñïåðñíîñòè. Ïå-
ðåä èñïûòàíèÿìè îáðàçöû èìåëè ñëåäóþùèå ðàç-
ìåðû: òîëùèíà 2,3 ìì; øèðèíà 9,1 ìì; äëèíà ðà-
áî÷åé ÷àñòè 16,0 ìì. Ïîëèðîâàííûå îáðàçöû áûëè
ðàçäåëåíû íà äâå ïàðòèè. Ïåðâàÿ ïàðòèÿ îáðàçöîâ
îñòàâàëàñü íåîáëó÷åííîé. Ðàáî÷óþ îáëàñòü âòîðîé
ïàðòèè îáðàçöîâ îáëó÷àëè ñ äâóõ ñòîðîí â âàêóó-

ìå èìïóëüñíûì ýëåêòðîííûì ïó÷êîì íà óñòàíîâ-
êå «ÑÎËÎ» [14]. Ïàðàìåòðû ïó÷êà ýëåêòðîíîâ:
ýíåðãèÿ óñêîðåííûõ ýëåêòðîíîâ 17 êýÂ, ïëîòíîñòü
ýíåðãèè ïó÷êà ýëåêòðîíîâ 20—50 Äæ/ñì2, äëèòåëü-
íîñòü èìïóëüñîâ 200 ìêñ, êîëè÷åñòâî èìïóëüñîâ 3,
÷àñòîòà ñëåäîâàíèÿ èìïóëüñîâ 0,3 ñ-1; äàâëåíèå
îñòàòî÷íîãî ãàçà (àðãîí) â ðàáî÷åé êàìåðå óñòà-
íîâêè 2·10-2 Ïà [15]. Ìåõàíè÷åñêèå èñïûòàíèÿ
ñèëóìèíà îñóùåñòâëÿëèñü ïóòåì îäíîîñíîãî ðà-
ñòÿæåíèÿ îáðàçöîâ íà èñïûòàòåëüíîé ìàøèíå
«INSTRON 3386» ñ ïîñòîÿííîé ñêîðîñòüþ
2,0 ìì/ìèí. Èññëåäîâàíèÿ ýëåìåíòíîãî è ôàçî-
âîãî ñîñòàâà, ñòðóêòóðû ïîâåðõíîñòè ðàçðóøåíèÿ
ïðîâîäèëè ìåòîäàìè ñêàíèðóþùåé ýëåêòðîííîé
ìèêðîñêîïèè (ïðèáîðû «Philips SEM-515» è
«LEO EVO 50») è ïðîñâå÷èâàþùåé ýëåêòðîííîé
äèôðàêöèîííîé ìèêðîñêîïèè (ïðèáîð JEOL
JEM-2100F).

Ðåçóëüòàòû èññëåäîâàíèÿ è èõ îáñóæäåíèå

Äåôîðìàöèîííûå êðèâûå â êîîðäèíàòàõ «íà-
ïðÿæåíèå—äåôîðìàöèÿ» ( σ = f ( ε )) èñõîäíîãî è
îáëó÷åííîãî èìïóëüñíûì ýëåêòðîííûì ïó÷êîì
îáðàçöîâ ñèëóìèíà ïðèâåäåíû íà ðèñ. 1. Ïîëó÷åí-
íûå äåôîðìàöèîííûå êðèâûå îòíîñÿòñÿ ê äèàã-
ðàììàì îáùåãî òèïà, êîòîðûå ìîæíî îïèñàòü ïà-

Ðèñ. 1. Äåôîðìàöèîííûå êðèâûå ëèòîãî (êðèâàÿ 1) è îáëó÷åííûõ (êðèâûå 2—5) îáðàçöîâ ñèëóìèíà, ïîñòðîåí-
íûå â êîîðäèíàòàõ σ — ε ; êðèâàÿ 2 – îáðàçåö, îáëó÷åííûé ýëåêòðîííûì ïó÷êîì ñ ïëîòíîñòüþ ýíåðãèè ïó÷êà
ýëåêòðîíîâ ES = 20 Äæ/ñì2; êðèâàÿ 3 — ES = 30 Äæ/ñì2; êðèâàÿ 4 — ES = 40 Äæ/ñì2; êðèâàÿ 5 — ES = 50 Äæ/ñì2
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ðàáîëè÷åñêîé ôóíêöèîíàëüíîé çàâèñèìîñòüþ

âèäà o ,nσ σ Θε= +  ãäå Θ  — êîýôôèöèåíò äåôîð-

ìàöèîííîãî óïðî÷íåíèÿ; n < 1 — ïîêàçàòåëü äå-
ôîðìàöèîííîãî óïðî÷íåíèÿ [16—19]. Îòñóòñòâèå
íà äåôîðìàöèîííûõ êðèâûõ ñòàäèè ïðåäðàçðóøå-
íèÿ ñâèäåòåëüñòâóåò î õðóïêîì ðàçðóøåíèè ìàòå-
ðèàëà.

Âèäíî, ÷òî ïîâåäåíèå ñèëóìèíà ïðè äåôîðìà-
öèè ñóùåñòâåííûì îáðàçîì çàâèñèò îò ñîñòîÿíèÿ
ïîâåðõíîñòíîãî ñëîÿ ìàòåðèàëà, îïðåäåëÿåìîãî
ðåæèìîì îáëó÷åíèÿ èìïóëüñíûì ýëåêòðîííûì
ïó÷êîì. Íàèáîëåå âûñîêàÿ ïëàñòè÷íîñòü âûÿâëåíà
ó îáðàçöîâ ñèëóìèíà, îáëó÷åííûõ ýëåêòðîííûì
ïó÷êîì ñ ïëîòíîñòüþ ýíåðãèè ïó÷êà ýëåêòðîíîâ
50 Äæ/ñì2 (ðèñ. 1, êðèâàÿ 5). Ïðè äàííîì ðåæè-
ìå îáëó÷åíèÿ ïðåäåëüíàÿ ïëàñòè÷íîñòü ìàòåðèà-

ëà ðε  ïðè ðàçðåøåíèè äîñòèãàåò 5,7 %, ÷òî â 2,5

ðàçà ïðåâûøàåò ïðåäåëüíóþ ïëàñòè÷íîñòü ëèòî-
ãî ñèëóìèíà. Ïðî÷íîñòü ñèëóìèíà, îáëó÷åííîãî
èìïóëüñíûì ýëåêòðîííûì ïó÷êîì â óêàçàííîì
ðåæèìå, äîñòèãàåò çíà÷åíèÿ 97,5 ÌÏà, ÷òî â 1,1

ðàçà âûøå ïðåäåëüíîé ïðî÷íîñòè ðσ  ìàòåðèàëà

â èñõîäíîì ñîñòîÿíèè. Òàêèì îáðàçîì, âûÿâëåí
ðåæèì îáëó÷åíèÿ çàýâòåêòè÷åñêîãî ñèëóìèíà,
ïîçâîëÿþùèé êðàòíî óâåëè÷èòü ïëàñòè÷åñêèå
ñâîéñòâà, áåç ïîòåðè ïðî÷íîñòíûõ ñâîéñòâ, â óñ-
ëîâèÿõ îäíîîñíîãî ðàñòÿæåíèÿ ïëîñêèõ ïðîïîð-
öèîíàëüíûõ îáðàçöîâ.

Äåôåêòíóþ ñóáñòðóêòóðó è ôàçîâûé ñîñòàâ
ïîâåðõíîñòíîãî ñëîÿ ñèëóìèíà, ñôîðìèðîâàâøå-
ãîñÿ â ðåçóëüòàòå îáëó÷åíèÿ èìïóëüñíûì ýëåêò-
ðîííûì ïó÷êîì, èçó÷àëè ìåòîäàìè ïðîñâå÷èâàþ-
ùåé ýëåêòðîííîé äèôðàêöèîííîé ìèêðîñêîïèè.
Óñòàíîâëåíî, ÷òî â ðåçóëüòàòå âûñîêîñêîðîñòíîé
êðèñòàëëèçàöèè â ìîäèôèöèðîâàííîì ñëîå ôîð-
ìèðóåòñÿ ñòðóêòóðà ÿ÷åèñòîãî òèïà (ðèñ. 2,à).
Îáúåì ÿ÷ååê îáðàçîâàí òâåðäûì ðàñòâîðîì íà
îñíîâå àëþìèíèÿ, ðàçìåð ÿ÷ååê èçìåíÿåòñÿ â
ïðåäåëàõ 350—600 íì. ß÷åéêè ðàçäåëåíû ïðîòÿ-
æåííûìè ïðîñëîéêàìè, îáîãàùåííûìè àòîìàìè
êðåìíèÿ, æåëåçà è ìåäè (ðèñ. 2,â,ã). Òîëùèíà
ïðîñëîåê èçìåíÿåòñÿ â ïðåäåëàõ 80—150 íì. Ìå-
òîäàìè äèôðàêöèîííîé ýëåêòðîííîé ìèêðîñêî-
ïèè ñ ïðèâëå÷åíèåì òåìíîïîëüíîé ìåòîäèêè è
ìåòîäèêè èíäèöèðîâàíèÿ ìèêðîýëåêòðîíîãðàìì
[20] óñòàíîâëåíî, ÷òî íà ãðàíèöàõ ÿ÷ååê ðàñïîëà-
ãàþòñÿ ïðåèìóùåñòâåííî ÷àñòèöû êðåìíèÿ è,
ñóùåñòâåííî ðåæå, ÷àñòèöû èíòåðìåòàëëèäîâ.
×àñòèöû èìåþò ãëîáóëÿðíóþ ôîðìó.

Ïîâåðõíîñòíûé ñëîé ñèëóìèíà, îáëó÷åííîãî
èìïóëüñíûì ýëåêòðîííûì ïó÷êîì, ñîäåðæèò

âêëþ÷åíèÿ ãëîáóëÿðíîé ôîðìû, ðàçìåðû êîòîðûõ
èçìåíÿþòñÿ â ïðåäåëàõ îò 1 äî 2 ìêì (ðèñ. 2).
Ìèêðîðåíòãåíîñïåêòðàëüíûé àíàëèç ïîêàçûâàåò,
÷òî äàííûå âêëþ÷åíèÿ ñôîðìèðîâàíû àòîìàìè
êðåìíèÿ (ðèñ. 2,â).

Òàêèì îáðàçîì, îáëó÷åíèå ñèëóìèíà çàýâòåê-
òè÷åñêîãî ñîñòàâà èíòåíñèâíûì èìïóëüñíûì
ýëåêòðîííûì ïó÷êîì â ðåæèìå ïëàâëåíèÿ ïîâåð-
õíîñòíîãî ñëîÿ ïîçâîëÿåò ñôîðìèðîâàòü ìíîãî-
ôàçíóþ ñóáìèêðîíàíîðàçìåðíóþ ñòðóêòóðó, ïðåä-
ñòàâëåííóþ ÿ÷åéêàìè âûñîêîñêîðîñòíîé êðèñòàë-
ëèçàöèè, ðàçäåëåííûìè ïðîñëîéêàìè âòîðîé
ôàçû, è âêëþ÷åíèÿìè êðåìíèÿ ãëîáóëÿðíîé ôîð-
ìû. Âàæíî îòìåòèòü îòñóòñòâèå ñòîëá÷àòîé ñòðóê-
òóðû ïîâåðõíîñòíîãî ñëîÿ, êðèñòàëëèçóþùåãîñÿ
â óñëîâèÿõ ñâåðõâûñîêèõ ñêîðîñòåé îõëàæäåíèÿ
ïîñëå èìïóëüñíîé îáðàáîòêè.

Ñòðóêòóðó ïîâåðõíîñòè ðàçðóøåíèÿ ñèëóìèíà
èññëåäîâàëè ìåòîäàìè ñêàíèðóþùåé ýëåêòðîííîé
ìèêðîñêîïèè. Õàðàêòåðíûå èçîáðàæåíèÿ ïîâåð-
õíîñòè ðàçðóøåíèÿ ëèòîãî ñèëóìèíà è ñèëóìèíà,
îáëó÷åííîãî èìïóëüñíûì ýëåêòðîííûì ïó÷êîì,
ïðèâåäåíû íà ðèñ. 3.

Íà ïîâåðõíîñòè ðàçðóøåíèÿ ñèëóìèíà â ëèòîì
ñîñòîÿíèè è ïîñëå îáëó÷åíèÿ èìïóëüñíûì ýëåê-
òðîííûì ïó÷êîì íàáëþäàþòñÿ ÿ÷åéêè âÿçêîãî
ðàçðóøåíèÿ è îáëàñòè ñêîëà. Àíàëèç ôðàêòîãðàìì
ïîêàçûâàåò, ÷òî â ëèòîì ñèëóìèíå ìèêðîòðåùè-
íû çàðîæäàþòñÿ è ðàñïðîñòðàíÿþòñÿ ïðåèìóùå-
ñòâåííî âäîëü ãðàíèö ðàçäåëà çåðåí àëþìèíèÿ è
âêëþ÷åíèé âòîðîé ôàçû (ðèñ. 3,à,á).

Îáëó÷åíèå ëèòîãî ñèëóìèíà èìïóëüñíûì
ýëåêòðîííûì ïó÷êîì ñîïðîâîæäàåòñÿ, êàê îòìå-
÷àëîñü âûøå, ìîäèôèöèðîâàíèåì ïîâåðõíîñòíîãî
ñëîÿ. Äàííûé ñëîé èìååò ñóáìèêðîðàçìåðíóþ
ñòðóêòóðó è ÷åòêî âûÿâëÿåòñÿ ïðè èññëåäîâàíèè
èçëîìà (ðèñ. 3,â). Äèàìåòð ÿìîê èçëîìà êîëåáëåò-
ñÿ â äèàïàçîíå 300—500 íì, ÷òî ñîîòâåòñòâóåò ðàç-
ìåðàì ÿ÷ååê âûñîêîñêîðîñòíîé êðèñòàëëèçàöèè.
Íàðÿäó ñ ÿìêàìè âÿçêîãî èçëîìà íà ïîâåðõíîñòè
ðàçðóøåíèÿ îáëó÷åííûõ îáðàçöîâ â íåáîëüøîì
êîëè÷åñòâå ïðèñóòñòâóþò ó÷àñòêè õðóïêîãî (êâà-
çèõðóïêîãî) ðàçðóøåíèÿ ñïëàâà (ðèñ. 3,â, óêàçà-
íû æåëòûìè ñòðåëêàìè). Î÷åâèäíî, ÷òî ïðèñóò-
ñòâèå äàííîãî âèäà èçëîìà îáóñëîâëåíî íàëè÷è-
åì â ïîâåðõíîñòíîì ñëîå îáëó÷åííûõ îáðàçöîâ
âêëþ÷åíèé êðåìíèÿ, íå ðàñòâîðèâøèõñÿ ïðè îá-
ðàáîòêå ýëåêòðîííûì ïó÷êîì.

Òàêèì îáðàçîì, îñíîâíîé ïðè÷èíîé êðàòíî-
ãî óâåëè÷åíèÿ ïëàñòè÷åñêèõ ñâîéñòâ ñèëóìèíà
çàýâòåêòè÷åñêîãî ñîñòàâà, îáëó÷åííîãî èìïóëüñ-
íûì ýëåêòðîííûì ïó÷êîì, ÿâëÿåòñÿ ôîðìèðîâà-
íèå ñðàâíèòåëüíî ïðîòÿæåííîãî (100—120 ìêì)



219Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹2

Ìàòåðèàëîâåäåíèå Material science

ïîâåðõíîñòíîãî ñëîÿ, èìåþùåãî ñóáìèêðîíàíî-
êðèñòàëëè÷åñêóþ ìíîãîôàçíóþ ñòðóêòóðó è ñîäåð-
æàùåãî âêëþ÷åíèÿ êðåìíèÿ ãëîáóëÿðíîé ôîðìû
ìèêðîííûõ ðàçìåðîâ.

Âûâîäû

Âûïîëíåíî îáëó÷åíèå ïîâåðõíîñòè îáðàçöîâ
ñèëóìèíà çàýâòåêòè÷åñêîãî ñîñòàâà (Al-(20—24)
âåñ. % Si) èìïóëüñíûì ýëåêòðîííûì ïó÷êîì
(17 êýÂ, (20—50) Äæ/ñì2, 200 ìêñ, 3 èìï., 0,3 ñ-1,
äàâëåíèå îñòàòî÷íîãî ãàçà (àðãîí) â ðàáî÷åé êà-
ìåðå óñòàíîâêè 2·10-2 Ïà). Ïîêàçàíî, ÷òî îáëó÷å-

Ðèñ. 2. Ýëåêòðîííî-ìèêðîñêîïè÷åñêîå èçîáðàæåíèå ñòðóêòóðû ñëîÿ ñèëóìèíà, ðàñïîëîæåííîãî íà ðàññòîÿíèè
~20 ìêì îò ïîâåðõíîñòè îáëó÷åíèÿ (à); á—ã – èçîáðàæåíèÿ ýòîãî æå ó÷àñòêà ôîëüãè, ïîëó÷åííûå â õàðàêòåðèñ-
òè÷åñêîì ðåíòãåíîâñêîì èçëó÷åíèè àòîìîâ àëþìèíèÿ (á), êðåìíèÿ (â) è æåëåçà (ã). Ðåæèì îáëó÷åíèÿ — 17 êýÂ,
40 Äæ/ñì2, 200 ìêñ, 3 èìï., 0,3 ñ-1, äàâëåíèå îñòàòî÷íîãî ãàçà (àðãîí) â ðàáî÷åé êàìåðå óñòàíîâêè 2·10-2 Ïà
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íèå ñèëóìèíà ïðèâîäèò ê ïëàâëåíèþ è ïîñëåäó-
þùåé âûñîêîñêîðîñòíîé êðèñòàëëèçàöèè ïîâåð-
õíîñòíîãî ñëîÿ òîëùèíîé äî 120 ìêì. Ìîäèôè-
öèðîâàííûé ñëîé èìååò ìíîãîôàçíóþ ñóáìèêðî-
íàíîðàçìåðíóþ ñòðóêòóðó, ïðåäñòàâëåííóþ ÿ÷åé-
êàìè âûñîêîñêîðîñòíîé êðèñòàëëèçàöèè, ðàçäå-
ëåííûìè ïðîñëîéêàìè âòîðîé ôàçû, è âêëþ÷åíè-
ÿìè êðåìíèÿ ãëîáóëÿðíîé ôîðìû, ðàçìåðû êîòî-
ðûõ èçìåíÿþòñÿ â ïðåäåëàõ îò 1 äî 2 ìêì. Âàæíî
îòìåòèòü îòñóòñòâèå ñòîëá÷àòîé ñòðóêòóðû ïîâåð-
õíîñòíîãî ñëîÿ, êðèñòàëëèçóþùåãîñÿ â óñëîâèÿõ
ñâåðõâûñîêèõ ñêîðîñòåé îõëàæäåíèÿ ïîñëå èì-
ïóëüñíîé îáðàáîòêè. Óñòàíîâëåíî, ÷òî ÿ÷åéêè
âûñîêîñêîðîñòíîé êðèñòàëëèçàöèè ñôîðìèðîâà-
íû òâåðäûì ðàñòâîðîì íà îñíîâå àëþìèíèÿ è
ðàçäåëåíû òîíêèìè ïðîñëîéêàìè. Îñíîâíîé ôà-
çîé ïðîñëîåê ÿâëÿåòñÿ êðåìíèé, èìåþùèé îêðóã-
ëóþ ôîðìó è ðàçìåðû 80—150 íì. Îñóùåñòâëåíû

ìåõàíè÷åñêèå èñïûòàíèÿ çàýâòåêòè÷åñêîãî ñèëó-
ìèíà â ëèòîì è îáëó÷åííîì ñîñòîÿíèÿõ ïóòåì
îäíîîñíîãî ðàñòÿæåíèÿ ïëîñêèõ ïðîïîðöèîíàëü-
íûõ îáðàçöîâ. Âûÿâëåí ðåæèì îáëó÷åíèÿ, ïîçâî-
ëÿþùèé êðàòíî (â 2,5 ðàçà) ïîâûñèòü ïëàñòè÷åñ-
êèå ñâîéñòâà, áåç ïîòåðè ïðî÷íîñòíûõ ñâîéñòâ.
Âûïîëíåí àíàëèç ïîâåðõíîñòè ðàçðóøåíèÿ ñèëó-
ìèíà. Ïîêàçàíî, ÷òî îñíîâíîé ïðè÷èíîé êðàòíîãî
óâåëè÷åíèÿ ïëàñòè÷åñêèõ ñâîéñòâ ñèëóìèíà çàýâ-
òåêòè÷åñêîãî ñîñòàâà, îáëó÷åííîãî èìïóëüñíûì
ýëåêòðîííûì ïó÷êîì, ÿâëÿåòñÿ ôîðìèðîâàíèå
ñðàâíèòåëüíî ïðîòÿæåííîãî (100—120 ìêì) ïî-
âåðõíîñòíîãî ñëîÿ, èìåþùåãî ñóáìèêðîíàíîêðè-
ñòàëëè÷åñêóþ ìíîãîôàçíóþ ñòðóêòóðó è ñîäåðæà-
ùåãî âêëþ÷åíèÿ êðåìíèÿ ãëîáóëÿðíîé ôîðìû,
ðàçìåðû êîòîðûõ íå ïðåâûøàþò åäèíèö ìèêðî-
ìåòðîâ.

Ðèñ. 3. Ñòðóêòóðà ïîâåðõíîñòè ðàçðóøåíèÿ ñèëóìèíà â ëèòîì ñîñòîÿíèè (à, á) è ïîñëå îáëó÷åíèÿ èìïóëüñíûì
ýëåêòðîííûì ïó÷êîì ïðè ïëîòíîñòè ýíåðãèè ïó÷êà ýëåêòðîíîâ 50 Äæ/ñì2 (â, ã). Íà ðèñ. â áåëîé ñòðåëêîé óêàçà-
íà ïîâåðõíîñòü îáëó÷åíèÿ, æåëòûìè – ó÷àñòêè êâàçèõðóïêîãî ðàçðóøåíèÿ
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Abstract

There are pre-eutectic (< 12 wt.% Si), eutectic
(~12 wt.% Si), hypereutectic (> 12 wt.% Si) silumins.
The structure of hypereutectic silumin consists of
eutectic, primary grains of silicon, and intermetallic
compounds based on iron, copper, etc. These elements
are impurities getting into the alloy at the stage of
melting from the charge.

Hypereutectic silumin is being employed in many
branches of mechanical engineering as a material with
good casting properties, which allows casting products
of complex shapes. Low thermal expansion coefficient,
high corrosion and wear resistance contribute to this
alloy application as a material for plain bearings and
pistons manufacturing.

Defects of macro and micro size pores and cracks
emerge at the stage of casting. The size of the primary
silicon grains reaches up to 100 microns while the
castings cooling. The traditional methods application,
such as alloying, changing the casting method, lead
to the final product cost increasing, and restrictions
on the casting shape appearing. Methods of materials’
high-energy processing ensure the surface
recrystallization and of micro- and nano-crystalline
structures forming.

The purpose of this work consists in analyzing the
results obtained in mechanical tests performed under
conditions of uniaxial tension of plane proportional
hypereutectic silumin samples, subjected to a pulsed
electron beam treatment.

The hypereutectic silumin alloy was prepared in
a shaft type resistance laboratory electric furnace with
silicon carbide heaters in a painted stainless steel
crucible. The silicon content was 20 wt.%.

The obtained castings represented rectangular
plates of the 55 × 120 × 20 mm size (without account
for sprue), from which the samples of 15 × 15 × 5 mm
size were being cut, as well as flat samples for the
tensile tests.

Mechanical test of silumin were being brought
about by the samples uniaxial stretching with the

“INSTRON 3386” testing machine at a constant speed
of 2.0 mm/min.

The studies of elemental and phase composition,
the structure of the fracture surface were being
performed by scanning electron microscopy (“Philips
SEM-515” and “LEO EVO 50” instruments) and
transmission electron diffraction microscopy (“JEOL
JEM-2100F” instrument).

Due to the heating and cooling rates, the pulsed
electron beam treatment allows for surface remelting,
leading to the recrystallization of the layer up to 100—
120 microns. The modified layer has a multiphase
submicro-nanoscale structure, represented by high-
speed crystallization cells separated by interlayers of
the second phase, and globular silicon inclusions,
which sizes vary from 1 μm to 2 μm.

The article presents the studies of the samples
fracture. The main cause of destruction has been
revealed. The processing mode, leading to a multiple
increase in plastic properties, without loss of strength
properties was determined.

Keywords: hypereutectic silumin, deformation by
uniaxial stretching of flat samples, yield strength,
strength limit, fracture surface structure.
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